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Abstract. The article analyzes the interaction of two-frequency electromagnetic waves with 

anisotropic media over hydrocarbon accumulation. The behavior of the real component 𝜀3̇ of the 

dielectric permittivity tensor is investigated. The choice of signal characteristics is based on the 

use of different electromagnetic wave emission sources with amplitude and frequency ratio 

coefficients in the modes of powerful low-frequency and high-frequency signals. The dielectric 

permittivity tensor component 𝜀3̇ as a function of dielectric permittivity and frequency of 

sounding signals was analyzed. Sounding modes of anisotropic media over hydrocarbons are 

recommended to identify the medium over the deposits and increase the accuracy of determining 

the boundaries of hydrocarbon accumulation. The obtained results of the research can be used in 

prospecting geophysics. 

1. Introduction 

The relevance of this article is caused by an increase in the accuracy of determining the boundaries of 

hydrocarbon deposits (HC accumulations). Requirements for prospecting geophysics in modern 

economic conditions imply the improvement of existing and development of new methods of searching 

for oil and gas (hydrocarbons) based on the use of highly efficient technologies of detection of minerals 

[1]. Electromagnetic prospecting methods (EMP) for contouring the HC accumulations are very 

promising and contribute to the further development of works in this direction [2]. The proven methods 

of field studies [3, 4] show their high reliability in comparison with seismic, gravity, and magnetic 

survey methods. 

Varieties of vertical sounding modes allow determining the characteristics of host rocks located 

above hydrocarbon deposits [5, 6]. They are differentiated by their electromagnetic properties and 

subsequent detection of HC accumulations. The propagation of electromagnetic waves (EMW) and their 

interaction with the object of research in the method of electromagnetic sounding makes it possible to 

obtain significantly more information about the profile of the water area [7]. Active research work on 

the solution of these problems is used to create equipment based on measuring resistance at the studied 

points of the geoprofile [8]. The set of currently available exploration results can be very useful for the 

development of new EMP [9]. 

The experience in geological exploration in prospecting geophysics shows that obtaining subsalt 

images in oil and gas exploration is still a difficult task. In the north of Germany, the integrated use of 

magnetotelluric methods was widely used in the imaging of the salt dome to improve the integration of 



ICMSIT-III-2022
Journal of Physics: Conference Series 2373 (2022) 052016

IOP Publishing
doi:10.1088/1742-6596/2373/5/052016

2

seismic and gravimetric data [10]. The article [11] analyzes the interaction of two-frequency signals 

with an anisotropic medium over the HC accumulations with variation of the coefficients of the ratio of 

frequencies and amplitudes. In practice, a universal method for deposits monitoring and geothermal 

exploration can be used to solve electrical exploration problems using EMP methods [12]. 

The purpose of this work is to substantiate the characteristics of EMW when using two-frequency 

signals to qualitatively increase the level of reliability of search and identification of HC accumulations. 

2. The use of two-frequency signals for electrical exploration of HC accumulations 

In this work, a two-frequency EMW of the following form is used to search for hydrocarbon deposits: 

 𝑆(𝑡) = 𝑆1(𝑡) + 𝑆2(𝑡) = 𝐴1 𝑐𝑜𝑠 𝜔1 𝑡 + 𝐴2 𝑐𝑜𝑠 𝜔2 𝑡,  (1) 

where 𝐴1, 𝐴2, 𝜔1 = 2 ⋅ 𝜋 ⋅ 𝑓1,  𝜔2 = 2 ⋅ 𝜋 ⋅ 𝑓2 – signal amplitudes and frequencies. 

Various sources of EMW radiation with coefficients of the ratio of amplitudes and frequencies are 

used for electrical exploration tasks 

 𝑘𝐸 =
𝐴2

𝐴1
,  k𝜔 =

𝜔1

𝜔2
  (2) 

The propagation of two-frequency EMWs in the medium above the HC deposits in the modes of 

powerful low-frequency (LF) with coefficients 𝑘𝐸 ≪ 1, 𝑘𝜔 ≪ 1 and high-frequency (HF) with 

coefficients 𝑘𝐸 ≫ 1, 𝑘𝜔 ≪ 1 signals is considered in [3,13,14]. However, these sources do not consider 

the analysis of the third component of the dielectric permittivity tensor of the medium. This article is 

devoted to the analysis of this characteristic. The components of the dielectric permittivity tensor of the 

medium in the LF mode have the form [3]: 

 

{
 
 
 

 
 
 
𝜀1̇ = 𝜀𝑟

�̃�1

𝜔2
+ ∑ {

𝜔П𝑖
2 �̃�1

𝜔2

𝜔Г𝑖
2 −�̃�1

2−𝜈𝑖
2

(𝜈𝑖
2+𝜔Г𝑖

2 −�̃�1
2)2+4�̃�1

2𝜈𝑖
2 −

−𝑗 [
−𝜀𝑟𝑘𝐸(1−𝑘𝜔) 𝑠𝑖𝑛 𝛼𝑡

1+𝑘𝐸 𝑐𝑜𝑠 𝛼𝑡
+

𝜎𝑟

𝜔2𝜀0
+
𝜔П𝑖
2 𝜈𝑖

𝜔2

�̃�1
2+𝜈𝑖

2+𝜔Г𝑖
2

(𝜈𝑖
2+𝜔Г𝑖

2 −�̃�1
2)2+4�̃�1

2𝜈𝑖
2]
}2

𝑖=1 ,

𝜀2̇ = ∑ {
𝜔П𝑖
2 𝜔Г𝑖

𝜔2

𝜔Г𝑖
2 −�̃�1

2+𝜈𝑖
2

(𝜈𝑖
2+𝜔Г𝑖

2 −�̃�1
2)2+4�̃�1

2𝜈𝑖
2 −

2𝑗�̃�1𝜈𝑖𝜔П𝑖
2 𝜔Г𝑖

[(𝜈𝑖
2+𝜔Г𝑖

2 −�̃�1
2)2+4�̃�1

2𝜈𝑖
2]𝜔2

}2
𝑖=1 ,

𝜀3̇ = 𝜀𝑟
�̃�1

𝜔2
+ ∑ {

𝜔П𝑖
2 �̃�1

𝜔2

1

𝜈𝑖
2+�̃�1

2 − 𝑗 [
−𝜀𝑟𝑘𝐸(1−𝑘𝜔) 𝑠𝑖𝑛 𝛼𝑡

1+𝑘𝐸 𝑐𝑜𝑠𝛼𝑡
+

𝜎𝑟

𝜔2𝜀0
+
𝜔П𝑖
2 𝜈𝑖

𝜔2

1

�̃�1
2+𝜈𝑖

2]}
2
𝑖=1 .

 (3) 

Expressions (equation 3) include 𝜀1̇, 𝜀2̇, 𝜀3̇ - tensor components; ωП𝑖 - plasma frequency; ωГ𝑖 - 

gyrotropic frequency; 𝜈i - particle collision frequency; 𝜀𝑟 - relative permittivity of the medium; 𝜎𝑟 - 

conductivity of the medium; 𝜀0 - dielectric constant; 𝛼 = 𝜔2 −𝜔1 = 𝜔2(1 − 𝑘𝜔) - frequency 

difference of two EMWs. 

The frequency component that characterizes this sounding mode 

 �̃�1 = 𝜔2[𝑘𝜔 + 𝑘𝐸
2 + 𝑘𝐸(1 − 𝑘𝜔) 𝑐𝑜𝑠 𝛼 𝑡]  (4) 

The method for detecting hydrocarbons is based on the analysis of the tensor component for the 

modes of LF and HF signals. The frequency component that sets the HF sounding mode 

 �̃�2 = 𝜔2 [𝑘𝜔 + 1 +
1−𝑘𝜔

𝑘𝐸
𝑐𝑜𝑠 𝛼 𝑡] (5) 

is a part of the corresponding tensor of dielectric permittivity of the medium above the HC deposits, the 

components of which in the HF mode have the form [3]: 
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Plasma frequency  

𝜔П𝑖 = 𝑞𝑖 (
𝑁𝑖

𝑚𝑖𝜀0
)

1

2
                           (7) 

In expressions (equation 7) qi, Ni, mi - charge, concentration and mass of particles. 

3. Research results 

We have analyzed expressions (equation 3) for the tensor component 𝜀3̇ in the LF mode of exposure in 

the frequency range f2 = (105 – 1010) Hz at the particle concentration Ne = 1016m-3, Ni = 1018m-3 and the 

values of the dielectric constant of the medium εr = 10 – 30, electrical conductivity 𝜎𝑟 = 10-3 Sm/m, 

particle collision frequency 𝜈 = 2 ⋅ 𝜋 ⋅ 109 rad/s (for electron-ion conductivity). 

Studies of the real component of the tensor component 𝜀3̇ (figure 1, figure 2) at variation of dielectric 

permittivity of the medium and coefficients of the amplitude-frequency ratio were carried out. On the 

graphs, the values of the second index correspond to the values: without the index – εr = 10, 1 – εr = 20, 

2 – εr = 30. It was found that at low sounding frequencies (105 Hz - 107 Hz) for 𝑘𝜔 = 10
−1, 𝑘𝐸 = 10

−1, 

Ne = 1016 m-3, Ni = 1018 m-3, the real component of the tensor component 𝜀3̇ takes practically constant 

positive values. The same pattern is observed on the frequency segment The same pattern is observed 

on the frequency segment f2 = (2ּ·109 Hz – 1‧1010 Hz). The range of the HF component of the two-

frequency signal f2 = (2·107 Hz – 2ּ·109 Hz), characterized by a sharp decrease in the considered 

component of the dielectric permittivity tensor of the medium over the HC deposits is of interest. When 

the dielectric permittivity changes from 10 to 30, the real component of the tensor component retains 

the characteristic change with increasing numerical values. The dependences of the component Re 𝜀3̇ 

on the high-frequency component of the signal for 𝑘𝜔 = 10
−1, 𝑘𝐸 = 10

−1, Ne = 1016 m-3, Ni=1017 m-3 

have differences from the mode considered above. First, the range of values of the real component of 

the tensor in the entire range of frequencies under study is much smaller than in the previous case. 

Second, the frequency range of the values of the real component of the tensor 𝜀3̇ is much smaller. Thus, 

for low sounding frequencies (105 Hz – 4·107 Hz) for 𝑘𝜔 = 10
−1,  ke = 10-1, Ne = 1016 m-3, Ni=1017 m-3 

the real component of the tensor component takes practically constant values. The same pattern is 

characteristic of the process of propagation of two-frequency electromagnetic waves over anisotropic 

media over HC deposits on the frequency interval f2 = (109 Hz –1010 Hz). Of interest is the mode 

characterized by a sharp increase in the considered component of the dielectric permittivity tensor of the 

medium over the HC accumulations in the range of the HF component of the two-frequency signal f2 = 

(4·107 Hz – 1·109 Hz). 
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Figure 1. Dependencies of the Re �̇�3component on the high-frequency 

component of the signal for 𝑘𝜔 = 10
−1, 𝑘𝐸 = 10

−1, Ne =1016 m-3, Ni 

=1018 m-3. 

 

 

Figure 2. Dependencies of the Re 𝜀3̇ component on the 

high-frequency component of the signal for 𝑘𝜔 =
10−1, 𝑘𝐸 = 10

−1, Ne = 1016 m-3, Ni =1017 m-3. 

When the dielectric permittivity changes from 10 to 30, the real component of the tensor component 

𝜀3̇ retains the characteristic change with decreasing numerical values.  

The analysis of expressions (equation 6) for the tensor component �̇�3 in the HF exposure mode in the 

frequency range f2 = (105 – 1010) Hz at particle concentrations Ne = 1016 m-3, Ni = 1018 m-3 (figure 3), Ne 

= 1016 m-3, Ni = 1017 m-3 (figure 4) and values of dielectric permittivity of the medium εr = 10 – 30, electric 
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conductivity 𝜎𝑟 = 10-3 Sm/m, and particle collision frequency 𝜈 = 2 ⋅ 𝜋 ⋅ 109 rad/s (two-particle electron-

ion medium is considered). 

 

 

Figure 3. Dependencies of the Re 𝜀3̇ component on the high-

frequency component of the signal for 𝑘𝜔 = 10
−6, 𝑘𝐸 = 10, Ne = 

1016 m-3, Ni = 1018 m-3. 

 

 

Figure 4. Dependencies of the Re 𝜀3̇ component on the high-

frequency component of the signal for 𝑘𝜔 = 10
−6, 𝑘𝐸 = 10, Ne = 

1016 m-3, Ni=1016m-3. 

 

The real component of the tensor component in the HF exposure mode at particle concentrations of Ne 

= 1016 m-3, Ni = 1018 m-3 has points of transition through zero at the interval f2 = (5 – 15) MHz at 

concentrations of particles Ne = 1016 m-3, Ni = 1017 m-3 an insignificant increase in this component is 

observed at intervals f2 = (2 – 20) MHz and f2 = (2·108 – 2·109) Hz. The conducted research extends the 
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database for diagnostics of anisotropic media above the HC deposits, taking into account the contribution 

of mineralogical and granulometric properties, the skeleton features of reservoir rocks. 

4. Conclusion 

The analysis of two-frequency EMW interaction with anisotropic media over HC deposits in LF and HF 

signal modes showed: 

• In the mode of low-frequency exposure the range of the HF component of the two-frequency 

signal f2 = (2·107 Hz – 2·109 Hz) at particle concentrations of Ne = 1016 m-3, Ni = 1018 m-3, 

characterized by a sharp change in the real component of the dielectric permittivity tensor of 

the medium over the HC deposits, is of interest; 

• In the mode of high-frequency exposure a sharp increase in the material component of the tensor 

component 𝜀3̇with transition through zero at the interval f2 = (5 – 15) MHz at particle 

concentrations of Ne = 1016 m-3, Ni = 1018 m-3 is observed. 
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