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ABSTRACT

A 3D marine controlled-source electromagnetic (CSEM) sur-
vey for mapping hydrocarbons uses dozens of ocean-bottom
electric (OBE) receivers deployed in a grid pattern and several
transmitter towlines. This study considers seafloor massive sul-
fides (SMS) exploration, and the horizontal survey scale of SMS
is a few kilometers, which is small compared with hydrocarbon
surveys of tens of kilometers. If we apply a 3D CSEM survey
using a receiver deployment on grids to map SMS, high survey
costs will be incurred despite the small survey size. We have
developed a cost-effective 3D marine CSEM survey that uses
fewer receivers than the survey with a receiver deployment

on grids to reduce survey costs for SMS. This CSEM survey
uses a line of OBE receivers in the center of the survey area
and several transmitter towlines. Numerical tests demonstrate
that our survey (seven OBE receivers) using 80% fewer receiv-
ers than the survey with a receiver deployment on grids (35 OBE
receivers) is able to accurately map SMS, obtaining a perfor-
mance similar to that of the receiver deployment on grids. Then,
we explore SMS in the Ieyama hydrothermal area off Okinawa,
southwest Japan, using our 3D CSEM survey with a line of six
OBE receivers and three transmitter towlines. The resulting 3D
resistivity distribution from the observed data highlights three
potential SMS zones consisting of 0.2 ohm-m low resistivity
embedded into 1 ohm-m sediment.

INTRODUCTION

The marine controlled-source electromagnetic (CSEM) method
is a geophysical tool used to remotely map seafloor resistivity struc-
tures (Constable, 2010). The CSEM method involves a high-pow-
ered electric dipole transmitter towed by a ship in conjunction with
electromagnetic (EM) field receivers. Exploration depth is largely
determined by the transmitter-receiver separations and the transmit-
ting frequency. CSEM data with large transmitter-receiver separa-
tions and low frequencies have been used to elucidate the geology
of the oceanic lithosphere (Chave and Cox, 1982; Cox et al., 1986;

Evans et al., 1994; MacGregor et al., 1998; Key et al., 2012; Naif
et al., 2015; Johansen et al., 2019) and explore deeply buried hydro-
carbons (Eidesmo et al., 2002; Yamane et al., 2009; Constable,
2010; Hesthammer et al., 2010; Zhdanov et al., 2014; Myer et al.,
2015; Hoversten et al., 2021). CSEM data recorded at relatively
short transmitter-receiver separations are sensitive to near-seafloor
targets, such as seafloor massive sulfide (SMS) (Haroon et al., 2018;
Gehrmann et al., 2019), gas hydrates (Yuan and Edwards, 2000;
Schwalenberg et al., 2010; Weitemeyer et al., 2011; Attias et al.,
2016; Constable et al., 2016), permafrost (Sherman et al., 2017),
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and freshwater aquifers (Blatter et al., 2019; Gustafson et al., 2019;

Attias et al., 2020; Micallef et al., 2020).
The 3D marine CSEM surveys are useful for mapping complex

resistivity structures (Commer and Newman, 2008; Plessix and
Mulder, 2008; Abubakar et al., 2009; Sasaki and Meju, 2009; Zhda-
nov et al., 2014; Morten et al., 2015; Dehiya et al., 2017; Dunham
et al., 2018; Meju et al., 2018; Wang et al., 2018; Hoversten et al.,
2021). These 3D CSEM surveys have been used tomap hydrocarbons
by using dozens of ocean-bottom electric (OBE) receivers deployed in
a grid pattern and several transmitter towlines (e.g., Newman et al.,
2010; Morten et al., 2016). Although completing several transmitter
lines may be carried out relatively rapidly when using a ship, the de-
ployments and recovery of OBE receivers are a time-intensive exer-
cise; this is the most cost-demanding aspect. As such, the number of
OBE receivers heavily influences the cost of the 3D survey. This study
considers SMS exploration, and the horizontal survey scale of SMS is
a few kilometers, which is small compared with hydrocarbon surveys
of tens of kilometers. If we apply a 3D CSEM survey using a receiver
deployment in a grid pattern to map SMS, high survey costs will be
incurred due to a large number of receivers despite the small survey
size. The cost-effectiveness of the 3D CSEM survey may be increased
by omitting redundant OBE receivers and reducing the number of
OBE receivers. However, to date, an economical 3D CSEM survey
using fewer OBE receivers has not yet been proposed for exploring
SMS. This study proposes a cost-effective 3D CSEM survey using
fewer receivers than the survey with a receiver deployment in a grid
pattern to reduce survey cost and time. This proposed survey only
uses a line of OBE receivers in the center of the survey area and sev-
eral transmitter towlines.
We explore SMS deposits in a hydrothermal area using the pro-

posed CSEM survey. SMS deposits, one of the major near-seafloor
targets, are an economical metal resource in the deep sea (Hanning-
ton et al., 2011; Murton et al., 2019). These deposits are rich in
metals such as copper, tin, zinc, gold, and silver (Herzig and Han-
nington, 1995; Spagnoli et al., 2016; Komori et al., 2017). SMS
deposits have been discovered in hydrothermal areas located near
midocean ridges and along the submarine volcanic arc and back-arc
spreading centers (Hannington et al., 2011; Boschen et al., 2013;
Petersen et al., 2018; Nozaki et al., 2021). In Japan, SMS deposits
have been found in the Okinawa Trough (Expedition 331 Scientists,
2010) and the Izu-Ogasawara arc (Iizasa et al., 1999). Recently, the
Japan Oil, Gas, and Metals National Corporation has achieved the
consecutive lifting of ore and seawater in a state of solid-liquid flow
from a depth of 1600 m in the Okinawa Trough for the future de-
velopment of the SMS deposit (Yamaji et al., 2019).
There is a resistivity contrast between highly conductive SMS and

relatively resistive surrounding rocks (Cairns et al., 1996; Von Herzen
et al., 1996; Kowalczyk, 2008; Spagnoli et al., 2016; Safipour et al.,
2018; Ishizu et al., 2019). Marine CSEM methods are able to detect
SMS deposits because of this resistivity contrast. Pilot CSEM surveys
at the trans-Atlantic geotraverse (TAG) mounds have found that low-
resistivity zones (0.2 ohm-m) are associated with SMS (Cairns et al.,
1996), and recent CSEM studies have been able to acquire detailed
resistivity distributions of SMS deposits (Constable et al., 2018; Ha-
roon et al., 2018; Müller et al., 2018; Gehrmann et al., 2019). These
CSEM studies also reveal that the resistivity distributions of SMS
deposits are complex and three-dimensional. This means that a
3DCSEM survey is beneficial in accurately obtaining the distribution
of SMS (Haroon et al., 2018).

This study initially describes the proposed 3D CSEM survey and
demonstrates the high cost-effectiveness of the proposed survey
using synthetic CSEM data. Then, we describe the application of the
proposed 3D CSEM survey to explore SMS deposits in the Ieyama
hydrothermal area off Okinawa, southwest Japan. The Ieyama hydro-
thermal area is considered to be a promising location for SMS deposits
(Kasaya et al., 2020), and there have been requests to clarify the 3D
geometry of SMS deposits to inform the feasibility evaluation of re-
source development. This study identifies the potential SMS zones
using the 3D resistivity structures obtained from CSEM data inversion.

METHODS

Cost-effective 3D marine CSEM survey using fewer
OBE receivers

Marine CSEM methods use a deep-towed transmitter to inject a
time-varying current into seawater (Chave and Cox, 1982; Constable,
2013). The EM signal diffuses away from the transmitter and travels
through the ocean, seafloor, and air, in which it is modified by the con-
ductivity of each medium (Chave, 2009; Constable, 2010; Key, 2012;
Mittet and Morten, 2012; Everett and Chave, 2019). The modified EM
signal can be recorded by ocean-bottom receivers (Eidesmo et al.,
2002; Commer and Newman, 2008; Johansen et al., 2019), towed
receivers above the seafloor (Engelmark et al., 2014; Constable et al.,
2016; Sherman et al., 2017; Du and Key, 2018), and seafloor-deployed
receivers (Evans, 2007; Schwalenberg et al., 2010). This study focuses
on a survey configuration with an electric dipole transmitter towed by a
ship and OBE receivers (Figure 1a) because a 3D CSEM data set may
easily be obtained with this configuration (Commer and Newman,
2008). CSEM surveys with towed transmitters and towed receivers
have been widely used in 2D surveys of gas hydrates and SMS deposits
(Constable et al., 2016; Gehrmann et al., 2019).
3D marine CSEM surveys have been developed to map hydro-

carbons, which are typical CSEM targets and use dozens of OBE
receivers deployed on grids and several transmitter towlines (New-
man et al., 2010; Morten et al., 2016). Due to the difference in the
survey scale of hydrocarbons and SMS, a direct comparison be-
tween CSEM surveys for these targets may be difficult. However,
because most 3D CSEM surveys reported in the literature use a
receiver deployment in a grid pattern and several transmitter tow-
lines (e.g., Newman et al., 2010; Morten et al., 2016), we consider
these 3D CSEM surveys to be conventional 3D CSEM surveys for
SMS as well. Here, we consider that the survey consists of 35 OBE
receivers (five receiver lines) and seven towing lines in an area of
2.5 km × 2.5 km to represent a 3D conventional survey for SMS
(Figure 1c). The 35 OBE receivers record data from all transmitting
positions (i.e., several inline data sets and the rest as broadside data
sets). The spacing between the transmitter towing lines is 300 m,
and the spacing between the receiver lines is 400 m.
Our proposed method is a simple one that reduces the receiver

array used for hydrocarbon exploration to only line of OBE receiv-
ers in the center of the survey area (Figure 1b). The OBE receivers
in the center record data from all transmitting positions for the pro-
posed survey (i.e., one inline data set and all of the rest as broadside
data sets). We assume that the data set obtained with the proposed
survey using a line of OBE receivers has sufficient information to
recover the 3D resistivity structures of SMS, whereas the remaining
OBE receiver lines can be made redundant. Note that, considering the
same number of receivers, there are other receiver placement options
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for an economical 3D marine CSEM survey for SMS exploration
(e.g., a CSEM survey using staggered receiver placement). We will
consider other possible receiver placement options in a future paper.
In the real field example that will be described, we use mobile-

type OBE receivers settled on and recovered from the seafloor by a
remotely operated vehicle (ROV) in addition to self-popup-type
OBE receivers deployed from vessels. Although we use two types
of OBE receivers in the field, the approach with fewer receivers
also is useful for improving survey efficiency in the CSEM survey
mode that we use in the field. We also note that our towline geom-
etry of the transmitter is not similar to that used for commercial
CSEM surveys for hydrocarbon explorations. Although this study
only considers transmitter towlines parallel to receiver lines and all
receivers do not use in-tow and out-tow data, commercial CSEM
surveys for hydrocarbon explorations use crosslines of transmitter
towing in addition to the parallel lines, and all receivers use in-tow
and out-tow data (Newman et al., 2010; Morten et al., 2016).
We briefly compare our survey approach using a towed transmit-

ter and OBE receivers with other CSEM methods that have been
used for SMS exploration. Constable et al. (2018) use stationary
transmitters deployed on the seafloor and receivers mounted on
an autonomous underwater vehicle (AUV).
Gehrmann et al. (2019) use towed CSEM
receiver of Vulcan (Constable et al., 2016) and
towed transmitter. We can consider the AUV-
CSEM system in Constable et al. (2018) as a
reciprocal version of transmitter and receiver
for our system. The transmitter is towed and
the receiver is stationary in our system; the
receiver is towed and the transmitter is stationary
in Constable et al. (2018). Thus, our approach for
efficient surveys is applicable for the AUV-
CSEM surveys. If we apply our strategy for
AUV-CSEM surveys, we use a few stationary
transmitters in the center of the survey and several
receiver towlines by AUV. It is worth mentioning
that the AUV-CSEM system is superior in terms
of the speed of SMS exploration. The towed
receiver system of Vulcan can obtain a high-res-
olution data set on a 2D profile (Constable et al.,
2016; Gehrmann et al., 2019), and towed receiver
data with fixed transmitter-receiver separations
(e.g., 100–500 m) are sensitive to shallow struc-
tures (Constable et al., 2016). A significant differ-
ence between the Vulcan system and our system is
that the Vulcan system only uses inline data with
fixed transmitter-receiver offset and does not use
broadside data. We consider that the broadside
data are useful for determining the 3D geometry
of the target structures. Recent CSEM surveys
have used towed receivers and OBE receivers
(Morten et al., 2015; Attias et al., 2018). Towed
and OBE receivers can simultaneously measure
the response from the transmitter without interfer-
ence. The combination of towed receiver data and
OBE receiver data can improve the resolution of
determining shallow and deep structures (Morten
et al., 2015; Attias et al., 2018). Therefore, adding
towed receivers to the proposed survey would

improve further cost-effectiveness because it can improve the reso-
lution to SMS without increasing the survey time. In a future study,
we plan to report on the application of the combination of towed and
OBE data to SMS exploration.

3D CSEM inversion algorithm

We have developed a new 3D marine CSEM inversion code
based on a data-space Occam algorithm. In this section, we describe
the 3D CSEM inversion code. Appendix A provides details on the
forward modeling using the finite-difference method (FDM) and its
validation using a 3D resistivity model. A modified version of this
code for the application of offshore-onshore resistivity imaging is
reported in Ishizu and Ogawa (2021).
The Occam inversion algorithm, a variant of Gauss-Newton,

specifies the minimum norm model with the desired data misfit
by automatically adjusting the regularization parameter (Constable
et al., 1987). Because of its automatic adjustment of the regulari-
zation parameter and the fast convergence, the Occam algorithm has
been used for inversion of various EM data (deGroot-Hedlin and
Constable, 1990; Siripunvaraporn et al., 2005; Key, 2009, 2016;

OBE receiver

Transmitter
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b) Proposed 3D survey
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Figure 1. (a) Schematic of a marine CSEM method. We use a CSEM method that in-
volves a towed dipole transmitter and OBE receivers. A pair of transmitter electrodes
injects a time-varying current into the seawater. Then, the OBE receivers record the
resulting electric signals, which contain information on subseafloor resistivity. Configu-
ration of (b) the proposed 3D CSEM survey and (c) a 3D survey with a receiver deploy-
ment in a grid pattern. We refer to a 3D survey with a receiver deployment in a grid
pattern as the conventional survey. The spacing between the transmitter towing lines is
300 m for the proposed and conventional surveys. The spacing between the receiver
lines for the conventional survey is 400 m. The proposed survey uses only one line
of OBE receivers in the center of the survey area. The magenta lines and white triangles
represent the transmitter tow lines and OBE receivers, respectively.
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Baba et al., 2013) and 3D CSEM data (Zhang and Key, 2016). The
Occam inversion algorithm seeks to minimize the functional pre-
sented here (Constable et al., 1987):

U ¼ ðm −m0ÞTC−1
m ðm −m0Þ

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

In this equation, m is a vector log10σ, m0 denotes a prior model, d
represents the observed data, F½m� signifies the forward modeling
response, Cm is model covariance, Cd is a data covariance matrix, χ�
represents the desired level of misfit, and λ−1 is a Lagrange multi-
plier. The regularization C−1

m is defined as the first derivative rough-
ness penalty:

C−1
m ¼ αxj∂xmj2 þ αyj∂ymj2 þ αzj∂zmj2; (2)

where ∂ denotes the finite difference in the model parameter be-
tween adjacent blocks (matrix of 1’s and −1’s) and is independent
of the model cell sizes:

∂¼

2
666664

w1 0
w2

. .
.

0 wM−1
: : : wM

3
777775

2
666664

−1 1 0
−1 1

. .
.

0 −1 1

: : : 0

3
777775
: (3)

The αx, αy, and αz are coefficients that affect the relative importance
of different components of the first-derivative roughness penalty (Li
and Oldenburg, 1996), and w represents penalty weights (Key,
2009). If the relative importance of different components of the
roughness penalty is known, αx, αy, and αz can be adjusted. If jumps
in resistivity are desired at specific locations, w can be reduced for
the corresponding locations (Key, 2009). Because we have little a
priori information on the seafloor resistivity structure in this study,
we set αx, αy, αz, and w to one.
To minimize U in equation 1, we take the derivative of the ob-

jective function with respect to the model and set it to zero. After
linearizing an initial model (mk), the next model mkþ1 is expressed
by equation 4 for the model-space approach (Constable et al.,
1987):

½λC−1
m þ JTkC

−1
d Jk�ðmkþ1 −m0Þ ¼ JTkC

−1
d d̂k; (4)

where

d̂k ¼ d − F½mk� þ Jkðmk −m0Þ: (5)

The dense and symmetric matrix in equation 4 has dimension
M ×M. Therein, Jk is the sensitivity matrix (Jacobian) of
N ×M at mk where M and N, respectively, denote the number
of model and data parameters. The Jacobian is obtainable by for-
ward solutions and adjoint solutions (Egbert and Kelbert, 2012).
The adjoint solution is obtained by adding the adjoint source to
the right side of equation A-2 and solving equation A-2 (Appen-
dix A); this is the usual “reciprocity” trick for the efficient calcu-
lation of the Jacobian (Egbert and Kelbert, 2012). Once the matrix
A in equation A-2 is factored using the direct forward solver PAR-
DISO (Schenk and Gärtner, 2004), PARDISO can compute the fac-

tored system for multiple right sides inexpensively (Appendix A).
Because of the fastness of PARDISO to many right sides, we solve
the forward and adjoint solutions as the same right side group in
equation A-2. Once the sensitivity matrix is formed, it can be stored
and reused for the parameter searching process of λ at each iteration
in the Occam inversion algorithm.
The data-space approach (Siripunvaraporn and Egbert, 2000; Sir-

ipunvaraporn et al., 2005; Kordy et al., 2016) replaces equation 4
with a linear equation with N unknowns. When equation 4 is left-
multiplied by Cm, one obtains

mkþ1 −m0 ¼ CmJTkβkþ1; (6)

where βkþ1 is an unknown expansion coefficient vector of the basis
functions CmJTk . The vector βkþ1 is obtained by solving equation 7:

ðλCd þ JkCmJTk Þβkþ1 ¼ d̂k; (7)

The matrix size in equation 7 is N × N. The major difference
between equations 4 and 7 is that the dimensions of the system
of equations to be solved can be reduced from M ×M in the
model-space approach to N × N in the data-space approach.
The data-space approach reduces the computation costs of
memory and central processing unit (CPU) time if N is less
than M (Siripunvaraporn and Egbert, 2000). For the 3D CSEM
method considered here, N is much less than M, resulting in a re-
duction of the computational costs. The detail of solving the ma-
trix for model update and λ searching algorithm is described in
Appendix B.

RESULTS OF APPLICATION TO
SYNTHETIC DATA

Synthetic inversion examples using data from four seafloor resis-
tivity models are presented to demonstrate the applicability of the
proposed CSEM method to near-seafloor targets (cases I–IV).

CSEM survey and synthetic data settings

The proposed survey used a line of seven OBE receivers in the
center of the survey area and seven transmitter towlines (70 trans-
mitting points). The seven OBE receivers recorded data from all
transmitting positions (i.e., one inline data set and the rest as broad-
side data sets). The conventional 3D CSEM survey used five lines of
OBE receivers (35 receivers) and seven transmitter towlines
(e.g., Newman et al., 2010; Morten et al., 2016). The 35 OBE
receivers recorded data from all transmitting positions. The spacing
between the transmitter towing lines was 300 m, and the spacing
between the receiver lines was 400 m. A horizontal electric dipole
(HED) with 28.3 m length was used as the transmitter. The HED
used in the transmitter was oriented along the y-direction and towed
at 50 m above the seafloor. We considered data with a transmitter-
receiver offset >150 m in this study; this offset length was approx-
imately five times the dipole length. The point dipole approximation
was valid for data in which the offset of the transmitter and receiver
is greater than three to four times the dipole length (Streich and
Becken, 2011). Thus, we modeled the source dipole as a point-
source dipole to increase the computational efficiency. A point-
source dipole also was used as the receiver. Note that x and y cor-
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respond to northing and easting, respectively, and z represents depth
below the sea surface.
The models to generate the synthetic CSEM data contained con-

ductive and resistive objects embedded in a 1 ohm-m homogeneous
half-space (cases I–IV). In the geologic setting that this study con-
siders, the conductive and resistive objects simulated the SMS depos-
its and volcanic rocks, respectively. An air layer with a resistivity of
108 ohm-m was situated at the top of the model, and the seawater
depth with a resistivity of 0.3 ohm-m was 1000 m. CSEM data used
in this numerical experiment were generated by forward modeling on
a grid of 67 × 67 × 68 cells, including several boundary cells. For
horizontal cells, a 50 m grid was used in the interest region. We ap-
pended several boundary cells on each side, growing in size at a
stretching factor of 2.0. For the vertical grid, fine grids with 20 m
spacing were used in the region 1000–1400 m below the sea surface.
The grid size increased gradually with distance from the transmitter.
The inversion domain was limited to the interesting seafloor region,

excluding boundary cells, sea, and air; this produced M ¼ 142; 175
unknown model parameters. The starting and prior models for the
examples were a homogeneous half-space with a resistivity of
1 ohm-m. The input data set for the inversion used a combination
of log10-scaled amplitude and linear-scaled phase of Ey. This combi-
nation was able to accelerate convergence in the inversion compared
to a combination of real and imaginary electric fields (Wheelock et al.,
2015). The component for source-receiver distances exceeding 300 m
at frequencies of 0.1 Hz, 0.5 Hz, and 3.0 Hz produced N ¼ 2844 and
N ¼ 14; 028 data sets for the proposed and conventional surveys, re-
spectively. In total, 3% Gaussian noise was added to the data in which
0.013 was used for log10-scaled amplitude and 1.72° was used for the
phase; an error bar of 3% was used for all data. The target root-mean-
square (rms) misfit was set to 1.0. An rms misfit of 1.0 indicated that
the average misfit was within the assumed error. The inversion was
performed on a computer (@Xeon 3.10 GHz Gold 6254 CPU; Intel
Corp.) with 3 TB of random access memory. Solvers of PARDISO,
“dgemm,” and “dposv” were implemented with 20 OpenMP threads
(Appendices A and B). We applied parallel implementation with 70
message passing interface (MPI) processes to the computation of the
primary field (Appendix A).

Case I: Anomalies below receiver line

The test for case I considered a model in which a resistor and con-
ductor were embedded immediately below the receiver line in the
center of the survey area (Figure 2a). A 0.1 ohm-m conductive and
10 ohm-m resistive object with dimensions of 500 m× 500m× 200m
were embedded with the respective tops at 1100 m depth. The model
grid, survey configuration, error settings, and transmission frequencies
were described in the “CSEM survey and synthetic data settings”
section.
The rms misfit of the starting model was 10.5 for the data set

obtained with the proposed survey. The inversion reached the target
rms misfit of 1.0 after three iterations (phase I). Then, two more
iterations were conducted to ascertain the minimum norm model
with the target rms misfit (phase II). The results demonstrated that
the inversion of the data set obtained with the proposed survey suf-
ficiently recovered the positions and resistivity values of both
anomalies (Figure 2b) and fit the observed data (Figure 3). The peak
resistivity values of the recovered conductor and resistor from the
proposed survey were close to their true values (Figure 2h–2j). The
tops of both anomalies were clearly distinguishable from the homo-

geneous half-space. The horizontal shapes of the top parts of both
anomalies also were well recovered. The imaged bottom of the
anomalies was not as clear as the top; this low resolution of deeper
parts is typical for EM exploration (Key, 2016). The target anoma-
lies caused the discrepancy between the computed response from
the initial model and the final model (Figure 3). The discrepancy
was largest at 3 Hz (Figure 3), indicating that the 3 Hz data are
sensitive to anomalies. Thus, adding frequency data of approxi-
mately 3 Hz may help to improve the resolution of the inversion
algorithm to the top and bottom parts of the anomalies.
For the data set obtained with the conventional survey, the rms

misfit of the starting model was 7.2, whereas the inversion obtained
a minimum norm model with an rms misfit of 1.0 after five itera-
tions. The inversion results for the conventional survey delineated
the conductor and resistor that were similar to the real model (Fig-
ure 2e). The peak resistivity values of the recovered conductor and
resistor from the conventional survey also were close to the true
values (Figure 2h–2j). The peak resistivity value of the recovered
resistor from the conventional survey was closer to the true value of
10 ohm-m than that of the recovered resistor from the proposed sur-
vey. However, the peak resistivity value of the recovered conductor
from the proposed survey was closer to the true value of 0.1 ohm-m
than that of the recovered resistor from the conventional survey.
However, most features of the inversion result from the proposed
survey were indistinguishable from the inversion results of the con-
ventional survey. This result demonstrated that the proposed survey
is able to improve the cost-effectiveness of the 3D CSEM surveys
for the case I model (Figure 2).
The data sets were N ¼ 2844 and N ¼ 14; 028, with computa-

tion times of 06:48:20 and 09:05:47 (hh:mm:ss) for the proposed
and conventional surveys, respectively (Table 1). The computation
time for the proposed survey was 34% less than the conventional
survey. The data-space approach adopted in the inversion algorithm
was rapid for a small N, helping to reduce the computation time.
The reduction in computational cost was another advantage of
the proposed survey.
The proposed survey used one inline data set and the rest as

broadside data sets, whereas the conventional survey used several
inline data sets and the rest as broadside data sets (Figure 2). The
observed inline data for the proposed and conventional surveys ex-
hibited a higher amplitude above the resistor and lower amplitude
above the conductor compared to the response from the initial
model without the anomalies (Figures 3e, 3f, and 4d). The broad-
side data also detected the anomalies (Figures 3g, 3h, 4e, and 4f).
This broadside data sensitivity indicated that broadside data effec-
tively constrained the anomalies offset from the center receiver line.
The broadside data were more sensitive to conductors than resistors
(Figures 3g, 3h, 4e, and 4f), indicating that the proposed survey is
more effective in the exploration of conductive bodies than resistive
bodies. Note that obtaining a data set with this configuration re-
quired a 3D inversion analysis. Currently, the 3D inversion code
for the CSEM survey has not been distributed among geophysical
communities. We plan to make our developed code freely available
in the near future.

Case II: Anomalies at different seafloor locations

We considered a model with target anomalies distributed at different
seafloor locations (case II: Figure 5a) to demonstrate whether the pro-
posed survey is able to delineate 3D resistivity structures away from
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the receiver line. Three 0.1 ohm-m conductive and two 10 ohm-m
resistive objects with dimensions of 400 m × 400 m × 200 m were
embedded with their respective tops at 1100 m depth. The model grid,

survey configuration, error settings, and transmission frequencies were
the same as those of case I, as described in the “CSEM survey and
synthetic data settings” section.
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Figure 2. Comparison of the inversion result of the synthetic data set obtained from a proposed survey with the result of the synthetic data set
obtained from a conventional survey for a model with anomalies in the survey center (case I). (a) A 3D view of the true model, (b) 3D view,
(c) 2D section at x ¼ 700 m, (d) 2D section at z ¼ 1200 m of the inverted model using the proposed survey (a line of seven OBE receivers in
the center of the survey area), (e) 3D view, (f) 2D section at x = 700 m, and (g) 2D section at z ¼ 1200 m of the inverted model using the
conventional survey (35 receivers). The magenta circles and white triangles represent the transmitter and receiver positions, respectively. The
white lines mark the outlines of the true anomalies. (h–j) The line plots of models at z ¼ 1200 m along the x-axis at y ¼ 250 m, the x-axis at
y ¼ 1250 m, and the y-axis at x ¼ 700 m, respectively.
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The rms misfit of the starting model was 9.0 for the data set ob-
tained with the proposed survey. The inversion for the proposed
survey obtained the minimum norm model with an rms misfit of
1.0 after four iterations and delineated the anomalies distributed
at different seafloor locations, indicating that there was sufficient
sensitivity for the area between the transmitter and receiver (Fig-
ure 5b). The peak resistivity values of the recovered conductor
and resistor from the proposed survey were close to their true values
(Figure 5h–5j). The tops of anomalies were clearly distinguishable
from the homogeneous half-space. The horizontal shapes of the top
parts of anomalies also were well recovered.
For the data set obtained with the conventional survey, the rms

misfit of the starting model was 8.5, whereas the inversion obtained
a minimum normmodel with an rms misfit of 1.0 after six iterations.
Similar to the results of case I (Figure 2), the peak resistivity values
of the resistors recovered in the conventional survey were closer to
the true value of 10 ohm-m than those of the resistors recovered in
the proposed survey; the peak resistivity values of the conductors
recovered in the proposed survey were closer to the true value of
0.1 ohm-m than those of the conductors recovered in the conven-
tional survey (Figure 5h–5j). However, most features of the inver-
sion result from the proposed survey were indistinguishable from
the inversion results of the conventional survey (Figure 5b and
5e). This example demonstrated that the proposed survey is effec-
tive in mapping 3D resistivity structures below the receiver line and
offset from the receiver line.

Case III: Anomalies at different seafloor locations and
different burial depths

The test for case II considered a model in which resistors and
conductors were embedded at one depth of z ¼ 1100 m (Figure 5b).
We considered a model with target anomalies distributed at different
seafloor locations and different burial depths (case III: Figure 6a) to
demonstrate whether the proposed survey is able to delineate target
anomalies at different burial depths distributed below the receiver
line and away from the receiver line. Five 0.1 ohm-m conductive
objects with dimensions of 400 m × 400 m × 200 mwere embedded
with their different burial depths. The shallowest burial depth was
0 m (the anomaly is exposed on the seafloor at z ¼ 1000 m), whereas
the deepest burial depth was 300 m (the anomaly top is at
z ¼ 1300 m). The model grid, survey configuration, error settings,
and transmission frequencies were the same as those of cases I
and II, as described in the “CSEM survey and synthetic data settings”
section.
The rms misfit of the starting model was 9.1 for the data set ob-

tained with the proposed survey. The inversion for the proposed

survey obtained the minimum norm model with an rms misfit of
1.0 after four iterations and delineated the conductors distributed at
different seafloor locations and different burial depths (Figure 6c).
The conductors were clearly distinguishable from the homogeneous
half-space. However, the boundaries of the conductors at burial depths
deeper than 200mwere blurred (Figure 6e). The peak resistivity values
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Figure 3. (a–d) Transmitter and receiver positions superimposed on
the 2D section at z = 1200 m of the inverted model obtained from a
proposed survey (case I). The 2D section is the same as Figure 2d.
The magenta circles and white triangles represent the transmitter
and receiver positions, respectively. The white lines mark the out-
lines of the true anomaly. (e–h) Observed and predicted data for
transmitter and receiver locations in (a–d); (e–h) are for (a–d), re-
spectively. Points with error bars, solid lines, and dashed lines re-
present observed data, predicted data from the final model, and
predicted data from the initial model, respectively. The blue, yellow,
and purple represent 0.1 Hz, 0.5 Hz, and 3.0 Hz, respectively. The
initial model consists of three layers: a highly resistive air layer
(108 ohm-m), a seawater layer of constant resistivity (0.3 ohm-
m), and a homogeneous seafloor (1 ohm-m).

Table 1. Comparison of the proposed and conventional
surveys for synthetic data in case I (Figure 2).

Number
of OBE
receivers

Transmitting
points

Data
number

for inversion

Computation
time for
inversion
(hh:mm:ss)

Proposed
survey

7 70 2844 06:48:20

Conventional
survey

35 70 14,028 09:05:47
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of the recovered conductors at a burial depth of 200 m and away from
the survey center (1000 m < x < 1400 m and 900 m < y < 1300 m),
at a burial depth of 300 m and in the survey center (500 m < x
< 900 m and 500 m < y < 900 m), and at a burial depth of 300 m
and away from the survey center (1000 m < x < 1400 m and 100 m

< y < 500 m) were 0.23 ohm-m, 0.32 ohm-m, and 0.4 ohm-m, respec-
tively (Figure 6i–6l).
For the data set obtained with the conventional survey, the rmsmisfit

of the starting model was 12.1, whereas the inversion obtained a mini-
mum norm model with an rms misfit of 1.0 after seven iterations. The
inversion for the conventional survey delineated the anomalies distrib-
uted at various seafloor locations and different burial depths (Figure 6f).
For shallow conductors with burial depths shallower than 200 m, most
features of the inversion result from the conventional survey were
indistinguishable from the inversion result of the proposed survey
(Figure 6). The peak resistivity values of the recovered conductors
for the conventional survey at a burial depth of 200 m and away from
the survey center (1000 m < x < 1400 m and 900 m < y < 1300 m),
at a burial depth of 300 m and in the survey center (500m<x<900m
and 500 m < y < 900 m), and at a burial depth of 300 m and away
from the survey center (1000m<x<1400m and 100 m < y < 500 m)

were 0.08 ohm-m, 0.09 ohm-m, and 0.23 ohm-m, respectively (Fig-
ure 6i–6l). The peak resistivity values were closer to the true values
compared with those from the proposed survey. The boundaries of
conductors at burial depths deeper than 200 m were better reproduced
than those from the proposed survey (Figure 6h). Although the pro-
posed and the conventional surveys delineated the deep bodies near
the CSEM detection limit, the conventional survey obtained better per-
formance for recovering the deep bodies than the proposed survey.
This example demonstrated that the optimal placement of transmitters
and receivers depends on the problem.

Case IV: Realistic SMS model and realistic noise

This test considered a more realistic SMS model (case IV:
Figure 7a). Five conductive objects simulating the SMS deposit were
considered exposed on the seafloor (Figure 7b). Two 0.2 ohm-m
conductive objects with dimensions of 400 m × 400 m × 50 m,
a 0.2 ohm-m conductive object with dimensions of 400 m × 400 m

× 100 m, a 0.2 ohm-m conductive object with dimensions of 300 m

× 300 m × 50 m, and a 0.3 ohm-m conductive object with dimen-
sions of 300 m × 300 m × 50 m were exposed on the seafloor. These
conductive objects of SMS deposit were based on the inversion result
of our field data (which will be shown in the next section) and SMS
resistivity models reported by recent electrical and EM studies. These
studies have reported the resistivity of SMS to be between 0.1 ohm-m
and 0.3 ohm-m, with a horizontal scale of 100–600 m and thickness of
30–70 m (Constable et al., 2018; Haroon et al., 2018; Müller et al.,
2018; Gehrmann et al., 2019; Ishizu et al., 2019).
The previous tests (cases I–III) used 3% Gaussian noise for all

synthetic data. However, data with short offsets of transmitter and
receiver will be affected by position measurement errors of receivers
and transmitter, and the noise floor of receivers will influence data
with the large offsets (Myer et al., 2012; Gehrmann et al., 2020). In
this test of case IV, we considered Gaussian random noise with the
noise level predicted by our field data example in the Ieyama hydro-
thermal area. To consider the noise level depending on the transmitter
and receiver separations in field observations, the data from receiver
Rx1 at a frequency of 0.125 Hz in the field data example (which will
be shown in the next section) were divided into four sections: the
transmitter and receiver separations of <500 m, 500–1000 m,
1000–1500 m, and >1500 m. The average error bar for the divided
data for the transmitter and receiver separations of <500 m, 500–
1000 m, 1000–1500 m, and >1500 m was 8%, 5%, 10%, and 15%,
respectively. We added Gaussian random noise with a noise level of
8%, 5%, 10%, and 15% to the synthetic data with transmitter and
receiver separations of <500 m, 500–1000 m, 1000–1500 m, and
>1500 m, respectively. The noise floor of the receiver Rx1 was ap-
proximately 10−12 ðV∕Am2Þ. We considered this noise floor and dis-
carded the synthetic data smaller than the noise floor from the
analysis. Our actual data in the field lacked phase data. Therefore,
we only considered the amplitude data in this test.
The model grids for horizontal directions were the same as the

previous tests (cases I–III), but for the vertical grid, we used 10 m
size for z ¼ 1000−1100 m. Survey configuration also was the same
as the previous tests (cases I–III), but transmitting spacing was 50 m
based on our field survey. The Ey component with transmitter-
receiver distances >150 m at frequencies of 0.1 Hz, 0.5 Hz, and
3.0 Hz produced an N ¼ 7122 data set and N ¼ 34; 934 for the
proposed survey and conventional survey, respectively. We set
the error bars for data with transmitter and receiver separations

–500 0 500 1000 1500 2000
y (m)

–500

0

500

1000

1500

2000

x 
(m

)

–500 0 500 1000 1500 2000
y (m)

–14

–13

–12

–11

–10

–9

–8

lo
g1

0 
E

y 
am

pl
itu

de
 (

V
/A

m
2 ) Data

Final
Initial

–500 0 500 1000 1500 2000
y (m)

–500

0

500

1000

1500

2000

x 
(m

)

–500 0 500 1000 1500 2000
y (m)

–14

–13

–12

–11

–10

–9

–8

lo
g1

0 
E

y 
am

pl
itu

de
 (

V
/A

m
2 ) Data

Final
Initial

–500 0 500 1000 1500 2000
y (m)

–500

0

500

1000

1500

2000

x 
(m

)

–500 0 500 1000 1500 2000
y (m)

–13

–12

–11

–10

–9

–8

lo
g1

0 
E

y 
am

pl
itu

de
 (

V
/A

m
2 ) Data

Final
Initial

0.1 Hz

0.5 Hz

3 Hz

35 receivers
a)

b)

c)

d)

e)

f)

OBE receiver

Transmitter

True anomaly
Resistivity (ohm-m)

1063.62.21.30.80.50.30.20.1

Figure 4. (a–c) Transmitter and receiver positions superimposed on
the 2D section at z = 1200 m of the inverted model obtained from a
conventional survey (case I). The 2D section is the same, as shown
in Figure 2g. (d–f) Observed and predicted data for transmitter and
receiver locations in (a–c); (d–f) are for (a–c), respectively. The rest
of the explanation is the same as shown in Figure 3.
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of <500 m, 500–1000 m, 1000–1500 m, and >1500 m to 8%, 5%,
10%, and 15%, respectively. These error bars were the same as the
added noise level.

The rms misfit of the starting model was 3.3 for the data set
obtained using the proposed survey with the realistic noise. The in-
version for the proposed survey with the realistic noise obtained the
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Figure 5. Comparison of the inversion result of the synthetic data set obtained from a proposed survey with the result of the synthetic data set
obtained from a conventional survey for a model with anomalies distributed at different seafloor locations (case II). (a) A 3D view of the true
model, (b) 3D view, (c) 2D section at x ¼ 1200 m, (d) 2D section at z ¼ 1200 m of the inverted model using the proposed survey (seven
receivers), (e) 3D view, (f) 2D section at x ¼ 1200 m, and (g) 2D section at z ¼ 1200 m of the inverted model using the conventional survey
(35 receivers). (h–j) The line plots of models at z ¼ 1200 m along the x-axis at y ¼ 300 m, the x-axis at y ¼ 1100 m, and the y-axis at
x ¼ 1200 m, respectively. The rest of the explanation is the same as in Figure 2.
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Figure 6. Comparison of the inversion result of the synthetic data set obtained from a proposed survey with the result of the synthetic data set
obtained from a conventional survey for a model with anomalies distributed at different depths (case III). (a) A 3D view, (b) 2D section at
z ¼ 1000 m of the true model, (c) 3D view, (d) 2D section at x ¼ 1200 m, (e) 2D section at z ¼ 1350 m of the inverted model using the
proposed survey (seven receivers), (f) 3D view, (g) 2D section at x ¼ 1200 m, and (h) 2D section at z ¼ 1350 m of the inverted model using
the conventional survey (35 receivers). (i–l) The line plot of models at z ¼ 1400 m along the x-axis at y ¼ 300 m, at z ¼ 1300 m along the x-
axis at y ¼ 1200 m, at z ¼ 1400 m along the y-axis at x ¼ 1200 m, and at z ¼ 1400 m along the y-axis at x ¼ 700 m, respectively. The rest of
the explanation is the same as in Figure 2.
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Figure 7. Comparison of the inversion result of the synthetic data set obtained from a proposed survey with the result of the synthetic data set
obtained from a conventional survey for a realistic SMS model (case IV). We have added Gaussian random noise with the noise level estimated
by the actual field data from the Ieyama hydrothermal area shown in Figure 10 to the synthetic data set to carry out a realistic test (the added
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as in Figure 2.
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minimum norm model with an rms misfit of 1.0 after five iterations
and delineated the SMS deposits at different seafloor locations
and different sizes (Figure 7c). Recovered SMS deposits for the
proposed survey with the realistic noise were clearly distinguishable
from the homogeneous half-space. The peak resistivity values of
the recovered SMS deposits were close to the true values (Fig-
ure 7i–7k). The presence of 0.6 ohm-m artifacts at 1300 m < x <
1800 m and 700 m < y < 1100 m was confirmed by the inversion
results of the proposed study with the realistic noise. Such artifacts
were not recovered in resistivity models in cases I–III for the pro-
posed survey, suggesting that the large error for long-offset data
resulted in the artifacts.
For the data set obtained using the conventional survey with the

realistic noise, the rms misfit of the starting model was 2.6, whereas
the inversion obtained a minimum normmodel with an rms misfit of
1.0 after four iterations. The inversion for the conventional survey
with the realistic noise also delineated the SMS deposits at different
seafloor locations and different sizes (Figure 7f). Most features of
the inversion result from the conventional survey were indistin-
guishable from the inversion results of the proposed survey except
for the 0.6 ohm-m artifacts at 1300 m < x < 1800 m and 700 m <
y < 1100 m (Figure 7). The inversion for the conventional survey
did not recover artifacts, whereas the inversion for the proposed sur-
vey recovered 0.6 ohm-m artifacts. However, 0.6 ohm-m artifacts
may not be interpreted as SMS because such high-resistivity SMS
deposits have not been reported. Thus, the difference between the
proposed survey and the conventional survey was not important for
SMS exploration.
We also considered a test in which the data were obtained with a

3% error at all offsets of the transmitter and receiver. This test inves-
tigated the benefits of obtaining good quality data at all offsets in SMS
exploration. The rms misfits of the starting model were 6.9 and 5.6 for
data sets obtained using the proposed and the conventional surveys for
3% Gaussian noise, respectively. The inversion of both data sets ob-
tained the minimum norm model with an rms misfit of 1.0 after four
iterations. Most features of the inversion result of the proposed survey
with 3% Gaussian noise were indistinguishable from the inversion
result of the proposed survey with the realistic noise (Figure 8).
The resistivity values of artifacts at 1300 m < x < 1800 m and
700 m < y < 1100 m were 0.75 ohm-m for the proposed survey with
3% error and 0.6 ohm-m for the proposed survey with the realistic
noise. However, the resistivity difference between the recovered arti-
facts was not important for SMS exploration because 0.6 ohm-m and
0.75 ohm-m resistivity structures have not been interpreted as SMS.
The peak resistivity values of recovered SMSmodels for four data sets
(the proposed survey with realistic noise, the proposed survey with
3% noise, the conventional survey with realistic noise, and the con-
ventional survey with 3% noise) were similar (Figure 8m). This result
indicated that, for the SMS model, the proposed survey with realistic
noise had performance similar to the conventional survey with 3%
errors.
Large noises in the long-offset data (i.e., 15% for data of transmit-

ter and receiver separations of >1500 m) led to poor constraint to
target structures away from the receiver line. As a result, the inversion
for the proposed survey with the realistic noise imaged artifacts at
1300 m < x < 1800 m and 700 m < y < 1100 m (Figure 7c). In ad-
dition, most of the data with transmitter and receiver separations
>2 km at a frequency of 3 Hz were less than the noise floor of
10−12 ðV∕Am2Þ. This indicated that our proposed survey using a line

of OBE receivers in the center of the survey area is effective for ex-
ploring SMS deposits located within 2 km from the receiver line, and
the proposed survey requires a new line of receivers to explore SMS
deposits located more than 2 km away from the center receiver line.
We also discussed where to place the receiver line in our proposed
survey. In our approach, we considered placing the receiver line in the
center of the survey area (cases I–IV). If the receiver line were placed
in the center of the survey area, our coverage area would be 4 km
(i.e., 2 km on one side from the line and 2 km on the other side from
the line). However, if we placed the receiver line at the edge of the
survey area, the coverage area would be only 2 km from the edge.
Therefore, we concluded that placing the receiver line in the center of
the survey area is optimal for increasing the coverage area of the pro-
posed survey.

RESULTS AND DISCUSSION OF APPLICATION
TO AN SMS AREA

This section describes the application of the proposed 3D CSEM
survey to explore SMS deposits. We have collected CSEM survey
data in the Ieyama hydrothermal area off Okinawa, southwest Ja-
pan, from 6 to 11 October 2017, using the research vessel “Kaimei”
from the Japan Agency for Marine-Earth Science and Technology
(Figure 9). The proposed survey uses a line of six OBE receivers in
the survey center and three transmitter towlines. This survey aims to
identify and delineate SMS deposits in the Ieyama hydrother-
mal area.

Study area

The Okinawa Trough is an active back-arc basin of the Ryukyu
arc-trench system, where the Philippine Sea plate is subducting
under the Eurasian plate. The Okinawa Trough is considered to
be experiencing the initial stage of continental rifting (Letouzey
and Kimura, 1986). High heat flow occurs across the entire basin
in the mid-Okinawa Trough due to magma intrusion (Ishibashi et al.,
2015). Because the hydrothermal activity was first discovered in the
Izena area, several seafloor hydrothermal areas have been identified
in the mid-Okinawa Trough (Ishibashi et al., 2015). Seafloor drill-
ing has identified SMS zones in the Izena and Iheya hydrothermal
areas (Expedition 331 Scientists, 2010; Ishibashi et al., 2015). The
Ieyama hydrothermal area is a newly discovered hydrothermal area
in the mid-Okinawa Trough and is expected to contain SMS depos-
its (Kasaya et al., 2020). However, because this hydrothermal area
was discovered recently, there is a scarcity of available geologic
information for this area.
There are depressions in the Ieyama hydrothermal area (Kasaya

et al., 2020), one of which is shown in Figure 9b (at a water depth of
1100 m and at x ¼ 800 m and y ¼ 900 m), and its horizontal size is
1.5 km × 1.5 km. Faults and hydrothermal activities that can con-
tribute to SMS formation are frequently developed in seafloor de-
pressions (Kasaya et al., 2020). Thus, we consider depressions to be
an important structure for SMS formation. In fact, an AUV has iden-
tified clusters of hydrothermal plumes west and northeast of the de-
pression center (Kasaya et al., 2020). Video inspection conducted
using ROV has identified mound structures west of the depression
center (Kasaya et al., 2020). Mounds overlapping with hydrother-
mal plumes have been hydrothermally active; hydrothermal activity
has not been observed in mounds without hydrothermal plumes
(Kasaya et al., 2020). A strong self-potential (SP) anomaly has been
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observed in the hydrothermally inactive mounds using an AUV
(Kasaya et al., 2020). The obtained SP anomaly is “negative” rel-
ative to the surroundings, and the diameter of the anomalous area is
250 m (Kasaya et al., 2020). The negative SP area and clusters of
hydrothermal plumes do not overlap with each other. This posi-
tional discrepancy suggests that the SP anomaly was generated
by subseafloor structures, as opposed to the hydrothermal chemical
anomaly in seawater (Kasaya et al., 2020). Previous studies con-
ducted in other hydrothermal areas with documented SMS deposits
suggest that negative SP anomalies are associated with the seafloor
and subsurface massive sulfides (Kawada and Kasaya, 2017, 2018;
Safipour et al., 2017; Constable et al., 2018; Zhu et al., 2020). The
observed features indicate that SMS deposits are likely to exist in
the Ieyama hydrothermal area.

Observed CSEM data

The CSEM survey used a towed dipole transmitter and OBE
receiver (Figure 1). A deep-towed marine EM system (MEMSYS)
(Kasaya et al., 2019) repeatedly transmitted a cycle of artificial elec-
tric current in seawater using a 28.3 m horizontal dipole antenna.
Here, a cycle referred to the fundamental base transmitter wave-
form. A square wave with a frequency of 0.125 Hz (total length
of 8 s) and amplitude of approximately �60 A was used as the
waveform of the current. The Fourier series representation of the
square wave gave a coefficient of 4∕π at a fundamental frequency
of 0.125 Hz. Thus, the current at the fundamental frequency of
0.125 Hz was 76.4 A (4∕π × 60 A), and its dipole moment was
2.16 kAm (76.4 A × 28.3 m). The transmitter was switched off
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Figure 8. Comparison of the inversion result of synthetic data sets obtained from different survey arrays and different noise levels for case IV
(Figure 7). (a–d) The 2D sections at z ¼ 1030 m, (e–h) 2D sections at z ¼ 1060 m, and (i–l) 2D sections at y = 900 m of inverted models. Left
and center-left panels are for the inversion results of synthetic data sets obtained from a proposed survey with the addition of realistic noise and
3% noise, respectively. Center-right and right panels are for the inversion results of synthetic data sets obtained from a conventional survey with
the addition of realistic noise and 3% noise, respectively. Models in left and center-right panels are the same as models shown in Figure 7c and
7f, respectively. For the realistic noise case, we have added Gaussian random noise with a noise level of 8%, 5%, 10%, and 15% to the synthetic
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at z ¼ 1030 m along the x-axis at y ¼ 900 m. The rest of the explanation is the same as in Figure 2.
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for 12 s after every cycle of the square wave; this off-time was due to
our system limitation. Our system was originally developed for a
direct current resistivity survey (Ishizu et al., 2019). We used this
system for the CSEM survey in the Ieyama hydrothermal area.
Thus, for the data set used in this study, the transmitter was switched
off after transmitting each current waveform and the frequency of
the transmitting waveform was low. Note that the latest version of
this system that was improved after this Ieyama survey can repeat-
edly transmit waveforms without off-time to increase the number of
stacks. We used a supershort baseline (SSBL) acoustic navigation
system and two acoustic transponders to monitor the transmitter po-
sitions. One transponder was attached to the towed transmitter, and
the other was attached to the tail of the towed cable. The towed
height from the seafloor was monitored by an acoustic altimeter
attached to the towed system, and it was maintained at 20–60 m,
depending on the topography below the system.
Six OBE receivers, which are modified versions of the instrument

by Kasaya and Goto (2009), measured the electric fields at a sam-
pling rate of 1 kHz. Four of these receivers were self-popup-types
deployed from vessels (Rx 1, 3, 5, and 6 shown in Figure 9), whereas
the remaining two were mobile-type (Rx 2 and 4 shown in Figure 9);
the latter was settled on and recovered from the seafloor by the
ROV. Each OBE receiver measured the horizontal electric fields us-
ing Ag/AgCl electrodes attached to the extended arms. The electric
dipole lengths were 4.4 m for the four self-popup OBE receivers and
1.4 m for the mobile-type OBE receivers. We used the same gain
for the self-popup and mobile receivers. Acoustic transponders were

attached to the four self-popup OBE receivers, and the SSBL system
measured the seafloor positions of the four OBE receivers (Figure 9b).
In the deployment of our self-popup type OBE receivers, we stopped
the ship at the position in which the receiver was dropped, waited for
the receiver to land on the seafloor, and measured the receiver posi-
tion on the seafloor immediately after deployment rather than during
the tow. We then moved to the next receiver drop position and re-
peated the same process. The seafloor positions of the two mobile
OBE receivers were determined using a Doppler velocity log navi-
gation for ROV. The sink rate of the self-popup receivers was approx-
imately 50 m=min, and it took approximately 20 min for the self-
popup-type receivers to travel from the sea surface to the seafloor
at a sea depth of 1000 m in this field. The sink rate of the ROV with
the mobile receivers also was approximately 50 m/min, and it also
took approximately 20 min for the ROV to travel from the sea surface
to the seafloor. After the ROV landed on the seabed, placing an OBE
receiver from the ROV cage on the seafloor took a fewminutes. Mag-
netometers were installed on the OBE receivers to measure the sensor
direction.
The frequency-domain transfer function was converted from time-

series voltage data recorded at each OBE receiver using a robust
processing scheme (Myer et al., 2011). Data were fast Fourier trans-
formed within an 8 s window corresponding precisely to one wave-
form of length. The electric field (voltage divided by the receiver
dipole length) recorded at the OBE receiver was normalized by
the transmitted source dipole moment. The data were stacked with
each stacking window of 68 s (32 s: four cycles of 8 s square waves
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Figure 9. (a) Map of the study area. The yellow star shows the location of the Ieyama hydrothermal area, Okinawa Trough, southwestern
Japan. (b) Bathymetric map overlain with the OBE deployment locations (the white triangles), three tow lines (the magenta lines), mounds (the
green stars), hydrothermal plumes (the orange rhombus), and SP anomaly area (the dashed yellow lines). The hydrothermal plume and SP data
have been obtained using an AUV (Kasaya et al., 2020). For this study, x and y correspond to northing and easting, respectively. The dashed
white line (line 1) represents the 2D section position of the resistivity model shown in Figure 13.
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and 36 s: three times of 12 s transmitter off), corresponding to a sam-
ple interval of approximately 45 m with the horizontal movement of
MEMSYS. The stacked transfer functions of the CSEM data were
then rotated into Ex (north component) and Ey (east component), us-
ing the dipole orientation recorded by the magnetic field sensors (Fig-
ure 10). The error bars in the data were set to their standard deviations
estimated by this stacking. Noisy data in which the error bar exceeded
50% were removed for further inversion analysis. Data with a trans-
mitter-receiver offset <150 m also were removed because of naviga-
tion errors. Because the receiver noise floors of the self-popup and
mobile receivers were approximately 10−12 and 10−11 ðV∕Am2Þ, re-
spectively, the maximum offsets for the data used in the inverse analy-
sis were 2 km and 1.5 km for the self-popup and mobile receivers,
respectively. The input data of the inversion analysis were the log10-
scaled amplitudes of Ex and Ey at three frequencies of 0.125 Hz,
0.375 Hz, and 0.625 Hz. The phase data were not used because they
had been subject to drift caused by nonlinear timing errors. As a result,
the data number (N) for inversion analysis was 3833.

Inversion results

The inversion was applied to the processed CSEM data with a 5%
minimum error setting. This minimum error setting of 5% changed all
error bars for data less than 5% to 5%. We used this minimum error
setting of 5% to prevent overfitting against systematic noise in the
data. A simple starting model consisted of a highly resistive air layer
(108 ohm-m), five laterally stratified seawater layers (ranging between
0.200 and 0.304 ohm-m), and a homogeneous seafloor (1 ohm-m).
The seawater resistivity values were derived from the seawater resis-
tivity measured using a conductivity-temperature-depth sensor at-
tached to MEMSYS. The model was divided into a grid of
67 × 67 × 66 cells, including several boundary cells. For horizontal
cells, a 50 m grid was used in the region of interest, and a 10 m grid
was used between 950 m and 1250 m depth below the sea surface for
the vertical grid. The seafloor topography was approximated as the
stair-step shape of the FDM grid. This approximation was supported
by a comparison with the true seafloor topography as the stair-step

Figure 10. Electric field data measured using OBE receivers at a frequency of 0.125 Hz in the Ieyama hydrothermal area. The electric field data
are normalized by the source dipole moment (2.16 kAm for 0.125 Hz). The triangles represent the receiver positions. The stacked data points
are shown on transmitter positions: (a) observed amplitude of Ex (V/Am

2), (b) calculated amplitude of Ex (V∕Am2) from the inverted model
shown in Figure 11, (c) residuals of Ex amplitude data, (d) observed amplitude of Ey (V∕Am2), (e) calculated amplitude of Ey (V∕Am2) from
the inverted model shown in Figure 11, and (f) residuals of Ey amplitude data. Data residuals, defined as the difference between the observed
and calculated data for the inverted model, are standardized by dividing by their corresponding error. The stacking window is 68 s, corre-
sponding to a sample interval of approximately 45 m with the horizontal movement of the transmitter.
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shape generally follows topography; topography was obtained using a
shipboard multibeam echosounder system (Kasaya et al., 2020). It
was worth mentioning that the finite-element method with unstruc-
tured tetrahedral meshes is an attractive option for accurate modeling
of seafloor topography (Schwarzbach et al., 2011; Wang et al., 2018).
We incorporated the position, direction, and dipping of the source di-
pole measured by the SSBL and the altimeter into the inversion.
We initially set the target rms misfit to 1.0, whereas the rms misfit

for the starting model was 5.6, and this misfit was reduced to 1.5
following 10 iterations. Although the rms misfit could reach 1.4
(by continuing the inversion iteration), the inverted model with an
rms misfit of 1.4 showed patchy structures; as such, an rms misfit
of 1.5 was selected as the most suitable. To obtain the minimum norm
model with a new target rms misfit of 1.5, we conducted an additional
Occam Phase II with the target rms misfit; Figure 11 displays the
model obtained from Occam Phase II. The calculated CSEM re-
sponses from the resistivity model fit the observed data (Figure 10).
The obtained model (Figure 11) reveals subseafloor conductive

zones immediately below the seafloor (C1, C2, and C3). The
resistivity values (0.1–0.3 ohm-m) are lower than the seawater re-
sistivity (0.3 ohm-m). The C1 {(x, y): 1000 m < x < 1400 m,
200 m < y < 500 m, and 1040 m < z < 1080 m} and C3 {(x, y):
0 m < x < 500 m, 800 m < y < 1400 m, and 1050 m < z <
1120 m} are imaged northwest and southeast of the depression

center. Hydrothermal activity on the seafloor is not observed at
C1 and C3. The C2 {(x, y): 600 m < x < 1000 m, 300 m < y <
500 m, and 1060 m < z < 1080 m} is imaged below the mound
structures and the negative SP area. We use the seawater resistivity
(0.3 ohm-m) as a threshold for the size estimate of C1–C3. A ver-
tical conductive zone C4 {(x, y): 700 m < x < 900 m, 500 m < y <
700 m, and 1080 m < z < 1200 m} is imaged below the hydrother-
mal plume area. The resistivity values of C4 are approximately
0.3 ohm-m. The C4 extends from the seafloor to a deeper conduc-
tive zone of C5 {(x, y): 800 m < x < 1300 m, 400 m < y < 800 m,
and 1200 m < z < 1500 m}. The resistivity values of C5 are ap-
proximately 0.4 ohm-m. We calculate the conductance as the inte-
grated conductivity-thickness product over the top 50 m below the
seafloor in the model, and the high conductance is observed at C1–
C4 (Figure 11b and 11c).

Sensitivity test

A sensitivity test was conducted to evaluate the ability of the
CSEM data to constrain conductive anomalies below the seafloor.
The sensitivity test model consisted of a 1.0 ohm-m background and
a 0.1 ohm-m conductive anomaly with different spatial extensions
embedded in the background at two seafloor locations (Figure 12a);
the models included fixed parameters for seawater (0.304 ohm-m).

A synthetic CSEM data set was generated from
the model using forward modeling. The survey
configuration of the synthetic data set (i.e., trans-
mitter-receiver pairs, frequencies, and measured
EM components) was identical to our field data.
Therefore, the synthetic data set consisted of
3833 independent amplitude data of Ex and Ey

with different transmitter-receiver pairs and
frequencies. Then, Gaussian random noise (5–
50% corresponding to individual error bars of
the actual field data) was included to carry out
a realistic test, and an error bar similar to the field
data was used for all data. The starting and prior
models for the inversion were a 1.0 ohm-m
homogeneous half-space. The models included
the topography of the Ieyama hydrothermal area.
The inversion of the synthetic data set recov-

ered the minimum norm model with a target rms
misfit of 1.0 after five iterations (Figure 12b).
The resistivity values and shapes of the imaged
anomalies resembled those of the true models.
The conductive anomalies were well recovered
on all y-sections, indicating that data quality
was not spatially biased. Based on this inversion
result, we concluded that the observed CSEM
data are able to constrain the conductive anoma-
lies of the SMS.

Data measurement error

The observation error of the CSEM data
largely originates from the geometric measure-
ment errors of the transmitters and receivers;
as such, the geometric measurement error can af-
fect the inversion results (Weitemeyer and Con-
stable, 2014; Gehrmann et al., 2020). The SSBL
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Figure 11. Resistivity model from the 3D inversion of the observed data overlain with
the positions of transmitters (the magenta circles) and receivers (triangles). Designations
C1, C2, and C3 denote subseafloor electric conductive zones immediately below the
seafloor; C4 denotes a vertical conductive zone extending from the seafloor to a deeper
conductive zone of C5. (b) Map view of conductance over the top 50 m below the sea-
floor with the positions of mounds (the red stars), hydrothermal plumes (the orange
rhombus), and SP anomaly area (the dashed yellow lines). (c) Magnified view of
the active hydrothermal zone outlined by the red box in (b). Note that the color of
the mound is changed from Figure 9b to improve visibility.

E234 Ishizu et al.

D
ow

nl
oa

de
d 

05
/1

4/
22

 to
 1

52
.1

65
.1

42
.1

32
. 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

21
-0

32
8.

1



system recorded the positions of four self-popup OBE receivers
immediately after the deployment, not during transmitter tows.
The SSBL measured the position of the target object every 10 s
during the SSBL measurement, and the position error of each SSBL
measurement was approximately 10 m. SSBL measurements were
conducted for 20 min for each self-popup receiver. The SSBL mea-
surements for 20 min decreased uncertainty by less than 1 m for the
positions of four self-popup OBE receivers. The positioning error of
two mobile OBE receivers deployed by ROV was estimated to be
less than 5 m using a Doppler velocity log navigation for ROV.
The SSBL system recorded the positions of the MEMSYS trans-

mitter during tows. Seven SSBL measurements more than 68 s
(32 s: completing four cycles of 0.125 Hz square waves and
36 s: transmitter off) estimated the transmitter
position of each stacked data. The estimated un-
certainty was less than 4 m for the transmitter
position of each stacked data; as a result, the
processed CSEM data contained errors of up
to 5 m in transmitter-receiver offset for the four
self-popup OBE receivers (i.e., 1 m error of the
receivers + 4 m error of the transmitter). The min-
imum offset of the CSEM data used for the in-
version was 150 m, and the maximum offset was
2 km. The offset errors were estimated to be
3.3% and 0.25% for the minimum offset of
150 m and the maximum offset of 2 km for
the four self-popup OBE receivers. The proc-
essed CSEM data contained errors of up to
9 m in transmitter-receiver offset for the two mo-
bile OBE receivers (i.e., 5 m error of the receiv-
ers + 4 m error of the transmitter). For the two
mobile OBE receivers, the offset error for the
minimum offset of 150 m was estimated to be
6%, and the offset error for a maximum offset
of 1.5 km was estimated to be 0.45%. This esti-
mation demonstrated that the geometric error of
the transmitter and receiver is sufficiently small
for the CSEM survey.
We estimated the observation error of our

CSEM data in a stacking window containing four
cycles of the transmitted waveform. In general,
observation errors are estimated in a stacking win-
dow containing a few tens of transmitted wave-
forms (Myer et al., 2011). To ascertain whether
the estimation in the survey data was valid to ap-
ply to imaging SMS, we compared inverted mod-
els resulting from the stacked data of four wave
cycles (each stacking window of 68 s) and six
wave cycles (each stacking window of 108 s).
The stacking windows of 68 s and 108 s corre-
sponded to a sample interval of approximately
45 m and 72 m with the horizontal movement
of the transmitter, respectively. The procedure
for estimating the error bars for this six-cycle data
was the same as that used for the four-cycle data.
The resulting inverted resistivity model of the

six-cycle stacking data set was almost equivalent
to that of the four-cycle stacking data set, with
the exception of some portions (Figure 13a

and 13b). Figure 13c shows the normalized difference between
the two models. The differences were attributed to the ambiguities
in the estimation of observation error. Although four- or six-cycle
stacking was insufficient to estimate the standard error of observed
data statistically, the similarity between the two models indicated
that a practically reasonable standard error was obtained using four
wave cycles. However, C1 suffered from high ambiguities due to
the observation error estimation (Figure 13). The result of the
four-cycle stacking data set suggested that SMS deposits are ex-
tended at the surface near C1, compared with the results of the
six-cycle stacking data set. This indicated that we need to be careful
about interpreting the extent of the SMS deposits. We will collect
seafloor sampling of the SMS deposits around C1 to determine the

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

y = 0 m

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

y = 200 m

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

y = 400 m

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

y = 600 m

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

y = 800 m

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

y = 1000 m

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

y = 1200 m

0 500 1000 1500

x (m)

1000

1100

1200

z (
m)

y = 1400 m

a) b)True model Inverted model

y = 200 m

y = 400 m

y = 600 m

y = 800 m

y = 1000 m

y = 1200 m

y = 1400 m

y = 0 m

0 500 1000 1500
x (m)

0 500 1000 1500
x (m)

1000

1100

1200z
(m

)

1000

1100

1200z
(m

)

1000

1100

1200z
(m

)

1000

1100

1200z
(m

)

1000

1100

1200z
(m

)

1000

1100

1200z
(m

)

1000

1100

1200z
(m

)

1000

1100

1200z
(m

)

Resistivity (ohm-m)

1063.62.21.30.80.50.30.20.1

Figure 12. (a) Synthetic resistivity model based on an actual field survey from the
Ieyama hydrothermal area used to evaluate the ability of the CSEM data to constrain
conductive anomalies below the seafloor. This model consists of a 1.0 ohm-m back-
ground and a 0.1 ohm-m conductive anomaly with different spatial extensions em-
bedded in the background at two seafloor locations. Synthetic CSEM data have
been generated from the model using forward modeling, with 3833 data numbers from
the same survey configuration as the field data. We have added Gaussian random noise
(5–50% corresponding to individual error bars of the actual data) to the synthetic data set
to carry out a realistic test, and error bars similar to the actual data have been used for all
data. (b) Inverted resistivity model from synthetic data. The white lines mark the outline
of the true conductive anomalies.
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extent to which the SMS deposits extend horizontally. There also
was a large error regarding the geometry of C5. Therefore, when
interpreting C5, we need to be careful about the ambiguity of its
spread.

Detection and verification of potential SMS zones

We identify potential SMS zones based on the resistivity model
shown in Figure 11. The resistivity values of the shallow conductive
zones (C1–C3) are 0.1–0.3 ohm-m, interpreted as the potential SMS
zones below the seafloor. The resistivity values of C1, C2, and C3
(which are lower than the seawater resistivity value) are consistent
with the resistivity values of SMS measured in other hydrothermal
areas (Haroon et al., 2018; Müller et al., 2018; Gehrmann et al., 2019;
Ishizu et al., 2019). Only rocks with large porosity (>25%) and high-
temperature pore fluids (>300°C) are able to explain the median
0.2 ohm-m (i.e., resistivity values 0.1–0.3 ohm-m of C1–C3) if no

SMS is included there (Ishizu et al., 2019). Hydrothermal activity
on the seafloor is low at C1 and C3, based on the acoustic mapping
of the hydrothermal plume and ROV camera observations (Kasaya
et al., 2020). Although C2 contains an active hydrothermal zone
above the vertical conductive zone (C4), much of C2 is not hydro-
thermally active. This implies that these low-resistivity features result
from SMS rather than conductive hydrothermal fluids. Rocks with
0.2 ohm-m bulk resistivity in the Iheya hydrothermal field include
5% fine-grained sulfide minerals, such as pyrite, galena, and chalco-
pyrite (Ishizu et al., 2019). The negative SP anomaly and mounds at
C2 indicate that this zone is related to SMS deposits near the seafloor.
Conversely, hydrothermal plumes, mounds, and SP anomalies are not
detected in C1 and C3. The areas around C1 and C3 are covered by
mud (Kasaya et al., 2020); therefore, C1 and C3 are likely unrelated
to recent hydrothermal activities. They may be old SMS deposits
buried below the seafloor by sedimentation after they formed.
The vertical conductive zone (C4) with a resistivity value of

0.3 ohm-m is imaged below the hydrothermal plumes (Figure 11).
The hydrothermal activity is relatively high on the seafloor at C4
(Kasaya et al., 2020). The positional correspondence between C4
and the seafloor hydrothermal plumes indicates that C4 is a poten-
tial conduit of hydrothermal fluid, upwelling from the deep subsea-
floor. The upwelling fluids are discharged to the seafloor, and
discharged fluids are likely detected as hydrothermal plumes. A
deeper conductive zone of C5 is connected to C4 and probably acts
as a hydrothermal reservoir from which fluids flow to C4. Although
C4 and C5 may include SMS, the higher resistivity of C4 and C5
than C1–C3 implies that C4 and C5 are primarily attributed to con-
ductive fluids as opposed to SMS.
Each conductor (i.e., C1–C3) has a horizontal size of several hun-

dred meters (200–500 m) and a thickness of several tens of meters
(25–50 m). Assuming that these conductors consist of SMS, each
SMS size is comparable to that of another SMS zone confirmed by
drilling data in the Izena hydrothermal area (de Sá et al., 2020) and
the TAG mound (Murton et al., 2019). Although no drilling has
been carried out in this survey area, the geometrical consistency
with previous studies on SMS demonstrates that this CSEM survey
with 3D inversion can delineate the typical SMS distribution. Based
on the 3D resistivity structures, we suggest that C1–C3 are potential
SMS zones in the Ieyama hydrothermal area.

CONCLUSION

The cost of a 3D CSEM survey largely depends on the number of
deployed OBE receivers. This study proposes a cost-effective 3D
marine CSEM survey using fewer OBE receivers than the survey
with a receiver deployment in a grid pattern to reduce survey costs
for SMS. The proposed CSEM survey uses a line of OBE receivers
in the center of the survey area and several transmitter towlines. By
contrast, the 3D survey with a receiver deployment in a grid pattern
uses several lines of OBE receivers with several transmitter tow-
lines. Numerical tests demonstrate that the proposed survey (seven
OBE receivers) using 80% fewer receivers than a survey with a
receiver deployment in a grid pattern (35 OBE receivers) accurately
delineates resistors and conductors distributed at different seafloor
locations, obtaining a performance similar to that of the conven-
tional survey. This demonstrates a high cost-effectiveness of the
proposed survey. The proposed survey also is advantageous in terms
of reducing the computation time; this is reduced by 34% compared
to the conventional survey for a synthetic example. The synthetic
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Figure 13. The 2D sections along line 1 (the dashed white line in
Figure 9b) of (a)mref : an inverted resistivity model from the data set
with each stacking window of 68 s (32 s: four cycles of 8 s square
waves and 36 s: three times of 12 s transmitter off) and (b) mper: an
inverted resistivity model from the data set with each stacking win-
dow of 108 s (48 s: six cycles of 8 s square waves and 60 s: five
times of 12 s transmitter off). The mref is the same as the model
shown in Figure 11. (c) Uncertainty of the inverted model attribut-
able to the estimates of the observation error. The uncertainty is
defined as the normalized difference: jmper −mref∕mref j × 100%.
The stacking windows of 68 s and 108 s correspond to a sample
interval of approximately 45 m and 72 m with the horizontal move-
ment of the transmitter, respectively.
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test demonstrates that the proposed survey using fewer OBE receiv-
ers also is effective in mapping a realistic SMS model.
We have explored SMS in the Ieyama hydrothermal area off Oki-

nawa, southwest Japan, using the proposed 3D CSEM survey; this
survey uses a line of six OBE receivers in the survey center and
three transmitter towlines. The resulting 3D resistivity distribution
from the observed data highlights three potential SMS zones con-
sisting of 0.2 ohm-m low resistivity embedded into 1 ohm-m sedi-
ment. The size of each potential SMS zone is comparable to that of
another SMS zone in the TAG mound. The resistivity distribution
also specifies a vertical conductor representing a potential conduit
for hydrothermal fluids.
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APPENDIX A

3D CSEM FORWARD MODELING
AND ITS VALIDATION

The 3D CSEM forward modeling uses the FDM method com-
bined with a scattered field approach. The scattered field approach
splits electric fields into a primary and secondary field to exclude
source-point singularities from the numerical computations (New-
man and Alumbaugh, 1997; Weiss and Constable, 2006; Streich,
2009; da Silva et al., 2012; Li et al., 2018). Using the scattered field
approach, we solve the vector Helmholtz equation for the secondary
electric field:

−∇ × ∇ × Es þ iωμσEs þ iωμðσ − σpÞEp ¼ 0; (A-1)

where ω denotes the angular frequency of the field assuming time-
dependence of the form e−iωt, μ expresses the magnetic permeabil-
ity, σ signifies the conductivity, σp represents the background lay-
ered earth conductivity for the primary field computation, Ep

represents the primary electric field, and Es denotes the secondary
electric field.
Primary electric fields are analytically calculated by solving the

Hankel transform in a layered background model (Key, 2009; Li
and Li, 2016). The layered background model for computing
primary fields consists of air, sea, and seafloor homogeneous

half-space. The primary fields are time-consuming to compute
because they must be computed for all FDM grids per transmitter
and frequency. To shorten the computation time of primary fields,
we apply parallel implementation with MPI processes. The compu-
tation is parallelized over grids. All primary fields are computed
only once at the beginning of our code. The computed primary
fields are stored and reused for each forward calculation.
We apply FDMwith a staggered grid to equation A-1, resulting in

a linear system:

AEs ¼ b; (A-2)

where A is complex, sparse, and symmetric positive definite and b
is a vector, including the primary field information and the Dirichlet
boundary condition of the secondary electric field. A multicore par-
allel sparse direct solver PARDISO (Schenk, 2022) via Intel Math
Kernel Library (MKL) is used to solve the linear system (Schenk
and Gärtner, 2004). The direct forward solvers are suitable for mul-
tisource marine CSEM modeling because the expensive matrix fac-
torization needs to be performed only once, and then multiple
forward solutions can be computed cheaply (Börner et al., 2008;
Streich, 2009; Grayver et al., 2013; Key, 2016; Puzyrev et al.,
2016; Cai et al., 2017; Castillo-Reyes et al., 2019). The computed
secondary field is added to the primary field to obtain the total elec-
tric field.
The forward modeling algorithm is validated using a 3D example

of an oil field model (Figure A-1). The model consists of an air layer
with 108 ohm-m resistivity, a seawater layer with 0.3 ohm-m resis-
tivity and 1 km thickness, and a reservoir with 100 ohm-m resis-
tivity embedded in a seafloor layer with 1 ohm-m resistivity. The
reservoir is a cuboid with 4 km length, 4 km width, and 100 m
height at 1 km depth below the seafloor. The center of the reservoir
corresponds to x ¼ 5 km and y ¼ 5 km. A transmitter using an
HED oriented along the y-direction is at x ¼ 5 km and
y ¼ 5 km at a height 100 m above the seafloor. In addition, 50
receivers are deployed on the seafloor at 200 m intervals from y ¼
0 to 10 km at x ¼ 5 km (except y ¼ 5 km). The forward modeling
calculation is performed on a grid of 98 × 98 × 65 cells, including
several boundary cells. For the horizontal cells, a 200 m grid is used
in the interest region {(x, y): 0 km < x, y < 10 km}. A 100 m grid is
used in the region close to the transmitter {(x, y): 2 km < x,
y < 8 km}. We append several boundary cells at each side, growing
in size at a stretching factor of 2.0. For the vertical grid, fine grids
are used close to the transmitters. The grid size increases gradually
with increasing distance from the transmitters. The primary field is
calculated from the layered earth consisting of the air, sea, and sea-
floor. The primary model is equivalent to a model deleting the res-
ervoir from Figure A-1. The anomaly structure for generating
secondary fields is the oil reservoir.
For evaluation of the solutions, the relative error for the amplitude

of CSEM response and the absolute error for the phase of CSEM
response are defined as

Relative errorð%Þ ¼ 100×
����
Rcal − Rref

Rref

���� (A-3)

and

Absolute error ¼ jRcal − Rref j; (A-4)
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where Rcal and Rref , respectively, denote the calculated response by
our forward modeling algorithm and the reference response from Li
et al. (2018).
Figure A-2 presents our solutions compared with 3D solutions ob-

tained using the forward modeling algorithm of Li et al. (2018) at a
frequency of 0.25 Hz. The discrepancy between our responses and
solutions obtained by Li et al. (2018) is less than 2.2% in amplitude
forEy,Ez, andHx. The absolute error of the phase is less than 1.8° for
Ey, Ez, andHx. We conclude that our forward modeling can produce
sufficiently accurate responses for this case. However, the reader is
reminded that the solutions by Li et al. (2018) cannot be treated as
exact as for analytical 1D solutions. Nevertheless, they are useful as
reference solutions. The discrepancy might result from the difference

in boundary conditions (Dirichlet versus perfectly matched layer), the
staggering scheme (electric field components versus magnetic field
components are on the edges), mesh design, or all of the above.

APPENDIX B

DETAIL OF MODEL UPDATE IN THE OCCAM
INVERSION ALGORITHM

Before the solution of equation 7, matrix CmJTk is first computed
by inverting C−1

m using PARDISO (Schenk and Gärtner, 2004). The
regularization C−1

m is nonnegative definite and singular. To make it
positive definite, a small value of 10−4 is added to its diagonal be-

fore inversion (Kordy et al., 2016). Then, matrix
multiplication Jk and CmJTk for JkCmJTk is imple-
mented using dgemm from Intel MKL (Intel,
2022). The dgemm routine calculates the product
of double-precision matrices. We solve the dense
and symmetric N × N matrix using a parallel di-
rect solver of dposv from Intel MKL using the
Cholesky decomposition (Intel, 2022). Solvers
of PARDISO, dgemm, and dposv use parallel
computations in the shared memory. Using many
threads reduces the computation time.
At every iteration of the Occam algorithm, we

search for λ that gives the model with the mini-
mum misfit in phase I or at the desired misfit in
phase II (Constable et al., 1987; Siripunvaraporn
and Egbert, 2000; Key, 2009). In phase I, the
Nelder-Mead search method (Nelder and Mead,
1965) through log10 λ is used to find λ with the
minimum misfit. In phase II, Brent’s method is
used to find the largest λ providing the desired
level of the misfit. Brent’s method is a hybrid
root-finding algorithm combining the bisection
method, the secant method, and inverse quadratic
interpolation (Press et al., 1992). If the minimum
search fails to find a model with a lower misfit,
then a reduced step of updating the model is
taken using model m 0

kþ1 (Key, 2009), as shown
here:

m 0
kþ1 ¼ αmkþ1 þ ð1 − αÞmk: (B-1)

Initially, step size α is set as one. Then, α is suc-
cessively cut in half until a better-fitting model is
obtained (Key, 2009).
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