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1. Introduction

Changes in the geomagnetic field accompanying eruptions of basal-
tic volcanoes were observed first at the time of the 1940 eruption of
Voleano Miyakeshima®. Since the 1950 eruption, ocecurrences of the local
anomalous changes of the same sort have been unquestionably verified
on Volcano Mihara in QOoshima Island by various means such as dip-
surveys over the island, absolute measurements of three geomagnetic
components with high accuracies at 12 stations and continuous observa-
tion of changes in the geomagnetic declination at a particular station
at the west coast of the island?.

Since the first discovery of the local anomalous change, the changes
in the geomagnetic field associated with voleanic eruptions have been
considered to be caused by thermal changes beneath the volcano though
the detailed mechanism is still unknown. During the past several years,
however, the writer has accumulated data from which we may infer
possible thermal processes in Voleano Mihara. The purpose of this
report is to attempt a quantitative estimate of the heating and cooling
that account respectively for the demagnetization and magnetization
within the volcano. The amount of heat thus estimated would give
some clue to the study of the thermal energy of voleanic phenomena.
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2. Geomagnetic changes in the case of the 1953-54 eruption

As already reported, we observed a decrease of dip-angle on Volcano
Mihara during a period between August and October, 1953, while a
' minor eruption was reported in Oct.
1953 (see Fig. 1). The pattern of the
distribution of the anomalous change is
similar to that of the 1950 eruption
though the amount of the decrease is
much smaller on this occasion. The
declination variometer that has been
working at Nomashi, a station at the
west coast of the island, since 1951
recorded the increase and decrease of
the westerly declination as is reproduc-
ed in Fig. 2. On referring to Fig. 2,
we see that the decrease of dip-angle
would be maximum toward February,
1954, provided the decrease of dip-
angle is assumed to be proportional to
that of the declination at Nomashi.

Fig. 1. Changes in geomagnetic dip This assumption is to be proved by
accompanied by the minor eruption in  equations (1) and (2) in the later part
Oct. 1953. of this section. Althongh no dip-
survey was carried out in February, we may assume that the decrease
of dip-angle at this time was approximately 9 minutes of arc, this figure
being deduced from the fact that the change in the declination at the
same time is 38 minutes of arc, because a decrease of dip-angle of 3
minutes of arc and a change of declination of 1 minute of arc were
observed as the differences during a period between Aug. and Oct.,
1953.

We are also going to assume that the 1953-54 change is caused
by an apparent magnetic dipole under the volcano, such simplification
having been successful since the great eruption of 1950. In order to
estimate the strength of the supposed dipole, the changes in both dip-
angle and declination can be utilized. As has been done in the analysis
of the 1950 eruption, we presume that the direction of the dipole coin-
cides with that of the normal geomagnetic field in this district, so that
the intensity and depth of the dipole are to be determined by combin-
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ing the observations of the dip-angle with those of the declination.
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Fig. 2. The semi-monthly means of the westerly declination and activities
of Volcano Mihara. Eruption is shown in an arbitrary scale.

Local deviation of the dip-angle right above the dipole satisfies the
following formula

J(AD)= tan (Z, —:330_ tan Ioi—"éz? _ éﬂij (1)
where
AZ=— (E%—Z‘%Y sin 0
and
H= @%[h—)i cos 0

M, d and 6 denote respectively the intensity, depth below sea-level and
dip of the dipole, while 2 denotes the altitude above sea-level of the
observation point.

Then we obtain

tan I, gsind _ cosd
Z, H,
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Fig. 3 shows M—d curves for the changes AI=8 and 9 minutes of arc
where it is assumed that I,=52°19’, 0=48°, H,=0.285I", Z,=0.368I"
and 2=500 m.

Next, the westward change in declination at sea-level due west
from the centre of the volecano is expressed as follows ;

_AY_ 3 wd Msind

AD — o wesmo
H, H, Vw+d)

(3)

1105ng Ales where w is the horizontal dis-

}3?;""‘" tance between the observation

Al:3 point in question and the sup-

posed dipole. Taking w as 3

AD-3' km, M—d curves for the

Decli. changes AD=1 and 3 manutes

- aD=1 of arc are also shown in
Fig. 3.

According to Fig. 3, the
depth of the dipole in the
geomagnetic field is surmised
L to be about 1km below the

c 1 2 3 4 5 6kmd sea-level, while the intensity of

Fig. 3. Intensity M and depth d of the dipole the dipole is estimated at 1.2

for the changes of dip and declination. % 10" ema. In other words,

it is likely that this amount of magnetization of a certain region in the

volcano disappeared in about 5 months after Aug., 1953. After Feb.,

1954, however, almost the same amount of magnetization recovered in

almost the same period in accordance with the decrease in voleanic
activity.

From the equations (2) and (3), we can easily see that both Al and
AD are proportional to the intensity M provided the depth of the dipole
d is kept constant.

3. Thermal process responsible for the changes in the geomagnetic
field in the case of the 1953-54 eruption

Changes in the geomagnetic field accompanied the eruption of Vol-
cano Mihara since 1950 have been analysed by T. Rikitake and the
present writer and are summarized as shown in Table I. The first case
corresponds to the one that occurred during a period between the be-
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ginning and the most violent stage of the 1950-51 eruption, while the
second is obtained during the later part of recovery stage of the first
one. As was discussed in the 4th report, the time needed for the re-

Table I. The hypothetical dipoles for various periods.

Period } Intensity of dipole |  Depth of dipole
July 1950——Sept. 1950 ~6.3x10'" emu 5.5km
May 1951——Aug. 1953 +8.6 x 103 emu 4.7km
{ Aug. 1953——Jan. 1954 ~1.2x10% emu 1.6km

Jan. 1954——June 1954 +1.2x10B emu "

covery of the 1950-51 eruption would be about three years. The last
case is associated with a moderate eruption as stated in the last section,
its development and decay having been continuously observed by the
declination-variometer. In view of the well-examined geomagnetic data
as well as the description of the eruption, the writer would here like
to take the 1953-54 eruption as the example for constructing a model
of the possible thermal processes by which the changes in the geo-
magnetic field are fully explained. The most important point is the
possibility of heating and cooling that account for the demagnetization
and magnetization of the supposed dipole as discussed in the last sec-
tion. The fact that the local ‘anomalous change occurs and decays
within a few months’ time should also be examined.

According to the forgoing analyses, observed facts in the case of
the 1953-54 eruption are summarized as follows ;

Changes of dipole-moment is 1.2 x 10" emu.

Depth of the dipole is about 1.6 km.

Periods needed for both demagnetization and recovery are about 5
months.

The mass of lava which contributes to the change of dipole-moment
AM is estimated from the following relation under the assumption that
the lava shapes a sphere of radius # ;

AM=~§-m'3AJ(T) (4)

where AJ is the change of magnetization which depends on temperature
of rocks as shown in Fig. 4. As far as the basalt from Volcano Mihara
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is concerned, its thermal remanent magnetization is fairly large com-
pared with its induced magnetization in the earth’s magnetic field, so
that the latter magnetization is utterly omitted in the following discus-

, J(©)-J(100°C)
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Fig. 4. Thermal remanent magnetiza- Fig. 5. Demagnetization due to the
tion of the basalt from Volcano Mihara. temperature rise from 100°C.

(After T. Nagata)

sion. It is not necessary to consider that temperature of all part of the lava
in the region considered became higher than Curie-point (about 600°C). If
we assume that the temperature of the whole mass rises from 100° to
350°C, AJ(T) becomes about 0.08 emufcc as can be seen in Fig. 5, where
this amount of magnetization having been obtained as the mean magne-
tization of several rock-samples. Therefore we get the value of » to be
about 440 m from (4). The internal temperature of volcano would be
higher than that calculated according to the usual law of geothermal
gradient even if the volcano is not in an eruptive state, so that the
initial temperature considered above may be adopted for the first ap-
proximation. The mass of the sphere is easily estimated at 9.0 x 10®fons
when the density of the rock is taken to be 2.5¢97/cc. The amount of
heat that is necessary for heating the whole sphere from 100° to 350°C
is given as follows ;

9.0 x 10" gr x 0.2 cal/gr-degree x 250 degree=4.5 x 10" cal (5)

where the specific heat of basaltic rock is taken to be 0.2 cal/gr-degree.

Now we are in a position to examine whether or not such a large
mass of lava which weighs 9.0x10°¢ons can be heated up or cooled
down in a temperature range of 250°C within 5 months’ time when an




Part 1.] Geomagnetic Studies of Volcano Mihara. 27

activity of the volcano is going up or down. If the sphere or spherical
shell is a solid mass, it is almost impossible as has been suggested by
Ingersoll-Zobel-Ingersoll’s text® (concerning the cooling of a laccolith:
see Fig. 6) or R. Takahasi’s paper®. o
In order to avoid this difficulty, the O
writer presumes many cracks which
divide the mass into a number of
small unit-spheres. It seems natural
to suppose many ecracks within the
volcano when we look at ejected
lava from the crater-rim of the vol-
cano. When voleanic activity is
taking place, it is assumed that the ¢ 24 ¢ & 10 12 4 -+
surfaces of the unit-spheres are Fig. 6. Cooling-curves for a laccolith
always kept at 1100°C, while it is  {jpe " Broken lines show the curves for
also assumed that the surfaces are the periods of 3,600 and 10,000 ¥» when
. , the surface is kept at 0°C.

kept at 100°C when the activity is
suspended. To make a rough estimation of the diameter of the unit-
sphere which harmonizes with the observed facts, heat-conduction in a
unit-sphere will be discussed in the following.

The solution of heat-conduction in the sphere (0 <1 < a) with initial
zero temperature at =0 is given as '

0—0,+2000 52 (= 1) iy ML weusa® (6)
Tr oAel n a

under the condition that the surface temperature is always kept at
0=0,. In the expression, &, ¢t and 7 are diffusivity of rock, time and
distance from the centre of the sphere respectively. Hence the mean
temperature of the sphere is given as

T om=17

1

where r stands for K/Cp (K: thermal conductivity, C: specific heat and
p: density) which is estimated at about 10-*C.,G.S. for subterranean
basalt. The changes of the mean temperature with passage of time

o

3) L.R. INGERSOLL, O. J. ZOoBEL and A.C. INGERSOLL, Heat Conduction (1954), 141.
" 4) R. TAkaHASI and K. HIRANO, Bull. Farthq. Res. Inst., 19 (1941), 379.
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for several values of radius a are shown in Fig. 7. It is seen in the
figure that the increase or decrease of the mean temperature of the

e sphere whose radius is less than 50m
1.0X10°C az10m exceed 250°C after 107sec(about 4 months)
provided the temperature difference
between the sphere and the surrounding
is assumed to be 1000°C at £=0.

In the next place, the conduction in
the unit-sphere of rock will be discussed
in detail in relation to the demagnetiza-
tion or magnetization of the whole rock-
mass.

50m

100m

1 3 5 7 log t (Sec.) . . .
a). Demagnetization due to the rise

Fig. 7. Changes of the mean tem- Of temperatuwe.

perature for the various values of
radius.

With the aid of eq. (6), temperature-
distributions in the spheres whose radii are 50 and 10m at =107 sec
are respectively obtained as shown by full lines in Figs. 8 and 9 while
the surface temperature is always kept at 1100°C, & being taken to be
10—*C.G. S. as before.

¢} (<)
1100°C 1100°C
a=10%cm
200+ 3 900; K= IO—ZCGS.
a=5x|0cm
k=10"2¢es S
600 600  TTsol.
\\\\
300} 300,
\\\
10 100
0 2 4 6 0o 2 4 .6 .8 1o+
Fig. 8. Temperature-distributions in Fig. 9. Temperature-distributions in
the sphere whose radius is 50 m. the sphere whose radius is 10 m.

The temperature distributions thus estimated specify the extent of
demagnetization as can be obtained graphically from Fig. 5. Since we
have got the extent of demagnetization at every part of the sphere,
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the whole demagnetization of the sphere can be integrated numerically
by use of Figs. 8 and 9. The demagnetization of a unit-sphere thus
calculated is given for the two cases of a=50 and 10m. One example
of the procedure is shown at foot-note.

a=50m : 9.0x10%emu , a=10m : 2.0 x10%emu .

The whole loss of magnetization within the volcano can be easily
calculated because the number of the unit-sphere included in the region,
which becomes hot by the activity, is known, the effect of the mutual
interaction among the unit-spheres being ignored. Then total loss of
the magnetic moment of the dipole becomes as follows ;

a=50m : 3.6x 10" emu , a=10m : 1.0 x 10" emu .
These figures surpass the amount of the dipole-moment which is res-
ponsible for the anomalous change in the geomagnetic field.
b). Magnetization due to cooling.

The temperature-distribution in the sphere, of which the initial
temperature is given as f(r), is given by

o 22,3 . Tr
0:2* Z e tla sin ?’L
arn=1

X {ga 7 f(1')sin nildr’ — nrk(— l)nﬂosle""z"g"’“zdl} . (8)
0 a 0

The surface temperature is always kept at 0=0, as before. Here taking
the full-line curves in Figs. 8 and 9 as f(r), the distributions at ¢=10"

Radius r

| Temp. 6 | J@-J(100°C) | Volume | Demagne. 4M
x a(50m,) , °c i x10-%emu/cec x 100¢¢ x 108emu
0.70~0.75 100 0.0 4.1 0.0
0.75~0.80 ‘ 120 | 0.1 4.7 0.5
0.80~0.85 | 170 } 0.4 5.4 2.2
0.85~0.90 L 260 | 3.3 6.0 19.8
0.90~0.95 500 ! 4.3 6.7 28.8
0.95~1.00 900 \ 5.0 7.5 37.5

88.8x 108 emnu
Total demagnetization:
2.1x10%¢e
5.2x 101 ¢c

8.9x%109 emu x (number of the unit-sphere)=3.6x 10" emu
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sec are given by dotted curves in those figures where the surface tem-
perature is assumed to be 100°C. The assumption of the surface tem-
perature will be possible if we take into account the effect of the
contact of the sphere with subterranean water after the incandescent
molten lava withdrew downward.

By means of procedures similar to the former case, totals of re-
covered moment of the dipole are estimated as follows;

a=50m : 4.8x10% emu , a=10m : 4.5 x 10" emut .

We see that the magnetic moment lost in active stage can not be
wholly restored within the period, the residues amounting to 87 and
5595 respectively. Although it seems difficult to explain the whole re-
covery which is shown in Fig. 2 by the process discussed here, the
fact that the process can account for half of the recovery should be
noted. When we take into consideration the fact that the cooling would
occur from the top of the hot region, the effect of the colling on the
geomagnetic field on the surface of the volcano would be much larger
than that of the heating which will take place from the bottom because
the distance between the surface and the top will be less than one
half of that between the surface and the bottom. Thus there might
be a possibility of explaining the rather quick recovery though nothing
accurate can be said at the present stage of investigation.

4. Cooling by expansion of water-vapour

As is discussed in the last section, heat-supply from the deep to
magma-reservoir may be considered to be sufficient for the supposed
thermal process in the demagnetization stage. However, the cooling
process would only be possible by thermal conduction into the sur-
rounding medium together with expansion of water-vapour from a
depth of about 2 km to the earth’s surface. Here, we are only going
to discuss the expansion of water-vapour. The amount of heat to be
dissipated in the cooling period should be approximately equal to that
obtained at the active stage, namely 4.5x10%cal as given by (5), so
that it is necessary to take out this order of heat from the reservoir
in order to explain the geomagnetic change during the cooling period.

Adiabatic expansion has essentially no effect upon the cooling of
the lava-mass, but it contributes to the efficiency of the vertical con-
duction of heat through the crater-vent. The theoretical limit of the
cooling effect by adiabatic processes is given by considering the expan-
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sion to infinity. Taking into account the dependency on temperature,
the limit is given as

W.=C,T. - (7)
Introducing C,=0.83 and 7=273+1100, we obtain
W.=4.5x10* cal/gr .

In the case of isothermal expansion, the work done by water-
vapour is given by
w=rr| %, (8)
vy V
where we assume that water-vapour can be treated as ideal gas. Con-
sidering that hydrostatic pressure is about 400 atm at the depth of 2km,
we get

W=9.0x10*cal/gr .

It seems likely that the actual expansion will give a value between
the two extreme cases stated above. Thus, the heat-loss by expansion
of water-vapour is deemed at 7x 10*cal/gr in our order-estimation.

As for sources of water-vapour, the juveniles from the hydrous
magma which swelled up from the deep as well as subterranean rain-
water are thought of. Here, we will consider the total mass of water
contained in the magma reservoir which shapes aspherical shell beneath
the volecano. The internal volume of the spherical shell, whose radius
is say 300m, is 1.1x10"ce, its mass being 2.8 10°Zfons. According
to R. W. Goranson®, the water-content in basaltic rocks amounts
to about 59. Therefore, the mass of ejected water-vapour from the
foresaid lava is to reach the total of 1.4x107toms. If this amount of
water is to be ejected during a period of 107sec, the mean mass of
water-vapour that is ejected per unit time is about 1Zonfsec. The latter
figure is probable, if we refer to S. Murauchi’s observations® in the
case of the 1950-51 eruption. After all, the amount of heat to be dis-
sipated by thermal expansion of water-vapour is estimated at 1.0 x 10" cal
which is not far from the expected figures.

If we take into account other factors, for example, heat-conduction
into the surrounding region which is fully discussed in the last section,
the explanation of the recovery phase of the local anomalous change by

5) R.W. GORANSON, Amer. Jour. Sei., 21 (1931), 481.
6) S. MURAUCHI, Bull. Natur, Sci, Mus., 20 (1953), 70.
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cooling of the lava-mass seems to be not impossible. It is also likely
that the subterranean water will play an important role in the cooling
though a quantitative estimate of its effect would be quite difficult.

5. Summary and conclusion

Summarizing the results obtained by the geomagnetic observations
on the occasion of the 1953-54 eruption, the writer tried to explain the
anomalous changes in the geomagnetic field accompanied the eruption
by considering possible thermal processes beneath the voleano. General-
ly speaking, violent heat-supply from the depth is probably conceivable
while cooling-factors are restricted by the external conditions. If we
suppose many cracks which divide the subterranean mass of lava into
numerous small unit-spheres, it is possible to explain the heating process
quantitatively. On the other hand, only half of the recovery is acecounta-
ble by the cooling process under this assumption. However, the other -
half seems capable of interpretation by the supplementary consideration
concerning the cooling by expansion of water-vapour from the depth to
the earth’s surface.

In short, it seems possible to construct a model of the thermal
processes which are responsible for the changes in the geomagnetic field
though some reasonable assumptions are necessary.

In concluding, the writer wishes to express his hearty thanks to
Dr. T. Rikitake for his helpful advice.
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