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Upper-plate controls on co-seismic slip in the
2011 magnitude 9.0 Tohoku-oki earthquake

Dan Bassett!, David T. Sandwell!, Yuri Fialko' & Anthony B. Watts?

The March 2011 Tohoku-oki earthquake was only the second
giant (moment magnitude M,, > 9.0) earthquake to occur in the
last 50 years and is the most recent to be recorded using modern
geophysical techniques. Available data place high-resolution
constraints on the kinematics of earthquake rupture!, which have
challenged prior knowledge about how much a fault can slip ina
single earthquake and the seismic potential of a partially coupled
megathrust interface?. But it is not clear what physical or structural
characteristics controlled either the rupture extent or the amplitude
of slip in this earthquake. Here we use residual topography and
gravity anomalies to constrain the geological structure of the
overthrusting (upper) plate offshore northeast Japan. These data
reveal an abrupt southwest-northeast-striking boundary in upper-
plate structure, across which gravity modelling indicates a south-
to-north increase in the density of rocks overlying the megathrust of
150-200 kilograms per cubic metre. We suggest that this boundary
represents the offshore continuation of the Median Tectonic
Line, which onshore juxtaposes geological terranes composed
of granite batholiths (in the north) and accretionary complexes
(in the south). The megathrust north of the Median Tectonic
Line is interseismically locked?, has a history of large earthquakes
(18 with M,, > 7 since 1896) and produced peak slip exceeding
40 metres in the Tohoku-oki earthquake!. In contrast, the
megathrust south of this boundary has higher rates of interseismic
creep?, has not generated an earthquake with My > 7 (local
magnitude estimated by the Japan Meteorological Agency) since
1923, and experienced relatively minor (if any) co-seismic slip in
2011'. We propose that the structure and frictional properties of the
overthrusting plate control megathrust coupling and seismogenic
behaviour in northeast Japan.

The seismic moment of megathrust earthquakes is proportional to
the product of rupture area, the average amount of slip, and the effective
shear modulus®*. Most variability is usually attributed to rupture area
and so research has focused on the structural and geometrical barri-
ers that segment plate boundaries and limit the dimensions, and thus
magnitude, of earthquakes. Previous studies have shown the roughness
of subducting plates to be one of the first-order controls on rupture
dimensions®~’; but the amplitude of slip is proportional to the rupture
area and the stress drop®, and may be harder to predict. In particular,
of the five earthquakes since 1900 that had M,, > 9, the March 2011
Tohoku-oki earthquake had the smallest rupture area by 50% (that is, its
rupture area was 0.5 that of the next-smallest earthquake in Kamchatka
in 1952), but had the largest maximum displacements by 75% (that is,
its maximum slip was 1.75 times that of the next-largest earthquake in
Chile in 1960) (ref. 1 and Extended Data Fig. 1).

Geodetic observations show that most of the elastic strain energy
released in megathrust earthquakes is accumulated in the overthrust-
ing plate? so mapping along-strike variations in upper-plate structure
is critical to understanding fault loading. But identifying upper-plate
structural variations from the topography and gravity fields is difficult
because the relatively small-amplitude, short-wavelength structure is

masked by the large-amplitude, trench-normal topography and gravity
gradients associated with subduction zones. Here the application of
spectral averaging routines designed to isolate and remove these gra-
dients”!? provides observations that reveal how the crustal structure
of the northeast Japan forearc influenced the rupture pattern of the
Tohoku-oki earthquake.

Residual topography and gravity anomalies were calculated by
regionally subtracting a spectral average of the trench-normal topo-
graphy and gravity anomalies, and are shown in Fig. 1 (see Methods
and Extended Data Fig. 2 for grid processing). The Pacific oceanic
plate is subducting beneath Honshu at 80-85 mm yr~! and the sub-
marine volcanoes of Erimo and the Joban seamounts are observed
as positive residual topographic anomalies with amplitude >2km
both seaward and landward of the trench axis. The absence of similar
anomalies along-strike suggests that the northeast Japan megathrust
is relatively smooth. Across the forearc, our analysis reveals an abrupt
and approximately linear transition in structure striking southwest—
northeast (red dashed line in Fig. 1). Residual topography and gravity
anomalies regionally increase from south to north across this boundary
by ~0.8 km and ~60 mGal respectively (Fig. 1d). A second across-
forearc transition of similar bathymetric character is located southeast
of Hokkaido. The smooth and homogeneous nature of the subducting
Pacific plate seaward of the trench axis strongly suggests that both
transitions are related to the structure of the overthrusting plate.

Extension of the southern Japan forearc boundary to the trench axis
makes it unlikely that variations in forearc Moho depth contribute to
the along-strike contrast in gravity anomalies. We thus attribute resid-
ual gravity anomalies to trench-slope topography and lateral variations
in the density of rocks comprising the overthrusting plate. The density
contrasts associated with these variations are estimated by discretiz-
ing the forearc into 10km x 10 km vertical prisms extending between
the sea floor and the seismically constrained base of the forearc crust
(Extended Data Figs 3-7), with a single density anomaly calculated for
each prism (see Methods). The contrast in residual gravity anomalies
can be explained by a south-to-north increase in the mean density of
forearc rocks by ~150-200kgm~ (Fig. Lc, d). The inverse propor-
tionality between density contrasts and crustal thickness makes this
a minimum estimate and the reduction in crustal thickness near the
trench axis increases the magnitude of density contrasts (Fig. 1c). This
analysis shows that the sharp change in trench-slope morphology
is coincident with a transition in the density of the materials that
comprise the southern Japan forearc crust.

The onshore geology"! of Japan provides a physical interpretation of
this transition (Fig. 2). The Median Tectonic Line (MTL) is the most
prominent structural boundary and clearly separates two contrasting
geological terrains. On the continent (north) side, a ~20-km-thick
granitic upper-crust reflects intrusion of arc melt since the Cambrian
Period®. In contrast, on the ocean (south) side, the forearc crust is
entirely composed of variably metamorphosed Late Mesozoic to
Cenozoic accretionary complexes®. A variety of tectonic models have
been proposed to explain the unnatural juxtaposition of these terrains’,
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Figure 1 | Forearc anomalies in the northeast Japan subduction

zone. a, Residual topography. Dashed red and grey lines mark the forearc
segment boundary and the trench-axis respectively. Triangles show arc
volcanoes. Hk, Hokkaido; E, Erimo seamount; T, Tokyo; K, Kashima.

b, Residual gravity anomalies. The black dashed line marks the intersection
of the subducting slab with the forearc Moho. ¢, Mean forearc density

but magnetotelluric'? and active source seismic'*!* data show a shallow
(35°-45°) north-dipping fault geometry that is most consistent
with a thrust faulting origin either along a low-angle mid-crustal
detachment?® or the Cretaceous subduction megathrust'*. These data
further demonstrate that the fundamental contrast in upper-plate struc-
ture expressed in surface geology across the MTL persists to depths of
at least 20km (ref. 13).

We propose that the MTL extends offshore Kashima, connecting to
the step in residual gravity and bathymetry. The implication is that the
abrupt change in forearc structure represents the lithological juxtapo-
sition of granitic batholiths to the north and accretionary complexes to
the south. This suggestion is consistent with the offshore extent of pos-
itive aeromagnetic anomalies, which have been modelled as batholiths
10-15km thick". The trend of aeromagnetic anomalies (red dashed
line in Fig. 2) correlates the largest-amplitude residual gravity anomaly

Distance (km)
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anomalies. Contours (5-km increment) show forearc crustal thickness.

d, Profiles (grey lines) perpendicularly traversing the forearc segment
boundary showing the south-to-north increases in topography (~0.8 km),
residual gravity anomaly (~60 mGal) and mean forearc density anomalies
(~150-200kg m~3). The mean for each ensemble of profiles is plotted

in black.

(labelled KB) with the Early Cretaceous Kitakami batholith, which is
exposed onshore in the Kitakami mountains (KM) (Fig. 2). The pres-
ence of low-to-mid-pressure metamorphic rocks within the southern
region of the Abukuma highland (AH) is consistent with the MTL
geometry inferred offshore.

The most interesting and important aspect of this forearc transition
is that it is highly correlated with the seismogenic behaviour of the
megathrust, as shown in Fig. 3. First, the forearc segment boundary
is associated with a sharp north-to-south reduction in the number of
intermediate-magnitude earthquakes (Fig. 3a). Second, historical rup-
ture areas of large (M;,; > 7.0) megathrust earthquakes between 1896
and March 2011 (Supplementary Table 2) are similarly focused north
of the proposed extension of the MTL (Fig. 3b); and the megathrust
to the south, where the forearc is characterized by negative bathyme-
tric and gravimetric anomalies, has not generated an earthquake with
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Figure 2 | Simplified geology'' and major tectonic boundaries® of
Japan. Volcanic and plutonic rocks (Cambrian to middle Miocene) are
shown in black. Accretionary complexes (Jurassic to middle Miocene)

are shown in grey Metamorphic rocks (Cretaceous to middle Miocene) are
shown in red and green. Main faults are shown in brown. MTL geometry
is constrained by the juxtaposition of high-pressure footwall rocks (red
shading indicates the Sanbagawa and Shimanto accretionary complexes)
with coeval low-pressure granitic hanging-wall rocks (green shading
indicates the Ryoke-Sanyo belt). Note the similar transition in peak
metamorphic pressure observed across the Hidaka main thrust (HMT)

M;>7.0 in the >90-year duration of the Japan Meteorological Agency
(http://www.jma.go.jp/en/quake/) earthquake catalogue. Third, there
is a strong correlation between forearc structure and the distribution
of co-seismic slip in the 2011 M, 9.0 Tohoku-oki earthquake! (Fig. 3c).
The Tohoku earthquake filled a seismic gap as defined by the rup-
ture areas of earlier large thrust earthquakes (Fig. 3b) and most of
the moment release occurred north of the forearc segment boundary
in regions characterized by positive residual gravity anomalies. This
correlation appears to be robust, as shown by a comparison with dif-
ferent published co-seismic slip models of the Tohoku earthquake that
employed different data types and inversion algorithms (Extended
Data Fig. 8). Finally, geodetically constrained interseismic deforma-
tion models all show a high degree of fault locking within the region of
positive residual gravity? but creep to the south of the forearc segment
boundary (Fig. 3d, Supplementary Fig. 2).

The simplest interpretation of the relationships described above is
that upper-plate lithology modulates the frictional behaviour of the
megathrust. Frictional properties of typical crystalline rocks com-
prising the volcanic arc are characterized by a relatively high static
coefficient of friction (110 =0.6-0.8) and strong velocity weaken-
ing!®!”. Increasing clay content decreases the coefficient of friction
(po=10.2-0.4 in gouge with >50 wt% clay)'®!® and promotes a more
stable response to perturbations in fault slip rate!8. Materials south of
the forearc segment boundary are thus expected to be both weaker and
less velocity weakening.

Numerical models of earthquake cycles incorporating rate- and
state-dependent friction show that in the interseismic period, asper-
ities are loaded at a rate modulated by their strength and location
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in Hokkaido. KM, Kitakami mountains; KB, Kitakami batholith; AH,
Abunuka highland; I-STL, Itoigawa-Shizuoka tectonic line. The strike
of the Kitakami aeromagnetic anomalies is shown as a dashed red line'®.
The inset compares the density distribution of granitic rocks east of the
volcanic arc in northeastern Honshu® and the mean dry densities for
Tertiary and Mesozoic sedimentary rocks (error bars show one standard
deviation)*!. The modelled density contrast across the forearc segment
boundary (~150-200kg m~?) is within the range expected across

the MTL.

relative to other asperities, and the flexural rigidity of the upper
plate, which controls the extent of stress shadowing!®2. Stress
increases are maximum on asperities with the highest ;o and the
most negative values of the rate-dependent friction parameter
a — b, relative to adjacent fault regions (a and b represent the mag-
nitudes of the direct and evolution effect in friction respectively)?!.
Correspondingly, the stress drop and amplitude of co-seismic slip are
amplified by sharper contrasts in frictional properties at the asperity
boundaries??. Dynamic rupture simulations also show that dynamic
rupture fronts decelerate as they penetrate into unloaded, velocity-
strengthening, or compliant (less rigid) regions, which may ultimately
arrest co-seismic ruptures®,

Under this framework, the anomalous nature of the Tohoku asperity
may be attributed to the sharp transition in yy and/or a — b across the
MTL. The abrupt nature of this transition results in the local develop-
ment of a large stress concentration in the interseismic period due to
creep in (presumably) velocity-strengthening regions down-dip and
south of the asperity. Low seismicity north and south of the asperity
(Fig. 3a, b) may reflect reduced interseismic stressing rates within the
Tohoku ‘stress shadow’. Simulations of earthquake cycles on a fault with
heterogeneous distributions of jip and a — b further reveal that large
events can occur within the area that occasionally ruptures in great
earthquakes (Extended Data Fig. 10). We propose that stress hetero-
geneities either side of the MTL may explain both the small slip area
and the large slip amplitude of the Tohoku-oki earthquake rupture.
(1) The extent of co-seismic slip was limited by the inability of the
rupture front to penetrate into the low-stress or velocity-strengthening
fault segment south of the MTL. (2) The highly stressed or strongly
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Figure 3 | Slip behaviour of the northeast Japan megathrust.

a, Instrumental earthquake record. Grey plus symbols show the epicentres
of earthquakes in the JMA catalogue (1923-2015) with M; > 6.5.

Dashed ellipses show the aftershock area of thrust earthquakes in the
Global Centroid Moment Tensor (http://www.globalcmt.org) catalogue
(period 1976-2014) with 6.5 < M,, < 8. No aftershock areas cross

the forearc segment boundary (dashed red line). b, Rupture areas for
large (M,y; > 7.0) megathrust earthquakes between 1896 and the 2011

velocity-weakening area with high rates of tectonic loading north of the
MTL resulted in the large slip amplitude'. This interpretation implies
accelerated postseismic afterslip within the ‘stress shadow’ areas of the
Tohoku asperity. Robust afterslip has indeed been inferred in that area
from the fast seaward motion of the seafloor Global Positioning System
(GPS) site FUKU* (Fig. 3d and Extended Data Fig. 9). The seaward
motion of this site is contrary to the postseismic landward motions
observed at seafloor GPS sites within the main rupture area, and is
probably caused by substantial afterslip south of the forearc segment
boundary?*. Regional seafloor geodetic measurements from a cabled
seismological and geodetic observatory? will place important con-
straints on the extent of post-seismic creep and moment accumulation
rates, and provide further insights into tectonic loading of the Tohoku
asperity, fault-slip behaviour south of the MTL and, ultimately, seismic
hazard in Kashima and eastern Tokyo.

The correlation between the forearc segment boundary and mega-
thrust slip behaviour appears to persist west of the intersection
between the slab with the forearc Moho. This may reflect subduction
of eroded upper-plate materials beyond the forearc Moho, thereby
extending the influence of upper-plate lithology on the frictional prop-
erties of the megathrust to greater depth. The obliquity of the MTL
may cause subduction of eroded materials to reduce the along-strike
gradient in frictional properties, but both the location and magni-
tude of this effect will depend on the depth range of tectonic ero-
sion. Finally, the contrast in mean forearc density and trench-slope
topography across the MTL will result in an along-strike variation in
lithostatic pressure of 40-60 MPa. Although considerably lower than
dip-parallel variations in lithostatic stress associated with slab-dip and
trench-slope topography, dip-parallel lithostatic gradients occur both
north and south of the MTL and the along-strike contrast in lithostatic

Tohoku-oki earthquake (Supplementary Table 3). ¢, Coseismic slip
contours (10-m increment) for the 2011 M,, 9 Tohoko-oki earthquake’.
The 20-m slip contour (thicker contour line) defines the Tohoku
asperity. d, Inter/postseismic deformation. Contours show interseismic
back-slip rate (increment 2 cmyr~—1)%. Arrows show 1-year postseismic
displacements of seafloor GPS sites?*. The fast seaward motion of site
FUKU is associated with shallow afterslip®*.

stress may still be important in influencing the lateral distribution of
plate locking at a given depth.

Two additional insights from this study may be important for
understanding seismic hazard in other subduction zones. The first
comes from the observation that the accreted terranes that appear
to be creeping south of the forearc segment boundary? also overlie
the Nankai megathrust in southwest Japan, which is characterized
by interseismic locking?® and produced large earthquakes in 1944
(M, 8.1), 1946 (M, 8.3) and 1968 (M,, 7.5)*’. On one hand, this may
reflect differences in the relative proportion of subducting and over-
thrusting plate materials within the megathrust shear zone, and the
strong dependence of the a — b value of clay-rich sediments on lith-
ologic heterogeneity?®. On the other hand, the amplitude of stress
heterogeneities is dependent on spatial gradients in ;9 and a — b.
The apparent low seismicity north and south of the Tohoku asperity
might be due to ‘stress shadowing), resulting in interseismic stressing
rates on the megathrust even lower than those implied by models of
interseismic coupling (Fig. 3d). In Nankai, the composition of the
overthrusting plate is more homogeneous along-strike, which may
result in smaller variations in fault frictional properties, and more
uniform interseismic loading rates. These factors are likely to encour-
age earthquake ruptures in Nankai to extend over larger areas. The
second insight is that low residual gravity anomalies are not a good
indicator of seismogenic behaviour, as proposed in previous stud-
ies?”?°. The residual topography and gravity fields are now available
for all subduction zones on Earth>!, but their real utility comes from
enabling existing and future seismological and geodetic observations
to be considered in the context of subducting and overthrusting plate
structure. This study shows that these considerations are an essential
component of hazard assessment.
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METHODS

Spectral averaging of topography and gravity grids. Residual anomalies are cal-
culated using the satellite-derived free-air gravity anomaly grid of Sandwell et al.*?
and the GEBCO shipboard bathymetry grid®. Free-air gravity anomalies onshore
are reduced to Bouguer gravity anomalies using a crustal density of 2,670 kgm 3.
Bathymetry and gravity grids are sampled by 1,200-km-long trench-normal pro-
files, which are centred on the bathymetrically defined trench-axis and spaced
~25km along strike. The mean cross-sectional structure of the subduction zone
is calculated as the spectral average across each ensemble of profiles. The linearity
of the fast Fourier transform and its inverse means that spectral averages should
be indistinguishable from arithmetic averages, but small differences (<10 m and
<2mGal) are present, resulting from the finite precision of the fast Fourier trans-
form and associated down-sampling®. Maintaining the geometry of the trench
axis, average profiles are extended along-strike to produce grids of each ensemble
average profile, which is then subtracted from the original data set to produce grids
of residual topography and residual gravity anomalies. In contrast to profile-based
residual calculations, subtraction of an ensemble average grid preserves the full
1 min x 1 min resolution of the original data sets. This processing methodology
has been applied globally”!? and is illustrated in Extended Data Fig. 2.
Calculation of density anomalies. Using the average topographic profile and
active-source seismic constraints on across-arc crustal structure (Supplementary
Table 2 and Extended Data Figs 4 and 5), the ensemble average gravity anom-
aly profile can be well fitted using realistic density distributions for the crust
(~2,800kgm~?) and mantle (~3,100 kgm~3) (Extended Data Fig. 3). This shows
that the ensemble average gravity anomaly captures the broad crustal architecture
of the subduction zone, enabling short-wavelength residual gravity anomalies
landward of the trench axis to be interpreted as reflecting crustal structure of the
forearc, arc and backarc.

The forearc segment boundary extends to the trench axis with no change in
amplitude across the intersection of the subducting Pacific plate with the forearc
Mohorovic boundary (Moho) (Fig. 1b). It is thus unlikely (and nearer the trench
impossible) that variations in forearc Moho depth contribute to the along-strike
contrast in gravity anomalies. Hence, we attribute residual gravity anomalies
to trench-slope topography and lateral changes in density of the overthrusting
forearc crust. The magnitude of these changes are calculated by discretizing
the forearc into 10 km x 10 km vertical prisms. The top of each prism is
constrained by the sea floor and the base is constrained by either the forearc
Moho or the top of the subducting slab (whichever is shallower). The geometry
of both interfaces is constrained by active-source wide-angle seismic models
(Extended Data Figs 4 and 5 and Supplementary Table 2). The initial density
contrast Ap for each prism is calculated directly from the amplitude of residual
gravity anomalies Rgpay:

AP _ Rgrav
2nGh

where h is the crustal thickness of the forearc and G is the gravitational constant.
Synthetic gravity anomalies are calculated using the Fatiando:Gravmag module®,
which calculates the gravity effect of three-dimensional rectangular prisms using
the formula of Plouff**. Outstanding residual gravity anomalies are used to update
Ap within each prism. After 12 iterations the root-mean-square misfit between the
observed and calculated residual gravity anomalies is <1 mGal (inset to Extended
Data Fig. 6b). The magnitude of density contrasts is inversely proportional to the
vertical extent of the causative prism. Our methodology thus yields minimum
estimates with density contrasts distributed throughout the full thickness of the
forearc crust, h. As shown by the contours in Fig. 1c, the larger density contrasts
near the trench axis predominantly reflect the reduction in forearc crustal thick-
ness (Extended Data Fig. 3¢) although they may also reflect, in part, contrasting
resistances to near-trench deformation. The distribution of density anomalies is not
strongly dependent on the observations used to constrain forearc crustal thickness
and experimentation between passive (SLAB1.0° and earthquake tomographic®)
versus active-source seismic (Supplementary Table 2) constraints on subduct-
ing slab and forearc Moho geometries yield differences in density anomalies of
<10kgm ™~ (Extended Data Fig. 7). These differences are an order of magnitude
smaller than the ~150kgm > contrast in mean forearc density calculated across
the forearc segment boundary (Fig. 1c-d).

Comparison with earthquake distributions. Forearc structure is compared with
the slip behaviour of the megathrust using published slip models and aftershock
distributions for earthquakes with M,; >7 occurring since 1896. This catalogue is
presented as Supplementary Table 3. For earthquakes with 6.5 < M, <7.5 between
1976 and 2015 (duration of instrumental records), rupture areas are estimated from
the distribution of aftershocks in the International Seismological Center (ISC)
(http://www.isc.ac.uk/) earthquake catalogue. Global analyses have shown that
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there is little change in aftershock areas after the first week?3, and we estimate
rupture areas from one-week aftershock distributions.

Tajima et al.*® reviewed 44 published slip distributions for the Tohoku-oki earth-
quake. Most show the maximum slip to be >40 m. Following the asperity definition
applied in northeast Japan by Yamanaka and Kikuchi*’, we define the Tohoku
asperity as regions where the co-seismic slip was >20m and half the maximum
slip amplitude (thickened contour Fig. 3c).
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Extended Data Figure 1 | Rupture areas and co-seismic slip amplitudes
in Earth’s largest earthquakes™*!~*. Grey bars and black dots plot the
mean and maximum amounts of co-seismic slip against the area of fault
rupture. The five earthquakes with M,, > 9 are labelled and numbers 6-10
refer to the location of smaller-magnitude earthquakes in the catalogue
shown in Supplementary Table 1. Note the anomalously large (>70 m)
amount of co-seismic slip in the 2011 Tohoku-oki event!. The black arrow
shows the maximum amount of slip in the 1906 San Francisco earthquake.
The rupture area in this strike-slip event was 6 x 10 km? and two orders of
magnitude smaller than the megathrust rupture areas plotted here.
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Extended Data Figure 2 | Grid processing methodology. Panels illustrate  each ensemble of profiles (shown as insets to ¢ and d). Maintaining the

the ensemble-averaging and grid-processing methodology as applied at geometry of the trench, grids of the average profile are constructed (c and d),
the northeast Japan subduction zone. Regional grids of bathymetry** and and subtracted from the original data sets to reveal residual bathymetry (e)
free-air/Bouguer-corrected (FA/BC) gravity anomaly’? are sampled along and residual gravity anomalies (f). This technique of spectral averaging is
trench-normal profiles (a and b). The spectral average is calculated from identical to that applied globally®°.
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Extended Data Figure 3 | Ensemble average profiles and two-
dimensional gravity model. a, Ensemble average topographic profile.

b, Ensemble average gravimetric profile (black). The red profile

shows the gravity anomaly calculated for the two-dimensional density
structure shown in d. ¢, Mean forearc density (left) and forearc crustal
thickness (right) plotted against distance from the trench axis. The larger
amplitudes of density anomalies near the trench predominantly reflects
the reduction in forearc crustal thickness / although they may also reflect,
in part, contrasting resistances to near-trench deformation. d, Model of
crustal structure for the northeast Japan subduction zone. This model is
constructed using the mean geometry of the trench slope (shown in a)

and subducting slab, seismic constraints on forearc and subducting

slab (~7 km) crustal thicknesses (Supplementary Table 2), and using
reasonable values for crustal (~2,800 kg m ) and mantle densities
(~3,100 kg m ). The good fit observed in b between the ensemble
average (black) and calculated (red) gravity anomalies shows that the
ensemble average gravity anomaly captures the broad crustal architecture
of the subduction zone, which enables the residual anomalies revealed
following the removal of this average to be interpreted. The short-
wavelength nature of residuals in the northeast Japan forearc suggests that
most are related to crustal structure.
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volcanoes. b, Forearc crustal thickness as constrained by the wide-angle
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slab and Moho geometries shown for profiles 5 and 6 are from reflector
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Extended Data Figure 6 | Calculation of forearc density anomalies.

a, Observed residual gravity anomalies. Black contours show forearc
crustal thickness (5km increment). b, Synthetic gravity anomalies
calculated from the distribution of forearc density anomalies shown in c.
¢, Distribution of density anomalies. Density contrasts are constant
within 10km x 10 km vertical prisms extending between the seabed and
either the top of the subducting slab or the forearc Moho (whichever is

138° 140° 142° 144°

shallower). Initial density contrasts for each prism are estimated directly
from residual gravity anomalies using the known thicknesses of each
prism, with the difference between observed and synthetic residual gravity
anomalies similarly applied to update model parameters. The inset to b
shows the reduction in root-mean-square misfit with each update of model
parameters. After 12 iterations the root-mean-square misfit <1 mGal.

d, Difference between observed and synthetic residual gravity anomalies.

© 2016 Macmillan Publishers Limited. All rights reserved



LETTER

145°

145° 140°

145° 140°
- 0 O
c

7

o

4
&

4
£
3 ¥

.
15k,
10

BT iy
h-Axis — ~%

1

10k
> 5 km
h-Axis <

- S km
h-Axis — ~%, -

-
Japan Treng

-
Japan Trenc,

Japa; Treng
- * - *
g, ~Ag

"'4-*

35°
[
-400  -200 0 200 400 -400  -200 0 200 400 -400  -200 0 200 400
A density (kg/md) A density (kg/md)
seismic models. The difference in density models calculated using these

A density (kg/m?)
different model parameterizations are of the order of 10-20 kg m . All

Extended Data Figure 7 | Density anomalies calculated using different
constraints on forearc crustal thickness. a, Density anomalies calculated
using active-source seismic constraints on the slab and forearc Moho panels show a clear north-to-south reduction in density anomalies across
(Extended Data Fig. 4a and b). b, Density anomalies calculated using the forearc segment boundary (red dashed line), and our interpretation
active-source seismic constraints on the geometry of the subducting of this contrast is not dependent on the observations used to constrain
forearc crustal thickness. A comparison between forearc structure inferred
from residual gravity anomalies and the seismic velocity structure of the

Pacific Plate, but using the tomographic model of Katsumata®” to constrain
the forearc Moho (Extended Data Fig. 4¢). ¢, Density anomalies calculated
using SLAB1.0% for the subducting Pacific Plate and assuming a planar
forearc Moho at the mean depth (25km) determined by active-source

forearc® is shown in Supplementary Fig. 1.
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Extended Data Figure 8 | Co-seismic slip models for the March

2011 Tohoku-oki earthquake. Plots showing the correlation between
overthrusting plate structure as constrained by residual gravity anomalies
and the distribution of slip in the Tohoku-oki earthquake. These models
have been constructed using different data types and inversion strategies.
In all plots, grey and red dashed lines mark the trench axis and the
forearc segment boundary respectively. Contour intervals are labelled
and the outermost contour is 0. a, Minson et al.'; b, Simons, et al.*%;

¢, Ammon et al.’%; d, Yue and Lay6°; e, Melgar and Bock®; £, Sato et al.?;
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Slip (m)

g, Ozawa et al.%® (allowing slip at trench); h, Ozawa et al.%® (imposing no-
slip condition at trench); i, Fujii et al.%. In all plots, large co-seismic slip is
focused north of the forearc segment boundary in regions characterized
by positive residual gravity anomalies. Most models also show a sharp
reduction in the magnitude of slip from north to south across the forearc
segment boundary. The wide range of data types and inversion strategies
represented by this ensemble of models suggests that the common features
identified above are probably robust characteristics of the Tohoku-oki
earthquake rupture.
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Extended Data Figure 9 | Postseismic observations. a, Aftershocks
between March 11 and May 24 occurring on the subduction interface®.
All plots show the trench axis (grey dashed line), forearc segment
boundary (red dashed line) and contours (10 m) of co-seismic slip'. b, All
aftershocks (variable location/mechanism) occurring within seven months
of the Tohoku mainshock with M,, > 5 (ref. 63). Panels a and b show that
interplate aftershocks for the Tohoko-oki earthquake did not occur in
areas that experienced large co-seismic displacements. The vast majority
occur in regions surrounding the mainshock rupture area, the distribution
of which supports the Bayesian slip distribution of ref. 1, and provides a
useful constraint on the along-strike extent of co-seismic rupture. The
negative correlation between co-seismic slip and aftershock locations is
strongest for the aftershock locations of ref. 65, because they have a lower
magnitude cut-off (and hence more events) and because they evaluate
Kagans angles to isolate interplate aftershocks from those occurring within
either the subducting or overthrusting crust, both of which show no
correlation with the co-seismic rupture area (see figure 3b and c of ref. 65).

Ozawa et al., JGR 2012

ONOX ) @'8) gz)o(% Aftershocks Mw > 5 (7 months)

These aftershock locations and the distributed slip models shown in
Extended Data Fig. 8 suggest that large co-seismic displacements (>20m)
in the Tohoku-oki earthquake did not continue >50km southeast of the
MTL. ¢, Afterslip. Red arrows show one-year postseismic displacements

of seafloor GPS sites. Blue arrows show predicted GPS vectors from the
viscoelastic model of Sun and Wang?*. Thick grey contours (numbers are
in metres) show the distribution of afterslip?%. In the dip direction, shallow
afterslip is constrained to occur predominantly seaward of site FUKU and
thus south of the forearc segment boundary. In the along-strike direction,
the northern termination of the afterslip patch is expected to be south of
the main rupture area. To the south, the afterslip may extend much farther
than depicted by the slip patch shown in Extended Data Fig. 9c and may
extend as far south as the Joban seamount chain?. The occurrence of rapid
afterslip is exactly what would be expected if the region southeast of the
forearc segment boundary displayed rate-strengthening behaviour during
the Tohoku-oki earthquake.
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Extended Data Figure 10 | Numerical model of earthquake cycles

on a fault obeying rate-state friction in the presence of spatially
heterogeneous frictional properties. a, Assumed distribution of the
rate-dependence parameter a — b. b, Assumed distribution of the coefficient
of friction. ¢, Evolution of fault slip in space and time. Black lines denote
interseismic fault slip every 5 years, and red dashed lines denote coseismic
slip with a time interval of 2 s. To illustrate the effects of spatial variations
in the coefficient of friction and the rate-dependence parameter a — b

on the patterns of seismicity, we performed simulations of earthquake
cycles of a fault governed by rate-state friction. We assumed a relatively
simple case of two asperities (high stress, strong velocity-weakening

fault sections) separated by a weak (low coefficient of friction, weak
velocity-weakening fault section. The computational domain is 100 km
long, and the characteristic size of asperities is 20 km. Simulations were
performed using a boundary integral method®®®”. The fault is driven at a
fault distance of 100 km by prescribing a constant velocity of 100 mm yr~'.
We assumed a constant normal stress of 50 MPa, and slip-weakening

displacement of 10 mm. Unlike the case of a single velocity-weakening
asperity that evolves to a sequence of characteristic earthquakes, the
modelled earthquake sequence reveals a rich complexity and resembles
many features of seismicity in the Tohoku area. There are a number of
sub-events of variable size that nucleate predominantly at the boundaries
of high-strength asperities, but are arrested before they grow into system-
size earthquakes. These sub-events may be analogous to large (M, 7)
earthquakes that occurred in the Tohoku area before and after the great
2011 earthquake. Occasionally, the entire area breaks in a mega-event (for
example, between 60 m and 70 m of cumulative slip). The slip magnitude
in these events is determined by the prior slip history and pre-stress. The
model also predicts episodic creep in the middle of the velocity-weakening
patch (for example, at 38 m of cumulative slip between 45 km and 60 km)
that may be relevant to inferences of low seismic coupling of certain parts
of the megathrust. Additional complexity in slip behaviour is likely to

be introduced by variations in frictional properties at different spatial
wavelengths, and in both along-strike and down-dip directions.
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