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We suggest that the activation of a single fault by means of preseismic electromagnetic emissions �PEME�
is well-described by recently introduced models for earthquake �EQ� dynamics, which have been rooted in a
nonextensive framework starting from first principles. The analysis implies that the activation of a single fault
is �i� a reduced self-affine image of the regional seismicity covering many geological faults, and �ii� a mag-
nified image of the laboratory seismicity by means of acoustic and electromagnetic emissions. Finally, we
study whether characteristic signatures emerged in PEME indicating the transition to the last phase of the EQ
preparation process. We use the q-Tsallis entropy as a measure of organization. Tsallis entropy gives evidence
of state changes leading to the point of global instability: it detects the pattern of alterations in the preseismic
electromagnetic signals and is able to discriminate between “injury levels” of the focal area. Importantly, a
significant organization increase can be confirmed at the tail of the recorded PEME by means of Tsallis
entropy, which is also accompanied by the appearance of persistency. We argue that these footprints may
indicate the fracture of the backbone of strong entities that hinders the relative motion of the fault planes.
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I. INTRODUCTION

A model for earthquake �EQ� dynamics consisting of two
rough profiles interacting via fragments filling the gap has
been recently introduced by Solotongo-Costa and Posadas
�SCP� �1�. The fragments size distribution function comes
from a nonextensive Tsallis formulation, starting from first
principles, i.e., a nonextensive formulation of the maximum
entropy principle. This nonextensive approach leads to a
Gutenberg-Richter �GR� type law for the magnitude distribu-
tion of EQs. More recently, Silva et al. �2� have revised the
model introduced by SCP �1�. Their analysis resulted in a
different nonextensive GR type law. The proposed GR type
laws in Refs. �1,2� provide an excellent fit to seismicities
generated in various large geographic areas usually identified
as “seismic regions,” each of them covering many geological
faults. We emphasize that the GR law is an empirical statis-
tical law which does not say anything about a specific acti-
vated fault �EQ�.

What is lacking is the description of what happened lo-
cally, i.e., as a consequence of a single event, from both the
temporal and the spatial point of view �3�. Herein, we focus
on the activation of a single fault by means of preseismic
electromagnetic �PEM� emissions �4–8�.

EQs are large-scale fracture phenomena in the Earth’s het-
erogeneous crust. Despite the large amount of experimental
data and the considerable effort that has been undertaken by
the material scientists, many questions about fracture pro-
cesses remain standing. Especially, many aspects of EQ gen-
eration still escape our full understanding.

Fracture induced physical fields allow a real-time moni-
toring of damage evolution in materials during mechanical
loading. Crack propagation is the basic mechanism of mate-
rial failure. The motion of a crack has been shown to be
governed by a dynamical instability causing oscillations in

its velocity and structure on the fracture surface. Experimen-
tal evidence indicates that the instability mechanism is that
of local branching: a multicrack state is formed by repetitive,
frustrated microfracturing events �9�. The rupture of inter-
atomic �ionic� bonds also leads to intense charge separation
that is the origin of the electric charge between the microc-
rack faces �10�. On the faces of a newly created microcrack
the electric charges constitute an electric dipole or a more
complicated system. Due to the crack, strong wall vibration
in the stage of the microbranching instability behaves as an
efficient electromagnetic �EM� emitter. Thus when a material
is strained, EM emissions in a wide frequency spectrum
ranging from kHz to MHz are produced by opening cracks,
which can be considered as the so-called precursors of gen-
eral fracture; these precursors are detectable both at a labo-
ratory �11� and a geological scale �12,13�. Our main obser-
vational tool is the monitoring of the fractures which occur
in the focal area before the final break-up by recording their
kHz-MHz electromagnetic emissions. Clear kHz-to-MHz
EM anomalies have been detected over periods ranging from
a few days to a few hours prior to recent destructive EQs in
Greece, with the MHz radiation appearing earlier than the
kHz. Recent results indicate that these PEM time-series con-
tain information characteristic of an ensuing seismic event
�e.g., see Refs. �5–8,14–17�.

Herein, studying PEM emissions associated with the acti-
vation of a single EQ in terms of the above-mentioned two
nonextensive models of EQs �1,2� we show that the statistics
of a regional seismicity is merely a macroscopic reflection of
the physical processes in a single EQ source. In addition,
experimental evidence indicates that the nucleation of a
single EQ �fault� is also a magnified self-affine image of the
laboratory seismicity by means of acoustic and EM emis-
sions. Finally, by monitoring the temporal evolution of the
q-Tsallis nonextensive entropy on PEM time series, we show
a significant increase of organization in the tail of the pre-
seismic EM activity. The emergence of high organization is
also accompanied by the appearance of persistency. The ap-
pearance of both high organization and persistency may in-*ceftax@phys.uoa.gr

PHYSICAL REVIEW E 77, 036101 �2008�

1539-3755/2008/77�3�/036101�14� ©2008 The American Physical Society036101-1

http://dx.doi.org/10.1103/PhysRevE.77.036101


dicate that the fracture process acquires a self-regulating
character and to a great degree the property of irreversibility,
one of the important components of predictive capability �7�.

This paper is organized as follows. In Sec. II we briefly
present the foundations of recently introduced nonextensive
models of EQ dynamics. In Sec. III we focus on a quantita-
tive comparison between the theoretical models presented in
Sec. II and PEM emissions. In Sec. IV we examine the evo-
lution with time of the complexity in the PEM emissions by
means of Tsallis entropy. In Sec. V we study whether the
activation of a single fault is a magnified image of the labo-
ratory seismicity. In Sec. VI we refer to the possible seis-
mogenic origin of the candidate EM precursor associated
with the Athens EQ. Finally, in Sec. VII we summarize our
findings.

II. NONEXTENSIVE FRAMEWORK AND MODELS
FOR EARTHQUAKE DYNAMICS

In nature, long-range spatial interactions or long-range
memory effects may give rise to very interesting behaviors.
Among them, one of the most intriguing arises in systems
that are nonextensive �nonadditive�. These systems share a
very subtle property: they violate the Boltzmann-Gibbs �BG�
statistics, the bridge to the equilibrium thermodynamics. In-
spired by multifractals concepts, Tsallis �18� has proposed a
generalization of the BG statistical mechanics. He introduced
an entropic expression characterized by an index q which
leads to nonextensive statistics,

Sq = k
1

q − 1
�1 − �

i=1

W

pi
q� , �1�

where pi are the probabilities associated with the micro-
scopic configurations, W is their total number, q is a real
number, and k is Boltzmann’s constant. The value of q is a
measure of the nonextensivity of the system: q=1 corre-
sponds to the standard, extensive, BG statistics. Indeed, us-
ing pi

�q−1�=e�q−1�ln�pi��1+ �q−1�ln�pi� in the limit q→1, we
recover the usual BG entropy

S1 = − k�
i=1

W

pi ln�pi� . �2�

The nonextensive formulation �1� seems to present a consis-
tent theoretical tool to investigate complex systems in their
nonequilibrium stationary states, systems with multifractal
and self-similar structures, systems dominated by long-range
interactions, and anomalous phenomena among others.

The process of shock fragmentation, especially when en-
ergies are high enough, leads to the existence of long-range
correlations between all parts of the object being fragmented.
Then the use of a nonextensive approach seems to be ad-
equate.

Now, we focus on the model proposed by SGP �1�. Its
theoretical ingredients read as follows. �i� The mechanism of
relative displacement of fault plates is the main cause of
EQs. �ii� The space between fault planes is filled with the
residues of the breakage of the tectonic plates, from where

the faults have originated. The motion of the fault planes can
be hindered not only by the overlapping of two irregularities
of the profiles, but also by the eventual relative position of
several fragments. Thus the mechanism of triggering EQs is
established through the combination of the irregularities of
the fault planes on one hand and the fragments between them
on the other hand. �iv� The fragments-distribution function,
and consequently the energy-distribution function, emerges
naturally from a nonextensive framework starting from first
principles, i.e., the maximum entropy formalism.

In the frame of the SCP model �1� the Tsallis entropy has
the form

Sq = k

1 −	 pq���d�

q − 1
, �3�

where p��� stands for the probability of finding a fragment
of relative surface � �which is defined as a characteristic
surface of the system� �1�. The maximum entropy formula-
tion for Tsallis entropy involves the introduction of the fol-
lowing two constraints. The first one is the normalization of
p���:

	
0

�

p���d� = 1 �4�

and the other is the ad hoc condition about the q-mean value,
which can be expressed as

	
0

�

�pq���d� = 

���q. �5�

Finally, based on the extremization of the entropy functional,
SCP obtained the following analytic expression for the en-
ergy distribution of EQs �1�:

log�N�m��� = log N + �2 − q

1 − q
�

�log�1 + ��q − 1��2 − q��1−q�/�q−2� � 102m� ,

�6�

where N is the total number of EQs, N�m�� the number of
EQs with magnitude larger than m, and m� log���. This is
not a trivial result, and incorporates the characteristics of
nonextensivity into the distribution of EQs by magnitude. �
is the constant of proportionality between the EQ energy, �,
and the size of fragment, r. More precisely, SPD assumed
that ��r.

SCP �1� successfully used the formula �6� to describe the
relative cumulative number of EQs to different seismic re-
gions:

�i� California �q=1.65 and �=5.73�10−6�,
�ii� Iberian Peninsula �q=1.64 and �=3.37�10−6�, and
�iii� Andalusian region �q=1.60 and �=3�10−5�.
It is very important to observe the similarity in the value

of the nonextensivity parameter q for the three catalogs used.
We note that the expression �6� describes the energy distri-
bution in all detectable ranges of magnitudes very well. On
the contrary, for the smallest and largest magnitudes the em-
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pirical formula of GR fails to describe the seismic data �19�.
As it is mentioned, Silva et al. �2� have revised the

fragment-asperity interaction model introduced in Ref. �1�.
They consider the current definition of the mean value, i.e.,
the so-called q-expectation value �see Ref. �20� for details�.
Moreover, they introduce a different scale between the size
of the released relative energy � and the size of fragment r,
i.e., ��r2. The magnitude-distribution function deduced in
their approach is given by

log�N�m��� = log N + � �2 − q�
1 − q

�log1 − �1 − q

2 − q
��102m

�2/3 �� ,

�7�

which is different from the one �Eq. �6�� obtained by SCP
�1�.

Silva et al. �2� successfully tested the viability of this
distribution function with data in four different areas:

�i� Samambaia fault, Brazil �q=1.60 and �=1.3�1010�,
�ii� New Madrid fault �q=1.63 and �=1.2�1010�,
�iii� Anatolian fault �q=1.71 and �=2.8�1010�, and
�iv� San Andreas fault �q=1.6 to 1.7 and ��1010� �21�.

We observe that the analyses presented in Refs. �1,2� provide
almost similar q values for the two introduced nonextensive
GR type laws �6� and �7�. On the contrary, the parameter �
differs by several orders of magnitude.

III. NONEXTENSIVITY IN THE ACTIVATION
OF A SINGLE UNIT

Now, we focus on the activation of a single fault by
means of precursory EM emissions. In the frame of the SCP
model �1�, a sequence of precursory EM pulses occurs when
there is a fracture of the fragments that fill the space between
the irregular fault planes of the activated individual fault.

Clear MHz-to-kHz EM emissions have been detected
over periods ranging from a few days to a few hours prior to
recent destructive EQs in Greece. A multidisciplinary analy-
sis in terms of criticality �7�, complexity �14,16�, laboratory
experiments �6–8�, fault modeling �22�, fractal electrody-
namics �15�, scaling similarities of fracturing of solid mate-
rials �6�, and mesomechanics �17� validate the association of
the detected preseismic EM emissions with the fracturing
process in the focal area of the impending EQ.

In the present study, we concentrate on the case of the
Athens EQ. A challenge in this field of research is to distin-
guish characteristic stages in the evolution of the precursory
EM activity associated with the Athens EQ and identify them
with the equivalent last stages in the EQ preparation process.
In this direction, our model of the focal area consists of �i� a
backbone of strong and large entities distributed along the
activated fault and �ii� a strongly heterogeneous medium that
surrounds the family of strong entities that prevent the free
slip. Based on this model, we recently proposed the follow-
ing two stages model �5,7�. The first stage, which includes
the initially emerged MHz EM activity prior to the Athens
EQ, originates during cracking in the highly heterogeneous
material that surrounds the backbone of large and strong en-
tities. This emission could be described in analogy with a

thermal continuous phase transition �7�. The second stage
includes the kHz EM radiation that emerges in the tail of the
precursory EM activity and ceases approximately 9 h before
the Athens EQ. This activity indicates an underlying non-
equilibrium process without any footprint of an equilibrium
thermal phase transition. We have suggested that this radia-
tion is due to the fracture of the backbone that sustains the
system �5,7�. Thus for the purposes of this work, we concen-
trate on the precursory kHz EM activities. We note that the
sequence of MHz-kHz EM emissions detected prior to the
Kozani–Grevena EQ, which occurred in Greece on May 13,
1995 with magnitude �Mw=6.5�, also follows the above-
mentioned two stages model �7�.

The Athens EQ �Ms=5.9� occurred on September 7, 1999.
Clear EM anomalies at 3 and 10 kHz have been simulta-
neously detected from a few days up to a few hours prior to
this EQ �see Fig. 1 in Ref. �6��. The seismogenic origin of
this EM activity has been supported by a series of papers
�5–8,14–17,22�. In Fig. 1 we present the 10 kHz EM time
series from July 4 up to September 9. The included candidate
precursory emission emerged on September 1, 1999 �8,14�.
Figure 2 focuses on the EM precursor. Figure 1 shows that
the precursor launches from a long duration quiescence pe-
riod concerning the detection of EM disturbances at the kHz
frequency band �see Fig. 1�. We concentrate on Fig. 2. We
recognize the possible precursor as follows. The EM back-
ground �noise� �Epoch 1� follows the fractional Gaussian
noise model �7,8�. The noise is also characterized by a low
organization �or high complexity� �8,14�, as it was expected.
On the contrary, the accelerating candidate EM precursor
�Epochs 2 and 3� follows the fractional Brownian motion
�fBm� model �7,8�. Particularly, the Epochs 2 and 3 follow
the antipersistent and persistent fBm model, correspondingly.
Moreover, Epoch 2 is characterized by a slightly higher or-
ganization �or lower complexity� in comparison to that of the
EM background, while the launch of the bursts A and B
�Epoch 3� is combined with a much higher organization �or
lower complexity� even in respect to that reported in Epoch
2. In Sec. VI we examine the seismogenic origin of the pre-
cursor based on a rather austere scheme including the results
of the present study.

We pay attention to the following fact. Figure 2 shows
that the candidate precursory activity is completed with two
distinct very strong burstlike signals A and B �Epoch 3�. The
larger anomaly, the second one, contains approximately 80%
of the total EM energy received �22�. Importantly, the fault
modeling of the Athens EQ, based on information obtained
by radar interferometry �23�, predicts two faults: the main
fault is responsible for 80% of the total energy released,
while the secondary fault segment for the remaining 20%.
An independent seismic data analysis has verified the afore-
mentioned result �22�. This experimental evidence supports
the hypothesis that the two distinct EM bursts originated
during the activation of two separate sources �faults�,
namely, during the fracture of the backbone of strong and
large entities that sustain the system �5,7�.

The focal area of an impending earthquake is clearly an
extremely complex system dominated by nonlinear interac-
tions. As the response record of the focal area on external
excitation, preseismic electromagnetic emissions �PEME�
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should include much more information than the one pre-
sented previously in literature. At this point, one of the most
important challenges would be to make a quantitative com-
parison between theoretical models and experimental results.
Thus, in this contribution, such an endeavor has been made
by applying the nonextensive formulation represented by
Eqs. �6� and �7� to PEME, a typical kind of crackling noise
�24�. More precisely, we examine whether the expressions

�6� and �7� also describe the energy distribution of the pre-
cursory “EM earthquakes” associated with the damage of
fragments filling the gap between the two fault planes and
hindering their relative motion.

The background �noise� level of the EM time series A�ti�
is Anoise=500 mV �6�. We regard as amplitude A of a candi-
date “fracto-electromagnetic emission” the difference
Afem�ti�=A�ti�−Anoise. We consider that a sequence of k suc-
cessively emerged “fracto-electromagnetic emissions”
Afem�ti�, i=1, . . . ,k represents the EM energy released, �,
during the damage of a fragment. We shall refer to this as an
“electromagnetic earthquake” �EMEQ�. Since the squared
amplitude of the fracto-electromagnetic emissions is propor-
tional to their energy, the magnitude M of the candidate
EMEQ is given by the relation M =log �� log���Afem�ti��2�.

Figure 3 shows that Eq. �6� provides an excellent fit to the
preseismic EM experimental data, incorporating the charac-
teristics of nonextensivity statistics into the distribution of
the detected precursory EMEQs. Herein, N is the total num-
ber of the detected EMEQs, N�M�� the number of EMEQs
with magnitude larger than M, G��M�=N�M�� /N the rela-
tive cumulative number of EMEQs with magnitude larger
than M, and � the constant of proportionality between the
EM energy released and the size of fragment �1,2�. The best-
fit parameters for this analysis are given by

q = 1.80

and
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FIG. 1. Time series of the 10
kHz �East-West� magnetic field
strength between July 4 and Sep-
tember 11, 1999 in arbitrary units.
The lower star indicates the time
of the Athens earthquake occur-
rence. A candidate precursory
anomaly emerged from a few days
up to a few hours before the EQ
�see Fig. 2�. It is clear that the
candidate precursor is embedded
in a long duration quiescence pe-
riod concerning the detection of
EM disturbances at the kHz fre-
quency band. The Athens EQ oc-
curred shortly after the major,
Mw=7.4, Izmit, Turkey EQ that
occurred on August 17, 1999. A
possible relation between these
two EQs may justify �i� the rather
long duration of the candidate EM
precursor associated with the Ath-
ens EQ, �ii� its clear launch from
the noise, and �iii� the including
rich prefracture information �Sec.
VI�.

FIG. 2. View of the candidate preseismic electromagnetic emis-
sion included in the time series of the 10 kHz �East-West� magnetic
field strength depicted in Fig. 1. The vertical line indicates the time
of the Athens EQ occurrence. Epoch 1 refers to the EM background
�noise�. The noise follows the fractional Gaussian noise model and
it is characterized by a low organization and high complexity
�8,14�. The initial phase of the candidate precursor �Epoch 2� fol-
lows the antipersistent fractional Brownian motion model, while it
is combined by a slightly higher order of organization in compari-
son to that of the noise �8,14�. We stress the emergence of two
strong impulsive signals A and B in the tail of the accelerated pre-
cursory EM activity �Epoch 3�. The bursts A and B follow the
persistent fractional Brownian motion model �8,14�. Moreover, they
are characterized by a significant higher organization in comparison
even to that of Epoch 2 �8,14�. Numerous prefracture signatures are
hidden in bursts A and B �see Sec. VII�.
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� = 1.48 � 10−3.

We focus on the second EM burst, which is associated with
the activation of the main fault. Figure 4 shows that the
EMEQs included in this EM burst also follow the Eq. �6�.
The best-fit parameters for this case are given by

q = 1.84

and

� = 1.23 � 10−4.

We emphasize that Eq. �6� describes both various regional
seismicities and preseismic EM activities with rather similar
q-Tsallis nonextensive parameters.

Now we study the PEME in terms of the nonextensive
model presented in Ref. �2�. Figure 5 shows that the formula
�7� also provides an excellent fit to the preseismic EM data
associated with the Athens EQ. The best-fit parameters for
these analyses are given by q=1.80 and �=2.96�109. Equa-
tion �7� also fits the sequence of EMEQs included in the
second EM burst �see Fig. 6� with parameters q=1.84 and
�=3.16�1013. We conclude that Eq. �7� also describes both
different regional seismicities and sequences of EMEQs with
rather similar q-Tsallis nonextensive parameters.

It is very interesting to observe the similarity in the q
values associated with both nonextensive Eqs. �6� and �7� for
all the catalogs of EQs used, as well as for all the precursory
sequences of EMEQs under study. Though intriguing to
some extent, this reveals that the obtained formulas �6� and
�7� are not a mere artifact, and suggests that a more exhaus-
tive study of the EQ nucleation in terms of nonextensive
statistics is needed to give a deeper interpretation of this
result. The observed similarity in the q values also indicates
that the activation of a single EQ �fault� could be considered
as a reduced self-affine image of the whole regional seismic-
ity.

The entropic index q characterizes the degree of nonex-
tensivity reflected in the following pseudo-additivity rule
�18,25�:

Sq�A + B� = Sq�A� + Sq�B� + �1 − q�Sq�A�Sq�B� , �8�
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a=1.48x10−3

FIG. 3. We use formula �6� to calculate the relative cumulative
number of electromagnetic earthquakes �see text�, G��M�, in-
cluded in the whole precursory phenomenon, namely, in the phases
P1 and P2 depicted in Fig. 2. There is an agreement of formula �6�
with the data. The associated parameters are q=1.80 and �=1.48
�10−3.
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FIG. 4. We use formula �6� to calculate the relative cumulative
number of electromagnetic earthquakes �see text�, G��M�, only
included in the second strong electromagnetic burst that emerged in
the tail of the precursory electromagnetic activity �see Fig. 2�. There
is an agreement of formula �6� with the data. The associated param-
eters are q=1.84 and �=1.23�10−4.
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FIG. 5. We use formula �7� to calculate the relative cumulative
number of electromagnetic earthquakes �see text�, G��M�, in-
cluded in the whole precursory phenomenon, namely, in the phases
P1 and P2 depicted in Fig. 2. There is an agreement of formula �7�
with the data. The associated parameters are q=1.80 and �=2.96
�109.
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where A and B are two independent systems in the sense that
the probabilities of A+B factorize into those of A and B. The
values q�1, q=1, or q	1 correspond to subextensivity, ex-
tensivity, or superextensivity, respectively. As it is expected,
the estimated values q�1 represent a subextensive: the in-
teractions and information transition across the activated
fault have been verified. Notice the estimation for the non-
extensive parameters is in full agreement with the upper limit
q	2 obtained from several independent studies involving
the Tsallis nonextensive framework �26�.

IV. MONITORING THE EVOLUTION OF ORGANIZATION
AS THE EARTHQUAKE APPROACHES

As it is mentioned, a challenge in this field of research is
to distinguish characteristic epochs in the evolution of PEM
activities and identify them with the equivalent last stages in
the EQ preparation process. There is a recent thesis in the
literature that an important organization of a physical system
precedes a catastrophic event �27�. In this context, one can
search for signatures that imply the transition from a normal
state to a main catastrophic event �e.g., earthquake�. Hereby,
we attempt to demonstrate that an organization measure,
such as Tsallis entropy, gives evidence of state changes lead-
ing to the point of global instability: it detects the pattern of
alterations in the preseismic EM signals and is able to dis-
criminate between the “injury levels” of the focal area.

We focus on the preseismic time series associated with the
Athens EQ. The data have been recorded with a sample rate
1 sample/s. The Tsallis entropy can measure the organization
of a stationary signal. Thus, starting from the raw data, we
search for locally stationary and long enough time windows
in the preseismic EM time series which ensure a good statis-

tical analysis �see below�. Figure 7 shows 25 separate sta-
tionary time windows each one of N=4000 sample points
�seconds�. Their stationarity has been evaluated in Ref. �14�.
As the test of stationarity we have run the following algo-
rithm. Starting from the middle of the window, we consider
some subwindows around the center with an increasing ra-
dius. We consider that a window is stationary when the varia-
tion of the mean values of the subwindows is not very im-
portant �less than 5%�.

The windows W1–W8, W20, W24, and W25 correspond
to the EM background �noise� in the region of station, which
follows the fractional Gaussian noise �fGn� model �8�. The
windows W9–W16 belong to the initial part of the emerged
signal that follows the antipersistent fractional Brownian mo-
tion �fBm� model �8�. Finally, the windows W17–W19 and
W21–W23 are included in the final part of the precursor, i.e.,
into two strong EM bursts that follows the persistent fBm
model �8�.

We estimate the Tsallis entropy based on the concept of
symbolic dynamics �28�: from the initial measurements we
can generate a sequence of symbols, where the dynamics of
the original �under analysis� system has been projected. This
symbolic sequence can be analyzed by terms of information
theory such as entropy estimations. Symbolic dynamics is
based on a coarse graining of the measurements, i.e., the
original EM time series of length N �X1 ,X2 , . . . ,XN�, is pro-
jected to a symbolic time series �A1 ,A2 , . . . ,AN� with An

from a finite alphabet of 
 letters �0, . . . ,
−1� with

An = 0 for Xmin 	 Xn 	 x�0�,

An = 1 for x�0� 	 Xn 	 x�1�,

]

An = 
 − 1 for x�
−2� 	 Xn 	 Xmax, �9�

where xk are positions between the minimum and maximum
values Xmin,Xmax.

After symbolization, the next step in identification of tem-
poral patterns is the construction of symbol sequences with
size L. We use the technique of lumping. Lumping is the
reading of the symbolic sequence by “taking portions,” as
opposed to gliding, where one has essentially a “moving
frame.” In general, the basic novelty of the entropy analysis
by lumping is that, unlike the Fourier transform or the con-
ventional entropy by gliding, it gives results that can be
related to algorithmic aspects of the sequences. Thus we
stipulate that the symbolic sequence is to be read in
terms of distinct successive “blocks” of length L,
A1 ,A2 , . . . ,AL /AL+1 , . . . ,A2L /AjL+1 , . . . ,A�j+1�L.

The number of all possible blocks of length L in a 
-letter
alphabet is N
=
L. We determine the probabilities of occur-
rence of each of N
 different kinds of blocks, p�L�A1,A2,. . .,AL
as
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FIG. 6. We use formula �7� to calculate the relative cumulative
number of electromagnetic earthquakes �see text�, G��M�, only
included in the second strong electromagnetic burst that emerged in
the tail of the precursory electromagnetic activity �see Fig. 2�. There
is an agreement of formula �7� with the data. The associated param-
eters are q=1.84 and �=3.16�1013.
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p�L�A1,A2,. . .,AL
=

Number of blocks of the form A1,A2, . . . ,AL encounter by lumping

Total number of blocks encountered by lumping
. �10�

To be more concrete, the simplest possible coarse graining of
the preseismic signal is given by choosing a threshold C and
assigning the symbols “1” and “0” to the signal, depending
on whether it is above or below the threshold �binary parti-
tion�. Thus we generate a symbolic time series from a two-
letter �
=2� alphabet �0, 1�, e.g., 0110100110010110. . ..
Reading the sequence by lumping of length L=2 one obtains
01 /10 /10 /01 /10 /01 /01 /10 / . . .. The number of all possible
kinds of blocks is 
L=22=4, namely 00, 01, 10, and 11. Thus
the required probabilities for the estimation of the Tsalis en-
tropy p00, p01, p10, p11 are the fractions of the blocks 00, 01,
10, 11 in the symbolic time series.

The Tsallis entropy for the word length L is

Sq�L� = k
1

q − 1�1 − �
�A1,A2,. . .,AL�

�p�L�A1,A2,. . .,AL
�q� . �11�

Broad symbol-sequence frequency distributions produce
high entropy values, indicating a low degree of organization.
Conversely, when certain sequences exhibit high frequencies,
low values are produced, indicating a high degree of organi-
zation.

We clarify that the real Tsallis entropy corresponds to
the optimal partition. The optimal partition is the one that
maximizes the Tsallis entropy. The corresponding entropy-
like quantities for the other partitions are pseudo-Tsallis en-
tropies. For this purpose, the threshold C is initially fixed to
the mean value of the data in the particular time window
under study. For the corresponding symbolic sequence we
estimate the associated “pseudo-Tsallis entropy.” We repeat
the above procedure by changing the threshold c around the
mean value. Our analysis indicates that the optimal partition
corresponds always to a threshold not very far from the mean
value of the segment.

In summary, within each of the 25 stationary time win-
dows under study, the Tsallis entropy for q=1.8 is calculated
by lumping for the corresponding optimal partition. We use
the parameters �N=4000, 
=2, and L=2�, which ensure a
good statistical precision. Entropies will be systematically
underestimated if the number of possible words is of the
order of the ensemble size. In our analysis, this issue has
minor importance after our selection of N=4000 because we
use only short words and small alphabet. The power of these
parameters to distinguish various stages of organization in

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
0

500

1000

1500

aAug. 28, 1999

W1 W2
W3

W4

W5

W6 W7 W8

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00
0

500

1000

1500

bSept. 4, 1999

W9
W10 W11

W12
W13 W14

W15
W16

00:00 12:00 00:00 12:00 00:00 12:00 00:00
0

500

1000

1500

2000

c

W17W18

W19

W20

W21

W22

W23

W24 W25

m
ag
ne
tic
fie
ld
(in
ar
bi
tra
ry
un
its
)

EQ

Time (UT)

FIG. 7. View of segments of the time series of the 10 kHz �East-West� magnetic field strength shown in Fig. 1. The vertical line indicates
the time of the Athens earthquake occurrence. We show the 25 time windows W1–W25, which are characterized by a good stationary
behavior. Each of these windows includes 4000 samples. The data have been recorded with a sampling rate 1 sample/s.
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the preseismic EM activity under study has been evaluated in
terms of Kolmogorov-Sinai entropy �14�.

The q-Tsallis entropy with q=1.8 was shown to be robust
enough to quantify the temporal evolution of the order-
disorder of the preseismic time series. Indeed, Fig. 8 sug-
gests the existence of three different regimes. �i� The EM
background is characterized by a low organization, as it was
expected �windows W1–W8, W20, W24, W25�. The EM
background is also characterized by a low organization in
terms of Kolmogorov-Sinai entropy �14� and approximate
entropy �8�, as well as by a high complexity in terms of T
complexity �8� and correlation dimension �14�. �ii� We ob-
serve a slight shift of Tsallis entropies toward lower values in
the initial part of the candidate EM precursor, i.e., in the
windows W9–W16. This shift is also observed in terms of
Kolmogorov-Sinai entropy �14� and T complexity �8�. Espe-
cially, the analysis by means of approximate entropy reveals
that Epoch 2 includes a population of fracto-EM events
sparsely distributed in time having a clearly higher organiza-
tion in comparison to the organization of the EM background
�see Fig. 11 in �8��. �iii� A sharp significant increase of orga-
nization is launched within the two strong impulsive EM
emissions A and B �windows W17–W19 and W21–W23�.
The analysis in terms of Kolmogorov-Sinai entropy �14�, ap-
proximate entropy �8�, T complexity �8�, and correlation di-
mension �14� also reveals that the bursts A and B are char-
acterized by a much higher degree of organization �or much
lower complexity� even in respect to those reported in Epoch
2. We recall that these three different regimes were also ex-
tracted by means of the Hurst exponent �8�: the temporal
evolution of the local Hurst exponent shows that the win-
dows �W1–W8, W20, W24, W25�, �W9–W16�, and �W17–
W19 and W21–W23� follow the fractional Gaussian noise
model, the antipersistent fractional Brownian motion model,

and the persistent fractional Brownian motion model, corre-
spondingly. We underline the fact that the initial precursory
epoch �Epoch 2� of lower organization �or higher complex-
ity� corresponds to the antipersistent epoch and the final ep-
och �Epoch 3� of much higher organization �or lower com-
plexity� corresponds to the persistent epoch. The power of
the method of the Tsallis entropy by lumping is manifested in
the fact that the method works sufficiently even after only
two-symbols linguistics.

We think that, taken together: �i� the appearance of sig-
nificant increase of organization by means of Tsallis entropy,
�ii� the emergence of strong persistent behavior, �iii� the ab-
sence of any footprint of an equilibrium phase transition, and
�iv� the excellent description of the “EM earthquakes” asso-
ciated with the activation of a single fault by the nonexten-
sive formulas �Eqs. �6� and �7��, it might be concluded that
the EM precursors under study are generated by the last stage
of the impending EQ, namely, during the fracture of frag-
ments that fill the gap between the two rough profiles of the
corresponding activated fault sustaining the system.

V. ACTIVATION OF A SINGLE FAULT AS A MAGNIFIED
SELF-AFFINE IMAGE OF THE LABORATORY

SEISMICITY

A question that effortlessly arises is whether the activation
of a single EQ is not only a reduced self-affine image of the
whole regional seismicity but also a magnified self-affine
image of the laboratory seismicity. It would be desirable to
have analyses of prefracture acoustic or EM emissions, i.e.,
laboratories seismicities, in terms of the nonextensive formu-
las �Eqs. �6� and �7��, and thus to compare the corresponding
q values with the ones found in Refs. �1,2� and in this work.

FIG. 8. The normalized
q-Tsallis entropy, where q=1.80,
for the stationary different time
windows W1–W25 depicted in
Fig. 7. The Tsallis entropy has
been normalized with the q-Tsallis
entropy for a uniform distribution
of probabilities. We observe a
very important reduction of the
entropy inside the two strong im-
pulsive bursts, namely within the
time windows W17–W19 and
W21–W23. The time series inside
these two bursts also show a
strong persistent behavior.

PAPADIMITRIOU, KALIMERI, AND EFTAXIAS PHYSICAL REVIEW E 77, 036101 �2008�

036101-8



The relevant information is lacking. However, an analysis in
terms of traditional empirical GR law leads to a positive
answer to the above-mentioned question.

The archetypal power-law found in EQs catalogs is the
Gutenberg-Richter magnitude-frequency relationship: the cu-
mulative number of EQs with magnitude greater than M is
given by log N��M�=�−bM. There are increasing reports
on premonitory decrease of b value before EQs: foreshock
sequences and main shocks are characterized by a much
smaller exponent compared to aftershocks, b�1 �29�. This
behavior represents a statistical average and may not be char-
acteristic of the behavior of individual foreshock sequences.

Figure 9 shows the quantity N��A� vs EMEQ magnitude
M, where N��A� is the cumulative number of EMEQs with
magnitude greater than M. The main part of this distribution
is given by log N��M�=�−bM, where b�0.5. We observe
that the behavior of the recorded EM earthquakes, associated
with activation of a single fault, is in agreement with that of
foreshock sequences and main shocks of regional natural
seismicity.

GR law also holds for acoustic emission events in rock
samples �30�. Acoustic emissions from rock fracturing also
show a significant decrease in the level of the observed b
values immediately before the critical point. Importantly,
laboratory experiments �31� also showed a significant fall of
the observed b values from 1 to 0.6 just before the global
rupture. Recently, Lei and Satoh �32� presented indicators of
critical point behavior prior to rock failure inferred from pre-
failure damage based on acoustic emission events recorded
during the catastrophic fracture of typical rock samples under
differential compression. Their results suggest that the pre-
failure damage evolution is characterized by a dramatic de-
crease in b value from �1.5 to 0.5 for hard rocks. The above

mentioned laboratory findings suggest that the activation of a
single fault is a large-scale picture of laboratory seismicity
and a small-scale image of natural seismicity.

In laboratory scale, Rabinovitch et al. �12� have recently
studied the fractal nature of prefracture EM radiation. The
cumulative number of EM pulses with amplitude greater
than A is given by the law N��A��A−b with b=0.62. Fol-
lowing the analysis in �12� we have shown that the cumula-
tive number of precursory “EM fracto-emissions” with am-
plitude greater than A is given by N��A��A−b, with a b
value of 0.62 �6�. The agreement between the b exponents
suggests that the fracturing process is a scale invariant dy-
namics.

We further focus on this point. The amplitude distribution
of the binned data will follow the power-law N�A��A−�,
where �= �1+b�, i.e., �=1.62. Remembering that the squared
amplitude of the detected EM events is proportional to their
energy, the number of EM events with energy between E and
E+dE follows the distribution N�E��E−�, where �= �1
+�� /2, i.e., �=1.31. The distribution of energies released at
any EQ is described by the power law, N�E��E−B, where
B�1.4–1.6. In laboratory scale: �i� Petri et al. �33� found a
power-law scaling behavior in the acoustic emission energy
distribution N�E��E−B with B=1.30.1; and �ii� Houle and
Sethna �34� found that the crumpling of paper generates
acoustic pulses with a power-law distribution in energy
P�E�=E−B, B=1.3–1.6; Salminen et al. �35� have reported
tensile failure experiments on paper sheets. The acoustic
emission energy follows power-law distribution with the ex-
ponent B=1.25. The authors suggest that a large-scale anal-
ogy is EQs. The above-mentioned findings suggest that the
activation of a single fault is a large-scale picture of labora-
tory seismicity and a small-scale image of natural seismicity.

VI. ON THE SEISMOGENIC ORIGIN OF THE EM
ANOMALY UNDER STUDY

A clear picture of how EQs develop has not emerged yet.
On the other hand, it is difficult to prove a correlation be-
tween complex events separated in time, such as EQs and
their precursors. So, the search for reliable precursors is be-
coming more and more important in this field of research.
Undoubtedly, the problem of EQ prediction is difficult be-
cause the source volume inside the Earth is inaccessible to
direct observation and because the most important parameter,
the stress level, cannot be measured directly. As a result
whether an EQ can be predicted or whether an EQ can be
preceded by EM precursors are still controversial issues �36�.
The present state of research in this field requires a refined
definition of a possible preseismic anomaly, and also the de-
velopment of more objective methods of distinguishing seis-
mogenic EM emissions from nonseismic EM events. We em-
phasize that we have expressed very clearly our point of
view that the occurrence of a sequence of MHz and kHz EM
anomalies in the output of the detectors does not qualify by
itself as a precursory signal of an important EQ �8�. Our
evaluation of the seismogenic origin of a candidate EM pre-
cursor is based on a rather austere set of criteria which
should be met by a candidate seismogenic EM activity. This
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FIG. 9. Number of “electromagnetic earthquakes” �see text�
with magnitude M higher than that given by the corresponding ab-
scissa. The continuous line is the least-squares fit of the power law
N��M�=M−b, where b=0.51. The power law observed here is a
fingerprint of an underlying scale-free fracto-electromagnetic
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set, which is fully satisfied by the candidate EM precursor
associated with the Athens EQ, is constructed as follows.

�1� We first exclude the possibility that the detected signal
is a result of man-made noise, geomagnetic activity, or me-
teorological activity �see Sec. 1E in �8��. If these require-
ments are satisfied, we proceed to further analysis of the
sequence of the detected signals.

�2� Statistical analyses in terms of various organization
measures �“block entropy” �14�, “Kolmogorov-Sinai en-
tropy” �14�, “approximate entropy” �8�, and Tsallis entropy�
or complexity measures �“correlation dimension” �14� and
“T-complexity” �8�� may reveal the launch of the last stages
in the EQ preparation process. One cannot find an optimum
organization or complexity measure. A combination of some
such quantities seems to be the most promising way. All the
above-mentioned methods confirm a significant organization
increase �or complexity decrease� in the EM bursts A and B.
This convergence provides a more reliable detection con-
cerning the launch of a new peculiar phase of the EQ prepa-
ration process. However, any statistical analysis even based
on a combination of various measures of complexity or or-
ganization by itself cannot establish a precursory signal and
even more identify a corresponding characteristic stage of
the EQ preparation process. Thus further investigation is
needed.

�3� EQs are large scale fracture phenomena, so they must
obey the physics of the failure process. Two of the pillars of
the fracture process, namely the scale invariance and univer-
sality, have been projected in the candidate fracto-EM pre-
cursor, sharing distinctive statistical properties with natural
and laboratory seismicity, such as power-law energy distri-
butions with similar exponents. In Refs. �6,8,14�, as well as
in this study we have shown that this requirement is really
satisfied.

�4� As it is mentioned, a challenge is to distinguish differ-
ent characteristic epochs in the evolution of candidate pre-
cursory EM activity and identify them with equivalent last
stages in the fracture-EQ preparation process. In Sec. III we
have referred to a relevant two-stage model �5,8�: The MHz
EM activity originates during cracking in the heterogeneous
component of the focal area. It has been argued that this EM
activity could be described in analogy with a thermal con-
tinuous phase transition �8�. We stress that a crucial feature
of a thermal second-order phase transition is the “symmetry
breaking.” Importantly, this feature is hidden in the MHz EM
emission �8�. The “symmetry breaking” reveals the transition
from a sparse almost symmetrical random cracking to a lo-
calized cracking zone that includes the backbone of strong
asperities. The finally emerged kHz radiation is due to the
fracture of the backbone of asperities distributed along the
fault sustaining the system �5,8�. This radiation evolves as a
phase transition far from equilibrium without any footprint
of an equilibrium phase transition �8�.

�5� We have paid attention to the peculiar behavior of the
EM bursts A and B, which clearly distinguishes them from
the whole previously recorded candidate preseismic activity.
Indeed, the bursts A and B are characterized not only by a
higher organization �or lower complexity� but also by the
emergence of persistency �5,8,14�. The appearance of these
properties indicates that the process is driven by a positive

nonlinear feedback mechanism toward a global instability,
acquiring to a great degree the property of irreversibility.
Moreover, it is expected that characteristic precursory signals
rooted in the fracture process should be projected in the
bursts A and B. We have extracted such precursory signa-
tures as follows. Laboratory experiments in terms of acoustic
and EM emission verify that the main rupture occurs after
the appearance of strong persistent behavior �31,37,38�. Uni-
versal indicators of fracture process have been projected to
bursts A and B. Natural rock surfaces over a wide range can
be represented by fractional Brownian surfaces �39�. The as-
sociated Hurst exponent H�0.7 to 0.8 has been interpreted
as a universal indicator of surface fracture �40�. Maslov et al.
�41� have formally established that both the temporal and
spatial activity can be described as different cuts in the same
underlying fractal for a broad range of critical phenomena.
We recall that the bursts A and B follow the fractional
Brownian motion model, while the associated local H expo-
nents are distributed in the region �0.7 to 0.8 �8�. Notice,
the surface of a recently exhumed strike-slip fault plane �42�
also follows the fractional Brownian scheme with H�0.7 to
0.8. The H exponent specifies the strength of the irregularity
�“roughness”� of the fBm surface topography: the fractal di-
mension is calculated from the relation D= �2−H� �43�.
Acoustic emission data showed that a larger fractal dimen-
sion corresponds to a more stable state of the system, while
just prior to failure the fractal dimension decreases quickly to
lower values �44�. Lei et al. �45� have studied in terms of
acoustic emission how an individual asperity fractures, and
also the role of asperities in fault nucleation. Their results
suggest that the fractal dimension decreases to 1.0–1.4 dur-
ing asperity fracture. Importantly, in the precursory kHz EM
time series under study, the lower D value occurs in the
bursts A and B. Characteristically, the second burst B asso-
ciated with the activation of the main fault is characterized
by D=1.25. On the other hand, seismological measurements
as well as theoretical studies suggest that a surface trace of a
single fault might be characterized by D�1.2 �Ref. �46� and
references therein�. Notice that the new field of fractal elec-
trodynamics �Ref. �15� and references therein� indicates that
a fracto-EM emission that originates during the formation of
a fault having fractal structure should follow a distinct fractal
pattern. Such a such distinctive pattern is hidden in the EM
precursor under study �15�.

�6� The consecutive emerging precursory MHz and kHz
EM modes should be in agreement with successive distinct
stages of fracture in terms of principles of physical mesome-
chanics �47�. We have shown that the shift from MHz to kHz
EM emission may signal the transition of plastic flow local-
ization from the mesoscale to macroscale culminating in glo-
bal fracture �17�.

�7� A candidate precursory EM activity should be consis-
tent with other precursors that are imposed by data from
other disciplines such as seismology, infrared remote sensing
�48�, synthetic aperture radars interferometry �23�, and ultra-
low-frequency seismic electric signals �SES�, which are
ultra-low-frequency �	1 Hz� changes of the electric field of
the earth and are consistent with the “pressure stimulated
currents model” �49�. This requirement is well-satisfied in
the case of the Athens EQ �14�. We emphasize that the syn-
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thetic aperture radars interferometry method indicates the ac-
tivation of two separate faults �23�. This information had also
imprinted in the �i� emergence of the two strong kHz EM
bursts A and B �see Sec. III and Ref. �22��, �ii� seismic data
associated with the Athens EQ �22�, and �iii� seismic electric
signals �SES� �50�. We further focus on the consistency with
the seismic data. Statistical physicists have shown the exis-
tence of a power-law-type acceleration of elastic emissions
in the laboratory �51� and geophysical scale �52� announcing
the global rupture �51�. In Fig. 20 of Ref. �8� we depict the
“cumulative Benioff strain release”:

��t� = �
i

�Ei�t� = A − B�tf − t�m �12�

computed over a critical circle �52� R=110 km at the epi-
center of the Athens EQ as a function of time, where tf is the
failure time, Ei is the mechanical energy released by the ith
foreshock, and A ,B ,m are positive quantities �Ref. �8� and
references therein�. In this figure we also show the “Benioff”
cumulative EM energy release �Ai�t� �in arbitrary units� as a
function of time, where Ai is the amplitude of the ith preseis-
mic EM pulse. We draw attention to the similarity of the
temporal evolution of both the mechanical and the EM en-
ergy release as the main event approaches. This finding sug-
gests a strong correlation between the seismic and EM en-
ergy release, i.e., that the detected EM precursor is a
subproduct of the Athens fault system generation. Notice that
laboratory studies also show: �i� a strong correlation between
acoustic and EM pulses during plastic deformation, which is
evidence of a common mechanism for both emissions �53�,
and �ii� that the “Benioff EM energy release” follows a
power-law type increase as the global rupture approaches
�12�. A recent theoretical study �54� investigates the time-
scale invariant changes in EM and mechanical energy re-
leases prior to a large EQ such as that depicted in Fig. 20 of
Ref. �8�. The authors suggest that the irreversible thermody-
namics with time-scale invariance reveals that the time-scale
invariant evolution of damage �such as opening and propa-
gation cracks� produces the observed temporal variation in
EM radiation and mechanical energy releases prior to seis-
mic events.

Remark. The candidate precursory sequence of MHz-kHz
EM emissions associated with the Athens EQ shows a rather
unusual long duration. Furthermore, this signal encompasses
a wealth of information related to the Athens’s earthquake
generation process. A tentative scenario that could explain
the special features of our signals is the following. The Mw
=7.4 Izmit, Turkey EQ on August 17, 1999 �see Fig. 1 in
�55�� triggered widespread regional seismicity in Greece
�56�. Characteristically, the onset of a power-law type seis-
mic energy release began immediately after the Izmit EQ
�see Fig. 20 in �8�� �56�. One hypothesis is that the surface
waves of the Izmit EQ might be responsible for the observed
positive feedback �57�. On laboratory scale, Krysac and
Maynard �58� have shown that during the fracture of a brittle
material, the breaking of a bond launches a propagating
stress wave which may trigger the breaking of other bonds.
We recall that during the breaking of bonds EM emission is
emitted �7,8�. Especially, such a process might be important

just prior to an avalanche of bond-breaking events when
there would be a relatively high density of bonds on the
verge of breaking. Moreover, the surface waves gradually
increase the population of cracks. Laboratory experiments
�59� demonstrate that preexisting cracks are the most domi-
nant factor of all heterogeneities that govern the faulting pro-
cess. In this way, the population of preexisting cracks leads
to an intense precursory seismicity �8�, and thus in a strong
precursory EM activity. One might hypothesize that these
experimental findings further justify the seismogenic origin
of the detected kHz EM emission, as well as the clearly
projected in this activity prefracture peculiarities.

�8� In this field of research, first of all, we require that the
results can be reproduced. Characteristically, the Chinese ex-
perience �60� concerning the behavior of preseismic EM
anomalies can be summarized in the following points. �i� The
frequency band of the detected EM anomalies is quite wide.
�ii� Anomalies are detected earlier in the electric field �MHz�
than in the magnetic �kHz� field. �iii� The anomalies stop
before the EQ occurs. �iv� No signals are recorded while the
EQ is in progress.

�9� A basic reason for our interest in complexity is the
striking similarity in behavior close to irreversible phase
transition among systems that are otherwise quite different in
nature �61�. The appearance in a candidate EM precursor of
footprints, which have been evaluated as precatastrophic
signs in different well-studied catastrophic events, for ex-
ample, epileptic seizures or intense magnetic storms, consti-
tutes a supplementary reason to consider the recorded
anomaly as a seismogenic emission. Interestingly, theoretical
studies suggest that the final and neural-seizure dynamics
should have many similar features and could be analyzed
within similar mathematical frameworks �62�. We have
showed that many similar distinctive precursory symptoms
emerge as an important EQ, an epileptic seizure �16,63�, or
an intense magnetic storm �64� is approaching. More pre-
cisely, we show that a combination of a significant increase
in organization, a remarkable acceleration of energy release
manifested in the increase in susceptibility, and a transition
from antipersistent �negative feedback� to persistent �positive
feedback� behavior indicates that the occurrence of an epi-
leptic seizure/intense magnetic storm/EQ is imminent. In our
opinion, it is very difficult for a nonseismogenic-
electromagnetic emission to obey such a multidisciplinary
scheme.

Finally, we comment on two peculiarities associated with
the recorded candidate precursory EM emissions. After-
shocks universally occur after crustal EQs. Our data reveal a
lack of EM anomalies during the aftershocks. We focus on
this point. In order to have the possibility to evaluate a re-
corded EM anomaly as a precursory signal it should be
“emerging” clearly from the EM background. This means
that the detected EM radiation should have not been signifi-
cantly absorbed by conducting layers of the crust or by the
much more conductive sea �8�. Moreover, it should have a
long duration, that is, from a few hours up to a few days, in
order to use the measurements for statistical purposes. These
requirements imply that a useful EM precursor should be
linked to an on-land seismic event which is both strong, i.e.,
with magnitude �6 or greater, and shallow �8�. In this case
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we have reasons to assert that the fracture process is ex-
tended up to the surface layer of the crust, and thus the
captured precursory EM emissions are produced by a popu-
lation of EM emitters �opening cracks� that is sufficient to
represent the behavior of the total number of the activated
cracks during the evolution of fracture �8�. Aftershocks sat-
isfy several empirical laws, among them, the Bath’s law,
which states that the differences �m in magnitudes between
mainshocks and their largest aftershocks are approximately
constant, i.e., �m�1.2, regardless of the magnitudes of the
mainshocks �65�. In harmony with the Bath’s law, the largest
aftershock associated with the Athens EQ was 4.9. This ob-
servation probably supports the lack of EM anomalies in our
data during the aftershocks. On the other hand, if someone
follows the daily background pattern of the kHz recordings
one finds the existence of a minimum around mid-day �see
Fig. 2�. We clarify that the observed slow daily variation
refers to the EM background, i.e., to the natural EM emis-
sion. This natural emission depends mostly on sources rooted
in atmosphere and ionosphere �see p. 46 in �66�� propagating
through the waveguide formed by the conductive Earth’s sur-
face and ionosphere. The origination of this daily variation is
thought to be the fact that the night-time radiation, due to
transverse EM propagation mode �TEM�, is more intense
than the daytime radiation and changes daily because the
absorption in the ionosphere decreases with the decreased
density of ions and electrons at night �see p. 162 in �62��. We
point out that the rapidly changing candidate precursory
emission, sampled at 1 Hz, is added to the above-mentioned
slowly changing EM background.

VII. CONCLUSIONS

Experimental evidence indicates that the nonextensive
q-Tsallis statistics describes not only regional seismicities,
each of them covering many geological faults, but also the
“electromagnetic seismicity” associated with the activation
of a single geological fault. Importantly, similar q values,
which measure the nonextensivity, describe the energy dis-
tribution of EQs in a seismic region, as well as the distribu-

tion of the “electromagnetic earthquakes” associated with the
activation of a single EQ. A pillar of fracture is the univer-
sality of its fractal properties �27,39,40,67�. Thus the afore-
mentioned finding could be considered as a further indication
of the universality of fractal properties among a large num-
ber of geological processes �27,39,40,67�: it suggests that the
statistics of seismicity in a seismic region is merely a mac-
roscopic reflection of the physical processes in a particular
EQ source. Importantly, in Ref. �12� we have shown that the
statistics of laboratory seismicity in terms of EM emission is
a microscopic reflection of the physical processes in a par-
ticular EQ source. This evidence further supports the hypoth-
esis that the explanation of Eqs. �6� and �7� by the precursory
EM data is possibly rooted in the above-mentioned univer-
sality of fractal properties of the fracture. Moreover, the ob-
tained formulas in Refs. �1,2� are not a mere fitting artifact,
and that a more exhaustive study of the nonextensive Tsallis
statistics and its relation with the fracture process is needed.
Finally, the evolution of the q-Tsallis entropy into PEM time
series quantifies and visualizes temporal changes of the or-
ganization as the EQ approaches. Importantly, it discrimi-
nates a distinctive epoch in the tail of the PEM activities,
which is characterized by a significant increase of the orga-
nization. Recent studies indicate that the transition to this
epoch is accompanied by the appearance of strong persis-
tency, as well as by the absence of any footprint of an equi-
librium phase transition. It might be concluded that this ep-
och reflects the faulting nucleation phase of the EQ
preparation, namely, the fracture of fragments that fill the
gap between the two rough profiles of the corresponding
activated fault. The excellent description of the “EM earth-
quakes” associated with the activation of a single fault by the
nonextensive formulas �Eqs. �6� and �7�� strongly supports
this hypothesis.
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