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Seismic activity around the northern neighbor of the 2011 off the Pacific coast
of Tohoku Earthquake with emphasis on a potentially

large aftershock in the area
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We investigated the seismic activity around the northern neighbor of the 2011 off the Pacific coast of Tohoku
Earthquake (MW 9.0) with special attention to a potential large aftershock in the area. We obtained a combined
data set by adding our manually-picked locations to the catalog locations by the Japan Meteorological Agency.
The hypocenter distribution delineates active and inactive bands of seismicity. The band of low seismicity
corresponds to a zone of a large seismic slip, indicating that aftershocks occurred in peripheral neighbors of
the mainshock asperity. The broad band of active seismicity along the coast corresponds to the zone of a
large postseismic slip, suggesting the enhancement of the aftershock activity by the slip. Although the northern
neighbor of the mainshock fault is a favored region of increased seismicity, as shown from a Coulomb stress
calculation, no significant seismic activity is observed within the potential source area except along the Japan
Trench and the SW corner. This implies that the zone of interplate moment release by previous large earthquakes
and the subsequent slow slip acted as a barrier to the migration of both the mainshock rupture and aftershock
activity. However, an aftershock area in the zone may reflect inhomogeneous moment release by past seismic and
aseismic sequences.
Key words: 2011 off the Pacific coast of Tohoku Earthquake, hypocenter distribution, aftershock activity,
postseismic slip.

1. Introduction
The 2011 off the Pacific coast of Tohoku Earthquake

(MW 9.0) is the largest earthquake recorded in Japan, and
it caused indescribably severe damage mainly by a huge
tsunami along the coast from the Tohoku to the Kanto dis-
trict in Honshu Island. The earthquake is megathrust fault-
ing along the subduction zone plate boundary between the
Pacific and North American plates. Figure 1 is a map view
of northeastern Japan showing the source area of the 2011
Tohoku Earthquake. The length of the rupture area extends
nearly 500 km along the Japan Trench. The aftershock dis-
tribution of large earthquakes is essential for estimating the
extent of a source fault. This information is of particular im-
portance when assessing the location of future large after-
shocks that may be hazardous to areas severely damaged by
a mainshock. Typically, large aftershocks occur in neigh-
boring areas of the mainshock fault. For example, in the
case of the 2004 Sumatra earthquake (MW 9.2), the largest
aftershock (MW 8.6) occurred about three months later in
the neighbor asperity located to the SSE of the mainshock
fault. Therefore, the largest aftershock of the 2011 Tohoku
Earthquake is expected to occur either in the northern part
or in the southern part of the mainshock fault. The Head-
quarters for Earthquake Research Promotion (2009) have
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evaluated the occurrence probability of a future ‘Northern
Sanriku’ earthquake (purple polygon in Fig. 1). The occur-
rence probabilities in the area over the next 30 years are
0.3%–10% for the case of M∼8.0 event and 90% for the
case of M 7.1–7.6 event. Northern Sanriku has experienced
large disastrous earthquakes such as the 1968 Tokachi-oki
(MW 8.2) and the 1994 Sanriku-haruka-oki (MW 7.7) earth-
quakes. Thus, it is important to investigate the seismic ac-
tivity around the northern neighbor of the mainshock fault.
In this study, we will investigate the activity using a precise
hypocenter distribution from a combined data set of the lo-
cal seismic network of Hirosaki University and the catalog
location of the Japan Meteorological Agency (JMA).

2. Hypocenter Location
We located earthquakes using waveform data collected

from stations shown in Fig. 2. The stations belong to the
Hirosaki, Tohoku, and Hokkaido Universities, the JMA, the
local government of Aomori prefecture, and Hi-net. We
selected events by visually inspecting all event files de-
tected by a trigger function of the WIN system (Urabe and
Tsukada, 1992) commonly used in seismological observa-
tories of Japanese universities. Then we manually picked
the arrival times of P- and S-waves and located events using
a 1-D velocity structure similar to that used for the routine
hypocenter location of Tohoku University (Hasegawa et al.,
1978). We modified the Moho depth to 27 km for the lo-
cation of oceanic events. Because of the power loss in the
entire Tohoku district after the mainshock and the difficulty
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Fig. 1. Map of northeastern Japan showing the source areas of the 2011
off the Pacific coast of Tohoku Earthquake together with the past and
future earthquakes. The green rectangle represents a fault model of the
2011 Tohoku Earthquake (Earthquake Research Institute, 2011). The
broken lines indicate the asperities of the 1968 Tokachi-oki earthquake
(MW 8.2, 1968N and 1968S) and the 1994 Sanriku-haruka-oki earth-
quake (MW 7.7) (Yamanaka and Kikuchi, 2004). The purple polygon
is the potential source area where the Headquarters for Earthquake Re-
search Promotion (2009) evaluated the occurrence probability. The cir-
cles denote hypocenters of aftershocks located by the JMA for a one-day
period from the occurrence of the 2011 Tohoku Earthquake.

in phase picking for the period of extremely active seismic-
ity, our location data maintain a certain level after March
16, 2011. The data have some limitations because it was ur-
gent to monitor seismic activity in the location. We skipped
the location of small earthquakes. The threshold is approx-
imately M ∼ 3.2 for events beneath the ocean (Fig. 3(a)).
We limited the number of picks up to approximately 20 for
P-waves and approximately 10 for S-waves. We utilized
stations mainly in the Iwate prefecture for the location of
oceanic events.

Figure 2(a) compares the hypocenter distribution of our
data and the JMA catalog for a two-day period from March
16, 2011. For inland earthquakes, the JMA catalog includes
more events than our location, but the situation is reversed
for the oceanic events. The box in the inset map of Fig. 3(a)
shows a comparison of magnitude-frequency distribution
for the events. Our catalog contains more events with mag-
nitudes smaller than 3.5. The total number of events is 421
in our catalog and 235 in the JMA catalog. The b-value
from our data, 0.68, is significantly lower than those ob-
tained in inland areas but consistent with those from events
far east off the Tohoku district (Hirose et al., 2002). The av-
erage nominal location errors from events shown in the box
in Fig. 3(a) are 0.030◦ for latitude and 0.058◦ for longitude.

Fig. 2. Map of northeastern Tohoku showing the hypocenter distribution
of the 2011 Tohoku Earthquake for a two-day period from March 16,
2011. The circles and crosses denote hypocenters of aftershocks located
by Hirosaki University and the JMA. The solid triangles indicate the
seismographic stations used in this study. The broken lines and the
purple polygon are the same as shown in Fig. 1.

Fig. 3. (a) Comparison of magnitude-frequency distribution between our
locations (red circles) and the JMA catalog (blue circles). The sampling
area is shown as the box in the inset map. (b) and (c) Deviation of our
source location relative to the JMA catalog for the events in the range of
the inset map. The red circles show earthquakes to the north of 39◦N.
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Fig. 4. (a) Epicenter distribution of combined data for a 21-day period from the mainshock. The immediate one-day aftershocks are indicated by squares.
The black and blue contour lines are the coseismic and postseismic slip distributions as of May 12, 2011 (Geospatial Information Authority of Japan,
2011). Unit is in m. The purple polygon and lines are the same as in Fig. 1. (b) One-month aftershock distribution of the 1994 Sanriku-haruka-oki
earthquake from the JMA catalog. The purple lines delineate the location of asperities of the earthquakes in 1989, 1994, and 2003. The broken lines
show the areas of postseismic slips (Heki et al., 1997; Kawasaki et al., 1998, 2001).

Figures 3(b) and (c) show the deviation of location relative
to the JMA catalog. Although there is a systematic bias in
our data probably because of the effect of the subducting
slab with high seismic velocity, the epicenter deviation is
generally smaller than 0.1◦, provided the location is lim-
ited to the north of 39◦N. Thus, our data are suitable for
discussing the seismicity of oceanic events in the northern
part of the aftershock zone. Because our catalog does not
cover the period before March 15, 2011, we combined the
JMA data during this period with our data of up to April
01, 2011. We think this combined data provides the best
manually-located hypocenters for the northern part of the
aftershock zone.

3. Aftershock Distribution around the Northern
Neighbor of Tohoku-oki Earthquake

Figure 4(a) shows the hypocenter distribution for a 21-
day period from the occurrence of the mainshock. The
range of aftershock distribution reaches beyond 40◦N to
the north, near the pacific coast to the west, and around
the trench axis to the east. The active band of seismicity
is located between 142◦ and 143◦E and along the Japan
Trench. Seismicity is significantly lower between 143◦E
and the Trench. The contour lines in Fig. 4(a) are the coseis-
mic and postseismic slip distributions on the plate boundary
estimated from the GPS data (Geospatial Information Au-
thority of Japan, 2011). Some researchers estimated a large
coseismic slip near the trench axis (Hayes, 2011; Shao et
al., 2011). Although the location of the asperity is under

Fig. 5. Temporal variation of (a) latitude and (b) magnitude of aftershocks.
The size of the circles corresponds to the earthquake magnitude. Events
with magnitudes equal to or greater than 5 are indicated by dark out-
lines. The colors in (a) represent the longitude of events. The appar-
ent increase in smaller shocks after March 16, 2011, is because of the
switching of the catalog from the JMA to Hirosaki University.
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debate, the area of low seismicity roughly corresponds to
the asperity. The active band of seismicity to the west cor-
relates well with the zone of large postseismic slip. This
suggests that the postseismic slip enhances the aftershock
activity. However, not all the aftershocks occurred on the
plate boundary where the postseismic slip is assumed to
have taken place.

There are several active clusters located to the east off
the northern Iwate prefecture (∼40.2◦N, 142.4◦E), off the
central Iwate prefecture (∼39.6◦N, 142.6◦E), off the south-
ern Iwate prefecture (∼39.2◦N, 142.3◦E), and off the north-
ern Miyagi prefecture (∼38.4–38.8◦N, 141.8–142.4◦E).
Figure 5 displays a temporal change in seismicity. The af-
tershock zone expanded to the north on March 15, 2011,
when some large (M ∼ 5.0) events occurred. The seismic-
ity of large events shows a spatiotemporal variation. After
March 24, 2011, the seismic activity decreases in the range
to the north of 39.5◦N while that in the range 38.5◦–39.5◦N
is apparently unchanged. Seismic activity of active clusters
mentioned above repeated the short-term activation. The
maximum magnitude shows little temporal variation after
March 14, 2011 (Fig. 5(b)). However, the magnitude of
the second largest event in a short period of a few days de-
creases gradually after March 27, 2011, forming a magni-
tude gap.

4. Discussion
Several authors have evaluated the Coulomb stress

change due to the rupture of the 2011 Tohoku Earthquake
(Hiratsuka and Sato, 2011; Lay et al., 2011; Toda et al.,
2011). For a thrust fault with the same geometry as the
mainshock, the expected areas of increased seismicity are
located around both edges in the strike direction of the
mainshock fault and the area of outer rise. The southern part
of the potential seismic source area of the Northern Sanriku
earthquake (the polygon in Fig. 4(a)) is in the favored region
of increased seismicity. However, there is no significant in-
crease in this part except on the eastern edge and the SW
corner. This may be related to the past history of seismic
moment release by the three major interplate earthquakes
in 1989 (MW 7.4), 1992 (MW 6.9), and 1994 (MW 7.7), i.e.,
the Sanriku-haruka-oki earthquake. Kawasaki et al. (1998,
2001) pointed out that slow slips followed the 1989 and
1992 events. The postseismic slip of the 1994 event was
clearly detected by GPS and lasted more than one year
(Heki et al., 1997; Nishimura et al., 2000). The areas of
postseismic slip are illustrated in Fig. 3(b). Kawasaki et al.
(1998, 2001) argued that the accumulated seismic moment
in a region from 39.0◦N to 40.6◦N along the Japan Trench
was considerably released by the seismic and aseismic se-
quences in the period between 1989 and 1995. This zone
possibly acted as a barrier to both the rupture of the 2011
Tohoku Earthquake and the aftershock migration.

Figure 4(a) shows broad zones of seismicity far east
off the northern Iwate prefecture (∼39.6◦–40.5◦N, 143◦–
144◦E) and near the trench axis. A similar increase in seis-
micity to the west of the trench axis was observed in the af-
tershock distribution of the 1994 Sanriku-haruka-oki earth-
quake (Fig. 4(b)). Uchida et al. (2004) found an increased
activity of small repeating earthquakes prior to the occur-

rence of the 1989, 1992, and 1994 events. They interpreted
that accelerated quasi-static slips caused stress concentra-
tions at the asperities of mainshocks. If the same mecha-
nism holds for the aftershock activity of the 2011 Tohoku
Earthquake, increased seismicity far east off the northern
Iwate prefecture is caused by the migration of the postseis-
mic slip. The contour lines of the postseismic slip reach the
area of increased aftershock activity (Fig. 4(a)). However,
this activated area partly overlaps the zone of the aseismic
slip of the 1989 earthquake (Fig. 4(b)). This discrepancy
may be explained by either the spatially inhomogeneous in-
terplate moment release by past seismic and aseismic se-
quences or by an inhomogeneous postseismic slip distribu-
tion of the 2011 Tohoku Earthquake.

Another example of triggering by a postseismic slip is
the 2003 Tokachi-oki earthquake (MW 8.3) that took place
at the SW corner of the Kuril arc (Fig. 4(b)). An earthquake
doublet with M 7.0 and M 6.9 was triggered by the slow
slip that migrated more than 100 km to NE from the source
area of the Tokachi-oki event (Murakami et al., 2006). The
Geospatial Information Authority of Japan is monitoring
postseismic slip distribution using the data of the nation-
wide GPS network (GEONET). As of May 12, 2011, the
northernmost boundary of the postseismic slip is found to
migrate to the southern part of the potential source area
(Fig. 4(a)). The monitoring of postseismic slip together
with seismicity change around the potential source area is
important in the prediction of future large earthquakes.

5. Conclusions
The aftershock distribution of the 2011 Tohoku Earth-

quake clearly shows the existence of parallel zones of ac-
tive and inactive seismicity along the Japan Trench off the
northern part of the Tohoku district. The location of the
inactive zone seems to correspond to the asperity. The ac-
tive band of seismicity along the coast correlates well with
the zone of the postseismic slip, suggesting that the slip en-
hances the aftershock activity. The aftershocks migrated to
the north but seismicity in the potential source area of the
Northern Sanriku earthquake is low except on the eastern
edge and the SW corner. The zone around the southern
neighbor of the potential source has released seismic mo-
ment by the seismic and aseismic sequences in the period
between 1989 and 1995. This zone possibly acted as a bar-
rier to both the rupture of the 2011 Tohoku Earthquake and
the aftershock migration. Active aftershock seismicity in
the zone may represent spatially inhomogeneous moment
release by the past sequence or heterogeneous postseismic
slip distribution of the 2011 Tohoku Earthquake.
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