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During the 1977 eruption of Usu volcano, magma was emplaced at shallow crust. This intrusion induced
fumarole activity immediately after the eruption. Based on the repeated thermal observations, the amount of heat
discharged by this thermal activity is estimated to be 2 × 1017J. The corresponding volume of the intrusion is
6 × 107m3. The inferred intrusion volume is comparable to the volume of the resistive block beneath the major
faults formed by this eruption, which was interpreted as a cooled intrusion on the basis of recently conducted
MT surveys. The heat discharge rate is a surface boundary condition for an underlying magma hydrothermal
system. A mathematical simulation, which accounts for multiphase mass and heat transport within a porous media,
is conducted to reproduce the thermal activity of Usu volcano. The simulation incorporates the supply of latent
heat by solidifying magma and heat transfer by degassing. Permeability conditions are important factors to fit
the simulated heat discharge rate with the observation. Increased permeability of surrounding formations causes
early appearance and high amplitude of surface heat discharge rate and reduced permeability causes opposite effect.
The intrusion permeability has a strong influence on the surface thermal activity. High permeability is needed for
the early appearance of the surface heat discharge rate, although it results in the maximum intrusion temperature
that is much lower than the observed fumarolic temperature. To avoid the inconsistency, temperature dependent
permeability is used in the simulation. The inside of the intrusion with the temperature dependent permeability that
has low initial values and the high permeable margin are supposed to satisfy the conditions of the observed surface
heat discharge rate and fumarolic temperature.
Key words: Magma-hydrothermal activity, heat discharge rate, Usu volcano.

1. Introduction
Thermal activities such as fumaroles and hot springs are

observed at many volcanoes. Quantitative observations of
these thermal phenomena provide some constraints on un-
derlying magma-hydrothermal systems formed by the inter-
action between magma and groundwater within the volcano.
Mathematical simulations of generic magma-hydrothermal
systems for various heat source configurations and hydro-
logical conditions, such as permeability and porosity, were
conducted by Cathles (1977) and Norton and Knight (1977).
Hayba and Ingebritsen (1997) simulated the multiphase
groundwater flow near cooling plutons considering the tem-
perature dependent rock permeability, and investigated the
variation of flow pattern controlling the rock permeability,
the presence of a caprock, size and emplacement depth of the
pluton, the effect of multiple intrusions, and the influence of
topography. They concluded that the host rock and pluton
permeabilities are principal factor influencing fluid circula-
tion and heat transfer in hydrothermal system.

During the 1977 eruption of Usu volcano, magma intruded
the shallow crust (Okada et al., 1981). The intrusion pro-
duced thermal activity just after the eruption (Yokoyama et
al., 1981). The heat discharge rates from 1975 to 1990
were investigated by repeated thermal observations (e.g.

Copy right c© The Society of Geomagnetism and Earth, Planetary and Space Sciences
(SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan;
The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.

Kagiyama, 1984), and the volume of heat source was esti-
mated (Matsushima, 1992). The 1977 intrusion was imaged
by a recently conducted magnetotelluric study (Ogawa et al.,
1998; Matsushima et al., 2002). Effective permeabilities and
the hydrological structure of Usu volcano were estimated us-
ing wells drilled for hot spring exploitation at the foot of
the volcano (Oshima and Matsushima, 1999). Application
of these data (intrusion configuration, hydrological condition
and surface boundary condition from heat discharge rate) to
a mathematical simulation enables us to conduct a case study
about the development of magma-hydrothermal system in an
active volcano. In this paper, the heat discharge rate in 1999
is estimated and combined with the previous data to reveal
the temporal variation of heat discharge rate over 20 years
after the eruption. The volume of cooling intrusion is reval-
uated using the data. Next, results of a numerical simulation
are presented in order to investigate the permeability condi-
tions necessary for the development of thermal activity asso-
ciated with the 1977 eruption of Usu volcano.

2. Shallow Intrusion of the 1977 Eruption
Usu volcano is a stratovolcano located in the southwestern

part of Hokkaido, Japan (Fig. 1). In the 1.8-km diameter
summit crater, a dacite lava dome formed in 1663 and 1853.
At the foot of the volcano, many domes formed in 1910, and
a lava dome, Showa-Shinzan, formed in 1943–1945 (Fig. 1).

In 1977, an eruption took place at the summit crater (Kat-
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Fig. 1. Regional topographical map of Usu volcano and the observation sites for surface temperature in 1999 (solid circles). During the 1977–1978
eruption a steep slope was formed by the uplift of the northeastern side of a U-shaped fault. Two peaks at the edge of the slope are Usu-Shinzan and
Ogariyama. Arrows indicate the resistivity cross section (Fig. 2).
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Fig. 2. Resistivity cross section obtained by the two-dimensional inversion of AMT and MT data and geological interpretation of the resistivity cross
section.

sui et al., 1978; Niida et al., 1980; Yokoyama et al., 1981).
The first stage, from August 7 to 14, 1977, comprised major
eruptions of dacite pumice; the second stage, from Novem-
ber 1977 to October 1978, comprised moderate phreatic,
phreatomagmatic and magmatic eruptions. The second stage
eruptions were concentrated in the southwestern part of the
summit crater.

After the first stage eruptions, significant surficial move-
ment formed a U-shaped fault in the summit crater (Fig. 1).

On the northeastern side of the U-shaped fault, the ground
was elevated by up to 180 m forming a steep slope along the
fault. Two peaks at the edge of the slope are Usu-Shinzan
and Ogariyama (Fig. 1). This conspicuous ground move-
ment and frequent phreatomagmatic explosions implied the
existence of a shallow magma intrusion. The daily uplift
rate of Ogariyama-peak was observed from 1977 to 1979
(Yokoyama and Seino, 1979) and reached a maximum value
(about 90 cm/day) in August 1977. After January 1978,
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Fig. 3. Areas of temperature anomalies based on ground observation with
an infrared thermal camera.

Fig. 4. Temporal variations of heat discharge rates from the active fumaroles (Qp, circles) and steaming ground (Qs, triangles).

the rate decreased exponentially to 10 cm/day in 1979. The
uplift rate shows that the most magma intruded into the shal-
low crust until the early period of the second stage of the
1977 eruption.

Okada et al. (1981) analyzed volcanic earthquakes and de-
tected an earthquake-free zone beneath the inside part of the
U-shaped fault. Because earthquakes are caused by a fail-
ure of brittle rock, the presence of the earthquake-free zone
suggests a magma intrusion. Moriya and Okada (1980) ob-
served about a one second delay in travel times for earth-
quake waves passing through the earthquake-free zone. They
concluded that a 1,000◦C magma body caused this delay.

More recently, MT measurements revealed the under-
ground structure of Usu volcano (Nishida et al., 1996;
Ogawa et al., 1998). Figure 2 shows a two-dimensional
resistivity section crossing Usu volcano from northeast to
southwest (Matsushima et al., 2002). A thick (2–4 km) con-
ductive (1–500 �·m) layer of altered Tertiary volcanics is

Table 1. Heat discharge observations for fumarole (Qp) and steaming
ground (Qs).

Survey Qp (MW) Qs (MW) Reference

09/75 1 Kagiyama (1978)
08/77 8 Matsushima (1992)
10/77 21 Matsushima (1992)
11/77 80 Kagiyama (1978)
02/78 310 Kagiyama (1978)
04/78 191 Matsushima (1992)
09/78 290 Matsushima (1992)
10/78 370 Kagiyama et al. (1984)
04/79 730 Sugoshi (1980)
09/79 420 Kagiyama et al. (1984)
11/79 320 Matsushima (1992)
12/79 360 Sugoshi (1980)
11/82 56 Kagiyama et al. (1984)
12/82 53 Kagiyama et al. (1984)
09/83 30 276 Tomiya (1983)
10/87 205 Matsushima (1992)
12/87 19 Matsushima (1992)
06/90 11 Matsushima (1992)
08/99 73 This study

widely distributed. A resistive block (500–1,000 �·m) oc-
curs in the Tertiary layer from 200 to 400 m beneath the sum-
mit crater, forming a striking contrast to the rest of the con-
ductive Tertiary layer. A previous electrical survey (Watan-
abe et al., 1984) did not observe this resistive block. Experi-
mental measurements of rock resistivity (Murase, 1962) sug-
gest that the resistivity of the intrusion increases dramatically
with cooling. It was inferred that the resistive block repre-
sents the cooling intrusion associated with the 1977 eruption.
The intrusion volume was 7×107m3, assuming the block had
a cylindrical shape.

Airborne infrared surveys were conducted in 1975 (before
the eruption), 1977, 1978, 1979 and 1983 (Yokoyama et al.,
1981; Geographical Survey Institute, 1980). The high tem-
perature area was extended rapidly along the newly formed
faults and craters just after the 1977 eruption. Most of the
high temperature area is corresponded to steaming ground.
There are many fumaroles in the central part of the steam-
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Fig. 5. Grid configuration and boundary conditions of the mathematical simulation.

Table 2. Permeability distribution of each model.

F (m2) C (m2) M1(m2) M2 (m2) M3 (m2)

model 1 K H 10−11 10−11 10−12 5 × 10−16† 3 × 10−17†
KV 10−12 10−10 10−12 5 × 10−16† 3 × 10−17†

model 2 K H 10−11 10−11 3 × 10−13† 3 × 10−13† 3 × 10−13†
KV 10−12 10−10 3 × 10−13† 3 × 10−13† 3 × 10−13†

model 3 K H 10−11 10−11 10−12 5 × 10−16* 3 × 10−17*
KV 10−12 10−10 10−12 5 × 10−16* 3 × 10−17*

model 3′ K H 10−11 10−11 10−12 5 × 10−16* 1 × 10−17*†
KV 10−12 10−10 10−12 5 × 10−16* 1 × 10−17*†

model 4 K H 10−11 10−11 5 × 10−16*† 5 × 10−16* 3 × 10−17*

KV 10−12 10−10 5 × 10−16*† 5 × 10−16* 3 × 10−17*
model 5 K H 10−11 10−11 10−12 5 × 10−16* 3 × 10−17*

KV 3 × 10−12† 10−10 10−12 5 × 10−16* 3 × 10−17*
model 6 K H 10−11 10−11 10−12 5 × 10−16* 3 × 10−17*

KV 10−13 10−10 10−12 5 × 10−16* 3 × 10−17*

*Initial value of temperature-dependent permeability. The † indicates the difference from model 3.

ing ground. Some of these fumaroles have discharged su-
perheated vapor since the eruption. The maximum fuma-
role temperatures were 700◦C to 760◦C in 1980–1985 and
decreased gradually to 430◦C in 1997 (Ossaka et al., 1984;
Japan Meteorological Agency).

3. Temporal Variation of Heat Discharge Rate
Thermal energy is mainly transmitted into the air by vol-

canic gas ejected from fumaroles (Qp) and steaming ground
(Qs). The value of Qp can be obtained from photo images of
the plume rising from fumaroles (Kagiyama, 1981). The Qs
can be obtained from infrared-thermal image (Sekioka and
Yuhara, 1974). The heat discharge rates from Usu volcano
had been investigated by Kagiyama (1978), Kagiyama et
al. (1984), Sugoshi (1980), Tomiya (1983) and Matsushima
(1992) using above methods (Table 1).

In addition to these studies, the heat discharge rate from
steaming ground in 1999 is investigated in this study. Sur-
face temperature was measured by ground surveys using an

infrared thermal camera (Agema, Thermovision 470). The
observation sites are shown in Fig. 1 (closed circles, A, B
and C). Two solid lines at each site indicate the area of the
surface temperature measurements. The Qs is expressed as
(Sekioka and Yuhara, 1974);

Qs = K ·
∑

�T · S (1)

where �T (◦C) is surface temperature anomaly, S (m2) is
the area with the temperature anomaly and K (W/m2◦C)
is a coefficient showing the effect of radiation, latent heat
transfer and sensible heat transfer. The empirical mean value
of 35 (Sekioka, 1983) was used for the coefficient K in this
paper. The relationship between S and �T was obtained
from the infrared-thermal image (Fig. 3). The heat discharge
rate from the seaming ground is estimated to be 70 MW.

The compile of the previous data reveals the variation of
heat discharge rates over 20 years after the 1977 eruption
(Fig. 4). Both Qp and Qs rapidly increased immediately
after the 1977 eruption and reached their respective maxima
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Fig. 6. Simulation results of model 1. (a) Temporal variation of heat dis-
charge rate. Solid and dashed lines indicate the simulated heat discharge
rate via vapor and hot water flow, respectively. Circles and triangles are
the observed heat discharge rates from fumaroles and steaming ground,
respectively. (b) Calculated temperature distributions (gray scale) and
mass flow vectors (magnitude is proportional to the arrow length) at each
year.

of 700 MW and 300 MW in 1979. The decay of Qp was
rapid (11 MW as of 1990), the decay of Qs relatively slow
(70 MW in 1999). The Qp and Qs rates reached their
maxima about two years after the magma intrusion. The
subsequent rapid Qp decay is probably caused by a decrease
in the quantity of superheated vapor rising through vents or
faults. The slower Qs decay suggests a larger time constant
for the hydrothermal convection under the crater floor, which
was suggested by self-potential observations (Nishida and
Tomiya, 1987; Matsushima et al., 1990).

4. Volume of the Cooling Intrusion
From the heat released from the surface, we can estimate

the volume of heat source (Matsushima, 1992). Following

Fig. 7. Simulation results of model 2. (a) Temporal variation of heat
discharge rate. (b) Calculated temperature distributions (gray scale) and
mass flow vectors (magnitude is proportional to the arrow length) at each
year.

the previous work, the volume of the intrusion was revalu-
ated using the newly compiled data. The total heat released
from the cooling intrusion (Qt) is obtained as the integral of
Qp and Qs over time. The Qp and Qs observations are fit-
ted by straight lines from the onset of the eruption to the time
of maximum Qp and Qs, thereafter with exponential curves.
An infinite time integral is applied to the exponential curves.
The calculated total heat is 2×1017J. The corresponding vol-
ume of the intrusion is estimated to be 6×107m3 assuming a
heat capacity of 1300 J/kg·K (Birch et al., 1954), latent heat
of 4 × 105J/kg (Jeager, 1964), density of 2300 kg/m3 and
temperature decrease of 800◦C. It is noticed that this volume
is comparable to that of the cooled intrusion (7 × 107m3)
inferred from MT surveys.
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5. Mathematical Simulation of Magma-
hydrothermal System of Usu Volcano

The simulator accounts for multiphase mass and heat
transport within a porous media at temperatures from 0◦ to
800◦C and pressures from 1 bar to 1 kbar (STAR; Pritchett,
1995). Darcy flow within a porous media is assumed. By
solving conservation equations for mass and energy under
initial and boundary conditions, pressure, temperature and
phase condition are obtained. Physical properties of water
such as viscosity and enthalpy are calculated from experi-
mentally derived constituent equations.
5.1 Initial and boundary conditions

Grid geometry and boundary conditions are shown in
Fig. 5. The simulation uses two-dimensional cylindrical co-
ordinates. The boundary conditions for the upper surface,
right side and lower surface are constant temperature and
pressure. The right boundary is fixed because well logs at the
foot of Usu volcano suggested that the high temperature area
was limited to the summit area. Air temperature and pressure
conditions are used for the upper surface boundary. Initial
temperature and pressure are calculated from terrestrial heat
flow and hydrostatic pressure gradient, respectively. An in-
trusion is assumed to be located in the area corresponding to
the resistive block observed by MT surveys (600 m high and
200 m radius as shown in Fig. 5). The intrusion temperature
is initially 800◦C.
5.2 Rock properties of the formation

A porosity of 0.3 and thermal conductivity of 2.0
W/m◦C are used in the entire region. Permeabilities are pro-
vided individually in five parts (F , C , M1, M2 and M3 in
Fig. 5). Here, F corresponds to the Quaternary and Tertiary
formations, and C corresponds to vent and faults filled with
ash and volcanic rocks, respectively. M1, M2 and M3 corre-
spond to the intrusion (shaded area in Fig. 5). Pumping tests
on wells at the foot of the volcano suggest that the perme-

ability of F and C would range from 10−10m2 to 10−15m2

(Oshima and Matsushima, 1999).
5.3 Latent heat and degassing

Heat of 6 × 1016J is released from the solidifying intru-
sion, assuming a magma latent heat of 4 × 105J/kg, magma
volume of 7 × 107m3 and magma density of 2300 kg/m3.
The maximum fumarole temperature remained above 600◦C
until 1986, suggesting that parts of the intrusion were above
the solidus temperature. Assuming the magma solidification
during the twenty years after the 1977 eruption, the average
increase of the heat discharge rate would be 100 MW during
that period. Because we do not have detailed information of
the solidification process, the effect of latent heat is simply
incorporated into the heat source. If the intrusion temper-
ature exceeds its upper limit (800◦C), the accuracy of the
calculation is reduced. To avoid the exceeding high temper-
ature, it is assumed that the heat source depends on the initial
and present temperatures of computation block. If the block
temperature closes to the initial temperature, the heat source
is ignored. The maximum potential heat source of 3 W/m3 is
prepared, with the restriction that the intrusion temperature
does not exceed the initial temperature (800◦C).

Total mass and heat of degassed water is estimated to be
5×109kg and 2×1016J using a water content of 3 wt%, intru-
sion volume of 7 × 107m3, intrusion density of 2300 kg/m3

and water specific internal energy of 3.6 × 106J/kg. From
the pressure dependence of water solubility and gas content
within dacite magma, the degassing pressure was estimated
to be 320 bars (New Energy and Industrial Technology De-
velopment Organization, 1993). At this pressure, 30% of the
water content is degassed from the intrusion. The remaining
water will be degassed with progressing solidification. An
isotopic study showed that the highest magmatic gas con-
tent in the gas of the summit crater was observed in 1979
(Ossaka et al., 1984). It is assumed that most of the water
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content was degassed in the first two years after the eruption.
The degassing is incorporated into the calculation as a mass
source of the blocks just above the intrusion.

The estimated heat source with solidifying magma (6 ×
1016J) and degassing (2 × 1016J) are one order magnitude
smaller than the surface heat discharge (2 × 1017J). For the
Usu volcano thermal activity associated with 1977 eruption,
heat released by the temperature decrease of the intrusion is
an essential heat source.

6. Result
6.1 Basic cases—models 1 and 2—

The simulation results with constant intrusive permeabil-
ity are presented for the basic case. When the permeability
is small enough to prevent the convection inside the intru-
sion (model 1 in Table 2), the surface heat discharge rate is
much smaller than the observation (Fig. 6(a)). In this case,
the surface heat discharge is caused only by the degassing
and vapor flow in the high permeable margin (Fig. 6(b)). The
intrusion holds high temperatures for long period because the
heat conduction is predominant inside the intrusion. When
the intrusion has uniform permeability that is high enough
to produce the vapor flow (model 2 in Table 2), the surface
heat discharge is insistent with the observation (Fig. 7(a)).
This model shows that the cooling of the intrusion progresses
from below because heat loss is mainly due to upward move-
ment of high temperature vapor and water (Fig. 7(b)). The
maximum intrusion temperature of this model has cooled to
200◦C at 5 years (Fig. 8). This temperature is much lower
than the observed fumarolic temperature at I-crater (about
600◦C as of 1982).
6.2 Time-dependent permeability—models 3 and 4—

Heterogeneous permeabilities are presumed to avoid the
inconsistency between the calculated maximum temperature
and observed fumarole temperature. As shown in Fig. 9(a),
results using suitable permeability (model 3 in Table 2) ap-
proximate the observed heat discharge rate. The temperature
dependent permeabilities are considered for the inside of the
intrusion (M2 and M3), which have different low initial val-
ues. The variation of porosity by thermal stress is subjected
to the formula prepared by the simulator (Pritchett, 1995)
and Carman-Kozeny relation is used for the permeability cal-
culation. The initial permeability values of M2 and M3 are
assumed to have 5×10−16m2 and 3×10−17m2, respectively.
The typical temperature dependence of permeability is pre-
sented in Fig. 10. The temperature dependent permeability
introduces the vertical vapor flow at the intrusion margin (ar-
rows in Fig. 9(b)). With the progress of the cooling, the flow
area has shifted inside the intrusion. Considering the tem-
perature dependent permeability for the intrusion make pos-
sible to maintain the high maximum intrusion temperature as
shown in Fig. 8. Although, the maximum intrusion tempera-
ture in model 3 is also lower than the fumarolic temperature
at 15 years. If we reduce the permeability of M3 by two
factors, which hardly alter the surface heat discharge rate,
the maximum temperature is still higher than the fumarolic
temperature at 20 years (model 3′ in Table 2). In model 3,
the intrusion margin (M1) is assumed to have constant high
permeability (10−12m2). Without this high permeable zone
(model 4 in Table 2), the simulated surface heat discharge

Fig. 9. Simulation results of model 3. (a) Temporal variation of heat
discharge rate. (b) Calculated temperature distributions (gray scale) and
mass flow vectors (magnitude is proportional to the arrow length) at each
year.

Fig. 10. Temperature dependence of intrusion permeability for M2 and M3
in Table 2.
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Fig. 11. Simulated heat discharge rate for model 4. Solid and dashed lines indicate the simulated heat discharge rate via vapor and hot water flow,
respectively. Circles and triangles are the observed heat discharge rates from fumaroles and steaming ground, respectively.

Fig. 12. Simulated temporal variations of heat discharge rate from steaming ground for model 3, 5 and 6.

rate is unlike with the observation (Fig. 11). This high per-
meable margin is needed to produce the rapid enhance of
heat discharge rate at early period.
6.3 Influence of host rock permeability—models 5 and

6—
In the suitable model (model 3 in Table 2), host rock has

following permeabilities: F of 10−11m2 (horizontal direc-
tion) and 10−12m2 (vertical direction), and C of 10−11m2

(horizontal direction) and 10−10m2 (vertical direction). The
horizontal permeabilities of F and C are relatively insensi-
tive to the reproduction of heat discharge rate. Appropri-
ate horizontal permeabilities of F and C are from 10−12 to
10−11m2 that are higher than the general permeabilities of
fractured rocks (e.g. Norton and Knapp, 1977). This result
indicates that a sufficient water supply by a lateral flow is
needed for the magma-hydrothermal system of Usu volcano.
Lateral groundwater flow toward the intrusion accelerates the
upward hot water and vapor flow within the intrusion. Al-
though most of the vapor and hot water discharge into the air
above the intrusion, the remaining vapor and hot water move
outward near the surface. This lateral flow forms the high
temperature steaming ground. The horizontal extent of the
heated area is about 500 m, corresponding to the extent of the

observed steaming ground. The result is consistent with the
hypothesis that the heat discharge rate from steaming ground
decayed slowly because it is linked to hydrothermal convec-
tion of thermal water.

The vertical permeability of host rocks (F) has a strong
influence on the timing and magnitude of the peak heat dis-
charge from steaming ground. Increased permeability value
of F (model 5 in Table 2) leads to a faster and larger peak
in the heat discharge rate from steaming ground (Fig. 12).
Decreased permeability of F (model 6 in Table 2) has an op-
posite effect (Fig. 12). The area C corresponds to the vent
and faults, which had developed with the remarkable crustal
deformation (Katsui et al., 1985). The formation of numer-
ous faults just after the eruption had resulted in the rapid in-
crease of heat discharge rate from fumarole (Qp). Although
the vertical permeability of C had altered progressively with
the development of the faults, it is assumed to be constant
value of 10−10m2 in this simulation.

7. Discussion
In general, in situ measurements of fractured rock perme-

ability indicate values in the range of 10−16 to 10−12m2 (Nor-
ton and Knapp, 1977). The permeability of 2.5 × 10−16m2
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was assumed by Cathles (1977) in the simulation of cool-
ing intrusives. In a two-phase hydrothermal cooling model
for shallow intrusion, Carrigan (1986) assumed the crack-
ing temperature of 725◦C below which the intrusion is brit-
tle enough to support crack formation caused by thermal
stresses. The permeabilities from 10−12 to 10−14m2 were
assumed at the cracking magma margins and impermeable
magma was assumed at temperatures above the cracking
temperature. The temperature-dependent permeability of in-
trusion was considered by Hayba and Ingebritsen (1997) in
the simulation of multiphase groundwater flow near cool-
ing plutons. They assumed that the intrusion permeability is
negligibly low (10−22m2) at temperatures above 500◦C and
increases log linearly to 10−17m2 as temperature decreases
from 500◦C to 400◦C. As temperature decreases further to
360◦C (brittle/ductile transition), they assumed that the in-
trusion becomes as permeable as the surrounding host rock
(permeabilities of 10−17–10−13.5m2).

The presumed permeabilities of this paper are in the range
of 10−17 to 10−10m2, which are higher than above values.
For surrounding formation, the presence of high permeable
fractured volcanic rocks (10−10 to 10−12m2) is suggested by
in situ observation (Oshima and Matsushima, 1999). The
high permeability in plastic magma (initial values of 10−16

and 10−17m2 inside magma and 10−12m2 at its margin) is
possibly explained by the development of permeability in
vesiculating magma (e.g. Blower, 2001). In this case, perme-
ability is caused by the interconnection of bubbles, which is
dissolved from magma. The magma with 3% water content
results in 60% porosity (volume fraction of bubbles) at 700
m depths, if magma behaves as a chemically closed system
during its ascent (Eichelberger et al., 1986). The correspond-
ing permeability becomes 10−14 to 10−12m2 (Eichelberger et
al., 1986; Klug and Cashman, 1996). The overall perme-
ability has the values from 10−16 to 10−10m2 in the range
of the porosity of 20 to 100% (Eichelberger et al., 1986;
Klug and Cashman, 1996). The shallow intrusion of Usu vol-
cano probably included volatiles though it experienced ma-
jor pumice eruptions at the initial stage (Watanabe, 1984).
In addition to the thermal stress of cooling magma, the bub-
bles gradually formed by cooling or decompression inside
magma probably play an important role to produce the high
permeable magma hydrothermal system of Usu volcano.

This simulation suggests that the most of intrusion are suf-
ficiently permeable at 20 years after the eruption. The con-
nection of pore water will enhance the electrical conductiv-
ity, although the intrusion is detected as resistive block by
MT measurement (Ogawa et al., 1998). Another Quaternary
intrusions also show high resistivity in Usu volcano (Nishida,
1988). Tertiary layer, which is widely distributed under the
Usu volcano, is conductive because of the hydrothermal al-
teration (Matsushima et al., 2002). In spite of the high per-
meable condition, the 1977 intrusion probably indicates rel-
atively high resistivity, contrasting with the surrounding con-
ductive Tertiary layer.

8. Summary
In the 1977 eruption of Usu volcano, magma intruded the

shallow crust. The intrusion is a heat source for volcanic
thermal activity that appeared immediately after the eruption.

A total heat discharged by the thermal activity is estimated
to be 2 × 1017J. The corresponding intrusion volume is
6×107m3. This volume agrees with the volume of the cooled
intrusion observed by MT surveys.

A mathematical simulation is conducted to investigate the
necessary conditions for development of the observed ther-
mal activity. In the simulation, a heat and mass source are
considered in the area corresponding to the resistive block.
The permeability is important factor for the development of
magma hydrothermal convection. When we consider suit-
able permeabilities for intrusion and host rocks, the simula-
tion reproduce the observed heat discharge rate. The hori-
zontal permeability of surroundings is higher than the values
of representative fractured rocks, suggesting that lateral in-
flow is important for the development of hydrothermal con-
vection. Lateral flow of vapor and hot water near the sur-
face forms a high temperature area. The horizontal extent
of the heated area is about 500 m corresponding to the ob-
servation. The host rock vertical permeability is sensitive
to the elapsed time needed for the appearance of the maxi-
mum heat discharge rate from steaming ground. Increased
permeability leads to a faster and larger peak in the heat dis-
charge rate from steaming ground and decreased permeabil-
ity has an opposite effect. The intrusion permeability has
strong influence on the overall behavior of surface heat dis-
charge. The relatively high intrusion permeability is needed
for the rapid appearance of surface heat discharge. However,
the high permeable condition also induces the rapid reduc-
tion of the intrusion temperature. In some case, the calcu-
lated temperature is inconsistent with the observed fumarolic
temperature at I-crater. The inside of the intrusion with the
temperature dependent permeability that has low initial val-
ues and the high permeable intrusion margin are presumed to
satisfy the conditions of the observed surface heat discharge
rate and fumarolic temperature.
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