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ABSTRACT

Detecting resistivity and self-potential (SP) anomalies is useful for the explora-
tion of hydrothermal deposits. Using autonomous underwater vehicles (AUVs) can
increase survey effectiveness because it allows stable posture control without a tow-
ing wire cable from a ship. We propose a new style for geophysical surveys using
multiple AUVs without a towing electrode cable for marine direct current resistivity
(MDCR) and SP survey. We used two AUVs for electrical signal transmission and
their receiver. We successfully conducted MDCR and SP surveys in hydrothermal
deposit areas using two AUVs with 20 m tow-rods. One AUV was assisted by an au-
tonomous surface vehicle (ASV) for monitoring and controlling via satellite and the
public broadband mobile communications radiowave. The survey covered an area of
about 1 square kilometer, spending only 4 hours near the seafloor with the vehicle’s
speed maintained at 2 - 2.5 knots at distance between the AUV of 200 - 300 m during
most of the survey. The SP and apparent resistivity were calculated along the main
survey line crossing known hydrothermal mounds of sulfide ore. The distribution of
the negative SP anomalies obtained in the dive is similar to that obtained from our
earlier survey using a deep-tow. The apparent resistivity is generally low (0.2 ohm-m
or less) above the mounds. The averaged distance between the vehicles and the aver-
aged altitude are respectively about 250 and 70 m. Therefore, the estimated apparent
resistivities are the averaged value to several tens of meters below the seafloor. These
positions show good agreement with the locations of known hydrothermal deposits.

1. INTRODUCTION

Resistivity is regarded as an important parameter for
the exploration of metallic ore deposits because of the spe-
cific electrical properties of metals and metal sulfides. Ma-
rine direct current resistivity (MDCR), marine controlled-
source electromagnetic (CSEM), and marine transient
electromagnetic (TEM) methods are powerful means of
exploring these deposits. For example, Holz et al. (2015)
conducted a survey using a towed system with a coinci-
dent-loop horizontal transmitter and a receiver loop, and
Safipour et al. (2017a) conducted a survey using a vertical
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coil for the transmission source. Asakawa et al. (2016) and
Nakayama and Saito (2016) developed a TEM system of a
horizontal coincident-loop and a magnetometer, which are
towed below a remotely operated vehicle (ROV). Safipour
et al. (2018) proposed a new marine EM system using a
TEM transmitter and ocean-bottom electro-magnetometers
(OBEMs) deployed to the seafloor as receivers. They suc-
cessfully detected seafloor massive sulfide deposits.
Recently, the detection of negative self-potential (SP)
anomalies has been identified as another important param-
eter for the exploration of hydrothermal deposits. Kawada
and Kasaya (2017) observed electric fields using a deep-tow
system with an electrode array along two survey lines across
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known hydrothermal sites. They confirmed that the SP sur-
vey detected the subsurface structure of sulfide deposits by
tracing the same survey line at different altitudes. Safipour
et al. (2017b) obtained horizontal electric field data above
a sulfide deposit using an electrometer equipped on their
TEM system and detected some negative SP anomalies re-
lated to the deposit.

Autonomous underwater vehicles (AUVs), particularly
because of their stable posture control without a towing ca-
ble, are powerful platforms for scientific investigations and
industrial work including the exploration of hydrothermal
ore deposits below the seafloor. Kawada and Kasaya (2018)
conducted a dense SP survey using a middle-class AUV
“JINBEI” as well as mapping turbidity and side-scan sonar
data at the same time. They detected a negative SP anomaly
related to known hydrothermal deposits that are localized
compared to a widely spreading turbidity anomaly distri-
bution. Constable et al. (2018) conducted three-component
electric field observations using a commercial AUV (Inter-
national Submarine Engineering Ltd.) and detected a local-
ized negative SP anomaly.

“Zipangu in the Ocean program”, a Strategic Innova-
tion Promotion Program (SIP) managed by the cabinet of-
fice of the government of Japan, was launched for the sci-
entific and technological development of natural resources
around the Japan Islands to meet expectations of recent na-
tional requirements for marine natural resources in Japan.
This project encompasses various research fields to assess
phenomena including the growth of hydrothermal deposits.
Our research group has developed observation instruments
and has obtained field data gathered by many means to in-
vestigate the relation between the occurrence of hydrother-
mal deposits and the subsurface structure. Constable (2013)
has adopted the style that electric current is transmitted di-
rectly to the seawater for the CSEM survey. We also use the
same way for a method categorized as MDCR. For this pur-
pose, Goto et al. (2013) developed a system that comprises
a transmitter and receiver with an 8 Hz sampling rate. The
transmitter uses an insulated gate bipolar transistor (IGBT)
as a precise current transmitting control, with switching
devices. Kasaya et al. (2019) reported newly improved
transmitters and receivers with 1 kHz sampling loaded on a
deep-tow system based on instruments developed by Goto
et al. (2013). Our newly developed system, an extension of
Kasaya et al. (2019), is also composed of an electrical cur-
rent transmitter and a receiver to measure the in situ elec-
trical potential. The instruments can obtain both resistivity
and SP, respectively using data obtained when the electric
current is transmitted and is not transmitted. The very low
resistivity zone (< 0.15 ohm-m) associated with the hydro-
thermal mound area was imaged by the MDCR data in the
North Theya field (Kasaya et al. 2019). Obtaining these two
physical parameters simultaneously is extremely beneficial
for the survey of hydrothermal deposits. However, towing

a long electrode cable from a deep-tow sometimes makes
the survey operation difficult in the hydrothermal field with
rough topography. The deep-tow system with long towing
cable is typically a speed of the 1 knot below, and take over
30 minutes to change next observation line. Therefore, to
pursue more efficient survey techniques, we conducted field
tests using two AUVs, each equipped with a transmitter and
a receiver optimized for use on the AUV, and an autono-
mous surface vehicle (ASV) for monitoring their condition.

2. INSTRUMENTS
2.1 Outline of Vehicles

We used AUV “JINBEI” (Hyakudome et al. 2012)
as an electric current transmitter and AUV “YUMEIRU-
KA” (Ohta et al. 2016) as a receiver of electric potential
(Fig. 1). These multi-purpose vehicles can accommodate
various scientific instruments. A middle-class cruising type
AUV “JINBEI”, which is 4.0 m long, 1.1 m wide, and 1.0
m high with aerial weight of 1.7 tons, can use its four rear
main thrusters to cruise at 2.0 - 2.5 knots at a working depth
of 3000 m. It has an X-rudder system. Two fore azimuth
thrusters contribute to fine vehicle control. The 5.0 m long,
1.2 m wide, and 1.2 m high AUV “YUMEIRUKA” has aer-
ial weight of 2.7 tons. It is characterized by two X-rudder
systems: one in the front, and one in the rear. These en-
able the vehicle body to trace the topographic undulations
of the seafloor. Its maximum working depth and cruising
speed are, respectively, 3000 m and 2.5 knots. In addition
to deploying these AUVs, an ASV “HubSea” was used to
monitor and control AUV “YUMEIRUKA” (Hyakudome et
al.2018). The 4.4 m long, 1.9 m wide, and 1.8 m high ASV
weighs 1.8 tons. It can cruise at 3 knots, with maximum
speed of 5 knots.

2.2 Instruments and Survey Design

Because of payload space constraints and weight limi-
tations in water for AUVs, the transmitter and receiver units
should be sufficiently small, with less weight. We devel-
oped an improved small transmitter and receiver units for
AUV operation based on the original system for a deep-tow
system. All electric circuits were redesigned for installation
in a pressure case of a small diameter (Fig. 2). The new
transmitter system used an IGBT unit as a current control
and switching devices. A recorder in the transmitter mea-
sures the transmitted electric current data with 250 Hz sam-
pling rate using 24-bit A/D converter. We prepared an ex-
tra battery for the transmitter because we were unable to
use the AUV “JINBEI” main battery. These pressure cases
were loaded on the fore top of AUV “JINBEI” (Fig. 2). The
new receiver unit can record the electric fields in five chan-
nels with a 24-bit A/D convertor. The electrometer was im-
proved based on a mobile ocean bottom electrometer (OBE)
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Fig. 2. (a) The electrode and towed rod configuration of each AUV. (b) Photograph of the AUV “JINBEI” before launching with the current rod. (c)
Photograph of the instruments on the fore top of AUV “JINBEI”.
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system with 1 kHz sampling. The pressure case, including
a battery, was installed in AUV “YUMEIRUKA”. It is
extremely important for active source surveys to synchro-
nize clocks between the transmitted electric current and the
received the electric field. Each unit has an atomic clock,
which has an accuracy less than 1 millisecond. These clocks
are synchronized with high accuracy.

Electrode arrays towed from the AUVs were thin fiber-
reinforced plastic (FRP) rods to which all electrodes and
cabled were attached. The transmitting electrode rod towed
from AUV “JINBEI” is a 20-m-long with the electrode in-
terval of 17 m (Fig. 2). The electrical-signal receiving rod
consists of six Ag-AgCl electrodes including a common
(COM) electrode. Its length is 22 m. The electrode intervals
are 4 or 5 m (Fig. 2). Figure 1 shows a conceptual cartoon
illustrating exploration using two AUVs and an ASV. AUV
“JINBEI” dives ahead. The AUV “YUMEIRUKA” follows
the preceding AUV “JINBEI”. For the control of these two
AUVs, we used a two line command system. The AUV
“JINBETI” is controlled directly from the acoustic communi-
cation system of research vessel (R/V) “KAIMEI”, a mother
ship; AUV “YUMEIRUKA” was monitored and controlled
using acoustic communication via ASV “HubSea”. The
ASV is also controlled from the mother ship by wireless
LAN, satellite communication or public broadband mobile
communication, which uses very high frequency (VHF) ra-
dio wave with the frequency range from 30 to 300 MHz
(Hyakudome et al. 2018).

3. OBSERVATION AND RESULTS
3.1 Geological Background of Target Area

The occurrence of hydrothermal ore deposits in the
mid-Okinawa Trough has been reported (Ishibashi et al.
2014). We conducted three practical dives in two hydro-
thermal deposit areas of the Middle Okinawa trough dur-
ing 28 to 30 April 2018 on a scientific cruise to assess the
areas of hydrothermal deposits (KM18-04C). Before dives
in each area, we installed OBEs to test the detection limit of
the transmitted signal and to prepare for future MDCR and
CSEM analyses. In this paper, we only discuss the prelimi-
nary results of AUV’s data obtained by an integrated dive
at 30 April in the Hakurei field, which is located near the
southwestern wall in the Izena hole. We targeted the Hakurei
hydrothermal field because it is a well-known hydrothermal
deposit (Ishibashi et al. 2014). Extensive results of deep-sea
drilling have been reported by the Ministry of Economy,
Trade and Industry (METI 2013, 2018). The Japan Oil, Gas
and Metals National Corp. (JOGMEC) categorized many
large hydrothermal mounds found in the Hakurei field into
three groups (Fig. 3). Actually, JOGMEC conducted deep-
sea coring using a benthic multi-coring system (BMS) and
direct sampling using power grab in and around some of
the Hakurei field mounds. The mounds were covered by

sulfides. Most cored samples obtained from the mound top
consist of sulfide. Results of deep-sea drilling by METI
(2013) obtained using an onboard drilling machine system
indicated a lower sulfide layer below the sediment layer
(METI 2013). Later, METI (2018) also found that sulfide
minerals from coring samples contain about 1.45 g ton of
Au, on average. The total amount was estimated as about
7.4 megatons.

3.2 AUVs and ASV Operation

Before the dive, using bathymetry of the target depth
we produced a scenario for each vehicle’s altitude along
planned survey lines. We checked the safety of each sce-
nario and installed it to each AUV. The ASV has a scenario
cruising mode and an automatically AUV track cruising
mode. In the scenario cruising mode, we also prepared the
ASYV scenario, which is consistent with the AUV scenario.
With the AUV track cruising mode, the ASV follows the
targeted AUV while maintaining distance that can be set via
an acoustic telemetry. In our experiments, R/V “KAIMEI”
followed AUV “JINBEI”. The ASV which installed the sce-
nario followed AUV “YUMEIRUKA”.

The ASV was launched in advance to monitor one of
the AUV. AUV “YUMEIRUKA” was launched first and
descended automatically to the target depth to wait for
AUV “JINBEI” to reach the equal depth. Subsequently,
AUV “JINBEI” was launched. Each vehicle descended to
the target depth with a spiral track because the diving point
was near the start point of the survey. After AUV “JINBEI”
arrived at the target depth, the survey cruising was started.

To end the survey, serial recovery was conducted for
time saving. AUV “JINBEI” was first started to ascend to
the sea surface by releasing a ballast weight. AUV “YU-
MEIRUKA” ascended and maintained 500 m depth until
the AUV “JINBEI” recovery operation was finished. Then,
the ballast release command was sent to AUV “YUMEI-
RUKA” to its recovery operation. Finally, we conducted
recovery operations for the ASV.

For valuable MDCR data acquisition, we strove to
maintain the distance between the two AUVs at about
250 - 300 m and to maintain the vehicle’s average altitude at
50 - 80 m using the command system lines. Figure 4 shows
the vehicle’s tracks with the bathymetry along the main sur-
vey line (see Fig. 3). We were able to control the distance
between the vehicles within the target value. As demon-
strated, AUV “YUMEIRUKA” was able to follow the fore
position of AUV “JINBEI”.

3.3 Data Analysis and Results

The observed data are a time series of the electric po-
tential of five electrodes relative to a common electrode, the
transmitted electric current, and the two AUVSs’ positions
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Fig. 3. Maps of the survey area. (a) Regional map around Japan. (b) Map of the mid-Okinawa Trough and the Izena hole location. (c) Map of the
study area with dive tracks of two AUVs by acoustic positioning; the thin line and dashed line respectively represent the AUV “JINBEI” and AUV
“YUMEIRUKA”. Triangles and squares respectively represent the positions of AUV “JINBEI” and AUV “YUMEIRUKA” reported every five
minutes. Same color symbols show reported positions at the same time.
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Fig. 4. Vehicle tracks with bathymetry on the main survey line of the third dive (see Fig. 3). Triangles and squares respectively represent the posi-

tions of AUV “JINBEI” and AUV “YUMEIRUKA” reported every five minutes. Same color symbols show reported positions at the same time. The
thin line and dashed line respectively represent the AUV “JINBEI” track and AUV “YUMEIRUKA” track found by acoustic positioning.
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and altitudes along the dive tracks. Figure 5 portrays an ex-
ample of time series observed along the main survey line
depicted in Fig. 3. A cycle of the MDCR rectangle wave
consists of 2-s-long transmission of positive current, fol-
lowed by 2-s-long suspend, 2-s-long transmission of nega-
tive current, and 14-s-long suspend (Fig. 5a). The electric
potential data are mixtures of a low-frequency SP compo-
nent and controlled MDCR rectangle waves.

Kawada and Kasaya (2017) reported that the amplitude
of SP anomalies is very large in the Hakurei field of Izena
hole. Therefore, the spatial variation of SP anomaly along
the survey line must be evaluated carefully. Figure 5b pres-
ents raw data of electric potential differences of channels 1
- 5.To the raw data, we first applied a low pass filter (a 40-s-
long Gaussian filter in this study) to remove the MDCR sig-
nal. Sometimes, long-period fluctuations and trends were
observed in the low-pass filtered time series. In such cases,
we subsequently applied a high-pass filter (a 1200-s-long
Gaussian filter) to the low-pass filtered time series (Fig. 5¢).
Then we calculated the electric field by diving the electrode
distance and finally obtained the SP by integrating the elec-
tric field along the dive track. These procedures were per-
formed for all electrode combinations.

The AUV position (latitude, longitude, and depth) was
monitored at every 8 s using an acoustic navigation system
(ANS). Because these data include errors and scatterings,
we must remove them. After eliminating outliers from the
raw data, time series were interpolated to a 1-s interval by
filtering and smoothing operations. For the SP data, we
combined the generated position data and the filtered elec-
trical potential data, both of which are resampled in 1 s.

To estimate the apparent resistivity, we applied a high-
pass filter to the electric potential of each electrode (a 40-s-
long Gaussian filter in the present study) to remove the SP
signals. Then, these time series data are split into every
MDCR discharge cycle (30-s-long). The electric potential
and transmitted electric current data of every cycle are com-
bined using the time stamp generated by the atomic clocks.
In addition, fluctuations and spikes in the potential differ-
ence as well as electrode fluctuations caused by towing by
the AUV were removed from the data using a low pass filter
(10 or 20 Hz) and a visual inspection. Figure 5d presents
the refined data. For each cycle, we calculated V/I for all
electrode combinations from the measured potential differ-
ence and the recorded electric current via a linear approxi-
mation between the voltage and the current. Here, I is the
source current amplitude (A), and V is the received voltage
(V). Data obtained immediately after the start and the end
of power transmission were excluded from the calculation
of apparent resistivity because they were adversely affected
by the chargeability effect. The apparent resistivity was cal-
culated using the distance separating the two vehicles and
the geometry of the current transmitter electrodes and the
receiver electrodes. Assuming an infinite space, the appar-

ent resistivity was theoretically defined as homogeneous
resistivity,

pa:47z¥(r1 L Ly 1) (1)

where p, is apparent resistivity (ohm-m), r; is distance be-
tween electrodes i and j (m) with subscriptions of ¢ and p
being related to the transmitter and receiver electrodes, re-
spectively. In our case, ¢, and ¢, are transmitter electrodes in
Fig. 2a and a pair of p, and p, is a combination of any two
electrodes chosen from the five receiver electrodes in Fig. 2a.
For every cycle, the apparent resistivities are obtained from
all electrode combinations. After excluding outliers, the ap-
parent resistivities of some combinations (typically ch 1 and
3,and ch 3 and 5) are averaged at a horizontal position. The
horizontal position of the calculated apparent resistivity is
defined as the midpoint of the two AUVs. Apparent resistiv-
ity points were excluded from the analysis when the distance
between the two AUVs was greater than 300 m because the
estimated apparent resistivity values tended to scatter.

Figure 6 shows the calculated apparent resistivity and
SP data along the main survey line with the bathymetry. The
SP data were calculated by integrating the electric field data
along the dive track. Negative anomalies were detected at
the three mound sites. The largest anomaly was observed
above the south site. A weak negative anomaly was also
found at 200 m north of the north site, designated as the
small mound site. The apparent resistivities were calculated
using the procedure described above using some combina-
tion of channels 1 and 5. The apparent resistivity depicted
in Fig. 6 was calculated for the combination of channels 1
and 5 with the best estimation accuracy. Low apparent re-
sistivity (0.2 ohm-m) was imaged below the active mound
sites; apparent resistivities at the north and south ends of
the survey line show the same value of seawater resistivity
(0.3 ohm-m). A narrow but distinct high apparent resistivity
around 0.3 ohm-m was estimated between the low resistiv-
ity of the south and middle sites. In contrast, the low appar-
ent resistivity is continuous from the middle, the north, to
the small mound sites, although SP anomalies are not appar-
ent between the mounds.

4. DISCUSSION AND CONCLUSIONS

We succeeded in the MDCR and SP surveys in the hy-
drothermal deposit area using two AUVs with 20 m tow-
rods assisted by an ASV for monitoring and control of AUV
“YUMEIRUKA” via satellite and public VHF broadband
mobile communication. As shown by the dive result in the
Izena hole portrayed in Fig. 3, we covered an area of about
1 square kilometer during only 4 hours near the seafloor.
No major difficulty was found with satellite and public
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broadband mobile communications with the ASV during
the dive described herein. The distance between the survey
lines was about 150 - 200 m. Despite towing electrode rods,
the AUVs were able to shift smoothly between these survey
lines while maintaining their cooperative operation. The ve-
hicles were able to enter the next survey lines with only 3 - 5
min after the departure of the earlier survey lines. This be-
havior contributes to efficient use of the survey time. Dur-
ing the dive, the vehicle’s speed was controlled to between
2 and 2.5 knots. Figure 4 shows the vehicles’ tracks with
bathymetry on the main survey line (see Fig. 4). As dem-
onstrated, it was possible to maintain the distance between
the AUVs to approximately 200 - 300 m during most of the
survey. However, because we have not developed the mea-
suring and controlling system of the distance among both
AUVs, it is very difficult to maintain the distance control at
the beginning of the dive.

The distribution of the negative SP anomalies depicted
in Fig. 6 is similar to that obtained using a deep-tow survey
(Kawada and Kasaya 2017), which traced about 50 m east
of the present survey line. It is a point of particularly good
correspondence that the amplitude of the negative SP anom-
aly is greatest at the south site for both surveys. Kawada and
Kasaya (2017) estimated the subsurface current source dis-
tribution that explains the SP anomalies. They also reported
that it is difficult to explain these SP anomalies by the ef-
fects of high-temperature fluids from hydrothermal vents in
the water column because the distribution of SP anomalies
does not necessarily match those of electrical conductivity
and temperature anomalies in the water column obtained by
Conductivity Temperature Depth (CTD) sensor. The mech-
anism of a negative SP anomaly in on-land environments
is explained by the geo-battery model (Sato and Mooney
1960), in which an electrically conductive ore body connects
different redox states to activate redox reactions. A water
table is a boundary between the oxic and reduced environ-
ments. In marine environments, a geo-battery model is the
reasonable mechanism for negative SP anomalies (Kawada
and Kasaya 2017) because of the presence of an electrically
conductive ore body in the subsurface redox gradient. The
seafloor is a candidate for the boundary between the oxic
and reduced environments. In this case, only protruded ore
deposits can be detected. If hydrothermal fluid flow, in par-
ticular, recharge flow, is present, the boundary might be
deepened. Hence, a completely buried ore deposits might be
detected, and the SP anomalies observed during the present
AUV dives include information about the subsurface struc-
ture related to the hydrothermal deposits.

The apparent resistivity is generally low (0.2 ohm-m
or less) above the hydrothermal mounds. On this survey
line, the averaged distance between the vehicles and the
averaged altitude are, respectively, about 250 and 70 m.
Consequently, the estimated apparent resistivity values are
the averaged resistivity to several tens of meters below the

seafloor. METT (2013) reported from their drilling results
that these mounds mostly comprise sulfides. In general, a
resistivity value of sulfides is low (Cairns et al. 1996). We
assert that the areas of low apparent resistivity correspond
to the sulfide ore body from the survey depth. Data reported
by METI (2018) also indicate the existence of deep ore bod-
ies, of which the top is about 30 - 40 m below the seafloor.
Whether the estimated apparent resistivity detects deep ore
bodies remains unclear because of its averaged nature. How-
ever, the continuous low resistivity from the middle to the
small mound sites coincides with such a sub seafloor struc-
ture. Additionally, it is noteworthy that the source depth of
SP anomaly is obtained to several tens of meters below the
seafloor (Kawada and Kasaya 2017).

Figure 7 presents images of the seafloor near the north-
ern and southern ends of the survey line (Fig. 4) taken by
a submersible observation, where high resistivity with no
apparent SP anomaly is shown. The seafloor is very flat
with many holes and tracks made by benthos. No indica-
tion of hydrothermal activity was found. In some places,
small rocks can be found on the seafloor. Kawada and Ka-
saya (2017) observed that volcanic bodies do not generate
SP anomalies. Consequently, the areas in the ends of the
survey line are resistive volcanic bodies covered by the soft
sediments. In addition, an area with low resistivity and weak
negative SP anomaly is detected above small mounds found
north of the north site (Fig. 8). The possibility exists that
small ore bodies are buried below the seafloor in this area as
well as small mounds protruding from the seafloor.

When we conducted MDCR and SP surveys with only
a 4-hour observation period using two AUVs and an ASV
simultaneously, we detected readily apparent anomaly areas
related with hydrothermal deposits using two independent
parameters: low apparent resistivity and negative SP anom-
aly. These results demonstrate that geophysical exploration
survey using two AUVs is extremely efficient. The present
survey covered 1 km?, but took only 4 hours near the sea-
floor. Consequently, covering an area of more than several
square kilometers is expected to be possible by overnight
observation if the battery life and capacity were improved.
At present, a chief commander must direct all controls to
maintain safe and planned distance between the two AUVs.
However, if such control could be automated using intel-
ligent control techniques, then more efficient observations
could be anticipated.
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