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Abstract
We propose a seismic elecfric signals (SES)

current production associated with a discharge process

cancellation. The spatial and temporal distribution of the

The electric field is intensified until a discharle process is initithemicrocra"tsurrooo'd]oil#LT;it:ffi 'ttJXl:::#T
. A current.j is spread in

OF ELEC'TRIC

,*

v

Sciences
Sciences

related to the chmge and
g in the mioocrack void,

build-up process and its
fieldrelated to the current

current oonnected

j in the microcrack void. The field is controlled by the gation mechanism. thedischarge, and the geophysical properties ofthe void.

1. fntroduction

magnetic emissions
rm of electromagnetic
have tried to explain
dipoles. The seisrnicelectric signals (SES) t5l are another form of lectromagnel.ic events

associated with lit.hospheric processes. The SES aperiodic and theirduration is from se)veral minutes to several hours I l. The registered SES
[7,8] usually have r;haracteristic bay_like, or bel curves of variabiewidth and duration. Experimental data on repetitive SES signals of puiseform with nearly 24 h periodicity occurring a cou of days before theearthquake has been reported, as well as [9, I0, 2: 8l have propose,d the

The bursts of ULF and concomitant elec
registered before and after great earthquakes are a fr
events connected lvith seisrnic processes. ll, Z, 3, t
these electromagnetic emissions by oscillating electr

nllcro-crack model of charge production and
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with the micro-crack growth. They succeeded to
evolution of the magnitude of the ULF emission pr

consecutive increases and decreases ofthe intensity of
the Lorna-Prieta eathquake [1], The currents connected
micro-cracks and the relation between the growth of
current density seem to be promising mechanism
Molchanov and Hayalkawa's model does not treat seis
(SES), aithough they appear to be also ULF emission.
lasts from several minutes to several hours t6l. The
believed to be connect.ed with erectrokinetic effects f 11
highly damped while the SES signals are recordeO ai ta
are several mechanisms of charge production. The piezr
of charge production proposed UV tl:l yields polarizatio

Here, the electric field E" emergos in the void space o
The process of an in.rease of the electric filed will I
because of the enormous electric fields produced witl
formed between separated charges. In the presence of
fields, a process like the anomalous glow discharg
magnitude of the initial electric fierd for the discharse

charges. In such discharges, the produced cathode currr
Nmz. The discharge wili stop when the dipole-like elec

rive the long-term
to the earthquake.

This model provides a qualitative estimate of the tai evidence for
LF emission befrrre
ith an ensemble of
their size and the
f ULF emission,
ic electric signals

The SES duration
mechanism is

121. The latrer are
distances. There
ctric mechanism

electric field E" of
2x708 V/m for stress r;hanges 65 of 2,00 Bar under cr conditions [l]1.

the micro-cracks.
wever be limited
in the void space
enormous electric
is possible. The

depends on
the crust material conditions. The discharge process cou be initiated by a
gas release in the void regions provoking an ionization that produces free

ts reach 10 + 102

ic field within the
separated charges is cancelled and the ionization
impossible. A widely iissumed model is that the son

process becomes
of these SES are
vski [14] used a
microphysics of
interaction and

that the seismic
ible waveforrns of
y experiments of
vealed not only
ning times of the
ikes of the orde:r

iated with the
rrent spikes are

characteristics

charges that emerge during microcrack generation. Cze
kinetic point of view arrd obtained a kinetic equation of
cracks. By exploiting krinetic and quaritative models of cr
propagation, Tzanis et al. [15] pointed out theoreticall
electric signals (sES) rray have a lirnited class of permi
arbitrary width, or durzrtion. On the other hand, Lboru
electrification processes caused by microcracks have
charge prodlction, but also current spikes. With crack o
ol-d-T 

91 
10-6"s every individual microtrack yields ;";;;r;

of 10-3 Nm'. Transient and electromagnetic emissions r

microcracks have also been observed IiO, tgl. Since the
presurnably due to rnicrocracks, various irnportant physi
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of the microcrack processes are to be sought, the
population produLction rate and their growth with t
random aggregation process with an iniection is a
currents and could be applied for bot"h the accur

microcracks and the relation between the growth of
density seem to be a promising mechanism of ULI

mechanism of the rnicrocracks) as a primary sou
srgnal and probatrly of some ULF electromasnetic
would be controlled by the electrodynamical condit
away from the current source.

2. Random aaggregation model of charge
First, let us mention that there are experime

show that micro-cracks pass through several sta
level, an initial stage of micro-craiks ernerges,
cracks are randomly distributed; ii) at the second

concentrate at a certain point, thus increasing their
iii) at some critical pressure value, the micro_crackr

is unknown, but we tentatively assume that th
behavior illustratel; the spatial and temporal changes
strain and stress prior to earthquake. Third,- t
charge/current production in both cases are the
changes. For a sirnulation of constantly increasing ,

a two-dimensional array of particles, representing

a colnmon source r:f charge/current production are s
to the random aggregation model ;191. nelow, we

According to the model we assume an enser
integer 'mass'. Tho particles could correspond to mi

micro-cracks of identical geometry. The crust is
dimensional 'lattico'. We have discrete time steps' Lrure J raPJ I(
certain nod of this lattice, where n is the number

straln at some place and tirne. The currents c ed with an ensemble of
r size and the current

we assume current production (associated with
emission. In our paper,
a randorn aggr:egation

of the observed SES
missions. These signals
ns of the crust material

major ones being crack
. We assume that the

urce of charges and/or
lation of pressure and

bie of 'particles' with
ro-cracks with certain

uction

cracks behavior under stress conditions. A lot of
tal evidences for rnicro-
laboratory experiments
: 7) At some pressure

which the micro-

sorne intermediate values of the pressure, the
tage, which appears at
micro-cracks tend to
density, or population;
evolve in a fracture of

example [17]. Second, under natural conditions the ysics of micro-cracks
tnicro-crack dvnamic
the tectonic pressure,
primary sources of

tress and/or pl.essure
onic' driving .[orces,

gments of the slidine
surface has been considered [1g]. In our studv. the onic driving for-ces as

major steps of this modei.

ggested to be identical
summarize brieily the

length. In order to obtain the micro-cracks distribu n we assume all the
nsidered to be a. one-
r the 'mass' S(n) at a
of the step, S could
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coffesponds to the mioro-crack density. Assuming a cer
the following stochasric equarion for S(n) holds [20]:(1) S1(n+1) = I\(n)Si(n) + 1,
where S1(n) is the denr;ity of the micro-crack on the i-th

probability 1-q(i-j). As follows XUL,(n) = 1 and Xq(i) =
case with q(i-j) of ll2 for i-j =0, or 1 and q(i-j) =0 or

random process,

at time n; Wii(n)
q(i-j), or 0 with
We consider the

is a random variable given by Wr:(n) = 1 with probabi ry

t.
The inil:ial

condition accordingly reads: Si(0) = l. We need to the probability
p(s,n) and the cumulative distribution p(>s) given by:
(2) p(s,n)ds - 11-12J 

s+asds,6(S1(n)-s,),

where N is the total number of sites and:
(3) P(>s) : l,-p(r,)dr,.
We define a characteristic function
(4) ',2(p,n) 

=<e-P'> = Ie-P'p(s,n).
Here <...> denotes the average taken over the stochasti variables W1(rn),
m= 0,1,..., n-1. Functions for the density Z at4,g,...i, for r-adjacent si1.es
are determined as follows:
(s)
and

(6)
"1(p,n; 

\,b,...1) ( as-P(s.r+s r*"'*t,,

17-(p,n) =<e-P 
(Si1 *si* 

1 

*"'*S 
i*r- 1)),

This process is named Sheidegger rivers [21]. eualitatl y, it represent a
process of production of macroscopic water mark fo along some tilted

ly accumulated at
rst into smallerr

plane on which initial droplets of rainfall are consecuti

rve lnteractlon
the process of

lar processes. The
macro-crack. The
pressures and the
and (6) it follows

that the distribution functions of energy release stimu by the abovr:-
mentioned aggregation process have power law form. It i worth noting that,

nsional arrays ofmodelling segments of a sliding surface as two_dim
particles [18] has yielded a similar power law distribution

model we shall
r (site) - to a one-
mention that the
ted lattice sites

which constitute a river-like cluster in (1+1) dimensional lme. In the

certam pomts mto grreater drops, which suddenly
streamlets breaking trails for the water downwards. The
fbrces are gravity ancl surface tension. We assume
fractures during an earthquake is the final stage of sim
micro-cracks gathered at certain points will break into i
interaction forces under the earthquake process are the
strength, or solidity of the lithosphere mate.lral From (5.

Without quoting all the steps of the aggregatr
mention only that the number n corresponds to time t ind
dimensional spatial coordinate, e.g. x. It is noteworthy
density of micro-crackr; is given by the number of ct
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(t) V- * r @) + (2- 4 e' P ) 7-(p) + T-_ 1 ,n) =0It corresponds to steady-state condition. In the
dependent condition, the following relationship
(8) 4 b, n+1)=e'P' l7nn(p,n)+
ln a system with continuous time and spatial coord
has its counterpart:
(e) 0Z0t= (D/D&Z\A* - pxz,

limit n J €, the characteristic function Z,(p,n)
following relationship:

expected to be a source ofcharges andlor currents.

to 7n(p,n) with the

important case of time-

)+ 7--1@,n)ll4
the above erquation

icrocrack) production p
crust material and the

ts from the effect of
the second tenrL results

distribution 7,(x,L) js

isms of fiee charses
trapped in rock pores
lds and cuffents can be

magnitudes observed

individual rnicrocrack
field of 104 V/m or
by, for exarnple, an

currents j6(x,t) that
locity v determined by
ric fields depending on
for the electric field is

where diffusion rate D and background ,particle' 
(

are determined from the physical characteristics of
driving forces. The first term in the right_hand side
aggregation due to the short-range interaction, whi
from the uniforrn input of new microcracks. f

Several auLthors have involved discharge me
to examine processes of electrification of gases
L'2'2,I6J. The magnitudes of the discharge electric
compared with the charge production and the cur
under microcracks condilions. The charge density
amounts to q = l0-3 ClmZ lZ3, 2Zl. Since any flr
generated in rock specimen should disappear after
the magnitude of the current spikes j (l = q/t) is

The orders of current magnitudes are suggeiti
discharges involved in the microcrack physics-. Her
to suggest that rhe elecrric field build_up will st
characteristic time exists even assuming another

A process of gas release is expected in the microcra
of electric fields of sufficient rnagnitude the gas is i

red in noicrocracks
ations of free charses
time t r, 10-5 .-10-7 s,

102 + 104 A/mz. Such
currents of 102 + 10a Nn? aelected irorn rock even exceed the
currents flowing in glow discharges and are com le with those of arcs.

for sorne forms of
, it is quite reasonable

at time rt6. Such a
hanism .[or charge

production, e.g. mechanical one connected with the icrocrack growth [10].
void. In the presence

nizable. During such a
discharge process, the charges accumulated at
boundaries are efl:ectively exhausted. Thus, electri
more is easily rerJuced to nearly zero masni
anomalous low-prossure discharge process [24].
emerge will flow in the surroundings with certain
the state of the crust material around the source. E
the crust conductivity are induced as well. The sou
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then dj6(t,x)/dt. The current production due to the a n mechanism of
any process of
s on the possible
mechanism. We

of the current rate
is proportional to

(10) 6pol0t = aZ(x,t),
where a is a constant. The electric current densit rate 6j6(x,r)/dr is
connected to the particle density distribution rate by the ation dj6(x,t)/0t =
v)pslAt, where v is the charge velocity. The latter ist idered to be nearly
constant for the crust material under the stress action. refore, the tirne
evolution of the SES is detennined from the coi itive action of the
charge/current aggregation rate given bV (9) and the ldis ive effect ofthe

microcracks could however continue irrespectivSly
eiectric charge discharge. In general, growth time toide
rates of gas release and the properties of the ag1rggi
assume that microcrack distribution Z(x,t) is a measu
source. Therefore, assuming that current density
distribution Z(x,t) we have

crust material between the source and the measurement
field generated by the currents produced at some artba (
time t is determined bv
(11) (L- AzlA( - peo-grustO/dr)E = pqdje t, x)|0t,
where A is Laplace's operator, z is the propal
electromagnetic disturllances generated by transieni

point. The electric

-Xe <x<xs)and

direction of the
jo(x,t) localized

-x2/2Dt7+ o1py,

proportional to
ack production

stfess, or strain
strongly on the
the propagation

rated bv transient
venience we will

y C stand for
will account fcrr

rn x direction, where
?js(x,t) / At = v 6ps(x,t)/ At z(x,t(12)

tSte
Here, v is the velocity magnitude of the c through the
surrounding in the forrm of current; O (p) i .e
p(p<< 1). Fig. 1 illusrrates rhe time envelope of rmi
associated with the random aggregation mechanism
fbrces. The current density shape with time
magnitude of the diffusion coefficient D. Let us stu
characteristics of the olectromagnetic disturbances gen(
current jo(t,x) localizedL in time and x direction. Foi co

permeabilit! ps and the; permitivity e6 t251. This

study the potential belhavior along the z axis. Hence,
solutions around x = 0, where x<<2.

we examine onlv

(13) (* t a* - weo& I Otz - 1t6o u.",rOl Ot)E 1ta (va)Z(x,t),
Thus, the equation resembles the telegraph equation of mission hne of
conductivity ocrusr, where inductance L and capac

the SES generation from a microcrack source Z(x,t) and pagation effects
ln one direction, z. The induced electric field mae;Jde determined from
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the current production magnitude of j6(t,x), i.e, a.
a straightforward way. The solution reads:
(14) E(x,t;k) = ps(va)l2lexp(y0l Z(x,r.)exp(_yt)d
Z(x,t)exp(yt)dtl,
where the characrteristic tirne y is given by
( 15) \ = -6"1t5/2r0 (1 -{(1- 4k
and k is the wavenumber of the ULF dist
propagate along z:,.In the case of sufficientlv small

k << P6o"-r/2,

y = -k2/poocxurt

ation (13) is solved in

+exp(-yt)J

')),
spectrum assumed

venumbers, i.e.:

2k and it

to

(16)
we obtain:

Qt)
The characteristic time y has real values for p6o.,,,,1
quantity for p6o.*rs < 2k. In the latter case. we

co = ./(k'c'- 1ts20 c.u"rz / 4)

have ULF
is a complex
events with

frequency at:
(1 8)
and dampingrz;te:
(1e)

Tp = -lloj" rtl2.
Fig. 2 illustrates the behavior of both quant ies, y and the frequency

f ULF disturbances: i)
2klpso.-.1 < 1; ii)

damping rateyowhere 2klpeo"-,6 > 1. It follows t
of freque:ncy c'r and

at shorter spatial scales and/or smaller conductiv
periodic sohrtions exist
ties o"-.1. The crucial

parameter is the wavenumber k. The main constrai for the spatial scales
depth. The- for:mer is

(-2rc/k) come frorn the microcrack source size and
to be related to the spatial spectrum ofthe current rce j6(x,t). 'Ihe source
depth determines the characteristic size of the electromagnetic field

m, the upper frequency
ial spectrurr is iimited

by the size of the fracture event that follows mi growth.
LF disturbances. For

it corresponds to the
inity. Then, the basic

solution in the form (provided that c _+oc):
possesses a general

ril. It follows that there are two different regions
first, a region of only aperiodic ULF disturbances
second, a region of damped electromagnetic wa

localization. For e.xample, if the sourco depth is 10
of the ULF/ELIVVLF signal is about 10 kHz. The s

Let us examine the case of aperiodic L
convenience, we shall neglect the displacement curre
assumption that the velocity of light c goes to in
equation yields only aperiodic solutions. Eq. (13

(20), E(x,l;k) == pg(va) (1/t)exp(-z2p0o.*,,
/ 4t) ) exp (2" lro o"-,t/4lt- xt I zD t) dt
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Using an expression for the integrand we arrive to the llowing analytjcal
expression for E(x,z;t) :

E (x, z;t) = pr6 (va) (p E t(p l.c d +t6 exp (-pl .c,))t- 1 / z 
exp (_

(2r)

""r,/4t)), t<to
,tical integral1261.

The principal contribution comes from the first term. exammatlon ol
(14) shows that the SIES forms are detennined from parameters D and

z2) at which the
on D and crust

that the tirne
ze of the charge

and the point of
able values of

charge localization size x6 and diffusion D conditi the sign of p is
ation of stresses

practically positive. T'he localization size of the
usually does not exceed 1 km, while for diffusion D could choose a

taken from the
SES shape for

value of about 1+100 m2ls [27, 2g]. The latter i

Under isotropic conditions, e.g. when the ce of.aggregation of
stresses is not collocated with faults, the time evoluti fbr an isotropic

t production is
conditions where

E (x, z;t) = _p6 
(va) (p E 1 @ I t) l.,h + {t exp (_p I t)) exp (_ zz 1t,),

where p = xzlzD - zr'p6o"..t 14, andEr(p/t) is the ellj

l-l0ocrust entering in p. Indeed, the distance d = r/(xz
aperiodic signal still has a non-negligible arnplitude de1
conductivity o"mst. Comparing both terms in p we ob
envelope of the signal depends crucially on the s
localization x6 and the distance d between the charge so
electric field rneasurement. under low conductivitv. r

electrokinetic mechanism model, Fig. 3 illustrates
different values of parameter p.

aggregation stress and consequent charge and cu
iliustrated in Fig. 4. positive p values correspond to rc

potentials. In such a case, they couid not be substracte
variations. Another feature of the SES events is that t
oriented rnainly in one direction, probably perpendicular
Fig. 5 illustrates various forms of the SES env-elope. A1o

o"-,1 lies in the ranges 10-6 + 104 S/m. Inverselv.
conditions, no distinctive sES signals of duration of hal
severai hours are possible. One can see that, under
conditions, e,g.o"*,,>102s/m, and a distance of about 1

could even becorne negative. We note that under
conditions, e.g. under sediment, or soil conditions. the

igh conductivity

have duration greater thLan that under rock conditions. It i
trS envelope will
quite possible for

such SES events to be comparable to the diurnal vari of the Earth

/4r)), t ) t6

under negative p
an hour, or up to
high conductivity
km, the sign of p

from the diurnal
electric field is

o the fauit plano.
the z direction,
SES amplitude

the SES envelope does not depend on distance d, t
however decreases. Aklng the r direction, the SES ch s its structure(Fig.  ), Even under isotropic conditions, the SES beha differently in the
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x and z dtrections. The SES envelope usually has
cases, the SES envelope possesses ,shark fin, prol
probably related to the fact that the aggregation r
direction. Therefore, the SES forrn will chanse
the aggregation mechanism. Recalling the l{a.
observations [8], the greatest SES event has a form

for the SES sources placed at certain depth. We d
additional effects coming frorn possibie diff'erence

not constant, as wel1. In general, we could expect q
depending on distance, orientation, depth, Eart.

The microcrack production process is res
density rate, 1psl}t. Equation (13) for the electric

down at time to due to the discharge process. 'Ihe
strains will initiate further microcrack production
signal generation process will be ,"rurrr"d. The ape
related with microcracks at great distances and in
examined in detail. The aperiodic SES has two p
known: relaxation (duration) time y and microc
duration is controlled by the spatial scales of the e
that could arrive at the Earth surface from the earth

11d_V 
shows that high conductivity conditions, o.g. o

SES signals of duration comparable with the diurnal
potentials. Therefore, ciear SES signals with duratio
to several hours aro to be formed under rock conditi
the range 10-6 + lCta 57-. Inversely, under higher c

triangle form. In other
(Fig. a). T'his effect is

ism acts also in the x
rding to the course of

hovsky and Komarov
imiiar to case b) in Fig,4. Qur model could be applied if there were isotro conditions in tire Earth

crust. Under real conditions, the Earth surface acts a reflection boundary

both sides of the fault plane (x = 0), In reality,

not consider either the
in the conductance on

characterisLic tirne t6 is
ite complex SEIi forms
surface and geology

conditions at the measurement site. etc.

3. Comments

nsible for the charce

suggest) contains on the right hand side the sourco
to the current density rate. The electric field bui

field built-up (that we
that is proportional

nical stresses and
the seisnfc electric

ic electric field sisnal
preferable direction is

ters that lhave to be
'diffusion' D. The

ric field disturbance

some depth. The diffusion of microcracks
uake center located at

on the mechanical
properties of the geological materials, the inhomo ities of various scales
and is controlled by the level of pressures and strai related to the active
tectonic procosses.

An examination of the SES shapes determi rrom parameters D
> 10-2 S/rn result in

variations of the Earth
of half of hour or up
ns where o" r, Jies in
nductivity conditions,ULF signals are pJlausible for chaiacteristic spatial ales of hundreds of

p process will break
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meters or kilometers. In our model of the SES there are other
parameters - the distance d to the epicentre of the inco
the angle 0 between the fault axis and the direction

ing earthquake and

point. 'Ihe relationship between distance d and ansle 0 a
d sin(0).

As follows from the above analysis, a funda
the proposed aggregate model of SES is the anisot

the measurernent
x is given by * -

characteristics of
of the generafed

observed mostly in
f electrodes should
the fault axis. This

the SES signals

signal. The main component of the SES signal could be
the direction perpendicular to the fault axis, i.e. the pair ,

be oriented in the direction perpendicular, or ,rorrrrul to
suggestion eorresponds to experimental evidences that
are one-dimensional. Indeed, the bay-, or bell_shaped signals are clearly
visible in one of the two orthogonal tracks of the elec ic field measuring
systems. They have usually been registered either in E-W directlon [7]

at noise level, i.e.or in the N-S direction [8]. The other track remained
undisturbed.

4. Conclusion
Our modei of the SES signal describes electric ld production due

surrounding medium and governs the spatial and temp
the electric field. The electric field built-up process wii

wave events, the gene.rated seismic electric signal (SEl
like (aperiodic) behavior. The initial anisotropy of

al distribution of
down due to

the discharge procoss. 'We demonstrate that, in addition to ULFTELFYVLF
) possesses pulse-
the stresses and

assocrated currents are the cause for an eiectric fie that is oriented

to the current density generation during microcrack
The current associated with this electric field build

perpendicular to the forthcoming fracture events.
responses at great distance from the current sources
model reveals another mechanism of electric field
connected to electric field due to charge diooles.
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Fig. 3. The SES envelopes for
discharge moment to -) oc. Time
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and ULF disturbances
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Fig.4b

The SES envelopes in z (5a)) and x (5b)) directions. Cur
to difl.erent distances: 1) 100/r/n krn; 2) 200l"ln and 3)
fbrrns of SES envelope in x directiorl are indicated. In
envelopes fbature either triangle fbrrn of different arnnli
profile.
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