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SUMMARY 10 

The marine magnetotelluric (MT) method is a useful tool for offshore studies aimed at, for 11 

example, hydrocarbon exploration and the understanding of Earth’s tectonics. Marine MT data are 12 

often distorted by coastlines because of the strong resistivity contrast between the conductive 13 

ocean and the resistive land. At mid ocean ridges, the resistivity of Earth’s structure can be 14 

assumed to be two-dimensional (2D), which allows MT data to be decomposed into a transverse 15 

electrical (TE) mode, with electric current flowing approximately along the ridge, and a transverse 16 

magnetic (TM) mode, with electric current flowing perpendicular to the ridge. We collected marine 17 

MT data at the middle Atlantic Ridge which exhibited highly negative TM-mode phases, as large 18 

as -180°, at relatively high frequencies (0.1 to 0.01 Hz). Similar negative phases have been 19 

observed in other marine MT datasets, but have not been the subject of study. We show here that 20 

these negative phases are caused by a newly distinguished coast effect. The TM-mode coast effect 21 

is not only a galvanic effect, as previously understood, but also includes inductive distortions. TM-22 



Confidential manuscript submitted to Geophysical Journal International 

 2 

mode negative phases are caused by the turning of the Poynting vector, the phase change of 23 

electromagnetic fields, and vertically flowing currents in the sea floor. The findings provide a new 24 

understanding of the TM-mode coast effect, which can guide our ability to fit the field data with 25 

the inclusion of coastlines, and reduce misinterpretation of the data in offshore studies. The study 26 

also shows that the TM-mode coast effect is sensitive to the depth and conductivity of the 27 

asthenosphere, an important feature of the Earth’s interior that was the object of our Atlantic Ocean 28 

study.   29 

Key words: Marine electromagnetics; Magnetotellurics; Electromagnetic theory; Mid-ocean 30 

ridge processes; Electrical properties 31 

 32 

1 INTRODUCTION 33 

The marine magnetotelluric (MT) method, using natural-source signals, plays an important role in 34 

our understanding of Earth’s interior at mid-ocean ridges (e.g. Key et al. 2013), hotspots (e.g. 35 

Nolasco et al. 1998), oceanic trenches and subduction zones (e.g. Naif et al. 2013; Worzewski et 36 

al. 2011), especially for situations relating to melting and de-/hydration. In 2017, we deployed 39 37 

marine MT instruments across the Middle Atlantic Ridge (MAR), 500 – 1500 km away from the 38 

African coast (Fig. 1a), to study the evolution of the lithosphere-asthenosphere boundary (LAB) 39 

with age. The instruments were deployed for a year alongside an array of ocean-bottom 40 

seismometers as part of the Passive Imaging of the Lithosphere-Asthenosphere Boundary (PI-41 

LAB) experiment (Agius et al. 2018; Harmon et al. 2018), but acquisition time was limited to 60 42 

days by the MT instrument battery life. However, the time series was long enough to process data 43 

to a low frequency of 5´10-5 Hz. Two examples of MT response functions, at stations 11 and 15 44 

along one profile, are shown in Figs 1(b) - (e). A striking feature of these data is negative phases 45 
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between 0.1 and 1´10-2 Hz (Figs 1c and e) in the mode in which the electric field is approximately 46 

perpendicular to the ridge (the transverse magnetic mode as described below). This effect was seen 47 

in most of the stations at the eastern side of MAR along the profiles. We initially assumed that this 48 

was caused by an instrument calibration issue or a processing error, but we have eliminated these 49 

possibilities by carefully checking the instruments and algorithms used. Since negative phases are 50 

non-causal for one-dimensional (1D) structure, this effect has to be caused by two-dimensional 51 

(2D) or three-dimensional (3D) structures.  52 

 In 2D survey geometries, MT data can be decomposed as two independent modes, 53 

transverse electric (TE) and transverse magnetic (TM), based on different polarization directions 54 

of the MT signals. Phase anomalies, larger than 90° or negative, have been observed in land/coastal 55 

MT data (e.g. Pek & Verner 1997; Heise & Pous 2003; Lezaeta & Haak 2003; Weckmann et al. 56 

2003; Ichihara & Mogi 2009). A L-shaped conductor model and the physics of current channeling 57 

combined with 2D anisotropic or 3D isotropic models were used to explain these phase anomalies 58 

(e.g. Lezaeta & Haak 2003; Ichihara & Mogi 2009). These studies show the importance of 59 

understanding the physics of phase anomalies in land/coastal MT data, since it would be difficult 60 

for inversion algorithms to find these kinds of models without guidance. However, these 61 

explanations do not represent what we have observed in our dataset, since our observations are far 62 

away from any continents, and severe current channeling is difficult in the presence of uniformly 63 

conductive seawater. We attempted 2D anisotropic inversions and were not able to fit the field 64 

data. We need to seek another explanation for the highly negative phases we observed at the MAR.    65 

Marine MT TE and TM-mode data are distorted differently by the coast. TE-mode data, in 66 

which electric currents flow parallel to structure, suffer from inductive distortion shown as upward 67 

cusps in the apparent resistivities and negative phases (Constable et al. 2009; Key & Constable 68 
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2011; Worzewski et al. 2012). The physics behind the TE-mode distortion, especially for the 69 

negative phases, was shown to be inductive currents flowing along the edge of the deep ocean 70 

basin, with electromagnetic energy diffusing down through the onshore section and bending 71 

laterally and then back upwards to the seafloor (Key & Constable 2011). This effect was also 72 

observed in land MT data when data were collected near large resistivity contrasts (Selway et al. 73 

2012). Our previous understanding of the TM-mode coast effect distortion, in which electric 74 

currents flow perpendicular to structure, is that it is a galvanic distortion associated with electric 75 

currents flowing in seawater being deflected by the resistive land, which leads to depressed 76 

apparent resistivities. Because the distortion is galvanic, phases are largely unaltered, and the 77 

influence can propagate to large distances, particularly at low frequencies (Bailey 1977; Cox 1980; 78 

Ranganayaki & Madden 1980; Menvielle et al. 1982; Monteiro Santos et al. 2001; Alekseev et al. 79 

2009; Constable et al. 2009; Key & Constable 2011; Worzewski et al. 2012). This model of the 80 

TM-mode coast effect does not explain the prominently negative phases observed in our MAR 81 

dataset at the high frequencies. A similar phenomenon was observed in data collected offshore of 82 

northeastern Japan (Key & Constable 2011), but the 2D inversion of that dataset did not fit this 83 

distorted part of the data, and the authors did not investigate the physics behind this feature. Later, 84 

in an offshore Costa Rica study (Worzewski et al. 2012), negative TM phases were observed but 85 

not studied. 86 

Before we quantitatively model our MT data from the MAR, which likely will require 3D 87 

inversions to fully capture the geometry of the coast and seafloor structure, we seek to understand 88 

the physics of the TM-mode negative phases. As we explain above, it is likely that our inversions 89 

will need to be guided by our understanding of the physics. At this time, no publicly available 3D 90 

code can handle the bathymetry and distant coastlines required by our dataset. We therefor use 2D 91 
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modeling due to its availability and efficiency, and the TE and TM-mode physics can separate in 92 

2D models. The physics is similar in 3D structure, but intermingled. In this study, TM-mode data 93 

are modeled with simple 2D ocean models, and the physics behind the TM-mode negative phases 94 

is examined using the Poynting vector, electromagnetic (EM) fields, and electric current density. 95 

We also investigate the influence of model parameters of seawater depth and oceanic lithosphere 96 

and asthenosphere on the TM-mode coast effect.  97 

 98 

2 METHODS 99 

In the frequency domain, the observed MT electric fields (Ex, Ey) and MT magnetic fields (Hx, Hy) 100 

are related through the frequency-dependent impedance tensor Z given as  101 

!
𝐸#
𝐸$
% = !

𝑍## 𝑍#$
𝑍$# 𝑍$$

% !
𝐻#
𝐻$
%,        (1) 102 

where a Cartesian coordinate system is used in which x represents strike direction, y profile 103 

direction, and z positive downwards.  104 

In 2D media, the diagonal components of Z are zero, and the off-diagonal components Zxy 105 

and Zyx can be used to define apparent resistivities (r#$/$#) and phases (𝜙#$/$#) of TE and TM-106 

mode, respectively, as 107 

r#$/$# =
+
,-
.𝑍#$/$#.

/
,        (2) 108 

𝜙#$/$# = tan3+ 4Im7𝑍#$/$#8/Re7𝑍#$/$#8;,      (3) 109 

where 𝜇 is permeability, and 𝜔 is angular frequency.  110 
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The EM energy diffusion and propagation path can be illustrated using the complex 111 

Poynting vector (Stratton 2015): 112 

𝑺 = +
/
𝑅𝑒(𝑬 × 𝑯∗),         (4) 113 

where 𝑯∗ represents the conjugate of magnetic field H, and E represents electric field. For the 114 

TM-mode case, Equation 4 can be simplified as   115 

𝑺 = +
/
𝑅𝑒(𝐸G ∙ 𝐻#∗𝒚J + 𝐸$ ∙ 𝐻#∗𝒛M),       (5) 116 

𝒚J and 𝒛M represent the unit vector in the y and z directions. The electric fields Ey and Ez and the 117 

magnetic field Hx have non-zero values when TM-mode fields are considered. The tool used to 118 

calculate EM fields is MARE2DEM (Key 2016) which is a well-tested academic code. 119 

The current density in the yz-plane is given by 120 

𝑱 = (𝜎 − i𝜀𝜔) ∙ (𝐸$𝒚J + 𝐸G𝒛M),        (6) 121 

where 𝜎 is the conductivity, inverse of resistivity, of media, i represents imaginary unit, and 𝜀 is 122 

permittivity of media. Displacement current density given by the i𝜀𝜔 term is negligible in our case 123 

because ocean and seafloor conductivities are relatively high and frequencies relatively low. The 124 

real part of the current density can illustrate the physical quantities (Boas 2006). This approach 125 

may potentially neglect some of the physics (Raziman & Martin 2016), but, current flows will be 126 

hard to illustrate without using it (Pek & Verner 1997), and it is similar to using real components 127 

of tipper as induction arrows and using real component of electric fields as directional arrows 128 

(Parkinson & Jones 1979; Ichihara & Mogi 2009). 129 

 130 
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3 RESULTS 131 

3.1 Induction coast effect in TM-mode data 132 

We use a simple ocean model to model the coast effect in TM-mode data and to understand its 133 

physics (Fig. 2). Bathymetry is not considered in the model in order to make the results easier to 134 

understand. The depth and resistivity of an ocean are 5 km and 0.33 Wm, respectively. The coast 135 

is at the 2500 km position along the profile in the y direction. The thickness and resistivity of the 136 

seafloor/lithosphere are chosen as 45 km and 10,000 Wm, respectively. The resistivity of the 137 

asthenosphere is 10 Wm.  138 

 The high resistivity of the oceanic lithosphere is a critical parameter in the propagation of 139 

the TM-mode coast effect (Heinson & Constable 1992). Once controversial, it is now widely 140 

known, mainly from deep marine controlled source EM sounding data (e.g. Constable & Cox 141 

1996) but also MT data sensitive to the coast effect (Mackie et al. 1988), that the dry and cool 142 

oceanic upper mantle has a resistivity of about 10,000 Wm.    143 

We find that the observed negative phases implies that the coast effect in TM-mode data is 144 

not only a galvanic but also an inductive phenomenon, as speculated by Worzewski et al. (2012). 145 

The TM-mode apparent resistivities and phases at frequencies of 1.0´10-4 and 5.0´10-2 Hz based 146 

on the simple ocean model are shown in Fig. 2 (a large range of frequencies were tested from 147 

1.0´10-1 to 1.0´10-5 Hz, the results of other frequencies are shown in the supplementary Video I). 148 

Even though the difference in apparent resistivities between Figs 2(a) and (b) is not prominent for 149 

the coast effect at distances of 1500 to 2500 km, the differences in phases between Figs 2(c) and 150 

(d) show that the TM-mode coast effect is frequency-dependent.  151 



Confidential manuscript submitted to Geophysical Journal International 

 8 

The frequency-dependence feature is more obvious when the apparent resistivities and 152 

phases of thirteen frequencies are compared (Fig. 3). TM-mode apparent resistivities are more 153 

strongly depressed than TE-mode ones (Figs 3a and b). TE negative phases exist mainly at the 154 

positions close to the coastline (Fig. 3c), and TM-mode negative phases exist, however, at a 155 

surprisingly large distance, as much as 800 km (Fig. 3d). Thus, the TM-mode coast effect at low 156 

frequencies is expressed mainly as depressed apparent resistivities, but is expressed as depressed 157 

apparent resistivities and negative phases at relatively high frequencies (Figs 2 and 3).  158 

Noticeably, the TM-mode negative phases and relatively high apparent resistivities at high 159 

frequencies (Figs 3e and f) are able to approximately represent the phenomenon we observed in 160 

our field data (Figs 1b - d). The reason we cannot accurately model the field data is that both the 161 

coastline and bathymetry have some 3D effects we cannot fully capture in the 2D modeling.   162 

 163 

3.2 Physics behind TM-mode negative phases 164 

The turning of the Poynting vector direction, originated from the top of the model and 165 

shown as bending white streamlines in Figs 2 and 4, is related to the TM-mode negative phases. 166 

The Hx field is enhanced in the seafloor near to the coast due to induction (Fig. 4a) compared to 167 

the fields far away from the coast. The Ey field is deflected due to the coast (Fig. 4b), which causes 168 

the feature of depressed apparent resistivity. The Ez field is, however, enhanced near the coast due 169 

to the current flowing downwards even when compared to the Ey field (Figs. 4b and c). Thus, the 170 

path of EM energy propagation represented by the Poynting vector starts to have strong horizontal 171 

component (governed by Hx and Ez fields in Equation 5) near to the coast and bends from the coast 172 

to the ocean (Figs 2 and 4). The direction of the Poynting vector becomes parallel to the ocean 173 
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bottom when the Ey field is negligible (Fig. 4b, Equation 5). Then the Poynting vector starts to 174 

finish a ‘U’ turn and propagate upwards. Thus, back propagation of EM energy, indicated by the 175 

turning of the Poynting vector, is related to the TM-mode negative phase. The phases of the Hx 176 

and Ez fields in Figs 4(d) and (f) also indicate the direction change of the fields (Fig. 4d shows the 177 

phase of -Hx). The phase reversal of TM-mode data is related to the phase changes of the Hx and 178 

Ey fields (Figs 4d and e). This is a similar phenomenon to the phase reversal observed in TE-179 

mode data, which is related to the phase reversal of Hy field.  180 

Extracting the real component of the complex-valued current density to obtain physical 181 

information may potentially lead to a pitfall based on a recent study (Raziman & Martin 2016). 182 

However, this is a way to illustrate the currents when they are complex-valued and have two spatial 183 

components (e.g. Pek & Verner 1997; Ichihara & Mogi 2009). Thus, current flows represented by 184 

the real component of current density also provide useful information to understand the physics of 185 

the TM-mode coast effect. The strong contrast of resistivity at the coast depletes the currents, C1 186 

and C2 in Fig. 5(a), in the y direction and causes the current, C3 in Fig. 5(a), to flow downwards, 187 

even though the current, C2 in Fig. 5(a), from land may flow upwards due to sea water attraction. 188 

The upward current, C4 in Fig. 5(a), is partially induced by the decreasing magnetic field (Figs 4a 189 

and 5a). Its direction opposes the current, C3 in Fig. 5(a), propagating downwards. The 190 

displacement current (Fig. 5b) is negligible compared to the conduction one (Fig. 5a).  191 

In order to illustrate current flows in a clear way, a sketch of current flows is useful (Fig. 192 

6). No vertical current is generated when current, such as the current C1, flows horizontally without 193 

the distortion of the coast (Fig. 6a). When the coast exists, currents both from ocean (the current 194 

C1) and land (the current C2) merge together at the coast and then flow downwards as the current 195 

C3 (Fig. 6b). Since different amount of charges are accumulated at the boundaries of the 196 
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lithosphere, this can lead to a voltage difference. For example, voltage V2 at the bottom of the 197 

lithosphere is higher than voltage V1 at the top of the lithosphere, this can be confirmed in Figs 198 

4(b) and (c) at the distances, for example, of 2,000 to 2,500 km at the 20 km depth to shallower 199 

depths, especially in Fig. 4(b). Also, based on Lenz’s law, when the magnetic field is decreasing, 200 

an induced current should create a magnetic field which has the same direction as the decreasing 201 

one. The current C4 is able to play such a role here (illustrated in Fig. 5a). It seems these currents 202 

form a loop, which interestingly fits the explanation of coast effect in Parkinson & Jones (1979). 203 

Thus, probably due to the voltage difference and induction of magnetic field, the current flows 204 

upwards (Fig. 6b). At relatively high frequencies, the Hx field which propagates from the sea 205 

surface to the seafloor is attenuated by the conductive ocean (Constable 2013). This allows the 206 

induced Hx field (marked as red color, Fig. 6b) to dominate in the seafloor/lithosphere and also 207 

explains why the TM-mode negative phases existed at relatively high frequencies. Based on the 208 

analyses, TM-mode phases can get reversed due to the phase change of Ey and phase change of 209 

induced Hx compared to the original fields in the ocean, as shown in Fig. 6(b).  210 

To conclude, TM-mode coast effect shown as phase reversal and depressed apparent 211 

resistivity at relatively high frequencies (Figs 2b and d) is caused by the diffusion and back 212 

propagation of EM energy, phase change of Ey and Hx fields due to depression and induction 213 

respectively, downward current due to depression, and upward current probably due to induction 214 

and voltage difference, evident where the original Hx field is attenuated in the seawater. This high-215 

frequency TM-mode coast effect is more complicated than the low frequency TM-mode coast 216 

effect, which is exhibited mainly as depressed apparent resistivities and has been previously well 217 

studied (e.g. Bailey 1977; Cox 1980; Ranganayaki & Madden 1980; Menvielle et al. 1982; 218 

Monteiro Santos et al. 2001; Alekseev et al. 2009; Constable et al. 2009). This understanding 219 
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should help us interpret our field data using the available modeling tools, while a marine MT 3D 220 

inversion code with a capacity to model distant coastlines and bathymetry is developed.  221 

 222 

3.3 Influence of the asthenosphere on the coast effect 223 

Various models with different parameters are used to show the sensitivity of the TM-mode 224 

coast effect to the LAB. The TM-mode coast effect is sensitive to the conductive layer, 225 

representing the asthenosphere layer, that lies beneath the seafloor (Figs 7 and 8). It seems the 226 

existence of the asthenosphere layer allows more current to flow down near the coast zone (Figs 227 

7a, 7c, 8a and 8c). The TM-mode inductive coast effect, caused by the phase changes of Hx and Ey 228 

fields due to the depression of the Ey field, can show up at a large propagation distance. The TM-229 

mode coast effect becomes stronger in Fig. 7(a) than in Fig. 7(c) at the depths larger than 50 km, 230 

since the signals have a larger penetration depth when no conductive layer lies beneath the seafloor. 231 

Generally, the negative phase of the TM-mode coast effect can be more pronounced when one of 232 

these conditions is satisfied: (1) an asthenospheric conductor exists (Figs 7a and c); (2) the 233 

resistivity contrast between lithosphere and asthenosphere is larger (Figs 7c-e, 8c-d); (3) 234 

lithospheric thickness is larger (Figs 7e-f, 8e-f); and (4) the ocean depth is larger (Figs 7b-c). 235 

However, it can be less pronounced when the product of the resistivity and thickness of the seafloor 236 

(the transverse resistance) is increased (Figs 7d and f). Whether and where negative phases show 237 

up depends on the frequency, the existence of asthenosphere, the resistivity contrast of the 238 

lithosphere and asthenosphere, the lithosphere thickness, and the ocean depth. The existence of 239 

negative phases indicates inductive distortion, but the position where they occur is related to both 240 

inductive and galvanic distortions.  241 
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The distance to the coast where back propagation of EM energy reaches a maximum can 242 

be approximated with the strategy proposed by Cox (1980), which is 𝐿 = 	UℎWℎX𝜌X/𝜌W m away 243 

from coastlines (the resistivity of the ocean, 𝜌W, is often taken as 0.33 Wm). However, the furthest 244 

distance corelated to the negative phases is only around half of L. The low current density under 245 

the seafloor is related to the reversal of current directions (Fig. 8). Upward flowing currents are 246 

partially corelated to the induced magnetic field as shown in Figs 5(a) and 6(b). The result indicates 247 

that marine MT data are sensitive to the LAB, and proper interpretation of marine MT data must 248 

consider the coast effect, which plays an important role here.  249 

 250 

3.4 Potential problems caused by the coast effect  251 

The TM-mode coast effect described here affected the study of Key & Constable (2011) 252 

offshore northeastern Japan, as two stations showed a bad data fit for TM-mode phases at high 253 

frequencies, (stations s04 and s01 in Fig. 3 of Key & Constable, 2011). Now this coast effect has 254 

been identified in our study, future inversions of these, and other, datasets can be guided to fit 255 

distorted data, which is otherwise difficult to fit using unconstrained 2D isotropic and anisotropic 256 

inversions. Synthetic tests also revealed that it was hard to resolve the real shape of the anomaly 257 

in a synthetic model. The main reason this effect has only recently come to our attention is that the 258 

early marine MT datasets were collected at relatively low frequencies where this effect is not 259 

visible. Using the method of subtracting coast effect proposed by Dosso & Meng (1992) or using 260 

the determinant of the impedance tenser for inversion proposed by Pedersen & Engels (2005) to 261 
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suppress 3D effect might potentially mitigate the influence or part of it, but this will be the subject 262 

of another study.  263 

 264 

4 DISCUSSION AND CONCLUSIONS 265 

Like the TE-mode coast effect, the TM-mode effect is frequency-dependent, which is 266 

different from what previous studies have assumed. At low frequencies, the TM-mode coast effect 267 

shows as depressed apparent resistivities and unaltered phase. At high frequencies at sufficient 268 

distance from the coast it shows, however, as depressed apparent resistivities and negative phases. 269 

TM-mode negative phases are an obvious feature of inductive distortion. Thus, the coast effect in 270 

marine MT TM-mode data is a combination of galvanic and inductive distortions. The TM-mode 271 

coast effect exhibits as phase reversal and depressed apparent resistivity at relatively high 272 

frequencies caused by the diffusion and back propagation of EM energy, phase change of EM 273 

fields due to depression and induction, downward current due to depression, and upward current 274 

probably due to induction and voltage difference. The negative phases of TM-mode data exist 275 

when the original magnetic source field is attenuated in the ocean, and an induced magnetic field 276 

dominates in the lithosphere. Even though we focused on the TM-mode coast effect in marine MT 277 

data, the TM-mode coast effect in land MT data and the TE-mode coast effect both in marine and 278 

land MT data are shown in the supplementary Video I.  279 

A conductive asthenosphere beneath the seafloor can enhance the TM-mode coast effect, 280 

since the vertical currents caused by the coast can flow more easily as the conductive layer attracts 281 

the current. Furthermore, the TM-mode coast effect is sensitive to the resistivity contrast of the 282 

seafloor/lithosphere and the underlying asthenosphere, the lithosphere thickness, and the ocean 283 
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depth. These indicate that the relatively long period MT data we collected at MAR are sensitive to 284 

the LAB, whose depth is still an elusive topic. Thin sheet models often used to model the coastlines 285 

and seafloor bathymetry will not work well for the removal of the TM-mode coast effect at 286 

relatively high frequencies, since the method is only accurate for long period MT data (Price 1949; 287 

Ranganayaki & Madden 1980).  288 

One should note that the coast effect described by our 2D modeling may not fully explain 289 

3D effects in the data, even though the physics is similar and intermingled. We have not yet exactly 290 

modeled the coast effect in our field data due to the complicated geometry of coastline and 291 

bathymetry. Quantitative interpretation of our data is likely to require a fully inductive 3D model 292 

that can accommodate the shape of the coastlines as well as the local MAR geology, which is 293 

currently a challenging, perhaps even unsolved, computational problem.  294 

 295 
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Figures 403 

Figure 1 404 

 405 
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Figure 1. The research area at MAR (inset) and examples of distorted MT data. (a) Research area. 406 

(b) Apparent resistivity and (c) phase data at station 11 near the MAR. (d) Apparent resistivity and 407 

(e) phase data at station 15 closer to the African coast. Blue and red colors mark TE and TM-mode 408 

data, respectively. TM-mode negative phases exist from station 11 to station 15 at the eastern side 409 

of the profile.  410 

  411 
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Figure 2 412 

 413 

Figure 2. Comparison of TM-mode apparent resistivities and phases at two frequencies. TM-mode 414 

apparent resistivities, (a) and (b), and TM-mode phases, (c) and (d), at frequencies of 1.0´10-4 and 415 

5.0´10-2 Hz, respectively. Black lines in (c) represent the boundaries of the model used. ho and ro 416 

represent the depth and resistivity of the ocean. hl and rl represent the thickness and resistivity of 417 

the seafloor/lithosphere, and ra represents the resistivity of conductive/asthenospheric layer. ro is 418 

fixed as 0.33 Wm in the study. White streamlines represent the Poynting vector direction, showing 419 

EM energy propagation. The turning of the Poynting vector from the coast to the ocean 420 

corresponds to the negative phases of TM-mode data. TM-mode coast effect is, however, 421 

frequency-dependent.  422 
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Figure 3 424 

 425 

Figure 3. TE and TM-mode apparent resistivities, (a) and (b), and phases, (c) and (d), at one meter 426 

above seafloor based on the model in Fig. 2. (e) and (f) apparent resistivities and phases selected 427 

along the frequency axis at a 2050 km distance (marked as black lines in a-d). Thirteen frequencies 428 

were used from 1.0´10-5 to 0.1 Hz. TM-mode coast effect shows frequency-dependence, which 429 

indicates induction phenomenon.  430 
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Figure 4 432 

 433 

Figure 4. Amplitudes of (a) Hx, (b) Ey, and (c) Ez fields, and phases of (d) - Hx, (e) Ey, and (f) Ez 434 

fields. White streamlines represent the Poynting vector. When Hx changes directions, for example 435 

at distances of 1000 to 1500 km and 1800 to 2500 km, the Poynting vector changes propagation 436 

direction. Ez field has small values, thus it has slight influence of inaccuracy.  437 

 438 

  439 
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Figure 5 440 

 441 

Figure 5.  The real components of the conduction and displacement current density (Equation 6), 442 

(a) and (b), respectively. The arrows only represent flowing directions of the currents. The reason 443 

of using real component is that it represents the physical quantities. Displacement current is 444 

negligible compared to conduction current, so that this term is dropped in later usage.  445 

 446 

  447 
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Figure 6 448 

 449 

Figure 6. The sketch of current flows. (a) current flows without a coast, and (b) current flows with 450 

a coast. Current flows are represented by the white arrows. Four types of currents are shown in 451 

(b), marked as C1, C2, C3, and C4. The corresponding magnetic fields are marked with circles 452 

based on right-hand rule. EM fields are shown at the coast area. All currents flow in the same 453 

direction when the coast is not existed. Thus, phase reversal cannot be caused by a layered model. 454 

The currents, however, change flowing directions due to the influence of the coast, especially in 455 

the lithosphere.  456 
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Figure 7 458 

 459 

Figure 7. TM-mode phases for various models with one conductive layer beneath the 460 

seafloor/lithosphere, except for (a). All the parameters have the same physical meaning as in Fig. 461 

2. The coast position and the resistivity of ocean are same as in Fig. 2. Black lines mark the 462 

boundaries in the models. The upward propagation of the Poynting vectors, white streamlines, is 463 
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directly related to negative phases. The negative phases are sensitive to the LAB and also other 464 

parameters of the models.  465 

  466 
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Figure 8 467 

 468 

Figure 8. Real part of conduction current density based on the same models in Fig. 7. The arrows 469 

represent the direction of current flows as Fig. 5. The low current density under the seafloor are 470 

related to the changes of current directions.  471 

 472 


