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ABSTRACT

The mechanism of occurrence of local earthquakes generated in Wakayama District
was studied from the “push-pull” pattern of initial motions 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. Introduction

The study on the mechanism of earthquake occurrence, based on the distribution
of dilatation and compression of seismic initial motions, may be one of the most in-
teresting and important problems in seismology. This problem has already been
studied by many seismologists and many brilliant results have been piled 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 hitherto
made, that there exist several kinds of types in the geographical “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 initial anaseismic and kataseismic movements is divided into quadrants by two
nodal planes intersecting perpendicularly at the focus. This type of distribution was
found first by T. Shida in 1917 and was called “the crack-earthquake” by himself.
Many seismologists paid increasing attention to his discovery and this was a first
step in Japan towards the study on the mechanism of earthquakes.

According to a series of studies made especially in our country, it was ascertained
theoretically that the quadrantal push-pull distribution could be caused by a couple of
compressional and tensile stresses working perpendicularly at the origin (2), or even
by a uniform shear stress resulting in a single fracture (). The so-called “fault-
plane” solution (4,5) belongs also to this broad category.

Another case is, on the other hand, a conical type in which the nodal curves
on the Earth’s surface for the pattern of condensation and rarefaction of the initial
motions can be expressed as a kind of conical section. The case was detected by



222 T. MIKUMO

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 of distribution. The theoretical studies on the mechanism of occurrence
which causes a conical type distribution will be mentijoned subsequently.

In contrast to the case of great earthquakes, we can find only a few investigations
(6,7,8,9,10) about the generation mechanism of minor earthquakes, such as local
shocks or aftershocks.

In 1954 and 1956, seismometric observations were carried out in the epicentral
region of local earthquakes in Wakayama District (11) for the purpose of clarifying
the unsolved natures of micro-earthquakes and presuming the crustal structure in the
area concerned., The resufts obtained in these observations may be considered to have
offered a clue to the above-mentioned problems.

In the present paper, the mechanism of earthquake occurrence will be studied in
some detail, not only from the aspect of the push-pull pattern of initial P-waves but
also from comparison of the amplitudes recorded at each station with the theoretical
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 make some considerations on the origin of the
earthquakes.

2. Observed data

The data used in the present study are a great number of seismograms recorded
in the observations in 1954 and 1956 at our six stations: Idakiso, Wakanoura, Fuyuno,
Nokami, Kainan and Yoro, and several 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 about 10 km in radius, taking
Kainan City as its centre, The positions of the observation stations and the epicentres
of earthquakes mentioned in this analysis were shown in the previous paper. In these
observations, some ten local shocks were clearly recorded by the electromagnetic
seismometers of variable reluctance type of 0.45 sec in natural period connected with
the galvanometer of 0.40sec in free period.

The push-pull distribution of initial motions in every earthquake was here studied
by use of the data obtained at the respective stations. When the nodal curves were
tentatively assumed to be a pair of lines (11), the distribution indicated a type similar
to the quadrant one in the case of very shallow earthquakes (6). But in many cases
the nodal lines do not always cross at right angles 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 4~10km, but are of comparable order with
their epicentral distances. Hence, when these shocks are regarded as an earthquake
analogous to the “deep-focus earthquake” in the ordinary sense, the push-pull distribu-
tion in most cases will be understandable to be a quadrant type.
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A closer examination shows, however, that it can reasonably be explained to be
rather of a conical type, if the previously assumed nodal curves were redetermined.

Fig. 1 shows several examples of the push-pull distribution in the case of conical type.
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Fig. 1. Examples of push-pull distribution of initial motions.

(O: push, &: pull)

Naturally, it is difficult to conclude solely from the push-pull pattern, without
any study on the amplitude distribution of the P- and S-waves, that the mechanism
of these local shocks corresponds to either type of the two. We are probably allowed,
however, to suppose that the local earthquakes in this region may have a mechanism

bearing a conical type distribution. For this reason, the already-made theoretical 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 distribution

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 earthquakes 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 zomal harmonics, P,(cosf) (quadruple source) and P,(cosf) (single
source), which are particular solutions of the fundamental equation of propagation of
spherical waves. This is the well-known hypothesis called “magma intrusion theory.”

Following Ishimoto’s idea, H. Kawasumi (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 solution
as Sezawa's (14). Namely, his general solutions for the equations (V*+ /#)¢ =0,
(V2+E)¢p=0 (where B=pp?/(A+2n), B=pp?/11) are expressed by

co o (2)

b =31 514, B8 pu cos 0) sin (me-+e)
n=0 m=0 vor
i o (2)

o=31 1B, Hiva(kr) pm(cos 0 sin (mg+e)
n=0 N=0 7/ I

where ¢ and ¢ are scalar- and vector-potentials respectively, and the displacements in
all directions can be derived from these quantities. Kawasumi dealt especially with
the conical type distribution corresponding to the case of #=2 and m=0 in the above
solutions, and compared the observed values at each station with the theoretical ampli-
tudes of the longitudinal and transversal waves, taking the effects due to crustal
structure into consideration.

In addition, the case of #=2 and m=2 in the above or Sezawa’s solution is
equivalent to the type studied by Matuzawa (15) and Hasegawa (16), and the case
of n=2 and m=1 to the type discussed by Honda (17). These cases correspond to
a quadrant type.

On the other hand, W. Inouye (18) studied the behaviour of the dilatational
waves generated from a model of seismic origin, in which the normal pressure varying
periodically on the surface of spherical cavity can be represented by the sum of two
zonal harmonics Py(cos f)ei?’ and P,(cos 7)ei”t. He also elucidated that the displace-

ment at large distances is of the conical type distribution when the wavelengths of
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the longitudinal 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 confirmed that the azimuthal distribution of the initial amplitudes
can be expressed in most cases as a combination of Py cos #) and P,(cos ), indicating
a conical 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 a result 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. Determination of the vertical angle of nodal cone and thé inclination of its

polar axis from data of push-pull distribution

Now, the nodal curves on the Earth’s surface in a conical type distribution are
represented, in general, by a hyperbola or an ellipse. Their shape and dimension
depend upon the angle of vertex of the nodal cone, the inclination of its polar axis
and the depth of hypocentre. Ishimoto, Kawasumi and Minakami (22) suggested the
possibility of determining the axial inclination of the cone or the focal depth from
the form of the curves. In this case they supposed a constancy of the vertical angle
of cone, but this is functionally related with the ratio of wavelength to the dimension
of the origin, in the cases investigated by Usami and 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).

Here, for the sake of simplicity, the crust mentioned in this analysis is assumed
to be of a uniform medium. Under this assumption, the vertical angle and axial in-
clination of nodal cone will be determined from data of push-pull distribution. This
is attributable to a simple problem in analytical geometry. Takagi (23) has already
studied the present problem, but more definite expressions to estimate the above
unknowns can be obtained in our case.

We shall first consider an orthogonal left-hand coordinate system x’y'z’, taking a
hypocentre (strictly, a centre of focal region) as the origin of the coordinates, the
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polar axis of a nodal cone as the
x’-axis, and an axis parallel to the
ground surface as the y’-axis (Fig. 2).

The equation of the nodal cone

with the vertical angle 2a is ex-

pressed as follows :

—xPtanta+yt42t =0, (1)

Next, another coordinate system
xyz having the epicentre as its ori-
gin is taken in such a way 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 xyz-system becomes
(tan? @ —tan® 0)x%-2x (2 -+ k) sec® a tan A—y? sec? — (1 —tan® atan® @) (z+-h)?=0, (2)

where f is the angle of inclination to the ground surface and % the focal depth. The
conical section on the surface can immediately be obtained by putting 2=0 in Eq.
(2). Thus,

(cos 2 —cos 2a) 2%+ 20 sin 20 + x— (1--cos 2a) y* = (cos 20 --cos 2a) /% . (3)

(1) Case of 00
Eq. (3) can be rewritten in the form:

_ 2 2
Q"%%Q‘“”Xg"zl’ (4)
where
P 2 W_S,izl_Zﬁawy 2
tra X ¢ (cos 20 —cos 2c)
e 2sinfa
b= cosZﬂ——cosZah ’ (5)
¢ — . sin20

Fig. 3.

Consequently, the nodal curve on 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 2¢. Then we obtain

2 — 9_)2:991«?2:,09,%25
tan®¢ (a 1+4+cos2a (6)

a) When the focal depth %, the angle of intersection of the asymptotes 2¢ and
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the distance ¢ between the epicentre and the point of intersection of the asymptotes
are determined from observation, we get § and « from Egs. (5) and (6) as:

tanf = csin® @/h, (7)
cos & = cos ¢ cos {7 . (8)

b) When /4, 2¢, and the distance a between the epicentre and the nearer vertex of
the nodal curve are estimated, & and # can be determined from the following for-
mulae :

tan & = q tan® @/#, (9)
cos ) = cos &/cos ¢ . (8)

Here, the following relationship needs to hold in the above two cases:

¢ sinZa’

€ _ sin 20 (10)

¢) When we can determine A, ¢ and «, « and f can easily be obtained from
Egs. (5) and (10), as follows:

tan 2a = 2p/(p*~¢*—1) , an

tan 26 = 2q/(P*—q*+1) , (12)

where p=a/h and g=c¢/h In this case Eq. (8) is required to hold.

(2) Case of a<8<n/2

In this case, the nodal curve becomes an ellipse shown in Fig. 4, and « and
can be obtained in the same way as in the
former case, by determining the longer and
shorter axes or their ratio and the distance
between the epicentre and the centre of the
ellipse.

In the special case of =« the nodal

curve becomes a parabola, while in the case
of #=n/2, it becomes a circle.

In short, the vertical angle and the axial

inclination of the nodal cone can be estimated

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 sufficiently dense net of observation stations is spread over the area concern-
ed. In our case, nodal curves in some possible extreme cases were examined and their
mean values were adopted.

The results obtained by applying the above-described method to our data in 28
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Table 1. Vertical angle and inclination angle of nodal cone
in every earthquake.
Shock h O a c @ @ 0

No. (km) (km) (km)

121 112 | 108°+4 19° | 5.0-4-0.7 22407 67°+ 4° ) 67°+ 4° | 7°+ 2°
122 37 | 204 + 15 20+03 09-+03 63 + 3 64 + 4 117 2
123 33 | 171 -+ 18 20+11 0808 59 4 15 60 - 16 10 4- 10
135 4.6 15 + 12 2.7-+03 04102 61 4+ 4 61 4+ 4 4T 2
136 47 1136 + 7 48-4-0.8 5.030.5 53 4+ 8 59 4+ 8 324 6
137 5.1 0+ 2 3.0:+02 20402 62 + 2 63 + 2 17 F 2
140 6.3 0+ 20 33407 55-0.7 68 + 4 72 4 38 3B+ 6
151 5.8 14 + 22 2.9--09 3809 67 + 7 69 -+ 10 39+ 8
201 10.3 5 - 30 80-+10 1.0-4+1.0 52 + 2 53 4+ 3 4+ 4
202 62 | 140+ 5 40408 2009 58 + 8 60 + 9 4+ 7
206 93 {278 + 13 50425 50+25 64 4 11 67 + 10 24 3~ 10
207 36 1303 + 28 29-+1.1 08411 58 4~ 15 59 -4 15 11 -+ 4
217 7.9 93 4+ 3 14402 64-+03 81 -+ 3 83 + 2 38 - 2
218 56 | 154 4+ 22 2.740.6 333-06 66 -~ 16 70 -~ 13 27 4- 10
220 51 1270 + 11 44--06 00705 49 4- 5 49 + 5 0+ 4
222 44 | 318 - 27 35423 40-+25 59 - 17 64 - 13 31 - 15
223 5.2 92 -+ 11 21:-05 32-+03 69 -~ 6 73 4+ 5 20 ¢ 2
224 89 | 358 - 20 3619 28420 69 - 10 70 +4- 10 15 - 10
226 74. | 187 4 8 3408 08408 65 -+ 4 66 4+ 3 54+ 5
228 7.3 |318 - 23 58--03 00-+35 52 <~ 5 52 4+ 3 0+ 15
230 84 33 4+ 3 50408 4.7--08 61 - 5 64 - 3 24 = 3
236 63 {252 - 10 41--18 17417 57 + 5 58 - 4 11 F 7
247 120 | 214 + 20 6.0+-24 2.0-+20 64 + 9 64 4 7 8 1 8
248 4.6 89 4+ 4 41--08 29115 56 -+ 10 58 + 4 24 4 10
249 88 | 174 -+ 10 3610 27-+08 68 + 6 69 + & 20 + 2
250 37 | 584 8 | 20404 | 20406 | 67~ 8 | 0+ 2 | BT 6
251 53 | 305 4 33 40-F1.0 551 0.5 61 - 10 68 - 10 381 6
253 66 | 181 + 18 46126 24-+24 57 -+ 17 58 - 15 | 14 - 14

b

a: the vertical angle of nodal cone;

#: the inclination of polar axis
@, : the axial orientation of nodal cone measured from northward.

of the cone;
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earthquakes are tabulated in Table 1. Egs. (11) and (12) were used in the present
case. The errors in « and # do not exceed 10° for most of the shocks.

5. Amplitude distribution in the case of comnical 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 reviewed in §3, 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 compared with the wavelength, can exactly or approximately be expressed by a
combination of spherical harmonic functions: @.P;(cos p)+-a,P,(cosy) and bPi(cos %)
respectively, with arbitrary constants «,, @, and & (12,13, 18,19,20,21). It can safely
be regarded also in Usami’s mode! that the distribution approaches the above form
with fairly good accuracy.

Hence in these cases, the radial amplitude, #, and tangential one, ¢, on a spherical
surface with radius » can be represented by the following form in terms of the ver-
tical angle of the nodal cone, 2a:

u o< @ Py(cos ) +a,Py(cos ) = A cos 2p+ B = 2A(cos? y—cos® &) , } (13)
13

voc Csinycosy,

where 7 is the angle measured from the polar axis.

‘We shall here consider two spherical coordinates
referred to the x’y’z-system as in the preceding
section, and the Xy2-system having a common origin
with the former. The latter is taken in such a
way that each of them is parallel to each exis of

the xyz-system. When the angles, @', & etc. are
measured as indicated in Fig. 5 we get, a'=
rcos® cos @' =rcosy, 2 =rsin® and Z=rcos & cos &,
Z=rsin®. From the relation between the two

systems: x'=Xcos#+Zsinfl, » can be connected

Fig. 5.

with @ and @ as follows:
cos ) = cos 0 cos ' = cos O cos @ cos f+sin @sinf . (14
For the xyz-system, we have
x=Adcos@cos @, h=dsin®, (4 = 2*+y*+12),

4 being the hypocentral distance,
When elastic waves emitted from a focus are propagated in the form of spherical
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waves, their divergence factor of amplitude is found to be 1/4. Taking account of
this factor, the amplitudes of the initial P- and S-waves, Ap and Ag, 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 :

Ap = g‘flfg [(cos @ cos @ cos 0+ sin @ sin #)2—cos® «] (15)
_2A4po [[xcos O+hsinf\>
== [( y ) cos’ ac] , (16)
. Asofxcos f+hsind x cos 0 sin 0\

As = 4 ( 4 )4/1”(‘"“‘“7“**) . an

Ap, and As, depend upon the earthquake magnitude. Naturally, the nodal curves
expressed by Eq. (3) are equivalent to the case of Ap=0 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 Agy, and the horizontal

component, Aps or Asg, which will be observed on the ground surface. That is,

Apv/Ap = fp(ip), Apu/Ap = gplip), } (18)

Asv/As = fs(is), Asu/As = gs(is),

where ip and is are the incident angles of the P- and SV-waves respectively. Since
values of these functions have already been calculated in terms of Poisson’s ratio (24,
25), the amplitudes which will be recorded on the surface can he estimated excepting
Ap, and As,.

a) Then, the ratio of the vertical component of theoretical amplitude of the P-
waves at any station to that at a standard observatory is given by

Apveyy (f_p(}jl/ff;) , (xjcos A+ sin 8)%/45—cos? a (19)
Apviey (xy cos A+Tsin )2/ L3 —cos’

fP(io)/do

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

SV-waves at each station is,

Asy _ fig,l) , ksiny, cos 7y (20)
Apv  fp(i;y costyi—cos® a
We can easily calculate the above ratios, when %, fp s(i;) and 4; were estimated
from the determination of hypocentre, and «, 8 and x; from the push-pull distribution
of initial waves.
Table 2 gives the theoretical amplitudes of the P- and SV-waves or their ratios
calculated for every earthquake, and the corresponding observed values at respective
observatories. The angle of incidence was calculated by cosi=//4 (i=ip=1is). The

observed value corresponding to Eq. (20) was taken by the amplitudes’ ratio of initial
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Table 2. Theoretical and observed amplitudes.

Apv/Apo|Arr/Arel  z
4 . . . 0 o Apr ||Asy/Arvl||Asi/Arvllis &
No. | St. Il i | ()| f:(d) ] x100 | %100 S SVLLEVN  Bor [Apy
(km) | % ( 5(8) ) ) (mm) c) (Q) [Asv/Apv]
201 | I 786 | 69°] 0.79 | 0.92 1.45 140 0.68 ©.72)
K | 231 | 64 | 091 1.82 2.30
N | 258 | 66 | 174 1.92 140
Yy | 213 | 61 | 097 | 112 5.05 142 (1.32)
207 | K 19 | 44 139 | 148 6.36 3.60 0.91 042
N 95 | 68 | 173 —5.97 — 210
Y 78 | 63 | 004 | 1.08 | —3.09 — 1.20 2.25 1.75
207 | W 8.0 7 1.97 T 2.05
F 95 | 34 | 161 | 090 117 22.0 2.17 ( 2.83)
K | 113 | 41 | 146 | 157 | —0.05 — 355 203 (18.1 )
N 14.8 58 1.72 0.11 11.15
Y | 120 | 40 | 126 1.35
Ta8 | I 95 | 5¢ | 115 | 1.2 | —023 | — 175 | — 0.60 193 686 194
W 75 | 42 | 143 | 152 2.16 249 2.90 0.55 0.20 0.69
F 68 | 35 | 157 | 048 1.48 12,55 2.80 0.51 045 1.90
K 63 | 27 | 174 | 095 0.22 5.43 0.70 214 0.10 (123 )
N 11.1 59 1.74 1.69 3.85
220 | I 5.1 s | 197 | 038 2.35 053 (272)
w 90 | 55 | 111 | 122 | —262 — 210 249 133
¥ 62 | 3 | 149 | 048 0.89 165 422 ( 353)
K 83 | 52 | 120 | 1.28 1.00 0.73 ¢ 1.81)
N 80 | 50 | 1.62 2.86 3.15
Y | 133 | 67 | 082 | 098 041 0.80 8.80 (10.7 )
223 | I 92 | 56 | 110 | 120 041 2.73 0.60 104 222 (144 y
W 63 | 36 | 157 | 0.0 6.26 17.85 3.05 0.65 0.36 0.39
N | 114 | 63 | L7 3.13 3.80
Y 74 | 46 | 135 | 142 5.01 0.40 7.45 1.59 (L7
226 | 1 161 | 62 | 095 | 130 | —1.31 192 | — 150 2.54 T 3.10
w | 1383 | 56 | 110 | 120 | —851 | — 038 | — 205 1.25 2553 0.80
F | 132 | 58 | 111 | 117 | —1.07 | — 166 | — 275 339 1.61 (1.70)
K | 109 | 47 | 131 —087 | — 612 | — 415
N | 160 | 6 | 175 8.85
Y 80 | 22 | 183 | 0.8z 1.97 5.12 3.25 1.37 0.05 0.92)
228 | 1 125 | 55 | 113 | 1.22 147 0.70 2.74 1.79
w 79 | 23 | 181 | 084 8.95 5.40 0.01 048
F | 103 | 46 | 135 4.16 1.25
N | 165 | 64 | 175 2.81 145
Y | 126 | 55 | 113 | 121 1.20 1.00 3.19 1.90
230 | I 112 | 42 | 144 | 158 | <289 | 427 | — 095 2.10 0.12 @.04)
w 8.4 3 | 199 | 018 042 8.68 0.70 1.12 0.22 3.14
¥ 93 | 25 | 179 | 090 | —0.11 | — 266 | — 1.15
N | 142 | 54 | 167 0.24 1.80
236 | W | 124 | 59 | 101 | 117 2.28 7.89 0.70 0.13 3.00
K 109 55 1.13 1.22 048 — 1.75 - 0.50 144 1.69 1.14
N | 167 | 68 | 173 —2.02 — 345 (15.8 )
s 68 | 23 | 1.8 | 084 6.63 17.50 042 0.79 {118
247 1 30.9 67 0.83 1.00 0.91 8.50 2.51 141
w 30.1 | 67 0.84 1.60 4.25
F | 289 | 66 | 087 131 1340
X 25.4 62 0.96 1.61 8.30
N | 982 | 65 | 175 1.15 10.00
Y | 231 | 59 | 1.03 | 116 244 19.00 0.90 0.85)
218 | I | 75 | 58 | 148 | 125 | —1.02 | — 920 | — 060 | 665 141 5.60
W 50 | 24 | 179 | 087 .44 950 1.60 0.95 147 0.1
N | 12 | 66 | 174 1.94 1.40
249 | I 105 | 33 | 162 | 087 | —054 — 0.55 5.00 (6.25)
w 93 | 19 | 187 | o2 3.22 1.10 1.10 3.68
N | 133 | 50 | 162 1.23 1.50
250 | 1 76 | 61 | 099 st Z 050
F 46 | 37 | 155 | 158 1.04 0.80 1.7 (13.2)
N 97 | 68 | 173 1.23 1.60
“251 | F | 104 | 60 | 101 | 1.4 6.23 105 0.72 0.92
N | 139 | 67 | 174 9.20 3.10
253 | I 85 | 39 | 149 | 160 1.12 1.40 7.94 (6:00)
w 86 | 40 | 148 | 1.58 247 1.80 3.69 (5.009
4;: the hypocentral distance; ¢;: the angle of incidence; fp(i;), fs(i;): the ratio of the

amplitude observed on the ground surface to the one of incident P- and SV-waves, respectively,
Apr, Apr: the vertical components of theoretical and observed amplitudes of P-waves respec-
tively, Agy, Agr: the vertical components of theoretical and observed amplitudes of SV-waves
respectively, (C): the case of conical type, (Q): the case of quadrant type.
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P- and SV-waves in the 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 nodal curves were excluded on account of their great uncertainty.

Moreover, Eq. (19) does not include the gquantity relating to the magnitude of
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 mechanism of occurrence.

This relation for the P-waves is shown in Figs. 6 and 7, taking Wakanoura and
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Nokami as the standard station respectively. The calculated errors in these ratios
are illustrated in Fig. 8. In the former figures the mean values were adopted.
Provided that all assumptions thus far made are correct and that the “ground-
coefficient” (which is defined only in this case as a factor of amplification effect
of the ground or a stational correction, not inciuded in Eq. (17)) and the response
of seismometer used are the same in all stations, the plotted points indicating the
It can be said that in Fig. 6 these
points lie on a certain straight line with satisfactory accuracy, but its gradient is less
than 45°,

above relation are expected to lie on the 45°-line.

This fact is considered

to indicate that the amplitudes Avvay)

observed at Wakanoura are always 10 F ﬁpww; I -
smaller than the values expected T g

from the theory throughout all -24  ~10 T ’EI o

shocks but the ground coefficients ' i/ r '_g 2'0 i

at another five stations are nearl§ - /I - TI ‘ M)
equal. This can be ascertained - —1.0 ﬂpvm;
also in Fig. 7 from the steeply

inclined line indicating Apvcws/ Fig. 8. Amplitude-ratios with calculated errors.

Appcyy and the line of 45°-gra-

dient relating to the other stations.  Fs/Fw R

The coefficient at Wakanoura is .7

estimated to be about one third 1 ° ///

of that at other stations. This is j

reasonably explained from the 104 o7

fact that the station at Wakano- e ’ 0,0 )

ura is situated on a hill composed . /o’ . it

of solid rock (crystalline schist). * ",’/ Z : ;

As can also be seen in Fig. 9, ;g /%;;; ’

the observed amplitude-ratios of

the P- and SV-waves may be in ’ : o R ® hofb
Fig. 9. Theoretical and observed amplitude-ratios of

fairly good accord with the theo-
retical ratios.

Taking these circumstances
into consideration, we may safely

consider that the mechanism of

P- and SV-waves at the respective stations
in case of conical type. (abscissa: theoreti-
cal ratio, ordinate: observed ratio)

Empty symbols denote the initial amplitude-
ratios, and filled symbols indicate the maxi-
mum amplitude-ratios.

local eathquakes in this district is explainable to be of a conical type.

6. Comparison of amplitude distributions in the two types

For the sake of comparison, the theoretical amplitudes in the selected several
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shocks were here estimated, assuming the push-pull distribution to be of a quadrant
type.
The vertical amplitudes of the P- and SV-waves, which will be recorded on the

ground surface, can be expressed, after H. Honda (17, 26), as follows:

APV == Apofp<ip) sin 20 cos ¢, } (21>
ASV = As(,fs(z's> cos 20 cos @,

where f and ¢ 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 orientation of the polar axis (the
intersection of two nodal planes), and hence, # and ¢ can be obtained. The theoretical
values calculated 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 of a quadrant 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 conical type scatter less widely than those in
the case of the quadrant type. As a matter of course, it 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. However,
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the former type of mechanism may be considered to give a more natural explanation

for our observed results.

7. Some considerations
The generation mechanism of local shocks treated here can éubstantially be ex-
plained to be of a conical type, as described in the preceding sections. Hence in this

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

(1) Distribution of nodal cones.

In one of the studies on micro-earthquakes, 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
discussed in the following.

a) The frequency distribution of the half vertical angle of the cone, «, is shown
in Fig. 12. For most of the earthquakes, it is found to be from 60° to 70°. The

spectrum indicated in Fig. 12 seems to resemble a Gaussian distribution.
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Fig. 12, Frequency distribution of a. : Fig. 13. Frequency distribution of 6.

b) Fig. 13 shows the histogram of the inclined angle to the ground surface, 4,
of the conical axis. Tt seems in our case that the distribution of ¢ is limited within
the range from 0° to 40°. 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 earthquakes with focal depth from 0 to 25 km.
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d orientations of nodal cones.

(2) A consideration on the origin of local shocks 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 observations, may be considered to suggest an azi-
muthal difference in the generation mechanism or the shape of focal region. On the
other hand, in the present research on the push-pull distribution, we find 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 domain may have a longer dimension
in the direction of conical axis, if anisotropy is permissible 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 spheroidal
cavity in an infinite elastic medium) may 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, A/2c=n/3, (@=66°), ii) a/b= oo, A/2c=mr, (a=42°), iii)
a/b=co, A/2c=c0, («=55°), where a, b and c¢ are the longer and shorter axes and
the focal distance of the spheroid respectively and 4 is the wavelength. The general
relationship between the wavelength and the angle of vertex of nodal cone was not
solved by him, but he elucidated that the latter is functionally related to A/2¢ with
a/b as a parameter. It is probably admissible, however, to consider from his results
that @ may increase with the increase of 1/2¢ 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, @, and the time-difference, 67, was investigated. In
Fig. 16, the observed values of a are plotted against 2¢,/07 instead of 4/2c. %, is

o]
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Fig. 16. Relation 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 previously determined relation (28) between
the initial period and hypocentral distance, so that in this case it was substituted for
the half-period of initial motion observed at the nearest station to the focus. From
this figure, it can be recognized that « tends to increase remarkably with the increase
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in 24/67T. Consequently, the travel-time difference between two groups may safely
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.

Jf a general relationship between the vertical angle of nodal cone and the ratio
of the wavelength to the dimension of origin is established, we shall obtain more

definite informations about the dimension of focal region.

8. Conclusion

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 local shocks generated in Wakayama
District.

(1) The geographical pattern of the initial waves indicates a systematic distri-
bution, but it is difficult to judge 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) The distributions of 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, while a larger
discrepancy was found in a quadrant type. This fact may be considered to indicate
that the mechanism of lecal earthquakes in this region can be explained to be of a
conical type.

The amplitudes observed at Wakanoura 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 nodal 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 60°~70°, and its frequency
distribution is similar to a Gaussian distribution. The latter is distributed over 0°~
40°. Both of them do not seem to be related with the focal depth. No systematic
pattern was recognizable in the geographical distribution of the orientations of conical
axis.

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