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[11 We examine a region of the megathrust fault offshore of northeastern Honshu
(38.75°-40.25°N, 141.5°-143.25°E) that we designate as the Sanriku-Oki low-seismicity
region (SLSR). The SLSR, located near the northern termination of the 2011 Tohoku-Oki
(M,, 9.0) rupture, lacks historical great earthquake ruptures and has relatively low levels
of moderate-size (M; > 5.0) earthquakes, with subregions having many small events

(M; 2.5-5.0) in the Japan Meteorological Agency unified catalog. The SLSR is located
downdip along the megathrust from the rupture zone of the great 1896 Sanriku tsunami
earthquake and the great 1933 Sanriku outer trench slope normal-faulting event; weak
seismic coupling of the SLSR had been deduced based on the occurrences of those unusual
events. Relatively low slip deficit on the SLSR megathrust was estimated based on GPS
deformations prior to 2011 compared with adjacent areas with strong inferred locking

to the south and north. The southern portion of the SLSR appears to have had, at most,
modest levels (<5 m) of coseismic slip during the 2011 event. Some thrust-faulting
aftershocks did occur in the SLSR, primarily at depths near 40 km where there had
previously been small (M; ~5.0) repeating earthquakes (e.g., the Kamaishi repeater). An
M, ~ 7.4 underthrusting aftershock occurred near the northeastern edge of the SLSR
~22.5 min after the great 2011 event. Postseismic convergence along the megathrust is
peaked in the SLSR. The collective observations indicate that the SLSR is primarily
undergoing quasi-static aseismic convergence, and the lack of regional strain accumulation
likely delimited the northern extent of the great 2011 rupture as well as the downdip extent
of the 1896 rupture. The triggering of the M,, 7.4 aftershock and heightened activity in
the downdip repeater regions suggest that high postseismic strain rates drove the region to
have ephemerally increased seismic failure, but it appears unlikely that a great earthquake
will nucleate or rupture through this region. Similar properties may exist on the megathrust

near the southern end of the 2011 rupture.

Citation: Ye, L., T. Lay, and H. Kanamori (2012), The Sanriku-Oki low-seismicity region on the northern margin of the great
2011 Tohoku-Oki earthquake rupture, J. Geophys. Res., 117, B02305, doi:10.1029/2011JB008847.

1. Introduction

[2] The subduction zone megathrust fault offshore of
northeastern Honshu, Japan, accommodates ~8—10 cm/yr of
plate convergence with spatially varying slip behavior,
ranging from quasi-static slip to slowly rupturing tsunami
earthquakes to 60+ m coseismic displacements. Anticipating
the nature of slip in regions of the megathrust for which we
have limited seismological history has been difficult given
the regional variability, and it is important to understand the
distribution and nature of the diverse fault behavior. The
Sanriku-Oki region of the plate boundary fault (Figure 1)
(38.75°—40.25°N, 141.5°-143.25°E) has been characterized
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as having low seismic coupling and very uncertain potential
for hosting a large earthquake because of a lack of large his-
toric earthquake ruptures (Figure 1b) [Kanamori, 1972, 1977,
Earthquake Research Committee (ERC), 1998; Yamanaka
and Kikuchi, 2004], low levels of moderate-size earthquakes
(Figure 1a), and the relatively low regional slip deficit inferred
from several years of GPS observations [e.g., Mazzotti et al.,
2000; Nishimura et al., 2000; Kawasaki et al., 2001; Suwa
et al., 2006; Hashimoto et al., 2009; Loveless and Meade,
2010].

[3] Over the past 115 years, this region has been framed on
three sides (Figure 1b) by large and great earthquake ruptures
on the megathrust [ERC, 1998; Yamanaka and Kikuchi,
2004]. To the north, the 1994 Sanriku-Haruka-Oki earth-
quake (M,, 7.6) had almost equal amounts of coseismic and
postseismic moments [Heki et al., 1997; Kawasaki et al.,
2001]; to the east (updip), the great 1896 Sanriku tsunami
earthquake (Mg 7.2, M,, 8.0-8.2, M, 8.2-8.6) [Kanamori,
1972; Aida, 1977; Abe, 1979; Tanioka and Satake, 1996]
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Figure 1. (a) Seismicity from the NEIC catalog around Japan from 1973 to 2011 prior to the 11 March
2011 Tohoku-Oki earthquake with m;, > 5.5. Hypocentral depths are indicated by the color scale,
and symbol size increases with seismic magnitude. The magenta rectangular region indicates the SLSR.
The black rectangle indicates the zoomed-in region in Figure 1b. (b) Map showing the location of the
Sanriku low-seismicity region (SLSR), and schematic rupture zone of historic large earthquakes along
the northeast Honshu coast [ERC, 1998] with blue dotted ellipsoidal shapes and a gray dotted shape for
the 1896 tsunami earthquake source area [ Tanioka and Satake, 1996] updip of the SLSR, respectively. Slip
contours of 1, 10, 20, 30, 40, and 50 m for 2011 Tohoku-Oki rupture model of Yue and Lay [2011] are
shown along with a red star for the USGS/NEIC epicentral location. The darkly dotted ellipse indicates
the approximate location of the 896 Jogan tsunami source region [Minoura et al., 2001]. The dashed curve

indicates the position of the trench.

and the great 1933 Sanriku outer trench slope normal-
faulting event (M,, ~8.6) [Kanamori, 1971] both generated
huge tsunamis that devastated the coast of Iwate prefecture;
and to the south, the sequence of large Miyagi-Ken-Oki
earthquakes (M ~7.2-8.2) of 1793, 1835, 1861, 1897, 1936,
1978, and 2005 [ERC, 1998; Kanamori et al., 2006] repeat-
edly ruptured the downdip portion of the megathrust. The
great 2011 Tohoku-Oki earthquake (M,, 9.0) recently rup-
tured the entire width of the megathrust to the south with
large fault displacements, particularly in the updip half of the
fault zone, but limited coseismic slip appears to have
occurred in the Sanriku-Oki region and many aftershocks in
the area appear to be upper plate events [4sano et al., 2011].

[4] While the Sanriku-Oki region has numerous small
earthquakes (M,, <5.0), as we show here, it has few moderate-
to large-size events (M,, ~ 5.0-7.5) and no very large to
great earthquakes (M,, > 7.5) in earthquake catalogs dating
back to 1900 (Figure 1), so we designate it the Sanriku-Oki
low-seismicity region (SLSR).

[s] The SLSR was first characterized as being nearly
completely seismically decoupled in early considerations of
plate coupling based on subducting plate geometry, models
of subduction zone evolution, and historical earthquake

behavior [e.g., Kanamori, 1977]. This perspective emerged
from the observed along-strike variation from repeated great
underthrusting earthquakes along the Kuril and Hokkaido
regions to smaller, less-regular events along the Honshu
coast, with the intervening 1896 tsunami earthquake, sug-
gesting a transition in seismic coupling [Kanamori, 1972;
Tanioka and Satake, 1996]. The 1896 thrust event involved
large displacement of the shallow portion of the megathrust,
and with no historical record of large downdip thrusting
events, it is logical to infer that the deeper megathrust slips
aseismically (i.e., it is seismically “decoupled”), allowing
stress to build up and rupture the shallow, perhaps somewhat
weakly coupled, region.

[6] This notion of decoupling of the downdip portion of
the megathrust is strengthened by considering the great 1933
Sanriku normal-fault earthquake, which involved tensional
fracture of the oceanic lithosphere near the trench 37 years
after the 1896 tsunami earthquake [Kanamori, 1971]. The
1933 event is still the largest known outer trench slope
normal-faulting earthquake, and it is plausible that signifi-
cant loading of the plate-bending stresses by deep slab
negative buoyancy was involved, again suggesting that the
deep megathrust is essentially decoupled or it would have
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shielded the shallow plate from the deep slab pull. These
ideas played a role in the widely held assessment that the
Japan megathrust farther to the south was relatively unlikely
to support earthquakes larger than M,, ~8.5 (estimated size
of the 896 Jogan earthquake located south of the 1896 event
[e.g., Minoura et al., 2001]). That assessment, taken by
some as an absolute upper bound on viable earthquake size,
influenced earthquake hazard estimates along the Japan
Trench using the characteristic earthquake model, but this
perspective was evolving in the face of geodetic evidence for
large megathrust slip deficits offshore of Miyagi and
Fukushima prefectures [e.g., Loveless and Meade, 2010] and
reconsiderations of the seismic history [e.g., Minoura et al.,
2001; Watanabe, 2001; Kanamori et al., 2006; Satake et al.,
2007], and was demonstrated to be an underestimate by the
great event in 2011.

[7] The rupture zones of the 1896 and 1933 earthquakes
are not very well constrained, but the shallow subduction
zone updip of the SLSR is seismically very active, and
probable rupture regions of the earlier great events are sug-
gested by present-day microseismicity distributions [e.g.,
Gamage et al., 2009]. The nature of any downdip transition
to aseismic displacement in the SLSR is not known in
detail, but a relatively abrupt lower edge of the high-
microseismicity domain is shown below.

[8] The SLSR has also been regarded as a predominantly
stable sliding portion of the megathrust with small asperities
that fail in small repeating earthquakes [e.g., Igarashi et al.,
2003; Matsuzawa et al., 2002; Matsuzawa et al., 2004;
Uchida et al., 2003]. A recurrence interval of 535 +
0.53 years for M ~ 4.7 repeating earthquakes with very
similar waveforms has been determined for the megathrust
region offshore of the coastal town of Kamaishi in the
downdip region of the SLSR (~39.4°N, ~142.2°E). This has
been interpreted as a repeated rupture of the same asperity
with a dimension of ~1 km surrounded by a creeping zone on
the plate boundary [Matsuzawa et al., 2002). Uchida and
Matsuzawa [2011] build on these observations to propose a
notional hierarchical structure of asperities along the north-
eastern Japan coast and estimate low interplate coupling in
the SLSR based on repeating earthquake analysis.

[9] During the 2011 Tohoku-Oki event, a minor slip on
the order of a few meters may have occurred in the southern
SLSR [Ammon et al., 2011; Lay et al., 2011b; Ozawa et al.,
2011; Shao et al., 2011; Yue and Lay, 2011], far less than the
tens of meters of slip on the megathrust to the south, but
GPS data indicate that postseismic slip following the 2011
event is largest, albeit <1 m, in this region [Ozawa et al.,
2011]. It appears likely that the SLSR played a role in deli-
miting the great event’s northern rupture extent. Observations
of how this region, including its repeating earthquake patches,
was affected by the 2011 event are relevant to seismic hazard,
frictional behavior, and earthquake interactions and stress
transfer on a megathrust with variable slip behavior.

[10] We use earthquake catalogs and seismic waveforms
to examine the seismicity and focal mechanism of events in
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the SLSR in the context of it being located on the margins of
the large slip zones of the 1896 and 2011 ruptures. Our
attention is primarily focused on interplate thrust events,
identified using as criteria event locations and regional or
global centroid moment tensor (CMT) focal mechanisms.

2. Characteristics of SLSR Faulting

2.1. Seismicity and Focal Mechanisms

[11] We use the U.S. Geological Survey-National Earth-
quake Information Center (USGS-NEIC) preliminary deter-
mination of epicenters (PDE) catalog (1 January 1973—7 July
2011) and the Japan Meteorological Agency (JMA) unified
catalog (2 January 1925-7 July 2011) to establish basic
attributes of the seismicity in the SLSR. The NEIC catalog is
expected to be reasonably complete for events near Japan
with my, > 5.0 for the 1973-2011 time interval, and some
events down to my ~ 2.0 are included. The JMA unified
catalog is likely to be reasonably complete back to 1925 for
M; > 6.5 and back to 1973 for M; > 5.0. The most recent
15 years of the JMA unified catalog incorporate large
numbers of observations from the high-sensitivity seismo-
graph network (Hi-net) that was rapidly deployed after the
1995 Kobe earthquake, with the detection and completeness
levels for events within the SLSR lowering with time. For the
past decade, events down to M; ~ 2.5 have been very well
recorded in the SLSR because of its proximity to the coast.
The time-varying attributes of the catalogs are complex, and
we will not attempt to quantify them or differences between
my, and M;, given that the SLSR is quite distinctive without
need for any special processing. Data for two seismicity and
moment tensor catalogs are presented to ensure that our
interpretations do not depend on specific catalog parameters.

[12] We consider seismicity distributions prior to, and for
4 months following, the 2011 Tohoku-Oki earthquake.
Before the 2011 earthquake, the framing of the SLSR by
large earthquake ruptures in Figure 1b is also apparent in
maps of JMA unified catalog seismicity along Honshu dat-
ing back to 1925 for large earthquakes (Figure 2a; M; > 6.5),
and back to 1973 for medium to large earthquakes
(Figure 2¢; M; > 5.0). However, on the same map scale, the
SLSR is not as clearly distinctive in the distribution of
smaller events since 2001 (M; ~ 2.5-5.0), as was noted by
Uchida et al. [2009], although there is a somewhat sparse,
patchy distribution of seismicity (Figure 2e).

[13] To date, the SLSR has hosted numerous aftershocks
of the 11 March 2011 great earthquake with M; > 6.5 and
M; > 5.0 (Figures 2b and 2d), and moderate numbers of
smaller events, many in a well-defined north—south lineation
in the upper plate in the southern SLSR (Figure 2f). The
overwhelming task of processing the intense aftershock
activity raises questions about the catalog completeness of
the aftershock sequence for the lower magnitudes.

[14] The low historical seismicity for large events in
the SLSR is particularly striking, given the intensity of
large earthquakes at comparable downdip positions on the

Figure 2. Seismicity from the JMA unified catalog around northeast Honshu (left) prior to and (right) after the 11 March
2011 Tohoku-Oki Earthquake with (a) A; > 6.5 from 1925 to 10 March 2011, (¢) M; > 5.0 from 1973 to 10 March 2011,
(e) M; 2.5-5.0 from 2001 to 10 March 2011. Aftershocks of the Tohoku-Oki event with (b) M; > 6.5, (d) M; > 5.0, and
(f) M; 2.5-5.0 up until 7 July 2011. The ellipses in the lower panels denote the “seismic gap” for small earthquakes [Uchida
et al., 2004]. The toothed black line indicates the Japan Trench. Other symbols are the same as those in Figure 1.
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Figure 3. Seismicity from the NEIC catalog around the SLSR from 1973 to 2011 prior to the 11 March
2011 Tohoku-Oki earthquake with (a) m; > 5.0 and (c) m, < 5.0, and after the Tohoku-Oki earthquake
with (b) m; > 5.0 and (d) m; < 5.0. Other symbols are the same as those in Figure 1.

megathrust to the south along the Miyagi-Ken-Oki zone. It is
clear in Figures 2a and 2c that the near-trench portion of the
megathrust that ruptured with large slip updip of the hypo-
center in 2011 (Figure 1b) had relatively few large or small
preceding events in the JMA unified catalog, and it also had
few aftershocks. This is also the case in the latitude range
35°-36°N, on the southern margin of the large slip region in
the 2011 event. A localized region from 38.8°-39.0°N,
143°-144°E updip from the SLSR (ellipses in Figures 2e and
2f) has very low activity at all magnitude levels, as was dis-
cussed by Uchida et al. [2004]. We will discuss these low-
seismicity regions later, although it is clear that a relative lack
of seismicity alone can be misleading with respect to

seismogenic potential. Overall, the SLSR appears to have
general similarities to the creeping section of the San Andreas
fault, where there are many small events but no large events,
and large adjacent ruptures do not seem to be able to pene-
trate through the region [e.g., Wyss et al., 2004].

[15] We now zoom in on the SLSR and examine the
regional seismicity in more detail. The updip portion of the
megathrust extends to ~144°E, near the trench. The NEIC
catalog (Figure 3a) and JMA unified catalog (Figure 4a)
show that there has been much higher seismic activity for m,
or M; > 5.0 since 1973 in the updip portion of the mega-
thrust, where the 1896 earthquake rupture occurred. Both
catalogs indicate a transition in seismicity levels near
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Figure 4. Seismicity from the JMA unified catalog around the SLSR from 1973 to 2011 prior to the 11
March 2011 Tohoku-Oki earthquake with (a) M; > 5.0 and (c) M; < 5.0, and after the Tohoku-Oki earth-
quake with (b) M; > 5.0 and (d) M; < 5.0. Other symbols are the same as those in Figure 1.

~143°E or somewhat farther to the east. Because of limited
teleseismic location capabilities, the NEIC catalog has mod-
erate numbers of small earthquakes for m;, ~ 2.5-5.0
(Figure 3c). Many more small events (M; 2.5-5.0) are found
in the JMA unified catalog in the SLSR region from 1973 to
2011 (Figure 4c), with most of the smaller events in the cat-
alog being since 1995. Several distinct clusters are indicated
by the smaller activity, but are not as evident for the larger
events. Both catalogs define the almost completely aseismic
region extending to the trench within 38.8°-39°N, 143°—
144°E corresponding to the ellipses in Figures 2e and 2f. This
low-seismicity region, with a particularly strikingly well-

defined northern edge in Figure 4c, may demark the southern
limit of the 1896 rupture zone [Aida, 1977], although some
estimates indicate a more southerly rupture limit near 38.4°N
(e.g., Figure 1b) [Tanioka and Satake, 1996]. The aseismic
region extending to the trench lies near the northern edge of
the large updip slip region for the 2011 event (Figure 1b) as
well.

[16] Aftershock activity in the SLSR for the 2011 Tohoku-
Oki earthquake is substantial relative to the preceding sev-
eral decades, as seen for both the NEIC catalog (Figures 3b
and 3d) and the JMA unified catalog (Figures 4b and 4d).
The differences between catalog locations for the
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Figure 5. Focal mechanisms from the GCMT catalog around the SLSR since 1976 prior to the 11 March
2011 Tohoku-Oki earthquake with (a) M,, > 6.0 and (c) M,, < 6.0, and after the Tohoku-Oki earthquake
with (b) M,, > 6.0 and (d) M,, < 6.0. Other symbols are the same as those in Figure 1.

aftershocks are clearly apparent, with larger events tending
to be located farther offshore in the JMA unified catalog
than in the NEIC catalog, and smaller events tending to be
more clustered in the JMA unified catalog, notably for the
north—south lineation apparent in Figure 4d. It is interest-
ing that the aseismic patch near 38.9° that extends to the
trench is remarkably devoid of aftershocks in the JMA uni-
fied catalog (Figures 4b and 4d), and there are regions within
the SLSR that appear similarly devoid of aftershocks. As is
true for the main shock rupture zone to the south, many of the
aftershocks are actually shallow, upper plate events (most red
symbols in the SLSR regions in Figures 3b, 3d, 4a, and 4b),

and it is useful to examine aftershock focal mechanisms to
help identify events on the SLSR megathrust, which is of
primary interest here.

[17] We extracted all focal mechanisms in the Sanriku-Oki
region from the global centroid moment tensor (GCMT)
catalog back to 1976 (Figure 5) and the NIED regional CMT
mechanism catalog back to 1997 (Figure 6). All available
solutions are shown, separated by magnitudes less than or
greater than M,, = 6.0 and by timing relative to the great
2011 Tohoku-Oki event. For the GCMT solutions, the
lowest value of M, is 4.7, and the events are plotted at the
GCMT centroid locations. Most of the GCMT events around
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Figure 6. Focal mechanisms from the NIED CMT catalog since 1997 around the SLSR prior to the 11
March 2011 Tohoku-Oki earthquake with (a) M,, > 6.0 and (b) M,, < 6.0, and after the Tohoku-Oki earth-
quake with (c) M,, > 6.0 and (d) M,, < 6.0. Other symbols are the same as those in Figure 1.

the SLSR margins appear to be interplate thrust events, and
there are about a dozen such events within the SLSR prior to
2011 (Figures 5a and 5c) and only a few GCMT events with
M,,> 6.0 (Figure 5a). The upper plate in the SLSR had some
compressional activity prior to the 2011 Tohoku-Oki event,
but experienced diffuse extensional activity afterward. Thrust-
faulting aftershocks occurred in the northern region of the
1896 rupture zone and in the downdip SLSR region just
offshore of the coastline (Figures 5b and 5d), with a cluster
near the off-Kamaishi repeater zone at 39.4°N, 142.2°E
(Figures 5d).

[18] The NIED moment tensors (Figure 6) are based on
inversion of broadband waveforms from F net stations and

provide many more solutions for events as small as M,, = 3.2.
There are differences in M,, between the GCMT and NIED
solutions, and 50% more NIED M,, > 6 events are apparent
for the aftershock sequence (compare Figures 5b and 6b).
Many of the NIED mechanisms for lower M,, values located
in the SLSR before 2011 (Figure 6¢) appear to be intraplate
events within the Pacific plate (most blue mechanisms),
including a prominent sequence near 38.9°N, 141.8°E. There
are again only a few large events with thrusting mechanisms
within the SLSR before 2011 relative to the surrounding
regions.

[19] The expanded sampling of small aftershock mechan-
isms provided by the NIED catalog (Figure 6d) indicates
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Figure 7. Slip deficit maps. (a) Distribution of back slip rate estimated by inverting three-dimensional
velocity data with a contour interval of 2 cm/yr with continuous GPS data from 1997 to 2001. Dashed
lines indicate the slab depth every 50 km (modified from Suwa et al. [2006]). (b) The distribution of
slip-deficit rates (blue contours) and slip-excess rates (red contours) inverted with the GPS data between
1996 and 2000 (modified from Hashimoto et al. [2009]). (c) Coupling fraction estimated from GPS obser-
vation from 1997 to 2000. A zone of large thrust sense slip around the SLSR may reflect postseismic
deformation triggered by 1994 M,, 7.7 Sanriku-Oki earthquake. Thin gray lines indicate the block geom-
etry (modified from Loveless and Meade [2010]).
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Figure 8. Coseismic slip (black lines, 4 m interval,
10-11 March 2011) and postseismic slip (red lines,
0.2 m interval, 12-25 March 2011) distribution of the 2011
Tohoku-Oki estimated from GPS observation [Ozawa et al.,
2011].

several 20 km scale subregions with underthrusting after-
shocks in the SLSR close to the coastline (including the off-
Kamaishi events), with most events eastward of 142.5°
having extensional faulting that is likely located within the
upper wedge. The overall activity levels in the SLSR are
clearly elevated for the 4 month interval after the 11 March
2011 event, and several of the patches with thrusting after-
shocks had only experienced a few events in the preceding
decades. The concentration of NIED underthrusting after-
shocks in the northern region of the 1896 zone (Figures 6b
and 6d) is similar to the GCMT pattern (Figures 5b and
5d). It is interesting that so few underthrusting aftershocks
are found south of 39.5°N and east of 142.5°E, as a very
large coseismic slip occurred just to the south of this region
during the 2011 rupture (Figure 1b).

2.2. Interplate Slip Deficit Around the SLSR

[20] Observations from the dense nationwide global posi-
tioning system (GPS) network (GEONET) in Japan since
1996 revealed the crustal strain distribution in Honshu prior
to the 2011 Tohoku-Oki earthquake, and this has been
modeled by several groups to estimate the spatial distribution
of offshore interplate coupling. While estimates of the spatial
slip deficit across the megathrust are dependent on
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assumptions and boundary conditions in the modeling, par-
ticularly regarding the degree of coupling allowed at shallow
megathrust depths near the trench [Loveless and Meade,
2011], any slip deficit on the plate boundary 30-50 km
deep in the SLSR should be relatively well resolved because
of proximity to the GPS network. Figure 7 shows examples
of spatial distributions of inverted “back slip” (the slip deficit
required to account for the crustal strain while fully accom-
modating overall plate convergence) translated into degree of
locking around the SLSR.

[21] Assessment of any slip deficit in the SLSR is made
more difficult by the coseismic and postseismic deformation
of large events like the 1989 (M,, 7.4), 1992 (M,, 6.9), and
1994 (M,, 7.7) Sanriku-Oki events [Heki et al., 1997,
Kawasaki et al., 2001; Yamanaka and Kikuchi, 2004] east or
north of the SLSR. Nishimura et al. [2000] regard the SLSR
as a region of slip velocity strengthening (aseismic) due to
the unusually large postseismic displacement on the mega-
thrust following the 1992 and 1994 earthquakes and the lack
of historical large earthquakes. The distribution of the back
slip rate in the SLSR during 1997-2001 estimated by Suwa
et al. [2006] is ~2 cm/yr lower than that in the surround-
ing region (Figure 7a). Hashimoto et al. [2009] argue that
slip-deficit zones are the potential source regions of large
interplate earthquakes (M,, > 7.5) and infer that the smaller
slip deficit found for GPS data from 1996 to 2000 (Figure 7b)
indicates a low likelihood of large earthquakes in the SLSR.
Loveless and Meade [2010] estimated forward slip of up to
2.5 cm/yr and very low coupling on the subduction zone
interface beneath northernmost Honshu in and around the
SLSR (Figure 7c). They attribute part of the deformation
signal in GPS data from 1997 to 2000 to postseismic dislo-
cation triggered by the 1994 Sanriku-Oki earthquake, giving
the forward slip indicated by negative (blue) values.

[22] Overall, GPS inversions for back slip rate distribution
and/or postseismic deformation in northeastern Japan prior
to the great 2011 earthquake indicated strong megathrust
coupling in two large regions off Tokachi north of the SLSR
and off Miyagi south of the SLSR, with relatively weak plate
coupling in the SLSR (Figure 7). Inversions for back slip
tend to be heavily smoothed, and the SLSR is not resolved to
have zero slip deficit, just a reduced slip deficit relative to
adjacent regions. Specific testing of the hypothesis that there
is zero slip deficit could be performed using the seismically
defined spatial extent of the SLSR in the future. Given the
available inversion models and accepting that there is some
lateral smearing of the strains caused by the adjacent region
with up to 100% slip deficit (totally locked) that ruptured in
the great 2011 event, the geodetic observations indicate that
the SLSR has relatively low slip deficit as a result of aseis-
mic displacement involving either stable sliding or episodic
slow slip events.

3. The 2011 Main Shock Effects

3.1. Coseismic Slip and Postseismic Slip in the SLSR
in 2011

[23] Several coseismic finite-faulting slip distribution
models for the 11 March 2011 Tohoku-Oki earthquake have
now been inverted for using teleseismic, geodetic, and tsunami
data [e.g., Ammon et al., 2011; Ito et al., 2011; Lay et al.,
2011b; Ozawa et al., 2011; Shao et al., 2011; Simons et al.,
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Figure 9. (a) The GCMT location and focal mechanism of the thrusting aftershocks used in waveform
modeling in section 3.2. Other symbols are the same as those in Figure 1. (b) Observed (black lines)
and synthetic (red lines) teleseismic P, pP, and sP waves for aftershocks in Figure 9a recorded at the station
KN.TKM2. The azimuth, epicentral distance, preferred depth, and preferred trapezoidal source duration for

each record are indicated above each waveform.

2011]. These models have notable differences, but they are
consistent in indicating minor slip on the order of zero to a
few meters of coseismic slip in the southern SLSR (e.g.,
Figures 1 and 8). It appears that despite the SLSR lacking
large previous seismic events, it was able to delimit the great
2011 event’s northern rupture extent either because of lack

of accumulated strain energy available to tap or because of
high frictional strength.

[24] On the other hand, GPS data indicate that the post-
seismic slip following the 2011 Tohoku-Oki event is largest
in the SLSR, on the order of 0.4-0.8 m (Figure 8) [Ozawa
et al., 2011]. The lack of coseismic slip and concentration
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Table 1. Aftershocks Selected for Waveform Modeling
Depth (km)

Origin Time/UT Latitude (°N) Longitude (°E) PDE GCMT IMA Modeling M,,
1 2011 03 20 12:03:46.72 39.35 141.82 42.0 55.3 47.8 41.0 5.8
2 2011 03 24 08:21:00.14 39.08 142.08 27.0 37.1 33.7 26.5 59
3 2011 03 25 11:36:24.49 38.77 141.88 39.0 51.0 44.7 37.0 6.2
4 2011 03 31 07:15:30.19 38.92 141.82 42.0 54.0 47.4 41.0 6.0
5 2011 04 01 11:57:54.39 39.32 141.95 41.0 52.7 452 40.0 59
6 2011 04 12 19:37:48.29 39.37 141.90 45.0 56.6 483 41.0 5.6
7 2002 11 03 03:37:42.07 38.89 141.98 39.0 44.0 45.8 39.0 6.4
8 2010 07 04 21:55:51.98 39.70 142.37 27.0 353 345 28.0 6.3

of postseismic slip in the SLSR indicates frictional conditions
that are generally unfavorable for seismic failure. However,
some aftershocks did occur in the SLSR.

3.2. Large Aftershocks in the SLSR

[25] As shown above, there are relatively numerous
aftershocks located in the SLSR compared with preceding
activity. About ~22.5 min after the main shock, an M,, 7.4
(39.84°N, 142.78°E; JMA) aftershock (strike = 179°;
rake = 60°; dip = 23°; depth = 35 km from NIED focal
mechanism, shown in Figure 6b) occurred near the north-
eastern corner of the SLSR. This is located close to the
1 November 1989 M,, 7.4 event (39.84°N, 142.76°E, NEIC)
event (the GCMT centroid location, 39.95°N, 143.08°E is
just inside the SLSR in Figure 5a). The 1989 event has been
analyzed by Yamanaka and Kikuchi [2004] and Uchida
et al. [2004]. That event ruptured close to a prior event on
21 March 1960 (M,, 7.3), possibly with overlapping rupture
area [Yamanaka and Kikuchi, 2004], so the 2011 M,, = 7.4
aftershock is not in a surprising location. Both the 1960 and
1989 events were followed by large aftershock sequences in
the shallow megathrust region updip of the SLSR [Yamanaka
and Kikuchi, 2004].

[26] Numerous moderate-size underthrusting aftershocks
(M,, ~5.0—6.5) have occurred on the downdip portion of the
SLSR about 40 km beneath the coastal margin (Figures 5b,
5d, 6b, 6d), with activity extending along the length of the
SLSR, but clustered in 2-3 groups. There is very little
aftershock thrust activity from 142.5°E—143.25°E. Numer-
ous normal-fault events occurred at upper plate depths in this
eastern portion of the SLSR, but only the downdip portion
appears to have had thrust aftershocks.

[27] We modeled teleseismic P waves for the larger recent
thrust events in and near the SLSR to confirm the source
depths and to evaluate whether they had unusual rupture
characteristics. Adequate broadband teleseismic P wave data
were found for six aftershocks (M,, 5.9-6.2) and 2 earlier
events (M,, 6.3-6.4) with low dip angle faults and hypo-
central depths consistent with interplate events (Figure 9). A
few P wave recordings at azimuths of ~300° with high
signal-to-noise ratios were forward modeled, holding the
GCMT mechanism fixed and varying the source depth and
source duration.

[28] The depths of most larger thrust events (Table 1) are
determined to be ~40 km except the 4 July 2010 event
(depth = 28.0 km) located northeast of the other events. The
modeling depth estimates are consistent with those from

the JMA unified and NEIC catalogs and shallower than the
GCMT centroid depths by ~15 km. The P wave signals
used have weak pP arrivals compared with sP, which is
consistent with the focal mechanisms having low dip angles
of ~19°-26°. In each case ~2-3 s trapezoidal source dura-
tions provide good matches to the P waveforms. This dura-
tion is typical of M,, 6.0 events, and these SLSR events do not
show any distinctive waveforms relative to comparably sized
events elsewhere, and the aftershocks are not distinctive from
the earlier events. The 3 November 2002 event has complex
double-pulse P waves, but we do not model the details, as we
mainly wanted to confirm the depth.

3.3. Repeating Earthquakes Off Kamaishi

[29] Seven underthrusting aftershocks with M,, 4.3-5.9
occurred on the plate boundary offshore of Kamaishi
(~39.4°N, ~142.0°E) where the M; 4.8 £ 0.1 repeating
earthquake sequence was observed by Matsuzawa et al.
[2002]. To identify whether they are repeating earthquakes
of this sequence, we calculated the cross correlation of the
waveforms of these seven aftershocks with those for earlier
identified repeating earthquakes in 2001 and 2008 [Okada
et al., 2003; Shimamura et al., 2011]. We used signals
recorded by the broadband network F net in Japan for the
time window from 10 s before predicted P arrival to 10 s
after predicted S wave arrival. Waveform cross correlations
indicate that at least two of the events, events 13 and 15 in
Table 2 (group A), are precisely colocated with earlier off-
Kamaishi repeating events in 2001 and 2008. The other four
events, 11, 12, 14, and 16 (group B) show high waveform
similarity with each other but are clearly somewhat different
from the earlier repeaters. Also, the magnitudes of these
events (M; = 5.3-5.9) are consistently larger than those of
earlier repeating events (M = 4.7-5.1) and events 13 and 15.
An increase in size of repeaters and initiation of new repeater
sequences were observed for the 2004 Parkfield earthquake
as well [Chen et al., 2010]. Event 17 has few high cross-
correlation coefficients with the signals for the two groups,
so it appears distinctive.

[30] Even though there appear to be at least two groups
based on waveform similarities, cross-correlation coeffi-
cients between events from the two groups are still ~0.8 for
the most nearby stations. Since digital data for the off-
Kamaishi repeating sequence are available at our stations for
only the 2001 and 2008 events, it is hard to evaluate defini-
tively whether the events in group B and event 17 are or are
not repeaters of prior events in the off-Kamaishi group. The
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Table 2. Possible Repeating Earthquakes Off-Kamaishi

Event Origin Time (JST) Latitude (°N) Longitude (°E) Depth (km) Magnitude (M))
1 1957 09 27, 21:43:27.20 39.3170 142.0000 49.0 49
2 1962 07 30, 19:51:04.30 39.3330 142.0670 50.0 4.9
3 1968 10 17, 22:28:22.50 39.3000 142.1170 50.0 4.9
4 1973 12 08, 06:07:21.80 39.3330 142.0500 50.0 48
5 1979 07 19, 10:30:00.20 39.3500 141.9330 50.0 48
6 1985 03 01, 11:35:06.00 39.3430 142.0520 51.0 49
7 1990 07 16, 21:35:10.00 39.3400 142.0420 52.0 5.0
8 1995 03 11, 13:49:56.90 39.3250 142.1220 57.1 5.1
9 2001 11 13, 16:45:05.40 39.3370 142.0690 48.0 4.8
10 2008 01 11, 08:00:31.70 39.3410 142.0670 472 47
11 2011 03 11, 15:40:49.50 39.3260 142.0720 51.4 5.7
12 2011 03 20, 21:03:47.50 39.3440 142.0480 47.8 5.9
13 2011 03 29, 08:51:31.10 39.3440 142.0550 49.1 43
14 2011 04 13, 04:37:48.40 39.3440 142.0650 483 5.5
15 2011 04 29, 15:54:48.10 39.3400 142.0640 482 438
16 2011 05 31, 21:28:35.70 39.3420 142.0620 48.0 53
17 2011 07 11, 13:29:28.38 39.3417 142.0605 50.0 5.1
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Figure 10. (a) Location of the region of the off-Kamaishi repeater sequence (red box) within the SLSR
(magenta box) (b) Locations from the JMA unified catalog of 7 aftershocks with M, 4.3-5.9 off Kamaishi
and 10 earthquakes in the M 4.8 £ 0.1 repeating sequences there [Matsuzawa et al., 2002]. (¢c) Magnitude
versus time diagram of all 17 events. (d) Expanded time scale of the aftershock sequence.
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(b)  Coulomb stress change on thrust faults (bar) ;
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Figure 11. Maps of Coulomb stress change predicted for the coseismic slip model from Yue and Lay
[2011]. (a) The Coulomb stress change averaged over the depth range 5-20 km for normal-faulting geom-
etry given by the westward dipping plane of an M,, 6.1 aftershock located in the SLSR (11 March 2011,
20:11 UTC; strike = 140°, dip = 41°, rake = —76°; NIED CMT solution). (b) The Coulomb stress change
over the depth range 39—41 km for a shallow-dipping thrust-faulting geometry given by an M,, 6.2 after-
shock (25 March,11:36:28.2 UTC; strike = 185°; dip = 26°; slip = 74°; NIED CMT solution), which is the

largest aftershock modeled in section 3.1.

occurrence of at least two definite repeating earthquakes,
events 13 and 15, supports the notion of a local asperity with
a size of ~1 km loaded to failure by steady sliding of the
surrounding megathrust [Matsuzawa et al., 2002]. Since the
other events are very similar to each other and may be repeats
of earlier off-Kamaishi events, it appears that the large post-
seismic deformation following the great 2011 earthquake
accelerated the repeated failure of one or two asperities rather
dramatically (Figure 10).

3.4. Stress Changes in the SLSR Thrust Zone

[31] The limited and localized occurrence of thrusting
aftershocks indicates that most of the postseismic deforma-
tion in the SLSR is taking place aseismically. Evaluating the
stress perturbation produced by the main shock displacement
can give some guidance on the stress changes in the SLSR.
We used Coulomb 3 software (provided by S. Toda, R. Stein,
J. Lin, and V. Sevilgen) to estimate the stress perturbation for
the coseismic slip model from Yue and Lay [2011] (Figure 1b),
obtained by inversion of high-rate GPS observations across
Honshu. A friction coefficient of 0.4 was assumed, but the
results are not particularly sensitive to this choice for the
range 0.2—0.8. We calculated the average stress change over
the depth range 5-20 km for the southwestward dipping fault
plane of a normal faulting geometry (Figure 11a) given by an

M,, 6.1 aftershock located in the SLSR (11 March 2011,
20:11 UTC; strike = 140°, dip = 41°, rake = —76°; NIED
CMT solution) and the average stress change over the depth
range 39—41 km for a shallow-dipping thrust-faulting geome-
try (Figure 11b) of an M,, 6.2 aftershock (25 March 2011,
11:36:28.2 UTC; strike = 185°; dip = 26°; slip = 74°; NIED
CMT solution), which is the largest aftershock modeled in
section 3.1. For shallow normal faulting, the driving stress
increased by ~5 bars in the SLSR, which is compatible with
the occurrence of numerous extensional aftershocks in the
upper plate (Figures 5 and 6). At greater depth within the
SLSR near the megathrust, the driving stress for thrusting
increased ~3 bars near the coastline, which is consistent with
the band of thrusting aftershocks in the SLSR discussed
above. Not all aftershocks are in regions of strong Coulomb
stress increase for their focal mechanism, but this may result
from differences in depth or inaccuracy of the slip model, as
well as other factors that influence seismicity.

[32] Coulomb stress calculations provide only first-order
guidance with respect to changes in the SLSR stress envi-
ronment, as the ambient stresses are not known. However,
the general shift from compressional activity to extensional
activity in the intraplate environment (Figure 6) does suggest
relatively low stress [e.g., Hasegawa et al., 2011]. Thus,
aseismic convergence may be inferred to be occurring in the
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Figure 12. Schematic map of the Japan megathrust fault showing the distribution of rupture zone of
historic large events and the 2011 Tohoku earthquake (large blue regions), and aftershocks (small blue
regions) along the megathrust from Japan Trench. We plot the southern end of the 1896 rupture zone as
extending to about 39°N, north of the aseismic zone seen in Figure 2¢, consistent with the southern extent of
the tsunami model of Aida [1977] and the region of strong inundation on the Iwate coast indicated by
Hatori [1974]. The convergence velocity of the Pacific Plate is indicated by a yellow arrow. The magenta
region highlights the SLSR on the megathrust. The SLSR is largely aseismic, but does have modest-size
patches of seismogenic regions downdip, including the off-Kamaishi repeater zone. The shallower portion
of the SLSR is almost devoid of moderate-size thrust events, but seismic activity is high in the 1896 rupture

zone region further updip.

region because of low frictional resistance rather than as a
result of very high stress stable sliding.

4. Discussion and Conclusions

[33] Source process analysis of large earthquakes and
interplate coupling distribution estimated from GPS obser-
vation for northeast Japan provide support for an asperity
model characterization of the SLSR megathrust (Figure 12),
as has been suggested by Yamanaka and Kikuchi [2004],
Hashimoto et al. [2009], and Uchida and Matsuzawa [2011].
The deeper portion of the SLSR has moderate-size thrust
events, in concentrated patches both before and after the 2011
Tohoku-Oki main shock. These patches normally failed at a
slow rate before the great 2011 event, but the rate increased
after the event. This is particularly clear for the off-Kamaishi
repeating earthquake sequence in which two confirmed
repeaters, and many additional events on a nearby asperity,
occurred within 4 months after the main shock. This increase
in failure rate is generally consistent with the predicted
Coulomb stress change for models of the main shock slip and
with the concentration of postseismic deformation in the
vicinity of the SLSR. The updip portion of the SLSR mega-
thrust has very few thrusting events, and the total seismic
moment of thrusting for the whole SLSR constitutes a tiny
fraction of plate convergence slip.

[34] Postseismic slip is accelerated creep following a main
shock and is generally thought to happen on weak or stably
sliding areas of the fault in response to increased strain rate
in the main shock vicinity. The <5 m slip during the 2011
rupture and the ~0.4-0.8 m postseismic slip in the SLSR
support the idea that the region is weakly coupled and that

resulting low strain accumulation may have served as an
elastic energy sink that bounded the 2011 rupture. The high
ratio of the number of repeating earthquakes to the total
number of earthquakes [Igarashi et al., 2003] and the fringing
ofthe SLSR by slow slip events, such as accompanied the 1989
Sanriku-Oki (M,, 7.4), 1992 Sanriku-Oki (M,, 6.9), and 1994
Sanriku-Oki (M,, 7.7) earthquakes, indicate that little strain has
accumulated in the SLSR with convergence having been
accommodated by aseismic slip. It is likely that this region is
either totally decoupled or is in a velocity-strengthening state
given the lack of induced thrust-faulting aftershocks.

[35] The cause of the distinct nature of the frictional state
on the SLSR relative to adjacent regions of the megathrust is
unclear. There is evidence for volumetric velocity heteroge-
neity in the vicinity of the 2011 Tohoku-Oki large slip zone,
where relatively high V), is observed [Zhao et al., 2011] and
in the transition from large updip slip to lower downdip slip
[Kennett et al., 2011], where low shear velocity and low bulk
sound velocity are observed. The latter study, along with that
by Zhao et al. [2009], finds low velocities near the mega-
thrust in the upper portion of the SLSR as well, with an
increase in the ratio downdip below the coastline. The pres-
ence of fluids could reduce the shear velocity and possibly
the frictional strength in the aseismic region of the SLSR, but
specific causes of the frictional behavior are not known.

[36] The updip region of the Ibaraki-Oki megathrust
region to the south of the 2011 rupture zone has some similar
attributes to the SLSR. While the downdip region has had
historical M > 7+ events, such as the 1938 sequence with
cumulative seismic moment equivalent to M,, ~ 8.1 [4be,
1977], the updip activity in this region is low (Figure 2).
Relatively low back slip and low slip deficit in the downdip
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region have also been estimated in this region (Figure 7c)
[Loveless and Meade, 2010]. A large underthrusting after-
shock (M,, 7.9) occurred in the downdip megathrust
(36.18°N, 141.17°E) ~30 min after the Tohoku-Oki earth-
quake [e.g., Lay et al., 2011a], but the updip region from
35°-36°N, 141.2°-142.2°E appears not to have had coseismic
slip and had relatively few aftershocks (Figure 2). These
observations suggest that weak interplate coupling and little
strain accumulation might have also bounded the 2011 slip
zone to the south in the same way the SLSR appears to have
bounded it to the north. The aseismic zone extending from
the SLSR to the trench (ellipse in Figures 2e and 2f) may
have bounded the extent of updip rupture for the 2011 event
and plausibly the southern extent of the 1896 rupture.

[37] The SLSR appears to be a region where great earth-
quakes will not nucleate and through which they do not
manage to rupture. The lines of evidence supporting this
interpretation include the low GPS-inferred slip deficit, the
lack of historical great events, localized zones of repeating
earthquakes that appear to be surrounded by quasi-static
deformation and were accelerated by the 2011 rupture, sig-
nificant 2011 postseismic slip, and lack of triggered thrust
aftershocks from adjacent giant earthquake over the updip
portion. The occurrence of large postseismic deformation for
large earthquakes to the north of the SLSR and slow rupture
updip in the 1896 tsunami earthquake, with abrupt transition
in microseismicity at about 143°E, further indicate transitions
to a distinct frictional regime in the SLSR. The overall evi-
dence suggests that this region is not storing strain that will
be released in a future great event, but rather is accommo-
dating most plate convergence with aseismic sliding of most
of the SLSR fault surface. Characterizing other regions with
similar properties may help to define bounds on adjacent
large earthquake ruptures.

[38] Acknowledgments. This work made use of GMT and SAC soft-
ware. Seismic catalogs and focal mechanisms were obtained from JMA,
NIED, NEIC, and GCMT. K. Katsumata provided a convenient version
of the JMA unified catalog. Y. Asano kindly provided a copy of his unpub-
lished focal mechanism catalog of regional CMT inversions. N. Uchida
shared his catalog of repeating events in the Japan Trench. B. L. N. Kennett
provided a preprint of his velocity tomography results. C. Ammon provided
seismicity maps that motivated this examination of the SLSR. We thank an
anonymous reviewer and T. Matsuzawa for comments that improved the
manuscript. This work was supported by NSF grant EAR0635570.

References

Abe, K. (1977), Tectonic implications of the large Shioya-Oki earthquakes
of 1938, Tectonophysics, 41, 269-289, doi:10.1016/0040-1951(77)
90136-6.

Abe, K. (1979), Size of great earthquakes of 1873—1974 inferred from tsunami
data, J. Geophys. Res., 84, 1561-1568, doi:10.1029/]B084iB04p01561.
Aida, 1. (1977), Simulations of large tsunamis occurring in the past off the
coast of the Sanriku district [in Japanese], Bull. Earthquake Res. Inst.

Univ. Tokyo, 52, 71-101.

Ammon, C. J., T. Lay, H. Kanamori, and M. Cleveland (2011), A rupture
model of the 2011 off the Pacific coast of Tohoku Earthquake, Earth
Planets Space, 63, 693—696, doi:10.5047/eps.2011.05.015.

Asano, Y., T. Saito, Y. Ito, K. Shiomi, H. Hirose, T. Matsumoto, S. Aoi,
S. Hori, and S. Sekiguchi (2011), Spatial distribution and focal mechanisms
of aftershocks of the 2011 off the Pacific coast of Tohoku Earthquake,
Earth Planets Space, 63, 669-673, doi:10.5047/eps.2011.06.016.

Chen, K. H., R. Burgmann, R. M. Nadeau, T. Chen, and N. Lapusta (2010),
Postseismic variations in seismic moment and recurrence interval of small
repeating events following the 2004 Parkfield earthquake, Earth Planet.
Sci. Lett., 299, 118-125, doi:10.1016/j.eps1.2010.08.027.

YE ET AL.: THE SANRIKU-OKI LOW SEISMICITY REGION

B02305

Earthquake Research Committee (1998), Seismic Activity in Japan. 222 pp.,
Headquarters for Earthquake Research Promotion, Prime Minister’s
Office, Tokyo, Japan.

Gamage, S. S. N., N. Umino, A. Hasegawa, and S. H. Kirby (2009),
Oftshore double-planed shallow seismic zone in the NE Japan forearc region
revealed by sP depth phases recorded by regional networks, Geophys.
J.Int., 178, 195-214, doi:10.1111/j.1365-246X.2009.04048 x.

Hasegawa, A., K. Yoshida, and T. Okada (2011), Nearly complete stress
drop in the 2011 M,, 9.0 off the Pacific coast of Tohoku Earthquake,
Earth Planets Space, 63, 703—707, doi:10.5047/eps.2011.06.007.

Hashimoto, C., A. Noda, T. Sagiya, and M. Matsu’ura (2009), Interplate
seismogenic zones along the Kuril-Japan trench inferred from GPS data
inversion, Nat. Geosci., 2, 141-144, doi:10.1038/ngeo421.

Hatori, T. (1974), Tsunami sources on the Pacific side in northeast Japan
[in Japanese], J. Seism. Soc. Jpn., 2(27), 321-337.

Heki, K., S. I. Miyazaki, and H. Tsuji (1997), Silent fault slip following an
interplate thrust earthquake at the Japan Trench, Nature, 386, 595-598,
doi:10.1038/386595a0.

Igarashi, T., T. Matsuzawa, and A. Hasegawa (2003), Repeating earth-
quakes and interplate aseismic slip in the northeastern Japan subduction
zone, J. Geophys. Res., 108(B5), 2249, doi:10.1029/2002JB001920.

Ito, T., K. Ozawa, T. Watanabe, and T. Sagiya (2011), Slip distribution of
the 2011 off the Pacific coast of Tohoku Earthquake inferred from geo-
detic data, Earth Planets Space, 63, 627-630, doi:10.5047/
eps.2011.06.023.

Kanamori, H. (1971), Seismological evidence for a lithospheric normal
faulting—The Sanriku earthquake of 1933, Phys. Earth Planet. Inter., 4,
289-300, doi:10.1016/0031-9201(71)90013-6.

Kanamori, H. (1972), Mechanism of tsunami earthquakes, Phys. Earth
Planet. Inter., 6, 346-359, doi:10.1016/0031-9201(72)90058-1.

Kanamori, H. (1977), Seismic and aseismic slip along subduction zones and
their tectonic implications, in Island Arcs, Deep Sea Trenches and Back-
Arc Basins, Maurice Ewing Ser., vol. 1, edited by T. Talwani and W. C.,
Pitman, pp. 163174, AGU, Washington, D. C., doi:10.1029/ME001.

Kanamori, H., M. Miyazawa, and J. Mori (2006), Investigation of the earth-
quake sequence off Miyagi prefecture with historical seismograms, Earth
Planets Space, 58, 1533—1541.

Kawasaki, I., Y. Asai, and Y. Tamura (2001), Space-time distribution of
interplate moment release including slow earthquakes and the seismo-
geodetic coupling in the Sanriku-oki region along the Japan trench,
Tectonophysics, 330, 267-283.

Kennett, B. L. N., A. Gorbatov, and E. Kiser (2011), Structural controls on
the Mw 9.0 2011 Offshore-Tohoku earthquake, Earth Planet. Sci. Lett.,
310, 462-467, doi:10.1016/j.epsl.2011.08.039.

Lay, T., C. J. Ammon, H. Kanamori, M. J. Kim, and L. Xue (2011a),
Outer trench-slope faulting and the 2011 M,, 9.0 off the Pacific coast of
Tohoku Earthquake, Earth Planets Space, 63, 713718, doi:10.5047/
eps.2011.05.006.

Lay, T., C. J. Ammon, H. Kanamori, L. Xue, and M. J. Kim (2011b), Possi-
ble large near-trench slip during the 2011 M, 9.0 off the Pacific coast of
Tohoku Earthquake, Earth Planets Space, 63, 687-692, doi:10.5047/
eps.2011.05.033.

Loveless, J. P., and B. J. Meade (2010), Geodetic imaging of plate motions,
slip rates, and partitioning of deformation in Japan, J. Geophys. Res., 115,
B02410, doi:10.1029/2008JB006248.

Loveless, J. P., and B. J. Meade (2011), Spatial correlation of interseismic
coupling and coseismic rupture extent of the 2011 M,, = 9.0 Tohoku-oki
earthquake, Geophys. Res. Lett., 38, L17306, doi:10.1029/2011GL048561.

Matsuzawa, T., T. Igarashi, and A. Hasegawa (2002), Characteristic small-
earthquake sequence off Sanriku, northeastern Honshu, Japan, Geophys.
Res. Lett., 29(11), 1543, doi:10.1029/2001GL014632.

Matsuzawa, T., N. Uchida, T. Igarashi, T. Okada, and A. Hasegawa (2004),
Repeating earthquakes and quasi-static slip on the plate boundary east off
northern Honshu, Japan, Earth Planets Space, 56, 803—812.

Mazzotti, S., X. Le Pichon, P. Henry, and S. I. Miyazaki (2000), Full inter-
seismic locking of the Nankai and Japan-west Kurile subduction zones:
An analysis of uniform elastic strain accumulation in Japan constrained
by permanent GPS, J. Geophys. Res., 105, 13159-13177, doi:10.1029/
2000JB900060.

Minoura, K., F. Imamura, D. Sugawara, Y. Kono, and T. Iwashita (2001),
The 869 Jogan tsunami deposit and recurrence interval of large-scale
tsunami on the Pacific coast of northeast Japan, J. Nat. Disaster Sci., 23,
83-88.

Nishimura, T., S. Miura, K. Tachibana, K. Hashimoto, T. Sato, S. Hori,
E. Murakami, T. Kono, K. Nida, and M. Mishina (2000), Distribution
of seismic coupling on the subducting plate boundary in northeastern
Japan inferred from GPS observations, Tectonophysics, 323, 217-238,
doi:10.1016/S0040-1951(00)00108-6.

16 of 17

85U8017 SUOWWIOD dAE8.D 3[edl|dde ayy Aq peuAob a2 S O ‘85N JO S8|NI J0j ARG 8UIIUO AB]IAN UO (SUORIPUOD-PUR-SLUIBYWI0D" AB 1M Ale.d) 1 |BU1|UO//:SANY) SUORIPUOD PUe SIS 1 U 885 *[7202/S50/0T] Lo A%iqiT8uljuo AB|iIM ‘80Ueids JO AlsieAlun yinos Aq 2#88008rTT0Z/620T OT/I0P/W00 A& 1M Ate.q 1 puljuosqndnBe//sdny Wwo.j pepeojumod ‘2g ‘2T0Z ‘420229512



B02305 YE ET AL.: THE SANRIKU-OKI LOW SEISMICITY REGION B02305

Okada, T., T. Matsuzawa, and A. Hasegawa (2003), Comparison of source
areas of M4.8 £ 0.1 repeating earthquakes off Kamaishi, NE Japan: Are
asperities persistent features? Earth Planet. Sci. Lett., 213, 361-374,
doi:10.1016/S0012-821X(03)00299-1.

Ozawa, S., T. Nishimura, H. Suito, T. Kobayashi, M. Tobita, and T. Imakiire
(2011), Coseismic and postseismic slip of the 2011 magnitude-9 Tohoku-
Oki earthquake, Nature, 475, 373-376, doi:10.1038/nature10227.

Satake, K., Y. Sawai, M. Shishikura, Y. Okamura, Y. Namegaya, and
S. Yamaki (2007), Tsunami source of the unusual AD 869 earthquake
off Miyagi, Japan, inferred from tsunami deposits and numerical simula-
tions of inundation, Eos Trans. AGU, 88(23), Fall Meeting Suppl.,
Abstract T31G-03.

Shao, G., X. Li, C. Ji, and T. Maeda (2011), Focal mechanism and slip his-
tory of the 2011 My, 9.1 off the Pacific coast of Tohoku Earthquake, con-
strained with teleseismic body and surface waves, Earth Planets Space,
63, 559-564, doi:10.5047/eps.2011.06.028.

Shimamura, K., T. Matsuzawa, T. Okada, N. Uchida, T. Kono, and
A. Hasegawa (2011), Similarities and differences in the rupture process
of the M~4.8 repeating-earthquake sequence off Kamaishi, Northeast
Japan: Comparison between the 2001 and 2008 events, Bull. Seismol.
Soc. Am., 101, 2355-2368, doi:10.1785/0120100295.

Simons, M., et al. (2011), The 2011 magnitude 9.0 Tohoku-Oki Earth-
quake: Mosaicking the megathrust from seconds to centuries, Science,
332, 1421-1425, doi:10.1126/science.1206731.

Suwa, Y., S. Miura, A. Hasegawa, T. Sato, and K. Tachibana (2006), Interplate
coupling beneath NE Japan inferred from three-dimensional displacement
field, J. Geophys. Res., 111, B04402, doi:10.1029/20041B003203.

Tanioka, Y., and K. Satake (1996), Fault parameters of the 1896 Sanriku
tsunami earthquake estimated from tsunami numerical modeling, Geophys.
Res. Lett., 23, 1549-1552, doi:10.1029/96GL01479.

Uchida, N., and T. Matsuzawa (2011), Coupling coefficient, hierarchical
structure, and earthquake cycle for the source area of the 2011 Tohoku
earthquake inferred from small repeating earthquake data, Earth Planets
Space, 63, 675-679, doi:10.5047/eps.2011.07.006.

Uchida, N., T. Matsuzawa, A. Hasegawa, and T. Igarashi (2003), Interplate
quasi-static slip off Sanriku, NE Japan, estimated from repeating earth-
quakes, Geophys. Res. Lett., 30(15), 1801, doi:10.1029/2003GL017452.

Uchida, N., A. Hasegawa, T. Matsuzawa, and T. Igarashi (2004), Pre-and
post-seismic slow slip on the plate boundary off Sanriku, NE Japan
associated with three interplate earthquakes as estimated from small
repeating earthquake data, Tectonophysics, 385, 1-15, doi:10.1016/j.tecto.
2004.04.015.

Uchida, N., J. Nakajima, A. Hasegawa, and T. Matsuzawa (2009), What
controls interplate coupling?: Evidence for abrupt change in coupling
across a border between two overlying plates in the NE Japan subduc-
tion zone, Earth Planet. Sci. Lett., 283, 111-121, doi:10.1016/j.epsl.
2009.04.003.

Watanabe, H. (2001), Realities of the 869 Jogan earthquake and tsunami
and the inferred tsunami source, Hist. Earthquakes, 14, 83-99.

Wyss, M., C. G. Sammis, R. M. Nadeau, and S. Wiemer (2004), Fractal
dimension and b-value on creeping and locked patches of the San
Andreas fault near Parkfield, California, Bull. Seismol. Soc. Am., 94(2),
410-421, doi:10.1785/0120030054.

Yamanaka, Y., and M. Kikuchi (2004), Asperity map along the subduction
zone in northeastern Japan inferred from regional seismic data, J. Geophys.
Res., 109, B07307, doi:10.1029/2003JB002683.

Yue, H., and T. Lay (2011), Inversion of high-rate (1 sps) GPS data for rup-
ture process of the 11 March 2011 Tohoku earthquake (My, 9.1), Geophys.
Res. Lett., 38, L00G09, doi:10.1029/2011GL048700.

Zhao, D., Z. Wang, N. Umino, and A. Hasegawa (2009), Mapping the
mantle wedge and interplate thrust zone of the northeast Japan arc,
Tectonophysics, 467, 89-106, doi:10.1016/j.tecto.2008.12.017.

Zhao, D., Z. Huang, N. Umino, A. Hasegawa, and H. Kanamori (2011),
Structural heterogeneity in the megathrust zone and mechanism of the
2011 Tohoku-oki earthquake (Mw 9.0), Geophys. Res. Lett., 38, L17308,
doi:10.1029/2011GL048408.

H. Kanamori, Seismological Laboratory, California Institute of Technology,
Pasadena, CA 91125, USA.

T. Lay and L. Ye, Department of Earth and Planetary Sciences, University
of California, Santa Cruz, CA 95064, USA. (tlay@ucsc.edu)

17 of 17

85U8017 SUOWWIOD dAE8.D 3[edl|dde ayy Aq peuAob a2 S O ‘85N JO S8|NI J0j ARG 8UIIUO AB]IAN UO (SUORIPUOD-PUR-SLUIBYWI0D" AB 1M Ale.d) 1 |BU1|UO//:SANY) SUORIPUOD PUe SIS 1 U 885 *[7202/S50/0T] Lo A%iqiT8uljuo AB|iIM ‘80Ueids JO AlsieAlun yinos Aq 2#88008rTT0Z/620T OT/I0P/W00 A& 1M Ate.q 1 puljuosqndnBe//sdny Wwo.j pepeojumod ‘2g ‘2T0Z ‘420229512




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


