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Abstract 

In this study, geodetic and seismic phenomena occurring in the subduction zone were observed with two tiltmeters 
that were installed in seafloor boreholes drilled in the Kumano Basin in the Nankai Trough, southwest Japan. We used 
one electrolytic-type tiltmeter and one pendulum-type tiltmeter installed 6 and 19 m below the seafloor, respec-
tively. The two tiltmeters have been continuously operated since 2019 and 2021, respectively. The records of the two 
tiltmeters showed microseisms, seismic signals of normal earthquakes, and variations that correlated well with the M2 
tide (tidal response). The noise environment relative to existing seafloor observatories was assessed by comparing 
the power spectral densities of the tiltmeters and broadband seismometers in the seismic frequency band. The two 
tiltmeters and the seismometers showed similar spectral peaks in the microseism band, and at lower frequencies 
below  10–2 Hz, the pendulum tiltmeter had a noise level that was up to 20 dB lower than that of the broadband seis-
mometers. The tidal responses of the tiltmeters were analyzed to reveal corresponding mechanisms because a large 
amplitude of the tidal response makes it difficult to detect geodetic phenomena. Considerable azimuthal depend-
ence was observed in the NW–SE direction for both tiltmeters. The principal direction was approximately the same 
as the down-slope direction of the local bathymetry. This tendency was thus interpreted to be caused by the differ-
ences in the thickness of the sedimentary layer along the direction of the slope. Furthermore, the validity of the tilt 
measurements for the two tiltmeters was demonstrated by in-situ loading experiments, where the theoretical 
response of an elastic half-space medium was computed and compared with the experimental results. The results 
of the loading experiments can be explained using theoretical values with a set of realistic elastic moduli.
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Introduction
The Nankai Trough is one of the most famous subduction 
zones. The Philippine Sea Plate is subducting beneath the 
Amour Plate in the NE-SW direction at a rate of 6 cm/
year (Argus et al. 2011). This subduction process causes 
M8-class earthquakes at intervals of 100–200 years (e.g., 
Ando 1975), several large (> Mw 7) earthquakes such as 
the 2004 off the Kii peninsula earthquake (Japan Mete-
orological Agency 2004), and several slow earthquakes 
(Nakano et  al. 2018; Takemura et  al. 2022; Yamamoto 
et al. 2022).

The observation network in the Nankai Trough region 
is expanding toward the sea to closely observe phenom-
ena associated with subduction processes. The “Dense 
Ocean Floor Network System for Earthquakes and Tsu-
namis” (DONET) was developed in the Kumano Basin 
off the Kii Peninsula for continuous seismic observa-
tions (National Research Institute for Earth Science and 
Disaster Resilience 2019; Kawaguchi et  al. 2011, 2015; 
Kaneda et  al. 2015). As broadband seismometers were 
deployed at DONET stations, the observations contrib-
uted to recent studies on slow earthquakes (Annoura 
et  al. 2017; Nakano et  al. 2018; Toh et  al. 2020; Yama-
moto et  al. 2022). Measurements of seafloor displace-
ment using the GNSS-A technique have been repeatedly 
performed, which revealed coseismic deformation of the 
seafloor after the 2004 earthquake (Kido et al. 2006) and 
improved the accuracy of the coupling rate on the plate 
surface (Yokota et al. 2016; Nishimura et al. 2018).

DONET plays an important role in the continu-
ous observation of sea areas. Compared to studies with 
ocean bottom seismometers (Obana and Kodaira 2009; 
Tamaribuchi et  al. 2019), continuous observations with 
buried permanent seismometers at DONET stations 

enable integration of temporal resolution and detect-
ability. Furthermore, DONET provides electrical power 
and communication between the land stations and sea-
floor, which can be used for several observations. For 
example, a package of seismic and geodetic sensors called 
the “Long-Term Borehole Monitoring System (LTBMS)” 
was installed in three boreholes drilled in the Integrated 
Ocean Drilling Program (IODP) using the deep-sea sci-
entific drilling vessel Chikyu and connected to DONET. 
Pore pressure measurements by the LTBMS stations 
revealed variations in slow-slip events and those asso-
ciated with shallow very low frequency earthquakes 
(VLFEs) (Araki et al. 2017; Ariyoshi et al. 2021).

In this study, two different types of tiltmeters were 
installed in the Kumano Basin at different seafloor bore-
hole depths (Figs. 1 and 2) to detect seismic and geodetic 
phenomena, such as VLFEs and short-term slow slip 
events (SSEs), with better resolution than that achieved 
in previous observations. One tiltmeter was a high-
precision electrolytic-type tiltmeter that was installed 
in an 8.6  m-deep borehole in 2019. The other tiltmeter 
was a pendulum tiltmeter that was based on an optical 
geodetic sensor (Zumberge et  al. 2018) and installed in 
a 20 m-deep borehole in 2021 (Yokibiki et al. 2023). This 
study reports the characteristics of the first three and 
two years of the tilt records, respectively, and discusses 
the detectability and validity of tilt observations through 
power spectral density (PSD) analysis and in-situ load 
experiments.

Measurement system
The objective was to develop methods of installation and 
measurement using a low-noise environment of the bore-
hole within a reachable depth by considering the wide 
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expansion of the observation network. Burying a sen-
sor is an effective way to reduce noise levels. For exam-
ple, Araki et  al. (2013) reported an 80  dB reduction in 
the noise level in a seismic band by burying a sensor 1 m 
below the seafloor. However, deep boreholes deeper than 
several hundreds of meters, such as those drilled by the 
IODP, are expensive. Therefore, in the first station of this 
study, a borehole was drilled to a depth of 8.6  m below 
the seafloor, and a tiltmeter was installed at a depth of 
6 m. Based on the experiences of the first station, for the 
second station, a 20  m-deep borehole was drilled 80  m 
away from the first station. Additionally, to fully utilize 
the low-noise environment, a tiltmeter more sensitive 
than the first one was developed and used in the second 
station.

In the development of the first station, an electro-
lytic tiltmeter, the “Lily self-leveling borehole tiltmeter” 
made by Jewell Instruments (formally Applied Geomet-
rics Inc.), was selected as the tilt sensor. The Lily has a 
resolution of less than 5 nrad for the tilt measurement 
and a 10˚ of self-leveling range. This tiltmeter was used 
for tilt measurements in the LTBMS of the IODP. Its 
performance was assessed as described by Kimura et al. 
(2013). In their work, a power spectral density analysis 
was conducted to assess the availability of installation in 
a borehole.

Fig. 1 Map of the study area. The locations of the tiltmeters and DONET stations are shown. Red squares in a and b indicate areas of the maps c 
and b, respectively. The color of the markers for KMB05 to KMB07 corresponds to the color of lines in Fig. 6

Fig. 2 Depth and installation conditions for the two tiltmeters. 
Schematic illustration of tiltmeters in boreholes. The electrolytic 
tiltmeter was installed 6 m below the seafloor and surrounded 
by sand. The pendulum tiltmeter was installed 19 m 
below the seafloor and cemented with mortar to couple the tiltmeter 
with the surrounding media
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An 8.6  m-deep borehole was drilled using a boring 
machine system (BMS), and a tiltmeter was installed in 
the borehole at a depth of 6 m. Figure 2 presents an over-
view of the tiltmeter installation conditions. The bore-
hole was drilled to 8.6 m below the seafloor by the BMS 
during the KM18-09 cruise of the R/V Kaimei. A 7.8 m 
long casing was used during drilling, and was left in the 
borehole. The tiltmeter was inserted into the casing and 
stacked at a depth of 6 m due to friction between cables 
and the casing. The borehole was subsequently filled with 
sand so that the tiltmeter was surrounded by sand to a 
depth of 6 m of the 8.6 m-deep borehole.

The tiltmeter was connected to the DONET on the 
seafloor through an interface unit using an optical fiber 
network for electrical power supply and communication. 
This mechanism made long-term and stable observa-
tions possible. The data measured by the tiltmeter were 
transferred to a land station in real time via DONET. 
Then, the data were acquired at the land station and were 
synchronized with the data center to monitor real-time 
measurements.

During the development of the second station, a spe-
cific tiltmeter, which was developed based on an opti-
cal geodetic sensor (Zumberge et  al. 2018), was used 
to measure the precise tilt variation in a broader fre-
quency band. The tiltmeter was capable of measuring 
tilt variation in two horizontal components by meas-
uring the displacement of the mass of two pendulums 
installed perpendicularly. Mass displacements were 
measured using a Michelson interferometer, which is an 
optical ranging technique that enables the detection of 
small changes in length. The theoretical sensitivities in 
the tilt measurements calculated from the optical meas-
urement conditions were 3.421× 10−4 and 2.753× 10−4 
nrad for the X and Y components, respectively. No 
feedback during the measurement is another advantage 
of this device. The sensor’s 40 cm pendulums can swing 
through a very large dynamic range of ± 3 degrees, 
allowing “self leveling” without the need for motorized 
actuators, as in the case of the Lily tiltmeter. The sensor 
is simplified by not needing feedback, and its dynamic 
range equivalent to 32 bits would not be practical using 
electronics. This mechanism enables precise measure-
ment of the tilt, especially for long-term phenomena. 
The mass displacements were computed using a micro-
processor built on the tiltmeter using the algorithm 
developed by Zumberge et  al. (2004). Using this spe-
cific algorithm, mass displacements were obtained at 
200  Hz sampling. Therefore, the tiltmeter can be used 
as an acceleration-type seismometer. The results were 
compiled into “win format” data (Urabe and Tsukada 
1992) and transferred to the land station via DONET. 
Additionally, DONET provided the time information 

obtained by the clock of the global positioning system 
(GPS) to the tiltmeter. Using the time information, the 
error of the internal clock was precisely calculated and 
attached to the tilt records. Thus, the accuracy of the 
time was in the order of microseconds.

The performance of the pendulum tiltmeter was 
assessed via on-land tests at the Kamioka mine, which 
is located in at the central part of Honshu Island, Japan 
(Kimura et al. 2021). Analysis of power spectral density 
and phase using ambient noise and teleseismic records 
confirmed the validity of the pendulum tiltmeter from 
approximately 0.001 Hz to several Hz. In addition, 
same level of stability was confirmed by comparison of 
the tilt record with the electrolytic tiltmeter.

Since the tiltmeter used pendulums, the displace-
ment of the pendulum was converted to the ground tilt. 
First, the mass displacement was converted to ground 
acceleration based on Zumberge et  al. (2018). Then, 
the ground acceleration was converted to ground tilt, 
assuming that the variations in acceleration were due 
to variations in the tilt. We used Eq.  (1) to obtain the 
ground acceleration z̈:

where x is the mass displacement, ω0 is the natural fre-
quency of a pendulum, Q is the damping factor of the 
pendulum, and G is a constant that depends on mechani-
cal settings and flexure stiffness. First and second time 
derivatives are indicated by dot notation. Then, tilt θ 
was calculated by θ = −sin−1(z̈/g) , in which g is the 
gravitational acceleration. Since the parameters ω0 and 
Q change slightly with the environment, they were esti-
mated with the spectral shape on each day. The param-
eters were estimated by fitting the ensemble spectra of 
the mass movement around the natural frequency of the 
pendulums to the amplitude of the transfer function of 
the instrumental response. This is because the shape of 
the transfer function spectrum changes depending on the 
parameters. The ensemble spectra were calculated within 
a 15 min trace without earthquake signals in a day.

The installation process of the pendulum tiltmeter 
was modified from a previous electrolytic tiltmeter. 
The details of the process have been reported by Yok-
ibiki et  al. (2023). To reduce the environmental noise 
to below that of the first station, a borehole was drilled 
down to 19 m below the seafloor using the BMS. Drill-
ing was performed during the KM21-E01 cruise of the 
R/V Kaimei. Furthermore, mortar was used to couple 
the tiltmeter to the surrounding media. The tiltmeter 
was cemented at 19  m below the surface onto a 2  m 
mortar layer (Fig. 2). The upper part of the mortar layer 
was filled with sand.

(1)ẍ + ω0

Q ẋ + ω2
0
x = −Gz̈
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Observations
The tilt variations in the first three and two years are 
shown in Fig.  3. Large initial drifts were observed for 
both tiltmeters. Furthermore, the duration and magni-
tude of the initial drifts for the two sensors differed. The 
electrolytic tiltmeter exhibited a larger drift over a longer 
period, with the magnitude of the initial drift exceed-
ing 100 µrad, which continued for approximately two 
years. On the contrary, for the pendulum tiltmeter, the 
initial drift was less than 50 µrad in magnitude and con-
tinued for approximately 1.5 years. This difference could 
have been caused by differences in installation methods. 
As expected from the system development, the method 
using mortar, quickly and effectively coupled the sensor 
with the surrounding media.

Next, the orientations of the sensors were estimated by 
comparing the earthquake signals with those of the near-
est broadband seismometers in DONET. The method 
used by Nakano et  al. (2012), which is a study to esti-
mate the sensor orientations of the DONET stations, was 
used to estimate the orientations of the tiltmeter sen-
sors. This method searches for the rotation angle with the 
maximum correlation of long-period seismic waveforms. 
Because the orientations of DONET stations have already 
been estimated by Nakano et  al. (2012), the correlation 
of seismic records observed by tiltmeters was calculated 
with respect to those observed by the four DONET sta-
tions in the nearest node (KMB05, KMB06, KMB07, and 
KMB08). The correlation was calculated at intervals of 
one degree to find the orientation with the maximum 
correlation. In this calculation, the velocity waveforms 

observed by the DONET stations were converted into 
acceleration waveforms for phase comparison with the 
tiltmeters. A band-pass filter between 100 and 125 s was 
applied to the seismic records.

Consequently, N170◦E ±8.5◦ and N190◦E ±11◦ were 
estimated for the orientation of the Y direction in the 
right-handed Cartesian coordinate system of the pen-
dulum and electrolytic tiltmeter, respectively. Seven 
regional deep earthquakes of M 4.2 to M 6.0 were used 
for the estimation. As four DONET stations were used 
for the estimation, 28 sets of waveforms were obtained. 
Orientations of the tiltmeters are estimated with each 
waveform by calculation of the maximum correlations. 
Among them, 19 and six sets of results were selected 
based on a correlation coefficient threshold of 0.95 for 
the pendulum and electrolytic tiltmeter, respectively. 
Results with a low correlation coefficient were mainly 
due to the step of the pendulum tiltmeter or distortion 
of the waveform due to an offset of the sensor of the elec-
trolytic tiltmeter from the self-leveling position at initial 
conditions. The selected results were then averaged to 
estimate the orientation.

In the tilt record of the pendulum tiltmeter, step-like 
changes were frequently and continuously observed 
(Figs. 4a, b). Such changes were observed only in the tilt 
record of the pendulum tiltmeter, although the electro-
lytic tiltmeter was installed only 80 m away. A total of 762 
steps were observed after 750  days of analysis. In most 
cases, the duration of the step-like changes was less than 
20 min. The minimum and maximum magnitude of the 
steps, which is the square root of the sums of squares of 

Fig. 3 Tilt variations in the two tiltmeters since installation. The blue and black lines show the electrolytic and pendulum tiltmeters, respectively. 
Gaps in the data indicate the lack of data due to troubles with the data acquisition system. Vertical spikes in tilt variations show earthquake signals
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the step amplitude in the X and Y directions of the sen-
sor, were 4.5 nano radians and 34 micro radians, respec-
tively. The largest step occurred on February 9, 2022, and 
had an exceptionally large amplitude. Except of this step, 
the maximum magnitude is 4.4 micro radians, and the 
average and standard deviation of the steps were 0.38 and 
0.50 micro radians, respectively. Additionally, the fre-
quency of occurrence decreased over time.

To analyze the mechanism of the step-like changes, 
the cumulative movement due to the steps over time and 
their azimuthal dependency were analyzed. The NW–
SE direction was the predominant step direction, except 
immediately after installation and the large step on Feb-
ruary 9, 2022 (Fig.  4c). Based on these characteristics, 
the mechanism of the step was interpreted as the move-
ment to a stable position in small displacements. Since 
the height of the pressure vessel that contained the pen-
dulum tiltmeter was 1.3  m, one microradian of tilt was 
equal to less than 1.3× 10−6 m of displacement, which 
is the realistic size of a small pore created by hydraulic 
confinement on porous media. It has been reported that 
when hydraulic pressure acts on a porous material such 
as cement mortar for a long period, changes in volumet-
ric strain ranging from tens of µ to hundreds of µ occur 
intermittently (Takahashi et al. 2022). Moreover, a reduc-
tion in the frequency of occurrence suggests that the 
tiltmeter is approaching a stable position. However, the 

existence of a predominant direction is inconsistent with 
the results reported by Takahashi et al. (2022).

This azimuthal dependency may reflect weakness of the 
sediments around the borehole. Theoretically, the pore 
structure of mortar forms isotopically in a given space. 
However, if the strength of the sediments is anisotropic, 
anisotropy occurs in the creation of pore structure and 
the larger response would be observed in the softer or 
weaker direction of the surrounding sediments. An off-
set of the center of the tiltmeter and the borehole can 
result in azimuthal dependency. If the offset is a cause of 
the azimuthal dependency, the offset should be large to 
obtain a significant small variation in cumulative move-
ment in the perpendicular direction to the dominant 
direction in Fig. 4c. However, it is inconsistent with the 
fact that the tiltmeter was fixed approximately at the 
center by a centralizer. Thus, the offset of the centers 
would not be the cause.

As the steps are thought to be related to the installa-
tion process, they were reduced under the assumption 
that no tilt change occurred immediately before or after a 
step. The step magnitude was calculated as the difference 
between the averages of the tilt records in a constant time 
window before and after the step. Using this magnitude, 
the tilt records after the step were adjusted to the same 
level as those before the step. The tilt records during each 
step were interpolated using the average tilt in the time 

Fig. 4 Characteristics of the steps a Raw and reduced tilt variation and occurrence frequency of steps in 10 days; b An example of a step in a time 
series; and c cumulative amount of steps in the horizontal plane. In the top two panels in (a), gray and black lines show the raw tilt variation and tilt 
variation after reduction of the step. In (a) and (b), X and Y components indicate each component of the sensor of the pendulum tiltmeter. In (c), 
the color of each data point indicates the elapsed time since installation
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window prior to the step. Of the 762 steps, 713 had a 
duration shorter than 20 min, and the other 49 steps had 
longer durations. Thus, 20 and 40 min were used as the 
lengths of the time window for the normal and longer 
steps, respectively.

In the stable period after the initial drift, a large mag-
nitude of tilt variation with a duration of approximately 
12 h was observed for both tiltmeters. The tilt variation 
correlated well with the pressure change observed by the 
seafloor pressure meter at the nearest DONET station 
(Fig. 5a), although only the horizontal components were 
measured. The predominant period of the change was 
the M2 tide. Hereinafter, this tilt variation is termed the 
“tidal response”. The amplitude of the electrolytic tiltme-
ter was approximately ten times larger than that of the 
pendulum tiltmeter. The amplitude of the NS component 
was greater than that of the EW component, particularly 
for the electrolytic tiltmeter. This tendency and their azi-
muthal dependency are discussed in the “Discussion” 
section.

Discussions
Noise level and detectability of VLFEs
To assess the noise environment of the obtained observa-
tions, the ensemble power spectral density (PSD) of the 
tiltmeters was compared with those of four broadband 
seismometers in DONET (KMB04, KMB05, KMB06 
and KMB07) around the tiltmeters. To compare the PSD 
between the tiltmeters and seismometers, we converted 

their record to acceleration records. In this calculation, 
tilt is converted to acceleration by z̈ = −gθ , where z̈ is the 
acceleration, g is the gravity acceleration, and θ is the tilt. 
The natural frequency of the seismometers at DONET 
stations was 360 s. The PSD was calculated for each day 
in November 2022, when the number of the step-like 
changes of the pendulum tiltmeter were reduced and 
a relatively low number of earthquakes occurred. The 
daily PSD was calculated by averaging the hourly PSD 
obtained using Welch’s method (Welch 1967). To remove 
the impact of earthquakes in spectral shape, hourly traces 
whose maximum amplitude was within 1× 10−4[m/s2] 
were selected; this threshold was determined by manually 
checking the maximum amplitude of microseisms over 
a few months of tilt records. Approximately 600 traces 
were available from the 720 traces, and the ensemble PSD 
was calculated using Welch’s method for each trace.

Figure  6 shows the ensemble PSDs of the tiltmeters 
and seismometers in the most noisy and quiet days in 
November 2022. The noisy and quiet day were selected 
by calculating the average of root mean square ampli-
tude of timeseries acceleration for the two tiltmeters and 
four seismometers. November 17 and 28 were selected as 
the quiet and noisy days, respectively. A peak of micro-
seism, which was between 0.1 and 5  Hz (Webb 1998), 
was observed in six PSDs. Between 0.1 and 1  Hz, the 
six PSDs showed almost the same shape. This confirms 
the validity of the observations in the seismic band. At 
values higher than 1  Hz, although the six PSDs varied 

Fig. 5 Tidal responses of the two tiltmeters in one month. a Time series data of tilt and pressure. The direction with the largest amplitude of tidal 
response is shown for tilt variation. The pressure was measured at the nearest DONET station (KMB06, approximately 4 km from the tiltmeter). b 
Particle motion of the tilt recorded on July 5, 2022. The particle motion is colored according to the pressure variation. Positive values of tilt imply 
uplift in East and North directions for the horizontal and vertical directions, respectively. Gray lines are daily particle motions on days in July 2022 
on which no significant earthquakes were recorded
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largely, the variance was almost same as that among the 
four DONET stations around the tiltmeters. Below 
0.02  Hz, the pendulum tiltmeter showed considerably 
lower power, which was up to 100 times lower relative 
to the others. This demonstrated the advantages of the 
pendulum tiltmeter as compared to that of the other 
sensors. The sensor depth (19 m below the seafloor) was 
approximately three times deeper than that of the elec-
trolytic tiltmeter (6  m) and 20 times deeper than that 
of the seismometers at DONET stations (1 m). Between 
0.01 and 0.05  Hz, the electrolytic tiltmeter exhibited a 
larger value, indicating the resolution limit of the instru-
ment. The power in the frequency band was less than 
10−3[µrad2/Hz] and is approximately 6 nrad in the time 
domain. This is almost the same level as the specification 
of 5 nrad for an electrolytic tiltmeter. Thus, the electro-
lytic tiltmeter could not show the advantage of a deeper 
location than DONET stations. At approximately 0.8 Hz, 
spikes were observed in the PSD of the pendulum tiltme-
ter, which were remaining instrumental responses after 
the response calibration process using Eq. (1). The spikes 
were observed around the natural frequencies of the pen-
dulum of 0.78 Hz and 0.86 Hz which are those of test in 
the laboratory. We note that the lower PSD of the pen-
dulum tiltmeter did not indicate lower sensitivity. Zum-
berge et al. (2018) performed a similar comparison with 

an identical instrument except that it included a sepa-
rate, vertical component to seismometers in a 60-m-deep 
borehole deployed in New Mexico, United States. The 
PSD of their observation also reached just below -180 dB 
relative to 1 [(m/s2)2/Hz] in the horizontal components. 
In addition, only the pendulum tiltmeter observed an 
infragravity wave peak between 0.01 and 0.8  Hz. This 
also highlights the high detection capabilities of the 
pendulum tiltmeter and lower noise level in the deepest 
borehole.

The ensemble PSDs in Fig.  6 show the potential of 
the observations for VLFE detection because they show 
that the pendulum tiltmeter has a signal-to-noise ratio 
equal to or greater than that of the DONET stations. 
The DONET stations have sufficient signal-to-noise 
ratios to contribute to studies on VLEF (e.g., Yamamoto 
et  al. 2022). Thus, the pendulum tiltmeter can contrib-
ute to this type of study. Furthermore, the amplitude of 
signals used in the Yamamoto et  al. (2022) was in the 
order of hundreds of nano m/s at 0.02–0.05  Hz. In the 
area around the tiltmeters, no significant activities with 
VLFEs were detected by our observation network includ-
ing DONET, in the period in which both tiltmeters have 
been in operation. If an event with the same signal ampli-
tude as that reported by Yamamoto et al. (2022) occurred, 
the pendulum tiltmeter might be able to observe smaller 

Fig. 6 Ensemble power spectrum density (PSD) of the two tiltmeters and four broadband seismometers around the tiltmeters (approximately 
5—15 km away). The PSDs were calculated by averaging the ensemble power spectra of the hourly tilt records on the most noisy (left) and quiet 
(right) days in November 2022. The tilt records from the electrolytic tiltmeters were converted into acceleration records. Spikes around 0.8 Hz 
in the PSD of the pendulum tiltmeter are instrumental responses that remained after response calibration. Dashed lines with HNM and LNM are 
indicates the New High Noise and Low Noise models (Peterson 1993), respectively
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events by taking advantage of the lower noise level. Con-
trary, the signal amplitude might be on the margins of 
the electrolytic tiltmeter. Since root-mean-square veloc-
ity of 100  nm/s at 0.03  Hz corresponds to −  130  dB in 
PSD of acceleration, a limited number of events might be 
observed relative to the other sensors.

In‑situ estimation of sensitivity
A load experiment was conducted around the borehole 
to confirm a basic and important assumption that tiltme-
ters correctly measure the seafloor tilt. If the tiltmeters 
measure the ground tilt and the ground response follows 
an elastic medium, the results of the load experiment 
can be explained using the theoretical response of a half-
space elastic medium.

The theoretical response was calculated using Boussin-
esq’s solution, following Shimizu et al. (2007). This yields 
a theoretical response of the tilt by a point load on a 
half-space elastic medium. Equation (1) in Shimizu et al. 
(2007) provides the theoretical tilt at point of (x, y, z) due 
to a point load at 

(

x, y, z
)

= (0, 0, 0) as follows:

 where φtx and φty are the tilt responses in the X- and 
Y-directions, respectively. E and ν are Young’s modulus 
and Poisson’s ratio, respectively. P is the stress due to the 
point load.

In the experiment, a mass of 120  kg was placed on 
the seafloor around the heads of the boreholes using a 
remotely operated vehicle (ROV). The mass was placed in 
the X and Y axis of the tiltmeter sensor at the most sensi-
tive distance, which was theoretically estimated based on 
Boussinesq’s solution. The calculated distances were 2.5 
and 8 m from the borehole head for the electrolytic and 
pendulum tiltmeters, respectively. This experiment was 
performed by ROV “Hyper Dolphine” on September 25, 
2022, on the KS22-J06 cruise of the R/V Shinsei-maru. 
The response of the mass was measured using the follow-
ing sequence. First, the ROV touched down on the sea-
floor and deployed the mass of 120 kg (gray period before 
the red period in each panel in the Fig.  7a). Then, the 
ROV lifted off from the seafloor without the mass (red 
periods in the Fig.  7a). After approximately 10  min, the 
ROV touched down on the seafloor again and collected 
the mass (gray period after the red period in each panel 
in the Fig. 7a).

(2a)

φtx = (1+ν)Px
πE

{

1−ν
(√

x2+y2+z2
)3 − 3z2

2

(√
x2+y2+z2

)5

}

(2b)

φty = (1+ν)Py
πE

{

1−ν
(√

x2+y2+z2
)3 − 3z2

2

(√
x2+y2+z2

)5

}

The results of the load experiment are shown in Fig. 7a 
and Table 1. Figure 7a shows the tilt variation in the load 
experiment. A lowpass filter below 100 s was applied to 
enhance the signal of the experiment, however, to show 
the recovery of the response due to the mass, detrend-
ing was not applied to the tilt variation. Instead of the 
detrending, a lowpass filter below 6 h are used to reduce 
trend. Those are plotted in black and blue dashed lines 
for the pendulum and electrolytic tiltmeters, respectively.

Table 1 shows the measured change in tilt due to a load 
of 120 kg. The changes in tilt are estimated by searching 
an offset between tilt variations with the lowpass filters 
below 6  h and with that below 100  s in the red period 
in Fig. 7a. The best-fit values of the offsets are searched 
with intervals of 0.1 and 10 nano radians for the pendu-
lum and electrolytic tiltmeters, respectively. Red dashed 
lines in Fig.  7a show the best-fit offsets. In the experi-
ment, only the loading component showed a marked tilt 
response, whereas the other components showed none.

Elastic moduli were estimated to confirm that the 
results could be explained using a set of realistic param-
eters. For ease of comparison, Young’s modulus and Pois-
son’s ratio were characterized by density and by p- and 
s-seismic velocity,  VP and  VS, when calculating Bouss-
inesq’s solution. Additionally, because the weight was 
placed only in the X and Y directions of the sensor, one 
direction could be considered. Among the three elastic 
parameters, the  VS was the most effective. Thus,  VS was 
estimated by assuming a density and  VP of 1300  kg/m3 
and 1600 m/s, respectively. These values are representa-
tive of seafloor sediments. Consequently, the estimated 
 VS values are listed in Table 2.

The  VS values in Table 2 are within realistic ranges for 
seafloor sediments (Hamilton 1976). The results of the 
experiment and the theoretical response of a 120 kg point 
load at the most sensitive distance were plotted with sev-
eral values for  VS in Fig. 7b. Considering the depths of the 
tiltmeters (6 and 19 m for the electrolytic and pendulum 
tiltmeters, respectively),  VS values of approximately 150 
and 300  m/s were reasonable in the sedimentary layer. 
Additionally, it is consistent that the deeper sensor (pen-
dulum tiltmeter) has a faster  VS than the shallower sen-
sor (electrolytic tiltmeter).

Tidal responses
As previously mentioned, a large amplitude of tidal 
response was observed for both tiltmeters (Fig.  5). 
However, as shown in Fig. 5a, the amplitude of the tidal 
response differed between the two tiltmeters. Maximum 
amplitude of the tidal response for the electrolytic tiltme-
ter was up to 4 µrad and that for the pendulum tiltmeter 
was up to 0.4 µrad. The difference in root mean square 
amplitude was approximately 10 times between the two 
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tiltmeters. The amplitude of tidal response was equal or 
greater than the signal amplitude, which was in the order 
of 0.1 µrad of a slow slip event (SSE) calculated by Shi-
nohara et al. (2003). Thus, the tidal responses had to be 
reduced to detect tilt variations by SSEs with better reso-
lution. Because we aimed to develop a reduction method, 
we discuss possible mechanisms underlying the tidal 
responses.

To clarify the correlation with the tide, the pressure 
variation observed at the DONET station KMB06 was 
simultaneously plotted in Fig.  5a, which was located 
approximately 4  km in the SE direction. The tidal 
responses of both the tiltmeters correlated well with the 
M2 tide. The tilt variation in the direction of the maxi-
mum amplitude of the tidal response was plotted for each 
tiltmeter (Fig. 5a). The direction was estimated by fitting 
the tilt variation during each period of the M2 tide to 
an ellipse. The average direction of the major axis of the 
ellipse was used as the direction of the maximum ampli-
tude of the tidal response. In the fitting, a band-pass fil-
ter between 13 and 11 h was applied to the tilt variations 
in July 2022 before dividing the tilt records into periods. 
The period used in the analysis was selected such that it 
did not include earthquake signals.

The relationship between tidal and pressure varia-
tions was analyzed. To visualize the relationship, the 
particle motions of the two tiltmeters were plotted on a 
representative day and colored with pressure variation, 
as shown in Fig. 5b. Since the period of the M2 tide was 
approximately 12  h, the particle motion during a day 
included two ellipses. The principal directions of the 
orbits of the particle motions for both tiltmeters were 

Fig. 7 Results of the load experiments and their theoretical responses. a Tilt variations during the load experiment. Tilt variation in the X and Y 
direction of the sensor of the tiltmeter during the load experiment are shown for the pendulum (upper panel) and electrolytic (lower panel) 
tiltmeters. Gray and red shadows indicate periods when the ROV touched down and left the 120 kg of mass on the seafloor, respectively. Solid 
and dashed lines show tilt variations with low pass filter below 100 s and 6 h, respectively. Red dashed lines in the red periods show best-fit offsets 
(tilt changes of the load experiments shown in Table 1). b The theoretical load response for a half-space elastic medium at the most sensitive 
positions is shown with several elastic parameters (lines colored by  VS) and the results of the experiment (circles). The curves were calculated 
assuming a density and  VP of 1300 kg/m3 and 1600 m/s, respectively

Table 1 Tilt changes of load experiment

Electrolytic tiltmeter Pendulum tiltmeter

X direction 40 [nrad] 1.5 [nrad]

Y direction 60 [nrad] 1.0 [nrad]

Table 2 VS estimated by Boussinesq’s solution with 
representative density and  VP

Electrolytic tiltmeter Pendulum tiltmeter

X direction 130 [m/s] 310 [m/s]

Y direction 160 [m/s] 260 [m/s]
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almost the same. The NW–SE direction was the sensitive 
direction of the tidal response. Additionally, the tenden-
cies of the tilt with pressure perturbations were the same. 
High pressure corresponds to a downward tilt in the SE 
direction, while low pressure corresponds to an uplift tilt 
in the SE direction. The azimuthal dependencies were 
constant in the analyzed period. To show the variation, 
daily particle motions during days in July 2022 on which 
no significant earthquakes were recorded are shown as 
gray lines in Fig. 5b.

These characteristics on tidal response may reflect local 
structural characteristics. The observations showed that 
the tidal response in the tilt correlates well with the pres-
sure change, suggesting that uniform loading and unload-
ing caused by the movement of seawater resulted in a 
tidal response. However, in a uniformly elastic half-space 
medium, loading causes deformation only in the vertical 
direction. Thus, the tidal response indicates a difference 
in the elastic parameters in the horizontal direction, par-
ticularly in the sensitive direction.

The sensitive direction was almost the same as the 
downslope direction of the local bathymetry, especially 
for the electrolytic tiltmeter (Fig. 8a). The local bathym-
etry around the tiltmeter gently slopes downward in the 
SE direction, which could possibly be due to the dif-
ference in thickness of the soft sedimentary layer that 
caused a tidal response. If the thickness of the soft sedi-
mentary layer increases in the downward direction of the 
slope, the magnitude of the deformation due to a unit of 
load or unload also increases. This can cause a difference 
in the vertical deformation along the slope and tilt vari-
ation even if the loading is uniform. Figure  8b shows a 
schematic diagram of this interpretation, explaining the 

tendency of the tidal response to a downward tilt in the 
SE direction at high pressure and an uplift tilt in the NW 
direction at low pressure.

We performed a simple calculation to estimate the tilt 
response due to the difference in thickness of sedimen-
tary layers using the elastic parameter estimated for the 
pendulum tiltmeter. We considered an elastic layer with 
the Young’s modulus E that lays on a slope with an angle 
of θ (Additional file  1: Appendix  1). As a result, the tilt 
due to a stress P was PtanθE  . The Young’s modulus esti-
mated by the load experiment of the pendulum tiltme-
ter and the electrolytic tiltmeter were 3.5× 108Pa and 
8.7× 107Pa , respectively. A representative change in 
pressure due to tide is 104 Pa. An acceptable tilt of slope 
is less than 5 degrees which was derived from the seis-
mic cross-section created for IODP Site C0002 which has 
approximately the same geological structure (Moore et al 
2014). The estimated tilts for slope angle of 1 degree with 
these values were 0.5 and 2.0 micro radians for the pen-
dulum tiltmeter and electrolytic tiltmeter, respectively. 
These values are consistent with the observations in the 
order. However, the results of the calculation cannot 
explain the 10 times of difference in amplitude between 
the two tiltmeters. The estimated value for the electro-
lytic tiltmeter is 2 – 3 times less than 4 micro radians of 
maximum amplitude in observation.

The larger response in the electrolytic tiltmeter is likely 
due to the other causes. A possibility is an effect of the 
casing of the borehole. In the load experiment, the mass 
was deployed at 2.5 m far from the borehole head. In this 
condition, the casing of the borehole also tilts with the 
surrounding media, thus, the relatively hard structure 
of the casing itself may cause a harder shear modulus. 

Fig. 8 a Sensitive directions and local bathymetry, and b a schematic image of the response to tidal pressure change. The black and blue lines 
in the map on the left indicate the sensitive directions of the tidal response at the electrolytic and pendulum tiltmeters, respectively. The white 
arrow with a black edge indicates the direction of a cross-section of the schematic image show in (b). The color of the arrows in b indicates 
the pressure conditions. Red and blue arrows indicate relatively high and low pressures, respectively. The red and blue dashed lines indicate 
the compression and expansion of the sedimentary layer under high- and low-pressure conditions, respectively
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In contrast, tidal pressure variation affects mainly verti-
cal deformation. Thus, the effect of casing should be lit-
tle. This difference might cause an underestimation of 
the tilt due to geological structure which we estimated 
before. Deformation of the pressure vessel due to hydro-
static pressure variations also makes a change in tilt, 
however, the magnitude estimated by a simulation was 
significantly smaller than the observation. The sensor 
of the electrolytic tiltmeter is mounted on a board, and 
the board is connected to the end-cap at the head of the 
cylindrical-shaped pressure vessel. However, the board 
is not connected across the center of the circles at the 
end-cap. In other words, the center of the board is off-
set relative to the center axis of the cylinder of pressure 
housing of the tiltmeter. Thus, the strength in the vertical 
direction is likely not uniform, which generates deforma-
tion differences in the pressure vessel due to variations 
in pressure. We estimated the magnitude of deformation 
for  104 Pa by a simulation with the finite element method. 
As a result, the effect of the deformation in tilt was less 
than  10–7 radians. Contrary, in the design of the pendu-
lum tiltmeter, significant effort was aimed at minimizing 
the distortion to the physical structure from hydrostatic 
pressure that could otherwise produce an anomalous tilt. 
A finite element model was used to calculate the distor-
tion to the structure from tidal variations. We concluded 
that the anomalous tilts in the tidal band caused by a 
distortion of the pressure vessel-tiltmeter frame combi-
nation will be less than 3 nano radians for the pendulum 
tiltmeter.

Conclusions
Two tiltmeters were installed in ocean bottom boreholes 
in the Kumano Basin along the Nankai Trough, Japan. An 
electrolytic tiltmeter was installed 6 m below the seafloor, 
while a second pendulum tiltmeter was developed for 
more precise observations and installed 19 m below the 
seafloor using a specific method with mortar.

Both tiltmeters continued precise measurements of 
ground tilt after 1–1.5 years of the initial drift. By ana-
lyzing the power spectral density, equal- or better-qual-
ity noise levels were confirmed in the seismic frequency 
ranges relative to a continuous seafloor seismic station 
in DONET. A large tilt variation correlating with the 
M2 tide (tidal response) was observed in both tiltme-
ters at different amplitudes. To reveal the mechanism of 
the tidal responses, the azimuthal dependence and its 
relationship with pressure variation were analyzed. As a 
result, a similar dependence was observed for both tilt-
meters. The NW–SE direction was sensitive to the tidal 
response and uplift in the SE direction at low pressures. 
The sensitive direction was approximately the same as 
that of the slope of the local bathymetry. Amplitude 

of tilt variations due to geological structure caused 
by tidal pressure variations was estimated with a sim-
ple model. The amplitude estimated for the pendulum 
tiltmeter was approximately the same as that of obser-
vation. However, the amplitude for the electrolytic tilt-
meter was approximately two times smaller than that of 
observation. Furthermore, an in-situ load experiment 
with a mass of 120  kg was conducted to estimate an 
elastic parameter using a Boussinesq’s solution, which 
confirmed that the surrounding medium of the tiltme-
ter can be considered an elastic body. Consequently, the 
response of the load experiment was explained using a 
set of realistic parameters.
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