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Abstract

Monitoring of geophysical conditions of marine sedimentary basins is necessary for predicting seismic events and for

adaptation of geothermal technologies for seismically active (as a rule) sea bottom geothermal areas. These conditions are

characterized by seismo-hydro-electromagnetic (EM) geophysical field interaction in the presence of gravity. Based on the main

physical principles, geophysical and petrophysical data, we formulate a mathematical model of seismo-hydro-EM interaction in

a basin of a marginal sea and calculate the transformation of a seismic excitation in the upper mantle under the central part of the

sea of Japan into the low-frequency (0.1 to 10 Hz) EM signals at the top of the sea bottom sedimentary layer, at the sea surface

and in the atmosphere up to the lower boundary of the ionosphere. Physics of the EM generation and propagation process is

shown including: generation of EM waves in the upper mantle layer M by a seismic wave from under M, spatial modulation of

diffusive EM waves by a seismic wave, stopping of the EM wave arrived (before the seismic P wave) from the upper mantle at

the top of the sediments because of the high electric conductivity of seawater (3.5 S/m), immediate penetration of the EM wave

through the seawater thickness after the delayed seismic P wave shock into the sea bottom, and EM emission from the sea

surface into the atmosphere. Let us note that the EM signal in the sea bottom sediments is the first measurable signal of a

seismic activation of geological structures beneath the seafloor and this signal is protected by seawater from the influence

ionosphere disturbances. Amplitude of the computed magnetic signals (300, 200, 50, and 30 pT at the ocean–atmosphere

interface and at the height of 10, 30 and 50 km, respectively), their predominant frequency (0.25 Hz), the delay of the seismic P

wave in regard to the magnetic signal for the receivers at the shore (20 s), the amplitude of temperature disturbances in

sediments (up to 0.02 K), the parameters of the long (150 km) tsunami wave of a small (up to 20 cm) amplitude far from the

shore and other values that characterize the seismo-hydro-EM process are of the orders observed. Recommendations for the EM

monitoring of dynamic processes beneath seafloor geothermal areas are given.
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1. Introduction

Sea bottom areas with a heightened heat flow are

located mostly in tectonically active regions of the

Ocean (covering about 75% of the Earth surface) as

well as continental geothermal areas.

Geographic correlation between lithosphere zones

with high seismic activity and ones with high geother-

mal activity (and high electric conductivity) is well-

known. It is supposed (in the theory of metallogeny)

that fragmentation of geological structures caused by

an intensive tectonic regime supplies plenty of chan-

nels for the transfer of heat and mass (metals and other

chemicals dissolved in high temperature fluids) from

the asthenosphere into the upper stages of the litho-

sphere. For example, the Sea of Japan, a marginal sea

in the tectonically active Pacific segment, is charac-

terized by a rather high heat flow (up to 4 HFU)

through its bottom. The geothermal technology may

be regarded as a power and raw material technology

with renewal sources and without emission of green-

house gases. This technology may not be adapted to

sea bottom geothermal areas while dynamical pro-

cesses in ocean geological structures are being

ignored.

Is it possible to apply electromagnetic (EM) mea-

surements for monitoring seismic processes beneath a

seafloor? This is the main problem we are trying to

investigate in this paper on the basis of physical

principles, mathematical methods and geophysical

data. This problem is closely connected with the gen-

eral marine geophysical research, sea bottom observa-

tions and technology (McDuff, 1995; Novik and

Mikhaylovskaya, 1998; Novik et al., 1998, 2000b;

Romanowicz et al., 2001).

EM signals associated with seismic activity of

oceanic lithosphere have been detected more than

once, in particular in near sea Pacific regions. The

lithosphere–ionosphere EM coupling is being widely

investigated as well, especially in view of EM signals

recorded by satellites’ instrumentation above the

earthquake preparation zones (Belov et al., 1974;

Biagi et al., 1998; Hayakawa and Molchanov, 2002;

Johnston, 1997; Johnston and Parrot, 1998; Iyemori et

al., 1996; Shpakovsky et al., 2002).

But the physical mechanism of these seismo-EM

phenomena is not well understood (and the words

dassociated with seismic activityT are used by the
researches instead of dcaused by seismic activityT).
The relation between characteristics of EM signals

in the atmosphere, on the one hand, and characteristics

of seismic excitations of the oceanic lithosphere and

tsunami waves, on the other hand, especially at a

quantitative level needed for monitoring and prog-

nosis, is also not yet clear.

We believe that the relation between EM sig-

nals and seismic excitation is being formed during

the process of the generation of EM disturbances

in the neighborhood of an earthquake hypocenter

and their propagation along a lithosphere-hydro-

sphere-atmosphere path. In its turn, this generation

and propagation process is a result of seismo-

hydro-EM geophysical field interaction and transfor-

mation in the lithosphere–hydrosphere–atmosphere

system. Thus, to investigate the relation between

EM signals and seismic excitation, we must for-

mulate a mathematical model of seismo-hydro-EM

interaction (see Section 2 and the Appendix), trace

numerically the signal generation and propagation as a

field transformation process (Section 3, Figs. 3–10)

and then consider (Section 4, Figs. 11–14) the time

series of the signals. In Section 5 we discuss: the

accuracy of the algorithm, correspondence between

numerical results and measurements, and necessity to

develop the theory and practice of monitoring of

geophysical conditions of sea bottom geothermal

areas in parallel with technological and economical

investigations.

Results of this paper have been discussed at the

General Assembly of the EGS-2000, Fall-2000 meet-

ing of the AGU, and other meetings; short English

versions of these reports may be found in (Ershov et

al., 2001; Novik et al., 2000a,b, 2001). Transforma-

tion of elastic displacements in the upper mantle under

the sea into EM signals at its surface and above is

computed here on the basis of the magneto-thermo-

elasticity and bshallow waterQ theories (Maugin, 1988;

Stoker, 1957) combined together; the physical

approach, mathematical methods and algorithms

were developed in (Novik, 1995; Novik and Ershov,

2001).

We compute EM signals propagating ahead of a

seismic wave caused by the model seismic excitation,

i.e. we consider co-seismic signals, but the term

dseismicT (or dseismo-T) is used instead of dco-
seismicT everywhere, save for Section 5.



Table 1

Physical parameters of the medium

q, kg/
m3

vp,

m/s

vs,

m/s

re,

S/m

j, W/

(m�K)

q, AW
m3

W 1000 – – 3.5 – –

S 2500 5000 3000 0.005 1.3 1.2

G 2700 5800 3200 0.001 2.5 0.9

B 2900 6300 4000 0.005 2.1 0.4

M 3300 7200 4800 0.020 3.2 0.4
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2. Model medium and its seismic excitation

The model medium includes a lithosphere domain

up to the earth’s upper mantle, sea, and the atmosphere

domain up to the lower boundary of the ionosphere.

The model lithosphere domain and the sea are shown in

Fig. 1. The cross-section runs from the Bay of Peter the

Great throughout the Pervenets Rise, the Yamato

Basin, and ends at the North Yamato Rise. The co-

ordinates x =(x,y) are chosen so that the vertical axis is

directed downwards with the vertical co-ordinate x =0

being the sea surface, and y is the horizontal co-ordi-

nate increasing from left to right. The third coordinate z

is normal to the cross-section plane. According to the

chosen direction of the vertical co-ordinate axis, x N0 in

the sea and in the lithosphere and xb0 in the atmo-

sphere. In most computations, the upper boundary of

the model domain is x =LD=�70 km.

The characteristics of the sedimentary (S), granite

metamorphic (G) and basalt (B) layers (basalt layer

overlays the higher electrically conductive upper man-

tle layer M and the 2D geometry is applied) are usual

from the petrophysical viewpoint (Hellweg, 1982) and

may be regarded as approximately similar to the char-

acteristics of the mentioned cross-section of the central

part of the Sea of Japan. The values (in SI units) of
Fig. 1. The sea (W, water) and the geological structure of the lithosphere part of the medium: S — sediments, G — granitoids, B — basalts, M

— the upper mantle, depths under the sea level (0) and horizontal co-ordinates are in km. The cross-section end-points are: (43.2 8N, 132 8E)
and (39.7 8N, 133.7 8E).
/

density q, elastic wave velocities vp and vs, electric and
thermal conductivities re and j, and density of the

power of heat sources q are shown in Table 1. Every-

where the heat capacity is cV=1 [kJ/(kg�K)] and the

magnetic permeability is le=l0=4k�10�7 (SI units),

i.e. the value for vacuum.

The higher conductivity of M reflects the well-

known distinctive geographic correlation between

high-conductivity and high-seismicity lithosphere

zones (e.g., Arora and Mahashabde, 1987; Bragin

et al., 1993; Honkura, 1974; see the Introduction).

We suppose that the medium is isotropic and its

physical characteristics are stationary and spatially

continuous due to existence of the thin transitional

layers between the main ones shown in Table 1 and

Fig. 1, including the transition from S to W.

Polarization and thermoelectric effects in rocks
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and electric conductivity of atmosphere above the

sea are neglected.

We shall assume that there are no insulators in the

lithosphere part and frequencies of all processes are low

enough, so displacement currents are negligible in

comparison with conductivity ones. We deal with elec-

tromagnetic (EM) signals of a tsunami on the stage of a

long hydrodynamic wave of a small amplitude far from

a coast, and use the non-linear equations of the

bshallow waterQ theory.
Now let us come to the seismic excitation of the

model medium. The vector u0= (u01,u02) describes the

elastic displacements at the low boundary x=L1=37

km of the lithosphere part of the model medium (Fig. 1)

arising due to the seismic wave arriving at this bound-

ary from a deeper source. Here and below subscripts 1

and 2 denote vertical and horizontal components of a

vector value.

The duration of this excitation (varied in different

simulations) is several seconds, the amplitude is about

5 cm, the predominant frequency is 0.25 Hz, and the

excitation decays with time and with the distance from

the center of the domain (Fig. 2):

u01 ¼ a1 � te�bt�a y�y0ð Þ2cos xtð Þcos 2py
d

uA yð Þf tð Þ;

u02 ¼ a2 � te�bt�a y�y0ð Þ2 sin xtð Þsin 2py
d

u0:5A yð Þf tð Þ
Fig. 2. The temporal f(t) and spatial A( y) modulation of the vertical compo

sea floor (seismic excitation); the horizontal component u2(t,y) is approxim

of u1(t,y).
where a1=7 cm, a2=3.5 cm, b=1/3 s�1, a =5�10�11

m�2, x =5/3 Hz, y0=L2 /2=212.5 km, d =150 km.

So, the main component of the seismic excitation is

vertical in this example of the input data.

Our simulation algorithms allows us to compute the

evolution of fields under a wide class of initial and

boundary conditions, including volume seismic excita-

tion instead of a boundary excitation.We have used other

acceptable values of the physical parameters in Table 1

and other characteristics of the excitation as well as

different (but mathematically correct) conditions at the

outer boundaries x =L1, x =�LD and y =0, y =L2.

Besides, we varied the boundaries of the litho-

sphere layers. But the evolution of the model seismic

perturbations of the fields, especially the relation

between seismic excitations under the sea bottom

and EM signals at the sea surface and above were

quite similar to those described in Section 3.

The system of the partial differential equations of

the seismo-hydro-EM geophysical fields’ transforma-

tion resulting in seismo-EM signals above the sea

under the assumptions of this Section on the medium

and processes is formulated in the Appendix (the non-

principal assumptions are formulated there). These

equations, the initial, boundary and contact condi-

tions, and characteristics of the medium and seismic

excitation form the mathematical model we use in the

next Section.
nent u1(t,y) of elastic displacements in the upper mantle beneath the

ately the same save the amplitude which is half as many as the one
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3. Seismo-hydro-EM geophysical fields’

transformation

In this Section we describe the sequential stages

of the transformation (Figs. 3–10) of a seismic exci-

tation (elastic displacements are considered here, see

Fig. 2) in the upper mantle layer beneath the seafloor

into EM signals in the atmosphere above the sea

(Section 4).

The lithosphere EM signal arises at the bottom of

the conductive upper mantle layer M (see Fig. 1 and

Table 1), where the seismic excitation, determined in

the previous Section, is supposed to be localized at the

moment t=0, and reaches the depth x =25 km by the

moment t =1 s with the amplitude of about 20 pT.

Because of the higher conductivity of M this initial

seismo-EM generation and propagation is similar to

the case of a low resistivity block deformed by a
Fig. 3. The horizontal component B2 [pT] of the seismic disturbance of the

panel, the vertical component B1 is shown at the upper right panel); the

located in the upper mantle yet, t =2.50 s after the beginning of seismic ex
seismic wave in the presence of geomagnetic field

(Novik et al., 1998).

The seismo-hydro-EM interaction at the moment

t =2.50 s after the beginning of the seismic excita-

tion beneath the sea floor is shown in Fig. 3. In

every panel, the horizontal co-ordinate y [km] is

shown above the upper horizontal boundary. The

vertical coordinate x [km] is shown at the left

boundary, x =0 is the sea surface. The time t [s]

after the beginning of the seismic pulse and maximal

and minimal field values see at the right boundary

of every panel.

We shall use the following definition of the bfrontQ
of a scalar diffusive signal at the moment t: it is the

curve where a field value under consideration (e.g.

modulus of one of the components) crosses at the

moment t the sensitivity threshold of measurements.

For the diffusive B2 signal propagating upward (our
magnetic field entered from upper mantle to the crust (the lower right

fields of vertical (u1 [cm]) and horizontal elastic displacements are

citation; beneath is the gray scale legend in interval �200 to 200 pT.



Fig. 4. The magnetic disturbance component B2 [pT] arrived (t =3.50 s) at the sea bottom’s surface; B1, S and P waves delayed. The spatial

structure of B2 is similar to one of the seismic P-wave u1 (spatial seismic modulation of an EM wave).
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case) the signal above the bfrontQ is weaker than the

sensitivity threshold whereas the signal under the

bfrontQ is stronger than the threshold. In visualization,

when field amplitude is color-coded, the sensitivity is

replaced by resolution of color fringes (the gray scale

is used in this paper). Rather weak signals (b5 pT) are

invisible in our visualization (similarly to a noise

signal discrimination by field measurements), i.e. the

area with that level of the field remains white. Gray

scale is shown under the low boundary of every panel

and corresponding units are used: cm for the compo-

nents of mechanical displacements (left panels) and

pT for the components of the magnetic field. The gray

color of the same intensity is used to imagine positive

and negative field values with the same modulus. So

the sign at the scale under every panel may be

neglected. In other words, only modulus of the field

components are imaged, because different colors are

not used in this paper.
In Fig. 3, the horizontal component B2 [pT] of the

magnetic field disturbance entered from the upper

mantle to the crust (lower right panel, the bfrontQ of
B2 is at the depth of 20 km under the sea level); the

fields u1 [cm] of vertical elastic displacements (i.e. the

seismic P-wave, the upper left panel) and u2 (S-wave)

of horizontal displacements are located in the upper

mantle yet.

The magnetic induction component B2 is a diffusive

field (the displacement current is negligible, see the

previous Section) represented locally by oscillations of

rather lowmain frequencies from 0.1 to 10 Hz (e.g. Fig.

11). Nevertheless, B2 is spatially periodic and the spa-

tial period is not compatible with these frequencies. As

a matter of fact, B2 approximately binheritsQ the peri-

odic structure of the seismic wave (cf. the upper left and

the low right panels of Fig. 3 and see Fig. 2). We can

consider this phenomenon as a spatial seismic modula-

tion of an ULF diffusive electromagnetic field. This



Fig. 5. The seismo-hydro-EM interaction at the moment t =5.00 s: the change of the spatial structure of the horizontal magnetic induction B2 is

negligible as compared with one at the moment t =3.50 s (a bfrozenQ magnetic field caused by a high sea water electric conductivity).
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modulation appears distinctively by diffraction of a

seismic wave by a low-resistivity (0.1 S/m) block

typical for seismically active lithosphere zones

(Novik et al., 1998).

Now let us come to the next stage and correspond-

ingly to other features of the model seismo-hydro-EM

tsunami process.

In the crustal layers B, G, and S, which have lower

electric conductivity in comparison with layer M, see

Table 1, the propagation of the EM signal accelerates

and reaches the sea bottom with an amplitude of 50

pT for the horizontal magnetic component B2 at the

moment t=3.50 s (low right panel of Fig. 4); the

vertical magnetic component B1 (upper right panel)

is delayed in regard to B2 as well as P and S seismic

waves (left panels of Fig. 4). This signal is the first

distinctive (and protected by the sea water from iono-

sphere EM disturbances) magnetic signal caused by

the seismic excitation. It is seen from Fig. 4 that it

remains spatially modulated by the seismic wave.
During the next stage of the computed seismo-

hydro-EM process, propagation of the lithosphere

EM signal significantly decelerates due to the high

electric conductivity (3.5 S/m, Table 1) of the sea

water: in the interval 3.50V tV5.30 s, i.e. before the

arrival of the seismic P wave at the sea bottom, the

configuration of the seismic magnetic field component

B2 looks bfrozenQ (Figs. 4 and 5, low right panels). In

particular, its bfrontQ (above) is replicating approxi-

mately the sea bottom surface during this time interval.

It is seen from Figs. 3–5 that in an isotropic medium the

vertical seismic magnetic field component B1 (the one

parallel to the main component of the seismic excita-

tion, see previous Section) is propagating rather differ-

ently as compared with B2. Indeed, the seismic

modulation of B1 is absent, B1 is delayed in regard to

B2, and B1 is not bfrozenQ because the surface of the sea
bottom was not achieved by B1 at the moment t=5 s

(other distinctions shall be described below). Let us

note that a similar dependence of the peculiarities of the



Fig. 6. The seismic P-wave shock into the sea bottom generates a column of a vertical flow above the P-wave front contact with the sea bottom’s

surface (the upper left panel); the domain of negligible (b5 pT) values (the bspatial ruptureQ) of horizontal component of magnetic induction

caused by the shock (the lower right panel); the vertical magnetic component B1 [pT] is generated in the sea without the domain of the bruptureQ
(the upper right panel); the S-wave does not affect the hydrodynamic field at this moment (the lower left panel), t =5.30 s.
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propagation of different components of a seismic mag-

netic disturbance (in isotropic media) on polarization

of a seismic excitation had been observed by simulation

of seismo-EM interaction in a model continental

lithosphere zone with a low-resistivity block (Novik

et al., 1998).

The next stage after the EM field bfreezingQ is the
shock of the seismic P wave into the sea floor at the

moment tp=5.3 s and EM emission from the sea sur-

face into the atmosphere. To consider in detail the

computed seismo-hydro-EM interaction at this main

stage, we use contour plots of the fields and extract a

narrow zone with height of 2 km above the sea level

and depth of 5 km: the vertical co-ordinate x [km] is

shown at the left boundary of every panel of Fig. 6

(�2VxV5), x =0 corresponds to the sea surface;
0VyV425 [km], the lower and upper bounds of the

field values in the considered medium are shown at the

right boundaries of the panels. The upper left panel of

Fig. 6 presents contour plot of the field of vertical

displacements u1 [cm] in the crust and in the sea; the

lower left panel presents horizontal elastic displace-

ments u2 [cm] in the crust near the sea bottom; as

usually, the magnetic field is shown in the right panels.

Contour lines are numbered by magnetic induction

values (beginning from F5 pT ) for the right panels

and by displacement values (fromF0.1 cm) for the left

panels (namely, elastic displacements beneath the sea-

floor and hydrodynamic ones in the sea).

One can see (Fig. 6) that the seismic P-wave of

vertical displacements caused a column, say Q(t), of a

vertical flow above the area of the P wave front



Fig. 7. Spreading of the seismo-hydrodynamic (upper left panel ) disturbance and the seismic magnetic signal (the upper right panel); beginning

of diffusion of the horizontal magnetic component generated near the sea surface into the sea depth (the lower right panel), t =5.35 s.
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contact with the sea bottom surface and the magnetic

field in the sea is generated in the moving sea water

part Q(t). The contour plot of the horizontal magnetic

field component B2 [pT] (the lower right panel) shows

a domain of negligible (|B2|b5 pT) field values (a

bspatial ruptureQ) whereas the vertical component B1

[pT] is generated in Q(t) without similar spatial pecu-

liarities (the upper right panel). The S-wave does not

affect the hydrodynamic field at this moment (the

lower left panel).

After the moment t = tp=5.3 s the perturbation of

the magnetic field is spreading in the sea water and

atmosphere, the magnetic component B2 diffusing

from the sea surface and through the seafloor inside

the sea interior, and, as a result, the rupture of mag-

netic field is attenuating (Fig. 7, t=5.35 s and Fig. 8,

t=5.50 s) and the seismo-hydrodynamic (i.e. gener-

ated in the sea water) horizontal magnetic component
B2 is joining with B2 penetrating into the sea from the

lithosphere (Fig. 9, t =6.05 s). The rupture disappears

about 10 s after the beginning of the seismic excitation

in the upper mantle layer M.

In Fig. 10, the fields are shown at time t=15 s. The

surface of the sea bottom is seen distinctively at

the lower right panel representing the horizontal com-

ponent of the seismo-hydro-magnetic signal (i.e. a

magnetic signal resulting from seismo-hydro-EM

interaction in the considered lithosphere–hydrosphere–

atmosphere model medium). The sea is filled with EM

energy (right panels) and with seismic P wave energy

(upper left panel); the S wave is not penetrating into

the sea practically (lower left panel) because the sea

bottom surface is approximately flat and the tangent

stress is supposed to be zero according to the elasto-

hydrodynamic contact conditions (Appendix, Eqs.

(A.1)–(A.5)). The seismo-hydro-magnetic signal



Fig. 8. The spatial structure of the horizontal (B2 [pT], the lower right panel) and vertical (B1, the upper right panel) components of magnetic

induction in the sea, t =5.50 s i.e. 0.2 s after the seismic P-wave u1 [cm] arrival at the sea floor (the upper left panel); the seismic S-wave (u2, the

lower left panel) delays in regard to the P-wave, the bspatial ruptureQ is reducing.
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above the sea is considerably non-homogeneous in the

horizontal co-ordinate and its peaks correspond to the

structure of the seismic magnetic field under the sea

bottom which, in its turn, is spatially modulated

(lower right panel) by seismic P wave (upper left

panel of Fig. 10).
4. Seismo-em signals above the sea

In the previous Section we described the evolution

of the spatial structure of fields included in seismo-

hydro-EM interaction process. According to the phy-

sical mechanism investigated, we show here the evo-

lution of the seismic magnetic field disturbances, i.e.

seismic magnetic signal time series, in fixed points at

the sea–air interface and above caused by the model

seismic excitation determined in Section 2.
These seismic EM signals at the sea surface (Figs.

11 and 14) and above (Figs. 12 and 13) are oscilla-

tions of the same low frequency range 0.1 to 10 Hz

as the seismic excitation in the upper mantle (Fig.

2). According to the assumption about incompressi-

bility of the sea water and neglect of the air con-

ductivity, these signals arise at the moment tp=5.3 s

of the seismic P wave’s arrival at the sea bottom

surface. At the sea–atmosphere interface (x =0) the

signal amplitude is a few hundreds of pT for the

vertical (B1) and horizontal (B2) components of the

magnetic induction at the point with horizontal co-

ordinate y=200 km. Figs. 12 and 13 show the

attenuation of seismic ultra-low frequency EM sig-

nals at the heights of 10 and 50 km above the sea

surface up to a few tens of pT near the low

boundary of the ionosphere domain D. Let us

note that the seismic magnetic signal’s amplitude



Fig. 9. Joining of the lithosphere part of the horizontal component of the seismic magnetic disturbance with the seismo-hydrodynamic part of

this disturbance (seismic magnetic field contours reconnection), t =6.05 s.
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for the horizontal (B2) and vertical (B1) component

is about 100 pT at the sea surface by y =100 km

(Fig. 14), i.e. at the distance of 100 km from the 1st

point, in other words the signal attenuation along

the sea surface is not so fast as at heights above the

sea (Figs. 11–13).

As a matter of fact according to our approach,

an ultra-low frequency magnetic signal accompany-

ing the seismo-hydrodynamic wave may be mea-

sured by usual devices whereas the amplitude of

this long (about 150 km) wave far from the shore

is too small to be discovered directly: about 12 cm

at the moment t =12.5 s after the beginning of the

model seismic excitation, Fig. 15.
5. Discussion

5.1. Algorithm, boundary conditions, and tests

In the lithosphere part Dlit of the model medium,

i.e. for simulation of the seismo-EM interaction, we

applied: 1) the Galerkin approximation (e.g. Novik,

1995 where a theorem about the numerical stability

was proved); 2) the explicit finite difference approx-

imation of the hyperbolic equations of motion com-

bined with the implicit approximation (the alternating

direction method) of the parabolic equations of heat

transfer and scalar magnetic potential (Novik

and Ershov, 2001). We obtained the proper numerical



Fig. 10. The magnetic field diffusion trough the floor and surface of the sea filled up the rupture of the seismo-magnetic field. Peaks of the

horizontal component of magnetic disturbance above the sea correspond to the spatial structure of the lithosphere seismic field replicated by the

magnetic field under the sea (the lower right panel); S-wave is not propagating in the sea (low right panel), t =15.00 s.
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results by both methods, but the speed of the second

one occurred to be higher by the same accuracy

(below) and an acceptable size of memory. Hence

the second method was used to calculate seismo-

hydro-EM interaction in the lithosphere part of the

lithosphere–hydrosphere–atmosphere domain accord-
Fig. 11. The vertical (B1) and horizontal (B2) components of the seismic mag

oscillations of the same low frequency range as the seismic excitation in th
ing to model Eqs. (A.1)–(A.5). The hydrodynamic

shallow water equations were rewritten in terms of

the Riemannian invariants (e.g. Richtmyer, 1978)

and directions of the characteristic lines were taken

into account by the net approximation of the equations

for the invariants and formulation of boundary
netic signal at the sea–atmosphere interface (x =0) are represented by

e upper mantle under the sea (the horizontal co-ordinate y =200 km).



Fig. 12. The seismo-hydro-magnetic signal at the height of 10 km.
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conditions. The co-ordinates and, correspondingly,

the differential operators of field equations and bound-

ary conditions, were transformed to get straight line

as the lithosphere–hydrosphere boundary and to

avoid a net approximation of the differential elasto-

hydrodynamic contact conditions at a curvilinear

boundary.

The same problem arises by the net approximation

of the differential operators of the contact conditions

at the boundaries of the lithosphere layers because of

their active relief typical for seismic lithosphere zones.

The space co-ordinate transformation allowing to get

straight lines as the layers’ boundaries for all layers

simultaneously is possible but it is not reasonable

from the computational point of view. As a well-

known computational method for a piecewise homo-

genous medium Dlit we have applied the thin transi-

tion layers between main the ones determined by Fig.

1 and Table 1. If these auxiliary layers are thin enough

(as compared with the size of Dlit at whole) and

physical parameters’ values change continuously in

these layers then the dependence of the computed
Fig. 13. The seismo-hydro-magnetic
fields upon the thickness of the auxiliary layers (and

upon the auxiliary medium parameters’ values intro-

duced in these layers) is negligible and the field values

are practically the same (with an arbitrary accuracy) as

by the field contact conditions at the boundaries of the

main layers. Let us note, that it is a formulation

(adopted for our case) of the theorem about stability

of the solution of an initial boundary value problem

against small (in the sense of an integral norm for Dlit)

variations of the coefficients of differential equations.

We should emphasize that though the thin transition

layers exist between the homogenous (approximately)

main layers in real geological structures, we have no

proper data about them for the case of the Sea of

Japan and the thin layers described above were intro-

duced as a computational method only. Hence, these

layers may not be included in the principal cross-

section (Fig. 1). On the other hand, there were from

2 to 10 nodes along a vertical net line in the auxiliary

layers, therefore, the thickness was of the order of a

few hundreds of meters in different runs (see the net

parameters below). So the auxiliary transition layers
signal at the height of 50 km.



Fig. 14. The vertical (B1) and horizontal (B2) components of the seismic magnetic signal at the sea–atmosphere interface (x =0), horizontal co-

ordinate y =100 km.
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cannot be imaged by the vertical scale of Fig. 1. We

checked that the computed field values are indepen-

dent (with the accuracy of 10%) of thickness of the

auxiliary transition layers. The dependence of the

physical parameters of the medium upon the vertical

co-ordinate was supposed to be linear in the transition

layers (let us remember that any other continuous

dependence is acceptable and the influence of this

choice on the computed fields is negligible if the

transition layers are thin enough as it is in our case).

At the same time, at the sea surface we used contact

condition (A.5) of continuity of the scalar potential

and its derivative because this surface is almost plain

(contrary to the boundaries of the lithosphere layers,

Fig. 1) due to the small amplitude (Fig. 15) of the

hydrodynamic long wave, as compared with the

height (70 km) of the upper boundary of the atmo-

sphere domain.

The magnetic permeability is supposed to be inde-

pendent of spatial co-ordinates (see Section 2).

Therefore the magnetic field components must becon-

tinuous everywhere in the model medium including

the lithosphere layers’ contacts, sea bottom and sea
Fig. 15. The long seismo-hydrodynamic wave of a small amplitude far fro

after the beginning of the seismic excitation beneath the seafloor.
surface. This condition, as one of the tests for the

algorithm and program, was checked for the com-

puted horizontal magnetic field component considered

as the function of the vertical co-ordinate for a few

fixed horizontal co-ordinates and moments of time,

including ones after the seismic P wave shock into the

sea bottom. In particular, we considered the sub-

domain near the sea bottom where the electric con-

ductivity changes rapidly from small values in the

sedimentary layer to large ones in seawater (Table

1). The discontinuities of the magnetic field compo-

nents are absent there, as well as at the sea surface and

other contacts.

The non-linear system of the net seismo-hydrody-

namic contact conditions and hydrodynamic equations

(in terms of the Riemannian invariants) was solved by

iterations with controlled accuracy. To check this

method, we constructed the method based on the

system of integral equations deduced (using the

Green function of the simplest heat transfer equation)

from the shallow water equations with the dvanishing
viscosity’ (Richtmyer, 1978). The evolution of a soli-

tary hydrodynamic wave was described by two meth-
m a shore: g is the vertical co-ordinate of the sea surface, t =12.50 s
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ods and the coincidence occurred to be satisfactory

between these methods as well as with the well-

known formula (gh)1/2 for the velocity of the wave,

where h is the depth of the water. Besides, steepness

of the wave front was increasing in the course of

moving to the shore.

Let us mention here, as an additional test, that our

analysis of the magnetic field equation in seawater

(with its high electric conductivity) on the basis of

the incompressibility and contact conditions at the

sea bottom and surface, showed: just after the seis-

mic P wave’s vertical shock into the sea bottom, a

narrow domain of the vertical flow and a domain of

negligible values of the horizontal component of

magnetic induction arise in the sea interior along

with the EM emission from its surface. In other

words, Fig. 6 was deduced by us qualitatively from

Eqs. (A.1)–(A.5) without computations (Ershov et al.,

2001).

Numerical results were stable against a change of

the mesh resolution. The difference between simula-

tions with the spatial mesh resolution 500�500 by

the time step of 0.005 s and 2000�2000 by the time

step of 0.001 s was within 10%. Therefore the accu-

racy of computations is not less than the accuracy

(about 20%) of geophysical and petrophysical data.

5.2. Comparison with observations

According to the tests above we believe that the

numerical characteristics of the computed magnetic

signals may not be distorted considerably (we mean

the orders of magnitudes) by errors of the computa-

tional methods applied. So we are going to compare

the computed co-seismic magnetic signal amplitude,

delay in regard to the beginning of the model earth-

quake, and predominant frequency with the corre-

sponding characteristics of observed co-seismic

magnetic signals associated with earthquakes in the

regions of the Sea of Japan and Kamchatka. Irrespec-

tive of the accuracy of computations, the orders of

magnitudes may be compared only because of variety

of the geophysical conditions of forming of the

observed signals and lack of the data about these

conditions (the physical and geometrical characteris-

tics of geological structures along the traces of the

seismic magnetic signals in the ocean lithosphere near

Kamchatka and Japan, the spatial distribution of the
salinity and seawater electric conductivity, the earth-

quake parameters, EM noises of different nature

including the seafloor and other flows, the ionosphere

disturbances and a high sea; see the end of Section 2

about stability of the computed signals’ characteristics

against the input data changes).

This paper is not a review (e.g. Johnston, 1997;

Johnston and Parrot, 1998; Hayakawa and Molcha-

nov, 2002; see also the references therein) of the co-

seismic magnetic signals recorded in the near sea

Pacific regions and only a few examples are described

shortly in Table 2.

In this Table, the magnetic signal amplitude

denotes the maximal value of magnetic induction for

all components during the time interval of observation

of a signal (about 10 to 30 s in the cases described

here). In the 3rd row, the delay (22 s) of the seismic

wave in regard to the magnetic signal was not

described in the paper referenced in the last column,

but we were known about this delay by Dr. Lev-

shenko, V.T., see the paper (Gohberg et al., 1991).

The delay (6 s) of the magnetic signal in regard to the

earthquake beginning was obtained by us from the

seismic and magnetic records published in the paper

cited.

(Iyemori et al., 1996) detected the arrival of seis-

mic wave 17 s after the beginning of the earthquake

whereas the magnetic signal arrived without a visible

delay (4th row of Table 2) but the error could be about

2 s by the time resolution available.

So, the magnitude of a co-seismic magnetic signal

amplitude, according to the observation data cited in

Table 2, is of the order of a few hundreds of pT at

the sea level by an epicentral distance 50 to 100 km

(and different earthquake magnitudes MS), save for

the case of 3rd row where the distance is twice as

large.

In Section 4, the order of the magnitude of the

computed magnetic signal amplitude is the same.

One can see from Table 2 that the typical delay of

the recorded magnetic signals in regard to the earth-

quake beginning is about 5 s (taking account of a

limited time accuracy of seismological investigations

and the possible lag of magnetometers, (Belov et al.,

1974)) and this signal parameter is practically inde-

pendent of the epicentral distance.

These observations may be explained by the

seismo-hydro-EM transformation mechanism visua-
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lized in Section 3. Indeed, according to this mechan-

ism, a delay of a magnetic signal depends mostly (see

Section 5.3) on the time of propagation of a seismic P

wave from a focal depth under a seafloor (37 km in

our case) to the surface of the sea bottom, because the

magnetic signal, after the seismic shock into the sea

bottom surface, penetrates through the sea thickness

immediately, along with the seismic disturbance of

the incompressible (see (A.4)) water, and then the

signal propagates with the light velocity above the

sea. Therefore, as far as the delay of the magnetic

signal in regard to the earthquake beginning is con-

cerned, the epicentral distance is not of importance,

according to mathematical model (A.1)–(A.5). Inde-

pendence of a magnetic signal delay of an epicentral

distance was obtained in our earlier computations of

seismo-EM transformation for the case of the con-

tinental lithosphere (Novik et al., 1998; Novik and

Ershov, 2001). From this point of view, the zero

apparent delay of the magnetic signal in the last

row of Table 2 may be explained by a relatively

small hypocentral distance (17.2 km): the travel

time of the seismic P wave from the hypocenter is

from 2 to 3 s, i.e. it is just about the time accuracy

(see above).

Let us remember, that the computed moment of

the seismic P wave shock into the seafloor is

tp=5.3 s and the time of arrival of the magnetic

signal at any point at the sea surface or above is

the same (see the computed time series in Section

4; t =0 at the moment of the model earthquake begin-

ning). So the computed magnetic signal delay corre-

sponds to the observations.

The same is true for the computed magnetic sig-

nals’ frequency ranges (see Section 4 and Figs. 11–

14) and seismic wave’s travel time (Fig. 6).

The computed electric (Novik et al., 2005), tem-

perature and hydrodynamic seismo-disturbances’

parameters correspond to the observations as well,

but we omit an analysis similar to one performed

above for the case of the computed magnetic signals

(to reduce the volume of the paper).

5.3. Connection with other problems of the theory of

sea bottom geothermal technologies

Any project of a sea bottom geothermal tech-

nology must provide for a monitored control sys-
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tem to turn off, in a proper time, the prospecting,

underwater drilling, pumping, power production,

chemicals’ extracting and transportation (vertical

and horizontal) processes. It was clear from the

very outset (Novik et al., 1998; see Section 1).

But the December 26, 2004 geophysical catastrophe

of the planetary scale sharpened drastically the pro-

blem of investigation and monitoring of the ocean

lithosphere dynamics (Harinarayana and Hirata, in

press).

Preliminary configuration of a monitoring system

(see Section 6) based on the mathematical model

(A.1)–(A.5) was described in (Novik et al., 2004,

2005). We hope, that similar seismo-hydro-EM litho-

sphere-Ocean-atmosphere monitoring systems will

provide prognostic and warning information and

also new data about the geophysical field interaction

processes in tectonically active regions to develop the

physical theory, mathematical models, computations,

constructions and technologies for a wider class of

dynamical geophysical conditions. For example, we

recognize, that model Eqs.(A.1)–(A.5) must be

expanded to take into account the compressibility of

water and a limited (contrary to the incompressible

case above) velocity of propagation of the acoustic

and induced EM disturbances from the seismically

deformed sea bottom to the sea surface. Our results

(we hope to publish them) show that the delay of

the computed magnetic signal in regard to the earth-

quake beginning should be increased in our case up

to 7 s (in the deepest point of the sea) because

the travel time of the hydro-acoustic wave must

be added to the travel time of the seismic P

wave.

Another theoretical problem is one of the seis-

mic preparation processes’ modeling for prognosis

of a strong earthquake and magnetic location of

the epicenter of a forthcoming earthquake (Kopy-

tenko et al., 2002). Probably, the strengthening of

the ULF activity (i.e. an increase in the ampli-

tudes and a decrease in the gaps between pulses)

observed by the authors of the referenced work

(and by other researches) during the seismic pre-

paration period is caused by intensification of the

elementary acts of generating of EM signals

resulting from the seismo-hydro-EM interaction

described in Sections 3 and 4. Let us note that

according to our calculations on the basis of model
Eqs. (A.1)–(A.5), the amplitude of the computed sig-

nals increases along with the amplitude of a seismic

excitation under a seafloor. Similar calculations

should be used for prognostic interpretation of ULF

signals.

Besides the geophysical problems (i.e. the main

ones discussed in this paper), there are plenty of

the important and difficult technological and eco-

nomical problems of the operation of the sea

bottom geothermal areas. For example, the expen-

ditures, connected with: the lifting of the hot

water from water bearing horizons to the sea

bottom surface, its transportation (turbulent resis-

tance) along the seafloor to the underwater sta-

tions, converting of heat energy and extracting

chemical components, their transportation, transmit-

ting of electric power and injection of the exhaust

water into hydraulically isolated structures or other

reservoirs (ecology), must be minimized under the

following restrictions: the total volumes of the

energy obtained and the chemical components

extracted should be within the given limits during

the given period of time; the outputs of every

intake and its cone of depression (interference of

intakes) should not exceed the prescribed values

determined by the hydraulic pump characteristics

(Novik and Mikhaylovskaya, 1998).

We underline here that a competitive prime

cost may be obtained only as a result of an

optimal control of technological processes. So

the optimality criteria (e.g. the prime cost as a

functional of the expenditures connected with the

production and engineering development), restric-

tions and other problems of the theory of the sea

bottom geothermal technology (practice of conti-

nental geothermal technologies should be used)

must be investigated along with the theoretical

and experimental geophysical problems of the

sea bottom geothermal areas. The monitoring sys-

tems are not cheap and the expenditures may be

returned partly by the sea technologies, including

geothermal production. On the other hand, an

underwater borehole with a negligible debit (may

be, after some time of operation) can be used for

the geophysical investigations of dynamical pro-

cesses under the ocean bottom and prognosis,

without influence of the factors of non-lithosphere

origination.
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6. Conclusion

On the basis of the nonlinear mathematical model

of generation and propagation of seismo-EM signals

in the basin of a marginal sea with an arbitrary 2D

geological structure of the bottom (Section 2 and

Appendix), we described numerically and graphically

the transfer of seismic and EM energy from

focal depths in the upper mantle to the sea (a rough

schematization of the central part of the Sea of

Japan) and EM emission from its surface into atmo-

sphere up to heights near the lower boundary of the

ionosphere.

The computed signals’ characteristics are of the

same orders of magnitude (Section 5) as those

observed: the magnetic signal amplitude (a few

hundreds of pT at the sea–air interface, Fig. 11),

its main frequency (0.25 Hz); the delay of the

computed seismic P wave in regard to the magnetic

signal (about 20 s for receivers at the shore, it is

clear from Figs. 1 and 6); the delay of the magnetic

signal in regard to the beginning of a seismic

excitation (about 5 s, the time of propagation in

the air may be neglected, Section 3); the amplitude

(12 cm), the length (about 150 km, Fig. 15) and the

velocity of the hydrodynamic wave (a few hundreds

of km/h far from the shore (Novik and Ershov,

2001)); the seismo-temperature disturbances at the

top of the sedimentary layer (up to 0.02 K in

different runs). Parameters of the signals recorded

in the near sea seismic active regions, at the sea

bottom and up to ionosphere may be found in e.g.,

(Belov et al., 1974; Gohberg et al., 1991; Hayakawa

and Molchanov, 2002; Iyemori et al., 1996; Kopy-

tenko et al., 2002; Di Mauro et al., 2002; Shpa-

kovsky et al., 2002).

The simulated evolution of the spatial structure

of the interacting fields as a whole (Figs. 3–10)

may not be compared with a corresponding spa-

tial-temporal picture derived from measurements.

The described computed fields’ evolution is

based on:

! the main physical principles (i.e. on conservation

laws of the theory of elasticity and hydrody-

namics and on electrodynamics of slowly moving

media);
! the assumptions about the lithosphere-hydro-

sphere-atmosphere medium and types of the pro-

cesses considered (Sections 2 and 3);

! the mathematical investigations of algorithms (one

of the typical theorems may be found in (Novik,

1995)).

A number of tests were done to verify our simu-

lation programs against other algorithms or some

analytic solutions; and a good agreement was

shown.

We also realize that our simulation can be

improved by making use of an advanced model of

medium and its processes. However characteristics of

time series of EM signals (i.e. characteristics com-

parable with measurements) are not expected to be

significantly affected by the change to a better model

because the simplest (one of our goals here) seismo-

hydro-EM model already yields values close to that

in natural observations.

Thus, according to the approach discussed, the

magnetic recordings at the sea surface and above

(buoys, balloons) should be combined with seismic,

magnetic and temperature recordings at the sea bot-

tom. The amplitudes of the expected precursory sig-

nals are: from tens of pT to 1 nT by frequencies from

0.01 to 10 Hz for seismo-magnetic signals and from

0.001 to 1 K for seismo-temperature ones (quartz

thermo-resistors should be applied). Details may be

found in (Di Mauro et al., 2002; Kopytenko et al.,

2002; Novik et al., 2004, 2005; Romanowicz et al.,

2001).
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Appendix A. Field equations

According to the principles of the theory of mag-

netothermoelasticity (Maugin, 1988), under our
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assumptions on medium and field dynamics (see Sec-

tion 2) the evolution of fields in the lithosphere part

Dlit of the medium obeys

q
B
2ui

Bt2
¼ B

Bxk
l

Bui

Bxk
þ Buk

Bxi

� �� �
þ B
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� �
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j
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�
� bh0

Bvk

Bxk
þ 1

re

DAð Þ2 þ q:

�

ðA:1Þ

Here and below we assume summation over

repeated indices i,j,k =1,2.

Notations are: u =(u1(t,x), u2(t,x)) is the elastic

displacement at the point x a Dlit, x =(x1,x2), at

the moment t (in previous sections: x =(x,y)); g1
is the acceleration of gravity and g2=0; l(x) and

k(x) are the elastic parameters of Lame, b =

(2l +3k)a where a(x) is the coefficient of thermal

expansion; A(t,x) is the scalar seismo-magnetic

potential existing for 2D media with uniform mag-

netic permeability such that the seismic disturbance

of the magnetic field intensity is H1=�BA /Bx2,

H2=BA /Bx1, while H1,0 and H2,0 is the intensity of

the stationary geomagnetic field which is supposed to

be uniform (existed prior to seismic perturbation);

v =(v1,v2)=Bu /Bt is velocity; and #(t,x)=H(t,x)�
#0 is the deviation of temperature H from its

initial value #0 existed at t=0; q is the density

of the power of heat sources (see Section 2 and

Table 1).

At the sea bottom the normal component vn of

the elastic velocity v equals the normal component

wn of the water velocity w; the normal component

of the force acting from the sediment layer equals

the water pressure p, while the tangent component

of this force vanishes because we neglect shear

stresses in water. Neglecting compressibility and

viscosity of the sea water, non-hydrostatic compo-

nent of pressure and heat transfer, we can describe

the water dynamics in the framework of the

bshallow waterQ theory, (e.g. Stoker, 1957) which

operates horizontal velocity w2 (in this approxima-
tion it is independent of the depth x1) and eleva-

tion of sea surface g(t,x2):

B

Bt
gþ hð Þ þ B

Bx2
gþ hð Þw2Þ ¼ 0;ð

Bw2

Bt
þ w2

Bw2

Bx2
þ g

Bg
Bx2
¼ 0 ðA:2Þ

where h =h(t,x2) is the vertical co-ordinate of the

sea bottom surface which is moving according to

the seismic deformation process.

The magnetic potential A in the water obeys the

same equation as in elastic medium, save for the

elastic velocity field v replaced by the water velocity

w =(w1, w2):

BA

Bt
¼ 1

l0re

DA� wk

BA

Bxk
þ w2H1;0 � w1H2;0: ðA:3Þ

The component w1 is calculated using the hydro-

elastic conjugation condition (above) and the incom-

pressibility condition

Bw1

Bw2

þ Bw2

Bx2
¼ 0: ðA:4Þ

We assume that electric conductivity is continuous

across the sea bottom (due to percolation of sea-

water) and the conjugation conditions for A are not

needed at the sea bottom, whereas the conjugation

condition at the sea surface x1=0 is as follows: A and

its normal derivative are continuous across the sea

surface; in the atmosphere A(t,x) satisfies the Laplace

equation which is the limit of the magnetic diffusion

equation for vanishing electric conductivity of the air:

DA ¼ 0; x1b0; 0bx2bL2; tN0;

A t; þ 0; x2ð Þ ¼ A t; � 0; x2ð Þ;
BA

Bx1

����
x1¼þ0

¼ BA

Bx1

����
x1¼�0

: ðA:5Þ

This equation is stationary, but the electromagnetic

field conjugation conditions at the sea surface depend

on the non-stationary electromagnetic process in the

sea controlled by seismo-hydrodynamic flow resulting

from seismic deformation of the sea bottom.

The initial conditions were chosen so that before

the moment t =0 the model medium was at rest, thus
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the water velocities and the elevation of sea surface is

0; the configuration of the elastic displacement field is

stationary under the gravity force; the initial magnetic

field is uniform in space: H1,0=30, H2,0=35 [A/m].

For all of the fields in the computations described

above, the normal derivative vanishes at the left

(x2=0) and right (x2=L2) boundaries, for the mag-

netic potential this derivative vanishes at the bound-

aries x1=L1 and x1=�LD as well. The temperature

disturbance is supposed to be zero at the sea bottom

surface whereas the seismic disturbance of the heat

flow is zero at the lower boundary of the model

medium.

Therefore, the model seismic excitation arising at

the moment t =0 at the lower boundary of the litho-

sphere-Ocean-atmosphere medium, i.e. the non-sta-

tionary boundary value condition for the elastic field

(Section 2), is the only factor disturbing the rest of this

model medium and turning on the non-stationary

seismo-hydro-EM interaction and signals’ generation

including the magnetic ones.

So, the geophysical field interaction model is

represented in the lithosphere by the system of partial

differential equations including hyperbolic (dynamic

theory of elasticity) and parabolic (magnetic diffusion

and heat transfer) operators; the structure of the inter-

action model in the sea is the same with the hyper-

bolic operator of the theory of elasticity replaced by

the hyperbolic operator of the bshallow waterQ theory.
Mathematical results regarding systems of partial dif-

ferential equations with coupled hyperbolic and para-

bolic operators may be found in (Novik, 1995; Novik

and Ershov, 2001) and other publications of the

authors.

We obtained the proper results by using the

Galerkin and finite-difference methods for the com-

putation of the lithosphere fields’ evolution and by

other tests (e.g. the control of the accuracy of the

hydrodynamic component of the solution and the

hydro-elastic contact conditions, see Section 5 for

other details).
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