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HRAERE LTORKY — VERICEHS BRISRE
Electric and magnetic field generation associated with the development of fvapor-

dominated zone prior to an earthquake

TEREHRE HEEHERHR
AR BX

Geological Survey of Japan
Tsuneo ISHIDO

(Abstract) The flow of a fluid through a porous medium can transport electric charge along
the flow path by the interaction of the moving pore fluid with the electrical double layer at the
pore surface. This process is known as electrokinetic coupling. If the fluid flow is confined to
depth, electric (¢) and/or magnetic (B) anomalies will not appear at the earth’s surface unless
the cross-coupling coefficient is non-uniform. If underground fluid sources or sinks ‘are present,
the resulting distribution of ¢ (B) is equivalent to the ¢ (B) produced by surface distributions
of current dipoles along boundaries between regions of differing streaming potential coefficients
(C). The surface density of current dipoles along a C boundary is expressed as L. PAC, where
Lee 1s the electrical conductivity, P is the fluid pressure (above hydrostatic) at the boundary,
and AC is the difference in C across the boundary. If the C boundary is a closed surface,
Lee PAC must vary along the boundary for ¢ (B) to appear at the earth’s surface.

A deep liquid/vapor two-phase zone may develop at depth if the rock pore volume suddenly
increases or the rock formation is heated sufficiently. When the liquid-phase saturation drops
below the residual saturation (typically ~0.3), the liquid phase becomes immobile and the
effective value of C becomes zero within the vapor-dominated zone, since steam alone cannot
carry electrical charge. Lec PAC may vary along the closed C' boundary surrounding the vapor
zone, since P (the difference between the water/steam saturation pressure and the hydrostatic
pressure) is ordinarily not constant along the boundary.

If enough fluid pressure decrease is induced within a dilatant volume prior to an earthquake,
a vapor-dominated zone will develop. If the vapor (i.e. zero C) zone is H meters high and the
temperature (and pressure) is uniform within it, the difference in P is about 10*H Pa between
the top and bottom of the zone. If the vertical surface area of the vapor zone is HW m?,
the associated integrated current dipole, which can cause an anomaly on the earth’s surface,
1s roughly L..(10*H2W/2)AC. Experimental evidence indicates that AC will probably lie
between 1077 and 10=® V/Pa. A current dipole of 104 to 10° A-m may appear under typical
crustal conditions if H = W = 10® m. An observable ¢ anomaly (and B anomaly if the
distribution of all current dipoles is not axisymmetric) can be produced by this process prior
to an earthquake.

The liquid saturation is not necessarily uniform within the vapor-dominated volume. There-
fore, the surface anomaly may show step changes with time as the liquid saturation of various
subregions passes through the residual saturation value. If the liquid-phase saturation subse-

quently recovers (above the residual saturation) in the two-phase zone due to rapid fluid inflow



B K BHEEATRF ST SE R 56166% 19954 3 A

from nearby higher-pressure formations, the anomaly may disappear before the earthquake

OCccurs.
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Abstract

The present study investigates the source mechanism of the seismic
electromagnetic activities that occur in a geo-tribosystem. It was shown
that granite generates thermally stimulated exoelectron emission (TSEE)

at temperatures ranging from 300 "C to 400 "C. This emission is released
from the trapped levels at intrinsic and extrinsic centres in the
minerals. Possible heat sources for TSEE are discussed in terms of the
frictional heating of the precursor slip. Fracture-induced transient
electric ~ signals (FITESs), propagated through the rocks, could be
detected only immediately prior to the final fracture. FITES was
detected not only from quartz bearing rock (granite) but also from
quartz-free rocks, (gabbro and serpentinite), except marble. The FITES
intensity decayed in proportion to the distance from the fracture zone.
Less FITES was detected for granite annealed at a temperature of 400

°C, where the piezoelectric effect was unchanged but the exoelectron
sites were reset. This confirms that the main source of FITES and
seismic electric activity is probably the trapped electrons.

1.Introduction

The failure of the Earth's crust as earthquakes could be called the
largest tribosystem. A tribosystem usually involves various mechanicaly-
activated physiochemical interactions. The seismic electromagnetic
activities, such as changes in earth current or earth potential, radio
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wave emission, lightening, etc. are the typical results of such
interactions, which relate to the electrical response of rocks. These
phenomena have attracted interest since ancient times. Current topics
focus on to clarifying the source mechanisms, as well as detecting of
the seismic electromagnetic signals to predict the occurrence of
earthquakes, because such activity often appears prior to a large
earthquake [1,2].

Explanations of such phenomena have been sought in terms of
various microscopic responses of rocks such as piezoelectric and its
related effects [3-5], exoelectron emission [8,9], triboluminescence [10],
water-induced electrokinetic effect [11], oscillation of double electric
layers [12], stress induced ion migration [13], etc. However, a definitive
explanation of the mechanism for these seismic electromagnetic
phenomena has not yet been established.

To achieve a better understanding of these phenomena, a
microscopic approach of studying the electrical interactions in rock
materials is needed. The present study demonstrates some experimental
and theoretical results of thermlly stimulated exoelectron emission
(TSEE) and fracture-induced transient electrical signal (FITES)
relating to seismic electromagnetic activity.

2. Experimental details
2.1 Rock materials

A fine-grained granite from Makabe, Ibaraki and a coarse
granite from Inada, Ibaraki were used for the tests. The electrical
resistivities of the coarse and fine-grained granite were 0.49 x 106 and
8.4x106 ohm cm, respectively.

2.2 Thermally stimulated exoelectron emission (TSEE)
The TSEE from granite was measured using an open-window type
Geiger-Miiller counter [14], as shown in Fig.1 , in which argon of 1.3 x

10 4 Pa (100 Torr) and ethanol of 1.3 x 103 Pa (10 Torr) were used
for the counter and quenching gases. A high voltage of about 1200 V
(d.c.) was applied between a cathode and anode, and an accelerating
voltage of 100 V (d.c.) between the sample and the grid. The
temperature of the specimen was increased from room temperature to
400 °C at a constant rate of 5 °C/min.

2.3 Fracture-induced transient electric signal (FITES)

Two sets of fracture tests were conducted: In the first series of tests
(referred to as series A), a long rectangular bar of coarse and fine-
grained .granite, 20 mm x 20 mm x 300 mm or 30 mm x 30 mm X 1100
mm, was subjected to a guillotine-type fracturing, while a copper
electrode was positioned away from the fracture zone to detect any
electric charges, as schematically shown in Fig. 2(a). Since
fractoemission is essentially a spontaneous burst process, the detector
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Fig. 1 Schematic diagram of GM counter for TSEE
measurement [14]
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Fig. 2 Schematic diagram of FITES measurements devices (a)
in series A and (b) in series B
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employed was a high-response charge amplifier (COMTEC Inc., CFP-
500), which detects signals having a rise time of less than 1 microsecond
[15-17]. An acoustic emission detector (AET Co., #204B) was
employed for detecting the fracture and an electrostatic voltmeter
(Trek, Inc., model 344) was used for measuring the surface potential
developed on the rock surfaces.

In the second series of tests (referred to as series B), uniaxial
compression tests have been conducted on granites, serpentinite, gabbro
and marble. This test apparatus, as schematically shown in Fig. 2 (b),
was installed at Earthquake Research Institute, University of Tokyo. The
test were done there at room temperature and at the strain rate of 1.4 x
10-4 s-1, using dry cylindrical specimens (20 mm in length and 50 mm in
diameter). An copper electrode was placed at the bottom end of the
specimen to measure electric charges generated during the fracturing
using a fast operating charge detector as described above. Photoemission
(PE) was also detected using three sets of photodiodes placed around
the specimen.

3. Experimental Results
3.1 Thermally stimulated exoelectron emission

Figure 3 shows the TSEE from a coarse-grained granite thin plate
of 20 x 20 x 1 mm3 (mainly from quartz) of as-received and after
treatment. The as-received sample showed a glow curve peak at
around 380 °C, while samples which underwent repeated thermal
cycling after the initial measurement and were then mechanically
abraded using emery paper showed little TSEE. However, TSEE
reappeared at around 380 °C for the specimen, gamma-irradiated at
about 300 Mrad. Figure 3 also shows electron spin resonance (ESR)
data for quartz referred in Section 4.1.

A coarse-grained granite was pulverized into small fragments of
about 0.5 mm, and sorted into individual minerals. quartz, feldspar
and biotite. Figure 4 shows the TSEE glow curves of these minerals.
Intense TSEE at 310 °C was observed from biotite. There is less TSEE
from quartz in Fig. 4. This is because the exoelectron centres were
destroyed by the higher stress during pulverization [18].

3.2 Fracture-induced transient electric signal
3.2.1 Guillotine-type fracture tests (series A)

Figure 5 shows typical signals detected for zero electrode bias
during fracture of a coarse granite. The FITESs QO (coulomb) were
detected during the fracturing period #f (=1 second), which correspond
to the AE signals. The detection of the signals suggests that the FITES
propagates through the rock without any external electric field. Note
that the surface electric potential (SEP) signal changed to a positive
sign ( about +17V) at the final breakage. Similar observations were
made from the fine grained-granite as well. The integrated electric
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charge XQ devided by tf, i.e. I= 2Q/tf which is the electric current,
generated during the fracturing period of coarse- and fine-grained
granites is plotted in Fig. 6 against the distance between the fracture
zone and the detector electrode. ‘

For the coarse and fine grained granite, the observed variations of
FITES with distance, x, was I =7 x 10-8x Amm-1 and 0.4 x 10-8/x
Amm-1, respectively. Generally, the FITES generated in the coarse-
grained granite was 1.75 times that generated in the fine-grained granite.

In the next test, granite was heated at 400 °C for 10 hours, and
because the annealing temperature was below the Curie point of quartz,
the piezo-electric constant of the granite was not changed (0.09+0.015
pC/N) before and after the heat treatment. However, the electrons
trapped at lattice defects may be thermally released as revealed by the
TSEE experiments (cf. Figs. 3 and 4). We found that the FITES for
the heat-treated granite, as noted by in Fig. 6, reduced by 2 to 3 orders
of magnitude, thus strongly confirming that the main source of the
FITESs is due to the release of trapped electrons, but not the
piezoelectric effect.

3.2.2 Uniaxial fracture tests (series B)

Figure 7(a) shows FITES signal from granite, whereas Fig. 7(b)
shows corresponding axial stress (AS) and photoemission (PE) signals.
The extended time scale of Figs. 7(a) and (b) were shown in Figs. 7(c)
and (d), respectively. Intense FITES were detected at a precursory period
of about 0.6 sec where deformation of a rock specimen was accelerated
leading to the final failure. The appearance of FITES did not
correspond to that of PE signals. The FITES detected only immediately
prior to the fracturing. Hence the FITES might become a useful
immediate earthquake precursor.

It should be noted that intense signals were also detected from
quartz-free rocks; gabro and serpentinite, but not from marble. This fact
indicates that the piezoelectric effect is a minor contributor to seismic
electromagnetic activity.

4. Discussion
4.1 Exoelectron emissions mechanism
It is well established that rocks through geologic time have been

subjected to radiation damage due to alpha-, beta- and gamma-decay of
radioactive elements such as 238U, 232Th and others contained in
surrounding rocks. Lone-pair electrons produced by irradiation are
trapped at various lattice defects (intrinsic centres) or at impurities such
as Al3+, Ge4+t (extrinsic centres) in minerals, which have been
observed by the electron spin-resonance (ESR) method. Typical intrinsic
centres in quartz are illustrated in Fig. 8.

When a rock was heated, electrons are released from the trapped
centres, and to the ESR signals decrease, as shown in Fig. 9 [18]. These
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centres were reset at temperatures between 300 °C and 400 °C. In this
heating process, the electrons released partly recombine with holes,
and others having their energy greater than electron affinity of the
mineral are excited to a conduction band as TSEE. According to a
simple trap model [19], the intensity / is given by the following
equation:

Tsexp(—E/RT
lzuoscxp(—E/k'l').exp{——J ““p(ﬁ ’ )dT}
}] ;

» where E is the energy level of a trapped electron, T temperature
(K), k£ Boltzmann's constant, s is the frequency factor, ng the
number of electrons in the traps, and S =dT/d¢r which is a constant in
the TSEE experiments. The results of curve fitting of the TSEE data of
the granite with the theory given by the above equation, as shown in
Fig.10(a) and (b), indicate that there are three different trapped levels,
0.5, 1.06 and 1.4 eV for Inada granite and 0.35, 0.82 1.2 eV for
Makabe granite. The main TSEE peaks having the energy level of
E=1.2-1.4 eV in Fig.10 (a),(b) are attributed to the trapped level in
quartz, while the peaks of £ = 0.35 - 0.5 eV are attributed to that in
biotite.

In our ESR measurement of heat-treated quartz fragments of Inada
granite, signals attributed to E' center (g=2.0008), as shown in Fig. 3,

decrease in intensity between 300 C to 400 °C, where the TSEE glow
peak was observed. Thus the TSEE peak from quartz of Inada granite is
mainly attributed to the electron release from the E' centre, though
the possible TSEE mechanism from biotite is not clear yet.

Further experiments on the effect of compression stress on TSEE
behaviour of rocks are needed to compare with seismic electromagnetic
activity in the field.

4.2 Possible heat sources for TSEE

Since seismic electromagnetic activities are often experienced as a
precursor of an earthquake, but not during the earthquake, enough
heating should occur to stimulate TSEE at the precursor stage of
fracturing. Laboratory experiments on the fracture of rocks show that
before the final fracture, there is a precursor stage of stepwise growth
of cracks. Figure 11 illustrates the fracture model leading to final
fracture ( an earthquake ). Micro (or /macro)-slip may take place after
the second step of cracking [20]. Fracture tests indicate that in the early
stage of fracturing, the crack propagation velocity is about 0.01 m/s,
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whereas near or at the main fracture stage, it reaches 0.1 m/s - 500
m/s [21].

Shear cracking produces the frictional heat. The frictional heating
was analyzed by McKenzie and Brune [22] usmg one-dimensional model.
The equation governing the temperature in either half space of the
shear fracture plane which slide past one another with a constant velocity
v, as illustrated in Fig. 12, is given by,

,where r and Cp are the density and specific heat of the rock, K=«/Cp
is the thermal diffusivity, k is the thermal conductivity, and s f is the
frictional stress.

By solving this equation, the temperature T (x,z) is

-1\

B ( 4(K(t —1,)
X ¢ 2

T 2K (er V2™

X
‘“fC[z{K(t—tl)'}”])} L=
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, where Ty is the initial surrounding temperature, d the placement,
and ¢; the period of slipping, v=d/t;. If we assume the underground
temperature rises at a constant rate of 30 °C/km typically, Tg is 150 °C
and 300 °C at 5 km and 10 km deep respectively. Rocks at these depths
are subjected to stresses of 123 and 245 MPa, respectively. The shear
stress of rocks in laboratory experiments is expressed as [23]

or = 0.85, o, < 200 MPa
or =50+0.6 o, 200 < o; < 2000 MPa

Thus, the frictional stress is 197 MPa at 5 km deep and 104 MPa at 10
km deep. Using these values and probable values for v (= 1lcm/s or 10
cm/s) and d (= 1lcm or 10 cm) at the precursor stage of faulting.
Figure 13 shows the calculated results of the temperature T against
distance x from the fault plane. The results show that frictional
heating generates enough heat to stimulate TSEE from granite.

The frictional heating is enough to cause localized melting on the
fault plane during seismic motion of the faults. This was confirmed by
SEM observation of the wear surface of the fault [24].

- According to Weichert and Schonert [25], temperatures at the tip of
a moving crack in a brittle material such as glass and quartz, are
higher than 1000 K, which is again enough to stimulate TSEE.
During cracking of single-crystal silicon, a transient increase in
conduction was observed by Langford et al. [26], where the thermal
pulse at the crack tip might induce the production of free charge
carriers.

The third possible heat source is the case where hot gases,
generated from magma reservoirs, which stream into the open cracks.
This type of electromagnetic activity, if there exists, may occur on
volcanic front.

It should be pointed out that the first two mechanisms; the frictional
heating and heating at a moving crack tip, may accompany mechanical
activity such as foreshocks. @~ However for the third  process,
geomechanical activity is not necessary. A possible example may be the
anomalous electric field signals (D.C. - 0.7 Hz), detected by Fujinawa
et al. [27], which appeared about one day and again 1.5 hours prior to
the 1990 west Izu-Ohima earthquake (Ms = 6.6), without any foreshocks.
The epicenter was inside the volcanic active region.

It should be noted that TSEE is a transient phenomenon,
once the trapped electrons are thermally excited, TSEE occurs
unless irradiated by energetic beams. This may explain why seismic
electromagnetic activity, if it appears at the precursor stage, does not
appear during the main earthquake shock.

It should also be noted that the source mechanism due to TSEE as
mentioned above may not appear in the crust deeper than 15 km,



Temperature (°C)

(a)

Temperature {°C)

(©)

HBBEORICHR L L COBBBES OREICB T 20778 (RkHiEE)

10

T YT

T

T 7

TV

xa0 mm

Depth: 5 km

Displacement: 1 cm

Frictional stress: 104 MPa

Velocity: 1 em/s

Surrounding temperature: 150 *C
Thermal conduclivix;/: 2x10° erg/em®C
Specific heat: 1 x 10 erg/g°C

Density: 2.5 glcm!

x=5 ram
Vi

T, = 150°C

10°

Al L

N EET i

dodod 1143 L

10°

10"
Time (sec)

T T TrTT T

TTrTTYTT T

YT T

T T T T

X=Q mm

x=1 mm

NG

x=10 mm

xe20 mm

T, =300 °C

Depth: 10 km

Displ :1cm

| Thermal

Frictional siress: 197 MPa
Velocity: 1 cm/s
Surrounding temperature: 300 °C

ivity: 2 x 10° ergfem®C

10°

L 130 .

Specific heat: 1 x 10” erg/g°C
Density: 2.5 g/em’

1s sl "

i i

SR | A

10’ 102

Time (sec)

Temperature (°C)

Temperature (°C)

(d)

T

Ty

T ey

T

Depth: 5 km

Displacement: 10 cm

Frictional stress: 104 MPa
Velocity: 10 cm/s

x=0 mm

Surrounding temperature: 150 °C

Specific heat: 1 x 10" erg/g°C
Density: 2.5 ycm3

Thermal cunduclivily: 2x10° erg/em®°C

102 il T m¥0%CG TR BT

10" 10° 10’ 10? 10° 10
Time (sec)

10‘0_‘ )
8 .
7 .

Depth: 10 km
5 A Displacement: 10 cm o
/ ¥ Frictional suress: 197 MPa
. Velocity: 10 em/s
Surrounding temperature: 300 °C |7 T
Thermal conductivity: 2 x 10° erg/em°C
3 xe Specific heat: 1 x 10’ erg/g°C - T
/ Density: 2.5 g/em’
2 Jand
V
x=5 mm
10° A\
s /I /l N4
: ] 177 D 1%-1/0 mm
AN
R To ©300°C
10° IR Ll FETERETTT NS U T I R T
10" 10° 10' 10° 10° 10*
Time (sec)

Fig. 13 Frictional temperature rise at slip plane at depths
of (a), (b) 5 km and (c), (d) 10 km



B SERHEROMR ST e 8 £ 551665 19954 3 A

because the surrounding temperature exceeds the TSEE peak
temperature of 400 °C. With the present assumption of the constant
rate of temperature increase of 30 °C km-1 holding at the seismic area
in a deep crust, the proposed source mechanism is effective for the
seismic area with a shallower depth of less than 13 km. Based on the
two-dimensional thermal model analysis by Honda and Uyeda, however,
the temperature of the seismic area at the subduction zone is about 400
°C, even as deep as several tens of kilometers [28], where the present
source mechanism still may operate.

4.3 Fracture-induced transient electric signal

Uniaxial compression test (series B) clearly demonstrated that
unlike AE signals which increases markedly at stresses above about half
of the fracture strength, intense FITES were detected only immediately
prior to the final fracturing. The fact indicates that FITES might
correlate to electromagnetic precursor to earthquake.

FITES at the fracture zone (X=0), in the series A, is estimated from

Fig. 7 to be 6x10-10 C for a fine-grained granite and 10-8 C for a
coarse-grained granite. Since the fracturing period is about 1 second and
the cross-sectional area fractured is 4 cm?2, we obtain the mean current
density at the fracturing zone is as 1.2x10-10 A/cm?2 for a fine-grained
granite and 3x10-9 A/cm?2 for coarse-grained granite.

Varotsos et al. [28,29] mentioned that the emitted current density
from rock samples is a density of the order of 10-9 to 10-10 A/cm?2 from
laboratory experiments on thermally stimulated polarization current,
which is comparable to our work. Using this value, he estimated
that a transient change of the order of 1 mV/100m should be
measured in the field experiments, which is exactly the value that
they measure in actual field seismic electric signals [29].

Though further study is needed to clarify the  propagation
mechanism of FITES, this paper shows that the FITES behaviour, as
well as the TSEE behaviour, depend on the electrical and the
mechanical properties of the rocks, which are dependent upon their
constituent minerals, grain size, lattice defects, impurities, radioactivity,
geological age, water content, and so on. This suggests that the
electromagnetic activity associated with earthquakes may also depend
on the geology of the area.

5. Concluding Remarks

The microscopic aspects in a geo-tribosystem were investigated
in this study, and how TSEE  possibly relates to seismic
electromagnetic activity. The results can be summarized as follows:

1) TSEE from granite was detected in the temperature range from
250 - 400 °C.
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2) The TSEE peak from quartz appeared at about 380 °C probably
due to the release of electrons trapped at E' centre.

3) Enough temperature rise to cause TSEE occurs due to the
frictional heating at the precursor stage of the fracture.

4) When granite samples were subjected to fracture, fracture-
induced transient electric signals, propagating through the rocks,
could be detected only immediately prior to the fracturing.

5) Intense FITESs were detected not only from granite bunt also
from quartz-free rocks, such as gabbro and serpentinite.

6) The FITES decayed in proportion to the distance of the detecting
electrode from the fracture zone.

7) Less FITESs were detected for granite annealed at 400 °C. It was
thus confirmed that the main source of the signal is not due to the
piezoelectric effect but due to the trapped electrons.
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Abstract.

The vertical component of the subsurface electric field have been observed at seven stations
in central Japan in order to find precursory phenomena effective for the prediction of earthquake
and volcanic eruptions. Electric fields were measured by an antenna made by using the casing pipe
in boreholes ranging from about 100 to about 800 m deep. Two horizontal components of electric
field changes were also measured for reference.

Fields were measured in three frequency bands: 0~0.7 Hz, 0.01~0.7 Hz (ULF), 1kHz~9
kHz (VLF). The amplitude of VLF signals and the waveform of ULF signals were recorded by
analog recorders at speeds of 2~20 cm/h at the observation site, and by sending data over
commercial telephone lines with a personal computer at Tsukuba.

During observations over several years signals of VLF and ULF bands of the vertical
component revealed changes that were of interest for earthquake prediction. These signals had
rarely been observed simultaneously at different observation sites. Here analysis is focused to
characteristics of the particular pattern of intermittent signals in the VLF band observed at
Tsukuba. Anomalous changes in the pattern of intermittent signals in the VLF band had been
found to occur during the period of the swarm activity off east Izu peninsula in 1989. The same
kind of anomalous changes occurred within about 2 weeks before earthquakes with magnitude M
=5.0, focal depth H<<80 km and epicentral distance A <200 km occurring mainly in land areas.
Although the relationship between the changes and the swarm activities was inferred only from
the point of view of the sequental occurrence of the two phenomera without any direction—finding
measurements, the relationship was confirmed by the reoccurrence of the same particular electric
field changes at the times of repeated swarm activities.

1. Introduction

Recent studies suggest that electromagnetic field changes at very low and ultra low frequ-
encies may precede volcanic eruptions and larger than moderate earthquakes of relatively shallow
depth.""? These changes seem to occur several hours to several tens of days before an earthquake
and these lead times are independent of the magnitude of the earthquake. This electric field
change may be grouped into the second kind of the earthquake precursory phenomena®, which
are thought to provide important clues to issue the short and imminent —term alarming to future
earthquakes or volcanic eruptions. Moreover, the electromagnetic field changes appear to be
largely independent of other precursory phenomena, such as seismic activity and crustal
deformations®, and will enable the occurrence probability of the coming earthquake to be
estimated with larger confidence®®.

We have, however, not yet obtained essential knowledge about these changes: their genera-
tion mechanisms, signal propagation path, and quantitative relationships with earthquakes. To
infer the characteristics of these phenomena in high—noise environments, a specially designed
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antenna’’ has been used. This antenna is thought to sense the vertical subsurface electric fields,
thus resulting in observations of signals with relatively little man-made or natural environmental
noises.

To learn more about the electromagnetic phenomena preceding the crustal rupture, we
should consider some prominent features as candidate precursory phenomena, and should
evaluate these phenomena quantitatively in relation to crustal rupture phenomena. The evaluation
should preferably follow the guidelines proposed by the subcommission on Earthquake Prediction
of the International Association of Seismology and Earth’s Interior(IASPEI)B).

This paper evaluates the subsurface electric field changes from the viewpoint that they are
precursory phenomena that can be used for short—term and imminent—term prediction of
earthquakes and volcanic eruptions. This is, however, not a complete evaluation of the
phenomena®, but is intended to show by analysing several years observations data that the vertical
subsurface electric field can provide useful precursory phenomena even in high-noise en-
vironments, and especially that the intermittent electric field changes observed during the
prominent swarm activity® precede certain kind of earthquakes.

2. Observations

The antenna is a folded dipole microantenna” with a reflector in the ground as is illustrated
in Figure 1. A vertical steel pipe of several hundred meters long was used as the linear element of
the monopole antenna. Surrounding the pipe, grounded wires were buried about 1 m deep and
used as the reflector. If the steel pipe is completely insulated except at the bottom end, the antenna
closely resembles an antenna for communicating with underwater submarines®. The electric
contact between steel pipe and the surrounding subsurface materials is not usually perfect, but has
a finite, nonuniform value of resistivity distributed along the pipe. The output of the antenna,
which is the electric potential between the steel pipe and the surrounding buried wires, is therefore
proportional to a weighted average of the vertical component of the subsurface electric field
strength parallel to the steel pipe, although we have no knowledge of the weight function
depending on the distribution of the contact resistivity.

Field experiments to guess the characteristics of the borehole antenna system were conducted
in parallel with the ordinary magnetotelluric(MT) measurement technique'®. Signals of the
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Fig. 1. Schematic view of the borehole antenna system

and block diagram of the measurement.
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borehole antenna of a 1,500 m length casing pipe were compared with signals of two components
of horizontal electric potentials and three components of geomagnetism in usual MT measure-
ments. The borehole used is 2000 m deep and only the upper 1,500 m has a steel casing pipe. At
the same time the true vertical electric fields were measured by using a 2,000 m insulated wire
being inserted in the same borehole (Figure 2). The antenna consisting of the insulated wire senses
the vertical electric field of the lower 500 m of the borehole, because the upper 1,500 m part is
covered by the steel casing pipe. Measurements were made for about four days.

Results of frequency analyses of the comparison measurements data shown in Figure 3
indicate that in the period T=1 sec the strength of the signal from the casing pipe antenna (CS)
is about one order of magnitude less than that of signals from the insulated-wire antenna (MA),
and that the difference becomes larger with increasing period. On the other band, the signal of the
insulated—wire antenna is about one—third that of the horizontal dipoles. The coherence between
the outputs of two types of antenna for underground vertical electric fields (lower part of Figure
3), is 0.2~0.4, except at around the shortest (1 sec) and longest (3,000 sec) periods. The
georesistivity distribution at the site determined by the magnetotelluric measurement resulted in
a one-dimensional resistivity of the order of 1000 Q * m implying that the field would not differ
much along the 2,000 m borehole at least in the period of interest here. Thus, we can infer that
the borehole antenna senses the vertical components slightly less sensitivity as the period increases,
although the two antenna sense the different layer of the subsurface (Figure 2).

We can also see that the borehole antenna senses electric signals other than those that the
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Fig. 2. Schematic views of the experiments comparing the
two kinds of antenna used in a 2,000 m borehole.
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horizontal electric dipole antenna senses. On Izu~Oshima island in Sagami Bay, we have installed
a borehole antenna, using a 300 m length casing pipe, which also comprises a roughly 200 m long
horizontal dipole with another electrode 100 m deep'” (Figure 4). Figure 5 shows a typical
record, which contains three kinds of signals: V is the vertical component, H the horizontal
component, and H’ the high—pass signals of H. Signal A is larger in the vertical component, B is
larger in the horizontal component, and C is similar in both components. This sample record
indicates that the borehole antenna does not show the same signals that the horizontal dipole does.
One of the most prominent characteristics of the borehole antenna is that, at the time of a small
volcanic eruption anomalous signals dominated the vertical component, though usually the
horizontal component did'".

We have much evidence that the present type of borehole antenna senses the vertical electric
field, but we would preferably install the true underground microantenna to make more reliable
observations with a higher S/N. A larger vertical georesistivity gradient distribution would result
in a larger subsurface vertical electric fields. The present antenna system would detect a field
change in the multidimensional geoelectric stratum more easily if the incident field is not
completely horizontal. It should be also noted that the horizontal component of man-made noise
usually dominates the vertical component: this is another reason for the effectiveness of the
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Continuous observations using the borehole antenna have been conducted since March 1989
at Tsukuba (NIE), March 1990 at Izu-Oshima Island (OSM), March 1991 at Hasaki (HAS) and
Awano (AWN), March 1992 at Chikura (CKR) and Kofu (KFU), and since March 1993 at
Katsuura (KAT) (Figure 6). Two mutually perpendicular horizontal components in addition to
the vertical component are being observed except at Tsukuba by measuring the electric potential
differences between two electrodes that are short underground vertical pipes, each 8 m long and
several tens of meters apart. The channels observed are “dc” band (0-0.7 Hz), the ultralow
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Fig. 6.  Sites at which the undergound electric
field changes were observed by using
the borehole antenna.

frequency (ULF) band (0.01-0.7 Hz), and the very low frequency (VLF) band (1-9 Hz)(Figure
1). All data are recorded with strip—chart recorders at the observation sites, and data from HAS,
AWN, CKR, KFU, and KAT are also recorded at the National Research Institute for Earth
Science and Disaster Prevention (NIED) by means of a personal computer telecommunication
systermn.

Here we limit the present analysis to the data at Tsukuba, because the characteristic
anomalous electric field changes® have been observed only there. By statistically analyzing data
gathered from June, 1989 through July, 1992, we will show the relationship between certain
electric field changes and earthquakes.

3. Results

Intermittent field changes in the VLF band were observed during the extensive swarm
activity in June and July 1989%. The uppermost part of the records shown in Figure 7 indicate
intermittent changes occurred just before the largest earthquake of magnitude M=5.5, at the
depth H=7 km at 11:09 on 9 July 1993. Inspection of the records of several months including the
time of the swarm activity strongly suggests that the changes were related to prominent crustal
activity. Precursory time T from the initiation of the changes until occurrence of the earthquake
is about 0.7 day.

Similar intermittent electric field changes were also observed in a laboratory experiment
Electromechanical models explaining the electromagnetic field changes preceding earthquakes or
volcanic eruptions have been proposed'3)~19), and all the model mechanisms relied on the electric

12)
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currents induced by microcracking in around the crustal rupture area due to the stress concentra-
tion. The swarm activity off the east coast of Izu Peninsula seems to have been induced by magma
intrusion’”. The intermittent character of the electric field changes implies that a kind of stick slip
crustal motion was induced by a step-like change of tectonic forces due to the magma intrusions.
Continuation of the intermittent field change even after the earthquake occurrence as is shown in
the uppermost record of Figure 7 could have been caused by the persistence of the microcracks
caused by the magma activity.

During two years of observation we could pick up 11 instances of similar patterns of changes,
and Figure 7 shows some of clear examples similar to the typical records at the time of the swarm
in July 1989. In searching for these similar patterns we did not take earthquakes into account. As
can be seen from Figure 7, these fluctuations have periods of 1~2 hours with intervals of about
half an hour. The fluctuations sometimes have a shorter period of about 30 minutes (for instance,
12~13 March 1991) or have no clear periodicity (for instance, 16 February 1990). From the
electric field changes at the time of seismic swarm activity in 1989, even though we have no
evidence of the effects of the magma intrusion, we can infer that the extension of the microcrack-
ing region proceded in an intermittent way.

To see the relationship between these events with earthquakes in time domain, we used the
earthquake catalogs of the NIED network?", which provides data set homogeneous enough for
our present purpose. The time window of the earthquake corresponding the anomalous electric
field changes was set to be three weeks, the magnitudes window M=4.5, and the focal depth
window H=100 km. All the depicted electric field anomalies were found to precede earthquakes
occurring in central Japan(in Table 1).

The precursory times T'listed in Table 1 range from 0.4~15 days, and the average is several
days. The precursory time is plotted in Figure 8 by the symbol (® versus the magnitude of
earthquakes overwriting on the original one by Rikitake®. Present data fell into the range between
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Table 1. Parameters of earthquake that followed the anomalous electric field changes.

No. Time Magnitude D(ﬁ,?f)h Di?‘t(amn)ce P{reif#;(s:)ry Area
1 1989 Jul.5 02:28 49 10 150 4.0 Ito
2 | 1989 Jul.g 11:09 5.5 7 150 0.6 Ito
3 | 1989 Oct.14 | 06:19 5.7 17 153 2.1 Izu-Osima
4 | 1990 | Feb.20 | 15:53 6.6 20 180 47 Izu-Osima
5 | 1990 | Apr.23 | 00:59 4.5 5 210 1.5 Nagano
6 | 1990 May.3 | 16:45 5.5 50 60 2.7 Ibaraki
7 | 1990 Jun.1 10:22 5.8 49 73 0.4 Choshi
8 | 1990 Aug.23 | 08:47 5.5 46 93 7.8 Chiba
9 | 1991 Feb.11 17:07 4.6 68 20 0.4 ibaraki
10 | 1991 Mar.15 | 09:01 4.6 75 63 2.7 Chiba
11 | 1992 May.11 | 19:07 5.8 56 54 1.5 ibaraki
logioT Iog1oT=(?'.60M-1.01
A ‘

Fig. 8.

Reiation between precursory time 7 and earthquake magnitude
M. The figure is originally from Rikitake® except those sym-

bols (®.
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that the first (log T~ M) and second kinds (log T=const.) precursor’’. And although the data
are scattered, there seems to be a log-linear relationship between precursory time and magnitude.

Figure 9 shows the epicenter distribution of earthquakes included in the selected windows of
space, time, magnitude and focal depth. Larger symbols correspond larger magnitude as is noted
in the figure, and types of symbol indicate the focal depth range. The earthquakes with open
symbol did not follow the anomalous changes, and filled ones followed the anomaly. As can be
seen from this Figure no earthquakes in the ocean off Ibaraki (36° <¢<37°, 140.5° <) and in
south central Japan (¢ <34°) were generally not preceded by anomalous changes in subsurface
electric fields. There is an exception, however, in the sea around Izu—Oshima Island: almost all the
earthquakes with parameters within the windows were accompanied by the anomalous field
changes.

It is not clear why earthquakes in this region are so sensitive to fields at Tsukuba, about 160
km away. The property might be related to the selectivity rule’” of the SES (seismic electric
signal). This characteristic signal propagation is not yet explained quantitatively. It may be caused
by an inhomogeneous character of the geoelectric resistivity surrounding the source regions and
the observation point'®?”. Recent observations of the detailed microseismic hypocentral
distribution® have revealed that the Philippine Sea plate subducts westwards from the Sagami
Bay, reaching underneath Mt. Tsukuba and the Boso Peninsula. The borehole at Tsukuba was
constructed to reach to the top of the pre-Tertiary sediments™, and although we do not yet have
a clear image of the signal propagation", these geological conditions might be favorable to the
propagation of the signals. Figure 9 suggests that these signals are detected at distances of 100 km
~300 km. Figure 9 also indicates that most of moderate earthquakes in land areas were
accompanied by the anomalous field changes.

37°N

36

SIGNAL
® YES
O NO

0 45<M<LK50
O 5.0<M

35

O 0<H<10
O10<H<20
0 20 SH<30
A 30<H<B0

V 60<H<90
X Q0<H

34

O

.|

1 1 I
137 138 139 140 141°E

Fig. 9. Epicenter distribution for the earthquakes included in the chosen
windows. Open symbols indicate earthquakes not preceded by ano-
malous changes and filled symbols indicate earthquakes preceded by
anomalous changes.



BS SRME BRSO IISE R 351668 19954 3 A

Figure 10 shows relationship between the particular intermittent VLF field changes and the
focal depth and magnitude of earthquakes occurred ¢on land and in the sea near Izu—Oshima.
Filled marks denote earthquakes accompanied the electric field anomalies, and open marks those
without anomalies. It seems that the anomalies preceded earthquakes with M=5.0 and H<80 km.
Because of the scatter of the data we cannot draw a clear threshold dividing earthquake with that
followed the anomalies and those that did not, but it may be said that the shallow moderate
earthquakes entering into the above parameter windows accompanies the anomalous changes with,
the probability of about 80%.

SIGNAL
H ® YES
O NO
Mc=4.9
100+~ !
km S o o
|
- - — f.— —O—: —& ——————————— Hc=80km
o, | .80 .
i
| ]
50 O% éD: e o
(@]
go
| )
®) | C o
O 0* 0]
0 e0C O 1l ¢ 1 L
4 5 6 7 M

Fig. 10. Relationship between the anomalous electric
field changes and the magnitude and focal
depth of earthquakes. Open symbols indicate
earthquakes not preceded by anomalous
changes and filled symbols indicate earth-
quakes preceded by anomalous changes.

4. Repeated appearance of the anomaly

After the prominent seismic event in 1989, the swarm activity east of the Izu Peninsula
became low, and no apparent crustal deformation was detected by a highly sensitive tiltmeter®®.
Moderate-scale activity resumed on 26 May 1993, however, attaining its peak around the end of
May and being practically gone by June 5. This activity in May and June of 1993 was large enough
for apparent crustal deformations to be detected by the ground tiltmeter at 1to*®, by the volume
strain meter®” and GPS equipmentszg) near Ito.

Epicenter distributions for the two swarm activities are shown in Figure 11%. These were
determined by the extensive seismic observation network of NIED?". The spatial extent of the
latest swarm activity was about half that of the activity in 1989, but these swarms occurred in the
nearly same region and at nearly the same focal depth of less than 10 km*”. The duration of the
former seismic activity was about two weeks and that of the latter was about one week. The
largest earthquakes of former and latter swarms were respectively of magnitude 5.5 and 4.8. We
can infer from these data that the latter activity was about half as intense as the former.

In 1993 the electric fields in the VLF band were nearly in the noise level from 14 May until
night of 21 May 1993 (Figure 12). The anomalous intermittent changes started to be recorded
from midnight 21 May. About three days after the appearance of the signals, the swarm activity
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attained its first peak during the period from 26 May through 29 May as can be seen in Figure 13.
The electric signals diminished below the noise level from midnight of 23th until the 28th and they
recovered from about 20:00 on 28th until the evening of the 30th. About 1 day later we had the
largest earthquakes of magnitude M=4.8, occurring at a depth about 6 km at 15: 12 on 31 May.
Both of appearance and duration of the anomalous field changes of the latest case are less clear
and shorter than those of the earlier activity®, corresponding to the different activity scale.

1989 05 01~1989 07 31 N=6085 1993 05 26~1993 06 01 N=792
[ T
NRY !
\><fs
35.0N : 35.0N = o
s ~'. 4% 0‘”: :°° _
N i r o eesol o B M Magnitude
o AR \ 4 o bt \ o M<2.0
A TR . ¢ 2.0=2M<3.0
349 < R o 349 [—uz N o §35M<4.o
- O s.0=M<5.0
Y, A
34,
34.8 ) /\ﬂ 4.8 ) } 7~
139.0 139.1 139.2 139.3 139.4E 139.0 139.1 139.2 138.3 139.4E

Fig. 11. Epicenter distribution of the swarms east of Izu Peninsula in 1989
and in 1993*.
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Fig. 12.  Daily successive records of the VLF vertical electric field changes at
Tsukuba around the seismic activity east of Izu Peninsula during
May and June of 1993.
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The upper part of Figure 14 shows the record of the vertical component of the subsurface
electric field just before the largest earthquake of magnitude M=35.5 during the former swarm
activity in 1989". And the lower part of this Figure shows the record during about half a day just
before the third peak of the latest seismic swarm activity, in May and June of 1993. We can see
that the very similar intermittent patterns of the vertical component of the subsurface electric
field changes were observed at both cases of similar crustal activities. This result also provides
strong evidence that the intermittent VLF electric field changes precede certain kinds of
earthquakes.

There is much evidence that these changes were induced by the magma intrusions in this
region’”. When magma intrudes, microcracks of tensile mode can be expected to predominate,
resulting in many fresh surfaces, that will be electric field sources'> ™.

N

1993, Kamata
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Fig. 13. Evolution of changes in the number of
earthquakes at Ito.”>
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Fig. 14. Intermittent electric field changes at the times of the seismic swarms
east of Izu Peninsula in 1989 (upper) part and in 1993 (lower part).
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5. Concluding Remarks

A numerical calculation of the electromagnetic radiation associated with earthquakes™ has
indicated that the strength of the electric field caused by the oscillating electric current dipole
sources can barely be detected except for extraordinally large source of order 10°Am. Attenuation
during the propagation is strong, so that we should think of more effective waveguides, such as
through a fault gauge®”, through increased conductivity regions due to the microcracking'®, or
through transportation of positive holes'”.

We have provided evidence that the borehole antenna senses vertical electric field changes
and is one of effective instruments for observing the anomalous field changes preceding earth-
quakes in short or imminent term. It would not be difficult to find boreholes with long casing
pipes originally used for another object, such as pumping oil or gound water. We can use these
pipes to build inexpensive monitoring stations that will provide valuable data for the short and
imminent term earthquake and volcanic eruption predictions. We should, however, more ex-
tensively compare borehole antenna with a true underground microantenna so that we can check
the characteristics of the borehole antenna.
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1) Fuji inawa, Y., and K. Takahashi, Anomalous VLF sub suface electic fiekd chang-
es preceding earthquakes, in Proc. International Workshop on Electromagnetic

Phenomena Related to Earthquake Prediction, 6-8 September 1993, Chofu Tokyo,

Terra Scientific Pub. Tokyo, 1994.
9) kebfith, ERAE, KEHEA RTrm—NDr — 7734 TEFH L7 HENAL
s, BE ST R, 1994 (HIRIH) .
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+  BEKREENIER, T 305 oK EHKEER
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1. [FLC®IC

HR, KM KOREE - BRIORRBERE LT, Bk 10 kHz YT O BREROBHALE D, HEL S
LA MRS EHDTWE (AL, Park ef al, 1993; Parrot ef al., 1993, Hayakawa and
Fujinawa, 1994), #5ic, MK DIMBEER OGN, KR, AL/ 4 XL OHIRTEHA S, HikHIs
EHEHIRT I L0EL B EMESH TV S (Fujinawa and Takahashi, 1990, 1994; Fujinawa et
al, 1992), IO 7 v 57+ & LTid, BHKL 51F, XIGHEHEBERIO b OEHE D r— v v 7/
1 7%%€/ ¥ —NEF BT 5 F (Takahashi and Takahashi, 1989) Tk 3, <O, SMEBR ARG
B, SRE YA X — ik 75 (Varotos et al, 1984; 1B « B4, 1993), EHBEMICHBEER A X
72 b @ (Guanetal, 1993) iAo TV S,

Ty IR TEAVLET YT FE, RERFREEHESNTWER - EbH D, BiEICo LTSNS
LOUIETIE o tee r— v v 784 FOROBOSHOH D O, 4 7O SR ES ORI K
SVERRAHEESEASI NS & GRS, ABED, Hiduc i L E X400 m o4 7ic X DB S
N35A4AR—VOBRHTBBAMAED, BEIHE MO Pt X0 EHRISNE 4 F— itk 32N & ZE L
TRV EDH B (U« B8, 1994) TEREBHOLNTOVED, Tvi+ & L TOHHII>VWTIIER
HBRRBBEINT VD 5/, 22T, TITREMILSNAEEE FVicE-S s, BEHENRSO 7 v 7
F O AR D B,

HEEEOBE I EANIRBRAEE 127 Vv 7 F D SN S N A BRIE R OEHEAIRD 51 £ — 17
Y7 ORHEIC OV T, 3 TIC Kingetal. (1969), King etal. (1992) #RHTWBDT, FHEDLER
ERHOWTERA v E—-5 v 2, 5k, ENESOT v 7 F B2 EIRT 3,

2. EFIEHE

F#2a, K& h BREBR0, BUERy OEFROLBIE <1 755, HEZE I ORI Ficsy BEicEw» g
NTV3L95 (@1, 1 7B ONTOIREE L TOMBOBINEE LCid, UERe, FE
e, BWEL T8, BB, g=u~1y &5 5, 1721, uy REENOHETH 5, < NEOBRIS NI
13, SHEBLOKEAEICER Z—RETRAVD, I TERDRVOEED 7%, WIS Sh->—kEE
BGET %0 THDE, €, 0, 4 T—TFOHET 3,

NATORFR, BalDPRONSVOBEETH B, —F, BEAICHRTRa/hxn (akid) /¢
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1K

g1, &4 O,

1 RBFR—r—v 7t 7OEEN, BR2a, BXEERo, WLy, B h DA 7N
%$kﬁwenfwéoT/Tf@ﬁﬁ%%i5t%mm¢'ﬁﬁé%<o:@N47ﬁ%%
BERg, FELe, FURy, OREF DT Eh, TVYTFFDES R-NERLIE D,

Fig. 1 Schematic diagram of the casing pipe antennas of length h with radius 2a,
electric conductivity o.. The antenna is immersed in the earth of conductivity gy,
dielectric constants &,. The condition of large difference in dielectric constants in
the air and in the earth can be approximated to set the image antenna of the same
length in the air.

1 FIROMEEEDBES I, MEREMAERD 1 h, BRIEAGEAORE IC—RRICHHE L, MRS
DHERFHSEEZTEV, BICHZ X512, K2 OBKOWNE TH 2EFHERTE, r—v 74 70
2, WEICHRTEZDINE L, OIS BIAEUHEEDBWASEEEZEZL 5N D, #->T, /¥4 7%[H
U0 MEREE & B X 2 28UNTS 0 5,

T v F > OEEME, B LEICTH A, S, Ty T FOBEAEFENG I, Ty OEEDA
ZICHENAEBEEAV () LLT, FRICEABHBOBFOIHEEZZA NIV T =Y ¥ INXL TT VT
+ (Takahashi and Takahashi, 1989, Fujinawa et al., 1992) T3, ¥4 7OBM %, HIFL KHmRIN
5 RYHE L L To¥EBoThAESRBLTEY, £k, RIOEER, Hihozhic~ThswoT,
Ko RE A EL RS E LTHDIRS T EAHIR S (Kingetal, 1992), #- T, ZOBA, BILIC/RT LD

BT vr+ L LTCRICES hDO 7 v 5+ ihssE L, BES2hORET v 7 7 OhRERBES
LLT, TN —REEEK 0, e, DHIED SNTWVWS EEZ ZAUNTFINE (E2),

COEHBBEDT vFF N s BHROMzTRIE, Hallen D5 AR WA, King, 1969,

" 1@KG ) = 14”""

—=2.1C, coskz++ Vsmk |z 1],
Tﬁﬁéﬂéolcm,l&)ﬁ,?V%f@ﬁ%@ﬁzﬂﬁﬁé%ﬁ,Ku%ﬁ&,

K=e ¥/R, R=y(z—2z)%+a?
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7N

2 R (Z=0) ZEERETBSAE LT v 7+ & D O, BEAOEED A Z DEFRSY
izl (2) &9 5,

Fig. 2 Current distribution 7 (z) at arbitrary point z along a highly conductive center—driven
steel pipe antenna immersed vertically in the earth is calcultated through the Hallen's
integral equation. Radiation impedances Z=R —iX are estimated by means of the formula
derived by King et al (1992).

TH Do R, 2 BHESAE FHICHD, k BIEEOEEERN k=0+ia). o FEEBE V SREEE,
CREHTH 5, ARR, K& dz OBRKTF O3 EBR Bz LHINERD 2 K HDORKS) Ezi DB, HikE
HTOLMED (Ez+Ezi=0) VST EkpBhng FHAE, 51, 1992),

CORRIET v 7 F ORIV TR, BREk» 5 hTw3 (Kingef al., 1992) T, #hEHEBS, B
a1l @) I3,

sink;(h— | Z 1)

[@=vy=—"1g Rk

_ 1 _  i2mk?  tan ki
y=2 ol k;

8B, CTWZRBBEEA v E—F Y 2T,
Z=R—iX,

idnz' \12
v

ky=By+ia =k, 1+

U=2In(h/a) —2,
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ThHo, Tt 2 id, 4 TOMARIOBAAES S OREA v E-F ¥ X,

ka Jy(ka)
2 ]1 (kca) ’

F=r—ix'=r,

ro=(ma%0,) ',

THbo, TTITTy JLIZFEOR, FBIRDONy VOB TH 5,

3. 7UFFOFHE

ETFTR—IANDIA = T FIE, ZAF—-AVBIROT, AF - VOBIUEEE 10 ~20 X 10°8Qem*
BRLT, 77 FEGOBRIREE 0, 25 X 100S/m 453, £/, r—v v /4 TOEESA VT L
LT, 2a=0.13m &4 2, WEOREMEE LT, HFEERe, 280, L, BXUzER 0 £ 38D,

0,=0.1S/m, 0.01S/m, 0.001S/m

DSBS %, BHlEERD I, /¥5 4 — & — %K 57 3, L T2 E#EG (Fujinawa and
Takahashi, 1990) #&RBL C,

f = 0.01Hz, 1Hz, 1kHz, 10kHz

DA4FEYTH 5,

ZOEREE1, 2, 3ICRT, B1 REHEOBLEER 0, 15 01S/m OBAT, ®2H0,=0015/m
O, &3 Ho,=0.001S/m DEETH S, TNODOETE, A BIEHEBTOWNE, k= (wpo)'?, A
EHEERT, A =CBy/wte Co— (e/e)? TH B, X H* 1& “7 v 5+ & 2h OBdRIcd 5 HxHiE H
= 2h/A, TH Bo £ 1o 13FNFNEEHOFBEE, BYET, o= 8854 X 107" F/m, py= 47X 107H
/m, THbv, T,

k, =8, +ia, =w (e 21 +ioy /we )
Th b, X, BRI VE—F VR Z %,
Z =R—iX
&L,
R=R°+R’
L U7ze © 2z, RUET v 7 F IR OELENCBGE T A1RAIMIT, R BEEFCKHS 15 Bl = x v
¥—P, & LI,
R¢ = 2P/I’

LEFs NG, T2, [ RREBATOBRTH %,

£10o0,=107'S/m DfEIE, HEWEH L WHREE ST 2 AEKIZEEEE T 2 HEIC LT 4o
VLF #Ci, 100m OEAERVT, 77 FERR2TEEL VRV, ULFHTE, BEBUN MR- E
LTEBITE 34, #272, f=1Hz Tid h=3,000m OFEVHF OBFAICE, H =06 &80, FHKRY T
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1 7YFrrOHMFIROEIAhORT - LT v FF OBEREOERLERK 0,= 015/
m DBH, KE L TERLLALT v 7+ E%2 HY, A v -4 v 2% Z=R-iX, 7
v 5 FREEOBIEKICHET 21 v -5 v 2 R ZRD 7,

Tablet Radiation impedance Z (=R —1X) of casing pipe antennas of radius a=0.065m,
electrical conductivity o.=5.0X 107%S/m immersed in the earth with conductivity
0,=10"'S/m. H* denote relative antenna length normalized by wave length 2, (H*
=2h/2,), wave number k=—ia, internal impedance z'=7"—x’, and R’ is the resist-
ance related to the power-loss in the conducting pipe.

0,=107"S/m, a=0.0635m, 0,=5.0x10%/m, &,=8.0

f(Hz) 0.01 1 10° 10*
B(m™H 0.63x107* 0.63%x1073 0.20x107! 0.63x107"
a,(m™ 0.63x1071 0.63x107° 0.20x107! 0.63x107!
A, (m) 0.10x10° 0.10Xx10° 0.32x10% 0.10x10°

a/a, 0.13x1078 0.13x107* 0.20x10°% 0.64x1072
k.(m™H) 0.63 6.3 0.20x10° 0.63x10°

k. 0.040 0.40 0.13x10% 0.40x10?

Q) 0.16x1074 0.16x107* 0.70x107* 0.22%1073

x(Q) 0.31x1078 0.31x1073 0.70x10"¢ 0.22%1073

A, 0.30x10° 0.30x 10° 0.95x10° 0.30x10°
h H* 0.20x1072 0.02 0.62 2.0
R 0.20 0.20 0.41 1.3
100™ X 0.53%10°° 0.53%x1073 0.40 1.3
RI(Q) 0.11x1072 0.11x1072 0.35%x10°2 0.35%1072
h,(m) 50 50 50 50
H* 0.60x10°2 0.060 1.90 6.0
R 0.081 0.082 0.48 1.5
300™ X 0.19%1074 0.19x1072 0.47 1.5
R! 0.32%x1072 0.32x107? 0.35x107* 0.35x1072
h, 150 148 150 150
H* 0.012 0.120 3.8 12.0
R 0.050 0.050 0.52 1.6
600™ X 0.40x10°* 0.41 %1072 0.52 1.6
R! 0.63x 1072 0.63x10 2 0.35x1072 0.35%102
h, 290 288 300 300
H* 0.016 0.16 5.0 16.0
R 0.042 0.042 0.54 1.7
800™ X 0.57x10™* 0.57x102 0.53 1.7
R! 0.84%10 2 0.84x 1072 0.35x1072 0.35%x1072
h, 377 374 400 400
H* 0.030 0.3 9.4 30
R 0.035 0.035 0.58 1.8
1,500™ X 0.11x1078 0.011 0.57 1.8
R 0.16x107! 0.16x107! 0.35%1072 0.35x 1072
h, 626 615 750 750
H* 0.04 0.40 12.6 40
R 0.036 0.036 0.60 1.9
2,000™ X 0.16x1072 0.016 0.59 1.9
R! 0.21x107! 0.21x107! 0.35x1072 0.35%x10?
h, 751 1,000 1,000 1,000
H* 0.060 0.60 19.0 60
R 0.042 0.033 0.62 2.0
3,000™ X 0.25%x1073 0.012 0.62 2.0
R 0.32x107! 0.15x107! 0.35x10°2 0.35x 1072
h, 900 1,500 1,500 1,500
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Table2 Same as Table 1 except g,= 10" ?S/m.

0,=1072S/m, a=0.0635m, 0,=5.0x10°S/m, ¢,—8.0

f(Hz) 0.01 1 103 10*
Bi(m™Y 0.20x107* 0.20x1073 0.63x1072 0.20X 107!
a;(m™) 0.20x107* 0.20x1073 0.63x1072 0.20x107!

A,(m) 0.32x10° 0.32%10° 0.10%10* 0.32x10°

a/A, 0.20x1078 0.40x107% 0.13x1072 0.40%x10°3
k. (m™ ") 0.63 6.3 0.20x10° 0.63x10%

k.a 0.040 0.80 0.25%10? 0.80x 102
r'(Q) 0.16x107* 0.39x107° 0.35x107* 0.11%x1072
x(Q) 0.31x1078 0.31x1078 0.35%x107* 0.11x1073
A, 0.95%10° 0.95x%10* 0.30x10° 0.95 % 10?
h H* 0.64x107° 0.64%x1072 0.20 0.64
R(Q) 2.0 2.0 2.0 4.0
100™ X 0.53x107° 0.53x1072 0.53 4.0
RI(Q) 0.11x1072 0.11x1072 0.47x1072 0.11x107!
h,(m) 50 50 50 50
H* 0.0019 0.38x1072 0.60 1.9
R 0.79 0.79 1.5 4.7
300™ X 0.19%x107* 0.19%x 1072 1.5 4.7
R 0.32x 102 0.32Xx1072 0.11x107! 0.11x107!
h, 150 150 150 150
H* 0.0038 0.38 1.20 3.8
R 0.44 0.44 1.6 5.2
600™ X 0.41x107* 0.41x1072 1.6 5.2
Ri 0.63%1072 0.63x1072 0.11x107! 0.11x107!
h, 299 299 300 300
H* 0.0050 0.050 1.6 5.0
R 0.34 0.34 1.7 5.3
800™ X 0.57x107* 0.57%x1072 1.7 5.3
R! 0.84x1072 0.84x10 2 0.11x107! 0.11x107"
h, 398 397 400 400
H* 0.0094 0.094 3.0 9.4
R 0.21 0.21 1.8 5.7
1,500™ X 0.11x1073 0.011 1.8 5.7
R 0.16x107! 0.16x107! 0.11x107! 0.11x107"
h, 735 733 750 750
H* 0.012 0.12 4.0 12
R 0.17 0.17 1.9 5.9
2,000™ X 0.16x107° 0.016 1.9 5.9
R 0.21%107! 0.21x107! 0.11x107" 0.11x107!
h, 966 1,000 1,000 1,000
H* 0.019 0.19 6.0 19
R 0.14 0.14 2.0 6.2
3,000™ X 0.25x107° 0.025 2.0 6.2
R! 0.032 0.032 0.011 0.011
h, 1,400 1,500 1,500 1,500
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&£3 £1&LEHL (BL, 0,=0.001S/m)
Table3 Same as table 1 except o,= 10 °S/m.

0,=1073%5/m, a=0.0635m, 0,=5.0x10%S/m, &,=8.0

f(Hz) 0.01 1 10° 10*
B (m™ 0.63x107° 0.63x107* 0.20x102 0.63x1072
a,(m™) 0.63x107° 0.63x10* 0.20%x 1072 0.63x1072
A;(m) 0.10x107 0.10x10° 0.32x10* 0.10x10*
a/A, 0.63x1077 0.63x1078 0.20x107* 0.64x107*
k., (m™ ") 0.63 6.3 0.20x10? 0.63x10°
k.a 0.040 0.40 0.13x10? 0.40%x 107
r'(Q) 0.16x107* 0.16x107* 0.70x10™* 0.22x1073
x(Q) 0.31x1078 0.31x1078 0.70x10™* 0.22%x1078

A, 0.30x10° 0.30x10* 95.0 30.0

h H* 0.20x10 @ 0.20x10 2 0.064 0.20

R(Q) 20.0 20.0 20.0 20.0

100™ X(Q) 0.53x107° 0.53x1072 0.53 5.3

RI(Q) 0.11x107? 0.11x1072 0.40%1072 0.015

h,(m) 50 50 50 50

H* 0.60%x1072 0.60x1072 0.19 0.60

R 7.9 7.9 7.9 15.0

300™ X 0.19x107* 0.19%x 1072 1.9 15.0

Ri 0.32%x1072 0.32x1072 0.014 0.035

h, 150 150 150 150

H* 0.0012 0.012 0.38 1.2

R 4.3 4.3 5.1 16.0

600™ X 0.41x107* 0.41x1072 25.0 16.0

R! 0.63x1072 0.63x102 0.17 0.035

h, 300 300 300 300

H* 0.0016 0.016 0.50 1.60

R 3.4 3.4 5.4 17.0

800™ X 0.57x107* 0.57Xx10 2 5.3 17.0

R 0.84x1072 0.84x1072 0.035 0.035

h, 400 400 400 400

H* 0.0030 0.03 0.94 3.0

R 1.9 1.9 5.8 18.0

1,500™ X 0.11x107% 0.011 5.7 18.0

R! 0.016 0.016 0.035 0.035

h, 748 748 750 750

H* 0.0040 0.04 1.2 4.0

R 1.5 1.5 6.0 19.0

2,000™ X 0.16x1073 0.016 5.9 19.0

R 0.021 0.021 0.035 0.035

h, 996 1,000 1,000 1,000

H* 0.006 0.06 1.9 6.0

R 1.1 1.1 6.2 20.0

3,000™ X 0.25x107% 0.025 6.2 20.0

R 0.032 0.032 0.035 0.035

h, 1,490 1,500 1,500 1,500




B SR SE T e B R 551665 19954 3 A

Loy MGEL 150 EHEFI R 120035 ~20Q, V7279 Y2 X i3, 053X 10 °~20Q &, ->THY, 7
v FNETOEEBNCRIRT 2 R O, RCRZLIICRICHLUTHREBHTET, R=R* &35,
V72 % v 2 X1 ULF 8 CRIEM R ICHNTEHATE, VLFHTR, 77+ 0K 2,00mEEE
T, ER R ICHRTNS L, E\HENI/NS VA, 2000m 2#d L, BHBHEERUERELL S,

2 HHBEOBZZEEN1072S/m OFETH %, HEE L TRPOHVHEREBIOHET 5, i1 v
E— 4 Y ZOIHAR 1L, 20~62QT, £1D0,=10"'S/m DBELHEL Tbhbhr b LD, oy DS
RICHHIT 2, 7 v F FREONEIET R E, 0,= 107'S/m OIS LEERIC, RICHNTEEHATE S, &
o7 yFrES00m R, FEECEBIHIETEIEhbL L, V725 v AESY X 3, VLERTIE, R
EHELT, BLASEEATEAEEIT/NI N,

% 30l AFE=SROBBICHY T 2 SHIEPLCHIET 3 0= 107°S/m OEFE&ER L TW5H, ULF i
T, H¥ 12020 X 10~ 006 TH->T, TV F+13, WMDIFA K-V EEZBIENTE S, THITHL
T VLF #0 1 kHz ©i2 800 m THiEE, 1,500 m T 1 EIHIGEL, 10kHz T, 600m (233 1 &
BT B, BEIA v E— SV ZDBHIAOA R, 11~20Q, VT2 52X 1E, 053X 107°~20Q T,
ULF %13, BEHER R I LEBETE 3RBEI/NE, VLFHTCRERULEI I BREESZWS, T
5 FBERNDIEES RIIZR AT, WFhoa s bERTE ARIhE L, Edichhic ks
Ty h OREHEFASH0Q TH b0t~ 3 L, BEHOERETH 2 AMOEEIE, Z01/4LFTH
2., VT8 v RX R, HhicshhibEES 7Ly FOBAPKA0Q THBDICH NS &, BA -
F—b/hE 0,

4. 18 [ "

e Ui & S iciE D SME T HICEOAAREES h O '/ #—1id, TRISARESETEX 20
DY A A= D, —REEEEMEORIc b BB LIEEEMTH 0T, BEED (O) 13, BEICH~NTT
YT FEHPEOENESICE, NS A R - v DR

D,,(6) ~.sinf
LEZTEV, T, QEBERLIVOHETHS F28R)., X, FRRCEVERICE,
D,(6)~cos (% cosf) /siné

LB, CoESOEnEEL, KXRD, 8) LEbRBV, $4bE, TOXIBIGAIE ATV
51t BROMBERS AR LTWVS (Fujinawa et al. 1992) EEZ TRV, EEORS DEFRDT ~
7+ DEEICIE,
cos[(kl/2)sinf] —sin{kl/2)
sind

CrBHs L 1992), PIAE B0, EEEY 7Ly bOBAKD v e — 7HBIES (B3,

TUrFERMEEEALORELBLE, ILASNTVS LS ICHEHBIRT v 7 OIERIESERKI
10, Blo—7hEhn, KECED— T2 0=90° h5TNhTL 5, PIAIE iaw%A RFo—70hM
2 46°, 22 DEBAIIE3Y B, HE-T, 0= m*wm@%mm,1thi EX300mLITCik
o — TROIEEEEE D, 10 2S/m OFFIciE f= 1 kHz o L TiZ 600 m LI T TIRHERES 7V v P D
BAEDD, @) L3y v FATHED, FhED &REEEE, PRV o~ TROBREREEZR L, KEK

D)=
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r4
T 2=0.42 (X0.69)

K3 7v7rrDeEL(=20) ODRTF—LT V7 FOIEEM, (=Y%A DIESIIEEEEY 7L v
POBAIUTEYD, L<AETREERETHY, 1E2LDKRELBZIcohT, HKkER3
(BN, 19924 X 9),

Fig. 3 Radiation patterns of the vertical dipole for various length of antennas. Antennas in
length ranging from electrically very short to half wave length have directivity pattern
to be approximated by siné indicatings that they are sensing the vertical components
of the electric field. But the pattern contains side lope for the length longer than 3/2
wave length indicating that the horizontal components are also sensed.

NEGRMT B L5, X, R3ICAHABLEHICo,=10°>S/m OBAITIE, 1kHz T1,000m fijigE T
RS T Ly FORID, () ITEV, $Hbb, BICHBERSERET 2LV 720icid, dE0ELT
b VLF HOBAIcid L <<, WEHOBRZERE IKET 25, TV 1,000m OESAEMSE WS T
LTI B, 7ofl, MBRESICHERED /A &5 EBbNEDT, 7vF+oHbo—EDEXLT O
NOBE[MSEVSTEITED, S/NEHFoNZhbEIE W, LAL, 20120Id, 0 HENCRS
L ITHYID SFHE L TEZE LSRR SV, Z0BEIE, BEO  —v v /51 745E - T
VAT LERKTEDZEVWIRT A - VT VFFOREL—DOE MBI B,

5. E® E
EuhE he 3, RET OB
_1
h,= ktan kh/2
EBBDICHLT,
1 kh
he~]?’ tan(TN
&1 (King et al, 1992), #5414 R—voBESicid, K&h<Tiz
he=h/2

TH 50, WEHEEOPIIEDAZNAET ¥ 75 (electrically short antenna: Sih<ah< 1) DIEE
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AR D Io. — 7, BRAEOHS Bika) 121,
h,~ (1/aptanh(ah/2)

LH B, CTHEOMERIC IV RDIENER AE 1, 2, SIKILLTHE, CORLVDPILIIC, K
SHE h, HIEE DBA, 2E L DEHDESTH 5, 1272, 0,= 107" S/m, h> 800 m DHFGIT, h, 13 10%
~20% 74, T v FOBELD/NSHDT, 0,=107°S/m T, 4% BE/NXLE 5B,

6. #&

EHFRD > — > v 74 7AHIMEROFRICHWS 7 v 57+ &L LTEZBHED, 7 v 7 FEEER
BN BLEYUYT 0, 267 5 —BEEOESIc oW, ULF#, VLFHIHLT, /¥4 7K 150 ~ 3,000
micoW0T, Kbl ZORE, KEHERL, o WS HRIENE L, 0= 10 '~ 107°S/m OEHTE,
W 039Q~20Q, VT2 4 v R}, 053X 10 °~20Q &5y, BIHEKICEE S 2 AMIKIITE, 2 F —
VoA FOBEICIE, BETEXLEbhot, X, BERSOKRME VLF HE TfT3 10, REPHE
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Abstract

The casing-pipe in the bore-hole for installation of instruments of crustal activity or water, oil
pumping has been shown to be useful as a prove for detecting anomalous subsurface electric field
changes preceding earthquakes and volcanic eruptions. The antenna of length h is equivalent to the
center—-driven cylinder antenna of length 2h and radius a being immersed in a homogeneous isotropic
medium of conduc-tivity o,. In this paper characteristics of the antennas using steel casing pipe of
radius 10.3 cm are calculated for the earth of electric conductivity o,= 1077, 107% 107°S/m by means
of results due to King et al. (1969) . The antenna length % ranges from 100 m to 3,000 m
correspondiing to the available pipes. It was shown that the resist-ance R of the driving point
impedance Z range from 1073Q (100m) ~20Q (3,000m) in the case of ;= 10 3S/m, the reactance X of
Z is generally about one order smaller in comparison with the resistance part.

The relative antenna length normalized by wave length is less than 0.2 for the ULF band, 0.62
~ 19.0 for 1kHz in the case of 3,=10"'S/m, and 0.064 ~ 1.9 in the case of 0,=10"%s/m for 1kHz. It
indicates that the directivity pattern is similar to that of micro dipole in the ULF range, and that of
half-wave length dipole in the VLF range for antennas of several hundreds meters, but the threshold
antenna length being depend-ent mainly on the earth conductivity. It is sugested that the antennas
sense the vertical components of electric field in the ULF ranges, and in the VLF ranges for smaller
antenna. The directivity pattern contain lobes in the case of antenna length more than 1,000m for o,
=1073, f=1kHz, and then 100m for g,= 10~ 'S/m.

The effective length is nearly half of the antenna length except for the antennas of length (k) 800

m in a more conductive medium of conductivity of 107'S/m.
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Observation of Geoelectric Potential Difference
Using a Steel Casing Pipe of Borehole

Bohfi s, fEEHIE, KEFEA AR R 27 By Kwk 7E

SHINYA SAKANAKA, NORIHIKO SUMITOMO, NAOTO OSHIMAN
Disaster Prevention Research Institute, Kyoto University, Gokasho Uji, Kyoto 611

Abstract

It has been currently reported by Takahashi and Fujinawa(1990,1992,1993)
that anomalous variations in vertical electric fields preceding earthquake
occurrences and volcanic eruptions were often observed using a steel pipe electrode
in a deep borehole. In order to confirm characteristics of such a steel pipe electrode
vertically and deeply put into underground, we examined electric field variations
around the steel pipe by measuring electric potential differences between a usual
electrode of Pb-PbCl, set up on the earth's surface and the steel pipe of which

length is 300m. We observed the electric field variations by changing electrode
spacing while another electrode is fixed at the steel pipe. We compared the observed
electric field variations with those observed at a reference point where the electric
field is measured using usual surface electrodes set up at a distance far from the
steel pipe. We found the electric field variation caused by natural or artificial
electric currents is abnormally amplified when the steel pipe is used as one of the
electrodes. Particularly at the very vicinity of the steel pipe the amplified rate is up
to several tens of magnitude. This amplification of the electric field variation is
broadly observed over ranging from periods of 2sec to several hundreds sec.

After carring out additional experiments around the steel pipe to make the
amplification mechanism clear, we concluded that the electric currents are densely
concentrated into the steel pipe in the ground so that the electric field
discontinuously changes at a boundary between the steel pipe and surrounding
ground areas. A simple numerical calculation using a two dimensional resistivity
network model supports well above conclusions. Although we don't measure the
vertical electric field using the steel pipe electrode, we are able to utilize the
amplification effect of the steel pipe to detect anomalous variations of the horizontal
electric field associated with crustal activities.
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Fig.4 An example of amplification of the electric field using
a steel casing pipe as an electrode.
upper : electric field variations

using usual electrodes(Pb-PbCl,).
lower : electric field variations
using casing pipe made of iron.
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Fig.5 An example of the amplified electric
field spectra of the electric field by
using a steel casing pipe as an electrode.
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Fig.6 Distribution of anomalously amplified electric field
variations in the vicinity of the steel casing pipe.
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Fig.7 Self potential (SP) distributions around the steel
casing pipe. Measurements of the potential differences
are referred to the potential value of the casing pipe.

The electric potential of the casing pipe is lower than
those of around areas. Electrodes spacings are 3m.
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Fig. 8 Self potential distributions in the direction of
NS and scheme of mesurements. Self potential values
are referred to that of the casing pipe.
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Ground—-based observation of ULF seismogenic emissions and some
considerations on its reliability and underlying mechanisms
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1. The University of Electro-Communications, Chofu Tokyo 182, Japan
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Tsukuba Ibaraki 305, Japan

Introduction

A number of well-documented electric and magnetic phenomena associated with earthquakes or
volcanic eruptions have been reported in recent time. Frequency range (F) of these phenomena is
different. There are slow electric and magnetic field variations (Varotsos and Alexopoulos, 1984,
Johnston and Mueller, 1987), ultra-low frequency (ULF) electromagnetic emission, F=0.1+ 10Hz
(Kopytenko et al 1990, Fraser-Smith et al 1990, Molchanov et al 1992, Fujinawa et al 1992), ELF-VLF
electromagnetic radiation, F=0.01+ 100 kHz (Gokhberg et al 1982, Oike and Ogawa 1986, Fujinawa
and Takahashi, 1990), IIIF emissions, F > 1 MHz (Warwick et al, 1982) and optical ionosphere emissions
(Fishkowa et al). But sometimes the results of these kind observations and possibility to use them for
earthquake prediction are claimed as questionable. In this situation the problem of reliability of the
results seems as very important. We will try to discuss the problem concerning the effect of the ULF
seismogenic emission. Generally speaking the effect can be named as reliable if the followings are true:

—it can be reproduced. In our case it means not only that you succeed to find some correlation with
earthquake events. Sometimes these findings are overestimated. It is rather desirable to have
independent evidence of the same results in the another observational situation, of course, taking into
account the nonsimilarity of the earthquake processes “in principle”, different geological structure
and so on.

—Then, an emission should be separated from another similar non-seismic events like man—made
noise, acoustic influence, sferics and so on. The most serious danger is to mix the emission with telluric
signals, produced by natural geomagnetic pulsations originated in the magnetosphere plasma
(Kaufman and Keller, 1981).

—At last it is rather desirable to have a theoretical explanation of the phenomenon because of a
good theory can give sometimes a great support to experimental results.

All of these conditions are sufficient not necessary. It means that the high level of the one of them
is sufficient to have reliability not very low one. In the next sections we will discuss each part of the

problem.
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1. Experimental evidence of the effect (reproducibility)

ULF emission associated with the famous Armenian Earthquake, near Spitak town, December 7,
1988 was observed by Russian scientists in the period from three weeks before till about three months
after the main shock, which magnitude was M,=6.9. (Kopytenko et al. 1990, Molchanov et al 1992).
Observations were conducted at geophysical station Dusheti, situated 130 km from the epicenter,

usiﬁg three component magnetovariational complex based on the magnetostatic magnetometer. The

S. M.

|
e ]
it WAoo

D . 26nT

et~ — ARt ke — b

,» DUSHETI”

Lll___!lllllllll%IIIIIJ__L_{_J_UT
03"40™ 04"40™ 07"40™
07.12.1988
S. M.
'H _1énT
1D . 26nT

08.12.1988

Fig. 1 (Upper panel) Record of ULF emissions at Dusheti from 03: 40h UT
which are associated with Spitak earthquake on 7Dec. 1988. SM means
the shock moment. (Lower panel) Intense ULF emissions at Dusheti.
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data were filtered in the two frequency bands: band 1 (LF), 0.005+1.0 Hz, and band I (HF), 0.1-+5.0
Hz. The main result is that before main shock and before some of the strong aftershocks (M;>5.0) they
observed the ULF noise-like emission bursts with precursor time of a few hours and duration of the
burst about one hour. Pen—records of the bursts before main shock and strong aftershock next day are
shown in Fig.l. The great response in exact time of the shock (shown by arrow) is connected with
direct seismic influence on the equipment. Integrated intensity of the H-component magnetic field
variation (band IT) during 7 hours before the main shock is shown in Fig.2. It’s easy to estimate that
signal-noise ratio of the burst was more than 10. Another peculiarities of the phenomenon, discussed
in details by Kopytenko et al, 1990 are following:

—Averaged day-to-day intensity of the magnetic field variation sharply increased just before the
main shock and left at the high level about 1 month. It was not correlated with K, -index of the natural
geomagnetic field during this month period.

—Appearance of the bursts was more clear in band I (S/N ratio was more high) in comparison
with band I. Occasional measurements of the burst spectra revealed that spectrum intensity was
sometimes descending F, ., ~1-+2 Hz), but sometimes pronounce frequency peak near F~0.3+ 0.5 Hz
was observed.

—Amplitude of the vertical (Z) component of the burst was usually comparable with horizontal (H,
D) ones, unlike polarization of the natural geomagnetic pulsations. Concerning the problem discussed
here their result on precursor time statistics is rather interested. It is demonstrated in Fig.3. The data
for about ten bursts before eight powerful shock are presented. The tendency the bursts to appear two
~five hours before strong shock seems rather evident.

About the same phenomenon was observed by USA scientists during the well-known Loma
Prieta earthquake, October 17, 1989, M,=7.1 (Fraser-Smith et al. 1990, Bernardy et al. 1991). They

used one-component induction coil magnetometer and recorded data after 10— channel filter analyzer

DUSHETI
Hy, (nT) DECEMBER 7, 1988
0.20
S. M.
0.15 l
0.10
0.05
no data
t T T > n T T T T T T T ] T T
1h 2" 3" 4h 6" 7" 8" uT

Fig. 2 Variation of 10 min averaged values of the H-component amplitude of
ULF emissions recorded at Dusheti before the main shock.
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Fig. 3 Excitation of ULF emissions (solid lines) before the beginning of the
shocks (K>10) in the Spitak earthquake area. The horizontal coordinate
represents time (h) before the shock moment (SM), the vertical coordin-
ate represents time (day) after the main shock (on the left) and real dates
(on the right).
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Fig. 4 Variations of the magnetic activity indices measured during the months
of September (left panel) and October (right panel), 1989. The power
failure caused by the Loma Prieta earthquake created the large gap in
the October data. The horizontal line in the 5.00-10.00 Hz display is a
calibration signal. It should be present and remain at a constant ampli-
tude at all times for the index generator to be operating correctly.

in frequency range 0.01+ 10 Hz. The response of their 0.01 Hz filter before main shock is shown in Fig.

4. The main characteristics of the observation can be summarized as follow:

—There was a broad band increase in the amplitude of the ULF emission beginning just over 12
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days before the main shock.

Starting three hours before the main shock there was a further considerable increase (about five
times) in the amplitude of the ULF emission.

—The amplitude level at the lowest frequencies remained very high for several days after the main
shock and then gradually decreased back to their previous background levels over a time interval of
several months.

It seems that ULF emissions, observed during Spitak and Loma Prieta events are rather similar
(Molchanov et al, 1992). In order to take the comparison between these two independent results more
easy they are compiled together in the Table 1. Fortunately, the main characteristics of the
earthquakes and equipments were about the same and there are several important similarities of these
emissions itself. Probably the most significant of these similarities are time of appearance (in case of
Spitak) or time of a sharp intensification (Loma Prieta) and the same frequency range of emission
before the two earthquakes. However, there are also several differences in the characteristics of the
signals. Some of them, ratio of maximal amplitudes and precursor times are easy to understand due to
different distances to epicenter. For example, in the paper by Sidorin, 197 9, the approximated relation
At*x D= const. is justified from the energetic consideration. (Here isAt-appearance time of the
precursor and D - distance from epicenter). In our case At=4 hours, D=129 km for Spitak event and
At=190 hours and D=7 km for Loma Prieta event, that leads to: (AtD),,/(AtD) =04 in surprising

correlation with the relation. Another differences are not so easy to explain. One of them is the abrupt

Tablel Comparative characteristics of Spitak (SP) and Loma Prieta (LM) events
and ULF observations.

Characteristic of SP LP Notces ()

I. Earthquake

—-magnitude Ms 6.9 7.1

—depth, km 6 15
II. Registration

-frequency range, Hz 0.005+5.0 0.01+10

-sensitivity, nT/~/Hz 0.003* 0.002* For F™1 Hz

—distance from epicenter, km 129 7

II1. Observation of ULF emission
. Period till last day before main shock (MS)

—

—appearence, hours no —290 12 days before MS
—amplitude, nT no <0.5
-max frequency in spectrum, Hz no ~2.0
2. Last day before MS
—appearance, hours —4 —3* intensification
—amplitude, nT 0.2-+04 3+5
—F max Hz ~1 ~1
3. Period after MS
~time of average intensity decreasement one month several months
—correlation with aftershocks yes no
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termination over two hours before the main shock occurred of the strong ULF burst measured at
Dusheti, whereas the Loma Prieta burst continued until the time of the main shock. There is also
difference in correlation with aftershocks. A recent study of the ULF magnetic field variations after
Loma Prieta main shock has concluded that there was no obvious correlation between their
amplitudes and either the number of occurrence or magnitudes of the aftershocks(Fenoglio et al,
1991). But their data, consisting of half-hour indexes, are not perfect for aftershock correlation studies,
particularly when the aftershocks in large numbers as they did immediately following Loma Prieta
earthquake. Anyway this comparison of two independent observations can be reproduced in future
ULF magnetic field observations before earthquakes.

It seems that the similar effect, but using electricfield ULF observation was discovered by
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Fig. 5 Vertical electric field variations in the ULF band (0.01-0.6
Hz) from28 Sept to 9 Oct, 1990 observed by the one day
data with a small overlapping, and the start of day or noon
is indicated at the lower part of each chart. Horizontal and
vertical scales are shown in the chart No. 1. A clecar ano-
malous variation can be seen prior to the volcanic eruption
occurring 4 Oct. 1990 (chart 9) at Mt. Mihara on Izu—Ohs-
hima Island.
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Fujinawa et al, 1992 before volcanic eruption. They observed appearance of the emission at four days
ahead, then intensification of the signal about one day and clear decreasement of it about three hours
before eruption (see Fig.5, taken from their paper). At last the emission disappeared in several days
after eruption. It reminds the results of ULF magnetic field observations. If it is not a simple
coincidence we need to suppose that processes underlined volcanic eruption and earthquake rupture

are similar too, that may be useful for theoretical considerations.

2. Separation from nonseismogenic signals

There are a lot of the observational methods to defend the equipment from man-made
interference or at least to clear up the results in course of the data processing. As well the possible
lightning stroke influence can be checked from meteorological data or from results of standard
observation of sferics. As concerned ULF magnetic field observation, using rather sensitive device,
there are probably only two signals that can be mixed with seismogenic emission: a noise due to direct
seismic influence (seismic “tremor”) and natural geomagnetic pulsations. The first possibility was
discussed in details by Bernardy et al, 1991. They concluded, that small microseisms, not registered by
usual seismic or acoustic emission equipment, cannot produce the response, comparable with
supposed seismogenic emission. The same conclusion was received by Kopytenko et al, 1990. In

addition they analyzed in details the possibility of misinterpretation due to reception of geomagnetic

| DYNAMIC SPECTRA X COMPONENT |
MEMAMBETSU $-43, O°N; 1-144, 2°E 920 SEC
T T B = B EE 1

21 24 UT
06 EQ (MPV=6.4: g9 JST
$-30, 8°N; 1-140, 4°F) (135°E LT)
Fig. 6 ULF emissions before the M=6.4 earthquake in Japan. The earthquake

time is indicated as an arrow.
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Fig. 7 Another example of ULF emissions before another earthquake in Japan.

pulsations. They have demonstrated the difference between two signals in polarization, local time
statistics and especially in locality of seismogenic emission, comparing with geomagnetic pulsations.
To prove the last item they used the simultanenous observations at two stations, situated about 100
km each from other, and found that seismogenic emission often was presented only on records of the
one station, usually closest to epicenter of aftershock, unlike geomagnetic pulsations that always
observed at the both stations. A very interesting supposition can follow from their consideration. It
seems that at least sometimes the seismogenic emission can be misinterpreted as geomagnetic
pulsations. Two examples from well-known Preliminary report of magnetic pulsations, published by
Kakioka magnetic observatory, Japan are reproduced here in Figs.6 and 7. The dynamic spectra of the
emissions are pictured at the three Japanese stations. The only addition to standard pictures are the
arrows shown the time of earthquake and its magnitude and coordinates. In both cases the signals are
presented only at station nearest to earthquake epicenter, they begin a few hours before main shock

and last one or two hours. It is similar to phenomenon discussed in section 1.

3. Possible underlying mechanisms

At present time there is no a conventional theory could explain the ULF seismogenic emission.
Even there have no complete assurance that it is originated inside ground but not at the atmosphere

or ionosphere. In this situation we need in more sophisticated methods of observation and data
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processing. It is very promising seems the system proposed by Hayakawa et al, 1992. This system will
use the simultaneous electric and magnetic field registration in the frequency range 0-10 kHz and
allow to find the direction to emission source and its polarization and evolution of the spectrum.
Without this information is rather difficult to develop the reasonable theoretical approach.

But if to suppose that a source of the emission is situated near focal point of the future earthquake
then the most perspective way to connect it with so named fractured emission or as it was named by
Enomoto et al, 1992, fracture induced transicnt electric current (FITEC) signals. Underlined process is
micro—cracking before the main crustal rupture and it is rather well-known process since classical
work on rupture in solids by Griffith, 1921. As concerned the cracking in the Earth medium it was
checked in laboratory experiments by Mogi, 1968 for volume stress and by Deiterich, 1979 and by
Ruina, 1983 for shear stress that leads to frictional sliding (slip). The charge and current pulses due to
pressure changement were registered in the many laboratory experiments, specially produced and
simulated the real situation before and during earthquake (Nitsan 1987, Warwick et al 1982, Martelli
and Cerroni 1985, Cress et al 1987, Khatiashvili and Perelman 1989, Enomoto and Hashimoto 1990,
Enomoto et al 1992). But attempts to apply the results of these experiments for explanation of the
electromagnetic emission associated with earthquakes in the real situation meet essential difficulties.
That’s why we will try to construct a simplified model of the phenomenon. The basic idea is that we
can describe our resultive magnetic field variation B (f, t) through equivalent system of currents with
volume density distribution j (r, t), which can be connected with microcurrents i, (r,, t), originated in
each opening crack a (@>1). It is model of assemble of the current emitters (Molchanov, 1991, 1992).
Of course, this model is useful only if to suppose, that process of generation is stationary and random.
So we can introduce the spectrum intensity j (w, ¥) and use the ergodic theorem (see for example, Korn
G. and Korn T, 1968, ch.18):

2 e 1 T o 1 . "
<GPE=gr § 1P E0 =% @1 de ()

In our case this supposition is rather reasonable because emission observed is noise-like one and time
of its observation T ,~1hour is much more than period of signal oscillation in the crack t~10 7s (see

later). Now we will discuss the main points of the theoretical approach.

a. Evaluation of the crack microcurrent.

It is usually supposed, that crack opens with some velocity V and during opening some charge Q
is created. (Fig.8). The reasons of charge creation are disputed so far. It might be piezoelectric effect
(Warwick et al, 1982) or exoelectron effect (Cress et al, 1987, Enomoto et al, 1992) or oscillation of
double electric layers (Khatiashvili and Perelman 1989) or stress induced ion migration (Hoenig and
[tani, 1979) or something else. We name surface chargc density in the moment of opening as q,=dQ
/ds and consider it as a parameter of our evaluation. Simultaneously with creation of charge on the
surface its disappearance due to the medium conductivity o begins with the rate:

~t/gy

q (t)=q.e ,  Ta=E/o @)

Disappearance origins the current, that passes all around the crack and emits the electromagnetic field
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Fig. 8 Explanation of crack development. (a) generation of charges, (b) develop-
ment of opening cracks, and (c) configuration of currents.

(Fig.8c). Taking into the account that crack can open only to length [, it leads to:

X (t):{lt/rc, t<e . =l/V 3)
l t>1,
and relations:

271qoV23r® (1), t<t.

Q (t)=27a, S; x (1) %e*(tft’)/rddtv: ‘
21qo V374D (z.) em“krc)ﬁd, t>7,

O (t)=t—1, (1—e 9

dQ  [imTa/T (l—eimd) t<t
1O="g~ {iq ’ Y (4)
in® (z)/7e , t>r,

i, =27q, V% 7,=27q0 | /1,

Let us determine the effective current momentum of the crack ™, that characterizes its near-zone

magnetic field:

H = : (5)

Of course we need to consider that R>/, but R<d,- skin-depth. Supposing the symmetrical current

spreading and average radius of the current loops a,~1 we find the magnetic field at the axe x (see Fig.
9)

ia 3z iaZa
Hy=—Ri200—5 -
Neglecting small addition:
fh, =iA7 (6)

It means that the crack emits like linear current with length Al

b. Estimation of the current spectrum.

By definition:
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Fig. 9 Calculation of the microcurrent momentum.

Y m,={j(tR)dVor
N,

- 1 - 5
.] (t» R)f AV N ma nzama (7)

a

where n,~ a number of the emitting crack in the volume AV=1 m?® and R=<R’>.
Then we need to take into the consideration a random time of the crack opening t,, changing the

definition m, in (7):
h,=i,(t) A, TI (t-t,) (8)

where II(x) — step function (II(x)=0, x<0; II(x) >0, x>0).
If there is some preferable direction for crack opening, for example axe y, which connected with
direction of the maximum pressure or shear stress, then we can expect some preferable polarization,

of the microcurrents system: j > ,.j ,.
Jy=20 1, (t—t,) Al, cosg,Il (t—t,)
Ng

where cos ¢, due to projection on the y-axe.

. 1 (ar , 1 (on . :
<y =7 L iR ar=—{"1j @ R)® do; ©)

Here we used (1) and suppose that there is limitation in the frequency spectrum %7? ~<>h <>
—average duration of the microcurrent. In order to evaluate the first integral in (9) more easy we could
sSuppose:
1. AT=1s. It's not very strict limitation, because of <z><1. In this case n,=n’=dN,/dt - the
number of new opening cracks in the unit time and in the unit volume.
0, a*a

2. < > = 10
cos¢, cosg, {1/2, o (10)
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It is rather strict limitation, because of indeed we suppose completely random orientation, random
charge arisement on the crack surface and nonoverlapping in time microcurrent pulses. We will
correct it a little later.

But for supposition (10) from (9) we have:

im? (A <t>

: 2

lji (w, R)|* = 2F (11)
where using (4) we find:

Tz ’[2 —7./T,
3230022 bd c . c/*d ~im?2
5-1 dt’=ig, —rf {rﬁ- 202 (z.+T)l—e )} im“<t>
_1 -1 Td%¢
<z> 5 (1/t.+1/7y) 2ty (12)

The relation (11) is rather usual one for description of the emission of n’ emitters, incoherent in space
domain (j (w)~yn’) and in time (j (w)~1/v/AF). Of course, it is minimum value. To take into the

consideration the possibility of a some coherency we will multiply it on the coefficient of coherency:
7coh:{1+ﬁ>>1} (13)

Then we can suppose, that Al=§[, £K1. For example, as discussed by Landau and Liftshits, 1965, for

homogeneous volume pressure p:
4
Al/lz%@(l—az) p ‘ (14)

where ¢~1/3 — coefficient of Poisson, E -modulus of Jung. For real p~10*Mpa, £=1+2 « 1073 At last,
let us try to estimate n’. For it we use the so-named “concentration criteria” (Zharkov, 1983), that

connects the maximum number of the crack density ng,,, with their length #:
ncmax * l3:l

Due to stepwise process of the cracks development it leads to estimation:

C ~ —~

T dt T 2AT, T 20°AT,

pdn n, 1 (15)

where AT, - existence time of the crack population with dimension /. Generally speaking AT, <AT, -
time of the crack instability, AT,” T, — duration of our emission. We will introduce 8,=T,/2AT>>1 and
finally, using (4), (11), (12) we have:

* .

1/2
i+ e (16)

j@)=C

1*=eV/0; C=5a,EVB; 7.

where in the coefficient C we have concentrated the all ambiguities connected with discussed problem
and consider it as parameter. Let us estimate the behavior of another terms of (16) dependant on time
before earthquake. It is rather usual opinion, that [ arises in time, but exact law is unknown. As well
crack opening velocity V arises in time very quickly so that V =0.01+1 m/s in preparation stage,

whereas near main stage it reaches V=500 m/s for laboratory experiments (Enomoto et al, 1992).
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Because of the maximal possible value of V~V,~3 » 10% m/s (seismic wave velocity), and we need to
estimate the situation near the main stage, let us suppose that V=500 m/s. At last we should keep in
mind that our estimation of C value and j (w), probably, is not very good for large values of , or times
just before the rupture. There are at least three reasons for it. The first, Yeon 1, but due to relation (15)
n"~!"3 It means, that C is diminishing beginning from the some [=[,. We can suppose that the
coherency becomes worse when microcurrent pulses are nonoverlapping, or n’(,) =z"L. Foro=10"*it
leads to £,~=10 " 3m=1mm, but for =102, {,=2 « 10" *m. The second reason, that coefficient £=Al/I
decreases for large ! due to decreasement of the pressure just before main shock. The third, a
consolidation of the cracks along future fault, likely, leads to ceasement the crack origination in the
other regions and to diminishing the volume of microcurrents.

All of these reasons will decrease the effectiveness of electromagnetic radiation just before and during
the main shock. The dependence of j (w) on [ (or on time) is presented in Fig.10. As well dependence

of the overlapping coefficient n'z is shown too. For 0=10"*s/m, C=1, j (w)y, =3 * 107 A/m?%/Hz, if a

i)
AT n'c
m?%/Mz

— 10®

1076 — 102

1

10‘8 ] 10*2
1071 107°

1078 1078 1074 1072 1072 107! Zym

(t—=)

Fig. 10 Dependence of j (w) and the “overlapping coefficient” n’z on
1 (or time). See the text. V=5%X102m/s and T=3.6 x 105.
jl:0=10"%S/m, C=1
j2:0=10"2S/m, C=1
nl:n’' 7,0=10"%S/m
n2:n’ 7,0=10"%S/m.

Approximate explanation of the curves jl and j2 is shown
by dotted lines for the large |, beginning from the 1, where
nt=lL
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some stabilization after {>[, is supposed. It means that we can consider j (@)p=C*3 + 1077 A/m?
vHz as the main parameter of the future calculations. Note, that jw)~o ! and for example, th.e case of
0=10"% s/m corresponds to j(w) =C + 10 °A/m?%/Hz. Let us try to estimate C.

Unfortunately, j (w) is not reported in the papers on the laboratory experiments, but average

current density:
<jlt)> = <) >V%=~ j(w)/vT=C+ 06 +10 *A/m?

sometimes is reported. (In the relation we take into the account, that for our case [*=5¢10"*m and
(l,)=3 1077s.) For example, in the paper by Enomoto and Hashimoto, 1990, they reported that for
specimen with volume V,=2+10 'm? they measured i=<dQ/dt>=12+10"A and volume
charge rate R= VLS . % =0.6 C/sm®. It means that their current density <j>=i/AS= =i/V¥3=
0.2 » 10 ®A/m? It leads to C =0.3. Then in the paper by Enomoto et al, 1992, they reported the new
estimation <j>=3+ 10 °A/m?+12+ 10 °A/m” It leads to values of C=0.05+1.2+ 107% At last,
estimation by Varotsos et al, 1986, <j>=10"°+10 °A/m? leads to values of C =0.02+0.002.

Anyway, we can consider, that average <C>"70.1 for laboratory experiments.

c. Evaluation of the magnetic and electric fields.

Calculation of the electromagnetic fields in the dissipative, inhomogeneous medium, like inside
Earth one, connected with essential computer work even if you succeed to have a model of the source
indugzed currents (see, for example, Barrows, 1963, Wait and Spies, 1972, Kraichman, 1975, King et al.
1986, Bubenik, 1977, Fraser-Smith et al, 1988, Molchanov, 1991). But for the justification of the
discussed mechanisms we do not need in the exact computations. We will start with the most simple
model of the infinite (x, v) and thin (Az) plane layer, where homogeneous linear currents exist and

which parallel to ground surface at the depth z .. It is well-known, that in this case of vacuum medium:
|Hw)| =] () Az

—k .
In the dissipative medium this field will attenuate on factore &, k,=d, '=@F p0y)'/? — universal skin
—depth and for finite dimension of the layer, d, we have:

d

H=i@ [* e " dz=jwe “a-e )k’ (17a)
Wity K,

IE @) =22 10 )| =2, ° H @), k=w/c, Z,=vi/e, (17b)
g g

Indeed it is not so idealistic model, if horizontal dimension [ of the real source is comparable or more
than depth z.. In the table I we presented the information about d, for the range of our frequencies
F=10"3=+10% Hz and in the table Il are demonstrated the expected values of d and [, supposing that
they correspond the scales of the preparation zone of an earthquake and using the conventional
relations (Zharkov, 1983):

1~=0.08 + 10%¥™km, d=0.16 - 10%3™km

In correspondence with seismic data and theoretical explanation by Tse and Rice, 1986, the main bulk
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Table Il Skin depth dg, km of the ground medium for different
conductivities ¢ (s/m) and frequencies F (Hz).

F, Hz

o 5/m 1073 0.01 0.1 1 10 100
107¢ 1600 500 160 50 16 5
1078 500 160 50 16 5 1.6

3-1073 290 92 29 9.1 2.9 0.9
1072 160 50 16 5 16 0.5
Table Il The source horizontal (1) and vertical (d) dimensions
depend on magnitude of earthquake, Ms
Ms 4 5 6 7 8
1, km 24 5.7 133 31.1 73.0
d, km 25 5.1 10.1 20.1 40.0

of the strong crustal earthquakes happens at the depth Z,<20 km.

Indeed the complexity of the field calculations connected not only with consideration the
horizontal current distribution but mainly with polarization of the current density. For electric type
of the source (vertical or radial polarization) mainly electric field is induced and rather weak magnetic
component (TM mode), but both of them are strongly attenuated due to inhomogeneous conductivity
and impedance conversion. In opposite, for magnetic type of source (azimuthal or ring-like
polarization) the magnetic field is mainly induced in TE-mode, that suffers a less attenuation in
comparison with TM-mode. For the last case and the finite horizontal dimension of the source, the

approximated relations for the field on the ground surface are following (Molchanov 1991):

—k_z
o de #° 1
Hr,z— ] (w) 1/1+k2d2 (Z+Zo)2 cI)r,z (183)
g
WS
E, = ———%C_H «,/, 18b
V1K o/ (18b)

where s,=!+z, and @, - the functions of the radial spreading, approximately normalized to unit. For

example, for vertical component of the magnetic field:

s2 k s? —k/SE+r2
O, = - o +——=E2_ 19
s 2 19
Of course, the relations (18) coincide with (17) for >z, taking into the account, that
1 —k_d
o (—e ') = d/(1+1%a) 2

g

We will estimate only values of the fields above epicenter, supposing ®;”1 and using relations like
(17), (18):

—k_z
. di? e &°

H ()| =j () .
IH )l J(w'\/1+k§dz (+2,)°

(20)
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IE (@) =—;”‘/%—? H )|
The first of all we will calculate the spectrum amplitude of the ULF magnetic field for the conditions
of the observations by Fraser—Smith et al, 1990 (see Fig.4, Table I and Table II) and parameter j{w)
=C+ 3«10 "A/m?/Hz as explained in the previous section. The results are presented in Fig.11 and
for the better comparability the unit nT/yHz= 10 °A/m vHz is used here. It is evident that
parameters C=1 and <g,>=3 * 1073S/m —average conductivity between the source and the ground
surface leads to the best fitting both the intensity and spectrum of the observational and theoretical
values. As concerned the parameter C it is very surprising coincidence with results of the laboratory
experiments taking into the consideration the approximated character of the calculations. Then, using
(19) it is easy to estimate the factor of radial decreasement for distance .r=129km, as it was in the
observations by Kopytenko et al. 1990, Molchanov et al. 1992 during Spitak earthquake. It should be
0.03+0.05 depends on <o, >. It leads to values 0.15+0.20 nT/yHz or the same as observed ones. Let
us try now to estimate the intensity and spectrum of the field variations, using (20) and for the same
parafneters asin Fig.11. The results of calculations are presented in Fig.12. At leést the order of values

(10-100 mkV/m) corresponds to the experimental data.

H, nT/vHz

10 /—— Observational Data

Real sensitivity

Equipment sensitivity

10 100 E, Hz

1072 L
1072
Fig. 11 Calculated spectrum of ULF magnetic field, Ms=7. 1.

1. o) =107'S/m

> 1073S/m
(o) =3%x10738/m

(o) =10"2S/m
o) =3x107%8/m, C=0.1

C=1

St NGV I\
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10°

102

10’

100 L | I
1073 1072 107" 1 10 10°  F, Hz

Fig. 12 Calculated spectrum of ULF electric field. C=1, Ms=7.1
and z,= 15km.
1. (& =107'S/m, 2. (&) =103S/m, 3. (&) =3-
107°S/m, 4. (o) =10 2%S/m.

hT H MV
‘vz 1 Feviz
1.0} -1 100
0.1} 4110
_s.t;)sﬁvity-—
0.01 41
i ! : ! l
4.0 5.0 6.0 7.0 8.0 Ms

Fig. 13 Values of the H and E spectrum component at F=0.1Hz
on the supposition that j (w)=const and changes only the
volume of the currents. z,2=10km, <) =3 + 107®*S/m, C=1.
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At last, estimated values of the ULF magnetic fields and electric fields at the F=0.1 Hz for
different magnitudes of earthquakes, using data of the table I and relation (20), are presented in Fig.
13. It is rather understandable, that ULF variations can be observed only for the big erthquakes (M;
>5).

4. Discussion and conclusions.

We have been tried to base our opinion that ULF electromagnetic emission, probably associated
with earthquakes and volcanic eruption, can be a rather interesting field of research and rather
perspective method of earthquake prediction could be developed in future, using this effect. Indeed, it
is naturally to expect an effect just in this frequency range (0.01+10 Hz), because of more low
frequencies are not very good for observation electromagnetic radiation from the source of the limited
dimension. It is demonstrated in Fig.12, for example. Furthermore, the equipment sensitivity usually
behaves as F !, that limits real dynamic range of the observation, as shown in Fig.11. But for
frequencies more than 1+ 10 Hz the strong dissipation of the ground medium can extringuish the any
emission. Of course it can be argued, that more high frequency emission could be originated near the
ground surface, as supposed sometimes, but high conductivity of this layer (usual ogZIO’ZS/m or
more) leads to very poor effectiveness, as demonstrated in Fig.10. To seek the possible generation
mechanism in the atmosphere or ionosphere is not simple deal, because this mechanism is likely
nonlinear, connected with primary influence the seismo—gravitational, acoustic or ULF waves. The
generation mechanism of ULF emission outlined is not very completed due to ambiguities of the
microcurrent parameters but rather simple in principle. Discrepancy in the value of parameter C,
obtained from laboratory experiments (< C>70.1) and from the observational magnetic field data (C™
1) is not very serious taking into the consideration the possible maljgin in the values d, [, and so on,
used in the calculations. As concerned the observational data discussed in the paper it seems that they
are promising and there are the ways to improve their quantity and quality. The main conclusions are
following:

a. ULF emission observed is a rather reliable seismogenic effect, but detailed study of its
properties and underlined mechanism is very desirable.

b. The most perspective method for the experimental study are regular many-stationed
observations, using direction—finding technique and dynamic spectrum analysis.

c. This emission could be appropriate as a short-time precursor for the earthquake prediction

system.
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Abstract

Whether or not the geoelectric potential field exhibits anomalous changes before
earthquakes that can be used for prediction is a matter of long-standing debate. Recently, a
number of positive results have been reported for Greek earthquakes. In order to test if
such is possible in Japan also, similar observation has been carried out. In Ishikawa
Prefecture, central Japan facing the Japan Sea, two long span geoelectric potential
monitoring systems have been in operation since March, 1991. During the observation
period, three M>5 earthquakes (focal depth <50km) have occurred in central Japan.
Anomalous geoelectric potential changes were recorded before each of these events.
Moreover, an anomalous change was recorded from June 13 to 25, 1993. This last

anomalous change could have been precursory to the devastating M=7.8 Southwest Off
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Hokkaido Earthquake of July 12, 1993. Although it is quite uncertain at this point if
these anomalous changes are causally related to the earthquakes or not, it appears

worthwhile to continue the observation, hopefully in a more expanded form.

1. IL®HIC

ERH 7 BEF NS E AR YE Y EOEN—DOTH 5 I LTI, FE
AW FasEEICHETHL I EDFMOHETH L. E2APF ¥ ¥ Tidk1985
EDRE, T ARAKRFICL A MEME (HAEN) B X2 BBER AT RDbNRT
W3, ZOFHERIEEBKBZERICK(ON, TTEESHOBMBIZFHAIBIL, A
B EDBRRICEAOTEEHITTVAE, FY Yy TlE—RIIC~Y T =F 2— Fllk
OHWEICH L TTFHERSEEN TS, # L TEROBRELIOkmLIN, ¥/ =F o
— FOBEETUN &) S THR60%DHED FAHNIEII LTV b (IR X Varotsos
and Lazaridou,1991, Varotsos et al., 1993). Z iZHAED MIREHFZDE R O T HITR
WCERNAZEEEDLEXLEBRG., HEOMBMABMO FEISBENAICERIOR
2L EBOMB (30 - 200m) ZHA - HILHHICZNEREZREL, SOICRSIHFT

A= MVDF —F— DR (LBEREGLIER) 2 EHICHEL, BEMERMENLE
BT 2L WD THhHAL. ZOBNGHEIZER [VANE] LI TWwA. VAN
DEBIIRI— A ESORZLBMERITAZ LIZL Y, KB LZELEEZLNRS
WEEIS e, FhbAD (RBFEEzoNns) AL/ A4 XL ORI ®BD T
Kol 2 b THAH, VarotsosH 12 K A &, HEMZIZHERREDHOZEL (
Seismic Electric Signal:SES) »SBN7-#, 6B SAAMBEE THEIELET S &
WHBDTHAB. LT, ZOSESICITEERIIZLIT O X ) 2R rd 5 L HESINT
w5,

(1) BHEL»S OBREEY r & SESOENR A EDMIZRRITH D 0.

AEcxr
(2) HHELL, B~/ =Fa2—-F2M&EKT &, AE/L EMOREIZIX
log (AE/L) =a -M+b (a=0.32 ~ 0.37)
i R VASN

WoiE, W OPDBMBEDHE,LRD L N LR oREBRRE S i, BETHEH
BEINA2BBOBIBIVYI =Fa—F2FllTAL VI bDTHAS.

HARIZBWT S HEMEFENC BREMAEEZLOWMEIIIHL R DOFH L (B
z ¥, EJE. 1985 ; Kinoshita et al., 1989; Takayama et al., 1990) . L#2*L, A e S
CBWTH—HHICESDORZAIMEHR T TR VE W) JMTVANE L IR 2> Tw
720, H 7Y Y RS0 LR & o BRI LB 2 7% Tz o,
SES® L O M EIAZAL ($kEeRERT 1 ~ 1070 FIAREE) OMHIIEEMICATREZ Z D
N5, 252, BRBHELREOANT I A ADT-OY 7 FVOBNFSHETH 5 % EDRH
BEPER S TWw .

AEFFEClE, VANER & O HREMBINNIC X 5 ik E) OB 7] RBYE D RGE 2
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B & LT, JhEE#bIBIC BV CHEN ZBIIMORE L 81, RUOBW S - BN =
T =3 DRI AT o 7. FRICdbEERIRIC B THIEMN ZE 2174 O FE E LT,
(1) ] RIEABSZRBILENTVAZD, REL LD L LTW2EAEKHTO
ANT A XhAisn,
(2) 7 =Fa2—F5LULOMBIEELHMBCTRET S0, MWEBMEELE
WRIEE) & ORBEHICOVWTEB LR TV,
EVI) EBBITOLNS,

2. BWHBE

VANZ &L, LR X928 GREA - #dk) ICRESORL2 5 EEB (R
30 ~ 200m) ZEREL, FICHHREEKnOEER LA THEMNELLE B
WMFBHLDTHAE., ZOL) RUWROMETIZIY, FEROBR TR TIIR#ETSH 7
IR R TH AL TNV EFNRLND ) 4 XL DBUMBBS o7, AR TIE
FHEZ R ) VANIEIZ B E R BN ZBRR E 4770 0 720, $13H134(1992)i2 X 2 hEME
BT IIRL, BER - SRR 2 MENESNEEER L.
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Observation of the Geoelectric Potential Difference in Wakayama Using Multi-channel
Electrodes of Short-spacing in the Hope of Detecting the Earthquake Precursor

Jun'ichiro Miyakoshi*, Ichiro Shiozaki*
Masao Nakamura** Norihiko Seto**

*  Institute of Earth Sciences,Tottori University
**  Earthq.Res.Inst.,University of Tokyo

Based on successful results of four cases in our observation of the electric precursor to the
earthquake occurrence, continuous observation of the electric potential difference ( E.P.D.) between
a pair of grounded electrodes is now under way in a small cave in the Wakayama Seismological
Observatory, University of Tokyo. Observation of E.P.D.are conducted with 9 electrode pairs
using two kinds of electrodes for comparison, carbon lod electrodes and Pb-Pbcl 2 lod electrodes.
The distance between electrodes are quite short, about 30 meters at most, and the measurement are
made every 30 minutes digitally. Wakayama City and its vicinity are well-known among
seismologists for the anomalously high activity of the shallow earthquakes always . There are
also,high man-made electric noises which are produced, most probably, by the electric trains
operating during the daytime.

Observation was started in the August 1989 and hitherto we found that the standard deviation of
the E.P.D.during the night time ( S.D.(n)) is usually less than 1 mV, however, it reaches more than
2mV preceding to the earthquake of M=3 class occurred in the area of Wakayama City , or reaches
more than 10 mV, preceding for about 10 days to the earthquake, or accompanied by the earthquake
of M=4 class occurred in the inland region of northern Wakayama Prefecture. But not to the
earthquakes occurred in the coastal region of the northern Wakayama Prefecture.

This will be difficult to be explained as the sudden resistivity change or as the streaming potential
phenomena. Some electromagnetic emission from the epicentral region must have been occurred
intermittently and our observation, using the carbon lod electrodes with the long time constant,
succeeded to observe a part of the emission , although the mechanism of propargation of the
electromagnetic wave in the earth crust is not uncertain for us yet.

—149—



B SRHA BT FE A S8R 581665 199548 3 /3

L I

BEEE 7 Wi B O R T H ST B EISEAT L CERBELICHR L EREASEHNL Z LS
FEEMEIND LI o2 L IZBBETFTHMEIBITA —DORRTHLLEE->TENS
3, L Ladh, 2OBEEAOFA L EZHBOWEEHEIIRIZHS P - TBH5 T
BRIARBED AN ZZARD Lo TIEIDOMBLR - - RBVFET 5o
Bt ., HADNFNCBVWTEHATAIDIMENBMETH D ENPLELNLDIE
F—LDFER i =0 E BB ETH LD, HEPrecursord £ X 5N MENNAED
gErpinr (1) BEBEIZBRSOHTICBY 2BXEEE oo OE{L—%F D
B o DBMA—IZLBbDTHEETIEZN DL, AL ERFEIHKITL TRIFERT
Porosity D 225 % 5 WVIZEIMAOH T CREM T KDOBA T 73K H ) BLAIREED
TALSSHE L2252 THbB, (CorwinR.F.and H.F.Morrison,1977 Park,S.K., 1991)
SHIZFT LT, BRI BEOTALIBREEEOEICLADDOTIE R,
(2) HTFAROFEEID 75 LHEBMICL LD TH B LDEZ 5% A (Mizutani et
al.,1976,Miyakoshi,J.,1986) Biid( 3)EIRIIC BV CEBME Tz L T5FE 2L
% % (Varotsos,P.and K.Alexopoulos,1984, 11T K, &EFHER,1991)
DL BIKRTH L5
D RBRESHEBRBO Y, BARNLEFHREREHELSL VW LUEIL, BRTA
2B} AWaming 1T FNFNOEE» H1551 5 H HTEDODigital = ICE T 5 L & WEHIZE
WTHFbNBEI LW b, Q BEOEHBEICE > THLNIHERIECED
X 9 7 Digital & % Waming!ZH WA REPIIOTEIELCEZ LN TV,

197 74Dk~ ITUSZELE IR | IIEKTE) MSS (BIUR=#IER) K USGESNT
(BEUETELE) 2BV BN ZOEKEBRN AT > T&72, £LTUSZTIE 1984
FE5BERUL 98 844 BICWIB LICRHELPRHEE R WRICKITT IR HEME
ZAb %2R L 72 (Miyakoshi,J., 1986, 52 BEE —BR. P EF,1989) $7:SGEILBWVTDH
198941 0H. FHEICHKELIEIETTLMBEMERLLEN L. (EEE
fi. 1990) FHOHDOEAIZI—HBICES N 2 HHBEMNZFHBEOLILTSH H ZTOEK
TRBIZITH TARORENIC L AERLH LB rBbEELDTHo72, L& LUSZ
BT A1 98 844 HOBMILERMICEET L7V AREAEL DE) bDTHo 2
(S IEF—ER. ¥EIE—EF,1992) —HSNTIZBWT 1 9 8 94 8 AT UICHAE L7z
HAFLTHEALZ LR RO b0 L 3R 2), ABH S TERBH I TL L — b
DENEFRIC L DEE A JIRIBEO—BEAKERTDOTH o 72 (EIEE M, 1992)

199 14ELUBT A IR FHEM B SR MRt v & — OB OE oY s b
BN LT AL TR B A R 5 B A o B 2 B L 22 ATKINTIC B
ARG ET: O @ DESEmAT BN E T EHITRDIODERK, BHRY
%OT‘/‘%O EDB
(1) ZOHIRILSeismicity " HIEREIZEH L M>3 277 AOMENES ~ 4 EREET

2., ( BlziE19 9 24EDSeismicity Map, X 128H) - TRILMHBEMZELR
fr b B L OEROFHEHILY Wb EHR T — ¥ THRETHA ),

(2) AFDNES CHBHELETHS L LTRRAMA SN, L bEA L TERERR
BE . ESEHEARERE LTREULTUISER S 54, IRILEERLHAL
THEEBNEZIT% ). )

(3) MIFTRERSEIGETLTB ) BMOES ) A AHFKEV, 2D &) 28
HIZBWTED L) FHEIC L > THEPrecursor & L TOBEBELZRILET 5
BAKWERRIFER., 7 — VBT RV,

MK EUHHASOMEBELR 2 1R L7,

—150—



BBBIROFIHR & L COBBBUTORBMEICET 2015 (RE#EE)

IL BRI K OB R

RPN I R R 5T %ﬂ%MiEﬁ@%@ﬁ@mﬁTﬁAmtﬁAL®%E BHR
PR TI TR >Tw5b, ﬁ%aﬁimiﬁ B &, WIS EmR T, F NS EH
0.5 m BELIZZFEUBICEER L, FLTEAROERE D LOMASLEIIL-T
9%?/%»@ﬁﬂ%ﬂ&OTW% KF vy ANVOBEBREBIIRA2 5 4 — VIR
FETH DBRIZCOLCIEI R UPOLPIFIZH S mBEN T WA ICEBE LV, EREEBNES
M3iZ. BRBOBEHLALAEDOE L FNFNEL LE2ITRL, BNEORIEIRT KA
YT A MEROTY & IIVEREEET TR2724F 2 HW 3 0B TIToCwWbd, KBF v
FNVDAF v VBEIE 1Sec,/ 10~15F v )V THo,

HBMKNTE FOFBICEEENIEITLTCBIEMIIKRE LB ) A4 X55H 5
FE. 01~ 0 SBOMIIBEREBII LI LML TVAS

(1) HEHBEMZE (E@))

HTICBITEKROTENAED) MEBIEMIC L AHEMESTLIBELLERL 2L DDOTHY
USZ (198445H) SGE (19894 10H) DBADLHIZ¥a L X)VHEH
(REHBEMEDOFY) OELE LTHELETHA I, CCDJ: I EZDL LIRS
B (0 1HE~0 38) OMOMBMNEDFHIE (Em) &EAOHEIGE) & OICHEGEY
AR DIDER 4IRS,

(2) —HREOMBEMNZDOIEHERZE (S.D.(d)

SNTIZBWT 198 9F 8 HICEREI S NL/- &) io, MEkLd (WKY)ORBRBOBRE /) 4 X
DIRNE A5 H BRI #kﬁéﬁﬁbﬂ&wo%$/4xwﬁki30 SRR S NS M
BMAED/NNT Y X BlL Y HQ4EER) OHBERMEME (4 84) DEMER:E (S.D.(d)D
ﬁﬁtbfﬁﬂéf%ééoCwﬁ&%i®%tmﬁﬁﬁ@&wﬂm%b%&fﬁt
(B5)

(3) &M (0 1B~ 0 38) OHMBNAEOEEFEZ (S.D.(n)
ﬁﬁ@iﬁuﬁﬁo1%~03ﬁu%$/4f®&w%%ﬁﬁ%f%éo%Lﬂ%%&ﬁ
WWEBBBETPAE L/ LA 51E, USZIZBWT1 98 844 BICERI I L) I0E
WIZERY R LSV AR AL, FNIERMEBEIEEOEMNEDNT Y F T&h%&
MOMBMNEDEREREZ (SD.MDEAEZ->THENLETHA I,
CORZEZDS EIZET ¥ RIVORBIEOIEERZE % BLO M BEIES), MiksE e i
RLT2OBM6 THb, FDHIHED4L4. 6, 9F ¥ FZNLDOLDTLHTHT
WCRL7Ze IR LHEBETIAREXARSGOAHICE S M>30 b0 T, Ikl
ﬁﬁﬁtéﬂfwé%WiEﬁﬁ%IOKmuW\%hU%@%@JZOKm BRETHD,
T2 UENC BN OB B EHER U — B B OEREE & BBIEE & Oxe % -7
BIZOWTH, Fr vl 2, 4, 6. 8., 9 ORBEEOEEER: (SD.(M)IcDWV
THRRELE8 IR L7,

HL.EE

REBEBIIINEICHHINTE, LD LPetiau 72b 2L o THRBEI N LD ICEFE
B 2B B/ A ZUT3H§ 5 R 1348 TR < % ( Petiau,G. and A.Dupis, 1980 ) %
BEADRFEEEBORERIIKREVCILEZRBL TS, FOBIKRTRN4 IO
DEINZ BT 5 IR FETR &R, ELSEBROEEEOHBOER L DO LItk b,

BEDOHWENZE., EMEFRLAZN4 F0, EREBIED TEVWF v V201 & TICFRE
BALHEL TH R VDTSR TH D, TLTF XAV TDOHEPRRAL—ZXTHDLI &
BELCVARVADEERRTEDOTHA D, BRPITEIE AN OBFINICH B2

—151—



B SRR ST JE BB 451665 19954 3 A

HOIES T, Fy AN OBRMICHEREEEIRVER TRV, FLFr AL 2L
4, FXVANBEIREFRFNRAL/SY —VOEAE L TVDH, TRITHLTT ¥ /4
8L L HTHOETIE TR L TBY OBl E S BEP2OBMEILICKERET 5
T EERLTWVAS,

L Ladsh, ChbBHBOBMEL RO HEEE & OBRICOWTIE, BHRERN
JBx RV IR TH L EEDLI L RER

F—HORBOMBMNZENDNT Y X, SD.@%F 7Oy PLAKSICEL T, &

F v ¥ RV HATHEAS AR b, RERER L 0 IELEMEERO T LR R
SEETH D, L CS.DIHBRAENT CRIVOBEAI DD L)AL, LHLHE
BREELOBBIIESHE LTI E D L,

IS EHRT M6, M7I123%0o»0HED ZHEMI/RON L,
BRHECOEPO,C1EPIRUC2EPUIFNFNITIZFE CBHFTICHEHBR SN HDTH b, fE-
TF w317, Fr i N2ER3FLTF XY rANV4EITENENELING — &
DEALE LTI ERNFEINZZCO 22T, BllshEREImEOMICENIZYE
ITLEFHERE SRRV, FLTHRICEELZHBRICHET L TRBOMENZEDIRYE
B (S.D.(n) DB 2mVEL LD~ KA ED T ¥ ¥ A IVITE L TB Y ERIC
199241148308 MIUEIELONEIZHEELIM=42 DOHBEIZEL TET v~
8. 9WZS.D.MDIET 1 OmVELED BE R4 LT b, 2 8 I
bROLND, L LB REL-1992FE9HA20HOHE M=4.0) OB
FO L) LBEALIA LN,

COMLEEEOBEMENS D.(IC—WHAKLZATIERE LTix, (1) HHE
FEEIEE CORTMOLEBILL2BREMOFY 7 (2) BRECLZANBH A XD
—ErpgE R, FL T (3) MBERIRBEZESEZ LN, Bed (1) I2DOWTHEZR 5,

MoiX 199 1EICBIAI2EBMOMBEMENSD.(E., FNDLEHZEL 3 HHOKE
L2709y P LEDDOTHDH, TR I NITERIEEESD.DEICEET 55
FRIEERERDOTIHR L, SD.mE2mVBLEIRT A LERVwEER b, (2)
B LTI F — 7 254 WS, S.D.(m7AS 2mVELEHE KT 2 HAMEEDBE B ISR O L Tidw
BNEELEPLELELFDOLI BT EEEVWEEZ LN, ¥R, (3) BHllSMED
WRRAEICHIT L CEBOMEBENEDNNNT Y F KB EMAEDS.D.(n)D—FEHIER—
FEL. Lab 2ol F v 28, JICHEECHEMA - LERINS, BHElAME
FITILTASE) 54T A2M> 3 OHRICH L TS.D.(n)id 2mVELLOBERE AL, FiZ
PR Z S AMADOMEICK LTIE 1 OmVELEORE LMARLRY, 7272 Ll
RET AHEIIH L TFEEMIAE L v, HBHSICEROGNALHIIC1 99 14
L1HF25 199241 AFHIAF CHEFHOHENISH 50°S.D.()DED 2D
HEZ 1 mVU TOEZ > T b,

S.D.(n)D —FEH AR FEEMLER L2F ¥ v AV 8, 9ICEEICHN, JalH
CEFTICH L2 EABEAEROS., BB EROT v Y ANV THDTF v ¥ AV 2,
AziEHE D E SN AV, JAERIRD X S 10 BMELIC T 3 REEBBOELD R
WE Y RERERO R AR Y AN AHRERIC R TEN EPRA L %
STWAHEEILND ., BB, 198 844 AIIBWREUSZICB THREla Nz L)
1o BIEECIRBI/RII SV AROEMEAFAELTBY, WEMMEIX3 0MinTH S
25, BEBOBVWREEBEO HSIOBAERETE/OTIERD5 ) h

SO REMBMEDNT Y FOBKEET L X0 =X L% BRIZEEOELRL
m@%ﬁﬁ%ﬁ;ofﬁ%T6:tu®%T%éo?ﬁ@ﬁ%ﬁmﬁmf%mmﬁﬁ%o
e EEBHERUTHS D L LR RFEEEM & 0 IELEETRR L OS.D.(n)DEV D
DT ERFERLTWAL I HICEDLN S, LA ABRRSHIBHIICLELTWZTHA
S FAUIEE ) A X EEFBONANER A XL TRRAZ SNIOTHA ),
RERRO £ S ICBME SO - HBEMEDS.D.(A)IHERERE TLREL L TY (M
A5 5 LD 0k b N0 Z MIEFERICZ ORO T TIRBREDBREEEDHEK (L
HEHEORL) FELTBI LD oDBRAERICLS /A AORBIZZD/2OI/AS
Lo =D TE LA D Do

—152—



HBIEDORIIRAR & L COBMBA ORHEICE T 25198 (R ®)

IvVv. #%

(1) BEEHERBEIEVE V3 OmEETH 505, WKY (FIEkIL) 1081 2 EREMR
MIEMZIL, MKUTHELIZEEST AIM>3 27 5 A0OHED L WIidiTLIEIbER
PEMCREAET EM4 7 5 ADOHBRICTATE L IMEL T, ABHER A
1ﬁ%§?éﬁﬁ%ﬁ%u\%ﬁﬁ§2kahBﬁuilmwuiwﬁ%&ﬂi
VX ERT,

(2) COWKYERHIEIZBT KBS BNEONT VXL INbAETAEEL
DAL BRI ISR IS D 5 L) TH Y, MIKLEBEALERICRE L M>4 DO Hl
BTHo TOHBANITEE LAHHEITENT Y FE3AEL v,

(3)L®n7/#u REEEBREICEZETH A5, 1TITE CBFFICEBIATNES

2 2 id S FIEGBYERERCTH 540, BB ERCIIFNIZIERE L,
l,\

(4) TONTFTY X, YR FOROBRMOBEL L CHPT L3 TEL2 W, £
72BELLABHLZDIOTIIZVWERIINS,

(5) CONTYXiZ, BZELLLEADICBIT 2 BEERCERIS S 5 BRI ERINET
PITON NI L B2 BEBHEAPREROKRE L REEBRICHNLZ LD THA I,

V. SBROME

FINIZ BT 5 3 05RO BEMAEE 7 — % OFEITIC L - T, EHEEREEEEM
®ﬂ%ﬁ§®K%ﬁ®FEﬁ#‘@Dﬂm#ﬂgm%ﬁ%&%x%ﬂ%%bw*k%ﬁ?
CERRWEZ L7z, FREF UBATICHERR I N T W A4 B ERRE Tl & 0 L5E
ETLHVOIERS @ﬁﬁ@ﬂ(&’ﬁzﬁl&@@vxk LBHDEEZLSNLNTOREIZSHE
WCEBRZ T STOLLENFD L, ML OB &S (USZ,MSS,SGE,SNTHZB W T H
BEBOBEEMWIZOVTIIEICREB L ORI R TRERERAFHL., —5 750y
FRERLZTWAHEIAHLHLH, ERKMHITIT3 0OSBBOFTY ¥ VEBEI b R- T X
2o AL, HiEPrecursor& L TOBEHFEALIIH THERIICBIT H2KDOBAZE ik
MEFIZL o TETAHIDTHIBELL WL L2 RTTHAD) LOFHED LI
VoTWh, FLTCINFETOTF—FITE, 70 VBT — 5 ORELLENR O
EKWw%%&H?Wﬁ EMDEENIEB L C& 1z, L TEEIIZOW TIZEIR SE
ADOREFRAETT L CHEMN EZDORHEFEHEICEHR L EASET LI EERWE L,

SRIICNOBEFOBE T — 7120 THE (AL A4 XDk W) OREME
DONTYF EFRHEOMBIEGE OB HNE L THRLIULESD S, E AR (- e s
> TE-HEEMB3 047 (AT=3 OMin.) ODFRXLREITVLENDA D, IEFEEBEOD
UERE. ERTOLOOFE L EoEbDEEERIEL 505 2 1E A T=1Min. 3
A T=1Sec & LTEHBEIL CF— %28+ AZ 12X 0 HiEPrecursorfR R D 72 D B #E D
BB BV e EBLETHAD Precursor & L TDERE SV A DY
PHOPICT B0 EME LTI, EILMEEREHVEIZANRY NI AT FI5A4H
— 2 HVWTHEMELILARY PVOERFEREPIT) 2L DTE L TW5D,

—153—



1)

2)

5)

6)

7)

8)

9)

10)

11)

12)

B SRR BT SE AR 451667  1995¢F 3 )]
E P U

Corwin,R..F.and H.F.Morrison,Self-potential variations preceding earthquakes in central
California,Geophysical Res.Lett.,4,171-174,1977.

Miyakoshi,J.,Anomalous time variation of self-potential in the fractured zone of an active fault
preceding the earthquake occurrence,J.Geomag.Geoelectr.,38,1015-1030,1986.

EIEE R, PEH BT, T ARBRIEERIC B 5 B B,
Conductivity Anomaly 19894EFR 4, 177~185,1989.

THEE PR, THHEEE, R, #E—. KEFEAN, BEXEKS LEBRICBT
LR R E R EE FH) Conductivity Anomaly 199043304, 195~20 3,
1990.

EIER—RR, HEIE—RR. FEHBY., BEMEALCAONEERN ) 1 XL ZDORKE,
Conductivity Anomaly 1992/ & %,6 0~6 8,1 9 9 2.

HIEE . I ER. BB A BT, VY RY Y AWELE-
BEOEEYWHE----97~103,199 2.

Mizutani,H.,T.Ishido,T.Y okokura,andS.Ohnishi,Electrokinetic phenomena associated with
earthquakes,Geophysical Res.Lett.,3,365-368,1976.

Park,S.K.,Monitoring Resistivity Changes Prior to Earthquakes in Parkfield,California,With
Telluric Arraya,J.Geophysical Res.96,14211-14237,1991.

Petiau,G.and A.Dupis, Noise,temperature coefficient, and long time stability of electrodes for
telluric observations,Geophysical Prospecting,28,792-804,1980.

Varotsos,P.and K.Alexopoulos,Physical properties of the variations of the electric field of the
earth preceding earthquakes I, J.Tectonophysics,110,73-98,1984a.

Varotsos,P.and K.Alexopoulos,Physical properties of the variation of the electric field of the
earth preceding earthquakes II, 110,99-125,1984 b.

IWETh ., Sk, HEOETHS L L COBRKIARDO REME,
Conductivity Anomaly 199145338, 181 ~187,199 1.

—154—



36

s wemalo
8/4 N:3.3 . MRZRIT VDT 03 BT\ IR K 02,

anuz (€558 S0 |

KPR L~ wuummumn

1928 QIR OMMETM S DL ) PrY O
8/18 K:3.2 WS AIET OIRBMK,
1983, 19904712 M 5 RIE 0> FR B A1 6 9

EELTU2U~BRIN =

BAKI L VTHOME

22 K

.8 ,nfu-mrwzqu'—mﬂm

7 RRIrAR, O
¢ AAMT/200N:

1/18 X:3.8 1:

33 o0
AA AA &
BRAG SR
32 A
"“'“‘-! T ORIMEA O T SIS IEMTOH

131 132 133 134 135 136 137

B 1 MBILTTELEECEEAD 1 9 9 2 EHRIEHHN
(KECEX TR EICL 5)

Fig.1.  Seismicity map of western Japan including the vicinity of

Wakayama City in 1992 ( after J.M.A.Osaka)

B S E
Location of the observation stations
of the geoelectric potential difference

X3
Fig.3.

AR LR S BT 2 BEAE

Position of electrodes in the Wakayama observatioin station.

—155—



B K RHERUTRISEITRTSE RO 55166% 19954 3 A

£1 FHEELLCHEBVE #2 Fyx  ANEFLEBOMALEDLE
Table 1. Electrodes and their setting positions Table 2 Channel number and electrode pairs

- Channel No Electrode
No. of Electrode Electrode Position 1 P;~Pg
0 Pb-P! bC‘z lod Concrele wall in the 2 P2~P0
observalion cave
Carbon lod 3 P4~
1 Pb-PbCly lod Ground in the observation 4 P,~P,
Carbon lod cave p PP
’ 1
2 Ph'PbCIZ lod Ground in the observalion 6. P.~P.
Carbon lod cave 3_2
- 7 Cy~Cy
~ ope upon the observation P
3 Pb-PbCl, lod cave 8 Cy~Cy
9 |
e
9 ™~ ~
\ A i
T / \
WKY N N .-:l‘ U ,—-\w /\q’”
1 PrPo //NM\ A AL e /"ﬂﬂ | e N
2 Pa-Po 8" e e [ ~ e
3 Pa-Po et s e T T e
4 Pa-p . //f"’w - "
. i !
5 Pa-Pi 6 (/ i o~ //\\ /WV-"“ W’V/ ”'\_\\
6 P3-P2 NS ,\[‘\ foN ],\\ J/
7 Ci-Co (ol N
Rl Ve P W 3
8 C2-Co 5 \/\\"\-/‘ P ,\:/\""MM/“\/M\
S ore ’/‘/\ Y //"/\/ \
/““”/%* Vo e B
EM '~ J I o~
4 — e e
T o Y “’“’\«\\A\..
50"r.v / A . ‘/“ P
/ ‘ AN T N o
3 i \ ‘/ s - P
Py i . B L Py
/ . SN s N
el MW e e
2 N/ T %
50y M:3.8 35 3.1 34 30 aa
2 Ybay o ® o ¢ ¥ °
i N
| 1 A
! L ) i | i ! | |
‘ } T 0 ‘ ‘ : L
AUG SEPT OCT NOV ' DEC
1991

X 4 WEMEOKE (01h~03h)FEHEN 7T v b MFDORFIET ¥V ANVETE
Tt o MHEICRELZMS3OMERE HREL 2 TRLT,

Fig.4. Daily plots of averaged night values( 01h~03h) of the geoelectric potential
differences(E(n)).
Numerals in the figure mean channel numbers.

i
v-»«”VJ«-J«N“v»\,J‘WJ W
J

" g } : |
PR AAVAY LN \/\r..\ A Aot Bporn, j‘s]" J,,\_

b it
kg
./ \J N “L:'J\/J s N

eerd Wy

j"" avv-'\"m"-'j AN f P e Wi AR,
! -
2 .j\/l ».v ‘\MV\ j A'L,.J i IR _]' L\/\,m.'\/-’\""v
M.3.8 j
e, Vv ¥ %
! [
“F‘ L | ‘ I "‘ -H‘ .‘JLJ L I R T
AUG SEPT oct | Nov | DEC '
1991
X 5 BT =0 — H B (24h) D IEHER 7 (SD(d))
Fig.5 Daily plots of the standard deviation of the

geoelectric potential difference in 24 hours (SD(d))

—156—



HBBRORIIR & L COBRBET OIS T 25 (RikiisE)

S.D.(n)

2™ 1

M
3\/\\/\w

VAWW\,/\J

VAN NS AN

7

8 \/‘/\\/\/\/\/\r‘m/\k\/\/\—v\//\/

9 \/\/\\/\/M\ N N N U0 U

I
I
I
[ - J\/\/\/\_A«/\/\M\/\/
I
I
|
I

4.0
3.5 j=¢
50 mmiday ®34
0‘[ ,lljllllllllll"|||'|"|Ifllllll'll llll ,l"l lllllllll II[II'L'_]
AUG SEP
1992
6 ~8 REDMEMNEDFEERE

&R Epicenter (S D(n))

FIFK LT 55 Fig.6~8 Daily plots of the standard deviation

Wakayama City Area of the geoelectric potential difference

ANHILEILER (PIRE)

Inland region of the northern
Wakayama Prefecture
AUEAEEE (552
Sea-side region of the northern
Wakayama Prefecture

—157—

in the night (S.D.(n))



Bh SERVERORT TR e R 361665 19954 3 A

®3.4
&35 ®a4.0 ®3.1

|
T Ui I

mmlday , I ‘ [
JJJ‘ | .! | J l .
AUG SEP "ocTt " Nov ' DEC | 17, Fig.7
1992

sn(n)
2m EQ. R ® ® @ ® ® X ® ®
1+ #2
O-A&MMMMMMM‘W
2-
1+ #38
o st A S AN A e Dt e et .-ltmr\i.a.]iw_r\ AJ\‘L..:L

2
1{ #9 ﬂ
0

RAINFALL
50mmbDay
J. ' “lll l L|“| |u| ! l L1l 1 L1 ‘IU'M |||I I ’ 'HII |ll
™AUG | SEP ' OCT ' NOV ' DEC ' JAN ' FEB 5 MAR | APR | MAY ' JUN |
1991 1992

8, Fig.8

—158—



RBEBIEOBILRR & L COBRBET OBEIC T 2778 (Rikifiss)

S.D.m
mV
15, ]

10 -

o 50 100 150
Total Amount of Rainfall in 3 Days before Earthq.Occ.
9 HHEOMEMAEDIEREFE (SD.)EFDHZELGH 3 HROKFE
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Observation System of Electormagnetic Radiations from Earthquakes
and Some Examples of Records before and after
the 1993 Hokkaido-Nansei-Oki Earthquake
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Department of Geophysics, Faculty of Science,
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Abstract

The temporal variation of the number of LF and VLF noises has been
compared with the occurrence of near shallow earthquakes. The results
have been described by Oike et al. (1992), Oike and Murakami(1993) and
Oike et al. (1993). In the case of 70 per cent of large earthquakes with
magnitude larger than or equal to 6.0 anomalous increase of LF noises is
observed within one day before the main shock whose epicentres are
located in the land or shallow sea region. Similar phenomena are found
in the case of near shallow earthquakes with magnitude larger than or
equal to 5.0. Also inthe case of the largest earthquake (M7.8) during
the observation a similar increase of LF and VLF noises as above men-
tioned was recorded

New observation system has been developed to record the wave forms
of such phenomena and wave forms of co-seismic radiations from hypo-
centers of large earthquakes. We have developed observation systems of
electromagnetic radiations (EMR) related with the occurrence of earth-
quakes. Observing EMR at many and various observation points is impor-
tant to detect EMR related with earthquakes. It is also important to
observe them in low and wide frequency ranges for understanding the
characteristics of the waves.

We chose the ball antenna as a sensor which has sensitivity in low
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and wide frequency range (0Ogawa et al.,1966). It is difficult to cover
all frequency ranges by only one recorder, so we divided signals into
several frequency bands and designed the most suitable filter and re-
cording system for each band.

We have developed handy observation system for EMR in the frequency
range from 80Hz to 20kHz. Using this system, we can easily record EMR
at any points and at any time. For example, going to the region where
earthquake swarm is occurring, we can record EMR phenomena in the hypo-
central region.

Observation system for basic stations can record EMR in frequency
range from DC to 20kHz broader than the handy system. By this system,
we can get and make detailed analysis of records of EMR.

By these two systems, we can expect to discuss EMR phenomena related
with earthquakes. Such phenomena are possible to be caused by various
mechanisms.

[t is also important to observe and analyze EMR from lightnings,
because there is a possibility of the physical relationship between
earthquakes and lightnings (0Oike et al, 1993).

During the observation using the developed recording systems the
large earthquake of magnitude 7.8 occurred in the southwestern off
Hokkaido region. Before and after the earthquake the anomalous increase
of the number of LF and ELF noises were observed by the usual system and
coseismic anomalous signals were recorded by the newly developed handy

recording system.

1. EILHic

HE Ik > BRIKSEBES BB & i & 5. Gokhberg et. al. (1979) *
Gokhberg et. al. (1982) BER L B2HEDH &, HHROVWL > OREDH 5o
$7-. BERBI L - THE SN 2BRBEOAEMSBEShTWE (AR,
%waﬂaLJ%ﬂobﬂbﬂd\ﬂ%@%é&%%&@@%%ﬁ&étb\N
83K, ZBOBRIZT> T3, COHANL. HERFENO 1B S
BHAlchy. S COBRAPMD I, JOBRAADEL TREM > L HMBEEB S
BODT, EEAFLYELbIct+ARF— BB ERVARWS BE
T COF— 2 ORFERET CIRBMEINT WS (0ike et al., 1992, Oike and
Murakami, 1993 and Oike et al., 1993) o

COLIBMEEEOLRESRL LY, EEORF LB LB 2HNTHA v
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A7 LADHEPHREEDEBMEIT-> 7 SEOMETIZ, BB/ 4 XEHAIT 3 7-
DIZHELLW 2D DB X FLOMEL, 208l L UREMIc> VT
BB,

2. ZBoMAA T

(1) ZBOKDiIH v X 7 &

EBOKOMBELERNICIRT 2 E2HNELT. EEOAHEER WV,
INSDHERTTRBNASNTVWSBOT (Oike and Ogawa, 1985) . C & Tt
HMEZR~R 3,

1 23, LFR ORI TH . LFH (30~300kHz) O, FEORBEE L - BiEK T
D—ERBEBLEETORENHET 2 HECIZBAEIT-TVW3, COBHR
. RBibid A (1985) Ik 35K TH D, 19834 5H1SHD o@D T,
RAESHMBEL TV S, FEBAATAELAATBEOERBR N7 LA b &ic.
A5 ABEE163kHzICEE L CHBIZ T > TW 3, & DEKKTIR1983FLIRE
HET, BREREDATBERBEAEHIATHIEY,

fltd 1213, VLIF HOBRIT. LT D163kHz DB E BT 220, & 5 Ic(E
WREABEBETO, MU —FRBEEASZEBOMEEBTHRL TV, 08
AZ198THES HTH LIRS LTV 3,

Bl 27 a2BAR LI L &2}, FIETOBKMERT T 2 FEEIZT - 7=
B, HRIAHORBBESHBOH T/ 1 XBKEL, HRABR 2B VWKE TR
TEHEIERAAETHIE VNI EDBbh ot FDLD. TZNEFND L X T 4
EHREBHEORICEVFETOEE Licb 2 EHORFE FIcRB L. Ba s
Tl UBrc8Rl 2651 Tw 5,

(2) ZEEFEORLSHE Y X 7 &

F—7v7FR. ERBVEERSE CHATE B30T (Ogawa et al..
1966) o VLIF~ELFHFOEBOWHF 2R T 210, HHO POMFREF 4 L 3 —
FOBERF v+ 2 NE 1t DATR2FIHT 30 2746, HROSEA 2 5 ~ -
T—7VIa—FE2HVEY 257 ARRELF,

EFA VI - REE ML CERIEGEME LN TEE0T. E<IcA
L/ AXBNEL OoBEDEENZETE2EKMI, s 41— TR &y
RIEITSfepicEHLTWY 3,

DAT 1% 2B%f] (LPE— FT 4B5[]) L h#iGilsRc & R LWAIHESHS L LD
T, EKEHERT2EHNE S 2 BERBEWE D IcH WS, £/, F—n0 T
YTFETYTE DAMTEMAELE, 2E&E N, FY —CEEI RS EicLD.
AKMBEZORBH COBRB ED0LDIc bIERTSE 2,

Ay b F=TLa—Fkdr27al3, BECSATOESEALE S
%m?%%mmh5o%@t&\ﬁmwhtwb-i~7v:—§%\ﬁ%ﬁ£
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<::fall Antenna

DDC~0. 11z
'460HZBRF —0. 1HzLPF| |Pen Recorder

f—mi

T (LPF) _Digital Recorder

@0. 5~30Hz
—60HzBRF —30HzLPF —0. SHzHPF

“™M30HzZLPF —Long Term Recorder Clock
or DRF1

®10~20kHz
60HZBRF H—20kHzLPF10HZHPF

Video Tape Recorder

Seismometer

Fig. la. Block-diagram of the observation system of electromagnetic waves

for basic stations.

Mla H#EHUESTHOZBRBEHOKREEI S X7 L O HEK

Ball Antenna

6 0HzBRF 80HzHPF 12kHzLPF
Radio (JJY) Endless Cassette
Receiver Tape Rec. or DAT
0
Seismometer Trigger(Stop)

Fig.1b. Block-diagram of the handy type observation system of EMR waves
for various kinds of temporary observations. Endless recorder is made
by conecting a control circuit to usual cassette tape recorder.

M2 2 EEESELESICHVIET MO BRESEESRN S X7 LADOHK
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Frequency Characteristic Curves

C lll] LI lllllll 1 IIHIII T llll"l P T IIIIIII T |I|l|l| T T lHHlf LI | HIUJ
i ] LTR DAT |
8 [LR4200 or DRF1 / /DAT with Filter ]
= 0 / _ _
c 10" ¢ \ 3
1 ®)] = \ 3
(] i \ ]
Z o i Cassette -
© 107" ¢ .
2 g Tape Rec. V3
«© i .
T 1072 3 E
, i ]
10 El_l!ll 1 IIIlIIl] 1 lllllll I Illlllll I IIHHII ] llllllll3l llllllll4l lllll—E5

102 107" 10° 10' 102 10® 10* 10

Frequency(Hz)

Fig.2. Frequency characteristis of recording systems. LR4200 shows
that of chart recorder for low frequency range. LTR means the long-
term chart recorder for 0.5-30Hz frequency range. Endless cassette
tape recorder covers frequency ranges over 100Hz.

K3 HEOBMBHEEREE S X7 L0 F RS

Fig.3. Examples of wave forms of large lightnings near to the Uji

station recorded by the handy type recording system.

K3 HFBZTFATEE U LTHBAMNSHTEDE ST O L&
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Fig. 4. Examples of wave forms of small lightnings and noises from power
line observed at Uji station recorded by the handy type recording

system.

R4 FHERS TS L TR L ERER S 1 XOn

DEFIFELBVELTCHERIZLIICHEL T Y FLRELBIE IR T oL
Ltto CHICE->T, FHTELETZEITECRIO 1BHESORHESIZINT
WBI LB, CHAERAVC, MIER Y, LHEEBLTBE L VERBRAEL
feb T CEETNE. 2O0RRO ML S ORPILEERS I EBAET
b, MEEBRANL 4P s 42— REEXFAVT, —EULOHMEE D -0 &
5 TBEOKMBICHBNICIED 2 H5EGES C W TES, 2L, CDICE
SZF A, va—FHEO AGCRIBESEELALD ., RIBBESBEE TRV E
OEHICED ., BFEHERI LRV, E-T, HBEEFHE L #rd 2 HIICIZ(E
ZBOH, EEORERROBBEMIEHNIIZEDLOTENTH S,

K1 icv 25 o0fk%E. K2 CBEEEEE. ThThRLi, b
DyRFLE, BRORBE., IEEN. TE. BRROKRER & B U THERME
WA B EickD, MEBROBBREEBTESL LS KL - T

3. HEiEoM

hey b F=TLa—Fickdz Yy FLATBRVYRAFLAEHVWT, ZERLE
A8 L B ERY

M3 2. BHATE CESBRELLEEOHBH TH S, K4 13 VLFHTZE
EBREBHE L. BRIAE CREBEESLLVWVREOL Z0idBZATH S, BIL X
SRIBIBTERYELETVE /4 XiE, 0zBRE D> S OEHRABE, 1 XTH %o
PR D60z MBI/ 41 RORWRECTOFRELGZABNICL 2 HNT,
R VT UvFFETyTEIEy bF—FLa—F% TXRTCBMTHMEST ZRK
BRI LTS L. BEH & FILIT OB R O 4 Bkl WIBT TRIE L 7co BIIE
DB A5 IKRdo & kMg &5 i350knll B, KIFOBIIEDH 5/h& 7%
EE»S S Sknll LEENABRTH . HETHAl» S RONBHAK BN S
INEMORER T T 1AL T BESI DA TV S, £4 HigE A CERILETALICT
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SEA OF JAPAN

SN 54/ = AT e

Fig. 5. Location of the observation point near the border of Kyoto city
and Miyama Town where example wave forms shown in Fig.6 and Fig.7 were
recorded by the high sesitive observation. Uji station is also shown
in the figure.

X5 FieHAROME
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DBHEEBEB BRIV, TITRALZ 4 X, & KelzBL U Z0ZRAKDO /4 X
BIEFI/NESCRBY, MUMEBRTEHRTEE I Ehbh o, M6 BLUKT It
ZIlTHRONKZEBOLEENTH %,

Mgt L CBABL S T+08N S &, SRECBHAMSIEETH D . BRKE
OMRICELDTEMNTH L LW I ERERBTEALN, 20k BB ICEA
REFBELEFTI2HLDOFHEHEABBRBR VWO T, ST EN2C &z, BE
DEIAEFTTETHIE L,

4. 19934k dt#mEmEM IR % 0L

Bl g, 19935 TH12H. M7.8 oESILEEREREMIcRKE Lz, O
HMEBEOFIRIC. IFIE LA CLFB LU VIFSOLBoOMME L KT
Z2HEENBHIEN . K8 ITAERIZLHEHDOLFBXLU VLIFED 1Y 0%
BORIYZRT. B LHE® 1IBE42 0 0FEBORIKEK 90 LBRicRT. K 9
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Fig. 6.

the boundary of Kyoto city and Miyama Town where electric power lines
Detection capability of lightnings by ball
DAT was used to

are far from the antenna.

Examples of records of lightnings observed at Sasari-Toge near

antenna with 4m vertical rod reaches about 10« Vem.

record the output signals of amplifier with various magnifications

shown in the figure.
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Fig.7. Examples of recorded wave forms of small ligntnings observed
at Sasari-Toge from the same records as shown in Fig. 8.
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Fig. 8. Variation of the hourly number of LF and VLF noises in 21 days
before and after the main shock of the Hokkaido-Nansei-Oki earthquake
(M7.8) on 12th July, 1993, observed at Uji station.

X8 dJb#gEmEAESDEORI %I EMOLFE X OV THAI S /o ZE 0 185/
2720 Bl OZEAL

O E FTRRBhOMBOEESOER cH Y (0ike and Murakami, 1993) LB D
HBREIERTHERIOEY— 20BN AENEUTW S,

TYFLZR Ay b F—Frva—FoidiGR. HEOH LWL T, HE
DOHIBODRI P OBIT LB TEN, TORBF—TERBMULREBSHIBR S 28
M Lo ER L 7o

ChSDF—7OEHEBENELEBHLC LPFEEL. IHEKICT O T%EHE
Wito RI0ICARFEERICL 2BATHEKREN > CTHUNRTRT, COMBORLE
B HELEDH 220854005 LESK OBBREED /4 v v THD, 21
B2l OHIBRERI TR/ A XBHEARLILOBL LAY ZEVE LI, O
L5 RHEFIDO /4 XK, THBOHRMOAEITRETH ., BIKBEARTSH
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M=7.8 (1 EVENT)
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Fig.9. Variation of the daily number of LF noises from ten days before
earthquakes to ten days after earthquakes. (a) In the case of largest
event on 12th July, 1993. (b) Variation by superposing the number in
the case of 10 events of magnitudes between 6.0 to 6.8. (c) Varation
by superposing the number in the case of 12 events of magnitude
between 5.0 to 5.9.
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Fig. 10. Variation of types of VLF noises before and after the MT7.8
earthquake shown by the full-wave rectification of output signals
of records by the handy type recording system. Co-seismic signals
started about 7 seconds after the origin time(22h17ml3.1s) of the
main shock and continued about 150 seconds.
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Observations of electric self-potential at a closed old mine
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(Abstract)

Using tunnels and shafts in Ikuno mine, which was closed in 1974, we
started in 1987 to observe seismic events and temporal change of (1) electric
self-potential (Frequency < 0.01 Hz), (2) apparent resistivity, (3) underground
water level, (4) water seepage from tunnel wall and (5) 7 ray intensity

Major ore veins at Ikuno mine are distributed in an area of several kilo-
meters by several kilometers: major ore veins have a width of a few meters, dips
of almost vertical and strikes of about north-to-south or northwest-to southeast.
Before lkuno mine was closed, ore veins were excavated down to a depth of about
one kilometer from the ground surface. To excavate ore veins, most tunnels of
total lengths of 350 kilometers are dense around the ore veins; to bring up the
ore there are several shafts with lengths of several hundred meters. Excavated
caves as well as tunnels and shafts are now filled up with water

During our observation, underground water table rose about ten meters
several times. Heavy rain was the primary causes for all cases, but troubles of
drain pumps were also the causes for some cases. Associated with these rises
significant decrease of apparent resistivity across an ore vein was observed
during the rises of the underground water; we also found clear correlation in
self-potential in some cases. These suggest much water went down to excavated
area around ore veins. We found that the seismic events (S—P time < 0.3 s; M<0)
occur near ore veins; we also found some correlation between the water rises and
seismic activities; these suggest something occur near ore veins when water
rises. In addition, associated with the rises of the underground water table
significant crustal movement of an order of 107° was observed that suggests ore
veins dislocate when increasing of pore pressure

During our observation we had no opportunity to happen to see the precursor.
Although seismic events occurred in the very vicinity of our observation site,
they were too small to catch any correlating signals in crustal movement, self-
potential, apparent resistivity and 7 ray. No significant seismic event larger
than M4 occurred in a distance of several ten s kilometers.

We were not able to catch neither precursory nor postseismic phenomena
associated with significant earthquakes. However, through our analysis of
effect of underground water based on various kinds of data, we learned that it
is important to discuss from every point of view and easy to find an answer
using various kinds of data
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July 1965 - June 1984 1< M 0 = Depth < 60 km
36°00'N == T TONO

.
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o/ 30°
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K1 AFHLOMNE (O) EEFSILWEIOMEES (A - Ei(1985))

Fig.1 Location of Ikuno mine ((Q) and seismicity in and around lkuno mine
[after Kishimoto and Oike (1985)].
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Altitude

(a) Geological map near lkuno mine and (b) vertical cross section along a
The area shown in Fig.4 is shaded.
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Fig.3 Plan map of tunnels excavated (supplied by Ikuno mine). Solid line:
tunnels at an altitude of about 360-370m. Dashed line: tunnels at 260-270 m
altitude (5L tunnels). The area shown in Fig.4 is shaded.

Ikuno Geophysical Observation Station
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Fig. 4 Schematics showing three- dimensional relationship of location between
observation points, tunnels or shafts. Y, % : poles for apparent resistivity.
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‘Water Table at Koei Shaft
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Fig.5 Change of underground water level at Koei shaft. Water level is shown
referred to the floor of the tunnel of about 300 m altitude. To find cor-

relation in the other figures easily, significant phases are marked by arrows
with labels.
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Pig.6 Daily rain fall at lkuno. Arrow with label: as in Fig. 5.
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Fig.7 Crustal movement observed at Ikuno Geophysical Observation Station.
Ikuno Geophysical Observation Station is located about 600m west of Koei shaft
or main ore veins of Jkuno mine, as shown in Fig.4. Arrow with label: as in F
ig. 5. (a) Water-tube tiltmeter. (b) Extensometer.
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Vector Diagram of Maximum Tilt N
. Feb.16, 1988 - May 16
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Fig.8 Example of vector diagrams showing direction of maximum tilt during
significant rises of underground water from February 16 to May 16 in 1988.
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Fig. 9 Water seepage from ceiling of observation tunnel in Ikuno Geophysical
Observation Station (IGOS). Arrow with label: as in Fig.5. In phases A, B,

C and D clear correlation between water seepage at [GOS and water level at
Koei shaft can be seen, while in the later part it can not be seen clearly.
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Fig.10 Apparent resistivity across ore vein area in Kanagase-ko. OQutput
voltage of the apparent resistivity meter is shown. Arrow with label: as in
Fig.5. Asterisks show noises by damage to signal cables
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Fig.11 Time series of seismic event with a hypocentral distance nearer than
about 3 km from observation sites SI~S5 in Fig.4. No data were obtained in
the periods that are shown by dotted line or hatched area. Arrows with
labels: as in Fig. 5.
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Kanaya Fault \@\ -

=~

B2 BHMEAZzECHL Skl F OB O BRFEEREN 2kn kB OMBOBRK, 19884 &
1989FEDOM< 1 DF— %, MBRIKKRO AL, T7abb, LEFMFHME (160S) OF
HANC UMREL TV WV, KS KBS, KK : &F#Il. CS : TREH,

SK : $ikbi. K& : 9Lk BEER : MTEo

Fig.12 Epicentral map of seismic event that occurred nearer than about 2 km.
Events in 1988 and 1989 are shown. Seismic events (M<1) occur only in the ore
vein region, namely southeast of Ikuno Geophysical Observation Station (IGOS).
KS: Koei shaft, XKK: Kanagase-ko, CS: Chuo shaft, SK: Shinhon-ko. Thick line:
ore vein. Dashed line: fault.
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Fig. 18 Original data of self-potential, the fitted annual change and residual.
Data after June 1989 are used for fitting. Arrow with label: as in Fig.5.
Asterisks: as in Fig.10. (a) E9-E8 at Kanagase-ko. (b) E5-E6 at Shinhon-ko.
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Fig.14 Self-potential, water table at Koei shaft, water seepage at Ikuno

Geophysical Observation Station,
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Seismograms (M=0.1; hypo. dist.=0.9km)
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Fig. 15 Change of self- potential before and after a seismic event with a
magnitude of 0.1 and a hypocentral distance of 0.9 km. Sampling rate is about
2 kHz.
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Induced electric self-potential at the lightning and
rock magnetism of magnetization acquired by the strong

magnetic field at the lightning
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Hideo SAKAI, Tsuyoshi KOBAYASHI, Ryuji KATO, Kimio HIROOKA Toyama Univ

Toyoaki SAWADA Kyoto Univ.

Takeshi NAKAYAMA Gifu Nishi high school

Taketomi SUMI Teikoku Construction Consultants INC.
ABSTRACT

The study of the induced electric self-potential at the lightning has
been made at several stations in Chubu area. The pricipal direction in
the induced electric self-potential is observed at most of the stations
At the station near the active faulting, the principal direction is
perpendicular to the azimuth of the fault. The temporary change of the
principal direction is analyzed at three stations.

Lightning strikes sometimes cause the anomalous remanent magneti-
zation underground. The area affected by the strong magnetic field at
the lightning was examined by the rockmagnetic analyses. The induced
magnetization in the soil indicatcs thc cxact point of the ligtning
strikes. Also, the distribution of the remanent magnetization suggests

the path of the lightning current underground.
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Fig. 1 Location of the stations for electric observations and the

principal directions of the induced electric self-potential.
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Fig. 2 Temporary variation of the pricipal direction in the induced
electric self-potential at the lightning.
(1) data at the Asahi station from June 1988 to December 1991.
(2) data at the Yakedake station from August 1990 to December 1991.
(3) data at the Neodani station from October 1991 to December 1991.

—204—



WBBEOFKAR E L COBMBUIH ORI T 255 (REHES)

X3: BEICHE RoFHEARBR S50/

7 49 5L 5 R T AC R Bl B () o
TR RIS E O %
SEHR B A D KHITR L o y
76 1] 0 15k 1] 00 4 b5 L
/ ) /A I /
‘. cs:,"}‘m‘“
I.'E""\kl AN
SN “\“
v (I \
DSESSIRYRE \
ot -
RN N W S WA W 45
N NN RO [ f o
R R R RN ey 0
NN - NN =

Fig. 3 The upper figure shows the area where the lightning strikes,
archaeological site "Ohara B site”, Miyagi Prefecture
The lower figure shows the distribution of the direction of

the remanent magnetizations by the arrow.
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Fig. 4 (A): Contour map of the intensity of remanent magnetization.
(B): Contour map of the total magnetic field. Bold line shows

the strongly magnetized area.
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Electromagnetic phenomena generated by the explosion experiment

at Kamioka, Japan

EEmZ, TEHRSH EILRSF - ¥R
] 8 32 ZIRT KRS - TH¥3

Takeshi Kato, Hideo Sakai Toyama Univ

Toshimi Okada Toyama Prefectural Univ.

ABSTRACT

Electric and magnetic features of the impulsive waves were measured
at quarry explosion.

The measurement of the electric self-potential was made by the four
electrodes arranged in the northeast line through the explosion point
The distance of the each electrode from the explosion point ranges from
40m to 110m. The explosion was induced by 11.4 kg dynamite and 325 kg
ANFO placed at the ground surface. Twice explosions with the time
intrerval of 25 msec were set up and practiced. Extinct changes in
electric self-potential were observed in two successive times by plural
electrode couples. These changes in self-potential correspond exactly
to twice explosions, respectively. There is a possibility that the
first change in self-potential may have been caused by the ignition
current of the detonators used at the starting of the explosion. The
analysis shows, however, that the second change in self-potential had no
relation to the ignition current. When the propagation speed of the
change in self-potential was calculated using the time between the
explosion time and the time of change in self-potential, the speed was
estimated to be more than 100 km/sec.

No clear electromagnetic radiation (VLF) was observed at the distance

of 80m from the explosion point.
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ABSTRACT
Electromagnetic properties were measured at the joint observation of

the explosion seismic experiment at Ooyama, Toyama Prefecture on Oct. 17
1991. The explosion was induced by 450 kg gun powder placed at a depth
of 75 m. This paper represents the results of the experiments.

(1) Electric self-potential:

The measurement of the electric self-potential (S.P.) was made at
two stations. One station was set up around the explosion point, and
the other station about 1.5 km apart from the explosion point. At the
station about 1.5 km apart from the explosion area, we observed no
distinct change in S.P. before the arrival of seismic wave. At the
station around the explosion point, four electrodes were arranged in
the line of east-west direction crossing the explosion point. The
distance of the each electrode from the explosion point ranges from 10 m
to 100 m. The seismograph sensor was arranged at the distance of 130 m
for the comparion with the change of the S.P.

Up to 150 mV changes in S.P. were observed by the electrode couples
before the arrival of seismic wave. The detailed analysis revealed that

the induced changes in the S.P. consist of two portions: the fluctuation
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with shorter period (~0.001 second) and with the frequency of the
longer period (~0.05 second). The propagation speed of the fluctuation
with the shorter period was much higher than that of the fluctuation
with the longer period. The fluctuation of the shorter period m