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In the last years, continuous recordings of electromagnetic emissions from geophysical observatories
have been recognized to exhibit characteristic fluctuation patterns prior to some major earthquakes.
To further evaluate and quantify these findings, this work presents a detailed assessment of the time-
varying correlation properties of such emissions during the preparatory phases preceding some recent
earthquakes in Greece and Italy. During certain stages before the earthquakes’ occurrences, the electro-
magnetic variability profiles are characterized by a marked increase in the degree of organization of
fluctuations, which allow developing hypotheses about the underlying physical mechanisms. Based on
the preparatory phases of selected seismic events, the information provided by different statistical prop-
erties characterizing complementary aspects of the time-varying complexity based on temporal correla-
tions is systematically assessed. The obtained results allow further insights into different pre-seismic
stages based on the variability of electromagnetic emissions, which are probably associated with distinct
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1. Introduction

Earthquakes (EQ) are large-scale fracture phenomena arising in
the Earth’s heterogeneous crust, the occurrence of which is per-
ceived in the form of a sudden violent shaking of the Earth’s sur-
face. However, the processes involved in the preparation of an
EQ are complex and not easy to be directly monitored. Therefore,
the view that “understanding how earthquakes occur is one of
the most challenging questions in fault and earthquake mechanics”
(Shimamoto and Togo, 2012) is not an overstatement. In the direc-
tion of understanding the underlying complex nonlinear processes
involved in the preparation of an EQ, two research fields have
attracted the particular interest of scientists. One of them, to which
huge efforts have been devoted, is the study of fracture phenomena
at the laboratory scale (e.g., Lockner et al., 1991; Lockner, 1996;
Chauhan and Misra, 2008; Johnson et al., 2008; Baddari and
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Frolov, 2010; Ben-David et al., 2010; Zapperi, 2010; Baddari
et al., 2011; Lacidogna et al., 2011; Hadjicontis et al.,, 2011;
Schiavi et al., 2011; Carpinteri et al., 2012; Chang et al., 2012),
while the other is the study of different phenomena which are
observed in the field prior to the occurrence of significant EQs.

It has been shown that opening cracks are accompanied with
electro-magnetic emissions (EME) covering a wide frequency spec-
trum from the kHz band to the MHz band. These signals can be
found at the laboratory scale prior to global failure in fracture
experiments (e.g., Chauhan and Misra, 2008; Baddari et al., 2011;
Lacidogna et al., 2011; Hadjicontis et al., 2011; Carpinteri et al.,
2012), as well as at the geophysical scale prior to significant EQs
(e.g., Warwick et al., 1982; Hayakawa and Fujinawa, 1994; Qian
et al, 1994; Gokhberg et al, 1995; Kapiris et al, 2004;
Contoyiannis et al., 2005, 2015; Uyeda et al.,, 2009; Cicerone
et al,, 2009; Potirakis et al., 2012, 2013, 2015; Eftaxias et al,,
2013; Eftaxias and Potirakis, 2013). Two important features of
EME have been observed in both the laboratory and the field: (i)
emissions in the MHz band consistently precede those in the kHz
band, indicating that each type of those emissions corresponds to
different characteristic stages of the fracture/EQ preparation, while
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(ii) after the emission of the kHz EME an electro-magnetic quies-
cence systematically emerges before the time of the global fail-
ure/EQ occurrence (Kumar and Misra, 2007; Qian et al., 1994;
Baddari and Frolov, 2010; Hayakawa and Fujinawa, 1994;
Gokhberg et al., 1995; Matsumoto et al., 1998; Hayakawa, 1999;
Eftaxias et al., 2013; Eftaxias and Potirakis, 2013; and references
therein). Based on these features and the results obtained through
the analysis of field observations of MHz-kHz EME by multidisci-
plinary time-series analysis tools, the following four-stage model
of the EQ preparation process by means of fracture-induced EME
has been proposed recently (Eftaxias and Potirakis, 2013, and refer-
ences therein; Contoyiannis et al., 2015, and references therein):

(1) The initially emerging MHz EM field is attributed to cracking
in the highly disordered material that surrounds the back-
bone of strong entities (asperities) distributed around the
stressed fault sustaining the system. It has been shown using
the Method of Critical Fluctuations (MCF) that this emission
shows anti-persistency and can be described in analogy to a
thermal second-order phase transition in equilibrium
(Contoyiannis et al., 2005, and references therein). More
detailed analysis by means of truncated Lévy statistics and
non-extensive Tsallis statistical mechanics suggests that a
truncated Lévy walk-type mechanism can organize the het-
erogeneous system to criticality (Contoyiannis and Eftaxias,
2008). Importantly, based on the recently introduced
method of natural time analysis (Varotsos et al., 2011a, b),
it has been shown that the seismic activity that occurs in
the region around the epicenter of the forthcoming signifi-
cant shock a few days up to approximately one week before
the main shock occurrence, as well as the observed MHz EM
precursor which emerges during the same period of time,
both behave as critical phenomena (Potirakis et al., 2013,
2015).

(2) Our understanding of different rupture modes is still very
much in its infancy. However, laboratory experiments of
rock fracture and frictional sliding have shown that the rela-
tive slip of two fault surfaces takes place in two phases: a
slow stick-slip like fracture-sliding precedes dynamical fast
global slip (Ben-David et al., 2010; Chang et al., 2012). It has
been suggested that the abrupt emergence of a strong ava-
lanche-like kHz EM field is due to the fracture of the family
of the asperities themselves, namely to the slow stick-slip
like stage of the rupture mode. This emission exhibits a high
information content and organization, a preferred direction
in the underlying fracto-EM mechanism and persistency,
i.e,, it includes key features of an extreme event (Eftaxias
et al., 2013; Eftaxias and Potirakis, 2013; and references
therein). The observed kHz EM precursor is characterized
by the absence of any footprint of a second-order transition
in equilibrium or a truncated Lévy walk-type mechanism.
On the contrary, it shows footprints of a first-order phase
transition (Contoyiannis et al., 2015). The kHz EM time ser-
ies includes well-established universal structural patterns of
fracture-faulting processes, namely: (i) the activation of a
single fault by means of kHz EM activity behaves as a redu-
ced/magnified image of the regional/laboratory seismicity;
(ii) its temporal profile is consistent with the universal frac-
tional Brownian motion-type spatial profile of natural rock
surfaces; (iii) the roughness of its temporal profile coincides
with the universal spatial roughness of fracture surfaces.
Finally, the kHz EM emission is consistent with the fault
modeling of the occurred earthquake, which is supported
by studies from different disciplines, e.g., satellite radar
interferometry and seismology (Eftaxias et al, 2013;
Eftaxias and Potirakis, 2013; and references therein).

(3) Recently, it has been shown by means of the MCF that in
between the above mentioned two stages of the fracture
process, there exists an intermediate stage which reflects
the tri-critical behavior (Contoyiannis et al.,, 2015). This
stage appears in the kHz EME just before the emergence of
the strong avalanche-like kHz emission. The results obtained
for the kHz time series are compatible with those for an
introduced model map which describes the tri-critical cross-
over. The tri-critical crossover indicates the boundary of an
anti-persistent dynamics, namely the existence of a negative
feedback mechanism that kicks the system away from
extreme behavior.

(4) The systematically observed EM quiescence in all frequency
bands is rooted in the stage of preparation of dynamical slip,
which results in the fast, even super-shear, mode that sur-
passes the shear wave speed. Recent laboratory experiments
also reveal this feature.

In summary, the proposed four stages of the last part of EQ pre-
paration process and the associated EM observables appear in the
following order: 1st stage: valid MHz anomaly; 2nd stage: kHz
anomaly exhibiting tri-critical characteristics; 3rd stage: strong
avalanche-like kHz anomaly; 4th stage: electromagnetic
quiescence.

We note that the study of EME possibly related with an upcom-
ing significant seismic event is associated with the existence of
“paradox features” that accompany their observation, expressed
in the form of the following research questions: Why is EM quies-
cence observed at the time of the EQ occurrence? Why are the
emerging EM signals not accompanied by large precursory strain
changes, much larger than co-seismic ones? Why are the EM emis-
sions not observed during the aftershock period? How is the trace-
ability of potential EM precursors achieved given that they should
normally be absorbed by the Earth’s crust? A first attempt to
answering these questions has been recently presented (Eftaxias
et al., 2013; Eftaxias and Potirakis, 2013; and references therein).

The above suggested four-stage model of EQ preparation pro-
cesses by means of fracture-induced EME is a hypothesis that
remains to be further verified. However, it should be noted that,
up to now, it seems to be in agreement with both experimental
(laboratory and geophysical) data, as well as theoretic and sim-
ulation studies of fracture phenomena, while no rebuttal has been
published yet.

In this work, we focus on the third stage and the analysis of the
strong avalanche-like kHz EME; all the herein analyzed signals are
strong avalanche-like kHz anomalies, corresponding to the same
stage, the third stage, of our proposed four-stage model. Due to
the important practical implications of the hypothesis that these
emissions signify the fracture of asperities, which means that after
the observation of valid recorded kHz signals the EQ occurrence is
inevitable, it is crucial to apply further analysis methods which
help identifying those features embedded in the kHz EME that
could possibly reveal the validity of such recordings. As it was
mentioned, a crucial footprint of an extreme event is its high
degree of organization. Such a feature should be included in a
fracto-EM activity rooted in the fracture of asperities. It is impor-
tant to note that “there is no way to find an optimum organization
or complexity measure” (Kurths et al., 1995). Therefore, in this
work we search for further evidence for the (temporary) existence
of a dynamical state of high organization, which clearly discrimi-
nates an emerging kHz anomaly prior to a large EQ from the back-
ground EM noise in the region of the recording station. For this
purpose, we utilize different measures characterizing the dynami-
cal complexity of geophysical signals based on their linear correla-
tion structure, an approach that has been originally proposed by
Donner and Witt (2006, 2007) in a multivariate framework and
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recently been adopted for defining an easily calculable complexity
measure for univariate time series (Donner and Balasis, 2013). In
this work, we complement the previously developed analysis strat-
egy by a suite of additional measures quantifying different aspects
associated with the correlation structure of pre-seismic EME.

The remainder of this manuscript is organized as follows:
Section 2 describes the EME data used in this study. The analysis
methodology used in this work is detailed in Section 3.
Subsequently, the results of our investigations are presented in
Section 4 and put into the context of previous findings in Section 5.

2. Data

The kHz EME time series analyzed in the present work have all
been recorded at the exemplary remote telemetric station at
Zakynthos (Zante) Island in the Ionian Sea (western Greece), using
instrumentation developed by Nomicos (Nomikos et al., 1997).
Zakynthos Island is located at a region of high tectonic activity,
right on the Hellenic Arc (Kopanas, 1997), cf. Fig. 1. The telemetric
station has been installed on a carefully selected mountainous site
at the south-west of the island (37.76° N, 20.76° E) providing at the
same time very low background noise and high Earth conductivity
(Antonopoulos, 1996; Makris et al.,, 1999; Eftaxias et al., 2001).
These features render this specific station particularly appropriate
for magnetic field strength measurements, i.e. for kHz EME detec-
tion. The kHz EME are measured by six loop antennas detecting the
three components, east-west (EW), north-south (NS), and vertical,
of the variations of the magnetic field at 3 kHz and 10 kHz, respec-
tively. The EME time series are sampled once per second, i.e., with
a sampling frequency of 1 Hz. More information about the experi-
mental setup can be found in the supplementary material of
Potirakis et al. (2015).

The analyzed kHz EME time series were detected prior to three
significant EQs which happened in Greece and Italy, cf. Fig. 1. In
chronological order, these EQs are the Kozani-Grevena EQ [oc-
curred on 13 May 1995 (08:47:13 UT) in northern Greece with
an epicenter at 40.17° N, 21.68° E and a magnitude of 6.5] (e.g.,
Kapiris et al., 2002, 2003; Eftaxias et al., 2002; Contoyiannis
et al., 2005), the Athens EQ [with magnitude 5.9, occurred on 7
September 1999 (11:56:49 UT) in central Greece (38.15° N,

23.62° E)] (e.g., Eftaxias et al., 2004, 2007; Kapiris et al., 2004;
Contoyiannis et al., 2005; Karamanos et al., 2005, 2006; Kalimeri
et al., 2008), and the L’Aquila EQ [with magnitude 6.3, occurred
on 06 April 2009 (01:32:41 UT) in central Italy (42.34° N, 13.38°
E)] (e.g., Eftaxias, 2009; Eftaxias et al., 2009, 2010). More specifi-
cally, the following data have been analyzed for these three cases:
(i) different kHz EM variations (10 kHz NS and EW, 3 kHz NS, EW
and vertical) recorded during a 3 days period from 11 May 1995,
00:00:00 (UT), to 13 May 1995, 23:59:59 (UT), for the Kozani-
Grevena EQ, (ii) 10 kHz NS EM variations recorded during an
11 days period from 28 August 1999, 00:00:00 (UT) to 7
September 1999, 23:59:59 (UT), for the Athens EQ, and (iii)
10 kHz EW EM variations recorded during a 3 days period from 3
April 2009, 00:00:00 (UT), to 5 April 2009, 23:59:59 (UT), for the
L’ Aquila EQ. The corresponding time series are shown in Figs. 2
and 3.

We clarify that the above mentioned observed potential EM
precursors are associated with very shallow EQs that occurred on
land with magnitude ~6 or larger. The associated fracture
processes are extended up to the surface of the Earth. Thus the pro-
duced fracto-electromagnetic emission can be directly launched to
the atmosphere (Eftaxias and Potirakis, 2013 and references
therein). In turn, comparable signatures of deeper EQs are com-
monly harder to observe.

3. Methods

In this work, we utilize several novel approaches for character-
izing dynamical complexity of geophysical signals based on their
linear correlation structure.

In a univariate setting, the quantification of serial correlations
has been traditionally restricted to relatively simple statistical
properties like the de-correlation time (i.e., the time lag after
which correlations have decayed below a certain level), the lag-
one auto-correlation coefficient (or, equivalently, the coefficient
of a first-order auto-regressive (AR(1)) process fitted to the data
for describing correlated noise as some kind of statistical null-
model to geophysical time series, cf., e.g., Torrence and Compo
(1999)), or the Hurst exponent H related to the power-law expo-
nent of the auto-correlation function (ACF) for large lags in the
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Fig. 1. Location of the recording station at Zakynthos as well as the epicenters of the three studied EQs.
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Fig. 2. Studied pre-seismic kHz EME time series associated with the Kozani-Grevena EQ (five components). The dashed blue line indicates the timing of the mainshock. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The analyzed pre-seismic kHz EME around the Athens (a) and L’Aquila (b) EQs. The dashed blue lines indicate the timing of the corresponding mainshocks. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

presence of long-term memory. Notably, the latter parameter is
commonly estimated using alternative approaches like the power
spectral density, wavelets or detrended fluctuation analysis (Peng
et al.,, 1994) due to their better stability properties in comparison
with estimating H directly from the ACF. In the field of pre-seismic
EME, the Hurst exponent has already been used to characterize the
persistent/anti-persistent properties of the signal, as well as to
reveal that the universal spatial roughness of fracture surfaces
(H ~ 0.7) nicely coincides with the roughness of the temporal pro-
file of the recorded kHz EM precursors (Ponson et al., 2006; Mourot
et al.,, 2006; Lopez and Schmittbuhl, 1998; Zapperi et al., 2005;
Hansen and Schmittbuhl, 2003; Renard et al., 2006; Potirakis
et al,, 2011).

Here, we follow a distinctively different approach by viewing
the correlation structure of geophysical time series from a
multivariate perspective. For this purpose, we consider the cross-
correlation matrix C of the lagged trajectory matrix consisting of
m replications of the original time series mutually shifted by a
fixed time step 7 (equivalently, we can unfold the ACF coefficients
at lags 7, 27,...,(m — 1)t into a symmetric Toeplitz matrix having
constant entries on all diagonals). The corresponding approach is
widely applied in terms of singular spectrum analysis (SSA, cf.
Broomhead and King, 1986; Ghil et al., 2002) used for a variety
of applications such as spectral analysis or gap filling in geophysi-
cal data. Instead of further following this methodology, we aim at
globally characterizing the statistical properties associated with
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this (positive semi-definite) correlation matrix. For this purpose,
we study the associated spectrum of non-negative real eigenvalues
of C. Specifically, we utilize different characteristics inspired by
findings for correlation matrices in various other fields like finan-
cial markets (Plerou et al., 2002), neurophysiology (Miiller et al.,
2005) and spatio-temporal chaos (Zoldi and Greenside, 1997).

First, we study the largest eigenvalue ¢%, which can be inter-
preted as the fraction of variance of the m-dimensional embedded
system explained by its first principal component. The partic-
ipation ratio of the associated eigenvector (a;i, ..., aim) (Plerou
et al., 2002; Miiller et al., 2005)

m -1
= (leau“> (1)
=1

characterizes how strong different lags contribute to this compo-
nent. Due to the fourth power of the eigenvector coefficients, direc-
tions in the embedding space (i.e., time lags) contributing strongly
to the first eigenvector receive much stronger weight than those
having minor relevance. Hence, if there are only a few relevant time
lags, the sum will be large, so that 7, takes small values. In turn, in
case of a more balanced distribution (i.e., more time lags contribut-
ing significantly to the first principal component, pointing to a more
complex signal), we may expect higher values of 7.

Second, we compute the normalized Shannon entropy of the
full spectrum of eigenvalues ¢3,...,0,2 of C as follows: The eigen-
values are first normalized to unit sum. Then, we take the decadal
logarithms of the normalized eigenvalues. The relative frequencies
pr of logarithmic normalized eigenvalues to fall into K bins
(k=1,...,K) of the same size are evaluated and used for estimating
the associated normalized Shannon entropy

1 X
S= @;Pkl‘)gl’k- 2)

High values of S indicate a broad variety of eigenvalues (i.e., few
dominating “modes”), whereas smaller values correspond to situa-
tions where the eigenvalue spectrum is more concentrated (i.e.,
there are many different “variability patterns” associated with dif-
ferent combinations of time lags, which have comparable rele-
vance). Note that in order to assure quantitative comparability of
the results for different data sets and/or time slices, the same bin-
ning needs to be considered. The number of bins K is to be selected
such that each bin contains on average a statistically sufficient
number of eigenvalues, i.e., needs to be properly chosen according
to the value of m. To our best knowledge, the Shannon entropy of
the eigenvalue spectrum of C has not yet been used elsewhere for
the purpose of characterizing the time-varying degree of dynami-
cal complexity of geophysical or other time series and thus pre-
sents a novel methodological aspect of the present work. We
emphasize that the eigenvalue entropy S is not to be confused with
the classical Shannon entropy of the underlying signal itself, since
it quantifies distinctively different properties of the data under
study. Specifically, when evaluated in terms of block or per-
mutation entropies, high values of the Shannon entropy commonly
indicate higher dynamical disorder pointing to possibly higher
complexity of the underlying signal. In turn, high values of the
eigenvalue entropy indicate a broad range of eigenvalues, i.e., vari-
ability modes contained in the correlation structure of the data
tend to have different variances instead of similar ones, which
could be interpreted as a signature of low complexity.

Finally, we study the scaling of residual SSA variances when
more and more eigenvalues of C are considered. For this purpose,
consider again the eigenvalues ¢;> normalized to unit sum. The dif-
ference between 1 and the sum of the first p normalized eigenval-
ues gives the residual fraction of variance not explained by the first

p principal components of C (in SSA language, the first p recon-
structed components). It has been found numerically that in many
cases, the residual variances show a roughly exponential decay.
The typical scale parameter associated with this decay is called
the linear variance decay (LVD) dimension density (Donner and
Witt, 2006, 2007; Donner et al., 2008). This parameter is estimated
by means of linear regression up to a given maximum fraction of
explained variance f=0.9 (see Donner et al. (2008) for full details
on the estimation procedure). Considering the limiting cases of
fully uncorrelated and perfectly linearly correlated components, a
normalized LVD dimension density § can be defined, which takes
values of 6 =0 for perfect correlations (i.e., a deterministic signal
with constant values or some linear trend) and 6 =1 for vanishing
serial correlations (i.e., white noise), respectively (Xie et al., 2011).
While the original approach has been developed for multivariate
time series, its modification for univariate records has recently
found several applications (Toonen et al., 2012; Donner and
Balasis, 2013).

We emphasize that the four statistical parameters %, 7;, S and
6 characterize different aspects associated with the correlation
structure of the signal under study. Specifically, the latter two
can be interpreted as measures of disorder and complexity of the
correlation structure. Motivated by recent proposals for combining
conceptually similar pairs of measures in some complexity-en-
tropy plane (Martin et al., 2006; Rosso et al., 2007), we will mainly
focus on ¢ and S in order to distinguish time intervals with differ-
ent dynamical regimes in the pre-seismic kHz EME.

4. Results
4.1. Auto-correlation functions

Since all measures used in this study are based on the tradi-
tional Pearson correlation, it appears justified to start our analysis
by inspecting the structure of the ACFs associated with the differ-
ent kHz pre-seismic EME records. Notably, the behavior of the ACF
can reveal important information on typical time-scales of fluctua-
tions contained in the signal. For our corresponding analysis, we
first take the global picture by disregarding the possible distinction
into different phases prior and even after the occurrence of the
mainshock.

From Fig. 4, we conclude that all considered records show
marked non-stationarity expressed in terms of a generally very
slow decay of the ACFs for all considered signals. This effect is to
be expected given the different levels of kHz EME amplitudes dur-
ing different stages of the EQ preparation processes as well as its
immediate aftermath (cf. Figs. 2 and 3), which dominate the ACF
when evaluated at this global scale. In order to address the prob-
lem of non-stationarity at the level of mean EME amplitudes (but
not the superimposed short-term fluctuations), all records were
subjected to a moving-average detrending regarding mean values
taken over centered windows in time with a width of 30 min.
After this pre-processing, the data actually exhibit a relatively fast
decay of serial correlations as expected for approximately station-
ary time series.

Looking in somewhat more detail at the shape of the ACFs, we
find that the recordings for the L’Aquila and Athens EQs display a
smooth decay without any pronounced oscillatory components.
The corresponding behavior is distinctively different for the
Kozani-Grevena EQ, where the five different recorded kHz EME
components exhibit somewhat different correlation patterns.
Specifically, in three of the five components (10 kHz EW, 3 kHz
EW and 3 kHz NS) the ACF appears modulated with a signal of
about 265 s period, while the two other components (10 kHz NS
and 3 kHz vertical) exhibit similar but much faster modulations
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Fig. 4. Auto-correlation functions (ACFs) for the short excerpts of the kHz pre-seismic EME data described in Section 2. From top to bottom: ACFs for time-scales up to 3 h for
the raw data, zooms thereof for time-scales up to 10 min, and short-term ACF for data after removing running means taken over 30 min of data. Left panels: data from the
L’Aquila (solid) and Athens (dashed) EQs. Right panels: all available components from the Kozani-Grevena EQ (10 kHz: black, 3 kHz: grey, EW: solid, NS: dashed, vertical:

dash-dotted).

with periods of about 10 s. However, spectral analysis (not shown)
reveals that there are no significant oscillatory components
embedded in the observed signal, so that we rather have to relate
them to sampling effects. In addition, we observe that for the 3 kHz
vertical component, the behavior of the raw data ACF changes
markedly at time-scales of about 1000s from highly variable
correlation values at shorter time lags to a much smoother behav-
ior at longer scales.

Due to these complex features of the data, in what follows all
analyses of short-term fluctuations have been performed in paral-
lel on the raw and the running-mean detrended data. Since we are
examining the short-term fluctuations of the EME for running

windows in time of at most 1 h size, it can be noted that the pre-
viously discussed non-stationarity of the records commonly does
not dominate the correlation structure on these time scales, so that
the obtained results are almost independent of whether raw or
detrended data have been used (not shown).

4.2. Temporal correlation patterns I: L’Aquila EQ

We start our detailed investigation of time-dependent dynami-
cal complexity with the relatively short EME record associated
with the L’Aquila EQ. Fig. 5 illustrates that the auto-correlation
structure of the time series is far from being constant over time.

Please cite this article in press as: Donner, R.V,, et al. Temporal correlation patterns in pre-seismic electromagnetic emissions reveal distinct complexity
profiles prior to major earthquakes. ]. Phys. Chem. Earth (2015), http://dx.doi.org/10.1016/j.pce.2015.03.008



http://dx.doi.org/10.1016/j.pce.2015.03.008

R.V. Donner et al./Physics and Chemistry of the Earth xxx (2015) xXx-XXX 7

ACF L ‘Aquila
300 : l 1
ik
250 [} .1 0.8
5 200 ‘ 0.6
[ =1
S
2 150 | 04
.,
>
©
< 100fl| Il e
e !
‘ 0
50
" [ 02

10 20 30 40 50 60 70
Endpoint time [hours]

ACF Athens
300 1
250 08
% 200 06
c
S
‘3,:‘ 150 04
o
& 02
o 100
(o}
0
50
-0.2

50 100 150 200 250
Endpoint time [hours]

Fig. 5. Time-dependent ACF (color-coded) up to a maximum lag of 5 min for running windows of 1 h and mutual offset of 1 min for the kHz EME record associated with the
L'Aquila and Athens EQs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In contrast, we observe alternations between sequences of time
windows with very fastly and very slowly decaying ACF, suggest-
ing qualitatively different physical processes causing the
corresponding emissions. Notably, a slow decay of correlations is
a common manifestation of long-range dependences, whereas a
fast decay can often be observed in case of anti-persistent
dynamics. We do not address the aspect of persistence here, since
it is relatively hard to evaluate in the relatively short time windows
used here for a characterization of time-varying dynamical com-
plexity. A more detailed corresponding study will be subject of
future work.

Based the observed complex temporal variability of auto-
correlations, we proceed with calculating the different characteris-
tics introduced in Section 3. The results of this investigation are
shown in Figs. 6 and 7 for a window width of 1 h and mutual offset
of 1 min. Regarding the AR(1) coefficient, the largest eigenvalue ¢%
and its associated participation ratio 7; (Fig. 6), the observed vari-
ability appears mutually consistent and mainly traces the afore-
mentioned succession of time intervals with fast and slow ACF
decay, respectively. In turn, the eigenvalue entropy S and LVD
dimension density ¢ (Fig. 7) exhibit a more interesting pattern
prior to the EQ, although the complexity measure mainly co-varies

with the AR(1) coefficient and the information associated with the
leading eigenvalue. The latter behavior is to be expected, however,
we emphasize that differences in the temporal profile of § from
that of the other characteristics indicate a more complex
distribution of eigenvalues, deviating significantly from the pre-
sumed exponential decay of residual variances underlying this
measure.

Examining Fig. 7 in more detail, we find that there are time
intervals during which ¢ drops to values close to 0, some of which
are in parallel characterized by a marked increase of S. The latter
periods can be found between about 23 and 41 h after the begin-
ning of the record, while the EQ itself occurred at around 73.5 h
and was unfortunately not covered by the available EME record.
Intermittent to the aforementioned time interval, there are periods
with lower (but still gradually increasing) eigenvalue entropy and
higher (gradually decreasing) complexity. This intermittent behav-
ior is obviously associated with pronounced spikes in the EME sig-
nal, cf. Fig. 3b. Finally, the time interval between 41 h after the start
of measurements and the EQ occurrence is characterized by (apart
from an intermediate time window between about 52 and 60 h)
high values of 6, while S fluctuates around its relatively low base-
line level. Notably, in contrast to §, S does not exhibit any further
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Fig. 6. Correlation-based characteristics for the L’Aquila EQ (computed for running windows of width 1 h, mutual offset of 1 min): AR(1) coefficient, largest eigenvalue ¢7 and

associated participation ratio ;.
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Fig. 7. Eigenvalue entropy S and LVD dimension density ¢ for the L’Aquila EQ (same windows as in Fig. 6).

marked maxima, whereas the LVD dimension density exhibits
short periods of low complexity until about 7-8 h prior to the
L’Aquila EQ.

In summary, the most striking features of our analysis of the
L’Aquila EQ-related emissions are (i) a time interval of about 50-
32 h prior to the mainshock, which is characterized by intermittent
high entropy (high dynamical disorder) and low complexity
following gradual trends and (ii) a period of high dynamical com-
plexity and low eigenvalue entropy directly prior to the EQ. The
first observation could be a manifestation of the fracture of pre-
existing fragments filling the gap between the rough profiles of
the fault, while the second is consistent with the fracture of the
strong entities (asperities) sustaining the system (Minadakis
et al., 2012). The fact that there are no further indications of peri-
ods with high eigenvalue entropy in the remaining part of the con-
sidered record suggests its possible relationship with the final
dynamical process related to the EQ preparation, i.e., the stage of
preparation of the dynamical slip which results in the fast, even
super-shear, mode that surpasses the shear wave speed after the
end of the slow stick-slip like stage of rupture mode related to

0.75 r |

the fracture of asperities (Eftaxias et al., 2013; Eftaxias and
Potirakis, 2013; and references therein).

However, the considered record alone is too short to draw jus-
tified conclusions about the possible significance of the previously
reported findings as potential EQ precursors. Therefore, it will be of
interest if similar observations can be made for the two other con-
sidered EQs as well.

4.3. Temporal correlation patterns II: Athens EQ

We performed the same analysis as before for the 11-days EME
recordings prior to and shortly after the Athens EQ. In general, the
observations regarding the temporal variability of the ACF are
qualitatively similar to those for the L’Aquila EQ (though exhibiting
a different “microscopic” pattern, cf. Fig. 5), so that we directly
focus on the eigenvalue entropy S and LVD dimension density §
in the following.

The corresponding results are shown in Fig. 8. It can be noted
that very similar to the L’Aquila EQ, we again observe an opposite
trend of eigenvalue entropy (upward) and our complexity measure
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Fig. 8. As in Fig. 7 for the Athens EQ.
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(downward) during some extended time period before the main
shock (about 0-160 h after the beginning of the considered record,
the EQ occurred at about 255 h). Moreover, the time interval
immediately prior to the EQ is again characterized by two
extended time intervals with high entropy and low complexity fol-
lowed by conditions with low entropy and high complexity. Unlike
for the L'Aquila EQ, this alternating behavior can be directly
observed in the amplitude of EME (cf. Fig. 3a). In the Athens case,
we find a low-complexity and high-entropy state of kHz EME
between about 205 and 215 h and about 225 and 245 h after the
beginning of the record. In turn, between about 215 and 225 h as
well as immediately before the EQ occurrence, we have also a per-
iod of high dynamical complexity and low entropy as in the
L'Aquila EQ case, which is attributed to EM quiescence. It is also
worth mentioning that an intermittent state with short (and faster)
alternating periods of (low-high) complexity and (high-low)
entropy can be identified from about 87 h to about 205 h indicating
a different underlying mechanism responsible for these kHz EME.
Finally, there is a gradual trend of increasing entropy/decreasing
complexity as approaching the mainshock, which abruptly stops
a few hours before the EQ occurrence (after the two extended time
intervals with high entropy and low complexity).

0.85

We conclude that the observed temporal complexity profile is
qualitatively similar to that of the L'Aquila EQ, although the
relevant processes prior to the Athens EQ appear to develop on
considerably longer time scales than in the previous case.
Specifically, our analysis seems to clearly reveal three different
phases: (i) a phase with strongly fluctuating complexity and
entropy levels (~87 h to ~205 h), (ii) two similar low dynamical
complexity phases of longer duration (~205h to ~245 h) inter-
rupted by a time interval of high complexity (~215 h to ~225 h),
(iii) a phase of high dynamical complexity during the last ~10 h
before the EQ occurrence.

4.4. Temporal correlation patterns IIl: Kozani-Grevena EQ

After the previous encouraging results for the L'Aquila and
Athens EQs, we now take a deeper look at the recordings prior to
the Kozani-Grevena EQ. From the overall correlation structure of
the five measured kHz EME components (Fig. 4), it can be expected
that the corresponding behavior is more complex than for the two
other EQs and significantly differs among the different compo-
nents. This is confirmed by the results of our analysis presented
in Fig. 9.
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Fig. 9. As in Fig. 7 for the Kozani-Grevena EQ. Different colors and line styles indicate the different recorded EME components: 10 kHz (solid) vs. 3 kHz (dotted), EW (black),
NS (red) and vertical (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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First of all, we note that the 3 kHz vertical component (dotted
blue line in Fig. 9) exhibits a constantly lower eigenvalue entropy
and higher LVD dimension density than the other four compo-
nents. Taken together, and considering the rather atypical behavior
of the ACF for this component (Fig. 4), we conclude that it most
likely exhibits more stochastic variability than actually inter-
pretable pre-seismic EM signal. Therefore, we will disregard it in
the following. In a similar way, we do not further interpret the
results for the 10 kHz NS component (solid red line in Fig. 9), since
the overall variability of the two considered measures is distinc-
tively different from the three remaining components, which is
again in agreement with the different global ACF properties. A
notable exception is the short time period around 55-56 h after
the beginning of the record, which is characterized by a short peak
in all five EME components relatively shortly (~1 h) before the EQ
and shows up in both eigenvalue entropy and LVD dimension den-
sity. Notably, this short period appears to be the only distinct time
interval of high dynamical disorder observed so far in the analysis
of the Kozani-Grevena EQ-related kHz EM that could be associated
with the current model of EQ preparation processes detailed in
Section 1. As far the two measures studied in this work are con-
cerned, we observe different tendencies in the abrupt change of
é apparently depending on the associated baseline levels in the dif-
ferent components. In turn, we observe a consistent local peak in
the eigenvalue entropies associated with all five components, fol-
lowed by lower entropy values that extend up to the occurrence
of the mainshock and shortly (about 1 h) after. This observation
is in agreement with the general picture obtained from the analysis
of the time series associated with the other two EQs.

Besides this short time period of increased eigenvalue entropy,
the most interesting non-trivial complexity feature of the three
components 10 kHz EW, 3 kHz EW and 3 kHz NS arises between
about 15 and 30 h after the beginning of the record and displays
a gradual decrease followed by another increase back to the pre-
vious level for the eigenvalue entropy, and the opposite behavior
for the LVD dimension density. In comparison with the sharp tran-
sitions between opposite behaviors found prior to the two other
EQs, this feature is clearly less pronounced, and its possible
relationship to some distinct EQ preparation processes remains
ambiguous. However, the general tendency appears similar as for
the two other EQs and could just be masked in the Kozani-
Grevena EQ-related record due to some event-specific conditions
(e.g., related to the respective geological setting in terms of hetero-
geneity of the geological structure around the fault, pre-existing
fragmentation, etc.).

4.5. Robustness of the results

The results reported above have been consistently obtained for
a given window size of one hour. In order to examine their robust-
ness if this parameter is changed, we have performed a
corresponding systematic investigation by varying the window
widths between 10 min and one hour. Given that we are looking
for time-dependent signatures associated with dynamical com-
plexity encoded in the ACF structure, we prefer not to consider lar-
ger windows here, while 10 min was chosen as a lower bound to
guarantee a sufficiently large statistical sample for the calculation
of the ACF within each window up to a maximum delay of 5 min.
The corresponding results are exemplarily shown in Fig. 10 for
the case of the L'Aquila EQ and demonstrate the high degree of
consistency between the variability observed for different window
widths. Notably, for smaller windows the samples considered for
evaluating the ACF also become smaller, which results - together
with the higher intrinsic variation - in a higher variability of the
different window-wise measures, keeping the previously discussed
overall picture unchanged.

Further robustness checks could be undertaken regarding the
maximum delay in the ACF, the step in the delay, as well as (in case
of the LVD dimension density) the maximum fraction of explained
variance considered in the estimation. For the conciseness of this
contribution, we do not report the corresponding results here,
but emphasize that for moderate variations of these parameters,
no significant changes of our results are to be expected.

5. Conclusions

The presented analysis has revealed some common features
among the kHz EME time series recorded prior to three recent sig-
nificant EQs in Greece and Italy. First of all, there is a common
opposite trend of complexity (decreasing) and the newly intro-
duced measure eigenvalue entropy (increasing) as approaching
the time of occurrence of the mainshock. Moreover, in all three
cases, relatively long entropy peaks emerge a few hours before
the EQ, while immediately following them low eigenvalue entropy
conditions are observed up to the time of occurrence of the EQ.

In the kHz EME recorded prior to the L’Aquila and Athens EQs,
one can clearly distinguish a systematically complementary behav-
ior of the employed complexity metrics (eigenvalue entropy and
LVD dimension density), implying three phases probably related
to different underlying mechanisms associated with the prepara-
tion of an EQ:
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(i) Afirst characteristic phase of intermittent fluctuations in the
eigenvalue entropy dominates a time interval of a few tens
of hours prior to the mainshock. This phase is characterized
by a relatively low initial baseline level of eigenvalue
entropy and a high initial baseline level of dynamical com-
plexity, which exhibit gradual trends towards higher
entropy and lower complexity.

(ii) A second phase is characterized by extended periods of low
dynamical complexity and high eigenvalue entropy, which
can be interrupted by time intervals of opposite characteris-
tics. This second phase is terminated shortly (a few hours)
prior to the EQ. As suggested by our findings for the
L’Aquila EQ, the first two phases may at least partially
overlap.

(iii) The final phase is characterized by a state of low eigenvalue
entropy and high complexity following right after the sec-
ond phase, persisting up to the time of occurrence of the
EQ and possibly beyond.

The first phase could be a manifestation of the fracture of pre-
existing fragments filling the gap between the rough profiles of
the fault, while the second appears consistent with the signatures
to be expected for a fracture of the strong entities (asperities) sus-
taining the system. The last phase signalizes the preparation of the
dynamical slip, which results in the fast, even super-shear, mode
that surpasses the shear wave speed and is perceived as the main
EQ event. The first two phases fall into the third stage of the
four-stage model of the EQ preparation process by means of frac-
ture-induced EME mentioned in Section 1, providing a finer
partitioning of this stage consistent with other already published
results (Minadakis et al., 2012). In turn, the third phase would be
consistent with the fourth stage of the aforementioned model.

In terms of the employed complexity metrics, the kHz EME
recorded prior to the Kozani-Grevena EQ behave differently from
those prior to the L’Aquila and Athens EQs, not clearly presenting
all the above features. This finding could be due to the different
shape of the corresponding spectra as a result of different data
quality, as suggested by the presented analysis, or to different
dynamics related to the different geological structure around the
corresponding focal volumes. It is noted that the power spectrum
of the Kozani-Grevena kHz activity reveals two different power-
laws, one for the low frequencies and another for the high frequen-
cies [Fig. 4 in Kapiris et al. (2004)]. The high frequency power-law
may reflect the dynamics within the bursts of the kHz emissions
while the low frequency one may indicate the correlation between
the bursts. It should also be noted that the lead-time and the dura-
tion of the detected kHz EM anomaly before the Kozani-Grevena
EQ were much shorter than in the other two cases, especially com-
pared to the Athens kHz EME. These differences are probably a
result of the fact that the Kozani-Grevena focal area has a more
homogeneous geological structure, while it is less fragmented,
since the Kozani-Grevena is a region of low historical seismic activ-
ity (Contoyiannis et al., 2015).

We emphasize that the presented analysis provides first indica-
tions for a refinement of the mechanistic model of EQ preparation
processes through temporal correlation patterns in pre-seismic
electromagnetic emissions and the associated distinct complexity
profiles. Due to the limited amount of data considered here for
the pre-mainshock period, we cannot yet draw any final conclu-
sions about whether or not the herein revealed complexity and
eigenvalue entropy signatures are truly unique to the preparatory
stages of major EQs. However, to this end we do not have any
results supporting the occurrence of similar patterns outside the
EQ preparation process. A corresponding analysis will be subject
of future work. In addition, we underline the necessity of a further
in-depth characterization of the three identified phases by means

of complementary statistical as well as nonlinear dynamics tools,
such as breakpoint regression for the observed trends in complex-
ity and eigenvalue entropy or a deeper investigation of the scaling
characteristics of the kHz EME during the different phases and the
relevant time-scales involved in them by means of, e.g., wavelet
analysis. We are confident that such future analyses can help fur-
ther constraining the physical mechanisms underlying the
reported temporal complexity profiles and may thus provide
another important step towards a better understanding of EQ pre-
paration processes.
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