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Synopsis

The recent activity of Mt. Unzen (Fugendake) was preceded by an earthquake swarm
beneath the Tachibana Bay, west of the Shimabara Peninsula, in November 1989 and the
subsequent migration of seismic activity toward Mt. Unzen. On November 17, 1990,
phreatic eruption started at the summit, then a dacite lava dome appeared at the summit
crater on May 20, 1991. Subsequent discharge of lava and intermittent pyroclastic flows
have continued until early 1995. The total volume of discharged lava was 0.2 km’.
Universities and the Geographical Survey Institute had repeated leveling survey along the
western coast of the peninsula, and the other route from the northern flank to the summit,
and found out significant deflation of the ground centered a few kilometer west of the
summit, which was also clarified by GPS survey. The magma supply system composed of
three chambers, and an inclined magma pathway along seismic zone were proposed by
previous studies.

Applying the Point-Source Model (Mogi's Model), the location of three pressure
sources and their intensity change with time were re-examined including the evaluation of
measurement error of leveling data, and the relationship between the intensity changes at
pressure sources and volcanic activity.

(1) The near surface source A is located at a depth of 1.4 kin beneath the summit, and the
source B is 4.1 km deep, 3 km west of the summit. And the deepest one C is located 6.8 km
deep, west of the summit. These sources are aligned just beneath the inclined seismic zone.
(2) The intensity change at A-source seems to be related to the discharge rate of lava and
seismic activity at the summit.

(3) The intensity change at B-source has two peaks corresponding to the two epochs of
discharge of lava and increased prior to the onset of discharge of lava. The intensity of C
source increased until the lava dome appeared, and then gradually decreased.

(4) These results suggest magma was transported from C-source through B- and A-sources
to the summit. Assuming the deformation volume of the ground surface due to pressure
sources is equal to the volume change of magma at each source, the supply rate of magma
from deeper portion to C-source was estimated using the data on discharge lava. The
supply rate of magma increased rapidly after the phreatic eruption in November 1990, and
reached its peak in the end of 1991, then decayed. In early 1995, magma supply stopped.
The total volume of magma supplied since 1990 is estimated to be 0.17 km’
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1. Introduction

Mt. Unzen, an active volcano located on the
Shimabara Peninsula southwest Japan, is a volcano
consisting mainly of dacitic rock. The volcano is
situated in a depression zone trending to E-W
direction, called as Unzen Graven, among the
Chijiwa Fault (north) and the Kanahama and Futsu
Faults (south) (Ohta, 1993). The recent activity
started with a sequence of earthquake swarm beneath
the Chijiwa Bay to the west of Mt. Unzen in
November 1989. Then the hypocenters migrated
castward with time and became shallower toward Mt.
Unzen (Ohta ez al., 1992; Shimizu et al., 1992). at
Jigokuato and Kujukushima craters on November 17,
1990, after a repose period of 198 years. Even after
the eruption, earthquakes sometimes occurred
beneath the western flank, and intermittent eruptions
occurred until the beginning of May. Very shallow
volcanic earthquakes and tremors began to occur
beneath the summit craters on May 13, 1991. Then
dacite dome appeared in Jigokuato crater on May 20,
1991. This lava dome continued to grow up until the
early 1995. The cumulative volume was estimated to
be 0.2 km® as of February 1995 (Geographical Survey
Institute, 1994).

Shallow magma supply system has been
discussed from geochemical, seismological and
ground deformation studies. Ohta (1993) proposed
pathway of magma from the Chijiwa Bay across the
Shimabara Peninsula based on geochemical study of
hot springs and hypocentral distribution of
earthquakes.
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Fig.1 Location map of leveling routes in the
Unzen area, Shimabara Peninsula

Joint Research Team of Mt. Unzen and
Geographical Survey Institute have repeated leveling
and GPS surveys at Mt. Unzen since 1991. Leveling
surveys have been carried out along two independent
routes. The one runs along the western coast of the
Shimabara Peninsula, and the other does from the
northern flank toward the summit of the Mt. Fugen
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Fig.2  Vertical displacement in the deflation storage by magma discharge at Mt. Unzen (Geodetic Survey

Party, 1994).
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stage by magma discharge at Mt. Unzen (Nishi
etal., 1995).
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(Fig. 1). From the analysis of leveling data, Ishihara
(1993) proposed the magma chambers system
denoted by A, B and C sources (Fig. 2). The pressure
source found from GPS surveys was coincided with
the C source, in the horizontal location (Fig. 3), but

located at a few kilometers deeper (Nishi et al,
1995).

The problem of the previous model (Ishihara,
1993) is independent determination of B and C
sources, that is to say, the B source (about 35
kilometers deep) was obtained only from the data of
the northem flank route during the early stage of
eruption in 1991, and later the C source (about 7
kilometers deep) was determined from the analysis of
the data along the western coast.

In this study, we try to relocate the pressure
sources, using the leveling data both of the western
coast and the northern flank lines of Mt. Unzen, and
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Fig. 4 Measurement times of leveling surveys at
north slope of Mt. Unzen (upper part), and west
coast of Simabara Peninsula (lower part),
respectively.

Table 1 Results for calculated parameters.

Location of Pressure sources
A B C

X (km) 27 0.3 -2.4

Y (km) 3.6 4.4 2.6

f (km) 1.4 4.1 6.8

Date Intensities (10 m ) Reference points (mm)
A B [o] BM. 4271| BM. 14 | BM. 23
November 1986 - - -2.3075 -0.1 - -
November 1990 - - -1.7142 -0.2 - -
March 1991 - 0 0 0 0 -
May 1991 0 - - - - 0
June 1991 -0.0249 - - - - -2.8
July 1991 -0.0439 - - - - -49
August 1991 -0.10187 0.4375 -1.5717 - -3.4 -11.7
October 1991 -0.05749 0.3132 -2.4855 - -8.6 -6.5
December 1991 -0.02648 0.4064 -3.1007 - -11.0 -3.3
February 1992 -0.03159 0.3224 -3.1272 -1.4 -11.8 -3.8
May 1992 -0.0671 0.0367 -3.9351 -3.7 -18.5 -7.8
September 1992 -0.0696 0.0192 -3.731 7.2 -17.6 -8.0
February 1993 -0.0388 0.0705 -3.8765 -6.5 -17.9 ~4.6
August 1993 -0.0914 0.1538 -5.2992 -9.0 -240 | -104
February 1994 -0.0579 0.4155 -8.2203 -12.5 -25.2 -6.9
September 1994 -0.06915 -0.033 -5.7646 -13.6 -28.0 -8.2
January 1995 -0.0728 -0.0028 -5.5698 -12.0 -26.8 -8.5
February 1996 -0.0794 0.0267 -5.9748 -12.5 -28.4 -9.3
Two point sources model| Single point source model

WSSR (mm ) 303.9 735.6
Correlation Coefficient 0.9843 0.8847

Intensities, location of B and C Sources and reference points at BM. 4271 and BM.
14, derived from two point sources model. Intensity, location of A source and
reference point at BM. 23, derived from single point-Source Model (Origin point;

130° 16’ E, 32° 43.58" N).



propose the refined magma chambers model to
discuss the magma supply system associated with
the eruptive activities of the volcano.

2. Measurement

2.1 Data

Geodetic monitoring of Unzen Volcano using
precise leveling was started in November1986 at the
west side of the volcano (along western coast of
Shimabara Peninsula) by University Team. The
second measurement was done in November 1990 by
the Geographical Survey Institute. Additional
leveling route was made at the northern flank of Mt.
Unzen from north side (BM.14) to Azamidani (BM.
AD .4). After the eruption in 1990 leveling survey has
been repeated twice per year for both two routes (Fig.
4).

The section height difference (relative elevation
difference between adjacent benchmarks) dh, is
defined by the height of the forward benchmark (/)
and the previous benchmark (4, ), as follows:

ahy=h;- h, (1)

The elevation at ith benchmark (4;,) is calculated by
summing all the section height differences (dh;) from
the reference benchmark (BM.4271 and BM 14 for
western coast and northern flank leveling routes,

respectively) to the ith benchmark (Table 1).
Hi=ZXdh (2)

Height change of the ith benchmark (Ahi) is
calculated by subtracting the former benchmark
elevation A; (1;) from the later elevation, A, (1,).

Aly=h; (1) - hi (12) (3)
2.2 Leveling error

Leveling measurement may be contaminated by
measurement errors. During leveling surveys, the
successive sections are generally measured twice.
The forward and backward height difference between
the benchmarks are usually slightly discrepant.
Bomford (1971) states that the random error should
propagate as :

8;= aL'? 4)

where, L; is distance along the leveling route in km,
and o is mean square error, in mm/km which is
computed from several double-run sections.
Universities and Geographical Survey Institute
computed mean square errors ¢ of west coast and
north slope leveling surveys to be 0.4 - 0.7 mm/km.
These were then used to obtain the cumulative
random error on a leveling lines. The cumulative
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Fig. 5  Vertical displacements of benchmarks along the western coast of Shimabara Peninsula, referred to BM.

4271 and to March 1991.
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Fig. 6 Vertical displacements of benchmarks along the northern frank of Mt. Unzen, referred to BM. 14 and
to March 1991.
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Fig. 7 Vertical displacements of benchmarks along the western frank of Mt. Unzen, referred to BM. 23 and
to March 1991.

random error for height changes measured between 3. Analysis

two the surveys ¢, and ¢, is given by:
Before the lava dome appearance on May 20,

6,=(a1+a2)”2L,~“2 ©) 1991, the volcano was inflating, then turned to
where o; and o, denote the mean square errors of the deflating. This phenomena is clearly recognized by
first and second measured elevation of 7, and 2, the height changes of benchmarks at the western
respectively. ' coast, the northern flank and the near-summit



leveling lines, respectively (Figs. 5, 6 and 7). It is
noteworthy that each leveling line shows the different
pattern of height changes as shown in Fig. 8.
Therefore, it is difficult for us to explain the ground
deformation at Mt. Unzen by using Single-Source
Model.

We estimate locations and source intensities of
the two pressure sources, assuming Point-Source
Model (Mogi, 1958), from western coast (BM.4271
to BM. T.126) and northern flank (BM.14 to BM.23)
data (Fig. 9). The procedure of our analysis is

described as follows:

If hydrostatic pressure change occurs in sphere under
the earth's surface in an ideal semi-infinite elastic
body, the surface is deformed symmetrically around
the embedded sphere center. Vertical displacements
(Ah,) at the point (x, y) due to two pressure sources
may be represented as follows:

/5 % fe 6
R e

where 7 and, rc: are horizontal distances from the

Ahi=KB )

40} Discharge rate of lava
- 10000 m3¥/day
30f :
20t
10
0 1” T T ——
,EE. .
‘@ ° -e-BM. AD 4
e -lof
[ ]
S -20F
E -0t
£ -40 15 ! | ] 1 ! |
20
0 /./:"FQ
€ i ot ‘\\ North flank
é 20 \“ o BM.22
g - K West coast
g \ o BMTI19
= ‘40 B \
o -
)
=
2 60
®
= -
80}
-100 b, Devieeriisey b T beorvenpenbicnin
. 1986 1990 1991 1992 1993 1994 |995 1996

Fig. 8

Upper: Discharge rate of lava. Middle: vertical displacement of benchmark AD. 4 (referred to BM. 23),

the nearest benchmark T. 119 (referred to BM. 4271 and to March 1991), at the western coast of
Shimabara Peninsula, and those of benchmark 22 (referred to BM. 14 and to March 1991) at northem

flank of Mt. Unzen.
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Fig.9 Point Source Model with two pressure
sources for the deformation analysis of geodetic
data. The hydrostatic pressure change on the two
embedded spheres reside at depths f and f.
Pressure perturbations at depths induced radial
(Ad), and vertical (Ah) displacement components
at varying radii () from the two epicenters of
inflation.

center of inflation/deflation (B and C) to
measurement points,

rs= {(exsY+v)} 2,

re = {xxc) +Hryo)’} 2,

x, y. coordinate of benchmarks,
f3, and fc: are depth from the surface to the center of
the sources B and C, and, Kp, K. intensities at the
sources B and C, represented as,

3a5 AP, _3a.’AR;

4”' > ¢ = 4ﬂ_-— >
where u(=1) is Lame's constants, ag, ac are radius of
pressure sources, APz and AP are changes of the
hydrostatic pressure in the sources B and C.

To find out the best-fit location of the pressure
sources, we calculate the weighted sum of squares
residual (WSSR) incorporating the estimate of error
(6, from eq. (4)), between the observation and the
model calculation for the both west coast and north
flank data at six measurement periods of the interval
between February 1992 to February 1996.
Calculation was done according to the following
procedure:

[1] The locations of the two pressure sources are
estimated by using grid searching method. The grid
(size: 0.1 km) are arranged in the area of 7x7 km
around Mt. Unzen and 1 to 9 km depth.

[2] Under given locations of the two pressure sources,
the parameters Kz K¢, ko, and ho, for 6 periods
are estimated by least squares to minimize the misfit
between the observations and the calculated height
changes, using the eq. (7).

{3] The best-fit locations and parameters are
determined at the minimum of WSSR over the grid

K_

searching scheme.

2
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where, obs, cal refer to observed and calculated
height changes, respectively, the subscript w and ny
refer to west coast and north flank, respectively, » is
number of data, ¢ is the cumulated error and Ao is the
height changes at the fix point (as mentioned before,
the observed data give us only the relative height
change, in such a case, we added one parameter, Ao,
to each leveling line data).

In addition, we also examine Single-Source
Model (denoted by A) to local ground deformation
around Fugendake using the leveling data of the
Fugendake. To find out the best-fit location of the
source A, we calculate the WSSR incorporating the
estimate of error (O;, from eq. (4)) between the
observation and the model calculation for Mt. Fugen
data (BM. 23 to BM. AD.4) at thirteen measurement
periods of the interval between May 1991 to
February 1996. Calculation was done according to
the following procedure:

[1] The locations of the pressure source are estimated
by using grid searching method. The grid (size: 0.1
km) are arranged in the area 4x4 km around the
summit of Fugendake and 0-4 km in depth.

[2] Under given location of the pressure source, the
parameters K, and Ao for 13 period are estimated by
least squares to minimize the misfit between the
observations and the calculated height changes.

[3] The best-fit location and parameters are
determined at the minimum of WSSR over the grid
searching scheme.

[ Abj (obs Y Hho-Ahy (cal )

i
Pe;wd 1 (8)
g [ Ahj (obs yrho—Ak; (cal) }
i Period6

WSSR=3%,
i
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Fig. 10 Relation between the calculated height
changes and the observed ones. (Top) For the
Benchmarks at Mt. Fugen derived from single
source model for all the measurement periods
between May 1991 and February 1996. (Bottom)
For the benchmarks at the west coast and north-
flank derived from the two sources model for all
the measurement periods between February 1992
and February 1996.

4. Results and evaluation of analysis

The results of calculated parameters are given in
Table 1. The minimum of weighted sum of squares
residual (WSSR) for the two pressure sources model
is obtained when the location of the pressure source
B is at about 3 km west of Mt. Fugendake at a depth
of 4.1 km, and the pressure source C is located at
about 5 km west of Mt. Fugendake at a depth of 6.8
km. The coefficient of correlation between the
observed and calculated height changes is 0.9843

(Fig. 10). The minimum of WSSR for the single
pressure source model using near summit leveling
data is obtained when the location of the source A is
at about 0.25 km north-east of Mt. Fugen at a depth
of 1.4 km beneath the summit (0.6 km below sea
level). The coefficient of correlation between the
observed and calculated height changes, is 0.8857
(Fig. 10).

Those best-fit model have a little different with
the previous studies (Ishihara, 1993), the location
of the pressure source C (deeper one) obtained from
this study coincides with the previous studies, and the
pressure source B and A was located about 1 and 0.5
km shallower than that of the previous study,
respectively, as shown in Fig. 11.

5. Discussion

Physical meaning of the location of three
pressure sources (A, B and C) in relation to the
eruptive activities of Mt. Unzen is discussed below.
First we show the relationship between hypocenters
of earthquakes and the location of pressure sources.

If we compare the location of the three pressure

sources with the hypocenter distribution of
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Fig. 11 Schematic map of Unzen area, Shimabara
Peninsula, showing locations seismic zones
(Umakoshi et al., 1995). Solid circles show the
best- fit models in our study. Dashed circles
show the best-fit model from Ishihara (1993)
and open circle from GPS data (Nishi er



earthquakes (Umakoshi er al., 1995), we may point
out that the estimated pressure sources A, B and C
are located beneath the inclined seismic zone (Fig.
11). This relationship may be reasonable. If pressure
sources A, B and C corresponded to magma
chambers filled with magma, stress will not be
accumulated and earthquakes will not occur at
pressure source. And earthquakes will be generated
above magma supply system to release stress due to
accumulation of magma or intrusion of lava. In fact
the seismicity west of Mt. Unzen had been high until
early 1990, while the inflation of the ground was
observed, but decayed rapidly after both the
discharge of lava and deflation of the ground started.

To clarify the relationship between the pressure
sources A, B, C, and the volcanic activity of Mt.
Unzen, we also calculate the intensity at the sources
B and C for the periods between November 1986 and
February 1992 by using the best-fit locations of the
two sources, then the changes of intensities at each
pressure source are discussed in relation to the
discharge of lava and the seismic activity.

5.1 The relationship between the near-surface
pressure source and the eruptive activity

The pressure source A is located 1.4 km beneath
the summit. The earthquakes at the summit were
originated shallower than 1 km. Therefore it is
expected that the intensity change is closely related
to the discharge rate of lava or seismic activity. Fig.
12 shows the monthly number of summit earthquakes,
the discharge rate of lava and the relative intensity of
A-source.

The intensity of A-source gradually decayed with
time, as similar as the discharge of lava did. However,
we recognize short-time variations of the intensity of
A-source. The variations seem to be related to
those of discharge of lava or seismic activity. The
increase in the relative intensity of A-source related
to high seismicity or increase in discharge rate of lava.
Such a variation suggests that the increase in
intensity of A-source causes higher discharge of lava
or higher seismicity, and repeated increase n
intensity of A-source may indicate magma supply
from deeper part, probably through B-source.

5.2 The relationship of deeper sources, B and C,
with volcanic activity

The relative intensity changes of B and C-
sources are illustrated with the discharge rate of lava
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Fig. 12 Relationship between the monthly number of
earthquakes (Umakoshi, 1995), discharge rate of
lava (Geographical Survey Institute, 1994;
Geological Survey of Japan, ef al., 1995) and the
relative intensity of A-source, respectively.
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in Fig. 13. already started before 1986, and magma stored at C-

The relative intensity of B-source has two peaks, source is transported through B-source up to the
as corresponding to the two epochs of discharge of  near-surface A-source, and discharge at the summit.
lava, 1991-1992 and 1993-1994, respectively. In We may draw one model on the magma supply
addition it is noteworthy that the intensity increased a system at Mt Unzen as illustrated in Fig. 14.
few months before the discharge of lava started in Considering the range of relative intensity changes at
1991 and again a few months before the resumed each pressure source (A-source: 0.1, B-source: 0.4,
activity in March 1993. These relationship suggests and C-source: 6), the size of C-source may be much
that increase in the intensity of B-source is caused larger than those of B- and A- sources.

due to magma supply from deeper part, probably There is still a remained problem. Since the
from C-source, and induced magma transport to the discharge of lava stopped in early 1995, there are no
near-surface A-source. significant change in intensity of B- and C- sources.

The intensity of C-source had gradually This suggests that magma supply to C-source which
increased prior to the phreatic eruption in November started before 1986 stopped in 1994. Then when does
1990, and increased rapidly, probably, until discharge.  the magma supply stopped? How much magma was
of lava started in May 1991. Then, it has gradually supplied from deeper portion to C-source related to
decreased until 1995. The intensity as of 1995 is the recent activity. These problem are discussed in
smaller than that in 1986. This means that magma the next paragraph.
supply from deeper portion than C-source had

Table. 2 Top: Extrusion lava and magma supply at Mt. Unzen. Volume changes in magma reservoir determined
by assuming that the deformation volume are equal to the volume changes in magma reservoir. Bottom:
Magma supply rate to the sources A, B and C, respectively.

VOLUME (106m3)
Period Magma [Changes of{Magma supply | Change of | Magma supply | Change of | Magma supply
discharge | Asource | toAsource | Bsource | toBsource | Csource | toC source
Vd AVA Al AVB V2 AVC Vs
Nov '86 - Nov ‘90 0 3.73 373
Nov '90 - Mar '91 0 10.77 10.77
Mar 91 - Aug ‘91 25.42 -0.64 24.78 2.75 27.53 -9.88 17.65
Aug '91 - Oct '91 7.15 0.28 17.43 0.78 16.65 -5.74 10.91
Oct ‘91 - Dec '91 22.24 0.19 22.43 0.59 23.02 -3.87 19.15
Dec'91-Feb'92 | 16.52 -0.03 16.49 -0.53 15.96 -0.17 15.79
Feb'02-May'92| 15.96 0.22 15.74 -1.80 14.16 -5.08 9.09
May ‘'02-Sep'92| 16.54 0.02 16.52 .11 16.41 1.28 17.70
Sep's2-Feb'03 ] 1512 0.19 15.31 0.32 15.64 0.91 14.72
Feb'93-Aug‘93 | 26.34 -0.33 26.01 0.52 26.53 -8.94 17.59
AuQ'93 -Feb'04 | 27.66 0.21 27.87 1.64 29.51 -5.79 23.73
Feb'94-Sep'e4 | 11.5 -0.07 11.43 -2.82 8.61 2.86 11.47
Sep '94 - Feb '95 1.66 -0.02 1.64 0.19 1.83 1.22 3.05
I?ﬁ)’ 95 - Feb' 96 0 -0.04 -0.05 0.19 0.14 -2.54 -2.41
{ Total 196.11 -0.50 195.60 0.17 195.99 -37.54 158.45
Period Magma supply rate to (109m3/day)
A source | B source C source
Nov ‘88 - Nov ‘80 0.26
Nov ‘80 - Mar ‘91 11.97
Mar'91-Aug'9t | 29.50 32.77 21.02
Aug '91 - Oct '91 30.58 29.21 19.13
Oct'91-Dec’91 | 3251 33.36 27.78
Dec'91-Feb'02 | 27.12 26.20 26.32
Feb'92-May'92 | 15.28 13.75 8.892
May'92-Sep'92| 13.54 13.45 14.51
Sep'92-Feb'93 | 11.10 11.33 10.67
Feb'93-Aug'93| 15.21 15.52 10.29
| Aug'03-Feb'94 | 14.44 15.17 12.36
Feb ‘94 - Sep '94 4.65 3.42 4.66
Sep ‘94 - Feb '95 1.64 1.77 3.58
Feb'95-Feb'96 | -0.01 -0.04 -0.67
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Fig. 14 Schematic diagram for the calculation of
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Fig. 15 Discharge rate of lava and the magma supply
rate from deeper portion to C source.

5.3 Magma supply from deeper portion to C-
source

We now consider the magma supply to C and the
transportation through B and A-sources up to the
ground surface according to the model as illustrated
in Fig. 14. By adding the volume changes in A, B and
C-sources and the volume of lava discharged from
the summit, we may estimate the magma supply and
transportation between the A, B and C-sources, as
represented below:

Vy= ¥y + AV,
Vo=V, + Abp 9)
Vo= V> + AK;

where, V; is magma discharge to surface, V; is
magma supply to A-source, ¥, is magma supply to
B-source, and ¥, is magma supply to C-source,
respectively. AV,, AV, and AV, are the changes

in volume of the A, B and C chambers associated
with the inflation/deflation of the sources.

Deformation volume of the ground surface may
be estimated from the intensity parameters of the
leveling model. This was done by integrating over the
vertical displacement equation of the point source
model, and it equals 2 = K where X is the intensity
parameter (Eaton, 1962).

Assuming that volume changes at the surface are
equal to changes in magma volume at each source,
we estimated V,, V, and Vs for each period of
leveling survey. The results of calculation and the
estimated rate of magma supply are given in Table 2.
The magma supply from deeper portion to C-source
increased until the end of 1991, then decayed with
time until no supply in 1995, as illustrated in Fig. 15.

The total volume of magma supplied from
deeper portion since 1990 is estimated to be about
0.17 km®. The magma supply rate from May 1991 to
February 1995 was about 0.04 km®/year on average
which is, about 2 times larger than that of the results
estimated by ‘the previous studies (Ishihara, 1993).
However, he estimated the rate using the data in 1991
and 1992 when magma supply rate was high.
Therefore, the estimation in this study does not so
contradict with his result.

6. Conclusions

From analysis, assuming Point-Source Model to
the leveling data at Mt. Unzen, we may conclude
that:

[1] Surface ground deformation at Mt. Unzen may be
induced by the three pressure sources A, B and C
connected with each other.

[2] The supply rate of magma from deeper portion to
the deepest source C increased rapidly after the
phreatic eruption on November 1990, and reached its
peak in the end of 1991, then decayed with time until
no magma supply in early 1995. The total volume of
magma supplied since 1990 is estimated to be 0.17
km®. The magma of 0.03 km® stored under Mt. Unzen
before 1990 was consumed by the eruption.
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