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e We found tiny repeating earthquakes with similar waveforms during the few hours preceding the 2015 Rausu

landslide.

e This sequence is interpreted as small scale stick-slip movement leading up to the catastrophic landslide failure.
e We found that heterogeneous structure, such as asperities on the slip surface, can play an important role in

the initiation of landslides.

A precursory sequence of repeating earthquakes was
recorded before the Rausu landslide in Hokkaido, Japan on
April 24, 2015. There were two seismic sequences with each
consisting of very similar waveforms and leading up to signif-
icant landslide movements. The nearly-identical waveform
shapes indicate similar source locations and mechanisms, so
repeated events originated on a particular small area. This
sequence is interpreted as stick-slip movement on a small
patch leading up to the larger landslide failure. Our obser-
vations show that heterogeneous structure, such as asperi-
ties on the slip surface, can play an important role in the
initiation of landslides, adding a new aspect to the conven-
tional understanding of mechanisms controlling large mass
movements.

1. Introduction

Seismological and geological observations of the 2015
Rausu landslide can provide new information on mechanisms
of the rupture initiation. Past studies have mainly relied
on spatially limited borehole coring [Schepers et al., 2001;
Di Maio et al., 2010; Bievre et al., 2012], and geophysical
exploration with limited resolution, such as ambient noise
measurement or reflectivity methods [Burjanek et al., 2010;
Grandjean et al., 2011; Bievre et al., 2012], to estimate the
conditions of the undisturbed sliding surface. In this study,
we focus on seismic signals with which can retrieve dynamic
changes of physical parameters of landslides [Brodsky et al.,
2003; Moretti et al., 2012; Yamada et al., 2013]. The benefit
of using seismic signals is high-sample recording of shaking,
which enables continuous observations of on-going phenom-
ena. We used seismic signals of the Rausu landslide recorded
at a very close distance (<1 km) to observe processes and
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properties of the slip surface immediately prior to the land-
slide failure. Physical phenomena associated with pre-slip,
such as acoustic emissions, have been observed [Fujiwara
et al., 1999; Smith and Dixon, 2014; Dixon et al., 2014], but
the mechanism of rupture initiation and the contributions
of slip surface conditions are not yet completely understood.
For the Rausu landslide, we found two sets of repeating seis-
mic events before the substantial mass movement. We inter-
pret these signals as small scale stick-slip movement of the
landslide and discuss the heterogeneity of the slip surface
and existence of asperities that may control the landslide
initiation.

2. Site description

The Rausu landslide is located on the edge of marine ter-
race, eastern coast of Shiretoko Peninsula, Hokkaido, north-
ern Japan (Figures la and 1b). The marine terrace was
eroded by surges and forms coastal cliffs with heights of 30
m. The size of the landslide is about 380 x 260 m? with a
depth of 15-30 m and a volume of 6.2 x 10° m® [Asia Air Sur-
vey Co., Ltd., 2015; Geological Survey of Hokkaido, 2015].
The displacement was 10-20 m with a rotation of 8 degrees
clockwise (Figure 1c). The coastal seafloor was uplifted and
emerged above the sealevel due to the buckling of the layers
at the toe of the landslide (Supplementary Figure 1). There
was no indication of previous mass movements at this spe-
cific site based on the original topography.

Local geology in this area consists mainly of Neogene
shale with interbedded tuff layers covered by Pleistocene
gravels and volcanic deposits (Figures 1c and 1d). The bed-
dings are slightly inclined toward the coast by 10 to 20
degrees. At the landslide site, the upper part of the slid-
ing mass is a fractured facies containing thin tuff lenses,
while the lower part is hard shale with a weathered thick
pumiceous tuff layer, which probably forms the slip surface
of the landslide. The bottom of the coastal cliff reaches the
lower hard shale, possibly close to the tuff layer.

Significant movement of the Rausu landslide started be-
fore 06:30 (JST) on April 24 based on the eyewitnesses re-
ports, and the largest deformation occurred between 11:30
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and 16:48 on that day (Supplementary Table 1). Meteo-
rological conditions at the site were recorded by the Auto-
mated Meteorological Data Acquisition System (AMeDAS)
about 10 km north-northeast of the landslide (Figure 1b).
On April 22, two days before the large displacement, the
maximum temperature exceeded 15°C for the first time in
the month and the snow depth decreased from 35 cm to zero
within 3 days (Figure 2e and Supplementary Figure 2). A
road on the landslide surface was used as a snow dump site
by local people, so there was substantial water supply from
melted snow. The Rausu area is very windy in winter, daily
maximum of the ten minute average wind speed is 20 m/s.
For a few days before the landslide, it was calm and sunny
and the maximum wind speed was around 5 m/s.

3. Seismic data and methods

The seismic sequence associated with the landslide was
recorded by a local short-period station at Rausu. This sta-
tion is 0.85 km north of the top edge of the landslide (Figure
1b), and consists of three component one-second velocity-
type sensors with 100 Hz sampling.

Figures 2a and 2b show 2 days of continuous data for the
EW component band-pass filtered between 1 and 1.5 Hz, and
between 2 and 4 Hz, respectively. Figure 2b clearly shows
pulses of individual events with similar amplitude during
two periods; around 12:00 on April 23 for about 12 hours
and around 16:40 on April 24 for several minutes (Figure
2¢).

We manually extracted clearly observed events (43 and 15
for the first and second sequence, respectively) and found
that the shapes of the waveforms were almost identical
within each sequence. Therefore, we applied a matched fil-
tering technique to the continuous seismic data to search
for more events that may be difficult to identify by eye.
This technique is often used to extract individual events
with similar waveforms from continuous seismic data [Gib-
bons and Ringdal, 2006; Peng and Zhao, 2009; Kato et al.,
2012]. First, we constructed template events for the two se-
quences by normalizing and stacking the clearly identified
events from the manual identification.

In the next step, 2 days of continuous three-component
seismograms (April 23 and 24) were correlated with the tem-
plate events. We computed a correlation coefficient for each
component by shifting the template event by a increment
of 1 sample. If the correlation coefficient exceeded 0.7 for
all three components, we identified an event. To avoid du-
plicate detection, only the event corresponding to the max-
imum correlation coefficient was selected if multiple events
were detected within + 0.05 s. Both data and template
events were band-pass filtered at 2 to 7 Hz to focus on the
observed dominant frequencies of the seismic events.

4. Results

4.1. Estimation of the timing of large deformations

Based on the eyewitness reports, a minor seafloor uplift
(less than 1 m) occurred between 07:00 on April 23 and
06:30 on April 24, and major uplift (about 10 m) occurred
between 11:30 and 16:48 on April 24 (Supplementary Ta-
ble 1 and 2d). The original seafloor was estimated as 1-2
m deep, since this kind of coastal bench is formed only by
breaking waves at shallow depth. Therefore, the second up-
liftt was much larger than the first one even including the
depth of the seafloor.

Seismic signals from landslides tend to appear with a rela-
tively lower frequency range due to the longer duration of the
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source [Moretti et al., 2012; Yamada et al., 2013], which is
different from artificial human-induced noise with higher fre-
quency content. In Figure 2a, the largest amplitude (exclud-
ing unrelated regional earthquakes) was recorded at 00:15 on
April 24. This signal has a duration of 20 s and predominant
frequency of 1.5 Hz (Supplementary Figure 5). The domi-
nant amplitude is on the EW component which is parallel
to the sliding direction of the land deformation. This may
be related to the movement of the landslide which caused
minor seafloor uplift. The sea waves also generate ambient
noise of the ground, but these vibrations are much longer
period (2-5 seconds in general) which is outside of our filter
range.

There is another small signal around 16:46 on April 24,
which is the largest amplitude in the period of possible oc-
currence of the major uplift. An eyewitness observed the
uplifted seafloor at 16:48, and small rocks falling down from
the edge of the raised area.

Based on the eyewitness reports and signals in the longer
period seismic record, the timing of the minor uplift is esti-
mated as 00:15 on April 24, and that of the major uplift is
estimated as 16:46 on April 24.

4.2. Characteristics of repeating events

Applying the matched filtering technique to 2 days of
continuous three-component seismograms, we extracted 106
events in the first sequence, starting from 06:00 on April 23
to 00:12 on the next day, and 23 events in the first sequence,
from 16:40 to 16:47 on April 24. Note that we applied the
same technique to the waveforms on April 22 and 25, but
no events were detected.

The template events for the matched filtering technique
are shown in Supplementary Figure 3. Note that the maxi-
mum amplitude of the EW component is normalized to one,
but the relative amplitudes among the three components
are preserved, so the three components have different am-
plitudes. Shape of the waveforms is very different between
the two template events, but there are also similar charac-
teristics.

Both events have a clear P- and S-phase, which suggests
that the mechanism is some type of earthquake. The S-P
time is about 0.5 s, which is in good agreement with the
travel time between the landslide and station assuming a P-
wave velocity 1.2 km/s and S-wave velocity 0.7 km/s. The
total duration is about 4 s, including surface waves. On
the other hand, the frequency contents are somewhat differ-
ent for the two sequences. The dominant frequency of the
largest amplitude is 2 to 3 Hz for the first sequence, and the
second sequence has a lower frequency (1.5 to 2.5 Hz) for the
largest amplitude. The relative amplitudes of two horizontal
components are about the same for the first sequence, but
the EW component of the second sequence is twice as large
as the NS component.

The detailed time and amplitudes of the first sequence
are shown in Figures 3a and 3b. A few very small events
started after 06:00 on April 23 and the frequency increased
after 12:00. The occurrence interval is roughly constant af-
ter 12:00, however, the amplitudes of the individual events
increased linearly as a function of time. This characteris-
tic suddenly changed after 21:00 on April 23. The interval
between events shortened from 565 s (£ 248 s standard de-
viation) to 204 s (£ 106 s standard deviation) and the am-
plitudes stopped increasing at a value of about 2.5 x10~*
cm/s. At the same time, more events with smaller ampli-
tude were also activated. The small events suddenly stopped
at 0:12 on April 24, followed by the minor movement of the
landslide.

A second much shorter sequence of individual earth-
quakes contains at least 23 events from 16:40 to 16:47 on
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April 24. This sequence has much shorter intervals (tens of
seconds) and larger amplitudes (about 5 x10™* cm/s). The
waveform shapes are similar among the events, but differ-
ent from the first sequence (Supplementary Figures 3 and
4). The intervals between events shorten and the ampli-
tudes decrease as a function of time (Figures 3d and 3e).
At the end of the sequence, it is difficult to resolve individ-
ual events since the intervals are too short (a few seconds).
These events may reflect a process directly leading up to
the major movement of the landslide, which is seen as the
complicated waveforms between 16:45 and 16:47 in Figure
3f.

5. Discussion

5.1. Interpretations of repeating events

Our analysis shows that there were two series of repeated
seismic events that likely occurred shortly before the time
of the minor and major landslide movements, respectively.
The nearly-identical waveforms in a sequence indicate that
the source locations and mechanisms are very similar, so we
suggest that repeated small slip was occurring at a specific
location on the slip surface of the landslide. With only one
seismic station it is difficult to constrain the locations, how-
ever the similar waveforms indicate that the sources within a
cluster are quite close. Geller and Mueller [1980] show that
locations are within a quarter wavelength for the frequency
of the correlated waveforms. For the 3 to 7 Hz S waves with
an assumed velocity of 0.7 km/s, a quarter wavelength is
25 to 50 m. The difference of the waveforms between the
first and second sequences suggests that the two sequences
occurred at different locations.

The occurrence of repeating events resembles stick-slip
behavior observed in rock mechanics experiments [Brace
and Byerlee, 1966] and block-slider models [Burridge and
Knopoff, 1967]. Similar apparent stick-slip behavior has also
been observed during movement of glaciers and ice sheets at
the contact between ice and bedrock [Caplan-Auerbach and
Huggel, 2007; Thelen et al., 2013; Allstadt and Malone, 2014;
Helmstetter et al., 2015; Lipovsky and Dunham, 2015]. Note
that the maximum soil-frost depth in this area is less than
0.5 m [Kinoshita et al., 1978, @], so ice is not involved in this
landslide. Stick-slip behavior implies there is a progressive
shear stress accumulation, possibly caused by nearby or sur-
rounding stable slip for this case. The stress accumulation
seems to accelerate towards the large deformation, indicated
by the increasing amplitudes and decreasing intervals of the
events.

Another possible interpretation is that the events re-
flect an accelerating cracking process. However, the nearly-
identical waveforms indicate that the locations of the events
are located very closely together, possibly repeatedly de-
forming the same small patch. A cracking processes would
likely extend over an area and not keep cracking the same
location, and cracking events tend to migrate in space [Lock-
ner et al., 1991; Ito and Enoki, 2007]. We do not see any
changes of the waveforms indicating spatial migration, so we
prefer the interpretation of repeated stick-slip behavior on
the same patch.

Using the waveforms and S-P times, the largest seismic
magnitude was estimated as M -1 from the velocity ampli-
tude, based on an attenuation relationship for small earth-
quakes [Watanabe, 1971]. Such tiny events can only be ob-
served if there are seismic instruments very close by (within
a kilometer) and explains why this type of observation has
not been previously reported for landslides. The dominant
frequency of the events is 2-3 Hz for both sequences, which
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is much lower than expected for regular earthquakes of this
size, even considering attenuation effects (corner frequency
of the M -1 events is expected to be higher than 100 Hz
[Abercrombie, 1995]). Therefore, these events do not fit
the source scaling relations for regular earthquakes [Ide and
Beroza, 2001; Oye et al., 2005; Yamada et al., 2007]. Assum-
ing standard earthquake source models [Madariaga, 1976],
the static stress drops for these events would be extremely
small compared to regular earthquakes. This may be due
to lower stress conditions on a landslide slip surface at very
shallow depth (a few tens of meters).

We interpret the mechanism of this stick-slip as follows:
the local geological structure is composed of layers of weak
tuff and hard shale, so we assume the slip surface has been
formed along these beddings prior to the landslide. These
layers have heterogeneous thickness at the outcrop, so there
may be locked and unlocked sections at the slip surface. The
landslide mass seemed to be frictionally supported by these
locked sections, i.e., asperities. The system has structures
to generate both stick-slip movement (at locked sections)
and more conventional stable sliding (at unlocked sections).
In the creeping stage before the catastrophic collapse, the
movement of a mass is not governed by the friction of the
entire sliding surface, as conventionally interpreted, but con-
trolled by locked sections with relatively small area. The
repeated events which seems to occur at the same place is
an evidence of a stick-slip movement at this locked section.

5.2. Mechanisms of the landslide movement

The beginning of the movement of the Rausu landslide
process may be associated with the local weather condi-
tions. When the air temperature rose, the water infiltration
by snow melting increased the pore pressure on the slip sur-
face. The raised pore pressure decreased the friction on the
slip surface and likely initiated the process leading to the
landslide. In the long term, the wave erosion contributes to
destabilize the coastal cliff. The strong wind-induced wave
in the winter eroded the foot of coastal cliff by excavating
the weak tuff layers. However, in the short term, the wind
was not so strong on the day of landslide, so that the melt-
water infiltration was the main trigger of the movement.

The differences in the characteristics between the first and
second repeating events may also be related to the landslide
mechanism. In the first sequence, the amplitudes of events
linearly increase as a function of time, but the occurrence
interval is roughly constant. This sequence continues more
than 12 hours and suddenly stops. The increasing ampli-
tudes of the events may be an indication of an increase in
the movement during a period of stable sliding of the undis-
turbed slip surface. A locked patch (asperity) on the land-
slide surface may have been broken during the first mass
movement associated with the minor uplift.

A possible seismic signal of the first minor uplift is a
smaller amplitude signal for 13 s then a larger amplitude
for 4 s at 0:15 (Supplementary Figure 3). This cannot be a
normal earthquake signal, since the frequency content sug-
gests that the event should be relatively large, greater than
M4, but similar signals are not recorded any other nearby
stations. Therefore, this signal has to be an event very close
to the seismic station, and with a long duration. The wave-
form may be interpreted as a long duration sliding phase
followed by a short stopping phase.

In the second repeating event sequence, the amplitudes
and intervals between events decrease as a function of time.
This sequence continued less than 10 minutes and appears to
indicate an accelerating process, suggesting that the system
became unstable. The seismic signal of the major move-
ment is not as clear as the first movement, and has very
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complicated waveforms. One possible interpretation is that
the velocity of the movement was slower compared to the
first movement, even though the total displacement (inferred
from the observed uplift) was larger.

The occurrence rate of events during the first sequence
changes abruptly after 21:00. The time corresponds with
the arrival of seismic waves from a minor earthquake that
occurred at a distance of 320 km (Mj4.4, 0.0075 cm/s and
0.209 cm/s? at the RAUSU station) at 21:23:43 (Figure 2).
It is possible that the light shaking from this external event
affected the landslide process if the system was under a very
delicate balance.

6. Conclusions

We found a precursory sequence of repeating earthquakes
recorded before the Rausu landslide in Hokkaido, Japan on
April 24, 2015. There were two seismic sequences, each con-
sisting of very similar waveforms and leading up to signif-
icant landslide movements. The nearly-identical waveform
shapes indicate similar source locations and mechanisms, so
repeated events originated on a particular small area. This
sequence is interpreted as stick-slip movement on a small
patch leading up to the larger landslide failure. This is one of
the first observations suggesting that small scale structure,
such as asperities on the slip surface, play an important role
in controlling the motion of a sliding mass.

The continuous seismic signal provides information of the
on-going phenomena, and reveals aspects of the mechanism
of rupture initiation, which is not possible in the conven-
tional geological approach. The study of heterogeneous sur-
face structure by seismic signals will add a new aspect to
the traditional explanations of mass movements and col-
lapse prediction. Specific seismic signals generated from
landslides may be an indicator of small scale sliding at asper-
ities, which represent precursors to catastrophic slope fail-
ure. Recently, potential landslide surfaces can be extracted
with high-resolution topographic data. For a better under-
standing of the initiation of rupture and structure of sliding
surfaces, we need to install sensors close to potential slip
surfaces to fully capture the complete range of movements
leading up.
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Figure Captions

Figure 1: Map and digital elevation model. (a) Map of Japan showing the location of landslide. (b) Map of
Shiretoko peninsula with location of the landslide. Seismic stations are shown with triangles, and a meteorological
station (AMeDAS) is shown with an open circle. (c¢) Digital elevation model of the landslide constructed from
airborne LiDAR topographic surveys. (d) Geological section of the landslide along X-Y in 1lc.

Figure 2: Two days continuous seismic waveforms. (a-b) EW component seismograms at RAUSU station,
band-pass filtered with the window of 1 to 1.5 Hz and 2 to 4 Hz, respectively. Vertical gray bars are times of
unrelated regional earthquakes. (c) Three-component amplitude of events. (d) Time of eyewitness reports, giving
constraints on landslide occurrence timing. (e) Snow depth and temperature at the AMeDAS Rausu station.
Figure 3: The first (a-c) and second (d-f) sequences of small earthquakes. (a,d) Three-component
amplitude of events. The dotted line indicates a local earthquake at 21:23:43. (b,e) Number of events identified
by the matched filtering. (c,f) EW component of velocity at RAUSU station band-pass filtered 2 to 7 Hz.
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YAMADA, MORI AND MATSUSHI: STICK-SLIP MOTION PRECEDING A LANDSLIDE X-7
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