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Abstract. During the seismic wave propagation through the other approach was suggested by Surkov (1999), Surkov et
crust, the electromagnetic pulse can originate due to MHDal. (2000), and Molchanov et al. (2001). Their theory is based
conversion in this conductive medium. On the assumptionon the same assumption of microfracturing, but the electro-
of simple models of seismic wave excitation and attenua-magnetic perturbation is caused by an MHD (inductive) ef-
tion, the problem is reduced to the analysis of a diffusion-fect from a propagating seismic wave. An inductive seismo-
like equation for a vector potential function. In this way, magnetic effect from a solitary seismic wave was assumed in
we need to change the classical gauge condition. A semirelation to the observation of so-called magnetic forerunners
analytical form of the solution is obtained in a case with con-or coseismic magnetic perturbations (Eleman, 1965; Belov
stant ground conductivity. Dependencies of the electric ancet al., 1974). Recently, the coseismic electric signals were
magnetic field components and the pulse duration on distancalso observed (Takeuchi et al., 1997; Nagao et al., 2000).
and crust conductivity have been computed in detail. The re- The next problem is the penetration of the electromagnetic
sults could be useful for the explanation of electromagneticfields through a dissipative ground medium. The conven-
signals related to coseismic, foreshock and aftershock activtional way is to consider static fields. For example, Fenoglio
ity. et al. (1994) applied the Biot-Savart law for the estima-
tion of magnetic variations from the opening fracture. But
Kawate et al. (1998) found a clear difference between the re-
sults of modeling on the suppositions of Biot-Savart law and
full-wave procedure. However, they have assumed a quasi-

stationary source. The same approach of quasi-stationarity
ULF (ultra-low frequency,f = 0.003— 10 Hz) electromag- is conventional for magneto-telluric (MT) or telluric calcu-

netic emissions have been observed prior to the OCCUITrencR o e (e.g. Ward and Hohmann, 1988), but it is not valid
of earthquakes in the USA, Russia, and Japan (see referencg&r our case of a pulsing source.' In a Iéw-frequency (LF)

n Hayal_<awa, 199.9)' Itis rather difficult tp find theoretical domain after neglecting the displacement currents (it is valid
mechanisms of this phenomenon. Fenoglio et al. (1994) Progo, a ground medium iff < 1 MHz), Maxwell equations can

posed a model of ruptured isolated reservoirs, resulting e reduced to the well-known equations of electromagnetic
the electro-kinetic (EK) generation of a transient magneticdiffusion (e.g. Hohmann, 1988):

field. However, they neglected the compensating conduction
current inside the path of the EK current and they oversimpli- 1 0 H 2 .
fied the problem. F')I'herefore, EK generation car): be usedpforﬁﬁ “VH=Vxjs+VoxE D= o’ (1)
the interpretation of so-called seismo-electric signals (SES),
but not for ULF magnetic emission (Molchanov, 1999). E 1

A mechanism of ULF electromagnetic field generation —— — V?E = V(—V -js>
based on the ensemble crack opening (microfracturing) wa: o .
considered by Molchanov and Hayakawa (1995). Creation +v (E ) E) _ M% )
and relaxation of charges at the walls of opening cracks in o ot
the earthquake hypocenter was proposed as a possible rea-

son for electromagnetic noise prior to the earthquake. Th _here E,H, j, are the vector_s of electric and_ r_nagneuo
ields and source current density, . are conductivity and

Correspondence toA. Kulchitsky magnetic permeability, anb = (o)1 is the coefficient of
(antonk@whistler.ee.uec.ac.jp) electromagnetic diffusion.

1 Introduction
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Fig. 1. Scheme of tensio(a) shear(b) cracks.

These equations are rather popular in MHD theory andand introduce a new gauge for the conductive medium in LF
could be used for the special assumptions on parameters (e.gpproximation:
frozen electric field). But in our case, they lead to great
complications due to the imposing vectorial operators on the¥ * 4 + ¢ = const. (6)
source current. For example, even by using the assumption Qfjsing this gauge, the equations for vectorial and scalar po-
constant conductivity, Surkov et al. (2000) have succeeded iRgntials are written as follows:

obtaining only asymptotic behaviour of the solutions, which 194

cannot be checked in a static limit and cannot be applied for= —— _ 24 4 (Vvo/0)V - A = s (7)
comparison with observational data. The numerical solution? 91
of these equations are sometimes used in an MT study in ofy () — v (V . A). (8)

der to analyze the transient fields (Hohmann, 1988; Pellerin

and Hohmann, 1995). But such 4-D computations usually re-Of course, these equations are more convenient for computa-
quire a lot of time and also cannot be checked in dependencgons than Egs. (1, 2) and Eq. (7) clearly represents the com-
on the task parameters. We found that this is the best wayination of diffusion and convection processes. But in the
to use the classical double-potential method but with speciatase of a homogeneous conductive medium, the situation is

modification of the gauge condition. reduced to a symmetrical view of simple diffusion equations:
104 _, ,

2 Basic equations Do VA= ©)

Vectorial potent|all4 and scalar potentigl are introduced in ~ + ¢ V2% =-V.j /o (10)

the usual manner: D ot

H=VxA E=—u % —Vo. (3) whereD = (o)~ Lis the coefficient of electromagnetic dif-
fusion.

These potentials are not completely independent from each The electric field induced in the conductor moving with
other. Their connection is determined by the so-called gaugevelocity v under the permanent magnetic fidi is known:
its classical (Lorentz) form is the following (Landau and Lift-

shits, 1992): E'=pvx Ho (11)

g assumingd <« Hy. In our casep = du/dt, whereu is a
V-Ate 9t 0 or V-A=0 4) vector of ground displacement produced by a seismic wave,
The last relationship is conventional in LF and static approx-2nd the resultant source currentis given by,
imation. But this gauge cannot give separated second order 1 ou

: e i j,=0E = H 12
equations for the potentials in the casecof# 0. Onthe Js =9%& = 57 X< M0 (12)

other hand, it is usual (e.g. in plasma physics) to include the
conductivity influence through the effective, complex permit-
tivity coefficiente’ = ¢ (1 + io/we). It identified how the

classic gauge could be modified. Remembering that operatg
d/0t ~ —iw, we can rewrite this gauge as follows:

3 Model of seismic perturbation

h general, the seismic source is characterized by seismic
moment density tensor (Aki and Richards, 1980). How-
g io ) ever, for the description of far-distance displacement (dis-
/ _ . . _ ~
V-Ate - =V-Ate <1+ w8> (—iwg) =~ tancer > L, the last is the source dimension), the seis-
mic momentM, which is proportional to the faulting area

dg
V- A+e o Toe= 0 (5) A, ~ LZ? and slip[u], is conventionally used. It is equivalent
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Fig. 2. Function Fg (&) andd Fy/d§ (Eq. (20)). Solid line is the  Fig. 3. Attenuation function for the relative distangg¢Rr,. It can
approximation. be represented by the dependenceR,) %, wherea ~ 2.33 for
r > 3R, and averaged ~ 0.33 for the values < R,.

to the supposition of the point source and a couple of body
forces. There are two limiting cases in such a way (Fig. 1). Lame’s coefficients are related with rigidif§;, = 2m and
The first is a case of expansion or tension crack when a forcé¢he Poisson ratip: | = K;p/(1 — 2p). As usual in theory,
direction (direction of strike) is perpendicular to the faulting we assumg ~ 0.33, sol ~ K; andC, ~ 2C,. Further-
plane (Fig. 1a). The second (Fig. 1b) is a case of shear dismore, we simplify the problem supposing:
location when strike and slip are in the faulting plane. Two . )
waves are propagating from the seismic source with veloc- — Ho is parallel to the axig = 0
ity Cp, = /(L +2m)/p (primary wave P) and’; = /m/p, — =0

, . . . s
wherem, [ are Lame’s coefficients andis the ground den-
sity. By neglecting attenuation, they create the following dis- Egs. (13, 15) include the dependencedadf /9t on retard
placements (Aki and Richards, 1980): timer —r/C; > 0.

63

The temporal evolution o/ (r, ¢) can be expressed as fol-

a) inthe case of a tension cradl; = [ A; [u,], lows:

i al M (1 —r/C)
u, = 3
AmpCir ot

(13) M|;>0 = / M(w/w:)e™  dw 17)
0

wherei = P, S. Inthe spherical coordinate system with
unity vectorse,, eq, e4 (axisé = 0 is perpendicular to @t = qo ~ 2 (e.g. Brune et al., 1979, ~ L,/Cy is the

the faulting plane, and axig = 0 is the strike direc- 4, ration of the slip, and' is the rupture velocityM (/o)
tion), the polarization vectors are the following: is proportional tow—2 in the high frequencyd > w.) part

wherew, is a “corner” frequency of the seismic spectrum and

P 2 s . of the spectrum (Aki and Richards, 1980, Scholz, 1990). So
a; = +2mcos0/ler, aj = -msinDey/l (14)  the convenient representation is the following:
b) in the case of a shear cradi,;, = m A; [u,] M(w/wd) = (Mo/we)/ [1 n (w/wc)2]3/2 (18)
ul, = @y IMsi(t —1/Ci) (15) Wwhere Mo = K,A[u] for a tension crack oMy =
47TC1-3V a1 K;A,lu,]/2 for a shear crack. Hence, by neglecting atten-
uation, we obtain
and -
P . s = Mow:F (&) (19)
a, =sin cos$ — ¢s) ey, ot t>r/C;
ay), = cos D cosp — ¢s)e whereg = w.(t — r/C;), and for the displacement, we have

= €0s0 sin(¢p — ¢;)eq (16) ~

xsin(x&) dx
where ¢, is the angle between the directions of strike Fs(€) = / m
and slip (see Fig. 1b). 0

~ 202 exp(—5\/£) (20)
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0012 whereRg ~ QL,C;/C. The dependence df,(r/R,) is

given in Fig. 3.
00084 f SR
4 Solution for a tension crack
0.004 - f--—f— ;
In this caseA = Aey, V-A=0,9 =0,Ey = —udA/ot,
H, = (1/rsing)a(sing A)/80, Hy = —(1/r)d(rA)/dr,
00004 Hy = E, = E¢ = 0 and the basic equation (9) is reduced to
the following:
0004 - f 19AT 19 [ ,0A 19 ( 1 3A'sing
—_—— — —— r — _——— _
s D ot r2 or or r2 90 \ sind a0
0 = B' f'(t.r)®'(0) (26)
Fig. 4. Calculationr?H,(r) for r = 50 km,r = 100 km,r =  where the meaning 6b’ (9) andB' is evident from Eq. (21).
150 km.¢ = 15°. Figure shows thakl, ~ 1/r_2- Time of primary  |ndex i will be omitted hereafter. The initial condition is
(p) and secondary] seismic wave are highlighted. A0, r,0) = 0 and the boundary condition i8|,_,,, = O.

Note that®’ () are not arbitrary functions and they should

The last expression is a useful approximation that is demonpe invariant to the choice of directigh= 0 axis. It means

strated in Fig. 2. For this approximatiosF; /dé (velocity) tq:(_ﬁ) = _fl ©), sobdlﬂ = é"”” 'ShnOt pOSStI?G due to t
is limited for all¢ € [0, +o0). Furthermore, the condition of € physIcs Of our problem. or such a case, the convenien

summary displacemeﬁgroo dFgy(&) = 0istrue. replacement is as follows:
As a result, the induced source currents are the following:

+00
Jji =B fF(r, 0)sind(1+ cof0) A= Z;anpnwn (27)

+8f5(r, 1) sind cos 6 } e, (21)
wherep, = P,,1 (cosY) are associated Legendre functions
Jsh = Bgn {fP sind sin 2 cosgey + 85 cosd which are the solutions of the equation:

[sind singe, + cosH singey + cos D cos¢>e¢]} (22) )
0 1 9p,sind n 4 Dp, =0 (28)

where 96 \sing 96 T b =5
B, = Ho A,Cg [u?] / (871 D c,,Lf) ~ C Hy [ug] /(16D)

They consist of an orthonormal bas}é_lg pnpjdcosd =0,

if n # jand [Y, pZdcosd = 2n(n + 1)/(2n + 1)), SO

C~Cr~Cy~Cp/2, By ~CH [ug] /(32D) po = 0 (Gradshtein and Rizik, 1963, p. 1012). Hence, the
coefficients,, can be easily determined:

assuming

and

. O\ OF, . 2n+1 1
r= (T Sg g=2(-d)rz0 @) a=gmms | @@pdicos) (29)
t; =r/Ci,i = P,S. Here,T, is an attenuation function. It Ag 3 resultw, is a solution of the following equation:
depends on the spectrum of seismic pulse (see Molchanov et
al., 2001): low, 10 ([ 0w, nn+1)

D 2or t—m

; 4,2 ; D ot ré or ar r

75 = | [ o*M2(w/w) exp—20r/w.R]) _ Bf 1), (30)
1/2
dw//w4M2(w/wc) dw} (24)  Itis shown in Molchanov et al. (2001) that the solution can

_ be expressed as follows:
whereR! = 20C;/w. ~ QL;C;/C is an attenuation dis-

tance,Q is a seismic quality@ ~ 100). Assuming (18), we t.r)= B /’ e f+°° f@.p) 1 —
. . wy(t,r) = e =t
have the following expression f@,: " 0 0 JE 2Dt — 1)
T,(r/Ry) I _P )32y 31
\ w12 gp gy )P e (31)

~ 1/2
- F{/ x4exp(—2xr/Ra)dx/(l+x2)3} (25)
T 0

wherel,11/2(z) is the modified Bessel function of the order
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Fig. 5. Seismic sourcéa), r2H, (b), rzE(p (c) as a function of; r = 100km,Ly; = 3km, 6 = 15° (1) oré = 6C° (2), C), = 6km/s,
Cs = 3km/s,D = 200 knf/s. Dash-dot lines show the value|df, |/ max|H;| (2) and|E,|/ max|E,| (3) in logarithmic coordinates.

of n + 1/2. Note that in the case af = 0, it reduces to the where

well-known Poisson solution of the diffusion equation.

2a
Fi(a,p,r) = ECs(a, p,r) — —ZSn(a, P, ),
r r

B 4 1 |r— 2
wo(t,r) = —f / 1 av,ae _(p , 60a
v, (4D(t — 'L'))3/2 P Fs(a,p,r) = p + _pr3 Cs(a, p,r)
+00
122 1203
z_/ dt/ sm@d@/ d(p/ _<2+ 42>Sn(ap’r)
r r-p
2+p —2rp(cosf cos?’ +sing sint’ cosy’) 1 P 2
AD(—1) d _ = _(r=p) _(r+p)
4D — r))3/2 o Cs(a,p,r)= 2(@ +e A |,

B t

/+oo
0

Yz o VDG-1)

1 r—
Sn(a, p,r) = 5( e ,,)

_ (r+p>2>
—e 4a .

o [ _t=p? _ o+p)?
fwp)m e #09 —e W09 | dp. (32)
5 Result of computations
In our casen = 1, andn = 3. Then we have
We use Eq. (21) for an induced source. Let us calculate the
B t —+00 .. . )
Wy (t, 1) = —— / coefficientss,, for the case of a tension crack:
v Jo VDt —71) Jo _ 6 2
f@pE(DG =) p.)dp. n=13  (33) Sinf(1+coS'6) = £p1(cosh) + Tppa(cosh).
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Fig. 6. Seismic pulse (above) together with coseismic variations ifth®, Z components of the magnetic field.¢03-04 Hz frequency

range, next panels) and wavelet spectrurifefariations (below) observed at Karimshino station, Kamchatka, Russia. Hypocentral distance
is ~ 86 km andM = 3.8 in this case. Influence by shaking in the magnetic field is coincident with the maximal spike inside the seismic
train, but the total duration of magnetic pulsg essentially exceeds the length of the seismic pulsend their ratior = t,,, /75 ~ 30.

sing coLo = }pl(COSG) + £p3(C059). (34)  the presence of boundaries at the real medium. But even in
S 15 this situation, the discussed solutions could be useful for es-
We use Eq. (33) for the calculations whén= 1. Some timates (assuming some averaged parameters) or for compu-
results of the calculation are shown in Fig. 4 and Fig. 5. Fig. 4tations in the case of an inhomogeneous medium.

shows the plots of2H, as a function of for L, = 1 and The most prominent feature of the seismo-inductive effect
distances of 50, 100 and 150 km. It is clear that the value ofS the elongation of magnetic and electric pulses in compar-
H, decreases as 1/r2. ison with the duration of the seismic pulse, as demonstrated

Plots of the source (1a, 1b}{r (2a, 2b) andE, (3a, 3b) in Fig. 5. Nagao et al. (2000) found that duration of coseis-
for & = 15°, 0 = 60° are shown in Fig. 5. To define an MiC electric pulses are sometimes exceeding essentually the
elongation of the magnetic field and electric field, we placed!€ngth of the corresponding seismic pulses. They interpreted

the graphics ofH,|/ max|H,| and|E,|/ max|E,| in loga- this in terms of electro-kinetic phenomenon, but a seismo-
rithmic coordinates (dash-dot line). inductive effect explanation is also possible. Recently, some

indication of coseismic magnetic pulses have probably been

found in Kamchatka ULF observations (description of the
6 Discussion and conclusions observations is presented in Gladyshev et al., 2001). An ex-

ample is shown in Fig. 6.
We have tried to demonstrate that consideration of the Of course, there is no exact coincidence in theoretical and
penetration of a low-frequency wave through a conductiveobservational results; however, a tendency of magnetic pulse
medium is rather simplified if we solve the equations of elec-elongation is evident from both pictures in Fig. 5 and Fig. 6.
tromagnetic diffusion by a double-potential method. This It is known that a variety of seismic shocks could happen
approach is related to the specific gauge condition, whichin a time of foreshock activity during several days before a
was justified in detail here. Of course, the solutions are notarge earthquake. The usual seismic spectrum has a maxi-
so simple when taking into consideration inhomogeneity andmum nearmw/2r ~ w./2r ~ 1 Hz (see e.g. Molchanov et
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al., 2001). Let us imagine what will happen with the mag- the book “Seismo Electromagnetics (Lithosphere-Atmosphere-
netic and electric variations, taking into account a possibil- lonosphere Coupling)” (Eds) Hayakawa, M. and Molchanov,
ity of the inductive effect discussed here. We can expect an O -A., TERRAPUB, Dec., 2001. _
appearance of specific electromagnetic “noise” whose speCGradshteln, I. S. and Rlzhlk, I. M.: Tables of integrals sums and
trum maximum is reduced down /27 ~ 1Hz/rt ~ rows, lzd. Phys.-Math Literature, Moscow, 1963.
0.01 — 0.05 Hz. Such phenomena in the shown frequenCyHayakawa, M.: (Ed), Atmospheric and lonospheric Electromag-
rénge héve beén observed indeed as ULF electromagnetic netic Phenomena Associated with Earthquakes, Terra Sci. Pub.
2. . . - . Comp., Tokyo, pp. 996, 1999.
emission and they are well dlscusseq justin th'S. m_onograthohmann, G. W.: Numerical modeling for electromagnetic meth-
We can expect, furthermore, that this ULF emission (if re-  gs of geophysics, in Electromagnetic methods in applied geo-
sulted from an inductive effect) should have the same limi-  physics, v.1, Theory, (Ed) Nabighian, M. N., 314364, 1988.
tation in the area of observation as foreshock seismic shockgawate, R., Molchanov, O. A., and Hayakawa, M.: Ultra-low-
thenselves. In the case of EQ with, ~ 5— 6, the usual val- frequency magnetic fields during the Guam earthquake of 8 Au-
ues of foreshock magnitudes which occurr near the hypocen- gust 1993 and their interpretation, Phys. Earth Planet. Inter., 105,
tral region are about 3—4.( ~ 1— 2 km) and the attenuation 229-238, 1998.
distance for them i®, ~ QL, ~ 100— 200km. Similar Landau, L. and Liftshits, E.: Electrodynamics of the continuous
limiting distance in the observation of precursory ULF mag- " rlnid'“m’ Ng“'f:".M?ECOW' pp. 661, 1992. derlvi -
netic emission was often reported. In fact, this limitation is Mo/chanov, O. A.. “Fracturing as an underlying mechanism

more severe for electromaanetic pulses due to~thé/r2 of seismo-electric signals”, in: Atmospheric and lonospheric
. . 9 P . . /r Electromagnetic Phenomena associated with Earthquakes, (Ed)
dependence of their amplitudes even in the regior (R,)

- . . . h Hayakawa, M., Terra Scientific Pub. Company, Tokyo, Japan,
without attenuation as evident from Fig. 5 and unlike the ge- 1ggg.

ometrical factor 1r for the seismic pulses. Molchanov, O. A. and Hayakawa, M.: Generation of ULF electro-
Our modeling is greatly simplified due to the suppositions magnetic emissions by microfracturing, Geophys. Res. Lett., 22,

of an inhomogeneous medium, the special form of the frac- 22, 3091-3094, 1995.

ture (in reality, shear crack is more probable) and the orienMolchanov, O. A., Kulchitsky, A. V., and Hayakawa, M.:

tation of the fracture plane to the direction of the external ULF emission due to inductive seismo-electromagnetic effect,

magnetic field. It is interesting to note that some important in: book “Seismo Electromagnetics (Lithosphere-Atmosphere-

features of the seismo-inductive effect are revealed even in 'onosphere Coupling)”, (Eds) Hayakawa, M. and Molchanov,

. . . . . O .A., TERRAPUB, Dec., 2001.
this oversimplified consideration. Nagao, T., Ogihara, Y., Yamaguchi, T., Takahashi, I., Hattori, K.,

Noda, Y., Sayanagi, K., and Uyeda, S.: Co-seismic geoelectric
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