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Abstract

Ground cracks associated with underground faulting first ap-
peared in the Matsushiro area on April 11, 1966, during the highest
seismic period of the Matsushiro swarm earthquakes. Field and
instrumental surveys revealed that the fault can be traced for more
than 5km and that its maximum amount of displacement is about
50cm of left-lateral slip. The surface trace of the fault comprises
a number of fissure zones which are made up of numerous en-échelon
ground cracks; the fissure zones themselves are arranged in an en-
échelon pattern within the larger fissured area. The displacement
paths and the rates of displacement were obtained by instrumental
measurements. Displacements on fissure zones proceeded in direct
correlation with seismic activity and other crustal deformations. In
this paper, results of instrumental measurements are summarized,
and the relationships of the fault movements to the earthquakes
are discussed from a geological viewpoint. Further, the role of
groundwater which might have affected tectonic processes, including
the seismicity and crustal deformation, is examined.

1. Introduction

The Matsushiro swarm earthquakes, which commenced August 3rd,
1965, still continue, although the frequency has much lowered after a
prolonged activity of four years. Various aspects of the earthquakes
have been studied by many investigators of different organizations
(Morimoto, 1967; Hagiwara, 1967; Hagiwara and Iwata, 1968; JMA,
1968). We have been engaged in the study of surface faulting associated
with the earthquakes, and the initial results were successively published
as the first and second papers in this bulletin (Nakamura and Tsune-
ishi, 1966, 1967).

In the first paper, we described the ground cracks in the epicentral
area as of June, 1966. The results of field observations and the pre-
liminary instrumental measurements of the cracks could not be in-

*) Ground cracks at Matsushiro probably of underlying strike-slip fault origin, III.
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terpreted as indicating a surficial origin, but instead suggested a left-
lateral strike-slip movement on a fault below the surface layer to the
northeast of Mt. Minakami. In the second paper, the results of obser-
vations in the field and by the revised instruments, up to October of
1963, were described. The previously inferred undergound faulting had
become all the more plausible on the basis of these results, as well
as because of various additional studies including the electro-optical
measurement of distance, triangulation, and focal mechanism studies.
The trend and the amount of displacement of the “Matsushiro earthquake
fault” were estimated. '

In this 3rd paper, we present a later result of displacement measure-
ments up to March of 1967. We also summarize features of the fault,
especially the mode of development of ground cracks, the amount of
displacement, and the dimensions of the fault. We then compare these
features with other observational facts of the earthquakes and associated
events, including crustal deformation. The movement along the fault
still continues at a much reduced rate of several millimeters per year
(Tsuneishi, 1968).

Geologic setting

The geology of Matsushiro and the surrounding area is briefly sum-
marized below, based on various earlier studies (Iijima, N., 1962; Mori-
moto et al., 1966; Kimura, 1967; Matsuda et al., 19567; Sawamura et. al.,
1957; Kobayashi, 1968; Iijima and Saito, 1968; Nakamura, 1969a).

The Matsushiro seismic area is located in the northern part of the
Fossa Magna, where volcanic and clastic sediments accumulated to
a thickness of several thousand meters during the Neogene period. To
the west of the northern Fossa Magna stretches the Hida mountains,
which reach 3,000 m in altitude. This region is underlain by pre-Cenozoic
rocks, mainly Paleozoic clastic rocks and Mesozoic granite. The boundary
between the Fossa Magna and the Hida mountains is a great fault zone,
the Itoigawa-Shizuoka tectonic line (Fig. 1).

Subsidence of the northern Fossa Magna began in early Miocene,
accompanied by submarine voleanic activity. In middle to late Miocene,
intrusion of diorite-porphyrite occurred in a belt crossing the sedimentary
basin in a NE-SW direction. Since then, the belt has become compara-
tively rigid and has become an uplifted block (the central belt of uplift;
Tijima, N., 1962). The belt was later partly covered by subaerial
volcanics of Pliocene and Pleistocene age.

In the sedimentary basin to the southeast of the central belt of
uplift, non-marine Pliocene sediments accumulated, whereas in the basin
to the northwest of the belt the accumulation of thick marine sediments
continued through Miocene to Pliocene time. The strata in the north-
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Fig. 1. Simplified tectonic map, inluding the epicentral distribution of the
major shocks and the realm of ultra-micro earthquakes. For details see text.

western basin were later folded and faulted. The structural trend seems
to have been controlled by both the Itoigawa-Shizuoka tectonic line and
the central belt of uplift. The folding movement is considered to be
still active, as is indicated by late Quaternary deformed terraces and
by the results of precise levelling. Sedimentation still continues in the
Nagano basin, which lies between the northwest basin and the central
belt of uplift. Electrical sounding reveals that in some places the un-
consolidated sediments attain 200m in thickness (Ono, 1967).

The present relief of the central belt of uplift is mountainous, at-
taining elevations greater than 2,000 m. On the northwestern rim of the
belt, coalescent alluvial fans have developed at the foot of the mountains
and in the wider valleys. Their deposits attain thicknesses of 100 m
at the maximum. The town of Matsushiro lies on such alluvial fans
and on the alluvial plain of River Chikuma, which flows along the north-
western border of the central belt of uplift. The belt is characterized
by numerous historic swarm earthquakes and scattered hot springs.

Outline of the earthquake sequence
The graph showing the frequency of the Matsushiro earthquakes, as
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Fig. 2. Daily frequency of felt earthquakes registered at Matsushiro Seismological
Observatory, JMA (location in Fig. 4).

recorded at Matsushiro Seismological Observatory of the Japan Mete-
orological Agency, is reproduced in Fig. 2 (JMA, 1968).  The observatory
is situated near the center of epicentral area (Fig. 4). Three peaks
of seismicity are recognized through the whole period, in November of
1965, in April of 1966, and in August-September of 1966. The third
peak was associated with the most conspicuous crustal deformation,
and the frequency curve of this peak is symmetrical as compared to
the previous ones.

The epicenters of the earthquakes had been restricted in a circular
area about 12km in diameter centered around Mt. Minakami until July
of 1966. After this time the seismic area gradually enlarged to the
northeast and to the southwest and finally became an ellipse with a
long axis of 34 km. The focal depth of most earthquakes ranges between
2 and Tkm below the surface. The maximum magnitude is 5.1, and
the total energy released through November of 1967 is 1.66x 10* ergs,
which corresponds to the energy of a single earthquake with a magnitude
of 6.3 (Hagiwara and Iwata, 1968).

The distribution of epicenters of major earthquakes, as shown in
Fig. 1, is restricted to the northwestern half of the central belt of
uplift, although the epicentral area of minor earthquakes occupies a
slightly larger area. The underground structure of the central belt of
uplift was revealed by an explosion seismic study (Asano et al., 1969).
According to the study, the top of the third layer with a velocity of
6.0 km/s, is very shallow and extends to.a depth of about 1km under the
belt. On the other hand, the depth of the interface becomes deeper by a
few kilometers under the surrounding basins. Most of the foci of the
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present earthquakes exist within the layer with the velocity of 6.0 km/s.

It was in April of 1966 —the highest seismicity period—when the
surface trace of the fault first appeared distinctly on the surface as
ground cracks. In late August mineral water of 10°m?® in approximate
volume began to well out extensively within the faulted area and its
surroundings (Iijima, H., 1969), and it caused several landslides from
the middle of September to early October, when the rate of welling
was highest (Morimoto et al., 1967).

2. Development of surface faulting

The Matsushiro earthquake fault is recognized on the ground surface
as an assemblage of minute ground cracks arranged in double. échelon
and by a number of deformed man-made structures. Following is a
brief summary of the development of surface faulting, more fully
described in previous papers (Nakamura and Tsuneishi, 1966, 1967).

Terminology on ground cracks used ,
in our present and previous papers is - CRACK }GROUND CRACK
illustrated in Fig. 3. The elementary FISSURE ZONEJ "y gy 1
constituent of ground cracks, which
is used as a general term, is a simple
crack up to several meters long, which
is regarded as being formed essential-
ly by tension fracture. Regular en-
échelon arrangement of these cracks
constitutes a fissure zone of 100-700
meters length. There are right-lateral
and left-lateral fissure zones in the
sense of horizontal displacement, which
is indicated by the mode of en-échelon FISSURED SREA

ol ith B N

arrangement. In addition, the left- ; . s

.. Fig. 8. Terminology used in this
lateral fissure zones are distributed o for ground cracks.
en échelon in a narrow belt named
Jissured area. We inferred a buried left-lateral strike-slip fault below
this belt (Fig. 4). Thus the surface trace of faulting is double échelon
in pattern, inasmuch as the zones of en-échelon cracks are themselves
distributed in an en-échelon pattern within the fissured area.

Four left-lateral fissure zones, F1-F4, appeared during the April
peak of seismicity, whereas the other twelve zones were formed during
the August-September peak. Three right-lateral zones are distributed
along the northeastern margin of the fissured area (Fig. 4).

After the middle of August, 1966, vertical displacements along the
fissure zones became distinct. The northern side along the left-lateral

CRACK
# B
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Fig. 4. TFissure zones formed by underground faulting, and stations for displace-
ment measurements.
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fissure zones and the southern side along the right-lateral ones subsided
by a maximum amount of 30cm. A bore hole drilled 3m north of the
left-lateral fissure zone F1 penetrated the fissure zone between 34.8m
and 41.9m depth. Therefore, the fissure zone dips 86° to the north,
with about 60cm width, assuming that the hole is vertical.

The formation of ground cracks is greatly controlled by the surficial
geology. All of the above-mentioned ground cracks developed on the
surface soil of alluvial fans with the exception of one small bedrock
hill. The northwestward extension of the fissured area is characterized
by a low, wet, and flat alluvial plain developed along the River Chikuma,
and is not apparently preferable for the formation of ground cracks.
Instead, the buried fault is recognized here by the systematic defor-
mation of long man-made structures, such as concrete dikes of rice-
fields, road-side ditches, underground water pipes, and railway tracks.
Their breakages are distributed linearly in a NW direction on the
extension of the fissured area. The characteristic mode of breakage is
that the structures which are oriented in an approximate N-S direction
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are selectively pulled apart. :

In the epicentral area, a number of ground cracks of landside and
simple vibrational origin were formed in addition to the cracks of fault
origin (Morimoto et al., 1967; Tomizawa, 1969).

3. Displacement along fissure zones

As described in the previous chapter, the surface expression of the
Matsushiro earthquake fault is not that of a single shear plane, but
is an assemblage of numerous ground cracks which are distributed in
a belt of about 500m width. We traced the displacement along the
fissure zones by daily measurements at six stations, successively set up
as the new zones appeared (Fig. 4). The displacement along the buried
fault as a whole can be estimated by the results thus obtained and by
geodetic and other means.

At most of the statiors we measured the two horizontal components
but not the vertical component of displacement. This is mainly because
the latter component was negligible during the earlier stage. The
vertical component, however, became appreciable after the middle of
August, 1966, and it resulted in a tilting of the measurement plane of
horizontal components to various degrees. But the effect of tilting on
our measurement was small, so that we can discuss the mode of
horizontal displacement on the basis of our measurements.

The methods used were described in detail in our previous papers.
Only a brief summary is given here. If a fissure zone crosses a man-
made structure, such as a concrete slab, the displacement of the zone
is concentrated in a few cracks within the structure. In this case we
measured the displacement of cracks with the aid of a slide caliper.
On the natural ground surface without man-made structure, we set
up steel rods, steel pipes, invar wires or steel tapes which connected
piers installed on opposite sides of the fissure zone. Measurements
were made with a slide caliper on the pier, and the results were then
corrected for temperature.

Six stations on five of the fissure zones are shown in Fig. 4. Daily
observation were made in co-operation with residents of Matsushiro.
The description of each station with the method adopted and the result
of measurement are summarized below, with some necessary repetitions
of data from previous papers. Displacement paths shown in Figs. 6,
8, 9 and 10 are represented as the relative motion of the southern
side to the northern side across the fissure zone.

Takehara Station on F'1
‘'The Takehara station is located on the middle point of ﬁssure zone F1,




36 Y. TSUNEISHI and K. NAKAMURA

Bty i

Fig. 5. Sketch map of Takehara
station on F1. A and B show the
locations of displacement measure-
ments on the broken concrete slab
in front of the warehouse.

The zone, or at least a part of it, was
formed on April 11, and the measure-
ments started on April 22. At the
station the zone, with the width of
3m, crossed a 520 x 90 cm concrete slab
in front of a warehouse and broke
the slab into three segments. The
slab covers the total width of the
fissure zone (Fig. 5).

Four reference points, which were
positioned at each corner of a square
with sides of about 15 ¢cm long, were set
across northern crack A and southern
crack B on the slab, respectively, as

illustrated in the lower insert in Fig. 6. The lengths of the sides and
diagonals of the squares across the cracks were measured to the nearest

1/20 mm.

Movements of two points, I and II, relative to the northern base
line were calculated by trigonometry (Fig. 6). The difference of dis-
placements of points I and II indicates rotation of segments of the slab.
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Fig. 6. Displacement paths of cracks A and B on the concrete slab at Take-
hara station on F1. For details see text
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In fact the slab, which was divided into three segments, has deformed
into an S-shape by the left-lateral movements across the fissure zone.
In Fig. 7 the upper figure, A;-Ay;, represents a counter-clockwise rota-
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Fig. 7. Angle of rotation of the fractured concrete slab at Takehara station on F1.

tion of the middle segment relative to the northern one, whereas B;-B;,
represents clockwise rotation of the southern segment relative to the
middle one. Open circles in A;-A; of Fig. 7 represent actual obser-
vational values, but they were shifted downward to the position of the
closed circles, so as to keep continuity of the curve. The discontinuity
is considered to have been caused by a non-tectonic phenomenon, such
as accidental pushing-out of the neighboring distorted warehouse, be-
cause the discontinuity did not appear in other observational data at
this and other stations.

The total displacement of the fissure zone F1 was calculated by
combining displacements of the two cracks and rotations of segments
of the slab. The obtained displacement path is shown in Fig. 8. The
result obtained by rough direct measurement of the fractured slab (in

Fig. 8. Reconstructed displacement path of the left-lateral fis-
sure zone F1 at Takehara station.
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our second paper, p. 439) gave similar values indicated in the figure.
The dotted line connected to the origin in Fig. 8 represents the amount
of displacement before the beginning of our measurements. The cumu-
lative amount of strike-slip and opening of the fissure zone is shown
in Fig. 11.

Seseki Station on F2

Two stations were set up on the fissure zone F2, but only the result
on the western station is presented in this paper. The zone, which first
appeared on April 17, crossed a wooden house and broke its concrete
foundation in two places. Because of the arrangement of the two cracks,
we can estimate the total displacement of the zone by summing the
displacements on each crack. Separation of cracks was measured to the
nearest 1/20 mm between reference points installed on opposite sides of
the cracks. ' .

The results shown in Fig. 11 represent the sum of displacements
of the two cracks. The trend of the fissure zone is N 80° W and that
of the ruptured edge of the concrete foundation is N 30° W.

Ikedanomiya Station on F4

The fissure zone F4 traverses a hill which is composed of Miocene
rocks, whereas all other zones appeared on alluvial fans. The station
is located in the yard of a shrine on the east flank of the hill. The
measurements were made by the extensometer of stainless steel pipe
which was described as Type III-v in our second previous paper.

Two parallel rows of ground cracks were formed about 4 meters
apart at this station. The equipment was set across the northern row.
We estimate that the observed displacements represent about half of
the total displacement of the zone.

Our measurements commenced on June 18 (one month after the date
of discovery), when the minimum amounts of 3cm left-lateral slip and
3cm separation were observed across the surface cracks.

The displacement path and its changes with time are shown in
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Fig. 9: Displacement path of the left-lateral fissure zone F4 at Ikedanomiya
station. :
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Figs. 9 and 11, respectively. In this station an automatic creepmeter

of invar wire type was also installed. The resulting measurements are
shown in Fig. 12.

Sugama Station on F6

Fissure zone F6 is a right-lateral zone which is located on the
northeastern side of the fissured area. The measurements were carried
out by a steel tape and by an extensometer which was of the same
type as that used on F4. At this station the fissure zone was composed
of four rows of ground cracks in a zone about 10 m wide. The stainless-
steel-pipe extensometer was set across the northernmost row of cracks,
and the base lines for measurements by steel tape covered the entire
width of the zone.

The observed displacement paths are shown in Fig. 10. The steel-
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Fig. 10. Displacement path of the right-lateral fissure zone
F6 at Sugama station. Solid circles are the results by the
stainless-steel-pipe extensometer. The dotted line with open
circles represents measurements by steel tape of base lines
which extended across the entire width of the fissure zone (scale
in parentheses).

tape measurements were about five times larger than those made by

the extensometer. Changes in the amount of displacement are shown
in Fig. 11. '

Summary of displacements across fissure zones
Characteristic features of displacements across fissure zones are
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summarized below, based on the results obtained by the measurements
described in the preceding sections.

The changes in amounts of displacement with time at different
stations are nearly the same in gross pattern as that of the rise and
fall of seismicity, as shown in Figs. 11 and 14. This indicates that
the movements of individual fissure zones were caused by a common
origin, possibly by fault movement.
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Fig. 11. Cumulative displacements across the fissure zones F1, F2, F4 and Fe.

As to the displacement paths in the horizontal plane, three stages
are recognized in all the zones that we measured: the first stage when
opening movement proceeds together with increasing strike-slip displace-
ment, the second stage of predominant strike-slip movement, and the
last stage of minor closing movement. The three stages do not proceed
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simultaneously in different zones. For example, in early September
F6 was in the first stage while F1 and F4 were in the second stage.
Therefore, this type of change of displacement path is associated with
the characteristics of individual fissure zones themselves rather than
with the mode of displacement of the fault at depth.

Two different time modes of displacement are recognized, as is
shown in Fig. 11. One is a gradual increase and the other is an abrupt
jump. This difference is significant even when we take into account
that the interval of our measurements was once or twice a day and
that the precision was one tenth of a millimeter. There are as yet no
available data concerning the possibility that the apparent gradual in-
creases might consist of a series of smaller jumps.
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Fig. 12. Displacement associated with an earthquake with a magni-
tude of 4.9 (No. 60 in Table 1) observed at Ikedanomiya station on F4
(reproduced from Fig. 40, Nakamura and Tsuneishi, 1967).

The most distinct abrupt increases of displacement were observed
on August 20 and September 6 at F4. They were apparently caused
by earthquakes with the hypocenters nearly on the fault plane. The
jump on September 6 was traced in more detail by an automatic creep-
meter of invar wire type. Fig. 12 shows that the displacement starts
abruptly at the time of the earthquake and then gradually decreases in
rate for several hours. This implies that the observed displacement is a
direct result of the same underground faulting that caused the earth-
quake. That is, the fault movement which started at a depth of 5.2km
propagated to the ground surface.

Fig 13 shows, as solid circles, the hypocentral distribution of the
three earthquakes which caused jumps in surface displacement (Table 1).
Inasmuch as these earthquakes are all included in the major earthquakes
listed by Hagiwara and Iwata (1968), the rest of the earthquakes in the
list are plotted as open circles; these shocks occurred from April 11,
when the first surface faulting appeared, to December, 1966. Solid
circles with a white dot in the center show earthquakes which occurred




42 Y. TsuNEISHI and K. NAKAMURA

on April 11 and 17, when openings of ground cracks were noted by
residents. Some of these nine earthquakes (e.g. Nos. 19, 20, 21, 26 and
28) are probably responsible for the
observed openings, which would
correspond  to jumps in displace-
ment. We conclude that those
earthquakes which caused jumps
in surface displacement could be
distributed on the fault plane,
taking into account the accuracy

of hypocentral determination.
At the Ikedanomiya station on
Pl 2 3o T4, strike-slip movement proceeded
even during the period of low

2‘” Z%g:} '1:7, seismiecity in July of 1966, when the
{ S I movement at most other stations

o—% = O-2  apparently came to a halt. The

o oy "?—5‘;—0 O3 same relation has been observed
F———0—4 since middle September, 1966.

e T s e S ,. s The peculiarity of the displace-

o— o 18°%” © © . ment at this station is considered
o) o ;  to result from the local geological

5 environment at the station. Be-

5 . , cause the station lies almost
«v  directly on Tertiary rocks, it can

Fig. 13. Distribution of major earth- reflect SenSitively the fault move-
quakes during the period April 11 to ment in the underlying basement
December 31, 1966, Earthquakes “'rhich rocks. On the other hand, slow
ar’e presumed to h:.we been associated response or partial absorption of
with surface faulting are marked as .
deseribed in the text. displacement apparently has oc-

curred at the other stations, which

instead lie on thick alluvial fan deposits.

4, Size of the Matsushiro earthquake fault

The fissured area that is defined by the distribution of fissure zones
is 500 m wide and 3km long (Fig. 4). The region southeast of the
known fissured area is mountainous, and we could not find any ground
cracks, partly because of thick vegetation and rocky, steep slopes.
However, a few new mineral springs were discovered on the projected
fault trace which were of the same chemical composition as those that
appeared in the fissured area. On the other hand, toward the north-
west there stretches a flat alluvial plain where, in spite of the absence
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Table 1. List of earthquakes which are presumed to have been
associated with surface faulting. The original data
are from Hagiwara and Iwata (1968).

No. . Date h m d (km) M

19 | 1966 Apr. 11 04 : 57 3.4 4.5
20 - 11 04 : 58 1.5 . 4.5
21 S 11 06 : 06 3.0 4.5
25 Apr. 17 10 : 21 5.5 5.0
26 17 10 : 22 5.6 4.1
27 17 15 : 46 3.0 4.4
28 17 20 : 02 5.8 4.4
29 17 20 : 06 3.2 4.3
30 17 20 : 28 2.3 4.2
54 Aug. 20 19 : 50 5.1 4.4
55 20 19 : 50 3.5 44
60 Sept. 6 03 : 37 5.2 4.9

of soil cracks, we could find several breakages of man-made structures
by faulting, as described in chapter 2 and also in our second paper
(pp. 448-458). The length of the entire zone is 5km, including such
surface features probably indicative of a buried fault.

Horizontal, left-lateral deformation was recognized still farther
northwest by triangulation performed by the Geographical Survey Insti-
tute (GSI, 1967). Thus an area of over 7Tkm length is regarded as
directly influenced by faulting.

The strike of the fault is N55° W, and the dip of the fault plane
is presumably nearly vertical, as suggested by the focal distribution
of those earthquakes which caused the jumps in displacement described
in the previous chapter (Fig. 13). The fault is considered to attain a
depth of 5km, based on the same data. The vertical attitude of the
fault plane is also supported by focal mechanism studies.

The maximum amount of horizontal fault displacement is inferred
to be roughly 50cm and 30cm, in left-lateral strike-slip and opening
components, respectively, from the following various data.

Sorobeku and Mt. Minakami (Fig. 4) are the triangulation points
which are located outside of and nearest to the fissured area. The
relative movements of the two points, which were associated with the
present earthquakes, are 98cm and 80cm in components parallel and
perpendicular to the trend of the fault, respectively. They probably
represent the largest possible amount of fault displacement, because
the two points are located about 1km away from the outer margin of
the fissured area. Thus the amount should comprise both the elastic
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and non-elastic deformation of the material, which exists between the
fault and the triangulation points, in addition to the amount of the
fault displacement itself.

An estimation of the fault displacement is also obtained by our
measurement of fissure zones. If a line perpendicular to the trend of
the fault is drawn through the station on F1 (Fig. 4), the line crosses
another zone F5 near its middle point. The maximum amount of dis-
placement along the zone F5, which was attained at the middle point,
is almost the same with that of the zone F1 (Table 1 in our second
paper, 1967). Twice the amount obtained at the station on F1 (left-
lateral slip of 56cm and opening of 16 em) will thus roughly indicate
the amount of fault displacement (Fig. 8.)

To the northwest of fissure zone F4, a concrete roadside ditch of
100 m length was fractured and stretched by 40cm, as described in our
second paper. Inasmuch as the ditch is N 10° W in trend, and makes
an angle of 45° with the fault, both left-lateral slip and opening along
the fault could stretch the ditch. The extension of the ditch of 40 cm
thus corresponds to 57em of pure left-lateral slip or 57e¢m of pure
opening along the fault.

The fault crosses the straight portion of the track of the Nagano Elec-
tric Railway, which here trends N 20° E. Left-lateral slip of 20~30cm
and extension of 36cm in this direction were observed within a 500 m
section of the track. The fraction of extension due to left-lateral slip is
estimated as 8cm, and the remaining 28cm extension corresponds to
29cem of opening along the fault.

The amount of the vertical displacement attains some 15cm of
subsidence of the northern side, judging from the results of precise-
levelling (Tsubokawa et al., 1967). This value is smaller than the
maximum vertical displacement (about 30em) observed on the fissure
zones. This indicates that the ground surface tilted locally near the
fissure zones. The following consideration may explain the difference
of values. Because the fissure zones possibly dip to the north, as
observed in the bore hole drilled on F1, the northern hanging walls of
the zones may collapse or bend downward into the open fissures, re-
sulting in an additional apparent vertical displacement close to the fault.

5. Comparison with other observational data

In Fig. 14 seismicity is expressed in ten-day averages of the number
of felt earthquakes resistered at Matsushiro Seismological Observatory
(JMA in Fig. 4), and the fault displacement is represented by the
results observed at the Takehara station on F1. Correlation is obvious
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between the periods of high rates of displacement and periods of high
seismicity.

Repeated observations of crustal deformation in the epicentral area
include precise levelling (Tsubokawa et al., 1968), electro-optical measure-
ment of distance (Kasahara et al., 1968) and tilt measurement (Hagi-
wara, 1967). Maximum a-
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seismic peak and slight re-

versals in the subsequent period are particularly evident.

A vast amount of ground water, which was rich in calcium, natrium
and chlorine and oversaturated with carbon dioxide, welled out through-
out the fissured area and its surroundings for a few months after the
end of August (Morimoto et al., 1967; Kitano et al., 1967). This phe-
nomenon was also observed at existing springs as an increase in discharge
and as a change of chemical composition. Results obtained at one
such spring (Kasuga, 1967), located 2km northwest of Mt. Minakami at
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Kagai (Fig. 4) are shown in Fig. 14 as an example. The discharge
observed in 1966 has a single peak in mid-September, when the sense
of most of crustal deformations began to reverse. There are two
minimum in April and August when the seismicity attained its maximum
values.

6. Discussion

A prime peculiarity of the Matsushiro earthquake fault is that it
is associated with swarm-type earthquakes. Some of the characteristics
of the present fault may be attributed to this fact.

There has not been found any pre-existing significant fault in the
area of the present faulting from either topographic or geologic studies
(Matsuda, 1967). That the surface trace of the fault was double échelon
in a zone relatively wide compared to its length can be explained by
the newness of the fault. The fissured area might be regarded as an
embryonic form of a crushed zone of a fault.

The epicentral distribution of the Matsushiro earthquakes is evidently
controlled by the NE-SW geologic structure (Fig. 1), whereas the newly
formed fault has a direction of N 55° W, crossing the structural trend
at a right angle. Consequently, the number of earthquakes that are
directly related to the fault displacement is very limited (Fig. 13).

The characteristic focal mechanism of the present earthquakes is
of quadrant type, with maximum compressional axis N 80°~90° E,. ac-
cording to the studies ~of 87
larger shocks (Ichikawa, 1967)
and smaller shocks (PSOMESS,
1966, p. 1711). Consequently,
one of the nodal lines corre-
sponds to the strike of the fault.
East-west compression is com-
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Fig. 15. Relationship between cumulative
number of felt shocks and fault displace-

The August-September peak
in seismicity is characterized by
a high rate of crustal defor-

ment and ground tilting. . . .
g € mation, as was described in the

previous chapter (Fig. 14). Fig. 15 was prepared to show this relation
more quantitatively. The axis of seismicity denotes the cumulative
number of felt shocks since the beginning of 1966; the fault slippage
is the result obtained at station F1; and the ground tilting represents-
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the results of the E-W component of the water-tube tiltmeter (Fig. 14).
The whole period can be divided into three parts which are different
in the gradient of the curve, or “efficiency”. The second period,
August to September, has the highest efficiency. The change of the
efficiency from the first period to the second seems to be too sharp to
be explained in terms of a gradual change in the mechanical property
of the rocks in the focal domain, as might be expected by the ac-
cumulated effects of fracturing associated with the earthquakes. The
change seems rather to be related to differences in focal depth. The
average depth of hypocenters in the second period is shallower by about
1km than in the foregoing period (PSOMESS, 1966; JMA, 1968).

There seems to be some genetic relation between the abnormal
welling out of ground water and the tectonic processes, including the
seismicity and crustal deformation. The peak to the abnormal welling
in mid-September coincides in time not only with. the change of the
efficiency in Fig. 15, but also with the change in areal distribution of
seismicity. That is, the seismic activity almost ceased after that time
in the area along the fault (Hagiwara and Iwata, 1968), and the sense
of most of the crustal deformation reversed (Fig. 14).

Two alternative interpretations are possible: (1) the outflow may
be interpreted as the result of crustal fracturing, or (2) the water may
be a generator of the crustal deformations and earthquakes (Hagiwara,
1967; Nakamura, 1969b), as is supposed in the case of the Denver
earthquakes (Evans, 1966).

There are many hot springs in and near the present epicentral
area, which is favorable to the first hypothesis in that the existing
mineral water under compression in the subsurface flowed out through
the newly formed fault plane. On the other hand, the shallower focal
domain before the peak in the welling can be regarded as indicating
an upward migration of the pressure source of the crustal deformation,
which would favor the second hypothesis. The deep drilling now in
progress at Matsushiro might be expected to give an answer to the role
of ground water in the earthquakes.
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