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SUMMARY
In this work the approaches to the finite element 3D-modeling of geoelectromagnetic fields in time and frequency
domains when they are excited by the controlled sources as well as in the magnetotelluric sounding tasks are described.
The presented approaches are based on the use of the vector finite element method on the optimized hexahedral
irregular meshes (with the eliminated “unnecessary” nodes) and the technology of two-stage and multistage field
separation. The technology of two stage field separation is based on the field separation of the horizontally layered
medium with the solution of one three dimensional task for calculating the additional field of all 3D objects
simultaneously, and the technology of multistage field separation is based on the successive calculation of the additional
fields of 3D objects (one by one). When modeling in the time domain the approximation of time derivative is performed
with the use of the three-layer implicit finite-difference scheme with the changing time steps. The approaches presented
are implemented in the software system with the use of parallelism. The examples of the tasks solutions and the
computational costs for different geoelectrical models and the sources of electromagnetic field excitation are given.
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INTRODUCTION
The implementation of the 3D approaches into data
interpretation practice and the geoelectrical survey
design requires the use of high precision and
computationally effective software for 3D modeling of
the geoelectromagnetic fields. In this case the
geoelectromagnetic models obtained in the course of
data interpretation may contain a great number of threedimensional objects and the developed methods for
modeling should allow quite fast and exact calculations
not only for the geoelectrical models including single
three-dimensional object but for the models including
several dozens of three-dimensional objects.

modeling for solving the magnetotelluric (MT) sounding
tasks.
The software used for 3D modeling is based on the finite
element method (FEM). When modeling the transient
electromagnetic processes of controlled sources the
following equation is used in the software
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MATHEMATICAL TOOL
In the software presented the possibility for performing
3D modeling is provided for four types of controlled
sources: an induction loop of different shapes, a
horizontal electric line (HEL), a vertical electric line
(VEL), a circular electric dipole (CED) in any of the
three time domain regimes – stationary, non-stationary
and harmonic ones, as well as the possibility for 3D

∂A a
= (σ − σ n ) E n ,
∂t

(1)

and when calculating the harmonic field the equations
are

1
The software for geoelectromagnetic fields modeling
using various technologies of electrical survey on the
basis of the finite element 3D modeling and functioning
in the multi-core computing systems is presented in this
work.

∇ × (∇ × Aa ) + σ

µ0

∇ × ( ∇ × A a ) + iωσ ( A a + ∇V a ) = (σ − σ n ) En ,

(

(2)

)

−iω∇ ⋅ (σ∇V a ) − iω ∇ ⋅ (σ A a ) = −∇ ⋅ (σ − σ n ) En . (3)
In equations (1)-(3) A a – is a vector potential of an
anomalous field (caused by three dimensional
heterogeneities of conductivity), V a – is a scalar
electric potential of an anomalous field (defined in the
subareas, where σ ≠ 0 ), σ n – is conduction of the
horizontal layered medium, E n – is an electric field
vector in the horizontally layered medium (normal field),
and the function σ characterizes the conduction of the
three dimensional medium.
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The mathematical models and computational schemes
based on the use of FEM and the technology of field
separation of the horizontally layered medium (i.e. a
normal field which is calculated by using the solutions of
one or several tasks of less dimension), as well as their
verification by means of comparison with the analytical
methods and with the solutions of the tasks of less
dimension are closely considered in the work (Persova
2011). The computational scheme based on the use of
(A,V)-potentials, was also considered in (Mukherjee,
2011).
The anomalous component of magnetic field induction
and electric field intensity are defined as
B a = ∇ × A a , Ea = −

∂A a
, E a = −iω ( A a + ∇V a ) . (4)
∂t

At solving the task (1) the approximation of time
derivative is performed with the use of the three-layer
implicit finite-difference scheme with the changing time
step (Persova, 2011). The vector potential is
approximated by edge-functions (on the irregular mesh
with hanging nodes), the scalar function V a is
presented in the form of the linear combination of nodal
functions. In this case the solution of the finite element
system of linear equations is performed with the use of a
folded preconditioner, which makes it possible to
exclude the degrees of freedom of the nodal basis
functions from the vector of unknowns. The idea of such
an approach was developed in the work (Mifune, 2009).
The procedure of building an optimized three
dimensional finite element mesh consists of two main
stages. At the first stage the building of the basic regular
three dimensional mesh is performed, it offers the
necessary accuracy of the solution for the definite
geoelectrical model. At the second stage the building of
the non-structured three dimensional mesh is performed
on the basis of the regular mesh. The former is of
substantially less size but it ensures the accuracy of the
solution no worse than on the regular mesh.
The basic regular three dimensional mesh building
algorithm accounts for the fact that when calculating the
additional field of three dimensional objects the role of
sources is performed by these very objects, that is why
the three dimensional mesh concentrated towards them.
As this takes place, the requirement for the smooth
changing of the step sizes of the mesh is held and the
following factors are taken into account: the proximity
of the three dimensional object to the electromagnetic
field source, the sizes and the conductivity contrast of
this object towards the host medium, the location of
receivers. The irregular mesh is built by means of
removing the “unnecessary” nodes from the regular one,
they appear in those places of the regular mesh where

the step along one of the directions is much larger than
the steps along other directions.
The parallelization of field calculation procedures in
multi-core computational systems is performed at
several levels depending on the type of the task under
solution. For the tasks with controlled source the
parallelization at the first (outer) level is performed in
accordance with the locations of the receivingtransmitting loop and with the frequencies (if the
frequency mode is modeled). At the second (inner) level
the parallelization of the solution of the finite element
equation systems is performed on the cores of one
computational node.
When modeling the fields in the time domain (task (1))
the use of the multistage technology for field separation
permits a substantial additional acceleration. The
technology is the following. At the first stage the field of
the horizontally layered medium is calculated by solving
the task of less dimension. Then, the second stage is
devoted to the calculation of the additional field of the
first object with respect to the horizontally layered
medium, i.e. the three dimensional task is solved in the
area representing the horizontally layered medium with
one three dimensional heterogeneity. At the third stage
the additional field of the second object is calculated
with respect to the medium containing the first object, i.e.
the task is solved in the horizontally layered medium
which contains two objects but at that only the second
object is anomalous (additional field source). This
procedure is repeated for all 3D objects of the model,
and at the final stage the calculation of the additional
field of the last object with respect to the medium which
contains all other three dimensional objects. The
procedure permits one to use much more coarse finite
element meshes and possesses a high coefficient of
parallelism.
The parallelization of this algorithm is done as follows.
After calculating the field at one time layer for the first
subtask the calculation of the field for the second subtask
is started for this time layer on the other core of the
computational system etc. The completion of calculating
the fields of all the subtasks solved in parallel modes on
different cores of the computational system takes part
practically simultaneously with the difference of some
time layers.
The computational scheme realized for solving the tasks
of marine electrical survey for the technology based on
the use of HEL which is located on the sea bottom
(Constable, 2006) possesses one more peculiarity. In this
case the two stage technology of field separation is used,
at the first stage the field of the horizontally layered
medium is found by solving the three dimensional task
(at this the analytical representing of the HEL field in the
homogeneous medium is used as a normal field ), and at
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the second stage – the additional field of three
dimensional heterogeneities. At the first stage the
calculation of the field is performed taking into account
its symmetry in one quarter of the calculated domain.
The results of the calculations for some tasks and the
examples of automatically building meshes will be given
in the following section.
RESULTS

The application of multistage technology for field
separation enabled us to dramatically reduce the
computational costs and at parallelizing on eight cores
the time of calculation became 4.5 minutes, and at
parallelizing the finite element systems the time is near
2-2.5 minutes. It should be noted that if the technology
of field separation is not used when modeling by the
finite element method, the time of calculation will be
more at least by 2 orders for obtaining the result with the
same accuracy.

Computational experiments carried out for geoelectrical
models containing one or two 3D objects showed that
the time required for calculating the nonstationary
process on one core (i.e. without parallelism) in the time
interval from 10-4 sec to 1 sec (or from 10-5 sec to
0.1 sec), is 20-30 sec on the average, and for the models
containing four or five 3D objects which are not too
different in sizes the time is 3-4 min. In this case the
inaccuracy is 1-2%.
Further, we will give the computational costs for more
sophisticated geoelectrical models.
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As in addition to three dimensional heterogeneities
which are of rather big sizes the geoelectrical model
contains narrow sub vertical conducting objects, the built
finite element mesh used for the two stage field
separation technology became very detailed and the time
of calculation without parallelism was about 46 minutes
(it should be noted that the use of parallelism only for
solving the finite element equation system makes it
possible to reduce the calculation time in 2-2.5 times).
∂Bz
The results of the calculation in the form of
in
∂t
three points with the coordinates P1(-300, 4100),
P2(1100,300) and P3(1100, -600) are shown in Fig.2
(the curves corresponding to the field of the host
medium are indicated by blue and red is used to show
the field for the 3D model). The inaccuracy of the
solution defined by the comparison of the solutions on
nested meshes doesn’t exceed 2%.
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electromagnetic field was performed in the range from
10-5 sec to 0.08 sec, but the time mesh contained 124
time layers (∆tmin=10-5 sec, ∆tmax=5.8⋅10-3 sec).

O1 -6000 2500
O2 -10300 -4500
O3 -4500 4800
O4 -10300 -1850
O5 160
2500
O6 -6000 2000
O7 -6000 2000
O8 -6000 2000
O9 -6000 2000
O10 -6000 2000
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are given. The calculation of the
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Table 1. Parameters of 3D objects
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Figure 1. Geoelectrical model 1.
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In the first example let’s consider the task of modeling
the transient electromagnetic process excited by the
ungrounded current loop of 4⋅106 м2 in area for the
geoelectrical model with ten 3D objects which are
shown in the main window of the software in Fig.1. This
model is built on the results of CSEM data interpretation
in the area of an ore cluster. In Fig.1 the form of the
finite element mesh in XY and XZ sections is shown. In
table 1 the parameters of objects in the form of their
borders in corresponding ( x, y, z ) directions and their
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Figure 2. Calculation results
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In the second example let’s consider the task of
magnetotelluric sounding. The geoelectrical model was
built as a result of practical data interpretation and
contained 52 3D objects located in the three layered
medium at different depths (from 10 meters to 15
kilometers). This model and the section fragment of the
finite element mesh are shown in Fig.3.
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In doing so the fields for 42 frequencies were calculated
within the band from 5.8⋅10-4 to 316 Hz for two
directions of the current. The total time of calculation at
parallelizing on 64 cores was near 16 minutes. In Fig.4
the graphs of apparent resistivity ρ k and phases ϕ at
some points on the area are represented. The inaccuracy
in the phases didn’t exceed 1-2 degrees and in the
apparent resistivity 2-3 percent.
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Figure 3. Geoelectrical model 2.
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Figure 4. Graphs of ρ xy (a), ρ yx (b), ϕ xy (c) и ϕ yx (d).

REFERENCES
CONCLUSION
The software under consideration makes it possible to
perform 3D modeling of electromagnetic fields in
different technologies of electrical sounding with
controlled and natural sources. The algorithms for
building meshes and finite element approximations
realized in this software enable one to control the
required accuracy of calculation quite easily. The time of
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as the basis for creating the effective procedures of 3D
inversions.
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