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Seismic quiescence as an indicator for large earthquakes
in a system of self-organized criticality
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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 Olami 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 ) 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 7o, 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/Tp.
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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 o 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'/Tp.
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/Tp=10"") reproduce the em-
pirically observed event size distribution (B =2 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 T /10.
Here, a mainshock is defined as the largest event within
its temporal vicinity +70/10. 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™27p.
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.

References

Bak, P., and C. Tang, Earthquakes as a self-organized critical
phenomenon, J. Geophys. Res., 94, 15,635-15,637, 1989.

Bak, P., C. Tang, and K. Wiesenfeld, Self-organized criticality:
An explanation of 1/f noise, Phys. Rev. Lett., 59, 381-384,
1987.

Burridge, R., and L. Knopoff, Model and theoretical seismicity,
Bull. Seismol. Soc. Am., 57, 341-371, 1967.

HAINZL ET AL.: PREDICTABILITY IN A SELF-ORGANIZED CRITICAL SYSTEM

Cowie, P. A., C. Vanneste, and D. Sornette, Statistical physics
model for the spatiotemporal evolution of faults, J. Geophys.
Res., 98, 21,809-21,821, 1993.

Geller, R. J., D. D. Jackson, Y. Y. Kagan, and F. Mulargia,
Earthquake cannot be predicted, Science, 275, 16161617,
1997.

Hainzl, S., G. Zoller, and J. Kurths, Similar power laws for fore-
shock and aftershock sequences in a spring-block model for
earthquakes, J. Geophys. Res., 104, 7243—7254, 1999.

Huang, Y., H. Saleur, C. Sammis, and D. Sornette, Precursors,
aftershocks, criticality and self-organized criticality, Furophys.
Lett., 41,4348, 1998.

Jones, L. M., and P. Molnar, Some characteristics of foreshocks
and their possible relationship to earthquake prediction and
premonitory slip on faults, J. Geophys. Res., 84, 35963608,
1979.

Lyakhovsky, V., Y. Ben-Zion, and A. Agnon, Distributed damage,
faulting, and friction, J. Geophys. Res., 102, 27,635-27,649,
1997.

Nature debate, Is the reliable prediction of individual earthquakes
a realistic scientific goal?, http://heliz.nature.com/debates/
earthquake/, April 1999.

Ogata, Y., T. Utsu, and K. Katsura, Statistical discrimination
of foreshocks from other earthquakes, Geophys. J. Int., 127,
17-30, 1996.

Olami, Z., H. S. Feder, and K. Christensen, Self-organized critical-
ity in a continuous, nonconservative cellular automaton mod-
eling earthquakes, Phys. Rev. Lett., 68, 1244-1247, 1992.

Pepke, S. L., and J. M. Carlson, Predictability of self-organizing
systems, Phys. Rev. E, 50, 236-242, 1994.

Savage, J. C., and J. L. Svarc, Postseismic deformation associated
with the 1992 M,,=7.3 Landers earthquake, southern Califor-
nia, J. Geophys. Res., 102, 7565—-7577, 1997.

Sornette, D., Towards a truly multidisciplinary approach to earth-
quake prediction, in [Nature debate, 1999].

Suyehiro, S., T. Asada, and M. Ohtake, Foreshocks and af-
tershocks accompanying a perceptible earthquake in central
Japan - On a peculiar nature of foreshocks, Pap. Meteorol.
Geophys., 15, 71-88, 1964.

Turcotte, D. L., Fractals and Chaos in Geology and Geophysics,
Cambridge University Press, 1997.

Wyss, M., Cannot earthquakes be predicted?, Science, 278, 487—
488, 1997.

Wyss, M., and R. Dmowska (Eds.), Farthquake prediction - state
of the art, Pageoph Topical Volumes, Birkh&user, Basel, 1997.

Wyss, M., and R. E. Habermann, Precursory seismic quiescence,
Pure Appl. Geophys., 126, 319-332, 1988.

S. Hainzl, J. Kurths, and G. Zoéller, Institute of Physics, Uni-
versity of Potsdam, POB 601553, 14415 Potsdam, Germany.
(hainzl@agnld.uni-potsdam.de)

J. Zschau, GeoForschungsZentrum, Telegrafenberg,
Potsdam, Germany. (zschau@gfz-potsdam.de)

14473

(Received August 12, 1999; revised September 23, 1999;
accepted December 22, 1999.)



