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1. Introduction

The Matsushiro earthquake swarm? which broke out at the beginning
of last August reached a culmination both in seismicity? and in the rate
of associated vertical and horizontal ground deformation® this April.
During the culminate period, four linear ground fissure zones which are
arranged en echelon in a narrow area were formed successively in the
epicentral area. The cracks and fissure zones seem to have resulted from
an underlying strike-slip fault. The inferred fault agrees well with the
one expected from focal mechanism studies of the earthquake swarm?
in the sense of its horizontal movement and also explains qualitatively the
extensional deformation of ground as revealed by electro-optical measure-
ment?.

This paper describes the ground cracks and fissure zones as in early
June, 1966 and gives preliminary results of measurements of the rate and
direction of opening of the ground cracks.

2. Surface geology of the fissured area

The four fissure zones are distributed in a narrow area, 0.3 km wide
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Fig. 1. Index map. Fissure zones are indicated by thick lines. Rectangle is the
area covered by Fig. 2. Thick lines indicated by arrows outside the rectangle are those
formed by slow landslide.

and 1.8 km long, lying north and northeast of the base of Minakami-yama
lava dome. The dome, which rises steeply above the surrounding lowlands,
lies almost directly over the epicentral area of the Matsushiro earth-
quake swarm (Fig. 1). Most of the fissured area is on the floor of the
broad valley, at the mouth of which the town of Matsushiro is situated.
The upper reaches of the valley are extensively covered by coalescing
alluvial fans while the lower portion extending to the Nagano basin has
a flat surface probably of back swamp of the Chikuma River.

Fig. 2 shows the geomorphology of the fissured area on a larger
scale. The area is underlain mainly by the coalescing alluvial fans (Fig.
7) formed between the Minakami-yama lava dome (hornblende bearing
augite-hypersthene andesite) and the highlands to the east and north which
are underlain predominantly by shale intruded by a complex of hornblende
porphyrite and fine grained diorite.”® The three older fans extending from

5) R. Mormvoro, I. Murar, T. Marsups, K. Nakamura, Y. Tsunrisir and S. Yosrripa,
“Geological Consideration on the Matsushiro Earthquake Swarm since 1965 in Central
Japan’’, Bull. Earthq. Res. Inst., 44 (196G), 423.
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Fig. 2. Distribution of fissure zones (Fi—F,). 1:fan, 2: talus slope, 3: mountainland,
blank: flat low land. a—ec: localities where horizontal movement of ground has been
measured. Cf. Fig. 7.

the east with slopes of as much as 10 degrees, consist of a muddy surface
layer a few metres thick overlying coarse rubbly fan deposits. On the
other hand, the alluvial fan of Fujisawa River just north of Minakami-
yama is gentler in slope ; it consists of gravelly deposits covered by surface
soil less than one metre in thickness.

The outline of the fans shown in figure 2 is easily recognized in the
field and on aerial photographs. The northwestern part of the mapped area
is a low flat flood plain that is utilized for paddy-fields (Fig. 7).

The maximum thickness of the underlying valley-fill deposits is esti-
mated at several tens to a hundred metres on the basis of topographic
consideration. The thickness of 57 m was measured by the electrical resis-
tivity method® along the N-S line through locality a of ¥, (Fig. 2).

3. Description of the Fissure Zones

The length, date of discovei'y of cracks and also dates when further
opening was observed and when our measurements began are listed in

6) K. Kawaba, “Electric Resistivity Measurement along and across a Ground Fissure
in the Matsushiro Area”’, Monthly meeting of E.R.I., May 24, 1966.




1374 K. NakaMmura and Y. TSUNEISHI

Table 1. The date of actual formation of the cracks is not certain but
would be earlier than the date they were found, except for F; which cuts
across a road 3 m wide and a farmer’s garden (Fig. 5). After cracks were
found, further opening was observed by naked eye and later by measure-
ments of displacements between reference marks set in cement on either
side of the cracks.

Table 1.
Date of

Name and locality of Length (

fissure zones ength (m) Find (1966) |Further opening observ- Beginning of

ed by naked eye measurement

F4,. Takehara 275 Jan. 21 end of Feb., Apr. 17 | Apr. 22
F,, Seseki 190 Apr. 17 // May 19
Fy, (Mulberry field) 100 Apr.25(17?)| Apr. 25 ~ May 17 May 19
Fy, (Ikeda shrine or

Tamayori-hime 65+ (150+)] May. 18 June 10

shrine)

The following features are common to the four fissure zones:

1) The zones are almost linear, they are a few to several metres in
maximum width, and they have nearly the same strike. They are ar-
ranged en echelon in an area extending in a N60°W direction.

2) Each fissure zone consists of short parallel cracks of 0.2 to 3m
long and 0.2 to 7em wide arranged en echelon in the respective fissure
zones. The angle between a fissure zone and component cracks is about
35° (Figs. 8 and 4).

8) The horizontal movement represented by individual fissure zones
is not a mere opening but includes a left-lateral component which is
apparently clear from the en echelon arrangement of constituent cracks
and is also demonstrated by our measurement. Dip slip component has
not yet been observed, except in the one case which is regarded as a local
disturbance.

4) Separation across cracks, density of component cracks, and hori-
zontal movement are largest in the central part of a fissure zone. On the
other hand, the ends of the fissure zones are comprised of only one or two
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cracks, the amount of dislocation being far smaller. This is best observed
at fissure zones Fy; and Fo.

5) Location of the fissure zones is apparently controlled by surface
geology. Zones Fy, F2 and Fs terminate at the western margins of alluvial
fans. Zone Fi is expressed only in surface soil on hill but does not extend
to wet low land.

6) Although the distribution of the fissure zones is controlled by
surface geology, their trend is nearly parallel to the maximum inclination
of the ground surfaces. Among the four fissure zones, Fy differs from the
rest in that it was formed across a low hill consisting of consolidated
Miocene shale and associated porphyrite whereas the other three are
formed on alluvial deposits.

122°

(FISSURED
AREA)

S

Fig. 3. Directions of individual cracks, four fissure zones, assumed fault (fissured
area) and measured movement direction of fissure zones.
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a. 1.
Fig. 4. a: Cracks arranged en echelon in mulberry field (). Scale (1 m) indicates
direction of the fissure zone. b: one of the widest cracks of 19, (Locality d). Width of

scale 16 mm.

IFig. 3 shows the direction of individual cracks, trend of the four
fissure zones, the inferrved strike of the underlying fault, and the direction
of opening movement.  The last of these is determinad from measurements
to be described in the next section.

4, Measurement of the rate and direction of movement

The dislocation and its rate along fissure zones have been measured
at five localities (a-e, Fig. 2). This report presents only the results at
locality a as they cover the longest time pericd and are representative of
those at the other localities. These will be deseribed in a later report.

Lecality a is nearly at the centre of zone F, where it intersects a
house and its garden (Fig. 5). The displacement in the fissure zone is
distributed among many cracks on the ground surface, but is concentrated
into one or a few eracks where the fissure zone cuts through concrete
slabs on the ground. Aleng four cracks (A, B, C and D; Fig. 5) on the
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concrete slabs, simple reference points were set up to measure the dis-
placement. Each of these comprises four points, being a few tens of
centimetres apart, so located that two are on the same side of the crack
(Figs. 6, 8 and 9).

0] 5 Ipm

L I I T T T 1

Fig. 5. Sketch map of locality a in Fig. 2. Stippled area: fissure zone, thick line:
cracks, hatched area: concrete slab, A~D: sites where the measurement has been
conducted. Rectangles are houses made of wood.

The concrete slab, on which A, B and C are situated, covers the whole
width of fissure zone Fi. The sum of measured displacements on A, B
and C, therefore, would represent the net movement in the fissure zone.
Because the slab on which D lies, covers most, but not all the width of
the fissure zone, the movement shown by the set D will represent only
part of the net movement in the zone.

At each set of four points, four distances were measured to the nearest
1mm between the points on opposite sides of the cracks. The rate and
direction of movement of the southern two points (I and II, Figs. 8 and
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9) relative to base lines connecting the northern two points of A and D
are shown in Figs. 8 and 9 for the period from April 22nd to June 6th.
As the amount of movement of B and C cracks during the period of our
measurement (B: May 20th-June 6th, C: April 22nd-June 21st) was so small
(on the order of a mm), the measurement at B and C are not presented.

These results show :—

1) The NW-SE direction of the movement is almost the same
during the observed period as was expected by the en echelon arrangement
of cracks in fissure zones.

The curves of displacement vectors are slightly concave northeast.
This is tentatively interpreted as the combined result of the change of
direction itself and local rotation of the concrete slab. Rotation of the
concrete slabs on both sides of crack A is observable even with the naked
eye.

2) The rate of movement is regarded as almost continuous and not
stepwise in time units of one day and with the precision of measurement
used. TFor shorter time units and with more precise methods, the move-
ment would probably be stepwise. This is suggested by the observation
that just after a greater earthquake a sudden opening of the crack was
noticed as shown in Table 1.

3) The amount of movement represented by set A (Fig. 8) is greater
than that by set D (Fig. 9), but the general tendency is quite similar.
This is what was to be expected, as stated earlier, because of the differing
widths of concrete slabs at the two localities.

4) The rate of movement has become progressively smaller. It was
1.40 mm/day at A and 0.87 mm/day at D toward the end of April, and in
June dropped off to one third and one half respectively.

5. Discussion

It appears difficult to attribute the formation of cracks and fissure
zones described in the previous sections to landsliding or simple ground
upheavals. The landslide hypothesis can not account for the direction of
fissure zones which is generally in the direction of the maximum surface
inclination.

In the epicentral area many cracks of greater dimension have been
formed that are associated with slow progressive landslides since the
beginning of the present earthquake swarm. Those at Nuruyu, 9.5km
NE of Minakami-yama, at Kagai and at Zozan (Fig. 1) are of this type.
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Fig. 8. Result of measurement of crack A (Fig. 5) in locality a of F,.
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Fig. 9. Result of measurement of crack D in locality a of Fi.

In the upper graphs (I) and (II) are horizontal displacement vectors of two
points referring to base line which connects another two points on the opposite
side of cracks. Two flat crosses indicate the possible range of error of each
point. Lower graphs show amount of movement of the points whose displace-
ment vectors are shown in I and II. Solid and open circles correspond to (I)
and (II), repectively.
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They are all parallel to contour lines and component cracks are not arranged
invariably en echelon. A hypothesis of simple upheaval does not adequately
explain the left-lateral strike-slip component of movement on cracks in
the fissure zones or the fact that the zones trend mainly in a WNW-ESE
direction (Fig. 3).

A third hypothesis, which seems most likely at present, is that there is
an active fault or a zone of faults in the basement rocks (probably Miocene
shale intruded by porphyrite-diorite complex) just beneath the fissured
area which has a component of left-lateral movement. According to this
explanation, en echolen arranement of individual cracks in a fissure zone
and the four fissure zones in the fissured area are regarded as shear
phenomenon reflecting movement of bed rock faults. They are comparable
to feather joints which are frequently observed in hard rocks which have
undergone differential movement. Also, the movement of the fissure
zones as described in section 4 must be intimately related to one or
more concealed bedrock faults. From the directions of the measured left-
lateral movement and separation of surface cracks, the inferred fault should
have a horizontal axis of maximum compression in an E-W direction.

The fault hypothesis seems to be more plausible when the results of
electro-optical measurement and of push-pull distribution of the present
earthquakes are taken into account. By the electro-optical measurement?,
the accumulated amount of N-S extensional strain from October, 1965
(Minakami-yama~ Sorobeku, Fig. 1) across the fissured area attained
0.8x107% in March, 1966. Actual fractures between the two stations
would be expected. Further, the direction of minimum compressive stress
as expected by the measurement is N-S, which is nearly the same as that
expected by the trend of the assumed fault. Push-pull distribution of
initial motion of the Matsushiro earthquakes®.® is quadrantal with the
horizontal maximum compressive stress axis in an E-W direction. One of
the two nodal lines which are thought to represent potential directions of
shear fracture at the hypocentre, nearly coincides with the fault direction
suggested by this study.

Thus, the stress system inferred both by the geodetic and first motion
studies is consistent with the fault hypothesis. If the Matsushiro earth-

7) K. Kasamara and A. OkADa, loc. cit., 4).

8) The Party for Seismographic Observation of Matsushiro Earthquakes and the
Seismometrical Section, loc. cit., 1).

9) M. Icrigawa and T. Isumkawa, Annual Meeting, Seismological Society of Japan, May
25, 1966.
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quake swarm keeps its activity, additional parallel faults with the same
sense of displacement and/or conjugate right lateral faults may possibly
be expected to occur in the epicertral area.

6. Concluding remarks

Four ground fissure zones a few hundreds of metres in length, which
were formed in the epicentral area during a culminate period of the
Matsushiro earthquake swarm, are best interpreted as a surface manifesta-
tion of new movement on an underlying strike-slip fault. Preliminary
result of measurement of the surface ruptures indicates left-lateral dis-
placement along NW-SE trending fissured area which corresponds closely
with the movement direction expected by geodetic measurements across
the area and with one of the nodal lines derived from first motion studies
of the earthquakes.

In conclusion the writers are grateful to Mrs. M. Saito of Matsushiro
for her help in making daily measurements of crack movements. They
are also indebted to Prof. T. Kimura, Assoc. Prof. T. Matsuda and Dr.
G. Plafker for their critical reading of the manuscript. Part of the
present study was supported by a grant given by the Ministry of Education.
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