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Abstract

Recent reliable data are used to study the behavior of seismic activity before 46 strong shallow earthquakes (M= 6.0), which
correspond to five complete samples of mainshocks. These samples include 6 mainshocks (M=6.0—7.1) that occurred in western
Mediterranean since 1980, 17 mainshocks (M=6.0-7.2) which occurred in the Aegean (Greece and surrounding area) since
1980, 5 mainshocks (M=6.4—7.5) that occurred in Anatolia since 1980, 12 mainshocks (M=6.0—7.3) that occurred in California
since 1980 and 6 mainshocks (M=7.0-8.3) that occurred in Japan since 1990. In all 46 cases, a similar precursory seismicity
pattern is observed. Specifically, it is observed that accelerating Benioff strain (square root of seismic energy) release caused by
preshocks occurs in a broad circular region (critical region), with a radius about eight times larger than the fault length of the
mainshock, in agreement with results obtained by various research groups during the last two decades. However, in a much
smaller circular region (seismogenic region), with a radius about four times the fault length, the corresponding preshock strain
decelerates with the time to the mainshock. The time variation of the strain follows in both cases a power law but the exponent
power is smaller than unit (77=0.3) in the case of the accelerating preshock strain and larger than unit (77=3.0) in the case of the
decelerating preshock strain. Predictive properties of this “Decelerating In—Accelerating Out Strain” model are expressed by
empirical relations. The possibility of using this model for intermediate-term earthquake prediction is discussed and the relative
model uncertainties are estimated.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Recent investigations indicate that there are two
distinct precursory seismicity patterns which have been
observed to precede strong earthquakes. The first one
concerns accelerating generation of intermediate-mag-
nitude preshocks in a broad region (critical region),
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while the other corresponds to seismicity quiescence (or
decelerating seismicity release) in the narrower region
(seismogenic region). Mogi (1969) was the first who
proposed a combined form of these patterns, called
“doughnut pattern,” i.e., quiescence in the seismogenic
region of a future mainshock and excitation in the
broader surrounding region. A very brief review of both
patterns is first attempted.

A large number of observations of the last four
decades have shown that many strong (M= 6.5) earth-
quakes are preceded by accelerating generation of
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intermediate-magnitude preshocks (Tocher, 1959;
Raleigh et al., 1982; Papadopoulos, 1986; Sykes and
Jaume, 1990; Knopoff et al., 1996; Tzanis et al., 2000,
among others), and that the time variation of the
cumulative Benioff strain (square root of seismic
energy) follows a power law expressed by the relation:

S(1) = 4+ Blt—1)" 1)

where 7. is the origin time of the mainshock, ¢ is the
time to the mainshock and A, B, m are parameters
which are determined by observations, with m<1.0
(Bufe and Varnes, 1993). This behavior of the
preshock seismic activity in the broad (critical) region
can be physically explained by principles of the
critical point dynamics, that is, by considering the
process of generation of these moderate-magnitude
preshocks as a critical phenomenon, culminating in a
large event (mainshock) considered as a critical point
(Sornette and Sornette, 1990; Allégre and Le Mouél,
1994; Sornette and Sammis, 1995; Rundle et al.,
2000, 2003). The procedure of identifying the critical
region has been facilitated by the use of a curvature
parameter, C, which was defined by Bowman et al.
(1998) as the ratio of the root-mean-square error of
the power-law fit (relation (1)) to the corresponding
linear fit error, who also showed that the radius, R (in
kilometers), of the circular critical region scales with
the expected mainshock magnitude, M. Furthermore,
Papazachos and Papazachos (2000, 2001) and Papa-
zachos et al. (2005a) have shown that (a) the radius,
R (in kilometers), of a circular critical region (or the
radius of the circle which has an area equal to the
area of the elliptical critical region) scales also
negatively with the long-term strain rate, s, (in
Joule"?/year 10* km?) of the critical region; (b) M
scales with the mean magnitude, M3, of the three
largest preshocks; and (c) the duration, 7, (in years),
of the accelerating preshock sequence scales nega-
tively with the strain rate, s,.

Decrease of seismic energy release in the source
region of several strong earthquakes has also been
observed by several seismologists during the last three
decades. Most of these observations concern the
decrease of the number (frequency) of mainly small
shocks (seismic quiescence) in the seismogenic region
of strong earthquakes (Wyss et al., 1981; Wyss and
Habermann, 1988; Scholz, 1988; Chouliaras and
Stavrakakis, 2001; Zoller et al., 2002, among others).
There are also studies where measures of seismic crustal
deformation (Benioff strain, etc.) have been used to
show intermediate-term decrease of preshock seismic
activity in the seismogenic (fault) region of mainshocks

(Kanamori, 1981; Jaume, 1992; Bufe et al., 1994;
Tzanis and Vallianatos, 2003). Simulation models also
predict precursory seismic quiescence (Hainzl et al.,
2000). This decrease of seismic activity has been
attributed to stress relaxation due to preseismic sliding
(Wyss et al., 1981; Kato et al., 1997). Papazachos et al.
(2004a,b) used data coming mainly from the Aegean
area to show that during the critical period, when
accelerating seismic strain occurs in the broad critical
region, decelerating seismic strain occurs in the
narrower seismogenic region. For this reason, the time
variation of preshock Benioff strain in the seismogenic
region was expressed by a power law (relation (1)) with
m>1 (a typical value of m=3.0). It has been further
shown that the length, a (in kilometers), of the
seismogenic region, where decelerating seismic strain
occurs, scales positively with the mainshock magnitude,
M, and negatively with the mean long-term strain rate, s4
(in Joule'?/year 10* km?), and that the duration, 74, of
the decelerating preshock sequence scales negatively
with the mean long-term strain rate, sq. Thus, this
“Decelerating In—Accelerating Out Seismic Strain”
model seems promising for intermediate-term earth-
quake prediction.

However, this model has not been extensively
tested yet, except for a limited number of earthquakes,
and this is the main goal of the present work. In
particular, recent reliable data from western Mediter-
ranean, Aegean, Anatolia, California and Japan are
used in this study to further test the validity of this
model and to improve already proposed or derive new
empirical formulas, which relate parameters of the
accelerating and decelerating preshock sequences with
the mainshock parameters. The importance of these
results for intermediate-term earthquake prediction is
also discussed.

It should be pointed out that the term “preshocks”
used in the present study differs from the classical term
“foreshocks,” since it corresponds to earthquakes
generated in much larger space and time scales.
Hence, foreshocks are spatially distributed in the
“rupture zone” of an oncoming mainshock and the
duration of their sequences is relatively short (of the
order of days to months), while preshocks are
distributed in a broader region and last much longer
(of the order of years). In the present work, we consider
two kinds of preshocks, those which are generated in a
very broad region (critical region) with an accelerating
mode (accelerating preshocks) and those which are
generated in the vicinity of the seismogenic zone (fault
and neighboring region) with a decelerating mode
(decelerating preshocks). It is also shown that all these
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preshocks of strong mainshocks (M>6.0) are of
intermediate magnitude (M =>4.0).

2. Data

Three samples of data are used for each of the five
areas (western Mediterranean, Aegean, Anatolia,
California, Japan) considered in the present study.
The first sample includes only mainshocks, the second
one corresponds to preshocks of each mainshock and
the third one uses all shocks to define the long-term
mean strain rate release both in each critical region, s,,
and in the seismogenic region which engulfs each
fault, sq. Each sample must be homogeneous (magni-
tudes in the same scale), large enough (to be
representative), accurate (accurate location and mag-
nitude) and complete (including all shocks above a
minimum magnitude, M,,;,). In the present work, all
magnitudes are moment magnitudes or equivalent to
moment magnitudes, that is, magnitudes which have
been transformed to moment magnitudes from any
other available scale (i.e., M, my, published by ISC
and/or NEIC) by using appropriate formulas (Scordi-
lis, 2006). To ensure the relative accuracy of the data,
only strong mainshocks (M=>6.0) that occurred
recently (since 1980) were examined. The uncertain-
ties involved are typically less than 30 km for the
epicenter and 0.3 for the moment magnitude. A
minimum number of 20 preshocks was considered for
each preshock sequence to ensure a large enough
sample size. The catalogue completeness has been
checked by the traditional cumulative frequency—
magnitude relation. If we consider the optimum
minimum preshock magnitude, M,,;,, for the broader
(critical) region for which the best solution (smallest C
value) is obtained, the following relation holds:

M~Mpin = 0.54M—1.91 (2)

where M is the mainshock magnitude (Papazachos,
2003; Papazachos et al., 2005a). This relation can be
used to estimate the corresponding data threshold
which is necessary for investigating accelerating
preshock sequences. Thus, for M=6.0, which is the
smallest mainshock magnitude considered in the
present study, a completeness up to My;,=4.7 is
necessary for the catalogue to be used. However, the
investigation of the decelerating preshock sequences in
the seismogenic regions often requires smaller M,
values (Mp;n>4.0). For this reason, completeness has
been defined for each seismogenic region separately
and the value of the minimum preshock magnitude

considered for each such region is listed in Table 3.
For the calculation of the long-term strain rate for the
five examined areas, a minimum magnitude equal to
5.2 was used, similar to our previous work (e.g.,
Papazachos and Papazachos, 2000, 2001). Such data
(M>5.2) are complete since 1911 for Mediterranean
(W. Mediterranean, Aegean, Anatolia), since 1930 for
California and since 1926 for Japan.

For W. Mediterranean (34°N—45°N, 1°W—-19°E), all
6 shallow mainshocks with M>6.0, for the Aegean
(34°N—-42°N, 19°E-27°E), all 17 shallow mainshocks
with M>6.0, and for Anatolia (34°N—42°N, 27°E—
40°E), all 5 shallow mainshocks with /> 6.4, which
occurred between 1980 and 2004, were considered. The
data for Mediterranean have been taken from a recently
compiled catalogue for this area (Papazachos et al.,
2005b). Similarly, for California (32°N—42°N, 115°W—
125°W) all 12 mainshocks with M > 6.0 which occurred
between 1980 and 2003 were examined. A catalogue
has been formed for the purposes of this paper
(Karakaisis et al., 2005) which is based on information
given by local seismological centers (giving magnitudes
in Mp scale), as well as the bulletins of NEIC and ISC
(providing magnitudes in M,, M, and my, scales).
Finally, for Japan (30°N—50°N, 130°E—150°E) we have
considered the six shallow mainshocks with M>7.0
which occurred between 1990 and 2003. The increase of
the considered magnitude for Japan was mainly due to
its very high seismicity and the large number of M> 6.4
closely distributed in both time and space, which made
the application of the proposed method almost impos-
sible. A catalogue for Japan has also been created
(Scordilis et al., 2005) which is based on data published
by the Japanese Meteorological Agency (JMA), as well
as by NEIC and ISC. Thus, for 46 shallow strong
(M=6.0-8.3) earthquakes, which form five complete
samples of mainshocks and which have occurred in five
different seismotectonic regimes, recent reliable data
were available for the study of the observational
properties of the critical region and of the seismogenic
region. The dates, epicenter coordinates, E(¢,A), and
moment magnitudes, M, for these 46 mainshocks are
listed in Table 1. The epicenters of these mainshocks are
shown in Fig. 1.

It must be emphasized that strong preshocks, strong
aftershocks, strong off-fault aftershocks (which occur
shortly after the mainshock at some distance) and
strong late aftershocks (which occur after some years
in the fault region of the mainshock) have critical
regions and critical periods which partially coincide
with the critical region and period of their mainshock.
Thus, the critical regions and periods of these
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The origin time, 7., epicenter geographic coordinates, £(¢,A), moment magnitude, M, center of region of decelerating strain, F(¢,A), center of region
of accelerating strain, Q(¢,A), and retrospectively predicted epicenter, £*(¢p,1), origin time, ¢¥, and magnitude, M*, for each of the 46 mainshocks

examined in this study

Area te E(p,A) M F(p,A) O(p,1) E*(p,0) t¥ M*
W. Mediterranean

1 1980.10.10 36.2,01.4 7.1 35.7,02.4 36.2, 00.6 36.4, 00.8 1981.5 6.8
2 1980.11.23 40.8, 15.3 6.9 42.0, 14.3 44.0, 13.8 41.1, 13.9 1980.8 6.7
3 1996.09.05 42.5,18.0 6.0 43.7,18.8 42.8,14.9 43.3,17.7 1997.2 6.1
4 1997.09.26 43.0, 12.9 6.0 442,121 44.0, 14.9 44.1, 13.0 1997.6 5.9
5 2002.09.06 41.0, 15.0 6.0 41.9, 14.6 43.0, 16.0 41.9, 14.6 2002.0 6.4
6 2003.05.21 36.9, 03.8 6.8 35.7, 05.0 38.6, 06.0 36.8, 05.4 2003.4 7.0
Aegean

1 1980.07.09 39.3,22.9 6.5 39.6,21.9 37.8,24.1 38.9, 22.5 1981.8 6.2
2 1981.02.24 38.1, 23.0 6.7 38.1,24.0 36.8, 21.7 37.9,23.1 1980.1 7.0
3 1981.12.19 39.0, 25.3 7.2 38.0, 24.3 37.0, 23.1 38.3,24.1 1980.2 7.2
4 1983.01.17 38.1,20.2 7.0 38.5,19.5 374, 18.7 38.5,19.9 1983.2 6.7
5 1984.06.21 354,233 6.2 35.4,25.0 35.9,25.5 35.2,25.0 1986.0 6.0
6 1986.09.13 37.1,22.1 6.0 35.9,22.3 36.4,21.1 359,222 1986.1 5.8
7 1990.06.16 39.1, 20.7 6.0 39.1, 19.5 40.6, 20.9 39.2,19.7 1991.6 6.0
8 1992.04.30 35.1, 26.6 6.1 35.9, 25.8 35.6, 27.6 35.8,25.9 1992.7 6.0
9 1992.11.06 38.1, 27.0 6.2 39.1, 26.0 37.1,27.5 38.3,26.7 1994.0 6.3
10 1995.05.13 40.2,21.7 6.6 39.3,21.4 41.2,21.4 39.2,21.2 1995.0 6.7
11 1996.07.20 36.1, 27.5 6.2 35.1,28.0 34.6, 28.3 35.3,27.7 1999.5 6.3
12 1997.10.13 36.4,22.2 6.4 36.4,23.0 37.0, 22.2 36.3,22.9 1995.4 6.4
13 1997.11.18 37.5,20.7 6.6 37.0,21.6 39.6,21.8 38.1,21.1 1996.7 6.9
14 1999.09.07 38.1,23.5 6.0 38.3,24.0 37.1,25.7 37.9,24.7 2000.0 6.4
15 2001.07.26 39.1,24.4 6.4 38.3,24.1 37.6,26.4 38.2,25.0 2000.4 6.6
16 2003.08.14 38.7, 20.5 6.3 38.7,21.0 37.7, 19.0 38.7,20.7 2004.0 6.4
17 2004.03.17 34.6,23.3 6.0 34.6,22.1 34.6,24.6 34.7,23.2 2001.5 6.3
Anatolia

1 1983.07.05 40.2,27.3 6.4 40.2, 28.1 38.2, 26.0 39.3,27.5 1982.6 6.5
2 1992.03.13 39.7, 39.6 6.6 38.7, 39.1 37.7,38.9 39.5,39.5 1993.5 6.3
3 1995.10.01 38.1, 30.2 6.4 39.1, 30.2 35.7,28.2 38.3,29.5 1996.8 6.5
4 1996.10.09 34.5,32.1 6.8 35.0,31.4 34.3, 30.3 35.2,31.4 1997.6 6.4
5 1999.08.17 40.8, 30.0 7.5 40.6, 31.5 38.6, 29.5 39.7, 30.1 1999.6 7.3
California

1 1980.05.25 37.6, —118.8 6.2 38.1,-119.3 37.6,—116.6 37.9,-118.2 1978.9 6.3
2 1980.11.04 41.1, —124.6 7.3 42.1,-124.1 41.6,-125.6 42.0,—124.5 1981.0 7.0
3 1983.05.02 36.2, —120.3 6.4 35.0,-120.3 38.0,—-122.5 35.9,-120.8 1983.3 6.2
4 1984.04.24 37.3, -121.7 6.2 37.0,—123.1 38.1,—122.5 38.0,—122.3 1984.5 6.3
5 1987.11.24 33.0, —115.9 6.6 32.0,-116.9 354,-118.3 33.2,-117.0 1987.8 6.9
6 1989.10.18 37.1, —121.9 6.9 36.3,-123.1 37.6,—-122.4 37.1,-121.7 1989.6 7.0
7 1992.04.25 40.3, —124.2 7.1 39.3,-123.2 37.3,-123.2 39.6,—-123.5 1987.7 7.1
8 1992.06.28 342, -116.4 7.3 35.8,—-116.4 33.5,-116.9 35.1,-116.9 1992.6 7.1
9 1993.05.17 37.2,-117.8 6.1 36.5,-116.8 35.0,-116.6 36.8,—-117.1 1993.6 6.1
10 1993.09.21 42.3,-122.0 6.0 41.1,-123.0 40.8,-123.0 41.6,-122.1 1994.2 6.3
11 1994.01.17 342, -118.5 6.6 33.2,-119.5 34.9,-119.0 33.5,-119.3 1995.1 6.8
12 2003.12.22 35.7, —121.1 6.5 35.7,-122.1 33.7,-120.9 35.5,-121.2 2004.3 6.6
Japan

1 1993.07.12 429, 139.2 7.7 41.5, 139.7 45.3,136.8 42.3,139.7 1993.6 7.5
2 1994.10.04 43.7,147.4 8.3 43.1, 146.6 41.7, 1484 43.3,147.2 1994.9 8.1
3 1995.01.16 34.6, 135.0 7.0 35.3, 135.0 354, 133.2 35.1, 1354 1995.5 6.8
4 2003.05.26 38.8, 141.6 7.0 39.5,141.8 38.1, 139.6 39.0, 142.7 2003.8 7.0
5 2003.09.25 41.8, 143.9 8.3 42.3,143.4 41.8, 143.4 42.1, 1434 2003.8 8.4
6 2003.10.31 37.8, 142.6 7.0 37.1, 143.6 39.8, 141.1 38.0, 142.7 2004.9 7.0
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Fig. 1. Epicenters of the 6 mainshocks in western Mediterranean (a), 17 mainshocks in the Aegean (b), 5 mainshocks in Anatolia (c), 12 mainshocks
in California (d) and 6 mainshocks in Japan (e), of which accelerating and decelerating preshock sequences are investigated in the present work. The
numbers close to the epicenters correspond to the code numbers in Tables 1-3.

associated shocks cannot be distinguished, and for this
reason, no analysis for such shocks has been
performed in the present work.

3. Procedure followed

In order to identify the critical region of an already
occurred mainshock, an algorithm developed by
Papazachos (2001) has been used. According to this
algorithm, the broad seismic zone (e.g., of dimensions
300 km =300 km) where the mainshock is located is
separated in a grid of points with the desired density
(e.g., 0.2°NS, 0.2°EW). Each grid point is considered as
the center of the circular critical region and data of

earthquakes (preshocks) which are located in this region
are used to calculate the cumulative Benioff strain and
estimate through optimization parameters 4 and B of
relation (1), as well as the curvature parameter, C. For
this estimation, the origin time of the known mainshock
(parameter #.) was considered as constant and the
minimum magnitude, M,;,, of preshocks was estimated
by relation (2) from the magnitude, M, of the
mainshock. The exponent of relation (1), m, was taken
equal to the mean value (=0.3) determined or adopted in
similar studies (e.g., Zoller and Hainzl, 2002), in
agreement with theoretical considerations and laborato-
ry results (Ben-Zion et al., 1999; Guarino et al., 1999;
Rundle et al., 2000; Ben-Zion and Lyakhovsky, 2002),
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Table 2

Parameters of the 46 critical regions

Area R logs, ts Mupin 1 C P Ja
W. Mediterranean

1 277 4.88 1912 5.1 21 050 055 3.7
2 338 536 1945 52 53 050 098 6.5
3 183 5.39 1963 438 40 038 083 72
4 160 5.15 1953 48 24 057 075 44
5 198 5.35 1963 4.7 54 047 097 638
6 770 4.58 1924 52 96 050 056 3.7
Aegean

1 137 5.52 1954 4.6 37 047 081 58
2 268 5.92 1967 5.1 45 050 064 43
3 277 5.94 1967 5.1 47 058 074 42
4 237 577 1963 4.9 32 050 086 5.7
5 115 5.62 1960 4.6 27 048 079 55
6 104 5.78 1965 4.6 27 044 072 54
7 184 5.80 1971 4.7 75 028 062 74
8 185 591 1976 4.8 70 028 057 6.8
9 129 5.90 1976 4.8 43 043 075 5.8
10 168 5.71 1973 5.0 21 041 087 7.1
11 230 5.69 1974 438 100 020 059 9.6
12 138 5.93 1970 4.8 81 040 0.67 55
13 181 6.12 1985 5.0 27 039 069 59
14 164 5.63 1975 4.7 43 044 080 6.1
15 163 5.74 1980 5.0 34 044 081 6.1
16 137 556 1984 4.7 29 046 055 4.0
17 136 5.72 1982 438 49 040 092 76
Anatolia

1 142 570 1960 4.7 21 052 082 52
2 175 4.76 1912 5.0 21 036 062 58
3 226 5.83 1977 438 108 028 0.66 7.8
4 200 4.89 1930 4.8 34 046 062 45
5 310 579 1980 5.1 35 045 0.69 5.1
California

1 222 5.31 1942 5.0 46 056 071 42
2 249 5.65 1957 5.1 29 051 049 32
3 218 5.09 1931 4.7 65 041 081 6.5
4 175 519 1939 48 33 039 0.60 5.1
5 283 5.57 1961 5.0 83 048 081 5.6
6 375 516 1943 52 93 043 089 7.0
7 431 520 1943 5.1 139 048 080 5.6
8 468 5.28 1953 52 8 039 0.66 5.6
9 149 5.45 1962 4.7 22 041 062 5.0
10 132 5.33 1957 4.7 22 053 063 39
11 186 5.66 1972 48 21 036 081 75
12 375 5.15 1956 4.9 76 048 059 4.1
Japan

1 636 532 1955 5.6 46  0.55 063 3.8
2 782 6.10 1982 5.6 158 049 087 59
3 693  5.69 1972 5.1 285 036 048 44
4 201 6.01 1989 49 70 048 0.60 4.2
5 1340 579 1984 5.8 273 076  0.88 3.9
6 180  6.28 1997 5.0 32 029 058 6.7

which suggest exponent values between 0.25 and 0.33.
Calculations for each point of the grid are repeated for a
large set of values of the radius, R (in kilometers), of the
circular region and of the starting time, #y, (in years), of
the sequence. The geographic point, O(¢,A), with the
smallest C value, was considered as the center of the
critical region and the solution, (C,R,t,), for this point
was adopted as the best solution. The geographic
coordinates of the center, O(p,A), of all 46 critical
regions are listed in Table 1, while the values of the
parameters C, R, ., logs,, of the best solutions are given
in Table 2.

For the seismogenic region of each of the 46
mainshocks, circular shapes were also assumed. In
order to study the decelerating behavior of each source
region, the area around the fault (with dimensions, e.g.,
150 km x 150 km or larger depending on the mainshock
magnitude) was also separated in a grid of points with
the desired density (e.g., 0.1°NS, 0.1°EW) and each
point of the grid was considered as center of the circular
region. A similar procedure was used in order to
calculate parameters 4 and B of relation (1) and the
curvature parameter, C, keeping constant the origin
time, ¢, and the mainshock magnitude, M. The exponent
parameter m was allowed to vary and values distributed
around a mean value equal to 3.0 were found. Although
no theoretical results exist yet to support the choice of
this value for the decelerating deformation exponent, we
have decided to keep this value fixed in order to avoid
fluctuations due to data errors, similarly to what was
previously mentioned for the accelerating deformation
exponent. Calculations for each geographic point were
repeated for a large number of lengths of the circle
radius @ (in kilometers), and the starting time, #yq (in
years), of the seismic sequence. Calculations were also
repeated for several minimum magnitudes, M,;,, of
decelerating preshocks in order to define the value of
this magnitude which corresponds to the best solution
(smallest C value) and correlate it with the mainshock
magnitude (relation (12)). The geographic point, F'
(¢,A), with the smallest C value, was considered as the
center of seismogenic region and the solution (C,a,tq)
for this point was adopted as the best solution. The

Notes to Table 2:

The numbers in the first column correspond to the code numbers of
the Table 1, R (in km) is the radius of the circular critical region, s,(in
Joule! 2/year 10* km?) is the strain rate in the critical region, f, is the
start year of the accelerating preshock sequence, M, is the
magnitude of the smallest preshock, n is the number of preshocks,
C is the curvature parameter, P is the probability that the particular
preshock sequence fit the global relations (3,4,5), and ¢, is the quality
index defined by relation (6).
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Table 3
Parameters of the decelerating preshock sequences, which occurred in
the 46 seismogenic regions

Area a logsq  twa Myin n C P qa
W. Mediterranean

1 272 4.28 1955 4.3 84 028 0.50 54
2 178 5.25 1960 4.3 142 0.51 0.99 5.9
3 110 524 1976 4.1 65 041 0.96 7.0
4 109 527 1970 4.1 66 0.19 054 8.6
5 113 523 1980 4.0 66 042 0.85 6.0
6 220 4.29 1961 4.4 46 039  0.92 7.0
Aegean

1 98  6.02 1969 4.2 61 026 0.72 8.4
2 133 5.94 1964 4.4 126 0.28 0.51 54
3 172 5.87 1964 4.5 156 027 0.56 6.1
4 105 5.88 1970 4.5 103 0.22 0.55 7.4
5 99 5.70 1972 42 66 030 0.55 5.5
6 62  5.69 1972 4.1 59 028 048 52
7 91 593 1980 4.1 40 028 0.62 6.6
8 99 5.72 1978 4.2 79 048 091 5.7
9 103 5.88 1982 4.2 115 035 0.63 53
10 138 5.80 1981 4.4 236 0.29 0.81 8.3
11 110  5.67 1987 4.3 59 033 047 43
12 117 5.84 1984 4.3 58 044 091 6.3
13 140 5.71 1981 4.3 570 048 0.66 4.1
14 88 5.87 1987 4.1 37 035 0.87 7.6
15 113 594 1987 4.2 80 035 0.68 5.9
16 95  6.00 1992 4.2 167 034 0.81 7.3
17 111 537 1980 4.2 111 038 0.55 4.3
Anatolia

1 119 572 1968 4.3 92 045 0.88 5.9
2 122 546 1975 4.2 26 025 0.73 8.8
3 131  5.72 1983 4.2 45 028 0.56 5.9
4 164 5.34 1977 4.3 24 044 097 6.6
5 230  5.50 1982 4.5 31 043 0095 6.6
California

1 115  5.50 1960 4.2 43 018 0.69 113
2 136 5.25 1960 4.4 22 037 0.52 42
3 103 5.34 1964 4.1 22032 0.62 5.8
4 133 497 1959 42 28 033 0.93 8.5
5 159  5.20 1966 4.3 37 047 093 6.0
6 166  5.18 1967 4.4 25 038 0.77 6.2
7 201  5.26 1967 4.4 117 034 0.63 5.6
8 246  5.11 1969 4.6 108 0.38 0.86 6.8
9 108  5.49 1969 4.1 120 0.29 0.55 5.7
10 120 5.38 1975 4.1 28 0.50 0.78 4.7
11 144 533 1975 4.1 21 0.52  0.88 5.1
12 141  5.14 1982 4.3 24 037 0.84 6.8
Japan

1 203  6.21 1984 4.5 200 021 0.82 11.6
2 291 6.04 1975 4.8 1629 0.28 0.50 53
3 142 5.86 1983 4.5 108 0.27 0.67 7.4
4 126  6.55 1996 4.3 360 045 0.81 53
5 199  6.29 1994 4.8 159 027 0.61 6.8
6 127  6.42 1994 43 157 031 0.76 7.4

geographic coordinates of the centers, F(¢,A), of the 46
seismogenic regions are listed in Table 1 and the values
of the parameters C, a, t, logsg, of the best solutions are
given in Table 3.

Fig. 2 presents graphically an indicative example for
each of the five investigated areas, which shows the
circular critical (accelerating deformation) region, the
circular (decelerating deformation) seismogenic region
and the corresponding time variation of the accelerating
and decelerating strain.

4. Accelerating seismic strain in the critical region

It has been recently shown (Papazachos et al., 2005a)
that the logarithm of the radius, R (in kilometers), of a
circular critical region (or the radius of the circle with
area equal to the area of an elliptical critical region)
scales with the mainshock magnitude, M, and with the
long-term strain rate, s, (in Joule'?/year 10* km?),
according to the relation

logR = 0.42M—0.30logs, + 1.25, ¢ =0.15 (3)

where o is the standard deviation. This relation is in
excellent agreement with the theoretical results derived
by Dobrovolsky et al. (1979), who adopted a model of
an elastic soft inclusion in a more rigid elastic space in
order to determine the region of precursory deformation
for a future earthquake. Data from the 46 mainshocks
examined in the present study also fit well with relation
(3). In general, the radius of the critical region is about
eight times larger than the fault length of the
corresponding mainshock, similar to what has been
found in earlier studies (Bowman et al., 1998).

Also, Papazachos (2003) and Papazachos et al.
(2005a) have proposed the following relation:

M = M3 +0.60, ¢=0.20 (4)

between the mainshock magnitude, M, and the mean
magnitude, M3, of the three largest accelerating
preshocks, which is also well fitted by the data of the
present work.

Notes to Table 3:

The numbers in the first column correspond to the code numbers of
Table 1. a (in km) is the length of the radius of the seismogenic
region, sq (in Joule"?/year 10* km?®) is the strain rate in the
seismogenic region, fq is the start year of the decelerating preshock
sequence, My, is the magnitude of the smallest preshock, » is the
number of preshocks, C is the curvature parameter, P is the
probability that the particular preshock sequence fit the global
relations (8) and (9) and g4 is the quality index defined by relation
(10).
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Fig. 2. Five examples of accelerating—decelerating seismic sequences for the mainshocks of (a) 23 November 1980 in W. Mediterranean, (b) 24
February 1981 in Greece, (c) 13 March 1992 in Anatolia, (d) of 25 April 1992 in central California, and (e) 4 October 1994 in Japan. Epicenters
of mainshocks are indicated by stars, of accelerating preshocks in the circular critical regions by open circles and of decelerating preshocks in
the circular (seismogenic) regions by solid circles. On the right of each map, the time variation of the cumulative Benioff strain, S(7), is given for
the accelerating sequence (left plot) and decelerating sequence (right plot). Solid lines represent fitting to the data of a power law (relation (1)).

Values of 1., t,, and s,, listed in Tables 1 and 2, for
critical regions are used to derive a relation between
the duration of a preshock sequence and s, Fig. 3
shows the variation of the logarithm of the total
duration, #,=t.—t;, (in years), of the accelerating

preshock sequence as a function of logs,. The data are
fitted by the following relation, in the least squares’
sense:

log(t.—ts) = 4.60—0.57logs,, o =0.10 (5)
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Fig. 3. Plot of the logarithm of the duration, #,, (in years), of the
accelerating preshock sequences as a function of the logarithm of the
long-term strain rate, s, (in Joule! 2/year 10* km?).

which can be used to calculate the origin time, 7., of
an ensuing mainshock, if the start of the accelerated
deformation period can be defined.

In addition to the fit of the time variation of the
Benioff strain by a power-law (relation (1)), relations
(3)—(5) can be considered as additional constraints to the
pattern of accelerating strain and the critical earthquake
model. To quantify it, Papazachos and Papazachos
(2001) have calculated the conditional probability for
the three parameters (R,M,t,) in these relations,
assuming that the deviation of each parameter with
respect to its expected value follows a Gaussian
distribution. The average, P, of these probabilities was
used as a measure of the agreement of the determined
parameters for a particular sequence with these three
global relations. Using this probability, a “quality
index”, ¢,, has been defined (Papazachos et al., 2002)
for each point of the investigated area using the equation

P
m*C

(6)

da =

This index, ¢, is of importance for identifying
centers of critical regions of expected mainshocks, since
its value increases with increasing probability, P,
indicating that the examined point fulfills the global
relations (3)—(5) and with increasing deviation from
linearity (small values of curvature parameter C). The m
value is considered constant (m=0.3) in this work, but
we keep it in this formula because it can have a different
value in some cases. Values of P and ¢, for the center of
the 46 critical regions investigated in the present work
are also listed in Table 2. Examination of these values

from Table 1 shows that the following cut-off values can
be derived:

C<0.60, P>045, ¢,>3.0 (7)

since all events in Table 1 fulfill the above criteria,
except a single case where C exhibits a larger value
(=0.76).

5. Decelerating seismic strain in the seismogenic
region

From the data presented in Tables 1 and 3, the
following relation can be derived between the length, a
(in kilometers), of the radius of the circular seismo-
genic region, the magnitude, M, of the corresponding
mainshock and the strain rate, sq (in Joule'?/year
10* km?):

loga = 0.23M—0.14logsq + 1.40, ¢ =0.10 (8)

Fig. 4 shows a plot of the logarithm of the duration,
tq=t.—tq, of each decelerating preshock sequence as a
function of the logarithm of the long-term mean strain
rate, sq in (Joule'?/year 10* km?), leading to the
relation

log(t.—tsq) = 2.95-0.311logsq, ¢ =10.12 9)

This relation, which is similar to Eq. (5), can be also
used in a similar manner to estimate the origin time, £,
of an ensuing mainshock in a seismogenic region, once
the initiation time of the decelerating deformation period
is defined.
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Fig. 4. The logarithm of the duration, 74 (in years), of the decelerating
preshock sequences as a function of the logarithm of the long-term
strain rate, sq (in Joule'*/year 10* km?).
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A quality index, g4, can be also defined by the
relation

P*m
94="c (10)

where P is the probability that preshock observations in
a seismogenic region are compatible with relations (8)
and (9). Similar to relation (7), the values of C, P and ¢4,
listed in Table 3 for the seismogenic regions can be used
to derive the following cut-off values with which all
examined earthquakes comply

C<0.60, P>0.45, ¢4>3.0 (11)

when using an exponent value m=3.0.
Application of least squares on the values of M and
M in listed in Tables 1 and 3 gives

M~Mpin = 0.71M-2.35, ¢ =0.10 (12)

which gives the smallest magnitude of a decelerating
preshock sequence for which a best solution is obtained.
Thus, for mainshock magnitudes 6.0, 7.0 and 8.0, the
corresponding values of M,,;,, are 4.1, 4.4 and 4.7,
respectively. That is, decelerating preshock seismicity
pattern is also prominent mainly for intermediate-
magnitude preshocks.

6. Tests on random catalogues

The results previously presented concern the a
posteriori analysis of past events in order to define the
main characteristics of the proposed seismicity pattern.
However, it is clear that such retrospective analysis is
not enough for a complete evaluation of the uncertain-
ties involved in the proposed pattern, especially if we
would like to apply it for earthquake prediction. For this
reason, the results obtained in the present study were
also checked for the possibility that the identified
“Decelerating In—Accelerating Out Strain” seismic
deformation pattern could also have occurred even
from a random data distribution. Such tests have been
traditionally used in similar studies (e.g., Bowman et al.,
1998; Zoller et al., 2001) by applying the proposed
detection method on synthetic random catalogues.
Using this approach, we can assess the probability that
the obtained results correspond to a real observational
pattern or that the identified patterns could be due to the
data randomness and the large parametric space
examined for the critical area (e.g., ellipticity, azimuth,
size, duration of preshock period, etc.).

As a test area from the five studied areas, we have
chosen the Aegean area for which detailed information

for its seismotectonic setting and seismicity parameters
were available from earlier studies. Furthermore, the
Aegean is among the highest seismicity areas (large
annual deformation rates; see Figs. 3 and 4); hence, the
synthetic catalogues will contain a very large number
of events, allowing the full exploration of artifacts that
can arise in a large catalogue due to the multiple
parameter optimization used in the present work. For
the generation of the synthetic but also “realistic”
random catalogues, we have adopted a modified
version of the approach proposed by Zoller et al.
(2001). Specifically,

(a) The original earthquake catalogue for the Aegean
was initially declustered from its aftershocks. For the
aftershock sequence duration, we used the results of
Papazachos (1974a,b) and Papazachos and Papazachou
(1997), while for the aftershock area, we used a circular
region with a radius, R, given by

logR = 0.19M + 0.36 (13)

which was defined by the use of all aftershock
sequences in Greece and surrounding area.

(b) On the basis of the declustered catalogue and the
application of Poisson time distribution for the occur-
rence times and the Gutenberg—Richter relation for the
magnitude distribution of each seismogenic zone
defined for the Aegean area using the zonation of
Papaioannou and Papazachos (2000), we estimated the
corresponding random epicenter distributions in space
and time. In this way, the seismicity distribution of the
random catalogue is adapted (equivalent) to the
declustered catalogue.

(c) Aftershocks following the time pattern proposed
by Mogi (1962) and adapted by Papazachos (1974b) for
the Aegean area, as well as Eq. (13) for their spatial
distribution were added to the random catalogues to
calculate the final synthetic catalogues, in order to
include the “realistic” pattern of aftershock sequences.

In order to test the efficiency of the proposed
algorithm, a large number of random catalogues has
been created. From each catalogue, a random set of
mainshocks were selected and the same processing was
performed for all mainshocks, as if they corresponded to
real earthquakes. In all cases, results for deceleration
and acceleration were obtained for those cases that
fulfilled Eqgs. (7) and (11), similar to the behavior of the
46 events studied in the present work.

The results obtained were surprisingly different for
the accelerating and the decelerating patterns. For the
acceleration of the broader critical region, in many
cases, it was possible to identify a false acceleration
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pattern that could be associated (distances up to
~250 km) with the examined mainshocks. The final
cumulative distribution of the obtained ¢, values from
random catalogues is presented against the corres-
ponding distribution from Table 2 in Fig. 5. It is
important to note that for almost the entire range of ¢,
values, the observed distribution exhibits much higher
probability values than the corresponding distribution
from random catalogues. For instance, the minimum ¢,
value observed from data of the Aegean area (=4.0), has
a probability less than 70% to be randomly observed, as
tests with random data indicate.

It should be pointed out that the obtained probabil-
ities from random catalogues are still quite high, given
the fact that additional constrains (Egs. (3)—(5) and (7))
are used when searching for the accelerated deformation
pattern. Therefore, observation only of the accelerated
deformation pattern has a high probability to occur
randomly, e.g., a g, value of 6 corresponds to a 30%
probability of random occurrence. However, this
problem has a marginal effect on the results obtained
in the present work due to the fact that in only 10% of
the examined cases could a decelerating deformation
pattern be observed when random catalogues were used,
with ¢4 values smaller than 4.5. Therefore, the
probability of the simultaneous occurrence of acceler-
ating and decelerating deformation patterns associated
with a mainshock due to the catalogue randomness is
about one order of magnitude less than the one observed
from Fig. 5.
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Fig. 5. Comparison of the cumulative probability density of the g,
values for the observed Aegean data (dashed line) and the
corresponding distribution from artificial random catalogues (solid
line). Notice that for almost the complete examined range, the
observed ¢, values are systematically higher than the corresponding
curve from random data.

It is interesting to comment the very different
behavior of the false identification of accelerated and
decelerated deformation patterns when applied to
random catalogues. This different behavior could be a
result either of the different constraints used for the two
patterns or of the manner that the random catalogues are
created, as only aftershock sequences are taken into
account in their generation besides the ‘“standard”
mainshock seismicity. It is possible that other patterns
which are observed in nature due to the stress loading—
unloading processes may result in more complicated
space—time seismicity patterns, which are not reflected
in the random catalogues used in the present work. On
the other hand, the results obtained from random
catalogues clearly demonstrate that the combined use
of both the accelerated and decelerated deformation
behavior can significantly reduce the possibility of false
alarms when attempting to predict future events, at least
due to the catalogue randomness.

7. Implications for earthquake prediction

The results of the present work, which are based on
mainshocks that have already occurred in five different
seismotectonic regimes, provide the base for the
suggestion of a “Decelerating In—Accelerating Out
Strain” model which can be used towards the prediction
of future mainshocks and estimate relative uncertainties.
A possible approach for this estimation can be
performed by applying the complete procedure which
has been previously described for the identification of
regions of accelerating and decelerating strain; however,
calculations should be repeated for several assumed
values of the origin time and magnitude of the
mainshock. As centers of such regions which corre-
spond to best solutions, we have considered the grid
points for which the quality index, ¢, takes its largest
value because ¢ (relations (6) and (10)) quantifies not
only the increase of deviation from linearity (small C)
but also the degree of compatibility with properties of
already occurred preshock sequences (large P). Once the
two regions and their parameters are determined, the
estimation of the mainshock parameters (origin time,
magnitude, epicenter) is described in detail in the
following.

For the estimation of the predicted origin time, 7 %, of
the probably ensuing mainshock, the average of the two
values calculated by relations (5) and (9) is considered.
Furthermore, the value of the mainshock magnitude
corresponding to the best solution for the accelerating
strain (relations (3) and (4)) and the corresponding value
to the best solution for the decelerating strain (relation
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(8)) can be used to obtain an average value for the
predicted magnitude, M*, of the probably ensuing
mainshock.

For the determination of the epicenter of the expected
mainshock, we have considered four points which are
determined before the generation of a mainshock and
their locations are related to the location of the oncoming
mainshock. These points are (a) the geometrical center,
F, of the region of the decelerating strain, (b) the center,
Py, of the epicenters of the decelerating preshocks which
can be considered as the physical center of the region of
decelerating strain, (c) the geometrical center, Q, of the
region of accelerating strain, and (d) the center, P, of the
epicenters of the accelerating preshocks which can be
considered as the physical center of the region of
accelerating strain. We have performed a large number of
tests regarding the way by which these four points can be
used to locate the expected mainshock epicenter. These
tests showed that the best estimation is obtained when
using the middle point, D, of the line segment F'Prand the
middle point, 4, of the line segment QP  and considering
their distances DE and AE from the mainshock epicenter.
From the 46 preshock—mainshock sequences investigat-
ed in the present work, it was found that DE=100
+40 km and AE=180+80 km, where 40 and 80 km are
the corresponding standard deviations. Based on these
results, the epicenter of the ensuing mainshock can be
estimated by the following procedure: in those cases
when the two circles (D, 100 km; 4, 180 km) overlap, a
unique solution cannot be defined and D (defined from
the decelerating pattern) can be considered as the
predicted mainshock epicenter, Ex. In the other cases,
when the two circles do not intersect, the point of the
circle (D, 100 km) which is closer to the circle (4,
180 km) is considered as the predicted mainshock
epicenter.

In order to estimate the prediction uncertainty, the
previous approach has been applied to retrospectively (a
posteriori) predict the parameters (origin time, magni-
tude, epicenter coordinates) of each one of the 46
mainshocks considered in the present work. The
epicenter coordinates, E*(¢p,A4), origin times, ¢, and
magnitudes, M*, predicted by this method are listed in
Table 1. The mean distance between the predicted, E*,
and the observed, E, epicenter and the corresponding
standard deviation is E*E=80+35 km. Hence, consid-
ering the two standard deviation model uncertainty
(20 =70 km) indicates that the epicenter location can be
predicted with an error less than 150 km with high
probability (~0.95), without considering random cata-
logue artifacts. The corresponding mean difference
between predicted, 7¥, and observed, f., origin time is

almost zero with a standard deviation equal to 1.2 years,
which suggests that the origin time can be predicted with
an error £2.5 years with similar probability. Finally, the
average difference between the predicted, M*, and the
observed, M, magnitude is also almost zero and the
standard deviation is 0.2; hence, the mainshock
magnitude estimation exhibits a typical error +0.4
with a similar probability.

We should point out that the application of the
proposed model was almost impossible for Northern
Japan for events of the order of M~ 6.0-7.0, as also
previously mentioned. Despite the apparent failure of
the model, this result is in good agreement with Egs. (5)
and (9) which predict very small durations of the
preshock period, due to the very high seismicity rate of
the area (very large s, and s4 values), which lead to a
space—time overlap of such events. The corresponding
patterns are more evident for larger events (M > 7.0) due
to the much larger areas affected and “controlled” by
such events, as is also correctly predicted by relations
(3) and (8), where the preparation area size scales with
the expected mainshock magnitude.

8. Discussion

Decelerating strain in the narrower seismogenic
region and accelerating strain in the broader critical
region at about the same time period has been observed
in all 46 cases, which concern five complete samples of
recent (since 1980) mainshocks occurred in five
different seismotectonic regimes (W. Mediterranean,
Aegean, Anatolia, California, Japan). These observa-
tions indicate that the proposed “Decelerating In—
Accelerating Out Strain” pattern is probably of general
validity. This conclusion is further supported by the fact
that several investigators have independently observed
similar precursory accelerating generation of interme-
diate-magnitude shocks (preshocks) for many strong
mainshocks, while other researchers observed precur-
sory intermediate-term seismic quiescence (decrease of
the number of small shocks) in the narrower fault zone
for a large number of mainshocks.

In the present work, the time variation of Benioff
strain of both preshock sequences (accelerating and
decelerating) is studied by taking into consideration
information on both the time variation of the frequency
and of the magnitude of preshocks, since Benioff strain
is affected by both these quantities. The method relies on
the use of intermediate-magnitude preshocks (M, =
4.0, see Tables 2 and 3) for which completeness is easily
attained nowadays. The time variation of Benioff strain
is well fitted by a power-law (relation (1)) not only for
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accelerating preshock sequences (average C=0.44+
0.09) but also for decelerating preshock sequences
(average C=0.35+0.09). On the other hand, by con-
sidering seismic strain in the seismogenic region as
decelerating, which requires a seismic excitation at the
start phase of each decelerating sequence, we implicitly
take also into consideration such seismic excitation
which is considered by some investigators as an
important predictive precursor (Evison and Rhoades,
1977; Evison, 2001).

The results suggest that the model uncertainties are of
the order of +0.4 for the mainshock magnitude,
+2.5 years for the origin time and less than 150 km
for the epicenter, with high confidence (~95%).
Furthermore, the combination of accelerating and
decelerating deformation patterns ensures a rather
small probability of artificial observation of the previous
patterns, as tests on synthetic catalogues for one of the
studied areas have shown a small probability of random
combined occurrence (~ 10% or less). However, it must
be emphasized that these uncertainties are only
indicative of the robustness of the model. The practical
predictive capacity of the method (percentage of false
alarms, etc.) and its real uncertainties can be reliably
defined only by a forward procedure, that is, by
attempting predictions of future strong earthquakes, a
direction on which we are currently working.
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