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Abstract

An earthquake with a magnitude of 6.7 occurred in the Japan Sea off Yamagata on June 18, 2019. The mainshock had
a source mechanism of reverse-fault type with a compression axis of WNW-ESE direction. Since the source area is
positioned in a marine area, seafloor seismic observation is indispensable for obtaining the precise distribution of the
aftershocks. The source area has a water depth of less than 100 m, and fishing activity is high. It is difficult to perform
aftershock observation using ordinary free-fall pop-up type ocean bottom seismometers (OBSs). We developed a
simple anchored-buoy type OBS for shallow water depths and performed the seafloor observation using this. The sea-
floor seismic unit had three-component seismometers and a hydrophone. Two orthogonal tiltmeters and an azimuth
meter monitored the attitude of the package. For seismic observation at shallow water depth, we concluded that an
anchored-buoy system would have the advantage of avoiding accidents. Our anchored-buoy OBS was based on a
system used in fisheries. We deployed three anchored-buoy OBSs in the source region where the water depth was
approximately 80 m on July 5,2019, and two of the OBSs were recovered on July 13, 2019. Temporary land seismic
stations with a three-component seismometer were also installed. The arrival times of P- and S-waves were read from
the records of the OBSs and land stations, and we located hypocenters with correction for travel time. A preliminary
location was performed using absolute travel time and final hypocenters were obtained using the double-difference
method. The aftershocks were distributed at a depth range of 2.5 km to 10 km and along a plane dipping to the
southeast. The plane formed by the aftershocks is consistent with the focal mechanism of the mainshock. The activ-
ity region of the aftershocks was positioned in the upper part of the upper crust. Focal mechanisms were estimated
using the polarity of the first arrivals. Although many aftershocks had a reverse-fault focal mechanism similar to the
focal solution of the mainshock, normal-fault type and strike—slip fault type focal mechanisms were also estimated.
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Introduction

The 2019 Yamagata-oki earthquake, determined by the
Japan Meteorological Agency (JMA) with a magni-
tude (M) of 6.7 and a depth of approximately 14 km
occurred in the Japan Sea off Sakata, Yamagata prefec-
ture on June 18. The maximum seismic intensity of the
earthquake was 6 upper on the JMA scale, and a tsunami
warning was issued to the coastal regions of the Japan Sea
off central Japan. The JMA estimated that the mainshock
had a source mechanism of a reverse-fault type with a
compression axis of approximately east—west direction.
Several large earthquakes have caused damage to com-
munities along the eastern coastal area of the Japan Sea,
including the Niigata earthquake (Mj, 7.5) in 1964
(Abe 1975), the Nihonkai Chubu earthquake (M, 7.7)
in 1983 (Satake 1985), the Hokkaido Nansei-oki earth-
quake (M 7.8) in 1993 (Tanioka et al. 1995), Chuetsu-
oki earthquake (M, 6.8) in 2007 (Miyake et al. 2010),
and the Noto Hanto-oki Earthquake (M, 6.9) in 2007
(Horikawa 2008). It has been estimated that these large
earthquakes occurred within the Niigata—Kobe tectonic
zone laid in the eastern margin of the Japan Sea (Sagiya
et al. 2000). The source region of the 2019 Yamagata-oki
earthquake is estimated to be positioned in the tectonic
zone. To identify how large earthquakes in the eastern
coastal zone of the Japan Sea are generated, it is impor-
tant to obtain their exact fault plane geometry. Since
the source regions of the large earthquakes occurring in
the Japan Sea are positioned below marine areas, sea-
floor seismic observations were carried out to determine
the distribution of their aftershocks (Urabe et al. 1985;
Aoyagi et al. 1998; Shinohara et al. 2008; Yamada et al.
2008). Precise aftershock distribution estimated from
seafloor observations has contributed to identifying the
fault geometry of the large earthquakes. The source area

of the 2019 Yamagata-oki earthquake is located below
the marine area close to the coast of Japan’s main island.
Seafloor seismic observation is necessary to obtain pre-
cise distribution of aftershocks, although the source
region is close to the coast (Fig. 1). The 2019 Yamagata-
oki earthquake was the first large event in the northeast-
ern coastal area of the Japan Sea after the Tohoku-oki
earthquake occurred in 2011. The stress field in the
northeastern Japan island arc should have been affected
by the Tohoku-oki earthquake. In addition, the Niigata
earthquake that occurred in the adjacent region (Kusano
and Hamada 1991) prior to the 2019 Yamagata-oki earth-
quake and is believed to had have a similar focal mecha-
nism of reverse-fault type with a steep westward-dipping
plane and a gradual eastward-dipping plane (Hirasawa
1965; Abe 1975). From these reasons, we decided to con-
duct a marine seismic observation in the source region
of the 2019 Yamagata-oki earthquake in order to obtain
exact lateral and depth distribution of the aftershocks
of the mainshock with land seismic observations in the
coastal area close to the source region. The source region
of the 2019 Yamagata-oki earthquake is situated below
the marine area where water depth is less than 100 m. In
this shallow depth, it is difficult to observe aftershocks on
the seafloor using a conventional free-fall pop-up type
ocean bottom seismometer (OBS) (e.g., Kanazawa et al.
2009). Therefore, we developed an anchored-buoy type
seafloor seismic observation system for a shallow water
depth and obtained seismic records just above the source
region of the 2019 Yamagata-oki earthquake. This paper
describes the development of the anchored-buoy type
OBS, observations using the developed OBSs for shal-
low water, and the precise aftershock distribution, with
particular focus on the depths of the aftershocks using
marine seismic stations just above the aftershock region
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Fig. 1 Location map of developed anchored-buoy OBSs with land seismic stations close to the OBSs. Bathymetric contours in the marine area
where the water depth is shallower than 200 m indicate intervals of water depths of 10 m. Red circles indicate the position of the recovered
anchored-buoy OBSs. The gray circle indicates the position of the OBS that could not be recovered. Inverted triangles and squares denote the
position of permanent land seismic stations and temporary stations, respectively. Small gray circles denote the epicenter of aftershocks determined
by the JMA from June 18 to July 13,2019. A few OBSs and temporary land seismic stations on the coast are effective for the location of hypocenters
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combined with land seismic stations. Furthermore, we
discuss focal mechanisms to consider the stress field of
the source regions after the 2011 Tohoku-oki earthquake.

Development of simple anchored-buoy ocean
bottom seismometer and observation

Free-fall pop-up type OBSs are currently popular for sea-
floor seismic observations (Kanazawa et al. 2009). Their
advantages include their low cost of production and
operation and their operational flexibility. Because pop-
up type OBSs have a buoyancy material, ambient noise
becomes greater both with strong seafloor currents and
when they are installed on soft sediments (Duennebier
and Sutton 1995). As ordinary pop-up type OBSs have
a height of approximately 50 cm, a strong current on a
shallow seafloor becomes a cause of large ambient seis-
mic noises. In addition, seafloor observations in coastal
areas of Japan sometimes interfere with fishery activities.
Since the source area of the 2019 Yamagata-oki earth-
quake has a water depth of less than 100 m, and fishery
activities are widespread, it is difficult to perform sea-
floor seismic observation using ordinary free-fall pop-up
type OBSs. Anchored-buoy systems are used as fishing

equipment in this region and are presumed to be suit-
able for seafloor seismic observation systems. According
to this concept, we developed a simple anchored-buoy
type OBS for shallow water depths (Fig. 2). We adopted
an ocean bottom recorder (OBX-750) from Geospace
Inc., USA, that would usually be used for seismic sur-
veys in shallow water. The OBX-750 has three velocity-
sensitive seismometers with a natural frequency of 15 Hz
(GS-ONE OMNI) and a hydrophone. These seismom-
eters are orthogonally installed for three-component
seismic observations. Because the sensors can observe
properly at any attitude, the OBX-750 has no leveling
system for seismic sensors. To monitor the attitude of
the package, the recorder has two orthogonal tiltmeters
and an azimuth meter. The equipped hydrophone has a
flat response in the frequency range greater than 10 Hz.
The signals from the scientific sensors are digitized with a
resolution of 24 bits and continuously stored to memory.
The recording duration is typically 1 month. A package of
the OBX-750 has a small size (52 x 21 x 11 cm) and light
weight (11 kg in the air and 4 kg in water). The timing
is based on an oven voltage-controlled crystal oscilla-
tor (OVCXO). Because the OBX-750 has a flat package,
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a seafloor current should have a small effect on ambient
seismic noises on the seafloor. The recorder is expected to
lie under the seafloor in an environment of soft sediment
due to its lack of flotation and flat shape. For installation
of the OBX-750 on the seafloor at a shallow depth, we
decided to employ an anchored-buoy OBS that was mod-
ified from an anchored-buoy system for fishing (Fig. 2)
which has the advantage, with the buoy on the surface,
of being able to inform surrounding boats of the system’s
position. At one end of a rope, a 2-kg weight was attached
for stable deployment, and the OBX-750 was joined at
the other end of the rope that has a length of 1.5 m. Two
anchors (8 kg) that were originally used to hold a small
boat were attached at a 2-m interval from the recorder
using the other rope. Such anchors are useful for pre-
venting movement of the system caused by wind and
waves. A long rope with a length of approximately 175 m

connected the anchors and a buoy. Another weight (2 kg)
was joined at a distance of 20 m from the buoy to stretch
the rope just below the buoy vertically. We deployed
three anchored-buoy OBSs in the source region at inter-
vals of 5 km and 8.5 km (Fig. 1). A small boat was used
for installation and recovery of the anchored-buoy sys-
tem (Fig. 2). Water depths were approximately 80 m. We
chose a gain of 18 dB for an amplifier and low-cut filter of
1 Hz, since large ambient seismic noise was expected due
to shallow water depth. The amplified signals through
an anti-alias filter were digitized with a sampling fre-
quency of 500 Hz. The systems were deployed on July
5, 2019, 17 days after the occurrence of the mainshock.
Although the number of aftershocks had decreased, the
active region for these seemed not to have changed from
the region just after the mainshock according to hypo-
center determination by the JMA (Additional file 1: Fig.
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Fig. 3 Temporal variation of attitudes and temperature of the recording packages. Upper: roll, pitch and heading angles are plotted with time for
two recording units. OBXA (the southern station) and OBXC are estimated for installation on the seafloor covered with sand and rocks, respectively.
Angles are generally stable during the observation, although the attitude of OBXA largely changed on June 5, 2019. It is possible that the recording
package was pulled. Lower: temporal changes of temperature for both units are also small, except for June 6th for OBXC. A small variation in
temperature of the unit lowers the error of the timing, which is based on a crystal oscillator in the unit
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S1). Unfortunately, it was found that one buoy had dis-
appeared from the sea’s surface at the deploying position
on July 12, and we carried out recovery of the systems
on July 13. Two anchored-buoy OBSs were successfully
recovered, and we obtained their data. According to the
crew of the boat performing the installation and recov-
ery, the seafloor of the southern (OBXA) and northern
(OBXC) stations seemed to be covered with sand and
rocks, respectively. Time differences between the clock of
the recorder driven by OVCXO and the time signal from
the global navigation satellite system (GNSS) were meas-
ured just before the deployment and just after the recov-
ery for the time adjustment of the clock in the recorders.
Temporary land seismic stations had a three-component
seismometer. One station used a seismometer with a
natural period of 120 s, seismometers for the other sta-
tions had a natural frequency of 1 Hz. The data recorded
simultaneously with the seafloor observation on both the
permanent and temporary stations were also retrieved

(Fig. 1).

Data and hypocenter location

The OBX-750 recorded angles of roll and pitch of the
housing and heading (azimuth) at an interval of 1 min
during a seismic recording. It was found that the record-
ers were positioned stably on the seafloor during the
observation (Fig. 3). For the OBXA, the heading had a
large change after the deployment. At this large change
of heading for the OBXA, the pitch and roll varied, and
there is a possibility that the buoy on the sea surface had
pulled the recorder slightly. A strong wind with a maxi-
mum speed of 10 m/s was observed on the coast dur-
ing the large change of heading for the OBXA. When a
small change of attitude occurred before the recovery of
the OBXC, a strong wind was also recorded. The tem-
perature of the recorders was registered at every 1 min
for the entire recording period (Fig. 3). This temperature
decreased rapidly after the deployment, to reach approxi-
mately 17 °C, and although it was generally stable, there
was a small variation that is thought to correspond with a
change in sea water temperature.

We can convert the three-component orthogonal seis-
mic data from the OBX-750 to three-component data for
up—down, north—south, and east—west directions using
information from the attitude of the recorder. Because
the attitude was measured at an interval of 1 min, we
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divided the seismic data into 1-min batches and applied
the conversion (Fig. 4). The conversion of the seismic
data was useful for identifying the arrival of the P- and
S-waves. After the conversion of the seismic data, we
estimated the ambient seismic noise spectra of the
records obtained on the shallow seafloor.

A large ambient seismic noise was expected due to
the shallow water depth. We evaluated the noise lev-
els in the shallow water using the direction-corrected
data obtained from the anchored-buoy OBS that we had
developed. First the velocity records of the seismometers
were differentiated to transform to acceleration. The
power spectra of the corrected data were estimated with
a time window of about 33 s at intervals of 1 min for all
observation periods. We calculated their average using
smoothing in the frequency domain. A total of 11,411
spectra were obtained, and we calculated the probability
density functions (McNamara and Buland 2004; McNa-
mara and Boaz 2006) of the power spectra (Fig. 5). The
ambient seismic noise levels of the anchored-buoy OBSs
were positioned between the Low Noise Model and the
High Noise Model in the frequency range less than 10 Hz
(Peterson 1993). Although there is no information for
typical noise levels in the frequency range higher than
10 Hz, the ambient noise levels of both vertical and hori-
zontal components are comparable to those obtained in
the deep ocean. The noise levels of the anchored-buoy
OBSs could be compared to those of the close land sta-
tions, and the noise levels were equivalent (Fig. 5). This
means the detectability of the anchored-buoy type
OBSs is comparable with those of land seismic stations.
Because the seismometers in the OBX-750 are moving
coil type with a natural frequency of 15 Hz, the noise lev-
els decreased in the frequency range lower than 15 Hz.
In addition, we estimated temporal noise level varia-
tion for vertical and horizontal components using the
obtained spectra. All spectra at an interval of 1 min were
plotted as a function of time (Additional file 1: Fig. S2).
Although the noise levels sometimes became greater,
the level was generally stable. There is a possibility that
boats were operating near the stations when the noise in
the records became greater. We could compare the noise
levels of the anchored-buoy OBSs to maximum wind
speed observed by a weather station installed close to our
seismic network (AMeDAS, JMA) and maximum wave
height observed by GPS buoy off Yamagata Prefecture

(See figure on next page.)

Fig. 4 Example of seismograms from the anchored-buoy OBSs and temporal land seismic stations for an earthquake. Three-component records are
shown. The records of the OBSs have been converted from original records using information from tiltmeters and the azimuth meter. No filter has
been applied. The estimated coordinates of the epicenter of the event are 38.66° N, 139.44° E. The depth and magnitude of the event are 9.9 km and
3.7, respectively. The station is labeled above the vertical component. Black bars on the north-south component indicate the scale of amplitude in
velocity. Root-mean square averages of amplitude for the first 0.5 s are shown by numerals. Solid and open inverted triangles indicate P- and S-wave

arrivals, respectively
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Fig. 5 The probability density function of ambient seismic noise spectra from three-component records of the anchored-buoy OBSs. The original
data from the OBSs have been converted to the records for up—down, north-south and east-west directions using information on the attitude

of the packages. Data from 14:31 on July 5, 2019, to 12:14 on July 13, 2019, were used for the estimation. We estimated spectra every 1 min with

a time window of 32.768 s, and probability was estimated using 11,411 spectra. Although the seismic sensors of the anchored-buoy OBS have a
natural frequency of 15 Hz, the sensor response was not compensated for the estimation. The High Noise Model and Low Noise Model of Peterson
(1993) are shown in frequencies lower than 10 Hz. Black, gray, and white lines indicate averages of seismic noise spectra for the same period from
the records of the land stations, ENZMY, EKNSY, and E.YAMY, respectively. A 15-Hz high-pass filter was applied for data from the land stations to
compare those from the anchored-buoy OBSs. The ambient noise levels of the anchored-buoy OBSs are sufficiently small to pick up arrivals and
comparable to the land stations, in spite of shallow water depths. It is believed that the flat shape of the recorder is effective for reducing ambient

noises

(NOWPHAS) operated by Port Bureau, Ministry of Land,
Infrastructure, Transport and Tourism (Additional file 1:
Fig. S2). The noise levels around 10 Hz seem to correlate
to the wind speed and the wave height. Consequently, we
were able to confirm that observation using the devel-
oped anchored-buoy system for the shallow seafloor
because the noise levels were low enough on the records
for small earthquake observation throughout the obser-
vation period. Reflecting the low and stable noise level,
many aftershocks were unexpectedly recorded by the
anchored-buoy OBSs including microearthquakes with
magnitudes of less than 1.0 (Additional file 1: Fig. S3).

The time of the individual records by the anchored-
buoy OBSs was adjusted using comparative information
between GNSS timing and the clock in the recorder. After
the time adjustment, all seismic data were combined
into multi-station waveform data files with a duration
of 1 min. Our network consisting of the anchored-buoy
OBSs, permanent and temporary land stations had a total
of 16 seismic stations (Additional file 1: Table S1). Then
the arrival times of the P- and S-waves were read manu-
ally from the records of the anchored-buoy OBSs and
land stations on a computer display (Urabe and Tsukada
1991), based on the event list determined by the JMA
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(Fig. 4). In addition, some small aftershocks that had not
been listed in the JMA catalogue were also processed. We
could pick up the arrival time and largest amplitude for
a total of 181 aftershocks. For large events, we also read
the polarities of the first arrivals to determine the focal
mechanism of the events.

An exact velocity structure under the region is neces-
sary for the location of the aftershock with spatial high-
resolution. A seismic survey using OBS, multichannel
hydrophone streamer, and airguns was performed in
2010 (Sato et al. 2014). The profile was laid from the
coastal area to the Yamato Basin in the Japan Sea and
intersected the source region of the 2019 mainshock.
Because the active region of the aftershocks was rela-
tively narrow, a one-dimensional velocity structure
seemed to be enough for the hypocenter location. Since
the source area is close to the coast of Japan’s main island,
the existing seismic survey cannot determine the velocity
structure with high resolution for that region (Sato et al.
2014). We estimated a simple, one-dimensional seismic
wave velocity structure for the hypocenter location from
the results of the marine seismic survey by extrapolation
(Fig. 6). From the results of the seismic survey, the crust
seemed to have a thickness of approximately 25 km and
comprised a sedimentary layer, upper and lower crust.
The sedimentary layer had a constant P-wave velocity of
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2.0 km/s, the upper crust had P-wave velocities of 3.0—
6.8 km/s and a thickness of 13.5 km, and the lower crust
had P-wave velocities of 7.0-7.8 km/s. For the S-wave
structure, we assumed a Vp/ V, ratio of 1.73 for all layers.
A P-wave velocity in the uppermost mantle was assumed
to be 8.0 km/s. We constructed a one-dimensional veloc-
ity structure whereby the velocity would increase con-
tinuously with depth for the preliminary location. Then
we transferred the continuous velocity structure to the
velocity structure, whereby each layer had constant
velocities for another location program. The velocity
and thickness of the uppermost layer should have varied
beneath each seismic station. Therefore, a compensation
of calculated travel time for the location was necessary
for high resolution.

We first located hypocenters of the aftershock using
the location program with absolute travel times and the
maximum-likelihood estimation technique (Hirata and
Matsu’ura 1987). Thick sedimentary layers with low seis-
mic velocity were estimated below the seismic stations
and the anchored-buoy OBSs in particular. First, the
hypocenter location was carried out using P- and S-wave
arrival times with assumed values of station correction
for the velocity structure. We calculated the average of
differences between observed and estimated travel time
using the velocity structure (O-C times) for each sta-
tion from the results of the location, and the averages of
O-C times were added to the previous station correction.
Then the hypocenter location was performed again using
the new values of the station correction. This procedure
was repeated three times and we obtained appropriate
values of each station correction (Additional file 1: Fig.
S4). Next, we relocated the hypocenter using the dou-
ble-difference (DD) method (Waldhauser and Ellsworth
2000) to obtain more precise positions for the after-
shocks. Because the location program for the DD method
accepts a velocity structure with constant velocity in lay-
ers, we used the velocity structure that was consistent
with that of the first location using absolute travel times.
We estimated the magnitude of the aftershocks by the
maximum amplitudes of the seismic data obtained from
the land stations (Watanabe 1971).

Results

After the preliminary hypocenter location, we could
locate all the aftershocks under a convergent condi-
tion with the obtained station corrections. The location
program for the preliminary hypocenter determination
calculated errors for each aftershock location from the
covariance matrix for the nonlinear inversion (Hirata
and Matsu’ura 1987). For station corrections that com-
pensate heterogeneity just below the stations, marine
stations need large compensations for the calculation
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of travel times (Additional file 1: Fig. S4). P- and S-wave
station corrections for the marine stations were greater
than 0.71 s and 2.2 s, respectively. On the other hand,
the station corrections for the land stations were smaller
than 0.25 s and 0.55 s, respectively. This meant that the
observed arrival times at marine stations were late com-
pared to the arrivals calculated using the velocity model.
The marine stations were estimated to have a thick sedi-
mentary layer with slow seismic velocity. The average
location errors were 0.28 km in the horizontal direction
and 0.58 km in depth direction. Our temporary seismic
network has the capability to locate aftershocks with
substantially high resolution within the seismic net-
work. Using the preliminary hypocenter location of 181
aftershocks, we relocated the hypocenters using the DD
method (Waldhauser and Ellsworth 2000). After the DD
relocation using the hypocenters determined by the abso-
lute travel times, the hypocenters of 175 aftershocks were
relocated with spatial high resolution (Fig. 7). Several
aftershocks could not be located throughout the group-
ing procedure of the DD method.

The depth of the aftershocks ranged from 2.5 to 10 km,
and the active area of aftershocks was limited under the
marine area; most of the aftershocks occurred within an
area of 8 x 20 km. Those that occurred in the northeast-
ern part had greater depth than those in the southwest-
ern part. The aftershocks seemed to be positioned along
a plane dipping down toward the southeast. The hypo-
center distribution was not spatially uniform in the active
region of the aftershocks. The determined magnitudes of
the aftershocks ranged from 0.3 to 4.6. Seismicity in the
active area was generally constant in terms of the occur-
rence of events over the observation period.

Discussion

The aftershocks that we could locate using the data from
the anchored-buoy OBSs and the land seismic stations
were also analyzed by the JMA using the permanent
land seismic network. Therefore, our results are compa-
rable with those reported by the JMA (Additional file 1:
Fig. S5). We searched events from the JMA report by
comparison of origin time, and 173 events in the JMA
report corresponded with our results. The active regions
determined by the epicenters from our results and the
JMA report were positioned in almost the same area.
Most of the aftershocks determined by the JMA in the
study region had depths from 10 to 18 km, which was
approximately 5 km deeper than the aftershock depths
we located. The further the hypocenter was from the
coast of the main Japanese island, the greater the differ-
ence in depth between our results and the hypocenters
determined by JMA seemed to become. The events in
the marine area were determined to be deeper by using
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only the permanent land seismic network data. Since our
seismic network included the anchored-buoy OBSs posi-
tioned above the active region of aftershocks, the depths
of the events were estimated with a high resolution. We
could also compare the magnitudes determined by the
JMA and our analysis (Additional file 1: Fig. S5). The
magnitudes in our results were mainly estimated from
maximum amplitude obtained at land seismic stations.
Although our magnitudes were slightly larger than those
determined by the JMA, those estimated by our networks
were consistent with the magnitudes by the JMA.

The absolute depth of the events depended on the
velocity structure during the location. In this study, the
velocity model for the hypocenter location (Fig. 6) was
estimated using information of the velocity structure
estimated by the previous marine seismic survey (Sato
et al. 2014). In addition, a thick sedimentary layer that
had a very low S-wave velocity below the seafloor and
local heterogeneity just below the stations affected the
estimation of the absolute depth of the events. The travel
times had to be compensated for the sedimentary layer
and local heterogeneity during the preliminary location
using the absolute travel times. Due to the availability of
the adopted velocity structure retrieved from the seis-
mic survey (Fig. 6) and the appropriate adjustment of the
travel times by the station correction method (Additional
file 1: Fig. S4), the absolute depths of the aftershocks in
this study are believed to have a high reliability. Because
most of the aftershocks in this study were distributed
from depths of 2.5 km to 10 km, the activity of the after-
shock was concentrated in the upper part of the upper
crust. In addition, the deepest aftershock occurred at a
depth of about 15 km throughout the observation. It is
inferred that the source region of the 2019 Yamagata-oki
earthquake was limited to the upper crust.

The National Research Institute for Earth Science
and Disaster Resilience (NIED) reported information
about the hypocenter and focal mechanism of the 2019
Yamagata-oki earthquake determined by moment ten-
sor inversion (NIED 2021). According to their result, the
moment magnitude was 6.4 and one of the nodal planes
had a strike of 23° and dip of 36° for the mainshock.
The aftershocks formed a plane dipping to the south-
east from the cross-section of the aftershock distribu-
tion projected on the vertical plane with an azimuth of
23° (Fig. 7). The dip angle of the plane formed by after-
shocks was consistent with that of that of the nodal plane
of the mainshock estimated by the moment tensor inver-
sion. The plane dipping toward the southeast had a size
of approximately 20 km x 10 km, considering the dip
angle. The size of the plane formed by the aftershocks
was comparable to the magnitude of the mainshock. The
hypocenter of the mainshock estimated by the NIED
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using moment tensor inversion was positioned at the
bottom of the plane formed by the aftershock. The rup-
ture of the mainshock was estimated to be propagated
from the deep region to the shallow region. Although a
plane dipping to the southeast was obviously recognized
in the vertical section, there were some events away
from the plane (Fig. 7). Since the number of aftershocks
that were located by our marine observation was lim-
ited, due to the short observation period, it is difficult

to identify that these events formed other planes from
our result. Yoshida et al. (2020) obtained the spatiotem-
poral distribution of the aftershocks of the mainshock
using data from permanent land seismic stations and
found three planar structures of aftershocks. The larg-
est plane of their result seems to be related to the plane
estimated from our results. The aftershocks away from
the plane in this study may correspond to the other two
planes reported in Yoshida et al. (2020). Some previous
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large earthquakes occurring in the eastern margin of the
Japan Sea had a few planar structures of aftershocks. Shi-
nohara et al. (2008) reported that the aftershocks of the
2007 Chuetsu-oki earthquakes with a JMA magnitude of
6.8 formed at least two planes that consisted of a conju-
gate fault system. Such a complex fault system was also
observed during the aftershock activity of the 2004 mid-
Niigata prefecture earthquake (Kato et al. 2007). There is
a possibility that the 2019 Yamagata-oki earthquake had
one large fault plane and small conjugated faults. The
1964 Niigata earthquake occurred in the adjacent region
of the mainshock, and the focal mechanism of the Niigata
earthquake (Hirasawa 1965) closely resembled that of the
mainshock. There is controversy over the fault plane for
the Niigata earthquake. Satake and Abe (1983) argued
that the fault plane was an eastward-dipping plane with a
low angle, to explain seafloor deformation. From teleseis-
mic P-waves and the relocation of aftershocks, the east-
ward-dipping fault model was also preferred (Mori and
Boyd 1985). The steeply westward-dipping fault model
was supported by analysis of the aftershocks (Kusano
and Hamada 1991) and strong motion records (Shiba
and Uetake 2011). The 2019 Yamagata-oki earthquake
obviously had a gradual eastward-dipping fault from the
aftershock distribution; however, the existence of small,
conjugated faults shows the complexity of tectonics in
this region.

During the reading of the P- and S-waves, we also read
the polarity of the first arrivals from large aftershocks.
From data for the polarity of the first arrivals picked from
waveforms, the focal mechanisms of 21 aftershocks were
estimated using the program of Reasenberg and Oppen-
heimer (1985). The data from the anchored-buoy OBSs
and the temporary land seismic stations close to the
OBSs were effective for estimating focal mechanisms,
since these stations were positioned right above the after-
shocks. For determination of the focal mechanism, infor-
mation about the hypocenters obtained from the location
program using absolute travel times was used to calcu-
late azimuth angle and the take-off angle of seismic rays.
The magnitudes of the events that could estimate focal
solution were greater than 1.9. Most of the events had
a focal mechanism related to the WNW-ESE compres-
sional stress (Fig. 8). There are many focal mechanisms of
reverse fault that are comparable with the focal solution
of the mainshock, as Yoshida et al. (2020) have already
indicated. In other words, most of the aftershocks with
reverse-fault type mechanism had a nodal plane parallel
to the plane formed by the aftershocks. However, some
aftershocks had a strike—slip fault type focal mechanism
or a normal-fault type focal mechanism. There is a catalog
of focal solutions determined by automated moment ten-
sor determination that uses the Japanese land broadband
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data on the polarity of first arrivals recorded by the network of
anchored-buoy OBSs and land stations. Lower hemisphere equal
area projection was used. A plane view is rotated counterclockwise
by 23°. The diameter of the circles for projection of focal solution is
proportional to magnitude, and color means the depth of the event.
For a determination of focal mechanisms, the position of the events
estimated by the location using absolute travel time was used. All
the events determined by the network of this study are plotted with
a color that indicates the depth of the event. Focal solutions in the
vertical profiles are projected onto the vertical plane. Although many
events show reverse-fault type mechanism, events with strike—slip
fault type and normal-fault type mechanism are also estimated

seismic network (F-net) data (Fukuyama et al. 1998). The
focal mechanisms determined by the F-net also include a
strike—slip fault type mechanism or a normal-fault type
focal mechanism. Before the 2011 Tohoku-oki earth-
quake, an E-W contraction strain rate was dominant in
the source region of the 2019 Yamagata-oki earthquake
(Yoshida et al. 2020). The 2011 Tohoku-oki earthquake
changed the stress field and the source region of the 2019
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Yamagata-oki earthquake had an E-W extension strain
rate after the 2011 Tohoku-oki earthquake by the occur-
rence of the 2019 mainshock (Yoshida et al. 2020). The
events with the normal-fault type focal mechanism and
the strike—slip fault type focal mechanism may reflect
the present complex stress field. Most of the aftershocks
occurred in the upper part of the upper crust. The limita-
tion of the shallow activity of the aftershocks may also be
correlated with the present stress field.

Conclusions

The 2019 Yamagata-oki earthquake with a magnitude
of 6.7 occurred below the Japan Sea off Sakata, Yama-
gata prefecture. A tsunami with a height of 11 ¢cm was
observed at Tsuruoka, Yamagata prefecture. The main-
shock was estimated to have a source mechanism of
reverse-fault type with compression axis of WNW-ESE
direction. The Yamagata-oki earthquake is inferred to
relate to the Niigata—Kobe tectonic zone in the eastern
margin of the Japan Sea. To obtain the precise distribu-
tion of the aftershocks, a marine seismic observation
in the source region of the earthquake and temporary
land seismic observation in the coastal area near the
source region were planned. However, a seafloor seismic
observation using ordinary free-fall pop-up type OBSs
appeared to be difficult due to the shallow water, with a
depth of less than 100 m. A high noise environment was
expected for a pop-up type OBS, and its use for observa-
tion might have been obstructed by the high fishing activ-
ity in the region. To avoid these difficulties, we developed
a simple anchored-buoy type OBS for shallow water
depths. A seafloor recorder with three-component veloc-
ity-type seismometer with a natural frequency of 15 Hz
and a hydrophone was used. Because the recorder could
observe seismic signals with any attitude, two orthogonal
tiltmeters and an azimuth meter were installed to moni-
tor the attitude of the package. The timing was based on
a crystal oscillator. One of advantages of the recorder was
a flat shape of its capsule with a height of approximately
11 cm. To lower the seismic noise by the seafloor current,
the height of an OBS capsule should be as low as possible.
For installation at a shallow water depth, we developed a
simple anchored-buoy system using fishing equipment.
The system’s buoy would inform sailing boats of the posi-
tion of the system. The anchored-buoy OBS had anchors
and a recorder at the end of a rope. The rope had a length
of about 175 m, and a buoy was connected to the other
end of the rope.

We installed three anchored-buoy OBSs in the source
region at a water depth of approximately 80 m on July
5, 2019. Two OBSs were recovered 8 days later. From
the retrieved data records, it was found that changes
in the attitude and temperature of the recorder were
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small during the observation. After the correction of
the package’s attitude, we estimated seismic noise dur-
ing the observation. As a result, the seismic noise was
small enough and comparable with that of the deep
ocean floor at high frequencies. A temporal variation of
the noise level was also small. The data obtained by the
developed anchored-buoy OBS had sufficient quality
for picking up the arrival times of the P- and S-waves
and the polarity of the first arrivals.

The arrival times of the P- and S-waves were read
from the records of the OBSs and land stations. In addi-
tion, we identified the polarity of first arrivals for large
events. First, we located hypocenters by absolute travel
times using a one-dimensional velocity structure that
was estimated from the results of the seismic surveys.
For the first location, station corrections were applied
for precision. Next, we relocated the hypocenters using
the DD method. Finally, the hypocenters of 175 after-
shocks were obtained with spatial high resolution. The
aftershocks were distributed at a depth range from 2.5
to 10 km and along a plane dipping to the southeast.
The magnitude of the aftershocks ranged from 0.3 to
4.6.

The obtained aftershock distribution was compared
to that determined by land seismic networks, and the
hypocenters using land data only were about 5 km
deeper than our results. The source region of the 2019
Yamagata-oki earthquake was estimated to be limited
to the upper crust. There were some events away from
the plane that was formed by many aftershocks. In con-
sideration of the results of other large earthquakes that
occurred previously in nearby areas, the 2019 Yama-
gata-oki earthquake may have had one large fault plane
and a few small, conjugated faults. For events with
magnitudes greater than 1.9, focal mechanisms could
be determined using the polarities of the first arrivals.
Most of the events had a focal solution with a compres-
sion axis of the WNW-ESE direction, which is consist-
ent with the focal mechanism of the mainshock. Some
aftershocks had a strike—slip type focal mechanism or
a normal-fault focal mechanism. It is known that the
stress field in the coastal area of the Japan Sea in north-
eastern Japan changed after the 2011 Tohoku-oki earth-
quakes. The limitation of depth distribution within the
upper crust and the complexity of the focal mechanism
in the aftershocks should rise from the present stress
field.
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