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Table 1

Fault models and their parameters of the 17th century great earthquake.
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
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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
5 s). Shown for maximum effective normal stress Gy, = 40 MPa
and seismogenic depth D = 45 km. (b) Horizontal and (c) vertical
seafloor displacement compared with various observations (dashed
line). The color version of this figure is available only in the elec-
tronic edition.
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A schematic diagram for
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Fig. 4. V, graphy and ch istics of the 2011 Tohoku-oki ear . The colors in (A to C) show V, tomography along the UBP obtained by this study. sledti
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 B 38.1°N HF P-wave radiation (HUL eation)
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 144 HF strong ground motions

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. %%
PEEESHESINMEDITRYENHFELOBE R Japan Trench
(Liu and Zhao (2018) [=— &5 /N%E)
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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
02017 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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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.
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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.
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E olddfp O LF's® o6 of one month from the occurrence of the main shock are relocated by a homogeneous method with the fixed stations using stations of NIED Hi-net,
Ewl f ¢ 3 PY P JAMSTEC, Hokkaido University and JMA around the aftershock area. Well determined hypocenters with the horizontal error of less than 2 km and
e < 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
~ I | 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 9/30 101 10/2 10/3 10/4 ' 10/5 seismograms 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 indicates 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 (2003).
(Bottom) Time sequence of aftershock activity for 2003 Tokachi-Oki earthquake and LF earthquakes. Earthquakes listed in JMA catalog located 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. Iy % 2 ~ 55 °
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Fig. 1. Tremor activity in the Japan Trench. (A) Epicenters of the tectonic
tremors. Dots indicate the epicenters of the tremors, which are colored
according to their duration (see the color scale). Yellow and red stars
areVLFs and M > 4.5 ordinary earthquakes, respectively, with the ordinary
earthquake epicenters taken from the Japan Meteorological Agency
(JMA) catalog. Black triangles are S-net observatories. The green square
denotes the June 2017 SSE that was detected by our GNSS analysis.

(Nishikawa et al.(2019))
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The orange shaded polygons indicate the 18 overlapping subregions used
for our tremor detection. The top of the Pacific Plate is indicated by the
black contours at 10-km depth intervals. (B) Space-time distribution of the
tectonic tremors. We used Japanese Standard Time (JST; UTC + 9 hours).
The vertical lines indicate 1 January 2017 and 1 January 2018. (C to E) Enlarged
views of (B). The green shaded region in (E) denotes the spatiotemporal
extent of the June 2017 SSE.
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Figure 3. Locations of tremor sources determined in this study (red circles). (a) Comparison with locations of very low
frequency earthquakes determined by an array signal processing method (blue crosses; Asano et al., 2008) and a cross-
correlation analysis (light green diamonds; Matsuzawa et al., 2015) using land-based stations. Broken lines indicate con-
tours of the depths to the plate interface at 10-km intervals defined by Kita et al. (2010) and Nakajima and Hasegawa
(2006). (b) Comparison with the epicenters (stars) and slip distributions (contours) of the 1968 Tokachi-Oki (light blue;
Yamanaka & Kikuchi, 2004), 1994 Sanriku-Oki (purple; Nagai et al., 2001), and 2003 Tokachi-Oki earthquakes (green;
Yamanaka & Kikuchi, 2003). Purple circles denote 7-day aftershocks (M > 3.0) of the 1994 Sanriku-Oki earthquake listed
in the Japan Meteorological Agency earthquake catalog. Plus signs indicate the stations used in the analysis.
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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—4
(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'&'o)j- ) ﬁtxﬁ 'H_j, Egiﬁm Fﬁ{$
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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 3 cmyr~'. The green stars and the green
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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~'. 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
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Fig. 1. The relative hypocentral depth ¢ versus the seismic fw

coupling coeflicient o obtained for large interplate earth-
quakes at subduction zones (Table 1). Solid and open circles
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Figure 1. Large earthquakes used in this study (lines—plate boundaries from Bird (2003)).
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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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