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Abstract: Magnitude-frequency relation for the displacement of minor faults is examined in
several cases in which the faulting conditions, such as stress state, sense of fault-slip, ductility of
materials etc., are different from each other. In every case the number N of the faults with throw
between T and T + dT is expressed approximately as N(T)dT = KT-"dT, or, log N(T) =
k — mlog T, where K, k and m are the numerical constants. Values m fall into a wide range of
1.3 to 2.4 for minor faults developed in the Neogene strata of the South Kanto district.

The coefficients K and % are the function of area and density of fault displacement related
to the intensity of regional deformation. The exponent m indicates the spectral structure on
the magnitude of fault displacement related actually to the tectonic conditions in the faulted
region, such as the homogeneity of mechanical structure, stability of stress field, sharpness of
regional deformation, etc.. The variation in m-values obtained is likely to refrect well the
differences in tectonic conditions in the observed region.

Since the throw in each fault is a result of repeated slips, N-T relation may vary with time
corresponding to the degree of progressive deformation. In the earlier stage of faulting, m will be
large in value for both sets of a conjugate fault system. In the more matured stage, either one of
the two sets will become predominant so that its m-value will decrease, whereas m of the other set
will remain at the earlier stage. Thus, the magnitude-frequency relation for fault displacement
expressed by the above equations is useful for estimating the regional and temporal variations in
tectonic conditions. ,

bear the “major” portion of deformation, even
if they are few in number. However, since the
minor faults are much abundant in number

1. Introduction

Minor faults whose displacement is meso-
scopic in scale, on the order of millimeters to a
few meters, have long been investigated in
detail mainly in order to ascertain the stress
Jield and tectonic conditions such as strength of
materials, ductility, depth from the ground
surface, etc., under which these faults were
generated. On the other hand, quantitative
studies on strain distribution using minor faults
have been scracely found in spite of their im-
portance as well. Minor faults tend to be
thought that they are of minor contribution for
regional deformation of rocks as compared with
“major faults” which have been considered to
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than the major faults, accumulated amount of
displacement by the minor faults should never
be negligible as compared with that by the
major faults.

In this viewpoint, the present writer and his
collaborator (Kakmr and Kopama, 1974)
treated statistically the distribution (spectrum)
of displacement in minor faults having normal-
slip sense observed in a certain area, and
proposed, as a first. approximation, following
formulae for representing the frequency of
faults as a function of their displacement;

N(T)dT = KT ~™dT, (1)
or

log N(T) =k —mlog T. (2)
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In these equations the number of faults with
displacement (downthrow, in this case) be-
tween 7 and T + dT is denoted by N(T)dT,
while K, k (= log K) and m are constants. They
pointed out that Eq. (1) takes the same form
with the well-known Ishimoto-Iida’s (1939)
formula expressing the frequency distribution
of earthquakes in respect to maximum trace
amplitude a recorded at a certain station, by

n{a)da = ka™"da, 3)
where n{a)da is the number of earthquakes
having a maximum trace amplitude @ to a +
da, and k£ and m are both constants. Ishimoto-~
Iida’s formula is closely related to Gutenberg-
Richter’s formula, the most widely used one for
representing the magnitude-frequency relation
of earthquakes expressed at first by GUTENBERG
and RicaTeR (1944) as

log n(M) = a — bM. 4)
In this equation the number of earthquakes
with magnitude between M and M + dM is
denoted by n(M YdM and a and b are both con-
stants. Under some reasonable assumptions
(Asapa et al., 1951), Eq. (3) is equivalent to
Eq. (4) in which the coefficient b is connected
with the exponent m by the equation

m==b+4+ 1. (5)

The physical meanings of these formulae
and of the exponent m and coefficient b were
discussed by Moac1 (1962) based upon the re-
sults of laboratory experiments on the fractur-
ing of various materials. In his papers it was
deduced that the magnitude (amplitude)-fre-
quency relation of elastic shocks accompanying
brittle fractures of heterogeneous materials de-
pends both on the structural states of materials
and the stress states in the medium, and that the
exponent m increases with the degree of hetero-
geneity and that of the spatial variation in the
stress distribution.

Nacumo (1969) discussed the physical mean-
ings of Ishimoto-lida’s formula (Eq. 3) from the
viewpoint of theoretical relation between de-
formation and fracture. He pointed out, under
some reasonable assumptions, that the power
function representation of Ishimoto-lida’s for-

mula is due to the same representation for the
spectrum of plastic deformation of the medium,
and the exponent m indicates the sharpness of
the spectrum of the deformation.

In the previous paper (Kaxmi and Kopama,
1974) a field example on magnitude-frequency
relation of fracturing was first exhibited. How-
ever, the relation was examined only on a
specified field and, therefore, discussions on the
significance of Eq. (1) stayed in the preliminary
state. In the present paper the magnitude-
frequency relation of faulting is examined on
various types of minor faults including those -
treated in the previous paper. Then, it is shown
in this paper that Eq. (1) is a common formula
expressing the strain distribution in a faulted
area. The significance of the exponent m against
the fracturing and deformation of an area are
also dealt with.

2. Geologic and Tectonic Frameworks
and General Aspect of Minor Faults Used
for Analysis

Minor faults which the writer treated in the
present paper are those developed in Miura and
Boso Peninsulas, South Kanto district. General
geology and geologic structures of the field are
shown schematically in Fig. 1.

The Upper Miocene Miura Group, probably
including the Lower Pliocene strata, is mainly
composed of siltstone, sandstone and the alter-
nation of them which are intercalated with thin
layers of tuff. The uppermost part of the Group
is composed of medium- to very coarse-grained
sandstone of volcaniclastic materials such as
pumice, scoria, lithic fragment, etc.

The Kazusa Group, Late Pliocene to Early
Pleistocene in age, overlies the Miura Group
with slightly oblique unconformity which are
well known as the Kurotaki Unconformity. The
Group is composed of volcaniclastic rocks in the
basal part and of siltstone, sandy mudstone,
well-sorted sandstone and the alternation of
them in the main part. Thin tuff layers are
also intercalated in the Group.

In both Groups siltstone and sandy mudstone
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Geological and tectonic sketch map of the South Kanto District (after MrTsuNasH,

1. Shimosueyoshi and Narita Formations, 2. Sagami Group, 3. Upper Kazusa Group,
4. Middle Kazusa Group, 5. Lower Kazusa Group, 6. Miura Group, 7. Hota Group, 7a.
Hota Group in subsea areas, 8. Mineoka Group.

Insert is an index map in which A, B, C and D denote areas treated in the present paper
as CASE-A, -B, -C and -D respectively. A’ denote the site near Onjuku where the fault

density was examined.

are moderately consolidated while well-sorted
sandstone is scarcely consolidated.

The structural trend of the upper Neogene
and lower Pleistocene in the area is generally
E-W as shown in Fig. 1. In this area, minor
faults are developed as well as the faults of
larger displacement. They are classified into
several (six or more) fault systems on the basis
of parallelism of fault-plane direction, mode of
occurrence, successive relationship, etc. Using

these fault systems the writer (Kakmr, 1974)
had clarified the temporal change in tectonic
stress field since the latest Neogene to Quater-
nary in the area. Of these faults, those belong-
ing among two systems, one of which is the
Younger Normal-Fault System and the other is
the Older Reverse-Fault System, both named
by Kaxkmr et al. (1966), are most widely and
commonly found over both Peninsulas.

Faults of the Younger Normal-Fault System,
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which the writer call hereafter the Younger
Normal Faults, have strikes of approximate
N-S and dip steeply toward E or W. It is
considered from the conjugate relation of these
faults that they were formed under a stress field
where the axis of maximum tension lies nearly
horizontal but dips gently toward E or W in
locally. Small shear angle, 30° to 50° in general,
and open slip-plane of these faults suggest that
they had occurred under a brittle condition,
probably at shallow subsurface depth.

Faults of the Older Reverse-Fault System,
called here the Older Reverse Faults, have
general strikes of E-W or WNW-ESE and slip-
planes showing reverse separation. The fault
surfaces are closed and lithified to the same
degree as the surrounding rocks. When these
faults are found in conjugate relation, shear
angles are very large, sometimes exceeding 90
degrees. Fault drags are observed occasionally.
All these characteristics suggest that the Older
Reverse Faults had occurred under more ductile
conditions than those under which the Younger
Normal Faults were generated.

The Older Reverse Faults which are inferred
to be generated during the Late Pliocene and
Early Pleistocene are always cut off by the
Younger Normal Faults generated probably
during the Middle Pleistocene.

Fault examples which are treated for analysis
in this paper belong either of two systems
mentioned above as follows:

CASE-A: Younger Normal Faults in the
eastern part of Boso Peninsula.
Younger Normal Faults in the
northern part of Miura Penin-
sula.

Younger Normal Faults at the
southern tip of Miura Peninsu-
la.

Older Reverse Faults in the
northern part of Miura Penin-
sula.

CASE-B:

CASE-C:

CASE-D:

In every case treated here, the fault data were
collected in former times by various investiga-
tors including the present writer mainly for the

purpose of obtaining the information on stress
conditions but not strain conditions. Therefore,
as to the amounts of displacement, the col-
lected data are not always strictly statistic (uni-
formly random). Especially on the range of
fault-displacement less than ten centimeters the
sampling number may be insufficient statisti-
cally as compared with the number of faults
with larger displacement. A more correct (sta-
tistic) sampling was once carried out at a small
area, as will be shown in the following section.

3. Frequency Distributions of Faults in
Respect to Throw in the Several Cases

1) CASE-A: Younger Normal Faults in the
eastern part of Boso Peninsula

The Younger Normal Faults which are pre-
dominantly developed in this area were investi-
gated in detail by Kinucasa et al. (1969) at the
coastal district and by the Minor Fault Re-
search Group (MFRG, 1973) at the district
around Otaki Town. From the conjugate rela-
tion of faulting, it is known that these faults are
almost purely of normal-slip type having
scarcely the strike-slip component.

In addition to the minor faults, the ‘“major
faults” of normal-slip sense whose range of dis-
placement is from several meters to a hundred
meters are well developed in the present area.
They are represented well in precise geological
maps prepared by Koike (1955), MITsuNASHI
et al. (1961) and Ismrtwapa ¢t al. (1971) and are
schematically shown in Fig. 2. From the paral-
lelism of the fault-plane direction and the
similarity of fault occurrences, the major and
minor faults are considered to be formed to-
gether under the same stress field. Of these
major faults arranged in conjugate relationship,
the faults which dip toward east tend to develop
more frequently than those dipping toward
west, and therefore this area is subsided grad-
ually eastwards as shown in Fig. 3.

Using the data on downthrow® of the minor

1 Vertical component of normal separation is conventionally
called downthrow in this paper.
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Fig. 2 Distribution of the “major” faults in the eastern part of Boso Peninsula (after MFRG,
1973). Numerals represent the amount of downthrow in meters. W: westside-down-
thrown fault, E: eastside-downthrown fault.

faults obtained by MFRG (1973) shown in
Table 1, graphs on the distribution of the num-
ber N of faults with magnitude of throw between
Tand T + AT (AT is 10 cm in this case) are
made up as shown in Fig. 4, which is prepared
for each of the eastside-down and the westside-
down thrown groups of the conjugate fault
system and their sum. As a first approximation,
relation between log N (T') and log T seems

to be expressed as a linear function, and there-
fore N seems to be expressed by a power-type
distribution such as

N(TYdT = KT ~"™dT, - (1)
or

log N(T) =k — mlog T, (2)
where K, k£ (= log K) and m are constants.
Using the least squares method £ and m are
calculated within the range of 10 cm < 7" < 300
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Fig. 3 Schematic profiles showing eastward subsidence due to the
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“major faults” (after

MFRG, 1973). Profile lines are shown in Fig. 2.

cm, and the regression lines are drawn as in
Fig. 4.

It is noticeable that the differences among
three m-values are fairly significant, whereas
k-values are not significantly different between
the eastside-down (E-down, for simplicity) and
the westside-down (W-down) fault groups. Fig.
5, which is made up from the data on Table 1,
is a graphical representation of the cumulative

amount of displacement i N(T)-T per 10 cm
=0

interval of throw T for the E-down and W-
down groups and the sum of, and the difference
between them respectively. From this figure
and above k- and m-~values, it is deduced thatin
the minor faults the E-down group tends to
occur more frequently than the W-down one
and that the larger is the fault slip, the more
marked the tendency. When we compare Fig.
5 with Fig. 3 this tendency is likely to exist in
the major faults as well.

On the process of calculating k- and m-values
and drawing the best-fit lines, frequency data of
throw smaller than 10 cm (plotted as triangle
marks in Fig. 4) are omitted because of statistic
insufficiency of sampling as mentioned above.
A more strict sampling was carried out by the
writer along a road near Onjuku (A’ in Fig. 1),
slightly outside of the area studied by MFRG
(1973). The road is about 1,000 m long and
515 m of it is composed of road-cut walls where
the minor faults are entirely observable. The
trend of road is nearly NW-SE and is roughly
perpendicular to the strike of the Younger
Normal Faults. At these walls, faults of which
the downthrow (vertical separation) is larger
than one centimeter are wholly collected so
that the density of fault development can be
calculated. From the data shown in Table 2
k- and m-values are calculated for the sum of
the E-down and W-down faults as shown in
Fig. 6. In this calculation, frequency data on
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faults whose throw is larger than | cm are all  enough for the faults with throw larger than
included. It seems clear that, when we collect one centimeter. It is likely that the deviation of
samples statistically, the m-value is applicable frequency N against the throw range of smaller

Table 1 Frequency distribution of minor faults in Table 2 Frequency distribution of downthrow for the
CASE-A with respect to downthrow. Data in minor faults of Younger Normal Fault Sys-
parentheses are not included for calculation tem observed at a road-cut wall, near Onju-
of k- and m-values. ku.

Eastside- | Westside- E-side- W-side-
Throw (cm) down down Total Throw (cm) down down Total
Group Group Group Group
T< 10 (131) (124) (255) 1<T< 10 54 43 97
10<T < 20 70 59 129 10<T < 20 11 12 23
20<T < 30 34 30 64 20<T < 30 10 10 20
30<T < 40 23 26 49 30<T < 40 0 2 2
40<T < 50 17 8 25 40<T < 50 1 2 3
50<T < 60 11 10 21 50<T < 60 1 1 2
60<T < 70 14 "2 16 60<T < 70 1 1 2
70<T < 80 10 6 16 70<T < 80 0 0 0
80<T < 90 2 80T < 90 0 0 0
90<L T <100 1 3 90< T <100 2 0 2
100< T <150 25 11 36 100< T <150 1 2 3
150< T <200 6 3 9 150<T <200 1 0 1
200< T <250 14 6 20 200< T <250 1 2 3
250< T <300 3 2 250< T <300 1 1 2
300<T <350 7 0 7 300< 7" <350 0 1 1
Total 374 290 664 Total 84 7 | 161
350<T € M ®) 350<T 2 (V) @)
Ground Total 378 291 669 Ground Total 86 77 163
1000 1000F 1000
NE NE NE
L E—SIDE DOWN F W—SIDE DOWN 3

k=3.52 [ k= 3.86 i a
m=1.39 m=1.73
100F

100F 100

i FITT! B N b el Nl S NI LI I
10 100 - 1000 10 100 » 1000 E 10 100 1000

T (cm) Tem) o L T (cm)

—T T

Fig. 4 Relations between the throw T and its number N(7') for the minor faults in CASE-A.
Solid triangle mark represents the number of faults having throw smaller than 10 cm,
which is excluded for calculating k- and m-values.
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Fig. 5 Cumulative curves of displacement against throw for the minor faults in CASE-A.

than 10 cm from the regression lines in Fig. 4 is
not due to a real change in characteristics of
these smaller faults but merely due to insuf-
ficiency of sampling. As for the faults with throw
smaller than one centimeter, however, the
frequency N does not increase but tends to
decrease as far as the writer observed at this
site.

2) CASE-B: Younger Normal Faults in the
northern part of Miura Peninsula

In this area including Zushi and Yokosuka
Cities and Hayama Town, the stress field and
other tectonic conditions related to faults of
this system had been investigated by Kaxmx
et al. (1966). The shear angles obtained from

the conjugate faults are very small, 32° on an
average value. This and other modes of occur-
rence imply that the Younger Normal Faults in
this area were generated under more brittle
state than those in CASE-A. Among three axes
of principal stresses obtained, the direction of
the maximum tension axis is comparatively
stable and indicates around WNW-ESE direc-
tion. which is parallel to the general structural
trend of Miura Peninsula. Besides; it gently
plunges toward east and west in harmony with
undulation of the longitudinal structural trend
(Kagmr et al., 1966). Directions of other two
principal axes are, however, rather unstable
and tend to rotate about the axis of maximum
tension. From these stress distributions the
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writer (Kaxkmi, 1975) pointed out that the Table 3 shows the frequency of faults at
Younger Normal Faults in this area had oc- every interval of 10 cm in throw. Fig. 7 and Fig.
curred as a special type of the conical faults 8 are prepared from the data on Table 3 under

under some unstable stress conditions. There-

Table 3 Frequency distribution of minor faults in
CASE-B with respect to downthrow. Data in
parentheses are not used for calculation of -

fore, the net-slip of these faults is purely of
normal-slip in some places, but in other places

it has large component of strike-slip. and m-values.
E-side- Wh-side-
1000 — Throw (cm) down down Total
- Group Group
b o T< 10 (218) (237) (455)
o m=1.41 10<T < 20 125 180 305
20<T < 30 41 68 109
100 30<T < 40 30 32 62
= 40<7T < 50 25 41 66
C 50<T < 60 20 20 40
r 60T < 70 13 8 21
i 70<T < 80 8 8 16
10 80<T < 90 2 6
C 90T <100 2 4 6
" 100<T <150 12 29 41
150< T <200 5 7 12
el Loy I |
1k t5 85 o 200< T <250 4 4 8
C ° 250< T <300 0 1 1
- 300< T <350 1 2 3
i 350< T <400 0 2 2
0.1 L Total 508 645 1,153
Fig. 6 Relation between the throw T and its number 400<T (12) ©) (19)
N(T) for the Younger Normal Faults ob-
served at road-cut walls near Onjuku. Ground Total 520 652 1,172
1000 1000 1000
v | a w-s1E DOWN N [ E-sIDE powy N f
i k=4.79 r R k=5.03 i N
m=2.07 m=2.28
100 |- 100} 100
10 10 10
LE ST E RN ' 15 100 \e 1000 *
T (cm) ' T (cm)
0.1 t 0.14 ° o 0.1L

Fig. 7 Relations between the throw T and its number'N (T) for the minor faults in CASE-B.
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Fig. 8 Cumulative curves of displacement against throw for the minor faults in CASE-B.

the same processes as in CASE-A, and calcu-
lated £- and m- values are shown in Fig. 7. As
clearly shown in Table 3 and Fig. 8, both fault
frequency and accumulated amounts of throw
for the W-down faults are larger than those for
the E-down faults. The m~value of the E-down
faults in this case is significantly larger than that
of the W-down faults, contrary to the CASE-A.
These may suggest the opposite mode of de-
formation by faulting between Boso and Miura
Peninsulas.

3) CASE-C: Younger Normal Faults at the
southern tip of Miura Peninsula

At the uplifted abrasion platform around
Jogashima Island located at the southern tip of
Miura Peninsula, minor faults belonging to
some of four systems are developed abundantly
in the alternation strata of mudstone and vol-
caniclastic sandstone of the Miura Group.
Among them the Younger Normal Faults are
the most predominant.

According to Kopama (1968, 1974) the
Younger Normal Faults are of comparatively
large downthrow, the largest amount of which

is up to 3.5 m at a platform observed, and of
thick shear zone composed of many sheets of
smaller fault plane. They sometimes are
branched-off and separated to several faults of
smaller slip and are re-connected to a single
fault of larger slip and thick shear zone. These
suggest that faulting had progressed repeatedly
even in minor faults. In this district, the W-
down group is more predominant in number as
well as in amount of throw than the E-down
one. The shear angle is about 40° in an average
value which is similar to that in the CASE-A.
Relation between frequency and magnitude
of throw of the Younger Normal Faults is shown
in Fig. 9 which was prepared by Kopama
(1974) for those developed in Jogashima Island
and Misaki district. k- and m-values are shown
in Fig. 9. The m-value for the W-down faults
seems to be significantly smaller than that for
the E-down faults. This result is compatible
with that the W-down faults are more predom-
inant than those of the opposite sense, as
mentioned above. Fig. 10 is another expression
of the predominancy of the W-down faults over
the E-down faults, and the mode of deforma-
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1000E 1000 1000F
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Fig. 9 Relations between the throw T and its number N (T) for the minor faults in CASE-C

(redrawn from Kopama, 1975).
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Fig. 10 Cumulative curves of displacement against throw for the minor faults in CASE-C (after

Kobawma, 1975).

tion in this area.

4) CASE-D: Older Reverse Faults in the northern
part of Miura Peninsula

The area in which the Older Reverse Faults
are frequent and the area where the Younger
Normal Faults treated in CASE-B occur, just
overlap to each other. This area is situated
tectonically on the northern limb of the Ha-
yama Uplift Zone. The stress field and other

tectonic conditions related to these faults were
studied by Kaxmi ¢t al. (1966). Most of these
faults have general strike of E-W to NW-SE
and are divided into the northside-up and
southside-up groups forming a conjugate fault
system, but partly, especially at the northern-
most part, they have variable strikes and make
up a conical fault system of R-W type (Kaxkmi,
1974). Thus, considering the existence of conical
faults in part, the axis of maximum compression
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1000 1000F
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1 Relations between the throw T and its number N(T') for the minor faults in CASE-D.

Table 4 Frequency distribution of minor faults in
CASE-D with respect to upthrow. Data in
parentheses are not included for calcula-
tion of k— and m-values.

. Southside- | Northside-
Throw (cm) up Group | up Group Total
T< 10 (85) 87 (172)
10<T< 20 81 83 164
20<T < 30 51 59 110
30<T < 40 20 27 47
40<T < 50 18 22 40
50<T < 60 13 17 30
60T < 70 6 9 15
70<T < 80 3 3 6
80T < 90 3 9 12
90<L T <100 4 2 6
100< T <150 5 13 18
150< T <200 3 1 4
200< T <250 4 0 4
250< T <300 0 2 2
300< T <350 0 0 0
350< T <400 0 1 1
Total 296 335 631
400<T ) @ ®)
Ground Total 298 339 637

indicating nearly N-S is relatively stable but
the other principal stress axes are rather

unstable.

Table 4 and Fig. 11 show the frequency dis-

tribution of upthrow® in the Older Reverse
Faults. On the occasion of calculating m~ and
k-values, frequency of faults whose throw is
samller than 10 cm is not included because the
data which are plotted on Fig. 11 by solid
triangle marks deviate distinctly from the best-
fit lines. However, since in this case the number
of faults whose throw is in the range 10< T' < 20
cm seems to be also less sufficient, such large
deviation in smaller faults may not be merely
due to insufficiency of sampling as examined
in CASE-A, but may be attributed to an es-
sential characteristics of the faulting in this
system.

As shown in Table 4, the northside-upthrown
(N-up) group is slightly larger in number than
the southside-up (S-up) one. This tendency is
represented also in Fig. 12 which shows cumu-

lative displacement ZT: N(T)+T per 10 cm in-
=0

terval of throw T for the N- and S-up groups.
These are incompatible apparently with that
this area is situated on the northern limb of the
Hayama Uplift zone where it is expected that
the southside-up movement is predominant.
However, since the collected data are not
strictly statistic, it is not affirmed whether these
differences in number and cumulative displace-
ment are really significant or not. In so far as

2) Vertical component of reverse separation is conventionally
called upthrow in this case.
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D(TYdT =N(T)TdT =KT ~™*14T. (6)
In this equation, if m is larger than 1, total dis-
placement D becomes smaller with the increase
in throw T. When m is equal to 1, D will be a
constant value regardless of the amount of 7.
z gn) And, if m is smaller than 1, D becomes larger

200+

N + S

1504

N-UP

100+

504

T (m)

Fig. 12 Cumulative curves of displacement against
throw for the minor faults in CASE-D.

m-values shown in Fig. 11 are concerned, there
are no significant difference between N-up and
S-up groups of these faults.

4. Discussions

1) An approach to the quantitative estimation of
crustal deformation by fault slip

Equation (1) or (2) can be regarded as a
consequence of representing the spectrum of the
crustal deformation borne by faulting. If the
empirical Eq. (1) holds good throughout a
throw-range in question, we could estimate the
distribution of crustal deformation of the given
area more or less quantitatively. The total dis-
placement D of which the magnitude of throw
(displacement in each fault) is between 7" and
T + dT can be written from Eq. (1) as

with the increase in 7. Since m-values are
always larger than 1 for the cases treated in this
paper, the mode of crustal deformation may
be such that the total amounts of displacement
by larger faults are rather smaller than those by
smaller faults so far as we use the equal inter-
vals for throw scale. It is interesting that this
result is quite similar to the relation of total
seismic energy annually released to each energy
level which was pointed out by Asapa et al.
(1951) as

N (E)EdE = const. X E~°*dE, (7
where N(E)E is the total energy annually re-
leased in shallow earthquakes having the energy
between E and E + dE. Thus we can say from
Eq. (7) that the annual total energy becomes
smaller with the increase in E, if the earth-
quakes are classified at equal intervals of energy
scale.

From Eq. (6) it is deduced that the ac-
cumulated amount of displacement % D

T=T:
(T)dT of which the range of throw is between

T, and T, is expressed as

T, T,
Z D(TYdT = Z N(T)TdT,
T=T, T=T, '

or

T T,
j D(T)YdT = j KT —m+gT
T, T,
=CX [T (Tx0), (8

where C is the numerical constant and equal to
K|/(—m + 2).

Fig. 13 represents the curves of cumulative

Tz
displacement Y, D against T, for variable m-
T=T:

values when both C and T, are equal to unity.
As shown in Fig. 13, if m is larger than 1, the
curves are convex upwards. Therefore, the rate
of increase in cumulative displacement 3 D
becomes smaller with the increase in 7. Since
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m=0.5

m=1.0

m=1.5

m=2,0

m=2.5
m=3.0
m=4.0

T T T T T
6 7 8 9 10

T

Fig. 13 Curves of cumulative displacement i‘z D against throw T, for variable m-values
7=l

when C and T, in Eq. 8 are put as unity.

m is larger than 1 in all cases treated in the pre-
vious chapter, the curves of cumulative dis-
placement actually measured are convex up-
wards as shown in Figs. 5, 8, 10 and 12. Thus, if
Eq. (1) holds for all the ranges from the smallest
to the largest throws, we could estimate the
whole displacement in a certain area surveyed,
so far as m- and k-values can be obtained with
accuracy. In practice, however, it would be
difficult to obtain -value of Eq. (1), because &
is a value concerned with the density of fault
development which is apt to vary from place to
place.

In the eastern part of Boso Peninsula de-
scribed in CASE-A, the amount of displace-
ment of the major faults, the throw of which is
larger than 10 meters, is well known by detailed
geological surveys (MrrsuNasur ef al., 1961;
Ismrwapa et al., 1971). The accumulated a-
mount of vertical displacements Y D at A-A’
line in Fig. 2 is about 650 m for the E-down
fault group and about 150 m for the W-down
one respectively, and the difference between
both groups, namely, the amount of eastward
subsidence, is about 500 m as shown in Fig. 3.
Assuming that m-values, my (= 1.39) and my
(= 1.73) for the E-down and W-down fault
groups obtained from the minor faults, hold as

well for the major faults of which the throw-
range is between 10 m and 100 m¥, we can
estimate C-values from the following equations

as
100m

Z D(T)dT = Cg[100™™e*2 107met?]
T=10m
= 650 (m)
and
100m

Y D(T)dT = Cyu[1007mw*2 10~ mw 1]
T=10m

= 150 (m),

where Cy and Cy, are C-values in Eq. (8) for E-
down and W-down faults respectively. Con-~
sequently, the total amount of displacement
both by minor and major faults can be obtained
using these C-values. In the case of A—A’ line
in Fig. 3, the differential amount of regional
displacement obtained by subtracting the a-
mount of cumulative displacement of W-down
group from that of E-down group is about 500
m in the sense of eastward subsidence. The
total amount of horizontal stretch due to normal
faulting among A-A’ line, about 20 km in
length, will be about 400 m which is obtained
from the operation of following equation

3 As shown in Figs. 2 and 3, the maximum amount of
downthrow is approximately 100 meters in both E-down
and W-down fault groups treated here.
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Fig. 14 Curves of ratio R of the cumulative displacement for the smaller faults to that for the

larger faults against m-value.

100m
cot 0 |: 2

00m
D(Tg)dT + IZ D(Tw)dT],
T=T0m T=10m
(9)

where T and Ty mean throws of E-down and
W-down fault groups respectively, and 6 is the
mean angle of fault dip which is 70° in this
case.

If m-value is assumed as the same value on
the whole throw range, we can calculate the
ratio of cumulative displacement for the smaller
faults to that for the larger faults from the Eq.
(8). In the case mentioned above, the ratio R
of the cumulative displacement for the smaller
faults of the throw range of 10 cm< 7 <10m
to that for the larger faults having throws of
10m< T < 100 m is 0.31 for the E-down faults,
and 0.83 for the W-down faults. These ratios
can be obtained solely from m-values regardless
of C- or k-values as shown in Fig. 14. If m is
larger than 1.8 the ratio R becomes larger than
1, and when m is 2.5, R becomes much larger
than 10. Thus, minor faults should never be
negligible for the purpose of estimating the
regional deformation quantitatively.

2)  Significance of m-value as an indicator of frac-
turing conditions

It is asserted by many investigators such as
Mivamura (1962) that the regional variations

in b-values in Gutenberg-Richter’s formula
(Eq. 1) or m-values in Ishimoto-Iida’s formula
(Eq. 2) are related to geotectonic structures,
although the skeptic opinions that these varia-
tions are mainly attributed to the statistical
insufficiency, are supported by some investiga-
tors (e.g., see Utsu, 1971). For example, it has
been well known that the m-value is excep-
tionally large in the volcanic earthquakes of
very shallow foci.

Moar (1962) discussed the physical mean-
ings of m- or b-value on the basis of laboratory
experiment on brittle fracturing of various
materials. According to his experiments, the
magnitude-frequency relation of elastic shocks
accompanying the fracturing satisfies the Ishi-
moto-Iida’s formula in many cases. The m-
values vary in the wide range from 0.3 to 2.7
dependent mainly upon the mechanical struc-
tures of medium and the applied stress states.
The log n - log a relation, in which 7 is the
number and a is the maximum trace amplitude
of shock, is linear for the heterogeneous solids
having irregular structures, and m-value in-
creases with the increase in degree of hetero-
geneity which is equivalent to the increase in
local concentration of applied stress. On the
other hand, the log n - log a curve is often
concave downwards for solids having some
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Table 5 m-values and tectonic conditions for

the minor faults developed in different regions

-values Average S
. Sense of m-va g . Stability in
Case Region fault~slip For one of the For total aﬁl gle of Ductility stress state
conjugate pair o shear
A |E.BosoPen. |Normal | (E-down)|(W-down]) 5 40° | Brittle Stable
B N. Miura Pen. | Normal* (W-go(\;;n) (E'Céogél ) 2.20 32° Verry brittle | Unstable
C | S Miura Pen. |Normal | (W-down)[ (E-Cown) | g5 40° | Brittle Stable
D N. Miura Pen. | Reverse* (Séugg (Néugg 2.36 83° Ductile Unstable

# Including the strike-slip component.

regular structures. Particularly in a block struc-
ture, the curve is composed of two straight lines
intersecting at the amplitude which is related to
the unit dimension of the
(Moar, 1962, 1967).

In this section, the present writer would like
to examine the relation between the variations
in m-values and the tectonic conditions under
which minor faults had generated. The m-
values and other characteristics suggesting the
fracturing conditions for each fault-system
treated in the previous chapter are shown in
Table 5. Although any definite conclusion is
not deduced yet because of the statistical in-
sufficiency, the following tendencies may be
recognized.

When we compare the m-values for the whole
faults, m seems to be independent of ductility
of materials as shown in Table 5 in which a
wide range of ductility from very brittle to very
ductile states is treated. On the other hand, m-
value seems to be related to the spatial varia-

block structure

tion in stress distribution, namely, m is small
when applied stress is rather stable so that the
parallelism of fault plane is fairly good as
shown in CASE-A and -C, and m is large in the
other cases in which the stress state is unstable
so that the local variation in strike and dip of
fault is markedly large. This tendency is con-
formable to one of Moar’s (1962) results.
Another problem is that the log N - log T
relation is not expressed by a straight line but is
expressed by a curve convex upwards or two
straight lines. This tendency is likely to be
recognized in such cases as the W-down group

of CASE-A, E-down group of CASE-B, and
both N-up and S-up groups of CASE-D. In
every case, the amount of throw T correspond-
ing to the intersecting point of two straight lines
is around several tens of centimeters. According
to Moar (1962), this tendency may correspond
to such cases that the faults occurred in the
medium having some regular structures. If so,
what is the “ragular” structure in the present
cases ? Considering that the Miura and Kazusa
Groups are composed mainly of the alternation
of sandstone and siltstone in which the sandstone
is almost unconsolidated, whereas the siltstone
is moderately consolidated, the “regular” struc-
ture may indicate the layered structure different
in the degree of consolidation between sand-
stone and siltstone.

However, it should be careful that the n - a
relations in seismicity and MogGr’s experiments
for elastic shocks fundamentally differ from the
N - T relation for the throw of fault in such
point that the throw itself is probably the result
of multiple slips even in the minor faults.
Around this point the writer will discuss in the
next section. :

From another standpoint, Nacumo (1969a,
b) pointed out that the Ishimoto-Iida’s for-
mula (Eq. 3) is theoretically derived from a
deformation-fracture relation. His basic as-
sumptions are that the number of earthquakes
is proportional to the curvature of the plastic
deformation of the medium, and the size of
earthquake is governed by the structural wave-
length, namely, the larger earthquake is pro-
duced by the structure of the longer wavelength.
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Thus, the power function representation of
Ishimoto-Iida’s formula is due to the same
representation for the spectrum of plastic de-
formation of the medium. The coefficient m
indicates the sharpness of the spectrum of
deformation, that is, m-value in Eq. (3) is large
when the crustal deformation is sharp and small
in scale, whereas it is small when the deforma-
tion includes the components of long wave-
length.

As shown in Table 5, m—values in Eq. (2) for
the Younger Normal Faults in Miura Peninsula
(CASE-B and -C) are significantly larger than
those in Boso Peninsula (CASE-A). On the
other hand, it has been found in the previous
studies that the deformation pattern along the
direction perpendicular to the strike of the
Younger Normal Faults in CASE-A is gentle
but large in scale as shown in Fig. 3, whereas
the pattern in CASE-B shows the undulation
with relatively short wavelength which is
represented typically on a structural profile
made by Kaxmi e al. (1966). Besides, Kopa-
Ma (1974) clarified using the topographic pro-
files for both peninsulas and surrounding sea
bottoms that the area of CASE-A is situated at
the eastern shoulder of a large slope dipping
gently towards the eastern continental slope,
whereas the area of CASE-C is located at the
western shoulder of a steep slope having small
radius of curvature.

Thus, according to Nacum0’s arguments, the
difference in m-values for the Younger Normal
Faults between Miura and Boso Peninsulas is
likely due to the difference in sharpness of
deformation between both peninsulas.

3) Change in m-value corresponding to the progres-
sive increase in_fault displacement

Since the throw in each fault is considered
to be a result of repeated slips even in the
minor faults as shown in CASE-C, m-value
(and k-value, as well) may vary during the
‘periods of fault development. Remembering the
concept of “‘maturity”’ of fault development
(Kaxmvr and Kinvcasa, 1977) and many re-

sults of laboratory experiment on fracturing,
minor faults distributing uniformly over a wide
area can be considered as the products at the
initial “‘immature” stage of crustal deforma-
tion. In the next stage, fracturing will con-
centrate to a relatively large faults in a few
narrow zones and the “major” faults will take
place (Tsunemsmr ¢t al., 1975). It has been
found in the studies on earthquake faults that
there is an upper limit of single slip of faulting
for a given fault system as well as a lower limit
of it, when aseismic fault-creep is disregarded.
For example, MaTsubpa (1975) proposed that
the amount of unit displacement d accompany-
ing an earthquake has a relation with the
earthquake magnitude M roughly as
log d (meter) = 0.6M — 4.0

for Japanese inland earthquakes. According to
his empirical formula, if the upper limit of
earthquake magnitude is equal to 7 for a region
concerned, the upper limit of unit displacement
amounts about 1.6 meters. In the case of the
Younger Normal Faults in Boso and Miura
Peninsulas, the upper limit of single fault-slip
is likely to be smaller than one meter, since the
faults were developed under a tensional stress
field at very shallow depth so that the magni-
tude of energy release from the single slip is
also small in this case. If we assume that the
distribution of unit displacement follows the
Eq. (2) on the range below the upper limit
d,, of faults, log N - log T relation is expressed
as a straight line with large m-value truncated
at d_,.. As Moaci (1962) pointed out, the ma-
gnitude of d,, may be related to some ““regu-
lar” mechanical structures such as layered
structure composed of the alternation strata
with different degrees of consolidation. Cor-
responding to the progressive faulting, the faults
with throw larger than d,,, will take place and
increase gradually in number and log N -log T'
relation will be represented with a curve convex
upwards or two straight lines for different throw
ranges, as shown schematically in Fig. 15. The
amount of throw T* corresponding to the
intersection point of the two lines will be equal
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Fig. 15 Changes in the log N -log T curves cor-
responding to the progressive development of
faulting.

to, or somewhat larger than the maximum unit
displacement d,,,, of a fault system.

In the more “matured” stage of faulting, it is
expected that the slip movement will take place
along the faults with larger throw and the faults
with smaller throw will cease further develop-
ment. Consequently, the log N - log T curve
will gradually become close to a straight line,
and m-~values will be decreased with the increase
in the “maturity” of faulting.

As for the minor faults in Boso Peninsula
(CASE-A), the log N - log T curve is likely to
be upward convex for the W-down group in
the conjugate fault system and the amount of
T* corresponding to the inflexion point of
assumed two lines is approximately several tens
of centimeter. If so, it is likely that the upper
limit 4_,, of the unit displacements in this sys-
tem amounts also to around several tens of
centimeter. On the contrary, log N - log T
relation in the E-down group is expressed as a
single straight line rather than a curve convex
upwards.

Thus, we may distinguish the development
stages in faulting by means of examining the
m-values and the form of log N - log T curve.
Although two fault sets of a conjugate fault
system are equivalent to each other for the
stress field which initiates minor faults, they are
not always equivalent to each other for the
“deformation field”” under which displacement
develops. In the early immature stage of fault-
ing, the m-value will be large and the log N -
log T relation will be represented with two
straight lines for both sets of a conjugate sys-
tem. In the more matured stage, either one of
the two sets becomes to develop predominantly
in harmony with the regional deformation so
that the m-value decreases and the log N-log T’
curve becomes close to a straight line, whereas
the other set remains relatively at the earlier
stage.

5. Summary and Conclusion

Magnitude-frequency relation for the dis-
placement of minor faults is examined in
several cases among which the faulting condi-
tions, such as stress state, sense of fault-slip,
ductility of materials etc., are different from
each other. In each case the number N of the
faults with throw between T and T + 47T is
expressed approximately for a certain throw
range by a power-type equation as

N(T)dT = KT ~™dT, (1)
or

log N(T) = k — mlog T, (2)
where K, k and m are the numerical constants.
In the cases treated in the present paper, cal-
culated m-values fall into a wide range of 1.3
to 2.4.

If these equations hold good for a certain
area and throw range in question, we could
estimate the distribution of crustal deformation
of the area more or less quantitatively. The
coefficients K and £ are the function of area
and the density of fault displacement which is
related to the intensity of regional deformation.
The exponent m indicates the spectral structure
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on the magnitude of fault displacement which
is actually related to the tectonic conditions in
the faulted region, such as the homogeneity of
mechanical structure, stability of stress distribu-
tion, sharpness of regional deformation, etc.
So far as the writer examined in the cases
treated above, the difference in m-value is
likely to reflect well the tectonic conditions, and
the results are coincident, to a certain degree,
with those deduced by Moacr (1962) and Na-
cumo (1969) with respect to the magnitude of
elastic shocks (earthquakes).

If m-value is larger than 1, the portion of
crustal deformation by the larger faults is
rather smaller than the portion by the smaller
faults so far as we adopt the equal intervals for
throw scale. When m is larger than 2.0, the
total displacement by the smaller faults be-
comes always larger, even if we adopt the
logarithmic intervals for throw scale. Thus,
minor faults should never be negligible for the
quantitative estimation of regional deforma-
tion.

Since the displacement in each fault is a
result of repeated slips and the faulting itself is
considered to change its mode with time, N-T
relation in Eq. (1) may vary with time cor-
responding to the degree of progressive defor-
mation. In the earlier (immature) stage of
faulting, the ‘m-value will be large and the log
N - log T relation will be represented by a
truncated line or two straight lines for both sets
of a conjugate fault system. In the more ma-
tured stage, either one of the conjugate sets
which is compatible with the regional deforma-
tion, will become predominant so that the
m-value decreases and the log N - log T curve
becomes close to a straight line through a curve
convex upwards, whereas the other set still
remains at the earlier stage.

In conclusion, it can be stated that the
magnitude-~frequency relation for fault displace-
ment expressed by the Eq. (1) or (2) is not only
useful for the estimation of regional tectonic
conditions but for the estimation of temporal
changes in them, as well as the Gutenberg-

Richter’s formula is so for the examination of
regional and temporal variations in seismicity.
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