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Abstract

Acoustic mapping enables an understanding of the surface distribution of shallow gas hydrate (GH) and related products.
Acoustically characteristic materials such as fluid-seepage-related methane-derived authigenic carbonate and/or shallow
GHs, may be widely distributed beneath the shallow seafloor of the Sakata Knoll. High-amplitude reflectors over the knoll
are the top of gas-bearing permeable layers and connect to the reverse fault at the foot of the knoll. Shallow GH and bacterial
mats were observed at the high-amplitude layer cut by depression and/or the locally disturbed seafloor. Acoustic blanking
zones observed on the sub-bottom profiler sections are current gas migration routes from the depth to the seafloor. Optical
observations indicate that fluid seepage is not active in the current seafloor, and it is not necessarily observed above the
acoustic blanking zones or shallow faults reaching the seafloor. In the Sakata Knoll, the tectonically formed reverse fault
and gas-bearing permeable layers play more important roles in fluid migration from depth to the summit area of the knoll
compared to acoustic blanking and shallow faults. The depression at the summit area of the Sakata Knoll was formed by
the dissociation of a shallow GH at around the last glacial maximum. Limited fluid seepage is currently witnessed within
and around the depression and it is less extensive than that in the past. Such knolls, with tectonically formed large faults
and an anticline are abundant in the area and they can be good reservoirs for shallow GH along the eastern margin of the
Sea of Japan.
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Introduction

Natural gas hydrates (GHs) and related features on the
seafloor, even if covered with thin sediments, are typically
observed via acoustic mapping. Acoustic mapping can facili-
tate an understanding of the features, for instance, the extent
and distribution of bathymetric features such as various
sized pockmarks and mounds and shallow subseafloor struc-
tures (e.g., Judd and Hovland 2007). Acoustic mapping also
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helps identify materials with a characteristic distribution of
backscatter strengths, provided that the physical properties
of the material differ from those of neighboring ones. These
features might indicate the presence and status of natural
GHs on the seafloor and the shallow subseafloor.

GH is a kind of clathrate in which water molecules form
a cage around a single molecule of natural gas; this mate-
rial is widespread in permafrost regions and beneath the
ocean floor (Kvenvolden 1988; Ginsburg 1998) as GH is
stable under low temperature and high-pressure conditions
(Sloan 1998; Ruppel and Kessler 2017). GH at a shallow
depth of ~ 100 m below the seafloor is called “shallow GH”
(Expedition 311 Scientists 2006). In many cases, methane is
the primary component of natural gas; hence, natural GH is
often referred to as methane hydrate. The methane released
from GH might have caused the stepwise global warming of
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the Paleocene as discussed in previous studies (e.g., Dickens
et al. 1995; Matsumoto 1995; Bains et al. 1999; Ruppel and
Kessler 2017); hence, the distribution and characteristics of
GH have been extensively investigated (e.g., Sloan 1998;
Ruppel and Kessler 2017).

The occurrence of a shallow GH has been investigated
along the eastern margin of the Sea of Japan in areas with a
water depth of 500-1000 m to elucidate shallow GH occur-
rences (Matsumoto 2009; Matsumoto et al. 2011). Along
this, multiple datasets (e.g., using research vessels, autono-
mous underwater vehicles (AUVs), remotely operated vehi-
cles (ROVs), and sediment coring and logging while drilling
(LWD) operations) have been acquired over the last decade
in these areas. Here, we report the results of recent acoustic
observations by a research vessel and an AUV, as well as
ground-truthing data via an ROV, to show the present status
of shallow GH, related features, and the past activities of
the summit area of a spindle-shaped knoll, on a km-scale
positive topographic feature in the northeast part of the Sea
of Japan (hereafter referred to as Sakata Knoll).

Geological background

The Sea of Japan is a back-arc basin between the eastern
margin of the Eurasian continent and the Japan arc. It is
believed to have formed approximately 24—15 million years
ago (Ma) (e.g., Otofuji et al. 1985; Tamaki 1988; Okamura
et al. 1995; Nakajima 2018); however, the exact age and
details remain debated. During the following period, the Sea
of Japan closed from the surrounding ocean and underwent
anoxic conditions during 12—-10 Ma and petroleum source
rocks were deposited during this period (Nakajima 2018).
Approximately 6 Ma and later, the Sea of Japan was laid
under the northwest to the southeast compressional stress
field. Some of the existing normal faults that formed dur-
ing the rifting stage have been reactivated as thrusts. Topo-
graphic features characteristic of tectonic inversion, reacti-
vated faults, and the formation of anticlines have occurred
from 6 Ma to the present (Tamaki 1988; Okamura et al 1995;
Nakajima 2018).

The Mogami Trough is~250 km long at~50 km off the
coast of northeast Japan with water depths ranging from 500
to 3000 m (Nakajima et al. 1996) (Fig. 1). A series of reverse
faults along the Mogami Trough were activated by tectonic
inversion from the Miocene to the present (Okamura et al.
1995; Matsumoto et al. 2009). Fine-grained clay-dominant
sediments cover most of the Mogami Trough (Watanabe
1992; Ikehara et al. 1994; Nakajima et al. 1996). A small
amount of sandy sediment was found in the turbidites (Ike-
hara et al. 1994).

The Sakata Knoll is a spindle-shaped or elongated domal
knoll, with a summit water depth of ~530 m located in the
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Mogami Trough (Fig. 2). Several massive GHs were sam-
pled by sediment coring from 8 to 21 m below the seafloor
(Miyajima et al. 2022), and wider distribution of the GH
was strongly indicated by three-point LWD measurements
(Tanahashi et al. 2017) at the summit area of the knoll. The
size of the Sakata Knoll is~ 15 km along the major axis
and 5-10 km along the minor axis, with a relative height
of ~120 m to the surrounding flat seafloor. The slope is
asymmetric about the major axis, steep to the southeast,
and relatively gentle to the northwest. The Sakata Knoll is
bounded by the Mogami deep-sea channel to the west and
a minor channel to the east. The knoll is characterized by
a ramp anticline with the reverse fault at the southeastern
foot, which thrusts up from northwest to southeast (Okamura
et al. 1995). Buried slump deposits have been identified
below a flat seafloor on the southeastern side of the knoll
(Ikehara et al. 1994; Okamura et al. 1996). The surface sedi-
mentation rate is estimated to be ~ 30 cm-per-thousand years
(cm/kyr), based on the occurrence of Pseudoeunotia doli-
olus (diatom fossils) in a~450 cm-long gravity core sample
from the slump deposits, and it is 10.2 cm/kyr based on the
tephrochronology of a~290 cm-long piston core sample at
the northwestern slope of the knoll (Watanabe 1992; Ikehara
et al. 1994) (Fig. 2a).

Data acquisition

Acoustic mapping using a Research Vessel Kaiyomaru No.1
(Kaiyo Engineering Co., Ltd., Japan) in 2020 (Fig. 2) and
an AUV Deepl (Fukada Salvage & Marine Works Co., Ltd.,
Japan) in 2014 (Fig. 3) was conducted over the Sakata Knoll.
Subseafloor profiles were also obtained along the same sur-
vey lines with the acoustic mapping (Figs. 4 and 5). Ground-
truthing for acoustic mapping was obtained using the ROV
Kaiyo3000 (Kaiyo Engineering Co., Ltd., Japan) at the sum-
mit area of the knoll in 2020 (Fig. 6).

AUV Deepl surveyed the summit area of the Sakata
Knoll with three pieces of acoustic equipment: multibeam
echo sounder (MBES; Socnic2022, R2Sonic, USA), side-
scan sonar (2200 M, EdgeTech, USA), and sub-bottom
profiler (SBP; 2200 M, EdgeTech, USA). The frequen-
cies of MBES, side-scan sonar, and SBP were 200 kHz,
118.75-131.25 kHz, and 2-8 kHz, respectively. During
our investigations, the AUV maintained a cruising height
of ~50 m above the seafloor and a cruising speed of ~ 3 knots
(~5.5 km/h). The AUV mapping covered an approximate
area of 4.9 km x 2.2 km, with 30 lines across the crest and
one tie line along the crest of the knoll (Fig. 3). The final
output of bathymetry data was a 3-m gridded image. Side-
scan sonar data were processed by SonarWiz (Chesapeake
Technology Inc., CA, USA) and it produced an output of a
3-m gridded backscatter image. SBP data have also been
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Fig. 1 Bathymetric map includ- e /
ing survey area. Patterns on the ‘

map indicate the distribution

of sediment types classified by
particle size (Md, Ikehara et al.
1994) and geological informa-
tion (Okamura et al. 1996). The
rectangle shows the shipboard
acoustic observation area

(Fig. 2). Blue line: submarine
canyon. Gray line: fault. PSP
Philippine Sea Plate; PAC
Pacific Plate; OKH Okhotsk
Plate; EUR Eurasia Plate.
Background color and contour
indicates bathymetry quoted
from Kisimoto (2000)
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imaged via SonarWiz. The SBP sections show subseafloor
images of ~50 m below the seafloor with a vertical resolu-
tion of ~0.2 m (Fig. 4).

Acoustic mapping, using hull-mounted equipment
(MBES and SBP) onboard the Research Vessel Kaiyomaru
No.1, was conducted over the Sakata Knoll, including the
area of AUV observation. The frequency and ship speed
for MBES (EM 122, KONGSBERG, Norway) were 12 kHz
and ~7 knots (~ 13 km/h), respectively. MBES data were
processed by HIPS and SIPS version 5 (Teledyne CARIS,
Canada). The resulting bathymetry and backscatter strength
distribution images were output at 15-m and 4-m resolu-
tions, respectively (Fig. 2). Shipboard SBP data (SBP-
120, KONGSBERG, Norway) were obtained at a chirp
frequency of 2.5-7 kHz (Fig. 5) and showed subseafloor
images of ~50 m below the seafloor with a vertical resolu-
tion of ~0.2 m.

Seafloor images for ground-truthing were obtained
using an ROV Kaiyo3000 and ROV HAKUYO3000
(Fukada Salvage & Marine Works Co., Ltd., Japan)
at the summit area of the Sakata Knoll (Fig. 6). A
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three-dimensional pictorial mapping system, SeaXerocks1
(Bodenmann et al. 2016), is a fixed payload of the ROV
Kaiyo3000. It took ~ 16 pictures every second and pro-
vided a detailed relief of the seafloor surface with a laser
beam from 4 to 5 m altitude at a cruising speed of 0.2-0.4
knot. Relief data and optical images were then combined
to create 3D point cloud data. The nominal resolutions
of the resulting 3D image across and along the track
were ~2 mm (equal to the number of pixels in images)
and ~ 30 cm (depending on cruising speed), respectively.
The observed results provide optical images with less dis-
tortion because the images have been taken from directly
above the seafloor. The image provided quantitative optical
information on the seafloor environment, such as the dis-
tribution and size of biological communities and outcrops
on the seafloor (Fig. 6).
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«Fig.2 Shipboard acoustic observation results. The location of the
observations is indicated by the black rectangle in Fig. 1. Polygon
on the map: AUV observed area (Fig. 3). a Bathymetry of study area
obtained by 1K20 cruise in 2020. The contour interval is 5 m. White
bold line: location of AUV-mounted sub-bottom profiler (SBP) sec-
tion (Fig. 4). Black bold line: shipboard SBP survey line (Fig. 5).
Circled numbers (i and ii): sediment core sampling points measuring
sedimentation rate, (i) 10.2 cm/kyr and (ii) 27.5 cm/kyr (Ikehara et al.
1994). b Distribution of faults (triangles) and acoustic blanking zones
(purple lines) indicated by shipboard SBP sections. Thin gray line:
shipboard survey lines. ¢ Backscatter strength distribution, darker
color indicates higher backscatter strength. White and black bold
lines, circled numbers coincide with (a). d Interpretation of backscat-
ter strength distribution

Results
Acoustic mapping and ground-truthing of seafloor

A depression and surrounding features at the summit area
of the knoll, based on AUV and ROV observations

The target knoll is an asymmetric anticline with a NE-SW
axis with a steep SE side (hereafter, we refer to the slope
as SE-slope) and a gentle NW side (NW-slope). High-res-
olution bathymetry data displayed a depression at the sum-
mit area of the knoll that extended approximately along the
direction of the major axis (Fig. 3a). The size of the depres-
sion was ~ 1000 m along the axis, 300—400 m across the axis,
and the maximum depth and length around the deepest part
of the depression were ~12 m and ~500 m along the axis,
respectively. The outer rims of the deepest part are bordered
by two inner terraces on the northeastern and southwest-
ern sides and scarps occur on the NW-slope and SE-slope
sides (Fig. 3a). There are bathymetric highs in the center of
the depression, an isolated hill with a height of ~12 m on
the NW-slope side and small ridges on the SE-slope side
(Fig. 3b). The backscatter strength distribution over the
depression was generally low in flat areas, and patchwork-
like highs and lows were observed around the isolated hill,
small ridges, and on the inner scarp on the SE-slope side
within the depression (Fig. 3c). Optical observation via
ROV revealed many small-scale bacterial mats and outcrops
(Fig. 6, see Fig. 3a for positions) over the small ridges and
an isolated hill, which are consistent with the areas of patch-
work-like high-backscatter distribution. In particular, dense
and linear bacterial mats were observed underneath a simi-
larly linear outcrop almost along isobaths on the inner scarp
on the SE-slope side (Fig. 6b). The bottom of the deepest
part of the depression tended to be covered with sediments
and had no bacterial mats and outcrops, which are consistent
with a low-backscatter distribution. Throughout the entire
area of ROV observation, outcrops appeared as an assem-
blage of dark- to light-gray-colored and irregularly shaped
blocks of a few to several dozen cm in size. The outcrops

are considered carbonate rocks that are commonly reported
on the seafloor in methane seepage areas (Matsumoto et al.
2009; Numanami and Matsumoto 2009). We found no GH
exposure on the seafloor via ROV observations and no bub-
bling indications via acoustic and ROV observations. Bathy-
metric features suggesting collapse and/or mass movement
connecting to the depression were not observed.

Two terraces at the southwestern and northeastern inner
ends of the depression were located at a depth of ~5 m from
the edge of the depression but they appeared to be very dif-
ferent from each other. The southern terrace (“t1” in Fig. 3b,
bottom) showed a half-circle and a relatively flat seafloor.
The low-backscatter strength indicated that the terrace was
thickly covered by sediments. The ROV observation was
consistent with the sedimented seafloor devoid of outcrops
and bacterial mats. The northern terrace (“t2” in Fig. 3b,
bottom) differed from the southern terrace in terms of acous-
tic characteristics having a complex shape, being surrounded
by steep slopes, and with a higher backscatter strength than
that of tl, especially on the inner ridge. The ROV obser-
vation showed several outcrops and bacterial mats on t2,
consistent with the rough seafloor and a relatively high-back-
scatter distribution on t2. One of three-point LWD measure-
ments (LWD1406, M04L) was conducted on the t2 and it
strongly suggested the presence of GH between just below
the seafloor to a depth of ~30 m, based on sonic velocity
log, gamma-ray, and resistivity data (Tanahashi et al., 2017).

At least three swells (bathymetric inflations: “s1”—“s3” in
Fig. 3b, bottom) were identified outside the depression via
AUV observation. The swell s1 was located on the south-
western extension of the crest from the depression and it
was ~4 m higher than the depression boundary. There was
a partially caved seafloor at the top, north (depression-side)
of s1, with a locally high-backscatter strength. The ROV
observation showed local outcrops and bacterial mats on
the rough seafloor and the northern side, and the rest of
the areas on s1 were covered by sediments. Several massive
GHs have been sampled from 8 to 21 m below the seafloor
by sediment coring from the s1 (Miyajima et al. 2022). The
LWD1407 (M0O5L) measurement was also conducted on
the s1, and they suggest the presence of GH below the sea-
floor (Tanahashi et al. 2017). The swell s2 was located on
the eastern side of the depression, which is ~4 m above the
boundary of the depression, with a relatively flat seafloor
and high-backscatter strength. The swell s3 is located on the
northeastern extension of the crest and it is approximately
2 m high relative to the depression. Swell s3 is larger and
flatter than the other swells. The backscatter strength was
slightly higher on the west side of s3 (depression-side) and
it gradually decreased toward the northeast. ROV observa-
tions showed patches of bacterial mats and outcrops on sedi-
ment in an area with a higher backscatter strength. The last
LWD1405 (M03L) measurement conducted on the s3 also
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Fig.3 Acoustic observation
results obtained by AUV. The
target area is indicated by the
polygon in Fig. 2. Point of LWD
measurements and photo images
(Fig. 6) indicated by the circle
in the bottom, which displays

a magnified image from the

box on the map. a Bathymetry
map. The contour interval is

0.5 m. White line: locations

of AUV-based SBP sections
(Fig. 4). Gay line: track line of
ROV observations. b Interpreta-
tion of (a) showing bathymetric
features; t1: southern terrace, t2:
northern terrace, s1: southern
swell, s2: swell located on the
eastern side of the depression,
and s3: northern swell. ¢ Back-
scatter strength distribution,
darker color indicates a higher
backscatter strength. d Distribu-
tion of acoustic blanking zones
indicated by SBP sections
obtained by AUV. Colored

bar: depth of top of acoustic
blanking zones. e Distribution
of faults indicated by SBP sec-
tions obtained by AUV. Colored
triangle: depth of top of faults

@ Springer

(b) Horseshoe
-shape
valleys

Terrace
@ Hill, small ridge
o Swell

oN géealggssﬁg)erl'shape
s, <= Shallow valley
21—~ ROV route

[WD1407andcoring _ Fig6a Figséb,6d O (m) 500

(c)

w\ < Artifacts?

“\ '\ LwD1406

LWD1407 and coring __ Fig6a Figséb,6d O (m) 500

(d)

North

Acoustic blanking'zone stop at:
== Top of Unit 1

= Top and inside of Unit 3

== Top of Unit4

Fault stop at:
Seafloor
z Top and inside of Unit 2
Top and inside of Unit 3
Y TopofUnit4



Marine Geophysical Research (2022) 43: 34

Page70f18 34

suggested the presence of GH below the seafloor (Tanahashi
et al. 2017).

Shipboard acoustic observations revealed a different
pattern of backscatter strength distribution compared
to AUV observations

Shipboard acoustic observations showed a similar pattern
to AUV observations for bathymetric features at the sum-
mit area of the knoll but a different pattern for backscatter
strength distribution. Over the depression and swells, the
shipboard backscatter strength pattern was uniformly high
(Fig. 2d), while AUV showed variously high and low-back-
scatter strength patterns (Fig. 3¢). At the same time, a sig-
nificantly wider range of high-backscatter strength than the
AUV observations were shown by the ship from the summit
area to surrounding areas in all directions. In particular, a
complex high- and low-backscatter strength distribution was
observed on the NW-slope near the crest (Fig. 2c, d). A part
of the relatively high-backscatter area extended toward ridge
branches from the southwestern extension of the crest to the
south (hereafter referred to as S-ridge). A spot of high-back-
scatter strength was identified on the S-ridge (Fig. 2c, d),
indicating that it preserves similar acoustic characteristics
as that of the summit area of the knoll. Bathymetric features
suggesting collapse and/or mass movement connecting to the
depression were not observed over the wider area as well.

Descriptions of other features observed by AUV and vessels

Radially distributed low ridges and shallow valleys are
bathymetric features that were recognized over the south-
ern part of the NW-slope near an outer margin of the area
observed by AUV (Fig. 3a, b) and were continuous north-
westward as shown by shipboard acoustic observation
(Fig. 2d). Backscatter strengths over the ridges and valleys
were generally low, indicating that these ridges and valleys
are mostly covered by sediments (Fig. 3b). Other shallow
and horseshoe-shaped valleys were clearly shown on the
southern part of the SE-slope and central part of the NW-
slope by AUV observation (Fig. 3c). Backscatter strength
was low in these valleys, implying that the seafloor was also
covered by sediment. Such negative topographic features
are more common over the relatively southern part of the
knoll. Conversely, positive topographic features except for
three swells, such as small hills, were more common on the
northern part of the knoll (Fig. 3b). The shipboard observa-
tions revealed spots of high-backscatter strength overlap-
ping with small hills, whereas AUV observation revealed
low-backscatter strength in the same region (Figs. 2d and
3c). Few spots of high-backscatter strength indicated by the
shipboard observation (Fig. 2c) were also identified at the
S-ridge and the northeastern extension of the crest of the

knoll, corresponding to the location of other small hills.
These subseafloor structures are described in the following
SBP section. Another geological feature, a pair of a mound
and a depression, was observed in the northern part of the
area observed by the shipboard, showing high-backscatter
strength on the mound (Fig. 2).

Shallow structures below the seafloor

SBP sections were acquired both by the AUV and the ves-
sel with the acoustic mapping surveys. Both AUV-equipped
and shipboard SBPs use a similar frequency, with a simi-
lar penetration of ~50 m and a similar vertical resolution
of ~0.2 m. The AUV-equipped SBP has a shorter distance
to the target, making it possible to shorten the interval of
transmitting acoustic signals and narrow apertures, such that
it has a higher lateral resolution. The SBP sections showed
stratigraphy that was roughly consistent with the topography
depicting a large anticline. The sections display some high-
amplitude layers and an “acoustic blanking” zone, which
is a mostly a vertical zone with almost no reflection signal,
shown on SBP sections and distributed below the depression
and other areas. We have converted the vertical axis of the
SBP sections from two-way travel time to depth, assuming a
uniform acoustic velocity of 1500 m/s (Figs. 4 and 5).

AUV-based SBP sections

Based on the subsurface acoustic stratigraphy shown by SBP
records, we identified four stratigraphic units and three nota-
ble reflectors. The reflectors change their amplitude along
the horizons, and sometimes the high-amplitude part shifts
to adjacent layers (Fig. 4).

Unit 1 is the uppermost unit between the seafloor and
Reflector-I, which disappears in the depression and on
swells; thus, Reflector-I appears at the seafloor in the depres-
sion and on swells. Unit 2 is a section between Reflectors
I and II, showing little change in thickness, which slightly
reduces and is dragged upward toward the depression edge.
Unit 3 significantly decreases in thickness as it approaches
the depression and exhibits the greatest thickness variation
among the four units, divided into two subunits by Reflector-
III: Unit 3a (upper part) and 3b (lower part). Unit 3a has a
characteristic transparent zone that lies between Reflectors
II and III, while Unit 3b is an alternating layer of relatively
transparent and reflective zones laying below Reflector-II.
The SBP profile shows that the lower limit of Unit 3b is an
unconformity, and it is not always evident. Unit 4 includes
parallel, stratified, and continuous thin layers over the pro-
files. The lower limit of Unit 4 sometimes exceeds the limit
of detection of SBP sections, and hence, Unit 4 was set as
the lowermost unit in our SBP sections description. The

@ Springer



34 Page80of18 Marine Geophysical Research (2022) 43: 34

Mass transport
deposit

550f-¢
(m)

650| H

700

550( 1 F—
(m)| nw SE

Acoustic

<>
*M Aclc_)lustlic_ A

Drafking

LWD

~ Acoustic blanking
(ii)

@ Springer



Marine Geophysical Research (2022) 43: 34

Page90of18 34

«Fig.4 a—-d: SBP sections obtained by AUV and their interpretations.
Double blue arrow: range of acoustic blanking. One-way blue arrow:
fault with acoustic blanking. One-way black arrow: fault without
acoustic blanking zone. Position of LWD1406 measurement (in the
northern terrace, t2 in Fig. 3b) located in the SBP section (Tanahashi
et al. 2017) is indicated by bold gray line in (a). (i)—(iii) Magnified
images coincide with boxes (i)—(iii) in Fig. 4a—d. (i) Fault with acous-
tic blanking zone, which stops at the top of Unit 2. (ii) A part of the
acoustic blanking zone. (iii) Fault without acoustic blanking zone,
which stops at the top of Unit 3

penetration of SBP’s signals was generally small on the SE-
slope. The details of each unit are as follows:

Unit 1 becomes thicker and more pronounced toward the
foot of the knoll and toward the northern part of the knoll.
Unit 1 over the SE-slope, especially in the southern part
of the slope, is seemingly hidden by the thickened Reflec-
tor-I. Unit 1 becomes thinner and finally disappears as it
approaches the depression. Sometimes patchy transparent
sediment on Reflector-I is identified inside the depression,
but those sediments are not connected to Unit 1 in the SBP
sections. Unit 1 tends to be thin on the southern part of the
SE-slope (Fig. 7). Unit 1, covering the southeastern foot of
the knoll, where a reverse fault is suggested, is continuous
toward the flat southern area.

Unit 2 appears at the bottom of the depression of the knoll
crest, where Unit 1 loses its lateral continuity (Fig. 4). Thick-
ness variance shows that Unit 2 tends to be thinnest on the
southern part of the NW-slope, which is the opposite side of
the thinnest part of Unit 1 (Fig. 7). Unit 2 includes a chaotic
pattern under the southeastern foot of the knoll, across which
a reverse fault is suggested, which is interpreted as a mass
transport deposit confirmed by seismic reflections over the
area (Ikehara et al. 1994; Okamura et al. 1996). Because
Unit 2 is continuous over the knoll and does not show a
large collapse connecting to the mass transport deposit at
the southeastern foot of the knoll, the deposit is considered
of external origin.

Unit 3 has a high-amplitude Reflector-II at the top,
Reflector-III between subunits 3a and 3b, and contains other
high-amplitude reflectors within the unit. Unit 3a, an upper
subunit of Unit 3, has a characteristic transparent zone con-
taining intermittently obscured layers. Unit 3a was clearly
visible in the southern part of the knoll but it was difficult to
identify in the northern part of the knoll. Unit 3a touches the
top of some acoustic blanking zones, while Unit 3b, lying
underneath Unit 3a, contacts the side of the acoustic blank-
ing zones. Unit 3b includes fine layers and changes its form
to wedge-shaped, thinning toward acoustic blanking. Unit 3b
contains relatively transparent zones, especially on the SE-
slope side of the knoll. There are significant anticlines cut by
multiple faults in the area below the low ridges and shallow
valleys at the southern part of the NW-slope. The lowermost
part of Unit 3b is an obscure layer and it is an unconformity.

Changes in thickness and deformation were observed to be
smaller in the northern part of the knoll (see Fig. 7).

Unit 4 was the lowermost unit that could be recognized
in SBP sections, and it is cut by the same multiple faults as
that of Unit 3b. Unit 4 is deformed along with Unit 3, yet
it appears to maintain a constant thickness even if cut. Sev-
eral unnamed high-amplitude reflectors were also observed
within Unit 4.

The “acoustic blanking” zone is an acoustic expression
that masks most of the structures on SBP sections (Fig. 4).
Obscure layers could be observed inside the acoustic blank-
ing zone in some cases. The acoustic blanking zones are
divided into two types: (1) broadly distributed and masking
most subseafloor structures (see Fig. 4a, b), and (2) very
thin features that also mask structures and are sometimes
accompanied by faults (see Fig. 4c, d). Acoustic blanking
zones widely appear over the summit area of the knoll in
several separated sections (Fig. 3d). The outstanding broad
one was located below the depression and neighboring area,
extending ~ 3 km along the crest (Fig. 4a). Others were iden-
tified in several parts relatively distant from the outstanding
one. Most of the acoustic blanking zones in the southern part
of the knoll had high-amplitude caps and relatively broad
widths and tended to stop at the top of Unit 3a. On the con-
trary, acoustic blanking zones in the northern part of the
NW-slope were very thin and vertical, tending to stop at the
top of Unit 2, and sometimes accompanying a diffraction
wave when the acoustic blanking zone crossed reflectors in
Unit 4 (Fig. 4d). None of the acoustic blanking zones pen-
etrated Unit 1 to the seafloor.

Normal faults are dominant within the SBP sections when
they have adequate displacements. We refer to the faults as
“shallow faults” to distinguish them from the tectonically
formed reverse fault on the southeastern foot of the knoll.
Some shallow faults accompany acoustic blanking zones,
while others do not (Fig. 4). Despite the difficulty in iden-
tifying the distribution of shallow faults because of the
acoustic blanking zones masking the subseafloor features,
the density of the shallow fault seemed to be high on the
NW-slope and southern part of the knoll but smaller on the
SE-slope and northern part of the knoll (Fig. 3e). Most of
the shallow faults that cut Units 3 and 4 seemed to stop at
the top of and within Unit 3. Shallow faults that cut Unit 1
(reaching the seafloor) formed ~23% of the total and were
mostly located on the NW-slope.

Shipboard SBP sections

SBP data obtained by surface vessels had a lower resolu-
tion than those obtained by AUV; however, we could follow
the distribution of Unit 1 over a wider area than the area
observed by AUV. Unit 1 is continuous between two regions
[regions (i) and (ii) in Figs. 2a and 5c], whose sedimentation
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Fig.5 a-e: Shipboard SBP sections, magnified images coincide with
boxes (i)—(iii). Double blue arrow: range of acoustic blanking zone.
One-way blue arrow: acoustic blanking zone. Bold gray line: position
of LWD measurement in SBP section (Tanahashi et al. 2017). Sedi-
ment core sampling points are indicated in (a). (i) Acoustic blanking
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zone covered by thin sediment layer (Unit 1). (ii) Acoustic blanking
zone below a small hill which is not penetrating Unit 1. (iii) Fault at
the southeastern foot of the Sakata Knoll interpreted as a tectonically
formed reverse fault (dotted line)
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Fig.6 Images obtained by ROVs. See Fig. 3, magnified bottom
image, for exact position of (a)—(d). a Mosaic image by SeaXerocks1
displays closely distributed black colored bacterial mat and out-
crops. Gray lines indicate 0.2 m intervals of contour line obtained by
acoustic observation using AUV. b Mosaic image by SeaXerocksl
displays white- and black-colored bacterial mats that appear roughly
aligned with the isobath of the local scarp, indicated by gray con-

tour lines (0.2-m intervals). ¢ Photo image of outcrop taken by ROV
HAKUYO3000. White line indicates approximately a 0.1-m scale.
d Photo image of bacterial mat lies under outcrops, taken by ROV-
Kaiyo3000 and SeaXerocksl. Green line in the image is the laser
beam measured relief data. White line indicates approximately a 1-m
scale
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Fig. 7 Thickness (upper) and thickness variance of Units 1-3 (lower).
The thickness variance shows the result of subtracting the thickness
of each point from the average thickness of each unit. A dotted circle

rate was estimated from surface sediments (Ikehara et al.
1994), to calculate the approximate formation period of Unit
1. The region with a 10.2 cm/kyr sedimentation rate (Ikehara
et al. 1994), region (i), is located in the western part of the
knoll close to the Mogami deep-sea channel. The thickness
of Unit 1 in the region (i) is 3—4 m, which implies that the
age at the bottom of Unit 1 is approximately 29-32 kyr. In
another region on the southeastern side of the knoll, region
(i), with a sedimentation rate of 27.5 cm/kyr (Ikehara et al.
1994), Unit-1 is covering the top of a slump deposit, which
is ~ 8 m thick. Therefore, it can be estimated that the age of
the bottom of Unit 1 is ~29 kyr, which is consistent with the
estimate in another region.

Isolated and relatively prominent acoustic blanking zones
were observed below the S-ridge (Fig. 5a) and along the
northeastern extension of the crest, below small hills, over-
lapped with high-strength backscatter, as inferred from the
shipboard acoustic observations [Fig. 5c, (ii)]. The acoustic
blanking zones did not penetrate Unit 1. The SBP section
crossing the prominent bathymetric feature at the northern
end of the knoll, a mound, and a depression, showed another
acoustic blanking zone (see Fig. 2b, d).

Shallow faults and acoustic blanking zones recognized on
the shipboard SBP sections were dense in the summit area,
as observed by AUV, and rapidly became sparse away from
the summit area (Fig. 2b). Discontinuities below a series of
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anticlines corresponding to low ridges and shallow valleys
in the southern part of the NW-slope were also observed in
the shipboard SBP sections, similar to the AUV SBP sec-
tions (Fig. 5d). A large discontinuity of units was identified
at the southeastern foot of the knoll, part of the reverse fault
[Fig. Se, (iii)], consistent with the AUV observations.

Discussion

Distribution of acoustically characteristic materials
and bacterial mats on and below shallow seafloor

Outcrops on the GH-bearing seafloor were also observed
off Joetsu, the other area harboring GHs ~200 km south-
west of our target area (Matsumoto et al. 2009; Numanami
and Matsumoto 2009) (see Fig. 1). The area off Joetsu
is where the large amount of shallow GH has been con-
firmed (e.g., Matsumoto et al. 2009; Hiruta et al. 2009;
Freire et al. 2011). Matsumoto et al. (2009) and Numanami
and Matsumoto (2009) reported that the outcrops in the
area off Joetsu are methane-derived authigenic carbonates
(MDACSs; Hovland et al. 1987; Aloisi et al. 2002; Buck-
man et al. 2020). Because of the similarity in tectonic set-
ting and occurrence of the outcrops between the area off
Joetsu and our target area, we consider that the outcrops



Marine Geophysical Research (2022) 43: 34

Page 130f 18 34

Fig.8 Conceptual model illustrating geological features and forma- »

tion processes of depression at the summit area of the knoll. Colors
of Units are coinciding with Fig. 4. Black line: sediment layer. Gray
bold line: shallow fault. Blue colored area: image of area filled by
gas-bearing fluid from depth. a A period of deposition of Unit 4. Dot-
ted line suggests an ancient fault, which will reactivate during fol-
lowing tectonic inversion. b A period of deposition of Unit 3. Large
uplift that forms along the crest and roughly forms the current knoll.
Acoustic blanking zone has widely formed. GHs possibly grew in this
period. Slumping event has occurred with the uplifting of the knoll. ¢
A period of deposition of Unit 2. Uplift has decreased but is continu-
ous, and it has moved southwestward. Acoustic blanking has grown
toward the seafloor at the central part. d Current status. GHs have
formed until this stage at the top part of the anticline and dissociated,
and then, depression was formed. Decreased gas emitted in a limited
area along the intersection of permeable layers and scarps forming
the depression. Gas appears to move along faults, but little or no gas
is released through the present seafloor

are probably MDACs. MDACs are formed within shal-
low sediments and sulfate-methane transition zones by the
mixing of methane and sulfate from seawater induced by
sulfate-reducing bacteria and methane-utilizing archaea
(Buckman et al. 2020).

As the outcrops have higher density and velocity than
the surrounding unconsolidated clay-dominated sediments,
the acoustic impedance contrast is greater between seawa-
ter and outcrops than between seawater and unconsolidated
sediments. Similarly, shallow GHs, shelled animals, and
sediments saturated by the gas-bearing fluid are potentially
represented by the high-backscattering areas because their
acoustic impedance contrasted with that of the surround-
ing unconsolidated clay-dominant sediments. The pattern
of backscatter strength distribution between AUV and
shipboard observations seems different, which is possibly
attributable to different penetrations of acoustic signals
due to different frequencies. Observations using AUVs
(with higher frequency waves) reflect only the information
on the seafloor, and observations using shipboard instru-
ments (with lower frequency waves) reflect information on
the part slightly below the seafloor. In other words, ship-
board acoustic observations have the potential to visualize
the distribution of materials that contrast greatly in acous-
tic impedance with the seafloor, not only when they are
on the seafloor but also when they are below the seafloor.

MDAC: are relatively stable on the seafloor and subsea-
floor environments, they remain once they are produced
(Watanabe et al. 2008; Crémicre et al. 2016). Therefore,
the presence of MDACs suggests that there was methane
seepage. Contrary to the MDACS, bacterial mats are indic-
ative of current seeps (Sahling et al., 2002; Boetius and
Wenzhofer, 2013). The limited distribution of bacterial
mats rather than outcrops suggests that gas flux is pres-
ently limited. The fact that we observed neither a shal-
low GH nor bubbles on the present seafloor support this
notion.

Unit4 .

Focused seepage at
inner wall of depression

(d)

Few (or no)

Inactive
thrust
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Inference of the uplifting periods of the Sakata
Knoll

The characteristics of Units 14 reveal the formation history
of the summit area of the Sakata Knoll for periods up to a
depth of ~ 50 m. The change in thickness of each unit reveals
the uplifting event. Figure 8 shows the conceptual model
illustrating the process of knoll formation.

Thicknesses of Units 1, 2, and 3, values for the first
and third quartiles excluding outliers, are 1.46-3.67 m,
7.34-16.25 m, and 12.52-23.75 m, respectively. The medi-
ans of Units 1, 2, and 3, in this case, are 2.52 m, 10.19 m,
and 17.24 m, respectively. Unit 3 displays the largest thick-
ness and variation.

Unit 1 tends to be thin at the SE side of the depression
(Fig. 7). On the contrary, Unit 2 tends to be thin at the top
of the SW side of the depression. Unit 3, the unit with the
most variable thickness, tends to be thin along (or relatively
southern part of) the crest line. After a relatively inactive
period during the formation of Unit 4 (Fig. 8a), the period
of the formation Unit 3 is considered to correspond to the
timing when the topography of the knoll was roughly com-
pleted across the axis (Fig. 8b), followed by a gradual uplift
on the SW side (Unit 2, Fig. 8c) and then on the SE side of
the crest (Unit 1, Fig. 8d).

Transparent subunits found in Unit 3 are interpreted as a
buried slumping event (e.g., Strasser et al. 2010; Moore et al.
2015), supporting the idea of an uplifting event that induces
the movement of surface sediment during the formation of
Unit 3. Fine sublayers found inside Unit 3b indicate that
hemipelagic sedimentation continued with uplift during this
period. Thicknesses of Units 1-3 tend to vary less and are
stable in the northern part of the knoll (Fig. 7), indicating
that the center of the uplift occurred in the southern part
of the knoll during this period. The negative bathymetric
features, which tend to be common on the southern part of
the knoll, might be related to minor slide scars due to the
deformation caused by the uplift. The unconformity at the
lower limit of Unit 3 and the deformed but relatively con-
stant thickness through Unit 4 indicate that the uplift was
inactive in the period of Unit 4, at least in the area around
the summit area of the knoll. Details regarding the age of
each unit remain vague due to the limited dating informa-
tion; however, some inferences can be made. Since Unit 2
appears at the bottom of the depression, which was formed
after Reflector-1 formation, sometime after 29-32 kyr, the
formation age might coincide with the last glacial period
(~22 kyr).
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Acoustic blanking zone, its relationship with units,
shallow faults, and current bathymetry

The acoustic blanking zone masks subseafloor structures on
SBP sections. Similar features have been reported in previ-
ous studies, such as acoustically transparent columnar dis-
turbances, acoustic masking, acoustic turbidity, and acoustic
voids (Judd and Hovland 2007). Judd and Hovland (2007)
explained these features as being related to gas migration
and gas escape structures through sediments. Matsumoto
(2009) referred to a similar feature as a “gas chimney,”
claiming it functioned as a gas movement path. In general,
acoustic signals are scattered and reflected at the bounda-
ries of physical properties. In addition, acoustic signals are
attenuated along the propagation path. When propagating
through the sediments filled by gas-bearing fluid, the attenu-
ation is more significant compared to that through the nor-
mal water filled sediments (Dvorkin et al. 2014). Domenico
(1976) suggested that fluids containing a small percentage
of gas can dramatically reduce velocity and attenuate the
amplitude of the acoustic signal. Priest et al. (2006) have
reported that the attenuation of acoustic waves is sensitive to
a small percentage of GH saturation. Although the acoustic
blanking zone shown in our SBP should be a good indicator
of the presence of gas-bearing fluid, it is difficult to quantify
gas contents; hence, the acoustic blanking zone does not
necessarily indicate the presence of a large amount of gas
in the region.

Acoustic blanking zones on the northern part of the NW-
slope mostly stop at the top of Unit 2, Reflector-1. The out-
standing broad acoustic blanking zone below the depression
and swells has two levels of top depth, it once stopped at the
top of Unit 3a, Reflector-II, but then its center part broke
through the Reflector-II, reaching Reflector-I (Figs. 3d and
8c). The rest of the acoustic blanking zones at the southern
part of the knoll along the crest mostly stop at Reflector-1I,
and none of the acoustic blanking zones penetrated Unit 1.
The acoustic blanking zone is widely distributed through
Units 3 and 4. As a result, a part of the gas-bearing fluid
formed GH in the summit area of the knoll.

Reflectors shown in SBP sections are interfaces between
two layers with different acoustic impedance. In our tar-
get area, volcanic ash layers and/or gas-bearing layers are
expected to be recognized as high-amplitude reflectors
because they display a significant acoustic impedance con-
trast with the surrounding clay-dominant sediments. In the
SBP sections, prominent high-amplitude reflectors appear to
have good horizontal continuity. However, a closer obser-
vation reveals that these high-amplitude reflections do not
necessarily occur between two specific layers. The positions
where the high-amplitude reflections are generated often
shift vertically to the boundary of the adjacent layer. There-
fore, we interpret that such characteristic high-amplitude



Marine Geophysical Research (2022) 43: 34

Page 150f 18 34

reflectors with upward shifts do not indicate boundaries
between specific geological formations but rather the top of
gas-bearing layers with extremely low acoustic impedance.

High-amplitude reflectors are prominent on the SE-slope
and are continuous with the reverse fault at the foot of the
knoll. The reflectors connect the reverse fault at the south-
eastern foot to the summit area, fading toward the NW-slope.
Therefore, the reflectors are considered routes to transport
fluid from the reverse fault to the summit area of the knoll,
while the gas-bearing fluid flows into the acoustic blanking
zone and spots where the permeable layer is cut off. On the
other hand, acoustic blanking does not deliver enough gas
to the seafloor because none of the acoustic blanking zones
penetrates Unit 1 and the limited distribution of bacterial
mats, which are not necessarily distributed just above the
acoustic blanking zones. Shallow faults recognized in SBP
sections, which are mostly normal faults, do not always
accompany acoustic blanking zones (Fig. 4), suggesting
that they also do not necessarily play a major role as a route
for fluid flow toward the seafloor. In the case of the Sakata
Knoll, as far as ~ 50 m below the seafloor, the primary route
of fluid flow consists of a reverse fault at the southeastern
foot of the knoll and high-amplitude reflectors over the
knoll, rather than acoustic blanking zones (Fig. 8). However,
some shallow faults reaching the seafloor may exceptionally
allow the fluid to pass to the seafloor and feed spotty bacte-
rial mats, for instance, on top of swells.

Formation of depression and current distribution
of shallow methane hydrate in the Sakata Knoll

Matsumoto (2009) suggested that the shallow GH had pos-
sibly dissociated due to the reduced pressure of seawater
when the sea level dropped during the last glacial maximum.
One of some possible causes of the dissociation of shallow
buoyant GHs was because of a large shock over the area. As
the bulk density of GHs is usually lower than that of seawa-
ter (e.g., Kiefte et al. 1985; Pellenbarg and Max 2000), it is
considered unstable if GHs and added gas are disturbed by
events such as large earthquakes. Drain back may be another
possibility for forming such a depression in the case of
degassing from mud volcanoes and/or magmatic volcanoes
(e.g., Sparks 2003). However, the Sakata Knoll originated
from a tectonic inversion, and hence, it does not have a con-
duit, therefore drain back cannot be applied. In fact, hori-
zontally continuous sedimentary layers were imaged beneath
the depression in the seismic profiles (Yokota et al. 2022).
For these reasons, we believe that the depression was formed
by a buoyant collapse rather than a usual mass movement
type collapse of the sediments (Fig. 8d). Our hypothesis is
supported by the lack of disturbance of Unit 1, whereas the
depression cuts Unit 1.

Terraces at both ends of the depression are considered to
have remained during this event. The depths of both terraces
are similar, and they are also close to the depth at which
linear outcrops and bacterial mats were observed along
the SE-slope side of the inner slope of the depression. The
level may function to exclude dissociation at both ends of
the depression when it was formed. The relatively complex
shape and appearance of outcrops and bacterial mats on the
northern terrace (indicating continuous seepage there) may
be related to a relatively active northern side of the knoll,
which is indicated by dominant positive bathymetric fea-
tures on this side. Spotty distributed seepages can be seen
where the seafloor locally dissociated on these swells. Our
ROV observations found bacterial mats, indicators of current
seepage (Sahling et al. 2002; Boetius and Wenzhofer 2013),
showing that limited distribution at the layer has been cut off
and the occurrence of localized collapses. The isolated hill,
small ridges, inner slope within the depression, and north-
ern terrace within the depression may be influenced by the
decreased, yet continuous, seepage through the permeable
layers after the formation of the depression (Fig. 8d).

Tanahashi et al. (2017) reported LWD1407 (MOSL)
measurements obtained in the summit area of the knoll and
the presence of GHs. Miyajima et al. (2022) reported that
sedimentary coring revealed massive GHs from the point
subject to LWD1406 (M04L) measurement at depths of
8-21 m below the seafloor. Although we did not directly
observe GHs on the seafloor through ROV observation, we
suggest that GHs are distributed in the shallow subseafloor
over the summit area of the knoll. Although acoustic map-
ping cannot distinguish MDACs, shallow GHs, and sedi-
ment saturated with gas-bearing fluid only based on acoustic
signals, acoustic mapping suggests the wider distribution of
acoustically characteristic materials on the seafloor and the
shallow subseafloor. Furthermore, the decreasing seepage
suggests that a supply of fluid is presently decreased, prin-
cipally occurring through the reverse fault of the southeast-
ern foot of the knoll, flowing through permeable layers over
the knoll. Such tectonically deformed topographic features,
an anticline as a storage of gas-bearing fluid connecting to
deeply (tectonically) developed faults as a route of gas-bear-
ing fluid from depth, would be widespread in the northeast
part of the Sea of Japan. We consider that such topographic
features over the area can be recognized as potential areas
for shallow GHs.

Conclusions

Acoustic mapping is beneficial in understanding the sur-
face distribution of acoustic characteristics and the subsea-
floor structures in areas with shallow GHs. In the case of
the Sakata Knoll, a shallow GH was confirmed by sediment
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coring and suggested by LWD measurements, even though
acoustic and optical observations did not directly detect bub-
bles or GHs on the seafloor. Based on a comparison of back-
scatter strength distributions obtained with AUV-equipped
side-scan sonar and shipboard MBES, acoustically charac-
teristic materials, such as MDACSs and/or GHs, may be wide-
spread in the shallow subseafloor. ROV operation suggested
a limited distribution of bacterial mats, which illustrates that
gas seepage is currently limited.

Interpretation of SBP sections revealed stratified layers
and shallow faults, high-amplitude reflectors, and acoustic
blanking zones for a depth of ~50 m below the seafloor.
The high-amplitude reflectors are considered the top of the
gas-bearing layers, continuing over the knoll toward the
tectonically formed reverse fault. Since shallow faults do
not necessarily accompany acoustic blanking zones, they
do not play an important role as a fluid migration route, at
least on the current seafloor. Consequently, in the case of
the Sakata Knoll, we considered the main route of the fluid
movement to the summit of the knoll to be the gas-bearing
layers through the reverse fault from the deep rather than
the acoustic blanking zones.

Based on the tracking of potential gas-bearing layers
and bathymetric features, the depressions at the top of the
knoll could have formed by the sufficient accumulation of
gas-bearing fluid and the loss of buoyant volume after the
formation of Reflector-I (and possibly during the forma-
tion of Unit 1). The partial volume at the top of the knoll
detached and moved upwards because of the buoyancy of
partially dissociated GHs than because of the surrounding
sediment, forming the depression in the summit area of the
knoll. Taking into account the estimation error, it is possi-
ble that the time of formation of the depression would have
been 29-32 kyr, which roughly coincides with the last
glacial maximum (~ 22 kyr). After that, the supply of gas-
bearing fluid through layers likely decreased but remained
continuous only in limited areas wherein the gas-bearing
layer was cut off, such as at the inner scarp of the depres-
sion, isolated hill, small ridges, and over the northern ter-
race. A few seepage spots are observed also on the swells.
Even if there is a decreased seepage of gas-bearing fluid
at the summit area of the knoll, there are widely distrib-
uted GHs in the shallow subseafloor. Such GH-populated
areas are considered widely distributed in the tectonically
formed topographic features along the northeast part of
the Sea of Japan.
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