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Abstract

Accelerating seismic crustal deformation due to the occurrence of intermediate magnitude earthquakes leading
to the generation of a mainshock has recently been considered a critical phenomenon. This hypothesis is tested
by the use of a large data sample concerning the Acgean area. Elliptical critical regions for fifty-two strong
mainshocks. which have occurred in the Aegean area since 1930, have been identificd by applying a power-law
relation between the cumulative Benioff strain and the time to the main rupture. Empirical relations between the
parameters of this model have been further improved by the use of a large data sample. The spatial distribution
of preshocks with respect to the mainshock is examined and its tectonic significance is pointed out. The possibility
of using the results of this work to predict the epicentre, magnitude and time of ensuing mainshocks are discussed

and further work towards this goal is suggested.
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1. Introduction

Seismological observations of the last four
decades have shown that large earthquakes fol-
low periods of accelerating regional intermedi-
ate magnitude seismicity (Tocher, 1959; Mogi,
1969; Raleigh er al., 1982; Pupadopoulos, 1986;
Varnes, 1989; Sykes and Jaume, 1990; Knopoft
et al., 1996). It has been further shown that the
time variation of measures of seismic deforma-
tion (seismic moment, Benioff strain, etc.) fol-
lows a power-law predicted by slatistical phys-
ics if we consider the process of generation of
these moderate-magnitude shocks (preshocks) a
critical phenomenon and the large earthquake
{mainshock) a critical point (Sornette and Sor-
nette, 1990; Allerge and Le Mouél, 1994; An-

Mailing address: Prof. Costas Papazachos. Geophysical
Laboratory, University of Thessaloniki, P.O. Box 352-1.
GR-34 006, Thessaloniki. Greece: e-mail: costas@lemnos.
geo.auth.gr

461

dersen et al.. 1997). The term preshock does not
indicate only the classical foreshocks but the
Jong-term sequence of moderate-magnitude
events that occur in a broad area. leading to the
generation of the large event. Thus, Bufe and
Varnes (1993) used the cumulative Benioff strain,
S(1), us a measure of the preshock seismicity at
time £, defined as

!

Sit) = Z E @' (1.1)

where E, is the seismic energy of the ith pre-
shock and n(1) is the number of events at time
t. To fit the time variation of the cumulative
Benioft strain they proposed a relation of the
form

S =A+B(r 1) (1.2)
where 7_is the origin time of the mainshock and
A, B, m are parameters that can be calculated by
the available data. The seismic energy required
in relation (1.1) is calculated by formulas, which
relate this energy to the magnitude of the carth-
quakes.
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Bowman er al. (1998) applied a procedure to
identify circular regions approaching criticality
before mainshocks of M 2 6.5 that occurred
along the San Andreas fault system since 1950
by minimizing a curvature parameter, C, which
quantifies the degree of acceleration of the Be-
nioff strain, They defined this parameter as the
ratio of the root-mean square error of the power
law fit (relation (1.2)) to the corresponding lin-
ear fit error. Thus, Cis less than 1 lor accelerat-
ing or decelerating seismicity and equals | for a
linear variation of seismicity with time.

Papazachos and Papazachos (2000) applied
the criterion of minimum C value to identify
elliptical regions in the Aegean area where seis-
micity was accelerated before twenty-four shal-
low strong mainshocks (M = 6.0-7.5) that oc-
curred between 1948 and 1997, In their study
they showed a clear accelerated seismic energy
release behaviour in all the studied preshock
sequences, in very good agreement with the
pattern described by eq. (1.2). They also de-
fined a linear relation between the radius, R
(in km), of the circle that has an area equal to
the corresponding elliptical region and the mag-
nitude, M, of the mainshock, as well as a linear
relation between the logarithm of the duration
of the accelerating seismicity, ¢ (in years), and
the rate of the Benioff strain release, s, (in
Joule"™ per year and per 10000 km’). Further-
more, Papazachos and Papazachos (2001) used
the data for the twenty-four mainshocks in the
Aegean arca mentioned above to define three
additional relations, which can be used for in-
dependent estimations of paramelers of the re-
lation (1.2). They showed that the parameter A
is equal to the product of the long term mean
rate of the Benioff strain, S, (in Joule'*/yr), in
the corresponding preshock region and the pre-
shock time, 1, (in years), while the logarithm of
the parameter 8 is a linear function of the mag-
nitude of the mainshock. They have further
shown that the mainshock magnitude is a linear
function of the average magnitude, M, of the
three largest preshocks of each preshock se-
quence.

Very recently, Papazachos et «f. (2000) pub-
lished a new catalogue of earthquakes for Greece
and surrounding area that includes information
for a significantly larger number of earthquakes
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(20580 shocks) than previous catalogues. Thus,
it is now possible to use this catalogue to inves-
tigate more preshock sequences in this area and
to use more data for identifying and studying
each of these sequences. Therefore, the first
target of this paper is to investigate the properties
of a relatively large number of preshock se-
quences in the Aegean area (52 sequences) and
to further improve the relations between the
parameters of the relation (1.2), which describe
the maodel followed by the preshock-main-
shock sequences. The second target of the paper
is to use the result for these 52 preshock-
mainshock sequences to define the spatial dis-
tribution of preshocks of each sequence with
respect to the epicentre of the corresponding
mainshock and to search for any tectonic impli-
cation of this distribution. Such results, in addi-
tion to their theoretical (lectonic) implications,
are of great practical importance because they
can be used to predict the epicentre of the main-
shock when the preshock region has been iden-
tified.

The Aegean area, which is the main study
area, is seismically the most active part of the
whole western Eurasia. It is formed by the Hel-
lenic arc (fig. 1), where convergence takes place
between Eurasia and Africa and by the Aegean
sea, which is a marginal sea where mainly ex-
pansions take place. There is also a long tran-
stensional zone along the North Aegean trough,
which separates the Aegean {rom the Eurasian
plate, where mainly strike slip faulting takes
place. The high seismicity of the area and the
strongly spatially varying geotectonic setting
suggest that the Aegean area is an appropriate
«test site» for the evaluation of the hypothesis
adopted in the present paper.

2. Data and method

The catalogue for earthquakes in the Aegean
and surrounding area (34°N-43°N, 19°E-30°E)
includes historical and instrumental data with
M2 4.0 (Papazachos ef al., 2000). In the present
paper only instrumental data are used, which
have been available since 1911 when the [irst
modern seismograph was put into regular oper-
ation in this area (a two-component horizontal
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Fig. 1. Epicenters of the fifty-two shallow mainshocks for which preshock eritical regions have been determined.

Mainka seismograph in Athens). The instrumen-
tal data included in this catalogue are complete
for M 2 5.0 during 1911-1999, M = 4.5 during
1930-1999, M = 4.3 during 1965-1999 and M 2
4.0 during 1981-1999. Only complete data are
used in the present study. The typical standard
error in the epicentres varies with time and
magnitude and is of the order of 15 km for
earthquakes after 1965 (when the first network
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of stations was established in this area) and
around 25 km for older earthquakes (M 2 5.0 for
1911-1949 and M = 4.5 for 1950-1964). All
magnitudes are equivalent moment magnitudes;
either originally reported or converted from oth-
er magnitude scales by appropriate formulas
(Papazachos er al., 1997; Margaris and Papaza-
chos, 1999} and their corresponding errors can
be up to 0.3.
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Table I. Information on the 52 mainshocks (code number ¥, date, origin time, epicentre, magnitude) and on the
preshocks (number of preshock n-1, preshock duration. 7 {in years), minimum preshock magnitude, M, average
magnitude, M., of the three largest preshocks, average time dilference, ¢, between the three largest preshocks
and the mainshock. the mean epicentre of preshocks and the Iength, x (in km), and the azimuth, £ (in degrees), of
the vector that starts at the mean preshock epicentre and ends at the mainshock epicentre.

N Date h:min:s [T M n f M. M, o 'p"\__ X 'E
¥ A%

1 1932,09,26  19:20:42 4045, 7.0 41 217 50 o4 43 3991, 63 17
23.76 23.54

201944, 10,06 02:34:41 39451, 7.0 42 248 50 64 8.2 3947, 59 274
26.57 27.25

31947, 10,06 19:55:34 3696, 7.0 45 198 50 6.2 38 3742, 38 151
21.68 21.37

4 1948,02,09  12:58:13  35.50. 7.1 55 21.1 50 6.1 6.9 3547, 30 84
27.20 26.87

5 1932,12.17  23:03:57 3440, 7.0 43 340 50 60 113 3471, 36 166
24.50 24.41

6 1953,03, 18  19:.06:16  40.02, 7.4 44 332 50 o7 85 3944, 66 10
2T:A3 27.40

7 1953,08. 12 09:23:52 3800, 72 81 206 50 68 37 3842, 67 226
20.35 20.91

8 1954.04, 30 13:02:36  39.28, 7.0 72 233 50 64 4.2 3884, o4 40
2229 21.82

9 1935,07. 16 07:07:10  37.55. 0.9 47 375 30 65 139 23 -
27.05 2729

10 1936.07,09  03:11:40  36.64, 7.5 128 335 50 7.0 43 36.13, 68 327
2590 26.37

11 1957,04,25 02:23:42 3650, 7.2 50 213 50 68 32 3718 128 126
28.60 27.44

1'7:08:43 3778, 6.8 46 49 45 59 24 3844, 114 231
20.53 21.54

n

121959, 11,

13 1960.05,26  0310:11  40.63. 6.5 41 3l4 50 6.1 103 40.73, 13 -
20.65 20.57

[+ 1965,07,00 03:18:42  3827. 6.3 43 105 43 54 39 3834, 20 -
22.30 22,09

1967, 03,04  17:538:09 3920, 6.6 46 461 30 60 144 3920, 41 89
24.60 24.12

n
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N

16

23

24

[gu)
th

29

30

Date

196%:05,0]
1967, 11, 30
1968, 02, 19
1969, 03, 28
1970, 03, 28
1972, 05, 04
1972, 09, 17
1975, 03, 27
1976, 03, 11
1977, 09, 11
1978, 06, 20
1980, 07, 09
1981, 02, 24
1981, 12, 19
1982, 01, 18

1983, 01. 17

h:min:s

07:09:02

07:23:30

22:45:42

01:48:29

21:02:23

21:39:57

14:07:15

035:15:08

16:59:45

23:19:19

20:03:21

02:11:57

20:53:37

14:10:51

12:41:31

38.07,
23.00

39.00,
25.26

39.78,
24.50

38.10,
20.20

6.4

6.3

7.1

6.6

Fal

6.5

6.3

6.6

6.7

7.2

7.0

7.0

72

41

47

49

64

83

70

44

99

147

526

(O8]
9]
ks

438

1.7

212

6.4

14.5

2
[
N

e
|5
]

o
2
<

13.1

5.0

4.5

4.5

M,

6.0

6.4

6.0

6.8

0.4

6.5

6.9

11.2

34

6.2

0.2

8.7

9.1

9.8

&3

4.6

37.83,
20.88
34.92,
23.20

40.75,
2323

38.84,
22.88

38.44,
22.91

39.05,
24.68

39.37,
23.80

38.50,
20.83

41

19

04

19

48

42

51

75

71

(88}

(3]
A
A

169

96

465
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Table I {continued).

N Date h:min:s p° M n oM. Moo P X g
A% A%
32 1983,07.05 12:01:27  40.30. 64 58 295 45 39 7.0 3984, 53 14
27.20 27.05
33 1984, 006, 21 10:43:43 3540, 6.2 41 65 45 54 24 3537, 16 ~
23.30 23.12

34 1986,09,13  17:24:34  37.05, 60 56 197 43 52 1.2 3701, 18 =
2211 21.91

1988, 10, 16 12:34:04 3791, 60 39 48 43 53 03 3808, 38 120
21.06 20.68

LS
th

36 1990,06, 16  02:16:20  39.30, 60 54 45 40 51 1.8 39.28, ) =

20.60 20.65

37 1990.07,09  11:22:16 34.80, 355 44 205 45 50 069 3491, 15 -
26.72 26.80

381990, 12,21 06:57:43 4092, 6.0 49 240 43 52 355 4084, 13 -
22.36 2247

39 1992,01,23  04:24:19 3840, 36 45 3.0 40 49 04 3822, 20 -
20.57 20.58

40 1992,04,30 114440 3510, 6.1 226 223 43 56 73 3513, 9 =
26.60 26.51

411992, 11,06 19:08:10  38.19, 6.2 128 368 45 58 173 3814, 10 -
27.05 27.14

42 1993,08,26  10:03:56  36.75, 5.0 4l 216 43 51 87 3678, 7 =
28.06 27.99

43 1994,02,25  02:30:50 3876, 5.5 45 81 40 49 29 3869, 7 -
2(0.56 20.56

44 1994.04, 16 23:09:34 3736, 55 43 73 43 49 1.0 3741, 12 -
20.63 20.77

45 1994, 09, 01 16:12:42  41.15, 6.1 45 256 45 55 49 4lds, 12 -
21.20 21.05

46 1995,05. 13  08:47:17 40.16, 6.6 42 194 50 6.0 33 3914, 131 30
21.67 2091

47 1995,06,15  00:1549 3837, 64 244 115 40 58 22 3842, 50 96
22.15 oS
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Table I (conrinued).

N Date h:min:s

48 1996,08,05  22:46:43

49 1997, 10,13 13:39:40  36.45, 6.4

5001997, 11, 14 21:38:52

%)
0
~1
.E.n-)
n
oo

31 1997, 11,18  13:07:41  37.38, 6.6

1999, 09,07  11:56:51 59

The selection of the strong earthquakes for
which preshock activity is investigated in this
paper is based: a) on the available complete data
mentioned above; b) on the observation that the
duration of the accelerating seismicity is usual-
ly of the order of a few decades and, c) on the
condition that each one of them is a mainshock
(not an aftershock or a foreshock of a larger
shock) and was preceded by at least 40 known
smaller shocks (preshocks) in the critical area.
There are 52 mainshocks, shown in fig. 1, that
fulfil these criteria, For these events the code
number {N), dates, epicentre coordinates and
magnitudes are listed on the first four columns
of table I. These mainshocks belong to [live
different sets, which consist of all such main-
shocks, which have occurred in this area since
1930 with M 2 7.0 (15 mainshocks), since 1950
with 6.9 = M = 6.8 (2 mainshocks), since 1960
with 6.7 2 M 2 6.3 (20 mainshocks), since 1981
with 6.2 < M £ 6.0 (7 mainshocks) and since
1990 with 5.9 = M = 5.5 (8 mainshocks), re-
spectively. The minimum number of preshocks
is chosen to be relatively high (= 40). in order to
achieve the highest accuracy in the derived rela-
tions, although smaller samples can also give
good results.

The following relation between the seismic
energy, £, and the moment magnitude, M, of
shocks has been used (Papazachos and Papa-

47

41
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I M, M, i1 P, X 3
- ,A.‘l
146 45 53 6.0 40.06, 7 =
20.57
10.8 45 52 6.1 3657, 38 111
21.76
31.8 43 354 91 3891, 22 =
26.00
139 45 6.1 54 3781, 51 239
21.06
16,7 40 352 53 3824, 40 119
23.15

zachos, 2000) to calculate the Beniolf strain
(eq. 1.1):

logll = 1.5M+4.7 (2.1)
where E is measured in Joule.

An algorithm to identify regions ol acceler-
ating Benioff strain before mainshocks and to
determine the parameters (A, B, m) of relation
(1.2) has been developed and explained in detail
in a previous work (Papazachos and Papaza-
chos, 2000). According to this algorithm, pre-
shocks included in an elliptical region centred
at the epicentre of the mainshock are considered
and the curvature parameter, C (ratio of the
root-mean-square error of the power-law [it to
the corresponding linear fit error), defined by
Bowman et al. (1998), is calculated. This is
repeated for several values of the azimuth, z
(e.g., in steps of 10°), of the length of the large
ellipse axis, a (e.g., in steps of 10 km), of the
ellipticity e and ol the starting time from when
the accelerated seismicity period starts (e.g., in
| year steps). The solution (z, e, a, 1,, A, B, m)
for which C has a minimum value, C_ . is adopt-
ed in the present paper as the final solution.

A critical region is not always uniquely de-
fined for a mainshock, since it can be observed
that other elliptical regions (with different ori-
entation and ellipticity but with almost the same
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Table II. Information on the parameters of the model used in the present paper for the fifty-two sequences. The
code number, N, corresponds to the code number of table I A (in 10" Joule™ ), B (in 10° Joule"/yr) and m are the
parameters of relation (1.2). € is the curvature parameters, z (in degrees) is the azimuth of the maximum axis of
the ellipse, e is its ellipticity, R (in km) is the radius of the circle which has an area equal to the corresponding
ellipse, S, (in Joule'™ per yr} is the rate of Benioff strain in each elliptical region, s, (in Joule'™ per year and per
10000 kny') is the rate of the Benioff strain per unit area, and P is a compatibility measure of empirical relations

proposed in the present paper.

N

cc =1 & b ods o —

E oo~ o v

15
16
17
18
19
20
21
97
23
24
25
26
257
28
29

LS B UFS H % B 'Y
O Ut N S

A B n C z ¢ R log S, log s, P
0.17 0.53 0.36 0.42 160 0.95 218 6.88 5.73 0.54
0.19 0.53 0.40 0.38 90 0.90 197 7.7 6.08 0.37
0.17 0.71 0.30 0.47 150 0.90 191 7.26 6.22 042
0.19 0.31 0.59 0.33 50 0.95 195 7.11 6.09 0.34
0.15 0.39 0.37 (.28 150 0.90 171 6.63 5.90 0.35
0.31 0.64 0.45 0.44 0 0.90 223 7.01 5.82 0.40
0.34 1.30 0.31 0.51 10 0.90 256 738 6.23 0.35
0.26 0.89 0.34 0.34 80 (.95 179 7.12 6.13 0.62
0.19 0.31 0.50 0.45 140 0.95 137 6.67 5.89 0.29
0.59 091 0.53 0.29 20 0.70 271 727 5.91 0.48
0.26 0.99 0.32 0.45 130 0.95 262 7.08 5.90 0.61
0.10 0.42 0.51 0.49 40 0.95 147 7.11 6.46 0.44
0.14 0.29 0.44 0.45 140 0.95 116 6.62 6.00 0.55
0.05 0.19 0.41 0.50 130 0.95 99 6.56 6.07 0.41
0.13 0.24 0.44 041 70 0.70 120 60.43 5.77 0.58
0.10 0.35 0.36 0.35 50 0.90 98 6.53 6.06 0.41
0.05 0.21 0.36 0.60 120 0.95 99 6.44 5.94 0.42
0.17 0.61 0.28 0.30 20 0.95 167 6.58 5.64 0.47
0.07 0.49 0.14 0.26 30 0.95 114 6.51 5.90 0.29
0.20 0.80 0.28 0.28 10 0.90 193 6.90 5.97 0.72
0.09 0.21 0.44 0.39 20 0.95 99 6.27 5.82 0.27
0.07 0.22 0.46 0.46 100 0.95 38 6.88 6.39 0.35
0.10 0.35 0.33 0.63 160 0.95 148 6.57 5.74 0.42
0.05 0.27 0.35 0.22 40 0.95 93 6.76 6.33 0.40
0.11 0.15 0.61 0.58 130 0.95 94 6.22 5.80 0.52
0.06 0.39 0.17 0.28 30 0.95 116 6.66 6.04 (.48
0.12 0.34 0.40 0.64 0 0.95 99 6.68 6.19 0.41
0.20 0.65 0.37 0.30 170 0.95 124 6.72 6.03 (1.26
0.74 1.30 0.51 0.50 80 0.50 212 7.02 5.87 0.40
0.34 [.10 0.45 0.50 70 0.95 185 7.17 6.14 .35
0.46 0.80 0.68 0.51 40 0.95 218 122 6.27 0.47
0.08 0.18 0.45 0.38 20 0.95 113 6.58 5.98 0.36
0.05 0.17 0.51 0.47 110 0.95 92 6.45 6.03 0.32
0.04 0.12 0.42 0.25 0 0.90 Tt 6.35 6.07 0.65

468

—~



Precursory accelerated Beniolf strain in the Aegean area

Table II {continued).

B

N A i C 7 e R log§, logs, P
35 004 026 034 033 120 0.90 58 671 670 027
36 003 013 057 0.66 90 060 67 640 625 03l
37 003 005 063 045 30 095 41 578 605 029
38 0.04 0.08 0.47 0.39 170 0.70 66 5.80 6.66 0.42
39 0.02 0.12 0.50 0.47 140 0.70 56 6.90 6.91 0.32
40 0.17 0.24 0.63 0.29 130 0.70 80 6.38 6.08 0.25
41 0.13 0.17 0.56 0.67 140 0.95 98 6.44 5.96 0.32
42 0.03 0.06 0.55 (.59 3 0.95 39 5.76 6.08 0.26
43 0.02 0.05 0.06 0.63 70 0.80 36 6.20 6.66 0.31
44 0.03 0.09 0.63 0.35 150 0.90 49 6.42 6.55 0.30
45 0.05 0.07 0.62 0.28 110 0.95 69 5.91 5.74 0.27
406 0.12 0.23 (.56 0.53 20 0.95 148 6.98 6.14 0.39
47 0.14 0.31 0.59 0.42 100 0.95 90 6.80 6.39 0.42
48 0.05 0.16 0.40 0.62 100 0.95 54 6.20 6.23 0.29
49 0.05 0.19 0.39 0.37 100 0.80 93 6.56 6.13 0.34
50 0.08 0.08 0.66 0.59 30 0.90 67 5.93 3.78 0.34
51 0.17 0.29 0.67 0.54 50 0.95 103 6.81 0.435 0.35
52 0.04 0.08 0.53 0.69 120 0.90 72 6.21 5.99 0.52

area) may also fulfil the criteria required by the
method (minimum value of the curvature C with-
in the error limits, etc.). The main preshock
clusters, however, are included in all these dif-
ferent elliptical regions. For this reason, the mean
epicentre of preshocks of a certain mainshock
can be reliably determined.

Table Il gives the parameters (A, B, m, C. ,
¢, R) of the model described above for each of
the fifty-two sequences. The logarithms of the
Benioff strain rate, S, for the whole critical
region and of the same rate, s, per 10000 km’,
are also given. The mean values of the parame-
ters m and C are 0.46 =0.13 and 045 £0.12,
respectively, while the ellipticity values are usu-
ally very high (larger than 0.8). The values of
R vary between 33 km and 262 ki, while the
preshock time 7, ranges between 3 and 46 years
with an average of 20 years.

The calculated values of the parameters, A,
B, m of the relation {1.2) hold for ellipses cen-
tred at the epicentre of the mainshock. For an
ensuing mainshock, however, this epicentre is

469

not known but the mean epicentre of preshocks
is known. For this reason, we repeated the cal-
culations of these parameters for ellipses cen-
tred at the mean preshock epicentre. The mean
ratios of the new values to the old ones were
found equal to 0.97 = 0.14 for 4, 0.96 + 0.10 for
B and 1.01 £0.13 for m, which indicates that
the model can also be applied for ellipses which
are centred at the mean preshock epicentre.

3. Relations between the parameters
of the model

The values of the radius, R (in km), listed in
table II are plotted versus the magnitude, M. of
the mainshock in fig. 2. The data are fitted, in
the least squares sense. using the relation:

~

logR =0.41M -0.04 (3.1)
with a correlation coefficient equal to 0.97 and

standard deviation equal to 0.05. This relation is
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26—t ——————

24 -

16

Fig. 2. Relation between the radius, R (in km), of
the circle which has an area equal to the elliptical
critical region and the magnitude, M, of the mainshock.

almost identical with the one derived previously
by the use of a smaller sample of data (Papaza-
chos and Papazachos, 2000) and in very good
agreement with data concerning other regions
{(Bowman et al., 1998). This indicates that rela-
tion (3.1) is of global validity and holds at least
for earthquakes with M = 5.5.

Figure 3 shows a plot of the logarithm of
the preshock time, ¢, (in years), as a function
of the rate of the Benioff strain, s, (in Joule Y2
per year and per 10000 km®), on the basis of the
corresponding data given in tables I and 1L
Using these data the following relation was de-
fined:

logt, = 5.81 -0.75 log s, (3.2)

with a correlation coefficient equal to (.79 and
a standard deviation equal to 0,17,

From tables I and II, we can derive that
log (A/r Mlog§, = 1.020 with a standard devia-
tion equal to 0.030. Therefore, the relation

A=S1 (3.3)

which has been previously proposed also ap-
plies to the new larger data sample.

Figure 4 shows a plot of the log B against the
magnitude of the mainshock, The data are fitted

100.0 ——————————————1

LI B B

1.0 1 (A I ! I i | : L P
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Fig. 3. Relation between the duration of a preshock

sequence, 7, (in years), and the Benioff strain rate, s
(in Joule” per year and per 10000 km®).

by the relation
logh = 0.64M +3.27 (3.4)

with a correlation coefficient equal to 0.91 and
a standard deviation equal to (.16, The form of
this relation is in agreement with Brehm and
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Fig. 4. Relation between the parameter, £ (in Joule'”
per year), and the magnitude, M, of the mainshock.
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Braile (1999) who found a linear relation be-
tween logB and the logarithm of the seismic
moment of the mainshock.

Figure 5 shows a plot of the magnitude of the
mainshock against the average magnitude, M,
of the three largest preshocks. A lincar relation

M=085M, +1.52 (3.5)

is also defined with a correlation coefficient
equal to 0.92 and a standard deviation equal 1o
0.21. A similar relation was proposed by Evison
and Rhoades (1997) for precursory earthquake
swarms.

From table 1 we find that the mean ratio of
the average time difference, 1,,, of the three larg-
est preshocks from the origin time of the main-
shock to the total duration, ¢, of the preshock
sequence is .29 with a standard deviation equal
to 0.13, hence

t,=0.29¢, (3.6)
Equation (1.2) indicates that the largest pre-
shocks occur mainly during the second phase of
a preshock sequence, while the mean value of 1,
is 5.9 + 3.9 years.

Relations (3.1), (3.2), (3.3), (3.4) and (3.5)
are similar to the ones previously derived by the
use of a smaller sample of data (Papazachos and
Papazachos, 2000, 2001), although relations (3.2)
and (3.4) are slightly modified. In any case, the
proposed relations in the present paper are based
on a large number of sequences (52 sequences),
each sequence includes a large number of pre-
shocks (between 40 and 526) and the quantities
involved cover a relatively wide interval range
(e.g.. the magnitudes range between 3.5 and
7.5), hence they must be considered more relia-
ble than the ones previously defined.

In order to compare the obtained results re-
garding the R, ¢, A, B and M, values estimated
Tor each earthquake with the relations previous-
ly determined. the probability of each obtained
parameter was calculated. For this reason, each
model parameter was estimated with respect to
its expected value, assuming that the deviations
of each parameter follow a Gaussian distribu-
tion. For example, for the equivalent radius. R,
the quantity Z, = (log R-a-b*M)lo, ) was used
as the normalized variable and the correspond-
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Fig. 5. Relation between the magnitude of the
mainshock, M, and the mean magnitude, M, of the
three largest preshocks.

ing Gaussian probability, P, = erl(Z,), was
determined, where errf() is the error function.
Finally the quantity

P =P (3.7)

Toght + P\n:";, + Pln‘-l-mf,) + P\ el + P.\Ua

was used as a measure of the agreement of the
determined model parameters with the «global»
relations previously determined. In general the
probability product is a more appropriate meas-
ure of the probability for the obtained R, 1, A, B
and M, values. However, such a definition would
lead to practically zero-probubilities if one of
these parameters exhibited significant deviations
from the expected values, given the low toler-
ance of the Gaussian distribution to outliers.
Since we did not want to exclude such solu-
tions. the simpler and more robust definition to
outliers given in eq. (3.7) was preferred. It must
be noted that P should not be regarded as a
measure of the quality of the solution but a
simple quantification of the compatibility of the
obtained R, £, A, B and M ; values for each event
with the values determined from egs. (3.1)-(3.5).
This compatibility measure, P, which is givenin
the last column of table I1, varies between 0.25
and 0.71.



Coslas Papazachos and Basil Papazachos

4, Locations of preshocks

Although every critical region determined
by the methodology applied in the present paper
has a symmetrical shape with respect to the
epicenter of the corresponding mainshock, since
this region is an ellipse centered at the main-
shock epicenter, the mean epicenter of preshocks
is at some distance from the mainshock epicent-
er as can be seen in table 1. We have examined
the location of this mean epicenter of preshocks,
with respect to the epicenter of the mainshock
and its dependence on the dimensions of the
preshock region and tectonic factors.

Figure 6 shows a plot of the logarithm of the
distance, x (in km), between the mean preshock
epicenter and the mainshock epicenter against
the magnitude of the mainshock. A linear rela-
tion was fitted in the data, having the form

logx = 0.49M — 1.66 (4.1)
with a correlation coefficient equal to .73 and
a standard deviation equal to 0.24. This relation,
in combination with the relation (3.1). shows
that the distance, x, between the mainshock epi-
center and the mean preshock epicenter increas-
es with the size of the critical region. It is of
interest to note that relation (1.1) gives values of
x almost equal to the fault length for the corre-
sponding mainshock magnitude (Papazachos and
Papazachou, 1997),

From the azimuths, & (listed in table 1), of the
vectors x that connect the mean preshock epi-
center with the mainshock epicenter and have
lengths x = 30 km, we can arrive at certain
conclusions that are of tectonic significance (for
smaller distances the azimuths are not reliable).
Hence, most of the mainshocks for which x = 30
km are located along the boundaries of the
Aegean plate (fig. 1). According to the orienta-
tion of the vector x we can define three main
regimes.

The first regime is located in the southwest-
ern boundary of the Aegean plate (lonian Is-
lands), which is the most active part of the
investigated region and includes the epicenter of
five strong earthquakes (with code numbers 7,
12, 24, 31, 51 in table I). The mean azimuth of
the vector .x for these [ive cases is £ = 230° + 6°,
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Fig. 6. Relation between the distance, x (in km), of
the mean epicenter of preshocks from the mainshock
epicenter and the magnitude M of the mainshock.

It shows that this vector has a southwestward
direction, whicly is the direction of motion of the
Aegean plate in this region (Papazachos, 1999).
It probably indicates that the strong earthquakes
in the Cephalonia-Zante area, which are generat-
ed by dextral and/or thrust faulting, are preceded
by preshocks which are mainly located within
the Aegean plate and are generated by normal or
strike slip faulting. This can be interpreted by
assuming that expansion of the Aegean plate
precedes its overthrusting on the Mediterranean
lithosphere along its southwestern boundary.
The second regime covers the northern
boundary of the Aegean plate (Central Greece-
Northern Aegean-Northwest Anatolia) and in-
cludes the epicenters of twelve strong earth-
quakes (with code numbers 1, 6, 8, 15, 16, 18,
20, 23, 27, 29, 30, 32 in table 1). The mean
azimuth of the vector v for these twelve cases is
§ =34° £ 31°, that is, this vector is almost par-
allel to the northern boundary of the Aegean
plate but opposite to the direction of motion of
this plate. This observation shows that strong
earthquakes along the northern boundary of the
Aegean plate are preceded by preshocks, which
are mainly located southwestward in respect o
the epicenters of the mainshock. This probably
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suggests that strike-slip (dextral) or normal fault
ruptures, which generate strong earthquakes
along the northern boundary of the Aegean plate,
are preceded by preshock deformation of this
plate which takes mainly place southwestward
ol these ruptures.

The third regime includes five mainshocks
{with code numbers 3, 28, 47, 49, 52 in table I)
and covers the southwestern part of the Aegean
area (Peloponnese, etc.). The mean azimuth of
the vector x tor these five cases is 129° £ 27°. It
means that the mainshocks in this region are
preceded by preshocks, which are mainly locat-
ed to the northwest. No obvious lectonic expla-
nation for this property can be made at the
moment.

5. Discussion

The results of the present paper are of theo-
retical importance because they give useful in-
formation concerning the behavior of parts of
the lithosphere before the generation of a large
carthquake. Of equal or even higher importance
is the consequence of these results on the prob-
lem of prediction of such large earthquakes. For
this reason some relative discussion can be of
interest from a practical point of view.

[f a relatively large number of preshocks of
an ensuing mainshock are known, their mean
epicenter can be determined and it can be taken
as an initial center of the ellipses which are used
to fit the data by the proposed algorithm. This
approach is quite safe because the calculated
parameters of relation (1.2) do not vary signif-
icantly if we use this point as center of the
ellipses instead of the mainshock epicenter. On
the other hand, an estimation of the area cov-
ered by the epicenters of preshocks can be used
to calculate an initial value of the mainshock
magnitude (relation (3.1)) and of A (= A, +A)
and B (relation (3.4)). Initial values can then be
calculated for the parameter s and for the origin
time, 7, of the mainshock by fitting relation
(1.2) to the available data.

Having initial values for the parameters of
relation (1.2) an iterative procedure can be ap-
plied to caleulate the final magnitude and origin
time for the expected mainshock, as well as the
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final location of the mean preshock cpicenter.
This procedure must be based on a moedified
version of the algorithin proposed above, using
a similar procedure of minimization of the cur-
vature parameter C and the constraints imposed
by relations (3.1)-(3.6).

The elliptical regions determined by this pro-
cedure are centered at the mean cpicenter of
preshocks. The epicenter of the mainshock is
expected to be located within a distance that
is given by the relation (4.1). This relation gives
acceptable uncertaintics for the mainshock
epicenter (v =11 km for M =5.5, x = 33 km for
M =6.5 and x = 104 km for M = 7.5) since these
uncertainties are of the same order with the fault
length of the corresponding earthquakes.

The previously described procedure or any
similar procedure based on the results of the
present paper must be considered a working
hypothesis to be tested. Such test for an a po-
steriori prediction of past strong earthquakes is
already underway. There are, however, addi-
tional problems, which must be solved before
this methodology is applied for prediction of
future large earthquakes. One such problem is
the possibility that a region can be in a critical
state for a certain time interval without ending
in a mainshock. We believe, however, that the
fact that all 52 mainshocks examined in the
present paper were preceded by acceleraling
seismic deformation in elliptical regions cen-
tered at the mainshock epicenter is of great
importance for practical earthquake prediction.
Furthermore, the identified relations between
the main quantities involved in eq. (1.2) confirm
the applicability in practical problems of the
theoretical background behind the pattern of
accelerated seismic energy release prior to large
cvents.
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