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Global observations show that strong mainshocks are preceded by decelerating preshocks which occur in the
focal (seismogenic) region of the ensuing mainshock and by accelerating preshocks which occur in a broader
(critical) region of the mainshock. Predictive properties of these preshocks have been expressed by empirical
relations supported by theory and form the Decelerating-Accelerating Seismic Strain (D-AS) model. A
respective algorithm has been developed which is used to identify the critical and seismogenic region and
estimate (predict) the corresponding ensuing mainshock. In the present work a forward test of this model is
performed by attempting intermediate-term prediction of future big (M>7.7) mainshocks along the western
coast of south and central America. Three regions of decelerating shocks and three corresponding regions of
accelerating shocks have been identified. The parameters (origin time, magnitude, epicenter coordinates) as
well as their uncertainties have been estimated (predicted) for the corresponding probably ensuing three
mainshocks. This forward test allows an objective evaluation of the model's ability for an intermediate-term
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prediction of strong shallow mainshocks.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Precursory seismic excitation in a broad region accompanied by
decreasing seismicity in the focal region of strong mainshocks has been
observed some decades ago and was called “doughnut pattern” by Mogi
(1969). This general concept, which expresses qualitatively a behavior of
precursory seismic activity, has been supported by quantitative investiga-
tion of precursory seismic activity. It led to the important conclusion that
precursory seismic activity in the broad region is accelerating and in a
narrower region is decelerating with the time to the mainshock.

Accelerating seismicity concerns the accelerating generation of
intermediate magnitude preshocks with the time to the mainshock
and has been extensively investigated (Tocher, 1959; Raleigh et al.,
1982; Sykes and Jaumé, 1990; Knopoff et al., 1996; Brehm and Braile,
1999; Papazachos and Papazachos, 2001; Robinson, 2000; Tzanis
et al,, 2000; Papazachos et al., 2005b; Mignan, 2006, among many
others). On the basis of a damage mechanics model, Bufe and Varnes
(1993) proposed the following relation for the time variation of the
cumulative Benioff strain, S(t) (in Joule'/?), released by accelerating
preshocks at the time, t:

S(t) =A+B(te —t)" (1)
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where t. is the origin time of the mainshock and A, B and m are
parameters determined by the available data with m<1. Bowman et al.
(1998) suggested the minimization of a curvature parameter, C, which
is defined as the ratio of the root-mean-square error of the power-law
(relation 1) to the corresponding linear-fit error and used this
parameter to identify regions of accelerating preshocks. Accelerating
precursory seismicity has been interpreted in terms of the critical
point dynamics (Sornette and Sornette, 1990; Sornette and Sammis,
1995; Rundle et al., 2000; 2003) or by the Stress Accumulation Model
(Bowman and King, 2001; King and Bowman, 2003).

Decrease of the frequency of small preshocks in the focal region in
respect to the background frequency, called “seismic quiescence”, has
been also observed by many researchers (Wyss and Habermann, 1988;
Jaumé, 1992; Bufe et al., 1994; Zoller et al., 2002, among others) and has
been attributed to stress relaxation due to aseismic sliding (Wyss et al.,
1981; Kato et al., 1997). Precursory transient seismic excitation followed
by continuous decrease of the seismic strain, called “decelerating
seismic strain”, has been observed before many mainshocks and its
variation with the time to the mainshock is also fitted by a power-law
(relation 1) with m>1 (Papazachos et al., 20054, b). Decelerating seismic
strain is attributed to static stress shadow (Papazachos et al., 2006)
predicted by the Stress Accumulation Model (Bowman and King, 2001;
King and Bowman, 2003).

Papazachos et al. (2006) by taking into consideration the relative
published information on decelerating and accelerating seismic strain,
and using recent (since 1980) reliable data on such sequences of already
occurred strong (M>6.4) mainshocks in a variety of seismotectonic
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regimes, developed the “Decelerating-Accelerating Seismic Strain”
(D-AS) model and a corresponding algorithm for intermediate term
prediction of strong (M>6.0) shallow (h<100 km) mainshocks. This
model is expressed by empirical relations with predictive properties
and has been tested by its application on preshock sequences of
seven complete samples of 46 strong (M=6.3-8.3) mainshocks
which occurred in various seismotectonic regimes (W. Mediterra-
nean, Aegean, Anatolia, Central Asia, Japan, California, S. America).
However, this backward procedure is not enough and forward
testing, by attempting predictions of future mainshocks, is necessary
for a more objective evaluation of the predictive ability of the model.
Predictive properties of the accelerating pattern have been already
applied (in 2002) for the successful intermediate term prediction of
the 8.1.2006 large (M=6.8) earthquake which occurred in the
southwestern part of the Aegean (Papazachos et al., 2007). This is
encouraging for forward tests of the model like that attempted in the
present work.

The purpose of the present work is to apply the D-AS model on
data for shocks (preshocks) which occurred up to 1 October 2007 in
the western part of south and central America in order to estimate
(predict) the basic parameters (origin time, magnitude, epicenter
coordinates) of big (M>7.7) shallow (h<100 km) mainshocks in this
area. We limited our investigation to such big mainshocks because
smaller shocks in this region are usually associated shocks (post-
shocks, aftershocks) which cannot be predicted by this method. This
restriction in the mainshock magnitude and the restriction in the
focal depth of the mainshock and of preshocks (h<100 km) result
from a backward test of the method in south and central west
America.

The D-AS model has been developed by data of earthquakes which
occurred in the Mediterranean, California, central Asia, south and
central west America and Japan. For the first three areas forward tests
of the model have been already attempted. In these three areas,
however, no broad subduction zones and no big (M>8.0) earthquakes
occur while such zones and earthquakes occur in the last two areas.
This is the main reason for which such test is performed in the present
paper for south and central west America. We are now preparing a
forward test for Japan too.

Papazachos et al. (1997) have developed the “regional time and
magnitude predictable model” (R-TM), which can also contribute to
intermediate term earthquake prediction. The basic relations of this
model are:

log T = 0.19Mpin +0.33M, + ¢ @)
M; = 0.73Mpyp — 0.28M, +m 3)

where, T is the interevent time between the mainshocks of a region,
Min is the minimum mainshock magnitude, M, is the magnitude of the
previous mainshock, My is the magnitude of the following mainshock
and g, m are parameters which are calculated by the available data of the
region. This is a time-dependent model since the time of the following
mainshock in a region depends on the magnitude, M, of the previous
mainshock and can be used for intermediate term prediction. Thus, in
the present work, relation (3) is used to calculate an additional value for
the magnitude of the predicted mainshock.

The investigated area is formed of two long seismic zones. The first
one extends along the western coast of south America, has an almost
north-south direction (45° S-5° N, 65° W-84° W) and is a result of
convergence of the south American lithosphere with the Nazca
lithospheric plate. The second one is a narrow seismic zone which has
a SE-NW direction and is defined by the geographic points (5° N, 65° W),
(5°N, 84° W), (16° N, 106° W), (24° N, 106° W). This seismic zone is a
result of convergence of the north American and Caribbean litho-
spheric plates with the Cocos lithospheric plate. Fig. 1 shows the
epicentres of the shallow (h<100 km) earthquakes which occurred
during the period 1900-2007 in the investigated area (along the
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Fig. 1. Distribution of epicenters of the shallow (h<100 km) earthquakes with M>7.7 which
occurred along the west coast of south and central America during the period 1900-2007.

western coast of south and central America) and have moment
magnitudes M>7.7.

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

The D-AS model is formed of relations with predictive properties
which can be separated in three categories. The first category includes
relation (1) and other relations, which concern accelerating preshocks
and are used for the estimation (prediction) of the origin time and the
magnitude of the ensuing mainshock. The second category of relations
includes also relation (1) and other relations which concern
decelerating preshocks and are used to estimate (predict) another
value for the origin time of the mainshock and another value for its
magnitude. The relations of the third category are based on properties
of both accelerating and decelerating shocks (preshocks) and are used
to estimate (predict) the epicenter coordinates of the ensuing
mainshock. All these relations are based on global observations but
most of them have been derived theoretically and/or interpreted
physically (Papazachos et al., 2006).

2.1. Accelerating preshocks

An accelerating preshock sequence follows relation (1) with m<1
and the relations:

log R = 0.42M — 0.30 log sq + 1.25, ¢=0.15 (4)
log(t; — tsa) = 4.60 — 0.57logsq, ¢=0.10 (s)
M = M3 + 0.60, ¢ =020 (6)
log(te — ta) = 3.11 — 0.36logs, (7)

where R (in km) is the radius of the circular (critical) region, s, (in
Joule'?jyr 10* km?) is the rate of the long-term seismic strain, s, (in
yr) is the start time of the accelerating sequence, t. is the origin time of
the mainshock, M is the magnitude of the mainshock, M3 is the mean
magnitude of the three largest preshocks and ¢, is the mean origin
time of the accelerating preshocks.

A “quality index”, qq, is defined by the relation:

P
Ga = miﬂc ®)
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where P, is the arithmetic mean of the probabilities that each
obtained solution (M, R, ty, t.) conforms with the global relations (1, 4,
5, 6) assuming that the deviation of each parameter follows a Gaussian
distribution (Papazachos et al., 2002). Application of this procedure on
a large sample of accelerating preshock sequences (Papazachos et al.,
2005b) resulted in the following cut-off values:

€<0.60, P;>0.45, m=<0.35,¢,>3.0 9)

Worldwide observations show that the mean value of m is 0.30,
which is in agreement with theoretical considerations (Rundle et al.,
1996; Ben-Zion et al., 1999) and for these reasons this value of m is
adopted in the present work. The magnitude, My, of the smallest
preshock of an accelerating preshock sequence for which relations (9)
hold and q, has its largest value is given (Papazachos et al., 2005b) by
the relation:

Mmin = 0.46M + 1.91 (10)

where M is the magnitude of the mainshock. Thus, for M=6.0, 7.0 and
8.0 the My, is 4.7, 5.1 and 5.6, respectively.

The geographic point, Q, for which relations (9) hold and the
quality index, qg has its largest value for a particular accelerating
preshock sequence is considered as the geometrical center of the
critical region, that is, the center of the circle with radius, R, given by
relation (4). In addition to Q there are two other distinct geographic
points (Vq, Pg) which are defined by the distribution of the epicenters
of accelerating preshocks and are useful for studying time dependent
seismicity. V, is the geographic mean (mean latitude, mean longitude)
of the epicenters of the shocks of an accelerating preshock sequence.
P, is the geographic point from where the density (number of
epicenters per unit area) of accelerating preshocks decays with the
distance according to a power-law and is called physical center of the
accelerating sequence (Karakaisis et al., 2007).

2.2. Decelerating preshocks

For a decelerating preshock sequence a power-law (relation 1 with
m>1) and the following relations hold:

log a = 0.23M — 0.14logsy + 1.40, o =0.15 (11)

log(te — tsq) = 2.95 — 0.31logsy, o=0.12 (12)

where a (in km) is the radius of the circular (seismogenic) region
where the epicenters of decelerating preshocks are located, M is the
magnitude of the mainshock, ty; (in yr) is the start time of the
decelerating preshock sequence, and s, (in Joule'?/yr 10% km?) is the
long-term seismic strain-rate (long-term seismicity) of the seismo-
genic region (Papazachos et al., 2006).

A quality index, q4, has been also defined for each decelerating
preshock sequence by the relation:

_Pdm
Qd*T (13)

where Py is the mean value of the probabilities that each one of the
quantities (a, M, t,q, t.) of an obtained solution fits the global relations
(11, 12), assuming that the deviation of each parameter follows a
Gaussian distribution. The following cut-off values have been
calculated by the use of global data (Papazachos et al., 2006):

€<0.60,2.5<m=<3.5,P;>0.45,,>3.0 (14)

From a large number of globally occurred decelerating preshock
sequences, an average value equal to 3.0 has been derived for m and this
value is adopted in the present work. Attempts for retrospective
“predictions” with different values of m did not lead to any decrease of
uncertainties. The minimum magnitude, M, of a decelerating

preshock sequence for which the best (optimum) solution is obtained,
is given by the relation:

Minin = 0.29M + 2.35 (15)

where M is the magnitude of the mainshock. Thus, for M=6.0, 7.0 and
8.0 the My, is equal to 4.1, 4.4 and 4.7, respectively.

The geographic point, F, for which relations (14) are fulfilled and
where g4 has its largest value is considered as the geometrical center
of decelerating preshocks, that is, the center of the circle which
includes the epicenters of decelerating preshocks and has radius, a (in
km), given by relation (11). There are also two other geographic points
(V}, Py), which are defined by the distribution of the epicenters of the
decelerating preshocks. Vris the geographic mean of the epicenters of
decelerating preshocks. Py is the physical center of the decelerating
preshocks from where the density of the epicenters of these preshocks
decays with the distance according to a power-law (Karakaisis et al.,
2007).

2.3. Relations for locating the mainshock epicenter

The estimation (prediction) of the geographic coordinates of the
epicenter of an ensuing mainshock is based on the locations of the six
distinct geographic points (F, Vj, Py, Q, Vy, Pg), which are defined by the
space distribution of the preshocks. This estimation is also based on
the values of the quality indexes (qqe, qe) in the mainshock epicenter,
E, in respect to their values (qqy; qqq) in the geometrical centers (F, Q) of
already occurred mainshocks (Papazachos et al., 2006).

The six distinct geographic points are separated in two groups. The
first group is formed of the three distinct geographic points (F, Vj, Py),
which are at relatively short distances from the mainshock epicenter
and their geographic mean (mean latitude, mean longitude) is a point,
D, the distance of which from the mainshock epicenter, E, is:

(ED) = 110+50 km (16)

The second group is also formed of the three distinct geographic
points (Q, V,Vq, Pq) which are at relatively large distances from the
mainshock epicenter and their geographic mean, A, is in a distance
from the mainshock epicenter, E, which is given by the relations:

(AE) = 15040 km,
(AE) = (AD)+100 km,

(DA)<230 km (17)
(DA)>230 km

Relations (16, 17) form the first two constraints for the mainshock
epicenter.

From investigation of a large number of preshock sequences it
comes out that the mainshock epicenters have a tendency to delineate
along the line DA and lie symmetrically with respect to this line. Thus,
by considering as positive the distances from the line DA of the
epicenters which are in one side of this line and as negative these
distances of the epicenters which are in the other side, it is found that
the mean, x, of all distances is equal to zero with a standard deviation
80 km. That is:

X =0+80 km (18)

This is the third constraint for the mainshock epicenter.

Measures of precursory decelerating and accelerating seismic
strain have smaller values in the mainshock epicenter than in the
corresponding geometrical centers (e.8. qge<qds Gae<qaq)- This has
been expressed by the following relation:

Qde + Gae

=0.45+0.13 (19)
qdf + Qaq

which forms a fourth constraint for the location of the mainshock
epicenter.
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There is a point, L, of the grid where the probability for a random
generation of a shock is highest. The distance of this point from the
mainshock epicenter is given by the relation:

(EL) = 110+70 km (20)

which forms the fifth constraint for the location of the mainshock
epicenter.

Therefore, the D-AS model defines quantitatively the space, time
and magnitude distributions of preshocks with empirical relations
which are supported by physical models and can be used, in principle,
to predict the origin time, t., the magnitude, M, and the epicenter
coordinates of ensuing mainshocks.

3. The data

A complete and homogeneous earthquake catalogue covering the
broader area of study and extending over a wide time period is
required for the present work. The main data sources that were used
for this purpose are the bulletins of the International Seismological
Centre (ISC, 2007) and the National Earthquake Information Centre
(NEIC, 2007) of the USGS, as well as the online CMT catalogue of
Harvard (2007).

The compiled catalogue (Papaioannou et al., 2007) concerns a
broad area bounded by the coordinates 50° S-30° N, 120° W-54° W
and covers the time interval 1900-September 2007. Magnitudes in
the above data sources are given in several scales (Ms, mp, My, Mjma,
M,,). To ensure the homogeneity of the catalogue with respect to the
magnitude, the moment magnitude scale was selected as the most
reliable one. All other magnitudes were transformed into the
moment magnitude scale, M,, (=M), by appropriate formulae
(Scordilis, 2005, 2006). We applied these formulae for conversions
to moment magnitude because these are based on a larger sample of
data than previously proposed conversion formulae (e.g. Utsu,
2002). The reliability of this conversion is also evidenced by
successful backward tests of the model based on such magnitude
conversions. The finally adopted magnitude for each earthquake is
either the original moment magnitude (published by Harvard or
USGS) or the equivalent moment magnitude estimated as the
weighted mean of the converted magnitude values, by weighting of
each participating magnitude with the inverse standard deviation of
the respective relation applied. The errors in the magnitudes of the
catalogue are up to 0.3 and in the locations up to 30 km, which are
satisfactory for the purpose of the present work. The finally
compiled catalogue (Papaioannou et al., 2007) includes information
on 50,956 earthquakes with equivalent moment magnitudes
3.55M<9.6, focal depths up to ~670 km and covers the period
1900-September 2007.

This catalogue is complete for magnitude ranges that depend on
the region and on the time periods that were tested. Three complete
samples of data are required in this study: a) one sample of shocks to
calculate the long-term strain rates (s, S4) needed in relations (4, 5, 7,
11 and 12), b) a second sample of shocks (decelerating preshocks) to
calculate the decelerating with time Benioff strain, and c) a third
sample of shocks (accelerating preshocks) to calculate the accelerating
with time Benioff strain.

From previous studies in several areas globally (Mediterra-
nean, California, Himalayas) it has been shown that for reliable
estimation of long-term strain rates (s, S4), time periods which
include shocks with M>5.2 are the proper ones. Consequently,
the minimum magnitude M=5.2 is selected in the present case
for defining the corresponding time period to calculate the long-
term strain rates. The completeness of the data was checked for
several sub-regions, time periods and cut-off magnitudes using
both the frequency-magnitude and cumulative frequency-magni-
tude relation. It has been finally found (Fig. 2) that the catalogue
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Fig. 2. Frequency (right axis) and cumulative frequency (left axis)-magnitude
distributions for the time periods: 1900-1964 (a), 1965-2007 (b) for the broader area
of the west coast of central and south America.

is complete for the following periods and corresponding magni-
tudes:

1900 — 1964 M=>6.7 1)
1965 — 2007 M=>4.9

From relations (21) it comes out that the data-set for the period
1965-2007 can be used for the estimation of the long-term seismicity
rates (sq Sq), since all earthquakes that occurred in the tested area
during this time period with M>5.2 are included.

The D-AS model has been tested for shallow shocks (preshocks,
mainshocks). It has been also observed that for shocks in big
subduction zones the data of shocks with focal depths up to 100 km
contribute positively to the improvement (increase) of the quality
indexes (qq, qq)- For this reason shocks with h<100 km are considered
in the present work.

Declustering for removing aftershocks has no important effect on
the results because duration of aftershocks is of the order of weeks to
months while preshock sequences last from years to decades. For this
reason the data used in the present work have not been declustered.

4. Procedure followed

In order to identify probable seismogenic regions where deceler-
ating preshocks currently occur and corresponding critical regions
where accelerating preshocks occur and estimate the mainshock
parameters (origin time, magnitude, epicenter coordinates), a three-
step procedure is followed. The critical and seismogenic regions are
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Table 1
Parameters of the circular region of decelerating seismic strain (first line) and of the
circular region of accelerating seismic strain (second line)

(s FlQ M alR C q Mmin 1 fiy logs
1 20122 -228,-732 84 331 027 88 47 34 1996 5.59
2009.5 -26.5,-722 86 2045 047 61 6.0 197 1967 5.22
2 20097 1.0,-76.9 8.6 416 028 105 4.7 162 1991 542
20103 -1.0,-77.0 87 2236 039 72 6.0 233 1965 5.19
3 20117 19.5,-99.0 8.0 307 027 108 46 107 1993 5.42
20111  18.0,-98.0 85 1875 043 75 57 427 1964 513

F/Q is the geometrical center of the region, t. (in years) is the estimated origin time for
the expected mainshock, M is its magnitude, a/R (in km) is the radius of the region, C is
the curvature parameter, q is the quality index, My, is the magnitude of the smallest
shock (preshock), n is the number of these shocks, t; is the start year of the sequence
and s (in Joule!?/yr 10* km?) is the long-term strain rate in each region.

considered as circular although the algorithm can also treat elliptical
regions. The reason for this is that the results are very similar for
circular and elliptical regions and calculations for circles are much
faster.

During the first step the whole search area of western south
America and western central America has been separated by a grid of
points (e.g. 0.2° NS, 0.2° EW). Each grid point is considered as the
geometrical center of a circular seismogenic region where decelerat-
ing preshocks occur and the radius, a in (km), varies in a range
defined by relation (11) and its uncertainties, with a certain step (e.g.,
5 km). The strain rate, s4 (in Joule'/?/yr 10*%km?), is calculated for each
circle by using the sum of the square root of seismic energy (Benioff
strain), released by shocks with M>5.2 which occurred in the circle
during the period 1.1.1965-1.10.2007, divided by the product of the
area of the circle (in 10*km?) and the time duration (~43 yr). This is
done for a range of mainshock magnitudes between 7.7 and 9.0 with
a certain step (e.g. 0.2) and of t,4 in a certain step (e.g. 1 yr). The
minimum searched value of mainshock magnitude (M=7.7) was
chosen because backward tests of the D-AS model in South America
(Papazachos et al., 2006) show that smaller earthquakes in this area
are, usually, associated shocks (preshocks, aftershocks, postshocks).
So, shocks with M<7.7 cannot be considered as mainshocks in this
area and cannot be predicted by this model. An initial preliminary
value is estimated for t. on the basis of the identification time of the
preshock sequence (Papazachos et al., 2006). The Benioff strain
(square root of seismic energy) is calculated by information on all
shocks (decelerating preshocks) with My, given by relation (15)
that have epicenters within each circle and occurred since tsy. For
each circle (each a), each M and each t;y the parameters A, B of
relation (1) with m=3.0, the curvature parameter C, the probability
P4 and the quality index qq (relation (13)) which fulfill relations (14)
are calculated.

It has been observed that the values of g, are spatially clustered in
three groups. The geographic point of each group for which g, has the
maximum value is considered as the geographic center, F, of the
seismogenic region and the corresponding solution (., (@A), M, a, C,
qd» Mmin, 1, tsq, 10gs4) is considered as the best solution for this group.
This optimization procedure is repeated for several assumed values of
t.. The value of M which corresponds to the best solution is considered
as one of the two values estimated by the D-AS method for the
magnitude of the expected mainshock. A value of the origin time, ¢, of
the expected mainshock is also estimated in this first step of the
procedure, by the application of relation (12) and the use of t;4 and sy
of the obtained (by optimization) best solution.

In the second step of this procedure the same broad area of the
western south and central America has been searched and three
corresponding circular critical regions, where accelerating shocks
(preshocks) currently occur, were identified. The geometrical center,
Q, of each critical region and the best solution (t;, Q(@,A), M, R, C, qq,
Min, N, tsq, 10gs,) were defined by considering the largest value of q,.

The corresponding magnitude to this best solution is considered as a
second value of the magnitude, M, of the expected mainshock. A third
value for this magnitude is calculated by relation (3). Two additional
values for the origin time, t., are calculated by relations (5) and (7) and
the use of t,, ts, and s, of the best solution for the accelerating strain.

In the third step of this procedure the geographic coordinates of the
epicenter, E(¢, A), of the expected mainshock have been estimated on
the basis of relations (16-20). That is, these relations have been tested
for each point of the grid and five corresponding probabilities are
calculated for each of these points, by assuming a Gaussian distribution
for the observed deviations. The average of the five probabilities is
considered as the representative value of each geographic point and
the point with the highest representative probability has been
considered as the mainshock epicenter.

5. Model uncertainties

Application of the above described procedure on preshock
sequences of a large number of globally already occurred mainshocks
indicates model uncertainties equal to +2.5 years for the origin time,
+0.4 for the moment magnitude and up to 150 km for the epicenter of
a mainshock, with a high probability (~90%) for the occurrence of a
mainshock within all three windows. However, errors are also due to
false alarms, as it is indicated by tests on synthetic catalogues
(Papazachos et al., 2002, 2005a, 2006). This probability for false
alarms of the D-AS model has been estimated by the following
procedure (Papazachos et al., 2006). The original earthquake catalo-
gue for a selected region (Aegean area) was initially declustered by
applying the Poisson distribution for the time of occurrence of shocks
and the Gutenberg-Richter relation for their magnitude distribution
in each seismic zone of this area. The random (Poisson) distribution of
shocks in space and time was estimated and adopted to the
declustered catalogue. Finally, aftershocks following the known time
and space patterns were added to evaluate the final synthetic
catalogue. Such tests on a large number of synthetic catalogues of
the D-AS model (false presence of joint decelerating—accelerating
patterns) indicate a low probability (~10%).

Therefore, the probability for the occurrence of a mainshock
predicted by the D-AS model is about 80%, if we take into
consideration the probability (~90%) for the defined model errors
(based on a posteriori predictions) and the probability (~90%) found
through tests for false alarms on synthetic catalogues. This probability
is compared in each case with the probability for random occurrence
of an expected mainshock, which is calculated by applying the
Gutenberg-Richter recurrence relation for the distribution of the
magnitudes of a complete sample of shocks and assuming a standard
Poisson distribution for the time variation of these shocks.

6. Results

Table 1 gives the estimated parameters (t., (@A), M, a, C, g4, Mmin,
n, tsg, logsy) of the best solution (in the first line for each of the three
cases) which come from the decelerating seismic strain, where n is the

Table 2
The estimated origin time, t., epicenter coordinates, E(¢,\), and magnitude, M, for each
of the three probably ensuing mainshocks in the western south and central America

te E(pA) M P,
1 2010.9 22,60 S, 7130 W 8.2 0.08
2 2010.6 0.10'S, 77.50 W 85 0.14
3 2011.4 18.00 N, 100.00 W 8.0 0.07

Model uncertainties are: +2.5 years for the origin time, <150 km for the epicenter, +0.4
for the magnitude and focal depth h<100 km for each expected mainshock, with an
about 80% probability. The probability, P,, for random occurrence of a mainshock with
magnitude M+0.4 during a time period of 5 years in each predicted circular region is
given in the last column of the table.
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Fig. 3. Information on the decelerating-accelerating strain in the western part of south America (1, 2) and of central America (3). Dots are epicenters of decelerating shocks
(preshocks), which are included in the smaller circular (seismogenic) region and small open circles are epicenters of accelerating shocks (preshocks), which are included in the larger
circular (critical) region. The stars denote the predicted epicenters of the expected mainshocks. The time variation of the decelerating and accelerating Benioff strain, S(t), are shown
at the right part of each case. The best-fit lines of the time variation of the Benioff strain which follow a power-law relation (1), are also shown.
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number of decelerating shocks (preshocks). In the same table the
estimated parameters (t., Q(@,A), M, R, C, qq, Mmin, 1, tsq, lOgs,) of the
best solution (in the second line for the three cases) for accelerating
seismic strain are also included.

The finally estimated (predicted) values for the origin time, t,
moment magnitude, M, and epicenter coordinates, E(o,A), for each
one of the three probably ensuing mainshocks are listed in Table 2. The
errors in these estimated parameters are +2.5 years for the origin
time, +0.4 for the magnitude and <150 km for the epicenter of the
expected mainshock, with a probability of about 80%, which expresses
the model uncertainties and takes also into account false alarms based
on test on synthetic but realistic catalogues.

This probability must be compared with the probabilities for
random occurrence of earthquakes in each one of the three predicted
regions as well as in the broader area of western south and central
America examined in the present work. These random probabilities
have been estimated by the use of the complete data with M>5.2 for
the period 1965-2007 and the application of the Gutenberg-Richter
relation for the magnitude distribution and of the Poisson distribution
for the time of shocks. These probabilities, P,, have been calculated for
M=27.7 and period of 5 years, which is the time window and are listed
in Table 2, while this probability for the whole searched area of
western south America is 0.50 and of western central America is 0.38.

Fig. 3 shows, on corresponding maps, the epicenters of the
decelerating shocks (dots), the epicenters of the accelerating shocks
(small open circles), the circular seismogenic regions (circles which
include epicenters of decelerating shocks) and the circular critical
regions (larger circles which include epicenters of accelerating
shocks). The numbers (1, 2 and 3) correspond to the three cases and
the code numbers of Tables 1, 2. The corresponding time variations of
the cumulative Benioff strain for accelerating and decelerating shocks
are also shown, together with the best-fit lines, which fit the data
according to the power-law relation (1) with m=0.3 for accelerating
strain and m=3.0 for decelerating strain.

7. Discussion

In the present work all scientific information is given for an objective
backward evaluation of the predictions made in this paper, after the
expiration of the estimated time windows (e.g. 2014). This information
concerns the predicted parameters (epicenter coordinates, origin time,
magnitude) and their uncertainties, the probability for the occurrence of
the earthquakes in the defined space, time and magnitude windows, as
well as the probability for random occurrence of each earthquake in
these windows. An accurate definition of the broad area which has been
searched for the identification of the D-AS pattern is also made. Thus,
the occurrence or non-occurrence of such big mainshocks in regions of
the broad area where no such pattern has been identified is also
considered in the evaluation. However, for the application of a
scientifically valid procedure of evaluation the following additional
information is also necessary.

The present paper deals with predictions of big mainshocks
(M>7.7). The D-AS model has (in principle) the ability to predict
only the largest earthquake (mainshock) of a clustered in space and
time seismic sequence, which also includes other (associated) shocks
(preshocks, postshocks, which occur in a network of neighboring
faults). Associated shocks cannot be predicted by this procedure
because their preshock region and preshock time cannot be identified
as they are part of the preshock region and time of the mainshock. In
some (rare) cases associated shocks are comparable in size with the
mainshock and their epicenter, origin time and magnitude can also be
within the predicted space, time and magnitude windows.

Thus, the generation of at least one earthquake with: focal depth
h<100 km, observed epicenter within a circle of radius 150 km and center
the predicted epicenter, observed magnitude equal to the predicted
magnitude +0.4 and origin time the predicted origin time +2.5 years, will

be considered as a success. The non generation of a predicted earthquake
within these space, time and magnitude windows will be considered as
failure. As a failure will be also considered the generation of an earthquake
with M>7.7 and h<100 km in any part of the investigated broad area of
south and central western America, and outside of the three predicted
space windows but within the time windows.

The probability for occurrence of each one mainshock in its
predicted time, space and magnitude windows is 80%, while the
corresponding probabilities for random occurrence are much smaller
(less than 0.20). The probability for random occurrence of a mainshock
with M>7.7 in the broader searched area of south and central western
America within a time period equal to the predicting time (5 years)
has been found to be 0.50 and 0.38, respectively.

The main handicap of the model applied in the present work is that
when the generation of more than one mainshocks is physically
prepared in a network of neighboring faults the critical regions are
mixed (contaminated) and only the largest of these mainshocks can be
predicted. The model uncertainty in the epicenter location in such
cases can be more than 150 km (up to 250 km).

Thus, the information given in the present work allows the
objective evaluation of the prediction attempted in this paper. We
can, for example, consider as quantitative measure of the evaluation a
success ratio defined as the ratio of the sum of the number of success
cases to the sum of the number of all cases (success and failure). In case
of full failure (none of the three predicted earthquakes occur within the
predicted windows) the success ratio takes a zero value. In case of full
success (all three predicted mainshocks occur and no mainshock with
M=27.7 occurs in the broader searched area) this ratio is equal to unit.

Finally, it must be pointed out that prediction of individual
earthquakes for social purposes is a hard and probably long process
and that the present work was realized in the framework of such
efforts.
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