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Indication of hydrothermal deposits and ore area on caldera floor and
shallow sub-seafloor of the Bayonnaise knoll,
based on high-resolution acoustic investigation
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The Bayonnaise knoll, an active submarine volcano belonging to an actively rifted part of the Izu-Bonin volcanic arc,
exhibits hydrothermal ore deposits on its caldera floor in a region known as the Hakurei Sulfide Deposit (HSD) area. We
observed the HSD area using high-resolution acoustic observation equipment consisting of multibeam echo sounder (MBES),
sidescan sonar (SSS), and sub-bottom profiler (SBP) systems, on the AUV Urashima. We used visual and acoustic results
to examine the consistency of the HSD area extent and to consider possibilities of other ore areas within the caldera. The
resultant high-resolution acoustic imageries suggest expansion of the HSD area to the northeastern caldera wall and the
southwestern sub-seafloor of the caldera floor. The SBP data show a thick sediment layer on the western part of the
caldera floor where many high-backscattering signals were observed. Small chimney-like features were acoustically ob-
served in the HSD area and also at the central cone and along the rim of the caldera. However, most are remnant features
of ancient volcanic activity of the knoll, and thus may not indicate current hydrothermal deposits. Acoustic investigations
such as this, along with appropriate interpretation, are very useful to determine the detailed distribution of ore on the
seafloor and at the shallow subsurface, and should be an effective tool for regional site surveying before seabed mineral
mining.
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INTRODUCTION

Because hydrothermal fields are frequently accompa-
nied by ore deposits, they have been investigated for the
pursuit of economic value in addition to scientific inter-
ests. In general, repeated investigations by conventional
methods such as shipboard bathymetric surveys, tow-yo
surveys, visual observation, and by incidental discovery
of hydrothermal fields are needed to discover and map
hydrothermal fields and ore deposits on the vast oceanic
floor. High-resolution acoustic investigation using autono-
mous underwater vehicles (AUVs) has been recently used
to discover and map hydrothermal sites (German et al.,
2008; Kumagai et al., 2010; Nakamura et al., 2013) be-
cause this method is effective for determining the distri-
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bution details of hydrothermal structures on the seafloor
and in shallow depths of the sub-seafloor at a scale of
several meters.

The Bayonnaise knoll is an active submarine volcano
in an actively rifted section along the west side of the
Izu-Bonin volcanic arc (Honza and Tamaki, 1985; Tayler
et al., 1990). The Bayonnaise knoll is located at 31°57-
58" N, 139°25-45" E on the eastern edge of the Shikoku
basin on the Philippine Sea Plate (Fig. 1). A large hydro-
thermal ore deposit known as the Hakurei Sulfide De-
posit (HSD) was discovered on an inner wall of the caldera
of the Bayonnaise knoll by the Japan Oil, Gas and Metals
National Corporation (JOGMEC) in 2003 (Tanahashi et
al., 2006). The ore on the seafloor and its detailed distri-
bution were confirmed by visual observation and tem-
perature mapping by a deep-tow camera, a finder-mounted
Power Grab TV system, and Conductivity Temperature
Depth (CTD) sensors (lizasa et al., 2004; Tanahashi et
al., 2006, 2008). The geometrical characteristics of the
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Fig. 1. Bathymetry map of part of the Izu-Bonin volcanic arc drawn from JTOPO30 data (gridding data, Marine Information
Research Center, Japan Hydrographic Association, 2003). Contour interval is 500 m. Inset indicates position of Fig. 2.

Bayonnaise knoll and its caldera and surrounding
seamounts are similar to those of the Hokuroku basin,
which is the largest site of Kuroko ore deposits on land
that is considered to be ancient hydrothermal deposits in
an environment of stagnant seawater of a submarine vol-
cano in Japan (Nakajima, 1993; Terakado, 2001;
Tanahashi ef al., 2008). Thus, in situ observation of the
developing hydrothermal ore deposits in the caldera of
the Bayonnaise knoll is expected to be worthwhile in the
near future.

The AUV Urashima (JAMSTEC) has three independ-
ent acoustic observational instruments including
multibeam echo sounder (MBES), sidescan sonar (SSS),
and sub-bottom profiler (SBP) systems (Tsukioka er al.,
2005; Kasaya et al., 2011). This vessel is suited to high-
resolution acoustic observations because its cylindrical
chassis contributes to maintaining a stable attitude dur-
ing surveys. To compare the ore area on the seafloor de-
termined by our acoustic observation with the distribu-
tion of the HSD area reported in 2006 (Tanahashi et al.,
2006), and to examine unconfirmed ore within the same
caldera, we conducted cruises with the AUV Urashima
and its mother ship R/V Yokosuka (YK10-17 and YK11-
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11; JAMSTEC). Camera observation by the ROV
HyperDolphin (NT12-20; JAMSTEC) obtained ground
reference data along a single survey line, over a part of
the acoustically imaged area. Our acoustic investigations
provide the planar distribution of ore deposits on the
seafloor and continuity in the shallow region under the
seafloor, after which detailed geochemical investigation
can be conducted to determine the spatial distribution of
the ore indicators.

TECTONIC SETTING OF SURVEY AREA

The Pacific Plate subducts under the Philippine Sea
Plate ~200 km east of the Bayonnaise knoll along a nearly
north-south-trending subduction zone (Fig. 1). The typi-
cal geological profile in this area from the trench toward
the basin includes the trench, inner trench slope, forearc
basement high, forearc basin, volcanic ridge (Izu-Bonin
arc), backarc depression, backarc knoll zone, backarc
trough and ridge, and backarc (Shikoku) basin (Honza
and Tamaki, 1985). Backarc volcanic chains overlie sev-
eral local portions of the Shikoku basin to the backarc
knoll zone. The Bayonnaise knoll belongs to the rift zone,
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Fig. 2. a: Bathymetry map of Bayonnaise caldera and the surrounding area obtained by R/V Yokosuka (Seabeam 2112). Contour
interval is 50 m. Box indicates location of Bayonnaise knoll, shown in Fig. 3. Black arrows indicate linear features interpreted as
faults. b: Sidescan sonar image obtained by R/V Yokosuka on bathymetry map (contour interval is 50 m). Black and white shading
indicates relative backscattering strength converted to gray scale, with lighter colors indicating higher backscattering intensity.
i and ii: conical seamounts located at on and western sides of Bayonnaise knoll, respectively; iii: outer slope of Bayonnaise
knoll; iv: central cone of Bayonnaise knoll; v: northeastern seafloor.
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Fig. 3. (a) Survey track lines of autonomous underwater vehicle (AUV) dives #119, 141, and 142 and that of remotely operated
vehicle (ROV) 1420 on bathymetry map obtained by R/V Yokosuka. Contour interval is 20 m. Black bold lines on AUV track
indicate positions of sub-bottom profiler (SBP) images shown in Fig. 6. Black areas indicate the Hakurei Sulfide Deposit (HSD)
area reported in Tanahashi et al. (2006). (b) Bathymetry map of Bayonnaise knoll caldera obtained by R/V Yokosuka overlain by
data obtained by AUV Urashima. Contour interval is 5 m. Insets indicate positions of enlarged images in Fig. 5. Black area
indicates Hakurei Sulfide Deposit (HSD) area. (c) Geological interpretation map created from sidescan sonar (SSS) imagery.
Black bold curve: HSD area proposed by Tanahashi et al. (2006); red bold curve: redrawn ore area in this study, based on facies
on SSS imagery and sub-seafloor structures shown by SBP data. Dotted lines: areas observable via SSS (Figs. 4a—c); pale gray
color: bathymetry higher than —760 m; slate color: bathymetry deeper than —840 m. Contour interval of background bathymetry

is 20 m.

including a part of the backarc knoll zone, which hosts a
large number of volcanic knolls (Honza and Tamaki, 1985;
Tanahashi et al., 2008).

The Shikoku basin and the backarc volcanic chain
were active for 26—15 Ma and 17-2.5 Ma (Okino et al.,
1994; Hochstaedter et al., 2000; Ishizuka et al., 2002),
respectively. The rift zone has been active since 2.5 Ma
through the present (Ishizuka et al., 2002; Tanahashi et
al., 2008). The Bayonnaise knoll is situated at the north-
eastern extension of the Enpo seamount chain, which is a
backarc volcanic chain (Figs. 1 and 2). The Myojin knoll
caldera and Myojin-sho caldera, as well as other active
volcanic knolls known to host hydrothermal activity, be-
long to a volcanic ridge and are located near the
Bayonnaise knoll.

The HSD area is developing at a relatively shallow
depth of 680-820 m below the sea surface over an area

4 M. Asada et al.

of 700 m (east-west) X 500 m (north-south) on the
seafloor. It is located in a shallow valley, on the eastern-
most part of the southern caldera floor and in the south-
eastern part of the inner caldera wall, where the caldera
wall curves toward the southeast to form a shallow val-
ley. The HSD area lies at the intersection of the caldera
boundary fault and a bathymetrically determined fracture
zone (Fig. 2) developing nearly parallel to the Izu-Bonin
Arc. Its placement implies that hot water generated by
the heat of volcanic activity was emitted through a fault
in the caldera wall (lizasa et al., 2004; Tanahashi et al.,
2008). Honsho ef al. (2013) reported geomagnetic anoma-
lies over the caldera and high magnetization of the caldera
floor, which may have been affected by back-arc-related
basaltic volcanism. Honsho et al. (2013) also reported
weak magnetization at the caldera rim and central cone,
which may have been caused by distribution of silicic rock
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Fig. 3. (continued).
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on and around the HSD area, and which may have under-
gone high-temperature metamorphism affected by the
upwelling of hot water along the caldera bounding fault.

DATA ACQUISITION

Shipboard swath-mapping MBES bathymetry data
were acquired by a standard hull-mounted SeaBeam 2112
system on the R/V Yokosuka (Fig. 3a) that transmits a 12
kHz sonar beam with a swath range of 120°. The meter-
scale-resolution bathymetric and SSS data were acquired
by the AUV Urashima, which was developed in 1998
(Tsukioka et al., 2005; Kasaya et al., 2011). This AUV
was preloaded with independent instruments such as a
400 kHz MBES for meter-scale bathymetry data (Fig. 3b),
a 120 kHz SSS for backscattering-strength data (Figs. 4a—
cand 5), a 1-6 kHz SBP for sub-seafloor information (Fig.
6); a depth meter, an altimeter, and conductivity, tempera-
ture, depth, and resolved oxygen (CTDO) sensors.

The AUV Urashima generally maintains a stable atti-
tude and navigation, which is especially required for high-
resolution acoustic observation using high-frequency
acoustic signals. The cruising altitude of the AUV during
the two cruises was 100-300 m above the seafloor, and
its speed was approximately 2.2 knots. The expected
across-track catalogue resolutions were approximately 0.4
cm for the 400 kHz MBES and approximately 7.5 cm for
the 120 kHz SSS when the acoustic velocity in seawater
was 1500 m/s. The footprint of the along-track acoustic
beam was 2-5 m; the beam width was 0.5° for MBES
and 0.9° for SSS. An SBP image shows a cross-sectional
view and variation of sub-seafloor structures of sediment
layers. The cataloged vertical resolution and depth limi-
tation of the SBP observation were several tens of
centimeters (Kasaya ef al., 2011) and approximately 30
m below the seafloor of sediment layers, respectively.
Camera observation by the ROV HyperDolphin yielded
ground reference images (Fig. 7) along the single track
(Fig. 3a).

SURVEY RESULTS

Observation around Bayonnaise knoll according to wide-
range mapping results

Bathymetric features Bathymetric features on and around
the Bayonnaise knoll include a seamount chain, which
appears to be a northeastern extension of the Enpo
seamount chain, approaching the knoll from the north-
west (Fig. 2a). Seafloor lineaments trending approxi-
mately N30°W are recognized on and around the outer
slope of the Bayonnaise knoll. Two lines of knoll chains
(sub-parallel to N30°W) are present at the southern side
of the Bayonnaise knoll, and a single knoll chain appears
on the northern side. Other small knolls are recognized
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on the western basin floor of the knoll and on the north-
ern side of the seamount chain. A small ridge with a height
of ~30 m relative to the surrounding seafloor trends near
N30°W on the northern side of the seamount chain.
Features of backscattering strength The backscattering
strength data of the MBES signals from the R/V Yokosuka
were obtained simultaneously with the bathymetry data
(Fig. 2b). The backscattering strength data showed rela-
tive differences in seafloor material, such as sediment or
lava, and gradients, such as a scarp face toward or away
from the ship. Therefore, these data are valid for detect-
ing variable geological features such as lava and fault
distributions on the seafloor at the kilometer scale.

Relatively higher backscattering signals on the
backscattering strength data of the MBES were recog-
nized on the outer slope (Fig. 2b-iii), the central cone (Fig.
2b-iv) of the caldera, and on the northeastern seafloor
(Fig. 2b-v) of the Bayonnaise knoll. Other regions show-
ing high backscattering signals included areas along knoll
chains and seamount chains in addition to the N30°W-
trending small ridge developing on the northern side of
the seamount chain. High backscattering signals at the
conical seamounts on the northwestern side (Fig. 2b-i)
and western side (Fig. 2b-ii) of the Bayonnaise knoll stand
out against the surrounding low backscattering signals at
the seafloor. These high backscattering signals are planer
features, and their regional volcanic activities most likely
indicate lava on the seafloor. On the contrary, most of the
faults indicated by MBES data near the Bayonnaise knoll
caldera are difficult to recognize through shipboard SSS
observation. Faults and fissures are linear features vis-
ible by SSS observation when fault planes are present.
Our result implies that most of fault slopes and the sur-
rounding flat seafloor are covered by sediment exceed-
ing the thickness of the acoustic penetration.

Observation of Bayonnaise knoll caldera using AUV
acoustic instruments

The caldera of the Bayonnaise knoll exhibits a char-
acteristic ring-shaped rim approximately 2.8 km diam-
eter in the east-west direction. The rim becomes thick and
shallow toward the southeast and thin and deep toward
the north (Fig. 3). The shallowest southeastern part of
the rim has a depth of 630 m. The central cone lies nearly
in the middle of the caldera in the north-south direction
and toward the east in the east-west direction; the shal-
lowest depth of the knoll is 570 m. The central cone is
part of an inner caldera rim with a diameter of ~900 m.
The flat floor of the inner caldera exhibits an ellipsoidal
shape with a maximum depth of 920 m. A chain of cra-
ters in the form of a series of 4-5 basins lies on the west-
ern side of the central caldera. These craters have steep
walls and small, flat floors with relative elevations of 20—
60 m and dimensions of 300-900 m. The floor of the



caldera is divided into northern and southern areas by
alignment of the central cone, inner caldera, and the chain
of craters (Fig. 3b).

The southern caldera floor shows very small varia-
tion in depth. The maximum depth is 850 m, which is
~70 m shallower than the central caldera floor and ~15 m
deeper than the HSD area. Conversely, the northern
caldera floor shows a narrower, smaller flat seafloor. The
northern floor has three individual hills and a wider gen-
tle slope to the central cone toward the south and to the
caldera rim toward the east and west, with a maximum
water depth of 930 m. Previous research, including our
survey, includes the southern caldera floor; however, ex-
cept for that using an AUV reported by Honsho et al.
(2013), few observations have been reported for the north-
ern caldera floor.

Observations around HSD

Our AUV Urashima observation showed small struc-
tures at the center and northeastern side of the “proposed
HSD area” (Tanahashi ef al., 2006) based on 400-kHz
MBES bathymetry data; small structures on the seafloor
were identified by acoustic shadows in 120 kHz SSS im-
agery (Figs. 5i-1). The backscattering intensity was rela-
tively high over the entire proposed HSD area compared
to the surrounding seafloor, which indicates local expo-
sure of hard materials on the seafloor. Images obtained
by the ROV HyperDolphin show transitioning of chim-
ney-like structures increasing from the sediment area to
the proposed HSD area (Figs. 7c, 7d1, and 7d2).

Several sub-bottom profiler datasets showed sub-
seafloor images from the southern caldera floor toward
the proposed HSD area (Figs. 6b, 6g, and 6h), indicating
thick and clear sediment layers on the western and cen-
tral parts of the caldera floor, thinning sediment layers
toward the HSD area, and no sediment layers on and near
the southwestern side of the proposed HSD area. Figures
6g and 6h show the transected caldera wall and the HSD
area. The partially obscured boundary between the
seawater and seafloor is considered to be an effect of scat-
tering of acoustic signals at the rough seafloor.

Observation of southern caldera floor

At the western part of southern caldera floor, the
bathymetry map shows a few meters of depth variation,
and SSS imagery shows many points of high
backscattering signals without acoustic shadows (Figs.
5g and 5h); variation in backscattering strength data with-
out bathymetric change is indicative of variation in ma-
terials covering seafloor. The points of high backscattering
signals on the caldera floor did not reach below the caldera
wall. The SBP data showed thick sediment layers (~15
m) in the area covering the rough surface of the bedrock
(Figs. 6b and 6¢) that continue east of the southern caldera

floor (Fig. 6d).

Two outstanding small structures were detected inde-
pendently by SSS imagery in the central part of the south-
ern basin floor and near the HSD area (Figs. 4a and 4b,
arrows). The difference in appearance of the structures
between the two SSS imageries (Figs. 4a and 4b) is at-
tributed to differences in slant range or conditions of the
SSS system such as setting of gain, imaging contrast, and
seawater temperature. Our simultaneous MBES observa-
tion did not detect bathymetric features comparable to
the two structures (Fig. 3b). The two structures, obscured
in the MBES but distinct in the SSS imagery, indicating
variation in seafloor material between the structures and
surrounding caldera floor. However, the SBP image shows
raised bedrock and thus a relatively thin (~10 m thick)
sediment layer around these two structures (Fig. 6d). The
eastern part of the caldera floor beside the HSD area
showed no or few sediment layers (Figs. 6e and 6f).

Central cone

The slopes of the central cone facing east and west
showed different facies. The east-facing slope showed a
smoother surface with relatively higher backscattering
intensity (Figs. 5b—d). The ROV HyperDolphin sampled
volcanic cobbles covering the top of the central cone (Fig.
7b); no hydrothermal indicators such as biological com-
munities or turbid water were detected. Tanahashi et al.
(2006) measured the temperature on the eastern slope of
the central cone but did not report anomalous results.
Small structures on the top and west-facing slope of the
central cone were recognized in MBES (Fig. 5a) and SSS
images (Figs. 5c and 5d). lizasa et al. (2008) sampled
hydrothermal chimneys from the central cone but did not
report detailed information such as sampling site or size.
Thus, the remaining volcanic and hydrothermal structures
may be recognized by our observations on the top and
slope of the central cone.

Central caldera

The central caldera, with the basin lying on the west
side of the central cone, is covered by thick sediment.
The SBP image shows sediment layers more than 15 m
thick (Fig. 6a, no bedrock is recognized). The ROV
HyperDolphin sampled fine-grained sediment by a corer
(Fig. 7a). No features of this sediment indicated hydro-
thermal activities.

Chain of craters

The SSS images indicate several geological linear fea-
tures on parts of the steep slopes of the chain of craters
with relatively low backscattering intensity. No small
structures are present; thus, there is no similarity to those
of the HSD area. The SBP images show the sub-seafloor
structures of the bottoms of the craters (Fig. 6a) with poor
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clarity owing to side echoes. Other images have not been
obtained so far, in this area.

Caldera rim of Bayonnaise knoll

Several points of low backscattering signals without
acoustic shadow or spotty bathymetric features were ob-
served along the caldera rim (Figs. Se and 5f). The SBP
images show no sediment layers on the rim (Figs. 6h and
61); rather, they show a flat, stony seafloor (Fig. 7e1) and
seafloor partly covered by thin sediment (Fig. 7e2) based
on visual observation from the ROV HyperDolphin.

DISCUSSION

Macroscopic geological information of Bayonnaise knoll
and surrounding seafloor

High backscattering signals in SSS observations gen-
erally suggest the distribution of harder materials on the
seafloor, which implies relatively new volcanic activity
or bathymetric features facing the sonar (Smith et al.,
1995; Sauter et al., 2002; Cann and Smith, 2005). The
shipboard observation of backscattering intensity in the
present study indicated relatively high backscattering sig-
nals on the outer slope, central cone, northeastern caldera
floor of the Bayonnaise knoll, knoll chains, seamount
chains, and the N30°W-trending small ridge developing
on the northern side of the seamount chain (Fig. 2b). It is
noteworthy that conical seamounts showed outstanding
signals against the surrounding low backscattering
seafloor (Figs. 2b-i and 2b-ii). The high backscattering
signals are planar features and imply relatively new
volcanism compared to that on the surrounding seafloor.
Conversely, backscattering signals were relatively low
along faults developing on the northeastern and western
part of the outer slopes of the Bayonnaise knoll, suggest-
ing less active faulting in this area.

Coincidence and possible expansion of the HSD area
between visual and acoustic observations

Our acoustic observations of the seafloor and sub-
seafloor indicate slightly different distributions of hard
materials such as ore deposits in and around the HSD area.
Here we use the term “proposed HSD area” for the HSD
area presented by Tanahashi et al. (2006) and “possible
ore area” for our suggested ore distribution, which in-
cludes part of the proposed HSD area.

The seafloor covered by hard materials and/or chim-
ney-like features are apparent in SSS and MBES imageries
as an area of relatively hard and/or rough seafloor with
high backscattering signals. These distributions, however,
differ slightly from the proposed HSD area. We did not
observe such characteristic facies on the northern and
south-southwestern parts of the proposed HSD area (Fig.
3c). On the contrary, the chimney-like features on the
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Fig. 4. (a) Sidescan sonar (SSS) image obtained by AUV
Urashima dive #119 on bathymetry map (contour interval is 5
m). Insets indicate positions of enlarged images of the SSS im-
ages shown in Fig. 5. Arrows indicate positions of small struc-
tures on seafloor. (b) Sidescan sonar (SSS) image obtained by
AUV Urashima dive #141 on bathymetry map (contour inter-
val is 5 m). Insets indicate positions of enlarged images of SSS
images shown in Fig. 5. Arrows indicate positions of small struc-
tures on seafloor. (c) Sidescan sonar (SSS) image obtained by
AUV Urashima dive #142 on bathymetry map (contour inter-
val is 5 m). Insets indicate positions of enlarged images of the
SSS images shown in Fig. 5.

seafloor were recognized on the northeastern outer side
of the proposed HSD area. We suggest redrawing the ore
distribution of the ore area, which is contracted northern
and south-southwestern parts of the proposed HSD area,
and is expanded toward the northeastern outer side of the
proposed HSD area.

The SBP data do not show sediment layers at the HSD
area and on the caldera wall. The SBP data show fewer
sediment layers over a wider area than the proposed HSD
area, particularly for southwestern side of the proposed
HSD area, where MBES images show a flat seafloor (Figs.
6e—i). On the contrary, thick sediment layers appear at
the western and central part of the southern caldera floor.
Based on the variation of the SBP data, we propose that
hard material is continuous toward southwestward under
seafloor, so that outline of the possible ore area is ex-
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Fig. 4. (continued).

panded toward southwestern outer side of the proposed
HSD area (Fig. 3c).

Tanahashi et al. (2006) reported temperature anoma-
lies in and around the HSD area including those of +0.1°C
(+1.5°C maximum) in a 200 m (east-west) X 500 m (north-
south) region and +0.05°C in a region of 1000 m X 600 m

(north-south); the defined HSD is 700 m X 500 m. These
reports include anomalous rising temperature at a mini-
mum of ~0.05°C on the northeastern side of the HSD area
on the eastern caldera wall. Areas without sediment lay-
ers in the SBP image along the southwestern side of the
HSD area and the southern caldera floor (Figs. 6e and 6f)
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Fig. 5. Enlarged images of bathymetry map and sidescan sonar (SSS) images. Positions of imageries are indicated in Figs. 3
(bathymetry) and 4 (sidescan sonar). a—d: central cone; e and f: caldera rim; g and h: western part of the southern caldera floor;
i—1: Hakurei Sulfide Deposit (HSD) area. Black arrows in f indicate spots of low backscattering signals. Contour interval of

bathymetry (a, e, g, and i) is 5 m.

partly overlap the area of anomalous rising temperature
and cover a wider area than the anomalous area toward
the south. Visual observation using the ROV
HyperDolphin showed a transition of chimney-like struc-
tures in a sediment area increasing toward the HSD area.
These results indicate that the survey lines of our ROV
observation were traced on a relatively consistent bound-
ary among the acoustic imaging and visually proposed
HSD area (Fig. 3c).

The reason for the mismatch of outline of the ore area
between our opinion and proposed HSD area is the dif-
ference in observation methods: our SSS and MBES ob-
servations show two-dimensional imaging results,
whereas Tanahashi et al. (2006) observed by gridded
visual surveys using a deep-towed camera and show ex-
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trapolating mapping results of chimneys and anomalous
temperatures. Particularly for the northeastern side of the
HSD area, the outline was drawn by a few survey lines
using a deep-towed camera; thus in this case, visual ob-
servations may not have been sufficient.

On the basis of the mismatch between the ore area
indicated acoustically and the proposed HSD area, we also
suggest different distributions between the “structural”
ore area and the area of “anomalous temperature”. Here
the “structural” ore area means a distribution of some hard
materials. The area of temperature anomaly should be
detected where anomalous fluid are easily transferred,
such as a region connected by coarse sediment. In this
case, the area of the temperature anomaly is not always
accompanied by hard materials. Thus, we assume that the
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Fig. 6. Left: images of sub-bottom profiler data obtained by the Edgetech 2200 system mounted on the AUV Urashima, and right:
interpretation image. Blue area in interpretation image indicates sediment layers. Black arrows indicate raised bedrock. Lines a—

i are indicated in Fig. 3a.

HSD area proposed by Tanahashi et al. (2006) and our
suggested ore area comprise different areas (Fig. 3¢). Our
acoustic observations indicate the relative hardness of the
materials, and cannot separate ore deposits from volcanic
rocks. To confirm the real distribution of ore deposits,
we need acoustic observations with much higher resolu-
tion and/or sub-seafloor sampling, at this stage.

We refrain from discussing the transformation of the
ore area between the surveys in 2006 and our surveys in
2010-2012, because of differences in the observation
methods. Furthermore, we need more precise evidence,
such as flux from hydrothermal activity and growth rates
of hydrothermal chimneys, in order to discuss transfor-
mation of the ore area. Acoustic observations at lower
altitudes would enable finer imaging resolution because
of the smaller acoustic signal footprint on seafloor, and
also enable deeper acoustic penetration of SBP. High-reso-
lution acoustic observation, which detects fine structures
on the seafloor and buried deposits under sediment lay-

ers, can contribute to research results for other geophysi-
cal investigations.

Yamashita et al. (2015) analyzed seismic reflection
surveys across the northern part of the Bayonnaise knoll
from east to west, and discussed the sub-seafloor struc-
ture of the knoll. They report that several faults develop-
ing on the eastern flank of the Bayonnaise knoll reach ~1
km below the seafloor, and there are low-velocity zones
along the fault zone (Yamashita et al., 2015). The
Bayonnaise knoll caldera is an eastern extension of the
seamount chain, connecting the northern and southern
knoll chains, and there is suspected volcanism (implied
by a high-backscattering strength area) on and off the
Bayonnaise knoll. This further implies that seawater com-
ing through faults on the eastern Bayonnaise knoll flows
down to the detected low-velocity zone (Yamashita et al.,
2015), is heated by volcanism, flows up to the seafloor,
then forms the HSD area within the caldera of the
Bayonnaise knoll. Because of upwelling of heated
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/
oy
3

D/ 9188-

Sf pa. 31
/

08 12 08:28:32 1420 1242 8011

=

123.0 =16.3 D: 801.5
-14.2 -34.6 S. 34,258

120. 4

Fig. 7. Seafloor photographs captured by the ROV HyperDolphin. Positions of photographs are indicated in Fig. 3b. a: Monterey
Bay Aquarium Research Institute (MBARI) corer on central caldera floor; b: volcanic cobbles on southern slope of central cone;
c: chimney or chimney-like structures on easternmost part of the southern caldera floor, which is the western boundary of the
reported Hakurei Sulfide Deposit (HSD) area; dl1: foot of an active chimney in the HSD area; d2: entire active chimney shown in
4a with an approximate height of 4 m; el: stony and flat seafloor on caldera rim; e2: part of caldera rim floor slightly covered by
sediment.

seawater, Honsho et al. (2013) report a relatively weak  Possible distribution of other hydrothermal sites and ore
magnetization zone around the HSD area and propose deposits

high-temperature metamorphism of the basaltic volcanic Visual observations in the caldera of the Bayonnaise
basement rock. knoll, including our ROV survey, have been very limited
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thus far, and hydrothermal ore deposits in this caldera
have been detected only in the HSD area. An objective of
the present research is the search for other ore deposits
based on acoustic imaging.

Areas of high backscattering signals occur in the
westernmost part of the southern caldera floor, where the
bathymetry indicates a very flat area. This result indi-
cates that the high backscattering signals represent hard
materials on the surface of the caldera floor and are not
effects of bathymetry. In addition, a relatively weak mag-
netization is present in this region (Honsho ef al., 2013),
and a number of chimney-like features are also indicated
in this area by our acoustic observations (Fig. 3c). Sedi-
ment layers ~15 m thick (Figs. 6b and 6¢) cover the rough
surface of the bedrock and continue eastward, as detected
by our SBP imagery; within the layers, faulting does not
seem to be present (Fig. 6d). This finding indicates that
the areas of high backscattering signals are not outcrops
of the bedrock. Moreover, it is difficult to consider that
these areas are reworked deposits of volcanic rocks from
the inner wall of the caldera because these areas appear
to be separated from the foot of the inner wall. Visual
observation is needed to confirm this feature. Possible
origins of hard materials with no bathymetric change on
the caldera floor include hydrothermal deposits through
metamorphism, biological communities related to seep-
age from hydrothermal sources below the sediment lay-
ers, and pyroclastic materials. If seepage occurs from the
bedrock, there is the potential here for other ore deposits
independent of those in the proposed HSD area.

Two outstanding structures appear near the proposed
HSD area and at the center of the southern caldera floor,
where the bedrock is raised and thus the sediment layers
are relatively thin. Considering that this structure is ex-
posed volcanic material on the caldera floor, it could be
an immature hydrothermal structure. Our recent obser-
vation using the new ROV Kaiko Mark IV built by
JAMSTEC revealed a colored seafloor and turbid seawater
in this area (personal communication). Subsequent sur-
veys will include visual observations or coring in this area.

lizasa et al. (2008) reported that they collected a hy-
drothermal chimney from the central cone in 2007. How-
ever, we were unable to detect the characteristics of hy-
drothermal activity on the eastern slope of the central
cone; instead, we observed cobbles by visual observa-
tion. Our findings suggest that the central cone is prob-
ably an ancient volcanic center not yet covered by thick
sediment; thus, the cone could have experienced hydro-
thermal activity. Our SSS imagery detected small struc-
tures on the slope that appear to be similar to those in the
proposed HSD area (small structures with high
backscattering signals); therefore, some may be hydro-
thermal structures, and/or bedrock fragmented by the
gravitational collapse of the steep slope.

The northern caldera floor is another candidate for
hydrothermal ore deposits. Honsho ef al. (2013) suggested
that an additional hydrothermal field may be located in
the northwestern part of the caldera at the intersection of
the knoll chain and the caldera boundary fault because
the geological setting in that area is similar to that in the
proposed HSD area. Our shipboard backscattering inten-
sity imagery obtained by the R/V Yokosuka showed rela-
tively low backscattering signals over the northern caldera
floor. Therefore, it is possible that relatively new hydro-
thermal fields lie under the northern caldera floor.

Small features are present along the rim of the caldera,
particularly on the western and eastern parts of the rim. A
patchy pattern of low backscattering signals (Figs. 3c and
5f) and thin sediment (Fig. 61) were also recognized along
the rim. The ROV HyperDolphin observation of a lim-
ited part of the caldera rim indicated hard rock layers
covered with thin sediment (Figs. 7el and 7e2). The small
features and thin sediment may have been formed by
weathering, and no active volcanism and ore along the
caldera are expected. The patchy pattern of backscattering
signals was also affected by various regional sediment
thicknesses as a result of weathering.

Other areas showing low backscattering intensity and
thick sediment layers, such as chains of craters and the
inner caldera, have less potential for sources of undis-
covered hydrothermal deposits.

CONCLUSIONS/SUMMARY

We report highlights of our acoustic observations and
comparisons of the acoustic imageries with ground-ref-
erence images. A method of high-resolution acoustic ob-
servations using AUVs at a roughly focused area via tra-
ditional shipboard investigation provide us with detailed
two- and three-dimensional geological information, and
is effective for exploring ore deposits on the seafloor and
in the shallow sub-seafloor. The results of our research
can be summarized as follows:

(1) High-resolution acoustic observations using the
AUV Urashima and visual observations using the ROV
HyperDolphin were conducted over the southern part of
the Bayonnaise knoll caldera. SSS, MBES, SBP, and
visual observations detect detailed distribution of small
structures, high and low backscattering signals, their
ground references, and sub-seafloor sediment layers.

(2) SSS and MBES observations indicated a few chim-
ney-like structures on the northern and south-southwest-
ern parts of the HSD area proposed by Tanahashi et al.
(2006), and appeared to be continuous toward the north-
eastern outer side of the proposed HSD area. SBP obser-
vations showed sub-seafloor continuity of the ore area
toward the southwest. Visual observations by the ROV
HyperDolphin showed strong correlation of the distribu-
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tion of hydrothermal structures on the seafloor with those
in the proposed HSD area, along the ROV track. Consid-
ering all the observed results, we propose a possible ex-
pansion of the HSD area toward the northeast and south-
west, and a contraction toward the north and south-south-
west directions.

(3) Areas of high backscattering signals on the
westernmost part of the southern caldera floor represented
hard materials on thick sediment layers. These areas are
candidates for hydrothermal deposits through minerali-
zation or for biological communities. Two small struc-
tures on the central part of the southern caldera floor and
the western slope of the central cone are other candidates
related to the distribution of hydrothermal features.

(4) Independent high-resolution acoustic investiga-
tions such as SSS, MBES, and SBP by AUVs following
shipboard observation can be effective tools for hydro-
thermal ore research on the seafloor and in the shallow
sub-seafloor. These methods are the best techniques for
focusing on limited sampling targets followed by visual
and sensor observations, and offer efficient exploration
in confined areas of ore deposits. Such an area-focused,
high-resolution acoustic investigation followed by dense
and quantitative investigation, such as geochemical ob-
servation, will provide an efficient method for ore dis-
covery and mining.
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