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Abstract -

Tectonic implications of crustal and subcrustal earthquakes in Southwest Japan are discussed in .
relation to the faulting activity along the Median Tectonic Line (MTL).

Act1v1ty of small crustal earthquakes is high around the active segment of the MTL, and the MTL
forms, in a broad sense, a boundary between the seismically active area on the southern side and the
aseismic area on the northern side. As these small earthquakes release only small fractions of accu-
mulated strain energy, a quiet zone of historical earthquakes appearing around the active segment of
the MTL should be recognized as' a seismicity gap indicating a likely site of future large earthquakes.

The shape of the underthrusting slab of the Philippine Sea plate has been derived from distributions
of subcrustal earthquakes, high velocity layer and high-Q zone and seems to be closely related to recent
faulting activity along the MTL. Spatial relations show that (1) around the active segment of the
MTL on the leading edge, the lower tip of the underthrusting slab still remains in the outer side of

- the MTL but (2) around the segments of low activity-the leading edge extends to the inner side across
the MTL.. This is explained in terms of the decoupling of the outer continental block from the

inner one along the MTL.

Introduction

Inland from the zone of convergence
between the Asian and the Philippine Sea
plates runs the Median Tectonic Line, simply
referred as MTL in this paper, on which
recent strike-slip movements in right-lateral
sense have been proposed first by KANEKO
(1966) and later surveyed in detail in Shi-
koku and the western Kii Peninsula (OxaDA,
1968; 1970; 1973 1980 in the present volume;
Huzira and Oxupa, 1973; Oxapa and
Sancawa, 1976 etc.). '

According to h1stor1cal records for about
1000 years, there have occurred no des-
tructlve earthquake directly mdlcatmg fault
breaks along the MTL. This absence of
,earthquakes had prevented seismologists for
many years from recognizing the potential
danger and tectonic significance of the MTL.

* Department of Geosciences, Osaka City Univer-
sity, Sumiyoshi-ku, Osaka, 558, Japan

GeoIogists ‘and geomorphologists have dis-
covered recent high activity along the MTL
since the latter half of 1960’s and suggested
that the absence of earthquakes might predict
the potential danger of future earthquakes
instead of safety. ‘ o

Since the latter half of ' 1960’s, microearthQ-
quake observations have been carried out
widely in Southwest Japan by many univer-
sities, and defined the outline of seismic
activity. Research on active faults, includ-
ing the MTL, has ihdicated the tectonic
significance of the distribution pattern of
earthquakes, and led to detections of ap-
parent spatial relations between active faults
and zones of high seismicity. The spatial
relation has been pointed out for the MTL
in the western Kii Peninsula (KANAMORI
and Tsumura, 1971; Huzita et al., 1973)
and in eastern Shikoku (Sawamura and
Kivura, 1971; Konomr, 1976; OraNo et al.,

1978). Densely 'distributed‘ microearthquake
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observation stations have enabled us to de-
termine fault plane solutions of small earth-
quakes which represent the nature of re-
gional tectonic stress around the MTL (Sui-
onNo, 1970, 1973; Kmmura and Oxano, 1977
etc.).

On the other hand, investigations on the
source mechanisms of the great earthquakes
along the Nankai trough (Frrcr and ScHoLZ,
1971; Kanamori, 1972b; Anpo, 1975) and
on subcrustal earthquakes distributed widely
under the QOuter Zone of Southwest Japan
(SuiOoNnO, 1970; 1973; 1974; 1977; Kana-
MoORI and Tsumura, 1971; Mizoue, 1977
etc.) have outlined the present state of plate
convergence along the Nankai trough in a
framework of global tectonics.

These investigations have deepened our
understanding of present-state tectonics ar-
ound the MTL in both local and global
sense. The purposes of this present paper
are to summarize the natures of seismic
activity and tectonic stress around the
MTL and to present a simple model ex-
plaining the basic features of recent faulting
activity along the MTL in terms of the un-
derthrusting - of the Philippine Sea plate.

Although the MTL has a complex history
of faulting since its generation at least in
the Late Mesozoic (see IcHiIkRAwA, 1980, in
the present volume), the present paper pays
special attention to the following two fea-
tures as basic characteristics of recent acti-
vity;

1) Although the MTL as a geologic
boundary extends for more than 800 km
long from Chubu District to Kyushu separat-
ing Southwest Japan into the Inner and the
QOuter Zones, recent movements are con-
fined within the central segment about
250 km long from the western Kii Peninsual
to central Shikoku (see Fig. 1 and OxapA,
1980, in the present volume for example).

2) Recent movements yield an average

rate of right-lateral slip about 5-10 mm/yr
in central Shikoku (Okapa, 1970) and about
1-2.8 mm/yr in the western Kii Peninsula
(Orapa and SanNcawa, 1976). Although
the slip rate suggests that faulting along
the active segment of the MTL is most active
among active faults in Japan (see MATsUDA,
1975; 1976), it should be also noted that the
rate is Jower by about one order of magni~
tude than the convergence rate along the
Nankai trough of 3.3-4.3 cm/yr proposed by
Seno (1978).

Historical Earthquakes

Historical records on destructive earth-
quakes in Japan date back to A.D. 415 and
have been compiled widely (Musua, 1951;
Imperial Earthquake Investigation Com-
mittee, 1904 and 1973; Usawmi, 1975). Fig. 1
shows epicenters compiled by Usami (1978)
for destructive earthquakes of magnitude
7.0 and greater. FEarthquakes were not
necessarily sampled uniformly in both space
and time because of unequal distribution of
culture and because of imcomplete collec-
tion of historical documents. This may be
responsible for apparent low seismicity ar-
ound Kyushu. However, it may be rea-
sonable to consider that earthquakes of

magnitudes 7.0 and greater were sampled

correctly to some extent in Chugoku, Shikoku,

Kinki and Chubu
1,000 years. »
As Fig. 1 shows, the most clear feature

Districts for the last

is a series of great earthquakes of magni-
tude around 8.0 along the Nankai trough.
The last two occurrences were the 1944
Tonankai and the 1946 Nankaido earth-
quakes, which have been studied in detail
and interpreted to represent the underthru-
sting of the Philippine Sea plate (Frrcr and
Scuorz, 1971; Kanawmori, 1972; Anpo,
1975).

Many earthquakes have occurred inland,
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Distribution of historical large earthquakes of magnitudes 7.0 and greater; After Usam1 (1978).

Numeral indicates the year of occurrence of the earthquake referred to in the text. The 1968

Bungo Channel earthquake of magnitude 6.6 is shown by a closed circle.
The MTL as.a geological boundary, continues to the Utsuki-Yatsushiro line (U-Y)
The Locations of the Shiraki and Inuyama Micro-

a solid line.
in Kyushu.

I-S; Itoigawa-Shizuoka line.

The MTL is shown by

earthquake Observatories are shown by cross marks labelled SHK and INU, respectively.

too. Among them, the 1891 Nobi (Mino-
Owari) earthquake had the greatest magni-
tude of 8.4. Although the historical records
before the beginning of academic seismology
in 1880°s reported the occurrence and the
effects of destructive earthquakes in various
manners, it is only two earthquakes such
as the 1847 Zenkoji and the 1854 Iga-Ueno
earthquakes that left momumental surface
breaks and documents indicating directly the
appearance of surface faults (see MAaTuspa
et al., 1976). Since 1880’s, extensive field
surveys have been carried out around the
source regions, but there have occurred no
earthquakes that indicated faulting along the
MTL. :

We can see in Fig. 1 that five earthquakes
occurred around the MTL in 1649, 1749,

1854, 1945 and 1952. However, the 1945
Mikawa earthquake has been considered
to result from the thrusting of the
Fukozu fault which runs in the north-south
direction about 20 km north of the MTL
(Tsuva, 1946; Ima and Sakasg, 1972;
Anpo, 1973). The 1952 Yoshino earth-
quake occurred at depth of 70 km, suggest-
ing that the earthquake represented the
subcrustal seismicity discussed later. Three
earthquakes around Iyonada, west part of
Seto Inland Sea, may be interpreted to re-
present the subcrustal earthquakes from
an analogical inferrence of facts that (1)
the 1968 Bungo Channel earthquake, which
may be considered to belong to a series of
destructive earthquakes in the region, oc-
curred at depth of about 45 km (SmioNo
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and Mikumo; 1975) and  that. (2) present
seismicity is extremely low in the crust but
active“‘ in subcrustal depths of 40-100 km
(Smrono and Masaoka, 1978).

Even if "‘th,e above five earthquakes are

taken into consideration, it is apparent that
a quict zone of destructive earthquakes -
appears around the active segment of the -
MTL from the ‘western Kii Peninsula to

central Shikoku (see Fig. 1). SHmMazaxi
(1976) . has calculated seismic energy re-
leased by historical earthquakes for the last

four hundred years in Southwest Japan and
has shown that energy greater than that of -

the 1891 ‘Nobi earthquake seems to be stored
in this 'seismicity gap.

Sélsmlc Acthty around MTL

1 Data
Mlcroearthouake
have been operated in the Kii Peninsula since
1964 by the Wakayama Microearthquake
Earthqﬁake Research Insti-

observation

Observatory,

tute of the University of Tokyo and, in cen-

tral Shikoku since 1967 by the Kochi Earth-
quake Observatory of Kochi Umver51ty, and
in eastern Shikoku since 1975 by the Toku-
shima Microearthquake Observatory of Kyo-
to University. The observational results have
been reported in a series of Wakayama-
Bisho- Jiskin-Kansokusho-Kiho (Quaternary Re-
port of Wakayama - Microearthquake Observa-
tory), - Report of the Kochi Earthquake Observa-
toryy Konowmr (1976), Okano et al. (1978) and
others. - The present writer additionally car-
ried -out temporary observations at Hashi-
moto HMT  in. the central Kii Peninsula
(SHIONO, 1978 -a,b) and at the Sada-Misaki
Peninsula- IYJ in western Shikoku (SaI-
oNo and Masaoka, 1978). The results of
microearthquake observations are summari-
zed in Figs. 2 and 3 in a simplified manner.
As the figures represent seismicity only for
short periods, details should he referred to

networks.

(Huzita et al.,

‘the above reports.

2 Crustal earthquakes .
Although no destructive historical earth—

- quake occurred around the active segment

of the MTL, activity of small and micro-

“earthquakes is high especially in the western

Kii Peninsula (see F1gs 2 and 3).

- KanaMmor1 and TSUMURA (1971) ﬁrst men-
tioned explicitly the fact ‘that the MTL
forms a boundary between se1sm1cally active
area on the southern side and aseismic area
on the northern side.in the western Kii Pen-
insula. ‘The feature can be clearly seeri in
Fig. 3a, which gives the hypocentral dis-
tribution in the vertical section. Extremely
high activity of small eéi‘th’qﬁakes has b;een
interpreted, independently, in terms of ‘the
existence of we’ak materials (KANAMORI émd
Tsumura, 1971; KanaMoRI, 1972a), local
stress concentration around the corner bor-
dered by the MTL and the presumed Kii
thrust striking in the riorth—south direction
1973) and densely distri-

buted small scale fault systems. (Mizoue

and Nakamura, 1975, 1976).

 Sawamura and KIMURA(1971), KoNowmr
(1976) and Oxano et al.(1978) have shown
the similar feature in eastern and central
Shikoku. The contrast of seismicity be-
tween the northern and southern sides can
be clearly recognized, although crustal earth-
quakes spread out over the whole area south
of the MTL and are not so sharply bounded
as in the case of the western Kii Peninsula
(see Figs. 2a and 3b).

KisammoTo et al.(1977) have class1ﬁed ‘the
spatial relation between seismically active
area and-active faults in Southwest Japan
into four groups as follows;

(a) Linear alignment of earthquakes runs
along the active fault (e.g. the Yamasaki,
the Mitoke and the Atotsugawa faults).
- (b) Linear alignment of earthquakes ap-
pears within the aftershock zone of a large
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Fig. 2. -Distribution of earthquakes with focal depths less than 25 km (above) and greater than:25km .
(below) around the MTL. Focal coordinates of earthquakes which occurred around the Kii
Peninsula, Shikoku and Iyonada are taken from the Quaternary Report of Wakayama Microedrthquake
Observatory, the Report of the Kochi Earthquake Observatory and SHIioNo & MAsAOKkA (1978), respec-
tively. "Note that earthquakes which occurred in' different periods are compiled as shown in the -
upper side of the figure. The MTL segments of high and lew activity are shown by solid and
broken lines, respectively.. HMT and IY]J show locations of temporal microearthquake observa- .

tion stations referred to in the text.

earthquake (e.g. the Yoshioka-Shikano fault
of the 1943 Tottori earthquake, the Gomura
fault of the 1927 North Tango earthquake
and the Fukui earthquake fault of the 1948
Fukui earthquake).

(c) Active faults form a boundary between

seismically active and aseismic areas (e.g.
the Arima-Takatsuki Tectonic Line, the Ha-

naore-Katada fault, the Yanagase fault and
possibly the Neodani fault). -

(d) Others (e.g. the Atera fault without
seismicity and the MTL of which relation
to seismicity is unknown).

As mentioned. above, it is clear that the
active segment of the MTL forms a boun-
dary between the seismically active area on
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Distribution of hypocenters in vertical sections for earthquakes which occurred in the area enclosed
by solid lines in the figure of upper left side.
eastern Shikoku (section B-B’) and (c¢) Iyonada (section C-C’).

(a) the western Kii Peninsula (section A-A’), (b)
Data sources are as same as in

the case of Fig.2, but earthquakes with magintudes less than 2.0 are included. Sections A-A’
and B-B’ are nearly normal to the strike of the MTL.

the southern side and aseismic area in the
northern side when we ignore low seismicity
Channel. The
relation may be classified into a group (c) of
Kisamvoro et al.(1977)°s classification, as

around the northern Kii

long as the active segment is concerned.

On the other hand, seismicity is very low
around the low active segments of the MTL
such as in the central and eastern Kii Penin-
sula and in western Shikoku. Low seis-
micity in the central Kii Peninsula has been
supported by Nakamura and Korzumr (1975)
and Smrono (1978a,b). Frequency distri-
bution of S-P times observed at HMT sug-
gests low seismicity within distances of 20 km

from HMT (see Fig.4a). Low seismicity of

crustal earthquakes around Tyonada and

Bungo Channel has also been supported by
a temporary observation at IYJ (Sariono

and Masaoxka, 1978). Low seismicity within
distances of 40 km from IY] is apparent in
Fig. 4b which gives frequency distribution
of S-P times observed at IY]J and in Fig. 3c
which gives the hypocenter distribution in
a vertical section. .

In conclusion, the feature of seismic acti-

bvlity around the MTL is simply summarized

as follows;
1. Around the active segment of the
MTL from the western Kii Peninsula to
central Shikoku, the MTL forms, in a
broad sense, a boundary between the
seismically active area on the southern
side and the asiemic area on the northern
side. '
2. Around the segments of low faulting
activity, crustal seismicity is very low.
This feature of small earthquakes con-
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Fig. 4. Frequency distribution of S-P times observed

at HMT (a) and at IY]J (b). Note that
earthquakes with S-P times less than 3 sec at
HMT and less than 5 sec at IY]J are almost
absent. Peaks around 3-4 sec in (a) and
around 5-6 sec in (b) correspond to crustal
seismicity around the eastside of Wakayama
City and to subcrustal seismicity beneath
IY]J, respectively. Locations of stations
HMT and IY]J are given in Fig. 2.

trasts with that of destructive earthquakes
as shown in Fig. 1, which suggests that a
quiet zone of destructive earthquakes ap-
pears around the active segment of the MTL.
However the activity of small earthquakes
could release only small portions of tectonic
strain accumulated around the active seg-
ment of the MTL, because most of these
earthquakes have magnitudes smaller than
5.0. According to the Regional Catalogue of
Earthquakes in and near Japan (1961-1970)

'1970.

published by the JApaAN METEOROLOGICAL
AcgNeEcy (1972), only three crustal earth-
quakes had magnitudes equal to or greater
than 5.0 (two of M5.0 and one of M5.2) in
the region of longitudes 133-136° E by lati-
tudes 33-35° N for ten years from 1961 to
Nakamura (1976) determined the
locations of the hypocenters and magnitudes
for the earthquakes which were reported as
“Felt” by Wakayama Meteorological Ob-
servatory for eleven years from 1965 to 1975,
by wusing data from Wakayama Micro-
earthquake Observatory and its satellite
stations. The earthquakes of magnitudes
4.8, 5.1 and 5.3 were greatest among the
crustal earthquakes that occurred around
Wakayama. The report of the Kochi Earth-
guake Observatory shows that three earthquakes
of magnitudes 4.0, 4.1 and 4.2 were greatest
among crustal earthquakes that occurred
in the whole area of Shikoku for ten years
from 1967 to 1976. This suggests that it
may be hardly acceptable even for earth-
quakes of magnitude 5.0 to occur once a
year around the active segment of the MTL.
Even if it were the case, the total for
1,000 years would be less than one tenth
of seismic energy which will be released by
an earthquake of magnitude 8.0 which has
been usually considered by Matsupa (1975),
Sumazaxi (1977) and others to occur owing
to faulting along the active segment of the
MTL.

Therefore, it is impossible to consider that
the quiet zone of destructive earthquakes
would appear, because the accumulated
strain has been released fragmentally by
the activity of these small crustal earthqua-
kes. The observational fact that tectonic
creep has not yet found on the active fault
trace along the MTL (Oxkapa, 1973) also
denies this possibility. Oxrapa (1973; 1978),
Matsupa (1975), Sumazak:r (1977) and
others have repeatedly given warning of
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this danger; so the quiet zone should thus be
recognized as a seismicity gap indicating a
likely site of future large earthquakes.
3 Subcrustal earthquakes

Fig. 5 shows the distribution of hypocen-
ters with depths ranging from 40 to 250.km
which were determined by the Japan Me-
teorological Agenc'y during the period from
1961 to 1970. . This indicates high activity
of ‘subcrustal earthquakes around Iyonada,

o 40¢H¢100km
« 100 ¢HK150
© x|S0 ¢H(250

1961 ~1970 (J.M.A.)

i38

Epicentral distribution of subcrustal earth-
quakes with focal depths greater than 40 km .
given by the JAPAN METEOROLOGICAL
Acency (1972) for years 1961-1970. Sym-
bols indicating epicenters show depth ranges
of hypocenters as given in the inset.
_tours represent average depths of hypo-
centers modified from MizouE (1977).

Fig. 5.

Con-

the Kii Channel and southern ‘Chubu Dis-
Including the intermittent zones of
the earthquakes

trict.
relatively low activities,
form a narrow belt of seismicity with focal
depths shallower than 100km. This active
belt with a convex notch around the Kii
Channel strikes - approximately parallel to
the axis of the Nankai trough, and. changes
its general trend southwestward under Kyu-
shu with an increase in the depth of its lower
rim down to about 200 km, and continues
to the Benioff' zone developed wunder - the
Ryukyu arc (see KAtsumaTa and SyKEs,
1969; Smiono et al., 1979).
temporary microearthquake observations have
revealed the details of this activity.

Routine and

As TFig. 3 shows, the subcrustal earth-
quakes are spatially separated from crustal
ones, and tend to occur around planes dipp-
ing north- or northwestward. (see KANAMORI
and Tsumura, 1971; NAKAMURA et al., 1974;
OxANO ¢t al., 1978; SuioNo and MASAOKA,
1978 etc.). - Contours in Fig. 5 gives average
depths of hypocenters modified from ‘M-
zoue (1977) who has presented the depth
contour of the activity by referring to' the
results of microearthquéke observations.

In spatial relation to the MTL, the follow-
ing features are apparent in Figs. 2b and 5;

1. Around the active segment of the

MTL, subcrustal earthquakes occur only

on the southern side of the MTL. =

2. Around the low active segments of

the MTL, the earthquakesi extend nor-

thward across the MTL.

The contrast is remarkable especially with-
in the Kii Peninsula. The features will be
discussed later with relation to the under-
thrusting slab of the Philippine Sea plate.

Tectonic Stress around MTL
1 Data o . :

The direction of the tectonic stress can be
estimated to some extent in the seismic region
from the analyses of radiation pafterns of
seismic waves i.e. fault plane solutions. Geo-
detic measurements and in sifu stress me-
surements also provide data on  tectonic
stress. Figs. 6 and 7 summarize the results
of fault plane solution surveys for' major
and small earthquakes, respectively, on the
basis of data provided by many seismologists
including . the writer (see SHioNO, 1973,
1977).  Strictly speaking, the P- and T-
axes which are defined as the centers of
quadrants of dilatational and compressional:
initial P-motions in the fault plane solution,
respectively, may deflect in some degree
from the .axes of tectonic stress because of
the effects of local stress concentration, the

NI | -El ectronic Library Service



The Geol ogi cal

Soci ety of Japan

SEISMOLOGICAL STUDY ON THE MEDIAN TECTONIC LINE 163

Fig. 6.

Results of fault plane solution
surveys for major earthquakes in

.Southwest Japan compiled from

various references (see SuioNO,
1977). Simplified mechanism dia-~
grams represent lower hemispheres
projected in Wulff’s. grid. The
open and shaded quadrants of the
diagrams show dilatational and
compressional ones whose centers
are defined as the P- and T-aexs,
respectively.  (a) - Crustal earth-
quakes. Distribution of the P-axis
is given. The T-axis is given, ex-
ceptionally, for a normal faulting
earthquake No. 34. (b) Subcrustal
earthquakes. - The T-axis is given.
Earth quakes around Izu Penninsula
are also plotted although the focal
depths are shallower than 30 km.
The axes are not given for earth-
quakes Nos. 51-55 because the axes
plunge at angles steeper than 45°,
The dotted line gives the horizontal
projection of the leading edge of
the underthrusting Philippine Sea
plate. (c) Earthquakes along the
Nankai trough and in Hyuganada.
Arrows give directions of slip vectors
of the oceanic block. The T-axis

- is given, exceptionally, for a normal

faulting earthquake No. 5.
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internal friction of rock and pre-existing -

fault system (see NisamA ef al., 1974 for
example). However, it has been usually
accepted as a reasonable idea that the direc-
tion of the P- and T-axes approximately
indicate the axes of regional tectonic stress
as long as the average directions are con-
cerned instead of the individual directions
of the P- and T-axes.

2 Crustal stress

Fig. 6a suggests that the P-axes are nearly
oriented in the east-west direction. The
similar feature is more obvious for smaller
earthquakes as shown in Fig. 7a. SmioNo
(1970) has presented many fault plane solu-
tions for small earthquakes in the western
Kii Peninsula and has shown that the average
direction of the P-axes lies horizontally in
N 105° E. Composite radiation patterns of
P-waves and fault plane solutions for small
earthquakes in Shikoku suggest that the
P-axes are roughly oriented in the east-west
(Sawamura and Kimura, 1971; Saiowo,
1973; Kmmura and Oxano, 1977).

Another interesting feature of fault plane
solutions for crustal earthquakes around the
Kii Peninsula and Shikoku is that the types
of fault plane solutions indicate strike slip
faulting, reverse faulting and combination
of both types without component of normal
faulting (see Smiono 1970; 1973; 1977;
Mizouve and Nakamura, 1976). This im-
plies that this type of tectonic stress may be
compressive and not extensive.

On the other hand, Nakane (1973) has
calculated the distribution of long-term
crustal strain without the effects of large
earthquakes on the basis of data from first-
The axes of
maximum contraction are oriented in the
northwest-southeast around the Kii Penin-
sula and Shikoku. The results of in situ
stress measurement carried out at Okuyo-

order retriangulation surveys.

shino in the central Kii Peninsula has sug-

-gested that the axis of maximum compres-

sive stress lies in the northwest-southeast,
consisting with the result of Nagane (1973)
(ITo et al., 1976). o

These evidence consistently suggest that
the tectonic compressive stress now acts in
the direction ranging from the east-west to
the northwest-southeast around the MTL.
This stress state is consistent with right-
lateral strike-slip faulting along the MTL.
3 Stress in subcrustal depths v

Figs. 6b and 7b indicate that subcrustal
earthquakes occur in a significantly different
situation from the case of crustal ones. As
Figs. 7b and 8 show, the inclination angles
of the P-axes vary in a wide range, and the
axes do not cluster around any characteristic
direction, but are distributed weakly around
a plane striking northwestward. The P-
axes of small earthquakes are also oriented
roughly in the direction ranging from the
north-south to the northwest-southeast, but
the inclination angles vary over a considerably
wide range and many axes dip steeply over
45° (see Fig. 7b). :

On the other hand, it is apparent in Figs.6b
and 8 that the T-axes are nearly horizontal
with the azimuths ranging from east-west to
the northeast-southwest and are roughly
parallel to the axis of the Nankai trough.
A similar feature has been noticed for small
earthquakes in the western Kii Peninsula
and in southern Chubu District (SHiONO, .
1970; Ooma and Ito, 1974).

Subcrustal earthquakes are characterized
by another significant feature in that the
component of normal faulting predominates.
As the simplified mechanism diagrams in
Fig. 6b show, the types of faulting are of
strike-slip faulting, normal faulting and a
The predomi-
nance of normal faulting component is re-
markable, especially around Iyonada and
the Kii Channel.

combination of both types.
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Fig. 7.

Distribution of the P-axes for small crustal (a) and subcrustal (b) earthquakes, of which depth

boundary is assumed to lie 25 km deep. The axes of earthquakes in the northern Kinki District,
in the eastern Kinki and Chubu Districts, and in the western Kii Peninsula and Shikoku are taken
from Niszipa (1973), Ooipa and Ito (1974) and Smiono (1973), respectively. The directions
of the P-axes are not shown in the case that the axes plunge at angles steeper than 45° (circle with-

out a bar).
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Distributions of the P- and T-axes on the
lower hemisphere projected on the Wulff’s
grid for major subcrustal earthquakes located
in the regions from Iyonada to southern
Chubu District.

to those in-Fig. 6.

Fig. 8.

Index numbers correspond

Although Smiono and Mikumo (1975)
and Surono (1977) have discussed the tecto-
nic origin of stress generating the earthquakes
with special interest in systematic align-
ment of the T-axes, the features of subcru-
stal earthquakes may be explained also by
another simple model as follows;

Assume a Cartesian coordinate with the
vertical z-axis and the north or northwestward

trending x-axis in a semi-infinite body with
a surface at z=0. If both sides of the body
normal to the x and y-axes are constrained,
stress components in a static condition applied
only by the effect of gravitational loading
of materials below the surface z=0 can be
expressed as; v

= Gz/(m"_l)
y 0',,/(”2-—1)

0, = [ o212z

Q
I

where o,, 0,, 0, m, p(z) and g(z) give x, 3,
z components of principal stress, poisson’s
number (1/poisson’s ratio), density and gravi-
tational accerelation, respectively. As long
as the materials behave elastically at least to
some extent, m is greater than 2.

When constant compressive stress ¢ 1is
given in the x-direction, total stress be-
comes;

o, =0,/(m—1)+o
0, = Uz/(m—l)+0/m

0, =0,

As we consider the stress state in subcrustal
depths, we may assume that the the loading
o, becomes large enough to exceed o, or
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If so, o, is always identical to
This

explains the systematic.»alignment of the

o/(m—2). y

the minimum compressive ' stress - ;.

T-axes.
The maximum compressive stress o,
changes from o, to o, below the depth of

0,=(m—1)o/(m—2). ‘
occurrence of strike-slip and normal faulting

We can expect the

earthquakes above -an.d below the critical
depth, respectively. If the critical depth

lies around 40-50 km deep, we can expect -

the co-existence of both types of earthquakes
and variety of inclination angles of the P-axes.

Thus, the basic features of subcrustal earth-
quakes can be at least tentatively explained
by above simple model assuming only gravi-
tational loading and uni-axial tectonic stress.
This supports an idea that subcrustal earth-
quakes may be generated by tectonic stress
acting in the direction ranging from the
north-south to the northwest-southeast. It
may be reasonable to consider that the tec-
tonic stress originates from the underthrust-
ing of the Philippine Sea plate because the
direction is roughly parallel to the relative
motion between the Asian and the Philippine
Sea plates, as Kanamor: (1972b) first pro-
posed.

Underthrusting of the Philippine
Sea Plate

Underthrusting of the Philippine Sea plate
has been presumed chiefly based on the
following evidence; :

1. Nature of great earthquakes along

the Nankai trough v

2. Existence of subcrustal earthquakes

corresponding to the Benioff zone

3. Existence of high velocity and high-Q

layer.

The shape of the underthrusting slab has
been outlined on the basis of distribution of
subcrustal earthquakes, travel time analyses
and attenuation of seismic waves.

1 Great earthquakes along the Nankai

trough o -

Great earthquakes with magnitude around
8.0 have repeatedly occurred éldhg the
Nankai trough (see Fig.- 1). Source me-
chanisms of the 1944 Tonankai and the 1946
Nankaido earthquakes have convincingly
suggested that the earthquakes arose from
the elastic rebound of the continental margin
forced down by the underthrusting Philippine
Sea plate, similar to the case of great earth-
quakes along the trenches in-other island
arcs (Frrce and Scmorz, 1971; Kana-
MORI, 1972b; Anpo, 1975 etc.; see the me-
chanism diagrams of earthquakes Nos. 1 and
2 in Fig.5c). The underthrusting is also
supported by fault plane solutions of smaller
earthquakes along the Nankai trough and
in Hyuganada consistently indicating low-
angled thrusting (see Fig. 5c; KATSuMATA
and Svkes, 1969; Frrcu, 1972; Suiono,
1977; SmioNo et al., 1979).
2 Subcrustal earthquakes

The facts that (1) subcrustal earthquakes
occur within a thin zone dipping north- or
northwestward, (2) the activity continues
to the well-developed Benioff zone under
Kyushu and Ryukyu and (3) the earth-
quakes are generated by tectonic stress in
the direction ranging from the north-south
to the northwest-southeast convincingly sup-
port an idea that the subcrustal earthquakes
represent the result of the interaction be-
tween the continental Asian plate and the
underthrusting Philippine Sea plate around
the interface, as pointed out first by Kana-
Morl (1972b) in the Kii Peninsula. Ac-
cording to this line of thinking, the absence
of earthquakes deeper than 100 km suggests
that the leading edge, or the lower tip, of
the underthrusting slab still- remains within
the continental plate and does not pene-
trate deeply into the asthenosphere.. This
idea enables us to outline the shape of the
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underthrusting slab from the distribution of

subcrustal earthquakes.

3 The high veloclty layer and the
high-Q zone :

Generally, the underthrusting slab has
been characterized as the layer with high
velocity and high-Q) chiefly because the
temperature is lower in- the slab than in
the surrounding upper mantle.
of high velocity layer and high-Q zone under
Southwest Japan has been confirmed by

Existence

the analyses of travel times and the. at-

tenuation of seismic waves.
Kanamor:r and Tsumura - (1971)
observed precursory seismic waves
seismograph readings at a station in the
eastern Kii Peninsula for the earthquakes
which occurred in the western Kii Peninsula
and they suggested the existence of a high
velocity layer beneath the Kii Peninsula.
Mizoue (1977) has identified the later seis-
mic phase observed in the Kii Peninsula as a
wave refracted from the plane dipping north-
westward under the southern Kii
sula. Oixe and KiMura (personal  com-

munication) have suggested that initial P-

Penin-

waves. have a high apparent velocity of
about 9 km/sec and the later phase arriving
1-3 sec:later has a normal apparent velocity
of about 8km/sec in central Shikoku for
earthquakes that occurred west of Shi-
koku  (see Smrono, 1974). Suiono (1974)
has shown the existence of “high velocity
layer under Shikoku and the absence of
the layer under the northern Kii Channel,
by using travel times of seismic waves gene-
rated by subcrustal earthquakes that oc-
curred in the Bungo Channel, especially by
using travel times of later phase with ap-
parent velocity of about 4.6 km/sec which
were  interpreted as S-wave converted from
P-wave at the edge of the high velocity layer
eastern Shikoku. ‘

Ixkami and Ito (1974) have ascertained

haVe‘ .
from

the existence of a high-Q zone in the Outer
Zone of Southwest Japan from the consi-
deration’ of the observational fact that the
seismic waves travelled from Southwest Japan

~to Inuyama Microearthquake Observatory

(INU) in western Chubu District were less
attenuated than those from other regions in

and near Japan. This high-Q zone was

conceived by the detectablhty of earthquake

at INU too..
Spatial extent of the high velocity layer

‘and high-Q zone is approximately similar

to -that of subcrustal seismic activity. The

high velocity layer and the high-Q zone

can be interpreted as suggesting directly

that the underthrusting slab exists under

Southwest Japan.

4 Shape of the underthrusting slab of
the Philippine Sea plate

The shape of the underthrusting slab of
the Philippine Sea plate has been derived
and shown in Figs. 9 and 10, chiefly on the
distribution of subcrustal earthquakes and
the high velocity layer (see SuroNo, 1974).
Ixkamr and Ito (1974) have inferred, inde-
pendently, the location of the leading edge
of the underthrusting slab is chiefly based
on the spatial extent of the high-Q zone
and subcrustal earthquakes. The results of
both authors are, in general, similar.

The convex notch around the Kii Chan-
nel was supported by travel time analyses of
the converted S-waves with an apparent
velocity of about 4.6 km/sec (Suiono, 1974).
The leading edge may penetrate further
inland around the border between Kinki
and Chubu Districts, because earthquakes
with depths and fault plane solutions similar
to subcrustal earthquakes have been found
around the region east of Lake Biwa (Ooipa
and Ito, 1974, for example). It may be
sure that the leading edge under eastern
Shikoku remains in the southern side of the
MTL because activity of subcrustal earth-
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Fig. 9.

Three-dimentional illustration representing the spatial relation among the continental margin,

the underthrusting Philippine Sea plate and the MTL. The MTL segments of high and low
activity are shown by solid and broken lines, respectively. The thick arrow represents the direc-
tion of relative motion of the Philippine Sea plate against the Asian Plate.

quakes are confined within the southern
side (Oxano et al., 1978) and also because

the high-Q zone exists only in the southern

side of the MTL (Ixkamr and Ito, 1974).
It is probably certain that the leading edge
intersects somewhere under western Shi-
koku, as subcrustal earthquakes are active
under Iyonada north of the MTL (see Figs.
2b and 5).

Discussion on Fault Movements
along MTL

In the present section, we will discuss the
nature of fault movements along the MTL
on ‘the basis of the decoulping hypothesis
proposed by Frrcu (1972).

1 Decupling hypothesis

Frrer (1972) proposed a model explain-
ing strike-slip faulting in the region of ob-
lique plate convergence i.e. decoupling hy-
pothesis. When the oceanic plate converges

obliquely to the plate margin, the horizon-
tal shear is generated in the continental
margin. If the vertical zone of weakness
pre-exists with the strike parallel to the plate
margin in the continental margin, horizontal
shear concentrates in the pre-existing zone
of weakness more effectively than on the
inclined interface between the underthrust-
ing and the continental plates. As the
result, a portion of this horizontal shear is
easily released by strike-slip movements
along the vertical fault, and the remaining
stress is released by thrusting along the in-
terface. Frrcm (1972) showed that this
hypothesis is favored in many real situations
such as in western Sunda and Philippines.
Aithough he mentioned the MTL, too, it
will be necessary to modify the hypothesis
in order to explain relatively complex na-
tures of recent fault movements along the
MTL.
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2 Application to MTL
Figs. 9 and 10 show a spatial relation
between the MTL and the underthrusting
slab of the Philippine Sea plate. The follw-
ing relations are apparent;
1. Around the active segment of the
- MTL from the western Kii Peninsula to
central Shikoku, the leading edge of the
underthrusting slab still remains in the
outer side of the MTL.
2. Around the segments of low activity
in the regions east of the central Kii Penin-

slip vectors

Ras cm/yr Seno(i977)
Casel Case I
MTL NT MTL NT
decoupling

Fig. 10. Schematical diagrams showing the spatial
relation between the underthrusting plate
and the MTL. Upper; spatial relation
between the horizontal projection of the
leading edge of the underthrusting slab (a
thick solid line) and the MTL. The MTL
segments of high and low activity are given
by solid and broken lines, respectively.
Directions (arrows) and rates (numerals)
of relative motion between the continental
Asian and the oceanic Philippine Sea
plates are taken from SENo (1977). Lower;
idealized cross sections for case I where
the leading edge remains in the outer
bolck and for case II where the leading
edge extends to the inner side across the
MTL. Cases I and II correspond to high
and low faulting activity along the MTL,
respectively, because the outer continental
block easily decouples from the inner one
along the MTL as in case I, but hardly
decouples in case I1.

sula and west of western Shikoku, the

leading edge extends to the inner side of

the MTL.

As the MTL has a complex displace-
ment history that began at least in the Late
Mesozoic (see IcHikawa, 1980), it may be
reasonable to consider that wide sheared
zone has been built up in depth so as to
penetrate through the continental plate.
Therefore, it is a reasonable assumption that
the MTL can act as the pre-existing zone of
weakness conductive to horizontal shear due
to oblique convergence. Then, the contrast
of faulting along the MTL as mentioned
above can be explained as follows;

Case I. The leading edge does not reach
the MTL but remains within the outer
block; strike slip movements easily occur in
the right-lateral sense in order to release
horizontal shear due to oblique convergence
because the outer block can be decoupled
from the inner one along the MTL. Case
II. The leading edge extends to the inner
side across the MTL; strike slip movements
hardly occur because the underthrusting
slab is in contact with both the inner and
outer blocks so that the outer block can not
move independently from the inner one.

The idea may not be applicable to the
MTL in Kyushu, because the MTL is nearly
normal to the direction of plate convergence,
and therefore, concentration of horizontal
shear becomes too small to produce a large
amount of strike-slip movements along the
MTL. Low activity may be explained by
low concentration of horizontal shear.

The above model suggests that the slip
rate along the MTL may be considerably
lower even in the active segment than the
case of complete decoupling. Because the
active segment accompanies on both sides in
the segments of low activity where decoupl-
ing hardly occurs, the whole outer block

cannot move freely as a rigid body, but
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only small portion of the horizontal shear
‘can be released by an internal deformation
of the outer block. This idea is consistent
with - the “observational fact that the slip
rate of recent strike-slip movement in central
Shikoku (5-10 mm/yr; Oxapa, 1970) and
in the western Kii Peninsula (1-2.8 mm/yr;
OxaApa and Sancawa, 1978) is lower by
about one order of magnitude than the
converging rate along the Nankai trough
(8.3-4.3 cm/yr; Seno, 1977). ’
3 Additional remarks :

In addition to the basic characteristics of
recent movements along the MTL, the pre-
sent model may be able to present a possible
explanation to the two features as follows:

Sancawa and Oxkapa (1977) found that
faulting along the MTL in the central Kii
Peninsula was active in the early Quater-
nary Period and became inactive in the
late Quaternary Peroid. This termination
of faulting activity may be explained by an
idea that the active segment corresponding
to Case I became inactive one corresponding
to the Case II resulted from the progress of
the leading edge of ‘the underthrusting
Philippine Sea plate.

The Butsuzo Tectonic Line which runs
in ‘about 50 km outside is a major tectonic
line in Southwest Japan, nearly comparable
with the MTL. Although the
Tectonic Line may be considered to con-
centrate the horizontal shear as a pre-existing
zone of weakness in the same manner as
the MTL, recent activity there has not been
remarkable. This MTL
may be explained by an idea that the situa-

Butsuzo

contrast to the

tion always corresponds to Case II, because
the Butsuzo Tectonic Line lies in much
outer side. '

- The present model can explain to some
extent some basic problems regarding the
recent movements along the MTL on the
basis of the shape of the underthrusting slab

of the Philippine Sea plate. However, the
above discussions are confined to recent
ages when the presumed situation. might not
change significantly, say a few hundred
thousand years. The model expects that
fault movements would have spread over
whole segment of the MTL ' when the
Philippine Sea plate began to underthrust
However, field
evidence suggesting that movements were
then active, have not been found along the
MTL in the eastern Kii Peninsula except
for Sancawa and Oxapa (1977)s frag-
mental oBservation.tf Therefore, there still
remain some problems on the . efficiency of
the present model for geologic past,

a few millions years ,ago.

In order to progress discussion; it will
be important to ‘make clear tﬁe‘history of
plate. convergence from its initiatibn to the
present.

1. Following two data may be significant,
One is the irregular shape of the slab (see
Fig. 10). The other is Nakansur's (1979)
discovery of aseismic slab. He found a
remarkable phase arriving 5-6 sec early
beofre the ScS phase in seismographs at
Shiraki Microearthquake Observatory (SHK),
and identified it as a ScSp phase which
were converted from ScS- at the layer of
velocity contrast about 50 km beneath the
station SHK. He suggested a possibility that
the underthrusting slab penetrates much more
inland than that presumed in the present
paper, although subcrustal  earthquakes are
completely absent there.

2. As above phenomena are hardly ex-
plained if we assume that the oceanic plate
began to wunderthrust newly along the
inactive margin, the following idea may be
possible: The slab which had underthrusted
at the previous cycle of the plate convergence
stopped its movement, and was affected by
thermal assimilation of surrounding upper
mantle for some time, say less than ten
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millions years since the cycle ceased, but did
not completely assimilate with the upper
mantle when the present cycle of plate con-
vergence began. |

3. The present slab consists of not only the
newly underthrusting part but also the unas-
similated old one and, therefore, the lower
part has an irregular shape representing local
variation in degree of thermal assimilation,
suggesting that the spatial relation between
the MTL and the underthrusting slab was
already determined at the beginning. How-
ever, as this idea is very speculative and is
not more than one of the possible explana-
tions, the validity is open to future discus-
sions.

Summary and Acknowledgements

The present paper discusses seismicity
and tectonic stress in relation to the MTL
based on data provided by many authors
including the present writer, and later pre-
sents a simple model explaining some basic
features of recent faulting activity along the
MTL, based on the shape of the underthrust-

ing slab of the Philippine Sea plate. The
results are summarized as follows;
1. Historical records for about 1,000

years suggests that a seismicity gap of des-
tructive earthquakes exists along the active
segment of the MTL. '

2. Observational facts that (1) tectonic
creep has not yet been found along the active
segment of the MTL and (2) magnitudes
of crustal earthquakes around the active
segment are small in spite of the high activity
suggest that the seismicity gap of destruc-
tive earthquakes should be recognized as a
likely site of future large earthquakes.

3. Active segment of the MTL forms, in
a broad sense, a boundary between the
seismically active area in the south and the
aseismic area in the north.

4. Tectonic compressive stress now acts

around the region of the active segment of
the MTL in. the direction ranging from the
east-west to the northwest-southeast, con-
sisting with the right-lateral strike-slip fault-
ing. ‘

5. Based on spatial distribution of sub-
crustal earthquakes, the high velocity layer
and high-Q zone, the shape of the under-
thrusting slab is outlined under thewhole of
Southwest Japan.

6. Spatial relations that (1) around the
active segment of the MTL, the leading
edge of the underthrusting slab still remains in
the southern side of the MTL and (2) around
the segments of low activity, the leading
edge extends to the inner side across the
MTL are explained in terms of decoupling
of the outer block from the inner along the

MTL.

- This paper refers to the results by many
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tions from a geologic viewpoint. I would
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my investigations on subcrustal earthquakes
in Southwest Japan. Calculations included
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