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                                   ABSTRACT

          In this paper, the writer intends to re-examine the results reported in the
      preceding paper from the view-point of both dislocation of the Earth's crust and
      the energy ef the seismic waves produced by a large-scale earthquake.
          Generally speaking, the direÅëtion of the crustal dislocation accompanying an
      earthquake dees not always coincide with that of the initial ground-motion of
      P-waves. But in such earthquakes as Kita-Tango, Kita-Xzu and Fukui, it has
      been said that the above-mentioned two directions agree with each other. Now,
      the result we ebtained is that the horizontal di$location of the crust computed
      according to Honda-Miura's or Whipple's idea agrees approxirnately with the
      actually surveyed one. And the writer pointed out that the rnechanism of the
      occurrence of the Fukui Earthquake could be explained as composed of a series of
      three cracks which grew up from north to seuth along the N200W nodal line,
      as described in the preceding paper. Then, when computed according to Whipple's
      forces-rnodel, the resultant dislocation at each surveying station shows a satisfac-

      tory agreement with the actual dislocation determinecl by geode$ic survey; the
      similar satisfactory results may be obtained as regards Kita-Tango and Kita-Izu
      Earthquakes. Moreover, we may certify the validity of the estimated length of
      a great crack accompanying each earthqualge, by recognizing that the seismiÅë
      energy calculated from ,the length ef the crack coinÅëides fairly well in the order
      xvith the seismic energy computed by the newly corrected Gutenberg-Richter's
      formula.

1. Intreduetion

    In the preceding paper, the writer pointed out that the periods of the first maximum

ground-motions of P-waves due to a large-scale earthquake (as observed at various

seismological stations) show a systematic pattern of distribution with respect to the

azimuthal angles of the stations as seen from the origin of the earthquake. The

seismic crack, which is composed of a series of srnall cracks-this is estimated by

analyzing the actual ground-rnotion of P-waves observed, for instance, at Abuyama,-

and from which the seismic waves are generated, is developed with a certain definite

velocity from one of its ends to the other along elther of the so-called nodal lines of

initial metions of P-waves, and the writer also pointed out that the periods of waves

originatlng from the crack during its formation and being propagated into various

directions are modified according to Doppler effect in connection with the movement



380 S. I<OMURA
of seismic source along the growing crack at the focus.

    In the present paper, the writer intends to re-examine the above facts from the

view-point of botli the horizental dislocation of the Earth's crust and the energy of

the seismic waves produced by a large-scaie earthquake.

2. NoriEental dislocatioxt eaused by a }arge-scale earthquake

    Setting aside the question whether the deformation of the Earth's crust is the

cause of a large-scale earthqual<e or not, we know well the fact that a remarl<able

dislocation of the crust is noticed near the epicentre before and after a }arge-scale

earthquake. Furthermore, we often notice great faults when a shallow remarkable

earthquake took place. Of ceurse, we know the case in which the crustal dislocation

reversely gees on before and after a large-scale earthquake. Generally speaking, we

cannot always assert that the growing direction of the crustal displacement produced

by an earthquake coincides with that of the initia} ground-motion of P-waves accom-

pcftnying it. As fer such earthquakes as Kita-Tango (March 7, 1927), Kita-Izu (Novem-

ber 26, 1930), and Fukui (June 28, 1948), however, it has been recognized that the

direction of the crustal dislocation agrees fairly wel} with that of the initial greund-

motion of P-waves.

    On the whole, many seismologists have already discussed the direction of deform-

ation Gf displacement in a homogeneous, isotropic, semi-infinke elastic medium owing

to forces-source applied to its boundary plane er its interior. They have theoretically

calculated the special solutions of the preblems in various cases. Recently N. Yama-

kawa (1) has summarily discussed the problem of this kind, Now, the writer intends

to re-examine the horizontal dislocation of the Earth's crust accompanying a large-

scale earthquake aÅëcerding to Honda-Miura's or Whipp!e's forces-model. According

to Honda-Miura's model (2) about forces-source, the horizontal displacements U, V

of the Earth's crust due to a shallow large-scale earthqual{e are given by

 u == A IS'isnL,2Se [-l} I.gs, -l- -53- bEb(a,, IF b,).,- -Z- -,-,-ir(-ib, 9. b,)y2- Eb(Eb2?Fbb2)3i2-g (di2 $fob2)ro12] ,

 v .. -A :OoSpt2op- -i3-[Etl},-bab(ab,ft,m b,)y, ab,(th,?9b2)v2-Fth(di2S b2)312],

assuming that Lame's elastic parameters Z and pt are equal to each other.

    Here, di, g are the cylindrical coordinates, the origin of which is taken at a

certain point on the boundary surface, the positive direction of the z-axis being talgen

downwards from the surface. U and V are the horizontal components of the crustai

displacements parallel and perpendicuiar to di respectively. The force at the focus is

represented by
                                     lb3                               A                                           sin 2g
                                 (aN)2 + b2) 7!2
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That is to say, when a force ef the so-called four-quadrants type acts at the origin

of coordinates along the boundary surface of a seml-infinite elastic medium, the

horizontal components of displacement U ancl V on the surface are expressed by the

above formulae, if we assume that •
Lame's elastic parameters l and pt are

equal. In case when b==10, the calcul-

ated horizental displacements at several

points on the surface of a semi-infinite

elastic solid become as shown in Fig. 1.

    On the other hand, F. J. W. Whipple

(3) dealt with the crustal deformation

produced by the so-called stress-nucleus

situated in the interior of a semi-infinite

elastic medium. He calculated the hori-

zontal displacement-components U, Y on

the surface of the medium, as produced
                                        Fig. 1. Short arrows show the horizontalby the two " clouble forces with moment"
                                         displacements of the crust according to
(denoted by the symbol {#') acting on Honda-Ivffiura's rnodel.
                                         (After Drs. ll. I{onda and T. Miura)the plane situated at a depth b, parallel

to the surface. His expressions for

\ -

x l
-

SN>,S

XN
K rNx

lKt//

/ x
x

U, V are given by

  u .., A g". "..?...{...//,n...,....1.. g.. [7` -l.2pt 9?

              -,2•tl.2pt.,?;--,,-ib,{]•

  v .., A -l]- ?>;- 2iit Illr,;Olil Sl,S •

with r2=-aJ-o2-:•-b2, where, as before,

aN), go, 2 are cy}indrical coordinates

with the origin on the surface and

the 2-axis 2s taken downwards.
Assuming ?L ::-= pt, the calculated

displacements by the above for-

mu!ae become as shown in Fig. 2.

    In case when the plane contain-

ing Whipple's forces is not hori-

zontal, but has a certain inclination

against the surface of a homogene-

N

NN
}

1

be

N f 1

s x / '
N beÅ~4X 1/ -

2

x -
.-

- x
v

if /l " N
K

v x x K

!l N
if x

dif xs K

Fig. 2. Short arrows show the horizontal
 displacements of the crust calculated accord-
 ing to Whipple's model.
        (After F.J.W. Whipple)
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ous, isotropic, semi-infinite medium, the expressions for the horizontal components U,

V of the displacement at any point on the surface are given by (4):

      u .., {} A[{3 7t +.2u 9ge '.2pt ,9:i.?Zr,, di}

                  Å~ (cos x cos ip cos q+ sin ip sin g) (cos di sin op - cos z sin di cos g)

               pt g 7• +pt2pt 912g,b({it sin 2x sin 2ip cos q-sin z cos 2di sin q)

               - {3 2'l' ,2pt td.b,-2 -t -Z l.2pt (,2,r(';+bb))b,ab}(-l}- sin2 x sin 2di)] ,

      V = -l} A [l2tty2/{g- }(r-a'"3 b), {cos z cos 2ip Åëos 2op -F A2- sin 2ip(1 4- cos2 x)sin 2q}] ,

where x and ip are the Eulerian angles between the plane containing Whipple's forces

and the boundary surface of the elastic medium.

    Kowever, we dea! here with

such a case in which the plane
containing Whipple's forces is, asin his paper, paraliel to the hori- X
zontal plane so that z=O, ip :=O.

Of course, the components of the

horizontal displacement U, V as

obtained by setting z=:O, di==O in

the above formulae are in compiete

agreement with those computed by

Whipple hirnself.

                                              x    If the above forces-source at

the focus exists on the occasion of

each crack-formation, it may be
possible to compare the result of
                                     Fig. 3. Tl]e
the actual survey with the resultant ing the
surface displacement of each sta- g?arnagi)eiof

tion by organizing the vectors plane
                                       forceswhich show the distribution of our

so-called four-quadrants type as regards the

produces (Fig. 4). As already pointed out in the

the mechanism of occurrence of the Fukui

Name!y, we suppose the first, second and third

focus in such turns as indicated by suthxes 1, 2, 3

the N 200 W nodal line with such intervals of

In this manner, the results obtained at each station
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         Eulerian angles x, " represent-
        inclination between the plane
       to the boundary surface (xy-
         a semi-infinite solid and the
      (x'y'-plane) containing Whipple's
     whicft act inside the solid.

   horizonta} dislocation that each crack

       preceding paper, we may consider

Earthquake as composed of three cracks.

    cracks Ci, C2, C3 were formed at the

       from north to south nearly along

     distance and time as already given.

         by composing the vectors ef the
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horizonta! displacement of the crust which show a distribtttion to be divided into four

quadrants by two stralght lines crossing at the centre of each crack are indicated in

Figs. 5, 6 and 7.

    In Figs. 5 and 6 are shewn the above-mentioned results based on Honda-Miura's

or Whipple's model, respectively. Furthermore, Fig. 7 shows the resultant displace-

ment calculaÅíed according to Whipple's forces-model, assuming that each horizontal

dispiacement is proportional to the length of each crack. So far, we cannot but say

that it is of great interest to find that these calculated values of the horizontal disloca-

tion ef the crust are in satisfactory agreement with the actually surveyed ones. In

these figures as wel} as in subsequent figures, each mark Å~ represents the starting

point of crack-formation. Now, when we compare these figures with the corrected

one (5) (see Fig. 4) of the horizontal dislocation of the crust near the focus (as

determined by geodesic survey after the Fukui Earthquake), we shall find a fairly

good agreement between the trend of the horizonta! dislocations as shown in Fig. 7

and that of actual dislecations shown in Fig. 4.

    Considering that the standard points of survey are immovable, and various errors

exist together with the inequality of geological structure, and that the horizontal

dislocations are naturally added before and after the earthquake, it may be taken for

granted that there exists such a disagreement as shown between Figs. 7 and 8.

    Furthermore, let us app!y the latter model (that is, Whipple's forces-model, hori-

zonta! displacement being proportional to the crack-length) to interpretations about

the crustal dislocatlons after the Kita-Iztt and Kita-Tango Earthquakes, respectively.

Analyzing the ground-motion of P-waves due to the Klta-Izu Earthquake of November

26, 1930, such as observed at Kumagaya, we suppose the mechanism of its occurrence

as composed of a seyles of three cracks Ci, C2, C3 which were horizontally formed in

such turns as shown by sufixes 1, 2, 3 at the foca! region with sizes (8, 15, 5km),

the directions, and the space intervals drawn in Fig. 8.

    When we compose the displacement-vectors at each station which are estimated

to be produced by each crack, we shall be able to obtain the result shown in the

same figure. If we compare Fig. 8 with Fig. 9 (6) which represents the herizontal

dislocations oÅí the crust aÅëtually determined by a geodesic survey after the earthquake,

we may be satisfied with good agreement in the trends of both the size and the
direction of crustal dislocation.

    Lastly, let us deal with the data of the Kita-TaRgo Earthquake of March 7, 1927.

In the same way, analyzing the wave-form of the ground-motion of P-waves due to

the earthquake, such as observed at K6chi, we can grasp an outline of the horizontal

dislocation of the crust near the focal region by dint of combining a series of three

cracks Ci, C2, C3 along the N290W nodal line and a series of three cracks C4, Cs,
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  '

C6, seemingly perpendicular to the former series; and all of them have such sizes,

directions and intervals as main}y shown in Fig. 10. Thus, the result shown in

Fig. 10 will be obtained by composing the horizontal displacement-vectors (by each

crack) ca!culated according to the last forces-model.

    If we compare this resu!t with that (shown in Fig. il) (7) of the actual disloca-

tions determined by the geodesic method after the earthquake, we shall be unable to

notiÅëe any remarkable difference between the computed result and the actual one.

3. Crack-length and seismic wave energy

    Each crack-length estimated at the focal region of each large-scale earthquake

reported in the preceding paper is described again in the third column of Table I.

    Next, we shall ca}culate each order of seismlc energy estimated from the crack-

length. According to Jeffrey's or Bullen's consideration about the crack formed at

the focus, the order of seisrnic energy released in the wave-form rnay be represented

as Kl2 ergs (8), when their so-called pseudotachylite is not fQrmed along the shear-

ing piane. Herelindicates the length of a crack in km, and K is ta!<en as K=4Å~

10i9, Of course, we must have a greater value for K than 4Å~10i9 according to their
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Large-scale earthquake

Kita-Tango (Mar. 7, 1927)

Kita-Izu (Nov. 26, 1930)
Tottori (Sept. 10, 2943)
T6nankaid6 (Dec. 7, 1944)

Nankaid6 (Dec. 21, 1946)

Fukui (Jun. 28, 1948)
Tokachi-Oki (Mar. 4, 1952)

!•

Magnitude

  Length
    of
  crack
(horizontal)

7.6

7.3

7.4

8.0

8.2

7.2

8.2,

l 34 km
28

29

42

46

27

49

Energy re!eased in seismic
  waves in earthquake
Ca}culated
 from Kl2

Calculated from
 formula (1)

4.6Å~2022 ergs

3.1Å~1022 I.
3.4Å~lo22 I-

O.7Å~le23 l
O.9 Å~ 1023
           I-
           I.2.9Å~le22 I.
e.9Å~1023 i
           i'

3.6Å~1022 ergs

1.3 Å~ 1022

1.8 Å~ 1022

1.3Å~1023

2.2 Å~ 1023

O.9 Å~ 1022

2.6 Å~ 1023

notes in case when the pseudotachylite is formed during the slipping. In other words,

it means that the temperature during the s!ipping is more than 10000C. The va!ues

of seismic energy of each large-scale earthquake calculated according to Kl2 are glven

in the fourth column of the same table. On the other hand, the new relation (9)

beÅíween the magnitude and the seismic wave-energy has been recently reportedi by

Gutenberg and Richter as follows:

                         logE== 9.1+1.75M+log(9-M). (1)
    When a large-scale earthquake occurs, the energy released in the form of seismic

waves is calculated by using this formula (1). Thus, the computed results are shown

in the fifth column.

    It is of great interest that we can find, on the whole, the agreement in the order

between the seismic wave energy calculated according to its estimated crack-length

and the energy calculated according tQ its magnitude M. Then, especialiy, in such

cases (T6nankaidb, Nankaid6, and Tokachi-Oki Earthquakes) when the seismic energy

calculated according to Kl2 is less than the energy obtained from its magnitude, we

may be ableto understand that the pseudotachylite was possibly formed in the slip-

ping and the temperature of the shearing plane was much more than 10000C. But, con-

sidering that the crack-length denoted by l which is determined by Doppler effect is

the horizontal component of the actual one which is suitably inclined to the boundary

surface (namely, here, the horizontal plane), we shall be able to estimate from Kl2

the more approximate value of the seismic energy than that shown in the same table.

On the other hand, some unavoidable inequa}ity among these values of the seismic

energy may be considered to result from the fact that the crack-!ength eccurring at

the focus may differ from that ef the fault which took place at the Earth's sttrface.

Anyhow, these problems conceming the inclination of crack-line at the focus as well

as the mechanism of the occurrence of the above three large earthquakes of Pacific

origins will be discussed later on.
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4. Summaary

    In the present paper, the writer re-examined the re$ults reported in the preceding

paper, from both sides of the horizontal dislocation of the Earth's crust actually pro-

duced by an earthquake and the seismic wave-energy calculated by using an estimated

crack-length, and he obtained the approximately satisfactory results. Thus, it may

safely be sald that the writer has somewhat succeedecl in the phenomenological expla-

nation concerning the mechanism of occurrence in a large-scale earthquake. First of

all, the azimuthal distribution of the period of the first maximum ground-motion of

P-waves due to an earthquake should be noticed to be regular and its regularity may

be acceunted for by considering that the period of the initial ground-motion is modi-

fied according to Dopp}er effect in connection with the mevement of seismic source

a!ong the growing crack at the focus.

    Secondly, the resultant vector obtained by composing (at each triangular point)

each crack dlsplacement at the foca} region coincides fairly well with what was

actuallydetermined by the geodesic survey. Thirdly, it seems to be of great interest

that the order of the seismic wave-energy calculated according to the crack-length

estimable in connection w2th tlie regularity of azimuthal distribution of the above-

rnentioned period coincides weli, on the vvThole, with that of the seismic energy com-

puted according to Gutenberg and Richter's recently reported relation between the

magnitude and the energy of an earthquake.

    Judging from the above interpretations on the observed er surveyed results re-

garding the ground-motion, the crustal disloeation, etc., produced by a large-scale

earthquake, the writer cannot but consider the mechanism of occurrence of an earth-

quake as composed of a series of small cracks.
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