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Chapter V.

Wave Generation from a Fault Plane.

1. Introduction.

Most papers on wave generation have dealt with seismic origins
which are assumed to be a spherical surface. It can not be denied that
they achieved remarkable successes in interpreting some aspects of
natural earthquakes, such as the azimuthal distribution of P- and S-
waves, the relation between the magnitude and the period of seismie
waves, and so on. Judging from the good agreement between the
theory and the observational results, we may suppose that the model
of spherical origins is plausible so far as we are concerned with the
seismometrical aspects of earthquake phenomena.

We can not but feel, however, some hesitation in accepting that the
actual shape of a seismic origin is always spherical. This feeling comes
into effect particularly when we deal with the cases of destructive
earthquakes which are accompanied by ecrustal deformations. As
S. Homma pointed out, the most predominant characteristics of crustal
deformations observed after the North-Izu earthquake could hardly be
interpreted from the above-mentioned standpoint®®, and furthermore, it
seems unnatural to accept the existence of fracture taking place on a
spherical surface in the crust.

It was so many years ago when seismologists entertained the opin-
ion that rapid occurrence of faulting might be the immediate cause of
great earthquakes. A remarkable development has been made, since
then, to find out clear proof of this supposition and we are now confi-
dent, to a certain extent, in concluding that many earthquakes take place
in consequence of fault-like events in the earth. It should be men-
tiond, however, that such a conclusion is mainly on the basis of the
‘¢ fault-plane solution ’’ derived from push-pull distribution of the initial
waves,®® whereas no enough check has been made yet with respect to
the other aspects of earthquakes.

Discussion in the previous chapter®™® has enabled us to estimate the
most probable conditions of the Gomura fault and others, by which we
can explain the geodetic aspects of the earthquakes concerned. Sup-

82) S. HoMMA, loc. cit., 64).

83) f.i. P. BYERLY, Geol. Soc. Amer., Special Paper 62 (1955), 762.
J.H. HODGSON, Bull. Geol. Soc. Amer., 68 (1957), 611.

84) see Chapter IV.
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pose we could explain, at the same time, the seismological aspects by
taking the conditions as inferred previously, we would be more confi-
dent in accepting the proposed model as reasonable. In the present
chapter, therefore, we shall study what mode of characteristics is to be
derived from the model of fault movement.

2. Production of a fault plane and elastic waves caused by it.

The mechanism of fracture production is of so complicated a nature
that we can not get a complete solution for it even in the simplest
case. The actual process of fault production in the earth would be
quite a difficult problem to deal with theoretically. So that we have to
take a simple model of it to develop the following discussion. We sup-
pose that a homogeneous medium is initially subject to uniform shear
stress which results in a single fracture plane of finite length, at a
certain moment. The fracture plane being free from the initial stress,
approximately, we may replace it by the apparent negative stress
working along all the extent of the plane so as to cancel the initial
stress. According to the analyses made in the last chapter, the depth
of the Gomura fault, for instance, is estimated as about one half of its
length, but the complete treatment of such a condition would be so
difficult to solve that we are obliged to assume that the fault is in-
finitely deep. For the sake of simplicity,
we also ignore the influence of the free
surface, so that the problem is reduced
to two-dimensional one.

It is convenient for us to study the
problem with respect to the elliptic co-
ordinates (£,7), taking the eccentric dis-
tance 2¢ equal to the length of the
fault (Fig. 45). Wave equations in the
present system are written as follows.

Fig. 45. Elliptic coordinates.

a’4 2+2p ( a4 04 )
o c*(cosh’¢—cos™) \ 8& ~ op* /'’

0w __ u (6217 0*w ) (76)
£ ot  c¢*(cosh¥—cos)) \ 9& oy’

where, 4, ¢ and p denote Lamé’s constants and the density of the
medium, respectively, while 4 and @ are the dilatational and the distor-
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tional components of strain.
According to K. Sezawa,® the general expression of solutions for
(76) is,

A=ZBAG NG D, )
2% = ZC’ H,(& k)G (3, k)é» ,
where,
hi—=_ P 2 Je=P o2
ey p*, k pp ) (78)

and, H,(¢ k), Gu(y, h), H,(& k) and G,(7, k) are the functions as derived
from the following relations.

H e, m+("C JE =0,
Hy, k)+( cosh 26— a; JHL(¢, 1)=0 ,
(79)
oz ol W~(17 eos 20—a,)6,7, =0,
6, G, 1) cos 29—, )G, 1) =0 .

/

There are the general relations between the strain components 4, w
and the displacements u, v, viz.,

4= kz{ 0 (/Z ) +5%(h%)} ’
2= h2{ o0& (IZ)_%(%)} ’

where, %, and v denote the displacements in the &- and y-directions, re-
spectively, and

(80)

1/hi=c*(cosh® £ —cos?7) . (81)

With the aid of (77) and (80), we get,

85) K. SEzAWA, Bull. Earthq. Res. Inst., 5 (1928), 59.
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h.B, 0 pt
U= ——Z ;L T 5 H, (¢, B)G.(7, h)é
n=—5"Bs 1, 1) 26,0, e,
n k" 6?7

(82)
uzzz’“_?n H(, k)aiGn(v, ke
n : 7

h.C, 0
™y k) 6;-

Vo= — n(vv ) tnt y

in which, # and » with the suffix 1 contribute to the dilatational wave,
whereas those with the suffix 2, to the distortional one.
The stress-strain relations in the elliptic coordinates are given as,

B=u +2F[k1— (a2 + B, +,) O ( =]
1 (83)
.{-,7; = ,u[a—é ha(vi+vs)+ 57 hl(u1 —I—uz)] .

Hence we get the following relations.

B, 0

2 H,(& h)Gun, h
YarT (&, h)G(n, h)

B=15 B WG, h)+2p [hlﬁhl )

+S G EG B G} {5 T NG, )

iz ZEH &, k)*Gn(v, k)}—2czh‘§cosvsin7y

B,

An B me nl 6o m+ Tl LaeE beo, bl ],

528, a
e TlE 1) - Gl G O fe 16,
o el ) ol W)+ 2 5 TS )G, )

B=n —n|s

- Z *C;,’:Hn(sy k) Gn(v, k)} - zc‘zhi Cos 7 sin 7

AR B LB WG -5 (HHe B TGt ]

(84)
These equations give the boundary conditions along an elliptic-cylindrical
surface (6=¢&)). :
It is convenient for the following study to deal with the boundary
conditions on the plane lying between the foci of the (&, 7) coordinates,
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so that we have to reduce (84) to the case of §,=0. When &, approaches
0 asymptotic relations are known such as,

H(E h)—1, %Hn(é, B — —iv/20=a, ,

; (85)
Hn(ér k)_>17 a_éHn(Ey k)q_i-I/ZQ,_a;L .

Assuming that 1=pg, we get the following relations®™.

o=t 2 B.Gut B~ S 1B Gt S0 1)

2““”{2 B2 Gt SraCG) |,
sin*y Ua

~ 2
Egme=r| g, |~ S2@BL S Gim Sr@CCH 50C, G

+2C°S’7{z ,B,G,~ S.1'C, —GH

sin®

(86)
where,

n— —%1/2(] Ay ailz: _/l:]/m

1
4q’ 4q’
h'p

q4’:4

G, and G, in (86) are used in place of G.(7,%) and G.(7, k), respectively,
and the term e'?* is neglected from the

y expressions for the sake of simplicity.
P R N We now consider that the system
,53 ' '32\ is subject to the initial stress in the
/ 2ho! \ following way (¢f. Fig. 46).
[ —_— —~ —~ —~
7=180° | _ (A0 =0° _py=yx=S, xr=yy=0. (87)

\
\
B ! 7=
1 ]
\ 52?{}7 / ©  There is a relation between the (x, )
!

\ / coordinates and the (&, 7) ones, viz.,
a\ ,»% x=ccosh & cosy
M )
y=c sinh £sin 7

Fig.46. Type of the initial stress.  \yith the aid of it, the stress condi-
tion of (87) can be transformed into
the following equation.
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= S sinh® & gin 27
= e !
2 cosh’ é—cos’y
(89)

&=S cosh® § cos 2p—cos’ 7 |
cosh® £—cos” 7

When £ approaches infinity, wé get,

¢S sin 27 and &)—S cos 27 . (90)

This expression is identical with the condition (87) transformed into the
polar coordinates. On the contrary, when §=0,

=0 (o1)
&n==S.
We know, therefore, that the condition of the plane surface AB being
suddenly free from the initial stress can be replaced by the additional
stress working there in the negative sense, viz., .

(E8)-0=0, Enlpo=—5-1() , (92)
where, f(¢) is a time-function of stress change which is to be written,
in the case of the step-like change, as follows,

f(t):S 1 gy, (93)

This means that, once we get the solution for the case of the periodic
stress change, we can easily obtain the solution for the case of (93).
So that the following calculation of this section will be made for the
periodic case.

Meanwhile, (79) shows that G.(7, 2) and G.(y, k) are reduced to
Mathieu functions, ce (7, ¢) and se,(y, ¢), the characteristic numbers of
which are @, and a,, respectively. The characteristic numbers are ex-
panded into power series of ¢, or ¢’ in the following way.”™
a, =1+, +2.0°+ 00’ +ag' - -, o4
=240 +Y.0°+ 40" +yaq + - .-, } 54)
where, z, and y, are the constants which depends on n. When ¢ and
¢ are very small, or in the case of the wave-length being far longer
than the fracture, we might put a,=n? a,=n% as Inouye assumed®™;
however, the following discussion being concerned with the case of

86) W. INOUYE, Bull: FEarthq. Res. Inst.. 15 (1937), 674.
87) N. W. MCLACHLAN, Theory and Application of Mathieu Functions, (1947) p. 10.
88) W. INOUYE, loc. cit., 86). ’
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shorter wave-length, we can not always make this simplification. From
the physical consideration we know that the dilatational component is odd
with respect to 7, whereas the distortional is even. We may also infer
that Mathieu functions of odd degree have nothing to do with the
boundary conditions, so that we can replace G,(y, h) with sey(z, q),
Se;(% q), se(7, @), -+ +, and Gu(7, k), with ce(7, ¢'),cey, @'), cely, ¢'), ceqy,
q), -

The next step of the study is to determine the constants B, B,,
By +--, G, C, C, Cs +++ 80 as to let them satisfy the boundary con-
dltlons given by (92). Eq. (86) being composed of infinite series ce,(1,9)
and se,(y, ¢), it would be impossible to get complete solution numerical-
ly, so that we neglect the effect coming from those terms of higher
t1}11an 4th degree. (92) is reduced, then, into the following expression,
that is,

normal stress (68)g-o=LB,+LBit LB+ 1C,+4C, , | o5

tangential stress (57)%,0 =18,y +m,B,+myCy+m,C,+m;C, ,
Where,

l1={<l, sin® 7 —6c sin 77) se(, 9)—6 cos 7 61392(77, q)}F , \’
T 7

lzz{(i/ sin® 7—6q; sin v) se(n, ¢)—6 cos 3 aﬁse4(77, q)}F
T 7

l3=2a(){sin 77% cel(n, q")— cos p cey, q’)}F

=2a;48in 77~—cez(77, q')— cos y cel7, ¢ )}

)

2684{8111 77—064(% q')— cos 7 ce(, q )}

0
=6a, {cos 7 8e(7, ¢)—sin 77—7786 A7, q)}
m2—6a4{cos 7y se|(y, ¢)—sin 77—vsex( )}F

sin 7 ag*ce(n, ¢')—sin y—— o 090(779 q)+2cos 7 - o ceo(% q’)}F
/

7

- {sin 7 etices(n, ) —sin 77% cey, q')+2cos y a%cez(’?, q')}F :

—{sin 7 acen, ¢')—sin ’75': ce(?, ¢)+2cos 7 %cexr), q')} F

12
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’

and F=_T
sin® 7

(96)

Suppose we find out a set of the constants (B,, B,, C,, C., C,) which
fits most suitably the stress conditions (92) at many points along the
fault, it would be accepted as the solution for the problem. In prac-
tice, we apply (92) to the points of 7=15, 30, 45, 60, 75, 90°, ---(6=0)
and determine the most probable values of the constants by means of
the least square method. The conditions at the points of 7=0° and
180° are not used, because the factor F' in (96) becomes infinitely large
at those points. This tendency corresponds to the physical condition
that the stress at the extremities of a fracture is infinitely large.

Since the constants would be complex numbers, in general, we have
to deal with a set of simultaneous equations in order to determine the
real and the imaginary parts of these five constants. The normal equa-
tion is given, therefore, in the following way,

Qouby+ Aoty dysCoy 4 Ay + dos, + dosh; + dygb’ + oiCy+ AysCy+dyyCi =S,

@yb,+ duby+-d 1o’ +dic, + die, +d b+ aibi+dircy+discs +disci =S,

T

Boh, by + dosC, g3yt Ao s+ doshs +doehi + dorCo+ dosCs+ ooy :‘?;;7,)
where B,=b,+1b, and C,=c,+1c,.

We apply the relaxation method to (97) in order to obtain the ap-
proximate solution. In the case of ¢’=2.000, for instance, the constants
are determined as follows (unit: S/4z),

B,= 0.092-+0.049;
B,= 0.0054-0.0017
Cy=0.268—0.0517
C,=—0.244—0.087¢
C,=—0.033+0.0037 .

These values have been derived, of course, from an approximated
treatment of (95), so that some check would be necessary in order to
see their accuracies. We substitute them into the right-hand side of
(92) again and calculate (£€);., and (@)5,,.,. If the result of numericial
caleulation is enough accurate, (é§)5=3 and the imaginary part of (é})g,o
would be infinitely small along the fault, while the real part of (£).,
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would be as large as —S. The

1’3 :_—_';:g:;lﬁ‘;:; curves in Fig. 47 looks likely to
t 10 satisfy the said condition with
L—_ﬂ”y errors less than ten percents.

o 20 . ,}80' In a similar way, we get

Sus the solution for the various
oXF7 ~ values of ¢ as shown in Table
t "OI /_\ X, wherein 2,/2¢c means the ratio

5 e T80° of the wave-length (S-wave) to

—7 the length of the fault.
Fig. 47. Real and imaginary parts of &and 5;7\.

Table X. Values of By, Bi, Co, C: and C; given for the

various values of q’(unit: —4'5—)
[L

q' | As/2¢ B, ‘ By ‘ Co ‘ Ce Ci

0.00 w 0.000 | 0.000 0.000 0.000 0.000

0.20| 3.14 | 0.025--0.004%| 0.000+0.000; | 0.037—0.069 | —0.056—0.005{ ~ 0.000+0.000;
0.60| 2.01 | 0.054+0.009i. 0.00040.000; |0.088-0.1337, —0.109—0.011i | 0.000--0.002¢
1.00| 1.57 | 0.083+0.041i| 0.000+0.000i | 0.216~0.259| —0.190—0.067i| 0.000+-0.006i
2.00| 1.12 | 0.092--0.049 0.005--0.0017 |0.268—0.051¢| —0.244—0.087i | —0.033-+0.003i

\
3.00| 0.94 0.068+0.024ii 0.007+0.004¢ | 0.141—0.039¢| —0.064—0.1447| —0.049—-0.016:

3. Spectrum and azimuthal effect of the model

Substituting those constants determined above into (82), we obtain
the displacements at a distant point (§—>c0). When ¢ is large, there is
the asymptotic expression for Mathieu function such as,

H,(g, h)—>ii—;‘S . Hi(, Ic)e_‘f—i—kj]i )
‘ 1/ he sinh & V ke sinh & (98)
Putting (96) in (82), we obtain u, and v, for a distant point, wviz.,
U= %“ kis/qzl)l;gu/z) seq(7, )@ I
iC (99)
1)2:% hgx/z);ga/z)cen(% q')e'¢rER J

where R denotes the distance from the origin. Taking the case for
¢’=2.000 as’an example, we show the patterns of azimuthal distribu-
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tion of u, as well as v, in Fig. 48, in which we see that the pattern
for u, (P-wave) is of the quadrant type characterized by two nodal
lines, one being parallel to the fracture whereas another, perpendicular
to it. As for the pattern for v, (S-wave), on the other hand, the max-
imum amplitude is observed at 7=90° and 270°, while the amplitude at
7=0° and 180° are not so large. We therefore see that the pattern
differs slightly from that of the quadrant type. Similar pictures for
the other cases would be illustrated quite easily by taking account of
the results shown in Table X. The phase angles of the disturbances,
however, are scattered so widely for different values of ¢’ that it would
not be simple to illustrate the characteristics in a general way. Since
the main object of this section is to compare the theory with the ob-
served characteristics of seismic waves, we are able to obtain necessary
information about them without drawing patterns for all the cases.
Referring to Table X, we know that w, at distant points depends
mainly on B,se,(7, q), which means that P-wave shows a quadrant pat-
tern for all the frequencies except for the cases of very large ¢'.
Since it is not B, but B, that affects most seriously the amplitude of
P-wave at a fixed point, we can approximately infer the spectrum of
P-wave (impulsive excitation of the origin) from B, plotted as the func-

90

(i) [*.)

"+

7’ N - N q-o’
‘ T H 3
1 .
o 7 I Qs S
—— - ————t”
+
0.1 0.2
———
/

270°

Fig. 48. Azimuthal distribution of displacements, «; and v, at a distant point
caused by periodic excitation of the origin (¢’=2.000, real part).

tion of ¢’ (see the broken line in Fig. 49). In the picture we see that
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B, increases from 0 as ¢’ increases and takes the maximum value (the
first peak of the spectrum) when ¢’ is about 1~2. This fact suggests
that the spectral intensity of P-wave will take the maximum value for
the component whose wave-length is 1.2~1.5 times as long as the
fracture.

On the other hand, the pattern and the spectral structure of S-
wave will be more complicated. We would not observe the quadrant
Amplitude type of distribution for all
4| ° the frequencies, because

v, is contributed not only
by Cyce(y,¢’) but also by
-~ Cyei(y,4q’), and this condition
makes the distribution pat-
tern roughly circular rather
than quadrant. Such cases
will come into effect when
¢’ is very small, wherein C, is larger than C, (¢f. Table X) and cey(y, ¢')
and cey (7, ¢') can be regarded approximately as 1 and cos 27, respectively.
The larger ¢’ becomes, the larger value C, takes and the cos 27-component
in ce(, ¢') becomes predominant; and so we shall obtain the distorted
quadrant pattern for S-wave as was shown in Fig. 48. For the cases
of ¢ being extremely large, we could not find numerical solutions
with accuracies high enough for the present discussion. Taking the
condition of the wave-length being far shorter than 2¢ into congidera-
tion, we would observe the pattern similar to the characteristics of a
directional antenna, in such cases.

The push-pull distribution and the spectrum (at the Hongo station)
of P-wave of the Tango earthquake (1927) has been well studied. No
such information of S-wave being known because of difficulties on
the analysis, the comparison of the theory with the observational results
is possible only with respect to P-wave. Fig. 50 shows distribution of the
push-pull sense of -the initial P-wave as derived from the observation. One
of the nodal lines is drawn in a direction parallel to the Gémura fault, while
another, perpendicular to it.*”> Hence the pattern is of the quadrant
type which agrees quite well with that inferred from the model (¢f. Fig.
48). As to the spectrum, it is regrettable that we could not get informa-
tion from many stations because there were few seismographs suitable for

04 06 0810 20 30 40
—— 7\3/20
Fig. 49. Amplitude of By plotted against 4/2c.

89) S. KUNITOMI, Geophys. Mag., 2 (1930), 65.
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recording long-period waves. The only data available for the comparision
was that recorded at the Hongo station with the Omori’s type pendu-
lum as shown in Fig. 19
(see Part I), in which we
see that the maximum in-
tensity occurs at the period
of 23 sec. The model con-
cerning the present chapter
will result in the charac-
teristic period of 11 sec,
provided we take the length
of the fault as 30 km and
the velocity of S-wave, 3.2
km/see. This result is based

on the assumption that the

.. b'p . Fig. 50. Azimuthal effect of the push-pull distribu-
Orlgl.n 18 su.Jec‘t to an im- tion (initial P-wave) as observed in the case of the
pulsive excitation. But a Tango earthquake (after S. Kunitomi).

longer period, 20 sec or more

say, is to be derived if we assume a step-like excitation. For, the unit
step-function is composed of the spectrum as shown in Fig. 22, so that
the model will result in a longer characteristic period than that of the
impulsive case. Multiplication of the spectrum by that of the unit
step-function will make the spectral component of lower frequency re-
markable whereas the higher frequency one will be suppressed. Such
a modification of the curve in Fig. 48 (the broken line) will result
in a better agreement of the model with the general tendency of the
actual example.

As to S-wave, however, we have no data available for the com-
parison. It is expected from the model that the spectrum of S-wave
will give the maximum intensity at the period nearly equal to that of
P-wave, and that the push-pull distribution will probably be of the
distorted quadrant type radiating the maximum energy towards the
direction normal to the fracture. Although the characteristics of S-wave
have been studied in relation to deep-focus earthquakes, no papers
relating to destructive earthquakes have been published yet. It is
therefore not possible to conduct an examination of the proposed model
with the aid of S-waves.
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Chapter VI.

Fault Movement as a Possible Model of
Earthquake Origins.

1. Introduction.

We have studied, in the foregoing two chapters, the characteristics
of crustal deformations as well as of wave generation from a fault plane
taken as a model of earthquakes. The comparison of the model with
the observational data has resulted in satisfactory agreement so long as
a few destructive earthquakes are concerned. Under these cirecum-
stances we are much inclined to attribute the mechanism of earthquake
occurrence to the fault movement taking place in such a way as
assumed previously.

The mechanism of earthquake occurrence has been discussed since
the beginning of seismology. All through the studies accumulated by
now, the idea that earthquakes are likely to be caused by fracture pro-
duction tends to be widely supported by seismologists. This kind of
thinking is based, more or less, on the elastic rebound theory due to
Reid ; numbers of papers that have been written along this line served
to increase our knowledge concerning mechanism of earthquakes. The
writer is much interested in the development of this field of seismology,
though he considers, at the same time, that such an important proposal
of models should be accepted only after all the necessary examinations
are made. That is to say, the fault models that have so far been proposed
are on the basis of qualitative discussion of the fact that the push-pull
distribution of waves and the direction of the surface movements (if it
were observed) seem likely to suggest the fault plane existing as the
earthquake origin. In addittion to the points mentioned above, however,
there are many kinds of phenomena which can be observed by seis-
mometrical and the geodetic methods, so that we have to examine whether
or not the proposed model is consistent with all of them.

Although it is not always possible to have a complete set of such
information in all the cases, we still know a few examples which are
provided with rich information as have been dealt with in the previous
chapters. Since the Tango earthquake is thought to be the best ex-
ample, we shall discuss it in the following.
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2. Proposed model of the Tango earthquake.

The earthquake took place on March 7, 1927 in the Tango district
which is located 90 km northwest of Kyoto City. The magnitude was
estimated at a value between 7.4 and 7/, by different seismologists
(the present paper refers to 7.4 as given by H. Kawasumi), and the
location of the origin was as follows™,

longitude : 135.1° E,

latitude : 35.6° N,

depth : 14 km.
According to the report from the Central Meteorological Observatory,
the initial P-wave of the main shock showed the quadrant type of
push-pull distribution, one of the nodal lines of which directed N29°W,
and another, N61°E’>. The earthquake was accompanied by numbers
of aftershocks taking place around the hypocentre of the main shock®,
and it was also accompanied by remarkable crustal deformations along
two seismic faults, known as the Gémura and the Yamada fault, re-
spectively. The Goémura fault, which was more remarkable than the
latter, started from Kuchi-6no town and extended to N80°W, crossing
the neck of the Tango Peninsula. N. Yamasaki and F. Tada, who
worked out a topographical study of the Tango district, stated that the
earthquake was nothing but the effect of the blocking movement, which
had been repeated in the old dislocated block of the Oku-Tango Penin-
sula on the west coast of the Bay of Wakasa®™.

It was not possible to trace the Gomura fault to the end, because
it extended into the Japan Sea; judging from the distribution of crustal
deformations as well as of aftershocks, however, the said fault is
presumed to be some 30 km long, as discussed in Chapter III. Another
notable fact was the good coincidence of the fault with one of the
nodal lines bounding the push- and pull-sense area of the initial P-wave.
This coincidence could not be disregarded as an accidental event but
seemed to have essential bearing upon the mechanism of the earth-
quake®,

The spectral analysis made in Chapter III indicated that the radius

90) Seis. Bull., C.M.O., For 1950, (1952), 99; S. KuNIToMI, loc. cit., 89).
91) S. KuNitomI, dstto.

J. H. HopGSON, Bull. Seis. Soc. Amer., 45 (1955), 37.
92) N. Nasu, Bull. Earthq. Res. Inst., 13 (1935), 335.
93) N. YAMASAKI and F. TADA, Bull. Earthq. Res. Inst., 4 (1928), 159.
94) H. HoNDA, loc. cit., 8).
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of the origin would be as large as 16 km, apparently. This value being
derived from the application of the spherical model, we might imagine
such a spherical surface for stress
change as shown in Fig. 51 (broken
line). We know, of course, that the
sphere is a tentative one drawn
only to explain the characteristic
period and the push-pull distribution
of seismic waves, so that it is no
longer acceptable when we undertake
to account for the other kind of
aspects. The stress change taking
place on such a spherical surface can
hardly be accepted from our common
N experiences of fracture production

—————
P -

N
\\
™
-

/" e gé.“‘, N\ in a brittle material, and, further-
/ oo SZ o, \ -10 more, the model of a spherical origin
'.’.é;’&»a ‘.: is less suitable for understand-
\ . z-’::p:. T _20m ing the most outstanding fact of
N Rxt e crustal deformations that indicates
‘\\ /"' remarkable shearing along a nodal
e o line of push-pull distribution®™. Re-

Fig. 51. Schematic view of the .
origin of the Tango earthquake. — and calling the results of Chapter III as
------ - seismic faults, x: hypocentre of the shown in Figs. 21 and 26, the above-

main shock, @®: aftershocks. The sphere
(broken lines) refers to the model of

mentioned radius of the origin must
bring an essential information about

spherical origin (¢f. Chapter III). . .
P gin (o, P ) the ‘‘ dimension’’ of the earthquake

origin, even though we can not accept the model as real one.

The improvement of the model should be made, therefore, in a way
not to spoil the advantageous points of the primary model. Under
these considerations we shall propose another one to be examined as
follows.

The improved model for the Tango earthquake assumes that a con-
siderably large space of the crust has been subject to uniform strain
accumulating over a long period. The principal axes lie horizontally
with the directions of NW and NE, respectively. When the strain
exceeds the ultimate strain of the crust (say 107%), single fracture takes
place abruptly resulting into a fault plane, which is 80 km long, 15km

95) S. HomMa, loc. cit., 64).
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deep, and of the strike and the dip being N29°W, 90°, respectively®®.
At the moment of fracture production, the initial stress on the said
plane (tangential stress only) decreases as large as 3x 107 c.g.s. giving
rise to the seismic waves as well as the crustal deformations around it.

Such conditions are shown in the central part of Fig. 52, in which
the symbols H, L, 0, ¢, and (X,)...-, denote respectively such quantities
as given previously. It was hardly possible to get complete solution
for the seismological and the geodetic characteristics of the proposed
model (we denote it as Model A). So that we have taken more
simplified models under the consideration not to disturb the cardinal
points of discussion. One of the simplification was realized in Chapter
IV Dby assuming that the fault is infinitely long (Model B). This
assumption is considered to bring no serious troubles in treating the

Mode! B
Distribution of [
around L co Ener
the foult 9
Model A
Dilatation, Shear, Locaiio.n.of
etc. 2L=30km the origin
H =15km
Rt 8 =N30°W | = peeememeemeememeemeceeeemeooog
Vertical 9 =90° Rapidity of
displacements (Xy) = 3x107c.qs. tault production
/ Model G ]
Strength oce Spect
of rock pecirum
H—CO
Siimit~ 104
( M~ 5x10%e.gus. T
Azimuthal eftect

Fig. 52. Relation between the proposed model and various sorts of aspects of the
Tango earthquake. Factors surrounded by broken lines are the assumptions taken in
the discussion.

96) c¢f. Chapter IV. The dip of the Gomura fault has been estimated as 70° by A.
Imamura, while as 60°-80° by N. Yamasaki and F. Tada. We assume it, however, as 90°,
for the sake of simplicity.
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crustal deformation observed in the central part of the area. Another
simplification was introduced to Model C, in which the depth of the fault
plane was taken as infinitely large (¢f. Chapter V). This condition
means that the model is a two-dimensional system, which can be ap-
proximately accepted as far as the wave generation from a fault plane
is concerned.

We see, in the figure, various sorts of aspects of the earthquake,
among which the geodetic ones are arranged on the left side of the
proposed model, while the seismometrical ones, on the right. Referring
to the discussion made in Chapter IV, the diminution effect of horizontal
displacements around the Gomura fault can be interpreted satisfactorily
with Model B (¢f. Fig. 35). Another sort of geodetic aspect which is
observed around the fault is the distribution of strain components, such
as dilatation, rotation, shear, and others. Since it was quite difficult to
get theoretical pictures to be compared with them, we carried out model
experiments as stated in the same chapter. We obtained patterns of
the strain components concerned, which were similar to the actual ones
in their fundamental features (c¢f. Figs. 43 and 44).

The examination of the model should be made, on the other hand,
with respect to such seismometrical aspects as shown in the right half
of Fig. 52. The magnitude of the earthquake has been reported as 7.4,
which means that the energy amounting to 10® ergs has radiated from
the origin. Taking the simplest way, we estimated that the variation
of the strain energy associated with the fault prodution (Model B)
amounted to as mush as 4x10®ergs, approximately. This is of the
same order with the seismic energy, though there exists slight differ-
ence between them.

We can expect that the total amount of the strain energy associated
with the fault model is two or three times as large as that given
above, provided we take the influences of dilatation, vertical movement
of the earth’s surface, ete. into account. Such agreement of both the
sort of energy suggests that the fault movement as assumed previously
can supply such a large quantity of wave energy, provided it took place
very rapidly.

The fact that the hypocentre seismometrically determined is located
just on the fault plane (lower part) supports the applicability of the
model. This information refers to the discussion in Chapter IV. Fig.
51 illustrates a cross-sectional view of the hypocentral region thus in-
ferred, in which we see an indication of inseparable relations between
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the fault and the hypocentres of the main- and aftershocks. Although
we do not know exactly what this fact means, it would suggest some-
thing of importance.

As to the wave-forms, we have not many evidences for detailed
discussion. The spectrum of the initial P-wave recorded at the Hongo
station showed the maximum intensity at the period of 28 sec. According
to the theory developed in Chapter V (Model C), the P-wave radiated
from the fault plane will show the spectrum somewhat similar to that
obtained from the seismograms. The maximum intensity of the theo-
retical spectrum occurs at the component whose wave-length is 1.2 times
or more as long as the fault, so that it is expected, from the present
model (2L=30km), that the characteristic period becomes 11 sec. The
period of the maximum spectral intensity depends upon the type of the
origin force, and we are not so confident in applying the two-dimensional
model to the actual case; however, we may not be greatly mistaken,
in the present step of approximation, in reaching the conclusions above.
. Another kind of aspect to be dealt with here is the systematic dis-
tribution of the push- and pull-sense of the initial P-wave. The Tango
earthquake has resulted into the quadrant type of the pattern, the
nodal lines of which are in N29°W and N61°E direction, respectively.
With the aid of the studies in the last chapter, we can expect that the
model exhibit the quadrant type of the push-pull distribution accompanied
by the nodal lines, parallel and perpendicular to the fault. So that the
proposed model does not contradict to the azimuthal effect of P-wave.
The theory indicates also the S-wave from the fault to be of the dis-
torted quadrant pattern for the period some ten sec, where the spectrum
takes the maximum intensity. The lack of information about the
characteristics of S-wave makes, however, the examination of the model
from this side impossible. As H. Honda pointed out, the character-
istics of S-wave are related so seriously with the force system at the
origin™ that the information from them would be very useful for the
present purpose. It is highly desirable, therefore, that the observational
data of S-wave should be accumulated to get more decisive evidence
for the model.

The fact that the present model is in good harmony with all the
aspects of the earthquake as derived from seismological and geodetic
observations enables us to assume this sort of model for the case of the
Tango earthquake. We have to remember, however, that the above

97) H. HonNDA, Sei. Rep., Tohokw Univ., [V] 9 (1957), 1.
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discussion has been worked out on some assumptions. Remarks on the
incompleteness of the theory being very necessary for further develop-
ment of this research field, the writer would like here to give a brief
desecription of it.

One cause of the incompleteness is the lack of discussion related
to the vertical component of crustal deformations. It has been brought
out by repeated levellings that the deformations are fairly systematic in
their fundamental features, though they were sometimes overlapped by
local disturbances probably caused by block structures of the crust™.
According to Y. Otuka, there is a general tendency that the distribu-
tion of such deformations is closely related with the direction of fault
movements®. The uplift and subsidence areas at the extremities of
the fault were found more remarkably in the case of the North-Izu
earthquake than those for the Tango earthquake. Although the present
paper could not deal with the tendency theoretically, we would be able
to investigate experimentally such a tendency by improving the technique
of model experiments.

Another important assumption taken in the previous discussion is that
the fault appears in a very short time. Discussion on the energy as
well as on the spectrum of seismic waves is so closely related with the
rapidity of stress change on the fault plane that it should be studied in
more detail in the following section. The last and the most essential
assumption for the model is related with strain accumulation in the
crust, which becomes so large as to exceed the limit strength of rock.
The mechanism of strain accumulation in the crust being one of the
major projects in tectonophysics, the present writer can hardly make
full discussion in this paper, and he would like only to examine the
possibility of it on the basis of hypotheses so far proposed by a number
of geophysicists (¢f. Chapter VII).

3. Rapidity of fault production in the crust.

The rapidity of fault production in the crust seriously influences the
foregoing discussion. Suppose the stress does not change so rapidly as
is assumed in the last section, we could no longer expect high conver-
sion efficiency of the strain energy into the seismic waves’ one and the
feature of the spectrum would also be different from that for the case
of very rapid stress change. The alteration of such conditions might

98) C. Tsuol, loc. cit., 6).
99) Y. OTURA, Chishitsu-k6z6 to sono Kenkyu (1952), p.196 (in Japanese).
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sometimes cause serious difficulties in accepting the model as a likely one.

H.F. Reid has presented the elastic rebound theory by taking the
assumption that the fracture is propagated in the strained crust with
the velocity higher than that of the distortional wave but lower than
the longitudinal one®. Unfortunately, since fracture production is very
complicated in its nature, we have no direct information about that
point, and consequently we can presume the rapidity only from a few
bits of information obtained from macroseismic studies of great earth-
quakes.

In the case of the Tottori earthquake of 1944, seismologists found
out a notable evidence related to fault production under a resident’s
house. The house stood just on the seismic fault accompanied by the
said earthquake but did not fall down notwithstanding the remarkable
deformation of its foundation caused by the fault movement. This fact
suggested that the earth’s movement in the said case was not very
rapid in spite of its large relative movements on the opposite sides of the
fault. Taking these kinds of evidence into consideration, T. Matuzawa
presumed that the fault appeared in a certain duration of time, some
ten seconds say'®. Another notable evidence for presuming the rapidity
was obtained from the oceanographic observation at Yokosuka, in the
case of the Kwanto earthquake (1923). Judging from the rapid raise of
the sea level recorded with the mareograph, we could infer that the
crustal deformation (land upheaval) had appeared within a short time
which could be regarded, in effect, as an instant on the recording
paper'™.

It has been pointed out by some geophysicists, lately, that they
found particular events which might be related with such phenomena
as fracture propagation through the crust, on the geismograms of
some great earthquakes. According to T. Usami who analysed the
seismograms of the Boso6-oki earthquake, for example, three remarkable
phases were observed in the initial part of the records. After seismo-
metrical analyses he came to the conclusion that these three had
originated from different points lying on a straight line which passed
through the hypocentral region from east to west. The origin times
determined for them showed systematic differences from one another,

100) H.F. REID, loc. cit., 10).

101) T. MATUZAWA, Jishin-gaku (1950), p. 242 (in Japanese).
102) ditto.

103) T. Usawmi, loc. cit., 9).
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which might be attributed to some unknown origin being propagated
along the line with the velocity of 9.8 km/sec. S. Komura studied the
seismograms of the Fukui earthquake (1948) from another standpoint
and arrived at the conclusion that the earthquake might probably be
originated from the fracture plane propagating through the earth with
the velocity of 2.1 km/sec.

Although it is not possible to conclude definitely that all the de-
structive earthquakes were associated with those special effects, it might
still be permissible for us, in the present step, to presume the rapidity
of fault production for the Tango earthquake on the basis of those
studies. From such a standpoint the following discussion will refer
to the assumption that the fault production takes some ten seconds to
finish the predominant part of the process.

Let us now consider that the stress change on the fault plane is
expressed in the following way, that is,

S(t)=0 (£<0),
=(1—e) (¢20), }

where, ¢ is a time constant
and the function is reduced
to the unit step-function
when ¢ becomes infinity.
When ¢=0.5 sec™!, for in-
stance, the funection indi-
cates the stress change which
approaches its final state
within the first ten seconds
(Fig. 53, curve(b)). Apply-
ing Fourier transform to
S(t), we get the spectra for
stress change at the origin.
Curves in the lower part of
Fig. 53 are the spectra thus
obtained, where ¢ is taken
as a parameter for the fami-
ly of curves. In spite of

Fig. 53. Various modes of stress change and their the remarkable difference
spectra, (a) c=w, (b) ¢=0.5sec-1, (c) ¢=0.2sec-!. between the features of

(100)

S

104) S. KOMURA, loc. cit., 9).
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spectra (a) and (b) at higher frequencies, they are similar with one an-
other with respect to the range of lower frequency, such as wy/w>0.7
(w, corresponds to the characteristic period (7)) which is assumed as
20 sec). This sense of difference would not have, however, serious in-
fluence upon our previous discussion of the spectrum, in which we did
not put much stress on the features of spectra at high frequencies.

Discussion about the efficiency would be very difficult to develop for
the present model, therefore we shall study tentatively the wave gener-
ation from a spherical cavity as Sezawa and Kanai discussed™. Sup-
pose we take the spherical model wheh is equivalent to the fault model
with respect to its characteristic period of spectrum (20 sec or so), we
see from their result that the conversion efficiency for the gradual stress
change (¢=0.5 sec™?) is about 609 of that for the step-like change.
This decrease in the efficiency would not become an essential difficulty
in accepting the fault model as a likely one in the present step of ap-
proximation.

4. Remarks on further application of
the model to the other cases.

All through the discussion in the foregoing two sections, it became
clear that the characteristics of the Tango earthquake can be explained
well by taking the model of fault production as assumed in Fig. 52.
In the next place, the writer would like to examine to what extent the
present model is applicable to the other earthquakes.

As to the North-Izu earthquake, for instance, the application of the
model may be justified by the similarity between the distribution of
crustal deformations and the pattern of push-pull distribution®. This
consideration is also supported by the results in the former chapters,
which indicate that the change in the strain energy associated with the
Tanna fault is approximately equal to the energy of seismic waves and
that the focus is determined seismometrically at the bottom of the
fault plane. Another support is obtained from the comparison of the
observed wave-forms with the theory of wave radiation (¢f. Chapter V),
although such a comparison is possible only with respect to the
characteristic period (T,) of the spectrum of the initial P-wave. T, was
given for the North-Izu earthquake (seismograms at the Hongo station)

105) K. SEzZAWA and K. KANAIL, loc. cit., 56).
106) H. HoNDA4, loe. cit., 8).
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as 13 sec, which agreed well with the theory when the length of the
fault was taken as 15km (¢f. Table IX). Under these considerations
we may accept the model of fault production as a suitable one for the
said case, too, though there still remains some uncertainty relating to
the distribution of the vertical component of crustal deformations as
well as to the process of fracture propagation in the crust.

In the other cases of great earthquakes, however, we usually have
no data for such a comparison. The only information available for the
study is obtained from the examination of the push-pull sense of the
initial motions, the distribution of which enables us to infer the direc-
tion of fault movement occurring at the origin®. This kind of study
has been useful for understanding the nature of seismic active belts in
relation to tectonic forces of the earth, but it is also an indisputable
fact that the azimuthal effect gives merely a part of the information
about the nature of seismic origins and that we would be more con-
fident in accepting the results of analyses if we could carry out all the
necessary examinations in a similar way to that of the previous section.

The result obtained from Chapter III would be useful for such an
examination. The apparent density of strain accumulation around the
seismic origin (see Fig. 26) falls in the range between 8x10! ergfec.c.
and 83x10* erg/e.c., and the upper limit of the range for deep-focus
earthquakes does not greatly differ from that for shallow earthquakes.
This sense of distribution could be understood if it is supposed that
deep-focus earthquakes are coused by fracture-like events in the earth.

Chapter VII.

Strain Accumulation in the Crust.

1. Introduction.

In the previous chapters we have been dealing with seismological and
geodetic aspects of earthquakes in order to establish a reliable model
of the origin. We remember that all the discussion concerned has been
developed assuming strain accumulation in the earth. Since the previous
conclusion is likely to be seriously affected by the assumption, we shall
briefly discuss the strain accumulation and the related problems in this

chapter.

107) J. H. HoDpGSON, loc. cit., 83).
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2. Mechanism of strain accumulation in the crust.

Strain acecumulation is attributed nowadays to some tectonic forces
in the earth, and several explanations have been provided for their
mechanism. Most geophysicists agree that thermal effects are probably
the most important one. From this standpoint, the earth is considered
as a heat engine, which transforms thermal energy due to the
temperature difference in the earth into mechanical work evident in
faulting and other phenomena.

The geological implications of such phenomena lead to the so-called
contraction hypothesis, which provides an explanation for the stress
distribution in the ‘‘orogenetic shell.”’® According to H. Jeffreys, who
assumes that the earth once has been a hot, liquid body and is in
cooling stage at present, thermal effect due to cooling of the mantle
results in the compressional and the tensile stresses working, respectively,
in the uppermost layer and that lying below it. With the aid of this
theory as well as of theories of stress analysis, we can find out a reasonable
way to understand fundamental tendency of seismic activity in relation
to the tectonic process of the earth, althongh there are some criticisms
against it. According to J. H. Hodgson and others, for instance, the
modes of faulting associated with many earthquakes have been estimated
as transeurrent rather than normal or reversed, and this fact can
hardly be explained by the theory.'™

T. Matuzawa has presented another kind of hypothesis with the
intention of studying the occurrence of great earthquakes in the upper
part of the crust. He attributed the strain accumulation to the
increasing pressure in a magma reservoir lying beneath the crust. The
reservoir is subject to continuous supply of thermal energy, probably
being transported from beneath by convection current in the subecrustal
layer. Thermal energy accumulated in this part will cause, under a
certain condition, phase transition of the rock, which will result into
the increase of pressure at the boundary. Taking probable values
for the constants he estimated the strain energy which is to be
accumulated in the crust.” This hypothesis is advantageous of

108) H. JEFFREYS, The Earth, 3rd ed. (Cambridge 1952), p. 355.
109) J.H. HoDGSON, R.S. STOREY and P.C. BREMNER, Bull. Geol. Soc. Amer., 63
(1952), 1354.
110) T. MATUZAWA, Bull. Earthq. Res. Inst., 31 (1953), 179.
T. MATUZAWA and H. HASEGAWA, tbid., 32 (1954), 231.
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interpreting not only the occurrence of the main shock but also the
tendency of aftershock occurrence and some other aspects of seismic
activity.

The contraction hypothesis looks wuseful for our understanding
general features of seismic activity in the earth, whereas Matuzawa’s
theory has the advantage of explaining the more detailed mechanism of
earthquake occurrence so for as shallow earthquakes are concerned. It
might not be impossible to consider that both theories are not contra-
dictory but consistent with one another giving explanation for the
different sides of the earth’s phenomenon, respectively. In either case,
we may accept the assumption of strain accumulation in the crust as
reasonable, in the present step.

3. Strain accumulation in the visco-elastic crust.

The above-mentioned discussion on strain accumulation assumes
perfect elasticity of the crust. Although such an assumption may be
taken as the first approximation, it is a well-known fact that the
viscous or plastic properties of rocks sometimes play an importanl réle
in developing crustal deformation evident in folded strata. M. Ishimoto
had raised, for instance, an objection to the elastic rebound theory
under the consideration that the large amount of strain energy could
not be accumulated in the crust because of the stress release due to
the viscosity of rocks." Such an effect would be a fatal obstacle to
the proposed model, if it were remarkable; hence we shall refer to the
writer’s previous paper to examine how remarkable the viscous flow
is'112)

The paper deals with the deformation of the bottom surface of the

Surface crust which is subject to normal

AN stress increasing with time(Fig.54).
! Earthquake Such a model gives a simplified

picture of Matuzawa’s hypothesis,
—— — — FF /7777775 — — — —  on the basis of which we are go-

Melting  rock ing to estimate the magnitude of

Fig. 54. Matuzawa’s model of strain the viscous flow of the crust.
accumulation in the crust. The increased pressure of the
molten rock causes the deformation of the crust, which is accompanied
by the volume increase of the reservoir, at the same time. The volume

111) M. ISHIMOTO, Jishin to sono Kenky# (1935), p. 275 (in Japanese).
112) K. KASAHARA, Bull. Earthq. Res. Inst., 34 (1956), 157.
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increase (4V) comes into effect partly due to the elastic deformation of
the crust (4V,) and partly, to the plastic flow (4V,). Matuzawa assumes
that such a volume increase is proportional to the thermal energy to be
spent in the phase transition in the magma reservoir.

Meanwhile, the energy of earthquakes is supplied only from the
strain energy due to the elastic deformation, therefore, it is only a part
of the supplied thermal energy that contributes to the radiation of
seismic energy. Denoting the part of the energy which contributes to
4V, and 4V, as E, and E,, respectively, we may take the following
expression as the efficiency of strain accumulation.

J— Ee

- EA4E,
H is 1 when the crust is perfectly elastic, while it is very small when
the majority of the crustal deformation is attributed to the plastic flow
of rocks.

Mathematical investigation of the model indicates that H is a
function of the viscosity (the relaxation time, 7) of the rock and of the
duration time of strain accumulation, 7. Suppose we take 10" sec and
100 years as the probable values for = and T, respectively, H will be

0.8~0.9; from which we might conclude that the viscosity has no serious
influence on the strain accumulation.

(101)

4. Continuous observations of crustal deformation

associated with strain accumulation in the crust.

We are of the opinion that the energy of earthquakes is supplied
from the strain energy which is accumulated in the earth over long
periods. It has been generally expected, therefore, that some deforma-
tions of the earth’s surface will be observed when a part of the crust
is subject to the stresses. Suppose we detect such evidences of strain
accumulation, they would be useful for inferring the process that is
occurring in the earth, which would provide, at the same time, the basis
for the prediction of earthquake occurrence.

Although the geodetic observations of crustal deformation have
been well developed, most of them are concerned with the comparison
of observations made before and after the earthquake. Since it is difficult,
or even impossible, to repeat levellings or triangulations frequently,
the necessary information about the strain accumulation can not be
obtained only by this means.
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One of the way to make for the lack is the tide-gauge observation
as has been proposed by S. Yamaguti in relation to the possibility of
detecting the vertical movement of the land relative to the level of sea
water.™ The sea level being seriously affected by the oceanographic
and other conditions, it is not always easy to detect to very small
movements of the land.

We can not apply, however, tide-gauges to the observation at
points distant from the sea-coast, so that we have to use instruments
of other types, such as tiltmeters and extensometers, in those cases..
Since we must observe changes taking place very gradually, the
instrument would be useless if it were not stable over a long period of
time. According to T. Hagiwara, who made effort to establish the reliable
observation system, the instruments, which are in use at present, work
so stably that they are able to give accurate information about the
progress of the earth’s deformations.”?

We must remark here, also, the development of electronic apparata
for geodetic observation, which bave accomplished remarkable develop-
ment after the last war. One of them is known as the geodimeter, which
transmits light signal to a distant reflector. It is possible to measure
the distance between the projector and the reflector, very accurately.””
Although the apparatus have not been brought into practical use for
continuous observations yet, it will play an important role in this
research field in future.

It is hardly likely that we would get satisfactory results from
observations at few points. Since the crustal deformation can be observed
only in a limited area around the epicentre, it might sometimes be
missed by them. Geophysical stations for continuous observation are not
densely distributed at present, hence it is strongly desired that we shall
have more dense net-work in order to get clearer information about
what occurs in the crust.

Concluding Summary.

General Introduction. Investigations on the nature of seismic
origins are historically reviewed. In the earlier period of seismology,
investigators assumed that waves were radiated from a point in the
earth. The progress in theoretical and observational sides of seismology

113) f.i. S. YAMAGUTI, Bull. Earthq. Res. Inst., 33 (1955), 27.

114) T. HAGIWARA, Continuous obscrration of crustal deformations, Monthly Meet-
ing of E.R.I., (June 26, 1936),

115) E. BERGSTRAND, K. Svenska Velenskapsakademien, 36 A (1948), No. 20, 11.
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led us to improve the model of a point origin to a more complicated
one. The model of a spherical origin has been proposed in order to
interpret the results of seismological observations, while the studies of
seismic energy and of crustal deformations have provided another basis
in inferring the nature of seismic origins.

We are now on the step to look for a model by which we can
explain all the seismological and the geodetic aspects of earthquakes,
consistently. The main purpose of the present paper is to establish
such a model and to examine the characteristics of it as closely as
possible.

Chapter I. Wave-forms of the initial part of seismograms are
regarded as useful information for the examination of the nature of
seismic origins. It is no easy matter, however, to perform a complete
analysis of them because they have complicated features. A modified
method of spectral analysis is devised in order to deal with spectrum
of waves easily. The method is based on multiplication procedure of
the original wave-form by a weight function. By this procedure, it is
possible to get the isolated wave-form, which is practically equivalent
to the original in its spectral structure.

Some reduction for the influences of the seismograph’s characteris-
tics as well as other factors which may sometimes cause distortion of
the spectrum is also discussed.

Chapter 1I. Analyses and discussion are carried out about the
nature of explosion origins as inferred from the spectrum of seismic
waves. It is shown that the larger the charge of explosives is, the
longer becomes the period of the maximum spectral intensity. The
spectra of seismic waves from an origin are nearly the same with each
other, even if they are recorded at different stations. This fact leads us
to a conclusion that it is the conditions of the origin, and not of the
propagation paths’, that have the most serious influence on the types
of the spectra. Under such a consideration, we may presume the nature
of the origin by comparing observational results with theory. Such a
comparison enables us to estimate the apparent dimension of the explosion
origin.

The explosion origin thus estimated was several times as large as
that of the crushed region in its radius. This difference could not be
attributed only to the errors in the analysis. In order to improve this
point, another model is proposed as shown in Fig. 18.

Chapter III. We apply the proposed method to the records of
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natural earthquakes and estimate the dimension of their origins on the
basis of the theoretical model of a spherical origin. A marked tendency
has been noticed that the larger the magnitude of the earthquake is,
the larger the dimension of the origin becomes. We also estimated the
apparent density of strain energy being accumulated around the origins.

The densities thus estimated for various earthquakes are distributed
in the range from 3x10* c.g.s. to 3x10! c.g.s.. The upper limit of the
accumulation density has already been estimated as large as 2x10°
c.g.s. or 2x10* e.g.s. by C. Tsuboi. It is interesting that the densities
estimated from different bases agree with one another. We must remark
another notable fact that the range of the density for deep-focus
earthquakes does not greatly differ from that of shallow earthquakes.
This might be understood as an evidence that the cause of both types
of earthquakes are similar with one another.

Chapter IV. Crustal deformations are analysed for the purpose of
obtaining information about earthquake origin from the geodetic point
of view. Statistical investigation of the great earthquakes taking place
in the Japan area suggests that the occurrence of crustal deformation is
closely related to the magnitude and the focal depth of the earthquake.
In the cases of some typical shallow earthquakes, such as the Tango
earthquake that was accompanied by lateral faults, we see that the
earth’s deformation is distributed systematically.

We propose a simplified model of a lateral fault for the purpose of
studying the notable tendency of horizontal displacements of triangulation
points. Mathematical treatment of the model has proved satisfactory
agreement of the theory with the observational data. The decrease in
displacements with distance from the fault is explained theoretically.
From the comparison we estimate the probable values for the depth
and the amount of strain energy associated with the Goémura fault and
others.

Model experiments were also carried out in order to make up for
the lack of the theoretical study, which provided some interpretations
of the complicated distribution of strain components at the ends of the
fault.

Chapter V. Wave generation from a fault plane was studied for
the purpose of studying the characteristics of waves in relation to the
two-dimensional model of fault movement, which causes the rapid change
(step-like) of shear so as to canncel the initial stress on the fracture
plane. Numerical calculations were carried out on the basis of Sezawa’s
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theory for the purpose of estimating the displacements at distant points.
The calculation being made for the periodic excitation of different frequen-
cies, some reduction was necessary for inferring the spectrum of waves
due to step-like excitation. As a result of the caleulation, it is shown
that the maximum intensity of the spectrum (P-wave) will fall on the
component whose wave-length is 1.2 times as long as the fault’s length.
Characteristics of S-wave are also discussed.

Applying the results to the case of the Tango earthquake, we found
out that the observed characteristics of P-wave could be approximately
explained by assuming the sudden occurrence of the fault plane in the
same direction as that of the Gomura fault.

Chapter VI. The foregoing chapters have been dealing with the
seismological and the geodetic aspects of earthquakes, separately. On
the basis of those discussions, we propose a unified model for the
occurrence of the Tango earthquake and examined whether or not it is
consistent with all the accompanying phenomena. Geodetic observation
provided for our discussion the information about crustal deformations,
such as the distribution of horizontal displacements, dilatation, shear,
ete., whereas, from seismological observations, the data of the energy
of the earthquake, location of the origin, spectrum and azimuthal effect
of the waves are obtained.

The proposed model of the origin is the sudden occurrence of a
fault plane which is 80km long and 15km deep. The strike and the
dip are assumed as N30°W and 90°, respectively, and the stress
change (shear) on the fault plane is taken as 83x10” c.g.s.. This is
also a reasonable value for the limit of strength of the erust. The
examination of the fault movement, as proposed in such a way, has
proved that the model is acceptable for the said case, though there
still remain some uncertainties coming from the approximated treatment
of it. Supplementary discussion is also made about the fracture produc-
tion in rocks as well as about further application of the similar model
to the other earthquakes.

- Chapter VII. All the discussion is on the assumption that the
crust is subject to strain accumulation being so large as to cause
fractures in a large scale. Since the assumption seriously affects the
conclusions in those chapters, the last chapter is added in order to
examine the possibility of strain accumulation.

Discussion is also undertaken about the viscosity of rocks which
causes stress release in the crust. Estimation with respect to Matuzawa’s
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model of strain accumulation showed that the energy dissipation due to
the effect is not so remarkable as to result into the essential alteration
of the conclusions.

We also make a short remark on continuous observation of crustal
deformations as the useful means of getting information about the
strain accumulation. Suppose the observation is carried out at numbers
of points in the seismic active region, we would have reliable data for
predicting the earthquake occurrence.
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