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1, Introduction

The horizontal deformation of the earth’s crust in a region may be
mainly explained by the general gradual tectonic movement and the
sudden movement due to the occurrences of great earthquakes. From
this standpoint, the recent horizontal deformation of the earth’s crust
in Japan is discussed in this paper.

Recently Harada and Isawa (1969) presented a figure showing reli-
able displacement vectors of triangulation points in Japan during the
recent about gixty years period. During the period, several great
earthquakes occurred in Japan and related crustal movements have
been intensely studied. It is obvious that the pattern of the recent
horizontal deformation of the earth’s crust in Japan is markedly affected
by the cccurrence of these great earthquakes, but this pattern is ap-
parently too complex to give directly a simple explanation.

In this paper, however, it is shown by a suitable analysis that the
deformation pattern given by Harada and Isawa can be approximately
explained as a typical tectonic movement in icland arcs.

2. Horizontal displacements of triangulation points in Japan

The first order triangulation in Japan except for Hokkaido has been
carried out twice, for 1882-1908 and 1948-1967 (Fig.1). Harada (1967)
published a figure of displacement vectors obtained by analysis of tri-
angulation data in the whole of Japan as a cingle net. In this case,
errors systematically accumulated for remote stations. Consequently
essential relative movements were marred by serious errors. Therefore,
tectonic movements in wide areas could not be discussed based on the
figure of displacement vectors. Discussions have been made only for
angles observed in triangulation and calculated strains (Harada, 1967;
Kagahara and Sugimura, 1964).

In order to avoid the above-mentioned difficulties in displacement
vectors, Harada and Isawa (1969) analyzed the same triangulation data
under the assumption that five stations chosen in quiet regions are




414 K. MoG1

immovable. The result is reproduced in Fig. 2. The five fixed stations
are indicated by closed double circles in this figure. Although no in-
formation on the general deformation of Japanese Islands is obtainable
because of the above-mentioned procedure of analysis, regional deforma-
tions discussed in the present paper seem to be suitably shown in
this figure.

According to recent available information on tectonics in island
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Fig. 1. Periods of the first order triangulation survey in Japan.
left: old survey; right: new survey.
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Fig. 2. Horizontal displacements of triangulation points during the period
from the old survey (1883-1904) to the new survey (1948-1964). Double
circle: fixed stations. (after Harada and Isawa, 1969)
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arcs, the stress seems to be predominant in the direction normal to the
island arc. In the analysis by Harada and Isawa, most of the fixed
stations in Honghu are located in the coastal regions of the Japan Sea,
which are quieter regions than those on the Pacific side, and along a
curve nearly parallel to the island arc. Therefore, locations of the fixed
stations are suitable for study of regional tectonic movements in Japan.
In more detail, however, it would seem to be better to correct the
location of the fixed station in the Kinki district, and so this correction
is made in a later discussion. In this paper, the displacement vectors
obtained by Harada and Isawa are directly analyzed.

3. Procedure of investigation

Very remarkable features in island arcs, such as deep-sea trenches,
seismic zones of deep earthquakes, etc., suggested a possible mechanism
that tectonic movements in island arcs are generated by the down-
going movement of the earth’s surface layer of the Pacific Ocean beneath
the islands. This mechanism is strongly supported by the hypothesis
of sea-floor spreading or plate tectonics (cf. Isacks et al, 1968).

On the other hand, previous studies pointed out that great earth-
qguakes occurred in a cloge relation to the island arc system. That is:
(1) Most of the great shallow earthquakes with magnitude 8 or so in

the circum-Pacific region occurred on the ocean-facing slope along
deep-sea trenches, which was almost continuously covered by source
areas of these great earthquakes without any appreciable overlap of
source areas (Mogi, 1968; 1969Db).

(2) A large part of the seismic energy released in island arc regions
was released by these great earthquakes. In Japan, recent seismic
activities seem to be attributed to several great earthquakes along
the Pacific coast and their fore- and after-shocks in a broad sense
(Mogi, 1969a).

(8) According to recent studies of earthquake mechanism, most of
these great shallow earthquakes seem to occur by thrust faulting
with the direction of the compressive axis normal to the trend of
deep-sea trenches (Stauder, 1968; Plafker, 1965; Kanamori, 1970).

These results suggest that the occurrence of great shallow earthquakes

in the circum-Pacific belt also are one of tectonic events caused by the

above-mentioned down-going movement of the ocean floor.

According to this model, the horizontal compressive stress field
predominates in the direction normal to the deep sea trench. In this
case, the following tectonic movements are expected (Fig.3). At a
stationary state, stations along the Pacific coast move in the direction
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from the ocean to the island with some downward component (Fig. 3b).
With the increase of shear stress by down-going movement of the ocean
floor, a thrust faulting, namely a great earthquake, occurs under the
ocean-facing slope of the deep-sea trench and the Pacific coast of the
island suddenly moves in the direction from the island to the ocean
with some upward component (Fig. 8c¢). (This mechanism of the crustal
movement related to a great shallow earthquake has been discussed
by Plafker (1965) and Takeuchi and Kanamori (1968)). Fig. 4 shows
the expected horizontal displacement relative to the coast of the Japan
Sea in the stationary state (upper), and the displacement before and
after the occurrence of a great earthquake along the Pacific coast
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Fig. 3. Assumed tectonic movements
in island ares (vertical section
normal to the arc trend). B: be-
fore a large earthquake; C: at the
time of a large earthquake.

typical tectonic movement in island
are regions. upper: pattern in the
stationary state; lower: pattern
before and after a large earth-
quake.

(lower). That is, if no great shallow earthquake occurs during the
considered period, the island is compressed in the direction normal to
the arc trend. With an occurrence of a great shallow earthquake, a
tensile area appears in the corresponding region of the island.

From the standpoint that the above-mentioned process of ecrustal
movements is a typical one in island arc regions, recent horizontal
movements of the earth’s surface are analyzed in this paper. Since the
predominant compressive stress is normal to the trend of the deep-sea
trench, horizontal displacement vectors in Fig. 2 are resolved into the
component Hn normal to the trend of deep-sea trench and the com-
ponent Hit parallel to it, and spatial distributions of Hn values are
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discussed. In this case, the displacement in the direction from the
Pacific Ocean to the island is taken as positive.

4., Horizontal deformation of south-western Japan

The Nankai Trough is nearly parallel to the south-western branch
of the Honshu arc and forms the north-western boundary of the floor
of the Philippine Sea. Although the Nankai Trough is not a typical
deep-sea trench, the direction of the compressive stress field in this
area was assumed to be normal to the trend of the Nankai Trough
(N65°E), and also Hn is taken as a component normal to the trend.
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Fig. 5. Spatial distribution of the component Hz of the horizontal displace-
ment of triangulation points in south-western Japan. A chain line
shows the trend of the Nankai Trough.

Fig. 5 shows the spatial distribution of the component Hn of the
horizontal displacement of triangulation points obtained from Fig. 2.
The Hn value along the Japan Sea coast is generally small. In the
Pacific side, however, the Hn value markedly varies from region to
region and some large blocks with high positive and negative values
locate alternately. A negative block including the Kii Peninsula and
east-central Shikoku is clearly related to the Tonankai earthquake of
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1944 (M=8.0) and the Nankaido earthquake of 1946 (M/=8.1), another
negative region in the Kanto district being related to the Kanto earth-
quake of 1923 (M=8.0). During the period, no other earthquake with
magnitude 8 or so occurred in the regions considered (the Nobi earth-
quake of 1891 (M=8) in the inland area of Honshu occurred almost at
the time of the first survey of triangulation). The remaining regions,
the Tokaido (the Pacific coast of central Honshu) and the Bungo-suido
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1 to 5 shown in Fig. 5.

(the channel between Kyushu and Shikoku), are noticeably positive,
namely in a compressive state. Thus, the Hn distribution in south-
western Japan is similar to the typical deformation pattern expected
from the above-mentioned hypothesis. In Fig. 6 are shown the distri-
bution of Hn values in the five sections 1 to 5 normal to the trend of
the Nankai Trough. According to this figure, the above-mentioned
blocks are strained .10~°~10~* in compression or tension during the con-
sidered period.
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In the above-mentioned discussion, it was assumed that the Kama-
guchiyama Station C did not move, as other fixed stations did. How-
ever, it seems to be better to correct this assumption because this
station is located clogse to the boundary of the aftershock area of the
Nankaido earthquake of 1946. Fig. 7b shows the distribution of Hn
values in the section normal to the trend of the Nankai Trough and it
suggests that Station C probably locates within the area disturbed by
the great earthquake. If the Hn value at the coast of the Japan Sea
is assumed to be nearly zero, the Hn value at Station C is estimated
at about —0.5m. In Fig. 8 is shown the Hn distribution obtained
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Fig. 8. Spatial distribution of Hn values, with a correction for the fixed
station C.

under the assumption, that the Hn value at Station C is —0.5m and
the effect to other stations due to this correction decreases linearly
along the trend of the Nankai Trough and becomes zero at Stations B
and D. The distribution is approximately similar to that in Fig. 5,
but the negative region related to the Tonankai and the Nankaido
earthquakes covers a wider area. It is very interesting that the area
affected by these great earthquakes, which was suggested from fore-
and after-shocks in a broad sense (Mogi, 1969a), is in agreement with
the above-mentioned negative area where the accumulated strain was
released during the considered period.
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The above-mentioned locations of compressive and tensile blocks are
also consistent with the spatial distribution of directions of the maximum
compresgion of strain calculated
] N by Kasahara and Sugimura (1964)
C><° (Fig. 9).
[ ]
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5. Horizontal deformation
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lekge
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Fig. 9. Spatial distribution of directions Pacific island arcs. The axis of
of the compressive axes calculated the Japan Deep-sea Trench is

from strain (the original figure by .
Kasahara and Sugimura (1964) is modi- nearly parallel to the island, but

fied). Solid circles show nearly the it is not linear and the mean
direction normal to the trend of the trend is about N15°E. The direc-
Nankai Trough [N (65%:%)1«]] . tion normal to this mean trend
(N15°E) is taken as that of the

vector Hn. Fig. 10 shows the spatial distribution of Hn in north-
eastern Honshu and Fig. 11 shows its distribution in the four sections

which are normal to the trend of Japan Trench. Some blocks with
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Fig. 10. Spatial distribution of the component Hn of the horizontal dis-
placement of triangulation points in north-eastern Honshu. A chain line
shows the mean trend of the Japan Deep-sea Trench.
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positive or negative values of Hn also distribute alternately in the
Pacific coast, but the positive movement predominates over the negative
ones. This may suggest that the compressive deformation is larger in
north-eastern Japan than in the south- '

western Japan, and this is consistent with E ZX'O“ {Compression)

various features showing a higher tectonic ~ Hn T, “S-sxi0™ ©
activity in north-eastern Japan, such as ']o,s-Japun Adla Pacific
the remarkable deep-sea trench and a ol 4 A e
higher seismic activity.

A large positive block in and around ost )
the Sanriku district, the northern part of 0 ,/Jl
Honghu, is very noticeable as that in the
Tokaido in south-western Japan. This 0s Keryam
compressive block extends to the Japan Sea J o ‘ :
coast including Sado Island. A negative I ©
region in the southern Kanto district can o @
be also attributed to the Kanto earthquake o.sl: Chost
of 1923, as pointed out in the preceding o = o 4
section. A local negative area in the Pacific 100km
coast of the Fukushima Prefecture may  Fig. 11. Distribution of the
have a relation with the Fukushima-oki component Hn of the hori-
earthquake of 1938 which occurred near zontal displacement of tri-

X . . angulation points in Sections
the Pacific coast. A high positive Hn 1 to 4 shown in Fig. 10.

value at Choshi in the eastern Kanto district

is also noticeable. The pattern in the Japan Sea side is somewhat com-
plicated. The negative region near Niigata shows a marked compressive
state in the considered period.

6. Horizontal deformation of Japanese Islands

In the above-mentioned discussion, it was assumed that the com-
pressive stress field is normal to the mean trend of the deep-sea trench
in each region, and analyses were made separately for south-western
and north-eastern Japan because their trends are appreciably different.
On the other hand, there is some evidence to suggest an almost uniform
stress field in the whole of Japan, as mentioned below. In this section,
the displacement vectors in Fig. 2 are again analyzed from the assumption
of the uniform stress field. The direction of the uniform stress is
assumed to be normal to the trend of the southern part of the Japan
Trench (N30°E) shown by the line (A) in Fig. 12 for reasons mentioned
below. The southern part of the Japan Trench is the deepest linear
part of the Trench parallel to the Honshu arc and the trend is nearly
parallel to the eastern margin of the area including contours of 1000 m
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Fig. 12. Topographic map in and around Japan. A: front of the assumed
i compressive stress field.

height above sea level (B). Furthermore, it should be noted that this
direction is roughly the mean direction of the island are system in the
Japanese area. This almost uniform stress field in Japan is suggested
by the following data:

(1) Directions of the maximum compressive stress deduced Jrom the
earthquake mechanism

Fig. 13 represents the directions of the maximum compresgive stresses
deduced from the mechanism of very shallow and shallow earthquakes
in Japan obtained by Ichikawa (1966). Although the directions of the
compressive axis vary within a certain range, they are approximately
uniform except for the Kyushu district and the Bungo-suido, their
directions being nearly in agreement with the above-mentioned direction.
(The directions for deeper earthquakes are not uniform and change
systematically in connection with each trend of the seismic zones in
deeper regions.)

(2) Directions of active strike-slip faults
Fig. 14 shows active strike-slip faults and directions of the maxi-
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Fig. 13. Directions of the maximum compressive stress deduced from the
earthquake mechanism. (a): very shallow earthquakes (1927-1962); (b):
shallow earthquakes (1950-1962). (after Ichikawa, 1966)

mum . compressive stress which should produce these fault systems
(Matsuda, 1967; Research Group for Q.T.M., 1968). Although these
directions may not always show those of the present stress fields, it is
very suggestive that these directions approximately agree with that of
the assumed uniform compressive stress.

Fig. 14. Active strike-slip faults and directions of the maximum com-
pressive stresses which should produce the faults (Matsuda, 1967; Re-
search Group for Q.T.M., 1968).
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(8) Zonal distribution of shallow earthquakes in the outer seismic
belt in north-eastern Japan

In Fig. 15 is shown the zonal distribution of shallow earthquakes
(M >6) of focal depths less than 30 km,
which occurred in north-eastern Japan
during the period (1926-1967) (Mogi,
1969a). The trend of these linear
zones seems to suggest a general
tectonic pattern with the trend men-
tioned above.

(4) Direction of migration of shallow
earthquakes in north-eastern Japan
In the previous paper (Mogi,
1969a), systematic migration of shal-
low earthquakes with magnitude 6
and over from the Kita-izu earthquake
of 1930 to the Miyagiken-hokubu
Fig. 15. Zonal distribution of shal- ea?thqua.ke Ot: 196.2 was pointed out.
low earthquakes (M>6) of focal  With this migration branch, another
depth less than 80km in north- one, in which epicenters of earth-
eastern Japan for the period quakes with magnitude 7 and over
(1926-1967). migrated during the period from 1935
to 1938 is shown in Fig. 16. The
trends of both migration branches also
agree with the above-mentioned direc-
tion (N30°E).

(56) Directions of displacement vectors
of triangulation points

The directions of displacement
vectors in Fig. 2 vary widely, but
most of the large vectors are nearly
parallel to the assumed uniform com-
pressive stress.

Thus, the present assumption that
the whole of Japan is covered by a
simple compressive stress field with
the direction (N60°W) ceems to be
tion of shallow earthquakes in acceptable as a first approximation.
north-eastern Japan. AB: M>6 Under this assumption, the Hn dis-
and focal depth<30km; CD: tribution in the whole of Japan, ex-
M=7. : cept for Hokkaido, was obtained as

Fig. 16. Two branches of migra-
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shown in Fig. 17. The result is almost similar to that in the above-
mentioned two distributions obtained individually for south-western
and north-eastern Japan. The positive and negative blocks locate al-
ternately along the Pacific coast. Consequently it may be said that
the pattern of Hw distribution is not so markedly affected by some
change in the direction of stress field assumed in analysis, and so the
present conclusion may be held for various probable stress fields.

111444

Fig. 17. Spatial distribution of the component Hn of the horizontal displace-
ment of triangulation points in Japan. The direction of Hn is taken
normal to the chain line (N30°E).

7. Crustal movement and seismic activity

The above-mentioned crustal movement in Japan is compared with
the seismic activity during the considered period in Fig. 18. Fig. 18b
shows the location of source areas of earthquakes with magnitude 6 and
over during the period from 1920 to the new survey of triangulation.
Although earthquakes which occurred during the period from the old
survey to 1920 should also be considered, they are not located in this
figure because of low reliability of seismic data in this period. However,
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the present discussion seems to be not so strongly affected by the
insufficiency of seismic data in the earlier period, because great earth-
quakes did not occur frequently in the earlier period.

As pointed out in the preceding sections, three negative blocks
along the Pacific coast locate in a close relation with the following great
earthquakes which occurred in and near the Pacific coast: The Fukushima-

Fig. 18. (a) Spatial distribution of Hn with the direction (N60°W); (b)
locations of source areas of earthquakes with magnitude 6 and over
for the period from 1920 to the time of the new survey; (c) the earth-
quakes after the new survey.

oki earthquake of 1938, the Kanto earthquake of 1923, and the Tonankai
(1944)-Nankaido (1946) earthquakes. The magnitude of the main shock
of the Fukushima-oki earthquake sequence of 1938 was only 7.7, but
the total energy of this sequence was nearly equal to that of a great
earthquake of magnitude 8. Remaining regions are all positive, namely
in compressive states. The Japan Sea coast is covered generally by
zero or negative regions, so that the area is quiet or compressed. ' These
results lead to the following conclusion:

(1) The Japanese Islands in a stationary state (without any great earth-
quake) is generally compressed in the direction N60°W or so. This
result is strong evidence indicating the existence of the compressive
stress field nearly normal to the are trend, and it is consistent with
the hypothesis of plate tectonics.
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(2) A large compressive strain is released only by the occurrence of
great earthquakes near the Pacific coast.

Although the great Sanriku-oki earthquake of 1933 occurred along
the Japan Deep-sea Trench, one of the most remarkable positive areas
was still found in the Sanriku district. This seems to be contradictory
to item (2). The apparent contradiction may be explained as follows":
(a) The epicenter of the main shock of this earthquake was far distant.

from the Pacific coast and the source region suggested by its after-
shocks was also located some distance from the coast, so the occurrence
of earthquake did not result in a marked strain release in the island.
(b) The outer seismic zone of north-eastern Honshu is extremely active,
so the accumulation rate of the compressive strain in this area is proba-
bly very high and the compressive strain field recovers rapidly after the
great earthquake. This possibility is supported by the occurrence of
the following great earthquake of 1968 at the region adjacent to the
source area of the 1933 earthquake, as will be mentioned below.

The above-mentioned Hn distribution shows the deformation of the
earth’s crust in the direction of the assumed compressive stress field
during the considered period, so it suggests approximately the stress
state at the time of the new survey of triangulation. From this point
of view, the Hn distribution is compared with locations of earthquakes
which occurred after the new survey of triangulation. The locations
of these earthquakes are shown in Fig. 18c. Although only three large
earthquakes with magnitude 7.5 and over occurred after the new
survey, it is very interesting that these large earthquakes occurred at the
compressive areas in the figure. That is, the Hyuganada earthquake of
1968 (M =17.5) occurred near the compressed region in the channel between
Shikoku and Kyushu (Bungo-suido). The Tokachi-oki earthquake of
1968 (M =17.9) occurred adjacent to the compressive block in north-eastern
Honshu (Sanriku district), as mentioned above. The Niigata earthquake
of 1964 (M=1.5) occurred in a marked compressive region in the Japan
Sea coast which. continues to the above-mentioned compressive block in
the Sanriku district. This supports the previous conclugion (Mogi, 1969a)
that the Niigata earthquake occurred as a fore-shock of the Tokachi-oki
earthquake of 1968 in a broad sense.

From the above-mentioned discussion, the compressed area at Tokaido,
where no large earthquakes have yet occurred after the new survey,
is looked upon as a region where large earthquakes may occur in future.
However, this problem will be again discussed in the following paper

®  Added in proof. A recent study by Kanamori (1970) showed that the great
Sanriku earthquake occurred by normal faulting with a slip plane nearly parallel to the

trend of the deep-sea trench. The anomalous mechanism of this earthquake may be a
cause of the high positive Hn value in the Sanriku district.
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(Mogi, 1970).
8. Stress field in Japan

As mentioned above, the observed horizontal deformation in Japan
is explained principally by the gradual compression normal to the trend
of the Japan trench and the sudden release of the strain caused by
great shallow earthquakes. The recent mode of the vertical movement
in the Pacific coast (Fujita, 1969) also seems to be consistent with the
present model, although further systematic analysis from this stand-
point is needed.

Thus, the main stress field in Japan may be deduced as follows
(Fig. 19). The general compressive stress field covers a large part of
the whole of Japan. The external
force causing the main stress field
is applied to the island along the
deep-sea trench. The direction of
this stress field is taken as that of
the southern part of the Japan
Trench and it nearly agrees with
the mean direction of the island arc
gsystems in the Japanese area. The
uniform stress field is probably
limited to the very shallow layer,
the stress field in the deeper part
showing some different pattern re-
lated to deep seismic zones. The
Nenka crustal movement, the seismicity,
Trough PACIFIC the earthquake mechanism and active

OCEAN fault systems can be reasonably
Fig. 19. Simplified stress field in the a4t 1ihyted to deformation and frac-

surface layer in and around Japan. X
Parallel lines show the directions of ture of the surface layer under this

an about uniform compressive stress stress field.

field. However, the stress field in the
Pacific coast of south-western Japan seems to be somewhat complicated,
and the compressive stress field normal to the Nankai Trough is pro-
bably superposed to the uniform stress field (Fig. 19). This is supported
by the following evidence: (1) Great earthquakes had occurred repeatedly
along the ocean-facing clope of the Nankai Trough and the pattern of
the seismic energy release in the last sixty years shows a marked zonal
distribution along the Nankai Trough. The crustal movements at the
time of great earthquakes suggest the thrust faulting along the trough.
Thus, the Nankai Trough is seismically an active one. (2) The earth-

' Trench
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quake mechanism in this region changed- before and after the Nankaido
earthquake of 1946 (Ichikawa, 1966). The directions of the compressive
axis of stress deduced from the earthquake mechanism was nearly N-S
before the Nankaido earthquake, but they changed to E-W (almost the
direction of the uniform stress field) just after the great earthquake.
This change in direction of the maximum compresgive axis of stress may
be attributed to the release of the predominant compressive stress
with N-S direction by the occurrence of the Nankaido earthquake.
Similar interpretation about the stress system in south-western Japan
was given independently by Miyamura (1969).
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