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Abstract. A number of Seismic Electric signals data have Precursory changes of the earth’s electrotelluric field in the
been accumulated during the last two decades that also irpast 25 years have been continuously monitored at different
cludes the signals observed before the magnitude 6 classites in Greece (Varotsos and Alexopoulos, 1984a, b; Varot-
earthquakes that occurred in Greece very recently i.e., theos et al., 1986). Transient, low frequeneyl(Hz) changes
first two months of 2008. in this field, the so called Seismic Electric Signals (SES),
Using all the available data we investigate whether a poshave been used by the VAN group for earthquake forecasting.
sible interconnection exists between the lead time of SeisSome interesting characteristics of the SES signals (Varotsos
mic Electric Signals and the stress drop of subsequent earttand Alexopoulos, 19844, b, 1987; Varotsos et al., 1993) are:
quakes. We show that for “non thrust” earthquakes a powei) the lead time Az, which is the time difference between the
law relation emerges with an exponent value around 0.29, th&ES detection and the earthquake occurrence and can vary
possible physical meaning of which is discussed. This valugrom a few hours to a few months. ii) the selectivity effect.
is very close to the range of critical exponents that govern theThat means that SES signals can be detected at “preferred”
fracture processes and is also comparable with the value d§ites which can be sensitive to some specific seismic areas at
the slope, found much earlier by the VAN group, in the linear long distances and inactive to other areas at closer distances
relation between the logarithm of the SES amplitude and thdii) the relation, for the same measuring site, between the am-
earthquake magnitude. plitude of the SES and the magnitudg of the subsequent
earthquake according to the experimental formula:

logE =aM +b D

1 Introduction whereE=AV/L is the SES amplitudeAV is the potential
) ) ) change measured by a dipole of lendth) a~0.3-0.4 and
There is a tendency to consider that electromagnetic phey, js 5 site-dependent constant. This relation was found to be

nomena related to earthquake preparation processes in thearotsos and Alexopoulos, 19844, b) valid for all measuring
highly heterogeneous crust should be described by “non lingjtes and corresponding pre-seismic regions.

ear” models which obey power laws and have fractal geome- 5 variety of models have been subsequently proposed
try (Varotsos, 2005). Pop science strongly supports the cong,, the explanation of SES generation (e.g., see chapter
cept that rupture in non homogeneous media, percolation angly of varotsos, 2005). Below, we restrict ourselves to a
earthquakes belong to critical phenomena. summary of two of them, i.e., the piezostimulated currents
The scope of the present paper is to treat pre-seismic eleqpSsC) (Varotsos and Alexopoulos, 1986) and the electroki-
tromagnetic signals and associated earthquakes within thgetic model (Mizutani et al., 1976; Ishido and Mizutani,
framework of “critical point” theories and to investigate pos- 1981: Gershenzon and Gokhberg, 1993; Yoshida et al., 1998;

sible power law relationships with fractal critical exponents Surkov et al., 2002) that are relevant to the present study.
between their parameters.
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2 Pressure stimulated current (PSC) model Yoshida et al., 1998). In a porous or fractured medium a
double electric layer is formed between the solid-liquid inter-
When aliovalent impurities are introduced into an ionic solid face.. This double layer consists of ions trapped in the solid
a number of vacancies appear for reasons of charge conmphase, with an equivalent amount of ionic charge of the op-
pensation (Varotsos and Mourikis, 1974; Kostopoulos et al. posite sign distributed in the liquid phase near the boundary.
1975). A portion of these vacancies are attracted by the neaas the fluid flows through the medium, a potential caused by
by impurities and form electric dipoles (Varotsos and Milio- the relative motion between the solid and liquid., known as
tis, 1974) which under isothermal conditions, as a result ofstreaming potential, arises across the rock. Under a pressure
increase or decrease of pressure, can change the time need@@dient the fluid flows and the carried charges move to the
for their orientation, giving rise to a transient current, called direction of the flow generating an electrical current. Accord-
piezostimulated current (PSC). The relaxation tine,0f  ing to Surkov et al. (2002) the electrokinetic effect exhibits
these dipoles is given by the formula fractal properties and fractal critical exponents. They made
1 the hypothesis that the focal area of an impending earthquake
v = () expg/kT) 2) includes water-saturated porous rocks with fluid-filled pore
whereT is the temperature, the number of jumpable and channels. During the pre-earthquake stage a number of fresh
neighboring paths for the migration with an attempt fre- cracks will appear in the vicinity of the future hypocenter
quencyv and g the Gibbs energy for the orientation pro- forming a fracture zone. The scale of a fracture zone may
cess. Before an earthquake, the stress (pressure) gradualfgry from hundreds of meters up to several kilometres. Most
increases in the candidate focal area with a bated P /dt). of the fresh cracks, being under lower pressure due to crack-
A change of pressure affects in general not only some bulkng, are filled with water which penetrates into them from the
properties, e.g., the compressibility (Varotsos and Alexopou-uncracked outer region as soon as a network of connected
los, 1980a; Varotsos, 1981), but also the thermodynamichannels or fractal clusters is formed. It was assumed that
parameters for the formation (Varotsos, 1977), migrationthe pore space in the fracture zone exhibits fractal structure.
(Varotsos and Alexopoulos, 1978) and activation (LazaridouSurkov et al. (2002) supposed that the porositafter the
et al., 1985; Varotsos and Alexopoulos, 1980b, c¢) of defectscluster formation, decreases from the center of the fracture
in solids. If the migration volume=(dg/d P) or the ac-  zone towards the periphery by a certain law. The percolation
tivation is negative, an increase of pressupe,leads to a threshold:. is exceeded only in the internal area with typical
decrease of the relaxation time When a solid is under the Size L. Fractal properties near the threshold are determined
initial pressure the relaxation time may be very long but asby the correlation length
the pressure increases, the relaxation time becomes gradually 1
smaller. It can be shown (Varotsos and Alexopoulos, 1986¢ =
that when the pressure reachesritical value, Pg, a tran-
sient current, due to a cooperative orientation of dipoles, iswhere v=0.88 is thecorrelation length critical exponent
emitted and the following relation holds: (Stauffer, 1979). The fractal region occupies a spherical shell
of thicknessH which near the distance=L can be presented

®)

In —nc|"

bv 1
— = 3 Surkov, 2002) by:
KT~ 2(Pon) ® )by
. i dn vy v+
wherer (Py) is the value of relaxation time d&=P¢;. When H~(—)"vwl’~L (6)

the pressure (stress) still continues to increase, it finally dr

reaches the fracture stregs where the failure of the solid According to percolation theory, the rock conductivityde-

occurs. Therefore, the emission of this transient current (e.g.pends on the porosity as:

SES) can be considered as a precursor to the failure of a solig ~ (1 —ny) )

(e.g., earthquake). The lead time between the emission of " ¢

the SES and the impending earthquake is given by where 1~1.6 is the transport critical exponen(Stauffer,

At = (P — Pa)/b @) 1979). Surkov et al. (2002) concluded that the electrokinetic
re e current density ¢, from the external fractal zone is given by:

where Py and Py are the critical values of pressure for the 1—(1—v)/(1+v)

solid failure and SES emission, respectively. py~L (®)

which with7=1.6 andv=0.88 leads to:
3 Electrokinetic model pr~ 103 (9)

Another plausible model for the SES generation is the Elecdf the SES signal results from the electrokinetic current gen-
trokinetic effect — or streaming potential — (Dobrovolsky et erated in the external fractal zone of the preseismic volume,
al., 1989; Mizutani et al., 1976; Ishido and Mizutani, 1981; the SES amplitudé& must be proportional to the amplitude
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pr. Thus, sinceE~py upon considering Egs. (8) and (9), The factork is the free surface operator aRy, is the av-
Surkov et al. (2002) finally obtained a relation compatible to erage radiation pattern coefficient. Finally, source radius is
VAN experimental data: computed as

logE = aM + b, « = 0.5(1 — i__”) ~0.31 (o) =03/l (13)

+Y where f, is the spectral corner frequency, defined from the
The above equation indicates that only when we consider thahtersection of the low levef2, and the fall off in the dis-

the candidate fracture region has fractal geometry, the Va|U©|acement spectra of P- or S-waves, respectively.

of « do come very close to the experimental one observed

by Varotsos and Alexopoulos (1984a). That possibly means

that the emission of the SES starts when the pre-focal are? Data and analysis

enters thecritical regime and consequently exhibits fractal _

geometry. The picture of similar critical exponents in the /" the present work we deal with all large earthquakes
electrokinetic effect and the much earlier observed SES probWith available stress drop values which occurred in Greece
ably implies that the same underlying physics govern both@nd were preceded by a SES signal for the period 198,1_
phenomena. Thus, irrespective of the considered model i€008- We found 12 earthquakes with reported Brune's
seems that probably SES is emitted upon approaotiitg stress drop values derived from teleselsmlq body waves
icality and hence fractal properties and power laws shouldPectra (Papazachos et al., 1988; Stavrakakis and Blionas,
prevail (e.g., see Varotsos et al., 2004: Varotsos, 2005). I1n-990; Chouliaras and Stavrakakis, 1997; Stavrakakis et
the view of this expectation the main goal of this paper is to@» 2002; Benetatos et al., 2002; Papadimitriou, personal
search for preliminary relations between the lead time of the®@Mmunication, 2007, 2008) and two earthquakes with re-
SES signals and the stress drop of the impending earthquakég’rted fault dimensions and seismic moments (Kiratzi et al.,

and to examine whether they follow power law behavior with 1989). The Brune’s stress drop values for these two events
exponents falling in the range of critical values. (no. 1 and 2) have been calculated with the aid of Eq. (11).
We used the seismic moment$o1=2.4x10°°dyncm and

Mo0,=9.4x10%>dyncm, given by Kiratzi et al. (1985), for
4 Stress drop events no. 1 and 2, respectively. The corresponding radii
andr; for a circular fault in Eqg. (11), were obtained from
An important scaling source parameter of an earthquake ighe reported (Kiratzi et al., 1985) fault surfacas1620 knf
the stress dropAc (e.g., Brune, 1970; Hanks and Wyss, and S,=784 kn? according to the relationsy=rr? and
1972; Boatwright, 1980; Anderson, 1997) which in its origi- Szznrzz and were found to be;=22.7 km and-»=15.8 km.
nal definition, is the difference between two states of stress aThe derived, from Eq. (11), Brune’s stress drop values (9 bars
a point on a fault before and after rupture (Kanamori and An-and 10.5 bars) for events no. 1 and 2, respectively, are given
derson, 1975). Stress drop parameter can be obtained from Table 1. The value of 9 bars for event no. 1 is compat-
teleseismic body waves (Hanks and Wyss, 1972; Molnar andble with the one (i.e., 8 bars) estimated for a fault surface
Wyss, 1972; among others) by using different models ofdetermined by aftershocks (Kiratzi et al., 1991).
which the most popular are Brune’s and Madariaga’s models Additional information concerning the focal mechanism
(Brune, 1970, 1971; Madariaga, 1976). In the present work(strike-slip, normal or thrust type) is also given for all studied
we refer to the Brune’s model according to which the sourceevents by Harvard CMT (Centroid Moment Tensor solutions)
displacement spectra of the far field body waves (teleseismie- when available — or EMSC (European-Mediterranean Seis-
P- and S-waves) are used to obtain the Brune’s stress dropnological Center) solutions (e.g. Dziewonski et al., 1995,

Ao, through the equation: and references thereihttp://neic.usgs.gov/neis/sopaahd
3 http://www.emsc-csem.oyg
Aop = 0.44M,/r (11) The associated SES signals were detected at various sta-

where M. is the seismic moment andthe source radius tions of the telemetric VAN network. The lead timest,
when a gircular fault is assumed. The seismic moment i for events no. 1, 2 are r_eported by Varotsos_and Alexppou-
) ) ' So0s (1984a) — see their Figs. 3 and 2, respectively — while for
estimated as: events no. 3—-10 by Varotsos (2005). The three recent events
(4pV3Q0oR) (no. 11-13) are given by Varotsos et al. (2007), for the event
O T kRey) (12)  no. 11 and Varotsos et al. (2008) for no. 12, 13.

All thirteen earthquakes numbered in chronological or-
where p is the density of the mediumg is the hypocen- der along with their seismic parameters (dates, epicentres,
tral distance between the source and the receWés,the P-  depths, moment magnitude¥,,), Harvard CMT source
or S-wave velocity near the sourc®, is the low frequency mechanism (strike-slip, normal or thrust type) and SES pa-
spectral level derived from P-waves or S-waves, respectivelyrameters (station of detection and lead time), are listed in
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Table 1. All 13 earthquakes with available stress drop values and precursory SES signals in Greece from 1981 to 2008, along with their
dates, epicentres, depths, moment magnitudgs, stress drop valuex\g ), SES station, SES lead timeg (see text) 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 yymmdd H Min S Lat Long Depth Mw Aop SES SES Source References
(km) bars  station Ardays mechanism
1 811219 14 10 50.7 39.24 2523 12 6.8 9,01 PIR 0.3 striletip see text
2 820118 19 27 245 40 2432 6 6.6 105 PIR 0.3 strikaip see text
3 830117 12 41 29 38.09 20.19 10 6.9 140 PIR 1.8 strike + thrust ~ Stavrakakis and Blionas (1990)
4 86 09 13 17 24 34 37.03 22.2 15 5.9 5,0 KER 5 normal Papazachos et al. (1988)
5 95 05 04 0 34 11 40.54 23.63 15 5.4 2,5 ASS 28.5 normal Chouliaras and Stavrakakis (1997)
6 9505 13 8 47 15 40.16 21.67 15 65 6,3 I0A 255 normal Chouliaras and Stavrakakis (1997)
7 9506 15 0 15 56 38.1 2246 15 6.5 2,9 VOL 46 normal Chouliaras and Stavrakakis (1997)
8 99 09 07 11 56 56 37.97 236 15 6 3,0 LAM 6 normal Stavrakakis and Chouliaras (2002)
9 010726 0o 21 44 38.96 2429 15 6.5 9,0 PIR 130 strikaip Benetatos et al. (2002)
10 030814 5 15 8 38.7 20.67 15 6.3 8,0 PIR 6 strikslip Papadimitriou (2007)
11 080106 5 14 20 37.22 2269 75 6.2 90 PAT 60 thrust + strike  Papadimitriou (2008)
12 080204 20 25 9.5 38.08 2194 20 5 1,6 PAT 25 strikalip Papadimitriou (2008)
13 080214 10 9 227 365 2167 29 6.9 90 PIR 30 thrust Papadimitriou (2008)

Table 1. Bibliographical references for the stress drop value$ Discussion

are given in the last column of this Table. A map of Greece

with the epicenters (denoted by stars) of all thirteen earthIn recent years, fracture of solids and consequently genera-
quakes along with their focal mechanism (attached number§on of earthquakes are treated under the new prospective of
refer to the event number) and the position of the SES stactitical phenomena.

tions (presented by squares) is shown in Fig. 1. At the beginning of eighties, field observations showed, as

From Table 1 we observe that among thirteen studiedmentioned above, the experimental relation given by Eg. (1)
earthquakes only two events (no. 11 and no. 13) have a sourdghich could imply that interconnection between seismo-
mechanism of thrust type. Geodynamics of thrust mechalogical and precursory electromagnetic phenomena exhibits
nism are quite different from those of other mechanisms (i.e.power law behavior. This relation (Eq. 1) having a slope
normal, strike-slip). Earthquakes of thrust type usually occure~0.3-0.4 was considered at that time as an experimental
in collision or subduction zones which are characterized byresult associated with a common geometry of the emitting
high accumulation of strain. Another notable remark is thesources (future focal areas). Actually, this turned out later to
unusual long lead time (i.eAr=130 days) of event no. 9 be the fractal geometry discussed in various critical phenom-
which could be attributed to specific geodynamics (e.g., veryena like fracture in the case of earthquakes.
small crustal thickness, upwelling of mantle) that prevail in ~ Several efforts, summarized in Varotsos (2005), have been
the pre-seismic region. This case is thoroughly discussed bynade to interconnect the value~0.3-0.4 with the criti-
Dologlou et al. (2008) and thus event no. 9 will be excludedcal exponents such as the above mentioned by Surkov et
from this study. al. (2002).

The possibility of existence of any relationship between Sornette et al. (1989) also attempted a physical insight of
the stress drop of the earthquakes and the lead time of théhe value of this slope by interconnecting it with critical ex-
SES signals has been examined by plottixigz versusAt ponents emerged in the crack percolation theory. This at-
as depicted in the diagram of Fig. 2. A linear or power law tempt (Sornette and Sornette, 1990) is summarized below.
fitting applied to all remaining twelve events does not yield The energyW released by an earthquake at the source is
any meaningful relation. On the contrary, when taking into related to the magnitud& through the formula (Kanamori
account only the “non thrust” earthquakes, a power law cor-and Boschi, 1983):
relation_seems tQ emerge and the corresponding equation ar]@g W =6M+y (14)
correlation coefficienRp (power) are shown on the top of i
the diagram in Fig. 2. Different symbols on this plot as dots, Wheres~1for M <7 . From Egs. (10) and (14) the following
crosses and triangles represent events with normal, strike-sligc@ling law derives:
and thrust mechanism, respectively. E=AV/L = we/s (15)

wherex=0.3-0.4 and~1 and thus the exponeats should
lie between 0.3 and 0.4.

Nat. Hazards Earth Syst. Sci., 8, 9983 2008 www.hat-hazards-earth-syst-sci.net/8/977/2008/



E. Dologlou: Power law between EQ and SES

22° 24° 25 26" E

23°

34° 34°

20°

19°

Fig. 1. Map of Greece with all epicenters (denoted by stars) for

16
14

981

Aog = 8.32 At %%

R=0.74

12

Aog (bars)

=
Lo I O s
T T T

50
At (days)

Fig. 2. Plot of the Brune stress drop, based on far field body wave
source spectréopg against the lead tima¢. Crossesx, dotse

and trianglesa indicate earthquakes of strike-slip, normal and the
thrust type, respectively. The solid ciragerefers to the event no. 9
which is excluded from this study for reasons explained in the text.
A power law fitting has been applied to all remaining “non thrust”
events and the derived equation along with the corresponding cor-
relation coefficieniR p is displayed on the top of the diagram.

dimensions, respectively. In addition, Surkov et al. (2002),
as mentioned in the Introduction, suggested that the Elec-
trokinetic effect also exhibits critical behavior in the future

the 13 earthquakes listed in Table 1, during the period 1981-2008fracture zone, which is expressed by power law equations

along with their CMT fault plane solutions. A lower hemisphere

(Egs. 6 and 8). The values of the two critical exponents

projection is used with black and white quadrants (beach balls) fora|ated to this effect, namely tredrrelation length critical

compression and dilatation respectively. Numbers attached refeéxponentv:O.SS andthe transport critical exponent~1.6

to the events in Table 1 and squares denote the position of SE
stations.

according to Eq. (10) support the idea that may be SES emis-
sion emerges when the focal area enters the critical stage.
In the present paper the investigation of a possible corre-

According to Sornette et al. (1989) the dependence withlation between the stress dropig, of the earthquake and

respect to strairg, of the piezoelectric coupling between the
strain and the electric displacememt, at constant applied

stressg, is given by:
(0e/dD)y ~ "~ V/T (16)

whered stands for the space dimension. Note thas inter-
related with the electric field through the static dielectric con-

stant, which varies upon increasing pressure due mainly tQ

the change of the interatomic distance that markedly affect
the ionic polarizability (Varotsos, 1978) but not the electronic
polarizability (Varotsos, 1980). The valueswfndr expo-
nents, estimated from crack percolation theory, a3 and
t=3.0 ford=2 (two dimensional case) and-0.9 andr=3.8
for d=3 (three dimensional case). Considering fivato ¢, at
constant stress, the exponents in the right side of Egs. (15)

S

the lead timeAt, of the precursory SES leads to a power law
relation given by the formula:

Aop = 8.32A1702° (17)

with an exponent value of 0.29 which is very close to the
lower limit of the range 0.3-0.4 for critical exponents for
fracture. This result, obtained from different parameters of
SES and earthquakes, constitutes an independent preliminary
indication that SES and earthquakes preparation processes
could probably be governed by similar physics.

7 Conclusion

Possible interconnection between SES lead time and earth-
guake stress drop has been examined. A power law relation

and (16) should be equal. From the above mentioned valuekesults with an exponent around 0.29 which lies very close

for v, T andd the quantityv(d—1)/7t=1/3 or 0.47 ford=2
andd=3, respectively. This is in rather good agreement with
the valuer/5§=0.3-0.4 derived from the experimental relation

between the logarithm of SES amplitude and the earthquak

magnitude.

to the range of critical exponents expected by various
models suggested for fracture. In addition, this valQe3 is
comparable to the one reported by Varotsos and Alexopoulos
1984a, b), for the slope of the linear relation between the
garithm of SES amplitude and earthquake magnitude.
Thus, the present preliminary results could be considered as

Thus, Sornette et al. (1989) suggested that power law rean implication that may be the same underlying physics is
lationships (see Eq. 16) prevail in the fracture processes withesponsible for SES generation and earthquake preparation

critical exponent values 0.33 and 0.47 for the case of 2 or Jrocess.

www.nat-hazards-earth-syst-sci.net/8/977/2008/
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