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Abstract Although seafloor massive sulfide (SMS) deposits are crucially important metal resources that
contain high‐grade metals such as copper, lead, and zinc, their internal structures and generation
mechanisms remain unclear. This study obtained detailed near‐seafloor images of electrical resistivity in a
hydrothermal field off Okinawa, southwestern Japan, using deep‐towed marine electrical resistivity
tomography. The image clarified a semi‐layered resistivity structure, interpreted as SMS deposits exposed on
the seafloor, and another deep‐seated SMS layer at about 40‐m depth below the seafloor. The images
reinforce our inference of a new mechanism of SMS evolution: Upwelling hydrothermal fluid is trapped
under less‐permeable cap rock. The deeper embedded SMS accumulates there. Then hydrothermal fluids
expelled on the seafloor form exposed SMS deposits.

Plain Language Summary Hydrothermal circulation of seawater through the permeable ocean
crust engenders formation of seafloor massive sulfide (SMS) deposits, which present high potential for
metal mining. Geophysical surveys using modes such as electrical and electromagnetic methods have
revealed that SMS deposits exhibit lower resistivity than the surrounding host rock. However, because
detailed geophysical images of internal structures of SMS deposits are lacking, the spatial distribution of SMS
deposits and the evolutionary processes of SMS deposits remain unclear. For this study, we applied a
deep‐towed marine electrical resistivity tomography (ERT) system to capture detailed images of electrical
resistivity structures of SMS deposits in the Iheya North hydrothermal field, Okinawa Trough, southwestern
Japan. An optimal sub‐seafloor resistivity section reveals a semi‐layered structure consisting of double
low‐resistivity SMS layers: exposed and deep‐seated ones. Between the SMS layers, a cap rock layer is
recognized as a moderately resistive zone. This detailed structure offers an explanation of how the SMS
deposits accumulate: Hydrothermal fluids upwelling from the deep crust are trapped by less‐permeable cap
rock, which results in the precipitation and accumulation of SMS deposits below the cap rock. Then fluids
passing through the cap rock to the seafloor produce SMS deposits on the seafloor.

1. Introduction

Hydrothermal circulation below the seafloor is a process of heat and material exchange between seawater
and the crust (Stein & Stein, 1992). Fluid convection caused by magmatic intrusion occurs at mid‐ocean
ridges, back‐arc spreading centers, volcanic arcs, and so on (Boschen et al., 2013). Such seafloor
hydrothermal systems often have accompanying seafloor massive sulfide (SMS) deposits, which offer high
potential for mining of metals with high economic value (Hannington et al., 1995; Humphris et al., 1995;
Rona et al., 1991). The major metal elements are copper, lead, zinc, gold, and silver (Bartetzko et al., 2006;
Spagnoli et al., 2016). Their high metal concentrations can meet global demand for metal resources.
Therefore, SMS deposits are attractive for next‐generation mining (Lipton, 2012).

A map of the internal structures of a seafloor hydrothermal system provides a key to elucidating the SMS
deposit generation mechanisms. In past studies, seafloor drilling surveys have been conducted for the
lithological studies of SMS deposits. One of the best‐studied hydrothermal areas is the Trans‐Atlantic
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Geotraverse (TAG) hydrothermal field in the mid–Atlantic Ocean (e.g., Humphris et al., 1995; Petersen et al.,
2000). The Ocean Drilling Program revealed a lens‐shaped ore body beneath the mound and an underlying
upflow zone through the volcanic rocks that host the deposit (e.g., Humphris et al., 1995). Other
hydrothermal fields such as in the Iheya North Knoll (Takai et al., 2011) and Palinuro Seamount
(Petersen et al., 2014) were also investigated using boreholes. Tornos et al. (2015) compiled existing
information of SMS deposits and proposed various models of SMS mineralization. However, the
generation mechanisms of SMS remain unclear because of a lack of detailed internal images of SMS
deposits. Although seafloor drilling is a powerful tool, its use is limited because it entails high costs. Even
if numerous drillings are conducted, geophysical images have been requested to fill gaps among boreholes.

Various efforts to image and estimate SMS deposits have been undertaken using geophysical methods.
Electrical and electromagnetic (EM) geophysical surveys are suitable for mapping the distribution of SMS
deposits because the deposits show lower resistivity than the surrounding host rocks (Komori et al., 2017;
Spagnoli et al., 2016). In the TAGmound, pilot EM surveys revealed sub‐seafloor low‐resistive areas, possibly
related to SMS deposits (Cairns et al., 1996; Von Herzen et al., 1996). Haroon et al. (2018) and Gehrmann

Figure 1. Maps of the study area. (a) Location of the Iheya North hydrothermal field, Okinawa Trough, southwestern
Japan shown as a black star. (b) Event map of the Iheya North field. Red stars denote the Integrated Ocean Drilling
Program drilling sites (C9015A and C9011B). Black circles denote hydrothermal fluid venting sites (SBC, HRV, NBC, NEC,
and HHH). The blue line represents a survey profile with the towed electrical resistivity tomography (ERT) system.
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et al. (2019) presented two‐dimensional (2‐D) inversion results across the TAG mounds using the towed
controlled‐source EM survey (Constable et al., 2016). They found low‐resistive zones immediately beneath
the seafloor with greater than 50‐m thickness. These towed controlled‐source EM surveys achieved both
deeper penetration depth (~300 m) and dense spatial measurements. However, they had low sensitivity to
near‐seafloor structures because of the limited number of receivers and their survey configuration. Some
new equipment has been designed for the near‐seafloor resistivity mapping but with limited penetration
depth of less than several meters (Kowalczyk, 2008). Other new surveys have deeper penetration to tens to
hundreds of meters (Constable et al., 2018; Imamura et al., 2018; Müller et al., 2018; Safipour et al., 2017;
Safipour et al., 2018). However, the measurements should be done as stationary (with the fixed source,
receivers, or both) lacking dense spatial samplings. In fact, high‐resolution images of resistivity structures
below the seafloor in hydrothermal areas (e.g., to 50‐m depth with spatial resolution of 10 m) have never
been reported, even though such imaging is necessary to discuss the evolution mechanisms of SMS deposits
attributable to high spatial heterogeneities that have been inferred from drilling studies.

We specifically examine a deep‐towed marine electrical resistivity tomography (ERT) system with multiple
electrodes to image such detailed electrical resistivity of SMS deposits. It has higher efficiencies of spatial
coverage and resolution in the shallow sub‐seafloor depth than other marine EM methods. This survey
system was developed first for detecting shallowly existing gas hydrate (Goto et al., 2008; Chiang et al., 2012).
The ERT system has often been used for near‐surface exploration on land (also designated as direct current
resistivity survey) with several stationary electrodes, but this marine ERT system tows multiple electrodes for
increasing both the horizontal resolution near the seafloor and the total length of the survey profile.

Our target area is the Iheya North hydrothermal field, mid–Okinawa Trough, southwestern Japan (Figure 1).
The Okinawa Trough, a back‐arc basin of the Ryukyu arc‐trench system, is presumed to be in the initial stage
of continental rifting, although some controversy persists about the commencement of Okinawa Trough
rifting (Letouzey & Kimura, 1986). A hydrothermal area discovered on the Iheya North Knoll in 1995
(Momma et al., 1996) has since been investigated intensively (Kasaya et al., 2015; Kumagai et al., 2010;
Masaki et al., 2011; Miyoshi et al., 2015; Nakagawa et al., 2005; Takai et al., 2006; Tsuji et al., 2012). The
Integrated Ocean Drilling Program (IODP) Expedition 331 was also conducted in the area by the deep‐sea
drilling vessel Chikyu. Core samples of IODP Expedition 331 strongly resemble the black ores in kuroko
deposits of the Miocene age in Japan (Expedition 331 Scientists, 2010). More recently, additional drilling
was implemented at the CK14‐04 and CK16‐01 cruises (Expeditions 907, 908) by drilling vessel Chikyu.
The accumulated survey data indicate this area as suitable for our detailed imaging of SMS deposits.

2. Method of Marine Electrical Resistivity Tomography

To date, ERT has been used for land areas and for shallow water areas (e.g., Allen & Merrick, 2007; Inoue,
2005; Lile et al., 1994) and even for deep water areas (Goto et al., 2008). For ERT survey, an electrical
current is passed through two electrodes. The resultant voltages are then measured through other paired
electrodes. The towed long tail in this system consists of cables with lengths of about 180 m (Figure 2a).
The system closely follows the earlier version developed by Goto et al. (2008) with slight modification of
the electrode configuration (Goto et al., 2013; Kasaya et al., 2018). The waveform of the transmitted
current is a square wave with a period of 15 s. The maximum output current is 15 A. The deep‐tow system
has a conductivity‐temperature depth sensor and an altimeter relative to the seafloor. The apparent
resistivity values of the dipole‐dipole array are estimated using least‐squares method at every 15 s, with
segments corresponding horizontally to a sampling rate of 7.5 m. Other detailed descriptions of the system
are shown in Figure 2a and Supporting Information, Text S1. The system affords high horizontal
resolution by continuous towing of multiple electrodes, in addition to the simplicity of data acquisition
and analysis. The SMS deposits are generally located at water depths greater than 900 m. The topography
in hydrothermal regions is quite complex. Simple systems such as the deep‐towed marine ERT with
real‐time acoustic navigation system and carefully planned towing routes based on the detailed
bathymetric map are well suited to SMS exploration under such environments.

The Iheya North hydrothermal field of the Okinawa Trough is about 150 kmNNWdistant fromOkinawa Island
(Figure 1a). The ERT data were collected during the YK 14–19 cruise survey (R/V Yokosuka, JAMSTEC) at the
active hydrothermal region, where hydrothermal fluid venting sites have been observed (Figure 1b). The system
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was towed from the south to north with altitude of 5–50 m above the seafloor. The electrode pairs of COM1–P3
and P3–P4 (n levels 4 and 5) were, unfortunately, unavailable because of system troubles. The number of
collected data as apparent resistivity was 966. The averaged error values of the observed apparent resistivity
are, respectively, 0.14%, 0.22%, 1.70%, 2.04%, 2.39%, and 3.23% for n levels 2, 3, 6, 7, 8, and 9.

We converted the observed ERT responses into a 2‐D resistivity model by our own nonlinear regularized
inversion method (Ishizu et al., 2017; Ishizu et al., 2019). The 2‐D ERT forward modeling problem (e.g.,
Coggon, 1971; Dey & Morrison, 1979; Xu et al., 2000) was solved using finite element method with
unconstructed meshes generated by Triangle (Shewchuk, 1996), which is used in various EM surveys
because of high flexibility to complex structures (e.g., Key &Weiss, 2006). Unconstructed meshes are suitable
for modeling the complex topography of hydrothermal fields. We applied Occam's algorithm proposed by
Constable et al. (1987) to this inverse problem. Occam's inversion seeks the smoothest sub‐seafloor model
that has an appropriate misfit level between observed and calculated apparent resistivity values (e.g., Key,
2009; Siripunvaraporn & Egbert, 2000; Vachiratienchai & Siripunvaraporn, 2013). More details of our
forward modeling and inversion algorithm are summarized in Texts S2 and S3. The initial and prior models
for the inversion are 1.0 Ω·m homogeneous half‐space below the seafloor. The grid number for the forward

Figure 2. (a) Schematic diagram of the deep‐towed marine electrical resistivity tomography system. Two current
electrodes C1 and C2 and eight potential electrodes P1–P8 are attached to the cable together with two reference electrodes
COM1 and COM2. The voltage difference is measured using each 15‐m dipole: P1–P2, P2–COM1, COM1–P3, P3–P4, P5–P6,
P6–COM2, COM2–P7, and P7–P8. Acoustic transponders were attached respectively to the deep tow system and end of cable
(a solid circle). (b) Pseudo‐section of the observed data. Pseudo‐depth shows the n level of Tx‐Rx distance (15 × n). A1 and A2
show the low apparent resistivity areas. (c) Pseudo‐section of the response from the inverted model (Figure 3a). Missing
observed data points at n levels (4 and 5) enclosed by dashed lines were interpolated from neighboring points. AC= alternating
current; SSBL = super‐short baseline.
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modeling was 16,327; the number of unknown parameters was 6,186 without updating the seawater resistivity.
The error floor was set as 2% of the observed apparent resistivity. The average and standard deviation of the sea
resistivity measured using conductivity‐temperature depth during the towing were, respectively, 0.3062 and
0.373 × 10−3 Ω·m. The seawater resistivity was fixed in the modeling as this average.

3. Results and Discussion

The apparent resistivity obtained using our marine ERT system indicates electrically conductive features
below the seafloor. The pseudo‐section of observed apparent resistivity is presented in Figure 2b. At short
separations between current and potential electrodes (with n level of 2–3), low apparent resistivity values are
observed at horizontal locations of 200–700 m (A1 in Figure 2b). The values are about 0.3 Ω·m, which is lower
than the seawater resistivity, implying the existence of the conductive zones below the seafloor. Moreover, at
horizontal locations of 350–500 m, the lowest apparent resistivity (A2 in Figure 2b) is discovered under the
longer separations (e.g., n level of 7–9). The observed error of apparent resistivity is about 0.14–0.22% at an n level
of 2–3 and 2.39–3.23% at an n level of 8–9, so that the low apparent resistivity values at A1 and A2 are valid. They
possibly correspond to extremely conductive zones buried deep below the seafloor.

Cable slack and pitching errors can distort the observed data. However, these effects are negligible
compared to responses from the structures (Text S4 and Figures S4 and 5). The effect by yaw of towed cable
is complicated because the lined electrode array was not perpendicular to the assumed strike of the 2‐D
structure (Figure S6). Although no published papers present discussion of this effect in 2‐D inversion

Figure 3. (a) Inverted resistivity model from the electrical resistivity tomography survey data. Blue and red lines
respectively show the head and the tail positions of the deep‐towed system. Black lines are locations of seafloor drilling.
Black diamonds show the horizontal position of observed hydrothermal vents, presented in Figure 1b. The black dashed
line is a strong seismic reflector obtained during cruises KR 10‐02 (Tsuji et al., 2012). CD1 and CD2 denote conductive
zones, which imply seafloor massive sulfide (SMS) deposits. CP1 is a cap rock zone. The black double arrow indicates a
high‐heat flow zone (Masaki et al., 2011). (b) Schematic model of evolution of SMS deposits inferred from our inverted
model; it is not to scale.
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numerically, field examples frequently found proper subsurface structures in such cases (e.g., Kwon et al.,
2005). We believe that our ERT can also image the sub‐seafloor 2‐D structure properly, although it might
be distorted slightly because of yawing.

The inversion result (Figure 3a) is consistent with the features inferred from the observed pseudo‐section
of apparent resistivity. The initial root‐mean‐square misfit between observed and calculated apparent
resistivity values was 6.5. Subsequently, it reached 2.2 after the third iteration through the inversion process.
The apparent resistivity pseudo‐section calculated from this model (Figure 2c) closely matches with the
observed data, especially including good fits to the low apparent resistivity values (A1 and A2 in
Figure 2b). Based on synthetic inversion tests with sub‐seafloor models having a simple low‐resistivity
anomaly (Ishizu et al., 2019), the approximate maximum sounding depth of 45 m below the towed cable
can be well resolved. In this survey, the area shallower than 1,012 m from the sea surface (i.e., the averaged
towed depth, 967 m, plus 45 m) can be well resolved. Although the area deeper than 1,012 m has lower
resolution than the shallower part, it still has sensitivity and necessity for explaining the observed ERT data
(Text S5). Based on these sensitivity tests, we chose 0.032 of the normalized sensitivity (maximum value is
1.0; shown in Figure S8) as a threshold of the resolved areas, corresponding to about 1,030‐m depth below
the sea surface.

Proof of the reliability of the inverted resistivity was found from borehole C9011B and C9015A data obtained
during the CK14‐04 cruise (Figure 1b). The averaged resistivity values to the depth of about 30 m below seafloor
(mbsf) obtained through logging while drilling (LWD) were, respectively, about 0.3 Ω·m along C9015A and
about 0.8 Ω·m along C9011B (Takai et al., 2015). These averaged values are agreeable with the inversion result
in which C9015A is located in the more conductive seafloor than C9011B. Small‐scale vertical spatial variations
of LWD resistivity along each borehole were not recovered in the inverted model because of the limited
resolution of the ERT data with the smoothness constraint in the inversion scheme (Figure S7). The inverted
model has strong lateral variations near the seafloor. To investigate the ERT inversion ability of resolving small
structures (25 × 10 m) near the seafloor, we conducted a sensitivity test using synthetic data. The inversion well
recovered the small structures (Figure S13) because of the high horizontal sensitivity.

The inversion result reveals sub‐seafloor electric conductive zones of around 0.2 Ω·m or less. The resistivity
section also shows semi‐layered structures (Figure 3): the shallow conductive zone (CD1) and the deeply
buried one (CD2). We applied sensitivity tests by forward modeling (e.g., Schwalenberg et al., 2002) to evaluate
the existence of conductivity anomalies CD1 and CD2, the resistivities of which are replaced respectively with
the background resistivity of 1.0 Ω·m. Results for which CD1 and CD2 were replaced show that the
root‐mean‐square misfit increased from 2.2 to 5.0 and 3.4, respectively (Figures S11 and S12). Sensitivity studies
using the inversion algorithm show that these semi‐layered conductive zones, CD1 and CD2, are necessary to
explain the observed low apparent resistivity (A1 and A2), as described in Text S5. The extremely low‐resistivity
value compared to the background one (1.0Ω·m) is consistent with resistivity values of SMS deposits measured
in the hydrothermally active area (Cairns et al., 1996; von Herzen et al., 1996). On the seafloor above CD1 and
CD2, several hydrothermal fluid venting sites are observed (Kawagucci et al., 2013) together with high heat flow
anomalies (Masaki et al., 2011). Therefore, CD1 and CD2 might be attributable to conductive SMS deposits or a
conductive hydrothermal fluid reservoir below the seafloor.

The occurrences of SMS deposits are linked to local three‐dimensional (3‐D) topography at horizontal
distance of 750 m along our profile, thus possible distortions of the 3‐D topographic effects must be
considered. An estimated model by 2‐D inversion of data from a 3‐D conductive structure might contain
artifacts below and next to the conductive mound (CD1). However, we believe that the conductive mound
can be resolved as discussed in the numerical studies by Haroon et al. (2018). Higher resistivities were
recovered around horizontal distance of 1,200 m, where there is a strong topography adjacent to the profile
(Figure 3a). However, the adjacent volcanic summit is located far from our towed profile (300 m). There is no
large relief around the profile at horizontal distance of 1,200 m (Figure 1a). Therefore, the topographic effects
are negligible compared to responses from the resistivity structures below the profile.

The rock resistivity depends on diverse factors such as porosity, temperature, and salinity of pore fluids and
on the amounts of metallic minerals (e.g., Archie, 1942; Chave et al., 1991; Dakhnov, 1962; Quist &Marshall,
1968; Revil et al., 2015a, 2015b). For quantitative discussion of the causes of high conductivity in CD1 and
CD2, we specifically examine a rock‐physics modeling of SMS deposits reported by Ohta et al. (2018) based
on laboratory measurements of rock samples from hydrothermal active areas in the Okinawa Trough (Text
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S6). The porosity values of 0–10 and 20–30 mbsf are also assumed to be less than 25% and 10%, respectively,
based on the drilled samples in the IODP Expedition 331 (Hole C0016; Takai et al., 2011).

For explanation of the deeply buried conductive zone (CD2, less than 0.2 Ω·m), with porosity less than 10%
and temperature of 300 °C based on the measured maximum value of hydrothermal fluid at NBC by
Kawagucci et al. (2011), the rock‐physics equation gives the conductive SMS minerals with volume amount
greater than 9% (Figure S15). In other words, under the assumed porosity (≤10%), high temperatures
(high conductivity) of pore fluids alone cannot explain the low resistivity of less than 0.2 Ω·m in CD2. The
existence of conductive SMS minerals is consistent with rock‐core observations at 27–45 mbsf of Hole
C0016, drilled at NBC, containing approximately 5% sulfide with very fine‐grained pyrite (Takai et al.,
2011). Similar contents of fine‐grained sulfide minerals (3%: Takai et al., 2015) were also confirmed in the
recovered cores at about 23–31 mbsf at Hole C9015B drilled by the CK14‐04 cruise. For the shallow seafloor
conductive zone (CD1, around 0.2 Ω·m), the same equation indicates absence of conductive SMS minerals
under porosity of 25% and temperature of 300 °C (Figure S15). However, X‐ray diffraction analysis of rock
samples from the Iheya North hydrothermal field indicated the volume amount of conductive SMS minerals
as 18–49% (Ohta et al., 2018). The temperature is expected to be much lower than 300 °C because of cooling
by seawater. Therefore, CD1 also requires greater amounts of conductive SMS (e.g., greater than 9% at a
temperature of about 100 °C). Note that we only discussed conductive SMS. The cores from Hole C0016B
at 6–9 mbsf consist of massive sulfide ore containing 40–60% sphalerite (nonconductive SMS), 10–20% pyrite,
and a few percent each of galena and chalcopyrite (Takai et al., 2011). The total amount including both
conductive and nonconductive SMS would be much more than that of only conductive SMS.

The seawater salinity also decreases the resistivity with a linear relation (Keller, 1988). Theminimum salinity
measured at discharge zones above vents is 30% smaller than that of seawater (Kawagucci et al., 2011).
However, such slight fluctuation of seawater salinity cannot explain the low resistivity of 0.2 Ω·m. We also
devote attention to the clay minerals. Actually, core samples obtained at depth 30 mbsf (C0016) contain
chlorite (Miyoshi et al., 2015). However, laboratory measurements by Ohta et al. (2018) demonstrate a minor
effect of clay in electrical conduction. In addition, logging data measured in land hydrothermal areas often
show low resistivity at the clay‐rich layer, but the typical value is around 1.0 Ω·m (e.g., at drilling around
Mt. Aso, Japan, as reported by New Energy and Industrial Technology Development Organization, 1995).
This resistivity value is insufficient for causing low resistivity (0.2 Ω·m). Therefore, we conclude that
conductive zones CD1 and CD2 can both be attributed to SMS deposits.

The semi‐layered resistivity structure is supported by the multichannel seismic reflection data recorded
on the KR 10‐02 cruise (Tsuji et al., 2012). To characterize the shallow structures close to the seafloor
precisely, we carefully analyzed the shallow reflectors in seismic data analysis (e.g., velocity analysis). The
seismic profile highlights strong reflectors with positive polarity below the venting sites (southern half of
our survey profile; Figure 3a), which implies the existence of rock layers with high‐acoustic impedance.
The reflective layer, which is recognized horizontally and as extending widely below the seafloor,
corresponds to the top of the deep conductive zone, CD2. This observation supports no indication of a huge
reservoir of hydrothermal fluids at CD2. Altered volcanic rocks with quartz‐chlorite‐pyrite and pyrite‐anhy-
drite veins were found in cores recovered from Hole C0016 (27–45 mbsf; Takai et al., 2011). Another drilling
result at 23–31 mbsf in Hole C9015B indicated highly silicified quartz‐rich rocks with 3% fine‐grained SMS
(Takai et al., 2015). The altered volcanic and silicified quartz‐rich rocks are probably harder than the near‐
seafloor unconsolidated materials, resulting in strong amplitude layers with positive polarity. In addition,
the layers might have lower permeability than their surroundings because gypsification of the anhydrite
and silicification engender rapid closure of pore spaces and fractures in the host rock.

From the interpretations presented above, a possible mechanism of formation of the semi‐layered SMS
deposits can be inferred as the following (Figure 3b). Because of the good correspondence of the conductive
zones (CD1 and CD2) with the hydrothermal vents and high heat flows, hydrothermal fluids are expected to
ascend from the deep parts of CD1 and CD2. The hydrothermal waters can be captured by less‐permeable cap
rocks (CP1 in Figure 3), as inferred from the seismic reflectors and drillings. The trapped hydrothermal fluids
precipitated SMS minerals below CP1, thereby forming conductive SMS deposits in CD2. The hydrothermal
fluids passing through the cracks or fractures remaining in the cap rocks (CP1) can develop SMS deposits at
CD1 by mixture with seawater. This scenario is verified by the moderately low‐resistivity connections
between the exposed (CD1) and deeply buried conductive zones (CD2) in the resistivity structure, as seen
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at horizontal locations 100–200, 400–800, 900, 1,000, and 1,200 m (Figure 3a). These connections imply the
pathways of hydrothermal fluids.

Similar two‐layer or multilayered SMS structures have been found from drilling in the Iheya North
hydrothermal field, not along our profile. The LWD exhibited two sequences of large variation in gamma
ray and resistivity, each of which indicated a high natural gamma‐ray radiation zone, a low‐resistivity zone
(<0.3 Ω·m), and a low‐radiation/high‐resistive zone from shallow to deep depths (Takai et al., 2015). This
sequence can be interpreted as a K‐rich alteration zone, a buried sulfide zone, and low‐K hard (silicified)
sediments (Saito et al., 2015). Although the two‐layer SMS deposits in the Okinawa Trough were revealed
by the seafloor drilling, the number of these boreholes was limited. The recovery rate of the core is generally
low in the hydrothermal field. Therefore, our resistivity structure is the first detailed image of the two‐layer
SMS deposits in the Okinawa Trough and also the first ever reported in the world. Such complex (two‐layered
or multilayered) SMS deposits under two or more styles of mineralization are necessary in most cases (in the
review by Tornos et al., 2015) and might be rather normal. In the review, the near‐seafloor and deeply buried
SMS deposits found in this study were classified into two types: SMS in seafloor mounds and black smoker
chimneys in oxic environments and SMS under sub‐seafloor mineral replacement. Detailed mechanisms of
simultaneous or sequential growth of SMS deposits with two layers or multilayers (e.g., fluid migration and
mineralization processes in the layers CD1 and CD2) will be discussed in the near future based on our
resistivity structure and the rock‐core samples obtained by drilling in this area.

4. Conclusions

We applied a deep‐towed ERT system to clarify the electrical resistivity structures of SMS deposits in the
Iheya North hydrothermal field, the Okinawa Trough, southwestern Japan. The resistivity image by the
inversion analysis revealed that the highly conductive zones below the seafloor were consistent with
observed hydrothermal venting sites and heat anomalies. This high conductivity is probably attributable
to rich conductive SMS minerals, not only to high‐temperature fluids, clay minerals, and salinity of pore
fluids. Our resistivity cross section indicates a semi‐layered structure consisting of exposed and deeply
embedded SMS deposits. The cap rock layer is also inferred from a seismic reflection survey and seafloor
drillings. Integration of all results suggests a possible generation mechanism of SMS deposits.
Hydrothermal fluids migrate from deep parts to the seafloor. They are captured by the cap rocks, where
lower SMS deposits are generated below the seafloor. Fluids passing through fractures in the cap rocks to
the seafloor develop the upper SMS deposits on the seafloor. Our study represents the first reported success
in detailed imaging of SMS deposits, which demonstrates the effectiveness of the marine deep‐towed ERT
system for exploration and characterization of SMS deposits.
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