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Abstract

Through the analyses of waveforms and spectra for the earthquake
swarm, foreshock and ordinary seismic activities, some differences in
the activity mode are found among those activities. The most strik-
ing difference is the ‘‘similarity of waveform’. The earthquake
swarm activity which occurred in a certain short time interval mainly
consists of events with similar waveforms, belonging to the event
group called ‘‘similar earthquakes’ or an ‘‘earthquake family .
On the other hand, the foreshock activity consists of events with an
individual waveform character. Similarly, the rate of the occurrence
of earthquake families is very low in ordinary seismic activity. The
epicenters of earthquakes in a family are distributed within a small
area, about 400 meters for a family with M.,.=3.0, in contrast with
a wide area for foreshocks. The source spectra of earthquake swarms
also show some features differing from those of other activities. The
corner frequencies of events in the same family are almost constant,
and their values depend on the size of the largest earthquake within
the family. On the other hand, the corner frequencies of foreshocks
differ from event to event, and there is no simple linear relation
between the corner frequency and the earthquake size. Such behavior
suggests that the earthquakes in a family occur on the same fault
plane as a repeated slipping or a repeated incomplete rupture, and
foreshocks occur independently in a heterogeneous zone near the
main shock. If such differences are applicable for the other sequences,
continuous monitoring of waveforms and spectra gives us some use-
ful information for distinguishing a foreshock sequence from an
earthquake swarm.
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The earthquakes occurring prior to the pricipal earthquake are
usually called ‘“ foreshocks ”. OMORI (1910) and IMAMURA (1913, 1915)
investigated the earthquakes preceded by foreshocks from various data
available at that time and pointed out that such earthquakes were
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CHAPTER 1
Introduction

liable to oceur in some limited regions.
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MoGI (1963b) studied the frequency of foreshocks using the data
of the Japan Meteorological Agency from 1926 to 1961 and pointed out
that 4 per cent of shallow earthquakes with magnitudes (M) greater
than 4 were preceded by foreshocks. A similar study was made by
JonNEs and MOLNAR (1976) using world-wide data from 1950 to 1973 and
pointed out that 44 per cent of large shallow earthquakes (M = 7.0)
were preceded by foreshocks. Recent observations with high magnifica-
tion seismographs will be expected to detect foreshocks at a much
higher rate. In fact, many small foreshocks were detected even in
moderate-size earthquakes with M=5.5 (UCHIKE and ICHIKAWA, 1976;
TSUMURA et al., 1977; SuzUki, 1981).

On the other hand, it is well known that there are earthquake
swarms which are not accompanied by a principal earthquake. When
the seismic activity in a certain region is increasing abruptly, it is
very important to distinguish whether these earthquakes are fore-
shocks preceding a large earthquake or whether they are swarm earth-
quakes without a large earthquake. If a method for distinguishing
these two types of activities is found, it will give an important clue
for earthquake prediction. In fact, pronounced foreshock activity was
one of the most useful information in the successful short-term predic-
tion of the 1975 Haicheng, China earthquake (ZHENG, 1981).

Along this direction, some experiments have been made in terms
of the frequency-magnitude relationship expressed by the ‘b’ value.
For example, SUYEHIRCO (1966, 1969) and SUYEHIRO et al. (1964) found
small b-values for some foreshock sequences compared with those of
aftershocks and earthquake swarms, and they pointed out the pos-
sibility of distinguishing foreshocks from other activities. Similar
small b-values were observed for the activity preceding the earthquake
off east Hokkaido in 1968 (MotoyvA, 1970) and for the foreshock se-
quences of earthquakes which occurred in Greece (PAPAZACHOS, 1975).
Such differences in b-value are also consistent with the laboratory ex-
periments conducted by Mos1 (1963b) and ScrHoLz (1968). However,
some authors do not agree that the b-values of foreshocks are always
smaller than the b-values of aftershocks (Utsu, 1971). Some earth-
quake swarms along the Japan trench also show small b-values (UTSU,
1969).

On the other hand, from the waveform analysis of seismic waves,
some kinds of spectral features associated with foreshocks were found
for the earthquakes in certain regions. For example, the relative
decrease of high frequency amplitudes was found for both P and S

waves of small events preceding large earthquakes in the Kamchatka
region (FEDOTOV et al., 1972). The earthquakes with low stress drop
were also found for the immediate foreshocks of moderate earthquakes
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in the Kanto area (TSUJIURA, 1977). Contrary to these results, ISHIDA
and KANAMORI (1980) pointed out that the frequency of spectral peak
is higher for the foreshocks than for the events of ordinary back-
ground activity. However, BAKUN and McEvILLY (1979) concluded
that the predominant frequency of foreshocks are neither universally
higher nor lower than comparable ordinary earthquakes. Similarly,
complicated patterns of the source spectra were found in the foreshock
sequence of the 1978 Izu-Oshima-kinkai earthquake (TSUJIURA, 1978D).

Recently, Ursu (1981) proposed a possibility of distinguishing
foreshocks from the relation between the size of felt area and the
magnitude of event concerned. The largest foreshock usually has a
large felt area compared with those of ordinary events with com-
parable magnitudes. Such a relation suggests that the foreshocks
abound in high frequency components which correspond to high stress
drop events. However, the spectrum of seismic waves depends on
seismic area and source depth (TsuJiURA, 1977, 1978a, 1978b ; MASUDA,
1978). Local variations of the source spectrum and the effect of source
depth must be taken into account for elucidating the felt area. There-
fore, for the present case, any definitive conclusion have not yet been
obtained for distinguishing foreshocks in terms of b-values or the
spectral method.

In order to overcome the above difficulties, we shall attempt to
clarify the nature of earthquake swarms on the basis of the waveform
and spectral analyses. A paper by NASU et al. (1931) was the first
study on earthquake swarms by instrumental observation. After that,
numerous studies on earthquake swarms have been made, especially
with regard to space-time distribution, frequency-magnitude relation-
ship and focal mechanism solution, and they have been discussed in
terms of the tectonic conditions of their regions (e.g., Moci, 1963b ;
SYLVESTER ¢t al., 1970 ; WETMILLER, 1971 ; SBAR et al., 1972 ; JOHNSON
and HADLEY, 1976 ; KLEIN et al., 1977 ; MITSUNAMI and KUBOTERA, 1977 ;
GEDNEY et al., 1980). However, we have not yet obtained any sa-
tisfactory knowledge about the inherent nature of earthquake swarms
compared with foreshock activity and ordinary background seismicity.

The present paper consists of five chapters. We shall start, in
Chapter 2, the criterion of the selection of earthquake swarms and,
in Chapter 3, seismic data currently processed at our seismic observatory
will be described. Fifteen earthquake swarms and three foreshock
activities during the past 14 years were found in our data library.
From detailed analyses of waveform and spectrum, in Chapters 4 and
5, we shall show significant waveform and spectral features of earth-

quake swarms closely relating to its activity mode. Finally, in Chapter
6, the difference in the activity mode between the earthquake swarm
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and the foreshock activity or the ordinary seismicity will be described.

We hope that the work presented here will contribute to a better
understanding of the nature of earthquake swarms and for distinguish-
ing earthquake swarms from other seismic activities.

CHAPTER 2
Interpretation of Earthquake Swarm

Seismic activities which increase in a certain limited region are
classified into several types. MocI (1963b) distinguished the seismic
activities into the following three types: (1) main shock-aftershocks,
(2) foreshocks-main shock-aftershocks and (8) an earthquake swarm.
The definitions of these types have not yet been established clearly.
Some studies on this subject have been made by MocI (1963a, 1963b),
Utsu (1969, 1970, 1971) and YAMAKAWA (1966, 1967a, 1967b). Among
these three types of activities, the earthquake sequence where the
number and the magnitude of earthquakes increase gradually with
time and decrease after a certain period without any distinct main
shock is called an * earthquake swarm >’ (MoGI, 1963b).

On the basis of laboratory measurements and the seismicity pattern
in Japan, MoGI (1963a, 1963b) suggested that the main shock-aftershock
sequence occurs in homogeneous regions, and the swarm sequence is
limited to regions where the material properties are remarkably hetero-
geneous and fractured. Laboratory studies of microfracturing also
suggest a correlation between swarmlike sequences and material hetero-
geneities (ScHOLZ, 1968).

The pattern of the foreshock-main shock-aftershock sequence is an
intermediate one between the main shock-aftershock and the earthquake
swarm types, and it appears at regions of moderately heterogeneous
structure (MoGI, 1963b). Mogi also pointed out that the second and
the third type sequences frequently appear in the same region.

The time duration of earthquake swarm varies from a few hours
to a few months and depends on the tectonic nature of the seismic
region. In some special cases, such as the Matsushiro earthquake
swarm, the activity continued for about five years (HAGIWARA and
IWATA, 1968).

For the present study on earthquake swarms, the field of Kanto
is selected because it, especially the Izu-Nagano region, is one of the
most active areas of earthquake swarms (MocI, 1963b; Utsu, 1981).
In this area foreshock activities have been frequently found (TSUMURA
et al., 1978; UTsu, 1981). A comparison of the seismic property for
both sequences therefore would provide valuable data for studying the
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difference between them.

For the selection of earthquake swarms, the number of earth-
quakes, epicentral location, distribution of magnitude and their occur-
rence times are considered. We will only treat the earthquake swarm
activity in which at least five earthquakes of similar magnitudes (4M
<1) occur within an area of about 15x 15 km® and with a time interval
of 10 hours. The 4M used here means the difference of magnitude
between the largest earthquake and the second largest earthquake in
a given earthquake sequence.

From the monthly lists of earthquakes of the Japan Meteorological
Agency (JMA) and the data library of our seismograph stations, 15
earthquake swarms having the fore-mentioned conditions were selected
during the period from 1968 to 1981. Table 1 shows the list of earth-
quake swarms together with the event parameters taken from the
monthly lists of JMA.

None of these swarm sequences include an especially large earth-
quake, except for the two swarm sequences which occurred off the
east coast of the Izu Peninsula (Nos. 9, 14). The difference of magni-
tude between the largest and the second largest earthquake of these
sequences is 1.3 for the No. 9 and 1.8 for the No. 14 swarm, respec-
tively. According to the classification by Utsu (1981), such a case
corresponds to the activity of ‘“type 4”7 which shows a swarmlike
sequence including a specially large earthquake. However, as inferred
from the activity mode of these sequences, we refer to these sequences
as an ordinary earthquake swarm (TSuJIURA, 1979a, 1981). These
swarms, including the three foreshock activities in the Kanto area

Table 1. List of earthquake swarms. AM*; magnitude of the largest earth-
quake in each swarm sequence.

No. Date M* Area
1 1969 May 15-16 3.8 S. of Chiba Pref.
2 1972 Jan. 14 3.8 Near Oshima
3 1973 Jan. 20-27 5.2 S. E. off Boso Pen.
4 1973 Nov. 14 4.1 Near Oshima
5 1974 May 2-5 5.2 E. off Chiba Pref.
6 1975 June 4 4.2 C. Chiba Pref.
7 1978 Apr. 6-7 6.1 E. off Chiba Pref.
8 1978 July 27-28 5.1 Off Ibaraki Pref.
9 1978 Nov. 24-Dec. 10 5.4 N. Izu Peninsula
10 1979 Mar. 15-22 3.1 N. Izu Peninsula
11 1979 May 20-24 3.8 N. Izu Peninsula
12 1979 July 11-Aug. 8 3.2 N. Tokyo Bay
13 1979 July 24-25 4.2 Off Ibaraki Pref.
14 1980 June 24-July 28 6.7 Izu Peninsula

15 1981 May 4-5 3.2 Sagami Bay
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and the ordinary seismic activity in a specified area of the Kanto dis-
trict, are the materials of the present study.

CHAPTER 3
Data

3.1. General description of the seismograph system

The data used in this study was compiled mainly by the Dodaira
Micro-earthquake Observatory (DDR) and its satellite stations. The
locations of the seismographic stations with their local geology are
shown in Fig. 3.1 and Table 2. All seismic signals are recorded at
the Earthquake Research Institute, Tokyo (ERI), by the telemetering
system developed by MivAMURA and TSUJIURA (1955, 1957), TSUJIURA
and MIYAMURA (1959) and TsuJiura (1963). DDR is the main station
of our seismic network. Since 1968, three kinds of instruments, i.e.,
short-period (SP), medium-period (MP) and long-period (LP, LP-Low
gain) seismographs have been in operation. Moreover, since 1973,
two types of seismographs with wide-band (WB) and ultra long-period
(ULP) were added in order to cover a wider dynamic range. Figure

37

||39° |140° 141° E

Fig. 8.1. Distribution of seismographic stations. All seismic signals are recorded at
Earthquake Research Institute, Tokyo (ERI), by a telemetering system.
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Table 2. List of seismographic stations with their local geology.

Station Code Location Altitude Rock type
DM S m
Dodaira DDR 35 59 54.0N 800 Crystalline schist
139 11 36.2E
Tsukuba TSK 36 12 39.0N 280 Granite
140 06 35.0E
Kiyosumi KYS 35 11 51.6N 180 Sandstone
140 08 53.6E (Tertiary shale)
Ohyama oYM 35 25 12.3N 600 Andesite
139 14 34.9E
Hokiyama HOK 34 50 59.4N 890 Andesite
139 02 22.8E
Takeyama TAY 35 12 53.2N 170 Basalt
139 39 34.2E "
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Fig. 8.2. Magnification curves of the seismographs at DDR. SP; short-period, MP:
medium-period, WB; wide-band, LP; long-period, ULP; ultra long-period seismo-
graphs, respectively.
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Fig. 8.8. Magnification curves of the medium-period seismographs at TSK and KYS.

3.2 shows the displacement magnification curves of these seismographs.
A detailed description of the system was given by TSUJIURA (1965,
1967, 1973Db).

In the recording station at ERI, all seismic signals which are ob-
served at DDR, except for the signals of SP seismographs, have been
continuously recorded on magnetic tape since the beginning of 1968.
In these data, local earthquakes with magnitudes greater than about
3.5 are transcribed on a commercial 1/4 inch tape together with the
teleseismic events with magnitudes (m,) greater than about 5.5, and
these tapes are preserved as a permanent data library.

The observation system at the Tsukuba (TSK) and Kiyosumi (KYS)
gtations consists of short-period and medium-period seismographs, while
that at the other stations consists only of short-period seismographs.
Since November of 1977, the signals of medium-period seismographs
for both stations have also been recorded continuously on magnetic
tape. The magnification curves of these seismographs are shown in
Fig. 3.3. Moreover, since December of 1978, a magnetic tape recording
system has been applied to the data of short-period seismographs for
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all stations. This data is also available when necessary (TSUJIURA,
1980).

3.2. Spectral analyzing seismograph

In order to obtain the spectral contents of seismic waves an
analog-type spectrum analyzer which consists of narrow band-pass
filters has been operated on a routine basis (TSUJIURA, 1966, 1967,
1978a). An outline of the system will be described in the following.

The analyzer consists of one amplifier, six band-pass filters with
center frequencies at 0.75, 1.5, 3, 6, 12 and 24 Hz and respective band-
widths of 0.5, 1, 2, 4, 8 and 16 Hz. In addition, high-frequency bands
centered at 48 and 96 Hz with respective bandwidths of 82 and 64 Hz
are used in some cases. The output of the six or eight filters is
recorded continuously on an ink-writing 6 channel or 8 channel chart-
recorder. The input of the amplifier is connected to the output of the

T T T T T T T

107

TSUKUBA cH7 cHe
CH6 [
cus | |

MIDDLE

MAGNIFICATION

10 " 100
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Fig. 8.4. Magnification curves of the short-period seismographs with band-pass filters
at TSK. Arrows show the channel number of band-pass filters and its center
frequency, respectively.
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seismic telemetering net-
work in the Kanto district.
Three sets of identical ana-
lyzers have been in opera-
tion since 1976.

The displacement mag-
nification curves of the seis-
mographs at TSK station
and the filter response,
which has the same fre-
guency characteristics for
the three sets, are shown
in Figs. 3.4 and 3.5, respec-
tively. Since 1978, two sets
of analyzers, except for the
data of TSK marked as
“middle’’, are connected
to other stations. Figure
3.6 shows the displacement
magnification curves when
the analyzers are connected
to the corresponding sta-
tions. The magnification
of the seismographs at four
stations differs from sta-
tion to station. The com-
bined data for these sta-
tions therefore cover a wide
dynamic range of the spect-
rum up to 1.5 in a magni-
tude unit. In addition, as
mentioned earlier, DDR has
a magnetic tape recording
system consisting of various
kinds of seismographs. This
data is also available for
the analysis of large events
(M > 3.5). Although our
data give a rough estima-
tion of the spectrum, it is
useful when a great deal of

data are processed (e.g.,
AKxi, 1980a).

T T T

0.75Hz 1.5 3

AMPLITUDE RATIO (DB)
|
S

02 ! to 100
FREQUENCY Hz

Fig. 3.5. Frequency response curves of band-pass
filters used in the spectral analysis. The fre-
quencies from 0.75 to 96 Hz indicate the center
frequency of each band-pass filter.
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Fig. 8.6. Magnification curves of the short-period
seismographs including band-pass filters.
Arrows show the center frequencies of band-
pass filters.
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3.3. Triggered seismogram

For the waveform analysis, seismograms recording at a high
paper speed (10-100 mm/sec) by a trigger mode are available. The
observation of this system was started from November of 1978 at two
stations, OYM and HOK. After that, the number of station increased,
and at present, the data of five stations are available for the analysis
of waveform (TSUJIURA, 1981).

CHAPTER 4
Waveform Analysis of Earthquake Swarms

4.1. Introduction

The earthquakes in a swarm sequence usually show a concentrated
activity. Figure 4.1 shows a typical example of an earthquake swarm
which consists of activities lasting about two hours. These seismo-
grams were obtained at DDR (4=150km) for the 1980 earthquake
swarm off the east coast of the Izu Peninsula (TSUJIURA, 1981). Many
earthquakes occur within a short time interval of one hour. Such a
continual occurrence of earthquakes affects accuracy in determining
epicenters, because the initial motions of P waves are contaminated
by the coda waves of earlier events. Therefore, we try the waveform
analysis using the triggered-seismograms in order to find the inherent

1980 JUNE_ 27 {04h4a1m

Fig. 4.1. Seismograms for three periods with concentrated activity obtained at DDR
during the 1980 earthquake swarm off the east coast of the Izu Peninsula.



Waveform and Spectral Features of Earthquake Swarms and Foreshocks 7

nature of the earthquake swarm. We shall show some features of
waveforms which closely relate to the activity mode, such as the
mechanism of earthquake occurrence, the distribution of epicenters and
the migration of the activity area with time.

4,2. Method of analysis

The waveform analysis is performed by a visual examination of
waveforms on the seismograms recorded at a high paper speed by a
trigger mode (TRG). The paper speed of the TRG seismograms depends
on the spectrum of seismic waves, and it varies from 10 mm/sec to 100
mm/sec. Although our method of analysis is very simple, some features
of waveforms closely relating to its activity mode can be found by
superimposing the TRG seismograms.

37° VL
N 7 I3
.~ TOCHIGI ®
@ SswaARM 7
~/ X
@ FORESHOCK '/Q‘é\
PN
L
Pty
—/-
-
-7 8
- @®
DDR
36° + + —
i SAITAMA +
\\
\v
\
YAQAANASHI
\\ °
\
N
SHIZUOKA.
\ 5
7 O
®
+ _
3
@®
}_L_l__x_x_*
| { wiijima ! I ° SoKM
139° 140° 141° E 142°

Fig. 4.2. Distribution of the epicentral areas of earthquake swarms and foreshocks.
Numerals attached to double circles refer to the swarm number listed in Table 1.
Solid circles show the foreshocks of the eastern Yamanashi Prefecture earthquake
of 1976, the Kawazu earthquake, Izu Peninsula of 1976 and the Izu-Oshima-kinkai
earthquake of 1978, respectively.
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4.3. Waveform feature of earthquake swarms

Figure 4.2 shows the epicentral areas of earthquake swarm and
foreshock activities. Numerals attached to double cireles refer to the
swarm number listed in Table 1, and the epicenters represented by
solid circles refer to the foreshock activities of the 1976 eastern Ya-
manashi Prefecture earthquake, the 1976 Kawazu earthquake, Izu
Peninsula and the 1978 Izu-Oshima-kinkai earthquake. The earthquake
swarms are distributed over a wide area. In particular, it is noticed
that the earthquake swarms and the foreshocks occurred in almost
the same area near Oshima (Nos. 2 and 4). The waveform analyses of
these sequences therefore will give us some useful information about
the difference in nature between the two kinds of activities. The
studies of individual sequences have been reported previously (TSUJIURA,
1977, 1978b, 1979a, 1979b, 1980, 1981), and here these studies will be
summarized with some additional new data.
4.3a. Earthquake swarm off Kawanazaki, Izu Peninsula in 1978

(No. 9 in Table 1) .

On November 24 of 1978, the swarm activity started in an area
off Kawanazaki, Izu Peninsula, and this activity continued for about 20
days with repeated intermittent bursts of activity (TSUMURA et al.,
1979). During this earthquake swarm, 365 earthquakes with magnitudes
between 1.5 and 8.0 were studied in terms of waveform analysis.

In the course of the examination of waveforms using triggered-
seismograms we noticed that the earthquakes in a certain time interval
(e.g., one hour) have similar waveforms. Figure 4.3 shows 2 com-
parison of seismograms obtained at Ohyama station (OYM) during an
interval of about 16 minutes. High correlation between the correspond-
ing traces is clearly seen, especially when events of similar size are
compared. Moreover, the arrival times of S and later phases measured
from the P-wave onset also agree within a range of 0.05sec. We
refer hereafter to these earthquakes with similar waveforms as a
group of ‘‘similar earthquakes’ or an * earthquake family *’ (HaMA-
GUCHI and HASEGAWA, 1975). However, the criterion of the earth-
quake family is somewhat uncertain. The earthquake family is defined
here as a group of earthquakes whose seismograms show that the
peaks and troughs of the P and S wave groups coincide with each
other and that the S-P times fall within some limited ranges which
depend on the earthquake size. The differences of S-P times used
here are about 0.1sec for M=8 and about 0.5sec for M=5 earth-
quakes.

Figure 4.4 shows a comparison of seismograms at the Hokiyama
station (HOK) for the same events as shown in Fig. 4.3. The HOK
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Fig. 4.3. Comparison of the seismograms with similar waveforms obtained by the
vertical component (Z) at OYM during a 16 minute interval for the 1978 earthquake
swarm off Kawanazaki, Izu Peninsula. Magnitudes of these events lie between 1.4
and 2.6.

station is located at a shorter epicentral distance (4=10km) than the
OYM station and in a different azimuth from the epicentral area (Fig.
4.2). As seen in Fig. 4.4, the seismograms at a shorter epicentral
distance give more detailed similarities in the frequency range up to
10 Hz. It is noticeable that isolated wavelets, as indicated by dotted
circles, are commonly observed even in the coda waves. Similar fea-
tures, but with different waveforms, are seen for earthquakes in
other periods of this sequence. Nineteen groups with their own wave-
form features are found for 264 earthquakes selected from the total
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Fig. 4.4. Comparison of the seismograms obtained at HOK for the same earthquakes
shown in Fig. 4.3. Note that isolated wavelets indicated by dotted circles are
commonly observed even in the coda waves.

365 earthquakes (TSUJIURA, 1979a).
4.3b. Earthquake swarm in northern Tokyo Bay in 1979

The earthquake swarm which occurred in northern Tokyo Bay
during the period from July 11 to August 3, 1979 was studied on the
basis of the waveform analysis. This swarm activity was monitored
by the magnetic-tape recording system consisting of six stations dis-
tributed around the swarm area. Thirty-four earthquakes with mag-
nitudes between 1.0 and 3.0 were found in the monthly list of ERI.
Among these earthquakes, sixteen with moderate-size amplitudes on
magnetic tape were finally selected. The magnitudes of these events
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Fig. 4.5. Comparison of the seismograms obtained at KYS for the earthquake swarm
in northern Tokyo Bay. The amplitude of each event is almost normalized by
changing the gain of play-back amplifier from magnetic tape. Relative differences
of the gain are shown at the end of each seismogram by error bars. Magnitudes
of these events lie between 1.8 and 3.0.

range from 1.8 to 3.0.

Figure 4.5 shows a comparison of seismograms obtained by the
vertical component seismograph (Z) at Kiyosumi station (KYS). The
amplitude of each event is almost normalized by changing the gain of
the play-back amplifier. The relative differences of the gain are shown
at the end of the seismogram by error bars. Although the absolute
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amplitudes are different by a factor of more than 10, similarities of
waveforms are apparent over the entire record length, especially the
peaks and troughs of the P and S-wave groups coincide through a
sequence. HEarthquakes with similar waveforms, of course, are ex-
pected to have similar S-P times. In fact, we find that the S-P
times of these events do not differ by more than 0.06sec. Similar
results for the waveforms were obtained from the other five stations
(TSUJIURA, 1980). Thus, it may be concluded that the swarm activity
in northern Tokyo Bay also consisted of events with similar wave-
forms belonging to an earthquake family.

4.3c. Earthquake swarm off the east coast of the Izu Peninsula

in 1980 (No. 14 in Table 1)

An earthquake swarm occurred in an area off the east coast of
the Izu Peninsula during the period from June 24 to July 28, 1980.
This swarm contained many bursts of activity usually lasting for
about one hour. The swarm activity in this area occurred repeatedly
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Fig. 4.6. Frequency distribution of earthquakes for every 30 minutes obtained at OYM
for the 1980 earthquake swarm off the east coast of the Izu Peninsula (after ERI,
1981). The seismic activities indicated by arrows are used for the present study.
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after 1978, and the present swarm shows the highest activity (e.g.,
KARAKAMA et al., 1980).

Figure 4.6 shows the frequency distribution of earthquakes for
every 30 minutes (ERI, 1981). We are especially interested in the
activity mode during the most active stage of the swarm. Eleven
sequences indicated by arrows in Fig. 4.6 were finally selected, and
the waveform analysis was performed by superimposing the triggered-
seismograms at five stations.

Figure 4.7 shows a comparison of seismograms obtained at the
Hokiyama station (HOK) during an interval of about 15 minutes. The
similarity of waveforms is clearly demonstrated from the P-wave onset

1980 JUNE 28  1ZU PENINSULA (HOK - Z)
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Fig. 4.7. Comparison of the seismograms obtained by the vertical component (Z) at
HOK during a period of 15 minutes. Magnitudes of these events lie between 1.8
and 2.8. Note that high correlation of corresponding waves between the seismo-

grams.
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till coda waves. Similar waveform features can be seen also for the
seismograms of the other four stations (TSUJIURA, 1981).

The time interval between two successive earthquake families
depends on the degree of seismic activity. When the activity is high,
the time interval is short, and another family appears soon after the
activity of the initial family is finished. Figure 4.8 shows an example
of the distribution of earthquake families during a 70-minute interval
of concentrated activity. The amplitude of each event shows the
relative amplitude of S waves on the 3 Hz-band taken from the
filtered-seismograms at DDR and TSK, and the scale of the ordinate
on the right-hand side indicates the magnitude (M) which was deter-
mined at DDR by the F-P time method (Hori, 1973). Solid and
dashed lines represent the upward and downward initial motion at
HOK, respectively. Numerals at the top show the group number of
the earthquake family. We find that during a certain active period
several earthquake families with different source mechanism appear
alternately.

The S-P times for events in each family do not differ by more
than about 0.06sec, and the S-P times for events in the different
families may differ within a range of about 0.2sec (TSUJIURA, 1981).
Such behavior suggests that the earthquakes in the active period do
not occur randomly in space and that they occurred only within several
limited small areas.
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Fig. 4.8. Distribution of earthquake families obtained for a swarm sequence of about
a 70-minute period of concentrated activity. Numerals in the upper abscissa show
the group number of earthquake families. Solid and dashed lines show the upward
and downward initial motions at HOK, respectively. The amplitude and magnitude
(M) are determined on the basis of the filtered-seismograms at DDR and TSK and
from the F-P time at DDR.
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Figure 4.9 shows the temporal distribution of earthquake families
in another period of this series. An alternate occurrence of four
families is apparent the same as those shown in Fig. 4.8. Two large
earthquakes with M =4.5 occurred in this sequence. The source depths
for these events are about 10 km (KARAKAMA et al., 1980). Such events
are usually followed by aftershocks. In the present case, however, the
activity preceding the M 4.5 earthquake is higher than the activity
following the event. This is probably one of the most important
features in the activity of similar earthquakes. This feature can be
qualitatively explained as follows. The earthquakes belonging to a
family occur on the same fault plane as a repeated slipping or a re-
peated incomplete rupture, and the largest event occurs as the earth-
quake with maximum slip or complete rupture corresponding to the
“highest stress drop earthquake’ (AKI et al., 1977). Consequently,
only a weak activity will be followed on the same fault plane. On
the other hand, this maximum stress release produces the stress con-
centration elsewhere and promotes the occurrence of another family.

Similar analyses were performed for 10 sequences, each of which
has an activity of one hour, and it confirmed that they have similar
activity modes (TSUJIURA, 1981). Table 3 shows the proportion of
earthquake occurrences in families together with the number of families
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Fig. 4.9. Temporal distribution of the earthquake families including large events with
M=4.5. Note that the activity preceding the large event is more dominant than
the activity following the event. Explanation of the other symbols is the same as
those for Fig. 4.8.
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Table 8. Ratio of the number of earthquakes belonging to earthquake families
to the total number of earthquakes. N; total number of earthquakes, n;
number of earthquakes in the family, F; number of earthquake families,
Mrax; magnitude of the largest earthquake in each sequence.

Date Time N n nIN F Mooy
h m h m %

June 27 05 43 — 06 37 77 65 84 4 4.9
June 28 11 25 — 12 20 80 66 83 4 4.9
June 28 16 12 — 17 19 87 70 80 4 3.8
June 29 12 07 — 13 12 44 35 80 4 3.2
June 30 17 20 — 18 15 56 41 73 5 3.6
July 1 10 45 — 11 40 50 40 80 5 3.4
July 5 07 45 — 09 02 51 38 75 6 3.3
July 6 13 58 — 14 58 77 61 79 4 4.1
July 7 19 43 — 20 57 42 34 81 4 4.5
July 27 17 49 — 18 50 53 35 66 4 4.6

recognized. It can be seen that about 80 per cent of earthquakes
belong to several families.

Besides the earthquake groups described above, the activity as-
sociated with an extremely large earthquake of M=6.7 (see Fig. 4.6)
is quite different from those of the other 10 sequences. The M#6.7
earthquake appeared suddenly without any preceding small earthquake
and was followed by many small earthquakes. This suggests the
activity of the main shock-aftershock type. The activity mode for
41 earthquakes which occurred during the three hour period following
the M6.7 shock was studied by the same procedure. All of these
events appear with an individual waveform character except for two
events with similar waveforms (TSUJIURA, 1981).

4,3d. Other earthquake swarms
Similar analyses of waveform were extended for the other swarm

activities listed in Table 1, and it confirmed that the swarm activity
in a certain time interval consisted mainly of events with similar
waveforms (TSUJIURA, 1979b). Similar features of waveforms can be
seen for many earthquakes of the swarm sequences in different regions
(STAUDER and RYALL, 1967; SATO et al., 1979 ; TSUKUDA, 1980 ; OKADA
et al., 1981).

Most of earthquakes studied above, however, were earthquakes
with magnitudes between 1.5 and 4. When the magnitude of an
earthquake increases, the similarity in high-frequency components be-
comes somewhat uncertain. Figure 4.10 shows a comparison of seis-
mograms with magnitudes of 4.8 and 6.1 obtained by the MP seis-
mograph at TSK for the 1978 earthquake swarm east off Chiba
Prefecture (No. 7 in Table 1). The upper two seismograms show the
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Fig. 4.10. Comparison of the seismograms with magnitudes of 4.8 and 6.1 obtained
by the MP seismograph at TSK for the 1978 earthquake swarm east off Chiba
Prefecture. The upper two show the original seismograms and the lower two show
the seismograms passing through the low-pass filter with cut-off frequency of 1 Hz.
G; relative differences of the gain of play-back amplifier. Similar waveforms and
S-P times are seen in low-frequency seismograms.

original and lower two show the seismograms passing through the low-
pass filter with a cut-off frequency of 1Hz. Although the high-
frequency components (f>2Hz) do not coincide with each other (upper
seismograms), the low-frequency components (f<1Hz) agree well in
waveforms and S-P times.

On the other hand, recent observations of small swarms in the
near-field (S-P =1 sec) provide the data with more detailed similarities
of waveforms and S-P times. Figure 4.11 shows seismograms of an
earthquake family in the western part of Tochigi Prefecture obtained
by the SP seismographs with high (H) and (L) magnifications at
Uchino-komori near Ashio (UKM). The magnitudes of these events lie
between —1.0 and 1.0. The similarity of waveforms and the equality
of S-P times (dt;_,) are clearly demonstrated in the frequency range
up to 30 Hz and in the distribution of S-P times less than 0.008 sec.
Therefore, the frequency range with similar waveforms is a function
of the earthquake size. Roughly speaking, the lower limits of fre-
quency with similar waveforms are about 0.5 Hz for M =6, about 6
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Fig. 4.11. Comparison of the seismograms obtained by the SP seismographs with high
(H) and low (L) magnifications at UKM for the earthquake swarm in the western
part of Tochigi Prefecture. The difference of magnifications between high and
low gain seismographs is twentyfold. The magnitudes of these events lie between
—1.0 and 1.0. The similarity of waveforms and the equality of S-P times are
seen in the frequency range up to 30 Hz and in the distribution of S-P times less
than 0.008 sec.

Hz for M =3 and about 30Hz for M =1 earthquakes, respectively.
These values seem to relate to the source time function of their earth-
quakes as will be discussed later. Thus, it may be concluded that the
earthquakes in a given swarm sequence consist mainly of events with
similar waveforms belonging to one or more families, though their
frequencies depend on the earthquake size.
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4.4. Spatial distribution of swarm earthquakes

In view of the observed time difference of S-P at our stations,
the epicentral area for the swarm sequence determined by the con-
ventional method may be too large (TSUJIURA, 1979a, 1980). In order
to obtain the precise location of epicenters, detailed measurements of
S-P times at each station were made for a given swarm sequence.
We shall deal here with the earthquake swarm in northern Tokyo Bay
(No. 12 in Table 1). Tokyo Bay is located in the middle of our seismic
network, and precise locations of these events are expected.

As shown previously (Fig. 4.5), the seismograms of this swarm
sequence showed similar waveforms. Figure 4.12 shows examples of
the superimposition of seismograms obtained at KYS and DDR for
this swarm sequence. The paper speed was set at 50 mm/sec. The
peaks and troughs for the P and S waves closely coincide with the
seismograms at each station. Small differences of S-P times there-
fore can be obtained from the time difference of the P-wave group
when the seismograms of S waves are fixed to agree with each other.

Table 4 shows the distribution of the relative differences of S-P
time obtained through the swarm sequence. It can be seen that the
deviation of S-P times falls within a range of 0.05sec, indicating
systematic differences at each station.

Figure 4.13 shows the relative location of epicenters against the
reference earthquake (14h 28 m, July 11) determined by using the data
listed in Table 4 and by assuming a value of Omori constant k=8 km/
sec. Numerals attached to the solid circles correspond to the event
number in Table 4. The epicenter with a cross mark shows the re-
ference earthquake (No. 2), and the epicenters inside dotted ecircles

— JULY Il 14h28m ---—= JULY 25 11h48m

0.04s

Fig. 4.12. Superimposition of the seismograms for two earthquakes obtained at KYS
and DDR. Note the small differences of S-P times (<0.044 sec).
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Table 4. Distribution of the relative differences of S-P times (dts—p) against

the reference earthquake (No. 2). The origin time and magnitude (M) are
taken from the monthly list of ERI, and the M, is taken from the list of

earthquakes by the JMA.

No. Date Time M My dts—p sec
hm s KYS DDR TSK TAK oYM
1 July 11 10 55 54.4 2.7 2.9 0.008 —0.01 0 0.01 0
2 14 28 45.1 2.4 — 0 0 0 0 0
3 22 55 15.3 1.8 — 0.01 —0.012 —0.024 0.016 0
4 July 12 08 39 11.3 2.0 — 0.012 —0.02 —0.024 0.024 —0.01
5 08 46 39.0 1.9 — 0.012 —0.02 —-0.02  0.02 —0.01
6 20 20 01.6 2.1 — 0.036 —0.03 —0.024 0.024 —0.014
7 21 05 03.0 1.8 — 0.036 —0.032 —0.028 0.02 —0.014
8 July 16 17 55 11.6 2.0 — —0.01 0.008 — — —
9 July 25 03 05 08.6 1.8 — —0.04 — —0.04 — —
10 05 12 28.1 2.6 2.8 —0.01 0.016 —0.01 0.018 0.018
11 11 16 23.9 2.2 2.5 0.044 —0.04 —0.04 0.03 —0.01
12 11 48 10.7 2.9 3.0 0.044 —0.04 —0.044 0.03¢ —0.01
13 July 30 10 53 51.0 3.0 3.3 0.05 — —0.046 0.028 0.014
14 10 58 44.1 2.1 — 0 — —0.01 0.018 0.018
15 12 48 28.7 2.4 2.7 0 — —-0.01 0.016 0.016
16 Aug. 3 08 58 39.7 2.2 — 0 0.02 —0.038 0.044 0.044
N
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Fig. 4.13. Relative epicentral locations for the reference earthquake (No. 2). Numerals

attached to the circles correspond to the event number shown in Table 4.
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show the events with S-P times closer than 0.0l sec, indicating an
exact agreement of waveforms at five stations (see Fig. 6 in TSUJIURA,
1980). Two earthquakes, numbers 8 and 9, are not included in this
figure due to a poor signal-to-noise ratio.

As seen in Fig. 4.13, the epicenters are divided into two groups,
one consisting of events with a linear trend (A), and the other con-
sisting of events concentrated in a small area (B). Although our
epicenter determination has an error of about 50 meters, the pattern
of epicenters for the sequence exhibits some interesting features. For
example, the earthquake occurs first in the southeast end of this series
and its activity migrates mainly to the northwest with a length of
about 400 meters, terminated by event No. 13. After that, the activity
returns to the initial focal area (group B). Considering the similarity
of waveforms and the linear arrangement of epicenters, it is most
likely that the events belonging to group A occurred along the same
fault plane slipping repeatedly. In particular, as inferred from the
close agreements of waveforms and S-P times at five stations, the
events inside the dotted circles must have occurred on the same fault
plane in the manner of a ‘‘ stick-slip”’ observed in the laboratory ex-
periments on rocks (e.g., BRACE, 1972).

Our observation can be understood also with the aid of the earth-
quake model called the ‘barrier model " proposed by Das and AKI
(1977). The migration of earthquake clusters from A to B may be
due to successive stress concentrations at barriers distributed on the
fault as slipping proceeds from A to B.

As mentioned in the preceding sections, small deviations of S-P
times were observed for the earthquake families in different regions.
A tight cluster of epicenters distributed within an area of 300-1000
meters was found also in the earthquake families of the Usu voleano
earthquake swarm (WaNo and OxaDA, 1980; OKADA et al., 1981) and
in the ordinary swarm activity (TSUKUDA, 1980). Thus, it may be
concluded that the events of an earthquake family occur within a
very small focal area probably on the same fault plane. The observa-
tion of numerous families with their own waveform characteristics in
a given swarm sequence then suggests the existence of numerous
cracks and faults bounded by barriers. This evidence is consistent
with the study of MocGi (1968b) which concluded that the earthquake
swarm occurs in a heterogeneous region.

Another feature indicating the nature of an earthquake swarm is
that the largest earthquake in a given family usually occurs in the
late stage of its sequence. As an example, Figure 4.14 shows the
temporal distribution of earthquakes with M >3.5 taken from the
monthly lists of JMA for the 1978 earthquake swarm east off Chiba
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Fig. 4.14. Temporal distribution of earthquakes with M >3.5 for the earthquake swarm
east off Chiba Prefecture.

Prefecture (No. 7 in Table 1). According to our criterion of an earth-
quake family, this swarm corresponds to one earthquake family (Fig.
4.10). The largest earthquake with M =6.1 occurred about 32 hours
after the swarm started, and it is also noticed that the activity
preceding the M6.1 earthquake was higher than the activity follow-
ing the event. Such behavior is consistent with the 1980 earthquake
swarm on the Izu Peninsula as was previously mentioned (TSUJIURA,
1981).

4.5. Conclusion

Through the waveform analysis of earthquake swarms, salient
features of the waveforms of their earthquakes were found. The
main features are as follow :

(1) The earthquakes in a swarm sequence are concentrated within
a short time interval.

(2) The swarm activity in a certain time interval (e.g., one hour)
mainly consists of events with similar waveforms belonging to the
so called ‘‘earthquake family ’ (70-80%).

(3) The epicenters of an earthquake family are distributed in a
tight cluster, within an area of a few hundred meters (M,,..=3).

(4) When the activity is high, numerous families with their
own waveform characteristics are observed during a swarm sequence.

(5) The largest earthquake in a given family usually oeceurs in
the late stage of its sequence.

From the viewpoints of the similarity of waveform and the spatial
distribution of epicenters, it may be concluded that the events belong-
ing to earthquake family occur on the same fault plane as a repeated
slipping or an incomplete rupture. The existence of numerous families
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in a given swarm sequence then suggests that there exists numerous
cracks and faults bounded by barriers.

CHAPTER 5
Spectral Analysis of Earthquake Swarms

5.1. Introduction

In the preceding chapter we pointed out that the seismic activity
in a swarm sequence consists mainly of events with similar waveforms
belonging to one or more earthquake families (70-80%). The time
duration of the occurrence of an earthquake family depends on the
degree of seismic activity. When the activity is high, numerous
families with their own waveform features are observed during the
swarm sequence. On the other hand, for a weak activity, such as
the 1979 earthquake swarm in northern Tokyo Bay, the earthquake
family continued for about one month with repeated intermittent
activity (TSUJIURA, 1980). Therefore, the earthquake family is the
basic unit in an earthquake swarm.

As was pointed out by MoaI (1963b), the earthquake swarm usually
does not contain an extremely large earthquake. In fact, in the
Matsushiro earthquake swarm, 56 earthquakes with magnitudes be-
tween 4.5 and 5.1 were observed, but no earthquakes were found
with magnitudes above 5.2 (HAGIWARA and IWATA, 1968). Similar
tendencies, but limited to a magnitude about 4, were seen in the
swarm activity of Hokkaido (MOTOYA et al., 1979) and in the earthquake
swarm of Usu voleano (OKADA et al., 1981). As mentioned in the
preceding chapters, however, the largest earthquake contained in each
earthquake swarm differs in magnitude from 3.2 to 6.7. Moreover,
the frequency-magnitude relationship in an earthquake family shows a
remarkable peak or flat portion which differs from that of an ordinary
seismic activity (WANo and OKADA, 1980; OKADA et al., 1981). We
shall first study spectral features of the earthquake families, and in
a later section the growth of the source spectrum with magnitude
will be studied in the form of the scaling law proposed by AKX (1967).
These results will be useful for a better understanding of the nature
of earthquake swarms.

5.2. Method of analysis

In order to obtain the source spectrum of earthquake swarms the
spectral analysis is made for S waves using the data of filtered-seis-
mograms described in Chapter 2. The method of analysis is the same
as that of our previous studies (TSUJIURA, 1977, 1978b). The maximum
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amplitudes (peak-to-peak) for S waves are measured directly on the
6-band filtered-traces, and the relation between the amplitudes and
their frequencies is studied. Although our method of the analysis is a
rough estimation, it is useful when a great deal of data are processed.

5.3. Spectral feature of earthquake swarms

As shown in the previous sections, the earthquake family was a
basic unit in swarm earthquakes. Fig. 5.1 shows the filtered-seis-
mograms belonging to one earthquake family obtained at OYM during
a period of about seven minutes for the earthquake swarm on the
northern Izu Peninsula (No. 11 in Table 1). The frequency on the
left-hand side (f,) shows the center frequency of each band-pass filter.
They show similar spectra independent of the absolute value of ampli-
tudes. Such a feature of the spectrum is more clearly seen if we
plot the amplitude at one frequency as a function of the amplitude at
another.

Figure 5.2 shows the spectral amplitudes of S waves at 6 and 12
Hz versus 3Hz for the events belonging to one earthquake family.
Each plot represents an earthquake as derived directly from filtered-
seismograms. In order to obtain a wide dynamic range of the spectrum,
the data from DDR equipped with the same system may be used. Solid
circles with cross mark show the common earthquake for both stations.
From the combined data at two stations the relative growth of the

1979 MAY 20 NORTHERN 1ZU PEN, OYM SP(E)
Time ] I»Zhiiz:-_; 13hoom
fo
0.75 —
Hz

ol
——

g

*
%E;
1

b
T

+1

12 ‘ULrIT_L} % s ]ﬂl }_} N L\jyt‘;
1’
b L
24 H—
M=20 M2

Fig. 5.1. Examples of the filtered-seismograms. f, shows the center frequency of band-
pass filter with one octave bandwidth (see Fig. 3.5). Tick marks at the top are

minute marks.
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Fig. 5.2. Relation between the S-wave amplitudes at 6 and 12Hz and the S-wave
amplitude at 3Hz for the events belonging to one earthquake family. The rates
of increase of spectral amplitudes obtained from two stations are the same at
various frequencies. The solid cirele with cross mark shows the common earth-
quake for both stations.

spectrum with magnitude is obtained for a wide dynamic range.
Magnitudes of these events range from 1.5 to 3.5. The conformity of
the straight lines to the data implies that the spectral shape of these
earthquakes does not change with magnitude in the frequency range
between 3 and 12 Hz.

Another example of the growth of spectra with magnitude is
shown in Fig. 5.3. These earthquakes were obtained from the same
swarm sequence but in a different period (March in 1979). Except for
the amplitude of the 12 Hz band for two events with large amplitude,
similar trends of the growth of amplitudes are again obtained. We
now examine the growth of spectral amplitudes in the form of the
scaling law of earthquake source spectrum.

5.4, Scaling law of source spectrum

Consider a point dislocation source with the seismic moment time
function M (t) we denote its Fourier transform by M (w). The Fourier
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Fig. 5.3. Relation between the S-wave amplitudes at 6 and 12Hz and the S-wave
amplitude at 3Hz for the events belonging to one earthquake family. The rates
of increase of spectral amplitudes are the same at various frequencies for small
events, but the rate of increase for large events (M=2.5) becomes smaller for the
spectral amplitude at 12 Hz than for one at 3 Hz.

transform F'(w) of far-field displacement due to S waves at a distance
7 from the source can be given by the following (BRUNE, 1970)

|F (0)|=c(dmpBr)*| M (w)| (5.1)

where ¢ is a geometrical spreading factor, o is the density, B is the
shear-wave velocity and M (w) is the Fourier transform of the time
derivative of seismic moment.

If the S-wave signal has an impulsive form of duration shorter
than the filter time constant, we can approximately relate the ampli-
tude As measured in the filter trace with the Fourier transform F(w)
as (Ak1 and CHOUET, 1975)

As=24f|F (w)| (56.2)

where 4f is the bandwidth of the filter. From the known bandwidth
of band-pass filter and the maximum amplitude of S waves measured on
each filtered trace, the approximate spectral density can be estimated.

In order to obtain the source spectrum, the effect of the propaga-
tion path, such as the attenuation, must be taken into account to the
observed spectrum. The attenuation of seismic waves is given by an
exponential term of exp (nf»/QV ), where f is the frequency, 7 is the
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length of the path, V is the velocity and @ is the quality factor of
attenuation.

Values of Q for body waves in the crust and uppermost mantle
have been estimated for various seismic regions. Values of @, of
100-1000 have been obtained depending on the tectonic nature of the
regions (PRESS, 1964 ; SUMNER, 1967 ; CLOWES and KAWASEWICH, 1970;
O’NEILL and HEALY, 1973) and Q; of 100-200 for the uppermost crust
(KURITA, 1975; BAKUN and BUFE, 1975).

The Kanto district is located in the tectonically complicated region
because of the existence of two subducting slabs, the Pacific plate and
the Philippine Sea plate. The attenuation property as well as the
source spectrum in this area also show a complicated pattern (TSUJIURA,
1973a). However, a systematic investigation for obtaining the @ value
has not yet been made. Only a few attempts to obtain @ values were
made by using the data of amplitude ratios of different frequency
bands of body waves and their travel times (TSUJIURA, 1966, 1978a)
and by using the spectral ratios of S and coda waves (AKI, 1980a,
1980b ; SATO and MATSUMURA, 1980).

Our estimation of Q, shows the values of 1200 for the area of
TSK-A, 600 for TSK-B, 500 for DDR-A and 400 for DDR-B area,
respectively. The area of A and B corresponds to northern and south-
ern Kanto district bounded by the 86°N line (TSUJIURA, 1978a). These
values of @, are somewhat larger value than those of other regions.
Seismic waves traveling from earthquakes in the area of A to TSK
pass through an inclined seismic zone (TSUJIURA, 1972). BARAZANGI
and ISACKS (1971) suggested that the average @, in the inclined seismic
zone of the Tonga region is on the order of 10°. Moreover, the @
structure estimated in the interpretation of coda waves observed at
the TSK-A area includes a low-Q zone (around 200) in the shallower
crust and a high-Q zone (around 2500) in the deeper lithosphere (TSU-
JIURA, 1978a). Thus, the above large @, of 1200 is not unreasonable
as an average over the depth range from 0 to 70 km. The estimation
of @, for the other stations therefore can be made by the differnce
of spectral ratios of the same earthquakes observed at TSK and DDR.

The site effect of the station due to the difference of local geology
is another important factor in the correction. In obtaining the site
factor, we used the spectral amplitudes as a function of the lapse
time measured from the origin time. The TSK station is located on
granitic rock, and there is no significant site effects. The site factors
for five stations located on different formations were obtained from

the comparison of spectral amplitudes of coda waves in the same lapse
times basis on TSK (TsuUJIURA, 1978a). However, these values seem
to be too large for the site effect of S waves because the coda waves
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are the back-scattering waves caused by the heterogeneities distributed
randomly in space (AkI, 1969; AKI and CHOUET, 1975). About a half
value of the site factors determined from coda excitation may be rea-
sonable as the site effect of S waves. This is because estimated source
spectra using these values produce fairly flat response at low fre-
quencies and decay with frequencies roughly proportional to w=* beyond
the corner frequency (TSUJIURA, 1978b). Using the method mentioned
above, we obtained the source spectra for all swarm sequences shown
in Table 1.
5.4a. Earthquake swarm off Kawanazaki, Izu Peninsula in 1978
The earthquake swarm which occurred off Kawanazaki, Izu Pe-
ninsula during the period from November 24 to December 10, 1978
was studied on the basis of the spectral analysis. As mentioned in
Chapter 4.3a, this earthquake swarm mainly consisted of events belong-
ing to 19 families. The source spectra of S waves for 264 events
belonging to 19 families were obtained. Figure 5.4 shows the source

oYM

oY
2]

cm’ sec

-

] 10 - 40
FREQUENCY Hz
Fig. 5.4. Source spectra obtained from S waves at OYM for the events belonging to
earthquake families, corrected for the attenuation with Q5=300 and for the site
factor. Arrows show the corner frequency (f.). Numerals attached to each group
of the spectrum show the index number of the earthquake family (see Table 1 in
TSUJIURA, 1979a).

40




Waveform and Spectral Features of Earthquake Swarms and Foreshocks 99

spectra for four selected earthquake families obtained at OYM, assum-
ing the values of Q;=300, shear-wave velocity of 8.5 km/sec and the
site correction dividing the observed spectra by 2 for f =3 Hz.

The long-period spectral level (2,) and the corner frequency (fo)
are determined by fitting the spectra in two straight lines that inter-
sect at the corner frequency. The approximate corner frequencies are
indicated by arrows. It is noted that the corner frequency ina given
family is kept constant at about 6 Hz, independent of the absolute
value of amplitudes. Figure 5.5 shows the source spectra of other
groups. Although the corner frequencies of events in two groups of
No. 15 and No. 20 are slightly lower than the former groups (Fig.
5.4), again the corner frequencies agree well within the group.

In order to obtain the source spectra for a wide dynamic range
the data from DDR equipped with the same system may be used.
From the combined data from two stations the source spectra for the
earthquakes differing in magnitude by about 1.5 units are obtained.

l 15 OYM l 12 OYM'
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Tig. 5.5. Source spectra obtained from S waves at OYM and DDR for the earthquake
families. Spectra indicated by A and B show the common earthquakes for both
stations. Explanation of the other symbols is the same as those for Fig. 5.4. The
corner frequency in each family is almost the same, but its value differs slightly
among the families.
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They show nearly the same corner frequency as shown in Fig. 5.5.
From each flat low frequency level (2,), the corresponding seismic
moment () is estimated by using Brune’s formula

M,=L4z0p00, (5.3)
4

where ¢ is a geometrical factor, o is the density, 8 is the shear-wave
velocity and # is the hypocentral distance. The estimated seismic
moment by assuming 8=3.5km/sec, p=2.8/cm*® and ¢=0.8 (THATCHER
and HANKS, 1973) shows the values of 1x10“dynecm for M=1.5 and
38.56x10*dyne em for M=3 earthquakes, respectively.

According to MADARIAGA (1976) for a circular crack model, the
corner frequency (f,) for S wave spectrum is related to the fault
radius (a) by

a=0.215/f, (5.4)

where 3 is the shear-wave velocity. The estimated fault radii by as-
suming 8=3.5 km/sec show the values of 120 and 200 meters depending
on the event group.
On the other hand, the fault radius given by BRUNE (1970) shows
the relation of ' '
a=2.345/2zf, . , (5.5)

Then the fault radius determined from Brune’s formula is about 1.8
times greater than that determined from Madariaga’s formula. Con-
sidering the number of earthquakes and the total swarm area estimated
earlier, the fault radius by formula (5.5) seems to be too large. We
shall use hereafter Madariaga’s formula for the estimation of fault
radius. The source radii for 19 earthquake families lie between about
120 and 200 meters (see Table 1 in TSUJIURA, 1979a).

For the circular crack, ESHELBY (1957) and KEIiLIS-BOROK (1959)
also give the relation between the seismic moment (3,) and stress

drop (do)
do=" (5.6)

The stress drop obtained using Madariaga’s fault radius shows the
values of 2.6 bars for M=1.5 and 80 bars for /=3 earthquakes,

respectively.
Using the moment and source radius obtained above, the value of

slip length (dislocation) is determined by Brune’s formula

4U= <%’E;ea2)"‘ M, , G.7)
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where AU is the slip length and g is the rigidity. The values of slip
for 266 events including a specially large earthquake of M=5.4 were
estimated assuming p=38x%10" dyne/em® (TSUJIURA, 1979a). There is
some correlation between the source size and the slip length. For a
given source size, the slip length cannot exceed a limited value. Our
estimation of the maximum slip is 3.5em for 120 meters and 50 cm
for 1 kilometer source radius, respectively.

5.4b. Earthquake swarm in northern Tokyo Bay in 1979

An earthquake swarm occurred in northern Tokyo Bay during the
period from July 11 to August 3, 1979. The seismograms throughout
the swarm sequence showed similar waveforms belonging to one earth-
quake family (Fig. 4.5). Sixteen earthquakes with moderate-size ampli-
tudes on filtered-seismograms at two stations were studied on the
basis of the spectral analysis. The magnitudes of these events lie
between 1.8 and 3.0.

The source spectra obtained from S waves at TSK and OYM as-
suming the values adopted by TSUJIURA (1980) are shown in Fig. 5.6.
The approximate corner frequencies are indicated by arrows. These
corner frequencies show the same value, independent of the absolute
values of amplitudes, though there are minor differences in the shape
of high frequency components. Using this corner frequency, the source
radius (@) which was determined from formula (5.4) shows a value of
about 120 meters. From flat levels at low frequencies, the estimated
seismic moment (M,) are, on the average, 2x10" dyne em for M=1.8
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Fig. 5.6. Source spectra obtained from S waves at TSK and OYM for the earthquake
swarm in northern Tokyo Bay.
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and 3x10*°dyne cm for M=3 earthquakes, respectively. From the
values of M, and a obtained above, the estimated stress drops show
values of 5 bars for /1.8 and 80 bars for M 3.0 earthquakes, respec-
tively. It is noted that the stress drop is roughly proportional to the
seismic moment within a limited magnitude range.

As shown in Chapter 4.4, the epicenters of these earthquakes are
distributed within a spatial dimension of about 400 meters migrating
systematically with time. Considering the source size of each event
and the epicentral area, it is expected that these earthquakes occurred
on the same fault plane as repeated slipping, because it is rather
difficult to imagine that many earthquakes with a source radius of 120
meters occur independently on different faults within an area of 400
meters.
5.4c. Earthquake swarm off the east coast of the Izu Peninsula

in 1980

As mentioned in Chapter 4.3¢c, this earthquake swarm contained
many bursts of activity, each of which consisted of earthquakes with
several families. The spectral analysis of earthquakes belonging to 12
families was made by the same procedure described in the previous
sections.

Figure 5.7 shows the filtered-seismograms obtained at DDR for
the events belonging to one earthquake family. According to RAUTIAN

1980 JUNE 28 I1ZU PENINSULA DDR sP (E)

16h02m 16h08m 1ehizm l6hism I6h20m 16h23m
TIME —r T v ey T—— ST
—
fo 4] 30s
075 i ot

Hz

i Lol
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24 e
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Fig. 5.7. Examples of the filtered-seismograms for the events belonging to one earth-
quake family. fo; center frequency of each band-pass filter with one octave band-
width. Tick marks at the top are minute marks.
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and KHALUTRIN (1976) and AKI (1980a) with regard to the relation
between Fourier spectrum and band-pass filter spectrum, Aki and
Chouet’s method (Ak1 and CHOUET, 1975) may not be applied in the
case of non-impulsive waveform. In our seismograms presented in
Fig. 5.7, S waves for two channels centered at 3 and 6 Hz show non-
impulsive waveforms consisting of a few cycles of oscillation with
comparable amplitudes. The |F'(w)| of these channels estimated by the
fore-mentioned method therefore will give an underestimation by a
factor roughly equal to the square root of the number of cycles in
the wave train (AKI, 1980a).

Despite these uncertain seismograms, some differences in the spectra
between different families can be found. Figure 5.8 shows the filtered-
seismograms belonging to another family. The amplitude ratio for 6
and 3 Hz bands of these earthquakes is at least double that shown in
Fig. 5.7.

Using these seismograms, the source spectra corrected for the
attenuation and the site factor are obtained. The source spectra of
earthquakes belonging to two families are shown in Fig. 5.9. The
corner frequencies of events in each family show similar values, in-
dependent of the absolute values of amplitudes. As discussed earlier,
however, the amplitudes in low-frequency bands give an underestima-

{980 JUNE 30 12U PENINSULA DDR SP (E}
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TIME ey T T — [EREp——
F—i
fo [ 308
Q75
Hz
15 bt — % W # et

L ke 5 L
12 eesich W§ TS = # 2
24

M=24 24 23 20 26 2.0 23

Fig. 5.8. Examples of the filtered-seismograms for the events belonging to one earth-
quake family., The amplitude ratio of 6 Hz/3 Hz is double that shown in Fig. 5.7.
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Fig. 5.9. Comparison of the source spectra of two earthquake families.
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tion. Considering the uncertainty of the seismograms shown in Fig.
5.7, the long-period level gives an underestimation of roughly a factor
of 0.5. The corner frequency therefore may be overestimated. Even
if this uncertainty is not taken into account, there exists a clear
difference in the source spectra between the family which can be
attributed to the difference of corner frequency. The corner frequency
obtained here lies between 3 and 6 Hz.

Fig. 5.10 shows the source spectra of other groups of families.
Each family consists of events preceding a large earthquake with
M >=4.5. The corner frequencies of these groups are low, about 3 Hz,
without exception.

Table 5 shows the distribution of the corner frequencies of events
with M=2.5 for 12 families. The magnitude of the largest earthquake
included in each family is also shown for comparison. It is interesting
to note that there is some correlation between the corner frequency
and the size of the largest event. The family with a low corner
frequency, on the average, contains a larger event than a family with
a high corner frequency. Further discussion of this problem will be
given in a later section.

As mentioned in Chapter 4.8¢c, the earthquakes in a family are
distributed over a magnitude range from 2.0 to 4.9. In order to
know the spectral feature of the whole family, seismograms of the
medium-period seismograph (MP) recorded on magnetic tapes are used
for a large event (M >3.2), because our short-period seismograph has
a limited dynamic range. The spectral analysis using the band-pass

Table 5. Distribution of the corner frequency (f.) of earthquakes with M=2.5
for 12 earthquake families. Mm.r; magnitude of the largest earthquake
in each family. The time indicated in brackets shows the occurrence time
of the largest earthquake.

Date Time fe Mpax (Time)
h m h m Hz h m

June 25 21 50 — 22 40 5 2.9 22 00
June 27 05 43 — 06 14 3 4.9 06 06
June 28 02 33 — 03 00 4.5 3.5 03 00
June 28 11 47 — 12 20 3 4.9 12 05
June 28 16 02 — 16 47 3 3.8 16 47
June 29 01 18 — 01 27 3 3.7 01T 22
June 29 12 08 — 12 31 6 3.1 12 24
June 30 13 13 — 13 30 6 2.9 13 20
June 30 18 15 — 18 36 6 3.2 18 36
July 2 18 483 — 20 30 6 3.0 19 53
July 5 07 58 — 08 55 6 3.3 08 25
July 6 14 07— 14 35 3 4.1 14 19
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filters with 1/3 octave bandwidths is made for large events included
within the family.

Figure 5.11 shows the source spectra obtained from S waves of
large events comparing with the source spectra of small events obtained
earlier (dashed lines). The seismograms after S waves of three events
are also shown for comparison. From the combined data of small and
large events, we constructed the scaling law of the source spectra for
whole earthquake family. The corner frequencies are nearly constant
within a range of 2.6 and 3 Hz over the magnitude range from 2.0 to
4.6, though the high frequency asymptote has a steeper slope for a
M4.6 than for a M3.2 event.

As pointed out earlier, however, our interpretation of the S-wave
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Fig. 5.11. Source spectra of events belonging to one earthquake family and the seismo-
grams of three events with M =3.2. Magnitudes of these events lie between 1.8
and 4.6. The corner frequencies (f.) are nearly constant within a range of 2.6
and 3 Hz, though the stecpness of high frequencies increases with magnitude.




Waveform and Spectral Features of Earthquake Swarms and Foreshocks 107

spectra has some uncertainty when they have non-impulsive wave-
forms. In order to examine the effect described above, the Fourier

analysis is made for -cor-
responding waves using the
Analyzer (model 8112) of
Kanomax Co. LTD. Figure
5.12 shows the Fourier am-
plitude spectra obtained
from S waves with time
interval of 5sec for the
same events shown in Fig.
5.11. The spectrum of
microtremor including the
instrumental noise of the
recording system is also
shown for comparison. It
is confirmed that the fre-
quency of the spectral peak
is the same with a value
of 2.5 Hz for events with
magnitudes 3.5 and 4.6, and
the high frequency ampli-
tudes (f >3 Hz) for a M3.5
event are larger than those
for a M4.6 event. Similar
spectral shapes were found
from the Fourier analysis
of the near-field acceleration
seismograms with compara-
ble magnitudes (TANAKA et
al., 1980). Thus, it may be
concluded that the corner
frequency of the events in
a family is nearly the same
within a limited magnitude
range. Such spectral fea-
tures are quite different

RELATIVE AMPLITUDE

FREQUENCY Hz

Fig. 5.12. Fourier amplitude spectra of the same
events shown in Fig. 5.11. Spectrum of micro-
tremor including the instrumental noise is also
shown for comparison.

from those expected from the ordinary scaling law of seismic source
spectra (AKI, 1967, 1972), the dependence of spectra on magnitude
(TSUJIURA, 1978b) and the relation between the period of initial motion
and earthquake magnitude (TERASHIMA, 1968). This disagreement may
be mostly due to the difference in the source process. Familiar earth-
quakes occur over the same fault plane bounded by barriers, and the
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difference of earthquake size may be caused by the difference of the
average slip length over the fault plane.

The path of constant corner frequencies and the difference of the
steepness of spectral curves at high frequencies can be explained also
by the model of rupture propagation in a heterogeneous medium pro-
posed by Das (1976). The crack tip propagates smoothly over the
fault plane and stops because of high strength barrier. This mecha-
nism corresponds to the M4.6 earthquake. Consider now the case
where there are obstacles along the fault, the rupture front can pass
through these obstacles without breaking them. In such a case, the
fault slip is small, but the corner frequeney is the same as in the case
of smooth propagation. This mechanism corresponds to the M83.2
earthquake. According to Das (1976), the high-frequency versus low-
frequency content of the spectrum is also large for ruptures with
barriers than for smooth ruptures.

Using the circular crack model of MADARIAGA (1976), the source
radius (a) for the events shown in Fig. 5.11 was determined and a
value of about 250 meters is obtained. From flat low-frequency level
(2,), the corresponding seismic moment (M,) was determined by using
formula (5.8), assuming the values adopted by TSUJIURA (1979a). The
result shows an average seismic moment of 1x10® dyne cm for M=2.0
and 5x10* dyne cm for M=4.6 earthquakes, respectively. From the
M, and a obtained above, the value of stress drop was estimated by
using formula (5.6). Their results show values of 3.5 bars for M2.0
and 650 bars for M4.6 earthquakes, respectively. The stress drop
obtained using a radius of Madariaga’s formula is about six times
greater than that using Brune’s formula. Even considering the dif-
ference of our estimation, the stress drop of the M 4.6 earthquake
shows a greater value than those estimated earlier by the use of crack
models (THATCHER and HANKS, 1973; ISHIDA, 1974; JoHNSON and
McEvILLY, 1974 ; TSUJIURA, 1978b). Thus, we may conclude that an
earthquake of M 4.6 occurred as the maximum stress drop earthquake
in a given fault. Because of this large stress drop, all the available
stress may be released and no more aftershocks follow (see Figs. 10
and 11 in TSUJIURA, 1981).

Through the swarm sequence, eight events with magnitudes around
4.6 were observed, but no earthquakes were found above M 5.0, except
for the M 6.7 sequence which shows a different activity mode (TSUJIURA,
1981). The reason for the absence of an extremely large earthquake
may partly be due to the limited available stress drop. As shown
earlier, the corner frequencies for events in one earthquake family are
nearly constant within a range from 2.6 and 3 Hz for magnitudes be-
tween 2.0 and 4.6. This evidence suggests that the stress drops of
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events belonging to one family are proportional to the earthquake size
(seismic moment). Our estimation of the maximum stress drop showed
a value of about 650 bars for a M4.6 earthquake. If there occurs
an event with M5, the stress drop may exceed 1 kbar. Such a value
would be too large for the stress drop of a crustal earthquake. In
other words, the fault area of this earthquake family is too small for
a M5 earthquake. In fact, we found several earthquake swarms
supporting the above conclusion.

5.5. Prediction of the largest earthquake

Through the spectral studies of three earthquake swarms we
found that the corner frequencies in a given earthquake family are
nearly constant and their values are defined by the size of the largest
event included within the family. In order to confirm the above con-
clusion, further studies will be made for other swarm sequences. In
this study, however, a comparison of earthquake swarms which oc-
curred in the same area is more appropriate because the effect of
attenuation along the propagation path is common. We selected, for
this purpose, the earthquake swarms in following three areas, northern
Izu Peninsula (Nos. 9, 14 in Table 1), off Ibaraki Prefecture (Nos. 8,
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Fig. 5.13. Comparison of the seismograms obtained by the medium-period seismograph
(MP) at KYS for the two swarm sequences in the northern Izu Peninsula. The
1980 sequence is the largest event in each family and the 1978 sequence is the
event preceding the main shock with J/=5.4. Low frequency waves in the 1978
seismogram are more predominant than those in the 1980 seismograms. G; relative
difference of the gain of play-back amplifier from magnetic tape.




110 M. TsuJiura

13) and east off Chiba Prefecture (Nos. 5, 7).

Figure 5.13 shows a comparison of seismograms for two swarm
sequences obtained by the medium-period seismograph (MP) at Kiyosumi
station (KYS). The lower three seismograms show the largest event
in each family taken from the 1980 earthquake swarm in the Izu
Peninsula and the other shows the event belonging to the family with
the largest event of M=5.4 which occurred during the 1978 swarm
sequence in the same area. The seismogram of the 1978 swarm shows
remarkably low-frequency waves in spite of its smaller magnitude.

Figure 5.14 shows the source spectra of these events obtained
from S waves at KYS, assuming the values of Q;=300 and V=4.2
km/sec. The corner frequency between two sequences differs at least
by a factor of three and its value depends on the size of the largest
event included within the family. The choice of Q;, however, may
affect the estimation of the corner frequency. Focal coordinates for
these events by JMA are given in Table 6. Their epicenters cluster
within an area of about 10km and are located at the same distance,
about 100 km, from KYS. Considering the epicentral distance, the
dimension of the epicentral area and the frequency range concerned,
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Fig. 5.14. Comparison of source spectra for two swarm sequences shown in Fig. 5.13.
Note that the corner frequency depends on the size of the largest event within
the family.
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Table 6. List of focal coordinates. h; source depth, M; magnitude.

Date Time Long., E Lat., N h M
h m s DMM DMM km
1978 Dec. 3 22 15 00.3 139 08 00 34 53 00 00 4.1
1980 June 27 05 55 06.5 139 13 01 34 56 01 00 4.6
1980 June 28 11 50 42.5 139 12 00 34 57 00 00 4.4
1980 June 28 12 05 02.0 139 12 01 34 56 01 00 4.9
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Fig. 5.15. Comparison of the seismograms with similar magnitudes obtained by the
MP seismograph at DDR for the two swarm sequences off Ibaraki Prefecture. Low-
frequency waves in the 1978 seismograms are more predominant than those in the
1979 seismograms. My..; magnitude of the largest event in each swarm sequence.

the difference of corner frequencies may reflect the inherent nature of
the source spectra rather than the local variation of Q,.

Figure 5.15 shows a similar comparison of seismograms obtained
by the MP seismograph at DDR for two earthquake swarms off Ibaraki
Prefecture. The upper two seismograms are the events belonging to
the family with the largest event of M=5.1 and the lower two seis-
mograms are that of M=4.2. In spite of the small difference in
magnitude (4M =0.2), clear differences of the spectral contents are
apparent between the upper and lower two seismograms. For example,
the seismograms belonging to the family of M 5.1 are apparently more
abundant in low-frequency waves than those of M 4.2.

Figure 5.16 shows the source spectra of two families, assuming
the values of @;=400 and V =4.5km/sec. It is also evident that the
corner frequency depends on the largest event the same as that ob-
tained for the earthquakes on Izu Peninsula. The epicenters of these
events are located in almost the same direction from DDR with dis-
tances of about 235 and 260 km (Fig. 4.2). The events at a further
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Fig. 5.16. Comparison of source spectra for the two swarm sequences off Ibaraki Pre-
fecture. Mm.,; magnitude of the largest event through the swarm sequence. Note
that the corner frequencies (f.) of two sequences are different by a factor of about
two and their values depend on the size of the largest earthquake within the
sequence.

distance correspond to the high-frequency events. The difference of
the corner frequency therefore is the result from the difference of the
source spectra rather than the difference of Q, between the two
epicentral areas.

Similar behavior of waveforms can be seen for the earthquake
swarms east off Chiba Prefecture. Figure 5.17 shows a comparison of
seismograms with similar magnitudes (4M =0.2) for two swarm se-
quences. The magnitude of the largest earthquake in the group of
the upper two seismograms is 5.2 while that of the lower two seis-
mograms is 6.1. Although no clear S waves are observed for both
sequences, the spectral contents of S waves in the lower seismograms
are apparently more abundant in low-frequency components than in
the upper two seismograms.

Figure 5.18 shows the source spectra obtained from S waves, as-
suming Q;=300 and V =4.5km/sec. The corner frequency in a given
family (swarm) again shows a nearly constant value, and its value
depends on the size of the largest event included within the family.

The loci of corner frequencies for the families are summarized in
Fig. 5.19. Numerals attached to the solid lines refer to the swarm
numbers listed in Table 1. Through the analysis of the spectra of
earthquake swarms in different areas, it is confirmed that the corner
frequencies in a given family are nearly constant within a limited
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Fig. 519. The loci of corner frequencies as a function of magnitude for the earthquake
families. Numerals attached to lines refer to the swarm number listed in Table 1.
The path of corner frequencies of each sequence shows a straight line with a con-
stant corner frequency, and its value depends on the size of the largest earthquake
in each swarm. The loci of corner frequencies extrapolated from Aki’s model and
the data in northern Kanto area are also indicated. The corner frequency of No.
37 is taken from the earthquake family in the ordinary seismic activity (see sec-
tion 6.5).

magnitude range and their values depend on the size of the largest
events within the family.

The extrapolation of the loci of corner frequencies from large
earthquakes by AKI (1967, 1972) and the locus of corner frequencies
derived from the scaling law of earthquakes in northern Kanto area
(TSUJIURA, 1978a) are also shown for comparison in Fig. 5.19. As
shown in this figure, there is a marked difference in the scaling law
between Aki’s model and the present study. In Aki’s model the corner
frequency is inversely proportional to the fault length, and the seismic
moment is proportional to the cube of the fault length. Thus, the
locus of corner frequencies lies on a straight line with a slope of —3.

In the present study, the locus of corner frequencies in the family
shows a straight line with a constant corner frequency. This line
implies a constant source dimension independent of the earthquake
size. The stress drop therefore increases with magnitude along this
line. However, as seen in this figure, there is some limitation of the
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earthquake size in a given family. For example, the upper limit of
earthquake with 6 Hz corner frequency is about M =3 and that of 0.5
Hz is about M=6. Such behavior is understandable if we assume that
there is a unique length characterizing the heterogeneity of the earth’s
crust and the corner frequency is defined by the length of the hetero-
geneity in that area. The line of constant corner frequency, however,
cannot be kept indefinitely with increasing magnitude because the
stress drop cannot increase indefinitely. Our estimation of maximum
stress drop lies about 80 bars for M=3 and about 650 bars for M =4.6
earthquakes, respectively. In other words, for a given characteristic
size of heterogeneity, an earthquake beyond a certain size cannot be
produced.

As mentioned in Chapter 4, the largest earthquake in a given
family usually occurs in the later stage of its sequence. Considering
the mechanism of the earthquake occurrence described above, continu-
ous monitoring of the spectrum and the waveform suggests the pos-
sibility of predicting the largest earthquake in a given swarm sequence.

The locus of corner frequencies obtained from the top earthquakes
in each line shows a slow rate of decrease in corner frequency with
an increase in magnitude from 10 Hz for M=2 down to about 0.5 Hz
at M=6. The apparent good fit of the locus of corner frequencies
follows a straight line with steeper slope of —5 indicating a very
slow rate of increase in the source dimension. This is nearly the same
for the scaling law obtained from the mantle earthquakes (40-70 km)
in the northern Kanto area where high stress drop earthquakes were
observed (TSUJIURA, 1978a).

5.6. Conclusion

Through the spectral analysis of earthquake swarms, salient features
of the source spectrum which differ from other activities were found.
The main results are as follow:

(1) The source spectra of earthquakes in a given family show
similar waveforms maintaining a constant corner frequency.

(2) The corner frequency of the earthquake in a certain size
depends on the size of the largest earthquake included within the
family.

(8) The size of the largest earthquake in a given family is con-
trolled by the stress drop. The maximum stress drop obtained here
is about 80 bars for M=3 and about 650 bars for M=4.6 earthquakes,
respectively.

Considering the activity mode of earthquake swarms mentioned in
the previous chapter, continuous monitoring of waveform and spectrum
provides some useful information for the identification of earthquake
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swarm and for the prediction of the size of largest earthquake in a
given swarm sequence.

CHAPTER 6

Differences in the Activity Mode between the Earthquake
Swarm and Other Seismic Activities

6.1. Introduction

In the previous chapters, the waveform and spectral features of
earthquake swarms were clarified. If such features are different from
those of other activities, such as the foreshock activity preceding a
large earthquake and an ordinary (background) seismicity, present
results may be useful for distinguishing those activities. Some dif-
ferences in the similarity of waveforms and in the spectral characters
between foreshocks and earthquake swarms or the ordinary seismicity
have been made in previous studies of this series (TsuJiura, 1977,
1979b). Including some new data, we shall again discuss this subject
by studying the waveform and spectrum of foreshocks on the basis of
their spatial distributions.

Although there is no established definition of foreshock, foreshocks
used here refer to an activity preceding the main shock by hours or
days. Since the establishment of our seismic network, several series
of foreshock activities have been observed for moderate earthquakes
(M z5.4) in the Kanto district (TSUJIURA, 1977 ; TSUMURA et al., 1978).
Among them, the foreshock activity of the 1978 Izu-Oshima-kinkai
earthquake (M =7.0) was very active. The foreshock activities of other
sequences, however, were relatively weak, and no examination of wave-
form was made except for the spectral study of small events (TsuJ1-
URA, 1977). We shall deal here mainly with the foreshocks of the
1978 Izu-Oshima-kinkai earthquake.

6.2. Waveform feature of foreshocks

Figure 6.1 shows the seismograms of foreshocks with M =>8.4 and
the main shock for the 1978 Izu-Oshima-kinkai earthquake obtained by
the medium-period (MP), wide-band (WB), long-period (LP) and ultra
long-period (ULP) seismographs at DDR. Eleven foreshocks were ob-
served during about 16 hour period prior to the main shock. Among
these, seven events with similar magnitudes (M =3.4-4.1) were selected
in order to examine the similarity of waveform.

Figure 6.2 shows the MP seismograms of these events reproduced
at a paper speed of 10 mm/sec from magnetic tapes. The amplitude
of each event is almost normalized by changing the gain of play-back
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Fig. 6.1. Seismograms in the foreshock sequence with M =3.4 and the main shock
recorded on the vertical component (Z) of four kinds of seismographs at DDR.
MP: medium-period, WB: wide-band, LP: long-period (LP-Low means low magni-
fication LP, by a factor of 1/10 for LP), ULP: ultra long-period seismographs.

amplifier (G). It is clearly seen that the waveforms are different from
one event to another, and the group with similar waveforms as shown
in earthquake swarms cannot be recognized. The S-P times of these
events also vary in the range of 1.5 sec. The diversity of waveforms
therefore may be due to the difference of their epicentral locations.
The space-time distribution of foreshocks by YAMAKAWA et al. (1979)
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Fig. 6.2. Seismograms of foreshocks with magnitudes from 3.4 to 4.1 preceding the

1978 Izu-Oshima-kinkai earthquake.
showed that their epicenters were located within an area of about 15
km migrating systematically with time and that epicenters of immediate
foreshocks tend to occur along the rupture zone of the main shock.

The area around Oshima is a place where earthquake swarms occur
frequently. The two earthquake swarms which occurred near Oshima
in 1972 and 1973 (Nos. 2 and 4 in Table 1) were preserved on magnetic
tape at DDR. Parts of the MP seismograms of these swarms are
shown in Fig. 6.8 for comparison. The striking similarity of wave-
forms is seen among the seismograms in contrast with the dissimilar
waveforms of foreshocks in the same area.

The difference of the similarity of waveforms between the fore-
shock and the swarm activities can be seen more clearly when these
seismograms are compared on the same figure. Figure 6.4 shows the
comparison of seismograms of earthquake swarm (A) and foreshock
(B) activities, each of which consists of an activity over a 50 minute
period. The difference in the similarity of waveforms between the
two activities is definitely recognized, though they occurred within a
similar time interval. Such a difference may be partly due to the
differences in the mechanism of earthquake occurrence. As mentioned
in Chapter 4, the earthquake family in a swarm occurs within a very
small focal area, probably on the same fault plane as repeated slipping.
On the other hand, the foreshocks occur over a wide area presumably
selecting weak places within the zone where the main shock will
occur later. In fact, the stress drops of foreshocks show considerable
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Fig. 6.3. Examples of the seismograms obtained from the earthquake swarms which
occurred near Oshima.

low values as will be discussed later. The difference in waveform
similarity between the two activities is also understandable if we
consider the difference of the field of stress concentration. Earthquake
swarms may occur in the area where the tectonic stress is concentrated
locally, whereas foreshocks may occur under the stress concentration
in a wide area presumably including the entire focal area of the main
shock.

The diversity of waveforms can be seen also in the foreshocks
preceding the earthquake off the cape of Erimo, Hokkaido on January
19, 1979 (M =5.4). Figure 6.5 shows the seismograms of foreshocks
and aftershocks given by Suzuki (1981). Four foreshocks with mag-
nitudes between 2.6 and 3.8 were observed during the 17 days prior
to the main shock. Of these, three events occurred during the 10
hour period immediately preceding the main shock. By comparing
these seismograms it is definite that all earthquakes have an individual
waveform character and no earthquake family similar to that shown
in the earthquake swarms was observed. A similar feature of wave-
forms was seen also in the immediate foreshocks of the 1966 Parkfield,
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Fig. 6.4. Comparison of waveforms for the earthquake swarm (A) and the foreshocks
(B) which occurred near Oshima. The difference of the similarity of waveforms
between two activities is clearly recognized.

California earthquake (see Fig. 2 in BAKUN and McEvILLY, 1979).

On the other hand, ISHIDA and KANAMORI (1978) studied the wave-
forms of five events which occurred during the two year period prior
to the 1971 San Fernando earthquake. Considering the background
seismicity, Ishida and Kanamori identified these earthquakes as fore-
shocks in a broad sense, and they also concluded that the waveforms
of these earthquakes were remarkably similar for each event. Such
behavior is inconsistent with our results. However, the pattern of
the foreshock activities is clearly different between the San Fernando
earthquake and the Izu-Oshima-kinkai earthquake. In the San Fernando
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Fig. 6.5. Seismograms of the foreshocks and aftershocks of earthquake with M=5.4
off the cape of Erimo, Hokkaido.

earthquake, five events with magnitudes between 2.5 and 2.8 occurred
during the two year prior to the main shock. In our case, however,
pronounced foreshock activity was observed during the 10 hour period
prior to the main shock. Therefore, the difference in the type of
foreshock activity may be responsible for the difference of the simi-
larity of waveforms. However, more available data will be definitely
needed to evaluate the reliability of this technique.

6.3. Spectral feature of foreshocks
In order to obtain the spectral feature of foreshocks the spectral
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analysis is performed for S waves by using the band-pass filters with
a 1/3 octave bandwidth. We shall describe here the main results
obtained from the foreshock sequence of the 1978 Izu-Oshima-kinkai
earthquake.
, Figure 6.6 shows an ex-
16" 7 ample of the source spectra
anys Tz obtained from S waves by
| ‘[” ”  using the values adopted
] by TSUJIURA (1978b). The
corner frequency of the
large event (M=5.8) could
not be determined uniquely
so we assumed tentatively
16 | 1S 2om38m the corner frequency as
MP € taoe indicated by the arrow.
From the flat low-fre-
quency level (2,) and the
corner frequeney (f,) the
ioe source parameters such as
. seismic moment (M), source
dimension (») and stress
] I drop (do) are estimated by
0. ] 10 Brune’s model, assuming
FREQUENCY Hz the shear-wave velocity of
Fig. 6.6. An example of the source spectra of S 3.5km/sec and the density
waves corrected for the attenuation using the of 2.8 g/em?.
values of Q=300 and V=3.5km/sec, and fre- Figure 6.7 shows the
quency-dependent site factors. Arrows show relation between the source
the corner frequency. . R ..
dimension and the seismic
moment for the foreshocks, aftershocks and ordinary seismic activity
in that area (see also Table 1 in TSUJIURA, 1978b). The source dimen-
sion of foreshocks varies from one event to another even for events
with similar moments, and no systematic variation in source dimension
and seismic moment was obtained. ISHIDA and KANAMORI (1980) sug-
gested that the frequency of spectral peak of foreshocks is higher
than the events of ordinary background activity. However, it is con-
cluded in the present study that the stress drop of foreshocks, on the
average, takes a low value which is consistent with those of the fore-
shocks of the eastern Yamanashi Prefecture earthquake of 1976 and
the Kawazu earthquake, Izu Peninsula of 1976 (TSUJIURA, 1977). This
may be partly due to the local variation of source spectra.

Idz':

CM SEC

SPECTRAL DENSITY




Waveform and Spectral Features of Earthquake Swarms and Foreshocks 123

24 T T T T T T T T
] A 'T4-77
1 | @ FORESHOCK T
o AFTERSHOCK
s R 4
©]
L
<
O 234 -
£ .
~ . _
=
wi
= 4 4
o
=
O
= | N
0
1
v 0
o
S 224 .
| i . |
21 T T T T T T T
ol | 5

DIMENSION (r) in KM

Tig. 6.7. Relation between log seismic moment and source radius derived from the
corner frequency of S waves for the Izu-Oshima-kinkai earthquake sequence. Diago-
nal lines show constant stress drops.

6.4. Local variation of source spectra

Local or regional variations of source spectra were found in various
seismic regions, and they were discussed in terms of tectonic features
of the regions (Wyss and BRUNE, 1971; DouGLAS and RYALL, 1972;
THATCHER, 1972; THATCHER and HANKS, 1973; TSUJIURA, 1973b; CHOUET
et al., 1978). The Oshima area is located on a voleanic front where
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Fig. 6.8. Spatial distribution of the source size for events with M=3.5-4.1 (My=2X%
10*'-1x10* dyne cm).
complicated media may be expected in the crust. In fact, earthquake
swarms occur frequently near Oshima.

Using the epicenters given by the Japan Meteorological Agency, the
source dimensions of foreshocks within a limited magnitude range
(M=38.5-4.1) are shown in Fig. 6.8. We find that there is a local
variation of source dimensions even within an area of about 20 km.
For example, events with large source dimensions are seen near Oshima.
The difference of source spectra, therefore, may be due to the dif-
ference of their locations where the static shear strength of media
differs locally, and the neighboring area of Oshima may consist of the
media with relatively weak shear strength. Similar local variations
of source dimensions were seen also in the same areas of the Kawazu
earthquake on Izu Peninsula (TSUJIURA, 1977) and the aftershock
sequence of the 1978 Izu-Oshima-kinkai earthquake (TSUJIURA, 1978Db).

The difference of source depth, however, may affect the source
spectrum (TSUJIURA, 1969; MASUDA, 1978). The source depth of fore-
shocks determined by JMA lies within a range of 0 and 20km, but
there is no systematic variation of the source depth within the area
concerned. The difference of source spectra obtained here therefore
may reflect the inherent tectonic nature of this area rather than the

local variation of source depth.

6.5. Earthquake family in ordinary seismic activity

From the analysis of waveform, it is confirmed that the earthquake
swarm activity mainly consists of events with similar waveforms cal-
led an earthquake family. In order to diseriminate the swarm activity
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from other sequences it is important to know the nature of ordinary
seismic activity in terms of similarities of waveforms.

Another important aspect of this study is to know the recurrence
rate of familiar earthquakes. If familiar earthquakes occur repeatedly
with a limited time interval, continuous monitoring of the waveforms
and spectra makes it possible to estimate the rate of stress release or
the rate of seismie slip on the corresponding fault. Recently BUFE et
al. (1977) and SHIMAZAKI and NAKATA (1980) studied the recurrence of
earthquakes in a specified area and pointed out that recurrence rates
of earthquakes are roughly proportional to the amount of coseismic
displacement of the preceding event.

For this purpose, we selected the seismic area in the western part
of Tokyo where the activity of shallow earthquakes is relatively high
(e.g., TSUMURA, 1973) and studied the waveforms in terms of similarities
using the data of OYM where the seismograms are recorded at a paper
speed of 25 mm/sec by a trigger mode. In this procedure, however,
the reference earthquakes must be considered as the standard earth-
quakes. One hundred local earthquakes (S-P =6sec) with different
waveforms which occurred during the period from January to December,
1979, were selected as the reference earthquakes, and the existence
of events with similar waveforms during a later period was examined.
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Fig. 6.9. Distribution of the earthquakes with similar waveforms in the ordinary
seismic activity observed at OYM during the period from January, 1979 to June,
1981.
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Magnitudes of these events lie between 0 and 3.0.

Figure 6.9 shows the distribution of earthquakes with similar
waveforms for the 100 reference earthquakes selected from 450 earth-
quakes which occurred during the period from January, 1979 to June,
1981. It is evident that the rate of the occurrence of earthquake
families is very low compared to those of earthquake swarms. Some
groups with a relatively large number of similar earthquakes (Nos.
23, 59 and 60) were generated in the area where the swarm activity
occurs repeatedly. Although the number of events and the observa-
tion period are insufficient, the present results show that the rate of
the occurrence of an earthquake family is very low in ordinary seis-
mic activity. Further discussion on this subject will be made follow-
ing the collection of more data (in preparation).

6.6. Conclusion

Through the analyses of waveform and spectrum for the foreshock
and ordinary seismic activities we found that the waveform and spec-
tral features of these activities differ from those of the earthquake
swarm. The main results are as follow:

(1) No earthquake family was observed in the immediate fore-
shocks preceding the main shock.

(2) The complicated pattern of the source spectra was observed
for the foreshock sequence, and there is no simple linear relationship
between the source dimension and the seismic moment.

(3) The rate of the occurrence of earthquakes belonging to the
same family is very low in ordinary seismic activity.

Contrary to the above, as shown in the previous chapters, the
earthquake swarm shows similar waveforms maintaining a constant
corner frequency. Therefore, if such differences are always observed
between the foreshocks and background seismicity or earthquake
swarms, the present results may be useful for distinguishing them.

CHAPTER 7
Concluding Remarks

Through the analyses of waveform and spectrum for the earth-
quake swarm, foreshock and ordinary seismic activities, some differences
of the activity mode among these activities were found. The most
striking difference is the ‘‘ similarity of waveform ’’. The earthquake
swarm activity in a certain time interval consists mainly of events
with similar waveforms belonging to an earthquake family, though
their frequency contents depend on the earthquake size. The epicenters
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of earthquakes in a family (M...=3) are distributed within a linear
dimension of a few hundred meters, suggesting that they occurred on
the same fault plane. When the activity was high, another family
appeared in an adjacent area separating at most about 1.5km (4t p=
0.2 sec) after the activity of the initial family finished. Several families
(maximum of five families) are observed for the sequence lasting about
one hour.

On the other hand, the foreshock activity consists of events with
an individual waveform character. Similarly, the rate of the occur-
rence of earthquake families is very low in ordinary seismic activities.

The source spectra of the earthquake swarms also show some
features differing from those of other activities. The locus of corner
frequencies of the events in a given family shows a straight line with
a constant corner frequency. This line implies a constant fault area
independent of the earthquake size. On the other hand, the corner
frequencies of foreshocks differ from one event to another even for
events of similar size, and there is no simple linear relationship be-
tween the corner frequency and the earthquake size. Such results
suggest that an earthquake swarm occurs on the same fault plane as
a repeated slipping or a repeated incomplete rupture and foreshocks
occur independently in a wide area presumably selecting the place
where the rupture strength is relatively low. This may be under-
standable also by the difference of the stress field between two acti-
vities, that is, the earthquake swarm occurs in an area where the
tectonic stress is concentrated locally, but the foreshocks occur under
the stress concentration over a wide area supposedly including the
entire focal area of the main shock.

The earthquake swarm usually does not include extremely large
earthquakes (MoGI, 1963b). The earthquake swarms studied here are
consistent with Mogi’s results, except for the 1980 earthquake swarm
of the Izu Peninsula with a different activity mode. The reason for
the absence of an extremely large earthquake may be partly due to
the limited available stress drop. As mentioned above, the corner
frequencies of familiar earthquakes are nearly constant, and their
values depend on the size of the largest earthquake within the family.
This behavior suggests that the stress drop of the events in each
family increases with the earthquake size. However, the stress drop
cannot increase indefinitely, and the size of the largest event is con-
trolled by the stress drop or the amount of slip depending on the
fault size. Our estimation of the maximum stress drop is about 80
bars for M =3 and about 650 bars for M =4.6 earthquakes, respectively.
In other words, the corner frequency in a family may play an im-
portant role for the determination of the largest earthquake. The
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largest earthquake in a given family usually occurs in the later stage
of its sequence. Continuous monitoring of waveforms and spectra
therefore suggests the possibility of predicting the largest event in a
given swarm sequence.

Besides the facts mentioned above, the activities directly associated
with the extremely large earthquake (M =6.7) during the 1980 earth-
quake swarm of the Izu Peninsula were quite different from those of
other sequences. They showed the activity mode of the main shock-
aftershocks type and no earthquake family was observed. There are
some arguments as to whether the seismic activities preceding the
M 6.7 earthquake were foreshocks or an earthquake swarm. Consider-
ing the difference of activity mode between the two activities, we
may conclude that they were the earthquake swarm, because they
showed a regular activity mode which differs from that of foreshock
activity. Therefore, our method cannot be applicable in the predic-
tion of the occurrence of such a specially large earthquake during the
swarm sequence. However, the possibility of the occurrence of a
specially large earthquake during a swarm sequence is very low, and
it might depend on the seismic region.

When the seismic activity is increasing in a certain region, it is
very important to distinguish whether these earthquakes are fore-
shocks preceding a large earthquake or earthquake swarms without a
large earthquake. The difference in the frequency-magnitude relation-
ship (b-value) may be one of the most useful methods for distinguish-
ing foreshocks from other activities. However, the data over fairly
long-time interval must be accumulated to obtain a reliable b-value.
If our findings presented in this study are applicable for other se-
quences, they may be useful for distinguishing foreshocks in the early
stage of its sequence.
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