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Abstract

The physical nature of quasi-static and transient anomalies in the geomagnetic field induced by underground
explosions or earthquakes is reviewed. New theoretical results obtained recently and so far little known to gen-
eral circles of geophysicists are presented. The physical nature of residual magnetic and electrotelluric fields at
the explosion point are considered. The seismic waves from explosions or distant earthquakes are suggested to
be used as a tool for the preliminary probing of the Earth’s crust sensitivity to various seismo-electromagnetic
effects. The use of magnetic induction effects for tsunami detection and for crust sounding is outlined. The na-
ture of ULF magnetic impulses related with earthquakes is discussed.

Key words earthquake — explosion — seismo-elec- monitoring of earthquake eclectromagnetic pre-
tromagnetic phenomena — ULF waves cursors greatly depends on the choice of most
«sensitive» observation points. On the other

hand, the electromagnetic response of the crust

1. Introduction to seismic waves is determined by local
mechano-electrical properties of the crust. So,

This paper gives a concise treatment of the the preliminary probing of a seismo-active re-
physics of the electromagnetic response of the gion with seismic waves from an explosion,

geophysical medium to impact by explosion or using simultaneous seismic and electromag-
earthquake. Two classes of physical phenom- netic observations, could indicate the most
ena are related to such impact. The first is as- promising observation sites for monitoring
sociated with the emergence of quasi-static electromagnetic precursors. However, reliable
anomalies of the magnetic and telluric fields extraction of necessary information requires
near the explosion site and quake epicenter. the clear physical understanding of various
The other is related to propagating seismic mechanisms of magnetic response on acoustic
waves. The specific radiative and plasma ef- impact on the geophysical media. Some of

fects which accompany the nuclear explosions these mechanisms are outlined in this review.
(Longmire, 1978; Price, 1974) are not consid-

ered.
The considered effects might be effectively 2. Local anomalies of the Earth’s electro-
incorporated into research on seismo-electro- magnetic field after an explosion

magnetic phenomena. The effectiveness of the
A feature of an underground explosion is a
generation of long-lasting perturbations in the
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of the Physics of the Earth, B. Gruzinskaya 10, Moscow these experiments, the anomaloys magnet.ic
123810, Russia; e-mail: pilip@iephys.msk.su field was revealed through difference in

227




Vadim V. Surkov and Viatcheslav A. Pilipenko

records obtained at remote stations and at ob-
servation points nearby. The perturbations
were observed at distances up to 10 km from
the epicenter for a few days after underground
and surface nuclear explosions (Undzenkov
and Shapiro, 1967; Barsukov and Skovorodkin,
1969; Hasbrouk and Allen, 1972), and conven-
tional chemical explosions (Akopyan et al.,
1973; Kozlov et al., 1974; Yerzhanov et al.,
1985). Some offset of the magnetic field has
been observed after strong earthquakes.

2.1. Seismo-magnetic effects

The residual magnetic field which was ob-
served near the explosion point can be at-
tributed to the seismo-magnetic effect (Stacey,
1964) — magnetization or demagnetization of
rocks containing ferromagnetic inclusions.
Such rocks can be found, for example, at the
deposits of magnetite and other natural ferro-
magnetic materials. The substance is magne-
tized when the medium is shaken up by the
shock wave generated by an explosion. The
vector of the substance magnetization is di-
rected along the geomagnetic field. The physi-
cal mechanism of this phenomenon consists in
a partial orientation of domains along the ex-
ternal magnetic field due to the effect of elastic
stress in the substance (Kondorsky, 1959).

The crashed zone created near the explosion
chamber contributes insignificantly to the
seismo-magnetic effect. The reason is that the
magnetic moments of individual fractions of
the fractured rock are chaotically oriented and
their vector sum is close to zero. In the elastic
zone, there exists an empirical relationship
AJ = J6./A between the magnetization incre-
ment AJ and the amplitude of radial stresses 9,
(here J is the initial magnetization of medium,
A is an empirical parameter) (Stacey, 1964).
The value of &, diminishes with the distance r
from the explosion point following the rela-
tionship 8, = 8.(ay/r) (here 6, is the rock rup-
ture strength, a, is an inelastic zone radius). By
integrating the magnetic fields of elementary
magnetic moments AJ and taking into consid-
eration the dependence 8,(r), one can obtain
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the following equation for the anomalous mag-
netic field (Surkov, 1989a):
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where 11, is a magnetic constant, a is the radius
of the elastic wave front. It was expected that
the decrease of the field with distance should
obey the law B ~ r 3, typical for the stationary
magnetic dipole (Barsukov and Skovorodkin,
1969). However, the experimental results
turned out to be closer to the dependence
B ~ r ! (Yerzhanov et al., 1985). This discrep-
ancy can be removed with the use of the for-
mulas (2.1) and (2.2) if one takes into consid-
eration that the observations are normally car-
ried out in the region of gy < r < a. At such
distances the magnetic dipole generated by the
shock-magnetized rocks cannot be considered
a point one, hence the law (2.2) is not valid
and (2.1) should be applied. Figure 1 shows
the good correspondence between the experi-
mental dependence B(r) obtained during the
MASSA experiment with the ground chemical
explosion of 251 ¢+ TNT (Yerzhanov et al.,
1985) and the calculation results according to
(2.1) with the following parameters: 8, = 0.1
GPa, A = 1 GPa, gy = 100 m, J = 0.12 A/m.
The difference between curves at r < 0.5 km
may be caused by the influence of other mech-
anisms which will be considered later on.

It should be remembered, that in experi-
ments with underground explosions the effect
similar to a seismo-magnetic one can also be
due to the shock magnetization of metallic cas-
ing string. Magnetization of metal with a shock
is much stronger than that of the rock sur-
rounding the string and this can cause an ap-
preciable effect. The estimates show that at
distance from the casing string ~ 500 m with
10% of shock magnetization of metal satura-
tion the magnetic effect may be about 20 nT.
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Fig. 1. Decrease of the residual magnetic field at the explosion point. Selid line is an experimental depen-
dence measured after the MASSA explosion; dotted line shows the results of the theoretical calculations.

2.2. Anomalies of geoelectrical conductivity
and redistribution of telluric currents

The distortion of the Earth’s local electro-
magnetic field by an underground explosion
can also be caused by the variation in the
Earth’s electrical conductivity and redistribu-
tion of the Earth’s currents of artificial (due to
currents in the casing string) and natural origin.
Generation of currents near the casing string is
determined by the contact potential difference
because of different conductivities: the ionic
conductivity in a medium and the electron one —
in a metal. The similar effect exists near the
ore deposits, so, local anomalies of terrestrial
telluric field are used for the detection of de-
posits. The contact potential difference is
strongly depth-dependent due to different min-
eral composition of salts in the pore water at
different depths. The electrochemical processes
ensuring in the surface layer generate currents
in the medium. The current lines are of a typi-
cal toroidal pattern with the symmetry axis of
the tore coinciding with the string axis. The
arising magnetic field contains only the az-
imuthal component. According to the theory,
in the homogeneous crust this component tends
to zero near the Earth’s surface.
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The current system near the casing string
causes a perturbation not only of the magnetic
field but also of the Earth’s electric field. The
explosive processes result in a destruction zone
with a changed electrical conductivity. This in
turn leads to a redistribution of currents in the
medium and a change in the electromagnetic
field. The theoretical analysis of this problem
is reduced to the solution of Poisson’s equation
for the conductive semi-space of the electric
conductivity oy, which contains a ball-shaped
intrusion with a radius g, and electric conduc-
tivity 07. The top of the string casing acts as a
negative electrode while its bottom section is a
positive electrode (this kind of polarization can
be found in ore bodies) (fig. 2). In this case,
the electrical field potential on the Earth’s sur-
face can be written as (Surkov, 1989a):

=0t @y,
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where [ is the total current on the casing string
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Fig. 2. The model presentation of the destruction
zone at the end of the casing string, used in calcula-
tions of an anomalous electrotelluric field at the ex-
plosion point.

surface; h — its length, p is the distance from
the string. The formula (2.3) holds true pro-
vided ay <« h, h—1 < p. The term @, describes
the undisturbed field potential before an under-
ground explosion, and ¢, refers to the potential
disturbance related with the formation of a
crashed zone. In the same approximation the
azimuthal component of a magnetic field B,
can be presented as

B(p:BO+Bl’

_ Onol (o - 01)aghz
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where z < 0 is a vertical coordinate. The egs.
(2.3) and (2.4) prove useful for practical as-
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sessment of the consequences due to an under-
ground explosion. The parameters I, [ and h
can be determined before the explosion by
comparing experimental and theoretical depen-
dencies @q(p) and By(p). Then the measure-
ment of the disturbances of potential ¢, (p) and
magnetic field B)(p) after the explosion and
the comparison of these values with the theo-
retical predictions (2.3) and (2.4) enable the
size of a crashed zone a, and the electrical
conductivity o, to be determined within it. As
follows from (2.3) and (2.4), the perturbations
¢, and B, are connected by a simple relation-
ship @, = pB,/(31y0pz). According to mea-
surements the magnetic field perturbation at a
few kilometers from the explosion B; ~ 10 nT
(Hasbrouk and Allen, 1972). Assuming that
p/z =10 and o = 1072 S/m one obtains that this
magnetic disturbance should be accompanied
by the disturbance of the potential ¢; ~ 3 V.

Telluric electric field anomalies can also be
caused by the redistribution of telluric currents
due to the creation of crashed rock zone. We
assume the field of telluric currents to be uni-
form at infinity. The solution of this problem
for a uniform medium with conductivity
0y, which contains a ball-shaped intrusion
(crashed zone) with different conductivity o,
is known

. . 3
S U W@ ©m%) 2

Oy  Oyr (01 +20)
Here j denotes the current density at infinity, a,
is the ball radius and r is a distance from the
ball center. From (2.5) one can find the poten-
tial disturbance. The similar formalism can
also be applied to estimate the probable mag-
netic and telluric effects caused by the forma-
tion of the consolidation zone with different
geoelectrical properties at the final stage of
the earthquake preparation process (Gokhberg
et al., 1985).

The long-lasting electrical anomalies can
also arise as a result of electrokinetic effects
under the influence of residual stress in the
medium. The quantitative assessment of these
effects is difficult because of unreliable deter-
mination of the medium parameters: the per-
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meability of natural rocks, the sizes of a water-
permeable filtering bed, the rate of solution fil-
tration, etc.

2.3. Relaxation of anomalous magnetic fields

Up till now, practically no investigations
have been conducted on the relaxation pro-
cesses resulting in a decline of quasi-static
anomalous fields. The electromagnetic effect
caused by the fracture of medium is irre-
versible. At the same time, one cannot rule out
the relaxation processes which can, for exam-
ple, occur due to collapsing of underground
cavities or structural changes in the porous
space filled with fluid. In relaxation of medium
magnetization, the key part seems to be played
by the processes wherein the rock massive
compressed by explosion is unloaded and by
the processes of heat disorientation of domains
which are contained in the composition of
ferromagnetic inclusions (Barsukov and
Skovorodkin, 1969). It is interesting to observe
the relationship of these processes and the
changes in the stressed state of the medium
due to its mechanical unloading (Belokopytov
et al., 1985). Such investigation would be very
useful in analyzing the phenomenon of the im-
pending earthquake and should be treated as a
promising trend in future research. The analy-
sis presented above does not cover all the pos-
sible physical mechanisms involved in genera-
tion of magneto- and electrostatic fields after
an explosion. Further research in this domain is
underway.

3. Induction effects due to seismic waves

The seismic waves emitted by explosion or
earthquake can also generate geomagnetic dis-
turbances. In contrast with the effects consid-
ered above, these disturbances can travel to-
gether with the seismic waves over long dis-
tances. The disturbance of the external mag-
netic field by elastic waves, propagating
through the conductive medium, is caused by
generation of the induction currents (Knopoff,
1955; Kalisky, 1960; Kalisky and Rogula,
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1960; Viktorov, 1975; Guglielmi, 1986a,b).
The interest in studying this phenomenon in
geophysical research has emerged due to in-
vestigations of electromagnetic effects related
with earthquakes, as well as to tackle the prob-
lem of excitation of magnetoelastic waves near
the boundary of the Earth core (Keilis-Borok
and Monin, 1959).

Maxwell’s quasi-stationary equations de-
scribing the induction effect of the seismic
waves are as follows

aa_I;'_DWH:rot[vao] G.1)
VEH=0 (3.2)
oH
tE =— _— 33
ro Ho 3 (3.3)

Equation (3.1) is valid for the Earth, and
eq. (3.2) for the atmosphere. Here H is the per-
turbation of geomagnetic field H,, v is the
medium velocity in seismic wave; o is the
Earth’s electrical conductivity, D = (1,0)"" is a
diffusion coefficient of the magnetic field dis-
turbances. In the vicinity of the front of the
elastic seismic wave the right-hand term in
(3.1) acts as an external perturbation.

Far from the seismic source the geomag-
netic perturbations will spread along with seis-
mic waves. The magnitude of the magnetic
field induced by the conductor oscillations is
determined by Reynold’s magnetic number
Re,, = oo Cs A, where C; is the velocity of the
seismic wave, A is the wavelength. The in-
duced electric field £ in the inertial reference
system can be estimated from the eq. (3.3).
Usually, sensors oscillate with the Earth’s sur-
face, so transformation of the electric field into
a laboratory system should be taken into ac-
count.

The case Re, > 1 (or 1 > (uycC)™")
means the «freezing» of the geomagnetic field
lines into a medium. This inequality holds, for
example, in wet grounds with the electric con-
ductivity ¢ = 1 S/m for seismic waves with
A >> 1 km. In this limiting case the diffusion
term can be neglected which leads to the fol-
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lowing estimate of the induced magnetic field

HIHy = vICs = E/A. (34
The magnitude of the disturbance is deter-
mined by the medium displacement & only and
does not depend on the crust parameters. As-
suming that v = 1 cm/s and Hy, = 40 A/m we
obtain from (3.4) H ~ 0.08 mA/m. The electric
fields in the inertial and the laboratory systems
are of the same order, ie. E =~ HoCH =
HovH,, and for the above parameters E =~ 0.5
UVim.

The reverse extreme case Re,, < 1 (or A <«
(LooC,)™") corresponds to the «diffusion»
limit. This case is more typical for geological
media and ocean waves. For example, in a sed-
imentary layer with ¢ = 1072 S/m this restric-
tion holds for seismic waves with 1 <« 100 km
or @ >> 0.3 Hz. The induced magnetic field in
the diffusion limit can be estimated as

H/Hy = (&/A) Re,,. (3.5)
By substituting A = 1 km and v = 0.1 m/s in
(3.5) we obtain the estimate H =~ 50 mA/m.
The electric field in the . laboratory - system
is determined by a transformation factor, i.e.
E ~ IU()VH().

The relationships (3.4) and (3.5) enable one
to estimate the magnetic and electric effects of
seismi¢ waves by the order of magnitude.
More detailed calculations indicate some addi-
tional peculiarities of the seismo-magnetic sig-
nals. For a longitudinal seismic wave propagat-
ing through a uniform conducting medium
there exist two essentially different phases of
induction currents spreading (Surkov, 1989b).
At first the geomagnetic perturbation front
spreads__according to the diffusion law:
r =~ 2VDxt, faster than seismic front. At the
time 7, = 4D/C? the longitudinal wave outruns
the diffusion front and moves ahead. With
t > t, the second stage of the process begins
when the geomagnetic perturbations become
localized in the vicinity of the elastic wave
front and propagate together with the velocity
C;. For a crust with 0= 102 S/m and C, = 5
km/s the critical time t, 12 s and the dis-
tance at which the propagation regime of geo-

~
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magnetic perturbations changes r, =~ 60 km. At
larger distances from a source of seismic wave
the geomagnetic perturbations and seismic sig-
nal will travel together.

The geomagnetic perturbations propagate
somewhat ahead of the seismic wave front and
can be treated as its forerunner (Surkov,
1989b,c; Guglielmi, 1991; Gershenzon et al.,
1993). To illustrate this effect, fig. 3 shows the
dependence of the vertical component of the
magnetic perturbations H,(f) calculated for
0 =0.1 S/m at R = 5 km from a source. The
source for this example was the seismic longi-
tudinal wave emitted by the underground ex-
plosion from the boundary of the destruction
zone. The arrow indicates the arrival of the
elastic seismic wave. To the left from the ar-
row a magnetic forerunner can be seen, which
emerges due to the diffusion of induction cur-
rents excited at the front of the elastic wave.
The amplitude of the forerunner decreases
away from the seismic front, which acts as a
moving source of magnetic disturbances.
Within the region of magnetic forerunner (i.e.
r—R > C,f) magnetic disturbance decreases
with distance r as

H(r) = Hyw(nC;'(A/r.)* exp [-(r—-R-C,H)r;"]
(3.6)

where r, = D/C; =~ Ct, denotes a typical spa-
tial scale of magnetic forerunner, oscillatory
velocity of a medium varies with distance as
v(r) = voR/r. So, the magnetic forerunner is
confined in the region about several r, near the
front of the seismic wave. The ratio between
the magnitudes of the magnetic forerunner and
the main signal is about (1/r,)? in the «frozen-
in» limit and is about (A/r.) in the «diffusion»
limit. In the latter case the magnitude of the
magnetic forerunner is smaller, but its spatial
scale is larger. Another interpretation of mag-
netic forerunner was given by Guglielmi
(1991) who explained its appearance as a result
of the effect similar to Cherenkov emission.
This analogy seems incorrect, because in a
conductive homogeneous media, described by
non-wave equations, emission does not appear.
At large distances from the source, where
the seismic Raleigh surface wave dominates,
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Fig. 3. Perturbation of the vertical component of the geomagnetic field H, caused by longitudinal seismic

wave.

the dependence of the induced electromagnetic
signal amplitude on the distance r is ~ r 2
(Gorbachev and Surkov, 1987). The depen—
dence of amphtude on the depth [ of the seis-
mic source is ~ 172 At small distances the
amplitude of magnetlc perturbations dimin-
ishes with distance obeying the same law as
the amphtude of the longitudinal seismic
waves: ~ r . Recently the reports on non-lin-
ear dissipatlve effects in the seismic waves
which are associated with dispersive and dissi-
pative properties of geological media have ap-
peared. According to phenomenological theo-
ries, the amplitude of the Raleigh wave turns
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out to dimlmsh as ~ r "% while its scale Zrows
as ~ r'"%. Then in the low-conductive media the
dampmg rate of both acoustic and magnetic
signals increases as compared with the ideally
elastic media: (Dunin and Surkov,
1992). The lesser decrease of magnetlc pertur-
bation as compared with the seismic one is
physically connected with the fact that the
magnetic perturbations are an integral effect of
all currell/lzts induced in the region with a scale
~A~r

However, experimental detection of seismo-
magnetic events is not a simple task, because
the induction signal would essentially be
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masked by the seismographic effect, i.e. vibra-
tions of magnetic sensors under the action of
the seismic wave. So, one has to isolate the in-
duction seismo-magnetic signal from external
noises and perturbations. This problem can be
solved based on the specific features of
seismo-magnetic signals as compared with typ-
ical ionosphere-magnetosphere disturbances.
The ratio of the electric component of the
seismo-magnetic signal to the magnetic one is
nearly equal to the speed of the seismic wave:
Z, = E/H = 1,C, (Guglielmi, 1986a,b). Con-
trary to this, the above ratio for ionospheric
signals equals the Tikhonov-Cagniard imped-
ance Z;, determined by the crust geoelectrical
structure. The polarization of the inductive
seismo-magnetic signal in the vertical plane in
the atmosphere is strictly circular. From
Maxwell’s equations (div H = 0 and rot H = 0)
it follows that, irrespective of the polarization
of the seismic wave, the magnetic field in-
duced by the wave is polarized in the (X,Z)
plane, where the X axis is oriented along the
propagation direction. Furthermore, this leads
to H,/H, = —i, which means that the oscilla-
tions are polarized in a circular pattern. The
component H, is negligible compared with H,
and H, as (w/0).

4. Probing the mechano-electrical sensitivity
of the crust with seismic waves

The manifestation of electromagnetic pre-
cursors of earthquakes has a «mosaic» charac-
ter, even in tectonically homogeneous blocks.
Hence, the application of electromagnetic
methods of seismic warning requires a selec-
tion of most «sensitive» points where such ef-
fects would be most pronounced. Preliminary
probing of mechano-electrical properties of the
region under study can be done with seismic
waves from explosions or distant earthquakes.

4.1. Seismo-magnetic probing
Electromagnetic signals induced by seismic

waves can be used for the induction seismo-
magnetic probing (Guglielmi et al., 1987). This
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method may be used in geological exploration
and is implemented by recording of seismic &,
and associated magnetic B, oscillations. Then
the interpretation parameter {(w) = B,(w)/
&, (w), i.e. the ratio of the vertical components
of magnetic and deformation fields, which
might be called the seismo-magnetic im-
pedance, is analyzed. The frequency depen-
dence {(w) enables the parameters of the geo-
electrical structure to be restored. The induc-
tion seismo-magnetic probing differs from the
known method of magnetotelluric sounding in
that the source of the electromagnetic oscilla-
tions is under the Earth and not above it. The
inverse problem to restore the vertical crust
geoelectrical structure from seismo-magnetic
impedance {(®) can be handled by the numeri-
cal model of the Earth core in the form of N
layers with the conductivities o; and thick-
nesses h; (i = 1, ..., n). The solution of the in-
verse problem considering the experimentally
measured frequency dependence {(w) provides
information on the values of o;, h;. Thus
seismo-magnetic probing allows us to acquire
information on geoelectrical properties of the
region at the explosion point (a testing ground,
a mine, etc.) as a by-product obviating extra
expenditures on electro- and magneto-explo-
ration.

4.2. Electromagnetic method for detection
of tsunami wave

Large scale movements of ocean water in
the geomagnetic field due to earthquakes gen-
erate electric and magnetic fields. The theoreti-
cal models of the induction electromagnetic
fields caused by ocean waves are well elabo-
rated (Larsen, 1971). The estimates show that
the magnetic effect of the tsunami wave does
not exceed several nT, which is much less than
typical magnetic disturbances of magneto-
spheric-ionospheric origin. Nonetheless the
tsunami generated electromagnetic field has a
number of specific peculiarities which may en-
able the expected signal to be retrieved from
an intensive background noise (Gershenzon
and Gokhberg, 1992a). These features are the
following:
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— the velocities of long wavelength tsunami
waves V =~ (0.4-2) - 10> m/s are much lower
than propagation velocities of magnetospheric-
ionospheric disturbances, which are about 1-
10 km/s. The magnetic disturbance a quarter
of period runs ahead of the tsunami wave, i.e.
about 10 min;

— the tsunami-generated magnetic signal
has a peculiar vertical structure of polarization.
Near the ocean surface the signal has a right-
hand circular polarization (B,/B, = i), while at
the bottom the signal is left-hand circular po-
larized (B,/B, = —i). Because the skin-depth of
external disturbance is larger than the ocean
depth, these disturbances should have the same
polarization throughout the ocean;

— the impedance of the tsunami signal does
not depend on water resistivity, but on wave
propagation velocity only, ie., Z, = E/H =
= —illyV. Thus, Z, of the tsunami-generated
signal and Z, of external disturbances are es-
sentially different.

Based on the above properties of the
tsunami signal a system may be constructed to
detect weak tsunami signals and to determine
the magnitude and propagation direction of the
tsunami wave. This system should consist of
several bottom and surface magnetometers
with sensitivity ~ 107" — 1072 nT and electric
field sensors with sensitivity ~ 0.1 mV/m.

4.3. Probing of local mechano-electrical
parameters

The electric effects connected with the
propagation of seismic waves were first
pointed out by Ivanov (1939, 1940). At a dis-
tance of up to 120 m from a weak explosion a
potential difference between grounded elec-
trodes was recorded. This phenomenon was re-
ferred to as a seismoelectric effect of the type II,
or E-effect (in contrast with the effect type I,
or J-effect, which consists in a changed cur-
rent between the grounded electrodes in the
travel of elastic waves). Its explanation pro-
posed by Frenkel (1944) proceeds from the
electrokinetic effects in the fluid filling the
capillaries and cracks in the Earth’s surface
layer. The variation in the electrical potentials
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of fluid and capillary walls is due to changes in
the . capillary pressure during deformation of
the ground in the wave. The electrokinetic ef-
fect can be accounted for with the additional
term in Ohm’s law, which is proportional to
pressure gradient
Jj=0(E-CVP). 4.1)

In wet ground the empirical electrokinetic co-
efficient C is about 107° — 107® V/Pa (Strelkov,
1990). The pressure gradient produced by a seis-
mic wave with A =~ 10 m, will generate a telluric
electric field £ ~ C|VP| ~ 107°-10"° V/m.

However, the quantitative assessment of the
magnitude of the electrokinetic effect is diffi-
cult because of the uncertainty of many param-
eters: electrical potential, specific resistance of
pore liquid, viscosity, rock porosity, etc. The
ground magnetic signal produced by electroki-
netic currents can be observed only above
some crust inhomogeneity. Gathering of pre-
liminary information on these parameters,
which could be performed with seismic prob-
ing, is especially important for earthquake pre-
diction research. Many geophysicists believe
that electrokinetic effects might be responsible
for emergence of magnetic anomalies prior to
earthquakes (Mizutani et al., 1976; Mizutani
and Ishido, 1976; Strelkov, 1990). In that case
the convective electric fields and currents may
be produced by pressure gradient caused by a
tectonic stress. However, the estimates of the
role of this mechanism are still controversial
because of great uncertainty in the medium pa-
rameters (Barsukov, 1990; Gershenzon and
Gokhberg, 1992b). The same uncertainty per-
sists concerning the effectiveness of the piezo-
magnetic effect. The seismo-electric probing of
seismically active zone may help to solve these
problems.

S. Seismogenic ULF noises and impulses

Studies of ULF (Ultra Low Frequency)
magnetic disturbances in seismically active
regions have revealed three classes of elec-
tromagnetic phenomena related with earth-
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quakes:

— Seismo-magnetic  signals synchronous
with the passage of seismic waves through the
observation point after strong distant earth-
quakes (Eleman, 1965; Gogatishvili, 1984).
Also, correlated seismic and electromagnetic
fluctuations were recorded at distances of
2.5-5.5 km after industrial explosions (Anisi-
mov et al., 1985).

— Sporadic magnetic impulses, slightly pre-
ceding seismic fronts. Two events with ampli-
tudes ~ 0.5 nT were recorded at Kamchatka af-
ter earthquakes with M = 6 and M = 7 (Belov
et al., 1974). At distances R = 60 km from epi-
centers magnetic impulses run ~ 10 s ahead of
seismic fronts. A special technique of gradient
measurements with small baselines to suppress
the influence of ionospheric magnetic varia-
tions has been developed for detection of weak
seismo-magnetic signals (Gokhberg et al.,
1989). With the use of this technique weak
impulses with amplitudes B =~ 3-30 pT and
E ~ 0.07 uV/m were detected 10-30 s before
seismic waves from local earthquakes with
M = 1.3-4.6 at Caucuses (Guglielmi and Lev-
shenko, 1994). The apparent propagation ve-
locity of magnetic impulses from the quake fo-
cus was estimated to be about 14 km/s.

— Irregular magnetic pulsations (Gogatish-
vili, 1984; Fraser-Smith et al., 1990; Mol-
chanov et al, 1992; Park et al., 1993) or
sporadic impulses (Moore, 1964), observed tens
of minutes — hours before strong earthquakes.

The physics of the first class of events has
been discussed above. The third class of events
is poorly studied and has no clear physical ex-
planation. These anomalous ULF pulsations
might be related with pre-shock seismic activ-
ity, electromagnetic radiation emitted by large-
scale cracks during the final stage of the crust
destruction, or with global coordinated systems
of mechano-electrical transformers in the forth-
coming fault (Gokhberg et al., 1985).

The second class of events does not have an
obvious explanation either. These signals can-
not be interpreted as magnetic forerunners of a
seismic wave. The above consideration showed
that the amplitude of the magnetic: forerunner
should gradually increase till the onset of the
seismic wave front. Meanwhile, a clear gap be-
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tween the arrival moments of magnetic im-
pulse and seismic wave front has been ob-
served. Probably, these magnetic impulses are
related with transient magnetic fields. excited
by rapid movement of large-scale crust blocks
during a quake. Some indirect indications on
the emergence of short-lived intense electro-
magnetic fields during a quake were obtained
in (Lockner et al., 1983; Goshdzanov et al.,
1991). Though no theory of this process has
been developed so far, some rough estimates of
the effect can be made.

The induction field generated during the
shift of two blocks along a fault during a quake
can be estimated in the same way as in the the-
ory of seismo-magnetic signals. Let us denote
a fault scale as L, displacement of tectonic
block during quake as &, typical time
of displacement as 7, and skin-depth as
8 ~ (t/ty0)""*. The similar to (3.4) and (3.5)
analysis of the system (3.1) and (3.3) shows
that: a) when L < &, the magnetic disturbance
is H/H, ~ EL/8% b) while in opposite case
L > &;: HHy = &/L.

For the parameters, corresponding to
published events (Gokhberg et al., 1989):
magnitude M = 6, L = 10* m, £ = 0.4 m and
8, = 10° m it follows from first estimate that
B = yyH =~ 0.02 nT. For another event with
M=7and L=4.10"m, E=13m, §,=10* m,
from the second estimate one get B =~ 1.5 nT.
However, at the Earth’s surface the magnetic
field of the quake focus will be strongly atten-
uated. Even the geometrical damping factor
(/r)® will result in amplitudes at the observa-
tion point at r =~ 200 km from the epicenter by
at least 4 orders of magnitude less that in the
quake focus. So, the possibility to interpret ob-
servations at Kamchatka, where magnetic im-
pulses with magnitudes ~ (2-10) - 10~ nT had
been detected, seems questionable.

Another mechanism of quake-generated
magnetic signals — an inertial (or electroki-
netic) one, has been suggested by Guglielmi
and Levshenko (1993). The current generation
due to this mechanism takes place because of
the difference between the vorticities of pore
liquid flow and of rock skeleton movement.
Similar to the well-known Tolman-Stuart ef-
fect, the inertial mechanism of magnetic field
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generation can be theoretically described by
the additional term in the right-hand side of the
magnetohydrodynamic equation

o0H
L _kAH
Jt

= rot [vHy] — (mg/e) rot v,
(5.1)
Mege = e€G/ATL, VO, .

The effective mass m.g was derived via macro-
scopic parameters: dielectric permeability &,
conductivity o,, (0 = mo,,, where m is poros-
ity), viscosity v of pore liquid, the electroki-
netic potential ¢ and the charge e of the con-
ductivity ion (Guglielmi, 1992). A magnetic
disturbance generated by accelerated move-
ment of two blocks along a fault during a
quake can be roughly estimated with eq. (5.1).
Assuming that the typical time of seismic
shock is 7, acceleration along the fault is w and
the typical scale of current system is a skin-
depth &, the magnetic field in the hypocenter
is given by H = (mle)wts;". According to
this estimate the magnetic disturbance within
the quake focus can reach B =~ 50 nT, which
shows that the inertial mechanism is more ef-
fective that the induction one. Comparative
analysis (Guglielmi, 1995) testifies that the in-
duction mechanism prevails at relatively low
frequencies compared with the electrokinetic
mechanism.

So far, only quasi-stationary and ULF elec-
tromagnetic response on seismic impact has
been considered. The physics of the electro-
magnetic response of rocks on seismic waves
is much wider than in the consideration above.
Beyond the scope of the present review are
such phenomena as the generation of impulsive
electromagnetic radio emission (Gokhberg et al.,
1987; Hayakawa and Fujinawa, 1994).

6. Conclusions

The estimated magnetic effects of the un-
derground explosion show that the anomalous
fields are of an appreciable magnitude within
the radius of a few kilometers from the explo-
sion epicenter. The long duration of the
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anomalous field is an essential factor. It can be
used to set up measurement complexes whose
information on the electromagnetic field within
the near zone of an explosion, along with the
seismic data, will make it more reliable to con-
trol the conditions and parameters of under-
ground nuclear explosions. The geomagnetic
perturbations prove to be considerable not only
at near distances from an explosion, but at far
distances also, where these perturbations prop-
agate together with seismic waves.

The theoretical models and experimental
data acquired during experiments with under-
ground and surface explosions will be useful
for investigations on earthquake dynamics. It is
widely believed that electromagnetic methods
will play a key role in the operative forecasting
of earthquake risk (Hayakawa and Fujinawa,
1994). The experimental studies would be
more effective if some criteria for the separa-
tion of signals of different nature were used.
Even the current rough knowledge of the
physics of seismo-electromagnetic phenomena
allows us to suggest some of them, based on
the polarization and impedance properties of
these signals. For that purpose the special
methods of the polarization filtering could be
used.

The described methods for seismo-magnetic
probing allows us to use the data obtained
from the synchronous recording of the explo-
sion seismic wave and its magnetic response to
receive additional information on the structure
of the Earth’s crust at the recording point. De-
spite their small amplitudes, the seismo-mag-
netic signals can be used in tsunami warning
systems. The magnetic impulse of a quake
could be used to elaborate the systems for ur-
gent switch-off of dangerous industry plants
prior to the arrival of destructive seismic
waves.
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