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On the Nature of the Occurrence of Intermediate
and Deep Earthquakes.
1. The World Wide Distribution of
the Earthquake Generating Stress.

By Kazuo OIKE
(Manuscript received December 28, 1970)
Abstract

The world wide distribution of the earthquake generating stress of intermediate
and deep earthquakes has been mainly obtained from the smoothed radiation patterns
of P Waves of groups of earthquakes in fifty-one seimically active regions. And these
results were compared with the fault plane solutions of individual earthquakes in the
same regions,

Data used in this study were taken from the Bulletins of the International Seismo-
logical Center, 1964 and 1965 for the very active regions; and for the regions where
a few intermediate and deep earthquakes occurred data from the Earthquake Data
Reports of the U. S. Coast and Geodetic Survey, 1966-1969, were added.

The smoothed radiation patterns of the Kuril-Japan, the Izu-Marianas and the Tonga-
Kermadec regions determined from only two years' data showed satisfactory agreement
with the patterns obtained for larger earthquakes by many seismologists.

In almost all regions the axes of maximum pressure align themselves with the dip
of the seismic plane. The direction of the horizontal component of the axis of maxi-
mum pressure in each region was compared with the direction of differential movement
between two blocks computed by Le Pichon, and they agreed well with each other
except in the following regions. In the South America region, the axes of maximum
pressure lie in the NW-SE direction, while the vectors of the differential movement
lie in the east-west direction. The patterns of intermediate earthquakes of the Chile-
Peru border region, the Honshu of Japan and the New Hebrides region show that the
axes of maximum tension align themselves with the dip of the seimic plane.

1. Introduction

One of the significant data which supported the new global tectonics developed
by Isacks et al. (1968) was the earthquake generating stress determined from
the fault plane solutions of comparatively large earthquakes.  The fault plane
solutions of intermediate and deep earthquakes in and near Japan were determ-
ined by Honda et al. (1967),® Ichikawa (1966),*® and Katsumata and Sykes (1
969). » The solutions for the Tonga-Kermadec region were obtained by Isacks et
al. (1969).9 These solutions were interpreted by a tectonic model which was
termed the new global tectonics.

Although numerous descriptions of the focal mechanism have been presented
by many seismologists and have contributed to the developement of tectonoph-
ysics, there are some regions where the earthquake generating stress especially
of intermediate and deep earthquakes have not yet been determined in detail,
because in these regions there are neither large earthquakes nor appropriate
distribution of observation stations.
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The island arc or the continental margin where intermediate and deep earth-
quakes occur is the principal zone of tectonic activity. Therefore it is important
to determine the earthquake generating stress of the intermediate and deep
earthquakes in all these regions.

In this study the axes of maximum pressure and maximum tension of the
generating stress of the intermediate and deep earthquakes in each region have
been mainly determined from the smoothed radiation patierns of the initial P
motions, superposing on them the distribution of first motions of a group of
earthquakes in the region. This method is efficient and appropriate for the
study of the principal axes of stress in restricted region, because the axes of
intermediate and deep earthguakes are distributed systematically along the
seismic belt, for example in and near Japan.

It is also useful in a detailed study of the earthquake generating stress of
the small shocks when there is not sufficient data to determine the individual
fault plane solutions. ®

It seems that the systematic distribution in space of the principal axes of
stress determined from the fault plane solutjons of intermediate and deep earth-
quakes indicates their correspondence with the principal axes of the stress field
in the region, as was mentioned by McKenzie (1969)." Then the average
orientation of the principal axes obtained from the smoothed radiation patterns
is regarded as the result directly related to the general feature of the tectonic
force in the region concerned.

2. Data

Intermediate and deep earthquakes with focal depth of more than 100 km
which occurred in the whole world from the beginning of 1964 to the end of
1969 have been analysed. The data of hypocenters, magnitude and the directions
of initial P motions observed at the stations whose epicentral distances are less
than 100 degrees are adopted from the Bulletins of the International Seismological
Center for the first two years and from the Earthquake Data Reports of the U.
S. Coast and Geodetic Survey for the last four years.

With reference to the world seismicity map compiled from ESSA, Coast and
Geodetic Survey, epicenter data of 100-700 km deep, 1961-1967, by Barazangi
and Dorman (1969), ® the seismic active zones were classified into fifteen reg-
ions shown in Fig. 1. Initial P data in each region were adopted according to
certain conditions shown in Table 1. The total number of earthquakes and the
initial P data used for analysis are shown in Table 1.

The relation between the magnitude and the number of reported P data of
each earthquake for three regions for the first two years is shown in Fig.2. In
the Izu-Mariana Islands region (8), the farther away the epicenter is from the
network of the Japan Meteorological Agency, the fewer initial P data are
reported. More than five P data are generally reported for any earthquake
with a magnitude larger than 4.5 in each region. To obtain the fault plane
solution of an individual earthquake, it is necessary that sufficient data with
adequate distribution of azimuth and incident angle be reported. The relation
in Fig. 2 shows that such earthquakes must have a magnitude larger than
ahout 5. 0.
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Table 1. Conditions for the data sampling in each region; the period and the lower
limits of magnitude and number of reported P data of each earthquake, and
the data adopted; Np: the number of the reported initial P data, N.: the total
number of earthquakes, N¢: the total number of compressions and Na: the
total number of dilatations,
No. Region ‘ Period ‘ M=> ‘NPZ N, | ZNp | ZNa ! EN,
1 | South Sandwich Is. | 1064—1965 | 3.0| 1 ] 32\ 2345 e 149
| 1966—1969 | 4.5 3 | |
2 | Chile 19641965 | 3.0 1 16 1 s0 141 189
' 1966—1969 | 4.0 3 :
3 | Colombia-Peru-Bolivia | 1964—1965 | 4.0 5 ] e 907i 1768 1114
1966—1969 | 4.5 10 | |
4 Dominica-Trinidad Tobago 1964—1965 | 3.0 1 ] ag 247 ol 156
1966—1969 | 4.0 3
5 Central America 1964—1965 | 3.0 1 ] 7 678} 17 set
1966—1969 | 4.5 10 :
6 Alaska-Aleutian 1964—1965 | 3.0 1 } 12 284‘ g 165
1966—1969 | 3.0 10
7 Kuril-Jaoan 1964—1965 | 4.0 5 65 | 2,084| 1,061 1,023
8 Japan-Izu-Marianas 1964—1965 | 4.0 5 69 | 2,240 1,301] 939
9 Ryukyu-Philippines 1964—1965 | 4.0 5
| 1966—1969 | 4.5 | 10 J o0 1,825 839 %86
10 | Indonesia "1964—1965 | 4.0 5| 741,300 581 809
11 | Solomon-New Hebrides 1964—1965 4.0 5 104 | 1,457 682 775
12 Fiji-Tonga-Kermadec 1964—1965 | 4.0 10| 116 | 2,254| 1,344/ 910
13 New Zealand 1964—1965 | 4.0 3 44 247 106 141
14 Afghanistan 1964—1965 | 4.0 5 53 | 1,055 470 585
15 | Italy-Greece-Turkey | 1964—1965 | 3.0 1116, 243 09 144
200+
Np (8)
100 100
Np {3) L. L
501 : “ 50 100
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Fig. 2. Relation between the magnitude and the number of reported initial

P data of each earthquake for the Colombia-Peru-Bolivia region (3),
the Japan- Izu-Mariana region (8) and the Tonga-Kermadec region

(12).
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B For the same three regions, the relation
. Np /‘i‘\| 2 between the magnitude M and the total

/ number of P data of earthquakes with
1000 _/_.A\ the magnitude of M~M+4M, 3 Np, is
B /7 N shown in Fig. 3. It indicates that the

smoothed radiation pattern composed
from the summed-up distribution of P
data well shows the nature of the gene-
rating stress of shocks with magnitude
around 5. 0. Then, the results can be
I compared with those of the larger earth-
4 5 6 quakes in the region where many fault
Fig. 3. Relation between the magni- plane solutions of individual earthquakes
tude and the total number of the  have been obtained.
reported initial P data for the The total number of earthquakes and
same regions in Fig. 2 of P data for them satisfying the condi-
tions shown in Table 1, and the com-
pressions and dilatations for each focal depth every 100 km are shown in Table 2
and Fig.4. The relation between the total number of the compressions and the
dilatations in each depth shown in Fig. 4 indicated that they are observed to be
equal in number for intermediate earthquakes, but that for deep earthquakes
the number of the dilatations is significantly larger than that of the com-
pressions. This relationship in only those regions where deep earthquakes occur
is similar to the same relation in the whole world. Hence, it is not a mis-
leading pattern resulting from a biased distribution of observation stations. Such
problems have been investigated by Randall and Knopoff (1970). #,'®
But it is not always necessary to consider the type of the focal mechanism of
an individual earthquake to determine the principal axes of stress from the
smoothed radiation pattern by Aki’s method. In this paper the focal mechanism
of intermediate and deep earthquakes is assumed to be the double-couple type
which is eguivalent to the slip dislocation model.

o)

Table 2. Relation between the focal depth and the total number of P data (¥Np), the
compressions (EN¢), and the dilatations (FNg) of earthquakes of each depth
for the whole world.

Depth (Km) | N INp INg | IN,
100—200 693 I 9, 583 4,473 5,116
200—300 154 2,299 1,153 1, 146
300—400 45 1,174 547 627
400—500 57 1,580 905 675
500—600 85 1,946 1,124 822
600—700 39 887 627 260

Total 1,073 17,475 8, 829 8. 646
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Fig. 4. Relation between the depth and the total
number of dilatations and compressions,
their ratio and the total number of earth-
quakes at each depth. Dotted lines indicate
the results only in the regions where deep
earthquakes occur (2,3 and 7~12).

3. Methods to Determine the Earthquake Generating Stress

Two methods are used to find the average orientation of the principal axes
of stress in each region. One is to determine the axes of maximum pressure
and tension from the fault plane solutions of the larger individual earthquakes
in the region. The results are shown in Table 4 and Fig. 37

The other method is to determine a single solution for a group of earthquakes
containing the smaller ones in the region, superposing the distribution of the
first P motions regarded as if they were coming from a single source. This
method was used by Aki (1966) to find the earthquake generating stress in
Japan for the years 1961 to 1963, v

The distribution of signs of first motions superposed on a focal hemisphere is
smoothed and normalized by the following procedure. The numer N. of compress-
ions and the number N, of dilatations within an angular distance of 45° from
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a point Q(4,¢) and its antipode Q' (7—8, 7+¢) on a focal sphere are counted.
Then, a normalized parameter k(4,¢) is calculated by the following formula,
b= Nd__]_vq
Nd"‘Nc ’
The parameter % is calculated for 61 points of Q covering the surface of the
lower hemi-sphere. Q(4, ) are distributed as follows :
(6=0°, ©=0°),
(=20, ¢=0°,690°, 180°,270°),
(6=40", ©=0°,45°,90°,135°, 180°,225°, 270°, 315°),
(6=60°, »=0°,30°,60°,90°, 120°, 150°, 180°, 210°, 240°, 270°, 300°, 330°),
(§=80°, ¢=0°,20°,40°,60°,80°,100°, 120, 140°, 160°, 180°, 200°, 220°,
240°, 260°, 280°, 300°, 320°, 340°), and
(6=90°, »=0°,20°,40°,60°,80°,100°, 120°, 140°, 160°, 180°, 200°, 220°,
240°, 260°, 280°, 300°, 320°, 340°).

Fig. 5. An example of the smoothed
radiation pattern indicated by ~ - +
the equal lines of £ value, The A

maximum value of £ corresponds

A
to the axis of maximum pressure '_/9‘.\\

and the minimum corresponds to
the axis of maximum tension, DOWN
Fig. 6. Explanation of the ex-
pression of the data and the
results in maps.

The values of & are plotted on the plane projected by Wulf's net and the equal
lines of %4 are drawn as shown in Fig.5. The maximum value of 2 on a focal
sphere corresponds to the axis of maximum pressure and the minimum value
corresponds to the axis of maximum tension.

The lines of equal 2 value of a group of earthquakes whose epicenters are
within a circle of a certain radius and whose hypocenters are within the confines
of the depth are shown in figures for each region. When the results for some
areas showed the same pattern, they were compiled into a pattern for a broad
region. The center and the radius of a circle, the boundaries of the depth,
the number of sampled data and the results are listed in Table 3, The rank
(A, B and C) in Table 3 indicates the reliability of the smoothed radiation
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pattern depending on the distribution of the numbers of initial P data on a
focal sphere,

The epicenters of earthquakes sampled by the conditions shown in Table 1
and the azimuths of the principal axes of stress obtained from the smoothed
radiation pattern are shown on maps by the expression in Fig. 6.

4. Results Obtained for Each Region

a). South Sandwich Islands. »
The smoothed radiation pattern and the distribution of the epicenters in this

!
- 55°8 4
0 AN
"
80° -
Fig. 7. Smoothed radiation
pattern of the South 30° 20°W
Sandwich Island re- 2 s
gion. Fig.8. Epicenter distribution and results
for the South Sandwich Islands
regiomn.

region for the years 1964 to 1969 are shown in Figs. 7 and 8 They indicate
that the axis of maximum pressure lies nearly horizontally in the direction
perpendicular to the trend of the island arc and the trench. Two fault plane
solutions in this region (No. 462 and 2492) are similar to this result.

But for earthquakes in this region, data from the near stations are not
avajlable. And so it is necessary to determine in detail the axes of the earth-
quake generating stress using not only P data but also data of other phases,

b). South America.

The patterns of intermediate earthquakes in Chile and deep earthguakes in
Argentina for the years 1964 to 1969 are shown in the upper half of Fig.9,
and the lower half shows the patterns in the same regions for the first two
years. No clear variation is found between these patterns of the different
terms. These patterns show the horizontal axis of the maximum tension and
the dipping axis of the maximum pressure in the south-east direction.

The results for the northern part of South America are shown in Fig. 10.
Almost all patterns show that the axis of the maximum tension lies nearly hori-
zontally in the NE~-SW ‘direction and the axis of the maximum pressure dips
rather vertically in the NW-SE direction.
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Fig. 9. (2-a): Chile, intermediate, and (2-b): Argentina, deep,
1964-1969. (2-a’) and (2-b’): same regions, 1964-1965. )

But there are two particular cases. One is that the axis of maximum tension
of intermediate earthquakes in the Chile-Peru border region (3-¢) has the same
orientation as the axis of maximum pressure in the other regions. The other
is that the axis of maximum pressure of intermediate earthquakes in the
Colombia region (3-h) lies nearly horizontally in the NW-SE direction while it
lies nearly vertically in the other regions.

The distribution of epicenters and the solutions in South America are shown
in Fig. 11, The fault plane solutions of eight individual earthquakes coincide
with the smoothed radiation patterns well. But in this region the distribution
of the observation stations is biased in the north-south direction, and so the
accuracy of the normalized parameter % is more or less unequally distributed.
The number of initial data in each region, however, is sufficiently large to
determine the principal axes of stress, so the results are considered to be
reliable,

Santé (1989) studied the characteristics of seismicity in South America and
pointed out the seismic activity of intermediate earthguakes is quite predominant
in frequency.!®? The distribution of foci of intermediate earthquakes in Co-
lombia which occurred in the nest N1 named in his paper extends in the NW-SE
direction dipping toward inland. It is very interesting that the direction of the
axis of maximum pressure in the same region (3-h) coincides well with the
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Fig. 10. (3-a): northern Chile, intermediate, (3-b): Bolivia, deep, (3-c): Peru-
Chile border, intermediate, (3-d): Southern Peru, intermediate, (3-e):
northern Peru, intermediate, (3-1): Brazil, deep, (3-g): Ecuador, inter-
mediate, and (3-h): Colombia, intermediate.
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Fig. 11. Epicenter distribution and results for the South America region. Fault
plane solutions of eight individual earthquakes are also shown as the
projection of lower hemi-sphere.
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direction of the distribution of foci.
c). Central America and West Indies.

The smoothed radiation patterns of the intermediate earthquakes in these
regions are shown in Figs. 12 and 13. In the (4-¢) and (5-a) regions the dila-
tational P motions are scarcely obtained because the observation stations are
distributed in biased directions. Considering that the axis of maximum pressure
in these two regions also coincides with the direction of the maximum £ value,
then the axes of maximum pressure in these regions lies nearly in the north-
south direction except that the axis of pressure of (4-b) is nearly vertical. Na.
4688 earthquake in Fig. 37 shows also the same patiern as the (5-a) region.
The distribution of epicenters and the principal axes are shown in Figs. 14 and
15,

The patterns of (4-a) and (4-b) regions show the large value of maximum
k and the results are reliable, but the directions of the axes of maximum pressure
clearly differ from each other. It seems that this difference is related to the
complex features of the seismic belt in these regions.

4-c T

Fig. 12. (4-a): Trinidad Tobago, intermediate,’ (4-b): Leeward Islands, inter-
mediate, 7and (4-c) : Puerto Rico, intermediate.

Fig. 13 (5-a): Guatemala-Nicaragua, intermediate, and (5-b):
Mexico, " intermediate.
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Fig. 14. Epicenter distribution and results
for the West Indies region.
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Fig. 15. Epicenter distribution and results for the Central America region.
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d). Alaska and Aleutian Islands.
The results are shown in Figs. 16 and 17. The axis of maximum pressure

lies in the NW-SE direction. It agrees well with 1the focal mechanism for shallow
earthquakes occurring with the interior of the arc obtained by Stauder (1968), '%
who investigated the focal mechanism of shallow earthquakes in this region

with relation to the sea-floor spreading.

Fig. 16, (6-a): Alaska, intermediate, and (6-b): Aleutian Islands,
intermediate.

IR 180° N 160° e46°<

65

Fig. 17. Alaska and Aleutian Islands.
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Fig. 18. (7-a) :ZKuril-Hokkaido of Japan (depth; 100-501 km), (7-b):
Kuril-Hokkaido of Japan (depth; 100-289 km), (7-¢): Kuril-
Hokkaido of Japan (depth; 309-501 km), and (7-d): Japan

Sea, deep.

Fig. 19, Plots of P and T axes
of individual solutions in
Fig. 37 on the lower hemi-
sphere projected by Wulf's
net in the Kuril-Japan reg-
ion.

e). Kuril-Japan.

The earthquake generating stress in this
region has been investigated in detail for a
long time, using the data supplied by the
network of the Japan Meteorological Agency.
Fig. 18 and a part of Fig.20 (8-a, b and c¢)
show results in this region for two years.

The direction of the axes of principal stress
determined here from short-term data agrees
well with the indications obtained by statistical
analysis based on the fault plane solutions of
individual earthquakes, Considering that our
results are based on the smaller earthquakes
(see Fig.3), it seems that the axis of maxi-
mum pressure of earthquakes of various
magnitude in the upper mantle lies constantly
in the dipping direction of the seismic plane.

The epicenters of earthquakes in the regions
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(7-a,b and c) are within the same region but they are classified with the depth
of 100-501, 100-209 and 309-501 km, respectively. Their smoothed radiation
patterns show similar results.

The pattern for deep earthquakes in Japan Sea region (7-d) show clearly that
the variation of the £ value is large and the directions of axes of maximum
pressure and tension are constant for all earthquakes.

In the pattern for Honshu, in Japan, (8-a) the variation of the % value is
very small in spite of the large amount of data. It is considered in terms of
different groups of earthquakes with different directions of the principal axes.
The patterns of (8-b and ¢) show the results obtained by classifing them into
two groups. The axis of maximum pressure of the deeper group (8-c) lies in
the same direction as the dip of the seismic plane. But in the shallower group
(8-b) the axis of maximum tension lies nearly in the dipping direction of the

m

d‘J

il

1T
T

9%

8-f

Fig. 20. (8-a): Honshu of Japan (depth; 110-386
km), (8-b): Honshu of Japan (depth; 110-276
km), (8-c): Honshu of Japan (depth; 319-386
km), (8-d): Ogasawara Islands of Japan (depth;
113-531 km), (8-e): Ogasawara Islands of Japan
(depth ; 403-531 km), (8-f): Ogasawara and
Mariana Islands (depth; 113-531 km), and (8-
g): Guam [sland, intermediate.
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seismic plane.

The axes of maximum pressure and tension obtained from the fault plane
solutions of individual earthquakes in this region are plotted in Fig. 19. It shows
the same pattern as the results obtained from the smoothed radiation patterns

in this region.
). Izu-Mariana Islands.

The results of investigations over two years are shown in Fig. 20 (8-d~g).

Fig.21. Plots of P and T axes
of individual solutions in
the Izu-Mariana region.

The axis of maximum pressure in this region
also lies in the direction of the dip of seismic
plane. However, in Guam island the axis
turns clockwise corresponding with curve of
the island arc. These results agree with four
fault plane solutions obtained by Katsumata
and Sykes (1969), ' and with our solutions
shown in Fig. 21

The accuracy of the patterns is satisfactory
because of a large amount of data and large
value of the parameter 2 It can be conclud-
ed that the axis of maximum pressure of
earthquakes whose magnitudes are larger than
about 4.0 lies nearly in the direction of the
dip of the seismic plane.

Fig. 22, (9-a): Nansei Islands, intermediate, (9-b): Taiwan-Philippines, intermediate,
(9-¢): Philippines, intermediate, (9-d): Philippines, deep, and (9-e): Celebes,

intermediate,.
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&). Ryukyu-Taitwan-Philippines.

The resulis for the years 1964 to 1969 are shown in Fig. 22. In the Ryukyu
Islands region the fault plane solutions have been obtained by Ichikawa (1966), '®
and Katsumata and Sykes (1969).'® The axes determined from the smoothed
radiation pattern from the data of nineteen earthquakes agree with their results
and the solution of No. 2199 earthquake in Fig. 37.

The results for Taiwan (9-b) and the Philippines (9-c) regions show that the
axis of maximum pressure lies in the dipping direction of the seismic plane.
This coincides with the characteristics of shallow earthguakes in this region
presented by Fitch (1970).'?

The deep earthquakes of Mindanao have a different pattern (9-d), which is
also seen in the fault plane solution of No. 1279 earthguake in Fig. 37. This
region and the surrounding regions have complex features of seismological
phenomena related to the complexity of the tectonic movement due to the Pacific
Ocean, the Philippine, the Asian and the Indian Ocean-Australian plates. It is
necessary to investigate in particular detail the locality of the stress field in
this region.

h). Burma-Indonesia.

The resutls are shown in Fig. 23. Though the accuracy of the pattern of
the Burma region (10-a) is not satisfactory, it is concluded that the axis of
maximum pressure lies nearly horizontally in the north-south direction. This
conclusion is also supported by the facts that fault plane solutions presented by

=%$e

10-a ~

(O-d

Fig. 23. (10-a): Burma, intermediate, (10-b): Sumatra, intermediate,
(10-¢): Java, intermediate, and (10-d): Banda Sea, intermediate
and deep.
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Fig. 24. Epicenter distribution and resulis for the No. 7~10 regions explained in
sections e)~h),
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Fitch (1970),!” and a solution of No, 801 earthquake in Fig.37 show the same
characteristics.

The axes of maximum pressure of the Sumatra (10-b), the Java (10-c) and
the Banda Sea (10-d) regions are shown to be perpendicular to the trend of the
island arc and the trench. The fault plane solutions of deep earthquakes in the
Banda Sea region (Nos.263, 1068, 1212 and 2027 in Fig.37) show complicated
results corresponding to the complication of the structure of the seismic plane.

The orientations of the axes of intermediate earthquakes in the Indonesia
region generally coincide with the results from the fault plane solutions of
shallow earthquakes obtained by Fitch (1970).!»

The distribution of the epicenters and the results explained in sections from
e) to h) are shown in Fig. 24.

1). Solomom Islands and New Hebrides.

The smoothed radiation pattern of the Solomom Islands region is shown in
Fig. 25 (11-a). The variation of the value of % is small, so the axis of maxi-
mum pressure cannot be determined clearly, but it seems that the axis lies
perpendicular to the trend of the island arc. The plots of the P and T axes

Fig. 25. (11-a): Solomon Islands, intermediate and deep, (1i-b): New Hebrides,
intermediate, and (11-c): Santa Cruz Islands, deep.

® obtained from the fault plane solutions in
[ this region are shown in Fig.26. The P
axes flock around the vertical. This seems
P to be related to the steep dip of the seismic
plane of this region indicated by Denham
© (1969). 1©
CO The pattern of the New Hebrides area in
Fig. 25 (11-b) shows that the axis of maximum
o) pressure lies horizontally along the trend of
the arc and the axis of maximum tension lies
in the direction of dip of the seismic plane.
o The absolute value of minimum £ is large
Fig. 26, Plotsof Pand T axes of compared with that of maximum k.
individual solutions in the This means that the axes of maximum
Solomon Islands region. tension of all earthquakes lie in the same
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direction. It is interesting that the direction of the axis of maximum tension
in (11-b) corresponds to the direction of the axis of maximum pressure of deep
earthquakes in the Santa Cruz Islands region (11-c). These characteristics are
also found in the fault plane solutions shown in Fig.37. The relation between
the earthquake generating stress and the complicated structure of the seismic
plane in this region must be investigaied in detail.

7). Fiji-Kermadec Islands and New Zealand.

The patterns of the Fiji and Kermadec Islands region are shown in Fig. 27.

The axis of maximum pressure was determined to lie in the dipping direction

Fig. 27. (12-a): Fiji-Tonga-Kermadec, Deep, (12-b): Fiji, intermediate, (12-c¢): Fiji,
deep, (12-d): Tonga, deep, (12-e): Tonga-Kermadec, deep, and (12-f): Kerm-
adec, intermediate,

of the seismic plane in each region. This coin-
cides with the results obtained by Isacks et al. (1
969), 19 and the fault plane solutions shown in
Fig.37. It seems that the direction of the axes
in these regions is constant for time, space and
maguitude,

The axis of maximum pressure in the New
Zealand region shown in Fig, 28 lies nearly hori-
zontally perpendicular to the trend of the arc. The
same rtesult is obtained from the fault plane solu-

i3
Fig. 28. New Zealand, tion of No.2469 earthquake in Fig. 37.

intermediate, The distribution of epicenters and the results
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Fig. 29. Epicenter distribution and the results of No.11~13 regions explained in
sections of i) and j).

Fig. 30. Hindu-Kush, intermediate.
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explained in sections i) and j) are shown in
Fig. 29.
k). Afghanistan-U. S. S. R. border.

The smoothed radiation patterns of the
Afghanistan-U. S. S. R. border region are shown
in Fig.30. The axis of maximum pressure lies

perpendicular to the trend of the seismic belt.
The plots of the P and T axes are compared
in Fig.31. The fault plane solutions of two
intermediate earthquakes presented by Soboleva
(1967)show similar results. ?® The distrilqution
of the epicenters and the results are shown

Fig. 31. Plots of P and T axes in Fig. 32.
of individual solutions in It seems that the orientation of the axis of
the Afghanistan-U.S.S.R. maximum pressure is closely related to the

border region,

trend of the seismic belt from the Himalayan
mountain front to the Hindu-Kush also con-

40°N

350_

70°E 75°

Fig. 32. Epicenter distribution and resulis for intermediate
earthquakes in the Afghanistan-U.S.S.R. border region.

15

Fig. 33, Italy-Greece-Turkey,
intermediate,

sidering the analyses of shallow earthquakes in this
region obtained by Fitch (1970), 20
). Italy-Greece-Turkey,

The smoothed radiation pattern is shown in
Fig. 33, and the distribution of epicenters and the
results are shown in Fig. 34. Although the maxi-
mum value of the parameter 2 is not large, the
axis of maximum pressure can be determined to
be in the NE-SW direction, But the distribution
of hypocenters is not sufficient to analyze the
locality.
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10°E\
Fig. 34. Epicenter distribution and the results of the [taly-Greece-Turkey region.

5. Conclusions and Discussions.

In Fig. 35 the results for all regions are superposed on the world map of
the distribution of computed rates of compression and dilatation along boundaries
of six lithospheric blocks presented by Le Pichon (1968) from magnetic anomalies
at sea and the orientation of oceanic fracture zones. ?* Comparing the direction
of the horizontal component of the axis of maximum pressure determined from
a smoothed radiation pattern in each region with the differential movement be-
tween two blocks calculated from non-seismic data, the following characteristics
are found.

a). Generally the direction of the axis of maximum pressure in each region
coincides well with the direction of the differential movement.

b). It seems that this direction is controlled by the block movement on a large
scale and so the axis does not always lie perpendicular to the trend of the arc
or the trench, as found for example in the Aleutian Islands region.

¢). The horizontal component of the axes of maximum pressure of the South
America region lie in the NW-SE direction, and their vectors lie nearly vertical,
and so do not coincide so well with the direction of the vectors of differential
movement in this region. It is necessary to investigate in detail the focal
mechanism of earthquakes in this region.

d). In some regions the axis of maximum tension of intermediate earthquakes
lies in the dipping direction of the seismic plane or perpendicular to the trend
of the island arc as the axis of maximum pressure of surrounding regions lies
in the same direction. A possible model explaining the mechanism of such
phenomena has been presented by Savage (1969).2% Such a region is closely
connected with a region where the seismic activity of deep earthquakes is
predominant, for example South America (3-c), Japan (7-b) and New Hebrides
(11-b).
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(b)

(d)

Fig, 36, Plats of P and T axes determined from the smoothed radiation patterns
of six major boundaries between lithospheric blocks; (a): South America,
(b): Central America, (c): North-West Pacific, (d): Philippine Sea, (e):
northern edge of the Africa and India Plates, and (f): South-West Pacific.
Filled and unfilled circles indicate T and P axes, respectively.

e). The stress field of the Central America, the Banda Sea and the New
Hebrides region, where the structure of the seismic plane is complicated, also
shows complicated features. It is necessary to examine the locality in detail
according to the fault plane solutions of individual earthquakes.

The plots of the P axes and T axes from the smoothed radiation patterns are
shown in Fig. 36, for six main active zones of intermediate and deep earthquakes,
These zones are major boundaries of lithospheric blocks where the differential
movement is largely compressional. ‘The average direction of the axes of max-
imum pressure in each zone coincides with the direction of the vector of the
differential movement of two blocks which are in contact with the zone.

These characteristics could be predicted by the new global tectonics and are
now presented as evidence to support it. Moreover, the seismological research of
the seismicity, the focal mechanism of the occurrence of individual earthquakes,
the fault plane solutions of shallow earthquakes, and so on, must be developed.
The smoothed radiation patterns have been used effectively for the purpose in
this paper, and it will be useful for the investigation of the new global tectonics
to analyze shallow earthquakes by a similar method.
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Table 3. List of regional data and results, Region numbers correspond to those in

figures. Earthquakes in each region were adopted by the conditions that the
hypocenters were within a cylinder with a center, a radius and a range of the
depth. The rank (A, B and C) means the accuracy of the results besed on the
total number of data and their distribution on a focal sphere.

vNo.

Lat. [Long.|(km)| (km) N.
| (deg)l (deg)

Center

Rad. | Depth |2N,‘ P. Axis ‘ T. Axis

Rank

| max. k | (dig)i (dgg)‘ min. | caig)\ (deg)

1

—56 | —28 | 300 W01—181 32 234 0.3 | 80| 260 | —0.50 | 90| 170 r

C
2—al —32| —60 | 700 [102—-183 48 | 172 o0.60| 50 135' —060| 70| 25| B
2—b| —27 | —63 | 500 (555602 12| 158 0.82| 20| 140, —0.70| 85 20| B
3—a| —23| —68 | 300 |103—283 55| 768 0.60| 20| 275|—052| 7w | | A
3—b| —21| —64 | 4001533—602 5| 58 070 30! 85 |—053| 60| 280| C
3—c| —18 | —70 | 300 100212 32 | 414 0.34| 35| 230|—0.41| 75| 125| B
3—d|—16 | —72| 200 |100—185 9/ 137 0.30| 60 140 —0.68| 85| 45| C
3—e| — 7| —76| 700 104—205 36 | 651 0.33| 30| 330 | —0.63| 90| 60| B
3—f| — 9| —71| 300 [585—650 9| 334 0.86| 65| 200| —0.18| 75| 190| C
3—g| — 3| —77| 300[103—232 17 | 373 0.31| 55| 315|—069| 8| 55| B
3—h| 7|-73| 200100209 25| 412 0.44| 90| 135|—0.22| 9| 45| B
4—a| 11| —62| 200 [100—215/ 14| 88 0.8 | 65| 200|—0.53| 35| 340| B
4—b| 15| —62| 200 [100—173 5| 22 065 25| 160 |—0.8| 9| 70| B
4—c| 18| —69 | 300 103—181 14| 124 —0.14| 90| 20| —0.79| 25| 110| C
5—al 14| —90 |1, 000 [100—306 62 | 621 0.14 soj 160! —0.90: 9| 70| ¢
5—b| 17 |—100 | 500 105—161 8| 31 0.17 70! 140 —0.50 | 90| 50 C
6—a| 58 |—157 | 600 [100—217 15| 79| 0.56| 65| 130 | —0.50| 60| 235| C
6—b| 52|—178 | 700 115—243 19| 128 0.43| 90| 30| —0.79| 45| 40| C
7—a| 49| 150 |1,000 [100—501] 34 1,538 0.40 80| 295 —0.41 65’ 200 B
7—b| 49| 150 [1,000 [100—289 29 | 775 0.40, 90| 300 —0.47; 40 30 A
7—c| 49| 150 [1,000 [309—501 19| 753 0.53| 75| 305 —0.74! 90 215 A
7—d| 42| 131| 500 422—554 5| 215 0.80| 85 280 —0.89| 50| 180 A
8—a| 35| 140 | 500 [110—386| 25 | 908 0.45| 5| 35| —012| 5| | B
8—b| 35| 140 | £00[110—276 15| 666 0.55| 75| 175|—0.28| 80| 80| B
8—c| 35| 137| 400 [319—386 10 | 3300 0.71| 40 265|—0.85| 75| 150 | A
8—d| 28| 140 | 500 [113—531 27 1,070 0.78 | 70| 285 | —0.40| 90| 15| B
8—e| 28| 140 | €00 [403—531/19 | 783 0.81| 70| 265|—0.45| 80| 0| A
8—f| 25| 141 | 200 [113—531 35 1,250, 0.78 | 70| 270| —0.33| 8| 0| B
8—g| 15| 145 | 500 [101—332 15 | 340 0.78 | 40| 340 | —0.08| 50| 160| C
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Table 3.
Center P. Axis T, Axis
No. &ad,) %‘:'pt? N, |[ZNp Rank
Lat. (Long, m m max. k' [/ ‘ ¢ | min. kl l/ ‘ ©

9—a 28| 128 600102—250 19 | 460| 0.63| 75| 340| —0.46| 0| 70| A
9—b, 20| 121| 500 [101—148 4| 67 0.50 65| 275|—0.35| 30| 100| C
9—c, 8| 127] 500 [100—375 25 | 444/ 0.30| 90| 265 —0.52| 70| 355| C
9—d| 8 124| 500 |479—628 7| 158 0.73| 65| 330 |—0.82| 75| 70| B
9—e! 0 123| 200 |108—212 19| 341 0.55| 60| 220 | —0.81 | 55| 330 C
10-a| 25| os5| sooltoi—se ol 108 o010 8| o|—os2 0 95| ¢
10—b| 0| 100,000 104—203 18| 220 0.60 | 80 40 | —0.50 55| 140| B
10—c| —8| 114| 800[112-524 8| 160 0.56| 80| 155|—0.33 90| 245| B
10—d| —6| 125| 700 112605 12| 128 0.3 | 60| 30 —0.3 35| 230| B
li—al — 5| 150 1,000 01512 33 | 601| 031 70 210 —0.24| 75| 310] B
11—b| —17 | 168 1,000 100—271 59 | 633 0.20| 80| 340|—040| 65| 80| B
1l—c| —14| 170| 700 325—658 11 | 179 0.46| 80 110!—0.54| 60| 15| B
12—a| —25| 178 |1,500 (304—651 93 [1,839 0.51| 50| 205|—0.20| 55| 165] B
12—b| —18 |-176 | 600 [120—298 17 | 317 0.37| 55| 270 |—0.50| s0| 10| C
12—c| —18 |—177 | 300 [306—498 10 | 250 0.69 | 60| 315 | —0.60 | 40| 165| A
12—d| —23 | 180 | 400 [431—630 50 | 936 0.52| 60| 315|—0.26| 40| 140| B
l2—e| —27 | 180 | 800 {401—627 50 | 930 0.47 | 50 205 —0.22| 90| 205 B
12—f| —30 | 180 | 600 [205—304 6| 98 0.50| 60, 225|—0.50| 40| 40| C
13 | —39 | 175| 500 [105—311[ 44 | 240 o65| 80| 100]-040| 45| 30| B
14—a| 36| 71| 100103279 43| 871| 0.47| 80| 18| —056| 10| ol A
14—b| 38| 73| 200 104—282 9| 17 020| 50| 35| —020| 0| 45| C
15 ' 40| 231,000 [105—310[ 16 | 243 o0.26| 80| 235]—046| 15| 100 C
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Table 4. List of earthquakes whose fault plane solutions are individually obtained
and their results.

P. Axis T. Axis

No, Date Gy | G305 [k M| Res | Y
(deg)l (deg)| (deg)l (deg)
462 | May 26, 1964 |—56.45 E —27.70| 114 | 5.8 1 50. 52| 143
2492 | Dec. 13, 1965 |—86.14 | —27.76! 153 | 5.2 1 ou| 39| 18
1114 | Dec. 9 1964 |-27.46 | —63.23 578 58 2-b 178 0| 88
770 | Sep. 6, 1964 [|—21.51 | —66.77 232 | 4.8 ‘ 3-a 209 76| 109
786 | Sep. 11 —23.88 | —66.63 195 | 51| 3-2a 286 65 38
965 | Nov. 2 — 4,04 | —76.80| 114 | 57| 3-¢,8 259 77| 158
1077 | Nov. 28 — 7.90 | —71.29) 650 | 53| 3-§ 331 571 199
1156 | Dec. 22 — 0.48 | —T71.2) 615| 52| 3-f 144 741 229
1369 | Feb, 18, 1965 |— 9.99 | —71.08 593 | 52| 3-f 140 50 | 230
1648 | May 3 —24,27 | —67.87 127 | 55| 3-a 233 86 | 138
4688 | Feb. 3, 1968 | 16.50 | —03.52 142 55/ 5-a 169 | 68| 274
72| Jan. 24, 1964 38.75 | 129.54] 557 | 5.3 | 7 63 | 308 29 | 149
448 | May 21 42.90 | 141.90| 129 | 4.4| 7-a, b 68 | 333 26| 120
1121 | Dec. 11 38.90 | 130.22 551 | 5.1 | 7-4 56 | 330 72 73
1979 | Jul, 27, 1965 40.21 | 139.36 195 | 4.7 | 7 60 | 306 30| 125
2006 | Aug. 1 46.82 | 143.84| 384 | 5.1 | 7-a,c¢ 306 63 | 207
2007 | Aug. 1 52.73 | 153.48| 446 | 50| 7-a,cC 316 66 | 215
2022 | Aug. 6 41.39 | 131.34] 554 | 50| 7-¢ 283 76 20
2114 | Sep. 1 51.29 | 150.70] 601 | 5.1 7-a,c 347 83 | 252
2325 | Oct. 25 44.21 | 145,45 159 | 6.1 7-a, b 122 36 | 348
407 | May 7, 1964 30.59 | 137.84| 485 | 5.3 | 8-d,e,f 282 85 181
511 Jun, 11 33.10 | 137.89) 341 | 4.8 | 8-a, ¢ 277 87 10
1402 | Mar. 3, 1965 28.12 | 139.51| 507 | 5.1 | 8-d,e,f 255 70 18
1560 | Apr. 12 30.21 | 1238.68) 425| 55| 8-d,e,{ 265 66 36
1637 | May. 1 33.48 | 138.97| 230 | 4.5| 8-a, b 302 63 72
1869 | Jun, 23 35. 51 135.56| 363 | 5.0 8-a,c¢ 98 88 | 152
2078 | Aug. 19 30.20 | 138.58| 443 | 4.9 8-d,e,f 273 76 10
506 | Jul. 11, 1964 5.93 | 126.31f 183 | 5.0| 9-¢ 338 48 75
1279 | Jan. 23, 1965 7.43 | 123.86 628 | 5.2 9-d 316 68 64
1569 | Apr. 15 25,04 | 122,78 178 ) 53] 9 205 42 | 307
2199 | Sep. 21 28.96 | 128.23( 195| 6.0| 9-a 340 85| 246
2501 | Dec. 15 0. 00 123.69) 164 | 5.3 | 9-e 225 78 318
4264 | Sep. 7, 1967 2.69 | 124.300 274 | 5.8 | 9 260 80 | 358
4761 | Mar. 3, 1968 1.63 | 122.55 435 | 55| 9 285 69 25
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Table 4.
P. Axis T. Axis
Lat. | Long. [Depth

Ne. Date (deg) | Cdeg) [Ckmy| M | Rew |
263 | Mar, 21, 1964 |— 6.44 127.98| 373| 5.8 10-d 64 9| 72| 27
601 | Jul. 12 ‘2488 9531 152 5.5 10-a 64| 219| 76| 122
1068 | Nov. 25 — 4,34 12214 607! 5.8 10-d 9| 160| 62| 70
1212 | Jan. 6, 1965 — 7.13 122.84 554 | 5.3  10-d 90| 200| 90| 20
2027 | Aug. 9 —6.99, 123.32 605 4.8 10-d 60| 18| 62| 270
585 | Jul. 9, 1964 |—15.56 167.62 127 | 6.4 |11-b 73| 275 | 24| 48
755 | Sep. 2 —18.56 169.31| 223 | 4.7 |11-b 66 | 120 83| 217
1081 | Nov., 20 —19.18  160.33 254 | 4.7 |11-b 9| 8 90 17
1313 | Jan. 20, 1965 —13.05 160.58| 644 | 4.9 |1l-c 84| 59 8! 180
1407 | Mar. 4 — 5.46 | 147.00| 191 | 5.6 |11-a 45| 252 | 86| 158
1551 | Apr. 10 —13.45 | 170.30| 641| 53] 11-c ' 67| 306| 74| 43
1913 | Jul. 6 — 448 155.07| 509| 5.6|11-a 33| 110! 75| 356
2152 | Sep. 12 —11.25 166.36| 130| 5.1 |11-b 770 150 131 330
2429 | Nov. 25 |— 400 15054/ 460 5.2 |11-a 44| 165! 50. 316
2466 | Dec. 7 '— 639 146.31) 18| 5.9 11-a 40| 68| 71| 182
2478 | Dec. 11 I— 4.42| 154.98 512| 5.1 11-a 28| 90| 85| 381
482 | May 29, 1964 |—26.11 | 178.30 617 | 4.8 | 12-a,d,e 9| 110 90| 20
514 | Jun. 12 26,531 178.57 600| 5.0/ 12-a, e 78| 358 | 70| 264
579 | Jul. 7 —23.58 |—170.83| 462 | 5.3 | 12-a,d,e 88| 175| 87| 85
617 | Jul. 17 —24.34 | 179.52 504 | 4.8 | 12-a,d.e 57| 214| 56| o8
744 | Aug. 28 —19.85 |—178.15) 576 | 4.9 |12-a,d 45 268 62| 145
831 | Sep. 21 —21.96 |—179.46| 603 | 5.2 |12-ad.e 40| 208 64| 72
1440 | Mar. 13, 1965 |—20.43 |—177.63 502 | 5.1|12-a,d,e , 48| 215 67| 114
1540 | Apr. 7 —21.04 |—178.80| 591 | 4.9 |12-a,d,e > 15| 300 | 75| 130
1543 | Apr. 8 —17.72 —178.58| 565 | 5.3 |12-a " 55| 220| 51, 95
1716 | May 19 —20.85 |—178.41| 499 | 5.1 |12-a,d, e | 28 8| 65| 160
1772 | Jun. 2 —23.53 © 179.99 538 | 5.4 |12-a d,e 90 | 135 ol o
2177 | Sep. 17 —23.31 | 179.27 566 | 51 |12-a,d,e 45| 318 45| 140
2349 | Nov. 1 —24.18 | 179.02 550 | 5.3 |12-a,d,e 45| 260 | 58| 132
2473 | Dec. —18.12 |—178.12 649 | 5.4 | 12-2a 3| 45| 67| (72
2469 | Dec. 8, 1965 \—37.03\ 177‘525 153\ 5.6 \ 13 64| 145| 20 205
145 | Feb, 18, 1964 | 36,47 | 70.70 | 202| 4.9 14-a 52| 183| 78| 84
272 | Mar. 23 38.27 | 73.65| 130 | 5.2 |14-b 60 | 335| 78| 238
1442 | Mar. 14, 1965 | 36.42| 70.73| 205| 6.4 | 14-a 67| 184 23| 10
1751 | May 28 36.73 | 70.04| 282 | 4.7 |14-b 81| 184| 33| 80
1815 | Jun. 10 36.44 | 70.54 | 205| 4.6 |14-2 84| 316| 64| 49
2164 | Sep. 14 36.49 | 70.14 | 232| 4.6 | 14-a 82| 12| 39 112
2305 | Oct. 21 36.50 | 60.77 | 164| 47|14 55| 208| 39| 18



176 K. OIKE

Fig. 37-a. Fault plane solutions and the first motion data in the form of the Wulf’s
net projection of lower hemi-sphere, Filled and unfilled circles indicate
the compressions and the dilatations, respectively.
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