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Scaling Relationship between the Number of Aftershocks
and the Size of the Main Shock
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The logarithmic number of aftershocks which occur within one month after a large
shallow earthquake in Japan is found to be proportional to the logarithm of the seismic
moment of the main shock. The proportional constants for interplate and intraplate

" earthquakes are different, but it turns out to reflect a similar difference in scaling: rela-
tions of the fault area to the seismic moment between interplate and intraplate earth-
quakes. Thus we can derive the fundamental relationship that the aftershock number is
proportional to the fault area of the main shock. This is consistent with the hypothesis
that aftershocks are generated by unbroken strong patches on the main:shock fault, if
the patch density is constant. Combining this new result with the results of previous
studies on aftershocks, we propose that a rate of aftershock occurrence is given by

kS 107t M
=——d

n(t)dt itoy

where n(#) indicates the number of aftershocks which occur ¢ days after the main shock,
S indicates the fault area of the main shock in km?, M, is the threshold magnitude, b
is the b-value of the Gutenberg-Richter relationship, and ¢ and p are the c- and p-values,
respectively, of the modified Omori formula. The constant & amounts to 13.4 for an
interplate earthquake and to 31.7-63.5 for an intraplate earthquake depending on the
assumption on its fault width. Apparently the areal density of aftershocks on the fault
plane is higher for an intraplate earthquake than for an interplate earthquake. Further
examination of the results suggests that the areal demsity of the aftershocks of a
continental intraplate earthquake may be systematically higher than that of an oceanic
intraplate earthquake. These differences may indicate some intrinsic difference in
rupturing process among a continental intraplate, an oceanic intraplate, and an interplate
events.

1. Introduction

It is a general rule that a large shallow earthquake is followed by many aftershocks,
bvut exceptions certainly exist. Since the detection ability of observation system has
recently improved, occurrence of a large event with few, if any, aftershocks should be
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related with some peculiar feature of the source process or the state of the crust near
the source. .

As a first step towards better understanding what controls the number of after-
shocks, we investigate in this study the relationship between the number of aftershocks
and the fault parameters of the main shock. It will be shown that the aftershock number
is proportional to the fault area of the main shock.

There have been few studies on the relationship between the number of after-
shocks and the fault parameter of the main shock. Instead, time decay of aftershock oc-
currence has been extensively studied. The Omori formula, that the aftershock number
per unit time decreases in the hyperbolic rate, was found by Omori (1894). The modi-
fied Omori formula:

n(f)dz= (1

(t+c)F

was proposed by Utsu (1957) and has been widely used, where ? is the time elapsed
since the occurrence of the main shock, n(f) d ¢ is the number of aftershocks which occur
in the time interval between ¢ and t+d ¢ and K, ¢, and p are constants. X is dependent
on the threshold magnitude of aftershock counted.

Recently, Singh and Sudrez (1988) investigated the number of aftershocks for large
shallow thrust earthquakes which occur along the circum-Pacific subduction zones.
They assumed two scaling relations, i.e.,logN=M,,+C, and log N=1.5 M+ C, where
M, is the moment magnitude, and C; and C, are constants. Based on these two relations
they discussed lack or excess of aftershocks. They focused on the regional variation in
the number of aftershocks in connection with the interaction between the oceanic and
continental plates.

We show, at first, the relations between the seismic moment and the number of
aftershocks. Second, the relations between the number of aftershocks and the fault area
are described. Finally we propose a new formula which shows the average rate of
aftershock occurrence as a function of the main-shock fault area, time elapsed since
the main shock occurred, and the threshold magnitude.

2. Data Set and Method

Only aftershock sequences which occur in the Japan region will be treated in this
study because of the regional variation of the aftershock number as suggested by Singh
and Suérez (1988). All sequences are selected from the Seismological Bulletin of the
Japan Meteorological Agency (JMA) from 1964 to 1987 according to the criteria
described below.

Table 1 shows all the large shallow events selected as the main shocks used in this
study. The magnitude threshold for the main shock is set to be 6.5. The smaller the
threshold magnitude is, the more events may be used in this study. However, the seismic
moments of earthquakes with JMA magnitude less than 6.5 is generally unavailable.
We only use events whose seismic moment is known.

We use only shallow earthquakes, because deep events are rarely accompanied by
aftershocks. Events with focal depth of 60 km and shallower are used in this study. We
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Fig. 1. The epicenters of main shocks used in this study. The solid circles represent
interplate earthquakes and the triangles represent intraplate earthquakes. The
numbers correspond to the event numbers in Table 1.

do not use the events before 1963, because the seismic moment of pre-WWSSN (World
Wide Standardized Seismograph Network) events is often unavailable. Figure 1 shows
the epicenters of the selected main shocks.

When the difference in magnitude between the largest event and the second largest
is 0.6 or smaller, we regard the event as a doublet (Utsu, 1974). In the case of doublets,
the sum of the seismic moments of the two events is used as the seismic moment of the
main shock. Because of this procedure we cannot use aftershock sequences for which
the seismic moment of the largest aftershock is unavailable, if the difference in magnitude
between the main shock and the largest aftershock is 0.6 or smaller. Those include the
1968 Tokachi-Oki and the 1973 Nemuro-Oki earthquake sequences This point will be
discussed later in this paper.

Twenty-seven sequences are selected for this study. They are divided into two
groups, interplate earthquakes (the solid circles in Fig. 1) and intraplate earthquakes
(the solid triangles). Earthquakes which occur within the continental and the oceanic
plates are both classified as intraplate events.

In most cases it is straightforward to distinguish the interplate and the intraplate
events, but in some cases a few comments might be necessary to justify the classification
and will be given in the following. For example, events 24 and 26 are classified as
intraplate earthquakes because they are a normal fault earthquake (Seno, 1985;
Fukushima et al., 1988). Event 9 is also classified as an intraplate earthquake because
Seno et al. (1978) showed a fault plane solution consistent with the down-dip compression
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within the subducting slab. Events 1, 19, and 20, which occurred along the eastern
margin of the Japan Sea, are treated as intraplate events, Although it has been suggested
that the boundary between the North-American and Eurasian plates runs along the
eastern margin of the Japan Sea (Nakamura, 1983; Mogi, 1985; Seno, 1983), the plate
convergence of a small rate around 1cm/year appears to be taken up within a broad
belt-like (intraplate) region of the Japanese Islands.

We do not use a few large earthquakes that occurred in the margin of the JMA
network, because those aftershocks may be too small to be located. Mochizuki et al.
(1978) and Yokoyama (1984) showed that the magnitude threshold for detection near
the margin of JMA network is larger than 4.5; all the aftershocks with magnitude 4.5
and above may not necessarily be listed in the JMA catalogue.

The event with magnitude 6.5 that occurred on July 26, 1986 near Okinawa Island,
near the margin of JMA network, was accompanied by no reported aftershocks, and
is not used in this study. Also event 13 occurred near Okinawa, but it is large enough
(its magnitude is 6.7) to be accompanied by several aftershocks with JMA magnitude
4.5 and above.

We count the number of aftershocks which occur within a month after each main
shock. If the constants ¢ and p in the modified Omori formula, Eq. (1) are common in
all the sequences, varying the time interval only causes an increase or decrease of the
aftershock number by a constant ratio. According to Utsu (1969), the mean p-value in
Eq. (1) is 1.3 and the mean c-value is 0.3 days, We set the time interval at one month.
If it is too short, the aftershock number becomes too small. On the other hand, if it is
too long, we may also count the events due to background activity. When an event is
a doublet, we take one-month interval from the second event.

We count aftershocks within a calculated aftershock area to avoid background
activity in the neighboring areas. This area, A4, is calculated with the Utsu and Seki
(1955) formula, logAd =1.02M—4. We use the moment magnitude, M, for the
magnitude M in this formula because the JMA magnitude is underestimated for
earthquakes with M,,>7 1/2 (e.g., Utsu, 1982). Tajima and Kanamori (1985) suggested
that the moment magnitude can be applied to the Utsu and Seki formula. We assumed
a rectangular area with a ratio of length to width being 2:1 (see Fig. 2).

We set the threshold magnitude at 4.5; we only count the number of aftershocks
with magnitude 4.5 and above. We plotted the cumulative number of aftershocks versus
JMA magnitude for each sequence and assured that the threshold magnitude for
detection is smaller than 4.5 in all cases. In the case of event 8, no aftershocks with
magnitude larger than 4.5 took place. We estimated the number of aftershocks, ¥, by
fitting the Gutenberg and Richter relation, log N=a—bM to the observed magnitude
frequency plot (see Fig. 3). The b-value is assumed to be 1.0, and the number of
aftershocks for this event is estimated to be 0.6. All the aftershock numbers thus counted
~ are listed in Table 1. ‘ ‘

~ When the threshold magnitude is larger than 4.5, we can also estimate the number
of aftershocks with magnitude 4.5 and above by extrapolating the Gutenberg and
Richter relation. But this would cause a serious error when the number of aftershocks
is large, because the logarithmic scale is used. In the following analysis we do not use
such a sequence. The 1978 Etorofu-Kinkai earthquake sequence is an example. This
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Fig. 2. The distribution of the aftershocks with magnitude 4.5 and above for
event 1. We count the number within the rectangular area with a ratio of
length to width being 2:1. It is shown by the fine line.
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Fig. 3. The cumulative number (N) of aftershocks with magnitude M, and above
which occurred within a month after event 8. The line shows the Gutenberg
and Richter relation, log N=a—»b M. Since for this event, no aftershocks with
magnitude 4.5 and above were reported, we estimate the expected number of
aftershocks with magnitude 4.5 and above using the above relation.

data will be examined later in this paper.
In the following we will use the weighted least-squares method to obtain empirical
scaling relations. The variance in the logarithm of the aftershock number N is obtained
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Table 1. The main shocks and their aftershock number.

No. Date M*?* Dep** MH**  N*?2 Type*3 Region Ref **

1 16 June 1964 7.5 40.0  3.2E27 43 A Niigata ABI

2 1 Apr. 1968 7.5 30.0 1.8E27 3 E Hyuganada SH

3 6 Aug. 1968 6.6 40.0 2.1E26 4 A Bungosuido SM

4 12 Aug. 1969 7.8 300 2.2E28 76 E Hokkaido-Toho-Oki AB2

5 9 Sept. 1969 6.6 0.0 3.5E25 6 A Gifu-Nagano Ml

6 26 July 1970 6.7 10.0  4.1E26 4 E Hyuganada SH

7 9 May 1974 69 100  5.9E25 1 A Izu-Oki AB3

8 14 Jan. 1978 7.0 0.0 L.1E26 0.6 A Izu-Oshima SS

9 20 Feb. 1978 6.7 500  7.0E25 5 A Miyagi-Oki CMT
10 12 June 1978 74 40.0  3.4E27 9 E Miyagi-Oki CMT
11 20 Feb. 1979 6.5 00 3.5E25 2 E Sanriku-Oki CMT
12 23 Feb. 1980 6.8 30.0 5.6E26 8 E Kurile CMT
13 3 Mar. 1980 6.7 20.0 3.4E25 7 A Okinawa CMT
14 29 June 1980 6.7 10.0  4.1E25 4 A Izuoshima-Kinkai CMT
15! 19 Jan. 1981 7.0 0.0  4.2E26 6 E Miyagi-Oki CMT

23 Jan. 1981 6.6 0.0 CMT

16 3 Sept. 1981 6.5 300 7.5E25 1 A Kurile CMT
17 21 Mar, 1982 7.1 40.0  2.6E26 18 A Urakawa-Oki CMT
18 23 July 1982 7.0 300 3.9E26 9 E Ibaraki-Oki CMT
19 26 May 1983 7.7 140 4.6E27 65 A Akita-Oki CMT
20 21 June 1983 7.1 6.0 1.9E26 7 A Aomori-Oki CMT
21 24 Mar., 1984 6.8 40.0 6.4E26 5 E Etorofu-Kinkai CMT
22 7 Aug. 1984 7.1 330 29E26 | E Miyazaki-Oki CMT
23 14 Sept. 1984 6.8 20 2.6E25 10 A Gifu-Nagano CMT
24 19 Sept. 1984 6.6  13.0 2.1E26 7 A Boso-Oki CMT
25 6 Feb. 1987 6.7 350 1.3E26 1 E Fukushima-Oki CMT
26 18 Mar. 1987 6.6 48.1 1.2E26 4 A Miyazaki-Oki CMT
27%1 7 Apr. 1987 6.6 440 2.2EB26 4 E Fukushima-Oki CMT

23 Apr. 1987 6.6 46.8 CMT

*1 Earthquake doublet. *? M), JMA magnitude; Dep, hypocentral depth in km; Mo, seismic moment
in dyne-cm; ¥; observed number of aftershocks with JMA magnitude 4.5 and above, which occur within a
month after the main shock. *3 E indicates interplate earthquakes, A indicates intraplate earth-
quakes. ** The references are: AB1 =Abe, 1975; SH =Shiono et al., 1980; SM = Shiono and Mikumo, 1975;
AB2=Abe, 1973; MI=Mikumo, 1973; AB3=Abe, 1978; SS=Shimazaki and Somerville, 1979;
CMT ==Dziewonski et al,, 1983 a, b, 1984, 1985, 19872, b, 19884a, b, ¢, d.

as follows:

a1 2
ogN ) Var [N]

Var[logN]= (W

__ Var[N]
T (Nn10)?
1
T N(n10)2

Since aftershock sequence can be modeled as a non-stationary Poisson process (Lomnitz
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and Hax, 1966), we can assume that the variance of the aftershock number is equal to
the number itself. Thus the variance of log N is proportional to an inverse of the number
itself. Please note that the above weighting scheme has nothing to do with the accuracy
of counting aftershock numbers. We assume that accuracy is independent of the
aftershock number. The larger weight on the large number is a result of the combined
effect of two factors. The first is that we are concerned with the logarithm of the number
and not the number itself. Thus, not the standard deviation itself, but the deviation
relative to the observed value becomes important. The second is the very nature of the
Poisson process, namely that the variance o2 is equal to the mean frequency p. When
the mean frequency of earthquake occurrence in a certain time interval is u, then we
can expect to observe u+ o shocks, i.e., ui\/;_f, shocks in that time interval. Thus the
relative deviation becomes /u /u, that is 1/\/u, which is large when y is small.

3. Number of Aftershocks and the Seismic MomentA of the Main Shock

Figure 4 shows the relation between the logarithmic number of aftershocks and
the logarithm of the seismic moment for all aftershock sequences listed in Table 1. Open
circles are interplate earthquakes and solid circles are intraplate earthquakes. The figure
suggests that the aftershock number for interplate earthquakes appears to be
systematically smaller than that for intraplate earthquakes. The line in this figure was
drawn based on an empirical approach and will be described in a later section.

Figures 5 and 6 show plots of log NV versus log M, for interplate and intraplate
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SEISMIC MOMENT  (x 10%7dyne cm)

Fig. 4. A plot of logarithm of the number of aftershocks against that of seismic
moment for all main shocks listed in Table 1. The open circles indicate the
interplate earthquakes, the solid circles indicate the intraplate earthquakes.
The straight line shows the relation, log N=2/3 blog M, 14.2, where b=0.85,
derived from the standard aftershock sequence proposed by Utsu (1969).
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Fig. 5. A plot of logarithm of the number of aftershocks against that of seismic
moment for interplate earthquakes. The best fit line with the slope of 2/3 is
shown in the figure. ‘
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Fig. 6. A plot of logarithm of the number of aftershocks against that of seismic
moment for intraplate earthquakes. The best fit line with the slope of 1/2 is
shown in the figure. The solid circles show intraplate earthquakes within the
continental plate and the solid triangles those within the oceanic plate. A
systematic difference between the two groups will be discussed in Discussion.
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earthquakes, respectively. We obtain the regression lines between the logarithm of
number of aftershocks and the logarithm of seismic moment (in unit of dyne-cm) by
the weighted least-squares method,

log N=0.66 log M,— 16.86 ¥))

for interplate earthquakes, and

log N=0.51log M,—11.54 3)

for intraplate earthquakes. For intraplate events, there are a few events well below the
best fit line. Because of the small number of aftershocks, the weight of those events is
very small. There appears to be a systematic difference between intraplate earthquakes
within the continental plate (shown by the solid circles in Fig. 6) and those within the
oceanic plate (the solid triangles). This point will be discussed later.

The obtained slopes are different for the two groups. We test whether the difference
of the two slopes is significant. The 95% confidence intervals for the slopes are
0.66+0.044 (0.62~0.70) for interplate earthquakes and 0.5140.037 (0.47~0.55) for
intraplate earthquakes. This result indicates that the difference between the two groups
is statistically significant.

The slope of the best fit line for interplate earthquakes is very close to 2/3, and
that for intraplate earthquakes is very close to 1/2. Thus we attempt to obtain the
relationships by fixing the slopes at 2/3 and 1/2 for interplate and intraplate earthquakes,
respectively. The obtained relationships are:

logN=—§—logMo—l7.05 )
for interplate earthquakes, and

log N=—;—log M,—12.08 ®)
for intraplate earthquakes.

4. Scaling Relations

The results of the previous sections show that the logarithmic number of aftershocks
is scaled with the seismic moment of the main shock but it shows different slopes for
inter- and intraplate Japanese earthquakes. In this section we will show first that a
similar scaling difference can be observed between inter- and intraplate Japanese events
in relationship of the fault area to the seismic moment. And finally it will be shown
that the difference in the scaling of aftershock number reflects the difference in the
scaling of fault area. ‘

The scaling relation for a large earthquake between the fault area and the seismic
moment is well known. Kanamori and Anderson (1975) showed that logM,~1.5log S
holds for earthquakes with M =6.0, They also introduced similarities that the fault
width and slip are suggested to be scaled with the fault length of a rectangular fault.
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Thus the scaling relation between the fault area and the seismic moment can be
interpreted as M,oc S*?oc L?, where L indicates the fault length, because the seismic
moment M, is proportional to a product of the fault area and the slip.

On the other hand, Shimazaki (1986) proposed a scaling law, M, oc L? for large
intraplate earthquakes in Japan. Because the fault width, ¥, for large intraplate event
(M,=7.5x10%* dyne-cm) is bounded by the thickness of the seismogenic layer, the
fault width is not scaled with the fault length. Thus only the slip is found to be
proportional to the fault length and we obtain M,oc L2,

We recalculate below the relations between the seismic moment (in unit of dyne - cm)
and the fault surface area (in unit of km?) for inter- and intraplate earthquakes in
Japan. For interplate earthquakes we obtain the following relationship using events
whose source parameters are’known (see Fig. Al, Appendix).

2
logS=~§—'logM,,-14.87. 6)

Sato (1979) obtained almost the same relationship using both inter- and intraplate
earthquakes that Kanamori and Anderson (1975) compiled. If we introduce the
geometrical similarity Loc W for interplate earthquakes, Eq. (6) can be interpreted as
M,oc 832 L3,

For intraplate earthquakes, Shimazaki (1986) obtained the empirical relation
between the fault length (in unit of km) and the seismic moment of large intraplate
event as follows:

logL=0.524log M,~12.44  for M,=7.5x10?°dyne-cm.

The slope he obtained is nearly equal to 0.5. Again we fix the slope to be 0.5 and obtain
the following relationship (see Fig. 7),

1000 T T T
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{km)
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FAULT LENGTH

1 ! | !
.01 A 1.0 10.0 100.0

SEISMIC MOMENT  (x 10% dyne cm)
Fig. 7. A plot of logarithm of the fault length against that of seismic moment
for the events whose moment is larger than 7.5 x 1025 dyne-cm. We used the

same data set which was used by Shimazaki (1986). The best fit line with the
slope of 1/2 is shown.
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1
logL=T2—1ogMo~11.79. (7

These results suggest that the seismic moment is proportional to a cube of the fault
length for interplate earthquakes and to a square of the fault length for intraplate
earthquakes.

Comparison of the above relations (6) and (7) with the relations (4) and (5),
naturally leads us to conclude that the difference of the slope between the relations (4)
and (5) reflect the difference of the scaling relations (6) and (7) between the interplate
and intraplate earthquakes,

The relations (4) and (6) indicate that the logarithms of both the number of
aftershocks and the fault area are in proportion to the logarithm of the seismic moment.
and the two proportional constants are the same, i.e., 2/3. Thus the number of aftershocks
is in proportion to the fault area for interplate earthquakes. We obtain the following
relationship from relations (4) and (6):

log N=log S—2.18. (8)

By using relations (5) and (7), we also obtain a similar result for intraplate
earthquakes,

logN=log L—0.29. , [&))

This relationship shows that for intraplate earthquakes the number of aftershocks is in
proportion to the fault length. Since the fault length becomes proportional to the fault
area when the fault width is limited by the thickness of the seismogenic layer, we rewrite
Eq. (9) by using the fault width W as follows:

S
log N=log—ﬁ/———0.29 =log S—log W—0.29 .

The relation indicates that the number of aftershocks is proportional to the fault area
also for intraplate earthquakes. The fault width for intraplate earthquakes is usually
about 15-20 km, but sometimes becomes as large as 30 km for dipping faults. By assuming
that the fault width ranges from 15 to 30 km, the above relation is rewritten as follows:

log N=log S—(1.47~1.77). )

5. Areal Density of Aftershock Numbers

We can calculate the average areal densities of aftershocks from the relationships
between the aftershock number and the fault area obtained in the previous section for
interplate and intraplate earthquakes.

For interplate earthquakes, the calculated areal density from relation (8) is
7.2x 1073 /km?. For intraplate earthquakes, we calculate the areal density from the
obtained relationship (10) by assuming that the width of a fault is 15~30km. The areal
density of intraplate earthquakes is estimated to be 3.4~ 1.7 x 10~ %/km?. Note that these
densities refer to aftershocks which occur within a month after the main shock and
with JMA magnitude 4.5 and above. The difference in the areal density between inter- and
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intraplate earthquakes will be discussed later.

6. Empirical Approach

In this section we will describe an empirical approach and will show a similar but
different result obtained from our approach. It will help us to understand the basic
difference between our new approach in this study and the conventional empirical one.

The straight line in Fig. 4 shows a relation obtained on the basis of the empirical
formula as will be shown below. We assume that the number of aftershocks obeys the
modified Omori’s formula, Eq. (1). Utsu (1969) showed that the Gutenberg and Richter
relationship holds for the aftershock sequence. He proposed the following formula for
a ‘standard’ aftershock sequénce; the number of aftershocks which occur ¢ days after
the main shock is given as

10bM:~Mu)—a

Ndt=———dt 11
(1) T (11)
a=1.83; b=0.85;
c=03; p=13

where M, is the magnitude of main shock and M, is the threshold magnitude of the
aftershocks. In Eq. (11), 0.85 shows the mean of the observed b-value of the
Gutenberg-Richter relation for the aftershock sequence in Japan, 1.3 the mean of the
observed p-value, and 0.3 the mean of the observed c-value (in days). From Eq. (11),
the total number of aftershocks within ¢ daysis represented by the following equation:

10bM1—Min}—a "t
r2 l:— _1] when p#l1
N=| n(ndit= P-D @+’ 4,
H [10°M:~Mw)=aloo(s4¢|]?  when p=1.

In this study the threshold magnitude is set at 4.5 and one-month time interval is
used. By substituting these values into the above formula and by using the relation,
log M,=1.5M, +16.1 (Kanamori, 1977), we obtain the relationship between the number
of aftershocks and the seismic moment of the main shock. The relation obtained from
conventional treatment of empirical formula by using the means of the observed ¢- and
p-values is

logN=—§~blogMo——17.06b+O.55 ,

b=0.85 . (12)

The above relation is shown in Fig. 4.

The proportional constant between the logarithmic aftershock number and the
logarithm of the seismic moment is independent of the ¢- and p-values, but dependent
on the b-value. If there is a systematic difference between the b-values of aftershock
sequence for interplate and intraplate earthquakes, we might be able to explain the
observed difference in the proportional constants described in the previous section.
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However, any systematic difference of b-value was not found in Utsu (1969), who
thoroughly investigated the b-value of aftershock sequences in Japan. We also attempt
to estimate the b-values of the aftershock sequences used in this study. Errors in
estimation are relatively large because of small number of samples and no systematic
difference of b-values is found between inter- and intraplate earthquakes. Thus we can
conclude that the difference of the slope is not caused by the difference in b-value.

7. Aftershock Number for Standard Aftershock Sequence

Utsu (1969) proposed Eq. (11) as a standard rate of occurrence of aftershocks per
day. However, as shown in the previous section, Eq. (11) does not explain the difference
between the inter- and intraplate earthquakes. In this section we propose a new formula
for the occurrence rate of aftershocks.

In the previous section we showed that the number of aftershocks is proportional
to the fault area. By assuming the Gutenberg-Richter relation and by using the modified
Omori formula, our result leads us to propose:

kS 107 "Max

n(t)dt= o

(13)

where n(f) indicates the number of aftershocks which occur # days after the main shock.
S indicates the fault area (in unit of km?), M|, is the threshold magnitude, b, ¢, and
p are the b-, ¢-, and p-values, respectively. The constant & is different between inter- and
intraplate earthquakes.

Setting the time interval at one month and threshold magnitude at 4.5, and using
0.85, 0.3, and 1.3 as the b-, c-, and p-values, respectively, we obtain k-values as k=13.44
for interplate earthquakes, and k=31.74 ~63.47 for intraplate earthquakes.

8. Discussion

Yamashita and Knopoff (1987) showed that the Omori formula can be explained
by the consequences of either of the two models of aftershock occurrence. In Model I
they assume that some locked patches on a fault surface of the main shock produce
aftershocks. These appear to represent “‘barriers,” portions of the fault plane that remain
unruptured (Das and Aki, 1977). In Model II, they assume that some small satellite
faults surrounding the main-shock fault area produce aftershocks. If Model I holds
and if the average areal density of locked patches is constant, the aftershock number
becomes proportional to the main-shock fault area. On the other hand, if Model II
holds and if the linear density of satellite faults along the edge of the main-shock fault
is constant, the aftershock number becomes in proportion to the fault length. Our result
is consistent with their Model I, because the aftershock number is proportional to the
fault area of the main shock.

In our study we assume that there is no systematic local variation of aftershock
number in the Japan region. According to Tsuboi et al. (1988), who examined a spatial
variation in the number of aftershocks that occur in Japan, some local variation may
be found. They suggested that it may be caused by the difference in the strength of
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coupling on the plate interface as was proposed by Singh and Suarez (1988).

Instead of local variation, it may be worthwhile to examine whether there exist
any systematic difference in aftershock number between oceanic and continental
intraplate earthquakes. Events 3, 7, 8, 9, 14, 16, 24, and 26 are intraplate events which
occur within the oceanic plates, i.e., the Pacific and the Philippine Sea plates. They are
shown by the solid triangles in Fig. 6 while continental events are shown by the solid
circles. A systematic difference between the two groups should be noted. Especially the
numbers of aftershocks for three events (events 7, 8, and 16) are well below the fitted
line in Fig. 6. Events 7 and 8 occurred within the Philippine Sea plate near the Izu
Peninsula. It is also interesting to note that the aftershock number of the 1930 North-Izu
earthquake, which took place within the Izu Peninsula on the Philippine Sea plate, is
also very small. The seismic mfoment of this earthquake is 2.7 x 1026 dyne -cm, and only
3 aftershocks with magnitude 4.5 and above occurred within one month after the main
shock although 13.7 aftershocks are predicted from Eq. (5).

If we use only the continental intraplate events, we obtam by the weighted
least-squares method,

log N=0.43log M, — 10.00

instead of Eq. (3). The proportional constant is close to 0.5 and it is definitely different
from that of the interplate event, i.e., 2/3. Thus our conclusions would not be changed
if we only use the continental intraplate events. For the oceanic intraplate events, we
cannot reliably derive any relationship because the seismic moments of all the events
are smaller than 3 x 10%° dyne-cm.

As was shown in the previous section, the areal density of aftershocks on the
main-shock fault plane is higher for an intraplate earthquake than for an interplate
earthquake. Further, it was suggested in this section that the areal density of a continental
intraplate event may be systematically higher than that of an oceanic intraplate event.
If the barriers, unbroken strong patches after an earthquake (Das and Aki, 1977;
Mikumo and Miyatake, 1978) generate aftershocks, as was supported by Model I of
Yamashita and Knopoff (1987), the above result indicates some intrinsic difference in
rupturing process between intraplate and interplate earthquakes and also between
continental and oceanic intraplate earthquakes. Continental intraplate earthquakes are
suggested to be the most effective in the stress-roughening process (Aki, 1984). In other
words, the above result suggests that the fault area is most heterogeneous after the
occurrence of continental intraplate events.

Since the fault area is often determined from the aftershock distribution, one might

‘argue that our result may be only a reflection of that the aftershock number is
proportional to the aftershock area. Actually Seino (1984) and Ogata (1989) suggested
that the number of aftershocks is in proportion to the aftershock area. However, if the
fundamental physics lies in this proportionality, it would be difficult to explain why we
obtain two different proportionality constants in the empirical relations between the
logarithmic aftershock number and the logarithm of the seismic moment of the main
shock.

One might argue that our results depend too much on a single event whose aftershock
number is the largest, because of the weighting scheme introduced in the least-square
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fit. This argument appears valid for interplate events shown in Fig. 5, but is groundless
for intraplate events. When the data excepting the largest event in each data set are
used, we obtain the slope of 0.45 for intraplate earthquakes, which is close to 1/2, but
for interplate events the slope of 0.26, far from 2/3.

However, supporting evidence of the slope of 2/3 for interplate events comes from
the data set we discarded as less reliable. In Fig. 8, three data points which are not
used in the above analysis are also plotted by the open triangles. These data points
appear to fit well to the 2/3 slope. Actually we obtain the least-square slope of 0.69 by
using all events plotted in Fig. 8. Two of the three new points are the 1968 Tokachi-Oki
(denoted by T in Fig. 8) and the 1973 Nemuro-Oki (N) sequences for which the seismic
moment of the largest aftershock is unavailable while the difference in magnitude between
the largest aftershock and the main shock is 0.6 or smaller, Instead of the sum of the
moments of the main shock and the largest aftershock, the seismic moment of the main
shock is used. Further, the threshold magnitude of these aftershocks appears to be
slightly larger than 4.5. The third data point (E) represents the 1978 Etorofu-Kinkai
earthquake sequence for which the threshold magnitude appears to be 4.8 ~5.1. We did
not try to extrapolate the Gutenberg and Richter relation, because it is too subjective.
Thus we plot the observed aftershock number.

9. Conclusion

We investigate the relation between the number of aftershocks and the source
parameters of the large earthquakes that occur in Japan. And we obtain the results as
follows.

100

10

NUMBER OF AFTERSHOCKS

1 | !
.01 A 1.0 10.0 100.0

SEISMIC MOMENT (x 1027 dyne cm)

Fig. 8. Same as Fig. 5 except that three data points are added. They are shown
by the open triangles: T, N, and.E indicate the 1968 Tokachi-Oki, the 1973
Nemuro-Oki, and the 1978 Etorofu-Oki aftershock sequences, respectively.
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The number of aftershocks with magnitude 4.5 and above which occur within a
month after the main shock in Japan is proportional to the fault area, and is given as:

N=72x10"3S for interplate earthquakes,

and
N=17~34x10"%S for intraplate earthquakes .

The proportional relations are consistent with the hypothesis that aftershocks are
generated by unbroken strong patches, or barriers on the main-shock fault, if the patch
density is constant.

Reflecting the difference between the scaling relations for inter- and intraplate
earthquakes, the relations between the aftershock number and the seismic moment are
derived as

2
logN=—é—log M,—17.05
for interplate earthquakes, and
1

for intraplate earthquakes.
~ Further, we proposed the standard rate of aftershock occurrence, which is shown
in Eq. (13).

The areal density of aftershocks on the main-shock fault for intraplate events is a
few times as large as that for interplate events. This may indicate that the fault area
after the main shock is more heterogeneous for intraplate earthquakes than that for
interplate earthquakes. Further examination suggests that it may be slightly more
heterogeneous for continental intraplate earthquakes than that for oceanic intraplate
events.

We would like to thank Prof. T. Yamashita, who carefully read the manuscript and made
valuable suggestions. We also wish to express our gratitude to Prof. K. Abe, Dr. T. Miyatake,
and Dr. D. Weichert for their helpful comments on the manuscript.
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APPENDIX

We derive a scaling relation for a Japanese interplate event by using the data set
listed in Table Al. The table shows all the Japanese interplate events whose source
parameters are known (Sato et al., 1989). The fault area is calculated as a product of
the fault length and width. If the event is a multiple shock, we use the sum of the fault
area of all the subevents. Figure Al shows the relation between the fault area and the
seismic moment. The regression line is obtained by the least-squares method as

log §=0.67log M, —14.96 .

Table. Al. Fault area and seismic moment of the Japanese interplate earthquakes.

Fault area* Seismic moment* .
Date (10° km?) (dyne-cm) Region

20 Sept. 1498 17.60 7.0E28 (Meio) Tokai
30 Feb. 1605 31.00 1.2E2% (Keicho) Tokai

2 Dec. 1611 12.25 6.9E28 (Keicho) Sanriku .
28 Oct. 1707 49.55 1.5E29 (Hoei) Tokai, Nankaido
17 Feb. 1793 3.60 6.3E27 (Kansei) Miyagi-Oki
23 Dec. 1854 23.05 4.6E28 (Ansei) Tokai
24 Dec. 1854 28.50 8.1E28 (Ansei) Nankaido
23 Aug, 1856 8.40 3.1E28 (Ansei) Hachinohe-Oki
15 June 1896 10.50 5.9E28 (Meiji) Sanriku ‘

5 Aug. 1897 3.60 5.7E27 (Meiji) Miyagi-Oki

1 Sep. 1923 4.46 8.0E27 Kanto

9 Mar. 1931 3.00 1.0E27 Hachinohe-Oki

11 July 1935 0.07 2.2E25 Shizuoka
23 May 1938 3.00 4.0E27 Shioya-Oki

5 Nov. 1938 6.00 7.0E27 Shioya-Oki

5 Nov. 1938 6.00 4.8E27 Shioya-Oki

6 Nov. 1938 3.83 3.8E27 Shioya-Oki

7 Nov. 1938 4.28 3.2E27 Shioya-Oki

4 Mar. 1952 13.00 2.6E28 Tokachi-Oki

7 Nov. 1958 12.00 4.4E28 Etorofu-Oki
12 Aug. 1961 1.00 4,2E26 Kushiro-Oki
13 Oct. 1963 37.50 7.5E28 Etorofu-Oki
17 Mar. 1965 0.18 5.0E25 Aomori-Toho-Oki
29 Mar. 1965 0.15 5.5E25 Aomori-Toho-Oki

1 Apr. 1968 1.79 1.8E27 Hyuganada
23 May 1968 0.07 1.3E25 Iwate-Oki
11 Nov. 1968 0.06 7.5E24 Sanriku-Oki
12 Aug. 1969 15.30 2.2E28 Hokkaido-Toho-Oki
28 May 1970 0.05 9.0E24 Iwate-Oki
26 July 1970 0.74 4.1E26 Hyuganada
17 June 1973 6.00 6.7E27 Nemuro-Oki
12 June 1978 2.07 3.1E27 Miyagi-Oki
23 July 1982 0.60 2.8E26 Ibaraki-Oki

* A1l the data are taken from Sato ef al. (1989).
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Fig. Al. A plot of logarithm of the fault area against that of the seismic moment
for events listed in Table Al. The straight line shows the best fit line with the
slope of 2/3.

Since the slope of this regression line is close to 2/3, we obtain the best fit line by fixing
the slope at 2/3 as

1ogS=_§_1og M,—14.87,

and show it in Fig. Al.
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B2 MEIIZODVTOIRYIZFa—FKA45LLLEOEREN . EESDOEICHT AN 2:1
DEFHROBBERNTHEHATWLWS, FRIEZEHTRLTWLS,



lon N o« a2 - bW (hey)
/7*—7_"/’<)la9“) B2 —M%

-

100

3% i 38 O W

10

1 2 3 4 &?ﬁ 5 <] 7

M JMA

3 MESDHR1IAAUANICRELEY I ZFa—FMULOREDRBEHN). EH
FT—ToR )Ly )2 —BERKlog=a-bM EFKT, COMEBIZOVWTIEYI ZFa—
FASLUEDRBENBHRIATLAVES., b LEEERKXEZFALT, ¥F9=Fa
—RF45UERBEOFRBEZEEL I,

K1 ARETOREH

&5 REERE M;"2 rE" M, 2 N2 RN Hh 18 sEXH"
1 1964.6.16 7.5 40.0 3.2E27 | 43 A e AB1
2 1968.4.1 7.5 30.0 1.8E27 |3 E B # SH
3 1968.8.6 6.6 40.0 2.1E26 | 4 A E®%KE SH
4 1969.8.12 7.8 30.0 2.2E28 | 76 E LEERAHR | AB2
5 1969.9.9 6.6 0.0 3.5E25 |86 A 8 -E% MI
8 1970.7.26 6.7 10.0 4.1E2 4 E B @ SH
7 1974.5.9 6.9 10.0 5.9E25 |1 A FE AB3
8 1978.1.14 7.0 0.0 1.1E26 | 0.6 A FEXE SS
9 1978.2.20 6.7 50.0 7.0E25 |5 A BHA CMT
10 1978.6.12 7.4 40.0 3.4E27 |9 E B CMT
11 1979.2.20 6.5 0.0 3.5E25 |2 E =¥ CMT
12 1980.2.23 6.8 30.0 5.6E26 | 8 E FTEINS CMT
13 1980.3.3 6.7 20.0 3.4E25 |7 A R CMT
14 1980.6.29 6.7 10.0 4.1E25 | 4 A FEXBER | CMT
15%1 1981.1.19 7.0 0.0 4.2E26 | 6 E B CMT
1981.1.23 6.6 0.0 CMT
16 1981.9.3 6.5 30.0 7.5E25 |1 A FENE CMT
17 1982.3.21 7.1 40.0 2.6E26 | 18 A i A CMT
18 1982.7.23 7.0 30.0 3.9E26 |9 E 3R CMT
19 1983.5.26 7.7 14.0 4,6E27 |65 A A CMT
20 1983.6.21 7.1 6.0 1.9E26 |7 A EH CMT
21 1984.3.24 6.8 40.0 6.4E26 |5 E RIEE @ CMT
22 1984.8.7 7.1 33.0 2.9E26 |1 E = I 5 CMT
23 1984.9.14 6.8 2.0 2.6E25 |10 A HE-EH CMT
24 1984.9.19 6.6 13.0 2.1E26 |7 A BRH CMT
25 1987.2.6 6.7 35.0 1.3E26 | 1 E BB CMT
26 1987.3.18 6.6 48.1 1.2E26 | 4 A B I CMT
27 1987.4.7 6.6 44.0 2.2E26 |4 E BB CMT
1987.4.23 6.6 46.8 CMT




1 OWMFHE, 2 M IMARST ZFa—F, B BREE(km), M;: HHEE— 4 > b(dyne-cm), N:UMA T4
ZFa—FR 45U LDORBEOBEN. FER 1 BURNICEELELIO, 3 EXTIL—+HBE, AKTL —
FPABE, 4 BEXE

RIZFa—FOREN 45 LT HIRBIE.T—TFToRNLY- Ve —BREXENEFETEHL
T, Y¥JZFa2a—F45 DLORBHELRBEL oz, LALIHIX, IBRy—ILEEH
LTWAH, REBP KTV, KELRKRELSITFRE I ENHD. ULTORH T,
IhEBIEEFDLSBHBIIAV G-, 1978 ERIFEBHED S —V T VXN ZF 0
THD. COT—FRIERBXDEDETHRIET . UT T, b FEAGFITZ L&D
TREZREFRAVTRBRNGRT—Y VT ZEZ. REENORKEOEHIE. UTLYHB
b b,

; dlog N\? )
Var[log N] = («»?%} ) Var [N]

e

_ Var[N]
T (N1n10)?

I
N(In10)?

REBIEEERT7YVUBETETINIETES (Lomnitzand Hax, 1966) M T, REHD
DEEIFDOHBRIZELVWERELE. £ T logNDABIEFOHDOFEHIZEHT S,
LtROEAFTOAZEIRERZHETARBEICHOBABRL LNV EITERET S E, 5
BEEREHLEMILERET D, RKEVWRFICEYKRELEAMFITEZET L LIE. 2 DDE
EOMREHAEOLELHRTHD. —PEEFHERTEHLGCHOTHEERL TS &
WS ETHD LT . ZTNEROEERETCHEG . BABEOHEIRENEEICL D,
ZOBR.ART7YVEBREREBAROUHETHY . Ao EENFEEUIZFLLEVLSILDTH
5, HhHA5HEBRBPIPOMBREDOFENHEES L DO, Faf-blEuxo,. 2EY u £y yE
DENZHEZBHBRERICEHRNTLIIENA/FTEZ DL, o THMREEEY u/u. 815 1/
uUTHY., ThidulhEIBXELLES,

3. REBELEAXBEOHMEBE—A 2
MA4FR1VIZBITEETOREY—VIVRAIZNT S, REHORNBEXEDHEE— 4
VEORBOMOBEFZEERLTWS, OFFL—FEHETHY . @CATTL— MM
BETHD, HiEZ, TL—FEHMBEORKEHELA T L—FAEOI D LERLKIZHHE NS
EERBLTWS, INOERIRBHB 7 JO0—FIZHEIZENEL0T, 8015 Y3
VTERBAYT 5,
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1
&
i 1 1
.01 A 1.0 1.0 100.0

HWEE—A Y R 10 T dme cm

B4 REHORMBER1ICETFLELETOXRECODLVTHEE— AV Mo2WwTFOoy k
Lizd®D., OFXTL—FHEHhE., @IETL—FAME, ERIE  logN=23blogM,— 142, where b=0.85,
DEFRERT, CZTb=085THY. Usu(196)MNIRELHZBEREL -V IVAMID
BT,

100

3 ! |
m R 1.0 10.0 106.0

HEE— A2 b 12102 dyns om}

K5 JL—FEHMEOREHORBEHEE—AV Mo>WTTOv rLEDLD, B
2B NDmBDAEUERERICZRT,



BOON o 7]

% - » - -
11
E‘;Lé - A 4 A A
D
1 F Ak -
A
i i
.01 A 19 10.C 106.¢

HEE— A k(107 dyns om

6 JL—FAHMEOREHORFBEMEET A M2V TTAYy bLELD, B
1M OEROEUEREZRICRT. ORFXEOTL—FAME., AIXEOTL—FAKE., 2
DOTIN—THETLAMIZE->TVHI EITDPVT, BETHLTL S,

5RU6I1FXlogN &log Mo DEIZRZIL— FEMERUV I L— FRBEFRLFLIZD
WT7ay bLELDTHD, EAFITLERDMZIRERICELY., FEHORNHLEBEE—
AL M(EA dyne-cm)D B EDBTHREREB. TL— FEMEITOWVTIX

log N=0.66log M,— 16.86 (2)

T, TL—FABEIZTOVTHE

log N=0.51log M, — 11.54 (3)

Ehofz, TL—FAMEBIZOVWTIE, RBEALTVLAIREIYDLGY TITHLHIHELAL
KOWBEET D, REHESLLBVZD., ThothBEOEANEREICHSL, EOTL—F
At EB(X 6 TOTERTR)EBMULLKEBETIL—FADLD(AEDHETIX., 2&KIZEVLLH
5&512RZ2%, COAITRICERT S,

220N —FITOVTHBLNEETERLGES, Z20BEFZOEBVLNFENE S hHEZE
Tot= EED B5%EERMIZ. L — FEMEIZ DT 0.66+0.044(0.62~0.70), F L
— FAMEBIZDINT 0.51+£0.037(0.47~0.55)TH . COERIEX,. 2205 IL—TDE
EHMEMICERETHD I LETLTWLS,

TL—FEHMEORBEEALEBOEEE 23ICEFEISEL., TL—FRBEBIZOVTIE
M2IZEFEIZHEVL, 2T . b E I L— FEBMERVCIL—FAMEBIZOWVWT, EZ %
ZREN2B RV 12ICAET S L THHEEBDIZLICT S, BonfEEE. TL—
FRAMEIZDNTIE



log N‘m%— log M,—17.05 4)
THY., TL—FRABEIZONTIE

1 ‘
log Nr«:a—log M,—12.08 (5)

4. Ri—1) TR

MO aVvOHRE. REOVBEIABOMBE— AV MERT—U 2 TENEM,
BADTL— +FEMEBEL I L—FAHMBETIHIESZHAESCLEZRLTWS, XEYVa Y
Tk, £9. BROTL—FEMEBELTIL—-FPRAMETIE. BIBEBELHEE—A 2 MIC
HTLERICBVTEUEEIBRT—YVITDEVINBETELILETT., RERICRE
BORT—Y DT OBVHEHBEERBEORT— ) VJHDOEVERBMLTVWAEEZTRT,
KREBHMEOHEBEEABLBMEE A FPOBMORy—) v JRIEE<HMOENAT LS,
Kanamori and Anderson (1975)IE M = 6.0 DME(CDULVT log Mo ~ 1.5 log SHARKY 3L
DIEERLE, BoldFEL, HBORETRYENRFBOHBOHMBERSIERAY—1)
VIENBILETBRTLEUMETEAL R,

MEE—ADF Mo IEHBERBETAVEDOHEICHHT S0, MEBBLMBE— 4V
FOBMDRT— 1) D GBBRIE Mooc S Rec 3 RT ZENTESL, CCTLIIERESTH
%o

— 7. Shimazaki (1986) B RO XKHAELZ T L— FAKBIZDOVWTR S — 1 VT Bl Mo
LPERELRL. RKRELGLTIL—FRHEOHER W (Mo = 7.5%1025dyne-cm) (& &
AEBOESIICBESIAS-OH., BIBREMBRILERF—U VT EhAGL, &>T. §
RYBEOADPHRBRESICHHAT S ENDLMY, Mox2%RF 5.

HAOD T L— FREIMEE TIL— FRMEBIZIDWVT, HWEE—A Y F(EH dyne-cm) & BB
EEEAS km)DOBEOBEREBHELR, TL—FEBEBEIZIOVLTIE, BRI A—4H
HOEh>TWLWAHAMBEUTHEOR AT SE)ZE>T, UTOBEKRZF=.

log S«.-..fg;;og M,—14.87 . (6)

Sato (1979)I&. Kanamori and Anderson (1975)F & -7 L — FEHMEEL TL— LA
BlcxlL T, FEEALCLEAKES:. FL—FHEMEIZODVLWT L E W DHLAEEAT S
L. R (6)lF Mooe 20 L3 L BRIRT £ B,

TL— FAMBICDLNTIL, Shimazaki (1986)IZBi B R S (B km)&E KEBEO T L— R
HEOHMEE—AVFLEORBICUTOLS HRBMULBEHEET B,

log L=0.524log M,— 1244  for M,27.5x10*3dyne-cm .



WOBRLEEEN 05 THD. HH>—E, EZZ 05ICEELT. UTOBEKRME 7 38)
&?%T:o

100 Y Y

100

B E &

10

1 H 1
.01 A 1.0 10.0 00

MEE—A Dk (x 107 dyne oml
M7 MEEIORMBEE—AY A 7.5%x102%dyne'cm B ASMEOHEE—4 2 b
lcoWwTFaOy kLT=4®, Shimazaki (1986)¢RLT—4+w bZ2FERA. X 12 DK
BOELEHRERTREL,

1
logLr—*Enlog M,—11.79. (7

ChoDHEREFIWMEE— AN TL—FREMBICOWTIEBHBREID 3FEICHMIL T,
TL—FAMBICOVWTIEHBBRESID 2RICHFTHIILETRBLTILDS,
MHEG)EEBILTERG)RVT)DERELEETHE. WXRVUG)RXDBEZOENE., 7
L—rEhEBEE IL—FAHBEOMORTY—Y Y JRIG)NITETEH2EVNERBRLTLS
EWSIERIMBREEM D,

@EG)DEREIE. REHRVHBABENSFOXNHITHEE—A Y FOMBICHFALTE
YU, 2 ODLBFIEHRIFZVWTNELERAL 283 THEHIZELEERLTWVWD, >TTL— FREHME
2OV TIK,. REREIHETRICEAT S, A-bELUTOBEREEGRUTG)NLGEFD,

log N=log S—2.18. (8)
GYEMzERAVWSE, TL—FAMBRICEALTRAL LS GRRER/BDICLELTED,
logN=loglL—0.29. ‘ 9)

COBRIF., TL—FRBREOES. REREIHBRSICHFAITEIZLEEZTT .. HERAE

BORSICEYMBIENSEMT S0, MERSIMIBEMBAICLEA TSI LICHLOT, B
BREWZEAWVWTORZEEBADIEUTOLIICE D,



S
log N=log - 0.29=log S—logW—-0.29.

COBEFRIE. TL—FARBEBICOVTE., KRERNHBEEBICKATILERT. TL
— FABEOKHERIEER 15~20km THHH . BICHTHERBIZ DL TIX 30km (LIS
BBZELHD, HBIEIZ 15~30km OERLFEET 5L, LEOBRIEIUTOLSICE
EMAbh b,

log N=log S—(1.47~1.77).. (10)

5. REROEEEE

fits arvtBoht=TL— FEHERUIL—FAMEOREHLAETHEOBFRY
5, RENOFHNEBEELHET LI LNATESD,

TL— rRBEBIZOVWTIK, X@)HILHELE-EEREET 72x10%m2 THd, TL—
FRAMEBIZOWNTIX, WBIEE 15~30km ERELT. fonfX(10)M > EHEZE &t
BYh, JU—FAMEOEBEZEIL 34~17x102/km2 E R ONDE, ChoEER
Eld, AEREH®1 H2BALURICHEL, IMARS ZF 21— K45 ULDKREFALTL
5EI2EETS, JL—FEMBEELE I U—FMAMEDERBREEDEWVEER TRIT 5,

6. BBRMT7 JO—F

Ot arTR, BERHW 7 JO—FI2OoNWTiHkRBELEBICT, MFE-BO7TO—FT
Bz, BLTWINELIBEREZTT., T35 LE. ARROM-LOHLLWT TO—
FLEREOBBN7 TO—FLOBMOEARNLGTEVWZTER T HLHITRIDES S,
H4DEHIE, TITEIRBRILICEDEZH/LZATHS, KREYHFHBRKXRHFLAKX, 2FURH
MIZHS ERET S, Utsu (1969)IE T —F o RLY - Y EF—ADPREHICIETHEES
CEETRLE, BT TBEENG) RFEV—YVIVRICUTORXZRELZ. AEO tBE
CRETIREBHIIUTTRIND,

MMy ~My)—a
nHdt= e dt (1

a=183; b=085;
c=03; p=13

CCTMBEARBOIITZFa—FTMhlEREDII=Fa2a—FOBETHS. X(11)IZ
BT, 085 FAKXDREBEHICOVWTHRAEIAEZIT—TUoRALY - JEF—KXD b EDF
B3 BBRESA-pEOFEN, 0.3 FBRESA - cBEOFYTHLH(EMIXA), R (11)
YU tBULADORBEDEHEIUTORXTREN D,



io,b{M:’Mm)‘“ 2
o [M , ] when p#l
N=| n{dt= (p—N+er '],
Joy [10¥M1 = Mo =a)gg | 4 ¢ ]F2 when p=1.

AMETCII_Fa—FOMEIXF45ICHKEL. 1 pBOBBZERALTVL S, Chiod
ExLt@EZDOKXICTRAL, logMo = 1.5 M1 +16.1 (Kanamori, 1977)2 W5 &, REH#HER
EOMEBEE— AV IOBBRAEH/ONDG, BRINEcERVpECFEHEZMAL.,
ENORBHBARENOBOAEZRIE,

log Nﬂ%b log M, 17.06b+0.55,

b=0.85. (12)

FEROBEAR 4IRS TWS,

REHONBRELHEE— AV FOTHREOCHOLFIERIE., clE®pELIFHILTL
M, bEICIKIKET S, TL—FHEBMELETL—FAMBELORERD b EOMICRHK
MEEWHAHDEE. LI aVTRREZEFAEHOEVSH - LEHBATESLH
L Lk,

LOALENS, b EORMMBEBWVEELL, BATEZLIMEORERNENRICLED
[EZFM L1 Utsu(1969) TR LN TLWE WL, Sl bIEAMBETHERBALE. REHO DL (E
NDEELRAD, FUOTLEN DL VEH, EEHOREFILERMREL, TL— it
BLEIL—FAMEBEODEORMICRHMBBVNEIROA LGN oz, K> THEEDEWIED
EDENZELEDZEDTIRAEVWERERITDENTED,

7. REMGREFOREHN

Utsu (1969)I% 1 B - Y DBEMNREBERFERL L THKINZERELE, X(INHZETL—F
MihBEETIL—FAMBEOEVZHBALTLEL, A7V a Vv TREABEEEOHLL
XERET D,

HMET. REOHRIMBEBICKA TSI EEZRTEL J—T oAy - YES2—HER%E
REL. ABRAFTLOXZMAT L, - BEERERET .

kS107bMex
n(fyd1=""—"—d1, (13)

(t+cy

CCTNH)EAERtBRRETIREY. SITIHBEEBENM km?), Mp &I =F 21—
FORIE. b, c. plEZThETh bfE,. clERUL pfETHD. EHKkIEITL—FEMEE T
L—FREORTREL S,
HME%E145A. 9= Fa—FOBExX*45& L. bfE. ciERU pfEL LT 085, 0.3,
13%#BETDHELE.kDEEZR/D, TL— I HHMEDIES k=13.44, TL— FAHBEIZDOW
Tl k=31.74~63.47 TH D,

=



8. MM

Yamashita and Knopoff (1987)I&. XFEARIZDOWVT, RERED2D2DETILDESL L
DhOWERELTHHATEZAZLEEZRLEZ, BMORKETLIICEVT, AEOHBRE LD
BEISNEZNYFHRREZRESIHEDIERELTWLS, T TAYTI DEYRIES
NTLEVWEFOHBER2ZEZRT & 5 TH S (Das and Aki, 1977), ETIL I TE, K>
FARABOHBEBORABEZ LY E ., MELHLHMILLHBIAIREZRESESIERELT
Wb, 4 LETLIHAEESIAT. BENXNYFOEHNEREEN—EDHE. REHEITK
EOWMEEBICLHABRELES . —A.ETLIEZRAL. AEOHBOKICHA>TWLS,
FEODLSLHHBOREEN—ELELETIE, REHEIHBRIICKHATEILSITH S,
=EDHERIEZETLIICI—HLTWVS, EVLSOLREHIPAEOHNBEBICLHT S
NoETHD.

COWMET, BATHAESRORGM A MBOEILAE VL ERE LT, Tsuboi et al. (1988)
FEATHRELEZREROEHMMNEHZFMELTLESN, HEI2BOEBVLAR DN LA
N&HD., oI, Singhand Suarex (1988)MBIRE LK 31T, TL—+rREAOAY TV
JHEDEWVWT, TNAINRETLHAREELH D EREL I,

BRMLZEHORDYIC, BOTL—FRMBLEOTL—FAHBEORBHROMICRHK
HMEZENHILARDIOITHEEEME LhAL, #E 3. 7. 8. 9. 14, 16, 24, 26 (&
DTIL—hk (KEFETL—FPTAVEVEITL—F) ATHRELEMETHD. TLD
TR 6NDHFTAT, TETHRELLBMEIOTERRLEZ, 2205 IL—TTCOLIKNME
BOCEFELHATAEELAWL, HIC3D>OME (BBE 7. 8. 16) OREHIE. W6I2H
WTHREHRIY TRIIZHA-TWS, HE 7. 8 IREFBEHEL DI YEVEBIL—F
DHRTHERELTWVSD, T, 19830 FLFEMBOREBERICTOVT, COMRBE I JEY
BIL—LFOBREEEDOPTHEELLZIDTHEN., TAhEFELEEICTHSVIELICEE
T2EBELA0, COMEDOHMEE—4 2 M 2.7x10%%dyne-cm ThHY . KEH®R 1 5
AURIZRELEZI T ZFa2a—F45ULORBEIBLMAFEELAEN STz, LA L. (5)
NOFRAESNLIREBEBIT 137 TH S,

BEOTL—FRHMEBEOAZFES>HE. EAFTLERNMNIREZZRAVT,. QDK YITL
TzH 5.

log N=0.43log M, — 10.00

EEBIEHIZ 0512, TL—FHMEDE 23 A LIEE<ER>TWS, &oT. EOD
TL—rAEBEOAESHBEICIE., b0 REEDLLILL, BOTL—FRHEIZD
WTIX, 2TOHEDHEE—+ 2 A 3x102%dyne-cm Z TFTEZZ S, Ao DM
BREBEICEHTELL,

METRLEELSIC, AEOWEBLOREOEBEEENRE., JL—FABEOAN TL—
FREAHEDEDLYKEHETH D, S5IC. AET. BFOTL—FAHEOEEZE X
REMICBEOTIL—FAMED TN LY EREVI EATE I NIz, £ L. Yamashita and
Knopoff (1987)METI/L | ICHRBASHA D LSIC, hBEREBBRLTLRVLBEL /Y FON

(3



1) 7 (Das and Aki, 1977; Mikumo and Miyatake, 1978)A R E 4+ HE S 156, LREKER
. FJL—+rREMELTL—FAMEORBM T, FLEOTL—FRAMEBELEOTL— R
WEOMT, METOERICKENLEVVA,HILETT, BOTL— FRBEBILE S
RENIZBRICBVTRLNERMERBE I 5 (Aki, 1984), RRICERFERIE. BEOTL
— FAMERER., IBEEBSIRLTIHEICLRDILERTET S,
MEHEFZLIELERESADLRESIND =D, hi-b0RBREREHLNRETHECLA
TEHIEERBMLTWAEFLAELAGWEERTEIAMNVELE LA, ERRE. Seino
(1984)4> Ogata (1989)I%. REHIIREEHICLF T HELTRMB L, 4, ERMELSC
DLHFIBERIZHIBEE. REHONBLABEOMBEE— AL FORBEDOHEICH HEHRMN
BRICEVWT. 2 O00ERLGHILFIEHREZB/-OEFGEEL,, BRHAZBLIVESS,
BIN_fRETEALEZEAMNITORZDZH., FA-bD#RAE, KREBPFRKOBE—HME
CIRTBELIETVWDEERTHIANPVEAELAGL, COFERIER S TRTTL— M
MEBICHLTIEAMDHERZSZN., TL—FRAMBIZOVLTIHEEBRALG L, ThZThOHE
DTF—8y FOBRKMBERWVWZT—22FBT L. b EXTL—FAHBEBEOESE &
LTO045%BTWS, ThiF 12128V, EXATL— FREBMEBIZCOVWTOESIX 0.26 T
HY. 28LEERPEB->TLS,

LML TL— Rt EBEOHEE 2/3 X HTHEMIET, EEESBOELTREZENETE
2fFT—42+tYv MZHELTS, BICBWTLEAHICERLAN >3 DDTFT—4+
vhbbERL ATTAYMLTHD. TN T—F2RF2B3OEEICRCEHRLTLDS L
51CRZ%, EF. I8 TE2TOHMEBEZMALT. RIZRETHEZT069%HTILS, 3
DOHFLWVADSH 2 D1 1968 F+HHMEE 8 TT LEH)EL 1973 FREFHE(N)
NDREBTHY, ChAOLEBRARENVHMBE— AV IMHAFATELRLN., RRAKRELAE
DIT=ZFa—FOEWI06UTTHD. AEERARBEDE— AV MEAHTEHERD
YIZ, KEOHMEE—AVFEFE->TWD, 512, ChOREDOTYI=ZFa— FORIE
T 45 FYEFREL, 3SBEDT—FHE)X 1978 FRIPAEHMEEZERL TS, 20D
WEOI T Fa—FOBIEIX 48~51THd, lzblZI—ToRA LY -Jes—HEE%
DNEETHMEELELTRA LD Tz, Ko T, BRIShEZREHZ IOy LT,

9.F &L
ME-BIEEARATEELE-RABEOREREERNASA—FD0ERIZCODOVWTHELE, TL
TUTOREREHT-.



100

10

1 i i
1.0 10.0 100.0

pr

01
HWEE— A R (% 10 % dyne cmi

8 3A%EMLEUNEESERL, EMLEZ3RAIXATRLTWS, T. N, ElE#
NFh, 1968 E+HadthE, 1973 EREHHERV 1978 FRIPAEBHEDORE L —Y
IVAERLTWLWS,

BATABREZR 1 ABUNICRELEIITZFa—F45LULEORERE., ERBEIC
HLTEY., UTTEZ NS,

TL—rFRBEICOVWTIEN=72x10°%S, RUTL—FRAMEIZDVTIEIN=1.7~34
x 1028

HEIBRIEE, Ny FEEF—EOHE. RENFEBRESATOLAVRWVWNNYFT, £
FABROKBELDAN)ZICLIYEETHIEVSRERBFIC—HLTWD,

TJL— MR ELEIL—FAMBOR Y- V7RO TOENZRBRL., REH L H
BE—AUMFOMOBERELUTOELESICHELOND,

JL— FHEBEIZDOVTR

2
log Nﬂ—; logM,—17.05

RUJL—rRAMEIZOVTIE

|
log sz- logM,—12.08

Tolz. BEMNGRERERZREL. K(1)ITFR L,

TL—rAMBICE T SXEHBLOREOEREEREL., JL—rHMBEOZEL & Y HE
REWVW, Thid, TL—FAHBROAZROMBEN. TL—FHBBEOGZEEEEAR, &
UTRHBERCEERLTVASAIEENH D, SoIT, BEOTL—FRABEOLMN., BOT

Y



L—FAMBELYEPODPEYTHETHSIN LB LABGVIEZRLTWVS,

EEAIEECHEATHEHSIDTHEZTE >~ T YamashitaZiFICRBB L EFS . F1=.
K. Abe ##2. T. Miyatake t+. D. Weichert Bt (CiZ, RRBICEALERLGIAVFZEL
o EI2DVWTRBIBLLEITS,



1t &
Fhf-bld,. RA1TOT—4ty FE2#AVT, BAO T L— FEBEREORy—1) V58l
1B, RIZ. BRICETS, BENASA—4LA/BEMOTL— tEEOSETERLTL
% (Sato et al. 1989), BB EHEIL. MIBRILEOBEL LTCHE LR, WENZEERS
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LogS = 0.67 log My, — 14.96

KA1 BRIZETHSTL—FHMBEOHBEBRRVOMEE—X v+

EEHA B [ o 1 MEE—A 2+ F 4 i g
(10%km?) (dyne-cm)
1498.9.20 17.80 7.0E28 (AR B
1605.2.30 31.00 1.2E29 (BR)EE
1611.12.2 12.25 6.9E28 (Bi)=
1707.10.28 49 55 1.5E29 (EX)EHE. BmEE
1793.2.17 3.60 6.3E27 (EBOE WA
1854.12.23 23.05 4.6E28 (RBOEHE
1854.12.24 28.50 8.1E28 (RBOEEE
1856.8.23 8.40 3.1E28 (RBONE A
1896.6.15 10.50 5.9E28 (BHB)=R
1897.8.5 3.60 5.7E27 (HB)EWHF
1923.9.1 4.46 8.0E27 EED
1931.3.9 3.00 1.0E27 NE M
1935.7.11 0.07 2.2E25 &) W
1938.5.23 3.00 4.0E27 BEM
1938.11.5 6.00 7.0E27 BEMW
1938.11.5 6.00 4.8E27 g2
1938.11.6 3.83 3.8E27 BRI
1938.11.7 4.28 3.2E27 EEH
1952.3.4 13.00 2.6E28 + 5
1958.11.7 12.00 4.4E28 RIE A+
1961.8.12 1.00 4.2E26 il 2% 3%
1963.10.13 37.50 7.5E28 R
1965.3.17 0.18 5.0E25 EHREAH
1965.3.29 0.15 5.5E25 EHRERH A
1968.4.1 1.79 1.8E27 B A
1968.5.23 0.07 1.3E25 BFER
1968.11.11 0.06 7.5E24 =3
1969.8.12 15.30 2.2E28 Jt i E R A
1970.5.28 0.05 9.0E24 EF
1970.7.2 0.74 4.1E26 B
1973.6.17 6.00 6.7E27 BEMH
1978.6.12 2.07 3.1E27 B
1982.7.23 0.60 2.8E26 T

*THT—4HIE Sato et al, (1989)&k Y H - 1=,
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