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Abstract

The preparation process of two recent earthquak@s) occurred in Cephalonia (Kefalonia)

island, Greece, [(38.22N, 20.53 E), 26 January 2014M,=6.0, depth = 21 km], and

[(38.25 N, 20.39E), 3 February 2014M,,=5.9, depth = 10 km], respectively, is studied in

terms of the critical dynamics revealed in obseleslof the involved non-linear processes.
Specifically, we show, by means of the method afoad fluctuations (MCF), that signatures
of critical, as well as tricritical, dynamics werembedded in the fracture-induced
electromagnetic emissions (EME) recorded by twbasta in locations near the epicenters of
these two EQs. It is worth noting that both, the MEME recorded by the telemetric stations
on the island of Cephalonia and the neighboringni$l of Zante (Zakynthos), reached
simultaneously critical condition a few days beftine occurrence of each earthquake. The
critical characteristics embedded in the EME signaére further verified using the natural
time (NT) method. Moreover, we show, in terms oé tNT method, that the foreshock
seismic activity also presented critical charast@s before each event. Importantly, the
revealed critical process seems to be focused enatlea corresponding to the west
Cephalonia zone, following the seismotectonic aadahd zoning of the lonian Islands area

near Cephalonia.

Keywords: Fracture-induced electromagnetic emissions; Eaeke dynamics; Criticality -
Tricriticality; Method of Critical Fluctuations; Naral Time Analysis; Seismotectonic Zone
Partitioning.

1. Introduction

The possible connection of the electromagnetic (Edivity that is observed prior to
significant earthquakes (EQs) with the correspogd@@ preparation processes, often referred
to as seismo-electromagnetics, has been intensivadgtigated during the last years. Several
possible EQ precursors have been suggested iitdheture Uyeda et al., 2009a; Cicerone et
al., 2009; Hayakawa, 2013a, 2013b; Varotsos 20@sotgos et al., 2011b; Hayakawa et al.,
2015a, 2015b; Contoyiannis et al., 2016; Potirakial., 201% The possible relation of the

field observed fracture-induced electromagneticssions (EME) in the frequency bands of
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MHz and kHzassociated with shallow EQs with magnitude 6 agdaithat occurred in land
or near coast, has been examined in a series @itatiins in order to contribute to a better
understanding of the underlying processes (&figxias et al., 2001, 2004, 2008, 2013;
Kapiris et al., 2004; Karamanos et al., 2006; Papidou et al., 2008; Contoyiannis et al.,
2005, 2013, 2015; Eftaxias and Potirakis, 2013jr&las et al., 2011, 2012a, 2012b, 2012c,
2013, 2015; Minadakis et al., 2012a, 2012b; Balasial., 2011, 2013; Donner et al., 2015;
Kalimeris et al., 2016 Additionally, a four-stage model for the prepama of an EQ by
means of its observable EM activity has been régcgntt forward Eftaxias and Potirakis,
2013, and references therein; Contoyiannis eR@lls, and references thergiln summary,
the proposed four stages of the last part of EQgyetion process and the corresponding EM
observations, for which specific features have bidentified using appropriate time series
analysis methods, appear in the following ord&or(ner et al., 2015, and references thgrein
1% stage: valid MHz anomaly”"2stage: kHz anomaly exhibiting tri-critical chamistics; 3’
stage: strong avalanche-like kHz anomal{};stage: electromagnetic quiescence. It is noted
that, according to the aforementioned stage malelpre-EQ MHz EME is considered to be
emitted during the fracture of a part of the Eartlerust that is characterized by high
heterogeneity. During this phase the fracture is-dicectional and spans over a large area
that surrounds the family of large high-strengthites distributed along the fault sustaining
the system. Note that for an EQ of magnitude ~6ctireesponding fracture process extends
to a radius of ~120knmBowman et al., 1998

Two strong shallow EQs occurred recently in west8reece (see Fig. 1). On 26 January

2014 (13:55:43 UT) arM , =6.0 EQ, hereafter also referred to as “EQ1”, occuwadhe
island of Cephalonia (Kefalonia), with epicente28.22 N, 20.53 E) and depth of ~16km.

The second significant EQV,, =5.9, hereafter also referred to as “EQ2”, occurrecdien

same island on 3 February 2014 (03:08:45 UT), ejticenter at (38.25N, 20.46 E) and

depth of ~11km. Various studies of the two eartlkggsahave already been published
indicating their seismotectonic importan¢é(astathis et al., 2014; Valkaniotis et al., 2014;
Papadopoulos et al., 2014; Ganas et al., 2Bakkas and Lagios, 2015; Merryman Boncori et
al., 2019 as they were located on two different active thattat belong to the same seismic

source zone.
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A pair of simultaneous MHz EM signals was recordéed1 MHz, with a sampling rate of 1
sample/s, by two different stations prior to eacte @f the above mentioned significant

shallow EQs. On 24 January 2014, two days befadvif) = 6.0 Cephalonia EQ (EQ1), two

telemetric stations of our EM signal monitoring wetk (see Fig. 1), the station of
Cephalonia, located on the same island (38M8 20.59 E), and the station of Zante
(Zakynthos), located on a neighboring island belogdo the same (lonian) island complex
(37.77 N, 20.74 E), simultaneously recorded the first pair of afoentioned signals. The
same picture was repeated for the second signifiCaphalonia EQ,M ,=5.9 (EQ2).

Specifically, both the Cephalonia and the Zantésta simultaneously recorded the second
pair of aforementioned signals on 28 January 28iddays prior to the specific EQ. Note
that it has been repeatedly made clear that allpteeEQ EME signals, which have been
observed by our monitoring network, have been daxbronly prior to strong shallow EQs,
that have taken place on land (or near the coas}:lthis fact, in combination to the recently
proposed fractal geo-antenna modeitdxias et al., 2004ftaxias and Potirakis, 20),3can
explain why these signals succeed to be transnotieair. This model provides a good reason
for the increased possibility of detection of sl radiation, since a fractal geo-antenna
emits significantly increased power, compared ® plower that would be radiated by the
same source, if a dipole antenna model was corsldérshould also be noted that, none of
the recordings of the other monitoring stationsoaf network (except from the ones of

Cephalonia and Zante) presented critical charatiesibefore these two specific EQs.

<Figure 1 should be placed around here>

The analysis of the specific EM time series, ughgy method of critical fluctuations (MCF)
(Contoyiannis and Diakonos, 2000; Contoyiannis ef 2002, 2018 revealed critical

features, implying that the possibly related ungded geophysical process was at critical
state before the occurrence of each one of the @Qwterest. The critical characteristics
embedded in the specific time series were furtleeified by means of theatural time (NT)

method {arotsos et al., 2011a, 2011b, Potirakis et al132®015. The presence of the
“critical point” during which any two active partsf the system are highly correlated,

theoretically even at arbitrarily long distancesother words when “everything depends on
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everything else”, is consistent with the view ttied EQ preparation process during the period
that the MHz EME are emitted is a spatially exteasprocess. Note that this process

corresponds to the first stage of the aforementidaer-stage model.

Moreover, we analyzed the foreshock seismic agtivging the NT method; the obtained
results indicate that seismicity also presenteticati characteristics before each one of the
two important eventsThis result implies that the observed EM anomalg #re associated
foreshock seismic activity might be considered tag“sides of the same coin”. Last but not
least, one day before the occurrence of EQ2, areddays after the corresponding critical
EME signal, tricritical characteristics were revaghin the EME recorded by the Cephalonia
station.

The remainder of this manuscript is organized dsvis: A brief introduction to the MCF
and the NT analysis methods is provided in Sec®iomhe analysis of the EME recordings
according to these two methods is presented inidde® Section 4 presents the results
obtained by the analysis of the foreshock seismtiwity using the NT method, while Section

5 concludes the manuscript by summarizing and dsng the findings.

2. Critical Dynamics Analysis Methods

Criticality has early been suggested as an EQ psecusign Chelidze, 1982; Chelidze and
Kolesnikov, 1982; Chelidze et al., 2006; Rundlealket 2012; Wanliss et al., 20LXCritical
phenomena have been proposed as the likely franketwostudy the origins of EQ related
EM fluctuations, suggesting that the theory of ghxansitions and critical phenomena may
be useful in gaining insight to the mechanism @rtltomplex dynamicsBowman et al.,
1998; Contoyiannis et al., 2004a, 2005, 2015; \&@®tet al., 2011a, 201j1One possible
reason for the appropriateness of this model mayhbeway in which correlations spread
thought a disordered medium/ system comprised bérsts. From a qualitative / intuitive
perspective, according to the specific approadhalily single isolated activated parts emerge
in the system which, then, progressively grow araliferate, leading to cooperative effects.
Local interactions evolve to long-range correlasiopventually extending along the entire
system. A key point in the study of dynamical systehat develop critical phenomena is the
identification of the “critical epoch” during whictihe “short-range” correlations evolve into
“long-range” ones. Therefore, the theory of phasaditions and critical phenomena seem to
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be appropriate for the study of dynamical complgstems in which local interactions evolve
to long-range correlations, such as the disord&adh’s crust during the preparation of an
EQ. It is worth noting that key characteristicsao€ritical point in a phase transition of the
second order are the existence of highly correléitertuations and scale invariance in the
statistical properties. By means of experimentsymtems presenting this kind of criticality as
well as by appropriately designed numerical expenits, it has been confirmed that right at
the “critical point” the subunits are highly comt#d even at arbitrarily large “distance”. At
the critical state self-similar structures appeathbin time and space. This fact is
guantitatively manifested by power law expressidascribing the distributions of spatial or
temporal quantities associated with the aforemartioself-similar structurestanley, 1987,
1999.

The time series analysis methods employed in thiggepfor the evaluation of the MHz EME

recordings and the seismicity around the Cephalstaad in terms of critical dynamics are

briefly presented in the following. Specificalljzet method of critical fluctuations (MCF) is

described in Sub-Section 2.1, while the naturakt{(idT) method is described in Sub-Section
2.2.

2.1 Method of critical fluctuations (MCF)

In the direction of comprehending the dynamics afystem undergoing a continuous phase
transition at critical state, the method of crititactuations (MCF) has been proposed for the
analysis of critical fluctuations in the systemdiservables Gontoyiannis and Diakonos,
2000; Contoyiannis et al., 200Z2The dynamics of various dynamical systems hasenb
successfully analyzed by MCF; examples includentiar(e.g., 3D Ising) Gontoyiannis et
al., 2003, geophysical Contoyiannis and Eftaxias 2008; Contoyiannis et 2004a, 2010,
2015, 201% biological (electro-cardiac signalsy@ntoyiannis et al., 2004b; Contoyiannis et
al., 2013 and economic system@Z%un et al., 2014

It has been shownCpntoyiannis and Diakonos, 200@hat the dynamics of the order

parameter fluctuationg at the critical state for a second-order phasasitian can be

theoretically formulated by the non-linear interaitt map:

¢n+l = ¢n + u¢nz ’ (1)
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where ¢, is the scaled order parameter value at the titevial n; u denotes an effective

positive coupling parameter describing the nondmself-interaction of the order parameter,
Z stands for a characteristic exponent associatddthe isothermal exponeidt for critical
systems at thermal equilibriunz € 6 +1). The marginal fixed-point of the above map is the

zero point, as expected from critical phenomenarthe

However, it has been shown that in order to quatintély study a real (or numerical)
dynamical system one has to add an unavoidableséhderm, ¢,, to Eq. (1), which is
produced by all stochastic processésr{toyiannis and Diakonos, 200Note that, from the
intermittency mathematical framework point of viethe “noise” term denotes ergodicity in
the available phase space. In this respect, theah&g. (1), for positive values of the order

parameter, becomes:

by =| B +UB" +5, | )

Based on the map of Eq. (2), MCF has been intratlasea method capable of identifying
whether a system is in critical state of internmttetype by analyzing time-series

corresponding to an observable of the specificesysin a few words, MCF is based on the
property of maps of intermittent-type, like the sreé Egs. (1) and (2), that the distribution of

properly defined laminar lengths (waiting timds¥ollow a power-lawP(l) ~1~" (Schuster,
1998, where the exponenp, is p :1+% (Contoyiannis et al., 2002 However, the

distribution of waiting times for a real data tireeries which is not characterized by critical
dynamics follows an exponential decay, rather thgmower-law one Gontoyiannis et al.,

20043, due to stochastic noise and finite size effebierefore, the dynamics of a real time
series can be estimated by fitting the distributtdrwaiting times (laminar lengths) to a

function p(I) combining both power-law and exponential dedcagrtoyiannis and Diakonos,

2007%):
p(l) ~ 1P )

The values of the two exponents, and p,, which result after fitting laminar lengths

distribution in a log-log scale diagram, reveal tiveerlying dynamics. Exact critical state

calls for p, = G in such a case it ip, = p > .JAs a result, in order for a real system to be
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considered to be at critical statmth criticality conditions p, >1 and p,~ 0 have to be
satisfied.

Note that the choice of the function(l) of Eqg. (3), which combines both power-law and
exponential decay, to model the distribution oftmai times was deliberately made in order
to include both these fundamentally different betwsy i.e., the critical dynamics
(Contoyiannis et al., 2002and the complete absence of specific dynamiosclisistic

processes)Gontoyiannis et al., 2003brespectively. In addition, the specific functialso
models intermediate behavioSdntoyiannis and Diakonos, 2007

In applying the MCF the corresponding factorsagf) appear to be competitive: any increase
of the p, exponent value corresponds topg exponent value reduction and vice versa.
However, this is expected because, for example,igerngase of the value op, exponent
signifies the departure from critical dynamics dahds the reduction ofp, exponent value.

Still, it is interesting to apply MCF analysis tbserve this competition in the case of pre-
earthquake EME time-series and explore whetheolth@ned exponent values are consistent
with those of MCF analyzes performed on other tsages with large statistics which are

considered as references for the application ofneethod. This competition can be observed
even within the critical windows as shown in Figd.and 3d.

Moreover, a special dynamics case is the one krasvttricritical crossover dynamics”. In
statistical physics, a tricritical point is a pointthe phase diagram of a system at which the
two basic kinds of phase transition, that is thetforder transition and the second order
transition, meet Huang, 198). The co-existence of three phases, specificalig, high
symmetry phase, the low symmetry phase, and amrmetiate “mixing state”, is a
characteristic property of the area around thisippd passage through this area, around the
tricritical point, from the second order phase $iaon to the first order phase transition
through the intermediate mixing state constitutéscatical crossoverfluang, 198Y.

The specific dynamics is proved to be expressetthdynap Contoyiannis et al., 20)5

My, =M, —um~* +¢&,|, (4)

where m stands for the order parameter. This map diffesfthe critical map of Eq. (2) in

the sigh of the parameter and exponentz. Note that for reasons of unified formulation we
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use for these parameters the same notation a® iaritical map of Eq. (2). At the level of
MCF analysis this dynamics is expressed by thenaséid values for the two characteristic

exponentsp,,p, values, that satisfyhe tricriticality condition p, <1, p, = 0. These values

have been characterized i@gqntoyiannis and Diakonos, 200@&s a signature of tricritical

behavior.

Note that MCF analysis is possible only for timee which at least present cumulative
stationarity. Therefore, a cumulative stationatést is always performed before applying the
MCF method; examples can be found in a number bfigations(e.g., Contoyiannis et al.,
20044, 2005, 2010; Contoyiannis and Eftaxias, 2@@fiirakis et al., 2015More details on
the application of MCF can be found in several mhi@dd articles (e.gContoyiannis et al.
2002, 2013, 2015 as well as in Section 3 where application onlttéz EM variations is
presented.

2.2 Natural time method (NT)

The natural time method was originally proposedtifia analysis for a point process like DC
(Direct Current) or ultra-low frequencyl Hz) SES (Seismic Electric Signal$jafotsos et
al., 2002 Varotsos, 2005 and has been shown to be optimal for enhantiagignals in the
time-frequency spacé\be et al., 200b The transformation of a time-series of “everftem
the conventional time domain to natural time domsiperformed by ignoring the time-stamp
of each event and retaining only their normalizedko (index) of occurrence. Explicitly, in a
time series ofN successive events, the natural time, of the k™ event is the index of

occurrence of this event normalized, by dividingthg total number of the considered events,

7. =k/N. On the other hand, the “energyQ,, of each,k™, event is preserved. We note

that the quantityQ, represents different physical quantities for vasidime series: for EQ

time series it has been assigned to a seismic enelepsed (e.g., seismic momentaotsos
et al., 2005; Uyeda et al., 2009fand for SES signals that are of dichotomous reait
corresponds to SES pulse duratidiarotsos, 2005 while for MHz electromagnetic emission
signals that are of non-dichotomous nature, it eesn attributed to the energy of fracto-

electromagnetic emission events as defineBatirakis et al. (2013)The transformed time

series  (y,,Q,) is then studied through the normalized power fspet
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2
, Wherew is the natural angular frequency,=27¢, with ¢

() =35, poexe(jmz)

standing for the frequency in natural time, terrfreatural frequency”, andg, :Qk/z::lQn

corresponds to th&" event’'s normalized energy. Note that, the termtura frequency”
should not be confused with the rate at which &esyscillates when it is not driven by an
external force; it defines an analysis domain dimlthe natural time domain, in the

framework of Fourier—Stieltjes transforiigrotsos et al., 201)b

The study ofl‘I(w) at @ close to zero reveals the dynamic evolution oftiime series under
analysis. This is because all the moments of te&ilution of p, can be estimated from

H(w) at w >0 (Varotsos et al., 201)a Aiming to that, by the Taylor expansion
2
(@) =1-x@" + K" +..., the quantitys; is defined, wherec, =" p,zZ —(ZL pk;(k) :

i.e., the variance ofy, weighted for p, characterizing the dispersion of the most sigaific

events within the “rescaled” interv4D,1]. Moreover, the entropy in natural tim&,, is

defined Yarotsos et al., 2006as Sht=z:llkak”U(k—(z.ilpkﬂ(k)|n(sz=1kak) and
corresponds \(arotsos et al., 2006, 201)1io the value atq=1 of the derivative of the
fluctuation functionF(q) :<Zq>_<;(>q with respect tag (while x; corresponds td- (q) for

g=2). It is a dynamic entropy depending on the sedakatder of events\{arotsos et al.,

2006. The entropy,S, , obtained upon consideriny4rotsos et al., 20Q&he time reversal

T,i.e., TP, = Py_my- IS also considered.

A system is considered to approach criticality whise parametexk; converges to the value
k, =0.070 and at the same time both the entropy in natimad &ind the entropy under time
reversal satisfy the conditio,,S, <, =(IN2/2)—1 4 (Sarlis et al., 2011 where S,
stands for the entropy of a “uniform” distributionnatural time Yarotsos et al., 2006

In the special case of natural time analysis afd$bpck seismicityarotsos et al., 2001,
2005,2006; Sarlis et al., 2008he seismicity is considered to be in a trugaoai state, a “true

coincidence” is achieved, when three additionalditbons are satisfied: (i) The “average”



10

11

12

13

14
15
16

17
18
19

20

21

22

23

24

25

26

27
28

Potirakis et al. Recent Cephalonia EQs: candid&teEecursors, a nonlinear dynamics approach. p. 11

distance<D> between the curves of normalized power spth(ar) of the evolving
seismicity and the theoretical estimationlé{w ),

Moiiea () =(18/50° ) —( 6coms/ &7 )—( 12si5/ &°) Tl (@) x1- K7, for
x,=0.070 should be smaller that0?, i.e., (D) = (|[1(@) ~ I, ey ()]) <107 (ii) the

parameterx; should approach the valug = 0.070 “by descending from aboveVérotsos et

al., 2002; (iii) Since the underlying process is expecteth¢ self-similar, the time of the true
coincidence should not vary upon changing (witleiasonable limits) either the magnitude

threshold,M or the area, used in the calculation.

thres

It should be finally clarified that in the cases#ismicity analysis, the temporal evolution of

the parametersc,, S,, S

nt? nt-?

and (D) is studied as new events that exceed the magnitude

thresholdM are progressively included in the analysis. Speadlf/, as soon as one more

thres

event is included, first the time serieg, (Q, ) is rescaled in the natural time domain, since

each time thek"™ event corresponds to a natural timg =k/N, where N is the

progressively increasing (by each new event inchisitotal number of the considered
successive events; then all the parameters invaivéite natural time analysis are calculated

for this new time series; this process continuds tire time of occurrence of the main event.

More details on the application of NT on MHz EMEveall as on foreshock seismicity can be
found inPotirakis et al. (2013, 20),5as well as in Sections 3 and 4, where its apptino on

the MHz EM variations and foreshock seismicity iegented, respectively.

Note that in the case of NT analysis of foreshagismicity, the introduction of magnitude

threshold, M excludes some of the weaker EQ events (with ntad@i below this

thres ?
threshold) from the NT analysis. On the one halmid,is necessary in order to exclude events
for which the recorded magnitude is not considergdble; depending on the installed
seismographic network characteristics, a specif@mitude threshold is usually defined to

assure data completeness. On the other hand, ¢haf warious magnitude thresholdd

‘thres

offers a means of more accurate determinationeofithe when criticality is reached. In some
cases, it happens that more than one time-points gatisfy the rest of NT critical state
conditions, however the time of the true coinciderfinally selected by the last condition
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that “true coincidence should not vary upon chaggdwithin reasonable limits) either the

magnitude thresholdy or the area, used in the calculation.”

thres ?
3. Electromagnetic Emissions Analysis Results

Part of the MHz recordings of the Cephalonia statissociated with thé,, =6.0 EQ (EQ1)

is shown in Fig. 2a. This was recorded in day @ry&4, that is ~2 days before the occurrence
of EQ1. This stationary time series excerpt, ha\angtal length of 2.8 h (10,000 samples)
starting at 24 Jan. 2014 (12:46:40 UT), was analymethe MCF method and was identified
to be a “critical window” (CW). CWs are time intefg of the MHz EME signals presenting
features analogous to the critical point of a sdoorler phase transitio@@ntoyiannis et al.,
2005.

The main steps of the MCF analysis (e@ontoyiannis et al., 2013, 20/Lbn the specific
time series are shown in Fig. 2b- Fig. 2d. Firstisaribution of the amplitude values of the
analyzed signal was obtained from which, usingrttehod of turning pointsPingel et al.,
1999, a fixed-point, that is the start of laminar @ug, ¢, of about 700 mV was determined.
Fig. 2c portrays the obtained distribution of laaridengths for the end poi = 65Y ,
that is the distribution of waiting times, referremas laminar lengths, between the fixed-

point ¢, and the end poiny, as well as the fitted functiorf (1)ocl™™e ™ with the

corresponding exponentp, =1.35, p, =0.00C with R*=0.999. Note that the distribution
of laminar lengths is directly fitted to the spécifnodel using the Levenberg-Marquardt
algorithm, while the fitting criterion is the chiggare minimization. The fitting is not done in
log-log space; the axes of Fig. 2c¢ are logarithfmidhe easier depiction of the distribution of
laminar lengths. Finally, Fig. 2d shows the obtdipéot of the p,, p, exponents vsg . From
Fig. 2d it is apparent that the criticality condits, p, >1 and p, ~ 0, are satisfied for a wide
range of end pointg, revealing the power-law decay feature of the tgages that proves

that the system is characterized by intermittemiaglyics; in other words, the MHz time series

excerpt of Fig. 2a is indeed a CW.

<Figure 2 should be placed around here>
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Part of the MHz recordings of the Zante statioroesded with EQL1 is shown in Fig. 3a. This

was also recorded in day of year 24, that is ~2 dejore the occurrence of Cephalonia EQL1.
This stationary time series excerpt, having a tiaiadjth of 2.8 h (10,000 samples) starting at
24 Jan. 2014 (12:46:40 UT), was also analyzed eyMBF method and was identified to be a
“critical window” (CW).

The application of the MCF analysis on the spedifite series (cf. Fig. 3), revealed that the
criticality conditions, p, >1 and p, ~ 0, are satisfied for a wide range of end poigtsfor

this signal too. In other words, this signal haambedded the power-law decay feature that

indicates intermittent dynamics, rendering it a CW.

<Figure 3 should be placed around here>

After the M, =6.0 (EQ1), ~ a week later, the secoM,, =5.9 (EQ2), occurred on the same

island with a focal area a few km away from thestfione. Six days earlier, both the
Cephalonia and Zante stations simultaneously recoMHz EME. Specifically, a stationary
time series excerpt, having a total length of 3.32,000 samples) starting at 28 Jan. 2014
(05:33:20 UT), from Cephalonia station and a stetig time series excerpt, having a total
length of 5 h (18,000 samples) starting at 28 2814 (03:53:20 UT), from Zante station
were analyzed by the MCF method and both of theme waentified to be CWs. Note that the
Cephalonia CW was emitted within the time frameavhich the Zante CW was emitted. Figs

4 & 5 show the results of the corresponding analyse

<Figure 4 should be placed around here>

<Figure 5 should be placed around here>

In summary, we conclude that, according to the M@&lysis method, both stations recorded
MHz signals that simultaneously presented critgtalte features two days before the first

main event and six days before the second maintelrerorder to verify this finding, we
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proceeded to the analysis of all the corresponMhtz signals by means of the NT analysis
method, according to the way of application proplosePotirakis et al. (2013)According to

the specific procedure for the application of th& Method on the MHz signals, we
performed an exhaustive search seeking for at wastamplitude threshold value (applied
over the total length of the analyzed signal),idrich the corresponding fracto-EME events
satisfy the natural time method criticality conalits. The idea is that if the MCF gives valid
information, and as a consequence the analyzed s$inies excerpt is indeed in critical
condition, then there should be at least one tlotdskalue for which the NT criticality

conditions (cf. Sec. 2.2) are satisfied. Indeedg@marent from Fig. 6, all four signals satisfy
the criticality conditions according to the NT methfor at least one of the considered

threshold values, therefore the results obtainetheyICF method are successfully verified.

<Figure 6 should be placed around here>

On 2 February 2014, i.e., one day before the oeogs of EQ2, MHz EME presenting

tricritical characteristics was recorded by the l@dpnia station. This signal emerged five
days after the CWs that were identified in the diameously recorded, by the Cephalonia and
Zante stations, MHz EME. The specific MHz time esrexcerpt from Cephalonia station,
having a total length of 7.5 h (27,000 samplesitisgrat 2 Feb. 2014 (07:46:40 UT), was
analyzed by means of the MCF method yielding tiselte shown in Fig. 7. As apparent from

the results, this signal satisfies the tricritigalconditions p, <1, p, = 0(cf. Sec. 2.1) for a
wide range of end pointg, revealing the intermediate “mixing state” betweka second

order phase transition to the first order phasesiten. Unfortunately, during the time that
the Cephalonia station recorded tricritical MHznsily the Zante station was not in operation;

actually, it was out of operation for several hodwsing the specific day.

<Figure 7 should be placed around here>
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It has been recently foun@g¢ntoyiannis et al., 20}3hat such a behavior is identified in the
kHz EME which usually emerge near the end of thezMEME when the environment in
which the EQ preparation process evolves changes fieterogeneous to less heterogeneous,
and before the emergence of the strong avalankbediiz EME which have been attributed
to the fracture of the asperities sustaining thétfaActually, this has been proposed as the
second stage of the four-stage model for the pagiparof an EQ by means of its observable
EM activity (Eftaxias and Potirakis, 2013, and references thef@ontoyiannis et al., 2015,
and references therein; Donner et al., 30The identification of tricritical behavior in M+
EME is a quite important finding, indicating thdtet tricritical behavior, attributed to the
second stage of the aforementioned four-stage maodel be identified either in kHz or in
MHz EME, leading thus to a revision of the specifiar-stage model in order to include this

case too.

As a conclusion, after the first stage of the E@ppration process where MHz EME with
critical features are emitted, a second stagevisllowhere MHz or kHz or both MHz and kHz
EME with tricritical features are emitted. As aldgamentioned (cf. Sec. 2.1), in terms of
statistical physics the tricritical behavior is amermediate dynamical state which is
developed in the region of the phase diagram ofstéem around the tricritical point, which
can be approached either from the edge of thedind#r phase transition (characterizing the
strong avalanche-like kHz EME attributed to thedlstage of the four-stage model) or from
the edge of the second order phase transitiondcteizing the critical MHz EME attributed
to the first stage of the four-stage model). Thanefalthough it is expected that the tricritical
behavior will be rarely observed, as it has alrebdgn discussed irContoyiannis et al.,
2019, it can be found either in MHz time series, follog the emission of a critical MHz

EME, or in kHz time series preceding the emissibavalanche-like kHz EME.

4. Foreshock Seismic Activity Analysis Results

As already mentioned iRotirakis et al. (2013, 2015)seismicity and pre-fracture EMEs
should be two sides of the same coin concerningeif@egeneration process. If the MHz
EMEs and the corresponding foreshock seismic seguarre observable manifestations of the
same complex system at critical state, both shbelghossible to be described as a critical
phenomenon by means of the natural time methodérdtbre, we also proceeded to the
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examination of the corresponding foreshock seisawtiovity around Cephalonia before each
one of the significant EQs of interest in ordenvésify this suggestion. However, we did not
apply the NT method on concentric circles arouradpicenter of each EQ, asHotirakis et
al. (2013, 2015) but instead we decided to study seismicity witlaireas determined

according to seismotectonic and earthquake hazuedia.

Following the detailed study presented \famvakaris et al(2016, we incorporated the
seismic zones proposed there for our area of stlidys, as it is presented in Fig. 8, we
defined five separate seismic zones, based orriteei@ explored ilvamvakaris et al(2016

and the seismic zonation proposed by them. Sineesthdy area, comprises the most
seismically active zone in Greece, assigned alsdidfhest value on the Earthquake Building
Code for the country, a large number of sourcesstiand strain studies have been used in
their study to establish such definition of zonihkignce, it was found well justified to follow
their zone definition. In Fig. 8, from east to westd north to south, one can identify the
zones of Akarnania (area no. 1), Lefkada islandaao. 2), east Cephalonia island (area no.
3), west Cephalonia island (area no. 4), and Zmstaed (area no. 5), respectively, covering

the area of the lonian Sea near Cephalonia island.

<Figure 8 should be placed around here>

Before we proceed to the NT analysis of seismitiig, seismic activity prior to EQ1, as well
as between EQ1 and EQ2 is briefly discussed irtioeldao the above mentioned seismic
zones. Earthquake parametric data have been edritfom the National Observatory of

Athens on-line cataloguehttp://www.gein.noa.gr/en/seismicity/earthquakeatzdy, while

for all the presented maps and calculations thallogagnitude M, ), as provided by the

specific earthquake catalog, is used. The foresBedmic activity before EQ1 for the whole
investigated area of the lonian Sea region fromDEZember 2013 up to the time of
occurrence of the main event is shown in the mapigf 9a. As it can be easily observed
from this map, there was a high seismic activitynyafocused on two specific zones: west
Cephalonia and Zante. Notably, an EQ Bf =4.7 occurred in Zante on 11/01/2014

04:12:58, indicated by the black arrow in Fig. Ba. EQs were recorded in Akarnania, while
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very few events were recorded in Lefkada and eaph@lonia. The events which occurred in

west Cephalonia are also shown in a separate nfag.i®b for later reference.

<Figure 9 should be placed around here>

Applying the natural time analysis on seismic dafa Sec. 2.2), the evolution of the time

series (r,,Q,) was studied for the foreshock seismicity priorBQ1, whereQ, is in this
case the seismic energy released during kfieevent. The seismic momeni,, as

proportional to the seismic energy, is usually adered {arotsos et al., 2005; Uyeda et al.,
2009b; Potirakis et al., 2013,201®ur calculations were based on the seismic moriven

(in dyn.cm) resulting from the correspondihg, as {/arotsos et al., 2005; Potirakis et al.,

2013, 2015 M, =10"""-**% First, we performed an NT analysis on the seigynactivity

of the whole investigated lonian Sea region dutimg period from 13/12/2013 00:00:00 to
26/01/2014 13:55:44 UT, i.e., just after the ocence of EQL, for different magnitude
thresholds M

for which all earthquakes having, > M, . were included in the analysis.

thres ? thres

Note that, onlyM,, . > 2 was considered in order to assure data completd@esuliaras et

al., 2013a, 2013b

For all the considered threshold values, the resalt the same: no indication of criticality
was identified (see for example Fig. 10a). Sincewa have already mentioned, the whole
investigated area was mainly dominated by the seisgtivity in west Cephalonia and the

seismic activity in Zante, while an EQ M, =4.7 occurred in Zante, we decided to start the

NT analysis after the occurrence of the specifintéaEQ, in order to exclude from our
analysis possible foreshock activity related to specific event. As a result, we performed
NT analysis for the time period 11/01/2014 04:13(6t after theM =4.7 Zante EQ) to

26/01/2014 13:55:44 UT, for different magnitudeesirolds in three successively enclosed
areas: namely, the whole investigated area of folskands region, both Cephalonia (east and
west) zones combined, and the zone of west CephalBepresentative examples of these
analyses are depicted in Fig. 10b — Fig. 10d. Ttadyais over the whole investigated area of

the lonian Islands region indicates that seismigches criticality on 19 and 20 of January,



© 00 N o v b~ w N R

[ER
o

[y
[EEN

12

13

14
15
16
17

18

19

20

21

22
23
24
25
26
27
28
29
30

Potirakis et al. Recent Cephalonia EQs: candid&teEecursors, a nonlinear dynamics approach. p. 18

while the two other progressively narrower areadicaie that the criticality conditions
according to NT method are satisfied on 19 and 2Jamuary. These results imply that
seismicity was also in critical condition a few dgyrior to the occurrence of the first studied
significant Cephalonia EQ (EQ1). Actually, in thpesific case, the critical condition of
seismicity was reached before, but quite closegh&emission of the corresponding MHz
signals for which critical behavior was identifieef. Sec. 3). Note that a very recent analysis
on the foreshock seismic activity before EQ1, inmi® of a combination of multiresolution
wavelets and NT analysis, which was performed amcentric areas of 50 km and 30 km
radii around the epicenter of EQ1, also found Nigtanalysis criticality requirements are met
a few days before EQL1 (at approximately 20 Januyagijianatos et al., 2095

<Figure 10 should be placed around here>

Before the application of the NT method to the reézsactivity prior to EQ2, one should first
study the time evolution of the activity betweer tivo significant events of interest, in order
to minimize if possible the influence of the filSQ aftershock sequence on the NT analysis.
Our first observation about the EQs which occudadng the specific time period was that,

all but one had epicenters in west Cephalonia. ©nlyM =2.3 EQ occurred in Zante, at

(37.79 N, 21.00 E) on 28 January 2014 02:08:27 UT.

Fig. 11a shows all the events that were recordegtlanwhole investigated area of the lonian

Islands region vs. time from just after EQW  =6.0) up to the time of EQ2Nl, =5.9),

including EQ2. As it can be seen, if one considead both significant EQs of interest were
main events, it is quite difficult to separate si®esmic activity of the specific time period into
aftershocks of the first EQ and foreshocks of #meoad one. However, we observe that up to
a specific time point, there is a rapid decreast®frunning mean magnitude of the recorded
EQs, while after that the long range (75 eventsinimg mean value seems to be almost
constant over time with the short range (25 eveon®) varying around it. We arbitrarily set
the 29 January 00:00:00 UT as the time point aftach the recorded seismicity is no longer
dominated by the aftershocks of EQ1; this by nomeemplies that the aftershock sequence

of the EQL stops after that date. It should alsauhéerlined that changing this, arbitrarily
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selected, date within reasonable limits, does mgifscantly changes the results of our
corresponding NT analysis which are presented r@xtthe other hand, a significant shift of
this limit towards EQL, i.e., to earlier dates, ules to severe changes indicating the
domination of the recorded seismicity by the afieck sequence of EQ1L. Accordingly, the
considered as foreshock seismic activity before H@2 from 29/01/2014 00:00 UT up to
the time of occurrence of EQ2, is presented innia@ of Fig. 11b for west Cephalonia and

analyzed in the following.

<Figure 11 should be placed around here>

Next, we applied the NT method on the seismicitymeist Cephalonia for the time period
from 29/01/2014 00:00:00 to 03/02/2014 03:08:47 WUibte that we also applied the NT
method on the whole investigated area of the lomstands region, obtaining practically the

same results. As we have already mentioned, ontéyMn =2.3 EQ occurred outside the

> 2.3 this

thres =

west Cephalonia zone, so, on the one hand for mamthreshold valueMm

event was excluded, while, on the other hand, even lower threshold values

(2<M, . < 2.3) its inclusion does not change the results sigaifily. Fig. 12 shows the NT

thres
analysis results for some threshold values prothiag seismicity reaches criticality on 1 or 2
February 2014, that is one or two days before ttwaiwence of the second significant EQ of

interest M, =5.9).Actually, in the specific case, the critical cdiah of seismicity was

reached after, but quite close, to the emissiothefcorresponding MHz signals for which
critical behavior was identified (cf. Sec. 3).

<Figure 12 should be placed around here>

5. Discussion - Conclusions

Based on the methods of critical fluctuations amdural time, we have shown that the

fracture-induced MHz EME recorded by two stationsour network prior to two recent
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significant EQs occurred in Cephalonia presentcality characteristics, implying that they

emerge from a system in critical state.

There are two key points that render these obsenstinique in the up to now research on
the pre-EQ EME:

(i) Although not previously reported, we have tdenbere that, as it has been observed, the
Cephalonia station is insensitive to EQ preparatimtesses happening outside of the wider
area of Cephalonia island, as well as to EQ preijpararocesses leading to low magnitude
EQs within the area of Cephalonia island. Note thatonly signal that has been previously
recorded refers to the M=6 EQ that occurred onsfiexific island in 2007Gontoyiannis et
al., 2010.

(ii) Prior to each one of the studied significar@% two MHz EME time series presenting
critical characteristics were recorded simultangounstwo different stations very close to the
focal areas, while no other station of our netw@fk Fig. 1) recorded such signals prior to the
specific EQs. This indicates that the revealedcality was not associated with a global
phenomenon, such as critical variations in the $phere, but was rather local to the area of
the lonian Islands region, enhancing the hypothisisthese EME were associated with the
EQ preparation process taking place prior to the gignificant EQs. This feature, combined
with the above mentioned sensitivity of the Cephilostation only to significant EQs
occurring on the specific island, could have bemms@ered as an indication of the location of

the impending EQs.

Electromagnetic emissions, as a phenomenon rootdtlei damage process, should be an
indicator of memory effects. Laboratory studiesifyethat: during cyclic loading, the level of
EME increases significantly when the stress excéselsnaximum previously reached stress
level (Kaizer effect). The existence of Kaizer efferedicts the EM silence during the
aftershock periodHftaxias et al., 2013; Eftaxias and Potirakis, 2048 references thergin
Thus, the appearance of the second EM anomaly mesgal that the corresponding
preparation of fracture process has been orgairizachew barrier.

We note that, according to the view that seismiaryg pre-EQ EM emissions should be “two

sides of the same coin” concerning the earthquakeermgtion process, the corresponding
foreshock seismic activity, as another manifestatibthe same complex system, should be at
critical state as well, before the occurrence ofia@n event. We have shown that this really
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happens for both the significant EQs we studiecpdrtantly, the revealed critical process
seems to be focused on an area corresponding toesieCephalonia zone, one of the parts
according to the seismotectonic and hazard zoni#ipaing of the wider area of the lonian

Islands.

To be more detailed, the foreshock seismicity aased with the first M, =6.0) EQ

reached critical condition a few days before theuo@nce of the main event. Specifically, it
came to critical condition before, but quite closethe emission of the corresponding MHz
signals for which critical behavior was identifieflhe seismicity that was considered as

foreshock of the secondM,, =5.9) EQ also reached criticality a few days before the

occurrence of the main event. In contrary to thet f£Q case, it reached criticality after, but
quite close, to the emission of the correspondirtdgMignals for which critical behavior was
identified.

One more outcome of our study was the identifieatbtricritical crossover dynamics in the
MHz emissions recorded just before the occurrerdid@e second significant EQ of interest

(M, =5.9) at the Cephalonia station. Note that, unfortugathe Zante station was out of

order for several hours during the specific dagjuding the time window during which the
tricritical features were identified in the Cephabo recordings. As a result, we could not
cross check whether tricritical signals simultarsdp@also reached Zante. This is considered a
quite important finding, since it verifies a thetcally expected situation, namely the
approach of the intermediate dynamical state cfitical crossover, either from the first or
from the second order phase transition state.rmgef pre-EQ EME, this leads to a revision
of the four-stage model for the preparation of &ty means of its observable EM activity.
Namely, after the first stage of the EQ preparapoocess where MHz EME with critical
features are emitted, a second stage follows wiiéte or kHz or both MHz and kHz EME
with tricritical features are emitted. Specificallthe tricritical crossover dynamics can be
identified either in MHz time series, following tleenission of a critical MHz EME, or in kHz
time series preceding the emission of avalanche#idz EME. In summary, the proposed
four stages of the last part of EQ preparation ggecand the associated, appropriately
identified, EM observables appear in the followbrgler: £' stage: valid MHz anomaly;"2
stage: MHz or kHz or MHz and kHz anomaly exhibitimigcritical characteristics; 3 stage:

strong avalanche-like kHz anomaly” 4tage: electromagnetic quiescence. Note that the
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specific four-stage model is a suggestion that setene verified by the up to now available
MHz-kHz observation data and corresponding timéeseanalyzes, while a rebuttal has not
appeared in the literature. However, the underatgndf the physical processes involved in
the preparation of an EQ and their relation to ousi available observables is an open
scientific issue. A lot of efforts still remain toe undertaken before one can claim clear
understanding of EQ preparation processes andahksaciated possible precursors.

As it has been repeatedly pointed out in previooskw €.g., Eftaxias et al., 2013; Eftaxias
and Potirakis, 2013, and references thgreour view is that such observations and the
associated analyses offer valuable information tdsvainderstanding of processes in the
Earth system taking place prior to the occurrerfca significant EQ. As it is known, a large
number of other precursory phenomena are also wxeboth by ground and satellite
stations, prior to significant EQs. Only a combirea@luation of our observations with other
well documented precursory phenomena could possdnigier our observations useful for a
reliable short-term forecast solution. Unfortungtéh the cases of the Cephalonia EQs under
study this requirement was not fulfilled. To thesb®f our knowledge, only one paper
reporting the emergence of VLF seismic-ionosphdrsturbances four days before the first
Cephalonia EQSkeberis et al., 20)%as been published up to now. It is very impdrthat

the specific disturbances, which also correspond $patially extensive process as happens
with the MHz EME, were recorded during the sameetiwindow with the herein presented
MHz critical signals. However, more precursory pbraena could have been investigated if
appropriate observation data were available. Foamge, if ground-based magnetic
observatories in the area of Greece had availallgnetometer data for the time period of
interest, EQ-related ULF magnetic field variatiomsuld also be investigated. Such ULF
variations, either of lithospheric or ionospheriggm, are also a result of spatially extensive
processes and have been shown to present critieabateristics prior to significant EQ

occurrencelflayakawa et al., 2015a, 2015b; Contoyiannis eR@llg; Potirakis et al., 2016
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Figure 1. Map with distribution of stations of the telemetrnetwork that monitors
electromagnetic variations in the MHz and kHz baindSreece, which were operating during
the time period of interest. The locations of theplalonia and Zante stations are marked by
the magenta square and triangle, respectivelyewhé rest of the remote stations are denoted
by red circles and the central data recording sdsyea blue circle. The epicenters of the two

significant EQs of interest are also marked, th&t {[EQ1, M, =6.0) by a red cross and the
second (EQ2M,=5.9) by a green X mark. The electromagnetic variatioraitored at

Zante station are 3 kHz North-South, 3 kHz Eastd\&&Hz Vertical, 10 kHz North-South,
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10 kHz East-West, 10 kHz Vertical, 41 MHz, 54 MHmal35 MHz, while at the rest of the
stations, including Cephalonia station, only théi3KNorth-South, 3kHz East-West, 10kHz
North-South, 10kHz East-West, 41MHz and 46MHz aseorded. More details on the
instrumentation of the telemetric network can benfb in the supplementary downloadable
material of Potirakis et al., 2005 (For interpretation of the references to coltns, reader is

referred to the online version of this paper.)
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Figure 2. (a) The 10,000 samples long critical window of MElz EME that was recorded
before the Cephalonid , =6.0 EQ at the Cephalonia station. (b) Amplitude duttion of

the signal of Fig. 2a. (c) Distribution of lamini@ngths for the end poing = 6B6% , as a

representative example of the involved fitting. Bodd line corresponds to the fitted function

(cf. to text in Sec. 2.1) with the values of theresponding exponentp,, p, also noted. (d)
The obtained exponentp,, p, vs. different values of the end of laminar regign The

horizontal dashed line indicates the critical lifit, =1).
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Figure 3. (a) The 10,000 samples long critical window c¢ #¥iHz EME that was recorded
prior to the Cephalonid/l , = 6.0 EQ at the Zante station, while (b), (c), and (@) similar to
the corresponding parts of Fig. 2. From 3b, a figpetht (start of laminar regions)j, of
about 600 mV results, while in Fig. 3c, the digitibn of laminar lengths is given for the end
point ¢ = 665nV for which the exponentsp,=1.49, p,=0.00C with R*=0.999 were

obtained.
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Figure 4. (a) The 12,000 samples long critical window of MElz EME that was recorded
before the CephalonidM, =5.9 EQ at the Cephalonia station, while (b), (c), &dy are
similar to the corresponding parts of Fig. 2. Iig.Fc, the distribution of laminar lengths is
given for the end poing = 660V .
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Figure 5. (a) The 18,000 samples long critical window of MElz EME that was recorded
before the Cephaloni , =5.9 EQ at the Zante station; (b), (c), and (d) areilamto the
corresponding parts of Fig. 2. In Fig. 5c, therthsttion of laminar lengths corresponds to the

end pointg, = 4060V .
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Figure 6. Natural time analysis results obtained for the MEME signals shown in: (a) Fig.
2a, recorded at Cephalonia station prior to EQJLF{®. 3a, recorded at Zante station prior to
EQ1, (c) Fig. 4a, recorded at Cephalonia statioorgo EQ2, and (d) Fig. 5a, recorded at

Zante station prior to EQ2. The quantities (solid curve),S, (dash-dot curve), an&,,
(dot curve) vs. amplitude threshold for each MHgnal are shown. The entropy limit of
S (=0.096§, the value0.070 and a region of:0.00% around it are denoted by the horizontal

solid light green, solid grey and the grey dasliees| respectively. (For interpretation of the

references to colors, the reader is referred totii@e version of this paper.)
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Figure 7. (a) The 27,000 samples long tricritical excerpthed MHz EME that was recorded

before the Cephaloni®1 ,=5.9 EQ at the Cephalonia station; (b), (c), and (&) samilar to

the corresponding parts of Fig. 2. In Fig. 7c,drgribution of laminar lengths corresponds to

the end poini,

= 6/V.
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Figure 8. Seismic zonation in the lonian Islands area. Tuoations of the Cephalonia and
Zante stations, as well as the epicenters of tlee dignificant EQs of interest are marked,

using the same signs presented in Fig. 1.
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Seismic Activity in w. Cephalonia, M>2
time period: 13-Dec-2013 to 26-Jan-2014
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Figure 9. Foreshock seismic activityM, ) before EQ1: (a) for the whole investigated arka o

the lonian Sea region; (b) for west Cephaloniar {Rterpretation of the references to colors,

the reader is referred to the online version of gaper.)
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Figure 10. Temporal evolutions of the four natural time (NTabysis parametersc(, S;,

S, and(D}) for the foreshock seismic activity recorded ptmiEQL: (a) for the activity of

the whole investigated area of the lonian SeaNQr threshold 2.5, during the period from

13/12/2013 00:00:00 to 26/01/2014 13:55:44 UT (pafser the occurrence of EQ1); (b) for

the activity of the whole investigated area of kbyeian Sea forM | threshold 2.3, during the

period from 11/01/2014 04:13:00 (just after thg =4.7 occurred in Zante) to 26/01/2014

13:55:44 UT, (c) for the activity of both Cephalar{east and west) zones combined Kby
threshold 2.1, during the period from 13/12/201300M0 to 26/01/2014 13:55:44 UT;. (d)
for the activity of the west Cephaloniafdv, threshold 2.1, during the period from

13/12/2013 00:00:00 to 26/01/2014 13:55:44 UT. Nbet the events employed depend on

the considered threshold. Moreover, the time (x¢)s as not linear in terms of the

conventional date of occurrence of the events,esihe employed events appear equally

spaced relative to x-axis, as the natural timeasgmtation demands, although they are not
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equally spaced in conventional time. The horizostdid light green, solid grey and the grey
dashed lines, denote the same quantities as in6Fiyhile the horizontal solid brown line

denotes thel0? limit for (D). (For interpretation of the references to colting, reader is

referred to the online version of this paper.)
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Seismic Activity vs. time, IVIL> 2
6 T T

55

(@)

25+ 00 OOD@OETIT| 00 OO @RELD D OO CO COO0 @i
[ORON ¢ G DG O OO @ Qo OO @ O OOOHOOOD O [N e.[]
O (I o OO0 @OD00O Ghd QoG O O O T O
G o O @] OO O OO0 O 9] O @] @]
2 | O QD @ 9 (9] (48} [ON ] O‘ O € 0]
27-Jan 29-Jan 31-dan 02-Feb

time period: 26-Jan-2014 13:55:44 to 03-Feb-2014 03:08:47
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Seismic Activity in w. Cephalonia, ML} 2
time period: 29-Jan-2014 to 03-Feb-2014
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Figure 11. (a) Seismic activity from the time immediately afteQ1 (M, =6.0) up to the
time of EQ2 M, =5.9) for the whole investigated area of the lonian.SHae moving

averages of the recorded earthquake local magmitusletime for calculation windows of 25
and 75 successive events are shown by the dastgehtaaand solid grey curve, respectively.
The vertical solid red line denotes the time p@@tlanuary 00:00:00 UT. (b) The considered
as foreshock seismic activity before EQ2 (from 292014 00:00 UT up to the time of
occurrence of EQ2) for west Cephalonia. All presdniagnitudes are local magnitudes

(M, ).(For interpretation of the references to coldise reader is referred to the online

version of this paper.)
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Natural time (NT) analysis results for the seistgién the partition of west
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Cephalonia during the time period from 29/01/201400:00 to 03/02/2014 03:08:47 UT
(between EQ1,M,=6.0, and EQ2,M , =5.9): (a)-(d) Temporal evolutions of the four

natural time analysis parameters { S;, S,_, and<D>) for the differentM thresholds 2.2,

2.6, 2.8, and 3.0, respectively. Note that the esve@mployed depend on the considered

threshold. Moreover, the time (x-) axis is not &nen terms of the conventional date of

occurrence of the events, since the employed ewampsar equally spaced relative to x-axis,

as the natural time representation demands, althabgy are not equally spaced in

conventional time. The horizontal solid light greeolid grey and the grey dashed lines,

denote the same quantities as in Fig. 6, whilentirezontal solid brown line denotes th&™

limit for <D> (For interpretation of the references to colahg reader is referred to the

online version of this paper.)



