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                                      BY

                               Takeshi MIKUMO

                              (Received fuly 8, 1959)

                                   ABSTRACT .
        The mechanism of occurrence ef local earthquakes generated in Wakayama District
     was studied from the "push-pull" pattern of initial motiens and the amplitude dis-
     tributions of the P- and S-waves. It may safely be explainable to be of a conical
     type rather than a quadrant one.
        A consideration on the former type of mechanism may suggest an azimuthal
     difference in the dimension of focal region.

1. Intreduction

    The study on the mechanism of earthquake occurrence, based on the distribution
of dilatation and com-pression of seismic initial metions, may 1)e one of the rnost in-

teresting and important problems in seismology. This problem has already been
studied by many seismologists and many brilliant results liave been pi}ed up. The

progresses of these researches are historically reviewed by some Japanese seismologists

in their elaborate papers (1,2).

    Nowadays, it is generally accepted, from the excellent investigations h2therto
made, that there exist several kinds o'f types in the geegraphicai "push-pull" distribu-

tions of the initial motions: the predominant one is a quadrant type.

    This is such a case in which the "push-pull" distribution or the pattern of

the iRitial anaseismic ancl kataseismlc movemerits is divided into quadrcants by two

nodal planes intersecting perpendicularly at the focus. This type of distribution was

found first by T. Shida in 1917 and was cailed "the crack-earthquake" by himself.

Many seismologists paid increasing attention to his discovery anci this was a first

step in Japan towards the study on the mechanism of earthquakes.

    According to a series of studies made especicaily in our country, it was ascertained

theoretically that the quadrantal push-pull distribtition could be caused by a couple of

compressional and tensile stresses werking perpendicularly at the origin (2), or even

by a uniform shear stress resulting in a single fracture (3). The so-called "fault-

plane" solution (4,5) belongs also to this broad category.

    Another case is, oR the other hancl, a conical type in which the nodal curves

on the Earth's surface for the pattern of conclensation and rarefaction of the initial

motions can be expressed as a kind of conical section. TIie case was detected by
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Tanahashi in a deep-seated earthquake in 1931. Some investigators confirmed there-

after the existence of this type, and one of them gave a first theoretical explanation

to this sort pf distribution. The theoretical studies on the mechanism of occtirrence

which causes a conical type distribution wiil be mentioned subsequently.

    Iii contrast to the ccase of great earthquakes, we can find only a few investigations

(6,7,8,9,IO) about the generation mechanism of minor earthquakes, such as locai
shocks or aftershocks.

    In 1954 and 1956, seismometric observations were carried ottt in the epicentral

region of local earthquakes in Wakayama District (11) for the purpose of clarifying

the unsolved natures oÅí raicro-earthquakes and presuming the crustal structure in the
                        .earea concerned. Theresults obtained in the$e observations may be considered to have

offered a clue to the above-mentioned problems.

    In the present paper, the mechanism of earthquake occurrence wili be studied in

some detail, not only frorn the aspect of' the pmsh-pull patterR of initial P-waves but

also from compatison of the amplitudes recorded at each station with the theQretical

distribution of the amplitudes of the longitudinal and transversal waves. We shall

investigate that the generation mechanism for these shocks is interpreted to be of

which type stated above, and we shall rnake some considerations on the origin of the

earthquakes.

2. 0bserveG data

    The data used in the present study are a great number of seismograms recorcled

in the observations in 1954 and 1956 at our six stations : Idakiso, Wakanoura, Fuyuno,

Nokami, Kainan and Yoro, and severai observatories of the Earthquake Research
Institute of Tokyo University. All of these stations were selected so as to be situated

in a metamorphic rock zone within the epicentral area of abottt 10 km in radius, taking

Kainan City as its centre. The positions of the observation stations and the epicentres

of earthquakes mentioned in thls analysis were shown in the previous paper. In these

ob$ervations, some ten local shocks were clearly recorded by the electromagnetic
seismometers of variable reluctance type of O.45 sec in natural period connected with

the galvanometer of O.4esec in free period.

    The push-pull distrlbution of initial motions in every earthquake was here studied

by use of the data obtained at the respective stations. When the noda} curves were

tentatively assumed to be a pair of }ines (la), the distribution indicated a type similar

to the quadrant one in thecase oi very shallow earthquakes (6). But in many cases
the nodal lines do not always cross at right angies or do not intersect at the epi-

centre. Upon reconsidering the matter, the focal depths for most of these earthquakes

were determined to be as shallow as 4-vlOkm, but are of comparable order witli
their epicentral clistances. Hence, when these shocks are regarded as an earthquake

analogous to the "deep-focus earthquake" in tlie erdinary sense, the push-pull distribu-

tion in most cases will be understanclable to be a quacirant type.

.s
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closer examination shows, however, that it caR reasonably be explainecl to be

of a conical type, if the previously assumed noclal curves were redetermined.

shows several examples of the push-pu}1 distribution in the case of conical type.

                                          I

              s
xx..@g.Å~ee

          'x. Km

           ?D

         /
ig/9:-
 ts

           (a) No.

6 '

e tti

k

137

o 9,

?
in5:e

(b) No. 202

6t

9

gX

<-    o
    w

  xl
Å~

    @
KofF

/

g

?

g

   +
xoo

?

k'

9,
 !?5

k.

oo
g R,

        8'y

              (c) No. 248 (d) No. 250
             Fig. 1. Examples of push-pull distribution of initial motions.
                              (O:push, es:pull)

    Naturally, it is diracult to conclude solely from the push-pull pattern, without

any study on the amplitude distribution of the P- and S-waves, that the mechanlsm

of these local shocks corresponds to either type of the two. We are probably al}owed,

however, to suppose that the local earthquakes in this region may have a mechanism

bearing a conical type distribution. For thls reason, the already-made theoreticcal studies
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will be reviewed in the next paragraph, in order to clarify in what cases this type

of distribution can arise.

3. A brief review of the past theoretical studies on conical type distributien

    On the mechanism with push-pull distribution of a conical type, some Japanese

seismologists, such as Ishimoto, Kawasumi, Inouye, Takagi, Usami and Hirono have

made theoretical studies in various cases.

    M. Ishimoto (12) investigated practical examples of the push-pull pattern in

many earthqttakes and came to the conclusion that in all cases the nodal curves for

distribution of the initial movements are represented by a conical section with push-

sense inside. For this mechanism, he proposed such an origin-model that was com-

posed of two zonal harmonics, P2(cose) (quadruple source) and Po(cosfi) (single

source), which are particular soltitions of the fund.amental equation of propagation of

spherical waves. This is the well-known hypothesis called "magma intrusion theory."

    Following Ishimoto's idea, H. Kawasurni (13) made more detailed theoretical and

practical studies. He investigated theoretically, by an excellent method, the propaga-

tion of spherical waves in a homogeneous isotropic medium, obtaining the same solutioR

as Sezawa's (14). Namely, his general solutions for the equations (v24-h2)(P==O,

(v2+k2)di=:O (where h2 =s)P2/(2,+2pt), leg = ,oP2/,t.t) are expressed by

                   Åë == tt..i, tttth-",A.,. H4,2.'/'i3(hr) p.m (cos s) sin (mg+e) ,

                   ip =: t;;• ll, t,;I,l..,B.. HÅí,2e'-'Sler) p,'•,n (cos e) sin (mq-Fe) ,

where Åë and ip are scalar- and vector-potentials respectively, and the displacements in

all directions can be derived from these quantities. I<awasumi clealt especially with

the conical type distribution corresponding to the case of n==2 and m==O in the above

solutions, and compared the observed values at each station with the theoretical ampli-

tudes of the longitudinal and transversal waves, tal<ing the effects due to crustal

structure inte consideration.

    In aclClition the c.ase of n=:2 and m=;2 in the al]ove or Sezawa's solution is
             ,
equivalent to the type studiecl by Matuzawa (15) and Hasegawa (16), ancl the case

of n=2 and m==1 to the type discussed by Honda (17). These cases corresponcl to

a quadraRt type.

    0n the other hand, W. Inouye (18) studied tlae behaviour of the dilatational

waves generated from a moclel of seismic origin, in which the normal pressure varying

peri'odically on the surface of spherical cavity can be represented by the sum of two

zonai harmonics Po(cosa)eiP' t and P2(cose)eiijt. Ke also elucidcated that the displace-

ment at Iarge distances is of the conical type distribution when the wavelengths of
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the Iongitudinal waves are of comparable order with the dimension of seismic origin.

    S. Takagi (19) calculated theoretically the radial displacement of elastic waves

emitted from the same cavity as mentioned above when the outward normal force of

harmonic, aperiodic or hydrostatic type acts on a pole, two poles or equatorial plane

of the source, and confirrned that the azimuthal distribution of the initiai amplitudes

can be expressed in most cases as a combination of PoCcose) and P2(cose), 2ndicating

a coRical type.

    Moreover, T. Usami and H. Hirono (20, 21) recently investigated the amplitude

distribution of the dilatational and distortional waves generated from a prolate or

oblate spheroidal cavity in an infinite elastic medium when hydrostatic pressure or

a force of harmonic type is applied on the surface of the cavity. As aresult of

numerical calculations, it was found that at a distant point the push-pull distribution

of conical type was produced in a radial displacement of P-waves in the case of
certain shapes of cavity and values of wavelength.

    It is to be remarked that the conical type distribution with pull-sense inside can

be found in the cases treated by Usami and Takagi.
    We shall now analyse our observed data referring to the above-described theories.

4. Determainatien of #he vertical angle of nodal eeRe and thg' inclination ef its

   polar axis frem data of pusk-pull distribution

    Now, the nodal curves on the Earth's surface in a conical type distribtttion are

represented, in general, by a hyperbola or an ellipse. 'I'heir shape and dimeRsion

depend upon the angle of vertex of the nodal cone, the ificlination of its polar axis

aRcl the depth of hypocentre. Ishimoto, Kawasumi and Minakami (22) suggestecl the
possibiiity of (letermining the axial inclination of the con•e or the focal depth from

the form of the curves. In this case they supposed a constancy of the vertical cftngle

of cone, but this is functionally related with the ratio of wavelength to the dimension

of the origin, in the cases investigated by Usami ancl Inouye. Furthermore, the shapes

of nodal curves are known to be of complicated styles deformed from a conical
section, if the effects due to discontinuity surfaces in the crust are taken into account

(13, 22, 23).

    }Iere, for the sake of simplicity, the crust mentioned ln th2s canalysis is assumecl

to be of .a uniform mediurn. Under this assumption, tlae vertical angle .nnd axial in-

clination of nodal cone will be determined from data of push-pull distribution. This

is attributable to a simple problem in analytical geoinetry. Takagi (23) hcas caireacly

studied the present problem, but more clefinite expressions to estimate the above

unknowns can be obtained in our case.

    We shall first coRsider an orthogonal left-hand coordinate system x'y'23 tal<ing a

hypocentre (strictly, a centre of foca} region) as the origin of the coordinates, the
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                  g polar axis ofanodal cone as the
                                            x'-axis, and an axis parallel to the
              gt
                                            ground surface as the yLaxis (Fig. 2).

                                      J( The equation of the nodal cone
       Z=0 N                   N with the vertical angle 2a is ex-
                   4 x' pressed as foiiows:
           2ct '--- -lsf9 -x'2tan2cr+y'2ÅÄg'2 :o. (1)

                                                Next, another coordinate system

                                            xy2 having the epicentre as its ori-               /7i gin is taken in suchaway that the

                                            xy-plane coincides with the ground
                  Fig. 2.                                            surface and the y-axis is parallel to

y'. Then, the equation of the cone referred to the xyg-system becomes

 (tan2 a-tan2 e)x2-{- 2x(2 -{- h) sec2 a tan fi-y2 sec2 fi- (1-tan2 a tan2 e) (x+h)2==O , ( 2 )

where e is the angle of inclination to the ground surface and hthe focal depth. The

conical section on the surface can immediately be obtained by putting g=e in Eq.

(2). Thus, •••

       (cos 2a-cos 2cr)x2+2h sin 2e • x-(1+cos 2a)y2 == (cos 2fi ri--cos 2a)h2 . (3)

(O Case ofOK.G<ev
                                   Eq. (3) can be rexvritten in the form:

                                               SX-.Y,C)2ww f.,F. .., 1, ( 4 )

                               where

                         x a2:='L(b-o-tte-ilnww2cgs-i2ztr)2h2,

                                          b2=6tr,"'22'Jt'S''l'"":'il:,J''2"ts'h2, (5)

                                          c ,= rm-.-s.ige..2..{2---h .
                                               cos 2e - cos 2a

           Fig. 3.                               Consequently, the nodal curve oR the surface ex-

pressed by Eq. (4) is a hyperbola as shown in Fig. 3. In this case the epicentre

lies on the axis of symmetry traversing the curves. Let the angle of intersection of

the asymptotes of the hyperbola (4) be denoted by 2op. Then we obtaln

                        t,.2q -- (-:Il. )2 -= cOsl t.e,i,C02S.2g. (6)

    a) When the focal depth h, the angle of intersection of the asymptotes 2q and

eg
8

g
N
ffxte

r.,'f'x

ev
2Y

-c-a
-- C -cf

O

%i!

D>/g"Vk



      CONSIDERATION ON GENERATION MECHANISM OF LOCAL EARTHQUAKES 227

the distance c betw6en the epicerkre ancl the point of intersection of the asymptotes

are determined from observation, we get e and a from Eqs. (5) and (6) as:

                              tane == csin2 q/h, (7)
                              cosa== cos op cos fi. (8)
    b) When It, 2op, ancl the distance a between the epicentre and the nearer vertex of

the nodal curve are estimated, a and fi can be cletermined from the following for-

mulae:

                              tan ev =atan2 g/h, (9)
                              cosO= cos a/cos g. (8')
Here, the following relationship needs to hold in the above two cases:

                                 c sin 2e                                'a" =X sin 2ct` (10)

    c) When we can determine h, c and a, a and 0 can easily be obtained from

Eqs. (5) and (!O), as follows:

                           tan 2cx=2P/(P2-q2-1), (11)
                           tan 2e == 2q/(P2-q2+1), (12)
where P=a/h and q=c/h. In this case Eq. (8) is requirec! to hold.

(2) Case of a<e"<rr/2
    In this case, the nodal curve becomes an ellipse shown in Fig. 4, and cu and H

can be obtained in the same way as in the

former case, by determining the lenger ancl

shorter axes or their raÅíio and the distance

between the epicentre and the centre of the

ell}pse.

    In the special case of e==T-a the nodal

curve becomes a parabola, while in the case

of O= x/2, it becomes a circle.

    In sliort, the vertical angle ancl the axial

inclination of the noclal cone can be estimatecl
                                                        Fig. 4.from the push-pull distribution of initial mo-

tions, by determining beforehand the focal depth by a travel-time analysis. Estima-

tion of these quantities, however, will inevitably be attended with considerable errors,

unless a sii'fficiently dense net ef observation stations is spread over the area concern-

ed. In our ccase, nodal curves in some possible ext'reme cases were examinecl and their

mean values were adoptecl.

    The results obtained by .ftpplying the above-(lescribed methocl to ogr data in 28
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                 consider two spherica!

referred to the x'y'2Lsystem as in the preceding

section, and the nfpt2-system having a comrclton origin

with the former. The latter is taken in such a

way that each of them is parallel to each exis of

the xy2-system. When the angles, e', (P' etc. are

measured as indicated in Fig. 5, we get, x'==
rcos@'cos ca'=rcos lf, 2'=rsine' and X=rcos ecos W,

2=rsin@. From the relation between the two ,
                                                     8
systems : x' == N cos e -F2 sin fi, T can be connected

with O and ca as follows:

                cos op = cos et cos di, = cos e cos di cos o"-siR @ sine

For the xy2-system, we have

                x == dcos @cos (P, h -- dsin e, (d2 ==

d being the hypocentral distance.

    When elastic waves emitted from a focus are propagated in
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ear#hquakes are tabulated in Table 1. Eqs. (11) and (12) were used in the present

case. The errors in a and e do not exceed 100 for most ef the shecks.

5. Amplitude distribution in the case of eenical type

    In this section, the amplitude distribution will be calculated theoretically from

the data listed in Table 1, and will be compared with the amplitudes observed at

each station.

    As reviewecl in bR3, theoretical studies on various mechanisms causing the dis-

tribution of conical type have been made. In almost all the cases mentioned there,

the azimuthal distribution of radial and tangential displacements at large distances,

as comparecl with the wavelength, can exactly or approximate}y be expressed by a

combination of spherical harmonic fuRctions: aoPo(cosrp)--t-a2P2(cosT) and bP}(cosrp)

respec#ively, with arbitrary constants ao, a2 and b (12, 13, 18, 19, 20, 21). It can safely

be regarded also in Usami's mode! that the distribuÅíion approaches the above form

with fairly good accuracy.

    Hence in these cases, the radial amplitude, u, and tangential one, v, on a spherical

surface with radius r can be representec! by the following form in terms of the ver-

tica! angle of the nodal cone, 2a:

          vU.oc, caesPt.:(;OcSoZ)rp-;a2P2(cos 'o) == Acos 2rp+B == 2A(cog2 rp-cos2 a),} (13)

where v is the angle measured from the polar axis.

    We shall here coordinates ,

7

               ,, .-Ei' X'
        (zii).

         Fig. 5.

         . (14)

x2+y2+lf) ,

        the form of spherical
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waves, their divergence factor of atnplltude is found to be Yd. Tal<lng account of

this factor, the amplitudes of the initial P- and S-waves, Ap and As, which will be

observed at a distant station on the Earth's surface, are expressible by the following

formulae, under the assumption of uniform medium :

                     2Apo                         [(cos@cos (p cose-i-- sinesiR t7)2-cos2 cM] as)               Ap =
                      A

                   um- 2A3ik, [(xcosO-iksine)2 - cos2 a], (16)

               A. .•,.-. .Adsg(i...g..o..p..q..l. ;.-lg..fi.i.n....a..),vtl- (x cos ei/- -h sin el5:'. a7)

Apo and Aso depend upon the eaythqual<e magnitude. Ncaturally, tke nodal eurves

expressed by Eq. (3) are equiva}ent to the case oÅí Ap=O in the above formula.

    While, the following relations hold between the amplitude of the incident P- or

SV-waves and that with the vertical component, Apv or Asv, and tke horizontal

component, Apff oy AsH, which will be observed on the ground surface. That is,

                          '                 Xgy,'.A,p:-f,p,1.2's',•.A.pua.-.ww,gg,lgg',•] (is)

where ip and i•s are the incident angles of the P- and SV-waves respectively. Since

values of these functions have a}ready been calculated in terms of Poisson's ratio (24,

25), the amplitudes which wil} be recorded on the surface can be estimated excepting

Apo and Aso.

    a) Then, the ratio of the vertical co!nponent of theoretical amplitude of the P-

waves aÅí any statien to that at a standard observatory is given by

              Ai-•;-l2,i-//==(2-.p't,?•,,3/f-U,-i/--)•[:,'C,g,sg"--,-2iglxS]i/,Z2giigo,gi:. (ig)

    b) The ratio of the vertical components of' theoreticai amplitudes of the P- and

SY-waves at each station is,

                        X--t;t;-E,(l;,?•,le.,ss'ez/f-jggg,i,• (2e)

    We can easily calculate the above ratios, when h, fp,s(ij) and dj were estimated

from the determination of hypocentre, and av, e and xj from the push-pull distribution

of initia} waves.

    Table 2 gives the theoretical amp}itudes of the P- and SV-waves or their ratios

calcttlatecl for every earthquake, and the corresponding ol)served values at respective

observatories. Tlie a`ngle of incidence was calculated by cosi--.-k/`d (•i==z'p--f7s'). The

observecl value correspoRding t/o li)q. (20) was taken by the ampiitu(les' ratio of initial
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Table 2. Theoretical and observed amplitudes.

No.

201

207

217

218

22e

223

226

228

230

236

247

248

249

st.
I
  riJ-

 (km)

k.k

\

g
s•

g
k.k

28S
23.1
25.6
21.3

g,s
8.0
9.5

11.3
14.S
12.0

iilii

l'l

'

9.2
6.3

11.4
7.4

g
i"

g

16.1
13.3
13,2
10.9
16.0
8.0

12,5
7.9

10.3
16.5
12.6

11.2
8.4
9,3

14.2

12.4
10L9
16.7
6.8

k
'k

  30.9
  ggig

  e.gie

l-.23.1 .

I- 7.s
' ,?18

i ig:gr

  13.S

250

251

253

l g

gEg
g:gl

'

Q gg

j
i

69o
64
66
51

a,g,

i'i

'ii
ii
i3,

iiis

iiig

ii
i'S

i:
22
il
g3
?g

g2
      E
hypocentral

fp(i)

O.79
O.91
1.74
O.97

1.39
1.73
O.94

1.97
L61
1.46
1.72
1.26

i,iill
1.97
1.11
1.49
1.20
1.62
O.82

LIO
1.57
1.75
1.35

O.95
1.10
1.11
1.31
1.75
1.83

1.13
1.81
:.35
1.75
1.13

1.44
1.99
1.79
1.67

1.el
i.13
1.73
1.83

O.83
O.84
O.87
O.96
1.75
1.03

stll
!.gil
3;:
a9:l

g2:l

fs(i)

i O•92

1.12

1.48

1.08

g:l2

1.23
1.52
O.48
O.95

O.38
122
O.48
1.28

O.9S

1.20
O.60

1.42

1.10
120
1.17

O.82

zg8

1.21

A2)y!AJ)o
 Å~100
 (c)

IApirlA?o
  Å~100
  (Q)

1.45
1.82
1.92

 6.36
-5.97
-- 3.09

 L17
.- O.05
 O.11

iiil'i

-

.t-2.62

 O.89

 2.86
 O.41

OAI
6.26
3,13
6.01

-1.31
-3.51
-- 1.e7

-- O.87

 1.97
1.47
8.95
4.16
2.81
1.29

1.53
O.18
O.90 j

L17
1.22

O.84

1.00

1.16

1.25
O.87

O.97
O.72

1.58

1.14

--2.39
 O.42
•-O.11
 024
 228
-- O.48
-2.02
 6.63

 O.91
 1.60
 1.31
 1.61
 1.15
 2.44

--IA2
 6.44
 1.94

-- O.54
 3.22
 1.23

-1.51
 1.04
 1.23

gz:g

- 1.75
  2,49
 12.55
  5.43

  2.73
 17.85

  O.40

- 1.92
- O.38
- 1.66
- 6.12

  5.12

A-
?Tr

(mm)
1.4e
2.30
1.4e
5.05

  3.60
- 2,10
- 1.20

  2.05
 22.e
- 3.55
 11.15
 1.35

- O.60
  2.90
  2.80
  O.70
  3.85

  2.35
- 2.10
  1.65
  1.00
  3.15
  O.80

O.60
3.05
3,80
7A5

- 1.50
-- 2.05
im 2.75
- 4.15
  8.85
  3.25

1
#'1

11i
- 4.27
  S.68
- 2.66

g9.

1l

- e.95
  e.7o
- 1.15
  1.80

 7.89
- 1.75

  O.70
- o.se
- 3.45
 17.50

8.50
4.25

13.40
S.30

10.00
lg.eo

- 9.20
  9.50

  ia2 I-
  2.47 i
     .l
the angle

 - O.60
   1.60
   1.40

 - O.55
   1.10
   1.50

- O.50
 O.80
 1.60

g2:,

gg:l

IAsTr12<{?vl

  (c)
IAsTr/A?7i
  (Q)

O.G8

1.42

E

O.91

2.25

2.17
20.3

19.3
O.55
O.51

21.4

:
l

   3iI,i'g

o.88

g'i
ili

i

s

10.4
e.65

1.59

2.54
1.25
3.39

1.37

tg:g

3.19

2.19
1.12

O.13
14.4

O.42

2.51

ggg

1.74
2.53
1.61

O.05

O.12
O.22

3.00
1.6g

O.79

e.go

g•gg

f

5

i

;t:l

iA-srr/A-?vi

(O.72)

  (1.32)

   O.42

   1.75

( 2.83)
(18.1 )

19.4
 e.69
 1.90
(12,3 )

( 2.72)
 1.33
( 3.53)
( 1.81)

(10.7 )

('14.4 )

 O.39

( L71)

3,10
O.80

(1.70)

(O.92)

g `{6

1.90

(2.04)
3.14

i

 1.Z4
(15.8 )
( 1.15)

1.41

(O.85)

:

ggg

s.eo
1.10 l

(6.25)
3.68

11.7
l

1 I

e.72 ]
l

  l
 .1.... ...
incidence ;
   inciclent

l, gigg
,

fp(ii), f,st(ii): the

 P- ancl SV--waves,

{

(13,2)

O.92

df: the distance; iJ•: of ratio efamplitude observed on the grouncl surface t'o the one of respectively,
f' lx,iv, !Ii)ir : the vertical Åëomponents of theoretlcal and observed amplitudes of I)-waves respec-
tively, Asi•, A' fi•it ; the vertical components of theoretical and observed arnplitudes ef SV-waves
respective!y, <C): the case of conical type, (Q): the case of quadrant type.

(6.00)
(s.eo)

  the

'



232 T. MIKUMO
P- and SV-waves iB tlae case of clear commencement of S-waves, otherwise by the

maximum amplitudes' ratio of both waves. In this calculation the ratios for the sta-

tions near nodai curves were excluded on account of their great uncertainty.

    Moreover, Eq. (19) does not include the quantky relating to the magnitude o{

earthquake. It is therefore possible to study by superposing the relationships between

the theoretical and observed amplitude ratios for all of these earthquakes, if all shocks

were caused by the same mechaRism of occurrence.

    This reiation for the P-waves is shown in Figs. 6 and 7, talcing Wakanoura and
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Nokarni as the standard station respectively. The calculated errors in these ratios

are illustrated in Fig. 8. In the former figures the mean values wei-e adopted.

    Provided that all assumptions thus far made are correct and that the "ground-
coeMcient" (which is defined only in this case as a factor of amplification effect
of the ground or a stational correction, not included in Eq. (17)) and the response

of seismometer used are the same in al} stations, the plotted points indicating the

above relation are expect.ed to lie on the 450-line. It can be said that in Fig. 6 these

points lie on a certain straight line with satisfactory accuracy, but its gradient is less

thaR 450. This fact is considered

to indicate that the amplitudes

observed at Wakanoura are always

smaller than the values expected

from the theory throughout al}

shocks but the ground coethcients
                             '
at another five stations are nearly

equal. This can be ascertained

also in Fig. 7 from the steeply

inclined line indicating Apv(pv)/ Fig. 8. Amplitude-ratios with caiculated errors.

ApH(N) and the line of 450-gra-
                                                                     e                                 ftLsvlEpv i.dient reiating to the other stations.
                                                                  i
The coeracient at Wakanoura is ..i
                                    IS f'estimated to be about one third e /                                                        a-
of that at other stations. This is .i'
                                                       /reasonabiy explained from the
fact that the station at Wakano-

ura is situated oB a hill composed

of solid rock (crystalline schist).

    As can also be seen in Fig. 9,

the observed amplitude-ratios of

the P- and SV-waves may be in

fairly good accord with the theo-

retical ratios.

    Taking these circumstances

into consideration, we may safely

consider that the mechanism of

local eathquakes in this district 2s

6. Couaparison of aTnplitude

    For the sake of comparison,
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                                 '
shoclgs were here estimated, assuming the push-pull distribution to be of a quadrant

type.

    The vertical ampiitudes of the P- and SV-waves, which will be recorded on the

ground surface, can be expyessed, after H. Honda (17,26), as foliows:

                        .A,PJ-:.A,lof.p,S.is',/j,",7fi,Zo,s.9,•] . (2i)

where ff and q are spherical coordinates taking a hypocentre as the origin.

    Determining the distance between the epicentre and the point of intersection of

nodal curves on the surface, the inclination and erientation of the polar axis (the

intersection of two nodal planes), and hence, e and q can be obtainecl. The theoretical

va}ues ca!culated by Eq. (21) are also given in Table 2. Figs. 10 and 11 illustrate the

relation between the theoretical and observed amplitudes analogously to Figs. 6 and 7.
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              case ofaquadrant type. drant type.

    Comparing the corresponding figures in the two types with each other, it is found

that the plotted points in the case of the cenical type scatter less widely than those in

the case of the quadrant type. As a matter of course, lt is dangerous to deny, from

these results alone, a possibility of the latter type in the present case, owing to the

poorer data and considerable ambiguity in the determination of nodal curves. Ilewever,
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the former type of mechanism may be considered to give a more Ratural explanation

for our observed results.

7. Some eonsiderations

    The generation mechanism of local shocks treated here can substantially be ex-

plained to beofaconical type, as described in the preceding sections. Hence in this

section, sorne considerations will be made on this type of mechanism.

(1) Distribution of nodal cones.

    In one of the studies on micro-earthq.uakes, the push-pull distribution of initial

motions in many shocks was found to be identical with each other and similar to the

main shock (6). However, this tendency could not be recognized in our observations.

    Here, the distributions of some kinds of quantities about the nodal cone are briefly

Giscussed in the following.

    a) The frequency distribution of the half vertical angle of the cone, a, is shown

in Fig. 12. For most of the earthquakes, it is found to be from 600 to 700. The

spectrum lndicated in Fig. 12 seems to resemble a Gaussian distribution.

15

                                        10

le

                                          5
5

                                            g le 2c 3c 4s sgos

     Fig. 12. Frequency distribution of a. ' Fig. 13. Frequency distribution of e.

    b) Fig. 13 shows the histogram of the inclined angle to the ground surface, 0,

of the conical axis. It seems in our case that the distribution of 0 is limited within

the range from OO to 400. We could not definitely find out the case in which the

axis is so inclined that the nodal curve came to an ellipse. This agrees with

Fukutomi's result (27), in which nodal curves were represented by a hyperbola for

most of shallow earthqual<es with focal depth from O to 25 km.

4eso6o7gseggoe<
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matically nor to relate with directions of MO X I

geologlcal {aults, though seme investiga- /
tions (9,10) showed a relation between
                                                                  othe directioit of faults and the pattem of

initial waves in certain Iocal earth- O
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(2) A consideralion on the origin of local sltocles in this area

    Here, we shall tentatively make a consideration about the mechanism of earth-

quake occurrence with a conical type distribution.

    The difference in travel times concerning the push and pull of initial motions

(11), which was detected in our observatioRs, may be considered to suggest ciR azi-

muthal difference in the geReration rnechanism or the shape of focal region. On the

other hand, in the present research on the push-pull distribution, we ffnd 16 nodal

cones with push-sense inside and 12 cases with pull-sense inside. In all of these
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cases, the observation stations inside the nodal cone are found to belong to the group

with the earlier arrival of the two, which were classified by their travel times. We

can imagine from these reasons that the focal domaiR may have a longer dimension

in the direction of conical axis, if anisotropy is permisslble in the hypocentral form.

    To such a model of origin which has the above-mentioned shape of hypocentre

and the mechanism of conical type, Usami's hypothetical focus (prolate spheroidai

cavity in an infinite elastic medium) rnay be considered to correspond. He confirmed

in his model that a push-pull distribution of conical type took place in the following

three cases : i) a/b= 3, l/2c = n/3, (ev =A- 660), ii) a/b == oo, 1/2c = x, (a = 420), iii)

a/b==oo, Z/2c =cx), (cr=550), where a, b and c are the longer and shorter axes and

the focal distance of the spheroid respectively and R is the wavelength. The general

relationship between the wavelength and the angle of vertex of nodal cone was not

solved by him, but he e}ucidated that the latter 'is functionally related to 1/2c wlth

a/b as a parameter. It is probably admissible, however, to consider from his results

that a may increase with the increase of 2,/2c under the constancy of a/b.

    With a view to examine whether the disparity in travel times between two groups

comes from the azimuthal difference of focal form or not, the relation between the

vertical angle of nodal cone, av, and the time-difference, aT, was investigated. In

Fig. 16, the observed values o{ at are p}otted against 2te/6T instead of A/2c. te is

               alt

               sgO o
                                        oo
               70                                      oo o
                                                  o
                                 oo
               6e ooos (?)

               50                           o

                                                        -----)b.                                  g-5 f-g 2t./E7-
                 Fig. 16. Relatien between vertical angle of nodal cone and
                        period of initial waves.

the original half-period of initial P-waves radiated from the focus. It cannot be

easily estimated by extrapolation of the previottsly determined relation (28) between

the initial period and hypocentral distance, so that in this case it was substitttted for

the half-period of initial motion observed at the nearest station to the focus. From

this figure, it can be recognized that a tends to increase remarkably wlththe increase
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 in 2to/o"T. Consequently, the travel-time difference between two groups may safeiy

 be interpreted to come from the azimuthal difference in the focal shape, though some

 questions remain unsolved. It may also be said that the present result has added a

more possible ground to regard the shape of hypocentral domain as an approximate

spheroid or linear source, as far as the present case is concerned.

    IÅí a genera} relationship between the vertical angle of nodal cone and the ratio

of the waveleBgth to the dimension of origin is established, we shall obtain more

definite informations about the dimension of focal region.

8. Cenclusion

    For the purpose of clarifying the mechanism of occurrence in micro-earthquakes,

the push-pull pattern of initial motions and the amplitude distribution of the P- and

S-waves was studied for a great number of }ocal shocks gep.erated in Wakayama
District.

    (1) The geographical pattern of the initial waves indicates a systematic distri-

bution, but it is difficult to juclge exactly, solely from the distribution, whether the

mechanism is of a quadrant type or of a conical type. There seems to be many cases

corresponding rather to the latter type.

    (2) Tlie distributions o'f theoretical amplitudes of the P- and S-waves in both

types were calculated and compared with the observed values at each station. They

are in fairly good accord with each other in the case of a conical type, wh21e a larger

discrepancy was found in a quadrant type. This fact may be considered to indicate

that the mechanism of local earthquakes in this region can be explained to be of a

conical type. '    The amplitudes observed at Wal<anoura are in a constant ratio smaller than the

values expected from the theory. This is accepted by the reason that the station is

situated on a hill composed of harder rock.

    (3) On the basis of this result, the angle of vertex of nedal cone and the

inclination angle of conical axis were estimated for all of the shocks. For the greater

part of them a half-angle of the former was found to be 600-v700, and its frequency

distribution is similar to a Gaussian distribution. The latter is distributed over OO-v

400. Both of them do not seem to be related with the focal clepth. No systematic

pattern was reco.crnizable in the geographical clistribution of the orientations of conical

tRXiS.

    (4) Some considerations were made on the origin of these shocks. A certain

reiationship seems to hold between the vertical angle of the nodal cone and the period

of initial waves. It is probably possible to presume from this result that the focal

region may have an azimuthal difference in its shape.
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