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Chapter 1

Introduction

In 2003, the geophysicist Vladimir Keilis-Borok, director of the International Institute of
Earthquake Prediction Theory and Mathematical Geophysics in Moscow issued an alarm
for an upcoming earthquake of magnitude 6.4 or greater within a 12.440 square miles
area of southern California that includes portions of the eastern Mojave Desert, Coachella
Valley, Imperial Valley (San Bernardino, Riverside and Imperial Counties) and eastern
San Diego County, during a time interval of nine months (January 5 - September 5, 2004).
This prediction was based on previous observations of microearthquake patterns forming
chains. Keilis-Borok and co-workers claimed to have predicted two earthquakes correctly
by means of such chains — one in Hokkaido, Japan in September 2003 and the second in
San Simeon, California in December 2003. However, the deadline of the recent forecast
passed and no earthquake fitting the alarm occurred.

Apart from the social and the economic dimension, this failed prediction raises also basic
scientific questions in earth sciences: Is a prediction of earthquakes solely based on the
emergence of seismicity patterns reliable? In other words, is there a “magic parameter”,
which becomes anomalous prior to a large earthquake? Is it necessary that such a parame-
ter is based on a physical model? Are pure observational methods without specific physical
understanding, like the pattern recognition approach of Keilis-Borok, also sufficient? Tak-
ing into account that earthquakes are monitored continuously only since about 100 years
and the best available data sets (“earthquake catalogs”) cover only a few decades, it seems
questionable to forecast earthquakes solely on the basis of observed seismicity patterns,
because large earthquakes have recurrence periods of decades to centuries; consequently,
data sets for a certain region include not more than ten large events making a reliable
statistical testing questionable.

The relation between frequency and magnitude of earthquakes in a large seismically active
region is given by the empirical Gutenberg-Richter law [GUTENBERG AND RICHTER, 1956]

log N =bM — a, (1.1)

where N is the frequency of earthquakes with magnitude equal to or greater than M; a is
a measure of the overall seismicity level in a region and the slope b is the Richter b value,
which determines the relation between large and small earthquakes.

A key problem of the present work is the evaluation of the relevance of observed seismicity
patterns. First, it is important to decide whether an observed pattern has a physical
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origin or is an artifact, arising for example from inhomogeneous reporting or from man-
made seismicity, like quarry blasts or explosions. Second, the non-artifical events have
to be analyzed with respect to their underlying mechanisms. This leads to an inverse
problem with a non-unique solution, which can be illustrated for the most pronounced
observed seismicity pattern, the occurrence of aftershocks. It is empirically known that the
earthquake rate N after a large event at time ¢, follows the modified Omori law [OMORI,
1894; UTsU et al., 1995]

. Cl
N=— 1.2
(CQ —{—t—tM)p ( )

where t is the time, ¢; and c¢o are constants, and the Omori exponent p is close to unity.
In particular, aftershocks are an almost universal phenomenon; that is, they are observed
nearly after each mainshock. The underlying mechanisms leading to aftershocks are, how-
ever, unknown. Various physical models have been designed in order to explain aftershock
occurrence following Eq. (1.2). These models assume physical mechanisms including vis-
coelasticity [HAINZL et al., 1999], pore fluid flow [NUR AND BOOKER, 1972, damage
rheology [BEN-ZION AND LYAKHOVSKY, 2003; SHCHERBAKOV AND TURCOTTE, 2004],
and special friction laws [DIETERICH, 1994]. The question, which mechanism is realistic
in a certain fault zone, remains open. Detailed comparisons of observed and modeled
seismicity with respect to the aftershock rate, the duration of aftershock sequences, the
dependence on the mainshock size, and other features are necessary to address this prob-
lem. Additionally, the results from lab experiments on rupture dynamics, and satellite
observations in fault zones, provide important constraints for the evaluation of such mod-
els.

Apart from aftershock activity, other seismicity patterns are well-known from observations,
e.g. foreshocks [JONES AND MOLNAR, 1979], seismic quiescence [WYSS AND HABER-
MANN, 1988; HAINZL et al., 2000b; ZOLLER et al., 2002], and accelerating seismic moment
release [BUFE AND VARNES, 1993; JAUME AND SYKES, 1999]. These patterns have been
documented in several cases before large earthquakes. They occur, however, less frequent
than aftershocks. For example, foreshocks are known to preceed only 20-30% of large
earthquakes [Wyss, 1997]. Therefore, their predictive power is questionable. Moreover,
it is not clear whether or not these findings can be attributed to physical processes or
to random fluctuations in the highly noisy earthquake catalogs. This problem can be
addressed by using conceptual fault models which allow to simulate long earthquake se-
quences over at least 1000 years. If the models are to some extent physical, the occurrence
of seismicity patterns can be studied with reasonable statistics. The main ingredients of
such models are the geometry of a fault region, empirically known friction laws, quenched
spatial heterogeneities, and stress and displacement functions in accordance to dislocation
theory [CHINNERY, 1963; OKADA, 1992] . In order to allow for detailed studies of the
relations between the imposed mechanisms and the observed seismicity functions, it is im-
portant that the number of adjustable parameters is limited. It is emphasized that these
models do not aim to reproduce an observed earthquake catalog in detail. Instead, the
main goal is to address questions like: Why is the Parkfield segment of the San Andreas
fault characterized by relatively regular occurrence of earthquakes with magnitude M = 6,
while on the San Jacinto fault in California the properties of earthquake occurrence are
more irregular?



In nonlinear dynamics, conceptual models have a long tradition. The Lorenz equa-
tions [LORENZ, 1963], which are a set of three coupled ordinary differential equations, have
been proposed to describe convection in a fluid layer heated from below and serve therefore
as a model for mantle convection. In a certain range of parameters, they are an example
for deterministic chaos [SPARROW, 1982]. In oceanography, low-dimensional box models
have been used to simulate the thermohaline circulation and their stability [STOMMEL,
1961; RAHMSTORF, 2001]. These models include critical parameter ranges characterized
by bifurcations. Theoretical ecology and population dynamics are also a research area,
where models based on a small number of equations provide insights in the evolution of
the population of a species [BLASIUS et al., 1999].

Conceptual models for seismicity are mainly based on one or more solid blocks, which
are driven by a plate over a rough surface. The plate and the blocks are connected with
springs. This model can produce stick-slip motion of the blocks, where a slip event is
considered to simulate an earthquake. The model setup allows to govern a wide range
of complexity, beginning with a single-block model which produces periodic occurrence of
earthquakes of uniform size, ending with a network of connected blocks leading to complex
sequences of earthquakes with variable size. The latter model has been proposed by BUR-
RIDGE AND KNOPOFF [1967]. In order to reduce the computational effort, i.e. solving
coupled differential equations, the use of cellular automata became popular [OLAMI et al.,
1992; LOMNITZ-ADLER, 1999]. Mathematically, these models include maps instead of dif-
ferential equations; physically, this corresponds to instantaneously occurring slip events,
neglecting inertia effects. The main ingredients of such models are (1) external driving
(plate motion), and (2) sudden change of system parameters (stress), when a critical value
(material strength) is reached, followed by an avalanche of block slips (stress drop and
co-seismic stress transfer during an earthquake). While the first process lasts for years
to several decades, the second occurs on a time scale of a few seconds. The simplest
model including these feature has been formulated by REID [1910] and is known as Reid’s
elastic rebound theory; in terms of spring-block models, this corresponds to a single-block
model with constant plate velocity. Accounting for spatial heterogeneity and fault seg-
mentation, many interacting blocks, or fault segments, have to be considered. This leads
to a spatiotemporal stress field instead of a single stress value. In general, the mate-
rial strength will also become space-dependent. Such a model framework can be treated
with the methodology of statistical physics similar to the Ising model or percolation mod-
els [MAIN et al., 2004]. In this context, large earthquakes are associated with second-order
phase transitions [SORNETTE, 2004]. The view of earthquakes as phase transitions in a
system with many degrees of freedom and an underlying critical point, is hereinafter re-
ferred to as the “critical point concept”. It is interesting to note that the period before
such a phase transition is characterized by a preparation process, or a “critical state”, e.g.
in terms of growing spatial correlation length following a power law [BINNEY et al., 1993].
However, depending on the parameters of a model, different scenarios are conceivable: the
system trajectory can enter the critical state and the critical point frequently (“supercrit-
ical”) or it becomes never critical (“subcritical”). A case of special interest is the class
of models showing self-organized criticality (SOC) [BAK, 1996], which have their origin
in a simple cellular automaton model for a sandpile [BAK AND TANG, 1996]. Here, the
system drives itself permanently in the vicinity of the critical point with almost scale-free
characteristics. Consequently, each small event can grow into a large earthquake with
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some probability.

A major part of the present work deals with the detection and the characterization of
critical states of seismicity using a model of a segmented fault in a three-dimensional elas-
tic half-space. The assumption of a critical point underlying the dynamics of seismicity
is discussed with respect to applicability and limits for different realizations of the fault
model. Although the model framework is conceptual, various realistic or physically moti-
vated features are included. On the one hand, the current state of the model simulates all
important seismicity patterns, which are known from observations. On the other hand,
the model is simple enough to make simulations of thousands of years possible. This allows
to study relations between patterns and underlying mechanisms as well as indicators for
critical states in detail with a reasonable statistics. Synthetic seismicity has the advan-
tage of providing access to hidden quantities, e.g. the stress field; moreover, data sets of
arbitrary high quality can be generated. The combination of both, synthetic and observed
seismicity, provides important insights in the understanding of seismicity patterns and
their underlying mechanisms from various points of view.

Statistical features like the frequency-size distribution can be calculated with high pre-
cision. Despite the scaling behavior (Eq. (1.1)) for small and intermediate earthquakes,
which is observed for all sets of model parameters, clear deviations become visible for
large magnitudes. Such deviations are known from real catalogs, but their statistical sig-
nificance is not clear in all cases. The model simulations suggest that deviations from
scaling for strong earthquakes can be attributed to physical properties. One important
property is the spatial disorder of brittle parameters of the fault. The presence of strong
heterogeneities suppresses system-wide events with some probability, whereas such events
can evolve more easily on smooth faults. The degree of quenched (time-independent)
spatial heterogeneity turns out to be a key parameter for statistical and dynamical prop-
erties of seismicity. This includes the temporal regularity of mainshock occurrence, various
aspects of stress and displacement field, and a spontaneous mode-switching between dif-
ferent dynamical regimes without changing parameters. It is interesting that the degree
of heterogeneity can act as a tuning parameter that allows for a continuous change of the
model dynamics between the end-member cases of supercritical and subcritical behavior.
Such a dependence, which is observed also for other parameters, can be visualized in phase
diagrams similar to the phase diagram for the different aggregate states of water. For in-
creasing complexity of a model, the number of axis of the phase diagram, representing the
relevant model parameters, will increase. The above mentioned question of distinguishing
different faults like the Parkfield segment and the San Jacinto fault can be rephrased to
the problem of assigning the faults to different points in such a diagram. An important
step in this direction is the physical modeling of observed seismicity patterns like after-
shocks (Eq. (1.2)), foreshocks, and the acceleration of seismic energy release before large
earthquakes. The latter phenomenon which is known to occur over large regions including
more than one fault, can be interpreted in terms of the approach towards a critical point.
This view is supported by an observational study of the growth of the spatial correlation
length which is a different aspect of the same underlying physics.

The present work is organized as follows: An overview of commonly used fault models is
given in Chapter 2. It is also discussed, how these models are taken into account for the
design of a more realistic fault model. In Chapter 3, the setup of the new fault model is
described, with respect to the mathematical framework, the imposed physical mechanisms,



possible extensions, and the limits. The results of the simulations are presented and
discussed in Chapter 4. The last part of this chapter is devoted to a critical-point analysis
of the Californian earthquake catalog. The Appendices A to N include the publications of
the author, which are related to the subject of this thesis. In order to avoid a redundant
presentation, many results in the main body (Chapter 2 to 4) are given as links to Figures
and Tables in the Appendices. Finally, it is emphasized that the Appendices contain more
results than the main body, which deals predominantly with the critical point concepts
for earthquakes.



Chapter 2

Conceptual models for seismicity

In this chapter, the most important conceptual fault models are introduced and discussed.

2.1 Reid’s elastic rebound theory (1910): A model for the
Parkfield segment?

The Parkfield segment of the San Andreas fault in California is one of the best monitored
seismic regions in the world. The reason is that over a period of about hundred years
beginning in 1857, earthquakes with magnitude M = 6 occurred almost periodically with
a period of about 22 years. An exception is the 1934 event, which followed 12 years after
the last mainshock. The last event fitting this rule was observed in 1966 leading to a
forecast for a subsequent earthquake in 1988. In order to detect possible precursors to this
event, the so-called Parkfield experiment, including ground motion instruments, strain-
meters, and GPS stations, has been installed. However, the next M6 earthquake occurred
on September 28, 2004 without any significant precursory phenomenon [LANGBEIN, et
al., 2005]. Despite this failure, Parkfield is still a synonym for a region with an overall
regular occurrence of large earthquakes following the idea of REID [1910]. In this view,
earthquakes occur after a stress accumulation resulting from tectonic plate motion over
some decades, followed by a stress drop in a few seconds. If geological and geophysical
parameters remain constant and the entire fault segment is assumed to slip during an
earthquake, this model predicts a periodic occurrence of earthquakes.

Quantitatively, Reid’s model can be described by a block with mass m, which is driven

.

K

X

Figure 2.1: Sketch of a one-dimensional single-block model corresponding to Reid’s elastic
rebound theory.
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with constant velocity v over a rough surface as shown in Fig. 2.1. If a velocity weakening
friction law is imposed, the position of the block x(¢) will evolve periodically in time and
perform stick-slip motion, where slip events are interpreted as earthquakes. Mathemati-
cally, z(t) is a solution of Newton’s equation

mi = K (vt —z) — f(&), (2.1)

where K is the spring constant and f(z) is the frictional force, which depends on the
velocity & of the block. Here, we assume to be in the regime of Hooke’s law, where the
stress 7 in the spring is proportional to the strain e = Al/l of the spring; | + Al is the
current length of the spring, and [ is the equilibrium length. The actual position z is
called the displacement of the block. The main features of this model are summarized in
Fig. 2.2. The stress function is periodic, the displacement is a staircase function, and the
slip events (earthquakes) occur also periodically. The sequence of M6 earthquakes on the
Parkfield segment is shown in Fig. 2.3.

@
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Figure 2.2: Summary of main features of the single-block model (Fig. 2.1): (a) magnitude,
(b) stress, and (c) displacement as a function of time.

Moderate earthquakes on the Parkfield segment

1860 1880 1900 1920 1940 1960 1980 2000
time(years)

Figure 2.3: Sequence of moderate earthquakes (M = 6) on the Parkfield segment of the
San Andreas fault; the vertical axis has no meaning.
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(@

(b)

Figure 2.4: Sketch of one-dimensional spring-block model with more than one block: (a)
“uncoupled” system, (b) “coupled” system.

Despite the high degree of simplicity, this model captures the main features of conceptual
fault models: (1) long-term stress increase resulting from tectonic plate motion, (2) sudden
stress drop when a critical material strength is reached. Earthquakes have uniform size,
because the fault segment (modeled by the block) moves always as a whole. As pointed
out before, this approach provides only a rough approximation to the Parkfield situation,
because the occurrence time of at least two earthquakes on this fault segment deviates
significantly from the 22-year period.

2.2 Spring-block systems and cellular automata

The most unrealistic feature of a single-block system is probably the assumption that a
large fault segment performs a uniform slip during an earthquake. Taking into account
the dimensions of such a segment, which are about some hundreds of square kilometers,
leads to the conclusion that this approach is clearly oversimplified. Adding more blocks to
the system as shown in Fig. 2.4(a) overcomes this problem to some degree, because fault
segmentation and earthquakes with variable size can be modeled. However, earthquake
sequences are obtained by a simple superposition of the sequences from the corresponding
single-block systems. Especially the largest earthquakes, generated by slip events of the
largest block, occur still periodically in time.

A more physical approach is given in Fig. 2.4(b), which shows a sketch of a coupled block
system. Apart from the coupling with the driver plate, the blocks are coupled with the
nearest neighbors by additional springs. If a block begins to slip, stress is redistributed
along the chain and a slip event in a second block may be triggered. In general, an
earthquake can be described by an avalanche of slipping blocks. The size of the earthquake
can be defined by the total slip of all blocks during the earthquake, starting from the first
block slip and ending when all blocks stick again on the surface. Even if all blocks have
uniform size, earthquakes with different size and a complex temporal behavior can occur.

This modification leads straightforward to the model of BURRIDGE AND KNOPOFF [1967],
which consists of a two-dimensional coupled network of blocks of uniform size simulating
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a two-dimensional planar fault. Assuming an N x N network of blocks with positions x;
(i,7 =1,...,N), nearest neighbor interaction between the blocks and a velocity-dependent
frictional force f(&;5), the model equations are obtained by generalizing Eq. (2.1) to an
N x N system of ordinary differential equations,

mii; =k (g1 j+®ic1 j+xi o1+ jo1 —4dw) — K- (vt —xi5) — f(@i5),  (2.2)

where v is the velocity of the driver plate, K is the spring constant between each block
and the driver plate, and k is the spring constant of the springs between the blocks, as
indicated in Fig. 2.4 for the one-dimensional model. Due to the discontinuous and thus
nonlinear character of the frictional force f(&;;), many dynamical regimes are observed.
In a two-block system, HUANG AND TURCOTTE [1990a; 1990b] found deterministic chaos
including bifurcations and period doubling. In a three-block realization, GABRIELOV et al.
[1994] showed that, depending on the position in parameter space, the model can produce
either deterministic and periodic behavior.

The presence of many blocks is associated with a high complexity of the motion and
leads also to a considerable computational effort. It is, therefore, convenient to assume
instantaneously occurring slip events, which are separated by long-term tectonic loading
periods. In natural seismicity, the intra-event time scale has a duration of seconds, while
the waiting time between earthquakes in the same region lasts from days to many decades
depending on the magnitude. This approximation corresponds to the neglection of inertia
effects. In sum, the dynamic model characterized by Newton’s equations, reduces to a
kinematic model, which is described by maps and includes two basic mechanisms, occurring
in series:

1. linear increase of stress 7(x;,t) in each block (position denoted as y;) until a material
strength 75(x;) is reached (“tectonic loading”)

2. slip of a block and redistribution of stress to the nearest neighbors triggering even-
tually slip events of other blocks (“earthquake”).

The first process, which is also phrased as “interseismic”, has a finite duration and is
continuous, while the second process, denoted as “coseismic” occurs instantaneously. Be-
cause of the mixture of continuous and discrete processes, this type of model is also called
a continuous cellular automaton model.

Cellular automaton versions of spring-block models have the advantage that they can
be modified easily, e.g. with respect to spatial heterogeneities or interaction between
fault segments. Quenched spatial heterogeneities can be defined by space-dependent brit-
tle parameters, e.g. using different values of the material strength (see Fig. 2.2). The
nearest-neighbor interaction in the spring-block system can be replaced by the long-range
interaction kernel of an elastic half-space, which decays like 1/r3 as a function of the
distance r between two blocks. Furthermore, complex rheologies including viscoelastic
terms [HAINZL et al., 1999] can be implemented. Therefore this model class provides a
useful and flexible framework for more complex and physically motivated fault models.



Chapter 3

Modeling seismicity in real fault
regions

In the previous chapter, we introduced spring-block models and continuous cellular au-
tomata. In this context, it is important that these models are so-called “inherently dis-
crete” models; that is, they are not obtained by discretizing the differential equations from
a continuous model — the discreteness is an inherent feature of the imposed physics. In
this section, we focus on the question, how the framework of conceptual models can be
adjusted in order to simulate seismicity of a real fault region, e.g. the Parkfield segment
of the San Andreas fault in California.

3.1 Fault geometry and model framework

A first constraint for a specific model is to include the geometry of the fault segment. As
shown in Fig. 3.3, the region of Parkfield is characterized by a distribution of fault seg-
ments, which have in good approximation the same orientation. It is therefore reasonable
to map these segments in the model on a straight line from SE to NW. Using a similar
procedure in depth leads to a rectangular fault plane. The dimensions of the fault seg-
ment are chosen to be 70km in length and 17.5km in depth. As discussed in [BEN-ZION
AND RICE, 1993], this geometry corresponds approximately to the San Andreas fault near
Parkfield. It is emphasized that the plate boundary is assumed to have infinite length,
but the brittle processes are calculated on the above defined segment of finite length. The
discretization of the plane is imposed by a computational grid with 128 x 32 computational
cells of uniform size, where stress and slip are calculated. The size of the computational
cells is not determined by observational findings, rather it depends on the magnitude range
under consideration and the computational effort; a single cell would correspond to a single
magnitude as in Fig. 2.2. A higher resolution of the grid increases the magnitude range,
because the magnitude is calculated from the slip of all cells during an earthquake. The
degree of complexity as a function of the model geometry is determined by the resolution
of the computational grid. A change of the physical dimensions leads only to a rescaling of
time and magnitude axis. Following [BEN-ZION AND RICE, 1993], the material surround-
ing the fault is assumed to be a homogeneous elastic half space of infinite size, which is

10
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characterized by two quantities:

1. The elastic properties are expressed by the Lamé constants A and p, which connect
stress and strain in Hook’s law. For many rocks, these constants are almost equal;
therefore we use \ = p, denoting i as the rigidity. An elastic solid with this prop-
erty is called a Poisson solid. Because the strain is dimensionless, p has the same
dimension as the stress. In the present study, we use yu = 30G Pa.

2. The (static) Green’s function G(y1,y2) defines the static response of the half space
at a position y; on a displacement at yg, which may arise from (coseismic) slip or
(aseismic) creep motion. Due to the discretization of the fault plane into computa-
tional cells, we use the Green’s function for static dislocations on rectangular fault
patches of width dz and height dz, which is given in [CHINNERY, 1963] and [OKADA,
1992]. For a model including a single vertical fault, the Green’s function is calculated
only on a plane: G(x1, z1;x2,22), where x and z denote the coordinates along strike
and in depth (for a sketch see Fig. 3.1). Further reduction of the computational
effort is given by the symmetry along strike G(x1, 21522, 22) = G(|x1 — 2], 21, 22).
Therefore, xo = 0 can be used without loss of generality and the Green’s function
has the following form:

4
2 . 4 1 .
Glor,20.22) = 4=+ S0+ |2 (€ + ) + 5. (3.1)
i=1
The sign o; is defined by
g1 = 1 g9 = -1
03 = -1 04 = 1. (32)
With the notation
tlzd.%'/Q—l'l t2=d.%'/2—$1 (33)
ts = —dx/2 —x1 ty=—dx/2— 17 ’
@1 =z2+dz/2—21 q=12z—dz/2—2 (3.4)
g3 =z20+dz/2—2z1 qu=22—dz/2—2 ’
pr=z20+dz/24+ 2z py=2z20—dz/2+4+ 2z (3.5)

p3s=z2a+dz/2+ 21 py=20—dz/2+ 2z,

the three parts in Eq. (3.1) can be written as follows:

= t‘ . 1 + 1
CA\VE-@ (0B =a2) B it/E-pD) )]
i :ti %\/tf—p?-f—qz' (P?*Q?)'@ tffp?eri) ), (3.6)

€

. \/tffp?-(pﬁ\/tffp?f 2(2-p2)3/2 (pit tffpf)Q
el, = qi + pi .
O VE—¢(VE-d+u) e (VE-p+t)

The main difference of this Green’s function to the nearest-neighbor interaction of

spring-block models is the infinite-range interaction following a decay according to
1/r3, where r is the distance between source cell and receiver point.

A sketch of the fault model framework is given in Fig. 3.2.
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Figure 3.1: Sketch to illustrate the terms in Eq. (3.1)-(3.6).
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Figure 3.2: Sketch of the fault model framework.

3.2 Plate motion

The motion of the tectonic plates, indicated in Fig. 3.3, is responsible for the build-up of
stress in the fault zone. Satellite-based measurements of surface displacements allow to

(a) Distribution of faultsin the Parkfield region (b) Fault zone in the model
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Figure 3.3: (a) Distribution of faults in the Parkfield (California) region; (b) fault region
in the model.
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estimate the velocity of the plates. For the San Andreas fault, a value of v, = 35mm/year
as a long-term average is widely accepted and is therefore adopted for the model [SAVAGE
et al., 1999]. The displacement Au(i,j) of a cell with coordinate i along strike and j in
depth during a time period At is simply Au(i,j) = vy - At. While the average slip rate
1 is independent of the location of the cell, the stress rate 7 depends on the space. The
assumption that the fault zone is embedded in a medium which performs constant creep,
suggests that cells at the boundaries of the grid are in general higher loaded than cells in
the center of the grid. The properties of the elastic medium are determined by the Green’s
function G(i, j; k, 1), which defines the interaction of points (4, j) and (k,) in the medium.
In particular, the stress response at a position (7, j) on a static change of the displacement

field Au(k,l) is given by

Ar(ij)=— Y G(,5k1) - Au(k,D), (3.7)
(k,l)ehal fspace

where the minus sign stems from the fact that forward (right-lateral) slip of regions around
a locked fault segment is equivalent to back (left-lateral) slip of the locked fault segment.
Taking into account that

> G(i,j;k,1) =0, (3.8)

(k,l)ehal fspace
Eq. (3.7) can be written as
T(Z,j,t) - Z G(Z7.77k7l) ’ [U(k,l,t) _Uplt]7 (39>

(k,l)ehal fspace

where u(k,1;t) is the total displacement at position (k,[) and time ¢ since the begin of the
simulation. Because the surrounding medium performs stable sliding, w(k,;t) = vyt for
(k,1) ¢ grid, the slip deficit outside the fault region vanishes and it is sufficient to perform
the summation on the computational grid:

(i, git) = Y. G, 43k, 1) - ot — u(k, 1 t)]. (3.10)
(k,)Egrid

Equation (3.10) can be decomposed in a part for the tectonic loading and a residual part
for other processes, especially coseismic slip. The tectonic loading follows the formula

Tload(ihj; t) = ’Y(Zaj) -t (311)

with the space-dependent, but time-independent loading rate

Vi, §) = v - Y, G(i,j;k,1). (3.12)
(k,l)egrid

3.3 Friction and coseismic stress transfer; quasidynamic ap-

proach

It is widely accepted that most earthquakes are due to frictional processes on pre-existing
faults. The friction is therefore an important empirical ingredient of a fault model [SCHOLZ,
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1998]. Numerous laboratory experiments have been carried out to characterize fric-
tional behavior of different materials (see e.g. [BYERLEE, 1978]). An important finding
is that the friction defined as the ratio of shear stress Tgpeqr and normal stress 7,ormals
i = Tshear /Tnormal at the initiation of slip, is approximately constant for many materials;
the value of uy lies between 0.6 and 0.85. This observation, known as Byerlee’s law, is
related to the Coulomb failure criterion [BRACE, 1960] for the Coulomb stress C'S,

CcS= Tshear — M fTnormal- (313)

The Coulomb stress depends on a plane, where shear stress and normal stress are calcu-
lated. The Coulomb criterion for brittle failure is

S >0, (3.14)

which is for C'S' = 0 Byerlee’s law.

The North-American plate and the Pacific plate move in opposite direction along the fault
plane performing strike-slip motion. The absence of normal and thrust faulting reduces the
problem to a one-dimensional motion: all parts of the fault move along the fault direction.
The stress state of the fault is fully determined by the shear stress 7, in the coordinates
given in Fig. 3.3(b). Slip is initiated, if 7., exceeds ps7,,. This quantity, which is called
the material strength or static strength 7,, is constant in time, if p; is assumed to be
constant. Note that the normal stress on a strike-slip fault does not change [AKI AND
RICHARDS, 2002]. The shear stress 7., will be denoted simply by 7. In this notation, the
failure criterion Eq. (3.14) reduces to

T > Ty (3.15)

in agreement with the conceptual models discussed in Chapter 2 (see, e.g., Fig 2.2(b)).

When a cell (k,!) fails, the stress drops in this cell to the arrest stress 7,:
7(k,1) = Ta, (3.16)

with a constant value 7,, which may become space-dependent later. In terms of slip, this
corresponds to a displacement

B T(k, 1) — 74

Aulk,1) Gk, 1 k1)

(3.17)

with the self-stiffness G(k,l; k,1) of cell (k,1).
The observational effect of dynamic weakening includes also a strength drop from the
static strength to a lower dynamic strength:

Ts — T4. (3.18)

In particular, slipping material becomes weaker during rupture and recovers to the static
level at the end of the rupture. This behavior of the strength corresponds to the static-
kinetic friction law.
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The values 74, 74, and 7, are connected by the dynamic overshoot coefficient D:

Ts — Ta

D=

(3.19)

Ts — T4 .
MADARIAGA [1976] proposed D = 1.25 motivated by elastodynamic model simulations,
which is used to constrain the choice of these values in our model.

The redistribution of the stress release A7 (k,l) = 7(k,l) — 74 from cell (k,1) to a point
(i,7) at time ¢ is

(3.20)

7(i,j;t) = G(i, j; k. 1) - 0 (t - r(msk,l)> Lkl = 7

Vs Gk, L k1)’

where 0(z,y) denotes the d-function, which is 1 for © = y and 0 else; v, is the constant
shear-wave velocity, and r(i, j; k,1) is the distance between source cell (k,1) and receiver
position (7,7). That is, cells far from the slipping cell receive their stress portion later
than cells close to the slipping cell. The value of v, is assumed to be constant. Each
“stress transfer event” denotes an instantaneous transfer of a stress A7 from a source cell
(k,1) to a receiver cell (i,7) at time t. This time-dependent stress transfer is called the
quasidynamic approach in contrast to the quasistatic approach used in most of the similar
models.

The evolution of stress and strength in a cell, where an earthquake is initiated (hypocenter
cell), is shown in a sketch in Fig. 3.4. When the earthquake is initiated, the stress and
the strength drop. Due to coseismic stress transfer during the event, the cell may slip
several times, before the earthquake is terminated and instantaneous healing takes place
in all cells. The piecewise constant failure envelope (dashed line) indicates static-kinetic
friction. In a first step towards more realistic healing properties the instantaneous healing
at the end of the event can be replaced by log (¢) healing starting immediately after the
strength drop (see also Section 3.6). This is shown in Fig. 1 of Appendix K.

<
B
§ A ————————— duration of earthquake |
B
s
'z
Td
Ta
time
firstcelldlip end of earthquake
(earthquakeinitiation) (instantaneous healing)

Figure 3.4: Pictorial evolution of stress (solid line) and strength (dashed line) of a hypocen-
ter cell in the quasidynamic approach.

We note that the Green’s function leads to an infinite interaction range. Using open
boundary conditions with respect to the computational grid, the stress release from a
slipping cell is not conserved on the grid, but on the (infinite) fault plane.
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3.4 Model algorithm

Equation (3.17) shows the correspondence of stress and slip in our model. The model can
be formulated either by maintaining stress or by maintaining slip. The algorithm is given
for both formulations.

Stress formulation:

1. Load the fault according to Eq. (3.11), until the first cell is critical; that is, the cell
fulfills the failure criterion Eq. (3.15). Initiate earthquake.

2. Reduce stress in critical cell to 7, and strength to 74. Schedule stress transfer events
according to Eq. (3.20) on the intra-event timescale.

3. Perform stress transfer event with the smallest time. Check whether receiver cell is
critical.

(a) If no, remove current stress transfer event from the scheduler: (i) if last stress
transfer event, terminate earthquake and go to point 4; (ii) else go back to the
beginning of point 3.

(b) If yes, go to point 2.

4. Set strength to 74 for all cells (instantaneous healing).

Slip formulation:

1. Load the fault according to Eq. (3.11), until the first cell is critical; that is, the cell
fulfills the failure criterion Eq. (3.15). Initiate earthquake.

2. Reduce stress in critical cell to 7, and strength to 74; update coseismic slip u —
u+ Auw in this cell with Au from Eq. (3.17). Schedule stress transfer events according
to Eq. (3.20) on the intra-event timescale.

3. Perform stress transfer event with the smallest time. Check whether receiver cell is
critical.

(a) If no, remove current stress transfer event from the scheduler: (i) if last stress
transfer event, terminate earthquake and go to point 4; (ii) else go back to the
beginning of point 3.

(b) If yes, go to point 2.
4. Set strength to 74 for all cells (instantaneous healing).

5. Calculate stresses 7(i,j) of all cells after the earthquake from the initial stresses
7(i,7;0) and the new positions u(k,l;t):

(6, 5;t) = 7(6,5;0) + > G(i,5i k1) - [opt — u(k, 1;1)]. (3.21)
(k,l)egrid
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3.5 Limits and parameters of the model

The model framework described in the previous sections includes the basic properties of
seismicity, namely tectonic loading and coseismic stress transfer. Although these mech-
anisms are also part of simple slider-block and cellular automaton models, the imple-
mentation described above provides a more physical approach, because it is derived from
dislocation theory and uses the same Green’s function for both processes. The coseismic
propagation of stress and slip overcomes the unrealistic assumption of an instantaneous
occurring earthquake and is therefore more physical than the quasistatic approach. The
quasidynamic model is, however, still too simple in order to govern the full complexity of
dynamic rupture simulations. Despite the pulse-like shape (arising from the ¢ function in
Eq. (3.20)) of the stress transfer events and the step-like slip functions, the computational
effort may become very large and result in a memory exhaustion due to the large number
of single slips. Therefore, it is useful to constrain single events to occur at discrete times.
The resolution of the discretization can be tuned between a single time value correspond-
ing to the quasistatic model and a large number of time bins close to the continuous case.
This number determines also the required memory for a simulation.

An advantage of the model is the limited number of parameters. Keeping physically
chosen values fixed, e.g. the plate velocity vy, the rigidity u, and the dynamic overshoot
coefficient D, the brittle parameters 75, 74, and 7, have to be determined. To produce a
certain degree of complex dynamics, the values should be chosen disordered depending on
space, reflecting quenched spatial heterogeneity.

3.6 Model extensions

The features described in Section 3.1 to 3.4 provide a basic framework of a simulation
tool for the Parkfield region and other real fault zones. In order to make the computer
code as flexible as possible, the ingredients have been implemented in a modular C++
class library. This includes mainly three hierarchy levels: the system, the fault, and the
computational cells. The system controls the global time and checks for criticality of the
faults (in the present state: only one fault), each fault checks for criticality of it’s cells. A
cell maintains stress, strength, and displacement. The mechanisms include a loading model
for the interseismic processes and an intra-event scheduler, which organizes the coseismic
stress and displacement changes. Both parts depend on the Green’s function, which is
a separate class. The modular design allows to reproduce other models, for instance,
cellular automaton models similar to [OLAMI et al., 1992], in a straightforward manner:
the Green’s function is replaced by a nearest-neighbor interaction kernel and the matrix
elements of loading rates in Eq. (3.12) become constant. On the other hand, additional
mechanisms can be included as additional classes without modifying the whole code. In
the following, we give a brief list of additional mechanisms, which have been implemented
or will be implemented in the future.

1. Boundary conditions: For the Parkfield segment, the boundary condition are known.
While the northern end is bounded by a creeping section, the fault zone south from
the Parkfield segment is locked and ruptured only during the M8 Fort Tejon earth-
quake in 1857. This event can be implemented by adding a slip portion instanta-



18

CHAPTER 3. MODELING SEISMICITY IN REAL FAULT REGIONS

neously on the fault in 1857. The fact that the segment is locked during the rest of
the time, reduces the stress increase on the computational grid between earthquakes
accordingly.

. Aseismic creep and brittle-ductile transition: The presence of stable creep in fault

zones is known from satellite-based observations, e.g. [LYONS AND SANDWELL, 2003]
and from laboratory experiments [MARONE et al., 1991]. Especially the increase of
temperature and pressure with depth leads to ductile behavior; that is, the stress
from the tectonic plate motion will predominantly be compensated by stable creep
instead of coseismic slip. In the present work, creep is implemented according to
the system of coupled differential equations for the creep velocities [BEN-ZION AND
RICE, 1993]:

Vereep(i 5 t) = (i) - 7 (i, j; ), (3.22)
with 7(7,7;t) from Eq. (3.10) and time-independent creep rates c(i,7), which are
assumed to increase with depth. The slip rate in the interseismic periods becomes
time-dependent now:

. Normal faulting and dip-slip behavior, buried faults: The generalization

Zl(i,j; t) = Upl — Ucreep(iaj; t)' (323)

to other fault mechanisms is straightforward; the equations for the Green’s function
are listed in [OKADA, 1992]. These equations are also valid for buried faults.

. Fault systems consisting of more than one fault: Using again the equations from [OKADA,

1992] for the response of an arbitrary point in the 3D elastic half space on a static
dislocation of a source cell, this extension is also straightforward, but leads to a
high computational effort, e.g. in the case of two interacting faults consisting of Ny,
respectively Ny cells, the Green’s function will be given by N7 - N3 values.

. Continuous healing: So far, the material strength is a piecewise constant function

with the unrealistic assumption of instantaneous healing when the earthquake stops.
However, laboratory experiments point to a more continuous healing, where the
strength increases according to log(t) on a time scale of months to years [RUINA,
1983; ScHOLZ, 1998]. This process results in a coupling of interevent and the intra-
event time scale.

. Other friction laws: The static-kinetic friction is a simplification of the more general

rate and state dependent friction law [DIETERICH, 1994], which is an empirical con-
stitutive law that has been fit to observations. This law includes both, a dependence
on the velocity V' (slip rate) and on the time-dependent state represented by a state
variable 6. The friction f as a function of V and 0 is given by

F(V,0) = f°+aln <%> +bln <11/§9> (3.24)

with material parameters a and b and a critical slip distance D.. The value 79

denotes the friction at a reference velocity Vy. The state variable 6 evolves like
Vo

) =1 — —. 2
0 B, (3.25)
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In the static case § = D./V, this law reduces to
0 |4
fstat(v) = f + (a — b) In VO (3.26)

The terms in Eq. (3.26) are illustrated in Fig. 3.5. The fast process corresponds to
the dynamic weakening in the static-kinetic friction law, the recovery of the friction
after the step-like decrease is the healing process mentioned in the previous point.

A —sow——fast——+——slow—

friction

displacement e

Figure 3.5: Schematic description of the frictional response on a velocity step in the
presence of rate and state dependent friction.

Depending on the sign of a — b in Eq. (3.26), the frictional response may be velocity
strengthening (a — b > 0) or velocity weakening (a — b < 0). The latter case is a
necessary condition for unstable behavior, while the first case terminates slip and
thus leads to a stabilization of the system. The bifurcation diagram including regions
of stability and unstable behavior is given in [SCHOLZ, 2002]. Here we only mention
that static loading of a stick-slip system with rate and state dependent friction may
lead to an instability (earthquake) that is preceded by a period of accelerated sliding.
This nucleation period is of particular interest for earthquake prediction.

The full calculation of rate and state dependent friction in the model would be
complicated, because Eq. (3.24) is a differential equation which affects both time
scales, the inter-event time scale and the intra-event time scale [HILLERS et al.,
2005]. So far, these time scales are separated.

7. Damage: In the present state of model development, earthquakes are assumed to
occur on pre-existing faults which do not change in time. However, experimental and
theoretical studies [LOCKNER et al., 1991; LYAKHOVSKY et al., 1997] indicate the
presence of damage in terms of an evolution of fault geometry and elastic properties.
Taking a physical damage rheology into account, would increase the complexity of
the model significantly. Therefore, an effective approach with a single damage state
variable as in [LYAKHOVSKY et al., 2005], provides a feasible way to include evolving
damage.

At the present state of model development, the mechanisms described in points 1-3 have
been included. Continuous healing on the intra-event time scale has also been taken into
account. Details and results are given in the appendices. The remaining mechanisms are
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related with a significant increase of the computational effort and are therefore left for
future studies.

3.7 Data types

The model produces two types of data, earthquake catalogs and histories of stress and dis-
placement. As demonstrated below, all parameters of the model have physical dimensions
and can therefore be compared directly with real data. This is in contrast to most of the
slider-block and cellular automaton models.

1. Earthquake catalogs include time, coordinates of the hypocenter, and the earthquake
size. The time of an earthquake is the time of the first slip; the hypocenter is
determined by the position of the corresponding cell along strike and depth. The
size of an event can be described by different measures: The rupture area A is the
total area, which slipped during an earthquake. The potency

P = / Au(zx, z)dzdz (3.27)
grid

measures the total slip during the event and is related to the seismic moment mg
by the rigidity: mo = pP. The (moment) magnitude M can be calculated from the
potency using

M = (2/3)logy (P) + 3.6, (3.28)

where P is given in cm - km? [BEN-ZION, 1996).

2. Stress 7(x,z;t) and displacement u(x, z;t) as a function of space and time can be
monitored during the whole simulation. In particular, the spatiotemporal evolution
of stress and slip during an earthquake is accessible in the model. In contrast to
earthquake catalogs, these data are only available for real fault systems in limited
cases, where slip distributions have been inverted.
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Results

Numerous simulations of the model described in the previous chapter have been performed.
The first catalogs [ZOLLER et al., 2004] produced by simulations have been studied with
respect to the influence of the quasidynamic approach and the discretization of the intra-
event time scale in comparison with the quasistatic model of BEN-ZION AND RICE [1993].
Then, a large fraction of the parameter space has been analyzed to find relationships
between input parameters and observed seismicity features. Finally, new mechanisms
have been adopted (see Section 3.6) in order to overcome unrealistic behavior and to
adjust the model towards real faults. All results are presented and discussed in detail in
the publications given in Appendix A to N. In this chapter, the key results are highlighted
and discussed in the light of critical states of seismicity.

4.1 Frequency-size distributions

The frequency-size (FS) distribution is one of the most important characteristics of ob-
served seismicity. For worldwide seismicity as well as for large faults systems, this dis-
tribution is given by the Gutenberg-Richter law (Eq. (1.1)). Figure 4.1 shows the FS
distribution of California from 1970 to 2004. Here we use the non-cumulative version of
Eq. (1.1), where N is the number of earthquakes with magnitude between M and M +dM
with a time bin dM. For individual faults or small fault systems, the F'S distribution can
deviate from Eq. (1.1), especially for high magnitudes. An example is given in Fig. 4.2,
which shows the FS distribution of the Parkfield segment (Fig. 4.2(a)) and for the San
Jacinto fault (Fig. 4.2(b)) in California calculated for a time span of 45 years. The distri-
bution of the Parkfield segment consists of two parts: A scaling regime for 2.2 < M < 4.5
and a significant “bump” for 4.5 < M < 6.0. For the San Jacinto fault, the scaling range
is observed for almost all events (2.2 < M < 5.0). The slight decrease for M = 2 in both
plots is due to lacking catalog completeness.

A FS distribution as shown in Fig. 4.2(a) is called a characteristic earthquake distribu-
tion, because of the increased probability for the occurrence of a large (“characteristic”)
event. In contrast, distributions with a broad scaling regime following power-law behavior
according to the Gutenberg-Richter law, are denoted as “scale-free”, because a power law
distribution indicates the absence of a characteristic scale of the earthquake size [TUR-
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Figure 4.1: Frequency-size distribution for California from 1970 to 2004; the dashed line
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Figure 4.2: Frequency-size distribution for two faults in California: (a) the Parkfield
segment, and (b) the San Jacinto fault calculated over 45 years.

COTTE, 1997]. In terms of critical point processes, the absence of a characteristic length
scale indicates that the system is close to the critical point. In this state, earthquakes
of all magnitudes can occur, or each small rupture can grow into a large one. Therefore,
the frequency-size distribution can serve as a proxy for the current state of a system in
relation to a critical point.

In a model, the easiest way to tune the FS distribution is a variation of the mean stress
(1) on the fault, where () denotes the spatial average of all cells. This can be achieved, for
instance, by varying brittle properties, e.g. in terms of the dynamic overshoot coefficient
D (Eq. (3.19)), or by introducing dissipation [HAINZL AND ZOLLER, 2001; ZOLLER et al.,
2004]. Figure 4.3 shows FS distributions for two different values of D, first D = 1.25
(Fig. 4.3(a)) from MADARIAGA [1976], and second a higher value D = 1.67 (Fig. 4.3(b)).
While Fig. 4.3(a) follows a characteristic earthquake behavior similar to the Parkfield case
(Fig. 4.2(a)), Fig. 4.3(b) resembles the shape of the FS distribution of the San Jacinto
fault (Fig. 4.2(b)).

As an outcome, three cases can be distinguished by means of a critical mean stress 7cpi:
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Figure 4.3: Frequency-size distribution for model realizations with different dynamic over-
shoot coefficients (Eq. (3.19)): panel (a) D = 1.25, panel (b) D = 1.67.

1. subecritical fault ({(7) < 7¢rit): the mean stress on the fault is too small to produce
large events. The system is always far from the critical point. The FS distribution
is a truncated Gutenberg-Richter law.

2. supercritical fault ({(7) > 7¢.;t): the mean stress is high and produces frequently large
events. After a large earthquake (critical point), the stress level is low (system is far
from the critical point) and recovers slowly (approaches the critical point). The FS
distribution is a characteristic earthquake distribution.

3. critical fault ((7) ~ 7..4¢): the system is always close to the critical point with scale-
free characteristics. The FS distribution is a Gutenberg-Richter law with a scaling
range over all magnitudes.

This result demonstrates that, for isolated faults, the Gutenberg-Richter law is not the
rule, but the exception. If the FS distribution is plotted as a function of the parameters
controlling (7), this result can be visualized by a phase diagram [DAHMEN et al., 1999;
HAINZL AND ZOLLER, 2001; ZOLLER et al., 2004; 2005c].

While it is obvious that the mean stress drop (A7) &~ (T4 — 74) controls the mean stress
(1) on the fault, it has also been found that the spatial distribution of the stress drop has
significant influence on the FS distribution. This is apparent in the case of a cellular au-
tomaton with a tectonic loading rate v (see Eq. (3.12)), which is not only time-independent,
but also space-independent. In this case, the cells will synchronize, and from the time of
synchronization the dynamics will be periodic culminating in a large event. Thus, the FS
distribution will follow a characteristic earthquake law. This trivial case can be overcome
by introducing quenched (time-independent) spatial disorder. If, for instance, a barrier
with a high static strength is included in a homogeneous fault, a system-wide event will
be terminated at the barrier with some probability.

Quenched spatial heterogeneity is introduced in the model from Chapter 3 by means of
a variable arrest stress 7,; the static strength 75 remains homogeneous and the dynamic
strength 7, is constraint by the dynamic overshoot coefficient D (Eq. (3.19)). The results
indicate that the degree of heterogeneity measured by the range of spatial size scales acts as
a tuning parameter for the FS distribution [ZOLLER et al., 2005¢]. This behavior is clearly
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visible for discontinuous distributions of stress drops, e.g. high stress drop barriers in a
low stress drop environment. The range of size scales can be quantified by the standard
deviation of the distribution of circular areas which are placed between the barriers. These
circles give rough estimates for patches where a rupture can evolve unperturbed. In models
of real faults, such barriers provide a simplified way to simulate fault segmentation like
step-over regions and offsets.

4.2 Temporal occurrence of large earthquakes

The finding that quenched spatial heterogeneities have influence on the rupture propa-
gation suggests that also temporal clustering properties will be affected. While the end
member case of a smooth fault produces regular occurrence of events, it can be assumed
that a strongly disordered fault will show irregular earthquake occurrence. In Fig. 4.4,
we focus on the regularity of the largest earthquakes in a simulation, e.g. earthquakes
with M > 5.7, for two different degrees of spatial disorder. Each plots is based on an
earthquake sequence covering 1000 years. Figure 4.4(a) corresponds to a smooth fault
and Fig. 4.4(b) to a rough (disordered) fault; the ordinate has no meaning. Although
no strictly periodic mainshock occurrence is observed, the sequence for the smooth fault
(Fig. 4.4(a)) is characterized by relatively regular mainshock sequences. In contrast, the
sequence for the highly disordered fault Fig. 4.4(b) shows a more disordered and clustered
behavior. It is interesting to note that sequences similar to the Parkfield sequence can
be found in Fig. 4.4(a), e.g. between t ~ 600years and t ~ 720years, where an almost
periodic mainshock sequence is followed by a gap before the next large event occurs. This
resembles the most recent Parkfield event on September 28, 2004, which occurred 16 years
after it was predicted based on the approximate period of 22 years for M6 events on this
fault segment.

A more quantitative measure for temporal clustering properties of earthquake sequences
is the coefficient of variation

CV = oar/(AL) (4.1)

calculated for the interevent-time distribution, where oa; is the standard deviation and
(At) the mean value of the interevent-time distribution. High values of C'V' denote clus-
tered activity, while low values represent quasiperiodic occurrence of events. The limit
case C'V =1 corresponds to a random Poisson process [DALEY AND VERE-JONES, 1988].
Table 1 in Appendix L shows the systematic dependence of C'V as a function of the de-
gree of spatial disorder, and Fig. 4.5 demonstrates (for a smooth fault) that quasiperiodic
earthquake occurrence is found for the largest events, while intermediate and small events
occur irregular.

4.3 The stress field for different degrees of disorder

The observation that smooth faults show a more regular earthquake occurrence than rough
faults, can be explained by the ability of the stress field to synchronize on certain fault
patches. On a disordered fault, this type of synchronization is unlikely. Figure 4.6(a)
shows the stress field at the beginning of a large earthquake on a smooth fault. The most



4.3. THE STRESS FIELD FOR DIFFERENT DEGREES OF DISORDER 25

~
[Te]
]
A
200 400 600 1000
(a) time(years)
~
[te)
[}
A
400 600 800 1000
(b) time(years)

Figure 4.4: Mainshock sequence from model simulations of a smooth fault (panel (a)) and
a rough fault (panel (b)). The plots show earthquakes with A > 5.7; the ordinate has no
meaning.
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Figure 4.5: Temporal earthquake occurrence quantified by the coefficient of variation
(Eq. (4.1)) as a function of the lower magnitude cutoff.

striking feature is the emergence of clearly defined patches with highly loaded boundaries.
During rupture evolution, these patches rupture almost in series until the fault is nearly
unloaded (see Fig. 10(f) in Appendix L). A different situation is shown in Fig. 4.6(b)
corresponding to a rough fault with a brittle-ductile transition zone resulting from creep
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rates which increase with depth [BEN-ZION, 1996]. Here, the stress field in the brittle
regime is irregular without obvious pattern formation. Similar behavior is found in the
case, where dynamic weakening is switched off (74 = 75 or D — 00); in other words,
the material heals instantaneously. Figure 4.6(c) shows the stress field in this case. As
discussed by FISHER et al. [1997] and DAHMEN et al. [1999], this corresponds exactly to
a critical point in the phase diagram for the FS distribution spanned by stress dissipation
and dynamic weakening.

Although the stress field shows a complex evolution during a simulation, the presence or
absence of characteristic length scales indicating the relation to a critical point is easily
detected. However, from an observational point of view, the stress field is not accessible,
but the FS distribution can serve to some extent as a proxy for the degree of disorder of
the stress field.

If the model is in the transition regime between Gutenberg-Richter statistics and charac-
teristic earthquake behavior (see Fig. 4 in Appendix K), the ability of the stress field to
synchronize on parts of the fault, can have additional impact on the dynamics of seismicity:
for a model with small cells and high stress fluctuations along the cell boundaries arising
from a high degree of spatial disorder, the system can undergo a spontaneous transition
from an ordered state and a characteristic earthquake law to a disordered state following
Gutenberg-Richter statistics (see Fig. 4.7). Due to the high fluctuations in the stress field,
there is some probability that a certain number of cells synchronize by chance, leading to an
ordered behavior for some seismic cycles, until the order is destroyed, again resulting from
stress fluctuations. This mode-switching has been observed earlier in a mean-field model
by DAHMEN et al. [1999]. In this more unrealistic model where the stress redistribution
is governed by a constant (space-independent) Green’s function, analytical expressions for
persistence times have been calculated [FISHER et al., 1997]. Although BEN-ZION et al.
[1999] claim some evidence for mode-switching behavior in a seismic record based on sed-
iment and paleoseismic data from the Dead Sea region, the relevance of mode-switching
from an observational point of view cannot finally be evaluated due to a lack of very long
records.

4.4 Aftershocks and foreshocks

The most pronounced pattern in observed seismicity is the emergence of strongly clustered
aftershock activity following a large earthquake. Apart from the Omori law (Eq. (1.2)), it
is widely accepted that aftershocks are characterized by the following properties:

1. The aftershock rate scales with the mainshock size [REASENBERG, 1985].

2. Aftershocks occur predominantly at the edges of the ruptured fault segments [UTsu,
2002].

3. Bath’s law [BATH, 1965]: The magnitude of the largest aftershock is M,, — D1, where
M, is the mainshock magnitude and D; ~ 1.2.

Deviations from the Omori law, especially for rough faults, are discussed in [NARTEAU et
al., 2003]. While aftershocks are observed after almost all large earthquakes, foreshocks
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Figure 4.6: Snapshot of the stress field (normalized between 0 and 1) before a large
earthquake for three model realizations: (a) a smooth fault without aseismic creep; (b)
a rough fault with aseismic creep and depth-dependent creep rates leading to a brittle-
ductile transition at a depth of about 12.5km; (c) a fault without dynamic weakening
(14 = 75) corresponding to a dynamic overshoot coefficient D — oo (Eq. (3.19)).

occur less frequent [Wyss, 1997]. As a consequence, much less is known about the prop-
erties of these events. KAGAN AND KNOPOFF [1978] and JONES AND MOLNAR [1979]
propose a power law increase of activity according to an “inverse” Omori law.

Figure 4.8(a) shows an example for the aftershock sequence following the M7 Landers
earthquake in California on June 28, 1992. An earthquake of similar size generated by
the model is given in Fig. 4.8(b). The absence of aftershocks in the simulation is clearly
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Figure 4.7: Earthquake area as a function of time for a simulation of a heterogeneous fault
with 128 x 50 cells. Note that the higher number of cells results effectively in a smaller
cell size.
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Figure 4.8: Earthquakes before and after a mainshock: (a) the M7 Landers (California)
earthquake; (b) M7 earthquake in the basic version of the model.

visible. The reason for the lack of aftershocks is the unloading of the fault due to the
mainshock, which is demonstrated in Fig. 10(f) in Appendix L. When a large fraction
of the fault has ruptured, the stress in this region will be close to the arrest stress after
the event. Consequently, the seismic rate will be almost zero until the stress field has
recovered to a moderate level.

It is not surprising that a model which imposes only tectonic loading and coseismic stress
redistribution, produces no aftershocks, because it is likely that aftershocks are due to
additional mechanisms triggered by the mainshock. A discussion on candidates for such
mechanisms is given in [ZOLLER et al., 2005b]. A common feature is the presence of post-
seismic stress which generates aftershock activity. In [HAINZL et al., 1999], for instance,
postseismic stress has been attributed to a viscoelastic relaxation process following the
mainshock. In the present work, creep motion following the constitutive law in Eq. (3.22)
is assumed. Additionally, the computational grid is divided by aseismic barriers from
the free surface to depth into a couple of seismically active fault segments (see Fig. 3
in Appendix M). As discussed in [ZOLLER et al., 2005b], this modification results in
a concentration of stress in the aseismic regions during rupture and, subsequently in a
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Figure 4.9: Earthquakes before and after a mainshock with M = 6.8 in the modified
model.
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Figure 4.10: Earthquake rate as a function of time for the model with seismic and aseismic
regions. The calculation is based on a simulation with 20,000 earthquakes covering about
500 years; the earthquake rates are averaged over about 30 mainshocks. A fit of the
Omori law (Eq. (1.2)) with p = 1 is denoted as a solid line. The dashed line gives the
estimated background level of seismicity.

release of stress after the event according to the coupled process from Eq. (3.22). This
stress release triggers aftershock sequences obeying the Omori law (Eq. (1.2)). A typical
aftershock sequence after a M6.8 event is shown in Fig. 4.9. According to Bath’s law,
the strongest aftershock has the magnitude M = 5.5. The sequence shows also the effect
of secondary aftershocks, namely aftershocks of aftershocks [SORNETTE AND SORNETTE,
1999]. The evolution of stress in the seismic and in the aseismic parts of the fault and
the corresponding earthquake occurrence is shown explicitely in Figure 4 of Appendix M:
during a large event, stress is stored in the creeping zones, and afterwards the stress is
released to the entire fault triggering an aftershock sequence.

In Appendix M, the earthquake rate, stacked for a large number of mainshocks, is an-
alyzed as a function of the distribution of the creep coefficients ¢(7,7) in Eq. (3.22). A
realistic exponent of p = 1 is found if the barriers are characterized by creep coefficients,
which are by factor of 10° higher than the creep coefficients in the seismic patches. The
stacked earthquake rate as a function of the time after the mainshock is given in Fig. 4.10.
In [ZOLLER et al., 2005a; 2005b], it is demonstrated that the simulated aftershock se-
quences show a high correspondence with natural aftershock activity, and that they are
qualitatively compatible with satellite-based observation of afterslip along fault zones (see
e.g. [BURGMANN et al., 2002]).

Aftershock sequences like in in Fig. 4.9 emerge after all large events in the extended model.
In contrast, there is no clear foreshock signal visible in single sequences. However, stacking
many sequences together, unveils a slight increase of the earthquake rate prior to a main-
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shock supporting the observation of rarely occurring foreshock activity. An explanation of
these events can be given in the following way: Between two mainshocks, the stress field
organizes itself towards a critical state, where the next large earthquake can occur. This
critical state is characterized by a disordered stress field and the absence of a typical length
scale, where earthquakes of all sizes can occur. The mainshock may occur immediately
or after some small to moderate events. The latter case can be considered as a single
earthquake, which is interrupted in the beginning. This phenomenon of delayed rupture
propagation has already provided a successful explanation of foreshocks and aftershocks
in a cellular automaton model [HAINZL et al., 2000a; 2003].

The hypothesis that foreshocks occur in the critical point and belong, in principle, to the
mainshock, can be verified by means of the findings from Section 4.1. In particular, the
frequency-size distribution in the critical point (or close to the critical point) is expected
to show scale-free statistics. If an overall smooth model fault following characteristic
earthquake statistics is studied over a long time period, the approach of the critical point
can be calculated precisely in terms of a change of the frequency-size distribution towards
Gutenberg-Richter behavior. This change of frequency-size statistics is observed in the
model (Fig. 4.11) and supports thus the validity of the critical point concept.
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Figure 4.11: Frequency-magnitude distribution of all earthquakes, foreshocks and after-
shocks, respectively. Foreshocks and aftershocks are defined as earthquakes occurring
within one month before and after an earthquake with M > 6.

4.5 Accelerating moment release

In the previous Section, it has been argued that large earthquakes are associated with a
critical point and the preparation process is characterized by increasing disorder of the
stress field and increasing tendency to scale-free characteristics in the frequency-size distri-
bution. Further support for critical point dynamics has been provided by the observational
finding of BUFE AND VARNES [1993] that the cumulative Benioff strain X(¢) follows a
power law time-to-failure relation prior to the M7 Loma Prieta earthquake on October
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17, 1989:
N(t)
S0(t) =Y VE; = A+ Bty —t)™ (4.2)
i=1

Here, F; is the energy release of earthquake i, and N(¢) is the number of earthquakes
before time ¢; ¢y is the failure time and A, B and m > 0 are constants. The systematic
study of BOWMAN et al. [1998] verifies this behavior also for other large earthquakes in
California. Similar studies for numerous seismically active regions followed (see [ZOLLER
et al., 2001]) and references therein).

The time-to-failure relation Eq. (4.2) has been proposed by SORNETTE AND SAMMIS [1995]
and SALEUR et al. [1996] from the viewpoint of renormalization theory. Moreover, they
demonstrated that a complex exponent m = « + i results in an additional term of log-
periodic oscillations decorating the power-law increase of ¥€(t). This law has been fit
by SORNETTE AND SAMMIS [1995] to the data of BUFE AND VARNES [1993]. Although
the fit shows good agreement with the data, there is no evidence that this concept is
feasible for the prediction of earthquakes so far. In particular, the fit operates with a
large number of free parameters including amplitude and phase of the fluctuations and a
cutoff time. Therefore, Eq. (4.2) with real m will be used to describe accelerating moment
release in this study.
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Figure 4.12: Cumulative Benioff strain (Eq. (4.2)) before and after two M 6.8 earthquakes
in the model.

Figure 4.12 shows the cumulative Benioff strain before and after two earthquakes with
M = 6.8. The increase of the curves immediately after the mainshock is due to the energy
release of the mainshock itself and the subsequent aftershocks. In Fig. 4.12(a), no power-
law behavior according to Eq. (4.2) can be observed. In contrast, Fig. 4.12(b) includes a
period (marked by a box), where such a power-law can be fit to the data. Similar to the
findings about foreshocks, this pattern is not universal. Therefore, a stacking procedure
is adopted in order to obtain more robust results on the validity of Eq. (4.2) in the model.
This is not straightforward, since the interval of accelerating moment release is not known
a priori and the duration of a whole seismic cycle, as an upper limit, is not constant. To
normalize the time interval for the stacking, the potency release (Eq. (3.27)) is computed
as a function of the (normalized) stress level (Fig. 4.13). Taking into account that the
stress level increases almost linearly during a large fraction of the seismic cycle, as shown
in Fig. 7 of Appendix N, the stress level axis in Fig. 4.13 can effectively be replaced by the
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time axis leading to a power-law dependence of the potency release on time. The best fit is
provided with an exponent s = —1.5. Transforming the potency release to the cumulative
Benioff strain (Eq. (4.2)), results in an exponent m = 0.25 in Eq. (4.2). This finding is
based on a simulation over about 5000 years; the exponent is in good agreement with the
theoretical work of RUNDLE et al. [2000], who derive also m = 0.25 from a spinodal model,
and the analytical result of m = 0.3 in the damage mechanics model of BEN-ZION AND
LYAKHOVSKY [2002]. The observational study of BOWMAN et al. [1998] finds m between
0.1 and 0.55.
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Figure 4.13: Mean potency release (Eq. (3.27)) as a function of the stress level. The stress
level is normalized to the maximum (max) and minimum (min) observed stress.

4.6 Critical point analysis of seismicity in California

The detection of critical point dynamics in synthetic seismicity is relatively easy, because
earthquake catalogs with arbitrary length and homogeneous reporting down to the min-
imum magnitude can be generated. This allows to calculate frequency-size distributions
accurately. Furthermore, the significance of seismicity patterns can be analyzed by means
of a stacking procedure with reasonable statistics. The detection of foreshocks and ac-
celerating moment release in the previous sections, for instance, is based on a simulation
with 200.000 events covering a period of about 5.000 years. The minimum magnitude,
which is identical with the magnitude of completeness in the model, is M. = 4. The
stacking procedure includes 225 mainshocks with M > 6. In natural data, the number of
mainshocks which are accomplished by a reporting of intermediate and small events with
similar quality, is in general smaller than ten. Additionally, the data are full of artificial
and man-made effects like

e varying magnitude of completeness in space and time due to network changes
e man-made seismicity (explosions, quarry blasts)
e relocation errors, especially for the hypocenter depth

e duplicate events (multiple solutions to the same earthquake)
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Numerous methods have been developed to deal with these problems. Some methods
are based solely on a catalog study, e.g. the day- to nighttime analysis to detect quarry
blasts [WIEMER AND BAER, 2000a] or the deviation of the frequency-size distribution
from a power-law for small events indicating the magnitude of completeness [WIEMER
AND BAER, 2000b]. However, these methods are often based on ad-hoc assumptions and
allow to correct a catalog only on average. The decision whether a single event is a quarry
blast, requires more knowledge, e.g. about the source mechanism.

The ANSS (Advanced National Seismic System) catalog for California seismicity which
grew out of the CNSS (Council of the National Seismic System) catalog, is one of the best
available data sets for the analysis of seismicity patterns, because it deals with most of the
above mentioned problems, especially the detection of man-made seismicity and duplicate
events. The catalog was already adopted by BOWMAN et al. [1998] to study the critical
earthquake concept in terms of accelerating moment release and critical regions where
this pattern emerges. They find a scaling relation log R ~ 0.44M between the critical
region R and the magnitude of the upcoming mainshock M. It is interesting to note
that R varies between 73km for the Northridge earthquake on Jan. 17, 1994 (M = 6.7)
and 325km for the M = 7.5 Kern County earthquake on July 21, 1952. An analysis of
the M8.6 Assam (India) earthquake on Aug. 15, 1950 results even in R = 900km. These
findings demonstrate that critical point dynamics takes place in large spatial regions which
include many faults. Therefore, the following study will be carried out in a region of about
1000km x 1000km shown in Fig. 4.14.

As discussed before, the most conspicuous feature of a spatially extended critical point
system is the growth of the spatial correlation length £(¢) when the critical point is ap-
proached. This growth is assumed to follow a power law [BRUCE AND WALLACE, 1989

£t) ~ (tr—0)7" (4-3)

with k£ > 0. It is emphasized that £(¢) is not a cumulative quantity like £Q(t) (Eq. (4.2)).
The main question is: How can the correlation length be calculated, or measured, from an
earthquake catalog? It is reasonable to relate £ with the clustering properties of epicen-
ters. In the Ising model for ferromagnetic material, above a critical temperature 7T, the
emergence of clusters with the same spin value is found. The size of the largest cluster
is referred to as the spatial correlation length. Accordingly, the correlation length of a
spatially clustered set of earthquakes, like an aftershock sequence or a swarm, £ will be
small, whereas for widespread events, & will be large. It has been found that an algorithm
based on single-link cluster analysis [FROHLICH AND DAvIs, 1990] provides a simple, but
powerful and robust technique to measure the clustering properties and thus the spatial
correlation length. A detailed description of the algorithm is given in [ZOLLER et al.,
2001]. Using this method allows to compute time series of £(¢) and to fit Eq. (4.3) to the
data. The quality of the fit is obtained from a curvature parameter [BOWMAN et al., 1998|
which is the ratio of root-mean-square errors of the power law fit and the fit of a constant
function to the data (Appendix C, Eq. (4)).

When the statistical testing is designed, the problem of limited amount of data has to
be addressed. For the synthetic data, robust results have been found by averaging over a
large number of mainshocks. In the ANSS catalog, the lower magnitude cutoff has been
set to M., = 4.0 and nine mainshocks with M > 6.5 are studied. Here, we compare the
results of the nine cases with a large number of realizations of a stochastic earthquake
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Figure 4.14: Earthquakes with M > 3 in California since 1910. The filled circles denote
the events with M > 6.5 since 1952: (a) 1952 M = 7.5 Kern County, (b) 1968 M = 6.5
Borrego Mountain, (c) 1971 M = 6.6 San Fernando, (d) 1983 M = 6.7 Coalinga, (e) 1987
M = 6.6 Superstition Hills, (f) 1989 M = 7.0 Loma Prieta, (g) 1992 M = 7.3 Landers,
(h) 1994 M = 6.6 Northridge, (i) 1999 M = 7.1 Hector Mine.

model producing similar catalogs as the original one, except for the time evolution, which
follows a random Poisson process [DALEY AND VERE-JONES, 1988]. In particular, the
random (surrogate) catalogs conserve (1) the frequency-size distribution (a and b value
in Eq. (1.1)), (2) the epicenter distribution, and (3) the presence of aftershocks following
the Omori law Eq. (1.2). The model corresponds to the stochastic model of EPSTEIN
AND LOMNITZ [1966] with additional aftershock activity. Imposing this model as a null
hypothesis for the analysis, the probability that an observed pattern is not random, can
be calculated. The free parameters, e.g. the spatial region around the epicenter of the
upcoming earthquake and time interval before occurrence time t., are optimized with
respect to the parameters space in order to provide the best power-law fit. Here it is
important that the whole algorithm is applied exactly in the same way to the real data
and the surrogate data. Figure 4.15 shows an example for the M7 Loma Prieta earthquake



4.6. CRITICAL POINT ANALYSIS FOR CALIFORNIA 35

in 1989 with the curvature parameter C = 0.34, the exponent k = 0.41 (Eq. (4.3)), and
the critical region R = 270km, which is significantly larger than the source volume of the
mainshock.
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Figure 4.15: Correlation length before the M7 Loma Prieta earthquake on October 18,
1989 and best power-law fit (Eq. (4.3)).

The best power-law fits for the other mainshocks are shown in Fig. 3 of Appendix C.
The probabilities that a pattern of similar or better quality (with respect to the curvature
parameter) is observed in the surrogate data, vary between 2.9% and 48% around the mean
value p = 26.4% (see Tab. 1 in Appendix C). However, the probability that the mean
value of nine random numbers drawn from a Gaussian distribution is equal to or smaller
than 26.4%, is 0.7%. We conclude that our results are non-random with a significance level
up to 99.3%. The observation that both, the critical region R and the mean correlation
length (£) scale with the mainshock magnitude according to log R ~ s1M, respectively
log () ~ saM (see Fig. 6 in Appendix C), and that the slopes s; and s are similar to
studies based on acceleration moment release, e.g. [JAUME AND SYKES, 1999], indicates
that growing correlation length and accelerating moment release stem from the same
underlying mechanism, namely a critical point [ZOLLER et al., 2001].

The question whether the detection of the growth of the spatial correlation length provides
a feasible algorithm for predicting earthquakes is addressed in [ZOLLER AND HAINZL, 2001;
2002], and [ZALIAPIN et al., 2002]. So far, the epicenter and the time of the mainshock
have been used to detect the pattern. The method can be generalized by introducing
a grid search technique for the entire space-time volume of the catalog. This allows to
map curvature parameters in space and time [ZOLLER AND HAINZL, 2001] (see Fig. 2 in
Appendix E). Applying again a statistical testing based on the stochastic model intro-
duced above, probabilities for non-randomness can be mapped. These results are given in
Fig. 4.16 for the time steps before the largest events. A quantitative assessment indicates
significant correlations between the largest earthquakes (M > 6.5) and the anomalies (see
Fig. 1 in Appendix G). Although a correlation between space-time regions with high
tendency towards growing spatial correlation length and subsequent large earthquakes is
visible, the anomalies cover a large fraction of the entire space-time volume and fail to
give an accurate prediction of the upcoming event.
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If accelerating moment release (Eq. (4.2)) instead of growing spatial correlation length
(Eq. (4.3)) is detected, the results are qualitatively similar (see Tab.l and Fig. 3 in
Appendix G). The growth of the spatial correlation length gives, however, an overall
better performance of observed seismicity [ZOLLER AND HAINZL, 2002]. We note that
the two approaches reflect different aspects of the same underlying process, namely the
critical point process. Accelerating moment release deals with the energy release and
growing spatial correlation length with epicenter clustering. The fact that both techniques
provide similar results, supports the presence of the critical point dynamics and is therefore
encouraging for further developments in this respect.
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Figure 4.16: Probability indicating the significance for the growth of the spatial correla-
tion length prior to eight large earthquakes in California. The large triangle denotes the
mainshock epicenter, whereas the smaller triangles refer to the earthquakes with M > 5
which occurred up to one year after the mainshock.



Chapter 5

Summary and conclusions

The present work deals with the analysis, the understanding and the interpretation of
seismicity patterns with a special focus on the critical point concept for large earthquakes.
Both, physical modeling and data analysis are employed. This study aims at practical
applications to model data and earthquake catalogs from real fault systems. A point of
particular interest is the detection of phenomena prior to large earthquakes and their rel-
evance for a possible prediction of these events. While aftershocks are an almost universal
phenomenon, there is no precursor obeying a similar degree of universality. It is, therefore,
interesting to study the less frequent precursory phenomena with respect to two questions:

1. Is the phenomenon physically reliable? That is, can it be explained by a physical
mechanism?

2. Is the phenomenon statistically significant, or is it due to random fluctuation in a
noisy data set?

To address these questions, we use two important tools: 1. A numerical model which is
on the one hand to some degree physical, and on the other hand simple enough that it
allows to perform long simulations; 2. A sophisticated statistical testing procedure based
on stochastic earthquake models to discriminate between “real” patterns and statistical
fluctuations up to a certain significance level in a given data set.

The basic version of the model consists of a segmented two-dimensional strike-slip fault
in a three-dimensional elastic half space and is inherently discrete, because it does not
arise from discretizing a continuous model. The model dynamics is governed by realistic
boundary conditions consisting of constant velocity motion of the regions around the
fault, static/kinetic friction, and stress transfer based on static dislocation theory. The
dynamic rupture is approximated on a finite intra-event time scale using a constant stress
propagation velocity (”quasidynamic model”) instead of instantaneous stress transfer.

The results of the simulations indicate an overall good agreement of the synthetic seismic-
ity with real earthquake catalogs, with respect to frequency-size distributions and various
features of earthquake sequences. A major role for the characteristics of a simulated cat-
alog seems to play the degree of spatial heterogeneity on the fault, which is implemented
by means of space-dependent brittle parameters. Smooth faults are governed by charac-
teristic earthquake statistics, regular occurrence of mainshocks and overall smooth stress
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fields. On the other hand, rough faults obey scale-free Gutenberg-Richter statistics, irreg-
ular mainshock occurrence, and overall rough stress fields. A closer look at the disorder
of the stress field shows, however, that even on a smooth fault a gradual roughening takes
place when the next large earthquake is approached. This is reflected in the frequency-size
distribution which evolves towards the Gutenberg-Richter law. Such a state is denoted as
a critical state of seismic dynamics. This finding allows to establish a relation between
the closeness to the underlying critical point, the (unobservable) stress field, and the (ob-
servable) frequency-size distribution. Moreover, the concepts of “self-organized criticality”
and the “critical earthquake concept” can be interpreted as special cases of a generalized
concept, which is further supported by the observation of accelerating moment release in
the model as well as in observations, and by the detection of growing spatial correlation
length in the epicenter distribution of California seismicity. A rigorous statistical testing
unveils correlations between the pattern of growing correlation length and subsequent large
earthquakes. The space and time windows, where these precursors are found, are, how-
ever, too large for an accurate prediction of the upcoming event. However, in combination
with other parameters, e.g. accelerating seismic moment release, this pattern may provide
a significant contribution to an improved time-dependent seismic hazard assessment.



Chapter 6

Outlook

The main result of the present work is the clear evidence of the presence of a critical point
in the dynamics of seismicity. When the trajectory of the system gets close to the critical
point, or close to the next mainshock, a critical state is entered, which is characterized
by clear anomalies in various seismicity functions. Further refinements, especially of the
data analysis, regarding a more precise characterization of the critical state may lead to
progress in a possible prediction of large events or an improved time-dependent hazard
assessment. This work should be accomplished by extensions of the model towards a more
realistic resemblance of real fault zones. So far, the model has been compared with real
faults using parameters from the frequency-size distribution or spatiotemporal clustering
properties. The way, how the input parameters have to be chosen in order to simulate
seismicity on real faults, has been shown. An important goal, however, is the development
of a detailed phase diagram including several parameters, and the assignment of a real fault
to a position in this phase diagram. It is furthermore interesting to study, whether the
position in the phase diagram can also be characterized by means of observable parameters,
e.g. the surface deformation field, which is accessible in the model by using the equations
of OKADA [1992] with stress calculation points (see Fig. 3.1) on the free surface. Since
corresponding geodetic data are ubiquitous, the analysis of the surface deformation field
in relation to seismicity and the underlying physics will be an important subject of future
studies.

Further work will focus on slip histories of single earthquakes calculated with the quasi-
dynamic approach. Tuning the friction law in a way that slip histories become similar
to those of real earthquakes, the simulated slip histories can serve as input for concepts
based on numerical Green’s functions [WANG AND IGEL, 2004] in order to calculate ground
motion, and finally seismic hazard maps.

40



Bibliography

[AKI AND RICHARDS, 2002] AkI, K., AND RICHARDS, P. G., Quantitative seismology,
University Science Books., 2002

[BAK, 1996] Bak, P., How Nature Works. The Science of Self-Organised Criticality,
Oxford University Press, 1996

[BAK AND TANG, 1996] Bak, P., AND TanG, C., Farthquakes as a phenomenon of
self-organised criticality, J. Geophys. Res., 94, 15,635-15,6637 (1989).

[BATH, 1965] BATH, M., Lateral inhomogeneities in the upper mantle, Tectonophysics,
2, 483-514 (1965).

[BEN-ZION, 1996] BEN-ZION, Y., Stress, slip, and earthquakes in models of complex
single-fault systems incorporating brittle and creep deformations, J. Geophys. Res.,
101, 5677-5706 (1996).

[BEN-ZION et al., 1999] BEN-ZION, Y., DAHMEN, K., LyAkHOVSKY, V., ERTAS, D.,

AND AGNON, A., Self-driven mode switching of earthquake activity on a fault system,
Earth and Plan. Sci. Lett., 172, 11-21 (1999).

[BEN-ZION AND LYAKHOVSKY, 2002] BEN-ZION, Y., AND LYAKHOVSKY, V., Accelerated
Seismic Release and Related Aspects of Seismicity Patterns on Farthquake Faults, Pure
Appl. Geophys., 159, 2385-2412 (2002).

[BEN-ZION AND LYAKHOVSKY, 2003] BEN-ZION, Y., AND LYAKHOVSKY, V., A general-
ized law for aftershock rates in a damage rheology model, Eos Trans. AGU, 84(46), Fall
Meet. Suppl., Abstract NG12C-02 (2003).

[BEN-ZION AND RICE, 1993] BEN-ZION, Y., AND RICE, J. R., Earthquake failure se-
quences along a cellular fault zone in a three-dimensional elastic solid containing asperity
and nonasperity regions, J. Geophys. Res., 98, 14,109-14,131 (1993).

[BINNEY et al., 1993] BINNEY, J. J., DOwRICK, N. J., FISHER, A. J., AND NEWMAN,
M. E. J.,; The theory of critical phenomena, Oxford University Press., 1993

[BLAsIUS et al., 1999] Brasius, B., HUPPERT, A., AND STONE, L., Complex dynamics
and phase synchronization in spatially extended ecological systems, Nature, 399, 354—359
(1999).

41



42 BIBLIOGRAPHY

[BOWMAN et al., 1998] BowmaNn, D. D., OuLLIiON, G., SAMMIS, C. G., SORNETTE,
A., AND SORNETTE, D., An observational test of the critical earthquake concept, J.
Geophys. Res., 103, 24,359-24,372 (1998).

[BRACE, 1960] BRACE, W. F., An extension of the Griffith theory of fracture to rocks,
J. Geophys. Res., 65, 3477-3480 (1960).

[BRUCE AND WALLACE, 1989] BRUCE, A., AND WALLACE, D. Critical point phenomena:
Universal physics at large length scales, in The New Physics, edited by P. Davis, pp.
236-267, Cambridge Univ. Press, New York, 1989.

[BUFE AND VARNES, 1993] BUFE, C. G., AND VARNES, D. J., Predicitive modeling of
the seismic cycle of the greater San Francisco Bay region, J. Geophys. Res., 98, 9871

9883 (1993).

[BURGMANN et al., 2002] BURGMANN, R., ERGINTAV,S., SEGALL, P., HEARN, E. H.,
McCLUSKY, S., REILINGER, R. E., WoOITH, H., AND ZSCHAU, J., Time-dependent
distributed afterslip on and deep below the Izmit earthquake rupture, Bull. Seism. Soc.
Am., 92, 126-137 (2002).

[BURRIDGE AND KNOPOFF, 1967] BURRIDGE, R., AND KNOPOFF, L., Model and theo-
retical seismicity, Bull. Seim. Soc. Am., 57, 341-371 (1967).

[BYERLEE, 1978] BYERLEE, J. D., Friction of rocks, Pure Appl. Geophys, 116, 615616
(1978).

[CHINNERY, 1963] CHINNERY, M., The stress changes that accompany strike-slip faulting,
Bull. Seim. Soc. Am., 53, 921-932 (1963).

[DAHMEN et al., 1999] DAHMEN, K., ERTAS, D., AND BEN-ZION, Y., Gutenberg-Richter

and characteristic earthquake behavior in simple mean-field models of heterogeneous
faults, Phys. Rev. E, 58, 1494-1501 (1998).

[DALEY AND VERE-JONES, 1988] DALEY, D. J., AND VERE-JONES, D., An Introduc-
tion to the Theory of Point Processes, Springer, New York, 1988.

[DIETERICH, 1994] DIETERICH, J. H., A constitutive law for earthquake production and
its application to earthquake clustering, J. Geophys. Res., 99, 2601-2618 (1994).

[EPSTEIN AND LOMNITZ, 1966] EPSTEIN, B., AND LoMNITZ, C., A model for the occur-
rence of large earthquakes, Nature, 211, 954-956 (1966).

[FISHER et al., 1997] FisHER, D. S., DAHMEN, K., RAMANATHAN, S., AND BEN-ZION,

Y., Statistics of earthquakes in simple models of heterogeneous faults, Phys. Rev. Lett.,
78, 4885-4888 (1997).

[FROHLICH AND Davis, 1990] FroHLICH, C., AND Davis, S. D., Single-link cluster anal-

ysis as a method to evaluate spatial and temporal properties of earthquake catalogues,
Geophys. J. Int. 100, 19-32 (1990).

[GABRIELOV et al., 1994] GABRIELOV, A., NEWMAN, W. 1., AND KNOPOFF, L., Lattice
models of failure: Sensitivity to the local dynamics, Phys. Rev. E, 50, 188-197 (1994).



BIBLIOGRAPHY 43

[GUTENBERG AND RICHTER, 1956] GUTENBERG, B., AND RICHTER, C. F., Farthquake
magnitude, intensity, energy and acceleration, Bull. Seismol. Soc. Am., 46, 105-145
(1956).

[HAINZL AND ZOLLER, 2001] HAINZL, S., AND ZOLLER, G., The role of disorder and
stress concentration in nonconservative fault systems, Physica A, 294, 67-84 (2001)
—Appendix D.

[HAINZL et al., 1999] HAINZL, S., ZOLLER, G., AND KURTHS, J., Similar power laws for
fore- and aftershock sequences in a spring-block model for earthquakes, J. Geophys.
Res., 104, 7243-7253 (1999).

[HAINZL et al., 2000a] HAINZL, S., ZOLLER, G., AND KURTHS, J., Self-organization
of spatio-temporal earthquake clusters, Nonlin. Proc. Geophys., 7, 21-29 (2000)
—Appendix A.

[HAINZL et al., 2000b] HAINZL, S., ZOLLER, G., KURTHS, J., AND ZSCHAU, J., Seismic

quiescence as an indicator for large earthquakes in a system of self-organized criticality,
Geophys. Res. Lett., 27, 597-600 (2000) —Appendix B.

[HAINZL et al., 2003] HAINZL, S., ZOLLER, G., AND SCHERBAUM, F., Earthquake clus-

ters resulting from delayed rupture propagation in finit fault segments, J. Geophys. Res.,
108,2013, doi 10.1029/2001JB000610 (2003) —Appendix I.

[HILLERS et al., 2005] HILLERS, G., BEN-ZION, Y., AND Mar1, P. M., Seismicity on a
fault controlled by rate- and state dependent friction with spatial variations of the critical
slip distance, J. Geophys. Res., submitted. (2005)

[HUANG AND TURCOTTE, 1990a] HUANG, J., AND TURCOTTE, D. L., Are earthquakes
an example of deterministic chaos?, Geophys. Res. Lett., 17, 223-226 (1990).

[HUANG AND TURCOTTE, 1990b] HuANG, J., AND TURCOTTE, D. L., Fuvidence for
chaotic fault interactions in the seismicity of the San Andreas fault and the Nakai trough,
Nature, 348, 234-236 (1990).

[ITo AND MATSUZAKI, 1990] ITo, K., AND MATSUZAKI, M., Farthquakes as self-
organized critical phenomena, J. Geophys. Res., 95, 6853-6860 (1990).

[JAUME AND SYKES, 1999] JAUME, S. C., AND SYKES, L. R., Fvolving towards a critical
point: A review of accelerating seismic moment/enerqgy release prior to large and great
earthquakes, Pure Appl. Geophys, 155, 279-306 (1999).

[JONES AND MOLNAR, 1979] JONES, L. M., AND MOLNAR, P., Some characteristics of
foreshocks and their possible relation to earthquake prediction and premonitory slip on
faults, J. Geophys. Res., 84, 3596-3608 (1979).

[KAGAN AND KNOPOFF, 1978] KAGAN, Y. Y., AND KNOPOFF, L., Statistical study of
the occurrence of shallow earthquakes, Geophys. J. R. Astron. Soc., 55, 67-86 (1978).

[LANGBEIN, et al., 2005] LANGBEIN, J., BORCHERDT, R., DREGER, D., FLETCHER, J.,
HARDEBECK, J. L., HELLWEG, M., J1, C., JOHNSTON, M., MURRAY, J. R., NADEAU,
R., RYyMER, M. J., AND TREIMAN, J. A., Preliminary Report on the 28 September
2004, M 6.0 Parkfield, California Earthquake, Seismol. Res. Lett., 76, 1-17 (2005).



44 BIBLIOGRAPHY

[LOCKNER et al., 1991] LOCKNER, D. A., BYERLEE, J. D., KUKSENKO, V., PoNoO-
MAREV, A., AND SIDORIN, A., Quasi-static fault growth and shear fracture energy in
granite, Nature, 350, 39-42 (1991).

[LOMNITZ-ADLER, 1999] LOMNITZ-ADLER, J., Automaton models of seismic fracture:
constraints imposed by the magnitude-frequency relation, J. Geophys. Res., 98, 17,745—
17,756 (1999).

[LORENZ, 1963] LORENZ, E. N., Deterministic nonperiodic flow, J. Atmos. Sci., 20,
130-141 (1963).

[LYAKHOVSKY et al., 1997] LYAKHOVSKY, V., BEN-ZION, Y., AND AGNON, A., Dis-
tributed damage, faulting and friction, J. Geophys. Res., 102, 27,635-27,649 (1997).

[LYAKHOVSKY et al., 2005] LYAKHOVSKY, V., BEN-ZION, Y., AND AGNON, A., A vis-

coelastic damage rheology and rate- and state-dependent friction, Geophys. J. Int., 161,
179-190, doi 10.1111/;.1365-246X.2005.02583.x. (2005).

[LYONS AND SANDWELL, 2003] LYONS, S., AND SANDWELL, D., Fault creep along the

southern San Andreas from interferometric synthetic aperture radar, permanent scat-
terers, and stacking, J. Geophys. Res., 108, 2047, doi 10.1029/2002JB001831 (2003).

[MADARIAGA, 1976] MADARIAGA, R., Dynamics of an expanding circular fault, Bull.
Seim. Soc. Am., 66, 639666 (1976).

[MAIN et al., 2004] MAIN, I. G., O’BriaN, G., AND HENDERSON, J. R., Statistical
physics of earthquakes: Comparison of distribution exponents for source area and po-

tential energy and the dynamic emergence of log-periodic quanta, J. Geophys. Res.,
105, 6105-6126 (2000).

[MARONE et al., 1991] MARONE, C. J., ScHoLz, C. H., AND BiLHAM R., On the mech-
anisms of earthquake afterslip, J. Geophys. Res., 96, 8441-8452 (1991).

[NARTEAU et al., 2003] NARTEAU, C., SHEBALIN, P., HAINZL, S., ZOLLER, G., AND
HOLSCHNEIDER, M., Emergence of a band-limited power law in the aftershock
decay rate of a slider-block model, Geophys. Res. Lett., 30, art. no. 1568, doi
10.1029/2003GL017110 (2003) —Appendix J.

[NUR AND BOOKER, 1972] NUR, A., AND BOOKER, J. R., Aftershocks caused by pore
fluid flow?, Science, 175, 885-887 (1972).

[OKADA, 1992] OKADA, Y., Internal deformation due to shear and tensile faults in a half
space, Bull. Seism. Soc. Am., 82, 1018-1040 (1992).

[OLAMI et al., 1992] OrawmI, Z., FEDER, H. S., AND CHRISTENSEN, K., Self-organized

criticality in a continuous, nonconservative cellular automaton modeling earthquakes,
Phys. Rev. Lett., 68, 1244-1247 (1992).

[OMORI, 1894] OMORI, F., On the aftershocks of earthquakes, J. Coll. Sci. Imp. Univ.
Tokyo, 7, 111-200 (1894).



BIBLIOGRAPHY 45

[RAHMSTORF, 2001] RAHMSTORF, S., A simple model of seasonal open ocean convection.
Part I: Theory, Ocean Dyn. 52, 26-35 (2001).

[REASENBERG, 1985] REASENBERG, P., Second-order moment of central California seis-
micity, J. Geophys. Res. 90, 5479-5495 (1985).

[REID, 1910] REID, H. F., The Mechanics of the Earthquake, The California Earthquake
of April 18, 1906, Report of the State Investigation Commission, Vol. 2, Carnegie In-
stitution of Washington, Washington, D.C., 1910.

[RUINA, 1983] Ruina, A. L., Slip instability and state variable friction laws, J. Geophys.
Res., 88, 10,359-10,370 (1983).

[RUNDLE et al., 2000] RunNDLE, J. B., KLEIN, W., TURCOTTE D. L., AND MALAMUD,
B. D., Precursory seismic activation and critical point phenomena, Pure Appl. Geo-
phys, 157, 2165-2182 (2000).

[SALEUR et al., 1996] SALEUR, H., SAMMmIS, C. G., AND SORNETTE, D., Discrete scale
invariance, complex fractal dimensions, and log-periodic fluctuations in seismicity, J.
Geophys. Res., 101, 17,661-17,677 (1996).

[SAVAGE et al., 1999] SAvAcE, J. C., SVARC, J. L., AND PrEscoTT, W. H., Geodetic
estimates of fault slip rates in the San Francisco Bay area, J. Geophys. Res., 104,
4995-5002 (1999).

[ScHOLZ, 1998] Scholz, C. H., Farthquakes and friction laws, Nature, 391, 37-42 (1998).

[ScHOLZ, 2002] Scholz, C. H., The mechanics of earthquakes and faulting, Cambridge
University Press, 2002.

[SHCHERBAKOV AND TURCOTTE, 2004] SHCHERBAKOV, R., AND TURCOTTE, D. L., A
damage mechanics model for aftershocks, Pure and Applied Geophys, 161, 2379, doi
10.1007/s00024-004-2570-x (2004).

[SORNETTE, 2004] SORNETTE, D., Critical Phenomena in Natural Sciences. Chaos,
Fractals, Self-organization and Disorder: Concepts € Tools, Springer Series in Syn-
ergetics, Heidelberg, 2004.

[SORNETTE AND SAMMIS, 1995] SORNETTE, D., AND Samwmis, C. G., Complex critical
exponents from renormalization group theory of earthquakes: Implication for earthquake
predicitions, J. Phys. 1, 5, 607-619 (1995).

[SORNETTE AND SORNETTE, 1999] SORNETTE, D., AND SORNETTE, A., Renormaliza-
tion of earthquake aftershocks, Geophys. Res. Lett., 6, 1981-1984 (1999).

[SPARROW, 1982] SPARROW, C., The Lorenz Equations: Bifurcations, Choas, and
Strange Attractors, Springer, New York, 269pp., 1982.

[STOMMEL, 1961] STOMMEL, H., Thermohaline convection with two stable regimes of
flow, Tellus, 13, 224-230 (1961).

[TURCOTTE, 1997] TURCOTTE, D. L., Fractals and chaos in geology and geophysics,
Cambridge University Press, New York, 1997.



46 BIBLIOGRAPHY

[Utsu, 2002] Utsu, T., Statistical features of seismicity, International handbook of
earthquake and engineering seismology, Vol. 81A, edited by the Int’l Assoc. Seismol
& Phys. Earth’s Interior, pp. 719-732, Academic Press, 2002.

[UTsu et al., 1995] Utsu, T., OGATA, Y., AND MATSU'URA, R. S., The centenary of
the Omori formula for a decay law of aftershock activity, J. Phys. Earth, 43, 1-33
(1995).

[WANG AND IGEL, 2004] WANG, H., AND IGEL, H., Some primary observations from

earthquake scenario simulations using numerical Green’s functions, Eos Trans. AGU,
85(47), Fall Meet. Suppl., Abstract S31A-1031 (2004).

IEMER AND BAER, a IEMER, S., AND BAER, M., apping and removing

\WY% B 2000a] W S B M Mappi d '
quarry blast events from seismicity catalogs: Examples from Alaska, the Western United
States, and Japan, Bull. Seism. Soc. Am., 90, 525-530 (2000).

[WIEMER AND WYss, 2000b] WIEMER, S., AND WyYss, M., Minimum magnitude and
complete reporting in earthquake catalogs: Examples from Alaska, the Western United
States, and Japan, Bull. Seism. Soc. Am., 90, 859-869 (2000).

[Wyss, 1997] Wyss, M., Cannot earthquakes be predicted?, Science, 278, 487 (1997).

[Wyss AND HABERMANN, 1988] Wyss, M., AND HABERMANN, R. E., Precursory seis-
mic quiescence, Pure Appl. Geophys, 126, 319-332 (1988).

[ZALIAPIN et al., 2002] ZALIAPIN, 1., Liu, Z., ZOLLER, G., KEILIS-BOROK, V., AND
TURCOTTE, D., On increase of earthquake correlation length prior to large earthquakes
in California, Computational Seismology, 33, 141-161 (2002)— Appendix H.

[ZOLLER AND HAINZL, 2001] ZOLLER, G., AND HAINZL, S., Detecting premonitory seis-

micity patterns based on critical point dynamics, Natural Hazards and Earth System
Sciences, 1, 93-98 (2001) —Appendix E.

[ZOLLER AND HAINZL, 2002] ZOLLER, G., AND HAINZL, S., A systematic spatiotemporal
test of the critical point hypothesis for large earthquakes, Geophys. Res. Lett., 29, doi
10.1029/2002GL014856 (2002) —Appendix G.

[ZOLLER et al., 2001] ZOLLER, G., HAINZL, S., AND KURTHS, J., Observation of grow-
ing correlation length as an indicator for critical point behavior prior to large earth-
quakes, J. Geophys. Res., 106, 2167-2175 (2001) —Appendix C.

[ZOLLER et al., 2005a] ZOLLER, G., HAINZL, S., BEN-ZION, Y., AND HOLSCHNEIDER,
M., FEarthquake activity related to seismic cycles in a model for a heterogeneous strike-
slip fault, Tectonophysics, submitted (2005) —Appendix N.

[ZOLLER et al., 2005b] ZOLLER, G., HAINZL, S., HOLSCHNEIDER, M., AND BEN-ZION,

Y., Aftershocks resulting from creeping sections in a heterogeneous fault, Geophys. Res.
Lett., 32, 103308, doi 10.1029/2004GL021871 (2005) —Appendix M.

[ZOLLER et al., 2002] ZOLLER, G., HaiNzL, S., KURTHS, J., AND ZSCHAU, J., A
systematic test on precursory seismic quiescence in Armenia, Natural Hazards, 26,
245-263 (2002) —Appendix F.



BIBLIOGRAPHY 47

[ZOLLER et al., 2004] ZOLLER, G., HOLSCHNEIDER, M., AND BEN-ZION, Y., Quasi-
static and quasi-dynamic modeling of earthquake failure at intermediate scales, Pure
Appl. Geophys, 161, 2103-2118 (2004) —Appendix K.

[ZOLLER et al., 2005¢] ZOLLER, G., HOLSCHNEIDER, M., AND BEN-ZION, Y., The role
of heterogeneities as a tuning parameter of earthquake dynamics, Pure Appl. Geophys,
162, doi 10.1007/s00024-004-2660-9 (2005)— Appendix L.



Acknowledgments

I would like to thank my colleagues Sebastian Hainzl, Yehuda Ben-Zion, Matthias Holschnei-
der, Jirgen Kurths, Ilya Zaliapin, and Clément Narteau for interesting and fruitful coop-
erations, continuous support, and stimulating discussions. I am also indebted to Heiner
Igel, Paul Martin Mai, Jérn Davidsen, and Christian Goltz for inviting me to their depart-
ments, for their hospitality, and for interesting discussions and suggestions. Comments
from Sebastian Hainzl and Douglas Maraun helped me to improve the manuscript.

The ANSS catalog has been provided by the Northern California Earthquake Data Center
(NCEDC) and the organizations that contributed data to the NCEDC. I acknowledge
financial support from the collaborative research center “Complex Nonlinear Processes”
(SEB555) of the German Research Society (DFG) and the state Brandenburg (HSPIII
1.6).

48



Appendix A

Self-organization of spatio-temporal earthquake clusters

Autors: S. Hainzl, G. Zoller, and J. Kurths
Journal: Nonlinear Processes in Geophysics,
Volume (Nr.): 7(1-2)

Pages: 21-29

Year: 2000

49



Nonlinear Processes in Geophysics (2000) 7: 21-29

Nonlinear Processes
in Geophysics

© European Geophysical Society 2000

Self-organization of spatio-temporal earthquake clusters

S. Hainzl, G. Ziller and J. Kurths

Institute of Physics, University ot Potsdam. D-14469 Potsdam. Germany

Received: 2¢) January 1998 — Accepted: 17 March 2000

Abstract. Cellular automaton versions of the Burridge-
Knopoff model have been shown to reproduce the power
law distribution of event sizes; that is, the Gutenberg-
Richter law. However, they have failed to reproduce the
occurrence of foreshock and aftershock sequences corre-
lated with large earthquakes. We show that in the case
of partial stress recovery due to transient creep occurring
subsequently to earthquakes in the crust, such spring-
block systems self-organize into a statistically station-
ary state characterized by a power law distribution of
fracture sizes as well as by foreshocks and aftershocks
accompanying large events. In particular, the increase
of foreshock and the decrease of aftershock activity can
be degeribed by, aside from a prefactor, the same Omori
law. The exponent of the Omori law depends on the re-
laxation time and on the spatial scale of transient creep.
Further investigations concerning the number of after-
shocks, the temnporal variation of aftershock magnitudes,
and the waiting time distribution support the conclusion
that this model, even “more realistic” physics is missed,
captures in some ways the origin of the size distribution
as well as spatio-temporal clustering of earthquakes.

1 Introduction

The dynamics of earthquakes has attracted much atten-
tion as a real-world example for a self-organized criti-
cal phenomenon, introduced by Bak et al. (1987). The
hallmarks of systems exhibiting self-organized critical-
ity (S8OC) are spatial and temporal ¢~r relation functions
with power law behavior.

In fact, earthquakes show several types of power law
behavior. In particular, their frequency-size distribution
is well defined by the Gutenberg-Richter law (Gutenberg
and Richter, 1954)

logigN=a-b-M, (1)

Correspondence to: S. Hainzl

where N is the number of earthquakes with magnitude
greater than or equal to M. Considering the relation
between the magnitude M and its source size S, i.e.
M ~log S (Kanamori and Anderson, 1975; Purcaru and
Berckhemer, 1978), the Gutenherg-Richter law describes
a power law for the number of observed earthquakes
with sizes greater than S,

N~ SB (2)

The exponent B varies over a wide range of values for
different faults, namely, between 0.80 and 1.05 (Ekstrdm
and Dziewonski, 1988; Pacheco et al., 1992).

The first generation of SOC earthquake models, de-
rived from the sandpile model (Bak et al., 1987), im-
plying a conservation law with regard to the internal
coupling rules (Bak and Tang, 1989; Ito and Matsuzaki,
1990). They reproduce the power law size distribution,
but the observed B value was found to be universal and
too small.

On the other hand, a geophysically motivated fault
model, which was proposed earlier by Burridge and Kno-
poff (1967) (hereinafter referred to as BK}), has also been
shown to reproduce the Gutenberg-Richter law. In this
case, a fault is modeled as a spring-block system lying
between two moving rigid tectonic plates. Several mod-
ifications of this model have been analyzed by different
authors (e.g., Carlson and Langer, 1989a, b). In the
quasi-static limit; that is, if instantaneous block slips
are assumed (Nakanishi, 1990; Brown et al., 1991; Olami
et al., 1992; Rundle and Klein, 1995), this spring-block
model is very similar to the first generation of SOC mod-
els, differs only in a deterministic instead of a stochastic
forcing and in its nonconservative characteristics which
comes from a coupling by springs between the blocks
within the fault plane and the tectonic plate. Olami
et al. (1992) (hereinafter referred to as OFC) have shown
that the proper B value and its empirically observed
variability can be reproduced, if the level of conservation
decreases in these cellular automaton versions of the BK
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model. According to the OFC model, the exponent B is
close to 0 in the case of high levels of conservation and
increases to values above 2 for low levels of conservation.

However, all of these models fail to reproduce the
spatio-temporal clustering of smaller events accompa-
nying large earthquakes in real fault systems, namely
the occurrence of foreshocks and aftershocks. On aver-
age, both the decay of aftershock sequences and the time
distribution of foreshocks follow power laws. The after-
shocks are described by the modified Omori law (Omori,
1894; Utsu et al., 1995)

R, ~ (g +1t— tM)_p (3)

and the foreshocks by a similar power law, an inverse
Omori law (Kagan and Knopoff, 1978; Jones and Mo!l-
nar, 1979)

Rpm(ep+itm —t)77, (4)

where ), indicates the occurrence time of the main-
shock; R, and R; denote the occurrence rate of after-
shocks and foreshocks, respectively; and c,, ¢y are small
constants scattering from 0.01 days to over 1 day with
& median of about 0.3 days (Utsu et al,, 1995). Both
exponents p and g are found to be almost identical for
empirical earthquake catalogs, whereas their value can
vary between 0.9 and 1.5 (Papazachos, 1975; Utsu et al.,
1995).

An aseismic phenomenon, which is correlated with
large earthquakes in real fault systems, is postseismic
creep. This transient process is observed to occur sub-
sequently to earthquakes in the vicinity of the fault over
days to years (Peltzer et al., 1996; Heki et al., 1997;
Savage and Svare, 1997). We have shown in previous
investigations (Hainzl et al., 1999) that the introduc-
tion of postseismic transient creep characteristics in cel-
lular antematon versions of the BK model leads to a re-
production of the empirically observed spatio-temporal
earthquake clusters, especially to foreshock and after-
shock sequences obeying the Omori law. In our previ-
ous work, the effect of stress recovery due to the tran-
sient creep was restricted only to the slipped block or to
its four nearest neighbors neglecting more realistic long-
range effects. Thus it is important to analyze the model
results with regard to long-range interactions. This is
the first aim of this paper. Furthermore, we give some
more insights in the properties of the simulated spatio-
temporal event clustering, especially concerning the af-
tershock sequences and the distribution of waiting times,
and compare these results with empirical observations.

2 Model

Our aim is to characterize the qualitative behavior due
to a time-dependent stress modulation subsequently to
earthquakes. However, we do not want to model earth-
quake nucleation and rupture processes in detail. By
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Fig. 1. One-dimensional sketch of the investigated two-
dimensional spring-block model. The bottom blocks, which per-
form stick-slip motion, are connected to its neighbors by springs.
Furthermore, each block is coupled by a loader spring to the up-
per tectonic plate moving with a velocity V and frictionally to
the lower plate. The sliding of a block during an earthquake trig-
gers subsequently transient creep within the tectonic plate, which
leads locally to an increased loading after the earthquake.

analogy with the BK model, the fault is represented by
a network of interconnected blocks lying between two
tectonic plates. The blocks are driven by the slow rela-
tive movement of these two plates. Once the stress on a
block exceeds the static friction, sliding is initiated and
the frictional resistance of the block is assumed to drop
instantaneously to the dynamic friction. The slip of the
block redefines the stress of the blocks in the neighbor-
hood. This can result in further slips and a chain re-
action, i.e. an avalanche, can evolve, which is identified
with an earthquake.

In contrast to the BK model and its cellular automa-
ton version (OFC model), we do not assume total rigid-
ity of the tectonic plates, because material creep, plas-
ticity, fluid flow, and other processes are important in
real fault systems. For example, afterslip or transient
creep are known to induce a stress release in the or-
der of the coseismic release (Heki et al., 1997; DeMets,
1997). Therefore we study, as an extension of the BK
model, postseismic transient creep in the vicinity of the
sticked fault layer blocks. A one-dimensional sketch of
the investigated two-dimensional block system is shown
in Figure 1. In general, a local failure changes the stress
within the crust over a zone with a characteristic length
set by the screening of the elastic Green function. Tran-
sient creep is expected to occur in this region. In pre-
vious investigations (Hainzl et al., 1999), we have re-
stricted our analysis in a first-order approximation to
transient creep that affects only the slipped block and
its nearest neighbors. In this paper, we study alterna-
tively long-range interactions. Thereby, the relaxation
process of the crust is modeled by standard linear solids,
which exhibit elastic properties in addition to transient
creep characteristics. The response of a standard linear
solid to an instantaneous stress change is described by
a partial stress relaxation according to an exponential
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function (see, e.g., Dieterich, 1972).

In real fault systems, the duration of large earth-
quakes is of the order of minutes, whereas the dura-
tion of aftershock sequences is of the order of weeks or
months, and the recurrence times of large earthquakes
are of the order of hundreds years. Consequently, the
dynamics of a single earthquake are much faster than the
assumed crust relaxation and tectonic loading. There-
fore we assume that the crust relaxation and the tectonic
loading have no effect on the dynamics of an individual
event. Thus the evolution of a single earthquake de-
pends only on the elastic properties of the block system
and can be described by analogy with the OFC model.
In the inter-occurrence time intervals between successive
earthquakes, the stresses increase according to the tec-
tonic loading and, additionally, in contrast to the OFC
model, according to the transient creep in the crust.

We implement our model in the form of a continuous
cellular automaton by defining an Lx L array of blocks
(i,7), where 4,7 are integers, 1 < i,§ < L. The total
force (or stress if unit area is assumed) on each block is
given by (i, 7). The model algorithm consists of two
steps, (1} the evolution of a single earthquake and (2)
the stress changes in the inter-occurrence time between
successive events.

1. The evolution of a single event is described in
the following way: The friction law adopts the Mohr-
Coulomb law with a spatially constant static failure
threshold op and residual stress op. If the stress on a
block (k,l) exceeds the static failure threshold, o(k,1) >
oF, sliding is initiated at this block. The moving block
slips to the position with the residual stress o, and the
stress Ao = o(k,l) — o is distributed to the adjacent
blocks and to the crust. The stresses of the four nearest
neighbors (ky,l1) are set according to the rule

U(ki,li) - U(ki,li) + a Ao (5)
and the stress of the sliding site is reset to
olk,l) = og . (6)

The elastic coupling constant « depends on the spring
constants and can vary in the range of 0 < a < 0.25,
where a = .25 refers to the conservative case (Olami
et al., 1992; Hainzl et al., 1999). The block sliding leads
to a reduced expansion of the loader spring, which con-
nects the block with the tectonic plate; that is, to a
reduced resistance force of the fault layer in this region
(1 — 4a)Ao. This stress change is assumed to cause
the relaxation process within the crust following sub-
sequently to the earthquake (step 2). We introduce
the stress levels o¥.(4, j) indicating these stress changes.
The values of o (i, j) are set to 0 at the beginning of
the earthquake {with index N) occurring at time tn.

(a) Nearest neighbor interactions (NN model): !

1 This case is called nonlocal model in (Hainzl et al., 1999).
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The stresses in the crust are assumed to increase in
the positions of the four adjacent blocks:

ol (kg,le) = oN(ke,le) + (025 -a) A (7)

{b) Long-range interactions (LR model):

In this case, the stresses in the crust are assumed
to increase spatially according to a Gaussian distri-
bution:

ik -n?
o) = NG + EE e @ A (8)

Instead of the Gaussian function, we could use al-
ternatively the appropriate form to a perfectly elas-
tic solid 1/r% or an exponential screening function.
However, the Gaussian function has the numerical
advantage that it can be normalized and that it is
spatially localized. Hence, finite size effects are less
important and huge grid-sizes with high computa-
tional efforts can be avoided.

According to Eq. (5), the sliding of block (k,l) rede-
fines the stresses o (k4 , {1} acting on the adjacent blocks.
This may lead to an instability, i.e., o(k+,{1) > oF,in
one or more adjacent blocks. In this case, a chain reac-
tion starts and the stresses are distributed according to
Egs. (5), (8), and (7), respectively (8}, until the earth-
quake is terminated, i.e., until o(%, j) < op for all blocks
(z,7)- The spatial size S of the event is measured; that is,
the blocks, which slipped at least once in the avalanche,
are counted.

2. In the inter-occurrence time interval between suc-
cessive events, the dynamics are described in the follow-
ing way: The evolution of a single earthquake is set to
be instantaneous; that is, the crust relaxation process
and the tectonic loading have no effect during the evo-
lution of an earthquake. After an earthquake occurring
at time t,, transient creep is assumed to lead to a stress

"increase

Ne™Miyj,t) = K o (i,5) (1—e™ T, (9)

where the relaxation time T as well as k are parame-
ters of the model. The parameter & denotes the frac-
tion 0 < & < 1 of the instantaneous stress jump in the
crust 7., which is redistributed to the fault in time. A
schematic plot of this temporal dependence is shown in
Figure 2. The overall dynamics due to all relaxation pro-
cesses, triggered by the earthquakes in the past, can be
determined by superposition. Additionally to the crust
relaxation process, the movement of the tectonic plates
increases the stress on each block with a constant rate
(6r —or) /Ty, where T is the tectonic reloading time.
Therefore the time evolution of the stress distribution
following an earthquake at time ¢t=¢5 can be described
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Fig. 2. The schematic plot illustrates the time-delayed stress
changes subsequently to the instantaneous stress jumps due to an
earthquake at time 0. At the occurrence time of the earthquake,
the stress drops instantaneously at the slipped block and increases
at adjacent blocks. As a result of the crust relaxation process with
relaxation time T, the stresses increase after the earthquake on the
four nearest neighbors (NN model), respectively, on the slipped
block as well as on its extended neighborhood (LR model).

by
J(i)jl t) = U(?:,j,tN) + 0-__1?’1_10& (t - tN)
N
+3 [80(,5,t) — Do™ (i, tn)]
n=1
= o(i,jtn) + L (t—tn)

Ty
+ 5 SN(i,7) (1= |

The function Sy (,7) can be calculated iteratively by

SN(i,j) =

N
L. _t —1in
ZU;-(?',J) e T
n=1 (11)
ty—tN_1

= oN@@, )+ Snoi(i,f) e T,

where t,, 1s the occurrence time of the nth event. To
determine the onset of the following earthquake {(index
N+1), the equations o(4,j,f;;) = oF are solved with
Newton'’s method and the block with the minimal time
tmin = min{ty;{i,j € 1,...,L} is picked up. The next
earthquake is initiated at this block and occurs at time
IN31 = tmin. All stresses are changed to the values
(%, J, tmin) according to (10), and step 1 is repeated for
the next earthquake.

3 Numerical simulations
For the numerical simulations, we use open boundary

conditions and start with random values of ¢(%, 7) uni-
formly distributed in the interval [og,op]. The values
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of o and op have no influence on the dynamics. They
are set arbitrarily to og=0 and op=1. Furthermore,
the tectonic reloading time Ty can be fixed arbitrarily,
because it defines just the time scale. Therefore, apart
from the system size Lx L, the parameters of our model
are the elastic coupling constant a, the relative stress
relaxation time T'/Ty, the feedback strength x, and ad-
ditionally in the case of long-range interactions, the spa-~
tial coupling length ¢}. The system is iterated until it
reaches a statistically stationary state.

By setting & =0, our model is equivalent to the OFC
model, To illustrate the consequences of x# 0; that is,
the effect of the memory term in Eq. (10), an example
of the seismic activity accompanying a large event is
shown in Fig. 3 for both cases. The transient creep
leads obviously to a clustering of smaller events in the
temporal vicinity of the mainshock, whereas clustering
is absent in the case of the OFC model. In the following
sections, the simulations are analyzed in more detail.
At first, we study the distribution of event sizes. In the
second part, we investigate the spatio-temporal patterns
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Fig. 3. The effect of transient creep is illustrated by means of typ-
ical examples of the seismic activity accompanying large events:
(a) without the relaxation mechanism (k=0, o = 0.2}; that is,
the OFC model; and (b} including the relaxation mechanism (NN
model with k=0.5, ®=0.2, and T/Tp =10-1). For both 100x100
block simulations, the mean stress level (g} = Z a(i, 5}/ L? {upper
curve) and the size of occurring events (bottom curve) are shown
as a function of time. In the case of the extended model, the
assumed transient characteristics are responsible for the partial
slress recovery subsequent to earthquakes leading to a pronommeed
bunching of cvents in the vicinity of the largest carthquake. Note
that transient creep occcurs subsequently to all events, although
the plotted curve (g)(t) reflects this for the largest, events anly.
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of the earthquake dynamics, in particular, we analyze
the characteristics of foreshock and aftershock sequences
as well as the waiting time distribution.

3.1 Frequency-size distribution

For the NN model, previous investigations (Hainzl et
al., 1999) have shown that the model dynamics evolve
independent of the initial conditions in a statistically
stationary state which is characterized by a power law
scaling of the size distribution, limited only by the finite
system size. By analogy with the OFC model (Olami
et al., 1992), the observed exponent B (Eq. 2) is signif-
icantly influenced only by the elastic parameter & and
increases, if & decreases. Realistic values, B =~ 1, can be
reproduced with a ~ 0.2.

In the case of the long-range interactions, these char-
acteristics are maintained. For the coupling constant
a=(0.2, Fig. 4 shows the distributions for different cou-
pling length ¢ in comparison to that obtained using
nearest neighbor interactions. No significant deviations
are found.

10°
@ 107" 1
Al
@
-2
= 10 1
& 3
;E 10 i NN model 1
[ -_——Q=1
< -4
g 10 ——— =2 }LRmodel 1
oo Q=23
10-5 1
10° 10" 102 10° 10
S

Fig. 4. Probability density of observing an earthquake of size
greater than S as a function of S for the model with nearest
neighbor, respectively long-range interactions. Each distribution
results from a simulation of a 100x 100 block-system with model
parameters T/Tozlﬂ“‘,a:[}ﬂ, and k=0.5.

In the following sections, we restrict our analysis to
simulations with the parameter o =0.2 yielding a real-
istic Richter -B value.

3.2 Foreshock and aftershock sequences

In this section, we analyze our model simulations with
regard to spatio-temporal clusters accompanying main-
shocks. A mainshock is defined as an event of size 5>
Scut, which is the largest event within its temporal vicin-
ity £Atpr. For the analyzed 100x 100 block simulations,
we use the definitions Sy = 1000 and Aty =T5/10.
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Fig. 5. Averaged earthquake occurrence rate per spatial volume
formed by stacking the records of seismic rate relative to main-
shock occurrence times. The rate depends on the distance = to
the hypocenter of the mainshock. The curves show the average
of the seismic rate regarding the 5000 mainshocks occurring in a
100x100 block simulation of about 107 earthquakes (NN model
with T'/Tp= 1074,0=0.2, and k= 0.5).

3.2.1 Rate of foreshocks and aftershocks

We compute the seismic activity, especially the rate
of events, occurring on average relative to those main-
shocks. For the NN model, Fig. 5 shows the averaged
occurrence rate per spatial volume in dependence on the
spatial distance r to the hypocenter (initiation point) of
the mainshock. An increasing number of foreshocks is
generated, on average, just before the mainshock. Af-
tershocks turn on instantaneously with the mainshock,
followed by a decay of the aftershock rate. The rate of
aftershocks exceeds the rate of foreshocks by about 1 or-
der of magnitude. It is important to note that the num-
ber of foreshocks as well as the number of aftershocks
decreases with increasing distance ¢ from the hypocen-
ter of the mainshock; that is, the clusters are localized
around the hypocenter of the mainshock. These charac-
teristics are not restricted to the case of nearest neighbor
coupling, rather it is also observed in the case of spa-
tially extended regions of transient creep (LR model).
In Fig. 6 the occurrence rates of events are shown in
log-log plots for the NN model as well as for the LR
model with =1, 2, and 3. The relative relaxation time
is set to T/Ty=10"* in all cases. The variations in each
data set, namely the increase of foreshock as well as the
decrease of aftershock activity, can be fitted quite well
by, aside from a factor, identical modified Omori laws
(Eq. 3, respectively 4). This is in good agreement with
findings for real fault systems (Papazachos, 1975; Ka-
gan and Knopoff, 1978; Jones and Molnar, 1979; Davis
and Frohlich, 1991). In previous investigations of the
NN model, we have found that the relative relaxation
time T/To determines the power law exponent {Hainzl
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Fig. 6. Log-log plots of earthquake clustering formed by stacking
the records of seismic activity relative to mainshock times. The
plots show the average of event clustering corresponding to 5000
mainshocks of size § > 1000 occurring in 100x 100-grid model sim-
ulation with T/Th = 10~%,a = 0.2 and x = 0.5. The results are
shown for the NN model {upper plots), and the LR model with
@=1, 2, and 3 (bottom plots}). For each data set the increase of
foreshock activity (left column} as well as the decrease of after-
shock activity (right column} can be fitted by similar power laws
differing in a prefactor only.

et al., 1999). The exponent of the power law decreases
approximately by 1.6, 1.1, and 0.6 for increasing ratio
T/To =107, 1074, and 103, respectively. Thus the
empirical values p, ¢= 1 can be reproduced in this case
by a ratio T/T; of the order of 10~%,

Here, we find that also the spatial extension of tran-
sient creep changes significantly the exponent: The larger
¢} the larger is the exponent. An explanation is that
mainshocks occur when the block-system is critical load-
ed. The stress redistribution due to the mainshock un-
loads the system only partly remaining other parts of
the block-system critical loaded. The subsequent stress
increase owing to transient creep triggers aftershocks
which trigger further aftershocks and so on, until the
whole system is subcritical. In the case of long-range
interactions, each event can trigger more subsequent
events, thus the process decays faster.

Therefore in addition to different relaxation times, a
variable spatial scale of transient creep can be respon-
sible for the variation of empirically chserved p values
scattering between 0.9 and 1.5 (Utsu et al., 1995).

In summary, the main characteristics, in particular
the power law distribution of event sizes and the occur-
rence of foreshock and aftershock sequences obeying the
Omori law, are reproduced independently of the spa-
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tial range of creep. Only in the unrealistic case that
transient creep is restricted to the slipped blocks, the
empirical observations cannot be reproduced (Halnzl et
al., 1999). For the further investigations we use nearest
neighbor instead of the long-range interactions, because
of less computational efforts. The model parameters are
set to T/Tp=10"* and @ =0.2 leading to the empirically
observed power law exponents B, p, and ¢.

3.2.2 Temporal variations of aftershock sizes

Up to now, we have analyzed only the temporal varia-
tions of the aftershock rate. Now, we want to character-
ize the aftershock size in dependence on the aftershock
occurrence time relative to the mainshock. The sizes of
aftershocks occurring subsequently to 1000 mainshocks
are measured in time bins of At=T. Fig. 7 shows the
temporal variation of the mean as well as of the maxi-
mumn size of aftershocks occurring in these time bins, on
average, after a mainshock. The mean aftershock size
is almost independent of time, whereas the maximum
size decreases with time from approximately 100 imme-
diately after the mainshocks down to approximately 14.
Therefore the maximum aftershock size is on average at
least one order of magnitude less than the mainshock
size. This is in good agreement with empirical find-
ings (Scholz, 1994). The decreasc of the maximum size
is due to the fact that the rate of aftershocks decreases
with time {see Fig. 6); thus the probability to observe
larger aftershocks is higher in the vicinity of the main-
shock, although the probability distribution for event
sizes is almost stable.
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Fig. 7. The size of altershocks in dependence on their occur-
rence times after the mainshock. The mean and the maximum
aftershock size are computed by averaging over the 1000 main-
shocks with size greater than 1000 which have occurred in a
100x100-lattice simulation of about 2 x 10% events (NN model
with T/To=10"%,@=0.2, and x=0.5).
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Fig. 8. The cumulative number of aftershocks occurring on aver-
age within 10x T after mainshocks of size Sy.. The three curves,
corresponding to different system sizes Lx L, are compared with
the power law ~ +/S;,. The analyzed simulations {NN model with
T/To =10"%,@=0.2, and &« =0.5) consist in the case of L =65,
respectively 100, of 107 events and in the case of L =150 of 2x 105
events.

3.2.3 Cumulative number of aftershocks

The number of aftershocks depends on the size of the
triggering mainshock. This is shown in Fig. 8. For that
plot, we have counted all events occurring within the
time window of 10xT subsequently to mainshocks of size
Sm. Here, we have used a slightly different definition for

a mainshock of size S,,, namely, it is defined as an event.

of size 5 € {§,,—5, /10, Sn+Sq, /10], which is the largest
event within a time interval +10xT.

The characteristics of all three curves, corresponding -

to different lattice sizes, are the same: The number of
aftershocks increases almost according to a power law
~ 8%%, limited only by the finite system size. The
finite size effect manifests itself in the deviation from
power law behavior observed for the largest mainshocks.
However, the larger the lattice size, the later occurs this
deviation. In agreement with our results, a power law
increase can also be fitted to the cumulative number of
real aftershocks, although approximations of the expo-
nent vary largely, mainly between 0.3 and 1 (Reasen-
berg, 1985; Guo and Ogata, 1997). The exponent of
nearly 0.5, which is found in our model simulations, in-
dicates that aftershocks are triggered mostly on the edge
of the fracture area of the mainshock. In the case of a
circular fracture area S, the edge is proportional to the
radius, i.e. proportional to +/Sn,.

3.3 Distribution of waiting times

To study the overall characteristics of temporal cluster-
ing in our model simulation, we analyze the distribution
of waiting times £,,; that is, the inter-occurrence time in-
tervals between successive events. This distribution is
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Fig. 9. The probability density of observing a waiting time ¢y,
between two successive events. The plot resulis from a simulation
of 10% events (NN model with T/Th =10"%, & =0.2,x=0.5, and
L=100). The dotted line indicates the power law t3;'2.

shown in Fig. 9 for a simulation of the NN model with
a relative relaxation time T'/Tp = 1074, The distribu-
tion can be fitted over almost three orders of magnitude
by a power law with exponent -1.2. This power law
behavior is in good agreement with empirical observa-
tions (Tto, 1995; Utsu et al., 1995). However, this is
not surprising owing to the power law behavior of af-
tershock sequences. Senshu (1959} showed that if the
aftershocks are represented by a non-stationary Poisson
process whose intensity is proportional to t77, a power
law distribution ¢,P+ of waiting times is derived directly
and the relation between p and p,, should be

pu=2-p . (12)

In our model, simulations with T'/T5 =107* lead to an
exponent p = 1.1 of the modified Omori law (Eq. 3).
Thus Eq. (12) is nearly fulfilled for our deterministic
model, although the exponent of the waiting time distri-
bution p,, is obtained in this case for the whole sequence
including all events belonging to the background activ-
ity.

In the following part, we want to characterize the
waiting time distribution, if events greater than a min-
imal size S,,; are considered only. A suitable measure
to characterize the waiting time distribution is the co-
efficient of variation Cy, which is defined as the stan-
dard deviation normalized by the mean waiting time
{t,) (Kagan and Jackson, 1991)

((tw)?) — (t)®
{tw) '

For a simple periodic signal 'y vanishes, whereas for
a Poisson process the distribution function of the wait-
ing times is an exponential function yielding Cy=1. A
clustering of events is indicated by Cy >1.

Cy = (13)
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Fig. 10, The coeflicient of variation Cy- (Eq. 13), calculated for
all events greater than Sgue, as a function of the lower cut. The
result is shown for the same simulation analyzed in Fig. 9. Small
and large earthquakes are characterized by a coefficient greater
than 1, implying earthquake bunching.

We compute the coeflicient of variation for the simu-
lation analyzed in Fig. 9. Now, we consider only carth-
quakes with a size greater than Sgy;. Figure 10 shows
the value of Cy in dependence on this lower cut. The co-
efficient Cv is greater than 1 for small and large values
of Sut, implying earthquake clustering. The decrease
for very large earthquakes is a finite size effect and thus
related to the cutoff in the frequency-size distribution
(Fig. 4). For intermediate values of S.,, the earthquake
occurrence seem to be uncorrelated.

Clustering for small values of S, can be explained
by foreshock and aftershock sequences triggered by tran-
sient creep. These clusters consist mainly of smaller
events (see Fig. 7). Thus increasing of S,.; leads to par-
tial deletion of these sequences and consequently to a
decrease of Cy .

In contrast, large events are correlated in time because
they are correlated in space. This correlation emerges
because of dissipation (a<0.25 and x<1). This is al-
ready known for the nonconservative, cellular automa-
ton versions of the BK model; that is, for our model
with £=0. In this case, Rundle and Klein (1995) found
strong correlations between the spatial fracture areas
of snbsequent large earthquakes and Christensen and
Olami (1992) obscrved, in analogy to our results with
k£ # 0, temporal clustering of large events, For the case
of k=0.5, Fig. 11 shows an example of large events oc-
curring subsequently in a simulation of the NN model.
They are obviously bunched, which is in good agreernent
with observations of the occurrence of large earthquakes
in nature (Kagan and Jackson, 1991). These clustering
characteristics are found to be independent of the as-
sumed spatial extension of transient creep, namely they
are observed also in the LR model.
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Fig. 11. An cxample of temporal occurrence of successive large
events (S > 3000} in the NN model.
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4 Summary and conclusion

It was known before that nonconservative, cellular au-
tomaton versions of the BK model can reproduce the
empirically observed power law behavior of the frequen-
cy-size distribution of earthquakes. However, they have
failed to reproduce the most conspicuous characteris-
tics of spatio-temporal clustering observed in real fault
systems, namely the occurrence of foreshock and after-
shock sequences accompanying large earthquakes as well
as the occurrence of swarms of small events. We have
shown that this inability can be redressed by considering
transient creep, which is observed to occur subsequently
to earthquakes in real fault systems. In a first order ap-
proximation we have modeled the characteristics of tran-
sient creep by an exponential function decay in time and
nearest neighbor as well as long-range effects in space.
The model reproduces independently of the parameters
and the spatial range of transient creep (as long as the
effect of transient creep is not restricted to the slipped
blocks) the most obvious characteristics manifested in
real earthquake catalogs: {a) the distribution of earth-
quake sizes fulfills a power law (Gutenberg-Richter law),
(b).the temporal increase of foreshock as well as the de-
crease of aftershock activity is characterized by similar
power laws (modified Omori law), (¢) foreshocks and
aftershocks are spatially localized in the vicinity of the
mainshock, (d) much more aftershocks than foreshocks
oceur, {e) the size of the largest aftershock is on average
at least one order of magnitude less than the mainshock
size, (f) the number of aftershocks increasing with the
mainshock size according to a power law, and {g) small
as well as large events are more likely to occur clustered
than random. In further agreement with observations,
we have shown in a previous work (Hainzl et al., 1999)
that (h) the simulated foreshocks are characterized by
a significant smaller Richter BB value in comparison to
aftershocks, or other events, and that (i) swarm events
ocour.

While the choice of model parameters does not change
these characteristics in principle, the exponents of the
frequency-size distribution B as well as of the Omori law
p is found to dependent on this choice: The B value is
determined mainly by the coupling constant ev, whereas
the relative relaxation tine T/Ty as well as the spatial
scale () of transient creep change the p valne, On the
other hand the parameter eharacterizing the stronpth of
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transient creep & and the spatial size of the system L
do not influence any of the power law exponents signif-
icantly. However, the number of foreshocks and after-
shocks occurring in the simulations are positively corre-
lated with & and L (Hainzl et al., 1999).

In summary, we have shown that block systems, in-
volving nothing else than elastic interactions with an ex-
ponentially decaying memory in addition, self-organize
into a statistically stationary state with striking simi-
larities to empirical observations. In spite of the fact
that the actual dynamical processes involved in earth-
quake faults are much more complicated, we believe that
our conceptual model bears a strong resemblance to the
mechanisms most important for the underlying dynam-
ics of earthquakes.
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Abstract. Seismically active fault systems may be in a
state of self-organized criticality (SOC). Investigations of
simple SOC models have suggested that earthquakes might
be inherently unpredictable. In this paper, we analyze the
question of predictability in a more complex and realis-
tic SOC model, which consists of a spring-block system
with transient creep characteristics. Additionally to the
power law distribution of earthquake sizes, this model re-
produces also foreshock and aftershock sequences. Aside
from a short-term increase of seismicity immediately prior
to large model earthquakes, these events are preceded on av-
erage by an intermediate-term period of reduced seismicity.
The stronger and the longer the duration of this period, the
larger on average is the subsequent mainshock. We find that
the detection of seismic quiescence can improve the time--
independent hazard assessment. The improvement is most
significant for the largest target events.

Introduction

For the last several years, a continuing debate has taken
place on whether or not earthquakes are inherently un-
predictable [Geller et al., 1997; Wyss, 1997; Nature debate,
1999]. The statement of an inherent unpredictability is
founded on the assumption that “the Earth is in a state
of self-organized criticality, where any small earthquake has
some probability of cascading into a large event” [Geller et
al., 1997]. In the concept of self-organized criticality (SOC),
which was first introduced by Bak et al. [1987], a driven dis-
sipative system with many degrees of freedom evolves spon-
taneously into a statistically stationary state characterized
by power-law behavior of spatial and temporal correlation
functions. Thus, a self-organized critical state of fault sys-
tems can explain the frequency-size distribution of earth-
quakes, that is, the Gutenberg—Richter law. Examples for
earthquake models showing SOC, and therefore reproducing
the Gutenberg—Richter law, are the models proposed by Bak
and Tang, [1989], and by Olamsi et al., [1992]. On the other
hand, these models fail to reproduce some important proper-
ties of the spatiotemporal clustering of earthquakes observed
in real fault systems. In particular, they do not show fore-
shock and aftershock sequences correlated to large earth-
quakes as well as earthquake swarms. It is questionable,
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to what extent simple SOC models, which exclude these fun-
damental features, can be used to draw reliable conclusions
concerning the predictability of earthquakes.

The counterclaim to an inherent unpredictability is based
on the observation of precursory phenomena. They are as-
sumed to indicate a change of the system state [ Wyss, 1997].
Foreshocks are the most obvious premonitory phenomenon
preceding large earthquakes. In advance, however, fore-
shocks can be identified as such only with a low probability
[Ogata et al., 1996]. Aside from foreshocks, other precursory
phenomena have been observed, e.g. ground water changes
or electromagnetic emissions [Wyss and Dmowska, 1997].
In contrast to foreshocks, the statistical evidence for these
observations is brought into question [Geller et al., 1997].
This is valid also for the phenomenon of precursory seismic
quiescence. A period of reduced earthquake activity is ob-
served to last between months or years prior to many main-
shocks. The duration is found to be the longer the larger
the subsequent mainshock is [Wyss and Habermann, 1988|.
Therefore, precursory seismic quiescence could be a promis-
ing candidate for intermediate-term predictions. However,
its statistical significance is difficult to prove using seismic-
ity catalogs, because the latter represent only a brief record
of the system relative to the time scale of the seismic cycle.

In this paper, we try to bridge both the hypothesis of
an underlying self-organized critical system state and the
occurrence of precursory phenomena. Pre-existing hierar-
chical fault systems showing precursory phenomena have
been already investigated with regard to the predictabil-
ity of large events [Huang et al., 1998]. Here, we analyze
a recently proposed SOC model [Hainzl et al., 1999] repre-
senting the class of homogeneous spring-block systems. This
earthquake model reproduces in addition to the Gutenberg-
Richter law several observed spatiotemporal characteristics
of earthquakes, including foreshocks and precursory seismic
quiescence. Although the synthetic earthquake catalogs con-
tain much more information, in particular the spatial dis-
tribution of hypocenters as well as magnitudes, we restrict
our analysis to the temporal variations of the seismic rate.
The underlying question is to what extent fluctuations in the
high-dimensional system state are reflected in such an easily
observable quantity. In contrast to real earthquake catalogs,
the predictability of large earthquakes can be checked in the
numerically generated data with statistical significance.

Model

The model used here has been described elsewhere [Hainzl
et al., 1999]. Its basis is a cellular automaton version [Olami
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Figure 1. One-dimensional sketch of the investigated two-
dimensional spring-block model. The bottom blocks, which per-
form stick-slip motion, are interconnected by springs. Addition-
ally, they are coupled by further springs and dashpots (with vis-
cous coefficient 7)) to the moving tectonic plate and frictionally
to the lower plate. In the case of n=0, the model is equivalent to
the model proposed by Olami et al. [1992].

et al., 1992] of the two-dimensional spring-block model origi-
nally proposed by Burridge and Knopoff [1967]. In extension
to previous models, Hainzl et al. [1999] take into account
in a first-order approximation transient creep characteristics
observed in real fault systems [Savage and Svarc, 1997]. A
one-dimensional sketch of the investigated two-dimensional
block model is shown in Figure 1. The model parameters
are (i) the elastic coupling constant between two adjacent
blocks «, which can vary in the range of 0 < a <0.25, (ii)
the stress relaxation time 7', which is proportional to the as-
sumed viscous coefficient 7 of the material, (iii) the tectonic
reloading time To, and (iv) the fraction of postseismically
distributed stress x(1—4a), where k can vary between 0 and
1. However, block systems of this type evolve independently
of the initial conditions into a statistically stationary state,
which depends mainly on only two parameters, namely on
a and T/To.
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Figure 2. The probability density of observing an event of
source size greater than S blocks as a function of S in the case of
the analyzed model sequences. The dotted line corresponds to a
B value of 0.9, whereas the arrows indicate the lower cutoffs for
the mainshock definitions used in our investigations.
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Figure 3. Log-log plot of the earthquake occurrence rate rel-
ative to the mainshock occurrence time. The curve shows the
average of the seismic rate regarding 5000 mainshocks with size
greater than 1000 blocks occurring in the analyzed model se-
quences.

In correspondence with the fully elastic model [Olams et
al., 1992], the model shows SOC. The self-organized state
is characterized by a power law distribution of event sizes,
limited only by the finite size of the block-system. The value
of the power law exponent B increases, if a decreases. Fig-
ure 2 illustrates the size distribution for 100x 100-block sim-
ulations with @ = 0.2. In this case the B value is within
the range of empirically observed values, scattering around
1 [Turcotte, 1997).

In contrast to the fully elastic model, the visco-elastic
model reproduces several observed spatiotemporal patterns
of earthquakes: Large events are followed by aftershock se-
quences obeying the modified Omori law; and are preceded
by localized foreshocks, which are initiated after a time pe-
riod of seismic quiescence (see Figure 3). While a consider-
able variability of precursory seismicity is observed, the av-
eraged earthquake activity, which is formed by stacking the
records of seismic activity relative to the mainshock occur-
rence times, increases immediately prior to the mainshocks
according to a power law. The exponent of the power law
increase is identical to the Omori exponent p characteriz-
ing the power law decay of aftershocks. This is also known
from empirical observations [Jones and Molnar, 1979]. The
value of p depends on the normalized relaxation time T'/To.
Additionally, it is found in further agreement with real ob-
servations [Suyehiro et al., 1964] that, compared with after-
shocks, the distribution of foreshock sizes is characterized
by a significantly smaller B value.

The analyzed synthetic catalogs (simulated with param-
eters a=0.2, k=0.25 and T/To=10"*) reproduce the em-
pirically observed event size distribution (B=:1), the tem-
poral clustering relative to mainshocks (p ~ 1), and addi-
tionally, swarm events, namely sequences of strongly clus-
tered smaller events not associated with a mainshock. Large
events themselves occur highly clustered, rather than peri-
odic in time.

Predictability

In these synthetic catalogs, a short-term power law in-
crease of seismic activity occurs immediately prior to the
mainshocks on average. However, the precursory seismic
patterns are found to vary largely for different mainshocks.
Only in approximately half of the mainshocks, can corre-
lated foreshocks be identified in retrospect. Furthermore,
in the case of their occurrence, no obvious correlation be-
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tween the size of foreshocks and the size of the mainshocks
exists. This observation is in agreement with empirical find-
ings [Jones and Molnar, 1979]. Thus it is not straightfor-
ward, maybe impossible, to identify foreshocks in advance;
especially, a discrimination by means of the different size
distribution of foreshocks, i.e. the smaller B value, is not
feasible because of the small number of foreshocks.
However, in these simulations mainshocks are preceded
on average by a further phenomenon, namely by a time in-
terval of reduced seismic activity, which occurs prior to the
foreshock activity. To illustrate this, we count the number
of events preceding mainshocks in the time interval Tp/10.
Here, a mainshock is defined as the largest event within
its temporal vicinity +76/10. We find that the larger the
mainshock is, the less events occur in this time interval (Fig-
ure 4a). Furthermore, one observes a transition in the seis-
mic activity from a higher to a lower level. The onset of
this relative seismic quiescence depends on the size of the
following mainshock, namely the longer the duration of the
seismic quiescence is, the larger is on average the subsequent
mainshock (Figure 4b). This is in agreement with empiri-
cal observations [Wyss and Habermann, 1988]. The model
mechanism for this dependence is simple. Due to the tec-
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Figure 4. The time-dependence of the averaged seismic ac-
tivity preceding mainshocks of different sizes: (a) the cumulative
number of events prior to the mainshocks, and (b) the deviations
from a linear increase. Each curve represents the average of the
seismic rate regarding 1000 mainshocks of the noted size S.
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Figure 5. The success curve for predictions based on reduced
seismic activity. An alarm is claimed or extended, if the seismic
rate is below the alarm level.

tonic movement, the accumulated energy increases with the
duration of seismic quiescence; that is, the probability for a
large event also increases.

In comparison to the duration of foreshock sequences,
which is of the order of 10*4To, the duration of the seismic
quiescence is much longer, namely of the order of 5x10™2Tp.
Thus, to identify such periods of quiescence, the seismic ac-
tivity can be averaged over longer time intervals in order to
smooth short-term fluctuations. To analyze the predictabil-
ity of large events on the basis of seismic quiescence, we cal-
culate the seismic rates in moving time windows of length
To/100. Other window sizes do not change the results quali-
tatively. Alarm conditions are implemented in the way that
alarm is announced or extended for the following time inter-
val Tp /100, if the measured rate is below a certain threshold.
The fraction of the total alarm time depends on the value
of this threshold. We determine the fraction of large events
predicted by alarms as a function of the threshold value,
respectively the fraction of alarm time. This analysis is per-
formed for simulations, which consist of several thousands
of mainshocks, leading to statistically significant results. In
Figure 5 the results are shown for mainshocks belonging to
three different magnitude bands. We find that in all cases
the number of predicted mainshocks exceeds the success-
ful predictions for the case of randomly distributed alarms.
Furthermore, the degree of predictability increases with in-
creasing size of the target events. For example in the case of
the largest events, approximately 50% of the targets are pre-
dicted when the alarm is on for 15% of the total time. Thus
our investigations show that the time-independent hazard
assessment can be improved by time-dependent estimations;
that is, that large synthetic earthquakes are to a certain de-
gree predictable.

Conclusions

Simple SOC models have been used as basis for the
hypothesis of an inherent unpredictability of earthquakes,
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although these models fail to reproduce realistic spatio-
temporal earthquake patterns. However, more complex
models can reproduce some of these spatiotemporal char-
acteristics [e.g. Cowie et al., 1993; Lyakhovsky et al., 1997].
With regard to predictability, we have analyzed a recently
proposed SOC model [Hainzl et al., 1999] showing in a real-
istic way clustering of earthquakes. In particular, two pre-
cursory signals known from real earthquake data are preced-
ing large events in this model on average: an intermediate-
term seismic quiescence and, immediately prior to the main-
shocks, a short-term increase of seismic activity. The ob-
served characteristics of both precursory phenomena, con-
cerning the spatiotemporal patterns as well as the variation
of the B value, are in good agreement with empirical find-
ings. Thus, in comparison to previous investigations of SOC
spring-block systems which lack realistic spatiotemporal dy-
namics [Pepke and Carlson, 1994], the analysis of this model
seems to be more appropriate to judge the stated unpre-
dictability of earthquakes.

It is difficult to identify the model foreshocks in advance.
However we have found that the detection of epochs of re-
duced seismic activity can improve the hazard assessment
for large earthquakes. In particular, the estimations are the
better the larger the target events are. However, because of
highly variable seismic activity prior to large earthquakes,
the success ratio - that is, the factor of improvement in com-
parison to a time-independent estimation - is only of the
order of three. On the other hand, it is behind the scope
of our paper to optimize the prediction algorithms. Our
investigations show that the self-organized state of a more
realistic SOC earthquake model performs fluctuations cor-
related to the largest events. These variations are reflected
to a certain degree in measurable quantities, even in sim-
ple measures such as event rates. In general, the degree of
predictability seems to be determined by the amplitudes of
these fluctuations, which are caused mainly by the energy
dissipation due to earthquakes.

We have shown in accordance with results for hierarchical
fault systems [Huang et al., 1998; Sornette, 1999] that even
for homogeneous fault systems the hypothesis of an underly-
ing self-organized critical state does not lead automatically
to an inherent unpredictability of earthquakes.
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Abstract. We test the critical point concept for earthquakes in terms of the spatial
correlation length. A system near a critical point is associated with a diverging
correlation length following a power law time-to-failure relation. We estimate
the correlation length directly from an earthquake catalog using single-link cluster
analysis. Therefore we assume that the distribution of moderate earthquakes reflects
the state of the regional stress field. The parameters of the analysis are determined
by an optimization procedure, and the results are tested against a Poisson process
with realistic distributions of epicenters, magnitudes, and aftershocks. A systematic
analysis of all earthquakes with M > 6.5 in California since 1952 is conducted. In

fact, we observe growing correlation lengths in most cases. The null hypothesis
that this behavior can be found in random data is rejected with a confidence
level of more than 99%. Furthermore, we find a scaling relation log R ~ 0.7M
(log (¢émax) ~ 0.5M), between the mainshock magnitude M and the critical region
R (the correlation length (émax) before the mainshock), which is in good agreement

with theoretical values.

1. Introduction

In the recent past, time-to-failure methods have be-
come important for the quantitative description of seis-
micity prior to large earthquakes [Varnes, 1989; Sykes
and Jaumé, 1990; Bufe and Varnes, 1993; Saleur et
al., 1996; Jaumé and Sykes, 1999; Main, 1999]. The
main assumption in this approach is that an under-
lying critical point resulting from many-body interac-
tions in the Earth’s crust is responsible for the emer-
gence of long-range interactions characterized by power
laws. Using equations from crack propagation [Das and
Scholz, 1981] and damage mechanics [Leckie and Hay-
hurst, 1977], Bufe and Varnes [1993] derived a formula
for the cumulative seismic release ¥

(ZQ)(t) = A+ Bty —t)™. (1)

Here, t; is the failure time, the constant A is positive,
the constant B is negative and the critical exponent m
is constrained between 0 and 1. Q) is a measure of the
earthquake size that is related to the magnitude M by

(2)

with constants ¢ and d. In other words, the region that

logQ=cM +d
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is preparing for a large earthquake is characterized by
accelerated seismic release [Sykes and Jaumé, 1990].

As a measure of earthquake size, many seismologists
use the cumulative Benioff strain, which is defined as
the square root of the energy (XQ)(t) = Zf\;(f) VE;. In
aretrospective analysis, Bufe and Varnes [1993] showed
that (1) provides good estimates for the time and the
magnitude of the 1989 Loma Prieta earthquake in Cal-
ifornia. Bowman et al. [1998] presented a systematic
analysis for California seismicity. They found that eight
earthquakes with M > 6.5 in their data set were pre-
ceded by accelerated seismicity with a confidence level
of 99.6% and that the size of the critical region scales
with the magnitude of the oncoming event according to
log R ~ 0.44M. Brehm and Braile [1998, 1999] used a
refined time-to-failure analysis to predict mainshocks in
the New Madrid Seismic Zone and in southern Califor-
nia. A review is given by Jaumé and Sykes [1999].

In terms of critical point behavior the acceleration of
seismic release is the consequence of the growth of the
spatial correlation length. In this view, a small rup-
ture can only grow into a large earthquake if a critical
value of the spatial correlation length is reached. In the
preparatory process of a mainshock, long-range corre-
lations are established by the redistribution of stress
from smaller to larger scales. Thus, in a highly corre-
lated stress field a small rupture can jump barriers and
grow into a large earthquake, while the rupture process
is halted earlier in a less correlated stress field. When
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criticality is reached, the system may remain near this
state. Such behavior is known as self-organized criti-
cality [Bak and Tang, 1989; Geller et al., 1997; Hainzl
et al., 1999, 2000]. At the critical point the correlation
length is only limited by the size of the physical system
[Sammis and Smith, 1999]. The increase of the corre-
lation length can be modeled using the renormalization
group theory [Saleur et al., 1996], which also reproduces
(1). Sornette and Sammis [1995] presented a model for
a discrete hierarchical ordered fault network, which re-
produces a power law increase of Benioff strain accord-
ing to (1) with an additional term of (second-order)
log-periodic fluctuations. Such log periodicity has been
observed and documented in several cases [Sornette and
Sammis, 1995; Varnes and Bufe, 1996].

This paper attempts to test directly for growing spa-
tial correlation lengths prior to large earthquakes. This
is an independent approach to detect critical point be-
havior in observed seismicity. In contrast to the Benioff
strain, which can be easily calculated from an earth-
quake catalog, it is not straightforward to calculate the
correlation length. Therefore we assume that the dis-
tribution of moderate earthquakes reflects the actual
state of the regional stress field. This view is justified
by the fact that in a stress field, which is correlated
over a large region, earthquake triggering over long dis-
tances is likely to occur. In particular, earthquakes are
initiated preferably at the ends of a crack. If the stress
changes at one end and friction is negligible, the stress
is directly transferred to the other end. Far from a crit-
ical point, small cracks are distributed randomly, and
thus the distribution of epicenters is approximately ran-
dom. Near the critical point, the emergence of longer
cracks makes longer stress transfers possible. Hence it
is reasonable to assume that the epicenter distribution
changes when the critical point is approached. In this
view, the correlation length can be considered as a char-
acteristic distance, or cluster size, of events in a certain
time interval. A powerful method to extract “natural”
distances from earthquake catalogs, is single-link clus-
ter analysis (hereinafter referred to as SLC) introduced
by Frohlich and Davis [1990].

For the calculation of the correlation length as a func-
tion of the time a space window has to be specified.
Zoller et al. [1998] showed that the dynamics of spa-
tially extended complex systems is most clearly observ-
able on intermediate spatial scales between the noisy
microscales and the large scales that include uncorre-
lated regions. Thus we optimize the space window in
order to provide the best observation of growing corre-
lation length. Using synthetic catalogs, the probabil-
ity that the results come from spurious patterns gen-
erated by the procedure itself can be estimated. With
regard to the optimization procedure mentioned above,
it is clear that these synthetic data play an important
role. The use of catalogs with uniformly distributed epi-
centers and random occurrence times, for instance, is
not appropriate for this purpose because the inhomoge-
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neously distributed epicenters as well as the aftershock
activity in the original catalog may result in an erro-
neous rejection of the null hypothesis. In our study, we
construct a significance test based on a Poisson process
model for seismicity that accounts for the distributions
of epicenters, magnitudes, and aftershocks in the gen-
uine data.

This paper is organized in the following way: In sec-
tion 2 the data and the method to test the hypothesis of
growing correlation length are described in detail. The
results of the data analysis are presented in section 3
and discussed in section 4. Finally, the conclusions are
given in section 5.

2. Data and Method

In this work, we analyze the seismicity in Califor-
nia between 32° N and 40° N latitude. The data are
taken from the Council of the National Seismic System
(CNSS) Worldwide Earthquake Catalog (available via
the Internet (http://quake.geo.berkeley.edu/cnss). The
catalog covers the time span from 1910 to the present.
The distribution of earthquakes is shown in Figure 1.
To account for completeness of the data, we restrict the
analysis to nine mainshocks with M > 6.5 since 1952
(see Figure 1).

The test on growing correlation lengths can be de-
composed in three parts, which are described in sections
2.1-2.3.

2.1. Correlation Length

If a system approaches a critical point, the correlation
length ¢ is expected to grow according to a power law
[Bruce and Wallace, 1989]:

E(t) ~ (ks —t)7", (3)
where k is positive. Assuming a scaling relation E ~ £,
(3) leads also to (1) for the cumulative Benioff strain.

The correlation length £ is estimated using a specified
version of SLC analysis, which is described in detail
by Frohlich and Davis [1990]. For that, we consider a
distribution of N earthquakes. Each individual event is
linked with its nearest neighbor event in space to form
a set of small clusters. In the next step, each cluster is
linked with its nearest neighbor cluster. This process is
repeated, recursively, until the N events are connected
with N — 1 links. The probability density function p(s)
gives the probability that a link length is smaller than
or equal to s. We define the correlation length ¢ by the
condition p(§) = 0.5.

The time evolution of the spatial correlation length
is calculated in the following way (see Figure 2): The
space window is a circular region around the mainshock
epicenter (Figure 2a); the time interval, which begins
with the first event in the catalog (1910) and ends with
the mainshock occurrence time ty, is divided into over-
lapping time bins [t;_1;%;]. Therefore we use a sliding
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Figure 1. Earthquakes with M > 3.0 in California since 1910. Solid circles denote the events
with M > 6.5 since 1952: circle a, 1952 M = 7.5 Kern County; circle b, 1968 M = 6.5 Borrego
Mountain; circle ¢, 1971 M = 6.6 San Fernando; circle d, 1983 M = 6.7 Coalinga; circle e, 1987
M = 6.6 Superstition Hills; circle f, 1989 M = 7.0 Loma Prieta; circle g, 1992 M = 7.3 Landers;
circle h, 1994 M = 6.6 Northridge; and circle i, 1999 M = 7.1 Hector Mine.

window which moves with a step At, corresponding to
four events. Because of statistical reasons, we do not
fix the length of the time bins, rather we use bins that
contain the same number of events. In this study, each
value £(t;) is based on 20 events (Figure 2b). However,
we find that the results are relatively robust if this num-
ber is changed.

2.2. Power Law Fit

From the procedure described in section 2.1, the cor-
relation length £(t) is obtained for a fixed value of R.
In order to test the critical point concept we fit relation
(3) to this function in the time interval [to;ts], where
to is a free parameter (see Figure 2c). The underlying
assumption is that the growth of the correlation length
is only observable in the last time interval, where the
signal exceeds the noisy background.

Altogether, we have to fix three parameters: The ra-
dius R, which defines the space window for the calcu-
lation of £(t) (see section 2.1), and the time ¢y and the
critical exponent k, which determine the power law fit.
Following Bowman et al. [1998], we use an optimization

technique, where a curvature parameter C measures the
degree of acceleration:

power law fit root-mean-square error

(4)

When the correlation length £(t) can be fit by a power
law, C will be small. Conversely, if no acceleration takes
place, the values of £(t) will scatter around a constant
and consequently C is close to 1. For each mainshock
we determine those values of tg, k, and R, which pro-
vide the smallest curvature parameter C. The critical
exponent k is constrained between 0.01 and 1.

constant fit root-mean-square error

2.3. Significance Test

We have to test the significance of our results because
the growth of the correlation length according to the
power law (3) might occur by chance in a random data
set. Such a random pattern would be detected by the
optimization procedure described above. In this con-
text, it is also important to note that the correlation
length & is more sensitive to fluctuations in the data
than a cumulative quantity, e.g., the cumulative Be-
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Figure 2. Sketch of data analysis: (a) The space win-
dow for calculation of £. It is a circular region with
radius R around the mainshock epicenter (solid trian-
gle). (b) Definition of time bins. A sliding window that
contains 20 earthquakes moves with a step At, corre-
sponding to four earthquakes. In each time bin, single-
link cluster analysis is applied to calculate the spatial
correlation length £(¢;). (c) Power law fit. The function
&(t;) (denoted as solid diamonds) is fit by a power law
(ty —t)~* in a time interval [to; tf]. The free parameters
R, k, and ¢t are optimized in order to provide the best
power law fit.
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nioff strain, where fluctuations are smoothed out. An
example for such a fluctuation is the occurrence of af-
tershock sequences from a previous mainshock. The
petering out of an aftershock sequence leads also to an
increase of the correlation length and can thus be inter-
preted erroneously as a critical point phenomenon.

We want to emphasize that we cannot decide whether
an observed increase of the correlation length in a spe-
cial case comes from an underlying critical point process
or is due to a random fluctuation or a pattern coming
from a different process, e.g., an aftershock sequence.
Rather we can say with what probability the latter pos-
sibility can be ruled out if we apply the entire procedure
to synthetic data that can also produce such patterns.

To calculate appropriate synthetic catalogs, we pro-
ceed in the following way:

1. The CNSS catalog is declustered using the algorithm
of Reasenberg [1985].

2. Random epicenters are calculated so that the epicen-
ter distribution of the declustered CNSS catalog is fit.
3. The earthquake occurrence times are drawn from a
Poisson process.

4. The earthquake magnitudes are taken randomly from
a probability distribution fulfilling the Gutenberg and
Richter [1956] law.

5. Aftershocks according to the Omori [1894] law are
added using the algorithm of Reasenberg [1985] in in-
verse direction.

Items 3 and 4 define the well-known stochastic earth-
quake model proposed by Epstein and Lomnitz [1966].
The resulting synthetic earthquake catalog corresponds
to a Poisson process in time with additional aftershock
activity. The distributions of epicenters and magnitudes
are similar to those of the genuine catalog.

To estimate the statistical significance of a curvature
parameter C, calculated for a mainshock with magni-
tude M in the CNSS catalog, we first generate 1000
synthetic catalogs. In each catalog we pick up an event
with magnitude M and apply the optimization proce-
dure. From the resulting 1000 values of C we finally
compute the probability that a curvature parameter
smaller than or equal to a certain value of C can be
found in a synthetic catalog.

3. Data Analysis

The technique presented in section 2 is now applied
to the California earthquake catalog. To account for
artificial seismicity variations, we have to introduce a
lower magnitude cutoff. In previous studies the accel-
eration process has been found to be most obvious for
earthquakes with magnitudes within about two units
of the mainshock magnitude [Jaumé and Sykes, 1999;
Knopoff et al., 1996]. However, because the data analy-
sis requires a minimum number of earthquakes, we use
the lower value M.t = 4.0. To evaluate the stability of
the results with respect to M, we have repeated the
calculations with Myt = 3.5 and found no qualitative
difference in the results.

68



_ ZOLLER ET AL.: OBSERVATION OF GROWING CORRELATION LENGTH

100'M:7'5 Kern County (1952)

2171

20 M=6.5 Borrego Mountain (1968)

M=6.6 San Fernando (1971)

R=580 km R=60 km i 14+ R=90 km he
k=0.38 k=0.55 i k=0.32 /
80r c=0.79 15| €=0.65 i 21 c=o0.55
*e E‘
—~ — i — 10
g 60 * £ . g
" 8}
& ‘e P < 10 . L = > ot ®
w o} . . o w ve Yo w8l
_________________________________ . . Yo R X
y 5 . i
20t o e
-------------------------------- 2
7951 19515 1952 828 7o 9% * 1960 1965 7956 1960 1964 1968
(a) time (years) (b) time (years) (C) time (years)
10 M=6.7 Coalinga (1983) 0 M=6.6 Superstition Hills (1987) 0 M=7.0 Loma Prieta (1989)
R=200 km R=180 km i R=270 km i
ol k=057 ? 38f k=0.51 RS 351 k=0.41 i
b 6=o21 / 30l €=0.70 . i 30l €=0.34 ]
—~ o — 5 —~ L .
E o : o E ° . /] g .t
< B & 20 . o 2 20t Lt
W 4L * W 15 *e wr 15k )
e * .o o
568 10 N 0L e
2 1 P S .o
* 5 S 4 i sl ®e ¢
. ‘e Loe
, L %o & d , . .
19805 1981 19815 1982 1982.5 1983 1976 1978 1980 1982 1984 1986 1984 1985 1986 1987 1988 1989 1990
(d) time (years) (e) time (years) (f) time (years)

M=7.3 Landers (1992)
100 -

o M=6.6 Northridge (1994)

M=7.1 Hector Mine (1999)

- 25
R=320 km 5| E=140km ] R=180 km H
k=0.24 0 k=0.57 LR k=0.46 P
80r c=0.80 €=0.44 / 201 ¢=0.37 /A
251 /
—~ —~~ . —~~
g 60 o E 20} ¢ g 15 ¢
*
= Aad M = 5 * = ¢ ¢ o o
w 40 . o w r w
3 . * ./ 10 G .
> MR 10 P J 8
201 T e st e
,,,,,,,,,,,,,,,,,,,,,,, 3 N Seee oo >
*
Neo e ® | o L N n L L . " L "
1987 1988 1989 1990 1991 1992 1970 1975 1980 1985 1990 1993 1994 1995 1996 1997 1998 1999 2000
(g) time (years) (h) time (years) (1) time (years)

Figure 3. Correlation length £ (solid diamonds) as a function of the time t for the nine main-
shocks in Figure 1 and corresponding power law fits (see section 2.2). The time range is given

by the interval [to;tf] (see Figure 2).

Figure 3 shows the correlation length £(t) for the nine
earthquakes with M > 6.5 since 1952, calculated with
the optimized parameters, and the power law fit corre-
sponding to (3). Note that for all fits, ¢ is fixed by the
occurrence time of the mainshock.

In general, the correlation length grows when the sys-
tem approaches the mainshock occurrence time. An
exception is the 1952 Kern County earthquake. The
1983 Coalinga earthquake shows the best example for a
power law increase, spanning the last three years before
the event occurs. In two cases (Figures 3e and 3g) a
sudden decrease of £ is observed before the main main-
shock occurs. This is due to aftershock sequences of
other mainshocks in the space window, for example, in
the Landers case (Figures 3g) the signal of increasing &
is disturbed by the aftershocks of the M = 6.1 Joshua
Tree earthquake on April 23, 1992, which occurred close
to the epicenter of the Landers earthquake. Further-
more, it is striking that the two strongest earthquakes,
the Kern County earthquake and the Landers earth-
quake, do not show critical point behavior in terms of a

low curvature value. A possible explanation for this is
the influence of the smaller earthquakes (4 < M < 5).
This can be tested by increasing the magnitude cutoff
toward Mt = 4.5 instead of Mt = 4.0. Because the
number of data points decreases with Mt = 4.5, we
use now a time step At for the sliding window corre-
sponding to one event. The result is shown in Figure 4
for the same parameters as in Figure 3. Now, the points
for the Kern County earthquake can be fit very well by
a power law, and the quality of the fit for the Landers
event is clearly improved.

Next, we calculate the probability that the curvature
parameter C, which is observed for a mainshock with
magnitude M in the original catalog, can be found in
a random catalog (see section 2.3). Figure 5 shows the
cumulative probability distribution p(C) for 1000 earth-
quakes with M = 7.0, each drawn from a random cata-
log. The resulting probability for the 1989 Loma Prieta
earthquake (see Figure 3f) from the CNSS catalog is
p = 82%. For this example the null hypothesis that
the power law increase of the correlation length occurs
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Figure 4. The value of £(t) calculated with the magnitude cutoff Mt = 4.5 for (a) the Kern
County earthquake and (b) the Landers earthquake.

by chance can be rejected with 91.8% confidence level.
The results for all mainshocks are summarized in Ta-
ble 1. The nine values of p scatter around the mean
value p = 0.264. The significance of this result can be
evaluated by a comparison with the distribution of the
mean value of nine random numbers in the unit interval.
It can easily be shown that this mean value is Gaus-
sian distributed around 0.5 with the standard deviation
o = 1/4/9 x 12. The probability for nine random num-
bers in the interval [0;1] to have a mean value smaller
than or equal to p = 0.264 is P = 0.7%. Thus the null
hypothesis that the observed patterns can occur in a
random catalog can be rejected with 99.3% confidence
level.

4. Discussion

In our data analysis we have determined three pa-
rameters using an optimization technique. We want to
discuss now to what extent these parameter values can
be understood in terms of seismology.

~ 08¢
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Figure 5. Probability distribution to find a curvature
parameter smaller than or equal to C in a random earth-
quake catalog based on 1000 events with M = 7.0, each
drawn from such a synthetic catalog. The value calcu-
lated for the M = 7.0 Loma Prieta earthquake corre-
sponds to a probability of p = 8.2%.

4.1. Critical Region R and Correlation Length
Before the Mainshock (¢émax)

One of the most important quantities is the radius of
the critical region R. In our study, we observe a crit-
ical region versus magnitude relation, which is shown
in Figure 6a. The results can be fit pretty good using
the relation log R ~ (0.70 £ 0.15) M, which is denoted
as a straight line in the plot. Following the arguments
of Bowman et al. [1998], we conclude that this scaling
relation is consistent with

E ~ R2.1:l:0.45, (5)
if log E ~ 1.5M [Kanamori and Anderson, 1975] is as-
sumed. Note that E ~ R2, which translates to log R ~
0.75M, is expected for large earthquakes (M > 6) be-
cause the crust ruptures over its entire thickness and
energy is released predominantly in two directions. In
contrast, a small earthquake corresponds to a three-
dimensional rupture (E ~ R3 or logR ~ 0.5M). Al-
though our result for this relation is based only on a
small magnitude band, it agrees fairly well with theo-
retical findings.

Next, we study the correlation length ¢ before the
mainshock. Because £(t) diverges at the time of the
mainshock ¢ = t¢ in (3), we define a quantity (émax) as
the mean value of £ over 2 years before the mainshock
occurs. This quantity is plotted versus the mainshock
magnitude in Figure 6b. The data points can be fit by
the relation log (émax) ~ (0.50 & 0.20) M, which is also
close to the above mentioned theoretical value.

Our findings are also comparable with the empiri-
cal relations log R ~ 0.43M used by Keilis-Borok and
Kossobokov [1990] for their pattern recognition tech-
nique and logL ~ 0.7M between the magnitude and
the length of the surface rupture [Lowrie, 1997].

4.2. Exponent k and Time ¢

The critical exponent k is found to scatter between
the extreme values kp;, = 0.24 and kmax = 0.57 (see
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Table 1. Earthquakes With M > 6.5 in California Since 1952 and Results of the Critical Point Analysis®

Earthquake Date M R, km k C p
a Kern County July 21, 1952 7.5 580 0.38(1.00) 0.79(0.14) 0.472(0.009)
b Borrego Mountain April 9, 1968 6.5 60 0.55 0.65 0.349
(¢ San Fernando Feb. 9, 1971 6.6 90 0.32 0.55 0.283
d Coalinga May 2, 1983 6.7 200 0.57 0.21 0.029
e Superstition Hills Nov. 24, 1987 6.6 180 0.51 0.70 0.395
f Loma Prieta Oct. 18, 1989 7.0 270 0.41 0.34 0.082
g Landers June 28, 1992 7.3 320 0.24(0.24) 0.80(0.58) 0.480(0.248)
h Northridge Jan. 17, 1994 6.6 140 0.57 0.44 0.185
i Hector Mine Oct. 16, 1999 7.1 180 0.46 0.37 0.105

2R is the space window and k is the critical exponent (3) (see Figure 2); C is the curvature parameter in (4), and p is
the probability that a curvature smaller than or equal to C can be found in a random catalog (see section 2.3). The values
in the parentheses refer to the calculation with Mcyt = 4.5 (see Figure 4).

Table 1) with the average k = 0.45. From a theoretical
point of view, Rundle et al. [1996] have suggested a
scaling exponent of k = 0.25 for the correlation length,
which is observed in three cases, approximately. How-
ever, because of the sparse data, predictions of the scal-
ing exponent k from our procedure are rather specula-
tive.

We find no reasonable correlation between the fitting
parameter to, which defines the duration of the precur-
sory process, and the mainshock magnitude. Physically,
one would expect a longer duration of accelerated seis-
micity for larger mainshocks because large earthquakes
require more energy. Nevertheless, the results in Fig-
ure 3 suggest that there might be a correlation of g
with the occurrence times of aftershock sequences from
a previous mainshock. This can be identified by small
values for the correlation length and a large number of
earthquakes in this time.

Although it is likely that the parameter tg is influ-
enced by aftershocks, the significance test described in
section 2.3 suggests with a high confidence level (see last
column in Table 1) that the observed patterns itself are
not a consequence of previous aftershocks. This is also

1000 T T T T T
— ./‘
€
o <
s o
g . T
8 .
5 100p 7, 1
.
6.4 66 6.8 7 72 74 76
(a) magnitude

supported by the observation that the duration of the
detected acceleration is much longer than typical dura-
tions of aftershock sequences. Such problems typically
arise when noisy functions are analyzed: The signal (in-
creasing correlation length) is perturbed (aftershocks),
and the end of the perturbation is considered as the on-
set of the signal. Therefore the optimization technique
should be improved in the future.

4.3. Comparison With Accelerated Moment
Release Models

Is there a relation between the present results and
the results of methods based on accelerated moment
release? Both approaches are different viewpoints of
the same assumption, namely, that large earthquakes
are related to a critical point process in the Earth’s
crust. We have studied variations in the epicenter dis-
tribution, while the accelerated moment release mod-
els consider variation with respect to the energy re-
lease. Consequently, these models emphasize the largest
earthquakes, whereas in our analysis the intermediate
earthquakes with 4 < M < 5 are more important be-
cause they occur more frequently. Therefore it is not
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Figure 6. (a) Radius R of the critical region as a function of the mainshock magnitude for
the earthquakes in Table 1. (b) Correlation length (émax) averaged over 2 years before the
mainshock. The straight line is a fit to the data with the slope 0.70 in Figure 6a and 0.50 in

Figure 6b.
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surprising that in both cases the detected patterns are
observed for different parameter values. As an exam-
ple, the space windows in the present study are on av-
erage larger than those in the analysis of Bowman et al.
[1998]. Consequently, we mostly cannot observe both
features simultaneously in the same space window.

However, we can compare the scaling relations re-
ported in section 4.1 with the findings from accelerated
moment release models. Bowman et al. [1998] find that
the radius R is related to the mainshock magnitude M
according to log R ~ 0.44M, while Brehm and Braile
[1998] suggest that log R ~ 0.75M, which is close to
our result for R. Plotting the results of Bowman et al.
[1998] and Brehm and Braile [1998] together, Jaumé
and Sykes [1999] find log R ~ 0.36 M. On average, our
results are very close to those of the accelerated moment
release models, although they are based on a completely
different technique.

In summary, it is an important result that two dif-
ferent features of the same process are observable with
high statistical significance. Both results together sup-
port the hypothesis of an underlying critical point.

5. Conclusions

In our study, we have tested the critical point con-
cept for earthquakes in terms of growing spatial corre-
lation length. The data analysis was designed in order
to conduct a systematic investigation of an earthquake
catalog. In principle, the same procedure can be ap-
plied to any other catalog that is homogeneous over
several years. A main ingredient of the method is the
determination of free parameters, using an optimization
technique. This leads apparently to large uncertainties,
especially when three parameters are optimized simul-
taneously. Thus we have combined this procedure with
an appropriate significance test using synthetic data of
high quality.

Our main finding is the observation of growing cor-
relation length before several large earthquakes, which
strongly supports the hypothesis that earthquakes are
a critical point phenomenon. It is important that this
precursory phenomeznon cannot be reproduced using
random catalogs with realistic distributions of epicen-
ters, magnitudes, and aftershocks. The confidence level
that the observed patterns are not a consequence of
random fluctuations is found to be above 99%. Fur-
thermore, both the critical region and the correlation
length before the mainshock show a reasonable scaling
with respect to the mainshock magnitude.

In a future work, the predictive power of growing cor-
relation length should be tested. Therefore t; will be-
come a new fitting parameter, and the question whether
to and k can be fixed by empirical values has to be
addressed. A grid search technique can be applied to
extract regions of growing correlation length system-
atically from a data set. The occurrence time of the
expected mainshock is then related to the new fitting
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parameter ty, and the estimates for the epicenter and
the magnitude are obtained from the critical region and
the correlation length before the mainshock. For a fur-
ther reduction of uncertainties in a predictive approach
it also appears promising to combine the concepts of
growing correlation length and accelerated moment re-
lease.
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Abstract

The aim of this paper is to understand the origin of the deviations from the Gutenberg-Richter
law observed for individual earthquake fanlts. The Gutenberg—Richter law can be reproduced by
slider-block fault models showing in its quasi-static limit self-organized criticality. However,
in this model limit the earthquake ruptures are described by propagating narrow slip pulses
leading to unrealistic low stress concentrations at the rupture front. To overcome such unrealistic
rupture behavior, we introduce a new state-dependent stress distribution rule accounting for
broader slip pulses up to crack-like behavior. Our systematic analysis of the generalized model
shows that the earthquake characteristics can be described in terms of critical point behavior,
resulting in subcritical, critical, and supercritical system states. We can explain the realized state
of sclf-organized systems by the effect of individual ruptures on the stress field. This effect
depends strongly on the fault roughness. For spatially smooth systems, more realistic rupture
characteristics lead to supercritical behavior, equivalent to characteristic earthquake distributions
empirically observed for several individual faults. For rough faults, earthquakes cannot rupture
the whole system and seismic energy is released by small events only. The transition between
both regimes occurs at an intermediate degree of hetcrogeneity, where the earthquake activity
is reminiscent of self-organized criticality. Thus, our results predict that for individual faults
one should in general observe systematic deviations from the Gutenberg-Richter law for large
earthquake sizes. (© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The dynamics of earthquakes has attracted much attention as a real-world exam-
ple for a self-organized critical phenomenon. The hallmarks of systems exhibiting
self-organized criticality (SOC) are spatial and temporal correlation [unctions with
power law behavior [1,2]. In fact, the most conspicuous statistical feature of carth-
quakes is the Gutenberg—Richter law [3], which is cquivalent to a power-law lor the
number of observed earthquakes with rupture arcas greater than S [4]

N~S, (1.1

The recorded exponents b vary between 0.8 and 1.2 for different fuult systems [5]. In
detailed studies of several individual faults [6,7], however, deviations (rom this power
law behavior have been observed supporting a weak characteristic carthquake model in
which the number of large events is greater than would be predicted by extrapolating
from the power-law distribution of small and intermediate carthquakes, Further inves-
tigations of the geometrical complexity lead to the suggestion that smoother faults are
more likely to have such characteristic earthquake distributions [7].

Burridge and Knopofl [8] (BK) proposed a model uscful in understunding the scaling
of the frequency-size distribution. The BK model consists of a system of blocks sliding
on a frictional surface, where each block is coupled by springs to the adjucent blocks
and to a moving tectonic plate. In the quasi-static limit, i.c., il instuntancous block slips
are assumed, this model is equivalent to a class of non-conservative cellular automa-
ton models with nearest-neighbor interactions [9--13]. Beeause these cellular automata
require relative little computation time, simulations of large system sizes und long
earthquake catalogs can be used to study a varicly of seismic phenomena, inctuding
scaling relations, correlations, and prediction. These model systems show SQCT thut s,
they evolve independently of initial conditions into a statistically stationuary state which
is characterized by the Gutenberg-Richter law, where the exponent H in . (1.1) de-
pends on the degree of conservation [11--13], Assuming some degree of dissipation, the
empirical observed A-values can be reproduced, Furthermore, il retarded stress (rans-
fers modeling empirically obscrved transient creep are additionally introduced, these
models are able to reproduce also the spatio-temporal clustering of earthquakes, espe-
cially foreshocks and aftershocks according to the Omori Iaw as well as earthquake
swarms and periods of precursory seismic quicscence |14 [7]. Thus models of this
type seem to bear a strong resemblance to the actual dynamical process involved in
earthquake faults,

However, in these models representing the BK-model in its quasi-static Timit instan-
taneous slip and healing of material strength is assumed. Thuerefore carthquuake ruptures
are described by propagating slip pulses with a width of one block only (hereinalier
referred to as d-type slip pulses). Although there is some observational evidence that
active slip was restricted to a narrow propagating bund for several carthquakes | 18],
d-type slip pulses are obviously an oversimplification, The conteary end=member modet
is a crack-like rupture propagation assuming that no healing of the Irictional resistance
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takes place during the evolution of the rupture. In this case the slip duration within the
rupture arca is longer than the rupture rise time, Analyzing ruptures in a continuum
model with a rate and state friction law, Nielsen et al, [19] observe a smooth crossaver
from narrow, self-healing slip pulses to crack-like solutions in dependence on the
patameters of the friction law, However, because the frictional behavior of earthquakes
is almost unknown so far, it is a priori not clear which rupture characteristics are
relevant for carthquakes. The most important difference resulting from different ship
characteristics consists in the amount of dynamic stress concentration ahead of the rup-
ture front. Whereas for crack-like behavior the whole dynamic stress released during the
rupture accumulates ahead of the rupture front, narrow slip pulses stress concentration
is less pronounced due to partial reloading behind the slip pulse. Although continuum
models would be more appropriate than inherently discrete models to simulate realistic
rupture dynamics, the numerical ellort allows only for the latter model class a statis-
tical analysis of synthetic earthquake catalogs. Thus we introduce in non-conservative
cellular automaton models a state-dependent stress distribution rule with tunable stress
transfers to blocks in front of the rupture to account for more realistic rupture charac-
teristics, By means of a new parameter, the dynamical behavior can change gradually
between the two end-member models, §-like slip pulses (previous models [9-13]), and
crack-like propagation.

We show that the type of rupture has a significant influence on the stress field
variation due to an carthquake, Crack-like ruptures lead to smooth stress fields within
the rupture zone whereas narrow slip pulses preserve or enlarge stress field hetero-
geneitics, We can characterize these behavior by a quantitative measure allowing to
understand the overall characteristics of carthquake sequences in self~organized stress
liclds. In this way, we can explain the previous observations that criticality is lost
in the cellular automaton versions of the BK-model (d-type slip pulses) in the pres-
cnee of external heterogeneitics [20,21], Such heterogeneities will always be present
in real fault systems due to varying frictional parameters as well as geological struc-
tures. Thus we study in this paper the role of external heterogeneities in the case
of more realistic rupture characteristics. Our systematic analysis shows that the
degree of dynamically produced stress field heterogeneities is strongly connected
with the frequency-size distribution of the simulated earthquakes. For given rupture
characteristics, the fault roughness determines which of the observed distributions
in nature, seismic creep, Gutenberg-Richter, or characteristic earthquake distribu-
tion, is relevant and whether or not nucleation phases during rupture growth will
oceur,

The remainder of this paper is organized as follows. In Section 2 we describe the
model. The characteristics of model ruptures in static stress fields are analyzed in
Secltion 3. These investigations Tead to some ingredients for understanding the behav-
ior of the self-organized systems, which are analyzed in Section 4. In Section 5 we
summarize the main ideas and discuss the conclusions,
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2. Model algorithm

The basis of the analyzed model is the spring-block model proposed by Buridge
and Knopoff [8], which represents a fault zone by a network of interconnected blocks
lying between two tectonic plates. Each block is coupled to the adjacent blocks and
to the upper tectonic plate by springs and is connected frictionally with the bottom
tectonic plate. It is assumed that the blocks perform stick-slip motion. All blocks are
driven simultaneously by the slow relative movement of the two plates.

In the quasi-static limit, i.e., if instantaneous block slips are assumed, Olami et al.
[11—13] show that the model can be described by continuous nonconservative cellular
automatons (hereinafter referred to as OFC-model). Our model is an extension of
the OFC-model. We analyze L x L arrays of blocks (7, /), where i, j are integers,
1 <i,j < L. The total force (or stress if unit area is assumed) on each block is given
by o(i,j). By analogy with the OFC-model, the evolution of a single earthquake is
described in the following way: The friction law adopts the Mohr-Coulomb law with
a static failure threshold or(i, j). If the stress on a block (4, /) exceeds the static failure
threshold, o(k, 1) = or(k, 1), sliding is initiated at this block. The moving block slips
to the zero-force position and the stress Ao = a(k, /) is partially distributed to the
four nearest neighbors (ki,/+). The stresses of the N, nearest neighbors, which are
unbroken during the rupture so far, are set according to the rule

g ‘
‘ ——Ad, : 2.1
olks, lx) — olhs, [2) + T A (2.1)
and the N, nearest neighbors, which have been already failed, are set according to
g
ky,l olky, L)+ ———FA0. 2.2
ok, I} — olks, I+) N, + N (2.2)
The stress of the sliding site is reset to
ok, 1) — 0. (2.3)

The elastic coupling constant g depends on the spring constants and can vary in the
range of 0 < g < 1. The value of g defines additionally the degree of conservation,
where g =1 refers to the case of conservation which is rather unrealistic due to seis-
mic radiation, heat, and permanent deformation. As an extension of the OFC-model,
the stress distribution is now state-dependent to account for more realistic stress en-
hancement ahead of the rupture front. Generalizing the state-dependent rule of Steacy
and McCloskey [22], we introduce the new parameter y determining the stress con-
centration of the rupture front. In the case of y =1, our model is equivalent to the
OFC-model assuming instantaneous healing within the rupture area, whereas larger val-
ues of y accounts for slower healing processes approximated by an effective weakening
of the coupling strength to already broken blocks. In the case of y — oo, no healing
occurs and broken blocks remain sliding during the further evolution of the earthquake
(crack-like behavior).

The redefined stress on the adjacent blocks o(kt,/+) may lead to an instability, i.c.,
olks,l+) 2 op(ks,l4), in one or more blocks. In this case, a chain reaction starts
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(at time step £ =1) and the stresses at all instable blocks are distributed in parallel at
time step / =2 according to Eqgs. (2.1)~(2.3) leading maybe to further instabilities at

time /=3, and so on, until the earthquake is terminated, i.e., until o(i,j) < ap(i, ) for
all blocks (i, ).

3. Static stress field

At first, we want to characterize the rupture kinematics for known initial stress fields.
Therefore, we consider 100 x 100 block-systems with stresses randomly distributed
in the interval [cor(i,}),ar(i,j)] with 0 < ¢ < 1. This leads to a mean stress level
of (¢ + 1){or(i,j)}/2, where {or(i,j)) denotes the mean value of the static failure
thresholds. Quenched disorder is introduced in the way that the values of oz(i, /) are
randomly distributed in the interval [2/(1 + V),2F/(1 + V)] with ¥ = 1. Thus the
mean threshold value is 1, and ¥ defines the ratio between upper and lower bound,
that is, V' characterizes the spatial variability of stress transfers due to block slidings.
Furthermore, we use open boundary conditions, which implies that the blocks in the
boundary layer are coupled to rigid boundary blocks. For each initial condition, all
stresses are increased simultaneously until the first chain reaction starts, that is, the
stress at one block reaches op. The time evolution and the total size of this chain
reaction is measured. The total size is defined by the sum of blocks which slipped
at least once during the rupture. This procedure is repeated for many realizations of
random stress distributions with the same mean value.

3.1. Critical point behwvior

We find that the model systems can be characterized by critical point behavior; that
is, for given model parameters a critical stress level exists where the spatial correlation
length diverges and the frequency-size distribution can be described by a power law.
This behavior is universal in the sense that the same exponents of the power laws are
found independently of the parameters. Only the value of the critical load depends on
the model parameters, especially on the coupling constant ¢.

The divergence of the spatial correlation length is manifested by the growth of the
mean rupture size according to a power law (§) ~ Ac'?, when the mean stress level
of the system approaches the critical stress level. This is illustrated in Fig. 1(a).

The critical point can be characterized by the condition thatruptures are self-sustained,
i.e., the stress concentration at the rupture front remains constant on average. Then rup-
tures of all sizes can occur where the maximum size is limited only by the finite system
size, In the critical point ((¢) =0 ), the frequency-size distribution can be described in
our model very well by a power law with exponent —1.2. By contrast, in the subcritical
regime ({¢) < 0eri) the ruptures die out due to the heterogeneities within the stress
field. The cutofl in the frequency-size distribution becomes independent of the system
size and shifts to smaller event sizes for decreasing stress levels. In the supercritical
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Fig. 1. Critical point behavior for static stress fields: {(a) Approaching the eritical stress Ievel, the mean rupture
area (S} (points: y=1, §=0.2,0.6,1) diverges approximately according (o a power law 1+ 0.45(Aa/y)~"2
(solid line). For critical stress loads, (b) the frequency-size distribution and {c) the temporal growth of
ruptures are characterized independently of the model parameters by the power laws, P(S) ~ $~!2 and
S(1) ~ ¢1.58, respectively, The results for critical loads arc compared with examples Tor the suberitical and
supercritical regime (parameters: y=1, g=0.8). In (c) each data point is determined by averaging over the
sizes §(¢) of all events having grown longer than time 7.
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regime ({¢) > o,..;) the stress concentration at the rupture front increases continuously
leading to runaway events which are terminated only due to finite size effects. In this
regime, the frequency-size distribution is characterized by system-wide events and, in
addition, by small events distributed approximately according to a power law. How-
ever, the distribution of these micro events becomes steeper, i.e., the exponent becomes
larger, if the stress level is increased further. At very high stress levels, all triggered
events rupture the whole system. In Fig. 1(b) the frequency-size distribution is shown
for critical stress loads and for examples of subcritical and supercritical stress loads.

Furthermore, we find that the temporal growth of ruptures varies systematically for
the three regimes. Although individual events differing very much in their energy-release
histories, averaging over many events lead to distinguishable characteristics (see
Fig. 1c): We find that in the critical state the growth can be fit by a power law
increase ¢!°% independently of the model parameters. An almost identical exponent has
been found for two-dimensional sandpile models connecting the size of an avalanche
with its duration [23]. This exponent indicates an anisotropic growth of the rupture,
because a circular propagating rupture front with constant radial velocity would lead to
the larger exponent 2. We have proven this interpretation by studying several ruptures
individually. In the subecritical regime, the rupture growths is almost one-dimensional
leading to an exponent close to 1. By contrast, in the supercritical regime, the ruptures
grow after an initial time interval or nucleation phase according to a power law with
exponent 2 indicating that a block sliding leads to an instability at the next time step
on all unbroken adjacent blocks. Note that the nucleation phase does not result from
the averaging procedure, it is also present for the system-wide events only. The oc-
currence of this phase, where the growth is almost critical, is due to the time needed
to accumulate enough stress at the rupture front before becoming a runaway event.
Therefore, the occurrence of power law like distributed event sizes of the micro earth-
quakes in the supercritical regime is strongly related to the existence and duration of
this nucleation phase, The duration of the nucleation phase depends on the stress level
and becomes shorter for higher stress loads. For very high loads, all initiated events
are runaway events and no nucleation phase occurs.

3.2. Stress field variations due to earthquakes

In the last subsection, we have shown that the different rupture kinematics in static
stress fields can be characterized by the same underlying critical point behavior.
Although the value of the critical stress load depends on the level of conservation
g, the stress intensity factor y, and the degree of quenched disorder V', the critical
exponents for the divergence of the mean rupture sizes, the frequency-size distribution,
and the critical rupture growth are independent of the model parameters and external
heterogeneities.

However, our aim is to understand the behavior of self-organized systems, where
the actual stress field isthe result of the stress changesdue to previous events as well
as due to external forcing in the form of tectonic plate movement (see Section 4).
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Thus we analyze now the effect of earthquake ruptures with regard to the stress field.
In particular, we are interested in the dependence of the stress field variations on
model parameters and the degree of external heterogeneities. For that, we compute
the standard deviation of the stress lacks op(i,j) — o(i,j) on the rupture area before
and after an event occurs in the case of critical stress loads. The ratio O of both
standard deviations is a measure for the dynamically produced increase or decrease
of the stress field heterogeneity due to an earthquake rupture. Note that due to our
stress field preparation, we investigate the effect of ruptures in spatially uncorrelated
stress field with almost uniformly distributed stress values. However, the resulting stress
distribution within the rupture will not be uniform, because the stress distribution rules
prefer the stress values ng/4 with n=1,...,4 [24]. We account for this effect in the way
that we normalize the observed Q-values by the value resulting for the conservative
model with y= 1. This is due to the fact that for the conservative model with y =1,
the mean stress level remains almost constant after the rupture, resulting in a Q-value
which only measures this effect of redistribution into a non-uniform distribution.

We find that in the case of homogeneous block systems V = 1 and isotropic stress
distribution rules y = 1, the ratio Q between both standard deviations is almost in-
dependent of the degree of conservation. Thus for smooth fault systems, d-like slip
pulses do not change the degree of stress field heterogeneity. In the case of quenched
disorder ¥ > 1, this relation holds only for the conservative case g =1, whereas in the
case of g < | ruptures enhance dynamically the stress field heterogeneity leading to
an effective turning back from the critical state. In particular, the disordering effect of
ruptures, or equivalent the repelling force increases, with decreasing y and increasing
levels of disorder V. This is shown in Fig. 2(a) and (b).

However, if we consider enhanced stress concentration factors y > 1, the results
change. On the one hand, y > 1 leads to a smoother stress field behind the rupture
front. In the case of crack-like behavior (y — oc), the stress levels of broken cells
are all equal to 0 and disorder within the rupture area is only due to external disorder
of the failure strength. On the other hand, system-wide ruptures can occur for y > |
in more uncorrelated stress fields; that is, for larger degrees of heterogeneity. Both
effects lead to a smaller disordering effects, respectively larger smoothening elfects of
earthquakes, or equivalently to an increase of the ratio Q, for increasing y. This is
shown in Fig. 2(c). The increase depends on the level of conservation g and on the
degree of quenched disorder V. The two-dimensional parameter space spanned by g
and ¥, is divided in two parts separated by a border line ¥3(g), which increases from
Vp(0) =1 up to Fp(1) = co. In the lower part, ¥ < ¥p(g), the function O(y) crosses
the value 1; that is, crack-like ruptures smooth the stress field. In the case of larger
disorder ¥ > Vj(g), all rupture types lead to an effective increase of the heterogeneity
(O(y) < 1).

In the next section, we will see that the dynamically produced change of the stress field
heterogeneity quantified by O, can explain the varying behavior of the self-organized
systems for different model parameters and different degrees of external disorder.
The preservation of the degree of heterogeneity by earthquake ruptures Q(y) = 1
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seems to be the condition for forced systems to show self-organized criticality, where.-
as O(7) < 1, respectively O(y) > 1 leads to subcritical, respectively supercritical
behavior.

4, Self-organized systems

Now, we want to analyze the self-organization of such systems in the presence of
external, tectonic forcing. We investigate simulations of 100 x 100 block-systems with
open boundary conditions, where the initial stress levels a(7,j) are randomly chosen
from the interval [0, or(7,7)]. All blocks are simultancously increased with a constant
rate until the stress level on one block reaches the static failure threshold o, Then, the
avalanche kinematics are calculated according to Eqgs. (2.1)—(2.3), When the rupture
stops, all stresses are increased again with the constant rate owing to the tectonic
loading. We assume total healing of the frictional resistance in the interoccurrence
time interval between successive events; that is, all blocks are refered to be unbroken
again. The system is iterated until it reaches a statistically stationary state.

4.1. Homogeneous systems

At first, we analyze simulations with a stress concentration factor y =1, but different
degrees of conservation g. It is already known from previous investigations [11-13,25]
that such systems show SOC in the sense that the frequency-size distributions can
be described by power laws. The exponent of the power law P(S) ~ S, however,
depends on the coupling constant (level of conservation) g. This is shown in Fig. 3(a).
The exponent b is found to increase with decreasing ¢. This dependence is in contrast to
our results found for ruptures in static stress fields (Section 3), where the distributions
are obeying the power law S~12 independently of the parameter g. In self-organized
systems, a power law with this exponent is only observed in the conservative case
g=1.

Here, we examine additionally the temporal growth of the rupture arcas. We find
that the temporal growing rates of the ruptures occurring in these simulations depend
only slightly on g. In Fig, 3(b) it is shown that the increasc can be characterized quite
well by the power law ', which was already observed for rupture growths in criti-
cally loaded, static stress fields (Section 3). However, the frequency-size distributions
reflect the fact that the probability for a rupture to last for longer times is significantly
decreased for lower levels of conservation g.

The results can be understood in the way that most events occur within two-
dimensional spatially extended, critical loaded patches. Within each of these patches an
event of size S will occur with a probability of ~ $~!2, limited only by the finite patch
size, as we already know from the investigation of the static model, This cxplains that
the temporal growth of ruptures can be described almost by the same power law behav-
ior as in the static systems for (0) & Gepirs although the results for the forced systems are
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the rupture areas, where each data point is determined by averaging over all ruptures having grown longer
than time ¢, The solid line indicates the result for gy = 1, whereas results for g < 1 are marked by dots.

superpositions of ruptures occurring at different global loading states (¢). The slightly
lower growing rates for small rupture sizes (see Fig. 3(b)) are likely to be the resuit
of very small patch sizes, where boundary effects are important. The overall observed
frequency-size distribution is built up by the superposition of §—12-distributions with
cutoffs corresponding to the patch sizes occurring in the system. The dependence of the
frequency-size distribution on g emerges from differences in the patch size distribution.
Smaller patch sizes occur more frequently for smaller values of g. To understand this,
consider an event occurring within a larger critical loaded region. Due to the dissipa-
tion, the event leads to a stress reduction at blocks within the rupture area which is in
the order of Ag = (1 — g)de. Thus, the smaller the coupling constant g is, the larger
is the stress gap afterwards. Because of this relation, the tendency of the system to
separate into smaller, almost uncoupled spatial patches, is strengthened for smaller g.
Because for g = 1 no separation will occur, the overall frequency-size distribution can
be described by P(S) ~ S—12 For ¢ < 1 it is already known that in the case of
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periodic boundary conditions, the ongoing separation leads to a periodic state with
almost only small event sizes [24,26,27]. In the case of open boundaries, the inho-
mogeneities at the boundaries prevent such a periodic state [28]. Due to the complex
interplay between synchronization and desynchronization effects in the casc of ¢y < |,
at most times only small patches will occur, whereas with a low but finitc probability
a system-wide critical loaded patch can build up sometimes.

4.2. Heterogeneous systems

It is already known from previous studies [20,21] that even low degrees of quenched
disorder destroy the SOC-behavior in the case of non-conservation ¢ << 1, whereas for
g=1 the system remains critical. Summing up our investigations in Section 3.2, we
can understand this behavior in terms of the digordering effects of ruptures (quantified
by O <1) for non-conservative systems in the presence of external heterogeneitics, For
conservative systems g=1, it is expected from our previous analysis (Fig. 2a) that the
system with y =1 stays critical even for very high degrees of external disorder V. To
prove this, we have analyzed the frequency-size distribution for V == 1,1.5,3, 10, and
1000, finding no significant changes.

Now, we analyze the effect of enhanced stress concentrations ahcad of the rupture
fronts in heterogeneous systems; that is, we study self-organized systems with quenched
disorder for the case y > 1. We find that in the case of g <1 and moderate degrees of
quenched disorder, a transition occurs from suberitical behavior for small values of y to
supercritical behavior for large y-values. The suberitical regime is dominated by small
events and the largest ruptures do not cross the entire system, The supercritical regime
is characterized by frequently occurring events which rupture almost the whele system,
At the transition 9., between these two regimes, the system shows self-organized
criticality; that is, the frequency-size distribution is characterized by a power law. Thus
the behavior is very similar to those characteristics observed for suberitical, critical, or
supercritical loaded static stress fields in Section 3. However, the power law exponent of
the frequency-size distribution for the critical value y.y, is for self-organized systems no
longer universal, rather it depends on the level of conservation ¢f. These characteristics
are illustrated in Fig. 4(a) for a system with quenched disorder ¥ ==1.5 and a level of
conservation g=0.8. The results for three different values of y represent the suberitical,
critical, and supercritical behavior. In the critical regime, the [requency-size distribution
can be fit very well by a power law ~ §~'9, which also fits the distribution for g = 0.8
with the different parameters ¥ =y = 1; that is, the distribution which is observed in
spatially uniform systems with state-independent coupling.

For the same examples, the averaged temporal evolution of the ruptures is shown in
Fig. 4(b). In agreement with the static system (see Fig. lc), the critical system state
is defined by a power law growth #'® of the rupture area, whereas the suberitical
case is characterized by a slower and the supercritical stale by a faster growth after a
nucleation phase. In contrast to the static system, the observed characteristics resulting
from a superposition of events occurring at different mean stress levels, Mowever, the
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consideration of the largest ruptures only leads to almost unchanged characteristics. This
result supports our interpretation that in the case of SOC most of the ruptures occurring
within two-dimensional spatially extended, critically loaded patches (see Section 4.1).
On the other hand, supercritical behavior can be understood by the smoothening effects
of small and intermediate events with regard to the stress field leading after reloading
to supercritical stress loads,

However, there are limitations for finding critical or supercritical behavior in systems
with quenched disorder. The limitations are similar to those found for the static system
(Section 3.2). We find that for a given level of dissipation g the degree of quenched dis-
order has to be smaller than a certain value V,(g) to reach the supercritical regime for
large stress concentration factors y — co. The limiting value varies between F(0) = 1
and V(1) = oo, In Fig. 5 the frequency-size distribution is shown for systems with
guenched disorder ¥ == 10 and a large stress concentration factor y = 100 in the case
of three dilferent levels of conservation. In the conservative case, the system shows
supereritical behavior, whereas the system with g = 0.5 remains still in the subcritical
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concentration factor (y = 100) for three different levels of conservation (g =0.5,0.8, and 1). The results for
g = 1 are multiplied by 10.

regime. For g = 0.8, the system shows SOC-like behavior. In Section 3.2 (Fig. 2c¢),
we have found that for this parameter set (g=0.8, y=100, V' =10) the events ap-
proximately preserve the degree of the stress field heterogeneity (Q = 1), whereas for
g =0.5 (y =100, ¥ =10) ruptures enhance the heterogeneities (Q < 1). Further inves-
tigations of other parameter combinations have supported our result that Q =~ 1 is a
criterion for criticality.

4.3. Boundary effects

Although the simulations shown in the previous sections have been performed with
open boundary conditions, the results are not restricted to this special choice in the
presence of quenched disorder. This is in contrast to results previously found for ho-
mogeneous fault models, where periodic boundary conditions lead to periodic solutions
with mainly small events [24,26—28]. In smooth systems, inhomogeneities emerging
from the boundaries are necessary to counteract this tendency.

In systems with quenched disorder ¥ > 1, the boundaries remain important for the
termination of runaway events, whereas they do not play any more a crucial role with
respect to the critical state. Now inhomogeneities exist everywhere, preventing periodic
solutions. Instead of the boundaries, the inhomogeneities within the block-system are
mainly responsible for the desynchronization effect which is necessary for the emer-
gence of SOC in dissipative systems. This is also reflected in much shorter transients.
We have checked this, by analyzing different dissipative heterogencous systems with
periodic boundary conditions, where y has been fixed by the value leading to critical
behavior in the system with open boundary conditions.
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S. Summary and discussion

The Gutenberg-Richter law for earthquakes has been claimed to be the result of
an underlying self-organized critical state of the fault zones. This hypothesis has been
supported by the Burridge—Knopoff (BK) model, in particular its cellular automaton
versions which show SOC, i.e., reproduce the Gutenberg—Richter law. However, al-
though the Gutenberg—Richter law is a good approximation for regional seismicity,
empirical observations suggest that individual faults are more likely to show charac-
teristic earthquake distributions or seismic creep. Qur aim is to understand the origin
of such deviations from the Gutenberg-Richter law. The investigation of scaling laws
requires long earthquake catalogs produced on large system sizes. Therefore, cellular
automata are suitable because they need relative little computation time.

We have investigated cellular automaton versions of the BK-model with a new
state-dependent stress distribution rule to account for more realistic stress concentra-
tion ahead of the propagating rupture front. The frictional characteristics of ruptures
are defined by the level of conservation g and the stress intensity factor y. Because
real rupture dynamics at tectonic scales are almost unkown so far, we have studied
different rupture types gradually varying between the end-member models, crack-like
propagation and J-type slip pulses, respectively.

Our main finding is the strong relation between the roughness of faults and the
frequency-size distribution, respectively the temporal growth of the earthquakes. Thereby
the earthquake characteristics can be described in terms of critical point behavior, result-
ing in subcritical, critical, and supercritical states. The realized state of self-organized
systems can be explained by means of the effect of individual ruptures on the stress
field. Fig. 6 illustrates our results for the case of a smooth, moderate rough, and very
rough fault. These results predict that characteristic earthquake distributions (supercrit-
ical behavior), observed empirically for several individual fault systems [6,7], can be
expected for smooth fault systems, In massive simulations of smooth faults, character-
istic earthquake distributions occur naturally [29,30], because in these models broader
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slip pulses occur due to inertia which correspond to y > | in the cellular automaton ver-
sions of the same model type. For rough faults, supercritical behavior can be expected
only for almost crack-like rupture characteristics and high degrees of conservation g.
Note that total conservation (g = 1) is an unrealistic assumption, at least due to seis-
mic radiation, heat, and permanent deformation. For other rupture characteristics, the
energy is released in rough faults by small events only, which is reminiscent of
seismic creep. The Gutenberg-Richter law for the frequency-size distribution is found
only for the transition between both phases; that is, only for very special parameter
combinations. Similar to the SOC characteristics for d-type slip pulses in smooth
systems, the exponent of the Gutenberg—Richter law depends on the degree of
conservation.

Additionally to the frequency-size distribution, the different model states are reflected
in different characteristics of the temporal evolution of earthquakes. In the case of SOC,
the growth of the ruptures is not isotropical and can be expressed on average by a
power law increase '8, whereas in the supercritical regime ruptures grow isotropically
(~ £?) after a nucleation phase with the critical, slower growing rate.

Thus our model investigations show that characteristic earthquake distributions are
strongly related to the occurrence of nucleation phases which have been recorded for
several real earthquakes [31-33]. Furthermore, our findings are in agreement with em-
pirical observations suggesting that smoother faults are more likely to have character-
istic earthquake distributions [7].

These results seem to be independent of the special kind of inbomogeneities. Our
investigations of Gaussian instead of uniform distributed failure thresholds as well as
previous investigations of the frequency-size distributions in the case of a conserva-
tive model with spatially fractal distributed failure thresholds [22] support this view.
Furthermore, the overall behavior seems not to be restricted to nearest-neighbor interac-
tions, because similar results have been found for mean-field models, where enhanced
stress concentrations emerge from material weakening effects [34,35].

In this paper, we have shown that characteristic earthquake distributions can result
naturally from more realistic stress concentrations at the rupture front than assumed in
previously studied models showing SOC. An alternative explanation has been proposed
by Rundle and Klein [36] who found that higher plate velocities lead, in the presence
of time delays between an instability and the earthquake initiation, to characteristic
earthquake distributions. However, the time scale of tectonic loading is orders of mag-
nitudes larger compared to the typical interoccurrence times between successive small
and intermediate events [37]. Thus it is questionable, if tectonic driving rates can play
such a crucial role.

In conclusion, our model investigations of individual faults predict that the
Gutenberg—Richter law is an exception rather than the usual case. This might have
important implications for the predictability of earthquakes, because characteristic
earthquake distributions are equivalent to more pronounced seismic cycles leading
to an increased predictability. On the other hand, our results seem to be in contrast to
the observation that the Gutenberg—Richter law is a good approximation for regional
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seismicity, i.e., for fault populations. The apparent inconsistency can be cleared up
by the fact that the Gutenberg—Richter law can result from the superposition of the
characteristic earthquake distributions occurring on different faults, if one considers the
fact that the fault lengths are approximately fractal distributed [38]. However, inter-
actions between different faults have been neglected in this explanation. It will be an
interesting question for future work, if networks of interacting faults with non-fractal

fault length distribution can also lead to the Gutenberg—Richter law for the overall size
distribution,

In sum, the consideration of heterogeneities and more realistic rupture characteristics
in non-conservative cellular automaton models enables to understand the emergence

of the whole scenario of frequency-size distributions observed for individual faults in
nature.
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Abstract. We test the hypothesis that critical point dynamics
precedes strong earthquakes in a region surrounding the fu-
ture hypocenter. Therefore, we search systematically for re-
gions obeying critical point dynamics in terms of a growing
spatial correlation length (GCL). The question of whether or
not these spatial patterns are correlated with future seismic-
ity is crucial for the problem of predictability. The analysis
is conducted for earthquakes with M > 6.5 in California. As
a result, we observe that GCL patterns are correlated with
the distribution of future seismicity. In particular, there are
clear correlations in some cases, e.g. the 1989 Loma Prieta
earthquake and the 1999 Hector Mine earthquake. We claim
that the critical point concept can improve the seismic hazard
assessment.

1 Introduction

Different critical point concepts have been discussed exten-
sively with respect to the predictability of earthquakes (Bufe
and Varnes, 1993; Jaumé and Sykes, 1999; Hainzl et al.,
1999, 2000; Hainzl and Zoller, 2001). Motivated by dam-
age mechanics and laboratory experiments (Leckie and Hay-
hurst, 1977; Das and Scholz, 1981), the time-to-failure ap-
proaches assume that the preparatory process of a large earth-
quake is characterized by a highly correlated stress field with
a growing correlation length (GCL) and an accelerating en-
ergy/moment (AMR) release. In practice, these concepts
have been tested by fitting time-to-failure relations to seis-
micity data. For the AMR model, this relation is

(SVE)t) = A~ B(ty — )", @)
with positive constants A, B, m, the time-to-failure 7, and
the cumulative Benioff strain (£+/E)(¢), where E is the en-
ergy release of an earthquake. In the GCL model, the corre-

Correspondenceto: G. Zoller (gert@agnld.uni-potsdam.de)
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lation length & is expected to diverge for + — 7 according
to

EN=Cly—n7* @)
with positive constants C and k. Both approaches describe
the same underlying mechanism, namely, the critical point
dynamics. An important problem is the determination of
free parameters, which are in addition to A, B, ¢y, and m in
Eq. (1), respectively, C, t¢, and k in Eq. (2), which represent
windows for space, time, and magnitude.

The accelerating moment release in terms of cumulative
Benioff strain has been documented in several cases, e.g.
for California seismicity (Bufe and Varnes, 1993; Bowman
et al., 1998; Brehm and Braile, 1998, 1999). The growth of
the spatial correlation length has been concluded from varia-
tions in the epicenter distribution (Zoller et al., 2001). How-
ever, these studies have not been conducted systematically
in space and time, i.e. the analysis was restricted to the oc-
currence time and the epicenter of the largest events. Thus,
possible false alarms (critical point behaviour without a sub-
sequent strong earthquake) have not been examined. There-
fore, it is an open question whether or not the observed phe-
nomena are unique, i.e. the occurrence of patterns prior to
large earthquakes is only meaningful if there is a system-
atic correlation between these patterns and subsequent earth-
quakes.

In the present work, we compare patterns based on crit-
ical point dynamics in terms of GCL before strong earth-
quakes with the epicenters of these events, and subsequent
intermediate to large earthquakes. By performing a system-
atic spatial search algorithm, we address the question of spa-
tial correlations. To estimate the significance of the results,
the method is also applied to catalogues from an appropriate
Poisson process model.

2 Data and method

In this section, we present the data and the method to detect
spatial correlations between GCL patterns and subsequent
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seismicity. based on the observation of Zoller et al. (1998), that the dy-

We analyze the seismicity in California between the 32° N
and 40° N latitude and the —125° W and —114° W longitude.
The data are taken from the Council of the National Seismic
System (CNSS) Worldwide Earthquake Catalogue. The cat-
alogue covers the time span from 1910 to 2000. The distri-
bution of earthquakesis shown in Fig. 1. To account for the
completeness of the data, we restrict the analysis to the nine
strongest earthquakes with M > 6.5 since 1952. Note that
completeness of the CNSS catal ogue was not achieved until
1940.

For a detailed description of the GCL model, we refer to
Zoller et a. (2001). The method is based on afit of Eq. (2)
to the datain acircular space window with radius R and in a
time interval (o; ¢7) for earthquakes with magnitudes M >
Mgyt = 4.0. The exponent k is set to k = 0.4 according to
the result of Zoller et a. (2001). The power law fit is then
compared with the fit of a constant and the quality of the
power law fit is measured by the curvature value introduced
by Bowman et al. (1998),

__ power law fit root-mean-square error
~ constant fit root-mean-square error

(©)

Around each epicenter of a strong earthquake, the curvature
parameter has been calculated for different values of R and
to. The set of parameters for which C is minimal is used
for further calculations; i.e. the space window (R) and the
length of the time interval (7o) are adjusted in order to opti-
mize C. The approach of looking at different spatial scalesis
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namics of a spatially extended system is most clearly visible
on intermediate spatial scales between the noisy microscales
and the large scales, where the dynamics are hidden due to
the averaging. The C values are determined on a spatial grid
with aresolution of 0.5° in longitude and latitude at nine dif-
ferent times tif, corresponding to the occurrence times of the
nine earthquakes with M > 6.5, denoted with index i. The
result is afunction C? (x) for the GCL model, which is com-
pared with the epicenter distribution of the earthquakes with
M > 5.0 in the time interval (z}.; t}. + 1year). This set of
epicenters is called the pattern Q(x) for the ith strongest
earthquake. The (arbitrary) magnitude threshold M = 5.0
defining the pattern Q' (x) has been introduced, since the
premonitory patterns are assumed to be correlated not only
with the strongest earthquake, but also with some subsequent
main shock activity.

In the next step, the curvature parameter Cixpc(x) iscalcu-
lated for 100 adjusted Poisson catalogues (APC) in order to
derive ameasure for the statistical significance of the results.
These catalogues are calculated according to the algorithm
of Zoller et a. (2001):

1. The CNSS catalogue is declustered using the algorithm
of Reasenberg (1985);

2. Random epicenters according to the epicenter distribu-
tion of the declustered CNSS catalogue are calculated;

3. Theearthquake occurrencetimesare drawn from aPois-
SON Process;
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4. The earthquake magnitudes are taken randomly from a
probability distribution fulfilling the Gutenberg-Richter
law (Gutenberg and Richter, 1956);

5. Aftershocks according to the law of Omori (1894) are
added using the algorithm of Reasenberg (1985) in the
inverse direction.

The resulting earthquake catal ogue corresponds to a Poisson
process in time with additional aftershock activity. The dis-
tributions of the epicenters and the magnitudes are similar to
those of the genuine catalogue. Note that only the spatiotem-
poral correlations of the seismicity are randomized and all
other features are preserved. Therefore, the APCs allow one
to test for systematic spatiotemporal behaviour.

The likelihood ratio test has been proposed by Gross and
Rundle (1998) in order to compare two models with respect
to their suitability to describe an observed data set. In this
work, the observed data are given by the set Q' (x) of epicen-
terswith M > 5.0 after the ith strongest earthquake. Model 1
isdefined by the GCL pattern of the original catal ogue before
the ith strongest earthquake, i.e. the distribution of curvature
parameters C' (x) in space. Model 2 isthe corresponding pat-
tern C’APC(x) for an APC. For both models, the likelihood
function L is computed with respect to the N earthquakes,
forming the pattern Q' (x):

L=
k

P(xg, Cp).
1

N

4
P(xg, Cy) isthe normalized probability density for an event
occurring at the epicenter x; with a premonitory GCL pat-
tern characterized by the curvature parameter C;. To ap-
ply the likelihood ratio test, we assume Gaussian probabil-
ity density functions P(x,C) = pi1(x) x p2(C) consisting
of atwo-dimensional Gaussian function p; around the spa-
tial grid node x with standard deviation o7 and a (right wing)
Gaussian function p» depending on the curvature parameter
C with standard deviation 2. The value of o1 is the distance
between two adjacent grid nodes and o2 = 0.35 is an empir-
ical value (Zoller et d., 2001). It should be noted that Eq. (4)
must be applied cautiously, since this equation only holds if
the N earthquakes are statistically independent.

The likelihood function is aso measured for each of the
APCs (mode! 2). Thelikelihood ratio LR’ = L/Lapc of the
normalized likelihood functions for model 1 and model 2 is
equal to the probability ratio p/papc, where p denotes the
probability that Q' (x) arisesfrom the original data (model 1)
and papc is the corresponding probability for the APCs
(model 2). Inthe case of LR’ > 1, the detected GCL pat-
terns in the original catalogue are more correlated with the
subseguent occurring intermediate to large earthquakes. In
contrast, LR’ < 1 means that the patterns from the random
catalogue are correlated with the future seismicity. Dueto a
rather skewed distribution of LR’, the mean value (LR?) is
not an appropriate measure for the spatia correlations. In-
stead, we use the number N! of APCsthat is a better fit than
the origina model (LR’ < 1) and represents a more robust
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Table 1. Results of Likelihood Ratio Test. Ny isthe number of ad-
justed Poisson catal ogues, where the GCL patterns are more corre-
lated with main shock activity than for the CNSS catalogue. Pggng
is the probability that nine random numbers (corresponding to the
nine strong earthquakes) have a mean value smaller than or equal
to (Ng). The values in the parentheses are the results for (Ny) and
Peonf Without the Kern County earthquake

Earthquake date M Ny
a  Kern County 21Jul 1952 75 85
b. Landers 28Jun1992 7.3 34
c. Hector Mine 160Oct 1999 7.1 23
d. LomaPrieta 180ct 1989 7.0 16
e. Codinga 2May 1983 6.7 26
f.  Northridge 17Jan 1994 6.6 62
g. SanFernando 9Feb 1971 6.6 16
h.  Superstition Hills 24 Nov 1987 6.6 28
i. Borrego Mountain 9 Apr1968 6.5 51

(Ns) 38(32)

Peonf 89% (97%)

measure. The value of N! varies between 0 (no APCs fit
better than the original model) and 100 (all APCsfit better).

3 Resultsand discussion

Results for the correlation length from Eq. (2) are shown in
Fig. 2. The triangles are the earthquakes with M > 5.0 oc-
curring during one year after the strong shock with M > 6.5
(largest triangle), i.e. the pattern Q' (x). The grey shaded
boxes denote the GCL pattern Ci(x). Anaogously, Fig. 3
is the same for a catal ogue from the Poisson process model.
Curvature parameters above 0.7 are not shown, since power
laws and constant functions are no longer distinguishable.

The likelihood ratio test introduced in Sect. 2 is now ap-
plied to compare the patterns C! (x) and cgpc(x) with the
pattern Q' (x). The quantity N/ (0 < N, < 100), which is
the number of APCs that fit better to Q' (x) than the orig-
inal data, is used as a measure for the predictive power of
the GCL pattern in the original catalogue before a certain
strong earthquake. Note that we do not introduce alarm con-
ditions using threshold values. The results for N are given
in Table 1. The confidence level pggpf in the last row isthe
probability that nine random numbers (corresponding to the
nine strongest earthquakes) have a mean value smaller than
or equal to (N,) = (1/9) >_; N

The spatial correlations of the GCL patterns with the fu-
ture seismicity are clearly visible in some cases, eg. the
Hector Mine, the Loma Prieta, the Coalinga, and the San
Fernando earthquakes. The most conspicuous anomaly can
be observed prior to the Loma Prieta earthquake in Fig. 2d.



96

a) M7.5 Kern County (21 Jul 1952)

b) M7.3 Landers (28 Jun 1992)
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¢) M7.1 Hector Mine (16 Oct 1999)
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Fig. 2. Curvature parameter C (grey shaded boxes) based on the GCL pattern. Thefilled triangles are the strong earthquakes (largest triangle)

and the earthquakes with M > 5.0 until one year after these events.

Thisis probably due to the fact that there had been no other
strong earthquake in the Loma Prieta region since 1910 and
consequently, the GCL pattern of this event is not disturbed
by the overlapping patterns from the other events. In con-
trast, the result for the Kern County earthquake is close to a
random response. A possible explanation is that the quality
and the length of the data may not be sufficient prior to 1952.
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Aswe have checked, theresult for the Kern County event can
be dlightly improved with a magnitude cutoff of Mgyt = 4.5
instead of M¢yt = 4.0. The confidence level peoni = 89%
for the nine strongest earthquakes is below the typical con-
fidence levels for statistical hypothesistests, e.g. p = 95%.
However, if the Kern County earthquake is excluded from the
analysis due to a lack of data quality, we obtain (Ny) = 32
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Poisson catalog
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Fig. 3. Curvature parameter C (grey shaded boxes) with respect to
a strong earthquake (M = 7.0) for an adjusted Poisson catalogue
(APC). Thefilled triangles are the earthquakes with M > 5.0 until
one year after these events.

and aresulting probability of peonf = 97%. In this case, the
null hypothesis where the results can be reproduced using a
realistic Poisson process model without spatiotemporal cor-
relationsis rejected with a reasonable high confidence level.
We want to point out that all parameters in our analysis
arefixed empirically or determined by the optimization tech-
niques described in the previous section. Thisis a first or-
der approach which may ignore important information in the
data, leading to small significances. Therefore, itisimportant
to determine parameters by physical conditions, e.g. scal-
ing relations such aslogR = c¢1 + coM with constants ¢
and c; for the space window R (Bowman et al., 1998; Zoller
et a., 2001) and logT = c3 + c4M with constants ¢3 and
¢y for the time window T (Hainzl et a., 2000), as well as
search magnitudes should be introduced in order to increase
the significances. This would also be a step towards a pre-
diction algorithm, where a spatiotemporal search for anoma-
lies can be conducted. By introducing threshold values in
terms of alarm conditions, an analysis by means of error di-
agrams (Molchan, 1997) could then be carried out. These
refinements and extensions are left for future studies.

4 Summary and conclusions

We have tested the hypothesis that spatial anomalies accord-
ing to the critical point concept for earthquakes occur before
strong earthquakes. Therefore, we have used the growing
spatia correlation length as an indicator for critical point be-
haviour. To reduce the number of free parameters, we have
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fixed the magnitude cutoff and the critical exponent by val-
ues known from the literature. The remaining parameters,
namely, space and time windows have been determined sys-
tematically by an optimization technique. From alikelihood
ratio test in combination with a sophisticated Poi sson process
model, we have extracted a statistical confidence level.

By applying a search algorithm in space, we find a rough
agreement of the predicted regions with future seismicity.
Although false alarms and false negatives are present, the
original data provide significantly better resultsthan the Pois-
son process model. The confidence level of 89% is enhanced
by excluding the Kern County (1952) earthquake due to a
lack of data quality. Further improvements in both the GCL
model itself and the statistical test are possible. In particular,
it is desirable to map directly probabilities instead of curva-
ture values. This would allow one to compare the present
analysis with similar approaches, especialy with models
based on accelerating energy/moment release.

In conclusion, we have shown that the critical point con-
cept makes a contribution to the improvement of the seismic
hazard assessment. Further studies and applications of the
methods are promising to increase the significance of the re-
sults.
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Abstract. A systematic test on seismic quiescence occurring before large earthquakes is conducted.
For a fixed geographical location, the degree of clustering in space and time is analysed and the
results are tested against randomized earthquake catalogs. A gridding technique allows to investigate
the entire spatial volume covered by a certain earthquake catalog. The result is a significance K (X, 1)
for seismic quiescence as a function of space and time. A point (X, ¢) is considered as quiet, if
K (%, 1) exceeds a threshold value K ©® such that the null hypothesis is rejected with a probability
of p > 99%. Because earthquake clusters, like aftershocks and swarm events, generate erroneous
quiescence, declustered catalogs are also investigated and the influence of the clusters is discussed.
Applying this method to an earthquake catalog from Armenia, several cases of seismic quiescence
before mainshocks are obtained. These quiescence periods occur in the original data as well as in
the declustered data. Using alarm conditions, it is found that quiescence periods and mainshocks are
correlated ‘better-than-chance’. Thus, the results support the claim that seismic quiescence makes a
contribution to the improvement of seismic hazard assessment.

Key words: seismic quiescence, statistical methods, earthquake prediction.

1. Introduction

In the recent past, an extensive discussion about the predictability of earthquakes
and the significance of earthquake precursors has taken place (Nature debate,
1999). Many seismologists claim that some individual earthquakes should be pre-
dictable on the basis of precursory phenomena (Wyss, 1997a). Some of these
observed premonitory phenomena are foreshocks (Jones and Molnar, 1979), peri-
ods of seismic quiescence (Habermann, 1988; Wyss and Habermann, 1988a), and
patterns related to critical point dynamics in terms of accelerating moment release
(Jaumé and Sykes, 1999) or growing spatial correlation length (Zoller et al., 2001).

The counterclaim to the predictability based on precursory phenomena is the
conclusion that earthquakes are inherently unpredictable (Geller et al., 1997), be-
cause the earth is assumed to be in a state of self-organized criticality (SOC). In
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this context, the significance of precursory phenomena is brought into question,
because they are detected only in a limited number of cases using special values
for free parameters. However, Hainzl et al. (2000) have shown that also in models
obeying SOC, precursory phenomena occur. Especially, the detection of seismic
quiescence can improve the hazard assessment in these models. The aim of this
work is a systematic mapping of periods of seismic quiescence in a real earthquake
catalogue and to test if positive correlations with the largest earthquakes exist.

The role of seismic quiescence as a promising candidate for an intermediate-
term precursor to large earthquakes has been discussed in numerous publications
(Wyss and Habermann, 1988a, 1988b; Ogata, 1992; Wyss, 1997a, 1997b; Hainzl
et al., 1999, 2000). Possible mechanisms for the occurrence of seismic quiescence
are presented in Dieterich (1978), Dieterich and Okubo (1996), Kato et al. (1997),
Rudnicki (1988), and Scholz (1988). It typically extends over the rupture zone of
the subsequent mainshock and lasts for months to years. However, the detection
of quiescence in earthquake catalogs is not straightforward due to the following
reasons: (1) The occurrence of seismicity rate variations in earthquake data is “a
complex mixture of real and man-made changes” (Habermann, 1987). The latter
mostly arise from network changes and systematic changes in magnitudes. (2)
The significance of an observed signal, e.g., a seismic quiescence, depends on the
data quality as well as on the statistical testing procedure itself. For instance, the
detection of quiescence becomes questionable, if the background seismicity is too
low. (3) A proper definition of the background seismicity is required. The present
work mainly deals with points (2) and (3). For the discrimination between real and
‘man-made’ changes, the reader is referred to Habermann (1987).

In this work, a weighted sum of earthquakes above a fixed magnitude is used to
quantify seismic clustering. The weights decrease with increasing distance in space
and time (C-value). The inverse of C, called Q-value, is a measure for quiescence.
A common problem of all approaches is the choice of parameters needed for the
analysis, e.g., space and time windows, and the magnitude cutoff. Since the quies-
cence signal depends on these parameters, the separation of precursory quiescence
and random rate decreases is not clear. Therefore, randomized earthquake data are
used to compute significances for seismic quiescence (Theiler ef al., 1992; Zoller
et al., 1998). This approach is based on bootstrap techniques (Efron and Tibshirani,
1993; Kiinsch, 1989), which are well-known in time series analysis. Because each
Q-value of the original data can be compared with a mean value of a large number
of random data, a higher degree of robustness is expected for the results.

In Section 2, the earthquake catalog and the data analysis technique are de-
scribed in detail. The results of the analysis are presented and discussed in Section
3. Finally, the conclusions are given in Section 4.
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Figure 1. Map of the study area and earthquake distribution between 1962 and 1996. The
crosses denote the earthquakes with M > 2.2; the triangles denote the earthquakes with
M >5.0.

2. Data and Method
2.1. DATA AND PRE-PROCESSING

An earthquake catalog for the Armenia region (38.2°-42.0°N/42.0°-47.0°E) is in-
vestigated, which has been recorded by the National Survey for Seismic Protection
of the Republic of Armenia between 1962 and 1996. Armenia and the adjacent
regions are characterized by a diffusive distribution of earthquake epicentres, which
is due to the typical mosaic-block structure formed by several differently orientated
faults (Balassanian ef al., 1997). The study area is shown in Figure 1.

The data set contains the times, the coordinates of the epicentres, and the surface
magnitudes for the total number of 11, 781 events with M > 2.0. The depths are
not taken into account, because of their large uncertainties. The epicentres are cal-
culated to the nearest 0.1°. A change of the epicentre accuracy may introduce small
volumes of erroneous seismic quiescence. Therefore, only quiescence volumes
exceeding a certain size will be considered as candidates for precursory patterns
(see Section 3.1).
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Figure 2. The frequency magnitude relation (Gutenberg—Richter law) for the Armenia data.
The solid line is a fit for b = 0.98 (Richter b-value).

Figure 2 shows the frequency magnitude relationship (Gutenberg and Richter,
1954) of the catalog. A straight line with the slope (Richter-b value) b = 0.98 +
0.05 is in good agreement with the distribution of magnitudes M e [2.2;5.8].
Thus, a lower magnitude cutoff according to M > 2.2 is introduced. The remaining
9,314 events are the basis for the further investigations.

A detailed analysis of the catalogue homogeneity and the magnitude of com-
pleteness M, as a function of space and time has been conducted by Wyss and
Martirosyan (1998) for the same catalogue as in the present study. They found no
artificial rate changes in time, but a dependence of M, on the space. In particular,
M. increases for longitudes smaller than 39.7° and greater than 41.8° to M, = 2.8.
As Zuniga and Wiemer (1999) and Zuniga and Wyss (1995) have shown, the com-
pleteness considerations are important for the choice of the study area and should
be carried out carefully to avoid misleading interpretations of observed seismicity
patterns. However, the present analysis is based on the detection of relative qui-
escence, rather than absolute rate decreases. That is, only significant deviations
from a local background seismicity are detected. Consequently, spatial changes of
the magnitude of completeness can be neglected, if M, is approximately constant
in time. The quiescence analysis is thus conducted in the whole region shown in
Figure 1. This study area is chosen slightly smaller than the original catalog in
order to avoid boundary effects (see also Section 2.4).

Another important source of man-made changes is the occurrence of quarry
blast events. Wiemer and Baer (2000) have shown that these events can be detected
by comparing the daytime rate of earthquakes with the nighttime rate. For the
whole study area, this analysis results in an increased activity at noon. A spatial
mapping of this rate leads to the identification of two locations in the Armenian
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catalogue, where a significant number of quarry blasts is probably present. These
events occur with a rate that is approximately constant in time. As a consequence,
the quarry explosions may introduce only artificial quiescence periods with dur-
ations of hours to days, whereas the present analysis focuses on time scales of
months to years.

2.2. DETECTING SEISMIC QUIESCENCE

For the quantification of seismic quiescence, counting rates with additional weights
corresponding to spatial and temporal overlap volumes are used (Zschau, 1998). In
the following, the method is described briefly:
1. The function C (X, 1) is defined as the weighted sum of all earthquakes occurred
at time 7; with epicentre X; in the past (7; < 1):

C(E.1) =Y wPeF, X;) wi™(, T)), (1)

T; <t

The spatial weiight wPace (x| )Zi) = V(X, )?i)/ (wr R?) contains the overlap
volume Vgi, X;) of two circles with the same radius R surrounding the
epicentre X; and the point X, respectively:

V@, )Zi) _R2. { 2 arccos (2’—1’?) — sin [2arccos (2’—1’?)], ri <2R 2
, else,
where r; = |X — X i|s 1s the distance on the sphere.
The time weight wime (s, T;) is a piecewise linear function:
; 1-ZL 0<r—T,<T
time T — T ° = 1=
w'™ (1, T;) { 0. e, 3)
2. The inverse of C is a measure for seismic quiescence:
Q(, 1) =1/CKX,1). 4)

As an example, the function Q(X, ) is calculated at the location X = (40.92°N,
44 .22°E) of the M7 Spitak earthquake (8 December 1988) using 2R = 60 km and
T = 600 days (see Figure 3). The curve shows several peaks indicating less seismic
activity. However, these signals have to be divided into real quiescence periods and
statistical fluctuations. Therefore, 100 synthetic earthquake catalogs are generated
by randomizing the spatiotemporal correlations in the data. In particular, the epi-
centres have been shuffled as a function of the time: (1;, X;) — (&, Xrana(i)), Where
rand(-) maps the index i on a randomly selected index j. The dashed line in Figure
3 shows the average of Q over the 100 synthetic catalogs; the errorbars indicate
three standard deviations: (Q*"") +30*"". The comparison of both curves shows that
before the Spitak earthquake, O deviates most significantly from the background
seismicity, which is assumed to be given by the synthetic earthquake data.
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Figure 3. The function Q(z) at the location of the M7 Spitak earthquake on 7 December 1988.

The solid line results from the original earthquake catalog. The dashed line is the average of

100 surrogate catalogs, each generated by scrambling the original data. The errorbars denote

three standard deviations: (QS"T) + 305,

2.3. THE NULL HYPOTHESIS

A proper definition of a null hypothesis is not straightforward (Stark, 1997; Kagan,
1997). In this paper, the null hypothesis is constructed simply by randomizing the
locations of the earthquakes in the original catalog, so that the spatiotemporal cor-
relations in the data are destroyed. This technique is convenient, because the null
hypothesis is derived directly from the data set itself (Theiler et al., 1992; Zoller
et al., 1998) such that the statistical structure of the data is preserved. In detail, the
following null hypothesis for seismic quiescence is defined:

Null Hypothesis. The function Q(X,t) for real earthquakes can be modelled by
Q™(X, t) obtained from surrogate earthquake data with randomized dynamics but
the same statistical properties.

An important property of the surrogate data is the conservation of the event
distributions, i.e., the time distribution and the spatial distribution of earthquakes.
Consequently, the frequency magnitude relation shown in Figure 2 is preserved.
Only the dynamics is randomized by scrambling the epicentres and thus, destroy-
ing the spatiotemporal correlations. The main advantage of this technique is that
important constraints of the earthquake data remain the same.

However, the surrogate data have to be considered carefully. Therefore, note that
the original data, which are the basis for the randomization, are not uniformly dis-
tributed; they contain either aftershocks and other clusters like earthquake swarms.
These clusters are distributed over the entire catalog by the randomization. As a
consequence, the seismic rate increases outside the cluster volume and artificial
quiescence is measured almost everywhere, when original data and surrogate data
are compared. There are two methods to deal with the cluster problem (Kagan
and Vere-Jones, 1996): (A) declustering the earthquake catalog and (B) using a
null hypothesis which explicitly includes clustering. Both techniques are related
to additional parameters, because they depend on the definition of a cluster. With
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respect to the latter method, a special kind of randomization, which is performed
by a sequence of transpositions of two events, i <> j, is introduced. First, an
event i is picked up randomly from the catalog. For a uniform randomization the
probability that i is exchanged with j, is independent of i and j: p;; = 1/n, where
n is the total number of earthquakes in the catalog. In contrast to this, a Gaussian
probability distribution for a modified null hypothesis is introduced:

S IE s
pij ~ € )

(&)

where r;; is the distance of the epicentres of i and j; the parameter r( is set to
ro = 50 km. This technique favours a more localized randomization. Although the
influence of the clusters decreases, artificial quiescence is still present. This is not
surprising, because the spatial extension of most clusters is less than the typical
distance ry. On the other hand, ry can not be chosen arbitrarily small, because
the total number of events is relatively small and inhomogeneously distributed.
Therefore, the method proposed by Kagan and Vere-Jones (1996) is also used.
Declustered catalogs are calculated to identify quiet periods, which are artificial.
Applying the decluster algorithm of Reasenberg (1985) with the parameters from
Arabasz and Hill (1996), a data set of 7,892 events with M > 2.2 remains.

Note that the declustering is an additional pre-processing of the data and thus
independent of the randomization. In the next section, the test of the null hypo-
thesis is described. The testing procedure is then applied to the original earthquake
catalog including clusters, as well as to the declustered catalog.

2.4. TEST OF THE NULL HYPOTHESIS

The modeling procedure can be divided into four steps and is performed for the
times ¢, ¢t + AT, t +2AT, ....

(i) For a fixed location X and a time ¢ the set of all events that occurred before ¢
is considered.

(i1) For this reduced catalog, N surrogate data sets are created by randomization.
(iii) The statistical significance

k(= L0800 ©)

is calculated, where (Q®")(¢) is the average of Q over all surrogates and
o % (¢) the corresponding standard deviation.
(iv) Sett — t + AT and go back to item 1.
In order to detect precursory phenomena, only events from the past (7; < ¢) are
used to model Q at time ¢. Due to statistical reasons, the number of events with
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T; < t as well as the number of events within the space-time window should not
be too small. Hence, the calculations are restricted — arbitrarily — to + > 1/1980,
so that the past contains at least 4000 earthquakes with M > 2.2 (3500 in the
declustered catalog). Furthermore, the condition is introduced that for one location
X at least three events have to satisfy for each time ¢ the conditions r; < 2R and
0 <t —T; < T from Equations (2) and (3). Else, the modelling at the location X is
not taken into account.

The steps (i) to (iv) are performed for the nodes X; of a 50 x 50 grid in space. To
avoid boundary effects, a grid that covers only the central region in space (38.6°—
41.6°N/42.8°-46.3°E) is considered. The parameters are 2R = 60 km and T =
600 days in order to approximate quiescence episodes with intermediate size and
duration; the time bin in item 4. is set to AT = 25 days. For each time step a
number of N = 100 surrogate data files is generated.

The aforementioned procedure provides the significance K (X, t) as a function
of space and time. To transform the significance into a probability, the distribution
of Q-values has to be considered. The value, below which 99% of the results fall,
is extracted from each distribution and the corresponding significance K©%(¢)
is calculated from Equation (6). As a conservative approximation the threshold
K©®? = max, K®(t) is chosen for the rejection of the null hypothesis. For the
original catalog, K®® = 12, respectively for the declustered catalog K®? = 8, is
found.

3. Data Analysis

3.1. PERIODS OF SEISMIC QUIESCENCE IN THE ARMENIA REGION BETWEEN
1980 AND 1997

The technique introduced in the previous section is now applied to detect periods
of seismic quiescence prior to mainshocks. Therefore, earthquakes with magnitude
M > 5.0 are investigated. The original catalog with clusters contains nine such
events including one aftershock in the time between 1980 and 1996. These earth-
quakes are listed in Table 1. The aftershock (event 4a in Table I) is not considered
as a mainshock in the further investigations.

In order to analyse temporal correlations between quiescence and mainshocks,
the fraction Vy of quiet grid nodes, namely of grid nodes with K > K©? (see
Equation (6)), is calculated for each time step ¢. Figure 4 shows the results for the
earthquake catalog including clusters (Figure 4(a)) and those for the declustered
catalog (Figure 4(b)). The figure shows at least four different periods of quiescence.
The results obtained for the original data and the declustered data have two main
differences: first, the aforementioned artificial periods of quiescence after the main-
shocks, which are due to the shuffled aftershock sequences in the surrogate data,
are absent in the case of declustering. Second, the results for the declustered data
show a quiescence in the beginning of 1983, which is not present in the original
data.
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Table 1. Earthquakes in the Armenia region with M > 5.0 in the time between 1/1980 and

12/1996. Event 4a is probably an aftershock of event 4.

No. Date Lon. (deg.) Lat. (deg.) Mag.
1 June 16, 1982 43.90 41.00 5.0
2 Sep. 20, 1984 44.08 41.42 5.8
3 May 13, 1986 43.70 41.45 5.6
4 Dec. 7, 1988 44.22 40.92 7.0
4a Dec. 7, 1988 44.22 40.85 5.7
5 Dec. 16, 1990 43.69 41.32 5.1
6 Oct. 6, 1991 43.60 41.13 5.1
7 Dec. 9, 1992 45.19 40.10 5.0
8 Sep. 24, 1994 46.15 40.37 5.0
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Figure 4. Fraction V¢ of the total volume covered by seismic quiescence (K > K ©9) for the
original catalog without declustering (a) and the declustered catalog (b). The impulses apply
to earthquakes with magnitude M > 5.0.
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Figure 5. Pictorial definition of begin and end of a quiescence. An alarm is issued at the end
of the quiescence.

Although quiescence periods before mainshocks are visible in some cases (see
Figure 4), a systematic analysis is required to justify the statement that quiescence
periods are correlated with large earthquakes. This problem is addressed in the next
section.

3.2. TEMPORAL CORRELATIONS BETWEEN QUIESCENCE PERIODS AND
MAINSHOCKS

For a quantitative analysis of correlations between quiescence and mainshocks,
alarm conditions are defined. Afterward, the predicted events, the false alarms and
the failures to predict are counted. Finally, the fraction of time covered by alarm,
is computed.

The alarm conditions have the following form:

(A1) The alarm starts, if the fraction of the quiet volume Vy(¢) falls below the
threshold Vi, (time 7,).

(A2) The alarm lasts for T4.

(A3) If condition (A1) is fulfilled during a running alarm, this alarm remains
unchanged and no new alarm is issued.

A sketch of the alarm conditions is given in Figure 5.

These alarm conditions are connected with two additional parameters, the
threshold volume Vi, and the alarm duration 74. An event is ‘predicted’, i.e.,
recognized by an alarm, if it takes place in an alarm interval [¢,; t, + T4].

Figure 6 shows the positions of the alarms relative to the mainshocks for a
fixed set of parameters. The alarm duration is 74 = 10 months and the threshold
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Figure 6. Temporal correlations between alarms (boxes) and earthquakes with M > 5.0
(impulses) for the original catalog (a) and the declustered catalog (b). The threshold value
for Vg is set to Vi, = 1% for the original catalog and Vi = 0.5% for the declustered catalog;
the alarm duration 74 is 10 months, respectively.

value V4, is chosen to Vi, = 1% for the original catalog and Vy, = 0.5% for the
declustered data. For the original catalog, 5/8 of the mainshocks are preceded by an
alarm and for the declustered catalog this fraction is 4/8. Among the seven alarms,
there are two false alarms and three failures to predict. In Figure 6 the fraction of
the total time covered by alarm is 36% for the catalog including clusters (Figure
6(a)) and 31% for the declustered catalog (Figure 6(b)).

It is, however, not clear, if the results in Figure 6 deviate significantly from
a random response. Therefore, seven alarms, each lasting for 74, are randomly
distributed over the entire time interval and the number of mainshocks covered by
an alarm N; as well as the number of false alarms is extracted. This procedure is
repeated 10,000 times. A confidence level can be defined by the probability p. to
predict less than N, mainshocks with these random alarm sets.

This calculation is performed for different values of T4 and Vy,. The results are
given in Figure 7 (catalog including clusters) and in Figure 8 (declustered catalog).
Each plot corresponds to a fixed alarm duration 74 and shows the number of alarms
and false alarm (lower plot) and the confidence level p. (upper plot) as a function
of Vi, respectively. The figures demonstrate that the distribution of alarms is, for
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Figure 7. Catalog including clusters: number of alarms and false alarms as a function of
the parameters 74 and Vi, (bottom); confidence level p. for the alarms not being randomly
distributed (top). (a) T4 = 8 months, (b) T4 = 10 months, (¢c) T4 = 12 months, (d) T4 = 15
months.

certain ranges of the parameters Vy, and T4, far from being random. This result
holds for both, the catalog including clusters and the declustered catalog. The
confidence level for the example in Figure 6(a) is p. = 0.91. For Figure 6(b)
this value is p. = 0.81.

3.3. LOCATIONS OF THE QUIESCENCE VOLUMES AND SPATIAL
CORRELATIONS WITH THE MAINSHOCKS

In the previous section, the computed temporal correlations between episodes of
seismic quiescence and subsequent mainshocks have been calculated. For certain
alarm conditions, the alarms issued by the quiescence detector are far away from a
random response. The alarm conditions correspond to the hypothesis that seismic
quiescence prior to mainshocks exists. This hypothesis is rather general, because
no further assumptions about the duration and the spatial location are taken into ac-
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Figure 8. The same as in Figure 7 for the declustered catalogue.

count. The reason for this is that the underlying mechanisms of quiescence are not
well understood and may not be applicable for all earthquakes, e.g., the earthquake
mechanisms may vary with locations or depth of focus.

Figures 9 and 10 show the location of the quiescence volumes relative to the
mainshock epicentre for the ‘successful’ alarms in Figure 6 for the catalog includ-
ing clusters and the declustered catalog, respectively. Therefore, the quiescence
volume has been defined by the set of grid points, which are quiet for at least 10%
of the duration #, in Figure 5. Short term fluctuations of the quiescence volume are
thus suppressed.

Figure 9(c) and Figure 10(c) both provide a quiescence volume near the epi-
centre of the subsequent Spitak earthquake. In the other cases the quiescence
volume is less stable with respect to the declustering procedure. Hence, the quies-
cence detector leads to the clearest signal for the largest mainshock, the M7 Spitak
earthquake.

Finally, a criterion for the ‘prediction’ of the mainshock epicentre is introduced.
That is, the mainshock must be located within the quiescence volume. For the
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Figure 9. Catalog including clusters: location of the quiescence volume relative to the

mainshock epicentre (V, = 1%) for the matched mainshocks in Figure 6(a).
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Figure 10. Declustered catalog: location of the quiescence volume relative to the mainshock
epicentre (Vi, = 0.5%) for the matched mainshocks in Figure 6(b).

original catalogue, this criterion results in a rate of 3/8 of predicted mainshocks
in time and space. In the declustered catalogue, all mainshocks occur outside the
quiescence volume. The fraction of the space-time volume covered with alarms is
3% for the original catalogue and 2% for the declustered catalogue.

3.4. THE M7 SPITAK EARTHQUAKE

This subsection deals with the Spitak M7 earthquake, which occurred on 7 Decem-
ber 1988 at 40.92°N, 44.22°E (Balassanian et al., 1995; Rogozin and Philip, 1991).
In a detailed study, Balassanian et al. (1995) claim that this earthquake was pre-
ceded by the quiescence of different durations: 5 years for the future source zone;
1.5 years along the active faults, the junction which coincides with the source zone;
1.5 months for the whole region of the Armenian uplands. This means that there
is a relation between the area size and the quiescence duration. In particular, for
longer quiescence durations the area is smaller and vice versa.
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Wyss and Martirosyan (1998) claim that this earthquake was preceded by a
quiescence of 5 & 0.5 years duration and a maximum extension of approximately
40 km. The quiescence is located north of the epicentre. This is in good agree-
ment with the present result illustrated in Figures 9(c) and 10(c). Furthermore,
the technique used in the present work, yields a maximum extension of the qui-
escence of approximately 80 km in February 1987. For larger values of Vy,, the
anomaly shrinks, but the location remains stable. Wyss and Martirosyan (1998)
use the alarm cube method to show that the anomaly is unique with respect to the
statistical significance, if the standard deviate z which determines the significance
level, is increased. Taking into account the different study area, the present analysis
confirms this finding, if the parameter Vy, is increased. Note that in this approach
Vin decides whether an alarm is issued, while this is done by the standard deviate z
in the work of Wyss and Martirosyan (1998).

The main difference is found in the onset and the duration of the quiescence.
Contrary to Wyss and Martirosyan (1998), the present analysis leads to a quies-
cence beginning in May 1986 and lasting for 2.5 years. Therefore, note that the
definition of the duration and the extension is arbitrary. Wyss and Martirosyan
(1998) determine these parameters by a 75% rate decrease in the crustal volume
of the mainshock. This is in contrast to the quiescence detector in the this work,
because the quiescence is smoothed out due to the special weights in Equation (1).

In summary, the approach in the present work is different from the those of
Wyss and Martirosyan (1998) with respect to the study area, the quiescence hypo-
thesis, the alarm conditions, and the statistical testing. These differences have been
introduced in order to conduct a systematic and robust test on seismic quiescence
and can also be applied to data from other regions. The fact that despite these
differences the results for the Spitak earthquake are very similar, strongly sup-
ports the hypothesis that this event was preceded by a clearly pronounced seismic
quiescence.

4. Summary and Conclusion

This work deals with seismic quiescence as an intermediate-term precursor to large
earthquakes. This phenomenon is known at least since the 1960s, and documented
in several case studies. However, case studies are not suitable to assess the statist-
ical significance of quiescence, respectively the benefit for earthquake prediction.
To overcome the problem of lacking statistical significance, a systematic spatiotem-
poral mapping of seismic quiescence with fixed parameters has been conducted
using a high quality data record from Armenia.

To quantify seismic quiescence, a simple cluster algorithm has been used. Stat-
istical significances have been derived by means of the concept of surrogate data
for spatiotemporal systems. Using a large number of surrogate data files yields
results with a high degree of robustness. Applying a gridding technique provides a
significance K (X, t) for seismic quiescence as a function of space and time. With
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respect to the robustness of the method, a threshold K 9 which discriminates,
whether or not the actual seismicity is less then the background seismicity, has been
introduced. Due to the scrambling of aftershock sequences over the entire spatial
volume in the surrogate data, postseismic quiescence is observed. The applica-
tion of the method to a declustered earthquake catalog shows that this postseismic
quiescence is artificial.

The correlations between quiescence periods and mainshocks have been estim-
ated by introducing alarm conditions. In the Armenian catalogue, it is found that
quiescence periods and subsequent mainshocks are correlated better-than-chance
for a wide range of alarm parameters. In agreement with previous studies (Balas-
sanian et al., 1995; Wyss and Martirosyan, 1998), a pronounced seismic quiescence
before the M7 Spitak earthquake in 1988 is observed.

The future work will focus on refinements and improvements of the technique,
e.g., a continuous spatiotemporal mapping of probabilities for the presence of qui-
escence. Furthermore, the restriction of fixed values R and T will be removed by
searching the entire parameter space for anomalies. This will allow to rank the
anomalies according to their significance and find the most significant one.

In conclusion, a correlation between quiescence patterns and large earthquakes
is found, although no ‘one-to-one’ association can be established. Thus, the ana-
lysis is in good agreement with the numerical simulations of Hainzl et al. (2000)
and their conclusion that the detection of seismic quiescence can make an important
contribution to improve seismic hazard assessment. It can be expected that further
studies on this phenomenon, especially on the mechanisms, allow us to obtain new
interesting insights over the earthquake process.
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[1] The critical point hypothesis for large earthquakes predicts
two different precursory phenomena in space and time, an
accelerating moment release and the growth of the spatial
correlation length. The objective of this work is to investigate
both methods with respect to their predictive power. A systematic
statistical test based on appropriate random earthquake catalogs
allows to quantify the correlations of a precursory pattern with
the subsequent mainshock activity. The analysis of target
earthquakes in California since 1960 with magnitudes M >
M., reveals that these correlations increase systematically with
growing M., and correlations at greater than 95% confidence
are observed for M., > 6.5 in the case of the spatial correlation
length. In particular, the seismicity patterns are found to be
significantly correlated with each of the largest earthquakes (M >
7.0), individually. The acceleration of the moment release has a
similar trend, but is less significant. INDEX TERMS: 7260
Seismology: Theory and modeling; 7223 Seismology: Seismic
hazard assessment and prediction; 7209 Seismology: Earthquake
dynamics and mechanics; 3220 Mathematical Geophysics:
Nonlinear dynamics

1. Introduction

[2] The question whether or not earthquakes are predictable is
one of the “holy grails” of geophysics. The application of
concepts from statistical physics and nonlinear dynamics, e.g.
self-organized criticality [Bak and Tang, 1989], provided new
insights into the prediction problem [Geller et al., 1997; Hainzl
et al., 2000]. In the recent past, the critical point concept for large
earthquakes has led to a revised understanding of the preparatory
process of mainshocks. Based on the theory of crack propagation
and damage mechanics [Vere-Jones, 1977; Das and Scholz, 1981],
the rupture process has been reinterpreted as a critical point
phenomenon in terms of statistical physics. The approach to the
critical point as well as the rupture process itself is characterized by
scaling rules [Allegre et al., 1982; Sornette and Sornette, 1990],
e.g., for the spatial correlations of the stress field. Foight [1989]
derived a second-order differential equation for material failure and
showed that it can be solved for certain parameter values by the
well-known time-to-failure equation. This equation has been used
in recent years to quantify the acceleration of seismicity prior to
large earthquakes [Bufe and Varnes, 1993; Bowman et al., 1998;
Jaumé and Sykes, 1999; Bowman and King, 2001], first reported
by Sykes and Jaumé [1990). Ben-Zion and Lyakhovsky [2001]
found that accelerating moment release has predictive power, if the
seismicity has a broad frequency-size statistics. Using the renorm-
alization group formalism, Sornette and Sammis [1995] elaborated

Copyright 2002 by the American Geophysical Union.
0094-8276/02/2002GL014856$05.00

the “critical earthquake concept” by deriving the time-to-failure
equation in the framework of statistical physics. The acceleration
of the moment release is a hallmark of the critical earthquake
concept. However, the most important feature of spatially extended
critical point systems is in general the growth of the spatial
correlation length according to a power law with a singularity in
the critical point [Main, 1999]. Zéller et al. [2001] investigated the
scaling relation for the spatial correlations and proposed a method
to measure the correlation length by means of the epicenter
fluctuations.

[3] Critical point behavior prior to large earthquakes has been
reported in several case studies [Jaumé and Sykes, 1999 and
citations therein]. However, the analysis has only been conducted
for special values of space and time. Thus, no conclusions can be
drawn with respect to practical forecasting purposes. The goal of
the present work is to search systematically for patterns related to
critical point behavior in terms of growing spatial correlation
length and accelerating moment release without tuning free param-
eters. The correlations of these pattern with subsequent intermedi-
ate to large earthquakes are calculated. In a recent work, Zéller and
Hainzl [2001] mapped curvature parameters, which measure the
quality of a power law fit to the data, in space. This method is now
generalized in the way that probabilities are mapped with the
advantage that different patterns can be compared in a straightfor-
ward manner. Because parameters like space or time windows are
not known in advance, it is a common technique to detect the
patterns related to critical point dynamics in the entire parameter
space. The same procedure is then repeated for a large number of
appropriate random earthquake data. The significance is measured
by the deviation of the original pattern from the corresponding
distribution of patterns in the random data.

2. Data and Method

[4] We analyze the seismicity in California between 32°N and
40°N latitude. The data are taken from the Council of the National
Seismic System (CNSS) Worldwide Earthquake Catalog (available
at (http://quake.geo.berkeley.edu/cnss). The catalog covers the time
span from 1910 to the present. To account for homogeneous
reporting, we restrict the analysis to the time from 1960 to 2001.

2.1.

[5] The method to calculate the accelerating moment release
(AMR) is close to the methodology in Bowman et al. [1998]. In
particular, the time-to-failure equation for the cumulative Benioff
strain (X€2) (¢) = ng) VE; of the earthquakes at times ¢ with
energies E; prior to a mainshock occurring at time ¢,

Power Law Fits

(EQ)(0) =4+ By —0)" (1)

is fit to the data in a circular space window with radius R, a time
interval (t5;¢) for earthquakes with magnitudes M > 5.0. The

53 -1

121



53-2

constants 4 and B are fit parameters. The exponent m is set to
m = 0.3 according to numerous AMR studies, e.g., Bufe and
Varnes [1993]. The power law fit is compared with a linear fit
A" — B'(ty — ©) and the quality of the power law fit is measured
by the curvature value C, which is the root mean square (rms)
error of the power law fit divided by the rms error of the linear fit.
The free parameters R and ¢, are determined by the condition that
C is a minimum.

[6] The proceeding for the detection of the growth of the spatial
correlation length (GSCL) is identical, except that now the equa-
tion for the spatial correlation length €

€0 =Dt —1)" (2)

is used with the fit parameter D and M > 4.0. For the exponent &,
we use the empirical value k£ = 0.4 found in Zoller et al. [2001],
although other authors suggest on theoretical grounds & = 0.25
[Rundle et al., 1999]. Note that equation (2) has a singularity at
t= t; whereas (3(2) (1=t in equation (1) remains finite. Because §
is a non-cumulative quantity, the curvature parameter C is now the
rms error of the power law fit divided by the rms error of the
constant fit.

[7]1 Both, the GSCL and the AMR patterns are detected on a
spatial grid with a resolution of 0.5° in longitude and latitude for
a fixed time #: To account for the temporal evolution of the
pattern, a time grid for # is introduced. Due to the high computa-
tional effort the resolution is set to one year: t; = ¢; = 1960.0 + i
with i = 0, ..., 41. The result is a function C(¥,#) of curvature
parameters for the GSCL patterns and the AMR patterns, respec-
tively.

2.2,

[8] In the next step, C(X,¢;) is calculated for n,,, = 100 random
catalogs. The algorithm for the computation of these synthetic data
is described in Zoller et al. [2001]. Each catalog is a realization of a
random Poisson process with additional synthetic aftershock activ-
ity following Omori’s law. The distributions of magnitudes and
epicenters fit those of the original catalog; the latter feature is
important for the GSCL patterns. The significance of an observed
pattern calculated at the location ¥ at time ¢ in the real data can be
defined by the probability

Random Earthquake Catalogs and Significances

P(i ti = ”(567 [i)/nram (3)

where n(¥,1;) is the number of random catalogs with Cj;, (¥, 4) <
C.,,(¥,#;). That is, large values of p denote high significances
indicating that the pattern cannot be reproduced easily by random

data.

2.3. Likelihood Ratio Test

[9] The likelihood ratio test has been proposed Gross and
Rundle [1998] in order to compare two models with respect to
their suitability to describe an observed data set. In our case, the
observed data (target events) are given by the set of N(#,) earth-
quakes with M > M, occurring within the time interval [¢; ¢; + 1
year]. Model 1 is defined by the GSCL, respectively AMR pattern
of the original catalog, that is, the function p(¥,#;). Model 2 is the
corresponding pattern for a random catalog. For both models, the
likelihood function L is computed for the entire space-time volume
and the total number N = > _;N{(?) of target earthquakes:

41 N(4)

-1

i=0 k=1

P(Xy,t;). 4)

P(¥y, ;) is the normalized probability density for an event occur-
ring in the time interval [#; #; + 1 year] at the epicenter X of a target
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event with a premonitory GSCL, respectively AMR pattern. To
apply the likelihood ratio test, we assume the probability density
function

PG = [ o¥ =) 57~ )y (5)

consisting of a two-dimensional Gaussian function g around the
spatial grid node X with a standard deviation equal to the distance
between two grid nodes. The second function is defined by
p(X) = (p(¥) —0.5) - O(p(¥) — 0.5) with p(X) from equation (3).
This definition is based on the fact that p(X) = 0.5 refers already to
randomness and thus p(X) > 0.5 is a meaningless case which is
excluded from the analysis by means of the Heavyside step
function ©. For each catalog, the normalization factor k is defined
by the condition that the probability density integrates to the total
number N of target earthquakes, k = N/ [ [ P(¥,1)d” x dt.

[10] The likelihood function is also measured for each of the
random catalogs. The likelihood ratio LR = Lgg/Lyan of the
normalized likelihood functions for model 1 and model 2 is equal
to the ratio p/p.,, where p denotes the probability that the observed
seismicity arises from the original data (model 1) and p,, is the
corresponding probability for the random data (model 2). In the
case of LR(t}) > 1, the detected GSCL patterns in the original
catalog are more correlated with the target seismicity than the
patterns from the random catalogs. By contrast, LR(#;) < 1 means
that the patterns from the random catalog fit better to the target
earthquakes.

3. Results and Discussion

[11] First, the spatiotemporal correlations are calculated accord-
ing to the previous section. The number N, € [0; 100] of random
catalogs with LR' > 1 is used as a measure to compare original data
and random data in space and time. Note that due to the normal-
ization, this quantity includes not only information about main-
shocks with a precursory pattern, but also “false alarms” (patterns
without a mainshock) and ““false positives” (mainshocks without a
pattern). Figure 3 shows N; as a function of the lower magnitude
threshold M., of the target events. For the GSCL analysis the
figure shows a well defined region M, > 6.5 where the GSCL
pattern is positively correlated with the observed mainshock
activity at greater than 95% confidence.

[12] Because N, =~ 50 would indicate random response, the
values for 5.0 < M, < 6.0 reveal an anticorrelation between the
observed GSCL patterns and the real seismicity. This behavior
points to a small-scale clustering in space which is below the
background level of the spatial correlation length. Because a
minimum number of earthquakes is required to perform the power
law fits, the space window cannot be reduced to such small scales
and consequently, a negative correlation is found on intermediate
scales. This behavior is not expected in the AMR patterns, because
energy release below a certain background level still makes a small
but positive contribution to X2 in equation (1), which is a
cumulative measure. In fact, for M., < 6.4 the results reflect
almost randomness, whereas for higher values of M., the tendency
is similar to those of the GSCL patterns, with lower confidence
levels. These findings confirm clearly the hypothesis that patterns
based on critical point dynamics are precursory phenomena to the
largest earthquakes in California.

[13] Next, we consider the spatial patterns p(¥,#;) at times ¢
prior to the mainshocks (M > 6.5) in California. These patterns
are shown in Figure 2 for GSCL and in Figure 3 for AMR. In
some cases, the spatial correlations of the GSCL pattern with the
future seismicity is clearly visible, e.g., the San Fernando, Loma
Prieta, and the Hector Mine earthquakes. For the AMR pattern,
the San Fernando earthquake shows the best agreement. In
general, the regions covered by high probabilities for critical point
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Figure 1. Results of the likelihood ratio test for the spatiotem-
poral analysis as a function of the lower threshold magnitude of the
target earthquakes; N, € [1; 100] is the number of cases, where the
results from the original catalog are more correlated with the real
seismicity than the results from the random catalog.

behavior are relatively large, especially in Figure 3. This is to
some degree in accordance with the earlier observations that these
regions are much larger than the rupture areas of the mainshocks.
However, the optimization technique may lead in some cases to an
over-estimation of the space windows and to the inclusion of
patterns far away from the center of the circle. As a consequence,
almost the whole catalog seems to be loaded, e.g., in Figures 3f
and 3g . Refinements with respect to the determination of the
space window are thus expected to reduce the size of the alarm
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Figure 2. GSCL pattern p(¥, ;) (equation (3)) prior to the eight
mainshocks (M > 6.5) in California between 1960 and 2001. The
time step #; is the begin of the year in which the mainshock
occurred. The large triangle denotes the mainshock epicenter,
whereas the smaller triangle refer to earthquakes with M > 5 in the
same year.
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Figure 3. Same as Figure 1 for the AMR pattern.

area. For that, the space window could be determined for a fixed
target magnitude M by an empirical scaling relation R ~ M,
instead of an optimization. This work is left for future studies.
Furthermore, Bowman and King [2001] showed that the results for
accelerating moment release can be improved, if the circular
critical regions, where the power law is fit, are replaced by the
regions of high pre-event stress estimated from the Coulomb stress
shadows after the main shock. This approach requires, however,
detailed knowledge of the mainshock.

[14] However, Figure 2 and Figure 3 only show the patterns
before the mainshocks. A likelihood ratio test for each time step
includes more information, because the normalization provides a
measure for the significance of the pattern p(X, 1) relative to the
entire space-time distribution of p. Therefore, we compute for the
eight values #; from each figure the number of random catalogs
with LR(#;) > 1. Equation (4) reduces to a single value of ¢; and the
normalization factor is calculated by integrating P for ¢ < t. The
mainshock defines the target event. The results listed in Table 1
show again that GSCL patterns are most significant for the largest
mainshocks, namely M > 7. The probability that the mean of (N;)
is larger than or equal to the mean of eight random numbers

Table 1. Results of the Likelihood Ratio Test for Individual
Mainshocks

Earthquake M N, (GSCL) N, (AMR)
a. Borrego Mountain (1968) 6.5 36 8
b. San Fernando (1971) 6.6 70 93
c. Coalinga (1983) 6.7 52 11
d. Superstition Hills (1987) 6.6 74 23
e. Loma Prieta (1989) 7.0 100 62
f. Landers (1992) 7.3 98 54
g. Northridge (1994) 6.6 96 67
h. Hector Mine (1999) 7.1 97 60
mean (a-h) 77.9 47.3
Peonr in % 99.7 39.7

P ont is the probability that the mean of () is larger than or equal to the
mean of eight random numbers between 0 and 100.
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between 0 and 100 is 99.7%. In contrast, the results for the AMR
patterns is close to random response.

4. Conclusions

[15] In this work, we have defined the critical point hypothesis
for large earthquakes in terms of growing spatial correlation length
(GSCL) and accelerating moment release (AMR). For both pat-
terns, the correlation with the observed mainshock activity
increases, if the magnitude threshold of the target earthquakes M,
grows. For M., > 6.5 the space-time correlation of the GSCL
pattern with the target events is significant at greater than 95%
confidence. A similar correlation analysis of individual mainshocks
leads also to high significances for the largest mainshocks. The
result of the AMR analysis is similar but less significant for the
space-time correlations and close to a random response for most of
the individual earthquakes. We conclude that further refinements of
the pattern detection, e.g., the reduction of the number of fit
parameters, is very encouraging for a further increase of the
significances. This would probably allow to estimate the spatial
extensions of the critical point patterns more precisely. In general,
our results strengthens the hypothesis that large earthquakes are
preceded by observable patterns related to a critical point process.

[16] Acknowledgments. This work was supported by the Deutsche
Forschungsgemeinschaft (SFB 555 and SCH280/13-1).
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It is well established that earthquakes are correlated over distances greatly exceeding
their source dimension. Recent studies hypothesize for important associated phenomenon:
The area over which earthquake activity is correlated varies in time and might grow prior
to a large earthquake. This hypothesis is supported by a wealth of observations, computer
simulation, and has theoretical interpretations. Several measures of earthquake correla-
tion lengths were recently suggested by different authors. Here we analyze one of these
measures, {(x,t), based on single-link cluster analysis of epicenters. Previous studies have
shown the growth of ¢ prior to nine large earthquakes in California during 1945-2000. In
this paper we study whether the reported growth of the correlation length £(x,t) can be
used for earthquake prediction. Our results show that reasonable retrospective prediction
of large earthquakes (M > 6.5) in California can be achieved by using the increase of ¢ as
a signal for the approach of a large earthquake. Extensive variations of numerical param-
eters demonstrate the stability of this prediction method. Additionally, we compare the
distributions of ¢(x,t) close and distant in time and space to large earthquakes and find a
systematic shift reflecting the increase of the correlation length prior to large earthquakes.
Premonitory increases of correlation lengths are seen most clearly in the highly fractured
areas near fault junctions. Its predictive power is reduced in more homogeneous regions.
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DeHOMEH KOPPEIAINY 3€MIETPACEHNN HA PACCTOAHUAX, HAMHOT'O TIPEBOCXO IANINX Pa3-
Mep HX 04aroB (yjaleHHas CeHMCMUYecKas KOPPEJAINA), XOPOLIO U3BECTEH B I'eOpU3UKE.
Henasro 6®11a BRICKa3aHa THTIOTE3A 0 TOM, 9TO Pa3Mep 06IACTH yAAJEHHON CENCMIYeCKON
KOPPEJSAIIN MEHAETCA CO BDEMEHEM U MOXKET YBEIMYINBATHCA MEPE] CIIBHBIMU 3eMJETPSA-
cenusamu. J[laHHas TUMOTE3A IOATBEPKJAETCA MHOIOYHUCIEHHBIMEU HAGJIO JEHUAMM, KOM-
MBIOTEPHBIM MOIEINPOBAHUEM, ¥ MOXET OBITh TeopeTu4deckn o6ocHoBaHa. B paGoTe aHa-
mupyeTcs Mepa {(t,X) pajuyca CeNCMIMeCKON KOPPEAINY, OCHOBaHHAA Ha KIaCTEPHOM
aHaIU3e SIUIEHTPOB 3eMIETpACeHHH. PaHee 6BlI0 moKazaHo, 4To {(f,X) pacTeT mepes
cunbHBIMEU cobbiTuavu B Kamidgopaun B mepuog 1945-2000 rr. B pa6ore paccmoTpen
BOITPOC O BOBMOXKHOCTH AITOPUTMHUYECKOTO TMPOTHO3a 3€MJETPACEHNA HA OCHOBE yKa3aH-
Horo pocta. CopMyampoBaH aaropuT™, TPUMEHEHHBIN IS PETPOCIEKTUBHOTQ TTPOTHO3a
cobwmrTun ¢ mareutygou M > 6.5 B Kamdoparu. KavecTBo mporsrosa omeneno ¢ momo-
L0 AMArpaMMBl ONMOOK, YCTOMYMBOCTEL ITPOBEPEHA BapHUAIMEN YUCIEHBIX MAPAMETPOB
amropuT™a. B gomomnmenue, pacmpegenenne sHadeHmy &(f,X) COMOCTABIEHO B 06JaCTAX,
6/M3KWX W yIATEHHBIX B TIPOCTPAHCTBE—BPEMEHW OT CHJILHBIX COOHITHH. Takon aHamms
NEMOHCTPUPYET CHACTEMATHYIECKOE YBEIWYIEHVE PAJNyCA CENCMUYECKON KOPPEIAINN TIPH
TMPUGINKEHNT CUIBLHOTO 3eMJIETPACEHNsA. |IpeIBEeCTHUKOBOE yBEIWMHYEHWE pagnyca Koppe-
JIAMY Hambosee APKO BHIPAXKEHO BOJIM3W MEPECEYEHUWN OCHOBHBIX T€OJOTHMHECKUX PAa3fio-
MOB, B 06IACTAX, XapaKTEPU3YIOIINXCA BHICOKON TEKTOHUYIECKON Pa3IpoGIeHHOCTHIO.

1. Introduction

Earthquakes are correlated over the distances far exceeding their source
dimension. Among many manifestations of this phenomenon one observes
the simultaneous change of seismicity in large areas [1,2], migration of seis-
micity along seismic belts [3,4], global interdependence in the occurrence of
major earthquakes [5], etc. Ample evidence of long-range correlations comes
from the studies of changes in seismic activity prior to large earthquakes
[6-13]. There is growing evidence that earthquake correlation ranges are
not only large but also increase with time prior to strong earthquakes. Pre-
monitory patterns based on this phenomenon have been recently found in
modeled seismicity and in observations [14—-20]. Here, we study one specific
measure of earthquake correlation range introduced in [18]. Specifically, we
focus on the following questions: Can this measure be used for earthquake
prediction? If so, how can it be used?

1.1. Premonitory long-range correlations. The area where pre-
monitory patterns can be observed was first estimated by V.Keilis-Borok
and L.Malinovskaya [9]. Specifically, it was shown that a) the occurrence
rate of moderate-size earthquakes increases years to a decade prior to some
large earthquakes, b) the increase, if observed, occurs within a large territory
around the approaching earthquake’s rupture zone, and ¢) the size @ of that
territory scales with the magnitude M of a large earthquake as

log @ o 0.5M. (1)

Later studies confirmed these results. Table 1 presents estimates of the lin-
ear size of the earthquake preparation area, R ~ Q'/2, obtained by differ-
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TABLE 1. Estimations of the area where premonitory patterns
may be observed

Measure |Year | R(L) | Reference
Area of faultbreaks 1964 ~ 10L Keilis-Borok and Malinovskaya,
1964
Distant aftershocks 1975 10L Prozoroff, 1975
Earthquake swarms 1977 5L —10L Caputo et al., 1977
Bursts of aftershocks, area of
faultbreaks, swarms 1980 5L —10L Keilis-Borok et al., 1980
Algorithm CN* 1983 5L — 10L Keilis-Borok and Rotwain, 1990
Algorithm M8&* 1985 5L — 101 Keilis-Borok and Kossobokov, 1990
Algorithm SSE* 1992 ~ 5L Vorobieva, 1999
Number of earthquakes 1995 ~ 100L Press and Allen, 1995
Number of earthquakes 1996 ~ 5L Knopoff et al., 1996

Varnes, 1989
Benioff strain release 1989 ~ 5L Bowman et al., 1998
Jaume and Sykes, 1999
Near-simultaneous pairs of

earthquakes 2001 ~ 3L Shebalin et al., 2000
Correlation length via Single Zoller et al., 2001
Link Cluster 2001 ~ 5L Zoller and Hainzl, 2001

Simultaneous activization
of fault branches 2002 ~ 10L Zaliapin et al., 2002

* References are given to later comprehensive reviews; not to original work.

ent authors; to make results comparable they are given as relations between
R and the linear dimension L of the coming earthquake. One can see surpris-
ingly good agreement despite the diversity of applied approaches, data, and
regions considered. V.Keilis-Borok and L. Malinovskaya [9] studied the total
area of faultbreaks and demonstrated its increase prior to some large earth-
quakes; A. Prozorov [10] observed that the location of future large earthquake
might be depicted years in advance by ”distant aftershocks”: earthquakes
that immediately follow a mainshock at distances 10 times larger than its
linear source dimension; study [21] showed that swarms of earthquakes of
medium magnitude might occur years prior to large earthquakes. In the
wake of these findings the family of algorithmically defined intermediate-
term earthquake premonitory seismicity patterns was introduced and tested
worldwide during the last 20 years. The latest comprehensive reviews can
be found in [12,22]. These patterns reflect the following changes of seismic-
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ity: increase of earthquake activity, clustering, transformations of magnitude
distribution (Gutenberg-Richter law), and increase of earthquake correlation
range. They have been jointly used in the earthquake prediction algorithms
M8 [23], CN [24] and SSE [25]. These algorithms are validated by well-
documented advance predictions [12,25,26,27]. Tmportantly, the relation
(1) is used to renormalize the prediction algorithms for different target mag-
nitudes M. During the past decade, large attention was given to study
accelerating seismic moment release prior to large and great earthquakes
[13,28,29,30]. Relation (1) was shown to describe the size of the area where
seismic activity accelerates prior to a large earthquake. Recently, F.Press
and C. Allen extended the frontiers of the long-range-correlation paradigm
by demonstrating that ”earthquakes in southern California occur within a
larger system that includes at least the Great Basin and the Gulf of Califor-
nia” [5]. Particularly, they argue that an earthquake predicted for Parkfield
is not likely to occur until activity picks up in one of those distant areas.

Long-range earthquake correlations are observed in modeling [14,17,31-
34] and explained in the framework of ”self-organized criticality”, ”critical
point behavior”, and "finite-time singularity” concepts that have reinforced
each other during the last decade [35-42].

1.2. Premonitory increase of earthquake correlation length. Re-
cent studies hypothesize for important associated phenomena: the area over
which earthquake activity is correlated varies in time and might grow prior
to a large earthquake. Several explicitly defined measures for the earthquake
correlation range were introduced and studied.

Pepke et al. [14] considered a measure AZS (Active Zone Size) for a dy-
namical model of a fault; it was demonstrated that AZS has a much stronger
predictive power comparing to seismic activation and fluctuations of activ-
ity in predicting synthetic earthquakes. V.Kossobokov and J. Carlson [15]
demonstrated that by using AZS instead of seismic activity in the earth-
quake prediction algorithm M8 [23], one improves its performance for west-
ern United States.

The study of the colliding cascade model of seismicity introduced two
earthquake correlation measures: Accord and ROC (Radius of Correlation)
[17,34]. The measure Accord accounts for the geometry of a regional fault
network. Its predictive power for observed seismicity of southern California
was demonstrated in [20]. Short-term premonitory increases of the measure
ROC was found in [16] for observed seismicity of Lesser Antilles.

Study [18] introduced the correlation length measure £(x,t) based on
single-link cluster analyses of epicenters. The £(x,t) was evaluated for epi-
centers x; of nine large earthquakes in California for the period preceding
each event. It was shown that £(x;,t) increases in time prior to each of
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the earthquakes considered; the increase lasting for periods from years to
decades. In this paper we consider how this measure can be used for earth-
quake prediction.

1.3. Verifying premonitory phenomenon. Is the increase of £(x,t)
observed in [18] a distinctive feature of the area around and the time preced-
ing a large earthquake? More explicitly, can one use the increase of £(x,t)
to predict a large earthquake? Answering this question on the sole basis of
observations preceding large earthquakes can be questioned: a trivial ana-
logue is an attempt to predict large earthquakes by the advent of a New
Year. It is of course true that one witnesses a New Years celebration a year
prior to any large earthquake; at the same time a large earthquake cannot
be predicted this way.

We consider the correlation length £(x, t) introduced in [18] for California
during 1945-2000; it is evaluated over a spatially uniform grid that covers the
whole territory. First, we analyze spatio-temporal distributions of ¢ values
within areas close and distant in time and space to large (M > 6.5) earth-
quakes. Second, we perform a retrospective prediction using the increase of
&(x,t) as a signal of an approaching large earthquake. Quality and stability
of the prediction are evaluated. The data and definition of the correlation
length are taken unchanged from [18].

2. Data

We analyze seismicity of California in the latitude range 32°N—40°N and
longitude range 114°W-125°W within the period 1945-2000. The data are
taken from Worldwide Earthquake Catalog produced by The Council of the
National Seismic System (CNSS) (available at http://quake.geo.berkeley.edu
/cnss). Only earthquakes with magnitudes M > 4.0 are kept for analysis;
aftershocks are not excluded. As a result, 3322 earthquakes are considered.
Nine of them have magnitude M > 6.5; they are listed in Table 2 and shown
in Fig. 1.

3. Correlation length

The correlation length £(x, t) is defined as the median of the length distri-
bution of links, which form a single-link cluster for epicenters of consecutive
K earthquakes occurred prior to the time ¢t and within a circle of radius R
centered at the point x [18]. The procedure for constructing a single-link
cluster connecting M points in a metric space is the following [43]: 1) Each
point of M is connected with its nearest neighbor; My < M clusters are pro-
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TABLE 2. Large earthquakes considered

| Date | M | Longitude, °W | Latitude, °N | Area

a July 21, 1952 7.5 119.02 35.00 Kern County

b April 9, 1968 6.5 116.13 33.19 Borrego Mountain
c February 9, 1971 6.6 118.40 34.41 San Fernando

d May 2, 1983 6.7 120.32 36.22 Coalinga

e November 24, 1987 6.6 115.84 33.01 Superstition Hills
f October 18, 1989 7.0 121.88 37.04 Loma Prieta

g June 28, 1992 7.3 116.44 34.20 Landers

h January 17, 1994 6.6 118.54 34.21 Northridge

i October 16, 1999 7.1 116.27 34.59 Hector Mine

124 W 122 W 120 ‘W 118 W 116 W 114 W
40°N 40°N
X
38°N 3&N
Loma Prieta
Coalinga
36°N '8 36°N
Kern County
@ San Fernando
Hector Ming
3°N © Landers ’ 3N
Borrego Mountain
<~ \ ®
km erstition Hi
32°N 0 100 200 3PN
124 W 122 W 120 W 118 W 116 W 114 W

Fig. 1. Earthquakes with M > 6.5 since 1952 in California: circle (a) Kern County, 1952,
M = 7.5; (b) Borrego Mountain, 1968, M = 6.5; (c) San Fernando, 1971, M = 6.6; (d)
Coalinga, 1983, M = 6.7; (e) Superstition Hills, 1987, M = 6.6; (f) Loma Prieta, 1989,
M = 7.0; (g) Landers, 1992, M = 7.3; (h) Northridge, 1994, M = 6.6; (i) Hector Mine,
1999, M = 7.1. After [18]
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duced; 2) Each cluster of M is connected with its nearest neighbor; distance
between clusters is a minimum distance between points from these clusters;
My < My < M clusters are produced; 3) This procedure is repeated until
all points are connected within a single cluster.

The analysis was carried out by considering a spatial grid G with cell
size of 0.5° x 0.5°. The correlation length &(x,?) was calculated at each
of 247 nodes of the grid for the time period 1945-2000. It was calculated
at each node with different sliding event window size K and circle radii
R: K was varied from 15 to 25 with step 2; R was varied from 100 km
to 600 km with step 100 km; therefore 36 versions of the correlation length
were calculated for each spatial location. Only those circles that contain
more than 100 earthquakes during the whole time period are left for further
analysis. It is worth mentioning that on average the event window of size
K =15 corresponds to 0.97 yr, K = 25 to 1.51 yr.

The function &(x,t) for the location x = (34°N, 116.5°W), close to the
epicenter of Landers earthquake (1992, M = 7.3), is shown in Fig. 2.

o

ST , 0
- mthpo L.
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| [ W) i I I I L I

1
1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

~

Magnitude

—

Correlation length,
&(x,1), km

Time, yr

Fig. 2. Typical correlation length ¢(x,t) evaluated for the location z = (34°N, 116.5°W),
close to the epicenter of Landers earthquake (1992, M = 7.3). Vertical lines mark occur-
rence times of large earthquakes. See discussion in Sect. 3

It corresponds to K = 25, R = 600 km; vertical lines mark the occurrence
time of large (M > 6.5) earthquakes. There is a sharp increase of the
correlation length during 2 years prior to Landers; at the same time the
general behavior of the function £(x,t) is quite irregular and unstable. One
observes large spikes over the whole time period; not necessarily preceding a
large earthquake. Clearly, this single function does not say too much about
large earthquake occurrence. However, what is of interest is to study the
collective behavior of £(x,t) at different spatial locations to check whether
its high values can be observed more often prior to a large earthquake.
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4. Distribution analysis

In this section we analyze the distributions of & values for two distinct
spatio-temporal zones: 1) close in time and space to epicenters of large
earthquakes and 2) distant in time and space from the epicenters of large
earthquakes. The first zone is called zone D, for dangerous; the second zone
is called zone N, for non-dangerous. Ideally, one should observe premonitory
phenomena within zone D, and should not within zone N. This simple and
straightforward analysis is well known in pattern recognition and was used
successfully in many geophysical studies.

Let (X;,1;),i = 1,...,ne be space and time coordinates of n., large
earthquakes, which occurred within the analyzed time-space volume. Fol-
lowing are the definitions of zones A, D, and N used in the distribution
analyses. Qualitatively, a spatio-temporal point belongs to zone A (D) if
it is close in space and time to one of the large earthquakes and lies after it
(prior to it) in time. Formally, point (x,t) belongs to zone A if and only if
the following two conditions hold for at least one index k, 1 < k < ng: 1)
| Xt — x| <ra;2)0<t—T, < Ty Here|-| denotes a spherical distance.
Point (x,t) belongs to zone D if and only if it does not belong to zone A and
the following two conditions hold for at least one index k: 1) | Xy — 2| < rp;
2) 0 < Ty —t < Tp. Point (x,t) belongs to zone N if and only if it does
belong neither to zone A nor zone D. ry, T4, rp, and Tp are numerical pa-
rameters. Note that each spatio-temporal point belongs to one and only one
of zones A, bf D, and N.

Zone A covers the aftermath of a large earthquake; points from this zone
are excluded from the analysis. Thus, only the £ values evaluated within
zones D and N are considered. This is especially important in our case
when aftershocks are not eliminated and dramatically affect the dynamics of
the correlation length £(x,t). Figures 3a,b show distributions Hp and Hn
of the correlation length £(x,t) within zones D and N respectively; param-
eters used to construct the distributions are indicated in bold in the first
column of Table 3. These distributions are coarsely estimated at three bins
each containing 1/3 of the correlation length values observed within zones D
and N together. Clearly, one observes a discrepancy: the distribution Hy is
almost uniform while the distribution Hp favors high values of the correla-
tion length. To further illustrate this observation we consider the difference
of the distributions: Hx = Hp — HnN, which is shown in Fig.3 c. Positive
values of this difference for the right bin, Ha ("high”), indicate that high
values of the correlation length are observed more often within zone D.

Panels d-f of Fig.3 illustrate the distribution analysis with parameters
listed in the third column of Table 3. The qualitative picture is the same
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Fig. 3. Distribution analysis. Distribution of ¢ is coarsely evaluated at three bins, ”"low”,

"medium” and "high”, each containing 1/3 of values considered. Panels (a)—(c) correspond
to parameters given in the first column of Table 3, (d)—(f) to parameters given in the third
column. (a), (d) distribution Hy within zone N, distant in time and space from large
earthquakes; (b), (e) distribution Hp within zone D, close in time and space to large
earthquakes; (c), (f) difference of distributions, Ha = Hp — Hn. Note the discrepancy of
distributions Hy and Hp: there is a clear shift toward high values within zone D, which
is depicted by positive values of the difference Ha ("high”)

TABLE 3. Distribution analysis (Sect.4). Other parameters are fixed:
K =25,r4=rp=100km, T4 =2 yr

R, km 600* 600 500 500 400 400 300 300 200 200 100 100

Tp, yr 1 5 1 5 1 5 1 5 1 5 1 5
Ha("high”), % 16 5 15 6 13 5 6 1 4 7 -3 7
*Sets of parameters given in bold are discussed in the text (Sect.4) and illustrated in Fig.3
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as in panels a-c: there is a shift of the distribution toward high values
within zone D. Results for different parameter values are collected in Table
3. Due to qualitative similarity of analyzed distributions and the obvious
relation Ha ("low”) +Ha ("medium”) +Ha ("high”)= 0, only the differences
Ha("high”) (in %) are shown. The results presented in the table demon-
strate that the distribution shift is stable under variations of parameters.

Being calculated with Tp = 1 yr, Ha("high”) decreases with the radius
R from 16% to 5%; it remains nearly 5% for Tp = 5 yr, i.e., the best
statistical separation of zones D and N are possible within an extended
territory, R = 600 km, during the relatively short time period of 1 year; it
became worse for improperly long times or small territories.

While the discrepancy between the distributions Hp and Hy is evident,
it is in fact not too large. The maximum difference between distributions
reported in Table 3 is only 16%. Is it enough to distinguish zones D and N
in practice? ls the correlation length a reliable signal of a large earthquake
approach? To answer these questions, we analyze retrospective prediction
that could be done using the correlation length as a precursor of a large
earthquake.

5. Retrospective prediction

In this section we consider retrospective predictions targeted at nine large
(M > 6.5) earthquakes in California during 1945-2000; they are listed in
Table 2. The predictions are based on the increase of the correlation length
defined in Sect. 3.

The prediction methodology that we use here is based on pattern recogni-
tion analyses of infrequent events introduced to geophysics by I. M. Gelfand
in the early 70-s [44]; it was successfully used for many years in the quest for
premonitory seismicity patterns (see review in [12,22]). The major trait of
this approach is its robustness: results are coarse but stable. Prediction is of
the yes-no type: we declare precisely outlined alarms and count all successes
and errors. Exhaustive variation of the prediction’s adjustable elements eval-
uates its quality and stability. A pivotal tool for such an evaluation is the
error diagram (Sect. 5.2), which sums up different errors of prediction, allows
the comparison of different prediction methods and optimization of predic-
tion strategies. The error diagram was introduced to seismological studies by
G.Molchan [45] and became an indispensable tool in earthquake prediction
research.

5.1. Scheme of analysis. The function &(x,t) is monitored at each
node x; of the grid G. Once it exceeds the threshold C; an individual alarm is
declared for the time A within the circle of radius r centered at x;. Threshold
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C; is defined as Q-percentile of values £(x;,t) observed at the location x;.
An alarm cluster is defined as a union of alarms that are connected in space
and time. This means that two alarms belong to the same cluster if and only
if there is a spatio-temporal path, which connects these alarms and is totally
covered by these and other alarms (obviously, all alarms that cover this path
also belong to the same cluster). If a target earthquake happens to be covered
by an alarm cluster it is called a predicted earthquake; otherwise it is called
an unpredicted earthquake. An alarm cluster that covers at least one of the
target earthquakes is called a successful alarm; otherwise it is called a false
alarm. Note that the definition of predicted /unpredicted earthquakes would
not change if one considered individual alarms instead of alarm clusters; and
this is not the case for successful /false alarms.

5.2. Error diagrams. Suppose that the prediction was performed
during the time interval of length T (yr) within the area of S (km?) and N
large earthquakes occurred within this period; A alarm clusters were declared
and Ay of them are false; all the alarms altogether cover the spatio-temporal
volume Vy4 (yr x km?); Ny target earthquakes were unpredicted. Prediction
is described by the following dimensionless errors: the fraction of unpredicted
earthquakes, n = Ny/N; the relative alarm coverage, 7 = V4 /(T x S); the
fraction of false alarms, f = Ay/A.

The error diagram sums up the prediction errors; each particular predic-
tion corresponds to a single point in (n, 7, f) space. The error diagram will
be used to evaluate the predictive power of our prediction algorithm and its
stability.

The evaluation of the correlation length &(x,t) involves two numerical
parameters, event window size K and data collection radius R; a prediction
with a particular function & depends on another three parameters, threshold
quantile @), alarm radius r, and alarm duration A. Each combination of
these five parameters corresponds to a separate prediction, characterized by
three errors: n(K, R,Q,r,A), 7(K,R,Q,r,A), f(K,R,Q,r,A).

5.3. Prediction. We performed predictions following the scheme of
Sect. 5.1. The parameters are varied as follows: K = 15,17,...,25; R =
100, 200, ...,600 km; ¢ = 0.5,0.6,0.7,0.8,0.9,0.95,0.99; A = 0.5,1,...,10
yr; r was always fixed at 100 km. Over 5,000 predictions were considered
altogether.

An error diagram for predictions with R = r = 100 km is shown in
Fig. 4; it brings together 840 individual predictions with different values
of parameters K, (), and A. The fact that the fraction of space-time alarm
duration is always greater than 15% is due to our prediction scheme. Each
node is forced to declare at least one alarm; thus the total space-time area
covered by alarms cannot be arbitrary small even for the highest values of
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Fig. 4. Error diagram for retrospective prediction in California during 1945-2000. Each
point corresponds to a fixed set of parameter values. (a) Fraction of space-time covered by
alarms, 7, vs. fraction of failures to predict, n. (b) Fraction of false alarms, f, vs. fraction
of failures to predict, n. Parameters are varied as follows: K =15,17,...,25; R =r = 100
km; @ = 0.5,0.6,0.7,0.8,0.9,0.95,0.99; A = 0.5,1,...,10 years. Triangles correspond to
a narrowed range of parameters: ¢ > 0.9, A > 2 years. Large circles mark two versions of
predictions that are used for the stability analysis (Sect. 5.4, Fig.6) and in the analysis
of individual predictions (Sect. 5.5, Fig.7). Diagonal line in panel (a) correspond to a
random binomial prediction: alarm is declared at each time with probability p = 7, and
is not declared with probability 1 — p = 1 — 7; deviations from the diagonal line depict
predictive power of a precursor [45]

the threshold ). Notably, the n — 7 part of the error diagram is asymmetric
relative to the diagonal line of random prediction and most of the points
are distanced from this line; thus indicating the predictive power of the
considered precursor. Still, some points lie above the diagonal line, implying
a prediction worse than "random”. Is it an inherent drawback of prediction
by the correlation length £(x,t)? In fact, we have considered such a broad
range of parameter values that it would be too naive to hope that all of
them will produce reasonable result. Triangles in Figure 4 mark predictions
obtained within the narrowed parameter range: @ > 0.9, A > 2 yr. All these
points are nicely clustered and separated from the random prediction line;
the number of false alarms decreases.

Previous studies suggest that premonitory phenomena scale with the size
of approaching earthquake. Thus it is natural to expect that the increase of
the correlation length should be observed within different spatio-temporal
zones for earthquakes of different magnitude. Figure 5 shows separate error
diagrams for predictions targeted at earthquakes of magnitude M < 7.0 and
M > 7.0 (Kern County, Landers, Hector Mine). Panels a, and b correspond
to M < 7.0, R=r =100 km, @ > 0.9, A > 2 yr; panels ¢, and d to
M > 7.0, R =200, r =100 km, @ > 0.95, A < 5 yr. Points on both error
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Fig. 5. Error diagrams for predictions of different target magnitudes. (a), (b) M < 7.0,
K =15,17,...,25, R =r = 100 km, @ > 09, A > 2 yr; (¢), (d) M > 7.0, K =
15,17,...,25, R =200,r = 100 km, @ > 0.95, A <5 yr. See details in Sect. 5.3

diagrams in Fig. 5 lie closer to the origin, n = 7 = f = 0, than points
in Fig. 4, which means that prediction quality has improved. Noteworthy
is the difference in parameters corresponding to the improved predictions.
Prediction of earthquakes with M > 7.0 is better with &(x,t) estimated
within an area of R = 200 km; prediction M < 7.0 is better with £(x,t)
estimated within a smaller area, R = 100 km. Predictions of M > 7.0 are
more precise: The correlation length increases less than 5 years prior to a
target earthquake; while for M < 7.0 the increase is observed 2-10 years in
advance.
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5.4. Stability of prediction. In the previous section we demonstrated
that there is a wide domain of parameters that produce reasonable predic-
tions. But how stable are these predictions? How does a slight variation of
parameters affect the prediction outcomes? To answer these questions we
single out two predictions marked by large open circles in Fig. 4, slightly
change values of numerical parameters corresponding to these versions, and
compare our results on the error diagram (Fig. 6).
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Fig. 6. Stability analysis: a particular version of prediction is considered, parameters of
this prediction are slightly varied, and results corresponding to these variations are shown
in the error diagram. Filled circles: original versions of prediction, triangles — variations.
Two versions of prediction are considered: K = 25, R =r = 100 km, @ = 0.95, A = 2
yr (panels (a), (b)), and K =19, R =r = 100 km, @ = 0.9, A = 1 yr (panels (c), (d)).
These two versions of prediction are marked by large circles at error diagram in Fig. 4
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Parameter values and their variations are given in Table 4. The first
row of the table corresponds to panels a, b, and the second to panels ¢, d.

TABLE 4. Parameters for stability test (Sect. 5.4)

R, km K Q r, km A, years
100 21, 23, 25 0.9, 0.95, 0.99 100 15,2, 25
100 17, 19, 21 0.8, 0.9, 0.95 100 0.5,1, 1.5

Stability of prediction is depicted by the clustering of points with regard to
the original version of prediction. Obviously, stability is high in panels a, b;
and is slightly worse in panels ¢, d. This is due to our choice of versions for
our stability analysis. The original prediction for panels a, b is taken from
the center of the point cluster on the error diagram (Fig. 4); as a result it
gives not the best but stable and reproducible predictions. On the contrary,
the original prediction for panels ¢, d is taken from the boundary of the
cluster. It produces better-than-average but less stable results. Generally,
the "best” versions of prediction, taken from the border of the error diagram
cluster, outline boundaries of the predictive power of a given method rather
than reflect the realistic quality of prediction.

So far we have considered averaged statistics of prediction. Next we focus
on individual predictions for specific spatial locations.

5.5. Individual predictions. At any given time a particular spatial
point may be covered by more than one individual alarm, because an alarm
produced at spatial point x is declared not only for this point but for an
extended circle centered at x. In this section we consider the number of
alarms that cover a particular spatial location at a given time moment. We
focus our attention on three locations: epicenters of Borrego Mountain (1968,
M = 6.5), San Fernando (1971, M = 6.6) and Landers (1999, M = 7.3)
earthquakes. The number of alarms declared for each of these locations is
shown in Fig. 7a. Predictions are made with parameters shown in bold in
the first row of Table 4. The top panel corresponds to the Borrego Mountain
epicenter, the middle to San Fernando, and the bottom to Landers. Vertical
lines mark the occurrence times of these earthquakes. In each panel we
additionally show the occurrence times of earthquakes that were within 100
km from the location considered. Thus, we also show Superstition Hills
(1988, M = 6.6) earthquake in the top panel, Kern County (1952, M = 7.5)
and Northridge (1994, M = 6.6) in the middle panel, and Hector Mine (1999,
M =17.1) in the bottom panel. Predictions for the same three locations but
with different parameter values are shown in Fig. 7 b; parameters are given
in bold in the second row of Table 4.
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Fig.7. Number of alarms that cover a particular spatial location at time £. Vertical
lines mark occurrence times of large earthquakes that fell within 100 km from the location
considered. Top panel corresponds to the epicenters of Borrego Mountain earthquake
(1968, M = 6.5), middle to San Fernando (1971, M = 6.6) and bottom to Landers (1999,
M=73). (a) K =25 R=r =100 km, @ =095, A=2yr, (b) K =19, R=r =100
km, @ = 0.9, A =1 yr. These two versions of prediction are marked by large circles in
the error diagram in Fig. 4
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Figures 7 a, b give a typical picture of what happens within the regions
considered. Prediction works reasonably for Imperial Valley earthquakes
(top panel) and in the area near the San Andreas — Garlock triple junction
(middle panel); increases of the correlation length are definitely associated
with times preceding large earthquakes. At the same time the prediction
fails when it is shifted to the Mojave Desert where a pronounced increase of
the correlation length occurred in 1970s but faded away by 1990s when the
two largest earthquakes occurred.

Similar analysis shows that Loma Prieta earthquake (1989, M = 7.0)
is usually predicted with a couple of false alarms within its territory. The
Coalinga earthquake (1983, M = 6.7) is typically missed. The correlation
length significantly increases within its territory only in the late 1990s; 10
years after the event. A notable feature in Fig. 7 is the pronounced clustering
of alarms in time.

6. Discussion and conclusions

1. We have examined the hypothesis that the earthquake correlation
length increases prior to large earthquakes in California and may be used
for earthquake prediction. With this aim in view, we analyzed the measure
&(x,t) of correlation length introduced in [18]. First, we considered statisti-
cal distribution of the values of the correlation length &(x,t) and found the
shift toward high values within the areas close in space and time to a large
earthquake. Second, we performed retrospective predictions of large earth-
quakes in California during the period 1945-2000, evaluated its performance
and found the set of parameters that gave reasonable and stable prediction
quality. Finally, we analyzed predictions for territories around epicenters of
large earthquakes.

2. Our results imply that the measure £(x,t) does increase prior to a
large earthquake within an extended region around the ensuing epicenter.
Importantly, we were able to observe that phenomenon using the same fixed
set of parameters for the whole space and time considered. Moreover, we
outlined a large domain of parameters that can be used to reproduce the
general result.

3. At the same time, the premonitory increase of the correlation length is
weak; e.g. distributions of ¢ values for zones D and N differ by less than 20%
only. This situation is usual for prediction research; it is well known that
individual premonitory patterns typically perform not so well and should be
considered together within a complex prediction algorithm. This is the case
for well-tested prediction algorithms M8, CN, and SSE. Our results suggest
that the increase of earthquake correlation range can be considered as a
reliable individual precursor.
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4. From results in Sect. 4 and 5 we conclude that the best statisti-
cal discrimination of zones D and N corresponds to using a large territory
(R = 600 km) to evaluate the correlation length. On the contrary, the best
prediction corresponds to a smaller territory, R < 200 km. This is caused
by a large number of ”false” increases of the correlation length evaluated
within the large circles. While high values of £ are definitely observed prior
to large earthquakes (see Fig. 2); they are also frequently seen elsewhere.
The number of ”false” high values is small enough not to destroy statistics
(Sect. 4), but is unacceptable to construct reasonable prediction. This pro-
vides a good illustration why statistical difference is not equivalent to the
possibility of prediction. Furthermore, this explains why the analysis of only
times and spaces around large earthquake (zones D) is insufficient to make
conclusions about the predictive power of a phenomenon.

5. Results of Sect. 5.5 imply that premonitory increases of the correlation
length are best observed for the Imperial Valley and for the area around the
San Andreas — Garlock junction. It is not very clear in the Mojave Desert,
and along the northern San Andreas fault. These observations suggest a
hypothesis that the increase of the correlation length is a phenomenon char-
acteristic for highly fractured regions comprising diverse faults and/or fault
systems. Clearly, this hypothesis needs further systematic analysis and can-
not be tested by data and methods considered in this paper.

6. Alarms produced by increased correlation length clearly tend to cluster
in space and time. It is worth further study to explore how this clustering
may be used to improve prediction. Particularly, results of Sect. 5.5 suggest
that prediction can be significantly improved using the number of alarms
declared for a given spatial point as a precursor.

7. The definition of the earthquake correlation length used in this pa-
per is debatable. The function £(x,t) does reflect a multitude of seismicity
features not necessarily connected with the studied phenomenon. Most obvi-
ously, it decreases due to aftershocks and swarms (see Fig. 2). Nevertheless,
it demonstrates stable predictive power (Sect.5.3, 5.4) and allows distin-
guishing between space and time close and distant from a large earthquake
(Sect.4). Further investigations of the earthquake correlation length dynam-
ics seem promising to improve its definition and explore potential predictive
power.

8. The measure £ reflects specific features of earthquake clustering de-
picted by single-link clusters. Noteworthy is an alternative approach to
quantitative analysis of premonitory seismicity clustering that was devel-
oped by A.Blanter and M.Shnirman in [46] and recently extended to the
prediction in a sand-pile model by A.Shapoval and M. Shnirman in [47].
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[1] The question whether the preparation process of foreshocks and main shocks is
different from other earthquakes is of great interest with regard to earthquake predictability.
We show that the most conspicuous properties of earthquake clustering can be explained
without assuming any differences in the initiation processes. In particular, the Gutenberg-
Richter law as well as the Omori law for foreshock and aftershock sequences can be
reproduced by model simulations with the simple assumption that all subsequent events are
initiated in the same manner at the edges of the recently ruptured area. In this way, the
empirically observed b and p values are reproduced naturally without any parameter tuning
as well as their differences with regard to foreshock and aftershock activity. These properties
are shown to result from the shrinking of the loaded fault region with time. In the model,
foreshocks occur in extended and almost compact fault segments, whereas aftershocks are
mostly restricted to recesses left unruptured by the main shock. Our investigations lead to

the conclusion that the spatial effects rather than the temporal effects of the initiation

mechanism are decisive for earthquake clustering.
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1. Introduction

[2] A current issue of seismology is whether the pro-
cesses that occur prior to and in the initial stages of
foreshock and main shock rupture can be distinguished
from other earthquakes [Vidale et al., 2001]. The answer
of this question would have important implications with
regard to the possibility of earthquake predictions. Because
of the complexity of this field we address a more specific
question in this paper: Which conclusions can be drawn in
this respect from the seismicity patterns conserved in earth-
quake catalogs?

[3] The occurrence of earthquakes is complex, but not
random, neither in the energy release nor in its spatiotem-
poral correlations. On one hand, this is documented by the
patterns of clustering in space and time. Almost all earth-
quakes are found to trigger aftershocks with a temporal
decaying probability. In particular, the occurrence rate of

Copyright 2003 by the American Geophysical Union.
0148-0227/03/2001JB000610$09.00
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aftershocks R can be well described by the modified Omori
law

R~ (c+An7, )

where At indicates the time after the main shock and c is a
small constant taking values from 0.01 days to over 1 day
with a median of about 0.3 days [Utsu et al., 1995]. The
observed values of the power law exponent p are close to 1.
The same law, if A¢ indicates the time before the main
shock, has been found to describe the foreshock occurrence.
This power law behavior has been observed for the much
less frequent foreshocks by stacking foreshock activity
correlated with different main shocks [Kagan and Knopoff,
1978; Jones and Molnar, 1979]. Likewise the temporal
clustering, also the frequency-size distribution of earth-
quakes is well-defined over a wide range of magnitudes by
a specific law, namely, the Gutenberg-Richter law [Guten-
berg and Richter, 1956]

log,gN =a—bM, (2)
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where N defines the number of events with magnitude
greater than M and a and b are constants. This relation can
be expressed by a power law also for the source size S:

log,y N = s (3)

with B =~ b [Kanamori and Anderson, 1975; Purcaru and
Berckhemer, 1978]. The observed b values for regional
seismicity are close to 1.

[4] However, the Richter b value as well as the Omori p
value vary significantly within earthquake clusters. The p
value describing the temporal increase of foreshock activity
is significantly smaller than the exponent of the aftershock
decay [Maeda, 1999]. Furthermore, the b value of fore-
shocks and main shocks has been often found to be much
smaller than the b value of aftershocks [Suyehiro et al.,
1964; Papazachos, 1975; Knopoff, 2000], which is also in
agreement with the variation of acoustic emissions in
fracture experiments [Scholz, 1968; Sammonds et al.,
1992; Lei et al., 2000]. It is unknown so far, whether these
statistical differences between foreshocks and aftershocks
result directly from differences in their initiation processes
[Vidale et al., 2001].

[s] The Gutenberg-Richter law (equations (2) and (3))
points to a critical state of the stress field [Main, 1996;
Sornette, 2000]. Such critical states self-organizes naturally
by repeated earthquakes and tectonic forcing in simulations
of the earthquake evolutionary process [Burridge and Knop-
off, 1967; Bak and Tang, 1989; Olami et al., 1992; Sornette
et al., 1994; Hainzl et al., 1999, 2000b]. Whether the fault
system remains always near the critical point or fluctuates
back and toward this state depends on the assumptions about
dissipation and healing properties [Hainzl and Zéller, 2001].
However, the assumption of a critical stress state is not
sufficient to understand the spatiotemporal clustering of
earthquakes. Several additional mechanisms have been pro-
posed to underly the earthquake clustering, though their real
relevance is unknown so far. In particular, a rate- and state-
dependent friction law [Dieterich, 1994], pore fluid flows
[Nur and Booker, 1972; Yamashita, 1999], and stress corro-
sion cracking [Shaw, 1993; Main, 2000] are proposed on the
basis of theoretical considerations. Under some restrictions,
the nonlinear temporal laws of the proposed mechanism can
explain the occurrence of aftershocks according to the Omori
law. On the other hand, we have found in previous work
[Hainzl et al., 1999] that the introduction of viscoelastic
coupling in a fault model can reproduce earthquake cluster-
ing as well. However, the underlying reasons for these
numerical findings have not been fully understood so far.

[6] In this paper, we will show in detail that the spatial
rather than the temporal effects of the triggering mechanisms
seem to be crucial for the characteristics of the above
mentioned earthquake clustering. For this purpose, we study
sequences of earthquakes successively unloading initially
prestressed fault patches of finite size. Our cellular autom-
aton model introduced in section 2 is mainly based on the
assumption that the earthquakes within a cluster are triggered
at the edges of the rupture area of precursory events. The
temporal component of the postseismical effect is chosen as
simple as possible, namely, state-independent and purely
linear. In section 2 we show that simulations based on these
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simple assumptions already reproduce the empirical obser-
vations. The implications and conclusions which can be
drawn from our results are discussed in section 4.

2. Model
2.1. Assumptions

[7] Our simulations of earthquake ruptures are based on
the following assumptions: (1) Ruptures occur at highly
stressed fault patches of finite size; (2) the coseismic
evolution is dominated by frictional behavior and elastic
interactions; (3) a ruptured area remains aseismic (unloaded)
within the timescale of the ongoing earthquake clustering,
and (4) in response to ruptures, the strength and stress in the
rock surrounding the ruptured area is altered postseismically
which may result in triggered earthquakes nucleating at the
edge of the rupture area.

[8] Several empirical observations seem to justify this
simplified picture of the complex processes taking place in
fault regions: Assumption 1 is supported, first, by the
validity of the Gutenberg-Richter law (equations (2) and
(3)) which indicates that earthquakes occur mostly in highly
stressed fault patches where ruptures can grow up to all
sizes limited only by the fault segment size [Geller et al.,
1997; Hainzl and Zéller, 2001]. Second, the time-to-failure
analysis of natural seismicity has recovered an underlying
critical point behavior [Bufe and Varnes, 1993; Jaumé and
Sykes, 1999; Zoller et al., 2001]; and third, in a whole class
of models simulating the seismic cycle, the stress field self-
organizes into a critical stress state (e.g., [Burridge and
Knopoff, 1967; Olami et al., 1992; Main, 1996; Dahmen et
al., 1998; Hainzl and Zéller, 2001]). Assumption 2 is
justified by the observation that earthquakes occur mostly
on preexisting faults, that is, they are a frictional rather than
a fracture phenomenon [Scholz, 1998]. Assumptions 3 and 4
are supported by the observation that within earthquake
clusters, subsequent events occur next to the rupture area of
previous events, in particular, aftershocks are concentrated
preferable at the edges of the main shock rupture area and
the epicenter of the main shock is situated mostly in the
immediate vicinity of the foreshocks [Mendoza and Hart-
zell, 1988; Ogata et al., 1995]. The timescales of individual
ruptures (minutes), earthquake clusters (weeks), and recur-
rence times of large earthquakes (hundreds to thousands of
years) are well separated leading to the conclusion that the
mechanism responsible for earthquake clustering is different
from that of rupture evolution (elastic interactions) and that
of reloading (tectonic plate movement) [Scholz, 1994]. The
temporal characteristics of the triggering mechanism will
depend on the real underlying process. Different processes
have been proposed, e.g., pore fluid flows [Nur and Booker,
1972; Yamashita, 1999] or stress corrosion [Shaw, 1993;
Main, 2000]; however, it is not known if one or more of
these processes are really underlying the earthquake cluster-
ing. Thus, for our investigations we assume the simplest
case, that is, a state-independent linear change of the
strength (stress) with time.

2.2. Algorithm

[v] We implement our model in the form of a continuous
cellular automaton by defining a two-dimensional L x L
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Figure 1.

D, =1.25

Three different types of fault geometry are investigated differing in the smoothness of the

transition between seismic (white) and aseismic (black) regions. The surfaces are constructed according
to the description in Appendix A and classified by the fractal dimension D, of the border line. The
analyzed 128 x 128 block systems consist of half black and half white blocks.

array of blocks (i, j), where i, j are integers, 1 <i,j < L. To
account for complex boundary conditions, we produce
within this L x L array a seismic active patch of L72 sites
which is embedded in an aseismic region. The procedure
which we use to produce fault geometries of variable
geometry is described in Appendix A. We characterize the
complexity of the fault geometry by the fractal dimension
Dy of the border line. In Figure 1 one example is shown for
each of the three different degrees of fault complexity
analyzed in this paper.

[10] The evolution of ruptures within the active fault
region is described by the cellular automaton version
[Olami et al., 1992] of the two-dimensional spring-block
model originally proposed by Burridge and Knopoff [1967]:
Stick-slip motion is assumed within the seismic region,
where the friction law adopts the Mohr-Coulomb law with
a static failure threshold oz If the stress on a block (%, /)
exceeds the static failure threshold, o(k,/) > o, sliding is
initiated at this block. The moving block slips to the zero-
force position and the stress Ao = o(k, /) is partially
distributed to the four nearest neighbors(k., [.). The stresses
of the nearest neighbors lying within the fault patch are set
according to the rule

olke,ls) — o(ks, ) +§A0, 4)

but the stress transferred to boundary elements is lost. The
stress of the sliding site is reset to

o(k,l) — 0, (5)

and this site is set to the aseismic state, that is, it becomes a
new boundary element. The coupling constant g depends on
the assumed elastic properties and can vary in the range of 0
< g < 1. Additionally, g defines the degree of stress
conservation within the fault plane, where g = 1 refers to the
conservative case which is a unrealistic limit case because
of the elastic coupling to the tectonic plate. The redefined
stress on the adjacent blocks o(k., /) may lead to an
instability, i.e., o(ks, L) > ok, L), in one or more blocks
of the unruptured fault zone. In this case, a chain reaction
starts and the stresses at all unstable blocks are distributed
according to equations (4)—(5) possibly leading to further

instabilities, and so on, until the earthquake is terminated,
i.e., until o(ij) < or(i, j) for all blocks (i,j).

[11] In most models of the earthquake evolutionary proc-
ess, which aim at simulating main shock occurrence, the
earthquake ruptures are initiated on account of the regional
stress increase due to the tectonic plate motion. In these
models the effect of previous earthquakes is restricted to
static stress changes. Such model versions [e.g., Bak and
Tang, 1989; Olami et al., 1992] cannot reproduce the
empirically observed earthquake clustering. However, we
are interested in earthquake clustering rather than in model-
ing the whole seismic cycle. Thus we neglect tectonic
loading, because it is not relevant on the timescale being
typical for earthquake clusters, whereas we consider post-
seismic processes. That means that the synthetic ruptures do
not only lead in adjacent fault regions to a static increase of
the Coulomb failure stress or failure function [Beeler et al.,
2000], respectively, but also to a further transient increase of
the failure function due to pore fluid flows, afterslip, and/or
stress corrosion. In particular, we assume that the postseis-
mic effect is mainly localized at the edge of the rupture
zone. Thus, in our simulations we assume that the strength
of blocks bordering on the rupture area decreases linearly
with time which is a first approximation to subcritical crack
growth and stress corrosion [Lee and Sornette, 2000]. We
have also tested the alternative approach, where a stress
increase instead of a strength decrease is assumed. We find
that our results do not depend on this specification of the
way how the failure function increases postseismically.
Therefore we restrict the presentation of the algorithm to
the first case: Immediately after an earthquake, the threshold
values start to decrease linearly with time until the minimum
(1 — 7)of is reached. The parameter T€[0, 1] defines the
strength of the decrease. When the threshold value at one
block equals the local stress level, the next earthquake is
initiated and is determined again according to equations
(4)—(5). Thus, earthquake sequences are simulated which
unload most parts of the fault segment. The timescale is
given by the unloading time 7, which defines the rate of
postseismic strength decrease —o/Ty. This timescale is
assumed to be much larger than that of individual earth-
quakes ruptures; that is, the duration of each earthquake is
set to be instantancous. The earthquake sequence is termi-
nated when the whole seismic region is unloaded, or if the
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stresses of all blocks bordered on the ruptured area are less
than (1 — T)ox The data stored for each sequence consist of
the occurrence times in units of Ty, the coordinates of the
epicenters and the spatial sizes of all initiated earthquakes.

[12] The ingredients of this model, namely, stress distri-
bution combined with linear strength decrease, are similar to
that recently introduced by Lee and Sornette [2000] in order
to simulate aftershock sequences. However, the mechanism
of earthquake triggering is completely different: Lee and
Sornette [2000] assume a simultaneous strength decrease all
over the fault and instantaneous recovering of the original
strength value after sliding (i.e., an effective hardening)
within ruptured areas. By contrast, our model assumes
strength decreases spatially localized at the edge of rupture
areas, whereas the rupture areas themselves remain aseismic
(no healing on the timescales investigated).

3. Numerical Simulations

[13] We have analyzed fault surfaces of size 128 x 128
produced according to the description in Appendix A. For
each surface, the initial stress values are randomly distrib-
uted in the interval [0¢, o], where the mean stress level (o)
= (09 + ox)/2 is set to the critical value. This value defines
the minimal stress level, where earthquakes can occur which
rupture almost the whole fault segment at once. It is
identical to that found in a previous work for the case of
a stress concentration factor v = 1 [Hainzl and Zéller,
2001]. While all subsequent earthquakes are triggered by
previous events, the first earthquake has to be initiated
explicitly. We do this by picking one block by chance and
setting its stress value to op Furthermore, we set all
threshold values o arbitrarily to 1 at the beginning. Three
free parameters are left which have to be fixed for our
simulations: the fault roughness D, the coupling constant g,
and the strength of the postseismic effect 7. However, by
exploring the three-dimensional parameter space, we have
found that the main characteristics, namely, the Gutenberg-
Richter law and the (inverse) Omori law with its » value and
p value change due to the main shock occurrence, are
reproduced independently of the parameter values. In sec-
tion 3.3 the robustness of our results with respect to the
choice of the parameters and the initial stress state is
discussed in more detail.

[14] We simulate many earthquake sequences in different
realizations of fault surfaces with a certain D,,. To character-
ize our simulations, we use the following notation: The
largest event of each sequence is called the main shock,
whereas all events occurring before or after the main shock
are defined as foreshocks or aftershocks, respectively. One
typical example for such a simulated earthquake sequence is
shown in Figure 2. Although different earthquake sequences
can differ very much in the details of their spatiotemporal
rupture histories, we find that all of them share the same
universal features: The main shock is preceded by only few,
if any foreshocks and followed by much more aftershocks.
Furthermore, the rate of aftershocks decreases with time,
whereas the foreshock activity, if several foreshocks occur,
tends to increase until the main shock occurrence time.
These results are in agreement with real earthquake sequen-
ces [Scholz, 1994], and also with acoustic emissions in
laboratory fracture experiments, apart from the fact that the

HAINZL ET AL.: EARTHQUAKE CLUSTERING IN FINITE FAULTS

number of acoustic foreshock emissions is found to be
larger than the number of aftershocks [Sammonds et al.,
1992].

[15] In terms of our model the observed characteristics
can be understood by the following considerations: The
probability for triggering aftershocks increases with the
number of unbroken blocks bordering on the already
ruptured fault patch. In an infinite two-dimensional fault
plane this number would increase further and further in
response to successive events increasing the ruptured area,
and consequently, the seismic activity would accelerate.
This is the reason for the observed accelerating foreshock
activity. However, for real, i.e., finite, fault sizes the main
shock will rupture the main part of the fault which leads to a
drastic change of the situation. On the one hand, the
probability for subsequent events is suddenly and signifi-
cantly increased due the sharp rise of the area effected by
the postseismic strength decrease. Thus a jump of the
seismic rate takes place. On the other hand, the finite size
of the fault becomes now significant. In general, the fault
area which is left unbroken by the main shock will consist
of many disconnected small patches. Each of these patches
will rupture at once or by a secondary, much shorter earth-
quake sequence. Each aftershock leads to a reduction of the
number of those unruptured islands and their sizes. Thus, on
average, the rate of aftershocks will decrease with time.
Note that a small gradual increase of the aftershock zone
size occurs as a consequence of our triggering mechanism.
In practice, however, this migration of activity is not easily
seen in the resulting aftershock sequences (see, e.g., Figure
2). The reason is the complex geometry of the rupture area
as well as of the border between seismic and aseismic
regions. The aftershocks occurring mostly on islands within
the rupture zone and on recesses in the border area.

[16] In the following, we want to characterize the earth-
quake sequences occurring in finite fault sizes in more
detail. At first, we examine the frequency-size distribution
of the events in dependence of their occurrence time. In the
second part, the averaged temporal characteristics of fore-
shocks and aftershocks are analyzed.

3.1. Frequency-Size Distribution

[17] Previously, [Hainzl and Zéller, 2001] have shown
that earthquakes, which are initiated in an infinite two-
dimensional critical loaded stress field, have a size distri-
bution reproducing the Gutenberg-Richter law (equations
(2) and (3)). However, in comparison to empirical observa-
tions, the exponent b has been found to be unrealistic small,
namely, b ~ 0.2, independent of the model parameters.
Now, in the case that a sequence of earthquakes succes-
sively rupturing a finite fault segment, the results change
because the earthquakes are initiated in fault patches of
finite extension limiting the maximum rupture size. In
addition, the fault patch sizes depend on the rupture history;
in particular, they are shrinking with time. In the first step,
we analyze the size distribution of the earthquakes succes-
sively triggered in our simulations independently of their
occurrence times. Then in a second step, we compare the
size distributions of foreshocks and aftershocks.

[18] The overall frequency-size distribution, which is
shown in Figure 3 in an incremental form, is found to
reproduce very well the Gutenberg-Richter law (equation
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Figure 2. A typical example of a simulated earthquake sequence rupturing successively almost the

whole prestressed fault segment (here T = 0.1, g = 0.

8, and Dy = 1.25): (a) the sizes of the events as a

function of their occurrence time relative to that of the largest event (main shock); (b) the cumulative

rupture area of the five foreshocks (the cross marks
shock rupture area (the cross marks the epicenter); (d)
of the second half of the subsequently occurring 158

(3)). In contrast to the earthquakes occurring in infinite two-
dimensional fault planes, the b value (=0.9) is now in good
agreement with the empirical observed value for the cumu-
lative distribution scattering around 0.9 [Turcotte, 1997].
This value is found independently of the model parameters
g, 7, and the fault geometry referring to the universality of

the initiation point of the sequence); (c) the main
the cumulative rupture area of the first half and (e)
aftershocks.

the underlying critical point physics [Bruce and Wallace,
1989]. Note that the size of the segment which breaks
successively by the delayed rupture propagation is set in
our investigations. If healing and reloading of the fault
system is taken into account, the distribution of fault seg-
ment sizes and consequently also the b value will depend on
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Figure 3. The probability of observing an event with
source size S as a function of S in earthquake sequences
rupturing critical loaded faults (here T = 0.2 and g = 0.8).
Independent of the fault geometry Dy, the distribution can
be described very well by a power law S~ ¢ with 5= 0.9.

the coupling constants g and T [Hainzl and Zoller, 2001].
The overall frequency-size distribution is built up by the
superposition of distributions with cutoffs corresponding to
the patch sizes in the stress field. Thus the macroscopic b
value of the overall population is a direct consequence of
the fragmentation of the stress field due to precursory
events.

[19] Now, in the second step, we compare foreshocks
with aftershocks regarding their size distributions. We find
that both distributions reproduce the Gutenberg-Richter law;
however, they differ significantly with regard to the b value.
Foreshocks can be characterized by a much smaller expo-
nent, b ~ 0.6, compared to aftershocks, b ~ 1. This is
illustrated in Figure 4. Again, we can explain this result by
the different patterns of the stress field before and after the
main shock, respectively. Whereas aftershocks occur in a
fragmentary stress field being composed of small patches
and recesses, foreshocks and main shocks are initiated in a
more extended and compact fault segment feeling almost
nothing from the finite size of the fault. The increasing
relevance of finite size effects with time explains the larger
b value for aftershocks compared to foreshocks and main
shocks. A further reason might be the slight tendency that
failures occur at weaker blocks with time. However, if we
trigger each earthquake in the sequence with the same stress
drop, we find the same results. Consequently, this explan-
ation is of minor importance for our observations which are
in good agreement with real seismicity and laboratory
experiments. Detailed observations of earthquake catalogs
have shown that foreshock sequences and main shocks are
characterized, on average, by a smaller b value than after-
shocks or other earthquakes [Suyehiro et al., 1964; Papa-
zachos, 1975; Knopoff, 2000]. Furthermore, acoustic
emissions from rock fracturing show an analogous jump
of the b value irrespective of pore fluid content and pressure
variations [Scholz, 1968; Sammonds et al., 1992]. Previ-
ously, the b value change has been explained to be the result
of the stress drop from a high to a low level owing to the
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main shock [Scholz, 1968, 1994]. Our simulations suggest
that another explanation could be the fragmentation of the
stress field due to the precursory earthquakes. Foreshocks as
well as aftershocks occur at the same local stress and
strength conditions, only differing in the size and geometry
of the fault patch where they are initiated. However, both
interpretation are equivalent in a macroscopic point of view,
if only the mean stress, that is, the stress spatially averaged
over the total (broken and unbroken parts of the) fault, is
considered.

3.2. Temporal Clustering

[20] To extract the general characteristics of temporal
clustering, we determine the averaged occurrence rate
formed by stacking many simulated earthquake sequences
relative to the main shock. In particular, we divide the time
in bins of length € and calculate the number of earthquakes
have occurred in all sequences within each time bin. To
obtain the average rate, we normalize each value by e and
the number of sequences spanning this time bin.

[21] In Figure 5, the averaged seismic activity is illus-
trated for an intermediate complexity of the fault geometry.
The phenomena which we have already observed for
individual sequences now become clear: The seismic activ-
ity is increasing further and further until the main shock
occurs. Then the main shock leads to a pronounced jump of
the activity level and to a reversal of the temporal trend; that
is, the seismic activity is now decreasing with a rate slowing
down with time. To check whether or not our simulations
reproduce the Omori law (equation (1)), we redraw the
temporal behavior in a double logarithmic plot. This is
shown in Figure 6 for three different values of Dy lightening
up two important results: Firsty, the increase of foreshock
activity as well as the decrease of aftershock activity can
both be described approximately by power laws, where the
exponent describing the foreshock increase is found to be
significantly smaller than that of the aftershocks. Second,
the exponents depend on the fractal dimension D, whereas
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Figure 4. Comparison of the cumulative frequency-size
distributions of foreshocks with that of the aftershocks (here
7=0.2 and g = 0.8). The foreshocks are characterized by a
significantly smaller power law exponent b = 0.6 compared
to b =1 for aftershocks.
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Figure 5. The earthquake activity as the function of the
time relative to the main shock occurrence time. This curve
results from the averaging over 2500 sequences for 7= 0.2,
2=0.8, and Dy = 1.25.

the results are almost insensitive to the other model param-
eters (see section 3.3). In particular, the exponents are
negatively correlated with Dy. However, the dependence
is weak leading only to a variation of the p value in the
vicinity of 1.

[22] These results are in good agreement with the follow-
ing empirical observations: the validity of the Omori law
(equation (1)) for the foreshock increase and the aftershock
decay, respectively; the empirical p values for aftershocks
are lying in the same range, namely, between 0.9 and 1.5
[Utsu et al., 1995]; the p values for foreshocks are found to
be smaller than the p values of the correspondent aftershock
sequences [Maeda, 1999]; and the empirical p values are
also found to be negatively correlated to the estimated
fractal dimension Dy of fault systems [Nanjo et al., 1998;
Nanjo and Nagahama, 2000]. The only difference is that the
empirical observed exponents for foreshocks are mostly in
the range from 0.7 to 1.3 [Utsu et al, 1995] and thus
generally higher than in our simulations. This difference is
manifested also in the smaller gap between the exponents
for foreshocks and aftershocks for real seismicity (Ap = 0.2
[Maeda, 1999]) in comparison to our simulation (Ap ~
0.5). However, this apparent inconsistency results probably
from the incomplete identification of the earthquake clusters
for real earthquake catalogs and the short and varying
lengths of the triggered sequences. Especially for larger
time gaps to the main shock, foreshocks, and aftershocks
cannot be distinguished from background seismicity. Fur-
thermore, the variations of time intervals cannot be consid-
ered in real earthquake catalogs because the begin and end
of such sequences are not well defined. Both causes are
more important for the less frequent foreshocks than for the
dominant aftershock activity and lead to an overestimation
of the growing rate of the real foreshock activity [Nyffe-
negger and Frohlich, 1998]. By contrast, we have com-
pletely extracted all synthetic foreshocks and we have taken
the variable length explicitly into account by averaging at
each time bin only over sequences spanning this time. To
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confirm our results, we normalize the time scale of each
aftershock (foreshock) sequence to the unit time interval
before we stack the different sequences together. We find
that this representation of our simulations leads to the same
results.

[23] The exponents of our simulated foreshock activity,
04 < p < 0.7, are compatible with previous reports on
accelerated precursory activity found by time-to-failure
analysis of natural seismicity [Bufe and Varnes, 1993;
Jaumé and Sykes, 1999]. The cumulative activity is
observed to increase with decreasing time distance ¢ to the
main shock according to ~A — Bt™ with 0 <m < 1 and
constants 4, B > 0. The exponent m = 1 — p is found
typically in the interval 0.2 < m < 0.6 [Bowman et al.,
1998].

[24] Another way to characterize the temporal behavior of
earthquake clusters is to study the waiting time distribution.
The waiting times are defined as the time intervals between
successive earthquakes within the sequences. For Dy = 1.25
this distribution is shown in Figure 7 for foreshocks and
aftershocks separately. Again, the numerical results can be
fit well by power laws, which is in good agreement with
empirical findings [/to, 1995]. Although the waiting time
distribution is not completely independent of the Omori law,
it gives further evidence for the property of scale invariance,
especially with regard to the difference between foreshocks
and aftershocks. Again the exponent is found to be smaller
for foreshocks than for aftershocks.

3.3. Robustness of the Results

[25] Now, we discuss the robustness of our results with
respect to the model parameters and the initial stress field in
more detail. We have found that the frequency-size distri-
butions and the temporal behavior are independent of the
parameter g characterizing the rupture propagation. Only the

© Dy=1.1 + Dy=1.25 0O Dy=1.4
108
Q
o
10" 4 . . |
-10° -10" -102 1072 107 10°

time relative to mainshock [T;]

Figure 6. The averaged earthquake activity relative to the
main shock in double logarithmic plots (here = 0.2 and g
= 0.8). For three different degrees of fault complexity Dy,
the increase of foreshock activity as well as the decrease of
the aftershock rate is found to follow approximately power
laws.
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Figure 7. The probability density of observing a waiting
time ¢ between two successive foreshocks and aftershocks,
respectively. The plot results from a simulation of 10*
sequences with 7 = 0.2, g = 0.8, and Dy = 1.25.

initial stress level, i.e., the critical state, depends on this
parameter [Hainzl and Zéller, 2001]. Additional investiga-
tions of more sophisticated rupture rules have supported our
conclusions that the rupture behavior seems to be of minor
importance for our results. In particular, we have analyzed
model algorithms with more realistic stress concentrations
at the rupture front [see Hainzl and Zoller, 2001]. These
modifications do not change the characteristics of the earth-
quake sequences. Our results have also been checked with
respect to the parameter T describing the amount of post
seismic strength decrease. Most results remain unchanged,
only the absolute number of events and the length of the
earthquake sequences depend slightly on : the larger T is,
the more earthquakes are triggered on average. Finally, the
influence of the spatial fault structure characterized by D
has been already discussed in section 3.2: The p value is
negative correlated to D,, whereas the b value does not
change significantly.

[26] A purely linear postseismic time dependence of the
failure function is only, if at all, a first-order approximation
to reality. For example, thermal activation would lead
locally to an exponential form [e.g., see Lawn, 1993].
Deviations from linearity will modulate the interevent times
and, as a consequence, will probably result in changes of the
p values. However, the mechanism described in this paper is
mainly based on spatial effects and on universal critical
point physics. Thus the main results can be expected to
remain qualitatively independent of nonlinearities which is
supported by previous investigations of percolation models
[Main, 1999].

[27] Furthermore, we have examined the influence of the
initial stress state on the synthetic earthquake clustering. For
the simulations shown above, the stress level has been set to
the critical state which is the minimum level where the
largest events span the whole system. For moderate varia-
tions of this initial stress state we find no changes of our
results. In particular, for overstressed (supercritical) faults
the results are almost robust, although runaway events can
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now occur. Such events can be stopped, after growing over
a critical size, only at the (aseismic) boundaries in contrast
to events occurring in critical or subcritical stress states
which are controlled by inherent heterogeneities of the
stress field. However, also the stress concentration at the
rupture front of runaway events is not enough to rupture all
recesses in the fractal boundary region. Analogous to the
case of a critical stress state, the postseismic strength
decrease leads to successive rupturing of the untouched
fault parts and the aftershocks remain distributed according
to the Omori law also in the supercritical case. The p value
does not change, whereas the probability for the occurrence
of foreshocks becomes much smaller in the case of over-
stressed faults. By contrast, in the case of a subcritical stress
state, the earthquake ruptures are stopped due to inherent
stress field heterogeneities and the main part of the fault is
ruptured by a whole sequence of earthquakes of comparable
size, rather than by an individual main shock at once. As a
result, the transition between the increase of seismic activity
at the beginning and the decrease at the end of a sequence is
much smoother and none of the events within an earthquake
sequence is dominating now. In this case, our simulations
are visually similar to empirically observed earthquake
swarms which cannot be described by the Omori law nor
by any other law so far. Thus a comparison of our
simulations with earthquake swarms is much more compli-
cated and beyond the scope of this paper. It is an interesting
question for future studies whether swarm activity can be
explained by a delayed rupture propagation in subcritical
stress fields.

[28] In summary, we find that our results shown in
sections 2 and 3 are robust with respect to variations of
the earthquake mechanism and can be expected for a whole
range of stress states.

4. Summary and Conclusions

[29] Our aim is to understand the relevant mechanisms
which are responsible for earthquake clustering. For this
purpose, we have analyzed earthquake populations initiated
in critical stressed fault segments. Such critical states of the
stress field are expected for earthquakes on account of
theoretical and empirical investigations: Critical stress states
have been found to evolve naturally in models simulating
the seismic cycle [e.g., Burridge and Knopoff, 1967; Olami
et al., 1992; Main, 1996; Dahmen et al., 1998; Hainzl and
Zoller, 2001] and in real fault systems which has been
recovered by means of the time-to-failure analysis [Bufe and
Varnes, 1993; Bowman et al., 1998; Jaumé and Sykes, 1999;
Zéller et al., 2001]. On the other hand, the mechanisms
being responsible for the observed spatiotemporal clustering
of earthquake are not clear so far. In previous investigations
[Hainzl et al., 1999, 2000a, 2000b], we have found that
postseismic viscoelastic relaxation can explain the observa-
tions, however, also other triggering mechanisms, such as
state and rate dependent friction [Dieterich, 1994], or stress
corrosion cracking [Shaw, 1993; Main, 2000], have been
proposed on account of theoretical considerations basing on
the nonlinear temporal response of the system due to stress
jumps. Although all of these processes will probably occur
in real fault systems, it is so far unknown which of them are
more relevant. To test our hypothesis that only some basic
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assumptions are necessary to explain the empirical obser-
vations, we have investigated a very simple triggering
mechanism: The postseismic effect is linear in time and
concentrates only on the edge of the ruptured area.

[30] Our simulations are in good agreement with empiri-
cal observations. Apart from the reproduction of the Guten-
berg-Richter law and the Omori law as such, also their
differences regarding foreshocks and aftershocks are repro-
duced. Furthermore, the simulations show the observed
negative correlation between the Omori p value and the
fractal dimension of the fault system Dy. In our model, these
characteristics result from the successive shrinking of the
loaded fault area size with the continuation of the earth-
quake sequence. It was neither necessary to introduce any
nonlinearity in the temporal initiation process, nor to
assume any difference in the nucleation of foreshocks and
aftershocks. Although the temporal characteristics of the
processes in real fault systems will be more complex, maybe
nonlinear, this probably plays only a minor role for the
explanation of the most conspicuous properties of spatio-
temporal earthquake clusters. Thus our investigations lead
to two main conclusions: First, the observation of the
Gutenberg-Richter law as well as the Omori law with its
empirical exponents alone do not permit to discriminate
between several possible mechanisms, because, e.g., pore
fluid flows, stress corrosion, or after slip are probably all, in
a first approximation, compatible with our basic assump-
tions. For a discrimination, other observations are needed.
Second, the inspected empirical observations, especially the
differences in the b and p values, do not refer to any
differences between the initiation process of foreshocks
and that of other events.

Appendix A: Production of Fault Surfaces

[31] The fault surfaces with complex geometry are pro-
duced in the following way: First, we generate surfaces with
a fractal distribution of strength according to the detailed
description by [Turcotte, 1997]. That is, the Fourier trans-
form of a L x L matrix of random numbers #%,,, with a
Gaussian probability distribution supplies a matrix of com-
plex Fourier coefficients Hy, corresponding to radial num-
bers R given

r=1/s*+.

The mean power spectral density for each radial wave
number £, is then filtered according to

(A1)

Hy,
[y
k2

H = (A2)

The inverse Fourier transform then generates the fractal
strength field, where the fractal dimension of this field D is
determined by the parameter 3, namely, D = (7 — (§)/2.
[32] The fault geometries which are analyzed in this paper
result from such strength fields by defining blocks with a
strength less (larger) than the mean strength level as seismic
active (aseismic). To characterize the complexity of such
surfaces, we calculate the fractal box-counting dimension
D, of the border line separating the seismic active from the
a seismic region. The three different types of surfaces
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studied in this paper have been produced with a dimension
of the strength field D = 1.8, 2.4, and 2.8 yielding Dy = 1.1,
1.25, and 1.4, respectively, for the border line.
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[1] In order to elucidate how structural heterogeneities
affect the aftershock decay rate, we examine the aftershock
sequences produced by a slider-block model of seismicity. In
this model, the geometry of the seismic zone is the only free
parameter and all aspects of the system are known. The
power law aftershock decay rate holds only for smooth faults.
A band-limited power law emerges at intermediate fault
complexity. For rough faults, only a transient regime toward
an exponential decay is observed. In all fault geometries
examined, a band-limited power law model fits the synthetic
aftershock decay rate better than the Modified Omori Law.
Then, as the connected seismic elements form a simpler
localised surface, we show that the power law aftershock
decay rate extends over longer time, and that the power law
exponent increases. These results support the inference that
the correlation time of the power law aftershock decay rate
increases as the deformation localises along dominant major
faults. INDEX TERMS: 3299 Mathematical Geophysics:
General or miscellaneous; 7230 Seismology: Seismicity and
seismotectonics; 7260 Seismology: Theory and modeling.
Citation: Narteau, C., P. Shebalin, S. Hainzl, G. Zoller, and
M. Holschneider, Emergence of a band-limited power law in the
aftershock decay rate of a slider-block model, Geophys. Res. Lett.,
30(11), 1568, doi:10.1029/2003GL017110, 2003.

1. Introduction

[2] Following an earthquake, aftershocks are seismic
events of smaller magnitude occurring in the neighbourhood
of the rupture. Omori [1894] first suggests a hyperbolic
aftershock decay rate with respect to the time from the
mainshock. This precursory work permits a more general
description of the temporal clustering of aftershocks through
the modified Omori Law [Utsu, 1961],

K

A(’):ma (1)

where A(?) is the aftershock rate at time ¢, p is a positive
power law exponent, K is a constant of proportionality, and
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c is a time constant essential to define a finite aftershock
frequency at ¢ = 0, the mainshock time. This empirical law
predicts a power law aftershock decay rate over long time
and a constant rate over short time. Later, different models
of aftershock decay rate have been tested to improve the fit
of natural aftershock sequences [Gross and Kisslinger,
1994]. For example, an exponential decay replaces the
power law decay to account for an acceleration of the decay
rate over long time [Kisslinger, 1993].

[3] Following Scholz [1968], Narteau et al. [2002] devel-
op a model of aftershock decay rate based on a Markov
process with stationary transition rates. These transition rates
X vary according to the magnitude of a scalar representing
the state of stress, and defined as the overload o,. Thus, the
aftershock decay rate in the model is a weighted sum of
independent exponential decay functions with different char-
acteristic times. From different overload distributions N(og)
and different expressions of the transition rates \(oy), it has
been shown that the aftershock decay rate can be written as

A(t) _ A(’Y(q7 >\/7t) - 'Y(qa >\at)) ’ (2)

1

where y(p,x) = [; ™! exp(—7)dr, is the incomplete Gam-
ma function and where ¢ and 4 can be expressed according to
analytical results. X\, is a characteristic aftershock rate which
corresponds to an upper bound of the overload distribution.
A, 1s a characteristic aftershock rate which corresponds to a
limit of crack growth where the magnitude of the transition
rate jumps from 0 to a finite positive value.

[4] The main characteristic of the aftershock decay rate
produced by equation 2 is that, if N, > \,, three major
regimes of the aftershock decay rate emerge: (1) A linear
decay is observed for ¢ < t{ where 1{ = x,/\,. (2) A power
law decay is observed for tp < ¢ < 15 where 5 = x,/\,. (3) An
exponential decay is observed for ¢ > £5. In this description,
x, and x, are coefficients defined from the g-value and a
threshold of divergence C between the aftershock decay rate
and a permanent power law decay. Thus a band-limited
power law aftershock decay rate results from the upper
bound of the overload distribution and a limit of crack
growth over short and long time respectively. In the
framework of this model, (g, \,, N\y) are the only free
parameters, but sometimes it is more convenient to refer
to the temporal limits (¢", £5) that result from these param-
eters in order to describe the different types of aftershock
decay rate produced by equation 2 (Figure 1).
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Figure 1. Averaged aftershock activity and best-fits of the
band-limited power law and the modified Omori law for
different fault geometries of the slider-block model. (a) Dy =
1.1. (b) Dy = 1.25. (¢) Dy = 1.4. Enlargements show that the
band-limited power law is always closer to the data. (d)
Generic behaviours of the band-limited power law. A-values
are arbitrary, \, = 200 and g = 1 (i.e. t5 = cte/\,). Type 4:
power law decay rate over long time (1/\, = 10°). Type B:
band-limited power law (1/x\, = 0.2). Type C: transient
regime toward an exponential decay rate (1/x, = 1073).

[s] From several well known aftershock sequences in
different geophysical environments, Narteau et al. [2002]
have suggested that the power law aftershock decay rates
extends over longer time according to the concentration of
the deformation along dominant major faults. In addition to
the limit of crack growth, it has been proposed that structural
properties control the time of the transition from a power law
to an exponential aftershock decay rate (i.e. correlation time
of the power law aftershock decay rate). Such conclusions
have now to be confirmed by a systematic analysis of a large
number of aftershock sequences. In a preliminary study
presented in this paper, we test our hypothesis from after-
shock sequences generated by a slider-block model [Hainzl
et al., 2003]. In this model, the complexity of the seismic
zone is the only free parameter. Thus, modifications of the
aftershock decay rate only result from changes in the
geometry of the system. On the other hand, all the artifacts
coming from data acquisition and data selection are avoided
in numerical simulations. Our approach may be therefore
visualised as an independent procedure for characterising a
relationship between the duration of the power law after-
shock decay rate and the faulting complexity.

2. The Model

[6] In the modelling of the earthquake phenomenology,
slider-block models opened up a variety of new applica-
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tions, all based on a standard representation of a frictional
behaviour along faults. The model to be presented here
retains the simplicity of the conventional slider-block model
but specifically accounts for stress corrosion cracking
[Lawn and Wilshaw, 1975]. Then earthquake clustering
and, in particular aftershocks, result from short-range inter-
action over long time in the neighbourhood of ruptures.

[7] In this model previously described by Hainzl et al.
[2003], the evolution of individual ‘earthquakes’ is a
cellular automaton version [Olami et al., 1992] of the
two-dimensional spring-block model originally proposed
by Burridge and Knopoff [1967]. Elastic interactions are
incorporated by nearest neighbour coupling, and the fric-
tional behaviour respects a Mohr-Coulomb criterion with a
static failure threshold or In addition to static stress
changes, the strength of the blocks bordering the rupture
linearly decreases [Lee and Sornette, 2000] to mimic sub-
critical crack growth by stress corrosion. Then a character-
istic time of a chemical reaction rate can be related to the
unloading time 7, which defines the rate of postseismic
strength decrease —o/T,. Hence the duration of an earth-
quake is assumed to be few orders of magnitude shorter
than 7y. Under this assumption, from a pre-stressed fault
patch and a stochastic nucleation, different parts of the fault
segment are unloaded by a succession of individual events.
In this sequence of events, it is possible to determine
foreshocks, mainshock and aftershocks with respect to the
time of the events and their sizes.

[8] The model is implemented in the form of a two-
dimensional L x L array of blocks. To account for complex
boundary conditions, a seismic zone of L*/2 blocks is em-
bedded within an aseismic region. Practically, different fractal
strength fields are generated from different fractal dimensions
[Turcotte, 1997], and the seismic zone is defined by the blocks
with the higher strength. Then we characterise the fault
geometry by estimating Dy the fractal box-counting dimen-
sion of the border line between seismic and aseismic zones
(i.e. the fault roughness). In addition, we calculate the average
number N, and the correlation length L, of the aseismic
regions within the seismic zone [Stauffer and Aharony,
1994]. These two parameters are negatively correlated to
the degree of localisation of the connected seismic elements.
Hence, in the following, we consider that the deformation
occurs along simpler localised fault as L, and N, decrease.

3. Results

[o] Different aftershock sequences obtained for a given
fault complexity are stacked in a unique catalogue with
respect to the time from the mainshock [Davis and Frohlich,
1991]. Thus we take advantage of the computing capabil-
ities to reduce the statistical bias associated with individual
aftershock sequences. Simultaneously, we verify that the
temporal properties of a vast majority of individual sequen-
ces are the same as for the stacked catalogue. Each sequence
initiates at = 0 and continues at least until #/7 = 1. Then,
we analyse the aftershock decay rate between 0 and T to
avoid finite size effects at ¢ > T, when individual sequences
are more likely to stop. The numerical procedure is the same
as in Narteau et al. [2002]. We define the parameters of the
modified Omori law (p, c¢) and the parameter of the band-
limited power law (g, \,, \») using state-of-the art statistical
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Table 1. Simultaneous Comparisons Between the Aftershock Decay Rates of the Slider-Block Model With Different Fault Geometries,
and Between the Band-Limited Power Law and the Modified Omori Law

Fault geometry Mod Omori law

Band-limited power law

Temporal limits

Dy Lo N. N(x10%) p c Ao Ao q Auc (x10°) 1 1 Type
1.10 2.50 5 3.41 2.18 0.12 1073 22.8 1.59 —7.04 0.11 394 A
1.25 4.52 24 4.37 2.60 0.25 0.84 15.1 1.41 —-9.03 0.14 0.54 B
1.30 5.22 40 422 2.02 0.18 0.75 18.1 1.12 —8.61 0.10 0.38 B
1.35 6.89 92 497 2.27 0.31 1.28 17.0 0.41 —10.1 0.04 0.012 C
1.40 7.73 185 4.69 1.75 0.30 0.86 229 0.15 —-9.40 0.008 231077 C

D, is the fractal box-counting dimension of the border line between seismic and aseismic regions. N, and L, are the number and the correlation length of
aseismic regions within the seismic zone. N is the number of aftershocks. The time scale is given by the unloading time 7. X, have units of frequency. tﬁz
and ¢ have units of time, while ¢ and p are dimensionless. A ;¢ is the difference between the AIC’s of the band-limited power law and of the modified
Omori law. tﬁz are inversly proportional to \,; and vary according to the g-value and a threshold of divergence expressed as a percentage ( = 0.8). As in

S

Figure 1, type A4 corresponds to a power law decay rate over long time 5 — oo, type B corresponds to a band-limited power law 0 < 5 < 1, and type C
corresponds to a transitional behavior toward an exponential decay rate 75 — 0.

measures [Akaike, 1974; Ogata, 1983]. Then we compare
the models by calculating the difference A ;- between the
Akaike Information Criterion (AIC) values obtained from
both model. A ;c < 0 means that statistically the band-
limited power law provides a better fit of the data than the
modified Omori law, despite the additional parameter.

[10] Table 1 shows the parameters of the modified Omori
law and the parameter of the band-limited power law for
five different degrees of fault complexity (L = 128). For
three of them, Figure 1 shows the aftershock decay rate and
the best fits provided by both laws. In Table 1, the N .-value
and the Ly-value rapidly decrease as the Dy-value decreases.
Thus we study the transition from a more distributed to a
simpler localised seismic zone. In all fault geometries
examined, the best-fit of the aftershock sequence is obtained
by the band-limited power law.

[11] For the modified Omori law, the p-value is high and
almost constant for the different fault geometries examined.
On the other hand, the g-value continuously decreases from
1.6 to 0.15 as the fault complexity increases. In particular,
the g-value jumps from 1.1 to 0.4 as Dy moves from 1.3 to
1.35. Small 7{-values suggest a rapid onset of the power-law
aftershock decay rate. The c-value is always higher than the
tt-value, and the ratio ¢/t0 increases for rougher faults.
Thus, the modified Omori law may capture non power law
behaviours over long time scales but provides a worst fit to
the short-term behaviour.

[12] A rapid decrease of the t5-value is associated with an
increasing complexity of the border line separating seismic
and aseismic regions of the model. For a smooth fault (D, =
1.1), t5 — oo and no transition toward an exponential
aftershock decay rate can be observed (Figure 1a). For an
intermediate complexity (Do = 1.25), the t5-value is less than
Ty and a transition toward an exponential decay rate occurs
over long time (Figure 1b). From Dy = 1.1 to Dy = 1.25, we
have therefore the emergence of a band-limited power law,
and a lower A c-value is obtained. For a more complex
fault geometry (Do = 1.3), the power law aftershock decay
rate is still the dominant regime over intermediate time
although the smaller ty-value. For rough faults (D, >
1.35), 5 — 0 and &5 < 0. It is impossible to observe a
power law decay and only a transient regime from a linear
decay to an exponential aftershock decay rate occurs (Figure
1c). As shown by the A 4;--value, the modified Omori law is
unable to deal with this decay type. From Dy = 1.35 to Dy =
1.3, we have therefore the emergence of a band-limited
power law. As the connected seismic elements form a

simpler localised surface, the power law regime emerges
from a linear regime over short time, and extends over longer
time to the detriment of the exponential regime.

4. Discussion

[13] In the slider-block model with stress corrosion
cracking, the aftershock decay rate results from strength
decreases spatially localized at the border of the rupture
over a population of blocks with heterogeneous stresses.
Hence, the extension of the rupture is essential in determin-
ing when aftershocks will be triggered. Aseismic regions
included in the seismic zone may inhibit the propagation of
an event, and are likely to affect the stress field at the edge
of rupture areas. In fact, as the fault becomes smoother,
aftershocks are in average triggered at lower stresses, and
the macroscopic strength of the fault is decreasing. The
controlling properties of the aftershock decay rate in the
slider block model and in the model presented by Narteau et
al. [2002] are therefore the same.

[14] The nature of the heterogeneity that we introduce in
the slider block model might not be the same as the
heterogeneity in the real Earth. However, the particular
mechanism of the heterogeneity is unlikely to be critical
to the broadly averaged statistics of aftershock decay, and
the huge AIC values resulting from the large numbers of
events being fit is a benefit of studying models.

[15] In this paper, we examine how the geometry of the
seismic zone affects the temporal properties of the after-
shock sequences produced by the slider-block model. In
particular, we determine the parameters of a band-limited
power model and of the modified Omori law. The band-
limited power law predicts a decrease of the exponent of the
power law aftershock decay rate with respect to an increas-
ing fault complexity. From real aftershock sequences, Nanjo
et al. [1998] already suggest such a decrease of the power
law exponent with respect to an increase of the fractal
dimension of the fault populations. Nevertheless, this anal-
ysis suggests that, if the transition toward an exponential
regime rate is not taken into account -as in the modified
Omori law- such variation may be more difficult to capture
because of a worst fit of the aftershock decay rate.

[16] In the model, the power law aftershock decay rate is
permanent along smooth faults. For an intermediate fault
complexity, a transition toward an exponential decay rate
occurs over long time and a band-limited power law
emerges. Finally, for the most complex geometries, only a
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transient regime toward an exponential aftershock decay
rate may be observed. Therefore there is a rapid increase of
the correlation time of the power law aftershock decay rate
with respect to a decreasing fault complexity.

[17] Without the restrictions applied to seismological and
experimental data analysis, these observations are in good
agreement with (1) the experimental results of Hirata
[1987] that show that an exponential decay is replaced by
a power law aftershock decay rate following the advance of
the fracturing process, and (2) the inference that have been
done from natural sequences [Narteau et al., 2001]. After-
shock sequences produced by the slider-block model along
smooth fault correspond to real sequences observed in zones
where the strain is concentrated on a major fault and where
the aftershocks exhibit a dominant faulting mechanism. In
laboratory experiments, they correspond to aftershock
sequences observed just before the macroscopic failure
(i.e. dynamic stress drop). For an intermediate fault com-
plexity, synthetic aftershock sequences correspond to real
sequences observed in zones where the strain is partitioned
on smaller faults and where no major structure emerges.
Synthetic sequences along rough fault correspond to after-
shock sequences observed in zones of distributed damage
where the deformation is accommodated by different types
of faulting mechanism or where the strain rate is signifi-
cantly low (i.e. higher crustal strength). In laboratory
experiments, such sequences are observed during the pre-
liminary stages of fracture growth.

[18] In the multi-disciplinary science of critical phenom-
ena, a critical behaviour is characterised by an increase of
both the correlation time and length in the proximity of a
critical point and by a divergence of these parameters at the
critical point. During the formation and the evolution of
fault populations, individual fault growth, interact, strain
localise and structural irregularities are smoothed by the
accumulation of the deformation. In a slider-block model,
this work suggests that, simultaneously, the correlation time
of the power law aftershock decay rate increases. As said
above, similar behaviours may have been captured in real
sequences and in laboratory experiments. Unfortunately, the
selection of only a few aftershock sequences for analysis
means that the empirical support provided for such behav-
iours is still of an anecdotal nature. The statistical analysis
presented in this paper is a new and independent contribu-
tion about the possible relationship between the correlation
time of the power law aftershock decay rate and the faulting.
The results support the idea that brittle rocks makes a
transition from a subcritical state to a precisely critical state
during the localisation process of the deformation.

5. Conclusion

[19] Temporal properties of the aftershock sequences
produced by a slider-block model depend on the geometry
of the seismic zone. Along smooth fault, the power law
aftershock decay rate applies at all time scales, but for
complex fault geometries, only a transient regime toward an
exponential decay may be observed. Between these two end
members, a band-limited power law emerges and extends
over longer time as the smoothness of the fault increases. In
all fault geometries examined, a band-limited power law
model fits the synthetic aftershock decay rate better than the

NARTEAU ET AL.: EMERGENCE OF A BAND-LIMITED POWER LAW

Modified Omori Law, despite the additional parameter. In
addition to the duration of the power law aftershock decay
rate, we show that the power law exponent increases as the
connected seismic elements form a simpler localised sur-
face. Without the usual restrictions applied to geophysical
and experimental data analysis, the work presented here
supports the inference that the correlation time of the power-
law aftershock decay rate increases as the deformation
localises along dominant major faults.
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Quasi-static and Quasi-dynamic Modeling of Earthquake Failure
at Intermediate Scales

GERT ZOLLER!, MATTHIAS HOLSCHNEIDER?, and YEHUDA BEN-ZION?

Abstract—We present a model for earthquake failure at intermediate scales (space: 100 m—100 km,
time: 100 m/vgpear- 1000’s of years). The model consists of a segmented strike—slip fault embedded in a 3-D
elastic solid as in the framework of BEN-ZION and RICE (1993). The model dynamics is governed by
realistic boundary conditions consisting of constant velocity motion of the regions around the fault, static/
kinetic friction laws with possible gradual healing, and stress transfer based on the solution of CHINNERY
(1963) for static dislocations in an elastic half-space. As a new ingredient, we approximate the dynamic
rupture on a continuous time scale using a finite stress propagation velocity (quasi—dynamic model) instead
of instantaneous stress transfer (quasi—static model). We compare the quasi—dynamic model with the
quasi—static version and its mean field approximation, and discuss the conditions for the occurrence of
frequency-size statistics of the Gutenberg—Richter type, the characteristic earthquake type, and the
possibility of a spontaneous mode switching from one distribution to the other. We find that the ability of
the system to undergo a spontaneous mode switching depends on the range of stress transfer interaction,
the cell size, and the level of strength heterogeneities. We also introduce time-dependent log (¢) healing and
show that the results can be interpreted in the phase diagram framework. To have a flexible computational
environment, we have implemented the model in a modular C++ class library.

Key words: Earthquakes, fault models, dynamic properties, seismicity.

1. Introduction

In recent years various models of earthquake sequences have been developed.
Although the verification of such models is difficult due to limited data, considerable
progress has been made with respect to the generation and understanding of various
seismicity patterns. An important goal is the development of conceptual models,
which are simple enough to allow some analytical understanding of the relevant
processes, but also produce seismic dynamics that is to some degree realistic. Such
models have in general a set of tuning parameters that should not be too large. For
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some parameters empirical values are available, while others can be used to tune the
model dynamics towards an expected behavior. The model of BEN-ZION and RICE
(1993) of a fault in a 3-D elastic half-space appears to meet these criteria. Using this
model, several observed frequency-size and temporal statistics could be explained in
terms of structural properties of a given fault.

The most striking feature of seismicity is the frequency-size distribution, which
follows in regional domains the Gutenberg-Richter power-law relation. On an
individual fault, the situation can be different: although power-law scaling is always
observed for a certain range of magnitudes, deviations are found for large
magnitudes. On one hand, the Gutenberg-Richter scaling can break down; that is,
large events may be suppressed. On the other hand, the large magnitude range can be
dominated by a frequently occurring ‘‘characteristic’’ earthquake. Using a mean field
approximation of the model of BEN-ZION and RICE (1993), it has been shown that
different frequency-size distributions can result from different values of a dynamic
weakening coefficient controlling the brittle properties of the fault, and a conser-
vation parameter that determines the amount of stress transfer remaining on the fault
(DAHMEN et al. 1998; FISHER et al. 1997). For certain parameter values, the system
can spontaneously switch from one state to the other. In HAINZL and ZOLLER (2001)
a cellular automaton model of Burridge-Knopoff type (BURRIDGE and KNOPOFF,
1967; HAINZL et al., 1999) has been analyzed with the result that the degree of
disorder and stress concentration can tune the frequency-size statistics. The question
whether or not a small earthquake can grow into a system wide event is connected to
the degree of smoothness (or roughness) of the stress field. In BEN-ZION (1996) and
BEN-ZION et al. (2003) it is argued that the smoothing of long wavelength
components of stress can be interpreted as a development of long-range correlations
or, in terms of critical phenomena, as an increase of the spatial correlation length,
which prepares the fault for a large event (SORNETTE and SAMMIS, 1995; ZOLLER et
al. 2001; ZOLLER and HAINZL, 2002). Consequently, all processes that influence the
smoothness of the stress field, e.g., the type of stress transfer during a rupture and
quenched heterogeneities, are relevant for the dynamics.

Most existing models for earthquake failure are governed by instantaneous stress
transfer (quasi-static) during the rupture process, and in part by unrealistic stress
transfer functions like nearest-neighbor interaction or homogeneous stress transfer
independent of the position on the fault and the rupture dimension (see BEN-ZION,
2001, for a recent summary of fully dynamic earthquake models). As in the present
work, the fault is usually discretized into uniform cells. To account for a more
realistic rupture process, the quasi-static approach is extended here to a quasi-
dynamic one by introducing a finite communication speed (GABRIELOV ef al., 1994).
Using Chinnery’s solution for a strike-slip fault in a 3-D elastic half-space
(CHINNERY, 1963), realistic boundary conditions, dynamic weakening, and option-
ally a gradual time-dependent healing, provides a realistic, but still relatively simple
earthquake model on the intra- and the inter-event time scale.
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The results indicate that the quasi-dynamic model favors for certain parameter
values the occurrence of large events. In particular, the truncation of the Gutenberg-
Richter law in the quasi-static approach vanishes. We further show that the ability of
a system to undergo a mode switching between the Gutenberg-Richter law and a
characteristic earthquake distribution depends on the range of the stress transfer
interaction, the cell size, and the strength heterogeneities. If log(#) healing is included,
the time-dependence can be absorbed in an effective dynamic friction and stress loss
in the model without healing.

2. Model Framework

We assume conceptually a hierarchical model that consists of three hierarchies:
the system (top level) as a whole contains a set of faults (middle level); each fault is
composed of an array of cells (bottom level). The system is embedded in a three-
dimensional elastic half-space. At the system level, the interaction between the faults
is accounted for. The fault controls the interaction of the cells during an event, while
the accumulation and the release of stress takes place on the cell level.

At the present state of model development, only a single rectangular fault is
considered. Unless stated otherwise, a fault of 70-km length and 17.5-km depth is
covered by a computational grid, divided into 128 x 32 uniform cells, where
deformational processes are calculated. As discussed in BEN-ZION and RICE (1993),
this geometry corresponds approximately to the San Andreas fault near Parkfield,
CA. Tectonic loading is imposed by a motion with constant velocity v,; =35 mm/year
of the regions around the computational grid. The space-dependent loading rate
provides realistic boundary conditions. Using the static stress transfer function
K(i, j; k, 1) from CHINNERY (1963), the tectonic loading for each cell (i, /) is a linear
function of time 7 and plate velocity v,/;:

Af(i’jQ t) = (_Upl ’ t) ’ Z K<iaj; k, 1)7 (1)

k,lefault

where the minus sign stems from the fact that forward (right-lateral) slip of regions
around a locked fault segment is equivalent to back (left-lateral) slip of the locked
fault segment. The grid of cells is governed by a static/kinetic friction law, i.e., a
cell slips initially if the static friction 7, is exceeded. The threshold decreases
instantaneously to the dynamic friction t; <ty and remains there until the
earthquake is terminated (model without healing during events). The stress itself
drops to the arrest stress 1, < t;. This process of dynamic weakening can be
parameterized by the dynamic overshoot coefficient D = (t; — 7,)/(ts — 14). Fol-
lowing the description in DAHMEN et al. (1998), we set 1, = 1 and 7, = 0 and use
the dynamic weakening coefficient ¢ = (7, — 74) /1, = 1 — 74 to connect static/kinetic
friction and arrest stress. Consequently, the dynamic weakening parameter
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Sketch of frictional processes: in the model without healing during events (solid line), the friction drops

from 7, to 174 and remains there until the earthquake is terminated, at which time there is instantaneous

healing. In the model with healing during events (dashed line) the friction increases as log (¢) after the stress
drop. The shape of the healing curve is parameterized by the values of p; and #¢.

¢ =1—1, 1s bounded between 0 and 1. The case ¢ = 0 represents the unrealistic
case of static friction equals kinetic friction, or instantaneous healing. To account
for heterogeneities in the brittle properties, some uniformly distributed noise
€ [-0.5;0.5] is added to 7.

As yet, the frictional properties of the fault are strongly simplified; the strength
envelope, which describes the change of the friction coefficient by means of static
and dynamic frictions, is a piecewise constant function (see solid line in Fig. 1). It
is, however, known from laboratory experiments that ruptures are governed by
more complicated friction laws (DIETERICH, 1972; 1978). Most of the experimental
results are described by the rate- and state-dependent constitutive law (RUINA,
1983; ScHoLz, 1998). Within this law, the response to a sudden change of the
sliding velocity is an instantaneous effect on the friction coefficient followed by a
more gradual evolution.

As a first step towards a more realistic friction law, we introduce a gradual time-
dependent healing of the form (see dashed line in Fig. 1)

’Ed(t) = Td0 —+ ClOg(l + (t/lo)), (2)

where 14 1s the initial dynamic friction coefficient, ¢ is a reference time and C 1s a
free parameter. The healing begins after the instantancous drop of the friction from
7y to 140. For our numerical simulations, we parameterize the healing with two
parameters p; and to9, instead of C and #,. The value of p; gives the fraction of
Ty — T4 that has healed after a time of 1 km/v,, and the value #o9 gives the time
interval required for complete healing, t,(¢100) = 7.
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The stress transfer during an earthquake is calculated by means of the three-
dimensional solution of CHINNERY (1963) for static dislocations on rectangular
patches in an elastic Poisson solid with rigidity u = 30GPa. In particular, we
approximate the 3+ 1 dimensional space-time stress transfer by

Ac(i ity =(1=9) - > K(i,jik, DAulk, I;t = r/vy), (3)

k,lefault

where Au is the slip, r is the spatial distance between the cells (7, j) and (&, /), and v; is
the shear-wave velocity. The factor 1 —y € (0; 1] corresponds to a given ratio of
rigidities governing during instabilities the self-stiffness of a slipping cell (diagonal
elements of the stiffness matrix) and the stress transfer to the surrounding domain
(off-diagonal elements). A ratio smaller than 1 represents stress loss during rapid slip
on the fault to internal free surfaces in the solid associated with porosity and cracks.
We refer to y and 1 — 7y the stress loss parameter and stress conservation parameter,
respectively. The slip Au(i, j) of a cell at a position (i, j) is related to the stress drop
Az(i,j) at the same position through the self-stiffness: Au(i, j) = At(i,j)/K (i, J; 1, ))-
The size of an earthquake is measured with two quantities: 1. the area, which is
proportional to the number of cells that participated in the earthquake failure, and
the potency, which is the integral of the slip over the rupture area. This approach
extends the model of BEN-Z10N and RICE (1993) to a quasi-dynamic procedure with a
finite communication speed vy for stress transfer and a related causal rupture process.
In one version of the model, the quasi-dynamic rupture process is calculated on a
continuous time scale. This may, however, lead to a numerical explosion during the
simulation, for certain parameter values. Therefore, we also study simplifications of
the continuous time process, e.g., by discretizing the time scale for the stress transfer
during an earthquake.

At the present state, the model is characterized by two separate time scales: the
inter-event time scale during which the fault is loaded between two events, and the
intra-event time scale defined by the travel time of a shear wave along the fault,
where coseismic stress redistribution takes place. During the event, the tectonic
loading is neglected. The stress conservation parameter 1 — 7y, which controls the
amount of stress remaining on the computational grid, is varied between y = 1 (no
stress redistribution) and the conservative case y = 0 (stress drop t — 1, is completely
redistributed). In general, y controls the size of the generated earthquakes: for high
values of y, small amounts of stress are redistributed and the evolution of cascading
failure events stops earlier than in corresponding cases of small y, for which large
earthquakes can develop. In the latter case, numerical problems may occur, because
large runaway events that cover the entire fault and have multiple slip episodes of
each cell, result in a memory exhaustion on the continuous intra-event time scale.
Therefore, we also study a simplification of the quasi-dynamic rupture: the intra-
event time scale is discretized into N time intervals. Each slip of a cell is assigned to
one of the time intervals. Note that the case N = 1 represents the quasi-static model

168



2108 Gert Zoller et al. Pure appl. geophys.,

1e+06 T T T 1e+06 T T
— continuous time scale — continuous time scale
--- 100 time intervals --- 100 time intervals
...... 1000 time intervals -+ 1000 time intervals
- quasi-staticmodel |3 F  NO | quasi static model
10000} - >[‘OOOO - -
2 o
] =
S o L
g =]
= o E
g T |
4= 100 - 100 —
1 PRI IR R -1 L 1_ L9
1 10 100 1000 10000 1 10 100 1000
(a) area (b) area
Figure 2

Frequency-size distribution for different model versions (without healing during events) employing y = 0.3

with ¢ = 0.8 (Figure (a)) and ¢ = 0.0 (Figure (b)). The solid line refers to the continuous intra-event time

scale; the dashed and the dotted line refer to discretized time scales with the 100 and 1000 time intervals,

respectively. The dash-dotted line refers to the quasi-static model of BEN-zION and RICE (1993). The area is
given in units of the used cell size.

used in BEN-ZI1ON and RICE (1993). Although it is mathematically not clear that the
limit N — oo converges to the continuous time scale, we assume that a value of N
exists, which approximates the continuous case with a reasonable accuracy. In our
simulations we used N = 1000. Given the dimensions of our grid, a stress signal may
travel ten times along the fault before the time error becomes comparable to the
travel time between neighboring cells. The model simulations are started with a
random distribution of initial stress. To account for transient effects in the dynamics,
the first 50,000 earthquakes are neglected in each simulation.

3. Model Simulations

3.1. Influence of Intra-event Dynamic

Figure 2 gives the frequency-size distribution for different versions of the intra-
event time scale. Figure 2(a) shows results calculated with y = 0.3 and a realistic
value of the dynamic weakening coefficient ¢ = 0.8 corresponding to a dynamic
overshoot coefficient D = 1.25 (MADARIAGA, 1975). Figure 2(b) shows the same
calculation for the unrealistic case of ¢ =0 and instantaneous healing (t; = 1y),
where the frequency-size statistics is a truncated power law. The results indicate that
the continuous time scale (solid line) can be approximated quite well by the
discretized time scale with 1000 intervals (dotted line). In the case without large
carthquakes, there is no significant difference between the quasi-dynamic model and
the quasi-static model (dash-dotted line). In contrast, Figure 2(a) shows a clear fall-
off for large events in the quasi-static case. This difference is a stable feature; that is, it
i1s also present for a broad range of parameter values ¢ and 7y that allow large
earthquakes to occur. Consequently, the quasi-static approximation seems to
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Figure 3
Frequency-size statistics for different values of the stress loss factor y with ¢ = 0.6 (no healing during
events). The transition from the Gutenberg-Richter distribution to the characteristic earthquake
distribution takes place at y = 0.125.

suppress large earthquakes leading to a truncation in the frequency-size statistics.
For large earthquakes, the propagation of stress with finite communications speed v
is obviously a relevant feature.

3.2. The Phase Diagram Framework

In DAHMEN et al. (1998) a simplified two parameter mean field version of the
quasi-static model of BEN-ZION and RICE (1993) has been analyzed. A “‘conservation
parameter’” ¢ (similar to our 1 — 7y) has been introduced, and an infinite-range mean-
field stress transfer function G ~ ¢/N (N = total number of cells) was used instead of
Chinnery’s solution for the 3-D elastic stress transfer. For this model, a phase
diagram spanned by ¢ and the dynamic weakening coefficient ¢ contains two distinct
phases: one phase where the frequency-size distribution follows the Gutenberg-
Richter law, and a second phase governed by a spontaneous mode switching between
Gutenberg-Richter statistics and the characteristic earthquake distribution. In
particular, it is hypothesized that these phases are generic for more realistic stress
transfer functions. In the first part of this study, we analyze this claim for various
types of interactions. We observe in agreement with WEATHERLEY ef al. (2002) that
with coarse cell size there is a threshold of the interaction range, below which no
mode-switching occurs. However, with small enough cells and strong heterogeneities,
mode-switching also occurs for the realistic case of elastic stress transfer. In the
second part, we consider the influence of time-dependent log(¢) healing. The results
show that the model can be mapped onto the same phase diagram if the net effect of
healing is absorbed in effective dynamic threshold and stress loss.

3.2.1. The phase diagram for the quasi-dynamic and elastic model.

Figure 3 shows frequency-size statistics for a fixed dynamic weakening coefficient
¢ =0.6 as a function of the stress loss factor y. High values of y prevent the
occurrence of large earthquakes, in that stress that is needed to bring cells to failure is
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Figure 4
Schematic phase diagram for a fault with N = 128 x 32 cells as a function of the dynamic weakening
parameter ¢ and the stress loss factor y (model without healing during events). The line AB separates the
Gutenberg-Richter phase and the phase where large characteristic earthquakes occur.

lost and earthquakes are stopped earlier. Furthermore, the figure shows a transition
from a truncated Gutenberg-Richter distribution (y =0.2) to a characteristic
earthquake distribution (y = 0). For y & 0.125, the system bifurcates to the two
regimes.

Our calculations with the quasi-dynamic elastic model lead (Fig. 4) to a large
Gutenberg-Richter regime with small earthquake sizes, and a regime governed by a
characteristic earthquake distribution with some short time fluctuations. Note that
the factor ¢ in DAHMEN et al. (1998) is now replaced by 1 — 9. The characteristic
earthquake regime is smaller than the mode switching phase in DAHMEN et al. (1998),
because in the elastic model a small fraction of the stress drop is lost even for y =0
due to the finite fault size. We have estimated that on average 80% of the stress drop
remains on the fault for the employed 70 km and 17.5 km dimensions with y = 0.
Consequently, the case y = 0 for the elastic model corresponds to ¢ = 0.8 of the mean
field model. This is approximately confirmed by a comparison of Figure 4 with the
phase diagram in DAHMEN et al. (1998).

3.2.2. Mode-switching between Gutenberg-Richter and characteristic earthquake
statistics.

To address the question of a possible mode switching, long simulations are
required. Therefore, we use for the following analysis a fault of 10.9-km length and
2.7-km depth divided into 20 x 5 uniform cells. Figure 5 shows a typical earthquake
sequence (rupture area vs. time) from a catalog representing the characteristic
earthquake regime. The quasi-periodically occurring characteristic earthquakes are
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Earthquake area as a function of time for the quasi-static model (N = 20 x 5, ¢ = 0.6, y = 0.03, no healing
during events). The sequence follows the characteristic earthquake distribution, although the system
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interrupted for short time by clusters of small and intermediate earthquakes. It seems
as if the system attempts to switch into the other regime and flips back after a short
time, e.g., for = 361 in Figure 5. In Figure 6 we show that the ability of the system
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corresponds to the elastic solution of CHINNERY [1963].
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Earthquake area as a function of time for the quasi-static model (N = 20 x 5, ¢ = 0.6, no healing during
events) as in Fig. 6, with stress transfer on a compact support with a radius R.

to undergo a mode-switching depends significantly on the kind of stress transfer. We
consider interactions between the limit cases of mean field interaction (At ~ 7°, where
r is the distance from the slipped cell) and the elastic solution of CHINNERY (1963),
At ~ r~3. These simulations are performed on a 20 x 5 grid with dynamic weakening
¢ = 0.6. Since mode-switching most likely occurs in the transition regime between
Gutenberg-Richter and characteristic event distribution, we adjust the stress loss
factor y to be in this part of the parameter space. Each plot in Figure 6 gives results
for 10,000 simulated events with stress transfer At ~ »~* and a certain value of the
exponent x. The plots show clearly that in simulations with coarse cells, the mode-
switching in the mean field approximation degenerates with increasing exponent x to
the short-term fluctuations described above. We also performed similar calculations
for a uniform stress transfer on a compact support (circle with radius R),
At =19 - O(r — R). Figure 7 shows earthquake sequences as in Figure 6 for this
kind of interaction. Again, the mode-switching behavior, which is clearly visible for
large radii, degenerates to short-term fluctuations for small radii. Although we did
not observe mode-switching of the type described in DAHMEN et al. (1998) in
earthquake catalogs up to 20,000,000 events, it cannot be ruled out that this behavior
may occur with a very large persistence time in one mode.
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In sum, we have found that the ability of the system to undergo a mode-switching
from the Gutenberg-Richter distribution to the characteristic earthquake distribu-
tion with coarse cell size depends on the range of the stress transfer interaction.
Similar results were found in (WEATHERLEY et al., 2002). While mode-switching
occurs quite frequently for the infinite range mean field interaction, this behavior
could not be observed for the more realistic long-range 3-D elastic interaction,
although the system attempts to switch from time to time. In this case, the transition
from the Gutenberg-Richter regime to the characteristic earthquake regime with
coarse grid is continuous; that is, a decrease of y leads to the growth of the average
magnitude. The limit case (y — 0) is the characteristic earthquake distribution with
quasi-periodically occurring earthquakes that rupture the entire fault. It is also
visible that in contrast to the mean field approximation, intermediate size
earthquakes are also present in the characteristic earthquake regime. These
observations also hold for the quasi-dynamic model.

Until now we have kept the cell size fixed and have varied only the range of stress
transfer interaction. It is, however, possible that smaller numerical cells will produce
mode-switching, since such will lead to larger stress concentrations near failure areas
and larger stress fluctuations. To investigate this hypothesis we have to consider a
grid with numerous cells. Note that a change of the fault dimension in terms of total
length and depth produces the same earthquake sequences with a rescaled time axis.
Such an analysis requires very time-consuming numerical simulations due to two
reasons: 1. A new phase diagram corresponding to Figure 4 must be calculated; 2. the
transition between both phases must be scanned with a very high resolution in order
to extract the range of parameters within which mode-switching is expected in
reasonable short simulations. In this context it is important to note that the
persistence time in a certain mode depends not only sensitively on y and ¢, but also on
the number of cells N. In the mean field model, the persistence time increases
according to exp(N) (DAHMEN et al., 1998).

In Figure 8 we show two simulations using the elastic stress transfer on a 128 x 50
grid and values for 1, which are uniformly distributed between 0.15 and 0.35
((e) = 1 — (ty) = 0.75), resulting in a more heterogeneous distribution of the brittle
properties. The two plots refer to different values of the stress loss y. The results
clearly show a tendency towards mode-switching behavior, e.g., for 7 € [6.4;9.0] in
Figure 8(a). We can thus conclude that mode-switching also depends on the degree of
heterogeneity in a system, determined by the cell size and the distribution of the
brittle properties. While in the constant mean-field interaction, a large fraction of the
parameter-space is governed by mode-switching. This phenomenon seems to occur
with the more realistic 1/7° elastic interaction in considerably smaller ranges of
parameters. However, the region in parameter space producing mode-switching in
the case of 1/73 interaction is expected to increase with further decreasing of cell size
and increasing of heterogeneities.
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Figure 8
Earthquake area as a function of time for simulations of the quasi-static model (without healing during
events) on a fault with N = 128 x 50 cells. The stress loss parameter is y = 0.01 in (a) and y = 0.015 in (b).
The dynamic weakening coefficients for the cells are drawn from a uniform distribution ¢ € [0.65;0.85].

3.2.3 Time-dependent healing.

The introduction of time-dependent healing according to Eq. (2) replaces the
piecewise constant strength envelope by a function consisting of a strength drop
followed by a log(¢) increase of the strength. This kind of healing requires three
parameters: the value of p; (healing rate after 1 km/v, stress propagation, the value
tioo (time when healing is complete) and the values 7, to which the strength drops
when a cells begins to slide. For the present analysis we keep #99 fixed
(t100 = 100km/vs) and tune the shape of the healing curve by means of p; and
740. The stress loss y is an additional parameter independent of the healing.

It is a reasonable assumption that in the case of healing, effective values of 7,4
and 7y exist that correspond to 75 in the case without healing. To investigate this
hypothesis we determine for different values of p; and y the dynamic threshold 7,
where the transition between the Gutenberg-Richter law and the characteristic
earthquake distribution occurs. The value 1), as a function of p; and y is then
compared with the corresponding dynamic threshold 7, in the system without
healing.

Figure 9 shows for the 20 x 5 grid the dependence of 7, on p; for different values
of 7 (Fig. 9(a)) and the dependence of 7, on y for different values of p; (Fig. 9(b)).
The curves for the model with healing (p; > 0) are normalized to the model without
healing (p; = 0). In particular, the vertical axis gives 1}, (p1)/7;(p1 = 0). Note that
T;0(p1 = 0) = 1; describes the model without healing. In Figure 9(b) the curves are
normalized to the horizontal line t 4 (p1)/7;(p1 = 0) = 1. Figure 9(a) shows clearly
a systematic decrease of 1, for growing values of p;. Moreover, t;; , also decreases as
a function of pj, although this decrease is less significant. The dependence of t; , on
p1 and y can be described by the formula ‘

Tao(p1,7) = 1 - (1 =s(p1,7)); (4)
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Relation between potency and rupture area in a model realization with ¢ = 0.8 and (a) y = 0.0 or (b)
7 = 0.3 (model without healing during events). Panels (¢) and (d) show the corresponding results for the
quasi-static model.

where s(p;,7) is given by the curves in Figure 9. This rule connects the model with

healing (p; > 0) and the model without healing (p; = 0). Consequently, p; is not an
independent parameter like 7; and y. Rather, the model with healing can be obtained

176



2116 Gert Zoller et al. Pure appl. geophys.,

from the model without healing by a shift in the phase diagram according to Eq. (4).
The observation that the dependence of s(p;,y) on p; is more pronounced than the
dependence on 7 arises from the origin of p;: this parameter defines the rate of
healing; in other words, the rate of increase of 7,. It is, therefore, reasonable that an
effective dynamic threshold (in the model without healing) exists that can to some
degree absorb the time-dependence in the model with healing.

In general, it is an interesting task to also map other models systematically onto
the present one with respect to the phase diagram. This would, however, require two
independent state variables that allow positioning a given catalog in the phase
diagram without pre-knowledge of the parameters. This work is left for the future.

3.3. Area-potency Relations

Finally, we investigate the area-potency relation. Figure 10 shows calculations for
e=0.8 and y =0.0 and y = 0.3, for both the quasi-dynamic and the quasi-static
models. The change of slope for the transition from small to large earthquakes is in
agreement with the quasi-static simulations in BEN-ZION and RICE (1993) and the
data analysis in BEN-ZION and ZHU (2002). The slope for the large earthquakes is
close to the exponent in the classical crack relation a ~ p?? (KANAMORI and
ANDERSON, 1975).

4. Conclusions

We have developed a model for earthquake failure at intermediate scales that is
based on the framework of BEN-Z10N and RICE (1993). The model is implemented in a
flexible C+ + class library and therefore allows the incorporation of additional
processes and structural fault properties in a straightforward manner. In this study we
extended the model of BEN-Z10N and RICE (1993) by two important features. First, the
stress propagation is modeled on a continuous intra-event time scale using a finite
communication speed. This quasi-dynamic model results in more realistic behavior of
the stress propagation. Second, we have introduced a gradual time-dependent healing
after a cell has slipped. This mechanism modifies the frictional properties from the
simple static/kinetic friction towards the rate- and state-dependent constitutive law.

The results indicate that the finite stress propagation velocity is a relevant feature
even for the frequency-size statistics. The quasi-dynamic model produces larger
events compared to the quasi-static model in which the occurrence of large events is
suppressed. This is in agreement with the fully dynamic 2-D calculations of BEN-
Z1oN and RICE (1997). Future activities with the quasi-dynamic version of the model
include analysis of slip histories and possible calculations of synthetic seismogrames.
In another research direction we examined the ability of the model to undergo a
spontaneous mode-switching between the Gutenberg-Richter law and the charac-
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teristic earthquake distribution. While the mean field model, which is characterized
by a constant stress transfer function, exhibits clear mode-switching behavior, this is
not the case in the model with the coarse grid and 3-D elastic stress transfer function.
Instead, it is found that in the characteristic earthquake regime, the system attempts
to switch into the Gutenberg-Richter regime, but flips back after a very short time.
However, if the cell size is decreased and the degree of strength heterogeneity is
increased, mode-switching behavior is observed, even for the 1/ elastic stress
transfer function. This is in agreement with similar studies in more complex models
(BEN-ZION et al., 1999; LYAKHOVSKY et al., 2001). Remaining important questions
are which mechanisms are responsible for this behavior and whether these
mechanisms are relevant for real faults.

The incorporation of time-dependent healing leads to a modification of the
phase diagram shown in Figure 4. As we have shown, the frequency-size event
distribution for a model with a log(¢) healing can be reproduced by a model
without healing and with different values of y and 7,. It is desirable to find two
independent state variables that will allow quantification of a catalog and
assignment of unique values of y and 7,. With such state variables one could
map other model classes onto the present model.

Due to the modular design of our model code, it is easy to include more structural
features and mechanisms into the model, e.g., a more refined frictional behavior and
heterogeneities in the distribution of the arrest stress. A detailed analysis of statistical
properties and seismicity patterns with various model versions and ranges of
parameters will result in a deeper understanding of natural seismicity.
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The Role of Heterogeneities as a Tuning Parameter
of Earthquake Dynamics
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Abstract— We investigate the influence of spatial heterogeneities on various aspects of brittle failure
and seismicity in a model of a large strike-slip fault. The model dynamics is governed by realistic boundary
conditions consisting of constant velocity motion of regions around the fault, static/kinetic friction laws,
creep with depth-dependent coefficients, and 3-D elastic stress transfer. The dynamic rupture is
approximated on a continuous time scale using a finite stress propagation velocity (‘“‘quasidynamic
model”). The model produces a “brittle-ductile” transition at a depth of about 12.5 km, realistic
hypocenter distributions, and other features of seismicity compatible with observations. Previous work
suggested that the range of size scales in the distribution of strength-stress heterogeneities acts as a tuning
parameter of the dynamics. Here we test this hypothesis by performing a systematic parameter-space study
with different forms of heterogeneities. In particular, we analyze spatial heterogeneities that can be tuned
by a single parameter in two distributions: (1) high stress drop barriers in near-vertical directions and (2)
spatial heterogeneities with fractal properties and variable fractal dimension. The results indicate that the
first form of heterogeneities provides an effective means of tuning the behavior while the second does not.
In relatively homogeneous cases, the fault self-organizes to large-scale patches and big events are
associated with inward failure of individual patches and sequential failures of different patches. The
frequency-size event statistics in such cases are compatible with the characteristic earthquake distribution
and large events are quasi-periodic in time. In strongly heterogeneous or near-critical cases, the rupture
histories are highly discontinuous and consist of complex migration patterns of slip on the fault. In such
cases, the frequency-size and temporal statistics follow approximately power-law relations.

Key words: Earthquake dynamics, fault models, seismicity, ruptures, heterogeneities, criticality.

1. Introduction

Theoretical parameter-space studies of earthquake models aim to provide a
physical basis for understanding seismicity. Such studies complement observational
efforts to collect better and larger data sets, and statistical efforts to establish better
estimation procedures. In this context, the main goal of the fault model studies is to
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identify different physical regimes that may be present in the data. This can provide
guidelines for separating the observations to different corresponding populations,
thereby allowing higher-resolution (i.e., more space-time specific) information to be
extracted from the available data. In this work we attempt to provide a better
understanding of the role of heterogeneities on earthquake dynamics. Toward this
goal we first develop a description of heterogeneities that is likely to be physically
relevant and has a small number of parameters. We then perform a systematic
parameter-space study using that form of heterogeneities and a model of a segmented
strike-slip fault in elastic half space.

Important unresolved questions are the dependencies of the frequency-size and
temporal statistics of earthquakes on the physical properties and parameters of the
fault. The most general feature of seismicity is probably the Gutenberg-Richter (GR)
law (GUTENBERG and RICHTER, 1956) for the frequency of earthquake occurrence,
log N = a — bm, where a and b are constants and N is the number of earthquakes with
magnitudes greater than or equal to m. When phrased in terms of seismic potency
(average slip times rupture area) or moment (rigidity times potency), the GR relation
follows a power-law distribution (e.g., TURCOTTE, 1997; BEN-ZION, 2003). It has been
observed that the GR law is valid over a broad range of magnitudes for data collected in
large regions of space (e.g., UTsu, 2002). However, on individual fault zones the
situation is different: although power-law behavior is in general present, certain ranges
of earthquake magnitudes are characterized by clear deviations from power-law
scaling. Observed frequency-size statistics on individual faults are found to exist
between two end-member cases: (1) a Gutenberg-Richter law with a fall-off for large
magnitudes, and (2) a power law for small earthquakes followed by a gap for
intermediate earthquakes and a peak for frequently-occurring characteristic events.

Several explanations for the occurrence of the different frequency-size distribu-
tions have been derived from fault models. Here it is crucial to distinguish whether or
not an earthquake can rupture large parts of the fault (critical or supercritical
behavior), or is stopped after short propagation due to spatial barriers or stress loss
during rupture (subcritical behavior). BEN-ZION and RICE (1993, 1995) and BEN-
ZION (1996) examined this issue in terms of stress concentration and strength
heterogeneities in elastic solids. LOMNITZ-ADLER (1999), STEACY and MCCLOSKEY
(1999) and others studied the same with cellular automata models. HAINZL and
ZOLLER (2001) studied this question in terms of stress concentration and spatial
disorder in a spring-block model. FISHER ef al. (1997) and DAHMEN et al. (1998) have
shown that coseismic dynamic weakening and stress loss in a mean field version of
the elastic half-space model of BEN-Z1ON and RICE (1993) can produce the different
end-member frequency-size statistics and spontaneous transitions between them.
ZOLLER et al. (2004) generalized the phase diagram of DAHMEN et al. (1998) to a
more realistic model with (non-mean field) elastic Green’s function for the coseismic
stress transfer and several other features (e.g., gradual strength healing and causal
propagation of stress).
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It is widely accepted that spatial disorder, or heterogeneities, significantly
influence rupture propagation and thus the frequency-size statistics and other aspects
of earthquake behavior. Such heterogeneities may have various forms. The locations
of large asperities (e.g., the Parkfield asperity) are known from seismological and
other studies (WYyss et al., 2000) and can be implemented easily in fault models. In
contrast, small-scale heterogeneities are in general unknown with respect to their
sizes, forms and positions. Therefore, heterogeneities in model simulations are often
based on simple assumptions, e.g., uniformly distributed random numbers with a
certain range, or power-law distributions characterized by range of values and fractal
dimensions. Both types of heterogeneities produce stress fluctuations that may be
associated with smoothness or roughness of the fault. The results of such studies
indicate that large (characteristic) earthquakes can evolve on smooth faults, whereas
the growth of a rupture is terminated earlier on a rough fault. A natural example for
a smooth fault is the San Andreas fault, which is characterized by a Gutenberg-
Richter law for small events and quasiperiodic occurring ‘“‘characteristic” large
events. In contrast, the San Jacinto fault with its numerous offsets and branches has a
highly irregular geometry and is governed by Gutenberg-Richter distributed
seismicity over the entire range of magnitudes (WESNOUSKY 1994; STIRLING et al.,
1996). In this paper, we examine whether the degree of spatial heterogeneity can be
tuned by one or two parameters in a fault model between these two extreme cases.
This would allow a description of the heterogeneity in terms of the phase diagram
approach of DAHMEN et al. (1998) and ZOLLER et al. (2004).

BEN-ZION and RICE (1993, 1995, 1997) studied evolutionary seismicity on
homogeneous and heterogeneous fault systems using several types of calculations
ranging from quasi-static to fully-dynamic. The results from these and related
analytical and numerical studies (BEN-zION ef al., 1999; DAHMEN et al., 1998; BEN-
ZI0N, 2001; FISHER et al., 1997; ZOLLER et al., 2004; MEHTA et al., 2005) indicate that
the essential long-term properties of earthquake statistics, and overall aspects of
additional dynamic quantities such as moment-rate functions and slip distributions,
remain the same when the models share certain key features. These include the
physical dimension, range of interaction, overall class of heterogeneities (e.g.,
continuum vs. inherently discrete cases), and the existence of dynamic weakening and
dissipation. Such models are referred to as belonging to the same universality class
and they share the same coarse-grained properties that govern the behavior on large
space-time scales (e.g.,WILSON 1979; BINNEY et al., 1993).

The goal of the present work is to study phenomena associated with large-scale
ruptures in realistic heterogeneous fault structures. As discussed by BEN-ZION and
RICE (1993, 1995, 1996), the successful propagation of rupture in such systems
involves stresses that operate at finite distances from the rupture front, where slip can
nucleate at non-contiguous locations across fault offsets and other strong barriers.
Thus the large-scale growth of slip instabilities in realistic segmented fault systems is
governed by length scales that are much larger than those associated with crack-tip

183



1030 G. Zoller et al. Pure appl. geophys.,

processes such as strength degradation with slip. We therefore neglect detailed small-
scale crack-tip processes and fully dynamic calculations, and focus on large-scale
fault interactions given approximately by macroscopic static/kinetic friction and
creep property values (BEN-zION, 1996). The assumed properties are assigned to a
system of numerical cells representing quasi-independent fault segments, each
behaving uniformly in the adopted modeling approximation. Our investigations are
done with quasi-dynamic calculations (ZOLLER et al., 2004) that incorporate causal
spatio-temporal propagation of stress during an earthquake failure. This allows us to
discuss basic differences of rupture histories on smooth and rough faults.

Power-law distribution of fault properties may be used to tune the smoothness of
a fault by two parameters, the fractal dimension D and standard deviation of values.
It is, however, unlikely that the active structure of large faults or fault systems is
characterized by fractal properties over tens or hundreds of kilometers (BEN-zZION
and SAmMIs, 2003). Instead, it is more realistic to use heterogeneities that model
large-scale offsets and branches superimposed on a relatively smooth fault. BEN-ZION
and RICE (1995) and BEN-ZION (1996) used such a form of heterogeneities consisting
of strong (high stress drop) barriers separating weaker (low stress drop) fault
segments. To model realistic structures, the barriers were assumed to be strongly
correlated with depth and essentially uncorrelated in the strike direction. In the
following sections we perform a systematic study of frequency-size statistics and
other aspects of earthquake dynamics using such nearly-vertical barriers embedded
in an overall smooth fault, as well as power-law distributions, and discuss the results
in terms of the phase diagram approach.

2. Model Framework

Our model includes a single rectangular fault embedded in a 3-D elastic half space
(Fig. 1). A faultregion of 70 km length and 17.5 km depth is covered by a computational
grid, divided into 128 x 32 uniform cells, where deformational processes are calculated.
Tectonic loading is imposed by a motion with constant velocity vy = 35 mm/year of the
regions around the computational grid. The space-dependent loading rate provides
realistic boundary conditions. Using the static stress transfer function K (x, z; x’, z) from
CHINNERY (1963), the continuous tectonic loading for each cell (x,z) on the
computational grid is a linear function of time ¢ and plate velocity v:

At(x,z;t) = (—op - 1)+ Y K(x,z3%,2), (1)
X, '€ grid

where the minus sign stems from the fact that forward (right-lateral) slip of regions
around a locked fault segment is equivalent to back (left-lateral) slip of the locked
fault segment. Additional loadings on a given cell occur due to brittle and creep
failures on the fault.
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segmented fault

— 17.5 km

e
Vol 35 mm/year

Depth

Figure 1
A sketch of a 2-D strike-slip fault in a 3-D elastic half space.

While the loadings produce an increase of stress on the fault, the local stress may
be reduced by creep and brittle failure processes operating ““in series.”

2.1. The Creep Process

The ongoing creep motion on the fault is implemented as in BEN-ZION (1996).
The space- and time-dependent creep rate follows the formula

acreep(xazy t) = c(x,z)r(x,z, t)s, (2)

where ¢(x,z) are time-independent coefficients and 7 is the local stress.

Equation (2) corresponds to dislocation creep observed in laboratory experiments
with a coefficient ¢ that increases with temperature and pressure. Following BEN-
ZION (1996), we choose a distribution c¢(x,z) that simulates brittle-ductile”
transitions in the vertical and horizontal directions:

c(x,z) = Aexp(B - Max((x — xpg), (z — zpg)) + ran(x,z), (3)

where 4 and B are constants and xgp = 62.5 km, zgp = 10.0 km are the horizontal
and vertical positions of the ““brittle-ductile” transition zones. The transition in depth
models the occurrence of ductile deformation with increasing temperature and
pressure, while the transition along strike is based on the assumption that an
essentially brittle fault segment is connected with a creeping fault section. At xzp and
zpp, the creep rates equal approximately the tectonic loading rate, the stress increase
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due to the plate motion is released mostly by aseismic creep, and consequently
hypocenters do not nucleate. The values ran(x,z) simulate a certain mixing between
the two zones which are dominated by different brittle and ductile properties. Details
about the calculation of 4 and B and the values of ran(x,z) are given in BEN-ZION
(1996). We point out that this choice of creep coefficients represents a certain type of
quenched spatial heterogeneities, which are, however, constant in all simulations.
The gradual creep motion results in realistic depth profiles of the simulated
hypocenter distribution, which follow approximately a Gaussian function in
agreement with observations.

Taking into account the relation between stress and displacement on the
computational grid

At(x,z) = > K(xzx,2)Au(x,Z). (4)

X, 7€ grid

Equations (2)—(4) result in a system of 128 x 32 coupled ordinary differential
equations, which is solved numerically using a Runge-Kutta scheme. However, in
order to increase numerical efficiency we use the decay of the elastic Green’s function
to reduce the interaction during the creep to a local neighborhood.

2.2. The Brittle Process

The brittle process is governed by a static/kinetic friction law and dynamic
overshoot. A brittle failure is initiated on a cell if the static friction 7, is exceeded. We
assume that the static threshold increases with depth z:

75(2) = ATmax + f - 2, (5)

where /= 13.5 MPa/km and A1,y is the maximum allowed brittle stress drop (BEN-
ZION, 1996). If a cell slips, the stress drops to an arrest stress 17, = 1, — A1, where the
stress drop At is the parameter that defines the heterogeneity, e.g., At can be drawn
from a power-law distribution or from a set of two values representing high stress
drop and low stress drop regions.

Following an initial failure during an earthquake, the brittle threshold drops
from the static value 74 to a dynamic value t;, which is calculated in relation to a
dynamic overshoot coefficient DOS:

Ts — Tg

DOS -

(6)

In our study, we use the value DOS = 1.25 for the dynamic overshoot (BEN-ZION
and RICE, 1993; MADARIAGA, 1976).
An important aspect of the brittle process is the dynamic weakening coefficient &:

Td — Ty —

Ts — Td

o=, )
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which becomes space-dependent if At is a function of space and DOS is a constant
number.

The coseismic stress transfer is calculated by means of the three-dimensional
solution of CHINNERY (1963) for static dislocations on rectangular patches in an
elastic Poisson solid with rigidity ¢ = 30 GPa. In particular, we approximate the
3+ 1 dimensional space-time stress transfer by

At(x,z;t) = (1 —y) - Z K(x,z;x', 2 Au(xX', 25t — r/vy), (8)

(', 2")e grid

where Au is the slip, r is the spatial distance between the cells (x,z) and (x',Z), and vy
is the shear wave velocity.

The factor (1 —y) isin the range (0;1] and corresponds to a given ratio of
rigidities governing during instabilities the self-stiffness of a slipping cell (diagonal
elements of the stiffness matrix K) and the stress transfer to the surrounding domain
(off-diagonal elements). A ratio smaller than 1 represents stress loss during rapid slip
on the fault to internal free surfaces in the solid associated with porosity and cracks.
We refer to y and 1 —y as the stress loss parameter and stress conservation
parameter, respectively. FISHER ef al. (1997) and DAHMEN et al. (1998) showed
analytically that at ¢ = 0 and y = 0 the model has a critical point of phase transition.

The slip Au(x,z) of a cell at position (x,z) is related to the stress drop At(x,z) at
the same position through the self-stiffness: Au(x,z) = At(x,z)/K(x,z;x,z). The size
of an earthquake is measured by the potency (e.g., BEN-ZION, 2003), which is the
integral of the slip Au over the rupture area 4,

P = /Au(x,z) dxdz. 9)

We note that Equation (8) corresponds to the quasi-dynamic model of ZOLLER et al.
(2004), which reduces for y = 0 and vy — oo to the quasi-static model of BEN-ZION
(1996). The quasi-dynamic model has the advantage that the spatio-temporal
evolution of stress transfer during an earthquake can be analyzed, whereas the
rupture in the quasi-static model occurs instantaneously. This allows us to study
rupture properties in model realizations characterized by different degrees of
heterogeneity. Similar quasi-dynamic procedures were used by ROBINSON and
BENITES (2001) and HEIMPEL (2003).

2.3. Heterogeneities

In this study we consider two different types of heterogeneities that can be tuned
with a single parameter: (1) near-vertical barriers of high stress drop embedded in
regions of low stress drop, and (2) continuous power-law distributions of the stress
drop with a fixed standard deviation.
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The first type of heterogeneities, hereinafter referred to as RW, represents near-
vertical offsets that produce, as discussed by BEN-ZION and RICE (1995) and BEN-
ZION (1996), large-scale fault segmentation. To generate the stress drop distribution,
we fix randomly a certain number k of cells along the free surface that act as initiators
of the barriers. The continuation of the barriers with depth is determined by a quasi-
2-D random walk, where with each depth increment the barrier may move one unit
to the left or right. Using different values of & results in different degrees of
complexity, e.g., for k = 1 two continuous patches with low brittle stress drop are
separated by one high stress drop barrier representing an overall relatively smooth
fault. The roughness or segmentation of the fault increases if more barriers are
added. The degree of heterogeneity is quantified by means of a tuning parameter 4
which is calculated in the following way: Each cell with a low stress drop is
surrounded by the circle of maximum area 4; which includes only cells with low stress
drop. The circle size \/4; is a measure for the distance to the nearest high stress drop
barrier or to a fault boundary. The standard deviation of the distribution of the circle
sizes gives a measure for the range of size scales. To remove boundary effects, we
define the heterogeneity parameter by

h:szd(,/|Ai—A9|), (10)

where 4% is the corresponding circle area on an “empty” fault (fault without
barriers). The dimension of % is km. For a fixed fault, # may be transformed to a
dimensionless value, A, = h/hnax.

We point out that /4 is determined only by the distribution of the stress drops Ar.
The stress drop values themself are fixed for all simulations of model RW: A7, + R is
the high stress drop value, At; + R denotes the low stress drop value. Aty,; are
constant numbers, while R = ¢ - rn 1s additive noise with a width ¢ and a random
number rn in the range [0; 1].

For finite faults, 4 always has a positive value even if no barrier is present. BEN-
ZioN and RICE (1995) and BEN-ZION (1996) pointed out that the simulated
earthquake dynamics depend on the range of size scales of the heterogeneities, and
distinguished between wide range of size scales (WROSS) and narrow range of size
scales (NROSS). In terms of this concept, ~ tunes range of size scales represented by
the range of radii of the circles discussed above. Specifically, small values of #
correspond to NROSS and large values correspond to WROSS.

For the fractal heterogeneities (F), we generate a power-law distribution (see e.g.,
TURCOTTE, 1997) of stress drops between Atp;, and Aty.x with a given fractal
dimension D. Although the fractal dimension allows some tuning of the range of size
scales in the distribution of stress drops, model F belongs is general to the class
associated with NROSS (BEN-zION, 1996). This is because the power-law distribution
has a continuous range of stress drop values leading to an overall higher degree of
smoothness. In particular, despite the presence of heterogeneities with a range of size
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scales, a rupture can easily overcome such heterogeneities since the stress drops
fluctuations at the cell boundaries are relatively small. This is in contrast to model
RW, which has a bimodal distribution of stress drop (“high” and “low’’) with high
fluctuations at the barrier boundaries. Model F can be somewhat tuned towards
WROSS by increasing the standard deviation of the stress drop distribution. As will
be shown, however, we find that power-law distributions do not provide an effective
way of tuning the heterogeneities.

3. Model Simulations

In the first part of this section, we discuss frequency-size and temporal
distributions of seismicity in simulated earthquake catalogs. In the second part, we
present the main characteristics of individual ruptures for different ranges of model
parameters.

3.1. Analysis of Earthquake Catalogs

We generate heterogeneities for the quasi-dynamic model as described in Section
3. The first type of heterogeneities consists of near-vertical high stress drop barriers
embedded in a fault with low stress drops. The brittle stress drop in the barriers is
Aty = 100 £+ 5 - rn and the stress drop in the other cells is At; = 10 + 5 - rn, where rn
is a uniformly distributed random number between 0 and 1. The degree of complexity
is essentially controlled by the density of barriers. We point out that the total number
of points with high/low stress drops does not effect the form of the frequency-size
distribution. If this number is changed, the average stress on the fault and inter-patch
distances will be modified resulting in a rescaling of the time and magnitude axes.
The form of the frequency-size distribution depends only on the distribution of the
different brittle properties. Three different RW type distributions of stress drops with
different values of 4 from Eq. (10) are used in our study (Fig. 2). A comparison of the
distributions in Figures 2(a) to (c) suggests that # may provide an effective measure
for the complexity of the distribution.

The second type of heterogeneities is based on a power-law distribution of brittle
stress drops; three employed examples are given in Figure 3. Although the
distributions represent smooth and rough surfaces like the RW heterogeneities, the
power-law distributions are structurally different: while the RW heterogeneities are
characterized by strong localized stress drop gradients which produce high stress
fluctuations at these positions on the fault, the power-law distributions are smoother
even for high fractal dimensions.

Figure 4(a) shows the cumulative frequency-size distribution for a purely elastic
model without stress loss (y = 0) and the three stress drop distributions of Figure 2.
The results indicate that s acts as a tuning parameter for the frequency-size
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Heterogeneities of the quasi-2D random walk type (RW): The distribution of brittle stress drops consists of
high stress drop barriers in a near-vertical direction embedded in a low stress drop environment. The
tuning parameter i (Eq. (10)) measures the degree of heterogeneity in units of km.
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Power-law distributions of the brittle stress drops with three fractal dimensions D and values between 1
MPa and 9 MPa.

distribution. If 4 is small, the fault is characterized by a NROSS and a few low stress
drop patches with relatively uniform size. Only a few ruptures are effected by the high
stress drop barriers leading to a characteristic earthquake behavior. In contrast, high
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Cumulative frequency-size distributions for RW heterogeneities with different values of 4 (Eq. (10)) given
in Figure 2.

h-values representing many low stress drop patches on a fault which has a WROSS,
lead to a Gutenberg-Richter distribution with a broader region of power-law scaling.
If the number of barriers is increased further, the frequency-size distribution will
again show a tendency towards characteristic earthquake behavior, because the
barriers will begin to form continuous patches. Consequently, the roles of barriers
and surrounding environment will be exchanged and the fault will consist of low
stress drop barriers in a high stress drop environment. For physical cases with a finite
size, the parameter 4 can only be considered in certain parts of the interval [0; /ip,x]-
The fault with the dimensions shown in Figure 1 and 128 x 32 cells has a value of
Nmax =~ 0.76 km, while for a fault with 256 x 32 cells and 140 km x 17.5 km
hmax =~ 0.84 km. The frequency-size distribution for the latter case (Figure 5) is
qualitatively similar to the distribution of the smaller fault, with the difference that a
broader range of heterogeneities is covered. The results for 2 = 0.84 km show power-
law statistics over the entire range of event sizes.
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Cumulative frequency-size distributions for RW heterogeneities with different degrees of disorder on a
large fault (256 x 32 cells corresponding to a fault of 140 km length and 17.5 km depth).
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If a stress loss y > 0 is introduced, the frequency-size distributions for different
values of 4 become more similar to each other (Fig. 4(b)) in agreement with previous
observations of DAHMEN et al. (1998) and ZOLLER et al. (2004).

The frequency-size distributions for the different cases with fractal dimensions
and y = 0 are shown in Figure 6(a). It is seen that the fractal dimension does not
provide an effective tuning parameter for the frequency-size distribution. The effect
of positive y is again to make the frequency-size distributions more Gutenberg-
Richter like and more similar to each other (Fig. 6(b)).

Figures 7(a) and 7(b) show earthquake sequences (rupture area vs. time) for two
realizations of model RW, while Figures 7(c) and 7(d) give similar results for model
F. The time series suggest that model RW allows a greater variability of the temporal
behavior in terms of the tuning parameter 4. The results for model F show an
increased occurrence rate for earthquakes with area 4 ~ 700 cells. We note again that
model F represents a smoother fault than model RW, and it has a continuous
distribution of stress drops in the range 1 MPa < At <9 MPa . This leads to large-
scale patches which have their own “‘characteristic events.”

The clustering properties of the simulation results can be quantified with the ratio
u/o of interevent times between large events, where u and ¢ are the mean value and
standard deviation, respectively. For clustered seismicity /o < 1, whereas for quasi-
periodic occurrence of events p/o > 1. The case p/o = 1 corresponds to a Poisson
process. Table 1 shows p/a values for the N largest earthquakes in models RW and F
with y = 0 and different values of the degree of spatial disorder measured by 4 and
D. Each value of N corresponds to a magnitude condition M > M., where My
varies slightly for different values of 2 and D. The approximate value of M, is also
given in the table. The relation between potency P and magnitude M is given by
M = (2/3)logP + 3.6 (BEN-ZION and RICE, 1993). For N = 100(My ~ 6.5) and
N = 1000(M.y; ~ 5.6), model RW shows a decrease of u/o with increasing 4. In other
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Cumulative frequency-size distributions for fractal heterogeneities with different fractal dimensions D
given in Figure 3.
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Figure 7
Earthquake sequences (rupture area vs. time) for four simulations with 10° events. Panels (a) and (b)
correspond to model RW (Figs. 2(a) and (c)); panels (c) and (d) correspond to model F (Figs. 3(a) and (c)).

words, for cases with RW heterogeneities and increasing range of size scales, the
temporal behavior changes from a quasi-periodic occurrence of large events toward a
random/clustered behavior. For smaller values of My, /o is almost constant and
corresponds to random/clustered statistics. This result is supported by the values of
u/a for the highest degree of disorder (4 = 0.84 km) on the large fault (140 km x 17.5
km), which are also given in Tab. 1. In contrast, model F has no systematic
dependence of u/c on the fractal dimension D. These observations support our
assertion that the distribution type RW is more efficient for tuning the dynamics with
a single heterogeneity parameter.

ZOLLER et al. (2004) have shown that high stress fluctuations occurring along cell
boundaries on a heterogeneous fault can cause a spontaneous mode-switching
between a Gutenberg-Richter and a characteristic earthquake distribution (DAHMEN
et al., 1998; BEN-ZION et al., 1999; WEATHERLEY et al., 2002). Although the type of
distribution does not change in the simulations leading to Figure 7, the results
(especially those for model RW) have time periods with clearly different maximum
magnitudes. This has a similar origin to the mode-switching: strong stress
fluctuations sometimes lead to a spontaneous synchronization or desynchronization
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Table 1

The ratio u/o for different model realizations with y =0, where p is the mean value of interevent times

calculated for earthquakes with magnitudes M > M.,; and o is the corresponding standard deviation. For

statistical reasons, a fixed number N of earthquakes with M > M., is used. The approximate value of My,

corresponding to N is given in parentheses. The case RWL represents the large fault (140 km x 17.5 km)

with the highest degree of disorder. In this case, the catalog contains only 16,000 events. Therefore, the value
in the last line is given in parentheses

model RW RWL F
N h=015km Ah=064km A=076km h=084km D=20 D=25 D=3.0
100 (Mcy = 6.5) 1.664 1.566 1.402 1.200 1.508 1.232 1.845
1000 (Mey; =~ 5.6) 1.480 1.180 0.990 1.005 0.869 0.790 0.826
10000 (M =~ 4.9) 0.907 0.989 0.968 0.948 0.883 0.832 0911
100000 (Mcy; = 4.0) 0.960 0.970 0.969 (0.938) 0.882 0.835 0911

of a large number of cells resulting in an increase or decrease of the maximum
magnitude.

The observations discussed above indicate that the relevant parameter of the
heterogeneities is the range of size scales (ROSS) introduced in Section 2.3, which is
measured by 4. The patches that contribute to different ROSS have to be separated
by strong localized barriers, otherwise the rupture can easily jump the barriers. This
is the case for fractal heterogeneities with small standard deviation. Therefore, model
F requires two parameters to tune the fault towards NROSS or WROSS, as
discussed in Section 2.3. Model RW needs only one parameter to control the ROSS,
and it is probably also closer to natural faults due to the existence of near-vertical
fault offsets. We conclude that model RW gives a better performance of both the
ability to tune effectively the level of fault heterogeneities and the relation between
model simulations and natural seismicity.

The results of the simulations with heterogeneous faults can be summarized in a
phase diagram. According to the results of Figures 4-7, the parameter / represents a
third dimension in addition to the stress loss y and the dynamic weakening ¢. Figure
8(a) shows a projection of the 3-D phase diagram onto the plane y = 0 and Figure
8(b) gives a similar projection for ¢ =constant. As discussed by BEN-ZION et al.
(1999), DAHMEN et al. (1998), and FISHER et al. (1997), cases with e =0 and y =0
represent a critical point of a phase transition in the 2-D phase diagram. To illustrate
the difference between purely static friction (¢ = 0) and the static-kinetic friction
(¢ > 0), two frequency-size distributions are shown in Figure 9, one for ¢ = 0 (for all
cells) and another for (¢) = 0.02. Both are calculated on a fault with heterogeneities
according to Figure 2(a). As discussed in Section 2.2, a heterogeneous fault includes
space-dependent dynamic weakening coeflicients ¢, because of varying stress drops
At and constant dynamic overshoot DOS. Therefore, the value of ¢ in the phase
diagram (Fig. 8) should be understood as a mean value. The frequency-size
distribution for ¢ = 0 follows a Gutenberg-Richter behavior tapered by finite-size
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effects, while ¢ > 0 leads to a characteristic earthquake distribution. The precise
structure of the phase diagrams of Figure 8 should be clarified in a future work.

3.2. Investigation of Rupture Histories

In contrast to the earlier quasi-static version of the model (e.g., BEN-ZION, 1996),
the present quasi-dynamic model simulates the spatio-temporal evolution of stress
and slip with a finite propagation velocity v,. This allows us to study general
properties of rupture histories for single earthquakes, in particular events which
rupture large parts of the fault. It can be expected that quenched heterogeneities
significantly influence the stress propagation, especially if high stress drop barriers
are included. As pointed out in Section 2.1, the creep mechanism already creates
some quenched spatial heterogeneities, because the mixture of brittle and ductile
processes produces heterogeneous effective rheology. Therefore, we compare rupture
histories of two extreme cases in this section: (1) A fault without creep motion and
uniformly distributed brittle properties: 7, = 10 MPa, At =1 MPa + ran -8 MPa ,
where ran is a uniformly distributed random number between 0 and 1. (2) A fault
with creep motion and heterogeneous brittle properties according to Figure 2(b).
Both simulations start with randomly distributed initial stresses t € [t,; 7).

Figures 10 and 11 show snapshots from rupture histories of mainshocks in both
models described above. While Figure 10 corresponds to a system-wide event with
area A = 4096 cells, the rupture area in Figure 11 is smaller having 4 = 2093 cells.
Both events were recorded after the model had evolved for some 1000’s of years. The
gray scaled boxes show the dimensionless stress T = (t — 1,)/(ts — 7,), which is 1 for

(ai—e Y =0 i‘;’n € = constant
A
i, 1
critical
point GR GR
——
Figure 8

Projections of the 3-D schematic phase diagrams for y = 0 (panel (a)) and ¢ =constant (panel (b)). The

value h, = h/hm.x denotes the heterogeneity parameter normalized to the interval [0; 1]. CE denotes the

characteristic earthquake distribution and GR the Gutenberg-Richter distribution. Note that ¢ represents

the mean value of the dynamic weakening coefficient over the fault; due to a constant dynamic overshoot

DOS = 1.25 and space-dependent stress drops (see Figs. 2 and 3), ¢ is also space-dependent. The finite-size

effects at %, =~ 1 (see text) are not taken into account here; that is, the phase diagram is assumed to
represent a fault of infinite size.
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Figure 9
Comparison of frequency-size distributions for a model at the critical point C (y = ¢ = 0, solid line) and a
noncritical model realization with finite ¢ (dashed line). Note that the presence of heterogeneities (here
according to Figure 2(a)) leads to space-dependent dynamic weakening.

a critical cell (light color) and 0 for a the lowest stress value 7, (dark color). It is
remarkable that the situation on the homogeneous fault before the occurrence of a
large earthquake has evolved to clearly defined patches with highly loaded
boundaries (Fig. 10). The mainshock is initiated at a boundary of a patch and
propagates from the boundary inward. After the system-wide event, the plate motion
reloads the fault and the stress evolves to form new similar spatial patterns. In an
intermediate size earthquake, not all patches are ruptured. This behavior is similar to
a rupture scenario of ““double encircling pincers,”” which have been found by DAs and
KosTrOV (1983) in a dynamic fault model with a circular asperity. However, DAS
and KosTrov (1983) observe an almost isotropic propagation inward, while the
patches in our model are mostly ruptured from a preferred direction.

A completely different scenario is observed in the highly heterogeneous model
with creep motion. The stress field before a mainshock has no obvious regularity,
except the brittle-ductile transition (here at about 15 km depth), which is responsible
for the stable sliding of the deep cells. After the first large self-organized patch is
ruptured from the hypocenter in Figures 11(a) and 11(b), a barrier at about 15 km
along strike is jumped and the next patch is ruptured. Due to the irregular stress field
and long-range interaction, different regions of the fault can be ruptured simulta-
neously, e.g., in Figure 11(c) a new patch at the right boundary of the fault is created
while the rupture adjacent to the hypocenter continues to evolve. This is in contrast
to the smooth fault, where most of the patches are ruptured almost sequentially. The
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Same as Figure 10 for a fault with heterogeneities according to 2(b) with a brittle-ductile transition at
about 15 km depth.
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overall rupture propagation on the heterogeneous fault is relatively slow, because
some cells undergo multiple slips due to the heterogeneous distribution of stress
drops and slow the rupture process. During the rupture and especially at the end,
quasi-vertical stress patterns are created from time to time, e.g. in Figure 11(e) and
11(f). These patterns reflect the high stress drop barriers in Figure 2(b). At the end of
the mainshock, the fault is almost unloaded between these near-vertical barriers. A
highly irregular rupture history similar in some respects to the results of Figure 11,
was observed during the Chi-Chi (Taiwan) earthquake on September 21, 1999
(M,, = 7.6) (SHIN and TENG, 2001).

Finally, we show in Figure 12 three snapshots of a model at the critical point
e =0, y =0 (see Fig. 8(a)). The snapshots were taken before, during and after a large
event with area 4 = 2199 cells. The only difference from the smooth model leading to
Figure 10 is the choice of a purely static friction (t; = 74) instead of static-kinetic
friction. Despite the high degree of smoothness of brittle parameters, the stress field
has no obvious structure and the rupture consists of a sequence of almost
uncorrelated cell slips. This is in agreement with the analytical results of FISHER

l:a:l before mainshock

depth [km)
1 :

stribke (km)

=

o a2 0.4 0.6 0.8

Figure 12
Same as Figure 10 for purely static friction (t; = 74) corresponding to the critical point in Figure 8(a):
normalized stress field before (panel (a)), during (panel (b)), and after (panel (¢)) a mainshock with area
A = 2199 cells).
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et al. (1997) and similar in some respects to the simulations of Figure 11. As shown in
Figure 9, the frequency-size statistics for ¢ = 0, y = 0 follow the Gutenberg-Richter
law without the enhanced occurrence of large events.

4. Discussion and Conclusions

We have investigated the effect of quenched spatial heterogeneities in a quasi-
dynamic version of a discrete strike-slip fault in a 3-D elastic half space (BEN-
ZION, 1996, BEN-ZION and RICE, 1993; ZOLLER et al., 2004). The calculations
employed two types of heterogeneities: 1. near-vertical barriers of high brittle stress
drop embedded in a fault with low brittle stress drop (RW) and 2. power-law stress
drop distributions (F). The former type probably provides a closer representation
of natural faults because it simulates fault offsets which are common geological
features  (WESNOUSKY 1994; BEN-ZION and SaAmwmis, 2003). Both types of
heterogeneities can be tuned with respect to the degree of spatial complexity
between the two end-member cases of a smooth fault (few barriers/low fractal
dimension) and a rough fault (many barriers/high fractal dimension). However,
large variations in the parameters of model F produce a small effect on the
obtained earthquake behavior.

The results indicate that the degree of spatial disorder can act as a tuning
parameter for the earthquake dynamics. Smooth faults are governed by character-
istic earthquake behavior, connected slip areas and cyclic components in various time
histories like potency release. In contrast, seismicity on rough faults is characterized
by a Gutenberg-Richter law, disconnected slip areas and fractal-like time histories.
FISHER et al. (1997), DAHMEN et al. (1998), and BEN-ZION et al. (2003) showed with
related quasi-static models that similar differences exist on these and other
earthquake quantities as the dynamic weakening parameter ¢ moves toward or
away from a critical values (¢ = 0).

Although % may act as a tuning parameter for the heterogeneities, the results
suggest that the basic underlying physical quantity is the range of size scales (ROSS)
that characterizes the heterogeneities. This is clear in the case of the RW
heterogeneities. If an earthquake is initiated in a cell with a low brittle stress drop,
the rupture can propagate easily until a high stress drop barrier is reached. Then the
barrier can overcome the stress concentration at the rupture front with some
probability. On the other hand, if an earthquake starts in one of the barriers, it is
likely that the adjacent low stress drop regions will be ruptured, resulting in a large
event. Therefore, the low and intermediate events will organize in the patches
between the barriers. Consequently, a large range of size scales of such patches will
result in a Gutenberg-Richter law, and a narrow range will favor characteristic
events. Thus the ROSS of the heterogeneities is the key property controlling the
frequency-size distribution as suggested by BEN-ZION and RICE (1995), BEN-ZION
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(1996), and BEN-ZION et al. (2003). A narrow range of size scales (NROSS) leads to
characteristic earthquake behavior, while a wide range of size scales (WROSS) results
in a Gutenberg-Richter distribution.

This behavior is also somewhat valid in a weaker form for the power-law stress
drop distribution, where in this case the fault is overall smoother due to the
continuous distribution of stress drops in contrast to the sharp bimodal distribution
of the RW heterogeneities. The comparison of the two types of heterogeneities
unveils the relevance of an additional tuning parameter in model F, the standard
deviation of the stress drops. If this range of values is small, a rupture can easily jump
heterogeneities, although the degree of spatial disorder may be high. This occurs for
power-law distributions of the stress drop due to the continuous range of values.
Therefore power-law distributions require two tuning parameters, the fractal
dimension and the standard deviation in order to tune the heterogeneities between
NROSS and WROSS. The RW model needs only the tuning parameter 4 for this
aim, because the almost discontinuous shape of the barriers defines the patches where
ruptures can propagate.

A qualitative analysis of rupture histories of mainshocks in the case of faults with
low and high degrees of disorder reveals clear differences in the spatio-temporal
evolution of stress. On smooth faults, the stress field organizes itself into large
patches with highly loaded boundaries. A mainshock starts at one of the boundaries
and ruptures a patch in the inward direction. For a system-wide event all patches are
ruptured more-or-less in series. This highly organized pattern formation vanishes if
the static-kinetic friction is replaced by a purely static friction (1 = t5). Assuming
full stress conservation during rupture (y = 0), this case represents a critical point in
the phase diagram Figure 8(a), where no system-wide event occurs. If dynamic
weakening is switched on (¢ > 0), earthquakes bigger than a certain size become
unstoppable (BEN-zION and RICE, 1993; DAHMEN et al., 1998), unless the fault
heterogeneities have a WROSS. In the latter case, the stress field before a mainshock
is highly irregular also for a finite dynamic weakening (¢ > 0) without large self-
organized patches. The rupture propagates simultaneously in several regions and is
slowed down or terminated if a barrier is reached.

A shortcoming of our simulations that should be addressed in future studies is
the effect of finite size of the fault, which limits the range of /4 values. A more
efficient design of the computer code will provide a possibility perform parameter
space studies on a larger fault and quantify more clearly the role of the
heterogeneities on earthquake dynamics. The results of this paper indicate that
heterogeneities have dramatic effects on the spatio-temporal evolution of rupture
histories and earthquake statistics. These effects should be clarified further with
more detailed analyses, e.g., by using stress and seismicity functions of the type
employed by BEN-ZION et al. (2003). Another interesting problem for future studies
is a joint theoretical-observational work involving tuning the model parameters to
specific fault zones (e.g., the Parkfield section of the San Andreas fault). Large
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statistically-complete data sets of simulated slip histories and events statistics for
various cases of such tuned models may provide important input for models of
seismic hazard assessment.

Acknowledgments

This work was supported by the collaborative research center “Complex
Nonlinear Processes” (SFB555) of the “German Research Society” (DFG). YBZ
acknowledges support from a Mercator fellowship of the DFG. The manuscript
benefited from comments by two anonymous referees and Ramon Zuniga.

REFERENCES

BEN-ZION, Y. (1996), Stress, slip, and Earthquakes in Models of Complex Single-fault Systems Incorporating
Brittle and Creep Deformations, J. Geophys. Res. 101, 5677-5706.

BEN-ZION, Y. (2001), Dynamic Rupture in Recent Models of Earthquake Faults, J. Mech. Phys. Solids 49,
2209-2244.

BEN-ZION, Y. (2003), Key Formulas in Earthquake Seismology, International Handbook of Earthquake
and Engineering Seismology, Part B, 1857—-1875.

BEN-ZION, Y., DAHMEN, K., LYAKHOVSKY, V., ERTAS, D., and AGNON, A. (1999), Self-driven Mode
Switching of earthquake activity on a fault system, Earth and Plan. Sci. Lett., 172, 11-21.

BEN-ZION, Y., M. ENEVA, and Liu, Y. (2003), Large Earthquake Cycles and Intermittent Criticality on
Heterogeneous Faults due to Evolving Stress and Seismicity, J. Geophys. Res. 108, doi
1029.2002JB002121.

BEN-ZI0ON, Y. and RICE, J. R. (1993), Earthquake Failure Sequences along a Cellular Fault Zone in a Three-
dimensional Elastic Solid Containing Asperity and Nonasperity Regions, J. Geophys. Res. 98, 14,109—
14,131.

BEN-ZION, Y. and RICE, J. R. (1995), Slip Patterns and Earthquake Populations along Different Classes of
Faults in Elastic Solids, J. Geophys. Res. 100, 12,959-12,983.

BEN-ZI0ON, Y. and RICE, J. R. (1997), Dynamic Simulations of Slip on a Smooth Fault in an Elastic Solid,
J. Geophys. Res. 102, 17,771-17,784.

BEN-ZION, Y. and SAmMISs, C. G. (2003), Characterization of fault zones, Pure Appl. Geophys, 160, 677-715.

BINNEY, J. J., DOWRICK, N. J., FISHER, A. J., and NEWMAN, M. E. J. The Theory of Critical Phenomena
(Oxford University Press 1993).

CHINNERY, M. (1963), The Stress Changes that Accompany Strike-slip Faulting, Bull. Seismol. Soc. Am. 53,
921-932.

DaHMEN, K., ErRTAS, D., and BEN-zION, R. (1998), Gutenberg-Richter and Characteristic Earthquake
Behavior in Simple Mean-field Models of Heterogeneous Faults, Phys. Rev. E 58, 1494-1501.

Das, S. and KosTroOv, B. V. (1983), Breaking of a Single Asperity-rupture Process and Seismic Radiation,
J. Geophys. Res. 88, 4277-4288.

FisHER, D. S., DAHMEN, K., RAMANATHAN, S., and BEN-zION, Y. (1997), Statistics of Earthquakes in
Simple Models of Heterogeneous Faults, Phys. Rev. Lett. 78, 4885—4888.

GUTENBERG, G. and RICHTER, C. F. (1956), Earthquake Magnitude, Intensity, Energy and Acceleration,
Bull. Seismol. Soc. Am. 46, 105-145.

HaAINzL, S. and ZOLLER, G. (2001), The Role of Disorder and Stress Concentration in Nonconservative Fault
Systems, Physica A 294, 67-84.

HaINzL, S., ZOLLER, G., and KURTHS, J. (1999), Similar Power Laws for Fore- and Aftershock Sequences in
a Spring-block Model for Earthquakes, J. Geophys. Res. 104, 7243-7253.

202



Vol. 162, 2005 The Role of Heterogeneities 1049

HEIMPEL, M. H. (2003), Characteristic Scales of Earthquake Rupture from Numerical Models, Nonlin. Proc.
Geophys. 10, 573-584.

LOMNITZ-ADLER, J. (1999), Automaton Models of Seismic Fracture: Constraints Imposed by the Magnitude-
frequency Relation, J. Geophys. Res. 98, 17,745-17,756.

MADARIAGA, R. (1976), Dynamics of an Expanding Circular Fault, Bull. Seismol. Soc. Am. 66 639-666.

MEHTA, A. P., DAHMEN, K. A., and BEN-ZION, Y. (2005), From Magnets to Earthquakes: Universal Mean
Moment Rate Profiles of Earthquake Ruptures, submitted to Phys. Rev. Lett.

RoOBINSON, R., and BENITES, R. (2001), Upgrading a Synthetic Seismicity Model for More Realistic Fault
Ruptures, Geophys. Res. Lett. 28, 1843—-1846.

SHIN T.C., TeENG T.L. (2001), An Overview of the 1999 Chi-Chi, Taiwan, Earthquake, Bull. Seismol. Soc.
Am. 91, 895-913.

STEACY, S. J. and MCCLOSKEY, J. (1999), Heterogeneity and the Earthquake Magnitude-frequency
Distribution, Geophys. Res. Lett. 26, 899-902.

STIRLING, M. W., WESNOUSKY, S. G., and SHIMAZAKI, K. (1996), Fault Trace Complexity, Cumulative Slip,
and the Shape of the Magnitude-frequency Distribution for Strike-slip Faults: A Global Survey, Geophys.
J. Int. 126, 301-301.

TURCOTTE, D. L. Fractals and Chaos in Geology and geophysics (Cambridge University Press, New York
1997).

Utsu, T. (2002), Statistical Features of Seismicity, International Handbook of Earthquake and
Engineering Seismology, Part B, 719-732.

WEATHERLEY, D., MORA, P., and XiA, M. F. (2002), Long-range Automaton Models of Earthquakes:
Power-law Accelerations, Correlation Evolution, and Mode-switching, Pure Appl. Geophys. 159, 2469—
2490.

WEASNOUSKY, S. G. (1994), The Gutenberg-Richter or Characteristic Earthquake Distribution, which is it?,
Bull. Seismol. Soc. Am. 84, 1940-1959.

WILsoON, K. G. (1979), Problems in Physics with Many Scales of Length, Scientific American 241, 158—179.

Wyss, M., SCHORLEMMER, D., and WIEMER, S. (2000), Mapping Asperities by Minima of Local Recurrence
Time: San Jacinto-Elsinore Fault Zones, J. Geophys. Res. 105, 7829-7844.

ZOLLER, G., HOLSCHNEIDER, M., and BEN-zION, Y. (2004), Quasi-static and Quasi-dynamic Modeling of
Earthquake Failure at Intermediate Scales, Pure Appl. Geophys. 161, 2103-2118.

(Received December 12, 2003, accepted August 14, 2004)

To access this journal online:
http://www.birkhauser.ch

203



Appendix M

Aftershocks resulting from creeping sections in a heterogeneous fault

Autors: G. Zoller, S. Hainzl, M. Holschneider, and Y. Ben-Zion
Journal: Geophysical Research Letters

Volume (Nr.): 32(3)

Article/doi: art. no. L03308, doi 10.1029/2004GL021871

Year: 2005

204



GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L03308, doi:10.1029/2004GL021871, 2005

Aftershocks resulting from creeping sections in a heterogeneous fault

G. Zéller,' S. Hainzl,”> M. Holschneider,® and Y. Ben-Zion*
Received 29 October 2004; revised 6 January 2005; accepted 11 January 2005; published 10 February 2005.

[1] We show that realistic aftershock sequences with
space-time characteristics compatible with observations
are generated by a model consisting of brittle fault
segments separated by creeping zones. The dynamics of
the brittle regions is governed by static/kinetic friction, 3D
elastic stress transfer and small creep deformation. The
creeping parts are characterized by high ongoing creep
velocities. These regions store stress during earthquake
failures and then release it in the interseismic periods. The
resulting postseismic deformation leads to aftershock
sequences following the modified Omori law. The ratio of
creep coefficients in the brittle and creeping sections
determines the duration of the postseismic transients and the
exponent p of the modified Omori law. Citation: Zéller, G.,
S. Hainzl, M. Holschneider, and Y. Ben-Zion (2005),
Aftershocks resulting from creeping sections in a heterogeneous
fault, Geophys. Res. Lett., 32, L03308, doi:10.1029/
2004GL021871.

1. Introduction

[2] The occurrence of aftershock sequences is one of the
most general patterns of observed seismicity. The temporal
decay rate ni(f) of the number of aftershocks is found to
follow the modified Omori law [Omori, 1894; Utsu et al.,
1995]

i(t) = (c+t—ty)?, o)

where ), is the occurrence time of the mainshock and the
exponent p is close to 1 for observed seismicity.

[3] Many models were used to explain the frequency-
magnitude distribution of observed seismicity [e.g., Burridge
and Knopoff, 1967; Bak and Tang, 1989; Dahmen et al.,
1998]. In these models dealing solely with coseismic stress
transfers and tectonic loading, aftershocks are not observed,
unless the stress transfer on the fault becomes very weak.
However, in such a case, the p value of the Omori law is
unrealistically low [Hergarten and Neugebauer, 2002].

[4] Various mechanisms were proposed to explain the
generation of aftershock sequences. These include viscoelas-
tic relaxation in the fault zone [Dieterich, 1972; Hainzl et al.,
1999], fault strengthening or weakening after a block slips
[{to and Matsuzaki, 1990], pore fluid flow [Nur and Booker,
1972], rate-state friction [Dieterich, 1994], and damage

"nstitute of Physics and Institute of Mathematics, University of
Potsdam, Potsdam, Germany.

2Institute of Earth Sciences, University of Potsdam, Potsdam, Germany.

3Institute of Mathematics, University of Potsdam, Potsdam, Germany.

*Department of Earth Sciences, University of Southern California, Los
Angeles, USA.

Copyright 2005 by the American Geophysical Union.
0094-8276/05/2004GL021871$05.00

L03308

theology [Ben-Zion and Lyakhovsky, 2003; Shcherbakov
and Turcotte, 2004]. While these mechanisms are based on
time-dependent processes, Hainzl et al. [2003] have shown
that foreshocks and aftershocks can also be explained by
spatial effects, namely a decrease of strength localized at
the edges of the rupture area. Some of the proposed models
are, however, conceptual and it remains an open question
whether these mechanisms can explain detailed observations
of space-time earthquake clustering in natural fault systems.

[s] Empirical observations show that aftershocks are
concentrated near the margin of fault areas where large
coseismic displacements occur [Utsu, 2002], and partly on
adjacent segments. A full numerical treatment of systems of
segmented faults with realistic stress transfer requires very
large computational effort. In the present work, we over-
come this difficulty by using a fault plane that is divided by
near-vertical aseismic barriers into separate segments. The
aseismic barriers can undergo postseismic creep deforma-
tion and thus transfer stress from one fault segment to
another. The presence of coseismic, postseismic and inter-
seismic creep is now commonly observed by means of
InSAR and other geodetic measurements [e.g., Lyons and
Sandwell, 2003]. Numerous studies show that fault seg-
ments, e.g., along the San Andreas fault, can store stress and
remain locked for certain periods, while other less brittle
segments undergo a steady creep deformation [Biirgmann et
al., 2000].

[6] The model used in the present work is based on earlier
works of Ben-Zion [1996] and Zéller et al. [2004, 2005] with
a heterogeneous strike-slip fault in an elastic half-space.
Various model ingredients, including the laws for brittle and
creep deformation, stress transfer, and boundary conditions,
are compatible with empirical knowledge. The simulations
cover hundreds of years and allow us to reproduce brittle
deformation as well as postseismic and interseismic creep
deformation. The results indicate that a spatially heteroge-
neous distribution of brittle and creeping fault sections leads
to realistic aftershock sequences compatible with observed
data. We note that the assumed creeping barriers provide an
effective way of parameterizing macroscopically a variety
of physical processes including viscous relaxation, fluid
migration, rate-state friction and damage.

2. Model

[7] In the first part of this section, we give a brief
summary of the employed fault model following Ben-Zion
[1996] and Zoller et al. [2004, 2005]. In the second part, we
describe how the assumed brittle and creep mechanisms are
implemented.

2.1. Model Framework

[8] The model includes a strike-slip fault region of 70 km
length and 17.5 km depth, covered by a computational grid,
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Figure 1. Sketch of a natural fault system and the linear
approximation of the assumed fault model.

fault system in model

divided into 128 x 32 uniform cells, where deformational
processes are calculated [Ben-Zion and Rice, 1993].

[9] Tectonic loading is imposed by a motion with con-
stant velocity v, = 35 mm/year of the regions around the
computational grid. The space-dependent loading rate pro-
vides realistic boundary conditions. Using the static stress
transfer function for slip in elastic solid, the continuous
tectonic loading for each cell on the computational grid is a
linear function of time 7. While the loading produces an
increase of stress on the fault, the local stress may be
reduced by creep and brittle failure processes.

[10] The ongoing creep motion on the computational grid
is governed by a local constitutive law corresponding to lab-
based dislocation creep. Specifically, we assume that the
creep velocity is given by

e(x,z; 1) = e(x,z)(1(x, z; ),‘))37 (2)

where x and z denote coordinates along strike and depth,
c(x, z) are time-independent coefficients, T is the local stress
and u is the creep velocity [Ben-Zion, 1996]. Equation (2)
results in a system of 128 x 32 coupled ordinary differential
equations, which is solved numerically using a Runge-Kutta
scheme.

[11] An earthquake is initiated if the local stress 7(x, z; £)
exceeds the static friction Ty(x, z). Then the stress drops in
cell (x, z) to the arrest stress T,(x, z) and the strength drops
to a dynamic friction value T,4(x, z) for the reminder of the
event. At the end of the earthquake, the strength recovers
back to the static level. The dynamic friction is calculated
from the static and arrest stress levels in relation to a
dynamic overshoot coefficient D:

Ts — Ta

D

Ty = Ts — (3)
Following Ben-Zion and Rice [1993] and Madariaga
[1976], we use D = 1.25. The static strength is constant,
T4(x, z) = 10 MPa, and the arrest stress is chosen randomly
from the interval 7,(x, z) € [0; 1 MPa].

[12] The stress transfer due to coseismic slip and creep
motion is calculated by means of the three-dimensional
solution K(x, z; X/, 2') of Chinnery [1963] for static dis-
locations on rectangular patches in an elastic Poisson solid
with rigidity p = 30 GPa:

At(x,z;t) =
(' ,2") efault

K(x,z; X, 2)Au(X', 25t — r/vg)  (4)

where Au is the slip, 7 is the spatial distance between the
cells (x, z) and (¥, Z'), v, is a constant shear wave velocity,
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and the kernel K decays like 1//°. The value of v, defines the
event time scale and has no influence on the earthquake
catalogs. A finite value of v, corresponds to the quasi-
dynamic approximation of Zoller et al. [2004], whereas
v — oo reduces to the quasi-static procedure of Ben-Zion and
Rice [1993] and Ben-Zion [1996]. The calculations below are
done for a finite value of vy, but the statistical aspects of the
results remain the same for the quasi-static case.

2.2. Brittle and Creep Parameters

[13] Each cell of the computational grid is either a
“brittle” or a “creep” cell. A brittle cell can undergo slip
during an earthquake (coseismic) and small creep motion
between two earthquakes (interseismic). A creep cell can
only perform interseismic creep. Figure 1 shows a sketch of
the distribution of brittle and creep cells. The creep barriers
are generated by near-vertical random walks from various
along-strike positions at the free surface to depth [Ben-Zion,
1996]. As shown below, the assumed barriers provide a
simple way of simulating non-brittle deformation processes
near segment boundaries (e.g., step-over regions) of a large
strike-slip fault. The material surrounding the computational
grid moves with a constant velocity vj,;. The model has two
imposed timescales: A long time scale associated with the
tectonic loading and a short earthquake timescale. In addi-
tion, there is a third emergent timescale generated by the
interplay between the processes occurring on the brittle fault
patches and creeping barriers.

[14] The creep coefficients for the brittle cells c,(x, z) in
equation (2) are chosen similar to the values by Ben-Zion
[1996] and Zoller et al. [2005]: c¢y(x, z) is randomly
distributed in [0.9(c,);1.1(c)], where (¢,) = 107" m s~
MPa 3. The coefficients for the creep cells c.(x, z) are
varied in different model simulations as follows: Model A:
(ce) =102 ms ' MPa >, Model B: {c;;) =5-10 > ms™'
MPa >, and Model C: {(c,) = 10> ms ' MPa . Noise is
added to the mean values as for c(x, z).

3. Model Simulations and Results

[15] For each model introduced at the end of the previous
section, we perform a simulation with random initial
stresses. After the stress field has reached a steady state,
we produce an earthquake catalog containing 20,000 events
and covering about 500 years. Figure 2 shows that the
frequency-size distributions for all models include a scaling
region followed by a characteristic earthquake at M ~ 6.6.
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Figure 2. Frequency-size distributions for different model
simulations.
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Figure 3. Model A: Hypocenter distribution of aftershocks
(for a definition see text) along strike (top). Bottom:
Distribution of brittle cells (white boxes) and creeping cells
(black boxes) in the fault region.

Similar frequency-size distributions have been observed by
Ben-Zion [1996] for a fault with uniform brittle properties.
The fact that no earthquakes with M < 4.0 occur, stems from
the discretization of the computational grid. Because the
magnitude is derived from the cumulative slip during an
event [Ben-Zion, 1996], the size of a cell determines the
minimum magnitude. The bump at M = 4.5 is associated
with the sizes of the brittle patches produced by the
employed spatial realization of the creeping barriers.

[16] Figure 3 (bottom) shows the spatial distribution of
creep and brittle cells in the fault region and the number of
aftershocks along strike. Here, aftershocks are earthquakes
occurring up to one year after a M > 6.2 mainshock. The
aftershocks are mostly concentrated close to the near-
vertical creep barriers (margins of the fault segments),
which become highly loaded during mainshocks that trans-
fer stress from the rupturing cells into the creeping parts of
the fault. Because these parts do not fail in rapid brittle
fashion, they store stress until each mainshock is terminated.
After the mainshock they creep, thereby transferring stress
back to the entire fault region. This leads to aftershocks,
which occur preferentially close to creeping parts and in high
stress fault patches that have not ruptured during the large
event.

[17] Figure 4 (bottom) shows a typical aftershock
sequence following a mainshock with magnitude M = 6.6.
Immediately after the mainshock, the sequence is strongly
clustered and becomes less concentrated some months later.
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Figure 4. Example for a typical aftershock sequence in
Model A: Mean stress as a function of time in the brittle
region (top) and in the creeping region (middle panel) for a
period of two years. The bottom panel shows earthquake
magnitudes as a function of time.
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The evolution of stress during this period in the brittle and
creep regions is shown in the top and middle panel of
Figure 4. The mean stress in the creeping regions grows
rapidly during the occurrence of mainshocks and then
relaxes. The mean stress in the brittle region drops at the
time of the mainshock and then increases due to the stress
transfer from the creeping cells. It is clear that the time scale
of the stress relaxation in the creep regions depends on the
average creep rate (c). If this value grows, the creep
velocity will increase according to equation (2). Thus, the
relaxation becomes faster and aftershocks will occur in a
shorter period after the main event. Comparing the bottom
panel of Figure 4 with typical features of observed seis-
micity, we conclude that Model A represents a realistic
scenario of aftershock activity.

[18] Figure 5 shows the mean earthquake rate after a
mainshock in Models A, B, and C. The rate is stacked for all
mainshocks with M > 6.6. The estimated p exponent of the
modified Omori law and the level of background seismicity
are indicated in each plot. The deviation of the aftershock
activity from the background level can be measured by the
ratio of earthquakes occurring up to three months after and
before the main event. This ratio is about 10 for Models A
and B, and about 6 for Model C. It is clearly visible that a
high ratio of (c.)/{cy,) (Model A) leads to aftershock
sequences on short time scales characterized by relatively
high exponents. A smaller ratio results in a slower stress
transfer from creeping cells and thus leads to less clustered
aftershock sequences (Model C). It is conspicuous that
in Model C the maximum number of aftershocks is not
observed directly after the mainshock. This is similar to the
relative quiescence in the model without creep [Ben-Zion
and Rice, 1993; Zéller et al., 2004], which is due to the
relative slow recovery of the stress field after the fault
region has been unloaded by the mainshock. In particular,
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Figure 5. Earthquake rate as a function of time for different
models. The solid lines give estimates of the modified Omori
law and the dotted lines mark the background level
of seismicity. Each plot is based on a simulation with
20,000 earthquakes covering about 500 years; the earth-
quake rates are averaged over about 30 mainshock cycles.
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the amount of stress resulting from afterslip in Model C is
too small to compensate the unloading of the fault due to the
mainshock immediately after the mainshock. If the ratio
{cer)/{cp) is close to 1, the loading of each brittle cell will be
approximately linear. The results of Figure 5 indicate that
Model A with p = 1.0 represents the most realistic case of
aftershock sequences.

4. Discussion and Conclusions

[19] We study the behavior of a fault consisting of
seismic segments separated by creeping regions that do
not fail on the short earthquake timescale. Aseismic creep is
known as an important process in fault zones [Wesson,
1988]. This is obvious for deep sections with ductile
characteristics, but geodetic measurements as well as studies
of seismic data indicate that creep plays also an important
role in shallow parts of crust. It is interesting to note that the
creep deformation of a fault may be of the same order of
magnitude or even higher than the coseismic change. This
has been observed, e.g., for the postseismic creep response
of the 1984 Morgan Hill earthquake that occurred on the
Calaveras fault in California [Schaff et al., 1998].

[20] In our model, the interplay of brittle and creep
deformation produces significant afterslip on creeping
regions following large events. As a consequence, after-
shocks are triggered on highly stressed fault patches that did
not rupture during the mainshock. The occurrence of after-
slip following large earthquakes has been documented in
observational studies [e.g., Biirgmann et al., 2002], and
analyzed in laboratory experiments and numerical models
[Marone et al., 1991]. The p exponent of the modified
Omori law and the time scale of aftershocks depend only on
the coefficients of the imposed creep law (equation (2)). If
the ratio of creep coefficients in the creeping and the brittle
regions (c)/{cy) is of the order 10°, realistic aftershock
sequences with p ~ 1 are observed. A study of foreshocks,
which occur less frequent than aftershocks, requires a large
number of mainshocks in various realizations. This is
beyond the ability of our current computational method
and is left for a future work.

[21] Summarizing, we have developed a fault model
based on dislocation theory and empirical knowledge. The
mixing of brittle and creep properties leads to postseismic
effects, which are in agreement with numerous experiments
and observational studies, and produce aftershock sequences
following the modified Omori law. The high correspondence
of the results to observations indicates that the model
provides an effective parameterization of the key physical
process that govern seismicity on large strike-slip faults.

[22] Acknowledgments. G. Z. acknowledges support from the col-
laborative research center “Complex Nonlinear Processes” (SFB555) of the
German Research Society (DFG). We thank Ilya Zaliapin and anonymous
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Abstract. Weinvestigate the evolution of the seismicity within seismic cyclesin amodel of adiscrete large
strike-dlip fault in elastic solid. The model dynamicsis governed by realistic boundary conditions consisting
of constant velocity motion of regions around the fault, static/kinetic friction and dislocation creep along the
fault, and 3D elastic stress transfer. The fault consists of brittle parts which fail during earthquakes and undergo
small creep deformation between events, and aseismic creep cells which are characterized by high ongoing
creep motion. This mixture of brittle and creep cells is found to generate realistic aftershock sequences which
follow the modified Omori law and scale with the mainshock size. Furthermore, we find that the distribution of
interevent times of the simulated earthquakesis in good agreement with observations. The temporal occurrence,
however, is magnitude-dependent; in particular, the small events are clustered in time, whereas the largest
earthquakes occur quasiperiodically. Averaging the seismicity before several large earthquakes, we observe
an increase of activity and a broadening scaling range of magnitudes when the time of the next mainshock is
approached. These results are characteristics of a critical point behavior. The presence of critical point dynamics
is further supported by the evolution of the stress field in the model, which is compatible with the observation of

accelerating moment release in natural fault systems.
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1. Introduction

The complexity of spatiotemporal earthquake occurrence on natural fault systems has been discussed and
quantified in numerous studies (for an overview see [RUNDLE et al., 2000B]). While some seismicity patterns
show an almost universal behavior, others are observed less frequently and follow no obvious law. For example,
aftershocks according to the modified Omori law are observed after almost all large earthquakes [UTSu et
al., 1995], whereas foreshocks are a rare phenomenon [WYyss, 1997; UTsu, 2002]. However, the Parkfield
experiment in California [ROELOFFS AND LANGBEIN, 1994] demonstrates that even if a fault segment shows
regular behavior over several decades, a prediction of future activity can fail drastically. One reason for this
is that the given data sets are too limited to provide enough information for the understanding of the complex
relationships between the various physical mechanisms in the earth’s crust. This emphasizes the importance of
model simulations which cover several seismic cycles and allow to study the dependences of seismicity on the
underlying parameters and evolving stress field.

Several conceptual models have been proposed to describe properties of observed seismicity, e.g. the first
generation of spring-block models and cellular automata, which reproduce the frequency-size distribution of
earthquakes. These models are mainly based on tectonic loading and the coseismic stress transfer [BURRIDGE
AND KNOPOFF, 1967; BAK AND TANG, 1989]. Others have implemented additional mechanisms, like
viscoelastic relaxation in the fault zone [DIETERICH, 1972; HAINZL et al., 1999], fault strengthening
or weakening after a block slip [ITo AND MATSUzAKI, 1990], pore fluid flow [NUR AND BOOKER,
1972], rate-state friction [DIETERICH, 1994], and damage rheology [BEN-ZION AND LYAKHOVSKY,
2005; SHCHERBAKOV AND TURCOTTE, €t al., 2004]. Although most of these models reproduce certain
observed phenomena, the underlying frameworks are often abstract and the application to an actual fault system
with its spatiotemporal complexity of earthquake occurrence remains questionable.

In this study, we analyze earthquake catalogs generated by the model of [ZOLLER et al., 2005] for a
large heterogeneous strike-slip fault. The model develops further the framework of [BEN-ZION AND RICE,
1993] and [BEN-ZION, 1996] for a discrete fault in a surrounding elastic solid, and it combines computational
efficiency with realistic physical properties. The simulations cover 1000s of years and allow us to reproduce
brittle as well as postseismic and interseismic creep deformation. The model ingredients, including laws for
brittle and creep deformation, stress transfer, and boundary conditions, are compatible with empirical knowledge.
Several relationships between imposed model parameters (e.g., frictional parameters, creep velocities, spatial

heterogeneities) and observed seismicity quantities like frequency-size distributions and aftershock clustering,
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have been previously quantified [ZOLLER et al., 2005]. In this paper, we will focus on the temporal evolution of
seismicity during seismic cycles. Many observational and theoretical studies have shown that seismicity is largely
time-dependent. In particular, the seismic moment release is found to accelerate prior to large earthquakes [BUFE
AND VARNES, 1993; BOWMAN et al., 1998; JAUME AND SYKES, 1999]. This phenomenon indicates that
seismicity is a process that may characterized by critical point behavior in terms of upcoming long-range
correlations prior to a large earthquake [SORNETTE AND SORNETTE, 1990; ZOLLER et al., 2001; ZOLLER AND
HAINZL, 2002]. Analyzing stress and seismicity functions over several seismic cycles, [BEN-ZION et al., 2003]
conclude that mainshock occurrence is associated with a period where the stress-field evolves toward a critical
level of disorder. In this state, the stress field heterogeneities are characterized by many size scales and a brittle
failure can evolve into a large earthquake. It is, therefore, an important question, whether the evolution of stress

and seismicity in our model reflects such critical point behavior.

2. Mod€

In this section, we give a brief description of the fault model. Further details can be found in [ZOLLER et
al., 2005] and references therein.

Our model includes a single rectangular fault embedded in a 3D elastic half space (Fig. 1). A fault region
of 70 km length and 17.5 km depth is covered by a computational grid, divided into 128 x 32 uniform cells,
where deformational processes are calculated. Tectonic loading is imposed by a motion with constant velocity
vp|=35 mm/year of the regions around the computational grid. The space-dependent loading rate provides
realistic boundary conditions. Using the static stress transfer function for slip in elastic solid, the continuous
tectonic loading for each cell on the computational grid is a linear function of time and plate velocity vpl-
Additional loadings on a given cell occur due to brittle and creep failures on the fault. While the loading produces
an increase of stress on the fault, the local stress may be reduced by interseismic creep and coseismic brittle
processes. As in [ZOLLER et al., 2005], all cells on the computational grid undergo creep deformation, while
brittle deformation during an earthquake is only possible for “brittle cells” (white cells in Fig. 1). The aseismic
“creep cells” (black cells in Fig. 1) are generated by near-vertical random walks from the free surface to depth

accounting for offsets and step-over regions in the fault zone.
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Figure 1. A sketch of a2D strike-dlip faultin a 3D elastic half space

The ongoing creep motion on the grid isimplemented by alocal constitutive law corresponding to lab-based
dislocation creep [BEN-ZI0ON, 1996]:

Ucreep(, 2,1) = c(x,z)T(x,z,t)S, Q)

where dereep (2, 2, t) IS the creep velocity of the cell with coordinates (z, z); 7(x, 2, t) isthelocal stress at time
t, and ¢(x, z) are time-independent coefficients, which are different for the creep cells and the brittle cells. As
shownin [ZOLLER et al., 2005], this design can produce aftershock sequences, where the ratio of the mean creep
coefficientsin the creep cells and in the brittle cells (ccr) / (cp,) determines the exponent p of the modified Omori

law for the rate n(¢) of aftershocks:
C1

(62+t—tM)p. 2)

A(t) =

Here, ¢; and ¢, are time-independent numbers, and ¢, is the mainshock occurrence time. For this work, we
choose the creep coefficients leading to p = 1: The creep parameters for the brittle cells ¢;, are randomly
distributed in the interval [0.9(c3);1.1{c})], where (c,) = 10~ "ms~ 1M Pa=3. The valuesfor the brittle cells ccr
are calculated accordingly with (ccr) = 10~ 2ms~1 M Pa~3. This choice correspondsto model A in [ZOLLER
et al., 2005]. Equation (1) resultsin asystem of 128 x 32 coupled ordinary differential equations, which is solved
numerically using a Runge-Kutta scheme.

The coseismic processes are governed by static/kinetic friction. An earthquakeisinitiated if thelocal stress

7(z, z; t) exceedsthe static friction 7, (z, z). Then the stressdropsin cell (z, z) to the arrest stress 7, (z, z) and
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the strength follows a piecewise constant failure envelope 74 (x, =, t) during an earthquake:

Ta(z,z) : cel (z,2) aready failed during this event
Tz, 23t) = 3)

7s(x,z) : cel (x, z) faled not during this event.
If 7(z, z;t) < 7¢(z, 2;t) for al cells on the grid, the earthquake is terminated. Then, the strength recovers

back to the static level for all célls: 74 (z, 2;t) = 7s(z, z). Thedynamic friction is calculated from the static and

arrest stress levelsin relation to a dynamic overshoot coefficient D:

Ts — Ta

. @

Td = Ts —

Following [MADARIAGA, 1976], we use D = 1.25. The static strength is constant, 7,(z, z) = 10M Pa, and the
arrest stress is chosen randomly from theinterval 7, (z, z) € [0; 1M Pa].

The stress transfer due to coseismic sip and creep motion is calculated by means of the three-dimensional
solution K (z, z; 2, 2’) of [CHINNERY, 1963] for static dislocations on rectangular patchesin an elastic Poisson

solid with rigidity = 30GPa:

At(z, z;t) = Z K(z,z; 2, 2" ) Au(a’, 25t — 1 /vs), (5)
(x’,z’)egrid
where Au isthe dlip, r is the spatial distance between the cells (z, z) and (2/, 2’), v, is a constant shear wave
velocity, and the kernel K decayslike 1/73. The value of v, definesthe event time scale and has no influence on

the earthquake catal ogs.

3. Reaults

We analyze an earthquake catalog covering about 5000 years, which contains 200,000 earthquakes with
moment magnitudes M between 4.0 and 6.8. The seismic potency Py (moment M, divided by rigidity p) is
calculated as the integral of dip over the rupture area during an earthquake. The range of magnitudes depends
on the segmentation of the grid into computational cells, e.g. smaller cells would allow to simulate smaller
earthquakes. On the other hand, alarger fault would result in a higher maximum magnitude. Figure 2 shows an

earthquake sequence (magnitude vs. time) from the catalog over a period of 60 years.
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Figure 2. Example of the model seismicity in atime span of 60 years.

3.1. Aftershocks

The most obviousfeaturein Fig. 2 is the aftershock clustering following the largest events. As mentioned
above, the aftershock decay is compatible with the modified Omori law, Eq. (2), with an exponent p = 1.
Furthermore, it has been demonstrated that the aftershocks are predominantly concentrated at the margins of the
fault segments [ZOLLER et al., 2005], which is good agreement with observational studies.

An important question is the dependence of the aftershock sequences on the mainshock magnitude M ygin.
expressed by the value of ¢; in Eq. (2). The exponent p is found to be almost independent of M 1,5, N agreement
with [UTsu, 1962; UTsu, 2002]. For therate of aftershocks, [REASENBERG, 1985] assumesthe relation

¢1 o< 103 Mmain, (6)

The number of aftershocks as a function of the mainshock magnitude is given in Fig. 3a. It is clearly visible
that the scaling law Eq. (6) is fulfilled in our model. A second scaling relation is observed, if the number of
aftershocks s plotted as a function of the mainshock rupture area, leadingto N4 o A'/2 andthusto N4 « R,
where R is the rupture length (Fig. 3b). Combining both scaling laws, resultsin arelation Py (or M) oc A%/8
between seismic potency (or moment) and rupture area A. In sum, we note that the aftershock sequencesin our
model govern the main properties of observed aftershock activity with respect to frequency and spatiotemporal

occurrence.
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Figure 3. The number of aftershocksin the first month after a mainshock as a function of the mainshock magni-

tude. Here, an earthquake is defined to be a mainshock if it is the largest event within + 1 month. The aftershock

productivity is found to scalewith 103 Mmei» (panel a) and with the rupture length R o« v/A (panel b).

3.2. Interevent times

In recent studies, it has been shown that the distribution of interevent times can be described by a universal
law. In particular, the distributions from differentstectonic environments, different spatial scales (from worldwide
to local seismicity) and different magnitude ranges collapse, if the time 7 isrescaled with therate R, of seismic

occurrencein aregion denoted by (x,y) [CORRAL, 2004]:
Doy(7) = Ray - f(RayT), (7)

where D, is the probability density for the interevent time 7, and f can be expressed by a generalized gamma

distribution

10 = 0o () @

with parameters C, ~, §, and B, which have been determined by afit to several observational catalogs [CORRAL,
2004].

In Fig. 4, we compare D, (7) from Eq. (7) with two earthquake catalogs: 1. The ANSS catalog of
California (catal og ranges are given in the caption) and 2. the model catalog. We note that due to the numerical
procedure, especially the Runge-Kutta integration of the creep law (Eq. (1)), the interevent times in the model
have afinite lower limit. However, in the region where the interevent times are calculated, the agreement of the
three curvesis remarkable. For small values of 7, Eq. (7) deviates from the California data; for high values the

model has a dightly better correspondence with the observational data than Eq. (7). Thus the interevent time
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distribution isin excellent agreement with observational results.

100 : ;
. California O
Corral [2004] - ]

10 ¢

1 L

01t
0.01 |
0.001 | s

0.0001 ¢ Q ]

probability density

1e-05 | L 2

1e-06 : : : :
0.001  0.01 0.1 1 10
normalized interevent-time
Figure 4. The normalized interevent time distribution of the model simulations (black dots) compared with the
result of [CORRAL, 2004] and the distribution of earthquakesin California(ANSS catalog of M > 3 earthquakes

occurred between 1970 and 2004 within 29° and 43° latitude and -113° and -123° longitude).

The degree of temporal clustering of earthquakes can be estimated by the coefficient of variation CV of the

interevent time distribution.

CV =o/n, ©)

where ¢ is the standard deviation and . the mean value of the interevent time distribution. High values of C'V
denote clustered activity, while low values represent quasiperiodic occurrence of events. Thecase CV = 1
correspondsto a random Poisson process. [BEN-ZION, 1996] and [ZOLLER et al., 2004] have found that the
clustering properties of the large events depend on the degree of quenched spatial disorder of the fault. Here we
show that C'V as afunction of the lower magnitude cutoff has a characteristic shape (Fig. 5). Thevauesof CV
are higher than 1 (clustered) for small and intermediate earthquakes (M < 5.4) and smaller than 1 (quasiperiodic)
for larger earthquakes. This corresponds to the case of alow degree of disorder in [ZOLLER et al., 2004],
because the brittle cells which participate in an earthquake have no significant spatial disorder. We note that
this behavior resembles the seismicity on the Parkfield segment of the San Andreas fault, which is characterized
by a quasiperiodic occurrence of mainshocks. The fact that the dependence of C'V' on the magnitude cutoff is
not monotonic for the small magnitude cutoffs, is again due to the time discretization as a consequence of the

numerical procedure.
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magnitude cutoff. Valueslarger than 1 indicate clustering, whereas lower values point to quasi periodic behavior.
3.3. Foreshocks

In [ZOLLER et al., 2005] and in Section 3.1, it is shown that our model produces aftershocks sequences
which are quantitatively in very good agreement with observed aftershock activity. Foreshock activity is,
however, less present in observed data. Although it is documented that the increase of activity prior to a
mainshock follows an “inverse Omori law” 7n(t) ~ (¢ + tpr — t)~7 with an exponent ¢ =~ 1 [HAINZL etal.,
1999], the overall smaller number of foreshocks requiresvery long data sets including many mainshocksto detect
aclear foreshock signal. Stacking the activity before 225 mainshockswith M > 6, shows a moderate but clearly
visible increase of the earthquake rate before a mainshock (see Fig. 6). The exponent ¢ of foreshock actvity is,
however, difficult to estimate, because it is not clear how to distinguish the small number of extraeventsfrom the
background activity. The observation of an increasing precursory rate is encouraging for the applicability of the

model to real fault zones.
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Figure 6. The stacked and averaged activity prior to mainshocks (225 sequences). Here, mainshocks are M>6

events which are the largest earthquakes within =10 years.
3.4. Critical point behavior

The interpretation of seismicity in terms of critical point dynamics has opened new perspectives for the
analysis and the understanding of earthquake data. These include self-organized criticality [BAK AND TANG,
1989; HAINZL et al., 1999], growing spatial correlation length [ZOLLER et al., 2001; ZOLLER AND HAINZL,
2002] and accelerating moment release [BUFE AND VARNES, 1993; JAUME AND SYKES, 1999]. A key question
is whether the approach to the critical point can be measured by stress or seismicity functions as addressed
by [BEN-ZION et al., 2003]. Their analysis of catalogs from three end-member models leads to the conclusion,
that large earthquakes are preceded by a period of criticality characterized by a highly disordered stress field with
abroad range of size scales. In this section, we search for signals of criticality in our more realistic model.

Figure 7 (bottom) shows the average earthquake rate before and after alarge event asafunction of time. This
figureis again based on a stacking of 225 large events (M > 6). The top panel of Figure 7 is the corresponding
mean stress (normalized) on the computational grid. The mainshock itself is characterized by a significant stress
drop. In the following period of aftershocks, lasting for about 1.2 years, the mean stress still decreases before it

recoversand increases again. Thisstressincreaseis amost linear and lasts until the next mainshock occurs.
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Figure 7. The averaged activity and stress evolution relative to mainshocks (M >6 events which are the largest

earthquakes within +10 years).

220



12

In previous studies [BEN-ZION, 1996; BEN-ZION et al., 2003; ZOLLER et al., 2005], it has been
demonstrated that the degree of disorder of the stress field is correlated with the frequency-size distribution
of the seismicity: a smooth stress field produces characteristic earthquake distributions with a frequently
occurring characteristic event, amost no intermediate earthquakes and small events following a truncated
Gutenberg-Richter distribution; in contrast, the seismicity from a disordered stress field is characterized by a
Gutenberg-Richter distribution over a broad range of magnitudes. Therefore, we expect that the frequency-size
distribution before amainshock has a broad scaling region, whereasthe overall seismicity follows a characteristic
earthquake distribution. Figure 8 shows the cumulative frequency-size distributions for foreshocks, aftershocks,
and all earthquakesin our model. Due to the small number of foreshocks, the corresponding curveisless smooth
than the curves for aftershocks and all events. However, it is clearly visible that the foreshock activity showsthe
smallest deviationsfrom ascaling law (denoted as solid lines) compared to the other curves. Although the overall
frequency-size distribution of earthquakes follows a characteristic earthquake law, the periods before mainshocks
are characterized by a scaling law of Gutenberg-Richter type with a broad scaling range pointing to a disordered
stress field with awide range of spatial size scales.
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Figure 8. The frequency-magnitude distribution of all earthquakes, foreshocks and aftershocks, respectively.
Foreshocks and aftershocks are defined to be earthquakes occurring within one month before and after a main-
shock, where the mainshock definition is the same way as before. The dotted lines refer to b-values of 1 and

2.

The second indication for critical point behavior is the the acceleration of seismic moment release, which is

assumed to follow the power law

(ZQ)(t) =A+ Bty —t)™, (20)

where the cumulative Benioff strain (3)(t) is calculated from the energy releases F'(7) of earthquakes at times
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T <thy (EQ)(t) = fot VE(7)dr. Thetimet isthe mainshock occurrencetime, A, B, and m are parameters.
Analyzing eight large earthquakes in California, [BOwMAN et al., 1998] find values of the exponent m in
therange 0.1 < m < 0.55. The theoretical analysis of [RUNDLE et al., 2000A] of a critical point process
leadsto m = 0.25. The observational study of [BUFE AND VARNES, 1993] and the theoretical damage model
of [BEN-ZION AND LYAKHOVSKY, 2002] suggest the value m = 0.3.

Due to the noisy character of single earthquake sequences, it is difficult to detect accelerating moment
release before individual mainshocks. Instead, we use a more robust representation by plotting the release of
potency P, as a function of the (normalized) stress level on the fault. We note that the stress increase on the
fault islinear (see Fig. 7). Consequently, the abscissa represents effectively the time between two mainshocks.
The curve shows a clear power law dependence of the (non-cumulative) potency release on the stress level with
an exponent of s = —1.5. Thisresultsin a power law for the cumulative Benioff strain according to Eg. (10)
withm = 0.5 - s+ 1 = 0.25, which isin good agreement with empirical and theoretical findings [BUFE AND
VARNES, 1993; BOWMAN et al., 1998; RUNDLE et al., 2000A; BEN-ZION AND LYAKHOVSKY, 2002]. In sum,
our results are compatible with the hypothesis of accel erating moment release and provide further support for the

presence of critical point dynamicsin the simulated seismicity.
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Figure 9. The mean potency of earthquakes as a function of the stress level 7. The stress level is normalized to
the maximum (max) and minimum (min) observed stress. The potency is found to increase according to a power

law AT—13, if stress approaches the maximum.

4. Discussion and conclusions

In the present work, we have analyzed an earthquake catalog from a recently developed model for alarge
heterogeneous strike-dlip fault. As shown in a previous work, this model reproduces various characteristics
of observed seismicity [ZOLLER et al., 2005]. Using different parameters, like frictional values and creep

rates, the model can be tuned towards observed cases, e.g. afault which produces clustered seismicity obeying
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Gutenberg-Richter statistics or a fault with quasiperiodically occurring mainshocks following the characteristic
earthquake distribution. Here, we have analyzed an earthquake catalog from the latter situation, which
resembles many features of seismicity on the Parkfield segment of the San Andreas fault in California, including
quasiperiodically occurring mainshocks, which are followed by aftershock sequences. In contrast to short
observational data sets covering some years or decades, we consider an observational period of about 5000 years
of simulated seismicity. This allows us to use a stacking procedure in order to unveil properties, which are not
visible in short and noisy data sets.

The stacking of many aftershock sequences shows a scaling relation between the mainshock magnitude and
the number of aftershocks. This gives in combination with the modified Omori law an excellent explanation
of aftershock activity. In addition, the less frequently occurring foreshock activity is also visible in our model.
The temporal occurrence of earthquakes is quasiperiodic for large events and clustered for intermediate and
small events with an overal interevent time distribution that follows a recently proposed universal law and
is very similar to the interevent time distribution of California seismicity. While these results demonstrate a
high correspondence of the model output with observed seismicity, we aso find support for the hypothesis that
seismicity is characterized by critical point dynamics. In particular, we have shown that the scaling range of
the frequency-size distribution becomes broader, when the time of a mainshock is approached. Thisindicates
that the stress field has reached a certain degree of disorder, where a single failure can evolveinto alarge event.
Furthmore, the moment release accelerates in the interseismic periodsin good agreement with observational and
theoretical results.

In sum, we have demonstrated that our model provides a very good performance of natural earthquake
activity and gives new insights to various aspects of the so-called “critical earthquake concept”. Therefore, we

believe that it will have impact on the problem of earthquake predictability in certain fault zones.
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