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Abstract

Electromagnetic field anomalies provide a means to estimate the confined water pressure changes through electrokinetic

effects in the preparatory stages of an earthquake occurrence process. Typical shorter period pulse-like signals in the ULF band

associated with seismic swarms (e.g., Fujinawa et al. [Phys. Chem. Earth (2000)]) are used to estimate the evolution of confined

pressure changes based on a transient electrokinetic model. A model calculation using a simple conductivity structure indicates

that the water pressure increases abruptly by several megapascals. It is indicated that sharper signals are observed at points less

than a few kilometers from the source. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is important for any candidate of precursory

phenomena to be explained on a firm scientific ground

in the physicochemical processes of earthquake or

volcanic eruption. This step is essential in order to

develop a practical and useful forecasting technique.

Under this situation, we can expect a fruitful inter-

action between investigations on the evaluation of

precursory phenomena from the standpoint of predic-

tion and from the point of view of basic scientific

interests.

A variety of anomalous electromagnetic phenom-

ena have been studied from a practical view of pre-

diction in a variety of frequency bands and using nu-

merous measurement techniques (e.g., Park et al.,

1993; Parrot et al., 1993; Hayakawa and Fujinawa,

1994; Hayakawa, 1999). However, the interrelation of

the phenomena with earthquake occurrence has not yet

been convincingly shown.

Recent accumulations of field observations and

laboratory experiment as well as theoretical analyses

suggest that ULF band phenomena could be induced in

association with the occurrence of earthquakes and

volcanic eruptions. In particular, seismic swarms are

found to be accompanied by electric field anomalies of

ultra-low frequency in geothermal zones (Zlotnicki

and Le Mouel, 1990; Bernard, 1992; Fujinawa et al.,

1992, 2000). The analysis of the data at the time of an

earthquake swarm that started in August 1998 in
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central Japan provided clear evidence to show that the

source was underground, and the phenomena could be

explained by the electrokinetic effect (Fujinawa et al.,

2000) in agreement with previous inferences (Bernard,

1992) based on observations in the active volcanic

zone. In this report, we present some results of inves-

tigations on the source mechanism of ULF band

electromagnetic field changes: the pressure variation

inducing the anomaly.

2. Background data

The electromagnetic field has been monitored at 10

sites in the central part of Japan to evaluate the elec-

tromagnetic precursory phenomena (Fujinawa and

Takahashi, 1990; Takahashi et al., 2000). Electric

signals are obtained using a borehole-type under-

ground antenna (Takahashi and Takahashi, 1989;

Fujinawa and Takahashi, 1990), which provides a

high S/N. We found that anomalous ULF band signals

are induced at the time of seismic swarms and

volcanic eruptions. Anomalous signals were recorded

at Hodaka in central Japan when a seismic swarm

occurred in August 1999 (Fujinawa et al., 2000;

Takahashi et al., 2000), at Izu-Oshima when one of

the almost periodic seismic swarms occurred off the

east coast of the Izu Peninsula (Matsumoto et al.,

1996), and at Awano when a recent seismic swarm

occurred about 20 km northwest (Fujinawa et al.,

2001). Clear signals observed at the time of a minor

eruption in Izu-Oshima in 1992 (Fujinawa et al.,

1992) were also very similar to those observed at

the times of the seismic swarms. There are several

anomalous signal waveforms of electric field in the

ULF band: DC-like changes and pulse-like changes.

The dominant typical signal is schematically depicted

in Fig. 1. The amplitude increases abruptly, decreases

gradually until about half of the peak amplitude,

decreases sharply until about one-tenth of the peak,

and finally returns to the gradual trend level. The mag-

nitude of the signal measured with the use of the bore-

hole as an ultra-long electrode (Ultra Long Electrode

Measurement (ULEM)) is of the order of 100 mV.

Minor volcanic activity induced anomalies in Octo-

ber 1990 in Izu-Oshima, an active volcanic island,

following a major eruption of Mt. Mihara in 1986.

Seismic swarms occurred almost periodically from

1979 off the east coast of the Izu Peninsula, inducing

electric field anomalies, and probably caused by mag-

ma activity (e.g., Ida and Mizoue, 1991). In the north-

ern part of the Nagano Prefecture, ULF band anoma-

lies occurred near a famous hot spring resort and near

geothermal resources. It is suggested that the last

swarm activity that started in August 1998 was caused

by magma movement, though there were no volcanic

tremors to directly indicate magma movement (Fuji-

nawa et al., 2000).

Our observations in central Japan cover more than

10 years and demonstrate clearly that seismic swarms

and volcanic eruption are preceded by conspicuous

electric field changes. It is inferred that the phenomena

are related with changes of the confined water regime

in the crustal activity zone (Bernard, 1992; Fujinawa

et al., 2000, 2001). Here, we give a quantitative dis-

cussion based on the governing field equations.

Fig. 1. A typical waveform of a higher frequency anomalous electric

signal at the time of a seismic swarm and volcanic eruption. Pulse-

width is from several seconds to several hundred seconds.
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Mizutani et al. (1976) tried to explain the observed

electromagnetic anomalies associated with the Matsu-

shiro seismic swarm on the basis of electrokinetic ef-

fects. Experimental evidence has been accumulated to

indicate that a self-potential (SP) anomaly is due to

electrokinetic effects (Ishido and Mizutani, 1981;

Ishido and Pritchett, 1999). This situation is different

from other claimed electromagnetic precursory phe-

nomena (e.g., Park et al., 1993; Parrot et al., 1993).

The description of the electromagnetic field in-

duced by the electrokinetic effect has been limited to

stationary cases where the source region is concen-

trated at the boundaries of different substances (e.g.,

Fitterman, 1978). An extended treatment of the field

calculation for a transient generating force was tried by

Majaeva et al. (1997). Here, we present a reformula-

tion suitable for wider application. A few typical field

strength distributions at particular distances from the

source are discussed, and observed typical signals are

used to estimate confined water pressure changes by a

trial and error method to explain the typical anom-

alous electric field waveform.

3. Formulation

Electromagnetic fields can be generated by ion

transport in fluids through electrokinetic effects. The

coupling between fluid motion and electric current has

been described by the relation:

Ie

Jf

0
@

1
A ¼

L11 L12

L21 L22

0
@

1
A �r/

�rP

0
@

1
A ð1Þ

where Ie is the electric current density, Jf is the fluid

velocity, / is the electric potential, P is the pore pres-

sure, and Lij is the generalized coefficient of conduc-

tivity (Overbeek, 1953; Nourbehecht, 1963; Mizutani

et al., 1976; Ishido and Mizutani, 1981). Some of the

coefficients are familiar electric coefficients: L11 is the

electrical conductivity, and L12 is the fluid permeabil-

ity of Darcy’s law. The cross-coupling term containing

L12 or L21 corresponds to the electrokinetic effect, with

L12/L11 being the streaming potential coefficient ( =C )

and L21/L22 as the electro-osmosis coefficient. The

generalized conductivity coefficient matrix is shown

to be symmetric from Onsagar’s reciprocal relations

(Nourbehecht, 1963).

From Eq. (1), the electric current density Ie is

described as:

Ie ¼ �rðr/ þ CrPÞ ð2Þ

and the streaming potential coefficient:

C ¼ ef=rlf ð3Þ

where f is the zeta potential in the electric double layer
formed at the solid–liquid interface, e is the dielectric
constant of the fluid, r is the electrical conductivity,

and lf is the viscosity of the fluid (Nourbehecht, 1963;
Mizutani et al., 1976). This type of formulation has

been adopted to explain anomalous electromagnetic

field changes at the time of earthquake occurrences

(Mizutani et al., 1976; Dobrovolsky et al., 1989;

Fenoglio et al., 1995) and the self-potential distribu-

tion in geothermal fields (Ishido and Pritchett, 1999).

These assume a stationary state. We need a more

general formulation based on Maxwell’s equations

for the unsteady electromagnetic field as in the case

of transient field changes induced by varying pore

water pressure (e.g., Fenoglio et al., 1995). Under the

assumption of the quasi-stationary situation with

negligible displacement current in the ordinary crustal

conductive medium of piece-wise continuous con-

tinuity, Maxwell’s equations are:

r� E þ @B

@t
¼ 0 ð4aÞ

r � H ¼ IðtÞ ð4bÞ

r � B ¼ 0 ð4cÞ

r � E ¼ 0 ð4dÞ

where E is the electric field intensity, B is the magnetic

induction, H is the magnetic field intensity, and I (t) is

the total electric current density. It was shown by

Nourbehecht (1963), on the basis of measurement data

of Madden et al., that the electro-osmotic effect (term

containing L21/L22) could be negligibly small com-

pared with the hydrodynamical pressure term. In this

case, it is possible to assume that the electric field is
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induced by the fluid pressure gradient rP. Under this

situation, the total electric current can be decomposed

into:

IðtÞ ¼ I þ I ext ð5Þ

where I is the internal current relating with the electric

field intensity through a constitutive relation, and I ext

is the external current generated in non-electromag-

netic processes (e.g., Rokityansky, 1982): in this case,

a component induced by the electrokinetic effect

through the pore water pressure gradient.

Additionally, we use the constitutive equations,

D ¼ e E ð6aÞ

B ¼ lH ð6bÞ

I ¼ rE ð6cÞ

where l is the magnetic permeability. The external

electric current I ext can be written down from (Eqs.

(1), (2) and (5) as,

I ext ¼ �rCrP ð7Þ

The resulting equations are the same as for the elec-

tromagnetic induction problem. Majaeva et al. (1997)

derived the same result on the basis of intuitive in-

ference that the electric current field should contain a

part arising from the vector potential. Here, we have

obtained the result on the basis of physical arguments.

The formulation derived for the non-stationary state

has a limit in applicability because the relation of

generalized velocity and thermodynamic force (Eq.

(1)) are derived by assuming a steady state time in-

variant system. Nevertheless, we can expect that the

formula will provide a useful tool to estimate the

physicochemical state in the case of slowly varying

systems of small flow densities (Nourbehecht, 1963).

In a piece-wise continuous medium, the electro-

magnetic field can be described by the following

partial differential equations:

D � 1

j2

@

@t

� �
F ¼ �rðr; tÞ; 1

j2
¼ rl ð8Þ

where rr is the forcing term for the specified field

quantity of interest, and F is any of electric field in-

tensity E, magnetic field intensity H, or vector poten-

tial A. In the case of electric field intensity E, magnetic

field intensity H and vector potential A, rr has the

following forms:

F ¼ E; rE ¼ �l@Iext=@t ð9aÞ

F ¼ H; rH ¼ r� Iext ð9bÞ

F ¼ A; rA ¼ lIext: ð9cÞ

We can deduce simple characteristics of the elec-

tromagnetic field generated under the adopted

assumptions from these relations. In the case of a

homogeneous medium, the source term of the mag-

netic field intensity (Eq. (9b)) is:

rH ¼ �rðrC �rP þ Cr�rPÞ

¼ �rðrC �rPÞ ¼ 0 ð10Þ

which shows that a magnetic field is not generated. It is

easy to derive the source term in the case of a medium

that is homogeneous except for a conductive boundary

(Fitterman, 1979). As seen from Eqs. (9a),(b) and (c),

there is no electric field at all for the stationary case. As

for the dependence of the electromagnetic field on the

medium parameters, the electric field is related to the

streaming potential coefficient C, and the magnetic

field to the spatial gradient of this coefficient.

Given the boundary conditions on the surrounding

surface S for the domain V, the solution of Eq. (8) is:

yðr; tÞ ¼
Z t

0

dt V

Z
S

dS Vfn �ðGrV� F � FrV� GÞ

� G � ðn �rV�FÞ � ðrV� GÞ � ðn � FÞg

þ
Z t

0

dt V

Z
V

GrdmVþ 1

j2
�
Z
V

dmV

� Gðr; t; rV; 0Þ� @yðrV; 0Þ
@t V

� @G

@t V
� yðrV; 0Þ

( )

ð11Þ
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by the use of the tensor form of Green’s function

G(r,tjr V, t V) satisfying the same boundary conditions,�
D� 1

j2

@

@t

�
Gðr; t j rV; t VÞ

¼ �dðr � rVÞdðt � t VÞ ð12Þ

(e.g., Morse and Feshbach, 1953), where n denotes

the unit outward vector normal to the bounding sur-

face,     (r V,0) the initial value of the field quantity of

interest and rrr the corresponding forcing term denoted

in Eqs. (9a, 9b and 9c). Then the solution     takes the

simple form

yðrV; tÞ ¼
Z t

0

dt V

Z
V

Gr dmV ð13Þ

in the case of zero initial value

yðr; 0Þ ¼ 0 ð14Þ

and the homogeneous boundary condition at infinite

boundary. In the case of the simplest three-dimen-

sional homogeneous medium the Green function G3 is

explicitly given as,

G3ðr; t; r V; t VÞ ¼ 1

j2

�
1

4p2j2ðt � t VÞ

�3=2

� exp�r j �r V j2
4j2ðt � t VÞ HðtÞ ð15Þ

when H(t) is the step function,

HðtÞ ¼
0 ; t < 0

1 ; z0

8<
: ð16Þ

4. Spatio-temporal distribution of electric field

Here, we will investigate the characteristics of the

electric field on the basis of the derived equations by

assuming the simplest geometry of conductivity dis-

tribution. Though the uniform model seems too sim-

ple for practical application, it provides a useful clue

to understand some of the general features of the

electromagnetic field induced by the electrokinetic

effect, such as the detectability distribution or the

source mechanism giving rise to the observed electric

field anomalies.

In the case of an isolated source starting at time

t = 0, the electric field is described by Green’s func-

tion (Eq. (15)). The well-known form for the diffusion

phenomena indicates that the electric signal is large

near the source and diffuses gradually at remote

points. Fig. 2 illustrates the spatial electric field

distribution G(3) at several instances after the start

of the source appearance for a uniform 3D medium

with crustal conductivity r = 0.01 S/m. At the source

Fig. 2. Electric field strength distribution in space at several instances after the onset of a localized source at the origin (r = 0), assuming a

homogeneous medium of conductivity r= 0.01 S/m.
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point, the signal decreases to less than one hundredth

of the initial strength after several tens of seconds.

Assuming that the relative signal detection limit

corresponds to G(3) = 10�8, the signal at the point

r = 50 km cannot be detected until the time t = 1 s,

then increases over the threshold limit at the time of

about t = 5 s, and then diminishes below the threshold

at about t = 50 s. That means the signal can be

detected in the time interval,

tsðr; rÞ Q t Q teðr; rÞ ð17Þ

where ts and te are the start time of signal detection at

distance r nearer than the detection limit r0
e and the

ending time, respectively. No signal can be detected

at r> r0. The maximum detection distance r0 depends

on the conductivity r, and

r ¼ 0:1 S=m; r0 > 40 km

0:01 S=m; 90 km

0:001 S=m; 200 km

ð18Þ

for typical values in Japan. Eq. (17) indicates that the

signal detection time is different at each observation

point. The values of te and ts, however, are less than

several tens of seconds for the conductivity ranges

r = 0.1–0.001 S/m and never attain several tens of

minutes under realistic crustal conductivity value.

Larger retardation of the signal detection, such as

that observed by our network in central Japan at the

time of the Noto Peninsula Earthquake with a magni-

tude 6.6 in 1996, would indicate multiple sources to

start signals at a different time.

The waveforms of the pulse-like signals of domi-

nant parts of the fluctuating higher frequency compo-

nent (Fig. 1) are generally characterized by a sharp

increase to a peak value Ap, a decrease to several ten

percents of the peak value, and then a gradual

decrease with a duration that is almost the same as

the pulse width T (several seconds to several hundred

seconds) as described in more detail below:

Phase 1: initial sharp rise attaining a peak Ap (time

constant T1 < several seconds);

Phase 2: first decrease to several ten percents of Ap

with time constant T2 (several seconds f 0.5T );

Phase 3: gradual decrease with time constant T3
(several seconds fO(T));

Phase 4: sharp decrease to about 0.1Ap with time

constant T4 (f T1); and

Phase 5: gradual decrease to the background level

with time constant T5 (f 0.1T ).

The peak values Ap are nearly uniform over a time

interval of order days except transient period of

Fig. 3. Assumed rate of temporal pattern function of confined water pressure dg*/dt. (Eq. 22). Vertical axis is in arbitrary unit.
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crustal activity (Takahashi et al., 2000). It is suggested

that a scheme of electrokinetic interaction is preserved

during that time period. The evolution of the electric

field changes of the typical waveform is similar to the

water pillar height change of a geyser, supporting the

hypothesis that the generation mechanism of the

anomalous electric field may be related to the motion

of the underground flow.

We will infer that the confined pressure changes

giving rise to the electric field changes under the

condition of homogeneous conductivity distribution.

The confined fluid pressure P(r,t) is assumed for the

sake of simplicity as:

P ¼ P1ðrÞgðtÞ ð19Þ

Then, the electric field intensity E is written down

from Eq. (15),

E ¼ j2

ð4pj2Þ3=2
ð�lCrP1Þg̃ �

Z t

0

dt0
dg*

dt
ðt0Þ

� e�r2=ð4pj2ðt�t0ÞÞ

ðt � t0Þ3=2
Hðt � t0Þ ð20Þ

where the temporal part g(t) is decomposed by defin-

ing a scaling factor g̃ and temporal pattern function

g*(t):

gðtÞ ¼ g̃ � g*ðtÞ ð21Þ

As an example, the electric field intensity E in the

direction of the pressure gradient is calculated by

taking g̃ = 1 and g*(t) as (Fig. 3) for r = 0.01 S/m,

g*ðtÞ ¼ 0; t < 0

¼ 10; 0 Q t < 0:25

¼ 0:6f0:5; 0:25 Q t < 10:25

¼ 0:5f0; 10:25 < t Q 10:75

ð22Þ

Fig. 4 shows that the resulting time evolution of the

electric field E at several distances from the source.

Units of the electric field intensity E are in millivolts

with the choice of model parameters of 1 = 0.1 V,

ArPA= 4 MPa, e = 8e0 (e0 is the dielectric constant in
free space) and the source volume of 800 m3. The

choice of the values for zeta potential and the pressure

Fig. 4. Electric field strength evolution in time at several distances from the source in a homogeneous medium of r= 0.01 S/m when the forcing

term is the same as that shown in Fig. 3.
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gradient rely on the discussion of Fenoglio et al.

(1995). The homogeneous source volume was deter-

mined for the electric field to be in agreement with the

observed value by assuming that a part of the electro-

des with a length of 100 m is exposed to the field. The

temporal changes are similar to each other at points

near the source: phase 1 and phase 2 with a sharp

change are reproduced in the near field at a distance

less than 3 km. However, the signal is diffused suf-

ficiently at several kilometers away from the source to

lose the sharpness of the driving force. It is seen that

the signal deformation increases with the distance

from the source and that amplitude decreases rapidly.

In other words, the signal waveform conveys infor-

mation about the source distance. The detection of the

similarly sharp anomalous electric field changes sug-

gests that the confined water pressure increases

sharply in the initial phases in the process of con-

spicuous and rapid changes of hydrothermal circula-

tion. We can infer that the typical anomalies observed

by the borehole antenna at the time of crustal activities

were detected only near the source. The amplitude

ratio of main phase 3 to the peak value is also

conserved in the near field, but decreases rapidly in

the far field. The electric field strength E decreases as

Ef 1/r in the distance interval 100 m–10 km in the

case indicated in Fig. 4.

We can calculate the signal waveform if the source

function and the conductivity distribution are given.

But usually, we want to infer those unknowns as an

inverse problem using the observed data. Source

parameters of earthquakes are now routinely deter-

mined using seismic observation data on the earth’s

surface. One of the unknowns, the seismic velocity, is

generally assumed to be known from the seismic

survey, and the source time function describing the

fault motion is estimated by use of the seismic wave-

form observation at multiple sites (Aki and Richards,

1980). A similar approach could be taken in the field

of research of the present interest as a kind of future

problem.

The conductivity structure is determined by an

electromagnetic induction survey (Rokityansky,

1982) though the profile is not as elaborately known

as the seismic velocity profile. Observed electric

signals at multiple sites can be used to determine the

source position and the source time function if we

have enough knowledge about the detailed conduc-

tivity distribution as recently observed in the central

part of the northeastern part of Japan (Fujinawa et al.,

1999).

The rate of the pressure change shown in Fig. 5a

dg*
dt

�
has been obtained to model the observed typical

electric signals shown in the same figure (Ec) by a trail

and error method. The calculated field Ec refers to

r= 300 m using conductivity r = 0.01 S/m. At near

field, there is a large degree of similarity between the

waveform of the source function and the synthetic

curve. The minor discrepancy in the synthetic wave-

form compared with the observed one would be

Fig. 5. The units for the observed electric field Eo and for the

synthetic field Ec is shown on the left side, and the unit for the

source time function is shown on the right side.
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reduced by choosing a slightly different source func-

tion g* compared with the term shown in Fig. 3. In

principle, we can calculate the source time function g*

from the observed signals if we have enough knowl-

edge of the conductivity distribution and relevant para-

meters just as in the analysis of seismic fault me-

chanisms.

5. Discussion

Typical signals in the anomalous electric field

changes indicate that the rate of the confined pressure

changes is dominantly positive. Our observations

show that there is a short time period when the polarity

of the signals is negative. There must be a persistent

increase or decrease of the confined pressure during

these time periods. The longer period components of

the pressure changes corresponding to the DC-like

electric signals (Fujinawa et al., 2000) may more or

less compensate the accumulated increase or decrease

induced by a considerable number of the higher fre-

quency components.

Electric field anomalies were also observed in

Greece (Varotsos et al., 1996) and in Japan (Nagao et

al., 1996) for the case of main shock–aftershock-type

events. These signals had longer period and occurred at

a much shorter time interval than those discussed here.

We could interpret the longer period feature of their

results on the basis of the extinction of the higher

frequency components at remote points as suggested

from the dependence of signal waveform on distance

(Fig. 4).

From the observational point of view, a sensor

buried deep under the ground near the source could

provide us with the possibility to detect even a small

signal induced by confined water pressure change.

Moreover, the extraordinary long distance detectability

as claimed in Greece amounting to several tens of the

rupture area could be understood, if it is not artificial

noise, as due to the installment of the sensor near the

ground surface where the signal strength is large

enough owing to the shorter distance from the signal

source. We can assume that the area is well connected

to the seismic zone through a ground water conduit.

However, the existences of such a conduit needs to be

shown by high-resolution studies (Varotsos et al.,

1996).
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