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ABSTRACT

Varotsos, P., Alexopoulos, K. and Lazaridou, M., 1993, Latest aspects of earthquake prediction in Greece based on seismic
electric signals, 1I. In: P. Varotsos and O. Kulhdnek (Editors), Measurement and Theoretical Models of the Earth’s
Electric Field Variations Related to Earthquakes. Tectonophysics, 224: 1-37.

The latest aspects of the physical properties of seismic electric signals (SES) that are used for earthquake prediction in
Greece are described. The procedure currently followed for the selection of a site appropriate for the collection of SES and
for the electric dipole configuration of such a station are reviewed. The process of constructing a map indicating the seismic
areas for which such a station is sensitive is also described. A review of other electrical precursors observed in Greece is
given, along with a summary of the newest theoretical models of the generation of SES. The compatibility of these models
with the existing data on SES is discussed. Furthermore, a number of unsolved problems are listed, along with suggestions

for future experimentation.

1. Introduction

Since 1981, continuous measurements of the
electric field of the earth have been carried out in
Greece (Varotsos and Alexopoulos 1984a, b). A
telemetric network of eighteen stations (via tele-
phone lines) has allowed the real time observa-
tion of the electrotelluric variations since 1983.
Transient changes in the electrotelluric field,
hereafter called Seismic Electric Signals (SES),
were found to precede earthquakes. Using these
SES, which can be recognized well before the
occurrence of an earthquake (EQ) a number of
official predictions have already been issued
(Varotsos and Alexopoulos 1984 a, b; Varotsos et
al., 1986, 1988).

* On the occasion of the 75th birthday of Professor Haroun
Tazieff.

During the past few years the collection of a
large body of data has resulted in a new insight
into various aspects of the SES earthquake pre-
diction method. We therefore decided to publish
two papers reflecting the current state of knowl-
edge: the first paper (Varotsos and Lazaridou,
1991) (hereafter called Paper I) reviewed the
latest insights into the basic features of SES (i.e.,
duration, time lag between SES and earthquake,
form, relation between SES amplitude and earth-
quake magnitude, regional and local characteris-
tics of the selectivity phenomenon, etc.). In addi-
tion, a procedure was described by which the
epicentre and magnitude of an impending EQ
can be determined. Paper I also contained a
complete set of predictions issued during the
period 1987-1989.

The present paper reviews the following top-
ics: (1) the procedure for the selection of a site
appropriate for SES collection; (2) the correct
configuration of the electric dipoles in order to
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discriminate SES from noise; and (3) the proce-
dure for the construction of a map indicating the
seismic areas for which a station is sensitive. The
basic features of two other types of electrical
precursors are presented briefly. In addition, the
basic concepts of the theoretical models recently
suggested for the explanation of SES generation,
are summarized, along with a critical discussion
on their compatibility with the experimental re-
sults in Greece. Finally, we list some of the nu-
merous questions that still remain and suggest
future experiments that could help towards clari-
fying them.

In order to facilitate the reading of the present
paper we first give a short recapitulation of cer-
tain points described in Paper 1.

The term SES is reserved for isolated precur-
sor signals. Electrical activity refers to a series of
signals that are detected within a period shorter
than the time lag between the signal and the
ensuing EQ. The (isolated) SES have been found
to have a time lag, At, which usually varies be-
tween 7 h and around 11 d. It has been observed
that, although the time lag between the onsets of
the electrical and seismic activity does not usually
exceed 11 d, the time lag between the largest SES
and the strongest EQ can be much longer (up to
a couple of weeks). The duration (7) of an SES is
between half a minute and several hours. The
time lag and the duration have been found not to
depend on the magnitude of the EQ. We define a
signal as a transient change, AV, in the potential
difference registered between the electrodes of a
dipole. It is evidence of a deviation in the current
density in the Earth at the location of the dipole.
As the dipoles have different lengths (L) the
measurement gives the electric field strength,
e(= AV/L), provided that the surroundings of
the station are homogeneous.

The form of a SES can vary; it can have a
gradual or an abrupt onset (i.e., with several
seconds) and a gradual or abrupt cessation. The
combination “gradual onset/abrupt cessation”
has never been observed. It should also be men-
tioned that SES originating from the same seis-
mic area and recorded at the same station occa-
sionally have strikingly similar shapes (wave-
forms).
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1.1. Rules for SES registered at a given station and
originating from a gitven seismic ared

In view of the complexity of the experimental
data we start with a dipole of given orientation
(e.g., E-W or N-S) at a given station. A SES
arriving from a given seismic arca always has the
same algebraic sign, that is, there is always an
increase (or a decrease) in the usual field strength,
thus giving a characteristic polarity for each pair
‘““seismic area-station”.

The relationship between the SES amplitude
expressed as AV /L (Usually AV in millivolts and
L in metres) and the magnitude M has been
found to be:

log(AV/L) = (0.34-0.37)M + b

which gives a straight line plot with an intercept,
b. The plots for dipoles of two orientations have
the same slope (0.34-0.37) but different inter-
cepts. This means that the ratio of the amplitudes
(AV/L)gw/(AV/L)\s remains the same and is
characteristic of all EQs predicted from SES
recorded at a given station and coming from a
given seismic area.

1.2. Rules for SES registered at a given station and
originating from different seismic areas

A given station, S,, situated at 4 may be able
to record SES originating at seismic area B but
not at area C, even if r,c <rag. This effect,
called selectivity, is not reversible, in the sense
that, although station S, can record signals from
seismic area B, station Sy, situated at B, does
not necessarily record signals from seismic area
A.

The selectivity effect is not solely a directivity
phenomenon; a station, S,, may be able to feel a
signal originating from B but not from C, al-
though all three points lie on a straight line and
the distance r,c is smaller than r,5. Various
observations indicate that selectivity depends si-
multaneously on: (1) the physical properties (e.g.
conductivity) of the path between the station and
the seismic area; (2) the source properties, for
example, the directional properties of the emitted
current; and (3) the inhomogeneities in the vicin-
ity of the station.
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In spite of the complexity of the selectivity
effect, a SES is reproducible in time and space in
the sense that once a station has been found to
be sensitive to SES from a given area, it will be so
for all future earthquakes.

1.3. Procedure for the determination of the epicen-
tre

The epicentre can be determined from SES
data using various criteria. These depend on the
number of stations that have detected a certain
signal. Under the present configuration of the
network, the SES of an impending EQ is usually
registered only at one station so that the epicen-
tre has to be determined from a single data set.

Let us assume that the SES was recorded at a
single station, S,, and no simultaneous SES traces
were recorded at any other station. The following
effects are then considered in order to exclude
certain regions and determine the epicentral area
by a process of elimination:

(1) Selectivity effect. Using earlier experience,
we can exclude as possible epicentral regions
areas for which the station is not sensitive. This
leaves us with a restricted set of seismic areas:
only those that have either already produced SES
recorded only at the station S, or a new seismic
area. A “new” area is defined as one which has
not been active since the installation of the SES
recording station.

(2) Polarity effect. From the above restricted
set of seismic areas it is also possible to exclude
those known seismic areas to which station S, is
sensitive but which emit SES with polarity com-
ponent(s) opposite to those of the signal recorded.

(3) Ratio of the two components of the SES.
After the ratio (AV/Lgy)/(AV/Lys) of the sig-
nal in question has been determined, it can be
compared to the corresponding ratios of SES
formerly collected from the seismic areas that
remain after exclusions based on (1) and (2). It is
clear that the identification of the epicentre is
straightforward for seismic regions which have
been active in the past, so that this ratio is
known. A difficulty arises when the ratio for the
signal under consideration does not coincide with
any known value. In such a case, a less reliable

prediction of the expected epicentral area may be
achieved by interpolating values from neighbour-
ing areas. Sometimes it is preferable, instead of
the aforementioned ratio, to use the ratio of the
quantity AV /L of a long dipole (with an interme-
diate direction, i.e. not exactly E-W or N-S) over
AV /L gy (or AV /L) of a short dipole.

1.4. Magnitude determination

After the epicentral area has been predicted
the magnitude can be estimated as follows: Let us
assume that data from the recording station S,
leads to the conclusion that the expected epicen-
tre lies within the seismic area B. Earlier data
from station S, for earthquakes in this particular
seismic area have provided linear plots of
log{AV /L) versus M for the dipoles in each
direction. These two plots and the corresponding
amplitudes (AV/L) of the two components of the
new SES provide an estimation of the magnitude
of the impending event. Therefore, for an accu-
rate estimate of M for a future earthquake from
data collected at a single station, a “calibration”
of the station must be available for each seismic
area to which it is sensitive. The collection of
such data requires long periods of recording.
However, since the plots of log(AV /L) versus M
always have a slope between 0.34 and 0.37 a
single clear SES is enough for calibration.

2. Selection of sites appropriate for SES collec-
tion

In view of the local and regional characteristics
of the selectivity effect described in Paper I, the
selection of a site for a permanent installation is
a tedious task. We stress that even if we select a
site that exhibits extremely low industrial noise it
may not be appropriate for SES collection. We
are aware of a number of such low noise sites in
Greece where portable stations were intention-
ally operated for several years without having
recorded even one SES. Since, during this period
of continuous operation, a significant number of
EQs did occur in various seismic areas of Greece,
we determined some low-noise sites (hereafter
called insensitive sites) that did not record any



SES from the seismic areas that became active
during the period of experimentation.

Apart from a geological and geotectonic in-
spection, the installation of a station appropriate
for SES collection should rnecessarily be preceded
by an investigation which includes the installation
of a number (e.g., 10) of temporary low noise
stations a few kilometers apart. Only after the
occurrence of a few significant events from a
given seismic area (A), for which the preceding
SES were recorded, can we select the most ap-
propriate of these stations for further investiga-
tion of area A. For each temporary station the
technique shown in Figure 1 can be used. That is
illustrates the procedure for such an investiga-
tion. A telephone cable several kilometers long
and comprising a significant number of wires
(e.g., 16) is used for testing a number of sites.
Each wire leads to an electrode at a different
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point so that potential differences between points
with distances lying from, for example, 100 m to
several kilometres can be measured.

The above procedure has already been applied
in Greece for the determination of a number of
“sensitive points” at which the permanent sta-
tions shown in Figure 2 were installed. These
sites were chosen in order to obtain stations
selective to the seismic areas active at the time.
The operation of such a station for a period
during which several seismic areas were active
enabled the construction of a selectivity map for
this station (see below). The following two points
should be emphasized:

(1) After having found a suitable site for a
station selective to a given seismic area, no gen-
eral rules exist for the prediction of other seismic
areas for which this site is appropriate for SES
collection. This is due to the fact that, as ex-

Fig. 1. Schematic representation of the electrode installation at a temporary station in order to investigate a number of
neighbouring sites simultaneously. The 16 wires of a telephone cable lead to electrodes. At the station a system of differential
amplifiers measures the potential differences of various pairs of these electrodes.
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Fig. 2. Selectivity maps of the stations ass and 10a. The sites
of the other Greek stations are also shown. The areas a, b
and ¢ correspond to seismic areas from which SES are solely
collected at station ass. The large hatched area is the selectiv-
ity map of station 10A and includes seismic areas from which
the SES are collected either at station 10a alone, or at station
pir as well. The signals at pIr are restricted to the Cephallo-
nia region or to neighbouring areas of station pir, but ori-
ented in a SW-NE direction (Varotsos and Alexopoulos,
1984a, b).

plained in Paper I, the selectivity is not purely a
directivity effect, but simultaneously depends on
the ‘“source properties”, the “travel path” and
the inhomogeneities close to the station.

(2) It is known that a magnetotelluric (MT)
study of an area leads to the understanding of its
geoelectrical structure. However, although this
structure was found to play a significant role (see
Paper I) it is not the sole factor governing the
suitability of a site for the detection of SES from
a given seismic area. In other words, an MT
investigation does not provide a unique tool for
the selection of a site appropriate for SES collec-
tion from a given seismic area.

This can be explained (within the frame of the
model predicting currents originating at the focal
area) as follows: let us take two sites, 4 and B,
belonging to two different areas and a remote
seismic area C. Even if we assume that the geo-
electrical structure below A and B is practically
the same, the following situation could occur: a

channel could “drive” the SES emitted from the
focal area C to one of the two sites but not to the
other.

In view of the above aspects, it seems neces-
sary (at least at the present stage of our knowl-
edge) that the suitability of a site for SES collec-
tion from a given seismic area should be carried
out on empirical grounds, that is, by long experi-
mentation; for example, with a technique similar
to that shown in Figure 1.

The question still remains as to the (broad)
area where SES prospection (as shown in Fig. 1)
should start. Although general statements cannot
be made, it seems that the following three “types”
of areas have the most potential:

(1) The vicinity of a major fault: as an example
we refer to station ass, which lies close to a major
fault and, although installed on sediments, is se-
lective for a number of seismic areas (Fig. 2). It
seems that a fault provides a conductive driving
channel for SES propagation.

(2) Regions of crystalline rocks close to large
heterogeneities, such as geological contacts with
significantly different conductivities. This is the
case for station 10a (fig. 25, Paper I), which is
sensitive to a significant number of seismic areas
(Fig. 2). Note that the good response of station
10Ao does not seem to be associated with the
existence of any major fault in its vicinity.

(3) Area with strong local inhomogeneities.
The dykes around station KER, discussed in Paper
I, seem to provide appropriate localities for fur-
ther SES investigations. Note also, that station
KER also does not seem to be in the vicinity of
any major fault.

3. Appropriate configuration of the dipoles of a
station

3.1. Type of electrodes

The current configuration of our network in-
volves non-polarized Pb/PbCl, electrodes at a
depth of 2 m. However, various metallic elec-
trodes (e.g.,. copper and brass) and non-polarized
ones (e.g., Cu/CuSO,) have been tested in the
past. Although their noise, as expected, was found
to be different, we have verified that SES were



collected with all these types of electrodes. Simul-
taneous recordings at parallel short dipoles of the
same length but with different types of electrodes
has undoubtedly shown that the same AV value
for a given SES is recorded. This result indicates
that the appearance of an SES cannot be associ-
ated with “‘small scale electrokinetic phenomena”
down to the size (and in the neighbourhood) of
the electrodes.

The following experiment, among others, was
also carried out: two parallel (almost) vertical
dipoles, the first one with Cu electrodes and the
other with Pb/PbCl, electrodes, were intention-
ally installed close to a dyke in station ker (for
the influence of the local inhomogeneities on the
SES collection see Paper I). In spite of their
small length (a few metres, we found that both
dipoles (of equal length) recorded the same AV
value for a given SES. Note that these dipoles
were well above the water level, so that electroki-
netic phenomena due to a water diffusion process
(induced by a local pre-seismic variation in strain)
can be excluded. We shall return at this point.

3.2. Appropriate number of dipoles

The number of dipoles should be sufficient in
order to separate true SES from the various types
of noise.

As mentioned in Paper 1, the noise can be
classified into three main categories: magnetotel-
luric (MT) disturbances, electrochemical varia-
tions of the surface of electrodes and cultural (or
anthropogenic) noise. The MT noise can be sub-
stracted from the electrotelluric records after
having determined, for each site, the impedance
tensor, Z, that relates the variations in the mag-
netic and electric field. A procedure for the “real
time” subtraction of the MT noise from our
records has already been developed and tested
with satisfactory results (Hadjiioannou et al., this
issue). Therefore, in the following we- shall em-
phasise the difficulties and the shortcomings that
arise from the other two types of noise, which
depend on the configuration of electric dipole
arrays:

(1) Two perpendicular short dipoles (usually in
the directions E-W and N=S8). This is the config-
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uration mentioned in numerous previous papers.
It cannot eliminate anthropogenic or clectro-
chemical noise (see Paper I).

(2) Four short-dipole configuration, that is, two
parallel short dipoles with different lengths in
each of the two directions E-W and N-S. Such a
configuration excludes the electrochemical distur-
bances, but suffers from the following serious
shortcoming: when a noise source lies at a dis-
tance from the station appreciably larger than the
length of the short dipoles (fig. 12, Paper D, its
disturbances obey the rule AV /L = constant for
each direction and thus can be misinterpreted as
SES.

(3) Configuration involving only long dipoles
(with L of the order of several kilometres). This
configuration is achieved using underground tele-
phone lines (Varotsos and Alexopoulos, 1986); in
view of the length of the resulting dipoles, elec-
trochemical disturbances do not create significant
problems; however, difficulties arise in the inter-
pretation of the data. The following is just one
example: the SES of two EQS of equal magni-
tude and equal epicentral distances but coming
from different seismic areas, when recorded at
the same long dipole are not necessarily collected
with equal AV values; according to our experi-
ence, this may happen when these two seismic
areas give SES with different AV, /AV g ratios
on the short dipoles of equal length L (see Paper
D.

(4) Configuration including short and long
dipoles. To the best of our knowledge, this is the
most appropriate configuration for SES collection
and is currently used in our network. By recalling
the aspects of Paper I concerning the discrimina-
tion between anthropogenic noise and true elec-
trotelluric disturbances (i.e., between SES and
MT) we conclude that at least five dipoles must
be installed at each station: two parallel short
ones in each direction (i.e., E-W and N-S), with
different lengths and (at least) one long one.
Attention is drawn to the fact that the two elec-
trodes of the long dipole should be placed at sites
with the configuration shown in Figure 21. Note
that when the long dipole lies in an intermediate
direction (i.e., not exactly E-W or N-S) the
installation of a sixth electric dipole is highly
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recommended; this latter dipole should be a short
one and parallel to the long dipole for the rea-
sons explained in Paper I. when a short dipole
lies parallel to a long dipole and is directed
towards a source of noise then (if the distance
between the electrodes and the noise source is, at
most, of the same order of magnitude as the
length of the long dipole) this noise can be imme-
diately excluded, because its values at these two
dipoles violate the condition: AV /L = constant.

The following point should also be borne in
mind: when a noise source operates continuously
(thus contaminating the records), its influence
can be permanently eliminated by the technique
described in Paper 1.

3.3. Conclusion

Our experience indicates that, when only short
dipoles are used, the resulting number of distur-
bances (i.e., those remaining after excluding elec-
trochemical and MT noise and applying the rule
AV/L = constant) usually exceeds, on average,
the number of true SES by more than one order
of magnitude. An electric disturbance is classified
as a SES after it has met all four criteria men-
tioned in appendix 2, Paper 1. Therefore, when
using only short dipoles, it is usually difficult to
establish any correlation between the SES and
EQs that occurred in a given seismic area; such a
correlation can be attempted only after the addi-
tional use of properly installed long dipoles (i.e.,
as indicated in Appendix II).

4, Construction of a selectivity map

The procedure that should be followed in or-
der to construct selectivity maps is described here.
These maps show the seismic areas that emit SES
detectable (for EQs above a magnitude threshold
of course) at a given station. By recalling the
definition of the selectivity effect, it is obvious
that each station has its own selectivity map. The
following remarks may be useful:

(1) only when a seismic area happens to lie in
a region overlapping the selectivity maps of two
remote stations can it give SES that are simulta-
neously recorded at these two stations;

TABLE 1

List of earthquakes with SES collected at station Ass

Date Time Epicentre Magnitude
(DD-MM-YY) C°N, °E) (M)
10-10-83 10:17 40.3,25.5 5.7
23-01-84 10:27 40.9, 23.3 4.3
07-02-84 18:28 40.7,22.2 4.4
19-02-84 02:53 40.6,23.4 4.3
19-02-84 02:54 40.6,23.3 43
19-02-84 03:47 40.6,23.4 48
19-02-84 04:00 40.7,23.4 4.2
04-05-84 02:52 40.8,23.4 4.4
08-05-84 05:04 40.4,22.8 4.8
08-05-84 08:08 405,228 4.2
14-05-84 18:18 40.3,22.7 4.5
15-05-84 04:35 40.3,22.8 4.3
14-11-84 14:54 40.7,23.5 4.4
30-04-85 18:14 393,229 53

(2) in view of the first remark it is evident that
when the selectivity maps of two stations (i) and
(/) have no common area, no simultaneous SES
can be recorded at these two stations. This is the
case for the two stations ass and 10A which,
during 8 years of continuous operation (1982-
1990) have never recorded even one simultaneous
SES. This fact cannot be misinterpreted as being
due to insufficient experimental data since a
number of large events (i.e., close to M, 6.0) at
comparable epicentral distances from each of
these two stations but different azimuths (Tables
1 and 2) happened to occur. In order to clarify
this case better the following should be consid-
ered: Let us take some earthquakes that occurred
at epicentral distances of the order of 150-200
km from station 10a with various azimuths loca-
tions shown in Fig. 3: a, M, = 6.0 on February
11th, 1984; b, M = 5.6 on January 1st, 1988; c,
M, =5.9 on May 18th, 1988; d, M, = 6.0 on Octo-
ber 16th, 1988; and e, M, =5.9 on August 20th,
1989 (Fig. 3, Table 2). All these EQs gave clearly
detectable SES at station 10a. (Figs. 4~10), which
means that this station is able to collect SES
emitted from significant EQs at comparatively
large epicentral distances. In contrast EQ g (i.e.,
the M,=15.8 EQ on April 30th, 1985), although
lying at an epicentral distance more or less com-
parable to the earthquakes mentioned above, did



TABLE 2

List of earthquakes with SES collected at station 10a

Date Time Epicentre Magnitude
(DD-MM-YY) N, °E) (M,)
08-09-83 22:05 38.0,21.2 5.4
11-02-84 08:02 384,221 6.0
16-04-85 00:40 39.8, 20.6 4.7
16-04-85 11:17 39.9, 20.1 44
16-04-85 12:47 39.7, 20.8 4.6
16-04-85 13:08 39.7, 20.7 42
16-04-85 19:00 39.9, 20.1 44
11-05-85 07:30 39.2,20.6 4.6
12-05-85 00:43 38.8,19.8 4.5
21-05-85 23:27 39.9, 20.5 4.6
13-08-85 13:49 38.0,21.4 5.1
31-08-85 06:05 39.0, 20.4 5.5
31-08-85 06:33 39.0, 20.4 4.3}
17-12-86 21:19 39.6, 20.1 5.6
09-01-88 01:02 41.0, 19.7 5.6
26-03-88 20:35 40.3, 19.6 5.5
24-04-88 10:10 38.7,20.2 5.0
09-05-88 16:52 37.7, 19.8 5.0
18-05-88 05:17 38.2,20.2 59
22-05-88 03:44 38.4,20.4 55
02-06-88 10:35 38.3,204 5.0
06-06-88 05:57 38.3,204 5.0
22-09-88 12:05 37.9,209 5.1
30-09-88 13:03 37.7,21.3 4.9}
16-10-88 12:34 37.9,21.0 6.0
08-03-89 05:57 40.3, 19.1 49
07-06-89 19:45 38.0,21.6 52
20-08-89 18:32 37.2,21.1 59
24-08-89 02:13 37.9, 201 57
31-08-89 21:29 38.2,21.8 4.8
29-10-89 19:34 39.3,21.2 42
29-10-89 19:36 39.3,21.1 45 }

not give an SES at station 10A (almost 2 weeks
before, on April 12th, 1985, a series of SES was
detected at station 104, but, for reasons discussed
below, it should be correlated with seismic activ-
ity which occurred close to that station).

4.1. Procedure for the construction of a selectivity
map of a given station

As a general rule, we can state that a trustwor-
thy- procedure should be based on earthquakes
(or earthquake sequences) that:
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(1) happen to be isolated in time;

(2) have appropriate large magnitudes so that
the expected SES amplitude should exceed the
noise level (which is usually around 0.1 mV for a
dipole length of 50 m) by a significant factor (e.g..
4-5),

The SES amplitude depends not only on the
resistivities of the dipoles of each station; this
gives different values of (appropriate) magnitude
thresholds as a function of the epicentral dis-
tance, r for different stations. However, as a
rough guide, one can rely on the following indica-
tive values: for epicentral distances of the order
of a few tens of kilometres, the SES are clearly
seen for EQ magnitudes of at least 4.0; when r is
around 100 km, the appropriate M, value should
be at least around 5.0-5.5. For even larger epi-
central distances (i.e., around 150-200 km), the

[ T30 21 4 e

Fig. 3. Map showing the epicenters of a number of earth-
quakes with M, > 5.6 with relatively large epicentral distances
from station ass ({1) and station 10a (O). B = the epicentres
of EQs with SES detected at station ass; ® = those EQs
detected at station 10A. a — g = EQs of the following dates
(see Tables 1 and 2): a = 11-02-84; b = 09-01-88; ¢ = 18-05-88;
d =16-10.88; e = 20-08-89; f = 10-10-83; and g = 30-04-85.
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appropriate magnitude threshold should be close
to 6.0.

We clarify again that the above values are no
indication of the epicentral distances up to which
traces of the SES of an EQ of the aforemen-
tioned magnitudes are detectable (Fig. 11); they
simply indicate the appropriate limits above which
a very clear distinction of SES from the back-
ground noise (i.e., with a signal /noise ratio, as
mentioned, of at least 4-5) is expected.

The construction of a selectivity map can be
attempted after a long period of continuous oper-
ation of a station. It should involve the following
consecutive steps:

4.1.1. First step: selectivity to earthquakes at
large epicentral distances

We selected periods of the order of a few
months during which no significant seismic activ-
ity was observed in the vicinity of the station; that

is, periods during which EQs with magnitudes of
around 4.0 (or larger) occurred within an epicen-
tral distance of the order of about 50 km were
excluded. Among the periods selected we re-
stricted ourselves to those that contained earth-
quakes that were isolated in time (e.g., one EQ
during a period of a few months) and with appro-
priate magnitudes that would warrant a clear SES
detection at the station. We then construct a time
chart showing these EQs, along with the SES
observed at that station (above a certain ampli-
tude) and examine their possible correlation.

As an example Figure 12a shows the time
chart of station ass for continuous 3 month pe-
riod: April 1st 1985, to June 30th, 1985. Only one
SES was collected with an amplitude larger than
0.5 mV on either of the two perpendicular short
dipoles (L =70 m); it was recorded on April
25th, on all the dipoles of the station but the
AV /L value on the E-W component was appre-
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Fig. 4. SES detected on February 8th, 1984, on the short E-W dipole (L = 47.5 m) at station 10A. The corresponding earthquake
(M, = 6.0) occurred on February 11th, 1984, with an epicenter at 38.4°N, 22.1°E (EQ a4, Fig. 3). For the help of the reader we
clarify that the configuration of the eight dipoles installed at station IOA is depicted in fig. 2 of Varotsos et al. (1993, this issue).
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ciably larger than that of the N-S component
(fig. 4, Paper I). This SES was followed by a 5.8
EQ that occurred on April 30th, 1985, with an
epicentre at 39.3°N, 22.9°E, at a distance around
130 km from station ass. This EQ is well isolated
in time and space because no other EQ occurred
during this 3-month period with the following
magnitude thresholds: M > 4 with r <50 km; M
> 4.5 with 50 <r < 100 km; M > 5 with 100 <r <
300 km or M > 5.5 at distances up to 400-500
km. Therefore, Fig. 12a shows that the single SES
can only be correlated with the single EQ. The
same investigation should be repeated for other
periods in order to confirm that station Ass is
selective to the area labelled b in Fig. 2. It should
be remembered that all EQs from area b should
give SES at station ass with the same polarity and
with linear plots of log AV /L versus M for each
component with a slope around 0.34-0.37.

4.1.2. Second step: selectivity to earthquakes at
relatively small distances

We selected periods of at least of a few months
during which no earthquakes occurred, at dis-
tances of around 100 km or more which had
magnitudes that would provide a clear SES record
at the station under investigation. Among such
selected periods, we restricted ourselves to those
that included earthquakes (or earthquake se-
quences) isolated in time (e.g. one EQ in a few
months) at epicentral distances of around 50 km
with magnitudes of 4.0 or larger. We then con-
structed a time chart showing these earthquakes,
along with the SES observed during the same
period, thus investigating whether the station is
selective to the seismic regions lying in its vicinity.

As an example, we refer again to station Ass.
Figure 13 shows the time chart for a continuous 23
month period (February 15th, 1984, to April 30th,
1984), during which a seismic activity (marked b)
lasting only 1 day (i.e., February 19th, 1984) and
comprising four earthquakes with magnitudes
larger than 4.0, all in the vicinity of the station
(Table 1) was reported. Note that, at larger epi-
central distances no significant EQ occurred dur-
ing that period. with a magnitude that would
warrant a clear SES; that is, no EQ occurred with
M > 45 at r <100 km, with 4.5 <M < 5.0 at 100
<r <200, with 50 <M < 5.5 at 200 <r < 300 or
with 5.5 <M < 6.0 at 300 < r < 500; etc. In Figure
13 we insert the SES that had an amplitude
AV > 0.5 mV on either of the two perpendicular
short (L =70 m) dipoles; a series of such SES
(marked a) were recorded only on February 17th,
1984, that is 2 days before the seismic activity of
February 19th. An inspection of Figure 13 indi-
cates that the SES of February 17th can only be
correlated with the EQs which occurred on
February 19th. This result suggests that station
Ass is selective to a seismic area lying in its
vicinity (Fig. 2).

4.1.3. Third step: combination of the results
obtained for various stations

As already mentioned, the procedure indi-
cated in steps 1 and 2 should be repeated for
each station at various (appropriate) periods in
order to confirm the correlations suggested by
figures similar to Figures 12 and 13. After com-
pleting this study for at least two (independent)
stations, the self-consistency of the analysis re-
quires the examination of the compatibility of the

Fig. 5. (a) SES detected at 10a on May 15th, 1988, by both component dipole arrays. The corresponding directions and lengths of
the dipoles are as follows (the scale in the figure is in millivolts): E-W, L = 47.5 m; N-S, L = 48 m; E’-W’, L = 181 m. The dipole
labelled IOA has a NNE direction, with a length of 2.5 km; the sites of its two electrodes are shown in fig. 25, Paper I and in fig. 2
of Varotsos et al. (1993, this issue). The apparently reversed polarity of the SES on the latter dipole is due to the connections of
this dipole to the amplifier, having been intentionally reversed, as explained in appendix 2, Paper I. This SES belongs to the same
SES series as those of Fig. 6; they were followed by strong seismic activity in the Cephallonia area (i.e. around 38.2°N, 20.2°E) the
largest EQ occurred on May 18th, 1988, with M, = 5.9 (Table 2, and the first telegram of table 1, Paper I). (b) The same SES as in
(a) but recorded on a dot point recorder at a different pair of dipoles: E'-W’ with L = 48 m, N~S with L = 100 m. Due to a
sampling rate of 1 dot/8 sec the deviations appear as a series of dots (this is also true for Figs. 6b, 8b, 9b and 10b). The polarity of
this dot-point recorder is opposite to that in (a) and hence the SES in both have the same polarity. A combination of (a) and (b)
leads to a verification of the law AV /L = constant for the parallel short dipoles of various lengths.
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Fig. 7. Magnetotelluric disturbances detected at station 104 on the same dipoles as in Figs. 5a and 6a.

conclusions drawn independently for these two
stations. Among other reasons, the necessity of
this further investigation can be visualized in the
following way: step 1 deals with the distant seis-
micity of a given station whereas step 2 deals with
its neighbouring seismicity. When a pair of sta-
tions, i and j, lie at a distance of 150 km, for
example, a seismic area, a, lying in the vicinity of
the station i could constitute a source of distant
seismicity for the other station, j. Therefore, for
the sake of self-consistency the conclusions drawn
from step 2 for station i should be compared with
those of step 1 for in station j and vice versa.
Furthermore, the conclusions of step 1 for station

i should also be compared to those of step 1 for
station j in order to examine whether strong
earthquakes lying at more or less equal distances
from stations { and j, give either simultaneous
SES at both stations or SES that can be collected
at the one station but not at the other.

As an example, we apply step 3 to the pair of
stations Ass and 10A. In Figure 14 we reproduce
Figure 12a of station ass obtained in step 1 along
with a time chart of station 104 {corresponding to
step 2); the latter contains all SES with an ampli-
tude of at least 0.5 mV on either of the two
perpendicular short (L = 50 m) dipoles of station
104, along with all EQs with the following magni-

Fig. 6. (a) Series of SES (only the two largest indicated) detected at station 10a on May 16th, 1988. The corresponding directions
and lengths of the dipoles are the same as in Fig. 5a. The scales refer only to the dipoles of station 10a. The series of SES shown in
Figs. 5 and 6 was followed by seismic activity in the Cephallonia area, which began on May 18th, 1988 (see Table 2) and included an
EQ of magnitude 5.9. For comparison, Fig. 7 shows some MT disturbances recorded on the same day at the same dipoles. (b} The
same SES series as in {a) but recorded on a dot point recorder at a different pair of dipoles: E'~W’ with L = 48 m, N-§ with
L = 100 m. The SES polarity is the same with that in (a) (because the recorders in a and b have opposite polarities, as explained in
Fig. 5). The scales refer only to the dipoles of station 10a. A verification of the rule: AF/L = constant can be easily obtained when
comparing the parallel short dipoles of (a) and (b).
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Fig. 9. (a) SES activity detected on September 29, 1988 at station IOA. This is the second of the three SES sequences that preceded
the Killini-Vartholomio destructive earthquakes mentioned in Fig. 8a. The dipoles are the same as in Figs. 5a, 6a and 8a, but the
SES depicted in Figs. 8a and 9a (see appendix 2, Paper 1), have a different polarity. This difference was attributed to a slight
displacement of the epicentre (in comparison to the EQ of September 22nd, 1988), as mentioned in telegram 11, table 1, Paper L
{(b) The same SES activity detected at station 104 as in (a) and recorded on a dot point recorder. The dipoles are the same as in Fig.

8b. The polarities of the SES of (a) and (b) are the same.

tudes: M, > 4.2 for epicentral distances less than An inspection of these two time charts leads to
100 km and EQ larger than 5.0 for 100 < r < 300 the following considerations about their compati-
km. bility: On April 12th, 1985, a series of SES, all

Fig. 8. (a) SES activity detected on August 31st, 1988, ‘at station 10a. The dipoles are the same as in Figs. 5a and 6a. This is the first
of the three SES sequences that preceded the Killini-Vartholomio destructive earthquakes of September—October 1988 (Table 2,
and appendix 2, Paper 1) and were publically announced. It corresponds to the telegram shown in fig. 21 of Paper 1. (b) The same
SES activity detected at station 104 as in {(a) but recorded on a dot point recorder. The dipoles: E-W with L = 100 m; N-S with
L =100 m; N'-S§’ with L = 184 m, have no common electrodes with those in (a). In addition to the seven dipoles shown an eighth
dipole (E-W direction), with L =48 m was operating; it also collected the SES but its trace lies outside the confines of the
photograph. The scale is the same for all 10A traces. These SES have the same polarity as those recorded on the short dipoles
of (a).
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Fig. 10. (a) SES activity detected on October 3rd, 1988, at station 10a. This is the third SES sequence that preceded the

Killini-Vartholomio destructive earthquakes mentioned in Figs. 8a and 9a. It corresponds to the telegram 12, table 1, Paper 1. The

dipoles are the same as in Figs. Sa, 6a, 8a and 9a. (b) The same SES activity detected at station 104 as in (a) but recorded on a dot

point recorder. The dipoles are exactly the same as those depicted in Fig. 9b (except for the dipole labelled with E'-W’, which has
a length of 100 m and was also mentioned in the caption of Fig. 8b).
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Fig. 11. SES detected at both perpendicular short (L. =70 m) dipoles of station ass on October 7th, 1983, It was followed by a
M, = 5.7 EQ that occurred on October 10th, 1983, with an epicenter at 40.9°N, 25.5°E (in area a of the selectivity map of station

ass, Fig. 2).
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Fig. 12. Time chart (a) of station ass for a 3 month period: April 1st, 1985, to June 30th, 1985. It depicts all SES with an amplitude

larger than 0.5 mV on either of the two perpendicular short dipoles (L = 70 m). Only the earthquakes that would warrant a clear

SES are considered (see text): M =4 with r <50 km; M 2 4.5 with 50 <r <100 km; M > 5 with 100 <r < 300 km; M > 5.5 with
400 < r < 500 km. Time charts (b) and (c) made for the same months of 1987 and 1988 show that the SES shown in (a) are rare,

la March April
S
SES - - 1984

EQ 15 l 28 s 20 at 10 20 30
b

Fig. 13. Time chart of station ass for the period February 15th, 1984, to April 30th, 1984. It depicts all SES with an amplitude

larger than 0.5 mV on either of the two perpendicular short dipoles (L = 70 m), along with all EQ that would warrant a clear SES

detection (M =45 at r< 100 km; M>45 at 100<r<200; M>50M at 200 <r<300; M>55 at 300 <r <500. a =SES on
February 17th); b = EQ on February 19th.
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Fig. 14. Reproduction of the time chart of station ass described in Fig. 12a, along with a simuitaneous time chart of station 104; the

latter includes all SES with an amplitude of at least 0.5 mV on either of the two perpendicular short (L = 48 m) dipoles, along with

all EQs with the following magnitudes and epicentral distances: Ms > 4.2 for r < 100 km and M, > 5.0 for 100 <r <300 km. a = a

number of SES shown in Figs. 15 and 16; b = a number of earthquakes (M; < 4.7) with epicentres listed in Table 2. The parameters
of the other earthquakes included in this time chart are also given in Table 2.

with the same polarity was recorded at station
104 (Fig. 15). This was followed by a number of
EQs with magnitudes up to 4.7 on April 16th,
1985 (Table 2) lying at distances less than (or
around) 50 km from that station. Before claiming
any correlation we state that, in principle, this
SES series of April 12th, 1985, could either be
correlated with the neighbouring seismic activity

gy pp -

of April, 16th or with the 5.8 event of April 30th,
lying at a distance of around 200 km from station
10a. The latter possibility however can be ex-
cluded for various reasons based on the physical
properties of SES discussed in Paper I. One of
these properties states that: “SES of earthquakes
of comparable magnitude coming from the same
seismic area, are recorded on the same station

Fig. 15. A sequence of four SES detected at the N--S short (L = 47.5 m)dipole of station 10a on April 12th, 1985. It was followed by
an earthquake sequence on April 16th, 1985 (Table 2), with epicentral distances of less than (or around) 50 km.
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with the same polarity and the same amplitude”.
By recalling this property we draw the attention
to the following fact: An SES with practically the
same amplitude, the same polarity and the same
AVew/AVys (L = constant) ratio was also
recorded at station 10a on May 14th, 1985 (Fig.
16) but was not followed by an event from the
seismic area 39.3°N, 22.9°E where the 5.8 EQ of
April 30th, 1985 had occurred. However, this SES
was followed by a M, =4.6 EQ on May 21st,
1985, from the same seismic area that also be-
came active on April 16th; therefore a self-con-
sistent analysis indicates that the SES activity of
April 12th has to be correlated with the neigh-
bouring EQs of April 16th (for comparison, see
also Figures 17 and 18, which refer to SES from a
neighbouring seismicity but from a different seis-
mic area). In view of this result, an inspection of
Figure 14 reveals that the only SES that can be
correlated to the 5.8 event of April 30th is actu-
ally that observed at station ass on April 25th; it

also means that the seismic area labelled b in
Figure 2 (around 39.3°N, 22.9°E) does not give
SES that are simultaneously recorded at 10a and
ass. This fact is also confirmed for other seismic
areas, thus concluding, as already mentioned, that
the selectivity maps of 10A and ass do not have
any common area. In addition, it means that
there must be a physical “boundary” lying be-
tween 10A and ass that does not allow the “SES
communication” between these two stations. In
Tables 1 and 2 earthquakes or earthquake se-
quences that give SES either recorded at station
10a (Table 2) or at station ass (Table 1) are
listed. These lists are indicative of the extent of
the selectivity maps of the corresponding stations
(Fig. 2).

5. Other types of electrical precursors observed in
Greece

Figure 19 shows schematically that, beyond the
SES, two other types of electrical precursors have

- e
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Fig. 16. SES detected on May 14th, 1985, at the short (L = 47.5 m) N-S dipole of station 10A. It has the same polarity as the SES in
Fig. 15 and was followed by a 4.6 EQ with an epicenter at 39.9°N, 20.5°E, that is, from the same seismic area that emitted the SES
sequence shown in Fig. 15.
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been observed in Greece. One of them is a very
slow variation (i.e. it has a duration of the order
of a couple of weeks) and precedes the appear-
ance of the SES by a few weeks; the other one is
very short (i.e. with a duration of some millisec-
onds) and is detected immediately before the
occurrence of an EQ. Their basic features are
summarized below.

5.1. Gradual variation in the electric field of the
earth (GVEF)

This bay-like anomaly is observed for events
with magnitude 5.5 or larger. It appears a couple

FLOVARGHSOS oAl

of weeks (or more) before an EQ and reaches (at
the time of the maximum deviation) an amplitude
of one order of magnitude greater than the SES.
From consideration of the entire 8 yr of continu-
ous monitoring, we can state the following:

(1) A GVEF has only been observed in a few
cases; whenever it was observed it was followed
by significant seismic activity, that is, by an EQ of
M, >5.5. As an example we refer to a GVEF
recorded at station PIR; it started the last week of
April 1987, and was followed by two significant
shocks of M, = 5.6 on May 29th, 1987 and June
10th, 1987, respectively.

(2) Cases have been observed where a station
very close (i.e., up to a few tens of kilometers) to

- "'2-5""'62":5"_.
Fig. 17. An SES sequence detected on October 18th, 1989, at the N-S short (L = 47.5 m) dipole of station 10a. It was also recorded
on the long (L = 2.5 km) dipole (labelled 104) that is almost directed in NNE, direction; the sites of its electrodes are depicted in
fig. 25, Paper 1. The apparently reversed polarity of the SES on the 104 trace is due to the connections of the dipole to the
amplifier being intentionally reversed (as described in appendix 2, Paper I). The sequence was followed by 11 earthquakes that
occurred almost within 4 h (i.e., from 19:29 to 23:50 GMT) on October 29th, 1989, with epicentres lying in the area 38.9-39.3°N;
21.1-21.2°E and with M, values between 3.4 and 4.5. Two of these EQs had magnitudes of 4.2 and 4.5 (Table 2, and telegram 22 of
table 4, Paper 1) and epicentral distances of around 50 km to the east-southeast of station 10a. Note that the SES polarity of the
N-S dipole of this figure is opposite to those shown in Figs. 15 and 16, which corresponded to a sequence of earthquakes with
comparable magnitudes but with epicentres a few tens of kilometres to the north (and northwest) of 10a.
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Fig. 18. SES detected at station 104 almost 8 h after the SES of the previous figure and belonging to the same sequence described
in Fig. 17.

the epicentral zone did not detect a GVEF. Two
characteristic examples are:

(a) The destructive seismic sequence of
Killini-Vartholomio (M, = 6.0) in September—Oc-
tober, 1988; station PR did not record any GVEF
although it was only about 30 km from the epi-
centre of the main shock.

(b) The Kalamata destructive EQ, with M,
= 6.4, on September 13th, 1986; station kaL (see

fig. 1, Varotsos and Alexopoulos, 1984a) did not
show any unusual variation, although it was only
20-30 km from the epicentral zone.

It should be remembered that, in both exam-
ples, clear SES were recorded, at more distant
stations; that is, at distances of around 200 km.
Thus Killini-Vartholomio seismic activity was pre-
ceded by SES recorded at station 104 (see Figs.
8-10), while the SES of the Kalamata EQ were

T - weeks .
| —iminutes
| j~iseconds
SES- - ——— r— —Electric Pulse
} . F———————Seismoelectric
L
P
»”*
days

Fig. 19. Schematic representation of the time sequence of the three types of electrical precursors (GVEF, SES and electric pulse)
that have been observed in Greece. Not to scales (for the exact values see the text).
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collected at station Ker (Varotsos and Alexopou-
los, 1987).

(3) In rare cases where a GVEF was detected
it was always followed by, at least, one SES
recorded at the same station (with the same po-
larity). As an example, we refer to the Kefallonia
seismic sequence of 1983 (Varotsos and Alex-
opoulos, 1984a, b) when both the GVEF and SES
were recorded at station PIR.

This last observation is important for the pre-
diction of an epicentre. Therefore, when a GVEF
is observed (and in view of the aforementioned
expectation that the subsequent SES will be
recorded at the same station) we can rely on the
SES selectivity maps and hence can suggest a few
seismic areas as candidates for the impending
EQ. Therefore, a GVEF can be used to guess the
epicentral area of the impending seismic activity
only when it is combined with a SES selectivity
map. Such cases, however, are rare when we take
into consideration the fact that a GVEF is rarely
observed. For example, among the 32 telegrams
(predictions) issued during the period 1987-1989,
only in one case (the first telegram of table 2,
Paper 1) was a GVEF observed.

(4) The rare appearance of GVEF in the 8 yr
of data collected in Greece does not allow any
statement on any correlation between GVEF am-
plitude and EQ magnitude. Concerning the dis-
tance up to which GVEF can be observed, we
confirm that although our data include events
with M, up to 7, GVEF were detected only up to
distances of 150 km.

5.2. Short duration electric signal before an EQ

During the aftershock period of the 6.5 event
that occurred on February 24th, 1981, close to
station KorR a 3 month monitoring was carried out
using a Carry 401 vibrating reed electrometer.
The measurements were made with electric
dipoles about 50 m in length at five different sites
with epicentral distances up to 60 km from the
active zone. In order to achieve a simultaneous
on-site observation of the electric and seismic
data, a seismograph was also installed at each
measuring site. Hundreds of cases were observed
in which, 1-4 min before the initiation of the
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seismic recording, an ‘“clectric pulse” was ob-
served (Varotsos et al., 1981). A preliminary study
showed that this “pulse” was up to several mil-
liseconds in length, with an ampiitude of a few
Volts (for L = 50 m). The study of this effect was
not further continued because later on we had to
use filters, which removed all frequencies higher
than a few Hertz in order to achieve the low level
of electric noise appropriate tor SES detection.

The time lag of 1-4 min indicates that this
electric pulse should not be confused with the so
called “seismoelectric effect” (Parkhomenko,
1981). The latter effect produces a signal that, at
a measuring site, should precede the seismic
recording by only about 10 sec; using the usual
values seismic velocities and taking into account
that the distances of the measuring sites from the
epicentres were around 40-60 km. Thercfore,
this pulse is a different type of electrical precur-
sor and its high amplitude (it exceeds that of the
SES by three orders of magnitude, or more) may
indicate that, immediately before the rupture,
intense “‘high frequency” disturbances arec emit-
ted from the focal area. This observation is in
agreement with recent theoretical aspects of Ger-
shenzon and Gokhberg (pers. commun., 1990).
Duc to the restricted amount of data, no attempt
was made to examine whether the parameters of
this short duration signal are correlated with the
EQ magnitude and /or the epicentral distance.

Summarizing the three types of electrical pre-
cursors observed in Greece (GVEF, SES and
short duration pulse), we can say that, according
to current knowledge, only SES can be used for
the determination of the epicentre and magni-
tude of an impending earthquake.

6. Theoretical models to explain SES generation

It is far from the scope of this paper to review
all the models that have been proposed in order
to explain the appearance of the various electri-
cal precursors detected to date. We restrict our-
selves only to those models that have been re-
cently suggested for the explanation of SES gen-
eration. The possible physical processes involved
in these models can be classified into:
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(1) Electrokinetic effects: There are two basic
philosophies in this direction: the first approach
(Morgan, 1990) considers electrokinetic phenom-
ena in the preparation zone that produce electric
field changes at the earth’s surface. The second
approach (Dobrovolsky et al., 1989; Gershenzon
et al., 1990) considers that the state of stress and
strain extends to distant points and that, under
appropriate conditions, electrokinetic phenom-
ena are produced close to the measuring site,
thus giving rise to measurable, transient varia-
tions in the potential difference between neigh-
bouring “points” with different electrophysical
‘properties.

(2) Piezo-stimulated currents: This model sug-
gests stress-induced (reorientation of electric
dipoles formed by point defects (e.g. impurity—
vacancy or impurity—interstitial ion) at the prepa-
ration zone. When the stress reaches a critical
value (a,,) the (re)orientation is enhanced and a
transient current is emitted from the source that
can be detected at the surface of the Earth
(Varotsos and Alexopoulos, 1986).

(3) Motion of segments of electrically charged
dislocations upon sudden variations in local stress:
This model (Slifkin, this issue) makes use of the
well-known phenomenon of the ionic electrical
charge that resides on dislocations in non-metallic
crystals in order to establish electrical equilib-
rium between the dislocation jogs and the point
defects {e.g., vacancies and interstitial ions) in the
bulk of the crystal.

In the following, we shall briefly describe the
basic concepts of the above models and examine
whether their predictions are compatible with the
field SES data collected in Greece. For the case
of the electrokinetic effect we shall only discuss
the aspects developed by Gokhberg and co-
workers because those of Morgan (1990), al-
though extremely interesting, are not published
separately in this volume.

6.1. SES generation according to the electrokinetic

effect

According to Dobrovolsky et al. (1989) and
Gershenzon et al., (1990) the preseismic elec-
trotelluric field disturbances can be explained by

the electrokinetic (EK) effect; they are the result
of strain changes affecting fluid dynamics taking
place at the measurement site itself or around it.

The crust contains water-filled pore space
(cracks and cavities) in practically all areas. A
change in the cubic strain within the crust pro-
duces changes in the fluid pore pressure. An
anisotropic increment in the pressure develops as
a result of an inhomogeneous strain field. In
other words, processes in the seismic source re-
gion at the final stage of earthquake preparation
produce strain changes in areas that can extend
for tens or hundreds of kilometres, depending on
the magnitude of the impending earthquake.
These rapid strain changes produce, under suit-
able conditions, through the electrokinetic pro-
cess, local (i.e., close to the measuring site) elec-
tric fields which act as a mechano-electric trans-
ducer. In an homogeneous medium, and for any
strain, the horizontal component of the electric
field at the surface is zero. A non-zero electric
field can arise at the surface only close to inho-
mogeneities in the electrophysical properties
(Nourbehecht, 1963) close to measuring elec-
trodes. According to this model, although the
change in the crustal state of stress and strain
before an earthquake extends for some tens or
hundreds of kilometres, the electric field of elec-
trokinetic origin arises locally at inhomogeneity
sites and hence produces local electric fields of
arbitrarily small dimensions, down to the elec-
trode size.

Within the framework of the above model, the
following remarks can be made on various physi-
cal properties of the preseismic electric varia-
tions:

(1) Starting time and duration of a preseismic
electric disturbance according to the EK model:
Fluid dynamics in a porous medium are described
by an equation of the parabolic type, that is the
pressure varies according to the diffusion law.
Therefore, depending on the typical dimensions
of the inhomogeneity and permeability in the
medium, the duration of the electric field distur-
bance arising from a rapid (8§ shaped) strain
variation may vary from 1 min to 1 yr because,
even after the disappearance of the strain, the
electric field remains as it is, controlled by the
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gradient of the pore pressure rather than the
strain itself.

The starting time and the duration of the
electric disturbance can depend on the location
of the electrodes in relation to the inhomogene-
ity. For example, if both electrodes of a dipole lie
on the same side of an interface (e.g., a vertical
plane separating rocks with different properties),
the electric field anomaly will have a ratio of time
lag versus the strain which depends on the rate of
fluid diffusion across distances comparable with
that from the nearest electrode to the interface.
Therefore, this time lag could vary, (from, for
example, a few hours to several days). As a conse-
quence of this, the electric field anomaly should
be (in some cases) detected at different times on
different dipoles of a given station (and, of course,
at different times at different stations).

(2) Dependence of the signal amplitude on the
length of a dipole according to the EK model: In
an homogeneous medium, the potential differ-
ence Ap = ¢, — ¢, between two sites 1 and 2 is
controlled by the difference in the excess (super-
hydrostatic) pore pressure, P, at these two sites:

Ao =C(P,-P,) (1)

where C is the streaming potential coefficient. In
cases, however, where the sites lie in rocks with
different streaming potential coefficients (C, and
C,), the potential difference, Ag, is given by
(Fitterman, 1979):

Ap=ACXAP 2)

where AP denotes the pore pressure change and
AC=C,-C,.

We therefore discriminate two cases:

(a) Homogeneous medium: the fluid pressure
at the surface itself is equal to the atmospheric
pressure, so that no difference in pressure -can
develop. Therefore, eqn. (1) reveals that horizon-
tal electric dipoles with electrodes ‘at the Earth’s
surface should not record any preseismic electric
anomaly. However, preseismic electrical. anoma-
lies can be recorded at vertical electric dipoles as
follows: at the surface the excess pressure is
always zero but at points within the crust strain
changes will produce changes in the pressure
and, hence, a potential difference will result be-
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tween a point at surface and another at depth 4
(e.g., in a well, provided that the latter clectrode
lies below the water level and is covered with
earth, making the pressure of the pore fluid
around it such as it would have been. if there
were no well at all). The Ay value is not propor-
tional to A; (Dobrovolsky et al., 1989): only the
duration of the anomaly depends on 4.

(b) Measurements close to an inhomogeneity:
according to eqn. (2) and the aforementioned
remarks, the jump on the potential difference
between the electrodes (i.c., the preseismic elec-
trical anomaly) is governed by the strain distribu-
tion and the electrode location relative to the
inhomogeneity boundary; it does not depend on
the length of the measuring dipole, it is only
when the electrodes are situated on different
sides of the inhomogeneity boundary, and when
the distance from the boundary to the nearest
electrode is appreciably smaller than the length
of the boundary, but appreciably larger than the
water level depth, that the length of the measur-
ing dipole becomes important. In a case when
both electrodes are situated on one side of an
inhomogeneity, the signal amplitude does depend
on the dipole’s length, L; the exact form of this
dependence, however, changes with the geometry
of the inhomogeneity and the situation of the
electrodc. When the distance between the inho-
mogeneity boundary and electrodes is much larger
than the characteristic size of the inhomogeneity,
the signal amplitude is proportional to L, but the
signal will be small as it decreases with the dis-
tance, r, from the inhomogeneity according to a
r~3 law. Of course, if there are sharp interfaces
and large contrasts between rock propertics, a
larger A¢ value is to be anticipated.

(3) Comparison of the suggestions of the model
for the electrokinetic effect with SES experimental
results: Although a number of the physical prop-
erties of the SES observed in Greece exhibit
behaviour compatible with the model of Dobro-
volsky, et al. (1989) (hereafter called DGG), there
is also a number of experimental observations
that contradict the DGG expectations.

(a) Our records show that the duration of
SES may vary from 1 min to several hours, which
is compatible with the DGG model.
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(b) Our data indicate that the SES are si- tion is in accordance with the local characteristics
multaneously recorded (and have the same dura- of the selectivity effect described in Paper 1, in
tion) at both the short and the long dipoles of the which inhomogeneities (e.g. dykes) provide locali-
same station since the electrodes of these two ties that act as “amplifiers” for SES collection. In
types of dipoles lie kilometres apart (and, of such cases, and in the vicinity of the inhomo-
course, at different distances from an inhomo- geneity, the AV value of an SES is not found to
geneity), we see that this behaviour is comptatible be proportional to the length of the dipole (e.g.,
with the DGG model only when some special Fig. 20); this agrees with the DGG model.
conditions are fulfilled {(Gershenzon, pers. com- (d) For dipoles lying far from strong inho-
mun., 1990), The model, in general, predicts that mogeneities (such as dykes) the SES are found to
the starting time and the duration of the SES have AV values proportional to the length L; this
should depend on the location of the electrodes observation can be explained by the DGG model,
relative to the inhomogeneity. but, as mentioned, only under very special condi-

{c) The DGG model emphasizes the role of tions.
inhomogeneities on SES detection; this expecta- (e) Concerning the form of the SES, it may

Lol
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Fig. 20. Detection of an unusual SES series at station ker dipoles of various lengths close to and far away from a dyke with surface
dimensions of the order of some meters. Dipoles labelled 5 and 8 have lengths of 1.5 and 1.1 km with one (not common) of their
electrodes in the same dyke. The other electrode of dipole 5 lies on marble, whereas that of dipole 8 on granodiorite. Dipole 7 has
a length of some metres and one of its electrodes lies within the aforementioned dyke whereas the other is placed just outside it
several metres away. Dipole 6 has a length of around 1.1 km and has one of its electrodes on the dyke mentioned before, whereas
the other electrode lies on another dyke. Dipole 4 is almost the same, as dipole 6 but its electrodes lie just outside the two dykes.
Dipoles 4, 5, 6 and 8 are almost parallel to the N-S direction. This SES activity was followed by seismic activity only a few tens of
kilometres northwest of the station; the two largest earthquakes in this sequence occurred: (1) at 20:06 GMT on April 2nd, 1988,
at 38.0°N, 23.9°E, with M, = 4.3 and (2) at 21:58 GMT on April 2nd, 1988, at 38.2°N, 24.1°E, with M, = 4.8. Note that dipole 7, in
spite of its very small length, has a AV value comparable to (and even larger than) those of the other dipoles that had lengths of
over 1 km. This effect was discussed in detail in Paper 1.
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have a gradual or an abrupt (i.e., 20 sec) onset
and a gradual or abrupt cessation. The combina-
tion “gradual onset/abrupt cessation” has never
been observed. The latter experimental fact is
correctly predicted by the DGG model; it cannot
explain, however, the appearance of signals of
short (i.e. a few minutes) duration, such as those
observed before the Killini-Vartholomio destruc-
tive earthquakes (Figs. 8-10).

(f) The A values calculated from the DGG
model are actually compatible with the AV values
(for L = 100 m) of SES measured in Greece.

6.2. SES generation and transmission according to
the model of piezo-stimulated currents

As already mentioned, this model, developed
by Varotsos and Alexopoulos (1986), is based on
the following picture: the relaxation time r (T,
P) of the electric dipoles existing in the prepara-
tion zone of an EQ changes with the variation in
the stress applied (to a first approximation, and
in order to simplify the discussion, the tempera-
ture is assumed to be constant); in the last
preparatory stage of an EQ the stress varies con-
tinuously and the stress rate b =do/dt|7 may
not be constant. It can be generally shown (see
Appendix I) that when the relation:
dr
dt T~
is fulfilled, a transient current is emitted. From a
physical point of view, this emission occurs when
the relaxation time, 7, becomes quite small (at a
certain critical value o), thus allowing a sudden
change in the polarization, II; by recalling that
the time derivative of II is the current density
j(=dIl/dt) we see that a transient change of j
(i.e., an SES) can be, in principle, detected at the
surface of the Earth.

We turn now to the investigation of the follow-
ing fundamental points: (1) whether this piezo-
stimulated current (source) model-can explain the
“selectivity phenomenon” and (2) whether the
observed SES values (ie., 1 mV/100 m = 107>
V /m), are compatible with reasonable (i.e., phys-
ically accepted) values of the current density gen-
erated at the source.
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Concerning the selectivity-phenomenon, the
data presented in Paper I support the opinion
that it is a superposition of the following three
factors: “source properties”, “‘path™ between the
source and the station and ‘“‘inhomogeneities” in
the vicinity of the station. This superposition re-
veals that a “channel’” might “drive” the “signal”
from the source to the surface of the Earth as
follows: the electric current is “concentrated” in
a conductive channel (i.e., more conductive than
the surroundings) that connects the source to the
area of the station sensitive to SES. The current
density is thus enhanced at the conductive chan-
nel; furthermore, the electric field i1s amplified if
it meets a highly resistive anomaly, such as a dyke
(Varotsos and Lazaridou, 1991), at the station.
Within such a scheme, a station could be sensi-
tive to a given seismic source only when it is close
to a conductivity channel that connects this par-
ticular source with the surface of the Earth (see
also appendix IV),

We now proceed to investigate the current
density at the source necessary to give electric
field values at the surface of the Earth of the
order of 107° V/m. Utada (this issue) has al-
ready indicated that, when assuming the resistiv-
ity and the thickness of the conductivity channel
to be 10 Om and 100 m, respectively, and an
amplification factor of 100 (due to the surface
resistivity anomaly) the source current intensity is
only of the order of 10 A. Such a current is not
unexpected because it corresponds to a current
density of the order of 10 A/1 km?=10""
A/cm?, which is comparable to that observed in
laboratory measurements with rocks (10~°-10"#
A/cm?). At this point the following clarification
is necessary. Some of the literature precludes any
possibility of the observed SES having been emit-
ted from a current source close to the focal area.
The argument is supported by applying the for-
mula:

llp

4grr?

and using the values € = 107> V/m (experimen-
tal value from SES field measurements); / = 1 km
(linear dimension of the emitting source); p =
10°~102 Qm; to obtain a current intensity, I, of
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the order of 10°~10° A. Such values are actually
very large. This argument ignores the following
fundamental point: the above formula only holds
for a uniform resistivity, p, which is not the case
for the earth, Our data indicates that inhomo-
geneities play a major role in the transmission
and collection of SES (e.g., the selectivity phe-
nomenon is a result of these inhomogeneities).
Furthermore, there are two independent experi-
mental results that support our opinion:

(1) Park and Fitterman (1990) in Parkfield
ejected rectangular current pulses (I = 10 A, [ =1
km) into the earth and observed that, at distances
of between 10 and 100 km, some dipoles show
null measurements whereas other ones (at com-
parable distances) did not. They also clarified
that the orientation was not a major factor in
these null measurements and concluded that they
were due to a heterogeneous electrical structure.
This result agrees with our field observations,
that although one (Varotsos and Alexopoulos,
1984b) station is able to collect SES well above
the noise level, from a given seismic area, another
station, which lies at a comparable epicentral
distance, may not be able to record the same SES
at all.

(2) Soviet experiments with high power genera-
tors have shown that, by ejecting rectangular cur-
rent pulses of the order of 10* A (! =1 km), the
corresponding disturbances can be recorded at
great distances, or around 300 km, with electric
field values comparable to our SES observations.
These experiments undoubtedly show that cur-
rent densities a few orders of magnitude smaller
than the 10° A calculated theoretically can actu-
ally travel over long distances through inhomo-
geneities.

6.3. SES generation according to the charged dislo-
cations model

Stifkin (this issue) has suggested that a possible
mechanism for SES generation is the displace-
ment of segments of charged dislocations re-
sponding to changes in the applied stress. Atten-
tion is drawn to the fact that this model enables
the explanation of the generation of an electric
signal, even in the absence of any fracture, as a

result of the bowing out of dislocation segments
between pinning points. By using reasonable val-
ues for the parameters involved (dimensions of
the source, density of the excess dislocations,
etc.), Slifkin calculated an electric signal at the
surface of the Earth comparable to that observed
experimentally. For details of this model see
Slifkin (this issue).

7. Outlook for the future: problems to be solved

Although other types of electrical precursors
are promising, for the short term prediction of
seismic events, it seems that only the SES contain
the necessary information that, in principle, al-
lows the prediction of the parameters of the
impending events. The following suggestions for
further experimentation refer to the current re-
search carried out in Greece and, of course, do
not represent our considerations concerning a
complete earthquake prediction program.

7.1, Intensive experimentation on the sites that were
found in Greece to be appropriate for SES collec-
tion

This experimentation should involve:

(1) Continuation of the stations already operat-
ing, in order to increase our knowledge on the
selectivity properties of these sites.

(2) Detailed study of the geoelectrical struc-
ture, with MT measurements not only in the
immediate vicinity of the stations, but also at
other sites in the same area. Such a study will
shortly start in collaboration with the Seismologi-
cal Department of Uppsala University. After ob-
taining better knowledge of the structure of the
total area, a number of new permanent dipoles
should be installed at various sub-areas in order
to investigate at which sites the SES are en-
hanced or disappear. This investigation is impor-
tant because, as already mentioned, the selectiv-
ity depends simultaneously on source properties,
the travel path and the inhomogeneities in the
vicinity of the station. The influence of the latter
factor can be isolated from the other two by
studying the simultaneous SES at a number of
sub-areas belonging to the same area, which,
however, should lie far away from a seismic area.
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For example, we consider out such a study at
various sites around station 10A for carrying the
EQs from Cephalonia, which have an epicentral
distance of around 150 km.

(3) Spectrum analysis of SES. In Paper I it was
mentioned that SES originating from the same
seismic area and being detected at the same
station occasionally have strikingly similar shapes.
Therefore, a spectrum analysis of SES should be
carried out in order to investigate whether some
spectrum characteristics are correlated with the
focal characterists. If such a correlation exists, it
might be used for an improvement of the accu-
racy of the prediction of the epicentre.

For a more reliable spectrum analysis, the
current sampling rate during SES collection
should be increased to a few tens of samples per
second. This increase seems to be especially nec-
essary for cases like those of SES shown in Fig-
ures 9, 10 and 17.

(4) Improvement of the accuracy in predicting
the epicentre. The current procedure for predict-
ing the epicentre from the SES data collected at
a single station was described in Paper I and is
based on a combination of the following informa-
tion:

(a) the selectivity map;

(b) the polarity of the SES compenents;

(c) the ratio AVgyw/AVys (for L = constant)
of the short dipoles.

Besides the obvious necessity of a better com-
pletion of the selectivity map, and an increase in
the number of observation sites, the following
complementary information could be helpful for
improving the prediction accuracy:

(a) The value of the SES vertical compo-
nent: preliminary measurements in the station
KER, as mentioned in Paper I, have already
showed a significant AV /L vertical value. Fur-
thermore, measurements by our group at Zakyn-
thos island, in boreholes with a depth of 200 m,
verified the existence of a vertical component
(Antonopoulos et al., this issue), only in a few
cases. As the significance of the vertical compo-
nent is expected to increase for stations close to
inhomogeneities, we should investigate whether
its ratio over the two horizontal components could
correlate with the epicentral area.
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(b) Installation of more long dipoles in vari-
ous directions: when an SES is simultaneously
recorded at a number of long dipoles, it is similar
to having a number of neighbouring stations col-
lecting the same SES. Note that in an inhomoge-
neous area the short-dipole values AV /[. (E-W)
and AV/L (N-S) of an SES do not generally
reproduce the SES (average) AV /L values of the
long dipoles in various directions. Therefore the
latter values provide complementary information
which could be used in the identification of the
epicentre.

7.2. Experimentation at other sites

New stations, selective to SES, from various
seismic areas of Greece should be found. This is
not only important for the improvement of the
accuracy of the prediction of parameters of the
impending event, but also for understanding: (1)
the correlation of the selectivity phenomenon with
the geology and tectonics; (2) the conditions un-
der which SES can be simultaneously recorded at
remote stations, etc.

SES experimentation in other countries is also
highly desirable in order to examine whether
different geological environments affect the SES
characteristics. SES studies in Japan by Uyeda
and co-workers have shown that the form of the
SES and the time lag between SES and EQs is
comparable with those observed in Greece,
(Kinoshita et al., 1989; Kawase et al., this issue).

Appendix I: Comments on the pressure stimu-
lated currents (PSC)

As described in Varotsos and Alexopoulos
(1986), the pressure stimulated currents (PSC)
are transient currents that are emitted from a
solid containing electric dipoles upon a gradual
variation of the pressure. The PSC can be de-
tected either by increasing or by decreasing the
pressure, depending on whether the so-called mi-
gration volume, v® (defined below), for the
(re)orientation of the dipoles is negative or posi-
tive. From a physical point of view, a negative
value of 'Y means that, upon increasing pressure
the relaxation time, r, of the dipoles becomes
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smaller, whereas the opposite holds for v¢> 0.
This is obvious from the relation:

r=(Av)"" exp(k;gT-) (A1)

where A = the number of jump paths accessible
to the jumping species with an attempt frequency
v, and G = the Gibbs energy for the (rejorienta-
tion process.

The migration volume, v¢, is defined as:

022 (A2)
vé= aP lr .
and hence eqn. {A.1) indicates that the pressure
variation of 7 depends exclusively on the sign of
v9, because the frequency v usually varies only
slightly with pressure (Varotsos and Alexopoulos,
1980).

The PSC are classified into two categories:
pressure stimulated polarization currents (PSPC)
and pressure stimulated depolarization currents
(PSDC). The former refers to the polarization
that arises when the relaxation time becomes
(under a gradual variation of pressure) suffi-
ciently small, so that the dipoles align from a
random orientation into the direction of a contin-
uously acting electric field (external or internal
one). In the second technique a body is initially
brought into a fully polarized state, which can be
achieved by an external field under conditions of
relatively fast relaxation. If a change in pressure
then increases the relaxation time (to a relatively
high value) and the field is subsequently switced
off, the body will remain in a practically fully
polarized state. A depolarization current will be
measured if the aligned dipoles can turn into
random directions; this, in the absence of an
electric field, occurs in a form of a current pulse
when the relaxation time becomes sufficiently
small. This will occur when the change in the
pressure is reversed.

Condition at which the PSC maximizes: As a
general statement, we can say that the observa-
tion of PSC is made when changing the pressure
towards the direction that decreases the relax-
ation time of the dipoles. It will be shown below
that the current density of the PSC reaches its
maximum (absolute) value Jy, at a critical pres-

sure P for which, irrespective of the sign of the
volume v¢, the following relation holds:
bv¢ 1
kT~ (P,
where b = the rate of the pressure variation; and
7(P,) = the value of the relaxation time when
P=P,.

For one type of non-interacting dipole and a

single (re)orientation mechanism we can write
(for the case of PSDC):

I dll(¢) _ II(¢)
ds T

where J=the current density; and [I(t) = the
polarization. Equation (A.4) leads to:

(A3)

(A4)

Jr=~TII(t)

and differentiating with respect to time:
dr dJ dIi(s)

J—1 +17—| =—
drir det ir dt |Ir

or, in view of eqn. (A.4):
dr dJ ] AS
— +r—| == .
df |7 T dt |r ( )

The maximum current, J,,, occurs at a pressure
P =P, for which:

dJ
Fri
and then eqn. (A.5) gives:
dr
a e, =—1 (A.6)
or:
dr dP
AP |rs-ry dt T.1=JM= -1
or:
dr
P _—_— = -1 (A7)

where b = the rate of the pressure variation.
By differentiating eqn. (A.1) in respect to pres-
sure we get:

dr . G\ 1 dG
FRCORE 3
G \d(»™h)
+Aa7t — 8
exp(kr) dP (A8)
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For reasons explained by Varotsos and Alex-
opoulos (1980, 1986) the last term of eqn. (A.8)
can be disregarded; furthermore, by inserting
eqns. {A.1) and (A.2) into eqn. (A.8) we get:

dr p vd

aP |r.sen, = " Ee) 37
In view of the latter relation, eqn. (A7) gives:
bu¢ 1
kT 7(Py)

(A9)

This is the condition that holds at the appear-
ance of the maximum (absolute) value J,, of the
PSDC. In a similar fashion, this relation (except
for an additional correction term on the right side
that is usually negligible) can also be proved for
the case of PSPC. It should be clarified that the
value on the left side is always positive because,
whenever v¢ is negative, the PSC is observed
upon increasing pressure (and then the value of b
is negative). Furthermore, we should emphasize
that eqn. (A.9) was derived without assuming that
b remains constant during the experiment.

Variation in the pressure P_, (at which the PSC
maximizes) for different pressure rates: Equation
(A.9) reads:

kT
'r( e

kTAV
b(Pcr) = exp| —

In order to investigate how P_ varies as a func-
tion of b we differentiate eqn. (A.10) with re-
spect to P,,. We finally get:

b(F) =

mP)

(A.10)

db(P,) 1 ,
(A.11)
dP, |; 7(Py)
This relation shows that the derivative:
db
dP, |,

is always positive. The following two cases can be
determined:

(1) whenever v¢ is positive the PSC is released
upon decreasing the pressure from an initial pres-
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sure, P,, to a pressure P, (determined from eqn.
(A.9)); that is, the rate b is negative; in this case
the positive value of the derivative:

db

dP,|r

means that, when the absolute value of the rate
increases then the pressure P, moves towards
lower values;

(2) whenever v¢ is negative, the PSC is re-
leased upon increasing pressure, that is, rate b is
positive; therefore the inequality:

db(Py)
T dP,

r
shows that, when rate b becomes larger, the
pressure P increases.

Implications of the aforementioned PSC proper-
ties to the SES model proposed by Varotsos and
Alexopoulos (1986): This model suggests, as men-
tioned, that, during the last preparatory stage of
an EQ, PSPC is emitted from the focal area; it is
assumed that the v¢ value is negative and that
the fracture stress, Py, is larger than the (critical)
stress value, P, at which the PSPC is emitted.

It has been observed that even for a given area
the time lag, At, between SES and EQs varies by
two orders of magnitude: between a couple of
hours and a few weeks; this non-constancy of At
might be explained as follows: we can always
write:

m~&=f%m

which turns to:

(A.12)

if the value of b is assumed to remain constant
when the stress gradually increases during the
last preparatory stage of a given EQ. For another
EQ from the same area the P, could be assumed
to be the same, while the b value might be
different. In such a case, a larger rate of b would
reflect a greater P, thus leading (according to
eqgn. (A.12)) to a smaller A¢.
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Appendix II: recognition of anthropogenic noise

It is often difficult to decide if a fluctuation in
the telluric field is a SES or is due to noise. The
procedure according to which an SES can be
discriminated from various types of noise (elec-
trochemical, magnetotelluric and anthropogenic)
has been described in detail in Paper 1. Here we
shall only indicate how anthropogenic noise can
be discriminated when originates repeatedly from
the same point. In such cases the comparison of
the registrations on two parallel dipoles of differ-
ent lengths allows a decision to be made when
the electrodes are suitably positioned in relation
to the noise source.

Let us consider the electrodes e and w of the
short dipole and E and W of the long dipole,
which lie on a straight line in the direction east—
west and a noise source, N that lies on this line.
The current of N is assumed to travel in all
directions and to consist of negative charges, so
that the potential difference in regard to N will
have the general form given in Figure 21. If point
N happens to lie near W (case I) then the poten-
tials Vy, Vg, v, and v, fullfil the conditions:
Ve >Vy and v, >v,. Therefore, disturbances
arising from the noise source N will have the
same polarity on both dipoles (EW and ew), a
situation similar to the SES. If, on the other
hand, point N lies near to the other three elec-
trodes (case II) the potentials give v, > v, and
Ve < Vy; in this case we see that the polarity of
the noise signal on the short dipole is opposite to
that on the long one. Thus signals of different
polarities on the dipoles ew and EW cannot be

Fig. 21. In configuration I a disturbance from noise source N

(or an SES) is recorded on both dipoles ew and EW, with the

same polarity. In case II, a disturbance from N give signals of

different polarities on the dipoles ew and EW, in contrast to
an SES.

true SES. Therefore, configuration Il is recom-
mended for easy descrimination between noise
and true SES.

Appendix III: predictions issued by the vaN tele-
metric network

Prior to the occurrence of the earthquakes,
predictions were announced by telegrams sent to
the Greek Government. Each telegram usually
contains the following information:

(1) station(s) at which the SES were recorded;

(2) arrival time of the SES;

(3) location of the predicted epicentre given by
the epicentral distance(s) (in kilometres) and the
direction with regard to Athens;

(4) estimation of the surface wave magnitude,
M, of the impending earthquake. (Magnitudes
are reported in the Preliminary Seismological
Bulletin (PSB) of the Seismological Institute of
the National Observatory of Athens (SI-NOA); in
cases where M, values are not reported they are
estimated by means of the approximate formula
M, =M +0.5. We draw the attention to the fact
that the M, values reported by the PSB of SI-
NOA exceed the magnitude values reported by
the USGS catalogue by 0.3 or more (Uyeda, 1991;
Hamada, this issue));

(5) a statement clarifying whether the predic-
tion refers to a single SES or a sequence of SES
called electrical activity. This clarification is es-
sential because, as mentioned in the Introduc-
tion, it indicates the time window of the expected
earthquake(s).

Since May 15th, 1988, all telegrams were sent
not only to the Greek Government but also to
Scientific Institutes in other countries (such as
the USA, Japan, France and Sweden).

Applying an official decision in 1985, predic-
tions were issued only when the impending earth-
quake was expected to cause some damage, that
is, when the predicted M, value was 5.0 or larger.
A list of all the predictions issued during the 3-yr
period 1987-1989 can be found in the paper by
Varotsos and Lazaridou (1991; copies of them are
also given in Dologlou (this issue). Earlier predic-
tions can be found in the papers by Varotsos and
Alexopoulos (1984b) and by Varotsos et al. (1988).
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Fig. 22. Schematic comparison of five significant SES electrical activities recorded during the last 4 yrs. Note that the first strong
EQ occurs 3 weeks after the SES activity, while small magnitude events (not shown in the figure) start earlier (usually within
approximately 11 days).
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Furthermore, the predictions issued after the the reader we give below a brief description of
preparation of this paper from February 6th, the latter predictions.
1990, to May 31, 1992, are discussed in a recent Statistical evaluation of the VAN predictions

paper by Varotsos et al. (1993). For the help of issued before the Athens Conference (February,

TABLE 3

All earthquakes with Mp(USGS) > 5.0 units, from January 1st, 1987 to January 31st, 1992, within the area N3\ E?} excluding the
EQs in Albania)

Earthquake Prediction
Date Time Epicenter My M, Date Epicenter Ar AM ¢
(DD-MM-YY) (GMT) (USGS) (USGS) (ATH) (DD-MM-YY) and (km)
C°N, °E) magnitude
27-02-87 23:34 38.47, 20.29 5.3 (5.9 26-02-87 W 300 6.5 30 -0.6
29-05-87 18:40 37.55,21.57 52 (5.5) 27-04-87 2 50 km from 30 0.0
station PIR
with M, 5.5
10-06-87 14:50 37.23, 21.46 5.2 (5.6) 27-04-87 50 km from 30 0.1
station PIR
with M 5.5
18-05-88 05:17 38.42,20.48 5.4 (5.9) 15-05-88 W 3005.3 30 0.5
or
NW 3305.0
22-05-88 03:44 38.41, 20.46 5.0 (5.5) 21-05-88 W3005.3 30 0.2
05-07-88 20:34 38.15, 22.84 5.0 4.9 Missed - - -
22-09-88 12:05 38.02, 21.09 5.0 (5.1-5.5) 01-0.9-88 ® W 2405.8 20 -0.5
or
NW 3005.3
16-10-88 12:34 37.84, 20.93 55 (6.0) 30-09-88 ° W2405.3 20 0.7
or
03-10-88 ® NW 330 5.0
19-03-89 05:36 39.25,23.52 52 (5.8) Missed - - -
07-06-89 19:45 38.06, 21.62 5.0 (5.2) 03-06-89 W3005.5 120 0.3
or
NW 350 5.0
20-08-89 18:32 37.28,21.20 5.4 (5.9) 16-08-89 WNW 2005.0 120 0.9
24-08-89 02:13 38.00, 20.18 5.1 (C%)) 16-08-89 WNW 2005.0 120 0.7
04-02-90 02:30 37.47,20.97 5.0 (4.8) Missed - - -
16-06-90 € 02:16 39.26, 20.53 5.6 (5.2) 28-05-90 < A displacement 120-140 —0.6
by a few tens
of kms from the
point W 240 is
expected M, 5.5
04-08-90 © 07:29 39.32,20.44 5.0 (5.0 Missed - - -
21-12-90 © 06:57 41.00, 22.30 5.8 (5.9) Missed ~ - -
26-06-91°¢ 11:43 38.43, 21.10 5.0 5.4 Missed ~ - -
23-01-92 © 01:23 38.31, 20.54 51 5.5 27-12-91° W 240-5.7 30 -0.2

* Gradual variation in the electric field of the earth (GVEF, see text) that appears a couple of weeks before EQ with M, > 5.5.
b Cases of electrical activity described in detail in Fig. 2.

¢ Prediction addressed directly to the Prime Minister.

d AM= Ms(ATI-I) - Mpredicted'

¢ Only four telemetric van stations (ass, 10a, PIR and KER) were in operation.
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1990): A detailed statistical treatment of the suc-
cess rate, alarm rate and probability gain of the
vaN predictions issued during the period 1987-
1989 can be found in the paper by Hamada (this
issue). Hamada (this issue) has shown that, for
earthquakes with My (USGS) > 5.0, the ratio of
the predicted to the total number of earthquakes
is 6,/12 (50%) and the success rate of the predic-
tion is also 6 /12 (50%), with a probability gain of
a factor of 4. Furthermore, Hamada proved that,
with a confidence level of 99.8%, it is not possible
that this success rate can be explained by a ran-
dom model of earthquake occurrence, taking into
account a regional factor which includes high
seismicity in the prediction area.

An independent statistical evaluation, using a
different procedure has been carried out by the
group working under Prof. Keilis Borok (Shnir-
man et al., this issue). They also dealt with the
vaN predictions issued during the period 1987-
1989 and concluded that, for the strongest magni-
tudes, there is an obvious correlation between the
prediction telegrams and the earthquakes con-
tained in independent earthquake catalogues
(NOAA and EMSC).

Predictions issued after the Conference: Five
predictions were issued during the period from
February 6th, 1990, to February 6th 1992 the
details of which are given in Varotsos et al.
(1993). In addition to the official telegrams men-
tioned above, in three out of these five cases the
predictions were submitted to Tectonophysics
before the initiation of the corresponding seismic
activity while in a fourth case the prediction was
issued well in advance, during an International
Conference held in Japan (Varotsos et al., 1991a,
b). It is interesting to note that, out of these five,
four predictions were based on electrical activi-
ties and were followed by a sequence of seismic
events, the strongest of which are depicted in
Figure 22. For the sake of comparison, we also
insert in the same figure the case of the electrical
activity that preceded the destructive earthquakes
of Killini-Vartholomio during an earlier period in
1988. This comparison reveals the following
points:

(1) The first strong earthquake occurs roughly
3 weeks after the initiation of the electrical activ-
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ity: it occurred after 23 days in 1988, 21 days in
1990, 23 days and 20 days, respectively, for the
two cases in 1991 and 21 days in 1992. As for the
second significant earthquake it followed the first
one with a delay of the order of 1 week.

(2) The study of the seismicity bulletins shows
that small magnitude earthquakes actually started
within about 11 days of the initiation of the SES
activity.

If our observation in these five cases shown in
Fig. 22 generally holds, the following conclusion
might be drawn: in the case of the so-called
electrical activity, strong earthquakes are pre-
ceded by weaker ones (i.e., foreshocks). In con-
trast, when the electrical disturbance consists of a
single intense signal (i.e., SES) then the major
event is not preceded by smaller shocks. It is a
curious fact that the first strong earthquake in all
five cases occurred 3 weeks after the electrical
activity which, if true, reduces the time window of
the first strong shock to a few days.

Summary of all the predictions issued to date:
As already mentioned, a complete list of the
telegrams issued during the 5 yr period January
1st, 1987, to February 6th, 1992, can be found in
Varotsos and Lazaridou (1991) and Varotsos et
al. (1993). However, for convenience, Table 3 lists
all EQs with My (USGS) = 5.0 which have oc-
curred during this 5 yr period within the area Nj}

MS(ATH)
)
[ 4
[ ]
.
*

50[ - - S 3-Go-Sh SECREEELEEREEEE b

Mg (USG8)

Fig. 23. Surface wave magnitude (M,) values determined by

Athens (aTH) Observatory versus the My values reported by

the US Geological Survey (USGS). Note that, for My > 5.0,
the difference M, (ATH) - My (USGS) is around 0.5.
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Fig. 24. Time chart of the 5 yr period from January 1st, 1987, to February 6th, 1992. The solid bars show all predictions (up) issued
for an expected M, (ATH) magnitude >5.5 and all EQs (down) with My (USGS) > 5.0. (The dashed bars refer to lower
magnitudes and have been added for clarity.)

E% (excluding the EQs which occurred in Alba-
nia). In the same Table, the M, values reported
by the Athens (aTH) Observatory (i.e., by PSB of
SI-NOA) are also given in parentheses, along
with the predictions. The last two columns shows

TABLE 4

the deviations, Ar and AM, between the pre-
dicted and the actual epicentral coordinates and
magnitude, respectively.

In order to investigate the difference between
the magnitude values reported by various Insti-

Alarm rate for various magnitude thresholds for the period January 1st, 1987, to January 31st, 1992

Magnitude Total ® number Number of Number of successful Alarm rate
threshold of EQs events missed predictions

Ar <120 km Ar <30 km Ar <120 km Ar <30 km
My>5 11 2 9 6 9/11 6/11
Mg=>53 6 1 5 3 5/6 3/6
Mg=35.5 3 1 2 1 2/3 1/3

# My values from the US Geological Survey.
b All earthquakes within the area N3! E% (excluding those occurring in Albania).
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tutes, Figure 23 shows a plot of the M (ATH)val-
ues compared to Mg(USGS). This figure indi-
cates that, when My is larger than 5.0 the differ-
ence M{(ATH) — Mgz(USGS) is more or less sys-
tematic and lies around 0.5. (The only exception
corresponds to the destructive EQ of June 16th,
1990—marked with a square in Fig. 23—for
which the prediction was addressed directly to
the Prime Minister on May 28th, 1990). In view of
this result, and in order visualize the correlation
between SES and EQs more clearly Figure 24
shows a time chart, the solid bars of which show
all EQs with My (USGS) > 5.0 (down) and all
predictions issued with an expected magnitude
MJ{ATH) > 5.5 (up) for the 5 yr period men-
tioned in Table 3.

Table 4 summarizes the results of various mag-
nitude thresholds. It should be clarified that the
only event with My > 5.3 that was missed is the
EQ that occurred on December 21st, 1990; al-
though for this EQ a clear SES was recorded at
station ass, no prediction could be issued because
at that time only four stations (ass, 10A, KER and
pir) in the SES network were in operation.

Appendix IV: additional comments on the theo-
retical meodels suggested for the explanation of
SES generation

After the completion of the main text, Lazarus
(this issue) suggested a pioneering model for SES
generation, the main points of which are: during
the preparation stage of an EQ, water must arise
from hydrous-to-anhydrous transitions in ionic
terrestrial minerals, caused by a build-up of hy-
drostatic pressure in the fault region when the
pressure becomes sufficient, the hydrous solids
must transform to anhydrous forms, with a sud-
den contraction in the lattice and release of the
liquid water. This sudden contraction is accompa-
nied by a large and sudden plastic deformation in
the surrounding region, accompanied by the gen-
eration of large electrostatic signals (the SES).
The SES, as a very low frequency signal, would
propagate preferentially through regions of high
dielectric constant between the source and detec-
tor. Ordinary water, with a dielectric constant of
80 at very low frequency, is a clear choice for the

Py AROINSON N

Station

Fig. 25. Plausible explanation of the selectivity phenomenon
on the basis of the model of piezo-stimulated currents sug-
gested by Varotsos and Alexopoulos (1986). The current den-
sity is enhanced at a channel (e.g. a sufficiently wet path)
which has a resistivity (pcpanne)) appreciably smaller than that
of the surroundings (pg) i.€., Pepannet € Po- The electric field
is larger along the outcrop of this conductivity channel and is
again amplified at a high resistivity anomaly lying along this
outcrop. This resistivity anomaly is the correct place for the
location of a station (pgaiion > Pehannet) SENSItive 10 those
epicenters that correspond to the “current source” depicted
in the figure.

formation of such regions and the long-distance
SES propagation would depend on the prior exis-
tence of sufficiently wet paths between “pre-
ferred” epicenters and ‘“‘sensitive” detector re-
gions.

It is worthwhile remembering at this point
that, as already discussed in the main text, ac-
cording to the model of piezo-stimulated currents
the existence of sufficiently wet paths between
the (current) source and “sensitive” stations could
lead to an explanation of the selectivity phe-
nomenon (Fig. 25).
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