
1. Introduction
Seafloor mineral exploration started decades ago, however technologies were long limited to surface ves-
sels implementing instruments mounted to their hulls, restricting deep-sea research to low-resolution data. 
At the beginning of the 1990’s, the first deep-sea geophysical measurements were carried out by manned 
submersible DSV Alvin (Tivey et al., 1993) over the active, high-temperature, basalt-hosted hydrothermal 
site TAG (26°N, Mid-Atlantic Ridge). This seminal study revealed that the active sulfide mound at TAG is 
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Plain Language Summary Since the 1970s, the scientific community knows that the seafloor 
in the vicinity of mid-ocean ridges is associated with hydrothermalism. Fluid circulations drain minerals 
from the deep crust that are precipitated near the seafloor. These minerals may form seafloor massive 
sulfide deposits that have raised the interest of the scientific community. Whereas active hydrothermal 
vent fields may be detected from surface vessels thanks to their associated chemical anomaly diffusing, 
and potentially drifting in the water column, inactive sites are more challenging to identify. High-
resolution magnetic data collected by deep-sea exploration vehicles have proven their efficiency to 
undertake such exploration. Nevertheless, these data have limitations, such as the non-uniqueness of the 
interpretations, and must be completed by others to optimize the efficiency of deep-sea research. Here, 
we present a combined dataset made of deep-sea passive electric, magnetic and bathymetric data, as well 
as water temperature analyzes collected simultaneously over several active and inactive basalt-hosted 
hydrothermal sites of the Mid-Atlantic Ridge. We emphasize the complementarity nature between high-
resolution passive electric and magnetic data to identify and study active and inactive hydrothermal sites, 
and propose engineering adjustments to ensure that this combination becomes the most efficient seafloor 
exploration tool in the future.
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associated with a negative magnetic anomaly, i.e., a lack of magnetization, and was later confirmed by other 
surveys in various contexts (e.g., Szitkar et al., 2015; Tivey & Johnson, 2002). It is now established that this 
specific geophysical response does not disappear with the end of hydrothermal activity, and can be observed 
over fossil hydrothermal sites (Szitkar et al., 2014), making deep-sea magnetic data a very efficient tool for 
seafloor exploration using Autonomous Underwater Vehicles (AUVs).

In 2014, the European Union initiated the Blue Mining project (https://bluemining.eu/), with one goal be-
ing the development of optimized seafloor mineral exploration technology trying to find a balance between 
survey efficiency and costs. A key point here, was the development of methodologies that allow the detec-
tion of large, inactive massive sulfide deposits away from the ridge axis. Such systems are commonly seen 
as a potential future metal source and will be the main targets for exploration, as they lack the vulnerable 
chemosynthetic faunal assemblages observed at active vent sites (Van Dover et al., 2018).

As a key contractor, GEOMAR (Kiel, Germany) developed a passive electric sensor for the German torpe-
do-shaped 6,000 m-rated AUV Abyss. This sensor was designed to measure the horizontal components of 
the ambient electric background field. The idea was to develop the sensor package and test it at sea over 
the hydrothermally active basalt-hosted TAG mound and a series of inactive/weakly active basalt-hosted 
hydrothermal mounds in its vicinity.

Although not completely new (e.g., Brewitt-Taylor, 1975; Kawada & Kasaya, 2017), this method remains 
rarely used and has never been considered as a way to complement high-resolution magnetic data to opti-
mize the efficiency of AUV dives. The main goals of this paper are therefore:

1.  To demonstrate the use of deep-sea passive electric and magnetic data to optimize the search for active 
and inactive hydrothermal vent fields and their associated seafloor massive sulfide (SMS) deposits.

2.  To emphasize the complementarity existing between these datasets by describing the additional infor-
mation they provide regarding crustal fluid circulation when hydrothermal vent fields are active.

3.  To discuss the feedback from this experience and to propose a way to determine the geological nature of 
the targets without involving additional underwater tools such as remotely operated vehicles (ROVs) or 
manned submersibles to collect samples. Such combination allows for a significant improvement of the 
typically constrained schedule of fieldwork at sea. We envision light engineering adjustments deduced 
from this feedback to ensure the success of future deep-sea exploration campaigns.

2. Motivations for Developing a New Type of Sensor
The oceanic crust is made of 90% of basalt (e.g., Escartin et al., 2017) and its brittleness favors the formation 
of fault networks allowing for seawater circulation. This seawater contributes to the recharge of hydrother-
mal vent fields and, once turned into hydrothermal fluid, leaches a variety of metals from the host rocks 
and accumulate in, and around active hydrothermal chimneys, forming enriched seafloor massive sulfide 
(SMS) deposits (e.g., Rona et al., 1993), an important target for exploration for green technology metals to 
establish a future secure metal supply.

In contrast to active hydrothermal venting (e.g., Baker, 2017), inactive hydrothermal sites and their asso-
ciated SMS deposits cannot be detected through a chemical or temperature anomaly in the water column. 
Therefore, other exploration tools based on geophysical or geochemical properties of the sulfides that are 
independent from hydrothermal activity must be considered. A solution consists of using deep-sea mag-
netic data collected by AUVs at 70–100 m above the seafloor. Nevertheless, two issues arise when deep-sea 
magnetic data (complemented by high-resolution bathymetry) are the only geophysical tool considered for 
seafloor exploration:

1.  In a basaltic environment, inactive hydrothermal sites are associated with a negative magnetic anomaly 
(e.g., Tivey et al., 1996), however a negative magnetic anomaly may also have other origins (landslides, 
sediment accumulation, etc.). Magnetic data alone do not allow discriminating among these origins.

2.  Because of the complexity and costs of underwater operations, relying on a single type of geophysical 
data is risky, and having a second exploration tool reduces the probability of technical failure, optimizing 
the chances to get valuable results.

https://bluemining.eu/
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To optimize the efficiency and the reliability of underwater operations, a part of the Blue Mining project 
was therefore dedicated to the development of a passive electric field acquisition system. This passive sensor 
measures the perturbations of the ambient electric field resulting from specific geophysical and geochemi-
cal properties of hydrothermal systems, and ensures that deep-sea magnetics no longer remain the only type 
of geophysical data suitable for efficient seafloor exploration.

It should be noted that the electric data we present in this study were acquired as horizontal electrical field 
components. A self-potential (SP) could either be derived by integration of electrical fields along the flight 
path (e.g., Zhu et al.,  2020) or by deriving the self-potential field from the measured electrical fields by 
means of a regularized optimization process (Constable et al., 2018). However, as self-potentials are only a 
derived quantity from the measured electrical field components, we will mostly refrain from using them in 
the scope of this article, similar to the aforementioned authors, who also mostly rely on electrical fields in 
the display and interpretation of their marine datasets.

3. Subseafloor Fluid Circulations and Electric Field Variations
Electric field variations naturally occur within the subseafloor or at the interface between hydrothermal 
deposits/plumes and seawater. Basalt-hosted hydrothermal vent fields are associated with a bimodal, i.e., 
dipolar electric anomaly (e.g., Kawada & Kasaya, 2017, 2018). Three phenomena concur to create this spe-
cific signature:

1.  At both active and inactive hydrothermal vent fields, redox gradients appear in the subseafloor near 
SMS deposits and generate an electric anomaly. Such phenomenon is known as a geobattery (Sato & 
Mooney, 1960).

2.  An electrokinetic potential appears when fluids cross porous environments, as a result of pressure gra-
dients through the pores (Overbeek, 1952). At active hydrothermal systems with a significant fluid dis-
charge, these gradients produce electric field variations (Kawada & Kasaya, 2017). If the fluids follow a 
vertical pathway, the electric anomaly poles are superimposed, resulting in a drop of the ambient electric 
background field. If the fluids rise along an inclined pathway, the poles are separated and generate an 
electric anomaly with two distinct lobes.

3.  Around active hydrothermal vent fields, plume/seawater interactions produce redox gradients (Sudarik-
ov & Roumiantsev, 2000).

Based on these observations, we envision three possible scenarios when combining passive electric and 
magnetic data in a basaltic environment:

1.  The magnetic signal displays a positive magnetic anomaly and the electric signal does not display any 
specific response. In such case, the terrain is likely made of unaltered, fresh basalt. This type of envi-
ronment is therefore not affected by hydrothermal circulation, i.e., the area is not suitable for active or 
inactive SMS exploration.

2.  The magnetic anomaly reveals a decrease of the seafloor magnetization but the electric signal does not 
show any specific anomaly. In this case, no redox chemical reaction occurs between a hydrothermal 
deposit and seawater, i.e., the reduced magnetization does not have a hydrothermal origin. The corre-
sponding area is likely not suitable for active or inactive SMS exploration either.

3.  The magnetic signal displays a negative anomaly and the electric signal is also associated with a signif-
icant response. In this last scenario, a redox chemical reaction exists and electrokinetic potentials could 
also be at play, depending on the intensity of fluid circulations. In this last case, the negative magnetic 
anomaly has a hydrothermal origin and the area corresponds to an active or inactive SMS deposit.

So far, deep-sea passive electric experiments have mostly been conducted over active basalt-hosted hydro-
thermal vent fields (e.g., Constable et al., 2018; Kawada & Kasaya, 2017). A notable exception is a survey 
over the weakly active basalt-hosted hydrothermal site Palinuro, located in an island arc setting (Petersen 
et al., 2014; Safipour et al., 2017). Here, a cage system was lowered into the water from the surface vessel, 
and this methodology is, due to slow towing speed and limited maneuverability, not suitable for large scale, 
near-seafloor exploration.
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Our goal consisted of filling this gap by testing the feasibility of widening the use of deep-sea, high-resolu-
tion passive electric data collected by an AUV over various types of targets (active and inactive basalt-hosted 
hydrothermal vent fields) and proposing a way to optimize the AUV dive efficiency by collecting various 
types of geophysical data (electric and magnetic) from a single platform. We aimed to:

1.  Confirm published results by studying the electric signature of active basalt-hosted hydrothermal site 
TAG.

2.  Unravel, whether inactive/weakly active hydrothermal mounds can be detected through AUV-based 
passive electric measurements, since the lack of significant fluid circulation leaves the geobattery as the 
only source of an electric field anomaly.

3.  Use these results to assess the complementarity between near-seafloor passive electric and magnetic 
data for the search for active and inactive hydrothermal vent fields.

We purposely do not propose models based on our geophysical data, as they would span beyond the scope of 
this article. Indeed, our primarily goal is to emphasize the efficiency of combining two different geophysical 
datasets that were not initially seen as particularly compatible for drastically improving the efficiency of 
seafloor exploration. We therefore consider this article as the initial step in the use of this combined ap-
proach, and therefore chose to dedicate it to explain how to use it and to propose a combined interpretation 
of the results.

4. Acquisition System and Data Processing
4.1. Passive Electric Data

Current AUVs cover around 100 km per dive and provide high-resolution geophysical data over large survey 
areas in a limited time (typically following parallel routes at around 3 knots and staying underwater for 10 
or more hours). In order to use deep-sea passive electric measurements as an exploration tool, we designed a 
sensor for the German AUV Abyss. With the key contribution of the GEOMAR AUV team, we have installed 
two pairs of electrodes as perpendicular, horizontal dipoles on the AUV body, respectively inline and per-
pendicular to its axis, to measure the horizontal components of the ambient electric field.

The electrode spacing for the perpendicular pair is 60 cm whereas the spacing for the inline pair is 1.60 m, 
the back electrode being at 1.50 m from the AUV stern (Figures 1a–1d). These electrodes are Silvion Ag/
AgCl electrodes (CCS1 PORT Portable Seawater Reference Electrode). They underwent a series of tests at 
GEOMAR, at up to 1030 Bar, with no significant variation of the electrical reading. Electric fields are meas-
ured on up to three input channels with an acquisition system (Magson GmbH, Berlin, Germany) that was 
already available at GEOMAR at the time of the experiment. Analog input signals are amplified individually 
on each input channel with differential amplifiers with gain settings (GS) allowing for input ranges between 
±160 mV (GS1) to ±20 mV (GS4). For the measurements presented here, we used the highest GS (±160 mV). 
The amplified input signals are digitized with AD converters (ΔΣ type), allowing for an effective resolution 
of 22 Bits in each channel at a sampling frequency of 10 kHz. The data acquisition system records both the 
electric and magnetic data to ensure a perfect synchronization between the two datasets.

Two main reasons have led us to acquire the passive electric data with this high frequency:

1.  Favoring the existing and available data logger has allowed us to fit within the scheduling constraints of 
the Blue Mining project and was considered, at the time of the experiment, as the best option to test the 
opportunity to acquire such type of data over active and inactive hydrothermal targets. This data logger 
was previously used by the GEOMAR EM team and specifically designed to match their requirements 
(i.e., a high data acquisition frequency).

2.  We did investigate other options for data loggers, however the existing one was the most compact and the 
only one that did fit within the limited volume available inside the German AUV Abyss.

The reasons for collecting data along the two horizontal axes and not the vertical axis are also essentially 
technical. Indeed, adding an extra dipole along the AUV z-axis would have led to a complete redesign of the 
general setup of the AUV. Moreover, in order for the existing data logger to match the requirements of the 
project, its internal atomic clock was removed, leaving two E-field channels free for use.
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Laboratory noise tests with the electrodes connected to the Magson acquisition system in a shielded water 
tank yielded long-term stable voltages with noise levels in the order of 10−8 V (1σ deviation @1 Hz), which 
is orders of magnitude lower than the to-be-measured anomalies.

To estimate the influence of the AUV system on noise levels in recorded E-fields, laboratory tests were also 
performed with the AUV and attached electrodes being submerged into a water basin at GEOMAR. Tests 
with different activity levels of the AUV's propulsion system (0%–100%) showed that electrical field meas-
urements were not significantly affected (Figure 1e).

Figure 1. (a) AUV Abyss in its seawater basin at GEOMAR (Kiel, Germany) during the testing phase of the electrodes 
(b) Front electrode mounted to the side of the AUV (c) Back electrode. The electrode is located on its initial testing 
position near the AUV propellor. It was later relocated at 1.50 m from the stern, next to the AUV engine (d) Electrodes 
configuration (e) Results of the acquisition system static test in a basin filled with seawater (inline pair of electrodes). 
The electrodes measure variations of the ambient electric field whereas the AUV engine speeds up. Some limited 
noise appears when the engine starts, however the peaks on the electric signal are not correlated with variations of 
the AUV engine speed and likely result from external perturbations in the warehouse hosting the basin. Overall the 
noise produced by the AUV is of the order of 0.04 mV (i.e., 0.025 mV/m with a 1.60 m spacing between the electrodes). 
Even if this is not completely negligible, it remains significantly lower than the amplitudes measured over the different 
hydrothermal targets (of the order of 0.8 mV over TAG, i.e., 0.5 mV/m).
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To estimate noise characteristics of the AUV during experiments, we analyze a five-minute section of inline 
data (sampling frequency 10 kHz) collected while the AUV was operating with stable pitch and roll as well 
as at a constant depth (Figures S1 and S2). As ambient electrical fields relating to geological structures are 
characterized by long periods (>10 s), such high frequency noise is of no concern. For the processing of 
data, we therefore average the data to 1 s-long windows, which also better matches the sampling frequencies 
for the other AUV sensors, and also apply a low-cut filter with a low corner frequency (10−3 Hz) to remove 
electrode drifts. After processing the sample data in this way, the resulting averaged inline voltage shows 
a near zero average (∼2.5 × 10−9 V) with a standard deviation (1σ) of 0.2 μV, which falls within the lower 
range reported by Constable et al. (2018).

We focus on the electric data from the inline pair of electrodes, as the larger spacing allows for measure-
ments of smaller electrical fields (Figure S3). To compare lines flown with opposite orientations, we divide 
the negative or positive voltage by the electrode spacing when flying toward the ESE or WNW respectively, 
and multiply the values by -1 when flying in the WNW direction. Thus, we effectively display the electrical 
field in the ESE direction, since the electrical field is the negative gradient of the potential (e.g., Constable 
et al., 2018, their Figure 3). We have excluded junction profiles, where the AUV is turning around.

4.2. Magnetic Data

The high-resolution magnetic data have been collected with a three-component fluxgate magnetometer at a 
20 Hz frequency. We have used a calibration pattern made of "Figure-8s" followed by a succession of ascents 
and descents in different orientations to mimic all the possible attitude variations (heading, pitch and roll) 
of the AUV during the dives. These calibration patterns were undertaken at the sea surface, after the ship 
moved away from the AUV at the beginning of its deployment. It was therefore legitimate to assume that 
the AUV was far enough from both the ship and the seafloor, so that the magnetic measurements recorded 
during this calibration phase would be those predicted by the International Geomagnetic Reference Field 
(IGRF) (Thebault et al., 2015). The observed variations were logically imputed to the magnetic influence of 
the AUV itself, and removed using an improved least square method (Honsho et al., 2009; Isezaki, 1986).

The data were later inverted into equivalent magnetization using a method specifically designed for mag-
netic data acquired along uneven routes (i.e., draping the bathymetry rather than preserving a constant 
depth) (Honsho et al., 2012) (Figures S3 and S4). Unlike most of the inversion methods, this inversion does 
not require any numerical filtering and therefore preserves the entire wavelength content of the signal. Fi-
nally, we have computed magnetic anomalies in the geometry of the experiment, based on this equivalent 
magnetization and assuming a vertical geomagnetic field. This last step is a mathematically rigorous way to 
reduce the magnetic anomalies to the pole (RTP), i.e., to replace them above their causative sources by ad-
dressing the problem of the local inclination and declination of the geomagnetic field (Figures S4 and S5).

5. Campaign Results and Discussions
5.1. AUV Deployments

The M127 campaign occurred onboard German R/V Meteor in 2016 along the TAG Segment of the Mid-At-
lantic Ridge. This segment hosts the high-temperature, active, basalt-hosted TAG mound, together with 
other inactive or weakly active sites (Murton et al., 2019; Rona et al., 1993). The active TAG mound has a 
diameter of nearly 200 m and is located in an area of abundant pillow lava showing ridge-parallel exten-
sional faults crosscut by an oblique set of faults (Graber et al., 2020). A number of mounds, varying in size 
from <50 m to over 300 m in diameter are present 2 km to the North and lie along a NW-SE trending trough. 
Some of these mounds were previously known to be hydrothermal in origin (Rona et al., 1993), while oth-
ers have only been identified and investigated during this cruise. Based on differences in sediment-cover, 
slope-angles, and morphology, the sulfide mounds were formed during different episodes of hydrothermal 
venting, indicating long-lasting hydrothermal fluid flow along large, oblique faults in this area (Graber 
et al., 2020; Murton et al., 2019).
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The cruise included almost daily deployments of the AUV Abyss. The AUV was carrying the above-de-
scribed electric data acquisition system, as well as a vector magnetometer and a multibeam echosounder to 
collect high-resolution bathymetric data.

Within the survey, we conducted one AUV dive over the hydrothermal site TAG (with an altitude of between 
70 and 100 m above the hydrothermal mound) and three dives at various altitudes over the above-men-
tioned series of known inactive hydrothermal targets (average altitudes of 35, 60, and 90 m above the sea-
floor). Over the TAG mound, the line spacing was 100 m whereas over the inactive hydrothermal sites, we 
kept a constant, 50 m line spacing, regardless of the altitude of the data acquisition. In all cases, the average 
AUV speed was three knots, i.e., 1.54 m/s.

The larger line spacing over hydrothermal site TAG compared to that of the nearby inactive sites results 
from the fact that site TAG had already been extensively surveyed during past expeditions and was there-
fore already well constrained. Moreover, as the primarily goal of the Blue Mining project was to investigate 
the efficiency of various geophysical exploration tools for long-term industrial applications, the campaign 
mostly focused on inactive hydrothermal vent fields, as they are considered to be more promising mining 
targets than active hydrothermal vent fields. Preserving a constant line spacing during the three dives over 
the inactive hydrothermal sites was therefore considered as the most efficient way to extensively test all the 
outcomes of the passive electric data acquisition system.

The multi-altitude approach used over the inactive basalt-hosted hydrothermal sites in the north is the 
best option to constrain the 3D structure of large hydrothermal mounds during bathymetric surveys. Dives 
conducted at a very low altitude (i.e., near the seafloor) allow the study of short-wavelength sources, either 
outcropping or in the shallow sub-seafloor, whereas data collected at higher altitudes (i.e., further away 
from the seafloor) reveal longer wavelength sources located at greater depths. Moreover, the three dives 
conducted over the inactive hydrothermal vent fields also offered the opportunity to determine the optimal 
diving conditions for passive electric data acquisition.

To illustrate this point, we present the electric signature over the active TAG mound, as well as over inactive 
or weakly active mounds such as the Rona, Shinkai and Southern mounds, located 3 km to the North (Fig-
ure 2a) and correlate these results with deep-sea magnetics.

5.2. Results

The AUV dive over the active hydrothermal TAG mound has revealed that the hydrothermal site is associat-
ed with a negative Reduced-to-the-Pole (RTP) magnetic anomaly and a strong electric anomaly made of two 
distinct lobes, as well as a small positive electric anomaly in the middle of the negative lobe (Figures 2a–2c).

The negative RTP magnetic anomaly is consistent with the typical magnetic signature of both active and 
inactive basalt-hosted hydrothermal vent fields (e.g., Szitkar et al., 2014; Szitkar & Dyment, 2015; Tivey 
et al., 1993) and is a consequence of:

1.  The circulation of hydrothermal fluids under the site, leading to an oxidation of the titanomagnetite in 
the basalt (Ade-Hall et al., 1971; Johnson & Pariso, 1987; Watkins & Paster, 1971).

2.  The accumulation of a non-magnetic hydrothermal deposit increasing the distance between the mag-
netometer and the underlying basaltic seafloor (e.g., Szitkar et al., 2014).

3.  A possible contribution of the thermal demagnetization, as hydrothermal site TAG vents fluids at a 
temperature exceeding the Curie temperature of titanomagnetite (Kent & Gee, 1996). This contribution 
remains marginal (Szitkar et al., 2014, 2015).

Previous studies have discussed the location of the negative magnetic anomaly associated with the hydro-
thermal site TAG (Szitkar & Dyment, 2015; Szitkar et al., 2019). Indeed, the negative magnetic anomaly 
is not centered above the mound. Instead, the magnetic signature is shifted to the Northwest, suggesting 
that the fluids feeding the site do not rise vertically, but instead follow the faults generated by the tilt of the 
underlying basaltic block, as a consequence of tectonic episodes postdating the formation of the seafloor. 
According to this hypothesis, the hydrothermal fluids would therefore follow a non-vertical pathway com-
ing from the Northwest.
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The electric anomaly associated with the hydrothermal site TAG is made of two distinct lobes, the positive 
one being shifted to the Northwest of the hydrothermal mound whereas the negative one is centered on 
the mound (Figure 2c). If the fluids had been rising vertically, the two poles would have been superim-
posed. The shift therefore confirms the previous hypothesis inferred from deep-sea magnetic data, allowing 
to significantly constrain the characteristics of the fluid circulation at depth under the hydrothermal site 
TAG, and confirming the existence of a network of inclined faults in the supporting basaltic seafloor. The 
characteristics of hydrothermal activity at TAG deduced from our combined datasets and are summarized 
in Figures 3a–3c

The comparison between high-resolution electric and magnetic data therefore reveals two conclusions:

1.  There is a good correlation between the orientation of the electric anomaly lobes (NW-SE) and the mag-
netic low observed by the AUV Abyss (Figures 2c and 2d), underlining the complementarity between 
these two types of datasets for constraining the architecture of the deep parts of active basalt-hosted 
hydrothermal vent fields

Figure 2. (a) Localization of the survey areas. Contour lines every 100 m. The AUV route spacing was 100 m (b) High-
resolution bathymetry in the vicinity of hydrothermal site TAG. Contour lines every 10 m (c) Bimodal electric anomaly 
from the inline pair over site TAG and seawater temperature along the AUV route. The temperature rise is correlated 
with the local electric anomaly high. Contour lines every 0.05 mV/m (d) Magnetic anomaly over site TAG. Contour 
lines every 100 nT. On both C and D, the black contour line delineates the active TAG mound, and the black parallel 
lines mark the AUV routes (e) Characteristics of hydrothermal activity at TAG deduced from our combined magnetic 
and electric datasets. Hydrothermal fluids rise with a non-vertical angle from the NW and the plume is dispersed in a 
preferential NE direction.
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2.  The correlation between the electric and magnetic signals confirms the existence of a volume of basalt 
hosting redox chemical reactions triggered by the circulation of oxidizing seawater recharging the site. 
Our observation therefore supports those of Kawada and Kasaya (2017) and underlines the reliability 
of deep-sea, high-resolution AUV-based electric data for identifying active basalt-hosted hydrothermal 
vent fields

Moreover, when the AUV passes 70 m to the Northeast of the main black smoker area, the electric signal is 
associated with a localized positive electric anomaly that correlates with a rise of 0.2°C of seawater temper-
ature (Figure 2c). As the electric coupling for SMS deposits in a basaltic environment is usually negative, 
we expect electric signals resulting from redox chemical reactions between the hydrothermal plume and 
the surrounding oxidizing seawater to display a contrasting positive anomaly (Bebie et al., 1998). Given 
the AUV altitude (around 80 m above the seafloor at this location), we assume that the horizontal dimen-
sions of the turbulent plume from the central Black Smoker Complex at TAG together with a weak bottom 
current has dispersed parts of the ascending plume into the path of the AUV, explaining the temperature 
increase and the co-registered electric signal. We therefore interpret this localized, positive electric anomaly 
as a consequence of the redox chemical reactions between the hydrothermal plume and the surround-
ing seawater. A notable difference exists between our observation and that of Sudarikov and Roumiant-
sev (2000). Indeed, these authors observe that a negative electric anomaly is produced by contact between 
seawater and the plume from the ultramafic-hosted hydrothermal site Logatchev. Even if this point remains 
to be addressed by geochemical analyzes, it is likely that this difference illustrates variations between the 
geochemistry of hydrothermal fluids expelled by basalt-hosted and ultramafic-hosted hydrothermal vent 
fields. If confirmed, such observation would contribute to support the importance of passive electric data 
as a major geophysical exploration tool, not only to perfectly complement deep-sea magnetic data but also 
to immediately distinguish between active basalt-hosted and ultramafic-hosted hydrothermal activity. As 
the plume contribution disappears for inactive hydrothermal vent fields, we anticipate that their electric 
anomaly should be associated with a smaller amplitude.

The electric anomaly observed over the active TAG mound is consistent with that observed by Kawada 
and Kasaya (2017) over various active sites of the Mid-Okinawa Trough, including the complex Hakurei 
basalt-hosted hydrothermal site, that remains associated with a clear electric anomaly, despite being buried 
under a highly-magnetized ore deposit (Honsho et al., 2016; Kawada & Kasaya, 2017).

Figure 3. (a) 3D projection of the bathymetry around the active hydrothermal TAG mound (b) Passive electric data draped on the bathymetry. The red and blue 
dashed lines represent the contours of the bimodal electric anomaly generated by the inclined rise of hydrothermal fluids and the redox reaction between the 
hydrothermal plume and seawater (c) Summary of what the combined AUV electric and magnetic anomalies reveal about the hydrothermal activity at TAG. 
The fluids rise from the Northwest and are vented through a black smoker complex. The hydrothermal plume is then dispersed in the seawater in a Northeast 
direction under the action near-seafloor water currents.
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At larger scales, electric data around the active hydrothermal TAG mound are not devoid of noise and dis-
tortion, mostly resulting from the AUV attitude variations and leading to the apparition of anomaly artifacts 
along the AUV routes (Figures 4a and S6). The electric anomaly produced by hydrothermal activity at TAG 
remains stronger than the distortion induced by variations of the AUV attitude (pitch and roll) (Figure 4b) 
(on average 0.5 mV/m peak to peak for the electric anomaly over TAG vs. 0.2 mV/m for the signal dis-
tortion), however this observation suggests that acquisition conditions were not optimal. We discuss this 
limitation below.

Figure 4. (a) Electric anomalies over an extended area around hydrothermal site TAG. The red rectangle delineates the 
limits of Figure 2a. Contour lines every 0.05 mV/m (B Left) High-resolution bathymetry of the TAG area. AUV routes 
are shown in red. Time marks correspond to specific areas reported on the different datasets to the right (b, Right) 
From top to bottom: electric signal measured by the inline pair of electrodes. The peak correlates with the temperature 
variations and marks the effect of the redox reaction between the hydrothermal plume and the seawater; seawater 
temperature variations; AUV attitude variations; AUV altitude vs. seawater depth. The dashed red lines point electric 
anomalies that are influenced by attitude variations, inducing a signal distortion. The dashed green line points an 
electric anomaly that is not affected by this distortion and corresponds to the AUV passing over the TAG mound.
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Figure 5.
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Over the northern working area (Three Mounds area), three dives were undertaken (average altitudes of 
35, 60, and 90 m above the seafloor, Figures 5a–5c, respectively) over a series of closely-spaced inactive to 
weakly active hydrothermal targets (Graber et al., 2020). Hydrothermal activity on some of these mounds 
has later (in a cruise following our survey) been shown to be confined to the presence of bacterial mats, pos-
sibly indicating weak, diffuse fluid flow in the area, but focused venting is not present (Murton et al., 2019). 
As expected, the overall amplitude variations are larger for the high-resolution data (Figure 5a) when com-
pared to the survey flown at higher altitudes (Figures 5b and 5c).

The magnetic data collected during these three AUV dives reveal that all these mounds are associated with 
a negative RTP magnetic anomaly, i.e., a lack of magnetization (Figures 5 and S3). On the highest-resolution 
dataset (i.e., lowest altitude, Figure 5a), the different mounds generate a distinguishable negative magnetic 
anomaly. These anomalies start merging with those from the neighboring sites when the AUV altitude 
increases, as a result of a progressive loss of wavelength content in the magnetic signal (Figures 5a–5c). Un-
like for the active TAG mound, the negative RTP magnetic anomalies associated with these sites are always 
located above the sites, suggesting that no tectonic event postdating the seafloor formation has occurred and 
that the fluids feeding them were rising vertically when the sites were active.

As a side note, it may happen that hydrothermal fluids rise along non-vertical pathways, even when hy-
drothermal sites do not sit on tilted basaltic blocks. Nevertheless, in the case of the well-constrained hy-
drothermal site TAG, such hypothesis would not allow for fully taking into account the observed magnetic 
signature of the site (e.g., Szitkar & Dyment, 2015; Szitkar et al., 2019), suggesting that tectonic events have 
shifted the location of the negative magnetic anomaly associated with the hydrothermal site. In the case of 
the inactive hydrothermal sites also studied in this paper, the location of the electric and magnetic anoma-
lies over their causative sources rules out the hypotheses of tectonic events and non-vertically rising fluids.

The inactive hydrothermal mounds exhibit a clear electric signature dominating the survey area on the 
higher resolution data (Figure 5a, lowest altitude, on average 35 m above the seafloor). This observation 
together with the magnetic interpretation suggests the presence of massive sulfides at all of these mounds. 
This was later confirmed by visual surveys, showing that these mounds are either inactive or only weakly 
active. Their electric properties may not result from electrokinetic potentials as a result of fluid circulation 
below the seafloor (e.g., Rona et al., 1993). Moreover, the lack of significant fluid discharge also prevents 
the existence of redox reactions between seawater and hydrothermal plumes. The only remaining source 
of an electric anomaly–the geobattery–is therefore sufficient to generate a measurable, yet smaller signal 
compared to that for active sites, signal, even from AUV dives carried out at several tens of meters above 
the seafloor. We conclude that redox reactions in the subseafloor span beyond the lifetime of hydrothermal 
activity, and that AUV-based passive electric surveys are a fundamental tool for distinguishing exposed in-
active SMS occurrences from other mound-shape features with negative magnetic anomalies.

On the highest resolution data (i.e., lowest altitude, on average 35 m above the seafloor; Figure 5a), the elec-
tric and magnetic anomaly exhibit a very good correlation. Moreover, even if the negative electric anomalies 
associated with the mounds are surrounded by positive electric anomalies, the contour lines and the color 
palette indicate that none of these positive anomalies have a comparable decrease in amplitude surround-
ing them, suggesting that they are unlikely to be considered as bimodal anomalies. The electric anomalies 
associated with these inactive mounds therefore likely consist of two superimposed poles, once again sup-
porting the hypothesis deduced from the magnetic data that hydrothermal fluids ascended along vertical 
upflow paths during the active period of the sites (Szitkar et al., 2019; Figure 5). These consistent observa-
tions suggest an absence of major tectonic events younger than the formation of the seafloor in this area and 
contrast with the tilt of the basaltic block hosting the active TAG mound, underlining the complex tectonic 
history of this part of the TAG segment.

Figure 5. (a) Clockwise from top left: High-resolution bathymetry of the northern mounds area; Magnetic data collected by the AUV Abyss at low altitude (on 
average 35 m) above the seafloor; Electric data collected at the same altitude; Altitudes of the AUV above the seafloor. Contour lines every 0.1 mV/m (b) Same 
as (a) for the intermediate AUV altitude dive (on average 60 m above the seafloor) (c) Same as (b) for the highest AUV altitude dive (on average 90 m above the 
seafloor). White and red stars correspond to the inactive hydrothermal mounds. The inactive hydrothermal veant fields retain a measurable electric anomaly on 
all dives, however the background noise starts prevailing on the highest altitude data, suggesting that any dive at a higher altitude would become less reliable in 
terms of inactive SMS exploration. For these three dives, the line spacing was 50 m.
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During higher altitudes dives, the electric signatures over the inactive mounds remain noticeable on the in-
termediate resolution data (Figure 5b, average altitude of 60 m above the seafloor) but start disappearing on 
the lower resolution data (Figure 5c, highest altitude, on average 90 m above the seafloor). Unsurprisingly, 
the signal/noise ratio becomes less favorable as the AUV altitude increases, i.e., the relative proportion of 
noise grows and starts dominating the signal when the average altitude exceeds 90 m (Figures 4c and 5b).

This range of altitudes is consistent with the geometries generally considered for deep-sea AUV magnetic 
measurements to ensure an optimal balance between the reliability and the efficiency of hydrothermal ex-
ploration. Thanks to this series of AUV dives, we therefore confirm that the acquisition of passive electric 
and magnetic data can be considered for any AUV dive, and neither require dedicating additional diving 
time nor designing specific dive geometries.

6. An Opening to the Future: Possible Engineering Improvements
This campaign has provided considerable feedback and unraveled a few shortcomings in our electric ac-
quisition system design. We have established that the signal distortion mostly comes from the following 
vehicle issues:

1.  From the AUV attitude variations (pitch and roll variations during the dive).
2.  To a significantly lesser extent, from the electric noise produced by the AUV engine.

Besides studying the electric signature of active and inactive basalt-hosted hydrothermal vent fields, we also 
aim to discuss engineering solutions to ensure that deep-sea electric data become a reliable tool comple-
menting deep-sea magnetics in future deep-sea exploration.

An acquisition system with the electrodes mounted to the frame of an AUV has already been tested by 
Constable et al.  (2018). Nevertheless, with this system, the AUV drag was increased and the AUV could 
not maintain its operational speed. Moreover, this system may force reshaping AUVs launch and recovery 
systems. We would therefore favor another type of design to overcome these issues.

Given the still uncommon aspect of AUV-based passive electric measurements, we have not tested these 
hypotheses yet, however the present discussion is based on the observed limitations on our data, the phys-
ical properties of electric data and the geometry of typical AUV dives. This part must therefore be seen as a 
guideline of what could be envisioned for future users, based on our fieldwork experience.

As mentioned above, deep-sea electric data were collected using two pairs of electrodes mounted to a typ-
ical, torpedo-shaped AUV. The electric measurements have confirmed that active basalt-hosted hydrother-
mal vent fields such as the TAG mound are easily identifiable, and our study has shown that inactive/weakly 
active mounds also retain a measurable electric signature after hydrothermal activity ends. The associated 
weaker voltages blend into the background noise when the AUV altitude exceeds 90 m above the seafloor.

To improve the reliability of the measurements, we recommend distortion-reducing options, partially in-
spired by successful Japanese and Chinese experiments (Kawada & Kasaya, 2017, 2018; Zhu et al., 2020):

1.  When the bathymetry is not too steep, favoring AUV dives at a constant water depth rather than a con-
stant altitude above the seafloor to limit attitude variations during the dive. We strongly encourage, not 
to compensate this need by following the bathymetry isocontours, as such AUV dive geometries would 
result in complex and undulating routes that are not optimal for an efficient processing of the geophys-
ical data.

2.  In the case of torpedo-shaped AUVs, attaching a rigid array of electrodes with a neutral buoyancy would 
act as a damping system suppressing limited attitude variations. In such configuration, a significant-
ly longer distance between two electrodes could also be considered (i.e., a better sensitivity to smaller 
electric fields). In the case of AUVs equipped with a single propeller, a practical solution to avoid the 
risk of twisting the array within the propeller could consist of installing removable masts (Figure S7), 
leading to a symmetrical configuration that preserves the AUV balance. These masts would not interfere 
with the launch/recovery systems, as these types of AUVs are secured either from the bow or the top 
(Figure S8). To further increase the safety of the installation, a fairing case could also be envisioned to 
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isolate the propeller from the structures supporting the array (Figure S7). There is no need for such case 
to be orientable, as AUVs change directions by adjusting their rudders, i.e., no heavy modifications are 
required. Additional tests would have to be carried out to find the perfect design to limit the impact this 
array on the AUV drag

7. Conclusion
The R/V Meteor M127 cruise over the TAG area has revealed the efficiency of rarely used geophysical data 
to locate and identify not only active, but also inactive/weakly active hydrothermal vent fields. We have 
observed a systematic correlation between deep-sea electric and magnetic data, immediately allowing the 
identification of the geological nature of the targets without having to send additional exploration tools for 
visual exploration. Moreover, our data also suggest that both the electric and magnetic signals can be used 
in the same range of altitudes to look for active and inactive SMS deposits and to characterize the present 
or past fluid circulation at depth.

The use of this combination results in important cost and time reductions and paves the way for larger areas 
to be explored within the constrained schedule of a scientific campaign. Nevertheless, the cruise has also 
revealed what should be done to reduce signal distortion. We therefore propose minor adjustments of AUV 
dives geometries (constant immersion to be favored over constant altitude), as well as light and removable 
engineering modifications in order for AUVs to tow a neutrally buoyant damping array of electrodes help-
ing to preserve the horizontality of the installation. Based on the feedback gained from the TAG cruise, we 
believe that deep-sea electric and magnetic data is the optimal combination for the future of AUV deploy-
ments to optimize active and inactive SMS exploration.

Data Availability Statement
The data are available under https://doi.pangaea.de/10.1594/PANGAEA.899415.
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