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Abstract We focus on the forward problem of controlled source electromagnetic (CSEM) and
present a new three-dimensional (3D) finite-element modeling (FEM) algorithm using the
secondary field for continuous variation of electrical conductivity within each block. Usually delta
sources are used in the governing partial differential equations and the electrical conductivity of

each block is assumed to be a constant in traditional FEM for CSEM modeling, which produces
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near-field error due to the source singularity and boundary reflections among blocks. On the other
hand, the traditional uniform hexahedral grids significantly limit their capacity to handle
practical underground structures with complex geometry and continuous variation of electrical
conductivity.

On the basis of Maxwell's equations, the electromagnetic field is separated into background
field with analytical solution of a layered media and the secondary field caused by anomalous
bodies, which is numerically computed by the finite element method, to avoid the source
singularity. Firstly, the corresponding variation question of the three-dimension boundary value
problem for CSEM is given according to the generalized variational principle. Secondly, the FEM
is implemented to solve the variational equation. The computational area is divided into many
arbitrary hexahedral element meshes, in which the tri-linear interpolation is performed on the
electromagnetic field and conductivity parameter simultaneously to simulate the model with
electrical conductivity of continuous variation. Thus the variational equation is converted into a
linear equation system, and it is solved to obtain the secondary electric field at each node. In the
process, the divergence condition is added to eliminate the spurious solution. Using the relation
between the electric fields and the magnetic fields, the secondary magnetic field value of each
node is also obtained. In combination with the background field, the total electromagnetic fields
of each node can be calculated, resulting in apparent resistivity and impedance phase values on the
ground surface. Finally, numerical modeling results for a series of models are carried out to
validate the effectiveness of our 3D CSEM finite element algorithm.

The result of our method shows 0. 002 percent error in apparent resistivity and 0. 0005 error
in impedance phase for a homogeneous half-space model. The FEM modeling for a continuous
multilayer model shows obviously differences in comparison to analytic solutions for its
corresponding layered model, which are up to 44. 43% for apparent resistivity and 13, 27° for
impedance phase. For more complicated models, such as the combined model with multiple 3D
anomaly bodies or sloping interface anomaly bodies, our FEM method works well and illustrates
subsurface structures effectively.

A CSEM modeling method is developed using FEM to compute the electromagnetic responses
for three-dimensional models. The main feature of our method is that the secondary electrical
field is solved by FEM with arbitrary hexahedral element meshing, in which the tri-linear
interpolation is performed on the electromagnetic field and conductivity parameter
simultaneously. In addition, the divergence condition is used to overcome the spurious solution.
Finally the total field is obtained by adding the secondary electrical field to the analytical
background field. Numerical experiments show our new three-dimensional CSEM f{forward
modeling algorithm ensures the accuracy of the solution and is able to simulate more complicated
model with arbitrarily shaped structures and continuous variation of electrical conductivity.
Keywords Controlled source electromagnetic method; Secondary field; Continuous variation of

conductivity within each block; Finite element method; Three-dimensional
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Schematic diagram for a three-dimensional model and the model meshing

(a) Three-dimensional model; (b) The 3-D model meshing.
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(a) Sub-element; (b) Parent element.
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Table 1 Comparison between analytical and 3-D FE

solutions for homogeneous half-space model

ooy BBRICIRE 0 o TRMTIR oo BBRICIRE o o fR BT AR

f/Hz

/Qm /Qm /() /()
8192 99.997 99.998 44. 878 44. 882
4096 99. 987 99. 992 44,767 44,764
2048 99. 979 99. 966 44,529 44,529
1024 100. 013 100. 010 44. 044 44,047
512 98. 274 98. 277 43.465 43.465
256 94. 666 94. 666 39. 185 39. 185
128 110. 223 110. 220 32.737 32.737
64 142. 706 142. 710 28. 647 28. 647
32 187. 639 187. 640 25. 446 25. 446
16 254.161 254,160 21. 251 21. 251
8 375. 326 375. 320 15. 664 15. 664

4 626. 563 626. 560 9.950 9.950

2 1156. 842 1156. 800 5.562 5.562

1 2253.735 2253.700 2.843 2.843
0.5 4482. 500 4482. 500 1. 368 1. 368
0. 25 8968. 775 8968. 700 0. 630 0. 630
0.125 17963. 031 17963. 000 0.279 0.279
0.0625 35967. 235 35967. 000 0.119 0.119
0.03125 71986.758 71986. 000 0.048 0.048
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Fig. 4 Comparison of the analytical and 3-D FEM solutions for homogeneous half-space model

(a) Apparent resistivity; (b) Phase.
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Fig. 5 Space distribution of the electrical and magnetic fields for homogeneous half-space model

(a) The amplitude of the electrical field; (b) The amplitude of the magnetic field.
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(a) Apparent resistivity; (b) Phase.
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Fig. 10 Contour plot of the secondary fields, apparent resistivities and phases with different frequencies

on the ground for the model with two 3D anomaly bodies

Fig. (al), (a2), (a3) and (a4) show the amplitudes of the secondary electric and magnetic fields, the apparent

resistivity and phase at 1000Hz on the surface, respectively; Fig. (b1), (b2), (b3) and (b4) show the amplitudes of the

secondary electric and magnetic fields, the apparent resistivity and phase at 128 Hz on the surface, respectively; Fig.

(c1), (c2), (c3) and (c4) show the amplitudes of the secondary electric and magnetic fields, the apparent resistivity

and phase at 16Hz on the surface, respectively.
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(a) Section view; (b) The spatial distribution of resistivity.
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(a) Plan view; (b) Section view.
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Fig. 15 The apparent resistivity and phase curve for combined model with multiple 3D anomaly bodies

(a) Apparent resistivity; (b) Phase.
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Fig. 16 Contour plots of the apparent resistivity and phase on the ground at 8 Hz

(a) Apparent resistivity; (b) Phase.
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