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Abstract

The evaluation of the parameters c and k of the decay law of the aftershocks in an earthquake se-
quence has been carried out in this study. For this reason 170 seismic sequences globally distrib-
uted, during the time period 1964-1986, were performed. All of them modelled well by Omori’s law.
We estimated that the mean global values of and parameters , are 0.660+0.181 and -
0.341+0.090, respectively. The values of these parameters are also estimated for different regions
of the world, west and east part of circum-Pacific rim, as well as for the Eurasia belt.The parame-
ters ¢ and k calculated for the various regions of the world found to be spread around the global av-
erage, although admittedly few exceptions to this generalization are also observed to exist.
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1. Introduction and data used

Aftershocks occurrence is usually attributed to the strain energy not released by main shock or its pos-
sible foreshocks. These can cause significant damage to buildings. Occasionally they can result in build-
ing collapse. This risk is highest for previously damaged buildings by the main shock. Statistical
properties of aftershocks and foreshocks have been extensively studied for long time. Most of them
dealt with the distribution of aftershocks and/or foreshocks in time, space and magnitude domains. The
main properties of the aftershock sequences have been described by many authors (Utsu, 1961; Page,
1968; Ranalli, 1969; Kisslonger and Jones, 1991; Tsapanos, 1990a; Narteau, et al., 2002, Parsons, 2002;
Felzer and Bronsky, 2006; Corral, 2007; Vinogradov, 2008, among others). Two main laws controlled
for many years the distribution of the aftershock sequences: a) Omori’s law and b) Bath’s law.

Moment release rates during mainshocks compared with moment release rates during aftershocks se-
quences showed that the moment release rates of aftershock sequences are 30 times smaller than the
maximum moment rate of the main shock (Kagan and Houston, 2005).

Tsapanos (1990a) listed his observations for 182 earthquake sequences, trying to establish a fresh
expression for the so called Bath’s law. These sequences occurred all over the world during 1964-
1986. Only shallow earthquakes (h<60 km) with main shock magnitude M>7.0 are taken into ac-
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count from the database of ISC global earthquake catalogue. In a previous study (Tsapanos et al.,
1994) used the complete data sets for the examined aftershock sequences (with aftershock magni-
tude M>4.5) and suggested that the completeness of the aftershocks is essential for such analysis.
The possible incompleteness of the catalogs especially in the first time after the main shock plays a
key role to the aftershock sequence processing (Lolli and Gasperini, 2006). The data of these se-
quences used in the present study. Distance (Utsu, 1969) and time (Tajima and Kanamori, 1985)
conditions used to distinguish the aftershocks in any seismic sequence. The sequences occurred in
oceans or have inadequate data for further analysis are eliminated from the present work. Only earth-
quake sequences occurred in the circum-Pacific rim and in the Eursia continent are finally taken
into consideration, which consisted of 170 aftershock sequences.

2. Decay law of aftershocks

According to the work of Omori (1895) the aftershock rate is roughly proportional to the inverse of
the time, t, elapsed after the main shock:

(1

In eq. (1) c and k are coefficients, while time t is the time since main shock origin and n(t) is the af-
tershock frequency measured over a certain time interval.

Kisslinger and Jones (1991) suggested that k is dependent on the total number of aftershocks in the
sequence and c on the activity in the earliest part of the sequence.

Papazachos (1975) by using data from Greece, found that the cumulative frequency distribution N(T;)
of the time difference between main shock and the largest aftershock, was given by the relation:

2

Where c is the number of the earthquakes or the percentage of the events which occurred during the
first day and k is the slope of the equation (2).

A data set of aftershocks sequences globally distributed, covered the time period 1904-1980, with
main shock magnitude M>7 4 were performed by Tsapanos et al. (1988). They found that the cor-
relation between the probabilities N(T) of occurrence of the largest aftershock and the T (T is the time
between the main shock and its largest aftershock) show the best fit (Fig. 1). The obtained values of
the parameters ¢ and k were 0.647+0.020 and -0.299+0.010, respectively.

Our data, as mentioned before, covered the circum-Pacific rim, as well as the Eurasia belt. The circum-
Pacific rim separated, in two areas AREA1 and AREA2. The west side of the Pacific (AREAL1) includes:
Chile (1), northwest coasts of South America (2), Middle America (3), Mexico (4), west coasts of U.S.A.
and Canada (5) and finally Alaska and Aleutian islands (6). The east side of Pacific (AREA2) includes:
Kamchatka and Kurile islands (7), Japan (8), Taiwan (9), Marianas islands (10), Philippine islands (11),
Sunda arc (12), Papua-Solomon islands (13), New Hebrides islands (14) and Fiji-Tonga and New Zealand
(15). The division of the Pacific’s regions is almost according to the one introduced by Tsapanos (1990b).

3. Regional values

Global average values of the parameters ¢ and k were estimated and found that they are equal to
=0.660+0.181 and  =-0.341+0.090 (Fig. 2a and 2b).
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Fig. 1: Distribution of the probability (N(T)
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Fig. 2: The distribution of the average global values of the aftershock decay parameters: (a) ¢ parameter and
(b) k parameter.

The 170 aftershock sequences globally distributed were then separated in two groups. The first group
belongs to the circum-Pacific rim, while the second one belongs to Eurasia. The obtained values of
the parameters ¢ and k are listed in Table (1).

The statistical T-test has been applied in order to verify the significance of the difference between
the c-parameters of the two data groups. The results show that the parameter t (of the T-test) is equal
to -1.75436 which corresponds to a probability PROB=0.0847. This means that the probability of
the two groups to belong to the same population is about =8.5%. This result indicates that the two
groups are in some sense statistically significant.
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Table 1. The mean values and their standard deviation (sd) of the parameters ¢ and k in the circum-
Pacific rim and Eurasia belt.

circum-Pacific Eurasia
c-parameter+sd 0.612+0.043 0.691+0.116
k-parameter+sd -0.319+0.007 -0.340+0.048

Table 2. Regional values and their standard deviation (sd) of the parameters ¢ and k in the seismically
active regions of the circum-Pacific belt.

Region c+sd k+sd
West Pacific
Chile (1) 0.660+0.108 -0.373+0.076
NW coasts of S. America (2) 0.685+0.121 -0.321+0.057
Middle America (3) 0.550+0.073 -0.266+0.036
Mexico (4) 0.686+0.113 -0.357+0.062
W. coasts of USA & Canada (5) 0.531+0.101 -0.294+0.043
Alaska and Aleutian islands (6) 0.72740.117 -0.348+0.042
East Pacific
Kamchatka and Kurile islands (7) 0.728+0.163 -0.349+0.071
Japan (8) 0.620+0.160 -0.338+0.062
Taiwan (9) 0.603+0.097 -0.244+0.047
Marianas islands (10) 0.611+0.129 -0.252+0.032
Philippines islands (11) 0.695+0.112 -0.329+0.043
Sunda arc (12) 0.689+0.104 -0.316+0.048
Papua-Solomon islands (13) 0.71740.085 -0.331+0.043
New Hebrides islands (14) 0.668+0.092 -0.354+0.062
Flﬁﬁ%ﬁfggﬁgfa 0.67140.110 030140015

In order to study these parameters in details a further division applied. This time we divided the cir-
cum-Pacific in two sides: a) the island arcs of the east Pacific (e.g. Japan, etc) and b) the west side
(American continent mainly). Regional values of the parameters ¢ and k are calculated for the re-
gions around the circum-Pacific rim and are listed in Table (2).

The T-test has been applied again to check the statistical significance between the data of the east
and west side of the circum-Pacific belt. The t parameter (of the T-test) is equal to 1.86812 and the
PROB=6.4%. From this result it can be interpreted that the mean ¢ values of the two sides of the Pa-
cific rim are different with a probability ~94%.
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4. Discussion and Conclusions

A first inspection to the above table (2) generally reveals that the parameters ¢ and k have values
around the average global values, although there are regions which do not follow this pattern, hav-
ing values greater than or less than the global averages. Our discussion will be focused on the ex-
ceptions.

If we follow Kisslinger and Jones’s (1991) suggestion that k is dependent on the total number of af-
tershocks in the sequence and ¢ on the activity in the earliest part of the sequence we can lead to some
conclusions about these aftershock parameters. Kagan and Houston (2005) suggested five reasons
for non-zero c-parameter. It was introduced to explain, by the same authors, the seeming saturation
of aftershock rate close to the origin time of a mainshock. The parameter ¢ always found to be pos-
itive and typically ranges from 0.5 to 20 hours in empirical studies (Utsu, 1961; Reasenberg and
Jones, 1989, 1994; Utsu et al. 1995) It was introduced, by the same authors, to explain the seeming
saturation of aftershock rate close to the origin time of a mainshock. Shcherbakov, et al. (2006)
taken into account three laws (Gutenberg & Richter, Omori’s and Bath’s) and suggested that the c-
parameter plays the role of a characteristic time for establishment of Gutenberg-Richter scaling.
This time increases systematically with a decreasing lower magnitude cutoff. The k-parameter
slightly varies with the lower magnitude cutoff of the sequence.

Kamchatka and Kurile islands has the highest ¢ value. This means that the aftershock sequences oc-
curred in this region seem to be very active during the first times after the main shock occurrence.
The value of the parameter ¢ in Alaska and Aleutians as a whole region seems to be very active dur-
ing the first times after the release of the main shock. However k parameter reveals that this is around
the global value. One may argue to the results that the region is not well covered by instruments in
order to record all the earthquakes. But as we mention in the present text we processing aftershocks
sequences which their main shock is greater than or equal to 7.0. But Aleutians belong both in U.S.A.
and Russia. The Aleutians belonged to Russia show an unusual behaviour and the c-parameter is
equal to 0.827, while k-parameter is equal to -0.405. This can be interpreted that the aftershock se-
quences are too severe in the earliest part of sequence and their total number of the aftershocks are
the highest. However this observation is not so valid, because the results came from only 4 se-
quences.

Papua and Solomon islands show also high activity in the early part of the aftershock sequences oc-
curred there, while k-parameter is in accord with the global mean.

The value of ¢ parameter (0.550) and the small number of the k-parameter (-0.266) in Middle Amer-
ica lead us to the conclusion the activity is not so high in the first part of the aftershock sequences
in this region and the aftershock sequences released with short number of aftershocks. The same
phenomenon is demonstrated in the west coast of U.S.A. and Canada as a whole region. The activ-
ity in the earliest part of aftershock sequences is the smallest among the examined regions and the
total number of aftershocks in the sequence is small enough. Looking in details in this region we have
one of the most studied areas of the world, California. California itself shows a total different be-
haviour and both parameters are in accord with the global averages (c=0.626 and k=-0.339). On the
other side of American continent is the Caribbean loop which shows the same characteristics as the
west coast of U.S.A. and Canada, where the activity is small the earliest part of the sequence
(c=0.587) and the total number of aftershocks in a sequence is small, (k=-0.287), as well. The tem-
poral behaviour of aftershock sequence in southern California during the time interval 1933-1988
was examined by Kisslinger and Jones (1991). They estimated the parameters ¢ and k (with its stan-
dard errors) and they found similar values with ours, presented here.
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Two regions Taiwan as well as Marianas islands exhibit values of parameter ¢ around the global av-
erage but both have a short total number of aftershocks in a sequence, as they listed in table (2). The
k-parameter in Taiwan is the shortest among the examined regions.

The tectonic setting and the mode of faulting are factors other than the fault surface properties that
might control the behaviour of the sequences. Narteau et al. (2008) analyze the temporal properties
of Californian mainshocks. They found that the c-parameter is a decreasing function of the magni-
tude of aftershocks and that it varies across different types of faulting. They also suggested that the
time delay before the onset of the power -law aftershock decay rate is in average shorter for earth-
quake occurred in thrust than the normal faults. For earthquakes which generated in strike-slip faults
this time delay takes an intermediate value.

The results illustrated here is very useful not only from theoretical point of view, but they have prac-
tical meaning, as well. Rescue teams must have knowledge about the frequency of aftershocks when
they operate in collapsed structures, especially in the first hours after the main shock.
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