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Abstract Iwate volcano, Japan, showed significant volca-
nic activity including earthquake swarms and volcano
inflation from the beginning of 1998. A large earthquake
of magnitude 6.1 hit the south-west of the volcano on
September 3. Although a 1 km2 fumarole field formed,
blighting plants on the ridge in the western part of the
volcano in the spring of 1999, no magmatic eruptions
occurred. We reconcile the spatio-temporal distributions of
volcanic pressure sources determined by previously
reported studies in which GPS, strain and tilt data from
dense geodetic station networks are analyzed (Miura et al.
Earth Planet Space 52:1003–1008, 2000; Sato and Hamaguchi
J Volcanol Geotherm Res 155:244–262, 2006). We calculate
the magma supply rates from their results and compare them
with the occurrence rates of volcanic earthquakes. The results
show that the magma supply rates are almost constant or
even decrease with time while the earthquake occurrence rate
increases with time. This contrast in their temporal changes is
interpreted to result from stress accumulation in the volcanic
edifice caused by constant magma supply without effusion of

magma to the surface. We further show that data showing
slight acceleration in strain can be best explained by magma
ascent at a constant velocity, and that there is no evidence for
increased magma buoyancy resulting from gas bubble
growth. This consideration supports the interpretation that
the magma stayed at 2 km depth and horizontally migrated.
These findings relating magma supply rate and seismicity to
magma ascent process are clues to understanding why no
magmatic eruption occurred at Iwate volcano in 1998.

Keywords Magma ascent . Volcano inflation . Strain . Gas
bubble growth . Out gassing . Buoyancy

Introduction

The Iwate volcanic group, located in the northeastern
region of Japan, is generally classified into two subgroups:
The western group (West Iwate) consists of a volcanic
edifice characterized by several peaks (Mitsuishi-yama,
Inukura-yama, Ohmatsukura-yama, Ubakura-yama and
Kurokura-yama) and the eastern group (East Iwate) consists
of Yakushi-dake. Onigajo-caldera is located between the
western and eastern groups. West Iwate was formed at
about 200 ka, and the volcano flank is strongly eroded,
whereas East Iwate is a young stratovolcano formed at 5 ka,
with the highest peak (2038 m) in East and West Iwate.

There are historical records of large magmatic erup-
tions at East Iwate (Doi 1991; Ito 1998, 1999). In 1686,
an eruption involving scoria emissions, base surges and
lahars occurred at the central cone. In 1732, a large
amount of basaltic lava was effused from new vents
formed on the northeastern flank of East Iwate, forming a
flow 3.4 km long with a maximum width of 1.1 km. There
are also geological records that indicate two magmatic
eruptions, with a debris avalanche on the northeastern
flank of East Iwate, between 915 and 1686. The debris
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avalanche reached 8 km from the summit, flowing down along
a river to Morioka city, which is a capital of Iwate Prefecture
with a present-day population of about 260,000. In contrast,
there is no historical record of magmatic eruptions at West
Iwate, apart from a phreatic eruption in 1919 at Onigajo-
caldera. This eruption was small and no damage to human or
constructions was reported.

Magmatic eruptions have not occurred at Iwate volcano in
the hundreds of years since 1732. During this long dormant
period, however, volcanic tremor was first observed in
September 1995 (Ueki et al. 1996). After that, volcanic
tremor and earthquakes were frequently observed. From
February 1998, the seismicity in and around Iwate volcano
gradually increased with volcano inflation (Tanaka et al.
2002a), and high seismic activity and volcano inflation
continued for about 1 year. The volcano did not finally erupt
although a new fumarole field appeared on West Iwate.

Wewere concerned for a new eruption as the seismic activity
became high and the volcano inflated in 1998. The local
government organized a working group with scientists to cope
with the on-going volcanic activity. The scientists intensively
analyzed the seismic and geodetic data to quantitatively
evaluate the magma activities and related phenomena, which
are summarized in many papers (Miura et al. 2000; Nishimura
et al. 2000a, b, 2005; Matsumoto et al. 2001; Uchida et al.
2002; Nakahara et al. 2002; Tanaka et al. 2002a, b; Ueki and
Miura 2002; Nakamichi et al. 2003; Yamawaki et al. 2004;
Sato and Hamaguchi 2006). It was not known, however, at
that time whether the magmatic activity beneath the volcano
would lead to volcanic eruptions or finally end as a failed
eruption. In the present study, we reexamine the magmatic
activity in 1998, giving attention to temporal changes of
magma migration as well as the associated seismicity. On the
basis of the results reported in previous papers and theoretical
consideration on magma ascent process, we investigate the
reasons why Iwate volcano failed to erupt in 1998.

Review of volcanic activity in the 1990’s

Most of the previous studies on the 1998 volcanic activity
depend on the data recorded by geophysical observation
networks in and around the volcano.We first briefly summarize
the 1998 volcanic activity as well as the observation system.

Permanent geophysical observation was started at Iwate
volcano by Tohoku University as a part of the national project
for prediction of earthquakes and volcanic eruptions in Japan.
Matsukawa station (MTK) was constructed in 1981 about
10 km NW from the summit and consists of a three-
component short-period seismometer in a 100 m borehole.
In 1994, Ainosawa and Yakebashiri stations (ANS and YKB)
were deployed to monitor the volcano with short-period
seismometers as well as tilt and strain meters which are set at

depths about 300 m beneath the southeast and northeast flanks
of East Iwate, respectively. In 1997 Genbudo station (GNB)
was constructed on the southwest flank of the volcano with
borehole short-period seismometers, and tilt and strain meters.
Five Global Positioning System (GPS) stations were estab-
lished around the volcano by the end of 1996, and eight more
stations were deployed between April and August of 1998
(Miura et al. 2000). Short-period and broad-band seismom-
eters were also set at stations around the volcano in 1998
(Nishimura et al. 2000a; Tanaka et al. 2002a). These dense
seismic and geodetic networks have succeeded in detecting
the 1998 magmatic activity from its initiation to the end.

Figure 1 shows the hypocenters of volcano-tectonic
earthquakes, low-frequency earthquakes, the source region
of the very-long-period events (Nishimura et al. 2000a;
Tanaka et al. 2002a), the locations of the volcanic pressure
sources (Sato and Hamaguchi 2006), and the mountain
peaks and caldera. The volcanic earthquakes were mainly
located between East Iwate and West Iwate, and most of
them were at shallow depths less than 5 km. The volcanic
pressure sources were also distributed to the east-west. The
distributions were elongated almost parallel to the subduct-
ing Pacific plate motion direction. The fumarole field that
appeared in 1999 was located along the ridge line between
Kurokura-yama and Ubakura-yama (Doi et al. 2000).

Spatio-temporal distributions of volcanic pressure sources
are reported in detail by Miura et al. (2000) and Sato and
Hamaguchi (2006). Miura et al. (2000) located the pressure
sources by analyzing the GPS data around the volcano. They
showed that the dikes intruded at 3–5 km depths beneath
around Inukura-yama from February to April. After that,
spherical pressure sources are inferred at about 3–4 km depths
beneath around Mitsuishi-yama. These pressure sources
migrated westward from February to August. Sato and
Hamaguchi (2006) applied a new method using Bayesian
decomposition to extract the strain and tilt changes caused by
volcanic pressure sources from the raw data, including the
effects of sensor installations, influences of rainfall, and
secular drifts at the site. Then, they obtain the spatio-
temporal distributions of dikes and spherical pressure sources
for the eight periods determined from temporal changes
observed in strain and tilt data at the three borehole stations
(YKB, ANS, and GNB), as well as GPS data at eight stations.
Their results show that from February to April, the volcano
was mainly inflated by the dikes intruded beneath the Onigajo-
caldera, which sometimes propagated westward. Spherical
pressure source activity became dominant from May, and was
always located at 3 km depth beneath the western flank of the
volcano where hydrothermal activity is high. Although there
are several differences in the pressure sources determined by
Miura et al. (2000) and those by Sato and Hamaguchi (2006),
we find that the following main results are indicated in both
papers: (1) from February to April, the dike intruded to
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shallow parts beneath from Onigajo-caldera to Ubakura-yama;
(2) from May, a spherical pressure source that expanded at
shallow parts beneath Mitsuishi-yama was dominant. Both
papers also showed that the volcanic pressure source locations
are well correlated spatially and temporally with the hypo-
centers, and the authors suggest that the volcanic earthquakes
occurred associated with dike intrusions and spherical pressure
source activity at shallow parts.

The time sequence of the 1998 activity of Iwate volcano
is divided into four periods below. We briefly summarize
the activity.

Before 1998

Volcanic tremor at depths of 8–10 kmwas first detected beneath
East Iwate in September 1995 (Ueki et al. 1996). After that,
low-frequency earthquakes and tremor beneath East Iwate
were frequently observed. From June 1996, high frequency
earthquakes occurred at shallow depths (< 2 km) beneath the
summit and flanks of the volcano, and this activity continued
until the end of 1997 (Ueki and Miura 2002).

From January to April in 1998

In February 1998, minor volcano inflation of up to 0.1 micro
radian per month at the foot of the volcano was observed and
shallow volcanic earthquakes occurred (Sato and Hamaguchi
2006). Activity of deep and intermediate-depth low-frequency
seismic events likely preceded the shallow volcano-tectonic
earthquake activity (Nakamichi et al. 2003). Volcano-tectonic
earthquakes and low-frequency earthquakes as well as very-
long-period seismic events at shallow depths were observed
(Nishimura et al. 2000a; Tanaka et al. 2002a). In the middle of
March, a shallow seismic swarm was observed, and at the end
of April, more than 100 earthquakes occurred in 1 h (Ueki
and Miura 2002). There were dike intrusions at a shallow
depth beneath Onigajo-caldera from February to April (Sato
and Hamaguchi 2006).

From May to September 2 in 1998

Seismic activity was high from May to July with intense
swarms from the end of June to the beginning of July. The very-
long-period events at a depth of about 2 km beneathWest Iwate
were common, with activity highest in late June. The volcanic
pressure sources moved to the west and persisted at a shallow
depth (~3 km) beneath West Iwate. At the end of August, the
shallow seismic activity ceased (Ueki and Miura 2002).

After September in 1998

On September 3, 1998, a M6.1 earthquake occurred at the
southwest of Iwate volcano. Stress changes caused by this
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earthquake seemed to decrease the seismic activity around
Mitsuishi-yama in West Iwate, while the number of earth-
quakes increased around Onigajo-caldera (Ueki and Miura
2002). There was also a dike intrusion around Onigajo-
caldera after the occurrence of the M6.1 earthquake (Sato
and Hamaguchi 2006), even though seismic activity
gradually decreased as a whole. In March 1999, a new
fumarole field and dead plants were found close to
Ubakura-yama (Doi et al. 2000). The fumarole field rapidly
spread for about 2 km in the east-west direction and 0.5 km
in the north-south direction. The fumaroles released about
97% H2O and 3% CO2. in August 1999 (Hirabayashi et al.
2006). The activity reached a maximum from January 2000,
with fumaroles sometimes 300–500 m high. The activity
gradually declined from the latter half of 2001, and had
almost ended in July 2004 (Doi and Saito 2005).

Temporal changes in the seismic activity and magma
supply rate in 1998

As shown in the previous section, significant magma
migration occurred mainly from February to April, and
the volcano continued to be inflated after May mainly by
the spherical pressure source persistent at a shallow depth
beneath West Iwate. After the M6.1 earthquake in Septem-
ber, the volcanic activity gradually decreased. In the present
section, we focus on the seismic activity and magma supply
rate before the M6.1 earthquake to understand the mag-
matic activity that did not lead to an eruption.

Figure 2 shows the cumulative and daily numbers of
volcanic earthquakes. We count the daily numbers of
earthquakes on the monitor paper records, examining S-P
times of the short-period seismograms at stations around
the volcano. The numbers of earthquakes we counted are
larger than those counted from the earthquakes whose
hypocenters are determined, which are reported in some
previous papers (e.g., Tanaka et al. 2002a; Sato and
Hamaguchi 2006). Counting the number of earthquakes
on the monitor records has the advantage that we can
evaluate the earthquakes whose hypocenters were not
determined, and by counting large numbers can capture
smooth and/or rapid temporal changes in the activity,
although the overall characteristics in temporal changes
are not different from each other. Figure 2 indicates that the
number of volcanic earthquakes gradually increased from
February to August, sometimes indicating swarm activities.

Sato and Hamaguchi (2006) classified the period from
February to September 2 into six phases based on the
temporal changes in tilt and strain meter data at the three
stations. We calculate the magma supply rates from Table 2
in Sato and Hamaguchi (2006) and the earthquake
occurrence rates for each phase (Table 1). In Fig. 3, the

magma supply rates obtained for the dike intruded beneath
Onigajo-caldera and those for the spherical pressure sources
persistent at West Iwate are represented by lines with open
squares and open circles, respectively. Total magma supply
rates are indicated by lines with solid circles. The magma
supply rates obtained from the results in Miura et al.
(2000), in which the volcanic pressure sources are
determined every 2 months, are shown in Table 2 with the
earthquake occurrence rates. They show trends similar to
those recognized in Table 1.

We compare the magma supply rates (Fig. 3) and the
earthquake occurrence rates (Fig. 2) as well as the spatio-
temporal changes of volcanic pressure sources shown in
Sato and Hamaguchi (2006). From February 14 to March
12, the magma ascended from a deep region (> 10 km), but
the magma intruded horizontally from March 13–18. New
magma intrusion at a depth around 6 km was detected from
March 19 to April 22. However, the magma did not reach
the ground surface, and horizontal intrusion was observed
again from April 23–28. The dikes were always located
beneath 2 km depth. This observation strongly suggests that
the magma was insufficiently buoyant enough to reach the
ground surface. In these periods (phases A–D) the
occurrence rate of earthquakes increased with time. The
occurrence rate was about 0.5 per day from January, but
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increased to 5 per day after the middle of February. On
March 18, 77 volcanic earthquakes were observed, and then
the occurrence rate again increased, more than doubling to
10–16 per day, until the end of April. On the other hand, the
magma supply rates of the dike intrusion decreased from
7×104 m3/day in phase A down to about 5×104 m3/day in
phases C and D. Total magma supply rates (sum of the rates
as the dikes and spherical sources) were almost constant at
about 0.85–1.0×104 m3/day except when the earthquake
swarms occurred. This tendency recognized in the magma
supply rate is contrary to that found in the earthquake
occurrence rate, which shows gradual increase with time.

After the strong seismic swarm on April 29, the volcano
was inflated mainly by the spherical pressure source
beneath Mitsuishi-yama (Miura et al. 2000; Sato and
Hamaguchi 2006). The spherical pressure source was
persistent at the same depth, which is considered to be a
buoyancy neutral point. The magma supply rate from the
end of April to September 2 (just before the M6.1
earthquake) is estimated to have been 5.1×104 m3/day,
which is about half the rate before April 28. Despite this
decrease in the magma supply rate, the earthquake
occurrence rate in this period increased to more than 40
per day from 5–10 per day before April 28.

The gradual increase in the volcanic earthquake occur-
rence rate observed at Iwate volcano is often seen at other
active volcanoes, and such a temporal change is sometimes
considered as a precursor to a new eruption (e.g., McNutt
1996; Voight 1988). The previous papers’ results presented
here show that the magma supply rates were almost
constant or even decreased over the same periods. This
contrast in temporal changes may be explained by a similar
mechanism of magma accumulation as that presented by

Lengliné et al. (2008). To interpret the observed exponen-
tial increase of earthquake activity and exponential decay of
the volcano deformation rate during the magma accumula-
tion phases at three basaltic volcanoes, Lengliné et al.
(2008) uses the results of studies of critical ruptures in
heterogeneous media. These studies show that a uniformly
increasing stress produces a power law acceleration in
cumulative damage of the media near the critical point of
rupture. At Iwate volcano, the magma was supplied from
greater depth, constantly before May and at a gradually
decreasing rate after that, and no eruption occurred. As a
result, the stress in the volcanic edifice is considered to
have increased with time and gradually decreased after
May, which is qualitatively similar to the decay in volcano
deformation shown in Lengliné et al. (2008), and consistent
with the earthquake occurrence rate increasing with time.

Temporal changes of the observed strain data
and magma ascent process

For the case of Iwate volcano, the magmatic activity before
April 1998 provides insight into the reasons why Iwate
volcano failed to erupt in 1998 and the magma stayed
below 2 km. Although Sato and Hamaguchi (2006)
determined spatio-temporal distributions of dike intrusions
from February to April, the time-resolution in their
solutions does not reveal the details of the magma ascent
process. In the present study, therefore, we give attention to
the temporal changes in the strain data to understand
whether or not the magma gained buoyancy during ascent.

Figure 5 in Sato and Hamaguchi (2006) shows that the
strain and tilt records are slightly accelerated except during
phase B (March 13–18, 1998) from February to April. Sato
and Hamaguchi (2006) extracted the signals of volcano
inflation by removing a linear trend and exponential decay
caused mainly by the sensor installation as well as secular
crustal deformation. However, the data series they used
(from 1996 or 1998 to 2000) may not be long enough to de-
trend both the linear and exponential trends, and may cause
some artificial bias in the temporal changes in the strain
data. To examine the reliability of the temporal changes
recognized by Sato and Hamaguchi (2006), we analyze
again the data from 1997 to 2009. The dikes intruded
beneath Onigajo-caldera are located about 5 km from YKB
and ANS stations, and the spherical pressure source that
persisted at West Iwate is more than 10 km from these
stations. Since the volume increases for the spherical source
are less than those for the dikes emplaced before May, these
station strains caused by the spherical pressure source are
less than one tenth of those caused by the dike. Hence, we
analyze the temporal changes of volumetric strain at YKB
and ANS stations by applying a dike model. We first
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simply de-trend the signals at the two stations by a linear
regression estimated by the data from 2005 to 2009, and
then subtract an exponential decay obtained from data for
the period preceding the 1998 activity (1996–1997). The
de-trended strain still shows some trend in the data around
the beginning of volcano inflation stages. Hence, we further
calculate coefficients of a regression line and an exponen-
tial decay for the 1997 data, and extract the linear trend and
exponential decay from 1997 to April 1998. The temporal
changes in strain obtained by this procedure are shown in
Fig. 4. The strains at the two stations fluctuate in 1997 with
amplitude of 0.1–0.2 micro strain, and then increase to 0.5–
0.7 micro strains from February to April in 1998. The
strains also show slightly accelerated changes.

To quantify the accelerated changes in the strain data, we
extract the strain data at the two stations for phase A (Feb.
14–Mar. 12) and those for phase C (Mar.19–Apr.22), during
which dikes intruded into shallow parts from deep regions.
We normalize the amplitude and lapse time of strain data by
the maximum amplitude and the total length of each phase,
respectively, and plot them on a logarithmic scale (Fig. 5).
It is found that the strain amplitudes at the two stations for
both phases A and C are almost proportional to the square
of the time for the normalized time t’ close to 1. The strain

at YKB seems to increase a little more rapidly than that at
ANS, and large differences are also recognized in the
temporal changes for ANS and YKB at t’<0.4. We do not
discuss the detail of these, because noise in the signal may
have affected these inflation signals (see Fig. 4).

To understand the observed temporal changes recog-
nized in Fig. 5, we calculate the strains at YKB and ANS
for two magma ascent models. The first one is for magma
ascent with a constant velocity (constant velocity model).
This is a case when the densities of magma and of the
surrounding medium are always same. The second model is
for ascent of magma with gas bubble growth (gas bubble
growth model). The gas bubble growth decreases magma
density and generates additional buoyancy in magma, so
that possible occurrence of new eruption is considered to
become higher. Such a magma ascent process is numeri-
cally calculated based on the basic equations of magma
flow and gas bubble growth (e.g., Nishimura 2006), but we
simply examine the relation of bubble growth to the magma
ascent process as follows. The gas bubble growth in melt is
characterized by viscous control and diffusion control
regimes, but lapse time of the magma ascent from deep
parts to shallow depths is so long (i.e., decompression rate
is small) that diffusion control is dominant (Toramaru
1995). Hence, the increase in gas bubble radius is
proportional to the square root of time (Lyakhovsky et al.
1996). That is, the increase of magma volume is propor-
tional to t1.5 (1.5 power of lapse time of magma ascent),
where t represents the time. The magma rise speed is
proportional to the density difference between the magma
and surrounding medium. The density difference Δρ is
mainly caused by volume expansion of gas bubbles in
magma, Δr ffi ðMl þMgÞðV�1

l � ðVl þ VgÞ�1Þ, where M
and V represent mass and volume, respectively, and
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subscripts l and g indicate melt and gas bubbles, respec-
tively. For Vl >> Vg, so the density difference is approx-
imated to be ðMl þMgÞV�2

l Vg. In this case, therefore, the
rise speed is almost proportional to t1.5. The volume
balance and the rise speed of the magma with gas bubbles
give an ascent velocity proportional to t1.5 for a constant
opening dike width.

For the two models, the length of dike is set to be the same
as the best-fit parameters in Sato and Hamaguchi (2006) for
phases A (2 km) and C (4 km). For the strike of the dike
(N80o E) in Sato and Hamaguchi (2006), the strain
calculated at YKB changes more rapidly with time than that
at ANS. So, we shift the strike of the dike to N95o E. The
bottom depth is not well resolved, so we calculate the strains
assuming bottom depths of 12, 16 and 20 km for phase A
and 5, 8, 11 km for phase C, respectively, considering the
best parameters and their errors in Sato and Hamaguchi
(2006). We assume that the dike opening width is constant
from the bottom to the top of the magma in the dike. Moving
the top of the dike upward with a constant velocity (constant
velocity model) or a velocity proportional to the t1.5 (gas
bubble growth model), we calculate the temporal changes of
the strains at the two stations using the formula by Okada
(1992) for a homogeneous elastic half space. The calcu-
lations are truncated when the top of the dike reaches 2 km
depth for phase A and 4 km for phase C, which are the best
parameters of Sato and Hamaguchi (2006). Figures 6 shows
the temporal changes in strain for phase A at YKB and ANS
stations in logarithmic scales, in which the strain amplitudes
and lapse times are normalized by the maximum amplitude
and lapse time of magma migrating from the bottom to the
depth where the magma stops (we call this hereafter the
magma ascent time). Comparing the strains for the constant
velocity model (Fig. 6a) and gas bubble growth model
(Fig. 6b) with the observed data (Fig. 5), we find that the
observed strain changes are well explained by the constant
velocity model with a bottom depth of 16 km. On the other
hand, the strains for the gas bubble growth model rapidly
change with time, and even when the bottom depth is set to
be shallower down to 12 km from the best solution of 20 km,
the predictions deviate from the observations. Figure 7
shows the calculation results for phase C. It is same with the
results for phase A; the strains for the gas bubble growth
model change more rapidly than those for the constant
velocity model. For the constant velocity model, a bottom
depth of 11 km is most consistent with the observation.
However, even when the bottom depth is set to be 5 km for
the gas bubble growth model, which is just 1 km beneath the
depth where the dike stops, the predicted strains increase
rapidly and do not explain the observed data. These results
indicate that the temporal changes of the strain data for
phases A and C are better explained by the constant velocity
model.

Discussion and conclusions

The considerations in the previous section suggest that the
ascending magma did not lower its density during the
ascent. Such a magma ascent process may be explained if
the magma out-gassed as it ascended. When out-gassing
occurs, the gasses in bubbles escape to the country rocks to
be dissolved in ground water or to the surface as fumarole,
so the magma density does not change much. It is noted
that accurate determinations of the rise velocity (or spatio-
temporal distribution) of magma are necessary for quantita-
tively discussing the out-gassing. For example, Shimomura et
al. (2006) numerically examined gas bubble growth process-
es in melt surrounded by an elastic medium by applying a
cell model. They show that when the ascending magma is
surrounded by a stiff volcanic edifice, the surrounding
medium suppresses the growth of gas bubbles and the
magma density does not decrease so rapidly. In this case, the
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Fig. 6 Logarithmic plot of temporal changes of volumetric strains
predicted for the magma ascent for phase A. a Constant velocity
model. b Gas bubble growth model. Three cases for the bottom depth
of magma are plotted for each model. See the text for detail
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rates of volume increase or density decrease become smaller
than in the case of the gas bubble growth model in the
previous section, in which the gas bubbles are assumed to
freely expand. This implies that even if volatiles are included
in magma, the magma rise velocity will be lower compared
with the results shown in Figs. 6 and 7.

The rates of strain changes become steeper, plotted on
logarithmic scales, with increase in the bottom depth of
magma. This is because the lapse time and amplitude of the
strain data are normalized by the magma ascent time and
the maximum amplitude, respectively. The magma ascent
time increases as the bottom depth of magma becomes
deeper. On the other hand, the strain amplitude is strongly
affected by the dike opening around the depths where the
ascending magma stops. Therefore, it is quite important to
accurately determine the bottom depth of the magma for
comparing the theoretical predictions with the observed
strains in logarithmic scale. If the bottom depths of magma

were much more accurately determined for phases A and C,
and data with high signal-to-noise ratios were available, we
could discuss the details of magma ascent process; for
example, the starting depths and volumes of gas bubble
growth and out-gassing, and effects of the surrounding
medium.

We have not included the visco-elasticity of the structure
in interpreting the observed seismicity and magma supply
rate or calculation of the strain in the two magma ascent
models. Viscosity of the medium, especially around a
reservoir and conduit, may introduce some time delays in
deformation and stress field response. Hence, evaluating
this effect is necessary for examining the temporal changes
in seismicity and volcano deformation. Looking for
example at the deformation data for Sakurajima volcano,
Japan, where magma is constantly supplied from deeper
parts and Vulcanian explosions frequently occur for
decades, volcano inflations occur several hours before each
explosive eruption, and the source depth of inflation is
estimated to be about 2–6 km (Ishihara 1990). This
observation suggests that the time delay originating from
viscosity of the medium surrounding magma is not so long,
probably less than 1 h, which is much shorter than the
temporal changes of seismicity and volcano deformation at
Iwate volcano we discussed in this paper. However, this
observation is not obtained for Iwate volcano and further
quantitative discussion may be necessary for detailed
analyses. Some time delays may be seen in the strain data
at YKB for those at ANS, especially in the middle of
March. However, signal to noise ratios of these data are low
so that we do not discuss the difference in detail.

Aizawa et al. (2009) analyze MT data and find a high-
resistivity zone beneath Onigajo-caldera at a depth about
2 km and interpret the zone as old, solidified magma.
Comparing their results with the spatio-temporal distribu-
tions of dikes and volcanic pressure sources (Sato and
Hamaguchi 2006), a high P-wave velocity (Tanaka et al.
2002a) and high Bouger anomaly zone beneath Onigajo-
caldera (Tanaka et al. 2002b), they infer that the old
solidified magma impeded the magma ascent and forced a
partial migration of the magma to the west. Such structural
controls by solidified magma are often observed on eastern
Izu Peninsula (Hayashi and Morita 2003). On the other
hand, horizontal migration during magma ascent is also
predicted from numerical calculations (e.g., Taisne and
Jaupart 2009) when the magma encounters a lower density
zone of a sufficient thickness. Nakagawa and Togari (1999)
pointed out the existence of a density barrier for basaltic
magma beneath West Iwate, which helps explain why the
spherical pressure sources persisted beneath West Iwate.
Since the results in the previous section indicate that the
magma does not gain additional buoyancy by the time
when it encounters the solidified magma around 2 km,
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predicted for the magma ascent for phase C. a Constant velocity
model. b Gas bubble growth model. Three cases for the bottom depth
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mapping the detailed density structure is a key to
understand which mechanism is dominant for the horizontal
migration of the 1998 Iwate volcano case; the structural
control by the solidified magma or the density barrier.

We reconcile the spatio-temporal distributions of pres-
sure sources in the previous papers with the daily numbers
of volcanic earthquakes. We further examine two basic
magma ascent models to understand the temporal changes
in the observed strain data. The main results are summa-
rized as follows. The earthquake occurrence rate gradually
increased from the initiation of the 1998 volcanic activity,
while the magma supply rates were almost constant or even
decreased with time over the same period. This difference
in trends can be qualitatively interpreted by considering that
the stress accumulation in the volcanic edifice was caused
by the magma staying at shallow depth. The observed strain
data at YKB and ANS stations before May are almost
proportional to the square of lapse time, which is not
explained by magma ascent accompanied by gas bubble
growth in melt. This implies that the magma could not gain
sufficient additional buoyancy to reach the ground surface.
This may be one reason why Iwate volcano failed to erupt
in 1998.
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