5. On the Distribution of Volcanic Ejecta. (Part 1.)

The Distvibutions of Volcanic Bombs ejected
by the Recent Explosions of Asama.

By Takeshi MINAKAMI,

Earthquake Research Institute.

(Read Nov. 20, 1941.—Received Dec. 20; 1941.)

‘ 1. 'Introduction.

The initial velocity of volecanic bombs and volecanic detritus ejected
in the eruptions of volcanoes an important datum in estimating the
magnitude of the explosions, the problem has received the attention of
a number of investigators,” of whom, T. Matuzawa, studied for the
first time, quantitatively, the air re51stance of bombs in their ﬂlght
through the atmosphere

On the other hand, F.v. Wolff studied the problem thermodynamlcal-
ly and obtaind the pressure at the instant of explosions of Santorin, Mont
Pelée and Lassen Peak. - ‘ '

The writer investigated the distribution of volcanic bombs in about
thirty strong Asama explosions that occurred during April, 1935, and
August, 1941, in doing which he studied, besides, the form of the bomb-

.fall area, the initial velocities of bombs at the time of ejection in these

‘explosions, and the effect of wind on bomb flight.

Generally speaking, volecanoes of andesitic lava differ in the manner
of their eruption from basaltic volcanoes. Asama is the most typical
andesitic (acidic) volcano and Aso, f)shima, and Miyake the typical
basaltic, (basic) volcanoes. One of the most iniportant features by which
the character of eruptions is determined is the viscosity of the lava.

The outstanding characteristic of Asama’s explosions is strong deto-
nation and ejection of much juvenile lava, usually ending in a few
minutes and returning to the normal state. Another distinguishing pro-
perty of this volcano is that, even in very active periods, two or more

1) . F.- OMOR1, Bull. Earthq. Invest..Commit., 7 (1914), 11; T. NoMITU. and
M. NAMBA, Mem. Coll. Sci., Kyoto. Imp. Univ., 15 (1932), 215; T. FUKUTOMI,
Disin, 1 (1929), 852; T.MATUZAWA, Bull. Earthq. Res. Inst., 11 (1933), 329 and 347;
T. NAGATA, Bull. Earthq. Res. Inst., 16 (1938), 714; F. v. WoLFF, Journ. Geol.
(1938), 521; T. MiNAKAMI, Bull. Volcanol. Soc.- Japan. (1939), 141.
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strong explosions on the same day are very rare, usually, several days
intervening until the next explosion.

In contrast to this explosion, Mihara,” Aso,” Miyake,” and other
basaltic volcanoes are usually much less violent, the amount of ejecta
in an explosion being also much smaller, although the number of ex-
plosions is much larger, continuing without interuption for several hours
for a number of days.

In violent explosions of Asama, a large quantity of ejecta, such as
lava blocks and volcanic bombs, with steam and gas, are thrown out at
a great velocity from the crater followed immediately by ejections of
smaller fragments only, such as ash, with gas and steam, with less
velocity for several minutes. Fig. 20 is a photograph that was taken
when bombs fell on the mountain side, 20 seconds after the occurrence
of the explosion on March 7, 1936.

2. Flight of Volcanic Bombs.

As one method of measuring the intensity of the recent explosions
of Asama, the writer studied the velocity of various bombs at the instant
of ejection. Usually, the flight of these volcanic bombs is determined
by various conditions, namely, the angle at the moment of ejection (angle
of emission), the time consumed in the flight, and the angle at which
the bomb fell, and other conditions. The initial velocities of various
bombs were obtained for thirty explosions during the recent volcanic
activity.

For convenience of computing the flight, bombs as nearly spherical
as possible were selected, and the mean density of air and the mean’
velocity of the wind were taken. Further, it is assumed that the verti-
cal component of air resistance affects only the vertical component of
flight and the horizontal resistance of air affects only the horizontal
component of the motion. '

Since, in the present computation, bombs larger than 50 cm in
diameter, being mostly dealt with, and the effect of air resistance to
bombs of large size, the simplifications and assumptions mentioned above
do not seriously affect the result.

2) F. Omor1, Bull. Imp. Earthq. Invest. Commit., 79 (1914) II; 8 (1915);
N. YAMAZAKI, Rep. Imp. Earthq: Inv. Commit., 73 (1909); S. NAKAMURA, Rep.
Imp. Earthq. Inv. Commt., 73 (1909); T. Yact, Volcano Asama., (1936); T. MINA-
KAMI, Bull. Earthq.- Res. Inst., 16 (1935), 629, 790.

3) T. NAGATA, Bull, Earthq. Res. Inst., 16 (1938), 714. )

4) K. SassA, Mem. Coll. Sci., Kyoto Imp. Univ., (A) (1935), 255; 19 (1936), 11.

5) H. TsuvA and others, Bull. Earthq. Res. Inst., 19 (1941). 260.



Part 1.] On the Distribution of Volcanic E_;iecta. (Part 1.) €7

As to the co-ordinates, the origin is taken at the point of outburst

in the pit, the 2 axis in the direc-
tion of the horizontal component of
the initial velocity of the bomb, ¥
*in direction at right angles to the x
axis in the horizontal plane, and the
z axis upward.

As the velocities of the bombs
throughout their flight are less than
the velocity of sound, it is naturally
assumed that resistance of the air is
proportional to the square of the
relative velocity. Moreover, the direc-
tion of the wind blowing in a hori-
zontal plane has an angle of ¢ to
the « axis.

X

Fig. 1.

MmE+c¢ (£—wycos ¢)2=0,

mij+c¢ (§—vysin ¢)2=0,

mzZ+0ct2+mg=0,

3= +1 within the range of >0,

0=--1 " 2>0.
The initial condition is
t=0 p=y=0,
L=V,cos 0,
y=0,
2=V,sin 0.

At the point of maximum height attained by the bomb in its flight,

the following conditions have to be satisfied:"

2=0,
z+ =21.,
where

z,: motion of elevation,

z,: motion of fall,

m= %n’pdg —=mass of bomb,
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c= %lc;)’xflz=air'resistance met by bomb,

d=diameter of bomb,

p=density of bomb, | o

p’=mean density of air,

ke=coefficient of resistance,

V,=initial velocity of bomb,

0 =angle of ejection,

. vo=mean velocity of wind,
and putting

c _ 3k _,
m  4zd ~

we get

1 .

=0, cos ¢ + log{xt(Vo cos O —v, cos ¢) + 1} ,
. 1 .

Yy=v,t sin ¢=7 log (Avet sin ¢ +1) ,

_ 1 2
z,,=%log sin (1/ lgt+c0t“"/; Vo sin 0)+%log;/1+gV§ sin 6,

(#=0)

2, =—%]ogcosh(1/ g t+tan-1’/_:; V, sin 9)+%log/? V,sinf .

: (:<0)
The velocity of the bomb is given by

G, COS © +- Vicos O —v,cos ¢
TS At(V,cos O —v,cos ¢) +1°

Yy

Y=2o SN g = tsino+1°

Z2y= /?cot(/ﬁt +C0t“'/§vo sin @) ’

g —— 1
é'+=_,/%tanh<1/').gt—tan“;/? V, sin 0),
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3. Result of computation.

For convenience in determining the velocity of the bomb at the
time of explosion, the flights of these bombs under various conditions
were studied. An outline of the principal results of the calculation
follows.

Figs. 2~4. Horizontal distance (x), horizontal velocity (&) and time
. L V; 6=30° 1II,1V; O=35°, III,II/; @ =40°, IV, IV/;
O=45°, V,V/; O=50°, VI,VI’; ©=55°, O=angle of emission,
Vo=initial velocity of bomb, d=diameter of bomb, wv,=wind
velocity.

J0sec \ : ’

I— —
20 se
10sec v’ iﬂ bV\

A
5

\ /4 ’ r'
50%ec —=X 60sec 70sec 805 90 Thec 00, 1107,
——X1000m 000m % 3000/7/13‘ * oo

Fig. 2. Vy=150m/sec, d=50cm, v,=10 m/sec.

30sec [/ /4 'd i v V4 /Il I
1—IN\ 1y
| {
20590 % \
e P /A / . . B ) N .
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Fig. 3. V,=189m/sec, d=50cm, vo=10 m/sec.
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. X . e
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60Mysec X 70ec 80ser 90"sec 100Tfsec 110M%5cc 120M5ec

Fig. 4. V,=200m/sec, d=50cm, v,=10m/sec.
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In Figs. 2~4 and Table I are given the relation between the time
taken in flight and the horizontal distances travelled, and the horizontal
velocities of bombs that fall on a slope of 10° of the mountain.

0 H tn t x z
. m sec sec m m
30° 270 7.9 20-2 2180 —530
d=50cm ! 35° 340 . 82 22:0 2930 —550
V=150 m/sec, 40° 430 9.1 23-7 2970 —560
45° 510 9.9 24-9 2200 —540 .
30° 373 86 23-8 2880 —700
35° 483 9.7 25-9 2940 ~720
° . . —
d=50cm 40o 591 10-7 278 2950 730
V=180 m/sec) 45 695 11-5 29-0 2880 —710
| s0° 806 124 30-6 9800 —690
55° 902 13-0 315 2630 —650
60° 990 13:6 325 2430 —600
30° 456 9.4 26+0 3330 —820
35° 590 106 285 3450 —870
d=50 cm 400 717 X 305 3450 ‘ —870
Vo=200 m/sect 45 842 12:6 31-9 3350 —830
50° 956 141 34-1 3280 —810
55° 1073 14-8 35-9 3070 —760
60° 1174 15-4 36-1 2810 —700

@ =angle of emission,
H=maximum height arrived by bomb,
tn=time taken to reach maximum height,

t=total time of flight,

x=horizontal distance of place of fall from the crater,
z=vertical distance of place of fall from the crater,
d=diameter of bomb,

»=initial velocity of bomb,

&=inclination of mountain slope (10°)

In Fig. 5, the vertical velocity and the vertical distance from the
crater of bombs that are ejected at various angles of emission, are
calculated. . o : -

In Fig. 6 are shown the maximum heights, and the horizontal
distances from the origin to maximum height, and the time taken for
the bombs to reach maximum height, for bombs ejected in various
directions. ' ‘

 After the bombs with various diameters arrive at the maximum
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height, their fall-velocities (¢<<0) and the vertical distances of fall
(2<<0) from the maximum height are calculated in Fig. 7b.

800m

700m
600m
100™%sec 500m
400m

az oz
} 300m
50"sec 200m
100m

0 0

Fig. 5.
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d=50 cm, V,=180 m/sec.
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Vertical distance, vertical veloc1ty and time.
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/ TN /
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. _ Fig. 6a. Maximum height (y) time (¢) taken  Fig. 6b. Maximum height (H)

from the origin to maximum height, the hori-
zontal distance (), from the origin and angle

of emission. V,=150 m/sec,

d=50 cm.

d;so cm.

and time taken to' maximum
height from the origin.
V=180 m/sec,

Obviously, air and wind resistance depend on the diameter of the
bomb. In order to show the difference in these effects as the result of
daimeter, the horizontal distance of travel of the bomb and its velocity
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were calculated for bombs of diameters of 50 cm, 75 cm, and 100 cm,
with results as shown in Fig. 8 and Table II

30sec 7 L X L
/
T L
20sec >
10sec
— 80Msec I()O”}sec IZO%eC 140 sec
—=X 1000m 2000m 3000m

Fig. 7a., Horizontal distance (x), horizontal velocity (&)
and diameter of bomb (d).
I; d=50cm, II; d=75cm, III; d=100cm.
©=40°  v,=10 m/sec. (wind velocity)
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e
Fig. 7b. Vertical fall distance (z), vertical fall ve]cclty (z) and tlme

taken from the maximum height (t).
I; d=100cm, II; d=75cm, III; d—50 c_m.

%+ .- S
The time taken in flight by the bomb from the moment of ejection
to its fall on the mountain slope, and the horizontal distances to which
they travel from the origin when ejected at various angles of .emission
were calculated, the results being shown in Fig. 9. .
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Table II. Initial velocity and diameter and horizontal
distance of arrival of bomb.
A ” 4 B
Vo ' Xa=50 cmn Xd=75cm \ Ld=100cm ‘ . Vo“ ' La2=50cm ! ﬁ?(l:?’ﬁ(f{l ; Ld=100cm
m/sec m m m m/sec, - m m ©om
. 150 2270 2.50 2580 150 2150 2330 2480
160 2500 l 2680 2880 160 2350 2570 2750
170 ! 2730 2930 3180 1 170 2580 2800 3050,
180 2950 l 3160 3480 180 2800 3050 3420
190 1. 3200 3470 770 190 3030 3310 3650
200 3430 | 3800 4120 200 3260 - 3630 3960
210 3750 4130 4480 210 . 3500 .. 3950 4320
220 4030 4430 5050 220 3780 4250 4370
@=40°=angle of emission, l@=40°=angle of emission,
A { v,=10 m/sec=velocity of wind, B v,=0 (no wind),
&=10°=inclination of mountain slope. l £=10° =inclination of mountain slope.
220k ¥ )/ - n n’ I ‘[/ ’7
" 200Mbe - po "
S /” - -
4
780ee -
160™sec
2000m~ "7 Ss00m 3000m 3500m 4000m 4500m 5000m
X
Fig. 8. Initial velocity and horizontal distance of fall.
I; d=100cm, II; d=75cm, III; d=50cm.
£=10°=inclination of mountain slope,
0 =40°,
full line=no wind,
broken line=wind velocity, (v,) =10 m/sec.
Table III. Angle of fall on the mountain slope.
6 . l K% ’ Yu ‘ P ” e ‘ @1 ' ¢ l T em
30° 52-°3 54-°1 55 50° 62-°6 63-°8 64-°7
35° 55:°5 56:°8 58:°2 55° 65-°0 65-°6 66-°5
40° 57-°7 59-°4 60:°3 o 60° 67+°3 167-°9 68:°4
45° 60-°3 61-°3 62:°5

©; angle of emission,
¢; angle of fall on the mountain slope,
I, II, III; initial velocity 150 m/sec, 180 m/sec, 200 m/sec,
inclination of mountain slope 10° " '
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3000m{— -'_—[F\ 40sec -600m
X
2 oz t 2 . !
| e N
2000m > /4 Z sec -200m
000 1 e |
"0 w 8— % st o ~%0om 30
Fig. 9. Total time in flight and arrival
_ distance of tomb. ®
d=50cm, Vo=180m/sec, £=10°. f
: 40"
d=100m \
Vs 1t 50°—-50 70°
- Fig. 10. Angle of emission (@) and
d=50m . "~ angle of fall (¢).
° o ° d=50cm,
. 3 8 60 I; Vo=150 m/sec,
50 II; V=180 m/sec,
Fig. 11. Angle of fall and diameter of IIT; V=200 m/sec.

bomb. V,=180m/sec, £&=10°.

|
2005 .
e ! Table IV. Relation between
angle of fall and dia-
7 I S
L - meter of bomb.
150 ec 7 — = B -
e i e Tl
\7P W4 i T
: cm | cm
I ‘ { , o : 100 | 565 60 | 58:°8
100%ec + 9 | 56:°9 50 | 59-%
D ° .0
T 80 57-% 40 60-°5
70 58-°1 ||
_ angle of emission (0)=40°,
S0sec 30 40° 50° 60° initial velocity=180 m/sec,
: — 0 slope of mountain=10°.
Figz. 12. Fall velocity and angle of emis-
sion.

Vi=(@'x2%)"2, V,=150m/sec,
d=50cm, £=10°.
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The relations between the angles of emission and the angles of fall
were calculated for bombs falling with various angles of emission on the
surface of the mountain, with results as shown in Table III and Fig.
10, from which it will be seen that the angles of fall are markedly
larger than those of emission. This may be explained by the fact that

air resistance comes into play, and that the place where the bombs fell
is lower than the crater floor.

Table V. Flight of bomb.

6 i @ z Vi @
m/sec m/sec m/sec

30° 906 1170 148-0 52° 1¢/

d=50cm 35° 856 . 1230 149-8 55 30
Vo=150 m/sec | 40° 80-3 127-0 150-2 57 45
45° 750 . 1310 1510 60 20

30° 960 1320 163-3 53 59

35° 90-0 138:0 1646 56 53

L] . . .

d=50 cm 40o 84-8 144-0 167-2 59 35
V,=1i80 m/sec | 45 79-8 147-0 167-8 61 19
50° 74-2 150-0 167-9 63 42

55° 69-0 152:0 1669 65 37

\ 60° 626 154-0 166-4 67 54

30° 96-5 141-0 170-8 55 37

35° 92-0 1480 1742 58 12

d=50 cm 40 864 153-0 17546 60 27

o . . .

Vo=200 m/sec | 816 156-0 1759 62 26
50° 756 160-0 1769 64 43

55°| 704 162:0 1766 66 32

60° 64-4 163-0 175-2 68 26

#=horizontal component of velocity at time of fall,
Z=vertical component of velocity at time of fall,
Vi=velocity of bomb at time of fall,

¢Y=angle of fall,

©=angle of emission,

&=inclination of mountain slope=10°.

Naturally the angle of fall depends also on the diameter of the
bomb. The angle of fall for bombs of various diameters in the case of
an initial velocity of 180 m/sec, angle of emission 40°, and 10° inclina-

tion of the mountain surface, are given in Fig. 11 and Table IV.
‘ In addition, the velocities at the time of fall on the mountain were
computed for various angles of emission, with results as shown in
Fig. 12 and Table V. ‘



76 T. MINAKAMI. [Vo'. XX,

4. The Explosion of April 16, 1937.

The explosion of April 16, 1937, was one of the most remarkable
in the recent activities during 1935 and 1941.

Topographical surveys of the interior of the crater were made on
April 13, three days before the explosion, and on April 17, the day
following the explosion. As the results of these topographical surveys,
changes in the crater floor, both in form and depth, were made clear.
The horizontal and vertical distances measured between the point of
the explosion in the pit and the edge of the crater-wall are shown in
Table VI. After this explosion, the exact positions where the bombs
fell and the diameters of these bombs were investigated and the bomb-

Table VI. Result of topographical survey of the crater
and the places of fall of bombs. (see Fig. 14.)

(The explosion of April 16, 1937.)

No. 1 ” L x ’ 2 1‘ &
m m m m .

1 258 222 3278 —710 12° 12/
2 235 22 2572 —490 10 46
3 200 222 2719 —450 10 29
4 175 292 2322 —460 i 13
5 145 299 1572 —250 9 3

"6 125 222 1646 —300 10 19
7 85 201 1337 —270 1 22
8 82 220 1205 —~160 7 32
9 75 201 1117 ~ 90 4 35
10 70 ‘ 292 ! 1014 —230 12 M
11 60 | 224 : 867 j + 50 -3 10
12 58 226 793 + 90 -6 30
13 50 ; 298 779 y + 90 -6 34
14 55 230 911 | - 10 6 17
15 70 228 1073 —160 8 29
16 85 2% 1131 —170 8 32
17 105 224 1440 —350 13 40
18 115 229
19 145 295 1999 —-550 15 23
20 170 217 2707 —620 15 0
21 205 215 2940 —710 13 33
22 250 212 2483 —910 15 58
23 270 213 3454 -850 13 49
24 " 975 214 3175 ~780 13 46
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fall area obtained. The result is given in Fig. 13 with a rough topo-
graphical map of the volcano. It should be noted that the bombs shown
in the distribution map are only those that fell farthest away from the
crater, in all directions, those that fell near the crater being excluded.

In order to give in outline the changes in the crater-floor caused
by the explosion, an E-W profile of the crater is shown in Fig. 14,
from which it will be seen that the surface of the pit before the ex-
plosion was quite flat, whereas by the explosion, the western part of
the pit, with a volume of about 50 m x 50 m x 30 m, was thrown out in
the form of lava blocks, volcanic sand and ash. Although most of this
material fell outside the crater, a part of it had either fallen back into
the crater or was prevented by the crater-wall from leaving the crater,
with the result that they accumulated on the eastern floor of the crater.

i ‘-;f. {777

et

4
DIAMETER OF VOLCANIC BOMB )
@ [

~
x
3

dZ10m ’Z05m dZ03m

Fig. 13. Distribution of voleanic bombs in the explosion of April 16, 1937.
broken closed curve (1) .
full closed curve (II)

At the same time, in the north-eastern part of the .volcano, near
the Temmei lava flow ¢ Oni-osi-dasi,” a number of bombs fell in the
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woods and injured the trees. For this reason, the angle of fall of these
bombs were obtained by measuring
the scars on the trees and the posi-
tions of these bombs on the ground.

Table VII.
No. l d ] @ x z
cm m m
1 . 90 60° 3450 —850
75 57 3320 —835
3 60 59 2000 —830

where

d=diameter of bomb,

x=horizontal distance between
Fig. 14. E-W profile and plan of the origin of emission and
the crater. the place of fall,

z=vertical distance between the origin of emission and the
place of fall,

¢=angle of fall.

From these data, the initial velocities and the angles of emission
were computed, as follows:

Table VIII.
No. | Vo ) | No. | Ve | 0
' m/sec “i m/sec
168 43° ‘ii 3 166 42°
| 173 37 |

where
V,=initial velocity,
O =angle of emission.

By calculation, the initial velocities of these bombs show
almost the same value of nearly 170 m/sec.

The mean initial velocity obtained for these bombs is
- 167-0 m/sec+ 36 m/sec.
On the other hand, as will be seen from Fig. 13, in the distribu-

t:on of bombs, those on the eastern side travelled a markedly greater
distance from the crater than those on the western side, the former
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distance being almost five times that of the latter. From this fact,
and from the manner in which the ejecta had accumulated on the
floor of the crater, it may be reasonable to suppose that the range
of angle of emission within which it is possible for the bombs to leave
the crater, is an important factor in the distribution of the bombs, so
that the angle of emission with which the bombs reach the greatest
distance from the crater was studied for the case of constant initial
velocity and for various diameters of bombs.

Table IX. Angles of emission, diameters of bombs
and initial velocities of bombs.

(The explosion of April 16, 1937.)

No. 0 o d Vo
cm m/sec

1 43° 14/ 39° 50/ 100 172
2 45 48 40 35 . 78 ' 169
3 50 9 42 15 60 175
4 53 52 41 2 45 169
5 58 43 42 28 50 162
6 62 15 41 48 45 165
7 70 11 a1 17 40 168
8 70 45 43 10 48 163
9 72 21 43 42 52 162
10 73 31 39 38 55 161
11 74 46 48 54 35 150
12 76 927 50 30 : 30 163
13 78 22 49 35 50 160
14 7720 42 41 80 164
15 73 55. 42 12 : 60 161
16 70 24 42 38 40 153
17 66 15 40 + 16 30 162
18 64 5

19 58 56 38 24 47 165
20 53 58 38 27 105 169
21 48 36 39 11 90 172
22 42 48 . 37 57 100 180
23 41 1] 39 2 100 180
2 40 34 39 5 95 179

To illustrate, for the case in which the diameter, initial velocity,
and the inclination of the mountain are 50 cm, 180 m/sec, and 10° res-
pectively, bombs with an angle of emission of 39° travel the greatest
distance (see Fig. 9). The angle () of emission of bombs that travel
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the farthest were obtained for all directions from the crater, with
results as shown in Table IX. Naturally in these calculations, the effect
of air and wind resistance at the time of éxplosion have been allowed
for. ’
' At the same time, the minimum angles of emission for all the
dlrectlons in which it is possible for the bombs to travel from the
origin of the explosion to points outside the crater were obtained from
topographical surveys of the crater.

That is, the minimum angles of emission defined above were ob-
tained from the formula

h+ 1( S )zg
Vo

O = tan"—— ,
T

where

s=+/ h2+rt=distance travelled by a bomb from the origin
of explosion to the edge of the crater (see Fig. 14).

r=horizontal distance between the center of explosion and
the edge of the crater-wall,

h=vertical distance between the center of explosion and
the edge of the crater-wall,

V0=initial velocity of bomb (approximate valﬂe=_180 m/sec),

-g =gravity acceleration.

The angles of emission for the 24 directions in which the bombs
flew, as mentioned above, are shown in Table IX.

These two kinds of emission, defined above, namely @ and c«, were
then compared with each other for all the corresponding directions,
with the result that the angle o« is*less than @ (Fig. 15), that is to
say, that on account of the crater-wall, it was impossible for bombs
thrown out with angle of emission « in whatever direction to fall outside
the crater. Consequently, it is concluded that the angles of emission
with which the bombs travelled the farthest are the minimum_ angles
of emission A with which it is possible for the bomb to leave the crater.

The minimum angle of the 23 rd direction, obtained from the tope-
graphical survey, is 40° 34/, and the angle of emission for the same
direction calculated by the-angle of fall (see Table VIII) is 41° ¢/, the
two results agreeing sufficiently well.

By assuming that these bombs reached the most distant places,
travelling with the minimum angle of emission for each direction, the
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initial velocities of these bombs for every direction were obtained. In
the present case, of the many bombs that fell in the same direction,

VAN
IEASVA'NEAN

sl

D
Fig. 15.

O=minimum angle of emission possible to travel from the crater,

ce=angle of emission to arrive at the farthest distance.

D =radial direction from the center of explosion to the foot of the mountain.
the one that gave the largest velocity was selected for our purpose.

The initial velocities of the bombs for twenty-four directions and the
calculation are shown in Table VIII, from which it will be seen that
the initial velocities of the bombs for all directions are almost 160 m/sec
and 170 m/sec, the mean value being 1663 m/sec.

In contrast to this, when a bomb, 50 ¢cm in diameter, is ejected
with an initial velocity of 1663 m/sec and with the angles of emission
(@) for all the corresponding directions from the crater into which they
flew, the distances travelled by the bombs were computed for every
direction.

In Fig. 13, the result of calculation is shown by the closed curve I.
Besides, the wind, which had a mean velocity of 10 my/sec, and which
was blowing in an easterly direction at the time of the explosion, was
allowed for in calculating the distances travelled by these bombs. The
result is also shown by closed curve II, in the same map. As will be seen
from Fig. 13, although these two curves pass through almost the outer
margin of the bomb-fall area, closed curve II is closer to the bomb-fall
area than is closed curve I.

Summarizing these results, it is concluded that all these bombs from
the explosion on April 16, 1937, were ejected with almost the same
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velocity of 166 m/sec, the bombs that travelled farthest from the crater
leaving it with the minimum angle of emission for their respective
directions. At the same time, the phenomenon is interpreted from the
stand point that the form of the bomb-fall area is a shadow of the edge
of the crater-wall.

The volecanic bombs and the holes they made in the ground are
shown in the photographs, Figs. 26 and 27.

5. The Explosion of April 20, 1935.

Asama had been quiet for three years since 1932, the explosion on
April 20, 1935, being the first of the present activity to break the
serenity.

The writer believed that the elevations and subsidences of the crater
floor is closely related to volcanic activity, for which reason, since 1934,
a number of topographical surveys of the crater had been made, with
the result that deformations of the pit caused by the explosion were
clearly shown by the surveys made both before and immediately follow-
ing the explosion.

The result of these surveys® were reported in previous papers.

In the present outburst, the center of explosion on the crater-floor,
that is, the point in the pit whence the lava was ejected, was nearly
its center.

From investigations made of the bomb-fall area (see Fig. 16) the
outer edge of the bomb-area was everywhere nearly of the same dis-
tance from the crater.

By the method just mentioned, the angles of emission («) of the
bomb, with which it may travel the farthest, free from obstruction by
the crater-wall, were obtained for twenty-four directions from the
crater.

Since the bombs that fell on the ground near the outside of the
bomb-fall area are mostly those of diameters exceeding 70 cm, in the
two kinds of angle of emission, air resistance has been allowed for in one
and not in the other, the difference between them being comparatively
small {or bombs of large diameter, such as those exceeding 70 cm. When
bombs with diameters of 100 em and 50 ¢cm, ejected with an initial veloci-
ty of 150 m/sec, fall on the mountain side with 10° in angle of slope,
the difference (Joz) in these two kinds of angles of emission are nearly
1° and 3° respectively. '

6) T. MINAKAMI, Bull. Earthq. Res. Inst., 13 (1935), 318; 15 (1937), 492.
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Fig. 16. Distribution of volcanic bombs in the explosion of April 20, 193s.

\ Table X. Result of topographical survey of the crater
and the places of fall of bombs, ejected by the
explosion of April 20, 1935.

No. r h 1 x z £
m m ' m m
1 180 214 2200 ' —525 13° 23/
2 159 214 2220 —455 11 39
3 205 214 2250 —455 12
4 220 214 2250 —505 12 38
5 235 ‘ 214 2270 —565 13 56
6 240 214. 2500 —635 14 15
7 225 214 2750 —705 14 22
8 225 212 2700 -905 18 31
9 200 213 2850 —-905 17 39
10 190 214 2000 —355 0 6
11 170 216 1950 —-265 7 45
12 150 218 2220 —355 9 12
13 195 220 1750 —255 8 19
14 115 222 1500 —305 11 32
15 100 220 1400 —-225 9 9
23 150 199 1700 —505 16 30
24 165 194 2000 ~705 18 33
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For convenience of calculation, the angle of emission («) is obtain-
ed by the sum of the two values, namely,

oo=c/ + de,

o/ =angle of emission with effect of air resistance neg-
lected,

dee=correction for air resistance.

The arrival distance of the bomb in which the resistance of air is
neglected, and in which gravity alone is allowed for, is given by

o)

2V . .
w=7° cos ¢/ (tan & cos ¢/ +sin o) .

The angle of emission to enable maximum horizontal {ra{fel is ob-
tained from the condition,

dx

2 =0

Table XI. Angles of emission, diameters of bombs, and
initial velocities of bombs ejected by the

explosion of April 20, 1935.

Direction 0 ! o ; d i Vo

| | i

l cm m/sec
1 50° 19/ 39° 15/ 75 144
2 48 . 22 47 18 80 140
3 16 37 40 16 160 140
4 44 45 a0 7 65 145
5 42 50 38 58 - 95 149
6 42 22 38 45 o105 : 142
7 d4 5 36 40 110 146
8 43 50 376 100 145
9 47 22 40 52 100 151
10 43 32 42 5 75 146
11 51 927 a1 29 70 143
12 55 36 4 1 100 ) 147
13 60 24 44 21 75 150
14 62 30 42 o4 50 153
23 52 17 38 23 i 50 140
2a 99 37 37 a1 ; 40 147
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whence the angle of emission for the purpose is

141

o =sin~ {%—tan 5(1+tan25)"?}T,

where
x =horizontal distance of fall of bomb from the crater,

& =inclination between the horizontal and the line connecting
the origin of explosion and the location of fall of bomb,

whence the angle of emission with the resistance of air allowed for is
given in the foregoing paragraphs, the results of calculation being shown
in Table XI.
Obviously, the correction J« depends not only on the diameter of
S e e ====  the bomb, but also on the initial
4 ‘ d velocity, and the inclination of slope
1 cm em of the mountain.
|

100~75 On the other hand, the mini-
75~40 ..

mum angles of emission @ to enable
the bombs to leave the crater are obtained by the method already dis-
~ cribed, and from the topographic surveys made soon after the explosion,
the result being shown in Table XI,

o

| N

50° e ' -
\\ , /d\
"\

40°
L —'\\_/ —

(58]
S
~|
A3}
3
~
“
hS)
S
¥

b Fig. 17.
@ and c«=angles of emission above defined,
D =direction from the crater to the bomb-fall area.
However, by comparing the two kinds of angles, we find that the
following relation obtains for all directions from the origin of explosion
(see Fig. 17) namely,
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0>c.

That is, the angle @ for all directions exceeds angle «, whence
it is known that owing to the crater-wall, the bombs were prevented
from leaving the crater with the angle of emission «, and that the
bombs that travelled the farthest were those with minimum "angle of
emission 6.

The initial velocities for these bombs were calculated by the same
method as for the explosion of April 16, 1937. As the mean velocity
and the direction of the wind at the time of the explosion, 5 m/sec and
E 20° S were taken in the calculation.

The result of calculation, and the diameters of the bombs con-
sidered for the purpose, are given in Table XI. It was made clear that
the initial velocities of the ‘bombs that fell on the edge of the bomb-
fall area lie in the range between 151 m/sec and 140 m/sec, and that
the mean velocity is 144:5 m/sec.

Moreover, for bombs with initial velocity 1445 m/sec and a diameter
of 100 cm that were ejected with their respective minimum angles of
emission for each direction, their destinations are shown by the closed

curve in Fig. 16. .
From the distribution of the bombs and the calculations just

mentioned, almost the same conclusion as that mentioned in the preceed-
.ing paragraph is reached concerning the extent of the bomb-fall area,
and that the form of this area is a shadow of the edge of the crater-
wall, taking the centre of eruption in the crater floor as the source.

6. The Explosion of June 7, 1938.

In the quantity of ejecta, the intensity of detonation, and the
severity of earth-shaking, the explosion of June 7, 1938, outclasses the
nearly three hundred that occurred during 1935- and 1941.

Besides, in the present explosion, unusually large lava blocks were
ejected. One of them, which fell 300 m southeast of the crater, has a
diameter of 7-5m and weighs about 3-4 x 10°%kg. Figs. 21~23 show these
lavablocks photographed from three directions. Bombs almost 100 cm in
diameter flew over Ko-Asama, a parasitic coiie on the eastern slope of
the volcano and at a distance of 3:5km from the crater, and fell near

the Kusatu-Kutukake road, 4:5km from the crater.
Moreover, a number of volcanic bombs fell on the eastern foot of

Ko-Asama. These bombs were very hot, about 800°C at the time they
fell, with the result that those which fell in the woods started fires
there.
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The exact positions where the large bombs fell on the eastern slope
of the mountain may be seen from Fig. 18, :

" Fig. 18. Distribution of volcanic bombs in the explosion of June 7, 1938.

Since the topographical survey of the crater immediately following
the explosion and full investigations of the bomb-fall area were not
executed, the exact point of origin of the explosion on the pit is not
known. It is not, however, difficult to suppose, from the eastern distri-
bution of bombs, that the form of the bomb-fall area is larger on the
eastern side of the volcano than on the western. - ‘

The angle of fall of the bombs that fell in the woods at the foot
of Ko-Asama, were measured, together with their distances from the
crater.

Result of measurement of the angle of fall:

x =horizontal distance from the crater,
z=vertical distance from the bottom of the crater,
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¢=angle of fall,
d =diameter of bomb.

Table XII.
x ' z l [ i d f T [ z l %) ’ d
m m cm m m ' \ cm
3700 — 400 61° 3¢/ 52 =100 - 1000 58° 51/ | 74
3950 —970 59 50 65 ‘ ) |

From these measurements the mean initial velocity of these bombs
works out to
V,=212'6 m/sec +5 m/sec,
their angles of emission being within the range
0 =40° £ 3°.

In the eastern part of the bcmb-fall area, from which the ash-
fall area is excluded, the diameters of minimum sized bombs that fell
on every space of 100x 100 m? was measuread from the eastern end of
the bomb-fall area, that is 456 km away from the crater, inward in the
bomb-fall area up to a distance of 2km from the crater, in doing
which, bombs that fell broken were excluded. The relation between the

b, minimum sized bombs
100cm " above mentioned and the
distance from the crater,
— is shown in Fig. 19. The
d ) distances travelled by

bombs of various dia-
meters from the crater to
the surface of the eastern
slope of the mountain,
with an initial velocity of
212m/sec and emission
angle of 40°, were calcula-
0 - ted. As will be seen from
3krn 4km 5km the result of calculation

- shown by curve I in Fig.
Fig. 19. Diameters of minimum sized voleanic 19, the curve almost coin-
bombs and distance of arrival. ‘ sides with the distribution

of minimum sized bombs, whence it may be reasonable to conclude that
in bombs of various diameter ejected under like conditions, the distances
they travel depend on their size, and that it has been shown that the

50cm
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bombs of various diameters ejected by an explosion have nearly the
same initial velocity.

7. The Explosion of February 7, 1936.

The explosion of February 7, 1936, was not so violent as the preced-
ing three already described. Explosions of this severity were fairly
frequent during 1935 and 1941. Figs. 20 are photographs of the bombs
at the instant they fell, namely, twenty seconds and thirty five seconds
after the explosion, as seen from our Volcano Observatory.

Fig. 20.
a=2) seconds after the explosion,
b=35 seconds after the explosion.

The times taken by the bombs in their flight and the distances .
travelled by them were measured, and their initial velocities obtained.
See example below.

Diameter of bomb 50 cm

place  [Horizontal distance from the crater 2500 m Shgseestion
of fall| Vertical distance from the crater —500m
Time taken in flight 20 sec

Calculated initial velocity of bomb 130 m/sec



90 T. MINAKAMI. [Vol, XX,

8. Kinetic Energy of the Asama Explosions.

The various results described above may be summarized as follows:
I. From the various elements for determining the flight of bombs,
their initial velocities were obtained.
II. These initial velocities of ejection by the same explosion are
nearly the same.

III. From topographic surveys made both before and immediately
following the explosion, and from investigations of bomb-fall areas, the
mass ejected by each explosion was estimated, from which various
results were obtained, among which the kinetic energy necessary for
imparting the initial velocity to the ejecta was found to be

1 .
K.E.=“*2—MV5 y

where
M=mass of ejecta, -
V,=mean velocity of ejecta at instant of ejection.

Also, from continuous observations” of variations in inclinations of
the earths’ surface at two or three stations at the foot of the volcano,
it was made clear that the unusual variations in the inclination of the
ground, which amounted sometimes to thirty or fifty seconds of are,
occurred, preceding the explosion swarms, whence it may be reasonoble
to suppose that these unusual tilts of the ground were caused by varia-
tions in pressure inside the volcano, that is in the active magma.

Increased pressure causes outbursts of bombs, and reduction of pres-
sure imparts velocity to the bombs and ash.

T. Matuzawa,® who is of the opinion that Bernoulli’s law practical-
ly holds in the pressure and the velocity of ejecta at the instant of
explosion, gave the pressure at the time of explosion by the relation,

1 .
. P—_-—Q—‘I;Va y

where
o=mean density of ejecta,
V,=initial velocity of ejecta.
The following kinetic energy and pressure at the instant of explo-

7) T. MINAKAMI, Bull. Earthq. Res. Inst., 16 (1938), 372.
8) T. MATUZAWA. loc. cit.
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sion were obtained for these four explosions described above.

I. The explosion of April 20, 1935.
M=22x10"grm, V,=144'5 m/sec, p=2°b,
KE.=238x 1019erg, P=260 atm. pres.

II. The explosion of February 7, 1936.
M=081x%x10"grm, V,=130m/sec, p=2'3,
K.E.=068 x 10Y%rg, P=210 atm. pres.

III. The explosion of April 16, 1937.
M=3-0x10"grm, V,=1663 m/sec, p=2'5,
K.E.=42 % 10Yerg, P =336 atm. pres.

IV. The explosion of June 7, 1938.
M =38 x 1011grm, V,=212'5 m/sec, =25,
K.E,=1'7%10%erg, P =563 atm. pres.

Resumé

In violence, the explosion of June 7, 1938, was the most remarkable
within recent years. The total mass of ejecta, the initial velocity of
ejecta, the kinetic energy of ejection, and the pressure are 3-8 x 10%kg,
212'5 m/sec, 1'7 x 102%rg, and 563 atm. pres. respectively. It is supposed
that this explosion is the upper limit in magnitude for the Asama
volcano, with the exception of catastrophic activity, such as the explo-
sions of the Temmei era. " .

The magnitude of Asama explosions, as frequently displayed in the
recent activities which will probably be repeated a number of times
hereafter, is less than 150 m/sec in its initial wvelocity, lower than
300 atm. pres. in the pressure, and less than 10ergs in Kkinetic energy.

In conclusion, the writer wishes to record here his indebtedness to
the Hattori Hékokai, to the Foundation for the Promotion of Scientific
and Industrial Research of Japan, and to the Department of Education,
with the aid of whose grants the present study was made possible.
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Figs, 21~23.

(Bull. Earthq. Res. Inst. Vol. XX. PL

Lava blocks ejected in the explosion of June 17, 1938.
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(Bull. Earthq. Res. Inst. Vol. XX. Pl III.|

Fig. 25.

Fig. 26.

Large bomb ejected by the explosion of June 7, 1938.

G&

Large bomb ejected by the explosion of April 16, 1937.
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Fig. 27. Large hole made on the slope of the mountain by the fall of a
bomb in the explosion of April 16, 1937.

Fig. 28. Asama, the the day after the explosion of April 16, 1937. (seen
from the north of the voleano). The gas emits from only the western
floor of the crater, where the explosion occurred (see Fig. 14).
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Fig. 29. A hole made at the foot of Ko-Asama by the fall of a bomb in
the explosion of April 16, 1937.

Fig. 3u. A hole made on the snow by the fall of a bomb in the explosion
of April 16, 1937.



