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Before the 2011 Tohoku-Oki earthquake, the Off-Kamaishi M~5 repeating earthquake sequence occurs
with a nearly constant recurrence interval of ~5 years. The seismicity in the Kamaishi area becomes active in
the later part of their M~5 earthquake cycles. Just after the 2011 Tohoku-Oki earthquake, however, the re-
currence interval has become as short as 9 days and small earthquakes have become undetectable. The
decrease of detectability is mainly due to successive occurrence of large aftershocks. It has not been verified
that there is no missing event even for the relatively large Off-Kamaishi mainshock sequence 6=M=6). In
this study, we collect continuous waveform data of the NIED Hi-net and the microearthquake observation
network of Tohoku University near the Off-Kamaishi sequence. We used the repeating sequences as template
events and applied Matched Filter (MF) method to detect earthquakes for ~1 month period (March 11, 2011
to April 13, 2011) after the Tohoku-Oki earthquake. We detected 25 earthquakes including 18 earthquakes
that are not listed in the Japan Meteorological Agency (JMA) catalog. These detected earthquakes are highly
likely to be located in the vicinity of the Off-Kamaishi mainshock sequence. Further, we found that the
sequences are almost completely detectable from two minutes after the Tohoku-oki earthquake. This enabled
us to evaluate immediate afterslip in Off-Kamaishi region from the cumulative slip of the mainshock sequence.
The result shows the afterslip amount was 1.0~1.4m in a period from 1 hour to 34 days after the Tohoku-Oki
earthquake. For the post Tohoku-oki smaller events down to M2, almost all earthquakes occurred in the latter
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part of the two Off-Kamaishi mainshock earthquake cycles, which is a similar pattern observed before the
Tohoku-oki earthquake. The investigation of undetectable time of earthquakes also supports that this
tendency is not an artifact. This result indicates that the temporal change of microseismicity is preserved
even when the repeating interval is extremely short (10 to 23 days) due to the afterslip of the Tohoku-Oki
earthquake and suggests similar process is occurring in the earthquake cycle of the Off-Kamaishi sequence

before and after the Tohoku-OKki earthquake.
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Fig. 1. Seismic activity in the Off-Kamaishi earthquake clusters. (a) Map showing the area of Off-

Kamaishi earthquake sequence (red star). The broken contour shows the afterslip distribution
during 3 years after the Tohoku-Oki earthquake [Sun and Wang (2015)]. (b) Distribution of the
Off-Kamaishi repeating earthquakes after Uchida et al. (2012) for the period before the Tohoku-
Oki earthquake. The size of circles indicates the approximate slip area assuming a stress drop of
38 MPa [Matsuzawa et al. (2002)]. (c) Magnitude-time plot of Off-Kamaishi earthquakes based on
the JMA catalogue. Earthquakes are classified by the waveform correlation analysis of Uchida et
al. (2012) and by the relocation result of Hatakeyama et al. (2017) for the period from 1995 to 2001
and 2001 to 2012, respectively. Each symbol is followed by their grouping definitions. (d) Magnitude-
frequency distribution of earthquakes (depth; 0-70 km) before the Tohoku-Oki earthquake (1995
to March 11, 2011) in the gray rectangle shown in (a). (¢) Magnitude-frequency distribution of
earthquakes (depth; 0-70 km) after Tohoku-Oki earthquake (March 11, 2011 to April 13, 2011) in
the gray rectangle shown in (a). Triangles indicate the minimum magnitude of completeness in
the JMA catalog estimated based on its departure from the linear frequency-magnitude relation
[Wiemer and Wyss (2000)].
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Fig. 2. Seismicity change related to the Off-Kamaishi mainshock sequence (stars). (a) Magnitude-
time plot for the period from 1975 to 2014 (the same as Fig. 1 (c) but with 1 year shadings of
quiescence periods after each mainshock). (b) Magnitude-time plot for the period from January
to December 2011. Analysis period of the present study is shown in yellow.
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Fig. 3. Example seismograms of a template used in MF method. Triangles in the map show the
distribution of stations and a star shows the epicenter of the Off-Kamaishi earthquake sequence.
Gray part indicates the 9s time window starting 3s before the S wave arrival, which is used as

template.
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Fig. 4. Example of a detected event by the MF method. (a) Mean CC versus time plot (black line).

The value shows the averaged cross-correlation for 15 components in 14 hours from 7:00 on
March 15. Gray line indicates Maximum Mean CC, red line indicates the threshold of 8o. (b) A
comparison of continuous waveforms (black lines) and the template waveforms of C31517 in
table 1 (red lines). The template waveform is an event in group C. Band-pass filter with a pass-
band of 1-4 Hz was applied to the both waveforms.
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Fig. 5. Example of threshold variation (red line, 80) according to the number of data. The color

scale shows the number of used channels.

Table 1. List of template earthquakes used for the MF analysis. The origin times, hypocenters and Magnitudes
are from the JMA catalog. Groups are those classified by Uchida et al. (2012).
Group Year Month Day Hour Min. Sec. Lon. Lat. Dep. Mag.
A 2004 7 18 4 22 1.87 39.339 142.063 4767 3.1
B 2004 8 30 14 51 48.75 39.337 142.070 4746 2.8
C 2004 8 27 5 12 34.9 39.338 142.074 4755 26
D 2008 1 9 10 41 185 39.341 142.067 4715 1.7
X1 2008 1 11 8 0 3179 39.341 142.067 4715 47
X2 2011 3 20 21 3 4752 39.344 142.048 4781 59
YA Y FTIZPREEDRpoOE, BIBLES L EEMEEYET. ZoRiE 7 25200km BT L) EET
T HHEORIEO/NS VP EFMOMBEICHINTL T, BIEOYT=ZF 2 — FOMBEICHLNL DD
T, BMICTELRVWIRERENSL7-0THL. /2, 9 Tho.
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Table 2. List of detected earthquakes by the MF method. The event name consists of group name and
the event month, day and hour. Asterisks indicate earthquakes not listed in the JMA catalog and
their magnitudes were calculated using formula (1). The last column shows group name of the event
and value in the parenthesis show highest mean CC value. Note that we used event X32021 as
template for group X2, so it is natural that Mean CC between group X2 and event X32021 is 1.0.

Name Year Mon. Day Hour Min. Mag. Group (Highest Mean CC)
X31115 2011 3 11 15 41 59 X1 (0.64)
031513 2011 3 15 13 56 45 other
C31517 2011 3 15 17 0 32 *  C(0.76)
B31600 2011 3 16 0 32 29 B (0.88)
031608 2011 3 16 8 45 33 *  other
031713 2011 3 17 13 4 31 *  other
031819 2011 3 18 19 8 238 *  other
C31822 2011 3 18 22 9 35 C (0.63)
031902 2011 3 19 2 57 29 *  other
D31907 2011 3 19 7 51 36 * D (0.87)
031912 2011 3 19 12 34 24 *  other
031916 2011 3 19 16 54 26 *  other
032004 2011 3 20 4 20 32 *  other
032013 2011 3 20 13 11 26 *  other
X32021 2011 3 20 21 4 59 X1 (0.63), X2 (1.0)
A32908 2011 3 29 8 52 4.3 A (0.62)
A40404a 2011 4 4 4 41 33 * A (0.76)
040404b 2011 4 4 4 45 23 *  other
040708 2011 4 7 8 49 31 other
040709 2011 4 7 9 50 24 *  other
040820 2011 4 8 20 17 25 *  other
041112 2011 4 11 12 42 25 * other
041211 2011 4 12 11 20 2.7 *  other
041216 2011 4 12 16 25 24 *  other
X41304 2011 4 13 4 38 55 X1 (0.61)
2015 4F 2 A OB oKL T — AL ER 7 ¥ 1 712 HMaEnszz, Zhid, 77— MIEAZSOLFEL YT

RSN T WHIETH - 72, Bzl sz
BEOWEH % Fig 4 12Rd. 77— MEETN
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FBIZLTED. ZOMRE, BT OHR T, Hatake-
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Fig. 6. Detection of the Off-Kamaishi earthquake clusters. The colors and symbols show the
groups of A, B, C, D, and X. (a) magnitude-time (MT) plot of the detected earthquakes. Red
triangle indicates the date of the Tohoku-Oki earthquake. Event names (alphabets followed by
numerals) correspond to the “Name” in Table 2. (b) Examples of Mean CC of detected earth-
quakes. The detected earthquakes are classified into the same group as the template event with

the highest Mean CC greater than 0.6.
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Fig. 7. Seismic activation and quiescence of the Off-Kamaishi region immediately after the
Tohoku-Oki earthquake (Cycle 1). (a) Magnitude-time plot of detected earthquakes by MFEF
method. (b) Temporal change of hourly undetectable time period (minutes) for groups A, B, C, D,
X1, and X2. (c) Enlarged figure of black rectangle in (b). Dark grey indicates the period of no
data. Red triangle indicates the date of the Tohoku-Oki earthquake.
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Fig. 8. Magnitude-Time (MT) plots for (a) 1995-2001 earthquake cycle and 2001-2008 earthquake
cycle, (b) Cycle 1, and (c) Cycle 2. Horizontal scales are different from (a) to (c).

BH A 7V Cycle 1,2 & 12 A 7 VERETIZHETH)
PEERALL T, HETIXERLT2EHml D 5 &2
A, B HERE O ZALIEEAL T EE AT O A T O R
DR LHEICS AS5s (Fig 8). Uchida et al. (2012) (X
1985 4E2> 5 2008 E DM THAE L 72 5 MO ZE A ARED
FEEFIC group A, B, C, D OHEIGEIAEISIL L, A&
DFEEBRICHBEBIHRILL WL ZLEdRLZ L
ML, k5D L AR O MRS E MBI 5~6 4T
HDH—F, KWFETHIZHES A7)V Cycle 1, 2D 1

PFAIZNVIZIOABLU2AMTHY, 2200HLRDO 5 A
DMAT—NVIFKRES B L, 20X )\ ZHEIRA D
KL, ERBEOSSTR) RO REVE ) 4
I BWTH, EAMARROMES 1 7 Vg THhE
HEIANEFALT B IFMAMRGE S N TV b Z DL L
otz TOXHBRBBEMBORBIZE SR WIEBOR
BZELOR#IE, SAMMo/NEDEE)S, WEETN
0 SIS AR C O 75 O R F8 IR &\ ) Fl— oW HLEFE
WX DAL TULIREEE W & %2R T (Fig 9).



98 WH F - NHEA « R —

(a) Usual situation (b) Kamaishi type
4 = ) " N
Interseimic ( Interseimic
Period PR Period A o
O o)
Seismic
patches O C
Earthquak
Gk C) arinquake Migration of
G == slowslip
Creep
Postseimic Postseimic
Period Period T Stress shadow
~ ® ~
Aftershock / " %
Migration of 7/ ™
postseismic /
slip x
Seismicity | Mainshock Seismicity |
Active
Aftershocks seismicity
Foreshocks Suicerics
o
Time Time
\, J \\ J

Fig. 9. Schematic models for earthquakes in a creeping fault for (a) usual situation, and (b)
Kamaishi type. Top panels show interseismic period for the largest patch. Middle pannels show
postseimic period for the earthquake at the largest patch. We assumed small patches attached
to the largest one slip simlutaneusly and the coseismic slip areas become stress shadows.
Postseismic slip spreads in the surrounding area. Bottom panels show seismicity change related
to largest earthquake (mainshock). Both models show interseismic seismicity in the main slip
area (top). Aftershockes are limited outside of the slip area and in the case of Kamaishi, no
aftershock occur due to lack of seismic patches in the surrounding area of the main patch

(middle). A-C in Figure (b) show groups A-C.
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