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Figure 1. (a) Seismicity from the NEIC catalog around Japan from 1973 to 2011 prior to the 11 March
2011 Tohoku-Oki earthquake with my, > 5.5. Hypocentral depths are indicated by the color scale,
and symbol size increases with seismic magnitude. The magenta rectangular region indicates the SLSR.
The black rectangle indicates the zoomed-in region in Figure 1b. (b) Map showing the location of the
Sanriku low-seismicity region (SLSR), and schematic rupture zone of historic large earthquakes along
the northeast Honshu coast [ERC, 1998] with blue dotted ellipsoidal shapes and a gray dotted shape for
the 1896 tsunami earthquake source area [ Tanioka and Satalke, 1996] updip of the SLSR, respectively. Slip
contours of 1, 10, 20, 30, 40, and 50 m for 2011 Tohoku-Oki rupture model of Yue and Lay [2011] are
shown along with a red star for the USGS/NEIC epicentral location. The darkly dotted ellipse indicates
the approximate location of the 896 Jogan tsunami source region [Minoura et al., 2001]. The dashed curve
indicates the position of the trench.
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(Ye et al.(2012))
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Figure 12. Schematic map of the Japan megathrust fault showing the distribution of rupture zone of
historic large events and the 2011 Tohoku earthquake (large blue regions), and aftershocks (small blue
regions) along the megathrust from Japan Trench. We plot the southem end of the 1896 rupture zone as
extending to about 39°N, north of the aseismic zone seen in Figure 2e, consistent with the southern extent of
the tsunami model of Aida [1977] and the region of strong inundation on the Iwate coast indicated by
Hatori [1974]. The convergence velocity of the Pacific Plate is indicated by a yellow arrow. The magenta
region highlights the SLSR on the megathrust. The SLSR is largely aseismic, but does have modest-size
patches of seismogenic regions downdip, including the off-Kamaishi repeater zone. The shallower portion
of the SLSR is almost devoid of moderate-size thrust events, but seismic activity is high in the 1896 rupture
zone region further updip.
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Fig. 1. Hypocenters of mainshock and aftershocks in a 24-hour pe-
riod for the 2011 Tohoku earthquake (black circles) and aftershock ar-
eas for M = 7 earthquakes since 1926 (green lines. Uchida et al.,
2009). Hypocenter data are from the Japan Meteorological Agency. Red
dashed line shows down-dip limit of the Philippine Sea Plate (Uchida er
al., 2009). Thick pink line shows the western limit of interplate earth-
quake distribution from Igarashi et al. (2001) and Uchida et al. (2009).
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Fig. 2. Interplate coupling coefficient estimated from small repeating
earthquakes for the period from 1993 to March 2007 (color). Distri-
bution of small repeating earthquakes (black dots) and coseismic slip
area (contours, linuma e al. (2011)) are also shown in this figure. Bold
lines denote the down-dip limit of interplate earthquakes (Igarashi er
al., 2001; Uchida er al.. 2009) and the trench axis. Dashed bold line
denotes northeastern limit of the Philippine Sea plate (Uchida er al.,
2009). The averaged coupling coefficient is estimated for every 0.3 de-
gree by 0.3 degree windows that have three or smaller repeating earth-
quake groups. The red star indicates the hypocenter of the 2011 Tohoku
earthquake. Stars marked by M, F and A indicate the hypocenter of the
2005 Miyagi-oki earthquake (M 7.2), the M 7.3 earthquake on March
9, 2011 and the largest aftershock on March 11, 2011 (M 7.7), respec-
tively.
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Foreshock
Asperities
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A— Asperities for small
repeating earthquakes
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Fig. 4.  Schematic figure showing the distribution of the hierarchical
structured asperities at Tohoku. The circles show asperities that have
internal structures. The arrows indicate aseismic slip. The dashed bold
line shows the NE limit of the Philippine Sea plate and the dashed thin
line shows the down-dip limit of the interplate earthquake. The area
between the down-dip limit and the Japan trench has both seismic and
aseismic slip.
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Figure 1| Time series of east: t def ion at GPS i in the Tohoku district. (a) Selected GPS stations (orange squares) and M,, 6-8 som
earthquakes (green stars) in the index map. (b) Original time series of east-west deformation obtained from the GEONET F3 solutions3# at the stations and
the effects of the M,, 6-8 earthquakes (green lines). (¢) Detrended time series obtained by removing the regular trends in 1996-2001 (solid red lines), T T T
140° 142° 144°

annual variations and earthquake effects. These time series deviated from the zero lines around 2002 and accelerated at the time of the 2003 or 2005
earthquale (green lines), Figure 2 | Distribution of total deviations and the result of a two-source
inversion. The red and purple contours represent the distributions of the

GPSEEIE\II nn( 3:5 (j-éiﬁjj_ Fﬂ 0) E{ﬁa) ﬁ%ylj forward slip by the very long-term transient event and the backslip by the

northern source, which were obtained through the two-source inversion of

(YOkOta and KOketsu (201 5) ) the total deviations (pink arrows). The black arrows denote synthetic
deviations computed for the inversion result. The co-seismic slip
distribution of the 2011 Tohoku earthquakeS is also displayed with the
epicentre (white star) and Japan Trench (dark green line). The black bar at
the bottom right denotes 100 km.
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Figure 12. Schematic map of the Japan megathrust fault showing the distribution of rupture zone of
historic large events and the 2011 Tohoku earthquake (large blue regions), and aftershocks (small blue
regions) along the megathrust from Japan Trench. We plot the southern end of the 1896 rupture zone as
extending to about 39°N, north of the aseismic zone seen in Figure 2e, consistent with the southem extent of
the tsunami model of 4ida [1977] and the region of strong inundation on the Iwate coast indicated by
Hatori [1974]. The convergence velocity of the Pacific Plate is indicated by a yellow arrow. The magenta
region highlights the SLSR on the megathrust. The SLSR is largely aseismic, but does have modest-size
patches of seismogenic regions downdip, including the off-Kamaishi repeater zone. The shallower portion
of the SLSR is almost devoid of moderate-size thrust events, but seismic activity is high in the 1896 rupture

zone region further updip.
RPEERRIC & (T B IR H = TR Eh s
(Ye et al.(2012))
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Fig. 1.  Hypocenters of mainshock and aftershocks in a 24-hour pe-
riod for the 2011 Tohoku earthquake (black circles) and aftershock ar-
eas for M = 7T earthquakes since 1926 (green lines, Uchida er al.,
2009). Hypocenter data are from the Japan Meteorological Agency. Red
dashed line shows down-dip limit of the Philippine Sea Plate (Uchida et
al., 2009). Thick pink line shows the western limit of interplate earth-
quake distribution from Igarashi et al. (2001) and Uchida et al. (2009).
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Fig. 2. Interplate coupling coefficient estimated from small repeating
earthquakes for the period from 1993 to March 2007 (color). Distri-
bution of small repeating earthquakes (black dots) and coseismic slip
area (contours, linuma er al. (2011)) are also shown in this figure. Bold
lines denote the down-dip limit of interplate earthquakes (lgarashi er
al., 2001; Uchida er @l.. 2009) and the trench axis. Dashed bold line
denotes northeastern limit of the Philippine Sea plate (Uchida et al..
2009). The averaged coupling coefficient is estimated for every 0.3 de-
gree by 0.3 degree windows that have three or smaller repeating earth-
quake groups. The red star indicates the hypocenter of the 2011 Tohoku
earthquake. Stars marked by M, F and A indicate the hypocenter of the
2005 Miyagi-oki earthquake (M 7.2), the M 7.3 earthquake on March
9. 2011 and the largest aftershock on March 11, 2011 (M 7.7), respec-
tively.
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Fig. 1. Changes in sea-floor elevation between bathymetric data before and after the 2011 Tohoku-Oki
earthquake. (A) Location map with bathymetric survey track shown as yellow line. Coseismic horizontal
displacement is estimated over the landward slope indicated by solid portion of yellow line. Cross shows
the epicenter. (B) Multibeam bathymetry collected in 2011. Red triangles mark the trench axis; the blue
triangle marks the landward slope break. Change in seafloor elevation by subtracting the 1999
bathymetric data from the 2011 data (C), the 2004 data from the 2011 data (D), and the 1999 data from
the 2004 data (E). The yellow star marks location of probable submarine landslice.
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Estimated coseismic displacements caused by the 11 March 2011 Tohoku-Oki
Earthquake m the outermost landward slope area, oft Miyagi m the Tohoku district.
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Fig. S1.

Contour maps showing standard deviations (~variances) of depth differences between
different surveys for given shifted locations. (A) Comparison between 1999 and 2011
data, (B) comparison between 2004 and 2011 data. and (C) comparison between 2004
and 1999 data, respectively. Red and blue contours show standard deviations of the
landward slope and the seaward slopes. respectively. Crosses indicate the minimum
peaks of the standard deviations. Arrows show vectors of horizontal shifts from landward
to seaward. (D) Schematic cross-section showing coseismic displacement. A sum of a
vertical displacement and an additional uplift for a sloping seafloor correspond the
observed seafloor elevation changes shown in Fig. 1. The mset 1s for 1llustrative purposes
(not to scale). (E) Bathymetric cross section at the trench. Red and black indicate 2011
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and 1999 data.

Landward Slope Seaward
Slope
Sicvey < H Seafloor
Years Horizontal Displacement N, Vertical Additional Seafloor
evation . v .
Distarice Directian (Fig. 1) Displacement Uplift Llevation
2011-1999 56 m 113° +16 m (6=9.35) |+10 m (¢=7.50) +6 m +0 m (6=5.32)
2011-2004 50 m 117° +11 m (6=8.53)| +7 m (6=7.22) +4m 0 m (6=8.42)
2004-1999 20m 235° 0 m(0=7.44) | +1 m (c=7.26) -Im ) m (6=8.17)

(Fujiwara et al.(2011))
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Fig. 1. Bathymetric map showing the locations of ocean bottom seismographs (OBSs}
used in this study and toral slip distribution larger than 10 m of the 2011 Tohoku-
Oki earthquake (Yagi and Fukahata, 2011). The star is the initial rupture location
of the Tohoku-Oki earthquake {Chu et al, 2011). The open diamonds and the open
squares are the location of short-period OBS (SPOBS) and broad-band OBS (BBOBS),
respectively, used in this work. The BBOBS with uncorrected clock is indicated by
the solid square. The red dashed rectangle indicates the grid-search area for the
hypocenter locations. The red solid line is the survey line for the crustal structure
(Ito et al., 2005; Kodaira et al, 2012) and the differential topography (Fujiwara et
al., 2011). The dotted line indicates the axis of the Japan Trench.
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Fig. 2. Hypocenters and error ellipsoids of the earthquakes. Earthquakes within the
red dotted rectangle on the map were projected onto the P-wave velocity model
used for locating earthquakes (Ito et al,, 2005). The top of the oceanic crust is indi-
cated by the dotted line on the cross section. Symbols are the same as Fig. 1.
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WHy 7)o 5 EEIERR A OB
Kato and Seno(2003) (X, EIRIAN THRAELI-MwISLL LD TL—FEIHE (26115F) DAY T T REERLME (BIERIBRS) OBEGREDHL,

HTITEMOSEYB/NEKIEDE, BRUBIEIERIFEBEBORNEIZBLEFEEL, FTOMEBIZIESOUHERAHEH, BTV T EMNTITEL
e, RRMEIXEHIREED FTinfhIlICFEETHIERLAHDHELTINS,

TLU—rEHE (Mw=75) DA ERAE (d) Ay TS (a)
(Kato and Seno(2003))

Table 1

Relative depths o of large interplate earthquakes (M, =7.5) at subduction zones and the seismic coupling coeflicient o
Event Subduction zone Date M, d o PS) o PSS) Relerence
Tonankai Nankai 12/07/1944 7:9 1.0 1.00* = [30,31]
Nankai Nankai 12/20/1946 8.2 0.1 1.00* - [32.33]
Kamchatka Kamchatka 11/04/1952 9.0 1.0 0.67 0.39 [14]
Andreanof Is. Aleutian, east 03/09/1957 9.1 0.9 0.84 0.35 [14]
Guerrero Mexico 07/28/1957 1.1 1.0 0.38 0.24 [14.34]
Chile Chile, south 05/22/1960 9.5 1.0 1.57 - [35]
Kuril Kuriles, south 10/13/1963 8.3 0.9 0.36 1.45 [14]
Alaska Alaska 03/28/1964 9.2 1.0 0.77 - [36]
Rat Island Aleutian, west 03/09/1965 8.7 0.7 0.31 1412 [14]
Vanuatu Vanuatu 08/01/1965 1.5 0.0 0.16 0.15 [37]
Oaxaca Mexico 08/23/1965 A 0.95 0.38 0.24 [6]
Peru Peru. south 10/17/1966 8.2 0.5 0.16 - [38]
Tokachi-oki Japan 05/16/1968 8.3 0.0 0.24 0.22 [5]
Kuril Kuriles. south 08/11/1969 8.2 0.95 0.36 1.45 [14]
Varparaiso Chile, central 07/08/1971 7.7 1.0 0.14 0.16 [39]
Kuril Kuriles, south 06/17/1973 1.8 1.0 0.36 1.45 [14]
Oaxaca Mexico 11/29/1978 7.6 0.5 0.38 0.24 [6]
Colombia Colombia 12/12/1979 3.2 0.8 0.33 - [40]
Varparaiso Chile, central 03/03/1985 8.0 0.8 0.14 0.16 [39]
Michoacan Mexico 09/19/1985 8.0 0.8 0.38 0.24 [14]
Andreanof Is. Aleutian, east 05/07/1986 7.9 1.0 0.84 - [14]
Antofagasta Chile, central 03/05/1987 7.5 0.8 0.14 0.16 [39]
Sanriku-oki Japan 12/28/1994 7.7 0.0 0.24 0.22 [5]
Antoflagasta Chile, central 07/30/1995 8.0 0.7 0.14 0.16 [39]
Peru Peru, south 11/12/1996 7.7 0.3 0.16 - [41]
Peru Peru, south 06/23/2001 8.2 0.55 0.16 - [42]

aPS) and oPSS) are from Peterson and Seno [7] and Pacheco et al. [15], respectively.

References are for the moment magnitudes My, epicentral locations, and rupture areas of the large earthquakes.
4 ¢ value [or the Nankai subduction zone is revised. See text.
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Fig. 1. The relative hypocentral depth  versus the seismic
coupling coeflicient « obtained for large interplate earth-
quakes at subduction zones (Table 1). Sold and open circles
stand for a values [rom Peterson and Seno [7] and from Pa-
checo et al. [15], respectively. When « 1s estimated to be
greater than | (Table 1), it 1s reduced to 1. The relative hy-
pocentral depth  is delined by D/W, where D is the distance
from the trenchward edge of the rupture area to the epicen-
ter and W is the width of the rupture area in the direction
perpendicular to the trench axis (inset).
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Figure 9.  Shortest distances between hypocenter

and point of maximum displacement (top), hypocen-
ter and closest large-slip asperity (middle), and hy-
pocenter and closest very-large-slip asperity (bottom)
separated into strike-slip and dip-slip earthquakes.
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position HypX (left column) and HypZ (right
column) for all source models combined (top)
and separated into strike-slip (middle) and
dip-slip earthquakes (bottom). Kolmogorov-
Smirnov (KS) test statistics for these distribu-
tions indicate that uniformity can be rejected
for all distributions except for the down-dip
hypocenter position for dip-slip earthquakes.
The small insets display the corresponding
quantile plots that qualitatively confirm the in-
ferences based on the KS statistics. (b) Distri-
butions of HypX and HypZ for crustal dip-slip
earthquakes (top) and subduction events (bot-
tom), showing that these two populations are
slatistically different.
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Figure 1. Large earthquakes used in this study (lines—plate boundaries from Bird (2003)).
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Figure 8. Hypocenter positions as a function of the (a) down-
dip and (b) along-strike lengths. The histogram is the observed dis-
tribution. The lines are the best-fitting PDFs; we use a normal dis-
tribution for the along-dip position; and exponential, gamma, and
Weibull for the along-strike position. Kolmogorv—Smirnov statistics
for the data fits is in Table 1. The color version of this figure is
available only in the electronic edition.
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