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The genuine discontinuity or so called first order discontinuity in
the velocity distribution of seismic waves within the earth which is
now under discussion is that supposed at the depth of 300 or 400 km
from the earth’s surface. The well known discontinuities near the
earth’s surface and at the boundary of the inner core are beyond the
scope of present study. If we leave the earliest qualitative suggestions
of Milne,® Omori,” Imamura,” Laska,” Benndorf” and Knott” out of ac-
count, the first qualitative discussion was that of S. Mohorovi¢i¢,” who
remarked in 1916 that the velocity may suddenly decrease at the depth
of about 400 km. On the other hand Byerly¥ showed in 1926 that the
time-distance curve of the Montana earthquake showed abrupt change
of slope at about 4=20°, which might correspond to sudden increase
of velocity at the depth of 400 km. In a study of a deep-focus earth-
quake one” of the writers also considered the existence of such discon-
tinuous increase of velocity at about 450 km. In 1931 Jeffreys'® noticed
from the statistical investigation of time-distance curves that the time
curves show abrupt bending at about 20° from the epicentre, and
worked out the discontinuity of velocity of about 2595 at the depth
of 273 km. Reviewing again Jeffreys data one of the writers reached
to the conclusion that the negligence of the discontinuity is permissi-
‘ble so long as the observational accuracy at that time is concerned.
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And Jeffreys'™ himself withdrew his statement in a later investiga-
tions, and Gutenberg and Richter™ also presented negative opinion.

But recently the problem regained eminent supporters as Neumann'?
Byerly,”™ Lehmann' and Jeffreys and Bullen'™. These authorities
investigated independently time-distance curves, and found abrupt bend-
ing of P- and S-curves at the epicentral distance of about 16° or 19°.
Moreover Lehmann presented conspicuous seismograms which show
the appearence of late P- and S-phases beyond the epicentral distance
of about 20°, and this will decide whether the time-distance curves
in this region are double or merely simple curves with strong curva-
ture, provided the appearance of the first smaller P- and S-phases at
these distances is independent to the mechanism of the earthquake
occurrence. The depths of the discontinuity surface estimated by Neu-
mann, Byerly, Lehmann and Jeffreys and Bullen were 270, 216~315,
and about 400 km respectively.

On the other hand, Matuzawa'® also found strong bend in the P-
curve of the Sanriku Earthquake of March 2, 1983, at 4=21°, but
he stated that the change of the slope seems to be gradual.

Thus special studies of this important problem with any available
data are urgent task of present seismology. The disastrous Formosa
Earthquake of April 20, 1935 provided us with a good opportunity
for this purpose, having numerous observations in the range of epi-
central distances in question. And Sagisaka and Miura have already
elucidated upon this data a discontinuity surface of the second order
at the depth of about 300 km from the earth’s surface. But we in-
dependently took the opportunity to examine quantitative basis of these
opinions by the analysis of the time-distance curve of this earthquake
to throw some light on this problem.

But as the earthquake was not strong enough to be distinctly
observed at the stations in Kwanté and Ténoku districts which lie in
the ranges of epicentral distances concerned, that is in the vicinity of
4=20°, where microseisms were prevailing at that time. And the
time observation alone does not afford conclusive results, but closer
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re-examinations of seismograms, which on the writers’ request are
now in progress by the members of the Central Meteorological Obser-
vatory, will give some clue on this problem*.

1. Determination of the Epicentre.

For such quantitative study as mentioned above we must deter-
mine the position of the epicentre as accurately as possible. We, there-
fore, gathered all the available data from Kisy6 Yéran and bulletins
of foreign observatories. Following Jeffreys® and Matuzawa™ we as-
sumed cubic equation for the time-distance curve ({=t,+alt—p4*) and
analysed the time of arrival of P-phase to determine the position of
epicentre (¢, 4,) and constants of time distance curve (¢, « and j).
In this analysis, we first adopted the position determined by the
Central Meteorological Observatory*

¢,= 24°21' N,
2,=120°49' E,

as the primary epicentre, and the distance to each station was calcu-
lated by using geocentric latitude. Borrowing then the cubic equation

tea=164+14-564—0-00224,

determined by Matuzawa from the Sanriku Barthquake, the travel
time t., was calculated. The correction dt, for the difference of distance
from the centre of the earth due to the ellipticity was calculated by
"the simple formula 6t,=(r—7,)/10 sec.

Table 1.
Station ‘ 4 | P otr e 84 | 6t | e
° ’ h m s s s ’ ] s
Taityd 0 07 7 2,038 0-0 0-0 42 18-1 0-0
Arisan 48 2, 14-0 0-0 +0-1 42 181 +0-8
Kwarenko 58 2,148 0-0 -1-3 42 18:0 —-07
Taihoku 1 03 2,168 00 —0-8 42 18-0 —15

(to be continued.)

20) After the present paper has been written, the writers received detailed
discussion of Gutenberg and Richter on this problem; which confirms their previous
opinion. Gerlands Beitr. z. Geophys., 45 (1935), 280~360-
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Table I. (coniinue'.)

Station 4 N N T T

o ’ hm s 8 8 ’ s s
Tainan 1 22 7 2,200 0-0 -19 42 18-0 —1:6
Hokoto 33 © 2, 220 0-0 —2:6 42 18-0 —1-8
Taitd 38 2, 263 +0-1 +0-4 42 18-0 +1-2
Takao 43 2,319 | +0-1 +4:6 42 180 +56
Késyun 2 18 2, 36°5 +0-1 +0-8 41 17-9 +2-1
Isigakizima 3 14 2, 49:6 00 | +09 41 17-8 +19

Hongkong 6 36 3, 30 +0-1 —1-6 40 17'5 -3
- Naha 6 37 3, 42'5 0-0 +6-3 40 17-6 +7-0

Zikawei 6 53 3,37 -0-2 —-3:0 40 17°5 -2
Naze 8 56 4, 089 -01 —01 39 17-3 +06

Manila 9 46 4, 19 —-0-2 —0-7 38 17-1 0
Tomie 10 00 4,373 —0-4 +9:3 38 17-1 +14-8
Kagosima, 11 22 4, 459 —0-2 +1-8 37 16-8 +2-2
Nagasaki 38 4,457 | —03 +0-2 38 171 +05
Unzendake 59 4, 515 -03 +29 36 16-7 +3-2
Miyasaki 12 11 4,540 | —02 +13 36 166 +14
Kumamoto 12 4, 54+4 —0-3 +17 - 36 166 +1-9.
Saga 17 4, 599 —-0-3 +6:0 36 166 +55
Ituhara 24 5. 50'5 -03 +55-1 36 166 +55-7
Hukuoka 35 4,577 —0-3 -05 36 166 -0-3
Husan 59 5, 14'5 —0-3 +11-0 35 165 +11-0
Qoita 13 05 5, 04-9 -0-3 +0-6 35 165 —0-0
Simonoseki 09 5,160 -03 +10-2 35 165 .| +10-2
Taikyh 24 5, 12:5 -0-4 +3-3 35 16-4 +3:5
Uwazima .42 5, 24-9 -0:3 +11-7 34 153 +116
Simidu 43 5, 12:6 -=0-3 —0-8 34 16-3 —0-9
Phulien 44 5, 10 +0-1 +0-8 34 16-3 —4-7
Zinsen 14 06 5, 181 —0-4 +0-0 34 16-2 +12'5
Matuyama 11 5, 19-8 —0-3 +0-6 34 16-2 +0-1
Keizyd 17 5, 20-5 —-04 —0-2 34 16°2 —0-4
Kure 20 55114 | —03 +30-1 34 161 +2-0
Hiroshima 29 5, 10-0 —0-3 —12:0 34 161 -12-1
Hamada 29 5, 215 -0-3 —-1-8 34 16°1 -21
Koti . 33 5, 20-0 —0-3 —4-3 33 16°1 —4-7
Dairen : 34 5, 34-1 -0-5 +9-8 33 16-1 +9-4
Muroto 50 5,358 -03 +7-7 33 16+0 +7-4
Tadotu ’ 15 08 © 5, 44-4 —-0-3 —7-4 33 16:0 +12:2
Heizyo 16 5, 36°0 —0-5 +2:7 33 160 +2-0
Okoyama 29 5,320 —0-3 —45 33 160 -27
Sakai 37 5, 44-8 —04 +6°1 32 157 +6-0

(to be continud.)
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Table 1. (continued.)

Station ] 4 | P 1 ot & ’ o4 ot | e
] ’ hm s s
Tokusima 7 5,329 —0-4 . , . .
Sumoto 15 43 5,410 | —0-3 +1-7 32 15°9 +07
Wakayama 16 04 5,410 | —03 —26 32 15-8 —~3-8
Siomisaki 04 5, 44-9 ~0-3 +0-3 32 15-8 —~1.9
Kobe 20 5,476 | —03 405 32 157 —07
Eiké 21 5,465 | —05 —0-4 32 15-7 -18
Qosaka 33 5, 47:0 —03 —-27 32 15-7 —-4-1
Toyooka 36 5,510 | —04 +0-7 32 | 157 —07
Yagi 39 5,516 | —03 +06 32 157 —31
Miyadu 50 5, 47°6 —04 —54 31 157 —7-4
Kybto ‘54 5,542 | —0-3 +01 32 15-7 -18
Kameyama 17 16 5, 595 —-0-3 +04 31 156 —1-1
Tu ' 16 6,043 | —03 +55 31 156 —-37
Hikone 23 6,017 | —04 —0-3 31 155 —0-2
Ibukisan 34 6,029 | —04 -14 31 155 ~37
Gihu 48 6,061 | —04 +0-8 31 | 154 -08
Nagoya _ 49 6,081 | —0-3 +2'5 31 154 +05
Hukui 51 5,562 | —04 —9:9 31 154 | —117
Hamamatu 18 06 6, 04-8 —0-3 —4.3 30 15-4 +3-3
Kanazawa 23 5, 20-0 —04 +71 30 153 +57
Omaesaki 24 5, 207 -9-3 +76 30 15'3 +52
Takayama 32 6, 57°5 —04 +42-8 30 153 +40:6
Husiki 47 6,207 | —04 +2:9 30 153 +0-2
Toyama 49 6,183 | —03 +0-2 30 152 | —-21
Hatidyozima | 19 02 6,204 | —03 ~03 29 152 —31
Iida 05 6,19-0 —0-4 -2:1 29 15-2 —5-1
Matumoto | 05 6,309 | —04 +9:8 29 15-2 +69
Numadu ©06 6,219 | —03 +0-7 29 15-2 -39
Kohu 10 6,259 | —0-4 +4-0 29 15-2 +0-8
Misima 1t 6,194 | =03 | +08 29 15-2 —6+0
Hunatu 14 6,211 | —04 —~1'5 29 152 —5-0
Nagano 28 6, 362 —04 +10-6 29 151 +7'5
Oiwake 31 6,320 | —04 +57 29 15-1 +3:0
Titizima 37 6,237 | —01 -37 29 151 | —134
. Tomisaki 43 6, 320 -0-3 +34 28 149 —-19
Yokosuka T 45 6,558 | —03 | +267 99 | 151 | +230
Yokohama 50 6,360 | —0-4 +6°1 28 15+0 +23
Maebasi 55 6,320 | —04 +1-2 928 15-0 —-27
Kumagaya 20 00 6,388 | —04 +69° 28 150 | +31
Tokyd 02 6.388 | —04 +4-6 28 150 +27

(to be continued.)



206 H. KawasuMI and S. HONMA. [Vel. X1V,

Table I. (continued.)

Station J 4 , P otr ] & ‘ 04 f ot ] €

° 4 hm s B s ’ s B
Wazima 20 32 7 6,231 —0-4 —15-0 28 149 —19-2
Tukubasan 32 6, 32:0 —04 -6°1 28 14-9 —10-4
Utunomiya 34 6, 44:8 —04 +64 28 149 +2:0
Kakioka 36 6, 45-0 —0-4 +6-1 28 149 +1-8
Niigata 46 | 6, 24:5 —0-5 —15-3 27 149 —25-1
Tyosi 51 6, 569 —0-4 +15-1 27 14-8 +10-4
Vladivostock 6, 41 . —06
Mito 52 6, 55-0 —0:4 +13-0 26 14-7 +8-2
Aidu 21 14 7, 06°6 —04 +20-4 27 14.8 +15-3
Hukusima 44 6, 491 —0-5 —2:4 26 147 —86
Yamagata 46 7,078 —05 +156 26 147 +99
Sendai 22 09 7.245 | —05 +28-1 26 146 | +224
Midusawa 47 6, 58-0 —0'5 —55 26 14-5 —12-3
Morioka 23 04 | 7, 07-7 -0-5 +1-1 25 145 +47-3

Using the formula

by —bea =0t + Loy + 2L 30y Pad + 498, 1)
20, 24,

the corrections to the assumed values (3¢, d¢,, 04, da and 0f) were
determined by the method of least squares.®” Discarding the obser-
vations subjected to distinct errors, 46 stations in the range 4=0-8°
and 18° were used in the analysis.
The results were

3t,=0'86£0:91 (P. E.),

0= —14+25 ,

Oy=—11'4+26,

oa=—021+0-13,

03=000003 4 0:00033.

24) As is usually the case with large earthquake causing damage, the hypo-
central depth of this earthquake seems to be about 10 km from the examination of
the P-curve near the epicentre. This depth was worked out by Y. Oka (“Prelimi-
nary Report of the Severe Middle Formosa Earthquake”, published by the Taihoku
Observatory) as well as by members of the Central Meteorological Observatory
(Kensin Zihd, 9 (1935), 8). This is also confirmed by the examination of reflected
waves. And we can well neglect the consideration of the effect of this depth in
the present analysis.
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ST =24 196425 N,

o ’ ’ (2)
2,=120 376426 E,
and _
t=7" 2795 4 14-3374—0-00217 8, @
£09 +£013  +0:00033.

The probable error of individual observation were p=1'5 sec (r=22sec).
The residue ¢; of each observation were tabulated in Table I.  The
epicentre determined lies near the River Taikwo-kei in the southern
vicinity of a town called Taikwo.

2 Examination of the Assumption of the Second Order
Discontinuity.

Now that the epicentre and the time distance curve up to 4=18°
have been determined, we have only to examine the fitness of the
" curve with the observations above that distance. But as we have
already stated, the observations show such a considerable scatter that
we cannot get definite conclusion from the sole examination of these
data. We are therefore compelled to compare it with the existing time-
distance curves. The comparisons were made with two curves, the
one was that of Jeffreys-Bullen table®™ of 1935 and the otaer was the
mean® of the P-curve of the Sanriku Earthquake and reduced P-curve
of the deep-focus earthquake of Feb. 20, 1932. (Table IIL.)

Table II. Mean P-curve (M) and its derivative.

94° | 25°| 26° 0% | 300

21° | 22° | 23°

4 ’ 20°

27° ; 28°

dt
—~ sec/degree |10-53|10-34|10-20| 10-03

dd

|
t (M) sec 9786 | 288-9 | 299:3 309~3\)319'4 3929-3 | 339-0 | 3485 | 357-9 | 367°2 | 376°3
‘10~025 9.80 | 9-59| 9-44| 9-36|9-175| 9-20

95) H. JEFFREYS and K. E. BULLEN, Publ. Bur. Centr. Seismol. Int., (A), 11
(1935). :
26) It was derived by the present writers by the revision of the dzta of the
Sanriku Earthquake through the kindness of Prof. Matuzawa, and making use of
the data in a paper by H. Kawasumi and R. Yosiyama (Disin, 6 (1934), 415). On
comparing the two component curves we obtained that the delay in starting defined
by Jeffreys was 7-9 sec, which is exactly the same with the value obtained by
Jeffreys and Bullen. And this value was subtracted from the mean value in the
above comparison. The analysis of the mean curve will be reported in near future.
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In each case the extrapolated time curve of the Formosa Earth-
quake becomes nearly continuous with the time curve compared at
about 4=20°, though the slope suddenly increases by about 1095 in
passing the joint.

4
am

) 70 75° 20 25°
. ' A

Fig. 1.
If we were to smooth these discontinuities, the necessary correc-
tions derived, for example, by Comrie’s method are, as we see in the

raws of -—% dy in Table III, amount only to small fractions of a

second. And such correction may be quite permissible from the present
observational accuracy. But if this is actually the case, the consequence
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contradicts to Lehmann’s discovery of the sudden decrease of amplitude
at the epicentral distance here concerned. Moreover the scatter of
the observational points of the time-distance curve of the present
earthquake at the very distances seems also disadvantageous to the
above consequence. (See Fig. 1.)

Table III. Smoothed P-curves and the Correction
applied by Comrie’s method.

4 17 13119\20}21[22 23 | 21 25|26 27 | o8
J.B. 233-1| 245-4 | 257-6 | 269-8 | 280-4 290~6|300-6:310~4' 319-8 | 329-1 | 338-2 | 347-2
M 033-1 | 2454 | 257-5 | 269-5 | 280-8 [291-5 301-5 311-5|321-4 | 331-1|340-6 | 3500

+0-07|—0-03| 0

—%A;(J.B) —0-03|—0-0L|+0-14 —0-21 +0:08| 0 +0-02i 0 |—0:05

| |

—%44(1\1) —0:03,+0-01|+0-01 0-o7|—0-15 0-06l+0-02| 0-01‘—0-01|—.0-01 +0-011+0-02

Though the time observation of the present earthquake is insuf-
ficient to be decisive without support of the amplitude observations,
there is an investigation by Sagisaka and Miura on the present as-

km
’I 60.

S

Velocity

©

45 200 %00 600 gookm

Depth

Fig. 2. Velocity distribution of P-wave. 1: The resuit of chapter 2. 2 (1, IT, III):
The results of chapter 3. 3: The results of Sagisaka and Miura.
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sumption, so we shall here cite their results (curve 3 in Figs. 2 and 3.)
and abstain from the detailed discussion. We shall only give here the
analysis of the P-curve expressed d

as cubic equation of 4, to see the m

accuracy of the present determina- 7%
tion cf velocity and path of seismic
waves.

For this purpose we must know
the structure of the surface layers.
But having no data to determine
it from the observations, we have,
for the present, assumed the two
surface layers with the velocities
of P-waves 50 and 6-1 km/sec res-
pectively as determined by Matu-
zawa,”™ and determined the thick-
ness of these layers so as the delay
in starting becomes 7-9 sec under o w207 300 A
the assumption that the second Fig. 3. The depth of vertex of
layer is twice as thick as the first sciomic ray.
layer. Thus we adopted 11'3 km as the thickness of the first layer
and 33:9km as the total thickness of the surface crust.

If we substitute by calculating time curves of P, P*, ete. for the
lacking observations, we can determine the velocity within the earth
by means of the Herglotz-Wiechert’s method integrating along the
path found by Slichter®™ in the plane problem and proved by the
present writers™ for the spherical problem. But we shall here adopt
the usual procedure of reducing the time curve on the surface of
subcrust.

T—t—dt, 0=4—34, ’ (4)

where 0t and 64 are the time and distance corresponding to the parts
of seismic ray within the surface layers. The corrections 6¢ and 64
vary from 18 sec to 15sec and from 0'7° to 0:5° in the range up
to 4=20°, but the variation is so small that we may consider them
to be constant. Because if we take the variation of ot and 4 into
consideration and expressing, for simplicities sake, in

27) T. MATUZAWA, Bull. Earthq. Res. Inst.

28) L. B. SLICHTER, Physics., 3 (1932), 273.

29) H. KawasuMmI and S, HoNMA, Read at the meeting of the Earthqml\e
Research Institute on Sept. 17, 1935, and will be published shortly.
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(18—;’(7 )sec, (0 7— 02%— ), (5)

and carry out the transformation into

t—18=d(d—0"7) —fB(d—0T)3— %—— d—3x 'gﬂd(d~0'7)2, \(6)

the last two terms are almost negligible from the accuracy of the
present determination of the coefficient of time-distance curve. We
can therefore use, for the P-curve on the level of subcrust

T =af—f°, (7)

where « and 2 are the same as those of P-curve on the earth’s surface.
Then the Herglotz-Wiechert’s formula

8, [
R 1 . dt [ dT
log=~ =.—_\ cosh~'udt here u=-—"-|-">- 8
B T 180 S @ W a0 / a9, ®)
reduces to
‘R_1/2 K—E™
10 _—— P Y 9
ool TV izwe @
7 7
where 7'_3—3, and K=r————(£___¢: and E—_—S V1- k2 sin®pde¢ are
’ @ 01/1—762 sin2</> 0
~ complete elliptic integrals with modulus i?= 270 0‘, .
-7

The velocity at the deepest point of the ray is then given by

_ = r __ 7 1+k27’
180 («—3p6%) 180a 1l k2

(10)

Calculations were made by taking R=(6371—34) km. The depth
of vertex (d=6371—r) of the ray emerging at 0 is tabulated in Table

29) Examination problem set by Prof. Matuzawa in 1934, and solved by one of
1-76°

the writers. The brief proof is as follows. Since -3—0——a 3P60°%, u= 1-76% In-

tegrating (8) by parts, we have

R %o g du or g
EL OV IR S G R 7 P S— R ="'
log’, =150 0 cosh-1u] =1 So Vg dp %0 180(1—70950 im0

and changing variables into f#=§, sing and putting %* as above we have

R 1 /2—70‘-1 % Jsin%e
log—=—— _d
L. T So V1—k2sine s

which reduces to (9).
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II.  The values corresponding to ¢ beyond 20° might be meaningless,
but we have calculated for the sake of comparison with the following
cases discussed in the next chapter.

Table IV. The depth (d) and velocity (v) at the vertex of
a seismic ray emerging at epicentral distance 4.

0 ’ 0° ‘ 4° ‘ 8° ' 19° ’ 16° 29° ‘ 24° i 28°
d'km 339 469 88:3 157-8 257-9 392-0 568-6 -787-4
v km/sec 7-56 7-69- 7:82 8-04 8:38 887 | 957 10-61

Next we have to examine the accuracy of the values here deter-
mined. From the value of the coefficient of 4 in the P-curve we have

V,="T"65+007 km/sec ,

where v, is the velocity at 84 km level. The probable error of v will
increase with the increasing depth of vertex of seismic ray. So we
will examine it with the ray emerging at 6=20°. For this purpose
we have calculated four cases answering to the four combinations of
signs of errors of « and . The errors of @ and S obtained above
from this earthquake are smaller than those obtained by Matuzawa,
and nearly equal to those of Jeffreys and Bullen. So we have also
calculated the cases corresponding to Matuzawa’s values.

Table V. Examination of accuracies of determination of v
and d corresponding to the errors of determination of
time-distance curve, in cases of I, the Formosa earth-
quake (da= +0°13, 3= 4-000033) and II, the Sanriku’
earthquake (dz= + 0'35, 0b = + 0-0015) for the ray
emerging at 6=20°.

I l 11
1 - 3 4 1 2 | 3 4
() [ (=) [ (=) [ (==) | (++) | (+=) | (—=+) | (==)
‘ v km/sec » 9:03 8:54 9-24 871 9-86 7:70 10-59 10-46
d km 4202 | 3592 | 4243 | 3625 | 5139 | 2276 | 5346 | 6301

Comparing these values with those in Table 11 the accuracies of the
present determination are v=(8-87+0'33) km/sec, d=(392+33) km in
case I, while the ranges of v and d in case IT are (—1:17~ +1°59)
km/sec and (—154~ +238) km respectively. Thus the determination
of the discontinuity of velocity, if any, cannot attain higher accuracies.
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The values obtained are shown in Figs. 2 and 3 (curve 1) in which the
results of Sagisaka and Miura are also indicated (curve 3) for com-
parison.

3. Examination of the Assumption of the Discontinuity of First Order.

As we have already stated the observations beyond 4=20° seem
to be subjected to large errors to draw definite conclusion, but the
writers were struck by the fact that when they first draw the time-
distance curve using the primary epicentral distance, smooth curve
tentatively drawn was nearly coincident to the usual P-curves up to
d=20°ca. which suddenly deviate beyond that distance. This is easily
explained by considering the branch as the late P-phase found by
Lehmann, the first phase being missed owing to the smallness of
amplitude. ,

We shall therefore proceed upon this assumption to test the exis-
tence of first order discontinuity. Then we shall be able to examine
the depth and amount of discontinuity as well as the form of the
time distance curve.

As the assumption itself is in question and the observational ac-
curacy is not so good as we have seen in the preceding chapter, we
shall be contented with the simple procedure on the assumption that
the seismic ray ‘is circular, and consequently the velocity distribution
in the subcrust and time distance curve are given by

v=a—br?, : (11)
and
— 1,
/ab 2 sinz 0
1 . Vv ab 9
T=——_sginh*____ & 12
o sin 3 (12)
respectively.

Selecting 42 stations including Kéhu, Oiwake, Toyama, Yokahama,
Tokyo, Kumagaya, Utunomiya and Kakioka on the branch beyond
4=18°, we have determined 7';, a and b by the method of least squares.
The formula used was : :

oT T
Ty—Toy—Ty=0Ty+—""__23(a@—b) +——

e =t ey YT

in which 7' and ¢ is reduced value on the 84km level. And primary

values adopted were a—b=0001207 and 7 ab=0-002338 which was

3V ab, (13)

31) H. KawasuMI, Bull. Earthq. Res. Inst., 10 (1032), 94~129; Jap. Journ,
Astro. Geophys., 9 (1931), 15~22.
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determined by using the cotangent constant a—+2=coti cot%@:zl.

" The results were

a—b=0-001227 + 0:000008 (P. E.),
v/ ab=0001750 £ 0000103 , (14)
T,=22h 1m 537+06s,

the probable errors of individual observation being p=1:3 sec and con-
sequently
o =00024678 +: 0000018 , \

(15)
b=0-0012409 + 0000018 . |

The velocity distribution v=a—b+? and the depth of the vertex
of the seismic ray emerging at ¢ or 4=0+d4 are shown in Table VI,
Fig. 2 and Fig. 3.

Table VI. v and d.

0 4° | 6° | 8° | 10° | 12° | 14° | 16° | 18° | 20° | 22° | 24° | 26° | 28°
d km. 45 | 62 | 80 | 106 | 137 | 175 | 212 | 257 | 306 | 357 | 412 | 473 | 540
vkm/sec |7-81|7:85|7-89| 7-95| 803|812 821 8-32| 843 | 8:56| 8:69| 8:83 | 898

The residues ¢, of all the observations calculated from the above
values of T,, ¢ and b are tabulated in the last column of Table I.
The residues beyond 18° are of course very large, and some of these
may be explained by the hypothetical three branches (Fig. 4) of time-
distance curve, the individual, reflected waves and the transmitted
wave partly through the lower layer. We shall now proceed to deter-
mine these three branches of time-distance curve in order to have
some clue on the discontinuity of velocity. Since we know the velocity
distribution outside the hypothetical discontinuity surface, we can
calculate two branches, i. e. the individual and reflected waves, provid-
ed we know the depth of discontinuity surface, by the formula (11)
and

— 32)

po 1 gup-¥/ebd | (16)

V'ab

where V=1/(a——b)(a—b(1—h)2) and d=1/h2+4hsin2g,;0,

32) H. KawasuwMli, loc. cit., 30).
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in which A2 denotes the depth of the discontinuity surface measured
in fraction of the earth’s radius.

4

¢t

6

0 5° 70° 75° 20° 25° 30
A

Fig. 4. Calculated three branches of P-waves using the velocity
determined upon the assumption (II) that the first order dis-
continuity is at the depth of 450 km.

Assuming three values 400, 450, and 500 km as the thickness of
the discontinuity surface we have first calculated the constant K of
the seismic ray defined by

KE="sini=% (0 in radian) a7

v do
for each of these branches. (Fig. 5.) As we were not able to determine
the branch of the transmitted wave from the observations of the
present earthquake, the mean P-curve deduced from the Sanriku earth-
quake and the deep-focus earthquake of Feb. 20, 1931 was substituted
in this place. (Table II.) The branch in the lower part and beyond
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0=20° denotes the value obtained from the mean P-curve.
We can now take off the

effect due to the upper part of K

the discontinuity surface by 90

simply subtracting the distance

0. of the reflected wave from

0, of the tansmitted wave cor- ——
responding to the same value & \\
of K. The results are shown ‘\.\
in the lower left of Fig. 5. NN\Z2
\,
As we have no means at I\

present to determine the lack-
ing part of this reduced K(#)
curve, we are compelled to ex-
trapolate the K(#) curve to
0=0°. Tor this purpose we
again assumed the velocity dis-
tribution of the form  v,=a, /
—by77 where 7, is the distance 50055 . g °
from the centre of the earth 0 0 20 30A

measured in fraction of the Fig. 5.
radius of the discontinuity surface. Then
N cos 0 (18)

df v/ (a,—b;)2+4a,b, sin20

and we have from this equation

(a,—b,)2+4a,b, sin?10= coi{zfo, (19)

Since we know K as a function of 6 we can determine (a¢;—Db,)? and
4a,b, by means of this formula. Least square solutions using 9 values
for the above three cases were obtained. The results are tabulated
in Table VII.

Table VII. Constants of velocity formula for
the inside of discontinuity surface.

I I III

d (km) 400 450 500
(2;—by)?x10° 26162 27-912 30-814

4abx10° 2549 2618 26-83
ax10% o 3477 3-572 3:713
bx10° 1-881 1-954 2:075
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Table VIII. Velocity distribution within
the diccontinuity surface. (km/sec)

d 400 j 450 ] 500 | 550 i 600 } 650 [ 700 ’ 750 l 800 | 850
I l 9.53 | 972 | 991 | 1009 | 10-27 | 10-45 | 10-63 | 1081 | 1099 | 1116
I 953 | 978 | 997 | 10-16 | 10-35 | 1054 | 1072 | 10-91 | 11-09
11 ' 9:62 | 982 | 10:03 | 1023 | 10-43 | 10-63 | 10-83 | 11-03

The values thus extrapolated arre,‘ given in Table 1X, and indicated
by broken lines in Fig. 5.

Table IX. Extrapolated K.

0 0 2 I 4 6 8 10
1 6264 6253 622-1 6169 | 6098 601-0
11 6180 6169 6136 6083 6011 5921
11 610-5 609-3 605-9 6003 592:6 583-2

- Now that we have complete K(f) curve on the level surface of
assumed discontinuity, we can deduce them to the values on the earth’s
surface or any other level surface by reversing the above process.
Thus we could have all three branches of K(6) curve on the 34 km
level as shown in Fig. 5. The corresponding P-curves can also be
calculated from the values we have obtained. But the K(f) curve
offers in itself a conspicuous means for the selection of the most
suitable case among the assumed cases. The epicentral distances of
the three joints of the three branches, if we have observation, are
very convenient. We can also obtain the P-curves by integrating
this K(0) curve along the three branches.

Table X. Calculated 8 branches of P-curve
for case II, d=450 km.

o 7 o 7 o 7 o 7 o 7
Indi- {0 |0 43|2 42[4 41(6 4018 39
vidual
wave

afo/o/‘clolol'nln o 7

10 "812 3714 3616 3418 3320 3222 31|24 2926 28

745 102-6J 130- 3} 157- 8 184 9J 211-5£ 237'6| 632

allo ‘o/

10-3812 3714 36 16 3418 33

18:2 | 462

S

287-3/ 312+9| 336:9] 360-2

|
‘e
|
;

o |o 7 je /s |Oo 7

o Io ’
Reflec- | | 0 [242/4 41(6 40|8 39 20 3222 3124 2926 28

‘e ‘e
ted s | ’ ’ I -
wave |t ]12-5‘ 46:2 1746 | 102-8 124-6l 160~0} 186-6; 214- 6I 242 2' 268- 6| 297-0 324 2| 351-1: 3779
° — o 7 o o 7/ o 7 o 7 0 o 7 o 7 o 7 o 7
Trana—, 0]1246 | 14 41 | 16 25 ’ 1804 1934 | 21 03 22 31| 23 56| 25 23| 26 52
mite

s . ‘
ane;t 202-8 | 223-5 | 2423 | 259-4 | 757 | £91-0 | 305-8 | 320-0 | 334-5 | 3485




218 ' H. KAwWAsSUMI and S. HONMA. [Vol. X1V,

The three branches of P-curve for the case II (d=450km) indi-
cated in Table X and Fig. 5 are calculated rigorously from the values
of velocity, while the curves for cases I and III were deduced by the
integration of K (#) curves. The branch of the transmitted wave
thus obtained is nearly conformal with the observed mean curve above
used. The point of intersection of this branch with the curve of the
individual wave and the constant difference between the observed and
calculated curve for each case are as follows:

B I I 10l

d (km) 400 450 500
o [+] o

4 175 19-3 20-4
s 8 8

to—te 2:9 —14 —36

It seems from the value of {,—¢, that the case II is nearest to the
observed value. Moreover the epicentral distance of the point of
intersection for this case is nearly coincident with the value 19° which
was found by Neumann, Lehmann, Jeffreys and Bullen. If interpo-
lation is permissible we have from the value of ¢,—¢, the depth of
the discontinuity surface of about 430 km from the earth’s surface.
It is also to be noted that a number of points excluded in the
preceeding analysis can be explained by the three branches calculated
(Fig. 5), and especially the correspondence of the late observations from
13° to 18° with the late P-phase (probably the reflected wave) is
worthy of some further examination even if it were mere coincidence.
The amounts of discontinuity of velocity thus worked out are

I II II1
v, (km/sec) 8-66 878 T 889
v; (km/sec) 9:53 9:58 962
vo—; (km/sec) 0-87 0-80 073

all within 1km/sec, while the ranges of triplication of P- curve are
I 4-118-23%9, I 4=126—25% and III. 4=14-6—273

respectively.

These values are the results of our assumption that the six stations
beyond 18° observed late P-phase. It also depends on the adopted
travel time curve beyond 20°. But if we were to take the velocity
determined in chapter II, the amount of velocity discontinuity and the
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range of triplication of P-curve would be smaller, while the depth of
discontinuity would be still larger.

The amount of discontinuity and range of triplication are thus
unexpectedly smaller than the values anticipated by various authorities.

Another word to be added is on the amplitude variation of early
P-phases near the joint at about 19°. Since the transmitted wave
passes twice the discontinuity surface, the amplitude must diminish as
the effect of refraction. Now the angles of emergence at the dis-
continuity surface of the waves emerging at 4= 20°, 22°, and 24° are
13°, 19° and 23° respectively (for the case II, d=450 km), considerable
decrease of amplitude of initial motion is to be expected in passing
the joint at abouts=19°, but the increase of amplitude with increase
of the angle of emergence is so large in the range concerned, that
the amplitude will increase rapidly with increasing distance.

The variation of amplitude due to the variation of % is also to be

considered™. But we see from Fig. 4 that the K(f) curves of the indivi-
dual and transmitted waves are nearly parallel, the effect will be al-
most negligible. And if we were to use the P-curve used in Chapter
11, the decrease of amplitude from this effect is only about 1/y/15

at about 20°. The larger the Variation of Ez— of the individual wave,
G

or the smaller the variation of % of the transmitted wave, the more

decrease of amplitude is to be expected.

Thus we see, as already discussed by Lehmann and Gutenberg, es-
sential difference of the consequences of the two assumptions of the
discontinuity of the first and second order. But we must take care,
in the examination of initial motion, of the fact that the appearance
- of smaller transmitted wave is restricted to very small range, which
may be subjected to more complication by the superposition of late P-
phases. :

Concluding Remark.
We have discussed the problem on the existence of discontinuity

surface in the mantle of the earth from the examination of P-curve
due to the Formosa earthquake of April 20, 1935,

33) K. ZsppriTz, Nachr. d. Kgl. Geo. d. Wiss. zu Gattingen, Math.-phys. KI.
(1912), 123~143.
E. WIECHERT, ibid. foot note on page 127.
L. GEIGER and B. GUTENBERG, do, 144~206.
H. JEFFREYS, M. N. R. A.S. Geophys. Suppl., 1 (1926), 334~348.
H. Kawasumi, Bull, Earthq. Res. Inst., 10 (1933), 403~453.
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The epicentre determined by the method of least squares came
out at

¢o=24 19'6+25 N,

7,=120 376426 L.

~ And velocity distribution within the earth as well as the depth
of vertex of the seismic ray emerging at any epicentral distance up to
about 20 or so are determined, upon the two assumptions of the exis-
tence of the velocity discontinuity of first and second order.

The quantitative basis of these results are examined specially, and
could see that discontinuity of second order may be adopted if correc-
tion amounting only to two tenths of a second is applied to the time
distance curves used. While the assumption of the first order discon-
tinuity seems in some respects more favourable, the amount of discon-
tinuity may be smaller than 1 km/sec, which is much smaller than
expected.” The depth of discontinuity surface, if any, is about 430 km
from the earth’s surface. There may exist some correlation with the
fact that the deep focus earthquake occurs outside this surface.

The range of triplication of P-curve was discussed, but other pos-
sibility of this cause of triplications than the first order discontinuity
is not considered in this paper. The difference of triplication due to
the existence or nonexistence of the first order discontinuity is to be
examined by the change of sense of mdtion in the reflexion in the
former case. The examination of the reflected wave at shorter epicen-
tral distance may also be used for this purpose, though it will be
difficult owing to the smallness of amplitude.

In conclusion the writers wish to acknowledge their cordial thanks
to Prof. T. Matuzawa for the generosity in placing the data of the
Sanriku Earthquake at our disposal.’
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