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The present supplementary material is organized as follows: the sites of the electrodes as well
as a few points on the instrumentation are presented in Section I. Section II clarifies how the
cross-correlation values have been calculated in the main text. Examples of recordings from nearby
artificial noises and magnetotelluric (MT) variations (i.e., induced by variations of the earth’s mag-
netic field) are presented in Section III. Further details on the recordings (and their analysis) of the
electric and magnetic field variations, that have been found to precede the EQ of magnitude M=~6.6
discussed in the main text, are described in Sections IV and V. Finally, in Section VI, we give details
on the procedure for the calculation of the electromagnetic fields, in the time-domain, for the model
discussed in the main text. Furthermore, in the same Section, recent field measurements, which

lend support to the latter model, are forwarded.

I. THE INSTRUMENTATION.

The electric field measurements have been carried out
by means of short and long dipoles; the sites of their
electrodes are shown in Fig.1. The magnetometers are
located in the middle of the short dipoles’ array (i.e., close
to the middle of N'S’-see Fig.1(a)- which lies between the
sites ‘b’ and ‘¢’).

During the collection of the SES activities discussed in
the main text, the permanent recording of the magnetic
field variations at Ioannina station (IOA) was solely car-
ried out by three DANSK coil magnetometers (DMM).
Furthermore, since 1996 the MT-1 system of Electro-
Magnetic Instruments (EMI) has been also used. Con-
cerning the calibration of DMM (details are given in Ref.
7 of the main text), beyond a laboratory calibration,
an in situ (i.e., at IOA) calibration was performed by
comparing the DMM recordings V,,,(¢) to those of EMI-
magnetometers (hereafter called EMM) and relying on
the accurate laboratory calibration of the latter (which
has been reported by the manufacturer!). This calibra-
tion led to a Heaviside (or unit step) response function
H(t):
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that vanishes for ¢t < 0, while for t > 0

H(t) = A
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with 74 &~ 0.025s and 7, & 0.007s (see Ref. 7 of the main
text). In summary, this calibration showed that DMM
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magnetometers act as dB/dt detectors for periods larger
than around half a second; furthermore their output is
“neutralized” 200ms after the “arrival” of a Heaviside
unit step magnetic variation, i.e, B(t) = ByO(t), where
O(t) is the Heaviside (or unit step) function. This prop-
erty is of central importance towards studying the time-
difference At between the “arrival” times of the varia-
tions of the electric and those of the magnetic field.

II. CLARIFICATIONS ON THE CALCULATION
OF THE CROSS-CORRELATION

We note that a key quantity for the study of the time-
difference At between two time-series z;,v;,i = 1,2,... N
is the cross-correlation function “cr”’[= X (z,y;At)].
This is defined through the cross-covariance function
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scaled by the variances of the two series:
¢z2(0)cyy(0)

where (z) and (y) stand for the time-averages of x; and
i, respectively.

It might be possible that the two time-series are au-
tocorrelated and the direct cross-correlation function be-
tween them might give a misleading indication of their
interrelation (examples can be found in Refs. 7,10 of the
main text and in Fig. 4 that will be discussed later).
One solution to this problem is “prewhitening”. In this
procedure, in order to transform the first time-series to
a non-autocorrelated one, an n-th order autoregressive
[AR(n)] model is applied. This reduces the residuals to
white noise with no autocorrelation at all non-zero time
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FIG. 1: Configuration of short (a) and long (b) dipoles at IOA
(map modified from Ref.2 of the main text). In (a), the two
solid inverted triangles stand for the two boreholes bhl, bh2
(of depth h=>50 m) and the square (M) for the site of the hut.
In (a), the short dipoles with subscripts b, ¢ are those located
at the sites ‘b’ and ‘c’, respectively. Concerning the geol-
ogy: (a): (1) alluvial deposits, (2) flysch of the Ioanian unit,
(3) limestones; (b): (1) quaternary sedimentary deposits, (2)
alpine formation of the Ioanian unit (mainly limestones).

lags At # 0. Then, the second time-series is also fil-
tered with the same model and cross correlation is found
between the two filtered time-series.

III. THE TIME-DIFFERENCE BETWEEN THE
TWO FIELDS DUE TO NEARBY ARTIFICIAL
SOURCES OR MT VARIATIONS

Concerning the usual nearby (i.e., due to sources ly-
ing at distances < 10km from the measuring site) ar-
tificial noises, the electric variations “arrive simultane-
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FIG. 2: (A) An example of MT disturbance recorded at IOA
on March 28, 2001, with the permanently operating Campbell
Scientific Datalogger 21X acquisition system (1 sample/sec)
by using both types of coil magnetometers (i.e., the lower
three channels correspond to DMM, while the next three to
EMM). (B) Calculated values of “cr” between one horizontal
E-field component and one B-field component versus their
time-difference At (upper: At from -2000 to 2000 sec; below:
At from -10 to 10 sec). Only the DMM recordings have been
used in the calculation. Broken horizontal lines correspond to
the 99% confidence level.

ously” (i.e., with a time-difference appreciably smaller
than 1 sec) with the magnetic ones detected by either
DMM or EMM. As to the MT disturbances, for periods
larger than 1 sec, the DMM recordings lead the electric
ones by a measurable time-difference. These have been
both assured (see Ref. 7 of the main text) by calculating
the cross-correlation coefficient (“cr”) between the time-
series of one of the two horizontal components of the
electric field and one of the three magnetic components.

As an example, Fig. 2A shows an MT disturbance si-
multaneously recorded on both types of coil magnetome-
ters, i.e., DMM and EMM. The recordings of 11 (out of
16) channels are depicted as follows: the lower 3 chan-
nels correspond to the three DMM labeled here B(D) n s,
B(D)gw and B(D)z respectively, and the next 3 chan-
nels to those of EMM (labeled with E in a parenthesis);
the 7th and 8th channel (from the bottom) correspond to
two short electric dipoles of length 50m [deployed along
EW and NS directions at the site ‘c’ of IOA, see Fig.1(a)],
while the upper 3 channels correspond to the three long
dipoles (L, L' and L’-I) with lengths ~ 2, 2 and 5 km
respectively, see Fig. 1(b). Figure 2B shows the calcu-
lated “cr” values between the time-series of the electric
field variations and the DMM recordings versus At. An



inspection of this figure reveals that the magnetic field
recordings “precede” markedly those of the electric field;
this can be understood by recalling that, for the periods
of the order of several seconds visualized in Fig. 2A, the
DMM act as dB/dt detectors (as mentioned in Section

).

IV. THE VARIATIONS OF THE ELECTRIC
AND MAGNETIC FIELD OBSERVED DUE TO
SES ACTIVITIES

The 6.6 EQ that occurred on May 13,1995, was pre-
ceded, as mentioned in the main text, by two strong SES
activities recorded at IOA station (see Ref. 2 of the main
text) on April 18 and 19, 1995. The latter activity is
shown in Fig. 1 of the main text, while here Fig. 3
depicts the SES activity on April 18, 1995. The fol-
lowing seven (out of 16) channels are depicted: the two
horizontal DMM, labeled here Bgw and Byg, (unfor-
tunately, the vertical DMM was not properly operating
during this time period), two short electric dipoles at site
‘¢’ (labeled E.-W, and N.-S,, see Fig.1(a) ) and the three
long electric dipoles L, L' and L’-I mentioned above (see
Fig.1(b) ).

Figure 4 depicts, for the SES activity on April 18, 1995,
the “cr”-values, calculated [either with no prewhitening
or after prewhitening, using the cra function of MAT-
LAB of the MATHWORKS Inc. with an AR(10) model]
between the following two time-series versus At: one
component of the electric field (at site ‘c’) and one com-
ponent of the horizontal DMM. An inspection of these
results, reveals that the electric field variations precede
the magnetic ones by a At of around one to two seconds,
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FIG. 3: The SES activity recorded (with 1 sample/sec) at
IOA on April 18, 1995. The scale of 80mV in the lower two
channels corresponds to dB/dt=0.4nT/sec, for a constantly
increasing magnetic variation (see Refs 11, 13 of the main
text).
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FIG. 4: The calculated “cr” values between one E-field com-
ponent (at site ‘c’) and one B-field component (recorded by
DMM) versus their time-difference At for the SES activity
recorded at IOA on April 18, 1995. Upper (first) row: values
calculated without prewhitening for At between -10000 and
10000 sec second row: the “cr” values calculated as in the
first row, but now depicted in an expanded time scale, i.e.,
between -10 and 10 sec; third and fourth row: they depict
the results of the upper two rows after prewhitening. Broken
horizontal lines correspond to the 99% confidence level.

thus agreeing with the results obtained for the SES ac-
tivity of April 19, 1995, described in the main text. We
emphasize that the same At-values are obtained when
studying the “cr” values of portions of the SES activities
on April 18 or April 19, see Figs. 5A and 5B, respectively.

As discussed in the main text, in order to study
whether the observed time-difference At was due to the
“Initiation” or “cessation” of the pulses, the “deriva-
tive” time-series of the central differences DtE [DtE; =
(Eit+1 — Ei—1)] were constructed from the electric field
data. From DtE, the time-series of positive Dt-values,
DtE;©(DtE;), and negative Dt-values, DtE;0(—DtE;),
can be constructed. The series of positive (negative) Dt-
values as mentioned in the main text marks the cessa-
tion (initiation) of the pulses of the SES activity. Figure
6, depicts for the SES activity on April 18, 1995, the
“cr”-values calculated (without prewhitening) between
the time-series of the derivative (Dt) of each one of the
components of the E-field and each one of the recordings
of the two horizontal DMM. The same At-values are ob-
tained considering the time-series of either positive Dt-
values or negative Dt-values (see the upper two rows or
the lower two ones, respectively, in Fig. 6). These re-
sults agree with the relevant results for the SES activity
on April 19, 1995, that have been presented in Fig.2(b)
of the main text.

In order to exclude the possibility that the above At-



values could have arisen from the measuring system the
response of the latter to the MT variations, that have
been recorded during the same period (i.e., just before
and after the SES activities), was investigated, as men-
tioned in the main text. For example, we consider an
MT change, with a duration of around 10 min, just be-
fore the initiation of the SES activity on April 19, 1995.
This MT variation is shown, in an expanded time scale,
in Fig. TA. The corresponding “cr” values between each
component of the E-field and each component of the B-
field are depicted in Fig. 7B and show that the DMM
recordings lead the electric ones, as mentioned in Section
IIT and also explained in the main text.

V. THE TIME DIFFERENCE At IS NOT
SIGNIFICANTLY AFFECTED BY THE
ORIENTATION (AND THE LENGTH) OF THE
MEASURING ELECTRIC DIPOLES

Figure 3 of the main text shows a 50 seconds excerpt
of the SES activity of April 19. Beyond the five elec-
tric dipoles (E.-W,., N.-S., L, I and L’s-I) mentioned
in Fig.1 of the main text, recordings of the following
five additional short electric dipoles were shown [see also
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FIG. 5: The calculated “cr”-values (after prewhitening) be-
tween one E-field component and one B- field component
(recorded by DMM) versus their time-difference At. The cal-
culation was made only for a 10 min portion (600 data points)
of the SES activities recorded on April 18 (A) and April 19,
1995 (B), respectively. In both cases, (A) , (B), the first row
shows the results for At between -1000 and 1000 sec, while
the second row depicts the range of At between -10 and 10
sec. Broken horizontal lines correspond to the 99% confidence
level.
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FIG. 6: The calculated “cr” between the following two time-
series: (i)the derivative (Dt) of one E-field component and
(ii)one B-field component (recorded by DMM), versus their
time-difference At for the SES activity of April 18. Up-
per (first) row: values calculated for positive Dt without
prewhitening and for At between -10000 sec and 10000 sec;
second row: the “cr” values calculated as in the first row, but
now depicted in an expanded time scale, i.e., between -10 and
10 sec; third and fourth row: they depict results similar to
those of the upper two rows, but for negative Dt. Broken
horizontal lines correspond to the 99% confidence level.

Fig.1(a)]: (i) Two short-dipoles E;-Wj, Ny-S; installed
at site ‘b’ (which lies at a distance of ~ 300m from the
site ‘c’ mentioned in the main text) oriented along EW
and NS respectively. (ii) Two dipoles Ey-W;(-22°), Np-
Sp(-22°) installed at the same site ‘b’, but oriented along
directions resulting from a rotation of the EW and NS
by 22 degrees anticlockwise and (iii) an electric dipole,
labeled Eppz, of length L=50m installed in the borehole
bh2 lying ~ 100m SE of site ‘c’ (cf. similar values were
measured in the borehole bh1 lying ~100m NE of site ‘c’,
as mentioned in the main text).

Figure 8 shows the “cr” values calculated by consider-
ing the following two time-series: (a) one of the electric
dipoles depicted in Fig.3 of the main text and: (b)one of
B-field components (oriented along either EW, see Fig.
8(a), or NS, see Fig. 8(b) ). An inspection of these
results reveals that the same At-value is obtained, irre-
spective of the orientation (as well as the length) of the
electric dipole considered. For example, the long dipole
L's — I has a length L ~ 5km and is directed almost
along NS, while the two long dipoles L, L' -both of which
have a length of ~2km, but independent electrodes- are
oriented along N30°E.
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FIG. 7: (A) An example of a 10 min MT disturbance recorded
at IOA just before the SES activity of April 19, 1995 (Fig. 1
of the main text) by using two horizontal DMM (i.e., the
lower two channels) and the Datalogger 21X acquisition sys-
tem (with sampling rate 1Hz). (B) Calculated values of “cr”
between one horizontal E-field component and one B-field
component versus their time-difference At (upper: At from
-1000 to 1000 sec; below: At from -10 to 10 sec).

VI. THE CASE OF A CONDUCTIVE
CYLINDER EMBEDDED IN A LESS
CONDUCTIVE MEDIUM: TIME-DOMAIN

In linear passive media, the electromagnetic fields can
be expressed (e.g. see Ref.2) in terms of the source cur-
rent density j(r,t) by using the tensor Green’s functions
Ge(r,r;t—t), Gp(r,r';t —t') for the electric and mag-
netic field respectively:

t
e(r,t) = / / Ge(r, o't —t)-ji', t)dPr'dt’  (4)

t
b)) = [ [ Galerie-t) S@Odva @
"J—o0
A direct application of the convolution theorem yields

8E(r,r';w) I w)dPr (6)
V/

E(r,w) =

8B(r,r';w) I w)dPr! (7)
V/

B(r,w) =

<> <>
for the Fourier transforms E,B.J.Gg,Gp of the time-
domain vectors e,b,j, and tensors § 5,9 .
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FIG. 8: The calculated “cr” (after prewhitening) between the
following two time-series: (i) One E-field component and (ii)
one B-filed component (recorded by DMM) versus the time-
difference At for the SES activity of April 19. The calculation
was made by considering the electric dipoles depicted in Fig.
3 of the main text (except of E.-W,, N¢-S. the results of
which were presented in Fig. 2 of the main text) and the
B-field components oriented along EW (a) or NS (b).

Consider, a circular cylinder of radius R with conduc-
tivity op, along the z-axis of a Cartesian system of co-
ordinates with unit vectors X,y,z, embedded in a less
conguctive n<_1>edium of conductivity o. The expressions
for Gg and Gp are, in general, very cumbersome. If we
assume, however, that the current source coincides with
the cylinder axis, i.e., when J(r,w) = 8(z,y)1(z,w)z,
the forms of Gg -z, Gg - z for v’ = (r' - 2)Z can be found
by a single Bessel function integration. Clearly from
Eqgs.(4) and (5), the components of the tensor Green’s
functions §g(r,r';t —t') -z and §p(r,r';t —t') - 2 are
equal to the electric and magnetic fields, respectively,
that are produced by a point dipole of unit current den-
sity j(r', ') = 63(x")6(t')z. Thus, in the frequency do-
main, 815 -z and 83 - Z correspond to the solution of
the electromagnetic problem (i.e., the electric and mag-
netic field, respectively) for the current I(z,w) = §(z).
The analytical solution for this case® can be expressed in
terms of a single component- azimuthally symmetric- vec-
tor potential A(p, @, z,w) = ZA.(p, z,w), from which the
non-zero components of the electromagnetic fields can be



obtained. Assuming that the induction currents are neg-
ligible compared to the conduction currents, we have

9%  ipow
0?4,
E, = ley 9)
0A.,

where po is the magnetic permeability of vacuum and
p1 is equal either to 1/0, or 1/0 depending on whether
Eqgs.(9) and (8) are applied for a point inside or outside
the cylinder, respectively. The following boundary condi-
tions should be satisfied: 1)the continuity of the tangen-
tial electromagnetic field components E., By, and 2)the
current conservation, j, = E,/p; at the surface of the
cylinder (p = R). We then obtain® the vector potential
inside the cylinder, p < R,

AlN(p 2, w ) = /000 —.cos ()\ )Hél) (npﬁ) dA

and outside the cylinder, p > R,

o -
our _ K EYHW (P
ATV (p, z,w) = /0 RT()\) cos ()\R) H, (nR) dA,
(12)
where J,(w) H,(f)(w) are the Bessel and Hankel
functions* of the first kind of order n, respectively, and
np = np(w,A) = JipoopwR? — A2 and n = n(w, ) =
VipoowR? — A2, The square root of a complex num-
ber w is taken on the 1st Riemann sheet: for /w =

|w|exp(:25+), argw is measured anti-clockwise from
the real axis. The functions r(\) and T'()) are

= 2 @ H () = ony B () g
onyJo(ng)Hy (n) = oyny(ny) Hg (n)

2in,o

T= @ @
mopn?Ji(ny)Hy' (n) — monnpJo(np)H; ' (n)

. (14)

The relations (13) and (14) are just Eqs.(7) and (8) of
the main text, if we set A = r and B = imnT. The
substitution of Egs.(11) and (12) into Eqgs.(8),(9) and
(10) yields Eqs.(3), (4) and (5) of the main text.

At this point, we should comment on the physical in-
terpretation of the solution. Since®

etV p?+22 oo 4 z (1) p
ﬁ = ) E COS ()\E) HO (\/ k2R2 — /\25) d)\,

the first term of Eq.(11) is just the “singular”- primary-
vector potential due to the point dipole located on the
axis of the cylinder, whereas its second term represents
the secondary field produced by the conductivity discon-
tinuity at p = R. This discontinuity also shields the fields
for p > R through T()A) of Eq.(12). This might allow us
to interpret the functions r(A) and T'(\) as generalized
reflection and transmission “coefficients”.

Using Eqs.(i)—(lO), we obtain the forms of 813 .
z(r,r';w) and Gp - z(r,r'; w) presented in Eqgs.(3)-(5) of
the main text. In general, all these expressions, can em-
ploy dispersive relations for ¢ and o,. However, as a first
approximation, no frequency dependence was assumed
and the values of o and ¢, were taken (see the main text)
comparable to typical values found in the Earth. After
calculating- by direct numerical integration of Eqgs.(3),
(4)(,_}(5) of theHmain text- the non-vanishing components

of Gg - 2z and Gp - 2, the relations (6) and (7) have been
used to obtain the Fourier transformed electromagnetic
field from which, by a numerical inverse-Fourier trans-
form, the time-domain electromagnetic fields shown in
Fig. 4 of the main text have been constructed.

For the evaluation of the Bessel functions the mod-
ule CJYHBS® of the National Institute of Standards and
Technology Core Math LIBrary (CMLIB) was used, and
the numerical integration was adapted to the trigono-
metric functions involved (cf. the function Z, (A, p;w) is
smooth and in order to obtain an acceptable accuracy
the numerical method is focused on the highly oscillat-
ing trigonometric functions). The current i(z,t) [i.e.,
j(r,t) = 6%(z,y)i(z,t)z] was a boxcar pulse, i(z,t) =
0(2)0(t)0(Ty — t), with duration T;(=11s) comparable
to the mean duration of the pulses in SES activities.

The validity of the numerical method employed, was
verified by comparing the results obtained, using only the
first term of Eq.(11) -primary field-, with those from an
analytic expression that holds for a weakly conductive
medium of conductivity o (e.g. see Ref.2). For example,
the absolute error in the calculation of E.(p = lkm,z =
80km), in the arbitrary units presented in Fig.4 of the
main text, was always less than 0.0016.

Concerning the plausibility of the model proposed:
Aiming at the determination of the geolectric structure
beneath the measuring station at IOA, detailed MT-
measurements have been carried out.” The results ob-
tained, are consistent with the existence of a highly con-
ductive path terminating (below the earth’s surface) close
to the measuring station.
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