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1. Introduction

During an explosively active time of volcanoes, micro-tremors of
volcanic origin are generally observed, and have been described by
various authorities for Usu-san,’ Asama-yama,® Mihara-yama,' Taal,’
Vesuvius,® Mauna Loa,” Kilauea,® etc., but neither the nature of the
volcanic micro-tremors nor their modes of occurrence have not been
investigated by these writers. As to the volcanic earthquakes directly
accompantying eruptions, which will be called eruption-earthquakes in
the present paper, Omori’ simply mentions that the initial motion- is
sometimes directed towards, and at other times outwards from, the
crater, giving no further information about the nature and the mechanism
of occurrence of eruption-earthquakes. The present investigations and
considerations based on the micro-seismometrical ohservations made
at the Volcano Aso were undertaken to throw some light upon the
above points, which will be discussed in the following pages.

2. Observing stations

Qur Volcanological ILaboratory, 7.3km to the west of the crater,
was the central station. There are two mountain stations connected
with the laboratofy, one at Kusasenrigahama, about midway between
the crater and the laboratory and the other at Hondd near the crater.
Besides these, four temporary stations were established, one at the
Miyadi Girls’ High School, 7.3km NNE of the crater, and the three
others at Suzuriisi, Sara~-yama, and Taka-dake, around the crater. The
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positions of the stations, 7 in all, will be seen in the following Table
1 and Fig. 1.

Table 1
. - Azimuth from the Distance from the Height above sea-

Station crater crater level
The Iaboratory W 7.3km 568m
Kusasenrigahama w 3.1 1100
Hondé WSwW 1.0 1170
Miyadi NNE 7.3 530
Suzuriisi NNwW 1.0 1190
Sara-yama SSE 1.0 1250
Taka-dake E 1.9 1520

Fig. 1. Map of a part of the Volcano Aso showing the 3. Instruments

positions of the observing stations. )
PR ) At the central h?ta-
s A W tion, the Volcanological
AW T T.aboratory, Wiechert
horizontal component
seismograph of 1000
kgs weight and vetical
one of 1300kgs weight
‘have been installed on
concrete ' bases 2z m.
square and 2m. deep,

; & £ | insulated from the floor
& =3¢ | in  the underground
N\ rooms and have been
S ‘i‘g continuously at work
oy \\ since May 1929. The

{ { Y magnification for the

U3Y  horizontal component
was kept at 200 for
short period vibrations and that of the vertical one at 150. When
the volcano was in violent activity, the amplitude of the micro-tremors
recorded reached smm on smoked paper even at a distance of ca.
7.3km from the crater, and it was not necessary to raise the magnifi-
cation of the instrument above this degree. But when the volcano
is in repose, the amplitude of micro-tremors does not exceed a fraction
of a micron, and therefore the following two types of electromagnetic
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system were prepared for the present investigation. The instruments
of the first type, short period horizontal micro-seismographs of very
high magnification (ca. 20,000 maximum), were essentially the same
as that which was constructed in 1923, in our Geophysical Institute
at Kyoto according to Prof. Shida’s design, and successfully recorded
more than ten thousands aftershocks of the Tadima Farthquake of
1925 during the period of the year following the main shock. But,
since the stationary mass of the latter instrument was too great to
be aperiodic, I reduced its weight to 1.8kgs, and interchanged the
positions of the coils and the damper plate, putting the latter further
than the former from the vibration axis. The period of the pendulum
increased slightly (o.55 second) in consequence, which was rather to
be preferred for our present works at Aso. Tig. 2 shows the horizontal

Fig. 2. Short Period Micro-seismographs, .Sy, with Galvanometers
and Recording Cylinder.

component micro-seismographs with galvanometers and recording dram.
The general dimensions of the different parts of the instrument can
bhe estimated from the dimensions of the recording drum which is
about 3ocm. both in length and in diameter. The massive base is of
bronze, supported on three strong levelling screws.  Bolted to this is
a rigid bronze frame-work which carries the pendulum.  The pendulum
is a simple vertical pendulum of a stationary mass of 1.8kg. to which
are rigidly keyed the coils and copper plate. The axis of rotation is
neatly arranged to avoid friction by using crossed Cardan springs
screwed to the fixed framing and to the pendulum. The damping
magnets and the magnets for the coils are mounted on the base and
pairs of magnets are provided with screw adjustments so that the
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damping and magnification may be controlled to the desired extent.
The galvanometer is of Moll’s moving coil type. The coil of an area
of 0.2x 3cm’, moving in a strong magnetic field of ca. 2000 (Gausses,
is stretched between two fine strips.  Two instruments of this type of
short period micro-seismographs, .54, were made in the spring of 1930
and set up in the underground room of the laboratory. After the
conmipletion, in the summer of 1931, of three other sets of the same
type of instrument, .S, the comparison of these five sets of short
period micro-seismographs was carried out by setting their pendulum
parts on a single concrete base and facing in the same direction, and
registering the movements of their galvanometer mirrors on a single
recording drum. As shown in Fig. 3, the five recorded curves cor-
responding to the five sets of micro-seismographs are quite satisfactory,

Isig. 3. A portion of the record of comparison of the five sets of the short period
micro-seismographs. (Time between two consecutive marks=30 sec.)
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being almost similar, even in detail.  To see the effect on micro-tremors
of a superficial layer of ashes on the ground and of the laboratory
building, two components of .S, were set in December 1931 directly
on volcanic rock in a pit of ca. 20m. depth at a distance of ca. 60
m. NNE of the building. The lead-wires of ca. go m. length from the
pendulums to the galvanometers, were inserted into iron-pipes burried
in the ground at a depth of ca. 1 m., and, after carcful observation,
it was confirmed that no disturbances were introduced by the long lead-
wires. As to the effect of surface layers and the building the readers
will find some accounts in the subsequent articles. The second type
of micro-seismograph is the (ralitzin system of medium period. The
pendulam parts of the set G4 of two horizontal components and one
vertical component, were originally made by the Cambridge Instrument
Co., but their galvanometers of Moll’s moving coil type were con-
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structed by the author to increase their magnification for shorter pe-
riods. The galvanometer coil was stretched between two fine phosphor
bronze wires of 15 microns dia., taking the utmost care not to let its
center of gravity fall outside the axis of rotation. Another set of the
same type of instruments, G, consisting of two horizontal components
and one vertical component, were made by ‘the present writer in March
1933. Their construction is essentially similar to G4, but their dimen-
sions and weights were greatly reduced to make the instruments more
portable, without changing their magnification. Fig. 4 (a) and (b) are
sketches of the pendulum parts of the micro-seismographs G~ In

Fig‘ . 4. Pendulum parts of the microseismometer Gpg.

i
I

m |

(a) Horizontal component (b) Vertical component

order to give a longer period of free oscillation to the pendulum, in
spite of the reduced dimensions of the instrument, the pendulum part
of the vertical component seismograph, as shown in Fig. 4(b), has a
second spring besides the main spiral spring suspending the pendulum.
The instrumental constants of the seismographs are summarized in the
following Table and their magnification curves are shown in Fig. s.

Table 2
2 I 2 3 ;
Instrument 7 P r % Wl A l Vo s

sec. sec. cm. cnn.
‘Wiechert seismograph 10.0 | 081 | 200 3
horizontal comp.
‘Wiechert seismograph 4.6 ] 081 150 3
vertical comp. ) .
Micro-seismograph, .S4 0.55 1 0 0.35 o |16100| 7.5 |I2300| 30
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Table 2 (Continued)

s - 3 7, o 920 r 7 1 !igl % iz %n s
Instrument sec. sec. cm. cm.
‘Micro-seismograph, Sp 0.55 | O 0.55 o |z5600| 7.5 |19300{ 30
Micro-seismograph, G4 8.0 [¢] 4.0 o 627 12 2800 3
horizontal comp.
Micro-seismograph, G4 8o | o 4.0 o | 1975| 38 | 2800] 3
vertical comp.
Micro-seismograph, Gp 8.0 [o) 4.0 [o) 340 6.5 | 2800 3
horizontal comp.
Micro-seismograph, G 8.0 0 4.0 o 1410 27 2800 3
vertical comp.

Zy: Period of free oscillation of the pendulum. p?;: Damping constant of the pendulum,
ul=1-—(g/72,)%.  V: Magnification of the seismograph for short period vibrations. p?:
Damping constant of the galvanometer, p*,=1—(¢/7,)% %: Uebertragungsfaktor of the
seismograph. 7: Length of the equivalent simple pendulum. 77,,: Maximum magnification
of the micro-seismograph. s: Speed of the recording paper per minute.

Fig. 5. Magnification curves of the seismographs. I: Wiechert hori-
zontal comp. seismograph. II: Wiechert vertical comp. seismograph. III:
Micro-seismographs, G4 and &p. IV : Micro-seismographs, Sp.
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4. Ordinary micro-tremors of non-volcanic origins.

Our sensitive micro-seismographs are never at rest, showing that
there are always small movements of the earth’s crust which are called
micro-tremors. Micro-tremors of a period of about 0.3 seconds, caused
by traffic, industry, wind, waterfalls, rain and probably some other
causes, are incessantly recorded by our short period micro-seismographs,
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San at each of our observatories. The micro-tremors of this nature
observed at our Geophysical Institute of Kyoto which is situated art
the NE corner of the city, are about 1 micron in double amplitudes
in the daytime and only ca. 0.3 micron at night, the period being
0.35 seconds. While at our Kamigamo Geophysical Observatory which
is almost perfectly free from mechanical disturbances;, being isolated
on a hill at a distance of ca. 4.5 km. NNW of the University, the
micro-tremors recorded were only ca. o:irg even in the daytime and
ca. o.03¢# at night, the period- being ca. 0.33 sec.. Micro-tremors of
the same period of ca. 0.33 sec. and of constant amplitude of ca. o.03u
both in the daytime and at night are observed at our Abuyama Seis-
mological Laboratory, which is almost free from mechanical disturbances,
being isolated at a distance of ca. 4 km. from the nearest railway and
small town. The amplitude of the micro-tremors observed at our Aso
Volcanological Laboratory was ca. o.1g in the underground room on
calm days, while it was only ca. o.02p¢ when observed directly on
volcanic rock in the pit of ca. 20 m. depth. As to the micro-tremors
observed on windy days, and to the effect of surface layers and the
building the readers will find some account of these in a paper written
by Mr. E. Nishimura.! Micro-tremors of ca. 0.5 sec. period caused
mainly by water-falls were frequently recorded at our Volcanological
Taboratory and will be described in Appendix of the present paper.
The period of the micro-tremors observed at our mountain station of
Kusasenrigahama was 0.35 sec., the amplitude being ca. o.1g, while
that observed at our summit station of Hondd was only 0.22 sec.. The
amplitude ohserved at the latter observing room standing on ground
of lapilli of ca. tom. depth was almost always ca. 0.1y, while that
observed at Jabara, where the pendulum was set directly on volcanic
rock, was only ca. o.05¢. The micro-tremors above described, except
those caused by strong wind and heavy rainfalls, are considered as
proper oscillations of the ground of the observatories. Ordinary micro-
seisms of periods ranging from 4 to 12 sec. recorded at our Volcano-
logical Laboratory were less than o.5¢ in double amplitudes in a quiet
season, and so they did not normally interfere with the volcanic micro-
tremors of the second kind, the period of which is nearly the same.

5. The volcanic micro-tremors of the first kind

There are four kinds of micro-tremors of volcanic nature observed
at the Aso Volcanological Taboratory. When the new laboratory was

1. E. Nishimura’s paper will appear in these Memoirs in near future,
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finished and the Wiechert instruments were set up in May 1929, the
Volcano Aso was still in activity, the first explosion having taken
place on April 1,1927, and the micro-tremors of the first kind with a
period ranging from ‘0.8 to 1.5 sec. were almost continuously recorded
till the end of the year. But when the high magnification instruments
were introduced next year, it was found that the micro-tremors of
this kind did not cease to exist even in quiescent periods of the volcanic
activity., They occurred not.in continuous trains, but intermittently,
several groups per hour, each of which consisted of s-10 somewhat
regular waves of 1y or less in double amplitudes. TFig: 6 in Plate 1
is a reproduction of the record of the micro-tremors of this kind
registered by short period micro-seismographs, .Sx on Nov. 28, 1931.
As will be seen from the record the beginning of the group of waves
is not clearly defined. - When the volcano becomes active the wave-
group of the micro-tremors of the first kind increases gradually in
frequency and amplitude in parallel, and finally becomes a continuous
train of irregular waves as shown in Fig. 7, which is a reproduction
of a portion of a record registered by the micro-seismographs G4, on
Feb. 25, 1933. At that time the maximum magnification of the
instruments was reduced to about 200, for the occasion was the day
on which the great explosive eruptions of the First and the Second
crater occurred frequently, and the amplitudes of the micro-tremors
of the day were the greatest ever observed at our Aso Volcanological
Laboratory. It will be noticed that the micro-tremors of the first kind
are predominant in the N-S component, while those of longer period
of the second kind are more predominant in the E-W and vertical
components which will be described in the next article. The oscillatory
displacements of the micro-tremors of the first kind are practically
confined to the horizontal plane, and approximately to the Nio W-
S10°E direction, which is roughly at right angles with respect to the
direction of the crater. The amplitude of the tremors of this kind
recorded by the seismographs set directly on volcanic rock in the pit
of ca. 20m. depth is reduced to 0.85 of the corresponding amplitude
observed at the underground room of the laboratory. During an active
period of the volcano, the amplitude at Hondd of the volcanic micro-
tremors of the third kind, the period of which is ca. 0.5 sec. is far
larger than that of the first kind, so that it is very difficult to study
the nature of the latter tremors in detail. But in times of repose the
former is vanishingly small in amplitude, while the latter still remains
considerable in amplitude. The period of the micro-tremors of the
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Fig. 7. A portion of the record obtained from the micro-seismographs, G4, at the Volcano-
logical Laboratory on Feb. 25, 1933. At that time the maximum magnification of the instruments
was reduced to about 200 and the amplitudes of the micro-tremors of the day were the greatest ever
observed at the laboratory. (Time between two consecutive marks=1 min.)
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first kind observed at Hondd ranges from o.7 to 1.0 sec. and the
displacement is wholly horizontal, or at least the vertical component
is less than one twenticth of the former. The orbit of each element
is elliptic, being clockwise in sence, and its major axis lies approximately
in the direction N74°E-S74°W, the ratio of the major axis to the minor
being ca. 3:1. The Hondd observing room which is of concrete and
half underground, stands on a ground of lapilli of about 10 m. depth.
To test the effect, if any, of the surface layer and the observing room,
one of the pendulums was set in the room and the other one directly
on volcanic rock at Jabara at a distance of 150 m. north of the former,
but no differences of phase or amplitude were found between the two
records.  During a time of long repose, a group of micro-tremors of
the first kind. consists of 3 or ¢4 waves at the summit station of IHondd,
while at the foot station of the Iaboratory the number of waves of
the corresponding group increases to 3 or 6 in general. DBy a series
of simultancous observations taken at the two stations from Sept. to
Nov. 1931, it was found that the amplitude at the foot station was
slightly reduced, being 0.9z that of the summit, while the period at
the former was 1.2 times that at the latter. The time of occurrence
at the Taboratory was delayed 6.4 scc. as compared with that at
Hondd, The identification of the corresponding phases of the micro-

[fig. 8. Comparison of the records of simultancons observation
at the two stations on Oct. 25, 1931.

Hondo l

: i
w
!
W

| Vole.Liaboratory

5 Sec.

tremors ohserved at the two stations was casily made as shown in
Ifig. 8, in which the arrows indicate the same moment in the records
at the two stations. Some results of these simultancous observations

are given in the following table :
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Table 3
Date Time of At Honds At the Laboratory Time
occurrence Ay A 7 Ay A 7 diff.
1931 h m s w ® sec. ® w sec, sec.

Oct. 6 21 43 06 0.22 1.14 0.83 .77 0.53 0.98 6.50
16 21 39 45 0.22 0.78 0.77 0.53 0.18 1.05 6.00
16 21 40 26 0.19 0.64 0.89 0.50 0.18 1.05 6.60
20 21 39 17 a.69 0.97 0.76 1.17 0.55 1.12 6.30
25 21 4I 03 0.56 1.70 0.93 1.33 0.67 0.93 6.46

29 21 37 o2 0.33 0.97 0.58 0.33 6.24
29 21 40 49 0.42 1.10 .10 1.00 .55 1.13 6.25
Nov. 11 2I 39 49 0.33 0.56 0.35 0.20 1.03 6.70
11 21 42 §3 0.70 1.00 0.80 0.83 0.37 0.83 6.70
Mean 0.37 0.89 0.87 0.79 0.40 1.03 6.42

:.96 (!)L.Sg

Ratio 0.96/0.89=1.08

At the beginning of the greaE explosive activity of Oct. 1932,
simultaneous observations were again taken at the summit and the
foot stations. In this case the ratio of the amplitude at Hondé to that
at the Laboratory was 2.4 instead of 1.1 in the preceding quiescent
yvear of the volcano, while the time difference of occurrences was 3.2
sec. instead of 6.4 sec. This difference is very interesting and will

Table 4
[ A b - "
Date Time of At Hond?d At the Laboratory Ti{ne
occurrence Ay An 7 Ay Ap 7 Diff.
1932 h m s ©w p. sec. W ® sec, sec.
Oct. 21 18 44 48 0.28 0.70 0.90 0.35 0.17 1.00 5.20
18 53 55 0.25 0.92 0.7 0.42 o.22 1.00 5.15
18 58 12 0.25 0.97 0.90 0.35 0.18 1.00 5.60
19 46 08 0.28 1.I1 1.00 0.33 0.13 1.00 5.40
21 24 34 047 | 139 0.98 0.30 0.25 0.87 5.03
22 21 39 0.56 1.39 0.82 0.50 0.20 0.98 5.10
22 33 o8 0.58 1.39 0.83 0.50 0.23 0.90 5.15 -
22 10 36 51 0.97 2.50 0.81 0.88 0.37 0.80 5.10
Mean 0.45 1.30 0.88 0.48 0.22 0.95 5.22
[ W
1.38 0.58
Ratio 1.38/0.58=2.38
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be considered in another place in this paper. Some results of the
obsermuons are given in Table 4.

For further study of the nature of the tremors the micro-seismo-
graphs, .5, were installed in the Girls’ High School at Miyadi, which
station is at nearly the same horizontal distance from the crater, as
is the Volcanological Laboratory, while their directions are roughly at
right angles with respect to the crater. ‘The displacement of the
micro-tremors of the first kind in Miyadi consists of elliptic oscillations,
whose mé.jor axis is nearly in the E-W direction, the ratio of the
major axis to the minor being about 3::. The simultaneous obser-
vations at Miyadi and the Volcanological Laboratory show that the
times of occurrence were nearly concurrent and the ratio of the am-
plitude at Miyadi to that of the laboratory was about 0.6:31. This
latter result is rather contrary to expectation, seeing that the superficial
layer of volcanic ashes at Miyadi is about go m. depth or more, and
thicker than that at our laboratory. On Oct. 23-24, 1932 a set of
two micro-seismographs, Type .54 was set directly on volcanic rock
in a pit of ca. 1om. depth at Kusasenrigahama, which lies in the
line connecting the crater with the Iaboratory as shown in Fig. 1.
The period and the mode of oscillations of the micro-tremors of the
first kind at the two stations were quite similar, but the amplitude at
the former was twice that at the latter. On Aug. 24, 1933 the two
components of the micro-seismographs, Type .S4 were set in a tea-
house which stands almost directly on the lava bed at Suzuriisi and
is at a distance of ca. 500 m. NNW from the First Crater, the most
northern of the four active craters. The amplitude of the micro-
tremors observed at this station is exceedingly small as compared with
that at Hondd and the displacement of the earth element describes
an elliptic orbit, its major axis lying in the E-W direction and the
ratio of the major axis to the minor being 3:1. On Aug. 29, 1933
micro-tremors of the same kind were registered by the same set of
seismographs on a concrete base of 1.0 X 1.5 m* of 1.5 m. depth, which
was constructed on a ground of volcanic fragments and ashes of about
1o m. depth at Sara-yama at a horizontal distance of 1.5km. SES from
the First Crater. The amplitude of the micro-tremors of the third
kind was so great that the tremors of the first kind were almost
perfectly masked, but from a close examination of the records, the
major axis of the oscillating ellipse of the latter seems to be approxi-
mately .in the direction N45’E-S45°W, the ratio of major to minor



Volcanic Micro-Tremors and Eruption-Earthquakes 267

axis being z:1. The results of the observations at the 6 stations
described above, are tabulated in Table 5, in which 4 is the horizontal
distance of each station from the First Crater and « the ratio of the
amplitude at the Iaboratory to that at the corresponding station, the
former reduced to the surface value, for the observations were made in
the pit and the ampiitudes were reduced to 0.85 of the surface values.

Table 5
Station A Qobs, &eale, Yobs. Yeale. 9
The Laboratory 7}?0 I I 8o0° go° 65°
Miyadi 7.25 0.5 o.1 64 45 1.5
Kusasenrigahama 3.10 .7 1.4 go 9o 6g
Hondd 1.I0 2.0 2.0 38 40 14
Suzuriisi 0.50 68 88 32
Sara-yama 1.30 6o 79 44
Fig. 9. Directions of the major axes and am- From the results of obser-
plitude ratios of the micro-tremors of the first kind. vation above described it is

concluded that the volcanic
micro-tremors of the first
kind are a kind of gener-
alized I.ove waves, having
a certain azimuthal distribu-
tion of displacement as de-
monstrated by H. Nakano'
and K. Sezawa.’? Accord-
ing to F. Nakano, the
equation of the path of the
element of the medium is

-
Miyads

: %

. Vule Laburatacy

Kuvasenrizahane
’ given by x=.D, Ricos(pt—
0:), ¥=D,Ricos(pt—0y),
e where the X-axis is along

the radius vector passing
the position at rest of the
element, its positive sense coinciding with the increasing sense of o,
and the I-axis, perpendicular to it, has the same positive sense as

1. H. Nakano; Geophy. Mag. 2 (1929).
2. K. Sezawa; Bull. Earthq. Res. Inst, 7 (19209).
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1

the increasing sense of ¢, and D,= 2.57 cosfz cosng y
i£0]
D, = —.8 cosfz sinng

-Rl = ]/ {./-71-—1</€(U) '—'.]7z+l(/e‘”)};Z T { K._;(/E(U) - I}n-i-l(/ea))}ﬁ

Ry=v/Jhw)+ Yalkw)  0,=cos™t we1(#0) = [ ai(fow)

R
022005“‘—-[—”—(R/€——(9—)—. The angle: 7 between the major axis and
X-axis is given by tanzr—‘—mzecos(ﬁg*ol) , €=~—--——~'D‘"R2

DR’

the sign of cos2y being the same as that of 1. Taking the posi-
tion of the origin of the disturbance at the north wall of the First
Crater as shown in Fig. ¢, the amplitude and the angle y correspond-
ing to the distance of our observing stations were calculated by the
above solution, taking 7z=2. If two azimuths of purely radial motion
are taken as drawn in Fig. ¢, the calculated amplitude ratios ¢e.e and
angles ye are in fairly good coincidence with those of the observed
values as given in Table 5. Since the oscillatory movements of the
micro-tremors might be considered as being greatly disturbed by the
irregular formations of the upper crust of the volcanic district and
since, moreover, our observations at temporary stations cover only a’
few days, no conclusive discussions about the discrepancies between '
the calculated and the observed values can be admitted. As already
described, the amplitude observed at Miyadi is to be considered as
being increased by the deep surface layer of volcanic ashes at the
station. As to the mode of oscillations -at the internal source of

disturbances as well as the mechanism of the volcanic eruptions to be
inferred from the observed data, some considerations will be given in

a subsequent article of the present paper. The case observed in the
repose time of 1931 can not be explained by the above calculation,

but in this case we have to take nm=1 instead 2=z in the above:
calculation.  If the azimuth of purely radial motion is considered as
coinciding with the line, .connecting Miyadi and Idondd as shown in

Fig. g9, and the origin of the disturbance is directly under the First '
Crater, then the calculated amplitudes corresponding to the distances,
and the azimuths of the Laboratory and of Hondd become as follows :

&—1

Amplitude observed Amplitude calec. Azimuth -

The Laboratory I I 65°
Honds I.T LI 15°
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The calculated values are in good coincidence with those obtained
by observation. The time difference of occurrence observed in Oct.
- 1931 between the summit and the foot stations was 6.4 sec., while
in Oct. 1932 it was reduced to 5.2 sec.. If this change in time could
be considered as occurring simply from the change in depth of the
origin of disturbance, deeper in the active time of 1932 than in the
repose time of the preceding year, then the velocity of propagation
of the micro-tremors of the first kind is 0.99 km./sec., taking the origin
of disturbance as just below the bottom of the First Crater.

6. The volcanic micro-tremors of the second kind

The volcanic micro-tremors which the writer calls the “ second
kind ” are recorded in repose as well as in active times of the volcano,
and the oscillatory movements are very smooth and regular and of
periods ranging from 3.5 sec. to over 8 sec.. The period persists so
long as the state of activity of the volcano does not change. The
horizontal movement observed at the Volcanological ILaboratory is
practically confined to the direction of the crater and the vertical
motion is as pronounced as the horizontal, the phase being upward
corresponding to the westward motion. In a repose period in the
summer of 1932, or, strictly speaking, in the time of preparation for
next explosive eruptions, the micro-seismographs, Type G4 at the
Volcanological Tahoratory recorded several groups of micro-tremors
of the second kind per hour, each group consisting of 3-6 regular
waves of about 2px in double amplitudes. Fig. 10, Plate I is a
reproduction of the record obtained at the ILaboratory on July =27,
1932. As shown in the record the micro-tremors of the second kind
‘predominate in the E-W and vertical components, while in the N-S
component those of the first kind predominate. When an explosive
cruption approaches, the recorded group of waves of the micro-tremors
gradually increases in frequency and finally becomes a continuous train
of regular waves, the amplitudes of which also increase at the same
time. Fig. g is a typical record obtained during the explosively active
time of the volcano already described. At the IHondd observing room,
observations were made twice with the micro-seismographs, G4, once
in Oct. 1932 and again in Aug. 1933. The horizontal motion of the
micro-tremors of the second kind observed here was practically confined
to the direction N74°E-S74°"W which is the direction towards the
centre of the four craters. In the right-angled direction the displace-
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ments were smaller than one-fifth of the former component while the
periods were about half those of the former. The vertical component
was  recorded on all occasions with the same value as the horizontal,
the phase being upward corresponding to a S74°W-ward motion in
the horizontal plane.  In Oct. 1932, when the last great explosive
activity of the volcano began, the micro-tremors of the second kind
were recorded about 10 groups per hour, each of which consisted of
5;7 waves of a few microns in double amplitudes. In the following
figure 11 the amplitudes and the periods of the micro-tremors observed
at Hondd during Oct. 21-26, 1932 arc plotted but show no definite
relation to one another. But Fig. 12 seems to show that the ratio
ofr the recorded horizontal amplitude to the vertical increases as the
pezjiod decfeases. ‘

32 HI 6_
E2e ) \4
524 ’ Tl.-‘i—
[ : 12}
16}
ol 1.0}
8 . L ! i 3
. 4 5 6 7 8 See.
& 7o 45w Period
- erio

Fig. 11. Amplitudes and Fig. 12. Ratio, H| ¥, of the horizontal ampli-
periods of the micro-tremors of tude to the vertical and period of the micro-
the second kind at Hondd. tremors.

Fig. 13is areproduction of a portion of the record registered by the
micro-seismographs, Type G4, on Oct. 23, 1932 at Hondd. The wave
group of the micro-tremors of the second kind consists generally of
two parts, the preliminary part of irregular waves of smaller amplitude
and the regular waves of the principal part of larger amplitude. The
duration of the preliminary part ranges from 10 sec. to over 30 sec.,
having no definite conncction with the apparent emergent angles and
the periods of the waves. The micro-tremors of the second kind were
frequently observed to be accompanied by those of the first kind,
which latter were recorded from o to 20 seconds before the recorded
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Iig. 13. A portion of the record obtained from our G4 type micro-scismographs on
Oct. 23, 1932 at Hondd. Large wave groups in the E-W and the vertical component arc
the micro-tremors of the second kind. E'=E16°N, N'=N16°W (Time between two con-
secutive marks=1 min.)
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(3/5%the original record)

initial phase of the principal part of the former, but sometimes they
were observed independently of cach other. This diversity of mode
of occurrences is very interesting when we consider the origins of the
disturbances. According to the simultaneous obscrvations taken at
Hondd on the summit and at the Iaboratory at the foot, the modes
of oscillatory mo- . ) ) ) ) )
. I 12. 14. Comparison of records simultaneously registered at
@ £ 1l P p: y reg
tion ot the micro- the two stations, the arrows indicating a simultaneous moment
tremors Of th_o in the two records.
sccond kind re-
corded were quite

Hondo

similar both in g |
their periods and I\f\/\/\/\/\

phases, but the ¥

amplitudes  ob- Vole.Liaboratory
served at the foot TW A, I
station were a-

bout 0.4 of those 1 min.
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at the summit station as shown in Fig. 14.
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Table 6 contains some

results obtained from simultaneous observations of the micro-tremors
of the second kind at the summit and the foot stations.

Table 6

Honds The Laboratory Ampl' Time

Date Ratio Diff
Az r Ay r Apldy ’

Oct. 26 ;I 4:; Izl.xgn‘ E(z 7‘.]3“' gbz 1.80 }L%
23 12 11.0 6.0 0.0 5.9 1.83 6.2

39 0.1 6.0 3.7 6.2 2.46 6.4

54 10.5 6.2 5.2 6.0 2.02 6.4

27 6 47 14.0 5.7 5.5 5.0 2.54 6.8
7 o7 11.0 6.4 6.4 6.0 1.72 7.4

8 26 12.5 6.0 5.0 5.3 2.50 7.5

IT 04 27.0 6.0 10.0 6.1 2,70 5.8

58 21.0 6.3 6.5 6.2 3.24 8.0

12 43 22.0 6.0 74 5.2 2.97 8.0

44 22.5 6.2 7.5 6.0 3.00 7.0

13 39 30.0 6.0 I1.5 6 2.61 6.8

14 16 8.0 7.0 5.2 6.0 3.46 7.6

40 18.0 6.0 6.7 6.0 2.0y 7.0

16 22 16.0 5.9 5.0 6.2 2.86 7.0

20 19.5 6.2 6.4 6.1 3.04 6.8

17 15 32.0 5.0 12.6 5.8 2.54 8.0

18 14 19.0 6.6 7.1 6.4 2.67 7.0

26 16.5 6.2 8.0 6.2 2.00 7.0

30 12.5 6.0 74 6.0 1.69 6.7

55 14.0 6.0 8.0 5.7 1.75 6.8

20 10 17.5 6.0 5.2 5.9 3.30 7.0

21 28 24.0 6.0 10.0 6.0 2.40 6.0
Mean 17.82 6.11 7.12 5.94 2.50 7.05

The time of occurrence of the micro-tremors ohserved at the foot

station was delayed about 7 seconds as compared with that at the
summit station. The velocity of propagation of the micro-tremors of
the second kind determined from the observed time difference of
occurrences is 0.9o km./sec. which is to be taken as the velocity of
Rayleigh waves in the district.
paragraph, the micro-tremors of the second kind seem to be a kind
of Rayleigh wave, but not the ordinary one, for the horizontal longi-
tudinal vibrations virtually coincide in phase with the vertical, which

As will be explained in the next
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is not in accord with the theory of ordinary Rayleigh waves. On
Oct. 29, 1932 two horizontal component micro-seismographs, G4 were
set up at the Girls’ High School at Miyadi, where, the amplitude of
the ordinary pulsatory oscillations being very large, the recorded micro-
tremors of the second kind were greatly disturbed. The horizontal
displacements of the micro-tremors here observed were practically con-
fined to the direction of the crater. The simultaneous observations at
Miyadi and the Laboratory give ca. 1 second as the time difference
of occurrences of the micro-tremors at the two stations, being ecarlier
at the former station than at the latter, while the amplitudes were
* nearly the same at both stations. Tor a further study of the nature
of the micro-tremors of the second kind, the micro-seismographs, Type
G4 were installed at the Honddé observing room on Aug. 17, 1933,
and were at work till Sept. 7, and the micro-seismographs, Type G,
were temporarily set up at stations surrounding the crater. The hori-
zontal motion of the micro-tremors of the second kind observed at
Suzuriisi was virtually in the direction towards the First Crater, and
the vertical motion was about 1.2 times the horizontal, the upward
motion being in the phase of the NW-ward motion in the horizontal
plane. The amplitude of the micro-tremors recorded at Hondd was
2.7 times that at Suzuriisi and the phase of waves was opposite at
the two stations, the pull phase of every wave of the micro-tremors
at Suzuriisi corresponding to the push phase at Hondd. But the wave-
forms were quite similar at the two stations both as regards amplitude
and period, and thus the identification of the corresponding phases of
waves was made without much difficulty. The horizontal displace-
ments of the micro-tremors of the second kind observed at Sara-yama
were in the direction S10°E-N1o"W and the vertical displacements
were about twice as great as the horizontal, the upward motion
being in phase with the corresponding Sio’E-ward motion. The am-
plitude here recorded was about 1.6 times that recorded at Hondo,
the westward phase at the latter station corresponding to the south-
ward phase at Sara-yama. At Taka-dake, the horizontal displace-
ments of the micro-tremors of the second kind were observed to
be in the direction N77°E-S77°W. The amplitudes and periods here
recorded were nearly the same as those recorded at Hondd, the east-
ward phase at Taka-dake corresponding to the westward at Hondd.
Thus the directions of the horizontal displacements, their relative am-
plitudes and the corresponding phase of waves of the micro-tremors
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of the second kind at the six stations were as given in the following
Table 7, and Fig. 15 shows graphically the results of observations.

Table 7

Station Direction of horiz. disp. Phase Relative amplitude ViH
The Laboiatory E-W push I 1.0
Miyadi NNE-SSW ? I
Hondb $74°W-N74°E push 2.3 .1
Suzuriisi SE-N'W pull 0.9 1.2
Sara-yama S10°E-~-N10°W push 4.0 2.0
Taka-dake N73°E-873°W push 2.5
Fig. 15. Distribution of the direction of the hori- Now, we come to the

zontal displacement, the relative amplitude and the cor-
responding phase of the micro-tremors of the second
kind. .

Miyads

Suzurite

Vele.Lisboratory Takaedik
ahadike
€ Homlo %%Cm, o
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('O Snn')nnu
o 1 2 ;Lm

consideration of the ori-
gin of the disturbances of
the micro-tremors of the
second kind. It seems
to lie immediately under
the crater at a depth of
1 or 2km. which is
roughly determined from
the observed facts above
described.  The hori-
zontal displacement of
the micro-tremors being
practically confined to
the direction of propa-
gation at all observing
stations, it should consist
of a kind of longitudinal
waves generated at the
origin, the mode of oscil-

lation being defined by the observed facts. Fig. 16 shows a portion
of a record of eruption-earthquakes registered by the micro-seismo-

graphs, G, at Hondéd.

The quick vibrations in the record of the

eruption-earthquakes are followed by one complete large wave, the
period of which is about 6 seconds and the direction of displacement
is confined to the direction S74°"W-N71E, moving at first to S74°W

upwards and then to N74°E downwards.

This long wave may, so it

scems to me, be considered as having been generated by the upward
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Iig. 16.  The cruption-carthquakes of the First Crater on Aug. 17, 1933 registered by
the micro-seismograph, Gy, at the Hond3 observation room. (Time between two consecutive
marks=1 min)
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(4/5X the original record)

mass movement to fill the space evacuated by the eruption. Since
the eruption is estimated as occurring at about 1 km. depth, the initial
displacement of the wave generated by the mass movement should
be in push phase at near stations such as Hondd, which was not
contrary to the observed fact. The mode of oscillation of the micro-
tremors of the second kind is quite similar to that of the wave of an
eruption-earthquake such as has just been described, and a similar
mechanism of mode of occurrence is to be considered as probable.
The distribution of the relative amplitude and the corresponding phase
of the micro-tremors of the second kind given in IFig. 15 lecads us to
a consideration of a magmatic reservoir containing gas-riched magma
in the active period of the volcano, which is sct into vibration by
some internal eruptive disturbance and generates spherical waves, whose
principal phases propagating with the velocity of Rayleigh waves.
But, to determine the mode of oscillation of the magmatic reservoir,
the observing stations must be increased in number at different azimuths
and different distances, and further investigation on this subject is now
in progress, and the result will be reported on a subsequent occasion.
If the mechanism of occurrence is as above supposed, the period of
the micro-tremors of the sccond kind should be dependent on the
dimensions of the magmatic reservoir and on the internal conditions
of its contents. The observed period should thus have an intimate
relation to the state of activity of the volcano. Actually, the periods
of the micro-tremors of the second kind observed in the case of an
isolated group of small eruptions of the Fourth Crater, the southern-
most of the four craters, during Sept. 3-8, 1930, were less than 4
seconds, while in the case of the great explosive eruptions in 1932
and 1933 of the First and the Second, the northern two of the four
craters, they were about 6 seconds and sometimes even more than 8
seconds as will be described in Part II of the present study.
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7. The volcanic micro-tremors of the third kind

The micro-tremors which the writer calls the “ third kind,” and
the period of which ranges from o.4 to 0.6 sec., were observed only
in active times of the volcano. The movements of the micro-tremors
of this kind recorded at the Volcanoclogical Iaboratory are a continuous
train of somewhat regular waves, constantly changing their directions
ot vibration. The mean amplitude of the tremors is nearly the same
for the N-S and E-W components, and that of the vertical component
is less than one-tenth of that of the former. Fig. 17 in Plate II is
a reproduction of the record of the micro-tremors of the third kind
ohtained by the short period micro-seismographs, .S on Sept. 10, 1G32
at the I.aboratory. As will be seen in the record, the micro-tremors
of the third kind change their amplitudes at irregular intervals, which
is an interesting phenomenon of these micro-tremors 'showing a certain
intimate relation between the tremors and the activity of the volcano.
When observed in the pit of ca. 20 m. depth, the amplitude of the
micro-tremors reduces to about 0.6 of that observed at the surface of
the ground, as is to be expected from the shortness of “the periods.
The mean amplitude recorded at Kusasenrigahama was twice as great
as the corresponding mean amplitude simultancously recorded at the
[aboratory, the amplitude of the E-W component being 1.2 times
that of the N-~S component. At Hondd the mean amplitude of the
micro-tremors of the third kind was the same for the N-S and E-W
components, and that of the vertical component was about half that
of the horizontal. The value for Hondd was 2.2 times that simul-
taneously observed at the laboratory at the foot. At Suzuriisi the
horizontal displacements of the tremors were very small as compared
with those recorded at Hondd, and their N-S component was about
1.2 limes of the E-W component, while at Sara-yama, they were
exceedingly great as compared with those observed at Hondd and the
vertical displacements recorded were as pronounced as the horizontal,
The recorded mean amplitude of the N-S component at Sara-yama
was about 3 times that of the E-W component. The horizontal
displacements of the tremors under consideration observed at Taka-
dake were the same both in the N-S and in the E-W component,
while at Miyadi the N-S component was slightly greater than the
E-W component. The distribution of the relative amplitude and the
ratio of the mean amplitude of the N-S component to that of the
E-W component observed at the above .7 stations are given in Iig.
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18. The micro-tremors Fig. 18
of the third kind being
of short wave length
of probably about s00
m., they are greatly
disturbed by the geo-
logical irregularities of
the district. Morcover
the mode of oscillation

.é,..
Miyads

Suzariisi
recorded is very com-
plex, which is probably

Vale.Liahorstory

due to the superposi- Komendons
tion of two different
9 .1 2 skm

kinds of micro-tremors
of nearly the same
~amplitude, one being
micro-tremors of the third kind and the other of the first kind; con-
sequently the directions of the vibrations of the micro-tremors observed
could not be determined, but the distribution of the ohserved ampli-
tudes given in Fig. 18 seems to throw some light upon the mechanism
of their occurrence. As shown in the record reproduced in Fig. 20,

the principal large vibrations of the eruption-earthquake resemble the
micro-tremors of the third kind both in period and in mode of oscil-
lation. According to the theory' that the Rayleigh wave has a certain
azimuthal distribution of displacement, the transversal component of
displacement, in the vicinity of the origin of disturbance, is large as
compared with the longitudinal and vertical ones occurring close to
certain specified lines of direction, whereas at increasing distances
from these specified lines of direction, the latter become large as com-
pared with the former. This property of the Rayleigh wave is in
accord with the observed distribution of the horizontal and vertical
displacements. Thus it scems that the micro-tremors of the third kind
may be considered as a kind of Rayleigh waves generated by dis-
turbances of Shida’s crack type,” and it is very interesting to observe
that the specified directions of the Rziyleigh wave given in Iig. 18
are virtually coincident with those of the A-waves of the eruption-
earthquakes given in Fig. 21.

1. H. Nakano; Geophy. Mag. 1 (1928), K. Sezawa; Bull. IEqke. Res. Inst. 6 (1929).
2. M. Hasegawa; Beit. z. Geophy. 27 (1930).
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Fig. 19. The micro-tremors of the fourth kind, quick oscillations in the middle part of
the record superimposed on those of the third kind, registered by the short period micro-
scismographs, .Sz, at the Volcanological Laboratory on Sept. 5, 1932. (Time between two
consecutive marks=1 min.)
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8. The volcanic micro-tremors of the fourth kind

Fig. 19 is a reproduction of a portion of the record obtainQd by
the short period micro-seismographs, .Sx, at the Aso Volcanological
T.aboratory on Sept. 5, 1932, where we see the quick oscillations of
a period of ca. 0.2 sec. superimposed on the micro-tremors of the
third kind. The amplitudes of the latter are much greater than those
of the former, which are only about o.o5u in double amplitudes. These
quick oscillations, here called volcanic micro-tremors of the fourth kind
lasted only for 30 minutes from 15"14™ on Sept. 5, being the only
occasion ever recorded clearly, and it is not yet certain whether the
micro-tremors were due to volcanic disturbances or not, but it scems
to the writer that they might have been due to volcanic disturbances
at shallow depths under the crater. For, the time, when the micro-
tremors were recorded, was the very time when the First Crater began,
after a long repose, to emit black smoke more quickly, and with this
exception, there was no disturbance that could be considered as the
cause of the micro-tremors. Thus the micro-tremors may be supposed
as-due to the disturbance caused by the excavation of the volcanic
pit, and fortunately on this unique occasion, the micro-tremors under
consideration were recorded, without being masked by micro-tremors
of the third kind of far large amplitude, which is not generally the
case. At IHondd the recorded amplitudes of the micro-tremors of this
kind seem to be of considerable magnitude, but the period of proper
vibration of the ground being the same as that of the micro-tremors
under consideration, it is very difficult to separate them. It will be
very ‘interesting to observe the micro-tremors of the fourth kind more
closely, with a view to investigating the surface activity of the volcano,
but suitable seismographs must be designed for the purpose.

9. The eruption-earthquake ‘

IHg. 20 is a reproduction of the record of the eruption-carthquake
of Aug. 16, 1933. It was registered by the short period micro-seismo-
graphs, .5, at the Hondd observation room. This eruption-earthquake
was accompanied by an eruption of the First Crater, and volcanic
fragments of medium size were cjected over the north wall of the
crater.  Eruptions of the First Crater-of nearly the same strength con-
tinued for several days following. The recorded initial displacements
of the eruption-carthquakes observed at Hondd and Suzuriisi - on
this occasion are given in Table 8. Of these, only the four cascs
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Fig. 20. The cruption-carthquake of Aug. 16t 23h r2m; 1933 registered by the short
period micro-seismographs, S, at the Hond§ observation room. Tremors continuously

recorded in the record are the volcanic micro-tremors of the third kind.
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given in Table 8, (C) were simultaneously observed at the two sta-
tions.  But, since, without a single exception, the initial displace-
ments, recorded at Hondd, are directed away from the crater while
those at Suzuriisi are directed towards the crater it may be inferred
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Table 8.
(A) Hond3 (B) Suzuriisi
Time of occurrence Ax Ar Time of occurrence Ay Ap PR
mni. mim. mm. mm. sec.,
Aug. 16 230h12m —3.8 —2.8 Ang. 18 2b3m | 20 1.3 2.4
14 —1.4 —2,0 33 -3 2.0
17 12 28 —14 | —33 ) ' 34 | —20 | . 2.0
29 —~3.0 —4.0 36 —3.0 2.4
3 —1.2 —1.7 37 —2.2 2.4
32 —10 | —11 38 —14 ‘ 2.4
34 —20 { —L3 39 —2.0 1.2 2.4
36 —3.0 —2.2 4 29 —2.5 L4 2.2
37 —50 | —3.2 31 —3.5 18] =23
32 —3.0 Lg 2.8
33 —2.5 2.0 2.
(C) Mean 2.36
Honds Suzuriist o .
Time of occurrence that the initial displacements
4r Ay e of all the eruption-earthquakes
p q
Aug. 18 Ggm | —o% | J¥% | fpv  givenin the table are similar
33 —03 | —z0 in character. TIfrom the ob-
34 —o7 | =30 1.7 s?fved directions of the initial
35 —04 | —20 2.0 displacements shown in Fig. 21

it is supposed that  the hypo-
centers of the eruption-earthquakes he approximately on a line con-
necting the four active craters.. A single case of an eruption-earth-
quake was reuorded at Sara-yama on Aug 27, 1933 Its 1mt1a.1
displacement was 5.2 mm. northward, 2.7 mm. westward, and 7.0 mm.
downward on the record and its direction is shown in Fig. 21. The
initial motions of the .S-waves of eruption-earthquakes recorded at
Hond6 are directed to NNW. All these observed facts of the erup-
tion-earthquakes are fairly well explained by taking them as instances
of Prof. Shida’s crack type, and the nodal lines as given in Fig. 21.
It is also very interesting to consider the forniation of the row of
the present active craters in connection with the fact that the direction
of cracks of the eruption-earthquakes is parallel to the row of craters,
and moreover the cracks themselves lie side by side on the line join-
ing the crater. The mean depth of the eruption-earthquakes was
determined from the following data ;

1. The mean real emergent angle observed at Hondé=ca. 40’. The

mean epicentral distance from the Hondd obs. room=1 km. The depth,
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assuming the straight Fig. 21. Distribution of the initial motions of the
path of the seismic ray eruption-earthquakes of the First Crater in Aug. 1933.
=0.84 km. : ;
2. The mean duration © Sunrisi
of preliminary tremors
observed at Hondd=1.0 -
sec.. The mean dura-
tion of pré;lilﬁinafy
tremors observed at
SuZﬁriiéi;o.S sec.. The
mean epicentral dis-
tance from the Hondd
obs. room=1 km. The
mean -epicentral dis- .
tance from the Suzuri-
isi obs. station =0.6 km.
The depth, assuming
the straight path of the 0 250 soom
seismic ray = 0.88 km.
Taking the mean, the
mean depth of the eruption-earthquakes was taken as about 860 m.

The velocities of propagation of the seismic waves in the district
were determined by the following observed data of a volcanic ecarth-
quake on Oct. 22, 1932:

Sara-yamu

Station Time of occurrence PS : A
P Ay
. sec, km,
The Hond8 obs. room 12bomrr.88 omyz. g8 0.7 29° 0.8
The Volc. Laboratory 16.8 18.9 2.1 7.05

The positi5n of the epicéhter is giVeﬂ by the cross in -Fig. 21, the
depth of the origin, using the observed data of the eruptiyoxi—earthQuakes,
being V(:Val,é,ulated as about 450 M., - The yeiocities,,,oﬁ ’Vche‘s'éi:sn‘]ié waves
determined are as foiloxvs,:» o o e
The Vglogfty of the P-wave: 1.25km./sec. The yelocity,f of .the .S-
wave: 0.98 km./sec. The velocity of the Rayleigh wave : 0.9o km./sec.
Tig. 22 shows a portion of the record obtained by the micro-
scismographs, G, at Suzuriisi on Aug. 18, 1933. Five eruption-
carthquakes are recorded on it. The large displacements following
the quick vibrations of the eruption-earthquakes are due to the sound
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Fig. 22. TFive eruption-earthqualkes registered by the micro-seismographs, G, at Suzuriisi
on Aug. 18, 1933. The large displacements following the quick vibrations of the eruption-
earthquakes are due to the sound shocks of the eruptions.
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shocks of the eruptions. The time differences between the sound
shocks and the initial motions of the cruption-carthquakes are 2.30
scconds in the mean at Suzuriisi, and appear in the last column of
Table 8 (B). The time taken by the Z-wave to travel 1.05km., taking
the depth of the earthquake 850 m. and the epicentral distance 600
m., is 0.84 seconds and the time taken by the sound-shock to travel
700 m. is 2.035 seconds, taking the velocity of sound as 340 m./sce. for
mean air temperature of 15°C.  Accordingly the time taken by the
sound-shock to travel from the origin of the carthquake to the mouth

Ifig. 23.  The eruption-earthquake and its sound shock of March 4th Tgh
49m, 1933 registered by the Wiechert vertical component seismograph at the
Volcanological Laboratory.

(Full size the actual)

of the volcanic vent is to he taken as 1.15 seconds, from which the
velocity of the sound-shock in gas-riched molten lava in the vent—
the author observed red hot lava swelling up at its mouth—is calcu-
lated as about 7go m./sec.. Iig. 23 is a reproduction of the record of an
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eruption-earthquake and of its sound-shock, registered by the Wiechert
vertical component seismograph at the Volcanological Iaboratory, 7.3
km. from the crater on March 4, 1933. The time differences hetween
the initial motions of the principal phases of the eruption-earthquakes
and their sound-shocks recorded by the same instrument on March
4, 1933, are given in the following Table g;

The durations of prelimi-

Table g )
nary tremors of large eruption-
Time of occurrence Lz By LR carthquakes observed at the
March 4 1migzm | —os | ey | e T.aboratory heing 2.0 scconds
857 | —03 | —o0b6 | 153 in the mean, the time difference
19 07 —04 | —08 16.0 of occurrence between the /-
10 | —or | —o7 | 156 waves and the sound-shocks
49 ~08 | —z1 15.8 of the eruption-carthquakes is
Mean 15.68 17.7 sec. in the mean. ‘The
time taken by the ZP-wave to

Lz: Amplitude of the recorded initial mo- 3 1 . P 1s
tion of the principal phasc of the erup- travel 7.3km. is 5.85 seconds,

 tion-earthqualke. o and that taken by the sound-
/))Z;i(j,:n:)l;htt}l:;lesociil:ll_l:h(l)ilc\—(_)ldCd initial mo- shock to travel 7.5km., 22.43
L~ 72: The time difference between the two seconds, taking the velocity of
phases. the sound wave as 334 m./scc.

at a mean air temperature of 5°C.  Accordingly the time taken hy
the sound-shock to travel from the origins of the carthquakes to the
mouth of the vent of the crater, where the air wave is considered as
starting, is 1.1 seconds, which value is nearly the same as that obtained
at Suzuriisi as deseribed. above. - Although there. are no observational
data to determine directly the depth. of the violent eruption=earthquakes
of the Second Crater in spring, the above fact seems to indicate that
the depths of the eruption-carthquakes did not differ greatly in the
two cases. The eruptions of the Second Crater in IFeb. and March
1933, were exceedingly violent, abundant quantities of lava blocks
being ejected, some of them exceeding 20 tons in weight and being
thrown goom. or even more in horizontal distances, while in the
summer of the same year the eruptions were confined to the First
Crater, and were feeble, only a few blocks of lava of about o.1 ton
weight being thrown out to horizontal distances of 100 m. or less,
The initial velocities of the lava blocks projected were estimated at
about g4 m./scc. in the case of the eruptions in the early spring of
1933 and at about 3o m./scc. in the case of the eruptions in Aug. of
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the same year. If we take the pressure difference p between inside
and outside the vent, which gives the initial velocity 17 to the lava
block of density p, we have p=1/2xpl™ the pressure change due to
the mass displacement being neglected.  The equation gives a pressure
difference of about 108 atmospheres for the case of the carly spring
of 1933, and about g atmospheres for the case of the summer of the
same year, the former value (108 atms.) corresponding to a pressure
at a depth of about 450 m. and the latter value (g atms.) to a depth
of about 37 m.. The density p is assumed as 2.5. We have seen that
the depth of the eruption-earthquakes, being about 860 m., were not
very different in the two cases. But the spring eruptions of the
Second Crater were so exceedingly violent that the initial velocity of
the cjected mass corresponded to the pressure at a depth of 450 m.,
while the summer eruptions of the Ifirst Crater were so feeble that
the initial velocity of ejecta corresponded to the pressure at a depth
of only 37 m.. Thus the depth at which the eruption starts seems to
he roughly independent of the strength of the cruption and the cause
of this apparent discrepancy seems to lie in that, in the case of small

Fig. 24. An eruption of the Second Crater at about 15M on Ieb. 24,
1933, taken at (A) in Fig. 25.

scale eruption, the quantity of velcanic gases explosively evolved from
the magma to cause the eruption is not sufficient to maintain a constant
pressure on the mass to be ejected. Thus the quantity and the initial
velocity of lava blocks thrown out are to be taken as being mainly
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due to the quantity of volcanic gases explosively evolved from magma
at the eruption and not to the depth at which the explosive expan-
sion of volcanic gases occurs. Fig. 24 shows an eruption of the
Second Crater at about 15" on Ifeb. 24, 1933 photographed at .1
on a hill, west of, and about 250m. distant from the crater, as
shown in Fig. 25. The height of the volcanic ejecta seen in the
photograph may be estimated from the fact that the height of the
palisades is about 1 meter. - The height of the crater rim above the
mouth of the vent is roughly -about 70 meters.

As will be seen Tig. 25. Distribution of lava blocks thrown out from
from the photograph, the First and the Second Craters in Feb. and March
the greater part of the 1933.

lava blocks thrown out \/vaf S\rf/
from the Second Crater ﬁ N

in the early spring Q
g -.Q

eruptions of 1933 fell \ki
= s
% 8

upon the southern sides
of the vent forming
new steep slopes of
lava blocks and frag-
ments on the inner side
of the southern wall of
the crater. The hori-

R 7<) “Hadon 550¢
zontal distribution of 7/ ob. A
oy

the cjecta thrown out 2. L
m() e Sm y.lm-x

from the Second Crater
9 —500m

is exceedingly eccentric
with respect to the vent
of the crater. This cccentric distribution of the volcanic ejecta seems
to the author to be mainly due to the southward inclination of the
vent of the Second Crater, while the vent of the First Crater is practi-

cally vertical, the horizontal distribution of the ejecta thrown out from
the latter being nearly circular, the center of the circle lying in the
vent. From the above considerations the main magmatic reservoir,
which was active in 1932 and 1933, is concluded as lying immediately
under the First Crater, and as coinciding with the origin of disturbance
determined from the observations of the volcanic micro-tremors described
in the preceding pages.
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10. Summary

From observational data on volcanic micro-tremors and eruption-
earthquakes at Aso which were obtained by the present author with
specially prepared seismographs, and considerations based on them,
the following results were obtained :

1. There are four kinds of volcanic micro-tremors observed at
the Volcano Aso.

2. The volcanic micro-tremors of the first kind, the period of
which is about 1 second, form a kind of Love wave having a certain
azimuthal distribution generated by internal eruptions of volcanic gases,
and with a velocity of propagation of about r.o km./sec.. ;

3. The distribution of amplitudes of the micro-tremors of the
first kind observed during the active time of the volcano in Oct. 1932
is satisfactorily explained by Nakano’s solution of the Love wave,
taking #=2 in his equation, while in a repose time we have to take
n=1 to explain the observational facts. The depths of the origin of
disturbances are also different in the two cases, deeper for the former
case than for the latter.

4. When the volcano is quiescent the micro-tremors of the first
kind occur not in continuous trains, but intermittently, several wave
groups of ca. 1 micron or less in double amplitudes per hour, but in
an active time they become continuous trains of irregular waves.

5. The amplitudes of micro-tremors of the first kind recorded by
seismographs set directly on volcanic rock in the pit of ca. 20 m. depth
are reduced to 0.85 of the corresponding amplitudes observed on a
ground of volcanic ashes.

6. The volcanic micro-tremors of the second kind, the period of
which ranges from 3.5 to 7 seconds, are a kind of Rayleigh wave
having a certain azimuthal distribution generated by the oscillation of
the magmatic reservoir, and the velocity of propagation is 0.go km./sec..

7. Between amplitudes and periods of the micro-tremors of the
second kind no definite relation was found, but the ratio of the recorded

. horizontal amplitude to the vertical increases as the period decreases.

8. In a repose time of the volcano the micro-tremors of the
second kind occur not in continuous trains, but intermittently, several
groups of regular waves of a few micrdns in double amplitudes per
hour, while in an active time they become continuous trains of some-
what irregular waves.

9. The micro-tremors of the second kind are frequently observed
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accompanied by those of the first kind, which latter are recorded from
o to 20 seconds before the recorded initial phase of the principal part
of the former, but sometimes they are observed independently of each
other.

1o. The volcanic micro-tremors of the third kind, the period of
which is about o.3 seconds; is a kind of Rayleigch wave having a
certain azimuthal distribution generated by internal eruptions of volcanic
gases.

11. The micro-tremors of the third kind are observed only in an
active time of the volcano and change their amplitudes at irregular
intervals, which bear some resemblance to pulses of volcanic rumblings
and of emission of volcanic smoke.

12. The volcanic micro-tremors of the fourth kind, the period of
which is about o.2 seconds seem to he generated by some disturbances
due to surface eruptions of the volcano.

13. The mechanism of occurrence of the eruption-earthquakes is
of Prof. Shida’s crack type.

14. The direction of cracks of the eruption-earthquakes observed
is parallel to the row of the present active craters, and moreover the
cracks themselves stand side by side on the line joining the craters.

15. The velocities of propagation of seismic waves in the district
observed are 1.25 km./sec. for the P-wave, 0.g8 km./sec. for the .S-
wave, and 0.go km./sec. for the Rayleigh wave. ‘

16. The velocity of propagation of sound-shocks in gas-riched
molten lava in the volcanic vent is calculated from observed time
differences between the eruption-earthquakes and the sound-shocks at
about 790 m./sec..

17. The depths of eruption-earthquakes observed, being about
860 m., were not very different in the two cases, one of which is the
case of exceedingly violent eruptions of the Second Crater in the early
spring of 1933, the initial velocity of lava blocks projected being about
94 m./sec. and the other, of feeble eruptions of the First Crater in
the summer of the same year, the initial velocity of the ejecta being
only about 30 m./sec..

18. The quantity and the initial velocity of lava blocks thrown
out from the vents are mainly due to the quantity of volcanic gases
explosively evolved from the magma and not to the depth at which
the eruption-earthquake occurs. )

19. . The volcanic vent of the Second Crater is inclined towards
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the south. The magmatic reservoir which was active in 1932 and
1933 seems to be just under the First Crater, coinciding with the
- origin of disturbances determined from the observations of the volcanic
micro-tremors.

In conclusion, the writer wishes to express his thanks to Prof.
Toshi Shida for his invaluable advice and to Mr. I. Yasuda who as-
sisted in preparing some of the seismographs.

APPENDIX

Micro-tremors caused by Rainfalls

On rainy days our sensitive seismogi'aphs set up at the Aso
Volcanological Iaboratory frequently recorded small micro-tremors of
a few microns in double amplitudes, their periods being about o.5
seconds. A typical record of the micro-tremors registered by the short
period micro-seismographs, 54, on July 21, 1931 has been reproduced
in Fig. 26, Plate II. The oscillatory motions of the micro-tremors
of this nature are very smooth and regular, continuing in nearly the
same amplitudes for many hours, as compared with those of the
volcanic micro-tremors of the third kind which are of the same period
and were described in the preceding paper. The oscillatory motions
of a particle of the ground of the micro-tremors are very complex as
will be seen in the record. The vertical motion of the micro-tremors
recorded was about one-third of the horizontal motion. The period
observed in the N-S component in the record is 0.46 seconds while
that in the E-W component is 0.54 seconds. This difference in period
should not be considered as simply due to the difference in amplitude,
or to the difference in the periods of proper oscillation of the ground
at the observing station, but may be due, as will be explained in the
following pages, to the difference of the origins of disturbance generat-
ing the micro-tremors. The mean amplitudes of the micro-tremors
and the amounts of precipitation observed at the Aso Volcanological
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Laboratory during June zo-July 19, 1931 are given in the following

Table ro and shown in Fig. 27.

Table 10
Date ob—g4h 4h—8h 8h—12h 12h—16h 16h —20h 20h ol
A\ P\ PlAI F{P|A|F | P 4| F|P|A|F | P Al F | P
13 mm, ¥ mm.| ® mm.| K nmL—lJ«- mm. ® mm.
June 30 lo | o|ojoiolololojololo|ojo]| 0] os50]o0 0.3
Juy 1 0 |20.4 0.6 6.827.51.6/18.6| 0.2| 2.1 19.4] 0.1/ 1.9| 13.7| 1.7|2.2] 9.2] 6.3
2 [z.0 6.358.2 1.5/ 22.5! 6.4/ 1.0/31.4] © |0.5/24.00 2.6/0 |17.00 O [0 [I0.0f O
3 jo | 16| o o | 0f 230 | 14 oglo | 11| 5.4/02 2.5 2402 36/ o7
4 lo.z2| 2.8 o06lo | 22| 7.2/0 | 3.5 050 | 3.9 3.40 | 3.6/ 430 | 4.5 1.5
5 1o | 49 03/0 | 3.7 ogio | 22 o |o | 10 o030 | 07 1.0jO | 0.9 09
6 lo | r.0l41.0 1.6/ 14.0 41.0| 2.9 32.0| 35.2] 4.0 43.8] 50.5| 5.5| 52.8) 14.4/ 4.5/ 52.3] 58.2
7 14.4|63.9)29.7/ 4.2 55.6| 8.8] 4.0 43.6| 35.5! 3.5/ 30.6| 15.2{ 3.9/ 36.2] 0 |3.6/23.7| ©
8 l2.5/14.x] 0 |1.0] 72| 0 |02 1.8y o j]o |00 joj O |0 |O|O}| O
9 jo !l o} o | osl 550 | 2.6/ 6.2lo | 53 o |0 | 5.1 O [0 | 3.7 IL.5
10 o5 5.833.9/2.0/17.0/40.1] 2.9 33.0| 4.3/ 2.0(33.0, O |2.4(24.5] 0.8 L.I{14.0{ 5.4
11 1.0 7.6] 8.20.6] 6.0 9.6/ 1.1] 8.7 16.5 1.6 8.8 6.0]0.6|15.2| 1.4 0 |12.0 O
12 jo | 771 © |0 | 41 Lglo | 17 6.5 1.2 3.2/49.9|2.5 19.7]53.7| 3.9/ 4L.7; 3-5
13 | 4.7 44.0, 12.3) 3.4| 35.6|, 1.7/ 1.6| 25.00 0 [0.6{12.0 0.7|0 | 3.5 03j0 | 1.8 ©
I4 o [fojo|ojo|{ofjo|o|o|jof{fojolo]Jo|[oOoj0]0O]|O
15 |0 | O o |0 o o |0 o o |0 [¢] o |0 o] oo} o 0
6jojojlojlolojlojolofo|o| o] zz20] 08 380/ 21| 15
17 |0 | 3.0 0 [0.4] 23| 03i1.6] 1.6/11.6/2.3] 4.7 0 |2.1} §5.7|14.2| L7 9.0; 04
18 [1.2[ 90 o |08 7.4 2200 4.5/ o |05 27 o |03 07 o |o | 03] ©
i9jlo|lojojo|lolojojo|o]lo|lo]ojojlo}lojo]oO0]O

A: The E-W component of the mean amplitudes of the micro-tremoxs. #: The

calculated amounts of water flowing in the rivers in an arbitrary unit.

of precipitation.

Fig. 27. Relation between the mean amplitudes of the micro-
tremors and amounts of precipitation, and the estimated amounts of

water flowing in the rivers.
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shows how the
observed am-
plitudes of the
micro - tremors
depend on the
amounts of
precipitation-at
Aso, and sug-
gests that they
are generated
by some dis-



Volcanic Micro-Tremors and Eruption-Earthquakes 291

turbances caused by the railufalls: The waters of the two valleys, the
Aso valley in the north and the Nangd in the south, flow down
through the rivers, Kuro-kawa and Sira-kawa respectively, falling in
finally to the two famous waterfalls of Sugaru in the former and
Aigaeri in the latter. The waterfall of Sugaru, with a head of ca. 30
meters, is at a distance of 1.73km. to Wio'N and that of Aigaeri,
whose head is ca. 20 meters, at a distance of 2.35km. to S38"W from
our Volcanological Lahoratory as will be seen in Fig. 1 of the preced-
ing paper. Though the amounts of water flowing in the rivers were
not observed, their relative variation with respect to time may be
roughly estimated from the amount of the precipitations. But, strictly
speaking, the amount of water flowing in a river will depend not only
on the amount of precipitation but also on its rate, and it is not an
casy task to estimate the amount of fow of water from the amount
of precipitation. In the present case a rough estimation was carried
out on the assumption that the amount of water flowing in the rivers
increases rapidly with rainfalls and attains a maximum about 6 hours
after the rainfall, and then gradually decreases for 18 hours. The
amounts of water flowing in the rivers thus estimated in an arbitrary
unit are given in the I-column in Table 10 and shown in TFig. 27.
The parallelism of the curves of the amplitude of the micro-tremors and
the estimated amount of flow in the rivers in Fig. 27 seems to show
that the micro-tremors are generated mainly by the two waterfalls and
partly by the rushing streams in the rocky rivers. Thus the observed
complexity of the mode of oscillations of the micro-tremors at the
Taboratory is probably due to the superposition of different waves,
one coming from the Sira-kawa in the south, and the other from the
Kuro-kawa in the west, each component of them itself being not
simple from the nature of the tremors. If the micro-tremors could be
taken as kinds of Rayleigh wave propagated from the origins of
disturbance, the horizontal displacements should be confined practically
to the E-W component for the micro-tremors generated by the Sugaru
waterfall, and should roughly have the same amplitude for both N-S
and E-W components generated by the Aigaeri waterfall. Further
the ‘amplitude of the micro-tremors generated by the latter waterfall
and observed at the Iaboratory is to be estimated at about 0.6 of that
of the micro-tremors caused by the former waterfall, taking inte con-
sideration two differences (a) that between the head of the waterfalls
and (b) that between their distances from the laboratory. These reasons
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Table 11
- Hour Ar A Apldy T | In w8l T
. ® . A sec. sec,

July 6 rob—gzh 0.25 0.26 0.97 0.51 0.49 0.96
14 —16 0.55 0.43 1.28 058 0.56 0.96

16 —17 0.65 0.52 .25 0.61 0.54 0.88

17 —18.5 0.63 0.52 1.23 0.59 0.54 0.92

21 —23 0.65 0.50 1.30 0.59 0.54 0.92

7 0—2 0.60 0.55 1.09 0.56 052 . 0.93

6 — 8 0.31 0.35 0.90 0.55 0.5T 0.93

9 —II 0.35 0.35 1.00 0.55 0.50 0.91

1§ —17 o.17 0.21 . 0.83 0.53 0.51 0.94

20 ~—22 0.60 048 1.23 0.57 0.54 0.95

8§ 7 —09 0.70 0.58 1.20 0.61 0.56 0.92°

12 —1I4 0.70 0.55 1.28 0.55 0.54 0.98

9 7 ~ 8 0.36 0.40 0.90 0.54 0.51 0.94

Amount of precipitation
Day Day

Hour 6 7 8 ? Hour 6 7 8 9
mm. mni. m. mm. mi. mn. mm. mm,

oh 0.0 0.6 17.5 3.5 12h 0.0 0.0 5.0 2.0
I 0.2 0.4 18.0 6.0 3 0.8 0.0 5.0 1.2
2 1.0 0.8 4.0 7.0 14 0.0 . 0.2 1.4 3.5
3 0.8 2.4 5.0 5.0 15 18.6 0.3 1.8 4.0
4 0.2 1.0 0.0 2.0 16 1.0 7.7 1o 3.2
5 0.0 0.0 0.2 1.5 17 0.4 10.2 0.0 2.5
6 1.0 0.0 0.1 0.2 18 0.0 3.0 1.0 3.4
7 2.0 0.0 0.0 2.8 19 0.4 11§ 3.0 3.2
8 0.6 0.0 0.0 4.0 20 08 8.0 1.0 6.0
9 3.4 0.0 0.0 . 9.0 21 . 0.5 6.0 2.0 0.0
10 17.0 0.0 0.0 7.8 .22 9.0 8.0 15.0 0.0
Iz 0.6 0.0 3.5 3.0 23 | 1o 4.0 4.0 0.0

explain why the amplitude of the E-W component of the tremors is
genérally greater than that of the N-S component. But the bed of
the river Sira-kawa being steeper than that of the river Kuro-kawa, the
water falling in the Aigaeri waterfall increases sooner than in the
Sugaru fall after a rainfall, so that the micro-tremors observed at the
laboratory at very early stage of a rainfall of some duration may be
explained as being mainly due to the Aigaeri waterfall. The results
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of observations of the micro-
tremors made with the short
period micro-seismographs, .5
during July 6-10, 1932 were not
contrary to this expectation as
given in the fbregoing Table 11
and shown in Fig. 28.

The ratio of the amplitudes
Ag/Ay in Fig. 28 shows that
the horizontal displacements of
the micro-tremors are predomi-
nant in the N-S component dur-
" ing the beginning stage of the
rainfalls, but about five hours
later, the two components be-
come almost equal and the E-W
component becomes predomi-
nant thereafter. The period
varies in a similar way, but that
of the N-S component is always
slightly shorter than that of the

Fig. 28. Amplitudes and periods of the
micro-tremors and amounts of precipitation.
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E-W component. This is probably due to the difference in the head

of the two waterfalls.

Summary

The micro-tremors observed at the Aso Volcanological Laboratory

in and after rainy days are probably Rayleigh waves which are gener-

ated mainly by the two waterfalls, Sugaru and Aigaeri, in the river

Kuro-kawa and Sira-kawa respectively. The period of the micro-tremors
observed is about o.5 seconds, being slightly shorter for the micro-
tremors generated by the Aigaeri waterfall which is probably due to

its smaller scale of disturbance.
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Fig. 6.

period micro-seismographs, .S, at the Aso

A\ record obtained from the short

Volcanological Taboratory on Nov. 28th
5h30m-6b37m, 1931 when the volcano was
quiescent and the micro-tremors of the first
kind were recorded intermittently.

(N'=N20°E, E'=E23°S

I min.).

. Time between two

consecutive marks=

(1/3Xthe original record)

2. 10. A record obtained from the
micro-seismographs, G4, at the Volcanologi-
cal Laboratory on July 27 th ohogm-_6hyzm,
1932 when the volcano was quiescent and the
micro-tremors of the second kind were re-
corded intermittently.

(Time Dbetween two consecutive marks=1

min.).

(1/3Xthe original record)
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F]g 17. The micro-tremors of the third

kind registered by the short period micro-

seismographs, .Sz, at the Volcanological
=4 ’ ) £

Laboratory on Sept. 1oth 18h12m-20h gm,

1933 when the volcano was slightly active,

constantly emitting black smoke from the

First Crater.

(Time Dbetween two consecutive marks=1

min.).

(r/3Xthe orizinal record)
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IFig. 26.  The micro-tremors caused by

rainfalls registered by the short period micro-
seismographs, S4, at the Volcanological
Laboratory on July 21t 11hogm-trhz6m,
1931.
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