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Abstract

The 2000 eruption of Usu volcano, NE Japan, took place on the foot of the somma, and formed a cryptodome
of 65 m high accompanying numerous faults. We made repeated measurements of ground temperature, Self-Po-
tential (SP) and electrical resistivity, in order to clarify the mechanism of development of the newly formed ge-
othermal field on the fault zone. Prior to the expansion of the geothermal field, we detected a resistive zone at
the center of the geothermal zone and it supposed to evidence that the zone involving dry steam phase had been
formed beneath the fault zone. A rapid expansion of the geothermal field followed along the fault zone away
from the craters. The place of maximum amplitude of the SP field also migrated following the expansion of the
high ground temperature zone. The high resistive part has shrunk as a consequence of the progress of condensa-
tion to warm the surroundings. Based on the observations, we delineated the process of the hydrothermal circu-
lation. Considering the topographic effect of the SP field observed on the highly permeable zone in the Usu som-
ma, the potential flow along the slope of the soma was expected to play an important role to promote the rapid
expansion of the geothermal field and the migration of the most active part.

Key words Usu volcano — geothermal field — ta etc. in the energy release process accompanied
ground temperature — electrical prospecting — self- by volcanic activity (e.g., [zu-Oshima Miharaya-
potential field — hydrothermal circulation ma: Yokoyama, 1957; Sheveruchi: Tokarev,

1967). Through the geothermal study of the
1977-1978 eruption of Usu volcano, Matsushi-
1. Introduction ma (1992, 2003) proved that the thermal energy
release by the eruption cloud was predominant
The thermal energy from eruption cloud and during the eruption stage, but it decayed sharply
steaming ground is dominant in comparison with after the eruption ceased. Instead, the energy re-
others such as seismic wave, momentum of ejec- lease from the steaming ground becomes superi-
or to that from the eruption cloud. Therefore, it is
important to study the formation process of
steaming ground from the volcano-energetic
point of view. Zohdy et al. (1973) and subse-
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strongly sensitive to the electrical properties of
a geothermal field. We monitored temporal
variations of the Self-Potential (SP) and resis-
tivity as well as ground temperature on the new-
ly formed Nishiyama geothermal field follow-
ing the 2000 eruption of Usu volcano to pursue
the expansion and decay process of steaming
ground.

Usually, geothermal fields following vol-
canic eruptions have developed on the existing
geothermal fields. In the present case, however,
the Nishiyama geothermal field has developed
over the foot of the Usu volcano which has
shown no geothermal indication in the past.
Therefore, we encountered a good opportunity
to study an evolution of new geothermal field,
especially in the early stage of geothermal ac-
tivity, without disturbance of the existing geot-
hermal field. We report the results of the obser-
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vations and propose a qualitative model of the
steaming ground in this paper.

2. Geological setting and brief sketch
of the 2000 eruption of Usu volcano

2.1. General explanations of Usu volcano

Usu volcano is one of the most active volca-
noes in Japan and is located at the south edge of
Toya caldera, Hokkaido (fig. 1). On the summit
crater of Usu (1.6x1.8 km in diameter), two
dacitic lava domes (O-Usu and Ko-Usu in fig. 1),
a cryptodome and faults are distributed. The
eruptions of Usu volcano were reported nine
times from 1663, and occurred every several tens
of years in the 20th century. These eruptions
were characterized by extrusion of viscous fel-
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Fig. 1. Topographic map in and around Usu volcano. Contour interval is 100 m. Solid triangles represent two lava
domes (O-Usu and Ko-Usu) formed in the past activities. Nishiyama is a topographic high of the Usu somma. The
2000 eruptions of Usu occured within the dashed square. The present study is focused on the solid square region.
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Fig. 2. Distribution of newly formed craters, faults, and a
cryptodome were measured on 26 April, 2000 (after unpub

cryptodome (shaded part). The upheaval data of the
lished data of Public Works Research Institute). Dis-

tribution of the faults and craters was investigated on 19 April, 2000 (modified after Miura and Niida, 2000).

sitic magma and formation of lava domes and
cryptodomes (Nakagawa et al., 2005).
2.2. The 2000 eruption of Usu volcano

Various phenomena accompanied by the
2000 eruption of Usu took place mainly on the
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region shown in fig. 2, and the time sequence of
volcanic activities was divided into three stages
(Ui et al., 2002).

Precursory stage — In March 27, 2000, a local
earthquake swarm occurred beneath the Usu vol-
cano. Then the earthquakes increased in frequen-
cy and intensity. Some of them were strong
enough to be felt in the whole area around Usu,
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Fig. 3. Distribution of the ground temperature in 1m depth measured in October-November, 2000. A-B denotes

the measurement line.

up to about 220 km from the volcano. Several fis-
sures and cracks were formed on the crater floor
of the summit and the western foot of the somma.

Eruption stage — The eruption started at the
western flank of Usu volcano in March 31, 2000
after 23 years of dormancy since the 1977-1978
activities. A vigorous ash column rose up to 2.3
km high in maximum. Eruptions were phreato-
magmatic and small craters were formed mainly
around the west to northwest side of Nishiyama,
which is a cryptodome on the Usu somma, and
the north foot of the somma. These were named
Nishiyama crater group and Konpirayama crater
group, respectively (fig. 1). Eruptive activity of
the Nishiyama crater group finally converged to
NB crater shown in fig. 3. As the eruptive activi-
ty proceeded, numerous fissures and faults were
formed in a NW-SE direction (Nishiyama fault
group) and NE-SW direction (Konpirayama fault
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group) as shown in fig. 2. At the same time, the
Nishiyama fault group region uplifted to form a
cryptodome amounting to about 65 m in height,
suggesting the intrusion of viscous dacitic mag-
ma. A series of eruptions and doming activity had
gradually decayed since the later half of April and
finally stopped their activities in August 2000.
Steaming ground expansion stage — As the
eruptive activities have decayed at the Nishiyama
craters, a geothermal field has developed around
the Nishiyama fault group where has shown no
geothermal indications before the eruption. Miu-
ra and Niida (2002) and Okazaki et al. (2002)
made a modeling to interpret the crustal deforma-
tion due to the doming activity. Miura and Niida
(2002) estimated that the depth to the top of the
intruded magma was approximately 100 m, as-
suming a sheet shaped dyke intrusion model.
Contact of the dyke with plentiful groundwater
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would introduce the violent phreatomagmatic
eruptions and the development of the geothermal
field. Geothermal activity is still continued and
water vapor was discharged in a large area.

3. Temperature measurements
in the Nishiyama geothermal field

Succeeding the violent eruptions and crustal
deformations, volcanic activity of the Usu vol-
cano has shifted to the stage of thermal energy re-
lease from the remnant magma, and formed the
Nishiyama geothermal field as described above.
We measured the ground temperature using ther-
mistor thermometers to monitor the development
of the Nishiyama geothermal field. First, meas-
urements were carried out in the whole area of
the Nishiyama geothermal field in order to know
the general feature of the temperature distribution

in October and November 2000. Repeated meas-
urements along the A-B line shown in fig. 3 were
performed 3 times in December 2000, October
2001, and March 2002.

3.1. Ground temperature distribution

We carried out temperature measurements in
1 m depth at 131 points in the Nishiyama geot-
hermal field in October and November 2000 (fig.
3) about a half year after the eruption com-
menced. The most remarkable geothermal anom-
alies were observed along the main fissure of the
Nishiyama fault group and the highest tempera-
ture of 100°C appeared on the top of the newly
formed cryptodome. In addition, the temperature
above 100°C was observed exceptionally at a fu-
marole. In addition, the area around the Nishiya-
ma crater group showed a moderately high tem-
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Fig. 4. Time difference of the ground temperature between March, 2002 and October-November, 2000.
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perature of 40-70°C. On the contrary, only low
temperatures of less than 40°C were observed
around the NB crater, although the crater was the
largest and most active one in the Nishiyama
crater group.

3.2. Repeated measurements of the ground
temperature

We carried out repeated measurements at 11
points selected from the points of the first meas-
urement. The difference in temperature between
the first measurement and the second one
(March, 2002) revealed that the high ground
temperature area observed around the crypto-
dome and the NW edge of the main fault (no. 1-
6) had spread to the NW direction, away from
the craters, along the fault (maximum increase:
64°C) as shown in fig. 4 and table 1. On the oth-
er hand, the ground temperature around the
crater group (no. 7-10) had decreased drastically
(decrease: about —30°C).

In addition to the wide area measurements,
we carried out repeated measurements along the
A-B line (fig. 3) to investigate the features of ge-
othermal field in more detail. The A-B line was
taken perpendicularly to the NW-SE trend of the
Nishiyama fault group. The measurement was
made at 67 cm depth with a measurement inter-

Table I. Temporal variation of ground temperature.
Site numbers correspond with those shown in fig. 4.

Site 2000/October 2002/March  Difference
number (°C) (°C) °O)
0 13.0 5.0 -8.0
1 424 62.8 +20.4
2 33.7 97.6 +63.9
3 50.4 83.1 +32.7
4 65.0 97.6 +32.6
5 87.9 97.6 +9.7
6 30.7 43.7 +13.0
7 443 15.3 -29.0
8 414 12.7 -28.7
9 52.1 14.3 -37.8
10 48.8 13.2 -35.6
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val of 5 m. We can see the highest temperature
up to the boiling temperature of water (100°C)
around the Nishiyama fault group (between 170-
250 m and around 350 m in horizontal scale) as
shown in fig. 5a. The difference between the
ground temperature in October, 2001 and that in
December, 2000 revealed a significant increase
up to several tens degrees around 150 m and 320
m in horizontal scale (fig. 5b). Therefore, geot-
hermal field had spread not only to the NW di-
rection along the Nishiyama faults but also to the
perpendicular direction of the faults. Figure 5b
also shows a small difference between the tem-
peratures in March 2002 and those in October
2001, suggesting that the development of the ge-
othermal field had taken place in an early stage
of the geothermal activity.

4. Self-potential measurements

The self-potential method has been used to
investigate the hydrothermal activity of volca-
noes because the groundwater flow generates
electric potential field on the Earth’s surface
based on the electrokinetic effect (e.g., Zlotnicki
and Nishida, 2003). In many cases, positive SP
anomalies are located on active fissure zones
and/or on fumarolic areas. Many authors have in-
terpreted that the anomalies are caused by up-
ward movement of the heated groundwater (e.g.,
Ishido, 1988; Zlotnicki and Nishida, 2003). We
carried out self-potential measurements on the
Nishiyama geothermal field using a pair of non-
polarizing Cu-CuSOs electrodes and a high im-
pedance digital voltmeter (10~100 mega-Q of
the input resistance) in order to monitor the evo-
lution of the geothermal activity. The SP survey
was carried out three times: in October and No-
vember 2000, June 2001 and March 2002. The
SP values are given relative to a reference station
G, which was sufficiently far from geothermal
indications, as shown in fig. 6a-c. We tried to
contact the electrode with the ground as quickly
as possible on the geothermal field because the
Cu-CuSO; electrodes have temperature depend-
ence of about (—=1~+1) mV/°C (Perrier et al.,
1998). The electrical potential difference be-
tween each measurement point and the station G
was measured directly through an electric wire.



Development of geothermal field following the 2000 eruption of Usu volcano

@ . A : B
[6)
£, 1907 « 2000December LI "":'“‘8. % °e
5 * 2001/October . e 1 el .o o,
S 501 o 2002/March o * e gop’ 88 8 oo
g o 3o8 .‘l : % oy v
£ L4 - L Y ‘.
2 . %e0®®
0— 1 T T . T T T
0 50 100 150 200 I 250 300 350
Distance [m] =
H
@ 50 . °
1 »2001/October-2000/December - . ®
| *2002/March-2001/October _,+%* N H MERE

o ‘!.. .l..!xl 00e8 .II (1) .
eope®®e ¢ 00 ° :‘3“‘0

.
°

Temperature [°C]
o

T T T T T T
0 50 100 150 200 250 300 350

Distance [m]

2000/December

©0
2

2001/May

@ 2001/October B
200
@ _ 2002/March B
E
=
o
S 150
2 H
w -
*Main fault
100 T T T T T T T T
0 50 100 150 200 250 300 350
Distance [m]
AT T og [Qm]
0 1 2

Fig. Sa-f. a) Ground temperature at a depth of 67 cm along the measurement line A-B shown in fig. 3; b) tem-
poral variation of the ground temperature along the A-B line; c), d), e) and f) temporal variation of the resistiv-
ity structure along the A-B line. Horizontal scale and position are common to all figures.

85



Mizue Saba, Yasunori Nishida, Toru Mogi, Shin’ichi Takakura and Nobuo Matsushima

200 Upheaval

>70m

_/ '/
150 TN

’; / Ea/llj it \\
-20,0 Q Cmter\\\

Fig. 6a,b. Temporal variation of self-potential anomalies relative to the reference station G: a) October-Novem-
ber, 2000; b) June, 2001.
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Fig. 6c. Temporal variation of self-potential anomalies relative to the reference station G: March, 2002.

We regarded the potential at each point as a mean
value at four points measurements within a ra-
dius of about 30 cm round. The dispersion of the
potentials among four points was within 3~5
mV at each point. At the end of the survey, we
measured the potential at the side of the refer-
ence station G to check the closure residual and
the value was below 3 mV.

4.1. Self-potential distribution

Negative anomalies distributed on the north-
west flank of Nishiyama (a topographic high of
the Usu somma) are explained by the topograph-
ic effect where the potential decreases when the
altitude of the topography increases (about —2.5
mV/m in the present case) as shown in fig. 7 (da-
ta obtained within dashed ellipsoid in fig. 6a are
used). It suggests downward groundwater flow
along subsurface layers of Nishiyama (e.g. Ishi-
do, 1988; Zlotnicki and Nishida, 2003).
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Fig. 7. SP values within a dashed ellipsoid in fig.
6a are plotted against ground elevation along the
NW slope of Nishiyama. A regression line is also
shown.
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Fig. 8. SP profiles along A’-B’ in fig. 6a. Data within a solid square are projected onto the figure.

Positive anomalies up to several tens of mV
were observed around the NW part of the main
fault, although the amplitudes were not so con-
spicuous and were one order smaller than that
of other volcanoes such as, e.g., Hawaii (Za-
blocki, 1976), Usu summit (Nishida and Tomi-
ya, 1987), Piton de la Fournaise (Zlotnicki et al.,
1994a), Unzen-Fugendake (Hashimoto and Ta-
naka, 1995), Miyake-jima (Nishida et al., 1996;
Sasai et al., 1997) and so on.

No remarkable anomalies were found around
the Nishiyama crater group. Although it is diffi-
cult to understand why only small anomalies ap-
pear on the newly formed craters, we present two
reasons which may explain this phenomenon: 1)
thick clayed ash deposits characterized by low re-
sistivity overlie the Nishiyama crater area (about
several tens meters in maximum thickness). 2)
Choking of the near surface craters by ash depo-
sition tends to prevent the release of the hot vol-
canic gas to the air (Zlotnicki et al., 1994b) and
plenty of groundwater transports thermal energy
rapidly along the Nishiyama faults to form posi-
tive anomalies not on the crater group but on the
Nishiyama geothermal field. This scenario can al-
so explain the rapid decrease of the ground activ-
ity in the Nishiyama crater groups.

4.2. Temporal variation of SP

A small amplitude of the positive anomaly
was observed around the NW edge of the Nishi-
yama fault group (25 mV) at an early stage of
geothermal activities (October and November
2000) as shown in fig. 6a. The place of maxi-
mum amplitude migrated one hundred and a
few meters to NW direction along the faults and
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its amplitude increased to 42 mV in July 2001
and 55 mV in March 2002 following the spread
of the high ground temperature zone as men-
tioned in Section 3.1. (fig. 6b,c). A cross section
of the SP anomalies along A’-B’ (fig. 6a) is
shown in fig. 8. Spatial wavelength of the posi-
tive anomalies is roughly less than two hundred
meters, suggesting the hydrothermal system is
confined within a shallower depth.

5. Electrical resitivitiy survey

Electrical resistivity surveys have an advan-
tage of sensing the aspects of hydrothermal sys-
tems in volcanic regions because the electrical re-
sistivity of rocks strongly depends on the content
of water, the temperature, and so on. We carried
out a two dimensional electrical resitivity survey
along the A-B line crossing the high temperature
area. We used both the dipole-dipole and the
Wenner array because sensitivity for a subsurface
structure is different each other. Table II sum-
marises the specifications of the survey and mod-
eling: total measurement lengths, electrode
spaces, and electrode arrangements for measure-
ments are shown. The electrode array was mov-
ing along the line at every 5 m. The apparent re-
sistivities measured by each electrode spacing at
every place were used to invert the two dimen-
sional (2D) resistivity model. We made measure-
ments four times (December 2000; May 2001;
October 2001; March 2002) and constructed de-
tailed 2D model structures using the smoothness-
constrained 2D inversion for DC resistivity data
by ABIC (Akaike’s Bayesian Information Criteri-
on) minimization method (Uchida, 1993). The ef-
fect of the topography is included in the model.
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Table II. The specifications of the electrical sounding and modeling.

Date  Measurement Electrode Electrode Number Number RMS Smoothing Figure
lenght (m) arrangement spacing (m) of input of model mis fit factor number
data  parameter

2000/ Dipole/Dipole  5,10,20,30,40,60,80 588
December 00 Wenner 5102030406080 143 019 1143 47568 fig. Se

2001/ Dipole/Dipole 5,10,15, ...,.95 1005
May 440 Wenner 5,10,15, ...,.95 1005 755 324 14.142 fig. 5d

2001/ Dipole/Dipole 5,10,15,20,30,40,60,80 690
October >0 Wenner  5.10,15.20,3040,60.80 174  °12 331 11892 g 5e

2001/ Dipole/Dipole 5,10,15,20,30,40,60,80 690
March 360 Wenner 5,10,15,20,30,40,60,80 174 619 6.21 11.892  fig. 5f

The number of data for each modeling is also
shown in table II with RMS misfit and number of
meshes.

5.1. Resistivity structure of the geothermal
region

Resistivity soundings made in December
2000 (fig. 5c) revealed that the surface low re-
sistive layer (nearly 10 Q-m) to a depth of
about 20 m was distributed in the high ground
temperature zone shown in fig. 5a (electrode
numbers: 28-66 and 71-73). The relatively high
resistive part (about 100 2-m) underlay the sur-
face low resistive layer around the main fault.
This resistive part is probably indication of the
zone involving partially the dry steam phase.
Temperature above 100°C observed at a fuma-
role in October 2000 was a direct evidence of
the superheated steam zone. Rising hot steam
was limited in its movement by the relatively
low temperature surface in such a way that con-
densation took place and a surface layer was
saturated with liquid water from condensation
and rainfall. Such highly resistive zones were
also detected beneath the fractures formed at
the time of the 1977-1978 eruption of the Usu
volcano and were explained as being due to ris-
ing dry steam (Ballestracci and Nishida, 1987).

A region of electrode numbers 1-25 showed
the resistivity of a few tens to hundred Q-m. As
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no manifestation of anomalous ground tempera-
ture was seen there, the resistivity values of this
region might show original ones not influenced
by the present geothermal activity.

5.2. Temporal variation of the resistivity
structure

Repeated electrical surveys revealed drastic
changes in the resistivity structure in the short
term of about 15 month as shown in fig. 5c-f.
Following the spread of high ground tempera-
ture zone (fig. 5b), the low resistive layer around
electrode numbers 30 and 70 expanded horizon-
tally to the normal resistivity area which had
been saved from the influence of the geothermal
activity.

The surface low resistive layer has gradually
invaded the underlying high resistive layer, which
probably originated partially from the dry steam
phase, especially around electrode numbers 25-
40 and 55-65. In other words, the high resistive
part has shrunk depending on the progress of heat
discharge to the surroundings and the air.

6. A scenario of development
of the geothermal field

The results of observations are summarized
as follows:
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1) The geothermal field migrated along the
Nishiyama main fault, away from the creaters.

2) Positive SP anomalies also migrated fol-
lowing the migration of the geothermal field.
Typical topographic effect of the SP field was ob-
served along the slope of Nishiyama, suggesting
the existence of the potential flow.

3) A remarkable decrease of ground temper-
ature was observed on the Nishiyama crater
group at an early stage after cease of the eruptive
activities.

4) A relatively high resistivity zone was ob-
served beneath the high ground temperature
zone. This resistive zone is thought to partially
include the dry steam phase.

5) The area of the resistive zone has shrunk
as time passed, suggesting the vapor phase has
altered to the high temperature liquid phase.

Based on the above-mentioned results, we
draw a scenario of development of the geother-
mal field. We assume that plentiful ground wa-
ter flows down along subsurface layers of the
Nishiyama slope as the potential flow. This was
suggested by the presence of the highly perme-
able basaltic somma lava with the permeability
of 107" to 107">m? in wells drilled for hot spring
explorations (Oshima and Matsushima, 1999;
Matsushima, 2003). The enormous topographic
effect of the SP field is also the supporting fac-
tor of the downward groundwater flow (fig. 7).
Contact of the groundwater with intruded mag-
ma is considered to be the cause of the phreato-
magmatic eruptions.

During the final stage of the eruptive activ-
ities, thermal energy release by steam had be-
come enormous on the NB crater and other
craters as shown in fig. 9 (stage 1). Choking of
the near surface craters by ash deposition may
prevent the release of the hot steam to the air
and the groundwater transported the thermal
energy rapidly along the Nishiyama faults to
form geothermal field not on the crater group
but on the Nishiyama geothermal field (stage
2). This scenario can be interpreted as the rap-
id decrease of the ground temperature in the
Nishiyama crater group area (decrease: about
-30°C). The potential flow from the Nishiya-
ma slope and faults is expected to play impor-
tant roles for rapid evolution of the geothermal
field. Prior to the expansion of the geothermal
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Fig. 9. Schematic models of evolution of the geot-
hermal activities. Thickness of arrows depend quali-
tatively on assumptions of the thermal energy supply
from the intruded magma. Height of steam is also
shown qualitatively.

field, it is thought that a zone involving the dry
steam phase had been formed beneath the
Nishiyama fault group at least in December
2000 because the high resistive layer, probably
caused by the presence of the dry steam phase,
was detected (fig. 5c). Subsequent develop-
ment of the process had formed the geothermal
field around the cryptodome and the NW edge
of the main fault of the Nishiyama fault group
(maximum increase of the ground temperature:
64°C) (stages 3 and 4), because the high resis-
tive part had shrunk depending on the progress
of heat discharge to the surroundings and the
air.
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7. Conclusions

A geothermal field developed in 2000 on the
foot of the Usu volcano where showed no geot-
hermal indication in the past. We conducted geo-
physical measurements to clarify the evolution
of the geothermal field, especially in the early
stage of the geothermal activity. The results of
observations are summarized as follows:

1) A remarkable decrease of ground tem-
perature was observed on the Nishiyama crater
group at an early stage after cease of the erup-
tive activities.

2) The geothermal field has migrated along
the Nishiyama main fault, away from the
craters.

3) Positive SP anomalies have also migrat-
ed following the migration of the geothermal
field.

4) The topographic effect of the SP field
was observed along the slope of the Usu som-
ma, suggesting the existence of downward po-
tential flow.

5) Drastic changes in the subsurface resis-
tivity structure were accompanied by the rapid
expansion of the geothermal field.

Considering the highly permeable Usu som-
ma and the topographic effect of the SP field,
the potential flow through the newly formed
faults must play an important role for rapid ex-
pansion of the geothermal field and migration
of the most active part.
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