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Abstract. Here, we check the obedience of new data, derived
from theMw = 5.4 earthquake on 7 August 2013 in Central
Greece, to a previously found power law relation by the au-
thor between the stress drop of an earthquake and the lead
time of its precursory seismic electric signal (SES). An ex-
ponent valueα = 0.329 has been found which is in excellent
agreement with previous ones reported in a series of articles
by the author. This value falls in the range of critical expo-
nents suggested by various models for fracture and is very
close to a reported one which interconnects the amplitude
of the SES and the magnitude of the impending earthquake.
The stability of this exponent confirms the credibility of the
above-mentioned power law and probably implies that real
physical dynamic processes evolving to criticality are present
in the pre-focal area when the SES is emitted.

1 Introduction

The concept that the preparation processes of large earth-
quakes can be better understood in terms of statistical physics
of a critical phase transition culminating in a cataclysmic
event, is widely adopted by many investigators (Andersen et
al., 1997; Keilis-Borok, 1990; Rundle et al., 2000).

Fracture in heterogeneous materials, such as the highly
fragmented Earth’s crust, could be viewed as a critical phe-
nomenon and has been a field of active study in recent years
(Lamaignère et al., 1996; Sornette and Sornette, 1990). The
critical point hypothesis suggests that large earthquakes only
occur when the pre-focal area is in critical stage. This im-
plies that the pre-seismic region behaves as a system at the
boundary between order and disorder and is characterized by
fractal geometry (Rong et al., 2012) including both origins
of self-similarity (i.e. process memory and process incre-
ments’ infinite variance, e.g. see Varotsos et al., 2006; Sarlis

et al., 2010), strong long-range correlations between diffe-
rent parts, and non-linear dynamic processes (Telesca et al.,
2005).

The investigation of possible earthquake precursors is one
of the top targets in Earth science today. Chief among them
are the electromagnetic anomalies which appear in a wide
frequency band from DC to MHz during the last preparatory
stage of the main shock (Gokhberg et al., 1982; Varotsos and
Alexopoulos, 1984a, b; Hayakawa et al., 2000; Telesca et al.,
2001; Nagao et al., 2002; Huang, 2011a; Xu et al., 2013).
Here, we focus on DC-ULF electric signals, termed seismic
electric signals (SES), which are recognized as transient low-
frequency (≤ 1Hz) variations of the Earth’s telluric field and
have been found to precede large earthquakes in Greece and
Japan (Varotsos and Alexopoulos, 1984a, b; Varotsos et al.,
1993; Orihara et al., 2012). They are emitted from the pre-
focal area when the tectonic stress reaches acritical value
which also signals the entrance of the region into a critical
stage.

A plausible model for the SES generation which is based
on the existence of point defects in solids (Varotsos and Alex-
opoulos, 1977) is as follows: rocks in the Earth’s crust con-
tain various ionic materials with lattice defects forming elec-
tric dipoles with nearby vacancies. When the tectonic stress
in the candidate focal area reaches acritical value, a co-
operative change in these dipoles’ orientation results in a
transient current which constitutes the SES. Details of this
model can be found elsewhere (Varotsos et al., 1998). Other
possible generation mechanisms are the piezoelectric effect
(Huang, 2002, 2011b) and the electrokinetic effect (Ren et
al., 2012). A series of such successive signals forms a SES
activity (Varotsos and Lazaridou, 1991). It has been found
(Varotsos et al., 2002; Abe et al., 2005) that the SES activi-
ties exhibit scale invariant structure (power law) (Varotsos et
al., 2003) which is consistent with the criticality concept of
the SES generation model mentioned above.
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Two of the most fundamental features of these SES signals
are the lead time and the selectivity. The lead time,1t , is the
time difference between the detection of the SES and the oc-
currence of the associated earthquake, and varies from some
hours (for a single signal) to a few months (for SES acti-
vity) (Varotsos and Alexopoulos, 1984a, b). Recently, the in-
troduction of a new time domain, termednatural time(Varot-
sos et al., 2002), allows the identification of the time of the
impending earthquake (Sarlis et al., 2008) with accuracy of
the order of one week. The selectivity effect is the ability of a
SES station to be sensitive to some specific seismic areas and
insensitive to some others even at closer distances (Varotsos
and Lazaridou, 1991; Varotsos et al., 1993). There is some
evidence of SES selectivity from the results of analogue ex-
periments (Huang and Ikeya, 1998, 1999) and numerical si-
mulations (Huang and Lin, 2010a, b).

A series of recent articles (Dologlou, 2008, 2009, 2010,
2012, 2013) showed an interconnection between dynamic pa-
rameters of large earthquakes and features of their precursory
SES in terms of criticality. Precisely, a power law relation
with an exponent falling in the range of critical values for
fracture has been found between the lead time of the SES and
the stress drop of the earthquake. The objective of the present
work is to check the obedience of new data to this power law
relation. It is worth noting that the same power law should
hold between the stress drop of major earthquakes (M > 6.5)
and the precursory magnetic field variations accompanying
SES activities (Skordas et al., 2010).

2 Data and discussion

Here, we focus on the update of the power law between the
lead time of the SES and the stress drop of the earthquake,
by introducing the most recent data from 9 January 2013
to 23 September 2013 (see Dologlou, 2013 – Table 2). Two
events withMw > 5.0 have been reported in the region (36–
41)◦ N (19–26)◦ E (EMSC, 2013) during this period. First,
theMw = 5.4 (USGS) earthquake, which occurred on 7 Au-
gust 2013 at 09:56:04 (UTC) with an epicentre (38.71◦ N
22.66◦ E) (big blue star in Fig. 1). This is also the largest
event that has taken place in the broader area during the
last ten years. Second, theMw = 5.3 (USGS) earthquake
on 16 September 2013 at 15:01:14 (UTC) with an epicen-
tre (38.70◦ N 22.73◦ E) (small blue star in Fig. 1), falling in
the aftershock area of the first one.

The CMT–Harvard fault plane solution of theMw = 5.4
main shock (USGS, 2013) is of normal type (Fig. 1 –
beach ball), since the epicentre lies in the basin between
Mt. Kallidromon and Mt. Parnassos, Central Greece, on the
Kalidromon–Atalanti–Martino Fault Zone (KAMFZ) (Fig. 1
– dashed lines), a region well known for its active and fast
extension. This regime is vividly characterized by a series of
subparallel graben oriented roughly WNW–ESE accommo-
dating mainly normal movement (Pantosti et al., 2001).

Fig. 1. Map of Central Greece, with the distribution (forming a
red cluster) of aftershocks withM ≥ 2.3 reported by EMSC, for
the period from 7 August 2013 to 17 September 2013. Dashed
ellipse highlights the location of the aftershock area with dimen-
sionsW andL, while big and small blue stars denote the epicen-
tres of the main shock and the latestMw = 5.3 event, respectively.
Black square depicts the location of the SES station, LAM. The
Kallidromon–Atalanti–Martino fault zone (KAMFZ) as well as the
Atalanti fault are represented by dashed lines. USGS-reported focal
mechanism is shown as a beach ball and a lower hemisphere pro-
jection is used with blue and white quadrants for compression and
dilatation.

A rich aftershock sequence of more than 300 events (M >

2.3), forming a well-defined cluster (Fig. 1 dashed ellipse)
of dimensionsL × W , followed the main shock. All after-
shocks are taken from the European Mediterranean Seismo-
logical Centre (EMSC) for the period from 7 August 2013 to
23 September 2013 (EMSC,http://www.emsc-csem.org).

This Mw = 5.4 earthquake was preceded by a SES acti-
vity recorded at Lamia station (LAM), close to Lamia, Cen-
tral Greece (Fig. 1 – solid square), from 31 March to 11
April 2013 (this is the longest SES duration ever observed
in Greece) with a lead time1t = 129 days (Varotsos et al.,
2013).

In order to calculate the Brune stress drop we used the
formula of Hanks and Wyss (1972):

1σB = 0.44Mo/r3, (1)

whereMo is the seismic moment andr the radius for a cir-
cular fault. The estimation of the radiusr, was obtained by
the application of the aftershock area technique (Kiratzi et
al., 1991) as it is described in detail by Dologlou (2009).
The aftershock areaS = L × W in km2, with lengthL and
width W , is clearly defined from the distribution of the after-
shocks (Fig. 1 – red cluster). The radiusr is calculated from
the equationS = πr2. The valuesL andW along with their
error range and mean values are presented in Table 1. Ac-
cording to USGS the seismic moment of the main shock is
Mo = 1.2× 1017Nm (Table 1).
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Table 1.The USGS-reported date and magnitude of the main shock along with its seismic moment, range of values in the dimensions of the
aftershock areasL andW , the corresponding calculated values for1σB , the critical exponentα and the lead time1t . Mean values are also
given.

No. Date Mw Mo L W 1σB α 1t

(1024dyn.cm) (km) (km) (bars) days

23 7 Aug 2013 5.4 1.2 15–17 8.5–9.5 2.04–1.43 0.324–0.335 129
Mean value 16 9 1.70 0.329± 0.010

Fig. 2. The plot of the power law between the stress drop of the
earthquakes and the lead time of SES. A red star corresponds to the
new data (Table 1, no. 23), while solid circles refer to the data sets
reported in Table 2 of Dologlou (2013). The new derived power law
relation along with its correlation coefficient R and the exponent
α = 0.329 are displayed on the top of the diagram.

The introduction now of these values into the lat-
est reported (Dologlou, 2013) power law relation1σB =

8.2131t−0.330, which is under a continuous updating process
by the author, leads to an exponentα = 0.329± 0.010 with
a correlation coefficientR = 0.86 (see Fig. 2 and Table 1).
All the calculated values, i.e. the dimensions of the after-
shock area, the stress drop and the critical exponent along
with their error range and their mean values are also given
in Table 1. We remark that events nos. 11, 13, and 15
(Table 2 of Dologlou, 2013) are always excluded from this
relation for reasons explained in detail elsewhere (Dologlou,
2008, 2009). This new exponent 0.329 is in excellent agree-
ment with the previously found one (i.e. 0.330) by Dologlou
(2013), and falls within the range of the values of critical
exponents suggested by various models for fracture. Further-
more, it is very close to the reported exponent by Varotsos
and Alexopoulos (1984a), which interconnects the amplitude
E of the SES and the magnitudeM of the impending earth-
quake according to the following power law relation that is

reminiscent of the theory of critical phenomena

logE = aM + b, (2)

whereE = 1V/L with 1V the potential difference between
two points on the ground at a distanceL, measured by two
buried electrodes,a ≈ 0.3− 0.4 andb is a site constant de-
pending on the geoelectrical structure around the station.

The remarkable stability of this exponent, confirmed by a
large amount of data (see Table 1 of Dologlou, 2013), reflects
the reliability of the above power law and probably implies
that the SES emission marks the entrance of the pre-focal re-
gion into a critical stage where non-linear dynamic processes
and long-range correlations prevail. It is worth noting that
when inappropriate data are inserted into this power law, the
value of the exponent is significantly violated (see Dologlou,
2013, 2012).

Nature has its own rules which sometimes deviate from the
expected behaviour, as in the case of the under study after-
shock sequence. Thus, we have to mention that theMw = 5.3
(USGS) earthquake that occurred on 16 September 2013 with
an epicentre falling in the margins of the aftershock area
(Fig. 1 – small blue star) was followed by numerous smaller
events in which the spatial distribution does not alter the di-
mensions of the aftershock area depicted in Fig. 1. How-
ever, this eastward migration of the epicentre of this new
Mw = 5.3 earthquake (Fig. 1 – small blue star) might trig-
ger the highly potential Atalanti fault (Fig. 1 – dashed line).
On the other hand, the unusually long duration of the SES
activity recorded at LAM station could be considered as an
underlying hint that the whole seismic activity in the broader
area is still in progress. Here, we restrict ourselves to the
present situation and data and we carefully follow with great
interest the evolution of the phenomenon.

3 Conclusions

The update of a previously found power law relation between
the stress drop of an earthquake and the lead time of its
associated SES, by inserting new data from theMw = 5.4
earthquake on 7 August 2013 in Central Greece, led to an
exponent valueα = 0.329 which is in excellent agreement
with the reported ones by the author. This value falls in the
range of critical exponents suggested by various models for
fracture and is very close to the one which interconnects the
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amplitude of the SES and the magnitude of the impending
earthquake. The stability of this exponent confirms the
credibility of the above power law and probably implies that
real physical dynamic processes evolving to criticality are
present in the pre-focal area when the SES is emitted.
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