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Offshore-onshore resistivity imaging of freshwater using a controlled-
source electromagnetic method: A feasibility study

Keiichi Ishizu' and Yasuo Ogawa'

ABSTRACT

Coastal freshwater provides a water source for more than
one billion people living in coastal regions. For sustainable
groundwater management in coastal areas, an understanding
of freshwater distribution is necessary. Freshwater distribution
in a coastal area can extend across the shoreline and into the
offshore region. Offshore-onshore mapping of freshwater helps
us to gain a comprehensive understanding of the freshwater
distribution in coastal areas. Resistivity imaging using electro-
magnetic methods has been used to reveal the freshwater dis-
tribution in coastal areas because electrical resistivity in these
settings is primarily controlled by porosity and porewater salin-
ity. We have considered a controlled-source electromagnetic
(CSEM) method for offshore-onshore resistivity imaging of
freshwater at a depth range of 0-500 m below the seafloor.
Our CSEM method is novel in considering an array of on-
shore-offshore electromagnetic receivers with onshore electric
dipole transmitters. We have conducted a feasibility study to
investigate the ability of the CSEM method for offshore-on-
shore resistivity imaging of freshwater in a coastal area.
The test results indicate that the method could image the re-
sistivity distribution of freshwater located at a depth of 500 m
below the seafloor. Our model study also indicates that the off-
shore-onshore CSEM method can detect offshore aquifers up
to 5 km from the shoreline. These numerical test results imply
that our CSEM method is a promising technique for offshore-
onshore resistivity imaging of freshwater in coastal areas.

INTRODUCTION

Coastal freshwater is essential to water resources, providing
a water source for more than one billion people living in coastal

regions (Post, 2005). For sustainable groundwater management
in coastal areas, it is necessary to understand the coastal freshwater
distribution, which can extend across the shoreline and into the off-
shore region (Johnston, 1983). The offshore-onshore mapping of
freshwater can, therefore, help us to gain a comprehensive under-
standing of the freshwater distribution in coastal areas. In coastal
areas of Japan, carbon capture and storage projects are ongoing
(Sawada et al., 2018); they require freshwater distribution maps
because the fluid migration process is critical for their application
(Gaus, 2010).

The distribution of electrical resistivity provides a useful constraint
for the distribution and salinity of fluid. In coastal areas, the bulk
resistivity primarily depends on porosity and porewater salinity
and temperature (Archie, 1942; Revil et al., 1998). Using Archie’s
law, porewater salinity can be determined by the bulk resistivity
under an assumed porosity. Based on onshore well-logging data near
the shoreline, Ueda et al. (2014) find that a high bulk resistivity (20
ohm-m) corresponded to sediments with low-salinity porewater,
whereas a low bulk resistivity (1 ohm-m) corresponded to sediments
with high-salinity porewater. The electromagnetic method, which can
remotely reveal the spatial distribution of resistivity, is suitable for
investigating the distribution and salinity of fluid below the ground
and seafloor due to the contrasting resistivity values.

Electromagnetic and electric geophysical methods have been
used to map the spatial distribution of resistivity in coastal areas
(Dimova et al., 2012; Binley et al., 2015). Electric resistivity tomog-
raphy provides resistivity mapping by deploying electrodes from
the landward side to the seaward side with a shallow exploration
depth of approximately 50 m below the seafloor (Hermans and
Paepen, 2020). The airborne transient electromagnetic (TEM)
method can be used to quickly investigate the extensive resistivity
distribution in coastal areas; however, its penetration depth is
strongly limited by the existence of the conductive sea layer (Ito
et al., 2011; Pedersen et al., 2017). Magnetotelluric (MT) methods
have been used to map offshore-onshore resistivity structures over a
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deeper range (Mitsuhata et al., 2006; Ueda et al., 2014; Suzuki et al.,
2017). However, the MT method is insensitive to thin resistive
structures of freshwater compared with controlled-source electro-
magnetic (CSEM) methods (Gustafson et al., 2019). In this study,
we focus on a CSEM method to overcome the limited exploration
depth and mapping ability of thin resistive freshwater in a
coastal area.

To explore various targets (e.g., hydrocarbon, gas hydrate, metal
deposits, and freshwater), previous studies have used CSEM methods
on land (Wirianto et al., 2010; Grayver et al., 2014; Strack, 2014; Tie-
tze et al., 2015; Streich, 2016; Schaller et al., 2017; Malovichko et al.,
2019) and in marine environments (Eidesmo et al., 2002; Evans, 2007;
Plessix and Mulder, 2008; Commer and Newman, 2009; Schwalen-
berg et al., 2010; Key, 2012; Zhdanov et al., 2014; Haroon et al., 2017,
2018; Blatter et al., 2019; Constable et al., 2019; Gustafson et al.,
2019; Johansen et al., 2019; Lippert and Tezkan, 2020; Micallef et al.,
2020). Although CSEM methods are sensitive to conductors and re-
sistors, a particularly important feature is their higher sensitivity to thin
buried resistors. By using the sensitivity to thin resistive targets,
CSEM methods have been used to image offshore freshwater (Evans,
2007; Blatter et al., 2019; Gustafson et al., 2019; Attias et al., 2020;
Lippert and Tezkan, 2020; Micallef et al., 2020).

The present study’s target is the freshwater distribution from the
seaward side to the landward side in a coastal area. We propose a
frequency-domain CSEM method with onshore transmitters and
amphibious receivers for offshore-onshore resistivity imaging of
freshwater, and we present a feasibility test to demonstrate its ef-
fectiveness through forward modeling and inversion. Our CSEM
method is novel in considering an array of amphibious electromag-
netic receivers with onshore electric dipole transmitters. First, we
describe the CSEM method and its 3D forward modeling and in-
version. Then, a conceptual freshwater model in a coastal area is
presented for the feasibility test, and we conduct the forward-mod-
eling test using the conceptual model. Finally, we investigate the 3D
imaging ability of the CSEM method by applying the inversion to
synthetic data generated from the conceptual model.

METHODS

CSEM method for offshore-onshore resistivity imaging
of freshwater

The CSEM method uses artificial electromagnetic fields to infer
the subsurface electrical resistivity structure (Constable, 2010;

Transmitter

Land receivers

Seafloor receive

Figure 1. Schematic diagram of a CSEM method for offshore-on-
shore resistivity imaging of freshwater in a coastal area. Our study
examines a CSEM method that involves onshore transmitters and
onshore-offshore receivers.

Streich, 2016). Many different sources and receiver configurations
have been proposed for CSEM methods. The electric dipole-dipole
CSEM method is a specific variation sensitive to thin resistive
layers, whereas the magnetic dipole-dipole CSEM methods are used
for mineral prospecting of conductive bodies (Constable, 2013;
Streich, 2016). Notably, the marine frequency-domain CSEM
method using electric dipole-dipole configuration has become a
well-established geophysical tool for the imaging of hydrocarbons
in the deep sea (Constable, 2010). We focus on a configuration of
electric dipole transmitters and electromagnetic receivers because
this configuration is sensitive to thin resistive layers of freshwater.

As mentioned in the “Introduction” section, CSEM methods have
been used in land and marine environments to explore various tar-
gets. For the typical marine CSEM method, the transmitter dipole is
towed from the ship to 20-50 m above the seafloor, where the sea-
floor receivers subsequently record the resultant electromagnetic
fields (Eidesmo et al., 2002; Plessix and Mulder, 2008; Commer
and Newman, 2009; Constable, 2010; Key, 2012; Mittet and
Morten, 2013). Marine CSEM receivers can also be towed behind
the survey vessel (Sherman et al., 2017; Gustafson et al., 2019; At-
tias et al., 2020). Land CSEM methods use transmitters and receiv-
ers on the ground surface (Grayver et al., 2014; Strack, 2014). The
presence of a conductive seawater layer has a profound influence on
the electromagnetic field propagation and so marks a fundamental
difference between terrestrial and marine approaches to surveying.

Freshwater exploration on the seafloor has been undertaken using
CSEM methods based on the sea-surface towed configuration (Blat-
ter et al., 2019; Gustafson et al., 2019) and seafloor deployed trans-
mitter and receiver arrays (Evans et al., 2007; Haroon et al., 2017;
Lippert and Tezkan, 2020; Micallef et al., 2020). Given that our
target is the freshwater distribution from the seaward side to the
landward side in a coastal area, we propose a new CSEM method
that consists of onshore electric dipole transmitters and amphibious
electromagnetic receivers (Figure 1) to obtain offshore-onshore re-
sistivity imaging. This CSEM method is a combination of offshore
and onshore CSEM methods, and it actually resembles an onshore
CSEM method with a configuration of the surface transmitter and
receivers buried below the ground. We conducted numerical tests
using forward modeling and inversion to demonstrate the effective-
ness of the CSEM method for offshore-onshore resistivity imaging
of freshwater. The next section briefly describes the 3D forward
modeling and inversion processes.

3D CSEM forward modeling and inversion

The 3D CSEM forward modeling method used the finite-differ-
ence method (FDM) combined with a scattered field approach. In
the scattered field approach, the electric and magnetic fields are split
into primary and secondary parts as follows:

E = E° + E’, (1)

H=Hr + H°, (2)

where EP represents the primary electric field, E® denotes the sec-
ondary electric field, HP signifies the primary magnetic field, and H*
represents the secondary magnetic field. Splitting into primary and
secondary fields excludes source-point singularities from numerical
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computations (Newman and Alumbaugh, 1997; Weiss and Constable,
2006). Primary fields are analytically calculated by solving the Hankel
transform in layered earth conductivity (Key, 2009). The transmitter
used in this study was a point source dipole.

Using the calculated primary field, we solved the vector Helm-
holtz equation for the secondary electric field as follows:

-V XV XE® + ioucE® + iopu(c —c?)EP =0, (3)

where @ denotes the angular frequency of the field assuming the
time dependence of the form e~ u is the magnetic permeability,
o is the conductivity, and o represents the background layered
earth conductivity for the primary field computation. We applied
FDM with a staggered grid to equation 3, thus resulting in a linear
system:

AE* = b, “

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. PARDISO, a
multicore parallel sparse direct solver, was used to solve the linear
system. Direct solvers are numerically robust, especially for low-
frequency electromagnetic difficulties (Oldenburg et al., 2013).
The computed secondary field was added to the primary field to
obtain the total field.

To convert the CSEM data to resistivity structures, we use a 3D
inversion code based on the data-space Occam algorithm (Siripun-
varaporn and Egbert, 2000). The Occam inversion algorithm seeks
the model with the minimum norm at an appropriate misfit level by
automatically adjusting the regularization parameter (Constable
et al., 1987). The data-space approach can reduce the computation
costs of memory and CPU time if the data number N is less than the
model number M (Siripunvaraporn and Egbert, 2000). For the 3D
CSEM method considered here, N is much lower than M, thus
reducing the computational costs.

The regularized inverse problem seeks to minimize the functional
as follows:

U = (m-my)"C;; (m—my)

+47H{(d - Fm))"C;'(d - Flm]) - y2}.  (5)

where m is a vector log;, 6, m, denotes a prior
model, d represents the observed data, F[m] sig-
nifies the forward-modeling response, C,, is the
model covariance, C, is a data covariance ma-
trix, y, represents the desired level of misfit,
and 47! is a Lagrange multiplier. To minimize
U in equation 5, we take the derivative with re-
spect to the model and set it to zero. Nonlinearity
in CSEM methods means that the resulting equa-
tion is solved iteratively by creating a sequence
of models, each of which gradually provides a
better fit to the data. After linearizing an initial
model (my), the next model, m,_ |, is expressed
by

z(m)

Sea: 0.3 ohm-m d; i
VVVVVVVVVVVVV VYV

where f,,, is an unknown expansion coefficient vector of the basis
functions ijkr. The vector #;, is obtained by solving

(ACs + N CoI) )it = d;. @)
where
d; = d - Flmy] + J;(m; —my). ()

Therefore, J; is the sensitivity matrix of N X M at m;. We solved
the dense and symmetric N X N matrix in equation 7 using a parallel
direct solver of “dposv” from MKL LAPACK using the Cholesky
decomposition. The model update iterations are continued until the
target misfit y, has been reached. The regularization term C;;' is
defined as the first derivative roughness penalty.

RESULTS

We conducted numerical tests to investigate the effectiveness of
the CSEM method for offshore-onshore resistivity imaging of fresh-
water in a coastal area. First, a conceptual resistivity model for the
feasibility test is presented. Then, we conduct the detectability test
using forward modeling. The points mainly studied in the test are
the effects of transmitter-receiver geometries, transmitting frequen-
cies, different sea depths, and different freshwater burial depths on
detectability. The 3D imaging ability of the CSEM method is dem-
onstrated by applying the inversion to synthetic data generated from
the conceptual model. We also compare the imaging ability of the
CSEM and MT inversion using synthetic data.

Conceptual model in a coastal zone

A conceptual offshore-onshore resistivity model resembles a
model obtained by the 2D inversion of MT data in a coastal area,
Hokkaido, north Japan, as shown in Ueda et al. (2014; Figure 7).
The MT inversion imaged freshwater zones with a resistivity of 20
ohm-m, and these freshwater zones have been confirmed by on-
shore well-logging data (Ueda et al., 2014). The conceptual model
includes 1 ohm-m sediments, 0.3 ohm-m seawater, and a 20 ohm-m
resistive anomaly simulating a freshwater zone with dimensions of
2000 m (width) x 3000 m (Iength) X 100 m (height) (Figure 2). An

Transmi{ters
Land

v YOV Vv V@ V _V

Sediments: 1 ohm-m
[ =

Feamanszoomn T

3000 m

y(m)

Figure 2. Synthetic model to demonstrate the effectiveness of a CSEM survey for the
offshore-onshore resistivity imaging of freshwater. The model includes air, sea, sedi-
ments, and a 20 ohm-m freshwater reservoir (dimensions: 2000 m [width] X

3000 m [length] x 100 m [height]) embedded into the sediment. The terms d; and
d, denote the sea depth and burial depth of the target freshwater, respectively. The

my —my = C,J fi1. (6)

circles and triangles indicate the transmitter and receiver positions, respectively. The
shoreline followed the x-direction at y = 0 m.
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air layer with resistivity of 10% ohm-m is present at the top of the
model. For the later detectability test, the sea depth and the burial
depth of the target freshwater were denoted by d; and d,, respec-
tively. The 3D view of the resistivity model with d; = 30 m and
d, = 300 m is displayed in Figure 3.

Three transmitter sites were located at (x, y, z) = (0 m, 1000 m,
0 m), (0 m, 2000 m, 0 m), and (0 m, 3000 m, O m) on land, each of
which included two horizontal electric dipoles (HEDs) oriented
along the x- and y-directions. Receivers were deployed on the sea-
floor and ground at 500 m intervals from y = —5000 to 3000 m at
three profiles of x = —1500, 0, and 1500 m. The shoreline followed
the x-direction at y = 0 m. The electromagnetic components ob-
served in the inline array (the transmitter pointing toward the y-di-
rection and the receivers positioned along the y-axis) were E,, E_,
and H,. The components in the broadside array (the transmitter
pointing toward the x-direction and the receivers positioned along
the y-axis) were E,, H,, and H,. We normalized the E (V/m) and
H (A/m) values recorded at the receivers using the source dipole

a) 3D view
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X (m) —2000 —5000

b) 2D sectionat x=0m

s 0
é I
N 500

—5000 —4000 —3000 —2000 —1000 O 1000 2000 3000
y(m)

c) 2D section at z=380 m
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—2000
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Figure 3. (a) The 3D view of the synthetic model shown in Figure 2
with the sea depth (d;) set to 30 m and the burial depth of freshwater
(d,) set to 300 m. This model includes air, sea, sediments, and a 20
ohm-m freshwater reservoir (dimensions: 2000 m [width] x 3000 m
[length] X 100 m [height]) embedded into 1 ohm-m sediments (top
at z = 330 m). (b and c) The 2D sections of the model at x = 0 m
and z = 380 m, respectively. The circles and triangles show the
transmitter and receiver positions, respectively. The shoreline fol-
lowed the x-direction at y = 0 m.

moment (Am). The units of the E and H amplitudes are V/Am?
and 1/m?, respectively.

Detectability test using forward modeling

We conducted a numerical test using forward modeling to inves-
tigate the ability of the proposed CSEM method to detect the fresh-
water zone. This test used the conceptual resistivity model, which
included freshwater (Figure 2). To investigate the detectability of
the target freshwater, we used the normalized amplitude (R°):

[R°]
T ©)

where R“ is the CSEM response with a target anomaly of freshwater
and R? is the CSEM response without an anomaly. The R° value
provides a useful indicator of a target structure’s detectability (Swi-
dinsky et al., 2013), where an R value of one indicates no detect-
ability.

The forward-modeling calculation of the CSEM responses was
performed on a computer (@Xeon 3.10 GHz Gold 6254 CPU; Intel
Corp.) with 3 TB of RAM. A computation grid consisted of 56 X
133 X 95 cells, including several boundary cells. For the horizontal
cells, a 100 m grid was used. We appended the boundary cells at
each side, growing at a stretching factor of 2.0. For the vertical grid,
the finest grid of 5 m was used near the transmitter, and the grid size
increased gradually with the increasing distance from the transmit-
ters. Before conducting the test, we compared the forward-modeling
responses with the analytical solutions in the 1D resistivity models.
The comparisons showed that the forward modeling could produce
sufficiently accurate responses for the 1D resistivity models.

CSEM responses depend on earth resistivity structures, transmit-
ter-receiver geometries, and transmitting frequencies. Understand-
ing the effective transmitter-receiver geometries and transmitting
frequencies for imaging target structures is helpful for an efficient
data acquisition in the field. First, we conducted a test on the ef-
fective transmitter-receiver geometries and transmitting frequen-
cies. We considered the 3D resistivity model shown in Figure 3,
which corresponds to a model of Figure 2 with d; =30 m and
d, =300 m. We generated CSEM responses for the three onshore
transmitter positions at (x, y, z) = (0 m, 1000 m, 0 m), (0 m, 2000 m,
0 m), and (0 m, 3000 m, O m) using forward modeling. The trans-
mitters used a y-direction HED, and the receiver line was along the
y-direction at x = 0 m. The transmitting frequencies were 0.01, 0.1,
and 1.0 Hz.

The inline E, from a y-direction transmitter dipole at (0 m,
1000 m, 0 m) showed a clear detectability of the target freshwater
(Figure 4a and 4c). The 20 ohm-m resistive freshwater increased the
E, amplitude on the receivers. The maximum RO values for 0.01,
0.1, and 1.0 Hz were 2.2, 2.6, and 2.9, respectively. The higher
frequencies obtained a greater detectability for the transmitter di-
pole at (0 m, 1000 m, O m). The seafloor receiver at
y = =500 m recorded a maximum R° value of 2.9 for 1.0 Hz.
The maximum R° values for 0.1 and 0.01 Hz were observed at
a seafloor receiver at y = —2000 m. The seafloor receiver at
y = —=5000 m from the freshwater recorded few effects of the fresh-
water anomaly at all three frequencies. The R® values for the on-
shore receivers were much smaller than those of the seafloor
receivers. We also calculated CSEM data at a frequency of
10 Hz. The maximum R values for 10 Hz were 1.1. The 10 Hz
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data obtained much lower detectability than the 1 Hz for this model
setting.

The E|, responses of the transmitter dipole at (0 m, 2000 m, 0 m)
exhibited smaller detectability than those of the transmitter dipole at
(0 m, 1000 m, 0 m) for all three frequencies (Figure 4b and 4d). The
maximum R° values for 0.01, 0.1, and 1.0 Hz were 1.3, 1.4, and 1.1,
respectively; hence, the highest R® value was observed at 0.1 Hz.
The seafloor receiver at y = —1500 m observed a maximum R°
value of 1.4 at a frequency of 0.1 Hz (Figure 4d). The pattern of
detectability for the R® at 1.0 Hz differed to the patterns at 0.01
and 0.1 Hz. The observed inline £, at 0.01 and 0.1 Hz had RO values
of >1.0, thus indicating that the existence of freshwater increased
the amplitude. However, the response at 1.0 Hz had an R value of
<1 at the seafloor receivers from y = —2500 to —500 m. The E,
responses of the transmitter dipole at (0 m, 3000 m, 0 m) had a
smaller detectability than those of the transmitter dipoles at
(0 m, 1000 m, 0 m) and (0 m, 2000 m, 0 m). The maximum R’
value was 1.1 at 0.1 Hz.

The receivers recorded the phase information of electromagnetic
fields as well as the amplitude. The phases and their difference for
inline E, responses generated from y-direction transmitter dipoles
at (0 m, 1000 m, 0 m) and (0 m, 2000 m, O m) are shown in Figure 5.
The maximum phase difference values for the transmitter dipole at
(0 m, 1000 m, 0 m) for 0.01, 0.1, and 1.0 Hz were
0.0°, 10.0°, and 55.8°, respectively. The seafloor
receiver at y = —1500 m exhibited the largest

=)
~
2
™

seaward side and at y = 3000 m on the landward side. The highest
R value of 28.4 at 1.0 Hz was observed at y = 3000 m on the land-
ward side. The amplitude of H, was smaller with resistive fresh-
water (Figure 6b and 6d). The minimum R° values for 0.01, 0.1,
and 1.0 Hz were 0.70, 0.68, and 0.66, respectively. The RO distri-
bution patterns were similar among the three frequencies. The low-
est R? values were observed at y = —500 m on the seafloor for all
three frequencies. In addition, E, had the highest R value among
the inline components of E,, E,, and H,. We note that the higher
detectability of E, in comparison with E, did not necessarily cor-
respond to a higher resolution (Key, 2012).

The broadside component of E, generated from an x-direction
HED primarily uses the horizontal current. To fully characterize
the electromagnetic field responses in a 3D situation, the electro-
magnetic field must be recorded for at least two different source
polarizations (Caldwell et al., 2002). The broadside E, observed
a higher amplitude with a resistive target structure (Figure 7).
The maximum R° values for 0.01, 0.1, and 1.0 Hz were 1.4,
1.3, and 1.2, respectively. The seafloor receiver at y = —500 m near
the shoreline observed the highest R values for all three frequen-
cies. The R® values were smoothly distributed for the transmitter-
receiver offset. The peak R? value of E, was much lower than that
of the inline E,. Model studies of onshore CSEM methods for

phase difference of 55.8° at 1.0 Hz (Figure 5c¢).
The peak value of the phase difference for the
transmitter dipole at (0 m, 2000 m, 0 m) was
11.7° at 1.0 Hz (Figure 5d). The E, phase differ-
ence generated from the transmitter dipole at
(0 m, 2000 m, 0 m) was smaller than that at
(0 m, 1000 m, 0 m). A similar result was also
observed for the amplitude data. The phase dif-
ference at 0.01 Hz was close to zero for all

o o =
L L9
2 3 %

Inline £, amplitude (V/Am 2)
3
[

<
3

receivers of the two transmitters. Inductive at-
tenuation of the electromagnetic field caused

—4000

—2000 0 2000 —4000 —2000 0 2000

=
~
>

&

S
b

Inline E, amplitude (V/Am?)

y (m) y(m)

the observed phase shift. The process of induc- ¢) 1o
tive attenuation and phase shift occurs when the
skin depths are comparable to the distance over
which the electromagnetic energy has traveled
(Constable, 2010).

The other electromagnetic components of E,
and H, exist in the inline geometry. The useful-
ness of these components has been demonstrated
by numerical tests (Um and Alumbaugh, 2007;
Mittet and Morten, 2013) and field data (Consta-
ble et al., 2019). We considered E, and H, from a
y-direction transmitter dipole at (0 m, 1000 m,

Inline Ey normalized amplitude

—4000

I— S 0
—2000 0 2000 —4000 —2000 0 2000

——0.01 Hz
0.1 Hz
—1Hz

——0.01 Hz
0.1 Hz
8 —1Hz

Inline Ey normalized amplitude

e ]
I— B

y(m) y(m)

0 m). The onshore measurement of E, was con-
ducted at 0.01 m below the ground surface, and
seafloor receivers measured E, at 0.01 m above
the seafloor. Freshwater increased the observed
E, amplitude on the seafloor and land (Figure 6a
and 6¢). The E, responses were not smoothly dis-
tributed for the transmitter-receiver offset. The
maximum R° values for 0.01, 0.1, and 1.0 Hz
were 14.5, 17.1, and 28.4, respectively. Two
peaks were observed at y = —2500 m on the

Figure 4. Inline E, amplitude and normalized amplitude (R®) for different transmitter
positions for the model shown in Figure 3, which corresponds to that in Figure 2 with the
sea depth (d;) set to 30 m and the burial depth of freshwater (d,) set to 300 m. The
transmitters use a y-direction HED. Showing the E, amplitude for the transmitter at
(@) (x, y, z) = (0 m, 1000 m, 0 m) and (b) (0 m, 2000 m, 0 m) as a function of the
receiver along the y-direction at x = 0 m. The solid and dashed lines present the re-
sponse with (R?) and without (R”) the freshwater anomaly, respectively. The E, nor-
malized amplitude (R®) for the transmitter at (c) (0 m, 1000 m, 0 m) and (d) (0 m,
2000 m, O m). The blue, yellow, and purple lines show the responses at frequencies
of 0.01, 0.1, and 1.0 Hz, respectively. The magenta circles and blue rectangles indicate
the transmitter position and horizontal position of freshwater, respectively. The shoreline
followed the x-direction at y = 0 m.
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Figure 5. The same as Figure 4 except that inline E, phase and phase difference are
plotted. The E, phase for transmitter at (a) (x, y, z) = (0 m, 1000 m, 0 m) and (b) (0 m,
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and (d) H, as a function of the receiver along the y-direction at x =0 m. The
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buried hydrocarbon reservoirs obtained similar
results for the higher detectability of the inline
electric field in comparison with the broadside
electric field (Streich, 2016).

The sea depth in coastal areas ranges from a
few meters to a few hundred meters. It is well
known that there is a shallow-water air-wave
problem in a marine CSEM. For shallow water
(depths less than, e.g., 300 m), the airwave domi-
nates the measured electromagnetic fields so that
the sought-after signals from thin resistive bodies
in the subsurface can be masked (Weiss, 2007;
Constable, 2010; Lgseth et al., 2010; Mittet
and Morten, 2013). The sea depth may also affect
the detectability of freshwater with our CSEM
method. We investigated the effect of sea depth
on the CSEM method’s detectability of fresh-
water. Models with different sea depths
(dy = 10, 30, and 100 m) but a fixed burial depth
(d> = 300 m) were considered (Figure 2). The
inline £, generated from a y-direction transmitter
dipole at (0 m, 1000 m, 0 m) exhibited a strong
detectability for the three different sea depths
(Figure 8). We note that the model with d; =
30 m is the same as that in Figure 3 that was used
in the above tests. The maximum R° values at
1.0 Hz for d, = 10, 30, and 100 m were 3.0,
2.9, and 2.5, respectively. Although a d; of
100 m had a smaller peak R° value compared
with those with a d; of 10 and 30 m, the detect-
ability for d; = 100 m was still significant.

The depth of a buried target generally limits
the detectability of CSEM methods. We con-
ducted a test on the detectability of our CSEM
method for different burial depths of freshwater.
Models with different d, values (100, 300, and
1000 m) but a fixed d; of 30 m were considered
(Figure 2). The results of the calculated inline E,
responses generated from a y-direction transmit-
ter dipole at (O m, 1000 m, O m) are shown in
Figure 9. The peak R° value was 5.8, 2.8, and
1.4 for a d, burial depth of 100, 300, and
1000 m obtained at 1.0, 1.0, and 0.1 Hz, respec-
tively. Thus, the detectability of the shallower tar-
get was higher than that of the deeper target
owing to the diffusive nature of the electromag-
netic method.

The model of Figure 3 considers a freshwater
body that is 3000 m long (—2000 to 1000 m on
the y-axis). However, there is offshore freshwater
more than tens of kilometers long (Gustafson
et al.,, 2019). Knowing how far offshore our
CSEM method can detect the freshwater helps
us discuss the more general utility of the method.
To study how far offshore our CSEM method can
detect freshwater, we considered a model with a
freshwater zone of 50 km in length (-25 to
25 km on the y-axis). The model includes 1
ohm-m sediments, 0.3 ohm-m seawater, and a
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20 ohm-m freshwater zone. The freshwater dimensions are 2000 m
(width) x 50 km (length) X 100 m (height) (Figure 10a). An air
layer with resistivity of 10% ohm-m is present at the top of the
model. The sea depth (d;) is 30 m, and the freshwater burial depth
(d») is 300 m. We generated CSEM responses from the model using
forward modeling. A computation grid consisted of 56 x 133 X 95
cells, including several boundary cells. For the horizontal cells, a
300 m grid was used.

‘We first considered an onshore transmitter at (0 m, 1 km, O m) for
this detectability test. The transmitter used a y-direction HED. The
transmitting frequencies were 0.01, 0.1, and 1.0 Hz. Receivers were
deployed on the seafloor and ground at 1 km intervals from
y = =20 to 20 km at a profile of x = 0 m. The inline E, from a
transmitter dipole at (O m, 1 km, O m) showed the clear detectability
of the target freshwater (Figure 10c and 10f). The high E, amplitude
(R > 1.2) was observed at receivers of —5 to 7 km locations. This
result implies that, if we use an onshore transmitter located near the
shoreline, the resolvable range of offshore freshwater can be 5 km
from the shoreline.

To detect freshwater on further offshore and onshore sides, we
considered an offshore transmitter at (x, y, z) = (0 m, —10 km,
30 m) and an onshore transmitter at (0 m, 10 km, O m). The inline
E, from a y-direction transmitter dipole at (O m, —10 km, 30 m)
detected the offshore freshwater away from the shoreline (Fig-
ure 10b and 10e). The high E, amplitude (R® > 1.2) was observed
at receivers of —16 to —4 km locations. The inline E, from a y-di-
rection transmitter dipole at (0 m, 10 km, 0 m) detected the onshore
freshwater away from the shoreline (Figure 10d and 10g). The high
E, amplitude (R® > 1.2) was observed at receivers of 4—16 km lo-
cations. This result showed that offshore-onshore transmitters and
receivers away from the shoreline are effective in detecting fresh-
water on further offshore and onshore sides. This test result also
implies that the transmitter located at 6 km intervals from
y = —25 to 25 km are necessary for resolving the whole extension
of the freshwater.

Imaging ability using inversion

Inversion can convert the observed CSEM data to earth resistivity
structures. We investigated the 3D CSEM inversion ability to image
freshwater zones in coastal areas using the synthetic model shown
in Figure 3 (d; = 30 m; d, = 300 m). Three onshore transmitter
sites were located at (x, y, z) = (0 m, 1000 m, 0 m), (0 m,
2000 m, 0 m), and (0 m, 3000 m, O m). Each transmitter site in-
cludes two HEDs oriented along the x- and y-directions. Receivers
were deployed on the seafloor and ground at 500 m intervals from
y = =5000 to 3000 m at three profiles of x = —1500 m, 0 m, and
1500 m. The electromagnetic components (E,, E,, H,, and H,) for
source-receiver distances greater than 500 m at frequencies of 0.05,
0.3, and 1 Hz resulted in an N of 5616. Vertical electric and mag-
netic fields were excluded because vertical field measurements are
practically difficult in coastal areas due to sea waves. The input data
used a combination of logl0O-scaled amplitude and linear-scaled
phase of electromagnetic components due to the higher conver-
gence in the inversion iteration (Wheelock et al., 2015).

We generated synthetic data from the true resistivity model in
Figure 3 using forward modeling. The data were contaminated with
3% Gaussian random noise to provide a realistic inversion test. An
error bar of 3% was set for all data. We applied a 3D data-space
Occam inversion code to the synthetic data. The computation grid

for generating the synthetic data and performing the inversion
consisted of 56 x 133 x 95 cells. The grid was the same as that used
in the aforementioned forward-modeling test. The starting and prior
models for the inversion included a highly resistive air layer
(10® ohm-m), a seawater layer of constant resistivity (0.3 ohm-
m), and a homogeneous background (1 ohm-m). The inversion do-
main was limited to the region of interest and it excluded sea, air,
and boundary cells, thus resulting in 306,816 unknown model
parameters (i.e., M).

The initial root-mean-square (rms) misfit for the starting model
was 3.3. After three iterations in Occam’s phase I, the inversion
reached the target rms misfit of 1.0, which indicates that the aver-
aged misfit was within the assumed error level. Then, a further iter-
ation was conducted to obtain the smoothest model with the target
rms misfit in Occam’s phase II. The inversion sufficiently recovered
the positions and resistivity values of freshwater (Figure 11). The
freshwater structure was distinguishable from 1 ohm-m sediments.
The horizontal shapes of the recovered freshwater were close to
those of the true model, as were the top and bottom of the recovered
freshwater. However, the conductive artifacts appeared above and
below the resistive target owing to the inversion’s smoothness con-
straint and limited resolution of the CSEM data at depth.
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The forward-modeling test showed that the detectability of the
CSEM method to the buried freshwater decreased with the increas-
ing depth of the freshwater. Hence, we investigated the CSEM in-
version’s ability to map freshwater at different burial depths. We
applied the inversion to synthetic data generated from the models
in Figure 2 with d, = 500 and 1000 m (d; = 30 m). Similar to the
inversion test with d, set to 300 m, we created synthetic data by
adding 3% Gaussian noise to the true model’s responses. The sur-
vey geometry was also the same as the test using d, = 300 m.

The initial rms misfit for the starting model was 2.8 and 1.6 for
d, = 500 and 1000 m, respectively. The inversion reached a target
misfit of 1.0 for both of these burial depths. The inversion could
image freshwater clearly for d, =500 m (Figure 12b). The
anomaly structure was distinguishable from the 1 ohm-m sediments
at a resolution that was similar to that for d, = 300 m. However, the
freshwater was imaged at a shallower depth than that of the true
model. The imaged anomaly structure is distinguishable from the
1 ohm-m sediments for d, = 1000 m (Figure 12c). However, the
positions and resistivity values of the imaged freshwater were dif-
ferent from those of the true model because of their limited reso-
lution to the deeply buried thin resistor. The results demonstrate that

the inversion of the CSEM method could be used to map freshwater
buried at 500 m below the seafloor.

We considered 1 ohm-m resistivity for onshore and offshore parts
in the preceding tests (Figures 2—12). However, the resistivity of
10-50 ohm-m is general for actual onshore sections (Goldman et al.,
2011; Ueda et al., 2014; Haroon et al., 2017; Pedersen et al., 2017).
Therefore, to consider a realistic coastal model, we set the onshore
section to 10 ohm-m (Figure 13a). The freshwater resistivity is set to
100 ohm-m, and 1 ohm-m is used for the seafloor. The onshore side
below the freshwater is set to 1 ohm-m. These resistivity values
were derived from previously revealed coastal models (Goldman
et al., 2011; Ueda et al., 2014; Haroon et al., 2017; Pedersen et al.,
2017). The freshwater dimensions are 2000 m (width) X 3000 m
(length) x 100 m (height) (Figure 13a). The geometry of the sea-
water and freshwater is the same as the model in Figure 3. An air
layer with resistivity of 10® ohm-m is present at the top of the
model. Similar to the previous inversion test, we created synthetic
data by adding the 3% Gaussian noise to the true model’s responses.
The survey geometry was also the same as the test in Figure 3. We
applied the inversion to synthetic data generated from the model in
Figure 13a. For the initial and prior model, we used a two-layer
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Figure 10. Detectability test for a freshwater zone with dimensions of 2000 m (width) X 50 km (length) X 100 m (height). (a) The 2D section of
the test model at x = 0 m. The sea depth (d;) is 30 m, and the freshwater burial depth (d,) is 300 m. The E, amplitude for the transmitter at
(b) (x, y, z) = (0 m, —10 km, 30 m), (c) (0 m, 1 km, 0 m), and (d) (0 m, 10 km, 0 m) as a function of the receiver along the y-direction at
x = 0 m. The E, normalized amplitude (RO) for the transmitter at (e) (x, y, z) = (0 m, —10 km, 30 m), (f) (O m, 1 km, O m), and (g) (0 m, 10 km,
0 m). The circles and triangles show the transmitter and receiver positions, respectively. The transmitters use a y-direction HED.
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resistivity of 10 and 1 ohm-m for offshore and onshore, respectively
(Figure 13b).

The initial rms misfit for the starting model was 20.3. The inver-
sion obtained the smoothest model with the target rms misfit after
eight iterations. The imaged freshwater was distinguishable from 1
ohm-m sediments and 10 ohm-m onshore section (Figure 13c). The
recovered geometry of the freshwater is close to the true one. The
resistivity of the recovered freshwater is 70-90 ohm-m. The inver-
sion also recovered the 1 ohm-m zone below the 10 ohm-m onshore
section. The test result demonstrates that the proposed CSEM
method is useful for mapping freshwater in a realistic coastal model.
We conducted an inversion test with a different initial model to see
the initial model effects on the inversion result. The inversion with
the 1 ohm-m initial model also recovered the freshwater. Although
the influence of the initial model on the final result is not significant,
we found that the inversion with the initial model in Figure 13b had
slightly better resolved the freshwater.
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Figure 11. (a) The 3D view of the inversion results for the synthetic
data generated from the model shown in Figure 3. The sea depth
(dy) is 30 m, and the freshwater burial depth (d,) is 300 m. The
circles and triangles show the transmitter and receiver positions, re-
spectively. The 2D sections of the inverted resistivity model at
(b) x =0 m and (c) z = 380 m. The white lines mark the outlines
of the true anomaly. The shoreline followed the x-direction at
y=0m.
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Comparison to the MT method

We compared the ability of CSEM inversion to image freshwater
zones in coastal areas with MT inversion. The synthetic model used
in this MT inversion test was the same as that used in the previous
CSEM inversion test (Figure 3). As in the CSEM test, 48 receivers
were deployed on the seafloor and ground. We generated synthetic
MT data from the true resistivity model in Figure 3 using forward
modeling of WSINV3DMT (Siripunvaraporn and Egbert, 2009).
The synthetic data included the complex impedance tensor (Z,,,
Z,,,Z,,, and Z,,) for 16 frequencies (0.001-1000 Hz) at 48 sites,
thus resulting in an N of 6144. The data were contaminated with 3%
Gaussian random noise to provide a realistic inversion test. An error
bar of 3% |Z,,Z,.|'/* was set for all of the data. We applied a 3D
inversion code WSINV3DMT (Siripunvaraporn and Egbert, 2009)
to the synthetic data. The computation grid for generating synthetic
data and performing the inversion consisted of 41 X 65 x 62 cells.
The horizontal mesh size was 250 m in the area near the observation
sites, and it logarithmically increased with increasing distance from
the observation sites. Between 0 and 1000 m, we set the vertical
mesh size to values ranging from 1 to 150 m. For depths of less
than 1000 m, the mesh size was increased with the increasing depth.

The starting and prior models for the inversion comprised a
highly resistive air layer, seawater layer, and homogeneous back-
ground (1.2 ohm-m). The inversion domain was limited to the re-
gion of interest, and it excluded sea and air, thus resulting in
134,400 unknown model parameters (i.e., M). The initial rms misfit
for the starting model was 1.9. The inversion produced the 3D
resistivity model with an rms misfit of 0.96 after one iteration
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Figure 12. Inversion results for different freshwater burial depths.
The 2D sections of the inversion results at x = 0 m are for a burial
depth (d,) of (a) 300 m, (b) 500 m, and (c) 1000 m. The tops of the
buried freshwater for (a-c) are at z =330 m, z =530 m, and
z = 1030 m, respectively. The sea depth (d;) is 30 m in the three
examples. (a) The same result as Figure 11b but with a different
vertical range for comparison. The circles and triangles show the
transmitter and receiver positions, respectively. The white lines
mark the outlines of the true anomaly. The shoreline followed
the x-direction at y = 0 m.
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(Figure 14). The freshwater structure was hardly distinguishable
from 1 ohm-m sediments. The shapes and resistivity values of
the recovered freshwater differed from those of the true model.
The inversion result comparison between the CSEM and MT meth-
ods revealed that the CSEM method had a better ability to map
freshwater than the MT method (Figure 14).

DISCUSSION

The numerical tests showed that the inline electric field was sen-
sitive to freshwater. We used the Poynting vector to explain the sen-
sitivity to freshwater. The Poynting vector (W/m?) can visualize the
time-averaged energy flux in the earth resistivity structures (Chave,
2009), and it is expressed as follows:

S:%Re(ExH*) (10)

where * denotes the complex conjugation. Figure 15 shows the real
part of the complex Poynting vector for the model in Figure 3. The
transmitter at (x, y, z) = (0 m, 1000 m, O m) used a y-direction HED
at a source frequency of 1.0 Hz. The Poynting vectors indicate that
freshwater guided the electromagnetic energy along its length,
which was due to the conservation of normal current flowing across
its boundaries (Um and Alumbaugh, 2007; Key, 2012; Everett and
Chave, 2019). As a result, the electric field was amplified on the
seafloor receiver (Figures 4-10). Numerous studies have used
CSEM methods to explore buried hydrocarbons with galvanic
mechanisms (Eidesmo et al., 2002; Constable, 2010; Mittet and
Morten, 2013; Zhdanov et al., 2014).

Inline geometry using the vertical and horizontal electric currents
is much more sensitive to resistive freshwater than broadside geom-
etry using the horizontal current (Figures 4 and 7). The Poynting
vector revealed that the high detectability was caused by the gal-
vanic effect of the vertical electric current across the buried fresh-
water. The existence of a vertical electric current amplified the
inline E, and E,. However, broadside data pri-
marily use inductive effects with a large horizon-
tal current. Due to the sensitivity difference, a
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Figure 13. Inversion result for a model with 10 ohm-m onshore
portion. The 2D sections at x = 0 m of the (a) true model, (b) initial
model, and (c) inverted model. The true model includes 10 ohm-m
onshore portion at a depth of 0-330 m. A 100 ohm-m freshwater
reservoir (dimensions: 2000 m [width] X 3000 m [length] X 100 m
[height]) is embedded into 1 ohm-m sediments (the top at z =
330 m). The sea depth (d;) is 30 m, and the freshwater burial depth
(d,) is 300 m. The initial model consists of the sea, 1 ohm-m off-
shore section, and 10 ohm-m onshore section. The circles and tri-
angles show the transmitter and receiver positions, respectively. The
white lines mark the outlines of the true anomaly. The shoreline
followed the x-direction at y = 0 m.
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structures (Constable, 2010). It is necessary to
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buried resistor than MT methods using a

000
-5000 —4000 —-3000 —2000 1000 0 1000 2000 3000

—2000 -
-5000 —4000 -3000 —2000 —1000 O 1000 2000 3000
y(m) y(m)

| arre—— |
0.1 0.3 1 3.2 10

Resistivity (ohm-m)

plane-wave source. The sensitivity difference be-
tween the CSEM and MT methods is supported
by the inversion test results (Figure 14).
Although the MT data have low sensitivity to
the thin buried resistor, they have deeper penetra-
tion than the CSEM method and are suitable for

Figure 14. A comparison of CSEM and MT inversions for the model shown in Figure 3.
The sea depth (d;) is 30 m, and the freshwater burial depth (d,) is 300 m. The 2D
sections of the inversion results at (a) x =0 m for CSEM, (b) x =0 m for MT,
(¢) z =380 m for CSEM, and (d) z = 380 m for MT. (a and c) The same results as
shown in Figure 11b and 11c. The triangles and circles indicate the positions of the
receivers and CSEM transmitters, respectively. The white lines mark the outlines of
the true anomaly. The shoreline followed the x-direction at y = 0 m.
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determining large-scale structures. For example, we consider a
two-layered structure in which the structure beneath the ground-
water is deeper than the sensitivity of the CSEM data. The MT data
are useful in constraining that deeper structure and, as a result, im-
proving the ability of CSEM data to constrain the groundwater layer
(Gustafson et al., 2019). This result indicates that the addition of
MT data to CSEM data can be useful for imaging freshwater.
The MT data can be measured simultaneously with CSEM data
(Constable, 2013).

The vertical electric field showed a high detectability in fresh-
water (Figure 6). The high sensitivity of the vertical electric field
to buried resistors has been shown in other modeling studies (Wir-
ianto et al., 2010; Key, 2012; Streich, 2016) and in field surveys
(Tietze et al., 2015; Constable et al., 2019). The amplitude of
the vertical electric field is much smaller than the horizontal electric
field (Figures 4 and 6). Moreover, measuring the vertical electric
field is much more difficult than the horizontal electric field in prac-
tice for onshore and offshore environments. Due to the two reasons,
we excluded the vertical field from the input data for the inversion
test. Although we excluded the vertical electric field data for the
inversion test, inversion of synthetic data without a vertical electric
field could delineate freshwater (Figure 11).

We describe practical considerations of whether measuring data
of sufficient quality is feasible and what instrument specifications
are needed to obtain data of sufficient quality. We can convert the
noise floor power P, (V¥/Hz) to a noise floor E, (V/Am?) for the
source dipole moment D (Am), receiver dipole length L (m), and a
stacking window ¢, (s) as follows (Constable, 2013):

o _ VP
" DLYL

Marine electromagnetic receiver noise levels are approximately
10" V/v/Hz at 1 Hz in deep water (based on Figure 6 in Consta-
ble, 2013). Measuring the 10! V /Am? signal at the seaward edge
of the freshwater with 1% uncertainty requires E,, = 10~ V/Am?
noise level. If we consider /P, =10 V/v/Hz at 1 Hz,
D = 5000 Am dipole moment (a dipole length is 1000 m, and
an output current is 5 A), and a L =10 m receiver,
E, = 1071 V/Am? is possible with stacking for 7, = 207 s using
equation 11. These measurements with D = 5000 Am dipole
moment and f, = 20% s stack length are feasible in field data

(1)

acquisitions. Note that a 10715 V/Am? data error level could also
be obtained with another combination of dipole moment and
square-root stack length whose product equals 10°.

For shallow sea environments in coastal areas, the electromag-
netic field at a frequency of 0.01-1 Hz is subject to motion noise
caused by sea waves (Connell and Key, 2013; Ueda et al., 2014;
Gustafson et al., 2019), and our model study showed that the fre-
quency range is essential for freshwater imaging in coastal areas.
For the higher noise level in shallow water, Figure 4 in Connell
and Key (2013) shows that it is approximately 10 times noisier than
the deepwater noise level in Constable (2013). If we assume a larger
noise level of noise floor power /P, = 1078 V/y/Hz at 1 Hz for
shallow sea environments and a L = 10 m receiver, measuring the
10713 V/Am? signal with E, = 10~ V/Am? noise level requires
D = 5000 Am and stacking ¢, = 200° s based on equation 11.
Stacking data for 200% s (11 h) is a relatively easy requirement com-
pared to the time required to install the transmitters and deploy the
electromagnetic receiver arrays onshore and offshore. Therefore, we
conclude that measurements of CSEM data of sufficient quality are
feasible in a coastal area. Note that the lower frequency CSEM data
(e.g., 0.01 Hz) will be limited by the MT noise. The MT noise is
more than one order of magnitude larger at 0.01 than 1 Hz, as shown
in Figure 4 in Connell and Key (2013) and Figure 6 in Constable
(2013). The lower frequencies will require a bigger product of di-
pole moment and square-root stack length to overcome this
MT noise.

The sea depth in coastal areas ranges from a few meters to a few
hundred meters. The model test results exhibited high detectability
at all sea depths from 10 to 100 m (Figure 8). The small effects of
different sea depths on the level of detectability suggest that the
CSEM method is applicable for freshwater exploration in most
coastal areas. Ito et al. (2011) use an airborne TEM system with
a grounded electrical dipole source and helicopter-towed magnetic
field receiver to perform resistivity mapping in a coastal area. The
penetration depth can be 300-350 m where shallow (approximately
5 m depth) water prevails. However, the detectability of resistivity
structures below the seafloor is strongly limited in deep-sea regions.
On the other hand, the proposed CSEM method offers the advantage
of sea depth having little effect on detectability.

A high detectability of the freshwater was observed when the
transmitter was located near the freshwater edge (Figure 4). There-
fore, the transmitter should be located close to the shoreline to in-
crease the detectability of offshore freshwater. If
we consider three onshore transmitters near the
shoreline (Figure 3), our CSEM method can
cover as far as 5 km offshore and 8 km onshore

o0 B 1 ” / ! from the shoreline, respectively (Figure 10). If
L / / one needs to extend the survey area to the on-

5000 4000 3000 2000 }132? 0 1000 2000 8000 shore and offshore sides, adding offshore-on-
shore transmitters and receivers away from the

-30 -25 -20 -15 -10 shoreline is necessary (Figure 10). However,

log10 magnitude of real part of Poynting vector (W/m?)

Figure 15. Contour plot of the logarithms (base 10) of the magnitude of the Poynting
vector for the model shown in Figure 3 at 1.0 Hz. The sea depth (d;) is 30 m, and the
freshwater burial depth (d,) is 300 m (top at z = 330 m). The transmitter uses a y-di-
rection HED at (x, y, z) = (0 m, 1000 m, O m). The Poynting vector plot also shows the
energy flow direction. The arrow orientations were adjusted for the different horizontal
and vertical scales. The magenta circle denotes the transmitter position. The white and
red lines mark the outlines of the true anomaly and the seafloor, respectively. The shore-

line followed the x-direction at y = 0 m.

we focus on the coastal region near the shoreline
in this study. This CSEM method can cover as far
as 5 km offshore from the shoreline. Hence, we
assert that this CSEM method will be useful for
studying various coastal areas.

Inversion test results using synthetic data re-
vealed that the 3D inversion is useful for off-
shore-onshore resistivity imaging of freshwater
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(Figure 11). The inversion could map the thin freshwater buried at
500 m below the seafloor (Figure 12). Freshwater at the seafloor has
been found at relatively shallow depths of a few hundred meters
below the seafloor (Ueda et al., 2014; Blatter et al., 2019; Gustafson
et al., 2019; Lippert and Tezkan, 2020; Micallef et al., 2020). The
inversion test for a realistic coastal model with a 10 ohm-m onshore
section showed that our method could map the freshwater below the
10 ohm-m onshore section (Figure 13). The results of the present
study support the usefulness of the proposed CSEM method for
freshwater exploration in real coastal areas. When freshwater
was deeply buried in our model (the top of the freshwater being
at 1000 m below the seafloor), the inversion poorly imaged the
freshwater (Figure 12c¢). Incorporating borehole receiver data (Wilt
et al., 1995; Hoversten et al., 2001; Kalscheuer et al., 2018) and
prior information from logging data (Schaller et al., 2017) into
the inversion process would improve the imaging ability for fresh-
water at depth.

There are conductive artifacts above and below the imaged fresh-
water due to the smoothness constraint and limited electromagnetic
resolution at depth. Conductive artifacts also appeared in the
smoothness inversion results for thin resistors (Oldenburg et al.,
2005; Key, 2009). By relaxing the smoothing across the target
boundary, the conductive artifacts disappeared and the resistor
could be recovered close to the true model (Portniaguine and Zhda-
nov, 1999; Key, 2009; Brown et al., 2012). Information on boun-
daries to relax the smoothness is available from other geophysical
data sets (e.g., seismic data and logging data). Conductive artifacts
in coastal areas can be incorrectly interpreted as saltwater; hence,
incorporating the adaptive smoothing technique into our inversion
is essential for obtaining more accurate resistivity imaging.

The proposed CSEM method uses onshore transmitters. How-
ever, considering electromagnetic reciprocity in which the transmit-
ter and receivers are exchangeable, seafloor transmitters have a
similar detection for freshwater to that of land transmitters. Recent
CSEM methods have used seafloor transmitters to explore offshore
freshwater (Haroon et al., 2017; Gustafson et al., 2019; Lippert and
Tezkan, 2020; Micallef et al., 2020). If seafloor transmitters are
used, they can substitute the use of land transmitters for off-
shore-onshore resistivity imaging of freshwater. There are practical
differences between onshore and offshore transmitters. Given the
low resistivity of seawater, marine CSEM transmitters can have
larger dipole moments than land transmitters. This is an advantage
of using the marine transmitters for the proposed CSEM method.
However, the survey cost with a marine CSEM transmitter is much
higher than that with the land transmitter. The choice of land or
marine transmitter for the proposed CSEM method depends on
the survey cost and environment. If the freshwater extends further
offshore, such as in the model in Figure 10, land and marine trans-
mitters are needed to map the whole extension of the freshwater.

CONCLUSION

This study presentes a CSEM modeling survey for offshore-on-
shore resistivity imaging of freshwater in a coastal area. Our CSEM
method is novel in considering an array of onshore-offshore electro-
magnetic receivers with onshore electric dipole transmitters. We
have conducted a feasibility study using 3D forward modeling
and inversion to investigate our CSEM method’s ability to map oft-
shore-onshore resistivity structures of freshwater. The results show
that this method could detect freshwater and that 3D inversion is

useful for offshore-onshore resistivity imaging of freshwater. The
test results using forward modeling reveal that the offshore-onshore
CSEM method can detect offshore aquifers up to 5 km from the
shoreline, and the inline and vertical electric fields are sensitive
to freshwater. The transmitter closest to the freshwater edge gener-
ates the highest detectability, which suggests that the transmitters
should be located close to the shoreline for increasing the detect-
ability of offshore freshwater. The detectability is sufficiently high
at all sea depths from 10 to 100 m, which is a typical range for most
coastal areas, thus indicating that this method can be used for
coastal areas in general. Synthetic tests demonstrate that resistivity
imaging using 3D inversion of CSEM data could map the thin layer
of freshwater buried at 500 m below the seafloor. Based on our
modeling results, we conclude that the proposed CSEM method
is a promising technique for offshore-onshore resistivity imaging
of freshwater in coastal areas. We plan to obtain field data using
the CSEM method to validate its effectiveness in the real envi-
ronment.
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