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Errata

’ ’

8, for ‘“from’ read ‘‘form”’.
26, for ‘‘leva-streams’’ read ‘‘lava-streams’®.
8, for ‘‘Pecies’’ read ‘‘Precise’’.

6, for ‘‘precised’’ read ‘‘precise’’.

9, for ‘‘improtance’” read ‘‘importance’’.
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15, for 2, [(zz+1ez)s/z+{(z+zf)z+1ez}s/a]

@P( R | R )
dp ' (Z2+ R {(Z+2f 2+ ReYse ),

13, for ‘‘assume’’ read ‘‘assumed’’.

read

15, for ‘‘as possible’’ read ‘‘as be possible”.
16, for ‘‘influened’’ read ‘‘influenced”’.

7, for '‘showm’’ read ‘‘shown”’.

23, for ‘““magman’’ read ‘‘magma’’.

23, for ‘‘effered”’ read ‘‘offered’’.

30, for ““Use-San’’ read ‘‘Usu-San’’.
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By
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1. Introduction

It is well known that with great volcanic eruptions enormous volume
of magma moves up to the earth’s surface in a from of lava-flow or frag-
mental ejecta from magma reservoir. Owing to this movement, it could be
expected that the crustal movement is caused in the vicinity of the volcano.
Actually, this phenomenon has been observed frequently at many volcanoes
(Aso!, Asama?, Usu®, Sakurajima* and Kilauea® etc.). But the modes of
this crustal movement vary with the physico-chemical conditions of magma
and the geological structure in the vicinity of each volcano. So that the
movements are not always similar at each volcano and also at each stage of
the volcanic activity. Therefore, for the purpose of studying the mechanism
and making the prediction of the volcanic eruption, it is necessary to grasp
the characteristics of the mode of crustal movement by continuous geodesic
observations and measurements on each volcano.

At the Volcano Sakurajima situated in Kagoshima Bay, Southern Kyu-
shu, the eruption has continued for five years since an out-burst took place
at the top of the Minami-Dake on the 13th of Oct., 1955, although there
were the ebb and the flow of the volcanic activity in this period. This
volcano repeated great eruptions in the past age. Especially, the greatest
eruption on the 12th of Jan., 1914, took place at the two opposite flanks of
the Minami-Dake, and a great deal of the leva-streams amounting to 3X10°
tons flowed out to the eastern and western coast of Sakurajima respectively
and covered the area of 24 km?2.

Although Sakurajima is one of the famous volcanoes in the world, a
few geophysical informations on this volcano were obtained, because the

geophysical instruments for the volcanological routine observation had not
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been equipped there. Consequently the time of reopening of the volcano
activity, we set up many geophysical instruments such as seismometers,
tiltmeters, extensometers and tide-gauge etc., and began the seismometric
and geodesic observations,

In this paper, the results of the precise levelling and the sea-level ob-
servation are discussed and the serial paper will inform the results of the

observation of the tilt and the extension of the land.

—— Geolagical stractural lire Osumi. Peni
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Bunmeilava  Aneilova Taishs Lava Showe Lava
Fig. 1. The position of benchmarks and the distribution of the lava-flow
in histry in Sakurajima.

2. Precise levelling

Precies levellings along the surrounding area of Kagoshima Bay were
undertaken seven times since 1891, and the relation between the activity of
the Volcano Sakurajima and the crustal movement of its surrounding area
was discussed by many investigators®™®%. However, there seem to be
exist no precise levelling data from which one can clarify the exact mode
of the crustal movement of the volcano itself, since there has been estab-
lished no levelling route in Sakurajima before we made.

In Dec., 1956, the levelling route consisting 29 benchmarks was set up



from Sakurajima-guchi to K6émen, via Yuno, Hakamagoshi and Saidd, with
total length about 25km. After that, the new road around Sakurajima was
made from KOmen to Sakurajima-guchi, via Kurokami. Then in Nov.,
1958, the levelling route around Sakurajima consisting of 42 benchmarks
was also completed, its total length being about 37 km (Fig. 1).

Since Feb., 1957 when the first precised levelling was carried out along
this route, four Successive ones were done every year till Mar., 1960. The
instruments used were the Zeiss A-type level and its staff which was 3m
long and made of invar. The error of the measurement is within the limit

of the permission for the first class levelling in Japan.
2-1. Vertical displacement of benchmarks

Assuming that the benchmark No. 2500, at Sakurajima-guchi, is an

Table 1. Values of the vertical displacement of each benchmark.

Bone. of  11957-58 | 1958-59 | 1959-60 Bone: of | 1957-58 | 1958-59 | 1959-60
2500 Omm. Omm. Omm.
1 22| -2.4 22 23.1| -7.1| -1.9
2 —241| -7.0| -s5.2 23 206 —4.1 4.2
3 —-6.7| —10.5 24 30.9 | —12.0| 13.4
4 14| -a3 25 35.5 20.6
5 —26.4 0.5 26 37| -47| 2.2
6 —27.7 0.3 —1.4 27 24.0
7 27| -—4.9 28 161 -3.0| 177
8 —0.5| —11.5 29 41.9 49| 13.4
9 —95.7| —1.4| -96 30 12.5
10 46| —49 31 15.3
1 -11.2| -75| -5.0 32 10.4
12 —25.9| —91| -5.4 33 6.2
13 -8.0| —-12.6| —5.5 34
f 14 -15.7| —6.4 35 0.5
15 ~16.1| -8.9 36 —24.8
16 —2.0| -10.1] -15.0 37 —14.7
17 0.0/ -9.9 38 5.8
18 ~16.1| -22.3 39 4.1
19 75| —-10.1| —-9.8 40 2.7
20 125 -9.8| -7.8 4 ~0.6
21 15.0| -12.9| —1.7 42 -0.7




invariable point during the period when four successive levellings were
executed, we can obtain the amount of the relative vertical displacement of

each benchmark during the respective periods, as shown in Table 1 and

Fig. 2, by comparing the results of four successive precise levellings with

each other.
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Fig. 2. The vertical displacement of beachmarks in the respective periods.

Now, in order to see the mode of the crustal movement of Sakurajima,
let us compare Fig. 2 with the position of the benchmark shown in Fig. 1.

Through all periods we can sse that, in ths part jointed by Taisho-lava
between Sakurajima and Osumi peninsula, the former always shows the
depression, compared with the latter. On the other hand,. in each period
we can see the following fact. During 1957-58 the southern part of Saku-
rajima was depressed and while the northern part was upheav;d, and the
benchmark No. 12 and No. 28 showed the abnormal depression. During
1958-59, most of the bsnchmarks, except two or three bsnchmarks, showed

the depression although its amount was smaller than in the previous period,



and the amount of the upheaval of two or three benchmarks was also very
small. During 1959-60 when the vertical displacement of all benchmarks
around Sakurajima was first clarified, the southern part was depressed while
the northern part was upheaved, in the same way as in the first period.
And new abnormal depressions were found in the neighborhood of the ben-
chmark No. 18 and No. 36.

2-2., Consideration of abnormal depressions

As mentioned above, in the first and the latest periods we found abnor-
mal depressions whose causation is of special improtance to be solve. Before
we draw any conclusion on this, we should consider the geological structure
of the Volcano Sakurajima.

According to the geological surveies, there are two structural lines in
Sakurajima. The one passes across Sakurajima in NEN-SWS direction, and
the other in ESE-WNW direction. The former is ‘represented by the group
of craterlets in eruptions of Bummei (1968-1476) and Annei (1779), and
the latter by the one in the eruptions of Taisho (1914) and Showa (1946).
The two structural lines intersect each other at the top of Minami-Dake,
now being eruption (Fig. 1).

Looking over the abnormal depression under the geological consideration
as mentioned above, one can find that every benchmarks showing the abnor-
mal depression are not situated strictly on the geological structural line.
That is, the benchmark No. 12 and No. 28 are situated on the western side
apart from the structural line of NEN-SWS direction, while No. 18 and No.
36 do on the northern side apart from that of ESE-WNW direction.

Then, it can be considered that the ground in the proximity of the
geological structural line is in the more movable circumstance than the very
point on the line during this active period of this volcano.

Regarding the striking depression found in the joint between Sakurajima
and Osumi peninsula, it is difficult to make clear interpretation at present,
but one of the reason may be that this zone is the reclaimed ground from
the Seto Straits by Taishd-lava and a latent fault passes through there.

The measured fact that the ground easy to move is found by the precise
levelling, has a significance not only on the geodesic study but also may

yield many informations for the probable prevention of the volcanic disaster.



2-3. Mechanism of the deformation of Sakurajima

The deformation of the ground surface accompanied by the volcanic
activity seems to occure by the movement of the pressure center in the

vicinity beneath the volcano, probably by

-2 that of magma reservior, or the change of
) the pressure therein.
": 7 Then, we shall consider the deforma-
I— tion caused by them on the basis of the
4 Ur elasticity theory.
5 According to the theory, the deforma-
O‘;-I~ R tion of the semi-infinite elastic body caused
Fig. 3. by the change of hydrostatic pressure in a
small sphere in it, is calculated as follows'”
(Fig. 3).
U= - (i:f {(Z+2fﬁ+R2}5/z $(5Z°+14fZ+8F - RY)
i P/ 1 4 R ]
4y L (Z2+R2)32 T [(Z+2f)2+R2p2 (1)
Us= ff ZEaf iR (2382 B PZ+ 40+ 4SR?
+ZR2) + EA:‘UPI(\ (Zz_|_ZRz)3/2 + { (Z_l_zz;)_;z_{_-Rz}m ]
where Ur : displacement in the direction parallel to the surface,
Uz : displacement in the direction vertical to the surface,
a : radius of the small sphere where the hydrostatic pressure takes
place,

P : change of the hydrostatic pressure in the small sphere,
/ : depth from the surface to the center of the sphere,
and p(=2) : Lame’s constant.
The equations (1) are the first approximation in the case a/f<l.
Now, substituting Z by —f in the equations (1), the displacement at

any point on the ground surface is described as

3a*P d
dd= 4 (Pt de)ee @)
dh— 3asP f

4y (fet+dz)s/e



in which d(=R) : distance from the point A to a point on the ground sur-
face,
4d : displacement in the direction of R-axis on the ground
surface,
4h  : vertical displacement on the ground surface.

Comparing the actual deformation measured by successive precise level-
ling along the coast of Kagoshima Bay before and after the eruption in 1914
with that calculated from the above equation, Mogil? pointed out that the
pressure center was 10km just underbeneath the center of the Aira caldera.
Then we shall try to explain the mechanism of the deformation of Sakura-
jima in this active period by using the mode of the vertical displacement
observed only in Sakurajima.

First to be assume is the center of the small sphere and then to estimate
the change of a®P/pu. These two are to be determined by a successive
approximation in such that the calculation from eq. (2) may coincide as

possible with the actual data of the measurment.
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Fig. 4. The position of the pressure center.
A:1957-58, B: 1958-59 and 1959-60, C: 1959-60.

From the above approximation one can infer that the pressure center
was at a place 10km beneath point A during 1957-58, 10 km beneath point
B during 1958-59, and during 1959-60 there were two points, one at B and
the other at 3 km beneath point C (Fig. 4).

While,

by taking @*P/y at point A as an unit we can compare the



values at respective periods in the following.

(a®P/p)4a=1 (at 1957-58),

(a*P/u)p=1.06 (at 1958-59),
(a*P/u) p=1.70 (at 1959-60),
(a®P/u)0=0.07 (at 1959-60).

In Fig. 5 is shown
the relation between the
measured vertical  dis- P5T~58
placement of each bench-
mark and calculated dis-
placement.

To account for the sem
deformation occurred dur-
ing 1959-60 we assumed
that the pressure center
C was newly created,
1957~59
probably being separated
from center B. In calcu-
lating the deformation -
along the above-mentioned
model, mathematical dis-
crepancy in superposing rem
the effects of the two

NN

centers arises, because of

nonlinearity of the equa- 1959~ 60

tions. However the mu- e
S

tual effects of the two
[rem

.

)

boundary conditions are

so small in this case that

)

the superposition is parcti-
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Fig. 5. The relation between the measured and
deformation occurred in the calculated vertical displacements of bench-

cally applicable.
Briefly speaking the

Sakurajima in all of the marks in Sakurajima in the each period.

periods can be explained @ : measured one, X : calculated one.

sufficiently in the equations on an elastic model.
To make the clear interpretation Fig. 6 is given, in which the relation
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§7~59
57~58 x Const
10}~
cal
5 f—
x
obs. obs,
| _ 1 0 | |
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(a) i (b)
59~60 between the measured and calcu-
o Const lated deformation is shown. Quite

a reasonable linearity can be
found except at several localities
which correspond to the places of

cal
’ the benchmarks where the geo-

5 logical structural line is passing
near by.

X The deviation from the line-
arity at those places is indeed due
to the inadoptability of the elastic

0 | | model to the pre-existing or latent
-5 a +5€ﬂ1ﬂ. .
© geological fault or fractured zone.
c
. Nevertheless, the author’s
Fig. 6. The linearity of the relation be- ’
tween the measured and the calculated data shows that the stress due to
vertical displacements of benchmarks the pressure change at the center

in Sakurajima. . .
can well be transmitted without

X are abnormally depressed points.
being influenced by the existence

of the fractured zone. The fact indicates that these geological irregularities
may be only superficial structures compared with that of the general crust,

and that the abnormal depression may be the subsidence by some cause
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about which virtually nothing is known.

In the above procedures we obtained the location of the pressure center
and the change of a®P/x which changed from time to time and from place
to place. Namely, in the first period the location of the pressure center
was 10km in depth under the center of the Aira caldera, in the middle
period it was 10km in depth under the place being about 1km eastwards
away from the location in the first period, and in the last period the centers
were both at the same location in the middle period and at place 3 km
below the Kita-Dake. On the other hand, value of @*P/y increased with

time.

3. Sea-level observation

The vertical land displacement near the sea-side is also to be examined
by the observation of the variation of the mean sea-level, for which it is
usual to use the tide-gauge. But it is not safe to presume directly the
change of the mean sea-level at only one station as the displacement, because

the mean sea-level is greatly influened by the local atmospheric pressure or

N

HKagoshima
Satsuma Bay.

Peni.

Fig. 7. The locations of the tidal gauge stations.
H: Hakamagoshi. K: Kagoshima. M : Makurazaki.
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other factors. If the observations of the sea-level are carried out at two
stations, situated so close together that these effects are regarded as equal,
the relative land movement between two stations could be found more ac-
curately from the difference in the mean sea-level at both stations.

Since July, 1958, the observation of the change of sea-level by the Roll

type tide-gauge has been carried out at Hakamagoshi Harbor in Sakurajima.

Table 2. The monthly mean values of the sea-level at each station,
and their differences among two stations.

Month Hakamagoshi | Kagoshima | Makurazaki K-H M-K
1958 cm. cm. cm. cm. cm.
July 209.2 209.0 275.9 —0.2 66.9
Aug. 203.2 210.8 276.3 7.6 65.5
Sept. 220.6 223.5 289.8 2.9 66.3
Oct. 204.8 211.8 277.5 7.0 65.7
Nov. 190.3 205.9 272.5 15.6 66.6
Dec. 182.5 193.7 261.3 11.2 67.6
1958 4 - .
Jan. 186.5 253.1 66.6
Feb. 173.4 187.4 260.5 14.0 73.1
Mar. 167.5 186.1 255.4 18.6 69.3
Apr. 172.4 194.6 267.0 22,2 72.4
May 177.0 201.6 271.8 24.6 70.2
June 189.3 215.9 2847 26.6 68.8
July 188.5 219.7 287.2 31.2 67.5
Aug. 181.6 219.7 286.9 38.1 67,2
Sept. 174.4 221.8 283.1 47.4 61.3
Oct. 168.0 223.3 288.2 55.3 64.9
Nov. 148.4 205.7 274.8 57.3 69.1
Dec. 136.8 198.2 268.8 61.4 70.6
1960
Jan. 145.9 190.9 258.7 45.0 67.8
Feb. 136.9 188.1 252.3 51.2 64,2
Mar. 141.3 195.0 265.8 53.7 70.8
Apr. 138.2 192.8 262.6 54.6 69.8
May 142.8 200.6 57.8
June 151.7 211.2 59.5
July 146.7 206.5 59.8
Aug. 162.7 225.5 62.8

L —




13

Fortunately, the observation has also been carried out as the routine work
of Kagoshima Meteological Observatory at Kagoshima Harbor, which is
apart about 4km westwards from Hakamagoshi Harbor.

The monthly mean values of

the sea-levels at both stations and

f

‘

the differences of these values are
showm in Table 2 and Fig. 8. We
can see that during the last two

years the ground of Hakamagoshi

<

upheaved about 60 ¢m respective to
Kagoshima. “spCm

Comparing monthly mean val-
ues of the sea-level at Kagoshima
Harbor with that at Makurazaki
Harbor, about 42km south-west of
Kagoshima Harbor, it was found

that the difference between them

1958 | 1959 | 1960

has scarecely changed during the

Fig. 8. The changes of the monthly mean
values of the sea-level at each station,
and the changes of the differences of

sider that the upheaval of Sakura- these values between two stations.

H Hakamagoshi. K Kagoshima.

M . Makurazaki.

last two years as shown in Fig. 8.

From these facts, we can con-

jima was caused by the incressure
of the pressure in the magman
reservior in this active period. But we can not explain the relative land
movement between Kagoshima and Hakamagoshi by the elasticity theory as
used in 2-3, because the calculation does not give the actual amounts ob-
tained by observations of the sea-levels. Therefore, there may be some

unknown discontinuity in the crustal structure between the two stations.

4. Summary

We have carried out the studies on the crustal movement accompanied
by the volcanic activity of Sakurajima. In this paper, results of the precise
levellings and the mean sea-level observations were discussed.

According to these results, the following facts are to be concluded.

1) The ground in the neighborhood of the geological structural line is
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easy to move during this active period of the valcano, so that the bench-
marks near this line shows the abnormal depression,

2) The position of the pressure center and the change of the @*P/pu
in eq. (1) in each period, are able to be estimated on the basis of the elas-
ticity theory. The supposed position of the pressure center in the first
period, was 10km in depth under the center of the Aira caldera, in the
second period was l0km in depth under the place being about 1km east-
wards away from the first center, and in the last period was at two centers,
the one being the same as the second center and the other at Kita-Dake
with depth 3km. The estimated values of a3P/y increased with time.

3) Comparison between the mean sea-level at Kagoshima and that at
Hakamagoshi Harbor shows that the former place upheaved about 60 cm
relative to the latter during July, 1958-Aug., 1960. From this fact it may
be presumed that the pressure in magma reservior increased in this active
period.

This studies may give some data on which the mechanism of the erup-

tion could be estimated and also the activity could be predicted.
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