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Hydrogeological structure of a seafloor e

hydrothermal system deduced from a pair
of positive and negative self-potential
anomalies observed at the Oomuro-dashi
hydrothermal field in the Izu-Ogasawara Arc,
south of Japan
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Abstract

This paper presents and interprets two new self-potential data measured over a hydrothermally active field associ-

ated with a Quaternary rhyolitic volcano, Oomuro-dashi, in the northern Izu-Ogasawara Arc, south of Japan. The
measured data show a pair of positive and negative anomalies of the order of one millivolt at 5 m above the seafloor.
The observation of a positive self-potential near a seafloor hydrothermal system is new, in spite that negative self-
potential anomalies have been regularly reported in various studies for different locations. Determining the dominant
mechanism(s) is therefore key to further understanding the subseafloor structure of seafloor hydrothermal systems. To
this end, we also conducted long-term observations of subseafloor temperatures at two sites in the area of the self-
potential anomaly to estimate the Darcy velocity. We found a downward fluid flow of the order of tens of metres

per year at both sites. The flow in the area of the negative self-potential anomaly is stronger than in the area of the posi-
tive anomaly. Based on these observations, we propose two end-member models to explain the paired self-potential
anomaly. The first model considers a horizontal geo-battery, in which part of a subhorizontal electrically conductive
body is crossed by a subvertical redox front. In this model, the oxidised part of the geo-battery causes a negative self-
potential anomaly, as in the previous observations, while the reduced counterpart of the geo-battery, which is nor-
mally buried, is exposed near the seafloor and causes a positive anomaly. In this case, a conductive body is expected

to lie beneath both anomalies, and we could access the reduced part of the geo-battery. This model is consistent

with the results of the Darcy velocity estimation if the strong hydrothermal circulation would cause the redox horizon
to deepen. The second model is a combination of the thermal and streaming potentials causing both positive and neg-
ative self-potential anomalies. This model does not necessarily require a buried conductive body beneath the self-
potential anomalies. These end-member models could be distinguished by resistivity imaging, which identifies the dis-
tribution of conductive bodies beneath self-potential anomalies, although they would overlap in natural systems.
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1 Introduction

The hydrogeological structure of seafloor hydrother-
mal systems plays an important role in the harvesting
of microbial communities and the formation of hydro-
thermal precipitates (see, for example, the articles cited
in Ishibashi et al. 2015). These properties can be attrib-
uted to both fluid flow patterns and crustal structures
beneath the seafloor, and their detection is highly desir-
able. To this end, field measurements of crustal heat flow
(Kinoshita et al. 2006; Masaki et al. 2011) and direct sam-
pling of discharged hydrothermal fluids (Kawagucci et al.
2011; Ishibashi et al. 2014) and rock samples (Yoshizumi
et al. 2015) have been carried out. However, these are
collections of point-wise information with a local spa-
tial scale such as a hydrothermal vent. On a larger scale
of hydrothermal fields, such as kilometres, geophysical
prospecting methods including seismic (Tsuji et al. 2012),
geomagnetic (Honsho et al. 2016a, 2016b), and gravity
(Evans 1996) surveys have helped to delineate hydroge-
ological structures beneath seafloor hydrothermal sys-
tems. Nevertheless, there is still a gap to be filled at these
distant spatial scales to understand the subseafloor fluid
flow structure.

The self-potential method has the potential to bridge
the gap between the understanding of local or vent-scale
properties revealed by in situ measurements and direct
sampling, and the understanding of a field-scale structure
imaged by geophysical prospecting. The self-potential
is a naturally occurring electric potential (e.g. Zlotnicki
and Nishida 2003; Jouniaux and Ishido 2012; Revil and
Jardani 2013; Mehanee 2015) that responds to various
processes involving charge transport (Nourbehechet
1963). The most important factors of interest include
the redox potential, which responds to oxidation—reduc-
tion reactions (Sato and Mooney 1960), the streaming
potential, which responds to fluid flow in the pore space
via electrokinetic phenomena (e.g. Ishido and Mizutani

1981), and the thermal potential, in which temperature
differences act as an electromotive force (e.g. Revil et al.
2013). Both streaming and redox potentials are involved
in on-land environments, and self-potential measure-
ments can image subsurface fluid flow (e.g. Jouniaux and
Ishido 2012; Revil and Jardani 2013) and highly reduced
contaminant plumes (e.g. Naudet et al. 2004). In contrast,
in marine environments, the redox potential may be
superior to the streaming potential due to weak electro-
kinetic phenomena caused by highly conductive pore flu-
ids or seawater (Glover et al. 2012). The thermal potential
is thought to be associated with magma bodies (Corwin
and Hoover 1979) and underground coal fires (Revil et al.
2013), but theoretical investigations are under develop-
ment. There is no application of the thermal potential to
seafloor hydrothermal systems. In any case, it is expected
that some hydrogeological information can be extracted
from the self-potential signals.

To date, examples of self-potential anomalies above sea-
floor hydrothermal systems and ore deposits are mostly
negative (e.g. Heinson et al. 1999, 2005; Sato et al. 2017;
Safipour et al. 2017; Kawada and Kasaya 2017, 2018; Con-
stable et al. 2018; Zhu et al. 2020; Su et al. 2022). These
negative self-potential anomalies in marine environ-
ments can be understood by the redox-potential-driven
geo-battery mechanism, which was originally proposed
as a model to explain negative self-potential anomalies
above mineral deposits on land (Sato and Mooney 1960).
In the presence of a subsurface redox gradient with an
oxidised (or high Eh) part near the seafloor and a reduced
(or low Eh) part at depth, redox reactions around electri-
cally conductive bodies such as sulphides will transport
electrons upwards within these bodies, resulting in a neg-
ative self-potential anomaly above them. The observed
negative self-potentials in marine environments may cor-
respond to the oxidised part of the geo-battery of a ver-
tically elongated conductive body crossing a horizontal
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redox front. Note that in on-land environments, negative
and positive self-potential anomalies have been observed
separately or simultaneously at a single site (e.g. Corwin
and Hoover 1979; Ishido 1981; Zlotnicki and Nishida
2003; Revil et al. 2023; Mehanee et al. 2023), probably
due to a combination of different effects described above.

Here we report a pair of positive and negative self-
potential anomalies detected by two deep-tow surveys

(a) Map2 (2024/06/06) (©
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conducted at the Oomuro-dashi hydrothermal field on
the caldera floor of a Quaternary rhyolitic volcano in the
northern Izu-Ogasawara Arc, south of Japan (Fig. 1), and
propose new models to explain the observed paired self-
potential anomaly. We also analyse the results of long-
term observations of subseafloor temperatures, which
are affected by variations in the bottom-water tempera-
ture due to the shallow water depth of the target area,
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Fig. 1 Maps of the target area with survey lines and the locations of temperature sensors. The colour scale is given in the legend at the bottom
of each map. a Izu-Ogasawara Arc with the filled circles (white for basaltic and red for dacitic to rhyolitic) corresponding to representative active
volcanoes (Tamura et al. 2009; Honsho et al. 2016a). The location of Oomuro-dashi, which is classified as rhyolitic but contains a little basalt,

is indicated by the yellow star. Plate boundaries are taken from Bird (2003). b Plan view of Oomuro-dashi volcano (a plateau-like surface) and its

caldera structure. The square indicates the study area. ¢ Close-up view of the study area corresponding to the white rectangle in b with the dive

tracks (black and white curves), the locations of long-term bottom-water temperature measurements (open squares), and the hydrothermally active
area (dashed ellipsoid). Sensor IDs are indicated by numbers in the inlet (not to scale) except for #24, one deployed outside the hydrothermal area.
The numbers bounded by a box correspond to the sensors whose data are displayed in Fig. 8. The locations of the sensors and the hydrothermally
active area are taken from Ohki et al. (2018). The white arrow indicates a kink in the caldera wall
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and which may contain information on subsurface fluid
flow. Because fluid flow may directly and indirectly influ-
ence the self-potential as mentioned above, the results
are useful for interpreting the self-potential observations
that cannot be explained by the original or vertical geo-
battery model, which does not take the effect of fluid flow
into account. The following sections are organised as fol-
lows: geological setting of the study area; information on
the scientific expeditions and methods of analysis; results
of the self-potential and long-term temperature measure-
ments; inverse modelling of the observed results; pos-
sible mechanisms to explain the observed results using
numerical models; and concluding remarks.

2 Geological setting of the study area
The Izu-Ogasawara Arc, south of the main island of
Japan, is formed by the westward subduction of the
Pacific Plate (PA) into the Philippine Sea Plate (PS)
(Fig. 1a). Volcanic islands and submarine volcanoes are
aligned in a North—South direction on the Philippine
Sea Plate (PS). Volcanoes composed of basalt and those
composed of dacite or rhyolite are alternately located
along the arc (red and white circles in Fig. 1a; Tamura
and Tatsumi 2002; Tamura et al. 2009). Dacitic to rhy-
olitic volcanoes tend to form a caldera associated with
explosive eruptions due to the high water content of such
magmas (e.g. McBirney 1963). The target of the present
study, Oomuro-dashi, is a submarine volcano of this type,
although its chemical composition is bimodal, predomi-
nantly rhyolitic with some basalt (McIntosh et al. 2022).
Oomuro-dashi is a submarine volcanic province with a
caldera hole at its summit (Hamuro et al 1983) (Fig. 1b).
Volcanic eruptions may have formed a plateau-like
structure with a diameter of 20 km and a water depth of
~100 m. A single-channel seismic survey has imaged a
layered alteration structure of rhyolitic lava and pumice
in the plateau-like structure (Tani et al. 2012; JAMSTEC
2012). This type of structure has been widely reported in
dacitic and rhyolitic volcanoes (Urabe et al. 2005; Tsuru
et al. 2008). A 0.5 km by 1.5 km D-shaped caldera, called
Oomuro-dashi Hole, the target of the present study,
is located at the top of the plateau (Fig. 1b). The major
axis is elongated in a NW-SE direction, and the shape of
the caldera shape looks like the letter ‘D’ being rotated
45° counter-clockwise. The caldera wall has a height
of ~ 100 m; the caldera floor has a water depth of ~ 200 m.
The rock of the caldera wall is rhyolite, and the caldera
floor consists of fine sand (Tani et al. 2012). The caldera
wall has a relatively gentle slope in its northeastern part
(the rounded part of the letter ‘D’) and a steep slope on
the opposite side (the linear part of the letter ‘D’). The
steep wall changes the strike from N'W-SE in its south-
ern part to E-W near the northwestern end (the white
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arrow in Fig. 1c). This may indicate a linear E-W trend-
ing subseafloor structure. Throughout this study, we use
a bathymetric map of ~20 m resolution compiled from
50 kHz multi-beam echo sounder (MBES) data acquired
by R/V Natsushima of the Japan Agency for Marine-
Earth Science and Technology (JAMSTEC) during the
expedition NT14-E02.

Hydrothermal activity (white-coloured seafloor, dif-
fuse flow, hydrothermal vents and chimneys) has been
observed in the northern part of the caldera floor (Ohki
et al. 2018; dashed ellipsoid in Figs. 1 and 2 and coloured
symbols in Fig. 2a), north of the inferred linear structure
(white arrow in Fig. 1c). The hydrothermally active area,
as defined by in situ temperature measurements on the
seafloor (Ohki et al. 2018), extends 300 m and 150 m in
the EW and NW directions, respectively (dashed ellip-
soid in Fig. 2). Example photographs of less-active and
active areas are shown in Fig. 2c and d, respectively. The
distribution of seafloor temperature anomalies (>50 °C)
is concentrated in this active area (Ohki et al. 2018;
Fig. 2b). The highest temperature of the discharged flu-
ids is ~ 200 °C (Tani et al. 2012), which corresponds to the
boiling temperature of seawater at a water depth of 200 m
or a pressure of 2 MPa (Bischoff and Rosenbauer 1988).
Small white chimneys were identified at three locations in
the active area (red triangles in Fig. 2a). These chimneys
are small (Fig. 2e), and some have collapsed and others
will collapse before growing. Tubeworms and bacterial
mats were commonly observed near active hydrothermal
vents on the flat seafloor (Fig. 2f). Further example pho-
tographs can be found in Additional file 1: Figure S1.

Due to the shallow water depth (~200 m) and the
Kuroshio current flowing near the target area (e.g. Miz-
uno and White 1983), the bottom-water temperature is
expected to change with time. The subseafloor tempera-
ture thus provides information on the subseafloor flow
velocity and the thermal properties of the sediment (Goto
et al. 2005), as the information on temperature changes
influenced by these properties diffuses downwards under
these conditions.

3 Materials and methods

3.1 Equipment

We employed the same self-potential measurement sys-
tem used in our previous studies (e.g. Kawada and Kasaya
2017). A 30-m-long fibre-reinforced plastic (FRP) sen-
sor cable was connected to the tail of the deep-tow, on
which five non-polarised Ag/AgCl electrodes (Filloux
1987), separated by 5 m and referenced to a common Ag/
AgCl electrode, were mounted (Fig. 3). The electrostatic
potential of each sensor was recorded by a high-preci-
sion (24-bit) high-impedance multichannel electrom-
eter, which is a component of a marine electromagnetic
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Fig. 2 Hydrothermal activity of the Oomuro-dashi Hole. Note that a and b use the same raw data as in Ohki et al. (2018) but newly drawn

by the authors of the present paper. a Visible hydrothermal signatures (e.g. white-coloured seafloor; yellow circles), active chimneys (red
triangles), and dead chimneys (blue triangles). The dashed ellipsoid represents the hydrothermally active area, which covers the area with seafloor
temperatures above 50 °C. The dive tracks of the expedition NT15-21 are indicated by the grey curves, and the locations of the long-term
bottom-water temperature measurements are denoted by the open squares. Sensor IDs are indicated by numbers in the inlet except for #24,

one deployed outside the hydrothermal area. The numbers bounded by a box correspond to the sensors whose data are displayed in Fig. 8. b
Temperature distribution at the seafloor with the colour scale shown in the legend. Temperatures below 50 °C are indicated by a small circle

and those equal to or above 50 °C by a large circle. ¢ Photograph for Station 15 with SAHF S6. The seafloor is sandy. d Photograph for Station 64
with SAHF S9. The seafloor is also sandy, but there are white-coloured spots behind the instrument. At the bottom of ¢ and d, schematic diagrams
explaining the instrument are added. e Photograph of a small hydrothermal chimney during temperature measurement. f Photograph showing

tubeworms

survey system (Kasaya et al. 2019). The electrometer is
capable of recording data at a maximum sampling rate
of 1 kHz. Two acoustic transponders were attached for

positioning, one at the deep-tow and the other at the tail
end of the sensor cable. These positions were monitored
by the mothership’s super-short baseline (SSBL) system.
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Fig. 3 Configurations of the self-potential measurement. The
positions of five electrodes (white squares) and a reference
electrode (a filled square) are shown along the FRP rod mounted
on the deep-tow. The figure is modified from Kawada and Kasaya
(2017)

Occasionally, a conductivity-temperature-depth (CTD)
meter and an acoustic altimeter were mounted on the
deep-tow.

Long-term monitoring of subseafloor and ambient
bottom-water (near-seafloor) temperatures was carried
out independently of the self-potential surveys. Two
heat-flow probes named SAHFs (Stand-Alone Heat-
Flow meters, manufactured by Kaiyo Denshi Co. Ltd.;
Kinoshita et al. 2006) were used to record subseafloor
temperature profiles on the hydrothermally active area.
The SAHF has a 50-cm-long and 1-cm-diameter probe
with five calibrated thermistors mounted at 11-cm inter-
vals. Temperature records have a resolution of 0.001 °C.
Ten commercially available small (15 mm diameter and
160 mm long) temperature loggers named MTLs (Min-
iaturised Temperature data Loggers, manufactured by
ANTARES Datensysteme GmbH; Pfender and Villinger
2002) were used to monitor the bottom-water tempera-
ture at various locations on the caldera floor. They have a
resolution of 0.001 °C.

3.2 Survey summary

Two expeditions, MR16-01 (2016/1/29-2016/2/7) by
R/V Mirai and KM16-03 (2016/6/3—-2016/6/10) by R/V
Kaimei of JAMSTEC, were conducted in a known hydro-
thermal system (the Oomuro-dashi hydrothermal field)
in the Oomuro-dashi Hole to investigate self-potential
anomalies using a deep-tow system passively towed
by the mothership. We have totally six survey tracks
(Fig. 1c). During MR16-01, a round-trip survey was con-
ducted along a line running from N'W to SE and a line
running from SE to NW (Line M2) along the almost
identical path. During KM16-03, surveys were carried
out along a line running from N'W to SE (Line K1, which
attempted to retrace Lines M1 and M2) and a line run-
ning from SE to NW (Line K2, 200 m east of Line K1).
Surveys were also carried out along a line running from
W to E (Line K3) and a line running along from E to W
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(Line K4, 100 m south of Line K3). The survey altitude
was ~5 m, and the towing speed was ~ 1 knot (~ 0.5 m/s).
Note that the expedition KM16-03 conducted an active
electrical survey at the same time, but the results will be
reported elsewhere and are not presented in this paper.

During both expeditions, in situ electrical potentials
were recorded at a sampling rate of 50 Hz or more, but
1 Hz downsampled data were used for the analysis of the
self-potential. The positions of the deep-tow and the tail
of the cable were monitored by the SSBL system at 4-s
intervals, allowing the cable angle to be estimated. The
altitude was monitored by a video camera and an effort
was made to keep the survey altitude at 5 m because the
altimeter was not working (KM16-03) or not installed
(MR16-01). The deep-tow altitude can later be estimated
from the deep-tow position using the bathymetric map.
During KM16-03, ambient temperature, electrical con-
ductivity, and pressure were recorded by the CTD at 1-s
intervals.

Two SAHFs, labelled S6 and S9, were respectively
deployed on 2015/12/15 (S6) and 2015/12/14 (S9) dur-
ing the expedition NT15-21 and retrieved on 2016/4/26
during the expedition KS-16-J06 (see Figs. 1c and 2 for
deployment locations). We thus have 4.5 months of data
with a sampling rate of 10 min. The deployment locations
of S6 and S9 correspond to Sites H and ] of Ohki et al.
(2018), respectively. S6 was deployed near the northern
edge of the hydrothermally active area, where there is no
visible hydrothermal activity (Fig. 2c); S9 was deployed
near the southern edge of the hydrothermal area, where
there is a white-coloured seafloor (Fig. 2d). Both probes
achieved vertical and full penetration (Fig. 2c and d).
Ten MTLs were deployed broadly across the caldera
floor (Figs. 1c and 2) to record ambient temperatures a
few centimetres above the seafloor. These were mounted
on equipment units for ranging (called ROV-Homer,
manufactured by Sonardyne Inc.; Fig. 2d). The observa-
tion period of the MTLs is similar to that of the SAHFs,
and the sampling rate was also 10 min. Note that 4 MTLs
(10, 21, 24, and 92) were found lying down at the time of
retrieval.

3.3 Data analysis

The 0.25 Hz (4 s interval) SSBL data for the positions of
the deep-tow and the tail of the cable are interpolated
to 1 Hz using the ‘filterld’ and ‘sampleld’ commands of
the Generic Mapping Tools (GMT; Wessel et al. 2019)
to obtain the same sampling rate as the other compo-
nents (1 Hz) and to deal with scattered and missing data.
As the depths of the deep-tow and the tail of the cable
were almost identical and in line, we assume that the sen-
sor cable is parallel to the horizon and in line with the
transect (see Additional file 1: Figure S2 for the cable
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angle). The survey lines, named Lines M1-M2 and K1-
K4 (Fig. 1c), are selected manually by picking up intervals
where the deep-tow ran straight. We obtain the direction
of these transects and the positions projected onto them
using the ‘project’ command of GMT (Wessel et al. 2019).

The 1 Hz voltage data, downsampled from the original
data of 50 Hz or more, are further processed through a
15-s-long cosine filter using the ‘filterld’ of GMT (Wes-
sel et al. 2019) to remove high-frequency noise (as well
as signals of the electric sounding for the KM16-03 data).
This procedure of reducing high frequencies is similar
to that used in Constable et al. (2018). The subsequent
analysis follows our previous studies (e.g. Kawada and
Kasaya 2017, 2018). First, the data are clipped to each
survey line. Then, for each survey line and each channel,
both a constant offset and a linear trend with time are
removed from the filtered data by subtracting the linear
least-squares fitted data. Finally, the electric field and the
self-potential are calculated.

Since each electric potential (V; with i being the chan-
nel number of the sensor) is referenced to a common
electrode, the electric field between the i-th (deep-tow
side) and the j-th (tail side) sensors is written as.

n M
di

obs __
Eij =—

which is calculated from the two electrostatic poten-
tials V; and V; divided by the distance between the two
electrodes dj; and adding the minus sign. We have four
independent electric fields using two adjacent sensors
divided by the sensor distance of 5 m (Fig. 3). Assuming
that the electric field is parallel to the survey line, the self-
potential of any combination of sensors is approximately
calculated by integrating the electric field along the line,

l

by = — / E(l, @)

0

where [ is the distance relative to an arbitrary position
along the line. Here it is assumed that the self-potential
at the reference point (! = 0) far from the target is 0, i.e.,
¢;(0) = 0. For data visualisation, the reference direc-
tions are chosen (NW to SE and W to E) and the sign of
the electric field is reversed when the survey direction
is opposite to the corresponding reference direction.
For each sensor pair, the horizontal position in the tran-
sect plot is shifted according to the sensor configuration
(Fig. 3) so that the signals plotted in the figure point to
the same location. For example, for the data acquired
at the same time, the position where E,; is plotted is
5 m closer to the deep-tow than the position where E;,
is plotted. Note that Ch. 1 (the one installed closest to
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the deep-tow; Fig. 3) did not function properly during
KM16-03 and is excluded from the analysis (see Addi-
tional file 1: Figure S3 for the full data during KM16-03
including this channel).

The data of long-term subseafloor temperatures
acquired by the SAHFs and a bottom-water temperature
acquired by the MTLs are used as such for data visuali-
sation. For estimating the Darcy velocity at the S6 and
S9 sites, these data are processed through a 1-day-long
cosine filter using the ‘filterld’” of GMT (Wessel et al.
2019). In the present analysis, the bottom-water temper-
ature recorded at the same station as S6 (Station 15) is
used instead of the shallowest sensor, as the latter showed
a large offset and drifts.

4 Observational results

4.1 Self-potential anomalies

A pair of positive and negative self-potential anoma-
lies were observed around a hydrothermally active area
(Figs. 4, 5, 6, 7). The negative part is located in the south-
ern part of the hydrothermally active area (dashed cir-
cles in Figs. 2, 4, and 6), characterised by the presence of
hydrothermal signatures (e.g. white-coloured seafloor,
hydrothermal chimneys, and tubeworms) and high sea-
floor temperatures (>50 °C; Ohki et al. 2018). The posi-
tive counterpart is located in the northern part of the
active area, also characterised by high seafloor tempera-
tures. Thus, the area of the self-potential anomalies, the
sum of the positive and negative areas, basically coin-
cides with the hydrothermally active area defined by the
measurement of seafloor temperatures (Figs. 4 and 6).
However, the positive part also extends further north and
northeast of this active area (outside the dashed ellip-
soid in Figs. 4 and 6). The magnitude of the positive and
negative self-potential anomalies (Upper panels in Figs. 5
and 7), calculated from the horizontal electric field being
integrated along the survey line, is of the order of 1 mil-
livolt at the survey height of ~5 m.

The pair of positive and negative self-potential anom-
alies were encountered three times at almost the same
location. During the expedition MR16-01 (Figs. 4 and
5), the pair was observed twice by a round-trip survey
along two lines following almost the same track in oppo-
site directions (Line M1 running from NW to SE, Fig. 5a;
Line M2 running from SE to NW, Fig. 5b). Lines M1
and M2 give essentially identical self-potential patterns,
although the amplitudes are slightly different between
the lines and between pairs of sensors. Thirdly, during
the expedition KM16-03 (Figs. 6 and 7), this paired self-
potential anomaly was again detected along with Line
K1 (from N'W to SE; Fig. 7a). In all these three lines, the
sign of the horizontal electric field changes at least three
times along the lines, and the electric field has the same
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Fig. 4 Plan view of the results obtained during the expedition MR16-01. a The electric field in mV/m; and b the effective self-potential in mV. The
colour scale is given in the legend at the bottom of each panel. The electric field is basically in the horizontal direction. The letters are the line
numbers corresponding to Fig. 1c. The arrows correspond to the survey direction. The dashed ellipsoid is the hydrothermally active area identified

by Ohki et al. (2018)
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Fig. 5 Cross-sectional view of the results obtained during the expedition MR16-01. a Line M1 and b Line M2. The location of the lines is shown

in Fig. 4. (Upper) The effective self-potential (solid curves, whose colour refers to the legend at the top), (Middle) the electric field (solid curves,
colour refers to the legend above the figure), and (Lower) the survey altitude (black curves) and the bathymetry (the top of the brown area)

with the survey direction indicated by the arrow. The electric field is basically in the horizontal direction. Note that this bathymetry was estimated
using the previously obtained bathymetric contour map, and there is no record of ambient temperature (of the CTD meter) during this expedition

sign at its entry and exit (compare the middle panels of
Fig. 5a and b with that of Fig. 7a). Thus, the pair of nega-
tive and positive self-potential anomalies must exist. It
should be noted that small-spatial-scale variations in the
electric field can be reproduced between these three sur-
vey lines.

Only one of the positive or negative parts of the pair
was observed separately along the other survey lines of
the expedition KM16-03. The positive part of the pair
was possibly detected along Line K3 running from E to W
(Fig. 7c), where it crosses Lines M1, M2, and K1. Another
discrete positive self-potential anomaly was observed
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Fig. 6 Plan view of the results obtained during the expedition KM16-03. a The electric field in mV/m and b the effective self-potential in mV. The
notation follows Fig. 4. The electric field is basically in the horizontal direction

along with Line K2 (Fig. 7b). The line encountered the
positive anomaly 200 m northeast of the hydrothermally
active area, suggesting that the positive anomaly has its
northern extension outside the active area. The negative
part of the pair was observed along Line K4 running from
W to E (Fig. 7d), where it crosses the active part of the
hydrothermal area. The sign of the horizontal electric
field changes many times along with the eastern part of
Line K4, indicating the presence of small spatial-scale
structures along the line.

4.2 Variations of ambient water and subseafloor
temperatures

Water temperature near the seafloor varied uniformly
across the caldera floor (see grey curves in Fig. 8), indi-
cating the presence of large-scale (caldera-scale) water
movements (see Fig. 1c or 2 for the deployment loca-
tions). MTLs deployed away from the hydrothermal area
(Station 24; Fig. 8a) and those deployed within the hydro-
thermally active area (Stations 21, 15, and 64; Fig. 8b
and grey curves labelled #15 and #64 in Fig. 8c and d)
recorded essentially the same temperature variations. The
temperature changed by~5 °C during the observation
period. The MTL deployed at Station 21 (Fig. 8b), where
the positive self-potential anomaly was observed, showed
a relatively large noise. This MTL, which was found lying
down on retrieval, may have suffered from intermittent
fluid discharge. However, other MTLs deployed above
the hydrothermally active area (i.e. Stations 15 and 64;

grey curves in Fig. 8c and d) do not show such signifi-
cant noise, although some of them were also lying down.
See Additional file 1: Figure S4 for other bottom-water
temperatures.

The observed subseafloor temperature profiles con-
tain some signatures of hydrothermal activity, although
the responses differ between the deployed two SAHFs.
One, S6, deployed at Station 15 near the northern edge
of the hydrothermally active area with the observed
positive self-potential anomaly (Figs. 4 and 6) but no vis-
ible hydrothermal activity (e.g. Fig. 2c), shows gradual
changes in the temperature with depth. The temperatures
in Fig. 8c are the pre-filtered raw data (with the shallow-
est sensor, Ch. 5, showing erroneous deviations from the
others). High-frequency components of the temperature
variations gradually decrease with depth, and the phase
of the temperature changes is delayed with depth (Fig. 8c;
the sensor geometry is shown in Fig. 8e). This is a typical
pattern in the presence of water temperature variations
propagating downwards (e.g. Hamamoto et al. 2005).
Analysis is required to determine whether fluid flow is
present.

The other, S9, deployed at Station 64 near the south-
ern edge of the hydrothermal area with the negative
self-potential anomaly (Figs. 4 and 6), dominates the
higher-frequency components for all sensors (tempera-
tures in Fig. 8d are the pre-filtered raw data), reflecting
the intense hydrothermal activity (e.g. Figure 2d). The
variations of the shallowest sensors of S9 are similar to
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Fig. 7 Cross-sectional view of the results obtained during the expedition KM16-03. a Line K1, b Line K2, ¢ Line K3, and d Line K4. The location
of the lines is shown in Fig. 6 with the line name. (Top) The effective self-potential, (Upper middle) the electric field, (Lower middle) the ambient
temperature (black dots) and salinity (red dots) observed by the CTD meter attached to the deep-tow system, and (Lower) the survey height
and bathymetry. The electric field is basically in the horizontal direction. Note that the depth of the survey track is obtained using the pressure
meter, as the vertical component of the SSBL system did not work well during this expedition. The notation follows Fig. 5

those of the bottom-water temperature (grey, magenta,
blue, and green curves in Fig. 8d). The temperatures of
the three shallower sensors increase regularly with depth,
but the variations for the two deeper sensors appear to be
in phase (black and red curves in Fig. 8d). The two deep-
est sensors have higher temperatures and large amplitude
variations that cannot be explained simply by the down-
ward propagation of seafloor temperature variations.

5 Inverse modelling of the results

5.1 Source estimation for the self-potential anomalies

To interpret the paired self-potential anomaly, we per-
form a 2.5-dimensional simplified current source inver-
sion on the electric field data. Because the conductivity

structure has not been obtained in the study area, we
assume a homogeneous electrical conductivity. Although
the exact burial depth and the extent of anomalous bod-
ies may be influenced by the conductivity structure, the
existence of current sources at depth can be well dis-
tinguished without the detailed conductivity structure
(e.g. Zhu et al. 2020). Our method is similar to the one
developed by Minsley et al. (2007), except that we use
the analytical electric field for a point current source in
homogeneous space instead of calculating the Green’s
function using the conductivity structure of the target
area. The observed electric field is represented as the
sum of the electric fields from point electrical current
sources along with a vertical plane below the observation
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Fig. 8 Selected time series for temperature sensors. a Bottom-water temperature observed by an MTL at Station 24 outside the hydrothermal area.
b Bottom-water temperature at Station 21 inside the hydrothermally active area. ¢ Sub-seafloor temperatures observed by a 5-channel heat-flow
probe (SAHF) S6 at the northern edge of the hydrothermal area (coloured curves) and the bottom-water temperature at Station 15 near the probe
(grey curve). Note that Ch. 5 of 56 (near the seafloor; purple curve) did not work well. d Subsurface temperatures observed by a heat-flow probe

S9 near the southern edge of the hydrothermal area and the bottom-water temperature at Station 64 near the probe. @ Schematic sensor
configuration of the heat-flow probe. See Figs. 1c and 2 and Additional file 1: Figure S1 for the deployment locations

line. The misfit between the observed and synthetic elec-
tric fields is optimised using the L,;-norm constrained
(or sparse) least-squares method (e.g. Sugiyama 2013)
and is regularised by the L-curve method (e.g. Hansen
2001). See Additional file 2: Appendix A for details of the
method. We assume that the background medium has
an electrical conductivity of 3 S/m, an arithmetic mean
of the seawater conductivity of 5 S/m and the sediment—
seawater conductivity of 1 S/m. The analysis in Addi-
tional file 2: Appendix B shows that these two cases are
equivalent in terms of the source intensity.

We focus on Line M1 of MR16-01, which crosses
both the negative and positive self-potential anomalies
(Fig. 5a). We chose this survey line because the data are
not contaminated by the electrical survey signals. The
input data is the electric field (Ch. 4 vs. 5) along the track,
and its direction is assumed to be horizontal. The model
fits the data (horizontal electric field) to determine the
source strength at specified locations (separated by 10 m
horizontally and 4 m vertically at and below the seafloor
level). The number of data is 1279 (the data along ~ 600 m
of the survey line are used), and the number of sources
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is 1891. The optimisation procedure minimises the sum
of the L,-norm of the model misfit and the L;-norm of
the model coefficients (source strengths), and the rela-
tive importance is controlled by a hyperparameter A (a
coefficient of the L;-norm term). The best hyperparam-
eter is found where the curvature is the maximum via the
L-curve method (e.g. Hansen 2001). We ran the model
with various A’s to obtain the optimal value.

In the best model (Fig. 9a), where the L-curve has the
maximum curvature (Fig. 9b and c), a paired current
source is imaged. A~25-m-deep (z = — 225 m below
the sea level) negative current source is predicted at x
= 0 m in the horizontal direction (N, in the lower panel
of Fig. 9a; the origin of the horizontal axis is arbitrary),
above which the negative self-potential was observed;
a~30-m-deep (z = —230 m) positive current source is
predicted at x = —150 m (P, in the lower panel of Fig. 9a),
above which the positive self-potential was observed.
The current source pair forms a horizontally elongated
dipole-like structure (see a schematic picture in the lower
panel of Fig. 9a; its geological interpretation is given in
the Discussion). Thanks to the L;-norm constraint, most
of the sources become close to 0. Other small negative
and positive sources (e.g. p’s and n’s in Fig. 9a) are also
imaged around the major current source pair, which are
responsible for the small-scale self-potential anomalies.
The maximum amplitude of the N; and P, is ~1.5 A, and
the dipole moment is ~225 A m, if we take the distance
between the positive and negative anomalies as 150 m.

Results with different A’s show that the fitting is not
sensitive to A, and plausible parameter values may range
about one order of magnitude (Fig. 9c). Overfitting cases
with large A’s concentrate the source near the seafloor
(see Fig. 9d for an example of this type), while underfit-
ting cases with small A’s locate sources similar to those of
the best case (Fig. 9e, which is comparable to Fig. 9a). The
underfitting case approximates the data well with a pair
of positive and negative current sources.

5.2 Estimation of the Darcy velocity

The vertical Darcy velocity is estimated for the S6 data
using the method of Goto et al. (2005). This method uses
two temperature time series obtained at two different
depth levels. One is obtained at a deeper depth level; the
other is obtained at a shallower depth level but evalu-
ated at the deeper depth level using the one-dimensional
advection—diffusion equation with the vertical Darcy
velocity and the thermal conductivity as parameters. The
sensor geometry is shown in Fig. 10a. By taking any two
from the five subseafloor temperature records (from a
SAHF) and one bottom-water temperature record (from
an MTL), the averaged Darcy velocity and the thermal
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conductivity between each pair can be estimated. Further
details are given in Additional file 2: Appendix C.

The analysis uses the data between 2015/12/30 0:00
and 2016/4/25 23:50. We exclude the first 2000 points
(~14 days for the sampling rate of 10 min) from the
analysis (shaded area in Fig. 8c) because the data before
the thermal diffusion time of 0.65 m with a thermal dif-
fusivity for the sediment-water mixture of ~3x107’
m?/s may suffer from post-deployment disturbances. The
analysis uses the 1-day-filtered data of the unshaded area
in Fig. 8c, from which further 2000 points are excluded
from the misfit calculation to avoid including early-stage
perturbations. See Additional file 1: Figure S5a for the
smoothed data.

The analysis of S6 predicts a downward Darcy veloc-
ity of~3x1077 m/s or~9 m/yr (Fig. 10b) with a ther-
mal conductivity of 1-1.5 W/m/K increasing with depth
(Fig. 10c). The thermal diffusivity and the effective Darcy
velocity, both of which include the effects of material
properties and are more primitive data in the analysis,
can be found in Additional file 1: Figure S5. The estimated
Darcy velocity, which excludes the effects of material
properties, is almost independent of the choice of chan-
nels, except when the bottom-water temperature is used.
When the bottom-water temperature is used, the pen-
etration depth of 150 mm for Ch. 5 gives a better fit. The
misfit does not become very large even for a case with
forced zero velocity, but it is more plausible to keep a
downward velocity because zero velocity predicts a ther-
mal diffusivity that is too large for ordinary sediments
(e.g. 8x1077 m?%/s; Additional file 1: Figure S6). This
type of trade-off occurs because both the increase in the
downward velocity and the increase in thermal diffusivity
cause a rapid transfer of information downwards. How-
ever, the inclusion of the Darcy velocity can reduce the
misfit bias in the time series (Additional file 1: Figures S6
and S7). Note that the temperature profile shows a lin-
ear trend with depth (Fig. 10d), which is explained by a
balance between the increase in the thermal conductivity
with depth (making the profile concave upwards) and the
decrease in the downward velocity (making the profile
convex upwards). This characteristic cannot be extracted
from time-averaged temperature profiles. Finally, using
the time-averaged temperature, the temperature gradient
at this station is estimated to be 6.2 K/m, at the penetra-
tion depth of 150 mm for Ch. 5, and the heat flow is then
estimated to be 7.8 W/m? using a thermal conductivity of
1.25 W/m/K (Fig. 10c).

A different strategy is implemented for the S9 data
(which has common temperature variations among
all sensors and is not suitable for the above analysis) to
estimate the vertical Darcy velocity. The time-averaged
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Fig. 9 Results of the simplified source inversion for Line M1. The electric field constructed by Ch. 4 and Ch. 5 (sensor pair farthest
from the deep-tow; Fig. 3) is used. a Best result with A=1073%°. (Upper panel) The effective self-potential, obtained by integrating the horizontal
electric field with the distance and adding the minus sign, corresponding to the input (observed; grey curve) and the output (modelled; black
curve). The self-potential is not the input for the model. (Middle panel) The electric field of the input (observed; grey curve) and the output
(modelled; black curve). The electric field is basically in the horizontal direction. The grey and black curves overlap almost completely in the upper
and middle panels. (Lower panel) The inverted source strength at prescribed locations with a schematic cartoon (not to scale) at its bottom. The
black curve indicates the seafloor, while the grey curve indicates the survey track. The seafloor itself does not affect the result as the resistivity
is assumed to be constant, but the source locations are constrained below this curve. The red and blue squares denote positive and negative
current sources (see the colour scale on the right). P, and N, are the major positive and negative current sources (~ 1.5 A), and p and n are other
positive/negative sources. The dots show the sources whose amplitude is less than 1071% A. Note that the track in the northeastern part (left side
of the figure) is below the seafloor depth, which may be due to positioning errors. However, this does not affect the result as we have had almost
no signal there. b The L-curve at various A's, with the horizontal and vertical axes indicating the misfit and the effective amplitude, respectively. ¢
The curvature of (b) as a function of A. d An overfitted case with A =107, The sources are concentrated near the seafloor. The grey and black curves
overlap almost completely in this case. e An underfitted case with A = 107", A small number of sources can fit the main feature of the observation
but the fine-scale features cannot be explained. Nevertheless, the source positions are similar to those in the best case (a)
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Fig. 10 Estimated Darcy velocity, thermal conductivity, and hypothetical undisturbed temperature profile. a Schematic sensor configuration

of the heat-flow probe. The depths of the Ch. 5 sensor for S6 and S9 are unknown but assumed to be 150 and 110 mm, respectively, in the analysis,
which give better results. b Reconstructed Darcy velocity and ¢ thermal conductivity for S6 as a function of depth, which are the results

of time-series inversion. The colours correspond to the shallower sensors in (a). d The temperature profile of S6 as a function of depth. The dashed
line shows the least-squares fitted temperature gradient. e Same as (d) but for S9. The light blue curve shows the fit of the one-dimensional
advective—diffusive solution of Bredehoeft and Papadopulos (1965). See Figs. 1c and 2 for the deployment locations

temperature profile is compared directly with analytical
solutions of the steady-state advection-diffusion equation
with non-linear temperature profiles with depth (Brede-
hoeft and Papadopulos 1965). The profile depends on the
flow velocity. In short, convex upward (concave upward)
temperature profiles predict upward (downward) flow.
The details of the method are given in Additional file 2:
Appendix D.

When the temperature fluctuations are averaged
over the observation period, the temperature gradi-
ent between the three shallower sensors (Ch. 3 to 5) is
24 K/m (Fig. 10e). The penetration depth of 110 mm for
Ch. 5 gives a better fit. The temperature gradient shows a
‘kink’ at mid-depth. Consider two situations to interpret
this. First, assume a hydrothermal pool structure (Urabe
et al. 2005) at a few tens of centimetres below the sur-
face, but no fluid flow. Using the temperature gradient

obtained from the three shallowest sensors and the ther-
mal conductivity for S6, 1.25 W/m/K, the heat flow at S9
is estimated to be 30 W/m? (Fig. 10e), an order of mag-
nitude greater than that at S6. Second, we use the tem-
perature profile explicitly. When the kinked temperature
gradient is fitted to the analytical solution of the one-
dimensional advection—diffusion equation to estimate
the Darcy velocity (Bredehoeft and Papadopulos 1965),
the estimated velocity is downward, the magnitude of
which is~8x1077 m/s or~25 m/yr using the thermal
conductivity of 1.25 W/m/K (Fig. 10c). This downflow at
the S9 site is three times faster than that at the S6 site,
possibly reflecting the hydrothermal activity at these
sites. However, this may be an underestimate because the
thermal conductivity variations with depth have not been
taken into account (See discussion for the S6 data, where
a slow downward flow is estimated but the time averaged
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temperature profile shows a linear trend). We conclude
that the S9 site is more active than the site S6, which is
consistent with previous visual observations (Fig. 2; Ohki
et al. 2018).

6 Discussion

The small amplitude of the observed self-potential, of
the order of 1 millivolt at the survey height of ~5 m for
both negative and positive signs (Figs. 4—7), combined
with the results of the visual surveys suggests that there
are no very large ore bodies beneath the seafloor in the
Oomuro-dashi hydrothermal field. The observed self-
potential is considerably smaller than that observed at a
hydrothermally active area with massive sulphide struc-
tures, e.g., of the order of —100 mV at a survey height of
~5 m at the Izena hydrothermal field in the mid-Okinawa
Trough (e.g. Kawada and Kasaya 2017) with large ore
bodies confirmed by deep-sea drilling (METI 2013), or
—70 mV at a survey height of ~ 70 m at another hydro-
thermal field in the mid-Okinawa Trough (e.g. Constable
et al. 2018). The present results are more comparable to
those observed in a less-active hydrothermal system in
the Mediterranean Sea (e.g. Safipour et al. 2017) if only
the magnitude of the self-potential anomalies is consid-
ered. The Oomuro-dashi hydrothermal field is active but
lacks large sulphide structures above the seafloor accord-
ing to camera surveys (Tani et al. 2012; JAMSTEC 2012;
Ohki et al. 2018; Fig. 2). This field evidence is consistent
with the thermodynamic perspective that the formation
of large hydrothermal ore deposits requires great water
depths (>2000 m) for the circulating fluid to reach high
temperatures (>300 °C) to dissolve ore-forming chemical
species (e.g. Ohmoto 1996). However, at present, there is
no direct evidence of whether such ore bodies are pre-
sent or absent below the seafloor in the Oomuro-dashi
hydrothermal field.

What is significant is that, regardless of the pres-
ence or absence of large ore deposits, the previously
observed self-potential anomalies are mostly negative.
The negative self-potential anomaly has been explained
by the geo-battery mechanism (Sato and Mooney 1960).
The geo-battery involves chemical reactions occurring
around an ore body with high electrical conductivity in
the presence of a redox front and predicts a negative self-
potential anomaly in an oxidised or high-Eh region and
a positive self-potential anomaly in a reduced or low-Eh
region. Thus, a horizontal redox front that becomes more
reducing with depth results in the negative self-potential
anomaly above the seafloor (Fig. 11a). The vertical geo-
battery is represented by a downward electrical current
dipole. On the other hand, a pair of negative and posi-
tive self-potential anomalies with similar amplitudes may
indicate the presence of a horizontally elongated, or
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lying down, electric current dipole along the transect,
with positive and negative current sources being located
beneath the observed positive and negative self-potential
anomalies, respectively (see the upper and lower panels
in Fig. 8a). We therefore consider possible mechanism(s)
for the observed paired self-potential anomaly. These are
the horizontal geo-battery and the thermal/streaming
potentials.

6.1 Horizontal geo-battery model

The horizontal geo-battery model, in which a conductive
body lies across a non-horizontal redox front (Fig. 11b),
is the first candidate to explain the observation of a pair
of positive and negative self-potential anomalies (e.g.
Fig. 4). The result of the source inversion (Fig. 9) can look
like the original geo-battery of Sato and Mooney (1960)
(Fig. 11a) lying horizontally (Fig. 11b). In this model, the
low-Eh part of the geo-battery that accounts for the posi-
tive self-potential anomaly, which is buried at depth and
invisible in the vertical geo-battery, is exposed near the
seafloor and easily accessible. In addition, a conductive
body lies beneath both the positive and negative self-
potential anomalies.

To quantify the above intuition, a three-dimensional
conceptual geo-battery model, similar to previous mod-
els (Bigalke and Grabner 1997; Castermant et al. 2008;
Ishido et al. 2013), is constructed using a general-pur-
pose FEM software, COMSOL multiphysics. The model
is modified from a demonstration ‘galvanized nail’ of the
software (COMSOL 2016). The computational domain
consists of a sediment layer with 1000 m by 1000 m in the
horizontal directions and 300 m in the vertical direction
covered by a 200-m-thick layer of seawater. At the surface
of a buried electrode in the sediment layer, the oxidation
of iron (an anodic reaction) mainly occurs in the reduced
part, and the reduction of oxygen (a cathodic reaction)
mainly occurs in the oxidised part, respectively. In this
study, the redox distribution is prescribed (Fig. 12a and
b) by decreasing the rate of the cathodic reaction in the
reduced part. The surface area involved in chemical reac-
tions is set the same as the surface area of the solid con-
ductive body. See Additional file 2: Appendix E for the
details of the modelling and all parameter values used in
the calculations. The parameter values (Additional file 2:
Table E1) are not tuned for the marine geo-battery, as the
purpose of the modelling here is rather to demonstrate
how the distribution of the redox potential changes the
resulting self-potential anomaly in the ocean.

The geo-battery can be divided into two end-member
cases as explained above: horizontal and vertical. The
first case corresponds to the vertical geo-battery for pre-
vious observations with negative self-potential anoma-
lies (Fig. 11a). In this case, a cube of 40 m long in each
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Fig. 11 Schematic representation of marine geo-batteries and the thermal/streaming potentials. (Upper) Expected self-potential anomaly

at the seafloor; (Lower) a hypothetical subsurface structure. a The original or vertical geo-battery model of Sato and Mooney (1960), modified

for the marine environment, in which a conductive body crosses a subseafloor redox horizon. b A horizontal geo-battery model, in which

a subhorizontal conductive body crosses a disturbed or sub-vertical redox front. A conductive body is found below both the positive and negative
anomalies. The inverted triangles correspond to the locations of SAHF S6 and S9 based on the results of the Darcy velocity estimation

and the assumption that the strong convection deepens the redox horizon. ¢ Thermal/streaming potentials model, where both positive

and negative self-potential anomalies solely result from these potentials. This model requires no conductive body. d Mixed model,

where the vertical geo-battery is responsible for the negative anomaly, and the thermal/streaming potentials contribute to the positive anomaly.

A conductive body is expected only below the negative anomaly

direction is placed below the seafloor, with the top 10 m
below the seafloor and the horizontal redox front cross-
ing 30 m below the seafloor or the mid-depth of the
cube (Fig. 12a). The result shows a negative self-poten-
tial anomaly of a few millivolts above the body in the
ocean (Fig. 12c). The deeper part of a buried body is, as
expected, associated with a positive self-potential (lower
panel in Fig. 12¢).

The second case corresponds to the horizontal
geo-battery (Fig. 11b) considers a thin conductor of
200 m X 20 m in the horizontal directions and 10 m in the
vertical direction placed beneath the seafloor, with the
mid-depth being 30 m below the seafloor and the vertical
redox boundary crossing the midpoint of the longest axis
(Fig. 12b). The result shows a pair of positive and nega-
tive self-potential anomalies of a few millivolts above the
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Fig. 12 Geometry and redox distribution used for the redox potential calculation and the results. a, b Geometry of a buried object (electrode)
beneath the seafloor and the distribution of reduced and oxidised conditions, where anodic and cathodic reactions mainly occur respectively. a

A cube (40 m in each direction) crosses the horizontal redox front corresponding to the vertical geo-battery of Sato and Mooney (1960) (Fig. 11a)
and b a thin (10 m) and long (200 m) body crosses the vertical redox front corresponding to the horizontal geo-battery proposed in this study
(Fig. 11b). The full boundary conditions are given in Additional file 2: Figure E1. ¢, d Results of (a, b) along the mid-plane. (Upper) Self-potential

on the seafloor above the centre of the buried body. (Middle) Horizontal electric field on the seafloor above the centre of the buried body. (Lower)
Cross-section of the self-potential over the centre of the buried body. The seafloor is indicated by the dashed line

body that can be observed in the seawater (Fig. 12d). The
oxidised part causes a negative self-potential anomaly, as
in the vertical geo-battery (lower panel in Fig. 12d), while
the reduced part causes a positive anomaly near the sea-
floor. A long body (~200 m) is required to separate these
anomalies with this spatial scale (e.g. Fig. 9a). A larger
surface area leads to a more intense self-potential anom-
aly in both cases. Therefore, estimating the surface area
involved in chemical reactions, which is a task for the
resistivity survey, is critical to understanding the strength
of the geo-battery.

The horizontal geo-battery model raises two issues
relating to the present observation. The first issue is the
origin of the disturbed redox horizon. In principle, the
strong fluid flow of seawater could suppress the expo-
sure of the low-Eh region, leading to the oxidised state
in deeper parts and forming the negative self-potential
anomaly. Since the estimated fluid flow near an active
area with a negative self-potential anomaly (S9) (Fig. 10e)

is more intense than that in a less-active area with a posi-
tive self-potential anomaly (S6) (Fig. 10d), this idea can
be supported if the overall hydrothermal circulation,
including the upwelling as a counterpart, behaves simi-
larly (Fig. 11b). In a hydrothermal field called Suiyo Sea-
mount located ~700 km south of the present study area,
strong downward flows of small-scale convection have
been suggested to occur around the main upwelling flow
(e.g. Kinoshita et al. 2006). This partly supports our view.
The second issue is whether the mechanism of exposing
the reduced part of the geo-battery can produce a large
(e.g.+100 mV) positive self-potential anomaly above the
seafloor. For this mechanism to work, the reduced part,
which is normally buried at depth, should be stable near
the seafloor. If the mechanism is unable to produce such
a large positive self-potential anomaly, the present result
is achieved because the negative counterpart is weak. The
absence of a large positive self-potential anomaly to date
would seem to support this view.
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6.2 Thermal and streaming potentials

Let us consider another possibility in which the effects
of the thermal and streaming potentials contribute to
the observed self-potential anomalies. This differs from
the previous electrochemical model in terms of the dis-
tribution of a conductive body beneath the seafloor,
and these two models would therefore be resolved by
resistivity prospecting. We consider a situation where
a 100-m-thick and 1000-m-wide layer of sediment is
heated from below and overlain by a 200-m-thick layer
of ocean.

We construct a two-dimensional conceptual model for
the streaming and thermal potentials in the ocean in the
presence of subseafloor hydrothermal circulation using
COMSOL multiphysics. The model is divided into two
submodels: (1) the heat and fluid transport submodel;
and (2) the thermal/streaming potentials submodel. The
thermal potential and the streaming potential are calcu-
lated independently to discuss these effects separately.
The heat/fluid flow submodel is similar to our previous
model (e.g. Kawada et al. 2011), while the streaming
potential submodel is similar to that introduced in Ishido
(1981). The thermal potential submodel is new but fol-
lows Ishido (1981). See Additional file 2: Appendix F for
the details of the model and parameter values used in the
model.

6.2.1 Heat and fluid transport
Two cases are considered. The first case assumes uniform
basal heating but only the 300-m-wide part of the sedi-
ment layer is permeable for fluid flow (Fig. 13a). In this
case, the flow in the permeable layer has two small-scale
convection cells consisting of focused upwelling (the
Darcy velocity is of the order of 1078 m/s) surrounded by
slow and wide downwelling (Fig. 13a). We refer to this
flow structure as small-scale convection cells. The tem-
perature in the permeable layer is high in the upwelling
and low in the downwelling. The temperature field out-
side the permeable layer is in the thermal conduction
state, where the temperature varies linearly with depth.
The second case assumes partial basal heating but the
entire sediment layer is permeable. In this case, the flow
forms a single-pass wide convection cell with focused
upwelling at the high-temperature corner and diffuse
downwelling outside the upwelling flow (Fig. 14a). We
refer to this flow structure as a single-pass wide convec-
tion cell. The temperature structure around the upwelling
plume is similar to the previous case. However, in con-
trast to the previous case, the temperature field of the
downwelling region is maintained at seawater tempera-
ture, as there is no heat source there.
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Fig. 13 Results of the thermal/streaming potentials model

with small-scale convection cells. a Results of the heat and flow
transport submodel. (Upper) Discharge/recharge Darcy velocity

at the seafloor. (Middle) Temperature field below the seafloor

with the colour scale shown on the right. (Lower) The temperatures
at the top boundary (or the seafloor; T,,,) and the bottom boundary
(Thoo as the boundary conditions. b Results of the thermal potential
submodel. (Upper) Self-potential along the seafloor. The black

and red curves correspond to the coupling coefficients of +0.06 mV/K
and -0.5 mV/K; respectively. (Lower panel) Self-potential in the ocean
and the sediment with the coupling coefficients of +0.06 mV/K. The
seafloor and the boundary between the permeable/impermeable
areas are indicated by the dashed lines. ¢ Results of the streaming
potential submodel. The notation follows (b). The full boundary
conditions can be found in Additional file 2: Figure F1

6.2.2 Thermal potential

The thermal potential is caused by differences in the
mobility of ions at different temperatures. This effect is
thought to contribute to self-potential anomalies up to
the order of 100 millivolts above a high-temperature heat
source such as a magma body (Corwin and Hoover 1979)
or a coal fire (Revil et al. 2013) in on-land environments.
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with a single-pass convection cell. a Results of the heat and flow
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Fig.13

However, the coupling coefficient C,, =(4¢/AT), defined
as a proportional coefficient between the resulting elec-
trostatic potential difference and the applied tempera-
ture difference, takes either positive or negative values
between +1 mV/K (e.g. Nourbehechet 1963; Fitterman
and Corwin 1982; Leinov et al. 2010; Leinov and Jackson
2014; Revil et al. 2016). In general, clean surfaces that
dominate the pore fluid conductivity tend to have posi-
tive values of C, while dirty surfaces that dominate the
surface conductivity favour negative values (Revil et al.
2016). Increasing the pore salinity changes Cy, from posi-
tive to negative at a certain salinity (Leinov and Jackson
2014; Revil et al. 2016), but the transition salinity and
the degree of change depend on the conditions involved.
Therefore, in the present study, we choose two typi-
cal values for the coupling coefficient, +0.06 mV/K and
-0.5 mV/K.
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Taking small-scale convection cells (Fig. 13a) with
a small positive thermoelectric coupling coefficient,
+0.06 mV/K, results in a positive self-potential anom-
aly above fluid discharges and a negative self-potential
anomaly above fluid recharges with the amplitudes of
~5 mV (the black curve in the upper panel of Fig. 13b).
The sources of the positive self-potential anomalies are
concentrated in the upwelling plumes near the seafloor,
around which the in situ self-potential takes a large value
(the lower panel of Fig. 13b). The in situ self-potential
takes the minimum value of less than —10 mV at depth.
The positive and negative current sources are balanced in
strength, and the self-potential away from the convect-
ing area is almost zero. Switching a large negative ther-
moelectric coupling coefficient, —0.5 mV/K, reverses the
above result. The self-potential anomaly now becomes
negative above the fluid discharges and positive above the
fluid recharges. The amplitude is ~40 mV (the red curve
in the upper panel of Fig. 13b).

Taking a single-pass wide convection cell (Fig. 14a)
with a small positive coupling coefficient (+0.06 mV/K)
results in only the positive self-potential anomaly above
the fluid discharge and a considerable part of the down-
welling region (the black curve in the upper panel of
Fig. 14b). The negative counterpart is not visible because
the downwelling is diffuse in this case. The magni-
tude of the positive anomaly is larger than in the previ-
ous case,~10 mV (the black curve in the upper panel
of Fig. 14b). This increase is also due to the effect of the
focused upwelling relative to the diffuse downwelling,
compared to the previous case. Switching the coupling
coefficient to —0.5 mV/K reverses the result, as in the pre-
vious case, and the negative self-potential anomaly arises.
The self-potential reaches —80 mV (the red curve in the
upper panel of Fig. 14b).

The above results suggest two possible scenarios to
explain the observed paired self-potential anomalies in
the Oomuro-dashi hydrothermal field by the thermal
potential. The first scenario (Fig. 11c) does not require a
conductive body below the seafloor, in which small-scale
convection cells with a negative (but small) coupling
coefficient are assumed. The recharge flow forms the
positive self-potential, and the discharge flow forms the
negative self-potential (the red curve in the upper panel
of Fig. 13b, but the coupling coefficient should be smaller
than in the present demonstration to match the observa-
tion). The second scenario (Fig. 11d) requires a conduc-
tive body only below the negative self-potential area, in
which a large-scale single-pass fluid flow with a positive
coupling coefficient is combined with the vertical geo-
battery. The fluid flow forms the positive self-potential
above both the fluid discharge and recharge areas (the
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black curve in the upper panel of Fig. 14b), while the ver-
tical geo-battery forms the negative self-potential above
the most intense fluid discharge areas.

The above calculations raise a serious issue for previ-
ous observations. A single-pass flow model with a large
and negative coupling coefficient (the red curve in the
upper panel of Fig. 14b) solely explains the previous
observations with negative self-potential anomalies (e.g.
Sato et al. 2017; Safipour et al. 2017; Kawada and Kasaya
2017, 2018; Constable et al. 2018; and many subsequent
studies). The thermal potential, rather than the redox
potential, seems to explain the results of all previous
observations. However, one previous observation contra-
dicts this view, in which the self-potential anomaly above
a large ore body with less-active hydrothermal circula-
tion was more intense than that above active hydrother-
mal vents discharging high-temperature fluids (Kawada
and Kasaya 2017). Although the thermal potential may be
able to contribute to some of the observed self-potential,
a quantitative estimate cannot be made as we lack infor-
mation on the coupling coefficient for marine hydrother-
mal deposits.

6.2.3 Streaming potential

The streaming potential is caused by the electrokinetic
effect between the pore fluid and the surrounding sedi-
ments or rocks (e.g. Jouniaux and Ishido 2012; Revil and
Jardani 2013). It emerges where fluid flow crosses discon-
tinuities of the electrokinetic coefficient Cy=(A¢p/Ap,,),
which is defined as a proportional coefficient between
the resulting electrostatic potential and the applied
(excess) fluid pressure (e.g. Ishido and Mizutani 1981;
Jardani and Revil 2009). In a homogeneous geological
structure, the seafloor is only the discontinuity for the
coefficient, where C changes from a finite value (usu-
ally C,; <0 below the seafloor, corresponding to a nega-
tive zeta potential) to zero (above the seafloor). We use
this approximation following Ishido (1981) and choose a
typical parameter value for the coupling coefficient cor-
responding to seawater salinity, —2x 10~ V/Pa (Glover
etal. 2012).

The resulting self-potential patterns above the seafloor
are similar to those considering the thermal potential
with positive coupling coefficients (compare the black
curves in the upper panels of Fig. 13b with 13c and those
in Fig. 14b with c), although in this study the sources for
the streaming potential are concentrated at the seafloor.
In general, the resulting streaming potential in the ocean
is positive above the upwellings and negative above the
downwellings (Fig. 13c), similar to those observed in on-
land environments (e.g. Ishido 1981; Jardani and Revil
2009). However, the magnitude of the streaming poten-
tial (~0.01 mV) is two orders of magnitude smaller than
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that of the thermal potential both for small-scale convec-
tion cells (Fig. 13a) and for a single-pass wide convection
cell (Fig. 14a).

The streaming potential becomes a major contributor
if the Darcy velocity could be much larger than the pre-
sent demonstration (i.e., the downflow of >107~7 m/s is
expected from the temperature measurements; Fig. 10),
and the coupling coefficient could be much larger than
our conservative assumption (e.g. Glover et al. (2012)).
If each contribution is an order of magnitude larger than
the present estimate, the resulting self-potential of a few
millivolts is comparable to the expected thermal poten-
tial anomaly with a small thermal coupling coefficient.
With this assumption, a situation similar to Fig. 11c is
unlikely to occur for small-scale convection cells with
negative streaming coupling coefficients (e.g. Fig. 13a). A
positive/negative self-potential is accompanied by a fluid
discharge/recharge, which is controversial to the previous
observations of negative self-potential anomalies above
active areas, where the discharge flow tends to dominate.
Positive coupling coefficients, although it is rare (e.g.
Hase et al. 2003), may resolve this issue. A situation like
Fig. 11d is plausible with a negative coupling coefficient
when combined with the vertical geo-battery, in which
an upward flow causes a positive self-potential anomaly
over a hydrothermally active area due to large-scale con-
vection (e.g. Fig. 14a), and the vertical geo-battery causes
a negative potential anomaly. However, we cannot con-
clude that the streaming potential is the major contribu-
tor to the observed positive self-potential anomaly unless
the electrokinetic coupling coefficient for hydrothermal
precipitates is found to be negative and sufficiently large
(for Fig. 11d), or positive (for Fig. 11c).

7 Conclusions
During two expeditions MR16-01 and KM16-03 in the
Oomuro-dashi hydrothermal field, in the northern Izu-
Ogasawara Arc, we observed a pair of negative and posi-
tive self-potential anomalies. This is the first detailed
report of a positive self-potential anomaly around sea-
floor hydrothermal systems, although there have been a
number of reports of negative self-potential anomalies.
The negative self-potential anomaly coincides with the
most intense part of the hydrothermal area, which is
consistent with previous reports. In contrast, the posi-
tive anomaly is found in a relatively less-active area. This
may differ from on-land environments, where negative
and positive self-potential anomalies have been observed
separately or simultaneously at a single site, but a pair of
positive and negative self-potential anomalies with simi-
lar magnitudes are rare even on lands.

Based on the numerical modelling, we propose two
new end-member models for the subsurface structure in
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accordance with the paired self-potential anomaly. The
horizontal geo-battery model assumes that the reduced
part exposed near the seafloor is cut by a horizontally
elongated conductive body (Fig. 11b). This model is par-
tially supported by the temperature measurements and is
more plausible at present. The thermal/streaming poten-
tials model assumes that the pore-scale kinetic effects
driven by the subsurface heat and fluid transports con-
tribute to the self-potential anomalies and do not require
conductive bodies (Fig. 11c). In addition, a combined
situation can occur, where both the thermal/streaming
potentials and the vertical geo-battery contribute to the
paired anomaly (Fig. 11d). These models can be distin-
guished by the presence or absence of buried conduc-
tive bodies after obtaining information on the subsurface
geological/electrical structures. Systematic surveys above
the observed paired self-potential anomalies may provide
new insights into the fluid flow and chemical reactions in
hydrothermal systems. Mapping the electrical conductiv-
ity of the subseafloor using resistivity surveys may more
accurately constrain the source locations to distinguish
(or reject) the models proposed above. In addition, deep-
sea drilling may provide a better understanding of the
structure of the deep subseafloor.
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