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Abstract—An earthquake catalog created by the International

Seismological Center (ISC) was analyzed, including 3898 earth-

quakes located in and around Japan between January 1964 and June

2012 shallower than 60 km with the body wave magnitude of 5.0 or

larger. Clustered events such as earthquake swarms and aftershocks

were removed from the ISC catalog by using a stochastic declus-

tering method based on Epidemic-Type Aftershock Sequence

(ETAS) model. A detailed analysis of the earthquake catalog using

a simple scanning technique (ZMAP) shows that the long-term

seismic quiescences lasting more than 9 years were recognized ten

times along the subduction zone in and around Japan. The three

seismic quiescences among them were followed by three great

earthquakes: the 1994 Hokkaido-toho-oki earthquake (Mw 8.3), the

2003 Tokachi-oki earthquake (Mw 8.3), and the 2011 Tohoku

earthquake (Mw 9.0). The remaining seven seismic quiescences

were followed by no earthquake with the seismic moment

M0 C 3.0 9 1021 Nm (Mw 8.25), which are candidates of the false

alarm. The 2006 Kurile Islands earthquake (Mw 8.3) was not pre-

ceded by the significant seismic quiescence, which is a case of the

surprise occurrence. As a result, when limited to earthquakes with

the seismic moment of M0 C 3.0 9 1021 Nm, four earthquakes

occurred between 1976 and 2012 in and around Japan, and three of

them were preceded by the long-term seismic quiescence lasting

more than 9 years.

Key words: Seismic quiescence, ZMAP, Seismicity,

Earthquake prediction.

1. Introduction

No one knows whether a precursory seismicity

exists several years or dozen of years before great

earthquakes. According to the seismic quiescence

hypothesis, the occurrence rate of small earthquakes

starts to decrease several years or dozen of years

before a great earthquake in and around the focal area

ruptured by a subsequent main shock (Inouye 1965;

Utsu 1968; Mogi 1969; Ohtake et al. 1977). Along

the Kurile, the Japan and the Ryukyu Trenches,

which are one of the active subduction zones in the

world, great earthquakes have occurred repeatedly. In

this region, four earthquakes shallower than 60 km

are listed on the Global CMT catalog (Dziewonski

et al. 1981; Ekström et al. 2012) with the seismic

moment larger than M0 = 3.0 9 1021 Nm

(Mw = 8.25); the 1994 Hokkaido-toho-oki earth-

quake (M0 = 3.05 9 1021 Nm, Mw = 8.3), the 2003

Tokachi-oki earthquake (M0 = 3.05 9 1021 Nm,

Mw = 8.3), the 2006 Kurile Islands earthquake

(M0 = 3.51 9 1021 Nm, Mw = 8.3), and the 2011

Tohoku earthquake (M0 = 53.1 9 1021 Nm,

Mw = 9.1). Previous studies reported the seismic

quiescence prior to these recent great earthquakes.

Takanami et al. (1996) pointed out that the seismic

quiescence started 3 years before the 1994 Hokkaido-

toho-oki earthquake. Katsumata and Kasahara (1999)

found that the 1994 event followed the seismic qui-

escence starting 5–6 years before the main shock.

Takahashi and Kasahara (2004) recognized that the

seismicity rate decreased in the early 1990s in and

around the source volume of the 2003 Tokachi-oki

earthquake. Katsumata (2011a) found that the seismic

quiescence started 5 years before the 2003 main

shock within the Pacific slab subducting beneath the

continental plate and suggested that the seismic qui-

escence was caused by the local stress drop due to a

precursory quasi-static pre-slip on the plate boundary.

Wyss and Habermann (1979) expressed an interme-

diate-term earthquake prediction based on the seismic

quiescence identified: the location is 45.5�–49.2�N
and 153�–155�E, the length of the seismic fault is

from 200 to 400 km, that is, the magnitude is larger
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than 8.0, and the occurrence time is from 1979 to

1994. The predicted location was labeled as L1 and

L2 in Fig. 7 of Wyss and Habermann (1979). In this

area the 2006 Kurile Islands earthquake occurred on

the plate boundary. Consequently the prediction

expressed by Wyss and Habermann (1979) was cor-

rect in terms of the location and the magnitude; the

occurrence time was, however, not correct. Kat-

sumata (2011b) found that a long-term seismic

quiescence started 23 years before the 2011 Tohoku

earthquake.

Ogata (1992) investigated the seismicity by using

the Epidemic Type Aftershock-Sequences (ETAS)

model and found that all great earthquakes (M & 8)

in and around Japan, which occurred between the

1923 Kanto earthquake and the 1968 Tokachi-oki

earthquake, were preceded by the statistically sig-

nificant seismic quiescences. Moreover, he found no

significant seismic quiescence between 1968 and

1990 in and around Japan. This is the only previous

study that the seismic quiescences associated with

great earthquakes were searched systematically in

and around Japan. In the time period after 1990, there

is no study on the systematic search of the seismic

quiescence in and around Japan. Therefore, the pur-

pose of this study is to investigate systematically how

often the long-term seismic quiescence is observed

between 1976 and 2012 along the Kurile, the Japan,

and the Ryukyu Trenches and how many the seismic

quiescence is followed by a subsequent great earth-

quake. The word of ‘‘long-term’’ means the time

period of *10 years or longer in this study.

2. Data

The study area consists of three areas along

trenches: the Kurile, the Japan, and the Ryukyu

Trenches (Fig. 1; Table 1). The ISC earthquake

catalog (International Seismological Centre 2013)

was analyzed between 1 January 1964 and 30 June

2012 for the Kurile Trench area and the Ryukyu

Trench area and between 1 January 1964 and 28

February 2011 for the Japan Trench area. Since

the Tohoku earthquake (Mw 9.1) occurred on 11

March 2011 in the Japan Trench area and it was

followed by many aftershocks, I did not use

earthquakes in the Japan Trench area after the

2011 Tohoku earthquake. When analyzing tem-

poral change in seismicity, it is important to select

an adequate kind of the magnitude of earthquake

and its range. The surface wave magnitude and the

moment magnitude were not used in this study.

Since the body wave magnitude mb has been

determined and reported by ISC between 1964 and

2012 continuously, I used the earthquake list with

the body wave magnitude mb in this study. Wie-

mer and Wyss (2000) developed a method to

estimate the magnitude completeness, Mc, by

plotting the cumulative number of earthquakes

versus magnitude. As a result of applying the

method to the ISC catalog, Mc is approximately

5.0 for all of the three areas from 1964 to 1970
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Figure 1
a Map of study area in and around the Japan subduction zone and

epicentral distribution of earthquakes used for calculating Z values

in this study (1 January 1964–30 June 2012, mb C 5.0, 0 B depth

(km) B 60), which is the ISC earthquake catalog after a declus-

tering process is applied. Hatched areas indicate the nodes with the

resolution circle of rmax B 200 km and the Z values were

calculated. Arrows indicate the direction of plate motion relative

to the Eurasian plate (DeMets et al. 1994). EU, PA, PH, and NA

indicate the Eurasian, the Pacific, the Philippine Sea, and the North

American plates, respectively. b A magnitude–time plot for all

earthquakes shown in a
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and decreases gradually. Thus, I used earthquakes

with mb C 5.0, which are located without fail

between 1964 and 2012, and with a depth of

60 km and shallower.

A stochastic declustering method developed by

Zhuang et al. (2004), which is to remove clustered

earthquakes such as swarms and aftershocks, was

applied to the ISC catalog. The method of Zhuang

et al. (2004) separates seismicity into the background

events and the clustered events based on the ETAS

model. Since the three study areas extend over a long

distance, the declustering process was applied sepa-

rately for the three areas. Parameters estimated by

fitting the ETAS model to the ISC catalog was listed

on Table 2. As a result 1641, 1207, and 1050 earth-

quakes are remained as background events in the

Kurile Trench, the Japan Trench, and the Ryukyu

Trench areas, respectively, and they are used in the

following analysis (Fig. 1).

3. Method

A simple space–time scanning technique ZMAP

(Wiemer and Wyss 1994) was used to find significant

rate changes in seismicity. The ZMAP parameters for

the analysis are shown in Table 1. The study areas are

covered by spatial grid points with an interval of

0.1� 9 0.1�. The epicentral distance between all pairs
of epicenters and the nodes was calculated and

Nzmap ¼ 40 earthquakes were selected around each

node in the order that the epicentral distance is short.

The spatial resolution rmax for the node is defined by

the largest value among the Nzmap ¼ 40 epicentral

distances. The parameter Nzmap is the same value for

all nodes in order to compare the statistical

significance.

In case of the Kurile Trench and the Ryukyu

Trench areas, the Nzmap ¼ 40 earthquakes took place

in a time period between Tstart (1 January 1964) and

Table 1

Parameters for ZMAP in this study

Trench Kurile Japan Ryukyu

Area 140�–160�E, 39�–55�N 135�–146�E, 26�–43�N 120�–140�E, 26�–40�N
Tstart 1 January 1964 1 January 1964 1 January 1964

Tend 30 June 2012 28 February 2011 30 June 2012

mb C5.0 C5.0 C5.0

Depth (km) B60.0 B60.0 B60.0

Neq 1641 1207 1050

Grid size 0.1� 9 0.1� 0.1� 9 0.1� 0.1� 9 0.1�
Ngrid 10,510 8519 8517

Nzmap 40 40 40

rmaxðkmÞ B200 B200 B200

Dt ðyearÞ 0.1 0.1 0.1

DT ðyearÞ 9.0 9.0 9.0

ts ðyearÞ 1975:0� ts � 2003:5 1975:0� ts � 2002:1 1975:0� ts � 2003:5

Z values 4,138,970 3,244,596 1,910,112

Z � þ 6:0 3771 308 229

Table 2

List of parameters of the ETAS Model for the ISC catalogue

Trench A, events/day a, M-1 c, day p D2, degree2 q

Kurile 0.340 1.764 0.0170 1.176 6.567 9 10-3 1.919

Japan 0.316 1.618 0.0161 1.134 6.477 9 10-3 1.979

Ryukyu 0.161 1.903 0.0140 1.168 4.702 9 10-3 2.189
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Tend (30 June 2012), thus the average rate of occur-

rence is 40 earthquakes/48.5 years = 0.82

earthquakes/year. The Z values are calculated as

follows based on the Nzmap earthquakes selected for

each node. The time period from Tstart and Tend is

divided into NDt short-term (ST) time windows at

regular intervals with a length of Dt, which is

Dt = 0.1 years and thus NDt ¼ 485 in case of the

Kurile Trench and the Ryukyu Trench areas. The

number of earthquakes niði ¼ 1; . . .;NDtÞ was coun-

ted in each ST time window. The background

seismicity rate Rbg is then calculated as follows:

Rbg ¼
1

nbg

XN1

i¼1

ni þ
XNDt

i¼N2þ1

ni

 !
;

where nbg is N1 þ ðNDt � N2Þ, ðTstart þ N1DtÞ � ts is

a starting time of a long-term (LT) time window and

ðTstart þ N2DtÞ is an ending time of the LT time

window. The width of the LT time window DT ¼
ðN2 � N1ÞDt is set to be DT ¼ 9 years in this study.

The seismicity rate Rw was calculated in the LT time

window as follows:

Rw ¼ 1

nw

XN2

i¼N1þ1

ni;

where N2 � N1 is equal to nw ¼ DT=Dt, which is

nw ¼ 90 in this study. Rw was compared with Rbg by

using the Z value in the following equation:

Zðxi; yj; tsÞ ¼ ðRbg � RwÞ
Sbg

nbg

þ Sw

nw

� ��1
2

;

where xiði ¼ 1; . . .; nlonÞ and yjðj ¼ 1; . . .; nlatÞ are

longitude and latitude of a node, respectively. ts is the

starting time of the LT time window and

Tstart � ts �ðTend � DTÞ. Sbg and Sw are the variances

defined by the following equations:

Sbg ¼
1

nbg

XN1

i¼1

ðni � RbgÞ2 þ
XNDt

i¼N2þ1

ðni � RbgÞ2
( )

;

Sw ¼ 1

nw

XN2

i¼N1þ1

ðni � RwÞ2:

Taking the spatial resolution into account the

nodes with rmax B 200 km are selected and the

Z values are calculated. The number of these nodes is

10,510, 8519, and 8517 in the Kurile Trench, the

Japan Trench, and the Ryukyu Trench areas,

respectively (Fig. 1). Katsumata (2011a) also

described the ZMAP method with a concrete

example.

4. Results

Figure 2 shows the high-Z anomalies equal to

Z = ?6.0 or larger detected in and around the Japan

subduction zone. The positive Z value indicates the

seismic quiescence that corresponds to the decrease

of seismicity rate in the LT time window with a

length of 9 years when comparing with the back-

ground rate. The Z values were calculated for the

node of rmax � 200 km, and then the total number of Z

values are 9,293,678 and the number of Z values with

Z � þ 6:0 are 4308. These 4308 Z values were

divided into ten groups of anomaly taking the spatial

and temporal distribution into account (Table 3).

Each group is characterized by the location of seismic

quiescence, the spatial extent of the seismic quies-

cence area, the start time and the duration time of the

seismic quiescence, the value of Z, and the proba-

bility that the seismic quiescence is observed by

chance if earthquakes occur in random.

The probability by chance was calculated as fol-

lows. Assumed that earthquakes occur in random as

the Poisson’s process, n earthquakes take place in the

time period T, and h earthquakes take place in the

time period S. The probability P that this seismicity is

observed is calculated by using the following equa-

tion (Shimazaki 1973):

P ¼ r þ k � 1

k

� �
prqk;

p ¼ T

T þ S
; q ¼ S

T þ S
; r ¼ n þ 1; k ¼ h:

For example, in the case of Area 2, n = 20,

T = 17.7 years, h = 1, and S = 13.2 years, thus

P = 0.00008, which is the probability that the seis-

mic quiescence is observed by chance when the

earthquakes occur in random. The probability is small

significantly for all of the ten anomaly groups, and

thus the ten seismic quiescence identified in this

2430 K. Katsumata Pure Appl. Geophys.



study are not explained by a random fluctuation in

seismicity.

5. Discussions and Concluding Remarks

5.1. Characteristic of Seismic Quiescence

Figure 3 shows two anomalies in Area 2 and Area

4. In Area 2, the seismic quiescence started in 1981.6,

lasting 13.2 years, and ended at the same time as the

occurrence of the Hokkaido-toho-oki earthquake (Mw

8.3) in 1994, which is not an interplate thrust

earthquake but an intraplate earthquake within the

PA plate (Kikuchi and Kanamori 1995; Katsumata

et al. 1995; Tanioka et al. 1995). The seismic

quiescence followed by the 1994 Hokkaido-toho-oki

earthquake (Mw 8.3) has been reported by Takanami

et al. (1996) and Katsumata and Kasahara (1999). The

duration time of the seismic quiescence is, however,

found to be 13.2 years in this study, which is different

from the two previous studies. Takanami et al. (1996)

pointed out that the seismic quiescence started 3 years

before the 1994 main shock. Katsumata and Kasahara

(1999) found that the duration time was 5–6 years.

Takanami et al. (1996) used earthquakes with M C 3.5
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Figure 2
Long-term seismic quiescences found in this study. Red crosses indicate anomalous nodes with the Z value of ?6.0 or larger. A positive Z

value represents a decrease in the seismicity rate. The long-term time window with a length of DT ¼ 9 years was used for calculating the

Z values. The anomalous nodes are shown in the time period of a 1975 B ts\ 1985, b 1985 B ts\ 1995, and c 1995 B ts\ 2005. ts is the

starting time of the long-term time window. The numbers from 1 to 10 indicate the seismic quiescence area shown in Figs. 3, 4, 5, 6, 7 and 8

and Table 3
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between 1 January 1984 and 8 October 1994, which is

obviously too short period to recognize the seismic

quiescence during 13.2 years. Katsumata and Kasa-

hara (1999) used earthquakes located by Hokkaido

University between 1 March 1985 and 3 October 1994

and located by the Japan Meteorological Agency

(JMA) between 1 January 1977 and 3 October 1994,

which are also too short period to detect the long-term

seismic quiescence during 13.2 years found in this

study. They also used earthquakes located by ISC

between 1 January 1970 and 3 October 1994, which is

long enough to detect the 13.2-year-long quiescence. I

found a large Z value area near the epicenter of the

main shock at the time slices from 1982.5 to 1985.5 in

Fig. 8 of Katsumata and Kasahara (1999), which

possibly corresponds to the seismic quiescence in this

study.

Area 2 is defined by the resolution circle centered

at (43.5�N, 147.1�E) with a radius of 31 km, which is

the spatial extent of the seismic quiescence area.

Hereafter a term of ‘‘the quiescence area’’ will be

used as an abbreviation of ‘‘the spatial extent of the

seismic quiescence area’’. In the case of Area 2, the

quiescence area includes the epicenter of the main

shock. Katsumata et al. (2002) presented a long-term

slow slip event (SSE) model preceding to the 1994

main shock based on the tide gauge data. Since the

fault plane of the long-term SSE is assumed to be in

the quiescence area, the seismic quiescence might be

related to the long-term SSE.

In Area 4, the seismic quiescence started in

1994.0, lasting 9.8 years, and ended at the same time

of the occurrence of the Tokachi-oki earthquake (Mw

8.3) in 2003, which is an interplate earthquake on the

interface between the subducting PA plate and the

overriding NA plate (Yamanaka and Kikuchi 2003;

Yagi 2004; Tanioka et al. 2004; Shinohara et al.

2004). The quiescence area includes the epicenter of

the main shock and overlaps with the asperity

ruptured by the 2003 event. The seismic quiescence

followed by the 2003 Tokachi-oki earthquake (Mw

8.3) has been reported by Takahashi and Kasahara

(2004) and Katsumata (2011a). The duration time of

the seismic quiescence is found to be 9.8 years in this

study, which is consistent with Takahashi and

Kasahara (2004). Takahashi and Kasahara (2004)

analyzed earthquakes with M � 5:0 in the JMA

catalog from 1952 to 2003 and they obtained the

same results as those in this study even if they used

the JMA catalog and they did not apply the declus-

tering process. Katsumata (2011a) analyzed

earthquakes with M � 3:3 in a re-determined earth-

quake catalog between 1994 and 2003 and found that

the duration time of the seismic quiescence was

5 years before the 2003 main shock. The earthquake

catalog used by Katsumata (2011a) was too short to

identify the long-term seismic quiescence during

9.8 years, thus it is not clear whether the results in

Katsumata (2011a) are consistent with those in this

study.

Table 3

Seismic quiescence areas identified in this study

Area �N �E rmaxðkmÞ Start dt ðyearÞ Z Probability

1 51.0 158.5 159 1978.9 9.9 6.3 6 9 10-5

2 43.5 147.1 31 1981.6 13.2 6.4 8 9 10-5

3 49.6 158.8 167 1993.9 10.8 6.4 2 9 10-5

4 42.0 144.0 51 1994.0 9.8 6.1 1 9 10-3

5 37.3 141.5 25 1988.0 10.6 6.6 6 9 10-5

6 29.6 129.9 75 1985.2 9.4 6.3 6 9 10-5

7 45.9 148.6 154 1996.1 C16.4 6.4 9 9 10-7

46.4 151.1 99 1996.9 12.4 6.4 8 9 10-6

8 40.5 142.7 48 1996.2 12.5 6.1 6 9 10-4

9 33.7 141.3 46 1998.8 9.6 6.3 8 9 10-5

10 35.5 138.0 133 1998.3 9.4 6.4 3 9 10-4

Area the area numbers are the same as those shown in Fig. 2, dt the duration time of seismic quiescence
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Figure 4 shows an anomaly in Area 5. The

quiescence area is located around the southwestern

part of the large slip area of the 2011 Tohoku

earthquake (Mw 9.0) (e.g., Yokota et al. 2011). In

this case the seismic quiescence was observed in a

limited area rather than in the whole area of the

seismic fault ruptured by the main shock. The

seismic quiescence started in 1988.0. No earthquake
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Figure 3
Seismic quiescence in Area 2 (a–c) and Area 4 (d–f). a Red open circles are Nzmap = 40 epicenters sampled around the node indicated by a

cross. A closed square and a closed star indicate the epicenters of the 1994 and the 1969 Hokkaido-toho-oki earthquakes, respectively,

determined by ISC. Gray dots indicate aftershocks of the 1994 event with M C 4.0 determined by JMA within 1 week after the main shock.

The trench axis is shown by a thin line. b Space–time plot of the epicenters shown in a. A gray zone indicates the time period of the long-term

seismic quiescence. c Black lines indicate a cumulative number curve of the epicenters in a and red lines indicate the Z value as a function of

time. d Red open circles and a cross indicate the same things as those in a. A closed square is the epicenter of the 2003 Tokachi-oki

earthquake determined by ISC. The co-seismic displacement of the fault is shown as contours every 1 m (Yamanaka and Kikuchi 2003).

e Space–time plot of the epicenters in d. f Cumulative number curve and the Z value plot for the epicenters in d

Vol. 174, (2017) Long-Term Seismic Quiescences and Great Earthquakes in and Around the Japan 2433



with mb � 5:0 occurred from 1988.0 to 1998.6, the

seismicity recovered after 1998.6 with the almost

same seismicity rate as that before the seismic

quiescence started, and the main shock occurred in

2011.

In the case of the 2011 Tohoku earthquake, the

time when the seismic quiescence ended dose not

match with the time when the main shock occurred.

Therefore, we should examine more carefully

whether the seismic quiescence is a long-term

precursor to the 2011 main shock or not. First, this

seismic quiescence is not a man-made change caused

by incomplete earthquake catalog. Katsumata

(2011b) analyzed earthquakes with M C 4.5 in the

JMA catalog without the declustering process and

found that the seismic quiescence started in 1987.9 in

the same area as Area 5 [Fig. 4d in Katsumata

(2011b)], which is very consistent with the results in

the present study. Second, Yokota and Koketsu

(2015) revealed a very long-term transient event
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Figure 4
Seismic quiescence in Area 5. a Red open circles are Nzmap = 40 epicenters sampled around the node indicated by a cross. A closed square

indicates the epicenter of the 2011 Tohoku earthquake determined by ISC. The co-seismic displacement of the fault is shown as contours

every 10 m (Yokota et al. 2011). The trench axis is shown by a thin line. b Time slice of Z value distribution and very long-term transient

event. The time window starts at ts = 1988.8 and ends at ts þ DT , where DT ¼ 9 years. A red color (positive Z value) and blue color (negative

Z value) represent a decrease and increase in the seismicity rate, respectively. The displacement of the very long-term transient event is shown

as contours every 10 cm (Yokota and Koketsu 2015). c Space–time plot of the epicenters shown in a. A gray zone indicates the time period of

the long-term seismic quiescence. d Black lines indicate a cumulative number curve of the epicenters in a and red lines indicate the Z value as

a function of time
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preceding the 2011 Tohoku earthquake (Mw 9.0),

they presented a fault plain model to explain the very

long-term transient event. Figure 4b is the spatial

distribution of Z values at ts ¼ 1988:8 and I found

that the quiescence area of Area 5 is located on this

fault plain. This spatial matching strongly suggests

that the seismic quiescence is related to the very long-

term transient event. On the other hand the temporal

relationship between the seismic quiescence and the

very long-term transient event is not clear. The

seismic quiescence started in 1988.0 and a precursory

long-term foreshock started in 1998.6. The very long-

term transient event started around 2002 (Yokota and

Koketsu 2015). Mavrommatis et al. (2014) presented

another model that the very long-term transient event

started around 1996 and the slip was accelerated

toward the main shock in 2011, whereas the fault

plain is located at the place similar to that of Yokota

and Koketsu (2015). Since there is no GPS data

before 1996, it is not clear which time, 1996 or 2002,

is plausible as the start time of the very long-term

transient event.

142˚ 144˚

40˚

42˚

100 km

Area 8

(a)

142˚ 144˚

40˚

42˚
(b)

-3 -2 -1 0 1 2 3
Z-value

40

41

La
tit

ud
e

1970 1980 1990 2000 2010
Year

(c)

0

10

20

30

40

C
um

ul
at

iv
e 

nu
m

be
r

1970 1980 1990 2000 2010
Year

M9.0

(d)

3

4

5

6

7

Z
-v

al
ue

Figure 5
Seismic quiescence in Area 8. a Red open circles are Nzmap = 40 epicenters sampled around the node indicated by a cross. Gray dots indicate

aftershocks of the 1994 Sanriku-oki earthquake with M C 4.0 determined by JMA within 1 month after the main shock. The trench axis is

shown by a thin line. b Time slice of Z value distribution. The time window starts at ts = 1996.5 and ends at ts ? DT , where DT = 9 years. A

red color (positive Z value) and blue color (negative Z value) represent a decrease and increase in the seismicity rate, respectively. A thick line

shows the area where the interplate coupling recovered (Ozawa et al. 2007). c Space–time plot of the epicenters shown in a. A gray zone

indicates the time period of the long-term seismic quiescence. d Black lines indicate a cumulative number curve of the epicenters in a and red

lines indicate the Z value as a function of time
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As shown in Fig. 3 the main shocks occurred in

the middle of the seismic quiescence in the case of

the 1994 Hokkaido-toho-oki earthquake and the 2003

Tokachi-oki earthquake, whereas some M9-class

giant earthquakes were preceded by the long-term

foreshock activity. Kanamori (1981) reported that the

1964 Alaska earthquake (M9.2) was preceded by the

long-term foreshock during about 10 years before the

main shock and the 1957 Aleutians earthquake

(M9.1) was also preceded by the long-term foreshock

during about 8 years before the main shock. Kat-

sumata (2015) reported that the 2004 Sumatra
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earthquake (Mw 9.1) was preceded by the long-term

foreshock during about 5 years before the main

shock. Therefore, I suggest that a sequence of the

seismic quiescence during about 10 years and the

subsequent foreshock activity during about 10 years

was an inherent behavior of M9-class earthquakes,

and the 2011 Tohoku earthquake was no exception.

Figure 5 shows an anomaly in Area 8. Area 8

includes nine nodes with Z � þ 6:0 and one of them

is shown in Fig. 5a and Table 3 as a typical

anomalous node. The seismic quiescence began in

around 1996 after the occurrence of the Sanriku-oki

earthquake (Mw 7.7) on 28 December 1994, which is

an interplate thrust earthquake on the upper boundary

of the PA plate (Sato et al. 1996; Tanioka et al. 1996;

Nakayama and Takeo 1997; Nagai and Kikuchi

2001). Figure 5b is the spatial distribution of Z values

at ts ¼ 1996:5. The seismicity decreased within the
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Figure 7
Seismic quiescence in Area 7. a, d Red open circles are Nzmap = 40 epicenters sampled around the node indicated by a cross. Fourteen

squares are the subfaults of the 1963 Etorof earthquake with the slip of 0.5 m or larger obtained by Ioki and Tanioka (2011). The co-seismic

displacement of the 2006 Kurile earthquake is shown as contours of 1, 3, 5, 7, and 9 m (Yamanaka 2006). b, e Space–time plot of the

epicenters. A gray zone indicates the time period of the long-term seismic quiescence. c, d Black lines indicate a cumulative number curve of

the epicenters and red lines indicate the Z value as a function of time
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area where the interplate coupling recovered (Ozawa

et al. 2007). Moreover, the timing of the recovery is

well matched with that of starting of the seismic

quiescence. These facts suggest that the occurrence of

M5-class interplate earthquakes have been sup-

pressed by the strong interplate coupling, which is

the reason why the seismic quiescence is observed in

Area 8.

Figure 6 shows anomalies in Area 9 and Area 10.

In Area 9, the seismic quiescence started in 1998.8,

ended in 2008.4, no great earthquake occurred in this

area, and thus this seismic quiescence is probably a

false alarm. The two earthquakes (M7.0 and M7.2)

occurred in 1972 off east coast of Hachijo-jima Island

at a depth of around 50 km and both of the two main

shocks were interplate events with a fault plane on

the upper surface of the PA plate (Moriyama et al.

1989). This observation indicates that the plate

coupling is strong enough to generate a large

earthquake even at a depth of 50 km. The two 1972
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events were located around the western boundary of

the quiescence area found in this study. Katsumata

(2011b) analyzed earthquakes with M C 4.5 in the

JMA catalog without the declustering process and

found that the seismic quiescence started in 1992 off

east coast of Hachijo-jima Island, which is consistent

with the result in this study. In Area 10, the seismic

quiescence started in 1998.3, ended in 2007.7, no

great earthquake occurred in this area, and thus this

seismic quiescence is probably a false alarm. The

seismicity decreased clearly within the quiescence

area, especially in the south of 35.5�N. In this area a

long-term SSE was observed in this period, which is

referred to as the Tokai SSE (Ozawa et al. 2002;

Miyazaki et al. 2006; Suito and Ozawa 2009; Ochi

and Kato 2013). However the spatial resolution of

Area 10 is too poor to reveal that the quiescence area

corresponds to the area of the Tokai SSE. Therefore,

it is not clear whether the seismic quiescence was

related to the Tokai SSE.

Figure 7 shows an anomaly in Area 7. The

seismic quiescence started in around 1996 or 1997.

Ioki and Tanioka (2011) obtained the slip distribution

of the 1963 Etorof earthquake (M8.2) by using the

tsunami data. The quiescence area is well matched

with the subfaults with the slip of 0.5 m or larger

obtained by Ioki and Tanioka (2011). It is not clear

whether this seismic quiescence ended or not.

Figure 8 shows anomalies in Areas 1, 3 and 6. In

Area 1, the seismic quiescence started in 1978.9,

lasting 9.9 years, ended in 1988.8, and this seismic

quiescence was not followed by a great earthquake.

The seismic quiescence area is located in the central

part of the focal area ruptured by the 1952 Kam-

chatka earthquake (M9.0) (Johnson and Satake 1999).

In Area 3, the seismic quiescence started in 1993.9,

lasted 10.8 years, ended in 2004.7, and this seismic

quiescence was not followed by a great earthquake,

neither. The quiescence area is located in the

southwestern part of the 1952 event. These two false

alarms on the seismic fault ruptured by the 1952

event possibly suggest that the seismic quiescence

occurs frequently in the interseismic period and they

are not a precursor to a great earthquake. In Area 6,

the seismic quiescence started in 1985.2, lasted

9.4 years, and ended in 1994.6. No large earthquake

with M � 7:0 has been observed in this area from

1964 to 2012 and thus this seismic quiescence should

be a false alarm. The seismicity rates are 1.3 events/

year for the period between 1964.0 and 1985.2 and

0.79 events/year for the period between 1994.6 and

2012.5, that is, the seismicity rate has not recovered

to the same rate as that before the seismic quiescence.

Goto (2013) re-determined the hypocenter of the

1911 great earthquake with M � 8 and suggested the

location of its asperity. The quiescence area in Area 6

is well matched with the northern part of the asperity

ruptured by the 1911 event.

5.2. Seismic quiescences and great earthquakes

The ten seismic quiescences were identified from

1975 to 2012 in this study. In the same period four

great earthquakes occurred with the seismic moment

M0 C 3.0 9 1021 Nm (Mw C 8.25). The three of ten

seismic quiescences were followed by three great

earthquakes: the 1994 Hokkaido-toho-oki earthquake

(Mw 8.3), the 2003 Tokachi-oki earthquake (Mw 8.3),

and the 2011 Tohoku earthquake (Mw 9.0). The

remaining seven seismic quiescences were followed

by no earthquake with the seismic moment

M0 C 3.0 9 1021 Nm (Mw C 8.25), which are can-

didates of the false alarm. The 2006 Kurile Islands

earthquake (Mw 8.3) was an interplate thrust faulting

on the upper boundary of the PA plate (Ji 2006; Yagi

2006; Yamanaka 2006). The 2006 event was not

preceded by the significant seismic quiescence with

Z C 6.0, which is a case of the surprise occurrence.

To count the cases that no earthquake with

M0 C 3.0 9 1021 Nm (Mw C 8.25) was observed if

no quiescence with Z C ?6.0 is observed, the

subduction zone is divided into 17 segments in the

study area (Fig. 9). All segments have enough size of

the area to generate M8-class earthquakes. Suppose

that the earthquake catalog is as long as 40 years. If

we assume that the seismic quiescence is 10 years

long, the following simple three patterns occur: (1)

the first 10 years (background rate)—the second

10 years (quiescence)—the third 10 years (back-

ground rate)—the last 10 years (background rate) or

(2) the first 10 years (background rate)—the second

10 years (background rate)—the third 10 years (qui-

escence)—the last 10 years (background rate) or (3)

the first 10 years (background rate)—the second
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10 years (background rate)—the third 10 years

(background rate)—the last 10 years (quiescence).

In the present study, the ISC catalog is as long as

48 years from 1964 to 2012 and this is the case of the

earthquake catalog 40 years long. Therefore, there

are three possible time period of the seismic quies-

cence in each segment and 17 segments 9 3

periods = 51 periods. Actually, I identified the

seismic quiescence 10 times in this study and thus

the remaining 41 periods are the case of no-

earthquake-with-no-seismic-quiescence. In the case

of Segment K, which is the focal area of the 2011

Tohoku earthquake, I counted the seismic quiescence

two times because of precursory seismicity 20 years

long. Consequently the total number of the case of

no-quiescence-with-no-earthquake is 40. A 2 by 2

consistency table was examined by the Fisher’s exact

test (Table 4). A null hypothesis is that the seismic

quiescence has no relation with the occurrence of

great earthquake. The probability that the null

hypothesis is correct was calculated as follows:

P ¼ 4!47!10!41!

51!
� 1

1!3!7!40!
þ 1

0!4!6!41!

� �
¼ 0:021;

Therefore the null hypothesis was rejected by

95 % of significant level, that is, the seismic quies-

cence is related with the occurrence of great

earthquake. The probability of 0.021 is, however,

not very small; thus, the relationship between the

seismic quiescence and the occurrence of great

earthquake is weak and further verification is needed

in the future work.
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