HORIZONTAL STRAIN RATES OF THE
JAPANESE ISLANDS ESTIMATED FROM
QUATERNARY FAULT DATA

Sohei KAIZUKA and Toshifumi IMAIZUMI

Abstract Average rates of horizontal strain during the Quaternary in the Japanese Islands
are calculated from active fault data. Although the directions of the maximum compressive
strains are in harmony with those obtained from seismological and triangulation data, the
magnitude of the strain rates of shortening (mainly 107°~1078 /yr) is much smaller than that
obtained from triangulation data (mainly 1~2x1077/yr). An important factor in causing this
difference may be non-elastic shortening of the crust under compressional stresses.

1. Introduction

Data of uniform quality on all Quaternary active faults in Japan were presented in 1980
in the book entitled ‘Active Faults in Japan: sheet maps and inventories’ by the Research
Group for Active Faults (RGAF, 1980a), and a summary article of that book was also
written by the Research Group (RGAF, 1980b). Based on the data on Quaternary active
faults in the book, we calculated the average rates of horizontal shortening and extension
and their strain rates for the Japanese main islands and the borderland off the Japan Sea
coasts of Hokkaido and Honshu. The area covers the intraplate zone of the Japanese island
are exclusive of the subduction zone off the Pacific coasts of the Japanese main islands.

The procedure of the calculation is described in chapter 2, and the results obtained are
shown in chapter 3; in chapter 4 the results are discussed and compared with horizontal
strain rates obtained from seismological and geodetical data and from Quaternary folds.
In this introduction we give a short explanation of the book on active faults (RGAF, 1980a),
as the main source of basic data for this article.

In the book, all Quaternary active faults on land, recognized by the interpretation of
aerial photographs supplemented by geological maps and field surveys, are mapped at
1:200,000 and listed. Each fault is classified into one of three categories in terms of
certainty: (I) certain beyond doubt that the fault was active during the Quaternary;
(IT) though not definitely certain, it is possible to infer the sense of the displacement;
(IIT) the fault is a mere lineament suspected to be active during the Quaternary. For every
land fault in categories I and II, the following fault parameters are listed as much as possible:
degree of fault activity, fault length, strike, dip, fault trace feature, fault reference, age of
fault reference, fault displacement, average slip rate, and references. The degree of fault
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activity is classified as A. B, or C, on the basis of the average rate given by the amount of
displacement over time of a reference surface or a line: (A) for 10 — 1 m/1000 yr, (B) for
1 — 0.1 m/1000 yr, and (C) for 0.1 — 0.01 m/1000 yr.

Submarine active faults beneath the sea around the main islands of Japan, which were
recognized by the use of seismic reflection profiles, are mapped at 1:2,000,000. On this
map, submarine active faults are classified by height of fault scarp: more than 200 m and
less than 200 m.

Figure 1 represents the distribution of the active faults on land and beneath the sea based
on the book of active fault (the 4th printing (1981) of RGAF, 1980a). In this map, all
active faults on land in certainty categories I and II are shown in terms of their activity
(A, B, C, and unknown), and in terms of their fault type (dip-slip, right-lateral strike-slip,
and left-lateral strike-slip). Nearly all dip-slip faults in Figure 1 are thought to be thrust
faults except for some normal faults in central Kyushu (RGAF, 1980a; see Table 1).

The relation between the Quaternary active faults given by the book and destructive
earthquakes and earthquake faults, which occurred during the historical age, was studied by
Matsuda (1981) and Kakimi (1983), and a mutual relationship in spatial distribution was
found.

The outline of this article was read at the annual meeting of the Seismological Society of
Japan in 1981 (Kaizuka and Imaizumi, 1981).

2. Method of Calculation of Strain Rates from the Quaternary Active Faults

Directions of horizontal maximum shortening and setting of grids for the calculation of
strain rates

The directions of horizontal maximum shortening deduced from strikes and the type of
Quaternary active faults on land are represented in Figure 2 (a). They are in harmony with
trajectories of the horizontal maximum compressional stress directions shown in Figure
2 (b), which were deduced from various sources, i.e., dikes of Quaternary volcanoes,
mechanisms of earthquakes, and in-situ rock-stress measurements. Moreover, the directions
of maximum shortening deduced from the changes in horizontal angles of the first-order
triangulations (Fig. 11) show nearly the same pattern as that obtained from the active faults.
These facts indicate that the Quaternary active faults have been formed under stress condi-
tions similar to the present tectonic stress fields in Japan.

In order to calculate the rates of horizontal shortening and extension caused by active
faults and their strain rates, the large and small grids, whose sizes are 80 x 80 km? and
40 x 40 km?, were closely set without remarkable overlaps (small grids are used for the areas
where faults are dense and axes of maximum shortening are changing direction). At that time,
the boundaries of active fault provinces (Fig. 3 and Table 1, after RGAF, 1980b) were taken
into consideration, and at the same time, the upper and lower sides of a grid were set parallel
to the direction of the horizontal maximum shortening of the area (Fig. 4). Grid numbers
were assigned to each active fault province.

In the region off the Pacific coast of Japan, where the Pacific and Philippine Sea plates
have been subducted under the Eurasia plate, because of the lack of sufficient data with
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Fig. 1 Quaternary active faults in and around Japan (after the 4th printing (in 1981) of RGAF, 1980a).
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Fig.2 (a) Directions of the horizontal maximum shortening deduced from
Quaternary active faults on land (RGAF, 1980a).

(b) Trajectories of the horizontal maximum compressional stress direc-

tions deduced from various sources: Quaternary active faults, dikes

of Quaternary volcanoes, mechanisms of earthquakes, and in-situ

rock-stress measurements (Matsuda et al., 1978).
JT: Japan Trench, NT: Nankai Trough, ST: Sagami Trough.

regard to the slip rates of many faults, calculation of horizontal strain rates in that subduc-
tion zone was excluded from this study.

Calculation of horizontal strain rates

The procedure of calculating horizontal strain rates in each grid is shown in Figure 5.
Separate calculations are made for two fault types: dip-slip type and strike-slip type.
Dip-slip type (case I in Fig. 5)

First we measured the total length of each class fault (la,lb, Ic) in a grid (Figs. 5-(1) and
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Fig. 3 Active fault provinces of Japan.
JT: Japan Trench, ST: Sagami Trough, NT: Nankai Trough, JSB: Japan
Sea Basin. (cf. Table 1 for the nature of respective provinces). (RGAF,

1980a)

(2)). At this time, strikes of all dip-slip faults in a grid (except normal faults in the province
VIIb) were considered to be perpendicular to the direction of shortening — that is, in
practice, perpendicular to the upper and lower sides of the grid concerned — although some
faults are oblique to the direction of shortening within 30 degrees.

Next the total length of each class fault was transfered to the number of the normalized
A class fault (Np), the length of which is the same as the length of a side of the grid con-
cerned (Fig. 5-(3)). The faults whose activity is unknown were regarded as class B faults.
The number of class-unknown faults on land is about 10 percent of the total number of
active faults in certainty categories I and II. Submarine faults with scarp heights greater than
200 m and less than 200 m were regarded as class B and class C faults, respectively.

Then we calculated the rate of shortening (R™) or extension (R*) per year on the assump-
tion that the dip angle of every fault plane is 45 degrees (Fig. 5-(4)). This assumption seems
to be supported by the fact that dip angles of reverse faults in Japan, exclusive of large
thrust faults in the subduction zone off the Pacific coast, are mostly within 45£15 degrees,
according to the data on the mechanisms of shallow large earthquakes (e.g., Usami, 1975;
Wesnousky et al., 1982). Under this assumption, it is evident that the vertical displacement
or vertical strain rate of a thrust fault is immediately equal to the horizontal displacement or
horizontal strain rate of shortening. The dip angle of every normal fault is also assumed to
be 45 degrees. In the area in Figure 1, known active normal fault are few and short in length;
the distribution is restricted mostly to central Kyushu (active fault province VIIb, cf. Table
1).

Finally, we divided the rates of shortening or extension by the space of the grid con-
cerned (Fig. 5-(5)), and got the strain rates of shortening (€”) or extension (€"), respectively.
Strike-slip type (case II in Fig. 5)

The total length of each class of fault (La, Lp, Lc) was measured. This length was trans-
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Fig.4 Grids and grid numbers for calculating strain. The angle of the numeral
of each grid represents the direction of maximum shortening. Sizes of the
large and small grids are 80 x 80 km? and 40 x 40 km?, respectively.

ferred to the number of the normalized A class thrust fault (N5~) which dips at an angle of
45 degrees and strikes perpendicular to the upper side of the grid concerned, and the number
of the normalized A class normal fault (No¥) which dips at an angle of 45 degrees and strikes
parallel to the upper side of the grid concerned, under the assumption that every strike-slip
fault has a vertical fault plane; the angle between the strike of fault and the upper or lower
side of the grid concerned is 45 degrees, although real angles are varied within 45£15
degrees. From that number (Np), rates of shortening (R7) and extension (R*) were calcu-
lated, and then strain rates of shortening (¢”) and extension (¢") were obtained.
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Case I: Dip-slip Type
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Fig.5 Procedure of the calculation of strain rates.
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Table 2 Length of each class fault and strain rate in every grid.

Total length of each class of fault (km) NA Strain rate (x107%/yr.)
Province | Grid no. (Fig. 5(2)) (Fig. 543)) (Fig. 5(5))
in Fig. 3 |in Fig. 4 Dip-slip fault? Strike-slip fault ; Dip-slip :l Strike- | Extension : Shortening
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5 8 I I 1
E'ﬁ 12 I | 7 | \ 0.001 * | *
s g 13 1 | 0.014 02
22 14 | P23 I ! 0.003 1 .
0.82) 15 |8 | 35 [ ' 0.014 | ' 02
I S -___Alﬁi_'—_—__—____‘iir_-—__—.--1_—_¥“_r-_-__—__l _____
16 I | | £,
17 | s o4 | | ! 0.068 , 09
18 : K I | | L
19 | 86 1730 | | 0.111 * ; 14
20 |83 | 10 | | 0.105 | * 13
Ib 21 | 9 s I 0.012 102
2 (s o o4 : ! 0.069 | « | o9
23 a5 o | : ! 0.007 ! « ooy
2 L2 ® 19 ‘ ! 0.015 | « 02
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30 ro12 70 | \ 0.024 | * ., o3
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36 .22 ;21 | | 0.030 04
s 37 75 |2 \ [ 0094 o2
38 | 1551 515 (5) 1 6 | 0.265 ) 33
390017 285 @ 125 ' ' 0.473 : s
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44 | | | | \ * ; *
45 ' 104 | 50 , | 0.136 g
46 | 250 1141 | | 0.330 | + 0 a
47 89 109 ; | 0125 | 16
48 '110 1141 | | 0.155 | 19
49 | 147 ''s0 [ | 0.190 | 24
50 I 30 120 [ I 0.040 | i os
(246) | 1) | 29 | 68 .19 : | 0.920 | P o
52 I 96 : 31 | ! 0.124 ! | 16
53 | 106 , 68 X ’ 0.141 : . : 1.7
b 54 81 | 28 i I 0.105 * , 13
55 135 15 125 | i 0.066 | * ) o8
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) Total length of each class of fault (km)
!’rOV}nce 'Grid o, (Fig. 542)) ] NA Strain rate (x107%/yr.)
in Fig. 3 | in Fig. 4 Dip-slip fault! ' (Fig. 5<3)) (Fig. 545))
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Tot
Province | Grid no ol length 01‘]::1(:]1 class of fault (km)
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Total length of each class of fault (km) NA Strain rate (x107*/yr.)
province | Grid no. (Fig. 52)) (Fig. 543)) (Fig. 545))
in Fig. 3 | in Fig. 4 Dip-slip faultt Strike-slip fault Dip-slip  Strike- Extension: Shortening
LA E LB (unknown)E Lc LA :LB (unknown) : Lc fault?  slip fault e* : €
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Hybrid cases of dip-slip and strike-slip
When one fault showed both dip-slip and strike-slip components, it was regarded a pure
dip-slip or a pure strike-slip fault, on the basis of the larger component of displacement.

4

Shortening

@o (/o~/))</0‘9/y,.

e1
* <o

0 200K m

Fig. 6 Strain rates of shortening and extension estimated from the active
fault data.
Solid lines show the direction of maximum shortening and its strain
rate. Broken lines show the direction of maximum extension and its
strain rate. The area of each circle is in proportion to the magnitude
of its strain rate of shortening.
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Fig. 7 Frequency distribution of the value-known slip rates of active
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When both dip-slip and strike-slip faults were mixed in a grid, N values and strain rates
of shortening and extension were claculated, and, finally, sums of strain rates of shortening
(¢) and extension (€") were obtained as shown in Table 2" \m
S ¢

Then, based on these data in Table 2, Flguie 6 was drawn. P

Frequency distribution of slip rates and its use

According to the data in the book of active faults (RGAF, 1980a), values of average slip
rates are known for about 20 percent of the total active faults. Based on these known rates,
we made a graph of the frequency distribution of slip rates of active faults (Fig. 7), and
calculated the mean values of slip rates for each class of fault as shown in Figure 7. From
these mean values, it can be said that 3 mm/yr can be used as the value of slip rate for the
normalized A class fault (V4 in Fig. 5-(4)) instead of (10~1) mm/yr, as a rough approxima-
tion. Accordingly, the unit value of (10~1) x 107° for the strain rates in Figure 6 can be
replaced by 3 x 107°. In this way — that is, in practice, by multiplying the values of € and
€' (in Table 2) by 3 — distribution maps of strain rates of shortening and extension were
obtained (Fig. 8).
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Fig. 8 Distribution of horizontal strain rates of shortening and extension deduced from
the active fault data. Instead of (10~1) in Fig. 6, 3 is used for calculation.

3. Results Obtained by the Calculation

Distribution of horizontal strain rates of shortening

Strain rates of shortening in central Japan are greater than those of the other regions
(Figs. 6 and 8(a)). In the region connecting southern Kanto — Chubu — Kinki — northern
Shikoku (see Fig. 8(b)) for names of districts), the magnitude of the strain rates is from
1077 to 1078 /yr. It is especially great in central Chubu. In northern Kanto, Tohoku, central
to southern Kyushu, and northern Hokkaido, it is from 107® to 107°/yr, while in the
remaining regions it is 10™° /yr and smaller.

Distribution of horizontal strain rates of extension

In the zone connecting southern Kanto — Chubu — Kinki — Shikoku — central Kyushu,
the magnitude of strain rates of extension is 107® to 107 /yr (Figs. 6 and 8(b)). The region
having the greatest magnitude of extension, 1077 to 1078 /yr, is found in the central Chubu
mountains, where conjugate sets of NE-SW-trending right lateral and NW-SE-trending left
lateral strike-slip faults are closely distributed (Fig. 1). In southern Shikoku, southern
Kyushu, and Chugoku, the values of strain rates of extension are as small as 107 /yr. In
central Kyushu, strain rates of extension are greater than those of shortening (Fig. 6),
but the magnitude of the former is as small as 107° /yr. Normal faults in this area are short,
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and the degrees of fault activity are not high. In Tohoku and Hokkaido, the magnitude of
strain rates of extension is very small or nil, because of very low density or absence of both
normal and strike-slip faults.

Distribution of average rates of shortening

Figure 9(a) shows average rates of shortening along the eight bars, which indicate the
general directions of maximum shortening and also indicate the length (about 300 km
except for the bar in Kanto) from which the average rates of shortening are yielded by
compressions. The average rates were calculated generally from the data in four grids (in the
case of large grids) along the bars. From this figure, the average rates of shortening are as
follows: in central Honshu and southern Kanto, the rate is more than 5 mm/yr, but in other
regions, it is around 1 mm/yr.

Figure 9(b) shows the regional average of horizontal strain rates of shortening in each
active fault province. In provinces IV, V and VI in central Japan, the strain rates are as
large as 1 — 2 x 1078 /yr; in the province II, the value is 7 x 107° /yr. In other provinces, the
values are smaller than § x 107 /yr.

4. Comparison and Discussion

Our results shown in Figures 6, 8, and 9 are compared with other figures on the strain and
strain rate in Japan obtained by various methods, and some related discussions are given
below.

Figures 10(a) and (b) are the results obtained by Wesnousky et al. (1982) from the data
on shallow large earthquakes occurred during the last 400 years and from the data of
Quaternary active faults (RGAF, 1980a), respectively. In both cases, the rates of com-
pressive strain and crustal shortening are calculated by use of Kostrov’s (1974) formula,
relating seismic moment to strain, based upon the seismic moments of 400 years, earth-
quakes and the expected seismic moments by the Quaternary active faults.

From the comparison between Figures 9 and 10(b), it can be said that the figures on the
shortening and the strain rate are nearly the same, if the difference in the way of calculation
and the basic data is taken into consideration. Part of the reason that the average rate of
shortening in Figure 9(a) is slightly larger than that in Figure 10(b) is due to the difference
in the length of base lines and the difference depending on whether submarine active faults
are counted in or not.

Figure 11 shows the directions of horizontal maximum shortening and the rates of
maximum shear strain which were deduced by Sato (1973) from the changes in horizontal
angles between the first (in 1882—1909) and second (in 1948—-1967) triangulations. Nearly
the same result was obtained by Nakane (1973). The directions of maximum compression
are in good harmony with those deduced from active faults shown in Figure 2(a).

When we compare Figure 11 with Figure 8(a), taking the understanding that the value of
maximum compressional strain corresponds to 2/3 — 3/4 of the maximum shear strain
(Sato, H., personal communication) into consideration, the following may be said. In central
Honshu, strain rates are greater than those in the other regions of Japan in both cases, but
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13N (x10°%yr)

- Fig.9 (a) Average rate of shortening along the bar, showing the
maximum shortening direction and the length to be shortened
(about 300 km except in the Kanto area, where the rate value
2.8 is for the length to 150 km, and 5.6 for 300 km).
(b) Regional average of horizontal strain rate of shortening in each
active fault province (cf. Fig. 3).

the magnitude of strain rate is a little greater in the case of triangulations than in the case of
active faults. For northern Honshu, Hokkaido, and Kyushu, the magnitude from the triangu-
lations is mainly 1 — 2 x 1077 /yr, while that from the active faults is as small as 108 to
107°/yr; thus the difference is quite evident, especially in northewrn Hokkaido and in
Kyushu.

As is shown in Figure 10, in northern Honshu, average strain rate deduced from historical
earthquakes is about 10 times as great as that from active faults. Wesnousky et al. (1982)
gave the following explanations for this discrepancy: (1) Northeast Japan is largely overlain
by Neogene and Pleistocene sediments, and many faults may possibly remain unrecognized
because they do not completely break through the sedimentary cover; (2) offshore earth-
quakes, having caused a major amount of the moment release and crustal shortening in
northern Honshu, were taken into consideration in counting the strain rate, while offshore
active faults were not taken into consideration.

The average strain rate deduced from historical earthquakes in northern Honshu is
much smaller than the strain rate deduced from triangulations, as is shown in Figure 11.
Wesnousky et al. (1982) noted that because they measured only the permanent component
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Fig. 10 Regional averages of the rates of moment release, horizontal compressive
strain and crustal shortening calculated from the 400-year record of
seismicity (a), and those calculated from slip rates of active faults on land
using 5, 0.5, and 0.05 mm/yr as slip rates of A, B, and C class faults,
respectively. Principal directions of horizontal compressive strain and
shortening are denoted by dashed bars (after Wesnousky et al., 1982).

of deformation as accommodated by slip on intraplate faults (just like our measurement of
strain), the difference must be attributed to other strain processes. They also wrote that
(i) folding may account for part of the difference, and (ii) elastic compressive strain accumu-
lated during the interseismic periods of great interplate earthquakes may also in large part
produce the difference.

Quaternary active folds of N-S-trending axes are distributed in the western half of
northern Honshu along with N-S-trending active faults. This fold zone has been called the
Uetsu fold zone. From Figure 12, in which the rates of strain caused by Quaternary foldings
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are shown, it is evident that as far as the western half of northern Honshu is concerned, the
strain rate of shortening caused by the Quaternary foldings attains levels of 107 /yr in
places, much greater than the strain rate of shortening caused by the Quaternary faults.
It should be noted, however, that the folds having strain rates greater than 1077 /yr generally
have wavelengths less than 5 km (Kaizuka, 1968). From such rates of Quaternary folds and
the mode of the vertical crustal movements that make mountain ranges, which will be
mentioned later, the not-fault-related permanent strain (mainly non-elastic strain) seems to
be important in producing the difference between strain rates in northern Honshu (as is
shown in Figs. 9 and 11), granting that the elastic compressive strain accumulation during
the interseismic period may reach some significant amount (above-mentioned (ii)).

In Hokkaido and Kyushu, there is the same problem as in northern Honshu: that is,
what kind of strain process is the principal cause of the great difference between the strain
rates deduced from triangulations and those from active faults. Non-elastic strain accumula-
tion in the crust may be worth evaluating concerning this problem.

It6 and Huzita (1974) and Itd et al. (1976) treated the problem of mountain-building and
shortening of the crust under compressional stresses on the basis of (a) the tectonic history
of northern Kinki district in central Honshu and (b) the result of a long-term experiment on
the flow of granite under small stresses. In their treatment, the foundation folding, which

Rate of maximum shear strain

-7
8 1x 10/y|-
42"

1 ; I l
z@ 132 134° 136° 138° 140° 14IZ'

Fig. 11 Strain field of Japan deduced from the changes in
horizontal angles of the first-order triangulation
during the past ca. 60 years. Narrow fans indicate
the direction of maximum shortening and the
magnitude of the rate of maximum shear strain
(after H. Sato, 1973).

62 —



produced 500 m-high ranges and 500 m-deep basins during the past one million years
under the condition of isostasy, was explained by non-elastic deformation of the crust;
vertical thickening and horizontal shortening in the direction of horizontal compressional
stress. In this case, the horizontal strain rate of shortening is counted as large as 5 x 1075 /sec
(= 1.6 x 1077 Jyr) (cf. Itd, 1979).

The tectonic history of mountain-building in the Uetsu fold zone of northern Honshu
is simiar to that in northern Kinki district at least in the Quaternary period, although the
Neogene tectonic history of the two regions was quite different. In the Uetsu fold zone, the
uplift of mountain ranges during the Quaternary reached around 500 m (Research Group for
Quaternary Tectonic Map, 1973). Some of the mountain ranges in the fold zone have active
thrust faults of B class on both sides. Therefore, if it is assumed that the vertical slip velocity
of a B class fault is 0.3 mm/yr, the mountain growth during the Quaternary attains about
500 m. But in reality, such mountain ranges are rather few, and many have no thrust faults
at the foot. Such features suggest that the foundation fold accompanied by few faults is the
predominant mode of mountain-building in the Uetsu fold zone.

5. Conclusion

The following are the results obtained from our calculation on the average horizontal
strains and strain rates in Japanese main islands and the continental borderlands off the
Japan Sea coast from active Quaternary fault data, and from comparing our figures with
others obtained so far from other data and by other methods.

1) Average rates of shortening are more than 5 mm/yr in central Honshu and southern
Kanto, and around 1 mm/yr in other regions for about 300 km in the directions of max-
imum shortening.

2) Strain rates of shortening are of the order of 1078/yr in central Honshu, and of the
order of 107° /yr in other regions on the whole.

3) Strain rates of extension are of the order of 1078 /yr in the central Chubu district and
107° /yr or less in other regions.

4) Average rates of shortening and strain rates of shortening deduced from active fault
data are generally in harmony with those obtained from large shallow earthquakes over the
past 400 years.

5) The strain rates of shortening deduced from the changes in horizontal angles of
triangulation during the past about 60 years (mainly 1 — 2 x 1077 /yr) are much greater than
the figures we obtained, especially in Hokkaido and Kyushu.

6) The strain rates of shortening by active Quaternary folding in the western part
of northern Honshu, where the wavelengths are smaller than 5km, are as great as
1077 —107¢ fyr.

7) The strain rates of crustal shortening by foundation folding in Quaternary Japan seem
to be as great as 1 x 1077 /yr, in Kinki and Tohoku districts at least.

8) The fact that the strain rates of shortening in our calculation are much smaller than
those from triangulation data suggests that the not-fault-related permanent strain (mainly
non-elastic strain) is important in producing the difference, granting that the elastic com-
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Fig. 12 Distribution of the degrees of Quaternary active foldings and the
horizontal strain rates caused by them (after Kaizuka and Murata, 1969).
The values of degree of folding are transfered to the horizontal strain
rates based on the simple asumption shown in the figure.

pressive strains that have been accumulated during the interseismic periods of great
interplate earthquakes may produce a part of the difference; for the process of non-elastic

shortening of the upper crust, foundation folding or folding in general seems to be of
importance.
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