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Abstract

The 2011 Tohoku megathrust earthquake ruptured a vast region of the northeast Japan Trench
subduction zone in a way that had not been enough anticipated by earthquake and tsunami risk
scenarios.

We analyzed the Tohoku rupture combining high-frequency back-projection analysis with low
frequency kinematic inversion of the co-seismic slip. Results support the to-day well-accepted
broadband characteristics of this earthquake. Most of the seismic moment is released during the first
100 s, with large co-seismic slip (up to 55 m) offshore Miyagi in a compact region on the landward side
of the trench. Coherent high-frequency radiation areas and relatively low co-seismic slip are distinctive
signature of the slab-mantle interface. The broadband characteristics of the Tohoku rupture are
interpreted, integrating the seismic activity and structure information on the NE Japan forearc region,
as signature of along-dip segmentation and segment interactions, that result from thermal structure,
plate geometry, material composition and fracture heterogeneities along the plate boundary interface.
Deep mantle corner flow and low dehydration rates along the cold subduction slab interface lead to an
extended seismogenic slab-mantle interface, with strong bi-material contrast controlling larger
propagation distance in the downdip preferred rupture direction. Off Miyagi, plate bending below the
mantle wedge, ~142.3°E at ~25 km depth, is associated with the eastern limit of the deep M7-8-class
thrust-earthquakes, and of the strongest coherent high-frequency generation areas. The region of the
slab-crust interface between the mantle wedge limit, ~142.7°E at ~20 km depth, and a trenchward
plate bending, ~143.2°E at ~15 km, acted as an effective barrier resisting for many centuries to stress-
loading gradient induced by deep stable sliding and large earthquakes along the slab-mantle interface.
The 2011 Tohoku earthquake, whose hypocenter is located on the east side of the mantle wedge limit,
released the accumulated stress in this region and succeeded to overcome the plate bending, driving
the upper plate boundary interface to slip co-seismically, regardless its frictional property, thanks to a
combination of dynamic effects associated with bi-material rupture directivity and stress changes
induced by reflection from the surface of waves released by the unstable slip. This conceptual
framework provides elements for reappraisal of long-term seismic activity and occurrence of rare and
extreme tsunamigenic megathrust in other subduction zones, like those of North-Central Lesser
Antilles, Central and Northern Chile.
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1. Introduction

The March 11, 2011 Mw 9.0 Tohoku earthquake is an extreme and rare event, the largest in Japan
history, not only by its size but also by the challenges it presents to our understanding of megathrust
rupture and of the seismic cycle in subduction zones. At the Japan Trench subduction zone, with a
relatively long documented history of large earthquakes, no earthquake larger than magnitude 8.5 was
previously known beside the M~8.5, 869 Jogan earthquake (Minoura et al., 2001).

The reports of the Headquarters for Earthquake Research Promotion (Japan) included - based on
historical seismicity and on the concept of segmentation of subduction (Ando 1975a; 1975b) - a
maximum magnitude of 8.2, and issued, in early 2010, a specific probability (99% over 30 years) of an
earthquake of magnitude around 7.8 off Miyagi Prefecture (Geller, 2011; Yomogida et al., 2011).
State-of-the-art seismic, geodetic, and mareographic measurements allowed for rapid convergence in
the description and the extension of the rupture (e.g., Simons et al,, 2011; Ide et al., 2011; Sato et al,,
2011; Ozawa et al, 2011), which is characterized by an extremely compact region of large slip
(between 30 and 60 meters) extending for ~100 km between the hypocenter and the trench, and 150
to 200 km along-strike (Koketsu et al., 2011; Yokota et al., 2011). Looking from closer distance and/or
through high-frequency radiation, rupture complexity appears. By tracking travel-times on local strong
motion records, several authors (Lee et al., 2011; Suzuki et al,, 2011) inferred a rupture made of at
least 3 or 4 sub-events, associated with asperities in the deeper part of the subduction zone (Asano
and Iwata, 2012; Kurahashi and Irikura, 2013). Many studies (Honda et al., 2011; Ishii, 2011; Koper et
al, 2011; Meng et al,, 2011; Simons et al.,, 2011; Wang and Mori, 2011; Yao et al,, 2011; 2012; 2013;
Zhang et al., 2011; Maercklin et al., 2012; Roten et al., 2012; Yagi et al.,, 2012) have evidenced - using
back projection techniques or related approaches - the deep origin of high-frequency radiation,
reinforcing the idea of partitioning between deeper regions of high-frequency radiation and shallower
large slip areas.

The mechanical and dynamic properties controlling the very high moment release within a small size
region, together with the differentiation of the radiation in frequency are still a matter of debate, as
well as a general framework for megathrust rupture complexity in relation to the variability of thermal
structure and geometry of subduction zones (e.g. Lay et al.,, 2012; Yao et al., 2013).

In this paper we analyze the broadband rupture properties of the Tohoku earthquake, in light of
background seismic activity, and of thermal and structural properties of the NE Japan forearc. A
broadband image of the Tohoku rupture process is constructed from combining teleseismic back
projection (0.2-0.5 Hz) and kinematic modeling of coseismic slip (0.002-0.3 Hz) (section 2). A
reassessment of the space-time patterns of the pre-Tohoku seismicity - including seismic repeaters - is
discussed together with a study of the radiation properties of some M > 6.5 events (section 3). We then
interpret those results within a conceptual mechanical framework considering thermal structure, plate
boundary geometry and compositional variations (section 4). We conclude discussing some of the
implications of the proposed framework for the reappraisal of seismic and tsunami hazard in other

subduction zones.



2. Rupture process of the Tohoku earthquake

2.1 Back projection analysis

We study high-frequency radiation from the rupture process through a back projection (BP) technique
(Satriano et al., 2012), using teleseismic P-wave recordings at 217 stations of the Virtual European
Broadband Seismograph Network (van Eck et al., 2004) and 706 broadband stations in North America,
filtered in the 0.2-0.5 Hz and 0.5-4.0 Hz frequency bands (Figs. 1, S1).

Filtered signals are migrated back to the source using P-wave travel times from a 1-D global velocity
model (Kennett et al., 1995). Station corrections, accounting for departures from 1D velocity model,
are computed from multi-channel cross-correlation (VanDecar and Crosson, 1990) on the first-arrival
P waveforms, preliminary aligned using theoretical AK135 travel-times from the JMA hypocenter
(38.1035°N, 142.8610°W, 23.74 km depth, origin time: 2011-03-11T05:46:18.12 UTC). Traces are
stacked using a 4-th root stacking technique (Xu et al., 2009), which enhances phase over amplitude
coherency, improving resolution, but distorting the relative amplitude of energy peaks. The BP method
has no resolution in depth: we will assume here that energy is radiated by rupture propagation on the
coupled interface.

Results are shown in Fig. 1 as time-coded peaks of coherent energy. The four images are consistent in
indicating two main stages of coherent high-frequency generation: (1) a relatively slow downdip
propagation of high-frequency sources, at a speed of about 1.6 km/s, during the first 80 s; (2) a faster,
along-strike expansion, at a speed of about 2.6 km/s. These two stages are reported in all the BP
solutions available in literature. A third stage, around 160 s, is mainly seen in the “Europe 0.2-0.5 Hz”
and “North-America 0.5-0.4 Hz” images, with coherent high-frequency sources moving updip at the
southern end of the rupture, in agreement with other studies (e.g.,, Wang and Mori, 2011; Maercklin et
al,, 2012).

To confirm these observations, we analyzed the signal recorded by selected strong motion stations of
KiK-net in Japan, similarly to Meng et al. (2011). Fig. 2b shows E-W acceleration envelopes aligned to
the theoretical P-wave arrival time. Envelopes are computed from unfiltered acceleration signals, and
then smoothed with a sliding 10 s window; for each trace, amplitude of the different arrivals is
equalized over a sliding 30 s window. S-wave arrivals for selected BP peaks from the “Europe 0.2-0.5
Hz” image (Fig. 2a) are superimposed to the envelopes. Theoretical arrival times and observed phases
are in good correspondence, even for the later sub-events at 123 s and 147 s, proving that they are not
artifacts of the BP analysis. We recall that relative amplitude of BP peaks (circle size in Fig. 2a) is
proportional to the 4-th root stack power and thus more related to the coherency of the stack, than to

the actual energy of each sub-event.

2.2 Kinematic inversion driven by back projection

Inversion of fault slip from seismic observations usually requires selecting a-priori values for rupture
kinematic parameters, such as extension and velocity. Resulting slip images depend on this choice (e.g.,
Lay et al., 2010a), and a robust way of fixing these parameters is essential. Back projection analysis can

provide independent estimates of rupture extension and velocity, since it does not rely on them (Lay et
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al., 2010b). The assumption is that coherent HF radiation is related to slip rate (or acceleration) and
occurs (though not exclusively) near the tip of the propagating rupture (e.g., Spudich and Frazer, 1984;
Vallée and Satriano, 2014).

Using the method by Kikuchi and Kanamori (1991), we explore the fault plane with a circular front
propagating during the first 80 seconds at 1.6 km/s and, later, at 2.6 km/s, in accordance with BP
results. The exploration front sets the earliest possible time at which a point on the fault can slip;
actual rupture time and slip duration are controlled by the point source time duration, which is set to
48 s. Following the slab geometry imaged by Miura et al. (2005) for the subduction off-Miyagi, we
define a two-plane fault model with dip angle of 10° above 27 km of depth and of 23° at larger depths.
Strike angle is set to 203°, in accordance with the GCMT moment tensor solution (Nettles et al., 2011).
The fault model is limited up dip by the trench axis; downdip extension, and south and north limits are
set by the back projection peak locations (Fig. 3c). Search grid is made of cells of 20 x 20 km. See
Supplementary Material for further details on source parameterization. Green’'s functions are
computed for a layered structure (Lay et al, 2011), and seismic moment is converted to fault
displacement using rigidity of 40 GPa for the shallower plane (weighted average of the upper velocity
layers), and of 65 GPa for the deeper plane (value for the mantle wedge).

We model P-wave displacement recorded at teleseismic stations between 30 and 100 degrees from the
epicenter (Fig. 3a) and filtered between 0.002 and 0.3 Hz. Waveform fit is excellent and displayed in
the Supplementary Material, along with a test on the stability of the solution and a-posteriori
comparisons between predicted and observed regional GPS displacement. From the analyses made in
Supplementary Material, we infer that our kinematic slip model is robust and consistent for the main
slip patch, but it possibly has too large slip for the southernmost patch. The latter is nonetheless a
stable feature of the kinematic inversion, and it is required to correctly fit horizontal GPS direction and
vertical displacement.

Estimated total moment is 5.0x1022 Nm, corresponding to Mw 9.1, which is a slight overestimate with
respect to very long-period constraints, like the W-phase moment estimate of 4.26 x1022 Nm (Duputel
et al, 2011), corresponding to Mw 9.0. However, given the band-limited nature of body waves, we
consider this result acceptable. The moment rate function (Fig. 3b) shows a weak initiation of the
rupture (first 40 s); the main peak of moment release happens around 70 s and corresponds to the
updip rupture propagation (Fig. 3c); moment release after 100 s is associated with along-strike
rupture propagation. Fig. 3c shows the final slip distribution; more than 70% of the slip is
concentrated between the epicenter and the trench axis, with maximum slip of about 55 m. This is
consistent with the slip images obtained by modeling tsunami and geodetic data (Ito et al., 2011;
Maeda et al,, 2011; Fujii et al., 2011; Koketsu et al,, 2011; Saito et al., 2011; Yokota et al., 2011; Romano
et al,, 2012; Sato et al,, 2013) and by other kinematic slip inversions from teleseismic and/or regional
strong motion and cGPS recordings (Ammon et al.,, 2011; Lay et al, 2011; Lee et al,, 2011; Shao et al,,
2011; Suzuki etal,, 2011; Yoshida et al,, 2011; Yagi and Fukahata, 2011; Yue and Lay, 2011).

In Fig. 3c, we compare the slip distribution with location of back projection peaks from European

stations in the 0.2-0.5 Hz frequency band. High-frequency coherent radiation and large slip are
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partitioned along dip, being located in the deeper part of the subduction and close to the trench,

respectively. A similar repartition can be seen for all the BP images in Fig. 1.
3. The instrumental pre-Tohoku seismicity at Northeast Japan subduction zone

3.1 Historical earthquakes and Mw 7.2 Tohoku foreshock

Large interplate thrust-earthquakes (M > 6.4) are observed since 1931 along the subduction interface
in the northeastern Japan forearc (Fig. 4a). Within the extent of the source resolution, a first set of
ruptures (Fukushima-Oki sequence: M7.3, 1938; M7.0, 1938; Miyagi-Oki: M7.4, 1936; M7.1, 1937; M7.4
1978; M7.0, 2005) took place along the slab-mantle interface, some being interpreted as rupturing of
persistent large-scale asperities that exist over multiple seismic cycles (e.g., Nagai et al, 2001;
Yamanaka and Kikuchi, 2004). The other set occurred along the downdip part of the slab-crust
interface (M7.0, 1981 Miyagi-Oki; M6.8, 2003 Fukushima; M7.5, 1938 Fukushima-Oki; and the Ibaraki
events: M7.0, 1982; M6.4, 2008; M7.0, 2008).

We compare the radiation properties of the M9.0 mainshock and of the March 9 M7.3 largest foreshock
with those of the 2003 M6.8 Fukushima and the 2005 M7.0 Miyagi-Oki earthquakes. The 2005 event is
the latest of the Miyagi-Oki sequence at the slab-mantle interface. Its two asperities coincide or are in
the vicinity of the two southern asperities of the 1978 M7.4 earthquake (e.g., Suzuki and Iwata, 2007;
Wu et al,, 2008), and are close to the 2011 high-frequency radiation generation areas identified by
Kurahashi and Irikura (2013) and in this study. The 2003 Fukushima earthquake (Yamanaka and
Kikuchi, 2004), along the downdip part of the slab-crust interface, is close to the epicenters of the
Tohoku mainshock and of the largest foreshock.

For each earthquake, we analyze the regional velocity ground motions in the 0.2-0.5 Hz frequency
band, at four K-NET stations (stations location in Fig. 2). Comparison of velocity amplitudes (Fig. 5)
suggests about 5-to-10 times higher frequency generation for the 2011 Tohoku mainshock - for both
the first and the second large wave packets - than during the 2005 event. On the other hand,
comparable amplitude is observed between the 2003 M6.8 event and the 2011 M7.3 foreshock,
suggesting HF depletion for the latter event. Both earthquakes generate relatively less high-frequency
radiation than the 2005 M7.0 event, supporting the observation - from back projection - of relatively
small HF generation along the slab-crust interface during the mainshock in hypocenter area. We also
confirm a weak initial rupture start for the March 11, 2011 Tohoku mainshock - corresponding to an
Mw 6.0 event (Chu et al,, 2011), with fast slip and rupture velocity (Uchide, 2013) -, but not for the
March 9, 2011 foreshock, nor for the 2003 and 2005 events (Fig. S8)

3.2 M3.5+ seismicity and Repeaters

We compile the M3.5+ background seismicity (Fig. 4b) from the catalogs of Tohoku University (January
1980 to September 1997) and JMA (October 1997 to March 7, 2011). The completeness magnitude is
estimated to M3.5 in the landward area, and to M3.5-4.0 in the trenchward area (e.g., Hirose et al,,
2002; Suzuki et al., 2011). We also reanalyze the catalog of repeating earthquake clusters from Uchida

et al. (2009), to discriminate “persistent” clusters - spanning at least 20 years - (colored according to
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their average recurrence time in Fig. 4b and S9b) from short-lived clusters, related to short-term
transients (empty circles in Fig. S9b). Further details on the selection procedure are provided in
Supplementary Material. Repeating earthquake clusters are thought to occur at small asperities on the
fault zone that catch up with aseismic fault slip on the surrounding surface (Nadeau and McEvilly,
1999; Uchida and Matsuzawa, 2013).

Off Miyagi, between ~37.5°N and ~39.3°N, most of the persistent repeaters are located along the deep
portion of the seismogenic slab-mantle boundary interface, and exhibit rather small recurrence times
(up to 6-7 years), suggesting localized rapid creep loading around the M > 6.4 thrust asperities
(Fig. 4a). In the same latitude range, most of the landward M3.5+ background seismicity is confined
between the updip limit of stable repeaters and the mantle wedge limit, while most of the trenchward
M3.5+ seismicity occurs between the mantle wedge limit and ~50 km from the trench. Close to the
trench, depletion of background seismicity and absence of stable repeaters suggest a strengthening
behaviour of the interplate.

South of 37.5°N, a trenchward extended region of dense persistent repeaters could be the signature of
larger creeping areas along the slab-crust interface. At the south-end of the rupture zone, offshore
Ibaraki, active M3.5+ seismicity in the shallower subduction might be related to the NE limit of the

Philippine Sea plate, as it is further discussed in section 4.3.

4. A conceptual model for the HF and LF sources of the Tohoku 2011 earthquake

The dynamics and spatial extent of the 2011 Tohoku megathrust earthquake evidenced in this study
are discussed here in the light of the pre-Tohoku seismicity, examined in the previous section, and of
the state-of-knowledge provided by the many published studies on the thermal, petrophysical, and

seismic structure of the northeast Japan subduction zone.

4.1 Structural and rheological along-dip segmentation offshore Miyagi

Offshore Miyagi - in the latitude range between ~37°N and 39°N - along-dip propagation of the
Tohoku earthquake rupture is characterized by an updip region depleted in high-frequency and
accommodating the largest co-seismic slip within a rather compact area, while the largest coherent HF
sources remain confined downdip. In this latitude range, the subduction interface presents a number
of prominent features, summarized in Fig. 6. From updip to downdip: the Trench, the backstop (B), a
shallow plate bending (B1), the updip limit of the stagnant mantle wedge (W1), a deeper plate bending
(B2), and the updip limit of the flowing mantle wedge (W2).

Large-scale seismic tomography, refraction and reflection studies (e.g., Ito et al,, 2005; Huang et al,,
2011; Zhao et al,, 2011; Wang et al,, 2012; Nakajima et al., 2013) reveal a transition between an updip
high-Vp, low Vp/Vs, low-attenuation, stagnant mantle and a downdip low-Vp, high Vp/Vs, high-
attenuation flowing mantle, with a boundary that meets the plate interface at 60-80 km of depth (W2),
in agreement with numerical studies (e.g., Abers et al., 2006; Wada et al., 2008; Wada and Wang, 2009)
aimed at explaining the surface heat flow in the NE Japan arc (Tanaka et al., 2004).

Receiver function images of the slab-mantle interface (Kawakatsu and Watada, 2007), between W1 and

W2, show strong negative contrast between hydrous low-velocity oceanic crust material and
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anhydrous high-velocity stagnant-mantle wedge material down to 60-80 km (W2) as a result of low
slab dehydration and serpentinization rates (Reynard, 2013).

At smaller scales, seismic imaging studies (e.g., Yamamoto et al., 2011; Huang et al,, 2011; Zhao et al,,
2011; Wang et al,, 2012) evidence spatial correlation between regions of high-Vp (low Vp/Vs) within
the stagnant mantle wedge, and asperities of the large M7-8-class interplate deep earthquakes. Despite
possible confusion between mixed mantle material properties and serpentinites (Reynard, 2013),
regions of low-Vp (high Vp/Vs) within the stagnant mantle are interpreted in terms of higher degree
and rates of serpentinization, possibly enhanced by fluid-saturated pore-and-fracture heterogeneities
in the uppermost oceanic crust (Matsubara and Obara, 2011). This can lead to small-scale thin layers
of serpentinite along the plate interface that can sustain creep deformation over long time-scales
(Hilairet et al., 2007), and induce strong spatial variations of the interface coupling.

At the slab-mantle contact, a deep plate bending (B2) is evidenced by onshore-offshore wide-angle
refraction and reflection experiments (Ito and al., 2005; Miura et al., 2005), around 142.3°E and ~25
km depth. In that vicinity (~141.5°-142.0°E) a trench-parallel short-scale low-Vp (low Vp/Vs) anomaly
in the uppermost oceanic crust was identified (Matsubara and Obara, 2011), possibly linked to fluid-
saturated pore-and-fracture heterogeneities (e.g., Takei, 2002).

The mantle-wedge limit (W1), at ~142.7°E and ~20 km depth, is associated with a smooth plate
bending variation (Miura et al., 2005) and a low-Vp (low Vp/Vs) anomaly in the uppermost oceanic
crust, interpreted as a fluid-saturated pore-and-fracture heterogeneity (Kennett et al., 2011;
Matsubara and Obara, 2011). That limit is characterized by drastic change in material contrast along
the interface — from stiff (slab-mantle) to weaker (slab-crust).

Updip from the mantle wedge limit (W1), a shallow plate bending (B1) is reported at ~143.2°E and
~15 km depth, where the dip of the plate boundary interface decreases from ~15° to ~5° (Ito et al,,
2005). Beneath the accretion prism (B), the plate boundary interface may consist of thin and weak -

low strength and shear stress - hydrated, clay-rich material layers (Chester et al., 2013).

4.2 Along-dip variations of seismogenic potential and friction

The reported M3.5+ seismic activity, including repeaters and large historical M7- and M8-class
interplate earthquakes, provides further insight on the mechanical properties of the different along-
dip segments of the subduction zone, and on their potential interactions (Fig. 6):

(1) The observed downdip limit of the seismicity at ~50-60 km (e.g., Igarashi et al., 2001) is consistent
with the upper limit of the mantle corner flow (W2). Below, the creeping plate interface is associated
with large-scale serpentinization, as evidenced from tomography and receiver function studies. This
creeping section induces a gradient of loading along the plate boundary interface that decreases
toward the trench.

(2) M3.5+ seismicity, fast persistent repeaters and large M7-8-class interplate earthquakes are
confined along the slab-mantle interface (W2-B2). This seismicity is associated with high loading rates

from the downdip creeping section below W2, and could be the signature of a patchwork of creeping



and locked frictional zones resulting from heterogeneities of composition within the stagnant mantle
wedge, and dehydration and serpentinization rates at the upper boundary of the oceanic slab.

(3) Spatially heterogeneous, high-rate M3.5+ seismicity and lack of persistent repeaters along the slab-
mantle interface between B2 and W1 suggest higher frictional strength and a more dominantly locked
interface. The plate bending B2 is possibly associated with the upper limit of the rupture area of the
M?7-8-class interplate earthquakes occurring along the deeper segment W2-B2. This may result from:
the geometrical barrier created by the bending at B2 with a larger strength-excess expected along the
lower-dip segment beyond B2; the high bi-material contrast between the stiff mantle and the oceanic
crust which favors rupture in the direction of the slip of the most compliant side, i.e., downdip (e.g.,
Ampuero and Ben-Zion, 2008). Downdip dynamic rupture propagation is indeed reported for most of
the deep historical events (Nagai et al., 2001; Yamanaka and Kikuchi, 2003; 2004; EIC Seismological
Note, 2007; Mochizuki et al., 2008). Repeated rupture arrest of large interplate earthquakes at the
plate bending B2 may induce stress perturbation along the segment B2-W1 enhancing seismic activity
and stress concentration at the mantle wedge limit.

(4) Seismic activity, including shallower M7-class interplate earthquakes but no persistent repeaters,
along the slab-crust interface between W1 and B1, suggests a strongly coupled frictional weakening
interface. Large interplate earthquakes remain confined within this segment as the result of: the
geometrical barrier created by the ~10° plate bending B1 and the expected larger frictional strength-
excess along the lower-dip segment beyond B1; the drastic change in material contrast along the plate
interface at the mantle wedge limit W1.

(5) Depleted seismicity, slow short-lived repeaters, and evidence of transient creep events suggest a
trenchward transition from frictional weakening to strengthening along the shallow slab-crust
interface between B1 and B. The February-March 2011 swarm-like precursory sequence, driven by
transient slow slip, before the March 9 largest foreshock, occurred near the bending point B1 (e.g,
Ando and Imanishi, 2011; Kato et al., 2012; Suzuki et al, 2012; Marsan and Enescu, 2012). This
suggests the existence of stress and/or frictional heterogeneities in the vicinity of the plate bending B2
and possibly a marginally stable slab-crust frictional interface.

(6) Almost no seismicity is observed from the backstop to the trench (segment B-T), supporting
frictional strengthening interface with increasing competing rate-strengthening (viscous) friction

effects along the contact between the sedimentary wedge and the subducting oceanic crust.

4.3 Mechanical scenario of the Tohoku earthquake

During the many-centuries megathrust seismic cycle, non-stationary stress heterogeneity evolution
and concentration at the mantle wedge limit, offshore Miyagi, may have been enhanced by: (1) the
M3.5+ seismic activity in the segment B2-W1 linked to the combined effect of creep and large M7-8-
class interplate earthquakes downdip from B2; (2) the shallower M7-class interplate earthquakes, and
M3.5+ seismic activity, along the slab-crust interface between W1 and B1 (Fig. 6). This favored the

nucleation of the 2011 Tohoku earthquake at the eastern side of the mantle wedge limit W1, as also



proposed by Sato et al. (2013). Both downdip and updip dynamic rupture propagation was equally
favored due to the inversion of the interface material contrast at W1.

Near and beyond the plate bending B2, strong high frequency generation areas and relatively small co-
seismic slip during the rupture propagation, can be associated with the lower stress level and the
reported structural and rheological heterogeneities along the slab-mantle interface, prone to perturb
the dynamic rupture.

In contrast, eastward of W1, weak high-frequency radiation and very large co-seismic slip beyond the
upper plate bending are main characteristics of the trenchward rupture propagation. The rupture
overcomes the plate-bending barrier as a result of: (1) release of the large accumulated stresses in the
segment W1-B1; (2) enhanced bi-material propagation directivity; (3) large dynamic stresses
developed by the B1-B2 growing rupture. Beyond B1, transition from frictional weakening to
strengthening may have hampered high-frequency generation. It is worth noting here that, after the
Tohoku earthquake, the seismic activity changes drastically in the slab-crust segment with increasing
off-plane normal-fault activity and almost no interplate aftershocks (Suzuki et al., 2012) suggesting a
complete stress overshoot and bulk energy dissipation in the hanging wall.

However, further considerations are required to explain the very large co-seismic slip in the slab-crust
segment and why it did not result into a proportionally large HF radiation.

From the kinematic point of view, this imposes a constant, scale-independent rise-time of 10 s or more,
filtering out HFs, thus at odds with the standard kinematic w-square source models based on scale-
dependent rise-time (e.g., Ruiz et al., 2011). From the dynamic point of view, this would suggest large
effective critical slip distance Dc (5 m or more) along the frictional weakening interface, which may
result from a combination of effects, such as wider dissipative plate boundary interface, or inelastic
deformation in the hanging wall.

Towards the trench, beyond the plate bending B1, slip-time might increase as a result of increasing
frictional rate-strengthening dissipation associated with mobilization of effective lubrication
processes, reduction of effective normal stress toward the trench (Dmowska and Kostrov, 1973),
dynamic stress changes associated with wave reflections from the surface (Kozdon and Dunham,
2003), and persistence of slow transient creep waves behind the rupture front (Clévédé et al., 2012).
Other models (e.g., Shibazaki et al., 2011) invoke possible frictional transition, at sufficiently high slip
velocity, from velocity strengthening to velocity weakening, or high-velocity thermal pressurization
effects (Mitsui et al., 2012; Noda and Lapusta, 2013), which however may likely involve high-frequency
generation.

Although our model bares some similarity with the generic framework proposed by Lay et al. (2012)
and Yao et al. (2013) for depth-dependent frictional properties of megathrust faults, it stresses out the
complex interplay between along-dip variations of plate geometry and segment interactions,
heterogeneities of frictional properties, interactions between seismic and a-seismic deformation,

along-dip strong bi-material contrast variations, and dynamic effects.
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4.4 Southern and northern limits of the Tohoku rupture

The trench-parallel extent of the Tohoku co-seismic slip zone retrieved from this study (Fig. 3) is in
good agreement with the results of Kato and Igarashi (2012), including significant downdip slip
between ~36°N and ~37°N.

The northern limit of the rupture (~39°N) is associated with a low seismicity (Ye et al., 2012) and low-
V anomaly region (Zhao et al., 2011) off-Sanriku. In this region, slow and ultra-slow thrust earthquakes
were observed, related to fluids at the slab boundary (Kawasaki et al,, 2001; Fujie et al., 2002). The
northern M7.4 aftershock of March 11, 2011 (Fig. 3c) is located at the boundary between this low-V
zone and a northern high-V zone with reported large historical earthquakes (see Fig. 4). These
observations support our northern extension limit of the 2011 rupture.

To its far south, the rupture is bordered by updip coherent HF sources, in good correlation with the
rupture asperities of the 1982 (M7.0) and 2008 (M7.0) Ibaraki interplate earthquakes, and a zone of
high seismicity and persistent repeaters. The southern M7.7 aftershock of March 11 (Fig. 3c) is located
at the northern edge of the off-Ibaraki low-V zone (Zhao et al., 2011), and at the eastern boundary of
an oceanic low-V anomaly (Matsubara and Obara, 2011). That part of the plate boundary may have
been arresting the rupture before the NE limit of the Philippine Sea plate, located ~50 km further
south. This last zone defines a small southernmost segment weakly if not at all activated by the 2011

Tohoku earthquake.

5. Conclusions

We studied the 2011 Tohoku megathrust rupture combining back-projection imaging of coherent high-
frequency radiation sources with low-frequency kinematic inversion of coseismic slip. We interpret the
broadband characteristics of this rupture as the signature of along-dip segmentation and segment
interactions, resulting from thermal and petrophysical structure, plate geometry and mechanical
variations along the plate boundary interface.

The Tohoku earthquake nucleated at the east side of the stagnant mantle-wedge upper limit. Downdip,
the rupture propagated along the stiff slab-mantle interface, with moderate coseismic slip and
coherent high-frequency radiation. The slab-mantle interface features a shallower segment of high
M3.5+ seismicity rate - between the mantle wedge limit and a deep plate bending -, and a deeper
segment of M7-8 class earthquakes and persistent repeaters, with strong coupling heterogeneities
resulting from variations of mantle composition and interface serpentinization. Updip, the rupture
propagated along the slab-crust interface, with very large coseismic slip toward the trench and no
detectable high-frequency sources. The slab-crust interface is characterized by a seismogenic segment
- between the mantle wedge limit and a shallow plate bending -, with M7-class ruptures and moderate
M3.5+ earthquakes, and by segments of decreasing seismic activity toward the trench. The updip
rupture overcame the plate-bending barrier as a result of finite rupture size and bi-material effects.
Unstable deep slip succeeded in driving the upper frictional strengthening portion of the plate
boundary interface to slip co-seismically as a result of dynamic wave interaction effects and reduction

of normal stress toward the trench. High-frequency radiation may have been hampered by long-rise
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time and hanging wall dissipation. Slip may have been enhanced by transient creep waves behind the
rupture front.

In cold and fast subduction zones, like NE Japan, deep stable sliding, inducing a gradient of tectonic
loading along the plate boundary interface, may lower the probability of nucleation of shallow
tsunamigenic events (M7.5-8.5). Tsunami hazard must however be reevaluated in light of the ability of
unstable deep slip to drive the shallower plate interface to slip co-seismically.

The Tohoku earthquake provides elements for future reappraisal of long-term seismic activity and
occurrence of rare tsunamigenic megathrust events in other subduction zones. A first example is
North-Central Lesser Antilles (Laigle et al., 2013), where the subducting cold slab is associated with
low rates of slab dehydration and mantle serpentinization, deep mantle corner flow, inducing an
extended seismogenic slab-mantle interface and similar along-dip plate boundary segmentation. A
second example is Central Chile (Comte et al., 1986; Beck et al., 1998) and Northern Chile (Peyrat et al.,
2010; Fuenzalida et al., 2013) where recent sequences of M7-8-class interplate earthquakes suggest
along-dip segment interactions. Other examples are the cold-slab subduction along the Alaska-Aleutian
zone, where along-dip segment interactions bear some similarities with Tohoku (Yomogida et al,,
2011; Wada and Wang, 2009), and The Sumatra-Andaman subduction zone, which features along-
strike segments with strong variations of slab-age and dehydration rates (Moeremans et al., 2014)

suggesting trench-parallel variations of the along-dip segmentation.
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Figure 1. Back projection (BP) imaging of the Tohoku earthquake. (a) Map of the stations from Europe
and North America used for the analysis. (b-e) High-frequency coherent sources from the European
stations (b, c), and the North-American stations (d, e), for two frequency bands (0.2-0.5 Hz and 0.5-4.0
Hz). Circles represent peaks of radiated energy coherently focused at the receiver array; their size is
proportional to the power of the 4-th root BP stack used for the analysis. Peaks are colored by time in
seconds from the earthquake origin. Solid lines are plate boundaries. Trench-parallel dashed line is the
upper limit of the mantle wedge derived from the Japan Integrated Velocity Structure Model (Koketsu
et al, 2008). The other dashed line is the NE limit of the Philippine Sea plate, as from Uchida et al.
(2009). The star is the mainshock epicentral location from JMA.
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Figure 2. Comparison of the rupture process as seen from the European stations and by selected
strong motion stations of KiK-net in Japan. (a) Circles: selected back projection peaks from European
stations analysis in the band 0.2-0.5 Hz. As in Fig. 1, circle size is proportional to the power of the 4-th
root stack used in the BP analysis. Triangles: selected strong-motion borehole stations from KiK-net.
Red triangles, with labels, are K-NET stations used for the analysis of regional ground motion, shown in
Figs. S7 and S8. Tectonic lines as in Fig. 1. (b) Smoothed E-W acceleration envelopes at the selected
KiK-net stations, represented as a function of latitude and aligned to the theoretical P-wave arrival
time from the JMA hypocenter. Original acceleration signals are unfiltered; envelopes are smoothed
with a sliding 10 s window. For each trace, the amplitude of the different arrivals is equalized using
automatic gain control (AGC) over a sliding 30 s window. Traces are then scaled to their maximum
amplitude. Vertical bars indicate theoretical S-wave arrivals from the selected peaks and are colored
according to the peak time. Theoretical P- and S-wave arrival times are calculated from the JMA 1D
velocity model (Ueno et al., 2002).
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Figure 3. Kinematic slip inversion of the Tohoku earthquake. (a) Station distribution and focal sphere
coverage. (b) Moment rate function, estimated total moment and corresponding moment magnitude.
(c) Slip distribution and back projection peaks for the European stations in the frequency band 0.2 -
0.5 Hz. White and black open circles are, respectively, the locations of the foreshocks and aftershocks in
the period from March 9, 2011 to March 21, 2011 from the JMA catalog. The largest foreshock of March
9 and the two large aftershocks of March 11 are indicated by stars. The blue line is the outer edge of
the large-slip zone as determined by Kato and Igarashi (2012) from the analysis of the aftershock
density distribution. Tectonic lines as in Fig. 1.
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Figure 4. Instrumental pre-Tohoku seismicity at NE Japan. (a) Epicenters (stars) and rupture areas of
1931-2008 M6.4+ interplate earthquakes from the extent of their kinematic slip distribution (north of
37.5° from EIC Seismological Notes, 2007; Nagai et al., 2001; Yamanaka and Kikuchi, 2003; 2004;
Fukushima-oki ruptures redrawn from linuma et al., 2011, after Murotani, 2003; the two Ibaraki 2008
ruptures from NGY Seismological Notes, 2008; Ibaraki 1982 from Mochizuki et al., 2008). M7.1, 1937
Miyagi-oki earthquake is shown with dashed lines, since it is still debated whether it is an intraplate or
an interplate earthquake (Kanamori et al., 2006; Umino et al,, 2006) (b) Epicentral distribution of
M3.5+ earthquakes from the Tohoku University and JMA catalogs (black dots) and cluster locations of
“persistent” repeating earthquakes (colored circles, see the text for the definition). Each circle
represents the centroid location of a cluster; the circle size is proportional to the average magnitude;
average recurrence time within each cluster is color-coded. Yellow region: largest slip area of the 2011
Tohoku earthquake (this study, see Fig. 3). Red star: epicenter of the 2011 Tohoku earthquake. Tectonic

lines as in Fig. 1.
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Figure 5. Velocity waveforms at K-NET stations MYG008, MYG010, IWT008 and FKS001 (see Fig. 3 for
station location), obtained from time-integration of recorded acceleration. Shown are traces
corresponding to the 2011 Mw 9.0 mainshock (blue), the 2011 Mw 7.2 foreshock (red), the 2005 Mw
7.0 Miyagi-oki earthquake (green), and the 2003 Mw 6.8 Fukushima earthquake (purple). Traces are

filtered between 0.2 and 0.5 Hz. Note that vertical scale (in cm/s) is different from trace to trace.
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