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Abstract

Two models, which contribute to the knowledge on intermediate term earthquake prediction are further
examined, improved and applied. The first of these models, called Time and Magnitude Predictable
(TIMAP) regional model is based on repeat times of mainshocks generated by tectonic loading on a net-
work of faults which are located in a certain seismic region (faults’ region). The second model, called
Decelerating-Accelerating Strain (D-AS) model, is based on triggering of a mainshock by its preshocks.

Parameters of the TIMAP model have been specified for the Aegean area and applied by a backward
test in 86 circular faults’ regions of this area. The test shows the validity of this time dependent
model with 29% false alarms.

Data concerning decelerating and accelerating seismic (Benioff) strain, which preceded 46 strong
(M≥6.3) recent mainshocks in a variety of global seismotectonic regimes, show that the generation
of a mainshock is triggered by quasi-static stress changes due to accelerating preshocks which occur
in a broad (critical) region and by static stress changes due to the large number (frequency of oc-
currence) of small preshocks generated in a narrow (seismogenic) region. Retrospective predictions
(postdictions) of these 46 mainshocks by the D–AS model confirms previous results concerning the
prediction uncertainties (2σ) of the model in the origin time (± 2.5 years), epicenter location (≤ 150
km) and magnitude (± 0.4) of an ensuing mainshock with a probability ~ 80%. Information is also
given on the successful prediction by the D-AS model of: 1) the Cythera strong (M = 6.9) earthquake
which occurred on 8 January 2006 in the southwestern part of the Hellenic Arc and 2) of the Rhodes
strong (M = 6.4) earthquake which occurred on 15 July 2008 in the Eastern part of this Arc.

A backward combined application of both models in the Aegean area shows an uncertainty ≤120km
in the epicenter location of an ensuing mainshock.

1. Introduction

Seismic hazard assessment currently applied is mainly based on the spatial distribution of the mean
seismicity because knowledge of the time variation of seismicity is considered insufficient for such
practical application. This is due to the fact that prediction of individual strong earthquakes, which
are those that cause damage, is a very difficult scientific problem. The solution of this problem can
contribute significantly to the development of techniques for time dependent seismic hazard as-
sessment. For this reason prediction of individual strong earthquakes is one of the most important
problems of seismology from the social point of view.
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Decades of research work on short term prediction (time uncertainty of days to weeks) led to the con-
clusion that such prediction is not possible with the present scientific knowledge (Wyss, 1997). Long
– term earthquake prediction (uncertainty of the order of decades) is also not possible. This is due to
the fact that the physical process of generation of a strong earthquake in a fault is characterized by
properties of deterministic chaos that require very accurate knowledge of this process in order to pre-
dict the next strong earthquake in the fault (Jaumé and Sykes, 1999). Obtaining such knowledge is
also not feasible at present. It seams, however, that there is much hope for intermediate-term earthquake
prediction (uncertainty of the order of a few years) by the use of seismological observations related to:
a) the time variation of stress due to tectonic loading (repeat times of mainshocks, etc) and b) seismic
triggering due to precursory stress fluctuations (precursory change of seismicity).

Time variation of stress due to both physical causes (tectonic loading, triggering) has been considered
for improving knowledge on earthquake prediction because both contribute to earthquake generation.
Thus, long-wavelength stresses associated with the relative motion of major tectonic plates accumulate
relatively slowly (~ 10-5 MPa per year) while typical frictional strength of seismic faults is relatively high
(1 to 10 MPa) (Hill and Prejean, 2006). For this reason, regional stress may remain below the frictional
strength of faults for a long time. Therefore, short–term and short–wavelength fluctuations in both the
stress field and fault strength are needed in order the local stress state to exceed local failure threshold
and contribute to earthquake generation. That is, in addition to tectonic loading, some kind of trigger-
ing mechanism is necessary to explain generation of strong earthquakes. Sources of short-term stress
fluctuations can be other earthquakes in the crust (Freed, 2005; Steacy et al., 2005), other physical fac-
tors (magmatic intrusions, earth’s tides, etc) and anthropogenic activities (reservoir filling, etc). Local
fluctuation of fault strength results usually from changes in the fluid pore pressure within the fault.

Quantitative information on tectonic loading can be obtained by using data from several sources (seis-
mological, geological, geodetic, etc) but for seismological purposes (seismicity, seismic hazard, earth-
quake prediction) seismological data (instrumental, historic) are the most proper ones because such
data give direct information on the seismic effect of tectonic loading and are easily quantified. Seis-
mological data useful for improving knowledge on earthquake prediction can be the repeat times of
large earthquakes (Fedotov, 1965; Shimazaki and Nakata, 1980). There is, however, a limited num-
ber of strong earthquakes which occurred on a particular seismic fault for which quantitative infor-
mation (size, origin time) is available for reliable statistical treatment. For this reason, a seismic
region, which includes “a network of neighboring seismic faults” must be considered to increase
available repeat times. On this idea it is based the “Time and Magnitude Predictable Regional” model
(Papazachos, 1989; Papazachos et al., 1997) in which a large sample of interevent times of strong
earthquakes is available in the region for a reliable study of time dependent seismicity.

Stress change in the focal region of a triggering earthquake is transferred in the focal region of a trig-
gered earthquake in three main modes: the static, quasi-static and dynamic.

Static stress change is the perturbation of the static stress field from just before an earthquake to
shortly after the generation of seismic waves by elastic dislocation models (Das and Scholz, 1981;
King and Cocco, 2001). Static stress changes decay relatively rapidly with distance, Δ, from the epi-
center of the triggering earthquake (as Δ-3) and for this reason their triggering potential is limited to
one or two source dimensions from the focus of the triggering earthquake.

Quasi-static stress change is the gradual stress perturbations caused by the viscous relaxation of the
plastic lower crust and upper mantle in response to the sudden generation of the triggering earth-
quake across the fault in the overlying brittle crust (Pollitz and Sacks, 2002). Quasi-static stress
changes propagate as a two dimensional stress change and thus decays more slowly with distance (as

XLIII, No 1 – 47



~Δ-2) and their triggering potential extends to greater distances than static stress changes. On the other
hand, the relatively low speed of viscoelastic propagation results in delayed triggering. Both static and
quasi-static stress transfer cause permanent stress change in the vicinity of the fault of the triggered
earthquake, which shifts the stress state incrementally to the Coulomb failure threshold on the fault.

Dynamic stress propagates as seismic waves and for this reason its amplitude decreases relatively
slowly with distance (as Δ-2 for body waves and Δ-3/2 for surface waves) and their triggering poten-
tial extends from near field to much greater distances than static or quasi-static stress changes (Kilb
et al., 2002). Dynamic triggering potential can be further enhanced by amplification of radiation di-
rectivity or by stimulating aseismic process (creep, fluid activation) which contribute to triggered
seismicity. Dynamic stress is oscillatory and for this reason leaves no permanent stress to overcome
Coulomb failure stress in a fault.

Fluctuation of stress is expressed by corresponding deviations of seismicity from the background one
caused by tectonic loading. Such seismicity deviations can be positive (seismic excitation) or negative
(seismic quiescence). Several precursory seismicity patterns based on such seismicity deviations have
been proposed for improving knowledge on earthquake prediction. One of the most distinct such pat-
terns is formed of a precursory seismic excitation in a broad region and of reduced seismicity in the
narrow focal region of an ensuing mainshock, originally proposed by Mogi (1969) who called it
“doughnut pattern”.

Significant additional research by several workers has shown that seismic excitation in the broad (crit-
ical) region is characterized by an accelerating generation of intermediate magnitude preshocks (Tocher,
1959; Varnes, 1989; Sykes and Jaumé, 1990; Knopoff et al., 1996; Brehm and Braile, 1998, 1999; Pa-
pazachos and Papazachos, 2000, 2001; Robinson, 2000; Tzanis et al., 2000; Tzanis and Makropoulos,
2002; Ben-Zion and Lyakhovsky, 2002; Scordilis et al., 2004; Papazachos et al., 2005b; Mignan et al.,
2006, among others). Bufe and Varnes (1993) have shown that the cumulative Benioff strain (sum of
square root of seismic energy), S(t), for the accelerating pattern is expressed by relations of the form:

(1)

where tc is the origin time of the mainshock and A, B, m parameters calculated by the available data
with m<1 and B negative.

Intermediate – term quiescence of seismicity of small shocks in the focal region has been also ob-
served before many strong earthquakes and was attributed to stress relaxation due to aseismic sliding
(Wyss et al., 1981; Kato et al., 1997). Some researchers (Evison and Rhodes, 1997; Rhoades and Evi-
son, 1993; Evison, 2001) have observed that a seismic excitation phase can be found in the narrow (seis-
mogenic) region preceding seismic quiescence. Papazachos et al. (2005a) used global data to show
that intermediate magnitude preshocks in the seismogenic region form a decelerating pattern and the
time variation of the cumulative Benioff strain up to the mainshock also follows a power–law (rela-
tion 1) but with a power value larger than one (m>1). That is, this pattern of decelerating strain in the
focal (seismogenic) region is formed of a transient excitation, followed by a decrease of seismicity of
intermediate magnitude shocks.

Papazachos et al. (2006), taking into consideration the above mentioned published information on the
observed accelerating and decelerating precursory seismicity and based on such seismicity which pre-
ceded globally occurred strong mainshocks (M>6.0) developed the Decelerating-Accelerating Strain
(D-AS) model for intermediate term earthquake prediction. This model is based on empirical relations
and parameters most of which have been also derived theoretically and can be physically interpreted.
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These constraints relate parameters of a decelerating and an accelerating preshock sequence with the
main parameters (origin time, magnitude, epicenter geographic coordinates) of the ensuing mainshock,
hence they can, in principle, be used to perform intermediate term prediction of mainshocks.

A goal of the present work is to further develop the time and magnitude predictable (TIMAP) re-
gional model by performing a backward test of this model on strong (M>6.0) shallow (h<100km)
mainshocks generated in circular faults’ regions of the Aegean area (340N-430N, 190E-300E). An-
other goal is to further study properties of the space, time and magnitude distributions of already
occurred decelerating and accelerating preshock sequences of 46 recently occurred (since 1980)
strong (M>6.3) shallow (h<100km) mainshocks in a variety of global seismotectonic regimes. We
also show how these properties have been used to form the Decelerating-Accelerating Strain (D-
AS) model which is applied in a backward test to estimate its time, space and magnitude uncer-
tainties. Properties of preshocks are also used to give reasonable physical explanations for triggering
of a mainshock by its preshocks.

2. The Time and Magnitude Predictable (TIMAP) Model

The TIMAP model is based on the interevent times of mainshocks generated on a network of faults
which are located in a seismic region (faults’ region). That is, the original catalogue of the region
is declustered so that preshocks which trigger a mainshock and postshocks which are triggered by
the mainshock are excluded. Thus, seismic triggering is removed and the finally employed cata-
logue includes only mainshocks caused mainly by tectonic loading. Also, the interevent time con-
sidered in this model is the time between mainshocks generated in different faults of the region.

Papazachos et al. (1997) used a large sample of global data (1811 interevent times of mainshocks
which occurred in 274 regions located in different seismotectonic regimes) to define the relations:

(2)

(3)

where Tt (in years) is the interevent time, Mmin is the minimum mainshock magnitude considered,
Mp is the magnitude of the previous mainshock in the seismic region and Mf is the magnitude of
the following mainshock in the region. Q and W are constants which depend on the long-term seis-
micity level of the seismic region and their mean values (as well as their standard deviation σq and
σw) are calculated by the available data for each region.

Relations (2) and (3) have been derived by using a moment magnitude based on the total seismic
moment released by the mainshock and its preshocks and postshocks. This is also done in the pres-
ent work to calculate Q and W by considering as preshocks and postshocks those events which oc-
curred in a time window +8.5 years from the origin time of the mainshock. It must be noticed,
however, that the differences between the mainshock magnitudes calculated in this way and the ob-
served ones are within the errors’ window.

It has been further shown (Papazachos and Papaioannou, 1993; Papazachos et al., 1997) that the
ratio T/Tt of the observed interevent time, T, to the calculated, Tt, by relation (2) follows a lognor-
mal distribution, with a mean value equal to zero and a standard deviation, σq, which varies from re-
gion to region. It means that we can calculate the probability, P, for the occurrence of a mainshock
with M>Mmin during the next Δt years, when the previous such mainshock (Mp>Mmin) occurred t
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years ago, by the relation:

(4)

where, and F is the complementary cumulative value of the normal 

distribution with mean equal to zero and standard deviation, σ( = σq), where σq( = 0.15) is the av-
erage value of the standard deviations calculated for 218 regions in the Aegean area. Tt is calculated
by relation (2) since Mmin, Mp and Q are known.

2.1 Application of the TIMAP model in the Aegean area

Karakaisis et al., (2010) used the catalogue of instrumental (M>5.2, 1911-2008, h<100km) data (Pa-
pazachos et al., 2008) and of historical (M>6.0, 464BC-1910) data (Papazachos and Papazachou,
2003) for earthquakes in the Aegean area (340N-430N, 190E-300E) to define circular focal regions,
(C,r). Center, C, of a circular region is the epicenter of the largest known earthquake ever occurred
with this epicenter and with magnitude Mmax (>6.0). The radius r ( = L/2) is equal to the half fault
length of this largest earthquake. For the whole Aegean area (Aegean sea and surrounding lands) 223
such circular focal regions have been defined. Karakaisis and his colleagues (2010) also developed
and applied a declustering procedure to exclude associated shocks (preshocks, postshocks) that oc-
curred in the focal region and in a time window +8.5 years from the origin time of each mainshock.
The mainshocks (with M>5.2) have been identified in each circular focal region and a catalogue of
mainshocks has been formed for the whole Aegean area. Furthermore, they defined completeness of
mainshocks in each circular region (C, R = 100km). Thus, in each of the 223 such circular regions
there is available not only the complete sample of instrumental data (M>5.2, 1911-2008) but corre-
sponding complete samples of historical mainshocks too.

These complete samples of mainshocks in each of the 223 circular regions of the Aegean area are used
in the present work to define 218 circular (C, R<100km) regions where the TIMAP model holds. For
these regions there are calculated the constants Q and W of relations (2) and (3) and the corresponding
standard deviations, σq and σw. A backward test of the model is applied for 86 of these circular regions
which include the epicenters of the last two mainshocks with M>6.0 and the latest (target mainshock)
is different in these 86 cases and is retrospectively predicted, as it is explained in the following.

The values of the scaling coefficients (b = 0.19, c = 0.33) of relation (2) and (B = 0.73, C = -0.28)
of relation (3) have been calculated by the use of a very large sample of global data, while the cor-
responding sample for the Aegean area is much smaller. For this reason, the global values of these
scaling coefficients are adopted for the Aegean area too. To further support this approach the fol-
lowing test was also performed: By using a sample of 161 interevent times of mainshocks in the
Aegean area with a constant Mmin = 6.0+0.2 (where +0.2 is the error window) a mean value c* = 0.47
was determined for the scaling coefficient of the relation logTt = c*Mp+Q. On the other hand, c* for
the global data is approximately equal to b+c = 0.52, which is in good agreement with the value de-
termined by data in Aegean. This supports the adoption of the scaling coefficients of relation (2),
which is the most important one of the TIMAP model.

For each of the 218 centers, C, circles are defined, (C, R), with R1<R<R2 and a step δR (e.g. R1 =
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20km, R2 = 100km, δR = 5km). Then, relation (2) is applied to calculate the constant Q by using all
available sets (Mmin>5.2, Mp, logTt) in each such circle. As best solution we considered that one for
the circle (C, Rσ) for which the number, Νσ, of sets (interevent times) is larger than a certain value,
Nσ ≥ Νmin (e.g. Nmin = 4), and the standard deviation, σq, takes its smallest value (σq = minimum).
For each of these regions the values of Rσ and Νσ, the average value of Q and the corresponding stan-
dard deviation, σq, are determined. Also, the available sets (Mmin>5.2, Mp, Mf) of data for each of the
circular regions have been used to define a circle (C, Rw<100km) for which the standard deviation
takes its smallest value. The complete mainshock data for this circle are used to define the average
value of W of relation (3) for each circular region, with a standard deviation σw. The average values
of the standard deviations for all 218 regions are σq = 0.15+0.06 and σw = 0.21+0.08.

A backward test of the TIMAP model is performed to examine its prediction potentiality, that is, to get
an idea about the range of uncertainties of the retrospectively predicted by this model epicenters and
magnitudes of strong (M>6.0) mainshocks. For this purpose, a “target mainshock” is retrospectively
predicted on the basis: of the parameters of a previous known mainshock (location, origin time, mag-
nitude) and of known parameters (C, Rσ, Q, σq, Rw, W, σw) of circular faults’ regions where the epi-
centers of both mainshocks are located. There are 86 such circular seismic regions in the Aegean area
which include at least two strong (M>6.0) mainshocks with different last mainshocks. These 86 last
mainshocks are taken as “target mainshocks” which have been estimated (predicted) retrospectively.

Such retrospective predictions have been made for each one of the 86 target mainshocks. Usually
more than one faults’ centers, C(φ,λ), are clustered near the epicenter of the mainshock. Thus, the
predicted epicenter, Et(φ,λ), is the geographic mean of the clustered centers, C(φ,λ). In particular,
the backward test shows that the distance between the epicenter, Et, defined by the TIMAP model
and the observed epicenter, E, is given by the relation (EEt) = 90+40km, where 40km is one stan-
dard deviation, σ. This backward test also shows that the magnitude predicted by the TIMAP model,
Mt, for each center, C(φ,λ), is equal to Mf+0.3 for Mf<6.4, to Mf+0.2 for Mf between 6.5 and 6.9
and to Mf+0.1 for Mf>7.0, where Mf is given by the relation (3). In case of clustered centers, the
adopted magnitude is the average of the Mt magnitudes calculated for each center of the cluster. The
uncertainty of the magnitude Mt estimated this way is σ = 0.21. Figure (1) shows the cumulative
frequency distribution of the probabilities Pt (Δt = 10years) defined by the TIMAP model on the
basis of the available data 2 years before the generation of the 86 target mainshocks with M>6.0,
of the 66 mainshocks with M>6.5 and of the 38 mainshocks with M>7.0.

A backward test has been also performed to define the percentage of false alarms. For this pur-
pose, it has been attempted a retrospective prediction of the strong (M>6.0) mainshocks which oc-
curred in the whole Aegean area during the time period 1981-2008 when a dense network of
seismographic stations has been in operation in this area. The test is based on these data of strong
mainshocks and on the 218 circular faults’ regions (C, R<100km) in which the epicenters of cor-
responding mainshocks are located. The test is also based on the observation that the rate of main-
shocks with M>6.0 in the whole Aegean area is r = 12.6 (with σ = 2.6) earthquakes per decade
during the period 1966-2008 when networks of seismic stations were in operation in Greece. That
is, the maximum number of expected mainshocks per decade is r+2σ = 18.

The TIMAP model has been applied separately for each one of the nineteen decades, 1981-1990,
1982-1991, …, 1999-2008 and for each of the 218 circular faults’ regions. Probabilities, Pt(δt =
10years) have been calculated using relations (2) and (4) with σ = 0.15, which is the average of
the calculated σq values and by selecting the highest Pt from its values calculated for Mmin equal
to 6.0, 6.5 and 7.0.
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Thus, for each decade a probability was calculated for each one of the 218 circular faults’ regions.
Of those, the 18 regions with the eighteen highest probabilities were considered and their locations
in respect to the epicenters of the mainshocks occurred in this decade were examined. A faults’ re-
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Fig. 1: The probability P(Δt = 10years), as a function of the cumulative frequency, n, of occurrence for the gen-
eration of a strong mainshock (M≥6.0 upper part, M≥6.5 middle part and M≥7.0 lower part) in circular faults’
regions (C, R≤100km) of the Aegean sea and surrounding lands. Distribution of Pt comes from calculations
based on the time dependent (TIMAP) model for a 10 years period which started two years before the genera-
tion of each one of the already occurred strong mainshocks.



gion is considered as “predicting” if it includes the epicenter of at least one strong (M>6.0) main-
shock of the decade, otherwise the region is considered as “false alarming”. This procedure has been
repeated for each one of the nineteen decades.

The result of this test is that 243 of the examined regions have been characterized as predicting and
99 as false alarming, that is, the false alarming percentage is 29% for the TIMAP model in the
Aegean area. This percentage can be attributed to the non strong triggering of these faults’ regions
due to absence of seismic excitation.

This test also suggests that the percentage of the false alarms by the TIMAP model is relatively
large, which means that this model can be used as complementary of the D-AS model for which false
alarms (from tests in random catalogues) are only 10%.

3. The Decelerating-Accelerating Seismic Strain (D-AS) Model

The D-AS model is defined by the power-law relation (1), as well as by other relations which have
been derived by Papazachos et al. (2006). In the present work using additional recent global data
these relations have been tested and in some cases were slightly modified. These refined relations
are presented here for accelerating and decelerating preshock sequences.

3.1 Relations for accelerating preshocks

For accelerating preshocks the model is based on relation (1) and on the following semi-empirical
constraints:

(5)

(6)

(7)

where R (in km) is the radius of the circular (critical) region (or the radius of the equivalent circle
in the case of an elliptical critical region), sa (in Joule1/2/yr.104km2) is the rate of the long term Be-
nioff strain per year and 104km2 in the critical region, tsa (in yrs) is the start time of the accelerating
sequence, tc is the origin time of the mainshock, M is the magnitude of the mainshock and M13 is the
mean magnitude of the three largest preshocks (Papazachos et al., 2006).

In order to compare the obtained results regarding the R, M, tsa values (estimated for each main-
shock with the relations (5), (6), (7)), the probability of each obtained parameter was calculated.
For this reason each model parameter was estimated with respect to its expected value, assuming that
its deviations follow a Gaussian distribution. The average, Pa, of these probabilities is used as a
measure of agreement of the determined parameters with those calculated by these global relations
(Papazachos and Papazachos, 2001). Furthemore, for each point of the investigated area a “quality
index”, qa, has been defined (Papazachos et al., 2002a) by the formula:

(8)

where C is the curvature parameter (Bowman et al., 1998) and m is the parameter of relation (1). On
the basis of a large sample of data concerning accelerating preshock sequences of mainshocks which
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occurred in a variety of seismotectonic regimes and had magnitudes between 5.6 and 8.3 (Papaza-
chos and Papazachos, 2000, 2001; Scordilis et al., 2004; Papazachos et al., 2005b) the following cut
off values have been proposed:

(9)

Worldwide observations show that a mean value of m is 0.30, which is in agreement with theoreti-
cal considerations (e.g. Rundle et al., 1996; Ben-Zion et al., 1999). For these reasons, this value was
adopted as fixed throughout the present work. The geographic point, Q, for which relations (9) are
fulfilled and where the quality index, qa, has its largest value is considered as the geometrical cen-
ter of the critical region. The magnitude, Mmin, of the smallest preshock of an accelerating preshock
sequence for which relations (9) applies and qa has its largest value is given by the relation:

(10)

where M is the magnitude of the mainshock (Papazachos, 2003; Papazachos et al., 2005b). Thus, for
mainshock magnitudes 6.0, 7.0 and 8.0 the corresponding minimum magnitudes of accelerating
preshock sequences are 4.7, 5.1 and 5.6, respectively.

The accelerating seismic strain which complies with the constraints of relations (9) cannot be iden-
tified until a time, tia, before the generation of the mainshock, which is called “identification time”.
In practice, this is the earliest time for which the available data give a valid solution, assuming that
the accelerating preshock sequence ends at the (true) origin time, tc, of the mainshock. From global
data concerning accelerating preshock sequences the following relation is derived:

(11)

Thus, for logsα equal to 4.5 and 6.2, which correspond to the smallest and largest usually observed
values of strain rate in our data-set, the identification time interval tc-tia is equal to 14 years and 4
years, respectively.

The origin time, tc, and the magnitude, M, of the mainshock depend also on the average origin time, ta,
and average magnitude, Ma, respectively, of the corresponding accelerating preshock sequence. Avail-
able data for estimating (predicting) tc and M from equations (10) and (11) are those which concern ac-
celerating preshocks which have occurred when such prediction is made, that is, a few years before the
generation of the mainshock. Taking this into consideration and using the data of accelerating preshock
sequences of the mainshokes listed on table (1) the following relations have been derived:

(12)

(13)

where ta and Ma is the average origin time and average magnitude, respectively, for the accelerating
preshocks which occurred up to three years before the generation of the mainshock (Scordilis, 2010).

Accelerating preshocks are strong (see relation 10) and the largest of these can have magnitude larger
than 6.0 and may cause damage. For this reason it is necessary to be able to estimate (predict) the
largest accelerating preshock which occur, after the identification time which is given by relation (11)
because an accelerating precursory sequence is recognizable after this time. Therefore, the time inter-
val before the generation of the mainshock when the largest accelerating preshock is expected is given
by relation (11). Thus, for the Aegean area, where logsa ~ 5.8, this time interval is about 6 years. The
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epicenter of the maximum accelerating preshock is in the region of the physical center, Pq, and in a max-
imum distance of 150km from the center. The magnitude, Mai, of this shock is given by the relation;

(14)

where M is the mainshock magnitude, as it comes out from the data concerning accelerating preshock
sequences of mainshocks listed on table (1). Thus, for mainshock magnitudes 6.5, 7.0, 7.5 and 8.0, the
magnitudes of the largest accelerating preshocks are, on the average, 6.0, 6.4, 6.7 and 7.0, respectively.

3.2 Relations for decelerating preshocks

Decelerating seismic strain (Benioff strain) released by intermediate magnitude preshocks in the
seismogenic region follows a power-law (relation 1 with m>1) and the relations:

(15)

(16) 

where α (in km) is the radius of the circular seismogenic region, M is the magnitude of the main-
shock, tsd (in yrs) is the start time of the decelerating preshock sequence, and sd (in Joule1/2/yr.104km2)
is the long-term seismic strain rate (long-term seismicity) of the seismogenic region (Papazachos et
al., 2006). A quality index, qd, can be also defined by the relation:

(17)

where Pd is defined for decelerating seismicity on the basis of quantities a, M, tsd and relations (15,
16). The following cut-off values have been calculated by the use of data for decelerating preshock
sequences of corresponding strong mainshocks which occurred in a variety of seismotectonic
regimes (Papazachos et al., 2006):

(18)

From relations (6) and (16) it is evident that the duration of accelerating and decelerating sequences
is equal for strain rate logsa = logsd = 6.35. Since for most studied areas the strain rate is smaller,
the accelerating sequence starts usually earlier than the corresponding decelerating sequence. Thus,
for logsd = logsa = 4.5 (low seismicity areas) the duration of the decelerating and accelerating se-
quences is 36 and 108 years, respectively, while for logsd = logsa = 6.2 (very high seismicity re-
gions) the two durations are almost equal (11 and 12 years, respectively).

Using global data it has been shown (Papazachos et al., 2006) that the minimum magnitude, Mmin, of de-
celerating preshocks for which the best solution (smallest C value) is obtained, is given by the relation:

(19) 

where M is the magnitude of the mainshock. Thus, for mainshock magnitudes 6.0, 7.0 and 8.0 the cor-
responding values of Mmin are 4.1, 4.4 and 4.7, respectively, which are much smaller than the corre-
sponding minimum values (4.7, 5.1 and 5.6) for accelerating preshocks. It is interesting to note that
decelerating seismicity which precedes strong mainshocks (M>6.0) is also pronounced for intermedi-
ate magnitude (M>4.0) preshocks. Data for such shocks are easily available.
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An “identification time” is also defined for each decelerating preshock sequence. Similarly to accel-
erating sequences, this is the earliest time, tid, for which the available data fulfill constraints imposed
by relations (18) and the end of the sequence coincides with the origin time of the mainshock. It has
been shown that the logarithm of the difference between the origin time of the mainshock, tc, and the
identification time, tid, of the decelerating preshock sequence scales negatively with the strain rate, sd
(Papazachos et al., 2005a). A revised form of this relation based on new additional data is:

(20)

Thus, for logsd equal to 4.5 and 6.2, tc-tid is equal to 15 years and 7 years, respectively.

From relations (11) and (20) it comes out that for sd = sa the identification time of the decelerating
sequence of a mainshock occurs earlier than the identification time of its accelerating sequence, al-
though the accelerating sequence starts earlier (see relations 6 and 16).

The first part in the time variation of the Benioff strain graph appears to be almost linear for both
accelerating and decelerating strain (see fig. 2) and the pattern can be identified after the time when
it exceeds the background seismicity level. In a region of low background seismicity this “ex-
ceedance” and recognition will occur earlier than in a region of higher background seismicity, sug-
gesting that the difference between the recognition time and the mainshock origin time decreases
with increasing background seismicity. This explains why the difference between the origin time of
the mainshock and the identification time, tc-ti, as well as between the origin time of the mainshock
and the calculated start time, tc-ts, scale negatively with the long term strain rate, s, for precursory
accelerating (relations 6, 11) and decelerating (relations 16, 20) seismic strain.

3.3 Additional predictive properties of the D-AS model

Relations presented in paragraphs (3.1) and (3.2) express predictive properties concerning the time
and magnitude of an ensuing mainshock. In the present paragraph revised relations for the predic-
tion of the mainshock epicenter are given. These relations concern the geographic distribution (with
respect to the expected mainshock epicenter) of the quality indexes qd and qa (relations 8 and 17)
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Fig. 2: Space and time variation of decelerating and accelerating preshocks observed (in 2007) before the gen-
eration of the strong (M = 6.4) 2008 earthquake near Rhodes island. Left: epicenters of decelerating preshocks
(dots in the smaller of the two circles) and of accelerating preshocks (small white circles in the larger circle). The
star is the predicted epicenter of the ensuing mainshock. Right: time variation of the Benioff strain, S(t), for de-
celerating preshocks (dots) and for accelerating preshocks (small white circles). The curves fit the data by a
power-law (relation 1). The earthquake occurred (15 July 2008, M = 6.4, 36.00N, 27.90E, h = 60km) within the
predicted time, magnitude and space windows (Papazachos and Karakaisis, 2008; Papazachos et al., 2009).



and of six distinct geographic points defined by the geographic distribution of decelerating and ac-
celerating preshocks. An observed time variation of qd and qa, which is a qualitative predictive prop-
erty of the model, is also presented. Uncertainties are also properties of the model and for this reason
are examined in this work and are given in this section.

The curvature parameter, C, which qualifies the deviation of the Benioff strain from linearity, takes
its smallest value at the center, F, of the decelerating preshocks, Cdf, and at the center, Q, of the ac-
celerating preshocks, Caq. At other geographic points, including the epicenter, E, of the ensuing main-
shock, the values of the curvature parameters are larger. Thus, the mean values of the curvature
parameter for preshocks of the mainshocks listed on table (1) are Cdf = 0.32, Caq = 0.42 and the cor-
responding values for the mainshock epicenter are Cde = 0.64 and Cae = 0.71. The larger values of the
curvature parameters at the mainshock epicenter result in smaller values of the quality indexes (qde,
qae) at the actual mainshock epicenter with respect to the corresponding optimal values (qdf, qaq) at
the geometrical centers (F and Q). This is expressed by the following relation, which has been derived
by using all available data for the preshock sequences of the mainshocks listed on table (1):

(21)

This relation applies at the vicinity of the mainshock epicenter and can be used as a constraint in es-
timating (predicting) this epicenter, as it is explained later.

The locations of three geographic points (F, Pf, Vf) defined by the space distribution of decelerating
preshocks and of three corresponding points (Q, Pq, Vq) defined by the space distribution of accel-
erating preshocks can contribute to the prediction of the mainshock epicenter. F and Q are the geo-
metrical centers of the circular regions of decelerating and accelerating preshocks. Pf and Pq are the
physical centers of the two sequences where the density of decelerating and accelerating preshocks,
respectively, is highest (Karakaisis et al., 2007). Vf and Vq correspond to the mean geographic cen-
ter (mean latitude, mean longitude) of the epicenters of decelerating and accelerating preshocks, re-
spectively. There are several ways in which these six points can be used to define the epicenter of
the ensuing mainshock. A simple way is to separate the points into two groups and define the geo-
graphic mean (mean latitude and mean longitude) of each group. The first group is formed of the
points (F, Vf, Pf) which are located in a relatively short distance from the mainshock epicenter and
the distance of their geographic mean, D, from the mainshock epicenter, E, is:

(22)

The second group is formed of the three points (Q, Vq, Pq) which are located at relatively large dis-
tances from the mainshock epicenter and the distance of their geographic mean, A, from the main-
shock epicenter is:

(23)

The available data for the preshock sequences considered in the present work show that the forty–
six mainshock epicenters, E, have a tendency to delineate along the line AD and to distribute sym-
metrically with respect to this line. Thus, the mean distance, x, of E from DA is almost equal to zero
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(considering positive the distances of the points, E, which are in one side of DA and negative the dis-
tances of these points which are in the other side) with a standard deviation 80 km. That is,

(24)

The line DA intersects the circle (D, R = 120 km) in two points (D1, D2). D1 is closer to the mainshock
epicenter (from data of preshock sequences of mainshocks listed on table 1, ED1 = 80+40 km and ED2 =
180+60 km). Although D1 is usually between D and A, we are not sure during the pre-mainshock period
which of the two intersection points is closer to the epicenter of the ensuing mainshock. For this reason
additional independent information is used, such as mean level of time dependent seismicity (e.g. the epi-
center, Et, defined by the TIMAP model in section 2.1) to resolve this ambiguity. Thus, if Ld is one of the
points D1 and D2 which is in a higher seismicity level (closer to Et), we can use the following relation as
the fifth constraint for the location of the epicenter of the ensuing mainshock:

(25)

The estimation (prediction) of the epicenter of an ensuing mainshock is based on constraints defined by
relations (21, 22, 23, 24 and 25). That is, for each geographic point of a grid where the mainshock epi-
center is expected (typically 2ox2o) a probability is calculated for each of these relations by assuming a
normal (Gaussian) distribution for the observed deviations and the average of the five probabilities is con-
sidered as the representative value of probability for each grid point. The three points with the three high-
est such probabilities are defined and their geographic mean (mean latitude, mean longitude) is considered
as the predicted epicenter. The retrospectively predicted parameters, tc

*, E*(φ,λ), M* by the D-AS model
of the 46 strong (M>6.3) mainshocks are listed in table (1).

One should also consider variation with time to the mainshock of both quality indexes qd and qa. This
variation is observed during the time period between the identification time (tid or tia) and the origin time,
tc, of the mainshock (fig. 3). This allows a qualitative continuous inspection (monitoring) of the decel-
erating, qd = qd(t), and accelerating, qa = qa(t), preshock sequences with the time to the mainshock. Thus,
both indexes increase from the corresponding identification times (tid, tia) up to about the 60% of the
time interval tc-ti and both decrease during the rest 40% of the time tc-ti. This suggests that during this
last time interval before the mainshock, seismic excitation of preshocks declines in the broad (critical)
region and is enhanced in the narrow (seismogenic) region.
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Fig. 3: Variation with the time, t (years), to the
mainshock of the quality index, qd, for decelerat-
ing preshocks (open circles) and of the correspon-
ding quality index, qa, for accelerating preshocks
(black triangles) during the period between the
identification time, ti, and the origin time, tc, of
the mainshock.
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Table 1. Observed origin time, tc, epicenter coordinates, E(φ,λ), and moment magnitude, M, of the forty-six
mainshocks and corresponding retrospectively predicted values, t*c, E*(φ,λ), M* for these parameters.

Area tc E(φ,λ) M t*c E*(φ,λ) M*

Mediterranean 1
2
3
4

10.10.1980
23.11.1980
21.05.2003
24.02.2004

36.2, 01.4
40.8, 15.3
36.9, 03.8
35.1, -04.0

7.1
6.9
6.8
6.4

1981.9
1981.1
2001.6
2004.3

36.2, -0.2
41.6, 14.0
36.0, 3.6
35.5, -4.9

7.2
6.8
6.8
6.3

Aegean 1
2
3
4
5
6
7
8
9

09.07.1980
24.02.1981
19.12.1981
17.01.1983
13.05.1995
13.10.1997
18.11.1997
26.07.2001
14.08.2003

39.3, 22.9
38.1, 23.0
39.0, 25.3
38.1, 20.2
40.2, 21.7
36.4, 22.2
37.5, 20.7
39.1, 24.4
38.7, 20.5

6.5
6.7
7.2
7.0
6.6
6.4
6.6
6.4
6.3

1980.4
1979.3
1982.6
1985.5
1994.3
1997.8
1997.8
2000.9
2003.8

39.0, 21.4
39.1, 24.1
38.4, 24.0
38.2, 20.4
39.9, 21.2
36.7, 22.3
36.9, 20.8
39.0, 23.6
38.7, 20.1

6.5
6.8
7.3
6.7
6.7
6.4
6.5
6.6
6.5

Anatolia 1
2
3
4
5

05.07.1983
13.03.1992
01.10.1995
09.10.1996
17.08.1999

40.2, 27.3
39.7, 39.6
38.1, 30.2
34.5, 32.1
40.8, 30.0

6.4
6.6
6.4
6.8
7.5

1983.3
1991.2
1996.7
1996.8
1993.3

39.9, 28.5
39.2, 38.4
39.1, 30.2
35.5, 32.0
39.6, 30.5

6.3
6.5
6.5
7.0
7.1

California 1
2
3
4
5
6
7
8

08.11.1980
02.05.1983
24.11.1987
18.10.1989
25.04.1992
28.06.1992
17.01.1994
22.12.2003

41.1, -124.6
36.2, -120.3
33.0, -115.9
37.1, -121.9
40.3, -124.2
34.2, -116.4
34.2, -118.5
35.7, -121.1

7.3
6.4
6.6
6.9
7.1
7.3
6.6
6.5

1981.1
1979.5
1986.7
1990.0
1991.9
1991.8
1993.4
2004.3

41.6, -124.3
35.5, -119.1
33.2, -117.2
37.1, -122.3
39.5, -123.7
35.9, -116.2
34.5, -118.7
36.5, -120.3

6.9
6.4
6.7
6.8
7.0
7.4
6.3
6.4

Japan 1
2
3
4
5
6
7
8

12.07.1993
04.10.1994
16.01.1995
26.05.2003
25.09.2003
11.10.2003
05.09.2004
16.08.2005

42.9, 139.2
43.7, 147.4
34.6, 135.0
38.8, 141.6
41.8, 143.9
37.8, 142.6
33.2, 137.1
38.3, 142.0

7.7
8.3
7.0
7.0
8.3
7.0
7.4
7.2

1994.6
1995.6
1995.5
2003.0
2004.0
2003.8
2003.1
2004.6

42.0, 139.5
43.3, 147.0
35.0, 134.7
39.3, 142.3
40.7, 144.0
36.6, 142.5
34.1, 137.5
39.4, 141.7

7.8
8.3
7.2
6.7
8.3
6.9
7.6
7.1

Central Asia 1
2
3
4
5
6
7
8
9

20.06.1990
19.08.1992
27.02.1997
10.05.1997
08.11.1997
06.12.2000
26.01.2001
14.11.2001
08.10.2005

37.0, 49.3
42.1, 73.6
30.0, 68.2
33.9, 59.8
35.1, 87.4
39.6, 54.8
23.4, 70.2
35.9, 90.5
34.5, 73.6

7.4
7.2
7.0
7.3
7.5
7.0
7.6
7.8
7.5

1990.6
1993.0
1998.0
1997.8
1996.1
2001.2
2001.2
2004.6
2007.2

36.1, 48.7
42.1, 72.7
30.3, 68.1
33.5, 59.8
34.6, 87.2
40.2, 53.5
23.1, 69.3
37.2, 91.1
35.7, 72.4

7.5
7.1
6.8
7.3
7.4
7.2
7.8
7.7
7.5

S. America 1
2
3

09.10.1995
13.01.2001
23.06.2001

19.1, -104.2
13.0, -88.7
-16.3, -73.6

7.9
7.7
8.3

1991.9
1998.6
2001.6

19.8, -104.5
13.2, -88.3
16.5, -74.6

8.1
7.9
8.2

7 (1)



To define the model uncertainties of the D-AS model with respect to: the origin time, magnitude and
epicenter of an ensuing mainshock, a backward test was performed by applying the model to the al-
ready occurred preshock sequences of the 46 strong mainshocks listed in table (1). This postdiction
resulted in uncertainties: +2.5 years for the origin time of the mainshock, +0.4 for its predicted mag-
nitude and <150km for its epicenter with a probability 90%. Since the probability of the D-AS model
for false alarms is of the order of 10%, the total probability for these time, magnitude and space
windows is reduced to 80%. This result confirms previous similar results (Papazachos et al., 2006).

When the epicenter, Et, estimated by the TIMAP model is known (see section 2.1) the finally predicted
by both models epicenter is based on relations (21), (22), (23), (24) and (25) and on the relation:

(26)

Also, the finally adopted magnitude is the average of the three magnitudes defined by the D-AS
model and of the Mt magnitude defined by the TIMAP model. The 2σ uncertainties when estima-
tions are based on both models are: +2.5 years for the origin time, <120 km for the epicenter and +0.4
for the magnitude of the ensuing mainshock with a probability about 80%.

3.4 Physical explanation of accelerating and decelerating precursory strain

Decelerating and accelerating precursory seismicity, the relative relations and values of parameters
are mainly results of seismological observations. These empirical results, however, need physical ex-
planation to support their scientific validity. Several such attempts have been already made but there
are usually more than one proposals for possible physical models and interpretations. The results of
the present work allow the resolutions of such ambiguities.

3.4.1 Physical explanation of accelerating strain

Accelerating precursory Benioff strain has been physically explained by principles of the critical
point dynamics, that is, by considering the process of generation of the moderate magnitude acceler-
ating preshocks as a critical phenomenon, culminating in a large event (mainshock) considered as a
critical point (Allègre and Mouël, 1994; Sornette and Sammis, 1995; Rundle et al., 2003). We are pre-
senting in this section additional observational information which supports critical triggering of main-
shocks by accelerating preshocks and that this triggering is associated with quasi–static stress changes.

Accelerating strain observed for the forty six accelerating preshock sequences considered in the pres-
ent work occurred at relatively large and much variable distances from the mainshock epicenter (EQ
= 270+120 km). For this reason it is not possible that pre-mainshock static stress changes trigger ac-
celerating preshocks or that static stress change produced by such preshocks trigger the mainshock.

Therefore, critical triggering of the mainshock by accelerating preshocks through a physical process
with gradual stress changes and viscous relaxation of the lower crust and upper mantle can explain
observed properties (long distances and delay times) of accelerating preshocks. That is, quasi–sta-
tic stress change explains contribution to triggering of the mainshock by accelerating preshocks be-
cause such stress change decays slowly with distance, which means that their triggering potential
extends to greater distances than static stress change and because the relatively low speed of vis-
coelastic propagation results in delayed triggering.

Critical triggering predicts increase of the maximum magnitude of accelerating preshocks with the
time to the mainshock. To test it, we divided the total duration of each of the examined 46 acceler-

XLIII, No 1 – 60



ating preshock sequences into ten equal time intervals and for each interval the difference of the
maximum preshock from the corresponding mainshock was calculated. Then, the mean of these 46
differences for each interval was calculated and the time variation of this mean difference was de-
fined. It was observed that this difference decreases with the time to the mainshock, which means
that the magnitude of the largest accelerating preshock increases with the time to the mainshock. This
observational result shows that accelerating seismic strain is mainly due to an increase of the mag-
nitude of accelerating preshocks and supports critical triggering of mainsocks by accelerating
preshocks. In the same way it has been shown that the frequency (number) of accelerating preshocks
also increases with the time to the mainshock.

In the accelerating preshock sequences considered in the present work, there are several cases where
a critical region overlaps partly with another which means that an accelerating shock can be preshock
of more than one ensuing mainshocks. This observation supports the idea that accelerating preshocks
affect the generation of mainshocks by critical triggering.

A power- law for the time variation of accelerating preshock strain, such as relation (1), which has
been derived on the basis of damage mechanics theory (Bufe and Varnes, 1993), is also expected
if seismic cycle is modeled as a critical phenomenon (Sornette and Sammis, 1995; Saleur at al.,
1996). Furthermore, the mean of the observed values of m for this relation is equal to 0.3 (Pa-
pazachos and Papazachos, 2001; Ben-Zion and Lyakovsky, 2002) in agreement with values of this
parameter determined theoretically on the basis of the critical point dynamics (Rundle et al., 1996;
Ben-Zion et al., 1999).

3.4.2 Physical explanation of decelerating strain

Decelerating seismic strain is composed of two main phases. The first is a phase of excitational seis-
mic strain which ends at the identification time (tid in relation 20). The second phase follows and cov-
ers a period of decrease (quiescence) for the seismic strain.

Relations (6) and (16) show that increase of precursory strain in the critical region starts before the in-
crease of precursory strain in the seismogenic region. This observation suggests that the first (excita-
tional) phase of precursory strain in the seismogenic region can be a result of contribution of critical
(quasi–static) triggering in addition to tectonic stressing. It has been further examined: what is the
cause of the following deceleration of seismic strain in the seismogenic region and how the mainshock
is triggered by preshocks which occur in the seismogenic region during the phase of decelerating strain.

Decelerating preshocks are generated close to the mainshock epicenter (FE = 130 + 40 km) and rel-
atively shortly before the mainshock. These observations indicate that changes of static (Coulomb)
stress caused by preshocks in the seismogenic region during the decelerating phase contribute to
triggering of the mainshock. It must be also taken into account that decelerating preshocks consid-
ered in the present work have magnitudes larger than a certain value (see relation 19), which means
that there is a finite number of faults where shocks of a decelerating preshock sequences occur.

A frictional stability model (Gomberg et al., 1998) where a seismic fault obeys rate–and–state fric-
tional constitutive relations (Dieterich, 1992, 1994) can explain seismic quiescence that follows a seis-
mic excitation. Thus, this model predicts that, if triggering results from advancing the failure time of
inevitable earthquakes and if the population of the available faults is finite, a static load results in seis-
mic excitation followed by seismic quiescence, as it occurs with decelerating preshocks considered in
the present work. That is, the seismic excitation in a finite number of faults of the seismogenic region
leaves fewer faults available for failure and thus quiescence follows the seismic excitation.
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Decelerating preshocks are relatively small (see relation 19) and their individual effect on static stress
changes is also small because this change increases with the magnitude, M, of the triggering earth-
quake as ~10aM. It has been shown, however, that if triggering earthquakes follow the Gutenberg–
Richter law with b>a( = D/2, where D is the fractal dimension), small earthquakes dominate in stress
transfer and earthquake triggering because their high frequency overcomes their small individual trig-
gering potential (Helmstetter, 2003; Helmstetter et al., 2005). For earthquake triggering due to static
stress we have D~2, which is also interpreted as the fractal dimension of an active fault network.
Therefore, seismic sequences with b>1 have an increased triggering potential. Such seismic sequences
can also trigger strong mainshocks because in static triggering the magnitude of the triggered earth-
quake is independent of the magnitude of the triggering earthquake (Helmstetter, 2003).

Therefore, it is of importance to calculate the b value of preshocks in the seismogenic region dur-
ing the time of decelerating strain (second phase) and compare b values with D/2. For this purpose,
we considered the decelerating preshock sequences of all 12 mainshocks which occurred in the
Aegean between 1980 and 2004 and have magnitudes M>6.1 (Papazachos et al., 2006). The b value
has been calculated by least-squares for the first phase of each decelerating sequence (excitational
phase), as well as for its second (later) phase. For the first twelve phases b values between 0.8 and
1.9 have been calculated with a mean and corresponding standard deviation 1.3 + 0.3. For the twelve
late phases b values between 1.1 and 2.1 have been calculated with a mean and corresponding stan-
dards deviation 1.6 + 0.3. That is, all late decelerating preshock sequences, which occurred shortly
before the corresponding mainshocks, have high b values and their triggering potential is high. It is,
therefore, reasonable to assume that small preshocks which occur in the seismogenic region during
the second phase contribute to triggering of the mainshock by increasing static stress.

Figure (4) shows a representative case of variation of the cumulative frequency, N, of decelerating
preshocks with their magnitude, M, which started on 4.1.1982 and lasted till the generation of their
mainshock (6.11.1992, M = 6.2, 38.1oN, 27.0oE, east Aegean). The first (excitational) phase lasted till
27.10.1984 (~2.7 years) and the frequency distribution (dots in fig. 4) of preshocks of this phase is
fitted (in the least-square sense) by the relation:

(27)
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Fig. 4: Cumulative distribution of preshocks in
the narrow (seismogenic) region of the main-
shock with M = 6.2 which occurred on 6 No-
vember 1992 in eastern Aegean (38.10N, 27.00E).
Dots refer to preshocks which occurred in the
seismogenic region before the identification
time, when the slope is b = 1.3. Small open cir-
cles refer to preshocks occurred in the same re-
gion after the identification time when b = 2.1.



with a high correlation coefficient (r = -0.99). The second (quiescence) phase lasted till the genera-
tion of the mainshock (~8.0 years) and the frequency distribution (small open circles in fig. 4) of
preshocks of this phase is fitted by the relation:

(28)

with also a high correlation coefficient (r = -0.99). It is observed (fig. 4, relations 27, 28) that for in-
termediate magnitude preshocks (4.4–5.6) the frequency in the seismogenic region is high during the
excitational phase and is much reduced during the quiescence phase. This explains the corresponding
reduction of the calculated Benioff strain and its deceleration with the time to the mainshock. It is also
observed that the frequency of the small preshocks in the seismogenic region is high during the sec-
ond period of the sequence, as it is shown by the increase of the b value, that is, the frequency of small
(M<4.4) preshocks is high in the seismogenic region during the whole preshock time period (tc-tsd).

3.5 Successful predictions by the D-AS model

In addition to backward tests of the D-AS model to estimate its uncertainties, forward tests have
been also performed by attempting prediction of future strong (M>6.3) earthquakes to evaluate its
prediction ability in a more objective way. By such forward tests, two strong earthquakes which oc-
curred recently (2006, 2008) in the Aegean area have been successfully predicted. The first of these
mainshocks occurred on 8 January 2006 in southwestern Aegean, near the Cythera island, with epi-
center coordinates (φ = 36.20N, λ = 23.40E), focal depth h = 65km and moment magnitude M = 6.9.
The second earthquake occurred on 15 July 2008 in southeastern Aegean, near the Rhodes island (φ
= 36.00N, λ = 27.90E, h = 60km), with moment magnitude M = 6.4.

Identification of an accelerating pattern of intermediate magnitude preshocks in southwestern Aegean
was initially made by using data up to 1 July 2000 and resulted in the estimation (prediction) of epi-
center coordinates φ = 36.40N, λ = 23.00E, h<100km, M = 6.8 and time window 2001.3-2004.3 (Pa-
pazachos et al., 2002a). Estimation was repeated by the use of additional data collected during the
next two years and the prediction based on data up to 1 July 2002 was: epicenter coordinates (φ =
36.50N, λ = 23.70E with uncertainty <120km), h<100km, M = 6.9+0.5, origin time tc =
2006.4+2.0years. That is, the earthquake occurred within the predicted space, magnitude and time
windows with a high probability (~80%), while the probability for random occurrence is about 4%
(Papazachos et al., 2002b, 2007).

Identification of a decelerating and an accelerating pattern of intermediate magnitude preshocks in
southeastern Aegean was made by using data up to 1 October 2007 and resulted in the estimation
(prediction) of epicenter coordinates: φ = 36.50N, λ = 27.00E with an uncertainty <150km, focal
depth h<100km, magnitude M = 6.5+0.4 and time tc = 2010.5+2.5years (Papazachos and Karakai-
sis, 2008; Papazachos et al., 2009), with a probability of 80% while the probability for random oc-
currence of the earthquake in these space, magnitude and time windows is much smaller (~36%).

4. Conclusions and Discussion

1. Mainshocks generated by tectonic loading in a network of main faults located in a zone of lithos-
pheric interaction have a quasi-periodic behavior. This is the basic property of the Time and Mag-
nitude Predictable (TIMAP) regional model which is expressed by relation (2). This property,
combined with the observation that the ratio T/Tt of the observed repeat times, T, to that, Tt, given
by relation (2) follows a lognormal distribution, allows the estimation of the probability for the oc-
currence of a mainshock in this predefined mainshocks’ regions during the next Δt years.

XLIII, No 1 – 63



2. The second property of the TIMAP model is expressed by relation (3) which allows the estima-
tion (prediction) of the magnitude, Mf, of the following mainshock in a faults’ region. An interest-
ing property expressed by this relation is that the magnitude, Mf, of the ensuing mainshock in the
region is negatively related with the magnitude, Mp, of the previous mainshock of the region. It
means that the break of a large fault in the region at the start of a period is followed by the break of
a smaller fault in this region at the end of the period and vice versa.

3. A backward test of the TIMAP model by attempting retrospective prediction (postdiction) of the
last strong (M>6.0) mainshock in 86 circular faults’ regions of the Aegean area during a period Δt
= 10 years, which starts 2 years before the mainshock, gave reasonable results. Also, the mean dif-
ference of the observed magnitude and the estimated (predicted) magnitude, Mt (see section 2.1), is
almost zero with a standard deviation equal to 0.21.

The Decelerating – Accelerating Strain (D-AS) model, which has been further developed in the pres-
ent paper by the use of recent global data, has characteristics and predictive properties which are sum-
marized and discussed in the following paragraphs.

4. The D–AS model is based on precursory seismicity change formed of two patterns. The first one
is a precursory accelerating generation of the intermediate magnitude shocks which has been ob-
served in a broad region (called in the present work “critical region”). The second pattern is a pre-
cursory decelerating generation of intermediate magnitude shocks which is observed in the narrow
focal region (called in the present work “seismogenic region”). Both patterns are results of observa-
tions made by many workers, by several techniques and in various seismotectonic regimes (see sec-
tion 3). For this reason these two patterns can be considered as distinct precursory seismicity patterns.

5. The model has been developed on the basis of precursory seismicity of many complete samples of
mainshocks which occurred in the Aegean area, western Mediterranean, Anatolia, California, Japan,
Central Asia and in south and Central America. The D–AS model is also tested in the present work
by recent data concerning preshock sequences of 46 mainshocks which form 7 complete samples and
occurred in corresponding seven seismotectonic regimes (see table 1). The validity of the model for
all preshock sequences of so many mainshocks which form complete samples and occurred in cor-
responding different seismotectonic regimes is a very strong evidence that these two seismicity pat-
terns precede systematically strong (M>6.3) mainshocks and the D–AS model is of general validity.

6. The D–AS model has been also tested by synthetic but realistic catalogues which show that the
probability for false alarms is low (~10%). This is not surprising because the model is based on
many properties of a large number of real preshock sequences that put important observational con-
straints which cannot be easily fulfilled randomly.

7. Although the relations and parameters of the model are based mainly on observations, there are sev-
eral of them which have been derived theoretically or have been interpreted physically. Thus, relation
(1) has been derived on the basis of principles of damage mechanics, as well as on the basis of the crit-
ical point dynamics. The mean value of m ( = 0.3) of relation (1) which has been calculated observa-
tionally by several investigators has been also derived theoretically. Relation (5) and the values of its
scaling coefficients (0.42, –0.30) which are based on observations have been also derived theoreti-
cally. Relations (11, 20) which predict smaller identification period (tc–tia, tc–tid) for regions of higher
seismicity are physically explained because Benioff strain graphs cut high levels of background seis-
micity closer to the origin time of the mainshock than low levels of background seismicity.

8. Most of the relative published works consider accelerating precursory strain as a result of critical-
ity and that the generation of the mainshocks is due to stress change by critical triggering. Observa-
tions made in the present work on 46 accelerating preshock sequences support this idea because the
maximum magnitude of preshocks increases with the time to the mainshock as it is predicted by the

XLIII, No 1 – 64



critical point theory. Evidence is also presented in the present work that during this physical process
stress is transferred in a quasi–static mode and contributes to triggering of the mainshock. The total
duration, tc–tsa, of an accelerating seismic sequence includes two phases. During the first phase, which
lasts from the start (tsa) of the sequence till its identification time (tia), the time variation of the cu-
mulative Benioff strain is almost linear (see fig. 2). During the second phase, which lasts from the
identification till the origin time, tc, of the mainshock, the Benioff strain is accelerating. In most of
the sequences the second phase starts with a period of accelerating strain which covers about 60% of
the phase (increase of qa in fig. 3) followed by a period of strain decrease (decrease of qa in fig. 3),
which lasts till the mainshock and is probably due to a return of seismicity to its background level.

9. Precursory seismic quiescence near the focus of many ensuing mainshocks has been observed by sev-
eral seismologists. In most of these cases it concerns decrease of the frequency of small earthquakes
and in others decrease of seismic deformation. By using data concerning the 46 decelerating preshock
sequences studied in the present work we have shown that it is the frequency of intermediate magni-
tude preshocks (M>4.0) in the seismogenic region which increases originally (excitational phase) and
then decreases (seismic quiescence phase), that causes corresponding changes in the Benioff strain. The
first phase (excitational) which lasts from the start time, tsd, of the sequence till the identification time,
tid, is attributed to critical triggering and tectonic stressing. In the second phase, which lasts between
tid and tc, the Benioff strain declines due to decrease of the frequency of the intermediate magnitude
preshocks, while the frequency of small shocks (M<4.0) continues to be high during this phase as it
comes out from the observed high b value. Decrease of the frequency of the intermediate magnitude
preshocks in the seismogenic region (and corresponding quiescence of strain) in the second phase is
attributed to the fact that many faults of the seismogenic region were broken during the first (excita-
tional) phase and few left available for failure during the second phase. The triggering ability of the
small shocks which occur in the seismogenic region during the second phase is high due to their very
large number (b>D/2). This observation and the fact that these small earthquakes occur close to the
mainshock (in space and time) suggest that their generation transfer static stress which contributes to
triggering of the mainshock. Usually, the second phase is formed of two periods. During the first pe-
riod, which covers about 60% of the total duration of the phase, the Benioff strain decelerates (increase
of qd in fig. 3). During the second period the Benioff strain increases (decrease of qd in fig. 3), which
means a return of seismicity in the seismogenic region to its background level.

10. Neither the center of the seismogenic region (point F of decelerating preshocks) nor the center of
the critical region (point Q of accelerating preshocks) coincides with the mainshock epicenter. How-
ever, the center, F, of the seismogenic region is at a relatively short distance from the mainshock epi-
center and thus the generation of a very large number of small preshocks (indicated by an increase of
the b value) is able to increase static stress and contribute to the triggering of the mainshock. On the
contrary the center, Q, of the critical region is at large and variable distances from the mainshock epi-
center but due to the large magnitudes of accelerating preshocks (see relation 10) and to the increase
of their magnitude and of their frequency with the time to the mainshock, accelerating preshocks can
also contribute to the triggering of the mainshock but by quasi–static stress transfer.

11. Another strong evidence for the scientific validity of the D–AS model is that properties of this
model have been already applied for intermediate–term successful prediction of two recent strong
earthquakes in the Aegean area. The first of these earthquakes, which occurred on 8 January 2006 near
the Cythera island (southwest Aegean) with M = 6.9, has been successfully predicted (time, space and
magnitude within the predicted windows) in 2002 by the use of data concerning precursory acceler-
ating strain (Papazachos et al., 2002b). The second earthquake, which occurred on 15 July 2008 near
Rhodos island (southeast Aegean) with M = 6.4 has been also successfully predicted (on April 2008)
by application of the D–AS model (Papazachos and Karakaisis, 2008; Papazachos et al., 2009).
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12. Estimation (prediction) of the origin time, tc, magnitude, M, and epicenter coordinates, E(φ, λ),
of an ensuing mainshock is based on empirical relations which express predictive properties of the
D–AS model. Thus, the origin time, tc, is calculated by relations (6), (12) and (16), the magnitude, M,
by relations (5), (13) and (15) and the geographic coordinates of the epicenter of the mainshock by
constraints put by relations (21), (22), (23), (24) and (25). Retrospective “predictions” (postdictions)
of the 46 mainshocks listed on table (1) and comparison of the predicted values with the observed ones
confirm that uncertainties are: +2.5 years for the origin time, +0.4 for the magnitude and less than
150km for the epicenter, with a probability 80% if we take into consideration false alarms estimated
by application of the model in random but realistic catalogues. The error in the epicenter is reduced
to <120 km if results of the TIMAP model are also considered.
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