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Abstract

In the differentially normalized method of electromagnetic sounding (DNME), the transmitter and receiver are grounded electrical
circuits. The conduction and polarization properties of a section are studied by measuring the electrical potential difference  (∆U(t)) and the
second potential difference (∆2U(t)); the latter characterizes the spatial inhomogeneity of the electromagnetic field. Measurements of ∆2U(t)
are strongly influenced by three-dimensional inhomogeneities within the receiver spread. To reduce this effect, measurements are made in two
positions (left and right) of the transmitter circuit relative to receiver with subsequent averaging of the measured data. Often in field studies,
the transmitter and receiver circuits are at an angle to each other, and the use of two transmitters in measurements leads to the need to
determine a generalized transmitter for one-dimensional forward numerical modeling of field data.

The effect of the off-axis (diagonal) position of the transmitter and receiver circuits on the data of electromagnetic pulse sounding and
their inversion for a one-dimensional polarizable conducting medium have been studied in real and numerical experiments. In modeling, the
effect of induced polarization (IP) is taken into account by introducing the resistivity frequency dispersion (Cole-Cole equation). Validity of
the calculation of the generalized transmitter is estimated for the solution of the one-dimensional forward problem with the inversion of field
diagonal measurements. The effect of three-dimensional objects on the results of measurements using the above observation system is estimated
by solving the 3D forward problem for a polarizable conducting medium.
© 2012, V.S. Sobolev IGM, Siberian Branch of the RAS. Published by Elsevier B.V. All rights reserved.
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Introduction

In this paper, we consider the influence of the off-axis
position of the grounded circuits of the receiver and transmitter
on the results of electromagnetic pulse sounding using the
differentially normalized method DNME [1], which has
proven to be highly efficient for hydrocarbon (HC) prospect-
ing. Measuring the spatial inhomogeneity ∆2U(t) of the tran-
sient field ∆U(t) increases the amount of information on the
polarization properties of a section and allows identifying IP
anomalies over oil and gas deposits. However, recording the
second potential difference involves the need to reduce the
influence of local inhomogeneities on the measurement re-
sults. For this, the electromagnetic response is recorded ??for
two positions of the transmitter circuit, to the left and right of
the receiver, followed by averaging the measured data.

Initially, measurements were carried out only on straight-
line profiles, which created difficulties in field work: informa-
tive sites at the bends of profiles were lost; in areas with
hindered access of the automobile laboratory to the measure-
ment point, the electrodes were connected to the measuring
device using long conductors, which increased the noise level
in the receiver circuit. Since the work output and often the
quality of measurements were greatly deteriorated thereby,
off-axis (diagonal) arrays began to be used. In the 1D
numerical modeling of field measurements, this required
finding a generalized transmitter, instead of two placed at
different angles to the recording circuit. The paper describes
this conversion. In addition to calculating the generalized
transmitter, the radial component of the electromagnetic field
(Er), determined by the axial (Ex) and orthogonal components
(Ey), was calculated in numerical modeling.

In this work, we use the results of field measurements
performed in the middle Volga region and the Caspian
depression to study the dependence of the results of inversion
of field curves on array geometry.
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Three-dimensional forward modeling for a polarizable
conducting medium (V. S. Moiseev, Yu. G. Soloveichik, and
M. E. Royak 1999) was performed to study differentially
normalized parameters (DNPs) as functions of the angle
between the axes of the receiver and transmitter circuits for
different positions of a three-dimensional object. 

Field experiment

DNME uses a bilateral dipole-dipole array (Fig. 1, a) which
suppresses the response of local surface irregularities within
the receiver circuit (Legeido, 1998; Legeido et al., 1996,
2007). This effect is achieved by recording the DNPs by the
receiver circuit with a sequential operation of two transmitters
located to the left and right of it, conventionally called the
“forward” and “reverse” arrays. Then, the records of the
transmitter in the forward and reverse positions are averaged.

The signal is recorded using an analog-to-digital converter
connected to a three-point receiver circuit MON. A sequence
of rectangular current pulses from the AB transmitter circuit
is sent to the ground.

The current pulses initiate transient processes in the ground
that give rise to a potential difference in the receiver spread
MON. If, for a transient process, the potential difference
between electrodes M and O is denoted  ∆U1(t) and that
between electrodes O and N is denoted  by ∆U2(t), then the
potential difference between electrodes M and N will be equal
to ∆U(t) = ∆U1(t) + ∆U2(t), and the second-order difference
will be ∆2U(t) = ∆U1(t) – ∆U2(t). The values are measured
both during the transient process (∆U(t) and ∆2U(t)) and at
the time of current passage (∆U0 and ∆2U0), after which  the
following DNPs are software generated (Legeido, 1998;
Legeido et al., 2007):

DU(t) = ∆U(t) / ∆U0,   D2U(t) = ∆2U(t) / ∆U0, 

P1(t) = ∆U(t) / ∆U(t),  Ps(t) = (∆2U(t) − ∆2U0) / (∆U(t) − ∆U0).

The time derivatives d(∆U(t))/dt  and d(∆2U(t))/dt are
found by numerical differentiation; their ratio is required to
generate the differentially normalized parameter  Dϕ(t):

Dϕ(t) = 
d(∆2U(t)) / dt

d(∆2U(t)) / dt
 − P1(t).

The DNPs depend differently on the conduction and
polarization properties of the medium and their joint inversion
allows determining the depth distribution of both the electrical
resistivity and polarization characteristics of the geoelectric
section. In addition, from plots of the parameters P1(t) and
Dϕ(t), it is easy to estimate the time interval in which the
recorded signal is determined mainly by electromagnetic
induction, and then the IP.

Inversion is performed for averaged DNPs recorded during
operation of the transmitters on different sides of the re-
ceiver. The forward problem is calculated for the unidirec-
tional dipole array. Therefore, the bilateral array with two
transmitter circuits is converted to a unidirectional one as
follows. Initially, the coordinate origin is made coincident
with electrode O, and the x axis has a direction coincident
with the MON receiver dipole. In this case, one of the
transmitters is located in the half-space of positive values of
x, and the other is the half-space of its negative values at
angles α and β to the x axis (see Fig. 1, a).

Then, one of the transmitter circuits is specularly reflected
to the other half-space relative to the y axis, i.e., both
transmitters are in the same half-space relative to this axis (see
Fig. 1, b). Next, the generalized transmitter AB is found by
averaging the coordinates of the transmitter electrodes (A1 and
A2) and (B1 and B2), far and near, respectively, relative to the
receiver (see Fig. 1, c). After that, the coordinate origin is
made coincident with electrode A of the thus obtained
transmitter and the x direction is made coincident with the
direction of the AB circuit; the coordinates of the receiver
circuit are recalculated taking into account these changes. The
receiver circuit is now at an angle ã with respect to the x axis
(see Fig. 1, d). Therefore, in the solution of the forward
problem, the Ex and Ey electric components of the electromag-
netic field are calculated.

Inversion of the field curves is performed for the horizon-
tally layered polarizable conducting model. Frequency disper-
sion of the conductivity is taken into account using the
Cole-Cole model:

Fig. 1. Conversion of the bilateral diagonal DNME array to the unilateral array for forward modeling: a, bilateral dipole diagonal DNME array; b, a mirror image of
one of the transmitter circuits relative to the y axis; c, finding a generalized transmitter; d, unilateral DNME array. 
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ρ(ω) = ρ0 − 



1 − 

η(iωτ)c

1 + η(iωτ)c




 , (1)

where ρ0 is the direct current electrical resistivity (Ohm ⋅ m);

η is the polarizability factor (decimal fractions); τ is the time
constant (s); c is the exponent; ω is the angular frequency
(s–1).

Figure 2 shows a diagram of the field experiment. The
array geometry was changed by moving the far electrodes
A1 and A2 of the transmitter. The position of the receiver
circuit and that of the near transmitter electrodes B1 and B2
were not changed. The length of the transmitters remained
unchanged. The angle of rotation of the transmitter circuit
with respect to the direction of the receiver circuit for both
positions (forward and reverse) was –30º, –15º, 0º, 15º, and
30º (Table 1). Measurements were performed for the follow-
ing parameters: the transmitter circuits A1B1 and A2B2 were
600 m long, the spacing between the nearest receiver and
transmitter electrodes B1M and NB2 was 600 m, and the
receiver circuits MO and ON were 300 m long. This array is
traditional for this region. Five measurements for the forward
and reverse arrays with different positions of the transmitter
circuit were performed. Averaging of the data measured for
the forward and reverse positions of each relative to each

yielded 5 × 5 = 25 soundings with different positions of the
forward and reverse transmitter circuits. These data were used
to solve the inverse problem. 

Analysis of the results of the field experiments 
and inversion of the  field data for a one-dimensional 
polarizing conducting medium

Analysis of the field data showed that the geoelectric
section was complicated by three-dimensional inhomogenei-
ties manifested in different levels of the DNP curves for the
forward and reverse arrays. Standard deviations of the DNP
curves recorded with the axial array (sounding No. 13 in
Table 1) from those recorded for the other (diagonal) arrays
were calculated. The values of the deviations as a function of
the angle of rotation of the receiver circuit about the axis of
the averaged transmitter circuit (γ) are shown in Fig. 3.

For the inversion of field data, a geoelectric section model
was initially chosen for the axial array. This model was used
to calculate theoretical curves of the DNPs for each geome-
try. After that, the deviations of the model curves obtained for
the axial array from those calculated for the other array
geometries were computed. The plot (Fig. 3) shows the
experimental and theoretical deviations of the curves from
those recorded for the axial geometry. This plot confirms the
correctness of the measurements and calculations for the
off-axis arrays and illustrates the difference between the
geoelectric medium used in the experiment and a horizontally
layered one. The main evidence for the difference is asymme-
try in the distribution of the deviations of the signals measured
with the axial array from those measured with off-axis
arrays. In some cases, the measured deviations are different
for the same angles γ because the length of the generalized
line AB changes (see Table 1). The plot of experimental
deviations is not symmetric about the zero angle, but is similar
in appearance to that of theoretical deviations.

A priori information on the resistivity structure was taken
from log data for a well drilled near the site of the
experiment. The section, typical of this region, consists of
alternating layers of conducting and high-resistance lay-
ers. The results of previous work in adjacent areas were used
as a priori information about the polarization properties of the
medium.

Fig. 2. Relative position of the receiver (MON) and transmitter (A1B1, A2B2) cir-
cuits in the field experiment. 

Table 1. Correspondence between the angles (α and β) of the transmitter circuits of the bilateral array, and the angle of the converted receiver line (γ) and the
length of the generalized transmitter line (AB)

Para-
meter

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

α, deg –30 –30 –15 –30 0 –15 –30 15 –15 0 30 15 0 –15 –30 0 15 30 –15 15 0 30 15 30 30

β, deg –30 –15 –30 0 –30 –15 15 –30 0 30 –30 –15 0 15 30 15 0 –15 30 15 30 0 30 15 30

γ, deg –30 –22.5 –22.5 –15 –15 –15 –7.5 –7.5 –7.5 –7.5 0 0 0 0 0 7.5 7.5 7.5 7.5 15 15 15 22.5 22.5 30

AB, m 600 595 595 580 580 600 555 555 595 595 520 580 600 580 520 595 595 555 555 600 580 580 595 595 600

Note. 1–25, sounding no.
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Field curves were simulated using the 1D polarizable
conducting model with constraints. In the inversion for this
kind of model, changes are made only in some (informative)
geoelectric parameters determined by the interpreter, while
others are fixed. Fixing some of the geoelectric characteristics
is required to reduce the manifestations of their equivalent
relationships, which play a greater role in the polarizable
conducting model than in the model that takes into account
only the conducting properties of the section ()Ageenkov,
2004; Ageenkov et al., 2009; Ivanov, 2009). In the geoelectric
model, resistivity was varied for the first to eighth layers, with
the exception for the seventh layer, which was fixed
(50 ohm ⋅ m). Polarizability was varied for the first and third
layers, and for the others, it was zero. The relaxation time for
the first and third layers was taken to be 2 s, and the exponent
for these layers was 0.3 and 0.5, respectively. The fixed
geoelectric parameters were selected based on an analysis of
the correlation-covariance matrix for a typical (for this region)
layered model, as well as on the experience of previous work
in this area.

During modeling using the 1D model, we realized that the
real environment is three-dimensional. Therefore, by changing
the angle between the receiver and the transmitter in sounding
with diagonal arrays, we studied different volumes of the
geological environment, i.e., the one-dimensional model ap-
proximating a geological section was modified. Our objective
was to determine the variations of the geoelectric parameters

of the obtained models by inversion of data recorded by
diagonal arrays (Fig. 4) and compare them with the error of
the geoelectric parameters of the 1D model found by inversion
of measurements of the axial array. This error is determined
by the diagonal members of the correlation-covariance matrix
that are the variances (ψ) of the geoelectric parameters of the
1D model. The closer this value to 1, the smaller the error of
its determination.

Table 2 shows the variations of the geoelectric parameters
of one-dimensional models. The columns Pmin and Pmax give
the minimum and maximum values of the geoelectric parame-
ters obtained by inversion of data recorded by diagonal arrays.
These intervals are compared with the error of the inversion
of data recorded by the axial array (columns Pxx/ψ and
Pxx ⋅ ψ). A comparison shows that some geoelectric charac-
teristics of the models found for the diagonal arrays are beyond
the error of their determination using the axial array. This
implies that the results of inversion of the soundings made by
the diagonal array may contain information different from that
which would be obtained by measurements with the axial
array. However, these differences are minor and cannot pro-
duce false anomalies or obscure real anomalies. 

Procedure and results of numerical experiment

After the field experiment to study the effect of the angle
between the receiver and transmitter dipoles on transient
electromagnetic data, we obtained the standard deviations of

Fig. 3. Standard deviation (ξ) of the parameter DU of the axial array from that
of the diagonal array versus the angle γ. 

Table 2. Range of variation and error in determining the geoelectric parameters of 1D models

Parameter 
of 1D P-model

Pxx of  model 
for axial array 

ψ Pxx/ψ Pxx ⋅ ψ Model for diagonal array

Pmin Pmax

η1 24.3 1.05 23.1 25.5 24.1 25.4

η3 15.6 1.05 14.9 16.4 14.1 17.7

ρ1 3.69 1.12 3.3 4.1 3.6 3.9

ρ2 24.23 1.05 23.1 25.4 22.4 24.5

ρ3 11.9 1.11 10.7 13.2 10.8 15.3

ρ4 54.8 1.02 53.7 55.9 50 54.8

ρ5 10.0 1.72 5.8 17.2 10 10.7

ρ6 2.87 6.38 0.4 18.3 2.3 4.3

ρ8 3.08 117.4 0.03 361.6 2.1 5.0

Fig. 4. Changes in the polarizability coefficient of the first and third layer for
different array geometries (No. 13 corresponds to the axial array). 
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the DNPs for the diagonal arrays from those measured by the
axial array. Since the distribution was not symmetric about
the zero angle, it was suggested that this asymmetry was due
to the influence of three-dimensional inhomogeneity. The next
step in our research involved a 3D forward modeling for a
polarizable conducting medium.

Software (Moiseev et al, 1996a,b; Persova et al., 2009)
allows modeling  the induced polarization and transient proc-
esses excited by an electric circuit in horizontally layered
media with three-dimensional objects in the shape of a
parallelepiped. Time dependences of the IP decay can be
described by the Kormil’tsev formula, a nonlinear exponential
function, and the Komarov formula. In our calculations, we
used the Kormil’tsev formula (1980)

β(t) = exp 




t
T0√π




 erfc 





t
T0√π





1 / 2

,

where t is time (s), T0 is the time constant, which is linked
to τ in formula (1) as T0 = τ / √π

We modeled the distribution of the deviations of the curves
calculated for diagonal arrays from the curves calculated for
the axial array in the presence of a three-dimensional ob-
ject. The following subsurface model was used: the fourth
layer of a horizontally layered section typical of this area
(Table 3) contained a polarizable conducting rectangular
parallelepiped with a resistivity of 1 Ohm ⋅ m and polarizabil-
ity of 15%. The dimensions the 3D object were as follows:
height 300 m, length along the x axis (parallel to the
transmitter circuit) 1000 m, along the y axis (perpendicular to
the transmitter circuit) 500 m. This inhomogeneity of the
horizontally layered medium is associated with pyritized
sedimentary rocks. These changes in sediments can occur
under the influence of underlying hydrocarbon deposits (Be-
rezkin et al., 1983). 

It was not possible to fully reproduce the field observation
scheme in the solution of the three-dimensional forward
problem because the transmitter circuit used in the software
is specified only in parallel to the x axis, whereas in the natural
experiment, it was the transmitter that was rotated through a
certain angle to the axis of the receiver circuit. In order to

perform a comparison with the results of field measurements,
it was necessary to find common features in the array
geometry changes in the case of the field and numerical
experiments. In both cases, the angle and distance between
the centers of the receiver and transmitter circuits were
changed. Therefore, we calculated the distances between the
centers of the receiver and power transmitter circuits (r) and
the angles of the segments joining their centers relative to the
receiver circuit (ϕ). The same quantities r and ϕ were
specified in the calculation of the 3D forward problem,
although the transmitter circuits in the numerical experiments
were parallel to the receiver circuit. The observation scheme
in the calculation of the three-dimensional forward problem
appeared is shown in Fig. 5.

Three three-dimensional models with different position of
the object relative to the receiver circuit were specified. In
model 1, the object was symmetric about the axis of the
receiver circuit (Fig. 5, object 1), but only part of the receiver
circuit (MO) was above the object, and the other part (ON)
was outside the inhomogeneity. The object was then shifted
in a direction perpendicular to the axis of the receiver dipole
so that the line MO was above the edge of the object (Fig. 5,
object 2)—Model 2. In model 3, the object was even further
displaced in the same direction (Fig. 5, object 3), so that the
line MO was no longer within its contour and was not above
its boundaries.

For each three-dimensional model, the DNPs were calcu-
lated for five positions of the transmitter circuit to the left of
the receiver circuit and for five positions on the right (as in
field measurements). As for field observations, pairwise aver-
aging of the DNP gave their values for the converted
unidirectional array. Deviations of the DNPs for the axial
array from 24 diagonal ones obtained for the converted
unidirectional arrays were calculated. Distributions of the
deviations for three three-dimensional models are presented in
Fig. 6.

Table 3. Typical horizontally layered section in the field experiment area

Layer 
No.

Resistivity (ρ), 
ohm ⋅ m

Polarizability (η),
%

Thickness (h), m

1 5 5 50

2 30 5 300

3 10 5 150

4 100 5 300

5 15 0 600

6 1.5 0 350

7 50 0 300

8 1.5 0 175

9 1000 0 ∞

Fig. 5. Relative position of the receiver (MON) and transmitter (A1B1, A2B2) cir-
cuits during the numerical experiment and the position (in plan) of three-dimen-
sional objects. 
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For model 1, the standard deviations are distributed sym-
metrically around the zero angle γ. The largest asymmetry of
the standard deviations is observed for model 2. For model 3,
standard deviations are distributed asymmetrically, but the
asymmetry was lower than for model 2.

Comparison of the results of 3D modeling and field data
suggests that the field measurements are distorted by the
presence of a three-dimensional object offset from the axis of
the receiver circuit.

Conclusions

The results of field measurements and field data inversion
indicate the validity of using diagonal arrays in practice and
the correctness of the scheme of conversion of the coordinates
of bilateral diagonal arrays to unidirectional ones in forward
modeling. The deviations of the experimental DNP curves
from theoretical ones for the axial and diagonal arrays differ
only slightly. Variations of the parameters of geoelectric
models obtained by solving the inverse problem for diagonal
arrays cannot produce false anomalies and obscure real
ones. Since there are regions in which geological geophysical
sections are much more complicated, similar experiments
should be performed in these regions in the future.

Numerical modeling of the electromagnetic response in the
presence of a polarizable conducting medium showed that the
field data reflected the presence of a three-dimensional object
offset from the receiver circuit.

We are grateful to the members of the field group who
made experimental work in the summer of 2006 (head of the
group, A.V. Kostin, senior geophysicist S.V. Yakovlev, senior
surveyor D.K. Krylov). In addition, we thank P.Yu Legeido
for developing the idea of using off-axis circuits in DNME
sounding;  N.O. Kozhevnikov for helpful discussions of the
manuscript and a review with constructive criticism; and the
second reviewer for recommendations. 
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