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Abstract

A mechanism of ULF geomagnetic field perturbations caused by rock fracture and tectonic activity is studied. It is assumed that the
rock fracture is accompanied by crack-generated seismic emission due to cracks pile up at underground cracked zones. Temporal series of
seismic impulses due to the crack growth is supposed to be a stationary random process, which obeys Poisson distribution. The seismic
emission of the cracks results in excitation of electric current due to motion of the conductive ground in the geomagnetic field, that is so-
called diamagnetic effect in moving conductors immersed in the external magnetic field. The electric currents build up as a result of the
random displacements in the conductive rock, which in turn leads to the random perturbations of the geomagnetic field. Acoustic wave
field derivable from the crack seismic moment is used in order to obtain the electromagnetic variations due to growth of single crack.
Averaging of these variations over random crack plane orientation and over crack sizes gives an assessment of mean level of the elec-
tromagnetic noise produced by the evolution of the crack ensemble. This assessment is consistent in magnitude with the ULF electro-
magnetic variations recorded prior to and after some strong earthquakes.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A special credit has been paid in the past to the study of
telluric potential variations (Varotsos and Alexopoulos,
1984a,b) and of ULF electromagnetic noises occasionally
observed before and after strong crust earthquakes (Fra-
ser-Smith et al., 1990; Kopytenko et al., 1990; Hayakawa
et al., 1996, 2000; Hayakawa and Hattori, 2004). The
increases in the ULF noise were happened in the back-
ground of low magnetospheric activity and due to that
events can be considered as possible precursors of impend-
ing earthquakes. To explain this phenomenon, a model
based on electrokinetic effect arising from underground
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fluid migration under the influence of tectonic stress has
been developed (Bernard, 1992). Fenoglio et al. (1995) have
suggested that the rock contains sealed underground com-
partments with high pore pressure that may be triggered by
weak seismic events, which in turn results in fracture of the
compartments and fluid filtration followed by the electroki-
netic effect. Surkov et al. (2002) and Surkov and Tanaka
(2005) have developed a theory of the electrokinetic phe-
nomena in a water-porous medium with a fractal structure
above percolation threshold. The relevance of the stress
generated percolation processes to the ground based obser-
vations is stressed.

It is noteworthy that the intrinsic conductivity of the
rock due to mobile point and linear defects of atomic lat-
tice could have an important role to play in seismoelectric
signals observed prior to crust earthquakes (Varotsos
and Alexopoulos, 1986; Slifkin, 1993). Based on the
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time-resolved impact experiments, Freund (2002) has sug-
gested that the rock conductivity at higher depth is mainly
due to the clouds of highly mobile positive hole charge car-
riers, i.e. defect electrons in the O 2p-dominated valence
band minerals. In a model proposed by Molchanov and
Hayakawa (1995, 1998), the ULF signals result from elec-
tric charges on the walls of micro-cracks situated in the
rock near the fault zone. These charges form a fluctuation
mosaic of electric dipoles with random orientations. Due to
that the signals arise from the charge relaxation are inco-
herent, which results in drastic decrease of the net electro-
magnetic signal.

In the present study we develop other theoretical model
proposed early (Surkov, 1997, 1999, 2000; Surkov et al.,
2003) in order to explain the underlying mechanisms of
such an effect. In this study we focus alone on geomagnetic
perturbations arisen from rock fracture and energization of
crack formation in the rock surrounding the fault zone.
Acoustic emission of the cracks results in excitation of elec-
tric current due to motion of the conductive ground in the
geomagnetic field, that is so-called diamagnetic effect in
moving conductors immersed in the external magnetic
field. If only tension cracks are considered, as the early
modelers did, the geomagnetic perturbations arise in such
a way that an effective magnetic moment of the electric cur-
rents must be pointed oppositely to the vector of geomag-
netic induction. The magnetic moments of all the cracks
are thus co-directed independently of the crack plane orien-
tation that results in effective coherent amplification of the
ULF geomagnetic perturbations. This model has been
extended for the shear cracks (Surkov, 2000; Molchanov
et al., 2002), but in this case a certain order in the crack
orientation is required in order to produce the coherent
effect.

The ULF electromagnetic field propagates in a conduc-
tor due to a mechanism similar to diffusion so that the
strong dispersion and dissipation of signals take place.
The diffusion front of the electromagnetic signal, which
propagates ahead of acoustic wave, is referred to as the
class of electromagnetic precursor of acoustic wave (Sur-
kov, 2000). This initial smooth part of the electromagnetic
signal increases gradually until the moment of acoustic
wave arrival at the observation point. It is worth mention-
ing that at far distance the electromagnetic precursor has
the same shape and polarization for all the cracks, while
the next stage of the signal, which associates with the
acoustic wave arrival, consists of co-seismic oscillations,
whose frequency and phase depend on inclination of the
geomagnetic field, the crack size and the crack plane
orientation. In an early study of the crack-generated
geomagnetic perturbations, Surkov et al. (2003) took into
account only the initial part of the signals, that is the
coherent part, in order to avoid some mathematical
complexities.

In this study we develop a more accurate model, which
allows for an accidental character in the moments of the
crack growth and formation. When calculating the net elec-
tromagnetic signal produced by all the cracks, we take into
consideration both coherent and incoherent/co-seismic
parts of the signals. Since in the model the acoustic emis-
sion plays the role of the source of the electromagnetic per-
turbations, the attenuation of the acoustic waves is of
special interest in the present paper. In addition, we take
into account a random crack orientation and distribution
of the crack sizes.
2. Model and basic equations

Rock deformation due to tectonic activity is accompa-
nied by formation of cracked zones at higher depth and
by fall off of the rock strength inside this zones (Scholz,
1990). As we shall see, the rock fracture gives rise to both
seismic and electromagnetic noises, which can be detected
on the ground surface. The cracked zone is supposed to
be located no more than several kilometers from the
ground surface; otherwise the rock conductivity will result
in a strong damping of the electromagnetic noise. More-
over, suppose that the distance from the cracked zone to
the ground-recording station is much greater than the typ-
ical crack size. The rock fracture inside the cracked zone
results in the crack growth and formation of the fresh crack
followed by radiation of acoustic waves. Magnitude of
acoustic impulse radiated by a single crack depends on
both the crack size and orientation of the crack plane with
respect to a sensor. The sequence of acoustic impulses due
to the crack growth is supposed to be a stationary random
process with the probability for the appearance of impulse
obeying Poisson distribution. The conductive ground
motion due to acoustic impulses gives rise to generation
of the electric current which in turn results in formation
of the geomagnetic perturbations. Thus, the geomagnetic
perturbations resulted from the acoustic emission of the
crack form a random process as well. The net geomagnetic
perturbation, dBt(r,t), is the sum of random impulses

dBtðr; tÞ ¼
Xn

k¼1

dBkðr; t � tk; nk; lkÞ; ð1Þ

where the unit vector, nk, normal to the crack plane defines
a random orientation of the crack. Likewise, the crack
number, n, the moment of radiation onset, tk, and the
crack’s size, lk, are random values. Suppose that all these
random values, tk, nk and lk, are statistically independent
of each other and their probability distributions are inde-
pendent of the impulse number n. Actually there may be
a certain degree of correlation between the crack ensemble
parameters. The Hurst analysis of the electric signals that
precede rupture are in favor of this fact (Varotsos et al.,
2002, 2003). At the moment we have not enough informa-
tion on the crack formation in rocks deep in the crust in
order to construct a reasonable approximation to the cor-
relation functions.

Let _NðlÞ be the number of crack arising per unit of time
with a length greater than l occurring in a specified area.
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Since the stationary Poisson process is considered, the
averaging of Eq. (1) gives (Rytov, 1966)

dBtðrÞ ¼ �
Z lmax

0

d _NðlÞ
dl

bðr; lÞdl; ð2Þ

where

bðr; lÞ ¼
Z 1

0

dB1ðr; t; n; lÞdt; ð3Þ

and dB1 is the geomagnetic perturbations due to acoustic
emission of a single crack. The bar symbol in Eq. (3) de-
notes the averaging over the angles defining the random
orientation of the vectors nk and lmax is the maximal crack
size. Below we show that the small cracks make a little con-
tribution to the integral in Eq. (3) due to a strong damping
of the acoustic waves radiated by the small cracks. In this
picture a minimal crack size in Eq. (3) is unimportant.

The ground is supposed to be a uniform conductor
immersed in the constant geomagnetic field B0. The electro-
magnetic perturbations, dB1 and E1, caused by acoustic
emission of a single crack satisfy the quasi-stationary Max-
well equation (dB1� B0)

r� dB1 ¼ l0rE01; E01 ¼ E1 þ v� B0; ð4Þ
and

r� E1 ¼ �otdB1; ð5Þ

where the ground conductivity, r, is a constant, l0 is the
magnetic constant/permeability of free space, v is the mass
medium velocity, and the symbol ot denotes the partial
derivative in time. Here E1 is the electric field in the refer-
ence frame fixed to the earth, while E01 stands for the elec-
tric field in the moving frame. It should be noted that the
term v · B0 in Eq. (4) plays the role of a source of the elec-
tromagnetic perturbations. For convenience, we introduce
the vectorial potential via dB1 = $ · A1 and E1 = �ot A1,
which satisfies the standard gauge for conductive medium
(e.g., see Molchanov et al., 2002). Substituting the above
equations for A1 into Eqs. (4) and (5), yields

otA1 ¼ Dr2A1 þ v� B0; D ¼ ðl0rÞ
�1
; ð6Þ

where D is the coefficient of magnetic diffusion. In order to
obtain the time-integrated perturbation b(r,l) in Eq. (3) one
should integrate Eq. (6) with respect to time from 0 to
infinity under the condition that A1(0) = A1(1) = 0 and
then take the mean value over the crack orientation. Tak-
ing into account that the mass medium velocity, v(r,t), can
be expressed through the vector of medium displacement,
u(r,t), via v = otu, we obtain

Dr2aþ us � B0 ¼ 0; ð7Þ

where a is the mean value of A1, b = $ · a and the vector
us ¼ uðr;1Þ defines the static/residual displacements in the
medium. These displacements are assumed to be maximal
inside the cracked zone and they should gradually decline
in the surrounding rock.
3. Averaging over the crack orientation

In order to study the residual displacements due to for-
mation and evolution of the crack ensemble we first con-
sider a dynamic displacement field due to single crack
growth. Acoustic waves generated by the growing crack in
a uniform elastic medium are defined by the wave equation

qo
2
t u ¼ ðkþ 2lÞrðr � uÞ � lr� ðr � uÞ; ð8Þ

where k and l are the Lame coefficients and q is the rock
density. If the distance is much greater than the crack size,
the solution of Eq. (8) can be expressed through the so-
called seismic moment tensor, cM, of the crack. For exam-
ple, let us consider a tension flat crack lying in the x 0, y 0

plane of the local coordinate system fixed to the crack.
Let [uz(t)] = uz(t,z

0 = 0+) � uz(t,z
0 = 0�) be a given func-

tion, which defines the displacement jump/discontinuity
normal to the crack surface and parallel to the z 0-axis. In
this case only three diagonal components of the seismic
moment tensor are non-zero (Aki and Richards, 2002)

Mxx ¼ Myy ¼ kS½uzðtÞ�; Mzz ¼ ðkþ 2lÞS½uzðtÞ�; ð9Þ
where S is the area of the crack surface. The crack growth
gives rise to changes in the seismic moment, which in turn
results in the radiation of seismic waves. The components
of medium displacement, ui(r

0,t), is derivable from the wave
equation (8) via the seismic moment in the following way

ui ¼
c0i

4pqr0
½6f1ðt1Þ � f2ðt1Þ � 2Miiðt1Þ�

r0C2
l

(
� ½6f1ðt2Þ � f2ðt2Þ � 3Miiðt2Þ�

r0C2
t

þot
f1ðt1Þ

C3
l

� ½f1ðt2Þ �Miiðt2Þ�
C3

t

 !

þ 3

r03
bGð5f1 � f2 � 2MiiÞ

)
; ð10Þ

where r 0 is the distance from the crack, Cl = [(k + 2l)/q]1/2

and Ct = [l/q]1/2 are the velocities of longitudinal and trans-
verse acoustic waves, the inferior index i = x 0, y 0, z 0 and

f1 ¼ ðc02x þ c02z ÞMxx þ c02z Mzz; f2 ¼ 2Mxx þMzz;

t1 ¼ t � r0

Cl
; t2 ¼ t � r0

Ct
:

ð11Þ

The direction cosines, c0i, can be written as c0x ¼ x0=r0,
c0y ¼ y 0=r0 and c0z ¼ z0=r0, and the integral operator bG is de-
fined in the following manner

bGMii ¼
Z r0=Ct

r0=Cl

sMiiðt � sÞds; ð12Þ

The set of Eqs. (9)–(12) contains both the near- and far-
field displacement components. As it follows from the
general solution, the crack opening produces both the lon-
gitudinal and transverse seismic waves, which propagate
with different velocities. The corresponding terms in Eq.
(10) depend on t1 and t2 accordingly. In the static limit
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Fig. 1. A schematic plot of a cracked zone model. (a) A general reference
frame and a local frame associated with a crack. (b) General scenario. 1 –
the cracked zone, 2 – a ground-based recording station.
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when t!1 the time-derivatives otMii in Eq. (10) vanish,
whereas the terms bGMii tend to the value

bGMii ¼
MiiðsÞr02

2C2
t

ð1� wÞ; ð13Þ

where w ¼ C2
t =C2

l and Mii(s) = Mii(1) is the static/residual
value of the seismic moment of the crack. In what follows
we omit the inferior index s in order to simplify the expres-
sions for the residual seismic moment. Combining Eqs.
(10), (11) and (13), gives the residual displacement field in
the form

ui ¼
c0i

8pqr02C2
t

½ð3f1 � f2Þð1� wÞ þ 2wMii�; ð14Þ

where the functions f1, f2 are also taken in static limit, i.e. at
t!1.

As we have noted above, the rock fracture due to the
crack development is predominantly concentrated inside
the cracked zone. In what follows we use the general refer-
ence frame, x, y, z, fixed to certain point/’’center’’ of the
cracked zone. Since we are interested in the distances large
compared to the size of the cracked zone, the spatial crack
distribution inside the cracked zone is ignored. This implies
that the origin of the general reference frame approxi-
mately coincides with the origins of the local reference
frames associated with separate cracks. The displacement
components of each crack should be transformed from
the local reference frame, x 0, y 0, z 0, to the general one.
For now, the size and plane crack orientation are consid-
ered as random values. Let h0 and u0 be the Euler angles,
which define the random orientation of the unit vector n

normal to the crack plane. In addition, we introduce the
spherical coordinates, r, h, u of the general reference frame.
For convenience, both the general and local reference
frames are sketched in Fig. 1(a). The crack plane is shown
in Fig. 1(a) with grey ellipse. The displacement field of the
separate crack in the spherical coordinates can then be
expressed through the displacement components in Eq.
(14) in the following way:

ur ¼ c0xux0 þ c0yuy0 þ c0zuz0 ; ð15Þ

uh ¼ ux0 ðcos h0 cos h cosðu� u0Þ þ sin h0 sin hÞ

þ uy0 cos h sinðu� u0Þ

þ uz0 ðsin h0 cos h cos u� u0ð Þ � cos h0 sin hÞ; ð16Þ

uu ¼ �ux0 cos h0 sinðu� u0Þ þ uy0 cosðu� u0Þ

� uz0 sin h0 sinðu� u0Þ: ð17Þ

The direction cosines are transformed to the view

c0x ¼ sin h cos h0 cosðu� u0Þ � cos h sin h0; ð18Þ

c0y ¼ sin h sinðu� u0Þ; ð19Þ

c0z ¼ sin h0 sin h cosðu� u0Þ þ cos h0 cos h: ð20Þ

Substituting Eq. (14) for ui and Eqs. (18)–(20) for c0i into
the set of Eqs. (15)–(17), and rearranging, yields
ur ¼
1

8pqr2C2
t

½ð3� wÞf1 � ð1� wÞf2�; ð21Þ

uh ¼
sin 2hðMzz �MxxÞ

8pqr2C2
l

�
sin2 h0 cos2ðu� u0Þ

þ sin 2h0

2
cos 2h cosðu� u0Þ � cos2 h0

�
; ð22Þ

uu ¼
sin h0 sinðu� u0ÞðMxx �MzzÞc0z

4pqr2C2
l

: ð23Þ

As it is seen from Eqs. (21)–(23), the displacement compo-
nents depend on the random angles h0 and u0 as well as on
the fixed/deterministic angles h and u, which define the
direction from the cracked zone to the ground-recording
station. Assuming for the moment that there is an equal
probability for the crack plane orientation, the probability
density distribution does not depend on azimuthal angle
u0. In such a case the averaging of Eqs. (21)–(23) with re-
spect to u0 yields

�ur ¼
1

8pqr2C2
t

�
ðMxx �MzzÞ

�
ð3� wÞ

�
sin2 h sin2 h0

2

þ cos2 h cos2 h0

�
� 1

�
þ wðMxx þMzzÞ

�
; ð24Þ

�uh ¼
sin 2hðMzz �MxxÞ

2 2

sin2 h0

2
� cos2 h0

� �
; �uu ¼ 0: ð25Þ
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In a similar fashion we can average Eqs. (24) and (25) with
respect to the polar angle h0. Finally, taking into account

that cos2 h0 ¼ 1=3 and sin2 h0 ¼ 2=3, we get

�ur ¼
u0

r2
and �uh ¼ 0; where u0 ¼

ð2Mxx þMzzÞ
12pqC2

l

: ð26Þ

As it follows from Eq. (26), the averaging of the displace-
ment vector gives only the radial component. This means
that the mean displacement field is spherically symmetric
at far distance from the cracked zone. It is not surprising
since the equal probability for the vector n orientation is as-
sumed. Conversely, if the probability distribution for the
crack plane orientation is non-spherically symmetric, cer-
tain declination from Eq. (26) must occur.

For reasons of convenience, all the cracks are considered
to have the same disk-shaped form with different radius R.
The static displacement jump [uz] is supposed to be propor-
tional to the crack length l = 2R, so that [uz] = kl, where
k = 0.001–0.01. Combining this expression with Eqs. (9)
and (26), yields

u0 ¼
kl3

4p
1� 4w

3

� �
: ð27Þ

As we shall see, the attenuation of seismic waves due to
dissipation and absorption of the seismic energy in actual
rock may greatly affect the magnitude of both the seismic
waves and the geomagnetic perturbations. In order to esti-
mate this effect we introduce the acoustic damping factor,
Ta(r,R), which depends on the distance and the crack
radius. Multiplying �ur (Eq. (26)) by this factor, yields

�ur ¼
u0

r2
T aðr;RÞ; T aðr;RÞ ¼ exp � r

LðRÞ

� �
: ð28Þ

Here we made use of the exponential form of the damping
factor. The characteristic length of the acoustic waves
attenuation, L, is estimated as follows (Surkov et al., 2003):

L ¼ aR; a � QCl

2pCc

; ð29Þ

where Cc is the velocity of crack growth and Q is the qual-
ity/energy-factor, which is approximately constant in the
frequency range from 10�4 to 100 Hz depending on variety
of materials (Aki and Richards, 2002). Taking the typical
parameters Cl = 5 km/s, Cc = 1.5 km/s, Q = 100 we can
estimate the coefficient of proportionality in Eq. (29) as
a � 50. As it follows from Eqs. (28) and (29), the small
cracks are of little importance in the sense that their contri-
bution to the net displacement field appears to be exponen-
tially small, while the large cracks make main contribution
to the mean displacement and therefore to the crack gener-
ated magnetic perturbations.

4. ULF electromagnetic noise generated by random crack

ensemble

The equations for the mean displacement field we have
thus far obtained implies that all the cracks have a random
orientation but the same size/radius. In the analysis that fol-
lows, we first seek for the solution of Eq. (7) in the case of
cracks with fixed radius, R, and then extend the solution
to the case of crack size distribution. Since the mean dis-
placement has been obtained is spherically symmetric, the
spherical coordinates r, h, u are needed. We shall use a coor-
dinate system in which the z-axis is positive parallel to the
vector of geomagnetic field, B0 . For illustrative purposes,
the reference frame and the cracked zone are sketched in
Fig. 1(b). In the case study all the values are independent
of the azimuthal angle u, and only azimuthal component
of a is non zero. Eq. (7) is thus reduced to the form

D
r2

orðr2orauÞ þ oh
ohðah sin hÞ

sin h

� �� �
¼ B0�urðrÞ sin h; ð30Þ

where or and oh denote the partial derivatives with respect
to r and h, accordingly, and h is the polar angle included
between the vectors B0 and r. We seek for the solution of
Eq. (30) in the form au = g(r) sinh. Substituting this func-
tion and Eq. (28) for �ur into Eq. (30), yields

drðr2drgÞ � 2g ¼ u0B0

D
exp � r

L

� 	
; ð31Þ

where dr = d/dr. This differential equation (31) has a
straightforward analytical solution

gðxÞ ¼ c1xþ c2

x2

þ u0B0

3D
1

x2
þ 1

x
� 1

� �
expð�xÞ þ xE1ðxÞ

� �
; ð32Þ

where c1 and c2 are arbitrary constants, x = r/L and E1(x)
denotes the exponential integral, that is

E1ðxÞ ¼
Z 1

x

expð�x0Þ
x0

dx0:

One makes sure of validity of the solution by direct substi-
tution of Eq. (32) for g(r) into Eq. (31). The sought func-
tion b can be expressed through g(x) in the following
manner

b ¼ 1

r
½2r̂gðxÞ cos h� ĥorfrgðxÞg sin h�: ð33Þ

In order to find c1 and c2 these equations should be supple-
mented by the proper boundary conditions. Since the func-
tion b in Eq. ( 33) must go to zero at infinity, we get that
c1 = 0. Moreover, b must to be limited when r! 0. Even-
tually, we obtain that

gðxÞ ¼ u0B0

3D
1

x2
þ 1

x
� 1

� �
expð�xÞ � 1

x2
þ xE1ðxÞ

� �
: ð34Þ

Consider first the case of large distances/small cracks.
From the analysis of Eq. (34) it follows that when r	 L
(x	 1) the function g(x) simplifies to

g � � u0B0

3Dx2
: ð35Þ

Once the maximal crack size satisfies the inequality
lmax� r/a, where a is given by (29), this approach is valid
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for all the cracks. Substituting of Eq. (35) for g into Eq.
(33), yields

b � � u0B0L2

3Dr3
ð2r̂ cos hþ ĥ sin hÞ; ð36Þ

where r̂ and ĥ denote the unit vectors.
For now, we shall be interested in the averaging over the

crack size. We suppose that the number of crack arising per
unit of time with a length greater than l occurring in a spec-
ified area can be estimated from the known empirical law
obtained by Gutenberg and Richter (1954) for the number
of earthquakes. According to Turcotte (1997)

_NðlÞ ¼
_b

l2b ; ð37Þ

where b is the dimensionless empirical constant, whose va-
lue varies from region to region but is generally in the range
0.8 < b < 1.2. The constant _b is a measure of the regional
level of seismicity. This value is measured in units of m2b/
s. The worldwide data correlate with (37) taking b = 1.11
and _b � 2� 103 m2b/s. Assuming for the moment that the
dependence (37) can be extrapolated down to the crack
sizes of about several meters and combining Eq. (37) and
Eq. (2), yields

dBtðrÞ ¼ 2b _b
Z lmax

0

bðr; lÞ
l2bþ1

dl: ð38Þ

Substituting Eq. (36) for b into Eq. (38) and performing
integration over l, gives the sought value of the mean mag-
netic perturbations. The result of integration can be written
as a field of magnetic dipole

dBtðrÞ ¼ �
l0

4p
rðpm � rÞ

r3
; ð39Þ

where

pm ¼ �
r _bkba2l5�2b

max

6ð5� 2bÞ 1� 4w
3

� �
B0:

The effective magnetic moment, pm, is directed in opposi-
tion to the unperturbed geomagnetic field B0. It is not sur-
prising since the conductor motion in external magnetic
fields must result in usual diamagnetic effect, which makes
for formation of the effective magnetic moment with nega-
tive sign (Surkov, 2000). The case treated here corresponds
to strong attenuation because the distance, r, from the
cracked zone is much greater than the effective damping
length Lmax � almax of the seismic waves emitted by the
cracks. As it is seen from the solution (39), the average level
of the electromagnetic noise in this region decreases as r�3.
It follows from our numerical estimation that at such far
distances the crack generated electromagnetic noise is prac-
tically undetectable and thus this case-study is of little
importance.

For short distances of interest here, that is r� almax �
50lmax, the contribution of the small and large cracks to
the integral (38) should be estimated separately. As it fol-
lows from Eq. (36), which is valid for the small cracks with
length l� r/a, the function b(r,l) is proportional to l5 and
hence the integrand in Eq. (38) is proportional to l 4�2b �
l1.8, where b is the fractal dimension in Eq. (37). In the case
of the large cracks when x� 1, Eq. (34) for g is trans-
formed to

g � � u0B0

2D
: ð40Þ

In this picture the attenuation of the seismic waves radiated
by large cracks is nearly unimportant. Substituting Eq. (40)
for g into Eq. (33), yields

b � � u0B0

2Dr
ð2r̂ cos h� ĥ sin hÞ: ð41Þ

It follows from Eq. (41) that as long as l	 r/a the function
b(r,l) / l3 and therefore the integrand in Eq. (38) is propor-
tional to l2�2b � l�0.2. The rough estimating of the contri-
butions to the integral (38) due to the small and large
cracks gives the ratio [r/(almax)]3�2b. This means that at
the distance r� a lmax the small cracks make a little contri-
bution to the integral sum in Eq. (38) compared to that due
to the large cracks. Taking the notice of this fact, substitut-
ing Eq. (41) for b into Eq. (38), yields

dBtðrÞ ¼ �
l0rB0

_bkbl3�2b
max

4prð3� 2bÞ 1� 4w
3

� �
2r̂ cos h� ĥ sin h
� 	

:

ð42Þ
It should be emphasized that Eq. (42) determines, as a mat-
ter of fact, only statistical average, which corresponds to
the mean level of the crack-induced electromagnetic noise.
This rough estimate does not depend on the damping con-
stant a since it holds while the ground-recording station is
located not far from the cracked zone.
5. Discussion and conclusions

Our theoretical analysis has shown that the rock frac-
ture must be accompanied by generation of the low-fre-
quency electromagnetic noise. To proceed analytically, we
have constructed a suitably idealized model of the cracked
zone and of the crack generated geomagnetic perturbations
treated as a stochastic process. The predicted level of the
ULF electromagnetic noise is found to be proportional to
the constant _b, which is a measure of the regional level of
seismicity. Intense acoustic emission in the frequency band
of 0.03–1 kHz along with noticeable ULF magnetic noise
have been detected by Gorbatikov et al. (2002) at Matsus-
hiro Observatory, Japan before and after seismic events
occurred within distance range of about 150 km. Note that
such evidence can serve as an indirect proof/confirmation
of the model developed above. According to Scholz
(1990), the region of preparing earthquake can occupy
the area with size of about several hundred kilometers.
Such an area may contain a system of cracked zones with
sizes of about 0.1–1 km. Gorbatikov et al. (2002) have
assumed that the acoustic emission occasionally observed
half a day before the earthquake occurrence may be asso-
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ciated with the energization of the rock fracture inside the
cracked zones. The estimation of the acoustic damping fac-
tor shows that the source of acoustic emission must be
located not far from the ground surface to produce a
detectable value of magnetic noise. In other words, the
crack generated electromagnetic effect, which may prevail
over the background level, can be expected if only the
cracked zone is situated not far as 1 km from the ground-
recording station.

For the numerical estimation of the magnetic effect
caused by rock fracture we take typical parameters of
regional seismicity _b ¼ 2� 103 m2b/s and b = 1.11 (Tur-
cotte, 1997) and the following constants k = 0.01,
lmax = 1 km, r = 10�2 S/m, B0 = 5 · 10�5 T, Ct/Cl = 0.5
and h = p/4. Suppose also that the magnetometer is situ-
ated at the distance r � 1 km from the cracked zone.
Substituting these parameters into Eq. (42), gives the rough
assessment of the mean level of the ULF electromagnetic
noise jdBtj � 0:3 pT. It should be noted that we have con-
sidered the case of equal probability for the crack orienta-
tion. A certain order of the crack orientation may enhance
our estimate of the mean noise level. Likewise, due to fluc-
tuations the noise magnitude is rather large compared to
the mean value jdBtj.

The ULF magnetic noise occasionally observed prior to
the strong crust earthquakes (e.g., see Fraser-Smith et al.,
1990; Kopytenko et al., 1990; Hayakawa et al., 1996,
2000) lies in the frequency range of 0.01–1 Hz. The average
level jdBtj related to square root of these characteristic fre-
quencies gives the value of about 0.3–3 pT/Hz1/2 that can
serve as a rough estimate of the power spectrum magni-
tude. This assessment is consistent in magnitude with
observation considering the uncertainties in the parame-
ters. Moreover, it is worth mentioning that the seismic
activity before and after earthquake occurrence may
greatly enhance, which leads to increase of the actual value
of regional seismicity parameter, _b, and eventually to
increase of the ULF electromagnetic noise level.

In this paper we have dealt with alone tension cracks
since the consideration of the shear cracks leads to very
complicated expressions. Actually, all types of cracks
including the tension and shear cracks are formed during
rock fracture and probably the majority will tend to be
shear ones (Scholz, 1990). If the shear cracks are predom-
inant, the calculation technique developed above can be
also applied. In contrast to the tension crack the shear
one can radiate the seismic waves in such a way that the
effective magnetic moment induced in the conductive med-
ium is non-parallel to the vector B0 depending on the crack
orientation (Surkov, 2001). As there is an equal probability
for the shear crack orientation, the mean magnetic moment
of the crack ensemble becomes zero. At the same time one
may expect that the shear cracks will predominantly grow
along the axis of maximal shear stresses or, more precisely,
along the directions that make the angle 0.5 arctan kf with
this axis (Scholz, 1990). Here kf denotes the coefficient of
internal friction of the rock. Likewise, most of the shear
cracks possibly will tend to be parallel to fault plane. Taken
together, this means that the mean magnetic moment of the
shear crack ensemble is non-zero. On account of the fact
that the displacement jump, [us], along the shear crack sur-
face is proportional to the crack length we come to an esti-
mate similar to that given by Eq. (42). To summarize, we
note that each crack species is capable to sustain generation
of the ULF magnetic noise that can be detected by ground
magnetometers.

Finally we arrive at the following conclusions.

1. It was shown that the rock fracture and energization of
crack growth in conductive medium is accompanied by
the ULF geomagnetic perturbations. If the crack-gener-
ated temporal series of acoustic impulses is a Poisson
random process, the mean level of the electromagnetic
noise is defined by the time integral of the magnetic field
produced by a single crack. We have estimated this inte-
gral and thereby generalized the results of previous
works.

2. It follows from our calculations that the large cracks
make a main contribution to the ULF magnetic noise.
The small cracks appear to have no effect due to strong
damping of their signals. Inside the region where the
acoustic damping is of minor importance the magnitude
of the electromagnetic perturbations is found to
decrease with distance as r�1, while far from this region
the mean level of the noise falls off more rapidly with
distance, that is as r�3. According to our estimations
the magnitude of the electromagnetic noise can amount
to the value which is greater than or of the order of
1 pT/Hz1/2.

3. In the case of tension cracks the effect treated here can
arise independently of the distribution of the crack plane
orientation since the mean effective magnetic moment of
the cracks always points in opposition to the geomag-
netic field. In order to obtain the same effect, as the
shear crack ensemble is considered, a certain order of
the crack orientation is necessary. For example, the pre-
dominant directions for the shear crack growth can con-
centrate around the axis of maximal shear stresses.
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