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Abstract. The June 15, 1896 Sanriku earthquake generated
devastating tsunamis with the maximum run-up of 25 m and
caused the worst tsunami disaster in the history of Japan, despite
its moderate surface wave magnitude (M=7.2) and weak seismic
intensity. This is a typical tsunami earthquake, which generates
anomalously larger tsunamis than expected from its seismic
waves. Previously proposed mechanisms of tsunami earthquakes
include submarine slumping and slow rupture in the accretionary
wedge or in the subducted sediments. In this paper, we estimate
the fault parameters of the 1896 tsunami earthquake by
numerically computing the tsunami and comparing the
waveforms with those recorded at three tide gauge stations in
Japan. The result indicates that the tsunami source is very close to
the Japan trench and the fault strike is parallel to the trench axis.
The fault width is about 50 km, suggesting that the tsunami
earthquake is a slow rupture in the subducted sediments beneath
the accretionary wedge.

Introduction

On June 15, 1896, a very unusual earthquake occurred off the
coast of Sanriku, Japan; the ground shaking was relatively weak,
but the following tsunami was devastating. A modern estimate
[Utsu, 1979] of the origin time and epicenter is 10 h 32 m (GMT)
and 39.5°N, 144°E, respectively. Abe [1994] recently assigned
the surface wave magnitude as M¢=7.2. The tsunami magnitude
M, was determined as 8.6 from global data [Abe, 1979] and 8.2
from local data [Abe, 1981]. The large discrepancy between M,
and Mg (Fig. 1) categorizes this event as a typical tsunami
earthquake [Kanamori, 1972], which generates abnormally larger
tsunamis than expected from its seismic waves.

The unusual nature of this earthquake is more evident when it
is compared with the recent 1994 Dec. 28 Sanriku earthquake
which generated a small tsunami as expected from seismic waves
[e.g., Tanioka et al., 1996a] (Fig. 2). The epicenters of both
events are close (less than 100 km away), and the surface wave
magnitudes are similar (Mg=7.2 for the 1896 event while M¢=7.5
for the 1994 event). For the 1994 event, the maximum seismic
intensity was 6 on the Japan Meteorological Agency (JMA) scale,
which corresponds to IX on the Modified Mercalli (MM) scale,
and many houses along the Sanriku coast were damaged by the
shaking. The observed tsunami heights were less than 1 m and
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caused no damage. On the other hand, the seismic intensity along
the Sanriku coast from the 1896 event was much smaller, only 2-
3 (weak shaking) on the modern JMA scale corresponding to IV
or V on the MM scale. However, the maximum tsunami run-up
height was 25 m and caused about 22,000 casualties.

Why was the 1896 tsunami so large for its relatively small Mg
and seismic intensity? Kanamori [1972] indicated that the large
discrepancy between seismic and tsunami waves is explained by
a slow and long rupture process. Okal [1988], using the normal-
mode theory, showed that an earthquake source in a shallow
sedimentary layer excites much larger tsunamis than in solid
rock. Fukao [1979] and Palayo and Wiens [1992] studied other
tsunami earthquakes using seismic wave analysis and concluded
that tsunami earthquakes are slow thrust events in the
accretionary wedge. Satake [1994] modeled the recent 1992
Nicaragua tsunami earthquake and concluded that a slow rupture
on a shallow fault in the subducted sediments is responsible for
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Figure 1. Relation between M; (tsunami magnitude) and M
(surface wave magnitude). The original figure by Abe [1979] is
updated by adding recent data and by replacing the Mg values
with more recent estimates [e.g., Abe, 1994].
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Figure 2. Comparison of seismic intensity and tsunami heights
from the 1896 (left) and 1994 (right) Sanriku earthquakes. The
stars show the epicenters. The contours represent the seismic
intensity distribution on the Japan Meteorological Agency (JMA)
scale. The bars show the tsunami heights at five locations
(Hachinohe, Miyako, Kamaishi, Oofunato, and Ayukawa from
north to south). They are run-up heights for the 1896 event [Iki,
1897] and the amplitudes on tide gauges for the 1994 event.

the large tsunami, as originally suggested by Kanamori and
Kikuchi [1993].

In this paper, we make numerical computations of the 1896
tsunami and compare the waveforms with the observed tsunami
records to determine the fault parameters. If the 1896 earthquake
was a slow rupture in the sediments near the trench, the fault slip
should be concentrated near the trench axis. The seismic data
from the 1896 earthquake are very limited and it is impossible to
resolve the slip distribution. On the other hand, the tsunami
waveforms were recorded at several tide gauge stations in Japan.
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Data and Method

Immediately after the 1896 disaster, Iki [1897] surveyed on the
Sanriku coast and reported the run-up heights as large as 25 m.
The tsunami arrival was visually observed at Miyako
meteorological observatory, where instrumental seismological
observations were being made [Omori and Hirata, 1899]. The
official report in the annual report of the Central Meteorological
Observatory states that a weak shock was first felt at 19 h 32m
30s local time and an extremely slow shaking lasted for about 5
min. At 19 h 50 m, or 18 min after the earthquake, the sea began
to recede. At about 20 h, the water rose, but fell somewhat in a
few minutes. At 20 h 07 m, 35 min from the earthquake, the
largest tsunami of about 4.5 m high arrived and instantly swept
away all houses and people. Although the absolute timing of this
observation may not be accurate, the relative timing between the
ground shaking and tsunami arrivals is important.

The tsunami was also recorded on several tide gauges in Japan
and the U.S. [e.g., Imamura and Moriya, 1939]. We used the
tsunami waveforms recorded at three tide gauge stations in Japan:
Hanasaki, Ayukawa, and Choshi (see Fig. 3). Omori [1902]
carefully examined the seismic and tide gauge records. He
applied a clock correction to the Choshi record and mentioned
that the clock correction was unnecessary for the Ayukawa
record. However, considering the poor accuracy of clocks in
those days, the error does not seem to be smaller than 5 min.
Previous estimates of the tsunami source area using an inverse
refraction method [e.g., Hatori, 1974] have not considered the
clock accuracy. In this study, after examining the system and
accuracy of clocks, we decided to use the waveforms only
without absolute timing. On the other hand, the travel times to
Miyako may be reliable, because they are the travel time
difference between the seismic and tsunami waves.

The tsunami waveforms are numerically computed on actual
bathymetry. Finite difference computations of the linear long
wave equation [e.g., Satake, 1995] are carried out on a grid
system with an interval of 1 minute of the arc. The time step of
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Figure 3. Comparison of the observed (solid curves) and computed (dashed) tsunami waveforms from three fault
models with different strikes as shown in the left map. The open star is the epicenter of the 1896 earthquake. The

solid triangles indicate the tide gauge locations.
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computation is 3 s to satisfy the stability condition. The initial
condition of the tsunami propagation is calculated from the
vertical and horizontal displacements of the ocean bottom
[Tanioka and Satake, 1996], which are computed using Okada's
[1985] equations.

We attempt to estimate the fault strike, width, and location;
these are important parameters to understand this unusual
tsunami earthquake. From the three tsunami waveforms without
absolute time, it may be difficult to estimate the other fault
parameters.

Fault Strike

We first computed tsunami waveforms from three fault models
with different strikes as shown in Fig. 3. Model A is Aida’s
[1977] fault model (strike 156°, dip angle 20° and slip direction
280°), having the same strike as the 1968 Tokachi-oki
earthquake, which occurred about 120 km north of the 1896
event. The length and width of the fault are 210 km and 50 km,
respectively. Model B has a strike parallel to the Japan trench
(190°). The other parameters are the same as in Model A. Model
C has a strike of 205°, the same as Aida's [1977] model for the
1897 Sanriku earthquake, which occurred about 100 km south of
the 1896 epicenter. The slip direction is kept constant at N80°W
[Aida, 1977] for the three models, so that the rake angles are
different. Because the relative plate motion on the Japan trench is
about N64°-68°W, we also computed tsunami waveforms from
the slip direction of N65°W, but the waveforms at the three tide
gauge stations and at Miyako were almost identical to those from
N80°W.

Comparison of the observed and synthetic tsunami waveforms
(Fig. 3) indicates that Model B is the closest to the observed
waveforms. In Fig. 3, the first arrivals for all the stations are
adjusted to match. The amplitudes of synthetics are normalized to
the amplitude of the first crest at Ayukawa for each model.
Model A (Aida’s fault parameters) produces a much larger
amplitude than that observed at Hanasaki. The computed tsunami
at Choshi from Model C is also larger than the observed. These
amplitude differences are due to the directivity effect; the
tsunami waves emitted in the direction perpendicular to the fault
strike become large. The best model is clearly Model B, which
has a strike parallel to the Japan trench.

Fault Width

We next computed tsunami waveforms from different fault
widths, 30 km, 50 km and 100 km, and compared them with the
observations (Fig. 4). The other parameters are the same as in
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Figure 4. Comparison of the observed (solid curves) and
computed (dashed) waveforms from different fault widths (100
km, 50 km and 30 km). The locations of the three models are
shown in the left panel.
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Figure 5. Comparison of the computed tsunami waveforms at
Miyako from three different locations as shown in the left panel.
The observed tsunami arrival (18 min with receding motion) and
the maximum amplitude (4.5 m at 35 min) are shown by vertical
lines.

Model B. As before, the first arrivals are adjusted to match at all
the stations and the synthetic amplitudes are normalized to the
amplitude of the first crest at Ayukawa. The computed amplitude
at Hanasaki from the 100 km wide fault is much larger than the
observed. The computed period of the first cycle at Ayukawa is
also longer than the observed. The computed tsunamis from
narrower faults are closer to the observed waveforms. Hence, we
conclude that the fault width is 50 km or less.

Fault Location

We then shifted the 50 km wide fault along the down-dip
direction as shown in Fig. 5. The top depth of the fault is 0, 16
and 32 km for locations 1, 2, and 3, respectively. We computed
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Figure 6. The fault model for the 1896 Sanriku tsunami
earthquake. The top is in map view and the bottom is a cross-
sectional view. The accretionary wedge from Suyehiro and
Nishizawa [1994] and the subducted sediments (vertically
exaggerated) from von Huene et al. [1994] are shown in the
bottom figure.



1552

tsunami waveforins at Miyako. The travel time at Miyako is
sensitive to the fault location because Miyako is located in a
direction perpendicular to the fault strike. Although the
waveform is not available at this station, the visual observation
indicates that the first wave arrived at 18 min with a downward
motion and the maximum amplitude of 4.5 m appeared at 35 min
after the earthquake, as we already described. Figure 6 shows that
only location 1, the most trenchward location, satisfies these
observations. If the fault was located closer to the coast, the
maximum amplitude would appear earlier. Hence the location of
the fault is confirmed to be near the trench axis, where the ocean
depth is about 6000 m.

Discussion and Conclusion

We have fixed the fault length as 210 km which was suggested
by Aida [1977]. In our modeling, we do not have a constraint on
the fault length because we ignored the absolute timing of the
tide gauge records. In addition, Aida’s [1977] model may have a
better constraint on the fault length, because he compared the
observed tsunami run-up heights along the Sanriku coast with the
computed tsunami amplitudes at 200 m depth.

The slip amount for our final model is estimated to be 5.7 m
from the amplitude comparison of the observed and computed
waveforms. As we have seen already, the slip was concentrated
near the trench. If we assume the rigidity around such a shallow
fault is 2 x 1010 N/m2, then the seismic moment is computed to
be 12 x 1020 Nm, corresponding to M,=8.0. This value is close
to Utsu's [1994] estimate (8.0-8.2) from the number of
aftershocks, but much larger than the surface wave magnitude
(M, =7.2) and still smaller than the tsunami magnitudes (M;=8.2-
8.6). The former discrepancy is probably due to a slow and long
rupture process of the earthquake as suggested by Kanamori
[1972].

We conclude that the strike of the 1896 Sanriku earthquake is
parallel to the trench and the large displacement must have
occurred in a shallow depth near the trench axis (Fig. 6).
Suyehiro and Nishizawa [1994], from their ocean bottom
refraction study, indicate that the accretionary wedge near the
Japan trench off the Sanriku coast is very small. In this region,
the sediments are being subducted and the plate interface is filled
with water-bearing sediments as imaged by multichannel seismic
data [von Huene and Culotta, 1989; von Huene et al., 1994]. The
rupture in such soft sediments would be very slow. The 1896
Sanriku tsunami earthquake is possibly a slow rupture on a
shallow fault in the subducted sediments beneath the accretionary
wedge, which has been suggested for other tsunami earthquakes
[Kanamori and Kikuchi, 1993; Satake, 1994]. Further comparison
and tectonic interpretation of the 1896 tsunami earthquake and
other types of earthquakes are the subject of another paper
[Tanioka et al., 1996b].
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