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Abstract

After the 1989 sea-floor eruption off the east coast of Ito city, no remarkable activities of earthquake swarms
were observed in the eastern part of the Izu Peninsula, Central Japan during the period from 1990 to 1992.
However, a small swarm activity was again observed in January, 1993 and a remarkable one took place again
in May-June 1993. Several months after the subsidence of the swarm activity, abrupt changes in the crustal
movement in the inland of the peninsula were observed during the period from September 1993 to February
1994. At some continuous observation sites, well correlated changes in the geomagnetic total intensity were
observed almost during the same period when the anomalous changes in the crustal movement were seen in
the eastern part of the peninsula. The spatial patterns of negative changes of the total intensity in the northern
half and positive ones in the south were seen in the north-eastern edge of the domed distribution of the up-
heaval. The changes in crustal movement and the geomagnetic field terminated when a small swarm activity
occurred at the end of February 1994.

Key words geomagnetic field — piezomagnetic gravity, strain, and uplift observed near the San
effect — crustal movement — tectonomagnetism Andreas fault, found strong correlations among
them including the total intensity, and obtained

an empirical relation between the total inten-

1. Introduction sity and the others. For instance, according to
his results, a 1nT change in the total intensity

Temperature and/or stress changes in the corresponds to a strain change of 1.02 x107°,

Earth’s crust can be possible causes of local Changes in the total intensity associated
changes in the total geomagnetic field at the with the earthquake swarm occurred in Mat-
Earth’s surface. So, local changes in the geo- sushiro, Central Japan during the period from
magnetic field can be regarded as an indicator 1965 to 1966 were observed by Rikitake
representing the crustal condition. (1968) using a proton magnetometer array ob-

Johnston (1986), who analyzed long period servation which was the start of such a contin-
data sets of the geomagnetic total intensity, uous observation system set up in a narrow ac-

tive area. At the northern site, the total inten-

sity decreased by about 5 nT, while it in-
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Many researchers have tried to explain vari-
ous changes observed in the Matsushiro area.
For instance, Stuart and Johnston (1975) tried
to explain them in terms of magma intrusion,
and Mizutani and Ishido (1976) proposed a
model based on the streaming potential theory.
However they failed to obtain a full under-
standing of the phenomenon governing the
Matsushiro earthquake swarm. Recently, how-
ever, Sasai (1995) succeeded in describing the
whole image for the Matsushiro earthquake
swarm on the basis of the analytical piezomag-
netic modeling method accomplished by Sasai
(1991a). This means that tectonomagnetic ob-
servations can play a very important role in
clarifying the generating mechanism of an
earthquake swarm.

In the north-eastern part of the Izu Penin-
sula, Japan, anomalous crustal uplift accompa-
nying earthquake swarm activity once took
place in 1930 and the Kita-Izu earthquake
(M 7.3) occurred in November 1930 to produce
a displacement along the Tanna fault.

Seismic activities in the Izu region have be-
came high since the Izu-Hanto-Oki earthquake
(M 6.9) which occurred at the southern tip of
the Izu Peninsula in May 1974. Since then re-
markable crustal activities, namely the anoma-
lous crustal uplift and earthquake swarms, have
continued for about 20 years in the north-east-
ern part of the Izu Peninsula, Japan.

In this study, tectonomagnetic changes ob-
served in the eastern part of the Izu Peninsula
during the period from January 1993 to May
1994 are described and their possible generat-
ing mechanism is discussed on the basis of the
piezomagnetic effect.

2. Outline of the magnetic observation

The Izu Peninsula is located in Central Japan
facing the Pacific Ocean, and about 100 km
away from Tokyo as shown at the bottom
of fig. 1. Geomagnetic observation was initi-
ated in 1976 in the Izu region, where it became
one of the most active regions in Japan. Since
then, intensive geomagnetic observations have
been carried out (e.g., Rikitake et al., 1980; Sa-
sai and Ishikawa, 1977, 1978, 1980a,b, 1982,
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Fig. 1. Distribution of continuous observation sites
of the geomagnetic total intensity in the Izu Penin-
sula after the 1989 sea-floor eruption which formed
the Teishi Knoll. The hatched area indicates the ac-
tivity zone of the earthquake swarms over the past
10 years.

1985). In particular, since 1989 when the
Teishi knoll sea-floor eruption occurred off the
east coast of Ito city in the peninsula, geomag-
netic observations have been intensified with a
dense network system of the observation using
up to 23 proton precession magnetometers in
the north-east coast of the peninsula (Oshiman
et al., 1991).

The activities in the north-eastern part of the
peninsula are characterized by two types of
crustal activities. One is the unusual crustal up-
lift persisting for about 20 years as revealed by
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a leveling survey and sea-level measurements
at Ito tidal station conducted by GSI, Geo-
graphical Survey Institute, Japan (e.g., GSI,
1995) and the other is the earthquake swarm
intermittently occurring there since 1978. The
main region of earthquake swarm activity in
the past 10 years is shown in fig. 1 with the
hatched area.

Figure 1 also shows localities of continuous
observation sites of the geomagnetic total in-
tensity. Since the sites, KWZ and HED, shown
in the map at the bottom of fig. 1 are located at
places far from the area concerning the crustal
uplift and earthquake swarms, they are used as
reference sites for obtaining the differences in
the total intensity to separate local changes in
the geomagnetic field. Since observed data are
not telemetered from observation sites, we visit
most sites every 45 days to pick up observed
data written on EP-ROM and to make a site in-
spection of magnetic circumstances.

In this region, geomagnetic circumstances
are not so good for observation because an
electric railway runs along the coast line and
so many houses are there. However, some
clear changes in the geomagnetic field were
observed in association with the crustal activi-
ties there. For instance, paired changes of de-
creasing and increasing which were well ex-
plained by the thermal demagnetization of
rocks were observed before the 1989 sea-floor
eruption as reported by Sasai (1989) and Sasai
and Ishikawa (1991).

In this paper, we describe remarkable
changes in the geomagnetic total intensity ob-
served from July 1993 to March 1994, in asso-
ciation with abrupt changes in the crustal uplift
which took place in the north-eastern part of
the peninsula.

3. Seismicity and crustal movement in
the Izu region

Seismic activities in the Izu region have be-
came high since the Izu-Hanto-Oki earthquake
which occurred at the southern tip of the Izu
Peninsula in May 1974. More than ten moder-
ately large earthquakes (M > 5) occurred in the
Izu region during the period from 1974 to
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1981. Rikitake (1982) pointed out a tendency
for these epicenters to migrate towards the
north since the Izu-Hanto-Oki earthquake.

An earthquake swarm began to occur east
off the Kawanazaki Promontory (the continu-
ous observation site, KWN, established in
1989 is located at the promontory), Ito city, at
the end of November 1978. Since then, the
swarm activities have occurred intermittently
for the past 17 years in the eastern part of the
Izu Peninsula. Reports on seismicity in the Izu
region until 1980 can be seen in, for instance,
Tsumura et al. (1977, 1978), Tsumura (1980)
and Karakama er al. (1980). Another feature of
the tectonic activity is a crustal uplift in the
north-eastern part of the Izu Peninsula with an
almost constant rate of upheaval revealed by
the Geographical Survey Institute (e.g., GSI,
1995) using differences in the sea-level be-
tween Ito and a reference tidal station far from
the Izu region.

Figure 2 shows the frequency of the occur-
rences of earthquakes observed at Ito by the
Japan Meteorological Agency (JMA, 1995)
since the end of 1976. Seismic activities except
ones denoted by asterisks are earthquake
swarms which occurred at east off Ito. During
the period from 1989, when the Teishi knoll
sea-floor eruption occurred, up to 1992 no re-
markable activities of earthquake swarm in the
north-eastern Izu region were observed except
two small swarm activities which took place in
August 1990 and December 1991. It seems,
however, that the crustal condition in this re-
gion has become re-activated again since the
end of 1992, so that a swarm activity was ob-
served in January 1993 and a remarkable one
took place again in May-June 1993. During the
activities, tilt changes amounting to 10 M rad.
(E down) in the EW component were observed
by NIED (1994a) at Ito station which is lo-
cated at a place close to our magnetic observa-
tion site, KWN. They interpreted the tilt
changes using the same type of tensile fault as
Okada and Yamamoto (1991) used for interpre-
tation of a tilt change, amounting to 20 M rad.
observed in association with the 1989 seismo-
volcanic activity. After subsidence of this
swarm, an abrupt crustal uplift was observed,
especially in the inland of the peninsula.
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Fig. 2. Earthquake frequency for every ten days observed in Ito city (after JMA, 1995). Seismic activities de-
noted by asterisks are not the swarm activities which occurred east off Ito city.

Changes in the distance between Ito and
Hatsushima and between Komuro and Usami
observed by GSI (1995) during the period from
September 1990 to July 1994 are reproduced in
fig. 3. The offsets seen in June 1993 are ob-
served during the largest earthquake swarm in
1993. From September 1993, an abrupt change
is seen in each distance shown in the figure.
The distance between Komuro and Usami,
which is measured with EDM, increased by
about 6 cm until the end of February 1994,
while the distance between Hatsushima and
Ito, which is measured by GPS, showed a de-
crease of 2 cm during the period from Septem-
ber 1993 to the end of November 1993.
Changes in the tilt are also observed at Ito sta-
tion by NIED (1994b) resulting in a total
amount of about 8§ u rad. (E down) in EW
component and about 3 u rad. (N up) in NS
component during the period. IMA (1994) also
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observed tilt change amounting to 5.3 u rad.
(N down) in the NS component at the tilt ob-
servation station which is located at a place
very close to our site OSK in Osaki, during the
same period. Observed geomagnetic changes
have a good correlation with such crustal
changes, although the changes started about 2
months later than the crustal change, as is de-
scribed in the following section.

Spatial distribution of the vertical movement
is also revealed by GSI (1995) with the level sur-
vey during the period from June-August 1993 to
June 1994 as shown in fig. 4. In the central re-
gion of the north-eastern part of the peninsula,
uplift of more than 5 cm is observed. The spatial
distribution of the uplift seems to be a dome-like
shape. The center of the uplift can be put some-
where around the place denoted by C in the
figure. The contours of 40 and 50 mm shown in
fig. 4 are drawn by the authors.
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GSI (1995). The distance between Hatsushima and Tto is mea-
sami and Komuroyama is measured with EDM. Vertical axes in

On the other hand, ERI (1995) revealed a spa-
tial pattern of gravity changes in the eastern
part of the peninsula by repeated surveys. They
reported that gravity changes associated with
the abrupt uplift reached the same amount or
more (about —40 u gal) than they observed in
association with the 1989 seismo-volcanic ac-
tivity, and that the area where changes ap-
peared is four times wider than that of the
1989 activity. It seems that changes in the tlts
and the distances mentioned above terminated
when a small activity occurred at the end

Fig. 4. Vertical measurements in the north-eastern
part of the Izu Peninsula during the period from
June-August 1993 to June 1994 (GSI, 1995). Units
in mm. Contour lines of 40 and 50 mm are drawn
by the authors. The location of the Tto Tidal Station
(ITS) is also shown.
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of February 1994, whose region was located
about 6 km south from the eastern portion of
the hatched area shown in fig. 1.

4. Geomagnetic changes from June 1993
to May 1994

Remarkable geomagnetic changes well corre-
lated with each other at several observation sites
were observed during the period from September
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1993 to May 1994. As is mentioned above, dur-
ing the period the abrupt changes in the crustal
movements took place after the 1993 earthquake
swarm were also observed by GSI (1995) in the
north-eastern part of the Izu Peninsula.

Figure 5 shows 5-day means of simple dif-
ferences referred to KWZ during the period
from January 1993 to May 1994 using night-
time data in order to avoid the noise contami-
nation due to the electric railway, especially
running along the east coast of the peninsula.
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Fig. 5. Changes in the geomagnetic differences during the period from January 1993 to May 1994 in the north-
eastern part of the Izu Peninsula. Five day means of night-time (0:00-4:00 LT) differences are shown.
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Fig. 6a,b. Fourteen point moving averages (a) applied to the data set of the 5-day means plotted in (b).

Several sites are still affected by artificial in-
fluences such as house construction near a site.
For instance, the remarkable change observed
at AJR since the end of November 1993 seems
to be due to an artificial origin, and changes
seen at AKS can be also attributed to the influ-
ence of the artificial noises. Changes seen at
MKW during January-February 1993 and at
ARA during May-July 1993 are apparent
changes due to artificial origin, too. The re-
markable changes correlated with the crustal
changes are clearly seen at OIS, OSK, YKW
and SWG. At sites OSK, YKW and SWG, in-
creasing changes of the total intensity were ob-
served, especially during the period from
November 1993 to March 1994, while at OIS a
decrease was observed during the same period.

On the other hand, no change was observed at
UKH, and the differences at SGH, OKN, ARA
and YTN were almost constant during the pe-
riod. YMD is located just above the tunnel of
the electric railway. So data are processed by a
special filtering technique (Oshiman e al.,
1997) not described in this paper.

Figure 6b shows 5-day means of simple dif-
ferences using night-time data at sites showing
well correlated changes and not affected by ar-
tificial disturbances in this period especially in
the Ito area, the northern half of this observa-
tion area. At most of all sites, except OIS and
YMD, differences increase after November
1993. Fourteen point moving averages applied
to the data set plotted in fig. 6b are shown in
fig. 6a.
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Fig. 7. Spatial distribution of geomagnetic changes
revealed by fourteen point moving averages during
the period from November 1993 to April 1994.

Figure 7 shows the spatial distribution of
geomagnetic changes during the period from
November 1993 to May 1994. A negative re-
gion is seen in the northern area, and a corre-
sponding positive region is seen in the neigh-
bouring region of the southern side of the
negative region. No remarkable geomagnetic
changes (fig. 7) are seen in the central area
where the uplift is observed (fig. 4), although
observation sites are not dense in the area.
A center of the paired region of the positive
and negative changes seems to be located at
somewhere around the northern observation
area shown in fig. 7. So, the two centers of the
geomagnetic change and the crustal uplift do
not coincide with each other. This discrepancy
of the location of the two centers makes it very
hard to clarify the source mechanism of the
observed changes in the geomagnetic total in-
tensity.
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5. Magnetic changes produced by
a dilatation sphere

Sasai and Ishikawa (1991) discussed the
generating mechanism of the total intensity
changes observed in the eastern part of the Izu
Peninsula during the period from 1976 to 1989
on the basis of both piezomagnetic and thermal
demagnetization effects. It does not seem,
however, that the observed spatial pattern de-
scribed in the previous section can be ex-
plained in terms of the thermal demagnetiza-
tion model. Because the thermal demagnetiza-
tion of the same portion of the crustal magneti-
zation produces a spatial pattern of positive on
the north side and negative on the south of the
total intensity changes.

Taking account of the observed dome-like
distribution of the crustal deformation, one of
the simplest elastic models is the Mogi model
(Mogi, 1958). The piezomagnetic version of
the Mogi model was introduced into the re-
search field of tectonomagnetism by Davis
(1976) on the basis of a numerical approach
aimed at explaining the volcanomagnetic effect
due to the Kilauea volcano in Hawaii. Mean-
while, Sasai (1979) initiated an analytical ap-
proach for piezomagnetic modeling. And Sasai
(1991a,b) obtained final version of the analyti-
cal solution of the piezomagnetic Mogi model.
A schematic view of the Mogi model is shown
in fig. 8a.

According to the previous studies on the
piezomagnetic model, when the depth of the
Curie point isotherm, Hy, is deeper than that of
the dilating sphere, D, we expect the positive
distribution of the total intensity changes
around the Earth’s surface immediately above
the sphere center and negative area in the
northern neighbourhood of the positive area.
This spatial distribution of geomagnetic
changes could explain the observed changes
shown in fig. 7.

To explain the observed crustal uplift first, we
roughly determine some basic parameters of the
Mogi model, such as the radius, a, of the pres-
surized sphere, the depth, D, pressure change,
Ap, shown in fig. 7. The moment of pressure
source of the Mogi model is characterized
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Fig. 8a,b. A schematic view of the Mogi model. a) Uniform case of distribution of the rock magnetization in
the crust; b) non-uniform case of distribution of the rock magnetization.

by a following parameter C, (Sasai, 1991b);

_ A+
A+2U

where A and py are Lame’s constants, D the
depth of an underground dilating sphere, Ah,
the vertical movement at the surface immedi-
ately above its center. So, we do not need val-
ues for the radius, a, and pressure change, Ap,
explicitly for the point source solution.

The uplift Ak is given to be about 6 cm at
most at C from observation shown in fig. 4.
The depth, D, can be also estimated at about
7.7 km from the observation results shown in
fig. 4 based on a simple method which Hagi-
wara (1977) proposed to determine D. Using
those two parameters thus obtained, we calcu-
late changes in the total intensity due to pres-
surized center using the calculation code devel-
oped in Suzuki and Oshiman (1990). Other
model parameters used in the calculation of
this study are as follows: A = u = 3.5x10"
cgs, [ =45°J=43 A/m, B=2.0x10"* 1/bar,
a = 2.0 km, and Ap = 205 bar.

uD?* Ah,

0
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Figure 9a-c shows calculated spatial distri-
bution of the total intensity changes at the
Earth’s surface. The direction of the north co-
incides with the upward direction of the verti-
cal axis. The numeric value on each axis is a
value normalized by a unit length of 10 km.
The center of dilating source is located beneath
the origin. The results shown in fig. 9a-c corre-
spond to the cases of Hy, = 30, 8, and 5 km,
respectively.

As already mentioned above, the positive
change area of the total intensity appears above
the southern half of the upheaval area included
just above the center of the dilating source,
while negative changes are seen in the northern
side, for the case of Hy = 30 km in fig. 9a. In
the case that the dilating sphere is not included
in the magnetized region, namely H, = 5 km,
however, the negative change area is dominant
above the upheaval area. This means the
parameter, H,, plays a very important role
in identifying the piezomagnetic model for ex-
plaining the observed changes in the total inten-
sity in the north-eastern part of the peninsula. -
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Fig. 9a-c. Total intensity changes due to the Mogi model for the uniform distribution of the rock magnetiza-
tion shown in fig. 8a. a) Changes due to the Mogi model, when the Curie point isotherm is located at a depth
of 30 km; b) changes due to the Mogi model, when the Curie point isotherm is located at a depth of 8 km;
¢) changes due to the Mogi model, when the Curie point isotherm is located at a depth of 5 km.

Okubo (1984) analyzed air-borne magnetic
data sets to obtain a model of the distribution
of crustal magnetization beneath Japan, which
is regarded, as a first order approximation, to
be uniform to a depth of the Curie point
isotherm, and inferred that the depth of the
Curie point isotherm beneath the eastern part
of the Izu Peninsula is.very shallow and about
8 km.

On the other hand, Oshiman et al. (1983)
observed very local secular changes associated
with the uplift in the eastern part of the Izu
Peninsula during the period from December
1978 to March 1982, and interpreted the ob-
served spatial distribution of the secular
changes based on a piezomagnetic Mogi model
proposed by Sasai (1979). Negative changes on
the northern side are dominant in the observed
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spatial pattern along the N-S repeated survey
line. They used the piezomagnetic Mogi model
in the case that the Curie depth was much
deeper than that of a dilating source in their
interpretation.

The analytic model proposed by Sasai
(1979), however, was revised by Sasai
(1991b). So we should apply a model of the
case that the source is not included in the mag-
netized region, when we use the piezomagnetic
Mogi model in order to interpret the spatial
distribution of secular changes observed by
Oshiman er al. (1983), because negative is
dominant in the observed changes. The depth
of the source used in Oshiman et al. (1983)
is 3 km, although it cannot. be determined
uniquely. So, the Curie depth beneath the east-
ern part of the peninsula might be much shal-
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Fig. 10a-c. Total intensity changes due to the Mogi model for the non-uniform distribution of the rock mag-

netization shown in fig. 8b. a) Changes due to the
depth of 30 km; b) changes due to the

Mogi model, when the Curie point isotherm is located at a
Mogi model, when the Curie point isotherm is located at a depth of 8

km; c) changes due to the Mogi model, when the Curie point isotherm is located at a depth of 5 km.

lower than 8 km. In that case, as is shown in
fig. 9c, the negative area becomes so dominant
above the upheaval area that we cannot explain
the paired positive-negative distribution pattern
shown in fig. 7 by using a piezomagnetic Mogi
model, because the positive area in fig. 9c¢ is
not widely distributed and not so strong in its
intensity.

Now we introduce, here, a non-uniform dis-
tribution of crustal magnetization for the piezo-
magnetic Mogi model. The schematic view is
shown in fig. 8b. Inside the rectangular solid of
a volume of eXxfx(Hy—d) surrounding the
source sphere, the intensity of crustal magneti-
zation is assumed to be zero.

Figure 10a-c shows the total intensity
changes at the Earth’s surface for the same
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basic parameters of the piezomagnetic Mogi
model as those in fig. 9a-c, assuming e = 7.0 km,
f=7.0km, and d = 3.2 km for the size of the
non-magnetic rectangular solid. The calculated
distribution of changes shown in fig. 10a-c cor-
responds to the cases of Hy = 30 km, 8 km and
5 km, respectively. As shown in fig. 10c, the
spatial distribution pattern of the total intensity
changes for the case of the non-uniform model
is quite different from that of the uniform case
when Hj = 5 km. So, it may be possible to pro-
duce a change distribution pattern of negative
in the northern half and positive in the south-
ern half when crustal magnetization is not uni-
form to the Curie depth, even if the depth of
the source is much shallower than the Curie
depth.
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6. Discussion

We observed geomagnetic changes in asso-
ciation with the abrupt ground deformation
which occurred after the subsidence of the
1993 swarm activity. Although we have not yet
reached the final goal for describing the gener-
ation mechanism of the observed geomagnetic
changes, we may explain the observed distribu-
tion pattern of the total intensity changes with
a piezomagnetic Mogi model. Location of the
source, however, is different from that inferred
from the domed distribution of the crustal de-
formation. Namely, the source for the piezo-
magnetic Mogi model should be located at a
place about 6 km north from the center, C, of
the uplift shown in fig. 4, even from the view-
point of the non-uniform model proposed in
the previous section.

Meanwhile, Nakatsuka (1995; personal
communication) analyzed air-borne magnetic
data around the north-eastern part of the Izu
Peninsula using the method proposed by
Nakatsuka (1994), and obtained a clear distri-
bution of negative intensity (i.e., reverse mag-
netization) of crustal magnetization from the
Earth’s surface to a depth of about 500 m
around our observation site, OIS. This kind
distribution of reversal magnetization could ex-
plain the reason why the center of the paired
change distribution of the total intensity does
not coincide with the location of the source of
the Mogi model for the crustal uplift. As is
shown by Oshiman (1990), a paired spatial pat-
tern of negative and positive changes can also
be expected on a boundary between different
blocks in the direction of crustal magnetization.

We need a more detailed distribution of
magnetization to a deeper portion of the
Earth’s crust in and around our observation
area to understand the observed magnetic
changes well correlated with the crustal move-
ment.

We have not taken information obtained
from the spatial pattern of gravity changes re-
vealed by ERI (1994) into consideration yet for
constructing a piezomagnetic model to explain
the observed -changes. The spatial pattern is
elongated in the NE-SW direction in the east-
ern part of the peninsula. This means that the
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Mogi model is too simple to explain the ob-
served changes in the total intensity, and that
we should use another type of piezomagnetic
model, such as a tensile fault model having a
length of about 6 km and a width of about 6
km and dipping at a very low angle at a depth.
Magma may be supplied to the almost vertical
tensile faults revealed by Okada and Yama-
moto (1991) during the swarm activities off
the east coast of the Izu Peninsula, through

such a buried root tensile fault.

Another possible explanation of the ob-
served changes is that based on electrokinetic
effects. For instance, Zlotnicki and Mouel
(1998) suggested electrokinetic effects as a
generating mechanism of geomagnetic changes
observed on Piton de la Fournaise Voleano. On
the other hand, Hashimoto and Tanaka (1995)
found very large changes in the self-potential
in association with extrusion of a lava dome on
Unzen Volcano, and Hashimoto (1997) claimed
that electrokinetic potential associated with
subsurface hydrothermal convection seemed to
be the most reasonable mechanism. Therefore,
we could not exclude the possibility that the
observed changes in the north-eastern part of
the Izu Peninsula might be generated by elec-
trokinetic effects because changes in subsur-
face hydrothermal convection in this area
would be possible. However, we have no ob-
servations such as the self-potential and/or
water temperature changes suggesting varia-
tions in subsurface fluid flow. So we did not
take such effects into consideration in this
manuscript.

Acknowledgements

Various suggestions made by Dr. V.
Pilipenko and another anonymous referee of
this manuscript are gratefully acknowledged.

REFERENCES

Davis, P.M. (1976): The computed piezomagnetic
anomaly field for Kilauea Volcano, Hawaii, J. Geo-
magn. Geoelectr., 28, 113-122.

ERIL (Earthquake Research Institute, The University of
Tokyo) (1994): Gravity change in the Izu Peninsula,
Rep. Coord. Comm. Earthq. Predict., 52, 308-310
(in Japanese).



Geomagnetic changes correlated with crustal movement in the north-eastern part of the Izu Peninsula, Japan

GSI (Geographical Survey Institute) (1995): Crustal move-
ments in the Izu Peninsula and its vicinity, Rep. Coord.
Comm. Earthq. Predict., 53, 356-375 (in Japanese).

HAGIwaRra, Y. (1977): Matsushiro uplift as a multiple
Mogi model, J. Geod. Soc. Jpn., 23, 25-35 (in Japanese
with English abstract).

Hasumvoro, T. (1997): Self-potential changes and subsur-
face hydrothermal activity accompanying the 1990-
1995 eruption on Unzen Volcano, J. Geomagn. Geo-
electr. (in press).

Hasumvoro, T. and Y. TANAKA (1995): A large self-po-
tential anomaly on Unzen volcano, Shimabara Penin-
sula, Kyushu Island, Japan, Geophys. Res. Lett., 96,
10361-10376.

JMA  (Japan Meteorological Agency) (1994): Seismic
activity in the eastern part of the Izu Peninsula,
Rep. Coord. Comm. Earthg. Predict., 52, 216-220
(in Japanese).

JMA (Japan Meteorological Agency) (1995): Seismic ac-
tivity in and around the Izu Peninsula (May-October,
1994), Rep. Coord. Comm. Earthg. Predict., 53, 314-
326 (in Japanese).

JoHunsTON, ML.J.S. (1986): Local magnetic fields, uplift,
gravity, and dilatational strain changes in Southern
California, J. Geomagn. Geoelectr., 38, 933-947.

KARAKAMA, I, 1. OcGmo, K. TsuMura, K. Kanjo, M.
TAKAHASHI and R. SEGAWA (1980): The earthquake
swarm east off the Izu Peninsula of 1980, Bull. Earthg.
Res. Inst., Univ. Tokyo, 55, 913-948 (in Japanese with
English abstract).

Mizutant, H. and T. IsHipo (1976): A new interpretation
of magnetic field variation associated with the Mat-
sushiro earthquakes, J. Geomagn. Geoelectr., 28,
179-188.

Mogr, K. (1958): Relations between the eruptions of vari-
ous volcanoes and the deformations of the ground sur-
faces around them, Bull. Earthq. Res. Inst., Univ.
Tokyo, 36, 99-134.

NAKATSUKA, T. (1995): Minimum norm inversion of mag-
netic anomalies with application to aeromagnetic data
in the Tanna area, Central Japan, J. Geomagn. Geo-
electr., 47, 295-311.

NIED (National Research Institute for Earth Science and
Disaster Prevention) (1994a): Ground tilt change asso-
ciated with the swarm activity off the east coast of the
Izu Peninsula in May-June 1993, Rep. Coord. Comm.
Earthg. Predict., 51, 336-340 (in Japanese).

NIED (National Research Institute for Earth Science and
Disaster Prevention) (1994b): Recent results of contin-
uous crustal tilt observation in the Kanto-Tokai area
(November 1993-April 1994), Rep. Coord. Comm.
Earthq. Predict., 52, 180-195 (in Japanese).

OKADA, Y. and E. YAMAMOTO (1991): Dyke intrusion for
the 1989 seismovolcanic activity off Ito, Central Japan,
J. Geophys. Res., 96, 10361-10376.

OxuBO, Y. (1984): Results of Curie point analysis in
Japanese Islands, Geology News, Greological Survey of
Japan, No. 362, 12-17 (in Japanese).

OsHIMAN, N. (1990): Enhancement of tectonomagnetic
changes due to non-uniform magnetization in the
Earth’s crust — two-dimensional case studies, J. Geo-
magn. Geoelectr., 42, 607-619.

OsHIMAN, N., Y. SasAl, Y. ISHIKAWA, Y. HONKURA and

493

H. TARAKA (1983): Local changes in the geomagnetic
total intensity associated with crustal uplift in the Izu
Peninsula, Japan, Earthq. Predict. Res., 2, 209-219.

OsHIMAN, N., Y. HONKURA, Y. Sasal, Y. IsHIKAwWA, H.
UTADA, S. KOYAMA, Y. TANAKA and T. YUKUTAKE
(1991): Magnetometer array observation in the North-
Eastern Izu region after the Teishi Knoll sea-floor erup-
tion in 1989, J. Phys. Earth, 39, 321-328.

OsHIMAN, N., Y. HONKURA, Y. SasAl and Y. ISHIKAWA
(1997): A new noise reduction method for contamina-
tion due to electric railways in tectonomagnetic data,
(in preparation).

RIKITAKE, T. (1968): Geomagnetism and earthquake pre-
diction, Tectonophysics, 6, 59-68.

RIKITAKE, T. (1982): Do foreshock epicenters move to-
ward the main shock epicenter?, Earthg. Predict. Res.,
1, 95-114.

RikITAKE, T., Y. Honkura, H. TANAKA, N. OSHIMAN,
Y. Sasal, Y. IsHikAwa, S. Koyama, M. KAWAMURA
and K. OHcHI (1980): Changes in the geomagnetic
field associated with earthquakes in the Izu Peninsula,
Japan, J. Geomagn. Geoelectr., 32, 721-739.

Sasal, Y. (1979): The piezomagnetic field associated with
the Mogi model, Bull. Earthg. Res. Inst., Univ. Tokyo,
54, 1-29.

Sasal, Y. (1989): Tectonomagnetism in Southern Kanto
and Tokai district, Central Japan, J. Geod. Soc. Jpn.,
35, 227-242.

Sasar Y. (1991a): Tectonomagnetic modeling on the basis
of the linear piezomagnetic effect, Bull. Earthq. Res.
Inst., Univ. Tokyo, 66, 585-722.

SasaL Y. (1991b): Piezomagnetic field associated with the
Mogi model revisited: analytic solution for finite
spherical source, J. Geomagn. Geoelectr., 43, 21-64.

SASAL Y. (1995): A generating mechanism of Matsushiro,
Central Japan, earthquake swarm: spontaneous hy-
draulic fracturing, in Abstract of the XXI General
Assembly of IUGG, PA 431.

SAsAlL Y. and Y. ISHIKAWA (1977): Changes in the geo-
magnetic total force intensity associated with the
anomalous crustal activity in the eastern part of the Izu
Peninsula (1), Bull. Earthq. Res. Inst., Univ. Tokyo, 52,
173-190 (in Japanese with English abstract).

SAsAL Y. and Y. ISHIKAWA (1978): Changes in the geo-
magnetic total force intensity associated with the
anomalous crustal activity in the eastern part of the Izu
Peninsula (2) — The Izu-Oshima-Kinkai earthquake of
1978, Bull. Earthq. Res. Inst., Univ. Tokyo, 53, 893-
923 (in Japanese with English abstract).

SasAl, Y. and Y. ISHIKAWA (1980a): Tectonomagnetic
event preceding a M 5.0 earthquake in the Izu Penin-
sula — Aseismic slip of a buried fault?, Bull, Earthg.
Res. Inst., Univ. Tokyo, 55, 895-911.

SasAL Y. and Y. IsHIKAWA (1980b): Changes in the geo-
magnetic total force intensity associated with the
anomalous crustal activity in the eastern part of the Izu
Peninsula (3) — The East Off Izu Peninsula earthquake
of 1980, Bull. Earthq. Res. Inst., Univ. Tokyo, 55,
1101-1113 (in Japanese with English abstract).

SASAL Y. and Y. ISHIKAWA (1982): Changes in the geo-
magnetic total force intensity associated with the
anomalous crustal activity in the eastern part of the Izu
Peninsula (4) — Anomalous change observed in the



Naoto Oshiman, Yoichi Sasai, Yoshimori Honkura, Yoshinobu Ishikawa and Yoshikazu Tanaka

north-eastern area in 1981, Bull. Earthq. Res. Inst.,
Univ. Tokyo, 57, 739-757 (in Japanese with English
abstract).

Sasal Y. and Y. IsHIKAWA (1985): Changes in the geo-
magnetic total force intensity associated with the
anomalous crustal activity in the eastern part of the Izu
Peninsula (5) — 1982-1984 off-Kawanazaki swarm
earthquakes and crustal uplift, Bull. Earthq. Res. Inst.,
Univ. Tokyo, 60, 147-177 (in Japanese with English
abstract).

SasaAL Y. and Y. ISHIKAWA (1991): Tectonomagnetic sig-
nals related to the seismo-volcanic activity in the Izu
Peninsula, J. Phys. Earth, 39, 299-319.

STUART, W.D. and M.J.S. JOHNSTON (1975): Intrusive ori-
gin of the Matsushiro earthquake swarm, Geology, 3,
63-67.

Suzukl, Y. and N. OSHIMAN (1990): A paradox in vol-
canomagnetism: disagreement between analytical and
numerical estimates of geomagnetic changes due to an

494

underground pressure nucleus, J. Geomagn. Geoelectr.,
42, 1291-1308.

TsuMURA, K. (1980): Recent seismic activities in the Izu
Peninsula and earthquake prediction, in Proceedings
of Earthquake Prediction Research Symposium, 47-51
(in Japanese with English abstract).

TSUMURA, K., I. KARAKAMA, I. OGiNO, K. SAKAI and M.
TAKAHASHI (1977): Observation of the earthquake
swarm in the Izu Peninsula (1975-1977), Bull. Earthg.
Res. Inst., Univ. Tokyo, 52, 113-140 (in Japanese with
English abstract).

TSUMURA, K., I. KARAKAMA, 1. OGINO and M. TAKAHASHI
(1978): Seismic activities before and after the Izu-Os-
hima-Kinkai earthquake of 1978, Bull. Earthq. Res.
Inst., Univ. Tokyo, 53, 675-706 (in Japanese with En-
glish abstract).

ZLOTNICKI, J. and J.L. LE MoOUEL (1988): Volcanomag-
netic effects observed on Piton de la Fournaise Volcano
(Réunion Island): 1985-1987, J. Geophys. Res., 93,
9157-9171.





