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12 ABSTRACT
13 Coastal freshwater provides a water source for more than one billion people living in 

14 coastal regions. For sustainable groundwater management in coastal areas, an understanding of the 

15 freshwater distribution is necessary. The freshwater distribution in a coastal area can extend across 

16 the shoreline and into the offshore region. Offshore–onshore mapping of freshwater helps us to 

17 gain a comprehensive understanding of the freshwater distribution in coastal areas. Resistivity 

18 imaging using electromagnetic methods has been used to reveal the freshwater distribution in 

19 coastal areas because electrical resistivity in these settings is primarily controlled by porosity and 

20 porewater salinity. We consider a controlled source electromagnetic (CSEM) method for offshore–

21 onshore resistivity imaging of freshwater at a depth range of 0–500 m below the seafloor. Our 

22 CSEM method is novel in considering an array of onshore–offshore electromagnetic receivers with 
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Geophysics 2

23 onshore electric dipole transmitters. We conducted a feasibility study to investigate the ability of 

24 the CSEM method for offshore–onshore resistivity imaging of freshwater in a coastal area. The 

25 test results showed that the method could image the resistivity distribution of freshwater located 

26 at a depth of 500 m below the seafloor. Our model study also showed the offshore–onshore CSEM 

27 method can detect offshore aquifers up to 5 km from the shoreline. These numerical test results 

28 imply that the proposed CSEM method is a promising technique for offshore–onshore resistivity 

29 imaging of freshwater in coastal areas.

30

31 INTRODUCTION

32 Coastal freshwater is essential to water resources, providing a water source for more than 

33 one billion people living in coastal regions (Post, 2005). For sustainable groundwater management 

34 in coastal areas, it is necessary to understand the coastal freshwater distribution, which can extend 

35 across the shoreline and into the offshore region (Johnston, 1983). The offshore–onshore mapping 

36 of freshwater can, therefore, help us to gain a comprehensive understanding of the freshwater 

37 distribution in coastal areas. In the coastal areas of Japan, carbon capture and storage projects are 

38 ongoing (Sawada et al., 2018), and require freshwater distribution maps because the fluid 

39 migration process is critical for their application (Gaus, 2010).

40 The distribution of electrical resistivity provides a useful constraint for the distribution 

41 and salinity of fluid. In coastal areas, the bulk resistivity primarily depends on porosity and 

42 porewater salinity and temperature (Archie, 1942; Revil et al., 1998). Using Archie’s Law, 

43 porewater salinity can be determined by the bulk resistivity under an assumed porosity. Based on 

44 onshore well logging data near the shoreline, Ueda et al. (2014) found that a high bulk resistivity 

45 (20 ohm-m) corresponded to sediments with low salinity porewater, whereas a low bulk resistivity 

Page 2 of 53GEOPHYSICS

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition. 
© 20 Society of Exploration Geophysicists21

D
ow

nl
oa

de
d 

08
/2

6/
21

 to
 1

31
.1

12
.1

25
.2

19
. 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

20
-0

90
6.

1



Geophysics 3

46 (1 ohm-m) corresponded to sediments with high salinity porewater. The electromagnetic method, 

47 which can remotely reveal the spatial distribution of resistivity, is suitable for investigating the 

48 distribution and salinity of fluid below the ground and seafloor due to the contrasting resistivity 

49 values.

50 Electromagnetic and electric geophysical methods have been used to map the spatial 

51 distribution of resistivity in coastal areas (Dimova et al., 2012; Binley et al., 2015). Electric 

52 resistivity tomography (ERT) provides resistivity mapping by deploying electrodes from the 

53 landward side to the seaward side with a shallow exploration depth of ~50 m below the seafloor 

54 (Hermans and Paepen, 2020). The airborne transient electromagnetic (TEM) method can be used 

55 to quickly investigate the extensive resistivity distribution in coastal areas; however, its penetration 

56 depth is strongly limited by the existence of the conductive sea layer (Ito et al., 2011; Pedersen et 

57 al., 2017). Magnetotelluric (MT) methods have been used to map offshore–onshore resistivity 

58 structures over a deeper range (Mitsuhata et al., 2006; Ueda et al., 2014; Suzuki et al., 2017). 

59 However, the MT method is insensitive to thin resistive structures of freshwater compared to 

60 controlled source electromagnetic (CSEM) methods (Gustafson et al., 2019). In this study, we 

61 focus on a CSEM method to overcome the limited exploration depth and mapping ability of thin 

62 resistive freshwater in a coastal area.

63 To explore various targets (e.g., hydrocarbon, gas hydrate, metal deposits, and freshwater), 

64 previous studies have employed CSEM methods on land (Wirianto et al., 2010; Grayver et al., 

65 2014; Strack, 2014; Tietze et al., 2015; Streich, 2016; Schaller et al., 2017; Malovichko et al., 

66 2019) and in marine environments (Eidesmo et al., 2002; Evans, 2007; Plessix and Mulder, 2008; 

67 Commer and Newman, 2009; Schwalenberg et al., 2010; Key, 2012; Zhdanov et al., 2014; Haroon 

68 et al., 2017, 2018; Blatter et al., 2019; Constable et al., 2019; Gustafson et al., 2019; Johansen et 

69 al., 2019; Lippert and Tezkan, 2020; Micallef et al., 2020). Although CSEM methods are sensitive 
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Geophysics 4

70 to both conductors and resistors, a particularly important feature is their higher sensitivity to thin, 

71 buried resistors. By using the sensitivity to thin resistive targets, CSEM methods have been used 

72 to image offshore freshwater (Evans, 2007; Blatter et al., 2019; Gustafson et al., 2019; Attias et 

73 al., 2020; Lippert and Tezkan, 2020; Micallef et al., 2020).

74 The present study’s target is the freshwater distribution from the seaward side to the 

75 landward side in a coastal area. We propose a frequency-domain CSEM method with onshore 

76 transmitters and amphibious receivers for offshore–onshore resistivity imaging of freshwater, and 

77 present a feasibility test to demonstrate its effectiveness through forward modeling and inversion. 

78 Our CSEM method is novel in considering an array of amphibious electromagnetic receivers with 

79 onshore electric dipole transmitters. First, we describe the CSEM method and its three-dimensional 

80 (3D) forward modeling and inversion. Then, a conceptual freshwater model in a coastal area is 

81 presented for the feasibility test and we conduct the forward modeling test using the conceptual 

82 model. Finally, we investigate the 3D imaging ability of the CSEM method by applying the 

83 inversion to synthetic data generated from the conceptual model.

84

85 METHODS 

86 CSEM method for offshore–onshore resistivity imaging of freshwater 

87 The CSEM method uses artificial electromagnetic fields to infer the subsurface electrical 

88 resistivity structure (Constable, 2010; Streich, 2016). Many different sources and receiver 

89 configurations have been proposed for the CSEM methods. The electric dipole-dipole CSEM 

90 method is a specific variation sensitive to thin resistive layers, while magnetic dipole-dipole CSEM 
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Geophysics 5

91 methods is used for mineral prospecting of conductive bodies (Constable, 2013; Streich, 2016). 

92 Notably, the marine frequency-domain CSEM method using electric dipole-dipole configuration 

93 has become a well-established geophysical tool for the imaging of hydrocarbons in the deep sea 

94 (Constable, 2010). We focus on a configuration of electric dipole transmitters and electromagnetic 

95 receivers since this configuration is sensitive to thin resistive layers of freshwater.

96 As mentioned in the introduction section, CSEM methods have been used in land and 

97 marine environments to explore various targets. For the typical marine CSEM method, the 

98 transmitter dipole is towed from the ship to 20–50 m above the seafloor, where the seafloor 

99 receivers subsequently record the resultant electromagnetic fields (Eidesmo et al., 2002; Plessix 

100 and Mulder, 2008; Commer and Newman, 2009; Constable, 2010; Key, 2012; Mittet and Morten, 

101 2013). Marine CSEM receivers can also be towed behind the survey vessel (Sherman et al., 2017; 

102 Gustafson et al., 2019; Attias et al., 2020). Land CSEM methods use transmitters and receivers on 

103 the ground surface (Grayver et al., 2014; Strack, 2014). The presence of a conductive seawater 

104 layer has a profound influence on the electromagnetic field propagation and so marks a 

105 fundamental difference between terrestrial and marine approaches to surveying.

106 Freshwater exploration on the seafloor has been undertaken using CSEM methods based 

107 on the sea-surface towed configuration (Blatter et al., 2019; Gustafson et al., 2019) and seafloor 

108 deployed ransmitter and receiver arrays (Evans et al., 2007; Haroon et al., 2017; Lippert and 

109 Tezkan, 2020; Micallef et al., 2020). Given that our target is the freshwater distribution from the 

110 seaward side to the landward side in a coastal area, we propose a new CSEM method that consists 

111 of onshore electric dipole transmitters and amphibious electromagnetic receivers (Figure 1) to 

112 obtain offshore–onshore resistivity imaging. This CSEM method is a combination of offshore and 

113 onshore CSEM methods, and actually resembles an onshore CSEM method with a configuration 

114 of the surface transmitter and receivers buried below the ground. We conducted numerical tests 
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Geophysics 6

115 using forward modeling and inversion to demonstrate the effectiveness of the CSEM method for 

116 offshore–onshore resistivity imaging of freshwater. The next section briefly describes the 3D 

117 forward modeling and inversion processes.

118

119 3D CSEM forward modeling and inversion

120 The 3D CSEM forward modeling used the finite-difference method (FDM) combined with 

121 a scattered field approach. In the scattered field approach, the electric and magnetic fields are split 

122 into primary and secondary parts as follows:

𝐄 = 𝐄p + 𝐄s, (1)

𝐇 = 𝐇p + 𝐇s, (2)

123 where Ep represents the primary electric field, Es denotes the secondary electric field, Hp signifies 

124 the primary magnetic field, and Hs represents the secondary magnetic field. Splitting into primary 

125 and secondary fields excludes source-point singularities from numerical computations (Newman 

126 and Alumbaugh, 1997; Weiss and Constable, 2006). Primary fields are analytically calculated by 

127 solving the Hankel transform in layered earth conductivity (Key, 2009). The transmitter used in 

128 this study was a point source dipole.

129 Using the calculated primary field, we solved the vector Helmholtz equation for the 

130 secondary electric field as follows: 

,―∇ × ∇ × 𝐄s + 𝑖𝜔𝜇𝜎𝐄s + 𝑖𝜔𝜇(𝜎 ― 𝜎p)𝐄p = 0 (3)

131 where ω denotes the angular frequency of the field assuming the time dependence of the form 

132 , μ is magnetic permeability, σ is conductivity, and σp represents the background layered earth 𝑒 ―𝑖𝜔𝑡

133 conductivity for the primary field computation. We applied the FDM with a staggered grid to 

134 equation 3, thus resulting in a linear system:

,𝐀𝐄s = 𝐛 (4)
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Geophysics 7

135 where A is a complex, sparse, and symmetric positive definite, and b is a vector including the 

136 primary field information and the Dirichlet boundary condition of the secondary electric field. A 

137 multicore parallel sparse direct solver, PARDISO, was used to solve the linear system. Direct 

138 solvers are numerically robust, especially for low-frequency electromagnetic difficulties 

139 (Oldenburg et al., 2013). The computed secondary field was added to the primary field to obtain 

140 the total field.

141 To convert the CSEM data to resistivity structures, we use a 3D inversion code based on 

142 the data-space Occam algorithm (Siripunvaraporn and Egbert, 2000). The Occam inversion 

143 algorithm seeks the model with the minimum norm at an appropriate misfit level by automatically 

144 adjusting the regularization parameter (Constable et al., 1987). The data-space approach can 

145 reduce the computation costs of both memory and CPU time if the data number N is less than the 

146 model number M (Siripunvaraporn and Egbert, 2000). For the 3D CSEM method considered here, 

147 N is much lower than M, thus reducing the computational costs.

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

𝑈 = (𝒎 ― 𝒎0)𝑇𝐂 ―1
𝑚 (𝐦 ― 𝐦0) + 𝜆 ―1{(𝐝 ― 𝐅[𝐦])𝑇𝐂 ―1

𝑑 (𝐝 ― 𝐅[𝐦]) ― 𝜒2
∗ }, (5)

149 where m is a vector log10σ, m0 denotes a prior model, d represents the observed data, F[m] signifies 

150 the forward modeling response, Cm is the model covariance, Cd is a data covariance matrix,  𝜒 ∗

151 represents the desired level of misfit, and λ-1 is a Lagrange multiplier. To minimize U in equation 

152 5, we take the derivative with respect to the model and set it to zero. Nonlinearity in CSEM 

153 methods means that the resulting equation is solved iteratively by creating a sequence of models, 

154 each of which gradually provides a better fit to the data. After linearizing an initial model (mk), 

155 the next model, mk+1, is expressed by

,𝐦𝑘 + 1 ― 𝐦0 = 𝑪𝑚𝑱𝑇
𝑘𝜷𝑘 + 1 (6)
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Geophysics 8

156 where βk+1 is an unknown expansion coefficient vector of the basis functions CmJk
T. The vector 

157 βk+1 is obtained by solving

,(𝜆𝑪𝑑 + 𝑱𝑘𝑪𝑚𝑱𝑇
𝑘)𝜷𝑘 + 1 = 𝒅𝑘 (7)

158 where

𝒅𝑘 = 𝐝 ― 𝐅[𝐦𝒌] + 𝑱𝑘(𝐦𝑘 ― 𝐦0). (8)

159 Therefore, Jk is the sensitivity matrix of N × M at mk. We solved the dense and symmetric N × N 

160 matrix in equation 7 using a parallel direct solver of “dposv” from MKL LAPACK using the 

161 Cholesky decomposition. The model update iterations are continued until the target misfit  has 𝜒 ∗

162 been reached. The regularization term Cm
-1 is defined as the first derivative roughness penalty.

163

164 RESULTS

165 We conducted numerical tests to investigate the effectiveness of the CSEM method for 

166 offshore–onshore resistivity imaging of freshwater in a coastal area. First, a conceptual resistivity 

167 model for the feasibility test is presented. Then, we conduct the detectability test using forward 

168 modeling. The points mainly studied in the test are the effects of transmitter–receiver geometries, 

169 transmitting frequencies, different sea depths, and different freshwater burial depths on 

170 detectability. The 3D imaging ability of the CSEM method is demonstrated by applying the 

171 inversion to synthetic data generated from the conceptual model. We also compare the imaging 

172 ability of the CSEM and MT inversion using synthetic data.

173

174 Conceptual model in a coastal zone

175 A conceptual offshore–onshore resistivity model resembles a model obtained by the 2D 

176 inversion of MT data in a coastal area, Hokkaido, north Japan, as shown in Ueda et al. (2014; 

177 Figure 7). The MT inversion imaged freshwater zones with a resistivity of 20 ohm-m, and these 
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Geophysics 9

178 freshwater zones have been confirmed by onshore well logging data (Ueda et al., 2014). The 

179 conceptual model includes 1 ohm-m sediments, 0.3 ohm-m seawater, and a 20 ohm-m resistive 

180 anomaly simulating a freshwater zone with dimensions of 2000 m (width) × 3000 m (length) × 

181 100 m (height) (Figure 2). An air layer with a resistivity of 108 ohm-m is present at the top of the 

182 model. For the later detectability test, the sea depth and the burial depth of the target freshwater 

183 were denoted by d1 and d2, respectively. The 3D view of the resistivity model with d1 = 30 m and 

184 d2 = 300 m is displayed in Figure 3.

185 Three transmitter sites were located at (x, y, z) = (0 m, 1000 m, 0 m), (0 m, 2000 m, 0 m), 

186 and (0 m, 3000 m, 0 m) on land, each of which included two horizontal electric dipoles (HED) 

187 oriented along the x- and y-directions. Receivers were deployed on the seafloor and ground at 500 

188 m intervals from y = -5000 m to 3000 m at three profiles of x = -1500 m, 0 m, and 1500 m. The 

189 shoreline followed the x-direction at y = 0 m. The electromagnetic components observed in the 

190 inline array (the transmitter pointing towards the y-direction and the receivers positioned along the 

191 y-axis) were Ey, Ez, and Hx. The components in the broadside array (the transmitter pointing 

192 towards the x-direction and the receivers positioned along the y-axis) were Ex, Hy, and Hz. We 

193 normalized E (V/m) and H (A/m) values recorded at the receivers using the source dipole moment 

194 (Am). The units of E and H amplitudes are V/Am2 and 1/m2, respectively.

195

196 Detectability test using forward modeling

197 We conducted a numerical test using forward modeling to investigate the ability of the 

198 proposed CSEM method to detect the freshwater zone. This test used the conceptual resistivity 

199 model, which included freshwater (Figure 2). To investigate the detectability of the target 

200 freshwater, we used the normalized amplitude (R0): 
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Geophysics 10

,𝑅0 =
|𝑅a|
|𝑅𝑏| (9)

201 where Ra is the CSEM response with a target anomaly of freshwater, and Rb is the CSEM response 

202 without an anomaly. The R0 value provides a useful indicator of a target structure’s detectability 

203 (Swidinsky et al., 2013), where an R0 value of 1 indicates no detectability.

204 The forward modeling calculation of the CSEM responses was performed on a computer 

205 (@Xeon 3.10 GHz Gold 6254 CPU; Intel Corp.) with 3 TB of RAM. A computation grid consisted 

206 of 56 × 133 × 95 cells, including several boundary cells. For the horizontal cells, a 100 m grid was 

207 used. We appended the boundary cells at each side, growing at a stretching factor of 2.0. For the 

208 vertical grid, the finest grid of 5 m was used near the transmitter, and the grid size increased 

209 gradually with increasing distance from the transmitters. Before conducting the test, we compared 

210 the forward modeling responses with the analytical solutions in the 1D resistivity models. The 

211 comparisons showed that the forward modeling could produce sufficiently accurate responses for 

212 the 1D resistivity models. 

213 The CSEM responses depend on the earth resistivity structures, transmitter–receiver 

214 geometries, and transmitting frequencies. Understanding the effective transmitter–receiver 

215 geometries and transmitting frequencies for imaging target structures is helpful for an efficient 

216 data acquisition in the field. First, we conducted a test on the effective transmitter–receiver 

217 geometries and transmitting frequencies. We considered the 3D resistivity model shown in Figure 

218 3, which corresponds to a model of Figure 2 with d1 = 30 m and d2 = 300 m. We generated CSEM 

219 responses for the three onshore transmitter positions at (x, y, z) = (0 m, 1000 m, 0 m), (0 m, 2000 

220 m, 0 m), and (0 m, 3000 m, 0 m) using forward modeling. The transmitters used a y-direction HED, 

221 and the receiver line was along the y-direction at x = 0 m. The transmitting frequencies were 0.01 

222 Hz, 0.1 Hz, and 1.0 Hz.
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Geophysics 11

223 The inline Ey from a y-direction transmitter dipole at (0 m, 1000 m, 0 m) showed a clear 

224 detectability of the target freshwater (Figure 4a and 4c). The 20 ohm-m resistive freshwater 

225 increased the Ey amplitude on the receivers. The maximum R0 values for 0.01 Hz, 0.1 Hz, and 1.0 

226 Hz were 2.2, 2.6, and 2.9, respectively. The higher frequencies obtained a greater detectability for 

227 the transmitter dipole at (0 m, 1000 m, 0 m). The seafloor receiver at y = -500 m recorded a 

228 maximum R0 value of 2.9 for 1.0 Hz. The maximum R0 values for 0.1 Hz and 0.01 Hz were 

229 observed at a seafloor receiver at y = -2000 m. The seafloor receiver at y = -5000 m from the 

230 freshwater recorded little effects of the freshwater anomaly at all three frequencies. The R0 values 

231 for the onshore receivers were much smaller than those of the seafloor receivers. We also 

232 calculated CSEM data at a frequency of 10 Hz. The maximum R0 values for 10 Hz was 1.1. The 

233 10 Hz data obtained much lower detectability than the 1 Hz for this model setting.

234 The Ey responses of the transmitter dipole at (0 m, 2000 m, 0 m) exhibited a smaller 

235 detectability than those of the transmitter dipole at (0 m, 1000 m, 0 m) for all three frequencies 

236 (Figure 4b and 4d). The maximum R0 values for 0.01 Hz, 0.1 Hz, and 1.0 Hz were 1.3, 1.4, and 

237 1.1, respectively; hence, the highest R0 value was observed at 0.1 Hz. The seafloor receiver at y = 

238 -1500 m observed a maximum R0 value of 1.4 at a frequency of 0.1 Hz (Figure 4d). The pattern of 

239 detectability for the R0 at 1.0 Hz differed to the patterns at 0.01 Hz and 0.1 Hz. The observed inline 

240 Ey at 0.01 Hz and 0.1 Hz had R0 values of > 1.0, thus indicating that the existence of freshwater 

241 increased the amplitude. However, the response at 1.0 Hz had an R0 value of < 1 at the seafloor 

242 receivers from y = -2500 m to -500 m. The Ey responses of the transmitter dipole at (0 m, 3000 m, 

243 0 m) had a smaller detectability than those of the transmitter dipoles at (0 m, 1000 m, 0 m) and (0 

244 m, 2000 m, 0 m). The maximum R0 value was 1.1 at 0.1 Hz.

245 The receivers recorded the phase information of electromagnetic fields as well as the 

246 amplitude. The phases and their difference for inline Ey responses generated from y-direction 
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Geophysics 12

247 transmitter dipoles at (0 m, 1000 m, 0 m) and (0 m, 2000 m, 0 m) are shown in Figure 5. The 

248 maximum phase difference values for the transmitter dipole at (0 m, 1000 m, 0 m) for 0.01 Hz, 0.1 

249 Hz, and 1.0 Hz were 0.0°, 10.0°, and 55.8°, respectively. The seafloor receiver at y = -1500 m 

250 exhibited the largest phase difference of 55.8° at 1.0 Hz (Figure 5c). The peak value of the phase 

251 difference for the transmitter dipole at (0 m, 2000 m, 0 m) was 11.7° at 1.0 Hz (Figure 5d). The Ey 

252 phase difference generated from the transmitter dipole at (0 m, 2000 m, 0 m) was smaller than that 

253 at (0 m, 1000 m, 0 m). A similar result was also observed for the amplitude data. The phase 

254 difference at 0.01 Hz was close to zero for all receivers of the two transmitters. Inductive 

255 attenuation of the electromagnetic field caused the observed phase shift. The process of inductive 

256 attenuation and phase shift occurs when the skin depths are comparable to the distance over which 

257 the electromagnetic energy has traveled (Constable, 2010).

258 The other electromagnetic components of Ez and Hx exist in the inline geometry. The 

259 usefulness of these components has been demonstrated by numerical tests (Um and Alumbaugh, 

260 2007; Mittet and Morten, 2013) and field data (Constable et al., 2019). We considered Ez and Hx 

261 from a y-direction transmitter dipole at (0 m, 1000 m, 0 m). The onshore measurement of Ez was 

262 conducted at 0.01 m below the ground surface, and seafloor receivers measured Ez at 0.01 m above 

263 the seafloor. Freshwater increased the observed Ez amplitude on the seafloor and land (Figure 6a 

264 and 6c). The Ez responses were not smoothly distributed for the transmitter–receiver offset. The 

265 maximum R0 values for 0.01 Hz, 0.1 Hz, and 1.0 Hz were 14.5, 17.1, and 28.4, respectively. Two 

266 peaks were observed at y = -2500 m on the seaward side and at y = 3000 m on the landward side. 

267 The highest R0 value of 28.4 at 1.0 Hz was observed at y = 3000 m on the landward side. The 

268 amplitude of Hx was smaller with resistive freshwater (Figure 6b and 6d). The minimum R0 values 

269 at 0.01 Hz, 0.1 Hz, and 1.0 Hz were 0.70, 0.68, and 0.66, respectively. The R0 distribution patterns 

270 were similar among the three frequencies. The lowest R0 values were observed at y = -500 m on 
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Geophysics 13

271 the seafloor for all three frequencies. In addition, Ez had the highest R0 value among the inline 

272 components of Ey, Ez, and Hx. We note that the higher detectability of Ez in comparison to Ey did 

273 not necessarily correspond to a higher resolution (Key, 2012).

274 The broadside component of Ex generated from a x-direction HED primarily uses the 

275 horizontal current. To fully characterize the electromagnetic field responses in a 3D situation, the 

276 electromagnetic field must be recorded for at least two different source polarizations (Caldwell et 

277 al., 2002). The broadside Ex observed a higher amplitude with a resistive target structure (Figure 

278 7). The maximum R0 values at 0.01 Hz, 0.1 Hz, and 1.0 Hz were 1.4, 1.3, and 1.2, respectively. 

279 The seafloor receiver at y = -500 m near the shoreline observed the highest R0 values for all three 

280 frequencies. The R0 values were smoothly distributed for the transmitter–receiver offset. The peak 

281 R0 value of Ex was much lower than that of Ey inline. Model studies of onshore CSEM methods 

282 for buried hydrocarbon reservoirs obtained similar results for the higher detectability of the inline 

283 electric field in comparison to the broadside electric field (Streich, 2016).

284 The sea depth in coastal areas ranges from a few meters to a few hundred meters. It is well 

285 known that there is a shallow-water air-wave problem in a marine CSEM. For shallow water 

286 (depths less than, say, 300m), the airwave dominates the measured electromagnetic fields so that 

287 the sought-after signals from thin resistive bodies in the subsurface can be masked (Weiss, 2007; 

288 Constable, 2010; Løseth et al., 2010; Mittet and Morten, 2013). The sea depth may also affect the 

289 detectability of freshwater with our CSEM method. We investigated the effect of sea depth on the 

290 CSEM method’s detectability of freshwater. Models with different sea depths (d1 = 10 m, 30 m, 

291 and 100 m) but a fixed burial depth (d2 = 300 m) were considered (Figure 2). The inline Ey 

292 generated from a y-direction transmitter dipole at (0 m, 1000 m, 0 m) exhibited a strong 

293 detectability for the three different sea depths (Figure 8). We note that the model with d1 = 30 m 

294 is the same as that in Figure 3 that was used in the above tests. The maximum R0 values at 1.0 Hz 
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Geophysics 14

295 for d1 = 10 m, 30 m, and 100 m were 3.0, 2.9, and 2.5, respectively. Although a d1 of 100 m had a 

296 smaller peak R0 value compared to those with a d1 of 10 m and 30 m, the detectability for d1 = 100 

297 m was still significant. 

298 The depth of a buried target generally limits the detectability of CSEM methods. We 

299 conducted a test on the detectability of our CSEM method for different burial depths of freshwater. 

300 Models with different d2 values (100 m, 300 m, and 1000 m) but a fixed d1 of 30 m were considered 

301 (Figure 2). The results of the calculated inline Ey responses generated from a y-direction transmitter 

302 dipole at (0 m, 1000 m, 0 m) is shown in Figure 9. The peak R0 value was 5.8, 2.8, and 1.4 for a 

303 d2 burial depth of 100 m, 300 m, and 1000 m obtained at 1.0 Hz, 1.0 Hz, and 0.1 Hz, respectively. 

304 Thus, the detectability of the shallower target was higher than that of the deeper target owing to 

305 the diffusive nature of the electromagnetic method.

306 The model of Figure 3 considers a freshwater body that is 3000 m long (-2000 m to 1000 

307 m on the y-axis). On the other hand, there is offshore freshwater over tens of kilometers long 

308 (Gustafson et al., 2019). Knowing how far offshore our CSEM method can detect the freshwater 

309 helps discuss the more general utility of the method. To study how far offshore our CSEM method 

310 can detect the freshwater, we considered a model with a freshwater zone of 50 km in length (-25 

311 km to 25 km on the y-axis). The model includes 1 ohm-m sediments, 0.3 ohm-m seawater, and a 

312 20 ohm-m freshwater zone. The freshwater dimensions are 2000 m (width) × 50 km (length) × 100 

313 m (height) (Figure 10a). An air layer with a resistivity of 108 ohm-m is present at the top of the 

314 model. The sea depth (d1) is 30 m and the freshwater burial depth (d2) is 300 m. We generated 

315 CSEM responses from the model using forward modeling. A computation grid consisted of 56 × 

316 133 × 95 cells, including several boundary cells. For the horizontal cells, a 300 m grid was used. 

317 We first considered an onshore transmitter at (0 m, 1 km, 0 m) for this detectability test. 

318 The transmitter used a y-direction HED. The transmitting frequencies were 0.01 Hz, 0.1 Hz, and 
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Geophysics 15

319 1.0 Hz. Receivers were deployed on the seafloor and ground at 1 km intervals from y = -20 km to 

320 20 km at a profile of x = 0 m. The inline Ey from a transmitter dipole at (0 m, 1 km, 0 m) showed 

321 a clear detectability of the target freshwater (Figure 10c and 10f). The high Ey amplitude (R0 > 1.2) 

322 was observed at receivers of -5 km to 7 km locations. This result implies that if we use an onshore 

323 transmitter located near the shoreline, the resolvable range of offshore freshwater can be 5 km 

324 from the shoreline. 

325 To detect freshwater on further offshore and onshore sides, we considered an offshore 

326 transmitter at (x, y, z) = (0 m, -10 km, 30 m) and an onshore transmitter at (0 m, 10 km, 0 m). The 

327 inline Ey from a y-direction transmitter dipole at (0 m, -10 km, 30 m) detected the offshore 

328 freshwater away from the shoreline (Figure 10b and 10e). The high Ey amplitude (R0 > 1.2) was 

329 observed at receivers of -16 km to -4 km locations. The inline Ey from a y-direction transmitter 

330 dipole at (0 m, 10 km, 0 m) detected the onshore freshwater away from the shoreline (Figure 10d 

331 and 10g). The high Ey amplitude (R0 > 1.2) was observed at receivers of 4 km to 16 km locations. 

332 This result showed that offshore–onshore transmitters and receivers away from the shoreline are 

333 effective in detecting freshwater on further offshore and onshore sides. This test result also implies 

334 that the transmitter located at 6 km intervals from y = -25 km to 25 km are necessary for resolving 

335 the whole extension of the freshwater. 

336             

337 Imaging ability using inversion

338 Inversion can convert the observed CSEM data to earth resistivity structures. We 

339 investigated the 3D CSEM inversion ability to image freshwater zones in coastal areas using the 

340 synthetic model shown in Figure 3 (d1 = 30 m; d2 = 300 m). Three onshore transmitter sites were 

341 located at (x, y, z) = (0 m, 1000 m, 0 m), (0 m, 2000 m, 0 m), and (0 m, 3000 m, 0 m). Each 

342 transmitter site includes two HEDs oriented along the x- and y-directions. Receivers were deployed 

Page 15 of 53 GEOPHYSICS

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition. 
© 20 Society of Exploration Geophysicists21

D
ow

nl
oa

de
d 

08
/2

6/
21

 to
 1

31
.1

12
.1

25
.2

19
. 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

20
-0

90
6.

1



Geophysics 16

343 on the seafloor and ground at 500 m intervals from y = -5000 m to 3000 m at three profiles of x = 

344 -1500 m, 0 m, and 1500 m. The electromagnetic components (Ex, Ey, Hx, and Hy) for source–

345 receiver distances greater than 500 m at frequencies of 0.05 Hz, 0.3 Hz, and 1 Hz resulted in an N 

346 of 5616. Vertical electric and magnetic fields were excluded because vertical field measurements 

347 are practically difficult in coastal areas due to sea waves. The input data used a combination of 

348 log10-scaled amplitude and linear-scaled phase of electromagnetic components due to the higher 

349 convergence in the inversion iteration (Wheelock et al., 2015).

350 We generated synthetic data from the true resistivity model in Figure 3 using forward 

351 modeling. The data were contaminated with 3% Gaussian random noise to provide a realistic 

352 inversion test. An error bar of  3% was set for all data. We applied a 3D data-space Occam 

353 inversion code to the synthetic data. The computation grid for generating the synthetic data and 

354 performing the inversion consisted of 56 × 133 × 95 cells. The grid was the same as that used in 

355 the aforementioned forward modeling test. The starting and prior models for the inversion included 

356 a highly-resistive air layer (108 ohm-m), a seawater layer of constant resistivity (0.3 ohm-m), and 

357 a homogeneous background (1 ohm-m). The inversion domain was limited to the region of interest, 

358 and excluded sea, air, and boundary cells, thus resulting in 306,816 unknown model parameters 

359 (i.e., M). 

360 The initial RMS misfit for the starting model was 3.3. After three iterations in Occam’s 

361 phase I, the inversion reached the target RMS misfit of 1.0, which indicates that the averaged misfit 

362 was within the assumed error level. Then, a further iteration was conducted to obtain the smoothest 

363 model with the target RMS misfit in Occam’s phase II. The inversion sufficiently recovered the 

364 positions and resistivity values of freshwater (Figure 11). The freshwater structure was 

365 distinguishable from the 1 ohm-m sediments. The horizontal shapes of the recovered freshwater 

366 were close to those of the true model, as were the top and bottom of the recovered freshwater. 
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Geophysics 17

367 However, the conductive artifacts appeared above and below the resistive target owing to the 

368 inversion’s smoothness constraint and limited resolution of the CSEM data at depth.

369 The forward modeling test showed that the detectability of the CSEM method to the buried 

370 freshwater decreased with increasing depth of freshwater. Hence, we investigated the CSEM 

371 inversion ability to map freshwater at different burial depths. We applied the inversion to synthetic 

372 data generated from the models in Figure 2 with d2 = 500 m and 1000 m (d1 = 30 m). Similar to 

373 the inversion test with d2 set to 300 m, we created synthetic data by adding the 3% Gaussian noise 

374 to the true model’s responses. The survey geometry was also the same as the test using d2 = 300 

375 m.

376 The initial RMS misfit for the starting model was 2.8 and 1.6 for d2 = 500 m and 1000 m, 

377 respectively. The inversion reached a target misfit of 1.0 for both of these burial depths. The 

378 inversion could image freshwater clearly for d2 = 500 m (Figure 12b). The anomaly structure was 

379 distinguishable from the 1 ohm-m sediments at a resolution that was similar to that for d2 = 300 

380 m. However, the freshwater was imaged at a shallower depth than that of the true model. The 

381 imaged anomaly structure is distinguishable from the 1 ohm-m sediments for d2 = 1000 m (Figure 

382 12c). However, the positions and resistivity values of the imaged freshwater were different to those 

383 of the true model because of their limited resolution to the deeply buried thin resistor. The results 

384 demonstrate that the inversion of the CSEM method could be used to map freshwater buried at 500 

385 m below the seafloor.

386             We considered 1 ohm-m resistivity for both onshore and offshore parts in the above tests 

387 (Figures 2–12). However, the resistivity of 10–50 ohm-m is general for actual onshore sections 

388 (Goldman et al., 2011; Ueda et al., 2014; Haroon et al., 2017; Pedersen et al., 2017). Therefore,  to 

389 consider a realistic coastal model, we set the onshore section to 10 ohm-m (Figure 13a). The 

390 freshwater resistivity is set to 100 ohm-m, and 1 ohm-m is used for the seafloor. The onshore side 
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Geophysics 18

391 below the freshwater is set to 1 ohm-m. These resistivity values were derived from previously 

392 revealed coastal models (Goldman et al., 2011; Ueda et al., 2014; Haroon et al., 2017; Pedersen et 

393 al., 2017). The freshwater dimensions are 2000 m (width) × 3000 m (length) × 100 m (height) 

394 (Figure 13a). The geometry of sea and freshwater is the same as the model in Figure 3. An air layer 

395 with a resistivity of 108 ohm-m is present at the top of the model. Similar to the above inversion 

396 test, we created synthetic data by adding the 3% Gaussian noise to the true model’s responses. The 

397 survey geometry was also the same as the test in Figure 3. We applied the inversion to synthetic 

398 data generated from the model in Figure 13a. For the initial and prior model, we used a two-layer 

399 resistivity of 10 ohm-m and 1 ohm-m for offshore and onshore, respectively (Figure 13b).

400              The initial RMS misfit for the starting model was 20.3. The inversion obtained the 

401 smoothest model with the target RMS misfit after eight iterations. The imaged freshwater was 

402 distinguishable from the 1 ohm-m sediments and 10 ohm-m onshore section (Figure 13c). The 

403 recovered geometry of the freshwater is close to the true one. The resistivity of the recovered 

404 freshwater is 70–90 ohm-m. The inversion also recovered the 1 ohm-m zone below the 10 ohm-m 

405 onshore section. The test result demonstrates that the proposed CSEM method is useful for 

406 mapping freshwater in a realistic coastal model. We conducted an inversion test with a different 

407 initial model to see the initial model effects on the inversion result. The inversion with 1 ohm-m 

408 initial model also recovered the freshwater. Although the influence of the initial model on the final 

409 result is not significant, we found that inversion with the initial model in Figure 13b slightly better 

410 resolved the freshwater.   

411

412 Comparison with the MT method

413 We compared the ability of CSEM inversion to image freshwater zones in coastal areas 

414 with MT inversion. The synthetic model used in this MT inversion test was the same as that used 
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Geophysics 19

415 in the previous CSEM inversion test (Figure 3). As in the CSEM test, 48 receivers were deployed 

416 on the seafloor and ground. We generated synthetic MT data from the true resistivity model in 

417 Figure 3 using forward modeling of WSINV3DMT (Siripunvaraporn and Egbert, 2009). The 

418 synthetic data included the complex impedance tensor (Zxx, Zxy, Zyx, and Zyy) for 16 frequencies 

419 (0.001–1000 Hz) at 48 sites, thus resulting in an N of 6144. The data were contaminated with 3% 

420 Gaussian random noise to provide a realistic inversion test. An error bar of 3%  was set |𝒁𝑥𝑦𝒁𝑦𝑥|1 2

421 for all data. We applied a 3D inversion code WSINV3DMT (Siripunvaraporn and Egbert, 2009) 

422 to the synthetic data. The computation grid for generating synthetic data and performing inversion 

423 consisted of 41 × 65 × 62 cells. The horizontal mesh size was 250 m in the area near the observation 

424 sites, and logarithmically increased with increasing distance from the observation sites. Between 

425 0 m and 1000 m, we set the vertical mesh size to values ranging from 1 m to 150 m. For depths 

426 below 1000 m, the mesh size was increased with increasing depth. 

427 The starting and prior models for the inversion comprised a highly-resistive air layer, 

428 seawater layer, and homogeneous background (1.2 ohm-m). The inversion domain was limited to 

429 the region of interest, and excluded sea and air, thus resulting in 134,400 unknown model 

430 parameters (i.e., M). The initial RMS misfit for the starting model was 1.9. The inversion produced 

431 the 3D resistivity model with an RMS misfit of 0.96 after one iteration (Figure 14). The freshwater 

432 structure was hardly distinguishable from the 1 ohm-m sediments. The shapes and resistivity 

433 values of the recovered freshwater differed to those of the true model. The inversion result 

434 comparison between the CSEM and MT methods revealed that the CSEM method had a better 

435 ability to map freshwater than the MT method (Figure 14).

436 DISCUSSION

437 The numerical tests showed that the inline electric field was sensitive to freshwater. We 

438 used the Poynting vector to explain the sensitivity to freshwater. The Poynting vector  (W/m2) 𝐒
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Geophysics 20

439 can visualize the time-averaged energy flux in the earth resistivity structures (Chave, 2009), and 

440 is expressed as follows:

,𝐒 =
1
2𝑅𝑒(𝐄 × 𝐇 ∗ ) (10)

441 where the * denotes the complex conjugation. Figure 15 shows the real part of the complex 

442 Poynting vector for the model in Figure 3. The transmitter at (x, y, z) = (0 m, 1000 m, 0 m) used a 

443 y-direction HED at a source frequency of 1.0 Hz. The Poynting vectors indicate that freshwater 

444 guided the electromagnetic energy along its length, which was due to the conservation of normal 

445 current flowing across its boundaries (Um and Alumbaugh, 2007; Key, 2012; Everett and Chave, 

446 2019). As a result, the electric field was amplified on the seafloor receiver (Figures 4–10). 

447 Numerous studies have used CSEM methods to explore buried hydrocarbons with galvanic 

448 mechanisms (Eidesmo et al., 2002; Constable, 2010; Mittet and Morten, 2013; Zhdanov et al., 

449 2014).

450 Inline geometry using both vertical and horizontal electric currents is much more sensitive 

451 to resistive freshwater than broadside geometry using the horizontal current (Figures 4 and 7). The 

452 Poynting vector revealed that the high detectability was caused by the galvanic effect of the vertical 

453 electric current across the buried freshwater. The existence of a vertical electric current amplified 

454 the inline Ey and Ez. On the other hand, broadside data primarily use inductive effects with a large 

455 horizontal current. Due to the sensitivity difference, a combination of inline and broadside data 

456 can improve the constraining of different resistivity structures (Constable, 2010). It is necessary to 

457 have a transmitter dipole oriented both perpendicular and parallel to the shoreline to collect inline 

458 and broadside data in the field. 

459 The numerical results showed that the CSEM responses in the near field have a higher 

460 sensitivity to the thin buried resistor than in the far-field. The electromagnetic field can be treated 
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Geophysics 21

461 as a plane wave in an area of a large transmitter–receiver distance (Garcia et al., 2003). This implies 

462 that the inline CSEM responses in the near field area have a higher sensitivity to the thin buried 

463 resistor than MT methods using a plane-wave source. The sensitivity difference between the 

464 CSEM and MT methods is supported by the inversion test results (Figure 14). Although the MT 

465 data have low sensitivity to the thin buried resistor, they have deeper penetration than the CSEM 

466 method and are suitable for determining large-scale structures. For example, we consider a two-

467 layered structure where the structure beneath the groundwater is deeper than the sensitivity of the 

468 CSEM data. The MT data are useful in constraining that deeper structure and, as a result, 

469 improving the ability of CSEM data to constrain the groundwater layer (Gustafson et al., 2019). 

470 This result indicates the adding MT data to CSEM data can be useful for imaging freshwater. The 

471 MT data can be measured simultaneously with CSEM data (Constable, 2013).

472 The vertical electric field showed a high detectability in freshwater (Figure 6). The high 

473 sensitivity of the vertical electric field to buried resistors has been shown in other modeling studies 

474 (Wirianto et al., 2010; Key, 2012; Streich, 2016) and in field surveys (Tietze et al., 2015; Constable 

475 et al., 2019). The amplitude of the vertical electric field is much smaller than the horizontal electric 

476 field (Figures 4 and 6). Moreover, measuring the vertical electric field is much more difficult than 

477 the horizontal electric field in practical for both onshore and offshore environments. Due to the 

478 two reasons, we excluded the vertical field from the input data for the inversion test. Although we 

479 excluded the vertical electric field data for the inversion test, inversion of synthetic data without a 

480 vertical electric field could delineate freshwater (Figure 11).

481 We describe practical considerations whether measuring data of sufficient quality are 

482 feasible and what instrument specifications are needed to obtain data of sufficient quality. We can 

483 convert the noise floor power Pn (V2/Hz) to a noise floor En (V/Am2) for the source dipole moment 

484 D (Am), receiver dipole length L (m) and a stacking window ts (s) as follows (Constable, 2013):
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Geophysics 22

 𝐸𝑛 =
𝑃𝑛

𝐷𝐿 𝑡𝑠
 . (11)

485 Marine electromagnetic receiver noise levels are about 10-9 V/  at 1 Hz in deep water (based Hz

486 on Figure 6 in Constable, 2013). Measuring the 10-13 V/Am2 signal at the seaward edge of the 

487 freshwater with 1% uncertainty requires En = 10-15 V/Am2 noise level. If we consider  = 10-9 𝑃𝑛

488 V/  at 1 Hz, D = 5000 Am dipole moment (a dipole length is 1000 m and an output current is Hz

489 5 A), and a L = 10 m receiver, En = 10-15 V/Am2 is possible with stacking for ts = 202 s using 

490 equation 11. These measurements with D = 5000 Am dipole moment and ts = 202 s stack length 

491 are feasible in field data acquisitions. Note that a 10-15 V/Am2 data error level could also be 

492 obtained with another combination of dipole moment and square-root stack length whose product 

493 equals 105. 

494 For shallow sea environments in coastal areas, the electromagnetic field at a frequency of 

495 0.01–1 Hz is subject to motion noise caused by sea waves (Connell and Key, 2013; Ueda et al., 

496 2014; Gustafson et al., 2019), and our model study showed that the frequency range is essential 

497 for freshwater imaging in coastal areas. For the higher noise level in shallow water, Figure 4 in 

498 Connell and Key (2013) found that it is about 10 times noisier than the deep-water noise level in 

499 Constable (2013). If we assume a larger noise level of noise floor power  = 10-8 V/  at 1 𝑃𝑛 Hz

500 Hz for shallow sea environments and a L = 10 m receiver, measuring the 10-13 V/Am2 signal with 

501 En = 10-15 V/Am2 noise level require D = 5000 Am and stacking ts = 2002 s based on equation 11. 

502 Stacking data for 2002 s (11 hours) is a relatively easy requirement compared to the time required 

503 to install the transmitters and deploy the electromagnetic receiver arrays both onshore and offshore. 

504 Therefore, we conclude that measurements of CSEM data of sufficient quality are feasible in a 

505 coastal area. Note that the lower frequency CSEM data (e.g., 0.01 Hz) will be limited by the MT 

506 noise. The MT noise is more than an order of magnitude larger at 0.01 Hz than 1 Hz, as shown in 
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Geophysics 23

507 both Figure 4 in Connell and Key (2013) and Figure 6 in Constable (2013). The lower frequencies 

508 will require a bigger product of dipole moment and square-root stack length to overcome this MT 

509 noise.

510 The sea depth in coastal areas ranges from a few meters to a few hundred meters. The 

511 model test results exhibited a high detectability at all sea depths from 10 m to 100 m (Figure 8). 

512 The small effects of different sea depths on the level of detectability suggest that the CSEM method 

513 is applicable for freshwater exploration in most coastal areas. Ito et al. (2010) use an airborne TEM 

514 system with a grounded electrical dipole source and helicopter-towed magnetic field receiver to 

515 perform resistivity mapping in a coastal area. The penetration depth can be 300–350 m where 

516 shallow (∼5 m depth) water prevails. However, the detectability of resistivity structures below the 

517 seafloor is strongly limited in deep sea regions. On the other hand, the proposed CSEM method 

518 offers the advantage of sea depth having little effect on detectability. 

519 A high detectability of the freshwater was observed when the transmitter was located near 

520 the freshwater edge (Figure 4). Therefore, the transmitter should be located close to the shoreline 

521 to increase the detectability of offshore freshwater. If we consider three onshore transmitters near 

522 the shoreline (Figure 3), our CSEM method can cover as far as 5 km offshore and 8 km onshore 

523 from the shoreline, respectively (Figure 10). If one needs to extend the survey area to the onshore 

524 and offshore side, adding offshore–onshore transmitters and receivers away from the shoreline is 

525 necessary (Figure 10). However, we focus on the coastal region near the shoreline in this study. 

526 This CSEM method can cover as far as 5 km offshore from the shoreline. Hence, we assert that 

527 this CSEM method will be useful for studying various coastal areas.

528 Inversion test results using synthetic data revealed that 3D inversion is useful for 

529 offshore–onshore resistivity imaging of freshwater (Figure 11). The inversion could map the thin 

530 freshwater buried at 500 m below the seafloor (Figure 12). Freshwater at the seafloor has been 
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Geophysics 24

531 found at relatively shallow depths of a few hundred meters below the seafloor (Ueda et al., 2014; 

532 Blatter et al., 2019; Gustafson et al., 2019; Lippert and Tezkan, 2020; Micallef et al., 2020). The 

533 inversion test for a realistic coastal model with a 10 ohm-m onshore section showed that our 

534 method could map the freshwater below the 10 ohm-m onshore section (Figure 13). The results of 

535 the present study support the usefulness of the proposed CSEM method for freshwater exploration 

536 in real coastal areas. When freshwater was deeply buried in our model (the top of the freshwater 

537 being at 1000 m below the seafloor), the inversion poorly imaged the freshwater (Figure 12c). 

538 Incorporating borehole receiver data (Wilt et al., 1995; Hoversten et al., 2001; Kalscheuer et al., 

539 2018) and prior information from logging data (Schaller et al., 2017) into the inversion process 

540 would improve the imaging ability for freshwater at depth. 

541 There are conductive artifacts above and below the imaged freshwater due to the 

542 smoothness constraint and limited electromagnetic resolution at depth. Conductive artifacts also 

543 appeared in the smoothness inversion results for thin resistors (Oldenburg et al., 2005; Key, 2009). 

544 By relaxing the smoothing across the target boundary, the conductive artifacts disappeared and the 

545 resistor could be recovered close to the true model (Portniaguine and Zhdanov, 1999; Key, 2009; 

546 Brown et al., 2012). Information on boundaries to relax the smoothness is available from other 

547 geophysical datasets (e.g., seismic data and logging data). Conductive artifacts in coastal areas can 

548 be incorrectly interpreted as saltwater; hence, incorporating the adaptive smoothing technique into 

549 our inversion is essential for obtaining more accurate resistivity imaging.

550 The proposed CSEM method uses onshore transmitters. However, considering the 

551 electromagnetic reciprocity where the transmitter and receivers are exchangeable, seafloor 

552 transmitters have a similar detection for freshwater to that of land transmitters. Recent CSEM 

553 methods have used seafloor transmitters to explore offshore freshwater (Haroon et al., 2017; 

554 Gustafson et al., 2019; Lippert and Tezkan, 2020; Micallef et al., 2020). If seafloor transmitters 
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Geophysics 25

555 are used, they can substitute the use of land transmitters for offshore–onshore resistivity imaging 

556 of freshwater. There are practical differences between onshore and offshore transmitters. Given 

557 the low resistivity of seawater, marine CSEM transmitters can have large dipole moments than 

558 land transmitters. This is an advantage of using the marine transmitters for the proposed CSEM 

559 method. However, the survey cost with marine CSEM transmitter is much higher than that with 

560 the land transmitter. The choice of land or marine transmitter for the proposed CSEM method 

561 depends on the survey cost and environment. If the freshwater extends further offshore as the 

562 model in Figure 10, both land and marine transmitters are needed to map the whole extension of 

563 the freshwater.

564

565 CONCLUSIONS

566 This study presented a CSEM modeling survey for offshore–onshore resistivity imaging of 

567 freshwater in a coastal area. Our CSEM method is novel in considering an array of onshore–

568 offshore electromagnetic receivers with onshore electric dipole transmitters. We conducted a 

569 feasibility study using 3D forward modeling and inversion to investigate our CSEM method’s 

570 ability to map offshore–onshore resistivity structures of freshwater. The results showed that this 

571 method could detect freshwater, and that 3D inversion is useful for offshore–onshore resistivity 

572 imaging of freshwater. The test results using forward modeling revealed that the offshore–onshore 

573 CSEM method can detect offshore aquifers up to 5 km from the shoreline, and the inline and 

574 vertical electric fields were sensitive to freshwater. The transmitter closest to the freshwater edge 

575 generated the highest detectability, which suggests that the transmitters should be located close to 

576 the shoreline for increasing the detectability of offshore freshwater. The detectability was 

577 sufficiently high at all sea depths from 10 m to 100 m, which is a typical range for most coastal 
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Geophysics 26

578 areas, thus indicating that this method can be used for coastal areas in general. Synthetic tests 

579 demonstrated that resistivity imaging using 3D inversion of CSEM data could map the thin layer 

580 of freshwater buried at 500 m below the seafloor. Based on our modeling results, we conclude that 

581 the proposed CSEM method is a promising technique for offshore–onshore resistivity imaging of 

582 freshwater in coastal areas. We plan to obtain field data using the CSEM method to validate its 

583 effectiveness in the real environment. 
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766 LIST OF FIGURES

767 Figure 1. Schematic diagram of a CSEM method for offshore–onshore resistivity imaging of 

768 freshwater in a coastal area. Our study examines a CSEM method that involves onshore 

769 transmitters and onshore–offshore receivers.

770 Figure 2. Synthetic model to demonstrate the effectiveness of a CSEM survey for the offshore–

771 onshore resistivity imaging of freshwater. The model includes air, sea, sediments, and a 20 

772 ohm-m freshwater reservoir (dimensions: 2000 m (width) × 3000 m (length) × 100 m 

773 (height)) embedded into the sediment. d1 and d2 denote the sea depth and burial depth of the 

774 target freshwater. Circles and triangles indicate the transmitter and receiver positions, 

775 respectively. The shoreline followed the x-direction at y = 0 m.

776 Figure 3. (a) 3D view of the synthetic model shown in Figure 2 with the sea depth (d1) set to 30 m 

777 and the burial depth of freshwater (d2) set to 300 m. This model includes air, sea, sediments, 

778 and a 20 ohm-m freshwater (dimensions: 2000 m (width) × 3000 m (length) × 100 m (height)) 

779 embedded into 1 ohm-m sediments (top at z = 330 m). (b) and (c) show 2D sections of the 

780 model at x = 0 m and z = 380 m, respectively. The circles and triangles show the transmitter 

781 and receiver positions, respectively. The shoreline followed the x-direction at y = 0 m.

782 Figure 4. Inline Ey amplitude and normalized amplitude (R0) for different transmitter positions for 

783 the model shown in Figure 3, which corresponds to that in Figure 2 with the sea depth (d1) 

784 set to 30 m and the burial depth of freshwater (d2) set to 300 m. The transmitters use a y-

785 direction HED. Showing the Ey amplitude for the transmitter at (a) (x, y, z) = (0 m, 1000 m, 0 

786 m) and (b) (0 m, 2000 m, 0 m) as a function of the receiver along the y-direction at x = 0 m. 

787 The solid line and dashed line present the response with (Ra) and without (Rb) the freshwater 

788 anomaly, respectively. Showing the Ey normalized amplitude (R0) for transmitter at (c) (0 m, 

789 1000 m, 0 m) and (d) (0 m, 2000 m, 0 m). The blue, yellow, and purple lines show the 

Page 35 of 53 GEOPHYSICS

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition. 
© 20 Society of Exploration Geophysicists21

D
ow

nl
oa

de
d 

08
/2

6/
21

 to
 1

31
.1

12
.1

25
.2

19
. 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

20
-0

90
6.

1



Geophysics 36

790 responses at frequencies of 0.01 Hz, 0.1 Hz, and 1.0 Hz, respectively. The magenta circles 

791 and blue rectangles indicate the transmitter position and horizontal position of freshwater, 

792 respectively. The shoreline followed the x-direction at y = 0 m.

793 Figure 5. Same as Figure 4 except that inline Ey phase and phase difference are plotted. Ey phase 

794 for transmitter at (a) (x, y, z) = (0 m, 1000 m, 0 m) and (b) (0 m, 2000 m, 0 m), and Ey phase 

795 difference for the transmitter at (c) (0 m, 1000 m, 0 m) and (d) (0 m, 2000 m, 0 m) as a 

796 function of the receiver along the y-direction at x = 0 m.

797 Figure 6. Same as Figure 4 except that inline Ez and Hx are plotted. (a) Ez amplitude and (b) Hx 

798 amplitude, and normalized amplitude (R0) of (c) Ez and (d) Hx as a function of the receiver 

799 along the y-direction at x = 0 m. The transmitters at (x, y, z) = (0 m, 1000 m, 0 m) use a y-

800 direction HED.

801 Figure 7. Same as Figure 4 except that the transmitter at (x, y, z) = (0 m, 1000 m, 0 m) uses an x-

802 direction HED and broadside Ex is plotted. (a) Ex amplitude and (b) Ex normalized amplitude 

803 (R0) as a function of the receiver along the y-direction at x = 0 m.

804 Figure 8. Same as Figure 4 except that inline Ey amplitude and normalized amplitude are plotted 

805 for different sea depths (d1) for the model shown in Figure 2 with the burial depth of 

806 freshwater (d2) set to 300 m. Showing the Ey amplitude for a sea depth (d1) of (a) 10 m, (b) 

807 30 m, and (c) 100 m as a function of the receiver along the y-direction at x = 0 m. Showing 

808 the Ey normalized amplitude (R0) for (d) d1 = 10 m, (e) d1 = 30 m, and (f) d1 = 100 m. The 

809 transmitters at (x, y, z) = (0 m, 1000 m, 0 m) use a y-direction HED.

810 Figure 9. Same as Figure 4 except that inline Ey amplitude and normalized amplitude are plotted 

811 for different freshwater burial depths (d2) for the model shown in Figure 2 with the sea depth 

812 (d1) set to 30 m. Showing the Ey amplitude for a burial depth (d2) of (a) 100 m, (b) 300 m, 

813 and (c) 1000 m as a function of the receiver along the y-direction at x = 0 m. Showing the Ey 
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814 normalized amplitude (R0) for (d) d2 = 100 m, (e) d2 = 300 m, and (f) d2 = 1000 m. The 

815 transmitters at (x, y, z) = (0 m, 1000 m, 0 m) use a y-direction HED.

816 Figure 10. Detectability test for a freshwater zone with dimensions of 2000 m (width) × 50 km 

817 (length) × 100 m (height). (a) 2D section of the test model at x = 0 m. The sea depth (d1) is 

818 30 m and the freshwater burial depth (d2) is 300 m. Showing the Ey amplitude for transmitter 

819 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 

820 function of the receiver along the y-direction at x = 0 m. Showing the Ey normalized amplitude 

821 (R0) for transmitter at (e) (x, y, z) = (0 m, -10 km, 30 m), (f) (0 m, 1 km, 0 m), and (g) (0 m, 

822 10 km, 0 m). The circles and triangles show the transmitter and receiver positions, 

823 respectively. The transmitters use a y-direction HED.

824 Figure 11. (a) 3D view of the inversion results for the synthetic data generated from the model 

825 shown in Figure 3. The sea depth (d1) is 30 m and the freshwater burial depth (d2) is 300 m. 

826 The circles and triangles show the transmitter and receiver positions, respectively. Showing 

827 2D sections of the inverted resistivity model at (b) x = 0 m and (c) z = 380 m. The white lines 

828 mark the outlines of the true anomaly. The shoreline followed the x-direction at y = 0 m.

829 Figure 12. Inversion results for different freshwater burial depths. The 2D sections of the inversion 

830 results at x = 0 m are for a burial depth (d2) of (a) 300 m, (b) 500 m, and (c) 1000 m. The tops 

831 of the buried freshwater for (a), (b), and (c) are at z = 330 m, z = 530 m, and z = 1030 m, 

832 respectively. The sea depth (d1) is 30 m in the three examples. (a) is the same result as Figure 

833 11b but with a different vertical range for comparison. The circles and triangles show the 

834 transmitter and receiver positions, respectively. The white lines mark the outlines of the true 

835 anomaly. The shoreline followed the x-direction at y = 0 m.

836 Figure 13. Inversion result for a model with 10 ohm-m onshore portion. Showing 2D sections at x 

837 = 0 m of the (a) true model, (b) initial model, and (c) inverted model. The true model includes 
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Geophysics 38

838 10 ohm-m onshore portion at 0–330 m depth. A 100 ohm-m freshwater (dimensions: 2000 m 

839 (width) × 3000 m (length) × 100 m (height)) is embedded into 1 ohm-m sediments (top at z 

840 = 330 m). The sea depth (d1) is 30 m and the freshwater burial depth (d2) is 300 m. The initial 

841 model consists of the sea, 1 ohm-m offshore section, and 10 ohm-m onshore section. The 

842 circles and triangles show the transmitter and receiver positions, respectively. The white lines 

843 mark the outlines of the true anomaly. The shoreline followed the x-direction at y = 0 m.

844 Figure 14. A comparison of CSEM and MT inversions for the model shown in Figure 3. The sea 

845 depth (d1) is 30 m and the freshwater burial depth (d2) is 300 m. Showing 2D sections of the 

846 inversion results at (a) x = 0 m for CSEM, (b) x = 0 m for MT, (c) z = 380 m for CSEM, and 

847 (d) z = 380 m for MT. (a) and (c) are the same results as shown in Figure 11b and 11c. The 

848 triangles and circles indicate the positions of the receivers and CSEM transmitters. The white 

849 lines mark the outlines of the true anomaly. The shoreline followed the x-direction at y = 0 

850 m.

851 Figure 15. Contour plot of the logarithms (base 10) of the magnitude of the Poynting vector for 

852 the model shown in Figure 3 at 1.0 Hz. The sea depth (d1) is 30 m and the freshwater burial 

853 depth (d2) is 300 m (top at z = 330 m). The transmitter uses a y-direction HED at (x, y, z) = (0 

854 m, 1000 m, 0 m). The Poynting vector plot also shows the energy flow direction. The arrow 

855 orientations were adjusted for the different horizontal and vertical scales. The magenta circle 

856 denotes the transmitter position. The white and red lines mark the outlines of the true anomaly 

857 and the seafloor, respectively. The shoreline followed the x-direction at y = 0 m.

858

859
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Figure 1. Schematic diagram of a CSEM method for offshore–onshore resistivity imaging of freshwater in a 
coastal area. Our study examines a CSEM method that involves onshore transmitters and onshore–offshore 

receivers. 

258x128mm (300 x 300 DPI) 

Page 39 of 53 GEOPHYSICS

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition. 
© 20 Society of Exploration Geophysicists21

D
ow

nl
oa

de
d 

08
/2

6/
21

 to
 1

31
.1

12
.1

25
.2

19
. 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

20
-0

90
6.

1



 

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, sediments, and a 20 ohm-m freshwater 

reservoir (dimensions: 2000 m (width) × 3000 m (length) × 100 m (height)) embedded into the sediment. 
d1 and d2 denote the sea depth and burial depth of the target freshwater. Circles and triangles indicate the 

transmitter and receiver positions, respectively. The shoreline followed the x-direction at y = 0 m. 

245x81mm (300 x 300 DPI) 

Page 40 of 53GEOPHYSICS

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

This paper presented here as accepted for publication in Geophysics prior to copyediting and composition. 
© 20 Society of Exploration Geophysicists21

D
ow

nl
oa

de
d 

08
/2

6/
21

 to
 1

31
.1

12
.1

25
.2

19
. 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

20
-0

90
6.

1



 

Figure 3. (a) 3D view of the synthetic model shown in Figure 2 with the sea depth (d1) set to 30 m and the 
burial depth of freshwater (d2) set to 300 m. This model includes air, sea, sediments, and a 20 ohm-m 
freshwater (dimensions: 2000 m (width) × 3000 m (length) × 100 m (height)) embedded into 1 ohm-m 

sediments (top at z = 330 m). (b) and (c) show 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 followed the x-direction at y = 0 m. 
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Figure 4. Inline Ey amplitude and normalized amplitude (R0) for different transmitter positions for the model 
shown in Figure 3, which corresponds to that in Figure 2 with the sea depth (d1) set to 30 m and the burial 
depth of freshwater (d2) set to 300 m. The transmitters use a y-direction HED. Showing the Ey amplitude 
for the transmitter at (a) (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 line and dashed line present the response with (Ra) and 
without (Rb) the freshwater anomaly, respectively. Showing the Ey normalized amplitude (R0) for 

transmitter at (c) (0 m, 1000 m, 0 m) and (d) (0 m, 2000 m, 0 m). The blue, yellow, and purple lines show 
the responses at frequencies of 0.01 Hz, 0.1 Hz, 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. Same as Figure 4 except that inline Ey phase and phase difference are plotted. Ey phase for 
transmitter at (a) (x, y, z) = (0 m, 1000 m, 0 m) and (b) (0 m, 2000 m, 0 m), and Ey phase difference for 
the transmitter at (c) (0 m, 1000 m, 0 m) and (d) (0 m, 2000 m, 0 m) as a function of the receiver along 

the y-direction at x = 0 m. 
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Figure 6. Same as Figure 4 except that inline Ez and Hx are plotted. (a) Ez amplitude and (b) Hx amplitude, 
and normalized amplitude (R0) of (c) Ez and (d) Hx as a function of the receiver along the y-direction at x = 

0 m. The transmitters at (x, y, z) = (0 m, 1000 m, 0 m) use a y-direction HED. 
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Figure 7. Same as Figure 4 except that the transmitter at (x, y, z) = (0 m, 1000 m, 0 m) uses an x-direction 
HED and broadside Ex is plotted. (a) Ex amplitude and (b) Ex normalized amplitude (R0) as a function of the 

receiver along the y-direction at x = 0 m. 
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Figure 8. Same as Figure 4 except that inline Ey amplitude and normalized amplitude are plotted for 
different sea depths (d1) for the model shown in Figure 2 with the burial depth of freshwater (d2) set to 300 
m. Showing the Ey amplitude for a sea depth (d1) of (a) 10 m, (b) 30 m, and (c) 100 m as a function of the 
receiver along the y-direction at x = 0 m. Showing the Ey normalized amplitude (R0) for (d) d1 = 10 m, (e) 
d1 = 30 m, and (f) d1 = 100 m. The transmitters at (x, y, z) = (0 m, 1000 m, 0 m) use a y-direction HED. 
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Figure 9. Same as Figure 4 except that inline Ey amplitude and normalized amplitude are plotted for 
different freshwater burial depths (d2) for the model shown in Figure 2 with the sea depth (d1) set to 30 m. 
Showing the Ey amplitude for a burial depth (d2) of (a) 100 m, (b) 300 m, and (c) 1000 m as a function of 
the receiver along the y-direction at x = 0 m. Showing the Ey normalized amplitude (R0) for (d) d2 = 100 

m, (e) d2 = 300 m, and (f) d2 = 1000 m. The transmitters at (x, y, z) = (0 m, 1000 m, 0 m) use a y-
direction HED. 
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Figure 10. Detectability test for a freshwater zone with dimensions of 2000 m (width) × 50 km (length) × 
100 m (height). (a) 2D section of the test model at x = 0 m. The sea depth (d1) is 30 m and the freshwater 
burial depth (d2) is 300 m. Showing the Ey amplitude for 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. Showing the Ey normalized amplitude (R0) for transmitter at (e) (x, y, z) = (0 m, -10 km, 30 m), (f) (0 

m, 1 km, 0 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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Figure 11. (a) 3D view of the inversion results for the synthetic data generated from the model shown in 
Figure 3. The sea depth (d1) is 30 m and the freshwater burial depth (d2) is 300 m. The circles and 

triangles show the transmitter and receiver positions, respectively. Showing 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 = 0 m. 
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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 (d2) of (a) 300 m, (b) 500 m, and (c) 1000 m. The tops of the buried 

freshwater for (a), (b), and (c) are at z = 330 m, z = 530 m, and z = 1030 m, respectively. The sea depth 
(d1) is 30 m in the three examples. (a) is 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 13. Inversion result for a model with 10 ohm-m onshore portion. Showing 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 0–330 m depth. A 100 ohm-m freshwater (dimensions: 2000 m (width) × 3000 m (length) × 100 
m (height)) is embedded into 1 ohm-m sediments (top at z = 330 m). The sea depth (d1) is 30 m and the 
freshwater burial depth (d2) is 300 m. The initial model consists of the sea, 1 ohm-m offshore section, and 

10 ohm-m onshore section. 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. A comparison of CSEM and MT inversions for the model shown in Figure 3. The sea depth (d1) is 
30 m and the freshwater burial depth (d2) is 300 m. Showing 2D sections of the inversion results at (a) x = 
0 m for CSEM, (b) x = 0 m for MT, (c) z = 380 m for CSEM, and (d) z = 380 m for MT. (a) and (c) are the 

same results as shown in Figure 11b and 11c. The triangles and circles indicate the positions of the receivers 
and CSEM transmitters. 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 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 (d1) is 30 m and the freshwater burial depth (d2) is 300 m (top 

at z = 330 m). The transmitter uses a y-direction HED at (x, y, z) = (0 m, 1000 m, 0 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 shoreline followed the x-direction 

at y = 0 m. 
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DATA AND MATERIALS AVAILABILITY

    Data associated with this research are available and can be obtained by contacting the corresponding
author.
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