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ABSTRACT

Deep-sea massive sulfide deposits formed by hydrothermal
fluid circulation are potential metal resources. They can exist
not only as mound manifestations on the seafloor (seafloor
massive sulfides) but also as embedded anomalies buried beneath
the seafloor (embedded massive sulfides). The distribution of
embedded massive sulfides is largely unknown, despite their ex-
pected high economic value. Recent drilling surveys have re-
vealed a complex model suggesting embedded massive sulfides
coexist beneath seafloor massive sulfides. In the coexisting case,
geophysical methods are required to distinguish and map seafloor
and embedded massive sulfides for accurate resource estimation.
Marine controlled-source electromagnetic (CSEM) methods are
useful for mapping massive sulfides because they exhibit higher
electrical conductivity compared with the surrounding host rock.

However, CSEM applications capable of distinguishing and
mapping the massive sulfides are lacking. We use a towed electric
dipole transmitter with two types of receivers: stationary ocean-
bottom electric (OBE) and short-offset towed receivers. This
combination uses differences in sensitivity: the towed receiver
data are sensitive to seafloor massive sulfides, and the stationary
OBE receiver data are sensitive to embedded massive sulfides.
Our synthetic data example demonstrates that the combined
inversion of towed and OBE data can recover resistivities and
positions of the massive sulfides more accurately than existing
inversion methods using individual applications. We perform
the combined inversion of measured CSEM data obtained from
the middle Okinawa Trough. The inversion models demonstrate
that a combined inversion can map the location and shape of
embedded massive sulfides identified during drilling more
accurately than the inversion of individual data sets.

INTRODUCTION

Deep-sea massive sulfide deposits are formed by hydrothermal
fluid circulation associated with subseafloor processes and are
found in hydrothermally active areas such as back-arc spreading cen-
ters, midocean ridges, and volcanic arcs (Humphris et al., 1995;

Hannington et al., 2011; Ishibashi et al., 2015; Nozaki et al.,
2020). They are rich in metals such as copper, lead, zinc, gold,
and silver (Hannington et al., 2010; Petersen et al., 2016; Fuchs
et al., 2019). Their high metal concentrations have increased the in-
terest in exploring and assessing massive sulfide resources in deep-
sea hydrothermal areas (Kowalczyk, 2008; Hannington et al., 2011;
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Boschen et al., 2013; Tornos et al., 2015; Monecke et al., 2016;
Murton et al., 2019).
Deep-sea massive sulfides can be divided into two types based

on their location: seafloor massive sulfides that are visible and fre-
quently composed of chimney and mound structures on the seafloor
(Humphris et al., 1995; Zierenberg et al., 1998) and embedded sea-
floor massive sulfides that are buried below the seafloor (Zierenberg
et al., 1998; Takai et al., 2011; Petersen et al., 2014). Seafloor massive
sulfides are discoverable by submersible surveys and can be visually
identified. If seafloor massive sulfides occur with hydrothermal ac-
tivity, hydrothermal plume surveys also are effective for their detec-
tion (Kasaya et al., 2015; German et al., 2016). However, submersible
and plume surveys cannot determine the vertical extent of the min-
eralized deposit. Thus, geophysical methods, which can investigate
subseafloor structures, are required for determining their spatial ex-
tents. Moreover, because submersible surveys cannot detect massive
sulfides embedded within the subseafloor, their detection and delin-
eation rely on geophysical methods and drillings.
Embeddedmassive sulfides have been reported in several areas such

as the Okinawa Trough (Takai et al., 2011; Totsuka et al., 2019;
Nozaki et al., 2021), the Palinuro Seamount (Petersen et al., 2014), and
the northern Juan de Fuca spreading center (Zierenberg et al., 1998).
The drill core of Ocean Drilling Program Leg 169 on the northern Juan
de Fuca spreading center discovered embedded massive sulfides con-
taining up to 50 vol% sulfide minerals at 200–210 m below the sea-
floor (mbsf) (Zierenberg et al., 1998). Scientific drilling by D/V
Chikyu in the Okinawa Trough found cores of embedded massive sul-
fides enriched in copper, lead, and zinc at 5–25 mbsf and 30–65 mbsf
(Nozaki et al., 2021). Previous studies interpreted that they occurred as
a replacement of the host sediments (Zierenberg et al., 1998; Petersen
et al., 2014; Nozaki et al., 2021), or they were initially formed on the
seafloor and later buried beneath the seafloor (Nozaki et al., 2021).
These drilling results revealed vertical extents and metal contents of
embedded massive sulfides and pointed out their high economic value
(Zierenberg et al., 1998; Petersen et al., 2016; Nozaki et al., 2021).
However, their horizontal distribution has not been determined due
to sparse drilling points, causing large uncertainties in their resource
assessment. Therefore, determining the distribution of embedded
massive sulfides is essential for more accurate resource assessment.
Drilling surveys have revealed embedded massive sulfides coex-

isting beneath seafloor massive sulfides, suggesting that seafloor
and embedded massive sulfides not only exist individually but also
can coexist (Zierenberg et al., 1998). Their coexistence has been
reported in the Okinawa Trough (Takai et al., 2011; Totsuka et al.,
2019; Morozumi et al., 2020; Nozaki et al., 2021) and on the
northern Juan de Fuca spreading center (Zierenberg et al., 1998).
Our study area, Okinawa Trough, is the most investigated in Japan
for massive sulfides (Ishibashi et al., 2015). Drilling surveys have
confirmed the coexistence in the Izena (Totsuka et al., 2019;
Morozumi et al., 2020; Koike et al., 2022) and Iheya hydrothermal
areas (Takai et al., 2011; Ishizu et al., 2019), which are represen-
tative of the massive sulfide areas in the Okinawa Trough. This in-
dicates that the coexistence of the massive sulfides may be common
in the Okinawa Trough. Therefore, geophysical applications
capable of distinguishing and mapping these types of massive sul-
fides are essential for exploration surveys here. However, a geo-
physical framework for this purpose has not been established.
This study focuses on marine electromagnetic (EM) methods be-

cause they are particularly useful for massive sulfide exploration.

Massive sulfides exhibit a lower electrical resistivity than the
surrounding host rock (Von Herzen et al., 1996; Spagnoli et al.,
2016; Müller et al., 2018), favoring EM applications, which are sen-
sitive to subseafloor electrical resistivity structures. Controlled-
source EM (CSEM) methods are the most popular EM methods
for massive sulfide exploration (Cairns et al., 1996; Swidinsky
et al., 2012; Hölz and Jegen, 2016; Haroon et al., 2018;
Gehrmann et al., 2020). CSEM methods use a transmitter as an ar-
tificial EM energy source and receivers that record the response
from the transmitter. Various transmitter and receiver configurations
have been developed for CSEM methods, depending on target mas-
sive sulfides. CSEM data can be interpreted in the frequency do-
main or the time domain, that is, as transients. CSEM methods
using transients also are referred to as transient EM (TEM) methods.
CSEM systems using short transmitter-receiver offsets of<500 m

have been applied to detect seafloor massive sulfides and/or shallow
embedded massive sulfides. Imamura et al. (2018) use a CSEM sys-
tem with a horizontal electric dipole (HED) transmitter mounted on
a remotely operated vehicle (ROV) and ocean-bottom electric
(OBE) receivers with a transmitter-receiver offset of <100 m.
Haroon et al. (2018) and Gehrmann et al. (2019) apply a CSEM
system using a towed HED transmitter and towed receivers a
few hundred meters behind the transmitter. A towed loop coil trans-
mitter-receiver system was applied for the TEM survey (Hölz and
Jegen, 2016; Haroon et al., 2018) and frequency-domain CSEM
survey (Müller et al., 2018). Nakayama and Saito (2016) apply
an ROV-based TEM system. However, if a coexistence model of
seafloor and embedded massive sulfides is considered, all the pre-
ceding CSEM methods are less sensitive to embedded massive
sulfides located below the seafloor massive sulfides because of their
limited depths of investigation.
CSEM systems using large transmitter-receiver offsets of

<1.5 km have been applied to detect deep resistivity structures
in hydrothermal areas. Constable et al. (2018) use a CSEM method
with a stationary HED transmitter deployed on the seafloor and a
towed receiver on an autonomous underwater vehicle (AUV). Ishizu
et al. (2022) use a CSEMmethod with a towed HED transmitter and
stationary OBE receivers. Safipour et al. (2018) apply a towed loop
transmitter based on the TEM method and stationary OBE receiv-
ers. These EM systems for deep exploration are sensitive to seafloor
and embedded massive sulfides (Constable et al., 2018; Safipour
et al., 2018; Ishizu et al., 2022). However, their drawbacks include
the limited sensitivity toward seafloor massive sulfides because of
the inability to use short transmitter-receiver separation data due to
large uncertainties in transmitter-receiver positioning. That is, a
marine EM application capable of effectively detecting and map-
ping the massive sulfides is lacking.
This study presents a CSEM configuration using an HED trans-

mitter and two types of receivers to better map these types of
massive sulfides: stationary OBE and short-offset towed receivers.
This receiver combination assumes that the towed receiver data,
which are sensitive to seafloor massive sulfides, can complement
the OBE receiver data, which exhibit limited sensitivity toward shal-
low structures but are sensitive to embedded massive sulfides. An
advantage of the CSEM configuration is that the system has a high
operational affinity because the stationary OBE and towed receivers
can simultaneously record CSEM responses from the transmitter.
This combined CSEMmethod has previously been applied to hydro-
carbon exploration (Morten et al., 2016; Attias et al., 2018). It was
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demonstrated that a 3D combined inversion of towed and ocean-bot-
tom receiver data can map resistive bodies simulating hydrocarbons
more accurately than inversions of either receiver data set alone
(Morten et al., 2016). However, the combined inversion has not been
applied to conductive targets. Safipour et al. (2018) suggest a TEM
method using a similar combination of OBE and towed loop coil
receivers for massive sulfides exploration, yet a quantitative model
was not obtained due to a lack of 3D inversion.
In this study, a combined inversion of OBE and towed receiver

data sets is performed for detecting and mapping the massive sul-
fides. The field CSEM data were collected using two receiver types
from the Ieyama hydrothermal area of the Okinawa Trough, south-
west Japan. The discoveries of mound structures by microtopogra-
phy (Kasaya et al., 2020) and a mineralization zone at depths of
53–67 mbsf by drilling (Ishibashi et al., 2022) suggest the occur-
rence of seafloor and embedded massive sulfides in the Ieyama area.
Our previous study obtained a 3D resistivity distribution of massive
sulfides for the Ieyama area using only OBE receiver data (Ishizu
et al., 2022). In this study, we improve the accuracy of the resistivity
distribution by performing a combined inversion of OBE and towed
receiver data sets. The distribution of massive sulfides is discussed
based on the resulting resistivity models.
The objective of this study is to demonstrate that a CSEM con-

figuration using two types of receivers can distinguish and map sea-
floor and embedded massive sulfides. To achieve this objective, we
present the performance of the CSEM configuration using a syn-
thetic model containing low-resistivity anomalies that simulate sea-
floor and embedded massive sulfides. Then, we describe the
combined inversion result of data recorded in the Ieyama area.
In application to the field data, the effectiveness of the combined
inversion is evaluated by comparing the resulting resistivity model
with the embedded mineralized zone identified by drilling.

METHODS AND DATA

Seafloor instrument setup

We used a towed HED transmitter with two
types of receivers: OBE and short-offset towed
receivers (Figure 1). This study uses the marine
EM system (MEMSYS) for the towed HED trans-
mitter and receivers (Kasaya et al., 2019).
MEMSYS was originally developed for direct-
current resistivity surveys (Kasaya et al., 2019),
and it also is applicable for CSEM surveys.
MEMSYS has a 28.3 m HED transmitter and
seven pairs of receiver electrodes behind the trans-
mitter (Figure 1). The seven pairs of receiver elec-
trodes were located at offsets between 121 m and
169 m behind the transmitter to record inline elec-
tric fields (Kasaya et al., 2019). The signals from
the transmitter were simultaneously recorded by
the OBE and towed receivers with a 1 kHz sam-
pling rate. For details on the OBE receivers used,
please refer to Ishizu et al. (2022).

Inversion of CSEM data

The observed CSEM data were inverted to
yield a subseafloor resistivity model, using a

3D inversion code developed by Ishizu et al. (2022) based on
the data-space Occam approach. The 3D inversion code can auto-
matically search for the minimum norm model at the user-defined
data-fitting level and simultaneously invert the OBE and towed
receiver data. Forward modeling of the inversion code is based
on the finite-difference method with a primary-secondary field
approach (Ishizu et al., 2022). The inversion code minimizes the
following functional U:

U ¼ ðm −m0ÞTC−1
m ðm −m0Þ

þ λ−1fðd − F½m�ÞTC−1
d ðd − F½m�Þ − χ2�g; (1)

wherem is a vector log10-scaled conductivity,m0 is a prior model, d
is the observed data, F½m� is the forward-modeling response, Cm is
a model covariance matrix, Cd is a data covariance matrix, χ� is the
desired level of misfit, and λ−1 is a Lagrange multiplier (Ishizu et al.,
2022). The dimensions of m and d are M and N, respectively. The
first derivative roughness penalty is used for C−1

m (Ishizu et al.,
2022):

C−1
m ¼ αxk∂xmk2 þ αyk∂ymk2 þ αzk∂zmk2; (2)

where ∂x, ∂y, and ∂z represent the weighted finite difference in the
model parameter among neighboring blocks in the x-, y-, and
z-directions, respectively, and αx, αy, and αz are the relative weight
coefficients of different components in the x-, y-, and z-directions,
respectively (Ishizu et al., 2022). Here, ∂x is expressed as

∂x ¼

0
BBBBB@

wx1 0
wx2

. .
.

0 wxM−1
: : : wxM

1
CCCCCA

0
BBBBB@

−1 1 0
−1 1

. .
.

0 −1 1

: : : 0

1
CCCCCA
;

(3)

Ch1

135 145 150140 170 180 591061 190

Ch3 Ch4 Ch6 Ch7 MOC5hC Ch8Ch2

200 m

Tail system

0 –0.8 1.7 30
Transponder

sedortcelerevieceRsedortcelerettimsnarT
MEMSYS

b)

a)

OBE receivers

MEMSYS

C1 C2

Figure 1. (a) Configuration of the CSEMmethod used in this study, modified from Ishizu
et al. (2022). OBE receivers and towed receivers are used to record electric fields from a
ship-towed HED antenna. (b) Configuration of the tow-system MEMSYS with 200 m
long cable terminated by tail system (Kasaya et al., 2019). A pair of transmitter electrodes
with 28.3 m dipole length (C1–C2) is attached to the cable. The inline electric fields are
measured using seven pairs of receiver electrodes located behind the transmitter electro-
des: ch1–ch2, ch2–ch3, ch3–ch4, ch4–ch5, ch5–ch6, ch6–ch7, and ch7–ch8.
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where wx is the weights for the penalty in the x-direction and ∂y and
∂z with wy and wz are defined in a similar manner. We fix αx, αy, and
αz and all components of wx, wy, and wz to one. Here, d consists of
OBE receiver data (dOBE) and towed receiver data (dTOWED) as

d ¼
�

dOBE
dTOWED

�
: (4)

The dimensions of dOBE and dTOWED are NOBE and NTOWED, respec-
tively, and N = NOBE + NTOWED. Elements of d from 1 to NOBE and
NOBE + 1 to N represent OBE receiver data and towed receiver data,
respectively. The inverse of the data covariance matrix is expressed as

C−1
d ¼ WT

dWd; (5)

where Wd is the diagonal matrix of M × M (Constable et al., 1987)
written as

Wd ¼ diag

�
γOBE
e1

; : : : ;
γOBE
eNOBE

;
γTOWED

eNOBEþ1

; : : : ;
γTOWED

eN

�
; (6)

where γOBE and γTOWED are the weights for the OBE and towed
receiver data, respectively, and e is the standard error of d. We set
γOBE and γTOWED to one because our synthetic test result in the next
section shows that the inversion using the weight recovers the model
sufficiently. Note that more elaborate selection of γOBE and γTOWED

can potentially improve the inversion result (Commer and Newman,
2009; Meqbel and Ritter, 2015). The root-mean-square (rms) misfit is
defined as

rmsmisfit ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðd − F½m�ÞTC−1

d ðd − F½m�Þ
N

r
: (7)

Further details on the 3D inversion code are described in Ishizu
et al. (2022).

Synthetic modeling study

A synthetic modeling study was conducted to demonstrate the
performance of the CSEM configuration using towed and sea-
floor-based receivers for massive sulfide exploration. The measure-
ment settings for the synthetic study follow the field data set
described in the next section.
We used a test resistivity model with 108 Ωm air, 0.3 Ωm sea

layer, 1 Ωm seafloor sedimentary layers, and four 0.2 Ωm massive
sulfides (Figure 2). The flat seafloor was at a depth of z = 1000 m;
the sea surface was defined as z = 0 m. Three massive sulfides
(D1–D3) were exposed on the seafloor: D1 and D2 with dimensions
of 100 m × 100 m × 20 m and D3 with dimensions of
400 m × 100 m × 20 m. The resistivity values and sizes of the sea-
floor massive sulfides (D1–D3) are based on the resistivity models
reported in previous studies (Haroon et al., 2018; Gehrmann et al.,
2019; Ishizu et al., 2019). The embedded massive sulfides of D4,
with dimensions of 400 m × 400 m × 50 m, lie at a top depth of
z = 1050 m. The shape of D4 is based on a deeply buried miner-
alization estimated by geostatistical simulation of drilling data from
the Izena hydrothermal area (Koike et al., 2022). Therefore, D1–D4
represent realistic models of seafloor and embedded massive
sulfides. Although the synthetic model assumes a flat seafloor,

we incorporated seafloor topography into the
3D inversion of the measured data because
topography plays a key role for recovering accu-
rate resistivity structures in hydrothermal areas
(Haroon et al., 2018).
Six OBE receivers were placed along the line

y = 300 m at a spacing of 200 m (Figure 2).
The MEMSYS towing lines were along the y-di-
rection for the five profiles (x = 0 m, 150 m,
300 m, 450 m, and 600 m). The towing height
was set at 20 m from the seafloor based on our
field observations (Ishizu et al., 2022). Each tow-
ing line contained 25 transmitting points with a
spatial spacing of 50 m. The HED transmitter
was oriented along the y-direction. The OBE
and towed receivers simultaneously recorded
the y-components of electric fields (Ey, V/Am

2)
generated by the transmitter, which were normal-
ized by the transmitter dipole moment (Am). All
data with a transmitter-receiver offset of <200 m
were excluded from the OBE data set because
large positioning errors are expected at this offset
range. The synthetic data frequencies were se-
lected as 0.125 Hz, 0.375 Hz, and 0.625 Hz based
on our measured field data example (Ishizu et al.,
2022). The limited frequency rangewas due to our
system design, which was developed for direct-
current resistivity surveys. The log10-scaled Ey

amplitudes were used as data inputs of the inver-
sion code (Wheelock et al., 2015).

Resistivity (Ωm)

1063.62.21.30.80.50.30.20.1

x (m)

y (m)

z (m)

Seafloor (z = 1000 m)

D2

D3

D4

Sea

D1

Figure 2. Synthetic model containing three massive sulfide deposits (D1–D3) of 0.2 Ωm
exposed on the seafloor and an embedded massive sulfide deposit (D4) at a depth of
50 mbsf. These massive sulfide deposits are embedded into a 1 Ωm subseafloor layer.
Here, z represents the depth from the sea surface. Magenta lines and white triangles re-
present MEMSYS towing lines at z = 980m and OBE receivers at z = 1000 m, respectively.
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Data were generated by forward modeling using the synthetic
model. The resistivity model was discretized using a 59 × 95 × 72
mesh design, and vertical meshes of 7, 14, and 51 were used for
the air, sea, and subseafloor regions, respectively. We used a 25 m
mesh for the horizontal direction. The electric fields rapidly changed
near the transmitter; therefore, we used the finest mesh of 5 m near the
transmitter for the vertical direction. With increasing distance to the
transmitter, the size of the vertical mesh increases. The starting and
prior models for the inversion tests consisted of air (108Ωm), seawater
(0.3 Ωm), and homogeneous background layers (1 Ωm). Resistivity
values of air and sea layers were fixed during the inversion process.
The number of unknown model parameters M is 97,440.
The synthetic OBE data with NOBE = 1965 were superimposed

with Gaussian random noise. The noise levels depended on the
transmitter-receiver offset and were 6%, 5%, 8%, and 13% for
the transmitter-receiver separations of <500 m, 500–1000 m,
1000–1500 m, and >1500 m, respectively. The noise levels are
based on our field data example reported by Ishizu et al. (2022). The
noise level was higher for <500 m separations than for 500–1000 m
separations, due to high positioning uncertainty. The towed receiver
data with NTOWED = 2625 were superimposed by 3% Gaussian
random noise. The combined OBE and towed receiver data yielded
a total of N = 4590 data points. The error bars for the inversion
analysis were set at the level of added noise.

Study area and CSEM field data set

Ieyama hydrothermal area

The Ieyama hydrothermal area is located in the mid-Okinawa
Trough in southwest Japan (Figure 3a). The Okinawa Trough is
a back-arc basin formed by the Ryukyu subduction zone (Sibuet
et al., 1987; Arai et al., 2017). More than 10 hydrothermally active

areas have been documented in the mid-Okinawa Trough (Ishibashi
et al., 2015). The Ieyama area was recently discovered in a survey
conducted to narrow down the prospective areas of massive sulfide
deposits in the mid-Okinawa Trough (Kasaya et al., 2020).
Several studies have reported the occurrences of seafloor and em-

bedded massive sulfides in the Ieyama area (Kasaya et al., 2020;
Ishibashi et al., 2022). Kasaya et al. (2020) identify mound structures
in this area based on microtopography obtained using an AUV-based
multibeam echosounder system (Figure 3b). Mound structures in hy-
drothermal areas typically contain sulfide minerals (Gehrmann et al.,
2019), suggesting the occurrence of seafloor massive sulfides. Fur-
thermore, scientific drilling was performed by Research and Devel-
opment Partnership for Next Generation Technology of Marine
Resources Survey in 2018 and cores were recovered from three sites
(Ishibashi et al., 2022). Site UCB1-4-1 drilled up to 70.7 mbsf
(shown by the pink square in Figure 3b) has identified sulfide and
sulfate minerals at depths of 53–67 mbsf (Ishibashi et al., 2022), in-
dicating the occurrence of embedded massive sulfides. The sulfide
mineral group is primarily sphalerite, galena, and pyrite, with minor
amounts of chalcopyrite and tennantite (Ishibashi et al., 2022).
Kasaya et al. (2020) observe a self-potential (SP) anomaly in this
area, which was attributed to the presence of massive sulfides
(Figure 3b). Ishizu et al. (2022) obtain a 3D resistivity model for this
area by inverting the CSEM data recorded by OBE receivers and find
low-resistivity zones that possibly correspond to seafloor and em-
bedded massive sulfides. Here, we improved the resistivity model
in the Ieyama area by adding towed receiver data to the OBE data.

CSEM field data set

Our CSEM data set consists of the towed receiver data that were
newly analyzed in this study and the OBE receiver data previously
presented by Ishizu et al. (2022). Note that the towed receiver data
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Figure 3. (a) Location of the Ieyama hydrothermal field (red star), off Okinawa, modified from Ishizu et al. (2022). (b) Bathymetric map of the
Ieyama hydrothermal field modified from Ishizu et al. (2022). White triangles and red curves represent OBE receivers and MEMSYS tow lines,
respectively. Mound structures (green stars), hydrothermal plumes (orange squares), and the SP anomaly (yellow dashed circle) identified in
this area are shown (Kasaya et al., 2020). The pink square shows the drilling site of UCB1-4-1, which identified sulfide and sulfate minerals
(Ishibashi et al., 2022). Note that the original coordinates are rotated counterclockwise by 45°.
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were obtained simultaneously with the OBE data during the KM17-
10 cruise survey. We rotated the original horizontal coordinates
counterclockwise by 45° for an efficient mesh design of the survey

area using the finite-difference method (Figure 3b), whereas the
coordinates were not rotated by Ishizu et al. (2022), thus differen-
tiating this study from Ishizu et al. (2022).

0 500 1000 1500
y (m)

900

1000

1100

1200

z 
(m

)

x = 300 m

0 500 1000 1500
y (m)

900

1000

1100

1200

z 
(m

)
x = 300 m

0 500 1000 1500
y (m)

900

1000

1100

1200

z 
(m

)

x = 300 m

0 500 1000 1500
y (m)

900

1000

1100

1200

z 
(m

)

x = 300 m

0 500 1000 1500
y (m)

0

200

400

600

x 
(m

)

z = 1010 m

0 500 1000 1500
y (m)

0

200

400

600

x 
(m

)

z = 1070 m

0 500 1000 1500
y (m)

0

200

400

600

x 
(m

)

z = 1010 m

0 500 1000 1500
y (m)

0

200

400

600

x 
(m

)

z = 1070 m

0 500 1000 1500
y (m)

0

200

400

600

x 
(m

)

z = 1010 m

0 500 1000 1500
y (m)

0

200

400

600

x 
(m

)

z = 1070 m

OBE data

Combined OBE and towed data 

True model

0 500 1000 1500
y (m)

0

200

400

600

x 
(m

)

z = 1010 m

0 500 1000 1500
y (m)

0

200

400

600

x 
(m

)

z = 1070 m

Towed data

OBE receiver

Towing line

True anomaly

Transmitting point for Figure 6

Resistivity (�m)
1063.62.21.30.80.50.30.20.1

D1

D2

D3 D4
D3

D4

b) c)a)

e) f)d)

h) i)g)

k) l)j)

Figure 4. Comparison of the inversion results of the three synthetic data sets. Cross sections of the true resistivity model at (a) z = 1010 m,
(b) z = 1070 m, and (c) x = 300 m. Inverted models using (d–f) OBE data alone, (g–i) towed data alone, and (j–l) combined OBE and towed data
are shown. The vertical direction is shown with a 2:1 exaggeration. The white triangles and magenta lines mark the OBE receivers and
MEMSYS towing lines, respectively. The black lines show the outlines of the true anomaly. The magenta dot shown in (a) is a transmitting
point for the data shown in Figure 6.

E92 Ishizu et al.

D
ow

nl
oa

de
d 

04
/0

9/
24

 to
 2

10
.1

37
.3

2.
11

8.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

S
E

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/p

ag
e/

po
lic

ie
s/

te
rm

s
D

O
I:1

0.
11

90
/g

eo
20

23
-0

38
9.

1



Our towing system, MEMSYS, repeatedly transmitted electric cur-
rents with a towing speed of 1.3 knots (Ishizu et al., 2022). The electric
current waveforms consist of 2 s of +60 A (zero to peak), 2 s off, 2 s of
–60 A (zero to peak), and 14 s off (Ishizu et al., 2022). The procedure
for analyzing the towed receiver data is similar to that used for the
OBE data by Ishizu et al. (2022). Time series voltage data at the towed
receivers were transformed to the frequency domain by fast Fourier
transform over an 8 s window length. Then, the data were stacked
with a window of 68 s, which corresponds to 45 m with the horizontal
movement of MEMSYS (Ishizu et al., 2022). We obtained the inline
electric field data (Ey) for the seven electrode pairs of MEMSYS by
dividing the stacked voltage data by the receiver dipole lengths. Only
the data from four electrode pairs, ch1–ch2, ch2–ch3, ch3–ch4, and
ch4–ch5, were used because of the poor data quality in the other pairs.
The Ey amplitude data at three frequencies 0.125 Hz, 0.375 Hz, and
0.625 Hz were used for the towed data inversion analysis. The com-
bined number of available data points for the towed receivers accumu-
lated to 1116 (NTOWED = 1116). The positions of MEMSYS and the
cable tail were monitored using attached acoustic transponders with a
supershort baseline acoustic navigation system (Ishizu et al., 2022).
The towed altitude of MEMSYS was mostly kept at approximately
20 m above the seafloor except at the ends of the survey lines
(<60 m) using an attached acoustic altimeter (Ishizu et al., 2022).
The time-series voltage data at six OBE receivers were analyzed

by Ishizu et al. (2022). The analyzed OBE data consist of ampli-
tudes of the horizontal electric field at three frequencies: 0.125 Hz,
0.375 Hz, and 0.625 Hz (Ishizu et al., 2022). We converted the elec-
tric field data in Ishizu et al. (2022) to Ex and Ey, corresponding to
the coordinates defined by the counterclockwise 45° rotation. We
excluded noisy data with errors (e) of >50% and data with a trans-
mitter-receiver offset of <150 m owing to large positioning errors.
Therefore, the transmitter-receiver separations for the OBE receiver
data were 150–2000 m, and OBE data with NOBE = 3365 were used
in the inversion. Additional details on the OBE receiver data analy-
sis are described in Ishizu et al. (2022).

RESULTS AND DISCUSSION

Synthetic modeling study

Inversion of OBE data only

Synthetic OBE receiver data generated from a resistivity model
(Figures 2 and 4a–4c) are inverted. The inversion yields a minimum
norm model with an rms misfit of 1.0 after three iterations, whereas
the rms misfit of the starting model is 2.1. The inversion recovers
seafloor massive sulfides of D1–D3 (Figure 4d–4f), with resistivity
values close to the true resistivity value of 0.2 Ωm. The inversion
also recovers embedded massive sulfides of D4; however, it appears
thicker (z = 1060–1160 m) than the true model (z = 1050–1100 m)
with a more resistive peak value of 0.47 Ωm at z = 1070 m com-
pared to the true resistivity of 0.2 Ωm (Figure 5). The discrepancy
between the initial model response and the observed Ey amplitudes
is due to D1–D4 (Figure 6). Thus, the discrepancy indicates the
sensitivity of the CSEM data to D1–D4. For the transmitting point
(x, y, z) = (450 m, 350 m, 980 m), the discrepancy for the receiver at
y = 600 m is primarily due to D1 and D2, whereas y = 1200 m is
primarily due to D1, D3, and D4. The recovery of D1–D4 is con-
sistent with the data sensitivity. Although OBE data are capable of
imaging all the conducive anomalies of D1–D4, shallow conductive

artifacts of 0.35–0.45 Ωm appear in the resistivity model between
D1 and D3 due to a lack of short transmitter-receiver separation data
to constrain shallow structures (Figure 4d). This indicates that the
OBE data are sensitive to D1–D4, yet the inversion results can be
improved by combining towed data with the OBE data. The recov-
ered model with the conductor artifacts (Figure 4d–4f) also explains
the observed data (Figure 6) because of the nonuniqueness of EM
data inversion (Constable et al., 1987; Commer and Newman, 2009;
Zhdanov, 2010).

Inversion of towed receiver data only

The inversion of synthetic towed receiver data yields a minimum
norm model with an rms misfit of 1.0 after two iterations for which

Figure 6. Observed and predicted Ey amplitudes (V/Am2) for the
OBE-only data set and the combined data set. The data represent the
response received by the OBE receivers from a transmitting point
(x, y, z) = (450 m, 350 m, 980 m), shown as a magenta dot in Fig-
ure 4a. The data are plotted at the receiver positions projected to the
y-axis. Dots with error bars, thin solid lines, dotted lines, and dashed
lines indicate observed data, predicted data by the initial model, pre-
dicted data by the final model of the single-type receiver data, and
predicted data by the final model of the combined data, respectively.
Blue and purple colors correspond to the frequencies of 0.125 Hz
and 0.625 Hz, respectively. The initial model consists of three
layers: a resistive air layer (108 Ωm), a sea layer (0.3 Ωm), and
a homogeneous subseafloor layer (1 Ωm).
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Figure 5. Line plot of models at z = 1070 m along the y-axis at
x = 300 m. The black, blue, green, and red lines correspond to the true
model, inversion results of OBE receiver data alone, towed receiver
data alone, and combined OBE and towed receiver data, respectively.

Marine EM method for ore deposits E93

D
ow

nl
oa

de
d 

04
/0

9/
24

 to
 2

10
.1

37
.3

2.
11

8.
 R

ed
is

tr
ib

ut
io

n 
su

bj
ec

t t
o 

S
E

G
 li

ce
ns

e 
or

 c
op

yr
ig

ht
; s

ee
 T

er
m

s 
of

 U
se

 a
t h

ttp
://

lib
ra

ry
.s

eg
.o

rg
/p

ag
e/

po
lic

ie
s/

te
rm

s
D

O
I:1

0.
11

90
/g

eo
20

23
-0

38
9.

1



the initial rms misfit is 2.2. The inversion sufficiently recovers the
positions and resistivity values of D1 and D3, which are located
directly below the towing lines of x = 450 m (Figure 4g–4i).
Two V-shaped low-amplitude data anomalies are observed at
y = 500 m and 700 m, which correspond to the cases in which either
the receiver or transmitter is above D1 (Figure 7a). Another two
V-shaped amplitude anomalies are observed at y = 900 m and
1100 m, which correspond to the cases in which either the receiver
or transmitter is above D3 (Figure 7a). The sufficient recovery of
D1 and D3 is consistent with the high sensitivity of the data along
the towing line of x = 450 m to D1 and D3 (Figure 7a). The inver-
sion poorly images D2, which are located between the towing lines.
The poor recovery of D2 can be explained by the weak sensitivity of
the data to D2 due to the absence of towed data directly above D2.
Even the data for the towline at x = 150 m, closest to D2, show weak
sensitivity to D2 (Figure 7b). The high-recovery feature for struc-
tures directly below the towing line and the low-recovery feature for
structures between the towing lines are consistent with the inversion

results of Morten et al. (2016) for the hydrocarbon model. The
inversion of the towed data also does not image D4 owing to
the limited investigation depth of the towed data. The similarity
of the Ey amplitudes of the three frequency bands indicates that
inductive attenuation is not evident in these frequency bands
(Figure 7). Higher frequency data, such as 5 Hz, include inductive
attenuation (Gehrmann et al., 2020); therefore, adding it may
improve the inversion resolution. Poor data fitting is observed at
points where Ey amplitudes increase rapidly, such as at y = 600 m
(Figure 7a) and y = 1000 m (Figure 7b). We attribute the poor fitting
to the smoothing effect in the inversion.

Combined inversion of OBE and towed receiver data

The combined inversion of OBE and towed receiver data results
in an initial rms misfit of 2.1 and recovers a minimum norm model
with an rms misfit of 1.0 after four iterations. Unlike the inversion
model using solely OBE data, the combined inversion of towed
and OBE data resolves D1–D3 without any conductive artifacts
(Figure 4j). In addition, the combined inversion resolves D4 better
than the inversions of the single-type receiver data (Figure 4k and
4l). For recovered D4 at z = 1070 m, the peak resistivity values are
0.36Ωm and 0.47Ωm for the combined data set and OBE-only data
set, respectively (Figure 5). This indicates that the conductive arti-
facts by the OBE-only inversion deteriorate the imaging of the deep
structures, whereas the combined inversion improves the imaging of
the embedded massive sulfides while recovering the shallow resis-
tivity structures more accurately. We inverted the combined data
with different initial models of 0.5 Ωm and 1.5 Ωm to investigate
their influence on inversion results. The inversion with the initial
models also produces the minimum norm models with an rms misfit
of 1.0 after four iterations and maps D1–D4 without conductive ar-
tifacts, confirming the minor influence of the initial models on the
inversion results.
The data fitting for the single (dotted line) and combined data sets

(dashed line) are identical for the OBE data (Figure 6), the same for
the towed data at 0.625 Hz, and very similar for the towed data at
0.125 Hz (Figure 7). For this synthetic data example, the combined
inversion mitigates the nonuniqueness issues (Commer and
Newman, 2009) and improves the CSEM resistivity imaging of sea-
floor and embedded massive sulfides by supplementing the low-
sensitivity zone of each data set. The presented CSEM application
is capable of providing detailed maps of seafloor and embedded
massive sulfides, which are necessary for their accurate resource
assessment.

Inversion of field data in the Ieyama area

We obtained 3D subseafloor resistivity models for the Ieyama
area by inverting the measured CSEM data sets (the OBE receiver
data set, the towed receiver data set, and the combined OBE and
towed receiver data set). Air, sea, and subseafloor regions are dis-
cretized using a 62 × 99 × 75 mesh. We use a 30 m mesh for the
horizontal directions and a vertical mesh of 5 m for depths between
1000 m and 1120 m below the sea surface to represent the seafloor
topography. The sea region consists of five laterally stratified
seawater layers (0.2–0.3 Ωm), and the resistivity values of the
sea layers are estimated based on the measured values by the con-
ductivity-temperature-depth sensor mounted on MEMSYS (Ishizu
et al., 2022). The starting and prior models consist of a 108 Ωm air

0 500 1000 1500
–8

–7.95

–7.9

–7.85

–7.8

–7.75

–7.7

lo
g1

0 
E
y 

am
pl

itu
de

 (
V

/A
m

2 )

Data
Initial
Final (single)
Final (comb)

Data
Initial
Final (single)
Final (comb)

0 500 1000 1500
–8

–7.95

–7.9

–7.85

–7.8

–7.75

–7.7

lo
g1

0 
E
y 

am
pl

itu
de

 (
V

/A
m

2 )

Data
Initial
Final (single)
Final (comb)

Data
Initial
Final (single)
Final (comb)

0.125 Hz

0.625 Hz

Towing line at x = 450 m

y (m)

Towing line at x = 150 m

D1 D3

D2 D3

y (m)

Towing

Towing

Towed receiver data
Initial model
Inverted model (single)

Inverted model (combined)      

Towed receiver data
Initial model
Inverted model (single)

Inverted model (combined)      

a)

b)

Figure 7. Observed and predicted Ey amplitudes (V/Am2) of the
towed receiver for the towed receiver-only data set and the combined
data set. The Ey amplitudes at the towing line (a) x = 450 m and
(b) x = 150 m are shown. The Ey data are shown for the ch7–ch8
electrode pair of MEMSYS at an offset of 169 m behind the trans-
mitter and plotted at the receiver positions projected to the y-axis
(the transmitter position is the receiver position minus 169 m). The
towing is from right to left in the figure. The red rectangles indicate
a horizontal position of D1–D3. Other explanations are the same as in
Figure 6.
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layer, five seawater layers, and a 1Ωm subseafloor layer. The model
resistivity values of the air and sea regions are fixed during the
inversion. We apply a minimum error of 5% to the OBE data to
prevent overfitting against systematic noise (Ishizu et al., 2022).
A minimum error of 3% is applied to the towed data.
The inversion of the OBE receiver data alone yields a resistivity

model with an rms misfit of 1.44 after six iterations (Figure 8a).
Although conducting more than six iterations yields a model with
a slightly smaller rms misfit than 1.44, the roughness of the model
increases. Due to the balance between the reduction of rms misfit
and the increase of model roughness, we select the model with
the rms misfit of 1.44 for interpretation. We also use the criteria
that consider the balance between the reduction of misfit and the
increase of model roughness for model selection of the inversion
result of the individual towed receiver data and combined data.
The obtained OBE resistivity model is slightly different from that

of Ishizu et al. (2022) because of the use of different mesh designs
and coordinates, although their main features are similar. The recov-
ered resistivity model identifies several conductive zones. Conduc-
tors of CD1a, CD6a, and CD3a of 0.2–0.4 Ωm
extend from the seafloor to z = 1300 m below the
moundandSPanomalyzones(500m<y<750m).
A buried conductor CD4a of 0.1–0.2 Ωm and
45–60 m thickness is found with its top at a depth
of 15 mbsf (850 m < y < 1000 m). Elongated
conductors CD2a and CD5a of 0.2–0.3 Ωm
and 10–30 m thickness are present near the sea-
floor (70m< y< 400mand1000m< y< 1450m,
respectively). Responses from the recovered re-
sistivity model fit the observed OBE data
(Figure 9a).
The inversion of the towed receiver data alone

yields a resistivity model with an rms misfit of
1.49 after seven iterations (Figure 8b), and re-
sponses from the resistivity model fit the ob-
served towed data (Figure 9b). The resistivity
model mainly consists of three layers: a low-re-
sistivity layer of 0.1–0.3 Ωm with 10–30 m
thickness near the seafloor, a 0.8–1.5 Ωm layer
with 20–30 m thickness below the first layer,
and a 1.5–3.5 Ωm layer below the second layer.
Features of the first layer are consistent with
the elongated conductors near the seafloor in
the OBE data model; however, the y = 500 m and
y = 850 m conductive layers near the seafloor are
not found in the OBE data model. The model
differences are caused by the sensitivity differ-
ence between the OBE and towed receiver data
sets, as suggested by our synthetic data example.
The OBE and towed receiver data sets are in-

verted together to improve the CSEM resistivity
imaging of massive sulfides. The inversion recov-
ers a resistivity model with an rms misfit of 1.57
after six iterations (Figure 8c). The obtained resis-
tivity model also explains the observed OBE and
towed receiver data (Figure 9a and 9b). Although
this model is broadly consistent with the models
derived using individual receiver data sets, there is
a significant difference in the resistivity structures

below Rx2. Here, CD6a in the OBE data model disappears in the
combined inversion model, whereas CD1 and CD3 are imaged in
the combined data model.
The sulfide and sulfate mineralization in this area was assessed

by seafloor drilling down to 70.7 m and recognized in the sediment
at 53–67 mbsf (Ishibashi et al., 2022). Figure 10a and 10b shows the
resistivity profile of the combined and single inversion models at the
location of the borehole and a depth section of core lithology from
the borehole, respectively. The mineralization zone coincides with
the top of CD1 {(x, y, z): 0 m < x < 350 m, 450 m < y < 750 m, and
1140m< z< 1350m} in the combined inversionmodel (Figures 8c,
10a, and 11). Therefore, CD1 can be interpreted as embedded mas-
sive sulfides. Sampled sediment analysis (Ishibashi et al., 2022)
suggests that CD1 includes sphalerite, galena, and pyrite, with mi-
nor amounts of chalcopyrite and tennantite. The positional coinci-
dence of CD1 and an SP anomaly (Kasaya et al., 2020) suggests that
CD1 mainly contributes to the SP anomaly. Here, CD6a in the OBE
data model suggests a mineralization zone extending from the sea-
floor to 60 mbsf, yet the drilling did not find such a mineralization
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Figure 8. Comparison of the inversion results of measured data from the Ieyama area.
(a–c) The vertical cross sections of the inverted models at x = 300 m using the OBE data
alone, towed data alone, and combined OBE and towed data, respectively. The pink star
displays a zone of sulfide and sulfate minerals at depths of 53–67 mbsf, identified by
scientific drilling (Ishibashi et al., 2022). The yellow rectangle and green arrow indicate
the locations where the SP anomalies and mound structures were identified, respectively
(Kasaya et al., 2020). Designations CD1a–CD6a and CD1–CD5 denote subseafloor
conductive zones.
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zone. Therefore, we conclude that CD6a is an artifact of the OBE
inversion. Given that the combined inversion specifies the minerali-
zation identified in the drilling as CD1 and the artifact in the OBE
data model disappears in the combined inversion model, we con-
clude that combined inversion delineates a resistivity structure in
the Ieyama hydrothermal area more precisely than individual data
set inversion.
Near-seafloor conductors of CD2, CD3, CD4, and CD5 are pos-

sibly related to seafloor and embedded massive sulfides. Kasaya
et al. (2020) find mound structures on the seafloor above CD3
(Figure 8c). Because mound structures in hydrothermal areas fre-
quently contain sulfide minerals (Petersen et al., 2000; Gehrmann
et al., 2019), we interpret CD3 as seafloor massive sulfides. The
disappearance of artifact CD6a below CD3 in the combined inver-
sion model leads to improved accuracy in delineating the vertical
spatial extent of CD3. Here, CD4 is found with its top at a depth
of 15 mbsf; thus, we interpret CD4 as embedded massive sulfides.

At CD4, the AUV survey did not detect SP data anomalies (Kasaya
et al., 2020). We attribute this to the high towing altitude of the
AUV survey (approximately 70 m). The size of CD4 is too small
to detect SP anomalies for an AUV survey with a high altitude.
Altitude effects on SP anomaly detection are discussed in Kawada
and Kasaya (2017). In contrast, CD1 is detected as an SP anomaly
even at high altitudes due to its large size. Hydrothermal plumes are
observed above CD3 and CD4 (Kasaya et al., 2020), indicating their
formation is related to current hydrothermal activity. Mound struc-
tures are not observed above CD2 and CD5, and the mineralization
zones in CD2 and CD5 may have been buried below the seafloor by
sedimentation (Ishizu et al., 2022).

Implications for mineral potential and effective survey
design

The synthetic modeling result demonstrates that the resistivity
models generated by the inversion of individual receiver data sets
lead to overestimation or underestimation of the mineral potential,
but the combined inversion recovers a resistivity model allowing
proper estimation of the mineral potential. The inversion of OBE
data recovers seafloor and embedded massive sulfides but addition-
ally includes conductive artifacts, which can lead to overestimates
of the mineral potential (Figure 4d–4f). The inversion of towed data
recovers seafloor massive sulfides below the towing lines yet does
not recover embedded massive sulfides and seafloor massive sul-
fides between the towing lines, which causes underestimates of
the mineral potential (Figure 4g–4i). In the combined inversion ap-
proach, the towed data constrain the OBE data resulting in more
accurate delineation of seafloor and embedded massive sulfides
without additional artifacts (Figure 4j–4l). Therefore, the combined
inversion approach can contribute to a more accurate estimation of
the mineral potential and the decision of future drilling points.
The combined inversion of measured CSEM data in the Ieyama

area eliminates a prominent artifact (CD6a) in the OBE model by
adding towed data to the OBE data, resulting in the delineation of
embedded massive sulfides as CD1 (Figures 8 and 10a). Ishizu et al.
(2022) estimate mineral potential in the Ieyama area using the OBE
model. The OBE model contains the artifact (CD6a) and poorly
recovers the embedded massive sulfides (CD1). The towed model
does not delineate the embedded massive sulfides (Figures 8b and
10a). Thus, the mineral potential estimation based on the OBE and
towed models contains large errors. In the combined inversion ap-
proach, the towed data constrain the OBE data at shallow depths
resulting in delineation of the embedded massive sulfides without
the artifact, allowing for a more accurate estimation of the mineral
potential in the Ieyama area.
The combined inversion approach is useful for reducing the uncer-

tainties involved in previous predictions of mineral potential. Graber
et al. (2020) delineate outlines of mounds using high-resolution
bathymetric data in the Trans-Atlantic Geotraverse hydrothermal
field and assess the mineral potential of seafloor massive sulfide de-
posits assuming that mineralized materials were uniformly distrib-
uted in the mounds. However, due to insufficient information on
the distribution of massive sulfide deposits, the estimation of the ver-
tical extent of the mineralized zone involved a large uncertainty.
Moreover, embedded massive sulfide deposits were not included
in the mineral potential estimation. Therefore, large uncertainty is
involved in their estimation of mineral potential. The combined
inversion can accurately delineate the distribution of seafloor and

0 500 1000 1500 2000
–12

–11

–10

–9

–8

–7

lo
g1

0 
E
y 

am
pl

itu
de

 (
V

/A
m

2 )

Data
Final (single)
Final (comb)

0 500 1000 1500
–7.8

–7.75

–7.7

–7.65

–7.6

–7.55

–7.5

lo
g1

0 
E
y 

am
pl

itu
de

 (
V

/A
m

2 )

Data
Final (single)
Final (comb)

y (m)

y (m)

OBE data

Towed data for towing line at x = 300 m

0.125 Hz

0.625 Hz

Data
Final (single)
Final (comb)

Data
Final (single)
Final (comb)

Towing

OBE data
Inverted model (single)
Inverted model (combined)      

Towed receiver data
Inverted model (single)
Inverted model (combined)      

a)

b)

Figure 9. Observed and predicted Ey amplitudes (V/Am2) for the
Ieyama area. (a) The OBE data are plotted for a transmitting point
(x, y, z) = (292 m, 1784 m, 1058 m) and frequencies of 0.125 Hz and
0.625 Hz. The Rx2 data points resulting from this transmitting point
are not shown because the data are excluded from the inversion
analysis due to its large error. (b) The 0.125 Hz towed data are
shown for the ch4–ch5 electrode pair of MEMSYS with the offset
139 m at the towing line x = 300 m and plotted at receiver positions.
The towing is from left to right in the figure. Other explanations are
the same as in Figure 6.
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embedded massive sulfide deposits, thereby reducing the uncertain-
ties involved in previous predictions of mineral potential.
Our synthetic modeling study also provides an insight into an op-

timal CSEM survey design. To map the massive sulfide deposits us-
ing towed data only, the towing line should cross directly over the
deposits (Figure 4g–4i). This is because the towed data are highly
sensitive to structures below the towing line but less sensitive to struc-
tures at a distance from the towing line (Figure 7b). If the location of
the target massive sulfides is unavailable prior to a CSEM survey and
only towed data are used, a survey with a dense towing grid, which
can cross directly over them, is considered ideal for mapping the un-
known massive sulfides. However, the CSEM survey requires a
longer ship time. In contrast, the combined inversion of OBE and
towed receiver data can delineate the massive sulfides even if the tow-
ing line does not necessarily pass directly over them (Figure 4j–4l).
The combined inversion also is useful for delineating embedded mas-
sive sulfides. Therefore, the CSEM survey using two receiver types is
an optimal CSEM survey for massive sulfide deposits. Although this
study considers a specific measurement setup using OBE receivers
placed on a line and a towing system with short transmitter-receiver
offsets, the concept of integrating towed receiver data with OBE data
into a 3D inversion framework also is beneficial to other CSEM
surveys using various measurement setups.

CONCLUSION

This study presents a CSEM framework using a towed electric
dipole transmitter and two receiver types, stationary OBE and
short-offset towed, to distinguish and map seafloor and embedded
massive sulfides. An example using synthetic data demonstrates
that the combined inversion of OBE and towed receiver data can
recover resistivities and positions of the massive sulfides more
accurately than individual receiver inversions. The inversion of
the towed receiver-only data set recovers seafloor massive sulfides
located below the towing line. However, it does not recover seafloor
massive sulfides located between the towing lines and the em-
bedded massive sulfides, which causes underestimates of the min-
eral potential. Our synthetic modeling study also indicates that the
towing line should cross directly over the seafloor massive sulfides
to map them using only towed data. The inversion of OBE receiver-
only data recovers seafloor massive sulfides located below and be-
tween the towing lines and embedded massive sulfides; however,
near-seafloor conductive artifacts also are imaged between seafloor
massive sulfides and the shape of recovered embedded massive
sulfides is substantially different from the true shape. The conduc-
tive artifacts in the OBE model inevitably lead to overestimates of
the mineral potential. In contrast, the combined inversion can map
surface seafloor massive sulfides located below and between the
towing lines without the artifacts. The combined inversion also re-
covers the shape and resistivities of embedded massive sulfides
more precisely than the inversions of individual receiver data sets.
The combined inversion improves resistivity imaging of the mas-
sive sulfides by supplementing the low-sensitivity zone of each
data set. The resistivity model derived using the combined inversion
approach can increase the estimation accuracy of the mineral poten-
tial of massive sulfide deposits.
Subsequently, we performed the combined inversion of CSEM

data obtained from the Ieyama hydrothermal area of the Okinawa
Trough. The combined inversion recovers a buried conductor of
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Figure 11. Fence plot of the resistivity model obtained by the com-
bined inversion of OBE and towed data for the Ieyama area. The
two vertical cross sections of the resistivity model at x = 300 m and
y = 600 m are shown. Note that the vertical cross section of the
resistivity model at x = 300 m is already shown in Figure 8c.
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Figure 10. Comparison of inverted models of measured data with
borehole core lithology. (a) Vertical depth profile of the inverted
models at the location of the borehole UCB1-4-1 shown in Fig-
ure 3b. Blue, green, and red lines show the inverted models using
the OBE data alone, towed data alone, and combined OBE and
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dicate a zone of sulfide and sulfate minerals at depths of 53–67 mbsf
(Ishibashi et al., 2022). (b) Geologic column showing core lithology
from the borehole UCB1-4-1, modified from Ishibashi et al. (2022).
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CD1, and a top depth of CD1 is positionally coincidental with the
mineralization zone identified by drill cores. Based on its positional
coincidence, we interpret CD1 as embedded massive sulfides. The
towed data inversion does not recover the embedded massive sul-
fides, and the OBE data inversion not only specifies them but also
images a conductive artifact above it. The combined inversion elim-
inates the artifact in the OBE model by adding towed data to the
OBE data, resulting in the delineation of embedded massive sulfides
of CD1 and mound massive sulfides of CD3. Given that the com-
bined inversion maps embedded massive sulfides identified by
drilling as CD1 and the artifact in the OBE model disappears,
we conclude that combined inversion delineates a resistivity struc-
ture in the Ieyama hydrothermal area more precisely than individual
data set inversion. Delineation of the embedded massive sulfides
without the artifact by the combined inversion revises the previous
estimation of the mineral potential derived using the OBE model.
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