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Modelling 3D coast effects in marine magnetotelluric data using edge-based finite
element method

Jianbo Long, Shunguo Wang

jianbo.long@ntnu.no; shunguo.wang@ntnu.no
Norwegian University of Science and Technology (NTNU), Trondheim, Norway

SUMMARY

Magnetotelluric method has been an important method in investigating offshore geologic structures in a variety
of applications. Previous studies have shown that coast distortion can affect measurements over a great
distance. Often, 2D models are used in marine magnetotelluric studies, partly because the 2D assumption is
acceptable in test regions and partly because 3D tools are unavailable. Here, we have developed a vector finite
element based modelling code to study the 3D coast effect. Initial test results have confirmed the modelling
accuracy and we are now able to analyze 3D coast effects over more complex scenarios.
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INTRODUCTION

Coast and bathymetry effects are the primary
terrain-related distortions when interpreting marine
magnetotelluric (MT) data. In some experiment en-
vironments such as mid-ocean ridges, the under-
lying earth model may be approximated as a two-
dimensional (2D) conductivity model where the con-
ductivity does not change along the strike direction
(i.e., ocean ridges). In this case, MT data analysis is
commonly separated into that of transverse electric
(TE) mode and transverse magnetic (TM) mode.

Coast effect does not just affect the close region of
continental margin, but can propagate to a long dis-
tance (Worzewski et al, 2012). In the TE mode of
the 2D scenario, the effect is due to the induction
coupling between the coast and the rest of the earth
model (i.e., sea water and sea floor) since the elec-
trical current flows in parallel to the strike direction
and no electric charges are built on conductivity in-
terfaces. In the TM mode, in addition to the induc-
tion, galvanic diffusion of the electromagnetic (EM)
field will also play a part in distorting the MT mea-
surements. In both modes, these distortions can
be indicated by the existence of abnormal apparent
resistivity values and phase changes, which have
been well observed in field (e.g., Key and Consta-

ble, 2011) and in numerical modellings (e.g., San-
tos et al, 2001; Worzewski et al, 2012; Wang et al,
2019).

In the three-dimensional (3D) scenario, it is reason-
able to expect that both induction and galvanic dif-
fusions will be present. In addition, unlike the rela-
tively flat seafloor surface around mid-ocean ridges
that can often be approximated as 2D models, 3D
coastal lines are much more ubiquitous. These fac-
tors present a very challenging but important ques-
tion: how can the coast distortions be recognized
(and then removed if possible), or be taken into con-
sideration in interpreting 3D MT data ?

Here, we have developed a 3D finite element mod-
elling code in the hope that it will allow us to ac-
curately model the coast effects on marine MT data,
thus allowing us to better recognize 3D coast effects
in real data. The code utilizes unstructured tetrahe-
dral meshes which allow for efficient and accurate
representation of coastal lines and bathymetry.

MODELLING CODE

Our finite-element based forward modelling code is
developed using modern FORTRAN features and
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can compute both 2D and 3D MT responses using
unstructured meshes. 2D triangular and 3D tetrahe-
dral meshes are used in this study and are gener-
ated using software Triangle (Shewchuk, 1996) and
Tetgen (Si, 2015), respectively.

EQUATIONS AND BOUNDARY CONDITIONS

Common equations solved in the modelling in-
clude electromagnetic potential equations and the
Helmholtz equation for electric field, E or magnetic
field, H. To best model the coast distortion in the
MT data, we have chosen the E-field equation. This
is because the coastal lines can extend to a great
distance making the vertical surfaces of a 3D model
as essentially 2D models, as shown in Figs 1 and 2.

On 2D boundary surfaces, electric charges will ac-
cumulate when the external electric field is parallel
to the surfaces (similar to the TM mode of a pure 2D
model), giving rise to possible discontinuities in EM
potential functions. In this case, specifying bound-
ary EM field values will be much easier than specify-
ing potential function values. Boundary E field val-
ues are from solving 2D modelling problems over
the 2D boundary surfaces.

Figure 1: Example 3D tetrahedral mesh of part of
the test 3D marine conductivity model with a
vertical coast at x = 2500 km. Vertical bound-
ary surfaces in the x−z plane are 2D surfaces.

−100

−80

−60

−40

−20

0

20

z
 (

k
m

)

0 500 1000 1500 2000 2500 3000 3500

x (km)

 Air 

Coast

Continent

10000 Ωm

Seafloor

10000 Ωm

Basement, 10 Ωm

Sea water, 0.3 Ωm (3.3 S/m)

Figure 2: Corresponding 2D conductivity model of
the 3D model shown in Fig1. Sea water layer
has a thickness of 5 km and conductivity of 3.3
S/m.

EXAMPLE MODELLING RESULT

Our initial test model, which is shown in Figs 1 and
2, is a relatively simple 3D marine model with only 3
conductivity regions: sea water (3.3 S/m), seafloor
(1.e-4 S/m) and an asthenosphere basement (0.1
S/m). The coast boundary is located at x = 2500
km. The sea water has a depth of 5 km. The top
of the conductive basement is at z = -50 km. These
parameters are taken from the example model from
Wang et al (2019). A series of frequency value rang-
ing from 1.e-5 Hz to 0.5 Hz was used to test the
modelling. The actual computational domain of this
test extends from x = -500 km to x = 4000 km in
the horizontal direction and from z = -200 km to z
= 80 km in the vertical direction. Due to the use of
unstructured meshes, we were able to locally refine
the mesh around regions of interest.

Since the conductivity contrast between sea water
and the coastal region is high, large coast effect can
be expected at measurements along sea floor. The
calculated 3D impedance tensor, expressed in ap-
parent resistivity and phase values, is shown in Fig 3
at site x = 2050 km, y = 0 along the seafloor (1 me-
ter above seafloor), which is 450 km away from the
coastal line.
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Figure 3: Apparent resistivity and phase values of
4 components of impedance tensor calculated
at the site x = 2050 km (see Fig 2). Previous
2D result is from Wang et al (2019)

The 3D result is seen to be in good agreement
with the 2D results previously presented in Wang
et al (2019), with the latter only having TE (corre-
sponding to Zyx here) and TM mode (correspond-
ing to Zxy here) impedance components. Since this
model is essentially the “3D version” of that 2D ma-
rine model from Wang et al (2019), the diagonals of
the impedance tensor are expected to be trivial, as
shown by the very small values of Zxx and Zyy here.
The larger errors at high frequencies of the results,
particularly in Zyx, are due to limited size of mesh
used in the test.

Further vector E field flows are plotted in Fig 4 for
the polarization mode of having the MT source E
field parallel to the x − z plane (i.e., TM mode in
a 2D case). The vertical section of the plot is at
y = 0. Results similar to previous 2D modellings
are observed here. For example, there are only
dominantly downward flows of current density in the
resistive seafloor at low frequency, but at high fre-
quency, downward flows of current density near the
coast are seen upward flowing back to the sea wa-
ter, causing coast effect at great distances away
from the coast line.

CONCLUSIONS

3D coast effects are expected to be more complex
than the 2D case. Our finite-element based mod-
elling code for 3D coast effects has been initially
tested and shown to be capable of accurately mod-
elling the effect. More complex 3D marine conduc-
tivity models, possibly with bathymetry information,
will be tested in the next stage.
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Figure 4: Calculated vector E field distribution in the x−z plane with y = 0 from the 3D model at three different
frequencies. Only real part of E field is shown. At frequencies f = 2.23e-3 Hz and f = 0.049 Hz, some
vector arrows of the field become more random than others; this is due to insufficient modelling accuracy
caused by limited element sizes of the mesh in those regions. Current density flows follow the same of
E field.
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