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1. Introduction

The study of earthquake mechanism has rapidly been developed on
both theoretical and observational sides by many seismologists, since T.
Shida (1917) discovered a systematic pattern of quadrant type for dila-
tation and compression of first motions of longitudinal waves in a Japanese
earthquake. Up to the present, hypotheses have been given from various
standpoints on the earthquake mechanism ; that is, from what causes
stresses arise and strain energies are accumulated in the crust or the
mantle of the earth, and by what processes the energies are suddenly
released and seismic waves radiated. Nakano (1923) and Matuzawa (1926)
first introduced, as a model of focus, an idea of concentrated body forces
acting at a point in an infinite elastic medium and calculated theoretically
the field of displacement due to the sources. Nowadays, there are two
prevailing hypotheses relating to the focal mechanism which are simplified
by force systems applied to an equivalent focus.

The one is analytically represented by two equal and opposite forces
or a single couple with moment, indicating motion along a fault. The
so-called fault-plane solution means determining an orientation of the
fault and the motion direction from the first motion of P waves at many
stations distributed over the earth, by a stereographic projection. The
method is based on Nakano’s theory and was established first by Byerly
(1928). By this technique, however, the fault plane and the auxiliary
plane perpendicular to the former cannot be distinguished from each
other, so he suggested later (1949) a method using also S wave data.
Hodgson (1951, 1953, 1957) and Ritsema (1957, 1959) have developed
Byerly’s method on the same basis and determined the mechanism of
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many earthquakes. Keylis-Borok (1956, 1957, 1960) also derived the
displacement field of body waves caused by similar force systems, and
used distribution of the sign of SV and SH waves as well as of P
waves in determination of source mechanism, proposing the use of
amplitude ratios of the waves.

The other is the force system of double couples with moment, being
perpendicular to each other, which is equivalent to two sets of
compressional and tensile stresses of equal magnitude working at right
angles at the focus. Honda (1934, 1957) presented a focal mechanism
with a radial force of harmonic type acting on the surface of a model
sphere, and discussed (1957) the amplitudes of both P and S waves.
Kawasumi (1933) dealt with a similar type of mechanism in the form
of a particular solution of wave equation. Vvedenskaya (1959, 1960)
calculated the displacements of waves radiated by faulting, like a strike-
slip fault in a limited area, by applying the dislocation theory to the
problem. Moreover, Knopoff and Gilbert (1959, 1960) recently studied
displacement patterns due to sudden dislocation along a fault plane,
especially those in bilateral faulting and those in the case of discontinuity
of displacement. Displacement fields resulting from these three focal
models are quite analogous to those of the double couple point source.

The above two types of force systems each give an identical
quadrant distribution of P waves. Therefore, we cannot judge which
of them better represents the real focus solely from observation of P
waves. The problem may be solved by the use of reliable data of S
waves, since the pattern of the first motion of S differs for the two
cases. This has been intensively studied not only by the above authors
but by Adams, Stauder (1958, 1959, 1960) and others.

On the other hand, another mechanism of cone-type was proposed
by some Japanese seismologists from different points of view, as reviewed
by the present author himself (1959). Ishimoto (1932) proposed a focal
model composed of single and quadruple sources, and Kawasumi (1933)
investigated the amplitude distribution in this type. A similar type of
mechanism was studied by Inouye (1936), Takagi (1953), Usami and
Hirono (1958), in which the displacements were obtained for many types
of forces applied on the surface of spherical or spheroidal cavity. Ingram
recently investigated (1960) a system of forces consisting of three coules
without moment, which is included in the general theory of Keylis-Borok
(1957). In these cases, the distribution of condensation and rarefaction
of P waves is not separated by two orthogonal planes, but by a set of
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conical surfaces with its vertex at the focus.

As mentioned above, various theoretical models representing the
focal mechanism have been presented, but their appropriateness should
be attested by observation. The observational studies consist mainly in
the line on which nodal planes are tentatively estimated from distribution
of the first motion directions of P and S waves and confirmed in some
cases by the wave amplitudes themselves. Most of the studies of this
kind have been associated with great earthquakes and not with earth-
quakes of small magnitude. This may be by reason of the difficulty of
applying a similar technique to the latter case owing to a lack of
sufficient data over a wide area. However, the question wether the
mechanism of these earthquakes may be identically solved or whether
it may depend upon the earthquake magnitude, its focal depth and some
other factors, seems to remain unanswered. It is an interesting problem
from this standpoint to investigate the mechanism of very small earth-
quakes, such as of local shocks or aftershocks in seismically active
regions, and the relationship, if it exists, with that of greater earth-
quakes that occurred in the same area. To approach the problem the
writer (1959) has studied the local earthquake mechanism in Wakayama
District. Now, for the same purpose, we shall study the focal mecha-
nism of minor earthquakes taking place in the southern Kwantd region,
Japan.

2. Theory

In the present study, instead of the usual method mentioned above,
we shall introduce a way of deducing a focal mechanism from the
amplitude relations of body waves observed at a few stations. Assuming
the type of mechanism or the applied force system to be the three
prevailing models, namely, a single couple, double couples and cone-type
respectively, the expected field of displacement amplitudes of P, SV and
SH waves will be calculated in convenient forms for practical use of
observed data. The theoretical amplitude ratios in comparison with
observed ones on which the effects of crustal structure are taken into
account, lead to a determination of dynamic parameters of the focus.
The method using amplitude ratios was suggested by Byerly, Stauder
(1958) and Keylis-Borok (1957), and sometimes adopted successfully in
a practical research by Soviet seismologists (Keylis-Borok, 1957 ;
Vvedenskaya, 1960). This may be valid for our present purpose. The
respective mean errors in a statistical average of the estimated values
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will serve to identify what type of mechanism is most reasonably fitted
to the real source.

(1) Single couple

We shall first consider a single couple of forces -+ K(t)/0s and
—K(t)/és acting on the points A and A’, each distance from the focus
being ds/2. Let us suppose an orthogonal
co-ordinate of the left-hand side system
with its origin at the focus, as shown
in Fig. 1, and let the direction cosines
of the forces be +1, +m, +n, and those
of the line elements OA and OA’ =+2,
+p, +v, repectively. The displacement
components (u,, u,, 4,) due to the forces
at any point P(x,y,z) in an infinite
elastic medium, being distant from the
source, are expressed as follows, in the
limiting case when ds—0. (Nakano,
Fig. 1. A single couple. 1923). ’

Z

Uy = Ugy 1 Upy ’ Wy = Ugy == Woy »  Uy=Ug, +- Ups »

and
Uy = . L rr (x4 py +v2)(le+my +nz)x - K'(t—r/a) |
umj:ﬁ(/{x +py+rz)(lx+my+nz)y-K'(t—r/a) ;
Uge = Zﬂ;ﬁ(lxjwyﬂz)(lw +my+nz)e- K'(t—rla) | i
Upp = e b3 —————(Ax + py +v2)[(lx +my +nz)x—1r’]- K'(t—r[b) ? :
Uy = —4——()3——4(290 + py +v2)[(le +my +nz)y —mr?] - K'(t—r/b) \
- ‘4 b3 —(Aw+ py +v2)[(le + my +n2)z—nr*]- K'(t—r[b)

where 7 is the distance from the origin, p the density of the medium,
a and b the progagation velocities of P and S waves. The above two
kinds of terms are associated with the emitted P and S waves
respectively.

The displacements can be rewritten as u,, s and u, in the spherical
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co-ordinate. That is,
u, = (U, cos ¢ +u, sin ¢) sin 6 +u, cos 0
uo = (U, cOS ¢+, sin ¢) cos §—u, sin 6 I (2)
U, = — U, SIN ¢ +u, COS ¢
After algebraic calculation, they are expressed as ;
uT:ﬁ(I sin @ cos ¢+ ¢ sin 0 sin ¢ +-» cos 0) “
r ‘
x (I sin 6 cos ¢ +m sin 0 sin ¢ +n cos 0)
As(2sinHcosg0+/zsin(9singo+ucos0)
r o (3)

x (I cos @ cos ¢ +m cos 6 sin ¢—n sin 6)

’M/g:

i
—A, ., o |
U,= — (A sin 6 cos ¢+ ¢ sin 0 sin ¢+ cos 0)

r ;
x (I sin ¢ —m cos @) )
where

A= K'({t—rla) . A= K'(t—7r/[b)
4drpa’ 4rpb?

(Byerly and Stauder, 1958 ; Ichikawa, 1959).

We note that wu, takes a positive sense for motion away from
epicentre, u, increases for motion up and toward epicentre and wu, for
clockwise motion looking from epicentre to station.

In a special case when the x-axis is taken along the motion direction
and the z-axis along OA, that is, when I=1, m=n=0 and 1=p=0,
v=1, Eqs. (1) and (3) are simplified in the following.

wo=— P Kt—rla), w=2YT—T R rb) (4)

dzpa’r 4rpbir®
== ’iﬂ % sin 26 cos ¢
| uo—“—% cos® @ cos ¢ (5)
Up=— ‘iﬁeos fsing.

The former equations have the identical form as derived by Keylis-Borok
(1957).

We shall here introduce a co-ordinate system (Z¥ z) convenient for
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the use of observed data. Let the
Z-axis be directed north, the 7 east
and the z upward, as indicated in
Fig. 2. We denote the emergent angle
of seismic ray at the focus by 6, and
the azimuth of a station relating to
epicentre by @, which is measured
clockwise from northward. The dis-
placement field (u,, %o, o) referring to
this system can immediately be obtained
if we transform € to @ and ¢ to @ in
Eq. (3). The componenents u,, ue and
Ue correspond to the amplitudes of P,
SV and SH waves in a homegeneous
earth, respectively.

Let the angle of inclination of motion direction to horizontal surface
be’¢, and the azimuth of horizontal trace of the direction be 3, we then
find that [=cos ¢ cos 8, m=cos ¢ sin 8, n=sin ¢. If we put the amplitude
ratios for the three types of waves in the form ;

Fig. 2.

h=ulte , hy=uU Us, h;=Uo/Us and k=(b/a)®, (6)
the following equations can be derived from Eq. (3),

. _ksin 6 cos (@— ) +cos O tan ¢
’ sin (@—p)

fo _ COS 0 cos (@—f)—sin O tan ¢
? sin (@—f)

(7)

0@ and @ will be determined when hypocentre is located, and h, and &,
will be measurable on a recorded seismogram with some corrections.
The two unknown factors, 5 and ¢, can therefore be solved from Eq. (7),
That is, '

k
V'E*+(h, sin @ +kh, cos @)

khy+-(h, sin 0 +kh, cos ) cos 6
sin 61/ k,+ (h, sin 6 +kh, cos 6)*

sin (@—p)=
(8)
tan ¢=

Another form of solution is as follows, if we put tanpf=X and
secftan¢g=Y;
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x—AQ=BM)+N  _ BCM (9)
1—-BM—AN 1—-BM—AN

where
A=tan@®, B=cot@sec?®, C=tanBOsec?,

M=(2—K)/(B+C), N=K,=2ksin@h,, K, =2ktan6/h,.

The latter solution was derived for the sake of comparison with that
in the other mechanisms. Theoretically it may be possible to determine
the motion direction or the plane lx+my-+nz=0 from data at a single
station, assuming this type of mechanism. But the determination of
the other plane requires observation at another station.

(2) Double couples

We shall next consider double couples of forces =+ K(t)/ds acting
respectively at the points A, A’ and B, B'. Let the direction cosines
of the second couple of forces be =1,
+p, +v in accordance with those of the
first line elements OA and OA’ which
were shown in Fig. 1, and let the direec-
tion cosines of the second line elements
OB and OB’ be =l, +m, +mn with
those of the first couple, as illustrated
in Fig. 3. The displacement components
at a large distance from the origin,
analongous to Eq. (1), are expressed in
the following, by combination of the re-
spective components in the single couple

4

case ; Fig. 3. Double couples.
Uy = 2 (x4 py +vz)(le+my +nz)x- K'(t—r/a)
4drwpart
—1
Uy = W[(Mc + 1y +){(le +my +nz)x —1r?} (11)
+(lx+my +n2){(Ax + py +vz)x—r?}]- K'(t—1r[b)

ete.

The displacements can be rewritten in the spherical co-ordinate as
follows ;
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u,.zzﬁ(x sin 0 cos ¢+ p sin 0 sin ¢+ cos 6)
r

x (I sin 0 cos ¢ +m sin 0 sin ¢-+n cos 0)

A4, [(4 sin 6 cos ¢+ ¢ sin @ sin ¢ 4 cos 6)
r

Uy =
x (1 cos 0 cos ¢ +m cos 0 sin ¢ —n sin 0) (12)
+( sin @ cos ¢ -+m sin 0 sing +n cos )

x (A cos 0 cos ¢+ p¢ cos 0 sin ¢—v sin )]

Up= —é[(,z sin 0 cos ¢+ ¢ sin @ sin ¢+ cos )(! sin ¢—m cos ¢)
r

+(1 sin @ cos ¢ +m sin 0 sin ¢ +n cos 0)(4 sin ¢ — ¢ cos ¢)] .

In a special case when the x- and z-axes are taken along the positive
force directions of two couples, Eqs. (11) and (12) can be simplified to ;

U=— 2 K(t—rla),

 dmpatr’
Y (13)
_V2(r'—a)+2(r"—2") | kit —rlb
u, AR (t—7/b)
uT:—fI”— sin 26 cos ¢
r
Uy = A, cos 20 cos ¢ (14)
r
— As 1
U, = ——2-Cos 0 sin ¢
r

The latter equations are identical with that derived by Honda (1934).
Comparing Eqgs. (12), (18) and (14) with Egs. (3), (4) and (5) in a single
couple, respectively, we find that the amplitude distributions of the P
waves are quite similar to each other.

When we introduce the geographical co-ordinate as in the preceding
section, the displacement amplitudes of P, SV and SH waves can be
obtained by replacing 6 with # and ¢ with @ in Eq. (12). Let the
plunge of motion directions of two kinds of forces be ¢, and ¢,, and the
azimuth of the horizontal traces of them be £, and 5., we then find that
[=cos¢,cos B, m=cos¢,sinf;, n=sing, and 1=cos¢,co8f,, p=cos¢,sinf,,
y=gin ¢,. The amplitude ratios, &, and h,, are related to the two known
values ® and @ and four unknown factors B3, £, ¢, and ¢, in the
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following form ;

h, sin @ cos (?—f3,)+cos O tan ¢,
cos 6 cos (@ — f3,)—sin O tan ¢,
sin 6 cos (@ — f,)+cos 6 tan ¢,

k_ sin (2 —4,) .

h, sin 6 cos (@—f,)+cos O tan ¢,

i sin (@—f,) 7
sin 6 cos (@ —f,)+cos O tan ¢, .

ok _ cos 6 cos (?—p,)—sin 6 tan ¢,

i (15)

If we put tanpB;=X; and secp;tan¢,=Y,; (¢=1,2), Eq. (15) may be
written as follows ;

- Y, Y,
M;= +
1+A,X,+B;Y, 1+A,X,+B,Y,
= XA, XA
1+AjX1+BjY1 1+A_7'_XZ+BJ'Y2

(16)

where
A;=tan @;, B;=cotf0;sec®;, C;=tanf;sec?;,
M;=2—K,))/(B;+C;),  N;=K,;=2ksin8,/h,;,
KUZZIZC tan @j/h”' . '
The four unknowns X,, X,, Y, and Y, may be solved in principle from
Eq. (16), making use of the data at two stations.
If we assume, however, the two couples intersecting perpendicularly
to each other, the following condition holds, I1+mp+nv=0 or X, X,+ Y,Y,

=—1. Substituting X, and Y, for X, and Y, from Eq. (16) into the
above condition, and rearranging them, we have a quadratic equation ;

Y12+Pj(X1) Y1+Qj(X1):O (17)
Py(X)=u;X,+v;, Qj(Xl):an1Z+ﬂjX1+7’j

where
w;=(b;+p)q;, vi=(9;+7)e;,
a;=a;/q;, Bi=(c;+f)a;, 1i=hild;,
a;=A;D;—B;D;, b;=B;D;, c¢;=D;,
fi=A;E;, 9;=B;E;, h;=E;—B(C;,
p;=4;B,C;M;, q;=—B,C,1—B;M;), r,=B;C;M;,
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D;=A;2—B;M;)+N;, E;=2—B;M;+A;N;,
and
K a;X,+b;Y,+e¢; , Yzzpr”Lq"Y‘ ks
ij1+ng1+hj fiXu +ng1+hj

(18)

All of the coefficients will be dtermined from observation at a single
station. The solution may therefore be obtained from data of more
than two stations by a graphical method or probably by the method of
least squares.

(3) Cone-type

Some theoretical studies on the focal mechanism of a cone-type have
been made, as stated before. In most of these cases, the radial and
tangential displacements at a great distance compared with the wave-
length are exactly or approximately expressed in the following form
involving spherical harmonics ;

U, = ‘3 [a,Py(cos )+ a,Pycos 0)] exp {iw(t—r/a)}

dia.[aopo(cos 0) +a,Py(cos 0)] exp fia(t—r/b)}  (19)

Let us consider the geographical co-ordinate (r, 0, @), taking the x-
axis northward, the y eastward and the z upward. If we denote the
angle of inclination of the polar axis by ¢, and the azimuth of it
measured clockwise from northward by (8, the two co-ordinate systems
are connected by ;

cos §=sin O cos ¢ cos (@— ) +cos O sin ¢ (20)
and we have

sinf  _ sin(z/2—¢)

. ; (21)
sin (@—f) sin 7

from spherical trigonometry with the aid of Fig. 4.
@ and @ are defined as in the foregoing sections.
The displacement components #e and u, are
transformed from wu, and u, in a general form, that
1S, Ue=1yCOST—U,SINY, Us=UpsSiNn7+uU,cosy7. In
Fig. 4. the present case, however, the amplitudes of SV
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and SH waves are related only to u, as follows, because u,=0;
Ug=Ug COST, Ue=UgSINy, oOr h,—=tanry. (22)

Combining Egs. (19), (20), (21) and (22), we have a quadratic equation
similar to Eq. (18) for double couples, if we put tan #=X and sec S tan ¢
=Y. That is,

Y+ Py(X)Y+Q,(X)=0 3)
PiX)=u;X+v;, QiX)=a;X*+8;X+7;

where
u;=—2cot@;sin@;, v;=—2cot@;cos?;,
a;=(cos® @; sin® @;—h3, cos® @,)/sin’ O,
B;=2sin @; cos @;(h3;+cos® H,)/sin* @, ,
7; =(cos® B; cos® @;— k3, sin @;)/sin? B,
X and Y may be solved from data of more than two stations, in the

same way as described before. Moreover, the angle of vertex of nodal
cone 2« will be estimated from the following relation, based on Eq. (19).

cos 2 — C1 8in 20, cos 26,—C, sjg 20, cos 20,
C, sin 20,—C, sin 26, (24)

Ci=h,;V'1 —i—hg;i

In all of the three types of mechanism, dynamic parameters re-
presenting the source mechanism will be obtained from two of the three
amplitude ratios, at a single station data for single couple case, or at
two stations data for double couples and a cone-type, when the focus is
located.

3. Effects of Crustal Structure

Seismic waves emitted from a focus suffer considerable change in
‘their amplitudes and direction of the ray paths from refraction and
reflection, during the travelling through discontinuity surfaces within
the earth’s crust to an observation station on the ground surface, when
the wave period is short as compared with the layer thickness. It is,
therefore, required first to eliminate these effects, so that we may
deduce a focal mechanism from recorded amplitudes at the station, deter-
mining the displacements and the direction of emergence at the focus.
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Assuming a horizontally layered structure

A
hil Voo Vors fi Al as shown in Fig. 5, we denote the original
ha! Vez,Vez, f2 /?741{2 amplitude by A, the one in each layer by A,,
: As/ﬁ and horizontal and vertical components of the
surface amplitude by A, and A,,. Let the
; Ven,Ven,fn emergent angle be @, the angle of incidence to
%/"’ each layer be 17,, the velocities in the layer V,,
Fig. 5. and the density of the medium p,. We then have,

Ve sinip, =Vp [sin Op=Vy [sin i5, =V [sin O,
(k:],, 2,""%) (25)
the suffixes p and s indicating the quantity belonging to the P and S
waves. The curvature of the ray path will be determined by Eq. (25).
On the other hand, the relations between the above denoted amplitudes

can be expressed in the following forms for the P, SV and SH waves,
respectively.

ZP(H)/APl :fl('iPl) ’ ZP(V)/AP1 :fz(ipl) ’ APk_]_/APk :Fk(iPk)
ZSV(H)/ASVlzgl(iSI) ’ ZSV<V)/Asvlzgz(’is]) ’ ASVk_l/ASVh:Gk(iSk) (26)
ZSH/ASH1 =2, ASHk_l/ASHk :Hk(isk)-

If we suppose propagation of the plane waves, these functions can
be calculated by the following formulae (Ewing et al., 1957).

Filie)=— Aomimg
(ALY my A+ my) — (L4 L) (my +my)
. 2(1,+1,)
G 1 e e 2 } 3 = e ors 27
k( Sk) (l1+la)(m2+m4)—(l2+l4)(m1+m3) (7)
. 2
H (15,)=
i{isi) 1+, cotis, [/ cotiy,
where
lLi=ps/orta, My=Py—1/ 0 +a
ly=tan i5,(1—p4/o—q) , my=—tan ip (1—pp-1/pr—q)
l;=tanip, cotis, (1—q), m,=tan ig, cot 15, (1—q)
l,=—cotip,_,-q, my=cot 15, ,-q

q=k(Vs,|Vp,) sin’ip, =k sin’ 45, ,
k :2[1'—(Vsk_1/ Vsk)Z(Pkﬂ/Pk)] .
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While, fi(ip) and g,(is,) have already been obtained as a parameter
of Poisson’s ratio, by Matuzawa (1932) and Knopoff and others (1957).
All of the functions, f;, g;, F,, G, and H, can be computed in terms of
the emergent angle at the focus using Eq. (25). It is to be remarked
here that these formulae should be somewhat modified when the angle
of incidence of the S waves is over the critical angle. But they are of
less use because it seems rather inadequate to analyse the data under
these circumstances, owing to non-linear particle motion of S (Nuttli,
1961).

If Poisson’s ratios of the respective media are nearly the same,
both P and S waves travel along the same path, i.e. 0,=60, and i, =1s,.
When we discuss the amplitude ratios of P, SV and SH waves observed
at a station in such a case, the decrease in their amplitudes due to
travel distance may be omitted, neglecting difference between the attenua-
tion of the waves. The ratios of the surface amplitude to the amplitude
in a homogeneous medium are written as follows ;

ZP(H)/AP :f1F1F2' % 'Fn:FH(@) ’ ZP(V)/AP :f2F1F2' : 'Fn:FV(@)
ASV(H)/ASV =0.G.G;- - ‘Gn:GH(@) ’ ZSV(V)/ASV:g2G1G2' . 'Gn:GV(@) (28)
ZSH/ASH:2H1H2' : 'Hn:H(@) .

In the present study, the data observed at three stations of the
Earthquake Research Institute in the southern Kwanto region—Tsukuba,
Inub6 and Nokogiriyama—was used for our purpose. Crustal structure
near the regions are presumed as illustrated in Fig. 6 from the results

Tsukuba Inubd Nokogiriyama
x 1.5 K I
[ 6.1,km I T I
X
25 km v 7*km I jiig
l 12¢km v v
M M M

Fig. 6. Crustal structure.

Vp Vs 0
1 2.0 km/sec 1.1 km/sec 2.00
)i} 4.9 2.9 2.55
m 5.6 3.3 2.70
v 6.1 3.6 2.80
M 7.7 4.5 3.25



412

T. MIKUMO

of explosions and seismic prospectings (Usami et al., 1958 ; Res. Group
for Expl. Seism., 1958 ; Asano et al., 1959 ; Tateishi et al., 1956, 1958).

i

90°

60’

30

@,

P

30°

por
R g

90°*

Fig. 7. Relation between the emergent angle
and the angle of incidence to each layer.

Arw
KW)

150

100

050

I. Tsukuba
2. Inubt
3. Nokogiriyama

100

0.50]

Densities were determined from
an empirical density versus
seismic velocity curve compiled
by Nafe and Drake (unpublished ;
cited by Talwani et al., 1959).
Fig. 7 shows the relation
between the emergent angle @
and the incident angle 7, to each
layer, and Fig. 8 the ratio of the
horizontal component of surface
amplitude to the vertical one.
The transmission rates F,, G,
and H, of the P, SV and SH
waves computed for the pre-
sented structure are shown in
Fig. 9. We can find in Figs. 10,
11 and 12 the ratios of the
surface amplitude at each station

B
Asven

|. Tsukuba
2. Inubd
3. Nokogiriyama

2

o

30°

@

60° —— 90"

CERN

P waves

30° 60° 90°

(b) SV waves

O =1se

Fig. 8. Relation between the horizontal and vertical components of surface amplitude.
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to the original amplitudes for the three kinds of waves. The displacement
amplitudes in a homogeneous earth may be estimated from these graphs,
if their decrease due to the travel distance is not taken into consideration.

1.0O .00

050

o & . .
o* 30° 60° ——— 90° o* 30° 60° —— 90
B=irs . = iae

(a) P waves (b) SV waves

100

{oso

(c) SH waves] .
Fig. 9. Transmission rates of the incident waves at each interface.
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V(H) & stoc)Asv
VV); _A-svw/Asv
H /_\SN/Asu
200 _ ‘
H i Arme/Ar 200
Vi Kpm/Ar
v H
1.50 150 V(i
1.004 H 1.00
V(Vv)
050 0,50 Viv)
V(H)
o 0
o P s " o = “ =
e 5. ° 59 80" T o0
(a) P waves (b) S waves
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Fig. 11. Ratio of the surface amplitude at Inubd to the original amplitude.
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Fig. 12. Ratio of the surface amplitude at Nokogiriyama to the original amplitude.

4. Observed Data

In this study, seismograms were analysed which were recorded
with electromagnetic seismographs of HES type at Tsukuba, Inubd and
Nokogiriyama. The free period of both the pendulum and galvanometer
is 1sec and both are critically damped. Maximum magnification is
roughly estimated to be 80,000 at Tsukuba, 11,000 at Inubd and 3,000
at Nokogiriyama. The film speed is about 9 cm/min on its reader.
Among a great many earthquakes observed during the period from July,
1961 to March, 1962, 10 local earthquakes were selected for the present
purpose, in which all components of both P and S wave motions were
clearly recorded at the said three stations. Observed data for these
earthquakes are tabulated in Table 1. The recorded amplitudes are
associated with the first motions of P and S waves, and are corrected
by magnification of each component.

The foci of the 10 earthquakes could be located graphically, using
the P-S times at the three stations, as shown in Fig. 13. This was done
with the aid of a diagram of isochronic lines of P-S times, constructed
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Table 1.
h | p- — — — — —
Sl\?oc.k Date | St. S&g?gﬁﬁg (Es)eg Apm | Apwny | Ary | Asay | Asan | Ason
1961 h m s T
J-494 | July 19 | T | 162402| 9.8| — 1.0| 8.0 12.6| 121.0 | 145.5| —98.1
I 9.8 1.1, 05 1.9| 14.5| —33.4| —17.1
N 9.6 1.0 2.8/ —12.8| — 55| —9.7| — 6.9
J-502 | July 19 | T | 181955 23.0 | 16.0| 4.0 | — 9.8 | —24.0 | —39.5 | —52.6
I 23.1| 20| 32| —85|—14.0| —15.3| —25.6
N 32.3 1.0, 05| —20| 65| 28 1.5
A-231 | Aug.15 | T | 014500 | 8.0 — 1.5| — 3.5| —5.1| —22.0 | —29.0| 3.9
I 11.0 14| —05| 2.8|—11.0 63| 6.1
N 10| 05| 07| —20| 45| 7.4{ 4.9
S-32|Sep. 3| T | 003838 8.2, 25| 21.0 33.8| 41.0| —53.5| 86.4
I 10.0| 6.5 1.4 5.7|—20.0| —23.4| 19.0
N 71 02| 07| —20|—70| 92| 6.4
S-139 | Sep. 9| T | 18 16 44 | 20.1 15| 20| 3.1 —12.5| 12.5] 28.3
i 25.0| 10.5| 3.6| b5.7|—11.0| —12.2 28.4
N 17.3 | = 0.7 14| 69| —1.0| 124| 3.9
0-133 | Oct. 11 | T | 17 55 05 | 10.5 | —11.5 1.0 —16.1| 39.0| 46.0| —18.8
i 171 20| —1.4| 3.8 —200| 9.0/ 4.0
N 16.6 | — 0.8 15| — 49| —10.0 | —24.0 | — 3.9
0-317 | Oct. 25 | T | 0359 37 | 8.2 15| 14.0| 21.2| 8.0|—87.0| 25.1
I 109, 20| —32| 66 30.0| 10.4| — 7.6
N 10.6 | — 0.2 | — 2.0 1.8| 6.0| 14.0| 3.9
N-348 | Nov.290 | T | 215610 | 9.2| —0.8| 3.0, 3.9| —23.0| —10.0 | — 9.4
I 57| —35|—09| —5.2| 4.0|—36| 3.3
N 9.2 — 03| —0.4| 29| 6.5 3.7 3.7
D-349 | Dec. 28 | T | 2109 12| 9.2 15| 40| 5.1| —19.0| —32.5| 14.1
I 02| -04|—02 —85| 40| 27| —5.2
N 9.0 0.1 0.8| — 4.4 60| — 46| — 1.0
D-358 | Dec. 29 | T | 122609 9.7| 0.3 15| 2.8| —9.0| —4.0| 24.7
I 12,0 0.9 03| 43| —25| 36| 28
N 86 —02| 05| —28| —13.0| 58| 3.9
Table 2.
Shock | 4 (lem) e @ h
No. T | 1 ‘ N T L I ‘ N T I N | (km)
j-404 | 65.0| 62.8| 60.3| 475 | 4775 | 4575 | 355.0| 8155 | 2105 | 68
J-502 | 225.0 | 227.5| 327.5| 83.5 | 84.0 | 86.0 | 229.0 | 207.0 | 217.0 47
A-231| 41.5| 81.8| 78.0  36.5 | 58.0 | 56.0 17.0 | 101.5 | 189.0 | 63
S-32| 67.0| 8.5 52.0| 90.0 | 90.0 | 90.0 12.5| 82.0| 190.5| 25
S-139 | 184.5| 238.0 | 150.5| 73.0 | 78.0 | 69.0 | 65.5| 85.0 105.5| 73
0-133 | 63.8 | 148.5| 139.5 | 41.5 | 68.0 | 65.5 | 106.5| 120.0 | 164.5| 79
0-317 | 45.5| 79.3| 74.0 39.0 | 58.0 | 53.5 13.0 | 98.0 | 190.5| 63
N-348 | 77.8| 37.2| 745 90.0 | 90.0 | 9.0 | 3835 61.0| 232.0 25
D349 | 63.0| 75.0| 56.8| 51.0 | 57.5 | 47.5 6.0 84.5| 198.5| 60
D-358 1 70.5| 95.8| 51.5| 54.0 | 64.0 | 45.0 | 22.5| 84.0| 176.5| 60
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by Kayano (unpublished) based on
the presented structure. Table 2

summarises the determined values ° J502
of the epicentral distance, azimuth Eitia é
and emergent angle, each referring
to the respective stations, and of
the focal depth.
Focal depths in most of the 9.2:’; 1

shocks treated here are from 60km D357 D349 )
to 70 km exept in two earthquakes. .\/‘\. ®

P s32 YJags MMaas
The emergent angle in the case S139
of these deeper earthquakes was
slightly corrected, wunder an
assumption that the velocity of P ON
waves in the earth’s mantle
increases from 7.7 km/sec beneath
the Moho-discontinuity to 8.0km/sec Fig. 13. Location of observation stations
at the depth of about 50 km, and and epicentres of the earthquakes mentioned.

that of S waves increases at the same rate.

50 Km

5. Calculated Results

The amplitude ratios of the three kinds of waves in the case of
a homogeneous medium, h,=A,/Ag,, hy=Ap/Asy and h,=Ag,[Asz, Which
were computed from the observed displacements by means of the graphs
in Figs. 10-12, are listed in Table 8. A, and As, are obtainable inde-
pendently from the recorded horizontal or vertical component of the
surface amplitude. The two components can be checked by their ratio
depending upon the emergent angle, shown in Fig. 8, but the observed
ratios do not always agree satisfactorily with the expected values. This
may probably be due to errors resulting from the measurement of
somewhat less reliable horizontal amplitude in P waves. and vertical in
S wave, when a low velocity layer overlies crustal layers. Such being
the case, the better recorded component was employed in determining
the original amplitudes.

Making use of the values listed in Tables 2 and 3, all of the coef-
ficients in Egs. (9), (17) and (23) can be determined, but are too many
to list. Eg. (9) for a single couple can easily be solved from data of
a single station, so that three sets of solutions are plotted respectively
as a point on the (X, Y) graph mentioned in the foregoing theory. On
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Table 3.

Sl;?:k St. hy he hs
J-494 T —0.1774+0.007 0.134+ 0.005 — 0.758+ 0.011
I —0.1314+0.070 0.094+ 0.020 — 0.716+ 0.347
N 0.9444-0.131 90.991 +45.500 96.110+-48.055
J-501 T 0.072+0.004 3.149+ 0.337 43.600+ 3.970
I 0.413+0.149 — 5.627+ 0.605 —13.6324+ 1.583
N —0.2924-0.057 2.893+ 0.725 - — 9.921+ 1.954
A-231 T —0.1344+0.012 0.324+ 0.036 — 2.425+ 0.192
I 0.2354-0.020 — 1.017+ 0.170 — 4.330+ 0.689
N —0.2474-0.046 0.935+ 0.253 — 3.778+ 0.757
S- 32 T 0.389+-0.013 3.952+ 0.121 10.158+ 0.428
I 0.2224-0.028 1.255+ 0.160 5.643+ 0.485
N —0.2184+0.042 — 1.494+ 0.025 6.880+ 0.810
S-139 ‘ T 0.1194-0.034 — 0.4744 0.087 — 3.975+ 0.444
| I 0.548+4-0.092 1.312+ 0.230 2.397+ 0.417
| N —1.84140.181 1.193+ 0.065 — 0.648+ 0.061
0-133 T 1.030+0.092 0.358+ 0.015 0.347+ 0.028
I 0.349+4+0.019 3.054+ 0.793 8.762+ 2.165
N 0.255+0.036 — 0.597+ 0.093 — 2.340+ 0.220
0-317 T 0.24140.005 0.963+ 0.038 3.987+ 0.148
I —0.250+0.027 — 0.7024+ 0.098 2.804+ 0.283
N 0.118+4-0.020 — 0.809+ 0.217 — 6.8274+ 1.090
N-348 T —1.6214-0.669 — 0.946+ 0.064 0.583+ 0.221
I 2.7264-0.905 — 5.190+ 0.746 — 1.908+ 0.729
N 0.3214-0.049 —16.1944+ 2.295 —50.579+ 7.480
D-349 T 0.184+0.018 — 0.499+ 0.066 — 2.710+ 0.241
I 2.169+0.310 5.622+ 1.341 2.5934+ 0.845
N 1.707+0.398 0.845+ 0.100 0.495+ 0.118
D-358 T 0.144+0.082 — 0.417+ 0.188 — 2.892+ 0.613
I 4.515+0.681 4.406+ 0.355 0.976+ 0.178
l N —0.401+-0.184 | — 0.439+ 0.097 1.094+ 0.172

the contrary, Eq. (17) for double couples and Eq. (23) for the cone-type
were solved graphically. On the same graph a set of curves of the
second degree corresponds to an observation at one station. Data from
the three stations give three sets of solutions by intersection of each
pair of the curves. ¥Fig. 14 shows an example of the graph for the
three types of the mechanism.

For the sake of easy comparison of the results, the solutions in the
(X, Y) graph are translated into those in the (8, ¢) graph as illustrated
in Fig. 15, in which the azimuth £ is given as an angle measured
clockwise from an upward directed axis and ¢ as a radial length. The
extent of scattering of the plotted points may offer a clue to the esti-
mation as to what type of force system is best fitted to the observed
results. Theoretically, the problem can also be solved by the method of
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Fig. 14. The (X, Y) graph.
(X=tan B, Y=sec ptan¢)
The solid lines correspond to the case of
double couples, the broken line to cone
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o

Fig. 15. The (B, ¢) graph.

(8; azimuth, ¢; inclination)
The open circles, solid circles and
crosses correspond to the case of double
couples, cone-type and a single couple,

type and the dots to a single couple case. respectively.
Table 4.
Shock Double Couples Cone-type
B Strike . Dip Strike Dip Vereal
J-494 | 1 | N61°9+ 2°4E | 1006+ 2°3NE | N28°4+0.7E | 8.0+1.3SW
I | N35.9+ 4.3W | 35.621.2NW ’
J-502 | I | N46.2+ 8.9W | 44.9+ 2.5NW
I | N46.3+ 8.9W | 45.1+ 1.7SE
A-231 | I | N21.4+ 8.1W | 21.0+ 5.5NW
Il | N56.1+22.8E | 29.6+20.7SW
S-32 | 1 | N25.0+ 7.9W | 32.3+11.1S E
I | N35.2%17.5E | 38.2+14.0NE
S-139 | 1 | N 2.2+ 3.7W | 52.6+ 2.8SE | N59.1+1.0E | 32.1+1.5SW | 6856+ 1°5
I | N26.4+20.8W | 33.8+ 5.3NW
0-133 | I | N39.2+ 6.6E | 38.94 3.8NE | N50.2+8.0W | 57.1+6.7NW | 84.24-21.4
II | N55.3+ 7.3E | 50.0+ 3.0SW
0-317 | 1 | N60.3+ 0.5E | 5.9+ 0.5SW
Il | N35.5+ 6.8W | 44.3+14.9S E
N-348 | 1 | N19.3+ 2.5E | 12.0+ 8.6NE | N48.5+2.9E | 25.745.0SW
I | N69.4+ 2.2W | 5.8+ 5.0NW
D-349 | I | N43.4+ 5.0E | 6.6+ 5.4SW | N44.5-6.0E | 50.1+4.6NE
- I | N43.7+ 0.9W | 23.5+12.5NW
D-358 | I | N32.7+ 6.1W | 13.5+ 5.2NW | N32.4+8.6E | 12.1+7.8NE | 78.8+22.2
I | N13.8¥ 7.2E | 71.2%* 5.6SW
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least squares when data are obtained at more stations. It may safely
be said of the above example that the focal mechanism of the earthquake
cited is of double couples rather than cone-type or single couple.

Table 4 summarises the final results estimated for the 10 earth-
quakes. The strike and dip correspond to § and ¢. The errors contained
in the results indicate an average of deviation from the mean value of
three sets of the solutions. The cumulative error resulting from errors
accompanied by measurements of surface amplitudes, the P-S times and
of ® and @, is evaluated as being within the above range.

6. Discussion

The calculated results are as shown in Table 4. Satisfactory solutions
could not be obtained under the assumption of a single couple for all
of the earthquakes treated here. The double couples, on the contrary,
agreed fairy well with the observed data, allowing a certain degree of

error. To only one earthquake
(No. S-139) the mechanism of cone-
/ \ type, rather than of double couples,
:;/ may be considered to fit slightly
= (T) better. Although we cannot come
to a definite conclusion on account
of insufficient data, we may be
§ - allowed to consider that the double
% I couples are more promising than
o the other two systems for the
\ o

‘{%\ Y\ )%, &;{ 5 - above-mentioned earthquakes, as
A

far as the present data are con-

cerned.
Fig. 16 indicates the distri-
ON bution of force directions and of

horizontal component of maximum

pressures deduced from the sense

Fig. 16. Distribution of the force directions of first motion at the three stations,
(thin arrows) and horizontal component of assuming the mechanism to be of
maximum pressures (thick arrows). Thin double couples. No systematic
?;Iz:((:zvs indicates the direction of downward pattern is recognized in this figure.
) This trend shows only a little
difference from the results for greater earthquakes (probably 4<M<7),
that occurred in the same area, which were derived by Ichikawa (1961)
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from distribution of P wave motions based on usual way. It may however
be said that the mechanism itself of local earthquakes of very small
magnitude (1< M<3) in the southern Kwanto region, which is supposed
to be of double couples, does not differ greatly from that of larger
earthquakes in the same district. It contrasts sharply with that of
local earthquakes with the same order of magnitude taking place in the
upper crust in Wakayama region (Mikumo, 1959). This seems to raise
question on local eartquake mechanism.

The adopted method may involve some problems to be solved, and
the results should be compared with those obtained by other methods.
But it is of practical use for the determination of focal mechanism from
data of a few stations, only if technical difficulties relating to the
problems are overcome.
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19. BEHEHMFICB 1 M HEOREBBII W T
RERFHRFER = = e

FERBBIZ OV TOFRIEE < D4 { DHEEHIC L OTHAR TR TR, L Liaiib,
IhBHOWMBEDE S BRECHBIZETS D THOTC, MMNBEOESICE, EHEOBUE IS
LRz {nWiediz, KEWHIBOEEO X 512, FESHAe S WOIREF AL O S bEiEE R
5z EBRRERBERE . FHEL, 03RBSRI S 1 ooFEr LT, BENATR
GIhd P r S KORELID, HBEEREHETScL2R8% 7 7, FEIRIEBER
& LT single couple, double couple, cone-type » 3 DDEESFREL, FRFRDBPEIKE
WG, ZDX 5 BRABNE RO, EEREEARFORERICETS P ¥, SV ¥, SH BOEMIE
BB T — 2 DABIZEREHBICEHE Lie, —HFzhb oWy, st e B8 L CHERE OB A
ANEET 2 E TR, NERMCHBEOMESIC X 2T, FOEEPRRKICELEZITEDT, B
HRBEEHN S EORERENDED O N CEER T OBREEIC D CoDEEREHE L ok
AW, 5K, AR, Bl THEEIZhizz b 3 BOFEDRIBHOFIE 2 775\ IR TED
REIZ LY, BRICEIIOHRE (B BEICHT @) 2HE Lz, BEER 3 ANk
ST, 0L hBRXOEBREBABELBRHEEGT 302 R5 L S FEBHI ITETHS. ¥
B iz of 10 HOMNMIBOFEREHESL Z OFBI Lo CHRLEE, 3 20#HAD 5 BT
% double couple * B BFENRL WA, BRI WOT, WHEELERE FTTRIZF A2
7z,



