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Kinematic Barrier Constraints on
the Magnitudes of Additional
Great Earthquakes Off the
East Coast of Japan
by John P. Loveless and Brendan J. Meade

Online Material: Figures showing potential areas and magni-
tudes of earthquakes rupturing partially coupled regions of the
subduction zones.

INTRODUCTION

In the wake of the 2011 great Tohoku-Oki, Japan, earthquake,
questions were asked about the extent to which this earthquake
ruptured a part of the subduction zone that had been strongly
coupled in the decades prior to the event (Avouac, 2011; Lay
and Kanamori, 2011; Loveless and Meade, 2011). The primary
means for investigating this question is the analysis of interseis-
mic geodetic data. These data record both tectonic motions
and the accumulation of elastic strain the upper crust. Com-
bined with elastic dislocation and block models, Global Nav-
igation Satellite System (GNSS) data from the GNSS Earth
Observation Network System (GEONET) array had been used
to estimate the spatial variation in interseismic coupling (de-
fined as the fraction of relative motion between tectonic plates
that contributes to elastic strain accumulation) along the Japan
trench subduction interface prior to the occurrence of the 2011
event (Nishimura et al., 2004; Suwa et al., 2006; Hashimoto
et al., 2009; Loveless and Meade, 2010). Each of these esti-
mated interseismic coupling distributions identified a partially
to strongly coupled region, extending for ∼400 km between
36° and 40° north latitude along the Japan trench, approxi-
mately bounding the lateral and down-dip extents of the co-
seismic rupture (Loveless and Meade, 2011). However, none of
these estimates show a perfect spatial correspondence between
the coseismic rupture extent and complete preseismic coupling.
Rather, the coseismic rupture was laterally bounded by regions
of the Japan subduction zone with a coupling fraction c of
∼0:3, in which 30% of the relative plate motion contributes
to elastic strain accumulation during the interseismic regime
(Loveless and Meade, 2011). This spatial relationship could
result from insufficient elastic strain accumulation around
portions of the interface characterized by lower, but nonzero,

coupling values, which act as kinematic barriers to rupture
propagation.

In this article, we develop candidate rupture scenarios
across the Japan, Sagami, and Nankai subduction zones, based
on spatial variations in interseismic coupling and empirical
earthquake parameter scaling laws. Specifically, we examine spa-
tial clusters of the subduction interfaces within which the cou-
pling exceeds a given fraction of plate convergence rate and
estimate the moment magnitude of an earthquake that could
occur within that region, based on a scaling relationship be-
tween cluster area and earthquake magnitude. We consider
cases in which the shallowest portions of the plate interfaces,
near the subduction trenches, are assumed to creep interseismi-
cally and in which they are allowed to be coupled. The assumed
kinematic behavior affects potential rupture areas by up to
40%, though this difference may be reduced if coseismic dy-
namic overshoot (which permits ruptures to propagate into
interseismically creeping regions) is prevalent near the trenches.

POTENTIAL RUPTURE EXTENTS FROM SPATIAL
VARIATIONS IN INTERSEISMIC COUPLING

We consider two different interseismic coupling distributions
for the Japan, Sagami, and Nankai subduction zones. Both are
based on block models of the greater Japan region (Loveless
and Meade, 2010), which consider the role of long-term micro-
plate rotations and elastic earthquake cycle processes on the
network of faults cutting the Japanese islands and the subduction
zones offshore, constrained by GPS observations spanning the
interval from 1997 to 2001. This observational window repre-
sents the longest span of time since the establishment of the
GEONET array during which there were no large Mw >7:0
earthquakes (Fig. 1) that would have significantly affected in-
terseismic velocities. For both coupling cases, the geometry of
each subduction zone interface is consistent with geophysical
data constraints (Furuse and Kono, 2003; Hirose et al., 2008;
Toda et al., 2008) and parameterized using gap free meshes of
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2621 (Japan), 231 (Sagami), and 1902 (Nankai) triangular
dislocation elements (TDEs) embedded in a homogeneous elas-
tic half-space (Comninou, 1973; Jeyakumaran et al., 1992;
Thomas, 1993; Meade, 2007).

The first interseismic coupling model is similar to that pre-
sented in Loveless and Meade (2010) and is constrained by the
assumption that the shallowest part of the subduction zone
interface creeps at a rate equal to the plate rate vp. This kin-

ematic model approximates the physical concept that the shal-
lowest portions of the megathrust are bounded by stably sliding
clays incapable of accumulating interseismic elastic strain (e.g.,
Oleskevich et al., 1999). The second interseismic coupling
model is similar but relaxes the constraint that the subduction
zones must creep at the trench, which results in estimated cou-
pling very near the trench, similar to that interpreted from sea-
floor geodetic observations offshore of Peru (Gagnon et al.,
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▴ Figure 1. Map of seismicity with estimated or measured magnitude Mw ≥7:0 since the year 599, with circle radius proportional to
magnitude and color indicating date of occurrence. Earthquakes through 2010 are based on Utsu (2004), and those since 2010 are from the
U.S. Geological Survey (USGS). Gray and white lines show interseismic elastic block model boundaries from Loveless and Meade (2010).
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2005). Both interseismic coupling distributions are smoothed
using a weighted Laplacian smoothing matrix. The weight for a
given TDE is inversely proportional to the sum of the partial
derivatives relating unit slip to displacement at GPS stations.
This leads to greater smoothing near the trench where the great
distance from GPS stations leads to poor sensitivity of esti-
mated slip to observed velocities (Loveless and Meade, 2010;
Evans and Meade, 2012). The lack of resolution of near-trench
behavior by land-based geodesy is a primary motivation behind
our presentation of models both with and without the trench
creep constraint.

Features consistent in both interseismic coupling distribu-
tions, based on pre-Tohoku-Oki observations, include two
strongly coupled patches on each of the Japan and Nankai sub-
duction zones, as well as 100% coupling along the southwestern
portion of the Sagami subduction zone (Fig. 2). The region of
coupling offshore of northern Honshu has been interpreted
to correlate positively with the coseismic rupture extent of
the 2011 Tohoku-Oki earthquake (Avouac, 2011; Loveless and
Meade, 2011).

To quantitatively assess the relationship between esti-
mated interseismic coupling coefficients and potential rup-
tures, we calculate the area of regions contained within a
constant coupling fraction value c and map these to potential
earthquake moment magnitudes using empirical scaling rela-
tionships (Wells and Coppersmith, 1994) that relate rupture
area to magnitude for reverse-slip faults. We emphasize that by
using this area scaling relationship, we infer the potential co-
seismic rupture extent, and not the details of the slip distribu-
tion, from interseismic coupling extent. At a coupling fraction
c � 0, the area that could be considered to rupture each sub-
duction zone is the total area of that subduction zone, though
this case might be considered an overestimate as there would be
no accumulated strain to be released in regions where c � 0. At
the other extreme, c � 1, only the completely coupled regions
would be considered to slip coseismically. Here, we neglect cou-
pling fractions c < 0 corresponding to regions where we esti-
mate reverse-sense slip during the interseismic period, which
we interpret to reflect aseismic creep on the plate interface at
a rate faster than plate convergence (e.g., beneath eastern Iwate
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▴ Figure 2. Heterogeneous geodetically constrained interseismic coupling distributions on the Japan, Nankai, and Sagami subduction
zones. Coupling is presented as the fraction of relative plate motion that contributes to elastic strain accumulation. We simultaneously
estimate plate motions and slip deficit (backslip) rates on the subduction interfaces, then normalize slip deficit by plate motion to give
coupling fraction. The creep at the trench in (a) is consistent with the suggestion that strain cannot accumulate there due to the presence
of unconsolidated sediments in the upper plate (Oleskevich et al., 1999), whereas the creep in (b) does not impose this constraint. Darker
colors indicate increased coupling. Light gray lines represent modeled rupture extents of historic to recent great earthquakes as follows:
1946Mw 8.3 Nankai and 1944Mw 8.1 Tonankai, 1 and 3 m slip contours (showing overall extent of both ruptures and separation of events,
respectively; Sagiya and Thatcher, 1999); 1923 Mw ∼ 7:9 Kanto, modeled rupture area (Nyst et al., 2006); 2011Mw 9.0 Tohoku-Oki, 4 m slip
contour (Loveless and Meade, 2011); 1978 Mw 7.6 Miyagi-Oki, aftershock region (Tichelaar and Ruff, 1988); 2005 Mw 7.0 Miyagi-Oki,
epicenter (from USGS); 1968 Mw 8.2 Tokachi-Oki, aftershock region (Schwartz and Ruff, 1985); 2003 Mw 8.2 Tokachi-Oki, modeled rupture
area (Koketsu et al., 2004); and 1973 Mw 8.0 Nemuro-Oki, 1 m slip region (Nishimura, 2009).
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prefecture near 40° N; Fig. 2). Because of the heterogeneous
nature of interseismic coupling, potential rupture areas on indi-
vidual subduction zones may become segmented. For example,
with c ≥ 0:8, the Japan and Nankai subduction zones are seg-
mented into three and four regions, respectively (Fig. 3b). Each
of these isolated regions might be considered to rupture separately,
with bounding regions of relative lower coupling interpreted as
kinematic barriers to earthquake propagation. In other words, the
rupture will not propagate through regions with insufficient pre-
earthquake elastic strain accumulation.

Extending this argument, each coupling fraction can be
used to define a rupture scenario (Figs. 3, 4; Ⓔ Figs. S1–S10
available in the electronic supplement to this article) across the
subduction zones. We estimate rupture scenarios for the cou-
pling fractions 0:1 ≤ c ≤ 1:0. At c ≥ 0:3, the rupture scenario
for the Japan subduction zone transitions from a single
Mw 9:2–9:3 earthquake to two events centered at 37° N
(Mw 8.7) and 42° N (Mw 8.8), respectively (Figs. 3a, 4).
The southern of these corresponds most closely to the rupture
area of the 2011 Tohoku-Oki earthquake. If this coupling
value, the distribution of which best matches the rupture ex-
tent of the Tohoku-Oki earthquake, serves as a reference for
defining the rupture extent of other large Japan trench earth-

quakes, then a similar-size potential earthquake off the south-
east coast of Hokkaido would be considered consistent. The
2003 Mw 8.2 Tokachi earthquake was ∼15 times smaller in
moment than this hypothetical off-Hokkaido earthquake and
is estimated to have slipped over an area of 1:2 × 104 km2, with
peak slip of 7.1 m (Koketsu et al., 2004). Despite the massive size
of both the Tohoku-Oki and hypothetical off-Hokkaido events,
these ruptures would only involve 50% of the total area of the
Japan subduction zone (i.e., regions coupled at ≥30% of the plate
rate). Relative plate motion across the rest of the interface may
be accommodated by smaller earthquakes and/or aseismic creep.

The rupture scenario corresponding to c ≥ 0:8 shows
greater consistency with all Japan trench earthquakes except
the Tohoku-Oki event. In particular, the small patch of strong
coupling at 38° N latitude is consistent with an Mw 7.8 earth-
quake, which is closer in magnitude to the 2005Mw 7.2 Miyagi-
Oki earthquake (Fig. 3b), as well as the longer-term pattern of
Mw ∼ 7 class earthquakes in this area (Fig. 1; Utsu, 2004). Off-
shore of Hokkaido, the potentialMw 8.5 earthquake exceeds the
magnitude of the 2003 Tokachi-Oki earthquake and encom-
passes the rupture areas of the 2003 earthquake and the 1973
Nemuro-Oki and 1968 Tokachi-Oki earthquakes. This large,
whole-Hokkaido rupture is consistent with events inferred
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▴ Figure 3. Potential areas and magnitudes of earthquakes rupturing partially coupled regions of the subduction zones. The areas
estimated to be coupled at (a) 30% and (b) 80% of the plate convergence rate or greater in the case of enforced creep at the subduction
trench (corresponding to Fig. 2a) are represented. Gray contours indicate rupture areas of the earthquakes, as in Figure 2. The potential
rupture area offshore of Honshu in (a) is approximately consistent with the extent of the 2011 Mw 9.0 Tohoku-Oki earthquake. Assuming
that the 30% coupling contour provides similar guidance for estimating future great earthquake ruptures, great earthquakes are possible
offshore of Hokkaido, across the entirety of the Nankai subduction zone, and on the western portion of the Sagami subduction zone
beneath Tokyo. Aside from the Tohoku-Oki earthquake, the 80% coupling contour (b) shows better correspondence with twentieth century
to recent seismicity nationwide.
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from tsunami deposits that recur roughly every 500 years (Na-
nayama et al., 2003).

We find a different sensitivity of rupture scenario to cou-
pling coefficient on the Nankai subduction zone. Following
the Tohoku-Oki example, a rupture of all c ≥ 0:3 regions of
the Nankai subduction interface could be achieved with a sin-
gle Mw 8:9–9:0 earthquake (Figs. 3a, Ⓔ S3), similar to that
inferred to have occurred in 1707 (Ando, 1975). Between c ≥
0:6 and c ≥ 0:7, rupture scenarios change from a single large
earthquake to two or three smaller earthquakes for the both
the trench coupled and the trench free interseismic slip models.
For the c ≥ 0:8 rupture scenario (Figs. 3b, 4), the magnitudes
and locations of the two southwestern events are similar to those
of the 1944 Mw 8.1 Nankaido (Tonankai) and 1946 Mw 8.3
Nankai (Nankaido) earthquakes (e.g., Sagiya and Thatcher,
1999), whereas the northeastern event is broadly consistent
with Tokai-type earthquakes, the last of which occurred in
1854 with estimated Mw 8.4 (Ishibashi, 1981).

The Sagami subduction zone is smaller in area
(2:5 × 104 km2) than both the Nankai (2:0 × 105 km2) and
Japan (3:0 × 105 km2) subduction zones but poses a substan-
tial seismic hazard, as evidenced by the 1923 Mw 7:9–8:0
Kanto earthquake, and risk due to its proximity to metropoli-
tan Tokyo. A second contrast with the other two subduction
zones is that for all coupling coefficient values, rupture scenar-

ios involve only a single earthquake (Fig. 4e,f ), ranging in mag-
nitude from Mw 6.4 (c ≥ 1:0) to Mw 8.1 (c ≥ 0:1) and always
involving slip on the western portion of the subduction zone
interface beneath the Boso Peninsula and Tokyo (Fig. 3),
which is consistent with estimates of the 1923 rupture (Nyst
et al., 2006). The coupling fraction most consistent with the
magnitude of the 1923 Mw 7.9 Kanto earthquake is c ≥ 0:3.

These rupture scenario estimates are sensitive to the struc-
ture and weighting of the smoothing matrix used in the inver-
sion for interseismic slip deficit. Here, we chose a weight for
the smoothing that estimates slip deficit exceeding the plate
convergence rate on no more than 8% of elements. In other
words, the solution is smoothed as little as possible to avoid
unrealistic oscillations in the estimated slip deficit vector. In
this sense, the rupture scenarios based on these interseismic
coupling distributions may be interpreted as biased toward a
greater number of smaller earthquakes rather than a smaller
number of large earthquakes that would be inferred from
smoother interseismic coupling distributions.

THE INTERPRETATION OF KINEMATIC BARRIERS

A critical question for this analysis asks “In what sense do
kinematic barriers (regions of diminished interseismic strain
accumulation) serve to effectively limit the propagation, and
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▴ Figure 4. Potential earthquake magnitudes, assuming that regions of the subduction zones of a given coupling fraction (with bins
representing coupling increments of 0.1) rupture as discrete events. We determined the total area of the subduction zone estimated
at a given coupling level for both the trench creeping and trench coupled scenarios and then used the empirical scaling laws of Wells
and Coppersmith (1994) to determine moment magnitude and uncertainties. Multiple points within a bin indicate multiple distinct regions of
the given coupling fraction; x-axis offset of points is for clarity and is not indicative of a true difference in coupling fraction. Estimated
magnitudes of prominent earthquakes on each subduction zone are given as horizontal lines: 1854 Tokai (Mw 8.4), 1944 Nankaido (Mw 8.1),
and 1946 Nankai (Mw 8.4) on the Nankai subduction zone; 1994 Sanriku-Oki (Mw 7.4), 2003 Tokachi-Oki (Mw 8.3), and 2011 Tohoku-Oki
(Mw 9.0) on the Japan subduction zone, and 1923 Kanto (Mw 7.9) on the Sagami subduction zone.
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therefore size, of earthquakes?” A limiting factor in developing
an empirical estimate for the coupling fraction that effectively
defines the area of future large ruptures is the relatively small
number of regions where data have allowed a direct compari-
son between pre-earthquake interseismic coupling and coseis-
mic slip distributions. The 2012 Mw 7.6 Nicoya, Costa Rica,
earthquake seems to have ruptured a portion of the Middle
America trench preseismically coupled at c > 0:6 (Protti et al.,
2014), and the Tohoku-Oki earthquake has been interpreted
similarly (Avouac, 2011; Loveless and Meade, 2011), at least in
terms of the lateral and down-dip extents of the rupture. More
ambiguous agreement between preseismic coupling and coseis-
mic slip distribution characterizes the 2010 Mw 8.8 Maule,
Chile, earthquake (Moreno et al., 2010; Lorito et al., 2011) and
the 2007 series of earthquakes offshore Sumatra (Konca et al.,
2008). In these latter cases, discrepancies between the coupling
and earthquake slip distributions may suggest that long-term
geologic traits of the subduction zone fundamentally control
great earthquake rupture extents, but that interface behavior is
modulated by processes that fluctuate on shorter time scales
(i.e., from one seismic cycle to the next, or even within a single
seismic cycle), introducing heterogeneity in coupling and/or
coseismic slip. Dynamic rupture simulations (Kaneko et al.,
2010) based on a rate–state friction fault slip law suggest that
the presence of velocity-strengthening materials separating
patches of velocity-weakening material may sometimes serve to
inhibit the lateral propagation of ruptures on the fault surface,
while at other times may allow through-going propagation of a
single large earthquake that breaks the distinct patches. How-
ever, the dimensions and frictional conditions of a region that
are necessary to always limit rupture extents are not yet known.

A further limit to the interpretation of kinematic barriers
is the extent to which weakly coupled regions may be ephem-
eral. Nishimura et al. (2004) document minor changes in the
pattern of coupling offshore of northernmost Honshu on an
annual basis between 1995 and 2002 but highlight a general
persistence in the low-coupling region separating the high-cou-
pling areas offshore of Sendai and Hokkaido. The geodetic era
over which these structures have been documented in active
subduction zones globally spans little more than twenty years,
so there is currently no clear observational evidence regarding
the stability of kinematic barriers to rupture over a single or
multiple earthquake cycles.

The twentieth century-to-recent seismic behavior offshore
of Hokkaido and northern Honshu indicates earthquakes
smaller (Fig. 1) than the potential events that are estimated
from the coupling analysis (Figs. 3, 4). Prior to the Tohoku-
Oki earthquake, events offshore of Sendai (38° N) were of
Mw 7:0–8:1 (Utsu, 2004). The rupture area of the 2003
Mw 8.2 Tokachi-Oki earthquake is similar to that estimated
for the penultimate event off Hokkaido, the 1952 Mw 8.1
earthquake (Hirata et al., 2003); and, earthquakes offshore of
northernmost Honshu, including the 1994 Mw 7.4 Sanriku-
Oki event, have been of Mw 7:0–7:9. The c ≥ 0:3 case
rupture scenario (Fig. 3a) shows the potential for an Mw 8.8
earthquake breaking a region comprising the Sanriku-Oki,

Tokachi-Oki, and Nemuro-Oki (off eastern Hokkaido) seg-
ments together. This is not unprecedented according to tsu-
nami deposits, which suggest such events recurred every 500
years over the past few millennia (Nanayama et al., 2003).

On the Nankai megathrust, the c ≥ 0:8 scenario (Fig. 3b)
is most consistent with the distribution of the latest great
earthquakes, wherein the Nankai, Tonankai, and Tokai seg-
ments have ruptured in distinct events. On the other hand,
the c ≥ 0:3 scenario (Fig. 3a) shows a potential single,
Mw 8:8–8:9 earthquake breaking the entire interface, sug-
gesting the possibility of time-variable patterns of great earth-
quake behavior (e.g., Kodaira et al., 2006). As was
demonstrated by the Tohoku-Oki earthquake, past seismic
behavior may not be representative of the earthquake potential
on any of the subduction interfaces. However, we cannot rule
out the possibility of fundamental physical variations between
subduction zones that may result in different coupling thresh-
olds in defining kinematic barriers to great earthquake rupture.

The case of the Tohoku-Oki earthquake requires addi-
tional consideration as to the relationship between coseismic
rupture and interseismic coupling nearest the trench. Here, ob-
servations of both a seafloor fold scarp (Kodaira et al., 2012)
and upper wedge deformation (Ito et al., 2011) and seafloor
geodetic measurements (Kido et al., 2011) suggest the rupture
propagated from a hypocentral depth of 30 km to the trench.
To a certain extent, this was considered by some to be unex-
pected behavior because of the common conceptual model that
the near-surface part of a subduction zone is assumed to creep
aseismically during the interseismic phase of the seismic cycle
(Oleskovich et al., 1999; Saffer and Tobin, 2011). If this were
the case, it would seem that the up-dip propagation of the
Tohoku-Oki earthquake would be inconsistent with the concept
of a significant kinematic barrier, and several rupture dynamics
models have been proposed to explain this up-dip propagation
(e.g., Kozdon and Dunham, 2013; Noda and Lapusta, 2013).
However, interseismic land-based geodetic measurements prior
to the Tohoku-Oki earthquake are not sufficient to uniquely re-
solve the detailed behavior of the subduction zone nearest the
trench because of the great distance (>230 km) to the coastline
(Loveless and Meade, 2010, 2011), so direct measurements of
interseismic creep are not available. Block models both with and
without near-trench creep can explain onshore GPS velocities
with a mean residual magnitude of less than 1:9 mm=yr (Love-
less and Meade, 2011). Although near-trench seafloor geodetic
measurements were not available prior to theTohoku-Oki earth-
quake, suchmeasurements have been made near the Nazca trench
and subduction zone offshore southern Peru (Gagnon et al.,
2005). Based on repeat observations of both onshore and seafloor
geodetic sites, including one within 25 km of the trench, these
authors estimate that interseismic velocity gradients are consis-
tent with a subduction zone interface that is locked between
2 and 40 km depth. In other words, the subduction zone inter-
face is interseismically locked almost completely to the trench. If
this interpretation is indicative of the behavior of the Japan sub-
duction zones as well as the Nazca subduction zone, then there
would be no need to explain the up-dip rupture propagation
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through an uncoupled region; the up-dip region never would
have presented a kinematic barrier to rupture and, in fact, should
be expected to rupture during a great earthquake.

CONCLUSIONS

The apparent spatial correspondence of recent coseismic rup-
tures (Tohoku-Oki in Japan and Nicoya along the Middle
America trench) with concentrations of preseismic coupling
suggests that these earthquake rupture areas were bounded
by regions of relatively low interseismic coupling. More specifi-
cally for the Japan trench subduction zone, the c ≥ 0:3 coupling
contour appears to be well correlated with the coseismic rup-
ture extent of the Tohoku-Oki earthquake, whereas regions
coupled at c ≥ 0:8 show spatial correspondence with historical
to recent Japanese earthquakes other than Tohoku-Oki. The
concept that comparatively low values of interseismic coupling
may define kinematic barriers to rupture propagation allows for
the identification of discrete potential earthquakes in the future.

If the kinematic barriers that defined the lateral bounda-
ries of the 2011 Tohoku-Oki earthquake serve as a guideline
for future events, the prospect for futureMw 7:8–9:1 events on
four distinct segments of Japan’s subduction zones remains un-
diminished. In general, regions of the Japanese subduction
zones coupled at c ≥ 0:8 may define a more prevalent pattern
of earthquake rupture, whereas rare, massive earthquakes such
as Tohoku-Oki and past whole-Hokkaido and whole-Nankai
events may involve regions preseismically coupled by as little as
30%. Assessing characteristics of the coupling distributions, in-
cluding their spatiotemporal variations and connections to
physical properties, remain important tasks in identifying the
future seismic hazard of Japan.
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