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Abstract

Electric field observation data at Hodaka, near Mt. Yake in Gifu Prefecture in central Japan, has been

conducted since 1994 in order to develop a method of detecting anomalous electromagnetic anomalies related

to earthquakes and volcanic eruption occurrences. The ultra-long electrode measurement (ULEM) method
was adopted by means of a very long electrode of approximately 400 m. Here the monitoring data acquired
by the digital equipment are presented in order to provide basic data for assessment of the anomalous electric
field phenomena detected at the time of the seismic swarm which occurred at the border of Gifu-Nagano
Prefectures in August 1998. The anomaly is shown to be closely correlated with the seismic activity that
occurred near the Hodaka site. It is suggested that the electromagnetic anomalies were induced by electro
~kinetic effects through changes in the confined water pressure. This paper is one of a series of papers
providing detailed evidence to show electric field changes are plausible precursors of earthquakes in terms of
reproductivity and statistical relations. It is found that the anomalies is generally so small that they can be
only detected using a special electrodes immersed deep in the ground near the source.
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1. Introduction

One of the most dangerous natural hazards is in-
duced by earthquakes, as recently experienced in
Kobe in 1995, in both Turkey and Taiwan in 1999. In
the case of the Kobe earthquake there were more than
6,000 victims and economic losses totaling several
hundred billion US dollars. The impact of such a
large earthquake could be reduced by appropriate
counter measures. We already have example experi-
ence of earthquake-induced-disasters throughout the
world and know what types of counter-measures are
useful to reduce the disasters. We should continue to
develop methods for disaster mitigation using the
resources available in the community.

There are many phases in the efforts of disaster

mitigation ; broadly speaking, these can be divided
into hardware and software responses. Hardware
responses include risk assessment for the specific
cause of a disaster in a particular area, increasing the
resistive force of buildings and infrastructure, for
instance, strengthening houses on the basis of the
established building code, and predicting or forecast-
ing when or with what frequency specific large-scale
natural phenomenon might occur. Software responses
include land use plans, preparedness programs, public
awareness campaigns, and insurance disaster diffu-
sion and so on (White and Haas, 1975). Accordingly,
we need to develop a well-balanced system of disaster
mitigation in any given community.

The types of counter-measures to be implemented
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and the percentage of total expenses which will be
allocated are decided on the governmental level. In
the course of the decision-making process, however,
the scientific community can provide important sug-
gestions based on scientific knowledge. The scientific
community is expected to propose new techniques to
mitigate disasters as well as to develop the necessary
resources to realize them. Earthquake prediction is
one of the important factors in earthquake disaster
mitigation, although appropriate techniques have yet
to be sufficiently developed. If the community reaches
the conclusion that a particular approach is impos-
sible, it is important to tell the truth to the community
(Geller, 1996). If communities conclude any technique,
for example, earthquake prediction, has not been fully
developed, but needs further research such as the SES
signals of VAN group (Varotsos ef al., 1996, Park ef
al., 1993), it is also important to state that a method is
not intrinsically impossible. We believe that the feasi-
bility study on the earthquake prediction research
should be further conducted.

Definition of Earthquake Prediction

Earthquake prediction is generally assumed to be
concerned with the estimation of the parameters for
future earthquake sources: their location, time and
size (Allen, 1982). The ultimate goal of the prediction
method is to be quantitative. More accurate informa-
tion is assumed to be more useful. The quantitative
approach deals with definite statements of parameters
with narrow and well-defined error boundaries (Wood
and Gutenburg, 1935), and to be above the level of
random chance or of a time independent seismic
hazard (Main, 1996). The approaches can further be
divided into one based on a physical model and one
based on an empirical approach.

The research on the earthquake prediction should
follow several steps from model formulation to test-
ing (Rhoades and Evison, 1989). The procedures
contain learning steps, which more or less involve the
subjective selection of precursory candidates. And the
primary objective of the testing is to evaluate perfor-
mance of the proposed method. In the course of
developing of the prediction technique, we should use
up-to-date knowledge concerning the physical proc-
ess in the preparatory stage of earthquake occurrence.
Any reliable knowledge concerning the preparatory
stage is more or less useful in the development of
counter-measures against possible hazards, for exam-
ple, to the hazard assessment and to the possible
development of forecasting technology. We will be
well rewarded by any well-organized investigation to

establish an earthquake prediction method even if it
may take a long time without resulting in significant
success in the prediction.

There have been several reports from China on
practical success in the earthquake prediction includ-
ing public announcements to recommend the evacua-
tion of several hundreds thousands of people. These
reported successes in China are said to have relied on
an empirical approach utilizing various anomalous
phenomena inferred by experienced scientists. It
could neither have been possible for the involved
persons to infer on the basis of strict quantitative
knowledge of the probability relations between earth-
quakes and precursory phenomena nor on well-
founded physical model.

From those experiences we can build a strategy for
the earthquake prediction. At this stage of develop-
ment we need to take a practical standpoint as to the
Under the
situation of impossibility of programmed application

usefulness of the empirical approach.

of counter-measures such as evacuation based on a
highly reliable forecast (Wood and Gutenberg, 1935 ;
Main, 1997), ambiguous information about the possi-
bility of earthquake occurrence should be properly
used. These prediction information could be utilized
by some (not whole) part of the community on their
own responsibility. Flexible and practical attitude is
necessary to make a decision in which direction the
research and development in the earthquake disaster
mitigation is to be conducted. It is necessary for
scientific community to publish all types of data and
interpretation concerning crustal activities for more
fruitful discussion in the community.

Present Status of Earthquake Prediction

As a part of earthquake prediction program in
Japan a systematic research effort was started from
the Blue Print in the 1960’s (e. g., Geller, 1991, 1996).
The seventh five-year research plan aimed at the
development of prediction technology has been under-
way in Japan since 1994. No earthquakes have been
officially predicted in this time period of the previous
three decades. But a large volume of data have been
collected by the earthquake prediction community,
and analyzed with the results of extensive progress in
the research on crustal activities (e. g., Hamada, 1991).
The progress of the research on seismic activities and
seismo-tectonics is so substantial as to provide pro-
found knowledge on the preparatory stage of earth-
quake occurrence. But it should be noted that these
data have not been collected and fully analyzed for the
purpose of second-stage earthquake prediction
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research, as proposed by Rhoades and Evison (1989)

A compilation of observation of earthquake precur-
sory phenomena have indicated that there are approx-
imately 15 more or less independent phenomena, in-
cluding seismic activity, ground water level change,
radon content, electromagnetic phenomena and so on
(Rikitake, 1976). Analysis of those precursory phe-
nomena suggests several general properties, for
instance, the relation between the preceding time and
the magnitude of earthquakes indicating a log-linear
relationship for the so-called first type precursors and
another relationship for the second type of precursors
(Rikitake, 1976). The Rikitake relationship might
suggest the existence of meaningful precursors,
though none of the claimed precursors has passed the
strict guidelines of the IASPEI subcommittee to be
approved as a precursor (Wyss, 1991). The Rikitake
relationship was not based on the established criterion
of anomalous phenomena, but relied on the subjective
judgement of individual scientists. Despite this ambi-
guity, the knowledge would be useful at least in the
estimation of the occurrence time and the magnitude
of future earthquakes if the large confidence limit is
taken into account.

The claimed precursors have been assessed by the
IASPEI subcommittee (Wyss, 1991 ; Wyss and Booth,
1997) in an issue for the International Decade for
International Disaster Reduction (IDNDR) for the
sake of more objective evaluation. The evaluation
was performed using a kind of the so-called passive
assessment on the submitted reports of individual
groups following the proposed guidelines, because of
the difficulty of independent verification on the
claimed precursory phenomena at the time of strong
earthquakes.

The IASPEI evaluation is a major milestone in the
development of earthquake prediction technology
because it proposes an example of guidelines for the
evaluation of the claimed precursor, and the efforts
could contribute to establishing a consensus for the
quantitative evaluation procedure. Evaluation proce-
dures such as this, however, would not be particularly
useful outside the scientific community. Because of
the adopted way of the peer review using only submit-
ted materials, it would be difficult to provide confir-
mative output. In order for the result to be accepted
independent experimentations on the phenomenon
seems indispensable.

We should stress here the necessity of an evaluation
of precursors through more systematic research and
development, as proposed by Rhoades and Evison
(1989). In particular, an objective experimentation

should be included in the evaluation program to ascer-
tain the intrinsic relationship of plausible precursory
phenomena. Experiments should be conducted by
several independent groups for verification. Any
assessment without such verification would be insuffi-
cient to answer the serious question as to the possibil-
ity of the earthquake prediction. Small scientific
group could find plausible phenomena and choose
some useful characteristics. However, a formulation
model of the prediction (Rhoades and Evison, 1989)
can only be condstructed with systematic efforts,
which will require a considerable amount of resources.

Here we will present an trial of evaluation of
precursory phenomena by taking electromagnetic
field changes as an example. In many electric, mag-
netic and electromagnetic phenomena that are seem-
ingly useful to earthquake prediction (Park ef ai.,
1993), the ULF, the VLF band signals have been
reported before major earthquakes (Gokhberg et al.,
1987; Oike and Yamada, 1994 ; Yamada and Oike,
1996, Fujinawa and Takahashi, 1998). We have been
investigating electromagnetic field changes focusing
on the search for useful phenomena for the prediction
as well as their efficient characteristics (Fujinawa and
Takahashi, 1990, 1996, 1998 ; Fujinawa et al., 1997). In
the course of the evaluation, the guidelines of IASPEI
(Wyss, 1991) have been taken into account as far as
possible.

2. Measurement Method

The construction of electromagnetic field observa-
tion stations in central Japan has been underway since
1988, and now ten observation sites are in operation
(Fig. 1). The borehole antenna (Fujinawa and Takaha-
shi, 1990) is used to measure the vertical electric field
by means of a casing pipe in deep boreholes on the
basis of the original idea of Takahashi and Takahashi
(1989) (Fig. 2). The so-called borehole antenna has
been proved to be very efficient for detecting small
signals possibly related with earthquakes induced
underground even in the circumstance of large urban
noise (Fujinawa et al., 1992, Fujinawa and Takahashi,
1996). The steel casing pipe functions as a monopole
of the antenna in the conductive substance, and the
copper wire buried underground surrounding the cas-
ing pipe as the reflector of the antenna. The antenna,
using a very long vertical casing pipe in the borehole,
senses the vertical components of underground elec-
tric fields. In the low frequency limit, the borehole
can be taken as an ultra-long electrode (ULE) immer-
sed in the earth (Fig. 3). The input voltage Viin the
detector can be expressed as the weighted average of
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Fig. 1 Locations of the electro-magnetic field observation sites in central Japan utilizing bore-
hole antenna 150-1200 m long as the principal sensor. For the horizontal component of the
electric field mutually perpendicular short dipoles of 20~60 m long were used together
with induction type magnetometers for the five sites (Hasaki, Chikura, Koufu, Nagaoka
and Sagara). The network has been in operation since 1988, and the sites were selected
on the basis of several geological conditions. Specifically, Hodaka and Oshima are in a

geothermal region with volcanos.
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Fig. 2 Schematic diagram of multiple component electromagnetic field observations. The
electric field is measured by a pair of horizontal dipoles of 8 m in length with a span of
20~50 m and using a vertical mono-pole of 300-800 m surrounded by wire with a radius
about 10-20 m buried at a depth of about 1 m. The magnetic field is measured by three
induction-type magnetometers (BF-6, EMI) installed perpendicularly to each other.
Triggered data in three electrical and magnetic fields component are transmitted to a
central station once a night.
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where F; is potential at the i-th layer. The coefficient
a1 is expressed by the resistivity of each layer R, and
of the casing pipe r;. For instance, if there is an
electric field change in a certain layer in contact with
the pipe, the change can be sensed by the sensor
system. Any electric field change along the pipe can
be easily detected by this tensor. However it is
difficult to ascertain the layer at which the change is
occurring. This type of measurement (ULEM : Ultra
Long Electrical Measurement) has been shown to be a
highly efficient method for detecting underground
anomalous signal under the situation of large urban
noises (Fujinawa and Takahashi, 1996).

We selected three specific frequency bands: the dc
(dc~0.7 Hz), the ULF (0.01~0.7Hz), and the ELF/
VLF (1kHz~9kHz) for our observation (Fujinawa
and Takahashi, 1990 ; Fujinawa et /., 1992). These
frequency bands were selected in consideration of
regulations governing radio frequency in Japan, and
reported anomalous changes (e. g. Gokhberg et al.,
1987 ; Park et al., 1993 ; Popov et al., 1989 ; Parrot et
al., 1993).

Raw signals have been recorded for the dc and the
ULF bands, and an envelope of the amplitude for the
ELF/VLF bands using strip-chart on sites. A few

years after the initial stage of the development of the
system, digitized data for those signals were also
transmitted to Tsukuba, central station (Fig. 1). At
Hodaka the observation started in October 1994, and
digital equipment was supplemented in January 1995.
In this report all digitized data at Hodaka are used.

The five sites in the network were additionally
equipped with the waveform recording system for the
ELF/VLF bands signals with a sampling interval of
20 kHz (Fujinawa ef al., 1997 ; Fujinawa and Takaha-
shi, 1998). At those sites time synchronization is
accomplished to the level of 1usec by using the GPS
clock. The arrival time data of the pulse-like signals
in the ELF/VLF bands enable us to determine the
source position of the signals in the same way as the
hypocenter determination in seismology (Fujinawa el
al., 1997). In this paper, however, we will predomi-
nantly use the field strength data because of the
particular emphasis investigating anomalous signals
at the time of seismic activity.

Fig. 4 shows a schematic map for the observation
site at Hodaka situated in Nakao about 4 km west of
Mt. Yake. The site is in a geothermal zone, which is
the location of a famous resort, “Kamikouchi” having
many hot springs. The antenna configuration is
shown in Fig. 4-2. The borehole, approximately 400 m
in length, is used to gather hot water vapor. The
surrounding copper wires are buried in the cedar
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Fig. 4-1 Map around the observation site at Hodaka. The site Hodaka is about 4 km west of
Mt. Yake, one of the active volcanoes in central Japan.
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Fig. 4-2 Schematic diagram of the ultra-long electrode measurement (ULEM) at Hodaka.

Fig. 4-3 A casing pipe (right of the tank) of 400m leingth for taking water vapor is used as a
monopole of ULEM (see also Fig. 4-2).
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forest. The wire was in the midst of coke on the
bottom of ditch as is seen in Fig. 4-2. And the wire
was attached by an earth rod 3 m long every 7 m. The
borehole is not in the center of the reflector because of
an official road near the borehole.

Fig. 4-3 shows the water tank and part of the casing
pipe appeared on the ground. The signal transmitting
cable was buried beside the road, and electrical equip-
ment is housed in a laboratory at the Hodaka Sedi-
mentation Observatory, Disaster Prevention Research
Institute of Kyoto University. Electrical resistivity R
between the borehole and surrounding wires is 55Q.
The site is relatively calm in terms of urban noises, as
it is located in a mountainous area with a small
population at a distance of about 30 km from the
nearest railroad. However, noises were also generat-
ed in resort hotels, and the noise level was not con-
stant. For instance, circumstantial noise changed
from February 1997 in the ELF/VLF bands inducing
nearly constant amplitude noises continuing for sev-
eral hours, probably due to an air-conditioner in-
stalled nearby.

3. Observation

Except for an occasional trouble of electrical equip-
ments caused by severe lightning strikes the systems
have been continuously providing high-quality data.
The system has been progressively refined to reduce
malfunctions due to lightning. Calibration has been
conducted nearly every 6 weeks since the installation
of the system. The calibration includes input
impedance for the antenna and amplification factors.
The input inpedance is found to be highly constant.
The paper recording chart is changed at the time of
calibration. Strip chart recording has been used in
order to produce back-up data. Even if it is not
convenient for quantitative analysis, the analog
recording has its own merits such as a fine resolving
power. Accordingly this type of recording has been
continuing.

4. Typical Pattern of Record
4.1 Normal State

The recording parameters are determined after an
experimental observational period of about one month
so as that the background noise level for the dc
channel is almost a flatline, and about one-tenth of
saturation level for the ULF and the ELF/VLF bands
in the monitoring record.

An example of a record of a normal state is shown
in Fig. 5 for 5 August 1998, which is two days before
the start of the seismic swarm. The swarm occurred

near the site Hodaka in 1998, as will be described in
more detail later. The noise level for each frequency
band is:

Ndc’\’ 01 mV
NULF"’O.l mV
NVLF’VO] mV

The noise levels for the dc and the VLF band have
remained virtually constant since the beginning of the
observations. But the background noise level of the
VLF component has increased abruptly since Febru-
ary 1997, as can be seen from the Figures in the
Appendix. Before the increase the noise level was
about 0.2 mV in the ELF/VLF bands. The
contaminated noise in the ELF/VLF bands is almost
constant amplitude for a while. Detection of anom-
alies has not been difficult because of the property of

the noise.
4.2 Noise Pattern at the Time of Lightning Dis-
charge

At the time of a lightning return stroke a strong
surge current flows underground generally causing
large signals in the record. An example of the record
at the time of lightning discharges is shown in Fig. 6.
The large input voltage occasionally causes the
destruction of electronic instruments. The “noises”
induced by the lightning discharges have general fea-
tures in terms of duration of a few hours, and the
evolution of amplitude change, as is illustrated in Fig.
6.

Consequently, it is not difficult to determine
whether or not the signals are related to atmospheric
discharge. Smaller amplitude VLF signals of inter
-cloud discharge and remote return stroke which
comprise a large part of signals in the ELF/VLF
bands (Fujinawa et al., 1997) are almost buried in the
background noise level. And those do not appear in
either the ULF or the dc bands.

4.3 Noise Associated with Geomagnetic Distur-
bances

Even very large geo magnetic disturbances appear
only slightly in the monitoring records in our choice of
recording parameters for the ULEM. The extent of
the effect of geomagnetic disturbances can be seen in
Fig. 7. Electric field changes at around 16:30 on 6
August 1998 corresponded to severe geomagnetic
disturbances amounting to some 200 nT. The induced
variations of the electric field signals in the dc, the
ULF, the ELF/VLF records were negligibly small : 0.
2 mV for the ULF band (Fujinawa. et al., 2000b).

So the geomagnetic effects on these measurements
did not appear to be large. But we need to take the
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Fig.5 An example of monitoring records at a normal state of the vertical electric field observa-
tion on 5 August 1998 at Hodaka. The dc component has an almost flat curve for the
selected recording parameters of the dc (0~0.7 Hz, upper) and less than 1/50 in full scale
in the ULF band (0.01~0.7 Hz, middle) showing waveforms, and 1/20 in the ELF/VLF
bands (I~kHz 9kHz, lower) showing an amplitude envelope. Almost constant level
signals of about 1. mV in the ELF/VLF channels (lower) are due to urban noises with
background noise evident from December 1997.
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Fig. 6 Typical examples of records at the time of severe lightning discharge at around 18: 00
~20:00.
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Fig.7 An example of ULEM records at the time of strong geomagnetic disturbances amounting
to 200 nT at around 16: 30 (D in the Figue).

geomagnetic data for reference into account when we
check anomalous signals of similar duration as of
geomagnetic disturbances in the effect to identifying
precursory phenomena.

5. Prominent Anomalies
5.1 Vapor Ejection in 1996

Sudden and sharp increases in electric field strength
were detected preceding a vapor ejection on 14 July
1996. The ejection occurred in the course of drilling a
hole for another hot spring about 400 m north of the
Hodaka site (photo. 1). An abnormal increase in the
electric field started about three hours before the
onset of the vapor ejection (Nakayama et al., 1997).
The increase was detected at dc-0.7 Hz and 1-9 kHz
frequency bands with the vertical electrodes, and at dc
-0.7 Hz band by the horizontal electrodes belonging to
Kyoto University. The perpendicular horizontal fields
were measured with the four electrodes consisting of
vertical lead pipes. Each pipe was 2 cm in diameter,
and the underground length is 50 cm. Both pairs of N
-S electrodes and E-W electrodes had spaces of 50 m
between their electrodes. The horizontal fields were
measured at the dc-0.7 Hz frequency band only.

The ejection started at about 16 JST (Japan Stan-
dard Time), that is equivalent to 7 UT, 14 July 1996, at
the foot of Mt. Yake. Mt. Yake been dormant for 34
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Photo 1 Vapor ejection on 22 July 1996 from the
borehole in the course of searching for

hot water to be used for hot spring.
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years since the last ejection in 1962. Photo 1 shows the
vapor ejection from the borehole. There was no
particular increase of seismicity around the event as
seen later (Fig. 14-1).

Figure 8 shows the records for vertical electric
fields at the dc~0.7 Hz, 0.01-0.7 H, and 1-9 kHz
bands, together with the records of horizontal fields at
dc-0.7 Hz on 14 July when the vapor ejection started.
Anomalous signals are seen in the three whole bands
in the ULEM, and in the dc channels in the horizontal
electrode. Higher frequency components of the ULF
band are observed only the ULEM. The ELF/VLF
band anomalies were seen to appear intermittently as
in the case of the submarine volcanic ejection east of
the Izu-peninsula in 1989 (Fujinawa and Takahashi,
1990).

Figure 9 and Figure 10 show the records for vertical
electric fields at dc-0.7 Hz, 0.01-0.7 Hz, and 1-9 kHz
bands, one day before and two days after the onset of

the ejection, respectively, for the sake of contrasting
the anomalous signals shown in Fig. 8. Figure 10
shows a part of Fig. 8 with an expanded time axis
with the center of the figure being located at the onset
time for the ejection. The records for horizontal
electric fields show small variations during these days
as shown in Fig. 8 and Fig. 11.

Here we can compare anomalous signal strength
detected by the vertical electrode with that by the
horizontal electrodes using the records shown in Fig.
8 and Fig. 11. The vertical component in the dc band
indicates a decrease of about 2 mV (casing pipe poten-
tial increases) and an increase of about 1 mV in the
horizontal component. Larger fluctuations in horizon-
tal (NS, EW) and vertical (dc, VLF) components are
found to correspond closely with each other. A promi-
nent fluctuation starting at about 12:50 (IST) on July
14 1996, was recorded as 1.3 mV in NS, and about 2.5
mV in the dc band of the vertical electrode. As a

31 0mV

+5mV

1075

-5mV

+5mV

0

15 18 21 24 JST

14 July 1996

Fig. 8 Records of vertical electric fields at the DC-0.7 Hz, 0.01-0.7 Hz, and 1-9 kHz bands, and
of horizontal fields at the DC-0.7 Hz band, on 14 July 1996, the day of the vapor eruption.
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Fig.9 Records of vertical electric field obsevation be ULEM, on 13 July 1996 (JST), one day
before the onset of the vapor eruption.
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Fig. 10 Records of vertical field obsevation be ULEM, on 16 July 1996, two day after the onset
of the vapor ejection. They are very similar to typical records on usual days.
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Fig. 11 Records of vertical electric fields at the DC-0.7 Hz, 0.01-0.7 Hz, and 1-9 kHz bands, and
of horizontal fields at the DC-0.7 Hz band, on 14 July 1996, from four hours before to four
hours after the onset of the vapor ejection.

matter of fact, the dc band anomaly could not have
been detected in the monitoring records of ordinary
full-scale( =50 mV), about 10 times larger compared
with those shown in Fig. 9 and Fig. 10. Larger
dynamic range in monitoning record is necessary.
Anomalies are more clearly seen in ULF bands, and
most clearly in the ELF/ VLF bands. The extent of
the anomaly can be seen from the monitored records
(Fig. A-95-1-0~A-99-12-2). Here A-95-1-0, for
instance, refers to the monitoring records for a month
period for channel 0 (dc component) in January 1995.

From Figures A-96-6-0~A-96-8-2 we can know that
anomalies appeared from the beginning of June 1996
to the end of August in the ULF band. The dc
component was very small, and ELF/VLF compo-
nents were minimal.

The anomalies at 1-9 kHz on 14 July were larger
than 14 mV, and such large anomalies belong to the
most conspicuous signals in the record , except those
for the seismic swarm in 1998 and for anomalies
caused by lightning discharge near the observation
site. The ELF/VLF bands became very anomalous at
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about 12:40 some 10 minutes earlier than the ULF and
dc bands (Fig. 11). From the example record at the
time of lightning discharge, we can think that the
anomalous electric signals were not induced by a
lightning discharge.

Electric surge signals caused by lightning are shown
in Fig. 12 to show the difference between anomalies
preceding a vapor ejection and anomalies caused by
lightning in the vicinity. The amplitudes of the signals
are about 17 mV, >5 mV, and >14 mV in the dc, the
ULF, and the VLF band in ULEM and 100 mV, 60 mV
in the horizontal components, respectively, providing
further evidence of the high performance level of the
ULEM to reduce extreneous underground noises.

A larger vapor ejection occurred at Nakanoyu
about 4 km south-east of Mt. Yake (Fig. 4-1) on 1
February 1995 causing several casualties. The erup-
tion did not induce any discernible electric anomalies
at the Hodaka site. The signal detectability differ-
ence will be touched in more detail later when the
anomalies at the time of the seismic swarm in 1998 is
disccussed.

5.2 Anomalies Associated with Seismic Swarm
(1) Summary of the sub-section

Anomalous signals were found to be in good correla-
tion with the swarm activity that occurred in central
Japan starting in August 1998. The anomaly is di-
scriminated in terms of duration and field strength on
the basis of almost continuous observational records
from 1993. This second anomaly in the observation is
far larger compared with the first anomaly detected in
1996 in relation witi the vaper ejection. Anomalies
were found across all frequency bands of the dc, the
ULF and the ELF/VLF bands in the adopted record-
ing parameters with persistent occurrences in the dc
and the ULF bands. But the ELF/VLF bands appear-
ed to be anomalous only around the periods of huge
anomalies in the dc and the ULF bands at the time of
high seismic activities.

The anomalies were detected only at the nearest
site from the swarm activity zone in all networks at a
maximum distance of about 300 km (Figure 1). A
sharp detectability difference of the anomaly respond-
ing to different seismic swarm activities can be
attributed to the geological setting around the area. It
is suggested that the sources of the anomalous electric
signals are deep in the ground on the basis of measure-
ments using electrodes at different depths. A prospec-
tive method for investigating and monitoring the
preparatory stage of earthquakes and/or volcanic
eruptions through an electromagnetic window is sug-
gested from these results.

(2) Characteristics of Anomalies

A seismic swarm started on 7 August 1998 at the
border between the Nagano and Gifu prefectures in
central Japan (Fig. 13). Seismic activity around the
observation site had been very calm since 1993 around
the present swarm zone (Fig. 14). An exception is a
slight and spotted activity in July 1997 and a small
activity' near Mt. Yake from July through December
1993 with the largest earthquake having magnitude of
4.5 (Fig. 14-3). The present activity took place several
kilometers distant from one of the sites (Hodaka) of
the observation network (Figure 1).

The present swarm activity zone moves in NS
direction during the total evolution of the activity
(Fig. 14-2). At the initial stage the swarm activity was
limited to the area near the Mt. Yake several kilo-
meters east of the Hodaka site (Fig. 13). Meanwhile
the dominant activity moved to the northern region
crossing a clear aseismic zone. The most active
period was around the middle of August 1998 (Fig. 14
-4). It continued till recently (April 1999).

The electric field records on typical days of the
seismic swarm activity in the three frequency bands
are shown in Fig. 15. We have already shown the
monitoring record corresponding to the normal state
on 5 August 1998, the day before the start of the
swarm (Fig. 5). Fig. 15a shows records on 7 August
when the seismic swarm started. Fig. 15b is the
record from 12 August when the second largest earth-
quake in the swarm with magnitude of 4.1 occurred,
and Fig. 15¢ is the record on 16 August when the
largest earthquake with magnitude of 5.2 occurred.
Electric field changes are seen to be anomalous on the
day when the swarm started (Fig. 15a), and more
clearly anomalous on the days of major earthquakes
(Fig. 15b and Fig. 15¢) in comparison with those at the
normal state of almost flat record lines (Fig. 5) for
chosen recording parameters.

A slight anomaly can be seen in the dc band (Fig.
15a), moderately clear anomalous signals on the ULF
band, and a clear anomaly in the VLF band from
about 12 hours before the occurrence of the first
earthquake with magnitude of 3.9. Abrupt coseismic
electric field changes at the exact time of the first
earthquake occurrence are seen on the dc band, and on
the ULF channel, but not in the ELF/VLF band. The
coseismic changes in the dc and the ULF bands were
induced by the seismic ground movement in associa-
tion with the arrival of seismic waves (Fujinawa and
Takahashi, 1998 ; Nakayama et al., 1998).

A co-fracturing pulse-like signal in the ELF/VLF
bands is suggested at the time of the second largest
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Fig. 13 A seismic swarm started on of 7 August 1998 just west of the observation site at Hodaka

(®).

The activity was the first since the start of the observations here in 1993. The

hypocentra! data (Japan Meteorological Agency ; JMA) indicate that the initial activity
till 12 August was limited to the east of Mt. Yake, but extended northwards in the second
stage of activity. Data from short vertical and horizontal dipoles maintained by Nagoya
University about 600 m west of Hodaka site are also utilized supplementarily in this

research.

earthquake with M4.1 on 12 August as in the case of
the 1994 Great Kuril Earthquake (Fujinawa and Taka-
hashi, 1998). The present co-fracturing signals were
not detected at other sites contrary to the Kuril case.
Therefere we could not rely on the arrival time differ-
ence between the co-fracturing signal. We suspected
the existence of the co-fracturing signals by compar-
ing the ULF band and the ELF/VLF band. Other
moderate earthquakes in the swarm were not ac-
companied by any discernible co-fracturing signals.
Strength of the signals may depend dominantly on the
earthquake magnitude (Gokhberg et al., 1987).

Very clear anomalies in the electric field could be
seen on the records for 12 August, when the second
largest earthquake with a magnitude of 4.1 in the
swarm occurred (Fig. 15b). It should be noted that this
earthquake marked the start of the second swarm
activity extending to the north (Fig. 14). The lightning
information servicing company (Franklin Japan Co.,,
Ltd.) reported that there was slight atmospheric dis-
charge activity on 12 August. But the activity was not

noticeably large compared with that on other days in
August 1998 (Fig. A-98-8-0, 1, 2). The horizontal
electic freld recond suggests that the anomalous
electic freld is more or less similar with that induced
by return stroke (Fig. 12). We suspect the possibility
that the lightning discharges were accelerated on this
day. Moreover, the variations in the electric field on
the day were too large to be attributed to magnetos-
phere disturbances, as has been noted previously.
The degree of anomaly in the present case could be
confirmed by checking all data from the start of
observation including the digital observation in 1995
shown in the Appendix. The strip chart records
before the digital recording do not contain any anom-
alies except for those induced by lightning discharges
or “noises” at the time of caliblation. Therefore the
anomalies such as those in Fig. 15b and Fig. 15¢ could
not be attributed to external noises. The afore-
mentioned anomalies at the time of the vapor eruption
in July 1996 (Nakayama ef al., 1997) were much
smaller in terms of amplitude and duration compared
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—50 mV

24:00

Fig. 15a Monitoring record on 7 August 1998, when the swarm activity started from about 15:00.
Anomalous transient electric field changes were recorded on all three frequency bands
about 10 hours before the first earthquake with a magnitude of 3.9. The starting time
and duration of anomalous signals are somewhat different for the three frequency

bands.
b HODAKA 98/08/12
450 mV | (D}.... S N E ISR NN OO (RS SR O A T
I S _NN-T- (e T i
JUU0 DO D B A | e
1100 |- L)
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Fig. 15b A very clear anomalous transient electric field charges (SP : self-potential) were recor-
ded about seven hours before the occurrence of the second largest earthquake (M 4.1)
in the earthquake swarm, as a start event of the second stage of the seismic swarm on
the dc channel (B). About four hours after the appearance of the dc component
anomaly, the dc (C in(1)), ULF (2) and the ELF/VLF (3) bands also provided, almost
simultaneously, large and clear anomalies. Urban noises in the ELF/VLF channels
increased from about 0.8 mV to 2.4 mV during the period of the most active electric field
anomaly occurrence.
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Fig. 15¢ The monitoring records on 16 August, 1998 when the largest earthquake with magnitude

of 5.2 occurred. Transient SP anomalies consisted of a typical type of fluctuation seen
as “high” frequency pulse signals of negative polarity and variable duration, from
several seconds to tens of minutes. The sharp drop at the initial stage, followed by
gradual decrease to saturation, and final sharp recovery is well exemplified in (1). It
should be noted that these were accompanied by only minor anomalous signals in the
ELF/VLF channels (3) in comparison with other channels. Digitized data for 15 August
could not be recovered because of modem trouble at the time of the severe shock
induced by the largest earthquake. The paper monitoring chart, however, shows that
a very large increase in electric field anomalies occurred about 10 hours before the
earthquake. The anomaly is several times larger compared with those on previous days,
even causing a recording malfunction due to paper breakage induced by large fluid ink

drainage, which indicates rapid and large signal occurrence.

with the present case.

In the dc band a slight decrease with a longer period
variation of about 8 mV appeared at about 2:30 (B in
Fig. 15b-(1)), around eight hours before the earth-
quake, and a sharp decrease of 20~30 mV at about 6:
30 (C in Fig. 15b-(1)). Such dc band changes were also
seen before the start of the swarm activity (A in Fig.
15a-(1)), and occasionally at a normal state in the
absence of any crustal activity. We, however, have
never seen this type of large event as demonstrated by
'E” in Fig. 15c-(1). The ULF band strip chart record
(Fig. 15b-(2)) provides a much clearer anomaly
compared with the dc component because of an ampli-
fication approximately ten times larger than the dc
band, as will be shown more clearly later by color
figures (Fig. 18).

The ELF/VLF bands indicate a different evolution
in comparison with those of the other two bands. In
general, the ELF/VLF bands signals appeared only at

the time of large amplitude signals in the other two
bands when seismic activity was large, such as during
the day on 12 August (Fig. 15b). The feature could be
interpreted in terms of frequency spectral characteris-
tics of electomagnetic field generation by the ground
water movement as will be touched later.

On 7 August 1998 severe lighting discharges around
the observation site inducing large atmospheric noises
were not reported, though there was a considerable
rainfall around the Hodaka area (Japan Meteorologi-
cal Agency : JMA). The general pattern of the elec-
tric field change, is somewhat similar to those at the
time of lightning discharge. However, the extremely
long duration of the increase in the electric amplitude
of the ELF/VLF band such as during 1:00~11:00 on 7
August (Fig. 15a) has rarely been seen since the start
of the observation in 1993.

Moreover, there were no pulse-like signals in the
ELF/VLF bands (VPS) located around the seismic
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Fig. 16 VLF pulse-like source point (O, here+added denote a better determination with O-C
less than 10 us) projections in the horizontal plane (a), and in the east-west vertical plane
(b) on 22 August 1998 when moderate earthquakes (%) occurred in the seismic swarm
activity in central Japan. Source determination accuracy in the horizontal plane is about
10 km inside the network, but several tens of kilometers outside the network with the
vertical direction being less accurate. Note that there are no pulse-like ELF/VLE
signals in the vicinity of the seismic swarm activity, also that there were no lightning
discharges (X) on this day even if conspicuous anomalies were detected at the Hodaka
site.
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swarm region by means of the signal locations deter-
mination method (Fujinawa et al., 1997), as is illus-
trated in Fig. 16. It indicates that the ELF/VLF bands
signals detected in association with the seismic swarm
(Fig. 15a) were not so large as those due to the return
stroke, which can usually be detected at other stations
in the network because of their large strength and
enabling source location determination. It might be
considered that the present ELF/VLF anomalies are
of local origin. It is more probable that the VLF
signals are generated deep under the ground. The
large dissipation of the signals could have been over-
come by use of the ULEM.

In addition, the K-index reported by JMA during 4
hours period were less than 4 on 12 August 1998 (Fig.
15b), showing that those anomalous signals are not
related to the geomagnetic disturbances. On the
whole, the magnitude and the duration of the varia-
tions in the electric field were large enough to con-
clude that those electric field anomalies were originat-
ed in association with crustal activity.

The anomalous electric field changes at the time of
the largest earthquake in the swarm were very large
(Fig. 15¢). On the other hard it is hard to make to
correspond anomalies of each electric field to particu-
lar earthquake. It is mainly because of the persistent
appearance of large fluctuations (Fig. 17) in contrast
to the previous two cases (Fig. 15b and Fig. 15¢)
preceding the first earthquake at the initial stage of
each swarm activity.

It is, nonetheless, also true that we can suspect
conspicuous large fluctuations preceding each larger
-scale earthquake. For cinstance, the strip chart
record clearly indicates that there was a very large
electric field variation as over-scaling in the record-
ing chart (Fig. 18). We could not recover the digitized
data on the day before the largest earthquake eccur-
rence, because of a malfunction of the modem for data
transmission caused by the severe seismic shock. The
strip chart record on a calm day is illustrated in Fig.
18-1 on 6 August 1998. The lowest blue line is for the
dc component with the recording range selected
from —10 mV to +40 mV by the use of a bias voltage
of 1.100 V. The second lowest line is for atmospheric
pressure, the green line for the ULF band in the range
of £5 mV as for the digitized monitoring records (15a,
15b and 15¢ (2)). The uppermost line is for the ELF/
VLF bands. Fig. 18-2 shows the analog recording for
a part of 12 August 1998 (see Fig. 15b). We are able
to see a more clear pattern in the anomalies than that
using the digitized data by means of data compression
procedure. One of the over-scaling pulses in the ELF/

VLF bands is recorded at the time of the earthquake
with a magnitude of 4.1 (VLF in Fig. 18-2). The signal
was already assumed to be a co-fracturing signal.

Fig. 18-3 shows the part of the record including the
time of recording breakdown probably due to exces-
sively large and rapid fluctuations of the pens at about
18:51 on 15 August 1998. This part of the record was
not covered by the digitized record owing to the
malfunction of the modem at the time of the largest
earthquake (M 5.2) on 16 August 1998. The fluctua-
tion amounted to more than 50 mV. The ELF/VLF
channels remained almost normal proving that the
severe anomalies were not originated by lighting
discharges. The recording was resumed at about 1:30
on 16 August, as is seen from Fig. 18-4 possibly
because of the release of entangled ink pens for the
three channel recorders.

The large anomalous signals appeared about ten
hours prior to the largest earthquake. Trend-like
larger period fluctuations with period of order hours
(such as B, C in Fig. 15b) suggest that there were
structural changes of forcing term inducing electric
field anomalies. The ground water circulation change
is considered to be the origin of the electric field
source, as will be described in more detail later.

The anomalies were still in evidence in April 1999,
and almost none of the electric field strength in Janu-
ary 2,000 corresponded to a decrease in the swarm
activity (Fig. 14). We suspect that the source of the
electric field change had existed for more than a year
without having sufficient strength resulting in earth-
quakes of considerable magnitude. The persistence of
electric anomalies over a long period is a general
characteristic for cases in geothermal regions (Fujin-
awa et al., 2000c)

Apparent flattening of the record in the dc channel
starting at the end of August (Fig. 15) is caused by
saturation of recording ranges and considerable
fluctuating signals seen consistently in the ULF bands.

Whole digitized records for the dc component
shown in the Appended Figures demonstrate how
anomalous the present field changes were at the time
of the conspicuous seismic activity which occurred
near the observation site Hodaka. For instance, there
were scarcely any anomalies throughout July 1998
before the earthquake swarm started on 7 August
1998.

Exceptions to this are large irregular signals which
appeared for about one hour during calibration work,
such as those seen on 12 July 1998 (Fig. A-98-7-1) and
sporadic noises of very short duration on 3 July 1998
(Fig. A-98-7-1). Records for the other two frequency
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stage till 6 August and the anomalous stage associated with the seismic swarm starting
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Fig. 19 Compressed monitoring record for the ULF band with the amplification gain being
corrected on the basis of the parameters of the ULF band shown in Appended Table. The
anomaly appeared from August 1998 is shown to be large amount about 1 mV compared
with the background noise level of less than 0.1 mV. The anomaly has almost disappear-
ed at about December 1999 with the ordinary level of less than 0.1 mV. The anomalies
at the time of vapor ejection in July 1996 did not appear in this form of representation,
though it was discerned clearly in the original monitors A-Fig. 96-7-2.
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Compressed monitoring record for the ULF band with the amplification gain being
corrected on the basis of the parameters of the ULF band shown in Appended Table. The
anomaly appeared from August 1998 is shown to be large amount about 1 mV compared
with the background noise level of less than 0.1 mV. The anomaly has almost disappear-
ed at about December 1999 with the ordinary level of less than 0.1 mV. The anomalies
at the time of vapor ejection in July 1996 did not appear in this form of representation,
though it was discerned clearly in the original monitors A-Fig. 96-7-2.
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Compressed monitoring record for the ULF band with the amplification gain being
corrected on the basis of the parameters of the ULF band shown in Appended Table. The
anomaly appeared from August 1998 is shown to be large amount about 1 mV compared
with the background noise level of less than 0.1 mV. The anomaly has almost disappear-
ed at about December 1999 with the ordinary level of less than 0.1 mV. The anomalies
at the time of vapor ejection in July 1996 did not appear in this form of representation,
though it was discerned clearly in the original monitors A-Fig. 96-7-2.
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Fig. 19 (Continued)

Compressed monitoring record for the ULF band with the amplification gain being
corrected on the basis of the parameters of the ULF band shown in Appended Table. The
anomaly appeared from August 1998 is shown to be large amount about 1 mV compared
with the background noise level of less than 0.1 mV. The anomaly has almost disappear-
ed at about December 1999 with the ordinary level of less than 0.1 mV. The anomalies
at the time of vapor ejection in July 1996 did not appear in this form of representation,
though it was discerned clearly in the original monitors A-Fig. 96-7-2.
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Compressed monitoring record for the ULF band with the amplification gain being
corrected on the basis of the parameters of the ULF band shown in Appended Table. The
anomaly appeared from August 1998 is shown to be large amount about 1 mV compared
with the background noise level of less than 0.1 mV. The anomaly has almost disappear-
ed at about December 1999 with the ordinary level of less than 0.1 mV. The anomalies
at the time of vapor ejection in July 1996 did not appear in this form of representation,
though it was discerned clearly in the original monitors A-Fig. 96-7-2.
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bands are more or less identical in the point that there
are almost no anomalies of sufficient duration or
magnitude compared with those registered during the
vapor ejection in 1996 and the seismic swarm in 1998.
In the ULF band slight and scattered increases of field
strength occasionally appeared, which are, however,
far smaller in extent compared with the anomalies
already described. The appended Figures present a
detailed monitoning record. The condensed presenta-
tion using the field strength in 10 min interval is
phown in Fig. 19.

We may conclude that the anomalous electric field
changes at Hodaka in association of the seismic
activity in 1998 were related to the earthquake occur-
rence process, not induced by any other extraneous
natural phenomena such as geomagnetic disturbances,
and atmospheric disturbances including lightning, as
well as by urban noises.

6. Discussion
6.1 Horizontal Selectivity

In addition to the present seismic activity there was
considerable seismic activity about 50 km south of the
zone during the period of observation (Fig. 14). But
scarcely any anomalous signals were induced (Fig. 19,
Appended Figures) in association with this activity.
Further, no other sites of our observation network
(Fig. 1) showed any anomalies associated with the
present swarm activity. It is suggested that the signal
detectability is limited within the distance of several
times of the spatial dimension of seismic activity
(Bernard and Le Mouel, 1996).

It is interesting that the first stage of the seismic
activity from 7 August 1998 occurring in the southern
part of the swarm area (Fig. 13) gave rise to only
small signals at the Hokoda site (Fig. A-98-8-0 and
Fig. A-98-8-1). It is suggested that there is a clear
boundary of detectability of the anomalous signals at
Hodaka for the whole seismic zone, divided into the
earlier active zone and the later main active zone (Fig.

. 3). The high resolution hypocenter determination
result shows that the border corresponds to geological
boundary, as is shown in Fig. 20 (Yoshida et al., 1998).
We can assume that there is a good physical connec-
tion between the observation site at Hodaka (e]in
right sheet of Fig. 20) and the northern region of the
seismic activity in terms of the signal propagation.

On the other hand, the connection with the southern
region where the initial seismic activity occurred is
not so strong. The conjecture is based on the field
strength estimation using the electro-kinetic model
(Fujinawa ef al., 2000c), however, we have no evidence

to determine whether the apparent close connection is
because of high propagation efficiency of the signals
or of a favorable source location near the ULEM.
There is a kind of similarity with the so-called selec-
tivity rule of the VAN group (Varotsos and Lazar-
idou, 1991) though the present case concerns the near
field detectability.

6.2 Vertical Selectivity

At the NKO site about 400 m west of the Hodaka
site a different type of vertical electric field observa-
tion is conducted (Nakayama et «l., 1997). They use
three pairs of vertical electrodes of 25 m, 50 m and 75
m respectively, with an electrode at the bottom of the
borehole working as a common earth as well as two
horizontal, mutually perpendicular dipoles of 50 m in
length. Comparisons of observational data at these
sites with ours provide a valuable clue to guess the
source location of the anomalous electric field
changes associated with earthquake swarms. The
electric strength drop B on 12 August (Fig. 15b-(1))
detected by different sensors of the vertical electric
field indicates that the vertical gradient of the electric
field strength was predominantly concentrated in a
region at a depth of more than 75 m. The same holds
true for typical anomalous signals illustrated in the
record section from 19:10 through 24:00 (Fig. 15c¢):
sharp pulse-like changes with nearly the constant
amplitude superimposed on the dc trend. The nega-
tive polarization means that electric field strength
increases with depth. Those pulse-like signals have
rarely appeared on the shallower electrodes or in the
horizontal dipoles suggesting that their origins are
deep in the ground.

Therefore, we can conclude that the source region
of the present electric anomalies is at least deeper
than about 100 m. The data is also interesting from
the point of view of the detection method of develop-
ment of small electromagnetic signals in the circum-
stance of a high rate of dissipation. Installing the
sensor near the source such as using the casing pipe
seems to be very profitable. For instance, the ELF/
VLF signals decays very rapidly for electrical resis-
tivity of 100Q-m of the skin depth of 100 m. Even such
small signals (Fig. 15b-(3)) could be detected using a
casing pipe antenna touching or near the source of the
electric field generations, for instance, confined water
layer (Fujinawa et af., 2000a).

6.3 Mechanisms

It is important for any precursory phenomena candi-
date to give a firm scientific foundation in the physico
-chemical processes of earthquakes or volcanic erup-
tions. The step is essential in order to develop a
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practical and useful forecasting technique. Only in
such situation we can expect a fruitful interaction
between the evaluation effect of precursory phenom-
ena from the standpoint of practical interests and
investigation of generation processes from the per-
spective of basic scientific interests.

Anomalous electromagnetic phenomena have been
predominantly studied from a more practical stand-
point of prediction for a variety of physical quantities,
frequency bands, and using numerous measurement
techniques (e. g. Park ef al., 1993 : Parrot ef al., 1993 :
Hayakawa and Fujinawa, 1994 : Hayakawa, 1999).
Nonetheless, evidence of the interrelation between the
phenomena and the earthquake occurrence has not
been given affirmatively in this time period of the
developing phase of the investigation.

Recent accumulation of field observations including
the present report, laboratory experiments and theo-
retical analysis suggest that the ULF band phenomena
could be induced in association with the occurrence of
earthquakes and volcanic eruptions. In particular,
seismic swarms have been found to be accompanied
by electric field anomalies of the ultra-low frequency
in geothermal zones (Zlotnicki and Le Mouel, 1990 :
Bernard 1992, Fujinawa et al., 1992 : Fujinawa et al.,
2000a). The analysis of data at the time when an
earthquake swarm commenced in August 1998 in
central Japan provided highly conclusive evidence to
demonstrate that the source region was deep in the
ground. And the phenomena could be explained by the
electro-kinetic effect (Fujinawa et al., 2000b, 2000c) in
agreement with the previous inference (Bernard,
1992), based on observations around active volcanic
zone. In this section we summarize the results to
investigate the source mechanism of the ULF band
electromagnetic field changes i. e. the confined water
pressure variation inducing the anomaly.

(1) Typical Signals

We phowed that the anomalous ULF band signals
observed at the time of a seismic swarm are dominat-
ed by typical pulse-like signals. In Fig. 15 we have
already shown anomalous records including many
such signals at the time of the seismic swarm which
occurred in August 1998 in central Japan (Fujinawa et
al., 2000a and 2000b). Similar anomalies were also
detected at Izu-Oshima in the course of almost period-
ical seismic swarms occurring to the east of the Izu
Peninsula (Fig. 21a from Matsumoto ef al., 1996). At
Awano site similar anomalies were detected in the
case of a recent seismic swarm which occurred about
20 km northwest of the site (Fig. 21b from Fujinawa et
al., 2000b), and at Izu-Oshima at the time of the small

volcanic eruption in 1990 (Fig. 21c. from Fujinawa et
al., 1992).

Those electric signals were all obtained using the
ULEM (Takahashi and Takahashi, 1989 : Fujinawa
and Takahashi, 1990). The fluctuating signal is sche-
matically depicted in Fig. 22. The amplitude in-
creased abruptly, decreased gradually till about half
the peak amplitude, decreased sharply till about one
-tenth of the peak, and finally returned to the gradual
trend level.

The minor volcanic activity inducing anomalies in
October 1990 in Izu-Oshima, an active volcanic island,
followed the major eruption which occurred in 1986.
Further, the seismic swarms have been occurring
almost periodically since 1979 off the east coast of the
Izu Peninsula, accompanying electic field anomalies.
The seismic activity is possibly induced by the magma
activity. The largest activity induced a submarine
volcanic eruption in 1989 (e. g., Ida and Mizoue, 1991 ;
Fujinawa et al., 1991).

The area of the present swarm activity inducing the
ULF band anomalies (Fig. 15) is known as a famous
resort zone, and has numerous hot springs and geo-
thermal resources (Fig. 4-1). It is suggested that the
last swarm activities starting in August 1998 were
caused by a kind of fluid movement possibly related to
a change of magma chamber, though there were no
volcanic tremors to suggest directly the involvement
of the magma activity. The fluctuations at the time of
the evaporation ejection in 1996 (Nakayama et al.,
1997) are different compared with the present one. At
present we have no idea to explain the feature. The
difference is to be taken up in future work.

Our observations in central Japan at 10 sites for
more than almost 10 years clearly demonstrate that
seismic swarms and volcanic eruption are preceded by
conspicuous electric field changes possibly related to
changes in the confined water regime in the crustal
activity zone. Here we are going to introduce a
quantitative discussion on the basis of governing field
equations.

Mizutani et al., (1976) attempted to explain the
observed electromagnetic anomalies associated with
the Matsushiro seismic swarm based on electro
-kinetic effects. A self-potential (SP) anomaly has
been provided for its generation mechanism by more
evidence (Ishido, 1999 : Ishido and Mizutani, 1981 :
Murakami et al, 1989) in comparison with other elec-
tromagnetic phenomena (e. g., Park et al., 1993:
Parrot et al., 1993).

Descriptions of the electromagnetic field induced by
elecro-kinetic effect have been limited to stationary
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Fig. 22 A typical waveform of higher frequency elec-
tric anomalous signals at the time of a seis-
mic swarm.

cases and the source region is limited to the bound-
aries of different substances (e. g., Fittermann, 1978).

An extended treatment of the field calculation for
transient generating forces was first attempted by
Majaeva et al., (1997). A reformulation is given in the
form which is more useful for a wide application
(Fujinawa et al., 2000c). Field strength distributions
at particular distances from the source are then dis-
cussed. Thirdly, typical observed signals are used to
estimate confined water pressure changes to explain
the anomalous typical electric field waveform using a
forward method.
(2) Formulation

Electromagnetic fields can be generated by ion
transport in fluids through electro-kinetic effects with
interaction between fluid motion and electric currents.
The coupling has been described by the relation :

=0 )
L) L, Lp)l-vp

where I. is electric current density, I:fluid volume
velocity, ¢ electric potential, P pore pressure, and L
the generalized coefficients of conductivity (Over-
beek, 1953: Nourbehecht, 1963: Mizutani et «l.,
1976 : Ishido and Mizutani, 1981). Some of the coeffi-

cients are familiar electric coefficients : L1 is electri-
cal conductivity, L., fluid permeability in Darcy’s law.

1

The cross coupling term containing Ly; or L, corre-
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sponds to the electro-kinetic effect with Li,/Li: being
the streaming potential coefficient (=C), and La /L
the electro-osmosis coefficient. The generalized con-
ductivity coefficient matrix is shown to be symmetric
from Onsagar’s reciprocal relations (Nourbehecht,
1963)

From Equation (1) the electric current density I is
described as,

I.= —a(V¢+ CVP) (2)
and the streaming potential coefficient as
C=¢t/om (3)

where ¢ is the zeta potential in an electric double
layer formed at a solid-liquid interface, & the
dielectric constant of the fluid, o electric conductivity,
and y; the viscosity of the fluid (Nourbehecht, 1963 :
Mizutani et al., 1976). This type of formulation has
been adopted to explain the anomalous electromag-
netic field changes at the time of earthquake occur-
rences (Mizutani ef af., 1976 : Murakami 1989: Do-
brovolsky et al., 1989 : Fenoglio et al., 1995) and the
self-potential distribution in geothermal fields (Ishido
and Pritchett, 1999).

These calculations assume the stationary state. We
need a more general formulation based on Maxwell’s
equations for unstable electromagnetic fields as in the
case where transient field changes induced by varying
pore water pressure are treated (e. g., Fenoglio et al.,
1995). Majaeva et al., (1997) attempted this kind of
formulation. Under the assumption of a quasi-station-
ary situation with the negligible displacement current
in the ordinary crustal conductive medium of the piece
~wise continuous continuity, Maxwell’s equations are :

JB _
VX E+ oy =0 (4a)
vV x H=1 (4b)
V-B=0 (4c)
V-E=0 (4d)

where E is electric field intensity, B magnetic induc-
tion, H magnetic field intensity, and I () the total
electric current. It was shown by Nourbehecht (1963)
that the electro-osmotic effect (term containing
Lai/L2) could be negligibly small compared with the
hydrodynamical pressure term on the basis of the
measurement data of Madden and his group. In that
case we can think that the electric field is induced by
the fluid pressure gradient VP as a cause (Nourbehe-

cht, 1963).
Under this situation total electric current can be
decomposed into ;

I0) =1 + rex (5)

where [ is the internal current relating to electric field
intensity through a constitutive relation and 7°** is the
external current generated in non-electromagnetic
processes (e. g., Rokityansky, 1982): a component
induced by the electro-kinetic effect through the pore
water pressure gradient in this case.

Additionally we use the constitutive equations :

D=c¢E, (6a)
B=uH, (6b)
I1=0FE (6¢c)

where x is magnetic permeability. The external elec-
tric current I°** can be naturally written down from
Eq. (1), Eq. (2) and Eq. (5) as,

I*'=—¢CVP (7)

The present formulation is general enough to make
the most of resources developed in the field of the
electromagnetic induction research to be used in this
field to treat problems of the non-stationary state as
well as any inhomogeneity in the medium.

The formulation has a limited applicability. It is
because that the relationship between generalized
velocity and thermodynamic force (Eq. (1)) is derived
by assuming the steady state time invariant system.
We can, however, expect that the formula will provide
a useful tool to estimate physico-chemical states in
the case of gradually varying systems of small flow
densities (Nourbehecht, 1963).

In the piece-wise continuous medium, the electro-
magnetic field can be described by following partial
differential equations, containing unique electromag-
netic field quantity of interests,

1 9\,
(A——7W)Ff,p(r,t) 8)

where p is the forcing term depending on field quan-
tity of interests F : electric field intensity £, mag-
netic field intensity H, and vector potential A. The
forcing term p are,

F=E; pr= — pol*™/ot (9a)

H; oy =V X I** (9b)
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A; pa=pI™* (9c)

We can deduce simple characteristics of the electro-
magnetic field generated under the adopted assump-
tions from these relationships. For a homogeneous
medium, the source term of the magnetic field inten-
sity (9b) is:

pu=—(VCXVP+ CVXVP)
=—-0oVCXVP
0 (10

showing that magnetic field has not been generated in
this case. It is easy to derive the source term in the
case of a homogeneous medium includuing for the
conductive boundary (Nourbehecht, 1963 ; Fitterman,
1978, 1979). There is no electric field at all for the
stationary case induced by the electro-kinetic effect
as is seen from (9). As to the dependence of the
electric field on the medium parameters, the electric
field is related to the streaming potential coefficient
C itself, and the magnetic field to the degree of spatial
inhomogeneity of the coefficient.

If boundary conditions on the surrounding surface
of S for the domain V are specified the solution of the
Eq. 8 is:

w(r,;f):[dt’ﬁdS’n-(va/f—W’G)
¥ [dt’/;dv’(},o
+;—2/;/dv’G(r,l;r’,0)¢(r’,0) (1)

by the use of Green’s function G(r, ¢|r’, ') satisfying
the same boundary conditions :

1 a ~ b ) J—
“75‘"(](7‘,l‘|1",f)-‘

—S8(r—r)s(t—1¢) {12)

(A

(e. g., Morse and Feshbach, 1953), where n denotes the
outward unit vector normal on the bounding surface,
¢ (r’, 0) the initial value of any related field quantities
interested and p the corresponding forcing term denot-
ed in Egs. (9a, 9b and 9c).

In the case of the most simple n-dimensional homo-
geneous medium the Green function G*is explicitly
given as,

. T __L 1 nj2
G(r,l‘,l",l‘)*7}{2<47[2x2(—t7t,)> .
exp{—lr—r’¢2/(4x2(l—t’)}H(t) 1)

when the boundary condition is homogeneous at infi-
nite boundary, and H (¢ ) is the step function:

H(H)=0:t<0 19
1;t=0

Then the solution ¥ becomes a simple form:
¢ r
v (r 1) :ﬁ d [ Godv b
in the case of zero initial value:
¥ (r,0)=0 (16

In the case of layered earth the Green’s function in
the frequency domain can be obtained as in Raiche
(1974) and Weidelt (1975). The most interesting condi-
tion is three layered earth consisting of overburden, a
conductive layer and bedrock under the air of very
small conductivity. The conductive layer is assumed
to be the conduit of the ground water channel through
which water is transmitted to the earthquake prepara-
tory zone. The hydro-dynamical change in the con-
duit gives rise to the fluctuating self-potential which
is detected efficiently by the ULEM. Here we do not
present its calculation, referring to another paper.
(3) Spatio-temporal Distribution of Electric Fields

Here we will investigate the characteristics of elec-
tric fields for the simplest geometry of uniform space
using the derived equations. Although the uniform
model seems too simple for the practical application,
it will provide us with a useful clue to understand
general features of the electromagnetic field induced
by the electro-kinetic effect, such as the detectability
distribution and the source mechanism of the observed
electric field anomalies.

In the case of isolated source starting at time { = 0,
the electric field is described by the Green’s function
(13). This formula for the diffusion phenomena indi-
cates that the electric signal is very large near the
source and diffuses gradually at remote points. Fig.
23 illustrates the spatial field distribution G® at sev-
eral time points from which the source appears for the
uniform 3-D medium with crustal conductivity o=
0.01 S/m.

The signal decreases to less than one hundred
compared with the initial strength after several ten
seconds at the source point. Assuming that the rela-
tive signal detection limit corresponds to G® =107,
the signal at point » =50 km can not be detected till
the time £ =1s, then increases over the threshold
limit at about / =5s, and diminishing below the
threshold at about # =50 s. This means the signal can
be detected in the time interval :

ts(r,o)£t2t(r, o) 17

where ¢ s and £ . are the start times of the signal detec-
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tion at the distance # nearer than the detection limit
7, and the ending time, respectively. No signal can be
detected at the remote point » > »,. The maximum
detection distance 7 depends on the conductivity o,
and :

=101, o= 40km
0.01; 90km
0.001; 200km 19

for typical conductivity for assumed detection limit.
The critical distance depends on conductivity. Eq. (17)
indicates that the signal detection time is different at
each observation point. The values of f. and £, how-
ever, are less than several ten seconds for the conduc-
tivity ranges ¢ = 0.1~0.001 S/m, and never attain sev-
eral ten minutes under a realistic crustal conductivity
value. The larger retardation of the signal detection
such as that observed at the time of the Noto Penin-
sula Earthquake of magnitude 6.6 in 1996 would seem
to indicate different sources to induce signals at
different sites.

There are several anomalous signal waveforms of
electric fields in the ULF band i. e. dc-like changes
and pulse-like changes (Fujinawa ef al., 1991, 1992,
2000a). The waveforms of the pulse-like signals of the
dominant parts of the fluctuating higher frequency
component are largely similar to those shown in Fig.
22. They are generally characterized by a sharp
increase to a peak value A, and decrease to several
ten percent of the peak value, gradually decreasing at
a duration almost identical to the pulse width T (sev-
eral seconds ~ several hundreds seconds) as described
in more detail below.

Phase 1: Initial sharp rise attaining a peak Ap
(time constant 77 < several seconds)

Phase 2 : First decrease to several ten percent of
Apwith time constant 7> (several sec-
onds ~ 0.57)

Phase 3 : Gradual decrease with time constant 73
(several seconds ~ O (7))

Phase 4 : Sharp decrease to about 0.1 Apwith
time constant 7y (~ T1)

Phase 5: Later gradual decrease to the back-
ground level with time constant 75 (~
017)

The peak value Apis nearly uniform during a suffi-
cient time interval of order several hours to several
days probably corresponding to a globally stationary
regime of the interaction field between confined water
and induced electic filed (Fujinawa ef /., 1992, 2000a,

b).

The evolution of the electric field changes of a
typical waveform is very similar to the water pillar
height change of a geyser (observation at one of the
geysers in southern Hokkaido) supporting the hypoth-
esis that the generation mechanism is related to cou-
pling with the underground flow. We will infer the
confined pressure changes in time giving rise to the
observed electric signals. If the confined fluid pres-
sure P(r, t)is assumed as,

P=P(r)g(t) 19

The electric field intensity E is ;

aere )3/2( ©CVP)g -
f dto dg (t" e_(r;/@‘m;(;;o)) H(t—1) @
where,
g(t)=g-g*(t) 2

As an example the electric field intensity ¥z for ¢ =
0.01 S/m is calculated by taking g*(¢) as

g*(t)= 0, £1<0
= 100, 0<t<0.25s -
=0.6~05, 025<¢<10.25s

= 05~0, 10.25<¢=10.75s

(see Fig. 24).

The time evolution of the electric field £ is highly
similar at the zone near the source because of the
diffusion property i. e. the phase 1 and phase 2 of a
sharp change are conserved in the near field (Fig. 25).
But the signal is sufficiently diffused at several kilo-
meters distance from the source to lose the sharpness
of the driving force. It is seen that degree of signal
deformation increases with distance.from the source,
and amplitude decreases very rapidly. In other words,
signal waveform tells us about the source distance.
We can infer that the typical anomalies containing
sharp rise detected by the borehole antenna at the
time of crustal activities (Fig. 15 and Fig. 21) were
generated near the source. The amplitude ratio of the
main phase 3 to the peak value is also conserved in the
near field, but decrease rapidly in the far distance.
The property could be also used to infer the source
distance.

We need to compare the observed signals with those
at the reference site to infer the distance of the source.
Or, we can infer the source parameter using signal
wareform at multiple sites based on the inversion
technigee. But more piadically, we could rely on the
plausible assumption of the sharp rise causing failure

40 —
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Fig. 23 Electric field strength distribution in space at several times from the onset of the
localized source at origin, assuming an homogeneous medium of conductivity ¢=0.01 S/m.
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Fig. 25 Electric field strength evolution in time at several distances from the source in the
homogeneous medium of 6=0.01 S/m when the forcing term is that shown in Fig. 24.
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of sealed compartments (Byerlee, 1993 : Fenoglio et
al., 1995). The gradual increase means remote posi-
tion from the source. The dominant phase 3 of signal
evolution indicates the almost constant rate of the
pressure change.

Attempts are made to match the electric field
shown in. Fig. 26 (sou.) with the time rate of the
pressure change 0P/0f shown in the same Figure (ob.)
by a method of trial and error. The calculated field is
for the site » = 300 m, using the conductivity ¢ = 0.01
S/m. The obtained synthetic waveform correspond-
ing to the assumed forcing term shown in Fig. 26 (sou.)
is illustrated in Fig. 26 (cal.) with a typical signal (ob.
in the Fig. 26) for the sake of comparison. In the 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
waveform compared with the observed one (Fig. 26)
could be reduced by choosing a.more appropriate
source function g*. In principle we can calculate the
source time function from the observed signals if we
have sufficient knowledge of the streaming potential
coefficient distribution, in the same way as for the
seismic fault mechanism analysis. Estimations treat-
ing a more realistic situation are to be the subjects of
future work.

The typical signals indicate that the rate of the

120
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80
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40
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Fig.26 A comparison of the synthetic waveform
(cal.) for the source function (sou.) and the
observed waveform (ob.)

confined pressure changes are dominantly positive,
although polarity of the signals is negative during a
small part of whole time period (Fujinawa et al., 1992,
20002, 2000b, 2000c). This implies that there must be
a persistent increase or decrease in the confined
pressure during these time periods. The longer period
components of the pressure changes corresponding to
the dc-like electric signals may compensate, more or
less, the accumulated increase or decrease induced by
a considerable number of the higher frequency compo-
nents.

The electric field anomalies have been observed in
Greece (Varotsos ef al., 1996) and in Japan (Nagao et
al., 1996) for the case of the main-shock-aftershock
sequence. Those signals have longer period and much
shorter duration than those discussed here. We could
interpret the long period feature on the basis of the
extinction of the higher frequency components at
remote points as suggested from the dependence of
signal waveforms distance.

From observational results the ULEM is known to
provide us with a great potential to detect even a
small signal induced by a confined water pressure
change (Fujinawa ef al., 2000b, 2000c). Moreover, the
remarkable long distance detectability amounting to
several ten times the rupture area, as claimed in
Greece (Varotsos ef al., 1996), if it is not artificial
noise, could be understood due to the installment of
the sensor near the ground surface zone in good
contact to the local source which is well connected
with the earthquake ruptur zone. The zone is
assumed to connect well to the seismic zone through
ground water conduit. We need, however, to show the
existence of the conduit on the basis of the crustal
structure of a high resolution survey for the purpose
of further development.

Conclusion

The analysis of electromagnetic field variation data
obtained by means of the ultra long vertical electric
potential measurement (ULEM) around the time of a
seismic swarm occurrence in central Japan in 1998
indicated,

1) The electric field anomaly is well correlated
with the crustal activity around the site.

2) The field changes appeared in the dc, ULF and
ELF/VLF bands, although the ELF/VLF bands
were not always accompanied by other bands.

3) Electric signals associated with the seismic
swarm are detected within 100 km spacing dis-
tance of the network.
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4) The anomalies were observed more clearly by
using the borehole antenna (ULEM).

5) The electric field anomaly is suggested to be
caused by the electric-kinetic effects induced by
variations in the confined water circulation
regime.

6) The selectivity of the signal detection can be
attributed to the heterogeneous distribution of the
degree of connectivity between the source genera-
tion zone and the observation site.

7) It is suggested that pore water pressure
changes causing earthquakes can be effectively
observed using special sensors in the borehole
itself or an electric field sensor embedded in the
borehole.

Our records show that clear electric anomalies
precede seismic swarms and vapor ejections, and this
lead us to conclude that clear anomalies could also be
detected before shallow earthquakes if the sensors are
carefully installed.
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Appended Table

Amplitude gain data from the start of the observation for dc, ULF, and ELF/VLF bands. The
scales shown in Fig. 5~7, 8~12, Fig. 15 are real ones corrected for these values. But the results
shown in Appended Figures are not corrected for the calibration constant. Reader can infer the
absolute value by considering these constants and whole monitoring records (as Fig. 5~7) are
shown in the appended Figure without any deletion.

Hodaka AMP-GAIN

1995 1996 1997

1/13 3/16 5/18 9/12 4/23 6/25 8/26 10/28 | 3/17 7/14

DC Offset (mV) 975 | 950 [ 1000 | 1050 | 1060 | 1100 | 1050 | 1090
0-0.7Hz 50 | 100 - - - - - - 200
0.01-0.7 Hz 500 | 5000 - - - - | 2000
1-9kHz 250 | 1000 - 500 | 1000

1997 1998 1999

714 12/9 3/29 5/31 712 6/8 8/12 10/12 | 10/14 | 12/26 - 27

DC Offset (mV) 1100 - - - 1000 - - 1050 - 1000

0-0.7Hz 200 Gain 100 200 - 100 - - - 10
Down

0.01-0.7 Hz 2000 - - - - - 1000 - 500 125

1-9kHz 1000 | 2000 - - - - - 4000 - Rest
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Fig. A-95-1-0 Monitoring records of electric field measurement suing a long borehole (VLEM)
at Hodaka site from January 1995 through December 1999. Each sheet is recorded for one
frequency band (CHO: dc, CH1: ULF, CH2: ELF/VLF) during the one month indicated. The
Saturation level is the same as shown in fig. 15. A particular Figure is to be referred to as Fig.
A-a-b-c, where a: year, b: month, d: channel number. Note that amplification factors are not
constant. They are shown in the appended Table.
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