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S U M M A R Y
The aftershock distribution of the 1933 Sanriku-oki outer trench earthquake is estimated by
using modern relocation methods and a newly developed velocity structure to examine the
spatial extent of the source-fault and the possibility of a triggered interplate seismicity. In this
study, we first examined the regional data quality of the 1933 earthquake based on smoked-
paper records and then relocated the earthquakes by using the 3-D velocity structure and
double-difference method. The improvements of hypocentre locations using these methods
were confirmed by the examination of recent earthquakes that are accurately located based on
ocean bottom seismometer data. The results show that the 1933 aftershocks occurred under
both the outer- and inner-trench-slope regions. In the outer-trench-slope region, aftershocks
are distributed in a ∼280-km-long area and their depths are shallower than 50 km. Although we
could not constrain the fault geometry from the hypocentre distribution, the depth distribution
suggests the whole lithosphere is probably not under deviatoric tension at the time of the 1933
earthquake. The occurrence of aftershocks under the inner trench slope was also confirmed by
an investigation of waveform frequency difference between outer and inner trench earthquakes
as recorded at Mizusawa. The earthquakes under the inner trench slope were shallow (depth
�30 km) and the waveforms show a low-frequency character similar to the waveforms of
recent, precisely located earthquakes in the same area. They are also located where recent
activity of interplate thrust earthquakes is high. These suggest that the 1933 outer-trench-
slope main shock triggered interplate earthquakes, which is an unusual case in the order of
occurrence in contrast with the more common pairing of a large initial interplate shock with
subsequent outer-slope earthquakes. The off-trench earthquakes are distributed about 80 km
width in the trench perpendicular direction. This wide width cannot be explained from a single
high-angle fault confined at a shallow depth (depth �50 km). The upward motion of the 1933
tsunami waveform records observed at Sanriku coast also cannot be explained from a single
high-angle west-dipping normal fault. If we consider additional fault, involvement of high-
angle, east-dipping normal faults can better explain the tsunami first motion and triggering
of the aftershock in a wide area under the outer trench slope. Therefore multiple off-trench
normal faults may have activated during the 1933 earthquake. We also relocated recent (2001–
2012) seismicity by the same method. The results show that the present seismicity in the
outer-trench-slope region can be divided into several groups along the trench. Comparison
of the 1933 rupture dimensions based on our aftershock relocations with the morphologies
of fault scarps in the outer trench slope suggest that the rupture was limited to the region
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where fault scarps are largely trench parallel and cross cut the seafloor spreading fabric. These
findings imply that bending geometry and structural segmentation of the incoming plate largely
controls the spatial extent of the 1933 seismogenic faulting. In this shallow rupture model for
this largest outer trench earthquake, triggered seismicity in the forearc and structural control
of faulting represent an important deformation styles for off-trench and shallow megathrust
zones.

Key words: Earthquake dynamics; Earthquake source observations; Seismicity and tecton-
ics; Subduction zone processes; Dynamics: seismotectonics; Pacific Ocean.

1 I N T RO D U C T I O N

The 1933 Sanriku-oki earthquake offshore northern Honshu, Japan
(Mw 8.4) is the largest earthquake that has recognized to date in
the outer-rise/outer-trench-slope regions of the Earth. The ground
shaking at Sanriku coast about 300 km to the west of this source was
not so large, but the rupture caused a huge tsunami that led to about
3000 deaths (The Central Meteorological Observatory 1933). The
maximum tsunami inundation height was 23 m at Ryouri-Shirahama
town along the Sanriku coast (Kunitomi 1933; Fig. 1a). The focal
mechanism is considered to be a high-angle normal fault based on
the first-motion polarity of seismic waveforms and the hypocentral
depth is shallow based on its earthquake location (Kanamori 1971;
Okal et al. 2016).

Outer-rise/outer-trench-slope faulting is considered a pathway for
the water supply and hydration into the deep Earth, because such
brittle faults provide a means by which seawater may infiltrate into
the mantle part of incoming plate and hydrate it (Peacock 2001;
Ranero et al. 2003; Lefeldt et al. 2009). This hydration process
is also important for the source process of deep intraplate earth-
quakes where subsequent dehydration is a plausible cause of the
intermediate-depth earthquake occurrence (Kirby et al. 1996; Kita
et al. 2006; Kawakatsu & Watada 2007; Tsuji et al. 2008; Nakajima
et al. 2009) and a water flux that leads to arc magmatism (Iwamori
2000; Hasegawa & Nakajima 2004). Seismic wave speed reduction
and inferred weakening of the incoming plate near the trench is
evident in tomographic joint inversions of seismic refraction and
wide-angle reflection data (Ivandic et al. 2008).

The occurrence of outer-rise/outer-trench-slope earthquakes fol-
lowing large interplate earthquakes is well documented for many
such earthquakes (Christensen & Ruff 1988; Wartman et al. 2009).
The Mw 9.0 2011 Tohoku-oki earthquake that occurred in the same
subduction zone as the 1933 event was also followed by Mw 7.6
and many other outer-trench-slope earthquakes (Asano et al. 2011;
Lay et al. 2011; Obana et al. 2012). Lay et al. (2011) argue that
the 1933 earthquake followed the 1896 tsunami earthquake that oc-
curred in the adjacent inner trench slope region (Fig. 1a; Tanioka &
Satake 1996). However, the reverse case of triggering of interplate
earthquakes by outer rise/outer trench slope earthquake is less com-
mon. Lay et al. (2010) suggest that the 2009 Samoa-Tonga event
(Mw 8.1) is also a rare example of an outer trench slope earthquake
triggering an interplate faulting subevent (Mw 7.8) that occurred
2 min after the first normal-faulting subevent. However, Beavan
et al. (2010) suggest for the same earthquake that a slow inter-
plate earthquake occurred first and triggered the outer-trench-slope
earthquake. Todd & Lay (2013) showed an example of a large 2011
Kermadic outer-trench-slope intraplate earthquake that triggered
interplate earthquakes.

The 3-month aftershock map of the 1933 earthquake from the
Japan Meteorological Agency’s (JMA)’s standard earthquake lo-
cation catalogue shows events that are distributed over a wide

area, not only under the outer-trench-slope region but also under
the inner-trench-slope region. Thus, it is important to investigate
whether these inner-trench-slope aftershocks are due to location er-
rors of their hypocentres or if these events represent seismicity in
the megathrust zone that was activated following the 1933 outer-
trench-slope normal-faulting earthquake. The recent slip history and
mode in this area are also important for understanding the coupling
state and stress state of the shallow plate boundary, especially since
large interplate thrust slip occurred near the trench during the 2011
Tohoku-oki earthquake (Fujiwara et al. 2011; Iinuma et al. 2011).
Such comparisons are also useful for understanding the relationship
of the 1933 events to the tsunami earthquake that occurred in 1896
(Tanioka & Satake 1996) in the adjacent forearc.

2 T H E S O U RC E M O D E L S O F
T H E G R E AT 1 9 3 3 S A N R I K U - O K I
E A RT H Q UA K E

To model observed long-period surface waves and near-field dis-
placement waveforms, Kanamori (1971) constructed a seismic rup-
ture model as a 185 × 100 km seismogenic fault dipping 45◦ towards
N90◦W (Fig. 1b) that explains the 1933 main-shock waveforms with
a uniform slip of 3.3 m. The fault length (185 km) was based on
the one-day aftershock distribution and the dip angle was based on
a first motion fault plane solution (45◦). The 100-km fault width
was based on a 70-km horizontal width of the aftershocks and the
fault dip angle (70/cos45◦ ≈ 100 km) suggesting the fault rupture
extended to a maximum depth of about 70 km (Fig. 1b). From an es-
timated thickness of the oceanic lithosphere of 70 km (Kanamori &
Press 1970), he concluded that rupture cut through the entire thick-
ness of the Pacific-Plate lithosphere. Although, some recent studies
suggest thicker lithosphere for the study region (80–100 km; Zhao
et al. 1994; Tonegawa et al. 2006; Kawakatsu et al. 2009), the depth
extent of the rupture is still large fraction of the lithosphere thick-
ness. However, observations of focal mechanisms of recent events
(2000–2006) near the 1933 earthquake suggest a stress-state rever-
sal from a shallower level (normal faulting at 10–20 km depth) to
deeper level (reverse faulting at 25–40 km depth) (Gamage et al.
2009). Therefore, a full lithosphere rupture during the 1933 main
shock is unlikely to have occurred given the present-day the stress
state.

From the point of view of the initial motion of tsunami waves,
Abe (1978) noted that the Kanamori’s (1971) fault model could not
explain the tsunami first motions at the Sanriku coast, to the west of
the main-shock epicentre (Fig. 1a)—Kanamori’s model predicted
a downward first motion, but all of the four Sanriku-coast tide-
gauges in the Abe’s paper show an upward tsunami first motions.
To fit observed tsunami waveforms, Abe proposed the same west-
dipping fault but with a smaller dip angle (30◦) than the Kanamori’s
model (45◦) (Fig. 1b). Aida (1977) suggests from tsunami wave
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Figure 1. (a) Schematic diagram of the Japan trench subduction system
showing the approximate location of the 1933 fault model (Kanamori 1971),
the 1896 earthquake fault model (Tanioka & Satake 1996) and the 2011
Tohoku-oki earthquake fault model (Iinuma et al. 2012). The location of
Ryori-Shirahama town and Mizusawa latitude observatory are also shown.
(b) East–west cross-section showing the Kanamori (1971), Abe (1978) and
Okal et al. (2016) models for the 1933 rupture.

simulation that a model with half the width of Kanamori (1971)
fault model better explains the tsunami waveforms. These fault
models do not suggest full-lithosphere rupture and, hence there is
a disparity between the Kanamori’s rupture model and the tsunami
observations.

Although outer-trench-slope seismicity in the source area is dom-
inantly of the normal faulting type (Koyama et al. 1973) as expected
in a plate bending environment, the existence of deeper reverse fault
earthquakes (41 km) was found by (Seno & Gonzalez 1987). Gam-
age et al. (2009) found a shallow double-planed seismic zone with
a depth separation of 28–32 km in the forearc region including
the region beneath the Japan trench. They showed the upper-plane
events are characterized by normal faulting and lower-plane events
are characterized by reverse faulting. The 2011 March 11 Mw 9.0

Tohoku-oki interplate earthquake triggered a pulse of outer-rise
seismicity after the earthquake (Lay et al. 2011; Obana et al. 2012).
Obana et al. (2012) indicate that tensional stresses extended to
depths of as much as 40 km after the Tohoku-oki earthquake, sig-
nificantly deeper than the depth limit of normal faulting earthquake
before the earthquake (≈20 km). The faulting mechanism of the
1933 event is relevant to the rheological properties of the incoming
Pacific plate and the stress state near the plate boundary.

In this study, we relocated the aftershocks of the 1933 earthquake
using modern methods, including both a regional velocity structure
and a double-difference method (Zhang & Thurber 2003). In addi-
tion, we employed new observations of the regional waveform char-
acteristics of aftershocks that occurred in the near-trench region to
test the distribution of earthquakes. We interpret these hypocentres
as well as the main-shock focal mechanism and tsunami waveforms
to discuss the depth extent of the main shock and possibility of the
activation of multiple faults during and/or after the 1933 earthquake.
We also show that triggering of interplate aftershocks by stress trans-
fer from the 1933 main shock best satisfies the aftershocks under
the shallow inner trench slope.

3 DATA A N D T E S T R E L O C AT I O N

We use JMA’s phase data for the hypocentre relocations of the 1933
earthquake and its aftershocks. It is important to know accuracy of
the data and the stability of the hypocentre location when discussing
results from this dataset that has relatively large uncertainties. To
estimate the accuracy of the phase data in 1933, we re-picked the
earthquake phases by using smoked-paper records obtained at the
Mizusawa station where timing was established using on-site astro-
nomical observations at the Mizusawa Astronomical observatory
(39.13◦N, 141.13◦E, about 300 km west of the main shock, Fig. 1).
We successfully obtained 27 S–P times (Supporting Information
Table S1). The S–P time versus P-origin time plot (called Wadati
diagram; (Umino et al. 2006)) is shown in Fig. 2 together with that
for JMA data and the catalogue of Mizusawa Latitude Observatory
(The International Latitude Observatory of Mizusawa 1984). Here,
we used JMA origin times from the JMA catalogue. In this figure,
the data are supposed to be distributed along a line whose slope is
determined from the ratio of P- to S-wave velocity but there are large
departures from this line. From visual inspection of the waveforms
and the Wadati diagram, we consider there is about a 5 s uncertainty
stemming from station clock inaccuracy and the resolution of time
on the seismogram as well as drum-speed drift. Next, we performed
test hypocentre relocations using several methods to compare the re-
sulting scatter in the locations over characteristics for 3 months after
the main shock using a 1-D velocity structure. The JMA catalogue
shows an earthquake distribution both to the east and west of the
Japan trench and the main-shock hypocentre is located slightly east
of the off-trench aftershock distribution (Fig. 3a). When the actual
velocity structure varies both with latitude and longitude as well
as with depth, and cannot be modelled well by 1-D velocity struc-
ture, the use of stations at different ranges from the hypocentre can
cause a systematic shift of apparent hypocentre locations. Since the
1933 earthquake is large, there are phase data from distant stations
(more than 1500 km away) compared with relatively small after-
shocks recorded only at regional stations. Therefore we relocated
the earthquakes by restricting the phase data to regional distances
(squares in Fig. 3b) to obtain better-resolved relative locations for
the aftershocks and main shock. Relocation by using the routine
Tohoku university’s procedure (Hasegawa et al. 1978) using
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Figure 2. (a,b) Examples of two smoked-paper 1933 aftershock waveforms
recorded at the Mizusawa station. The record was written on a 16-s-period
E–W Omori type seismometer (45 kg mass weight). The JMA origin times
are shown in the left bottom of each trace. (c) The S-wave/P-wave arrival time
difference versus P-wave arrival time – origin time at Mizusawa station for
the 1933 aftershocks (1933 March 3 to May 24). The origin times are from
the JMA catalogue. Squares, circles and diamonds are JMA phase data, the
Mizusawa catalogue and our re-picked Mizusawa phase data, respectively.
Right bottom inset is the same for the large figure but for the aftershocks of
the 2005 Mw 7.0 outer-trench-slope earthquake (2007 May 5–31, Hino et al.
2009) recorded at several land stations. The black lines for both plots show a
least-squares fit that corresponds to Vp/Vs = 1.75 for the 2005 aftershocks.

regional stations shows that the main-shock hypocentre is located
inside the off-trench aftershock cloud (Fig. 3b). A 1-D velocity
structure is also that used for the routine hypocentre determina-
tion of Tohoku University. The phase data are from JMA for all
test relocations other than global ones that used those from the In-
ternational Seismological Summary (ISS; Fig. 3e). The S–P time
relocation method does not rely on the absolute timing of the P
wave which may suffer from inaccurate timing of the stations. Here
we used a grid search method to find the best-fit event locations
to the observed S–P times. The results show that the main-shock
hypocentres shifted slightly south and toward the trench. After-
shocks still ranged both to the east and west of the trench (Fig. 3c).
The P-only relocation does not suffer from relatively inaccurate
S-wave picking. However, this relocation result (Fig. 3d) is rather

scattered because of poor constraint on the distance from the net-
work on land. Relocation using global teleseismic station data with
relatively good station coverage usually does not suffer as much
from regional structure heterogeneity (Hino et al. 2009) because
the seismic rays plunge downward where the subduction-related
complexity is thought to be small. The relocation using global data
was performed by the interactive iterative method of (Wysession
et al. 1991). The teleseismic main-shock location is closer to the
trench compared with the JMA catalogue; aftershocks to the west of
the trench are relocated relatively north (Fig. 3e). The detailed fea-
ture and implications are discussed in our companion paper (Okal
et al. 2016). The relocation by the double difference method (Wald-
hauser & Ellsworth 2000) improves the relative location between
events. The results show the main shock is located within the earth-
quake cloud in the off trench locations and the earthquake distribu-
tion is relatively tight.

Using these relocation methods we found that the main-shock
epicentre is located inside the aftershock cloud off the trench except
for the P-wave-only relocations that have relatively weak constraint
on the distance from the seismic network (east-west direction). The
aftershocks are located both east and west of the trench regardless
the relocation method and which body-wave phase data were used
(P, P and S, P–S).

4 S Y S T E M AT I C H Y P O C E N T R E
M I S L O C AT I O N N E A R T H E T R E N C H
A N D C O N S T RU C T I O N O F A 3 - D
V E L O C I T Y S T RU C T U R E O F F S A N R I K U

It is generally difficult to determine hypocentre depth accurately for
shallow earthquakes occurring in the vicinity of a trench. Recent
earthquake relocations by using OBS (ocean bottom seismometer)
data near the Japan trench indicate large differences (∼20 km) be-
tween well constrained OBS hypocentres and the hypocentres in
the JMA or the Tohoku University’s earthquake catalogue that are
determined only from land seismic network data (Hino et al. 2000,
2009; Obana et al. 2012). These OBS locations provide accurate
hypocentre locations in the near-trench region because the stations
used for the relocations are located above the earthquake hypocen-
tres and appropriate local velocity structures are used. Fig. 4(a)
compares the epicentres from JMA (black dots) and OBS (collared
dots) locations of events since 1992 (Hino et al. 2000, 2009; Obana
et al. 2012) and Fig. 4(c) shows time residuals for each P phase at
land stations by assuming the OBS hypocentre and origin time are
correct (see the figure caption for the detail). The OBS locations
tend to be west (landward) of apparent JMA’s locations for events
to the west of the trench (inner-trench-slope region) and tend to be
east (seaward) of apparent JMA’s locations for the events to the east
of the trench (outer trench region). The positive observed minus
calculated P-wave arrival times (O − C) for many events to the
west of the trench suggest the actual averaged velocity along the
path from the events to land station is slower than the 1-D veloc-
ity structure and the negative O − C for events to the east of the
trench suggest that the averaged velocity along the path from these
events to the land stations is faster than the 1-D velocity structure.
Therefore, we consider velocity heterogeneity in the offshore region
is causing systematic shifts of the earthquake hypocentres deter-
mined by the land network using a commonly adopted 1-D velocity
structure.

To incorporate this velocity heterogeneity, we construct a 3-D ve-
locity structure and relocated earthquake by the structure. Previous
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Figure 3. Epicentre distribution of the 1933 main shock and 3-month aftershocks. (a) JMA catalogue. (b) Relocation using phase data only from local stations
and Tohoku-University’s location routine that uses a 1-D velocity structure (Hasegawa et al. 1978). Epicentres with 0.5◦ or less error are selected here.
(c) Relocation using a grid search of S–P times. (d) Relocation using local stations and Tohoku-University’s routine 1-D velocity structure and only P waves.
(e) Relocation P-wave phase data from global stations (Okal et al. 2016). (f) Relocation result using the double-difference method. In panels (b)–(d) and (f),
the stations used for the relocation are shown by white squares. For all panels, the earthquake magnitudes are from the JMA catalogue.

seismic tomography and receiver function studies suggest, for the
subducting plate, a faster subducting plate mantle (Tonegawa et al.
2006; Hino et al. 2009; Kawakatsu et al. 2009) and a slower offshore
crust (Matsuzawa et al. 1987; Kawakatsu & Watada 2007; Tsuji
et al. 2008; Yamamoto et al. 2008; Hino et al. 2009) compared to the
average 1-D velocity structure beneath the Japanese island. Struc-
ture constraints from refraction and reflection experiments suggest
a relatively shallow Moho and a faster mantle for the offshore fore-
arc region (Ito et al. 2004; Ito et al. 2005). Using these constraints,
we constructed a 3-D velocity structure as shown in Fig. 5. In this
structure, we used the 3-D depth of the plate boundary (Nakajima
& Hasegawa 2006; Kita et al. 2010) as a reference. The structure
model consists of layers with seismic velocity that depends only
the distance from the surface. Note that for the velocity within the
subducting plate the distance from the subducting plate surface is
used instead of the depth. For the crustal part of the subducting plate
(0–15 km from the interplate surface), the velocity determined from
the distance from the surface was increased with depth according
to observed P-wave speed inferred from S-to-P converted waves
(Shiina et al. 2013).

To test the relocation procedure using this 3-D velocity structure,
we compared our locations of earthquakes with the locations based
on OBS observations. Our relocation was performed by using land
data only and the tomoFDD hypocentre relocation method (Zhang
& Thurber 2003). Both earthquakes in the outer trench/outer rise
region and inner trench region relocated closer to the OBS hypocen-
tres (Fig. 6). The depths of the relocated earthquakes were greatly
improved greatly by this procedure (Figs 6b and d). These results
suggest that the use of a 3-D velocity structure greatly improves the
absolute locations of these offshore earthquakes.

5 1 9 3 3 H Y P O C E N T R E R E L O C AT I O N S
U S I N G T H E 3 - D V E L O C I T Y
S T RU C T U R E

Fig. 7 and Supporting Information Table S1 show the 1933 main-
shock and aftershock distribution before and after relocation using
the foregoing procedure. Before relocation, the hypocentres are dif-
fusely scattered, especially in depth and the main-shock hypocentre
is located outside of the dense earthquake cluster. The relocation
result shows that the earthquake distribution for both in the inner-
and outer-trench-slope regions is largely shallow (depth ≤60 km
below the sea level). Note that we adopted the hypocentre of main
shock from global station data due to insufficient number of lo-
cal phase data. The cross-section in the outer trench region shows
that the aftershocks did not occur on a single plane. Red symbols
show the events in the outer-trench area, which does not show sim-
ple fault plane. These earthquakes appear to be separated from the
earthquakes in the offshore forearc region (black) by a relatively
sparse seismicity region (Fig. 7c). To test this hypocentre distri-
bution, we checked the waveforms for these events at Mizusawa
station (Fig. 8a). The colour in Fig. 8 is coded according to the
dominant frequency in the first 40 s window of the waveform. We
determined the dominant frequency from the smoked-paper records
by counting the number of peaks in the event time window. The
distribution shows that high-frequency events are mostly located
east of the trench and low frequency events tend to be located
west of the trench region. Gamage et al. (2009) showed that the
waveform characteristics are different for the hypocentres of recent
events east and west of the trench. High frequency waveforms char-
acterize earthquakes east of the Japan Trench and low-frequency
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Figure 4. (a) Comparisons of the hypocentres from the JMA catalogue
(black circles) and OBS relocations for the aftershocks of the 1992 M6.9
earthquake (Hino et al. 1996; pink), the 1994 M7.6 Sanriku-oki earthquake
(Hino et al. 2000; green), the 2005 M7.0 earthquake (Hino et al. 2009;
red) and the off-trench aftershocks of the 2011 M9.0 Tohoku earthquake
and M7.6 outer-trench-slope earthquake (Obana et al. 2012). Rectangles
show the selected regions where OBS stations were distributed in which the
hypocentres are located with good accuracy. (b) Cross-section of hypocentres
projected on trench-perpendicular line A–B shown in Fig. 4(a). The colours
are the same as in panel (a). Thin lines join the OBS-relocated hypocentres
(circle) with the hypocentres from the JMA catalogue. Inverted triangles
show the position of the trench along this section. (c,d) Observed (O) mi-
nus Calculated (theoretical) (C) traveltimes as a function of the distance
along the line A–B (a) for P-wave (c) and S-wave (d) readings. We plotted
O − C for each phase data set obtained at the on-land stations (squares). For
the calculation of (O), we used the JMA phase data and the OBS-relocated
origin time. For the calculation of (C), we used 1-D routine velocity structure
of Tohoku University (Hasegawa et al. 1978). Colours are the same as in
panel (a).

waveforms characterize those earthquakes that locate west of the
trench. We show the high-frequency and low-frequency earthquake
examples for recent earthquakes in the supporting materials (Sup-
porting Information Figs S1 and S2). The relationship applies very
clearly to the dominant frequency of the 1933 aftershock and sug-
gests that our locations relative to the trench position are accurate.

Figure 5. 3-D P-wave velocity structure used in this study based on marine
and land velocity structure from Tohoku University investigation (Hasegawa
et al. 1978; Hino et al. 2000, 2009). Small crosses show grid points. (a) The
velocity along a depth section at 21 km. (b) Cross-section along the line
A–B shown in (a). Land, offshore and outer trench slope show the areas
where each 1-D velocity structure was used. Black curved line indicates the
slab top surface. Thick black line and inverted triangle show land area and
the Japan Trench, respectively.

Many aftershocks do indeed occur west of the trench. The activity
of earthquakes show that the earthquakes to the west of the trench
started to occur within 2 hours after the main shock (Figs 9a and b),
suggesting the triggered seismicity started very early stage of the
aftershock activities.

6 D I S C U S S I O N

6.1 Triggering of the inner trench earthquakes

We found many earthquakes occurred beneath the inner-trench-
slope region after the 1933 earthquake. To investigate the cause of
these earthquakes in the megathrust zone, we estimated Coulomb
stress change for interplate thrust earthquakes due to a giant
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Figure 6. Comparisons of the relocated hypocentres using the 3-D velocity structure (red squares), OBS data (blue stars) and data from the original JMA
catalogue (green circles). The hypocentres for the same event are connected by thin lines. Map view (a) and (b) cross-section along the line A–B of selected
events under the inner trench slope. Earthquakes with M3.5 or larger that occurred after the 1994 M7.6 interplate earthquake are shown here. Map view (c)
and (d) cross-section along the line C–D of selected off-trench earthquakes. Earthquakes that occurred after the 2005 M7.0 and 2011 M9.0 earthquakes are
shown here. These two areas are also shown in Fig. 4(a).

Figure 7. Hypocentre distribution of the 1933 main shock and its aftershocks. (a,b) JMA catalogue; (c,d) the results from our relocation by the 3-D velocity
structure. Relocated epicentre of the main shock (cross) is from global stations. For panels (c) and (d), the red and black circles show hypocentres of outer
trench and inner trench earthquakes, respectively.

off-trench normal faulting earthquake. Although the earthquake
alignment in the cross-section is ambiguous due to small number
of earthquakes and their scatter nearest the Japan trench, we take
high angle (60◦ dip) rupture planes as working hypotheses. The
bathymetry of the outer trench slope in this region shows both east-
dipping and west-dipping high-angle fault scarps (Kobayashi et al.
1998) and Okal et al. (2016) estimated normal faulting earthquake

61◦ dip towards the trench. Low-angle normal fault plane (30◦ dip)
that was suggested by Abe (1978) is mechanically very unfavourable
and inconsistent with P-wave first motions for the 1933 earthquake.
Considering wide distribution of trench-normal seismicity, single
high dip-angle fault within shallow depth (depth ≤60 km) can-
not cover all the epicentre in the outer-trench area. Therefore, we
consider compound rupture of two normal faults facing with each
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Figure 8. (a) Dominant frequency (colour) plotted at the location of the
hypocentres. The black square shows the location of the seismic station
(Mizusawa) where the dominant frequency was estimated from the wave-
forms recorded there. (b) Three months relocated aftershocks plotted on the
bathymetry. Colours for the hypocentres are the same as in Fig. 7(c).

other in addition to single west-dipping normal. The compound
rupture still satisfies the first motion observation of (Kanamori
1971) but with a steeper land-facing fault that is suggested by Okal
et al. (2016). The compound rupture model have a 60 degree dip, a
58 km down-dip width and a 278 km fault plane length whose depth
range extends from 10 to 60 km from sea level or 4 to 54 km be-
low the seafloor, and conventional single fault model have the same
dimensions (Fig. 10, rectangles). The average slip amounts are 4.5
and 9 m for the compound model and single model, respectively.
The total moment is 4.3 × 1021 Nm for both models which is the
same as Kanamori’s model (Kanamori 1971) but smaller than more
recent result [7 × 1021 Nm (Okal et al. 2016)]. Although there are
difference in the moment, they does not affect to the spatial pattern

Figure 9. (a,b) Magnitude–time plot of relocated earthquakes. Colours are
the same as in Figs 7(c,d) and 9(c). (c) Relocated earthquake locations with
error ellipsoid in the same cross-section in Fig. 7(d). The error ellipsoid was
estimated from 98 times relocations with bootstrap resampled residuals.
Relocated earthquake locations for recent earthquakes from October 2001
to 2011 March 10. The location of the cross-section is the same as Fig. 9(c)
and the band width is 20 km.

and polarity of the Coulomb stress change. This calculation was
made using an elastic half-space following Okada (1992), assum-
ing a shear modulus of 3.0 × 1010 N m−2, a Poisson’s ratio of 0.25,
and an apparent coefficient of friction of 0.3. The Coulomb stress
changes for thrust earthquakes on the plate boundary (Nakajima &
Hasegawa 2006; Kita et al. 2010) show that events under the inner
trench slope within 27 d after the 1933 earthquakes are mostly lo-
cated in the area having positive stress changes from the compound
model (Fig. 10a). There are large areas with Coulomb stress greater
than the ∼0.01 MPa, values which is the band of stress change that
promotes seismicity in other tectonic settings (Stein et al. 1992;
Harris et al. 1995; Toda et al. 1998). The single fault model also
show positive Coulomb stress change near the trench where high
aftershock seismicity occurred, but the contours with positive stress
change greater than ∼0.01 MPa do not contain all of the relocated
aftershocks. Therefore, the spatial extent of aftershock is more con-
sistent with compound rupture and suggests that the seismicity in
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Figure 10. Changes in Coulomb failure stress on the plate boundary (colour-scale and contours) caused by two 60◦ normal faults shown by rectangles.
The thick line is shallower edge of the faults. Panel (a) is for compound rupture of two normal faults dipping toward each other and panel (b) is for single
west-dipping fault. The contour interval is 0.01 MPa; contours larger than 0.1 MPa are not drawn. For the calculation of the Coulomb failure stress change, the
slip direction of the target earthquake is assumed to be parallel to the direction of relative plate motion. Black and white circles are relocated earthquakes that
occurred from 1933 March 3 to 31 and 1933 April 1 to August 28, respectively.

the megathrust zone was probably triggered by the compound outer-
trench-slope normal faulting. We now discuss in the next section
these fault models in the context of the tsunami records.

6.2 Source faults and the tsunami paradox

To test the possibility of multiple faults in the shallow outer-trench-
slope area, we calculated tsunami waveforms by solving the fi-
nite difference approximation of the linear long-wave equations
(Satake 1995) for the compound-rupture model and single-fault
model defined in the previous section.

Fig. 11 shows the bathymetry, fault models and tide-gauge ob-
servation points where we could obtain the near-field tide gauge
records and its locations in 1933. The compound-rupture model
and single-fault model corresponds to the rupture of faults A + B
and fault B, respectively. The tide gauge records at Kushiro (KSR),
Hachinohe (HCH) and Kesen-numa (KSN) (Sekiguchi & Nakano
1933) are digitized and corrected for curvature and inclination due
to finite arm length. Then the tidal components are estimated by a
moving window analysis and the components are removed from the
tide gauge record to compare with the Tsunami modelling results.
The observed tsunami waveform show small but clear upward first
motions for HCH and KSN, located to the west of the source faults
(Figs 12b and c). The first motion polarity at Kushiro, located to the
north of the source faults is unclear due to relatively large noise to
signal (Fig. 12a).

The tsunami calculation results for these stations show that the
compound-rupture model can explain the upward first-motion po-
larity for HCH and KSN (Figs 12e and f). The overall features of
waveforms at about 1 hour from the onset of Tsunami waves are also
very similar except for their amplitudes for the compound-rupture
model. On the other hand, the single-fault model cannot explain
the tsunami first motions at HCH and KSN. The east dipping fault
(Fault A) in the compound model closer to the Sanriku coast con-
tributes an upward first motion of the tsunami waves that is a robust
observation in the tide-gauge waveforms (Abe 1978). The tsunami

source model of (Hatori 1974) from back propagation of the tsunami
suggest that western limit of the tsunami source is located not only
in outer-trench-slope region but extends about 50 km west of the
Japan trench. Thus, this also suggests that a single west-dipping
fault (Fault b) cannot explain the tsunami waveforms well unless
the fault is very close to the Japan trench or the fault dip is small.

Despite the similarity of the shape of the modelled Tsunami
waveform with observation, the calculated amplitudes for the com-
pound model are about 3–6 times larger than observations. The
possibilities for the causing this discrepancy includes an assump-
tion of too much slip (moment) for the earthquake, limitations of
the frequency-responses of the tide gauges for short wavelength
waves, or inadequate modelling of local bathymetry. Because this
earthquake occurred early in the instrumental record, precise infor-
mation on these limitations are not available. However we consider
these cases do not affect the polarity of the initial tsunami wave
that is a reliable feature for both observation and modelling by
compound rupture model.

In Tohoku area, the occurrence of possible future off-trench earth-
quake triggered by M9 Tohoku-oki earthquake of 2011 is of con-
cern. The automatic detection of compound rupture or doublet is
still difficult (Beavan et al. 2010; Lay et al. 2010). If a subevent of
a great earthquake closer to the land-area occurred simultaneously
with the initial subevent further from the trench, it would cause
earlier tsunami arrivals and in some cases larger tsunami waves on
the coast than a single off-trench earthquake, an important scenario
that we should keep in mind.

6.3 Depth limit of the rupture

Although the phase data for our relocations has an approximate
5 s standard error, the estimation of hypocentre uncertainty from
a bootstrap method suggests that this shallow earthquake distribu-
tion is robust (Fig. 9c). 90 per cent of the aftershocks are located
shallower than 18 km The stress distribution in the oceanic litho-
sphere entering the deep sea trench is a superposition of bending
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Figure 11. Distribution of tide gauge stations (cross), fault models (rectan-
gles A and B) and bathymetry used for the theoretical tsunami calculations
(contours).

forces, gravitational pull of cold sinking slab, and interplate locking
along the megathrust boundary (Christensen & Ruff 1988). When
considering the gravitational pull of cold sinking slab, a slab at the
50–200 km depth range in this subduction zone is not under devi-
atoric tension (Hasegawa et al. 1978; Yoshii 1979; Kawakatsu &
Seno 1983; Kita et al. 2010). Bending produces a stress state with
shallow extension and deeper compression. It seems unlikely that
interplate locking acts as the cause of near-trench deviatoric tension
because a locked interplate fault would tend to shelter the up-dip
region from the slab-pull (Lay et al. 2010). In our study we found
few reliable aftershocks (depth �50 km). Although rupturing with-
out producing aftershocks may possible, the aftershock distribution
does not support full-plate offshore Pacific plate rupture. The after-
shock distribution that we document suggests the whole lithosphere
was not under deviatoric tension at the time of the 1933 earthquake.

6.4 Comparison with recent seismicity and bathymetry

We have compared the aftershock distribution of the 1933 earth-
quake with recent seismicity from October 2001 to 2011 March 10
that was relocated using the same procedure as we used for the after-
shocks of the 1933 earthquake (Figs 13a and b). Here we selected
the time period when the High-Sensitivity Seismograph Network

(Hi-net) phase data are available and the seismicity is not affected
by the 2011 Tohoku-oki earthquake to obtain accurate and stable
seismicity.

We subdivided and classified the off-trench region of the Japan
Trench into numbered Group Sectors based on the morphologies
and distributions of fault scarps in relation to the local orientation
of the Japan Trench and orientations of magnetic anomalies that
indicate the seafloor spreading fabric. Such structural fabric can
be reactivated in the zone of deformation near trenches (Masson
1991; Kobayashi et al. 1998). To do this, we relied upon the pa-
per by Masao Nakanishi (2011) who mapped the off-trench normal
fault scarps seaward of the Japan and Kuril Trenches, their spac-
ings, the directions that these scarps dip, and their fault throws
along selected profiles. Nakanishi’s work was based on swath map-
ping data collected from various sources. Kobayashi et al. (1998)
also noted the abrupt change in fault-scarp orientations, spacing,
and average scarp throws between Group Sectors 3 and 4 with the
Group Sector 4 scarps being attributed to reactivation of Pacific-
Plate brittle weakness parallel to the seafloor spreading fabric. We
point out that the Group 3 Sector is where most of the off-trench
1933 aftershocks occurred and where narrow near-trench bands of
present-day earthquakes have also occurred near the trench. The
∼trench-parallel horst and graben structure in this Sector 3 indi-
cates that both ocean-ward and trench-ward dipping faulting occur
in this sector and that maximum fault throws approach 500 m near
the Japan Trench.

Recent seismicity is largely shallow (depth ≤60 km below the sea
level) and also consistent these four sector groupings of earthquakes
along the trench based on fault scarp morphology (Fig. 13a). The
6-month aftershocks of the 1933 earthquake (red circles in Fig. 13b)
are mainly distributed in Group 3 where the recent earthquakes are
relatively concentrated near the trench (Fig. 13a, black circles in
Fig. 13b). In this region there are several trench-parallel alignments
of seismicity. This linear trend at shallow depths was also reported
using OBS locations in 1981 by Kasahara et al. (1982). As noted
above the bathymetry in this region shows largely trench parallel
horst-and-graben fault scarps (Fig. 8b) a structure that is in con-
sistent with our 1933 earthquake’s fault models. Kobayashi et al.
(1998) suggests that the crust is weakest along the inherited spread-
ing fabric, second weakest probably along the non-transform offset
direction and strongest in directions very oblique to these orien-
tations. The fault scarps and trench-parallel bands of earthquakes
crosscut the spreading fabric at angles as high as 58◦ in the latitude
range for the 1933 aftershocks indicating that the 1933 rupture and
subsequent seismogenesis has occurred on faults that were newly
created in the off-trench region with total normal fault throws ap-
proaching 500 m near the trench axis (Nakanishi 2011). We have
investigated the fine structure of recent earthquakes in the Group 3
Sector and show a cross section of the hypocentres of these events
that includes the hypocentre of the 1933 main shock (Fig. 9d).
This cross section resembles the cross section of our 1933 main
shock (Fig. 9c), but with many more events. We recognize multiple
fault-like alignments evident in both the epicentres of off-trench
earthquakes in trench parallel bands (Fig. 13a) and in cross sections
of hypocentres that were relocated using the same procedure that
we used in relocating the 1933 aftershocks. In particular we point
out multiple alignments of modern hypocentres into steeply dipping
fault-like structures, including one such alignment is closest to the
trench that dips seaward. Obana et al. (2016 and personal com-
munications in May 2016) also reported two such trench-parallel
bands of seismicity and a seaward-dipping structure in preliminary
locations of off-trench earthquakes detected by a two-month OBS
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(g)

(h)

(i)(f)

Observation

(e)

Figure 12. Observed and calculated tsunami waveforms for Kushiro (KSR), Hachinohe (HCH) and Kesen-numa (KSN) tide gauge stations. (a–c) Observed
waveforms after the correction for curvature and inclination due to the finite arm length and subtracting the tidal components. (d–f) Theoretical waveform from
a compound rupture model. (g–i) Theoretical waveform for a single fault model.

deployment in late summer of 2015. He and his colleagues inter-
preted these fault-like alignments, as we do, are possibly continuing
aftershocks of the great 1933 Sanriku-oki earthquake more than
80 years after the earthquake and disastrous tsunami (Obana et al.
2016). The foregoing interpretation of a two-fault compound source
with ruptures dipping toward each other for the 1933 main shock
and aftershocks and present-day off-trench earthquakes is obviously
of a simplification of a more complex distributed extensional regime
in the outer rise and inner trench slope of the 1933 source region.
Until we have long-term deep-water OBS deployments in the off-
trench region of the Group 3 Sector and detailed seismic reflection
and coring in that area to test this model, it should be considered
provisional.

That such aftershocks could still be occurring is remarkable and is
consistent with long-duration aftershocks of large intraplate earth-

quakes in the distributed deformation in continental interiors where
average loading rates are very low (Stein & Liu 2009). Their paper
gives insights into long-duration aftershocks using rate-and-state
friction theory by equating low stressing rates with low average slip
rates in such regions. Kirby (2016, unpublished data) has estimated
average slip rates of about 0.5 mm yr−1 in the Sanriku source region
based on the evolution of scarp heights during the time interval
from the Pacific Plate moving over the outer rise to the trench at the
latitude of the 1933 main shock at 39.2◦. The Stein and Liu model
indicated aftershock durations of centuries for great earthquakes for
the low average slip rates in our setting. A slow rate of decay of
seismicity rate of 1933 aftershocks is also consistent with nearly
constant seismicity rates evident after just a couple of months in
1933 (Figs 13a and b). In our view, the occurrence of fault-like align-
ments of modern off-trench earthquake hypocentres re-enforces our

 at T
ohoku U

niversity on July 17, 2016
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

http://gji.oxfordjournals.org/


1630 N. Uchida et al.

Figure 13. Comparison of the relocated 1933 aftershock epicentres and recent seismicity. (a) Epicentre distribution of recent earthquakes from October 2001
to 2011 March 10 (circle). The circles are colour coded according to hypocentral depth. (b) The comparison of the epicentre distribution of recent earthquakes
(black circles) and the 6-month aftershocks of the 1933 earthquake (red circles). Grey area shows the area with seafloor depths ≥7000 m defining the position
of the Japan Trench. Contours in panel (a) represent seafloor depths in 1000 m intervals. Note that the recent Group 2 off-trench events are located in the same
band of seismicity as the 1933 aftershocks. Note the sharp boundaries between Group 3 and Groups 2 and 4.

interpretation of very sparse 1933 aftershock hypocentres that both
seaward-dipping and oceanward-dipping faulting to depths exceed-
ing 50 km occurred during the 1933 main-shock rupture. The re-
located epicentre and focal mechanism based on first motions and
waveform modelling (Okal et al. 2016) indicate that the initial main-
shock rupture was probably trench-ward dipping at about 60◦ and
located in the band of off-trench earthquakes most seaward of the
trench, but that its moment tensor was also consistent with the total
moment release from a compound rupture. As we discussed earlier
in this paper, the upward first motion of the tide-gage records of the
tsunami waves also point to an ocean-ward-dipping rupture nearest
the trench and Japan coastline as a part of this compound earthquake
and tsunami source.

7 C O N C LU S I O N S

Land-station based hypocentre determinations by using 3D velocity
structure was applied in this paper to the off-Sanriku near-trench
earthquakes where systematic hypocentre mislocations are recog-
nized in the previous studies. The improvement of hypocentre lo-
cations were confirmed by an examination of recent earthquakes
that are more accurately located based on OBS data above the study
area. Aftershocks that occurred just after the 1933 Sanriku-oki main

shock are located in a roughly 280-km-long zone in the off-trench
region that is separated from the aftershock seismicity under the
marine forearc trench slope. The off-trench earthquakes are shal-
low (depth �50 km) and at a maximum depth below the seafloor
of about 43 km. There are west dipping and east dipping earth-
quake alignments in the trench-normal cross-section. Although the
aftershock depth distribution is not closely constrained, the shallow
aftershock distribution suggests a shallow rupture depth range and
possibly a compound rupture for the 1933 main shock. We found
the compound rupture model explains better the polarity of tsunami
waves at the Sanriku coast than a single west-dipping normal fault
and better fits the Coulomb stress change in relation to aftershock
locations the west of the trench. The occurrence of aftershocks
both east and west of the trench was confirmed by an investigation
of waveform frequency differences between these two classes of
shallow earthquakes which is also seen in more recent earthquakes
with better location accuracies. The relocated earthquakes under
the offshore forearc are shallow (depth �30 km) and occur where
recent activity of interplate thrust earthquakes is high. This suggests
the deformation of the 1933 outer-rise earthquake triggered inter-
plate earthquakes by a stress transfer process. Recent (2001–2012)
seismicity in the 1933 of-trench source area relocated by the same
method shows that the present seismicity in the off-trench region of
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northern Honshu can be divided into several groups of earthquakes
along the trench; one group roughly corresponds to the locations
of the off-trench aftershocks of the 1933 earthquake. Comparison
of the 1933 rupture dimensions based on our relocations with the
morphologies of fault scarps in the outer trench slope suggest that
the rupture was largely limited to the region where fault scarps are
trench parallel and cross cut seafloor spreading fabric. These sug-
gest bending and along-strike structural segmentation largely con-
trols the horizontal and vertical extent of the fault. The triggering of
interplate seismicity suggests that the great outer-rise/outer-trench-
slope earthquake environment is closely linked to the earthquake
cycle of interplate earthquake. The depth extent for this largest outer
rise/outer-trench-slope earthquake also provides a constraint on the
stress state of the subducting plate and the water transported to deep
Earth into the subducting slab.
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S U P P O RT I N G I N F O R M AT I O N

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Locations of six (c–h) recent earthquakes in the after-
shock area of the 1933 earthquake. Earthquakes c–e occurred in
the outer trench area and earthquakes f–h in the inner trench area.
Earthquake a and b are the ones whose waveforms are shown in
Fig. 2. Recent earthquakes were selected in the similar magnitude
range as the 1933 aftershocks. The blue and orange circles are the
same as those in Fig. 8(a).
Figure S2. Seismograms of the 1933 aftershocks (a, b) and re-
cent earthquakes (c–h). The locations of the earthquakes are
shown in Fig. S1. For the recent earthquakes, we simulated the
record of the 1933 Oomori seismometer by convolving instrument
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response assuming a period of 16 s and damping of 0.2. The pe-
riod is from the Mizusawa catalogue and the damping constant
is from visual inspection of waveforms because this constant was
not documented. The records for the recent earthquakes are EW
component recorded at Esashi station by an STS-2 broad-band
seismometer.
Table S1. Relocated hypocentres using 3-D seismic wave speed
and a double-difference relocation procedure, measured S–P times
and dominant frequencies determined in this study. Solutions

with depths slightly above the earth’s surface are set to zero
depth.
(http://gji.oxfordjournals.org/lookup/suppl/doi:10.1093/gji/
ggw234/-/DC1).

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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