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Abstract

Temporal features of the aftershock activities following some large
shallow earthquakes of M>7 in Japan have been studied quantita-
tively. The earthquakes concerned were accompanied by large after-
shocks which triggered their own aftershock activities. The purpose
of the present study is to seek any anomalous change in aftershock
activities of the main shock before the occurrence of such large after-
shocks. Aftershock activity shows an appreciable decrease from the
level expected from the modified Omori formula before the occurrence
of a large aftershock. The aftershock activity then recovers to the
normal level or evev increases beyond the normal level shortly before
the occurrence of the large aftershock. The recovered activity
generally occurs near the hypocenter of the forthcoming large after-
shock. Such a feature has been recognized in fourteen cases out of
eighteen for which sufficient data are available. We have the possi-
bility of predicting the occurrence of a large aftershock which might
be as large and disastrous as the main shock, if we keep watch on
the change of the aftershock activity immediately following the main
shock. Moreover, a rough prediction of the place can be made by
checking the hypocenter location of aftershocks occuring in the re-
covered stage.

1. Introduction

Seismicity pattern is one of the most promising subjects in earth-
quake prediction studies, because it brings us information about physical
conditions such as the state of stress, the stage of corrosion, or the degree
of strain concentration in and around the source region of an impending
large earthquake. The emergence of seismic quiescence in a source region
a few years preceding a large earthquake has often been reported (e.g.
INoUYE, 1965; UTsu, 1968; Moar, 1968b, 1969; OHTAKE, 1980). This is one
of the best examples of seismicity precursors to a disastrous earthquake.
Foreshock activity is another remarkable precursor.

However, it is often quite difficult to identify those seismicity
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changes as precursors before the earthquake occurs. Many precursory
changes of seismicity were found after the occurrence of a large earth-
quake. Pointing out precursory anomalies after the occurrence of a shock'
is called ‘post prediction’. Post prediction is far easier than true predic-
tion, since the area and the term within which we search for abnormal
changes have already been revealed. Successful detection of a seismic
gap was made for a major event which occurred in the last patch of an
active seismic belt along which several major shocks had occurred suc-
cessively in recent years (Utsu, 1970; OHTAKE et al., 1977). In these
cases, the area of the gap drew great attention beforehand.

Foreshocks are often indistinguishable from clusters of shocks which
would not lead to large shocks. A method to distinguish foreshocks from
swarm activities using waveform similarity has been presented by
TSUJIURA (1979). However, contradictory results have also been reported
in some other regions (ISHIDA and KANAMORI, 1978; MoToyA and ABE,
1985). Other determinants such as the b-value are not always powerful.

We cannot recognize precursory seismicity changes before a large
earthquake due to the lack of knowledge about temporal characteristics
of earthquake occurrences under normal conditions. If the degree of
fluctuation of seismicity in normal periods is well-known, any marked
precursory change in seismicity which reflects physical processes of pre-
paration for a large earthquake must be detected. However, seismicity
shows such a wide variation that it is very difficult to represent its
temporal features quantitatively, except for the case of aftershock
activities.

Aftershock activities have been studied intensively, and it is widely
accepted that the occurrence rate of aftershocks n(t) obeys the modified
Omori formula (UTsu, 1961),

nit)=—E

(t+c)?

where t is the lapse time from the main shock. Aftershocks are usually
much smaller than the main shock and not followed by secondary after-
shocks. However, sometimes a large aftershock occurs in an area adjacent
to the rupture zone of the main shock. Such a large aftershock is fol-
lowed by its own aftershocks (secondary aftershock). Hereafter, “large
aftershock” means this type of remarkable aftershock.

Since the temporal characteristics of normal aftershock sequences can
be represented quantitatively by the modified Omori formula, it is very
interesting to examine whether there is any anomalous change in after-

shock activity before the occurrence of a large aftershock. If any change
is recognized and its common features are known, it is not only useful

(1)
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for prediction of such a large aftershock which might cause additional
disaster, but also important to reveal the generating process of such a
large aftershock or an earthquake in general. In this paper, a quantita-
tive study is made on many aftershock sequences having large after-
shocks in and around Japan.

2. Method

Conventionally, three parameters, K, ¢, and p in (1) were determined
from a log n(t) vs. log ¢t plot as Figures 6-15 in UTSU (1969). Since n(t)
is not a directly observed quantity, it is calculated from the number of
aftershocks in a certain unit of time. Therefore, several aftershocks are
represented by only one datum point, and the three parameters are ob-
tained only after hundreds of aftershocks have occurred.

Recently, the maximum likelihood method to estimate those para-
meters has been introduced (OGATA, 1983). According to this method, the
likelihood is defined as

LK, 6,0 tut -+ +tx) = [T n(t) exp {—ﬁn(s)ds } (2)

when the i-th aftershock occurred at time ¢, all N aftershocks were
observed from time S to T, and n(f) is the same as (1). The logarithmic
form of this likelihood can be written as follows.

InL(K, ¢, p;f)= éln {n(ti)}—ﬁn(s)ds (3)

The most likely values of K, ¢, and p are those which maximize (2) or
(8). Three parameters in (1) can be estimated directly from origin times
of aftershocks; thus quantitative treatment of an aftershock activity for
a short term becomes available.

In order to check the fit between the modified Omori formula and
the temporal pattern of aftershock occurrence, the cumulative number of
aftershocks plotted against the frequenecy-linearized time ¢ (OGATA and
SHIMAZAKI, 1984) is useful. The frequency-linearized time (FLT) is
defined as

r=§:n(s)ds (4)

which is equal to the calculated cumulative number of aftershocks using
the estimated parameters in (1). The time interval between two succes-
sive aftershocks is equal to the unit time of z. Therefore, if an after-
shock sequence is perfectly expressed by (1) with appropriate parameters,




4 R. S. MATSU’URA

n(t) (a) (d) (e)

N(H)

NG

t
T= .[o (S‘:'<C) ds
Fig. 1. Schematic graph showing variations of aftershock activity with time. The
top row shows the rate of aftershock occurrence vs. lapse time from the mainshock.
The middle and bottom rows are corresponding cumulative numbers for an ordinary
time scale and a frequency-linearized time (FLT) scale, respectively. Dashed lines
show the occurrence rate or the cumulative number calculated from the modified Omori
formula (MOF) with estimated parameters.
(a) The activity without change.
(b) The same activity as (a) with a temporary decrease.
(e) The same activity as (a) with a temporary increase.
For (a), (b), and (c), the same set of parameters, which explains the activity (a)
perfectly, is used for MOF and FLT.
(d) The same activity as (b) is shown with the different MOF and FLT estimated
from the whole data including the decrease.
(e) The same activity as (e¢) is shown with the different MOF and FLT estimated
from the whole data including the increase.

the cumulative number of aftershocks increases linearly with « (Fig. 1
(a)). When there is a decrease or increase in activity below or above
the level expected from the modified Omori formula whose parameters
are evaluated from the data obtained until the emergence of the decrease
or increase, the gradient of a cumulative number vs. r curve shows a cor-
responding decrease or increase (Fig. 1(b), (¢)). If 7 is calculated from
parameters using the data including the stage of decrease or increase, a
cumulative number vs. ¢ line meanders around the straight line represent-
ing the modified Omori formula fitted to the data for the whole period
of investigation (Fig. 1 (d), (e)).

Once the likelihood is obtained, Akaike’s Information Criterion (AIC)
(AKAIKE, 1974) defined by
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Fig. 2. Graph similar to Figure 1 showing the activity represented by (6-1).
(a) The (6-1)-type model is fitted to data. FLT of the bottom graph is
estimated from data until T¢.
(b) The (1)-type model is fitted to data.

AIC=—2-max. (In likelihood)-+2- (number of parameters) (5)

is useful for selecting the most appropriate model. For a given set of
data, a model with smaller AIC is better. If there is a significant change
in the activity during an aftershock sequence with the occurrence of a
large aftershock, AIC must be smaller for a model using two or more
formulae such as (6-1) (Fig. 2 (a)) than for the model using a single for-
mula for the whole sequence (Fig. 2 (b)).

K,

m for 1< T,

Co)”

n(t)= (6-1)
{t+cc)?e or t>Te

T:; the time the activity changes

By the use of AIC, we can distinguish a significant change in activity
on a plot of the cumulative number of aftershocks against the frequency-
linearized time from a mere noise or a fluctuation of activity not related
to the occurrence of a large aftershock.

When there are a significant decrease (at Q) and its recovery (at R)
in the activity as shown in Figure 1(b), AIC must be smaller for models
which take into account two changes such as (6-2) than for the (1)-type
model or the (6-1)-type model.
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K for t<Q
(t+co)Po o
nft)={—Le__ for Q<t<R (6-2)
(t+cq)re =
__Ke for BR<t
(t+cg)™®

When the activity after R (recovered activity) is equal to the level ex-
pected from the activity before @, AIC is smaller for the model of (6-3)
instead of (6-2).

_K for t<@Q or R<?
) (E+co)
n(t)= X (6-3)
e for Q<t<R
(t4cq)e Q

For the analysis of actual data in this study, the smallest AIC is searched
for among models of the (1), (6-1), (6-2), and (6-3) types.

When one aftershock sequence contains some large aftershocks ae-
companied by their secondary aftershocks, the modified Omori formula
becomes

K
oH(t_Ti).—zt————T:-l—c—i)pi (7)

vz

n(t)=

1

where H(t) is a unit step function, M is the number of large aftershocks
having their own aftershocks, and T, (=0) and T; are the origin time
of the main shock and the i-th large aftershock, respectively. Even if
n(t) is replaced by (7), the likelihood and the frequency-linearized time
can be defined by (2) and (4), respectively. The three parameters of (2),
K, ¢, and p become (M-+1)-dimension vectors. The actual number of
parameters becomes 4M+3 (3(M+1) for K, ¢, and p, and M for T).

3. Data

Although many articles have been published deseribing aftershock
sequences of large earthquakes, very few aftershock sequences can be
re-examined by the method deseribed in the previous chapter. Most
papers reported only the occurrence rate of aftershocks with no list of
the origin time of each aftershock. Furthermore, the lack of data right
after the main shock often led seismologists into ignoring ¢ in (1). In
other words, the occurrence rate of aftershocks was represented by an
equation proportional to ¢ (e.g. MoaI, 1962; PAGE, 1968). The c-value
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cannot be obtained correctly from a log n(t) vs. log ¢ plot without a few
data points within one day of the main shock.

Since the purpose of this study is to find any significant change in
aftershock activity before the occurrence of large aftershocks, homogeneity
of data is essential. For a few hours right after a large earthquake, a
ready-made catalog of aftershocks tends to be inhomogeneous, since it
is often difficult to determine hypocenters during that time due to the
extremely high rate of aftershock occurrence. Based on such a list, we
might find false quiescence, or miss quiescence which appears after the
occurrence rate has relatively abated. An inaccurate estimation of the
¢-value might also make it difficult to find small changes in the activity
for small £.

Not only the temporal homogeneity of a list, but also the spatial
extent covered by a list is important. The modified Omori formula re-
presents the temporal feature of aftershock occurrence in the whole
source region of the main shock. Aftershocks in a portion of the source
region show clustering features different from the formula in some cases
(PAGE, 1968). For a list of aftershocks sampled from a part of the
source region, the study of deviations from the modified Omori formula
makes no sense. On the contrary, if the area of sampling is too much
larger than the actual aftershock area, the occurrence rate is not well-
represented by the modified Omori formula, since the area includes after-
shocks of other main shocks or other types of activities not directly
related to the main shock.

The data to be analyzed in this study should contain the following
conditions: the origin time and size of each aftershock must be known,
aftershocks must be sampled thoroughly from the whole source region
of the main shock, and aftershocks of magnitude above a certain fixed
level must be counted without omission throughout the period of analysis.
To satisfy these conditions, a homogeneous list of aftershocks made from
strip-chart type records is ideal. Furthermore, multi-channel records of
stations surrounding the source region are useful to distinguish earth-
quakes outside the source region from those within without calculations
of hypocenter locations. When the magnitude of each aftershock is
determined from total duration time (F-P) (TSUMURA, 1967) instead of
maximum amplitudes, the size definition of aftershocks becomes more
stable against the variations in mechanism among aftershocks or the
confusion of records for a few hours after a large earthquake. This
holds true because total duration time represents the information about
the size of an earthquake in a whole waveform, while the maximum
amplitude contains such information for an instant.

In this study, homogeneous lists of aftershocks for two sequences
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are made with great care from strip-chart multi-channel records of the
network of the Dodaira Microearthquake Observatory, which has been
operated continuously with paper speed 60 mm/min since 1968. For other
cases, data from bulletins of the Japan Meteorological Agency (JMA) or
other catalogs are used with due consideration of their limitations.
Magnitudes of main shocks and large aftershocks are taken from surface
wave magnitudes (M) listed in ABE (1981). For smaller events not listed
therein, magnitudes determined by JMA (M;) are used. M, is about 0.2
unit smaller than M in the magnitude range from 6!, to 8, (UTSU,
1982¢). My, in the text indicates the magnitude for old earthquakes
determined by UTsU (1979, 1982a, 1982b). Magnitudes of aftershoks used
in the analysis of each sequence will be described individually. All dates
and times in this paper are Japanese Standard Time, which is nine hours
ahead of G.M.T.

4. Results obtained from homogeneous data sets

i) The east off Hachijo Island earthquake of 1972

On February 29, 1972, the east off Hachijo Island earthquake (here-
after, it is called the first shock) of Ms7.4 (M,7.1) occurred and many
aftershocks followed it. After nine months, when the aftershock activity
was still observed, the off Hachijo Island earthquake (the second shock)
of M;7.5 (M,7.2) occurred on December 4, 1972, abutting on the source
region of the first shock.

This is one of the best examples for studying changes in aftershock
activity with a large aftershock. Since the second shock was large enough,
there is a high possibility that preparatory processes for the second shock
which started after the occurrence of the first shock changed physical
conditions in the whole or a large part of the aftershock area of the
first shock. Since there were nine months between the two earthquakes,
many aftershocks had occurred before the second shock. This makes the
statistical treatment of aftershock activity easier.

However, there is no list of earthquakes in this area suitable for
the present study. The area off Hachijo Island is remote from the
microearthquake observation network and it is difficult to locate hypo-
centers in this area accurately. This area was excluded from the routine
reports of seismicity in the Kanto district by the Earthquake Research
Institute in the 1970’s. The two nearest seismographs are on Hachijo
and Miyake Islands. However, these are low-sensitivity ones operated by
JMA and reports of P and S arrival times were few and not precise.
In the Seismological Bulletin of JMA, only hypocenters of earthquakes
of M5 or above were reported for this area at that time.
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In this study, the homogeneous list of earthquakes in this area from
June 1971 to June 1976 has been made carefully. All pages of strip-
chart type multi-channel records of the Dodaira Microearthquake Obser-
vatory network were examined and earthquakes of M 2.8 or larger in
this area were listed. The magnitude of each earthquake was deter-
mined from total duration time according to the formula for the Dodaira
Observatory (Horl, 1973). Since waveforms of earthquakes in this area
observed at stations of the Dodaira Observatory are distinct from other
local earthquakes in the Kanto distriect due to low-frequency dominance
and an unclear S phase, finding earthquakes in this area from original
records is not affected by a temporary breakdown of a station in the
network. All earthquakes of M>3.0 have been listed except for periods
when two or more stations were concurrently out of order. The total
length of such interruptions was one week in five years. When the
magnitude is equal to or greater than 3.5, we can reliably discriminate
shocks within the aftershock areas of the first and second shocks, even
during the several minutes right after a large earthquake or when a
few stations are in trouble, from ones in the surrounding areas: the
swarm area off the west of Hachijo Island which was active in August
1974, or the aftershock area of the off Boso Peninsula earthquake of
1953 (M 17.9), which was the largest event near the area.

From this homogeneous list, it is found that before the second shock,
the aftershock activity of the first shock decreased from the rate expected
from the modified Omori formula. Then it recovered before the second
shock. The degree of this decrease or quiescence is twice as large as
the fluctuation of aftershock activity in other periods. If a single modi-
fied Omori formula is applied to represent the whole aftershock sequence
of the first shock until the second shock, the deviation of the cumula-
tive number curve from the straight line representing the modified Omori
formula during the quiescent period is twice as large as that of other
periods (Fig. 3(a)). Therefore, the model including the change represented
by (6-1) is fitted to the data. The smallest AIC value is obtained when

=165 days and the aftershock sequence is represented as follows (Fig.
3(b)).

. V,(ﬁ,(ljﬁo%w for 0=T,<t<T, (8-1)
n(t)= .
o1 for To<t<T, (8-2)

After the time T, which is indicated by @ hereafter, the best fitted
representation of the aftershock occurrence rate is independent of lapse
time; in other words, p,=0. When the sequence after @ is plotted on
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Mm=3.7 Min=3.7
1972 East off Hachijo Is. (Mo=7.4, M=7.5) 1972 East off Hachijo Is. ( Mo=7.4, M=7.5 )
K=18.5, c=0,08, p=0.85 AIC = 45,8 K=16.9, ¢=0.05, p=0,79 AIC = 39.8
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Fig. 3. Top and middle figures show the cumulative number of aftershocks against
ordinary time and FLT, respectively. The calculated cumulative number represented
by dashed lines is calculated using the parameters shown above which are obtained by
the maximum likelihood method from data in the range designated by a square bracket
at the bottom. Figures on the FLT axis show lapse time in days from the left end.
The bottom figure magnifies the difference of the observed cumulative number from the
calculated one on the same time scale as the middle. The difference is rounded off to
an integer. Double the standard deviation of the difference in the designated range is
also shown by dotted lines. The threshold of magnitude (M,;) for counted aftershocks,
the magnitude of the first and the second shocks (M, and M), and AIC value are shown
at the top.

(a) The frequency-linearized time from all data.
(b) FLT from data until t=165 days.

the frequency-linearized time defined by the data before the change, it
is found the decreased rate shows recovery before the second shock (Fig.
3(b)). Thus the sequence after @ is divided at R into two parts: the
quiescent stage and the recovered stage. AIC is smaller for the (6-2)-
type model than the (6-3)-type, and
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Fig. 4. Cumulative number of earthquakes in the area east off Hachijo
Island against the ordinary time scale from June 1, 1971 to June 30, 1976. The
lower limit of magnitude for counting earthquakes is shown in each graph.
The dotted line between the first and the second shocks in each figure represents
the calculated cumulative number for parameters estimated from data within
165 days from the first shock.
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(9)

0.06 <t<R
n(t) ={ 9

0.2 R<t<T,

where R=235 days. AIC for (8-1) plus (9) is slightly larger than that
of (8-1) plus (8-2) by 0.14, a negligible amount of difference. The occur-
rence rate in the quiescent stage from ¢ to R is one-fifth to one-fourth
of the rate estimated from (8-1). The rate in the recovered stage almost
equals the estimated rate.

The emergence of quiescence and recovery in the aftershock activity
before the second shock is recognized in several cases of different mag-
nitude threshold (Fig. 4). When the threshold is large, the number of
aftershocks to be analyzed becomes too small, and it is difficult to dis-
tinguish the quiescence from a mere fluctuation of activity. When the
threshold is between M 3.5 and M 4.0, the anomalous pattern is seen
clearly. When the threshold is set at M 3.0, the limit of the homogeneity
of the list, the pattern is still observed, yet the anomaly becomes rela-
tively indistinet. If we count aftershocks as small as M 0, we will not
discover the quiescence because the occurrence of a small earthquake may
reflect physical conditions of a small area which are often irrelevant to
the preparation of a large earthquake. It is likely that the larger an
aftershock is, the more affected its cccurrence is by preparatory processes
for the forthcoming large shock.

The b-value of the Gutenberg-Richter formula significantly changed
at @ and R. In (10), the b-value of aftershocks of M>3.0 calculated for
each stage by the maximum likelihood method (UTsu, 1965) is shown
with a 95% confidence interval (Axi1, 1965).

0.72-+0.06 T, <t<Q
b={ 1.30+0.35 Q<t<R (10)
0.81+0.28 R<t<T,

The b-value increased after @, which is equivalent to the fact that the
frequency of larger aftershocks decreased more in the quiescent stage.
After R, the b-value decreased to its original value.

Hypocenters in the area concerned cannot be located properly by
usual methods, because the area is far from the network, the azimuthal
coverage of the network is very narrow, S phases are not clear, and the
accuracy of P-arrival times is often not good. Therefore, a new method
of hypocenter location (MATSU'URA, 1984) has been adopted in order to
avoid an insignificant scatter of hypocenters due to inaccuracy of data
and defects in the network coverage. This method makes full use of
prior information and gives a consistent confidence region for an obtained
hypocenter. In addition to data from the stations of the Dodaira Micro-
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earthquake Observatory and other stations of the Earthquake Research
Institute, arrival-time data of JMA stations in and around the Kanto
district were used when they were found in the original register of JMA.

(@) To — 1 (165 days, N=252)

(b) @ —= T1 (114 days, N=22)
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Fig. 5. The hypocenter distribution of M>8.5 quakes in each stage. Octagons,
triangles, squares, and crosses show hypocentral depths shallower than 30 km, 30 to
60 km, 60 to 90 km, and deeper than 90 km, respectively.

(a) Aftershocks of the first shock until the quiescence. The star indicates the hypo-
center of the first shock.

(b) During the quiescence and the recovered stage. The open circle indicates the
epicenter of the forthcoming second shock.

(e¢) For 46 days after the second shock. The star indicates the hypocenter of the
second shock.

(d) From 46 days after the second shock until June 30, 1976.

All hypocenters of shocks of M>38.5 are plotted in Fig. 5. In the
quiescent and recovered stages, aftershocks occurred mostly near the
hypocenters of the forthcoming second shock. After the second shock,
aftershocks of the second shock occurred west of the aftershock zone of
the first shock. Aftershocks of the first shock were also observed in the
area active before Q.
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ii) The western Nagano Prefecture earthquake of 1984

On September 14, 1984, Ohtaki Village near the western border of
Nagano Prefecture was struck by a shallow earthquake of M;6.8. After
one day, the largest aftershock of M;6.2 occurred on a fault conjugate
to the main shock fault (Fig. 6). It disturbed the search for missing
persons buried under the landslips caused by the main shock and frigh-
tened the local people. On October 3, 1984 and on February 26, 1985,
rather large aftershocks of M, 5.8 and M, 5.0 occurred and were followed
by their own aftershocks.

SEP OCT NOV DEC JAN FEB MAR APR. MAY
1984 1985

( After Mizoue et al, 1985 )

Fig. 6. Epicenter distribution in the western part of Nagano Prefecture after
MizoUE et al. (1985). The N65°E lineament shows the fault of the main shock, while
the conjugate short one shows the secondary aftershocks of the largest aftershock.

For studying this sequence, a list of aftershocks has been carefully
made from the strip-chart type records of the Dodaira Microearthquake
Observatory. Since the recorder was changed in 1983 to the thermal-pen
type, which might cause a judgement of F-P time different from the
previous recorder, constants in the formula relating the total duration
time at the Dodaira station (DDR) to the magnitude by JMA are deter-
mined for this sequence as in the following.

M,=2.63-log (F-P)ppx—1.58 (11)

According to (11), the list is homogeneous for M>3.0 except for the first
ten minutes immediately following the onset of the main shock.
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In the one-day interval from the main shock to the largest after-
shock, the data deviate largely from the single modified Omori formula
before the largest aftershock. In this case, the short quiescence and the
following foreshock-like high activity are observed before the largest
aftershock. When the (6-1)-type model is fitted to the sequence, the
equal value of AIC to the (1)-type model (Fig. 7(a)) is achieved if T.=
0.6 day (Fig. 7(b)). As T increases, AIC decreases and p, value increases
to an unusual value. When T:=0.74 day (Fig. 7(c)), when the activity
started to increase in Figure 7, the smallest AIC for the (6-1)-type model
is obtained and p, becomes 2.86, which implies that the aftershock activity
decreased with abnormal rapidity from 0.6 day to 0.74 day. Therefore,
the (6-2)-type model with two discontinuities at @ and R is adopted. The
smallest AIC for this model is obtained when @=0.6 day, R=0.74 day,
and

Min=3.0 Min=3.0
1984 Western Nagano Pref, ( Mo=6.8, Mi=6.2 ) 1984 western Nagano Pref. ( Mo=6.8, Mi=6.2 )
= = = - = AIC = -875.8
K=413, ¢=0.008, p=0.76 AlC = -866.4 K=27.5, ¢=0.04, p=1.12 AIC = —geas
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Fig. 7. Aftershock sequence of the western Nagano Prefecture earthquake during
the period from the main shock to the largest aftershock.
(a) FLT from data for 10 min. <t<T;.
(b) FLT from data until £=0.6 day. The smaller AIC value is that for the (6-2)-type
model represented by (12). The other is that for the (6-1)-type model.
(e) FLT from data until ¢=0.74 day.

275
_— 0.007<t<
(t40.04)"* <t<Q
n(t)= 71 Q<t<R (12)
92.5 E<t<T.

During the quiescence, the activity decreased one-fifth of the rate expect-
ed from the modified Omori formula for the normal aftershock activity
before Q. In the recovered stage, the activity is three times as active
as expected. Aftershocks located by MIZOUE et al. (1985) in this stage
were distributed mostly near the fortheoming largest aftershock (Fig. 8).
In the course of preparing the aftershock list, it was also noticed that
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( Mizoue et al, 1985 with addition )

Fig. 8. Epicenter distribution in the western part of Nagano Prefecture after
MizoUE et al. (1985). @ and F indicate the beginning of the quiescence and the fore-
shock activity of the M 6.2 event.

a change in waveforms appeared before the largest aftershock. Before
R, nearly equal ratios of the maximum P-wave amplitude to that of the
S-wave at the DDR station were observed, while the different ratios were
mixed in after R.

Before the other two large aftershocks, however, significant quiescence
did not emerge (Figs, 9, 10). The large deviation from the modified
Omori formula before the first shock with M, 5.3 was due to the swarm-
type activity on September 27 which occurred northeast of the east end
of the main fault. The M, 5.3 shock occurred on the eastward extension
of the main fault. After this swarm activity, the aftershock activity
returned to the rate expected from the modified Omori formula fitted to
data before the swarm (Fig. 9). Eighteen hours before the shock, the
activity increased slightly from the expected rate again without the
preceding quiescent stage as for the largest aftershock. After this large
aftershock, the degree of fluctuation from the modified Omori formula
increased, which implies that the aftershock activity became rather inter-
mittent after the M, 5.3 earthquake (Fig. 10). Three months before the
next large aftershock of M, 5.0, the data were again well explained by
the modified Omori formula of (7). The M, 5.0 earthquake was preceded
by a slight increase in activity for eight hours, although this foreshock
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Fig. 9. Aftershock activities following the main shock and the largest aftershock
for the time interval between the largest aftershock and the large aftershock of M;
5.3 on Oct. 3. Parameters shown above are obtained from the data in the period from
10 minutes to 12 days after the largest aftershock (indicated by a square bracket) in
addition to the data from 10 minutes to 0.6 day after the main shock.

Fig. 10. Aftershock activities of the main shock, the largest aftershock and the
large aftershock of M; 5.3 for the time interval between the large aftershock and the
next large aftershock of M; 5.0 on Feb. 26, 1985. Parameters are obtained from the
data for the period 10 minutes to 141 days after the M; 5.3 shock in addition to the

data used for figure 9.

cluster did not produce a substantial change compared with the fluctua-
tion in other periods. There was also no significant quiescent stage before

this earthquake.

The explanation for the absence of significant quiescence in the after-
shock activity before the two M 5 aftershocks is that the lower limit of
the present analysis (M=3.0) is too high to detect changes in these cases,
or changes in physical conditions for preparation of an M5 earthquake
are too small or affect too limited a zone to be noticeable in the activity
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of the whole aftershock area. M 3.0 is the limit of detection at the DDR
station for this area. At nearer stations operated by Nagoya University,
ground noises from the construction of a path through nearby forests
prohibited the sampling of smaller aftershocks homogeneously in daytime
(AOKI, personal communication). Checking the former possibility is very
difficult. However, the off Hachijo Island case implied that the chance of
revealing the quiescent stage by including smaller aftershocks is very small.
Therefore, the anomalous pattern of aftershock activity should be searched
for before an aftershock which is not only followed by secondary after-
shocks but also not smaller than the main shock by 1.5 unit of magnitude.

The Nagoya group (SCHOOL OF SCIENCE, 1985) reported that these
three large aftershocks of the western Nagano Prefecture earthquake
were all preceded by foreshocks a few hours earlier. They examined
small aftershocks located within a zone of a few kilometers around the
large aftershock for one day before it occurred. A cluster of activity
emerged a few hours before in the small zone of the forthcoming large
aftershock. However, a cluster of activity occurring in a limited zone
does not always lead to a large aftershock in that zone. The cluster on
September 27, large enough to be recognized in the activity of the whole
area, was not followed by a large event. Some criteria to distinguish a
mere cluster from a forerunner of an M5 large aftershock should be
searched for the purpose of prediction. For the largest aftershock, this
study discriminates fluctuation from the foreshock activity of the largest
aftershock with the quiescence.

iii) The Kanto earthquake of 1923

UTsu (1981) collected old instrumental and macroseismic data and
made a homogeneous list of hypocenters (M>5.4) for ecentral Japan from
1904 to 1925. In this list, the largest earthquake is the great Kanto
earthquake in 1923 with M 8.2 (M, 7.9). Although the magnitude thre-
shold of the catalog is much larger than in the previous two cases, the
main shock is great enough to be followed by enough aftershocks to apply
the present method. This earthquake was followed by the off Katsuura
earthquake of M;7.7 (M, 7.3) one day later, and the large aftershock of
M, 7.3 136 days later in Tanzawa. These cases are investigated.

In the aftershock sequence before the off Katsuura earthquake, the
quiescent and recovered stages are clearly observed (Fig. 11(a)). The
smallest AIC is obtained for the model with @=0.2 day, R=0.45 day, and

5.2
00T Toct=@

=1 g0 Q<t<R 13)

10.5 R<i<LT.
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Fig. 11. The aftershock sequence of the great Kanto earthquake until the occur-
rence of the off Katsuura earthquake.
(a) FLT from all data.
(b) FLT from data until ¢=0.2 day.

In this case, no aftershock of M>5.4 occurred for six hours after the
normal aftershock activity of five hours from the main shock (Fig. 11(b)).
This complete quiescence is followed by a recovered aftershock activity.
Epicenters of aftershocks (Fig. 12) in the recovered stage are mostly
distributed in the southeast part of the main shock’s source region, which
is close to the forthcoming off Katsuura earthquake (Fig. 12(b)).

For the period after the off Katsuura earthquake, the activity is not
just the combination of two aftershock sequences, although we exclude
earthquakes which apparently occurred outside the source region. The
smallest AIC for the whole activity from the main shock to the Tanzawa
earthquake is achieved by
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Fig. 12. Epicenter distribution of M>5.4 in each stage for the aftershock
sequence of the great Kanto earthquake. Solid circles show epicenters of the
Kanto, the off Katsuura, and the Tanzawa earthquakes. An open circle in the
middle figure shows the epicenter of the off Katsuura earthquake.
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_(H_%Sm—l—li(t—ﬂ)-&l T,<t<Q or ¢t>T,
i : 14
n(t) 0.0 Q<t<E ()
105 E<i<T:

where T, is the origin time of the off Katsuura earthquake. The occur-
rence rate after the off Katsuura earthquake is the summation of the
aftershock activity of the main shock and an additional activity indepen-
dent of the lapse time from the off Katsuura earthquake. There is no
large deviation in data of this period from (14) (Fig. 13).

After the great Kanto earthquake, the seismicity in the Kanto dis-
trict decayed slowly as pointed out by OHNAKA (1984) and taken into
account in OGATA and KATSURA (1986). The constant term added after
T, represents this. A great earthquake of M 8 disturbs the asthenosphere

Mm=5.4
1923 Kanto ( Mo=8.2, M=7.7, M2=7.3)
Ko=9.4, c0=0,06, po=132, C1=0,1
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Fig. 13. The aftershock sequence during the period from the great Kanto
earthquake to the Tanzawa earthquake. The parameter C;=K; when p;=0.
After Ty, figures under the frequency-linearized time axis show the lapse time
from T, instead of TY.
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(e.g. MATSU’URA et al., 1981); thus it activates a wide area, creates after-
shocks which are only caused by a great earthquake and decay very
slowly due to the viscoelastic relaxation in the asthenosphere. The one-
day interval between the main shock and the off Katsuura earthquake is
too short to distinguish aftershocks peculiar to a great earthquake from
ordinary aftershocks, and the four-month interval before Tanzawa earth-
quake is not long enough to reveal the slow decay of those particular
aftershocks. The aftershock activity of the off Katsuura earthquake
is too weak compared to the activity induced by the deformed asthe-
nosphere due to great Kanto earthquake. It appears as a small upward
deviation for three days from T, in Figure 13.

The Tanzawa earthquake may be smaller than the off Katsuura
earthquake, although it had the same magnitude as the off Katsuura
earthquake in the catalog by UTsu (1981). Its surface wave magnitude
was not obtained from worldwide data (ABE, personal communication).
There are no aftershocks of M>5.4 for the Tanzawa earthquake, while
there are some for the off Katsuura earthquake. The magnitude of
this earthquake may be overestimated in the Utsu catalog, probably
because it occurred on land and released most energy at high frequen-
cies.

However, quiescence and recovery might be revealed in the activity
before the Tanzawa earthquake, if we could distinguish ordinary after-
shocks from earthquakes induced by the viscoelatic relaxaton in the as-
thenosphere. They might also be recognized if a catalog of small mag-
nitude threshold like M4 or M 8 were available. The inclusion of small
aftershocks might result in putting stress on the ordinary aftershock
activity. The data available tell us that changes in the aftershock acti-
vity due to the preparetion of a large aftershock tend to be unrecognized
when activities due to other factors are involved.

5. Results obtained from somewhat inhomogeneous data sets

i) The Niigata earthquake of 1964

In order to investigate whether the emergence of quiescence and
recovered activity in an aftershock sequence before a large aftershock is
universal, it is necessary to analyze as many sequences as possible with
published catalogs. For sequences in and around Japan, the Seismological
Bulletin of JMA is most useful. However, the homogeneity of JMA
catalogs is not guaranteed. The degree of deviation in the JMA catalog
from the modified Omori formula for a normal aftershock sequence with-
out a large aftershock should be checked before it is used for further
analysis.
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The aftershock activity of the Niigata earthquake which occurred on
June 16, 1964 with My 7.5 (=M,) is the best example of normal after-
shock activity. This earthquake occurred just offshore northern Niigata
Prefecture and many aftershocks were located by the JMA network. Its
largest aftershocks were only M; 6.1. Secondary aftershock activities
were scarcely observed even by the temporal nearby observation of after-
shocks (THE PARTY FOR AFTERSHOCK OBSERVATION, 1968). No expansion
of the aftershock area was recognized for this earthquake (Mogi, 1968a).
If the JMA data of this sequence had any large deviation from the
modified Omori formula, they would be unusable for detecting activity
changes in an aftershock sequence.

All aftershocks located by the JMA network are used for analysis
regardless of their magnitudes given in the bulletin (Fig. 14). The limit
of homogeneity for a catalog is often obtained by drawing Gutenberg-
Richter’s diagram. The lowest limit of magnitude is chosen as a bending
point where a cumulative number curve of earthquakes starts to deviate

To —>Tau ( 365 days, N=241)

Sl

148E

Fig. 14. Hypocenter distribution of the Niigata earthquake and its after-
shocks for one year afterwards. (Earthquakes indicated by solid circles and a
solid triangle are excluded from the analysis, because they are located outside
the focal area. However, including those earthquakes does not affect the
results.) For symbols, see the caption in Figure 5.
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Fig. 15. The aftershock sequence of the Niigata earthquake for one year.

from the Gutenberg-Richter formula. This threshold is M 4.0 for the
Niigata sequence from the list in a special report (JMA, 1965). However,
tentative magnitudes are assigned to more than half of the aftershocks
in this list without using sufficient data. The magnitude columns for
those earthquakes are blank in the bulletin. An aftershock large enough
to be located by the JMA network is considered above a certain threshold -
held uniform through this old sequence.

This aftershock sequence is expressed by the modified Omori formula
very well (Fig. 15). The standard deviation of data from the formula is
very small. There is no period of remarkable deviation as seen in
sequences having large aftershocks. AIC for the (1)-type model is smaller
than the AIC for the (6-1)-type model; in other words, there is no
anomalous change of activity in this sequence. Hereafter, data in the JMA
bulletin are used for further study.

ii) The off Miyagi Prefecture earthquake of 1978
On June 12, 1978, an M 7.5 (M, 7.4) earthquake occurred offshore
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Fig. 16. The aftershock sequence of the off Miyagi Prefecture earthquake during
the period from the main shock to the largest aftershock.

(a) FLT from all data.
(b) FLT {from data until ¢=0.6 day.

from Sendai city. The largest aftershock of M; 6.3 followed two days
later. The magnitude threshold of JMA data for this sequence is obtained
as M 3.7 from Gutenberg-Richter’s diagram.

Although the number of aftershocks is small, quiescence and the
recovered activity are evidently recognized before the largest aftershock
(Fig. 16 (a)). The smallest AIC is obtained for

3.3
33 T,<t<
(£+0.08)" v<t<Q
=1 90 Q<t<R (15)
7.8 R<t<T,

where @=0.6 day and R=1.5 day (Fig. 16 (b)). Most of the recovered
activity is observed in the easten part of the main fault which is close
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Fig. 17. The hypocenter distribution of the off Miyagi Prefecture earth-
quake and its aftershocks of M>3.7. For symbols, see the caption in Figure 5.
(a) From the main shock (the solid triangle) to the quiescence.
(b) From the quiescence to the largest aftershock (the open circle).
(¢) From the largest aftershock (the solid triangle) to June 80, 1978.
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to the site of the forthcoming largest aftershock (Fig. 17).

Although the number of events analyzed is small, the peculiar variation
in the activity before the largest aftershock can be regarded as a pre-
cursor, since it is far more anomalous than the fluctuation of the activity
after the largest aftershock (Fig. 18 (a)). If we analyze only aftershocks
which occurred in the source region of the main shock, the sequence
after the largest aftershock is represented well by the summation of the
aftershock activities of the main shock and the largest aftershock. The
quiescent and recovered stages before the largest aftershock are significant
through the whole sequence.

However, by including the activity in the area east of the main
shock’s source region (Fig. 19), an activity which may have been induced
by the main shock, the sequence is not well represented by the modified

Min=3.7 Min=3.7
1978 Off Miyagi Pref. ( Me=7.5, M=6.3) 1978 Off Miyagi Pref. ( Mo=7.5, Mi=6,3 )
Ko=4.3, c0=0,03, p =114, Ki=4.7, c1=0.74 Ko=7.7, ¢ =0.02, p=0.85, Ki=1.7
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Fig. 18. The aftershock sequence of the off Miyagi Prefecture earthquake during
the period from the main shock until June 30, 1978.
(a) Earthquakes in the focal area shown in Figure 17.
(b) Earthquakes in the wider area shown in Figure 19.
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Fig. 19. The Hypocenter distribution of earthquakes of M>3.7 located
within the shown area in the same period as Figure 17.

Omori formula (Fig. 18 (b)). The modified Omori formula represents
aftershock activity in the main shock area. After a large earthquake,
there are not only aftershocks of this kind but also induced activities.
The disturbance in the asthenosphere induces the particular activity after
a great earthquake as in the great Kanto earthquake sequence. Static
deformations in the surrounding areas also induce activities after a large
earthquake. Those are usually not large but enough to cause failures
in areas having already reached critical conditions before the occurrence
of the main shock. The occurrence rate of such induced activities is
controlled by factors other than the lapse time from the main shock.
When the main shock occurs near an area in critical condition, diserimi-
nating true aftershocks from earthquakes due to other factors becomes
very important for the present analysis.

iii) The Japan Sea earthquake of 1983

On May 26, 1983, an M, 7.7 earthquake occurred off Akita Prefecture
and many lives were lost in tsunami. On June 9, a pair of M, 6.1 and
6.0 aftershocks occurred 14 minutes apart near the southern end of the
source region of the main shock. This pair was followed by its own
aftershocks. On June 21, the largest aftershock of M, 7.1 occurred near
the northern end of the source region of the main shock and it was also
followed by many aftershocks. These sequences are analyzed using data
of M>4.0 in the JMA catalog.

The sequence from the main shock until the southern events is not
explicable by a simple aftershock activity in the form of (1) (Fig. 20 (a)).
There are some effects from the breakdown of the nearest high-sensitivity
station of JMA in Aomori for three hours after the main shock. However,
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Fig. 20. The aftershock sequence of the Japan Sea earthquake until the two large
southern aftershocks.
(a) FLT for the (1)-type model.
(b) The secondary aftershock activity is introduced at C;=5.6 day when a cluster
activity started.

the largest deviation started on June 1. On this day, aftershocks of M
5.1 and 5.2 occurred successively at the bend of the aftershock area of
the main shock where the M 6.1 aftershock occurred one hour after the
main shock. Two M 5.1 aftershocks also occurred near the hypocenter
of the main shock on June 1. The increase of activity on June 1 was
not a secondary aftershock activity of one large event. It did not cause
the expansion of the aftershock area. However, this extra activity is
approximated by introducing the modified Omori formula starting at the
origin time of the first M 5.1 earthquake (C; in Figures 20 (b) and 21)
in this cluster (Fig. 20 (b)).

Even when the cluster is taken into account, the activity from 0.2
day to 0.4 day is still more intense than expected. There was no large
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Fig. 21. The aftershock sequence of the Japan Sea earthquake during the period

from the cluster to the southern events. Parameters are determined from

data in the

range shown at the bottom in addition to data from 15 minutes after the main shock

to the start of the cluster.
and the cluster, since they give the smallest AIC.
(a) FLT from all data.

(b) FLT from data until t=11.2 day.

event around that time.

Values of p and ¢ are chosen in common for the mainshock

31

(day)

During that period, M 4.0 aftershocks occurred

successively, while M 38 aftershocks were mixed with M 4 in other periods.
There is a possibility that the procedure of magnitude determination
changed slightly at the period. After that period, the deviation of data

is small except for the period before the southern events.

The southern events, which are equivalent to a single M 6.25 earth-
quake in energy, were preceded by quiescence and recovered activity

(Fig 21 (a)). The smallest AIC is obtained for

493 6.6
238 i ge—c).— 9% oo1<i<
g0 g Q
mh=1 00 Q<t<R,
6.6 R, <t<T,

(16)



R. S. MATSU’URA

32

"886T Anp

"9[oa1d Uedo 8y} Aq UMOYS HI0YsIolJe 950818l 0y} 03 90UISIND By} WOL]

91 071 (S9[OJIId PI[OS) SIUIAD
word (9)

30 pue oy3 [iqup  (8)

uIsyInos oyj) woryg (p)

"S}UDAS UJSUINOS dY) 9I0Fo( 20ULISSMD 8y} 03 I9ISN[d By} WOLJ
UlBW 9Y} JI91JB INOY SUO PALINIIO JBY} JO0YSIa1Je T'9 J¥ oYL

*(e[oa10 p1jos ayj)) HP0YSIYIe 189818 oY} WOIf SABDP 8AY IO

(°)

“}ooysIalJe

(q)

“I9)SN[O 9y} 01 (I8}S PI[OS 9Y}) JOOUS UIBW 9y} WOI]

(1)

989318] U} 910Jo(q 92UIVSAIND

*S9[0a19 uado £q UMOUS SJULAS UIDYINOS 9Y3 03 9ouddsaInb ayy
*1e3s uado a3 £q UMOYS OS[® SI {o0ys

(®)

‘G 2InBiy ur uorpdeo 9y} oos

‘soquifs 10 QP JO SYO0USISYJE S31 pUe oxenbylive veg uedep syl Jo UOKNGLIISIP I9jue00dAy oyl ‘zg ‘Bid

I 3

6 e o et A
@66 . |9 ° M
o |af Po o %o
@o ne o 9
3%|°
+ Q NTh 44+ N1h 44 & NIh +
k/v 8 © ,\/V. o%e k/v 0
89& o °
° mv_ & °
( m”vuz ‘shop ¢ v. W) «—Bbj (8b=N 'sAop G ) oL «— 2L { Ol=N 'sAop 9 ) 2L «— 20
va mmuﬂ A%v u%m_ ?.S mm_m_ An.vv
& iz 2,
© ° o °
b ? eo °
@ 9 %W
T Nin 4 Nih ° o Nih 44 e
& .\/v. \/_w. ov .\/V‘

(02=N"'sADp 9) 20 «— L

" (G=N'SADP € ) 1L — 1D

m 2v=N'sADp 9 ) 1D «— 1D

( GGl=N ‘sAbp 9 ) 1) «— o)




Quiescence of Aftershock Activities before Large Aftershocks 33

Mn=4.0 Mm=4,0
1983 Japan Sea (Mo=7.7, Mi=6.1, 6.0, Me=7.1) 1983 Japan Sea (Mo=7.7, Mi=6.1, 6.0, M2=7.1)
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Fig. 23. The aftershock sequence of the Japan Sea earthquake during the period
from the southern events to the largest aftershock. Parameters are determined from
data in the range shown at the bottom in addition to data used for Figure 21(b). Values
of p and ¢ are chosen in common for three activities to obtain minimum AIC.

(a) FLT from all data shown here in addition to those used for Figure 21(b).
(b) FLT for the first equation of (17).

where ¢=0.23, p=1.28, Q,=11.2 day, and R,=135 day (Fig. 21 (b)).
Aftershocks in the recovered stage were mainly distributed near the forth-
coming southern events (Fig. 22 (a)-(c)).

Before the largest aftershock, quiescence and recovered activity also
emerged (Fig. 23 (a)). The smallest AIC is obtained for

46.0 6.0 2.6
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nt=1 o0 Q<t<R, or Q<t<r, 17
6.6 R, <t<LT,

3.0 R,<t<T,
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where ¢=0.19, p=1.23, Q,=20.5 day R,=22.5 day (Fig. 23 (b)). In this
recovered stage, the middle part of the aftershock area was quiescent
again. Instead the activity appeared at the northern end which had been
quiet (Fig. 22 (d), (e)). However, there were also some aftershocks in the
southern end which must be secondary aftershocks of the southern events.
In this case, it was difficult to predict at which end the next large after-
shock would take place.

iv) The off Takachi earthquake of 1968

On May 16, 1968, the off Tokachi earthquake of M, 8.1 (M, 7.9)
occurred. Ten hours later, the largest aftershock of Mg 7.7 (M, 7.5)
occurred near the northern end of the source region. On June 12, another
large aftershock of Mg 7.3 (M, 7.2) occurred south of the source region.

Min=3.7 Minw3.7
1968 Off Tokachi (Mo=8., M=7.7) 1968 Off Tokachi (Mo=81 M=7.7)

K=197.8, c=0.42, p=197 AIC = -2266.6 K=190.4, c=0.21, p=L13 AIC = -2263.6
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Fig. 24. The aftershock sequence of the off Tokachi earthquake during the period
from the main shock to the largest aftershock. The data for the first thirty minutes
are excluded from the estimation of parameters.

(a) FLT from all data.
(b) FLT from data until t=0.32 day.




Quiescence of Aftershock Activities before Large Aftershocks 35

It is called the off Iwate earthquake. Since this sequence was a remar-
kable one, a rather careful list of hypocenters of earthquakes of M 4.5
or over was published by JMA (1969). However, this list is apparently
inhomogeneous for a few hours after major earthquakes.

For the sequence between the main shock and the largest aftershock,
the list of felt and unfelt earthquakes of JMA is used instead of the list
of hypocenters. There were only ten hours between the two earthquakes.
The number of located aftershocks is too small for the present analysis
even if the inhomogeneous period of the list is included. If the b-value
of the Gutenberg-Richter formula is assumed as one, the calculated
threshold for this list becomes about M 3.7.

Before the largest aftershock, there are a decrease and recovery of

Min=4.5 Min=4.5
1968 Off Tokachi (Mo=81 M=7.7, M2=7.3 ) 1968 Off Tokachi (Mo=8., Mi=7.7, M2=7.3 )
K=46.,6, ¢=0.90, p=1.09 AIC = ~143.8 K=40.8, ¢=0.79, p=1.01 AIC = -143,9
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Fig. 25. The aftershock sequence of the off Tokachi earthquake during the period
from the main shock to the off Iwate earthquake. The data for the first day are
excluded from the estimation of parameters.

(a) FLT from data until Ts.
(b) FLT from data until £=13 days.
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activity. However, these changes are not so prominent in comparison
with the deviations in other periods, AIC for the (1)-type model (Fig.
24 (a)) is smaller than for the (6-1)-type model (Fig. 24 (b)) and the (6-
2)- and (6-8)-type models, although the values of p and c¢ for the (1)-
type model are rather unusual.

This list of earthquakes has some defects for use in the present
analysis. It contains only observed or felt times of earthquakes by the
minute instead of origin times by the second. For the period of small
t, more accurate origin times of aftershocks are required for our analysis.
The list does not contain magnitudes for each earthquake. Earthquakes
in the list are categorized into five ranks: remarkable, moderate, small
felt area, local, and unfelt. These ranks are based on the size of the
felt area and are not always related to magnitude. Aftershocks were
not sampled evenly for this sequence. If the homogeneous list of origin

Mm=4.5
1968 Off Tokachi ( Mo=8.\, M=7.7, M2=7.3)
Ko=32.2, c0=0.43, p=0.91, K2=9.9, c2=0,003
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Fig. 26. The aftershock sequence of the off Tokachi earthquake till June
30, 1968. The p value is common to the main shock and the off Iwate, while
¢ values are estimated for each. Data for one hour right after the off Iwate
earthquake are not used for the estimation of parameters.
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times were available, the quiescence before the largest aftershock might
become significant.

For analyzing the sequence before the off Iwate earthquake, the list
of hypocenters is used. The sequence is the combination of the after-
shock activities of the main shock and the largest aftershock. However,
these two activities cannot be separated, because the data within a few
hours after the main shock and the largest aftershock are excluded and
the two major events occurred at a short time interval. The sequence
is treated as the aftershock of a single event at the time of the main
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Fig. 27. The hypocenter distribution of the off Tokachi earthquake and its after-
shocks of M>4.5. For symbols, see the caption in Figure 5.
(a) From the main shock (the solid circle) to the quiescence before the largest after-
shock.
) From the quiescence to the largest aftershock (the open circle).
) From the largest aftershock to the quiescence before the off Iwate earthquake.
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shock. Instead data within one day from the main shock are not used.
Before the off Iwate earthquake, there is significant quiescence (Fig.
25 (a)). The smallest AIC is obtained for

40.8

11 Q<I<E,

where @,=13 days and R,=19.5 day (Fig. 25 (b)). However, AIC does
not decrease greatly when Q, and R, are introduced, since the difference
in the rate between the quiescence and the recovered stage is small.
The sequence after the off Iwate earthquake is used to check the
validity of ignoring the use of different equations for the two aftershock
sequences following the main shock and the largest aftershock. The whole
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Fig. 28. The aftershock sequence of the off Nemuro Peninsula earthquake during
the period from the main shock to the largest aftershock.
(a) FLT from all data.
(b) FLT from data until {=3 days.
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sequence from the main shock until June 30 can be represented by com-
bining the aftershock activities of the main shock and the off Iwate
earthquake, except for the period before the off Iwate earthquake (Fig.
26). There is no large deviation in periods without large aftershocks.
The hypocenter distribution in the quiescent period before the largest
aftershock suggests the location of the forthcoming largest aftershock
(Fig. 27 (b)), while the hypocenter of the off Iwate earthquake cannot be
predicted from the activity after the second quiescence (Fig. 27(d)). In
the bulletin of JMA, however, smaller earthquakes of about M 4 located
in the region off Iwate increased in number from the beginning of June.

v} The off Nemuro Peninsula earthquake of 1973
On June 17, 19738, an M 7.7 (M, 7.4) earthquake occurred off the

Mth=80 Mh=5.0
1973 Off Nemuro Pen, ( Mo=7.7, M=7.3, M2=6,5 ) 1973 Off Nemuro Pen. ( Mo=7.7, Mi=7.3, M2=6.5 )

Ko=7.9, ¢=0.11, po=0.64, K1=0.05, p=3.32 AIC = -52.8 Ko=7.8, ¢=0,08, po=0.59, Ki=0,\, p=2,85 AIC = -55.4
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Fig. 29. The aftershock sequence of the off Nemuro Peninsula earthquake during
the period from the main shock to the second largest aftershock. The c¢-value is chosen
in common for the two activities to obtain minimum AIC.

(a) FLT from all data except those in the anomalous period before the largest after-
shock.
(b) FLT from data until =8 days.
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Nemuro Peninsula, where a seismic gap had been pointed out (UTSU,
1970). On June 24, a quake of M 7.3 (M, 7.1) followed it near the eastern
end of the source region. Not only this largest aftershock, but also the
second largest aftershock of M, 6.5 on June 27 was followed by secondary
aftershocks. The limit of homogeneity of the hypocenter list of JMA
for this sequence is M 5.0. This large threshold is due to the absence
of JMA stations on the islands east of Hokkaido.

Before these large aftershocks, the activity decreased significantly and
then recovered (Figs. 28, 29). Similar changes were visible in the daily
frequency figures of felt earthquakes at Nemuro and at Kushiro before
the largest aftershock (JMA, 1974), but were not evident before the
second largest. In the recovered stage before the largest aftershock,
aftershocks again occurred near the hypocenter of the forthcoming
largest aftershock (Fig. 30 (b)).

vi) The off Iturup Island earthquake of 1963

On October 13, an Mg 8.1 (=M,) earthquake occurred off Iturup
Island. This earthquake was preceded by a large foreshock of Ms 7.0
(M, 6.3) eighteen hours earlier. The largest aftershock occurred on October
20 with Ms 7.2 (M, 6.7) and the second largest aftershock of M, 6.2 oc-
curred on November 16 (Fig. 81). These two large aftershocks caused

¢
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r /
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+ . g + 4a°N
o. GPWTE “180°E 153°E

( Sonto, 1964 modified )

Fig. 81. The source region of four major shocks of the off Iturup Island
sequence of 1963. Lightly and heavily dotted areas show the aftershock areas
of the main shock and the largest foreshock, respectively. Closed and open
circles and squares show the epicenter of the main shock, the largest aftershock,
the largest foreshock, and the second largest aftershock, respectively.
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the secondary aftershock activities. The activity after the large fore-
shock is also of an aftershock-type, obeying the modified Omori formula.
Therefore, three cases of anomalies in aftershock activity can be investi-
gated in this sequence.

This sequence is examined using the data compiled by SANTO (1964).
He studied this sequence based on the preliminary epicenters determined
by U.S.C.G.S. The data in his list are homogeueous for M>4.5 on the
basis of Gutenberg-Richter’s diagram. Since the accuracy of hypocenters
is not good, only the activitiy change is checked for this sequence.

In the aftershock activity following the large foreshock, we notice
quiescence and recovery before the main shock (Fig. 32). However, the
number of aftershocks is too small to check the statistical significance
of those activity changes in this case. After the main shock, this after-
shock activity of the foreshock still continued. AIC for the model in-
cluding this activity is smaller than that of the model considering the

Min=4.5
1963 Off Iturup IS, ( Mo=7.0, Mi=8.1)
K=2.1 ¢=0.08, p=1.38

Cumutative Number

Cumulative Number

(day)

Fig. 32. The aftershock sequence of the largest foreshock of the off Iturup
Island earthquake during the period from the largest foreshock to the main
shock.
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Mm=4.5 Mn=4.5
1963 Off Iturup IS, (Mo=7.0, Mi=8.,, M2=7.2 ) . 1963 Off [turup Is. (Mo=7.0, Mi=8.), M2=7.2 )

Ko=5,7, ¢=0.23, p=110, K1=40.8 AlC = -789,0 Ko=7.9, ¢=0.18, p=0.60, Ki=61.6 AlC = -792,6
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Fig. 33. The aftershock sequence of the off Iturup Island earthquake and the
largest foreshock during the period from the largest foreshock to the largest aftershock.
(a) FLT from all data.

(b) FLT for the first equation of (19).

aftershock activity of the main shock only.
The aftershock activity after the main shock decreased only 0.8 day

later (Fig. 33 (a)). The smallest AIC is obtained for the (6-1)-type model
as

7.9 61.6
___v___*_H -T)e— - i t<
(t C)” 1) (t T1 C)" v <l ._Qz

nit) = o0t (19)
0.
(t_Tl)O-EZi Q2<t_'<_T2

where ¢=0.18, p=0.60, and Q.=T,+0.8 day (Fig. 33 (b)). Although the
activity shows recovery five days later, that change is rather small and
gradual. AIC for the (6-2)- or (6-3)-type model with R,=6.2 day is
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Fig. 34. The aftershock sequence of the off Iturup Island earthquake, the largest
foreshok, and the largest aftershock during the period from the largest foreshock to
the second largest aftershock.

(a) FLT from all data except those in the anomalous period before the largest after-
shock.
(b) FLT for the first equation of (20).

smaller than the (1)-type model, but not smaller than the model with
Q only.
The activity before the second largest aftershock also shows a fall
and then a rise (Fig. 34 (a)). The smallest AIC is for
73.4 14.2
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where ¢=0.49, p=1.27, @;=17 days, and R;=29 days (Fig. 34 (b)).

vii) The Tonakai earthquake of 1944

On December 7, 1944, the Tonakai earthquake of My 8.0 (M, 7.9) took
place southeast off the Kii Peninsula. On January 13, 1945, the Mikawa
earthquake of Ms 6.8 (=M,) occurred in the Atsumi Peninsula at the
northeastern end of the source region of the Tonakai earthquake (Fig. 35).
Many secondary aftershocks followed it. The Mikawa earthquake is
famous for being preceded by remarkable foreshock activity. Deduced
from results of this study, there must be a quiescent stage in the after-
shock activity of the Tonakai earthquake before the foreshock activity
of the Mikawa earthquake. However, there is no good list of hypocenters
for this sequence. It occurred during the last stage of World War II,
when seismological observations were confused and suffered from a shor-
tage of recording paper, etec. The list of felt earthquakes in Geophysical
Review of JMA is used for the analysis.

Our analysis focuses on whether the quiescence emerged befre the

Dec. 7, 1944 - Dec, 21,1946

134E 136E
3 ! 3 1
t T T T

Fig. 35. The hypocenter distribution of earthquakes located by JMA for
the period from the Tonankai earthquake to the Nankaido earthquake. Areas
within the thick lines are the source regions of these great earthquakes. The
dense distribution of hypocenters defines the source region of the Mikawa earth-
quake. For symbols, see the caption in Figure 5.
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foreshock activity of the Mikawa earthquake in this case. There are the
following three problems concerning the data. (1) In the list of felt
earthquakes, earthquakes near land and habitation are sampled more than
those offshore. (2) The list contains only vague information about hy-
pocenters which is necessary to discriminate aftershocks from back-
ground activities or other activities unrelated to the main shock. (3)
There must be the slowly decaying activity after the Tonankai earth-
quake which is as great as the Kanto earthquake studied before. The
first helps to emphasize the foreshock activity of the Mikawa earthquake
in the activity, since it occurred on land, while the greatest part of the
source region for the Tonankai earthquake lies offshore. The second
causes the inclusion of noises such as swarm activities in Wakayama
Prefecture. The third might mask the quiescence. Those effects mar

Felt Felt

1944 Tonankai  ( Mo=8.0, Mi=6.8 ) 1944 Tonankai  ( Mo=8.0, Mi=6.8 }
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Fig. 36. The aftershock sequence of the Tonankai earthquake during the period
from the main shock to the Mikawa earthquake.
(a) FLT from all data.
(b) FLT for the first equation of (21).
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the fit of the modified Omori formula throughout the normal stage of
aftershock activity.

The number of felt aftershocks shows significant quiescence which
is followed by active foreshocks of the Mikawa earthquake (Fig. 36{a)).
The smallest AIC is for

22.5
T Ao To <t<L Q1
: (t+0.02)* (21)
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Fig. 837. The aftershock sequence of the Tonankai earthquake until the time of
the Nankaido earthquake.
(a) FLT for the model that the sequence is the combination of aftershock activities
of the Tonankai and Mikawa earthquakes.
(b) FLT for the model including the induced activity by an M 6.0 deep earthquake at
t=306 days and the further increase after t=490 days in addition to those con-
sidered in (a).
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where @,=22 days and R,=33 days (Fig. 36(b)). The first ten-day data
still remain meandering around the expected line, although the degree
of the deviation has decreased slightly.

A great earthquake in the eastern half of the Nankai trough usually
oceurs paired with one in the western half. The pair to the 1944 Tonan-
kai earthquake is the Nankaido earthquake of M;8.2 (M, 8.0) on Decem-
ber 21, 1946. Is there an activity change similar to the off Hachijo Is-
land sequence between this pair of M 8 earthquakes?

The answer cannot be decided from the data of felt earthquakes
(Fig. 37). The number of felt earthquakes in the Tonankai are increased
after the occurrence of the M, 6.0 deep earthquake off the Kii Peninsula
on October 9, 1945 (Fig. 87(b)). The activity even increased eight months
before the Nankaido earthquake. No quiescent stage is seen in the data.

1943 Eastern Tottori Pref. 1943 Eastern Tottori Pref.
{ Mo=6.2, Mi=5.7, M2=6.2, M3=5.8 ) ( Mo=6.2, Mi=5.7, M2=6.2 )
Ko=17.2, c0=0,03, p=0.98, K=18.4, ¢=0.02, p=0.89

K2=46.2, c2=0,08,
Ks=14.3, c3=0.10
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g
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Fig. 38. The sequence of the eastern Tottori Prefecture earthquake swarm.

(a) From the first M 6.2 earthquake to Mar. 31, 1943.
(b) From the first M 6.2 earthquake to the second M 6.2 earthquake.
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The two-year period must be too long to expect the uniform observation of
felt earthquakes, especially when the pericd contains frequent air raids and
the end of the war. Small felt earthquakes are reported only with rough
areas of occurrence and background activities are included in the data.

However, the quiescence in the aftershock activity of the Tonankai
would not have existed before the Nankaido. If these two great earth-
quakes are paired by the effect through the asthenosphere, ordinary
aftershocks of the first shock need not be sensitive to the preparatory
process for the second one. Whether there was quiescence in this case
is left unknown until suitable data will be discovered.

viii) The eastern Tottori Prefecture earthquake swarm of 1943

On March 4, 1943, an M, 6.2 earthquake occurred in the eastern part
of Tottori Prefecture. M, 5.7, 6.2, and 5.8 earthquakes occurred after
twenty minutes, ten hours, and eight days, respectively. This sequence
is examined by the list of felt earthquakes in Geophysical Review of JMA.

The temporal characteristic of this sequence is not represented by
the modified Omori formula (Fig. 38). The activity often increased with-
out large earthquakes. The active stage alternated with the quiescent.
The data meander largely around the straight line representing the fitted
formula and estimated K-values are not proportional to magnitudes of
main shocks as in other cases examined. The sequence of this type can-
not be handled by the present analysis.

6. Discussion

i) Summary of results and other possible examples

In fourteen cases from nine sequences following the M>7 main
shocks, quiescence and recovered activity emerged in an aftershock acti-
vity before a large aftershock with secondary aftershock activity (Table
1, Figs. 39, 40). The anomalous change in activity (decrease then in-
crease) prior to a large aftershock is larger than statistical fluetuations
irrelevant to the large event. Only two among them are not statistically
significant probably due to insufficient data.

Quiescence is not recognized in other four cases. Two aftershocks
which triggered secondary aftershock activities in the 1984 western Nagano
sequence are of M5 and too small to affect the whole aftershock area
of the main shock. The modified Omori formula is not applicable for the
sequence before the Tanzawa earthquake of 1924. Definite results cannot
be obtained for the sequence between the Tonankai and the Nankaido
earthquakes from available data.

There are twenty-five other sequences in and around Japan between
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Fig. 89. A schematic illustration of the aftershock sequence including a
large aftershock with precursory quiescence and recovery found in this study.
Stage 1. Ordinary aftershock activity.

Stage 2. Quiescence.

Stage 3. Recovered or foreshock activity.

Stage 4. Aftershock activity of the main shock and the secondary aftershock
activity of the large aftershock.

Mainshock
Aftershock

13e€ THEE 158€
f y : ;
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Fig. 40. Distribution of sequences studied in the present paper. Letters
assigned for each aftershock correspond to those in the third column of Table 1.
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List of candidates for large shallow earthquakes accompanied by large after-
shocks from 1926 to 1984 in and around Japan. Epicenter and magnitude of
each event are adopted from the catalog byUtsu {1982b). Magnitude difference
in parentheses is based on Mg. The second last column shows the approximate
time interval between two earthquakes in minutes (m), hours (h), days (d),
or months (M). ‘S’ and ‘M’ in the last column denote that the sequence is a
swarm and a mixture of a swarm with an aftershock activity, respectively.
‘D’ in this column denotes that the data are not sufficient to draw any con-
clusion. Six sequences with ‘A’ in this column have the pattern of precursory
changes.

Lat. ”?WLong. ‘ _r
Date °N) | CE) { M, My-M. Delay Type

Mar. 35.53 | 135.15 7.3 0.8 1M
May 39.95 = 143.25 7.0 0.3 1.3d
0.5 5d
Nov. 32.95 | 132.63 7.1 0.8 1h
Sept. 42.90 | 146.33 7.4 0.5 21d
Oct. 40.75 | 144.35 7.1 0.6 15h
Nov. 38.15 | 142.13 7.5 0.9 2M
0.4 9M
Feb. 4.5 149.5 7.6 0.9
May 36.65 | 141.58 7.0 0.5 AM
1.0 5M
Nov. 37.33 | 142.18 7.5 0.2 2h
0.1 1d
Oct. 38.28 | 142.78 7.0 0.6
Nov. 32.02 | 132.08 7.2 0.9 9M
June 41.25 | 143.35 7.1 0.4 2d
Sept. 35.52 | 134.08 7.2 1.0 1d
Feb. 41.00 | 142.07 7.1 0.9 8d
Dec. 33.03 | 135.62 8.0 1.0
4.1 148.2 7.2 1.0
0.9
0.7
0.8
1.2
(0.9)
0.5
1.0
0.3
1.2
0.5
1.2
—0.3

oo gouUUgOpPoOgOg=29nnE2=20r>n0U0 nnp

O U>=E=a
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1926 and 1984 whose main shock magnitude M, is 7.0 or over and were
followed by aftershocks of magnitude ;-1.2 or more (Table 2). The
temporal characteristics cannot be represented by the modified Omori
formula in seven cases of them. The number of aftershocks in JMA
catalogs is too small due to the short time interval between the main
shock and the large aftershock or the limit of ability of the JMA net-
work in twelve cases. In the remaining six cases, there seems to be a
pair of the quiescent and recovered stages before a large aftershock.
However, the quality of JMA data is low for statistical analysis.

One of them, the sequence after the off Izu-Oshima Island earth-
quake of 1978 (No. 24 in Table 2), was studied by TSUMURA et al. (1978)
with microearthquake observation. Although the drum-recording system
in the local network at that time impeded making a homogeneous list
of aftershocks before the largest aftershock at Nekkoh pass near the
western end of the main fault, there was a similar pattern of quiescence
and recovery of activity mostly in the western part of the fault zone
prior to the largest aftershock as seen in their Figure 19.

A similar pattern is also recognized in sequences occurring outside
of Japan. In the Chile sequence of 1960, there were also the quiescent
and recovered periods in the aftershock activity of the M 7.9 initial shock
before the great Chile earthquake of M8.5, as shown in Figure 5 of
LomNITZ and HAX (1966). Changes in aftershock activity before a large
aftershock have been reported for six sequences in China (WANG and
WANG, 1983). Main shocks were of M 6.8~7.9 which were followed by
aftershocks of M 5.2~17.2 with secondary aftershock activities. According
to them, the deviation of the aftershock occurrence rate became large
and the rate increased before a large aftershock. Since they used the
daily frequencies of aftershocks even for scores of days after the main
shock, largely deviated parts in their plots correspond to low occurrence-
rate periods, some of which may be the quiescence prior to large after-
shocks. Although the one-day period following the main shock was ex-
cluded from all plots and a time axis was a mere logarithmic scale of
lapse time from the main shock even after an apparent secondary after-
shock activity was added, quiescence and increase of activity were seen
before a large aftershock in some of their examples.

All these cases eannot be analyzed in the same manner as that of
this study. However, similar patterns seen in the other cases in Japan
and the other areas of the world ensure that the emergence of quiescence
and recovery in aftershock activity of the main shock prior to a large
aftershock is universal.
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ii) Application to earthquake prediction

Can this precursory change in aftershock activity be used for real-
time prediction of a large aftershock? When aftershock activity is checked
regularly with AIC in real time, quiescence can be detected by the time
a large aftershock cccurs. However, it is preferable that quiescence is
detected well in advance. In a case like the change before the largest
aftershock of the off Iturup Island earthquake of 1963, it is easy. When
a curve for ecumulative number of aftershocks is drawn against an or-
dinary time axis in real time, the quiescence is easily found on the plot
soon after it starts in this case (Fig. 33). The anomaly in the aftershock
activity of the Kanto earthquake of 1923 before the off Katsuura earth-
quake is also found easily (Fig. 11). However, calculation of the para-
meters is required for finding the starting point of quiescence @ in most
cases.

The change of parameter values in the modified Omori formula,
especially the anomalous change of p-value, is one element for detection.
The p-value becomes gradually higher after @ in the case of the western
Nagano Prefecture earthquake of 1984, which is mentioned in 4-ii).
However, in the case of the east off Hachijo Island earthquake of 1972,
the p-value varies within a normal range even after @ (Fig® 41). There-
fore, real-time pursuit of only the parameter values is not a reliable
methed for detecting the quiescence.

Checking the b-value is also not promising for the early detection of
quiescence. An increase in b-value during the quiescence is recognized.
However, the b-value cannot be determined precisely without a lot of
data and it is not a good parameter to detect a seismicity anomaly in
the early stage.

In analyzing the whole period of a sequence, a plot of a cumulative
number against the frequency-linearized time is efficient to find the
activity change. When the whole sequence is shown on a plot with the
frequency-linearized time that is estimated from data until @, the quies-
cent and recovered stages are distinct on the plot (Fig. 1 (b)). If the
cumulative number of aftershocks is checked regularly in real time on
the plot against the frequency-linearized time revised at each check, we
have a good chance at detecting quiescence soon after it begins. If @
is detected, the frequency-linearized time should be fixed and the further
sequence is plotted against it. On this plot, R can be detected as the
point where the gradient of the observed cumulative number curve starts
to re-increase.

Suppose K7, ¢” and p” are the maximum likelihood estimates for data
until 7.
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Fig. 41. An example of the real-time watch of an aftershock activity.
The case of the east off Hachijo Island earthquake is shown. K7, ¢T, and pT
(see (22) for the definition) for various T are shown in the upper three graphs
as differences from values for the final model of (8-1). Time axis for all graphs
is shown at the bottom, which is proportional to the frequency-linearized time
defined by (8-1). Note that when T>3 days (that is, when the cumulative
number of aftershocks used for the estimation of parameters are more than
60), KT, ¢T, and pT are not largely different from the final values and not
dependent on T. The standard error of data, ¢7 (see (30)) is also shown in the
bottom graph. 4Np (see Figure 42 and (28)) for each T is shown (for the case
of m=5) in the fourth graph from the top at the time of ¢z for each 7. Broken
line in the graph show 2¢7|r—¢ for the reference. The first ANp is calculated
for T=0.85 day. The next 4Np is caleulated for T=t,T|r—p.5s=1.2 day. Then
the next ANp is for T'=t,7|r=1.2=2.0 day, the next is for T=¢t,T|r-s., and so
forth. For solid circles in this graph, see the text.
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InL (K" ¢", p")=max.In L (K,c,p: t;<T) (22)

The observed cumulative number of aftershocks until 7 is reprensented
as N(T). The frequency-linearized time <’ is equivalent to the predicted
cumulative number of aftershocks N,7(t) until .

T J— ! KT — T
(8) _§O~st_z\7p (t) (23)

When the sequence is plotted against this frequency-linearized time,
AN(t)=N(t)—N,"(¢) (24)

indicates the difference of the actual cumulative number of aftershocks
at time ¢ from the estimated one with data until 7. Suppose X7 is the
inverse function of 7.

t=X"(N,7) (25)
t,"=X"(N(T)+n) (26)

The time ¢,” defined by (26) is the predicted time for the occurrence of
n afterhocks. It is predicted that n aftershocks occur by t,7, while they
actually occur by ¢, (Fig. 42).

N(T) f

T t R TRty

«<T7
Fig. 42. Schematic graph explaining ANp and 4N;. The
cumulative number is shown against zZ.

N(ts)=N(T)+n (27)
When ¢ is taken as ¢ or t,7,
ANp=—AN(tz) =N, (tz) = (N(T) +-n) = —n (28)
or
AN;=—4AN(t,")= (N(T)+n) - N(t,") <n (29)

indicates the consistency of the data after T with those until 7. When
the activity decreases largely after T, 4N, becomes a large positive
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number. When the activity increases largely after T, 4N, becomes a
large negative number (Fig. 42). In order to find @, 4N, is useful.

Since the data even without any significant anomaly show some
sampling fluctuations around the fitted modified Omori formula, we need
a threshold to discriminate anomalous 4N, from mere fluctuation. When
the threshold is determined, n is determined as some number larger than
the threshold but not too large in order to detect @ early. The standard
deviation of ANj is related to T,n, errors in estimation of K7,c%, and
p", and the standard deviation o7 of data until T

. 2 {N(t) =N, (t))*
g = 6, <T
N(T)

, (30)

in a complicated way. In the bottom graph of Figure 3 (b) or similar
figures, AN(t) is plotted against 7 where T'=@Q, and 2¢” is also shown
by dotted lines. [AN(t)| is usually smaller than 2¢” when t<T=@ in
those graphs. Therefore, 207 may be effective to distinguish abnormal
value of 4N, from normal ones, since 4Np is —AN(t) for t>T. Whether
207 is effective or not is examined for the homogeneous data of the off
Hacnijo Island sequence (Fig. 41).

For this example, the threshold of 2¢7 is successful. However, the
beginning of the quiescence should be announced when 4N, exceeds this
threshold in consective checks. For T<Q, ¢” is about 2. In Figure 41,
ANp for m=>5 is shown. 4N, is usually smaller than 4 when ¢,<Q.
However, 4N, sometimes exceeds this threshold even #;<<@. In the next
check (shown by a solid circle in Figure 41) with the frequency-linearized
time revised by data until ¢,”, 4N, returns to be smaller than 4 for such
a case. When the quiescence begins, 4N, stays larger than the threshold.
When T increases further, ¢7 increases and AN, decreases, sinece 7 is
obtained from data including the anomaly. When = is between 5 and 8§,
the beginning of the quiescence can be recognized by 4N, as it exceeds
the threshold of 4 in consecutive checks.

To what extent can we predict a large aftershock? If quiescence
and recovery are observed in the real time check of an aftershock activity
following a large shallow earthquake, an aftershock as large as the main
shock is expected soon. The rough location of this large aftershock is
also estimated from checking hypocenters of aftershocks during the re-
covered stage. However, the precise magnitude and time of occurrence
of the large aftershock cannot be predicted. In fourteen examples in-
vestigated in this paper, there seems to be no such a useful relation for
predicting the size or the time as suggested in other earthquake pre-
diction studies (e.g. SCHOLZ et al., 1973; OHTAKE, 1980; MoToyvA, 1984)
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(Table 1). The actual time interval from the main shock to the large
aftershock varies from ten hours to nine months. The length of the
quiescent and recovered stages also varies from one hour to several tens
of days. The ratio of the length of the recovered stage to that of the
quiescence varies from 0.1 to 1.5 even on the frequency-linearized time
unit.

iii) A model for the cause of large aftershocks

There is no established theory for the occurrence of aftershocks.
Advocated theories can be classified into two groups. One is that an
aftershock is the re-fracture of a part of the fault ruptured during the
main shock. The other is that an aftershock is the fracture in a part
which remained unruptured during the main shock.

The former type requires some mechanisms for recovery of stress on
some parts of the fault relieved by the main shoek, and sticking the sur-
face of the fault to restore stress again. Models of this type use the
property of time-dependent friction with some viscoelastic process
(DIETERICH, 1972) such as consolidation (BOOKER, 1974). However, these
models have some defects. For the viscoelasticity of standard linear solid,
a relaxation time of a few days is required for a realistic simulation of
an aftershock activity. This relaxation time seems to be too short for
the crustal rocks. If consolidation is the process of reloading stress on
the fault, some migration or expansion of an aftershock activity within
the source region of the main shock may be observed with a flow of pore
fluid. However, aftershocks were observed in the entire source region
immediately after the main shock (e.g. PAGE, 1968; MATSU'URA, 1983).
Time-dependent friction is rather a good explanation for the sticking
process of a fault for the next main shock.

Models of the latter type are based on the decrease of strength in
some remaining parts due to a pore fluid flow (NUR and BOOKER, 1972),
or stress corrosion (ScHOLZ, 1968, 1972; ANDERSON and GREW, 1977; Das
and ScHOLZ, 1981; OHNAKA, 1983). If a change of pore pressure is the
cause of decreased strength, water or some liquid is necessary, while
stress corrosion only requires H,O vapor or some corrosive gas. Stress
concentration at edges around remaining parts may have as important
role in starting the rupture in those parts after they are weakened
(KNOPOFF, 1972). Models of this type agree well with the observation
that many aftershocks occur near edges of the fault of the main shock.

The cause of the emergence of quiescence before the main shock is
also not established yet. When the dilatancy model (e.g. SCHOLZ et al.,
1973) dominated the world in the early 1970’s, dilatancy hardening was
considered as the complete explanation for quiescence. However, it be-
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came obsolete after the V,/V, anomaly and other anomalies on which
the dilatancy model was based were suspected as fallacious (e. g. EVERN-
DEN, 1982).

Recently, models were proposed explaining seismic patterns prior to
the main shock or of the entire seismic cycle by heterogenity of faults
(Mog1, 1977; TSUMURA, 1979; KANAMORI, 1981; MikUMO and MIYATAKE,
1983). According to these models, quiescence appears when parts with
certain strengths do not exist in a fault. Therefore, the emergence of
quiescence is destined by the material property of a fault and not always
required before the main shock.

The model proposed by OHNAKA (1984) includes delayed fracture in
precursory seismicity. While stress is accumulating on a locked fault,
precursory activity is induced. When the premonitory slip starts on the
fault, stress is held constant. Under this constant stress, stress corrosion
causes decaying precursory activity. Quiescence emerges after precursory
activity decays completely and before the stress instability occurs, the
final stage in generating the main shock. If the final stage comes before
the precursory activity decays completely, there is no quiescence between
precursory activity and foreshocks.

It is very difficult to construct a perfect model explaining the pre-
cursory pattern found in this study, since little is known about physical
processes of an earthquake or an aftershock. Furthermore, a model
explaining the preseismic process together with the occurrence of after-
shock is not yet proposed. The quiescence before the main shock may
emerge through a process different from that of the quiescence before a
large aftershock. The generating process of a large aftershock may start
after the main shock and the duration of the process may be much
shorter than that of the main shock. However, recent models of the
quiescence before the main shock suggest that heterogeneity of the area
may affect the temporal pattern of seismicity greatly.

A model should agree with the following features found in this study.
Before a small aftershock which is followed by secondary aftershocks,
quiescence is not seen in the aftershock activity in the entire source
region of the main shock. The recovered activity is very high in some
cases and apparently constitutes the foreshock activity of the coming large
aftershock. It is just the level expected from the modified Omori for-
mula fitted before the quiescence begins in some cases. The length of
the anomalous pattern ranges from an hour to months. In other words,
the rapidity of the process for generating a large aftershock varies from
place to place or from case to case.

A possible model explaining the anomalous pattern before a large
aftershock found in this paper can be made with the heterogeneity of
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porosity in the source region. Suppose that aftershocks are delayed
fractures of remaining parts and some of those are formed of rocks with
porosity quite lower than others. The ordinary aftershock activity con-
tinues while fracture of parts of ordinary porosity covers the redistribution
of stress in the source region. However, stress redistribution is ob-
structed after a certain period, since fracture of low porosity parts is
delayed more than the other parts. It takes longer to weaken low poro-
sity rocks, since the soaking velocity of corrosive vapor or pere fluid into
rocks depends on porosity. Therefore, the aftershock activity in the
entire source region decreases from the normal level expected in the
modified Omori formula, until the low porosity parts are sufficiently
weakened. Then shocks mostly occur around these parts, since stress is
concentrated around them. Final fracture of a large low porosity part
triggers the fracture of the adjacent region. After this large aftershock,
secondary aftershocks occur. Aftershocks in the main shock source region
also occur after the large aftershock, since stress redistribution in the
source region resumes.

This model provides one possibility. In order to explain the genera-
ting process of a large aftershock and the cause of the quiescence prior
to it, various kinds of data other than the activity anomaly studied in
this paper are necessary. Experimental studies of stress corrosion or
behavior of pore fluid are also important for solving this problem. The
theoretical approach to the dynamic stress redistribution among cracks
may give some constraints to the model. Further research on the process
from various fields is necessary.

7. Conclusion

An anomalous pattern has been found in aftershock activities prior
to large aftershocks which are followed by secondary aftershocks and are
not smaller than the main shock by more than 1.2 unit of magnitude.
Before the occurrence of such a large aftershock, the whole aftershock
area of the main shock becomes quiescent. In the quiescent stage, the
frequency of larger aftershocks decreases more; in other words, the b-
value increases. Then the aftershock activity recovers to the normal
level or increases beyond the normal level prior to the large aftershock.
This recovered activity tends to cluster near the hypocenter of the forth-
coming large afershock. This pattern is not recognized in aftershock
activities not accompanied by large aftershocks.

Based on this feature, prediction of a large aftershock is possible
when a real-time check of the aftershock activity change is continued
with due care for the homogeneity of the data. However, an accurate
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preannouncement of the size and occurrence time is impossible by this
method, because there is no nice relation indicating the size or the time
of the coming large aftershock. We can only expect that an aftershock
which may be as large as the main shock will cccur after the recovered
peried of one-fifth to twice as long as the quiescent period near the place
where most shocks occur during the recovery period.

The mechanism of the emergence of the precursory pattern before
a large aftershock is a difficult but interesting problem. A model assum-
ing low porosity parts in the source region of the main shock can explain
features found in this study. However, a more complete answer should
be sought in future studies with various approaches to this problem.
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