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Abstract. The credibility of the power law relation, re- while remains inactive to some others even at closer distances
ported by Dologlou (2009) between the stress drop of an(Varotsos and Lazaridou, 1991; Varotsos et al., 1993; Sarlis
earthquake and the lead time of the preceded Seismic Eleet al., 1999)

tric Signal, SES, has been checked through additional new A brief description of the physical mechanism of the SES
data from 9 June 2008 to 7 April 2010. Three earthquakegeneration is given below: The various materials that exist
with M\,>5.5 have been found in Greece during this pe-in the Earth’s crust contain intrinsic lattice defects (Varot-
riod. A critical exponentx (e.g. 0.328) has been obtained sos and Alexopoulos, 1978, 1979, 1984c) e.g. anion Frenkel
which compares very well with the one reported-0.332) in alkaline earth fluorides (Varotsos, 1976, 2007), vacancies
by Dologlou (2009). The stability of this exponent might in metals (Varotsos and Alexopoulos, 1982), Schotcky de-
imply that critical dynamic processes, of mechanical (earth-fects in ionic crystals. Beyond these defects, however, extrin-
quakes) and also of electromagnetic (SES) sense dominatgc also defects are formed for charge compensation reasons
the pre focal area when the SES signal of the impendingKostopoulos et al., 1975; Varotsos et al., 1978) particularly
earthquake is emitted. in ionic solids (Varotsos and Alexopoulos, 1981) when are
doped with aliovalent impurities. A portion of these defects
are attracted by the nearby impurities, thus forming electric

1 Introduction dipoles the orientation of which can change by means of a
defect migration according to the relation
The last 3decades low frequencyiHz) variations of the r = ()~ Lexp(e/kT) 1)

earth’s electric field, known as seismic electric signals (SES),

have been monitored at different stations in Greece and weréhere T denotes the temperaturg, the number of jump
found to precede large earthquakes (Varotsos and AlexopouPaths accessible to jumping species with an attempt fre-
los, 1984a, b; Varotsos and Lazaridou, 1991; Varotsos et al.guencyv andg the Gibbs energy for the (re)orientation pro-
1993). A fundamental feature of the SES signal is the leadcess. Pressure affects the valugdt/arotsos, 1977; Varot-
time Ar, which is the time difference between the detection Sos and Alexopoulos, 1978) as expressed by

of the SES and the occurrence of the associated earthquake (dg/dP), @)
and varies from some hours to some weeks (Varotsos and
Alexopoulos, 1984 a, b; Varotsos et al., 1996). wherev denotes the migration or the activation volume in

Recently, the introduction of a new time domain, termed general (Varotsos et al., 1998) Thusi0 (Varotsos and
natural time (Varotsos et al., 2002; 2003a, b, 2005), al-Alexopoulos, 1980), an increase of pressure results in a de-
lowed the identification of the time of the impending earth- crease of the relaxation time When the pressure reaches a
quake with accuracy of the order of one week (Varotsos efritical valueP= P, a transient current, arising from a coop-
al., 2006a, b). As for the epicentral area it is estimated orerative (re)orientation of dipoles, is emitted with a relaxation
the basis of the so called SES selectivity which states thatime t(Pcr) following relation:

a SES station can be sensitive to some specific seismic aregsy 1 3
k_T T T (Per) ®)
Correspondence tcE. Dologlou where b(= dP/dr) is the rate of the gradual pressure in-
BY (edologl@phys.uoa.gr) crease.
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Let us now examine the dynamical processes which are det6 February 2009 at 23:16 UTC with,,=5.5 and epicen-
veloping in the prefocal area. Before an earthquake, the preter 37.13N, 20.78E (event no. 17 in Table 1) and was pre-
seismic volume is subjected to an increasing tectonic stresseded by a SES activity recorded at PIR station (Fig. 1a) on
which affects the thermodynamic parameters of this migra-12 December 2008 with a lead tinde =66 days; the second
tion (Varotsos, 1977) and may cause a gradual decrease @arthquake withv,,=5.8 took place on 3 November 2009
their relaxation time. When the stress reachestaal value  at 05:25UTC with epicenter 37.5N, 20.49E (event no. 18
the dipoles in the rocks in the pre-seismic area, change oriin Table 1) and was preceded by a SES activity detected at
entation cooperatively and a transient signal (Varotsos andPIR station (Fig. 1b) on 24 October 2009 with a lead time
Alexopoulos, 1986; Varotsos, 2005) is emitted. This signalAr=10days. At last, on 18 January 2010 at 15:56 UTC a
constitutes the SES activity and it is characterized by criticalthird earthquake witt,=5.5 (event no. 19 in Table 1) oc-
dynamics. curred in Central Greece (38.39N 21.90E), close to the town

The amplitudeE=AV/L of the SES, where\V is the  of Nafpaktos, and caused moderate damage in the village of
potential difference between to points on the ground at a disEfpalion (Fig. 1¢). This event was also preceded by a SES
tanceL measured by two buried electrodes, is related to theactivity recorded at PAT station on 11 November 2009 with
magnitudeM of the forthcoming earthquake by the experi- a lead timeAr=68 days.

mental formula: The Brune’s stress drop values for these earthquakes were
calculated through the formula of Hanks and Wyss (1972):
logE =aM +b (4)
Aog =0.44Mo/r> (5)

wherea~0.3-0.4 and is a site constant. Equation (4) is a here M. is th _ d r the radius f :
power law relation that is reminiscent of the theory of critical whereM, Is the seismic moment and r the radius for a cir-

phenomena (Varotsos and Alexopoulos, 1984 a, b: VarotsosCUIar fault derived fromP andS teleseismic waves displace-
2005) ’ T ment spectra. The estimation of the raditisvas obtained

by the application of the aftershock area technique (Kiratzi,
1991) as it is described in details by Dologlou (2009). The
definition of the dimensions of the aftershock area requires a

nomena (Surkov et al., 2002) while Sornette et al, (1989)r|ch aftershock sequence which was not in all cases available

consider that fracture processes are described by a power la hUﬁGS' TEUS’ |fn ?trdeLto li)vercome tbh.'s (ébitaﬂ(;gréd den-
relation with critical exponent values of 0.33 and 0.47 for 2 rich the number of aftershocks, we combined the ata

and 3 dimensions, respectively. with additional ones reported by the European Mediterranean

Possible relations between properties of earthquakes anﬁe!smologlcgl Center, EMSCht([p:.//WWW.emsc-csem.o}g
characteristics of precursory SES signals have been invest}'—Vh'Ch_ by being closer to Greece is able to locate the small
gated in a series of articles. Recently, (Dologlou, 2008, 2009)ma_gnItLJOIe eve_ntsMW>3). Al af_tershocks of the three
a power law relation between the stress drop of the earthnain shocks wittMy >3 reported either by USGS or EMSC

o : for the periods, 16 February 2009 (23:17) to 30 March
guake, which is the difference between the stress state at )
point on a fault before and after the occurrence of the earth? g%g 3 Nov;(r)nlt())erlZS(.)Sos (?5.2286?;([))31 De;g;rg)ber 2009t,_ ar|1d
quake (Kanamori and Anderson, 1975), and the lead time 01l anuary (15:57) to ebruary , fespectively,

the associated SES has been found with an exponent fallin re shawn in separate maps in Fig. 1. In each map, the
within the range of values for critical phenomena. lack star denotes the main shock, the beach ball repre-

In this work we check the validity of this relation by means sents its CMT focal mechanistht(p://earthquake.usgs.gov/

of additional new data and we examine the degree of stabilit)fa alr thqu?]kesleqarchlvef/iop)afor e\&egf 15 e;nd 1|9Ct)f;e fo-
of the critical exponent value. cal mechanisms were taken from (National Observa-

tory of Athens) because there are not available USGS yet.
At last, black square shows the location of the SES detec-
2 Data and analysis tion station. The aftershock arega=L x W, whereL is the
length andW the width in km, is well defined from the dis-
In a previous paper (Dologlou, 2009) we referred to largetribution of aftershocks. The radiusis calculated from the
shallow (depth:40km) earthquakes in Greece for which equationS=xr2. Concerning the seismic momekt, two
Brune’s stress drop (Brune, 1970, 1971) values were eitheslightly different values are reported for each event which
reported or derived by using a special technique based on thare given in Tables 2, 3, and 4, respectively, along with their
dimensions of the aftershock area and seismic moment (Kimean values which were used in Eq. (5) for the calculation of
ratzi et al., 1991). Here, we deal with the largest events thathe stress drop. Table 1 is the updated version of the table re-
occurred recently in Greece, i.e., after the Andravida casgorted by Dologlou (2009) including the 3 new earthquakes
(on 8 June 2008). Three earthquakes wity>5.5 were  (events no. 17, 18, and 19). It shows all 19 earthquakes with
found in the area (36—41)N , (19-25)E from 9 June 2008 toavailable stress drop values and precursory SES signals in
6 April 2010; the first earthquake occurred in lonian sea onGreece from 1981 to 2010, along with their dates, epicentres,

Alternatively, Ishido and Mizutani (1981) suggested the
electrokinetic effect for the SES generation, in terms of criti-
cality, which leads to an exponent of 0.3—-0.4 for critical phe-
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Table 1. The updated version of the table reported by Dologlou (2009) including 3 new earthquakes in lonian Sea and Central Greece (events
no. 17, 18, and 19). All 19 earthquakes are presented with available stress drop values and precursory SES signals in Greece from 1981 t
2010, along with their dates, epicentres, depths, moment magnitfigestress drop value\pg), SES lead timea: and mechanism type
(strike-slip, normal or thrust). Events are numbered in chronological order and references for the stress drop values are given in the last
column.

n date H MIN S LAT LONG Depth My Aocg SES Source References
bars At mechanism
(km) (days)
1 19Dec1981 14 10 50.7 39.24 25.23 12 6.8 9.01 0.3 strike —slip Dologlou (2008)
2 18Jan 1982 19 27 245 40 24.32 6 6.6 105 0.3 strike —slip Dologlou (2008)
3 17 Jan 1983 12 41 29 38.09 20.19 10 6.9 140 1.8 strike +thrust ~ Stavrakakis and Blionas (1990)
4 13Sep1986 17 24 34 37.03 222 15 5.9 5.0 5 normal Papazachos et al. (1988)
5 160ct1988 12 34 6 37.95 20.90 29 5.9 253 175 strike —slip Dologlou (2009)
6 4May1995 0 34 11 40.54 23.63 15 5.4 25 285 normal Chouliaras-Stavrakakis (1997)
7 13May1995 8 47 15 40.16 21.67 15 6.5 6.3 255 normal Chouliaras-Stavrakakis (1997)
8 15Jun 1995 0 15 56 38.1 2246 15 6.5 29 46 normal Chouliaras-Stavrakakis (1997)
9 18Nov1997 14 7 53 37.33 20.84 22.9 6.6 1.42 45 strike slip Dologlou (2009)
10 7Sep1999 11 56 56 37.97 23.6 15 6 3.0 6 normal Stavrakakis-Chouliaras (2002)
11 26 Jul 2001 0 21 44 38.96 24.29 15 6.5 9.0 130 strike —slip Benetatos et al. (2002)

12 14 Aug 2003 5 15 8 38.7  20.67 15 6.3 8.0 6 strike —slip Papadimitriou (2007)
13 6 Jan 2008 5 14 20 37.22 22.69 75 6.2 9.0 60 thrust+strike  Papadimitriou (2008)

14 4Feb2008 20 25 9.5 38.08 2194 20 5 16 25 strike —slip Papadimitriou (2008)
15 14Feb2008 10 9 227 365 2167 29 6.9 9.0 30 thrust Papadimitriou (2008)
16 8Jun2008 12 25 29.7 37.96 21.52 16 6.3 1.83 98 strike —slip Dologlou (2009)

17 16Feb2009 23 16 385 37.13 20.78 15 55 2.14 66 strike —slip see text

18 3 Nov 2009 5 25 8.1 3750 20.49 10 5.8 3.11 10 strike +thrust ~ see text

19 18Jan 2010 15 56 9.0 38.40 21.96 1 5.5 2.1 68 normal see text
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Fig. 1. Map of Western Greece, with the distribution (forming a cluster) of all reported by USGS or EMSC aftershockéwith (red

solid circles). (a) For event no. 17 (16 February 2009) for the period 16 February 2009 (23:17) to 30 March(Bp®@r event no. 18

(3 November 2009) for the period 3 November 2009 (05:26) to 31 December 20@8)dodevent no. 19 (18 January 2010) for the period

18 January 2010 (15:57) to 28 February 2010. The epicentres of the corresponding main shocks are presented by stars and their foca
mechanisms by a lower hemisphere projection with black and white quadrants for compression and dilatation, respectively (beach ball).
Representative aftershock areas of lengtind widthW for all cases are marked. Black squares denote the position of the SES stations that
recorded the associated precursory signals.
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Table 2. The date, the magnitudd,, and the seismic momeM, of event no. 17 along with the range of values in the dimensions of the
aftershock area L and W, the corresponding calculated valuesdgr the critical exponent and the associated correlation coeffici@&nt

Mean values are given in the last row.

Date Mw Mo (10%4dyn.cm) L (km) W (km) Aog (bars) o R

16 Feb 2009 5.5 2.2 18-20  8-10 3.1-19  0.328-0.332 0.80-0.83
1.7 18-20 8-10  2.41-1.47 0.324-0.341 0.82-0.83

Mean value 1.95 19 9 2.14 0.330.01 >0.80

Table 3. The date, the magnitud#,, and the seismic moment of event no. 18 along with the range of values in the dimensions of the
aftershock area L and W, the corresponding calculated valuesdgr the critical exponent and the associated correlation coeffici@&nt

Mean values are given in the last row.

Date Mw Mo (10%4dyn.cm)

L (km)

W (km) Aopg (bars) o R

3 Nov2009 5.8 8
5.7 5

26-28
26-28
Mean value 6.5 27

0.329-0.328 0.82-0.80
0.328-0.327 0.82-0.80
0.328.01 0.81

10-12 4.67-3.18
10-12 2.92-1.98
11 3.11
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Fig. 1. Continued.

depths, moment magnitud@s,,, stress drop values\pg),

no. 11 is excluded from this relation for reasons explained in
detail by Dologlou et al. (2008). This event had an unusual
long lead time and occurred in a specific region of small crust
thickness (Le Pichon et al., 1984) and high heat flow rate
(Jongsma, 1974).

The date, the magnitud¥,, and the seismic momem,
along with the range of values in the dimensidnand W
of the aftershock area, the corresponding calculated values
for Aog, the critical exponent and the associated correla-
tion coefficientR for events 17, 18, and 19 are presented in
Tables 2, 3, and 4, respectively. Their mean values are also
given in the last row.

3 Discussion

The following power law relatiorAog=8.18Ar %329 pe-
tween the stress drapog values (in bars) of all “non thrust”
earthquakes and the lead time (in s) of their precursory
SES listed in Table 1 is obtained (see plot in Fig. 2) with
an exponen=0.329 falling within the range value (0.3-0.4)
empirically determined by Varotsos and Alexopoulos (1984).
The dynamics of earthquakes of thrust mechanism which oc-

SES lead timeg\s and mechanism type (strike-slip, normal cyr in zones of high stress accumulation, like subduction or
or thrust). Events are numbered in chronological order anctojiision zones, differ significantly from those of strike-slip
references for the stress drop values are given in the last coly normal type mechanisms. Probably this fact could ten-
umn. The lead timesjz, for the events no. (1-16) are taken tatjvely justify the observation that when thrust type earth-
from the papers quoted by Dologlou (2009) while for the un- qyakes are included in the above power law relation the value
der study three recent events (no. 17, 18, and 19) from Varotyf the exponent is strongly violated.
sos et al. (2009a, b). The insertion of the additional new data of the three re-
A power law relation with an exponeatis found between  cent earthquakes in the above formula, that interconnects
the stress droprop values and the lead timer of their pre-  precursory SES characteristics and fracture properties (earth-
cursory SES of all “non thrust” earthquake (Table 1). Eventquakes) in the pre focal area, did not alter the value of the

Nat. Hazards Earth Syst. Sci., 10, 1403089 2010 www.nat-hazards-earth-syst-sci.net/10/1403/2010/
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Table 4. The date, the magnitud#,, and the seismic moment of event no. 19 along with the range of values in the dimensions of the
aftershock area L and W, the corresponding calculated valuesdgr the critical exponent and the associated correlation coeffici@&nt
Mean values are given in the last row.

Date Mw Mo (10%%dyn.cm) L(km) W (km) Aog (bars) o R

18Jan 2010 55 2.1 16-18  9-11  2.97-1.85 0.314-0.332 0.80-0.82
5.4 1.7 16-18  9-11  2.41-1.49 0.322-0.341 0.81-0.82

Mean value 1.9 17 10 2.1 0.328.02 0.81

exponentr which remains almost the same with the reported 16
one @=0.332) by Dologlou (2009). This implies that this 14 e
relation is quite robust and probably reveals that underlying 45 |
critical dynamic processes govern the pre focal area when the R=0.82
SES of the forthcoming earthquake is emitted.
Considering now the range value of the dimensioand

W for each event (Tables 2, 3, and 4) we notice that the expo-
nento spans between the values 0.32-0.34 with a correlation 4

Aog = 8.18 At ~%32°

Ao (bars)
[e:]
*

/ no. 17 no. 19

coefficient R>0.80 in all cases and thus, remaining within 21
the critical value range. 0 ; ; ; ; ;

We will now discuss whether an interrelation between lead 0 20 40 60 80 100 120
time and stress drop can be physically understood. The sim- At (days)

ilar critical exponents in fracture processes (Sornette et al.

1989) and in the experimental Eq. (4) (Varotsos, 2005) prob-Fig' 2. The“plot of the r"elation between th.e stress .drop gnd the lead
ably implies that upon the emission of the SES, the pre fo_tlme of all “non thrust” earthquakes, which are listed in Table 1.
! Event no. 11 is excluded. The new events no. 17, 18, and 19 are

,Cal area enters into ‘f?‘ Cr_'t'cal stage. As the teCton_'(_: Stresﬁwarked with stars. The derived power law equation along with the
increases, the pre-seismic volume evolves to the critical apgorresponding correlation coefficient R are displayed on the top of
proach of the main-shock and long range correlations emergghe diagram.

in the area. The lead timar between the emission of the
SES and the earthquake is given by

At =(Pyr— Per) /b (6) . L L
from (P;— Per). The precise value of this difference is still

(Where Pfr is the critical stress for earthquake OCCUrrence).unknown, thus making difficult at this Stage any attempt to-

Since Pfr>Pcr is aIWa.ys pOSitive,At becomes shorter for wards exp|aining Why a power law of the forﬁb-B X At™¢

rapid stress increase (large). During the last preparatory describes the experimental data although, such power laws

stage of a given earthquake when in general power law progre expected since we are dealing with critical processes.
cesses prevail, b value may change with time. From Egs. (1)

and (3) it can be shown (Varotsos et al., 1993) that 4 Conclusions

dPer/db (Per) = T (Per) ) New additional data from the three recent large earthquakes
which reflects that #/db(P) is always positive. Hence, that occurred in Greece, from 9 June 2008 to the present,
for larger values ob, the critical pressuré@.; becomes also have been used and confirmed that the relation between the
larger. Then the numerator of the right hand side of Eq. (6)stress drop of an earthquake and the lead time of its precur-
becomes smaller leading to the conclusion that an increasgory SES signal remains stable compared to a previous one
in the b value causes a two-fold decrease in the lead timéound by Dologlou (2009). An exponeot=0.329 was ob-
and vice versa. For different earthquakes, in the same gedained which is also in striking agreement with the power
tectonic area, i’y may approximately be assumed ConstanﬂaW exponent that interrelates the SES amplitude and the
but the corresponding b values (and therefore the@ues)  earthquake magnitude experimentally found by Varotsos and
may be larger or smaller, reflecting — from Eq. (6) — smaller Alexopoulos (1984a, b). The stability of this exponent might
or larger A values will result, respectively. The question imply that critical dynamic processes, of mechanical (earth-
is whether a similar situation can be expected for the in-quakes) origin but also of electromagnetic (SES) sense gov-
terconnection betweenr and the stress dropo, because ~ €rn the pre focal area when the SES signal of the impending
from physical point of view, stress drop is a quantity different €arthquake is emitted.

www.nat-hazards-earth-syst-sci.net/10/1403/2010/ Nat. Hazards Earth Syst. Sci., 1a4Dg)2610
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