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Abstract. The seismicity of the last 15 years in the Aegean
Sea revealed that earthquakes (Mw > 5) with epicentres
falling within the Sporades basin and the confined area north
of Samos island were preceded by electric seismic signals
(SES) with a remarkably long lead time. A possible expla-
nation of this behaviour by means of specific tectonics and
geodynamics which characterise these two regions, such as a
significant small crustal thickness and a high heat flow rate,
has been attempted. New data seem to strengthen the above
hypothesis.

1 Introduction

In the last 25 years transient changes of low frequency of
the Earth’s telluric field, known as Seismic Electric Sig-
nals (SES), have been found to precede large earthquakes in
Greece (Varotsos and Alexopoulos, 1984a, b; Varotsos et al.,
1993b). The most important features of the SES signals are
the selectivity effect and the lead time. The selectivity which
contributes to the determination of the epicentre of the forth-
coming earthquake, states that a SES station can be sensitive
to some specific areas and remain inactive to others even at
closer distances (Varotsos and Lazaridou, 1991; Varotsos et
al., 1993a). The lead time,1t, which is the time difference
between the occurrence of the earthquake and the detection
of its associated SES signal, can vary from some hours (for
a single signal) to some weeks (for SES activity). A bet-
ter approximation (of the order of a few days) of the time
of the impending earthquake has been recently achieved by
the introduction of a new time concept, termednatural time,
(Varotsos et al., 2002; 2003a, b; 2005a, b) which considers
the order evolution of events (i.e. 1st, 2nd, etc.) instead of
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the conventional time evolution. It was shown (Abe et al.,
2005) that in this time-domain the maximum information is
extracted from a given time-series.

Many studies on the possible correlation between SES fea-
tures and associated earthquake parameters have been elabo-
rated and some interesting results occurred. For instance, the
selectivity property (Varotsos et al., 1986; Varotsos and Alex-
opoulos, 1987) is found to be affected by tectonics as, for
example, the mountain chain of Hellenides running through
mainland-Greece in a NW-SE direction acts as a natural
barrier to the SES propagation. That means that all SES
stations located in western Greece cannot “see” the candi-
date seismic focal areas in the east and vice-versa (Varot-
sos and Lazaridou, 1991). On the other hand, a promis-
ing power-law relation between the SES lead time and the
stress drop of the forthcoming earthquake with an exponent
falling within the range of critical values for fracture, has
been found (Dologlou, 2008a, b, 2009, 2010). The lead time
also seems to be related to tectonics and geodynamics. A re-
cent study (Dologlou et al., 2008) revealed that large (M > 5)
earthquakes in the Aegean Sea, preceded by SES with an
appreciably long lead time, occurred only in specific, con-
fined regions with a remarkably small crustal thickness and
a high heat flow (Le Pichon et al., 1984; Makris et al., 2001;
Jongsma, 1974).

It is of interest and the scope of the present paper to check
whether the above-mentioned preliminary dependence find-
ings of the SES long lead time on specific geotectonics is
consistent when new data are considered.

2 Tectonics and geodynamics in the Aegean Sea

Currently, many models have been proposed to explain the
complex deformation styles and the active tectonics of the
Aegean Sea applying different geophysical methods, GPS
measurements, palaeomagnetic studies, field observations
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and focal mechanisms of earthquakes. The complexity of
the geodynamic regime is a result of the combined actions of
the convergence of the African-Eurasian plates and the west-
ward motion of the Anatolian plate relative to Europe which
renders the Aegean Sea one of the most seismically active
regions of Europe.

In the south, the subducting African slab forms a Be-
nioff zone dipping northward at two different angles of 35◦

and 15◦, respectively, as depicted by seismicity (McKenzie,
1972; Le Pichon and Angelier, 1981; Walcott and White,
1998; Christova and Nikolova, 1993). On the other hand,
the westward motion of the Anatolian plate relative to Eu-
rope creates the North Anatolian transform right lateral fault
(NAF) which extends westward and penetrates the north part
of the Aegean Sea splitting into parallel faults (McKenzie,
1972; Taymaz et al., 1991; Armijo et al., 1996; Doglioni et
al., 2002).

The Aegean Sea is generally considered as a backarc basin
due to the subduction (Le Pichon and Angelier, 1979). How-
ever, according to Makris (1978) and Makris et al. (2001), it
is mainly characterised by a relatively thick crust in spite of
a long standing subduction, probably active since Cretaceous
times (Meulenkamp et al., 1988). Most of the seismicity is
rather superficial and the high geothermic gradient is prob-
ably responsible for the seismic disappearance of the slab
underneath the basin.

The central Aegean has high heat flow, approximately
three times higher than the surrounding eastern Mediter-
ranean. It exhibits positive Bouguer and magnetic anomalies
and is dominated by extensional tectonics with north-east and
south-east trending faults (Jongsma, 1974; Le Pichon and
Angelier, 1979; Makris, 1978; McKenzie, 1978).

In the western part, the Sporades basin containing a thick
sequence of late Cenozoic sediments, coincides with a zone
of extreme lithospheric stretching and the crustal thickness
is locally reduced to only 15 km (Le Pichon et al., 1984).
On the other hand, deep seismic sounding measurements
across the Malliakos-Sporades basin (Makris et al., 2001)
showed that the transition of the Maliakos-Evia continental
block to the thinned continental crust of the Sporades Basin
with the thick sediments that cover it, most probably delin-
eates an ancient border of a passive margin developed along
the Servo-Macedonian massive, presently compressed and
crust-shortened between the Evia-Pilion unit, and the Servo-
Macedonian massive.

The normal and the strike-slip earthquake mechanisms
mainly dominate in the Aegean Sea; in the western part (in-
cluding a zone of the mainland) extensional stress expressed
by normal faulting and T-axes trending NNW-SSE (Kiratzi
and Louvari, 2003) and in the central and eastern Aegean,
right lateral strike-slip faults trending in NE-ENE (Kiratzi et
al., 1991; Armijo et al., 1996; Kiratzi and Louvari, 2003).
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Fig. 1. Geotectonic map of Greece with all epicentres (red solid
circles) of earthquakes ofMw ≥ 5 occurred from 1 January 1995
to 20 October 2010 in the Aegean Sea between the latitudes (37–
40)◦ N. CMT fault plane solutions are given only for the events lo-
cated in the Sporades basin (shaded ellipse). A lower hemisphere
projection is used with black and white quadrants (beach balls) for
compression and dilatation, respectively. Numbers attached refer to
the events in Table 1. The red open circle denotes the Samos cluster
while black squares the positions of the VAN-SES stations sensitive
to Aegean Sea.

3 Data and analysis

Among the various stations of the telemetric SES network,
four have been found to be sensitive to the Aegean Sea
(Fig. 1-solid black squares); the ASS station in the north,
which mainly covers the northern Aegean, the MYT station
in the east, close to the coast of Anatolia-Turkey, that mostly
“sees” the eastern part of the Aegean, the VOL station in
central Greece and the KER station close to Athens, both of
which are sensitive to western and central Aegean. MYT
and KER stations started operating some years later than the
other two.

From 1 January 1995 to 18 October 2010, fourteen earth-
quakes with moment magnitudeMw ≥ 5 occurred in the
Aegean Sea between the latitudes (37–40)◦ N. (Fig. 1 red
solid circles). According to their Centroid moment solutions
(CMT-Harvard), all of them were of a strike-slip type mech-
anism, as it was expected, since they occurred along the ex-
tension of the North Anatolian Fault (NAF) or on a parallel
fault system.

From these fourteen events, three had an epicentre falling
in the restricted area of the Sporades basin while the other
four events were clustered north of Samos island close to
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Table 1. All PDE reported earthquakes withMw ≥ 5 for the period 1 January 1995 to 18 October 2010, that occurred within the Sporades
basin in the Aegean Sea along with their CMT solutions and characteristics of corresponding SES (time, station (STN) of detection and lead
time,1t).

EQ SES

no yy mm dd H MIN S LAT LONG depth Mw CMT COMMENT yy mm dd STN 1t
(HRV) (days)

1 01 07 26 00 21 36.92 39.06 24.24 10 6.5 strike-slip SPORADES 01 03 17 VOL 161
2 01 07 30 15 24 56.74 39.09 24.04 10 5.0 strike-normal aftershock 01 03 17 VOL 161
3 10 07 16 18 53 10.4 39.31 23.99 10 5.1∗ strike-slip SPORADES 10 02 25 KER 141

∗Mw adopted from EMSC since Mw Harvard was not available for this event.

the coast of Turkey (Fig. 1 – shaded ellipse and red open
circle, respectively). All except three main earthquakes
(with Mw5.0−5.1), were preceded by a reported SES signal
(Varotsos, 2005; Varotsos et al., 2006a, b; 2010) with lead
time, 1t, values falling into two groups; one of short lead
time (27–53 days) and another with a much longer lead time
(141–212 days). Only earthquakes with epicentres located
either in the Sporades basin or in the Samos cluster have been
found to be associated with SES of long lead time. All SES
were detected either at MYT or VOL station and only one in
KER, while no event was detected by ASS station.

In this work, we restrict ourselves to the earthquakes lo-
cated in the Sporades basin including the last one which oc-
curred on 16 July 2010, since the other events were discussed
in detail in a previous paper (Dologlou et al., 2008). Their
seismic parameters (dates, epicentres), moment magnitudes
Mw, source mechanism type (strike-slip, normal or thrust)
based on Harvard CMT solutions and SES parameters (time
of detection, station and lead time1t), are listed in Table 1.

4 Discussion

Our experience revealed that SES associated with earth-
quakes located in the Sporades basin are characterised by re-
markably long lead times. It is interesting to check whether a
new earthquake with an epicentre falling inside this confined
area of the Sporades basin or in the Samos cluster (Fig. 1 –
shaded ellipse and red open circle, respectively) will also be
preceded by a long lead time SES signal. Indeed, after the
occurrence of theMw = 6.5 and its aftershockMw = 5 earth-
quakes on 26 and 30 July 2001, respectively (Table 1, events
no. 1 and 2), the next event with the epicentre inside the Spo-
rades basin was theMw = 5.1 earthquake that took place on
16 July 2010 (Table 1 event no. 3). It was preceded by an
SES recorded at KER station (Fig. 1) on 25 February 2010
with a long lead time1t=141 days. We note that up to now,
no new earthquakes occurred within the Samos cluster.

Let us now examine, in terms of physics, whether a pos-
sible interrelation between SES lead time and geodynamics

can be justified. A proposed model (Varotsos et al., 1998;
Varotsos and Alexopoulos, 1986) for the SES generation is
given below:

In an ionic solid, the electric dipoles formed between in-
troduced aliovalent impurities (Varotsos, 1976; Varotsos and
Alexopoulos, 1978, 1979) and vacancies (Varotsos and Alex-
opoulos, 1984c) created for charge compensation (Varotsos,
2007; Varotsos and Alexopoulos, 1982; Kostopoulos et al.,
1975) can change the orientation upon increasing pressure,
giving rise to a transient current, called piezostimulated cur-
rent (PSC). The relaxation time,τ , of these dipoles is given
by the relation

τ = (λν)−1exp(g/kT ) (1)

whereT is the temperature,ν is the attempt frequency for a
jump to a number ofλ accessible paths in the vacancy vicin-
ity, g the Gibbs energy for the orientation process and k the
Boltzmann constant.

Before an earthquake, the tectonic stress (pressure) gradu-
ally increases in the future focal area with a rate b (= dP/dt).
When the pressure reaches a critical value,Pcr, a transient
current, due to a cooperative orientation of dipoles which ex-
ist in ionic crystals in rocks, known as SES, is emitted and
the following relation (if an increase in pressure results in a
decrease of relaxation time) holds (Varotsos, 1977; Varotsos
and Alexopoulos, 1980):

bv

kT
= −

1

τ(Pcr)
(2)

where τ (Pcr) is the value of relaxation time atP = Pcr
(Varotsos and Alexopoulos 1986; Varotsos, 1977). The in-
crease of the pressure (stress) continues until the fracture
stressPfr is reached where the failure of the solid and con-
sequently the earthquake occurs. Therefore, the emission of
this transient current (e.g., SES) can be considered as a pre-
cursor to the fracture of a solid (e.g., earthquake). The lead
time1t between the emission of the SES and the impending
earthquake is given by

1t = (Pfr −Pcr)/b (3)
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assuming that the accumulating stress rate b remains constant
during the last preparatory stage before the fracture (earth-
quake). In contrast, the appearance and the emission of the
SES is independent of the stability of b (Varotsos, 2005).

From Eqs. (1) and (3), derives (Varotsos et al., 1993a)

dPcr/db(Pcr) = τ(Pcr) (4)

which shows that dPcr/db (Pcr) is always positive. Therefore,
smaller values of b leads to also smaller values of the critical
pressurePcr implying that the numerator of the right side of
Eq. (3) becomes larger. Thus, a decrease in the b value causes
a two-fold increase in the lead time and vice versa.

The crustal transition of the thinned Sporades Basin to
the 30-km thick crust of the northern Evia and the Maliakos
Straits is poorly understood (Makris et al., 2001). Simple or
pure shear stretching cannot have developed this margin and
Makris et al. (2001) favour the assumption that it denotes
the limit of two different crustal domains; these were merged
together during a compressive tectonic episode, prior to the
present-day extension and stretching of the Aegean Sea that
was activated 5 Ma ago. Additionally, Le Pichon et al. (1984)
report that the Sporades basin, which contains a thick se-
quence of late Cenozoic sediments, coincides with a zone
of extreme lithospheric stretching and the crustal thickness
is locally reduced to only 15 km.

These specific geotectonics (i.e., remarkably small crustal
thickness) of the Sporades basin possibly affect the accumu-
lating stress rate b, the criticalPcr and fracturePfr stress in
such a manner that their combination in Eq. (3) may justify
the observed longer lead time1t. Thus, the hypothesis of
Dologlou et al. (2008) that SES lead time might be controlled
by geodynamics, seems to be strengthened.

5 Conclusions

The seismicity of the last 15 years revealed that in the
Aegean Sea, only earthquakes (Mw > 5) with epicentres
falling within two restricted areas, the Sporades basin and
the Samos cluster, are associated with SES of appreciably
long lead times. An effort to justify this behaviour by means
of specific tectonics and geodynamics that characterise these
two regions, such as remarkably small crustal thickness and
high heat flow rate, has been attempted. This hypothesis is
further strengthened by the fact that the next new earthquake
which occurred in the Sporades basin on 16 July 2010, was
also preceded by a long lead time SES.
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