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SUMMARY
This work presents the approaches to the three dimensional inversions for transient electromagnetic sounding
technologies with the loop source and for induced polarization (IP). The approaches to the three dimensional inversions
for transient electromagnetic soundung technologies are based on the two stage procedure, which includes the stage of
starting model building with the use of cell structures and the stage of more precise definition of parameters of local
three dimensional heteroginities, extracted from the cell structures. The latter is performed with the use of the total nonlinear 3D inversion. In doing so at the first stage the fields of separate cells influence are calculated by solving a
linearized forward problem and at the second stage it is done by finite element 3D modelling with the use of vector
basic functions. The approaches to the three dimensional inversions for the induced polarization technologies are based
on the iterative procedure where each iteration consists of two stages: the search for chargeability (limited
polarizability) and the search for decay function parameters. Here the geoelectrical fields are also calculated with the
use of the finite element method (FEM). The proposed approaches were tested on the synthetic data which were
obtained by means of 3D modelling for different geoelectrical models. The results of the test showed that the developed
approaches make it possible to find distribution of conductivity and polarizability in the three dimensional medium
adequate to real models.
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INTRODUCTION
Nowadays the development of the software for 3D
inversions of electromagnetic sounding data is one of the
most pressing challenges of geoelectrical engineering
(Cox at al., 2012; Zhdanov, 2002 and others).
In this work the approaches to automatically performed
3D inversions for transient electromagnetic sounding
technologies and for induced polarization based on the
use of the finite element 3D modeling will be considered
and the results of their performance on the synthetic data
obtained with the help of the 3D modeling will be given.
MATHEMATICAL TOOL
Transient electromagnetic method with a loop source
The parameters of a three dimensional geoelectrical
model of conductivity are defined by minimizing the
functional

Φ ( b ) = ∑∑ (ωlk δε lk ( b ) ) + ∑ γ m bm − bm
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where b – is a vector of the required parameters bm ;

δε lk = εɶlk − ε lk ,

ε

– are EMF signals registered in
the receiver with number l at the points of time tk ,

εɶ

lk
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– is theoretical signals, received as a result of the

three dimensional forward problem solution; b – is a
vector of some fixed parameters defining the
regularizing component; γ m – are regularization
parameters; ωlk – are some weights, showing the
inaccuracy when receiving the signal by the receiver
with number l and the scale of the received signal
changes in time. For example, the values inverse to the
EMF values in the central point of the transmitting loop
can be taken as the weights ωlk . The vector of the
required parameters b (dimensionality M ) includes the
values of conductivity of the required objects (given in
the form of the rectangular parallelepipeds in the
investigated area), and may include the coordinates of
these objects borders in x , y and z .
As a result of the linearization at point b 0 of deviations
δε lk and the minimization of the obtained functional we
get the system of linear algebraic equations in the form

( A + G ) ∆b = f − G ( b 0 − b ) ,

(2)

where ∆b = b − b , G – is a diagonal matrix with the
components γ m on the main diagonal, the elements of
the matrix A and the right part vector f are defined
by the relations
0
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f i = −∑∑ (ωlk ) δε lk ( b 0 )
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, i, j = 1… M . (4)

γ k – is the regularization parameters, ωi ( t ) – is some

weights. The problem of minimization min Φ ( α, τ ) is
α

The solution of the forward problem when calculating

εɶ (b )
lk

is performed with the use of the vector FEM for

equal to the solution of the system of linear algebraic
equations

( B + G ) α = b + Gα 0 ,

the mathematical model, based on the field separation
technology (Persova et al., 2011), which permits fast
calculation of the field defined by changing one
parameter of each object in the given three dimensional
medium.

p

n

Bqs = ∑∑ ωi ( tl ) ⋅ β q ( tl ) Viq ⋅ β s ( tl ) Vis ,

This component is of the form λν ∑ ( bi − b j ) , where i

p

bq = ∑∑ ωi ( tl ) ⋅ β q ( tl ) Viq ⋅ Uɶ i ( tl ) ,

i, j

At the second stage the values of the parameters of the
marked macro objects (their conductivity and borders
coordinates in x , y and z directions) are refined
using the procedure of the total non linear 3D inversion.
Induced polarization method
The 3D inversion procedure of the IP data is based on
the successive search for chargeability parameters and
the decay function parameters in the cell structure filling
the investigated volume. The search for chargeability
parameters at some fixed parameters of the decay
function is done by means of the functional
minimization
n
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where α and τ – are IP parameters ( α –
chargeability, τ – decay parameters) U i ( t ) – is the
measured IP signals, Uɶ i ( t ) – is the theoretical values,

(8)
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where Viq – is IP signals values in the receiver with
number i at the unit chargeability of cell Ω q .
When searching the parameters τ k of IP decay function
with values of α k which have already been found at the
previous iteration the functional minimization is
performed
p

n

K

Φ ( α, τ ) = ∑∑ ωi ( tl ) (δ U il ( τ ) ) + ∑ γ k ( ∆τ k ) , (9)
2
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and j – are the indexes of the adjacent cells belonging
to one and the same macro object (or the layer of the
host medium), λν – is the regularization parameters
(which may be different for different macro objects or
layers).

(7)
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The 3D inversion procedure is supposed to be performed
in two stages. At the first stage the starting 3D model of
the medium with the use of cell structure is built and
macro objects with the conductivity different
from the horizontally layered medium are marked. At
this stage the fields defined by the conductivity changing
in one cell can be calculated using the linearized forward
problem. In order to define the conductivity of macro
objects at the final iteration of this procedure the
smoothing procedure is used. It equalizes the
conductivity values in the adjacent cells of separate
macro objects and inside the layers of the host medium
by adding the some component into the error functional.

(6)
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linearization

δ U il ( τ ) = U i ( tl , τ ) − Uɶ i ( tl , τ ) in the vicinity of the

value of decay parameters τ 0 ( ∆τ = τ − τ 0 ) is equal to
the solution of the linear algebraic system

( A + G ) ∆τ = f ,
p
n
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In order to solve the forward problem when calculating
the values of Uɶ i ( t ) the FEM was used for the
mathematical statement which was given in the work
(Persova at al., 2011).

RESULTS
Now we give some examples of the 3D inversion
algorithms behavior using the synthetic data. Our first
example is a geoelectrical model shown in Fig. 1.
This geoelectrical model represents a six-layered
ρ1=300 Ohm· m,
horizontal
medium
(h1=300 m,
h2=200 m, ρ2=5 Ohm· m, h3=1700 m, ρ3=170 Ohm· m,
h4=100 m, ρ4=10 Ohm· m, h5=500 m, ρ5=500 Ohm· m,
h6=∞, ρ6=5000 Ohm· m) which contains 5 objects in the
upper part (emulating geological objects-obstacles with
the resistivities from 3 to 10 Ohm· m) and the target
object with the resistivity of 2 Ohm· m in the lower part.
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Figure 1. Geoelectrical model 1.
The transmitter loop with the size of 1x1 km2, the
receivers that correspond to the position of the
transmitter loop (marked by dots) and the trajectory of
the transmitter-receiver system along the three profiles
(each profile contains four positions of the transmitterreceiver system) are also shown in Fig. 1. The transient
electromagnetic process is studied within the range of
10-4 s to 0.5 s.
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Figure 2. Distribution of resistivity in upper (a,b) and
lower (c,d) layers of cell structure before (a,c) and after
(b,d) performing the smoothing procedure

Before the beginning of the 3D inversion procedure a
certain average medium (h1=300 m, ρ1=300 Ohm·m,
h2=200 m, ρ2=5.13 Ohm·m, h3=200 m, ρ3=75 Ohm·m,
h4=2850 m, ρ4=200 Ohm·m, h5=∞, ρ5=840 Ohm·m) was
selected.
Then, at the first stage of the 3D inversion the
distribution of conductivity in the cell structure was
found. On the basis of this distribution the macro objects
were selected (further, these macro objects were set as
the initial model for the second stage of the 3D
inversion). The distribution of conductivity in the upper
and lower layers of the cell structure before and after the
smoothing procedure is shown in Fig.2. The contours of
real objects placed in the corresponding layers are
dashed.
The initial model for the second stage of the 3D
inversion is shown in Fig. 3 and the corresponding
results are shown in Fig. 4 (compare to Fig. 1). The final
model was obtained after 16 iterations of the nonlinear
3D inversion. The value of the corresponding error
functional has been reduced from 25.33 to 0.62.
Our second example illustrates the mapping of inclined
polarizable objects including the definition of their upper
edges and the angles of inclination. The true model is
shown in Fig. 5. The cell structure that was used for
inversion is shown in Fig. 6.

Figure 3. Initial model for second stage of inversion.
The results of the 3D inversion and their comparison to
the real location of objects in the form of cross-sections
along two acquisition profiles are shown in Fig. 7. One
can notice that each cross-section contains only those
objects of the real model which are intersected by the
corresponding profile. The possible centers of the
geological formations (inclined polarizable objects) that
may be found by the interpreter are marked with the
black lines.
The results of the 3D inversion showed that the location
of the upper edge of inclined polarizable objects under
the loose sediments was determined correctly provided
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that the acquisition step was small enough. For the most
of the target objects their inclinations were determined
correctly except for only two of six objects: for a vertical
(not inclined) object (in this case the absence of
inclination was not obvious) and for a deep object (in
this case the angle of inclination may be determined as
opposite). However, if we consider that the size and the
inclination of the object was not large and its center was
determined correctly, then, we can conclude that the
drilling based on the interpretation results will be
successful, because the borehole will intersect even such
a small buried object.
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Figure 7. Results of 3D inversion for the model of
inclined polarizable objects. Cross sections along central
acquisition profile Y=0 m (a, b) and Y=-200 m (c, d). а,
c – results of inversion; b, d – results of inversion
compared to true location of inclined objects.
CONCLUSION

Figure 4. Results for the second stage of 3D inversion.

The approaches that were developed for the three
dimensional
inverse
problems
for
transient
electromagnetic sounding technologies and for induced
polarization are based on the forward finite element
solution of three dimensional problems. The proposed
approaches were tested using the synthetic data obtained
by the 3D modeling for different geoelectrical models.
The results of testing showed that the developed
approaches make it possible to determine the adequate
three dimensional distribution of conductivity and
polarizability.
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Figure 5. Geoelectrical model with inclined polarizable
objects.
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Figure 6. Cell structure for 3D-inversion.
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