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0.1 Abstract

In the last decades, although the scientific community has attempted to explain a series of com-
plex phenomena, ranging from natural hazards to physical conditions and economic crises, as-
pects of their generation process still escape our full understanding. The present thesis intends
to promote our understanding of the spatiotemporal behavior and the generation mechanisms
that govern large and strong earthquakes, employing a broad multidisciplinary perspective for
the interpretation of catastrophic events. Two main questions are debated. The first ques-
tion concentrates on “whether the generation process of an extreme event has more than one
facets prior to its final appearance”. In the scientific study of earthquakes, attention is drawn
to the predictive capability and monitoring of different precursory observations. Among them
preseismic electromagnetic emissions have been also observed indicating that the science of
earthquake prediction should be from the start multidisciplinary. Drawing on recently intro-
duced models for earthquake dynamics, that address issues such as long-range correlations,
self-affinity, complexity-organization and fractal structures, the present work endeavors to fur-
ther penetrate on the analysis of preseismic electromagnetic emissions and elucidate their link
with the generation process of large and strong earthquakes. A second question deals with
“whether there is a unified approach for the study of catastrophic events”. This question implies
the possibility for common statistical behavior of diverse extreme events and the potential for
transferability of methods from the study of earthquake dynamics across other fields. On these
grounds, the present work extends the focus of inquiry to the analysis of electroencephalogram
recordings related to epileptic seizures, in the prospect to identify common mechanisms that
may explain the nature and the generation process of both phenomena, and to open up differ-
ent directions for future research. Finally, with a view to consider alternative ways of studying
key theoretical principles associated with the generation process of catastrophic phenomena, a
relevant framework based on proposed algorithms is presented, focusing on parameters such as:
the energy of earthquakes, the mean and maximum magnitude of the sample, the probability
that two samples may come from the same population. Such an attempt aims to contribute
to the knowledge of natural phenomena, by extending the existing theory and models and

providing a few more ways for their interpretation.
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0.6 List of commonly used equations

0.6.1 The Gutenberg & Richter Law

In seismology, the scaling relation between magnitude and the number of EQs is given by the

Gutenberg-Richter (G-R) relationship (described analytically in Sec. 2.1.3 [89]):

log N(> M) =c—bm (1)

where, N(> M) is the cumulative number of EQs with a magnitude greater than M occurring

in a specified area and time and b and c¢ are constants.

0.6.2 A fragment-asperity model for earthquake dynamics coming from nonex-

tensive statistical mechanics

Sotolongo-Costa and Posadas (SCP) [218] have developed a fragment-asperity (SCP) model
for EQ dynamics that derives from the nonextensive Tsallis formalism. The model consists of
two rough profiles interacting via fragments filling the gap between them. The latter model
has been recently revised by Silva et al. [208] where their approach leads to the following G-R

type law for the magnitude distribution of EQs:

_ _ 2M
o= YA _ (220 [y (1) (12 o
where,
G(> M) = N(]>VM)

where, N is the total number of EQs, N(> M) the number of EQs with magnitude larger
than M, and M =~ log(e). The parameter « is the constant of proportionality between the EQ
energy, €, and the size of fragment r. The g-parameter included in the non-extensive formula
(Eq. (2)) is associated with the b parameter of Gutenberg & Richter formula (Eq. (1)), by
the relation [202]:

b=2x (2:‘11) 3)

For further details about the model please refer to Sec. 2.1.3
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0.7 Abbreviation List

Herein the list of abbreviations is presented in alphabetical order as follows:

B-G
EEG
EEG-EQ
EL-EQ
EM
EM-EQ
EQ

EW

G-R

LM
MLE
NS
scp
s0C
ES
ULF
SES
TIR
R/S
IDE

Boltzmann-Gibbs
Electroencephalogram
Electroencephalogram Electric Earthquake
Electric Earthquake
Electromagnetic Emissions
Fracto-Electromagnetic Earthquake
Earthquake

East-West

Gutenberg & Richter

Intermittent Criticality
Levenberg-Marquardt

Maximum Likelihood Estimation
North-South

Sotolongo-Costa and Posadas

Self Organized Criticality

Epileptic Seizure
Ultra-Low-Frequency

Seismic Electric Signals

Thermal Infrared Spectral Range
Rescaled Range Analysis

Integrated Development Environment
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Chapter 1

Introduction: setting the research

context

1.1 Aims and approach of this study

In the last decades, although the scientific community has attempted to explain a series of
complex phenomena, ranging from natural hazards to physical conditions and economic crises,
aspects of their generation process still escape our full understanding. Characteristically, Kos-
sobokov [130], stated that “No scientific prediction is possible without exact definition of the
anticipated phenomenon and the rules, which define clearly in advance of it whether the pre-
diction is confirmed or not”. Such definition indicates that the degree to which we can predict
an extreme phenomenon is often measured by how well we understand it [54] and how do we
set the appropriate framework for the analysis of the separate regimes that might exist or even
coexist during its generation process. Influenced by this concept, the present work comes to
further penetrate and to elucidate a series of questions related to catastrophic events, from

the perspective of the earthquake (EQ) dynamics.

Several methods have been performed and several fault-mechanisms have been suggested
from studies in both laboratory and geophysical scale, in the prospect to identify and explain the
preparation process of large and strong EQs [88, 120, 255, 47, 173, 174, and references therein].
In general, the crack propagation seems to be the basic mechanism of material failures, but
the scientific community does not appear to be favorable in short-term EQ prediction since the
exact seismogenic origin of EQs is still unknown. Characteristically, Geller et al. [79] suggested
that EQs cannot be predicted and any precursory activity is impossible. Such negative views
are not groundless considering the difficulties that scientists have faced due to the prediction of
EQs, such as the complex nature, the rarity of large and strong EQs, the absence of foreshock

activity observed in some cases. Nevertheless, it should be considered that the research towards
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CHAPTER 1. INTRODUCTION: SETTING THE RESEARCH CONTEXT 14

the possible prediction of catastrophic phenomena such as EQs is still a challenging field in
the sense that science should have some predictive power to explain such physical phenomena
by performing new ideas, and even more detailed numerical investigations on both laboratory

and geophysical scale [54].

Under these circumstances, the first question that this work deals with is “whether the
generation process of an extreme event has more than one facets prior to its final appearance”.
This question implies the possibility that nature manifests itself in different ways from those
the scientific community expects to see and analyse. Indeed, several precursory phenomena
beyond the seismic activity have been observed prior to large EQs [261, 63, 71]. Among them
preseismic electromagnetic (EM) emissions have been also observed indicating that the science
of EQ prediction should be from the start multidisciplinary [123, 36, 55, 172]. However, the
study of precursory phenomena in terms of preseismic EM precursors is still questionable, from
the most part of the scientific community, rising several questions that contest their credibility,
since they have not been adequately accepted as real physical quantities [259, 179]. A better
understanding to whether an EM precursor is related to the physical process of EQ generation
is an important issue for EQ prediction. In this direction, the main contribution of this work,
in its most part, is to further penetrate on the analysis of preseismic EM emissions in the

prospect to further elucidate their link with the generation process of large and strong EQs.

Such a multidisciplinary analysis could possibly answer a second question concerning the
relation between diverse catastrophic events, which deals with “whether there is a unified ap-
proach for the study of such phenomena?”. Practically, this question implies the possibility
for common statistical behavior in the study of diverse extreme events. The basic concept is
that transferring ideas, methods and insights from investigations in hitherto disparate areas
will cross-fertilize and lead to important new results rising up deep questions concerning the
existence of common basic generation mechanisms. Such analysis could provide many simi-
lar features indicating that diverse phenomena could be analyzed within similar mathematical
frameworks. On these grounds the present work extends the focus of inquiry to the analysis
of two diverse extreme phenomena: (i) large catastrophic EQs and their relation with preseis-
mic kHz EM emissions, and (ii) epileptic seizures (ESs), in the prospect to identify common

mechanisms that may explain both the nature and the generation process of such phenomena.

In the following sections a critical review on literature related to the preseismic kHz - MHz
EM emissions observed prior to large EQs is first provided. The main perspective is to give an
overall understanding of the up to date analysis applied so far and to further apply arguments

that contribute to the seismigenic origin of these precursors. Secondly, further discussion
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on theoretical evidence concerning the unified approach of extreme phenomena will be also
provided aiming to give an overall sense of the analysis that will follow in the next chapters.
As concerns the individual theoretical background in which this work has been based, these

issues will be briefly mentioned here and will be further discussed analytically in each chapter.

1.2 A critical review of the literature

There are several studies related to the seismogenic origin of preseismic EM emissions suggest-
ing that micro-cracks in the earth’s crust produce both acoustic and EM emissions. The most
common theoretical approach states that when a heterogeneous material is strained, EM emis-
sions in a wide frequency spectrum ranging from kHz to MHz are mainly produced by opening
cracks, which can be considered as so-called “precursors of general fracture”. These precur-
sors have been detected on both laboratory and a geological scale [11, 66, 99, 98, 100, 259],
providing an alternative tool for the monitoring of the micro-fractures, which possibly occur in
the pre-focal area before the final break-up.

From experiments applied in many materials (deformation, wearing, peeling, e.t.c.), it
has been observed that during the formation of new surface, emissions of photons, electrons,
ions and neutral particles have been detected which are mainly refereed as “fracto-emissions”
[138, 48, 84, 160, 224, 156, 270]. It has been stated that the crack propagation seems to
be the basic mechanism of material’s failure. Specifically, when a heterogeneous material is
strained the local nucleation and coalescence of micro-cracks seem to be the basic features
that characterize its evolution towards breaking [59]. Characteristically, Sharon and Fineberg
[206] have provided experimental evidence showing that the instability mechanism is that of
local branching. The authors mentioned that the motion of a crack in dynamics fracture
has been shown to be governed by a dynamical instability causing oscillations in its velocity
and structure on the fracture surface. A multi-crack state is formed by repetitive, frustrated
micro-fracturing events [207]. It should also be noted that experiments in laboratory scale,
have shown that more intense fracto-emissions have been observed during the unstable crack
growth [84]. In addition, the rupture of inter-atomic (or ionic) bonds also leads to intense
charge separation, forming the origin of the electric charge between the micro-crack faces. On
the faces of a newly created micro-crack the electric charges constitute an electric dipole or
a more complicated system. In the stage of the micro-branching instability, the crack strong
wall vibration behaves as an efficient EM emitter [11, and references therein].

In the last two decades, more than 50 articles have been published providing strong evidence

for the association of the detected pre-seismic EM emissions with the fracturing process in the
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focal area of the impending EQ. Analysis applied so far in terms of: fault modeling [61],
laboratory experiments [60], criticality [123, 38, 36], scaling similarities of multiple fracturing
of solid material[121], fractal electrodynamics [58] and complexity [122, 117], has provided
sufficient evidence that validate their association of these precursors with the fracturing process
in the pre-focal area [45, 131, 55]. Nevertheless the most part of the scientific community is still
suspicious with the aforementioned association [259, 179], implying that different approaches
could provide additional evidence that would allow one to accept that these EM anomalies
are related to the fracture process of an impeding EQ. The present study deals with this
assumption focusing on a recently introduced two-stage model for the study of preseismic EM

activity, described in the following section.

1.2.1 A two-stage model on preseismic EM activity

A two-stage model has been recently proposed [123, 36, 40, 172, 59, 65] suggesting that the
MHz EM emission is due to the fracture of the highly heterogeneous system that surrounds the
fault. More specifically, the MHz EM activity can be attributed to phase transition of second
order [36], while a Levy walk type mechanism can explain the observed critical state [40]. The
finally emerged kHz EM emission, usually observed from approximately one week up to a few
hours before the main EQ), is rooted in the final stage of EQ generation, namely, the fracture
of entities sustaining the system [123, 36, 117, 172, 55]. The basic ingredients of this model

read as follows:

- A backbone of strong and large asperities distributed along the fault that sustains the system.
- A strongly heterogeneous material that surrounds the family of asperities.

The last two decades, several kHz-to-MHz EM anomalies have been detected prior large
EQs, on which physicists have attempted to link the available EM observations to the pro-
cesses occurring in the Earth's crust. Up to now analysis has revealed that these anomalies
have been mainly and repeatedly detected in cases of EQs that: (i) have been occurred in land
(or near coast-lines), (ii) were strong with magnitude M > 6, and (iii) were relative shallow.
These conditions have provided the main framework for the retrospective detection and initial
discrimination of these anomalies as seismogenic ones. Furthermore, multidisciplinary analy-
sis applied on these preseismic MHz-kHz EM emissions, has mainly focused on two epochs

characterized by the following ingredients:

(i) The first epoch, which includes the initially emerged MHz part, originates during cracking

in the highly heterogeneous component of the focal area, while the underlying fracto-

The generation process of extreme events: a combined approach G. Minadakis



CHAPTER 1. INTRODUCTION: SETTING THE RESEARCH CONTEXT 17

electromagnetic mechanism can be described in terms of a generalized continuous second

order phase transition [36].

(i) The second epoch includes the abrupt emergence of strong impulsive kHz EM emission
in the tail of the precursory activity. This activity is thought to be due to the fracture
of the family of main asperities that are distributed along the activated fault sustain
the system. The kHz EM radiation evolves as a phase transition far from equilibrium

[123, 36, 40, 172, 59, 65].

Fig. 1.1, shows an indicative graphical representation of the focal area which the two-stage
model has been based, namely a strongly heterogeneous material that surrounds the family of
asperities (depicted with gray), and a backbone of strong and large asperities (like red one)

distributed along the fault that sustains the system.

breakage of asperitiy

Figure 1.1: The model of focal area consisting of a strongly heterogeneous material that
surrounds the family of asperities, and a backbone of strong and large asperities (like red
one) distributed along the fault that sustains the system.

The aforementioned scenario has been further verified from studies related to Seismic Elec-
tric Signals (SES) [260], EM precursors rooted in Lithosphere - Atmosphere - lonosphere (LAI)
coupling [191], and precursors related with other disciplines such as: Seismology [173, 251],
Infrared Remote Sensing [170], Synthetic Aperture Radars Interferometry [195], suggesting
that the science of EQ prediction should, from the start, be multidisciplinary [54]. The latter
evidence have provided a coherent framework of analysis which ties together the observed
phenomenology of MHz and kHz EM precursors on one hand, and the precursory activity de-
riving from different disciplines on the other hand. In the following subsections, the theoretical
framework of these two epochs is further presented separately for MHz and kHz EM emissions

respectively.
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1.2.1.1 The MHz EM activity as a second order phase transition phenomenon

Recent studies have shown that in heterogeneous materials the fracture process can be at-
tributed to a second-order phase transition [104, 213, 38]. The MHz EM activity seems to
be related to that process, revealing the transition from the phase from non-directional al-
most symmetrical cracking distribution to a directional localized cracking zone that includes
the backbone of strong asperities [36, 40, 41]. This process has been defined as Symmetry
Breaking [36]. The time interval related to the completion of this phenomenon indicates that
the fracture of heterogeneous system in the focal area has been obstructed along the back-
bone of asperities that sustain the system. This means that the siege of strong asperities
has started and the impeding EQ will occur only if and when the local stress exceeds fracture
stresses-threshold of asperities [36].

This stage of fracturing is naturally related to rocks at large length scales where long-
range anti-correlations exist. Such anti-correlations essentially characterize the existence of a
non-linear negative feedback mechanism, where high value of a rock property (e.g. threshold
for breaking) is followed by a low value and vice versa. Failure nucleation begins to occur at
a region where the resistance to rupture growth has the minimum value. At this phase, the
EM event is emitted and the fracture process continues in the same weak region until a much
stronger region is encountered in its neighborhood area. When this happens, fracture stops,
and thus the emitted EM emission ceases. The stresses are redistributed, while the applied
stress in the focal area increases. A new population of cracks nucleates in the weaker of the
unbroken regions, and thus a new EM event appears again, and so on.

It has been found that this critical signature which characterizes the interplay between the
system heterogeneities and the field-stresses, is also hidden in the recorded MHz EM precursors
[121, 36, 55, 56, 41], and such process should be placed in the category of critical phenomena.
In this direction, a recently introduced Method of Critical Fluctuations (MCF), is analytically
described in [37, 39]. Note that the appearance of MHz EM anomalies does not mean that the
EQ will definitely occur and that is unavoidable. According to the aforementioned two-stage
model, this footprint is rooted in the preseismic kHz EM anomalies related to the last-stage

of the EQ preparation process, namely the breakage of asperities [37, 39, 54].

1.2.1.2 The kHz EM activity as the last stage of EQ generation

Based on the two-stage model described in Sec. 1.2.1, it has been found that the preseismic
kHz EM precursors are actually refer to the last stage of the EQ generation process which

involves the fracture of asperities that sustain the fault [121, 36, 117, 172, 55, 56]. Multi-
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disciplinary statistical analysis applied so far has revealed that this process of fracturing has
been characterized by a non-equilibrium instability, thus acquiring a self-regulating character
and to a great degree the property of irreversibility. It has also been characterized as a phase
transition far from equilibrium without any footprint of an equilibrium phase transition [54].
In the following sections, a short review of the symptoms that characterize these precursors

and distinguish them from the MHz EM anomalies is presented.

1.2.2 The seismogenic origin of the detected kHz EM anomalies

It should be noticed that most of the methods that will be mentioned here have also been
used in the present study and will be further analyzed in details individually in the chapters
that follow along with the findings of this work.

It has been stated that the eligible seismogenic kHz EM time series, are considered those
where the eligible signal deviates from the normal background-behaviour [117]. According
to this framework of analysis, entropy techniques, such as: T-entropy [244], Approximate
entropy [181, 55], Tsallis entropy [245], Correlation Dimension [86], Shannon n-block entropies:
conditional entropy, entropy of the source, Kolmogorov-Sinai entropy [205, 51, 49, 52, 50|, have
revealed that these emissions are characterized by significant higher organization (or lower-low
complexity) in respect to that of noise (or even background levels) [125, 124, 117, 55, 56].

In addition, analysis in terms of the Hurst exponent (Rescaled Range Analysis R/S [109,
110]), has revealed that these preseismic EM emissions are also characterized by strong per-
sistent behaviour [123, 36|, implying that the underlying fracture process is governed by a
“positive feedback mechanism” which is consistent with an anomaly being a precursor of an
ensuing catastrophic event [54]. This suggestion has been further supported in terms of fractal
spectral analysis applied on the kHz EM precursors, offering additional information concerning
the signal /noise discrimination of these signals. More specifically, spectra analysis by means of
“morlet” wavelet has revealed that the candidate kHz precursor follows the fractional Brownian
motion (fBm)-model as opposed to the background activity which follows the 1/ f-noise model
[57]. Such analysis also implies that the candidate kHz precursor has persistent behaviour since
the (S-exponent that derives from the power-law form S(f) o< f~? of the wavelet spectrogram
is connected to the Hurst exponent (H) by the relation: § = 2H + 1 [102]. Moreover, the
conclusion that the candidate kHz EM precursor follows the persistent fBm-model has been
also verified by Detrended Fluctuation Analysis [55].

In the prospect to link the kHz EM precursors with the last stage of the EQ generation,

the latter evidence have been further verified from the scientific community using methods
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and laws that derive from statistical seismology. An important pursuit in this direction was
to investigate whether universal features of fractures and faulting are included in the recorded

kHz EM precursors. Thus in the following sections, a short review of these studies is presented.

1.2.2.1 Evidence in terms of the Gutenberg and Richter magnitude-frequency relation

Beginning with the definition, an earthquake (EQ) is essentially a large scale fracture which has
heterogeneous structures. As with any physical phenomenon, it should have some predictive
power regarding its future behaviour. Statistical seismology has become the most common
field of research related to the EQ preparation process. A crucial contribution was first made
by Richter in 1935 [194], suggesting that EQs are not uniformly distributed in time, space and
magnitude but such distribution exhibits scale invariability, appears to be self-similar and obeys
a power law or fractal scaling. In this framework, an empirical formula known in the east as
Ishimoto and lida (1939) [111] relation and in the west as the Gutenberg and Richter (1942)
[91] relation, was proposed, which defines the distribution of earthquakes with respect to the

magnitude, for a certain region of interest.

log N(> M) =c—bm (1.1)

where N (> m) is the cumulative number of EQs with a magnitude greater than m occurring
in a specified area and time. c and b are positive, real constants deriving from the least-squares
fitting of the (log-log) representation of the cumulative number of EQs with magnitude larger
than M. c describes the seismic activity and b indicates the level of accumulated stresses
and/or material conditions in the focal region. This relation is usually referred to as the
Gutenberg-Richter (G-R) magnitude-frequency relationship.

In the prospect to express the preseiemic kHz EM time-series under the magnitude-frequency
relationship, the notion of “electromagnetic earthquake” has been recently introduced [121,
172], which reads as follows: The amplitude A of a candidate “fracto-EM fluctuation” is re-
garded as the difference A ey, (t;) = A(ti) — Anoise, Where Ajpgise is the background (noise)
level of the EM time series. The sequence of k successively emerged “fracto-EM fluctuations”
Afem(ti), i =1,...,k represents the EM energy released, ¢, during the damage of a fragment,
in which the literature refers to that as an “electromagnetic earthquake” (EM-EQ). Since the
squared amplitude of the fracto-EM emissions is proportional to their power, the magnitude

m of the candidate “EM-EQ" is given by the following relation:

m = loge ~ log (3 [Afem(t:)]*) (1.2)
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It should be noted that studies on premonitory behaviour of the b-value, have reported
that the foreshock sequences and main shocks are characterized by a much smaller b-exponent,
compared to aftershocks [92, 185, 175]. Indicatively, Ponomarev et al. [185] have reported
a significant fall of the observed b-values from (0.6 ~ 1.0) just before the global rupture.
The same behaviour has also been found form laboratory experiments related to acoustic
emissions where a significant decrease of the b-values were observed immediately before the
global fracture [123]. In addition, Lei and Satoh [141], who recorded acoustic emission events
during the fracture of typical rock samples stressed under differential compression, have shown
that the pre-failure damage evolution is characterized by a significant decrease in b-value,

ranging from approximately 1.5 ~ 0.5 for hard rocks.

Analysis of preseismic kHz EM emissions has shown that Eq. (1.2), has provided excellent
fit to the sequence of kHz EM-EQs associated with the Athens EQ following the Gutenberg-
Richter law with b = 0.51 indicating the consistency with the aforementioned results [172].
Moreover, Rabinovitch et al. [192] have studied the fractal nature of EM radiation emitted
during the rock fracture, showed that the cumulative distribution of the amplitudes of the
prefracture EM time series also follows a power law with exponent b = 0.62. Similar statistical
analysis applied on kHz EM time series associated with the Athens EQ, has also revealed that
the cumulative distribution of the amplitudes also follows the power law N(> A) ~ A",
where b = 0.62 [123]. On these grounds the activation of a single fault could be considered

as a magnified self-affine image of both the regional and laboratory seismicity [54].

1.2.2.2 The activation of a single fault as a self-affine image of both the regional

and laboratory seismicity

Sotolongo-Costa and Posadas [218], have recently introduced a model for EQ dynamics which
is coming from a nonextensive Tsallis formulation [245, 246, 247]. According to this model,
the authors stated that the mechanism of relative displacement of fault plates is the main
cause of EQs. The main scenario concerns two rough profiles (fault planes) interacting via
the fragments filling the gap between them. These fragments are mainly coming from 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. 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. In this direction, the authors

proposed a Gutenberg & Richter type formula which describes the EQ dynamics and includes
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two parameters: the entropic index ¢, which describes the deviation of Tsallis entropy from
the standard Boltzmann-Gibbs entropy, and the physical quantity «, which characterizes the
energy density. The latter equation was later revised by Silva et al. [208], who made with two
crucial updates in the context of Tsallis nonextensive statistics as proposed by Abe and Bagci
[1]. Finally, their approach leads to the following G-R type law for the magnitude distribution
of EQs:

2M
o = NI _(220) gy (10 (1))
where, N is the total number of EQs, N(> M) the number of EQs with magnitude larger
than M, and M =~ log(e). The parameter « is the constant of proportionality between the
EQ energy, €, and the size of fragment.

Studies related to seismicities of various geological faults around the world have shown
that values of ¢ € [1.6 — 1.8] seem to be universal, in the sense that different data sets from
different regions of the globe indicate a value for the nonextensive parameter lying in this
interval [218, 208, 267, 229, 230]. Preliminary observations obtained from studies related to
preseismic kHz EM time series, have shown that Eq. (1.3) provides an excellent fit to the pre-
seismic kHz EM experimental data incorporating the characteristics of nonextensivity statistics
into the distribution of the detected precursory “EM-EQs". Specifically, Papadimitriou et al.
(2008) [172], who worked on the two strong EM bursts recorded a few hours prior to the
Athens (Greece) catastrophic EQ (occurred on 09-Sep-1999, with magnitude M = 5.9), found
a g ~ 1.8. Analogous results have been obtained from the analysis of kHz EM time series
related to the L'Aquila (Italy) EQ (occurred on 06-Apr-2009, with magnitude M = 6.4). In
addition, analysis in the context of Tsallis nonextensive entropic framework has also revealed
the increased organization (low complexity) of the kHz EM bursts contained in those signals
which have been characterized for their seismogenic origin [125, 124, 117, 55, 56].

It should be noted that, the magnitude-frequency relationship for EQs does not say any-
thing about a specific activated fault (EQ). On the contrary the kHz EM precursors refer to the
activation of a single specific fault. The similarity of g-parameters mentioned above indicates
that the activation of a single fault could be considered as a reduced self-affine image of both
the regional and laboratory seismicity [55, 56, 172]. Characteristically, Huang and Turcotte
[108] suggested that “the statistics of regional seismicity could be merely a macroscopic re-
flection of the physical processes in the EQ source”. However, further consideration should be

given in this direction in terms of nonextensivity.
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1.2.3 The kHz EM activity from the perspective of Intermittent Criticality

The definition of Intermittent Criticality (IC) as suggested by the literature related to EQ
dynamics, is a concept in which a region alternately approaches and retreats from a critical-
point [27, and references therein]. More precisely, IC is based on the hypothesis that a large
regional EQ is the end result of a process in which the stress field becomes correlated over
increasingly long scale-lengths, which in turn set the size of the largest EQ that can be expected
at any given time. The largest event on the fault network cannot occur until regional criticality
has been achieved and stress is consequently correlated at all length scales up to the size of
the region. It has been shown that the growth of the spatial correlation length obeys a power
law with a singularity in the critical point [217, 29, 199, 216, 26, 114, 214, 213, 25, 27]. After
the occurrence of this large event the criticality of its associated network is destroyed and a
period of relative quiescence prevails. The process is repeated by rebuilding correlation lengths

towards criticality until the next large event.

In recent years, many attempts have been made in the prospect to describe the physics of
regional seismicity in the framework of self-organized criticality (SOC), which was originally
defined on the basis of simple cellular automaton models [12, 209, 167]. However, since
SOC models ideally contain no tuning parameters, when a system has achieved self-organized
criticality it will remain in that state with constant power-law frequency-size statistics for
as long as the external driving force remains constant. As opposed to SOC, intermittent
criticality implies time-dependent variations in the activity during a seismic cycle. Before the
large EQ event, the growing correlation length manifests itself as an increase in the frequency of
intermediate-magnitude EQs. This is commonly referred by the literature as the "accelerating

moment release model”, and has been discussed by a number of authors [223, 29, 216, 26, 114].

Summarizing the above mentioned arguments, the basic features that characterize a system
under IC are: the growing spatial correlation length, the accelerating energy release and self-
organized criticality. Studies have shown that a preseismic kHz EM anomaly can be interpreted
as an EM confirmation of the |C-hypothesis [54]. Indeed, studies on EM energy release have
found a power-law type increase in the rate of EM energy release as the global instability
approaches [62, 58, 123]. The recorded acceleration of the EM emission leading up to EM
large event and “EM shadow” following this is in harmony with the IC-hypothesis [54]. In
addition, it should be noted that the rate of seismic energy release computed around the
epicenter of the EQ follows a similar power-law type behaviour (increase). This experimental
evidence further supports the relation between the seismicity and the preseismic EM activity

indicating that both are originated by the same underlying fracture mechanism. On the other
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hand the increment of the correlation length has been supported by wavelet spectra analysis in
which the correlation length r of the estimation of the S-exponent of the S(f) o< £~ increases
as the catastrophic event approaches. Consequently, although the two basic features have been
predicted by the IC-model indicating its existence in the candidate kHz EM precursors, further
analysis is needed in order to link this observation with a distinctive regime related to the last

stage of fracture process.

1.2.4 The MHz-kHz EM precursors from the perspective of fractal electro-

dynamics

The theoretical framework of “fractal electrodynamics” is a relative new field of research,
initially suggested by Jaggard (1990,2000) [112, 113]. It combines the fractal geometry with
Maxwell's theory of electrodynamics suggesting that as the significant EQ approaches, a Frac-
tal EM Geo-Antenna can be formed as an array of line elements having a fractal distribution
on the ground surface. This is justified due to the fact that in both laboratory and geophysi-
cal scale, fault displacements, fault and fracture trace length, and fracture apertures follow a
power-law distribution. In effect to this argument, a fault manifests a fractal pattern: a network
of line elements having a fractal distribution in space is formed as the event approaches. Eftax-
ias et al. (2004) has tested this approach suggesting that the underlying MHz-kHz precursors
are governed by characteristics that can predicted in the framework of fractal electrodynamics.
These involve temporal evolution of the spectrum content, broad-band spectrum region, scal-
ing laws and accelerating emission rate. Characteristically, the authors found that the fractal
dimension of the fractal EM geo-antenna associated with the Athens (Greece) EQ is D = 1.2
which is consistent with the fractal dimension of a surface trace of a single major fault as has

been suggested from seismological and theoretical studies [199, 211].

1.3 Setting the context for the analysis: perspectives and arguments

In recent years the scientific community has placed particular emphasis on the study of complex
systems, in the prospect to provide a good definition of “what a complex system is". When
someone suggests that a phenomenon or a system is “complex”, this statement is indirectly
interpreted with something that is hard to be analysed, separated or even hard to be solved. A
common basis of the various catastrophic phenomena is that their generation is the result of
a collective process with dynamical characteristics: the repeated interactions in many spatial
scales progressively lead to the development of large-scale correlations between the entities and

finally to the crisis. These dynamical characteristics include: self-organization, intermittent
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criticality, simultaneous existence of many degrees of freedom, self-adaption, rugged energy
landscapes, and scaling laws (e.g, power-law dependence). Several examples have been given
in this direction providing evidence that support such definition [20, 180, 45, 131, 214, 2, 76,
176]. On these grounds, earthquakes, preseismic EM emissions and epileptic seizures, which
are analysed in this study, seem to be complex phenomena since they have highly intricate
cluster and hierarchical structures, they are governed by feedback mechanisms with spatial and
temporal correlation and they provide footprints of self-organization and connection diversity
[169, 54]. A promising and globally accepted way to investigate such transient phenomena
is to analyze the experimental time-series as a sequence of distinct time windows of short
duration or even in some cases as a sequence of separate epochs. Such an approach along
with the appropriate methods of analysis, could clearly differentiate the possible dynamical
characteristics, as the catastrophic event is approaching, and furthermore to reveal-discover

the basic mechanism that characterize such phenomena.

1.3.1 Are there preseismic kHz EM emissions?

Focusing on the seismogenic origin of preseismic kHz EM emissions, the theoretical ingredi-
ents of information theory (concepts of entropy) and the fractal-spectra analysis have provided
a profit able framework for capturing such deviations. Specifically, the abrupt simultaneous
appearance of both high organization and persistency observed in the kHz EM anomalies
indicates that the underlying “fracto-electromagnetic process” is governed by a positive feed-
back mechanism which in turn designates these anomalies as possible candidate precursors.
Characteristically, Sornette (2004) [213] suggested that “since the seismicity is a critical phe-
nomenon, it is expected that significant changes in the statistical pattern, can be considered as
deviation from normal behaviour"”. Furthermore, temporal analysis applied so far in terms of:
fractal-spectra analysis, Hurt Exponent, power-law power-law dependence, the G-R formula
and nonextensive dynamics, has revealed that universal features of fracture and faulting have
also been observed in precursory kHz EM emissions [58, 123, 36, 124, 55, 56] verifying the
validity of the two-stage model presented in Sec. 1.2.1. However, such analysis rises several

arguments related to the generation mechanism of EQs subjected to the following criticisms:

15 argument: The two-stage model does not say anything about the fragments involved
between the two fault planes but only mentions the breakage of the asperities. In addition,
EM emissions observed due to laboratory experiments are mainly refer to homogeneous or even
brittle materials such as rocks [74, 11, 165, 166, 144, 171, 74, 156, 77, 135, 10] indicating

this absence of fragments. It is reasonable to assume that due to the slipping of the two
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fault planes there is also interaction between fragments or even fragment-asperity interactions.
These fragments may come from previous fractures comprising the residual between the fault
planes. Thus it is expected that this process should be also emerged during the kHz EM
activity that refers to the last stage of the EQ generation process. Should this case exist, the
two-stage model needs to be extended with supplementary evidence that verify the existence
of more than one fracture mechanisms that govern the last stage of EQ generation process.
On these grounds, the present study deals with this suggestion focusing on the analysis of the
preseismic kHz EM emissions that refer to last stage of the EQ generation process building on

the two-stage model mentioned above.

27 argument: A critical-controversial issue facing the scientific community involved with ma-
terials science, is the interpretation of scaling laws, on material strength. Specifically, scientists
concentrate on whether the spatial and temporal complexity of EQ and fault structures emerges
from geometry or from the chaotic behaviour inherent to the nonlinear equations governing
the dynamics of these phenomena. In effect this reflects on whether the variations in seismic-
ity can be used to successfully forecast the occurrence of earthquakes. Rundle et al. (2003)
[198] suggested that these events can be regarded as a type of generalized phase transition,
similar to the nucleation and critical phenomena that are observed in thermal and magnetic
systems. In contrast to this argument, Carpinteri and Pugno (2005) [30], purely based on
geometry, stated that “as happened for relativity, geometry could again hold an unexpected
and fundamental role.”. Against these arguments the study of preseismic EM emissions seems
to provide a relevant framework for examining the nature of the spatiotemporal complexity

and fault structures emerged by such phenomena.

374 argument: It should be stressed that statistical analysis itself, cannot adequately provide
sufficient criteria for the seismogenic origin of these kHz EM anomalies and even more their
association with the fracture of asperities that are distributed along the fault sustaining the
system [54]. In addition, there are very few studies that investigate whether the universal
features of fractures and faulting are included in the recorded kHz EM precursors. Specifically,
analysis in terms of the G-R formula and the nonextensive Tsallis framework, mentioned in
previous sections, have been poorly applied to specific parts of recorded kHz EM emissions
[172, and references therein]. Thus it would be challenging to extend this type of research
in terms of these methods, in the prospect to identify features that link these EM precursors
with EQ dynamics on one hand and to further provide evidence of repeatability of the other.

Therefore, it would be challenging to apply a comparative spatiotemporal analysis with new
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metrics and models for EQ dynamics that includes both the recorded kHz EM precursors and
the regional seismicity around ensuing EQ epicenters. Such analysis could reveal the common
existence of fracture regimes that govern these systems and provide further information of
the spatial scale that these emissions refer to. In effect obtained information could provide
the appropriate framework to investigate whether the statistics of regional seismicity could be
merely a macroscopic reflection of the physical processes in the EQ source, as it has been
suggested by Huang and Turcotte [108] and even more, whether the associated kHz EM
precursors that refer to the activation of a single fault reflect to a reduced self-affine image of
regional seismicity [172].

Motivated by this plurality of arguments, a critical concern of this study was to find the
appropriate models and methods that include both complexity issues and earthquake dynamics,
in the above mentioned context. In this direction, the nonextensive model for EQ dynamics
was considered to be the most appropriate approach. Specifically it includes both the entropic
content and complexity issues that derive from the nonextensive Tsallis theoretical framework
[245], and further involves a profile of EQ dynamics that includes the interference between
fragments that comprise the residual between two fault planes. Such an approach could
possibly answer on the first question which states on whether the generation process of an
extreme event has more than one facet prior to its final appearance. Characteristically, Eftaxias
(2012) [54], has mentioned that “seismicity and the precursory MHz EM activity are two faces
of the same coin”. Should this case exists, a combined spatiotemporal analysis on both
the seismicity and the preseismic kHz EM emissions by means of the underlying models and
methods, could possibly penetrate and elucidate several viewpoints in the field of seismology

and geodynamics.

1.3.2 Is there a unified approach for the study of catastrophic events?

The identification of universal principles that may be used to describe the dynamics of com-
plex systems has attracted evolving interest [20, 220, 221, 214, 265, 266]. Several stud-
ies, in disciplines such as physics, biology and economics, have applied nuanced analyses
indicating that certain similar quantitative features underlie the study of complex systems
[180, 45, 131, 214, 2, 76, 176]. In particular, strong analogies between earthquake dynamics and
neurodynamics have been reported in the last two decades, suggesting that epileptic and seis-
mic crises can be analyzed within similar mathematical frameworks [107, 105, 197, 122, 169].
On these grounds, the present study extends the focus of inquiry to the study of both scalp-

recorded and intracranial electroencephalogram (EEG) recordings related to epileptic seizures.
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From the perspective of complexity theory, it has been stated that the laws that describe the
behaviour of a complex system are qualitatively different from those that govern its individual
units [266]. This implies to the fact that it is almost impossible to understand and interpret
the behaviour of a brain focusing on the behaviour of one single neuron. On the other hand it
is expected that the simultaneous alteration of a population of neurons, should manifest a new
peculiar behaviour-structure with universal characteristics. A challenging issue would be to
examine whether the nonextensive formula for EQ dynamics which is routed in a nonextensive
Tsallis framework [245, 208], can adequately describe the electric events during the epileptic
seizure activity. In addition, a comparative study between the preseismic kHz EM emissions
and epileptic seizure recordings, could provide important information that cross-fertilize the
knowledge of both biological and geophysical shocks. Even more, from the perspective of self-
affinity, it would be very interesting to examine the fractal nature of such phenomena using

common methods and metrics.

1.4 Collection of EM data and development of software interface

Since 1994, 11 prototype field stations have been installed in the grater region of Greece under
the supervision of Prof. Nomikos, from the Department of Electronic Engineering of TEI of
Athens, and Prof. K. Eftaxias from the Physics Department of the National and Kapodistrian
University of Athens. Note that all the stations have the same installed equipment. The instal-
lation includes six loop antennas that detect the electromagnetic variations at three different
directions (EW, NS, and vertical) and two different frequencies: 3 kHz and 10 kHz respec-
tively. Additionally two vertical \/2 electric dipole antennas have been installed, detecting the
electric field variations at 41 and 46MHz respectively.

A data acquisition system especially designed for a variety of environmental field measure-
ments has been used for the underlying network, which is based on two parametric custom
designed receivers: one for the kHz frequencies and one for the MHz frequencies. Each receiver
is working at one of the two, kHz or MHz, desired frequencies using the appropriate antennas.
The main core of the data acquisition system, consists of a programmable microcontroller
interconnected with five peripheral sub-units [132, 133]. The use of A\/2 dipole antennas for
the reception of the variations of the geo-electromagnetic field at the kHz band is prohibitive
due to the excessive dipole lengths required (50 km and 15 km for 3 kHz and 10 kHz, re-
spectively). Therefore, for the sensing of the electromagnetic variations at the kHz band, two
standard small loop antennas tuned at 3 kHz and 10 kHz, respectively, were designed. These

low frequency small loop antennas are usually referred to as "magnetic loops” to denote that
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they are sensitive to the magnetic field variations. For further detail about the electronic part

of the devises used for this network please refer to a previously PhD work of Koulouras [133].

For the data collection and preliminary analysis of the detected available signals, a set of
software applications have been developed in C++ language, using features and tools of the
Integrated Development Environment (IDE) of Borland C++ Builder 6. This was an initial
phase which aimed to observe and understand the overall network response (station gaps,
battery failures, noise, etc) and to create an earthquake database with the basic tools for
combining the EM activity with seismicity. Fig. 1.2 depicts a screen shot of the implemented
software used for the data collection. The observed EM recordings refer to those obtained
from Zante (ZAKYNTHOS) station prior to the major EQ occurred in L'Aquila (ltaly) on
06-Apr-20009.
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Figure 1.2: A screen shot of the implemented software used for the data collection
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Fig. 1.3 depicts the software application for the comparison of EM signals with seismicity
at specific regions of interest. The observed EM recordings refer to those obtained from Zante

station prior to the major EQ occurred in Athens (Greece) on 7-Sep-1999 (see yellow mark).
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Figure 1.3: Screen shot of the software application for the comparison of EM signals with
seismicity at specific regions of interest. The yellow mark at the bottom indicated the
time of earthquake occurrence.

Analysis concerning the seismicity, includes EQ catalogs from different geographical regions,
namely, Greece, ltaly and Southern California. The Greek catalog used has been provided
from the website of the Institute of Geodynamics of the National Observatory of Athens,
(http://www.gein.noa.gr). The ltalian catalog used, has been provided by the website of
Istituto Nazionale di Geofisica e Vulcanologia (INGV), Italy, (http://www.ingv.it) and the
Southern California Catalog form the Southern California Earthquake Data Center (SCEDC),
(http://www.ingv.it). Fig. 1.4 gives an example 2D and 3D representation of Greek
seismicity related to major EQ occurred in Methoni on 14-Feb-2008 10:09:23 with magnitude
M =6.2.
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Figure 1.4: A screen-shot of the software interface implemented for seismicity observations

Herein, it should be noted that the selection of the location where an EM station should
be installed is of crucial importance, since the right geoelectrical environment is one of the
main considerations for such an installment. Firstly, the station should be away from any man-
made radiation and any parasitic signals which may affect the emerged fracture-induced EM
emissions. Secondly, according to the literature it has been stated that the MHz EM emissions
are more efficiently captured when the Earth’s conductivity is relatively low, while for the kHz
EM emissions the Earth's should be relative high [61, 15]. For the case of Zante station, its
location was selected after a detailed magnetotelluric and magnetic prospection measures that
revealed the most appropriate place for its installation. Specifically, the geo-electrical structure
beneath the station has been found to be with 1D symmetry and very high conductivity with
p =~ 1002m, compared to the typical value of 1000€2m, while the upper is of 2D symmetry
with characteristic principal axis strike direction N35° & 5°W [63, 61, 9, 148]. Unfortunately,
for the rest of the prototype field stations, the corresponding measurements were not performed
since their locations were provided (freely) by the Greek Institude of Geodynamics. It should
also be noted that the most part of the theoretical background as given by the literature derives
from the available preseismic EM emissions recorded from Zante station.

On these grounds, since one the main perspective of this study is to further penetrate
on the seismogenic origin of kHz EM precursors, analysis was focused on well documented
signals that derive from Zante station. Algorithms and methods implemented and rooted in

the above mentioned software interface, have been mainly used for: (i) preliminary observation,
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(ii) selection and extraction of the eligible epochs under study and (iii) evaluation of results.
Those methods were also implemented using the Matlab software application in order cross-

check the validity of the experimental findings presented in this thesis.

In the following section the structure of this work is presented, followed by further argu-

ments that support the context of the proposed analysis.

1.5 Structure of the thesis

Analysis contained in Chapters 2-3 and 4 has been mainly focused on the seismogenic origin of
the candidate kHz EM emissions while in Chapter 5, a detailed comparative analysis between
epileptic seizures, earthquakes and preseismic kHz EM emissions is performed. Chapter 6
contains a set of proposed formulas in a common framework that manifests the generation
process of such phenomena. Chapter 7, summarizes the key findings of this work, in view of
future research considerations. During the course of this research report, issues that interest
the scientific community such as: universal features of fracture and faulting, the behaviour of
propagating stress waves, the self-affinity and complexity, are further discussed and analysed
in the context of the analysis performed. A brief description of these chapters follows along

with the prospective results:

Chapter 2 - Linking electromagnetic precursors with earthquake dynamics: Analysis in this
chapter, attempts to further penetrate and elucidate the link of the precursory kHz EM activity
with the last stage of EQ generation building on two theoretical models for EQ dynamics. The
first one concerns a self-affine model according to which an EQ is due to the slipping of two
rough and rigid fractional Brownian profiles, one over the other, when there is an intersection
between them. The second one is the fragment-asperity model mentioned in previous section
which is rooted in a nonextensive Tsallis framework starting from first principles [245] and
concerns two rough profiles interacting via the fragments filling their gap-residual. This study
examines whether these models of EQ dynamics can be linked with the detected kHz EM
emission: the possibility to discriminate whether a seismic shock is sourced in the fracture of
fragments filling the gap between the rough profiles or in the fracture of “teeth” distributed

across the fractional Brownian profiles that sustain the system.

Chapter 3 - Linking preseismic kHz EM emissions with seismicity: This chapter examines
whether the transient stresses of seismic waves from a major earthquake (EQ) can trigger a
considerably distant significant EQ using three different analytical approaches: (i) a recently

introduced fragment-asperity interaction model for EQ dynamics based on nonextensive Tsallis
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statistics; (ii) the Hurst exponent; (iii) organization in terms of Fisher information. Using the
same approaches, the link beteewn associated precursory kHz EM activity and the last stage of
the impending EQ generation is also examined in the prospect to identify whether the statistics
of regional seismicity could be a macroscopic reflection of physical processes in the EQ source,

as would be expected by the fractal nature of fracture and faulting.

Chapter 4 - Identifying the self-affine nature of fracture and faulting: The aspect of self-
affine nature of faulting and fracture is widely documented from the data analysis of both
field observations and laboratory experiments. Analysis in this chapter focuses on whether the
activation of a single fault is a reduced self-affine image of regional seismicity. Building on a
recently introduced model for earthquake dynamics which leads to a Gutenberg-Richter type
law, a comparative spatiotemporal analysis is mainly performed that involves seismicity and
preseismic kHz EM emission. More precisely, it is examined whether the population of: (i) the
earthquakes that precede of a significant event and occur around its the epicentre, and (ii)
the "fracto-electromagnetic earthquakes” that emerge during the fracture of strong entities
distributed along the activated single fault sustaining the system follow the same statistics,
namely, the relative cumulative number of earthquakes against magnitude. Such analysis

enhances the physical background of the underlying self-affinity.

Chapter 5 - From earthquakes to the dynamics of regional brain activity in epileptic seizures:
The purpose of this chapter is to further examine whether dynamical analogy between ESs and
EQs and at the level of a single fault / seizure activation. Such analysis will further support
the aforementioned suggestion at lower scale, elucidating the ways in which opening cracks
and firing neurons organize themselves to produce a single EQ or ES respectively. The results
are further verified using the traditional Gutenberg & Richter law and an alternative method
for the magnitude-frequency relation for earthquakes. From the perspective of self-affinity, the
different placement/locality of the electrodes used for the scalp-recorded and intracranial EEG
recordings, provides a relevant framework to examine the fractal nature of such phenomena at
two different scales of the regional ES activity in the brain. In this direction, applying different
thresholds of EEG-EQ magnitudes contained in both types of EEG recordings under study, the
behavior of the parameters included in the nonextensive formula is examined. It is expected
that such analysis will verify the common scale-free nature of such phenomena and provide a
preliminary indication of the self-affine nature of the regional ES activity in the brain, in terms

of nonextensivity.

It should be noted that the initial impetus for the comparative study of earthquake dynamics

and regional brain activity was given from previous collaborative work published in Eftaxias
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et al [63]. However, the analysis presented in this chapter has been extended to the study
of different kinds of data (i.e. including intracranial EEG recordings of epileptic seizures) and
undertaking of different approaches in analyzing and interpreting issues pertinent to the main

questions and directions of the overall thesis.

Chapter 6 - Spatiotemporal analysis of catastrophic phenomena: a set of proposed formulas:
This chapter addresses a number of concerns raised during the course of this research. With a
view to consider a different approach on key theoretical principles associated with the generation
process of catastrophic phenomena, analysis here is focused on parameters such as: the energy
of earthquakes, the mean and maximum magnitude of the sample, the probability that two
samples may come from the same population, and the long-range correlations in terms of
a nonextensive model for earthquake dynamics. The present study endeavors to provide a
relevant framework which is based on new proposed algorithms for the study of catastrophic
events. Such an attempt aims to contribute to the knowledge of natural phenomena, providing

a few more ways for their interpretation.

Chapter 7: Discussion and conclusions: This chapter summarizes the key findings of this work,

in view of future research considerations.
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Chapter 2

Linking electromagnetic precursors

with earthquake dynamics

The study of precursory phenomena in terms of preseismic electromagnetic (EM) precursors
is still questionable, from the most part of the scientific community, since they have not been
adequately accepted as real physical quantities [179, 259, 54]. Characteristically, Pham et al.
[179], commented that the analysis of these signals “did not present a quantitative and objec-
tively testable model of the relation between the observed signals and the earthquake source
parameters”. In this direction, the need of using the basic principles of fracture mechanics in
the prospect to link these precursors with a distinctive stage of EQ preparation comprises is a
crucial open issue under study implying to a better understanding on whether an EM precur-
sor is related to the physical process of the earthquake (EQ) generation. Motivated by such
comments and criticisms related to the preseismic nature of these EM emissions, the analysis
in this chapter is mainly focused on two key fundamental questions in strength considerations

of materials:

(i) When does it fail?

(ii) Are there signals that can warn of imminent failure?

Several studies have shown that fracture induced electromagnetic (EM) physical fields allow
real-time monitoring of damage evolution in materials during mechanical loading. EM emissions
in a wide frequency spectrum ranging from kHz to MHz are produced by opening cracks, which
can be considered as precursors of general fracture [11, 74, 77, 166, 136, 144, 156, 165, 171].
These precursors have been detected at both laboratory [11] and geophysical scale [192, 82].
According to the two-stage model described in Sec. 1.2.1, an important feature that has

been observed on both scales, is that the MHz radiation systematically precedes the kHz one
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[60, 58, 123, 36]. More precisely, the MHz EM activity can be attributed to phase transition
of second order [36], while a Levy walk type mechanism can explain the observed critical state
[40]. The finally emerged kHz EM emission, from approximately one week up to a few hours
before the main shock occurrence, is rooted in the final stage of EQ generation, namely, the
fracture of entities sustaining the system [123, 36, 117, 172, 55].

Drawing from the aforementioned two-stage model, the present work in this chapter en-
deavors to further penetrate and elucidate the link of the precursory kHz EM activity with the
last stage of EQ generation building on two models for EQ dynamics. The first one concerns
the work of De Rubeis et al., (1996) [47] and Hallgass et al., (1997) [93] who introduced a
self-affine model related to fault dynamics by means of the slipping of two rough and rigid
Brownian profiles one over the other. According to this self-affine asperity scheme, an indi-
vidual EQ occurs when there is intersection between these two profiles. The second model
concerns a recently introduced fragment-asperity model for EQ dynamics, by Solotongo-Costa
and Posadas (SCP) [218], which is rooted in a nonextensive Tsallis framework [245, 246, 247],
starting from first principles. This model is related with a scheme of two rough profiles inter-
acting via fragments filling the gap. These fragments are mainly coming from 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. 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.

Focusing on the kHz EM emissions (that refer to the last stage of EQ generation process),
analysis in this chapter argues that the aforementioned two models for EQ dynamics are

identified in two qualitatively different epochs of kHz EM precursory activity:

(i) the first epoch of the kHz EM precursor reflects the breakage of the fragments filling the

gap between the two profiles.

(ii) the second epoch is emitted during the fracture of large and strong entities ("teeth”)

which are distributed along these two rough profiles of the fault.

The structure of this chapter is mainly organized as follows: In section 2.1, the aforemen-
tioned self-affine and fragment-asperity models for EQ dynamics are described in details. Sec.
2.2 sets the context for the proposed approach drawing on recent studies of kHz EM precursory
activity in terms of complexity-organization. In Sec. 2.3 the kHz EM recordings by means

of the Hurst's rescaled range analysis are analyzed, distinguishing two emitted epochs that
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reflect on two different fracture regimes. In Sec. 2.4 the definition of the “electromagnetic
earthquake” (EM-EQ) is firstly given, and secondly the nonextensive behaviour of the kHz EM
activity is examined focusing on the link between the two identified epochs associated with the
last stage of EQ preparation process. In Sec. 2.5, spectra-wavelet analysis is applied providing
footprints of fractal Brownian motion (fom) profile and roughness of surface fracture related
with the two epochs of kHz EM activity. Finally, in the remaining sections, arguments for the
association of the second epoch with the self-affine model are provided summarizing the key

findings that support the proposed approach.

2.1 Overview of models for earthquake dynamics and metrics used for the

analysis

2.1.1 Fundamentals of symbolic dynamics

Symbolic time series analysis is one of the most common methods used by the literature for
modelling and characterization of nonlinear dynamical systems [268]: a way of simplifying or
even coarse-graining the description of a system under study [95]. According to this method,
the time series are transformed into a series of symbols by applying an appropriate partition-
threshold which results to a new symbolic time series array with significantly fewer variety of
symbols. A construction of a new array is then developed, that contains sequences of symbols
(“words™) in temporal order. To be more precise, a threshold C'is usually applied on the avail-
able raw data, which in most cases is the mean value of the sample under study. The simplest
possible coarse-graining of a time series is achieved by assigning the symbols “1" and “0" to the
signal, depending on whether it is above or below the threshold C. This process generates a
symbolic time series that contain a two-letter alphabet [(0,1), A = 2] which is then interpreted
in terms of sequential blocks (words) of length n = 2. For example, a symbolic sequence of 16
words (0110100110010110. . .) becomes 01/10/10/01/10/01/01/10/ ... where the number of
all possible kinds of words is \* = 22 = 4, namely 00,01, 10,11. The probabilities pgg, po1.
P10, p11 are calculated using the fractions of the number of repeated blocks of 00,01, 10,11
included in the symbolic time series divided by the total length of the symbolic data: 0/16,
4/16, 4/16, and 0/16, where 16 is the total length. In a symbolic time series of W symbols,
{4;},i =1,2,...,W, one can read it by words of length L = n, (n < W). For each word
length, there are \" possible combinations of the symbols that may be found in a word, here

of the j —th combination of symbols

A" = 2" since A = 2. The probability of occurrence p§-n)

(j=1,2,...,2™) in a word of length n, can be denoted as:
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#of the j — th combination found in words of length n
total#of words of length n (by lumping)

(2.1)

Based on these probabilities we can estimate, the probabilistic entropy or information
measures. For example, the probabilistic entropy measure Hg introduced by Shannon (1948)

[205], reads as follows:

Hs=-) pilnp; (2.2)

where p; are the probabilities associated with the microscopic configurations, calculated

according to the above described process.

2.1.2 Principles of Tsallis entropy: definition of the term “nonextensivity”

It is generally accepted that the science of statistical mechanics aims to establish a direct link
between the mechanical laws and classical thermodynamics. Within this framework of analysis,
the term “extensivity” has been defined as one of the crucial properties of the Boltzmann-Gibbs
entropy (Sp_q), that expresses the proportionality with the number of elements of the system
under study. It has been shown that Sp_¢ satisfies this rule for the case where the subsystems
are statistically (quasi-) independent, or typically if the correlations developed between the
entities and within the system under study, are essentially local. In such cases the system is
called “extensive”. As opposed to extensive systems, when the correlations within a system
may be far from negligible at all scales, the Sp_¢ is called “nonextensive”. Inspired by multi-
fractal concepts, Tsallis [245] proposed a generalization of the B-G statistical mechanics, by
introducing an entropic expression characterized by an index ¢ which leads to the nonextensive

statistics. The formula reads as follows:

1 4%
Sq=k—— 1‘2]’? ) (2.3)

q—1 i=1
where p; are the probabilities associated with the microscopic configurations, W is their total
number, ¢ is a real number, and k is Boltzmann's constant. ¢ — 1 corresponds to the standard

(@=1) — ¢(@=DWm®) ~ 1+ (g — 1) In(p;) in the limit

extensive B-G statistics. Indeed, using p;

q — 1, we obtain the standard B-G entropy:

W
S1=—k> piln(p;)
i=1

The entropic index g characterizes the degree of non-additivity. Given two independent

sub-systems A and B with probabilities p** and p”, the entropy of a composed system (A+B)
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is reflected in the following pseudo-additivity rule, where additivity exists only for ¢ = 1:
Sq(A+ B) = 54(A) + 54(B) + (1 — q)54(A)S4(B)

The cases ¢ > 1 and ¢ < 1, correspond to sub-additivity, or super-additivity, respectively.
Note that the parameter ¢ itself is not a measure of the complexity of a time series but measures
the degree of nonextensivity of the corresponding system. A metric of the dynamic changes of
the complexity of a system is the time variations of the Tsallis entropy for a given ¢ (S;). In the
following subsection, a recently introduced fragment-asperity model for earthquake dynamics

coming from nonextensive Tsallis statistical mechanics is presented.

2.1.3 A fragment-asperity model for earthquake dynamics coming from nonex-

tensive statistical mechanics

In seismology, the scaling relation between magnitude and the number of EQs is given by the

Gutenberg-Richter (G-R) relationship (described analytically in Sec. 1.2.2.1 [89]):

logN(> M) =c—bm, (2.4)

where, N (> M) is the cumulative number of EQs with a magnitude greater than M occurring
in a specified area and time and b and ¢ are constants. The b-value, which is determined by the
least squares method, is regarded as one of the important parameters representing the nature
of the occurrence of EQs. However, it should be noted that the G-R empirical relation is not
related with general physical principles.

Herrmann and Roux (1990) [104] who studied the phenomenon of fault slipping from a geo-
metric viewpoint, offered an idealized representation of the fragmented core of a fault (gouge),
focusing on the material filling the gap between the fault planes. The authors presented the
gouge as a self-medium formed by circular disk-shaped pieces which act like bearings filling
the space between two planes [103]. In that direction, Sotolongo-Costa and Posadas (SCP)
[218] have developed a model for EQ dynamics coming from a nonextensive Tsallis formalism,
starting from fundamental principles. In particular, the geometric form of this model refers to

the fragments that fill the gap between two fault planes according to the following rules:

(i) The mechanism of relative displacement of fault plates is the main cause of EQs.

(i) The surfaces of the tectonic plates are irregular. The space between fault planes is
filled with the residue of the breakage of the tectonic plates, from where the faults have

originated.
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(iii) The fragments are very diverse and have irregular shapes. The motion of the fault planes
can be hindered not only by the overlapping of two irregularities/asperities (teeth) 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) In this regard, the authors studied the influence of the size distribution of fragments on

the energy distribution of EQs.

Applying the maximum entropy principle [68] with the Tsallis entropy [245] and comparing
the results with those obtained using the Boltzmann entropy, the latter nonextensive approach

leads to a G-R type law for the magnitude distribution of EQs:

mgNu4>»=ng+<f_Z>xmgp+a@—1pqz—@0ﬂmwﬂx1@M}@5)

where, N is the total number of EQs, N(M >) the number of EQs with magnitude larger
than M, and M =~ log(e). The parameter « is the constant of proportionality between the
EQ energy, and the size of fragment, . More precisely, SCP assumed that € o<  and so the
energy distribution of the EQs generated by this mechanism can reflect the size distribution of
the fragments in the gouge.

The latter fragment-asperity (SCP) model has been recently revised by Silva et al. [208]
by applying two crucial updates. Their revision was based on a different definition of the mean
values in the context of Tsallis nonextensive statistics as proposed by Abe and Bagci [1], by
introducing a new scale law between the released energy ¢ and the size r of fragments, namely,
e o« 3. The new scale proposed by Silva et al. [208] is in full agreement with the standard
theory of rupture, namely, the well-known seismic moment scaling with rupture length (see
Ref. [267] for details). Finally, their approach leads to the following G-R type law for the

magnitude distribution of EQs:

_ _ 2M
G(> M) = N(;M) - G _ Z) x log [1 - (;_Z) <1£2/3>] (2.6)
where,
mwm:N%M) (2.7)

where, N is the total number of EQs, N(> M) the number of EQs with magnitude larger
than M, and M ~ log(e). The parameter « is the constant of proportionality between the

EQ energy, ¢, and the size of fragment r.
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Importantly, from most geological analysis performed so far, values of ¢ ~ 1.6 — 1.8 seem
to be universal, in the sense that different data sets from different regions of the globe indicate
a value for the nonextensive parameter lying in this interval [218, 208, 267, 229, 230]. Note
that the g-parameter included in the non-extensive formula (Eq. (2.6)) is associated with the

b parameter of Gutenberg & Richter formula (Eq. (2.4)), by the relation [202]:

5. 2—4q
b_2><q_1 (2.8)

At this point, it should be noted that the theoretical framework of Boltzmann-Gibbs sta-
tistical mechanics described in previous subsection, seems to fit properly when dealing with
systems composed of either independent subsystems or interacting via short-range forces, and
whose subsystems can access all the available phase space. On the contrary, for systems
exhibiting long-range correlations, memory, or fractal properties, nonextensive statistical me-
chanics becomes the most appropriate mathematical framework [245, 247] for analyzing such
systems. The aforementioned Eq. (2.6), is not a trivial result, and incorporates the char-
acteristics of nonextensivity into the distribution of EQs by magnitude. This fragments size
distribution function comes from a nonextensive Tsallis formulation, starting from first prin-
ciples: a nonextensive formulation of the maximum entropy principle [218]. Englaman et al.
[68] showed that the standard Boltzmann-Gibbs formalism, although useful, cannot account
for an important feature of the fragmentation process, i.e., the presence of scaling in the size
distribution of fragments, which is one of the main ingredients of the SCP approach.

Focusing on the EQ preparation process a central property of such systems is the occur-
rence of coherent large-scale collective with a very rich structure, resulting from the repeated
nonlinear interactions among its constituents [212]. On these grounds, the nonextensive sta-
tistical mechanics seems to be an appropriate framework for investigating the last stage of EQ

preparation process in terms of the preseismic kHz EM time series.

2.1.4 A self-affine asperity model for earthquake dynamics: experimental and

theoretical evidence

In a pioneer work of De Rubeis et al., (1996) [47] and Hallgass et al., (1997) [93], the authors
proposed a model for regional fault dynamics by means of the slipping of two rough and rigid
Brownian profiles, h1(z) and h2(z), of length L, one over the other. According to this scheme,
an individual EQ occurs when there is intersection between the two profiles. The rules of this

scenario read as follows [47]:
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(i) The initial condition is obtained by putting two rigid profiles in contact in the point where

the height difference is minimal, so that h1 < h2,Vz € [0, L].

(i) The successive evolution is obtained by drifting a profile in a parallel way with respect to

another, at a constant speed v, so that hl(x;t) = hl(x — vt);

(iii) At each time step t, one controls whether there are new contact points between the
profiles, i.e. whether h1(x;t) — h2(z) < 0 for some x value. An intersection represents

a single seismic event and starts with the collision of two asperities of the profile

(iv) The authors excluded the case of the developing of new earthquakes in a region where a

seismic event is already taking place

The authors assumed that the energy released is proportional to the extension of the overlap
between the two asperities in contact. More precisely, it has been stated that the probability
P(E)dE that an earthquake releases an energy in the interval [E, E + dE] follows a power law
P(E) ~ E=A~1 with an exponent 3 of order of the unity[167]. In the framework of this model
the authors showed that it is possible to relate the value of the exponent 3 to the geometrical
properties of the faults according to the following equation:

H  Dp-1

P=l =y~ = (2.9)

where, this relation accounts for the direct dependence of the 5-exponent on the roughness of
the faults H related to the fractal dimension Dp = d — H.

In summary, the authors proposed a model of earthquakes where the critical behavior is
generated by a pre-existent fractal geometry of the fault, showing that a specific fault can be
regarded as a statistically self-affine profile. It has been shown that this model has exhibited a
good interpretation of the seismicities generated in a large geographic areas around the world
usually identified as “seismic regions”. Ample experimental and theoretical evidence have been
provided supporting the aforementioned scheme. Indicatively, some of these studies will be
mentioned in the next paragraph in prospect to provide evidence for the validity of this model.

Several studies related to the kinematic or dynamic source of EQs have suggested that the
final slip (or the stress drop) has a heterogeneous spatial distribution over the fault [87, 24, 178].
In addition, Power et al. (1987), who applied power-spectrum analysis of the fault surface
suggested that heterogeneities are observed over a large range of scale lengths [189, see in
particular Fig. 4]. Further investigations in the field of EQ dynamics have already pointed out

that the fracture mechanics of the stressed crust of the earth forms self-similar fault patterns,
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with well-defined fractal dimensionalities [116, 199, 21]. Chakrabarti et al. (1999) [32], based
on observations of the self-similarity in various length scales in the roughness of the fractured
solid surfaces, proposed that the contact area distribution between two fractal surfaces follows
a unique power law. Huang and Turcotte [108] who studied the fractal distributions of stress
in terms of the b-value of Gutenberg & Richter formula (see Eq. 2.4), pointed out that natural
rock surfaces can be represented by fractional Brownian surfaces over a wide range. Interest-
ingly, Hallgass et al. (1997) [93] have emphasized that “what is lacking is the description of
what happened locally, i.e., as a consequence of a single event”.

Motivated by the suggestion of Huang and Turcotte [108], the theoretical approach of the
nonextesive model for EQ dynamics, seems to provide the appropriate framework to show that
the statistics of regional seismicity could be merely a macroscopic reflection of the preparation

process of a single EQ. Thus the analysis that follows builds on this theoretical framework.

2.2 Setting the context for the proposed approach

This chapter focuses in its most part on a well documented [123, 36, 40, 172] kHz EM
precursor associated with the Athens EQ that occurred on September 7, 1999 at 11:56 (GMT)
with magnitude My, = 5.9. The associated precursor is depicted in Fig. 2.1 recorded from

the 10 kHz East-West (EW) sensor.
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Figure 2.1: View of the preseismic EM emission (green and red) recorded by the 10
kHz EW magnetic field sensor. The vertical arrow indicates the time of the Athens EQ
occurrence.

Drawing from recent studies, analysis applied so far on the raw-data from 10 kHz EW
sensor, in terms of entropy concepts and information theory, has shown that the black part in
Fig. 2.1 refers to the EM background activity (noise) which has been characterized by a low
organization (or high complexity) [124, 125, 117]. The first part of the precursor (see epoch
1, depicted with green color) has been characterized by the appearance of a population of EM

events sparsely distributed in time with noteworthy higher order of organization in comparison
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to that of the noise. The strong bursts A and B included in epoch 2 (depicted with red color)
have been characterized by a population of EM events of significantly higher organization in
comparison to that of epoch 1 which are densely distributed in time.

Herein, since one of the prospects of this work is to penetrate on the seismogenic origin
of preseismic kHz EM anomalies, it would be reasonable to focus the analysis on well docu-
mented cases of preseismic EM observations prior to large EQs. The case of Athens EQ is a
characteristic well documented case [63, 61, 123, 36, 40, 172, 117]. Thus analysis that follows
is based on the preseismic magnetic field recorded by the 10 kHz North-South (NS) sensor
depicted in Fig. 2.2. This signal refers to a well documented case on one hand, and here is
studied for the first time on the other. It is expected that such an attempt should provide
further evidence that verify the repeatability of the literature results, with new findings that

may contribute to the knowledge of the generation process of such phenomena.
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Figure 2.2: View of the preseismic EM emission (green and red) recorded by the 10 kHz NS
magnetic field sensor. The vertical arrow indicates the time of the Athens EQ occurrence.

Analysis here is first focused on the degree of organization between the two distinctive
underlying epochs included in the 10 kHz NS time series, namely Epoch 1 and Epoch 2,
respectively. This process is mainly applied in order to verify that these epochs found in the
EW component are also identified in the NS component in terms of complexity-organization
measures. A robust grammar-based complexity/information technique was used, namely the
T-Entropy introduced by Titchener [244]. T-entropy is based on the intellectual economy
one makes when rewriting a string according to some rule. The estimation method and the
theoretical background of T-Entropy has been presented in [244, 124, 55]. The analysis has
been applied in terms of symbolic dynamics by using sequential successive windows of 1024
samples each. From Fig. 2.3, it is observed that the same results obtained from the 10 kHz EW
sensor, are also obtained by the analysis of the 10 kHz NS sensor. More precisely, the second
epoch (red bullets) is characterized by higher organization (lower complexity) in contrast to

epoch 1 (green bullets). In addition, epoch 1 is characterized by higher levels of organization
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in contrast to the black part of the signal which refers to the background noise and lower
organization that epoch 3. These results provide a first indication, in terms of complexity,
which intuitively leads to the suspicion that epochs 1 and 2, possibly refer to different fracture

mechanisms with negative-feedback and positive-feedback, correspondingly.
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Figure 2.3: Temporal evolution of T-Entropy using sequential blocks of 1024 samples each

Against the theoretical background set in the previous section, herein the proposed ap-
proach aims to prove that the two models for EQ dynamics, described in Sec. 2.1, are identified

in two qualitatively different epochs of the kHz EM precursory activity as follows:

(i) The first epoch (Fig. 2.2, green color) of the kHz EM precursor may reflect the breakage
of the fragments filling the gap between the two profiles that sustain the fault (Fig. 2.4a).

In this scheme, EM fluctuations are emitted during the fracture of fragments.

(i) The second epoch (Fig. 2.2, red color) is possibly emitted during the fracture of large
and strong entities (“teeth”) which are distributed along two rough and rigid fractal
Brownian profiles one over the other (Fig. 2.4b). In this scheme, EM fluctuations are

emitted during the fracture of strong and large “teeth”.

breakage of fragment breakage of asperitiy

(b)

Figure 2.4: (a) An illustration of the fragment-asperity model. EM fluctuations are emit-
ted during the fracture of fragments. (b) An illustration of the self-affine model. EM
fluctuations are emitted during the fracture of strong and large “teeth”.
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According to this scheme, along with the prospect to verify whether the two precursory

epochs are rooted in different fracture regimes, the “Rescaled Range Analysis (R/S)" intro-
duced by Hurst [110], seems to provide an appropriate mathematical and theoretical framework
for such an approach. Thus in the following section the analysis of the of the 10 kHz NS sensor

in terms of the Hurst exponent is provided.

2.3 The Rescaled Range analysis as a method for distinguishing different

fracture regimes

After the works of Hurst et al. [109, 110], Mandelbrot and Wallis [151] and Feder [70],
Hurst's rescaled analysis has been used as a method to detect correlations in time series.
This method attempts to find patterns that might repeat in the future by using two main
variables: the range of the data, R, as it is measured by the highest and lowest values in
the time period, and the standard deviation of the data S. The so-called rescaled range is
exactly the ratio of R and S. Hurst, in his analysis, first transformed the natural records in
time X(N) = z(1),x(2),...,x(N), into a new variable y(n, N), the so-called accumulated
departure of the natural record in time in a given year n(n = 1,2,...N), from the average,

< x > (n), over a period of N years. The transformation formula reads as follows:

y(n,N) = (x(i) — (x)) (2.10)
i=1
Then, he introduced the rescaled range
R/S = };((]]\\;)), (2.11)

in which the range R(N) is defined as a distance between the minimum and maximum value

of y by

R(N) = Ymax — Ymin, (212)

and the standard deviation S(N) by

S(N) = J ~ Y lyti) — (@) (2.13)

i=1

R/S is expected to show a power-law dependence on the box size n:

R(n)/S(n) ~nH, (2.14)
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where H is the Hurst exponent. R is the difference between the maximum and minimum
amounts of accumulated departure of the time series from the mean over a time span 7 and S
is the standard deviation calculated over the time span 7. The correlation of the past and the
future in the observational time series can be described by the Hurst exponent H. For H = 0.5,
there is an independent random process, with no correlations among samples. For H > 0.5,
the sequence is characterized by a persistent behaviour, which means that the increasing or
decreasing trend is more likely to be conserved, implying a positive feedback mechanism. For
H < 0.5, the sequence is characterized by the anti-persistent behaviour, which means that
an increasing or decreasing trend is more likely to be reversed, implying a negative feedback
mechanism.

Focusing on the first epoch, the temporal evolution of the H exponent is studied by
applying a sequence of successive fixed time windows of 1024 samples each. Fig. 2.5 shows
this temporal evolution of the calculated Hurst exponents obtained by the linear fitting process
of the (loga(R/S Ave) vs loga(T)) representation of the experimental data. As it is observed
from the left part of Fig. Fig. 2.5, the first epoch is really characterized by anti-persistent
behaviour (0 < H < 0.5) in its most part with a mean H = 0.38 and with only 3% of
the experimental windows with persistent behaviour. This evidence is consistent with the

hypothesis that the first epoch is characterized by a negative feedback.
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Figure 2.5: Temporal evolution of Hurst exponent (H) for epoch 1, deriving from fixed
sequential windows of 1024 samples each. The green line is the threshold of the transition
from antipersistent to persistent behavior. The pie shows that 97% of the blocks calculated,
are antipersistent.

Focusing on the second epoch, the same windowing method is used as that applied for
epoch 1. Figs 2.6a and 2.6b depict the temporal evolution of H exponent for the two strong EM
bursts contained in epoch 2. Results obtained from these figures reveal that both the two EM
bursts contained in epoch 2, are characterized by a 100% persistent behaviour (0.5 < H < 1),
with a mean H = 0.69 and H = 0.71 respectively. This evidence is consistent with the
hypothesis that the second epoch is characterized by a positive feedback. However, in order to

further support the persistency of the two strong EM bursts the R/S method was applied to the
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whole part of each one of them. More precisely, Figs 2.6c and 2.6d depict the slopes deriving
from the linear regression fitting of R/S method with H = 0.69 +0.05 and H = 0.71 £+ 0.05
for the first and second EM bursts, respectively. The derived H exponents along with those

of the windowing method strongly reveal that both EM bursts are characterized by an onset

of persistency indicating the aforementioned positive feedback.
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Figure 2.6: (a,b) Temporal evolution of Hurst exponent (H) for the two strong EM bursts
contained in epoch 2. (c¢,d) Hurst exponent estimated in terms of R/S analysis for the
whole part of each one of the two strong EM bursts contained in epoch 2.

Summarizing at this point of analysis, the results obtained from R/S analysis strongly
support the hypothesis that the two preseismic epochs are rooted in different regimes char-
acterized by negative and positive feedback correspondingly. However, the question whether
these epochs are related with different fracture mechanisms is still open. Thus, in the follow-
ing section the analysis turns to the nonextensive model as described in section 2.1.3 in the

prospect to investigate this link.
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2.4 Nonextensive approach of the two distinct epochs of kHz EM activity

The first question that this section deals with is whether the nonextensive formula 2.6 can
adequately describe the sequence of “electromagnetic earthquakes” (EM-EQs) included in the
recorded EM precursor. Should this case exist, analysis go on to further examine the varia-
tions/behaviour of the non-extensive parameter ¢ and energy density « for different thresholds
of magnitudes of the detected sequence of the EM-EQs. Note that the notion of “Electro-
magnetic earthquake” for the preseiemic kHz EM time-series has been described in details in
Sec. 1.2.2.1, however for the purposes of analysis is also presented here.

The definition of electromagnetic earthquake: As amplitude A of a candidate “fracto-
electromagnetic fluctuation” is regarded the difference Ay, (t;) = A(t;) — Anoise, Where
Apoise is the background (noise) level of the kHz EM time series. The “EM-EQ" is refereed
as the sequence of k successively emerged “fracto-electromagnetic fluctuations” Ay, (¢;),
i =1,...,k that represent the damage of a fragment or a “tooth” contained in the irregu-
lar surfaces of the fault planes. Since the squared amplitude of the fracto-EM emissions is
proportional to their power egjs, the magnitude M of the candidate EM-EQ is given by the

relation:

M =logegy ~ log (Z [Arpn (tl)]Q) (2.15)

One of the conditions that have to be satisfied in order to be possible to extract the eligible
information of these signals concerning the preparation of the last stages of the EQ process, is
that the recorded radiation must be emerging clearly from the EM background. This means
that the detected kHz EM radiation has not been significantly absorbed by conducting layers
of the crust or the even more conductive sea. This implies to the fact that the useful EM
precursor must be associated with an on-land seismic event which is both strong, i.e., with
magnitude 6 or greater, and shallow. In this case, the fracture process is extended up to the
surface layer of the earth’s crust. During the evolution of fracture the precursory kHz, MHz
EM emissions are mainly produced by a population of EM emitters that sufficiently represent
the overall behaviour of their total number of the opening-activated cracks [30].

In order to achieve an efficient and accurate fit for the estimation of the nonextensive
parameters ¢ and «, the Levenberg-Marquardt (LM) method [142, 152, 78, 22, 190] was
applied. The LM method has been used in several studies in order to solve nonlinear least
squares problems when fitting a parameterized function to a set of given data points [155].
Fitting is basically achieved by minimizing the sum of the squares of the errors between the

data points and the given function. Figs. 2.7a and 2.7b show that Eq. (2.6) along with the
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use of LM method provides an excellent fit to the kHz EM-EQs included in epochs 1 and 2,
respectively, incorporating the characteristics of nonextensivity statistics into the detected kHz
EM precursor. The green and red lines depicted in the bottom charts of Fig. 2.7, represent
the fitting of Eq. (2.6) respectively for epochs 1 and 2. Herein, N is the total number of the
detected EM-EQs, G(> M) = N(M >)/N the normalized cumulative number of EM-EQs
with magnitude larger than M, and « the constant of proportionality between the EM energy
released and the size of fragment [218, 208]. The best-fit parameters for this analysis are
given by ¢ = 1.739 £ 0.001 for epoch 1 and ¢ = 1.834 4+ 0.001 for epoch 2 respectively.
As it was expected, these values evidently reveal that both epochs are characterized by high

nonextensivity.
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Figure 2.7: Eq. 2.6 was used to calculate the relative cumulative number of EM-EQs,
G(> M), for epochs 1 and 2 respectively. As A,pise the threshold of 620mV was used for
the calculation of EM-EQs.

Note that for the most of geological analysis applied so far in terms of Eq. (2.6), the ¢
parameter lies between the interval ¢ ~ 1.6 — 1.8 [218, 208, 155, 267, 229, 230], as well as for
all the precursory sequences of EM-EQs under study. According to the two-stage model the
preseismic kHz EM time series refer to the last stage of the generation of a single EQ. This
observed similarity in the ¢ values indicates that the activation of a single EQ (fault) could be
considered as a reduced self-affine image of the whole regional seismicity. These results are
consistent with the self-affine nature of fracture and faulting processes [150], issues that will

be examined in the next chapters of this study.
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As A, uise for the calculation of EM-EQs the threshold of 620mV was empirically estimated
by analysing the mean daily variation of 18 days of quiet signal [121, 55, 56]. From Fig. 2.7,
a relative deviation from the experimental data at the intermediate region of the analytical
expression of Eq. (2.6), is observed. This is an expected result since it is reasonable to
accept that due to the previously discussed absorption of the EM emissions, most of the lower
magnitudes “EM-EQs" are placed near the level of the background EM activity at the station
area (EM noise). It is obvious that the lower the magnitude of “EM-EQs" the higher the
population of “EM-EQs" which are lost. However, the reported data and curves depicted in
Fig. 2.7, are considered to be representative of the nature of the studied precursor signal,
in the context explained above. The argument that the finally acquired EM emissions are
representative of the underlying fracture phenomenon has already been documented based
on the fact that there is a remarkable quantitative resemblance between the acquired EM

emissions and the seismicity either at laboratory or geophysical scale [123, 36, 172].
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threshold is decreased from 620mV, which (e|ative cumulative number of EM-EQs, G(>
has been considered in the analysis as the M), for epoch 2. As Apgise the threshold of

absolute maximum value of the background 480mV was used for the calculation of EM-

noise, to 480mV’, a better fitting to the ana-  EQs.

lytical expression could be achieved as shown

in Fig. 2.8. Nevertheless, this means that a population of “"EM-EQs"” of lower magnitudes
that are of questionable validity (probably correspond to noise) have been encountered in the

study although the g-parameter and the by provide consistent results.

It should be clarified that the g-parameter itself is not a measure of the complexity-

The generation process of extreme events: a combined approach G. Minadakis



CHAPTER 2. LINKING ELECTROMAGNETIC PRECURSORS WITH EQ DYNAMICS 52

organization of the system but only a measure for the degree of nonextensivity as derives
from revised nonextensive model for EQ dynamics. On the contrary, the dynamic changes of
the complexity of the system can be quantified by applying the given Tsallis entropy equation
(Sq, see Eq. 2.3) to the time variation of the signal with a given nonextensive parameter
q [117]. Against this framework of analysis the lower S, values characterize the sequential
portions of the signal with higher organization, namely lower complexity. Note that analysis
applied so far from recent studies in terms of Tsallis entropy the optimal g-parameter is ob-
tained by using different values of ¢q. Such analysis has been already performed for the 10 kHz
sensor by [117]. Herein, in order to test this theoretical ingredient the g-parameter included
in the formula of Tsallis entropy (see Eq. 2.3), was replaced by the estimated parameters ¢
as derived from Eq. (2.6): ¢ = 1.739 for epoch 1 and ¢ = 1.834 for epoch 2, respectively.
More precisely, Figs. 2.9a and 2.9b depict the temporal variation of the Tsalis entropy for the
epochs 1 and 2 respectively. The analysis has been applied in terms of symbolic dynamics by
using sequential successive windows of 1024 samples each. It is observed that the results of
this statistical analysis are consistent with those obtained from the T-Entropy in section 2.2.
As shown, epoch 2 is characterized by a high organized population of EM events which are
densely distributed in time in contrast to epoch 1, which is characterized by a population of
lower organization sparsely distributed in time. Note that both epochs present higher organi-
zation in respect to that of the background noise. The blue line depicts the of entropy level

between the background EM activity and the eligible signal.
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Figure 2.9: Temporal evolution of Tsallis entropy for epochs 1 and 2 respectively. The
blue line depicts the entropy level that refers to the background EM activity.

The latter results support the hypothesis that the two epochs of the precursory kHz EM
activity are really rooted in different regimes. Thus, since this the nonextensive formula can
adequately describe the sequence of “electromagnetic earthquakes” (EM-EQs) included in the
two epochs of the recorded EM precursor the analysis is focused on the variation of the nonex-

tensive parameter ¢ and the volumetric energy density « in the prospect to identify possible
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differences that may distinguish the seismogenic origin of these epochs. In this direction, differ-
ent cutoffs of magnitudes M, were used, of the detected EM-EQs, included in the two epochs
of the emerged EM precursor using a serial step of M. = 0.1. For each step, Eq. (2.6) was
used to fit the experimental data using a minimum event number of 50 events as a criterion
for statistical completeness. The LM method was also used for optimizing the fitting process

and ensure the efficiency and accuracy of the algorithm.

In Figs. 2.10a and 2.10b the black curves depict the variation of the g-parameter for
different M.. The observed high ¢-values for different threshold magnitudes reveal that the
nonextensivity in the underlying fracture mechanism remains high in both epochs. This ev-
idence is consistent with the hypothesis that the recorded EM precursor is associated with
the final stage of EQ generation. Additionally, the prospective decrement of the nonextensive
parameter ¢ as the magnitude threshold increases is explained by the fact that the larger the
magnitude threshold the larger the number of EM-EQs/fractures is omitted. Indeed, it has
been stated that the large number of the small fractures along with the corresponding redis-
tribution of stresses significantly contributes to the increment of the correlation length during
the fracture process [214, and references therein]. The characteristic value that governs the
overall system is the one that corresponds to the smaller magnitude threshold for each period.
It should also be noted that although the nonextensive parameter ¢ decreases at higher mag-
nitude thresholds it still remains high. This evidence further verifies that strong correlations
have developed within the system. Note that the standard error of these serial calculations of

the g-parameter was not exceeded the value of +0.001, indicating the accuracy of the process.
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Figure 2.10: Variation of nonextensive parameter ¢ and the volumetric energy density «,
for different thresholds of magnitudes of the detected EM-EQs for epoch 1 and epoch 2
respectively.

As opposed to the behaviour of g-parameter, the blue curves in figs. 2.10a and 2.10b show

G. Minadakis
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that the characteristic value of the volumetric energy density «, increases at higher threshold
values. This is not an unexpected result since « is the coefficient of proportionality between
fragment size and released energy as defined from the fragment-asperity model [208]. More
precisely, this observation is consistent with the hypothesis that larger EM-EQs are rooted
in larger and stronger entities. Special attention should be given to the following points of
differentiation between the two highly nonnonextensive epochs 1 and 2: (i) The maximum
magnitude of EM-EQs included in epoch 1 has been found to be M,,,q = 8.19, while in epoch
2 it is Mpqer = 10.36. (ii) The EM-EQs contained in the abruptly emerged epoch 2 reach
significantly higher values of energy density « in the order of 102! while in epoch 1 reach values
in the order of 10'7.

Herein it should be noted that the method applied here is an interactive method employed
to study only the behavior of these parameters and not the natural meaning of the high energies
observed by this method for larger magnitude threshold. Besides, the characteristic value that
governs the overall system is the one that corresponds to the smaller magnitude threshold
which in turn characterizes the original nature of the population under study [172, 214]. The
values that correspond to this minimum threshold are also consistent with recent studies
[208, 172, 19]. Moreover, Chester et al. (2005) [35] have stated that the energy required to
create the fracture surface area in the fault is about 300 times greater than the energy where
seismological estimates would predict for a single large EQ.

Summarizing, up to this stage of the analysis, the following findings have been obtained:

e Analysis in terms of T-Entropy and Tsallis Entropy showed that the degree of the orga-
nization of the two strong EM bursts included in epoch 2 is significantly higher than in
epoch 1.

e R/S analysis has shown that the abrupt emerged two kHz EM bursts contained in epoch
2 are characterized by persistency in contrast to epoch 1 which is characterized by
antipersistency.

e Nonextensive analysis in terms of the fragment-asperity model for EQ dynamics has
shown that both two epochs are characterized by strong nonextensivity .

e The behaviour of the volumetric energy density o has revealed that the second epoch is

rooted in the fracture of larger and stronger entities in comparison to the first epoch.

The above mentioned characteristics provide strong evidence supporting the hypothesis
that the two epochs of preseismic kHz EM activity under study refer to different models of EQ

dynamics. Thus in the following section this hypothesis will be established showing that the
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first and second epochs are consistent with the nonextensive fragment and self-affine model,

correspondingly.

2.5 The persistent-fBm profile of fracture surfaces in the second epoch of

kHz EM activity

The complex nature of the Earth's crust has been globally accepted from the scientific commu-
nity. However despite its complexity there are several universally holding scaling relations [55,
and references therein] that may explain individual processes such as EQs [55, and references
therein]. The present section examines whether such universal structural patterns of fracture
and faulting process should be included into an associated kHz EM precursor observed prior
to Athens EQ. Additionally, further arguments will be provided along with the appropriate
analysis, in the prospect to link the two models for EQ dynamics (see Sec. 2.1), with the two
distinctive epochs of preseismic kHz EM activity.

Beginning with the pioneer work of Maslov et al. (1994) [154], the authors have formally
established the relationship between spatial fractal behavior and long-range temporal corre-
lations for a broad range of critical phenomena. They showed that both the temporal and
spatial activity can be described as different cuts in the same underlying fractal. In addition,
from the early work of Mandelbrot (1982) [149], much effort has been put to statistically char-
acterise the resulting fractal surfaces in fracture processes focusing on two crucial theoretical
ingredients:

- Fracture surfaces have been found to be self-affine following the fractional Brownian motion
(fBm) model over a wide range of length scales [47, 93].

- The spatial roughness of fracture surfaces has been interpreted as a universal indicator of
surface fracture, weakly dependent on the nature of the material and on the failure mode
[146, 94, 186, 162, 272].

Therefore, focusing on the first ingredient, a fracture surface follows the persistent fBm-
model, and consequently, an associated EM precursor should behave as a persistent fBm
temporal fractal [57]. Special attention should be given to the following point: the character-
istic of the persistent fBm model does not refer to a population of residual-fragments coming
from previous fractures. Consequently, if this hypothesis is true, this characteristic should be
contained only in epoch 2 due to the interference of the large and strong teeth.

Focusing on the second ingredient, it has been stated that the Hurst Exponent H specifies
the strength of the irregularity (“roughness”) of the surface topography [248]. In addition

several studies have shown that the Hurst exponent has been interpreted as a universal indicator
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of fracture surfaces [146, 94, 272, 162]. The height-height correlation function of a surface
Ah(r) =< [h(r + Ar) — h(r)]%/2 > computed along a given direction has been found to
scale as Ah ~ (AT)H, where H refers to the Hurst exponent. The characteristic value of
the Hurst exponent H ~ 0.7 has been interpreted as a universal indicator of surface fracture,
weakly dependent on the nature of the material and the failure mode [146, 94, 186, 162, 272].
Importantly, Renard et al., (2006) [193] measured the surface roughness of a recently exhumed
strike-slip fault plane by three independent 3D portable laser scanners. Their statistical scaling
analyses revealed that the striated fault surface exhibits self-affine scaling invariance that can

be described by a scaling roughness exponent, H; = 0.7 in the direction of slip.

Concerning the analysis in this chapter by means of Hurst exponent (see Sec. 2.3) it has
been shown that the “roughness” of the profile of the two strong kHz EM bursts, is distributed
around the value of 0.7. Thus, the universal spatial roughness of fracture surfaces nicely
coincides with the roughness of the temporal profile of the recorded two strong preseismic kHz
EM bursts included in the second epoch. As opposed to the first epoch, this feature does not
coincide with the temporal profile of the preseismic time series of the first epoch in which the

mean Hurst exponent was found H = 0.38.

2.5.1 Footprints of fractional-Brownian-motion model of fracture surfaces

In this section the hypothesis whether the kHz EM precursor behaves as a temporal fractal
following the fractional Brownian motion model [47], is examined. According to the literature,
if a pre-seismic EM time series behaves as a persistent temporal fractal, then, a power-law
of the form S(f) o< f7 is obeyed, with S(f) the power spectral density (PSD) and f the
frequency. In alog S(f)—log f representation the power spectrum is a line with slope /5. The
spectral scaling exponent [ is a measure of the strength of time correlations, while the quality
of the fit of a time series to the power-law is represented by the linear correlation coefficient
r [57]. In this direction, the wavelet transform along with the “morlet” wavelet as a mother
function was applied, in order to provide an unbiased and consistent estimation of the true
power wavelet-spectrum of the given kHz EM time-series. A fixed moving window of 1024
samples was used with no overlapping sequence for the bursts, 2(A) and 2(B), depicted in
Fig. 2.11 respectively. For each window the local parameters § and r were derived. Figs.
2.11a and 2.11b shows the calculated wavelet-spectrograms of epochs 2(A) and 2(B) while
Figs. 2.12a and 2.12b, the distribution of the - exponents with » > 0.95. Two classes of
signal have been widely used to model stochastic fractal time series: fractional Gaussian noise

(fGn) and fractional Brownian motion (fBm) [102]. For the case of the f{Gn model the scaling
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exponent [ lies between —1 < 8 < 1, while the regime of fBm is indicated by 5 values from
1 to 3. As it is observed from Figs. 2.12a and 2.12b, the mean - exponents of < § >= 2.28

and < 8 >= 2.43, indicate that the profile of the two strong EM bursts indeed follows the
fBm-model (1 < g < 3).
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Figure 2.11: (a,b) depict the wavelet spectrogram of epochs 2(A) and 2(B), respectively
along with the local parameters 8 and r.
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Figure 2.12: (a,b) depict the distribution of the § - exponents with » > 0.95 as applied to
epoch 2(A) and 2(B) respectively.

However, in order to further verify this finding, in Figs. 2.13a and 2.13b the linear regres-
sion fitting derived from the overall estimation of the log S(f) — log f representation of the
experimental data. It is observed that the estimated [3-exponents of two strong EM bursts
are § = 2.28 £ 0.06 and § = 2.43 £ 0.09 for the epochs 2(A) and 2(B), respectively. This
finding verifies that the profile of the second epoch of the candidate kHz EM precursor is
qualitatively analogous to the fBm-model (1 < § < 3), indicating that those bursts could be
originated during the slipping of two rough and rigid Brownian profiles [47] that follow the
fBm-model. The 3 exponent is related to the Hurst exponent, H, by the formula 5 =2H +1
with 0 < H <1 (1 < 8 < 3) for the fBm model [102]. Figs. 2.13a and 2.13b show the
estimated values of Hurst exponent, H = 0.64 and H = 0.72, calculated by applying the 5 -

exponent to the formula: 8 =2H + 1.
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Figure 2.13: Overall linear regression fitting for the estimation of the 8 exponent of the
power spectra density function: S(f) oc £~
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The latter finding further verifies that two strong EM bursts follow the persistent fBm-
model, a result that links these precursors with the universal indicator of fracture according
to the aforementioned arguments provided in the beginning of this section. In addition, Fig.
2.14 depicts the distribution of H-exponents deriving from the formula 8 = 2H 4+ 1 in relation
to the distribution of H-exponents as they have been estimated in terms of R/S analysis in
Sec. 2.3. We observe that the distributions depicted in Figs. 2.14a and 2.14b that refer
to the epochs 2(A) and 2(B), namely the two strong EM bursts contained in epoch 2, are
almost concurrent, supporting the persistent-fBm temporal profile of the second epoch. On
the contrary the H-exponent distributions of epoch 1 as provided in Fig. 2.14c, verify the
antipersistent profile which is not consistent with the universal indicator of fracture surfaces

(H ~ 0.7).
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Figure 2.14: The distribution of H-exponents deriving from the formula § = 2H + 1 in
relation to the distribution of Hurst h-exponents as they have been estimated in terms of
R/S analysis, respectively from epoch 2(A), 2(B) and epoch 1.

The above mentioned profile of epoch 1 can also be shown in the detailed spectra analysis
depicted in Fig. 2.15, where all the S-exponents are distributed below the red line which
indicates the transition from antipersistent to persistent behaviour.

According to the self-affine asperity model, the distribution of areas of the asperities broken

A, follows a power law P(A) ~ A%, with an exponent &, which could be related to the Hurst
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exponent (0 < H < 1) that controls the roughness of the fault. The former relation is
obtained by supposing that the area of the broken asperities scales with its linear extension [
as Agsp ~ I™H  The H-exponent associated with the second epoch of the kHz EM activity is
distributed around the value 0.7. It is reasonable to assume that the broken teeth scaled with its

~ 17 Importantly, numeric analysis performed by de Arcangelis et

linear dimension [ as A,
al. (1989) [46] has shown that the number of bonds that break, scale during the whole process
of fracture as 1.7. This consistency further supports the association of the second epoch with
the self-affine asperity model. Moreover, the self-affine model also reproduces the Gutenberg-
Richter law suggesting that a seismic event releases energy in the interval [E, E + dE] with a
probability P(E)dE, P(E) ~ E=B, where B=a+1 and a = 1 — H/2 with o € [1/2,1].
In the present case, the Hurst-exponent H ~ 0.7 leads to a ~ 0.65. Thus, the fracture of
asperities released EM energies follow the distribution P(E) ~ E~5, where B ~ 1.65. This
value is in harmony with geophysical data. Indeed, the distribution of energies released at
any EQ is described by the power-law, P(E) ~ E~5, where B ~ 1.4 — 1.6 [89]. The latter

results and arguments strongly verify that the aforementioned two models for EQ dynamics

are identified in two qualitatively different epochs of kHz EM precursory activity.
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Figure 2.15: Spectra analysis of epoch 1 along with the local parameters 5 and r.
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2.6 The case of Methoni 2008 earthquake: evidence of fbom-model

This section focuses on the case of Methoni (Greece) EQ occurred on 14-Feb-2008 10:09:23
with magnitude M = 6.2 at 41km depth, very near to the coastline. Although the earthquake
was not very shallow, a strong kHz EM burst was recorded by the 10 kHz EW component of
Zante station, approximately six days before the main event, as shown by the red part depicted
in Fig. 2.16. Note that the first (black) part contained right before the strong EM burst under
study, has been violated by artificial shifts in its intermediate temporal region, and for this

reason will not be examined in the present study in order to avoid inconsistencies.

06—Feb—-2008 00:00:00 to 14-Feb-2008 10:09:23
2000 T T T T
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Figure 2.16: A strong kHz EM burst (with red color) recorded approximately six days
before the occurrence of Methoni EQ by the 10 kHz EW component. The black arrow
indicates the time where the main EQ occurred.

Drawing from the findings in this chapter, it is expected that these strong avalanches
are possibly refer to the last stage of the EQ generation process, namely the 2nd epoch as
described in previous sections for the case of Athens EQ. In this direction it is expected that the
specific red part of these recordings should present both higher organization and high persistent
behaviour. Moreover it is also expected that the profile of this burst should be qualitatively
analogous to the fBm-model as provided by De Rubeis te al. [47]. A preliminary analysis in
terms of T-Entropy, using sequential blocks of 1024 samples each, has revealed that this burst
is characterized by high organization levels in contrast to the background activity as shown
in Fig. 2.17. The estimation method and the theoretical background of T-Entropy has been
analytically described in Sec. A.3. As observed from Fig. 2.17, the part included between the
two red lines is characterized by low complexity (high degree of organization). On the contrary
the background activity, right after the strong EM burst, is characterized by low organization

(or high complexity).
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Figure 2.17: Temporal evolution of T-Entropy using sequential blocks of 1024 samples
each.

From the perspective of nonextensivity, it is expected that the underlying strong EM burst

should present high values of g-parameter that indicate the long-range correlations developed

in the system. Thus, Eq. (2.6) was applied to the cumulative number of EM-EQs contained

in the signal under study as shown in Fig. 2.18b.
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Figure 2.18: Eq. 2.6 was used to calculate the relative cumulative number of EM-EQs,
G(> M), contained in the two epochs depicted in red, related to Methoni EQ. The blue line
refers to the threshold of 550mV and 400mV correspondingly, that used for the calculation
of EM-EQs.
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Herein, for reasons of completeness, the first part of the signal was also examined by
excluding the part of the signal that has been violated by artificial shifts. However the seismo-
genic origin of this part is still questionable. Therefore, the suggestions in present study will be
based only from the results obtained from the second epoch. Specifically, Fig. 2.18a depicts
the fitting of the experimental data that refer to the red part of the signal that contained the
first epoch of the corresponding EM activity, yielding ¢ = 1.875 £ 0.001. Fig. 2.18b depicts
the fitting of the experimental data that refer to the red part of the signal that contained
the second epoch, namely the strong EM burst, of the corresponding EM activity, yielding
q = 1.9427 £ 0.0003. It is observed that both epochs reveal higher nonextensivity with even
higher values observed in the case of the second strong EM burst. It is also observed that the
second burst presents higher values of energy « in contrast to the first epoch. Additionally,
Fig. 2.19 depicts the Tsallis entropy using a fixed/non-overlapping moving window of 1024
samples. The g-parameter used for the calculation of Tsallis entropy is that derived from the
nonextensive analysis in Fig. 2.18b. As it is observed from Fig. 2.19, the part between the two
red lines which refer to the strong EM burst is characterized by higher degree of organization
in contrast to the preceding epoch 1 where the data are spread in more spatial way reaching

the levels of the silent part that follows.
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Figure 2.19: Tsallis entropy of the strong EM burst related to Methoni EQ, using a
fixed /non-overlapping moving window of 1024 samples.

The wavelet transform along with the “morlet” wavelet as a mother function, was also
applied here in order to provide an unbiased and consistent estimation of the true power
wavelet-spectrum of the given kHz EM time-series. A fixed moving window of 1024 samples
was used with no overlapping sequence for the strong EM burst depicted with red in Fig. 2.16.
Fig. 2.20a shows the distribution of the - exponents with r > 0.95, while Fig. 2.20b depicts
the distribution of H-exponents deriving from the formula 8 = 2H + 1 in relation to the

distribution of H-exponents as they have been estimated in terms of R/S analysis.
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Figure 2.20: (a,b) depict the distribution of the § exponents with r > 0.95 and Hurst
exponents, respectively.

Fig. 2.21 shows the detailed calculated wavelet-spectrogram along with the calculated
local parameters 3 and r. Note that the blue dots refer to the Hurst exponents as they have

been estimated in terms of R/S analysis.
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Figure 2.21: (a) depicts the wavelet spectrogram of the strong EM burst observed from
the vertical kHz EM sensor prior to Methoni EQ, along with the local parameters 5 and
T.

As it is observed, from both the analysis by means of wavelet-spectra and R/S method,

the distributions of H exponents obtained by the two different methods are almost concurrent.
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This consistency supports the suggestion that the persistent-fBm temporal profile of the strong
EM burst observed prior to Methoni EQ, is analogous to the fBm-model as provided by De
Rubeis te al. [47]. However, in order to further support the persistent fbm profile of the
aforementioned strong EM burst, in Fig. 2.22a, the linear regression fitting derived from
the overall estimation of the log S(f) — log f representation of the experimental data, has
been estimated. The estimated S-exponent 8 = 2.50 + 0.07, verifies that the profile of the
second epoch of the candidate kHz EM precursor is qualitatively analogous to the fBm-model
(1 < B < 3), indicating that this burst could be originated during the slipping of two rough
and rigid Brownian profiles [47] that follow the fBm-model. In addition, Fig. 2.22b depicts
the overall linear regression fitting for the estimation of the Hurst exponent in terms of R/S
analysis. The value of H = 0.67 is consistent with the universal indicator of fracture surfaces

(H ~ 0.7).
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Figure 2.22: (a)Overall linear regression fitting for the estimation of the 5 exponent of the
power spectra density function: S(f) o< f77. (b) Overall linear regression fitting for the
estimation of the Hurst exponent in terms of R/S analysis.

The link between EM precursors and EQ dynamics was supported in this work using two
cases of large EQs occurred in the area of Greece. A short discussion follows with arguments

in this direction.

2.7 Discussion & Conclusions

It has been stated that preseismic EM emissions in a wide frequency spectrum ranging from
kHz to MHz are produced by opening cracks, which can be considered as precursors of general
fracture. A recently proposed two-stage model that refers to preseismic EM activity observed

prior to large EQs has provided an initial framework for the analysis and classification of these
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kHz-MHz EM anomalies. More precisely, the MHz EM emission refers to the fracture of the
highly heterogeneous system that surrounds the fault while the kHz EM emission is rooted in
the final stage of EQ generation, reflected to the fracture of entities sustaining the system.
Drawing from this framework of analysis, the present chapter has been mainly based on two
kHz EM precursors recorded from the Zante station, prior to large catastrophic EQs occurred in
Greece: the case of Athens (Central Greece) EQ and the case of Methoni (South-West Greece)
EQ. Building on two theoretical models for EQ dynamics, the link of the precursory kHz EM
activity with the last stage of EQ generation has been further examined, in the prospect to
elucidate and penetrate the seismogenic origin of these precursors. The first self-affine asperity
model states that the EQ is due to the slipping of two rough and rigid Brownian profiles one
over the other in which an individual EQ occurs when there is an intersection between them.
The second model which is routed in a nonextensive Tsallis framework starting from first
principles, concerns two rough profiles interacting via fragments filling the gap, in which the
mechanism of triggering EQ is established through the interaction of their irregularities and
the fragments included between them.

The present study attempts to show that the aforementioned two models for EQ dynamics
supplement each other, in a sense that both are mirrored in two qualitative different epochs
of the preseismic kHz EM emission observed prior to large EQs. It is argued that the profile of
first epoch of the emerged precursory activity follows the nonextensive model for EQ dynamics,
reflected to the fracture of fragments filling the gap between the two rough planes of the
activated fault. The second epoch refers to the emerged precursory activity that contains
the abruptly emerged strong impulsive EM bursts which in turn follow the self-affine asperity
model. Focusing on the case of Athens EQ, the analysis results illustrate that both the
detected epochs are characterized by strong nonextensivity supporting their association with
the final stage of EQ generation. Analysis in terms of Hurst Exponent (R/S analysis), wavelet-
spectra analysis, complexity theory (T-Entropy, Tsalis Entropy) and nonextensive dynamics,
has revealed significant differentiations between the two distinct epochs of the recorded kHz
EM activity which in turn verify the aforementioned link with the two models of EQ dynamics.

The findings of this analysis read as follows:

(i) The degree of the organization of the two strong EM bursts included in the second epoch,

is significantly higher than in the first one.

(i) The abrupt emerged two kHz EM bursts observed in the tail of the preseismic EM activity
of the second epoch, are characterized by persistency in contrast to epoch 1 which is

characterized by antipersistency.
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Characteristically, Sammis and Sornette (2002) [201] who reviewed the “critical point”
concept for large earthquakes and they enlarged it in the framework of so-called finite-
time singularities presented the most important mechanisms for such positive feedback. In
addition, Laboratory experiments based on the study of acoustic and EM emissions have
shown that the main rupture occurs after the appearance of persistent behaviour ([185,
4, 5]. Lei et al. (2000, 2004) [140, 139] who studied the individual and coupled asperities
fracture as well as the role of asperities in fault nucleation, as potential precursors prior
to dynamic rupture, have stated that the self-excitation strength, which expresses the
strength of the effect of excitation associated with the preceding event on succeeding
events, or equivalently, the degree of positive feedback in the dynamics, reaches the

maximum value of ~ 1 during the nucleation.

(iii) The second epoch is rooted in the fracture of larger and stronger entities in comparison
to the first epoch. This is verified by the maximum magnitude of EM-EQs where in the

first epoch is founded M4, = 8.19 while in the second epoch it is M4, = 10.36.

(iv) The EM-EQs contained in the abruptly emerged second epoch reach significantly higher
values of energy density a of the order of 102. On the contrary in epoch 1 the energy
reaches values up to 10!7. Herein, it should be emphasized that the breakage of fragments
filling the gap between two rough fault planes, is easier than the breakage of teeth

distributed along them [218].

(v) The kHz EM precursor of the second epoch includes crucial universal feature of fracture
of surfaces: it follows the persistent fBm-model with a roughness consistent with the
universal roughness of fracture surfaces (H ~ 0.7). Importantly this universal footprint

is not mirrored in the first epoch.

Focusing on the case of Methoni EQ, analysis in terms of the Hurst exponent and wavelet-
spectra analysis has also revealed that the strong abrupt emerged kHz EM burst observed
approximately six days before the main event also follows the persistent fBm-model profile with
a roughness consistent with the universal roughness indicator of fracture surfaces (H ~ 0.7).

Drawing from the above mentioned findings, the following scenario is supported: the first
epoch refers to the fracture of fragments intervening between the two anomalous surfaces
of the fault that contributes to the hindering of their relative motion. Once the fracture of
one fragment has occurred, there is a reformation of fragments followed by a redistribution of
stresses. This process practically results to a relative displacement of the fault planes (fault

slip). The next EM-EQ will emerge when a new fragment breaks under the impact of the

The generation process of extreme events: a combined approach G. Minadakis



CHAPTER 2. LINKING ELECTROMAGNETIC PRECURSORS WITH EQ DYNAMICS 68

increased tensions. This process is consistent with the antipersistent character of the first
epoch. As the fragments are broken, the two rough planes of the fault approaches each other.
The abruptly emerged second epoch of large EM-EQs is the reflection of collision and breakup
of large and strong teeth of the irregular surfaces. The persistent behaviour, the increased
degree of organization, the corresponding higher magnitudes M and energy density « provide
evidence that support this scenario.

An important question in the present analysis is whether the generation of an EQ can be
adequately explained by the both aforementioned models for EQ dynamics, namely the self-
affine model (see Sec. 2.1.4 and the nonextensive fragment-asperity model (see Sec. 2.1.3).
Confronted with such a question, we may not seek answers merely in the statistics of EQs
since both two models of EQ dynamics lead to a power-law distribution of magnitudes. The
self-asperity model leads to the traditional power-law distribution of magnitudes, known as
Gutenberg-Richter law. The fragment-asperity model as described by Eq. 2.6 also leads to a
Gutenberg-Richter-type - law above some magnitude threshold, though Sarlis equation (2.8)
[202].

The fact that both models find quantitative expression through the latter equation is not
an unexpected result from the viewpoint that some generic behaviour seems to be shared by
fragmenting systems whatever their size, material, or typical interaction energy. For instance, as
observed in a large variety of experiments [203, 249] and natural phenomena [249, 200, 118, 30],
the fragment size distribution frequently exhibits a power law behavior, the origin of which is
still unknown. In this direction, it should be mentioned that Scholz (1989) [204] has provided
several examples of power-law fragmentation. Moreover, as stated by Silva et al. [208], the
released energy ¢ is proportional to fragment size (¢ o< r3). Thus it is reasonable to assume
that the magnitudes of EQs which are rooted in the fracture of the population of fragments
filling the space between fault planes also follow a power-law distribution.

In the research prospect of discriminating whether a seismic shock is sourced in the fracture
of fragments filling the gap between the rough profiles or in the fracture of teeth distributed
across the fractional Brownian profiles, it would be more appropriate to focus on the generation
of a single EQ and not on the statistics of a population of different EQs. On these grounds,
the reported significant differentiations of the two epochs imply that the fracture induced kHz
pre-seismic EM emissions seem to offer such a possibility. However the proposed approach
cannot claim any universal applicability or objective truth. The results presented in this work
simply justify the link between nonextensive fragment-asperity and self-affine asperity models

for EQ dynamics with preseismic kHz EM activity.
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Chapter 3

Linking preseismic kHz EM emissions
with seismicity: the role of
propagating stress waves in

geophysical scale

3.1 Overview

This chapter examines whether the transient stresses of seismic waves from a major earth-
quake (EQ) can trigger a considerably distant significant EQ, using three different analytical
approaches: (i) a recently introduced fragment-asperity interaction model for EQ dynamics
based on nonextensive Tsallis statistics (described in Sec. 2.4) [218] (ii) the Hurst exponent
[110], and (iii) organization in terms of Fisher information [14, 239]. The analysis has been
focused on the major catastrophic earthquake (EQ) occurred in the metropolitan region of
Athens (Greece) on 7-Sep-1999 (11:56:50.5 GMT) with magnitude M = 5.4M L. The selec-
tion of Athens EQ was mainly based due to the fact that a few weeks prior the mainshock, on
17-Aug-1999, another major catastrophic EQ took place on Izmit (Turkey), which is located
approximately 650km North-East of Athens EQ. This coincidence, along with the available
preseismic kHz EM emissions observed prior to Athens EQ, provides an appropriate framework

for such an analysis.

In a recent study, Brodsky et al. [28] reported that the Turkish event was followed imme-
diately by small earthquakes occurring throughout much of continental Greece. Characteristi-
cally, the authors mentioned that the Turkish EQ triggered widespread regional seismicity in

Greece over a study region extending from 400 km to nearly 1000 km away from the epicenter.
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Drawing from the analysis of EQ catalogues, the authors found that small events began im-
mediately after the occurrence of the mainshock suggesting that the transient stresses of the
seismic waves were the trigger. An increase in cataloged earthquakes was observed in ordinary
continental crust of Greece and the activated seismicity occurred entirely in non-volcanic areas,
with statistical significance of 95%. It should be noted that the aforementioned suggestion is
in agreement with evidence deriving from laboratory experiments: Krysac and Maynard [134]
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. The time interval
between the Turkish EQ and Greek EQ, along with the distance between them (=~ 650km),
strongly supports the hypothesis that the large amplitude dynamic strain of the surface waves

was responsible for triggering the regional seismicity.

Against this evidence, the present study examines whether the transient stresses from
the Turkish event were responsible for the triggering of the Athens EQ. Drawing from a
recently introduced model for EQ dynamics [218, 208], which is routed in a nonextensive Tsallis
statistics framework [245, 247], the Greek seismicity is examined in terms of the nonextensive g¢-
parameter, which characterizes the intensity of long-range interactions between fracture events.
Note that the model has been described analytically in Sec. 2.1.3, according to which, two

rough profiles interact via fragments that fill the gap between them [218, 208].

Focusing on seismicity, analysis in this direction has shown that before the Izmit EQ, the
seismicity in Greece presents increased nonextensivity centered on central and western Greece.
On the contrary, after the Izmit EQ, the higher nonextensivity is shifted towards the central
Greece around the metropolitan area of Athens. In addition, analysis applied on inter-event
times in terms of Fisher information and Rescaled Range Analysis, has revealed that higher
organization and higher persistent behaviour were mainly developed around the Athens EQ

epicenter, for the period after the occurrence of the Izmit EQ.

Focusing the well documented preseismic kHz electromagnetic (EM) activity observed a
few tens of hours before the Athens EQ [123, 36, 40, 172], it was found that the preseismic
kHz EM emissions share similar nonextensive features with those obtained from seismicity. In
addition, the analysis in Chapter 2, along with the analysis form recent studies [123, 117],
has verified the high persistent behaviour and high organization levels of these signals. This
correlation with the corresponding seismicity further verifies the seismogenic origin of these
signals on one hand and further supports the suggestion that the activation of a single fault
in terms of preseismic kHz EM emissions behaves as a reduced self-affine image of regional

seismicity [108].
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This chapter is organized as follows. In Sec. 3.2, the basic principles of Tsallis nonextensive
statistical mechanics and a fragment-asperity model for EQ dynamics are described. In Sec.
3.3, a spatial-nonextensive analysis of Greek seismicity focusing on the periods before and
after the occurrence of the Turkish event, is applied. The results of this analysis are further
investigated in terms of complexity /organization. In Sec. 3.4, analysis is focus on the regional
seismicity around the Athens EQ epicenter using the Rescaled Range Analysis as a method
to show the persistence of the system under study. In Sec. 3.5, the nonextensive model for
EQ dynamics is used in order to examine the relation between the kHz EM emissions and the

foreshock activity of the Athens EQ. Sec. 3.7 summarizes the key findings.

3.2 Theoretical background

A nonextensive model for EQ dynamics consisting of two rough profiles interacting via frag-
ments filling the gap has been recently introduced by Sotolongo-Costa and Posadas (SCP)
[218]. The model has been analytically described in Sec. 2.1.3, while the related equations

used in this Chapter can also be found in Sec 0.6.

3.2.1 Introduction to Fisher Information

Fisher information has been used as a metric of the level of disorder of a system or phe-
nomenon, providing a powerful tool for the investigation of complex and non-stationary signals
[153, 187, 238, 236, 147, 240]. The results deriving from Fisher information behave inversely
to the corresponding entropic measures, For example, the increased order of the deriving val-
ues is characterized by decreased entropy correspondingly, and so called as increased Fisher
information. Note that Fisher information, has been applied in several studies related to geo-
physical and environmental phenomena, divulging its ability to describe the complexity of a

system [14, 239, and references therein].

I, = Nz_:l [p (.’I/'n_t,_l) —p ([En)]2 (31)
n=1

p(wn)

The discrete probability distribution p (x,) corresponds to the specific values of the un-
known underlying probability density function at the centre values of the intervals {x,}, which
are not necessarily of equal length. The probability density function is usually approximated
by the histogram, or by the kernel density estimator technique, employing different kernel

functions like Gaussian kernel, or Epanechnikov kernel [187, and references therein].
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3.3 Investigation of Greek seismicity in terms of nonextensive statistical me-

chanics

In order to clarify whether the Turkish EQ was possibly triggered the Athens EQ), in this section
the seismicity of Greece is first examined for the periods before and after the time of the lzmit
EQ occurrence up to the time of the Athens EQ occurrence. Figs. 3.1a and 3.1b depict the

overall Greek seismicity of both periods under study.
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Figure 3.1: Spatial distribution of EQs for the periods before and after the occurrence
of Izmit EQ. (a) refers to a time window from 1-Jun-2009 00:00:00 up to 17-Aug-1999
00:01:39.80 and (b) to a time window from 17-Aug-1999 00:01:39.80 up to 7-Sep-1999
01:56:50. The star indicates the Athens EQ epicenter. The data derive from the EQ cata-
logue provided by the website of the Institute of Geodynamics of the National Observatory
of Athens (www.gein.noa.gr).

Herein, the period before the Izmit EQ refers to a time window from 1-Jun-1999 00:00:00
up to 17-Aug-1999 00:01:39.80, whereas the period after the lzmit EQ refers to a time window
from 17-Aug-1999 00:01:39.80 up to 07-Sep-1999 01:56:50. In order to examine the spatial
variation of the nonextensive g-parameter between the two periods under study, the Greek
territory was scanned using a shift of 0.2° in longitude and latitude directions. Using Eq.
(2), along with the use of the Levenberg-Marquardt (LM) fitting method [142, 152], a spatial
area of 160 km around each relative point was examined. For each calculation, the obtained
parameters (¢ and «) were graphically placed at the center of each scanned area with different
colors. A minimum number of 20 events was used as a criterion for the statistical completeness
of each calculation. Figs. 3.2a and 3.2b show a contour plot of the spatial distribution of the
g-parameter depicted with different colors, for both periods under study. Focusing on the

period before the lzmit EQ (Fig. 3.2a), it is observed that higher nonextensivity was mainly
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developed at the central and western Greece, as shown by the dark-red areas in Fig 3.2a.
On the contrary, for the period after the occurrence of l1zmit EQ, the higher nonextensivity is
observed around the Athens EQ epicenter within a range of approximately 160km, as shown

by the dark-red areas Fig. 3.2b).
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Figure 3.2: Spatial distribution of ¢g-parameter for the periods (a) before and (b) after the
occurrence of Izmit EQ. The star-marks indicate the EQs with magnitude larger than or
equal to 5.0My. The colored bar indicates the range of variation of the ¢g-parameter.

In the prospect to further support the latter results for their consistency and to show the

accuracy of the fitting process, in Figs. 3.3a, 3.3b, 3.3c and 3.3d, the fitting of Eq. (2), with
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the lowest and largest number of events included in the grids of 3.2a and 3.2b respectively. It

is observed that the relative standard error for the estimation of g-parameter varies between

0.002 — 0.008, indicating the good approximation of the fitting.
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Figure 3.3: (a,b,c,d), depict the fitting of Eq. (2), with the lowest (a,c) and largest (b,d)
number of events included in the two grids of figure 3.2, correspondingly.

Herein it should be noted that the period before the lzmit EQ that refers to a time-
frame from 1-Jun-1999 00:00:00 to 17-Aug-1999 00:01:39, was mainly selected in order to
achieve sufficient number of EQ events mainly for the range of 0-160km around the Athens EQ
epicentre. If the analysis in this chapter was only focused on the behaviour of the nonextensive
q parameter (Eq. (2)), then a shorter time window closer to the lzmit EQ could be used
which in turn might give even better results, further enhancing the suggestion. Indeed, in the
following figure 3.4a, the same spatial nonextensive analysis for a shorter time-frame, namely
from 1-Jul-1999 00:00:00 to 17-Aug-1999 00:01:39 has been applied. The white areas in the
grid (in central Greece) indicate a g parameter lower than 1.2. This result is consistent with

the hypothesis that before the lzmit EQ the nonextensivity was relative low. In addition, Fig.
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3.4b shows the same analysis as that in Fig. 3.2b, but includes the Athens EQ event.
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Figure 3.4: Spatial distribution of ¢g-parameter for the periods (a) before and (b) after the
occurrence of Izmit EQ but with Athens EQ included. The star-marks indicate the EQs
with magnitude larger than or equal to 5.0M}. The colored bar indicates the range of
variation of the g-parameter.

The aforementioned results provide a first indication that increased correlations were mainly

developed around the Athens EQ, namely, after the occurrence of Izmit EQ. Thus in the

following section analysis is focused on the regional seismicity around the Athens EQ epicenter

in the prospect to further ensure this suggestion.
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3.3.1 Focusing on the regional seismicity around the Athens EQ epicenter

In the prospect to further test the validity of the results obtained in previous section, analysis
here is focused on the regional seismicity around the Athens EQ epicenter. Two different
geographic areas were mainly selected for the analysis: (i) within a circular area of 0-160 km
around the Athens EQ epicenter, and (ii) within a circular ring from 160-400 km away from
the Athens EQ epicenter. Eq. (2) was used to fit the seismic data on the relative cumulative
number of EQ magnitudes G(> M), for the periods before and after the lzmit EQ. Fig. 3.5
shows that Eq. (2), along with use of the LM method, provides an excellent fit to the relative
cumulative number of EQs contained in both geographic areas, with a standard error ranging

between the interval [0.003 — 0.006].
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Figure 3.5: Eq. (2) was used to fit the seismic data in terms of the relative cumulative
number of EQs included in the area, (0-160) km around Athens EQ epicenter and (160-
400) km away from Athens EQ epicenter: (a,c) for the period before Izmit EQ and (b,d)
for the period after Izmit EQ.
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It is observed that both periods under study which refer to the range of 0-160km (see Figs.
3.5a and 3.5b, respectively), present higher g-parameters in contrast to the period before the
Izmit EQ. However, the highest g-parameter is observed in Fig. 3.5b, with ¢ = 1.657 + 0.004,
which refers to the period after the occurrence of the Izmit EQ. On the contrary, focusing
on the area between 160-400 km, a reduction in the nonextensive g-parameter, for the period
after the Izmit EQ is observed (see Figs. 3.5c and 3.5d, respectively). The latter observations
are consistent with those obtained in previous section, supporting the statement that, after
the occurrence of the lzmit EQ, markedly higher nonextensivity was sustained around the
near-Athens EQ epicenter. Herein, it should be noted that the analysis in this work mainly
compares the seismicity for the periods before and after the Izmit EQ, focusing on the seismicity
associated with the behaviour of a single fault (mainly 160km around the Athens EQ location).
The range of 160-400km is mainly used for comparison reasons. There is a significant difference
on the event-populations between these two geographic areas mainly for the period before the
Izmit EQ, that someone could consider that should have any effect on the results. It should
be stated that this difference of the number of EQs between the two geographic areas under
study, is an evidence that characterizes the phenomenon itself. Thus, if the number of EQ
was different then the results would come up with different values of ¢ parameter indicating a

different phenomenon.

The relation between the nonextensive g- 3

= Sarlis Theoretical relationship

parameter and the b-value associated with 25
the G-R formula (Eq. 1) has been given by
Sarlis et al. [202] (see Eq. 3). In Fig. 3.6

b-value

the blue line, depicts this theoretical relation-

ship, indicating that the higher the nonexten-

0.5

sivity, the lower the associated b-value. Note

14 15 1.6 17 18 1.9
q

that the lower b-values express the increase _. .
P Figure 3.6: Scatter plot of the theoretical rela-

of accumulated stresses in the region under .
tionship between the b-value and g¢-parameter
study. Thus, the analysis that follows, ex-

as derives from Sarlis Eq. (3)

amines whether the increased accumulated

stresses and the shift to higher nonextensiv-

ity around the Athens EQ epicenter are combined with a higher degree of organization of the

corresponding regional seismicity.

At this point of analysis, it should be noticed that the parameter ¢ itself is not a measure of

the complexity-organization of the system but only a measure of the degree of nonextensivity
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[117]. The dynamic changes of the complexity of the system can be quantified by applying the
Tsallis entropy equation (S;) to the time variation of a given signal having a given nonextensive
parameter ¢ [117]. However, Tsallis entropy requires a sufficient number of samples and
stationarity of the data in the sample, conditions that are not fulfilled in the case of seismicity.
On the contrary, Fisher information [72, 14, 237], does not have such requirements, since
it has been accepted as a powerful tool for the investigation of complex and non-stationary
signals. The theoretical content of Fisher Information is that where the entropy decreases,
the Fisher information increases. Moreover, unlike entropy, Fisher Information is sensitive to
changes in the shape of the probability distribution corresponding to the measured variable
[188, and references therein]. Fig. 3.7, depicts the calculated Fisher information applied to
the time intervals between EQs, for the two aforementioned periods under study. The results

indicate a significant increment of organization in the range 0-160km after the occurrence of

the Izmit EQ.
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Figure 3.7: Fisher information applied to the time intervals between EQs: (a) within
the range 0-160 km around the Athens EQ epicenter; (b) within the range 160-400 km
away from the Athens EQ epicenter. The parameter A(I;) indicates the differences in the
calculated Fisher information between the periods under study, for (a) and (b) respectively.

Against this evidence, it is argued that this higher organization, along with the increased
nonextensivity, may indicate the appearance of higher persistent behaviour of the overall area
around the Athens epicenter EQ. In this direction, the following section is focused on the

Rescaled Range Analysis (R/S), which seems to be a particular method for investigating this

argument.
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3.4 Evidence of persistent behaviour of the regional seismicity related to

Athens EQ

The method for estimating the Hurst exponent H has been analytically described in Sec. 2.3.
Thus briefly speaking, Hurst's [109] rescaled analysis has been used as a method to detect

correlations and memory effects in a time series according to the following relation:

R/S = (1/2)H, (3.2)

where R is the difference between the maximum and minimum amounts of accumulated de-
parture of the time series from the mean over a time span 7 and S is the standard deviation
calculated over the time span 7. The correlation of the past and the future in the observational
time series can be described by the Hurst exponent H. For H = 0.5, there is an independent
random process, with no correlations among samples. For H > 0.5, the sequence is charac-
terized by a persistent behaviour, which means that the increasing or decreasing trend is more
likely to be conserved, implying a positive feedback mechanism. For H < 0.5, the sequence is
characterized by the anti-persistent behaviour, which means that an increasing or decreasing
trend is more likely to be reversed, implying a negative feedback mechanism.

The calculation of the H-exponent has been proved very important issue for the under-
standing the EQ preparation process and the behaviour of seismic series [34, 271]. Studies
on R/S analysis applied to earthquake series both in time and space evolution, suggest that
this particular temporal occurrence of seismicity is a persistent process [145, 42, 271, 115].
Specifically, Xu et al. [271], who examined the earthquake occurrence density in time, found
that the seismic frequency textures in all cases have Hurst index exceeding 0.70 suggesting
long memory interactions. Moreover, it has been stated that the spatial roughness of fracture
surfaces H ~ 0.7 has been interpreted as a universal indicator of surface fracture, weakly
dependent on the nature of the material and on the failure mode [146, 94, 186, 162, 272, and
references therein].

Motivated by the theoretical framework of previous section, it is believed that R/S analysis
is a particular case to enhance the suspicion that higher organization and nonextensivity are
combined by the appearance of increased persistent behaviour. Using the same geographic
areas and periods as those used in Sec. 3.3.1, the seismicity around the Athens EQ epicenter
is examined here, by means of R/S analysis applied on the time intervals between time-
neighbouring events as shown in Fig. 3.8. Specifically, Figs. 3.8a and 3.8b depict the Hurst
exponents (H) for the two epochs under study for the range 0-160km around the Athens

EQ epicenter. Figs. 3.8c and 3.8d, depict the same analysis for the range 160-400km away
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from the Athens EQ epicenter. It is observed that both geographic areas are characterised by
persistent behaviour (H > 0.5) for both periods under study, with an H index varying between
H €[0.61,0.77]. However, the period after the lzmit EQ is characterized by significantly higher
persistent behaviour, with H-values of 0.7740.11 for the area 0-160km compared to 0.73+0.14
for the area 160-400km. The highest H-exponent is observed in the area of 160km around the
Athens EQ epicenter (Fig. 3.8b).
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Figure 3.8: R/S analysis of time intervals (0-160) km around Athens EQ epicenter and
(160-400) km away from Athens EQ epicenter; (a,c) for the period before Izmit EQ and
(b,d) for the period after Izmit EQ.

Summarising at this point analysis, after the occurrence of the Izmit EQ, higher nonexten-
sivity, higher organization and higher persistent behaviour were developed mainly within the
area &~ 160km around the Athens EQ epicenter. The latter footprint has been further justified

in Chapter 2, for the second epoch that includes the two strong EM bursts of preseismic kHz
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EM activity related to Athens EQ. Thus, an interesting issue here would be to examine whether
the whole sequence of preseismic kHz EM emissions that have been characterized as a fracture
process (fragment-asperity interaction) observed prior to Athens EQ, can also be described by
the nonextensive Eq. (2). Expecting to find similar g-parameters with those obtained from

seismicity the following section focuses on this suggestion.

3.5 Linking the kHz electromagnetic activity with seismicity

In chapter 2, by giving the definition of the “fracto-electromagnetic earthquake” (EM-EQ) (see
Sec. 2.4, Eq. 2.15), it was shown that the nonextensive Eq. (2), can adequately describe the
EM-EQs included in the two distinctive identified epochs of kHz EM activity observed prior
to Athens EQ. In this section, for the first time, all the six observed magnetic fields recorded
by the 3 kHz (NS, EW and V) and 10 kHz (NS, EW and V) sensors, are analysed in the
framework of nonextensivity, and the seismicity occurred within the same time period. More
precisely, analysis is focused on whether the whole sequence of EM-EQs included in the two
identified epochs of preseismic kHz EM time-series can also be described by Eq. (2). Should
this case exists, it is expected that similar g-values should characterize the seismicity occurred
within that period on one hand and such analysis will further verify the results obtained in
chapter 2. These signals can be observed in Fig. 3.9, where the top charts in each one of the
depicted subfigures, show the six observed magnetic fields recorded on the period from 28-Aug-
1999 00:00:00 to 08-Sep-1999 00:00:00. The red parts refer to the period where the kHz EM

anomalies observed and have been well justified for their seismogenic origin [123, 36, 40, 172].

Against the latter arguments, Eq. (2) was used to fit the EM data in terms of the relative
cumulative number of electromagnetic earthquakes G(> M), included in the period that refers
to the red part of these signals. The results are depicted in the bottom charts, included in
Fig. 3.9. It is observed that Eq. (2) provides an excellent fit to the preseismic kHz EM
experimental data associated with the Athens EQ for all six recorded components, revealing
the characteristics of nonextensivity statistics of the distribution of the detected precursory EM-
EQs. Here, N is the total number of the detected EM-EQs, N (M >) the number of EM-EQs,
with magnitude larger than M, G(> M) = N(M >)/N the relative cumulative number of
EM-EQs with magnitude larger than M, and « the constant of proportionality between the EM
energy released and the size of the fragment r [208]. It is observed that the resulting g-values lie
within the interval ¢ € [1.78 —1.82] for all the recorded channels. It should be noted that these
calculated nonextensive g-parameters are in general agreement with those obtained from several

independent studies, related to seismicities generated in various large geographic areas, in the
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context of Tsallis nonextensive framework [208, 267, 229, 228, 230, 155]. Characteristically,
Telesca [228], found a value of (¢ = 1.74) for the preseismic activity of the L'Aquila EQ. These
findings reveal that the higher levels of the nonextensive g-parameter could be considered as
a universal footprint of fracture and faulting. On these grounds, analysis further focuses on
seismicity included in the period where the kHz EM emissions observed, in the prospect to

make a concurrent-comparative analysis between the two different data sets.
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Figure 3.9: Six observed magnetic fields recorded on the period from 28-Aug-1999 00:00:00
to 08-Sep-1999 00:00:00. The selected red parts of each recorded signal refer to the period
where the kHz EM anomalies observed and have been well justified for their seismogenic
origin [123, 36, 40, 172]. The bottom charts of each subfigure, refer to the fitting of the EM
data in terms of the relative cumulative number of electromagnetic earthquakes G(> M)
(see Eq. (2)), included in the observed period (red-part) prior to Athens EQ.

Focusing on the seismicity, Eq. (2) was used to fit the relative cumulative number of EQ
magnitudes G(> M), occurred in the period from when the kHz EM emission started, up to

the occurrence of the Athens EQ. However, due to the fact that the time-frame was very short
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with limited number of EQs, analysis was focused on two different regions around the Athens
EQ epicenter in the prospect to avoid possible inconsistencies. Thus the selected regions refer

to 160km and 200km around the Athens EQ epicenter. The fittings are depicted in Fig. 3.10.

Silva et. al. formula, 11 events Silva et. al. formula, 18 events

-0.1
-0.2 -0.2
-0.
® -0.4
~ -0.41 q=1.823%0.004 = q=1.781 +0.005 \
= a=(7.9+25)x 107 s a=(2.38+0.7) x 10
% -0.5 % -0.6 b
Q = 9} =0.56
ST Bogy = 0-43 = est
8 o
07 -0.8
-0.8 4l
-0.9
-1 -1.2t
1 2 3 4 5 6 7 1 2 3 4 5 6 7
M M
(a) 0-160 with EQ (b) 0-200 with EQ

Silva et. al. formula, 40 events

-0.21

-0.41

-0.6  g=1.593+0.009
a=(2.0+0.4)x 10°
-0.8}

log(G(>M))

besl =137

_1 F
-1.2}
-1.4f
-1.6 o

1 2 3 4 5 6
M
(c) 160-400

Figure 3.10: Eq. (2) was used to fit the seismic data in terms of the relative cumulative
number of EQ magnitudes G(> M), included in the period where the kHz EM emission
started, up to the occurrence of the Athens EQ.

Specifically, from Figs. 3.10a and 3.10b, it is observed that the highest g-parameter is that
of the region 0-160 km around the Athens EQ epicenter, but also the area of 0-200km presents
high g-value. Note that similar results have been obtained in Fig. 3.5b that refers to the period
after the Izmit EQ. In addition, the calculated values of ¢ = 1.823 +0.004 (Fig. 3.10a) and
g = 1.781 £0.005 (Fig. 3.10b) are consistent with the g-parameters derived from the analysis
of the preseismic kHz EM emissions (see Fig. 3.9), which vary between 1.78 ~ 1.82. On the

contrary, the seismicity within the geographic area of 160-400 km (Fig. 3.10c), is characterized
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by a relatively lower g-parameter (1.593 £ 0.009), similar to Fig. 3.5d which refers to the area
of (> 160)km away from Athens EQ.

Finally, focusing on the b-values related to the theoretical background of the Gutenberg &
Richter formula, the estimated b-values as derived from Sarlis Eq. (3), depicted in Figs. 3.10a
and 3.10b from seismicity, are consistent with those obtained from the analysis of kHz EM
activity depicted in Fig. 3.9, with beg; € [0.44 — 0.57]. In addition, the b-values obtained from
the analysis in terms of traditional empirical G-R law (Eq. (1)), were found to be b = 0.43+0.15
for the seismicity contained 0-160 km around the Athens EQ epicenter and b = 0.56 + 0.17 for
the range 0-200 km, respectively. A graphical representation of this consistency is depicted in
Fig. 3.11. The different red marks indicate the b-values calculated directly from G-R Eq. (1),
corresponding to the ¢-values calculated in Fig. 3.5. It is observed that both of the b-values

calculated in this way are consistent with Eq. (3).

1.8+ Sarlis theoretical relationship H
Seismicity (0-160) km before Izmit EQ, G-R Eqg.
16| Bl Seismicity (0-160) km after Izmit EQ, G-R Eg. 1
Seismicity (0-160) km after Izmit EQ with Athens EQ included, G-R Eq.
14 Seismicity (0-160) during kHz EM activity with Athens EQ included, G-R Eq. ||
Seismicity (0—200) during kHz EM activity with Athens EQ included, G-R Eq.
12 © 6 channels of kHz EM activity, sarlis Eq. i
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Figure 3.11: Scatter plot of the calculated relationship between the b-value and ¢-
parameter. The blue line indicates the theoretical relationship between the b-value and
g-parameter, Eq. (3). The red marks depict the b-values calculated by Eq. (1) (G-R for-
mula) for the already calculated g-values through fitting of Eq. (2), for the periods before
and after the occurrence Izmit EQ. The green circles refer to the nonextensive analysis
of preseismic kHz EM emissions in Sec. 3.5, while the green and blue stars refers to the
seismicity of that period.

The latter results evidently reveal the way in which the preseismic kHz EM activity is
mirrored in the seismicity of that period with similar nonextensive g-values. Drawing from the

fractal nature of fracture and faulting, Huang and Turcotte [108] suggested that the statistics
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of regional seismicity could be merely a macroscopic reflection of the physical processes in the
EQ source. The analysis presented here strongly supports this suggestion. In addition, previous
studies along with the analysis in Chapter 2, have also verified the high persistent behaviour

and high organization levels of these signals [123, 117].

3.6 Precursory evidence from different disciplines: the case of Athens EQ

It is recalled that Athens EQ arrived very shortly after the major 17/8/1999, Mw = 7.4, EQ
of lzmit, Turkey, which occurred approximately 650 km North-East of Athens. According to
the literature, several precursory symptoms from different disciplines have been provided all
related to the specific EQ. This section mainly summarizes these precursory symptoms, in view

of the sequence that have been reported, as follows:

(i) Focusing on seismicity, Tzanis et al. (2002) [251], reported precursory power-law-type
acceleration of the seismic energy release, in which the apparent onset of power-law be-
haviour began approximately 20 days before the Athens EQ. The authors suggested that
the Athens EQ may have been hastened by long range interaction with the lzmit event.
Additionally, Papadopoulos (2002) [173], provided historical, stochastic and geophysical
evidence, suggesting that the Athens EQ was likely advanced in time: the possible accel-
eration of the failure process of Athens EQ, caused by remote stress changes associated

with the Izmit large EQ.

(ii) Varotsos et al. [261] have reported a series of Ultra-Low-Frequency(ULF) seismic electric
signals (SES - VAN signals) on September 1-2, 1999 recorded from Lamia (Central
Greece) station with duration ~ 9 hours, with the following peculiarity: this lasts several
hours, but its last portion has a larger amplitude and also changes polarity. However, there
still remains a problem of explaining a VLF wave propagation from ~ 10 km depth to the
surface. One of the possible mechanisms is the effective radiation in the inhomogeneous

crust using fractal geoantenna [58].

(iii) A sequence of MHz EM anomalies were simultaneously recorded at 41, 54, and 135 MHz
on August 29, 1999 [62, 36]. According to the two-stage model described in Sec. 1.2.1.1,

these anomalies can be attributed to a phase transition of second order.

(iv) Filizzola et al. [71] reported that clear TIR * signals over the area around the Athens

EQ epicentre have been detected from satellites during the last days prior to the Athens

*Earth’s thermally emitted radiation measured from satellite in the Thermal Infrared (8U14 Im) spec-
tral range is usually referred to as TIR signal and given in units of brightness temperature (BT).
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EQ. More specifically they mentioned that after the 28-Aug-1999, a progressive increase
(in extension and intensity) of the area affected by over-threshold pixels started, reaching
its maximum on 05-Sep-1999 (i.e. two days before the earthquake) and progressively
dissipated after the event. As it has been stated by the literature related to the specific
EQ, the appearance of TIR emissions indicates the possibility that the fracture process

has been extended up to the surface layers of the crust [54].

(v) The sequence of two strong kHz EM anomalies (bursts) analysed in chapter 2, were
simultaneously recorded from both 3 and 10 kHz components (antennas) before the
occurrence of the main EQ [63, 61, 58, 123, 122, 172]. More precisely, the first one
had 12 hours duration followed by a cease of 9 hours and the second one had 17 hours
duration which ceased about 9 hours before the main EQ. According to the two-stage
model described in Sec. 1.2.1.2, these anomalies can be attributed to the last stage of
the EQ generation process, namely the breakage of the asperities between the two profiles

(fault planes).

(vi) In a pioneer study based on information obtained by radar interferometry (ERS-2 satellite)
[129] for the case of Athens EQ, the authors suggest the following modeling scheme that
predicts two faults: the main fault segment is responsible for 80% of the total energy
released, with the secondary fault segment for the remaining 20%. In addition, Kikuchi
[127] who studied the seismic data of that period using standard methodology, mentioned
that a two-event solution for the Athens EQ is more likely than a single event solution
since there was a subsequent (M = 5.5) EQ after about 3.5s of the main EQ (M = 5.8).
Moreover, concerning the two strong impulsive kHz EM bursts emerged in the tail of the
preseismic kHz EM emission, it has been found that the first one contains approximately

20% of the total EM energy received while the second one the remaining of 80% [61].

The latter evidence along with the results of this study strongly verify that the underlying
kHz EM emissions analysed in this chapter, are related to Athens EQ. Even more, the time
interval between the Turkish EQ and Greek EQ, the common persistent and nonextensive be-
haviour, the higher organisation and the increased accumulated stresses developed around the
Athens EQ epicenter indirectly support the hypothesis of this study: that the large amplitude

dynamic strain of the surface waves was responsible for triggering the regional seismicity.
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3.7 Discussion & Conclusions

Laboratory studies have shown that during a fracture, the breaking of a bond launches a
propagating stress wave which may trigger the breaking of other bonds [134]. Analysis in this
chapter examined whether this suggestion holds on a geophysical scale as well. The possibility
that the transient stresses of the seismic waves of a major EQ can trigger a considerably
distant significant EQ at a later time was examined, in terms of a nonextensive model for EQ
dynamics. The analysis was mainly focused on a major catastrophic EQ (M=5.4ML) occurred
in the metropolitan area of Athens (Greece) on 7-Sep-1999. The EQ arrived very shortly after
the major 17-Aug-1999, Mw = 7.4, EQ of Izmit, Turkey, which occurred approximately 650
km North-East of Athens.

Focusing on seismicity of that period, it was found that before the major Turkish event,
the seismicity in the wider Greek area presented increased nonextensivity centered on central
and western Greece. On the contrary, after the Turkish event, the higher nonextensivity was
shifted towards the central Greece around the metropolitan area of Athens, with even higher
values of the nonextensive g-parameter. Moreover, analysis in terms of Fisher information on
the one hand and the Hurst exponent, applied to inter-event times, on the other, revealed that
higher levels of organization and higher persistent behaviour were developed mainly around
the ensuing EQ epicenter. Against this evidence the present work provided a first indication
in terms of nonextensive statistics that the transient stresses of the seismic waves of a major
EQ can trigger a considerably distant significant EQ.

In the prospect to link the associated precursory kHz EM activity observed at that period
with the last stage of the ensuing EQ generation, analysis examined whether the statistics of
regional seismicity could be merely a macroscopic reflection of the physical processes in the EQ
source as has been suggested by Huang and Turcote [108]. Indeed, the analysis revealed that
the sequence of electromagnetic EQs (EM-EQs) contained in the preseismic kHz EM signal
emitted before the impending EQ, also follow the theoretical approach of the nonextensive
model for EQ dynamics, providing similar g-parameters with those derived from seismicity. On
these grounds, the present work suggests that such similarity indicates that these preseismic
kHz EM signals originate from the EQ preparation process. Thus the activation of a fault
could be considered as a reduced self-affine image of the regional seismicity. This suggestion

is further examined in Chapter 4 from the perspective of self-affinity.
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Chapter 4

Identifying the self-affine nature of

fracture and faulting

The aspect of self-affine nature of faulting and fracture has been widely documented from the
data analysis of both field observations and laboratory experiments [149, 108, 248, 213, 163].
Characteristically, Huang and Turcotte (1998) [108], have stated that “the statistics of regional
seismicity could be merely a macroscopic reflection of the physical processes in earthquake
source”. This suggestion, from the perspective of self-affinity, implies that the activation of a
single fault is a reduced self-affine image of regional seismicity. In this direction, the present
chapter deals with this suggestion focusing on both the regional seismicity around the epicenter
of a significant event and the preseismic kHz EM emissions which have been well justified for
their seismogenic origin. In the prospect to enhance the physical background of the underlying
self-affinity, analysis is mainly performed by means of a recently introduced nonextensive model
for earthquake dynamics [218, 208], which leads to a Gutenberg-Richter (G-R) type law and
is routed on the nonextensive Tsallis statistical approach [245, 246, 247]. Since the latter
model has been analytically described in Sec. 2.1.3, shortly speaking, its theoretical ingredient
concerns two rough profiles interacting via the fragments filling the gap between them. The
model leads to a nonextensive G-R type formula that describes the frequency distribution of
earthquakes (EQs) against magnitude including two parameters: (i) the entropic index ¢, which
describes the deviation of Tsallis entropy from the standard Boltzmann-Gibbs entropy, and (ii)
the physical quantity «, which is a constant of proportionality between the energy released

during the fracture of a fragment and its size 7.

In the prospect to capture the underlying self-affinity in terms of nonextensive dynamics,
a suggested framework would be to focus on two different scales of populations of fracture

events, as follows:
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(i) The fractures-EQs that precede a significant seismic event occurring in the region which

surrounds its epicenter (foreshock activity).

(ii) The fractures of strong entities which are distributed along the single activated significant

fault sustaining the system.

In the following section arguments that support this framework of analysis are analytically

presented.

4.1 Overview: setting the context for the analysis

A crucial question that is aptly emerged according to the latter proposed framework, is: “How
can we know the sequence of magnitudes of fractures of strong entities which are evolved
during the activation of a significant fault?”.

Confronted with such a question, it has been stated that crack propagation is the basic
mechanism of material failure [59]. Additionally, it has been shown that during the mechanical
loading, fracture induced acoustic and electromagnetic (EM) fields have been observed, mainly
produced by opening cracks, in a wide frequency spectrum ranging from kHz to MHz. These
precursors, have been detected at both laboratory [11, 165, 166, 144, 171, 74, 156, 77, 135, 10]
and geophysical scale [269, 81, 99, 98, 63, 61, 100, 164, 60, 62, 58, 123, 36, 124, 66, 172, 117,
40, 55, 53, 191, 73, 82, 161], including those under study, which in turn have been considered
as the so-called precursors of general fracture.

An important feature that has already mentioned in literature and has been observed at
both scales, is that the MHz radiation precedes the kHz one [60, 58, 123, 36, 55, 56]. Drawing
from the two-stage model described analytically in Sec. 1.2.1, the MHz EM emission is due to
the fracture of the highly heterogeneous system that surrounds the fault, attributed to a phase
transition of second order [36], while a Levy walk type mechanism can explain the observed
critical state [40]. It should be noticed that the heterogeneity and long-range correlations are
two of the key features of material failure, providing an appropriate framework for their study
in terms of statistical mechanics. In addition, several authors have suggested that ruptures
of heterogeneous systems is a critical phenomenon (indicatively see [6, 33, 104, 217, 137, 7,
210, 7, 213, 80]). Continuing with the two stage model, the kHz EM phenomenon/emission,
refers to the final stage of EQ generation, that reflects the fracture of backbone of entities that
prohibit the relative slipping of the two profiles of the fault [123, 36, 117, 172, 55]. Moreover,
analysis in chapter 2, has shown that the aforementioned nonextensive G-R type formula

can adequately describe the “fracto-electromagnetic earthquakes” (EM-EQs) included in the
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preseismic kHz electromagnetic (EM) emissions observed prior to large EQs. More precisely,
using two models for earthquake dynamics it has been shown that the kHz EM emissions refer
to the last stage of a single EQ generation and not on the statistics of a population of different
EQs, representing the population of fractures that occur during the relative displacement of
fault plates. Characteristically, studies on the small (laboratory) scale have shown that the
kHz EM emission is launched in the tail of pre-fracture EM emission from 97% up to 100%
of the corresponding failure strength [60, and references therein]. At the geophysical scale the
kHz EM precursors are also emerged in the tail of preseismic EM emission, namely, from a few
days up to a few hours before the EQ occurrence [123]. Thus, the association of MHz, kHz
EM precursors with the last stages of EQ generation seems to be justified on one hand, with
the kHz EM emissions representing the population of fractures that occur during the relative
displacement of fault plates on the other hand.

It should be noted that the aforementioned proposal has been partly supported by a multi-
disciplinary analysis, e.g., in terms of extensive and non extensive statistical physics [125, 172,
117, 40], information theory, complexity [124, 187], laboratory experiments [60, 66, 65], fault
modeling [61], fractal electrodynamics [58], self-affinity in fracture and faulting [53], nonex-
tensive model for earthquake dynamics [172], and mesomechanics [65]. More precisely, it has
been shown that the strong impulsive kHz EM time series show strong persistent behaviour
mirroring a non-equilibrium process without any footprint of an equilibrium thermal phase
transition. Additionally, the fracture surfaces have been found to be self-affine following the
persistent fractional Brownian motion (fBm) model over a wide range of length scales, while,
the spatial roughness of fracture surfaces H ~ 0.7 has been interpreted as a universal indicator
of surface fracture, weakly dependent on the nature of the material and on the failure mode
[146, 94, 186, 162, 272, and references therein]. Note that the latter footprint has been further
justified in Chapter 2, for the second epoch of preseismic kHz EM activity.

Summarizing at this point, the present study attempts to provide evidence that the activa-
tion of a significant single fault (routed in the preseismic kHz EM emissions as argued above)
is a reduced self-affine image of the regional seismicity, namely, the foreshock neighboring
activity associated with the activation of the main fault. In this direction, analysis will be
first focused on whether the aforementioned nonextensive G-R type formula can adequately

describe both:

(i) the populations of EQs included in different radius around the epicenter of a significant

seismic event (namely the foreshock activity).

(ii) the populations EM-EQs reflecting the fracture of strong entities distributed along the
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main fault that sustain the system.

Secondly, the variation of parameters ¢ and « included in the nonextensive formula for
both populations using different thresholds of magnitudes will be examined in the prospect
to find similar behaviour at all the aforementioned scales of fracturing. In this direction, two
well documented cases that fulfil the needs of such analysis, with available data for both the
seismicity and preseismic kHz EM emissions observed prior to large EQs, are: (i) the case of
Athens EQ (M = 5.9) occurred on 07-Sep-1999, in Greece and (ii) the case of L'Aquila EQ
(M = 6.3) occurred on 06-Apr-2009 in Italy.

Such analysis enhances the underlying self-affinity, suggesting that the activation of a single
fault is a reduced self-affine image of regional seismicity. It also supports the hypothesis that
the statistics of regional seismicity is a macroscopic reflection of the physical processes in the

earthquake source as has been suggested by Hung and Turcotte [108].

4.2 A fragment-asperity model for earthquakes coming from a nonextensive

Tsallis formulation

A nonextensive model for EQ dynamics consisting of two rough profiles interacting via frag-
ments filling the gap has been recently introduced by Sotolongo-Costa and Posadas (SCP)
[218]. The model has been analytically described in Sec. 2.1.3, while the related equations
used in this Chapter can also be found in Sec 0.6.

Herein, the main target of this work is to verify the self-affine nature of fracture and
faulting in the framework of nonextensive Tsallis statistics. However a still open question is
whether the underlying self-affinity can be adequately explained by the nonextensive G-R type
formula (Eq. (2)). Conformed with such question, it has been stated that the traditional G-R
formula leads to the power-low distribution of magnitudes which in turn expresses the fractal
nature of the system under study [203, 249, 200, 118, 30]. Several studies in a large variety
of experiments [203, 249] and natural phenomena [249, 200, 118, 30], have reported that
the fragment size distribution frequently exhibits a power law behavior, the origin of which
is still unknown. Characteristically, Scholz [204] have reported several examples of power-law
fragmentation indicating the fractal nature of such systems. On the other hand, Eq. (2)
is directly connected to the traditional G-R law (Eq. 1), above some magnitude threshold
through Eq. (3) [202, 227, 231]. Moreover, since the released energy ¢ is proportional to
fragment size (¢ o 73) [208], it is reasonable to assume that the magnitudes of EQs which are
rooted in the fracture of the population of fragments-asperities filling the space between fault

planes, also follow a power-law distribution.
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In the following sections the two aforementioned cases of strong EQs are examined, for

both the seismicity and the observed preseismic kHz EM emissions.

4.3 The case of L’Aquila 2009 earthquake

The analysis here is focused on a recent catastrophic EQ occurred on 6 April 2009 in L'Aquila,
Central Italy, at 01:32:39 UTC. The EQ was very shallow (= 8km) with magnitude Mw = 6.3.
Focusing on studies related to seismicity of that period, Papadopoulos et al. [174], reported
that from the beginning of 2006 up to the end of October 2008 no particular earthquake
activation was noted in that seismogenic area. On the contrary, from 28-October-2008 up to
27-March-2009 the seismicity was in the state of weak foreshock activity, and dramatically
increased 10 days prior the main event (from ~ 26-Mar-2009) [174]. Drawing from this
evidence, the period from 28-Oct-2008 00:00:00 up to 6-April-2009 01:32:00 (a few seconds
before the mainshock) was selected as the most appropriate time-frame in order to examine the
underlying self-affinity. The seismicity of that period is depicted in Fig. 4.1, 400 km around the
epicenter of the L'Aquila EQ. The yellow star indicates the location of the mainshock. For the
analysis, the ltalian EQ catalogue which is available on the website of the Istituto Nazionale

di Geofisica e Vulcanologia (INGV: http://bollettinosismico.rm.ingv.it), was used.

Seismicity: from 28-0ct-2008 00:00:00 to 6—-April-2009 01:32:00
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Figure 4.1: (a) Seismicity 400km around the L’Aquila EQ epicenter included in period
from 28-Oct-2008 00:00:00 up to 6-April-2009 01:32:00. The colored bullets represent the
magnitude ranges of the EQs occurred within the selected period under study.
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Herein, analysis is first focused on seismicity in order to examine whether the nonextensive
G-R type formula (Eq. (2)) can adequately describe the populations of EQs included within
different radii around the epicenter of L'Aquila EQ. Should this case exist, the variation of
the parameters included in Eq. (2) will be further examined. Thus firstly, Eq. (2) was used
to fit the seismic data of six different selected geographic areas around the EQ epicenter, for
the period under study: 0-400km, 0-300km, 0-200km, 0-100, 0-50km and 0-30km respectively.
Fig. 4.2 shows the results of this process. Note that in order to achieve the optimal fitting, the
Levenberg-Marquardt (LM) fitting method [142, 152] was used. From Fig. 4.2, we observe that
Eq. (2) provides an excellent fit on the relative cumulative number of magnitudes (G(> M))
related to the populations of EQs included in each one of the six selected geographic areas.
The nonextensive g-parameter varies between [1.644 ~ 1.694] with a relative small standard

error ranging between [0.002 ~ 0.003].
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Figure 4.2: Eq. (2) was used to fit the foreshock seismic data in terms of the relative
cumulative number of EQs included in six different geographic areas around the L’Aquila
EQ epicenter. The yellow star indicates the location of the mainshock.

Secondly, in the prospect to examine the behaviour of parameters ¢ and « included in the
nonextensive formula, different thresholds of magnitudes cut-offs (M,.) were applied using an
increasing step of 0.1. For each step, formula (2) along with the use of Levenberg-Marquardt
(LM) fitting method, were used to fit the seismic data in terms of the relative cumulative

number of EQs. A minimum number of 20 events was considered as a criterion for the
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statistical completeness of each calculation. The derived parameters ¢ and «, were graphically
placed on to a common z-axis chart as shown in Fig. 4.3. It is observed that both the
nonextensive g-parameter and the energy «, present similar behaviour, for all the selected
geographic areas around the EQ epicenter. More specifically, the nonextensive parameter ¢
(depicted with black bullets) remains relative stable with minor increment at intermediate
thresholds of magnitudes (M. ~ 1.5 — 2.5). On the contrary, the characteristic value of the
volumetric energy density « (depicted with blue-rhombuses), increases at higher magnitude

thresholds (M.), reaching values in the order of ~ 1010,
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Figure 4.3: (a) Variation of nonextensive parameter g (see black-bullets) and the volu-
metric energy density a (see blue-rhombuses), for different thresholds of magnitudes of
the detected EQs included in the period from 28-Oct-2008 00:00:00 up to 6-April-2009
01:32:00, for different geographic areas around the EQ epicenter: (a) 0-400km (b) 300km,
(c) 0-200km (d) 0-100km (e) 0-50 and (f) 0-30km around the epicenter of L’Aquila EQ.

Since the analysis of seismicity at different geographic scales revealed similar footprints for
both the parameters included in the nonextensive formula it is expected that similar behaviour
should be observed at even lower scales of fracture, namely, the preseismic kHz EM anomalies
observed prior to L'Aquila EQ. Thus, the analysis further focuses on the kHz EM emissions
detected by the 10kHz (NS-EW-V) component, located at a mountainous site of Zante Island
in the lonian Sea (Western Greece). During the aforementioned 10-day foreshock activity,
well documented [55, 56], preseismic kHz EM anomalies were observed on 4-Apr-2009, two
days after the MHz EM anomalies of 2! Apr, verifying the two-stage model described in the

beginning of this chapter (see Sec. 4.1). The detected anomalies followed the temporal scheme
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listed below:

(i) The MHz EM anomalies were detected on 26 March 2009 and 2 April 2009.
(i) The kHz EM anomalies emerged on 4 April 2009.

(iii) The ULF EM anomaly was continuously recorded from 29 March 2009 up to 2 April 2009.

In Fig. 4.4, the three observed magnetic field strengths are depicted, recorded from the 10
kHz (NS,EW,V) sensors, on 4-Apr-2009. Note that the NS and EW components are analyzed

here for the first time.
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Figure 4.4: Three magnetic fields recorded on 02-Apr-2009 16:00:00 to 06-Apr-2009
01:32:39 from the 10 kHz NS, EW and V sensors respectively.

As in the case of seismicity, herein it is first examined whether the aforementioned nonexten-
sive G-R type formula (Eq. (2)) can adequately describe the populations of EM-EQs included
in the preseismic kHz EM time series. Thus Eq. (2) was used to fit the EM data in terms of the
relative cumulative number of electromagnetic earthquakes G(> M), included in the period
that refers to the red part of the signals depicted in Fig. 4.5. Focusing on the intermediate
subfigures it is observed that Eq. (2) provides a satisfactory fit to the preseismic kHz EM
experimental data associated with the L'Aquila EQ for all the three recorded components cor-
respondingly. Characteristically, the nonextensive g-parameter varies between [1.818 ~ 1.838]
with a relative small standard error ranging between [0.001 ~ 0.002]. Secondly, since Eq. 2,

can adequately describe the populations of EM-EQs included in the preseismic kHz EM time
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series, analysis is focused on the variation of nonextensive g-parameter the volumetric density
«. Different thresholds of magnitude cut-offs (M,) were applied on the EM-EQs contained
in each one of the aforementioned channels using an increasing step of 0.1. For each step,
Eq. (2) along with the use of LM method, was used to fit the EM data in terms of the
relative cumulative number of EM-EQs contained in each channel. In Fig. 4.5, the bottom
charts of each sub-figure, depict the variation of the nonextensive g-parameter (black bullets)
and the volumetric energy density « (blue rhombuses), for different thresholds of magnitudes
(M.). As it is observed from the bottom charts of Fig. 4.5, the variation of the nonextensive
g-parameter remains relative constant with minor decrement at higher thresholds of magni-
tudes. On the contrary, the energy density o mirrors the behaviour of g-parameter, presenting

a relative increment at higher thresholds.
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Figure 4.5: Three observed magnetic fields recorded on 02-Apr-2009 16:00:00 to 06-Apr-
2009 01:32:39. The selected red parts of each recorded signal refer to the period where
the kHz EM anomalies observed and have been well justified for their seismogenic origin
([55, 56]). The middle charts of each subfigure, refer to the fitting of the EM data in
terms of the relative cumulative number of EM-EQs G(> M) (see Eq. (2)), included
in the period under study (red-part). The bottom charts of each subfigure, refer to the
corresponding variation of the nonextensive g-parameter (black-bullets) and the volumetric
energy density a (blue-rohmbs), for different thresholds of magnitude cut-off (M,).

These latter results evidently show the similarity with the results obtained from the analysis
of regional seismicity (see Fig. 4.3) at different radii around the EQ epicenter. Such evidence

indicate the self-affine nature of fracture and faulting, from the large scale of foreshock seismic-
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ity, to the fault-generation of a single EQ in terms of preseismic kHz EM emissions. However,
in order to further verify this suggestion in the following section, the case of Athens 1999 EQ

is examined in terms of the nonextensive model for EQs.

4.4 The case of Athens 1999 earthquake

This section focuses on the case of the catastrophic EQ (Mw = 5.9) occurred in the metropoli-
tan region of Athens (Greece) on 07-Sep-1999 11:56:50 UTC. It should be noted that Athens
EQ occurred very shortly after the major 17/8/1999, Mw = 7.4, catastrophic EQ which
took place on lzmit, Turkey, approximately 650 km North-East of Athens. Characteristically,
Brodsky et al. (2000) [28] showed that the Izmit EQ, was followed immediately by small
earthquakes occurred throughout much of continental Greece, which in turn, followed by the
Athens EQ in less than a month period. Against this evidence, the period from 17-Aug-1999
00:01:39.80 up to 07-Sep-1999 01:56:49 (right before the EQ occurrence), was selected as the
most appropriate period that can be considered as the regional seismicity prior to Athens EQ.
Fig. 4.6 depicts the seismicity contained within the period under study, for 400km arround the
Athens EQ epicenter (see yellow star). The EQ catalog used, has been provided by the website

of the Institute of Geodynamics of the National Observatory of Athens (www.gein.noa.gr).

Seismicity: from 17-Aug-1999 00:01:39 to 7-Sep-1999 11:56:49
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Figure 4.6: (a) Seismicity 400km around the Athens EQ epicenter included in period from
17-Aug-1999 00:01:39.80 up to 07-Sep-1999 01:56:49. The colored bullets represent the
magnitude ranges of the EQs occurred within the selected period under study.
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Focusing on the analysis of seismicity, four different geographic areas were selected around
the Athens EQ epicenter for the period under study: 0 — 400km, 0 — 300km, 0 — 200km
and 0 — 160km respectively. Fig. 4.7, depicts the fitting of Eq. (2) applied on the relative
cumulative number of magnitudes (G(> M)) for the populations of EQs included in each one
of the four geographic areas under study. As it is observed, the nonextensive g-parameter varies

between [1.532 ~ 1.664] with a relative small standard error ranging between [0.003 ~ 0.004].
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Figure 4.7: Eq. (2) was used to fit the seismic data in terms of the relative cumulative
number of EQs included in four different geographic areas around the Athens EQ epicenter.

Focusing on the behaviour of parameters included in the nonextensive Eq. (2), the same
method has been used as that described in Sec. 4.3. Fig. 4.8, depicts the variation of
nonextensive parameter ¢ (see black-bullets) and the volumetric energy density o (see blue
rhombuses), at different thresholds of magnitudes (M.). It is observed that both the nonex-
tensive g-parameter and the energy «, present similar behaviour, for all the selected geographic

areas around the EQ epicenter. More specifically, the nonextensive parameter ¢ (depicted with
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black bullets) remains relative stable with minor decrement at higher thresholds of magni-
tudes, while the characteristic value of the volumetric energy density « (depicted with blue

rhombuses), increases at higher magnitude thresholds (M,).
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Figure 4.8: Variation of nonextensive parameter ¢ (see black-bullets) and the volumet-
ric energy density « (see blue-rhombuses), for different thresholds of magnitudes of the
detected EQs included in the period from 17-Aug-1999 00:01:39.80 up to 07-Sep-1999
01:56:49, for the range (a) 0-400km (b) 0-300km, (c) 0-200km and (d) 0-160km around
the Athens EQ epicenter.

A characteristic differentiation that should be discussed here in order to avoid possible
inconsistencies, is that the g-parameter presents relative different behaviour with that of the
case of L'Aquila EQ (see Fig. 4.3). More precisely, for the case of L'Aquila EQ, a relative
increment of the ¢ parameter is observed at higher magnitude thresholds as opposed to the
case of Athens EQ, where a relative decrement is observed (see Fig. 4.8) correspondingly.
This observation is not a trivial result, because if we get a closer look to Athens case in Fig.
4.8, this variation is mainly observed for larger thresholds of magnitude in contrast to the
case of L'Aquila EQ where the increment is observed at intermediate thresholds of magnitude.

This evidence enhances the suggestion that the small fractures along with the corresponding
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redistribution of stresses, contributes to the increment of the correlation length during the
fracture process [214]. Indeed, focusing on the EQ catalogs that refer to the periods under
study, the mean magnitude of the EQs included in the area of 0-400km around the epicenter,
for both the examined periods and has been found to be: A/ = 1.60 for the case of Italy EQ and
M = 3.00 for the case of Greece, respectively. Fig 4.9 shows the distribution of EQ magnitudes
that correspond to the areas under study for the specific periods. It is clearly observed that
in the case of the Italian territory, EQs with lower magnitudes are more frequent in contrast
to the Greek territory which is characterized by relative higher events. This evidence explains
this inconsistency in the sense that the absence of small EQs results to a decrement of the
nonextensive parameter ¢, as shown in the case of Athens EQ. On the contrary, for the case of
Italian catalog, the abundance of small events keeps the correlations at higher levels even for

intermediate magnitude thresholds. Thus the increment of g-parameter mentioned above is

probably a finding that further supports the theoretical background of the nonextensive model.
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Figure 4.9: Distribution of EQ magnitudes included in the area of 0-400km around the
Italian EQ (red bars) and Greek EQ (blue bars), correspondingly.

Along with these results, another feature that is also observed as approaching to the
EQ epicenter, is that the smaller the area under study around the epicenter, the higher the
nonextensive g-parameter, namely for the cases of: 300km, 200km and 160km around the
Athens EQ epicenter. This evidence further verifies the increased correlations developed as
approaching to the EQ epicenter. On the contrary the energy «, presents a relative decrement
that mirrors the behaviour of g-parameter. This mirroring behavior has also been observed in
a recent study of Matcharashvili et al. [155], who studied the area of Javakheti, Georgia in
terms of a nonextensive statistical analysis. However, this behaviour is still an open issue for
the scientific community and will be further analysed in the present thesis.

Since the analysis of seismicity at different geographic scales revealed similar footprints for

both the parameters included in the nonextensive formula, it is expected that similar behaviour
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should be observed at even lower scales of fracture, namely, the preseismic kHz EM anomalies
observed prior to Athens EQ. Thus in the following section the analysis of the kHz EM emissions

detected by the 3 kHz and 10kHz (NS-EW-V) components, prior to Athens EQ is presented.

4.4.1 Analysis of preseismic kHz EM emissions related to Athens EQ

Herein analysis is further focuses on the kHz EM emissions detected by the 3 kHz and 10kHz
(NS-EW-V) components, located at a mountainous site of Zante Island in the lonian Sea
(Western Greece). These precursors can be seen in the top charts of each sub-figure depicted
in Fig. 4.10, recorded on the period from 28-Aug-1999 00:00:00 to 08-Sep-1999 00:00:00.
Athens EQ occurred on 07-Sep-1999 07-Sep-1999 01:56:50 UTC as shown by the black-arrow.
The selected red parts refer to the period where the kHz EM anomalies observed. Note that
although the seismogenic origin of the kHz EW component has been well justified by the
literature [123, 36, 40, 172], herein for the first time all the six detected components are
further analysed from the perspective of self-affinity.

It should also be noted that in Sec. 3.5, the six observed magnetic fields have been analyzed
in the context of nonextensive Tsallis statistics showing that the ¢-parameter lies within the
interval ¢ € [1.78 — 1.82] with a relative small standard error ranging between [0.0003 ~
0.0006], for all the recorded channels. Thus, since the nonextensive Eq. 2 can adequately
describe the “fracto-electromagnetic earthquakes” (EM-EQs) included in the preseismic kHz
electromagnetic (EM) emissions, the analysis further focuses on the behaviour of parameters
included in the nonextensive formula from the perspective of self-affinity. In this direction, the
bottom charts of each sub-figure contained in Fig. 4.10, depict the variation of the nonextensive
g-parameter (black bullets) and the volumetric energy density o (blue rhombuses), for different
thresholds of magnitudes (M,.). As in the case of L'Aquila recordings, It is also observed that
the variation of the nonextensive g-parameter remains relative constant with minor decrement
at higher thresholds of magnitudes. On the contrary, the energy density o mirrors the behaviour
of g-parameter, presenting a relative increment at higher thresholds.

The latter results evidently reveal the similarity with the results obtained from the analysis
of L'Aquila EQ. This consistency indicates the self-affine nature of fracture and faulting, from
large-scale seismicity, to the fault-generation of a single EQ in terms of preseismic kHz EM

emissions.
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Figure 4.10: Six observed magnetic fields recorded on the period from 28-Aug-1999
00:00:00 to 08-Sep-1999 00:00:00. The selected red parts of each recorded signal refer
to the period where the well justified for their seismogenic origin kHz EM anomalies have
been observed ([123, 36, 40, 172]). The bottom charts of each sub-figure, refer to the cor-
responding variation of the nonextensive g-parameter (black-bullets) and the volumetric
energy density a (blue-rhombuses), for different thresholds of magnitude cut-off (M,).

4.5 Further Discussion

Analysis applied so far in this chapter, on both the populations of EQs included in foreshock
activity and the populations of EM-EQs included in preseismic kHz EM emissions (see Figs.
4.2,4.5 and 4.7), has shown that similar footprints of nonextensivity have been observed in
both populations, verifying the seismogenic origin of these precursors. Characteristically, for
the case of L'Aquila EQ, analysis has shown that the nonextensive ¢-parameter varies between
q € [1.644 ~ 1.694] for the seismicity and between ¢ € [1.818 ~ 1.838] for the preseismic kHz
EM emissions, correspondingly. In addition, for the case of Athens EQ, the g-parameter has
been found between ¢ € [1.532 ~ 1.664] for the seismicity and between ¢ € [1.78 ~ 1.82] for
the preseismic kHz EM emissions. It should be noted that these results are in general agreement

with those obtained from several independent studies, related to seismicities generated in
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various large geographic areas, involving the Tsallis nonextensive framework [208, 229, 228,
230, 155]. Indicatively in a recent study, Telesca [228], who examined the preseismic activity
of L'Aquila EQ included in the foreshock period from 30-Mar-2009 to 06-Apr-2009, found a
value of (¢ = 1.742).

As concerns the method applied for the estimation of the behaviour of parameters ¢ and
«, by using different magnitude thresholds (M/..), similar behaviour has also been found for
both the populations of EQs included in foreshock activity and the populations of EM-EQs
included in preseismic kHz EM emissions. More precisely, for the case of seismicity related to
Athens EQ (Fig. 4.8), it is observed that the nonextensive parameter ¢ and energy «, present
similar behaviour, for all the selected areas around the Athens EQ epicenter. Characteristically,
the nonextensive parameter ¢ (depicted with black bullets) remains relative stable for different
magnitude thresholds while the situation changes for even larger thresholds, where a relative
decrement is observed. Such behaviour is also observed from the analysis of preseismic kHz
EM emissions as shown in Figs 4.5 and 4.10. This prospective decrement can be explained by
the fact that the larger the magnitude threshold the larger the number of the omitted EQs.
The absence of the small fractures along with the corresponding redistribution of stresses,
contributes to the decrement of the correlation length during the fracture process [214]. The
smaller magnitude threshold is the one that governs the overall system (e.q for M, = 0). It
should also be noted that although the nonextensive parameter ¢ decreases at higher magnitude
thresholds it still remains high verifying the strong correlations that have been developed.
Concerning the volumetric energy density « (depicted with blue-rhombuses), its characteristic
value, increases at higher thresholds of magnitude (M.). Note that according to the fragment-
asperity model (SCP), « is the coefficient of proportionality between fragment size and released
energy [218, 208]. This evidence is consistent with the hypothesis that larger EQs are rooted

in larger and stronger entities [158, 172] that sustain the system.

4.6 Conclusions

Building on the self-affine nature of fracture and faulting theory, this work supports the hypoth-
esis that the statistics of regional seismicity is a macroscopic reflection of the physical processes
in the earthquake source, as has been initially suggested by Huang and Turcotte [108]. This
suggestion implies that the activation of a single fault is a reduced self-affine image of regional
seismicity. Focusing on two well documented cases of large earthquakes, similar behaviour has
been found of the corresponding variation of the parameters ¢ and «, which are included in the

nonextensive law for different thresholds of magnitudes. More precisely, this similar behaviour
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has been founded on: (i) the population of EQs contained in different radii around the epicentre
of a preceding large earthquake and (ii) the population of "fracto-electromagnetic earthquakes”
that emerge during the fracture of strong entities distributed along the activated single fault
sustaining the system. Analysis revealed that these two populations follow the same statistics,
namely, the relative cumulative number of earthquakes against magnitude. The results have
been further supported from recent studies in terms of the traditional Gutenberg-Richter law,

enhancing the physical background of the underlying self-affinity.
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Chapter 5

From earthquakes to the dynamics of
regional brain activity in epileptic

seizures

5.1 Overview

Complexity nowadays is a frequently used - yet quantitatively poorly defined - concept that
embraces a great variety of scientific and technological approaches of all types of natural,
artificial and social systems [247]. As noted in the relevant literature, complex systems are
those which consist of a large number of units which strongly interact together in a nonlinear
basis. A common basis of the various catastrophic phenomena is that their generation is the
result of a collective process: the repeated interactions in many spatial scales progressively
lead to the development of large-scale correlations between the entities and finally to the
crisis. Several examples have been given in this direction providing evidence that support such

definition [20, 180, 45, 131, 214, 2, 76, 176].

Recently, the unified study of complex systems which lead to catastrophic events, has been
recognized by the scientific community as a new field of research [220, 221, 222, 265, 266].
An apparent paradox on this suggestion is how such a multifaceted concept as complexity, can
adequately serve such a unified approach of catastrophic complex phenomena. Conformed with
such a question, it should be noted that the laws governing the behavior of complex systems are
completely different from the laws governing their respective units. Characteristically, Vicsek
(2002) [266] mentioned that: “a phenomenon that is “complex” refers to a system whose
phenomenological laws, which describe the global behaviour of the system, are not necessarily

directly related to the “microscopic” laws that regulate the evolution of its elementary parts”.

For example, it is not possible to understand the generation of a single epileptic seizure by
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studying the behavior of a single neuron. When the units begin to interact each other, the
behavior of each one of these is determined by the interactions with their neighbors. This
results to a simultaneous alteration of their behaviour where the system displays a new peculiar
common structure. This process involves interactions hierarchy governed by mechanisms of
negative and positive feedback, self-organization and eventually develops fractal structures in
space and in time (memory effects). The science of complexity is about revealing the principles
that govern the ways in which new properties appear as these interactions move from one scale

to another [266].

Towards the generation of a catastrophic event, it has been established that the corre-
sponding time series are governed by: memory effects, gradually increment of the correlation
length between the nonlinear domination of the neighbor units, transition from a negative to
a positive feedback mechanism, development of fractal structures, gradual improvement of
quality of the fractal structure and its transition at larger spatial scales with maintaining self-
similarity. These dynamics of complex systems are founded on universal principles that may be
used to describe disparate problems [20]. On these grounds, the present study explores physical
and mathematical principles with universal character (universality) that govern the way to the
generation of a catastrophic event in complex systems, as a result of the interaction of its

ordinary members [20, 214, 196].

Theoretical studies have been made by eminent scientists from the fields of Medicine and
Geophysics expressing the view that the same laws govern the preparation-emergence of a
seizure or an earthquake [107, 196, 105, 184]. In this direction, emphasis will be placed on
analyzing of electroencephalograph (EEG) recordings containing seizures and on well docu-
mented electromagnetic (EM) kHz time-series that contain seismic disturbances related to the
activation of seismic faults. The purpose of this study will be to further verify the suggestion
that the same laws govern the preparation-emergence of a seizure or an earthquake. The
results will be extended-compared with already published studies [59, 124, 17, 18], related to
catastrophic events such as magnetic storms and solar flares, in order to verify the universality

of the symptoms that lead to the crisis.

It should be noted that the initial impetus for the comparative study of earthquake dynamics
and regional brain activity was given from previous collaborative work published in Eftaxias et
al [53], in the context of this thesis. The analysis presented in this chapter has been extended
to the study of different kinds of data (i.e. including intracranial EEG recordings of epileptic
seizures) and undertaking of different approaches in analyzing and interpreting issues pertinent

to the main questions and directions of the overall thesis.
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5.2 Setting the context of the analysis

Several complexity measures have been performed in order to monitor possible structures,
patterns and correlations that sustain systems and generation processes. However the definition
of the term “complexity” is still not unique since its quantification has received considerable
attention due to the different contexts and different fields of application [147, and references
therein]. Quantities such as: randomness or uncertainty, the degree of order or organization and
disequilibrium, have played significant role on defining the term [147, and references therein].
Some of the common features that have been seen in many complex systems is the self-affinity
and the fractional power law relationship which is a classic expression of a self-affine structure,
namely the fractal [203, 249, 200, 118, 30]. Tsallis (1988) [245], proposed a generalization
of the B-G statistical mechanics, by introducing an entropic expression characterized by an
index ¢ leading to nonextensive statistics. He mentioned that complex systems seem to occur
close, in some sense, to the frontier between order and disorder where most of their basic
quantities exhibit nonexponential behaviours, very frequently power laws [247]. It happens
that the distributions and other relevant quantities that emerge naturally within the frame of

nonextensive statistical mechanics are precisely of this type [247].

Epileptic seizures (ESs) and earthquakes (EQs) seem to be complex phenomena since
they have highly intricate cluster and hierarchical structures, they are governed by feedback
mechanisms with spatial and temporal correlation, they provide footprints of self-organization
and connection diversity [169]. Against these features, several authors have suggested that
dynamics of EQs and neurodynamics can be analyzed within similar mathematical frameworks
[105, 197]. Driven systems of interconnected blocks with stick-slip friction have been found
to capture these main features of EQs [107, 105]. Herz (1995) [105] suggested that such
models may also represent the dynamics of neurological networks. Characteristically, Hopfield
(1994) [107], proposed a model for a network of N integrate-and-fire neurons in which the
dynamical equation of k" neuron is based on the Hodgekin-Huxley model for neurodynamics
and represents the same kind of mean field limit that has been examined in connection with
earthquakes (EQs) [197]. Beggs and Plenz [23], who used neuronal cultures and cortical
rat slices found that the size of local field potentials generated by these preparations have,
as earthquakes and avalanches, no characteristic scale, and their probability density function
(pdf) is described by a power law with an exponent of —1.5.

From the perspective of universality, it has been stated that the dynamics of complex
systems, are founded on universal principles that may be used to describe disparate problems

ranging from particle physics to economies of societies [20, 220, 221, 214, 265, 266]. Sufficient
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studies have reported evidence for universality supporting the hypothesis that a number of
systems under study in disciplines as diverse as physics, biology, engineering, and economics
may have certain quantitative features that are intriguingly similar [180, 45, 131, 214, 2, 76,
176]. The latter arguments support this suggestion.

Recently, Osorio et al. [169] in a pioneering work have shown in terms of “scale-free
statistics” that a dynamical analogy exists between ESs and EQs. More precisely, the authors
performed a two directional analysis as follows: (i) they used a population of different EQs in
the Southern California between 1984-2000, and (ii) they used a population of different ESs,
collected between 1996 and 2000, from 60 human subjects with epilepsy undergoing surgical
evaluation at the University of Kansas Medical Center. Their suggestion was supported using
five scale-free statistics: the Gutenberg-Richter distribution of event sizes, the distribution of
intervals, the Omori laws, and the conditional waiting time until the next event [169].

Analysis in this chapter is mainly focused on a recently introduced nonextensive model for
EQ dynamics [218] (analytically described in Sec. 2.1.3), which is routed in the nonextensive
Tsallis statistical framework [245]. In addition entropic measures including the Tsallis entropy
have been also considered. A challenging issue would be to examine whether this dynamical
analogy between ESs and EQs, also exists at the level of a single fault / seizure activation.
Such analysis will further support the aforementioned suggestion at lower scale, elucidating the
ways in which opening cracks and firing neurons organize themselves to produce a single EQ
or ES respectively. Thus an appropriate framework would be to examine whether the above

mentioned nonextensive statistical law can adequately describe the following populations:

(i) electric pulses included in a single ES, referring to the EEG time-series

(i) fracto-electromagnetic pulses rooted in the activation of a single fault, referring to the

preseismic kHz electromagnetic (EM) time series
(iii) different ESs occurred in different human's brains

(iv) different EQs occurred in different faults in various seismic regions

Building on that framework of analysis, a question that naturally arises is “how the fluctu-
ations included in a single EQ / ES precursory signal correlate in time”. Conformed with such
question, natural phenomena as well as human activities have been found to share common
time-clustering behaviour [241, 235, 226, 234, 233, 232, 225]. In addition, in order to verify the
aforementioned dynamical analogy the results should at least provide power-law correlations

in both space and time. Thus, the analysis in this chapter also investigates the existence of a
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common potential power-law distribution of burst lifetime (duration) [169], in the populations
of: (i) electric pulses included in a single ES, (ii) fracto-electromagnetic pulses rooted in the
activation of a single fault, and (iii) acoustic pulses in laboratory.

Summarizing at this point, the results in this study were positive since the performed
analysis revealed common principal laws behind the exciting variety of complex phenomena
under study. Moreover since the nonextensive model also leads to a fractional power-law
relationship [202, 231], the results of this study were further verified using an alternative
method, proposed by Utsu (1964) [252], which is based on the maximum likelihood estimation
of the b-value included in the Gutenberg & Richter (G-R) formula. Finally the present study
was further extended on the behaviour of the parameters included in the nonextensive formula
at different threshold of magnitudes, enhancing the physical background of the underlying
dynamical analogy and providing evidence of the scale-free and self-affine nature of the regional

ES brain activity.

5.3 Analysis in terms of Hurst exponent, organization and information con-

tent

As already mentioned in the literature, a promising and globally accepted way to investigate
such transient phenomena is to analyze the experimental time-series as a sequence of distinct
time windows of short duration or even in some cases as a sequence of separate epochs. Such
an approach along with the appropriate methods of analysis, could clearly differentiate the
possible dynamical characteristics, as the catastrophic event is approaching, and furthermore
to reveal-discover the basic mechanism that characterize such phenomena. Analysis here is
first focused on the nonextensive statistical mechanics framework [245], namely the Tsallis
entropy (see Sec. 2.1.2 for details). Herein, for reasons of clarity, the Tsallis entropy for the

word length n, S,(n), is recalled and given by:

1 w
Sy =hk—r (1 - Zp;f) : (5.1)

¢—1 i=1
where p; are the probabilities associated with the microscopic configurations, W is their total
number, g is a real number, and £ is Boltzmann's constant. ¢ — 1 corresponds to the standard

extensive B-G statistics.

An EEG recording from an adult Sprague-Dawley rat was firstly used in which a bicuculline
injection was applied in order to induce the rat epileptic seizures [143, 122]. This selection was
mainly made because it refers to a a controlled epilepsy where the temporal stages (injection,

pre-ictal, ictal and post-ictal), have been well determined and justified for their origin. Fig. 5.1
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shows the analysis of the aforementioned EEG signal in terms of Tsallis entropy in its symbolic
form for word length 5 and ¢ = 1.7 [117]. As it is observed from Fig. 5.1, the black part refers
to the healthy state right before the injection, followed by the pre-ictal (green) state which
has higher organization in comparison to the healthy state. On the contrary the initial stage
of the red part that includes the ictal state, presents much higher degree of organization in
contrast to the previous two phases, which is gradually increasing up to the healthy state as

the rat is recovered from the effect of the drug.
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Figure 5.1: The top graph depicts an evoked seizure of a rat EEG. The arrow shows
the time of injection while the black, green and red parts refer to the normal, pre-ictal
and seizure epochs, correspondingly. The bottom graph shows the temporal evolution of
Tsallis entropy, at non-overlapping windows of 1024 samples each.

Parallelizing the aforementioned results with the preseismic kHz EM emission associated
with the Athens EQ, the analysis in chapter 2, in terms of T-Entropy and Tsalis entropy has
revealed the higher degree of organization in contrast to the background EM activity, for the
two epochs of EQ dynamics that have been justified for their seismogenic origin. Herein,
the same results are also depicted in Fig. 5.2, where the three distinct phases of time series
are also identified in the symbolic form of Tsallis entropy for a word length 5 and ¢ = 1.7.
More precisely, recalled that the first (black) part corresponds to the normal state, namely
the EM background, followed by an epoch that includes a population of EM events sparsely
distributed in time, with higher organization in comparison to the EM background. The third
epoch that refers to the red part, is characterized by an ensemble of intense EM events,
that present much higher degree of organization even in respect to those contained in the
second epoch. Note that it has been shown that the two EM bursts refer to the fracture

of the family of large high-strength entities distributed along the fault sustaining the system
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[61, 123, 36, 124, 66, 172, 117].

The latter similarity obtained from Figs 5.1 and 5.2, provides a first indication that the
Tsallis entropy clearly discriminate the emergence of shocks in EEGs and kHz EM-seismograms
by means of order of organization. Note that Kapiris et al. (2005) [122] in a recent study in
terms of wavelet-spectra and rescaled range analysis, applied on the same data, the authors
have shown that the two examined events have also been characterized by persistency, while
the normal states that refer to the black epochs, have been characterized by antipersistency

(see Sec. 2.3 for definition).

0 | ! ! | ! ! I I
5

Time (sec) 5

o
©

o
=)

Tsal lis Entropy

o
IS

0.2 ! ! ! !
500 1000 1500 2000 2500 3000
# of w ndows

Figure 5.2: The EM time series associated with the Athens EQ recorded by the 10 kHz
magnetic sensor. The black part refers to the background noise, while the green and
red parts refer to the two distinct epochs of the emerged seismic EM activity (see text).
The bottom graph shows the temporal evolution of Tsallis entropy, using non-overlapping
windows of 1024 samples.

In order to further test the above mentioned suggestion, a humman EEG seizure available
from the on-line PhysioNET database (http://physionet.org/pn6/chbmit/), collected at
the Children’s Hospital Boston, has also been analyzed in this study. It should be stated
that PhysioNet is an open access web portal that provides a large collections of recorded
EEG signals. Verbatim copying and redistribution of any material available from PhysioNet is
permitted. The recorded EEG is depicted in the top part of Fig. 5.3. The red part corresponds
to the ictal phase as has been annotated in the PhysioNET database [83]. The intermediate
graph depicted in Fig. 5.3 shows the analysis of a human EEG in terms of Tsallis entropy
in the framework of symbolic dynamics, using a word length 2. The bottom graph depicts
the Rescaled Range analysis (R/S) [109, 110], described in Sec. 2.3, using successive non-

overlapping windows of 1024 samples each. As it is observed, the red part which corresponds
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to the ictal phase, is characterized by higher degree of organization and persistent behaviour
(H > 0.5) in contrast to the previous part of the signal under study. The appearance of
a high organization dynamics, which is simultaneously characterised by a positive feedback
mechanism is consistent with the emergence of a catastrophic phenomenon and seems to

clearly discriminate the pathological from the healthy state.
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Figure 5.3: The top graph depicts a human EEG that contains a seizure (red color), as
given from the PhysioNET database [83]. The bottom graph, shows the temporal evolution
of Tsallis entropy using successive non-overlapping windows of 1024 samples each.

In the prospect to further verify the aforementioned suggestion and to show the repeata-
bility of the results, the analysis further focuses on 100 healthy and 100 patient human EEG
recordings offered by Andrzejak et al. [8]. In this direction, two more entropic methods have
been employed in order to cross-fertilize the results: The T-Entropy [244] which is analytically
described in Sec. A.3 and the Approximate Entropy [117, and references therein], which is
analytically described in Sec. A.2 using the symbolic form for a word length 2 (see Sec. 2.1.1
for details). Note that both methods have been successfully applied to biological systems
[182, 183, 243]. Focusing on the Tsallis entropy estimation depicted in Fig. 5.4, it is observed
that the temporal evolution of the complexity in the EEGs time-series, is in full agreement with
the upper limit ¢ < 2 obtained from several studies involving the Tsallis non-extensive frame-

work [267, and references therein]. However, it is expected that, for every specific system,
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better discrimination will be achieved with appropriates ranges of ¢ values [245]. Moreover,
the results are in consistent with an underlying sub-extensive system, ¢ > 1, verifying the
emergence of strong interactions in the brain, especially during the occurrence of an ES. As
concerns the rest of the estimated entropies, it is observed that both reveal the increased levels
of organization of the patient EEGs in contrast to the healthy ones. Note that the most part
of this work has been published in [64] where further analysis in terms of Shanon entropy has
revealed similar results, while the estimation the appropriate value of g-parameter which is

associated with the generation of ESs, was found to be ¢ = 1.55.
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Figure 5.4: T-Entropy, Approximate Entropy and Tsallis entropy for different values of
q, applied on 100 healthy and 100 patient human EEGs [8]. The healthy EEGs are black
colored while the patient EEGs are red coloured.

5.4 Dynamical analogy in terms of energy: the Gutenberg-Richter scaling law

In order to meet the analysis performed by Osorio et al. [169], this section focuses on the
traditional Gutenberg-Richter law (G-R) which states that the number of EQs with magnitude
greater than M follows the relation (1) described in Sec. 0.6. Note that in terms of energy
the G-R law states that, the probability density function of having an EQ energy F is denoted
by the power-law P(E) ~ E~B where B ~ 1.4 — 1.6 [89]. According to Osorio et al. [169],
the authors found that the probability of an ES in a population of different events having
energy E is proportional to E~5, where B ~ 1.5 — 1.7. In this direction analysis here is

focused on the sequences of electrical pulses included in a single ES and on the sequence of
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EM pulses included in preseismic kHz EM emissions that refer to a single fault. More precisely,
it is examined whether both sequences follow a power-law P(E) ~ E~B, with a compatible
exponent B.

Focusing on the electrical pulses included in a single ES, Fig. 5.5a shows that the energies,
E, of the electrical pulses included in the single rat seizure follow the power-law N(> E) ~
E~062 or equivalently, the power-law N(E) ~ E~162_|n addition, Fig. 5.5b, shows that the
energies, E, of the electrical pulses included in a human ESs follows the power-law N (> E) ~
E=072 or equivalently, the power-law N(E) ~ E-172 As regards the case of the kHz EM
precursor associated with the Athens EQ (Fig. 5.2, upper panel), it has been shown that the
cumulative number N (> A) of pre-seismic EM pulses having amplitudes larger than A follows
the power-law N(> A) ~ A79%62 [121]. Thus, the probability of an EM-pulse having energy
E is proportional to E~1-31 [58].
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Figure 5.5: (a) The distribution of energies, E, of the electrical pulses included in the rat
seizure depicted in Fig. 5.1 follows the power-law N (> E) ~ E~%62_ (b) The distribution
of energies, F, of the electrical pulses included in a human ES, depicted in Fig. 5.3, follows
the power-law N(> E) ~ E-0-72,

The latter results along with the results of the analysis obtained by Osorio et al. [169],
strongly indicate that sequences of: (i) fracto-EM-pulses included in a single EM-precursor
associated with the activation of a single fault, (ii) electric pulses included in a single ES, (ii)
different EQs occurred in various areas included many faults, and (iv) different ESs, follow
the power-law P(E) ~ E~B with rather compatible B-exponents. It should be noted that
Osorio et al. were mentioned that in general, differences in constituting elements (organic
vs inorganic), in scale, and in other properties between the earth and brain may account for

dissimilarities in the values of exponents. This suggestion implies that further consideration
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should be taken in this direction. Moreover the dynamical analogy that the authors suggested,
is further extended to lower scale in terms of energy, namely to the activation of a single ES
/ EQ.

By extending this suggestion to laboratory seismicity, in terms of acoustic / EM emissions
detected in rocks, Rabinovitch et al. [192] who studied the fractal nature of EM radiation
induced by rock fracture have found similar results. More precisely, the authors found that the
pre-fracture EM time series reveals that the cumulative distribution function of the amplitudes
contained in the pre-fracture EM time series, follows the exponent N (> A) ~ A=%62 and,
consequently, the distribution function of the energies follows the power-law P(E) ~ E~131,
In addition, Petri et al. [177] who studied the acoustic emission in terms of energy, found a
power-law scaling behaviour in the acoustic emission energy distribution with B = 1.3 +0.1.
On the other hand, Cowie et al. (1993) [44], Sornette et al. (1994) [215] and Cowie et al.
(1995) [43], who worked on a model of self-organized EQs occurring on self-organized fault,
suggested that the theoretical value of the B exponent should be B = 1.3. These arguments
verify the above mentioned dynamical analogy also for the experiments employed at laboratory
scale.

As already mentioned in introduction in order to have an overall view of the underlying
dynamical analogy between different catastrophic events, these power-law correlations should
be at least observed in both space and time scales. Thus in the following section analysis is

focused on the dynamical analogy in terms of waiting times.

5.5 Dynamical analogy in terms of waiting times

Motivated by the analysis employed by Osorio et al. [169], herein, the temporal clustering in
terms of burst lifetime (duration) is investigated from the perspective of potential power-law
distribution. More precisely, the authors showed that the probability-density-function (pdf)
for intervened intervals 7 as calculated for a population of different ESs, follows a power-law
distribution ~ 1/(7!8), with 3 ~ 0.5 for interseizure intervals. In this direction, Figs. 5.6a
and 5.6b, depict the distributions of the lifetimes of the electric pulses included in the rat
seizure depicted in Fig. 5.1 and the human ES depicted in Fig. 5.3. It is observed that both
distributions follow a power-law of ~ 1/7,,%7 and ~ 1/7,'8, correspondingly. As concerns the
preseismic EM activity dipicted in Fig. 5.2 which is associated with the Athens EQ, from Fig.
5.6¢ it is observed that the distribution of durations (lifetimes) displays a power-law in the
order of ~ 1/7,1'5. Extending these results to laboratory scale, Vespignani et al. (1995) [264]

measured an exponent = 1.6 via acoustic signals recorded from laboratory samples subjected
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to an external stress. These arguments along with the analysis applied in this chapter up to this
point, further enhance the view that a dynamical analogy exists between the two catastrophic

events (EQs and ESs).
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Figure 5.6: (a and b) Distributions of the lifetimes of the electric pulses included in a rat
and a human ESs, correspondingly. (c) Distributions of the lifetimes of the EM pulses
included in the precursory kHz EM activity associated to Athens EQ, following a power-
law distribution ~ 1/71.

5.6 Dynamical analogy in terms of nonextensive model for earthquake dy-

namics

This section refers to a nonextensive model for EQ dynamics [218], in which 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. The model has been

analytically described in Chapter 2, thus for clarity reasons the nonextensive formula is only

The generation process of extreme events: a combined approach G. Minadakis



CHAPTER 5. FROM EQS TO THE DYNAMICS OF REGIONAL BRAIN ACTIVITY 119

presented, as given by Silva et al. [208]:

G(> M) = N(J>VM) _ (f:g) « log [1 _ (;:Z) (fg)] , (5.2)

where N is the total number of EQs, N(> M) the number of EQs with magnitude larger than

M, and M =~ loge. « is the constant of proportionality between the EQ energy, €, and the
size of fragment.
Sarlis et al. [202] have shown that the nonextensive Eq. (5.2) is related to the G-R law,

above some magnitude threshold, as follows:

b_2><<2_q) (5.3)

q—1

Note that in previous chapters analysis has further verified that the nonextensive formula
(5.2) can adequately describe the sequences of fracto-EM events, namely the EM-EQs, asso-
ciated with the activation of a single fault [172, 117, 55, 56], as well as the populations of
EQs included in the regional seismicities of various seismic regions [218, 208, 155, 229]. Char-
acteristically, for the cases of Athens EQ and L'Aquila EQ, analyzed in this study, the best-fit
parameter for these two precursors has been given by ¢ ~ 1.80, which is clearly in harmony
with the exponents obtained in studies of regional seismicities, at the interval ¢ € [1.6,1.8]
[218, 208, 172, 229, 228, 227], suggesting that the activation of a single fault behaves as
a "reduced image" of the regional seismicity as it was expected. Even more, analysis up to
now has provided evidence of the self-affine nature of regional seismicity in the context of
nonextensive Tsallis framework (see Chapter 4), identifying the self-affine nature of fracture
and faulting. Herein, a challenging issue would be first to examine whether the same formula
can adequately describe the sequences of electric events included in a single ES as well as in
the case of EM-EQs included in preseismic kHz EM time series and the regional seismicity.
The notion of “electric earthquake” (EL-EQ) is given here in the same way that has been

calculated from the time-series of preseismic kHz EM emissions, by the relation:

M =loge ~ log (Z [Afem(ti)]z) ) (54)

where Agen, 7 = 1,...,k represents the EM energy released, ¢, during the damage of a
fragment calculated by the difference between the time series A(t;), from its background
(noise) level Aypise: Afem(ti) = A(ti) — Anoise-

In this direction, analysis here is first focused on in three single ESs available on the

Internet from PhysioNET database * [83]. From Fig. 5.7, it is observed that the distribution
* http://physionet.org/pn6/chbmit/chb01/chb01_04.edf, Channel 14: F8-T8 /
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of magnitudes of electric pulses included in two of the aforementioned single ESs, follow the
nonextensive Eq. (5.2) with ¢ = 1.70 + 0.03 and ¢ = 1.76 & 0.01, respectively. Herein,
G (> M) vs M, is the fitting of the distribution of the relative normalized cumulative number
of EL-EQs against magnitude, where G (> M) = N (> M)/Nyo. , with Ny the total number

of events.
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Figure 5.7: (a,b,c) Eq. (5.2) was used to fit the distribution of the magnitudes of elec-
tric events included in three single human epileptic seizures available from PhysioNET
database [83]. (d) depicts the fitting of the same experimental data of (c) analyzed by
means of the G-R law.

Herein, for reasons of completeness and in the prospect to meet the analysis performed
by Osorio et al. [169], analysis here further refers to the comparison between the traditional
Gutenberg-Richter law (G-R) that represents the frequency magnitude distribution of EQs (see
Eq. 1), and the nonextensive Eq. (5.2). Fig. 5.7c shows that the distribution of magnitudes of

electric pulses included in the third of the aforementioned single ESs, follow the nonextensive

http://physionet.org/pn6/chbmit/chb01/chb01_04.edf, Channel 22: FT10-T8 /
http://physionet.org/pn6/chbmit/chb03/chb03_03.edf, Channel 14: F8-T8.
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Eq. (5.2) with ¢ = 1.76 4 0.01. Additionally, Fig. 5.7d shows the fitting of the experimental
included in Fig. 5.7c, directly fitted to G-R law for events with magnitude larger than M = 4.2,
yielding a b = 0.63 & 0.01. Moreover, by replacing the g-parameter obtained by the fitting
shown in Fig.5.7¢c, the estimated b-value through equation 5.3 has been found to be b.s; = 0.63.
This similarity in the b-values indicates the consistency with the G-R law.

The above presented results provide a first indication that the nonextensive formula which
is routed in the Tsallis statistical mechanics framework, can adequately describe the sequences
of electric events included in a single ES. However, analysis up to now has been mainly focused
on “scalp-recorded” EEG recordings obtained from patients which suffer from ESs. Thus in
order to further support the existing dynamical analogy between ESs and EQs, in the following
sections an alternative approach is examined with new data deriving from intracranial EEG
recordings. A redefined version of the notion of the electric event is presented which is mainly

based on specific characteristics of ES EEG recordings.

5.7 Evidence of nonextensivity on both scalp-recorded and intracranial epilep-

tic EEG recordings

Analysis in this section is focused on EEG recordings provided due to the collaboration with the
Department of Neurosurgery, University of Athens, Evangelismos Hospital, Greece. The study
was undertaken with the understanding and written consent of each subject, and the study
conforms with “The Code of Ethics” of the World Medical Association (Declaration of Helsinki),
printed in the British Medical Journal (18 July 1964). The study was also approved from the
Evangelismos Hospital committee. After several meetings arranged with doctors involved in
this collaboration, in the prospect to empirically find artificially clear EEG recordings for the
specific analysis, the final data collection took place in the Epilepsy Telemetry Unit during
longterm video/EEG for pre-surgical evaluation, using a sampling rate of 400H z, with 12 bits
A/ D resolution. Eight EEG recordings were collected (2 intracranial and 6 scalp-recorded),
from patients which suffer from epileptic seizures and were for pre-surgical evaluation. A
Beehive Millennium Digital Recording System was used with Grass Telefactor Twin Recording
unit and the available software interface was used to mark the beginning of the seizure parts
of each epilepsy recorded. The results in this section are also compared with the available 100
seizure parts analysed in Sec. 5.3.

It should be noted that the notion of “fracto electromagnetic earthquake” (EM-EQ), that
has been validated in previous studies [124, 63, 172, 158], states that the recorded radiation

must be emerging clearly from the EM background. This means that the detected EM radiation
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has not been significantly absorbed by conducting layers of the crust or the even more conduc-
tive sea, implying that useful EM precursor must be associated with an on-land seismic event
which is both strong, i.e., with magnitude 6 or greater, and shallow. In a manner analogous
to the notion of EM-EQ), the present study seeks to identify specific "electric events” in the
EEG recordings, corresponding to specific electric “pulses”. According to this line of thought,
the term "electric earthquake” (EEG-EQ) and the corresponding “fracto-electric emission”,
referring to the electric potential pulses that can be characterized as "events” of interest, is

used. The theoretical background of this assumption reads as follows.

A characteristic feature that can be observed in EEG recordings is that the electric field
balances around a specific (inactive) reference point (Pt,) [219], which in most cases is ob-
served around the zero value and usually forms a Gaussian (normal) like distribution in it's most
part [67]. This feature can be verified by Elul (1969) [67], who investigated the probability
distribution of the amplitude of a scalp EEG recording. He found that the idle state of the
EEG of the sample under study follows a Gaussian (normal) probability function 66 percent
of the time. On the contrary, during performance of mental task (arithmetic), the portion
of Gaussian electroencephalogram decreases to 32 percent. This evidence implies to the fact
that the cooperative activity of cortical neuronal elements increase during the performance of
mental task [67]. The degree of mutual interaction of individual cellular generators of wave
activity in the tissue located underneath the recording electrode is mainly the reason that
forms the probability function which in turn characterizes the gross electroencephalographic
activity. A challenging issue would be to examine whether this increased cooperative activity
can be adequately explained through the notion of the “electroencephalograph earthquake”

(EEG-EQ) for the case of EEG recordings related to ESs.

Indeed, Figs 5.8a, 5.8b and 5.8c depict the histograms of the fluctuations of the electric
potential, recorded during the idle time behavior of three different patients. On the contrary,
Figs 5.8d, 5.8e and 5.8f depict the histograms of the fluctuations of the electric potential
recorded during the time of epileptic seizure. The samples S1 and S2 refer to intracranial EEG
recordings while the S3 sample refers to scalp-recorded one. As it is observed from all the
signals depicted in Fig. 5.8, the aforementioned Gaussian distribution is obvious, where the
most frequent occurrence of the electric potentials concentrates within a zone around zero.
It should be pointed out that although the distribution of the electric potentials included in
the seizure EEG recordings, differs from that of the idle ones, the most frequent occurrence
still remains within a zone around the zero point. In the present analysis this zone is defined

as “balance zone". Two criteria have been considered in order to establish the start and the
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end of each candidate electric EEG emission: (i) the electric emission starts when the pulse
leaves the balance zone and ends the time where the pulse enters the zone, and (ii) the time
duration where the pulse stays in the balance zone is considered as a criterion of state-changing
(start-end). Note that for an ideal case (without noise), this balance zone could be limited

very close to the “inactive” reference point (Pt,).

N
8
8
El. field (a.u)
El. field (a.u)

El. field (a.u)
N
8 o

—400

x10°

7000

Balance Zone

Balance Zone 500 Balance Zone

6000
5000
4000 300
3000
2000

1000

0
-400 -300 -200 -100 0 100 200 300 400 -200 -100 0 200 300

—-200 -100 0 100 200
electric field electric field electric field

(a) S1 intracranial (b) S2 intracranial (c) S3 scalp-recorded

1000 500
0

-500

-1000

1

157 1575 158 1585 150 1595 16 59 1595 16 1605 161 1615 162 1625
x10° x10° x10°

El. field (a.u)
.

5

o 8

|
N
S
3

El. field (au)
°
El. field (a.u)

|
N
]
S
s

1.45 15 1.55

,_.
i
&
[
w
"
w
&
"
IS

o
3
s

300 y 350
Balance Zone

Balance Zone Balance Zone

300

IS
]
3

250
300
z
200

200
z 150 z
150

100
100
50

0 0 0
-1000 -500 0 500 1000 -600 -400 -200 0 200 400 600 -200 -150 -100 -50 0 50 100 150 200
electric field electric field electric field

(d) SI intracranial seizure (e) S2 intracranial seizure (f) S3 scalp-recorded seizure

Figure 5.8: Histogram distribution of the electric potentials recorded during the idle (a,b,c)
and seizure (d,e,f) time behavior of three different patients. The range between the red
lines indicates the “balance zone” around the “inactive” reference point (Pt,)

Building from this feature, as eligible amplitude A of a candidate electric EEG time-series
is considered the sequence of k successive units that exceed a threshold (£Ptpg) around
the balance point (Pt): Acegs|+pipe|(ti), @ = 1,..., k. Since the squared amplitude of the
“electric emission” is proportional to its power, the magnitude M of the candidate EEG-EQ is

given by the relation:

M =loge ~1log (3 [Aees(t)]°) (5.5)

In this direction, Figs 5.9a and 5.9b suggestively show that the distribution of magnitudes

of electric pulses included in the ictal part of two intracranial EEG recordings, is also de-
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scribed by the formula (5.2), yielding ¢ = 1.8838 4+ 0.0004 and 1.8281 =+ 0.0009, respectively.
The Levenberg-Marquardt (LM) fitting method [142, 152] was used for optimizing the fitting
process. Herein, N is the total number of the detected EEG-EQs, N (M >) the number of
EEG-EQs with magnitude larger than M, G(> M) = N(M >)/N the relative cumulative
number of EEG-EQs with magnitude larger than M, and « the constant of proportionality
between the energy released and the size of fragment [208]. It should be noted that higher
observed values of the nonextensive entropic index ¢ characterize the strong correlations de-

veloped within the system under study [214].
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Figure 5.9: (a,b) Eq. 5.2 was used to fit the distribution electric events included in two
intracranial EEG recordings. The red part refers the selected-calculated seizure part.

Figs 5.10a and 5.10b show the calculated nonextensive parameter g for all the electrodes
used in the aforementioned EEG recordings. It is observed that the nonextensive parameter ¢
varies between 1.41 ~ 1.9 for all eight patients. The observed differentiation of g-parameter in
the intermediate electrodes is not unexpected since the great variability in the morphology and
mode occurrence of seizures, and the great variability of non-ictal EEG patterns, has already
been emphasized [126]. On the other hand since there is not an optimal estimation of the levels
of experimental noise within those signals, it is not clear whether the magnitudes lower than
a specific threshold refer to the noise levels or to the eligible signal. However, the variation

range of g-parameter with a mean < ¢ >= 1.768 and < ¢ >= 1.722 respectively, indicates
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the nonextensive character of such phenomena.
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Figure 5.10: (a,b) depict the calculated g-parameter included in Eq. 5.2, for all the
electrodes used in EEG recordings of Figs 5.9a and 5.9b, correspondingly.

In order to further test the results, the same analysis was applied to the set of 100 human ic-
tal parts described in Sec. 5.3. Figs. 5.11a and 5.11b depict the analysis in terms of the nonex-
tensive Eq. (5.2), using a balance zone of Ptpg = £1uV and Ptpg = £10uV respectively.
It is observed that the obtained g-parameters vary between the intervals ¢ € [1.257,1.953]
and ¢ € [1.253,1.817], with a standard error varying between s, € [0.0024,0.0254] and
Serr € [0.0024,0.0167], respectively.
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Figure 5.11: Eq. 5.2 was used to fit the distribution of electric events included in 100
human ictal parts [8].

In Fig. 5.12, for repeatability reasons further evidence are provided, showing that the
distribution of magnitudes of electric pulses included in the ictal part of all the rest six scalp-
recorded EEGs, is also described by the formula (5.2). It is observed that the nonextensive
g-parameter varies between 1.693 ~ 1.842 for all the six recordings depicted in Fig. (5.12),
with a standard error varying between 0.001 ~ 0.005 indicating the excellent approximation

of the fitting process. It should be noted that the fitting of some of the analyzed electrodes
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of both the intracranial and scalp-recorded EEG recordings depicted in Figs 5.9 and 5.12, was
relative poor. In addition relative poor fittings where also observed in the case of 100 human
ESs. An empirical look of these fittings one by one, showed that approximately 80% of the
analyzed ESs can be fitted by Eq. (5.2), while the rest of the EEGs (~ 20%) seemed to follow

quite different statistics, than the one described by either Eq. (5.2) or the traditional G-R law.
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Figure 5.12: Eq. 5.2 was used to fit the distribution electric events included in six scalp-
recorded EEGs. The red part indicates the seizure part of each EEG recording.

Indeed, following the latter argument, Osorio et al. [169] mentioned that “increases in
interneuronal excitatory coupling generate characteristic scale seizures regimes that coexist
in space-time with scale-free ones, revealing the richness and complexity of pathological dy-
namics”. Characteristically, the authors provided a generic phase diagram which leads to the
prediction that, if the degree of the coupling strength (or of the heterogeneity) between thresh-

old oscillators is manipulated, transitions between the criticality and synchronized regimes will
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not only occur but will be coextensive. They also mentioned a “shoulder” in the distribution
of the Probability Density Function (PDF) estimation of seizure energies, which characterizes
this transition. Analogous “shoulder” can also be observed in Fig. 5.12a which violates the
linearity of the log G(> M) = N(M >)/N vs M representation of the cumulative number of
magnitudes larger than M, indicating the existence of a ‘characteristic” size (magnitude) in
the distribution of M. Such evidence indicate that a study on the quantitative levels of such
coexistence should be further explored in details.

As it is observed from Figs 5.10 and 5.11 respectively, there is a significant difference
between the mean g-parameter obtained from the intracranial electrodes (Gmean = 1.768
and @gmean = 1.722) in contrast to the g-parameter obtained from the 100 cases of ESs
(¢mean = 1.579 and Gmean = 1.502). This differentiation is mainly observed due to the fact
that the data deriving data from the 100 patients, contain only a small part of 4096 samples
included in the ictal part of the ES. However within the ictal part of an ES, the absence of the
small events is a characteristic feature that governs the underlying interval. On the contrary
the examined parts of the intracranial EEG recordings refer to the whole phenomenon that
characterizes a single ES and includes a population of small events that contribute to increase
correlations in the system under study [214]. This absence of small events possible leads to
a decrement of correlation length which in turn leads to the decrement of the nonextensive
g-parameter. On these grounds, a challenging issue would be to examine the behaviour of
parameters g and « included in the nonextensive formula since such analysis has already been
performed for both the EQs [228] and preseismic kHz EM emissions (See Chapter 2). Thus
in the following section this issue is examined by applying different thresholds of magnitudes
(cut-offs M,) on the available EEG-EQs included in the EEG recordings depicted in Figs. 5.9
and 5.12.

5.8 Examining the behaviour of the parameters included in the nonextensive

formula

Different thresholds of magnitudes cut-offs (M.) were applied using an increasing step of 0.1.
For each step, formula (5.2) along with the use of Levenberg-Marquardt (LM) fitting method,
were used to fit the seizure data in terms of the relative cumulative number of EEG-EQs. A
minimum number of 20 events was considered as a criterion for the statistical completeness.
The derived parameters ¢ and «, were graphically placed on to a common z-axis chart as
shown in Fig. 5.13. Figs 5.13a and 5.13b, depict the analysis applied on the two intracranial
EEG recordings S1 and S2, depicted in Fig. 5.9. The black-bullets refer to the variation of
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nonextensive g-parameter at different thresholds, while the blue-rhombuses refer to the vari-
ation of the volumetric energy density « It is observed that the nonextensive parameter ¢
(depicted with black bullets) remains relative stable for different magnitude thresholds. The
situation changes for even larger thresholds of magnitude, where a relative decrement is ob-
served. This prospective decrement of the g-parameter for larger thresholds of magnitude can
be explained by the fact that the larger the magnitude threshold the larger the number of the
omitted EEG-EQs. According to the fragment-asperity model (SCP), the absence of the small
fractures along with the corresponding redistribution of stresses, contributes to the decrement
of the correlation length during the fracture process [214]. The smaller magnitude threshold
is the one that governs the overall system. It should also be noted that although the nonex-
tensive parameter q decreases at higher magnitude thresholds it still remains high verifying
the strong correlations that have been developed. As concerns the volumetric energy density
« (depicted with blue-rhombuses), its characteristic value, increases at higher thresholds of
magnitude (M.). However, « is the coefficient of proportionality between fragment size and
released energy [218, 208], as it has been stated by the SCP model. This evidence is consistent
with the hypothesis that larger EQs are rooted in larger and stronger entities that sustain the

system [172].
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Figure 5.13: Variation of nonextensive parameter ¢ (see black-bullets) and the volumet-
ric energy density « (see blue-rhombuses), for different thresholds of magnitudes of the
detected EEG-EQs included in the intracranial EEG recordings depicted in Fig. 5.9

The same analysis was applied on the scalp-recorded EEG recordings depicted in Fig. 5.12.
More precisely, from Fig. 5.14, it is observed that the g-parameter derived from the analysis
of patients 1,5 and 6 has the same behaviour with that of the analysis of intracranial ones,
while for the rest the variation remains relative stable indicating the strong correlations in the

sample. On the contrary the volumetric energy density «, has the same behaviour with that
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depicted in Fig. 5.13. Note that although a minimum number of 20 events was selected for
statistical completeness, inconsistencies may occur due to the reduce of the number of events
at larger magnitude thresholds. However these inconsistencies do not seem to profoundly affect

the results in this study.
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Figure 5.14: Variation of nonextensive parameter ¢ (see black-bullets) and the volumet-
ric energy density « (see blue-rhombuses), for different thresholds of magnitudes of the
detected EEG-EQs included in the six scalp-recorded EEG recordings depicted in Fig.
5.12

At this point of analysis, it should be noted that the same method was applied in previous
chapters namely for the seismicity and the preseismic kHz EM emissions that refer to the
last stage of the EQ generation process. Such analysis further verifies the aforementioned
dynamical analogy between the three different kinds of data sources suggesting that similar

behaviour has been observed, namely for:

(i) both the intracranial and scalp-recorded EEG recordings, analysed in this chapter

(ii) the regional seismicity observed prior to Athens (Greece) EQ and the L'Aquila (central

Italy) EQ, analysed in chapters 3 and 4.

(iii) the observed preseismic kHz EM emissions observed prior to Athens and Italy EQs, anal-

ysed in chapters 2 3 and 4.

Reminded that Sarlis et al. [202] have shown that above some magnitude threshold Eq.

(5.2) leads to the traditional G-R law through Eq. (5.3). It has been shown that the latter
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equation leads to the power-low distribution of magnitudes, expressing the fractal nature of
the system under study [203, 249, 200, 118, 30]. Thus in the following section the consistency
of results is further examined using the traditional G-R formula, and an alternative method
which is based on the mean magnitude of the sample. Such analysis will further verify the

validity of the estimations obtained up to now.

5.9 The consistency of results by means of Gutenberg & Richter law

Fig. 5.15, depicts the analysis of the intracranial EEG recordings by means of traditional G-R
law (Eq. (1)) above some magnitude threshold (M.). The experimental data shown in Fig.
5.15 were directly fitted to G-R law for events with magnitude larger than M, = 3.69 and
M, = 4.17, yielding bgr = 0.26 = 0.06 and bgr = 0.41 % 0.08, respectively.

10 AY

\
: \
L N
1 3 "
10'f o 1 \
.
- LY
s -\ s |
Z - 2 10"} [
z ! e z -
p . \e® -
\ \=
dp— -
- \ =
. D.at.a P'OIHI_S 3 * Data Points \
o  Fitting: M _=3.69 \\ o Fitting: M _=4.17 <
o _ p-0.26£0.06 -0.41+0.08
Noyy ™M A3 N1 New =M
10 - . ; ; 10 : : i ; i
0 2 4 6 8 10 0 2 4 6 8 10

M M

(a) intracranial 1 (b) intracranial 2

Figure 5.15: (a,b) Eq. 1 was used to fit the distribution electric events included in two
intracranial EEG recordings depicted in Fig. 5.9. The straight line represents the fitting
to the plotted points on a log(N=ys) vs M diagram by the method of least squares.

As shown by the nonextensive analysis depicted in Fig. 5.9 of Sec. 5.7, the g-parameters
that derive from the fitting of Eq. (5.2) to the experimental data of intracranial EEG recordings,
leads to an estimated, by Eq. (5.3), best = 0.26 (see Fig. 5.9a) and b.sy = 0.42 (see Fig.
5.9b), respectively. Even more, the estimated b-values that derive from the scalp-recorded EEG
recorgings depicted in Fig. 5.12, vary within the range of b.s € [0.4,0.68]. This observation
is consistent with recent studies on premonitory behaviour of b-value before EQs which have
shown that foreshock temporal EQ series and main shocks are characterized by a much smaller
b-exponent (b < 1.0) compared to aftershock sequences [92, 128, 172]. In addition, Eq. 1

was also applied on the experimental data of the scalp-recorded EEG recordings shown in Fig.
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5.12, yielding: bgr = 0.43+£0.11, bgr = 0.82+0.14, bgr = 0.46 £ 0.07, bgr = 0.85 £ 0.09,
bar =0.4+£0.1, bgr = 0.59 £ 0.09, respectively. The latter b-values are consistent with the
estimated ones deriving from Eq. (5.3).

Paradimitriou et al. [172] who studied the EM-EQs included the preseismic kHz EM time
series observed prior to Athens (Greece) EQ (see Sec. 5.8), found that they follow the G-R
law with a b-value of 0.51. As regards the energy, Rabinovitch et al. [192] who studied the
fractal nature of EM radiation induced by uni-axial and tri-axial rock fracture, have found
that the amplitudes of the pre-fracture EM timeseries, follows a “Gutenberg-Richter type” law
with a b-value of 0.62. Additionally, in the present study the energies, E, of the electrical
pulses included in the single rat ES and in a human ES were found to follow the power-
law N(> E) ~ E7%62 and N(> E) ~ E7972, respectively, or equivalently, the power-law
N(E) ~ E1%2 and N(E) ~ E~1-™ (analysis was published in [64]).

Herein it should be noted that the value of b included in the traditional G-R Eq. (1)
for a given group of EQs, is determined usually from the slope of a straight line fitted to
the plotted points on a log(N=ys) vs M diagram by the method of least squares. However,
such determination of b —wvalue may give inaccurate results that are subjected to the following
criticisms [252, 258]: (i) the ordinary least squares method gives too heavy weight to the points
for large magnitude. (ii) different b-values are obtained according to the choice of the length
of interval AM of magnitude in classifying EQs. Further criticisms can be raised concerning
the need for the determination of the magnitude cut-off completeness threshold, which is also
a crucial choice for estimating the slope that refers to the linear part of the log(N=pr) vs M
distribution of the experimental data. On the other hand the nonextensive Eq. (5.2) seems to
be superior to the traditional G-R one since the characteristic value that governs the overall
system is the one that corresponds to the smaller magnitude threshold.

On these grounds, along with the prospect to ensure the validity of the above mentioned
results, in the following section, an alternative method for the estimation of the value of b
in Eq. (1) is examined for the first time. This formula has been widely used in statistical
seismology and has proved its superiority in contrast to the traditional G-R law for a large

number of regions under study [252, 253, 255, 256, 258].
5.10 Dynamical analogy between ESs and EQs: an alternative approach
which derives from statistical seismology

Utsu on 1965 [253], proposed an alternative method for determining the b-value of the Guten-

berg & Richter formula, showing that it is inversely proportional to the mean magnitude M,
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given the minimum magnitude, M,;», of the EQ magnitudes. More precisely, if the mag-
nitude frequency distribution of EQs obey the Gutenberg-Richter law, we get the following
approximate relation for the moment of order n:

_NI'(n+1)

N
M’i - MC " ~ n
P ( ) (bIn10)

(5.6)

where, N is the total number of EQs and M, is the smallest magnitude in the sample. For

the case of n =1, Eq. (5.6), is given by:

b— Nlogijpe  logyge
N T M-
> M-~y MM
i=1

(5.7)

where M is the average magnitude and M, is the minimum magnitude in a sample. At the same
year, Aki [3] showed that Eq. (5.7), is equivalent to the maximum likelihood estimation, and
provided the confidence limits for this estimation from a given sample. For the case where there
is no uncertainty in magnitude, the approximate 95% confidence limit of b is +1.96(b/v/N).
Later on, Utsu (1966) [254] suggested slight modification of Eq. (5.7) addressing the use of

the binned magnitudes. The final equation reads as follows:

logg e
butsu = = £10

M — (M, — &M

(5.8)

where, AM, is the lowest binned magnitude in the sample.

It has been shown that the latter equation gives unique, unbiased and accurate estimation
of b-values [258]. Characteristically, Monte Carlo simulations applied on Eq. (5.8) have shown
that this method is superior to the least squares estimation of the b-value in the case of
N = 50 ~ 100 samples at least [252, 253, 255, 256]. Another strength is that it does not
require any fitting process but only a good approximation of the cut-off completeness threshold
which in turn can be found from the G-R distribution of the experimental data.

Herein, it is recalled that studies on premonitory behavior of b-value before EQs which have
shown that foreshock temporal EQ series and main shocks are characterized by a much smaller
b-exponent (b < 1.0) compared to aftershock sequences [92, 128], while several studies from
different disciplines have shown this corresponding behavior of the b-value [64, 192, 123, 172].
Characteristically, [174] who studied the foreshock seismicity prior to L'Aquila EQ (see Sec.
4.3) in terms of Eq. (5.8), found that in the last 10 days before the mainshock, the b-value
dropped significantly to b = 0.68.

On these grounds, the present study examines the applicability of Eq. (5.8) to the study

of epileptic EEG recordings, in order to explore the consistency of results of this alternative
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approach with those retrieved when using the traditional G-R law. In addition, since the
nonextensive formula leads to the G-R law through the [202] equation (5.3), a comparative
study of b-values is applied. Such analysis aims to subsequently enhance the validity of the
nonextensive formula, on the one hand, and further elucidate the suggested dynamical analogy
between the two phenomena (EQs and ESs), on the other. Table 5.1 shows a comparative
list of the calculated b-values derived from equations (1), (5.3) and (5.8) applied on both the
experimental data of the intracranial EEGs depicted in Fig. 5.9 and the scalp-recorded ones
depicted in Fig. 5.12. It is observed that the later Eq. (5.8) provides similar b-values with
those deriving from the rest two equations, ranging within the interval by, € [0.27,0.76]. This
similarity indicates the consistency with the theoretical background supported from equations

(1) and (5.3).

Table 5.1: Comparative table between Equations (1),(5.3) and (5.8)

specimen bor, Fq.(1)  best, £q.(5.3)  butsu, Eq. (5.8)

intracranial 1 0.26 + 0.06 0.26 0.27

intracranial 2 0.41 +0.08 0.42 0.33
scalp-recorded 1  0.43 £0.11 0.40 0.38
scalp-recorded 2 0.82 +0.14 0.78 0.76
scalp-recorded 3  0.46 + 0.07 0.50 0.40
scalp-recorded 4 0.85+ 0.09 0.80 0.64
scalp-recorded 5 0.40 +0.10 0.37 0.38
scalp-recorded 6  0.59 4+ 0.09 0.68 0.47

Expanding on the relevance of Eq. (5.8) to the study of ESs, the analysis of table 5.1 is
applied on all the electrodes used for each one of the two intracranial EEG recordings depicted
in Fig. 5.9. Fig. 5.16 shows two scatter plots of the calculated relationship between the
obtained b-values and g-parameters. More precisely, the relation between the nonextensive
g-parameter and the b-value associated with the G-R formula (Eq. (1)) has been given by
[202] (see Eq. (5.3)). In Fig. 5.16 the solid blue line, depicts this theoretical relationship,
indicating that the higher the nonextensivity, the lower the associated b-value. Note that the
lower b-values express the increase of accumulated stresses in the region under study. The black
marks indicate the b-values calculated directly from Eq. (1) (G-R formula), corresponding to
the g-values calculated respectively. The blue marks indicate the b-values calculated directly
from Eq. (5.3) (Sarlis formula) while the square-marks refer to Eq. (5.8) (Utsu Formula). As
observed in Fig. 5.16, most of the b-values that derive from Eq. (1) and (5.8) are very close
to the theoretical ones (see solid line) indicating the consistency with Eq. (5.3). Note that for
the estimation of b-values related to equations (1) and (5.8), the same cut-off completeness

threshold M. was applied, which is mainly determined by the experimental data that refer to
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the linear part of the log(N=ys) vs M distribution of the G-R law representation.
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Figure 5.16: Scatter plot of the calculated relationship between the b-value and ¢-
parameter. The blue line refers to the theoretical curve of Eq. (5.3). The blue, red
and black bullets refer to the estimated b-values calculated from equations (5.3)(5.8) and
(1) respectively.

Following on this line of analysis, Table 5.2 provides a quantitative expression of the close
relevance of experimental results to the theoretical background this study deals with. Specif-
ically, we present the percentage analysis of the calculated parameters that derive from the
three aforementioned equations. As shown for the first intracranial EEG (Fig. 5.16a), 82%
of the calculated electrodes gave a b.s; < 1, 84% gave bys, < 1 and 74% gave bg_gr < 1,
respectively. As concerns the g-parameter, 89% of the calculated electrodes were found with
q > 1.6. For the second intracranial EEG recording (Fig. 5.16b), we get 66% of best < 1, 79%
of bytsu < 1, 80% of bg_r < 1 and 89% of g > 1.6 respectively.

Table 5.2: Comparative table between Equations (1),(5.3) and (5.8), percentage results

specimen bor <1, Eq. (1) best <1, Eq. (5.3) busu <1, Eq. (5.8) ¢ > 1.6,
intracranial 1 74% 82% 84% 89%
intracranial 2 66% 79% 80% 89%

The latter quantitative results reveal that more than & 80% of the electrodes are consistent
with the “scale free” nature of the ES phenomenon under study. This suggestion is justified in
the present analysis by nonextensive dynamics and the three formulas related with the b-value
estimation. Moreover, the scalp-recorded EEG recordings have also revealed similar behaviour
with the intracranial ones as shown in Sec. 5.8.

A crucial differentiation here is that the electrodes of an intracranial EEG recordings are

mainly located very near to the brain area that is considered to be the possible source of the

The generation process of extreme events: a combined approach G. Minadakis



CHAPTER 5. FROM EQS TO THE DYNAMICS OF REGIONAL BRAIN ACTIVITY 135

ES problem. The selection of this area mainly results from examinations applied to the patient
using scalp-recorded EEG recordings or even tomographic methods that may reveal a possible
pathogenesis. On the contrary the electrodes that refer to scalp-recorded EEG recordings are
mainly located over an area that covers the most part of the brain activity, according to the
10-20 electrode placement system [101]. A crucial importance in this differentiation is that the
intracranial EEG recordings are actually refer to the “regional seismicity” of the brain activity,
namely the EEG-EQs over the possible epicenter of the pathogenic region in contrast to the
scalp-recorded which refer to a greater region of interest. Thus from the perspective of self-
affinity, we have evidence of similar behaviour by two different scales of brain. It seems that
the self-affine nature of “fracture and faulting in the brain” can be adequately explained by the
nonextensive equation (Eq. 5.2), as well as from the traditional G-R law (Eq. 1) which leads
to the power-low distribution of magnitudes [203, 249, 200, 118, 30]. Such analysis provides a
preliminary indication that further verifies the self-affine nature of ESs, at two different scales
of regional brain activity.

Summarizing at this point of analysis, the existence of dynamical analogy between earth-
quake dynamics and neurodynamics has been further supported in this work by means of the
nonextensive Eq. (5.2) on one hand and an alternative formula (Eq. (5.8)) which is based
on the mean magnitude of the sample. The applicability of such models for EQ dynamics in
epileptic seizures indicates that such phenomena obey laws which have the property of “self-
similarity” or “scale-invariance”. This means that these laws are universal in the sense that the
shape of the distribution of physical quantities such as magnitudes of EEG-EQs examined in
this study are “scale-free” or insensitive to fluctuations in the scale at which they are observed

[168]. This implies that they do not depend on details concerning the actual species [64].

5.11 Discussion & Conclusions

Numerous authors have reported strong analogies between earthquake dynamics and neurody-
namics suggesting that epileptic and seismic crises can be analyzed within similar mathematical
frameworks [107, 105, 197, 122, 169, 64]. Motivated by the universal principles rooted in dis-
parate problems ranging from particle physics to economies of societies, the main interest in
this study was the dynamics of complex systems [20, 220, 221, 214, 265, 266, 180, 45, 131,
214, 2, 76, 176]. In this direction, analysis in this chapter revealed both spatially and tempo-
rally, common "“pathological symptoms” governing the generation of two seemingly different
extreme events: epileptic seizures and earthquakes. More precisely, using entropic metrics such

as T-Entropy [244] and nonextensive Tsallis entropy [245], it was found that the generation of
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a single epileptic seizure/earthquake is accompanied by the appearance of higher organization.
In addition using the Rescaled Range Analysis method [109], it was found that the underlying
generation process is also characterized by persistent behaviour revealing a positive feedback

mechanism that reflects the leading of complex systems out of equilibrium.

Drawing from a model for EQ dynamics which is routed on the concepts of nonextensive
statistical mechanics, the present work reports further evidence that a dynamical analogy exists
between the generation of a single epileptic seizure and an EQ. More precisely, it was shown
that a recently introduced nonextensive formula for EQ dynamics which leads to a Gutenberg-
Richter type law for the magnitude distribution of EQs (formula 5.2), can adequately describe
(with 89%, g > 1.6) the electric events included in a single epileptic seizure not only for the

EEG-EQs included in the scalp-recorded EEGs [64] but also for the intracranial ones.

The latter formula is directly connected to the traditional G-R law (Eq. 1), above some
magnitude threshold through Eq. (5.3), which in turn leads to the power-low distribution of
magnitudes, expressing the fractal nature of the system under study [203, 249, 200, 118, 30].
In this direction, the results of this study were further supported with an alternative formula
which is based on the maximum likelihood estimation of the b-value included in the G-R law
(see Eq. (5.8)), providing first indication of similar b-values (with approximately 80%, b < 1)
with those deriving from Eq. (5.3) and the G-R formula.

Applying different thresholds of EEG-EQ magnitudes contained in both types of EEG
recordings under study, it was found similar behaviour of the parameters included in the nonex-
tensive formula with that founded on the analysis of the regional seismicity around the epicenter
of large EQs [228, 159], and the EM-EQs contained on the preseismic kHz EM emissions which
refer to the last stage of the generation process of EQs [158]. From the perspective of self-
affinity, the different placement (spatially) of the electrodes of scalp-recorded and intracranial
EEG recordings provides a relevant framework to examine the fractal nature of such phenomena
at two different scales of the regional ES activity in the brain. This similarity further enhances
the common scale-free nature of such phenomena and provides a preliminary indication of the

self-affine nature of the regional (ES) activity in the brain, in terms of nonextensive dynamics.

Summarizing at this point, this work comes to further verify the suggestion that as long as
similar properties and common distinctive features can be found in the two types of extreme
events, it may be possible to draw on identified dynamic analogies in order to utilize transferable
ideas and methods [168, 64]. Such analysis further enhances the aforementioned dynamical
analogy suggesting that more exhaustive study of the aforementioned biological and geophysical

shocks in terms of nonextensive Tsalis statistics is needed to give a deeper interpretation of
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their generation. Results and insights from the study of epileptic seizures may provide useful

approaches that can feed back into the analysis of EQs and vise versa.
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Chapter 6

Spatiotemporal analysis of
catastrophic phenomena: a set of

proposed formulas

As we have seen so far form the analysis in previous chapters, a number of complex systems un-
der study are governed by laws that have the property of “self-similarity” or “scale-invariance”
[203, 249, 200, 118, 30, 168], such as: the Gutenberg & Richter Law and the fractional
power law relationship. Earthquakes (EQs), preseismic kHz electromagnetic (EM) emissions
and epileptic seizures (ESs) examined in this study, seem to follow these universal laws. The
great variability of such systems is a crucial feature that complicates the study of such phe-
nomena, especially when different regimes coexist during their generation process. For the
most part of the literature review, the statistical tests and the energy calculations are of the
most fundamental subjects, deriving through empirical Gutenberg-Richter energy-magnitude
relationships. Although the precise physical significance of these relationships is somewhat
uncertain, several attempts have been made from scientists to give a proper interpretation of
the generation mechanism that exists behind a catastrophic phenomenon [88, 119, 29, 218].
This chapter addresses a number of concerns raised during the course of this research. With
a view to consider a different approach on key theoretical principles associated with the gen-
eration process of catastrophic phenomena, analysis here is focused on parameters such as:
the energy of EQs, the mean and maximum magnitude of the sample, the probability that two
samples may come from the same population, and the long-range correlations in terms of a
nonextensive model for EQ dynamics. Such an attempt aims to contribute to the knowledge

of natural phenomena, providing a few more ways for their interpretation.
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6.1 Relation between energy and mean magnitude of the sample

The present section deals with the analysis of seismicity catalogues within the framework of
nonextensive Tsallis statistical mechanics, namely the revised version of a recently introduced
model for EQ dynamics [218, 208], analytically described in Chapter 2. The non-extensive
Gutenberg & Richter type formula which describes the earthquake (EQ) dynamics has been
analytically described in Chapter 2. The entropic index ¢ included in the non-extensive Guten-
berg & Richter type formula (see Eq. (2), describes the deviation of Tsallis entropy from the
standard Boltzmann-Gibbs entropy. The corresponding physical quantity «, is the constant of

proportionality between the EQ energy, €, and the size of fragment r.

As already mentioned in previous chapters, the relation between these two parameters is still
an open issue since a relative mirroring behaviour was found due to the analysis in this study.
This observation has also been justified from a previous study on regional seismicity in terms of
the nonextensive model for EQ dynamics [155]. Specifically, Matcharashvili et. al [155], who
studied the temporal evolution of both the g-parameter and the energy o mentioned that when
a strong EQ occurs and much more correlated behavior of the system constituents is assumed
to take place, the emergence of short and long range correlations is reflected in an increase of
the nonextensive parameter g. On the contrary, lower nonextensive g-parameter indicates that
the amount of accumulated stress is not yet enough to initiate a correlated behavior of the
whole system under study. Concerning the energy, decreases of a are associated to activated
movements of large size fragments, as opposed to quiet periods, when accumulated stress
energy is mostly released through the relative movement of small fragments [155]. Additionally,
Telesca (2010) [227] who studied the Italian territory by means of the nonextensive model,
suggested that differences in ¢ may characterise different EQ triggering mechanisms, namely,
stick-slip-like for low ¢ values and a fragment-asperity interaction-type for high values of ¢

respectively.

Herein a challenging issue would be to examine the spatial variation of the nonextensive
parameter q and the volumetric energy density «, in order to have an overall view that may elu-
cidate the underlying relation. Two data sources were used in order to ensure that the results
of this study are applicable in different regions of the globe: (i) the Greek seismicity catalog
deriving from the website of the National Observatory of Athens (NOA) during the period from
01/01/1990 to 31/12/2009, and (ii) the Southern California catalogue of the Southern Cali-
fornia Earthquake Data Center (SCEDC) (http://www.data.scec.org/research-tools/

alt-2011-dd-hauksson-yang-shearer.html), from 1981 to 2011 [96].
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6.1.1 Analysis of the Greek earthquake catalogue

Eq. (2) was used to examine the spatial variation of the nonextensive g-parameter and the
volumetric energy density «, for the Greek seismicity included in the period from 01-Jan-1990
00:00:00 to 01-Jan-2011 00:00:00. The Greek territory was scanned using a shift of 0.2° in

longitude and latitude, as shown in Fig. 6.1.
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Figure 6.1: Spatial distribution of the nonextensive g-parameter and the volumetric energy
density «, for the Greek seismicity included in the period from 01-Jan-1990 00:00:00 to
01-Jan-2011 00:00:00. The star-marks indicate the EQs with magnitude larger or equal
than 5.0Mp. The colored bars indicate the variation range of ¢ and « respectively.
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Herein, a spatial area of approximately 50 km around each relative point was examined.
For each calculation, the obtained parameters were graphically placed at the center of each
scanned area with different colors. A minimum number of 50 events was used as a criterion
for the statistical completeness of each calculation. The Levenberg-Marquardt (LM) method
[142, 152] was applied in order to achieve an efficient and accurate fit for the estimation of
the nonextensive parameter gq. Fig. 6.1 shows a contour plot of the spatial distribution of
g-parameter and energy «. The star-marks indicate the EQs with magnitude larger or equal
than 5.0M}y. From Fig. 6.1a, it is observed that in geographic areas that have experienced
with large EQs, the nonextensive parameter ¢ presents higher values in contrast to the rest of
the areas under study. On the contrary, the spatial distribution of the volumetric energy density
a (see fig. 6.1b), presents both lower and higher values within the geographic areas where
large EQs have occurred, resulting to a mirroring behaviour in contrast to the ¢ — parameter.
A characteristic example, is the cluster of large EQs (> 5.0M) contained in the south-east
part of Greece which presents both high nonextensivity and high energy density . On the
other hand, the cluster of large EQs contained in the central-west part of Greece presents high
nonextensivity and lower values of energy density a.. Similar alternations can also be observed

between other regions of Greece.

Drawing from these results, a challenging issue is to examine the way in which the oc-
currence of larger EQs reflects to an increase of nonextensivity on one hand and to further
elucidate which regions reflect the above mentioned alternations of energy «, in relation to
the nonextensive parameter ¢, on the other hand. Thus, an appropriate framework for such an
analysis would be to examine the behaviour of these parameters in comparison to the maximum
(Mpnaz) and average magnitude (M,,) of the EQs contained in each one of the calculated
areas derived from the spatial method, as applied in Fig. 6.1. Fig. 6.2, shows the scatter plots
for each pair of the aforementioned parameters. Indeed, from Fig. 6.2a it is observed that
the areas which contain large EQs (M4, > 4.7, see red-asterisks), present constantly higher
values of nonextensivity ranging from 1.4 —1.75. On the contrary, the areas that contain lower
values of the maximum magnitude (M4, < 4.7, see black-bullets), seem to be divided in two
classes: those that develop relative higher nonextensivity and those which do not. However,
the situation changes for the case of the comparison between the average magnitude (M,,)
and the g-parameter, as shown in the scatter plot of Fig. 6.2b. It is observed that although
both populations are characterized with different levels of nonextensivity, their average mag-
nitude (M,,) does not seem to distinguish as well this feature, where similar values of M,,

are observed in both populations. Furthermore, a crucial observation obtained from fig. 6.2b,
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is that the population of the areas that contain smaller EQs (M. < 4.7, see black-bullets),
present higher nonextensivity at lower values of average magnitude, and lower nonextensivity
at higher values of average magnitudes. On the contrary, this mirroring behavior is much less
for the population of the areas that contain larger EQs (M,,q0 > 4.7, see red-asterisks), which
in turn present relative higher nonextensivity at all scales of average magnitude (M,,). In
other words, this can be expressed as: “the smaller the maximum magnitude of EQs within
the area under study, the larger the mirroring alternations between the average magnitude and

the nonextensivity.”
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Figure 6.2: (a) depicts the scatter plot between the nonextensive parameter ¢ and the
maximum magnitude of the EQs contained in each one of the calculated areas derived
from the spatial method applied in fig. 6.1. (b) depicts the scatter plot between the
g-parameter and the mean magnitude, respectively. The red-asterisks refer to the areas
that contain EQs with M,,q, > 4.7, and the black-bullets refer to the areas that contain
EQs with M4, < 4.7.

Since the seismic energy FE released during an earthquake is related to the magnitude
through E ~ 10°™, where c is around 1.5 [120], the same comparison, between the spatial
variation of the volumetric energy density «, and the parameters (M,,q,) and (M,,) was
also applied, in the prospect to further examine the way in which the existence of larger EQs
reflects to an increase (or to a decrease) of the levels of energy density, as revealed from Fig.
6.1. In Fig. 6.3, the scatter plots for each pair of the parameters: logio(a) ~ Mypa, and

logio(cr) ~ My, are presented.

Focusing on Fig. 6.3a, it is observed that for higher maximum magnitude rates there is a
relative decrease of the energy . On the other hand, although the relation between logio(c)
and M4, is not depicted so clear for lower, intermediate and higher values of maximum

magnitudes, it seems that for lower values of M, there is a relative increase of the energy.
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This evidence reveals that the value of maximum magnitude of EQs contained in the area
under study seems to affect in a mirroring way the volumetric energy density of the system
where this transition is observed at a specific magnitude threshold (M = 4.7). Moreover,
it also seems to affect the levels of nonextensivity of a system, namely, the short-long range
correlations developed between its entities, for higher values. On the other hand, from Fig.
6.3b, a linear relation between the average magnitude M,, and the logarithmic expression of
the energy density «, is observed. More specifically, this can be expressed as: “the larger the
mean magnitude of the EQs within the area under study, the larger the volumetric energy
density a”. Furthermore, it is also observed that the regions that contain lower values of
maximum magnitude cover the upper diagonal part of the linear distribution (see black-bullets
in Fig. 6.3b), while larger values of M,, ., cover the lower diagonal part of this distribution

(see the red-asterisks in Fig. 6.3b).
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Figure 6.3: (a) Scatter plot between the volumetric energy density « and the maximum
magnitude M, of the EQs contained in each one of the calculated areas derived from the
spatial method applied in fig. 6.1. (b) Scatter plot between « and the average magnitude
My,,. The red-asterisks refer to the areas with M, > 4.7, and the black-bullets refer to
those with M, < 4.7.

Finally, since the main perspective in this work is to examine the relation between the
nonextensive g-parameter and the volumetric energy density «, in order to explain the under-
lying mirroring behaviour, in Fig. 6.4 a scatter plot is presented depicting the corresponding
values obtained from the spatial analysis of the Greek EQ catalog. As it is observed from Fig.
6.4, the higher alternations of energy are observed in regions that contain lower maximum
magnitudes and in contrast to those that contain larger EQs. This insufficient behaviour is
very similar with that described for Fig. 6.2b. However this was an expected result since there

is linear relation between logio(«) and the average magnitude My, as shown in Fig. 6.3b.
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Figure 6.4: Scatter plot between the volumetric energy density o and the nonextensive ¢-
parameter of the EQs contained in each one of the calculated areas derived from the spatial
method applied in fig. 6.1. The red-asterisks refer to the areas that contain EQs with
M > 4.7, and the black-bullets refer to the areas that contain EQs with M, < 4.7.

At this point of analysis, the empirical findings of this work suggest that the logarithmic
expression of the energy distribution of earthquakes is mostly dependent from the average
magnitude (M,,) of the sample in a linear way, while the maximum magnitude seems to
affect this expression in a mirroring way. Indeed, according to Utsu formula [252], the b-value
obtained from the traditional Gutenberg & Richter equation (log N(> M) = a — bm) is
inversely proportional to the mean magnitude M,,, given the minimum magnitude, M,,;,, of

the EQ series under study [253, 3] as follows:

Mgy ~ My +1/2.3b (6.1)

Thus, working the b-value is equivalent to working on the mean magnitude of the sample
under study. Since the lower b-values express the increase of accumulated stresses in the
region under study, the linear relation between M,, and logip(a) obtained from fig. 6.3b,
reveals that the lower the accumulated stresses that sustain the system the lower the energy
density a. However in order to further verify this hypothesis, analysis in the following section

focuses on the Southern California EQ catalogue.

6.1.2 Analysis of the Southern California EQ catalogue

Herein, the same spatial analysis with that on previous section was also performed for the
case of Southern California EQ catalogue. It should be noted that this catalogue is a revised
(relocated) version which is considered to be more accurate in contrast to the Greek EQ

catalogue. The Southern California has experienced with large EQs coming from the well
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known San Andreas Fault [242] which is a part of an active transform fault zone that connects

the Pacific tectonic plate with the North American tectonic plate. The relative motions of

these plates have been generated a series of EQs of significant size and interest [13] as shown

in Fig. 6.5.
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Figure 6.5: Spatial distribution of the nonextensive g-parameter and the volumetric energy
density «, for the Southern California seismicity included in the period from 1981 to 2011.
The star-marks indicate the EQs with magnitude larger or equal than 5.0M7,. The colored
bars indicate the variation range of ¢ and « respectively.
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The underlying mirroring behaviour between the two parameters, namely ¢ and «, is also
observed for the seismicity included across the central part of the map. On the contrary,
although the data from the Northern California are missing, for the north-west part of the map
this feature is not observed. Special attention should be given to the fact that the overall
area of Southern California presents higher rates of nonextensivity in contrast to the Greek
seismicity (¢ = 1.5). In Fig. 6.6, the scatter plots between the maximum magnitude M4,

and mean magnitude M, versus the nonextensive parameter g are presented.
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Figure 6.6: (a) depicts the scatter plot between the nonextensive parameter ¢ and the
maximum magnitude of the EQs contained in each one of the calculated areas derived
from the spatial method applied in fig. 6.1. (b) depicts the scatter plot between the
g-parameter and the mean magnitude, respectively. The red-asterisks refer to the areas
that contain EQs with M, > 4.7, and the black-bullets refer to the areas that contain
EQs with M4, < 4.7.

According to nonextensive model, the smaller fragments are those that increase the corre-
lated behaviour of the system, thus it is expected that smaller earthquakes should be found
in the seismicity under study. Indeed, it is observed that the mean magnitude varies within
the interval M,, € [1.1,3.4] while for the case of Greek Catalog varies within the interval
Mg, € [2.2,3.8]. This observation verifies the aforementioned suggestion. Moreover, com-
paring the results with those obtained fro the case of the Greek catalogue, it is observed all
the parameters behave in the same way with a minor difference in Fig. 6.6b, at lower ¢-
values where the mirroring range between ¢ and my,, is less in contrast to the Greek catalog:
Qgreece € [1.2,1.75] and qeiifornia € [1.5,1,75]. This narrowness of the variation range of
the distribution of the experimental data is also obvious in 6.6a. However the shape and the

information that we get is the same with that of the Greek catalogue.

In Fig 6.7, the scatter plots between the maximum magnitude M, and mean magnitude

G. Minadakis
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M, versus the energy density « are presented. It is observed that for lower maximum mag-
nitudes (M < 4.7) there is a relative gradually increment as the as the maximum magnitude
increases. This can be justified by the linear fitting of the experimental data depicted with
black bullets. On the contrary for larger maximum magnitudes included in each sample under
study, the energy is gradually decreases as shown for the linear fitting applied on the exper-
imental data depicted with red bullets. It should be noticed that the threshold of M = 4.7
that characterizes the transition from one state to the other, was empirically estimated and
was found to be the same as that for the case of the Greek catalogue. However, the relation
between logio(c) and M4, is not depicted so clear for lower, intermediate and higher values
of maximum magnitudes as for the case of the Greek catalogue. There is a variety of energies
observed fluctuating in the order of ~ 10%, that characterizes the variety of the morphology
of the occurring fractures. Focusing on Fig. 6.7b, a crucial characteristic that it is observed,
is the linear relation between the logarithmic expression of the energy a and the mean magni-
tude My,. This linearity has been also observed due to the analysis of the Greek catalogue.
Moreover the observed thickness of the distribution of the experimental data strongly verifies

the underlying relation.
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Figure 6.7: (a) Scatter plot between the volumetric energy density o and the maximum
magnitude M,,,, and the average magnitude M,,, for the case of Southern California
catalogue. The red-asterisks refer to the areas with My, > 4.7, and the black-bullets
refer to those with M., < 4.7.

Finally, in Fig. 6.8, the scatter plot between the volumetric energy density o and the
nonextensive g-parameter is depicted, showing the aforementioned consistency with Fig. 6.6b,
as described in previous section, for the case of Greek catalogue. Herein, it should be noted that
the relative difference observed on the areas that contain EQs with M, < 4.7 (black-bullets)

is mainly due to the different way in which the EQ epicenters are produced. The accuracy of
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California catalogue in contrast to the Greek catalogue has been repeatably mentioned by the
literature [173, 174, 13, 242]. Thus the results obtained here are more consistent in contrast to
those obtained from the case of Greek catalogue. Moreover, on 2001 the Geodynamic Institute
of Greece has upgraded the technology related to the estimation of EQ magnitudes/epicenters
providing more accurate estimations in contrast to previous years. Nevertheless, the overall

observations are consistent with the theoretical framework this study deals with.
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Figure 6.8: Scatter plot between the volumetric energy density o and the nonextensive ¢-
parameter of the EQs contained in each one of the calculated areas derived from the spatial
method applied in fig. 6.1. The red-asterisks refer to the areas that contain EQs with
M > 4.7, and the black-bullets refer to the areas that contain EQs with M, < 4.7.

Against these results, a possible empirical relation between the energy o and the mean

magnitude My, of the sample under study should read as follows:

logio(a) = by My, + c, (6.2)

where log1o(«) is the logarithmic expression of the volumetric energy density «, M, the mean
magnitude of the sample and b, the slope of the linear regression fitting of the experimental
data. Figs. 6.9a and 6.9b show the fitting of the experimental data by means of Eq. (6.2), for
the Greek and Southern California catalogues, respectively. The slopes of the linear regression
fitting process were found:b, = 3.0 and b, = 3.1, correspondingly. The similarity between the
two aforementioned b, values leads to the suspicion that there is a universal indicator that
characterizes the underlying relation between the energy and the mean magnitude of the sample
which is estimated b, = 3.0. Thus in order to verify this suggestion, the Italian catalogue was
further examined using the same spatial method applied to previous two catalogues, for the
period between 01-Jan-2005 00:00:00 and 01-Jan-2009 00:00:00. Indeed, as shown in Fig.

6.9c, the estimated b,-value was found b, ~ 2.8.
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Figure 6.9: Scatter plot between the volumetric energy density o and the mean magnitude
My, for the case of the Greek, Southern California and Italian catalogues respectively.
The red line refers to the linear regression fitting of the experimental data.

The study of the energy release of earthquakes has been an challenging field of research
since several ways have been proposed for its estimation [106, 119, 91, 88, 90, 114, 143]. In
addition, a variety of physical parameters have been used such as: the fault-length, the fault-
displacement, the fault-area, velocity-acceleration-complexity of the fault-motion, duration of
faulting, in order to understand and quantify the process of the fracture, namely the earthquake.
Among them the magnitude is one of the most fundamental physical parameters involved in
the methods and formulas proposed by the literature. The energy-magnitude relation was first

proposed by Gutenberg & Richter [88] after many revisions, given as follows:

logE = 1.5mg + 11.8 or equivalently logE = 2.4mp + 5.8 (6.3)

where E is the radiated energy (in ergs). mg and mp refer to the surface-wave magnitude
and the body-wave magnitude scales proposed by G-R. Although this was an empirical relation

it was considered as a good gross relation and it is sill widely used nowadays.
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Later on, Kanamori (1977) [119] proposed an alternative formula between the radiation
and the seismic moment My, that gave similar results compared to the previous formula, and

reads as follows:

E = (Ao /2pu) Moy, (6.4)

where Ao is the average stress drop in the earthquake, and p is the rigidity of the medium
near the fault.

The latter formula (6.2) does not claim any inconsistence of the previous two equations
mentioned above, but just verifies a simple relation that has been empirically found in terms
of a nonextensive model for EQ dynamics, which is also supported by the literature [119, 88].
A crucial characteristic that should be mentioned is the variety of the available magnitude
scales used for the seismic catalogues, such as: My, Mg, Mp and Myy. These scales are
mainly coming from the analysis of the seismic source spectrum of the wave data and they
are very different concerning their saturation and accuracy. The magnitude scale used for the
available data contained in the seismic catalogues under study, is the M}, local and regional
scale, mainly used in the Western United States and also adopted by Italy and Greece. On
these grounds, the fact that the latter formula is related to the mean magnitude of the sample
(containing more that one single EQ), leads to a reasonable assumption that this parameter
would be less affected from the saturation-accuracy of the magnitude scale that is described.
On the other hand, the repeatability of the results at the seismic catalogues of three different
countries, strongly supports the underlying relation.

To further test whether the results of this study are unified, in the following subsection

focuses on the analysis of epileptic seizure recordings.

6.1.3 Spatial analysis of the brain

This section focuses on whether the linear relation between the volumetric energy density energy
and the mean magnitude of the sample is also depicted in the case of the brain activity related
to a single ES. Specifically, analysis builds on the two intracranial EEG recordings analysed
in Chapter 5. Each one of these recordings contain 96 separate electrodes located near the
brain area that is considered as the pathogenic region that triggers the epileptic seizure. Such
topography provides a relevant framework for applying a spatial analysis similar to that of
previous section, considering that each one of these electrodes refer to a regional brain activity
beneath its location. Thus for each one of these electrodes, the electric events contained in

the seizure part of these recordings were first calculated, using the method defined in Chapter
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5. The nonextensive Eq. 2, was then applied on the distribution of events calculated, for each
electrode. It should also be stressed that the selection of the seizure part was determined by
the experienced surgeon who performed the operation.

Fig. 6.10, depicts the scatter plot between the volumetric energy density a and the mean
magnitude of each sample under study. Herein, as opposed to the analysis of seismicity
catalogues, the experimental data are more sparsely distributed along the two axes, while the
b, values obtained through Eq. (6.2) yield: b, = 4.1 and b, = 3.9 correspondingly. It is
recalled that analysis in Chapter 5 showed that ~ 80% of the electrodes where found to follow
the nonextensive formula while the rest of them seemed to follow quite different statistics.
This observation was also justified by the study of Osorio et al. [169]. In addition the selected
parts of these signal mainly refer to the seizure part which is expected to include in its most
part large sizes of events. Indeed, the rates of the mean magnitude for both EEG recordings
vary between the interval of My, € [4.2,6.2] for the first intracranial EEG and M,, € [3.9,5.3]
for the second one correspondingly. However, the underlying linear relation found due to the

analysis of seismicity catalogues is also observed here.
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Figure 6.10: (a,b) Scatter plot between the volumetric energy density o and the average
magnitude My, for the case of two intracranial EEG recordings.

The latter suggestion is further justified through the scatter plots between the g-parameter
and the volumetric energy density «, as shown in Fig. 6.11. The underlying mirroring behaviour
is also observed more clearly specially in higher rates of energy. In particular, it is observed
that as the value of the volumetric energy density increases, the nonextensive parameter ¢
constantly decreases without significant fluctuations. On the contrary, when the energy rate
exceeds a certain threshold then the system seems to change its behavior, where high volatility

of nonextensivity is observed.
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Figure 6.11: (a,b) Scatter plot between the g-parameter and the volumetric energy density
«, for the case of two intracranial EEG recordings.

This behaviour leads to the suspicion that there are of two different “fracture regimes”
on the same phenomenon. Specifically, drawing from the nonextensive model for earthquakes,
when the system is governed by small events, this reflects to the fact that the developed stresses
are not capable to exceed the breakage threshold of large fragments included in the system.
The siege of fragments at lower energies leads to the increment of the correlation length keeping
the system at higher nonextensive levels. As the developed stresses increase, the underlying
threshold is gradually achieved by destroying most of the fragments involved in this process.
This leads to the absence of small fragments where the interaction between larger and stronger
entities takes place marking a new regime: the fragment-asperity interaction occurring at
higher energies-stresses. On these grounds, the breakage of larger entities reproduces smaller
fragments. These newly created fragments, along with the redistribution of stresses that
follows, lead the system to the volatility of nonextensivity for larger energies. This scenario has
been also verified through the temporal analysis of preseismic kHz EM emissions (see Chapter
2). Furthermore, for the case of the brain, the results reveal that these two regimes coexist
under a single regional ES brain activity. Analogous coexistence has been also found from
the study of Osorio et. al [169] who mentioned a synchronization shoulder that violates the
linear part of the probability distribution of energies. The similarity of the behaviour with the
seismicity, provides preliminary indication that verifies this coexistence of two different regimes,
indicating that further consideration should be given on the common-universal character of such

complex phenomena [54, 169] in terms of energy and nonextensivity.
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6.2 A new approach for the estimation of nonextensivity

It is recalled that the frequency magnitude relationship for EQ dynamics is given by the Guten-
berg & Richter formula [89], Eq. 1. Utsu on 1965 [253], proposed an alternative method
for determining the b-value of the Gutenberg & Richter formula, showing that it is inversely
proportional to the mean magnitude M, given the minimum magnitude, M,,;,, of the EQ
magnitudes (see Chapter 5, Eq. (6.5)). At the same year, Aki [3] showed that the latter
equation, is equivalent to the maximum likelihood estimation, and provided the confidence
limits for this estimation from a given sample. For the case where there is no uncertainty
in magnitude, the approximate 95% confidence limit of b is +1.96(b/v/N). Later on, Utsu
(1966) [254] suggested slight modification addressing the use of the binned magnitudes. The
final equation reads as follows, for the case where the magnitude frequency distribution of EQs

obey the Gutenberg-Richter law:

logge
b = 6.5
utsu M—(MC—AQZW) ( )

where, AM, is the lowest binned magnitude in the sample and M., is the smallest magnitude

in the sample. Moreover Sarlis et al. (2010) [202], mentioned that the g-parameter included
in the nonextensive formula (2) is associated with the b parameter of Gutenberg & Richter

formula (Eq. (1)), above some magnitude threshold, by the relation:

b=2x (2_‘1) (6.6)

q—1
Combining equations (6.5) and (6.6), along with some simple mathematics, we get a new

estimation of ¢-parameter based on the mean magnitude of the sample:

—_— 4
q logloe + 4(M - Mk) logloe(
' Jogyge + 2(M — My) 2 (

logyge

— M) +19.2103(M — My) + 1
— M) +1  4.6052(M — M) +1’

SIBS

(6.7)

where M = M, — ATM, with M, the smallest magnitude in the sample, and AM the lowest
binned magnitude in the sample, respectively. The parameter M is the average magnitude of

the sample. For further details about the solution please refer to Apendix Sec. A.1.

6.2.1 Applicability of the new formula to the regional seismicity of large earth-

quakes

In order to test the validity of the new derived formula, analysis is first focuses on the regional

foreshock seismicity seismicity of two cases of large EQs: (i) the case of Athens EQ (M = 5.9)
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occurred on 07-Sep-1999, in Greece and (ii) the case of L'Aquila EQ (M = 6.3) occurred on
06-Apr-2009 in Italy. Note that both cases have been described analytically in Chapter 4 along
with the fittings in terms of Eq. (2). The g-parameter included in the nonextensive Eq. (2)
was replaced by the estimated one (gest). The experimental data were then fitted according
to the given parameter g5 in terms of Eq. (2). The Levenberg-Marquardt (LM) method

[142, 152] was also used in order to achieve an efficient and accurate fit.

Focusing on the Athens EQ, Fig. 6.12a depicts the fitting of Eq. (2) on the experimental
data for a given g.s; parameter as derives from Eq. (6.7). The data refer to the period from
17-Aug-1999 00:01:39.80 up to 07-Sep-1999 01:56:49, namely the period after the occurrence
of the catastrophic EQ occurred in the lzmit region (North-West Turkey). The selected area
is 160km around the Athens EQ epicenter. The green line refers to the cut-off completeness
threshold used for achieving the optimal fitting-estimation of ges;. Fig. 6.12b, depict the

fitting in terms of the original Eq. (2).
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Figure 6.12: (a) depicts the fitting of Eq. (2) on the experimental data for a given ges
parameter as derives from Eq. (6.7). The data concern the foreshock activity related to
the case of Athens EQ (M = 5.9) occurred on 07-Sep-1999, in Greece. (b) depicts the
original fitting in terms of Eq. (2)

Additionally, for the case of L'Aquila EQ, Fig. 6.13 depicts the fitting of Eq. (2) on the
experimental data for a given ¢.s; parameter as derives from Eq. (6.7). The data refer to the
period from 28-Oct-2008 00:00:00 up to 6-April-2009 01:32:00. As it is observed from both
cases of EQs analysed above, the estimated (gest) parameters are very close to those deriving
from Eq. (2). More precisely, for the case of Athens EQ, the g-parameters were found to be:
Qest = 1.656 £+ 0.004 and ¢ = 1.664 £ 0.004. For the case of L'Aquila EQ the parameters
yield: gest = 1.680 4+ 0.003 and ¢ = 1.681 4 0.003, respectively. In addition, similar values
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have been observed between the volumetric energy density . Even more, similar values can
also be observed between the estimated b-values obtained from Sarlis et. al [202] equation.

This similarity indicates the validity of the suggested formula.
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Figure 6.13: (a) depicts the fitting of Eq. (2) on the experimental data for a given gest
parameter as derives from Eq. (6.7). The data concern the foreshock activities related
to the case of L’Aquila EQ (M = 6.3) occurred on 06-Apr-2009 in Italy. (b) depicts the
original fitting in terms of Eq. (2)

Table 6.1 shows a more detailed analysis of the experimental data that refer to the above
mentioned EQs. Specifically, a comparison between the ¢ and g, is presented for different

radii around the epicenter of the two aforementioned EQs.

Table 6.1: Comparison between q and g.s; parameters for the different regions under study

Period M. Eq.(2) Eq.(6.7)
Athens EQ (0-160) 2.9 ¢ = 1.664 £ 0.004 guy — 1.656 = 0.004

)
Athens EQ (0-200) 2.9 ¢ =1.606=+0.006 g¢est = 1.585=+0.007
Athens EQ (0-300) 3.31 ¢ =1.615+0.003 ¢est = 1.583 +0.005
)

Athens EQ (0-400) 3.31 ¢ =1.599 +0.002 ges = 1.593 & 0.003
Ttaly EQ (0-030) 155 ¢ = 1.68150.003  ges = 1.680 = 0.003
Ttaly EQ (0-050) 155 ¢ = 1.67050.003  gest = 1.655 % 0.004
Ttaly EQ (0-100)  1.55 ¢ = 1.656$0.003  ges; = 1.643 + 0.003
Ttaly EQ (0-200) 1.55 ¢ = 1.64450.002  ges = 1.641 £ 0.002
Ttaly EQ (0-300)  1.55 ¢ =1.655$0.002  gest = 1.653 + 0.002
Ttaly EQ (0-400) 155 ¢ = 1.69460.003  ges = 1.690 & 0.003

As it is observed, the estimated (ges¢) parameters are very close to those deriving from Eq.
(2), indicating the appropriate approximation of the suggested formula. The latter evidence
indicate that the suggested formula can adequately describe the nonextensive levels of the

regional seismicity, as well as the nonextensive Eq. (2) which in turn uses the normalized
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cumulative distribution of the magnitudes.

6.2.2 Applicability of the new formula to preseismic kHz EM emissions

Herein, a challenging issue would be to examine whether the latter formula can also describe the
“fracto-electromagnetic earthquakes” (EM-EQS) contained in the preseismic kHz EM emissions
observed prior large EQs. Focusing on the case of Athens EQ, in Fig. 6.14, the analysis of the
10kHz NS component is examined in terms of Eq. (6.7), for the two epochs of EQ dynamics
that were mentioned in Chapter 2. Specifically, the depicted red parts refer to those epochs.
The estimated g-parameters were found: gess = 1.748 4= 0.004 and gesy = 1.8472 £ 0.0044
respectively. The green lines refer to the cut-off completeness threshold used for achieving the

optimal estimation of gest: M. = 5.0 and M, = 6.0, respectively.
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Figure 6.14: (a,b) depict the fitting of Eq. (2) on the experimental data for a given gest
parameter as derives from Eq. (6.7). The data concern the preseismic kHz EM emissions
observed prior to Athens EQ, analysed in Chapter 2

It should be noted that the selection of the threshold was considered to be relative high
since it is not clear whether the lower magnitudes are related to the eligible signal or the
background ionospheric activity-noise. However, the estimated ¢-parameters in terms of Eq.
(2) obtained in Chapter 2, were found: ¢ = 1.748 £ 0.004 and ¢ = 1.834 & 0.001 for the
corresponding epochs verifying the consistency of the results.

The same analysis was also applied for the strong EM burst observed a few days prior to the

case of L'Aquila EQ (M = 6.3) occurred on 06-Apr-2009 in ltaly as shown in Fig. 6.15. Recent
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studies have shown that this burst has been characterized by higher degree of organization,
higher persistent behaviour and fractal properties [55, 56]. Herein, the g.st-parameter has
been found ges = 1.847 £ 0.004 which is also similar to the g-parameter calculated by means

of Eq. (2) (¢ = 1.803 % 0.004).
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Figure 6.15: (a) depict the fitting of Eq. (2) on the experimental data for a given gest
parameter as derives from Eq. (6.7). (b) the original fitting of Eq. (2). The data concern
the preseismic kHz EM emissions observed prior to L’Aquila EQ.

It should be stressed out that a weakness of the proposed formula is the appropriate
estimation of the magnitude cut-off completeness threshold (M.). A crucial condition that
should be fulfilled in order to apply such formula is the Gutenberg and Richter Law, implying
that the linear part of the distribution of experimental data should not be violated. This
violation is also observed in part Fig. 6.14b and has been justified in previous chapters.
Specifically it has been shown that this inconsistence is due to the increased threshold used for
distinguishing the eligible signal from the background EM activity, since for lower thresholds it
is not clear whether the data refer to the generation process of the EQ. However, the obtained
evidence indicate that the suggested formula can adequately describe the preseismic kHz EM

emissions observed prior to large EQs, as well as the traditional nonextensive formula.

6.2.3 Applicability of the new formula to epileptic seizure recordings

Following latter evidence it would be challenging to examine whether the proposed Eq. (6.7)

can also be applied to the distribution of electric events of the EEG recordings under study.
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Thus, focusing on the first intracranial EEG recording, Fig. 6.16a depicts the fitting of Eq. (2)
on the experimental data for a given g.s; parameter as derives from Eq. (6.7). The green line
refers to the cut-off completeness threshold used for achieving the optimal fitting-estimation
of gest. Since the intracranial EEG recordings are characterized by significant lower levels of
noise, this threshold was found to be M. = 3.5. Fig. 6.16b, depicts the fitting in terms of the

original Eq. (2).
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Figure 6.16: (a) depict the fitting of Eq. (2) on the experimental data for a given gest
parameter as derives from Eq. (6.7). (b) depict the original fitting in terms of Eq. (2)

The same analysis was also applied for the second intracranial EEG recording as shown
in Figs. 6.17a and 6.17b correspondingly. As observed from both analysed electrodes the ¢-
parameters are very similar with those obtained from the original nonextensive Eq. (2). More
precisely, for the first EEG recording we get gess = 1.87940.003 and ¢ = 1.882740.003, while
for the second EEG recording we get gest = 1.862 +0.003 and ¢ = 1.847 +0.004. In addition,
the observed estimated s.s; parameters obtained through Sarlis et. al. equation, are also
similar yielding: best = 0.27 and bes; = 0.27 for the first electrode, besr = 0.32 and bt = 0.36
for the second electrode, correspondingly. In effect to this evidence it seems that the proposed
Eq. (6.7) provides an appropriate framework to study the nonextensivity of complex systems
by means of the mean magnitude contained in the sample under study.

Summarizing at this point of analysis, it should be noted that in a recent study, Telesca
(2012) [231], also motivated to find an alternative mathematical relation for the estimation

of nonextensive parameters ¢ and « included in the nonextensive formula (6.6). Using the
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Figure 6.17: (a) depict the fitting of Eq. (2) on the experimental data for a given ges
parameter as derives from Eq. (6.7). (b) depict the original fitting in terms of Eq. (2)

technique of Lagrange multipliers he proposed a slightly different equation, which leads to
the Maximum Likelihood Estimation (MLE) of the parameters of the nonextensive magnitude
distribution as proposed by Aki [3]. His proposed approach uses the term 10" instead of the
term 102 included in Eq. (2) suggesting that the G-R b-value is related to the nonextensive

2—q

parameter ¢ by means of b = =

which is in contrast with Sarlis Eq. (6.6). However,
although the present study draws from the Sarlis Eq. (6.6) the estimated ¢ parameters seem
to be consistent with those obtained from Eq. (2). Moreover, the applicability of the proposed
formula on three different kinds of data sources, approves its validity one hand and provides
further evidence of the dynamical analogy between biological and geophysical shocks.

On these grounds the proposed formula seems to be superior to Eq. (2), since it incor-
porates the benefits of Utsu's formulation for the study of various catastrophic phenomena
[257, 258]. Specifically, the benefits of this formulation read as follows: (i) The new formula
does not require an fitting process. This in effect reduces the complexity of the estimation
of p parameter. (ii) Depending on the distribution of experimental points, Eq. (2) may give
too heavy weight to the points for large magnitudes. Extending this type of research, in the

following section a new formula is proposed based on a statistical significance test between

two populations.
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6.3 A new formula for measuring the statistical significance between two

populations

Utsu (1966) [254] proposed a statistical significance test of the difference in b-value between
two earthquake groups. More precisely, he showed that the probability that two samples may

come from the same population, given their b-values and the number of EQs NV, is given by:

P =~ exp|—(dA/2) — 2], (6.8)
where
b1 b2
dA= — 2NInN + 2 Niln [Nl + N (b>:| + 2Nbsln {Nl (b) + N2:| -2 (6.9)
2 1

Lower values of P indicate the higher statistical significant difference between two samples
under study, or equivalently these two samples do not come from the same population. Herein,
a challenging issue would be to examine whether the latter formula can be described through
the nonextensive g-parameter ¢ instead of the b-value. Indeed, combining equations (6.8) and

(6.6), results to the following approach of the term dA included in Eq. (6.8):

P =~ exp[—(dS/2) — 2], (6.10)
where
_ n n (2-q1)(92 — 1)
ds = 2N In N + 2 N4l |:N1 + N ((ql—l)(2—q2) )] + (6.11)
2NalIn [Nl (W) + N2:| _2, (6.12)

where g1 and ¢2 are the estimated parameters deriving from the proposed Eq. (6.7).

It should be noticed that according to Utsu proposed methodology, when studying two
groups of EQs with different b-values obtained, they should obey the G-R law in order to
be examined for their statistical difference. However, the latter approach is mainly based on
the nonextensive g-parameter which is connected with the increased correlations developed
within a system under study while the b-value is connected with the accumulated stresses
developed. These two physical quantities are different in the sense that they have different
natural explanation. The question here naturally concentrates on whether the difference of
nonextensivity between two samples can adequately express the underlying statistical difference
between two samples of EQs. Thus in order to test the latter approach, 10000 random pairs of
data were first created with magnitude rates ranging between 0 ~ 10, where each pair of data

contained 100 EQs. For each one of these pairs, Eq. (6.8) and (6.10) were applied. Note that
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although these random-based data do not necessary obey the G-R law, since they are random,
this approach could give a first indication on whether the two equations are consistent beyond
their natural meaning. Indeed, Fig. 6.3 depicts the scatter plot of this analysis showing the

linear relation between the estimated probabilities indicating the underlying consistency.

scatter plot of 10000 random attempts
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Figure 6.18: Scatter plot of the estimated probabilities obtained from Eq. (6.8), using a
combination of Eq. 6.5 and (6.7), respectively.

6.3.1 Testing the formula on seismicity

Beyond the latter results, the most appropriate way to examine the latter proposed formula
would be to compare its results by calculating the g-parameters used or the term dS, through
Eq. (2) instead of Eq. (6.7). However such analysis requires real data sources that obey
the G-R law. Thus analysis is first focuses on the regional seismicity prior to L'Aquila EQ,
Central Italy, occurred on 6 April 2009 at 01:32:39 UTC with magnitude M = 6.3. According
to the literature, Papadopoulos et al. [174], reported that from the beginning of 2006 up to
the end of October 2008 no particular earthquake activation was noted in that seismogenic
area. On the contrary, from 28-October-2008 up to 27-March-2009 the seismicity was in
the state of weak foreshock activity, and dramatically increased 10 days prior the main event
(from ~ 26-Mar-2009) [174]. Herein, the updated ltalian EQ catalogue was used, which is
available on the website of the Istituto Nazionale di Geofisica e Vulcanologia (INGV: http:
//bollettinosismico.rm.ingv.it). Fig. 6.19 depicts the cumulative distribution of EQs
30 km around the epicenter of the main event for the period between 01-Jan-2008 00:00:00
up to 6 April 2009 01:32:39. The cut-off completeness threshold for that period was found

M, = 1.55, which was first estimated through the distribution of the experimental data that
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refer to the linear part of the Gutenberg & Richter frequency-magnitude relation. As observed
from the cumulative distribution of EQs, the period from the beginning of 2008 up to the
end of 28-Oct-2008 has been considered as the background (BG) seismicity period [174]. The
period from 28-Oct-2008 00:00:00 up to 18-Jan-2009 00:00:00 (E1) has been considered as the
first time-frame of interest followed by a period of weak foreshock activity from 18-Jan-2009
00:00:00 up to 30-Mar-2009 12:00:00 (E2). The period from 30-Mar-2009 12:00:00 up to 6
April 2009 01:32:39 (E3) has been considered as the strong foreshock activity observed prior

to the main event [174].
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Figure 6.19: The top chart depicts the distribution of EQs 30 km around the epicenter
of L’Aquila EQ, concerning the period between 01-Jan-2008 00:00:00 up to 6 April 2009
01:32:39. The bottom chart depicts the cumulative distribution of EQs for that period

Each one of the periods E1,E2 and E3 mentioned above, were examined in contrast to the
background seismicity (BG), using three different approaches: (i) the Utsu original approach
which uses the b-values calculated through Eq. (6.5) (ii) the new proposed Eq. (6.10) and (iii)
the new proposed Eq. (6.10) in which the g-parameters derive from Eq. (2), instead of Eq.
(6.7). Fig. 6.20, depicts these three approaches. It is observed that the first two comparisons
provide identical results revealing the same behaviour with that of the 10000 random pairs
analysed in this section. Additionally, the probability that the samples E1,E2,E3 under study

may come from the same population is decreased as approaching to the occurrence of the
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main event. This means that these three populations refer to a regional seismicity related to
the activated fault and not to the BG seismicity of the area under study, which are compared
with. Additionally, similar results were obtained due to the statistical significance tests applied

through the use of the nonextensive Eq. (2) (see third chart in Fig. 6.20).

Utsu original formula Proposed formula Test via Silva Eq.

Figure 6.20: The probability estimations for the three periods of foreshock activity
(E1,E2,E3) versus the background seismicity, 30 km around the epicenter of L’Aquila
EQ. From left to right Eq. (6.8) is examined using three different approaches: (i) the Utsu
original approach which uses the b-values calculated through Eq. (6.5) (ii) the proposed
Eq. (6.10) and (iii) the proposed Eq. (6.10) which uses the g-parameters that derive from

Eq. (2).

On these grounds, bypassing the impact of b-value included in the G-R formula, the new
proposed equation shows that the underlying statistical significance can also be determined in
terms of the nonextensive g-parameter. A significant benefit on this point of view is that the
long-range correlated behaviour within a system under study is directly related to the stresses
developed, indicating the coexistence of these two regimes due to the generation process of

an EQ.

6.3.2 Testing the formula on preseismic kHz EM emissions

Herein an interesting issue would be to examine whether Eq. (6.8) and (6.10) can be applied
to the EM-EQs contained in the preseismic kHz EM emissions observed prior to Athens EQ.
The Athens EQ is a particular case of interest since two different epochs were identified during
the last stage of its generation process, as shown in Fig. 6.21. Specifically, analysis in Chapter
2, revealed that the first epoch refers to the fracture of fragments intervening between the two
anomalous surfaces of the fault that contributes to the hindering of their relative motion. The
second epoch of the preseismic kHz electromagnetic emission which contains two strong EM

bursts, refers to the reflection of collision and breakup of large and strong teeth (asperities) of
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the irregular surfaces. Herein, the notion of the background seismicity is absent since there is
not any preseismic EM emission during the daily background activity of these signals. Thus, it
would be therefore interesting to examine whether Eq. (6.8) can distinguish these two epochs

which refer to different fracture mechanisms.
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Figure 6.21: The 10 kHz EW component recorded prior to Athens 1999 EQ. Epoch 1
refers to the blue and green parts of the signal, while epoch 2 refers to the red part.

Figs. 6.22a, 6.22b and 6.22c, depict the probability tests by means of the three previous
mentioned approaches. For the needs of the analysis, Epoch 1 was split in two separate
epochs where its first part (depicted with blue color), was considered as the reference epoch
to be compared with each one of the rest. Therefore, the results indicate that each one of
the examined epochs, present gradually statistically significant difference in relation to the
first one. This characteristic behaviour can be observed at all the three different approaches,
indicating the consistency of the results on one hand, revealing the gradually state changing

of the fault mechanism that governs the system on the other hand.
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Figure 6.22: (a,b) show the probability estimations calculated through Eq. (6.8) and Eq.
(6.10) respectively. (c) refers to Eq. (6.10) using the g-parameters that derive from Eq.

(2).

The latter observed behaviour, verifies the results of section 6.1, suggesting that as we
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approaching to the final break up, the residual between the fault planes is reduced resulting
to the increase of the mean magnitude in the sample. This process increases the levels of
the volumetric energy density required for the fracturing, leading to a state changing of the
fault mechanism that governs the system: namely from a negative to a positive feedback
mechanism as shown in Chapter 2. However in order to further verify this suggestion, the
overall statistical significant difference between the two underlying epochs was calculated by
means of the three aforementioned approaches. The results were positive, indicating that
the probability that these two epochs may come from the same population is significant low:
Putsu = 3.097192 x 1075, pegy = 3.097192 x 1075 and pest.itva = 2.051542 x 1075, In other
words, this means that they belong to different regimes of fracture.

Summarizing at this point of analysis, the latter results revel that the nonextensive ¢-
parameter can adequately express whether two samples may come from the same population,
through Eq. (6.10). This relevance was an expected result since the relation between the
b-value and the g-parameter is mathematically expressed through Sarlis et al. Eq. (6.6), where
the only unknown parameter included in the formula is the g-parameter. This suggestion is
also justified by the linear relation between the two probability estimations as shown in Fig.

6.18, indicating that the expected results should be identical.

6.4 Discussion & further arguments

Drawing from a model for EQ dynamics which is routed on a nonextensive Tsallis framework, in
this study a spatial analysis of seismicity catalogues deriving from three different regions of the
globe, was applied. A linear relation was found between the average magnitude (M,,) of the
sample and the logarithmic expression of volumetric energy density « (see Eq. 6.2). The latter
formula does not claim any inconsistence of the previous two equations mentioned above, but
just verifies a simple relation that has been empirically found in terms of a nonextensive model
for EQ dynamics. However, the similarity on results between the three seismic catalogues,
provides a relative framework for understanding the toughness-size of the geological ingredients
that sustain these areas. It is recalled that according to the fragment-asperity model, the
energy is proportional to the size r of the fragment: ¢ o 73 [208]. Thus it is reasonable
to assume that regions which provide higher volumetric energy density «, are mainly refer to
an interaction of stronger and larger fragments-asperities. The linear relation that was found
in this study between the mean magnitude and the logarithmic expression of the volumetric
energy density, indicates that as the residual between the fault planes is gradually reduced, due

to the interference between the fragments-asperities, the mean size of the remaining residual is
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increased. This phenomenon results to an increase of the energy-strain needed for the breakage
of these fragments-asperities entities which in turn leads to an increase of the mean magnitude
of EQs contained in the area under study. This process continues until the maximum magnitude
in the sample exceeds some magnitude threshold, which in our case was empirically found:
M, = 4.7, where the situation changes. The larger fractures contribute to the development
of smaller fragments which in turn reduce the mean size of fragments and therefore the levels
of energy. However the small fractures along with the corresponding redistribution of stresses
significantly contributes to the increment of the correlation length, maintaining the system at
higher levels of nonextensivity [214, and references therein]. On these grounds it is reasonable
to assume that regions which provide high nonextensive behaviour and high volumetric energy
density are mainly refer to an interaction of stronger and larger fragments-asperities. On
the contrary, regions which provide high nonextensive behaviour and lower volumetric energy
density, are those that have been experienced with relative strong fractures that have canceled
the accumulation process of stresses. The observed high g-parameters for both cases reveal

that the nonextensivity in the underlying fracture mechanisms remains high.

The aforementioned scenario was also verified due to the spatial analysis of the brain
activity related to a single epileptic seizure (ES). Specifically it was found that the two regimes
mentioned above, coexist under a single regional ES brain activity. Analogous coexistence has
been also justified from the study of Osorio et al. [169], who mentioned that increases in
inter-neuronal excitatory coupling generate characteristic scale seizures regimes that coexist in
space-time with scale-free ones. In this study both mentioned regimes are governed by scale-
free laws related to the energy distribution of events and further express the fractal nature of the
systems under study [203, 249, 200, 118, 30]. The similarity of the behaviour with seismicity,
provides preliminary indication that verifies the existence of two different scale-free regimes,
indicating that further consideration should be given on the common-universal character of
such complex phenomena in terms of energy and nonextensivity. The same features were
found in Chapter 2 due to the temporal analysis of the two identified epochs included in the
preseismic kHz EM activity observed prior to large EQs, revealing the richness and complexity

of both biological and geophysical dynamics.

Extending this type of research along with the prospect to link the long-range correlated
behaviour of the fracture process with the mean magnitude of the sample, in sections 6.2 and
6.3, two more equations have been proposed: Eq. (6.7) and Eq. (6.10). Focusing on the
first one, it has been shown that the entropic g-parameter that derives from the nonextensine

Tsallis statistical mechanics framework [245] can also be expressed by the mean magnitude
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of the sample under study through Eq. (6.7). The latter formula was applied to seismicities
generated at different regions of the globe, providing similar results with those obtained from
the nonextensive model for EQ dynamics. In addition similar results were also obtained from
the analysis of both the preseismic kHz EM emissions related to Athens EQ and the intracranial
EEG recordings related to epileptic seizures. In effect, this observation indicates that complex
systems which develop long-range correlations, this behaviour can be also be expressed by
the mean magnitude of the sample. This suggestion has been also justified in part by Telesca
(2012) [231], who proposed an alternative method based on the maximum likelihood estimation
of the parameters ¢ and «. Focusing on the second proposed approach, it has been shown
that the entropic index ¢ can also distinguish through Eq.(6.10), whether two samples under
study may come from the same population, namely different regimes of fracture process. This
was verified from both the analysis of regional seismicity and preseismic kHz EM emissions
observed prior to large EQs.

Against this evidence the present study suggests that further consideration should be taken
in this direction in order to have an overall view for the relation between the energy, the entropic
index ¢ and the average magnitude of the sample. Characteristically, Kanamori (1983) [106]
mentioned that the physical process that is associated to earthquakes is much more complex
to be described with a few parameters while the use of these parameters should be made very

carefully.

6.5 Conclusion

In this chapter the underlying nonextensive model for EQ dynamics has been further extended
by elucidating the link between the entropic index ¢, the average magnitude of the sample, the
fragment-asperity size, and the volumetric energy density. Within this framework of analysis,
two regimes of fracture process have been identified, which refer to different populations: (i)
those that refer to an interaction of stronger and larger fragments-asperities and (ii) those that
have been experienced with stronger fractures that have canceled the accumulation process
of stresses. In this direction, two more equations have been proposed that link the long-
range correlated behaviour of the fracture process with the mean magnitude of the sample,
providing an alternative way for the study of such phenomena that adopts the advantages
and features of Utsu formulation. Another strength of the proposed equations is that under
controlled conditions they do not require any fitting process. Finally, the underlying framework
of analysis has further verified the sesmogenic origin and the predictive capability of preseismic

kHz EM emissions.
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Chapter 7

Discussion & Conclusions

Focusing on the generation process of catastrophic events, this study has intended to promote
our understanding of the spatio-temporal behaviour of earthquake dynamics and the dynamics
of regional brain activity. Drawing on recently introduced models and methods for EQ dynam-
ics, that involve issues such as complexity, self-affinity, universality, organization and fractal
structures, two general directions of analysis have been considered in this study, subjected in
two crucial questions: (i) whether the generation process of an extreme event has more than
one facets prior to its final appearance, and (ii) whether there is a unified approach for the
study of catastrophic phenomena. Conformed with such questions, the present work focused
on the analysis of two diverse extreme phenomena: (i) large catastrophic EQs and their relation
with preseismic kHz EM emissions, and (ii) epileptic seizures (ESs), in the prospect to identify
common mechanisms that may explain both the nature and the generation process of such
phenomena. In the following sections the key findings and areas of contribution of this work

are presented within the above mentioned framework.

7.1 Does the generation process of an extreme event have more than one

facets prior to its final appearance?

Although this question has been partly answered from recent cross-disciplinary literature [260,
191, 170, 195, 54], the present work contributes to the long-standing debate on the possible
precursory phenomena observed prior to catastrophic events. From the EQs viewpoint, re-
cent cross-disciplinary literature has reported evidence of precursory phenomena observed prior
to large EQs. Specifically, studies related to Seismic Electric Signals (SES) [260], electro-
magnetic (EM) precursors rooted in Lithosphere-Atmosphere-lonosphere (LAI) coupling [191],
and precursors related with other disciplines such as: Seismology, Infrared Remote Sensing

[170], Synthetic Aperture Radars Interferometry [195], have provided evidence that support
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the seismogenic origin of such precursory observations. Among these precursors, preseismic
electromagnetic (EM) emissions have been also reported by the literature, suggesting that
the science of EQ prediction should be from the start multidisciplinary [123, 36, 172, 55, 56].
However, the study of precursory phenomena in terms of preseismic EM emissions is still
questionable, from a significant part of the scientific community, since they have not been ad-
equately accepted as real physical quantities [259, 179]. On these grounds, the present study
extended the focus of inquiry to the study of kHz EM emissions, in the prospect to examine
whether there are preseismic EM precursors. Should this case exists, such a multidisciplinary

analysis could possible answer on the underlying question. The results were positive.

7.1.1 The seismogenic origin of kHz EM emissions: key findings

A recently well documented two-stage model [123, 36, 40, 172, 59, 65] that links an individual
EM precursor with a distinctive stage of the EQ preparation has provided an initial framework
for the analysis and classification of these kHz-MHz EM anomalies. More precisely, the MHz
EM emission refers to the fracture of the highly heterogeneous system that surrounds the
fault while the kHz EM emission is rooted in the final stage of EQ generation, reflected to
the fracture of entities sustaining the system. According to the literature, the appearance
of MHz EM emission does not signify that the EQ is unavoidable [123, 36]. The MHz EM
time series have been characterized by anti-persistent behaviour and multi-fractal properties
[123, 36], reflecting to a set of fluctuations tending to induce stability within the system under
study: for example, a nonlinear negative feedback mechanism which kicks-off the opening
cracks away from extremes [54]. The system heterogeneity could account for the appearance
of a stationary-like behavior in the antipersistent MHz part of the prefracture EM time series
and thus enable the fracture in highly heterogeneous systems to be described via an analogy

with thermal continuous phase transition of second order [54].

Based on the latter theoretical approach, the first attempt of this study was to further
examine the link between the observed kHz EM emissions and EQ dynamics, building on
two more theoretical models. Specifically, the first self-affine asperity model [47], states that
the EQ is due to the slipping of two rough and rigid Brownian profiles one over the other
in which an individual EQ occurs when there is an intersection between them. The second
model [218, 208], which is routed in a nonextensive Tsallis [245] framework starting from first
principles, concerns two rough profiles interacting via fragments filling the gap, in which the
mechanism of triggering EQ is established through the interaction of their irregularities and

the fragments included between them. Analysis in Chaprer 2, has provided evidence that the
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two models for EQ dynamics mentioned above, supplement each other, in a sense that both
are mirrored in two qualitative different epochs of the preseismic kHz EM emission observed
prior to large EQs. It is argued that the profile of first epoch of the emerged precursory activity
follows the nonextensive model for EQ dynamics, reflected to the fracture of fragments filling
the gap between the two rough planes of the activated fault. The second epoch refers to the
emerged precursory activity that contains the abruptly emerged strong impulsive EM bursts

which in turn follow the self-affine asperity model.

On these grounds, the following scenario is suggested, which in turn extends the theoretical
approach of the kHz EM activity: the first epoch refers to the fracture of fragments intervening
between the two anomalous surfaces of the fault that contributes to the hindering of their
relative motion. Once the fracture of one fragment has occurred, there is a reformation of
fragments followed by a redistribution of stresses. This process practically results to a relative
displacement of the fault planes (fault slip). The next “fracto-electromagnetic earthquake”
(EM-EQ), will emerge when a new fragment breaks under the impact of the increased tensions.
This process is consistent with the antipersistent character of the first epoch. As the fragments
are broken, the two rough planes of the fault approaches each other. The abruptly emerged
second epoch of large EM-EQs is the reflection of collision and breakup of large and strong
teeth of the irregular surfaces. The persistent behaviour, the increased degree of organization,
the corresponding higher magnitudes M and energy density «, are footprints that support this

scenario.

It is recalled that the nonextensive model for EQ dynamics was considered to be the most
appropriate framework to study the relevance of preseismic kHz EM emissions: it includes both
the entropic content and complexity issues that derive from the nonextensive Tsallis theoretical
framework [245] and further involves a profile of EQ dynamics that includes the interference
between fragments that comprise the residual between two fault planes. Thus, the link between
kHz EM emissions and seismicity was further verified in Chapter 3, by applying a combined
spatiotemporal analysis on the regional seismicity observed prior to large EQs. Analysis focused
on the case of Athens (Greece) EQ occurred on 09-Sep-1999, a few weeks after the major
Turkish event occurred on 17-Aug-1999 near the lzmit area. It was found that the sequence
of electromagnetic EQs (EM-EQs) contained in the preseismic kHz EM signal emitted before
the impending EQ, also follows the theoretical approach of the nonextensive model for EQ
dynamics, providing similar results with those derived from seismicity. Furthermore, it was
found that before the major Turkish event, the seismicity in the wider Greek area presented

increased nonextensivity centered on central and western Greece. On the contrary, after the
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Turkish event, the higher nonextensivity was shifted towards the central Greece around the
metropolitan area of Athens, with even higher levels of nonextensivity. The latter results were
further verified in terms of Fisher information [157, 75, 69] and the Hurst exponent [109, 110]
applied to inter-event times of EQs, revealing that higher levels of organization and higher
persistent behaviour were mainly developed around the ensuing EQ epicenter. This work also
provided a first indication in terms of nonextensive statistical approach that the transient

stresses of the seismic waves of a major EQ can trigger a considerably distant significant EQ.

Building on the self-affine nature of fracture and faulting theory in terms of the nonextensive
model for EQ dynamics, analysis in Chapter 4 focused on two well documented cases of EQs,
where kHz EM anomalies have been observed: the case of L'Aquila EQ occurred on 06-Apr-
2009 and the case of Athens EQ. Applying a combined spatial analysis, it was found that
the population of: (i) the EQs that precede of a significant event and occur around its the
epicentre, and (ii) the "fracto-electromagnetic earthquakes” that emerge during the fracture
of strong entities distributed along the activated single fault sustaining the system follow the
same statistics, namely, the relative cumulative number of earthquakes against magnitude. In
effect, since the preseismic kHz EM emissions refer to the activation of a single fault [172],
it is reasonable to assume that the activation of a single fault is a reduced self-affine image
of regional seismicity. The results were further supported from recent studies in terms of the
traditional Gutenberg-Richter law [203, 249, 200, 118, 30] providing evidence that enhance the
physical background of the underlying self-affinity in terms of nonextensivity. This work further
supports the hypothesis that the statistics of regional seismicity is a macroscopic reflection of
the physical processes in the earthquake source, as has been initially suggested by Huang and

Turcotte [108].

Expanding on the relevance of preseismic kHz EM emissions to the study of EQs, their
seismogenic origin was further supported in Chapter 6 by means of two equations, given by the
literature, which are based on Utsu [253, 254] formulation. In this direction, two more equations
have been proposed that link the individual long-range correlated behaviour of the fracture
process with the mean magnitude of the sample under study. All the formulas mentioned
above were applied to seismicities generated at different regions of the globe and preseismic
kHz EM emissions related to Athens EQ, providing similar results with those obtained from
the nonextensive model for EQ dynamics. Specifically, focusing on the two identified epochs
of the kHz EM emissions observed prior to Athens EQ, it was found that as approaching to
the final break up, the residual between the fault planes is reduced resulting to the increase

of the mean magnitude in the sample. Each one of the examined epochs, presented gradually
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statistically significant difference in relation to the first one. Additionally, the probability that
these two epochs may come from the same population was found to be significant low, verifying
the argument that they are mirrored in two different fracture mechanisms. The latter results
were further verified by means of the two proposed equations deriving from the nonextensive
model for EQ dynamics, showing that the entropic index ¢ can also be used as a parameter

for distinguishing whether two samples under study may come from the same population.

7.1.2 Identifying the preseismic kHz EM emissions: further discussion and

arguments

Motivated by the plurality of findings in this work, a key concern was to find a suitable
framework which links the observed seismicity with the phenomenology of kHz EM precursors,
without violating the laws of physics and without leaving any potential inconsistencies. This

framework has been mainly subjected in the following crucial questions:

Q1. How can we identify a kHz EM anomaly as a preseismic one? As has been stated by
the literature, since the seismicity is a critical phenomenon [213, 263], it is expected that
significant changes in the statistical pattern of the temporal kHz EM time series should reflect
to the deviation of the normal behaviour, revealing in effect the presence of a preseismic EM
precursor [54]. This suggestion has been well documented from previous studies on preseismic
kHz EM emissions in terms of information theory (entropic metrics) [117, 125, 124, 117, 55, 56],
showing that these precursors are characterized by significantly higher organization (or lower
complexity) in respect to the noise and the ionospheric background activity contained in these
recorded signals. Additional fractal spectra analysis has revealed that these emissions are also
characterized by strong persistency [123, 36]. However analysis in Chapter 2 revealed that
this combination of footprints is mainly rooted in the second epoch of kHz EM activity that
refers to fracture of the asperities and follows the persistent fBm temporal fractal profile with
a “roughness” index represented by the Hurst exponent by the value H ~ 0.7. The first
identified epoch which refers to the fragment-asperity interaction, is characterised by lower
organization and antipersistent behaviour in contrast to the second epoch (or equivalently

higher organization and antipersistent behaviour in contrast to the background).

Q2. Are the kHz EM signals consistent with the self-affine nature of faulting? Beginning
with the pioneer work of Maslov et al. (1994) [154], the authors have formally established the
relationship between spatial fractal behavior and long-range temporal correlations for a broad
range of critical phenomena. They showed that both the temporal and spatial activity can be

described as different cuts in the same underlying fractal. In addition, from the early work of
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Mandelbrot (1982) [149], much effort has been put to statistically characterise the resulting
fractal surfaces in fracture processes focusing on two crucial theoretical ingredients:

- Fracture surfaces have been found to be self-affine following the fractional Brownian motion
(fBm) model over a wide range of length scales [47, 93, 31, 32].

- The spatial roughness of fracture surfaces has been interpreted as a universal indicator of
surface fracture, weakly dependent on the nature of the material and on the failure mode
[146, 94, 186, 162, 272].

Analysis in Chapters 2, 3 has shown that the kHz fracto-EM-precursor rooted in the activa-
tion of a single fault is consistent with the above mentioned incredients. In effect this finding
predicts that the activation of a single fault is a reduced-magnified image of the regional (and
laboratory) seismicity [108]. Moreover in Chapter 4 it has been shown by means of traditional
Gutenberg-Richter power-law, as well as in terms of a nonextensive formulation that the pop-
ulations of (i) EM EQs included in an observed EM precursor associated with the activation
of a single fault, (ii) EQs included in different radius around the epicenter of a significant
seismic event (foreshock activity), follow the same statistics, namely the relationship between

frequency and event magnitude.

7.1.3 The spatiotemporal complexity of earthquake and fault structures

A critical-controversial issue facing the scientific community involved with materials science,
is the interpretation of scaling laws, on material strength, that concentrates on whether the
spatial and temporal complexity of EQ and fault structures emerges from geometry or from
the chaotic behaviour inherent to the nonlinear equations governing the dynamics of these
phenomena. Rundle et al. (2003) [198] suggested that such processes can be regarded as a
type of generalized phase transition, similar to the nucleation and critical phenomena that are
observed in thermal and magnetic systems. In contrast to this argument, Carpinteri and Pugno
(2005) [30], purely based on geometry, stated that “as happened for relativity, geometry could
again hold an unexpected and fundamental role.”.

Against these arguments the study of preseismic EM emissions provides a relevant frame-
work for examining the nature of the spatiotemporal complexity and fault structures emerged
by such phenomena. According to the literature, the preceding seismicity of a significant EQ
has been defined as a critical phenomenon that can be attributed to a phase transition of sec-
ond order, while empirical evidence have shown that main shocks occur a few days up to one
week after the appearance of criticality [263, 262, 261, 250]. Regarding the two stage model,

it has been shown in terns of preseismic MHz EM emissions that the scaling laws associated
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with the fracture of highly heterogeneous component that surrounds the family of asperities
can be attributed to a phase transition of second order. The MHz EM emissions also emerge
at the same time from approximately one week up to a few hours before the EQ occurrence
[36].

The link between seismicity and preseismic kHz EM emissions has been further justified
in this work showing that these emissions refer to the to the fragment-asperity interaction
process. This has been justified by both spatial and temporal analysis. Therefore the existence-
acceptance of preseismic kHz EM emissions, suggests that geometry holds a fundamental role
in phenomena associated with the fracture of asperities. Specifically, the scaling laws associated
with the fracture of the backbone of asperities of a single fault (also justified in terms of the kHz
EM emissions) could be a product of the fractal scaling of asperities. Moreover, the persistent
behaviour of kHz EM emission, which is emerged in the tail of the preseismic preseismic EM
activity, refers to an nonequilibrium process without any footprint of an equilibrium thermal
phase transition. In contrast to the MHz EM activity, this process indicates that the system
develops a self-regulating character and to a great degree the property of irreversibility, which

in turn is one of the important components of predictive capability [54].

7.2 Is there a unified approach for the study of catastrophic phenomena?

Analysis in Chapters 2 - 4 has provided strong evidence for the seismogenic origin of preseismic
kHz EM emissions observed prior to large EQs. In summary, it was found that the corresponding
time series are governed by: memory effects, gradually increment of the correlation length
between the nonlinear domination of the neighbor units, transition from a negative to a positive
feedback mechanism, development of fractal structures, gradual improvement of quality of the
fractal structure and its transition at larger spatial scales with maintaining self-similarity. Of
crucial importance is that these dynamics of complex systems have been also founded on
universal principles that may used to describe disparate problems [20, 180, 45, 131, 214, 2, 76,
176]. Specifically, Kossobokov et al. (2000) [131], reported similarities of multiple fracturing
on a neutron star and on Earth, by examining the power-law energy distributions, clustering,
and the symptoms of transition to a major rupture. The authors suggest that such similarities
may reflect a scenario of a critical transition, common for a broader class of nonlinear systems.
Fukuda et al. (2003) [76] reported quantitative similarities between the statistical properties
of healthy heart rate variability and non-congested Internet traffic, and diseased heart rate
variability and congested Internet traffic. The authors suggest that the understanding of the

mechanisms underlying the “human-made” Internet could provide a relevant framework to
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understand the "natural” network that controls the heart. de Arcangelis et al. (2006) [45],
who analyzed available experimental catalogs of solar and earthquake activity, showed that
these apparently different phenomena exhibit the same distributions of sizes, inter-occurrence
times and the same temporal clustering, revealing a universal character. The authors suggest
a common approach to the interpretation of both phenomena in terms of the same driving
physical mechanism. Picoli et al. (2007) [180] reported similarities between the dynamics of
geomagnetic signal and heartbeat intervals suggesting that their findings are consistent with
the concept of universality in complex systems. Moreover, Balasis et al. (2011) [16], reported
universality in solar flare, magnetic storm and earthquake dynamics in the framework of Tsallis

statistical mechanics theory.

Contributing to the underlying cross-disciplinary literature and also motivated by a recent
study of Osorio et al. (2010) [169], in which the authors have shown that a dynamical
analogy exists between epileptic seizures and earthquakes, analysis in Chapter 5, endeavored
to provide further evidence for the underlying dynamical analogy in terms of preseismic kHz
EM emissions. Specifically, it was shown that the same “scale-free” statistics govern not only
the populations of EQs occurred in different faults and ESs occurred in different patients
[169], but also the populations of: (i) fracto-electromagnetic pulses rooted in the fracture of
the backbone of strong entities distributed along a single fault sustaining the system, and (ii)
the electric pulses included in a single ES. Moreover, the present study extended the focus
of inquiry for the applicability of models for earthquake dynamics to examine both scalp-
recorded and intracranial electroencephalogram recordings related to epileptic seizures. By
introducing an updated definition of the electric event in terms of magnitude the study was
focused on the underlying model for earthquake dynamics, routed in a nonextensive Tsallis
framework and leading to a Gutenberg & Richter type formula that expresses the frequency
distribution of earthquakes against magnitude. It was further shown that the nonextensive
formula can adequately describe the sequences of electric events included in both types of
electroencephalogram recordings related to epileptic seizures. The results were further verified
using the traditional Gutenberg & Richter law and an combined with and alternative method for
the magnitude-frequency relation for earthquakes [252, 3]. Finally, using a specific method that
applies different thresholds of magnitudes, similar behavior was observed for the parameters
included in the nonextensive formula with that obtained from the corresponding analysis of
earthquakes, indicating the underlying dynamical analogy. The underlying similarities were also
observed for both types of electroencephalogram recordings under study, providing preliminary

evidence of self-affinity of the regional electroencephalogram-epileptic-seizure activity.

The generation process of extreme events: a combined approach G. Minadakis



CHAPTER 7. DISCUSSION & CONCLUSIONS 177

The underlying analysis suggests that further consideration should be taken for the analysis
of both biological and geophysical shocks, within a unified framework that utilizes transferable

ideas and methods.

7.3 Summarizing the key findings: contribution to theory

This thesis has intended to promote our understanding of the spatiotemporal behavior of re-
gional seismicity and the generation mechanisms that govern large and strong earthquakes,
employing a broad multi-disciplinary perspective for the interpretation of catastrophic events.
The study has focused on recently introduced models and methods for EQ dynamics that ad-
dress issues such as: complexity, self-affinity, universality, nonextensive dynamics, self-organized
and intermittent criticality, organization and fractal structures. The potential for applicability
and transferability of these methods to the study of regional brain activity in epileptic seizures
has also been partially examined. In summary, the key findings and areas of contribution of

this work read as follows:

(i) Examination of the link between precursory kHz EM activity and EQ dynamics lead to
the identification of an intermediate epoch of preseismic kHz EM activity. This finding
provides the possibility to discriminate whether a seismic shock is sourced in the fracture
of fragments filling the gap between two rough profiles or in the fracture of “teeth”
distributed across the fractional Brownian profiles that sustain the system. In effect
this work extends the existing model for preseismic EM emissions contributing to the

predictive capability of these precursors

(ii) The link between precursory kHz EM activity and seismicity has been further verified
spatiotemporally, showing in geophysical scale that the transient stresses of the seismic
waves of a major EQ can trigger a considerably distant significant EQ at a later time. In
effect this work further elucidates the suggestion that a major EQ may trigger an ensuing

EQ.

(iii) It has been shown that the population of EQs that precede a significant event and occur
around its epicentre, and the population of “fracto-electromagnetic earthquakes” that
emerge during the fracture of strong entities distributed along the activated single fault,
follow the same statistics. This finding proves the self-affine nature of fracture and

faulting.

(iv) Extending the focus of inquiry to the study of epileptic seizures, it has been shown that

a dynamical analogy exists between ESs and EQs at the level of a single fault / seizure
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activation. This verifies the common scale-free nature of such phenomena and provides
preliminary indications for the self-affine nature of regional ES activity in the brain. In
addition this unified approach further verifies that the study of catastrophic phenomena

should be from the start cross-disciplinary.

(v) The underlying nonextensive model for EQ dynamics has been further extended, iden-
tifying two different regimes of fracture process that refer to different populations: (i)
those that refer to an interaction of stronger and larger fragments-asperities and (ii) those
that have been experienced with stronger fractures that have canceled the accumulation
process of stresses. Finally, a set of new algorithms have been proposed, providing an
alternative way for the study of catastrophic phenomena that adopts the advantages and
features of Utsu formulation [257, 258]. In effect this study contributes to the under-

standing of the generation process of catastrophic phenomena.

7.4 Future work, contribution and perspectives

The key findings of this thesis and areas of contribution to theory and analytic methods,
open up different directions for future research. First, the preseismic EM emissions examined
in this study have been found to be a promising field of research that contributes to the
predictive capability of prospective earthquakes. Moreover, analysis applied so far in terms of
fault modelling, laboratory experiments, criticality, scaling similarities of multiple fracturing of
solid materials, fractal electrodynamics and complexity, has provided sufficient evidence that
validate the association of these precursors with the fracturing process in the pre-focal area.
Thus, the need for designing and developing practical tools for managing, monitoring and
predicting associated earthquakes in real-time basis in terms of preseismic EM emissions, has
been now corroborated. Moreover, extending this type of research, the predictive capability of
the earthquake location in terms of preseismic kHz EM emissions would be also an interesting
issue. Thus the expansion of the available station network on locations that fulfill the needs
for a proper electromagnetic recording could give the trigger for such a study in the future.
The unified approach employed in this study provides a relevant framework for understanding
of the propagation pathways of both epileptic and seismic networks, by cross-fertilizing the
knowledge from the study of earthquake cycles with the study of epileptic seizure cycles.
Second, the last decades, human activities related to the energy technology development have
caused a number of lesser magnitude seismic events followed by small significant earthquakes.
Those events have been felt by local residents, and have caused several damages in properties.

Thus from the perspective of preseismic EM time series and the basic theoretical principles
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studied in this thesis, an interesting issue could be to examine whether analogous observations
can be obtained from such seismic processes. Such a study could contribute to the better
understanding of induced seismicity on one hand, and will help to the development of better
tools for managing and controlling the risks and induced hazards of such technologies. Common

crucial questions that should be debated in future research may read as follows:

Does an extreme event beget another, in the case of earthquakes and epileptic seizures?
Analogous to the earthquake cycles, after symptoms of seizure end, the remaining epileptic
seizure activity in some cases may trigger a new one [97]. In certain cases, the post-crisis
activity remains strong and the patient’s life is in crucial state. Despite the critical significance
of this question with respect to clinical implications, this remains a relatively under-explored
area which the proposed project addresses in terms of examining the potential contribution
of models and metrics for earthquake dynamics to the early detection and prevention of such

failures in the brain.

Are there earthquake-swarms in the case of regional brain activity? In seismology, swarms are
considered to be those earthquake sequences striking in a relatively short period of time and
that do not eventually lead to a large event. Recently, the discrimination between foreshocks
and swarms as a diagnostic tool of forthcoming strong mainshock in real-time conditions has
attracted evolving interest [85]. Although previous works have reached indefinite findings in
both fields of study, it would be interesting to shed light on this topic through the study of
epileptic seizure recordings. Note that the role of propagating stress waves between two major
EQs has been corroborated in this study both in terms of regional seismicity and preseismic
EM emissions. Of crucial interest could be to examine whether in the case of brain activity
potential “EEG-swarms” or even seizures may give preliminary indications for ensuing (or not)

epileptic seizures and whether results obtained can feed back into the study of earthquakes.

Are the neighborhood regions of the focal epileptogenic zone organized to prevent seizure? This
is a crucial question under debate and it is strongly related with the concept of localization
of the brain region that triggers an epileptic seizure. Towards the generation of catastrophic
phenomena, the corresponding time series are usually governed by: memory effects, gradually
increment of the correlation length between the nonlinear domination of the neighbor units,
transition from a negative to a positive feedback mechanism, development of fractal structures,
gradual improvement of quality of the fractal structure and its transition at larger spatial
scales with maintaining self-similarity. These dynamics of complex systems are also founded
on universal principles [220, 221, 222, 265, 266], that may used to describe disparate problems.

The later features have also verified in the present study both directly and indirectly. On these
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grounds the main concept is whether the avalanches observed in EEG epileptic seizure cycle
are mostly a result of the neighborhood (healthy part) and not of the focal epileptogenic
zone. In this direction it would be very interesting to compare the behavior of neighborhood
and focal areas in epileptic seizure-related brain activity with those obtained from the study
of earthquakes and vise versa. This approach is expected to contribute to the localization
methods and metrics for hazard analysis and potentially enhance theoretical work on the

generation process of complex phenomena.

Ultimately, in line with the preceding questions, a future study could involve the develop-
ment of new algorithms and optimized computational models for early warning and detection,
contributing to an integrated risk assessment approach in both clinical and seismological fields.

This could also include new algorithms developed in the context on the present research.
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Appendix

A.1 List of proposed equations

A.1.1 A proposed formula for the calculation of nonextensivity

It is recalled that the frequency magnitude relationship for EQ dynamics is given by the Gutenberg &
Richter formula [89], Eq. 1. Utsu on 1965 [253, 3, 254], proposed an alternative method for determining
the b-value of the Gutenberg & Richter formula, showing that it is inversely proportional to the mean
magnitude M, given the minimum magnitude, M, ;,, of the EQ magnitudes. The final equation reads
as follows, for the case where the magnitude frequency distribution of EQs obey the Gutenberg-Richter

law:

1OglO € (Al)

butsu = =
M — (M, — 231

where, AM, is the lowest binned magnitude in the sample and M, is the smallest magnitude in
the sample. Moreover Sarlis et al. (2010) [202], mentioned that the g-parameter included in the
nonextensive formula (2) is associated with the b parameter of Gutenberg & Richter formula (Eq. (1)),

above some magnitude threshold, by the relation:

b:2x<2_q> (A.2)

q—1
Combining equations (A.1) and (A.2), we get a new estimation of g-parameter based on the mean
magnitude of the sample by simply replacing the estimated b parameter of Eq. (A.2) to Eq. (A.1).

The mathematical solution reads as follows for M, = M, — %:

2X<ZQ)_log106 @4*2‘12710?%106 (A3)
q—l M — M, (]—1 M — M,

The latter becomes:

4(M — My) —2q(M — My) = qlogipe —logioe < 4(M — My,)+logioe = 2q(M — My) +qlogipe (A.4)
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From A.4 we get:

logype +4(M — My)  Tage (M — Mi) +1 9.2103(M — M) + 1 45)
9t = Jogyge + 2(M — My) e (M = My) + 1 4.6052(M — My) +1’ '

where M, = M. — ATM, with M, the smallest magnitude in the sample, and AM the lowest binned

magnitude in the sample, respectively. The parameter M is the average magnitude of the sample.

A.1.2 A new formula for measuring the statistical significance between two
populations
Utsu (1966) [254] proposed a statistical significance test of the difference in b-value between two

earthquake groups. More precisely, he showed that the probability that two samples may come from

the same population, given their b-values and the number of EQs IV, is given by:

P ~ eap[—(dA/2) — 2], (A.6)
where
b1 b2
dA= — 2NInN + 2 N1In N1 + N2 bi + 2N2In N1 F + N2 -2 (A?)
2 1

Lower values of P indicate the higher statistical significant difference between two samples under
study, or equivalently these two samples do not come from the same population. Herein, a challenging
issue would be to examine whether the latter formula can be described through the nonextensive ¢-
parameter ¢ instead of the b-value. Indeed, combining equations (A.6) and (A.2), results to the following

approach of the term dA included in Eq. (A.6):

P = exp[—(dS/2) — 2], (A.8)
where
— _9Nn . (2-91)(a2 — 1)
dS = —2NInN + 2Nyl [N1+N2( @) () ﬂ + (A.9)
2Naln {Nl <W) + Ng} —2, (A.10)

where ¢1 and ¢2 are the estimated parameters deriving from the proposed Eq. (A.5).

A.2 Approximate entropy

Approximate Entropy (ApEn) has been defined as a metric for measuring the degree of irregularity or
randomness that exists within a data-series under study. ApEn is rooted in the theoretical framework of
Grassberger and Procaccia [86] and has been introduced by [181] as a measure of system complexity.
Specifically, ApEn is a “regularity” statistical method which that quantifies the unpredictability of
fluctuations in a time series: it examines the presence of repetitive patterns of fluctuations contained

in a time series in contrast to those that this patterns are absent. Small rates of ApEn indicate that
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the time series under study contains many repetitive patterns. On the contrary, a less predictable
process has a higher ApEn expressing the higher complexity of the system. ApEn “statistics” draw
from the negative logarithm of conditional probability that two similar sequences of m points remain
similar within a tolerance r, for the next examined point. Smaller values of ApEn indicate that the
examined set of data will be followed by a data set which is more likely to be conserved at the same
state of regularity. On the contrary, higher levels of ApEn signify a lesser chance of similar data being
repeated, indicating the irregular state of the system characterized by higher disorder, randomness, and
complexity. Thus a low or high value of APEN reflects a high or low degree of regularity, respectively.
Specifically, For a give sequence of data points u(é),7 = 1...N, a vector of sequences z(¢) of length m

is defined, consisting of consecutive u (%) series in the form:

x(i) = (uld],uli + 1], ..., uli + m — 1)) (A.11)

For the estimation of the frequency that vectors x(i) repeat themselves within a tolerance 7, the
maximum difference between the scalar components x(i),z(j) is estimated: d(z[i],z[j]). The latter
two vectors are considered “similar” within a tolerance r, if the difference between any two values for
u(7) and w(j) within runs of length m are less than r: d(z[i], z[j]) < r. For example, given the k point
we calculate: |u(i 4+ k) —u(j + k)| < r,0 < k < m. Therefor, the frequency of occurrence of similar
runs m within the tolerance r, reads as follows:

number of j such that d(z[i], z[j]) <

om (r) = T =" where j < (N — M — 1) (A.12)

The measure of the prevalence of repetitive patterns of length m within the filter r, is given by the

natural algorithm of Eq. A.12 as follows:

oy E )
(r) = N—-m-—1

(A.13)

Finally, the approximate entropy for APEN (m,r, N), is defined as the natural logarithm of the relative

prevalence of repetitive patterns of length m as compared with those of length m + 1:

ApEn(m,r,N) = ®™ (r) — @™ (1) (A.14)

For a more comprehensive description of APEN please refer to the works of Pincus, Pincus et al.

(1991,1996) in[181, 183].

A.3 T-entropy of a string

T-entropy is a novel grammar-based complexity / information measure defined for finite strings of
symbols [52, 244]. It is a weighted count of the number of production steps required to construct a
string from its alphabet. Specifically, it is based on the intellectual economy one makes when rewriting a
string according to some rules that derive from the corresponding T-complexity measure. T-complexity

is basically measured using a recursive hierarchical pattern copying algorithm (RHPC) which in turn
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computes the effective number of T-augmentation steps required to generate the string. Specifically, a
given alphabet set x(n),n > 1, is parsed to derive constituent substring patterns of p; € A™ that have
not been seen previously and further account for the associated copy exponents k; € NT,i=1,2,....¢q

with ¢ € NT. The decomposition derived for a string z(n) is of the form:

kg1 ks
T = pSqu‘ill...pi Moy, ag € AT (A.15)

Each pattern p; is further constrained, requiring each sub-pattern to have the form:

Di = p;yii’liflp?iiéiizp;ni’j .pzni'lai, o; € 14jL and 0 S mi S kj (A16)

The T-complexity or RH PC-complexity Cr (x (n)) of the string in terms of the copy exponent k;, is

therefore given by:

Cr (z(n)) =Y In(k; + 1) (A.17)

The T-augmentation process may be applied systematically to produce strings that for a given length
n have a maximum vocabulary k and therefore complexity k. In practice, for a binary alphabet, the
string is parsed repeatedly from left to right but selection of patterns is from right to left. In effect to

this, it has been possible to empirically derive an expression for the upper bound estimation as follows:

Cr (x (n)) < li(ln2In(#A")), (A.18)

0
where li(z) = [ du/Inuis the logarithmic integral function. The T-information of a string is the given

z
by the inverse logarithmic integral of the fraction of T-complexity divided by the scaling constant In2,

implicitly giving to the T-information the units of “nats”, as follows:

I (x(n)) = li * (CTfIﬁ”))) (A.19)

The average T-information rate per symbol, referred to here as the average T-entropy of x(n) is

therefore given by the following relation:

hr(z(n)) = w (nats/symbol) (A.20)

For further information on T-Entropy please refer to the works of Titchener (2005,2006) in[244, 243]

that includes a comprehensive representation and relevant examples.
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