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Fault models and their parameters of the 17th century great earthquake.
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Fault Length Width Depth Strike Dip Rake Slip
model (km) (km) (km) (deg) (deg) (deg) (m)
T 100 100 14 228 15 90 10

N 200 100 14 228 15 90 5

S 300 30 6.7 228 15 90 0-35

Coastal tsunami height, m

(Ioki and Tanioka(2016)) (Satake et al.(2008))
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Fig. 12. Tsunami heights along the Pacific coast of Hokkaido (Satake ef al, 2008; Toki and Tanioka, 2016) from combined
model of interplate and tsunami earthquakes (brown), giant fault (green), inter plate earthguakes (red for T10NG, light blue
for TN5) and tsunami earthquake model (dark blue). Coastal tsunami heights by Hirakawa ef al, (2000) are also shown.
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Figure 15. Cut-away schematic characterization of the
megathrust frictional environment, related to domains A,
B, C and D defined in Figure 6. Regions of unstable fric-
tional sliding are dark regions labeled “seismic.” Regions
of aseismic stable or episodic sliding are white regions
labeled “aseismic.” Medium gray areas are conditional sta-
bility regions, which displace aseismically except when
accelerated by failure of adjacent seismic patches. Domain
A is at shallow depth where sediments and pore fluids cause
very slow rupture expansion even if large displacements
occur in tsunami earthquakes. Domain B has large, relatively
uniform regions of stable sliding that can have large slip, but
generate modest amounts of short-period radiation upon fail-
ure. Domain C has patchy, smaller scale regions of stable
sliding surrounded by conditionally stable arcas. When these
arcas fail, coherent short-period radiation is produced.
Small, isolated patches may behave as repeaters when
quasi-static sliding of surrounding regions regularly load
them to failure. Domain D is dominated by ascismic sliding,
but many small unstable patches can rupture in seismic
tremor when slow slip events occur or when dynamically
loaded by tides or shaking from passing seismic waves.
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Figure 11. (a) Influence of horizontal extent W of shallow
velocity-strengthening region on cumulative slip (plotted every
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A schematic diagram for
the heterogeneous Tohoku forearc
(Lengths not to scale)

Okhotsk plate

Japan Trench
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--------------- B ERE
MohoD_-
2011 My, 9.0 - \ : Thinner sediments
My, 9.0 s e o
2011 M. 9.0 arge coseismic slip
Fig. 4. V, hy and of the 2011 Tohoku-oki ear . The colors in (A to C€) show V;, tomography along the UBP obtained by this study. / (nuclea‘L\ioﬁ)

B 38.1°N

HF P-wave radiation
HF strong ground motions

Black bold contour lines in (A) denote the back-slip rate (5). In (B), the yellow stars mark epicenters of very low frequency earthquakes (VLFEs) (24); the red rectangle
denotes a slow slip event (22) preceding the 2011 Tohoku-oki earthquake; the black rectangles show locations of coseismic strong ground motions (39); the magenta
contour line marks the site of coseismic high-frequency P-wave radiation with a relatively low seismic moment during the 2011 Tohoku-oki earthquake (40); and the

black short lines near the trench indicate seafloor traces of normal faults (34). The blue and red contour lines in (C) denote the coseismic slip (7) and the afterslip (43), il
respectively. The other labeling is the same as that in Fig. 2. ]@ﬁ%ae[
T = JLj= 4
PREESMESNMBEDTRNYESMHFLOBER Joge iench
(Liu and Zhao (2018) [Z— &R INEE)

B, ., \ Thicker sediments

Very low frequency earthquake
HF P-wave radiation (VLFE)

HF strong ground motions

Pacific slab

C 36.5°N Tohoku megathrust

Longitude (°) Low-V High-V
Fig. 5. Vertical cross sections of V,, hy (left) and c ding cartoons (right). The east-west vertical cross sections are along the three profiles shown in

Fig. 1C. The normalized residual topography (blue line) and gravity (green line) along each profile are shown atop each cross section. The red and blue colors in (A to C) denote low
and high V;, perturbations, respectively, whose scale is shown beside (A). The white bold and dashed lines in (A) to (C) denote the UBP and the forearc Moho, respectively. The red
star denotes the mainshock hypocenter of the 2011 Tohoku-oki earthquake (M, 9.0). The black and yellow stars indicate other megathrust earthquakes (M,, 7.0 to 8.0) during 1917
102017 and the VLFEs (24) within a 40-km width of each profile, respectively. Note that the hypocenters of the VLFEs and the megathrust earthquakes are set on the UBP, because
their accurate focal depths are unclear for most of them. The reverse triangle denotes the Japan Trench axis. HF, high-frequency. In the right panels, the red, green, and blue lines
denote low-, normal-, and high-V, anomalies atop the subducting Pacific plate, respectively, according to the tomographic results of this study. The gray dashed line denotes the
forearc Moho.
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FKIFE T, EBEENSEILUIAEAAAUTNARIENERINTEY, Kundu et al.(2012) &, 311HED KELT Y EEIF (high slip patch) DT

RTIE, IEARAEBUNTL—MEDHYTIVTZESD, SNHBEORED /N FTELTERALIZELTS,
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W 3R THIENMFIEL-ZR : BRNCEITHERMBEAREL TV LRI L—MER OBERM
Wang and Bilek(2014) (&, #BREBISN -2 TOEXMET, BOAGMBALAATBETHREL, BROELIMBBEZFSITL—MERTEY
—TLTHY, BERMEIFELTLVELELTLS,
Flz, EAAT B, EBROFLNFOREF THY, BLUALAHATEE TR/ NRREDMEEHSN, KEEHRLET HIARIEFEONT
57, SIMEOREDOEAIOFLL, JVEVEITL— I TREGHMETEEL BLUINEAADEBTELELTNS,

a) Cutting off
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b) Sliding over
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40°S : Fd c) Breaking through

very rough 4 . L
seafloor 0
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Fig. 1. World map showing general lack of correlation between rugged subducting seafloor and great megathrust earthquakes and showing locations of map areas of Fig. 2 through 10 ar
14. Rupture extents of giant (M,, = 9) events are indicated with pink lines. Epicentre locations of other great (M,, > 8) events are from the USGS/NOAA catalogue for the time period

1903-2012.
EROBLWVEELERMEBEOREMED S f
Fig. 11. Scenarios of seamount subduction seen in the literature. (a) “Cutting off": The top

(Wang and Bilek ( 20 1 4) ) partofor the entire seamount is sheared off. (b) “Sliding over”: The upper plate frictionally
slides over the seamount without severe internal damage. (¢) “Breaking through™: The
seamount forces its way through by severely damaging its surrounding and itself (modi-
fied from Wang and Bilek (2011)). We consider (a) unlikely and (b) mechanically impos-
sible. Scenario (c) is supported by field observations and sandbox experiments.

KA RALBFBUETLU—MER D F 1A
(Wang and Bilek (2014))
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sTremor eBackground swarm srRepeater in background swarm ¥ The Tohoku-Oki earthquake and its foreshock
eVLF  oAftershock swarm  + Repeater in aftershock swarm ¢ The 2003 M6.8 and 2008 M6.9 Fukushima-Oki earthquakes

denote the epicenters of the Tohoku-Oki earthquake and its largest
foreshock (M,, 7.3). The solid and dashed black contours indicate the
coseismic slip (17) and afterslip (20) distributions of the Tohoku-Oki
earthquake at 10-m and 0.4-m intervals, respectively. The magenta
dashed line indicates the forearc segment boundary (24). (B and

Fig. 3. Slow earthquake activity in the Japan Trench. (A) Epicenters of
the tectonic tremors, VLFs, and earthquake swarms containing repeaters.
Red squares indicate tremors with a duration of 80 s or longer. Yellow
squares denote VLFs. Blue circles represent events of background
swarms containing repeaters (orange stars). Cyan circles are events

of aftershock swarms containing repeaters (green stars). The green
square denotes the June 2017 SSE. Magenta diamonds indicate the 2003
M 6.8 and 2008 M 6.9 Fukushima-Oki earthquakes. Magenta large stars

BREBEICHITHARO—E
(Nishikawa et al.(2019))

swarms containing repeaters during the 1991-2010 and 2014-2018
time periods, respectively.

=EE)

C) Space-time distributions of the tectonic tremors, VLFs, and earthquake

Fig. 4. Schematic views
of the slow earthquake
activity and structural
heterogeneity in the
Japan Trench and
Nankai Trough. Red and
yellow squares denote
tectonic tremors and
VLFs, respectively. Green
stars and blue circles
indicate repeaters and
earthquake swarms,
respectively. The orange
regions are interpreted to
host or potentially host
SSEs accompanied by
tremors, VLFs, repeaters,
and/or earthquake
swarms. The green regions
denote geodetically
detected SSEs. The purple
region is the rupture

area of the 1896 Meiji
Sanriku tsunami
earthquake (22) in the
Japan Trench. The red
regions indicate the
coseismic rupture

area of the 2011 M,, 9.0
Tohoku-Oki earthquake

in the Japan Trench and
locked zones in the Nankai
Trough. The pink regions
indicate the asperities
(33). The brown regions
are subducting seamounts.
The dashed dark gray
lines denote the afterslip
areas of the Tohoku-Oki
earthquake in the Japan
Trench. The white dashed
line indicates the forearc
segment boundary (24) in
the Japan Trench. Note that
the slab geometries are
simplified. The schematic
view of the Nankai Trough
is adapted from (11).
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o{Q . . 0. M:z 55 ! Fig. 1. (top) Hypocentral di\lrihu.linn of the main shock and zlﬂerfhnck& of the 2003 Tokachi-Oki earthquake and Iow—ﬁ:equency} LF) e:uﬂu}uukex. So.li(l
~ D stars labeled LF1 and LF2 indicate the hypocentral location of LF events occurred at 3:37 am and 3:46 am, respectively. Aftershocks for the period
© ,I‘ & © o Fs nn o0 of one month fmm‘ the occurrence of the main shock are relocated by a homogeneous method with the fixed \I:lli(‘m\‘ using stations of NIED Hi-net,
o It ,* it JAMSTEC, Hokkaido University and JMA around the aftershock area. Well determined hypocenters with the horizontal error of less than 2 km and
< A the vertical error less than 4 km are plotted on the bathymetric topography map. Focal mechanisms of the LF events estimated by the moment tensor
™ | inversion analysis are shown in the lower left corner. Solid circles labeled with Refl and Ref2 are the normal aftershocks whose seismograms are
o~ I il s shown in Fig. 3 and Fig. 4 as references compared with the LF events. The solid square symbol is the location of the station N.SAMH where observed

9/26 9/27 9/28 9/29 9/30 10/1 1072 10/3 10/4 10/5 seismograms are plotted in the Fig. 2 and Fig. 3. The triangle symbol labeled with SS indicates the swell produced by a subducted seamount in the

inner trench slope. The dashed line indic

s the axis of the Kuril Trench and the Japan Trench. Along the profile of AB, the cross sectional view of
aftershocks is shown in the right side. Gray bold line is the plate boundary along the AB profile proposed by Earthquake Research Committee
(Bottom) Time sequence of aftershock activity for 2003 Tokachi-Oki earthquake and LF earthquakes. Earthquakes listed in JMA catalog | d in the
rectangle area shown in top panel are plotted with the time duration of ten days. Circles indicate earthquakes, of which the magnitude is greater than
5.5. LF events are indicated by star symbols.
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20 4 ¢ 3 wie. o, Figure 3. Locations of tremor sources determined in this study (red circles). (a) Comparison with locations of very low
\ _ : Yty frequency earthquakes determined by an array signal processing method (blue crosses; Asano et al., 2008) and a cross-
L 100 4 . . L I:I correlation analysis (light green diamonds; Matsuzawa et al., 2015) using land-based stations. Broken lines indicate con-
e e ol 2003 3 tours of the depths to the plate interface at 10-km intervals defined by Kita et al. (2010) and Nakajima and Hasegawa
o R MGI5 M5.5 M4.5 : (2006). (b) Comparison with the epicenters (stars) and slip distributions (contours) of the 1968 Tokachi-Oki (light blue;
3 = 03 2016 2017 2018 303101 °§g3lg‘}w(§y23u°n7gg$$‘°” 12 Yamanaka & Kikuchi, 2004), 1994 Sanriku-Oki (purple; Nagai et al., 2001), and 2003 Tokachi-Oki earthquakes (green;
m ™ m Yamanaka & Kikuchi, 2003). Purple circles denote 7-day aftershocks (M > 3.0) of the 1994 Sanriku-Oki earthquake listed
Fig. 1. Tremor activity in the Japan Trench. (A) Epicenters of the tectonic  The orange shaded polygons indicate the 18 overlapping subregions used in the Japan Meteorological Agency earthquake catalog. Plus signs indicate the stations used in the analysis.
tremors. Dots indicate the epicenters of the tremors, which are colored for our tremor detection. The top of the Pacific Plate is indicated by the
according to their duration (see the color scale). Yellow and red stars black contours at 10-km depth intervals. (B) Space-time distribution of the P Y. == )
areVLFs and M > 4.5 ordinary earthquakes, respectively, with the ordinary tectonic tremors. We used Japanese Standard Time (JST; UTC + 9 hours) .% a}I\( =nr I:IB 1—_1' pUun ' 3:3 H' %) AAQ— i‘li’, E@jm t
earthquake epicenters taken from the Japan Meteorological Agency The vertical lines indicate 1 January 2017 and 1 January 2018. (C to E) Enlarged
(IMA) catalog. Black triangles are S-net observatories. The green square  views of (B). The green shaded region in () denotes the spatiotemporal BEMED T AR T4 DB
denotes the June 2017 SSE that was detected by our GNSS analysis. extent of the June 2017 SSE.
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Figure 5. Comparison of topography, geologic structure, earthquake and tsunami sources, and
geophysical data. (a) Bathymetric contour map, (b) depth contour map at the base of Pliocene sediments AN o—t
(contour interval of 0.2 s in two-way traveltime), (¢) and (d) seismic and tsunami sources defined as the 1952¢®i‘ﬂ‘1' ' H:jli'&'a)j- ) *ﬁtxﬁ 'H_j, Egiﬁm Fﬁ{$
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[2006] and 1.2 m for Yagi [2004]. (¢) magnetic anomaly [Joshima. 2005] (contour interval of 50 nT). and
() gravity anomaly [Joshima, 2005] (contour interval of 10 mGal).
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Figure 4 | Comparison of slip-deficit zones and tsunami source regions.
The blue and red contours indicate, respectively, the slip-deficit and
slip-excess rates at intervals of 3cmyr~'. The green stars and the green

Forward-slip Back-sli 5 T o 5 .
5 40 & 6 & 16 1§ P ellipses indicate the epicentres and the tsunami source regions,
(emyrt) respectively, for the large interplate earthquakes (M,, > 7.5) that occurred
Figure 6. Annual slip distribution on the two plate boundaries. The thick rectangle on the Pacific side is the region of a model fault of the subducting in the past century. The green dotted ellipse indicates the tsunami source

Pacific Plate. Red and blue areas indicate the region of back-slip and forward-slip, respectively. Contour interval is 2 cm yr -1 Vectors represent motion of the

region of the 2003 Tokachi-oki earthquake.

hangingwall relative to the footwall. The length of red bars right of the line in the sea of Japan means collision rates at the plate boundary modelled by the

virtual tensile fault. Stars are epicentres of large (M > 6) earthquakes near the plate boundaries. (a) 1995 April to 1996 March. (b) 1996 April to 1997 March. 1996 ~2000F (B ITAARNEENLSTEEBED

(c) 1997 April to 1998 March. (d) 1998 April to 1999 March. (e) 1999 April to 2000 March. (f) 2000 April to 2001 March. (g) 2001 April to 2002 March.
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6. 2 EMIRIENFEDAFHEMNSICEEY S5 B D  BiERIR R

W7 AR T4 ERFAIR R DALE

TL—rEHE (Mw=7.5) DX G EBRAAE

(Kato and Seno(2003))

(A ERYTIVT (a)

(264 E

EYDHYT) T REERUE

Table 1

Relative depths  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]

a(PS) and o PSS) 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 lor 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). Solid and open circles
stand for « 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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Figure 2. (a) Distributions of hypocenter
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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tribution. The lines are the best-fitting PDFs; we use a normal dis-
tribution for the along-dip position; and exponential, gamma, and
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for the data fits is in Table 1. The color version of this figure is
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Figure 7. Slip distribution estimated by inversion of tide gauge (TG) data. Rupture ve-
locity is 1.0 (left), 1.5 (center) and 2.0 (right) km/sec. Rise time for each subfault is 3 min.

Table 4

Variance Reductions (%) for Three Different Inversions with
Different Rupture Velocities and Rise Times

Satellite Altimeter

" Tide Gauge Data Data TG+ SA Data

r

(kmfsec) Imin 2Zmin 3min Imin 2min 3min | min 2min 3 min

0.5 23.1 20.8 18.8 278 29.5 31.0 22.0 20.1 183

[[1.0 328 334 342 338 364 382 208 310 321 |

1.5 293 295 298 31.1 338 355 268 273 278
2.0 302 299 297 297 323 342 272 273 1274
2.5 284 282 283 284 306 329 250 252 256
3.0 285 284 285 274 207 319 249 252 1256
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(Fujii and Satake (2007) [C—ERiNEE)
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Figure 2 | Slip distribution of the 2010 Maule earthquake. Slip distribution
for the 2010 M,, 8.8 Maule earthquake obtained from the joint inversion of
tsunami and geodetic data, represented by colours according to the scale at
the bottom. White arrows represent the slip direction (rake). Thin black
contours indicate the associated surface vertical displacement
(1-m-interval solid lines for uplift, 20-cm-interval dashed lines for
subsidence). Epicentres and source zones are plotted only for major thrust
earthquakes (compare Fig. 1)
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