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Abstract 

We performed a simultaneous survey of self-potential and plume turbidity using an autonomous underwater vehicle 
(AUV) above the Sunrise deposit in the Myojin Knoll caldera of the Izu-Ogasawara arc. A 10-m-long electrode rod, 
on which five electrodes referenced with a common electrode were mounted, was connected at the tail of an AUV. 
The survey was conducted at a typical speed of 2 knots, covering the 1500 m × 1500 m area with a typical spacing 
of survey lines of 100 m. With AUV altitude of 100 m above the seafloor, a negative self-potential anomaly of a few 
millivolts was observed. The self-potential anomaly was found to spread 300 m × 300 m. The self-potential is probably 
attributable to the geo-battery mechanism: electric current is generated by redox reactions occurring around an ore 
body crossing a redox contrast. Assuming that the source of the self-potential is an electric current dipole, we can 
image a southward-dipping dipole with the moment of approximately  103 A m, approx. 30 m below the southern 
part of the ore deposit. Anomalies of turbidity, which are correlated to ambient temperature and which are signatures 
of discharged hydrothermal fluids, were distributed more broadly than the self-potential. Some turbidity anomalies 
were found without self-potential anomalies. They were probably transported by the ocean current. Spatial decou-
pling between the self-potential and turbidity anomalies suggests that the direct contribution of hydrothermal fluids 
to the self-potential anomalies is probably a secondary effect. The survey altitude of 100 m and the survey speed of 2 
knots in the present study represent practical limitations for the self-potential survey when active hydrothermal fields 
are targeted. We have observed that the self-potential method responds exclusively to the presence of hydrothermal 
ore deposits. This behavior differs from other methods for exploring seafloor hydrothermal ore deposits: The geomag-
netic method responds not only to ore deposits but also to volcanic bodies. The plume method can detect remote 
hydrothermal activities, but the source locations are not necessarily specified. The self-potential method is useful as an 
excellent exploration tool, particularly for initial surveys.
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Introduction
For the exploration of submarine hydrothermal ore 
deposits over wide areas, efficiency is crucially impor-
tant (e.g., Yoerger et  al. 2007). Geophysical mapping 
methods, which continuously observe signals away 
from the seafloor, might be the best choice for this pur-
pose. Using a deep-towed array, we have demonstrated 
that the self-potential method, which measures in  situ 
electrostatic potential (e.g., Jouniaux and Ishido 2012; 
Revil and Jardani 2013), works effectively to locate sea-
floor hydrothermal ore deposits (Kawada and Kasaya 
2017). The observed self-potential signals are likely to 
detect redox reactions occurring around an ore body 
as a negative self-potential anomaly above it (Sato and 
Mooney 1960). The self-potential method is particularly 
efficient in marine environments because towing two or 
more non-polarized electrodes reveals in  situ electro-
static fields. Although this method is not used very com-
monly in marine environments at present, it has been 
investigated continually since the 1970s (e.g., Beltenev 
et al. 2009; Brewitt-Taylor 1975; Cherkashev et al. 2013; 
Constable et al. 2018; Corwin 1976; Francis 1985; Hein-
son et al. 1999, 2005; Kawada and Kasaya 2017; Petersen 
and Shipboard Scientific Party 2016; Safipour et al. 2017; 
Von Herzen et al. 1996). The use of autonomous under-
water vehicles (AUVs) greatly improves the efficiency of 
the self-potential survey (Constable et al. 2018; Sato et al. 
2017). Sato et  al. (2017) only measured self-potential. 
Constable et al. (2018) conducted combined observations 
of self-potential and electromagnetic surveys. The main 
purpose of the present study is to map the difference in 
response between self-potential and turbidity using this 
high efficiency.

The salient benefit of the self-potential method in 
marine environments is that it responds specifically to 
the presence of hydrothermal deposits, which is a unique 
feature that is unavailable from other geophysical meth-
ods. For instance, the geomagnetic method (e.g., Cara-
tori Tontini et  al. 2012a, b; Fujii et  al. 2015; Gee et  al. 
2001; Honsho et  al. 2013, 2016a, b; Szitkar et  al. 2014a, 
b; Tivey and Dyment 2013; Tivey and Johnson 2002), 
which is regarded as an important method for explor-
ing marine hydrothermal ore deposits (e.g., Urabe et  al. 
2015), responds to any magnetized/less-magnetized 
body. Actually, the observed magnetization is high (e.g., 
Gee et al. 2001; Honsho et al. 2016b) or low (e.g., Hon-
sho et  al. 2016a) depending on the mineral assemblage 
(e.g., Körner 1994) as well as the degree of hydrothermal 
alteration. Consequently, this method requires geological 
information about the target area. As another example, 
the plume survey method (e.g., Baker et al. 2005; German 
et al. 2008), which is used to explore active hydrothermal 
fields, responds to signatures of plume fluids. The fluid 

discharge location is sometimes different from the plume 
fluid location. Therefore, the discharge cannot always be 
specified. Self-potential signals are probably related more 
directly to the presence of ore deposits via the geo-bat-
tery mechanism.

Using a middle-class AUV, Jinbei (Hyakudome et  al. 
2012), we apply the self-potential method to a known 
Kuroko-type submarine hydrothermal ore deposit, the 
Sunrise deposit, which is associated with the Myojin 
Knoll caldera in the Izu-Ogasawara arc, southern Japan 
(Fig.  1) (Iizasa et  al. 1999). Earlier studies have demon-
strated that the use of an AUV can yield information 
related to hydrothermal ore deposits more efficiently 
than deep-towed arrays can (Constable et al. 2018; Sato 
et  al. 2017). In this study, we extend our research to 
observe turbidity, which is evidence of discharged plume 
fluids, and to observe self-potential signals, which might 
originate directly from ore deposits below the seafloor. 
Furthermore, observed self-potential data are analyzed 
to obtain the intensity and polarization of an electric 
current dipole generated by the geo-battery. Finally, we 
compare the self-potential method to geomagnetic and 
plume survey methods. In short, self-potential signals 
yield more specific information than other passive meth-
ods do.

Geological background of the target area
The target area of this study, Myojin Knoll, is located in 
the Izu-Ogasawara arc, southern Japan (Fig.  1). The arc 
consists of a chain of arc volcanoes associated with sub-
duction of the Pacific Plate into the Philippine Sea Plate 
from the east (Tamura and Tatsumi 2002; Tamura et al. 
2009). Basaltic and rhyolitic volcanoes are located alter-
nately from north to south along the arc (Tamura et  al. 
2009) (Fig.  1a). Myojin Knoll is a rhyolitic volcano with 
a caldera structure located in the middle part of the vol-
canic chain. The caldera (Fig. 1b) is an oval with the major 
axis extending in the E–W direction (7 km × 6 km). The 
caldera wall has height of 500–1000 m. The caldera floor 
comprises rhyolitic pumice underlain by rhyolitic lava, 
identified both by visual (Fiske et  al. 2001) and seismic 
(Tsuru et  al. 2008) surveys. Such layered structures are 
occasionally encountered in rhyolitic volcanoes (e.g., 
Urabe et al. 2005). The age of caldera collapse is unknown 
but it is assumed to be very young (several 1000  years) 
from a morphological perspective (Fiske et  al. 2001). A 
rhyolitic lava dome with relative height of 350  m from 
the caldera floor is situated near the center of the caldera 
(Fig. 1b). The caldera wall is steep near the limb, but gen-
tle near the foot.

The Sunrise deposit is located near the southeastern 
foot of the caldera wall near a scarp structure (Fig.  1c) 
(Iizasa et  al. 1999) at water depth of 1200–1400  m. A 
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Fig. 1 Map of the target area. a Location of Myojin Knoll caldera in the Izu-Ogasawara arc, with the inset showing the location of the Japanese 
Islands. The white and red circles, respectively, denote the locations of basaltic and rhyolitic volcanoes (Tamura et al. 2009). The yellow star denotes 
the location of Myojin Knoll caldera (a rhyolitic volcano). b Plan view of Myojin Knoll caldera. The yellow box denotes the survey area of the present 
study shown in (c). The color scale is explained in the legend below. c Magnified plan view of the survey area. The color scale is the same as (b). 
The location of the Sunrise deposit (Iizasa et al. 1999) is marked by the thick dashed curve. The locations of a low-magnetization area, ridge-like 
structures, and scarp structures (Honsho et al. 2016a) are marked, respectively, by a dot-dashed curve, thin dotted curves, and inverted Ts
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visual survey conducted using a submersible (Iizasa et al. 
1999) approximated the deposit size as 400  m × 400  m. 
The mineral assemblage of this deposit is classified as 
Kuroko type: recovered samples consist of Cu–Zn–
Pb sulfides with high Ag (approx. 1200  ppm) and Au 
(approx. 50  ppm) contents, which are, respectively, 24 
and 40 times those taken from typical samples of Kuroko 
deposits (Iizasa et al. 1999). Iizasa et al. (1999) identified 
the hydrothermal vents discharging high-temperature 
fluids as aligned in the NW–SE direction. In the late 
1990s, active hydrothermal vents discharging high-tem-
perature fluids up to approx. 280  °C were recorded, but 
most (approx. 70%) observed vents were dead according 
to Iizasa et  al. (1999), which led them to infer that this 
hydrothermal site was in a decline stage at that time. 
Later, in 2014, an acoustic survey detected signals of fluid 
discharge above the deposit (Honsho et  al. 2016a). The 
system remained active in 2014.

Results of a detailed morphological survey using acous-
tic sounding suggest that the Sunrise deposit was formed 
in association with post-caldera volcanism that occurred 
after the main caldera collapse (Honsho et  al. 2016a): 
ridge-like volcanic structures cut the caldera wall. Three 
ridge-like structures of post-caldera volcanism origin 

run along the NW–SE orientation inside of the Sunrise 
deposit (Honsho et  al. 2016a). They are correlated with 
the distribution of hydrothermal vents found by Iizasa 
et al. (1999); the most active vent, designated as Daimyo-
jin, is located near the southern end of the westernmost 
ridge. Two of the ridge-like structures are identifiable 
inside of the deposit from a bathymetry map compiled 
based on results of multi-beam sounding obtained dur-
ing the cruise YK16-10 (Fig. 1c). A magnetic survey con-
ducted using an AUV revealed that the Sunrise deposit 
shows a very weak low-magnetic anomaly, accompanied 
by an area with more intense magnetic low to the west of 
the deposit (Honsho et al. 2016a). Honsho et al. (2016a) 
reported that the discharge of high-temperature fluids 
along fractures of the caldera limb demagnetized host 
rocks by alteration, resulting in the formation of this low-
magnetization zone, similarly to the Sunrise deposit.

Observation
Equipment
We used the AUV Jinbei (Hyakudome et  al. 2012) 
(Fig.  2a), operated by R/V Kaimei of the Japan Agency 
for Marine–Earth Science and Technology (JAM-
STEC), to demonstrate the effectiveness of AUVs for the 
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Fig. 2 Apparatus used in the present study. a Photograph of the side-view of the AUV Jinbei (Hyakudome et al. 2012). b Configuration of the 
present survey with a 10-m-long FRP electrode rod. Open squares on the cable show locations of five Ag/AgCl electrodes. The solid square is that 
of a reference (common) Ag/AgCl electrode. Orange ellipsoids show the locations of small plastic buoys to keep the rod neutral. The data logger is 
mounted outside of the AUV



Page 5 of 15Kawada and Kasaya  Earth, Planets and Space  (2018) 70:142 

exploration of hydrothermal deposits. Jinbei is a middle-
class cruising-type AUV with maximum working depth 
of 3000  m. The 4-m-long, 1.1-m-wide, and 1.0-m-high 
vehicle has aerial weight of about 2 tons. It can cruise at 
2–2.5 knots using four rear thrusters. The vehicle alti-
tude can be controlled precisely by two azimuth thrust-
ers mounted on the mid-ship of the body and by ‘X’ 
rudders on the rear. The AUV position is monitored in 
a three-dimensional space using a super-short baseline 
(SSBL) acoustic system (13–15  kHz range) and by an 
inertial navigation system (INS) with a Doppler velocity 
log (DVL) of 300 kHz. The vehicle is equipped with mul-
tiple environmental sensors including a hybrid pH–CO2 
sensor, a conductivity-temperature-depth (CTD) meter, 
a dissolved oxygen (DO) sensor, and a fluorescent tur-
bidimeter. The vehicle is also equipped with an acoustic 
sounder, which is chosen exclusively from a multi-beam 
echo sounder or a side-scan sonar because of the load 
capacity.

For the self-potential survey, the AUV is equipped with 
a 10-m-long fiber-reinforced plastic (FRP) rod at the tail 
of the vehicle, on which five non-polarized Ag/AgCl elec-
trodes (Filloux 1987) are mounted (Fig. 2b). These elec-
trodes are referenced to a common electrode mounted 
near the tail of the rod. The number of independent sig-
nals is thereby five. The electrode distance is mainly 2 m, 
but it is 0.5  m at the AUV side. Raw data, electrostatic 
potentials among the five electrodes relative to the com-
mon electrode, are recorded using a high-precision (24 
bit) multi-channel voltmeter, which was designed origi-
nally as a receiver unit of an active electromagnetic sur-
vey system (Goto et al. 2013).

Survey summary
Using the apparatus explained above, we conducted 
a self-potential survey covering the Sunrise deposit 
(Iizasa et  al. 1999) during the KM16-10 cruise (see 
Additional file 1: Fig. A1 for raw data and Fig. A2 dive 
tracks), which was the first attempt for Jinbei to be 
engaged in scientific research. The survey was adminis-
tered with a single dive during the daytime (Additional 
file  1: Fig.  A1). The survey consists of two groups of 
survey lines, both of which cover an area of the Sunrise 
deposit (Figs. 1c and 3a; Additional file 1: Fig. A2). The 
eight survey lines in the first group (Lines 1–8) run in 
a NE–SW direction, sub-parallel to the depth contours 
of the caldera wall. The other four lines in the second 
group (Lines 9–12) run in an E–W direction, extending 
west of the deposit, where a low-magnetic anomaly was 
observed and interpreted as a fluid conduit (Honsho 
et al. 2016a). The survey height was 100 m on average, 
but it varied: 60–140  m. The survey was administered 

at approx. 2 knots. Sampling rates of instruments were 
1 s, except for the SSBL, which was 8 s.

Two more survey lines (Lines S1 and S2), arranged 
in an E–W direction, are not addressed in this study 
because they are duplicated by some lines of the second 
group (Additional file  1: Fig.  A2). The results of both 
sets are fundamentally the identical (Additional file  1: 
Fig. A3).

Data analysis
The time series of the horizontal position of the AUV 
is approximated from SSBL data using least-squares 
method (using a third-order polynomial) because the 
acoustic data are sometimes affected by scattering and 
a lack of data (Additional file 1: Figs. A2, A3). Moreo-
ver, the sampling rate is lower than those of other data. 
The AUV position estimated using INS is not used for 
this analysis because it is deviated via the time integra-
tion process. We assume that the electrode rod is par-
allel to the horizon because we did not measure the 
angle in the present survey. It is the cosine of the rod 
angle affecting estimation of the electric field. The angle 
is 20  deg at most (Kawada and Kasaya 2017). Conse-
quently, the underestimation is approx. 6% in the worst 
case (cos(20°) ≈ 0.94). Neglecting the cable angle does 
not strongly affect the analysis results.

Raw data for the time series of the electrostatic 
potential of each sensor relative to the common elec-
trode are processed in the following manner. First, out-
liers are removed from the data using a robust Kalman 
filter (RKF) with the Wiener filter (e.g., Kaneda et  al. 
2012). The RKF parameters are obtained by minimiz-
ing Akaike’s information criterion (AIC) (e.g., Kitagawa 
1993). Second, using linear least-squares fitting, con-
stant and linear components are removed from the RKF 
processed time series. At this stage, any combination 
of two electrodes gives the electric field parallel to the 
electrode rod when divided by the sensor distance (see 
Fig.  2b). However, results demonstrate that Ch. 1 and 
3 include more noise than other channels throughout 
the survey. Moreover, Ch. 3 shows large drift (Addi-
tional file  1: Fig.  A1); we therefore decide not to use 
these channels for analyses. Third, we take an average 
of Ch. 2, 4, and 5 to obtain the electric field at each 
time. Finally, the electric field can be integrated along a 
survey line to ascertain the effective self-potential. This 
figure is not exact because the survey depth was not 
always constant. Moreover, the electrode rod might not 
be horizontal. Therefore, it is labeled as effective, but 
integration can produce a reasonable picture for prac-
tical purposes such as identifying the locations of self-
potential anomalies.
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Results
The electric field shows anomalies with amplitude 
of < 0.04  mV/m around the Sunrise deposit (Iizasa 
et  al. 1999) (x of approx. –100 between 300 m and y of 
approx. − 100 between 300 m in Fig. 3a; Fig. 1c presents 
the deposit location) with a survey height of approx. 
100 m. No strong self-potential anomaly was found out-
side of the Sunrise deposit. The origin point (32°06.2′N, 
139°52.0′E) was chosen near the center of the deposit. 
Integrating the electric field along the survey lines pro-
duces a circular negative (effective) self-potential anom-
aly with amplitude of a few millivolts (Fig. 3b). The area 
of the observed self-potential anomaly is approximated 
to 300 m × 300 m in the present survey (Fig. 3b), which 
is smaller than that reported by Iizasa et al. (1999) based 
on visual surveys, 400  m × 400  m (Fig.  1c). This differ-
ence appears to be reasonable because Iizasa et al. (1999) 
included not only the area of hydrothermal mounds 
of sulfides; they also included hydrothermal alteration 
zones.

Self-potential anomalies were detected along almost 
all survey tracks showing systematic variation in terms 
of the distance from the center of the deposit (Figs.  4, 
5). For the first group of survey lines aligned NE–SW 
(Lines 1–8; see Fig. 3a for the location), only a very weak 
(Line 1; Fig. 4a) or no self-potential (Lines 5–7; Fig. 4f–h) 
anomaly was observed along the survey lines crossing the 
edge of the deposit. By contrast, a negative self-poten-
tial anomaly of a few millivolts was found along the 
lines crossing the center of the deposit (Lines 2–4, and 
8; Fig. 4b, e). The horizontal coordinate of Lines 1–8 (x′, 
y′) is rotated 39° counterclockwise about the origin point 
relative to the original northing–easting coordinate (x, y) 
because the survey direction of these eight lines is run-
ning at about N51°E. The second group of E–W survey 
lines (Lines 9–12; see Fig.  3a for the location) exhibits 
similar characteristics (Fig. 5). These two groups of sur-
vey lines with different AUV headings yield almost iden-
tical results.

The observed self-potential shows asymmetries along 
the survey lines (e.g., Fig.  4c, d); these asymmetries are 
clearer in the electric field. Assuming that the source of 
the self-potential anomaly is an electric current dipole 
(Revil et  al. 2001), we might image an inclined dipole. 
This possibility is evaluated in the next section by mod-
eling the observed electric field. The observed self-poten-
tial (electric field) data also show small-scale fluctuations 
along four survey lines. Three of them (y′ of approxi-
mately 100 m along Lines 3, 4, and 8; See Fig. 4c, e) are 
located near the center of the ore deposit, the location 
of which coincides with the eastern ridge-like struc-
ture observed by Honsho et  al. (2016a); the other one 
(y ~ 100 m along Line 9; Fig. 5a) is near the northeastern 

edge of the ore deposit, the location of which coincides 
with the western ridge-like structure (see Fig. 1c for the 
location of the ridges). A side-scan survey detected a 
hydrothermal plume-like structure above these ridge-
like structures (Honsho et al. 2016a), indicating that the 
observed fluctuations are related to the location of active 
hydrothermal vents.

Anomalies of turbidity were detected covering the area 
of the Sunrise deposit (Fig. 6). Two areas of intense tur-
bidity anomalies were identified. First, a turbidity anom-
aly immediately above the Sunrise deposit is associated 
with large-scale self-potential anomalies (Lines 2–4, and 
8 in Fig. 4b, e, Lines 9–11 in Fig. 5a, c). The most intense 
turbidity anomaly, observed above the southern part 
of the deposit, is consistent with earlier observations of 
active vents at the southern part of the deposit (Honsho 
et al. 2016a; Iizasa et al. 1999). The self-potential anomaly 
is circular, as described above, probably reflecting the 
distribution of the ore deposit. Second, by contrast, tur-
bidity anomalies found above the areas west (x of approx. 
− 100 m and y of approx. − 400 m; Line 12; Fig. 5d) and 
northeast (x of 100–500 m and y of 200–400 m; Lines 5 
and 6; Fig. 4f, g) of the deposit are not accompanied by 
the self-potential anomaly (compare Fig. 3b with 6). The 
second turbidity anomalies seem to spread along the 
depth contour lines (Fig.  6), which might be branched 
from the intense turbidity anomalies influenced by the 
ambient ocean current.

Anomalies of ambient temperature and salinity (calcu-
lated from temperature, pressure, and electrical conduc-
tivity of the CTD data using an empirical relation) were 
observed at similar locations of turbidity anomalies, but 
they are not always correlated with turbidity. For exam-
ple, a turbidity anomaly detected around y of approx. 
− 350 m along Line 12 is not accompanied by tempera-
ture and salinity anomalies (Fig.  5d). Temperature and 
salinity are mutually correlated: they show anomalies 
above the Sunrise deposit (Lines 2–4, and 8; Fig.  4b, e) 
and above the areas west (Lines 5 and 6; Fig.  4f, g) and 
northeast (Lines 10 and 11; Fig.  5b, c) of the deposit. 
However, the water depth was found to vary among the 
survey tracks in this study because the Sunrise deposit 
is distributed on the caldera wall (water depth between 
1200 and 1400  m). The anomalies of temperature and 
salinity, which depend on water depth, cannot be con-
strained very well.

Modeling
To estimate the location and polarization of the electric 
current source generated by the geo-battery, we apply 
the probability tomography method (Patella 1997a, b; 
Revil et  al. 2001) and the point source inversion to the 
observed electric field data. Assuming that the source is 
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Fig. 4 Cross-sectional view of the results along selected survey lines directing NE–SW: a–h correspond to Lines 1–4, 8, 5–7 from northwest to 
southeast. Line numbers correspond to those in Fig. 3a. The horizontal coordinate is rotated 39° counterclockwise with respect to the origin point 
(32°06.2′N, 139°52.0′E) because the survey direction is approx. N51°E: (upper panel) effective self-potential; (upper middle panel) electric field along 
the dive track; (lower middle panel) ambient temperature (black curve, left axis) and salinity (red curve, right axis); and (lower panel) AUV depth with 
turbidity (upper curves; color scale is shown at the right), water depth (top of the brown area), and the survey direction (arrow). The water depth is 
calculated by summing the AUV depth and altitude
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a point-wise electric current dipole (Revil et al. 2001), the 
probability tomography method takes a cross-correlation 
between the electric field generated by a synthetic electric 

current dipole (of a unit dipole moment) and the observed 
one. Assuming also that the source is a point-wise electric 
current dipole, the point source inversion minimizes the 
misfit between the electric field generated by a synthetic 
electric current dipole and that observed. Here we intend 
to estimate the dipole location, strength, and polariza-
tion at a first order. Solving a full inversion problem 
using either a deterministic (e.g., Minsley et  al. 2007) or 
stochastic (e.g., Jardani and Revil 2009) framework is not 
conducted. The reader might refer to Revil and Jardani 
(2013) for an extensive review for the inverse problem.

To apply the probability tomography method, we com-
pare the observed electric field with the electric fields 
induced by three synthetic dipoles whose polarization is 
parallel to one of the coordinate axes. Each component of 
the resulted polarization vector is assumed to be propor-
tional to the probability for the corresponding synthetic 
dipole. The intensity is assumed to be proportional to 
the norm of the polarization vector. The source location 
is assumed to be the point where the intensity takes an 
extreme value. The dipole estimated by the probability 
tomography is not the best fit result. Therefore, we sub-
sequently apply the point source inversion. The number 
of unknowns for the point source inversion is six: the 
dipole position and the polarization vector. The dipole 
moment is the norm of the resultant polarization vector. 
The objective function is minimized using the standard 
Newton–Raphson method. We found that the inversed 
result is robust for the choice of initial conditions. In 
both analyses, the observed electric field is assumed to 
be parallel to the survey line in the horizontal direction 
with a zero vertical component because we only observed 
the electric field along the towed rod (Fig. 2b). We incor-
porate Lines 1–12 into analysis and specify the source 
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Fig. 5 Cross-sectional view of the results along selected survey 
lines directing E–W: a–d correspond to Lines 9–12 from north to 
south. Line numbers correspond to those in Fig. 3a. The horizontal 
coordinate is easting with respect to the origin point (139°52.0′E), 
along which the observation was conducted. The notation follows 
that presented in Fig. 4
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location and polarization in the three-dimensional space. 
Although this method does not include the effects of 
electrical conductivity contrast, we have demonstrated 
that it does not greatly affect the estimated source depth 
(< 10  m) in the presence of electrical conductivity con-
trast (Kawada and Kasaya 2017). The result is useful for a 
first-order approximation.

We can roughly estimate the polarization vector inten-
sity in the presence of electrical conductivity contrast. In 
the absence of topography, we can incorporate the elec-
trical conductivity contrast effects using an analytical 
solution for the electric field in the ocean induced by a 
point-wise electric current dipole buried in the sediment 
layer:

where �r and �rs , respectively, represent the observed and 
source locations, �P is  the polarization vector, and σsw 
(3 S/m) and σsed (variable but around 1 S/m near the sea-
floor), respectively, denote the electric conductivities of 
seawater and sediment. By incorporating the effects of 
sediment conductivity, when a signal is observed in the 
seawater, the dipole moment from a dipole buried in the 
sediment layer is two-third of that from the correspond-
ing dipole in an infinite seawater layer. We use Eq.  (1) 
in the presence of topography as a first-order approxi-
mation. The resultant electric current dipole moment 
is approximately 1.4 × 103 A m. Probability tomography 
gives the dipole moment of approx. 1.3 × 103 A m by 
matching the amplitudes of the synthetic and observed 
electric fields and using Eq. (1). This estimation is prob-
ably the first-time result for the dipole moment of an 
electric current source for an ore deposit associated with 
a high-temperature hydrothermal system. Constable 
et al. (2018) estimated the source intensity assuming sub-
surface monopole current sources with total intensity of 
zero.

The existence of a southward inclined dipole might 
reflect the sub-seafloor structure of the Sunrise deposit. 
This deposit might be influenced by fracture-restricted 
or fault-restricted fluid flow related to caldera forma-
tion activity, as was the Hakurei deposit on the Bayon-
naise caldera (Honsho et  al. 2013), 20  km southeast of 
the Myojin caldera (Fig.  1a), rather than being formed 
by simple upwelling fluid flow like the TAG mound on 
the Mid-Atlantic Ridge (e.g., Hannington et al. 1998). A 
seismic study of the Bayonnaise caldera revealed frac-
tures pervasively distributed inside of the caldera rim 
(Yamashita et  al. 2015). Yamashita et  al. (2015) postu-
lated that these fractures induce fluid flow outside of the 
caldera rim. Further studies might elucidate the hydro-
logical structure including this type of caldera-scale fluid 
flow that forms the Sunrise deposit.

Finally, we emphasize the importance of the three-
dimensional analysis demonstrated here, which is cru-
cially important for imaging a correct dipole polarization. 
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Using the point source inversion, the dipole source is esti-
mated below the southern part of the ore deposit (x = 20 m, 
y = 90 m, and z = − 1310 m) (Fig. 7; for the fitting, see Addi-
tional file 1: Figs. A4 and A5), the location of which is near 
the most active hydrothermal vent called Daimyojin (Iizasa 
et al. 1999). The source depth is estimated at approximately 
30 m below the seafloor. This result suggests the existence 
of a shallow ore deposit, considering the wide horizontal 
spreading of the deposit, 400 m × 400 m (Iizasa et al. 1999). 
The estimated dipole polarization is southward in the hori-
zontal direction, with a dip angle of approx. 60° from the 
vertical direction. This inclination reflects asymmetries in 
the observed electric field (e.g., Fig. 4c). Probability tomog-
raphy yields a similar result, although it gives a more steep 
dipole, with the dip angle of approx. 45° from the vertical. 
Results of probability tomography are presented elsewhere 
(Additional file 1: Fig. A6).
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For 2.5-dimensional analyses using data of each single 
survey line with an assumption that the survey track is 
a straight line, the source is immediately below it, and 
the polarization vector is restricted to the vertical plane 
below it, we find a different dipole polarization (Addi-
tional file 1: Fig. A7). Every NE–WS survey line predicts 
a southwestward-dipping dipole; every E–W survey line 
predicts an eastward-dipping dipole. However, the polar-
ization of the three-dimensional analysis falls between 
those of the 2.5-dimensional analysis. The estimated 
dipole moment varies from 1.0 × 103 to 1.6 × 103 A m, 
which also falls between those of the 2.5-dimensional 
analysis.

Discussion
The present cruise produced a map of self-potential 
anomalies above a known hydrothermal ore deposit using 
an AUV with survey height of about 100 m (Figs. 3b, 4, 
5). This map depicts a negative anomaly of a few milli-
volts spreading 300 m × 300 m. This cruise demonstrates 
that no complicated data analysis is necessary merely to 
specify the deposit location. The resultant self-potential 
signals are higher than the detection limit, even at the 
survey height of approx. 100 m. This survey height might 
represent a practical upper limit for exploring hydrother-
mal deposits with hydrothermal activities. Less active 
systems might require lower survey altitudes (approx. 
5–10  m) (e.g., Heinson et  al. 1999, 2005; Safipour et  al. 
2017).

Self‑potential method as an excellent exploration tool 
for initial surveys
Self-potential method obviates complicated data analysis, 
making it ideal for the efficient exploration of ore depos-
its. In fact, it requires no detailed geological information 
for interpretation. This benefit reflects the fact that the 
self-potential signals are linked directly to physicochemi-
cal processes that are inherent to ore deposits. The geo-
battery is the most plausible mechanism for self-potential 
signals emerging near ore bodies (Sato and Mooney 
1960): an electrically conductive body (an ore deposit) 
in the presence of subsurface redox gradient produces a 
negative self-potential anomaly above it. The geo-battery 
mechanism is not expected to work near less-conductive 
volcanic bodies. An earlier report described that no self-
potential anomaly was actually observed above volcanic 
bodies (Kawada and Kasaya 2017). This behavior pre-
vents unnecessary explorations conducted for an earlier 
study (e.g., Kato et al. 1989).

Detailed geological information is unnecessary to 
detect the presence of ore deposits, but such information 
might provide additional constraints to support the sur-
vey. Bathymetry is particularly important. Using an AUV 

is effective in this sense because it can acquire bathym-
etric data during the survey. As an example, for this sur-
vey, at least two sites are of interest from the viewpoint 
of geological information in exploring hydrothermal 
ore deposits. First, a large scarp structure southwest of 
the Sunrise deposit with a volcanic ridge (x of approx. 
300 m and y of approx. 300 m in Fig. 1c) is a candidate 
because fluid passageways are likely to form near the 
edges of scarps and fault structures. Nevertheless, no 
self-potential anomaly was detected around the observed 
scarp structure (Fig. 3b). Second, an intensely low-mag-
netization area (x < 0  m and y < − 500  m in Fig.  1c) dis-
covered by Honsho et al. (2016a) is an interesting area to 
be surveyed. Honsho et al. (2016a) reported that this low-
magnetic anomaly might represent a fluid conduit that 
forms the Sunrise deposit east of this magnetic low. Nev-
ertheless, no intense self-potential anomaly was detected 
above this low-magnetization area (Figs.  1c, 3b). This 
low-magnetization zone and the Sunrise deposit, both 
showing low magnetization (Honsho et  al. 2016a), are 
indistinguishable based solely on magnetic surveys, but 
can be distinguished by the present self-potential survey.

The self-potential method can be combined with active 
electric and electromagnetic surveys that obtain the elec-
trical conductivity structure. Actually, such a combined 
survey in marine environments has been attempted very 
recently (Constable et  al. 2018). The self-potential sur-
vey might be combined easily with these methods, with 
an electric current source provided properly, because the 
instrument used for the self-potential method is the same 
as a receiver unit of the electric/electromagnetic method 
(e.g., Goto et al. 2013). In other words, electric and elec-
tromagnetic surveys record self-potential signals unin-
tentionally. In these active surveys, self-potential signals 
are obtained as fluctuations in the baseline that might be 
removed as noise. To obtain self-potential signals from 
the data of these active surveys, the data should be aver-
aged over a cycle of the active source signal because the 
cycle comprises an alternating negative and positive cur-
rent source pair (e.g., Constable et al. 2018; Safipour et al. 
2017). Using data obtained from these active surveys, a 
self-potential signal is useful as a quick-look tool. Then 
the analysis of the active surveys is used to obtain infor-
mation about the electrical conductivity structure, but 
also to obtain a proxy for ore deposits. Again, using an 
AUV improves the survey efficiency (e.g., Constable et al. 
2018).

Self‑potential method compared to other geophysical 
methods
The self-potential method can be compared with some 
geophysical methods. The self-potential method can 
obtain information related to redox reactions occurring 
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around an ore body via the geo-battery mechanism 
(Sato and Mooney 1960) below the seafloor; other fac-
tors that might affect in situ self-potential are discussed 
in Additional file 2. For the geo-battery to work, a redox 
boundary is required. In on-land environments, it is a 
water table below the ground (Sato and Mooney 1960). 
In marine environments, it could be the seafloor in the 
absence of sub-seafloor water circulation but it might be 
situated below the seafloor in the presence of water cir-
culation. This point is crucially important for the marine 
self-potential method because only visible deposits 
are targeted in the former case. Completely buried ore 
deposits can be detected in the latter case.

The observed self-potential data predict the exist-
ence of electrical current sources, which might only be 
determined using this method. Electrical current is not 
a substance-specific quantity but a quantity depending 
on the surrounding environment. In this sense, the self-
potential has a different characteristic from the magnetic 
method, as discussed below in this section. Instead, the 
self-potential responds specifically to the existence of an 
ore deposit, which is an ideal behavior for exploration. 
Furthermore, the intensity of the self-potential might 
be a positive increasing function of the size of an ore 
body, although it is related not only to the ore body size 
but also to its shape, chemical composition, and other 
characteristics.

The magnetic method detects anomalies of magnetiza-
tion inherent to mineral assemblages, which have been 
widely used for exploring hydrothermal systems. The 
most successful magnetic survey related to exploration 
of hydrothermal deposits was that conducted by Tivey 
and Johnson (2002), who found circular low-magnetiza-
tion areas that coincided with the location of active and 
extinct hydrothermal sites near the Juan de Fuca Ridge 
axis. These magnetic lows are putatively attributed to the 
alteration of magnetized minerals into non-magnetized 
minerals rather than to thermal demagnetization because 
extinct systems show low magnetization (Tivey and John-
son 2002). However, the detected signals are generally 
not linked immediately to the presence of the ore depos-
its because the degree of magnetization depends on the 
mineral assemblage.

Two contrasting observations, both of which are asso-
ciated with silicic volcanoes, illustrate the difficulty for 
interpreting the magnetic anomaly in exploration. First, 
above the Sunrise deposit associated with a rhyolite vol-
cano, the target of the present study, only a weak mag-
netization low has been observed (Honsho et al. 2016a). 
This structure might be influenced by a geological struc-
ture inherent to this site and by a fluid flow (alteration) 
pattern. Second, above another hydrothermal field asso-
ciated with a dacitic volcano, the Hakurei hydrothermal 

field of the mid-Okinawa Trough, high magnetization 
is found that is correlated with hydrothermal mounds 
(Honsho et  al. 2016b). Analyzing the magnetic suscep-
tibility of drilled core samples in this field, Honsho et al. 
(2016b) argued that the high magnetization is attribut-
able to the existence of pyrrhotite, a sulfide mineral with 
high magnetization. Moreover, volcanic bodies show 
high magnetization; fluid conduits show low magneti-
zation (e.g., Honsho et  al. 2016b). As a historical fact, 
before the discovery of the Hakurei hydrothermal field, 
many observations were conducted with high magneti-
zation around dacitic volcanic bodies, located north of 
the hydrothermal field (Kato et  al. 1989). Consequently, 
in adopting the magnetic method to the exploration of 
hydrothermal deposits, geological information serves 
an important role: it distinguishes observed anomalies 
of the kinds described above. The self-potential method 
requires no such information, but it provides some useful 
constraints. It detects a negative self-potential anomaly 
above an ore body with either high or low magnetization. 
It does not respond to a volcanic body or a fluid con-
duit. Nonetheless, the geomagnetic method is beneficial 
because magnetization information is related to a sub-
stance-specific quantity, particularly when combined 
with geological and mineralogical information (Honsho 
et al. 2016b).

The plume method (e.g., Baker et  al. 2005; German 
et  al. 2008) might also be applicable to detect informa-
tion of hydrothermal ore deposits because hydrothermal 
vents often accompany ore deposits (although the con-
verse is not always true). Active hydrothermal systems 
discharging high-temperature fluids can be detected 
by anomalies of temperature, turbidity, and dissolved 
chemical species; direct effects of hydrothermal fluid 
on the self-potential are estimated as minor (see Addi-
tional file 2). The precise location of hydrothermal vents 
involving fluid discharges cannot be specified, however, 
because the discharged fluid is transported by the ambi-
ent ocean current. More importantly, plume surveys do 
not respond directly to signals from ore deposits at or 
below the seafloor itself, but to the discharged fluid. Con-
sequently, inactive systems cannot be observed to any 
degree using this method, in principle. This characteris-
tic is common among methods that detect anomalies in 
discharged hydrothermal fluids such as the redox poten-
tial (Eh) (e.g., Baker et al. 2005; German et al. 2008), dis-
solved chemical species of hydrothermal origin (Fe, Mn, 
 CH4, etc.) (e.g., Gamo et al. 1996; Shitashima 2010), and 
acoustic impedance (Kasaya et al. 2015; Nakamura et al. 
2015). Although it is coincident with the defect described 
above, the best aspect of the plume method is its remote 
nature: the signals can therefore extend far from the 
source. In the present study, anomalies of turbidity and 
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temperature were found above the most intense area of 
the hydrothermal field (Fig.  6), where the self-potential 
anomalies were detected (Fig.  3b). However, anomalies 
of turbidity and temperature exist without the presence 
of self-potential anomalies. The latter type of anomaly 
might reflect the fluid of the diffused component caused 
by the ocean current because the locations of the anoma-
lies more or less coincide with depth contour lines. Con-
sequently, although the detection limit of the survey 
altitude for the plume method is probably higher [e.g., 
approx. 200 m shown in Baker et al. (2005)] than the self-
potential method, the self-potential method can detect 
the location of hydrothermal ore deposits more specifi-
cally than the plume method can.

To summarize, the self-potential method can detect 
hydrothermal ore bodies more directly than magnetic 
and plume methods can. The self-potential detects sig-
nals from ore bodies directly, whereas the magnetic 
method detects the degree of alteration caused by ore-
forming hydrothermal fluids. The plume method detects 
hydrothermal fluids that are sometimes spread by the 
ambient ocean current. No single geophysical method 
can specify all properties of ore deposits, but combining 
various methods can elucidate ore deposits better.

Conclusions
We conducted a simultaneous survey of self-potential 
and turbidity using an AUV at the Sunrise deposit in 
Myojin Knoll caldera of the Izu-Ogasawara arc, south-
ern Japan. The survey, completed during the daytime, can 
produce a map of self-potentials extending for a square 
kilometer with a survey height of approx. 100  m and a 
survey speed of approx. 2 knots. These results suggest 
practical upper limits for moderately active hydrother-
mal fields. During this cruise, we observed a negative 
self-potential anomaly with amplitude of a few millivolts 
for a large area: 300 m × 300 m. The area of self-poten-
tial anomaly is consistent with results of a visual survey 
conducted earlier. Moreover, results show that the self-
potential signal exhibits asymmetry along the survey 
lines. Modeling images revealed a southward-dipping 
(approx. 60° from vertical) electrical dipole source 30 m 
below the seafloor. The dipole moment is estimated as 
approx. 1.4 × 103 A m. This result can be compared with 
that associated with other hydrothermal fields.

Combining a map of self-potential anomalies with a 
map of temperature/turbidity anomalies demonstrates 
that the self-potential method can detect locations of 
hydrothermal source areas more directly than plume-
related methods can. This cruise revealed that the pres-
ence of self-potential anomalies does not always correlate 
with those of turbidity and temperature, which are the 
direct contributions of hydrothermal plume fluids. 

Moreover, having precise bathymetry of the target area 
and an anomaly map of the self-potential, we recognized 
that the presence of ore deposits is not always correlated 
with a scarp structure, which is a candidate for the pres-
ence of ore deposits. The Sunrise deposit is in fact located 
at the tip of a scarp structure. The findings presented 
above can be elucidated only using an AUV.
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