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Abstract

A study on the aftershock sequences distributed along the subductions in Japan and
Kuril islands, as well as in Kamchatka is undertaken. Aftershock sequences, having a
main shock magnitude My >7.0, during the time period 1973-2013 are taken into
account. The data used (mainshocks, aftershocks and foreshocks if there are any) are
restricted in shallow focal depths. A large earthquake in Japan Trench (11 March
2011 / Mw=9.0) occurred and for this reason the investigated area is of particular
interest. Our study is concentrated on the spatial distribution of some parameters [Mc,
a, b (Gutenberg-Richter distribution) and p, ¢, k (Omori’s law)] closely associated
with the seismic sequences statistics.

Keywords: aftershock sequences, spatial distribution of aftershock parameters,
Japan, Kuril Islands, Kamchatka.

Mepiinyn

21 mapovoo. EPYacia PIVETOL § HEAETN TV UETACEIOUIKDOY 0K0L0VOLDY TV ovufaivovy
kotd unrkog g lamwviag, twv vijowv Kovpileg kai ¢ svpvTepns TEPLOYNS THG
Koutodrrkag. o tov okomd avtd eletaobnray 0Aes o1 HeTaoEIoUIKES aKk0AoVOIES TV
TEPIOY WOV OV TPOOVapEpOnKay ue uéyebog kopiov oeiouod My >7.0 kot kdAvrray to
ypoviko owaotnue 1973-2013. Xt uelétn Angbniav omown povo oi emipoveioxol
oetouol. Eivar yvwato emions on oty meproyn g lamwviag ovvefn oug 11 Maptiov
ov 2011 évag yiyavuaios oeiouos pe péyeboc Mw =9.0 xou étor n elétaon twv
HETACEITUIKAV aK0L000100V aTny TEpLoy eival 1010iTEPa, evolapépovoa. H ueAétn avtn
EMIKEVIPOVETOL OTNV YWPIKH KOTOVOUN OlAPOPWY TOPOUETPMV TOV GYETILOVIOL UE
TOPOUETPOVS GUECO, TOVOEIEUEVES LUE TIG UETOTEIOUIKES aKoAovBieg

Aéfers  Klewdid:  uetaoelokés  axolovlieg,  YwpIKN  KOTOVOUN  TOPOUETPDV
ueraoeiouav, lorwvio, vioia Kovpileg, Koutodtko.

1. Introduction

A large amount of the residual seismic energy, caused by the heterogeneity of the focal region, is
released with the aftershocks. Spatial and temporal variation of aftershocks parameters are sources of
information about earthquake nucleation and reveal the internal crustal dynamics which related with
the redistribution of the stress field in the fault zone (Dieterich, 1986; Frohlich, 1987; Tsapanos et al.,
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1994; Heuret et al., 2011). Aftershocks of large earthquakes contribute to a significant hazard, which
of course, can cause further damages to the already vulnerable constructions.

A large number of studies which focus on the properties of aftershock sequences have been
published during the last decades (Tsapanos, 1990, 1992; Drakatos, 2000; Henry and Das, 2001;
Felzer et al., 2004; Shcherbakov et al., 2005; Schorlemmer et al., 2005; Lay et al., 2009; Marsan
and Lengliné, 2010; Goda, 2012; Scholz and Campos, 2012; Shcherbakov et al., 2013; Mousavi-
Bafrouei et al., 2014; among others). Moment release rates during mainshocks compared with
moment release rates during aftershock sequences showed that the moment release rates of
aftershock sequence are 30 times smaller than the maximum moment rate of the main shock (Kagan
and Houston, 2005)

It is well known that aftershock sequences follow statistical laws. The most well known of these is the
one referred to by seismologists as "Bath's law". According to this law, the difference D1 between the
magnitude of the main shock M and the largest aftershock M1 of an earthquake sequence has a
statistical mean value of 1.2 (Richter, 1958) and is apparently independent of the magnitude of the
earthquakes (Papazachos, 1974; Purcaru, 1974). One of the purposes of the present work is to examine
this difference in the aftershock sequences occurred in the studied areas.

Characteristics of seismic sequences that may provide useful information are: the distribution in
space and time, the total number of aftershocks, the completeness magnitude Mc, and the parameters
a and b of Gutenberg-Richter relationship as well as the parameters of Omori’s law. The last can be
measured by the difference, D1.

This study confines itself to the computation of some simple but very useful aftershock parameters
in the areas of Japan, Kuril Islands and Kamchatka, all parts of north-western Pacific Rim.

2. Data processing

All earthquakes, main shocks, fore- and aftershocks for the present study are extracted from the
NEIC catalogue. The time span is 41 years, starting from January 1973 to December 2013. Earlier
sequences (since 1960) are omitted given that they have not enough data (Shcherbakov et al., 2013).
The earthquake magnitudes of the catalogue used are not provided in a unique scale. Local
magnitudes, body wave magnitudes, among others are listed. For this reason and because there is a
need for a unique magnitude scale, we converted all magnitudes in moment magnitude scale My,
using for this purpose the empirical equations (Scordilis, 2006) by considering data from the whole
earth. So, our sample is constituted of 31 seismic sequences with magnitude of the main shock My,
>7.0. An earthquake is considered to be an aftershock if it occurs within one year after the main
shock (Shcherbakov et al., 2013) and its location is within a distance L (in Km) from the epicentre
of the main shock. The evaluation of the distance L is based on the empirical relations Wells and
Coppersmith (1994) between the magnitude and the rupture area. Useful relations for aftershock
zones of large shallow earthquakes suggested by Henry and Das (2001), which concerning their fault
dimension and aftershock area expansion. All the data used are of shallow depths h<60 Km
(according to NEIC depth distribution). The magnitudes of the subsequent shocks are greater than
or equal to 4.0 after 1973. In Figure (1) the main shocks under investigation, as well as their focal
mechanisms are illustrated. The available data are 16 events for Japan, 5 earthquakes for the broader
area of Kamchatka and 10 shocks for the Kuril Islands. As we observed the majority of the focal
mechanisms are thrust faults given that they belong to subduction regions, while normal faults are
also detected and a good paradigm is the giant event of M,=9.0 which occurred in Japan Trench
(Sato et al., 2012). As they pointed out Coulomb stress changes for normal fault aftershocks near
Japan Trench which are found to be strongly related with the slip on the shallow portion of the faults.
In the investigated area the focal mechanisms showed 1 megathrust, 3 of normal type, 6 reverse 3
strike slip 16 thrust and 1 underthrust.
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3. The completeness magnitude Mc of the aftershock sequences in the studied
areas

The estimation of completeness magnitude is an essential and required step for any seismicity study.
This magnitude, Mc, is assigned as the lowest magnitude which included all the events which generated
in a space-time volume. This is crucial for further seismicity analysis, given that a magnitude lower
than Mc leads to bias results. Wiemer and Wyss (2000) assessed the minimum magnitude for complete
earthquake data. Later, Woessner and Wiemer (2005) evaluated the quality of earthquake catalogues
by an estimation of Mcand its uncertainty. Mignan and Woessner (2012) provided an online resource
for statistical analysis of seismicity focused on estimation of the completeness magnitude. The possible
incompleteness of the data especially in the first time after the main shock plays a key role to the
aftershock sequence processing (Lolli and Gasperini, 2006).
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Figure 1 - The spatial distribution of the main shocks with their focal mechanism in the
investigated area.
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We applied Z-map programme provided by Wiemer (2001) in order to assess the magnitude of
completeness Mc for the 31 aftershock sequences in the area under investigation. Then the
parameters a and b are computed using for this purpose the simple least square process A sample of
the results is depicted in Figure (2). It is obvious (Fig. 3) that almost the dominant completeness
magnitude of the examined is Mc=4.9. The completeness magnitude ranged from 4.1 to 5.5. The
results for Mc, a and b values are portrayed in Table 1. An interesting observation is coming out
from the spatial distribution of the b parameter. It is clearly shown that in Hokkaido and Honshu,
islands of Japan, the b-values are slightly lower than those calculated for Kuril Islands and
Kamchatka. These differences need further investigation and according to our knowledge this may
depends on the tectonics of the areas. Two b-values one at Honshu Island (during 2012) and one at
Kuril Islands (during 1978) have values greater than 2.0 which are 2.35 and 2.05, respectively. For
the areas of Japan and Kuril islands (Shcherbakov et al., 2013) found that b-values ranged between
0.9 and 1.6 with a mean at 1.21. For a-values areas with lower b-value tend to have lower a-values
while those with larger b-values have greater a-values although admittedly a short number of
exception to this generalization are also observed to exist.
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Figure 2 - A sample of completeness magnitude graphs of the studied aftershock sequences.
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Figure 3 - The range of completeness magnitudes where the magnitude Mc=4.9 is dominated.

4. The difference D1 between the main shock and its largest aftershock

The difference between the main shock and the largest aftershock in an aftershock sequences is
called by “Bath’s law” and its statistical mean is proposed as 1.2 It is interesting that the statistical
distribution of D1 for earthquake sequences located at the examine areas is actually characterized
by not one but rather two well defined peaks. One of them has a mean of 1.0 and is in good agreement
with Bath's law. Papazachos (1974) found also the same values for the aftershocks sequences
occurred in Greece. The second peak corresponds to the values of 1.8. Tsapanos (1990) found also
a same pattern for the aftershock sequences distributed in the circum Pacific Rim. The second mean
of the three values found by the same author is exactly the same as the second peak observed for the
whole investigated area. He also made an effort to associate these values with the stress field in the
focal area. Although the data are not enough (especially for the second peak) this may could be a
tendency when we add the results from all the aftershock sequences, with an alternative for the
second peak is to be disappeared with plenty of data. In Figure (4) the histogram of the difference
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D1 for the aftershock sequences of the whole examined area are illustrated. Shcherbakov et al.
(2015) computed D1-values for Japan and Kuril Islands and found o mean of D1=1.11. This value
is compatible with our results (first peak).

D1

Frequency
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D1 value

Figure 4 - The values of the difference D1 between the magnitudes of the main shock and its
largest aftershock in the seismic zones of the examined area.

Other authors related this difference with various parameters. For example, Gibowitz (1973) has
shown that this difference is associated with the stress drop in the main shock. He points out that the
difference M - M1 is small when the stress drop in the main shock is low, or the remaining stress is
high, and vice versa. Also Okada (1979) has shown that this difference may be related to the
parameter b of the Gutenberg-Richter equation, while Purcaru (1974) observed that the difference
D1 is a linear function of b. Additionally, Mogi (1963) and Scholz (1968) have shown from
laboratory experiments on rocks that the parameter b depends on the stress conditions and on the
homogeneity of the materials in the focal area.

5. Omori’s law in the studied area

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 and is given by the following equation:

Equation 1 — The origin formula of the Omori’s law:
n(t) =k /(t +c) o)

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

A modified version, where aftershocks decay as a power law is introduced by Utsu (1961);

Equation 2 — The modified version of Omori’s law:

ok
n(t) = o)y (2)

Coefficients t, k and ¢ (in eq 1 and 2) are of same meaning as in the origin formula. The p-value is
the decay parameter, which, according to Utsu (1961), varies between 0.7 and 1.5.
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Table 1 - Overall values of the computed aftershock parameters of the two empirical laws
(Gutenberg-Richter and Omori) in the studied area. The date, the magnitude of the main
shock and the place of the generation of aftershock activity are also listed.

i Gutenberg-Richter Omori
No DATE Mw Region
Mc a b p c k

1 | 1973/06/17 | 7.7 | Hokkaido, Japan 550 | 9.99 | 151|094 | 0.08 | 10.00
2 |1976/01/21 | 7.0 | Kuril Islands 5.30 | 10.66 | 1.69 | 1.60 | 0.76 | 10.00
3 11978/03/24 | 7.6 | Kuril Islands 530 | 12.67 | 2.05 | 1.15 | 0.62 | 95.80
4 |1978/06/12 | 7.7 | Honshu, Japan 480 | 590 | 0.88|0.73 | 0.01 | 16.90
5 11980/02/23 | 7.0 | Kuril Islands 550 | 743 | 119 ] 0.71 | 0.40 | 10.00
6 | 1982/07/23 | 7.1 | Honshu, Japan 490 | 741 | 1.20 | 0.69 | 0.01 | 10.00
7 | 1983/05/26 | 7.4 | Honshu, Japan 480 | 6.18 | 094 | 1.08 | 0.20 | 19.70
8 11984/03/24 | 7.2 | Kuril Islands 490 | 785 | 134 | 0.75] 1.16 | 10.00
9 ]1989/11/01 | 7.4 | Honshu, Japan 490 | 751 | 118 | 0.75 | 0.01 | 10.00

Komandorskiye Ostrova,
10 | 1990/11/06 | 7.1 | Russia 440 | 4.66 | 0.81 | 1.32 | 2.93 | 10.00
11 | 1991/12/22 | 7.6 | Kuril Islands 510 | 11.80 | 1.96 | 0.58 | 0.01 | 14.80
12 | 1993/07/12 | 7.7 | Hokkaido, Japan 480 | 7.61 | 1.18 | 1.30 | 0.35 | 10.00

Kamchatka Peninsula,
13 | 1993/11/13 | 7.0 | Russia 460 | 422 | 0.66 | 1.16 | 5.00 | 10.00
14 | 1994/10/04 | 8.3 | Kuril Islands 520 | 10.27 | 1.52 | 0.81 | 0.71 | 76.40
15 | 1994/12/28 | 7.8 | Honshu, Japan 520 | 765 | 114 ]0.78 | 0.07 | 10.00
16 | 1995/05/27 | 7.1 | Sakhalin, Russia 450 | 6.60 | 1.12 | 1.03 | 0.10 | 10.00
17 | 1995/12/03 | 7.9 | Kuril Islands 490 | 8.05 | 1.16 | 0.75 | 5.00 | 10.00

Kamchatka Peninsula,
18 | 1997/12/05 | 7.8 | Russia 480 | 955 | 158 | 1.10 | 0.85 | 25.60
19 | 2003/09/25 | 8.3 | Hokkaido, Japan 480 | 7.08 | 1.02 | 0.76 | 0.01 | 14.70
20 | 2003/10/31 | 7.0 | Honshu, Japan 460 | 5.87 | 100 | 1.00 | 0.16 | 24.40
21 | 2004/09/05 | 7.4 | Honshu, Japan 450 | 6.03 | 0.96 | 1.24 | 0.34 | 146.50
22 | 2004/11/28 | 7.0 | Hokkaido, Japan 430 | 495 | 0.79 | 1.13 | 4.77 | 10.00
23 | 2005/08/16 | 7.2 | Honshu, Japan 410 | 414 | 059 | 0.72 | 0.01 | 10.00

Kamchatka Peninsula,
24 | 2006/04/20 | 7.6 | Russia 480 | 9.27 | 1.49 | 1.08 | 0.05 | 44.70
25 | 2006/11/15 | 8.3 | Kuril Islands 490 | 12.18 | 1.98 | 0.89 | 0.26 | 222.30
26 | 2007/01/13 | 8.1 | Kuril Islands 480 | 955 | 1.63 | 1.17 | 0.23 | 107.60
27 | 2008/07/19 | 7.0 | Honshu, Japan 460 | 7.79 | 142 | 1.15| 1.46 | 10.00
28 | 2009/01/15 | 7.4 | Kuril Islands 470 | 885 | 159 | 0.60 | 0.01 | 10.00
29 | 201103/11 | 9.1 | Honshu, Japan 530 | 873 | 1.14 | 0.65 | 0.20 | 10.00
30 | 2012/12/07 | 7.3 | Honshu, Japan 490 | 13.63 | 2.35 | 0.48 | 0.01 | 20.50
31 | 2013/10/25 | 7.1 | Honshu, Japan 4,70 | 6.87 | 1.15 | 1.37 | 0.23 | 10.00
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Kisslinger and Jones (1991) suggested that k is depended on the total number of aftershocks in the
sequence and c on the activity in the earliest part of the sequence. Shcherbakov et al. (2006) taken into
account three laws (Gutenberg and Richter, Omori’s and Bath’s) proposed that c-parameter plays the role
of a characteristic time for establishment of Gutenberg and Richter scaling. This time increases
systematically with a decreasing lower magnitude cutoff. The k-parameter slightly varies with lower
magnitude cutoff of the sequence the parameter p depends on the physical properties of the material in
the focal region and its common mean is 1.0. Tsapanos (1995) suggested the p-values, estimated from
170 aftershock sequences in the Pacific rim, follows the normal distribution with a mean p=0.935 and
this values is in good agreement with the value proposed by Davis and Frohlich (1991) of p=0.892
(swarms excluded). Davis and Frohlich (1991) also found for all aftershock sequences in all tectonic
structures of the Earth a mean p=0.868 and they suggested that aftershock statistics do vary depending on
regional tectonics. Tsapanos (1995) also computed for the whole west Pacific a value of p=0.912 which
is compatible with the one found for the whole Pacific. The computed values of p, ¢ and k in the present
study are listed in Table 1. The parameter p varies from 0.48 to 1.60 with a mean p=0.95, which is almost
the same with one p=0.98 found by Shcherbakov et al. (2013) for Japan and Kuril islands. It is also
compatible with the previously referred (from other authors) values and it is in good agreement with the
common mean p=1.0. The parameter ¢ varies from 0.01 to 5.00 with a mean 0.84, while k-parameter has
values from 10 to 222 with a mean 33. The mean c-value for Kamchatka aftershock sequences is
¢=1,97which is larger than the one calculated for e.g. Kuril islands with a corresponding c-value=0.92.
This means that the aftershock sequences occurred in Kamchatka seem to be very active during the first
times after the main shock occurrence. One may argue to the results that in Kamchatka only three
earthquakes occurred. But this is well observed in Kuril island and Honshu where the number of
aftershock sequences is approximately of same number. Kuril islands show exactly the same behaviour.
Following Kisslinger and Jones (1991) the mean c-value=1.30 for e.g. Hokkaido, while its mean k-
value=11,18, we can suggested that the activity is high in the first part of the aftershock sequences in this
region but the aftershock sequences released with short number of aftershocks.

6. Conclusions

This paper presents some preliminary considerations of aftershock sequences occurred in the north-
western part of the Pacific Rim. Japan, Kuril Islands, as well as Kamchatka are the areas under
investigation. The data collection and their further processing play a key role. They must be
accurate, homogeneous and complete. So the data sets were extracted from NEIC catalogue, their
magnitudes were expressed in Mw and their completeness (Mc) is assessed for each one of the
sequences. It was observed that the most common Mc is the magnitude 4.9. Software Z-map applied
for this purpose and the parameter a and b of the Gutenberg-Richter distribution calculated by the
least square fitting. Generally speaking we observed that the b values evaluated in Kuril Islands and
Kamchatka are larger than those found for Hokkaido and Honshu.

We also defined the Bath’s law parameter (D1) for which we observed two peaks with values of 1.0
and 1.8, respectively, although one can argue for the limited data used for the second peak. The
majority of the examined aftershock sequences belong to subduction zones, where large amount of
energy accumulated along the plate interface. In such cases the main shock releases a part of the
stored energy while the remaining energy, which is still large, is released as large aftershock. In such
cases small values of D1 parameter are expected.

The Z-map package is also applied for obtaining the parameters derived by the Omori’s law, which are
the known p, ¢ and k components for each individual of the studied aftershock sequences. The results
indicated that high p-value means that the number of aftershocks decay faster in time than for a lower
p-value. The other two parameters of Omori law ¢ and k provided important insight into aftershocks
behaviour. According to Kisslinger (1996) the k-value depends on the total number of events in the
sequence and reflects the earliest part of the sequence and accounts for the observed fact that the earliest
aftershocks do not follow a steady decay rate rather their rate increases in the first minutes to hours,
then begins to decrease. On the other hand c-parameter depends on the activity in the earliest part of
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the sequence. The tectonic setting and the mode of faulting are factors other than fault surface
properties that might control the behaviour of the sequences. The temporal properties of California’s
aftershock sequences studied by Narteau et al. (2008) and they found that the c-parameter is a
decreasing function of the magnitude 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 earthquakes that generated in thrust than in normal faults. For earthquakes which
occurred in strike-slip faults this time delay is of intermediate values. All our results are listed in a very
informative table where one can read the values computed (Mc, a, b, p, ¢ and k) through this study.
Due to intense aftershock activity in short time-span after the mainshock occurrence the c-value of
Omori’s law (Utsu et al., 1995; Kisslinger, 1996; Woessner et al., 2004) is commonly considered as a
time offset estimating for incomplete detection of aftershock activity.

Average values of p-parameter are: 1.03 for Hokkaido, 0.89 for Honshu, 0.90 for Kuril Islands and
1.14 for Kamchatka. Corresponding estimates of ¢ and k components are: 1.30 and 11.2 for
Hokkaido, 0.23 and 24.8 for Honshu, 0.92 and 56.7 for Kuril Islands and 1.79 and 20.1 for
Kamchatka. Based on the obtained results we can conclude that in average the activity, in
Kamchatka, in the first times after the mainshock occurrence the activity is higher than the other
examined regions. The larger average k-parameter, as shown, is evaluated for Kuril Islands (56.7)
lead us to the conclusion that the aftershock activity in sequences released with large number of
aftershocks, while Kamchatka comes second.

The obtained results of the paper (albeit they are preliminary ones) are in quite good agreement with
previous ones estimated by numerous authors. Their spatial distribution reveals the distribution of the
homogeneity of the crustal material, as well as the distribution of the stresses which prevail.
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