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ABSTRACGT

The present paper is a continuation of the paper published by P. Varotsos et al. (Pra-
ctica of Athens Academy, 71, 283-354, 1996) and investigates the frequency dependence of
the electric field generated from a current electric dipole lying inside (or very close to) a
highly conductive cylinder, of infinite length, embedded in a more resistive medium. The
study is also extended to the case when the dipole is located inside (or very close to) a highly
conductive layer, of infinite extent, embedded in a more resistive medium. The present
considerations explain that preseismic electric signals (with frequency lower than 0.1 Hz
can be detected at distances of the order of 100 km, in contrast to the coseismic ones (f))0.1)
Hz) that are strongly attenuated. Also the prominent role of the «edge effects» in the sele-
ctivity phenomenon of Seismic Signals is further discussed.

I. INTRODUCTION

The observation of very low frequency transient electric signals, less
than 0.1 Hz (i.e., the so-called Seismic Electric Signals, SES) that are mea-
sured prior to earthquakes (EQ), revealed the so called selectivity effect (e.g.,
Varotsos and Lazaridou [1991]; Varotsos et al. [1993]); this effect consists
of two facts (see also Uyeda [1996]): (i) SESs are observed at particular sites
of the earth’s surface («sensitive sites») and (ii) each «sensitive site» can collect
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SESs from certain focal areas, thus leading to a «selectivity map» for each
measuring station. Varotsos et al. [1996; 1997 a, b] found that the selectivity
effect is a direct consequence of Maxwell equations, if we consider that the EQ
preparation zone lies in the vicinity of a conductive path for the transmission
of the electric signal (e.g., recall that the resistivity pr of a fault is 1-10 Qm,
while the resistivity of the host material is p, = 10% - 10* Qm). By solving
Maxwell equations, either numerically (Varotsos et al.[1996, 1997 b]) or ana-
lytically (Varotsos et al. [1997a]), we find that the electric field values exceed
those of the artificial noise in two regions of the earth’s surface: (i) around the
top end of the conductive channel, as suggested in Fig. 25 of Varotsos et al.
[1993] and (ii) just above the source (for usual EQ depths of 5-10 km). These
solutions have been obtained in the static case. It is the object of the present
paper to explain that similar conclusions can be achieved for frequencies smal-
ler than 0.1 Hz. On the other hand, appreciably higher frequencies do not lead
to detectable electric field values at epicentral distances of the order of 100 km
or so. As we shall see in Ch. IV, the latter conclusion also explains that
coseismic electric signals cannot be detected, in contrast to the SES.

IT. CONDUCTIVE CYLINDER INSIDE A MEDIUM WITH SMALLER CONDUCTIVITY

A. Dipole current source at the center of the cylinder

We shall treat below only the low frequency (LF) case. Consider a con-
ductive cylinder, of conductivity o, with radius R and its axis along the z-axis,
that lies in the region p < R. The remaining space is a medium with smaller
conductivity ¢’, i.e., ¢’ < o. Further, let us suppose that an electric emitting
dipole p =11 is located at the origin (0,0,0) of a cylindrical system (p,p,z) of
coordinates. A dipole I7 = (0,0,11), along the z-axis, will trigger the propaga-
tion of a Transverse Magnetic mode (TM;) along the z-axis. We shall work in
the Lorentz gauge; for this mode only the z-component A; of the vector po-
tential A is necessary for the description of the measured fields E and H. The
fields E and H are expressed in terms of A;, as follows:

E, = (1/0)82A, ] dpéz,
Eo = (1/0p)3?A, | 306z,

E, = (1/o) (82/022 + k?)A,,
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Ho = (1/p)9Az /26,

Ho = -0A, /dp,

where o = 2xf and k? = ipwo, where p. is the magnetic permeability.
In view of the axial symmetry, there is no 6-dependence of Az, and hence the
Helmholtz equation becomes

(L/¢) 3/0(p0Au 3p) + 8%As |02 + kA, =0 (1)
The solutions of this equation can be separated as cos(rz)Jo[pv/ (k2 — 22%)] for
the region inside the cylinder, and cos(Az)H®y[pv/(k? —22)] for the region
outside the cylinder. Jo(x) and H®, (x)are the Bessel and Hankel functions of
the first kind (dbramowitz and Stegun [1972]) respectively, A is a separation
constant, and the square root should be taken as 4/z = |z|!/2¢iAr8@/2 where
Arg(z) is measured anticlockwise from the real axis.
To the solution of the homogeneous Eq.(1), one has to add the primary

(singular) Azprimary field due to a unit electric dipole (Gradhsteyn and Ryzhilk
[1980], see Eq. 6.677.8, p. 737)

Azprimary = €7 [(4nr) = (i [4w) [0 cos(Az) HDg[ o/ (k2 — 22)]dA, (2)
where r = (p2 + z2)!/2, and satisfy the boundary conditions
oEon = ¢’Epour, Ean = E;our, and Hemw = Heour
at p = R. We finally obtain:
Aun = Asprimay + o A(x)cos(xz /R)T[(o /R)v/(k2R? — x?)]dx, 3)
Azour = [® B(x)cos(xz /R)H®y[(p /R)v/(k'2R2 — x2)]dx, (4)

where A(x) and B(x) are determined from the two relations:
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A(x) = [n'B(x)H"®y(n’) — n(i /47R)HOy(n)] /[0’ (n)],
B(x) = (n/n)*(s" /o) (1/8n*Rn) /[Ty’ (n)H®y(n")~(c" /) (n /n’) Jo(n) H*Dy(n')],

where n = y/(k?R%?-x) and n’ =+/(k'?R2 - x2), k'? = ipws’.

It is easily verified (Gradshteyn and Ryznik [1980], see Eq. 8.406 and
8.407, p. 952) that in the limit f — 0, the solution of Eqgs. (3) and (4) results
to the solution of the static case given by Varotsos et al. [1997a].

In the limit of long distances, i.e., z/R — oo, the main contribution in the
integral of Eq. (4) comes from B(0), which tends to*

(i /4mR){n(0)H"D[n(0)])}/ {n’(0)H>D,[n’(0)]}, (5)
and hence the electric field, resulted from Eq. (5), is given by:

Ezour = (1/6")(0% /022 +k'2) Az =[* (k'?R2-x2)B(x)cos(xz /R)
H®, (o [R)y/(K*RE-x)] (o RE)d. "
Now we discriminate two cases as far as the frequency range is concerned: For
appreciably low frequencies so that k*R? and k'>R? — 0, only the contribution
from x—0 is significant and B(x—0)—i/4nR; the integral of Eq. (6) then results
in the expression for the electric field in a full space of conductivity ¢ (i.e.
see Eq. 2) and hence its attenuation is governed by a «skin depth» Soyr cor-
responding to the outer medium. For higher frequencies, (i.e., f > f, for the
definition of f. see below), the electric field is attenuated with a «skin depth»
significantly smaller than that for a full space of conductivity ¢’ having, of
course, as a lower limit the «skin depth» 3 corresponding to a full space of
conductivity o (Sommerfeld [1967]; Goubeau [1967]).
A detailed study of the electric field E.x inside the cylinder can be done
with the help of the expression:

Ean = [1/(4noR3)] [ (k2R? - x?)T'(x)cos(xz /R)dx, (7)

* By substituting the Wronski determinant in the expansion of B(x) and then taking

the limit.
18
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where
['(x) = HO[(p /R)n]-Jo[(p /R)n] {I1"Wy(n) H®y(n")-[ns" /(n"e) JHDy (n) L1 Dy(n)}/
{16(n)HD(n")~[6"n [(on) ]Jo(n) H' Wy (n") }.

For the case of our interest, i.e., 6/¢’ > 1, we have the following limiting
cases:

(a) At small distances, i.e., r/R — 0, only the first term of I'(x) is singu-
lar. This leads to a behavior of the electric field governed by the inner medium
and resembles either the static result if R /§in< 1, or the dynamic one (i.e. at-
tenuation) if R /Sy > 1.

(b) At long distances, i.e., r/R— oo, the contribution from ['(0) dominates
the integral of Eq. (7). For appreciably low frequencies so that k?R? and k'2R?
— 0, the derivatives H'Wy(n) and H'®y(n’) dominate in I'(x), thus leading
to I'(0) - (n'/n)*(c /6" )HDy(n): this result, when considering Eqs. (2) and (7),
indicates that the electric field is solely determined by the resistivity of the
outer medium, as we discussed previously. On the other hand, for higher fre-
quencies, (i.e., { > f for the definition of f. see below), the eiectric field is at-
tenuated with a «skin depth» significantly smaller than that for a full space
of conductivity ¢" having, of course, as a lower limit the «skin depth» 3ix cor-
responding to a full space of conductivity o (Sommerfeld [1967]; Goubeau
[19507]).

(c) At intermediate distances, three cases can be distinguished:

{c1) When (d/R)citR > 53our, where (d/R)erit was defined by Varoisos
et al. [1997a], the attenuation of the electric field is determined as in case (b).

(c2) When (d/R)ait R <530ut, and n2(0) <1, i.e. { <fc = 1/(2npcR?), all
the approximations made in the discussion of the static result by Varotsos et
al. [1997a] hold; we then observe all the main features of the static depen-
dence up to a distance ~ 53ouT, While at longer distances, the attenuation is
governed by the resistivity of the outer medium as in case (b). From physical
point of view, this means that the distance d is appreciably smaller than the
«wavelength» in the external medium, and the radius R appreciably smaller
than the «wavelength» in the highly conductive medium (so that enough energy
enters from the conductive path into the more resistive medium).

(c3) When (d/R)eitR < 58out, and n%(0) > 1, ie. f > fe =1/2npcR?2);
these two inequalities are compatible when (d/R)%uit(c /") < 50; Now if we
also consider the results by Varotsos et al. [1997a], as far a the values of
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(d/R)erit is concerned, this implies that (since ¢/¢” >1) it can only happen
when o= ¢’; however, in such a case, no significant current channelling

effects will be observed.
In Fig. 1, we plot the electric field Einsige inside the channel (on the axis
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Fig. 1. The ratio |Einside| /|Enost (f = 0)|, for various frequencies, versus the distance d from a

current dipole lying inside a conductive cylinder of radius R. Figures a, b and ¢ correspond

te various values of R, i.e., R =100 m, 500 m, and 1 km respectively. Conductivity ratio
6 /¢’ = 4000/10.

of the cylinder) as a function of distance d from the source for various values
of R. By comparing Figs. 1(a), 1(b) and 1(c), we find that, as manifested in
Eqgs. (3) and (4), the ratio Einside (f)/Enost (f = 0) is parametrized, for a given
conductivity contrast, by the quantity fR2, reminecent of the term k2R?, that
gives a measure of the energy loss inside the highly conductive channel. In the
frequency range 10-3-10-Hz the position of the maximum value of Einsige(f)
/Erost (f=0) doesn’t change significantly from that estimated by the static
result, (Varotsos et al.,1997a), and depends roughly only on the value of d/R.

B. Current dipole source outside the cylinder

We explain below how the previous calculation is carried out when the
(point) dipole emitting source lies at a distance D from the conductive cylin-
der. Let us consider now a point current dipole, oriented along the z-axis, which
is located at (p,9,z) = (D,0,0,). The value of the vector potential for such a di-
pole at a point (p,p,z) of our cylindrical system of coordinates is
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Azprimary = eXp(lk"—%) / (4T:c‘7e) —

(i /4m) fo> cos(hz) HOg[v/[p*+D?-2pDeos(¢)] v/ (k'*-22)] da, R

where R =+/[p?+ D%2pDcos(p) + z2]. Using Eq. 8.531.2 (Gradshteyn and
Ryzhik [1980]), we can obtain the expansion of this vector potential into
separated solutions of the Helmholtz equation in cylindrical coordinates for
points of p < D and p > R:

AZprim:;\ry = (i/4n)2n=0°° SnCOS(Il(p) f0°° COS(XZ/R)

Jal(e /R)v/(KZR2—x*)TH®L[(D /R)v/ (k" ?R*—x*)]dx, @

where e, = 1 for n = 0 and &, = 2 otherwise.

In order to find either the electric field on the axis of the cylinder or the
total current inside the cylinder, we only need the radially symmetric n = 0
contribution of the above sum. Moreover, from elementary group theory we
know that the sector n = 0 will not be mixed with the n # 0 sectors. Thus,

for this sector we can write

Am—oy = (i/4m) fo™ Ag(x)eos(xz [R)Jo[(p [RIV(K2R2-x)]dx,  (10)
and

Azoutm=n=[0 Bo(x)cos(xz/R)HD[ (o [R)v/(k"*R*-x?)]dx+ Azprimary(a=g)- (11)
By considering that the boundary conditions
cEpin = 6’ Epout, Ean = Ezour, and Hew = Hgour

at p = R, have to be satisfied by the electromagnetic fields obtained from the
n = 0 sector vector potentials of Eqs. (10) and (11), we finally obtain:

Auf3) = () HO D R O ()Tl HOw))
(0" [6)To(n) o ®y(n) - T2 () HOy ()] o

The total E, component at o = 0 will depend only on the n = 0 sector since
for n # 0 the respective contribution will involve Ju(p = 0) which for n # 0
equals zero.
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At long distances from the source, z/R — co, the contribution in the inte-
gral of Eq. (10) will come from x = 0. At this limit the most singular function
of Eq.(12) is H'@y(n’), thus leading Ay(x) to the value Ay(x—0)-[n’(0)/n(0)}?
(6/6’YH®W,[n’(0)D /R]. This result in view of Eq.(9), reveals that Ey(p = 0) is
that obtained for a full space of conductivity ¢’ due to a point current dipole
at (D,0,0). Thus, the field at a point (0,0,z) far away from the source and in-
side the channel will not be significantly affected by the distance D since
D< <z, exactly as it happens for the static result (Varotsos at al. [1997a]).

III. CONDUCTIVE LAYER INSIDE A MEDIUM WITH SMALLER CONDUCTIVITY
A. Current dipole source inside the layer

The analytical solution can be found in terms of a two-dimensional
Fourier transform of the Schelkunoff potentials (Schelkunoff [1937, 1943],
Stratton [1941], Ward and Hohmann [1994]). Consider a conductive layer,
with conductivity o (and infinite extent) that is parallel to the xz plane of
the cartesian system. We assume that this layer has a width w, e.g., the layer
extends from y =-w/2 to y=w/2, the conductivity of the surrounding
medium is ¢’. Consider an electric current dipole source Il along the z-axis,
i.e., parallel to the surfaces of the layer, located at the origin. This produces
a xz-Fourier transformed vector potential (Gradshteyn and Ryzhik, Eqgs.
8.511.4,6.616.12).

Az(kx,kz,¥) = [- 0™ [- ® [llexp(ikr) /4nr]exp[-i(kx+k,z)[dxdz =

(13)
= (I1/2)exp(-uly|) /u,
where u? = ky*+k,%k? and k? = ipcw. The electromagnetic fields of such a
vector potential can be decomposed to transverse magnetic (TMy) and trans-
verse electric (TEy)y-modes.
Recalling that the definition for the real space Schelkunoff potential Ay
is A= Ayey, E=(1/0)v x B, B=V x A, the TMy mode has an xz-Fourier
transformed Schelkunoff potential Ay,

Ayprimary =-(I1 [2)ik,[exp(-uly]) /(l:®+kz*)] sign(y), (14)

where sign(y) =y/|y|. Furthermore, recalling the definition for the real space
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Schelkunoff potential Fy is F = Fyey, ipoB =V x E, E = vxF, the TEy mode
has an xz-Fourier tranformed Schelkunoff potential Fy,

Fyprimary = [l [(2u)]kexp(-uly|) /(k2+k.?), (15)

The contributions of Ayprmary and Fyprimery in E and B, when added give the
correct electric dipole electromagnetic fields given by Eq. (13).

The following boundary conditions (see Ward and Hohmann [1994] pp.
150-158) have to be satisfied:
a) for the TMy mode Ay and (1 /c)dyAy continuous at y = + w/2, and
b) for the TEy mode Fy and dyFy continuous at y + w /2.
Using as primary potentials those of Eqgs. (14) and (15), we obtain that the
secondary potentials are:
a) for the TMy mode

Aysecondary = -(I1/2)ikz[exp(-u’|y]) [(kx2+kx?)]sign(y)exp(u'w/2) |

{[(ew) /(" u)Jsinh(uw 2)+ cosh(uw 2)}, for|y|=w /2 e
and
Aysecondary = (Il/2)ikz['exp(-uw [2) |(kx*+ks?) Jsinh(uy)[(ou’) /(c"u)-1]/ (17)
{[(cu")/(c"u)]sinh(uw /2)+cosh(uw/2)}, for [y|<w/2
b) for the TEy mode
Fysecondary = [poll/ (211)]kx[e.XP(-u'1Z‘)/ (kx?+ k%) Jexp(u'w /2)/ (18)
[(0 /u)eosh(uw/2) + sinh(uw/2)], for |y| = w/2
and
Fysecondary = [poll[(2u) Jks[exp(-uw /2) /(kx*+k.?)] (1-u’ [u) (19)

cosh(uz) /[(u’ /u)cosh(uw [2)+sinh(uw/2)], for ly|<w/2.

An inspection of Eqs. (16), (17), (18) and (19) leads to the following remarks:
a) At small distances from the source, i.e. x® + z2 — (), the contribution in the
Fourier transform comes from u— oc and u’— c0; in such a case the terms
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exp(-uw/2) in Eqgs.(17) and (19) describe the rapid attenuation of the secon-
dary potentials thus reflecting that, at small distances the fields are solely
determined by the inner medium.

b) At large distances from the source and for small frequencies, i.e. below
some

fo = 1 [(uow?), (20)

we have, since the contribution comes from the u—+/(-k?) limit, |cosh(uw/2)|
— 1 and [sinh(uw/2)|-0. In such a case, the total field —which is determined
by the secondary potentials of Eqs.(16-19)— follows practically the properties
of the external more resistive medium. The attenuation for a full space of
conductivity ¢’ has an asymptotic expression for the amplitude of the electric
field at large distances of the form exp[-r/Sour(f)]/r% (see Ward and
Hohmann [1994], p. 173). For higher frequencies, (i.e. f > f;), the electric
field is attenuated with a «skin depth» significantly smaller than that
for a full space of conductivity ¢ having, of course, as a lower limit
the «skin depth» 3 corresponding to a full space of conductivity o.
¢) In the intermediate region, where the main contribution in the Fourier
transform is from intermediate ki>+k;2? so that [(cu’)/ (c'u)]sinh (uw/2) + cosh
(uw /2) ~ou'w/(26')+1 and cu'w/(26")>>1, a dependence Ecc1 /r2 results.

Note that the transition from the limiting case (c) to the limiting case (b)
is continuous. Therefore, we could accept, for small frequencies, an approxi-
mate expression of the form exp[-r/Sour(f)]/r? for intermediate-long distan-
ces. In order to verify the validity of this approximation, we proceed to the
following example: In Fig. 2 we plot, in the frequency range 10-2 — 10Hz, the
electric field E;, measured at points on the z-axis, versus the distance d from
the dipole (with parameter the width of the layer), we observe that, as explai-
ned, the static approximation is valid as long as the distance from the dipole
is small compared to the wavelength in the host medium. Furthermore, we
notice that there is a certain distance at which the ratio Ejnsige (f)/Enost(f=0)
acquires a maximum value; according to the above discussion, the position of
this maximum can be approximately determined by the expression:

Einside(f) /Ehost(f:()) ocr exp[—r /SOUT(f)].
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Fig. 2. The ratio |Einside| /|Enost| versus the reduced distance d /w from a current dipole lying

inside a conductive layer of infinite extent (width w, conductivity ¢’). Conductivity ratio

c /s’ = 4000 /10. The curves corrrspond (see the inset) to various frequencies, i.e., 10-3, 10-2.
10-1, 1 and 10 Hz.

An inspection of the curves of Fig. 2, which have been obtained from the
full analytical expression, leads to the conclusion that the position of the ma-
ximum, in each curve, is in fair agreement with rmax = Sour (f), which results

from the aforementioned approximation.

B. Current dipole outside the layer

When the z-electric dipole lies at a distance h (cf. h = D-w/2, see Figs. 3
and 4) from its closest surface of the conductive layer (we draw attention that
this layer is now located between the plane y = 0 and y = w), the following
boundary conditiens should hold
a) for the TMy mode Ay and (1 /5)dyAy continuous at y =0 and y = w, and
b) for the TEy mode Fy and dyFy continuous at y =0 and y = w,
we can obtain the following results for the Schelkunoff potentials inside the
conductive layer, i.e. y € [0,w]:

a) For the TMy mode:
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Fig. 3. The absolute values of Einside versus d /w, for various values of the distance D (=1,
3, 5, 10 km, see the inset) of the emitting dipole from a given conductive layer (w = 500 m).
Note that, for values d /w = 102 or larger, all curves practically coincide. Conductivity ratio
6 /6’=4000/10. Figures a, b, ¢ and d correspond to various frequencies, i.e., 0.01 Hz (a), 0.1
Hz (b),1 Hz (c) and 10 Hz (d). The source was taken 2.2610% A. km for reasons discussed
by Varotsos et al. [1997a], i.e., it might correspond to an earthquake with magnitude 5.0.
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Fig. 4. The absolute values of Einside versus d /w, for various values of the width w (= 100,
200, 500, 1000 m, see the inset) of a conductive layer, but for the same D-value, i.e., D=>5 km.
The points with asterisks correspond to d=100 km. Conductivity ratio ¢ /c’=4000/10. Figures
a, b, ¢ and d correspond to various frequencies, i.e., f = 0.01, 0.1, 1 and 10 Hz respectively.
The source was taken 2.26 x 10% A. km for reasons discussed by Varotsos et al. [1997a].
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Ay = Atexp(uy) + A-exp(-uy), (1)
At = exp(-wh){1-(ou) /(') + [1-+(ow) [(o"w) erm} /2, (22)
A~ = exp(-w'h){1+(on) [(o'u) + [1-(ou’) [(c"w)rrne} /2, (23)
rem = {Z'~Z[Z'+Ztanh(uw)] [[Z+Z tanh(uw)]} [{Z'+ Z[Z'+ -
Ztanh(uw)] /[Z+Z tanh(uw)]},
where Z = ¢/(ipe) and Z' = o [(ipe).
b) For the TMy mode:
Fy = Frexp(uy) + Fexp(-uy), (25)
F+ = exp(-u'h)[1 - u'/u + (1+v’ /u)rre] /2, (26)
F~ = exp(-w'h)[1 + u’ fu-+(1 — 0 /u)rre] /2, (27)

rrg = {Y'-Y[Y'+Ytanh(uw)]/[Y+Y tanh(uw)]} {Y'+Y[Y'+Y tanh(uw)]/ 28)
[Y+Y tanh(uw)]},

where Y =1/Z and Y' =1/Z'.

Notice that for large distances, and for appreciably small frequencies (i.e.,
f<f,, see Eq.(20)), we find ryp=rre=0 and hence that Eqs.(21) and (25) lead
to an electric field equal to that of a full space of conductivity o’

Figures 3 and 4 depict the electric field E, measured at the points in the
middle of the conductive layer as a function of the projection of their distance
from the dipole on the z-axis. We conclude that, at long distances,i.e. d>>D,
the field does not practically depend on the exact distance D from the condu-
ctive layer and follows the properties of the external more resistive medium.

IV. DISCUSSION

We mainly focus our discussion below on two points: (i) how the absence
of a coseismic electric signal is explained on the basis of the considerations of
the present paper and (ii) why earlier calculations by other authors failed to
explain the selectivity effect.
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a. On the absence of a coseismic electric signal from the VAN records

Laboratory measurements of the electric signals emitted from solids under
gradually increasing stress were the subject of various publications. Yoshida
el al. [1997] confirm the findings of similar experiments by our group (Had-
Jicontis and Mavromatou [1994, 1995, 1996]; Mavromatou [1995]; and Ma-
oromaton and Hadjicontis [1994)). Yoshida et al. [1997] studied granite
blocks only, while Hadjicontis and coworkers extended the measurements to
various types of rock samples. Both groups observed «preseismic» and «co-
seismicy» electric changes and also find that the «coseismic» signal has an am-
plitude appreciably larger than that of the «preseismic». Furthermore, Yoshi-
da et al. [1997] confirm the earlier finding of our group that, for low stress
changes (i.e., for which the time scale islarger than the relaxation time T =¢/o,
where ¢ denotes the permitivity and o the conductivity), «the [preseismic]
electric signal... is proprtional to the time derivative of the stress change».
Yoshida et al. [1997] also reported that «Even if we measure the high-fre-
quency components, the preseismic signal does not have high-frequency com-
ponents. In contrast, higher-frequency components appear with higher am-
plitude at the onset of the coseismic signal». «... The preseismic signal did not
contain high-frequency components». These observations were also reported
by Hadjicontis and Mavromatou [1995, 1996] and, as it will be explained
below, seem to have a decisive importance for the explanation of the non-
detectability of significant coseismic changes in SES measurements at large
epicentral distances.

The effective «wavelength» et (and hence the corresponding «skin depth»
Set ~ %et[6.28) for the transmission of a signal (of frequency f) emitted from
a current dipole lying in the vicinity of a conductive path, with conductivity
o', embedded in a more resistive medium was studied above. It was found
that, for low frequencies [i.e., f<{c; for example, for a cylindrical path of radius
R, the frequency fcis determined from the condition R*(u2xf. /or)< <1, as men-
tioned above], Xer is approximately equal with the «wavelength» A, which
corresponds to a full volume with conductivity o; for higher frequencies (i.e.,
{>fc), the value of Aer is significantly smaller than A. Since 22 =107 /(fs) (where
6 isin Q-'m-! and f in Hz), we find that Aet ~ A = 632 km (and hence & ~ 100
km), if f ~ 0.1 Hz and p ~ 4 x 103Qm. In order words, signals with frequencies
appreciably larger than 0.1 Hz (and hence the coseismic electric signals) are
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strongly attenuated at distances of the order of 100 km (and hence they can-
not be observed), while the SES, i.e., the preseismic signals with {<0.1 Hz,
can be detected.

b. Additional comments on the Explanation of the SES selectivity effect

VAN group reported (Varotsos and Lazaridou [1991]; Varotsos et al.
[1993]) the so called selectivity effect, i.e., SES are observed only at particular

source

B

Fig. 6. Schematic representation of the model suggested by Varotsos and coworkers for the
explanation of the selectivity effect. The case B might be closer to the real situation.
79
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sites of the earth’s surface («sensitive sites»), that may lie at long epicentral
distances (e.g., ~ 100 km).

Several calculations (Bernard [1991; 1992; 19971; Bernard and Le Mouel
[1996]; Park et al. [1996]; Neal and Park [1997]) question the possibility that
a reasonable current source (at the earthquake preparation area) can lead to
detectable SES at epicentral distances (d) of the order of d ~100 km and sug-
gest (Bernard [1992]; Park et al.[1996]; Neal and Park[1997]) as an alternative
possibility, that the source lies close to the measuring (sensitive) site. Figure
5 depicts schematically various models used in these calculations, i.e., a homo-
geneous half-space (e.g., with resistivity gy, Fig. 1A, Bernard [1991]), a hori-
zontally-layered earth (with one or more horizontal layers having resistivities
pc appreciably less than that of the lower medium gy, Fig. 1B, Bernard [1992;
1997]; Bernard and Le Mouel [1996]), a vertical conductive layer gc [either of

E (mV/km)

Fig. 7. The amplitude of the electric ficld measured close to the outcrop versus the distance

D of the current dipole source from the other end of the channel in Fig. 6A. The solid line

corresponds to 0.25/D and was drawn as a guide to the eye. The values refer to the point

(-2 km,0) where (0,0) corresponds to the projection of the outcrop on the earth’s surface

(see Varotsos et al. [1996]). The source was assumed 22.6 A km, i.e., comparable to that
taken by Slifkin [1996].




ZYNEAPIA THX 29 MA'T-OY 1997 291

infinite extent, (e.g., see Park et al. 1996; or with a length L, Neal and Park
1997) appreciably larger than d ~100 km, see Figs 1C, 1D respectively], with
a certain width w, embedded in a more resistive half-space p,.

Varotsos and coworkers (Varotsos and Alexopoulos [1986]; Varotsos et
al. [1993]) suggested, long ago, the following model for the SES transmission
(Fig. 6): When the SES is emitted, the current dipole source lies in the vicinity
of a highly conductive path and hence most of the current is conducted through
this path (recall that EQs occur by slip on faults the conductivity or of which
is much larger that that of the surrounding medium). Therefore, if the measu-
ring station lies at a site (e.g., see the point «O», on the earth’s surface, in Fig.
6) with appreciably higher resistivity than that of the conductive path, but
close to the top of this path, the electric field E reaches values which are
comparable to those measured by VAN (i.e., 10mV /km, see also Figs 7 and 8).
The validity of this model has been recently quantitatively demonstrated,
either by numerical solution of Maxwell equations (Varotsos et al. [1996;

) Channel 50S, Ex close to the outcrop
10° ) T CEREnE

Ex (mV/km)

Fig. 8. The amplitude of the electric field measured close to the outcrop versus the distance
D of the surrent dipole source from the channel in Fig. 6B. The study corresponds to the va-
lues given in Fig. 11 C (i.e., to a sheet with conductance 50 S and a source of 22.6 A km.).
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1997b]) —using the EMADSH (Hoversten and Becker [1995]) program (cf. the
two cases depicted in Figs 6A and 6B are discussed in our latter two refe-
rences respectively)— or by analytical solutions (Varotsos et al. [1997a],
see also Figs 9). All these solutions coincide with the conclusion that there
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|— 1000/1 e
|= =400/1

10 : X 2 . 1 i LJVO i B 2
10 © 10 10 10 10°
Distance from the vertex (km)

I

Fig. 9. Study of a paraboloidal edge for p, = 0.1 AV km. |Binside| /|Enost| (a) and (b) and

|Boutside| /| Einside| (¢) and (d) for conductivity ratios ¢ /o’ = 4000 /10 and 1000 /1, respectively.

In Fig. (e) we assume that the field |Eoutside| is proportional to 1/6n and determine the ex-
ponent n for various distances 6 (where 0 now denotes the distance from the vertex).

are two regions on the earth’s surface that are sensitive for SES collection: one
region just above the EQ source (cf. when the depth is not appreciably large,
see Figs 10, 11 and Varotsos et al.[1997b]), and another one around the upper
end of the conductive path. Note that the sensitivity of the latter region almost
exclusively emerges from the «edge effect», which are not involved in any of
the models depicted in Fig. 5. Varotsos et al. [1996; 1997a] showed that, at
long distances (i.e., when d is larger than the width w of the conductive path
—with infinite length— by a factor 102-102 or so), the electric field inside the
conductive path becomes comparable to the value (Enost) measured if the path
were not present; however, if the path terminates, and the measuring site lies
in the resistive medium (but close to the upper end of the path), the electric
field is enhanced by a factor of the order of or/onost, and hence it reaches
values ~ Enost (o1 /onost) ; note that the critical factor of of/onest —which may
be around 103— has been disregarded in earlier calculations by other authors.
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increasing the depth of the source. (The source was taken 22.6 Akm). The model is depicted in Fig. 11

C (the broken line corresponds to a two layer earth, i.e., in absence of the channel). Cases A, B and C
correspond to depths 7, 30 and 50 km and hence to D = 2, 25 and 45 km.
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The following point should be emphasized. The aforementioned explana-
tion of the selectivity effect does not necessarily require a continuous (i.e.,
non-interrupted) conductive path from the source to the vicinity of the mea-
suring site. What this explanation requires is the existence of a conductive
path (cf. in the vicinity of the measuring point, which should lie in the resistive
medium but close to the «edge»), the length of which should be appreciably
larger (e.g., by a factor 30) than its width (cf. then Ejnsiae becomes comparable
£0 Enost). In the simple case when the dipole source lies on the principal axis
of the path, (and is directed along this axis), although the source may lie at a
significant distance from the (closest edge of the) path, e.g. 70 km, the path
still acts as a natural amplifier of the electric field, because the measured field
(close to the edges) should be of the order of Epost o/c".
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APPENDIX

This can be considered as continuation of the study of the paraboloidal
«edge» presented in the Appendix of Varotsos et al. [1997a].
We make use of the paraboloidal coordinates
X = Apcos(e), y = Ausin(g), z = 1/2(2%-u?),
and assume that the conductivity in the region p.<p, bounded by the parabo-
loidal p. = p, is ¢ and for the space outside u>p, is ¢’. We study the case of a
point current dipole directed along the z-axis and located at (0,0,z,).Varotsos
et al. [1997a] presented, as an example, a calculation for two conductivity
ratios, i.e. 6/6’ = 4000/10, 1000/1 for the case p, = 0.1y/(km) by considering
a dipole source (lying inside the conductive medium) at a distance z, = 100
km from the vertex of the paraboloid. This calculation showed that close to
the vertex |Eoutsiae| /|Enost| = /6’ as expected. It is the scope of this Appen-
dix to draw the attention to the possibility that |Eoutside|/|Enost| may signi-
ficantly exceed o/c’. This can be understood, if we recall the case of the con-
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ductive cylinder, of infinite length; there is a certain region of d/R-values for
which |Einsiae| /| Enost| is appreciably larger than unity (see Fig. 2 of Varotsos et
al. [1997a]); therefore, if the aforementioned distance z, of the current dipole
from the vertex of the paraboloid belongs to such a region of the d/R-values,
we may expect that the ratio |Eiside//|Enost| may exceed unity and hence —due
to the boundary conditions— |Eoutsiae|/| Enost| may exceed s/¢’. Such an example
can be seen in Fig. 9. In a and b we plot |Einside! /|Enost] for two conductivity
ratios, ¢ /¢’ = 4000 /10 and 1000 /1 respectively; the calculation was made for
various distances z, = 100,200 and 400 km and confirms that close to the ver-
tex there are some cases (e.g. z, = 100 and 200 km in Fig. 9a; z, = 200 and
400 km in Fig. 9b) for which |Einsidge|/|Enost| significantly exceeds unity. In
Figs. 9¢ and 9d we plot |Eoutside| /|Enost| (for the aforementioned two conducti-
vity ratios) and we actually confirm that, in these cases, the ratio |Eoutside|/
|Enost| is larger than ¢ /¢’ very close to the vertex. If § denotes the distance, a-
long é,, from the surface of the paraboloid, we find Eoutsigeoc 1/8 (for distances
of the order 102 to 10*m), thus leading to AV/L x const when comparing the
corresponding values of a long dipole and a short dipole (directed along &,).

We now turn to magnetic field (B) calculations. Fig. 12B shows the va-
lues of Boutsige calculated for the paraboloidad edge discussed in Fig. 9, while
Fig. 12A depicts the field Bnost, i.e., in absence of the conductive inset. The
calculations were intentionally made for a current dipole Il = 22.6 x 102 A km
which might correspond to a M 5.0 EQ (Varotsos et al. 1997a). Recall that for
an x-directed dipole I1 = 1A x 1 km (at a depth of 5 km), Fig. 5b of Varotsos
et al. (1996) (see the curves labelled «1.0 and 3.0 km layered») indicates that
for a layered earth By (= Bnost) = 10-°nT at a distance 100 km or so; this
reflects a value of the order of By = 10-2nT for the present source of 22.6 x
102 A km. By comparing this result with Fig. 12B, we find that there are points
in a region surrounding the edge (cf. with a «width» Ap. of the order of 1 km
of a distance =10 km from the vertex) in which Boutsige lies in the range of 10-2
—10-'nT. (i.e., larger than in the case of the layered earth). However, such
values are not measurable, and hence we should consider an appreciably stron-
ger source (i.e., a larger magnitude EQ) in order to find detectable B-variations
(simultaneously with SES at the «sensitive sites»). This conclusion is the same
with that deduced from the numerical B-calculations of Varotsos et al. (1996),
but the scattered field values of the latter seem to be significantly overesti-
mated when compared to the present analytical results.
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TIEPIAHYH

“Eva. mBavo mpétomo yid v £&Rynon tiic émlektnikbétnrog
v Xewoukdv "Hiektpikdv Znpatov (SES). IL

‘H napolon Epyacta elvar cuvéyeia éxelvie mod Ednpoctedln ota Ipantina Tig
> Avadnpiog *Abnvév, 71 (A’ 1edyoc), 283-354, 1996. ‘H épyacta adrty peletd Thy
petaBoly], cuvapThHoel Tig oUYVOTYTAG, ToU NhexTpxol wediov wobd Snutoupyet Eva
Simoro pebparos, &ray ebplonetar péoa (3 moAd xovta) o€ woAd dydyLeo %OAWwSeo
amelpov phxovs, EuBantiopévo ot Hhxd mohd peyahbrepns eiduikiig dvricTacys. ‘H
peréty émextelverar xal 6Ty mepimTwoyn wob 1o Slmodo peduparog elvar Bubiouévo
péoa ot (3) moAd %ovTd) 6t ToAd dydyLpo oTpdpa EfamTicuéve ot HALXO Ut TOAD pe-
yarbTepy elduxdy &vrlotaoy. *Amodeuevietar Tehnd 8ti, YLk cUVOTYTEG WIxpOTERPES
amd 0.1 Hz, t6 Snuiovpyobuevo fhextpind medlo EyeL dviyvedorueg Tipds 6t dmoctd-
oetg g Tdkewe Tav 100 km. "Etor #Enyeitor 811 td Seopina *Hiexroixa Tnpoarte
(SES) 3tSouv gviyveboipeg Tiuds 6t dminevroinds anoctdaels tic Takewe Tév 100 km,
&vd T NhexTpind oNPATH oL TapdyovTar Tautbypove pd THv Opadoy (SnA. pé Ty
véveoy, 16V celoudv) amooPévvuvrar, Emedn elvar orpato TOAD WeYaAUTEPRG GU-
wétrag (£>>0.1 Hz). ’Eniong dEnyelrar 6t to pavépeve «axpije» (edge effects)
Sadpapattfouv mpwrebovta pdho i Ty EENYyNen The WEmhexTinbTyTag) TGV Zet-

oy *Hiextoudv Znudrov.
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