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On the Nature of the Occurrence of Intermediate
and Deep Earthquakes

2. Spatial and Temporal Clustering
By Kazuo O1kE

(Manuscript received May 22, 1971)

Abstract

Spatial and temporal clustering of intermediate and deep earthquakes have been studied from
data of the location, depth, origin time and magnitude of earthquakes deeper than 100 km.

Multiplets frequently occur in the intermediate zone of the South Sandwich Islands, Colombia,
the West Indies, the Aleutian Islands, Celebes Island, the Banda Sea, New Hebrides and the
Hindu-Xush regions and in the deep zones of South America, Java-Banda Sea, Santa Cruz and
the Fiji Islands region. These regions are characterized by the bending or the contortion of the
descending lithosphere. In contrast, they are scarcely found in Central America, the Kuril Islands,
Japan, Mariana or the Ryukyu Islands.

Hypocenters of shocks of each multiplet distribute on a long and slender plane in space. The
largest shock in a multiplet is located at the extremity of the plane in almost all cases. Moreover,
the shocks of each multiplet which occur in an area show the characteristic directional distribution.
These distributions are strongly related to the distribution of the directions of the principal axes
of stresses in the concerned regions.

On the analogy of the mechanism of the aftershock occurrence of shallow earthquakes, these
characteristics of multiplets mean that small shocks of a multiplet are generated by the local con-
centration of the stress energy which is produced by the occurrence of a main fault plane of the
largest shock.

From the time sequence of each multiplet it is found that there are some cases in which the
largest shock occurs at the beginning of the series, that is, the aftershock type, but in many cases
the multiplet type sequences are found. In cases of large shallow earthquakes a clear pattern of
a main shock-aftershock sequence is generally found. This difference between the time sequence
of shallow earthquakes and intermediate and deep earthquakes seems to be the reflection of the
different physical conditions between the shallow zones and the deeper zones.

1. Introduction

The purpose of this study is to clarify the properties of the clustering of the inter-
mediate and deep earthquakes by selecting numerous sets of earthquakes in which
shocks occurred concentrating in time and space from the data of earthquakes deeper
than a hundred kilometers.

The statistic character of time and space distributions of shallow earthquakes have
been investigated in detail for a long time. For example, discussing based on labor-
atory experiments of the brittle fracture of materials, Mogi (1967) pointed out that the
occurrence of fore-shocks, after-shocks and earthquake swarms is related to the het-
erogeneous structure of the crust.” Spatial and temporal distribution of after-shocks
and earthquake swarms are being investigated in detail by Utsu (1969, 1970).2.8.»
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The relations between the temporal variation of the mechanism and the activity in
earthquake swarms were studied by Oike (1970).9 Detailed descriptions on the char-
acteristics of fore-shocks, after-shocks and earthquake swarms have been presented
by Yamakawa (1966-1968).6~10> Mogi (1968) indicated that after-shock areas of great
earthquakes developed with time.!?> The question here is whether the various charac-
teristics of the activity of shallow earthquakes described in these papers can be seen
similarly in intermediate and deep earthquakes or not.

Mogi (1963)!12> and Utsu (1969)!® indicated that the phenomena of the concen-
tration of the occurrence in time and space were also found in intermediate and deep
earthquakes. Isacks et al. (1967) investigated the spatial and temporal clustering of
earthquakes in the Fiji-Tonga-Kermadec region.!#> A cluster of a small number of
events closely related in space and time were terroed a multiplet in their paper and
some examples of deep multiplets were examined in detail, Santd (1969, 1970) pointed
out that multiple events were found out also in the intermediate and deep zones of
the seismically active regions.!3-1® Models for multiplets were proposed by Utsu
(1970).19

Some data on multiplets with especially short time intervals (several seconds) have
been studied. Analyzing the data of a deep earthquake in the Banda Sea region,
origin time difference of 4.8 seconds and distance of 22 kilometers between hypo-
centers of two shocks which occurred successively were obtained by Oike (1969).29
He discovered that the hypocenter of the second shock was situated on a nodal
plane of the P waves radiated from the first shock. Fukao (1971) analyzed similarly
a deep multiplet in west Brazil, and used the results to distinguish a slip plane of the
main shock.2D

In discussing the focal process of intermediate and deep earthquakes compared
with that of shallow earthquakes, data on the clustering or multiplets are very im-
portant. In this study the properties of the occurrence of intermediate and deep earth-
quakes are mainly discussed from the reported data of location, depth, origin time
and magnitude. And the general characteristics of multiplets are described by ana-
lyzing numerous examples.

2. Data

Two sets of data have been used in this study. One is a listing of earthquakes taken
from the Bulletins of the International Seismological Center, 1964 and 1965, the
other is a listing from the Priliminaly Determination of Epicenters of U.S. Coast
and Geodetic Survey from 1966 to 1969. Origin times, depths, locations and mag-
nitudes of all earthquakes whose foci were determined to be deeper than 100 kilo-
meters have been adopted. Spatial and temporal distributions have been analyzed
statistically on fifteen regions classified according to Oike (1971).22> The total number
of earthquakes in each region is shown in Table .

Data adopted do not distribute homogeneously in quality throughout the world.
For example, in the South Sandwich Islands region, small shocks are scarcely listed
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Table I, Number of intermediate and deep earthquakes in each region.

. Magnitude Total
Ne- Region 3.0~3.9 ‘ 4.0~4.9 ‘ 5.0~5.9 ‘ 6.0~6.9 | URdeter | Number
: : : ' : : ‘ *7| mined

1 | South Sandwich Is. 0 12 38 ] 0 51
2 | Chile 19 114 14 1 6 154
3 | Colombia-Peru-Bolivia 183 868 133 5 56 1,245
4 | Dominica-Trintdad Tobago 4 36 5 1 10 56
5 | Central America 59 145 23 1 0 228
6 | Alaska-Aleutian 45 113 12 0 236 406
7 | Kuril-Japan 17 183 58 2 18 278
8 | Yapan-lzu-Marianas 49 362 68 3 87 569
9 | Ryukyu-Philippines 1 128 186 2 46 363
10 | Indonesia 1 101 200 12 55 369
11 | Solomon-New-Hebrides 3] 413 206 10 193 853
12 | Fiji-Tonga-Kermadec 155 1,127 234 4 80 1,600
13 | New Zealand 0 7 10 1 132 150
14 | Afghanistan | 138 - 52 3 61 255
15 | ltaly-Greece-Turkey 1 52 7 0 11 7t
Total Number | s66 | 3,799 | 1,246 4 991 | 6,648

because of the lack of near stations, but in and near Japan small shocks are frequent-
ly observed and reported. In the South American region, observation points distribute
in a biased direction. In the first set of data described above many earthquakes in the
New Zealand region are listed but in the second set they are scarcely listed. The results
of statistical surveys of earthquakes in this region were reported by Vere-Jones et al.
(1964, 1966).23.26

Distribution of the observation stations seen from a region is also related to the
accuracy of the determination of hypocenters in this region. Of cause, it is essential
to determine the relative possitions of shocks of a multiplet computing from the
distribution of differences of travel times for each shock. In this paper however,
assuming that the accuracy for the determination of the relative possitions of
hypocenters in a multiplet is sufficient for the present purposes, reported data are used
without any corrections.

3. Frequency Distribution of Time and Space Intervals

As used by Isacks et al. (1967)2% the term”clustering refers to a concentration of
earthquakes in time that also coincides with a concentration of earthquakes in space.
To see these characteristics of clustering, two kinds of frequency distributions have
been computed for each region.

The frequency distribution of the minimum time intervals is made for each region
in the following way. A time interval, 7:(min)=¢,-f,, between an earthquake (E;)
and the first earthquake (E;) that occurs subsequently to E; within a sphere with the
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Fig. la. Frequency distribution of the shortest time intervals beiween each earthquake and the
subsequent earthquakes within the limit of distances, L (km).
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Fig. 1b. The frequency Py indicate the percentage to the total number of earthquakes in the
region. Regional numbers from 1 to 15 correspond to those in Table 1.
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radius of L (km), the center of which is the hypocenter of E; is determined. Using the
data for the years 1964 to 1969, T: (i=1, ..., n) for all earthquakes of the region from
1964 to 1968 are obtained. The frequency distributions of T: are shown in Fig. la,b
for fifteen regions in the cases of L=20, 40 and 60 km. When L is sufficiently large,
this distribution is similar to the frequency distribution of the differences in time
between two successive earthquakes in a region.2® The frequency is indicated by the
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Fig. 2b. Frequency distribution of the shortest space intervals between each earthquake and the
subsequent earthquakes within the limit of time interval, T (days).
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percentage of the number of 7' for the total number of earthquakes () for the years
1964 to 1968 in the region as compared with the results of other regions. The high
frequency at the small T and L corresponds to the clustering.

Using the same data, the frequency distribution of the shortest space intervals is
made for each region by the following procedure. The nearest earthquale (E;) that
occurs after the occurrence of an earthquake (E;) within a time interval 7 (days) from
E; is determined. The space interval (L:) between the hypocenters of E; and E; is
then calculated. L:(i=1, ..., n) for all earthquakes of the region for the years 1964 to
1968 are obtained. The frequency distributions of L; are shown in Fig. 2a,b for fifteen
regions in the cases of 7=35, 30 and 100 days. The frequency is indicated by the per-
centage for the total number (n). The high frequency at the range of small 7 and L
corresponds to the clustering similarly as in Fig. 1. When T is extended to be suffi-
ciently large before and after the occurrence of E;, this distribution corresponds to
that obtained by Tomoda (1952)>” and Utsu (1969).28

From the distributions shown in Figs. 1 and 2 it is concluded that there is a marked
tendency to concentrate in time and space in the regions of the South Sandwich
Islands, South America, the Aleutian Islands, southwest Pacific and the Hindu-Kush.
But in and near Japan and in Central America the frequency distributions
show scarcely such a tendency. In the Fiji-Tonga-Kermadec region the characteristics
of the activity are quite different between the intermediate and deep zones.

In the regions where the character of the clustering is predominant, the shorter
the time intervals (7’) are, and 2 higher frequency is also observed, but the frequency
distribution of the space intervals (L) has a peak at L=20 to 40 km, and shows 2 low
frequency at the smaller L.

1 ! | | f |

i
d
o) (000 T (min) 2000 N €0

Fig. 3. Distribution of time and space intervals between each earthquake and subsequent
earthquakes. The upper and the right-hand are the frequency distributions to the time and
space intervals, respectively.

0
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To observe this distribution in detail, time and space intervals from each earthquake
to subsequent earthquakes are shown in Fig. 3. In this figure all shocks that occurred
after an earthquake within the time interval of 2000 minutes and the space interval
of 50 kilometers are plotted. The results indicate the similar properties to those men-
tioned above. Few earthquakes occur within a distance of 10 kilometers and a time
interval of 2000 minutes from an earthquake. This means that the stress energy ac-
cumulated in the finite region around the focus is released by the occurrence of an
earthquake.

4. Characteristics in Each Region

Results of the detailed analyses on the space and time distributions in regions
where the frequency distributions in Figs. 1 and 2 show remarkable peaks at the small
L and T are described. In such regions many multiplets can generally be found, and
it seems that the high frequency at the short time and space intervals shown in Figs.
1 and 2 is due to the existence of many multiplets. These multiplets occur in the re-
stricted smaller areas of these regions.

Some characteristics of individual multiplets and the relation between the distri-
busion of hypocenters in the region and the areas where multiplets frequently occur
are shown region by region as follows.

a). South Sandwich Islands Region

The time sequence of the occurrence of intermediate earthquakes in this region is
shown in Fig. 4. A tendency to concentrate in time can be observed.

6- —
5_
"Jan, Y T _ NG .
| — |
6_
5_
- | L
I
Jan. 1966 Jan. 1967
-
5._
< | IR
M, ] 3 |
Jan, 1968 Jan, 1969

Fig. 4. Time sequence of the earthquakes in the South Sandwith Islands region whose depth are
more than 100 kilometers.
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Fig. 5. Enlarged distribution of foci and time
sequence of multiplets in South Sandwith
Islands. The upper is the epicentral distribu-
tion, the middle is the vertical section and
the loswer is the time sequence. M and A are
the magnitude and depth in kilometers,
respectively. Numbers indicate the order in

Fig. 6. Superposed distribution of directions
of subsequent foci measured from the first
shocks in the multiplets. Circles indicate the
directions on the lower hemi-sphere projected
by Wulff’s net, and the triangles indicate their
anti-podes on the upper hemi-sphere.

O and & ; T < 10000 min and L < 30 km,

time. Date is that of the first shock. Y : T =329 min and L = 3.5 km.

Groups indicated by brackets in Fig. 4 are multiplets which also concentrate in
space, distributions of hypocenters and time sequences are enlarged in Fig. 5. The
focal process of the large earthquake of May 26, 1964 with many aftershocks is ana-
lyzed by Abe (1971).2%> The activity of these multiplets show the analogous pattern
to that of shallow main shock and aftershocks. The largest shock occurs at the be-
ginning of the time sequence and at the extremity of the directional distribution in
space of aftershocks.

The distribution in a proper direction of hypocenters of multiplets are also found
for doublets and triplets in this region. The directions of the subsequent earthquakes
seen from the first shocks in multiplets are projected and superposed on a lower hemi-
sphere shown in Fig. 6. For points of an upper hemi-sphere, their anti-podes are
plotted by triangles. In such figures, as in other regions, solid circles and solid triangles
indicate the remarkably short intervals of time and space.

The result indicates that the hypocenters of each multiplet in this region distribute
in the direction along the vertical plane with strike of N 20° W,

b). South America Region
Distribution of the hypocenters of intermediate and deep earthquakes and those
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of multiplets are shown in Fig. 7 for the southern part of this region and in Fig. 8 for
the northern part. Solid circles in Fig. 7 and Fig. 8 indicate the hypocenters of mul-
tiple shocks with short time intervals of several seconds analyzed by Chandra (1970)3¢
and Fukao (1971),80 respectively. There are four areas where numerous multiplets

75°W 200 500
) h (km)

o . [
P § ]
S e
20 4 .

3
@yt
g
25@_ }:'.. . i
5 :
30+ 1 -
h(km)
350 i | L.l 1 | |

Fig. 7. Hypocenters of intermediate and deep earthquakes and multiplets in the Southwest part
of South America are indicated as follows,
v 3 M >4.5and A = 100-300 km,
+ ; M >4.5 and A = 300-700 km,
O ; Multiplets with the intervals of 7 < 10000 min and L < 20 km,
@ ; The doublet analyzed by Chandra (1970).
In two large circles the directional distributions of subsequent foci are shown as follows,
O and A ; T < 10000 min and L < 30 km,
@ and A ; 7 < 1000 min and L < 20 km.



54 K. OIKE

300 600

T T 1 T
h (km)
5+ 1 . .
N =c |
4 . //'O h ‘:'«‘ o
. .& / &_ '6 Q.
. » \ + + B M
|Q° ", \\ il 7
S . . . \_.//
‘ [ i | ] [} ] 1

Fig. 8. Northwest part of South America. A solid circle in the map indicates the triplet ana-
lyzed by Fukao (1971). Open circles and open triangles in the directional distribution of the
3-d area indicate the intervals of 7 <C 5000 min and L < 20 km. Other are similar to Fig. 7.

take place in comparison with the surrounding areas. They are the north-western
part of Argentina (3-a), the Argentina-Bolivia border (3-b), the Peru-Brazil border
(3-¢) and the Colombia (3-d) regions. Multiplets occurring near a depth of 100 km
are omitted here because they must be treated together with data for shallower earth-
quakes. (3-d) was called the nest N1 by Santd (1969) in his investigations of the char-
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acteristics of seismicity in South America,3? multiplets occur most frequently in this
region.

Distribution of the direction of hypocenters as seen from the first shocks in mul-
tiplets are also shown in Figs. 7 and 8. They distribute in a direction proper to each
area. Distribution of hypocenters and the time sequence of the multiplets in and
near the 3-a area are enlarged in Fig. 9. Hypocenters of the multiplet of 1969 distrib-
ute in a north-south direction, dipping toward the north in the early stages but
changing to an east-west direction later. This implies the developement of a conju-
gate set of fault planes. The largest shock is situated at the end of the slender
distribution in space. Another multiplet which occurred at a shallower area is also
shown in Fig. 9. Also in this case the largest shock occurred at the extremity of the
spatial distribution.

686 4W 16€§B\£V § 166‘.8I . 5
2284 2.3 :1 - I:o4 o2 I -
r o 240r X ] o 7
K 5| 2 Se %’ e ® .
_A’%Gé?‘4_ 2_ 3. u
- AUGS SEF. 26 A
LOf |.=2 . igol 3° 1969 e 1969
hr 3 e4 1 A . ° o
Iw‘l roror ] hF 04 23. .7 ®
6 ] | e . 4 .
4: ] 220+ .2 5 4
M
|5d0y5 5-| 2 L i 1 1 L 1 1 _._-
s L
M SER ' OCT.

Fig. 9. Multiplets in 3-a area (right) and near 3-a area (left),

In the 3—d (Colombia) area, intermediate earthquakes occur frequently in a small
range in space. The time sequence over six years in this area is shown in Fig. 10.
Groups with brackets are multiplets which coincide with the concentration in space,
and they are indicated in detail in Fig. 11.

Hypocenters of intermediate earthquakes in this area distribute in the NW-SE
direction as indicated by Santd (1969)3 and the axis of maximum pressure obtained
by Oike (1971) lines in the same direction.?® Hypocenters of shocks in each multiplet
in Fig. 11 distribute nearly to the east-west, as is found in the directional distribution
of subsequent earthquakes, with short intervals in time and space in Fig. 8. These
are oblique at an angle of almost 45 degrees to the hypocentral distribution and the
axis of maximum pressure.
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Fig. 10. Time sequence of 3-d (Colombia) area.
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Fig. 11. Multiplets in Colombia (3-d).
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The largest shock in each multiplet in Fig. 11 takes place at the end of
the distribution of hypocenters in space, but it dose not always occur at the beginning
of the time sequence.
¢). West Indies Region

Hypocenters of intermediate earthquakes and multiplets are indicated in Fig. 12.
Three doublets are found only at the southern extremity of this region. The directions
of second shocks seen from the first distribute on the vertical plane with the strike
almost north and south.

20%

> 2 :
| 5° \ . F.’% ] -

10°.

Fig. 12. West Indies region,
« M =40,
O ; Multiplets of T < 10000 min and L < 30 km.
In the directional distribution,
O ; T = 3424 min and L = 18.1 km,
A 3 T = 7234 min and L = 18.0 km,
®;7=1minand L = 2.7 km.

d). Alaska and Aleutian Islands Region

Many multiplets are found in this region but they contain aftershocks of large shal-
low earthquakes. It is desirable therefor to take into consideration data on the shal
lower earthquakes.

The distribution of directions of subsequent earthquakes with remarkably short
time and space intervals are shown in Fig. 13. Triangles indicate the anti-podes,
the result shows that subsequent earthquakes take place around the south-east side
of the first shocks in this region.
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6

Fig. 13. Alaska and Aleutian region.
®, A ; 7T <1000 min and L < 20 km,

e). Izu-Mariana Islands Region

From Kuril-Japan to Tzu-Marianas the tendency to concentrate in time and space
is scarcely seen in Figs. 1 and 2. If compared, however in the deep zone
of Izu-Marianas the concentration in time and space can be found. Multiplets in the
Jzu-Marianas region which have been distinguished under the milder conditions of
time and space intervals than the other regions are shown in Fig. 14. Only a doublet
belonging to 8-b area has short space and time intervals of L=7.1 km and T=3514
min. The directional distribution is also shown in Fig. 14.

A few multiplets are found in the intermediate zone above 8-b area. Utsu (1969)
investigated the time and space distribution of deep earthquakes in and near Japan
and pointed out that directions of the second shocks seen from the first of pairs of
earthquakes occurring within intervals of L=150 km and 7=30 days are systemati-
cally perpendicular to the seismic belts.3¢

f). Philippines-Celebes Region

Multiplets are scarcely seen among intermediate and deep earthquakes in these
regions. Excepting the multiplets near 100 km only at a depth of 200 km in the north-
east of Celebes island are several multiplets found. Distribution of hypocenters and
multiplets is shown in Fig. 15. The directional distribution of the subsequent shocks
of each multiplet are superposed and shown in Fig. 15 under the mild conditions of
T < 30000 min and L << 30 km. This gives the distribution in a proper direction.

g). Java-Banda Sea Region

Hypocenters of intermediate and deep earthquakes and multiplets are shown in
Fig. 16. Comparatively speaking, numerous multiplets occur in these regions, con-
centrating in specific areas, namely in the deep zones of the Java Sea (10-a) and the
Banda Sea (10-b) and the intermediate depth of the Banda Sea (10—) regions. Similar
properties were also obtained by Santd (1969).3» A solid circle in 10-b area is a multi-
ple shock with intervals of T=4.8 sec and L=22 km analyzed by Oike (1969).3®

The distribution directions of hypocenters seen from the first shocks are shown in
Fig. 17. They distribute distinctly on a vertical plane whose strike is parallel to the
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Fig. 14. I.u-Marianas region.
- ; M >5.0and A = 100-300 km,
+ ; M > 4.5 and & = 300-700 km,
O ; Multiplets of 7 << 10000 min and L < 30 km.
In the directional distribution,
0,8 ; T< 15000 min and L < 40 km,
®; 7T=5l4minand L = 7.1 km,
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10°

Fig. 15. Philippines-Celebes region.
« ; M >5.0and h = 100-300 km,
+ ; M > 5.0and A = 300-700 km,
O ; Multiplets of T < 30000 min and L < 30 km.
In the directional distribution,
0, & ; T < 30000 min and L < 30 km,
® ;7T =44 minand L = 17.5 km.

seismic plane in each area and make an angle of about 30 degrees between [0-a and b
areas and in 10-c.

h). New Guinea-Solomon Islands Region

Hypocenters of intermediate and deep earthquakes and multiplets are shown
in Fig. 18. Multiplets are found around a depth of 200 km in the eastern part of New
Guinea (11-a2) and around a depth of 100 km in the Bougeinville Island, but those
with short intervals simultaneously in time and space are rarely observed. In the di-
rectional distribution of subsequent hypocenters of multiplets (11-a) in Fig. 20, a solid
circle indicates the shortest interval of 7 = 7354 min and L=5.4 km.
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Fig. 16. Java-Banda Sea region.
- ;M >5.0and h = 100-300 km,
+ ; M = 5.0 and A = 300-700 km,
O ; Multiplets of 7' < 10000 min and L < 20 km,
@ ; The doublet analyzed by Oike (1969).

[ J
»>

10-ab 10-¢

Fig. 17. The directional distributions of subsequent earthquakes in 10-a, b and ¢ areas.
0, A ; T < 10000 min and L < 30 km,
®, A ; T < 1000 min and L < 20 km.

i). New Hebrides Islands Region

Hypocenters of intermediate and deep earthquakes and multiplets are shown in
Fig. 19. There are three areas (11-b,c and d) where many multiplets are distingnished.
In the deep zone of the Santa Cruz island the remarkable characteristic of concentrat-
ing in time and space has been observed.

The directional distributions of subsequent hypocenters of multiplets in these areas
are shown in Fig. 20. In the 11-c area, only especially short intervals are plotted.
These results indicate that the hypocenters of subsequent earthquakes in multiplets
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Fig. 18. New Guinea-Solomon Islands region.
+ : M>5.0and # = 100-300 km,
1 ; M > 4.0 and A = 300-700 km,
O ; Multiplets of T < 10000 min and L < 30 km.

distribute in the direction parallel to a certain plane or in the biased direction of each
area.

Multiplets that occurred in the shallower part around a depth of 100 km near 11-d
are excluded from the plots in Fig. 19. Though an example is shown in Fig. 21. The
direction of distribution of hypocenters coincides with the results of 11-d in Fig. 20.
The seismicity in this region was investigated by Santd (1970) and the shallow clus-
terings were studied in detail.’?

J). Fiji-Tonga-Kermadec Region

Hypocenters of intermediate and deep earthquakes and multiplets are shown in
Fig. 22. In this region numerous multiplets occur among deep earthquakes but scarce-
ly among intermediate ones. They are found most frequently around a depth of 500
km in the Fiji Islands region. Multiplets with especially short time and space intervals
are shown in Fig, 22. The clustering in this region was investigated in detail by Isacks
et al. (1967).38) Data used in the present study overlap with theirs of the first two years
and various characteristics obtained in this study coincide with their results.
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Fig. 19. New Hebrides region.
- ; M > 5.0and kh = 100-300 km,
+ ; M = 5.0 and h = 300-700 km,
O ; Multiplets with remarkably short time and space intervals or
with intervals of 7 < 10000 min and L < 30 km (# = 200 km).

The distributions in time and space of shocks of mulitiplets with more than three
shocks are enlarged and shown in Fig. 23. Multiplets of December 19 and 25, 1965
were analyzed by Isacks et al (1967)% and hypocenters of shocks for them are situated
continuously in space. Hypocenters of two other multiplets also slenderly distribute
in the same direction.

Deep earthquakes around the Fiji Islands seem to occur along two seismic active
lines which run in the NW-SE direction, and almost all multiplets in this area are found
among the southwestern group. The multiplet of November 24, 1969, is an example
of those which occurred in the north-eastern group and it alonme indicates the
hypocentral distribution dipping toward the northwest direction.

A multiplet in the southern part, 12-b, is shown in Fig. 24. Both distribution of
hypocenters and time sequence indicate the analogous pattern with the shallow main
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Fig. 20. The directional distribution of subsequent earthquakes. Fig. 21. A multiplet near
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shock-aftershocks sequence. The largest shock occurs at the end of the hypocentral
distribution in space and at the beginning of the time sequence.

Directional distribution of hypocenters of subsequent earthquakes seen from the
first shocks in multiplets are shown in Fig. 25. Though the strike of the seismic plane
of 12-a isin a NW-SE direction, while that of 12-b is in a NE-SW, the results in Fig. 25
show that the subsequent hypocenters in these two areas distribute in the same
direction. The principal axes of the earthquake generating stresses in these areas
also distribute in the same direction with each other (Isacks et al., 1971 and Oike,
1971)'39,40)

k). Hindu-Kush Region

Characteristics of concentration in time and space are clearly observed in this
region, Figs. | and 2. Hypocenters of intermediate earthquakes and multiplets are
shown in Fig. 26. Frequency distribution of earthquakes with depth show a minimum
of 180 km, Fig. 27. Almost all multiplets in this region are found in the deeper group,
and their foci align themselves on a line about 100 km long near a depth of 200 km.

The time sequence of earthquakes which occurred in this region within a depth of
180 to 260 km and west of Long. 71.3° E is indicated in Fig. 28. The groups in
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Fig. 22. Fiji-Tonga-Kermadec region.
« ; M >35.0and & = 100400 km,
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brackets are the multiplets which also concentrate in space and they are enlarged and
shown in Fig. 29.

Hypocenters in each multiplet distribute in a long and slender range in space in an
east-west direction, the largest shock is situated at the end of the distribution. The
hypocenters of successive earthquakes distribute in the directions parallel to the
vertical plane with the strike in an east-west direction as is indicated in Fig. 26, and
this coincides with the distribution mentioned above. These characteristics indicate
that the distribution of subsequent hypocenters does not spread in the direction
where the axes of maximum pressure distribute (Oike, 1971).40
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Fig. 27. Vertical distribution of earthquakes in the Hindu-Kush region.
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Fig. 28. Time sequence in the Hindu-Kush (14) area.
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Fig. 29. Multiplets in the Hindu-Kush area.

5. Discussions and Conclusions

In the foregoing section various characteristics of the multiplets in each region are
described. The following characteristics then, can generally be found in multiplets.
a). Multiplets defined in the form of short time intervals within about 10 days and
space intervals of about 30 km between successive shocks, are rarely observed in
Central America, Kuril-Japan, the Izu-Marianas or the Ryukyu regions.

b). On the contrary, they are frequently observed in the intermediate zones of the
South Sandwich Islands, Colombia, Celebes Island, the Banda Sea, New Guinea,
the New Hebrides Islands and the Hindu-Kush, and in the deep zones of South
America, the Java-Banda Sea, the Santa Cruz Islands and the Fiji Islands. It is con-
cluded that multiplets most frequently occur in the bent edges or the contortions of
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the descending lithospheric plates which have been investigated by Isacks and Molnar
(1971).40

¢). Hypocenters of each multiplet distribute in the direction parallel to a proper
plane and to the area independently of the number of shocks in a multiplet and the
time and space intervals of their foci. These directions make an angle with the
seismic plane in several areas.

d). Hypocenters of each multiplet which consists of more than three shocks dis-
tribute on a long and slender plane. The largest shock in the multiplet occurs at the
end of the plane. In a few cases the hypocenters distribute on a plane at the first
sequence and lastly distribute on another plane which is perpendicular to the first.
This implies that a conjugate set of fault planes are generated by the occurrence of the
multiplet.

e). From the time sequences of multiplets it is concluded that in some cases the
largest shock occurs at the beginning of the series, almost all of which are the O-B,,
B,, B, and O-C types according to the classification of earthquake sequences by Utsu
(1970).42

As is analogized from the mechanism of the occurrence of shallow earthquakes,
it is thought that the regional distribution of multiplets described above in a) and b)
indicates regional differences in the physical properties of the structure and the stress
field in the upper mantle. Particularly, the abundance of muitiplets in regions where
the seismic planes show complex features which are related to the complex pattern
of the stress field.

The characteristics of the distribution of shocks described in c) and d) are the in-
fluence of the change if the stress field caused by the occurrence of fault planes.

The predominant type for time sequences of intermediate and deep multiplets is
different from that of shallow earthquakes which occur with a greater number of
after-shocks or in swarms. This difference may be caused by the difference in the
physical conditions between crust and the upper mantle.

Accepting that the characteristic distribution of hypocenters in a multiplet indicates
the local concentration of stresses along the edge of a main fault plane, or the pauses
during the course of fault propagation, it is reasonable to conclude that the distribu-
tion of shocks is closely related to the principal axes of the earthquake generating
stresses in the concerned area.

To confirm this the directional distributions of subsequent foci seen from the first
are compared with the smoothed radiation patterns of the initial P waves in the cor-
responding area obtained by Oike (1971).4¥ The relations are shown in Fig. 30 by
superposing them on the hemi-sphere. In the 3-d and 9 areas, directions of subsequent
foci do not distribute around the maximum and minimum values of the normalized
parameter k which coincide with the directions of the axes of the maximum pressure
and tension, respectively. In the 14 area in the Hindu-Kush region, they distribute
only in the negative range of k.

Models are proposed in Fig. 31 to explain two types of patterns in Fig. 30. Open



Nature of the Occurrence of Intermediate and Deep Earthquakes "

Fig. 30. Relation between the directional distribution of the subsequent foci seen from the
first in the multiplets and the smoothed radiation pattern of P waves in the same area. The lines
of equal values of normalized parameter k& are drawn by the intervais of 0.2, and ranges with
the patterns are positive.

and closed circles in Fig. 31 indicate the axes of the maximum pressure and tension.
In the case of (a), principal stresses have the relation of oy > o5 > 03 and in (b)
oy = 65 > 64 according to Balakina (1962)*% and Shiono (1970).4> In these two cases
nodal planes of the fault plane solutions distribute differently as shown by the hatched
range in figures. As the subsequent foci are thought to distribute on the fault plane
of the first shocks, model (a) corresponds with patterns of the 3—d and 9 areas and
(b) corresponds with 14 areas in Fig. 30, respectively.

Comparing the total number of intermediate and deep earthquakes observed
throughout the world, multiplets account for only a small percent. In contrast with
large shallow earthquakes with numerous after-shock, large intermediate and deep
earthquakes are seldom accompanied with fore-and after-shocks so far observed.
The concentration of stresses in the upper mantle seems to be released by the isolated
occurrence of the slip dislocation along a single fault plane and the stress field around
the fault is smoothed and stabilized by it. It is probable that multiplets occur when
there are any unusual conditions in the focal regions, for example the heterogeneous
distribution of stresses and materials.

Fig. 31. Models to explain the results in Fig. 30. Open circles and closed circles indicate the
axes of maximum pressure and tension, respectively. Nodal planes distribute in the hatched
range.
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The relation between the properties of multiplets and focal mechanism of individual
earthquakes must be investigated by determining the slip planes of main shocks from
the analysis of wave forms as applied for example by Fukao (1970)*¢ and Mikumo
(1971).57 Such detailed analyses of individual multiplets are left for future studies.
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