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Temporal seismic observations from pop-up type ocean-bottom seismometers were used to detect tectonic tremors
immediately following the 2011 Tohoku-Oki earthquake in the northern periphery of the aftershock area. Near-field
observations clearly distinguished tremors from regular earthquakes based on their spectral shape in the frequency
band of 1-4 Hz. In addition to tremors accompanied by very low-frequency earthquakes (VLFEs), we detected 130
tremors without known VLFE activity during April-October 2011. The newly detected tremors were in the vicinity of
a sequence of small repeating earthquakes, indicating a mixed distribution of tremors and regular interplate earth-
quakes in the region. Tremor activity was high immediately after the deployment of seismometers and gradually
decreased. In addition, the tremor activity fluctuated with two activations with an interval of approximately 90 days,
similar to the intervals between tremor bursts after 2016. The results of the study suggest that the observed tremors
occurred under the influence of aseismic slip caused by the decaying afterslip of the preceding Tohoku-Oki and Mw
74 interplate earthquakes and episodic accelerations with a quasi-periodicity unique to the area.
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1 Introduction

Various types of slow earthquakes have been observed
globally; their activity on subduction interfaces is
expected to have a strong relationship with the genera-
tion processes of massive interplate earthquakes (e.g.,
Obara and Kato 2016; Kano et al. 2018). Tectonic tremors
(hereafter, tremors) are a kind of slow earthquake phe-
nomena characterized by unclear P- and S-wave arriv-
als with a dominant frequency of 2-8 Hz and smaller
amplitudes than those of regular earthquakes with simi-
lar seismic moments. Tremors are usually active at the
margins of seismogenic zones, both at the downdip (e.g.,
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Obara 2002; Frank et al. 2014) and updip (e.g., Obana and
Kodaira 2009; Todd et al. 2018) sides. The spatio-tempo-
ral correlation of tremors and other types of slow earth-
quakes are often observed. Spatiotemporal coincidence
of tremors and very low-frequency earthquakes (VLFEs)
in the seismic frequency band below 0.1 Hz has been
observed in the Hyuga-nada region (Yamashita et al
2015) and the Nankai subduction zone (Ito et al. 2007;
Kaneko et al. 2018). Such a relationship between differ-
ent types of slow earthquake phenomena suggests that
this series of different dominant frequencies is a united
broadband phenomenon (Ide 2008).

Slow earthquake activities recently became clearer
along the Japan Trench subduction zone, where the
2011 Tohoku-Oki earthquake (Mw 9.1) had occurred.
Via the deployment of the new cabled seafloor observa-
tion network for earthquakes and tsunamis along the
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Japan Trench (S-net) in 2016, Tanaka et al. (2019) and
Nishikawa et al. (2019) found new tremor activity below
the network. The reported tremors occurred approxi-
mately 20 km landward from the trench axis, at a depth
to the plate boundary of approximately 10 km below
the seafloor, representing a quasi-periodic recurrence
of short-term burst activities. Based on onshore broad-
band seismic records, Matsuzawa et al. (2015) and Baba
et al. (2020) reported VLFE activities during the period
before S-net deployment until 2018. Both studies showed
that the activity of the VLFEs was significant after the
2011 Tohoku-Oki earthquake in the region surrounding
the rupture of the earthquake. Considering the synchro-
nicity of tremors and VLFEs in other subduction zones
(e.g., the Nankai subduction zone and the Hyuga-nada
region), tremor activity is expected to increase in areas
of increased VLFE activity following the Tohoku-Oki
earthquake.

Recent studies have shown that the temporal deploy-
ment of ocean bottom seismometers (OBSs) in the area
of possible tremor activity can aid in efficiently identi-
fying shallow tremor activity owing to their vicinity to
the tremor sources (Ito et al. 2015; Katakami et al. 2018;
Todd et al. 2018). In this study, we analyze seismograms
obtained from OBSs deployed in the northern Japan
Trench to investigate tremor activity for approximately
half a year following the Tohoku-Oki earthquake and dis-
cuss the relationship between tremors and the Tohoku-
Oki earthquake.

2 Observations
To monitor the aftershock activity, five free-fall and
pop-up OBSs were deployed at the northern rim of the
aftershock area of the 2011 Tohoku-Oki earthquake, and
observations were made from April 11 to October 25,
2011 (Fig. 1). Three-component velocity seismograms
from geophones with a natural frequency of 4.5 Hz were
recorded at 100 Hz sampling. The short-period OBSs
cannot record the long-period signals of the VLEFEs.
However, if tremors and VLFEs have a common source
like that observed in Nankai (Kaneko et al. 2018) and are
different manifestations of a broadband phenomenon
(slow earthquake), we can observe seismic signals in the
tremor frequency band using short-period OBSs. During
the OBS observation, seven VLFEs were identified near
the OBS array based on land broad-band station data
(Matsuzawa et al. 2015), which were referred to as VLFE
#1-7 in the order of their occurrence. In this study, we
first searched for tremors that occurred near the VLFEs
in time and space.

The OBS seismograms around the origin times of the
VLFEs showed a gradual increase in horizontal ampli-
tudes with unclear P- and S-wave arrivals (Figs. 2b and
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3). To investigate the hypocenter of the observed events,
we focused on the amplitudes and arrival time differ-
ences among the stations since according to the hypo-
central distances, the amplitudes will decrease, and the
arrival time will be delayed. We observed a decrease
in the amplitude in the order of the distances from the
respective VLFE epicenters. We also observed the timing
of peak amplitudes delayed with the increasing epicentral
distances from the VLFEs. These observations suggest
that the seismic signals recorded by the OBSs radiated
from points near the VLFEs’ epicenters.

Furthermore, the order of the timing of the peak ampli-
tude and the spatial decay of the amplitudes observed for
the events associated with the VLFEs resemble those of
local repeating earthquakes and regular interplate earth-
quakes with epicenters located close to the VLFE epicent-
ers. Figures 2c and 3 represent the seismograms of two
repeating earthquakes: A (M3.9) and B (M2.7), respec-
tively. We selected these two as examples considering
the uncertainties of epicenters of VLFEs and earthquakes
estimated by onshore seismic networks. Although seis-
mograms of repeating earthquakes showed much larger
amplitudes and clearer P- and S-wave onsets than the
seismograms at the VLFE timings, the orders of arrival
times and peak amplitudes at different OBSs were simi-
lar (Figs. 2d and 3). The amplitude variations among the
OBSs were also similar for all seismograms at the time of
the other VLFEs (Figs. 3 and 4). This characteristic indi-
cates that the recorded events with vague onsets that
dominate the horizontal component are seismic signals
radiated from sources near the VLFEs.

Although the source locations of the seven events
were considered near the hypocenter of repeating earth-
quakes, the frequency contents of the seismograms of the
events were significantly different from those of repeat-
ing earthquakes. Figure 2a shows the power spectral
density of the horizontal seismograms around the occur-
rence time of VLFE #5 and repeating earthquake-A at
station AQO.S05, which is nearest to VLFE #5. The power
spectral density of this event had a decay pattern differ-
ent from that of repeating earthquake-A in the frequency
range of 1-4 Hz. The most prominent difference between
the repeating earthquakes and the events identified at
the VLFE occurrences is the slope of the spectra in the
frequency range between 1 and 4 Hz. The slopes are sig-
nificantly steeper for the repeating earthquakes. All the
events synchronous with the VLFEs had a similar power
spectral density shape, with the gentle slope in 1-4 Hz
band (Fig. 5). As higher-frequency signals are more
attenuated during propagation, deficiencies in the high-
frequency component can also be identified in the seis-
mograms of remote regular earthquakes. For example,
the power spectral density below 6 Hz of the seismogram
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Fig. 1 Locations of ocean-bottom seismometers (OBSs) and known very low-frequency earthquakes (VLFEs). The epicenter of VLFE #3 is the same

as VLFE #5. Reverse triangles and hexagons represent OBSs and VLFEs, respectively. Blue circles represent repeating earthquakes that occurred
between April 10 and October 25, 2011. Diamond represents a repeating earthquake-A (M3.9) whose seismograms are compared to those of the
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indicates the trench axis of the Japan Trench. The black dots in the inset map on the upper left are Japan Meteorological Agency epicenters of
regular earthquakes on March 12,2011, defining the aftershock area of the 2011 Tohoku-Oki earthquake, whose epicenter is shown by a star

used in this study, it is difficult to discuss the relationship
between newly identified tremors and the corresponding
VLFEs where tremor-VLFE pairs are regarded as single
events. Hereafter, the newly identified tremor events will
be referred to as tremors #1-#7, according to the number

of an earthquake with an epicentral distance of approxi-
mately 160 km resembles the power spectral densities of
the events identified at the VLFE timings (Figs. 2d and
Additional file 1: S1). However, the spatial variation of the
observed amplitudes was clearly different from that of
the events associated with the VLFEs (Figs. 4). Thus, local ~ of corresponding VLFEs.

We search for the characteristic patterns of seismo-

low-frequency events can be distinguished from remote
grams of the identified tremors associated with previ-
ously identified VLFEs in the continuous seismograms

earthquakes.
for approximately six months, so that we can identify

Based on these observations, the similarity in ampli-
tude variation with local repeating earthquakes, and
the evident deficit of high-frequency energy, it is sug- tremors in addition to those with the VLFEs

gested that the events detected at the timing of the
known VLFEs are seismic waves that radiated from 3 Methods
The previous section showed that short-period OBSs

tremors whose sources are close to those of the VLFEs
and repeating earthquakes. Owing to the limitation of deployed near known VLFEs epicenters recorded trem-
i ors associated with each VLFE. Conversely, this section

the observable frequency range of short-period OBSs
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investigates the tremors that are not associated with the
reported VLFEs since tremors are detected more fre-
quently than VLFEs (Ghosh et al. 2015; Ohta et al. 2019;
Nishikawa et al. 2019). Generally, the envelope correla-
tion method (Obara 2002) is effective in detecting trem-
ors. However, the method did not work well for detecting
and locating tremors, including those identified by visual
inspection of the seismograms around VLFE timing.
This might be because most of the tremor sources were
located outside the OBS network used in the study, which

consisted of only five stations, making tremor detection
very difficult.

Instead, the amplitude patterns (Fig. 4) and power
spectral densities (Fig. 5) can be used for identifying
additional tremors because these characteristics should
be similar among tremors #1-7 and new tremors that are
not associated with the reported VLFEs.

We quantified the following two characteristics: First,
the deviation of the peak amplitude pattern (hereafter
amplitude deviation) from the averaged peak amplitude
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pattern of tremors #1-7. The amplitude deviation was
defined by the difference between the peak amplitude
distribution of samples and the average distribution for
the seven tremors, and is calculated as follows:

Amplitude deviation = max (AMF;)

and

AME; = [AP™Ple _ jref| /0,
Xiample is the peak horizontal amplitude at station i, nor-
malized to the peak amplitude at station AO.S05. The
peak values of the root-mean-squared horizontal ampli-
tude of the sample waveforms of the records of the two
horizontal components were used. Afef is the average
of the peak amplitudes of the reference seismograms at
station i, including tremors #1-7. The deviation from
the reference at station i was scaled by o;, the standard
deviation of the peak amplitudes of the seven tremors
at the corresponding station i. The amplitude deviation

a frequency band in which the tremor signal was most
pronounced, sample seismograms were obtained from
continuous seismograms using a sliding time window of
30 s with a time interval of 15 s.

Second, the residual sum of squares between the power
spectral density of a sample waveform and that of tremor
#5, which was observed with the highest signal-to-noise
ratio (S/N), was calculated as a measure of similar-
ity between power spectral densities. The residual sum
termed “spectral deviation” is calculated as follows:

N

2
Spectral deviation = Z (longSD;ample — IogloPSD;Ef)
j=1
where PSD;ample represents the power spectral density

of a sample seismogram and PSD;ef is the power spectral
density of the reference seismogram at a frequency band
j. N=90 is the number of power spectral densities within
a frequency range of 1-4 Hz, where high S/N is expected.
We used the records at station AO.S05 for tremor #5 for
the reference seismogram, since the seismogram had the
highest S/N. A higher similarity yielded a smaller spectral
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deviation. The sample power spectral densities were cal-
culated from the seismograms extracted using sliding
time windows identical to the amplitude deviation calcu-
lation. Spectral deviation was calculated in the frequency
band of 1-4 Hz. Husker et al. (2019) developed a tremor
detection method based on the single-station tremor
spectrum template. Our spectral deviation is essentially
the same as that used in Husker et al. (2019), but differ-
ent cost functions. Both amplitude deviation and spectral
deviation take smaller values when a sampled seismo-
gram resembles that of the tremors. We determined the
length of the sliding window as 30 s after a test using dif-
ferent lengths (Additional file 1: Fig. S2).

A 15 s window is too short to characterize the given
event in terms of maximum amplitude due to the short-
term irregular fluctuation of seismograms. By contrast,
a 60 s window is too long to discriminate successive
occurrences of tremors.

Figure 6 shows the two-hour spectrograms with

temporal variations of amplitude and spectral devia-  deviations, respectively (Fig. 7).
tions for the period in which tremor #5 occurred. Both
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amplitude and spectral deviations had the smallest val-
ues at the time of tremor #5. As expected, the amplitude
and spectral deviations for the seismograms obtained in
the seven windows including the occurrence times of
tremors #1-7 were considerably smaller than the rest of
the seismograms in the six days when the seven trem-
ors with the VLFEs were detected (Fig. 7).

Notably, spectral deviation of tremor #1 was relatively
large due to low signal levels (Figs. 3 and 5). Tremor #6,
which was depleted in the low (1 Hz) frequency com-
ponents more than other tremors (Fig. 5) and slightly
deviated from other tremors in terms of peak amplitude
distribution (Fig. 4), had a larger amplitude and spec-
tral deviations. For more conservative tremor detection,
these two events (tremors #1 and #6) were excluded
while defining the thresholds of amplitude and spectral
deviations. Therefore, based on the amplitude and spec-
tral deviations for tremors #2-5 and #7, the thresholds
were set at 0.675 and 0.17 for amplitude and spectral
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and spectral deviation for the six days when the reported very low
frequency earthquakes (VLFEs) occurred. Hexagons represent
tremors #1-7, diamonds represent repeating earthquakes, and a
square represents remote earthquake. Symbol colors show the
maximum amplitude at station AO.SO5 at the corresponding time
window. Thresholds of spectral and amplitude deviations are shown
by vertical and horizontal lines, respectively. The spectral and
amplitude deviations calculated for repeating earthquake-A, repeating
earthquake-B, and a remote earthquake are also shown, although
these earthquakes occurred on different days. The spectral deviation
of tremor #5 is not exactly zero in the figure since the time window
including tremor #5 in the event search is slightly different from that
for the reference power spectral density calculation

Based on the proximity of the epicenters of repeating
earthquakes to those of the VLFEs, the amplitude devia-
tions of repeating earthquakes are expected to be as small
as those of tremors. The amplitude deviation of repeat-
ing earthquake-A was not smaller than the criteria (Fig. 7),
whereas that of repeating earthquake-B was smaller than the
threshold for tremor detection. This suggests that repeating
earthquake-B, a regular earthquake, occurred very close to
the sources of the tremors. By contrast, spectral deviations
of repeating earthquakes are different from those of tremors.

In the seismogram of the remote earthquake shown in
Fig. 1, spectral deviation is smaller, but amplitude deviation
is larger than the thresholds (Fig. 7). However, spectral devia-
tion of the remote earthquake is similar to those of tremors.

Therefore, tremors can be distinguished from local and
remote regular earthquakes by amplitude and spectral
deviations. As shown by the triangle in Fig. 7, a seismo-
gram satisfied the criteria of tremor detection during the
six days. Figure 6 shows the corresponding record as an
event 10 min before tremor #5. The newly detected event
was similar to tremor #5 in the seismograms, and it can
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be regarded as another tremor event. There were a few
events that satisfied the tremor detection threshold of
spectral deviation but not that of amplitude deviation
(e.g., events at 87 min and 100 min in Fig. 6). The slightly
larger amplitude deviation but acceptably small spectral
deviation of these events indicate that these events can
be tremors with different source locations from the group
of tremors identified in the study.

4 Results

We identified a total of 131 tremors other than the events
associated with the known VLFEs by inspecting ~ 6 months
continuous OBS waveforms based on the two parameters
amplitude and spectral deviations (Additional file 1: Fig.
S3). The amplitude and spectral deviations (Additional
file 1: Fig. S3), and waveform characteristics (Fig. 8) of
the newly identified tremors were similar to those of the
known tremors associated with known VLFEs described in
Sect. 2. For most of the events, the windows satisfying the
criteria were isolated, although sometimes two successive
windows satisfied the thresholds. However, both amplitude
and spectral deviations were not sufficiently low in three or
more successive windows. This suggests that the duration
of tremors detected here was not significantly longer than
60 s, i.e., twice the window length. This result is consistent
with the reported average duration of tremors (44 s) in the
northern Japan Trench (Nishikawa et al. 2019).

As defined above, spectral deviation is the difference
of the absolute power spectral densities to that of tremor
#5; the detected events should have a similar size to that
of tremor #5. If the present threshold based on the spec-
tral deviation was used, tremor events of different mag-
nitudes would be missed.

Smaller events are difficult to identify using amplitude
deviation as the reliability of event identification using
amplitude deviation is dependent on the S/N ratio of seis-
mograms, and small tremor events with a smaller S/N
ratio, if they existed, would be rejected. Therefore, to iden-
tify possible large-tremor events, the power spectral densi-
ties of all events with an S/N ratio larger than that of event
#5 were analyzed. The magnitudes of the events were
measured by calculating the average of the power in the
1-4 Hz frequency range. As indicated in Sect. 2, there is
an evident difference in the slopes of power spectra in this
frequency range between regular earthquakes and trem-
ors, hence we attempted to determine whether the large
events are classified as tremors or regular earthquakes.

The magnitude of only a few events, among the events
with acceptably small amplitude deviation, were larger than
that of tremor #5, which was used as a reference for tremor
search (Fig. 9). Most of the events, including repeating
earthquake-B, had steeper power spectral density slopes
than tremor #5, indicating regular earthquakes rich in
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high-frequency content. Nevertheless, we detected a small
number of large events having a small power spectral den-
sity slope that were relatively rich in low-frequency con-
tent. Except for a single event (d in Fig. 9) that corresponds
to the P-coda part of a remote regular earthquake (M3.8),
the waveforms of these events resemble those of tremor
#5. These low-frequency events may be slightly larger than

tremor #5. These observations suggest that only the largest
tremors in the study area were detected in this study.

5 Discussion

Since the tremor detection method relies on the simi-
larities of the spatial pattern of the peak amplitudes at
different stations, the sources of all detected tremors,
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including those accompanied by the seven VLFEs that
are used as references, were concentrated within a small
area. Notably, the signal amplitude distribution of repeat-
ing earthquake-B was very similar to that of the tremors
(Fig. 3), ensuring that the amplitude deviation of repeat-
ing earthquake-B was as small as the amplitude deviation
of tremors (Fig. 7). The similarity of the amplitude varia-
tions requires the proximity of the hypocenters and the
focal mechanisms, hence the observations in this study
suggest that the detected tremors were thrust faulting
events in the vicinity of repeating earthquake-B, a regu-
lar interplate earthquake. The repeating earthquakes
were relocated using P-wave arrivals at five OBS stations
to confirm the correlation between their epicentral loca-
tions and amplitude deviation. As a result, the closest
earthquake to the repeating earthquake-B was~3 km
away and had larger amplitude deviation than the tremor
detection threshold (Fig. 10), with one exception (repeat-
ing earthquake-B’), which belongs to the sequence of
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Fig. 10 Dependence of amplitude deviation on the inter-event
distances of repeating earthquakes located around the tremor #5
measured from repeating earthquake-B by the Japan Meteorological
Agency. Distances are calculated based on the relocated hypocenters
by the present study using manual P-readings of five ocean-bottom
seismometers (OBSs). Only repeating earthquakes within 20 km

are shown. A horizontal line shows the threshold of Al for tremor
detection
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repeating earthquake-B and was considered a re-rupture
of the identical source area for repeating earthquake-B.
Based on the relocated epicenters, repeating earthquakes
with amplitude deviation larger than the tremor detec-
tion threshold were more than 5 km away from repeating
earthquake-B. This suggests that amplitude deviation can
be used to distinguish epicentral locations at a resolution
of approximately 5 km and that newly detected tremors
occurred within 5 km of regular interplate earthquakes
(repeating earthquake-B and -B’). These results confirm
the close association of tremors and regular earthquakes
along the Japan Trench Subduction Zone. By contrast,
such mixed distributions of tremors and regular earth-
quakes are rarely observed in the Nankai subduction
zone (Obara and Kato 2016; Takagi et al. 2019; Uchida
et al. 2020).

Tremors occurred continuously throughout the obser-
vation period, with notable temporal variations in the
number of tremors (Fig. 11(a)). The tremor activity area
covered in this study is located on the updip side of the
rupture zone of the Mw 7.4 earthquake that occurred at
15:08 on 2011/03/11 (JST) (Fig. 1a), 22 min after the Mw
9.1 Tohoku-Oki earthquake. Kubo and Nishikawa (2020)
suggested that slow earthquakes are generally active in
this area. The results of this study recorded the trem-
ors associated with such slow earthquakes. As pointed
out by Kubo and Nishikawa (2020), this is also the area
where aftershocks of the Mw 7.4 earthquake were con-
centrated. The temporal variation in the number of trem-
ors detected in this study was very similar to that in the
number of earthquakes that occurred around the tremor
location (Fig. 11c). The similarity between the number of
aftershocks and the time variation of postseismic defor-
mation often suggests that aftershocks are triggered by
afterslips (Perfettini and Avouac 2004). Since tremors
are primarily caused by aseismic slip, the similarity in
the temporal variation of the aftershock activity and the
number of detected tremors suggests that they were both
induced by a common aseismic slip, namely the afterslip
of the Tohoku-Oki and the Mw 7.4 earthquakes.

Here, the number of repeating earthquakes and VLFEs
detected immediately following the mainshock of 2011
was not large, although these events were promoted
by the post-2011 aseismic slip as the tremors were. We

(See figure on next page.)

Fig. 11 The number of detected events of various types in a 15-day interval following the occurrence of the mainshocks. a The number of tremors
in 2011 identified in the present study. Time period before ocean-bottom seismometer (OBS) deployment (April 11, 2011) is covered. The vertical
dashed lines show the occurrence times of M6.9 and M6.6 earthquakes. b Schematic illustration of aseismic slip behavior as suggested by the
tremor activity. € The number of all the regular earthquakes reported by the Japan Meteorological Agency in 2011. The area of the rectangle in

Fig. 1 is the same as that for repeating earthquakes. d The number of regular earthquakes reported by Japan Meteorological Agency post the Mw
7.1 Sanriku-Oki earthquake on 2 November 1989. e The number of repeating earthquakes in 2011 (Uchida and Matsuzawa 2013). f The number of
repeating earthquakes in 1989 (Uchida and Matsuzawa 2013). g The number of very low frequency earthquakes (VLFEs) recorded in 2011 (Baba

et al. 2020). Timings of the seven VLFEs reported by Matsuzawa et al. (2015) are indicated by inverted triangles
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suspect that the extremely high seismic activity in the
entire Tohoku region immediately following the M9
Tohoku-Oki earthquake may have degraded the detec-
tion abilities of the repeating earthquakes and VLFEs,
thereby lowering the detected number of these events.
Detection of these events requires high S/N onshore seis-
mic waveform records. The unusually high seismic activ-
ity might have also reduced VLFEs detection. After the
1989 earthquake, which had similar coseismic slip area
and aftershock distributions to those of the 2011 Mw 7.4
earthquake (Kubo and Nishikawa 2020), the number of
repeating earthquakes increased with the overall num-
ber of earthquakes (Fig. 11 (f)). Therefore, we argue that
the repeating earthquakes, along with VLFEs, would have
been much more active than the event counts.

Furthermore, from the temporal variations of the num-
bers of tremors and aftershocks, these activities did not
show the expected monotonic time decay for the after-
slips (Helmstetter and Shaw 2009), with activity maxima
at approximately 90 and 180 days post the Mw 7.4 main-
shock. Notably, the activities of repeating earthquake
and VLFE increased synchronously around 180 days
(Figs. 11e and g, respectively). The observed synchronicity
of the activities of aftershocks, tremors, repeating earth-
quakes, and VLFEs can be interpreted as the occurrence
of two transient accelerations of aseismic slip (Fig. 11 (b)).
We noted that two relatively large earthquakes (Fig. 1;
Mjma=6.6 and 6.9, orange circles) had also occurred
close to the study area in the middle and early period of
the activity centered 90 and 180 days following the Mw 7.4
mainshock (Fig. 11a and Additional file 1: Fig. S4). How-
ever, the temporal relationship between the M ~ 6 earth-
quakes and tremor activities was not obvious (Additional
file 1: Fig. S4). The increase in the number of tremors pre-
ceded the occurrence of Mj6.9 earthquake, whereas the
Mj6.6 earthquake preceded the increase of the detected
tremors, indicating that the afterslip of M ~ 6 earthquakes
did not necessarily account for the activation of tremors.
As Uchida et al. (2016) reported, spontaneous slow slips
may trigger large earthquakes, while increase of tremor
activity may be followed by an M ~ 6 earthquake.

Notably, the tremor activity after the 2016 (after the
deployment of S-net) showed evident temporal fluctua-
tions with an interval of approximately 60 to 90 days in
the area, although not completely periodic (Nishikawa
et al. 2019). In 2011, the time interval was close to that
of episodic events in postseismic activities. In this region,
small-scale slow slip events may recur quasi-periodically,
not only after major earthquakes but also under interseis-
mic steady-state conditions. Uchida et al. (2016) pointed
out that periodic slow slip events occur along the Japan
Trench, but the interval between the slow slip events in
this region was estimated at approximately three years,
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which was significantly different. Thus, aseismic slip
events at various timescales may coexist in this area.

6 Conclusions

Based on temporal seismic observations using pop-
up-type OBSs, this study attempted to detect tectonic
tremors immediately following the 2011 Tohoku-Oki
earthquake in the northern periphery of the aftershock
area. The tremors were distinguished from regular earth-
quakes based on their spectral shape in the frequency
band of 1-4 Hz. In addition to the 7 tremors accompanied
by VLFEs, more than 130 tremors without known VLFE
activity were detected during the observation period of
April-October 2011. The newly detected tremors were in
the vicinity of a sequence of small repeating earthquakes,
indicating a mixed distribution of tremors and regular
interplate earthquakes in the region. Tremor activity was
high immediately post OBS deployment and gradually
decreased. In addition, the activity fluctuated with two
activations with an interval of approximately 90 days, sim-
ilar to the intervals between tremor bursts after the 2016
earthquake. The results suggest that the observed tremors
occurred under the influence of aseismic slip caused by
decaying afterslip of preceding Tohoku-Oki and Mw 7.4
interplate earthquakes and episodic accelerations with a
quasi-periodicity unique to the area.

Abbreviations
OBS: Ocean-bottom seismometer; VLFE: Very low frequency earthquake.
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