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ABSTRACT 

The time variation of the cumulative Benioff strain, S, in several critical regions of past main-
shocks which occurred in Greece and surrounding area has been examined, in an attempt to check 
the validity of the critical point concept. For this reason, data concerning the critical regions of 
twelve strong mainshocks, which have recently been defined by other scientists, have been used 
and intermediate-sized earthquakes which occurred before and after each mainshock were col
lected. It was found that the cumulative seismic crustal deformation released by these intermediate 
magnitude events was accelerating before all the mainshocks considered, whereas the deformation 
release rate during the respective postshock periods was, in general, lower than the preshock ones. 

1 INTRODUCTION 

Observations on large scale space-time clustering of earthquakes have attracted the interest of 
seismologists long ago (Willis 1924, Imamura 1937, Gutenberg & Richter 1954, Tocher 1959, 
among others). These observations reported changes in the occurrence rate of intermediate-sized 
earthquakes prior to large mainshocks in California and Japan and later resulted in the definition of 
the seismic cycle (Fedotov 1968, Mogi 1969). 

Many scientists applied methods of Statistical Physics in an attempt to model the large earth
quake generation process (Rundle 1989, Smalley et al. 1985). However, the study of this process 
within the framework of the chaos theory during 1980's led to the suggestion that the earthquake 
generation process can be considered as a critical phenomenon that culminates in a critical point, 
that is, the mainshock (Sornette & Sornette 1990, Allègre & Le Mouel 1994, among others). The 
crust of the earth can be considered as a system, which is always in a dynamic state: stresses act 
within the crust and cause deformation, faults slip with various velocities, etc. These physical proc
esses form a complex system, which exhibits non-linear behavior and the earthquake generation is 
one of these processes (Keilis-Borok et al. 2001). 

Among the main issues on which research on seismicity patterns has been focused during the 
last decade or so, is whether the crust is in a continuous state of self-organized criticality (Bak et al. 
1988, Bak & Tang 1989) or whether it repeatedly approaches and retreats from a critical state 
(Sammis & Smith 1999). Within this context, studies on the behavior of the intermediate magnitude 
seismic activity prior to large earthquakes mainly in California resulted in the identification of accel
erating seismicity, expressed in terms of seismic moment, energy or Benioff strain release before 
these earthquakes, which follows a power law (Varnes 1989, Sykes & Jaumé 1990, Bufe & Varnes 
1993, Jaumé & Sykes 1999). That is: 

S(t) = A + B( t c - t )m (1) 
where S(t) is the cumulative Benioff strain (square root of seismic energy) of all earthquakes oc
curred at time t and are termed preshocks, tc is the mainshock origin time, and A, B, m are parame
ters which are calculated by the available data (Bufe & Varnes 1993). 
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The scientific hypothesis that a mainshock in a certain area can be considered as the culmina
tion (critical point) of a dynamical process (approach to the critical state) which takes place within 
this area, has to be supported by observations showing that significant changes of the properties of 
the area (for example seismicity rate, etc.) take place in this area before and after the mainshock 
generation. Papazachos (2003) examining the time variation of the cumulative Benioff strain re
leased by intermediate-sized events before and after the 28 March 1970 large (M=7.0) mainshock 
in NW Turkey, reported that accelerating strain release rate was observed in a broad area (critical 
area) prior to the mainshock, which was followed by its aftershocks, that is, shocks that occurred in 
the mainshock rupture zone. Then, the postshock strain release rate within the critical area varied 
linearly with time. 

In the present work the results of the examination of the properties of the large scale, space-
time clustering of intermediate magnitude earthquakes before strong mainshocks, which occurred 
in the broader Aegean area, are presented (Kourouzidis 2003), with the aim being to find additional 
evidence in favor of the critical earthquake model. 

2 METHOD AND DATA 

The proper definition of the critical area, that is, the area in which the deformation released by 
intermediate magnitude events accelerates with time and culminates in the generation of a main-
shock, was first proposed by Bowman et al. (1998) on the basis of the curvature parameter C. This 
parameter is defined as the ratio of the root mean square error of the power-law fit (relation 1) to 
the corresponding linear fit error and practically quantifies the degree of deviation of the released 
Benioff strain from linearity (acceleration); small C values (<0.7, Bowman et al. 1998) ensure that 
the accelerating seismicity law (1) describes the data much more adequately than the standard lin
ear time variation. Very recently, Papazachos & Papazachos (2000, 2001) and Papazachos et al. 
(2003) proposed additional constraints, which facilitate the definition of a critical region of a past or 
an impending mainshock. These constraints are expressed by several relations between the pa
rameters involved and relate: (a) the radius, R (in km), of the circle with area equal to the area of 
the elliptical region with the mainshock magnitude, M, and the mean deformation rate in the area, sr 

(in Joule1/2/yr and per 104km2), (b) the duration of the preshock sequence, tp (in yrs), with sr, (c) the 
mean rate of deformation during the accelerating deformation period, A/tp, with the long term rate of 
seismic deformation, Sr, and (d) the mainshock magnitude, M, with the average magnitude of the 
three largest preshocks, M13 (relations 2-5). 

log R = 0.42M - 0.30logsr + 1.28 σ=0.08 (2) 
logfp = 3.87 - 0.45logsr σ=0.09 (3) 
log(A?p) = 1.01logSr σ=0.04 (4) 
M = Mia + 0.60 σ=0.10 (5) 

In order to quantify the compatibility of these relations with observations, a parameter Ρ was de
fined (Papazachos & Papazachos 2001), which is the average value of the probabilities that each of 
these four parameters (R, tp, A, M), attains a value close to its expected one, using a Gaussian 
probability density function based on the deviations reported in equations (2), (3), (4) and (5). Fur
thermore, Papazachos et al. (2002a) have defined a quality measure, q, given by the relation: 

in an attempt to simultaneously evaluate: a) the compatibility of an accelerating seismic deformation 
with the behavior of past real preshock sequences (large P), b) the deviation of the variation with 
time of the seismic deformation from linearity (small C) and c) the degree of seismic acceleration 
(small m). Investigation of preshock sequences of strong mainshocks (M>6.4), which occurred in 
the Aegean since 1950, has led to the adoption of the following cut-off values: 

C<0.60, m<0.35, P>0.45, q>3.0 (7) 
Papazachos et al. (2002b) studying the dynamic process in the Aegean lithosphère that results 

in the generation of a strong earthquake, defined the critical regions of 18 mainshocks which oc
curred in the Aegean and surrounding area during 1950-2000. They also examined the possibility of 
retrospective prediction of these mainshocks. From this data set 12 mainshocks were selected, for 
which the duration of the postshock period was equal to the duration of the preshock period. The 
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basic focal parameters of these mainshocks along with the characteristics of their respective ellipti
cal critical regions are listed in Table 1. 

Table 1. The basic focal parameters of the shallow mainshocks that occurred in Greece and surrounding areas 
along with information on their respective critical regions (Papazachos et al. 2002b). For each mainshock the 
code number, the occurrence date, the epicenter coordinates (N latitude, E longitude), the center of the corre
sponding elliptical critical region and its magnitude, M, are given in the first five columns. In the next three col
umns the length of the major semi-axis of the ellipse, a (km), its azimuth, z, and the ellipticity, e, are listed. The 
three remaining columns give information on the data considered, that is, the minimum magnitude, Mmin, of the 
intermediate-sized events and the years delimiting the period examined. 

No 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Date 

17.12.1952 

18.03.1953 

12.08.1953 

30.04.1954 

16.07.1955 

09.07.1956 

25.04.1957 

19.02.1968 

09.07.1980 

24.02.1981 

17.01.1983 

05.07.1983 

epicenter 

34.4 24.5 

40.0 27.5 

38.1 20.6 

39.1 22.3 

37.6 27.1 

36.6 26.0 

36.5 28.6 

39.5 25.0 

39.3 22.8 

38.2 22.9 

38.1 20.2 

40.3 27.2 

ell. center 

34.9 24.4 

39.4 27.3 

37.9 20.6 

39.1 22.3 

38.0 26.1 

36.4 25.8 

36.1 28.0 

39.6 25.2 

39.3 22.8 

38.0 23.2 

37.2 20.8 

40.0 27.8 

M 

7.0 

7.4 

7.2 

7.0 

7.0 

7.5 

72 

71 

6.5 

6.7 

7.0 

6.4 

a (km) 

274 

469 

385 

313 

313 

348 

388 

313 

91 

333 

385 

130 

ζ 

30 

0 

90 

90 

150 

150 

150 

30 

0 

0 

60 

60 

e 

0.90 

0.95 

0.95 

0.95 

0.95 

0.70 

0.95 

0.95 

0.70 

0.95 

0.95 

0.90 

•"min 

5.2 

56 

5.3 

5.3 

5.2 

5.6 

5.4 

5.3 

4.5 

52 

5.3 

4.6 

t, 

1922 

1920 

1930 

1932 

1920 

1929 

1930 

1933 

1965 

1966 

1967 

1970 

te 

1983 

1983 

1976 

1976 

1990 

1983 

1984 

2001 

1995 

1996 

1999 

1996 

3 RESULTS 

In figures 1-4 the elliptical critical regions for the 12 mainshocks listed in table 1 are shown. 
Black and grey circles in the elliptical critical region of each map correspond to the epicenters of the 
preshocks and postshocks of the respective mainshock (large black circle), whereas the large grey 
diamond denotes the center of this region. For each critical region, all earthquakes with magnitudes 
M>Mmin which occurred during the time period defined by ts and te were collected and the cumula
tive Benioff strain, S, was calculated by the relation: 

n(t) 1 / 2 

S(t)= Σ [Ej(t)]1 / 2 (8) 
i = 1 

where E is the seismic energy released by the events within the critical region (in Joules) and can 
be calculated by the formula logE=1.5M+4.7 (Papazachos & Papazachos 2000). Next to each map 
a plot of the time variation of the Benioff strain, S(t), released by the earthquakes that occurred in 
the respective critical region on the left is shown. Black and gray circles indicate the deformation re
leased during the preshock and the postshock period, respectively. The large diamond corresponds 
to the deformation released by the mainshock whereas small diamonds show the deformation re
leased by its aftershocks (Kourouzidis 2003). 

It can be observed that in all cases the strain release rate during the preshock time period is 
higher than the release rate during the postshock period. This behavior is more prominent in those 
cases in which the duration of the preshock period and consequently the postshock one, is rela
tively small. For example, from the data listed in table 1 it comes out that the duration of the pre
shock time period in the cases 9-12 was about 13 to 16 years, while in all the other cases the pre
shock sequence was between 22 and 33 years. It has also to be noted that the size of the critical 
areas of the Magnesia 1980 and NW Turkey 1983 mainshocks (earthquakes 9 and 12 in table 1) is 
smaller than the size of the other critical areas. 

In the cases 1-8 of those listed in table 1 and shown in the respective figures, the Benioff strain 
release rate during the postshock time period, despite the fact that it is lower in general than the 
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Figure 1. (Left) The critical areas of the earthquakes with code numbers 1, 2, 3 of table 1. Black and gray circles 
correspond to the epicenters of the earthquakes that occurred in the critical areas before and after the corre
sponding mainshocks. The large black circles and the diamonds denote the mainshock epicenters and the cen
ters of the critical regions, respectively. (Right) The time variations of the cumulative Benioff strain, S(t), re
leased by all M>Mmin shocks which occurred in the critical regions during the examined time periods. Black and 
gray circles indicate the deformation released during the preshock and the postshock periods, respectively. The 
large diamonds correspond to the deformation released by the mainshocks whereas small diamonds show the 
deformation released by its aftershocks (Kourouzidis 2003). 
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Figure 2. The critical areas of the earthquakes with code numbers 4, 5, 6 of table 1 (left) and the corresponding 
time variations of the cumulative Benioff strain, S(t), released by all M>Mmin shocks which occurred in the critical 
areas during the examined time periods (right) (Kourouzidis 2003). Explanation as in figure 1. 
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Figure 3. The critical areas of the earthquakes with code numbers 7, 8, 9 of table 1 (left) and the corresponding 
time variations of the cumulative Benioff strain, S(t), released by all M>Mmin shocks which occurred in the critical 
areas during the examined time periods (right) (Kourouzidis 2003). Explanation as in figure 1. 
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Figure 4. The critical areas of the earthquakes with code numbers 10,11,12 of table 1 (left) and the correspond
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rate of the preshock period, exhibits transient excitations as, for example, in the case (4) (Central 
Greece, 1954, M=7.0). It can be seen in figure 2 that the strain release rate during the postseismic 
period increased abruptly in 1967 when the March 4, 1967 (M=6.6) earthquake occurred in North
ern Aegean and probably part of the critical region of this mainshock coincides with part of the criti
cal area of the 1954 mainshock. 

Another observation concerns preshocks which belong to different critical regions (i.e. cases 3-
4, 2-5, 5-6, etc.). A tentative explanation may be that we can not rule out the possibility that several 
earthquakes contribute to the approach to criticality (to a mainshock generation) in different regions 
simultaneously. Furthermore, it has to be noted that a mainshock and its postshock activity in a cer
tain region may trigger another mainshock in an adjacent region, as it has been shown in studies of 
static stress changes (Stein, 1999; Papadimitriou and Sykes, 2001). More work is needed, how
ever, to clarify this issue. 

4 DISCUSSION AND CONCLUSIONS 

A central issue for the earthquake generation process within the concept of self-organized criti
cality is whether the crust continuously maintains itself in a critical state, as originally proposed by 
Bak & Tang (1989) or it can repeatedly approach and retreat from a critical state. The explicit con
sequence of the former view is that all small earthquakes will have the same probability of growing 
into a large event, hence "..earthquakes are inherently unpredictable" (Geller et al. 1997). In the last 
decade, however, there is a growing number of observations, supported by results obtained 
through models of simple cellular automata with loss and/or structural complexity, that a large 
earthquake in a region perturbs it away from the critical state and that methods of statistical physics 
can be used to monitor the return of the region toward criticality and the next large earthquake 
(Triep and Sykes, 1997; Sammis and Smith, 1999). There exists a considerable number of studies 
which have shown that large earthquakes tend to be preceded by clusters of intermediate-sized 
events; Sykes & Jaumé (1990) examining the seismicity in the San Francisco Bay Area, have found 
that large earthquakes are preceded by a cluster of intermediate-sized events (within two magni
tude units of the main shock) in a large surrounding region. Furthermore, Knopoff et al. (1996) 
showed that all 11 earthquakes in California since 1941 with magnitudes greater than 6.8 were pre
ceded by an increase in the rate of occurrence of earthquakes with magnitudes greater than 5.1. 
Jaumé & Sykes (1999) summarize a large amount of relevant observations and cite earlier refer
ences. 

The above mentioned studies indicate that a key question to the mainshock generation process 
is whether the accelerating deformation that leads to the critical point (mainshock) ends by the 
mainshock or continues after its occurrence. We believe that seismological data can be used to re
solve this ambiguity. The results presented in this paper favor the former view, since in all cases 
studied the deformation rate in the postshock period is lower than the rate in the preshock period; 
the accelerating strain release rate observed in the preshock time period probably is a manifesta
tion of the growing correlation length within the critical area that has been considered as an indica
tor for critical point behavior prior to large earthquakes (Zöller et al. 2001). The generation of the 
mainshock destroys the criticality in this area in which a period of seismic quiescence follows. Then, 
this process is repeated and the area approaches criticality again as long-range stress correlation 
develops. 
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