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Joint seismic tomography exploiting P and S wave arrivals conducted before the 2011 Offshore Tohoku earth-
quake reveals an area comparable to the faulting surface for the 2011 March 11 event with different proper-
ties from other areas along the shallow part of the subduction zone. The differences are revealed by using a
measure R of the relative variations in shear wavespeed and bulk-sound speed. Within the faulting area there
are patches on the subduction zone with slightly reduced S wavespeed, and thus negative R, that appear to
separate portions of the rupture with very different character. On the down-dip side there is strong short-
period radiation, whilst the largest slip occurs up-dip with most energy release at longer periods. Segmenta-
tion of the slip process can be imaged by back projection of seismograms from the US Array; the areas of
greatest energy release at short periods lie down-dip from the negative R anomalies. The main seismic mo-
ment release from broad-band seismograms lies on the updip side of the same anomalies. The structural varia-
tions on the subduction zone thus separate two regions with fundamental differences in the rupture process,
stronger long-period radiation up-dip and stronger short-period radiation down-dip. These variations are likely
to reflect features brought into the subduction zone, which may have acted as asperities that allowed this event
to build up 30–40 m of strain in the near trench zone, making itmuch bigger than expected. Thusminor changes
in the character of the subducted plate can have a significant influence on the behaviour of a great earthquake.
l rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The offshore zone from north-eastern Japan (Tohoku) has long been
recognised for its earthquake hazard (see, e.g., Richter 1956) particular-
ly through tsunami, as in the destructive 1896 Sanriku tsunami event
and the 1933 earthquake at the trench line. Although most events
over the last century in the hypocentral zone of the 2011 Tohoku
event have been of magnitude around 7.2–7.5 (Miyagi-oki events at
about 30 year intervals), Kanamori et al. (2006) recognised the poten-
tial for a combination of a megathrust and a tsunamigenic event, since
only about a quarter of the plate motion had been taken up by the slip
in this regular earthquake sequence.

There were some differences in the estimates of hypocentres for
the 2011 Tohoku sequence provided by different agencies, depending
on the data and velocities models employed. Zhao et al. (in press)
have used the tomographic model of Huang et al. (2011) derived
from observations of P and S phases in northern Japan to locate the
2011 main event and its aftershocks using a full allowance for 3-D
structure. Their results show that the events occur at the interface be-
tween the subducting and overriding plates.

Loveless and Meade (2010) have made a very detailed analysis of
the observations from the dense networks of Global Positioning
System (GPS) stations in Japan to estimate plate motion and inter-
plate coupling. Their results indicate strong seismic coupling for the
Pacific margin, with coupling concentrated in the depth range 20–
60 km. This is the depth range in which there was major generation
of high frequency energy in the 2011 March 11 event, but not
where the maximum slip occurred. The coupling results for north-
eastern Japan are in good agreement with earlier studies, such as
Nishimura et al. (2000, 2004).

An alternative view of the subduction field is provided by seismic
tomography, which has proved to be very successful in imaging the
high wavespeeds of the subduction zone (e.g. van der Hilst et al.,
1991; Widiyantoro et al., 1999). The density of events and the quality
of observations in the Japan region are such that both P and S wave
arrivals can be exploited to obtain complementary images of subduc-
tion behaviour (Gorbatov and Kennett, 2003; Huang et al., 2011;
Widiyantoro et al., 1999). Joint inversion of P and S arrival times to
extract images of shear wavespeed and bulk-sound speed provides
insight into the nature of the variations in physical properties by iso-
lating the influences of the shear and bulk modulus. Such variations
can be used to map variability within the subducting plate (Gorbatov
and Kennett, 2003), notably features associated with the arrival of
lithosphere of different ages at the trench.

We demonstrate here, that the variations in structure of the sub-
ducting plate can be used to map out segments of the plate with a dif-
ference in character, and hence a different state in the earthquake
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Fig. 1. Depth slice across Japan and the southern Kuriles at 25 km depth, showing the
variations in the relative variations of the shear wavespeed and bulk-sound speed from
the reference model ak135. Negative values of the ratio R (Eq. (1)) imply dominance of
bulk modulus variations, and positive values dominance of shear modulus variations.
The area of slip for the 2011 Offshore Tohoku event is outlined by a grey rectangle. The
hypocentre is marked by a red pentagon. The locations of the three points of initiation
of high frequency energy from Furumura et al. (2011) are marked by diamonds: S1 —

33 km, S2 — 19 km and S3 — 50 km. Seismic events from 2004 to 2010 are indicated by
white diamonds, scaled bymagnitude. The outlines of the rupture areas of historical earth-
quakes are shown by dashed lines.
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cycle. Further, as in the 2004 Sumatra-Andaman event (Kennett and
Cummins, 2005), variations in the details of structure in the subduc-
tion zone play an important role in determining theway inwhich ener-
gy release occurs during the great 2011 Offshore-Tohoku earthquake,
which has a number of major sub-events.

2. Structure and moment release

The ratio of the variations in shear wavespeed and bulk-sound
speed provides a convenient way of probing subtleties of structural
variation that are hardly evident in individual wavespeed results.
Thus, Kennett and Cummins (2005) were able to map out variations
along the subduction zone from Sumatra to Andaman that marked
segmentation of the energy release in the great 2004 Sumatra-
Andaman earthquake. For this event, zones where the variability of
bulk-sound speed was stronger than for shear wavespeed acted as
temporary barriers to slip and were marked by dips in the radiation
of high frequency energy (cf. Ishii et al., 2005).

We exploit the same joint-tomography results of Gorbatov and
Kennett (2003) as were used by Kennett and Cummins (2005) to
examine the configuration of the subduction zones in the Japanese re-
gion before the Mw 9.0 Offshore-Tohoku event. The joint tomographic
inversion makes use of both regional and teleseismic information,
which allows good resolution out to the trench line. The data are selected
from just source-receiver pairs that record both P and S phases; this
means that the propagation paths for the two wavetypes are very
close. The seismic images were created by initial separate inversions
of P and S wave travel times using non-linear tomography with a re-
gional model embedded in a coarser global model. 3-D ray tracing
was used at each step in the iterative process for the regional models.
The P and S ray paths were then used in a final linearised inversion for
bulk-sound speed, the wavespeed derived from just the bulk modulus,
and shear wavespeed. Because the sampling of P and S waves are
equivalent, the resolution of the two images will be virtually identical
and we can take ratios between wavetypes with confidence. For north-
eastern Japan our available horizontal resolution is 0.5×0.5° out to the
trench line, i.e., approximately 55 km in the north–south direction and
42 km in the east–west direction. We are unable to resolve the shallow
details near the trench which are likely to be of importance in control-
ling the detail of slip.

From the joint tomographic inversions we have constructed a
measure of the relative variations in bulk-sound speed (δϕ/ϕ) and
shear wavespeed (δβ/β) with respect to the ak135 reference model
(Kennett et al., 1995) as:

R ¼ 1þ δβ=β
1þ δϕ=ϕ

−1; ð1Þ

which to first order reduces to the differences in the variations be-
tween the wavespeeds δβ/β−δϕ/ϕ. For subducted slabs where the
wavespeeds are elevated compared to the reference, R is positive
when the variation in shear wavespeed dominates that in bulk-
sound speed, and negative when the variation in bulk-sound speed
is more prominent. The quantity R is a sensitive indicator of the wave-
speed properties and readily reveals variations that are difficult to
discern in comparison of separate tomographic images.

Fig. 1 displays a depth slice at 25 km depth across Japan and the
southern Kuriles for the measure R defined in Eq. (1). This depth
slice is chosen to pass through the hypocentre for the 2011 event. To-
wards the trench the slice cuts into the subducting oceanic litho-
sphere and shows strong positive R corresponding to presence of
high shear wavespeeds. Away from the subduction zone, we see con-
centrations of negative R and thus stronger bulk-sound speed varia-
tion that correspond directly to the main volcanic arc in Honshu,
where partial melt may occur. This suggests that fluids contribute sig-
nificantly to the mapped variations in R. The effect of fluid content is
much larger on the shear modulus than bulk modulus, the conse-
quent reduction in the shear modulus can produce a negative value
for R even when the bulk-sound speed is almost unchanged.

The area of slip associated with the 2011 event is indicated by a
grey rectangle in Fig. 1, and is confined to a single segment of the sub-
duction zone delineated by the impact of a sea-mount chain on the
trench in the south and a fossil transform fault in the north. It is readily
seen that this rectangle outlines a region with a distinctive character in
the tomographic image compared with other segments close to the
trench lines. Patches with negative R (light orange) are enclosed in a
near neutral zone whose extent corresponds closely with the main
slip zone for the 2011March 11 event. The light orange zone of negative
R arises from a slight reduction in the shear wavespeed. The broad pat-
terns of variation in R in offshore-Tohoku are very different from the
isolated patches of negative R found for the 2004 Sumatra-Andaman
event.

Whilst the offshore-Tohoku area is the most consistently anoma-
lous patch in Fig. 1, we can note a number of other features. The
very prominent patch of negative R near 135° behind the Nankai
trough lies close to the subducted seamount recognised by Kodaira
et al. (2000). This seamount appears to have had a significant effect
on the slip patterns in the great 1946 Nankai earthquake (Cummins
et al., 2002). There is also a significant zone of negative R in the link
between the Boso peninsula and the Pacific trench that has been
identified as a zone of strong coupling between the subduction zone
and the overlying plate by Loveless and Meade (2010). There is also
a modest spot of negative R south of Hokkaido, close to the location
of large recent events.

In Fig. 1 we also show the approximate slip areas for the major his-
torical events offshore from Tohoku. As noted by Kanamori et al.
(2006) these events generally divide into two classes. Firstly large
events along the trench line north of 37.5°, and secondly slightly
smaller events closer to the coast. The region of negative R largely
separates these two zones. The inferred area of slip for the 869 CE
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Jogan earthquake that produced a tsunami similar to that in 2011 also
lies to the east of the orange, negative, zone. The only event that lies
in the light orange zone with negative R is the 1915 Miyagi-Oki M 7.5
event.

Nishimura et al. (2000) have identified a zone close to the Japanese
coast at 39.5°N that has not had large earthquakes yet is able to absorb
postseismic sliding. This patch corresponds directly to the zone of
slightly negative R (light orange) in Fig. 1.

By themselves, the variations in R along the subduction zone may
seem a curiosity, but as in the case of the 2004 Sumatra-Andaman
event we will see that they strongly influence the pattern of energy
release in the 2011 Offshore-Tohoku event. There is considerable evi-
dence to suggest that this great earthquake delivered its impact through
a sequence of sub-events, which themselves will have been of con-
siderable magnitude. Themost direct information comes from the seis-
mograms recorded across Tohoku (Furumura et al., 2011) from the
2011 Offshore-Tohoku event. Three distinct sets of high-frequency ar-
rivals can be followed across the whole of northern Honshu. The timing
patterns of the P wave arrivals require the first two sub-events (S1, S2)
to lie at around 38.5°Nwith the second 45 s later and further away from
the coast. The third group of energy arrives a further 40 s later from a
more southerly position (S3 near 37°N) close to the coast. These three
points of initiation of high frequency energy are shown in Fig. 1 along
with the hypocentre for the entire event sequence H.

The map view in Fig. 1 demonstrates the presence of a region with
a very different ratio R in the slip zone for the 2011 event, but does
not represent the structure along the subduction zone interface
where the slip occurred. In Fig. 2 we display the ratio R once again,
but now with a section taken along an inclined plane approximately
coincident with the top of the subduction zone. We have used the
same colour scheme for the deviations of R from zero as in Fig. 1,
and once again included the approximate slip areas for the major his-
torical events.
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Fig. 2. Detail of the joint tomographic image for the ratio R on an inclined plane
through the upper part of the subduction zone; reference point: 142°E, 38°N, 25 km
depth, plane with dip azimuth 195°, dip angle 10°. The locations of the hypocentre
and the points of initiation of high frequency energy from Furumura et al. (2011)
are marked as in Fig. 1, and the outlines of the rupture areas of historical earthquakes
are shown by dashed lines. The depths on the inclined plane are indicated by dashed
lines at 0, 25 and 50 km depth.
The reference point for the inclined plane is taken at 38°N, 142°E
and the plane has azimuth 195° and dip of 10°. Although there may
be some increase in dip towards the west, the major effects of the
geometry of subduction are accounted for by the inclined plane, particu-
larly given the available resolution of our tomographic results. We use a
larger magnification in Fig. 2, and concentrate on the region of major
slip in the 2011 Offshore-Tohoku event. Once again we show the
three initiation points for high-frequency energy recorded in Japan
identified by Furumura et al. (2011). We note the clear separation
of the initiation points S1 (down-dip from hypocentre) and S2 (up-
dip from hypocentre) by the zone of enhanced ratio R. The third source
of high-frequency energy S3 could be shallow, but more likely lies on
the subduction zone interface. Aswe see from Fig. 2, the deeper location
for S3 lies just at the edge of the zone where the contrasts in the ratio R
are most evident.

In Fig. 3 we show a vertical cross-section through the subducting
Pacific plate at 38°N for bulk-sound speed, shear wavespeed and the
ratio R introduced in Eq. (1). The zone associated with the 2011
Offshore-Tohoku event is marked by triangles. At greater depths the
dominance of shear wavespeed in older subducting lithosphere,
noted by Gorbatov and Kennett (2003), is very clear. However, struc-
tures are rather more complex as the trench is approached. Near the
trench the bulk sound-speed shows stronger deviations from the
reference model approaching or exceeding those for shear wavespeed,
which remain strong. The display for the ratio R clarifies these effects.
There is a clear zone of differencewith negativeR along the interface be-
tween the overlying plate and the subducting material.

Many different source inversions have already been undertaken,
and there are significant differences between models depending on
the sources of information employed, and the assumptions made
about rupture properties. Geodetic observations from land-based sta-
tions and the nature of the tsunami require a very substantial slip
component up-dip from the hypocentre near the trench of 40 m or
more (e.g. Ammon et al., in press; Fujii et al., in press, Lay et al., in
press, Simons et al., 2011; Yoshida et al., in press). These very large
slips are supported by direct observations of 50 m slip at the toe of
the fault by JAMSTEC reflection work.

The variations in different source models are most marked in the
vicinity of the trench where, as pointed out by Fujii et al. (in press),
all the available methods have difficulty resolving the up-dip extent
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Fig. 3. Vertical cross sections at 38°N for the bulk-sound speed, shear wavespeed and
the ratio of relative variations in shear and bulk-sound speed R. The region of slip in
the 2011 Tohoku-oki event is marked with triangles. The use of the ratio measure R en-
hances features in the joint tomography that are not readily seen by direct comparison
of the images for the two wavespeeds.
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of rupture. Geodetic inversions based on onshore information have
both a limited azimuthal coverage, and limited sensitivity to slip far
offshore, so that there is strong dependence on a priori assumptions.
Seismic inversions involve dependence on assumptions made about
the nature of rupture expansion and the seismic velocity structure
in the source region. Inversions of seismic waveforms face increasing
difficulties as the segments of a fault approach the surface, and seis-
mic moment estimation for the shallowest zones can become unsta-
ble. The assumed velocity structure has a strong influence on the
mapping of seismic moment to slip. The same amount of seismic mo-
ment release produces much larger slip in lower wavespeed mate-
rials. Tsunami inversions average over the total region of ocean
bottomuplift, but can provide good timing control on the pattern of sea-
floor uplift with the strongest control coming on dip at shallow depths.
The major slip in the 2011 Offshore-Tohoku event occurs up-dip from
the hypocentre, but seismic moment release occurs down-dip as well.

For most recent megathrust events there has been a strong link
between overall source properties and the seismic radiation at short
periods. The correlation is very good for the 2004 Sumatra-
Andaman event. Though, there are some hints that the 2010 Maule,
Chile (Mw 8.8) event had stronger short-period radiation down-dip
with more longer-period energy radiated from shallower segments
(Kiser and Ishii, 2011; Lay et al., 2010).

This separation of frequency components is even more pro-
nounced for the 2011 Offshore-Tohoku event. A number of investiga-
tions point to a concentration of short-period radiation down-dip
from the hypocentre (e.g. Kiser, 2011; Koper et al., in press; Simons
et al., 2011). Whereas, broadband seismic wave inversions indicate
the major seismic moment release occurs up-dip from the hypocentre
and may well extend to the trench (Ammon et al., in press; Lay et al.,
in press). In contrast the geodetic inversions require strong slip on the
Fig. 4. Comparison of the seismic moment release model of Ammon et al. (in press), back-pr
and the joint tomographic image on the same inclined plane through the subduction zone
hand panel lie outside the regions with negative anomalies in the joint tomography. The tw
correspond with the high-frequency initiation identified by Furumura et al. (2011). The ope
The moment release in units of 1019 Nm is indicated by the colour code shown at the base
up-dip side with a reduction of slip towards the trench (e.g. Simons et
al., 2011).

Where dense networks of seismograms are available it is possible
to combine the waveforms from the individual stations and back pro-
ject to the source region to examine the patterns of coherent energy
release. This approach was pioneered by Ishii et al. (2005) using the
Hi-Net array in Japan to image the faulting pattern in the 2004
Sumatra-Andaman event. For the 2011 Offshore Tohoku event such
back projection has been carried out using both dense networks in
the Tokyo region (Honda et al., in press) and stations at teleseismic
distances from both Europe and North America (e.g., Koper et al., in
press, Simons et al., 2011). In particular the dense configurations of
stations deployed in the US Array allows detailed back projection to
be achieved for the Offshore-Tohoku event in which the time evolu-
tion of the radiation process can be tracked in space (Kiser, 2011;
Wang and Mori, in press; Yao et al., 2011; Zhang et al., in press) The
details of the inferred radiation pattern differ slightly as a consequence
of differences in the stacking procedures employed. All studies require
segmentation of the energy release with a shift to the south later in
the main sequence. Kiser (2011) has continued the process of back-
projection for 25 min after the onset of the Tohoku event to examine
the pattern of energy release in both the main event and its immediate
aftershocks.

The back-projection process is likely to focus attention on energy
release in concentrated patches since this will lead to coherency in
the generated waveforms. Broadly distributed slip happening at the
same time will be less well recovered.

In Fig. 4, we show the energy release pattern inferred by Kiser
(2011) compared to the tomographic results introduced in Fig. 2,
with the same slice through the tomographic model on a plane ap-
proximately coincident with the top of the subduction zone. The
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ojection image of the 2011 Offshore-Tohoku event the using the US array (Kiser, 2011),
as used in Fig. 2. The patches of strongest energy release shown in red tones in the left
o major sub-events in the main event are indicated as S1, S3 in order of occurrence to
n contour in the left hand panel corresponds to the M 7.1 foreshock on 2011 March 9.
of the right hand panel.
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contours of the inferred main radiation patches are superimposed on
the seismic moment release pattern inferred by Ammon et al. (in
press) and the image of the measure R of the relative variations in
shear and bulk-sound speed.

The Ammon et al. (in press) moment release model is plotted with
regular sized symbols on a grid across the fault plane colour coded to
the moment release, so that the underlying tomographic results can
still be seen. The fault plane chosen by Ammon et al. (in press) has
strike 202° and dip 12° and so is very close to our cut through the to-
mographic model. This inversion combines seismic and geodetic con-
straints and has a similar character to that produced by Simons et al.
(2011) using comparable data.

The radiation patches derived from our back-projection results are
shown in blue outlines, with lighter colours for later times. These
patches lie largely outside the orange zones with negative R. Indeed
the areas with largest energy release, shown by orange to red tones
in the left hand panel, have limited overlap with the negative R anoma-
lies. Secondary areas of energy release also miss these zones. The nega-
tive R values in Fig. 4 come from a slight decrease in the shear
wavespeeds relative to the rest of the subduction zone.

There is a good correspondence with the back-projections under-
taken by Koper et al. (in press) and Simons et al. (2011), using US and
European data, both in the locations of major short-period energy re-
lease and the time progression. Most short-period energy is released
down-dip from the hypocentre, except for the more northerly patch.

The sets of results we compare in Fig. 4 are based on very different
classes of information, direct use of seismograms for the back-
projection, joint inversion of seismic and geodetic data for the mo-
ment release model and indirect inference from the patterns of pas-
sage times of seismic waves for the tomography. All have limitations
in spatial resolution, yet the correspondence in the behaviour is very
strong.
3. Discussion and conclusions

Our results indicate that the details of the slip distribution in the
2011 Offshore Tohoku event were strongly influenced by pre-
existing differences in physical properties associated with the sub-
ducting slab. The variations in physical properties are quite subtle,
but could be expressed in the results from the joint tomography con-
structed well before the event. The region with negative R largely sepa-
rates the zone of strong short-period radiation from that with larger
long-period radiation (cf. Fig. 2 of Koper et al., in press).

Lay et al. (in press) have shown that the teleseismic P wave data is
compatible with a seismic moment distribution that has components
both up-dip and down-dip from the hypocentre, for which the largest
slip occurs close to the trench as a consequence of the lowered seis-
mic wavespeeds near the surface. The short-period radiation may ap-
pear to be associated with a less important component of slip, but still
reflects the details of the rupture process.

Slip on the off-shore Tohoku area started with an M 7.1 event
2 days before the main event, and has continued through a sequence
of major aftershocks. Nearly all the inferred energy release patches
from back-projection avoid the negative R anomalies from the joint
tomographic results, though the hypocentre for the foreshock lies be-
tween two patches at 39°N (Fig. 2). The slip release continues for 2 h
after the main shock and except for some aftershocks near the trench
line, where the tomographic resolution diminishes, continue to avoid
the negative R tomographic anomalies. The patterns of slip inferred
from seismic inversions (Lay et al., in press) or combined seismic/
geodetic work (Ammon et al., 2011; Simons et al., 2011) put the
main slip up-dip of the anomalous zone. The structural variations
we have identified may have acted as asperities that allowed this
event to build up 30–40 m of strain in the near trench zone, making
it much bigger than expected.
The zone of negative R anomalies from the joint tomography lies
close to a zone of increased P wave velocity in the local tomography
undertaken by Matsubara and Obara (in press). Zhao et al. (2011)
have also identified significant wavespeed variations using the
detailed P velocity model of Huang et al. (2011); their analysis con-
centrates on the zone immediately above the subducting interface
where wavespeed variations are rather large. The variations are
suggested to be related to variations in frictional behaviour. The S
wavespeed model of Huang et al. (2011) is less detailed than that
for P, but also indicates significant variations within the subducted
plate. The positions of the structural anomalies are in good correspon-
dence with our results shown in Figs. 1, 2.

The structural variations in the subducted plate are likely to be as-
sociated with structures ingested by the subduction zone, as in the
case of the seamount in the Philippine plate behind the Nankai
Trough (Cummins et al., 2002; Kodaira et al., 2000). Certainly sea-
mounts are currently impinging on the Pacific plate margin at the
southern limit of the slip area in the 2011 Offshore-Tohoku event.
We note that north of 37.5°N topographic features on the seafloor
with a directional trend similar to the pattern of anomalies are in
the process of being subducted. Such variations can be expected to in-
fluence the way in which the slab responds as it bends into the trench,
opening lines of weakness for fluid infiltration and so alteration of the
physical properties, which can then be captured through the joint to-
mographic imaging.

The joint tomography (Gorbatov and Kennett, 2003) provides in-
sight into the substructure of the subduction system that cannot be
seen directly in the results for a single wavetype. There is little visible
difference in the patterns of high wavespeed associated with the sub-
ducting slip in the separate images for P and S wavespeed constructed
from the same data set, yet the small variations can be captured
through the joint inversion. Most source inversions from seismic
and geodetic observations use rather simple models for the represen-
tation of the structure to calculate the necessary Green's functions.
Variations in local properties in the neighbourhood of the fault
plane would have the effect of distorting the inferred slip distribution
inferred from such simple models.

The negative anomalies in the ratio R displayed in Figs. 2 and 4 lie
at the up-dip edge of the zone of strong-coupling between the sub-
duction zone and the overriding plate in the offshore Tohoku region
inferred by Loveless and Meade (2010) from geodetic observations.
Their zone of maximum coupling lies in the palest blue zone at 38–
39°N just down-dip of the orange anomalies in Fig. 2. The scale of
the subtle variations revealed in the joint tomography would be diffi-
cult to resolve by geodetic means.

The Jogan event in 869 CE appears to have had a similar distribu-
tion of tsunami deposits to that which occurred in March 2011, with a
tsunami magnitude of around 8.6 (Minoura et al., 2001). In the
1142 years since that event the slab appears to have been primed
for another great earthquake, but the available structural hints were
quite subtle and were missed.

The fine resolution in the joint tomographic results is only possible
because of the quantity and quality of seismic observations in the Japa-
nese region. We note from Fig. 1 that weaker variations in the ratio of
variations of wavespeed can be seen near the trench in Hokkaido, and
to some extent to the south of Shikoku, both areaswith currently strong
subduction zone coupling in the model of Loveless and Meade (2010),
and both historically the site of major earthquakes.

Another patch that shows a similar pattern to offshore Tohoku is
close to the island of Urup in the Kuriles (45.2°N, 150.4°E) where
again we see in Fig. 1 a zone of negative R behind the trench line.
The 1963 M8.3 event ruptured past this area, with a 4.5 m tsunami
run-up onUrup. The threemain subevents associatedwith the breaking
of asperities (Ruff and Kanamori, 1983) lie on the down-dip edge of the
zone of negative R, in a similar configuration to the offshore-Tohoku
event. TheM7.8 aftershock aweek later produced amuch larger tsunami

http://dx.doi.org/10.1029/2011GL048408


467B.L.N. Kennett et al. / Earth and Planetary Science Letters 310 (2011) 462–467
on Urup with 15 m run-up 2011. In this case we have a temporal sepa-
ration of days between down-dip and up-dip failure, whereas the
delay was no longer than 45 s for the Offshore-Tohoku event of 2011.

It is nowworthwhile to look at the full suite of the subduction sys-
tem across the globe to see whether other anomalous patches can be
recognised, which may be indicative that an earthquake cycle is
reaching maturity. We can use the Gorbatov and Kennett (2003) re-
sults for the subduction zones of the western Pacific and Indonesia,
but new detailed joint tomography will be required for the other
zones.
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