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Abstract

We propose a seismic electric signals (SES) model related to the charge and
current production associaled with a discharge process occurring in the microcrack void.
The clectric field is intensitied until a discharge process is titiated. A current j is spread in
the microcrack surroundings which follows the clectric field build-up process and its
cancellation. The spatial and temporal distribution of the electric ficld refated 10 the current
j in the microcrack void. The field is controlled by the aggregation mechanism, the
discharge, and the geophysical properties of the void. '

1. Introduction

The bursts of ULF and concomitant electromagnetic emissions
registered before and after great carthquakes arc a form of clectromagnetic
events connected with seismic processes. [1, 2, 3, 4] have tried to explain
these clectromagnetic emissions by osciliating electric dipoles. The seismic
clectric signals (SES) [S] are another form of electromagnetic events
associated with lithospheric proccsses. The SES are aperiodic and their
duration is from several minutes (o several hours [6]. The registered SES
[7,8] usually have characteristic bay-like, or bell-shaped curves of variable
width and duration. Experimental data on repetitive| SES signals of pulsc
form with nearly 24 h periodicity occurring a couple of days before the
carthquake has becn reported, as well as [9, 10, 2, |8] have proposed the
micro-crack model of charge production and associated current connected
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with the micro-crack growth. They succeeded to derive the long-term
cvolution of the magnitude of the ULF emission prior to the carthquake,
This model provides a qualitative cstimate of the experimental evidence for
consecutive increases and decreases of the intensity of ULF cmission before
the Loma-Pricta eathquake |1}, The currents connected with an ensemble of
micto-cracks and the relation between the growth of their size and the
current densily seem to bhe promising mechanism of ULF emission.
Molchanov and Hayakawa’s model does not ireat seismic clectric signals
(SES), although they appear to be also ULE emission. The SES duration
lasts from several minutes to several hours {6]. The SES mechanism is
belicved to be connected with clectrokinetic effects [1 1, 12]. The latter are
highly damped while the SES signals are recorded at large distances. There
arc several mechanisms of charge production. The piezoelectric mechanism
of charge production proposed by [13] yields polarization clectric field B, of
2x10% Vim for stress changes 8S of 200 Bar under crystal conditions [3].
Here, the electric field B, emerges in the void space of the micro-cracks,
The process of an increase of the electric filed will however be limited
because of the cnormous clectric ficlds produced within the void space
formed beiween scparated charges. In the presence of| enormous electric
ficlds, a process like the anomalous glow discharges is possible. The
magnilude of the initial clectric ficld for the discharge process depends on
the crust material conditions, The discharge process could be initiated by a
gas rcleasc in the void regions provoking an ionization that produces frec
charges. In such discharges, the produced cathode currents reach 10 + 107
A/m®, The discharge will stop when the dipole-like electric field within the
separated charges is cancelled and the ionization process becomes
impossible. A widely assumed model is that the source of these SES are
charges that emerge during microcrack generation. Czechovski [14] used a
kinetic point of view and obtained a kinctic equation of the microphysics of
cracks. By exploiting kinctic and qualitative models of crack intcraction and
propagation, Tzanis et al. [15] pointed out theoretically that the seismic
clectric signals (SES) may have a limited class of permissible waveforms of
arbitrary width, or duration. On the other hand, laboratory experiments of
electrification processes caused by microcracks have revealed not only
charge production, but also current spikcs. With crack opening times of the
order of 10 s every individual microcrack yiclds current $|pikcs of the order
of 10-3 A/m’. Transient and elcctromagnetic emissions associated with the
microcracks have also becn observed [16, 13} Since the current spikes are
presumably duc to microcracks, various imporiant physical characteristics
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of the microcrack processes are to be sought, the major oncs being crack
population production rate and their growth with time. We assume that the
random aggregation process with an injection is a source of charges and/or
currents and could be applied for both the accumulation of pressure and
strain at some place and time. The currents connected with an cnsemble of
microcracks and the relation between the growth of their size and the current
density secm to be a promising mechanism of ULF emission. In our paper,
Wwe assume current production (associated with a random aggregation
mechanism of the microcracks) as a primary source of the observed SES
signal and probably of some ULF electromagnetic emissions. These signals
would be controlled by the clectrodynamical conditions of the crust material
away from the current source.

2. Random aaggregation model of charge production

First, let us mention that there are experimental evidences for micro-
cracks behavior under stress conditions. A lot of laboratory experiments
show that micro-cracks pass through scveral stages: i) at some pressure
level, an initial stage of micro-cracks emerges, under which the micro-
cracks are randomly distributed; ) at the second stage, which appears at
some inlermediate values of the pressure, the  micro-cracks tend to
concentrate at a certain point, thus increasing their density, or population;
if) at some critical pressure value, the micro-cracks evolve in a fracture of
example [17]. Second, under natural conditions the physics of micro-cracks
i unknown, but we tentatively assume that the micro-crack dynamic
behavior illustrates the spatial and temporal changes in the tectonic pressure,
strain and stress prior to carthquake, Third, the primary sources of
charge/current production in both cases are the Stress and/or pressure
changes. For a simulation of constantly increasing ‘tectonic’ driving forces,
a two-dimensional array of particles, representing segments of the shiding
surface has been considercd [18]. In our study, the tectonic driving forces as
4 common source of charge/current production are suggested to be identical
to the random aggregation model [191, Below, we summarize bricfly the
major steps of this model,

According to the model we assume an enscmble of ‘particles’ with
integer ‘mass’. The particles could correspond to micro-cracks with certain
length. In order to obtain the micro-cracks distribution we assume all the
micro-cracks of identical geometry. The crust is considered to be a one-
dimensional ‘lattice’. We have discrete time steps for the ‘mass’ S(n) at a
certain nod of this lattice, where n is thc number of the step, S could
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corresponds to the micro-crack density. Assuming a certain random process,
the following stochastic equation for S(n) holds [20]:

(D Si(n+1) = ZWy(m)S;(n) + 1,

where S(n) is the density of the micro-crack on the i-th site at time n; Wi(n)
is a random variable given by Wy(n) = 1 with probability g(i-i}, or § with
probability 1-q(i-j). As follows EWy(n) = 1 and 2q(1) =|1. We consider the
case with q(i-j) of 1/2 for i-j =0, or 1 and g(i-1) =0 otherwise. The initial
condition accordingly reads: Si(0) = 1. We need to define the probability
p(s.n) and the cumulative distribution P(>s) given by:

(2) p(s,mds = N 5[ ds'5(S,(n)-s"),

where N is the total number of sites and:

(3) P(>s) = ["p(s")ds",

We define a characteristic function

4) Z(p,n) =<e™> = 3 Pp(s,n).

Here <...> denotes the average laken over the stochastip variables Wy(m),
m=0,1,..., n-1. Functions for the density Z at iy,is,...3, and for r-adjacent sites
are determined as follows:

(5) Z(p,n; 13,10,..1:) < <e et a1+ i2+ +Sir}>fe
and

(S +S  +.48
(6) Zi{p,n) =<¢ e " i+1+ * i+;-1)>,

This process is named Sheidegger rivers [21]. Qualitatively, it represent a
process of production of macroscopic water mark formed along some tilted
plane on which initial droplets of rainfall are consecutively accumulated at
certain points into greater drops, which suddenly burst into smallerr
streamlets breaking trails for the water downwards. ‘The effective interaction
forces are gravity and surface tension. We assume that the process of
fractures during an carthquake is the final stage of similar processes. The
micro-cracks gathered at certain points will break into a macro-crack. The
interaction forces under the earthquake process are lhe pressures and the
strength, or solidity of the lithosphere material. From {5) and (6) it follows
that the distribution functions of cnergy release stimulated by the above-
mentioned aggregation process have power law form. It is worth noting that,
modelling segments of a sliding surface as two-dimensional arrays of
particles [ 18] has yielded a similar power law distribution.

Without quoting all the steps of the aggregate model we shall
mention only that the number n corresponds to time t and| (site) - to a one-
dimensional spatial coordinate, c.g. x. It is noteworthy t0 mention that the
density of micro-cracks is given by the number of connected lattice sites
which constitute a river-like cluster in (1+1) dimensional space-time. In the
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Iimit n — «, the characteristic function Z{p,n) tends to Z(p,n) with the
following relationship:

(7) Zen1(p)+(2-4e") Z(p)+ Z,1(p,n) =0

It corresponds 1o steady-state condition. In the most important casc of time-
dependent condition, the following refationship holds:

(8) Zc (p, n+1)=e™ [Z,.1(p,n)+ 2Z.(p,n)+ Z,_1(p,n))/4

In a system with continnous time and spatial coordinates the above equation
has its counterpart;

(9) IZin = (DI Z/ox% ~ pxZ,

where diffusion rate D and background ‘particle’ {microcrack) production p
are determined from the physical characteristics of the crust material and the
driving forces. The first term in the right-hand side results from the effect of
aggregation due to the short-range interaction, while the second lerm resuits
from the uniform input of new microcracks. The distribution Z(x,t) is
expected to be a sonrce of charges and/or currents.

Scveral authors have involved discharge mechanisms of free charges
to examinc processes of electrification of gases |trapped in rock pores
[22,16]. The magnitudes of the discharge electric fields and currenis can be
compared with the charge production and the currents magnitudes obscrved
under microcracks conditions. The charge density measured in microcracks
amounts to q = 107 C/m2 [23, 22]. Since any fluctuations of free charges
generated in rock specimen should disappear after a time © ~ 10° =107 S,
the magnitude of the current spikes j ( = g/t) is 10* = 10* A/m®. Such
currents of 10% + 10* A/m? detccted from rock specimen even exceed the
currents flowing in glow discharges and are comparable with those of arcs.
The orders of current magnitudes are suggestive for some forms of
discharges involved in the microcrack physics. Hence, it is quite reasonable
o suggest that the electric ficld build-up will stop at time 1y Such a
characleristic time cxists even assuming another mechanism for charge
production, ¢.g. mechanical one connected with the microcrack growth [10].
A process of gas release is expected in the microcrack void. In the presence
of electric fields of sufficient magnitude the gas 1s iQnizable. During such a
discharge process, the charges accumulated at individual microcrack
boundaries are effectively exhausted. Thus, clectric field of 10" Vim or
more is easily reduccd to nearly zero magnitudes by, for cxample, an
anomalous low-pressure discharge process {24]. The currents jo(x,1) that
cmerge will flow in the surroundings with certain velocity v determined by
the state of the crust material around the source. Eleciric ficlds depending on
the crust conductivity are induced as well. The source for the clectric field is
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then djo(t,x)/dt. The current production due to the aggregation mechanism of
microcracks could however continue irrespectively of any process of
clectric charge discharge. In gencral, growth time to-depends on the possible
rates of gas rclease and the properties of the aggregation mechanism. We
assume that microcrack distribution Z{(x,t) is a measure of the current rate
source. Therefore, assuming that current density rate is proportional to
distribution Z{x,1) we have :

(10) Ope/ot = a Z(x,1),

where a 1s a constant, The clectric current density, rate Jjo(x,0)/Dt s
connected to the particle density distribution rate by the relation dip(x,t)/0t =
vOpy/Ot, where v is the charge velocity, The latter is considercd to be nearly
constant for the crust material under the stress action. Therefore, the time
cvolution of the SES is determined from the competitive action of the
charge/current aggregation rate given by (9) and the dissipative effect of the
crust material between the source and the measurement point. The electric
field generated by the currents produced at some arca (—Xo < x < Xp) and
time t is determined by _ _

(11) (A= 3%/81% ~ LoCerusd/OE = g i (t, x)/er,

where A is Laplace’s operator, z is the propagation direction of the
clectromagnetic disturbances generated by transient current jp{x,t) localized
n x direction, where

(12} (X000 = vOpo(x, 1)/t o« Z(x,t ) = \/(lr‘t)exp(—x 212D0+ O(p),
1<y

Here, v is the veclocity magnitude of the charges that spread through the
surrounding in the form of current; O (p) is a small term proportional to
plp<< 1). Fig. 1 illustrates the time envelope of microcrack production
associated with the random aggregation mechanism of stress, or strain
forces. The current density shapc with time depends strongly on the
magnitude of the diffusion coefficient D. Let us study the propagation
characieristics of the electromagnetic disturbances generated by transient
current jo(t,x) localized in time and x direction. For convenience we will
study the potential behavior along the 7 axis. Hence, we cxamine only
solutions around x = (), where x<<z.

(13) (107" — Logod D8 ~ LoGeruud/BVE = 1o (va)Z(x,0),
Thus, the equation resembles the telegraph equation of transmission line of
conductivity Geus, where inductance I and capacity C stand for
permeability po and the permitivity g [25]. This equation will account for
the SES generation from a microcrack source Z(x,t) and propagation effccts
in one direction, z. The induced clectric ficld magnitude i§ determined from
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the current production magnitude of jo(t,x), ie. a. Equation (13) is solved in
a straightforward way. The solution reads:
(14  E{xtk)= ug(va).f’Z[exp(yt)f Z{x,1) exp(—yl)dL-&exp(—yL)f

Z(x,Hexp(yt)di],
where the characteristic time y is given by
(15) Y = ~Oerus/280 (1 =V(1- 4K%80/HoGerus)),

and k is the wavenumber of the ULF disturbance spectrum assumed to
propagate along z. In the case of sufficiently small wavenumbers, i.c.:

(16) k << UoGerual2,
we obtain:
(17 ¥ = k16O et

The characteristic time y has real values for HoCenst > 2k and it is a complex
quantity for UeCaus < 2k. In the latter case, we have ULF events with
frequency o;

(18) 0 = VP )
and damping rate:
(19) Yp = —UoOcrusy/2-

Fig. 2 illustrates the behavior of both quantities, v and the frequency
o. It follows that there are two different regions of ULF disturbances: i)
first, a region of only aperiodic ULF disturbances where 2k/lieG e < 17 11)
sccond, a region of damped clectromagnetic waves of frequency @ and
damping rate Yp where 2k/1gGams > 1. It follows that periodic solutions exist
at shorter spatial scalcs and/or smaller conductivities Ouuste 1he crucial
parameter is the wavenumber k. The main constraints for the spatial scales
{~2r/k} come from the microcrack source size and its depth. The former is
to be related to the spatial specirum of the current source Jo(x,t). The source
depth determines the characteristic size of the electromagnetic field
localization. For example, if the source depth is 10 km, the upper frequency
of the ULF/ELF/VLF signal is about 10 kHz The spatial spectrum is Jimited
by the size of the fracture cvent that follows microcrack growth.

Let us examine the case of aperiodic ULF disturbances. For
convenience, we shall neglect the displacement current, it corresponds o the
assumption that the velocity of light ¢ goes to infinity. Then, the basic
equation yields only aperiodic solutions. Eq. (13) possesses a general
solution in the form (provided that ¢ —ec):

(20)  E(x1K) = ho(va) (1NDexp(—2oCenus
140 exp(7221400 crusd 41—x212Dt)dt
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Using an cxpression for the integrand we arrive to the following analytical
expression for E(x,z;t);

E(x,z;t) = polva)(pE{p/to) +10 cxp(—pf'ro)t'l’fzexp(—zzptoac,w 141, t>te
2n

E(x,z;t) = po(va)(pE;{p/ityL +vt exp(~p/))exp(—z* o0 s 41, t<i
where p = x42D — zzugcmm /4, and Ei(p/t) is the clliptical mtegral {26].
The principal contribution comes from the first term. An examination of
(14) shows that the SES forms are detcrmined from the parameters D and
HoCeruse Ctering in p. Indeed, the distance d = V(x* + %) at which ihc
aperiodic signal still has a non-negligible amplitude depends on D and crust
CONduCtivity Geng. Comparing both terms in p we observe that the time
envelope of the signal depends crucially on the sizc of the charge
localization xo and the distance d between the charge source and the point of
electric field measurement. Under Jow conductivity, reasonable values of
charge localization size x¢ and diffusion D conditions, the sign of p s
practically positive. The localization size of the aggregation of strcsses
usually does not exceed 1 km, while for diffusion D we could choose a
value of about 1+100 m%s [27, 28]. The latter is taken from the
clectrokinetic mechanism model. Fig. 3 illustrates the SES shapc for
different vahics of parameter p.

Under isotropic conditions, ¢.g. when the center of .aggregation of
stresses is not collocated with faults, the time evolution for an isotropic
aggregation stress and consequent charge and current production is
illustrated in Fig. 4. Positive p values correspond to rock conditions where
Ocuse lies in the ranges 10° + 10* S/m. Inversely, under negative p
conditions, no distinctive SES signals of duration of halﬁ' an hour, or up to
several hours are possible. One can see that, under high conductivity
conditions, €.8.Ccme>10°S/m, and a distance of about 100 km, the sign of p
could even become negative. We note that under high conductivity
conditions, ¢.g. under sediment, or soil conditions, the SES envelope will
have duration greater than that under rock conditions. It is quite possible for
such SES events to be comparable to the diurnal variations of the Earth
potentials. In such a case, they could not be substracted from the diurnal
variations. Another feature of the SES events is thal the electric field is
oriented mainly in one direction, probably perpendicular to the fault planc.
Fig. 5 illustrates various forms of the SES envelope, Along the z direction,
the SES enveciope does not depend on distance d, the SES amplitude
however decreascs. Along the x direction, the SES changes its structure
(Fig. 4). Even under isotropic conditions, the SES behaves differently in the
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x and z directions. The SES envelope usually has a triangle form. In other
cascs, the SES envelope possesses ‘shark fin’ profile (Fig. 4). This effect is
probably related to the fact that the aggregation mechanism acts also in the x
direction. Therefore, the SES form will change according to the course of
the aggregation mechanism, Recalling the Ralchovsky and Komarov
observations [8], the greatest SES event has a form similar to case b) in Fig.
4. Our model ¢ould he applied if therc were isotropic conditions in the Earth
crust. Under real conditions, the Earth surface acts las a reflection boundary
for the SES sources placed at certain depth. We do not consider either the
additional effects coming from possible differences in (he conductance on
both sides of the fault plane (x = 0). In reality, the characteristic time t, is
not constant, as well, In general, we could expect quite complex SES forms
depending on distance, orientation, depth, Earth surface and geology
conditions at the measurcment site, ctc.

3. Comments

The microcrack production process is responsible for the charge
density rate, dpg/dt. Equation (13) for the electric field built-up (that we
suggest) contains on the right hand side the source term that is proportional
to the current density rate. The clectric field built-up process will break
down at time 15 due to the discharge process. The mechanical stresses and
strains will initiate further microcrack production and the seismic electric
signal generation process will be resumed. The aperiodic clectric field signal
related with microcracks at great distances and in a preferable direction is
examined in detail. The aperiodic SES has two parameters that have 1o be
known: relaxation {duration) time y and microcracks ‘diffusion’ D). The
duration is controlied by the spatial scales of the electric field disturbance
that could arrive at the Earth surface from the carthquake center located at
some depth. The diffusion of microcracks depends on the mechanical
propertics of the geological matcrials, the inhomogeneities of various scales
and is controlled by the level of prossurcs and strains related to the active
tectonic processcs.

An examination of the SES shapes determined from paramcters D
and y shows that high conductivity conditions, e.g. Guug > 102 S/m result in
SES signals of duration comparable with the diurnal variations of the Earth
potentials. Therefore, clear SES signals with duration of half of hour or up
to scveral hours are to be formed under rock conditions where G Jies in
the range 10° = 10* S/m. Inversely, under higher conductivity conditions,
ULF signals are plausible for characteristic spatial scales of hundreds of
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meters or kilometers. In our model of the SES signal there are other
parameters — the distance d to the epicentre of the incomin g earthquake and
the angle & between the fault axis and the direction o the measurement
point. The relationship between distance d and angle 6 and x is given by x =
d sin{B).

As follows from the above analysis, a fundamental charagicristics of
the proposed aggregate model of SES is the anisotropy of the generated
signal. The main component of the SES signal could be obscrved mostly in
the direction perpendicular to the fault axis, i.e. the pair of electrodes should
be oriented in the direction perpendicular, or normal 1o the fault axis. This
suggestion corresponds to experimental evidences that all the SES signals
are one-dimensional. Indecd, the bay-, or beil-shaped signals are clearly
visible in one of the two orthogonal tracks of the electric field measuring
systems. They have usually been registered either in the B-W direction {71
or in the N-S direction {8]. The other track remained at noise level, 1.6,
undisturbed.

4. Conclusion

Our model of the SES signal describes eleetric field production due
to the current density generation during microcrack aggregation process.
The current associated with this electric field build-up dissipates in the
surrounding medium and governs the spatial and temporal distribution of
the electric field. The electric ficld built-up process will break down due to
the discharge process. We demonstrate that, in additional to ULE/ELE/VLE
wave events, the generated seismic eleciric signal (SES) possesses pulse-
like (aperiodic) bchavior, The initial anisotropy of | the stresses and
associated currents are the cause for an electric ficld that is oriented
perpendicular to the forthcoming fracturc events. Thus, clectric field
responses al great distance from the carrent sources are possible and our
model reveals another mechanism of electric field generation that is not
connected to electric field due to charge dipoles.
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Fig. 1. Microcrack density production Z{x,t) according to random
aggregation mechanism. The production depends on the position x and
diffusion coefficient D,
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Fig. 4b

The SES envelopes in z (5a)) and x (5b)) directions. Curves 1-3 correspond
to differcnt distances: 1) 100/Nx kim; 2) 200/vr and 3) 400/¥m k. Various
lorms of SES envelope in x direction are indicated. In x direction the SES
envelopes featurc either triangle form of different amplitudes, or ‘shark fin’
prolile.

BbPXY MEXAHN3IMA HA FEHEPAIIHA HA CEU3MHAYHU
EJEKTPHYECKH CHTHAJIH

Ilemro Henoscru, Foiivo Boirues

Pesrome

lIpennoken e moneln Ha reHepauus Ha CeM3MUTHM ENeKTPHUECKU
curnanu (CEC), ceepzan ¢ dopmupanero na 3apAH B TOKOBE IIpH Mpoueca
Ha Paspsil 8 NPOCTPAHCTBOTO HA MUKPOMYKHATHHH, EnekTpuueckoro 1one B
MUKPOMYKHATHHATE HAPACTBA A0 3aU04YBAHETO Ha paspajieH npouec. Cren
(hOPMUPAHE HA ENEXTPUUYECKOTO O ¥ HEIOBOTO HEYTPAIX3UPRHE TOKDT j
C€ pAstpOCTPaHABA B OKOJHOCTTA HA MHKPONYKHATMHATA. W3ciemsaT ce
NIPOCTPAHCTBCHOTO 1 BPEMEBOTO Pa3NpeNENiCHUE HA eNEKTPHEECKOTO IO,
CBBPSAHO € TOKa OKONO MHKpOMyxHaTHHATA, [IONeTo 3aBHCH 01 CKOPOCTTA
Ha arperanid, paspana u reoGusuaHnTE CBOACTBA Ha cpeslaTa.
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