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Abstract

This paper deals with the numerical analyses on the effect of inhomogeneities (highly conductive layers) on the propagation of

seismogenic electromagnetic signals in the ULF/ELF range. For simplicity of computations we assume that the geometrical con-

figuration is uniform in one direction, which is possibly consistent with the actual situation. We adopt the frequency domain finite

difference method in the computation, and calculate the electric field at points where the fields are measurable. Our numerical results

show some significant findings: (1) it is necessary to consider the presence of air region in the lithospheric propagation, (2) there exist

characteristic frequencies at which we have the effective response at a point due to the presence of the conductive layer, (3) a site

closest to the source does not necessarily show the strongest response, depending on the configuration of the layers.

� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

There have been recently accumulated a lot of evi-

dence on the presence of electromagnetic emissions in a
wide frequency range from DC to VHF, associated with

earthquakes (Hayakawa and Fujinawa, 1994; Hayak-

awa, 1999; Hayakawa and Molchanov, 2002), which

would be of potential use for the short-term earthquake

prediction. The long history of DC current measure-

ment, so-called VAN method, has yielded interesting

physical implications, and one typical example is the

presence of selective site. This selectivity means that an
observing station closest to the source cannot always

detect the strongest signal, which suggests the presence

of an inhomogeneity (fault) in the lithosphere and its

effect on the propagation of DC seismogenic signals

(Varotsos et al., 1998; Varotsos et al., 2000; Sarlis et al.,

1999). These authors have also dealt with different ori-

entations of the source, and it was shown that some

interesting results can be obtained if the source is per-
pendicular to the conductive layer.

As compared with the DC study, the study of

seismogenic ULF emissions has a short history since
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1990, but there have been a few convincing reports on

the presence of precursory ULF signatures for large

earthquakes (Kopytenko et al., 1990; Fraser-Smith

et al., 1990; Molchanov et al., 1992; Hayakawa et al.,
1996; Hayakawa et al., 2000; Uyeda et al., 2002; Gotoh

et al., 2002). A few generation mechanisms have been

proposed for ULF seismogenic emissions, including the

microfracturing mechanism (Molchanov and Haya-

kawa, 1995), but the propagation has not been exten-

sively studied. Of course, there is a paper on the

propagation of electromagnetic waves from the litho-

sphere to the atmosphere and ionosphere (Molchanov
et al., 1995; Tian and Hata, 1996). The purpose of this

paper is to investigate numerically the effect of any

inhomogeneity in the lithosphere as suggested in the DC

study on the propagation of ULF and ELF seismogenic

emissions.

A few typical examples of the inhomogeneity in the

lithosphere are treated in this paper; (1) a simple model

of a fault with and without the presence of air region, (2)
a generalized composite structure representing oceanic

lithosphere colliding and subducting beneath the conti-

nental lithosphere. And we take a line current located

inside or outside the inhomogeneities, because the

seismogenic ULF source which is caused by microfrac-

tures, seems to be aligned along a strike. The problems

are then reduced to two-dimensional cases from the
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geometry mentioned above, and are formulated by the

frequency domain finite difference (FDFD) method in

complex field. The modeling and formulation will be

given in Section 2, and we will make some case studies

on seismogenic ULF fields on the ground surface in

Section 3.
Fig. 1. Typical configuration for our analysis and the used coordinates

system.
2. Mathematical simulation

2.1. Lithospheric modeling

There are two important points to model the Earth’s

crust for our analysis of the seismogenic ULF/ELF

fields; the inhomogeneity of the crust as a propagation
medium, and the spatial structure of the source.

The inhomogeneity of conductivity of the Earth’s

crust is quite complicated. But for the case of ULF/ELF

fields which have an extremely long wavelength, we may

ignore the effect of small inhomogeneities such as mas-

sive sulfide deposits, crustal fluid distribution, etc., so

that we consider the net parameter of the medium. The

significant inhomogeneity is a large-scale one near the
seismogenic ULF/ELF emission source and the propa-

gation paths to the ground surface. In this study our

attention is paid to the presence of faults, subduction,

and sea water, which are main inhomogeneities of our

interest, because their location is very close to the

source. It is known from the magnetotelluric sounding

that there exist fault-zone conductors (FZCs) which are

produced by crustal fluids. It was also reported that a
relatively conductive zone was subducted beneath the

lithosphere, and this seems to be sediment including sea

water (Hermance, 1995).

As a source to generate seismogenic ULF/ELF fields,

we consider a line current at the shallow depth of the

Earth’s crust, and let the line current run parallel to the

strike. Though this source is introduced for the sim-

plicity of calculation, it may sufficiently simulate the
microfracturing to occur linearly because the stress to

induce the microfracturing is planar or linear and is

parallel to the inhomogeneity discussed above. There are

a few other possible source mechanisms such as electro-

kinetic effect. However, we do not pay attention to the

the source nature, but only to the propagation proper-

ties of the media.

In our analysis, the curvature of the Earth’s surface is
neglected and the flat ground is assumed because the

phenomena under consideration is limited in the local

region (<100 km). The system of the problem is reduced

to two-dimensional one by assuming that this geometry

continues infinitely along �z-direction and invoking that

the line current is quasi-static.

Consequently, an example of the modeled configu-

ration and the coordinates of the problem may be given
as shown in Fig. 1. The origin of the coordinates is set at
the position of a line source. The highly conductive layer

is put vertically and extended infinitely. This example

consists of three parts with different conductivity; the

host region ðrHÞ, the layer ðrLÞ, and the air region

ðr ¼ 0Þ.

2.2. Mathematical formulation of our problem

The vector wave equation with respect to the electric

field EðrÞ, with the time factor e�ixt is given by

r�r� EðrÞ � fx2=c2 þ ixl0rðrÞgEðrÞ ¼ ixl0jðrÞ;
ð1Þ

where x, c, l0, and rðrÞ are the angular frequency, the

velocity of light, the permeability in vacuo and the

conductivity, respectively. The current density jðrÞ, can
be expressed in terms of the Dirac’s delta function:

jðrÞ ¼ IdðxÞdðyÞẑ; ð2Þ
where I is the current intensity.

It is evident from the geometrical configuration that

only the TE modeðEz;Bx;ByÞ is excited in the system.

Letting EðrÞ ¼ EðrÞẑ, we obtain the reduced scalar wave

equation:

1

l0

o2E
ox2

�
þ o2E

oy2

�
þ x2�0E þ ixrE ¼ ixIdðxÞdðyÞ: ð3Þ

The magnetic flux density B, can be derived in terms

of E as follows:

Bx ¼ � i

x
oE
oy

; By ¼
i

x
oE
ox

: ð4Þ

We introduce a new variable E ¼ E=ðixl0Þ for the

convenience of computation, so that the basic equation

to be solved is rewritten as,

o2E

ox2
þ o2E

oy2
þ x2

c2

�
þ ixrl0

�
E ¼ IdðxÞdðyÞ: ð5Þ

There are two advantages to use the function E; (1)
the order of this function is nearly unity, and (2) this

function changes slowly if we sweep frequencies of

interest. The latter saves the computational time to solve

the matrix generated by the FDFD by means of an

iterative method when we calculate frequency charac-



Fig. 2. Profile of the ratio jEsemi=Efullj on the ground surface as a

parameter of frequency.
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teristics because we can utilize the result of the previous

calculations as the initial values for the next step of

iteration.

In the finite difference formulation, it is convenient

from the geometry to adopt the rectangular mesh. The

second order finite-difference numerical scheme can be

derived readily as follows:

Dy
Dx

ðEkþ1;m � 2Ek;m þ Ek�1;mÞ þ
Dx
Dy

ðEk;mþ1 � 2Ek;m þ Ek;m�1Þ

þ DxDyðx2=c2 þ ixl0rk;mÞEk;m ¼ Idk;m; ð6Þ

where Dx and Dy are the size of each cell in x- and y-

direction, respectively, and Ek;m indicates the function

EðrÞ at the position r ¼ ðkDx;mDyÞ in the discretized

nodes. dk;m is the Kronecker’s delta. In order to truncate

the mesh, the first order absorbing boundary condition

is implemented at the analysis region boundaries (Jin,

1993). The successive over relaxation (SOR) method is
effective to obtain iterative solutions of the huge matrix

generated by the finite difference procedure in Eq. (6)

(Press et al., 2002).
3. Numerical results and discussion

In this section we demonstrate some numerical results
to study the general characteristics of the propagation of

seismogenic ULF/ELF field. In Section 3.1 we verify the

necessity to take into account the atmosphere, and in

Section 3.2 and 3.3 we consider the influence of highly

conductive layers on the ULF/ELF propagation.

3.1. Influence of the atmosphere

At first, we demonstrate the influence of the presence

of atmospheric (air) region on the ULF/ELF propaga-

tion. Although they did not consider the presence of

atmosphere in some previous investigations, and calcu-

lated the field in the full space with conductivity (we call

it full-space model), the realistic model must consist of

one half conductive region and another half, air region

(semi-space model), and it is important in practice to
consider the atmospheric influence because we can only

measure the ULF/ELF fields at the boundary between

the atmosphere and lithosphere. The size of conductive

zones is not still well understood (see Hermance, 1995),

but we consider a rather wide zone ranging from 1.5 to

4.5 km with comparably less conductivity to approxi-

mate this very inhomogeneous layers.

Fig. 2 shows the spatial profile of the ratio of the
electric fields at the ground surface for the full-space

model, Efull, to the semi-space model, Esemi. The con-

ductivity of the host medium of both models is

rH ¼ 10�5 S/m, and the source is located at the depth of

15 km. The cell size is chosen as Dx ¼ Dy ¼ 0:25 km,

and there are 1120 · 1120 cells in the analysis region
(¼ 140 km · 140 km) including the absorbing boundary

layers.

It is seen from Fig. 2 that the ratio is greater than

unity over all ranges at all frequencies, and that it grows

with the increase in frequency. This comparison shows

the importance of considering the influence of the

atmosphere on the observed ULF/ELF field, and we

note that if the observation point is far from the epi-
center, the discrepancy is found to be more enhanced.

3.2. Influence of a highly conductive layer on the

frequency characteristics

In this section we show some numerical results in the

presence of a highly conductive layer. The analysis

model is same as Fig. 1, where a semi-infinite layer with
rL ¼ 10�3 S/m is inserted vertically into the host med-

ium with rH ¼ 10�5 S/m. The line source is embedded at

the center of the layer and at the depth of 15 km. The

cell size is given by Dx ¼ Dy ¼ 0:25 km, and the analysis

region covers 140 km · 140 km (¼ 1120 · 1120 cells)

along x- and y-direction, respectively.

Fig. 3 illustrates the frequency characteristics of the

absolute value of the electric field jEj at the ground
surface as a parameter of the layer width for I ¼ 1A.

The observation point is at the center of the top of the

vertical layer. We truncate two curves at the middle of

the range because it costs computational time and the

tendency is the same as the line of 1.5 km width (solid

line), which shows a simple decrease after the specific

frequency with the maximum electric field. The response

without the layer is also plotted for the reference (0 km
width).

The presence of the layer is found to have an effect to

decrease the value of the electric field for any width, and

as the layer becomes wider, we observe the weaker re-

sponse. There is a characteristic frequency at which the

maximum response is observed for all cases, and this



Fig. 3. Electric field at the ground surface and at the center of the layer

for different layer thickness as a function of frequency. The source

depth is 15 km.

498 A.V. Kulchitsky et al. / Physics and Chemistry of the Earth 29 (2004) 495–500
frequency becomes lower as the layer is wider. We can

conclude that there is an ‘‘optimal’’ frequency to mea-

sure the maximum ULF/ELF fields in the presence of
the highly conductive layer if the source has a uniform

frequency characteristic.

Fig. 4 shows the frequency characteristics of jEj at

some observation points for which the source is located

outside the layer. For reference the jEj for the inside

source is also plotted. The width of the layer is 3 km,

and the source is located at the depth of 15 km, but at

x ¼ 4:5 km, that is, the source is 3 km apart from the
right boundary between the layer and the host medium.

The other parameters used for this calculation are same

as above.

It is observed that the responses in the side of the

source with respect to the layer (the line indicated as 9

and 20 km), exhibit a simple increase and do not have
Fig. 4. Frequency characteristics of the electric field at the ground

surface. The source is located at x ¼ 4:5 and 15 km depth, and the

thickness of the layer is 3 km.
the maximum frequency in this range, but if the obser-

vation point is within the layer or in the opposite side

the curve has the maximum value, then decreases sim-

ply. This is the same tendency as the ones in Fig. 3. Even

though the propagation path does not go across the

layer, the response is influenced and is weaker than the

case without the layer (see Fig. 3).
3.3. Influence of a highly conductive layer on spatial field

distribution

The spatial profile of the electric field at the ground

surface is shown in Fig. 5 as the ratio to one of the semi-

space model. The calculation is performed for the case

where the source is located inside and outside the layer.
The necessary parameter for computation is the same as

ones in the previous section, and the frequency is 7 Hz.

The outside source position is apart from 70 km in þx-
direction from the right boundary. The horizontal axis

indicates the distance from the source, which means that

for the case of the outside source, the layer ranges from

)4.5 to )1.5 km, and for the inside source it ranges from

)1.5 to 1.5 km.
For both cases the ratio is less than unity all over the

shown range, and this tendency is held for all calculated

frequency range (�20 Hz). Thus, the presence of a layer

decreases the electric field for both the configurations.

The ratio jEj=jEsemij is found to decrease with the de-

crease in frequency.

If the source is located outside the layer, then the

electric field is stronger, in particular, on the side where
the source is placed, and the larger response is observed

even on another side. We can conclude that it is difficult

to detect the ULF/ELF signals generated by the source

inside the highly conductive layer.
Fig. 5. Spatial distribution of electric field jEj relative to the ones of

the semi-space model, Esemi for the inside and outside source. The

source position is x ¼ 0.
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3.4. Influence of subduction and sea water

We analyze the influence of subduction and sea water

on the ULF/ELF electric field in this section. Fig. 6

illustrates the configuration for our analysis (Scholz,

1990). Sea water is simulated by a horizontal, thin,

highly conductive layer and the top of the layer is lo-
cated at the ground surface. Here the conductivity of sea

water is set as 1 S/m, and the depth of sea is 1 km. The

boundary between two geological plates is simulated by

a conductive layer which exists obliquely. The top of the

boundary is expressed by the equation:

y ¼ 2

3
x� 10;

where both units of x and y are km, and the width and

conductivity of the boundary are 5 km and 10�3 S/m,
respectively.

Fig. 7 shows the spatial distribution of the electric

field jEj of the subduction area. We also plot the re-

sponse without the oblique layer.

It is seen from the figure that the presence of the

oblique layer decreases the intensity of the electric field
Fig. 6. Configuration for analysis in the subduction area.

Fig. 7. Spatial distribution of electric field at the ground surface in the

subduction area. The responses at two frequencies, 7 and 2 Hz, are

plotted.
as well as the one of the sea. We can also find that the

maximum position of the electric field does not coincide

with the source position, and it shifts from the source

position by about 10 km.
4. Conclusions

We have outlined the influence of highly conductive

layers in the ground on the ULF/ELF electric fields

generated by the line current source. It was shown that it

is necessary to consider the semi-space model instead of

the full-space model. There is a characteristic frequency

in ULF/ELF ranges where the maximum of the electric

field is obtained. This frequency depends on the con-
ductivity and the thickness of the layer and can decrease

the electric field response observed on the ground sur-

face. However, in the case where the source is located

outside the layer, the electric field increases, especially

on the side of the source in comparison with the source

inside the layer. A typical subduction area was studied

as another situation. It was found that there is a big

influence of sea water on the electric field on the ground
surface. In this case the maximum of the electric field is

not observed at the point closest to the source. It shows

there exists the more appropriate point of the electric

field observation for seismogenic ULF/ELF fields.
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