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A Nonextensive Statistical Physics Analysis of the 1995 Kobe, Japan Earthquake
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Abstract—This paper presents an analysis of the distribution of
earthquake magnitudes for the period 1990-1998 in a broad area
surrounding the epicenter of the 1995 Kobe earthquake. The fre-
quency—magnitude distribution analysis is performed in a
nonextensive statistical physics context. The nonextensive param-
eter gy, which is related to the frequency-magnitude distribution,
reflects the existence of long-range correlations and is used as an
index of the physical state of the studied area. Examination of the
possible variations of g, values is performed during the period
1990-1998. A significant increase of g, occurs some months
before the strong earthquake on April 9, 1994 indicating the start of
a preparation phase prior to the Kobe earthquake. It should be
noted that this increase coincides with the occurrence of six seismic
events. Each of these events had a magnitude M = 4.1. The evo-
lution of seismicity along with the increase of g, indicate the
system’s transition away from equilibrium and its preparation for
energy release. It seems that the variations of g, values reflect
rather well the physical evolution towards the 1995 Kobe
earthquake.

1. Introduction

The Kobe (Hyogo-ken Nanbu) earthquake
(M = 7.2) occurred on January 17, 1995 (5:46 a.m.
Japan local time) in the southwestern part of Japan
(Fig. 1a). This earthquake substantially damaged the
city of Kobe and its surrounding areas claiming more
than 6,000 lives (Kikuchr and KaNnamor1 1996).

In the present study we examine possible varia-
tions of the thermostatistical parameter ¢,, related to
the 1995 Kobe earthquake. This parameter, which is
derived from the fragment-asperity model (SOTOLON-
Go-Costa and Posapas 2004), is related to the
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frequency-magnitude distribution and can be used as
an index of the stability of a seismic area. The
aforementioned model comes from first principles
and describes the earthquake generation mechanism
in a nonextensive statistical physics (NESP) frame-
work (TsaLris 1988, 2009).

NESP was proposed by TsaLLis (1988) and refers
to the nonadditive entropy which is a generalization
of Boltzmann—Gibbs (BG) statistical physics.

According to nonextensive formalism (TsaLLIs
2009 and references therein), entropy is given by
S, =ks(1 =% p?)/(qg — 1), where kg is Boltz-
mann’s constant, p; is a set of probabilities and W is
the total number of microscopic configurations. The
nonadditive entropy Sq is proposed (TsaLLis 2009)
based on simple physical principles and multifractal
concepts. The entropic index q introduces a bias in
probabilities. Given that 0 < p; < 1, we have p{ > p;
if g<1, and p? <p; if g > 1. Therefore, g < 1
enhances the rare events that have probabilities close
to zero, whereas ¢ > 1 enhances the frequent events
having probabilities close to unity. Following (TsAL-
Lis 2009 and references therein) the proposed entropic
form is based on pf. In addition, the entropic form
must be invariant under permutation. The simplest
expression consistent with the latter statement is
S, =F(V, p!), where F(x) is a continuous func-
tion. Moreover, the simplest form of F(x) is the linear
one. That leads to S, =C;+ C,> 1, pl. As any
entropic expression Sg must be a measure of disorder.
Thus, Ci+C,=0 (TsALLIS 2009) and
Sy=Ci(1=" p?). In the limit ¢ —» 1 Sq
approaches the Boltzmann—Gibbs entropy. The sim-
plest way for this approach is when C; = kg/(g — 1).
The index g has been interpreted as the degree of
nonadditivity and is inherent in systems where many
non-independent, long-range interacting subsystems,
memory effects and (multi) fractality are present
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(Lyra and TsaLLis 1998; TsaLLis 2001; VALLIANATOS
et al. 2011; VaLLiaNATOS 2012).
For any two probabilistically independent systems

A and B Tsallis entropy satisfies
SUAE) S0 B SWSET e gy

term on the right hand side of this equation brings the
origin of nonadditivity.

NESP formalism has been applied in many non-
linear dynamical systems (TsaLLis 2009) and seems an
appropriate framework for the study of complex phe-
nomena including various types of natural hazards such
as earthquakes, forest fires and landslides (VALLIANATOS
2009). Recently, its applicability in seismicity from
local (MicHAs et al. 2013; VALLIANATOS et al. 2012,
2013) to regional (ABE and Suzuki 2003, 2005; TELESCA
2010a; Paprapakis ef al. 2013) and global scale (VAL-
LiaNATOS and Sammonps 2013) reveals its usefulness in
the investigation of phenomena exhibiting nonlinearity,
fractality and long-range interactions (VALLIANATOS and
TeELEScA 2012; VALLIANATOS et al. 2012).

In general long-range correlations originate from
two processes: the process’ memory (temporal cor-
relations) and the process increments’ “infinite”
variance (heavy tails in the distribution). In this study
we solely focus on the latter origin by employing
NESP formalism.

Recent studies (SarLis et al. 2010) based on nat-
ural time analysis (VAroTsos et al. 2001, 2002), from
which we deduce the maximum information from a
given time series (ABE et al. 2005) and which iden-
tifies  the critical
occurrence (SarLis et al. 2008), reveal that a combi-
nation of nonextensivity with natural time analysis
leads to results that satisfactorily describe the seis-
micity of Japan (VAROTSOS et al. 2011). In this study
we focus on the variations of the nonextensive
parameter prior to the Kobe earthquake.

Analysis of the magnitude distribution is per-
formed for the period 1990-1998 in a broad area
surrounding the epicenter of the 1995 Kobe earth-
quake. The temporal variations of g,, values reveal a
significant increase of the nonextensive parameter
months before the Kobe earthquake. Moreover, the
evolution of seismicity is consistent with the
observed variations of the nonextensive parameter
leading us to recover the main characteristics of the
Kobe earthquake dynamics.

time before the mainshock
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2. Data

The dataset used in this study concerns shallow
earthquakes (focal depth, # < 60 km) and is based on
the earthquake catalog provided by the Japan Univer-
sity Network Earthquake Catalog (https://wwweic.
eri.u-tokyo.ac.jp/CATALOG/junec/monthly.html—Iast
accessed October 2013). It covers the period between
03:32:56.09 January 3, 1990 and 20:51:56.24 Decem-
ber 31, 1998 in the region spanning 34.35°N-35.60°N
latitude and 134.00°E-136.00°E longitude (Fig. 1b).
This corresponds to a total of 5,811 seismic events with
threshold magnitude equal to my = 2. The study area is
chosen to be a large area surrounding the epicenter and
the northeast trending earthquake clusters that define
the physical evolution of seismicity related to the 1995
Kobe earthquake. Furthermore, the cluster method
introduced by REASENBERG (1985) is used in this study
for declustering of the earthquake catalog. This method
identifies the aftershocks by linking earthquakes to
clusters according to spatial and temporal interaction
zones (VANSTIPHOUT et al. 2012). The spatial extent of
the interaction zone is chosen according to stress
distribution near the mainshock area. The temporal
extent of the interaction zone is based on Omori’s law.
Decluster analysis is performed using the ZMAP pro-
gram (WIEMER 2001).

Several parameters are used for the declustering
procedure. These parameters are chosen based on the
results of the applied method and the effect of vary-
ing their values. The errors of the epicenter location
and depth were taken to be equal to 1.5 and 2,
respectively. The minimum value of the look-ahead
time for building clusters, when the first event is not
clustered (T.,;,), and the maximum value of the look-
ahead time for building clusters (t,,.x) have been set
equal to 0.5 day and 15 days, respectively. The
probability of detecting the next clustered event (P;)
and the factor for the interaction radius of dependent
events (Rg,) have been set equal to 0.95 % and 10,
respectively.

Figure 2 shows the time distribution of seismicity
of the declustered catalog for the period 1990-1998.
We observe the absence of earthquakes with magni-
tude M >4 between 1991 and 1993 and the
occurrence of many significant events as we move
towards the 1995 Kobe earthquake.
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Figure 1
a The epicenter of the 1995 Kobe earthquake (M = 7.2) indicated by the yellow star; b The seismic events (colored circles) of shallow earthquakes
(focal depth, 7 < 60 km) of the declustered earthquake catalog. The yellow star indicates the epicenter of the 1995 Kobe earthquake (M = 7.2)
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3. The Fragment-Asperity Model for Earthquakes:
A Nonextensive Approach of the Frequency—
Magnitude Distribution of Earthquakes

The fragment-asperity model for earthquakes was
developed by SotoLoNGo-CosTa and Posapas (2004)
and describes the earthquake generation mechanism
in an NESP context.

This model leads to the earthquake triggering
mechanism considering the interaction between two
rough surfaces (fault planes) and the fragments filling
the space between them. Stress accumulates until a
fragment is displaced or an asperity is broken resulting
in fault plane slip and the release of energy. The
aforementioned authors introduced an energy distri-
bution function (EDF) that shows the influence of the
size distribution of fragments on the energy distribu-
tion of earthquakes, including the Gutenberg-Richter
law as a particular case. Furthermore, SiLva et al.
(2006) revised the fragment-asperity model and cal-
culated an EDF that allows us to determine the relative
number of earthquakes as a function of magnitude.
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TeLEsca (2011) considered the relationship
between magnitude (M) and released relative energy
(e) as:

M~ Zlog(s), (1)

and, taking into account the threshold magnitude m,
(TeLEsca 2012), proposed a modified function that
relates the cumulative number of earthquakes with

magnitude, given as:
1 — (1*qM) 10M
2—qm A2/3

~ts)
(2)

where M is the earthquake magnitude, my is the
threshold magnitude and A is proportional to the
volumetric energy density.

The fragment-asperity model has been applied to
various earthquake catalogs (Si.va ez al. 2006; VILAR et al.
2007; TeLesca 2010a, b, ¢, 2011, 2012; MicHAS et al. 2013;

M 2 —
log<N(> )) _2amy,

N ~1—qu

S}
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Figure 2
Time distribution of seismicity of the declustered catalog
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Time variations of gy, values (black continuous line) over increasing (cumulative) time windows and the associated standard deviation (black
dashed lines). On April 9, 1994 the nonextensive parameter increases significantly indicating the start of a transition phase towards the 1995
Kobe earthquake

Papapaxkis et al. 2013) including volcano related seis-
micity (TELEsca 2010b; VALLIANATOS et al. 2013).

In the fragment-asperity model framework the
nonextensive parameter g,; informs us about the scale of
interactions between the fault planes and the fragments
(MATCHARASHVILI et al. 2011; Papabpakis et al. 2013;
TeLEsca 2010b, c; VALVERDE-Esparza et al. 2012).
Thus, the increase of g,, indicates that the physical state
of a seismic area moves away from equilibrium.

4. Results

In this study our interest concerns the temporal
variations of the thermostatistical parameter g,, dur-
ing the period 1990-1998 in regards to the 1995 Kobe
earthquake. TeLEsca (2010c) investigated the varia-
tions of this parameter regarding the seismicity of the
L’Aquila area (central Italy) and estimated that the
nonextensive parameter ¢, increases in a time
interval starting days before the occurrence of the
strong earthquake on April 6, 2009 (M; = 5.8).

Calculation of the nonextensive parameters g,
and A is performed using the maximum likelihood
estimation (MLE) method as this is proposed by
SHaLz1 (2007) for the g-exponential (TsaLLis) distri-
butions and by TeLesca (2012) for the earthquake
cumulative magnitude distribution. Standard devia-
tion and confidence intervals of the estimated
parameters are calculated using the bootstrap method
(ZousIr and BoasHasH 1998) by taking 500 bootstrap
samples.

For the detection of possible variations of the
nonextensive parameter g, we calculate Eq. (2) in
different time windows. Figure 3 shows the g, vari-
ations over increasing (cumulative) time windows.
The initial time window has a 400-event width
increasing per 1 event. The cumulative estimate of the
qu parameter reveals that on April 9, 1994 the
parameter increases significantly indicating the start
of a transition phase towards the 1995 Kobe earth-
quake. Moreover, the g, parameter peaks (g, = 1.5)
during the Kobe earthquake and starts decreasing
afterwards having a value equal to g, = 1.461in 1997.
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Figure 4
Magnification of a portion of Fig. 2, showing six seismic events equal to M = 4.1 between April 9, 1994 and April 13, 1994
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Figure 5
Time variations of g, values (black continuous line) over 200-event moving windows (overlapping) having a sliding factor equal to 1 and the
associated standard deviation (black dashed lines). On April 9, 1994 the nonextensive parameter increases significantly indicating the start of a
transition phase towards the 1995 Kobe earthquake
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Normalized cumulative magnitude distribution and the fitting curve (black continuous line) according to Eq. (2) for the period between April
9, 1994 and January 16, 1995 (1 day before the 1995 Kobe earthquake). The nonextensive parameters are estimated equal to g, = 1.55 and
A = 11.42, respectively. The dashed black lines indicate the 95 % confidence intervals

Furthermore, a more detailed inspection of Fig. 2
reveals the occurrence of an earthquake equal to
M = 4.1 on April 9, 1994 followed by five more
earthquakes of the same magnitude. Figure 4, which
is a magnification of a portion of Fig. 2, shows
occurrence of these seismic events between April 9,
1994 and April 13, 1994. We can clearly see (Figs. 3,
4) that there is agreement between the variations of
qu values and the evolution of seismicity. Occurrence
of many significant events with magnitude M > 4
breaks the seismicity pattern and this causes the
increase of g,,. Change in the values of the nonex-
tensive parameter and in the seismicity pattern
indicates a tendency for the physical state to move
away from equilibrium.

Figure 5 shows the variations of g,, values over
200-event moving windows (overlapping) having a
sliding factor equal to 1. As in the increasing
(cumulative) time windows estimation (Fig. 3), the
g parameter increases significantly on April 9, 1994

and peaks (g); = 1.55) as we move towards the 1995
Kobe earthquake. After the strong event the nonex-
tensive parameter starts decreasing rapidly.

Figure 6 shows the distribution of the relative
cumulative number of earthquakes as a function of
magnitude and the associated fitting
according to Eq. (2) for the period between April
9, 1994 and January 16, 1995 (1 day before the
1995 Kobe earthquake). The nonextensive param-
eters are estimated equal to ¢y, = 1.55 and
A = 11.42, respectively. This high g,, value also
supports the fact that during this period the stud-
ied area is in a preparatory stage progressing to
the strong event.

It should be noticed that Enescu and Ito (2001)
studied the evolution of seismic activity and possible
precursory changes associated with the 1995 Kobe
earthquake and found a significant decrease of the
fractal dimension (correlation dimension, D2) in
1994.

curve
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5. Conclusions

Using NESP the analysis of seismicity is per-
formed in a broad region surrounding the 1995 Kobe
earthquake for the period 1990-1998. In the frame-
work of the fragment-asperity model the
nonextensive parameter g, informs us about the
physical state of the studied area.

This parameter reflects the scale of the interaction
between fault planes and the fragments filling the
space between them. Thus, as g,, increases the
physical state moves from equilibrium in a statistical
physics sense.

For the examination of possible distinct variations of
the nonextensive parameter g,, we use different time
windows (cumulative and moving windows). We detect
a significant increase of the nonextensive parameter on
April 9, 1994 which coincides with the occurrence of
six seismic events equal to M = 4.1. The occurrence of
these events breaks the magnitude pattern and along
with the observed g, variations indicates a transition
phase towards the 1995 Kobe earthquake.

It seems that the examination of g, variations in
time is a useful index of the physical state of a seismic
area and it becomes clear that using NESP, we can
recover the main characteristics of the dynamic evo-
lution of seismicity. The observed thermostatistical
variations allows us to distinguish different dynamical
regimes and to decode the physical processes towards a
strong event. We conclude that for various study cases
and for different tectonic regimes the analysis of the
nonextensive parameter ¢, behavior in time is of
crucial importance.
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