Transmission of stress induced electric signals in dielectric media
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The conditions under which pressuisres$ variations on solids, containing charged defects, can
lead to the emission of transient electric signals, are discussed. The resulting electic\Vaids

as 18% (whered denotes the distance from the emitting solrde the simple case when the
surrounding medium is homogeneous and isotropic. We show that this behavior changas to 1/
when studying the electric field within a cylindrical channel of radRuand infinite length having
conductivity appreciably larger than that of the host medium; this holds up to a céaedinced
distanced/R, which increases versus the conductivity ratio. We also investigate the variation of the
electric field, versus the distance, inside a layer of widthnd infinite extent having conductivity
appreciably larger than that of the host medium; we then find that the electric field decreass as 1/

in a wide range of distances up to a certain value/of, which is controlled by the conductivity

ratio. In both conductive paths, i.e., cylinder and layer, the electric field approachesdthe 1/
behavior, but only at very large values@fR andd/w, respectively, reaching the value that would

be measured if the host medium was solely present. This implies a high current density inside the
path. The case, when the highly conductive path terminates within the host medium, is also
discussed; it is found that the “edge effects” play a prominent role in electric field values measured
within the host medium, but close to the outcrop of the path. It is shown that a simplified calculation
could erroneously obtain electric field values that are several orders of magnitude smaller than those
calculated in this article. As an example, the transmission of low frequency electric signals in the
earth is discussed. It is concluded that charged-defect generation mechanisms lead to electric field
values that are measurable at large distances19@8 American Institute of Physics.
[S0021-897698)03201-0

I. INTRODUCTION ions with effective charget+e are compensated by cation
vacancies In the deep interior of a pure and otherwise per-
The variation of the(hydrostatig pressure B) affects  fect crystal, the two components of the appropriate defect
the formation Gibbs free energg) as well as the migration  pajr have equal concentrations and the net charge density is
Gibbs free energyd™) of defects in solids. The defect vol- zero_ This, however, does not hold near any atomic configu-
umes for the formation fproces;gﬁ and migration process rations which can act as a source and sink for the individual
(v") are defined a:v'=(dg'/dP)r, V'=(dg"/dP)r, components of the defect phite.g., the jogs on edge dislo-
whereT denotes the temperature. In experiments that involve, ... 0« and kinks on the steps of surfaces—each have an

b0t.h forr_natlon and m|grat|0_n O.f defepts, the results arte deéxposed and partially uncompensated ion, with an effective
scribed in terms of an activation Gibbs free enegjy',

which is associated with an activation volume** charge of.= e/2—act as point dgfegt sources and sjnRgiis
— (dg”YdP);. Lazarus and co-worképublished a series leads, at steady state, to an ionic surface charge, compen-

of pioneering experiments studying the influence of pressuré‘a‘t(ad by 2 s'pa(?e charge of oppqsnes sign, which reflects
on ionic conductivity and on diffusion coefficients in various strong_electric field yalues reachlpg 10/cm near the .
materials. In most materiatg was found to be positive, but _surfacé and plays an important role in the mass transport in
negative values have been also reported, e.g., in B4{fgl. [onic crystals. Similar electrical charge effects occur on dis-
tentative explanation of the latter experimental result wadocations; this line of charge is compensated by a cylindri-
discussed in Ref.)3 Negative® has been also found in cally symmetric space charge, centered along the dislocation,
water, as well as in some polymefsontaining watey, in ~ and consisting of point defects—e.g., vacancies and het-
which the electrical conductivity—in a certain region—is erovalent impurity ions—with an effective charge of sign
controlled more by the water than by the polyrfier. opposite of that on the dislocation cdrdliovalent impuri-
Defects in solids are associated with polarizationde- ties play an important role in the “extrinsic{llow tempera-
polarization effects®’ In ionic crystals, point defects may ture) range. For example, the presenceMt™ impurities in
carry an effective electric charge.g., in NaCl the crystal a crystalA"B~ introduces an equivalent number of cation
contains Schottky defects: cation vacancies with effectivesacancies, in order to maintain charge neutrality in the bulk.
charge—e and anion vacancies with effective charge; A portion of these cation vacancie@egative effective
on the other hand, in AgCl and AgBr, the native thermally charge are attracted by the divalent cations and form electric
produced defect is the cation Frenkel defect: interstitial siIvenaipmeS that can change their orientation in space. For sim-
plicity, we may assume that this change of orientation can be
dElectronic mail: pvaro@leon.nreps.ariadne-t.gr achieved only through jumps of the neighboring cations into
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the cation vacancies, which are usually called “bound” cat-7 so that the dipoles are practically immobilized and the
ion vacancies; this boundbf cation vacancy motion requires electric field is then switched off; the pressure is then gradu-
a migration Gibbs free energy™®, which corresponds to a ally decreased and a depolarization current derjsity lib-
migration volumev™P=(dg™P/dP);. The (re)orientation erated, the absolute value of which reaches a maxifjyat

of these dipoles greatly affects tew frequency dielectric  a certain pressury, . If v™P<0 the depolarization currents
constant and leads to the emission of transiéelpolariza- are emitted upon increasing pressure.

tion currents: Furthermore, the presence &2 could A general condition for the appearance of the maximum
greatly change the surface charge and/or the measureéd the absolute value of the current dengitgan be derived
charge of dislocation$. as follows:

A pressure(stres$ change of an ionic solid induces a Assuming the operation of a single relaxation time, the
time variation of the aforementioned polarization, thus leadcurrent densityj is given by
ing to an emission of a transient electric sigiis is dis-
cussed in Sec. Jl When this emitting solid is surrounded by - _ d_H: 1I(t)—1le
a medium of conductivityr’, the question arises whether the dt (1)
signal can be observed at large distances, i.e., at distanc
several times larger than the dimensions of the emittin
source. Of special interest, for practical applications, is th
case when the emitting source lies at a small distance from
“path” of unknown geometry, which has a conductivity
orders of magnitude larger than the conductivity of the
surrounding medium. The study of this case is the main goal  dr  dj diII(t)—1IIg]

%erel‘[(t) is the polarization each time, addg the iso-
Yhermal saturation of polarizatidef. IIz=0 for PSDC, Ref.
€). This relation can be also written apr(t) =II(t)—1Ilg

hich by differentiating with respect to time foil
=constant gives

of the present article. We first simplify the real situation, | EJ”'E— dt
assuming that an emitting dipole lies inside the conductive
“path,” and we solve two boundary value problems: For free-rotating dipoles, according to Langevin theory, we

may write ITg= u?NpE /3T, where u is the dipole mo-

ment,Np is the dipole concentration, arig},. the local elec-

tric field. In materials for whicte,,. varies only slightly with

) . o | pressuré, (and if 4, Np are assumed independent®f the
width w—embedded in a more resistive medié8ec. antitydI1, /dt can be disregarded, at least in the pressure
V). region when—dII(t)/dt starts to become significant, and

The decrease of the electric field is studied at varices  hence the previous relation turns to:

duced distancesl/R andd/w, respectively, for various con- .

ductivity ratioso/o'. The study is then extendé8ec. V) to j—tro=—].

the more realistic case when the emitting dipole besside

the cond_uctive path. _In_ Sec. VI, we (_jisc_uss th_e CONsSequencie maximum valuej,, occurs Whendj/dt|j=j o, and

of the high conductivity path terminating within the host hence we find Mo

mediumo’; we conclude that for large conductivity ratios,

the “edge effects” play a major role, thus leading to high dr

(@ a cylindrical channel of radiuR and infinite length,
lying inside a more resistive mediuffec. Ill), and
(b) a conductive layer—of infinite extent but with a certain

values of the electric field, when it is measured in the host 4| = -1
medium but close to the outcrop of the conductive path. 1=Im

This is the condition for the appearance of a maximum in the
Il. PRESSURE (STRESS) STIMULATED CURRENTS absolute value of PSC. It is exact for PSMit&cause, in the
(VOLTAGES)

above derivation]Iz=0),” but also holds for PSPC as long
A solid containing electric dipoles, due to defects, canas the pressure variation bf is insignificant.
emit “pressure stimulated currents’PSC$, under isother- The above relation, for any form of the pressure rate
mal conditions, as a result of either increasing or decreasing dp
pressuré. They can be classified into two categories: “pres- b=—
sure stimulated polarization current$PSPC$ or “pressure dt
stimulated depolarisation current§PSDQ. PSPC refers to
the polarization that arises, undegi@adual variation of pres-
sure(pressure increase, if the migration volunfe® is nega- dpPl dr
tive, or pressure decrease,uf*®>0); when the relaxation dil _dp
time (7) becomes sufficiently small, the electric dipoles align T
from an initially random orientation into the direction of the |, ich,
continuously acting external or internal electric field. In the
PSDC category, the solid is initially brought into a fully ar| v
polarized state, under the action of an external field for a jp KT
time appreciably larger than the relaxation timepT°>0, T
the pressure is increased to a final vaRie thus increasing becomes:

T
can be alternatively written as:

1 b 2 1
I T

Im

i=i M
after considering thhf

m,b
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by™P 1 [lI. CONDUCTIVE CYLINDER INSIDE A MEDIUM WITH

T = 1'(TM)' SMALLER CONDUCTIVITY

A. Point source of current at the center of a cylinder

Let us suppose that the point curréntonopolg source
where 7(P,,) denotes the relaxation time at the pressure at is located at the origin0,0,0 of a cylindrical system
which j, is detected. This relation holds either for PSPC or(p,¢,z) of coordinates. Further, consider a conductive cyl-
PSDC, without assuming that the pressure baig constant.  inder, of conductivitys, with radiusR and its axis along the

Thus, in a previously polarized solid, which contains Z axis, that lies in the regiop<<R. The remaining space is a
electric dipoles due to defects, a transient depolarizatiomedium with smaller conductivity”’, i.e.,o’<o. The elec-
electric signal is emitted in the absence of any external eledrostatic potentiaky is composed of two parts: the primary
tric field. It maximizes when ayradual pressure variation Parte®, thatis the(singular at the originpotential of a point
decreases the relaxation time with a rate obeying the relatiof!"Tent source inside a full space of conductivity and a
by™Pr=—KkT. Similarly, if the solid is not initially polar- secondary partos, that is due to the existence Qf the, cylin-
ized, a transient polarization electric signal is emitted, undef€" Tr21e primary potential has to solve the Poisson S gqua-
the action of an(external or internal electric field, which t|on2 Y, ¢P=I/o &(r), so it has the formpP=I/[4ma(p
maximizes wherby™Pr— — kT, +2%)12], and can be written as

Slitkin® suggested the following mechanism for the pro- ) *°
duction of electric dipoles upoabrupt stress variation in eP=1/(2m0R) fo Ko(£p/R)cog £2/R)dE,
materials with significant concentrations of impurities. Such = B 5
is the case of geophysically interesting materiatssilicates, sincé JoKo(Ap)cos@2)dh=m/[2(p +_22) ‘] _
oxides, and the likebecause lattice vacancies and aliovalent ~ nside (IN) the cylinder the solution involves the singu-

. o . P i i
impurity ions carry effective charges. The space chargéar pal(’;go ' thatsdescrlbesdthe point C;”Lent S(I)Iugci’ a_nd the
around an electrically charged edge dislocation consist econdary parg” expressed In terms of the well-behaving at

largely of aliovalent ions. These ions will,in general, be sub-} e origin modified Bessel function of the first kifid

stantially less mobile than dislocation segments bowed outO('fp/R)

between pinning points. Hence, ataoruptchange in stress, en=P+ ¢°=1/(27%0R)

the bowed dislocation loops will quickly respordf. the .

dislocation loops between the pinning points respond to ap- Xf [Ko(£p/R)

plied shear stresses much as if they were non-Hookean elas- 0

tic bands, leaving the space charge distribution unrelaxed; +A(E)l o épIR)]cog £2/R)dE. )

the center of the space charge no longer coincides with the

line of the dislocation, and hence an electric dipole is pro-Outside(OUT) the cylinder, the potential involves only the
duced. The stress-induced dipole moment lies in the S”ryvell-b'ehaving at infinity modified Bessel function of the sec-
plane and is oriented perpendicular to the dislocation line®Nd KindKq(ép/R):

Slifkin® then proceeded to a numerical estimate of(tbéal) o

electric dipole moment for a horizontal block 100 m thick ~ ®our=!/(27%0R) JO B(§)Ko(ép/R)cog §z/R)dE. (2)
and 1000 m wide on the other two sides, that has been folded

about a horizontal axis perpendicular to one of the end faces. The unknown function#\(§) andB(¢) are to be deter-
Assuming that the angle through which the block has beemined from the boundary conditions for the electric fi&ld

bent is 1° and that the density of the excess dislocations = —9rade on the surface of the cylindgr=R:

new edge dislocations, all of the same mechanical sign, in E,n(z,R)=E,our(ZR), 3
order to achieve the aforementioned benglirggaround 4

x 10°/m?, which probably greatly underestimateke dislo- oE,n(Z,R)=0"E 0ut(Z,R). (4)

cation densities in naturally occurring rocks, Slifkin found a gquation(3) implies
dipole moment of around:810 # C m, after first estimating
that the stress-induced dipole moment per unit length of dis-  Ko(§) TA(&)10(£)=B(£§)Ko(£) (5
location is 2<107*° C m/m; in other words, Slifkin based and Eq.(4), sinceKy(x)= —K1(x) and1)(x)=14(x), leads
his estimation on the relatioffstress induced dipole moment tg:
of a block = (stress induced dipole moment per unit length ,
of dislocation X (density of the excess dislocationx oK1(§) = AE)11(8) = 0" B(E)K4(8). ©)
(cross-sectional argax (Ieggth of the dipolg A combination of Egs(5) and(6) gives:

In this example Slifkin found an electric field valu& ,
of 7x10°° V/m at a distance of 10 km from the dipole by A(§)= (00" )K1()Ko(&)/
assuming a B® decrease. In the following sections, we con- [ol1(E)K(E)+ ' lo(E)K1(E)] @)
sider the transmission of these signals over large distances. A
probable mechanism for such a transmission was recentlz)i/n
suggested by Lazard8. B(&)=1+A(&)o(&)/Ky(&). (8)
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FIG. 2. The ratioE;,gge/ Enost VS the reduced distanad/R from a current

FIG. 1. The electric fieldE;,sqe Vs the(reduced distanced/R generated b
inside ( a g y dipole lying inside a conductive cylindéof radiusR and conductivitys) of

a current dipole lying inside a conductive cylindef radiusR and conduc- "t A ) . N
tivity o) of infinite length embedded in a mediuhosb with conductivity |nf|n’|te length embedded in a mediufhosy with conc_iuc_tl\,/lty o (o
o' (o>0'). The curves correspond to the same dipole moment of the™ @ ). The curves correspond to the conductivity ratiogo’ =4000/1,
emitting source and to the conductivity ratiog/o’=4000/1, 1000/1, 1000/1, 4000/10, and 200/1, respectively.

4000/10, and 200/1, respectively.

. . . call thatE, . varies with distance asdy, we can conclude
Eye:nsergnfgngﬁgélzzgé?t;?? E(tqu.]i'leil z_irr]lgéi),arneds%e; dethat when studying (reducedl distances smaller than
Ively, we i Ic P 1alinsi utsi (d/R) i, the electric fieldg;,siqe decreaseéversus distange

the cylinder. at a rate slower than di. At distancesappreciablylarger
than d/R)., the field Ejqqe Varies as T° approaching
B. Dipole current source Etost-

We consider the case of a dipole current soyved |, The limiting values of the raticEnsige/ Enost, as d/R

located at the origin. We first recall the general expressiontends to 0 or to infinity, can be easily found using the ex-
pression(10). As d/R tends to 0, only the first term of the

Pdipole= ~ P~ 9rad ¢monopoid| 9 integral is singular drivingE;sge/Enogt towards o’ /a. As
and then, using the expressiofi$ and(2) for the monopole d/R tends to infinity, the main contribution of the second

potential, we can obtain the electrostatic potential for anyterm in the integral comes from around 0, wheré\(¢) is
polarization of the dipole. approximately ¢—o')Kq(§)/o’, so that the ratio

For a dipole,|p|=Il, along thez axis, and for points Einside/ Enosttends to ¢'/o)[1+(o—0o')/o']=1. At inter-
inside the cylinder g<R), we obtain: mediate distances, the study of this ratio can be performed as

B follows: Eq. (10) leads to
en(p2)=111(27%0R) | “[Ko(0IR)

Einside! Enos= (01 0)| 1+ 2/m(d/R)3
TA(H1o(Ep/R) € sin(£Z/R)E, (10 }
while, for points outside the cylindep>R), we have: xf A(&)E%12 cog ed/R)dE|. (12
0
(pOUT(p,Z)=||/(27720'R2)JOCK0(§p/R) We first investigate the case’ =0, which corresponds to
0 A(&)=K,(&)/11(&). The functionK 1 (£)£2/[21,(€)], that is
X[1+A(E)10(8)/Ko(£)]¢ sin(§Z/R)dE. to be cosine-transformed according to Etp), tends to 1 as

& tends to 0, and drops off exponentially to 0 &gends to

(12) infinity, thus, it can be considered as composed of two parts:
Figure 1 depicts the electric field, along the axis of the a first part, that is an almost constant functig¢) of finite
cylinder atp=0 (labeledE; 4o Vversus the distancd=z  support from 0 tog,, and of a second paft(¢), that is an
from the dipole. The ratio of this field to that for a full space exponentially decreasing tail. The most significant part of the
of conductivity ¢’ (labeledE;,.s) is shown in Fig. 2. For a cosine transformi® for large values ofd/R, comes from
given conductivity ratio, the raticE;,siqe/Enost reaches a (&) and is inversely proportional td/R. Therefore, for
maximum value, larger than unity, at a certéamitical) re- o’ =0, the ratioE; sqe/ Enost IS Proportional to @/R)?, thus
duced distance—defined asl/R).;—and then decreases leading to a 1d behavior for the electric field inside the
approaching unity at appreciably larger distances. If we rechannel.
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We now examine the case whea’ is nonzerg 10*

but o'/o<1; we then find that approximatehA(¢) EREEEEEEE S
%[Kl(é‘)“l(é‘)]f'1(§)K0(§)/[§|1(5)K0(§)+0”/0’], the 103 I I LR R DR E SRS (RN R R R A - %ﬂo %
function &1,(&)Ky(€) is an increasing function ot that o 40000

ranges from 0 to 1/2 at infinity, and hence the function
I'(8)=&11(§Ko(E)/[E11(§)Ko(€) + o'/ o], which modu-
lates the previous integral, is an almost constant function that:
steps from 0 to 1 ag passes throughf;: &111(£1)Ko(€1)
=o'/o. In order to achieve the most significant contribution
of this modulation to the previous integral, we can simulate
I'(¢) by the function® (¢—&;), where®(x) is the Heavi-
side unit step function; that i®(x) =0 if x<0, and®(x)

=1 if x>0. The cosine transform, for large valuesiéRr, is
then mainly dependent on the term: gind/R)/(d/R) and
hence the ratid ,gge/ Enost Varies as @/R)? sin(; d/R). Us-

Einside (Arb. units)

ing this dependence of the ratio @R to estimate the in- 10°

flection point @/R);q of the curves in Fig. 1, we find that it 10' 10" 10°

is approximately equal to 1.52/; note that (/R),;; exceeds diw

(d/R)inn by a factor of around 2.5. FIG. 3. The electric fieldE ,gqe vS the(reduced distanced/w generated by

Summarizing, one can state that, for values smaller thag current dipole lying inside a conductive layef width w, infinite extent
(d/R), the electric field inside the cylinder varies almost 2" conductivityr) which is embedded in a mediufhos) with conductiv-
L. . , ity ' (6>0"). The curves correspond to the same dipole moment of the
as 14. For conductivity ratioso/o’=4000/1, 1000/1, emitting source and to the conductivity ratios/o’ =4000/1, 1000/1,
4000/10, and 200/1, used in Fig. 1, the corresponding valueso0/10, and 200/1, respectively.
of (d/R);yq are 147, 67, 40, 26, andl(R) ;= 351, 161, 101,
and 71, respectively.
Considering, as previously, the electric field along the direc-
tion of the dipole, we plot in Fig. 3 the electric field inside
IV. CONDUCTIVE LAYER INSIDE A MEDIUM WITH the layer(labeledEisiqd aty=0 versus the distanag=|x]
SMALLER CONDUCTIVITY from the dlpole The ratio of this field to that for a full
volume of conductivitys’ (labeledE,) is shown in Fig. 4.
It is smaller than unity but increases with distance, thus re-
Consider a conductive layer, with conductivity (and  flecting a decrease @;,gqe Slowerthan 143; approximating
infinite exten}, that is parallel to thez plane of the cartesian Einside/ Enostd/W, which holds only for a certain patsee
systemx=(X,y,z). We assume that this layer has a width ~ below) of the curves depicted in Fig. 4, we find th&}jge
e.g., the layer extends from=—w/2 to w/2, and that the < 1/d?.
conductivity of the surrounding medium és'. For compari-
son purposes with the results of the previous paragraph, we

A. Current dipole source inside the layer

consider an electric current dipole sourdeparallel to the
surfaces of the layer located at the origin. The electrostatic
potential inside the layer can be determined by the method of
images:
07— /
e2on(X)=1|1-X/ (47 0|x|%) = 06 /
g0
B o5
+ > KNl ox, /(4ma|x|3) |, (13 e /
g 0.4
where the summation is performed for all positive and nega- ® 03 /
tive integersn; the Kelvin reflection coefficient i&,,=(o / / /
—o')l(oc+0a'), and x,=x+nw, wherew is a vector of 02 / 20007 __—
magnitudew directed along the axis. ol // —
For the electric field inside the layer, EG.3) leads to: ) T
% o a0 e0 00 1000
Ezoin(X) =11 [3(1-X)x=1|X|?]/(4mo|x]) diw

FIG. 4. The ratioE;,sqe/ Enost VS the reduced distana¥w from a current
dipole lying inside a conductive layer of infinite extemtidth w, conduc-
n 2 5
+ 2 Kl ‘12[3“ X)X =l “1/ (4| x| )} tivity o), which is embedded in a mediuthos} with conductivity o’ (o
>¢g'). The curves correspond to the conductivity ratiogo’ =4000/1,
(14 1000/1, 4000710, and 20071, respectively.
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We now proceed to a more detailed inspection of the 60— T T

ratio Ejnsige/ Enost- It @approachesr’/o, whend/w tends to o
zero, as it can be seen from the first term of the expression - 10001 | |
(14). If d/w tends to infinity, the second term is dominated —— 400011

by the decreasing geometrical progressfoe., in this case
the term [3(1-x,)Xn— X421/ (47o|xy|®) almost equals 40
[3(I-x)x—1|x|?]/(4mo|x|?) for moderate values af}; Eq.

(14) then indicates that the rati@; e/ Enost teNds to ]
(o'lo)[1+2K5/(1-K4p)]=1, as expected. For a certain =
domain of thed/w parameter, the rati&;,ige/ Enost IS Pro- me
portional tod/w, as mentioned above. This domain can be 5
estimated by utilizing the general expression for the potential

o=11 cog )/ (4mad?) fo £21(8)IRy(£)dE, o -
where for points inside the layer T Il Fet ot ed et T 3-:_%'1:"?"-";-;);)?-#-‘% 1-7-“-‘:)00
1
1Ry(&)={1+ (o'l o)tant ew/(2d) T}/
{(cr'/cr)+tanl‘[§wl(2d)]}. (15) FIG. 5. The ratioE 5 /E,p (i.e., the ratio of the electric field inside a

conductive cylinder, of infinite length and radil& to the electric field
For small values of ¢’/o)<1 and ford>w/2, we approxi- inside a conductive layer of widtv=R and infinite extentvs the reduced
mate 1R,(¢) in the integral by I/(o'/o)+ éw/(2d)]; the distanced/R from a current dipole. The curves correspond to the conduc-
. . . . . . tivity ratios: o/ o’ =4000/1, 1000/1, 4000/10, and 200/1, respectively.
corresponding integral is then given in closed fdfin:

o outside the cylinder@>R) and parallel to its axis. In this
fo §31(9/[(o'lo)+éwl(2d)]dé case, the expression that was used for the expansion of the
Green'’s function into modified Bessel functions, should be
=27(d/w)2(a’lo){N_,[(2do" )/ (Wo)] replaced by the following more general expression, which
holds for p<py (see Ref. 14, Eq. 8.530.2, p. 979 and Eq.
—H_y[(2do")/(wo)]}, (16 6.671.14, p. 730

whereH_;, N_; are the Struve and Neumann functions of P /{475 02+ p2—2 co 4+ 227V
order —1. From Egs(15) and(16), and the asymptotic ex- ¢ {4ma’[p™+ po=2ppo cOZ ¢) 1"
pression for the Struve and Neumann functi@hsmall val-
ues of their argumenkswe find that the deviation of the ratio
Einsige! Enost from the linear dependence @gnificant only
for values ofd/w>(1/e)(a/c"). Obviously, in the case”’ % fﬂ /RIK /R)cos £z/R)d
=0, this linear behavior holds for arbitrarily large values of 0 ml&PIR)Kn(Epo/R)cos £2/R)d,
&/S,I;;:rlﬂtlng to a 1" behavior for the electric field inside ore the summation is over all non-negative integers and

| tate that. f | ducti eo=1 and ¢,,=2, otherwise. For the secondary fields, we
_nsummary, w,e can state thal, for very 1arge Conaucltivy,qe - as in Sec. 1il, combinations of, and K, for points
ity ratios, i.e.,o/o’'>1, the electric field inside the layer

X > . . inside and outside the cylinder, respectively. Utilizing the
varies as W<, for dlstance§ larger than the width of the layer above expression and the boundary conditions, i.e., Gs.
but smaller than (®)(a/c")w.

i i d(4), btain:
When comparing Figs. 2 and 4 we conclude, as ex2" (4), we obtain

pected, that the electric fiel, inside a conductive layer is
smaller thanE,p inside a conductive cylindefsee Fig. 5.
For a given conductivity ratio, the ratig;p /E,p reaches a .
maximum, at a certain distance, but it approaches unity at xf &l (EpIR) Ay )sin(EZIR)dE,
appreciably larger distances. 0

=1/(27%6'R) D, €, COSMe)

en=I11(2726'R?) >, €, cogme)

and

V. CURRENT DIPOLE SOURCE OUTSIDE A 2 12 2 9
CONDUCTIVE PATH eout=11(27°0'R?) ZRZ/[p +D“—2pD cog ¢)

We explain below how the previous calculations, de- -
scribed in Secs. Il and 1V, are carried out when tpeint) +22324 > € cos(mq:)J EK(EpIR)
dipole emitting source lies at a distandefrom the conduc- 0
tive path.
We start with aconductive cylindemf infinite length. me(g)sin(gz/R)dg),
The dipole current sourcdl is located at the point
(po,®0,Zp)=(D,0,0), of the cylindrical coordinate system, where
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FIG. 6. The absolute value d;q Vs d/w, for various values of the
distanceD (=1,3,5,10 km, see the ingedf the emitting dipole from a given
conductive layer=500 m). Note that, for values/w~ 107 or larger, all

curves practically coincide. Conductivity ratier/o’=4000/10. The
“anomaly,” i.e., the abrupt decrease and then increask;qf;. at certain

values ofd/w, simply reflects the fact theE;,sqe Changes sigr{passing

through zerg, while the absolute value of thgotal) electric field remains
finite (due to the existence of the perpendicular compaonent

Am(€) = (LIE)Kn( EDIR)/T1 i £)K ()
— (ol (HKn(8)]

and
Bm(&)=[1m(&)/Kn(&)I[An(E) —Kn(éD/R)].

We now turn to aconductive layepf infinite extent. The
dipole current sourcH is parallel to thez axis and is located
at the point &q,Y0,29) =(0,D,0) of the Cartesian system.
The potential at thex,0,z) plane can be easily found by
using the method of images

o(x,02)=l/[47(c+ o’)][ zI(x?+ 7%+ D?)%7?
+2> [(o—a")(o+a')]"2

[Xx2+ zz+(D+nw)2]3’2},

where the summation is over all positive integers.

Examples of the aforementioned calculations are de-

picted in Figs. 6—9, which will be discussed in the next
section.

VI. DISCUSSION

Figures 2 and 4 show that, for large conductivity ratios,
e.g.,o/ o’ ~1000/1 to 4000/10, and for distances of practical
interest, i.e.d/R (or d/w) ~1 to 1¢, when measuring the
electric field inside the conductive patbylinder or layey,
the following general behavior is observed:

(@

at relatively small(reduced distances from the emit-

66 J. Appl. Phys., Vol. 83, No. 1, 1 January 1998

Downloaded 17 Oct 2006 to 195.134.94.76. Redistribution subject to AIP

10 :
= w=100m
‘= - w=200m
2 : -— - w=500m
10 T e |- w=1000m
\\ 3
10' '«;: AN

Einside (mV/km)

N

“awort0] F

2

10 3

10
diw

FIG. 7. The absolute value &;.s4e Vs d/w, for various values of the width
w (=100,200,500,1000 m, see the inset the layer, but for the samb
value, i.e.,D=5km. The points with asterisks corresponddts 100 km.
Conductivity ratioo/ o’ =4000/10.

ting source E;,siqe iS drastically smaller than the field
Enost» Which would be measured if the conductive path
were not present;

(b) at large(reduced distances, i.ed/R (or d/w)=~a few
hundreds to several hundreds,sqe becomes compa-
rable (within a small factor of around 3, or swiith the
value of .. This behavior is a result of the fact that
Einsiqe decreases with distance at a slower rate than
Ehost-

(c) We emphasize that the above result, i.e., at large dis-
tancesE; sige~Enost: Should not be misinterpreted as

10*
| |—D=10km |:
— - D=5km ;
1ok |

10° ™~ L T
g AN o
2w i g, Loerto]

@ 10’ !":""'i

107
10° ‘

2

10 ’

10
d/R

FIG. 8. The absolute value ;4 VS d/R, for various values of the
distanceD (=1,3,5,10 km, see the ingetdf the emitting dipole from a given
conductive cylinder R=500 m). Note that, for values/R~2x10? or
larger, all curves practically coincide. Conductivity ratiéo’ =4000/10.
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sites, that are comparable @@ smaller by a factor of around
10 than the E values close to the source. We draw attention
to the point that, in the latter example, a simplified calcula-
tion based on a 1 behavior would have led to a drastic
decrease of the field, i.e., by a factor of (500PE9)1L.0°, and
hence it might have resulted in the wrong conclusion that
is not detectable at the remote site.
Large conductivity contrastée.g., 4x 10°—1C°, or so
are usual in the case of the earth. Hence, similar implications
should hold for the very low frequency transient electric sig-
nals, less than 0.1 Hi.e., the so called seismic electric
signals, SEBthat are measurégrior to earthquake$éEQ).
The SES amplitude, at epicentral distances of the order of
B RS 100 km, is of the order of IC° V/m, well above typical
- [4000/10 i noise levels, which are usually below 10V/m. According
5 I to well accepted concepts, EQs occur by slip on faults which
may have lengths of several tens of kilometers and widths of
10 1 1(‘)1 - 10 ‘ i03 several hundred meters. The resistivities of faults have been
dR found to be around a fe2 m—10Q m, thus being 19-10°
, _ times more conductive than the surrounding medium, which,
FIG. 9. The absolute value &4 Vs d/R, for various values of the radius T
R (=100,200,500,1000 m, see the inseft the conductive cylinder, but for at a usual depth of 5-30 km, has a reS.IS'tIVIty Oﬁ 10
the sameD value, i.e.,D=5km. The points with asterisks correspond to 10" O m. Thus, in the case of SES the emitting souice,
d~100 km. Conductivity ratiar/ o' =4000/10. the EQ preparation zone, where stresses are “accumulating”
before rupturgshouldlie at a small distancP from a neigh-
boring conductive path. We shall show below that, if the
indicating that the presence of the conductive path haglectric field measurements are carried out at a remote site,
no practical influence on the electric field measure-i.e.,d>D, the conclusiongas far as the SES detectability is

Einside (mV/km)

ments. This will be explained below. concernefldo not depend on the exact values that were se-
(d) The current density (along the direction of the emit- lected either for the distand® or for the width of the path.
ting dipole, inside andjust outside the conductive We first inspect the values involved in such a calcula-

path, is given bY jinsige=0Einsice aNd jousige tiON, Which is carried out in a way described in Sec. V: let us
=0'Equsidge @Nd heNCqinsige! j ousive= /o’ . At large  assume that the distanBemay have any value in the range
distances, as explained aboV&g,.4cEnst and  1-10 km, and the widthv in the range 100—-1000 ffef. in
Einsiae™= Enost; the last two relations hold at any remote the literature, a fault is usually assumed to have a width of
site d=d,, if the conductive path has an infinite around 500 m For simplicity, the emitting source is as-
length. If we assume that the conductive path termi-sumed as a point dipole parallel to the axis of the cylinder or
nates atd=d,, we then expect a current density to to the layer, respectively. The dipole moment, as mentioned
have an absolute value smaller than, but of the order oin Sec. I, was estimated by Slifkinto be 8<10 % C m,
ljinsiad» @t SOme pointsd=d,) outside the highly con- after considering a slab with a length ef~1km and a
ductive path, but close to the outcrdpdge effegt  cross-sectional area of 1000200 m=0.1 knf. Consider-
Therefore, at these points, the electric fi¢k,iqd ing a typical seismic source dimagnitudé M~5, it has

should be of the order df;,.qd/o’ and hence: a length of around 5 km and a cross-sectional area of
iy lo'~ o around 1km; comparable values may be assumed for
|Eoutsiod = |Jinsiad! 0" = |Enost (o7 ”). the emitting electric source, although the stressed volume

The last relation reveals that, at some points of the hostmay have larger dimensions than those of the seismic
medium close to the termination of the conductive path, thesource. Therefore, even if we assume a modest value for the
value of the electric field excee{ls,s| by a factor whichis  density of dislocations, i.e., ¥10"/m>—see Sec. ll<and
of the order of the conductivity ratia/c’ (cf. a quantitative  disregarding—for the purpose of our calculation—factors of
argument, for a simple geometry, is given in the appendix around 2 or spwe may estimate that the relevant emitting
As the latter may be as high as10°, this implies the fol-  source should have a dipole moment larger than that esti-
lowing interesting phenomenon: the electric field value maymated by Slifki! by a factor of the order of 0 this value
decrease by a significant factor, e.g.10° (at d, due to the  will be used below, although we could have accepted even a
increased separation from the soyrcand then it may be larger density of dislocations.
enhancedat some pointsl<d, within the host mediumby Figures 6 and 7 depict, for a conductivity ratio o’

a comparable factor, i.e510° because of the large value =4000/10, the electric fiel;,gqe Vs d/w for various values
olo’; for example, consider/o’=1000/1, and compare of the parameter® andw, respectively. Similarly, Figs. 8
the points d,;/R~10 or d;/w~10 with d,/R~500 or and 9 depict, for a conductive cylinde, gqe VS d/R for
d,/w~500 in Figs. 1 and 3, respectively. Thus, in such avarious values oD andR, respectively. An inspection of
case, we may measure values of the electric field, at remotiese figures indicates the following: although the curves of
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Fig. 6 have been plotted for differebt values(cf. but for a  sites, but maybe not at shorter. This behavior agrees with
given layer, i.e.,w=500 m), their electric field values all experimental results, i.e., the SES feature, caflebctivity
coincide at large distances; the same holds for the curves efffect®

Fig. 8, which correspond to variou3 values from a given The following remark should be added: SlifRialso dis-
cylinder, i.e.,R=500 m. This behavior is consistent with the cussed the question related to the rather long duration of the
conclusions of Sec. Il and IV, according to whidh,g4 recorded SES, as compared to the quite sR&ttime con-
should approack,,.at large values ofl/w or d/R, respec- stant for relaxation of electric fields in typical wet minerals.
tively. For example, in the case of a conductive layer, atHe suggested that it is possible that the recorded SES consist
d/w=200 (which corresponds td~100 km), Fig. 6 shows of unresolved superpositions of many rapid pulses, generated
that E;sige~0.5 mV/km; this value is not seriously affected by the propagation of mechanical relaxations in a sequence
if we change the widthv from 100 to 1000 n{compare the of neighboring blocks. This possibility will be investigated in
points with the asterisks in Fig).7A similar example can be a separate publication, along with a study of the frequency

considered for a conductive cylinder: Fig. 8 showsd&aR
~200 (which corresponds tal~100 km for R~500 m),
Einsiae=2 mV/km; thisEqe vValue is not seriously affected,
as shown by the asterisks in Fig. 9 if we charigeén the

dependence of the amplitude of the signals, when they are
transmitted in a medium containing high conductivity paths.

range 100—1000 m. The results of these two examples aMéll. CONCLUSIONS

consistent with the contents of Secs. Ill and IV, if we inspect
Figs. 2 and 4 fod/R~ 200 andd/w= 200, respectively: For
ol/o’=4000/10, they show Ejge/Enos/=1.7 and
Einside! Enost~ 0.4, respectivelycf. the value ofE;.gqe in the

conductive cylinder exceeds that inside the conductive layer

by a factor of around 4, as indicated in Fig. Bisregarding

such small factors, the main point is that for large distances

of practical interest, e.gd/R~200 or d/w=200, Ej.siqe IS
comparable witlE, ;. As the above calculation was carried

out for a layer of infinite extent, or for a conductive cylinder (2)
of infinite length, respectively, we expect that the estimated

electric field value of the order of 1 mV/km should be en-

chanced, as mentioned above, by a factor almost equal to the

conductivity ratio when measuring it in the host medium but
in the vicinity of the outcrof* edge effects). Therefore, the
electric field becomes of the order of2LV/km, even with

the modest values selected above. In summary, the order of

magnitude of the electric field, in the vicinity of the outcrop

of the conductive path, is not affected by any specific selec-

tion of the values ofv (or R) andD, as long asl>w (or R),
D. (cf. a numerical solution of Maxwell equatiorisindi-
cates that the value o or R, respectively, regulates the

extent of the region in which the electric field is measurable

on the earth’s surfageWe clarify that the measured value, at
large distances, is controlled by the followitigree param-
eters, whosélowes) boundaries are safely selected:

(@ the host resistivitywhich is of the order of 1DQ m,

(b) the conductivity ratioo/o’, and

() the moment of the emitting electric dipplehich is
primarily based on the density of charged defects.

Any increase of the values of these three quantities results in

anincreaseof the electric field value estimated above. Recall
that this value, of the order $GnV/km, refers to sites close

(1) Upon gradual variation of pressure, a solid containing

electric dipoles due to defects emits a transipotariza-
tion or depolarizationelectric signal, which reaches its
maximum (absoluté value when the relation

d =-1
o -

1=Im
is fulfilled. This relation leads tbv™Pr~ — kT, without
having to assume that the pressure rate remains constant.
The variation of the electric fielt&;,sqe Versus the dis-
tanced from an emitting dipole source was studied,
when the signal is transmitted through a high conductiv-
ity path embedded in a less conductive medium. As ex-
amples of such a path, we considered two ideal cases: a
cylindrical channel of infinite length, and a conductive
layer of infinite extent. For large conductivity ratios
ol/o’ and for distances of practical interest, the main
conclusions are:

(@ The electric fieldE; qe, iNside a cylindrical chan-
nel, varies as o, compared to an @7 behavior in
an isotropic and homogeneous medium; this holds
almost up to a certaitreduced distance {/R) ;s ,
which increases with the conductivity ratio'o’.

(b) The electric field, inside the layer, varies asl?/
this holds up to a certaifreduced distance @/w),
which is around (¥)(o/c’).

(c) In both conductive pathgcylinder, layey, and at
distances appreciably larger than those mentioned
above in(a) and (b), the electric fieldE; e be-
comes comparable tg, i.€., to the value that
would be measured for a full volume of conductiv-
ity o’. This implies a high value of the current
density inside the path, becaus@,side!]nost
~oglo'.

Qo

to the termination of the conductive path; therefore, assum¢3) When the conductive path terminates within the host me-

ing that this termination lies at small distances from the ob-
servation point on the earth’s surface, it is estimated that the

measured electric field value will be around 10 mV/km,
which is well above typical noise levels.

dium, “edge effects” play a prominent role in the elec-
tric field values measure@t the host medium butlose
to the outcrop.

(4) If the aforementioned concepts {8) and(3) are disre-

The above discussion showed that, if the conductive path  garded, the calculations at large distances ledd t@l-

terminates close to the earth’s surface,dat100 km, the

ues that underestimate their actual values by many or-

electric field can reach measurable values at such remote ders of magnitude.
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FIG. 10. Calculation of the enhancement of the electric field in the case of a paraboloidal edge for two conductivity ratds; Fe4000/10, 1000/1a)
schematic diagram of the surfages ., separating the regions with conductivitesando’ for x,=0.1km; (b) the ratio| Eoysigd/|Enesl @long thez axis
vs the distance from the vertetc), (d) the contours of the ratitE, iqd/| Enos| fOr /o’ =4000/10 and 1000/1, respectivelthe broken line depicts the
surfaceu= ).

(5) As an application, we considered the case of the transProfessor F. Hadjioannou, Professor A. Lahanas, and Profes-
mission of very low frequency electric signals in the dersor P. loannou for very useful discussions. We would like to
of 10 mV/km, at distances of the order d&=100 km, dedicate this paper to Professor David Lazarus on the occa-
but close to the outcrop of the conductive path. Thission of his 75th birthday.
conclusion does not depend on the exact values we may
select, either for the distance of the emitting dipole from
the neighboring highly conductive path, or for the width AppENDIX A: ELECTRIC FIELD CALCULATION IN
of this path. The electric field values estimated in thisTHE CASE OF A PARABOLOIDAL “EDGE”
article coincide with those independently obtained by
numerical solutions of Maxwell equatioh$The present Consider a paraboloidal region of conductivitembed-
results are in basic agreement with the suggestion ofled in a host medium of conductivity’. We assume that
Lazarus'® who stated that these signals “would be chan-o>o" and make use of the paraboloidal coordintites
neled into strata...and would propagate through these  _ _ ; _ 2_ 2
paths...quite analogous to...electrical signals through X=hu cosp)y=hp sin(¢),2=1/2AN"= "),

wires.” wheregp €[0,27], u,A e[00]. The surfaces of equal and
wu are parabolic surfaces of revolution, and the eqgualur-
ACKNOWLEDGMENTS faces are planes that intersect each other along taeis.

We would like to express our sincere thanks to Professo-rrhe Laplacian in the paraboloidal coordinates is given by

S. Uyeda, Professor D. Lazarus, Professor K. Alexopoulos, V2= A uw(N>+ u?) ][ ol IN(NIpl IN)
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+ N (ol duw) + (N> + u?) () 8%yl 9p?]. and a sink—1 at zy—I, we obtain the potential due to a
(A1) current electric dipole source. As an example, such a calcu-
lation has been made for two conductivity ratios, ie.g’

We suppose that the conductivity in the regigr u, =4000/10, 1000/1, and for the cagg=0.1Jkm, by con-
bounded by the paraboloid=u, is o, and for the space gjgering a dipole sourcélying inside the conductive me-
outsideu=p, is o’. We study the case of a point current giym) at a distance ofz,=100 km from the vertex of the
sourcel located at the axis (0,0z0) with paraboloidal co-  parapoloid. The main results are depicted in Fig. 10, which
ordinates fuo=0\o=229,9o=0). In view of the azi- ghows that(for both conductivity ratios near the vertex
muthal symmetry, the solution of the Lapla. (Al)] can  |g_ .1/|E,.d~a/c’, as mentioned in the main text. Fur-
be separated asA(k)Jo(kN)lg(kw) for w<pw;, and  thermore, note that the contours depicted in Figicl@nd
B(k)Jo(kN)Ko(ku) for u=u,. The singular primary po- 10(d) indicate that there is a considerable area, “surrounding
tential (inside the paraboloidal ins¢due to the point current  he edge,” in which Eqysiad €XxceedsEyos| by a significant
source is given by factor, e.g., 10 or larger.
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