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We identified 27 new mud volcanoes, including potential ones, in a part of the
Hyuga-nada area, southwest offshore Japan, at the northern end of the Ryukyu
Trench, based on subseafloor geological structures using geophysical
investigations. These mud volcanoes exhibited high density and breadth and
were likely connected to other mud volcano fields in the south. Acoustic
investigations indicated subseafloor structures. Multiple acoustically transparent
bodies were interpreted as a region containing gas. They were likely to appear
along faults and below the bottom of valleys and sometimes reached the seafloor,
expressing mud volcanoes onto the seafloor. They also indicated the wide
distribution of subseafloor free-gas throughout the area. These acoustic
investigations suggested that a swarm of mud volcanoes exists over the Hyuga-
nada area, heterogeneously distributed along a series of plate convergent margins,
the Nankai Trough, and the northern part of the Ryukyu Trench.

KEYWORDS

mud volcano, Hyuga-nada, Kumano Basin, three-dimensional reflection seismic survey,
sub-bottom profiler, subseafloor structure

1 Introduction

Mud volcanoes are a surface expression of moving sediment and fluid from the Earth’s
depths to the surface. Mud volcanoes can only be certified when mud diapirs reach the
surface and change the topography (Milkov, 2000; Dimitrov, 2002; Kopf, 2002). Mud
volcanoes have been used as subsurface oil and natural gas reservoir indicators because they
were initially observed in oilfields (Bates and Jackson, 1987). Despite the name “volcano”
being reminiscent of a hot and mountain-like structure, the definition of the mud volcano
does not include high temperature any specific landform because they are formed by
sediment and the shape is determined by the viscosity of the extrudes which varies with the
water content (Shih, 1967; Brown, 1990; Hamada et al., 2009). Mud volcanoes have been
reported worldwide from sediment basins, along convergent margins, delta systems of large
rivers with high sedimentation rates, inland seas, lakes, and geothermal fields (Milkov, 2000;
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Bathymetry map of the study area. Circles: mud volcanoes (white) and potential mud volcanoes (black) in the Kumano Basin (Kopf et al., 2013; Pape
et al, 2014; Asada et al.,, 2021), off-Muroto (this study), Hyuga-nada (this study), mud volcanoes in off-Tanegashima (Inagaki et al., 2018). Polygon: mud
diapir and surge off Tanegashima to off-Amami Oshima (Ujii¢, 2000), and mud volcano off-Kikaijima (Sato and Itaki, 2015); black arrow: direction of the
Pacific Plate convergence relative to the Eurasian Plate (DeMets et al,, 2010). The isobath contour interval is 100 m. The black boxes on the map

indicate the location of Figures 2A-C.

Dimitrov, 2002; Kopf, 2002; 2016; Mazzini and Etiope, 2017). Thus,
mud volcanoes are considered to be constructed under a
compressional stress field. To make mud and fluid move upward
from depths to the surface, gravitational instability and/or buoyancy
sources such as heat and gas are required as driving forces (Milkov,
2000; Dimitrov, 2002; Kopf, 2002; 2016; Mazzini and Etiope, 2017). In
particular, gas is necessary for buoyancy during the formation of mud
diapirs that reach the Earth’s surface (Brown, 1990). Over 98% of land
mud volcanoes discharge methane gas (Milkov, 2005). Deformation
and decreasing strength of rocks under the compressional stress field
can be a driving or triggering force for mud volcanism (Soto et al.,
2021a; b). Seismic activities that occur nearby can also trigger mud
volcanisms (Manga et al,, 2009; Wang and Manga, 2021).

Because mud volcanoes transport mud and fluids from the depths
to the surface, heat and elements discharged from mud volcanoes
sometimes harm living organisms (as observed for the Lusi mud
volcano, Sidoarjo, Indonesia) and may result in pollution. Mud
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volcanoes can sometimes trigger tsunamis if located offshore and
have explosive characteristics, resulting in large slump-generating
waves. Thus, mud volcanoes are considered a potential submarine
geohazard, and this is a reason why attention should be paid to them
(URL1). Moreover, mud volcanoes can discharge fluid and living
organisms from the subseafloor (e.g., Hoshino et al., 2017); they can
affect the submarine environment and be a stepstone for the
propagation and distribution of chemosynthetic ecosystems. These
are the reasons why we want to determine an accurate distribution of
offshore mud volcanoes.

Japan, located along a convergent plate margin, has large and a
few small mud volcano fields in offshore areas and on land,
respectively. Previous studies of offshore mud volcanoes in Japan
have mainly focused on the Kumano Basin, a forearc basin in the
Nankai Trough (Figure 1). Within the Kumano Basin, a swarm of
14 mud volcanoes, comprising a large mud volcano field, has been
reported (Kuramoto et al., 2001; Pape et al., 2014; Asada et al., 2021)
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FIGURE 2
Location of mud volcanoes on Red Relief Image Maps. Gray-
colored narrow belts indicate areas in which acoustic mapping has
been performed during two cruises (YK15-10 and YK18-05). (A)
Kumano Basin. Circles and numbers indicate known mud
volcanoes (Kopf et al., 2013; Pape et al,, 2014, 1a). KBEFZ: Kumano
Basin Edge Fault Zone (Martin et al., 2010). (B) off-Muroto. Circle: a
potential mud volcano. (C) Hyuga-nada. The 13 open boxes indicate
the location of the newly identified mud volcanoes including potential
ones, confirmed using an SBP, and the 14 open circles indicate mud
(Continued)
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FIGURE 2 (Continued)

volcanoes identified using seismic profiles, respectively. White
symbol: mud volcano with distinguished high backscatter intensity
(square) or with subseafloor feature (circle); gray symbols: potential
mud volcano with unclear features. Number: a newly certified
number in this study. RIMA: restricted area because it is used by the
U.S. Navy for training purposes.

(Figure 2). Geochemical (Tsunogai et al., 2012; Toki et al., 2013;
Pape et al., 2014; Nishio et al., 2015; Menapace et al., 2017; Jjiri et al.,
2018a; b; Lalk et al., 2022), geophysical (Martin et al., 2010; Strasser
et al., 2011; Tsuji et al, 2014; Moore et al, 2015), and other
investigations have been conducted in the area. Bottom
simulating reflectors (BSRs), seismic reflections nearly parallel to
the seafloor, are significant indicators of subseafloor free-gas
distribution and have been reported through the Kumano Basin.

Our research target area, the Hyuga-nada (Figure 1), is another
offshore and scientifically underrepresented location positioned at
the intersection of two trenches, the Nankai Trough and the Ryukyu
Trench, in the eastern offshore region of Kyushu Island. Mud
volcanoes in the Hyuga-nada were first identified around the
2000s during the installation of submarine cables by a
telecommunication company; however, to date, academic
investigations have yet to be performed.

We report 27 newly identified mud volcanoes in the Hyuga-nada
area, including mud volcano candidates. We defined new mud
volcanoes based on whether their conduit reached the seafloor on
subseafloor profiles obtained from three-dimensional (3D) seismic
surveys or sub-bottom profilers (SBP). Moreover, bathymetric
expressions and backscatter intensity on the seafloor in the
surrounding area where the conduit reached the seafloor
sometimes helped recognize new mud volcanoes. Furthermore, we
propose that the huge mud volcano field (a swarm of multiple mud
volcanoes) encompassing the Hyuga-nada and areas further south,
which are off Tanegashima, and the region toward Kikai-jima Island
(Ujiié, 2000; Nakayama et al., 2010; Inagaki et al., 2018) are established
along the Ryukyu Trench (Figure 1). The series of mud volcano fields
may be the largest mud volcano field in offshore areas of Japan.

2 Geological setting
2.1 Mud volcano

Mud volcano fields can be found worldwide in Azerbaijan (both
on land and offshore oilfields) (Planke et al., 2003; Yusifov and
Rabinowitz, 2004), Cadiz Bay (offshore sedimentary field; e.g.,
Somoza et al, 2003; Van Rensbergen et al., 2005), southwest
Taiwan (both on land and offshore sedimentary fields; Shih,
1967; Chuang et al., 2010; Sun et al, 2010; Doo et al, 2015),
northeast New Zealand (both on land and offshore sedimentary
fields; Ridd, 1970; Leighton et al, 2022), Barbados (offshore
sedimentary field; Brown and Westbrook, 1987; Lance et al,
1998; Summer and Westbrook, 2001), and in the Kumano Basin
in Japan (offshore sedimentary fields) for instance. The mud volcano
is sometimes used in geothermal fields (e.g., Yellowstone in the US,
LUSI in Indonesia, and Rotorua in New Zealand). However, this
phenomenon is rather confusing because mud volcanoes are not
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formed from magmatic rocks like many other volcanoes in the
region but from buoyant sediments owing to gases and heat. Mud
volcanoes frequently appear along existing geological structures
such as faults and fissures (Bonini, 2012; Soto et al., 2021a; Soto
et al, 2021b) and anticline (Shih, 1967; Hamada et al.,, 2009).
Nevertheless, not all faults, fissures, and ridges accompany mud
volcanoes. Knowledge of the characteristics of seismic signals (Soto
et al,, 2021a; Soto et al., 2021b; Hudec and Soto, 2021), which
visualize conduits below the mud volcanoes, is essential to
understanding the depths; however, knowledge on the origin of
conduits remains limited. Several studies have discussed planar
distribution and original depths of conduits by comparing
sediments with geological data (Miyakawa et al, 2013). The
planar distribution of mud volcanoes can be easily investigated
on land, but it is difficult offshore because they sometimes display
tiny geophysical features. Geophysical investigations have indicated
the presence of conduits just below mud volcanoes, which can be
evidence of sediment movement from the depths toward and
reaching the surface (Van Rensbergen et al., 2005; Deville et al,
2006; Feyzullayev, 2012; Asada et al., 2021; Soto et al., 2021a; Soto
etal., 2021b; Hudec and Soto, 2021; Kirkham and Cartwright, 2022).
We sometimes need to use several methods to verify mud volcanoes.

2.2 Geology along southwest Japan from
the Kumano Basin to Hyuga-nada

The Philippine Sea Plate subducts beneath southwest Japan,
along the eastern edge of the Eurasian Plate at the Nankai Trough
and the Ryukyu Trench (Figure 1). The Nankai Trough is notorious
for large earthquakes triggered by the subducting Philippine Sea
Plate, which subducts at a rate of approximately 5.84 cm/yr (DeMets
et al,, 2010). The Kumano forearc basin is located along the eastern
part of the Nankai Trough (Figure 2A) and is a sedimentary basin
with a thickness of > ~1km overlying the accretionary complex
(Moore et al., 2015; Ramirez et al., 2015). The bathymetry within the
basin undergoes a minimal change across tens of kilometers across
the area. The basin’s south-eastern (oceanward) edge, known as the
Kumano Basin Edge Fault Zone, is characterized by its steep
geometry (Martin et al., 2010). The distribution and geochemical
characteristics of mud volcanoes in the Kumano Basin have been
reported in previous studies based on results from the scientific
drilling vessel Chikyu (Japan Agency for Marine-Earth Science and
Technology) (Nishio et al., 2015; Ijiri et al., 2018a; b).

The fluid discharged from several mud volcanoes in the
Kumano Basin is mostly methane gas of biogenic and
thermogenic origins. The depth from which this methane gas
originated is approximately 1km below the seafloor (near the
bottom of the sedimentary basin of the Kumano Basin) for
biogenic gas, and several kilometers below the seafloor (within
the accretionary prism) for thermogenic gas, respectively (Pape
et al., 2014; Ijiri et al, 2018b; Wiersberg et al., 2018).
Additionally, fluid originating from the depth of the mantle
wedge, possibly deeper than approximately 30 km below the
seafloor, is included within the discharged fluid from mud
(Nishio et al., 2015).
Sediments discharged from mud volcanoes are considered to

volcanoes in the Kumano Basin

have originated at depths of a few kilometers below the seafloor
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(near the basement rocks of the sedimentary basin; I[jiri et al.,
2018a), suggesting that the depths from which fluids and
sediment are sourced are not necessarily the same.

The ancient accretionary complex, named the Shimanto Belt,
formed between the Cretaceous and Paleogene periods is exposed
onshore of southwestern Japan parallel to the trench axis in the
Nankai Trough (e.g, Taira et al, 1992; Moore and Saffer, 2001;
Kawabata et al, 2007). Industrial operation of gas fields is
performed along the eastern coast of Kyusyu Island, which is
adjacent to the western onshore area of the Hyuga-nada, based on
the accretionary complex. Gas products from onshore gas fields indicate
that the gas has a mixed origin and is both biogenic and thermogenic
and is released upon mining from 150 to 1700 m below the surface
(Kato et al, 2011). The original stratigraphy and reservoir of the
onshore gas fields consist of late Miocene sediments (Kato et al,
2011) belonging to the accretionary complex and continue to dip
steeply oceanward (Okamura, 2008). The narrow shelf along Kyusyu
Island is tens of kilometers wide. There is a forearc basin named the
Miyazaki-oki Basin with a rough bathymetry, which is unlike that of the
Kumano Basin. Deformation structures, such as faults and folds, can be
recognized on the offshore geological map and seismic profiles
(Okamura, 2008).

3 Data acquisition
3.1 3D seismic reflection data

Subseafloor geological structures were obtained from 3D seismic
reflection surveys conducted between 2009 and 2013 by domestic oil
and natural gas explorations in the eastern offshore area of Kyushu
Island. Since disclosing specifics of the exploration is forbidden, we
cannot provide more details; however, seismic profiles showed high-
quality subseafloor structures to depths of ~3500~4000 ms in two-way
travel time below the seafloor, which sufficiently supports the purpose
of this research. The dominant frequency of the seismic waves at the
seafloor was ~35 Hz, corresponding to a wavelength of —40 m when the
sound wave velocity was 1,500 m/s (Figure 3). The frequency within
10 dB from the peak frequency was in the range between ~ 15 and
60 Hz, with a corresponding vertical resolution of ~ 4-25 m (A/4). The
bin size of the profiles ranged from approximately ten to several tens of
meters the inline and crossline, and each bin contained 10 or more
reflection points. The acquired seismic data were processed with a series
of data processing steps centered on 3D pre-stack time migration.

3.2 Acoustic mapping through the YK15-10
and YK18-05 cruises

An acoustic investigation using a shipboard SBP for shallow
subseafloor structures (EdgeTech, 3300-HM, 2-16 kHz, for shallow
subseafloor structures) and a shipboard multi-beam echo sounder for
mapping (Kongsberg, EM122, 12 kHz, for bathymetry and backscatter
intensity) was conducted during research cruises in 2015 (YK15-10,
URL2) and 2018 (YK18-05, URL3) along southwest offshore Japan,
over the areas connecting the Kumano Basin and Hyuga-nada areas
(Figure 1). Bathymetry data and backscatter intensity were obtained
along the same survey lines as the sub-bottom profiles. The sub-bottom
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FIGURE 3

Results from the frequency analysis. (A) Frequency spectrum distribution of reflected waves on the seafloor. Red and yellow lines show the results of
the frequency analysis performed at the location of the boxes in the same color in (B). (B) Seismic profile. Frequency spectrum analysis was performed at
the position of each box, indicating a simple and flat seafloor. The color of the box corresponds to the colored line in (A).

profiles displayed shallow subseafloor structures down to ~ 60 ms of
two-way travel time below the seafloor. The SBP transmits a single
conical acoustic signal per ping, thus it only detects the structure just
below the survey lines (Figure 4).

3.3 Bathymetric visualization

The compiled bathymetry data (Yamashita et al., 2017) were
used to observe surface expressions in the area in which the acoustically
transparent body touched the seafloor in the Hyuga-nada or the
locations of known mud volcanoes in the Kumano Basin reported
by previous studies (Kuramoto et al., 2001; Pape et al,, 2014; Asada et al,,
2021). Figures 2, 5 display bathymetry maps using a 3D presentation
technique called the Red Relief Image Map (RRIM) (Chiba et al., 2007;
2008). RRIM is an elaborate illumination-independent 3D visualization
method that uses high-density and high-resolution digital elevation
model (DEM) data to extract the slope, concavities, and convexities
from a given zenith (Chiba et al., 2007; 2008). In RRIM, a change in the
slope angle is represented by a red-to-white color variation and
concavities and convexities by grayscales, which enhances the
of bathymetric small-scale
deformations. The source of the bathymetric data for our target area

characteristics features such as

was compiled from acoustic mapping data provided by Yamashita et al.
(2017), which does not include backscatter intensity.

4 Interpretations of acoustic
Investigations

4.1 Methods for recognizing mud volcanoes
in the Hyuga-nada

We identified conduits that appeared transparent with few
reflected waves (“acoustically transparent body”) in the sub-
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bottom and 3D seismic profiles to identify subseafloor moving
sediment. The acoustically transparent body is mostly a vertical
structure which sometimes cuts through the stratigraphy from
the depths toward the surface. If there are no sediment layers on
top of the acoustically transparent body, we inferred that the
location of the point of the acoustically transparent body
reaching the seafloor is a point of extrusion, and the
bathymetric feature at the point is a surface expression of it, a
mud volcano. At the same time, if the top of the acoustically
transparent body is covered by sediment layers, it should not be a
mud volcano and might be a mud diapir and/or a part of a
compressional ridge. The identification of “Christmas-tree
structures” (a typical subseafloor structure below mud
volcanoes, which refers to the penetration of a lateral part of
the acoustically transparent body into the
contributed to the
subseafloor structure forming the mud volcano.

The bathymetric feature with high backscatter intensity suggests

fluid discharge from the seafloor. The higher backscatter intensity on

surrounding

stratigraphy) identification of the

the seafloor indicates harder materials such as outcrops and/or animals
with hard shells. This is because hard materials generate larger jumps
in acoustic impedance than the surrounding sediment (Asada and
Yokota, 2021). Chemosynthetic shelled animal communities often
inhabit fluids discharged from the seafloor. Methane-derived
authigenic carbonates (MDACs; Hovland et al, 1987; Buckman
et al,, 2020; Aloisi et al., 2002) are also generated in such areas due
to the reaction between seawater and methane gas, and they contribute
to generating higher backscatter intensity of acoustic signals
(Ceramicola et al, 2018). Consequently, the detection of high
backscatter intensities has been used historically for the exploration
of mud volcanoes (e.g., Van Rensbergen et al., 2005; Blondel, 2009;
Ceramicola et al., 2018; Asada et al,, 2021). Circular patterns of high
backscatter intensities support the identification of locations in which
fluid is discharged from a point source. Bathymetry is often useful in
identifying mud volcanoes, however, due to the resolution limits of
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FIGURE 4

Subseafloor structures obtained by the SBP, in the Hyuga-nada
area, for HyMV1-5, 7, and 9-15. Darker colors indicate a higher
amplitude. Black arrow: mud volcano; gray arrow: anticline. Vertical
exaggeration is ~2.0. The horizontal lines (on both left and right
panels) are spaced 500 ms in two-way time.

geophysical surveys, its accuracy is not always sufficient to indicate
bathymetric changes in the seafloor.

4.2 Mud volcanoes in the Kumano Basin

Based on previous studies, we have summarized the
bathymetric characteristics of mud volcanoes in the Kumano
Basin (Kopf et al., 2013; Pape et al., 2014; Asada et al., 2021;
Table 1). A total of 14 mud volcanoes have been reported in the
Kumano Basin, and they have been numbered based on the order
of their discovery (Figure 2A). They are distributed on the
relatively flat basin floor and mostly classified as the “pancake
type” with a mean surface gentle slope angle of <10° (Kioka and
Ashi, 2015).

Depths (Pape et al., 2014) at the top of a small hill. The small and
remarkably steep KMV 14 shows a local inclination exceeding 30°,
indicating high ejecta viscosity. Asada et al. (2021) suggested that
KMV14 may have fault gouges because it is located in the Kumano
Basin Edge Fault Zone (Martin et al., 2010).

A remarkably high backscatter intensity was observed near the
mud volcano KMV14, where gas discharge had been reported

(Menapace et al., 2017; Asada et al., 2021; Asada and Yokota,
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2021). The high backscatter intensity of KMV5, a known active
mud volcano discharging fluids (Nishio et al., 2015; Tjiri et al., 2018a;
b), displays a circular pattern (Figure 5, KMV5 and 6), indicating an
area influenced by fluid discharged from a point source.

4.3 Mud volcanoes off Muroto, the area
connecting the Kumano Basin and Hyuga-
nada

Acoustic mapping with sub-bottom profiles connecting the
Kumano Basin and Hyuga-nada areas was obtained during the
YK18-05 cruise (Figure 1). The survey line was designed along a
constant depth of 2,000 m, roughly the same depth as that of the
mud volcanoes in the Kumano Basin, to maintain a stable acoustic
signal output power level. This survey enables us to compare the
observed backscatter intensities between different areas. Only one
potential mud volcano was identified along the connecting area,
marked by a notably high backscatter intensity and an isolated hill
slightly off-nadir of SBP (Figure 2B). The high backscatter intensity
shows a characteristic three-way branching resembling the tip of a
chicken foot (Figure 5, MuMV1). The isolated hill is located at the heel
of the chicken foot, and the high backscatter intensity distributes flow
downward to increase water depth. The hill is located along the fault
zone in the off-Muroto area. Because MuMV 1 was slightly off-nadir, the
shallow subseafloor structures could not be obtained, so we designated
the isolated hill as a “potential” mud volcano.

4.4 Mud volcanoes in the Hyuga-nada

We identified 27 mud volcanoes including potential ones in the
Hyuga-nada, based on a subseafloor acoustically transparent body
reaching the seafloor (Figures 4, 5, HYMV1-27). HyMV1-5, 17, 19,
and 22-27 have distinctive subsurface features; thus, we propose that
they are mud volcanoes (Figure 2C, white open symbols). At the
same time, subseafloor features below HyMV6-16, 18, 20, and
21 were weak and required more verification using other
methods such as the dating of sampling materials; nevertheless,
they are new potential mud volcanoes (Figure 2C, gray open
symbols). These mud volcanoes show a dense distribution within
the surveyed area. Several other bathymetric features were detected
outside the seismically studied area and off the survey line of SBP,
suggesting the presence of other mud volcanoes in the area. Most
mud volcanoes in the Hyuga-nada were identified on slopes;
therefore, it is difficult to define their exact diameter and inclination.

Sub-bottom profiles display acoustically transparent bodies cutting
through the sediment layers at shallow depths. In this study, if the
stratigraphy was not cut by acoustically transparent bodies or a shallow
sedimentary layer was found on top of these bodies, thus not reaching the
seafloor at present, they were not considered mud volcanoes (gray arrows
in Figure 4). A circular to semi-circular high backscatter intensity pattern
was recognized around HyMV5, 9, and 15 (Figure 5). Partially high
backscatter intensities reflect a patchy distribution of relatively harder
materials on the seafloor and/or shallow subseafloor, suggesting the
existence of hard rocks and/or shelled animals due to fluid discharge
from the seafloor. Although the bathymetric expression was distinct at
HyMV1, 10, and 14, the backscatter intensity is relatively low. This
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TABLE 1 Center location, depth, and remarks regarding the bathymetric features of mud volcanoes, including potential ones, in the Kumano Basin, off-Muroto,
and Hyuga-nada areas based on the bathymetry map drawn by the RRIM shown in Figure 6. If no bathymetric feature was found in the bathymetry map, only the
location of the point at which the acoustic transparent body reaches the seafloor (determined by the profiles shown in Figures 4, 5) is shown in the table. The basis
of the location is shown in the remarks, 1: Pape et al. (2014); 2: Asada et al. (2021); 3: this study, positions from the sub-bottom profile; and 4: this study, positions
from the 3D reflection seismic profile.

Name Longitude Latitude Top Max. Max. Local Max. Basis of the location and characteristics of mud
depth depth inclination Diameter volcanoes
The Kumano KMAT1 137.0875 33.7139 1846 1984 14 1,140 1
Basin
2 136.9208 33.6750 1999 2014 5 900 1
3 136.6708 33.6333 1951 2066 8 1,010 1
4 136.6339 33.6561 1981 2064 24 520 1
5 136.5669 33.6767 1902 2060 19 1,140 1
6 136.5597 33.6847 1923 2055 15 1,690 1
7 136.5681 33.7333 1936 2015 14 1,280 1
8 136.5572 33.6042 2031 2065 10 710 1
9 136.5589 33.6319 2048 2060 3 1,010 1
10 136.2822 33.5478 1825 1953 18 860 1
11 136.7078 33.3881 2009 2050 30 300 1
12 136.6675 33.5236 2061 2062 2 210 1, subtle high
13 136.9153 33.7683 1879 1960 15 560 1, keyhole-shape high
14 136.5972 33.2522 1923 1956 30 420 2, peninsula
Off-Muroto MuMV1 134.1689 32,6778 1994 2030 12 490 3
The Hyuga-nada HyMV1 132.7417 32.0983 1,346 1,585 29 1,580 3
2 132.7225 32.1019 1,363 1780 31 1,580 3, irregular shape along fault scarp
3 132.4667 320764 1,623 1880 15 1,690 3, ridge along fault scarp
4 132.3708 32.0417 1742 1900 20 1,060 3, L-shaped ridge
5 132.2439 32.0528 1,605 1820 27 1,300 3
6 131.9486 31.9819 890 930 7 900 4, nearly round shape along the valley
7 132.3439 31.9583 1763 1850 11 810 3, irregular-shaped ridge
8 131.9917 31.9083 1,130 Unable to define outline of mud volcano 4, part of the valley floor
9 132.0833 31.9125 1,443 1,560 18 880 3
10 132.1389 31.9150 1,622 1,675 10 550 3
11 132.2717 31.9167 1883 1945 10 700 3
12 132.3592 31.9250 1729 1860 8 1,620 3
13 132.4556 31.9022 1883 1985 19 1,030 3
14 132.2114 31.8669 1824 1910 12 960 3
15 1324389 31.8625 1828 1980 12 1,200 3, X-shaped ridge
16 131.8231 31.8283 609 640 6 650 4
17 131.8156 31.7967 568 Unable to define outline of mud volcano 4, small peninsula
18 131.9086 31.7800 855 Unable to define outline of mud volcano 4
19 132.0569 31.7867 1,270 1,324 9 510 4
20 131.8906 317172 870 Unable to define outline of mud volcano 4, part of slope
21 132.0356 31.7083 1,197 Unable to define outline of mud volcano 4, small peninsula
22 132.0069 31.6417 1,285 1,305 5 380 4
23 132.0236 31.5744 1,574 1,615 8 580 4, in a depression like a bean pod
24 132.0283 31.5628 1,595 1,635 5 790 4, in a depression like a bean pod
25 131.9272 31.5542 1,141 Unable to define outline of mud volcano 4, small peninsula
26 131.8558 31.4722 869 Unable to define outline of mud volcano 4, round shape on scarp
27 131.8919 31.4586 1,043 1,135 10 2000 4
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suggests that HyMV1, 10, and 14 are mostly covered by sediment similar
to that covering the surrounding seafloor, which indicates ceased fluid
discharge. HyMV2-4, 7, and 11-13 stand on acoustically transparent
bodies; however, their bathymetric expression and the backscatter
intensity were not distinct, thus they were categorized as potential
mud volcanoes.

Seismic profiles provide the fine structure of the deeper
subseafloor (Figure 5). The shallower part of the profile shows a
horizontally traceable stratigraphy. The attenuation of seismic waves
weakens the intensity of reflection waves in areas deeper than
1,000 ms below the seafloor. The lateral continuity of the
stratigraphy is more prominent landward, and deformation
increases oceanward. A layer and/or a block with chaotic facies
inside bounded by a well-continuous upper and lower stratigraphy
are interpreted as a result of mass transport which occurred during
the geological timescales. The blocks are especially interpreted as a
part of mass transport deposits (MTDs), whose internal geometry
and configuration can be used to reconstruct the kinematics of the

Frontiers in Earth Science

sediment (Moore et al., 2015; Lackey et al., 2018; Figure 5). Some
MTDs had a duplex structure within their internal facies, which is
interpreted as deformation due to the horizontal shortening of
stratigraphy. Unlike MTDs, the lenticular bodies show mostly
transparent interiors and lack duplex structures inside (Figure 5,
HyMV20 and buried lens). Lenses are occasionally situated at the
upper end of the acoustically transparent body and reach the
seafloor. Acoustically transparent bodies were likely to appear
along a ridge of gentle anticlines (HyMVS, 16, 18-21, 25, 26),
places at which the stratigraphy changes depth, likely due to
being faulted (HyMV17, 22, 27), and below the bottom of a
valley (HyMV23, 24). Sometimes the acoustically transparent
body included a weak stratigraphy dragged upward.

BSRs were widely distributed throughout the area (Figure 5).
They occurred sub-parallel to the seafloor, with a high-amplitude
and reverse polarity of seismic waves from the seafloor (Figure 5,
blue line). BSRs became continuous and clearer oceanward. In
places, two and three BSRs were identified (Figure 5, yellow line).
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In this case, the shallowest BSR shows relatively good lateral
continuity, and the tend to be
discontinuous and weak. Most mud volcanoes were accompanied

second and third ones

by BSRs in and around the underlying acoustically transparent
bodies.

Acoustically transparent bodies reaching the seafloor could be
especially clear below HyMV17, 19, and 22-27, which had
bathymetric expressions on the seafloor. Seismic profiles showed
a Christmas-tree structure at the side of the acoustically transparent
bodies, especially below HyMV19-22 (Figure 5). The acoustically
transparent bodies below HyMV6, 8, 16, 18, and 25-27 were
relatively weak and narrow. The acoustically transparent bodies
become less distinct at greater depths, and their bottom could not be
identified. The magnified bathymetry map around the location at
which subseafloor structures reached the seafloor (Figure 6) shows
various bathymetric expressions such as hills or ridges with various
backscatter intensities. Some of them (HyMVS8, for example) lacked
distinct bathymetric features.

Frontiers in Earth Science

10

5 Discussion

5.1 A large mud volcano field in the Hyuga-
nada

The Hyuga-nada is located ~100km eastward from the
onshore industrial gas field on Kyusyu Island. As the source
stratigraphy of the gas field is inclined oceanward (Okamura,
2008), the gas field is expected to extend to the Hyuga-nada. The
3D reflection seismic profiles showed that BSRs were widely
the and became
pronounced oceanward; thus, gas-bearing fluids are also

distributed over surveyed area more
expected to spread over the area of interest. The mud
volcanoes identified in the Hyuga-nada displayed a variety of
bathymetric features: mounds and ridges with various sizes and
inclinations. Furthermore, some of these topographical features
could not be detected within the observation accuracy.

Additional mounds outside the observed area suggest the
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presence of more mud volcanoes in the target area. Including
potential ones, we suspect the number, density, and area of mud
volcanoes covering the Hyuga-nada to be extensive, possibly
than those the
Moreover, the mud volcano field in the Hyuga-nada may

much larger covering Kumano Basin.
extend toward southern areas. Ujii¢ (2000) reported a wide-
ranging distribution of “mud diapir and surge” along the
landward slope of the Ryukyu Trench, extending off-
Tanegashima and southward (Figure 1). Other scientific
research cruises conducted in the off-Tanegashima region,
which lies on the southern side of the Hyuga-nada, reported
that a group of mud volcanoes had been discovered in that area
(Hoshino et al., 2017; Inagaki et al., 2018). Itaki et al. (2015, 2017)
and Sato and Itaki (2015) reported at least one mud volcano and
11 similar bathymetric features off-Kikai-jima area (Figure 1)
based on the results of acoustic mapping and sediment sampling.
The huge area from the Hyuga-nada to off-Kikai-jima may

contain a large mud volcano field.
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5.2 Characteristics of mud-volcano conduits
based on seismic profiles

Acoustically transparent bodies nearly correspond to “mobile
shales” (Soto et al, 2021a; b; Hudec and Soto, 2021), nearly
vertical conduits below mud volcanoes that cut the stratigraphy.
Soto et al. (2021a) mentioned that shales become mobile owing to
increasing overpressure and shear and then reduce the rock strength.
They reviewed physical properties indicated by seismic characteristics
and reported that sediment had decreased porosity, phase change of
clay minerals, and smectite to illite transformation with increasing
depth and temperature. Gas, another main component of discharged
elements by mud volcanoes worldwide, is generated thermogenically
at greater depths (and then migrate upward) and biologically at
shallower depth; thus, changes in gas saturation within sediments
affect acoustic impedance and can be detected in seismic signals (Soto
et al, 2021a). The seismic profiles shown in Figures 3, 5 that reach
down to a depth of several hundred meters (~a few kilometers deep
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(Continued). Closeup bathymetric maps of mud volcanoes and their candidates, shown as isobath contour lines (1-m depth intervals) on Red Relief

Image Maps (Yamashita et al.,, 2017). KMV1-KMV14: mud volcano in the Kumano Basin. The backscatter intensity obtained by the YK15-10 cruise (URL2) is
shown below KMV5 and 6. MuMV1: a potential mud volcano in the off-Muroto area (yellow dotted circle). The backscatter intensity obtained by the YK18-
05 cruise is shown below MuMV1. HyMV1-27: mud volcano in the Hyuga-nada area. The backscatter intensity obtained by the YK18-05 cruise

(URL3) is shown below HyMV1-5, 7, and 9-15. Circles on HyMV1-27 show the location of the mud volcano, which are indicated by points where acoustic
transparent bodies reach the seafloor (Figure 4). The center location and morphological features in Table 1 are based on this map of bathymetrically
recognized features. Continuing from Figure 6, HyMV1-8, HyMV6, and 8 are in the area of seismic observation; thus, there is no backscatter strength
image. Continuing from Figure 5, HyMV9-15. Continuing from Figure 5, HyMV16-27 are in the area of seismic observation; thus, there is no backscatter

strength image.

below the seafloor) may indicate such a change in physical properties,
although we cannot confirm this suggestion without having in-situ
and geophysical data at depth.

Acoustically transparent bodies represent a part of the
transparent interior of seismic or sub-bottom profiles from which
weak signals are returned and where nearly no stratigraphy exists
inside. As discussed by Brown (1990), all conduits reaching the
seafloor require buoyancy containing gas. In addition, as discussed
by Domenico (1976), the transparent acoustic nature suggests that
the gas within the body absorb seismic waves. Acoustically
transparent bodies can also occur in other scenarios, such as in
the absence of any structure (no density-velocity contrast) within the
body or reflection of all seismic energy at the top. The former is quite
likely when a conduit lacks the inner layered structure. Even in that
case, it is natural to assume that the gas is not necessarily contained
in the entire acoustically transparent body but only in a part of the
conduit. In contrast, the reflection of all energy at the top of
acoustically transparent bodies in this study was unlikely, as
there were no remarkable high-amplitude parts at the top of
these bodies. Therefore, it is reasonable for us to assume that a
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gas fleld exists in the background of our target area, and the
condition is an important setting for forming mud volcano fields.
The existence of multiple BSRs in this field (Figure 5) implies a
continuous gas supply, thus supporting this idea.

5.3 Heterogeneous distribution of mud
volcano field along offshore southwest
Japan

The acoustic investigations connecting the Kumano basin and
Hyuga-nada did not reveal the existence of any other dense mud
volcano field within the area covered by our acoustic investigation
(Figure 2B). Only one potential mud volcano was found in the off-
Muroto area, which is located in a fault zone. It is an isolated hill with a
high backscatter intensity and a steep surface slope angle. Although we
could not clearly identify the isolated hill as a mud volcano because we
did not have data on the subseafloor structure nor samplings, the
distinctive bathymetric expression implies that the hill consists of a
highly viscous sediment captured fault gouge along the fault zone,
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similar to KMV14 in the KBEFZ (Asada et al., 2021). The distinctive
high backscatter intensity over the hill suggests that large amounts of
fluid are discharged at present and may cultivate shelled animals and
carbonate rocks. Thus, we expect the isolated hill to be a mud volcano.
However, no other similar features that could be considered mud
volcanoes were found nearby.

No swarm of mud volcanoes in the off-Muroto area indicates a
heterogeneous distribution of mud volcano fields (with a blank area
from the Kumano basin to Hyuga-nada) under a series of
convergent plate margins. We expect that the subseafloor
environment of the off-Muroto area differs from the Kumano
and Hyuga-nada areas, which may explain the heterogeneity in
the mud volcano fields. The Kumano Basin and the potentially vast
area extending from the Hyuga-nada toward the south are in a
similar tectonic setting: subducting seamounts are present,
i.e., Paleo-zenisu and related seamounts are subducting under the
Kumano Basin, and the Kyusyu-Palau Ridge and related ridges and
plateaus are subducting under the Hyuga-nada and regions further
south (Figure 1). Subducting volcanic and sedimentary rocks are
widely encountered in other mud volcano fields worldwide; for
example, the Gagua ridge near the southwest part of Taiwan, the
northern part of Hikurangi part of New Zealand, and the oceanic
plate (does not accompany thick hemipelagic sediment) below
Barbados and the Bay of Cadiz, on a regional scale. The
subduction of seamounts results in a higher number of volcanic
rocks that are a source of clay minerals, which are the main
component of mud volcanoes in the Kumano Basin (Menapace
etal,, 2017; Tjiri et al., 2018a), rather than pelagic sediments (Kameda
etal., 2011;2017). Further, the formation of local stress fields owing to
the bumpy surface of subducting seamounts may contribute to the
formation of mud volcanoes. In other words, clay minerals may be
needed to form swarms of mud volcanoes. Moreover, subseafloor
temperature, the chemical environment, and loading conditions at
depth may characterize the subseafloor environment. In other words,
satisfying compressional stress fields and relatively large amounts of gas
discharge along convergent plate margins are insufficient for forming the
swarm of mud volcanoes, and other subseafloor conditions are required.
Such characteristic subseafloor environments may contribute to other
geological phenomena, such as crustal deformation and/or slip. The
heterogeneous distributions of mud volcanoes may thus be used as
indicators of deep and local subseafloor geological conditions, which
may be difficult to visualize using geophysical surveys or sediment core
samplings.

6 Conclusion

Faults, folds, lenses, MTDs, BSRs, and other geological subseafloor
structures were located across the target area. The deformation of
stratigraphy increased, and BSRs became clearer oceanward. We
identified new mud volcanoes, including potential ones, in the
Hyuga-nada by analyzing subseafloor structures indicated by seismic
and sub-bottom profiles. In the Hyuga-nada, abundant mud volcanoes
show a dense distribution and are considered extensive in the area
toward the south, connected to the off-Tanegashima and off-Kikai-jima
areas. However, mud volcanoes may be scarce in the connecting area
between the Kumano Basin and the Hyuga-nada, suggesting
heterogeneous distribution of the mud volcano fields along the series
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of convergent margins, the Nankai Trough and the northern part of the
Ryukyu Trench, off the southwest coast of Japan.
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