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Abstract

The test and application of the time and magnitude predictable model in the subduction zones around the circum-Pacific belt
is performed. Each subduction zone was separated in several seismogenic regions on the basis of tectonic and geometrical
features of the subducting lithosphere and for three different depth ranges. The data derived from these seismogenic regions
were used in order to check the suitability of the regional time and magnitude predictable model, as this model was defined for
shallow events. The results obtained in the present study confirm that this model appropriately describes the behavior of deep
seismicity in these regions, since a positive� �c� 0:31^ 0:003� and a negative� �C � 20:13^ 0:047� dependence were found
for the logarithm of the interevent times and the magnitude of following mainshock, respectively, on the magnitude of the
preceding mainshock. Moreover, the slip-predictable model was rejected, since a negative dependence was found� �E � 20:19�
between the interevent times and the magnitudes of the following mainshock. Probabilities of occurrence of the future strong
�M $ 7:0� events in each seismogenic region have been determined for the next decade conditioned on the previous occurrence
of such events. The magnitudes of the expected events have also been estimated. Statistical tests for the estimated probabilities
exhibit a good correlation with the occurrence rate of such events. Furthermore, the statistical significance of the model has
been studied through additional tests. The results of this study demonstrate the validity of the regional time and magnitude
predictable model in the areas examined.q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In late 1980s, it became evident that theoretical
time- and/or magnitude-earthquake predictable
models could be tested with real data and possibly
be efficiently applied for intermediate-term predic-

tion. Papazachos (1989) introduced one of the main
methodologies concerning the time-dependent beha-
vior of the seismic activity. This method is based on
the concept of the time predictable model, originally
proposed by Shimazaki and Nakata (1980). Accord-
ing to this model, the time interval between two large
earthquakes is proportional to the slip of the preced-
ing earthquake, that is, large earthquakes occur when
the stress has reached a fixed upper limit. This model
was found suitable to describe the seismicity beha-
vior in several cases (Bufe et al., 1977; Shimazaki
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and Nakata, 1980; Sykes and Quittmeyer, 1981),
although some studies questioned the applicability
of such kind of models (Davis et al., 1989; Kagan
and Jackson, 1991a).

The regional time and magnitude predictable
model was introduced by Papazachos (1989, 1992)
and further developed by Papazachos and Papaioan-
nou (1993). This model was initially applied in seis-
mogenic regions of the Aegean and the surrounding
area and exhibits two major differences from the
time-predictable model, proposed by Shimazaki
and Nakata (1980): (a) The model is applicable to
broad seismogenic regions and not only to a single
fault or a simple plate boundary; and (b) The time of
the next mainshock is not usually proportional to the
slip of the preceding mainshock. On the contrary, a
general anticorrelation is usually observed since
large events (large slip, large time interval to the
next event) are usually followed by relatively
smaller events. It is clear that these differences
extend the applicability of the simple time-predict-
able model and allow its use for practical purposes.
This model has been tested in several parts of the
continental fracture system (Karakaisis, 1994; Pana-
giotopoulos, 1995; Papadimitriou, 1994; Papadimi-
triou and Papazachos, 1994; Papazachos et al.,
1997a,b).

Recently, Papazachos et al. (1994a,b; 1997a,b)
determined two empirical relations expressing the
regional time and magnitude predictable model by
using a data sample for shallow mainshocks of the
continental fracture system. The same authors
discussed the properties of the model and showed,
through statistical tests, its superiority in comparison
with the classical time-independent model. The
sample used concerned 274 seismogenic regions in
sixteen areas of this system and consisted of 1811
data sets (Tt, Mmin, Mp, Mf), whereTt is the interevent
time, Mmin is the minimum magnitude considered,Mp

is the magnitude of the preceding event andMf is the
magnitude of the following event. Therefore, the esti-
mation of the model parameters can be considered
very reliable, since it is not based on a limited number
of observations from a specific seismogenic region but
on a large global data sample. The previously
mentioned relations are given by:

log Tt � bMmin 1 cMp 1 d log mo 1 q �1�

Mf � BMmin 1 CMp 1 D log mo 1 m �2�

where mo is the annual moment rate, measured in
dyn cm yr21, for each seismogenic region and
constantsq andm depend on the broader seismogenic
province. For the continental fracture system, the
parameters of Eqs. (1) and (2) take the valuesb�
0:19; c� 0:33; d � 20:39; B� 0:73; C � 20:28
andD � 0:40 (Papazachos et al., 1994a, 1997a).

Eqs. (1) and (2) represent the time- and magnitude-
predictable models, respectively, sinceMmin, Mp and
mo can be used to determine the time interval and
magnitude of the following event with magnitude
larger thanMmin. For these equations constantsb, c,
q, B andD are always positive while constantsd, C,
andm are negative. Moreover, it has been shown that
Eq. (1) is more robust than Eq. (2). Most of the terms
in Eqs. (1) and (2) are self-explanatory, e.g. the
Gutenberg–Richter law implies that for the number
N of events withM . Mmin it holds that logN <
2b0Mmin: If T is the return period for an event with
M . Mmin; we have thatT < N21

; therefore logT <
2log N and by combining with the previous relation
we find that logT , bMmin; where b is a constant,
which should always be positive.

The aim of the present study is to examine the
applicability of the regional time- and magnitude-
predictable model in the seismogenic regions that
have been defined for the Wadati–Benioff zones of
the circum-Pacific belt. The data sample from these
regions is completely independent from the one used
in the estimation of the parameters of relations (1) and
(2). Moreover, the generation of deep focus earth-
quakes is believed to be the result of different
processes compared to shallow earthquakes. There-
fore, if the previous model is also appropriate for
this independent and physically different data sample,
then it can be considered that it has a global applic-
ability not affected by the data type or the region
where it applies. On the other hand, in most areas of
the world there is not adequate information about
earthquake recurrence, due to limited period of instru-
mental recording. Even in circum-Pacific belt where
large earthquakes occur more frequently, there are
certain segments of plate boundaries that have not
experienced even a single seismic cycle. From this
point of view, it is of paramount importance to
develop a methodology that can make use not only
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of the interevent times of the maximum earthquakes
generated by the main fault of a certain seismogenic
region, but also of the interevent times of smaller
earthquakes coming by secondary faults. This is the
main principle where the regional time- and magni-
tude-predictable model is based. The model para-
meters are estimated by a large amount of data
coming from several seismogenic regions and they
have been found to hold globally (Papazachos and
Papadimitriou, 1997). It is then possible to calculate
the model probabilities in a seismogenic region even
if only one interevent time of strong events (occur-
rence of two mainshocks) is available. In this case, it
provides a powerful tool enabling time dependent
seismic hazard evaluation, even in the cases when
only few observations are available, by a simple opti-
mization of parametersq and m in relations (1) and
(2).

Although the origin of intermediate and deep focus
earthquakes is probably not similar to the brittle frac-
ture assumed for shallow earthquakes, it is reasonable
to be attributed to a certain type of shear failure (Rich-
ter, 1958). Kostrov and Das (1988) discussed the
origin of earthquakes at large depths and arrived to
the conclusion that even in this case, the earthquake
source is macroscopically equivalent to a fracture
under certain assumptions. Since not only the shallow
depth seismic activity but the intermediate and deep
one also constitutes a major threat for along-boundary
areas, therefore, it is of significant importance to esti-
mate the probability of occurrence of large intermedi-
ate and deep focus events in specific regions and for a
specified time interval. The results of this estimation
are also given in the present paper, contributing in that
way to the time dependent seismic hazard evaluation
for the intermediate and deep activity.

Papazachos and Papadimitriou (1997) give a
detailed statistical evaluation of the model’s global
applicability. They showed that the statistical signif-
icance of the model does not always satisfy very
strict quantitative criteria (90% confidence limits)
when examined for a single seismogenic region,
mainly due to data errors, but tests for its global
applicability resulted in very high statistical confi-
dence limits. Moreover, application of the model to
an independent data set exhibited that the results are
also robust when different seismic zonation techni-
ques are used.

2. Data used and estimation of seismicity
parameters

The data used in the present study are taken from
the catalog of Gutenberg and Richter (1954) for the
period 1904–1952. In order to check the complete-
ness of the catalog the occurrence rate for several
magnitude thresholds is examined. Completeness
thresholds were determined by the standard method
of visual inspection of time/frequency plots, defining
the completeness level for a magnitude threshold
since the time when the data begin to follow a linear
relationship. This catalog was found to be complete
for events withM $ 7:0 for the period 1897–1930
and for events withM $ 6:5 for the period 1931–
1952. The magnitudes reported in Abe (1981) were
taken for these events. These magnitudes aremB

magnitudes, that is body-wave long-period magni-
tudes, as well as surface wave magnitudes. The cata-
log of Rothe (1969) was used as our data source for
the period 1953–1963 which includes all the events
with M $ 6:0: For this period surface waves magni-
tudes are reported, and only for the larger onesmB

magnitudes were taken from Abe (1981). For the
period 1964–1995 the ISC bulletins were used,
which include mb for almost all the large events,
that is, short-period body-wave magnitudes equal
to or larger than 5.0.

In order to obtain a homogeneous magnitude scale
for the whole catalog, an attempt was made to find
and use known relations to transform the different
magnitude scales into the moment magnitude scale,
Mw, as it is introduced by Hanks and Kanamori
(1979). According to Heaton et al. (1986) it is possi-
ble to obtainmB (long-period body-wave magnitude)
and mb (short-period body-wave magnitude) as a
function of moment magnitude, using appropriate
relationships betweenMs and mB (Abe and Kana-
mori, 1980),Ms and mb (Noguchi and Abe, 1977),
andmB andmb (Abe, 1981). All themb magnitudes
available for the time period 1964–1995 were trans-
formed tomB, according to the formula proposed by
Abe (1981):

mB � 1:5mb 2 2:2 �3�

Abe and Kanamori (1980), through the examination
of Gutenberg and Richter’s original worksheets,
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found the following relation betweenmB andMs:

mB � 0:65Ms 1 2:5 �4�
which satisfies themB 2 Ms data forMs between 5.2
and 8.7. Using this relation, all the availablemB

magnitudes were transformed toMs magnitudes.
For those earthquakes, mainly during the period
1931–1963, for which only a general ‘surface’
magnitude was reported in the original catalogs,
this magnitude was considered asMs.

In the final step, allMs-values were converted to
Mw, considering that betweenMs � 6:0 andMs � 8:0;
Ms ù M: This is in agreement with Kanamori’s
(1977) earlier work. However, for magnitudes less
than 6.0,Ms andM no longer coincide. For this reason,
all the surface magnitudes above 6.0 were considered
as moment magnitudes, while for the smaller ones the
following relation was used:

Mw � 0:56Ms 1 2:66 5:0 # Ms # 6:0 �5�

proposed by Papazachos et al. (1997c), which is
almost identical with the corresponding curve given
by Heaton et al. (1986). Through this procedure, a
final catalog that includes a homogeneous moment
magnitude scale was created. This catalog is complete
and homogeneous for events withM . 5:5; M . 6:0;
M . 6:5; and M $ 7:0 for the periods 1966–1995,
1950–1995, 1930–1995 and 1897–1995, respec-
tively.

The spatial distribution of the hypocenters of all
the events included in the catalog was examined in
order to define the separation of each subduction
zone into several seismogenic regions. The proce-
dure followed in order to define the seismogenic
regions in each zone was based on the previously
published information concerning map plots and
cross-sections for indications of substantial lateral
changes, offsets or tears of subduction zones and
finally, together with the spatial distribution of
volcanoes and trench bathymetry. Based on these
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Fig. 1. Map of the seismogenic regions of deep seismicity examined in the present study.
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Table 1
Seismicity parameters (b0, a, Mmax, mo (in dyn cm yr21)) and expected strong mainshocks for each seismogenic region in the subduction zones of
the circum-Pacific Belt.P10 is the probability for the occurrence of a mainshock withMs $ 7:0 during the period 1997–2006 andMf is the most
probable magnitude of the expected mainshock; the year of occurrence and the cumulative magnitude of each earthquake cluster (mainshock
with its foreshocks and aftershocks in the broad sense) are given, respectively, in the last two columns

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

61–200 km
SA-1 S. America 04.0 284.0 1.10 6.23 7.5 26.97 0.61 7.7 1938 7.0

12.0 272.0 1957 6.8
06.0 266.0 1965 6.9
00.2 282.0 1973 7.2

1979 7.5
1995 7.4

SA-2 209.0 282.0 1.10 6.61 7.8 26.45 0.20 7.3 1937 7.3
205.0 264.0 1950 7.1

06.0 266.0 1961 6.9
00.2 282.0 1965 7.2

1971 7.5
1983 7.9
1995 7.8

SA-3 209.0 278.0 1.10 6.28 7.4 25.98 0.46 7.3 1932 6.8
205.0 264.0 1946 7.0
212.0 260.0 1957 6.5
214.0 278.0 1963 7.1

1974 7.5
1984 6.6
1991 7.2

SA-4 226.0 278.0 1.10 7.06 8.0 26.97 0.90 7.6 1940 7.6
224.0 260.0 1950 8.2
212.0 260.0 1964 6.8
214.0 278.0 1967 7.8

1976 8.1
1991 7.5

SA-5 226.0 278.0 1.10 6.69 7.8 26.53 0.37 7.4 1932 6.9
224.0 260.0 1939 7.5
235.0 260.0 1956 7.1
235.0 278.0 1965 7.7

1980 7.0
1985 7.6
1993 7.8

SA-6 235.0 278.0 1.10 6.08 7.5 25.82 0.61 7.1 1934 7.4
235.0 260.0 1949 7.1
244.0 260.0 1962 7.5
246.0 278.0

MA-1 Mexico 19.0 2107.0 1.10 6.50 8.5 26.58 0.44 7.2 1937 7.4
15.0 2100.0 1948 7.1
20.0 292.0 1964 7.4
21.0 294.0 1973 8.5

MA-2 12.0 294.0 1.10 6.49 7.5 26.23 0.64 7.3 1937 6.5
15.0 2100.0 1940 7.0
20.0 292.0 1946 7.3
16.0 285.0 1955 7.1

1965 6.8
1979 7.5

MA-3 12.0 294.0 1.10 6.16 7.5 25.90 0.56 7.3 1947 6.9
08.0 287.0 1967 7.1
14.0 280.0 1982 7.2
16.0 285.0

MA-4 06.0 283.0 1.10 5.85 7.1 25.52 0.11 7.1 1939 6.5
15.0 2100.0 1948 7.2
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Table 1 (continued)

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

20.0 292.0 1992 7.1
21.0 294.0

CA-1 Caribbean 15.0 269.0 1.10 5.72 6.9 25.25 0.33 7.1 1935 6.5
21.0 265.0 1956 6.9
21.0 275.0 1979 7.0

150 275.0
CA-2 15.0 269.0 1.10 5.77 7.2 25.41 0.51 7.2 1953 7.1

21.0 265.0 1982 6.8
20.0 260.0
13.0 259.0
13.0 265.0

CA-3 09.0 265.0 1.10 5.50 7.1 25.90 0.67 7.5 1968 7.1
09.0 259.0 1983 6.5
13.0 259.0
13.0 265.0

NP-1 North Pacific 50.0 168.0 1.10 5.91 7.5 25.65 0.39 7.1 1940 7.5
50.0 179.0 1958 6.6
54.0 2177.0 1992 6.5
54.0 173.0

NP-2 50.0 2173.0 1.10 5.98 7.2 25.61 0.50 7.1 1933 6.7
50.0 179.0 1937 7.2
54.0 2177.0 1949 6.6
54.0 172.5 1955 7.0

1970 6.8
1987 6.6

NP-3 55.0 2169.0 1.10 5.83 7.5 25.57 0.36 7.1 1946 6.7
52.0 2165.0 1957 6.6
50.0 2173.0
54.0 2172.5

NP-4 55.0 2169.0 1.10 5.92 7.1 25.52 0.37 7.0 1944 7.2
52.0 2165.0 1982 7.0
54.5 2157.5
57.5 2162.5

NP-5 60.0 2155.0 1.10 6.11 8.3 26.12 0.33 7.3 1941 6.5
57.0 2150.0 1959 6.8
54.5 2157.5 1979 6.5
57.5 2162.5 1990 6.8

NP-6 60.0 2155.0 1.10 5.96 7.1 25.56 0.43 7.0 1934 7.2
57.0 2150.0 1954 6.8
62.0 2145.0 1968 6.5
65.0 2150.0 1991 6.8

KK-1 Kuriles-
Kamchhatka

42.0 146.0 1.10 6.75 8.7 26.89 0.88 7.8 1934 7.1

44.0 151.0 1939 7.4
51.0 140.0 1958 8.7
49.0 135.0 1975 7.0

1978 8.3
1994 7.2

KK-2 44.0 151.0 1.10 6.39 7.5 26.13 0.21 7.4 1937 6.5
47.0 156.0 1942 7.5
53.0 145.0 1956 7.5
51.0 140.0 1974 6.5

1986 6.7
1991 6.6
1994 7.5
1993 7.5

KK-3 47.0 156.0 1.10 6.32 7.5 26.06 0.64 7.6 1949 7.1
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Table 1 (continued)

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

49.0 160.0 1964 7.2
55.0 149.0 1972 7.5
53.0 145.0 1990 6.9

KK-4 49.0 160.0 1.10 6.38 7.5 26.12 0.25 7.4 1937 6.5
52.0 165.0 1941 6.9
57.0 154.0 1953 7.1
55.0 149.0 1960 7.4

1971 7.6
1983 6.8
1993 7.5

KK-5 52.0 165.0 1.10 5.92 8.0 25.83 0.17 7.2 1957 6.8
55.0 168.0 1975 6.5
60.0 157.0 1983 8.0
57.0 154.0

JP-1 Japan 30.0 130.0 1.10 6.13 7.7 25.93 0.33 7.3 1960 6.5
33.0 135.0 1978 7.4
37.5 130.0
32.0 125.0

JP-2 33.0 135.0 1.10 6.42 7.5 26.16 0.35 7.4 1933 6.9
36.5 145.0 1937 7.2
39.0 145.0 1961 7.0
46.0 132.0 1965 7.2
42.0 125.0 1978 7.0

1987 7.5
JP-3 39.0 145.0 1.10 6.52 8.6 26.63 0.18 7.3 1931 6.7

42.0 146.0 1944 6.6
49.0 135.0 1953 7.1
46.0 132.0 1974 6.6

1981 7.4
1987 7.8
1993 8.6

IBM-1 Izu Bonin-
Marianas

25.5 135.0 1.10 6.46 8.0 26.37 0.55 7.4 1933 6.8

25.5 145.0 1956 6.5
36.5 145.0 1964 7.5
33.0 135.0 1972 8.1

1987 7.5
IBM-2 25.5 140.0 1.10 6.19 8.3 26.20 0.55 7.6 1932 6.5

25.5 146.0 1957 7.2
20.0 146.0 1982 6.5
20.0 140.0

IBM-3 20.0 143.0 1.10 6.22 7.4 25.92 0.52 7.4 1931 7.1
20.0 149.0 1940 7.7
16.0 149.0 1953 7.0
16.0 143.0 1965 6.9

1974 6.5
1983 6.9

IBM-4 16.0 140.0 1.10 6.10 7.1 25.70 0.47 7.5 1942 7.1
16.0 147.0 1950 7.1
10.0 147.0 1961 6.5
10.0 140.0 1967 7.0

1984 6.5

RK-1 Ryukyu 24.0 129.0 1.10 6.32 8.6 26.43 0.67 7.4 1951 7.0
28.0 125.0 1960 6.7
30.0 127.0 1965 7.0
30.0 135.0 1983 6.5

1991 7.1
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Table 1 (continued)

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

RK-2 24.0 120.0 1.10 5.87 7.8 25.71 0.47 7.2 1947 7.5
24.0 129.0 1959 7.8
28.0 125.0 1970 6.5

1978 7.0

PH-3 Philippines 24.0 125.0 1.10 6.13 7.5 25.43 0.03 6.9 1930 7.2
24.0 119.0 1959 6.9
17.0 119.0 1965 7.1
17.0 125.0 1983 6.8

1993 7.5
PH-4 17.0 119.0 1.10 6.14 7.4 25.84 0.26 7.1 1940 6.9

13.0 119.0 1959 7.0
13.0 125.0 1985 7.6
17.0 125..0

PH-5 10.2 121.0 1.10 5.61 6.7 25.07 – – 1942 6.7
10.2 127.0 1980 6.6
13.0 127.0
13.0 121.0

PH-6 04.5 121.0 1.10 6.72 7.4 26.42 0.56 7.3 1932 6.7
04.5 129.0 1936 7.1
10.2 129.0 1945 6.7
10.2 121.0 1949 7.5

1965 7.2
1972 7.7
1984 6.5
1987 7.5

PH-7 04.5 120.0 1.10 6.73 8.5 26.81 0.68 7.5 1940 6.7
04.5 130.0 1948 7.2

200.2 130.0 1958 7.2
02.0 120.0 1966 8.5

1989 7.6
PH-8 200.2 130.0 1.10 6.70 8.2 26.67 0.77 7.5 1932 6.8

202.0 130.0 1936 6.7
202.0 120.0 1939 8.2
202.0 120.0 1953 6.8

1961 7.3
1964 7.5
1975 7.1
1985 6.5
1989 7.2

IND-1 Indonesia 07.0 95.0 1.10 6.21 8.2 26.18 0.59 7.5 1934 7.0
07.0 99.5 1960 6.5
01.0 99.5 1964 8.2
01.0 95.0 1989 6.5

1993 7.1
IND-2 02.0 99.5 1.10 6.35 7.4 26.05 0.52 7.5 1932 6.7

02.0 104.0 1938 7.1
206.0 104.0 1943 7.1
206.0 99.5 1956 6.9

1967 7.6
1978 6.5
1994 7.0

IND-3 203.0 104.0 1.10 6.43 7.8 26.27 0.71 7.7 1943 7.8
203.0 112.0 1958 6.6
210.0 112.0 1965 7.5
210.0 104.0 1976 6.5

1979 7.1
1992 6.5

IND-4 204.0 112.0 1.10 6.18 7.1 25.78 0.46 7.3 1938 6.5
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Table 1 (continued)

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

204.0 119.0 1953 6.5
210.0 119.0 1957 6.9
210.0 112.0 1967 7.0

1985 7.3
IND-5 204.0 119.0 1.10 6.18 7.4 25.88 0.43 7.3 1938 7.2

204.0 127.0 1943 7.8
210.0 127.0 1957 7.0
210.0 119.0 1957 7.0

1965 7.7
1976 6.5
1979 7.1
1985 7.4

IND-6 203.0 127.0 1.10 7.07 8.2 27.04 0.63 7.5 1931 7.3
203.0 132.0 1946 6.7
209.0 132.0 1931 7.3
209.0 127.0 1956 7.4

1963 8.4
1977 6.8
1983 7.6
1987 8.3

GU-1 New Guinea 20.01 132.0 1.10 5.83 7.1 25.43 0.46 7.1 1937 7.0
20.01 136.5 1959 7.0

206.0 136.5 1978 7.1
206.0 132.0

GU-2 201.0 136.5 1.10 6.11 7.5 25.85 0.18 7.2 1955 7.0
201.0 141.0 1964 6.6
206.0 141.0 1968 6.8
206.0 136.5 1991 7.5

GU-3 202.0 141.0 1.10 6.51 8.0 26.42 0.48 7.2 1936 7.2
202.0 144.5 1943 7.4
207.0 144.5 1961 7.1
207.0 141.0 1964 7.6

1975 8.3
GU-4 202.0 144.5 1.10 6.69 7.8 26.53 0.75 7.5 1934 7.3

202.0 148.0 1946 7.4
208.0 148.0 1951 7.5
208.0 144.5 1965 8.0

1979 7.2
1987 7.5

GU-5 202.0 148.0 1.10 6.73 8.0 26.64 0.47 7.4 1937 7.0
202.0 153.0 1944 7.2
207.0 153.0 1956 6.5
207.0 148.0 1960 7.2

1971 7.7
1984 7.3
1990 8.0

SH-1 Solomon
Hebrides

25.0 153.0 1.10 6.51 7.1 26.11 0.55 7.3 1934 7.1

205.0 157.0 1951 7.1
208.0 157.0 1955 7.1
208.0 153.0 1970 7.0

1976 7.4
1986 7.2

SH-2 207.0 157.0 1.10 5.84 7.5 25.58 0.33 7.0 1969 7.5
207.0 160.0
209.0 160.0
209.0 157.0

SH-3 209.0 159.0 1.10 6.30 7.4 26.00 0.49 7.4 1937 7.2
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Table 1 (continued)

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

209.0 164.0 1955 7.1
212.0 164.0 1973 7.6
212.0 159.0 1985 6.8

1989 7.0
SH-4 210.0 164.0 1.10 6.49 8.3 26.50 0.56 7.5 1942 7.0

210.0 170.0 1953 6.9
212.7 170.0 1957 7.3
212.7 164.0 1971 7.6

1975 8.0
1994 7.2

SH-5 212.7 165.0 1.10 6.90 8.2 26.87 0.53 7.8 1935 7.4
212.7 174.0 1939 7.6
217.0 174.0 1951 7.4
217.0 165.0 1964 8.1

1978 8.3
1991 6.8

SH-6 217.0 167.0 1.10 6.58 8.3 26.59 0.40 7.4 1934 6.7
217.0 171.0 1939 7.0
220.0 171.0 1944 7.7
220.0 167.0 1959 6.5

1963 7.2
1973 6.8
1986 7.2
1992 7.8

SH-7 220.0 168.0 1.10 6.72 8.6 26.83 0.54 7.2 1931 7.1
220.0 173.0 1935 7.5
224.0 173.0 1944 7.5
224.0 168.0 1961 6.9

1966 7.5
1981 8.6

KER-1 Kermadec 229.0 2170.0 1.10 6.18 7.3 25.85 0.74 7.5 1932 6.5
229.0 175.0 1941 6.9
226.5 175.0 1949 7.2
226.5 2170.0 1959 7.4

1972 7.1
1987 6.8

KER-2 229.0 2170.0 1.10 6.37 7.5 26.11 0.57 7.5 1937 6.8
229.0 175.0 1943 7.2
235.0 175.0 1957 7.3
235.0 2170.0 1970 6.8

1976 7.6
1987 6.5
1990 7.1

TNG-1 Tonga 214.0 2170.0 1.10 6.47 7.8 26.31 0.36 7.3 1939 7.1
214.0 175.0 1955 7.2
218.0 175.0 1968 6.9
218.0 2170.0 1984 8.1

TNG-2 221.0 2170.0 1.10 6.27 8.0 26.18 0.64 7.4 1950 7.8
221.0 175.0 1982 6.5
218.0 175.0 1988 7.3
218.0 2170.0

TNG-3 221.0 2170.0 1.10 6.72 8.5 26.80 0.69 7.7 1933 6.5
221.0 175.0 1940 6.7
226.5 175.0 1943 7.3
226.5 2170.0 1954 7.2

1965 6.9
1970 7.8
1977 8.6
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Table 1 (continued)

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

1995 7.4

201–400 Km
SA-4 S. America 226.0 278.0 0.90 5.06 8.0 26.37 0.04 7.2 1933 6.9

224.0 260.0 1941 7.4
212.0 260.0 1952 7.3
214.0 278.0 1973 6.9

1987 6.9
1993 8.0

KK-1 Kuriles-
Kamchatka

42.0 146.0 0.90 4.82 7.7 25.96 0.64 7.7 1933 7.1

44.0 151.0 1950 7.7
51.0 140.0 1969 7.5
49.0 135.0 1985 6.7

KK-2 47.0 156.0 0.90 4.11 6.5 24.73 – – 1957 6.5
49.0 160.0 1984 6.6
55.0 149.0
53.0 145.0

KK-3 47.0 156.0 0.90 4.11 6.5 24.61 – – 1931 6.5
49.0 160.0
55.0 149.0
53.0 145.0

KK-4 49.0 160.0 0.90 4.61 7.5 25.65 – – 1934 6.9
52.0 165.0
57.0 154.0
55.0 149.0

JP-2 Japan 33.0 135.0 0.90 4.83 7.5 25.87 0.26 7.1 1931 7.5
36.5 145.0 1942 6.5
39.0 145.0 1954 6.8
46.0 132.0 1967 6.8
42.0 125.0 1995 6.6

JP-3 39.0 145.0 0.90 4.71 7.5 25.75 0.25 7.1 1932 7.3
42.0 146.0 1963 6.7
49.0 135.0 1981 6.6
46.0 132.0

IBM-1 Izu Bonin-
Marianas

25.5 135.0 0.90 5.04 8.0 26.35 0.32 7.2 1943 6.8

25.5 145.0 1964 7.8
36.5 145.0 1978 6.8
33.0 135.0 1984 7.9

IBM-2 25.5 140.0 0.90 4.66 7.5 25.70 0.02 7.1 1932 6.8
25.5 146.0 1948 6.7
20.0 146.0 1965 6.6
20.0 140.0 1969 6.8

1995 7.5
IBM-3 20.0 143.0 0.90 4.50 6.9 25.21 – – 1934 6.5

20.0 149.0 1956 6.9
16.0 149.0 1979 6.5
16.0 143.0

RK-1 Ryukyu 24.0 129.0 0.90 4.44 6.8 25.10 – – 1936 6.5
28.0 125.0 1953 6.9
30.0 127.0 1981 6.8
30.0 135.0

PH-6 Philippines 04.5 121.0 0.90 4.57 7.5 25.61 0.28 7.2 1984 7.5
04.5 129.0
10.2 129.0
10.2 121.0
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Table 1 (continued)

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

PH-7 04.5 120.0 0.90 4.59 6.5 25.09 – – 1932 6.5
04.5 130.0

200.2 130.0
02.0 120.0

PH-8 200.2 130.0 0.90 4.36 7.1 25.18 0.24 7.1 1955 6.6
202.0 130.0 1984 7.1
202.0 120.0

02.0 120.0

IND-3 Indonesia 203.0 104.0 0.90 4.34 7.8 25.54 0.98 7.2 1943 7.8
203.0 112.0 1958 6.6
210.0 112.0 1965 7.5
210.0 104.0 1976 6.5

1979 7.1
1992 6.5

IND-4 204.0 112.0 0.90 4.24 6.5 24.74 – – 1938 6.5
204.0 119.0 1953 6.5
210.0 119.0 1957 6.9
210.0 112.0 1967 7.0

1985 7.3
IND-5 204.0 119.0 0.90 4.61 8.0 25.92 0.99 7.3 1938 7.2

204.0 127.0 1943 7.8
210.0 127.0 1957 7.0
210.0 119.0 1957 7.0

IND-6 203.0 127.0 0.90 4.61 7.5 25.65 0.99 7.4 1941 6.7
203.0 132.0 1950 7.5
209.0 132.0 1965 7.1
209.0 127.0

GU-4 New Guinea 202.0 144.5 0.90 4.49 6.6 25.04 – – 1981 6.9
202.0 148.0 1992 6.6
208.0 148.0
208.0 144.5

GU-5 202.0 148.0 0.90 4.34 7.1 25.16 0.47 7.1 1932 6.5
202.0 153.0 1938 6.7
207.0 153.0 1956 7.1
207.0 148.0

SH-1 Solomon
Hebrides

205.0 153.0 0.90 4.33 7.2 25.20 0.46 7.2 1932 7.2

205.0 157.0 1964 6.6
208.0 157.0
208.0 153.0

SH-4 210.0 164.0 0.90 4.49 6.8 25.15 – – 1955 6.8
210.0 170.0 1966 6.9
212.7 170.0 1986 6.5
212.7 164.0

SH-5 212.7 165.0 0.90 4.96 7.4 25.94 0.24 7.3 1938 6.5
212.7 174.0 1946 6.7
217.0 174.0 1960 7.2
217.0 165.0 1973 6.8

1978 7.4
1992 7.4

SH-6 217.0 167.0 0.90 4.87 7.8 26.07 0.18 7.3 1939 6.5
217.0 171.0 1943 6.8
220.0 171.0 1953 7.4
220.0 167.0 1970 7.4

1994 7.5

KER-1 Kermadec 229.0 2170.0 0.90 4.24 7.2 25.11 0.30 6.8 1950 7.2
229.0 175.0
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Table 1 (continued)

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

226.5 175.0
226.5 2170.0

KER-2 229.0 2170.0 0.90 4.81 6.6 25.36 – – 1951 6.8
229.0 175.0 1981 6.9
235.0 175.0 1994 6.6
235.0 2170.0

TNG-1 Tonga 214.0 2170.0 0.90 4.90 7.5 25.94 0.25 7.1 1935 7.1
214.0 175.0 1951 7.0
218.0 175.0 1972 7.2
218.0 2170.0 1984 6.8

1989 7.5
TNG-2 221.0 2170.0 0.90 5.06 8.0 26.37 0.66 7.3 1934 6.5

221.0 175.0 1946 7.2
218.0 175.0 1962 6.9
218.0 2170.0 1980 6.6

1970 6.1
1986 7.2

TNG-3 221.0 2170.0 0.90 4.93 7.7 26.07 0.41 7.3 1937 7.7
221.0 175.0 1954 7.1
226.5 175.0 1969 6.5
226.5 2170.0 1975 7.2

1979 7.5
1992 7.1

h . 400 km
SA-2 S. America 209.0 282.0 1.10 6.15 7.7 25.95 0.40 7.3 1970 7.7

205.0 264.0
06.0 266.0
00.2 282.0

SA-3 209.0 282.0 1.10 6.15 7.7 26.41 0.27 7.3 1935 7.0
205.0 264.0 1950 7.2
212.0 260.0 1961 7.7
214.0 278.0 1985 6.8

1990 8.2
SA-4 226.0 278.0 1.10 6.27 8.2 26.24 0.11 7.3 1940 6.5

224.0 260.0 1949 6.7
212.0 260.0 1958 7.2
214.0 278.0 1963 7.4

1994 8.2
SA-5 226.0 278.0 1.10 6.55 7.5 26.29 0.30 7.4 1936 7.0

224.0 260.0 1946 7.2
235.0 260.0 1950 7.4
235.0 278.0 1962 6.9

1977 6.9
1983 7.2
1991 7.9

KK-1 Kuriles-
Kamchatka

42.0 146.0 1.10 6.75 8.7 25.69 0.24 7.1 1932 6.5

44.0 151.0 1939 6.8
51.0 140.0 1987 6.6
49.0 135.0 1990 7.8

KK-2 44.0 151.0 1.10 6.39 7.5 25.61 0.17 7.3 1972 6.5
47.0 156.0 1984 6.8
53.0 145.0 1987 6.8
51.0 149.0

KK-3 47.0 156.0 1.10 5.76 8.0 25.67 0.18 7.0 1970 8.0
49.0 160.0
55.0 149.0
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Table 1 (continued)

Region Lat. Long. b0 a Mmax log mo P10 Mf Year Mcum

53.0 145.0

JP-2 Japan 33.0 135.0 1.10 6.37 7.8 26.21 0.03 7.5 1935 6.5
36.5 145.0 1940 7.5
39.0 145.0 1957 7.1
46.0 132.0 1973 7.8
42.0 125.0 1994 7.8

PH-6 Philippines 04.5 121.0 1.10 6.17 7.8 26.01 0.18 7.3 1935 6.5
04.5 129.0 1940 7.2
10.2 129.0 1972 6.9
10.2 121.0 1984 7.8

IBM-1 Izu-Bonin
Marianas

25.5 135.0 1.10 6.54 7.8 26.38 0.84 7.5 1940 7.0

25.5 145.0 1961 7.0
36.5 145.0 1956 7.3
33.0 135.0 1970 7.3

1978 7.9
1990 6.9

IBM-2 25.5 140.0 1.10 5.72 7.2 25.35 0.57 7.0 1937 6.5
25.5 146.0 1955 7.1
20.0 146.0
20.0 140.0

IBM-3 20.0 143.0 1.10 5.87 7.0 25.44 0.50 7.1 1931 6.7
20.0 149.0 1962 7.0
16.0 149.0 1979 7.0
16.0 143.0

IND-3 Indonesia 203.0 104.0 1.10 5.98 7.2 25.61 0.08 7.0 1952 6.9
203.0 112.0 1957 7.4
210.0 112.0 1994 7.1
210.0 114.0

IND-4 204.0 112.0 1.10 6.11 7.2 25.74 0.54 7.2 1937 7.3
204.0 119.0 1953 6.7
210.0 119.0 1968 7.2
210.0 112.0 1987 6.8

IND-5 204.0 119.0 1.10 6.57 8.0 26.48 0.53 7.3 1937 7.3
204.0 127.0 1952 7.0
210.0 127.0 1957 7.4
210.0 119.0 1968 7.2

1987 6.5
1994 7.2

TNG-1 Tonga 214.0 2170.0 1.10 6.60 8.0 26.51 0.04 7.2 1941 7.1
214.0 175.0 1956 7.7
218.0 175.0 1974 6.9
218.0 2170.0 1984 6.5

1994 8.0
TNG-2 221.0 2170.0 1.10 6.67 7.5 26.41 0.36 7.3 1935 7.3

221.0 175.0 1948 7.2
218.0 175.0 1957 7.4
218.0 2170.0 1967 7.2

1979 6.7
1986 7.7

TNG-3 221.0 2170.0 1.10 6.74 7.7 26.54 0.61 7.4 1932 7.8
221.0 175.0 1944 7.1
226.5 175.0 1954 6.8
226.5 2170.0 1959 7.4

1973 7.6
1986 7.5



criteria the seismogenic regions were defined as parts
of the subduction zones having as much as possible
the same properties of the above mentioned. Papaza-
chos and Papadimitriou (1997) have showed that
different zonation techniques do not significantly
affect the results of the model. For this reason, they
used a data set from Italy and an independent zona-
tion published by Mulargia and Gasperini (1995) in
order to examine the model dependence on zonation.
The results obtained by the application of the model
to this independent data set demonstrated the robust-
ness of the model and of the procedure followed.
This means that the precise zonation is necessary
and ameliorates the application of the model, but it
is not critical. The final distribution of the defined
seismogenic regions is shown in Fig. 1, where the
regions are depicted as polygons with their coordi-
nates given in Table 1.

The depth below which the trend of the Benioff
zone begins to differentiate from its shallow part
varies somewhat, but in most cases is deeper than
200–300 km. Therefore, for each Benioff zone three
groups of seismogenic regions were considered,
corresponding to three depth ranges. The first group
concerns the regions including earthquakes with
depths varying between 60 and 200 km, the second
group includes the regions with events of
201–400 km, while the third group includes the
deep seismicity�h . 400 km�:

The complete data sample was used in order to
calculate the seismicity parametersa and b of the
Gutenberg–Richter (1944) relation. Since the value
of b parameter is important for all the estimations of
the current work, the complete sample of data was
used for each depth range and a singleb value was
determined for each depth range. We prefer the
use of a single robustb value rather than a local
estimate for each seismic region due to large errors
introduced inb in the cases where a limited number
of data is available. Moreover, since for each seis-
mic region thea value was also estimated after theb
value is fixed, small errors inb have a negligible
effect on the moment rate estimation which ‘inte-
grates’ the Gutenberg–Richter curve. Theb-values
obtained were equal to 1.1, 0.9 and 1.1 for the depth
ranges 60–200, 200–400, and.400 km, respec-
tively. These values are in quite good agreement
with the results of Giardini (1988) who analyzed

the frequency distribution of deep earthquakes�h .
350 km� and obtained regionalb-values in the range
0:4 , b , 1:22; with a worldwide average valueb�
0:87: The seismicity parameters and the coordinates
of each seismogenic region are given along with
other information in Table 1.

3. Estimation of the model parameters

Papazachos and his colleagues (1997a) have used a
large amount of data including all the available infor-
mation of the large shallow earthquakes of the conti-
nental fracture system in order to estimate the
parameters of the two empirical formulae (Eqs. (1)
and (2)) expressing the regional time and magnitude
predictable model. These parameters can be consid-
ered as globally acceptable since they have been
derived from a global data set and are not based on
limited information coming from only one seismo-
genic region or one seismic area. For this reason,
the values of the parametersb, c, d, B, C, D were
adopted as they have been originally defined for shal-
low events, while the parametersq and m are esti-
mated for each subduction zone and depth range. In
order to proceed in this estimation, events with
M $ 6:5 during the period 1930–1995 andM $ 7:0
during the period 1897–1995 have been taken into
account.

The seismic moment rate,mo (in dyn cm yr21),
is one of the most important parameters for the
application of the model, since it expresses the
tectonic loading exerted in the volume of each
seismogenic region. For its determination, a proce-
dure proposed by Molnar (1979) was applied. Accord-
ing to this procedure, the number of events with
seismic moment equal or larger thanMo is given by
the relation:

N�Mo� � GM2E
o �6�

where

G� 10a1�b0k=r� and E � b0
r �7�

anda, b0 are the constants of the Gutenberg–Richter
(1944) relation normalized for one year, andr, k the
parameters of the moment–magnitude relation:

log Mo � rM 1 k �8�
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Table 2
The model parameters,q andm, along with their standard deviations (sq andsm), for the eleven areas and three depth ranges of the circum-Pacific subduction zones. The mean
number of mainshocks per decade in each area,l10, and the expected number of such mainshocks,

P
P10, according to the calculated model probabilities, are also given

Area 61 –200 km 201–400 km . 400 km

q sq m sm l10
P

P10 q sq m sm l10
P

P10 q sq m sm l10
P

P10

South America 7.57 0.18 26.17 0.29 5.78 3.85 7.77 0.27 26.22 0.40 0.58 0.12 7.65 0.28 26.04 0.46 2.47 1.08
Middle America 7.65 0.20 26.19 0.32 2.59 3.70 – – – – – – – – – – – –
North Pacific 7.67 0.28 26.40 0.21 1.64 1.54 – – – – – – – – – – – –
Kamchatka-Kuriles 7.59 0.19 26.05 0.45 3.88 2.62 7.61 0.08 25.95 0.32 0.83 0.99 7.54 0.55 26.11 0.51 0.43
Japan 7.63 0.36 26.09 0.59 2.00 1.03 7.78 0.17 26.48 0.12 1.19 7.67 0.13 25.89 0.36 0.74 0.03
Izu Bonin - Marianas 7.57 0.28 26.12 0.44 3.86 2.30 7.74 0.23 26.21 0.36 1.00 0.39 7.58 0.18 26.24 0.31 2.50 2.06
Philippines 7.63 0.23 26.25 0.39 5.93 4.12 7.71 0.10 26.08 0.14 0.07 7.80 0.25 25.98 0.40 0.45 0.18
Indonesia 7.55 0.26 26.12 0.39 5.33 4.45 7.43 0.08 25.99 0.24 1.33 2.98 7.72 0.21 26.34 0.23 2.07 1.15
Guinea 7.59 0.19 26.17 0.36 4.83 2.90 7.43 0.19 26.10 0.23 0.69 – – – – – –
Solomon - Hebrides 7.62 0.25 26.20 0.39 5.98 3.96 7.58 0.16 26.11 0.28 1.67 1.28 – – – – – –
Tonga - Kermadec 7.60 0.19 26.09 0.45 3.88 3.53 7.69 0.26 26.30 0.25 2.15 1.70 7.75 0.16 26.23 0.32 2.48 1.21



For the present case, it is takenr � 1:44 and
k � 16:56 according to the relation proposed by
McGarr (1977) for intermediate and deep earth-
quakes. The relation then gives the rate of seismic
moment release:

mo � G
1 2 E

M12E
o;max �9�

whereMo,max is the seismic moment released by the
maximum earthquake in the region with magnitude
Mmax.

The present method applies to mainshocks, that
is, to the largest shocks of each group of earthquakes
clustered in time and space. Since only the main
shocks (in the broad sense) are needed, their
pre-shocks (foreshocks in the broad sense) and post-
shocks (aftershocks in the broad sense) are excluded
from the data sample according to the formula:

tp � 3 yr; log ta � 0:061 0:13Mp �10�
proposed by Papazachos et al. (1997a), which gives
the duration of the pre-shock,tp, and post-shock,ta,
activity as a function of the magnitude of the preced-
ing mainshock. Several techniques have been tested

for “data declustering” and the one followed here was
found the more suitable one. As far as the spatial
window in which the declustering is done, the region’s
dimensions implicitly limit it, since relation (10)
applies in each such region separately. This “declus-
tered” data set is then used for the estimation of the
parameterq andm in each subduction zone and for the
three depth ranges described previously. The data
sample used for this calculation consists of 894 sets
(T, Mmin, Mp, and Mf) and concerns 98 seismogenic
regions. The values of parameterq andm of Eqs. (1)
and (2), along with their standard deviations, are given
in Table 2.

Using the values determined and Eq. (1), the
theoretical interevent times,Tt, were estimated for
each seismogenic region. Fig. 2 illustrates the
frequency distribution of log (T/Tt) for the interevent
times, T, of all 98 examined cases (regions-depth
ranges-minimum magnitude) of all the subduction
zones, together with the best-fit normal distribution
which has an average value ofm � 20:10 and a stan-
dard deviation ofs � 0:24: This standard deviation is
usually attributed to the intrinsic limitations of the
model as well as to the quality and quantity of input
data and which varies from region to region (Scholz,
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Fig. 2. Frequency distribution of logarithm of the ratio of the
observed interevent times,T, to the theoretical interevent times,
Tt, predicted from the time-predictable model, as this is determined
for 98 seismic regions-depth ranges of all the subduction zones
examined in the present study.
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Fig. 3. Same as Fig. 2 for the magnitude difference between the
observed,MF, and predictedMf, magnitude of the next mainshock
for the same seismic regions-depth ranges. Both distributions exhi-
bit a more or less Gaussian shape.



1990). The data quality mainly concerns magnitude
estimation precision, since occurrence time is
precisely known for each event.

Papazachos et al. (1997a) found a standard devia-
tion equal to 0.28 for the seismogenic sources of the
continental fracture system. It is interesting to note
that Nishenko and Buland (1987) found a value
equal to 0.21 for the corresponding intrinsic standard
deviation for mainshocks in plate boundaries. To
compare the observed and the theoretical (solid line)
distributions, the Kolmogorov–Smirnov test was
applied. It was found that the statistics,Dk, i.e. the
largest absolute difference between the obtained and
the theoretical cumulative relative frequencies, is 0.02
at 0.86 significance level, and the critical value ofDk

at this level is 0.04. This means that the hypothesis of
normal distribution of the quantity log (T/Tt) should be
considered to be valid.

Fig. 3 shows the frequency distribution of the
magnitude difference, MF 2 Mf ; between the
observed magnitude,MF, and the calculated magni-
tude, Mf, using relation (2) for all the seismogenic
regions of the subduction zones. The best fit normal
distribution withm � 0:05 and a standard deviation
equal tos � 0:38 is also shown. This value ofs is
larger than the one found for the time predictable
model, and it is attributed to the fact that in this
case only magnitudes are involved in the estimations.
The corresponding value found by Papazachos et al.
(1997a) for the continental fracture system was equal
to s � 0:36:

This residual distributions of Figs. 2 and 3 demon-
strate the very good applicability, especially for the
time-predictable model (Eq. (1), Fig. 2) for deep
earthquakes. This is a promising result, considering
the different nature and geotectonic environment in
which deep events occur. In the following, we exam-
ine the statistical reliability of this result using
probability estimates derived after applying the
time- and magnitude-predictable model.

4. Probability estimates

Since the earthquakes are known to exhibit long-
term variations of activity (Ambraseys and Melville,
1982; Veneziano and Chouinard, 1989; Kagan and
Jackson, 1991a) we need some quantitative rule that

assigns a different weight to seismic events depending
on the elapsed time since their occurrence. Probabil-
ities must then be calculated given a gap time since
the last event and the magnitude of the previous and
future event. In order to proceed to the determination
of model probabilities, the probability density func-
tion of the observed interevent time,T, to the calcu-
lated one,Tt, as this later is calculated by relation (1),
must be known. Once this function is defined, earth-
quake repeat time estimates can be presented in terms
of a conditional probability, which describes the like-
lihood of failure within a given time interval,t 1 Dt;
provided that the event has not occurred during the
time t. From several previous studies (Nishenko and
Buland, 1987; Davis et al., 1989) as well as the fit
shown in Fig. 2 it appears that the lognormal distribu-
tion of T/Tt is more suitable.

For the calculation of the model probabilities, the
corresponding standard deviation is also needed
(Papazachos and Papaioannou, 1993) and this quan-
tity, sq, is given in Table 2 for each area. Similarly,
Eq. (2) can be applied to estimate the magnitude of the
expected mainshock in each seismogenic region since
the value of the parameterm is given in Table 2 for
each seismic area. A measure of the uncertainty in this
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Fig. 4. Comparison between the sum of the probabilities for each
decade of the present century,

P
P10, determined from the time-

predictable model for all seismic regions-depth ranges and the
number of mainshocks,l10, which occurred in these seismic
regions-depth ranges during each decade. A relatively good linear
correlation is observed.



estimation is the corresponding standard deviation,
sm, which is also given for each area in Table 2.
The probabilities of occurrence of the next large�M $
7:0� mainshock during the next 10 yr in each seismo-
genic region, as well as its expected magnitude, can
then be estimated and are presented in Table 1 for
each seismic region and depth range.

In order to check the internal consistency of the
model two tests were performed. In the first test, the
model probabilities for the occurrence of mainshocks
larger than a certain magnitude threshold in a certain
area during the next 10 yr,

P
P10, with the mean

number of such mainshocks per decade,l10, was
compared. In principle, these two quantities should
be more or less equal. In the cases where

P
P10 .

l10 or
P

P10 , l10; a relatively strong or quiet seis-
mic activity is expected for the examined period
(10 yr), respectively.

In the present paper, this test was made for main-
shocks withMs $ 6:5 which occurred in each one of
the subduction zones and for the three depth ranges

for all the decades of the present century. The calcu-
lated values ofl10 and

P
P10 are also given in Table 2

and the corresponding plot is shown in Fig. 4. A good
correlation between these two quantities is observed,
indicative of the reliability of the method.

In the second test a post-verification of the predic-
tive ability of Eq. (1) was performed. For each decade
of the present century, the probability for all seismic
regions and depth ranges was estimated. For all cases
showing a similar probability range, e.g. 10–20% the
occurrence ratio was estimated, that is, the ratio of
cases when an earthquake occurred to the total
number of examined cases. If the model has a good
predictive ability, these quantities should be equal.
The comparison of the occurrence ratio with model
probability is shown in Fig. 5. An excellent correlation
is observed between the two quantities, indicating that
the model appropriately describes the time behavior
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Fig. 5. Comparison between the probability predicted for each seis-
mic region-depth range using the time-predictable model for each
decade of the present century and the occurrence ratio, which is
defined as the ratio of the number of cases (decades of the present
century/seismic regions/depth ranges) where a deep earthquake
occurred to the total number of examined cases. A very good linear
correlation is observed. An exception is observed for the areas of
very low probability (after a large mainshock) which indicates the
relatively low efficiency of the declustering procedure (removal or
pre and post-shocks) determined from shallow events for areas of
deep seismicity.

Fig. 6. Grey-scale plot of the probability density distribution for the
52 cases (seismic regions-depth ranges) examined in the present
study. The probabilities are shown for eachc value (horizontal
axis) and all cases (vertical axis), after sorting the examined cases
for their c-values. Dark colored areas denote high probabilityc-
values. The averagec (� 0.33) andc� 0 levels are also shown.
A clear distribution of positivec value is observed for almost all
cases.



of seismicity. The only exception is the case of very
low probability (0–10%) where a very high occur-
rence ratio (,50%) is observed. This observation is
a clear indication of inefficient declustering: after a
mainshock, the model probabilities are very low (0–
10%) but a large number of aftershocks of this main
shock still occur. These aftershocks are removed
during the declustering procedure (Eq. (10)). The
large probabilities seen in Fig. 4 for this low probabil-
ity interval (0–10%) indicate that the declustering
procedure followed in the present work is probably
not completely removing these aftershocks. The
large probabilities observed in Fig. 2 suggest that
the aftershock activity for deep events has a larger
duration than for shallow events.

5. Validation of the time- and magnitude-
predictable model

All the processing previously described focused
on testing the time- and magnitude predictable
model for shallow events ‘as it is’ on deep events,
hence no optimization is involved. The essence of
the time- and magnitude- predictable models is the
incorporation of termscMp andCMp in Eqs. (1) and
(2), respectively. Hence, in order to prove the effi-
ciency of this model, the statistical significance of
these terms has to be demonstrated. For this reason,
we decided to study these terms separately, even if
they are estimated by only a limited number of data
concerning only one seismogenic region. Since for
each seismogenic region both terms includingMmin

andmo are constant, relations (1) and (2) are of the
form:

log Tt � cMp 1 q0 �11�

Mf � CMp 1 m0 �12�
whereq0 andm0 depend onMmin, mo and the seismo-
genic region studied. For each region and depth
range for which data were available, severalMmin-
values were selected (depending on the available
data). The values ofc andC, as well as their errors
were estimated for each of the 52 region-depth
range-Mmin combinations. The results are shown in
Fig. 6 where the probability density distribution is
presented for all the obtainedc-values. In this figure,

the probability density function is presented for the
c-values (horizontal axis) which are sorted and
presented for the 52 cases (for which more than
five data sets for the sameMmin are available) along
the vertical axis. Dark colored areas denotec-values
of high probability while light colored areas have
low probabilities. The average value ofc is equal
to 0.33 (shown in Fig. 6), which is equal to the
value found for shallow events. Although for some
cases thec-values show a large variance (broad
distribution of probabilities), the large majority of
cases show positivec-values. A strict estimation of
the statistical significance of thec-values by exam-
ining each case separately shows that only for 35% of
the examined cases can it be proved thatc . 0 with a
90% confidence. This is probably due to the small
magnitude range that the data cover for each seismic
group. However, the statistical tests for each case
separately do not take into account the fact that we
observe a similar behavior for almost all cases.
Therefore, a different methodology has been intro-
duced, where it was tested if the model has a global
applicability, even if the time intervals vary on the
average among different cases (different regions,
seismicity, etc.). The results shown in Fig. 6 demon-
strate that the positive linear dependence of logT 2
Mp should not be considered and evaluated as a local
but a global phenomenon.

In order to further demonstrate this global behavior
between the interevent times and the magnitude of the
preceding event, we follow Papazachos and Papadi-
mitriou (1997) and assume that a single constant,�c;
applies for all zones, that is:

log T�i�k � �cMpk
1
Xn
j�1

dij aj � �cMpk
1 ai

k � 1;…;m

�13�

where theT�i�k andMpk
belong to thei group of data

(specific seismic region, depth range,Mmin), aj is the
constant which corresponds to each casej, n is the
number of the available groups of data (cases) and
m is the total number of the available data�T�i�k 2
Mpk

pairs). It is clear that Eq. (13) considers the
complete data set. Thekth datum, T�i�k ; is now
controlled by two different factors, namelyMpk

and
the group i (seismic region–depth–Mmin) where it
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belongs. Eq. (13) forms the following linear system:

log T�1�1

log T�1�2

..

.

log T�2�k

..

.

log T�n�m

26666666666666664

37777777777777775
�

Mp1
1 0 … 0

Mp2
1 0 … 0

..

. ..
. ..

.
]

..

.

Mpk
0 1 … 0

..

. ..
. ..

.
]

..

.

Mpm
0 0 … 1

26666666666666664

37777777777777775

c

a1

a2

..

.

..

.

an

2666666666666664

3777777777777775
�14�

or using a matrix notation:

T � Aa �15�
In our case, 282 data sets (T, Mmin, Mp, Mf) were avail-
able for the linear system (15) which was solved using
standard least squares’ solution for the determination of
�c and then� 51 constantsai : The finalcvalue was�c�
0:31^ 0:03: The generalized linear correlation coeffi-
cient of Eq. (13) wasr � 0:63 and the corresponding
standard error was equal tos log T � 0:19: It should be
noted that this is a generalized (for 52 parameters esti-
mated in Eq. (14)) and not a simple 2-parameter linear
correlation coefficient, hence, it is much more reliable
than the individual ones estimated for each one case. It is
interesting to notice that the value ofc estimated for
shallow events isc� 0:33; which is practically equal
to the value determined here.

The error reported for�c isa marginal error; i.e. is valid
only if the values forai are correct. The true confidence
area for�c is described by the ellipsoid:

Dx2 � daTCa
21da �16�

whereDx 2 is the allowed increase of the misfit,x 2, for
n 1 1 degrees of freedom given the perturbation vector
daand the covariance matrix of the solution of Eq. (15),
Ca. FollowingPapazachos and Papadimitriou (1997) we
can estimate the minimum possible�c value in the 95%
confidence ellipsoid which was found equal to 0.16. We
observe that for even these strict confidence limits for�c;
its value is always positive. A similar situation has been
shown to hold for shallow events (Papazachos and Papa-
dimitriou, 1997).

A similar equation can be assumed for the magni-
tude-predictable model:

Mai
� �CMpi

1
Xn
j�1

dij Aj � �CMpi
1 Ai �17�

The parameters of the magnitude-predictable
model can be estimated using a similar procedure.
The average value determined was�C � 20:131
0:047; with standard error ofsMa

� 0:43 and a
generalized linear correlation coefficientr � 0:56:
The obtained value,�C; is quite smaller than the
value determined for shallow events (�20.28).
This can be also identified in Fig. 2 where the
distribution ofMobs

a 2 Mcalc
a show a clear asymmetry

compared to the normal distribution, due to the
very differentC value obtained here from the value
used in Fig. 3. Moreover, in the 95% error ellipsoid, a
very small number of solutions have a positiveC
value and the maximum possibleC value is 0.06.
Therefore, we conclude that the magnitude-predict-
able model is not as robust as the time-predictable
model at least for deep events, also shown by the
smaller linear correlation coefficient, similar to the
observation made for shallow events (Papazachos et
al., 1997a,b).

Combination of Eqs. (13) and (17) leads to
an equation, which resembles the slip-predictable
model:

log Ti � �EMai
1
Xn
j�1

dij Dj � �EMai
1 Di �18�

Following the previously described procedure for
the estimation of�E leads to a value of�E � 20:19
with a low linear correlation coefficient�r � 0:44�:
However, the essence of the slip-predictable model
is that �E is positive and not negative as we found
here, since large interevent times,T, should lead
to large earthquakes,Ma, if this model applies. The
estimated Eq. (18) does not express any physical
law, but it is a simple mathematical result of the
combinations of the time- (Eq. (13)) and the
magnitude (Eq. (17)) predictable models. Therefore,
the slip-predictable model (large events follow
large interevent times) should be rejected for deep
events, similarly to the observation made for
shallow ones.

6. Discussion

Since the introduction of the “time-predictable
model” (including Bufe et al., 1977) and the “slip
predictable model” (Shimazaki and Nakata, 1980)
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considerable research work has been performed,
towards the verification of the applicability of these
models for specific areas or on a global scale. Several
authors have made important contributions and
suggestions including Papazachos (1989, 1992),
which have generally favored such models, especially
the time-predictable model. Laboratory experiments
on stick–slip behavior on pre-existing faults also
favor the model (Sykes, 1983). On the other hand,
various authors have questioned the applicability of
such models. Davis et al. (1989) have contradicted to
any model taking account the elapsed time since the
last event in a specific region and suggested that clus-
tering of events for all magnitudes should be consid-
ered as a probable scenario. This opinion implies
aperiodicity values larger than 1, where aperiodicity
is defined ascv � s= �T; the ratio of the standard devia-
tion, s , to the mean repeat time,�T (Kagan and Jack-
son, 1991a,b). Notice thatcv � 0 and cv � 1
correspond to periodic and Poissonian behavior,
respectively. Sornette and Knopoff (1997) proved
that any distribution that falls off at large time inter-
vals at a faster rate than an exponential, such as peri-
odic, quasiperiodic, uniform, and semi-Gaussian
distributions, and the Weibull distribution with
m . 1; has the property ‘the longer it has been since
the last earthquake, the shorter the expected time until
the next’. The later is the principle of the regional time
and magnitude predictable model and for this reason
the temporal behavior of the mainshocks used for its
application, is discussed here. Mulargia and Gasperini
(1995) tested the applicability of the time- and slip-
predictable earthquake recurrence models to Italian
seismicity through a strict statistical procedure.
They suggested that such models offered a satisfac-
tory fit (90% confidence) in just two regions and one
region for the time- and slip-predictable models,
respectively, out of 19 globally analyzed. However,
in each of their samples, where this test was applied,
the uncertainties of the earthquake size (errors in the
magnitude, seismic moment, coseismic slip) are
comparable with the range of this size (difference
between maximum and minimum size).

Papazachos and Papadimitriou (1997) questioned
these results since they showed that we could not rely
on statistical tests for a single seismogenic region,
mainly due to errors in the magnitude estimation and
the small magnitude range spanned by available data.

Moreover, they showed that an alternative procedure
can be applied demonstrating the high statistical signif-
icance (.95%) of the global applicability of the time-
and magnitude- predictable models. As far as the quasi-
periodical behavior of the mainshocks is concerned,
Papazachos et al. (1997a) estimated a meancv —
value equal to 0.56 for a global data set, which corre-
sponds to a quasi-periodical time behavior. Nishenko
and Buland (1987) also found thatM � 7:0 events
behave quasi-periodically with an intrinsic (lognormal)
aperiodicity of 0.21. Goes and Ward (1994) by examin-
ing recurrence statistics for a fault model in San
Andreas, pointed out that there is a clear trend of
decreasing aperiodicity with increasing event magni-
tude. Only the largest events (M at least 7) display
quasi-periodic behavior, while toward lower magni-
tudes, M 6–6.5, clustering becomes the dominant
mode of recurrence, as these events are often fore- or
aftershocks.

The time-, slip- and magnitude-predictable models
have attracted the interest of many scientists who
discussed the aspects related (definition of the seismo-
genic regions, temporal behavior of the main shocks,
moment rate, probability estimation) and agree or
disagree with some of them or reject the model. It
has been shown that the accurate definition of the
seismogenic regions, which include not only the
major fault but other secondary faults as well, is
necessary for a more reliable estimation of the basic
parameters of relations (1) and (2), but it is not critical
for the model application. From an inspection on the
temporal distribution of the mainshocks, it was
derived that they behave quasi-periodically. The
moment rate is almost the same if either only the
large events are considered or the methodology
followed here. This provides a tool to obtain such
value even in the cases where no large earthquake is
included in the complete data sample and to take into
account the maximum earthquake ever occurred in the
region. Moreover, statistical tests have shown that the
probability estimates are close to the reality when they
compared with the rate of occurrence and against time
independent models. All the above are explicitly
discussed in detail in Papazachos et al. (1997a) and
Papazachos and Papadimitriou (1997).

In the present work, we proceed one step further by
examining the time- and magnitude-predictable models
globally defined for shallow events, on a completely
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independent data set that includes deep events. The very
good applicability of each of these models and especially
the time-predictable model, on such a very different data
set (deep events instead of shallow), suggests that this
time-magnitude dependence on the magnitude of the
preceding event is a general characteristic of all earth-
quakes, at least for large mainshocks. Further analysis,
following Papazachos and Papadimitriou (1997),
demonstrated the global applicability of the time-
predictable model for deep events although the magni-
tude-predictable model seems to be less robust.

The results of the present study indicate that even if
prediction of a specific earthquake is not feasible, time-
dependent earthquake predictionmay still be possible, if
we understand by ‘prediction’ a statement of earthquake
probability in any time–space–magnitude and possibly
focal mechanism window (Vere-Jones, 1978; Brillin-
ger, 1982a,b; Molchan and Kagan, 1992; Nishenko
and Sykes, 1993). The prediction probability, called
earthquake potential by Wallace et al. (1984), should
be defined in such cases as a conditional rate of earth-
quake occurrence, conditioned on the time, space and
magnitude distribution of past earthquakes. If we adopt
such a probabilistic point of view, we believe that the
time - dependent seismicity model examined here for
deep events provides a useful tool for the improvement
of seismic hazard estimates.
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