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SUMMARY

This study presents the shear wave velocity (V) structures of sedimentary sequences and
a section of the upper crustal layer in the Fukushima forearc region of the Japan Trench
subduction zone, which were obtained by analysing the horizontal-to-vertical (H/V) spectral
ratios of ambient vibration records. The H/V curves were derived using 31 d of continuous
seismic data from 3 broad-band and 16 short-period ocean bottom seismometer (OBS) stations.
Using the broad-band data, H/V ratios from 0.01 to 10 Hz were derived, but the ratios below
0.1 Hz frequencies were unusually large and temporally unstable. Characterization of seismic
noise energy from ~1 yr of seismic data of three broad-band OBSs revealed variable and
elevated energy conditions below 0.1 Hz due to typical long-period oceanic noise; we link
these observations with the unstable H/V ratios below this frequency. Therefore, H/V analysis
was performed in the frequency range of 0.1-10 Hz for both broad-band and short-period OBSs
to obtain subsurface Vs profiles. For the forward calculation of the H/V ratios in the inversion
process, we used the recently developed ‘hvgeneralized” method, which is based on the diffuse
field assumption, and accounts for the water layer on top of stratified media. Moreover,
available prior geological and geophysical information was utilized during the inversion of the
H/V curves. We found that subsurface Vs ranged from approximately 30 ms~! at the seabed
to approximately 4900 ms~' at 7000 m below the sea floor (mbsf). Starting with the best
model candidate at each OBS location, the effect of the water layer on the H/V curve in the
deep ocean was investigated by comparing synthetic H/V curves with and without the water
layer. The synthetic H/V analysis revealed that the water layer had a significant effect on H/V
amplitudes at higher frequencies (>1 Hz), whereas comparatively little effect was observed
at lower frequencies (<1 Hz). This study provides an empirical basis for H/V analysis using
OBS data to determine Vg down to several kilometres of sedimentary sequences to the upper
crust with high-resolution.
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generally smaller than 1Hz, such as oceanic waves (Ardhuin
et al. 2011), or by human activities that generate microtremors
Seismic ambient noise (SAN) or ambient vibration is generated with frequencies generally greater than 1Hz, such as industry
by natural causes that induce microseisms with frequencies and traffic (Webb 1998; Fiah er al. 2001; Bonnefoy-Claudet

1 INTRODUCTION
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et al. 2006a; Nishida 2017; Rahman et al. 2018; Nakata et al.
2019; Lecocq et al. 2020; Ba et al. 2021). Exploiting the wide
frequency range of the SAN wavefield is a time- and cost-effective
approach for obtaining the subsurface shear (S)-wave velocity
(Vs) profile over a broad depth range (Horike 1985; Tokimatsu
et al. 1992; Asten & Boore 2005; Bard et al. 2010; Lontsi et al.
2015; Bao et al. 2018; Perton et al. 2020; Molnar et al. 2022).

Subsurface imaging methods using ambient seismic noise data
can be divided into array-based and single-station techniques. Array
techniques to determine Vs structure through inversion include the
determination of surface wave dispersion curves using spatial au-
tocorrelation (SPAC; Aki 1957), frequency—wavenumber analysis
(-k; Lacoss et al. 1969; Poggi & Fih 2010), interferometric multi-
channel analysis of surface waves (IMASW; Lontsi ez al. 2016) and
wavefield decomposition (WaveDec, Marano et al. 2012), among
others. Surface wave tomography can also be performed using cross-
correlation of SAN array recordings (Picozzi et al. 2005; Shapiro
et al. 2005; Bensen et al. 2007; Hannemann et al. 2014). In con-
trast, using single-station methods, the Vs profile can be obtained
from the inversion of the Rayleigh wave ellipticity (Yamanaka et al.
1994; Féh et al. 2003; Arai & Tokimatsu 2004 ) or full horizontal-to-
vertical (H/V) ratio spectrum (Lontsi et al. 2015). Notably, the H/'V
spectral ratio is sensitive to vertical changes in Vs at the subsurface,
whereas tomographic methods are sensitive to spatial variations in
Vs (Perton et al. 2020).

In this study, we worked with the single-station H/V method.
The technique has been widely used over the past decades since its
introduction by Nogoshi & Igarashi (1971), particularly for seis-
mic site characterization through investigation of subterranean Vs
structure (Féh ef al. 2001; Arai & Tokimatsu 2004; Picozzi et al.
2005; Pilz et al. 2010; Lontsi et al. 2015; Pina-Flores et al. 2017,
Sanchez-Sesma 2017; Wu et al. 2017; Spica et al. 2018; Bora et al.
2020; Farazi et al. 2023), site response estimation from resonance
frequency (Nakamura 1989, 2000; Lermo & Chavez- Garcia 1993;
Huerta- Lopez et al. 2003; Bonnefoy-Claudet et al. 2006b; Naka-
mura 2008; Hellel et al. 2012; Vella et al. 2013; Qadri et al. 2015;
Rahman ez al. 2018), and determination of sediment thickness over-
lying the bedrock (Nakamura 2000; Hellel ez al. 2012; Manea et al.
2020; Rahman et al. 2021). This approach is generally used to in-
vestigate shallow depths (~200m) (Nakamura 1989), but it has
also been successfully employed for intermediate (~2000 m) (As-
ten et al. 2014) and greater depths (several thousand metres; Perton
et al. 2020).

Despite its capability in providing reliable site information, the
wavefield composition of the H/V spectral ratio curve remains com-
plex. Considering that SAN is a diffuse field, Sanchez-Sesma et al.
(2011) proposed the following interpretation of the H/V spectral
ratio: within a diffuse field, the directional energy densities (DEDs)
are proportional to the imaginary parts of the Green’s function (GF)
when both the source and receiver coincide (Sanchez-Sesma et al.
2008). Therefore, the diffuse field assumption (DFA) allows for the
linking of the H/V ratio described by Nakamura (1989) with the
square root of the H/V ratios of the imaginary parts of the GF. This
new framework for H/V spectral ratio calculation does not suffer
any limitations regarding the wave types that constitute the noise
wavefield, but it does require diffuse field condition. The latter is not
always achieved in practice; however, its characteristics can likely
be evaluated through temporal and azimuthal variation studies prior
to performing the inversion. Depending on the approach used to
calculate the GF, the body, Rayleigh and Love-wave contributions
to the H/V spectral ratio can be intrinsically accounted for either

collectively (Sdnchez-Sesma et al. 2011; Lontsi et al. 2015) or sep-
arately (Garcia-Jerez et al. 2016). The latest physical development
involves the H/V calculations at boreholes and in offshore environ-
ments, where the presence of the water layer is explicitly accounted
for (Lontsi ef al. 2019).

Compared to the wide application of the H/V method onshore,
the offshore application is limited. The first well-known effort was
made by Huerta-Lopez et al. (2003), followed by Muyzert (2007),
Overduin et al. (2015), Shynkarenko et al. (2021). In this study, we
extended the use of the ‘hvgeneralized’ algorithm (Lontsi ef al.
2019) to investigate the subsurface Vs profile (extending up to
7000 m underground) of well-defined deep structures in the off-
shore Fukushima forearc region (Fig. 1).

SAN-based observation and monitoring by OBSs in oceanic envi-
ronments can be complicated at low frequencies (<0.1 Hz) because
of contamination of the recorded waveforms by waves other than the
seismic noise that propagates through the earth. Such waves could
include gravity waves on the horizontal components (Beauduin ez al.
1996; Webb 1998; Angelis & Bodin 2012; Raspet et al. 2022).
However, recordings at lower frequencies are required to increase
the depth of observation. Therefore, we compute the power spectral
densities (PSDs; McNamara and Buland 2004) to characterize noise
levels at three broad-band OBS stations and to determine a stable
frequency range for H/V analysis. The noise levels were character-
ized by probabilistic power spectral density (PPSD) analysis, which
are probability density functions (PDFs) of PSDs.

The offshore Fukushima region was previously studied by the
Japan Agency for Marine Science and Technology (JAMSTEC)
during the KR98 active-source seismic survey (Tsuru ef al. 2002;
Miura et al. 2003; JAMSTEC 1998) to estimate P-wave velocity in
deep subsurface structures. Several authors evaluated both the Vp
and Vs structures of this region, for the maximum depth range of
700 km down to the subsurface, using passive methods (Huang ez al.
2011; Liu & Zhao 2016). Moreover, the Japan Geological Survey
(JGS) conducted a high-resolution reflection survey using a sub-
bottom profiler (SBP) to determine very shallow (<100 m from the
ocean bottom) subsurface structures in this area (https://gbank.gs;j.
jp/sbp_db/812-3html/PAGES/812-3E.html). However, none of the
previous studies presented Vs information for sedimentary layers
other than the average velocity of the upper crust.

Despite the importance of marine sediment Vs information in
seismology and marine exploration, among other applications (Ya-
maya et al. 2021), it is generally not well constrained. The re-
quirement of sufficient energy conversion to produce substantial
S-wave phases limits investigations using active-source seismic sur-
veys (Ruan ef al. 2014). Owing to this limitation, Scholte-wave to-
mography can only consider depths of <100 m (e.g. Kugler et al.
2007). This study provides a detailed evaluation of Vs from below
the seabed to the upper crust using H/V analysis of SAN, with spe-
cific reference to the DFA. We also evaluated the effect of the water
layer on the observed H/V curve using synthetic H/V analysis.

2 STUDY AREA AND TECTONIC
SETTING

The offshore Fukushima forearc region in northeast Japan is ad-
jacent to the southern extension of the Japan Trench (Miura et al.
2003) in the northwest Pacific Ocean, along which the oceanic
Pacific Plate subducts beneath the continental Okhotsk Plate at a
convergence rate of around 7.5-10 cmyr~! (Apel et al. 2006; Al-
tamimi et al. 2007) (Fig. 1a). The westernmost extent of our study
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Figure 1. (a) Map of the major tectonic elements in and around offshore Fukushima, Japan (Hua ef al. 2020). (b) 2D Vp profile of parallel (FK201 in [a]) and
(c) perpendicular trench axes (FK102 in [a]), reproduced from Miura et al. (2003), but only for 20 km below mean sea level (MSL), representing the major
subsurface structures. The relative positions of AoA5, AoA6 and AoA7 are shown by solid green, yellow and red triangles, respectively, in (b) and (c). The
area filled with black colour at the top of both (b) and (c) represents the air above the MSL.
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area is ~140 km east of the shoreline and the easternmost periphery
is ~40 km west of the Japan Trench axis. The OBSs are distributed
within 36.690° to 36.900° N and 142.282° to 142.719° E, where
the seabed depth varies from approximately 2520 to 4280 m below
mean sea level (MSL, Fig. 1a). The plate interface is relatively shal-
low (~7 to ~12 km from the east to the west) (Miura et al. 2003)
with remarkably less seismicity (Nishikawa et al. 2019) compared
to the offshore Tohoku region further north along the Japan Trench
(Miura et al. 2003); nevertheless, relatively high tectonic tremor ac-
tivities or slow earthquakes have been reported (Ohta et al. 2019),
which may be explained by the subsurface seismic structure around
the plate interface. Using the active air gun survey results of Tsuru
et al. (2002, JAMSTEC (1998), see Figs 9 and 13) and Miura
et al. (2003, see Figs 4a and 10a) described the crustal structure
of this area in terms of compressional wave (P-wave) velocity (Vp)
modelling. These studies showed that there are three major layers
from the seabed to the upper crust of the study area: (i) Tertiary
sedimentary sequences (2000-3000 m thick), (ii) Cretaceous sedi-
mentary sequences (2000-3000 m thick) and (iii) island arc upper
crust (2000-3000 m thick) (Figs 1b and c). This survey area falls
well within our study area (shown by the trench axis parallel and per-
pendicular survey lines FK201 and FK 102, respectively, in Fig. 1a)
and allows for an informed interpretation of our results (Figs 1b and

c).

3 DATA

A total of 19 three-component OBSs were used, three of which
were broad-band seismometers (Guralp CMG-3T-360) and the rest
of which were short-period seismometers (Guralp CMG-40T-1).
Broad-band seismometers have a flat response from 0.02 to 360 s
(0.003 to 50 Hz), and short-period seismometers have a flat response
from 0.02 to 1 s (1 to 50 Hz). The sampling frequency for both type
of sensors was 200 Hz. Three arrays, namely AoAS, AoA6 and
AoA7 (Figs 1a and 2), were deployed by free-fall from the sea sur-
face to the seabed. Each array had one broad-band seismometer and
six short-period seismometers (Fig. 2). The stations in each array
were numbered from O (broad-band station in all arrays) to 6, for
example AoA50 (broad-band), AoAS1, AoA52, AoAS53, AoA54,
A0ASS5 and AoAS56. Among them, two short-period seismometers
(AoA54 and AoA61) were not used because of poor data quality.

4 METHODS

4.1. H/V estimation

For each OBS station, the H/V curve was computed using 31 d (25—
09-2016 to 26—10-2016) of continuous seismic data. H/V curves
were computed using the broad-band OBSs between 0.01 and 10 Hz
to retrieve deep subsurface information (Fig. 3). However, we found
that the H/V ratios were temporally unstable with unusually large
amplitudes at frequencies below 0.1 Hz, whereas they were stable
above 0.1 Hz (Fig. 3). Using all OBSs, H/V curves within the 0.1 to
10 Hz frequency range were derived; they showed satisfactory spa-
tial stability among the stations of each array (Fig. 4). Therefore, we
only considered frequencies between 0.1 and 10 Hz and proceeded
to invert the H/V curves to obtain the underground Vy profile at
each station.

In this study, we considered the horizontal spectrum of the H/V
curve to be the square root of the sum of the squared horizontal
components. To properly use the SAN recordings, we removed the

mean and trend from the data and applied tapering and appropriate
filtering. We used Geopsy software (Wathelet e al. 2020) to obtain
the H/V curve. To remove energetic signals from the SAN data and
improve the reliability of the measured H/V spectra, the average
amplitude ratio algorithm was applied with a short-time to long-time
window (STA/LTA). Furthermore, the Konno—Ohmachi smoothing
algorithm (Konno & Ohmachi 1998), with a smoothing constant
set to 40, was applied to the Fourier amplitude spectrum of each
component.

The azimuthal variation of the H/V ratios for all the OBSs was
also evaluated by rotating the north—south (NS) and east-west (EW)
components from 0° (north) to 180° (south) in increments of 10°
(Fig. 5 and Supplementary Fig. S1). We did not attempt to correct
the orientation of the OBS sensors so that the wavefields and the
H/V amplitudes were similar to those for the H/V ratios used in the
inversion (Fig. 4). The results are plotted showing the H/V amplitude
as a function of frequency (x axis) versus azimuth (y axis). Among
the higher frequencies, some directionality was observed around
the peak frequencies; an interpretation of this result was outside the
scope of this study.

4.2 Noise level estimation

SAN energy levels at three broad-band OBSs were characterized
with an emphasis on investigating the reason behind the unstable
H/V ratios at low frequencies (< 0.1 Hz) in the oceanic environ-
ment. Nearly one year of recordings (from 2016 September 25 to
2017 September 15) from three broad-band OBS stations (AoAS50,
A0A60 and AoA70) were used to estimate the SAN energy vari-
ations. We applied the method of McNamara and Buland (2004),
implemented in ObsPy (Beyreuther e al. 2010), which utilizes PSDs
and PDFs to characterize SAN energy through PPSD analysis. The
PSDs were used to define the PDFs of the noise and were computed
using the algorithm proposed by Peterson (1993).

The PSD curves represent the energy density per unit time as a
function of frequency (Vassallo et al. 2012). For PSD estimation,
velocity time-series data were segmented into 1-hr segments with
a 50 percent overlap. Each 1-hr segment was further divided into
13 segments with 75 percent overlap. Mean and trend removal as
well as tapering was applied to each segment. Subsequently, the
Fourier amplitude spectrum was obtained for each segment. Then,
the squared amplitude of each frequency sample of the amplitude
spectrum was normalized by a factor of 2A¢/ N, that is twice the
ratio of the sample interval (A¢) to the number of samples (N). Thus,
aPSD curve was obtained for every segment. Finally, a 1-hr PSD was
constructed by averaging the 13 PSD segments. The PSD estimate
was then converted to decibels (dB) with respect to acceleration
(Ims~2]*/Hz). To obtain the PDF, each PSD curve was smoothed
by grouping full octave averages, centred on octave windows at 1/8-
octave intervals, into 1-dB bins. For a comprehensive evaluation of
the noise levels as well as the features of the noise spectra and their
sources, we conducted a PPSD analysis based on the PDF mode of
the PSDs (Fig. 6 and Supplementary Fig. S2).

The features of oceanic noise, that is the primary and secondary
peaks on all the components, and the higher frequency shear mode
peaks on the horizontal components were clearly visible in our data
set, including the unstable noise conditions at lower frequencies
(<0.1 Hz). Similar observations have been reported in several other
studies (e.g. Webb 1998; Crawford & Webb 2000; Dolenc et al.
2007; Angelis & Bodin 2012; Ardhuin et al. 2015; Tian & Ritz-
woller 2015; Nishida 2017; Tian & Ritzwoller 2017). The PSDs
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Figure 2. (a), (b) and (c) show the distribution of OBS stations at the array locations of AoAS, AoA6 and AoA7, respectively. The solid-red triangles indicate
the sensor locations, where AoA50, AoA60 and AoA70 are the broad-band stations. Contour lines represent seabed elevations with respect to the MSL (m).
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Figure 3. H/V curves from three broad-band stations (AoA50, AoA60 and AoA70 from left to right) within a range of 0.01 to 10 Hz. The high standard
deviation values below 0.1 Hz indicate the unstable H/V ratios. The average H/V curve is represented by a solid black line, and the standard deviation is
represented by a dashed grey line.

and noise modes within 0.1 to 10 Hz exhibited stable behaviour. are indicative of increased noise and could be related to unstable
Moreover, they were usually within the globally expected new high H/V ratios (see Section 5.2.1). It should be noted that the lower
noise model (NHNM) and new low noise model (NLNM) of Peter- frequency noises did not originate from the instruments: the flat
son (1993). PSDs below 0.1 Hz showed increasing energy variation frequency response of the broad-band OBSs was 0.003—50 Hz, and
with decreasing frequency as well as at least a 20 dB higher energy the self-noise was well below the NLNM. A detailed discussion
level in the horizontal compared to vertical components (Fig. 6 and of the observed noise characteristics in the study area between the

Supplementary Fig. S2). Such SAN energy conditions below 0.1 Hz frequencies 0.01 to 10 Hz is included in Section 5.2.
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Figure 4. H/V curves for every OBS station at each array location (entitled on top of each panel).

4.3. H/V inversion

4.3.1 Forward modelling

Here, we applied the diffuse field theory and a recently developed
H/V ratio forward computation algorithm, namely ‘hvgeneralized’
(Lontsi et al. 2015; Lontsi et al. 2019), in the inversion procedure.
The ‘hvgeneralized’ algorithm accounts for Scholte, Love and mul-
tiple reflected body waves that constitute the noise wavefield under
the assumption that the SAN wavefield is diffused. The diffuse field
theory allows one to relate the energy measurements and their ra-
tios with their elastodynamic counterparts and, consequently, deter-
mine the structure at depth. This theory also asserts that the motion
autocorrelation within a diffuse field in the frequency domain is
proportional to the imaginary part of the GF when both the source
and receiver are colocated. Thus, the H/V spectral ratio can be in-
terpreted in terms of the imaginary part of the GF (Sanchez-Sesma
etal 2011):

H (x’w):\/El(x,wHEz(x,w) :\/[m(Gn-FGzz) 0

4 Es (x, ) Im(G33) '

where £, E, and E; are the DEDs, subscripts 1 and 2 refer to the
horizontal degrees of freedom and subscript 3 refers to the vertical
degrees of freedom.

For a diffuse, equipartitioned and harmonic displacement field
component u;(x, w) within an elastic medium, the average cross-
correlation of motions at points x4 and xp can be expressed as
(Sanchez-Sesma et al. 2008; Perton et al. 2009):

(Mf (x4, 0))“; (x5, CU))OCIWZ [Gij (x4, xp, 60)], (2)

where @ = 2nf is the angular frequency, u;(x 4, w) is the dis-
placement field component in the i direction at point x, and
Gij(x4, xp, o) is the GFE. In this context, it means displacement
in the i direction at point x 4 caused by a unit harmonic point force
at xp in the j direction. The asterisk (*) indicates the complex
conjugate so that the product is the cross-correlation in frequency
domain, and the angular brackets ({ )) indicate the azimuthal or
ensemble average.

When both source and receiver coincide, thatis x4, = x3 = x,
the product is the autocorrelation in the frequency domain, and the
DED in the direction m at point x can be written as (Sanchez-Sesma
et al. 2008; Perton et al. 2009):

Em (xA) = pwz (um (xA)u;kn (xA)> o Im [Gmm (x/h X4, w)] 5 (3)

where p is the mass density. Here, the summation convention is not
applied.

In the ‘hvgeneralized’ algorithm, the energy contribution from
the 1-D water layer above the seabed is considered in terms of a
propagator matrix that accounts for both the in-plane polarization
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Figure 5. Representative azimuthal variation analysis results of H/V ratios for each array location, that is OBSs AoAS50 (broadband) and AoA51 of array
A0AS5 (left-hand column); OBSs AoA60 (broadband) and AoA62 of array AoA6 (middle column); and OBSs AoA70 (broadband) and AoA71 of array AoA7
(right-hand column). Azimuthal variation analysis results of the H/V ratios for the remaining stations are presented in Supplementary Fig. S1.

of P-SV waves and the scalar nature of acoustic wave propaga-
tion within the fluid. However, the SH waves and water layer are
uncoupled. In Lontsi ez al. (2019), the corresponding kernels are
computed using normalized Thomson—Haskell propagators (Thom-
son 1950; Haskell 1953) in terms of the horizontal wave number
and numerically integrated to yield the desired imaginary parts of
Green’s tensor.

4.3.2 Sampling the parameter space

The inversion procedure requires four parameters per layer: thick-
ness (h), Vp, Vs and mass density (p). Here, the O-factor values for
attenuation are ignored, assuming perfect elastic media. Density is
not sensitive to this inversion; hence, an equal range is set for each
layer (Lontsi et al. 2015). The setting of the initial parameter space
takes advantage of the prior subsurface information.

When inverting the H/V curves, non-uniqueness was addressed
by placing constraints on the inversion of the thickness of the layers
in the parametrization, considering prior information on the subsur-
face layers obtained from various sources. For example, the active
P-wave survey results by Miura ez al. (2003) (Fig. 1a) provided
information about shallow to deep structures (Figs 1b and c) with
100-m vertical intervals. Additionally, the shallow layers (<100 m)
were classified according to the subsurface information from the
SBP survey results of the JGS (https://gbank.gsj.jp/sbp-db/812-3h
tml/PAGES/812-3E.html) and the Ocean Drilling Program at the
Japan Trench off northeast Japan (Shipboard Scientific Party 2000).

The SBP survey provides information only on layer thickness (up
to 100 m of the subsurface), while the ocean drilling data provides
information on both layer thickness and Vp (up to 1200 m of the
subsurface).

The minimum number of layers can be selected by visual ap-
praisal of the number of peaks in the H/V spectra (Pifia-Flores
et al. 2017), along with the available subsurface information. The
lower frequency portions, particularly below 1 Hz, generally orig-
inated from deeper layers. Perton et al. (2020) identified a peak
near 0.2 Hz that was related to a structure at a depth of ~6 km
in the Los Angeles Basin. The first-order approximation of the
thickness of the shallower layers was performed following the well-
known equations f, = % (Nakamura 2000; Molnar et al. 2022)
and f, = Z—;’ (2n 4+ 1) (Tuan et al. 2016), wheren (= 0, 1, 2,...)
is the mode number, f, is the frequency of a peak in the H/V spec-
trum and 7 is the thickness. Based on forward modelling (details not
shown) combined with the aforementioned prior shallow subsurface
information, five to six layers were assumed for the Tertiary sedi-
mentary sequences. Based on Miura et al. (2003) (also see Figs 1b
and c), we did not assume any interlayer for the two deeper lay-
ers studied here, that is Cretaceous sedimentary sequences and the
island arc upper crust.

Reference Vp information from shallow to deep subsurface in and
around the study area are available from drilling data (Shipboard
Scientific Party 2000), JAMSTEC (1998) and Huang et al. (2011).
Relevant V; information is available from Huang et al. (2011), and
Liu & Zhao (2016) but they only include an average velocity for
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Figure 6. Probabilistic power spectral density (PPSD) of the east (H1) and vertical (V) components for station AoAS50 (1st row), AoA60 (2nd row) and
A0A70 (3rd row) during the period of 2016 September 25 to 2017 September 15. The thick grey lines at the bottom and top represent the NLNM and NHNM,
respectively, from Peterson (1993). The solid black line indicates the energy mode of the SAN level. The colour bar at the bottom depicts the probability of
occurrence of a given power at a certain frequency. PPSD plots of the H2 components are presented in Supplementary Fig. S2.
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Table 1. The range of layer parameters used for H/V curve inversion at
OBS station AoA51. The topmost and the bottom layers represent the water
layer and the half-space, respectively.

Vp (ms~!) min-max Vs (ms~!) min-max h (m) min—max

1450-1500 0-0 2850-2850
1450-2500 25-200 1.3-2
1450-3000 100-400 4-10
1450-4000 100-1200 20-80
1450-7000 100-4000 30-200
1450-7000 1004000 650-1200
1450-7000 100-4500 1300-1700
1450-8000 100-5000 2600-2900
1450-8500 100-5000 2100-2900
1450-9000 100-6000 0

the upper 10 km. While setting the initial range of Vs for the up-
permost layer (i.e. the surface layer at the seabed), we utilized Vs
values from the literature, that is 25 to 90 ms~' (e.g. Huerta-Lépez
et al. 2003) and considered a very high Vp/V; ratio (e.g. Hamilton
1979). To set the parameter space for the Vg values of some of the
shallow layers within the Tertiary sedimentary sequences, we also
considered high Vp/V ratios, where the initially considered Vp val-
ues were again from drilling data (Shipboard Scientific Party 2000)
and Miura et al. (2003). The starting velocities (both Vp and V)
were equal for all of the layers with wide upper bounds, allowing the
parameter space to be regarded as non-informative and the inversion
algorithm to have sufficient liberty to search for the best represen-
tative model for the investigated OBS site. During parametrization,
the elastic properties of the water layer (Vp = 1450-1500 ms™!, Vs
=0ms~!, p = 1000 kg m~>) were added along with the thickness
of the water column (the elevation of the sensor in relation to the
MSL, Fig. 2). Table 1 presents parametrization of one representa-
tive station (AoAS51) from this study, the inversion result of which
is shown in Fig. 7.

4.3.3 Misfit function

The inversion process uses the improved neighbourhood algorithm
(Wathelet 2008), which is a direct stochastic search procedure to
allow for suitable exploration and exploitation of the parameter
space. In this inversion scheme, the parameter space is partitioned
into 50 starting models by using the Voronoi cell concept. For each
model the misfit is estimated. Next, 50 new models are generated in
each iteration and assembled according to the best previous model.
This process is iterated a sufficiently large number of times to allow
for suitable exploration and exploitation of the parameter space.
The misfit function is defined as (Lontsi ez al. 2015):

1o (log () —tog (£))°
> T @

i

hvmisfit =

i=1

where N = total number of frequencies, H/V, is the observa-
tion and H/V,, is assigned to the generated models. The standard
deviation of the observation at a certain frequency is denoted by o,,.

4.3.4 Inversion results

Within the selected maximum misfit range, numerous models were
provided in the output after termination of the iterations. One best-
fitting model with the smallest misfit was also highlighted as an
outcome (Fig. 7 and Supplementary Figs S3, S4 and S5). The best

Vs velocity profile from the H/V curve inversion was considered as
the final profile. The obtained minimum misfit value for all stations
was below 2.4. The velocities were fairly constrained in spite of
the loosely bounded parameter spacing. The Vs profiles from the
seabed to 7000 mbsf are shown in Figs 8(a), 9(a) and 10(a). To
clearly demonstrate the very shallow sedimentary profiles with high
resolution, velocity profiles at a 30 m depth were plotted separately
(Figs 8b, 9b and 10b) along with the full profile.

4.4. Assessing the effect of the water layer on the H/V ratio

To investigate the effect of the water layer, we compared the ob-
served H/V curves with those modelled with and without a water
layer (Fig. 11 and Supplementary Fig. S6). When removing the wa-
ter layer from the best inversion model, the synthetic H/V curves of
all the stations exhibited a remarkable increase in amplitude around
the predominant peak at higher frequencies (1-5 Hz), with variable
effects (comparatively little or no increase) observed at lower fre-
quencies (<1 Hz). Notably, no significant shift in the predominant
peak was observed between the synthetic and observed models.

After removing the water layer from the model, the stations of
A0AS5 showed an amplitude increase of 62-98 percent around the
predominant peak and 0-8 percent at lower frequencies. Stations
of AoA6 showed an amplitude increase of 47—105 percent around
the first predominant peak at higher frequencies, 72—109 percent
around the second predominant peak and 4-66 percent at the lower
frequencies, with an almost 89 percent increase observed at station
A0A60. Stations of AoA7 showed an amplitude increase of 58—104
percent around the predominant peak and 0-42 percent at lower
frequencies.

5 RESULTS AND DISCUSSION

5.1. Observed H/V curves

In the observed H/V curves (within 0.1 to 10 Hz frequencies), the
major peak frequency was within 4-5.1 Hz at AoAS5 and AoA7, ex-
cept for stations AoA70 and AoA75 where it was 3—4 Hz (Fig. 4).
Meanwhile, at AoA6, the predominant frequency peak was ob-
served within 3—4 Hz. The predominant peak at higher frequencies
may have resulted from the impedance contrast at the interface be-
tween the thin water-saturated soft seabed sedimentary layer and a
relatively compacted and lithified deeper layer.

Notably, the curves for the AoA6 stations differed slightly from
those at the other locations because of having a double-frequency
peak-like feature within 1-2 Hz. Note that the AoAS5 and AoA7
arrays were offset by ~60 km from the trench axis in the perpen-
dicular direction and landwards to the east, whereas that for AoA6
was ~40 km.

Apart from the major peak, the observed H/V curves for all
stations demonstrated four to five minor undulations or small-
amplitude peak-like features above an amplitude of 2—they became
gentler at lower frequencies (Fig. 4). These changes in amplitude
with frequency might reflect changes in wave velocities as well as
the layer-to-layer impedance contrast with depth (Pifia-Flores et al.
2017). Indeed, a decrease in the impedance contrast with depth
could cause lower amplitudes in the H/V curves at lower frequen-
cies (Schleicher & Pratt 2021). It is also evident from the P-wave
results of the previous study (Figs 1b and c) that the velocity con-
trast varies little from layer to layer, but increases gradually with
depth.
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Figure 7. Representative H/V inversion result for station AoAS1 with misfit information and synthetic models. The observed and generated H/V curve models
are presented in the top left-hand panel; misfit information is presented in the top right-hand panel (only misfits ranging from the lowest to a selected upper
value are shown, and only the models associated with them are presented in the other panels); the best-fitting Vs with the generated models is presented in
the bottom left-hand panel; and the best-fitting V'p with the generated models is presented in the bottom right-hand panel. Inversion results for the remaining

stations are presented in Supplementary Figs S3—S5. mbsl: metre below sea level.

H/V curves between 0.7 and 10 Hz may reflect the major lay-
ers within the Tertiary sedimentary sequences. The broad low-
amplitude peak-like feature at 0.4—0.6 Hz at all stations could be
representative of the demarcation boundary between the Cretaceous
and overlying Tertiary sedimentary sequences (Tsuru et al. 2002;
Miura et al. 2003), which was also evident from our forward mod-
elling. The broad nature of this low-amplitude peak-like feature

could represent the low-velocity contrast as well as the complex
nature of the subsurface. An even gentler and lower amplitude
peak-like feature of the H/V curves at 0.1-0.2 Hz for all stations
is considered to reflect the velocity contrast between the island
arc upper crust and overlying Cretaceous sedimentary sequences.
However, the velocity contrast was not high enough to cause a
high-amplitude peak, similar to the previous P-wave survey result
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Figure 8. (a) Vs profiles, up to 7000 mbsf, from the OBS stations of array AoAS. The red dotted line represents the unconformity between the Tertiary and
the Cretaceous sedimentary sequences. The green dotted line represents the boundary between the Cretaceous sedimentary sequences and the island arc upper
crust. (b) Shallow profiles, up to 30 m depth.

(Figs 1b and c). The similarity in the H/V curve below 1 Hz for all ~30dB difference between the noise levels of the horizontal and
stations is considered to reflect the deeper subsurface features at vertical components was evident from the noise mode. Tilt noise
these low frequencies. induced by seafloor currents give rise to such unstable and elevated

SAN levels in this frequency band—a relatively small tilt by ocean
currents could introduce considerable noise in the horizontal com-
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5.2. Noise levels in the offshore Fukushima region ponent (Webb 1998; Dahm et al. 2006; Angelis & Bodin 2012; s
. . <
The characterization of noise energy compared with the NHNM Nishida 2017). §
and NLNM of Petc?rson (1993), especially at lower frequencies (< (if) Primary microseism band (0.02-0.1 HZ) W
0.1 Hz), could verify the cause of the stable frequency range and
elucidate important subsurface information for H/V analysis. Here, Noise in this frequency band can be generated by conversion
we discuss noise power levels according to four well-recognized of far-field energy induced by very large oceanic storms, low-
frequency bands. frequency ocean wave energy or seismic energy generated by verti-

cal pressure variation of ocean currents at the seafloor or by breaking

(i) Very low to low frequency band (<0.02 Hz) .
of surf on a sloping beach (Hasselmann 1963; Webb 1998; McNa-

In this frequency band, the noise energy on the vertical (V) com- mara & Buland 2004). Noise power in this band is completely
ponent was well within the NHNM and NLNM. In contrast, the noise dependent on climatic conditions (Grecu et al. 2018). A smearing
energy levels for the horizontal components (H1 and H2) fluctuated effect by low probability PSDs on the PPSD was observed below
greatly (~25dB), with many PSDs and the noise mode exceed- 0.1 Hz due to surface waves from teleseismic arrivals (McNamara

ing the NHNM (Fig. 6 and Supplementary Fig. S2). Moreover, an and Buland 2004, see Figs 4 and 8).
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Figure 9. (a) Vs profiles, up to 7000 mbsf, from the OBS stations of array AoA6. The red dotted line represents the unconformity between the Tertiary and 2
the Cretaceous sedimentary sequences. The green dotted line represents the boundary between the Cretaceous sedimentary sequences and the island arc upper %
crust. (b) Shallow profiles, up to 30 m depth. S
E.
)
Within this frequency band, the energy modes of the horizontal elastic deformation of earth material below the seismometer owing &
components corresponded with the NLNM and NHNM of Peterson to pressure variations induced by oceanic gravity waves (Crawford §
(1993), except those of OBS A0A70, where the noise modes ex- & Webb 2000; Bell ef al. 2015; Tian & Ritzwoller 2017). However, a
ceeded the NHNM below 0.04 Hz (Fig. 6 and Supplementary Fig. this compliance noise peak was absent in the vertical component of =
S2). A tiny microseism peak was discernible in the horizontal com- station AoA60 where the water depth was much greater (Fig. 2). It »
ponents. The PSDs in the horizontal components showed energy is known that compliance noise is sensitive to water depth and that =
variations of ~20dB. A sharp increasing trend was observed for oceanic gravity wavelengths have to be greater than the water depth N
many PSDs, exceeding the NHNM. A sharp increasing trend was to cause such noise on an OBS (Crawford & Webb 2000; Bell et al. &

also observed in the noise mode of the horizontal components from
~0.07 Hz at all stations. Such unstable and elevated SAN energies
are related to tilt noise on the horizontal components (Webb 1998;
Crawford & Webb 2000; Bell et al. 2015).

Within this frequency band, the PSDs as well as the noise mode
of the vertical component were within the NHNM and NLNM (Pe-
terson 1993), but with a gentler increasing slope than that of the
horizontal component. The noise mode power of the vertical com-
ponent was ~20 dB lower than that of the horizontal components.
At around 0.03-0.04 Hz there was a broad peak in the vertical com-
ponent, which might be related to compliance noise caused by the

2015; Tian & Ritzwoller 2017).
(iii) Secondary microseism band (0.1-1 Hz)

This band was consistently the most energetic part of the PPSD
plots within 0.01 to 10 Hz (Fig. 6 and Supplementary Fig. S2).
The PSDs with high probability were mostly below the NHNM for
all components, including the noise energy mode. The horizontal
components in this band were ~10 dB higher than the vertical com-
ponents. The origin of the secondary microseism peak is related to
standing gravity waves, the amplitude of which could be markedly
increased by local storms (Longuet-Higgins 1950; McNamara and
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15
Buland 2004). The secondary microseism peak is not only reported Shear-mode peaks can limit the detection and location of these small @
in the global noise model of Peterson (1993) based on observations events (Vassallo et al. 2012) as well as body waves of short-period =
of land seismic stations worldwide, but in many other areas, both teleseismic arrivals m;, = 7.5 (Webb 1998). Notably, the arrivals of 8
on land and in the ocean (e.g. Webb 1998; McNamara & Buland short-period Vp are identifiable only at amplitudes greater than the S
2004; Vassallo et al. 2012; Nishida 2017; Baker et al. 2019). noise power level (Webb 1998). 3
(iv) High frequency noise band (>1 Hz): ;
In the high-f 1H k ist S
n the high-frequency range (>1Hz), peaks were registered on 5.2.1. Influence of noise energy on the H/V curve g

all horizontal components of all three broad-band stations (Fig. 6
and Supplementary Fig. S2). Webb (1998) reported this peak on
the ocean floor (Webb 1998, see Figs 1 and 6), though it is gener-
ally related to the wavefield of short-wavelength shear modes, also
known as Stoneley or Scholte waves, produced by local winds of
short periodic nature. SAN within this range is frequently used on
land for H/V computation and shallow subsurface characterization
(Nakamura 1989, 2000), where this frequency band is dominated
by contributions from human activities.

Low-probability smeared signals exceeding the NHNM at >1 Hz
were probably related to body waves from local small events of
My < 1.5 (McNamara and Buland, 2004; Vassallo et al. 2012).

The H/V curves computed from seismic noise within 0.1 to 10 Hz
(Fig. 4) were stable for all the OBS stations. However, temporally
unstable conditions with unusually large amplitudes were found
below 0.1 Hz, as computed using data from the three broad-band
OBSs (Fig. 3). At lower frequencies, the ocean is noisier than the
land (Crawford & Webb 2000). Hence, our intention here is to
discuss the unstable condition of H/V ratios at lower frequencies
(<0.1Hz) based on our PSD analysis (Fig. 5 and Supplementary
Fig. S2). To the best of our knowledge, this is the first observation
comparing low-frequency (<0.1 Hz) H/V ratios with PSDs at the
ocean bottom.
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Figure 11. Water layer effect on the H/V curve from six example stations among the three arrays. Synthetic H/V obtained by removing the water layer from
the best profile of the inversion model (dashed red line) compared with the H/V curve from the best profile with the water layer (dashed blue line) and the
observed H/V curve (solid green line). The water layer effects on the H/V curve of the remaining stations are presented in Supplementary Fig. S6.

It is evident that the SAN energy was stable within 0.1 to 10 Hz
and corresponded with the NHNM and NLNM. The temporally
unstable H/V ratios below 0.1 Hz (Fig. 3) for all broad-band OBSs
could be related to the unstable and elevated SAN energy levels
in the horizontal components caused by the tilt noise induced by
ocean floor currents (Webb 1998; Crawford & Webb 2000; Dahm
et al. 2006; Angelis & Bodin 2012; Bell et al. 2015). Compliance
noise in the vertical component was also observed at two shallower
broad-band OBS stations (AoA50 and AoA70), but not at the deeper
OBS station (AoA60). In this context, similarly unstable H/V ratios
(<0.1 Hz) at all the broad-band OBS stations could indicate that
they are related mainly to the tilt noise in the horizontal components.
However, the lack of additional OBS data for the deeper ocean (like
A0A60) in this study limits the verification of this observation, and
thus demanding further research.

5.3. S-wave velocity profiles

Vs structures were estimated from the seabed to 7000 mbsf, in-
cluding the sedimentary layers and the island arc upper crust. The
Vs values ranged from ~30 to ~4900 ms~! at different layers, in-
creasing with depth (Figs 8-10). In the loose soft water-saturated
sediments at the surface of the seabed, Vs has been frequently re-
ported to range from 25 to 90 ms~! (Webb 1998; Huerta-Lopez
et al. 2003; Shynkarenko et al. 2021). After this very thin (1.3 to
1.8 m) layer, the Vs value was approximately 200 m s~ at the top to
approximately 4400 m s~ at the bottom of the Tertiary sedimentary
sequences. The top several-hundred meters (~600m) are consid-
ered to be Quaternary sequences (Chester et al. 2013a), with Vg
values ranging from 200 to 2000 ms~'. However, the total thick-
ness of the Tertiary sedimentary sequences obtained in our study

was approximately 2100-2600 m, with an unconformity reported
between these sequences and the underlying Cretaceous sedimen-
tary sequences, similar to the results of Miura et al. (2003, ~2000
to 3000 m). To explain the lower frequency peak (within 1 to 2 Hz)
among the double frequency peaks of the AoA6 stations, a very
thin (1.6 to 4.055 m) and low-velocity layer (Vs values from 43 to
64 ms~!) had to be introduced before the layer related to this peak.
The depth of this low-velocity layer was approximately 5—6 mbsf.
The Vy value within the Cretaceous sedimentary sequences ranged
from 3883 to 4600 m s~!, with the observed thickness varying from
approximately 2392 to 2951 m; this value was reported to be around
2800 m by Miura et al. (2003). The velocity in the island arc upper
crust was approximately 3971-4900 ms™'; the thickness of this
layer could not be determined in this study.

Huang ez al. (2011) presented the V structure 50 km north of our
study area using anisotropic tomography, with initial model from
Zhao et al. (1992), and found that the average velocity in the upper
crust was a maximum of ~3800 ms~'. It should be noted that their
results were of a relatively low resolution in the offshore compared
to the onshore region, especially for depths less than 10 km. Liu
& Zhao (2016) also presented Vs velocity information in the study
area using local and teleseismic earthquake and surface wave to-
mography, with no resolution in the upper 10 km of the subsurface
but only an average velocity. Fig. 12 exhibits a comparison of the
Vs profiles from this study with previous studies conducted in and
around the study area. The Vp profiles are also presented with the
background earth structure to provide a better understanding of the
velocity changes in the subsurface. Compared to previous studies,
the inverted Vg with depth tended to be higher in many cases. This
is because individual layers were considered rather than a single
value over the entire upper crust. In this context, the consequences
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Figure 12. The inverted Vg profiles are presented here with the Vs and Vp profiles from previous studies. (a, c, e) Vs profiles of the arrays AoAS, AoA7 and
A0AG, respectively; (b, d, f) Vp profiles from previous studies, with the background earth structure from Miura et al. (2003). (b) represents the Vp profile from
a nearby point of line FK201 of Miura et al. (2003); (d, f) represent Vp profiles from a nearby point of line FK102; in each case, the water depth in the selected

profile was similar to that of the OBS array.

ofusing a wide initial parameter space and the effect of the trade-off
between velocity and depth could not be disregarded. Notably, as
the study area is very close to an active oceanic subduction zone,
sediments in this region are overcompacted and are often composed
of volcanic materials from the Japan Arc (Shipboard Scientific Party
2000) to result in higher Vs values with depth.

The very shallow profiles (up to 30 m) of each OBS array are
plotted in Fig. 13 along with the V' profiles extracted from two sites
(site 438 and 440) of the Ocean Drilling Program at the Japan Trench
off northeast Japan (Shipboard Scientific Party 2000) and from
Miura et al. (2003). To our knowledge, no V profile with similar

sensitivity for shallow depths is available for this region to allow fora
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Figure 13. The inverted Vg profiles up to a 30 m depth are shown here with the Vp profiles that were sensitive to shallow depth from previous studies. (a, b,
¢) Vs profiles of the arrays AoAS, AoA7 and AoA®6, respectively; (d) Vp profiles from previous studies, Vp profiles from two sites of the Shipboard Scientific
Party (2000) are referred to in the figure as “drilling site 438” and “drilling site 440°. Drilling site 440 may be referred to arrays AoAS and AoA7, as this site is
in the updip portion of the subducting crust and has water depths closer to those in the array sites. Drilling site 438 may be referred to array AoA6, as this site
is in the downdip portion of the subducting crust and has water depths closer to those for AoA6. Vp velocity from Miura ef al. (2003) is similar for the upper
100 m in all sites; therefore, only one such profile is presented in (d). No comparable Vg profile for shallow depths is available in this region.

comparison with the present results. Nonetheless, Fig. 13 helps to
discern a very high Vp/Vs ratios of oceanic sediments at shallow
depths (Hamilton 1979).

Although the solution of the H/V spectral ratio inversion alone
may suffer from non-uniqueness and trade-off between the shear
wave velocity and layer thickness, the constraints introduced us-
ing prior information allow us to consider the presented velocity
profiles as the most representative profiles of the seismic structure
at the investigated OBS sites at this time. However, the profiles
may be updated in the future as new data for the depths of interest,
such as dispersion curves, geotechnical data or H/V from boreholes,
etc., become available for the study area. While no other studies in
the offshore Fukushima region have focused on Vg velocity struc-
tures within the sedimentary and igneous island arc upper crust
layer, the high-resolution shallow velocity profiles presented in this
study could benefit future seismological studies, including those on
receiver function analysis, tomography and earthquake detection,
as a preliminary guideline. This study provides empirical support
for the noise-based full H/V spectral ratio curve inversion tech-
nique considering full waveforms (based on the DFA) to determine
high-resolution V velocity information down to <10 km of the
subsurface in an oceanic environment.

5.4. Effect of the water layer on the H/V curve

The synthetic H/V analysis considered the lower frequency range
up to 0.1 Hz and the subsurface of 7000 mbsf, where the maximum
thickness of the water layer was ~4280 m. Lontsi ez al. (2019) con-
sidered the lower frequency range up to 0.2 Hz and the subsurface
of 102.9 mbsf with a maximum water layer thickness of 5000 m,
with a different subsurface setting from this study. They reported
significant changes in the amplitude around the major peak of the
observed curve near 1 Hz with only a marginal peak shift when the
water layer was removed. Moreover, Lontsi ez al. (2019) considered
onshore data, where water layers of various thickness were syn-
thetically introduced to demonstrate the response of the H/V curve
to water layers. In contrast, this study explicitly considers offshore
data to investigate such effect on the H/V ratios. However, the effect
of subsurface layering complicates the models, so it is important to

estimate the effect of the water layer on the H/V curve using forward
modelling at various sites with different subsurface conditions.

In this study, a similar result like Lontsi et al. (2019), with respect
to the amplitude variation, was found around the higher frequency
(>1Hz) predominant peak amplitude, which varied between 47
percentand 109 percent among the stations. Interestingly, significant
peak amplitude variation was found for both of the double frequency
peaks of the H/V curves for AoA6. However, like the results of
Lontsi et al. (2019), the rest of the curve amplitude in the lower
frequencies exhibited various effects for different stations, such as
no (approximately 0 percent) to very little and some significant
(around 4 to 89 percent) increases when the water column was
removed (Fig. 11 and Supplementary Fig. S6).

From the synthetic test, it is evident that the overlying water
layer has a constant predominant effect within the higher frequency
(>1 Hz) portion of the H/V curve, whereas it is substantially smaller
and variable at lower frequencies (<1 Hz). Lontsi ef al. (2019)
showed by DED modelling that the horizontal components of an
OBS are unaffected by the water column, while a large P-wave
energy on the vertical component, due to multiple reverberations
in the water column, causes amplitude variation on the H/V curve.
Various amplitude variation in the lower frequencies (<1 Hz) caused
by various resonances could be related to water layer thickness as
well as complex subsurface structures; these factors require further
scrutiny.

6 CONCLUSIONS

H/V curves for the frequency ranges of 0.01 to 10 Hz and 0.1 to
10 Hz were derived, from three broad-band and sixteen short-period
OBSs, respectively, in the Fukushima forearc region of the south-
ern Japan Trench area. We found that the H/V ratios between 0.1
and 10 Hz were stable, whereas ratios below 0.1 Hz were unstable
and, therefore, could not be used to retrieve subsurface information.
High temporal variability and elevated SAN energy was found at the
lower frequencies (<0.1 Hz) due to tilt and compliance noise, with
the horizontal components in particular being highly contaminated.
This analysis helps us understanding why the H/V curves below
0.1 Hz are large and unstable, and may have some bearing upon
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future deployment procedures. Using H/V analysis, subsurface Vs
profile estimation and subsequent delineation of the major geolog-
ical structures were performed down to 7000 mbsf in the offshore
Fukushima region. The obtained Vs structures roughly agreed with
the available geological information at the study area. The seismic
velocity at the surface layer was ~30 ms~! and increased from
200 to 4400 ms~! within the tertiary sedimentary sequences. Fur-
thermore, the unconformity between the Tertiary and Cretaceous
sedimentary sequences was successfully identified, which was con-
sistent with the results of previous studies (at approximately 2100—
2600 mbsf). The velocity within the Cretaceous unit ranged from
3883 to 4600 ms~', and that in the island arc crust ranged from
3971 to 4900 ms~!. This is the first observation leading to high-
resolution information within the sedimentary layers and island arc
upper crust for offshore Fukushima. Therefore, the presented ve-
locity profiles may be utilized as preliminary guidelines for future
studies and should be updated when new supporting data become
available. Moreover, an investigation of the water layer effect on the
H/V curve showed that its inclusion leads to significant amplitude
variation around the fundamental peaks within the higher frequen-
cies (>1 Hz), while less variation was observed at lower frequencies
(0.1 to 1 Hz); this result might be related to the water layer thick-
ness and complex subsurface structure, though these factors require
further scrutiny.

The Japan Trench has potential for active seismicity and very
large seismic events (e.g. the 2011 Tohoku earthquake, My, 9). We
believe that the noise energy levels and Vg information provided in
this study could increase the accuracy of slow earthquake detection
studies and subsurface imaging in the Japan Trench region with
assorted seismic methods.
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SUPPORTING INFORMATION

Supplementary data are available at G.JI online.

Figure S1. Azimuthal variation analysis of the H/V ratios for all of
the stations except those presented in Fig. 5.

Figure S2. PPSD plots of the H2 (North) components of three
broadband stations.

Figure S3. H/V inversion results with misfit information and syn-
thetic models generated for the stations of array AoAS, except for
station AoAS51 presented in Fig. 6. The observed and generated H/'V
curve models are presented in the top left-hand panel; misfit infor-
mation is presented in the top right-hand panel (only misfits ranging
from the lowest to a selected upper value are shown, and only the
models associated with them are presented in the other panels); the
best-fitting Vs with the generated models is presented in the bottom
left-hand panel; and the best-fitting V' with the generated models
is presented in the bottom right-hand panel. mbsl: meter below sea
level.

Figure S4. H/V inversion results with misfit information and syn-
thetic models generated for the stations of array AoA6. The ob-
served and generated H/V curve models are presented in the top
left-hand panel; misfit information is presented in the top right-hand
panel (only misfits ranging from the lowest to a selected upper value
are shown, and only the models associated with them are presented
in the other panels); the best-fitting Vs with the generated models is

presented in the bottom left-hand panel; and the best-fitting V» with
the generated models is presented in the bottom right-hand panel.
mbsl: meter below sea level.

Figure S5. H/V inversion results with misfit information and syn-
thetic models generated for the stations belonging to array AoA7.
The observed and generated H/V curve models are presented in
the top left-hand panel; misfit information is presented in the top
right-hand panel (only misfits ranging from the lowest to a se-
lected upper value are shown, and only the models associated
with them are presented in the other panels); the best-fitting Vs
with the generated models is presented in the bottom left-hand
panel; and the best-fitting V» with the generated models is pre-
sented in the bottom right-hand panel. mbsl: meter below sea
floor.

Figure S6. Water layer effect on the H/V curve from all OBS
stations, except those presented in Fig. 10. Synthetic H/V obtained
by removing the water layer from the best profile of the inversion
result (dashed red line) compared with the H/V curve from the
best profile with the water layer included (dashed blue line) and the
observed H/V curve (solid green line).

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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