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Аннотация: Исследовались образцы осадочных пород одного из месторождений Ти-
мано-Печорской нефтегазоносной провинции. Проведен петрографический анализ об-
разцов на сканирующем электронном микроскопе, работающем в режиме оптического 
изображения, определены геометрические параметры пор, видимых на поверхности 
образца. Установлено, что минеральный состав представлен вторичным доломитом и 
вторичным доломитом известковистым. На поверхности образцов наблюдались поры с 
размерами от 1,5 до 35 мкм и кавернами от 43 до 1750 мкм. Методом гидростатического 
взвешивания определена открытая пористость образцов, значения которой лежали в диа-
пазоне от 9,5 до 13,40%. Полная пористость определялась методами ядерного магнитного 
резонанса (ЯМР) и лазерной ультразвуковой структуроскопии. Для ЯМР использовал-
ся релаксометр GeoSpec+ 2/75, измерялось время поперечной релаксации, по которому 
определялась полная пористость. В лазерной ультразвуковой структуроскопии рассчиты-
валось среднее значение скорости продольной волны в беспоровой среде при заданном 
минеральном составе, а затем по измеренным скоростям также рассчитывалась полная 
пористость. Получено, что найденное значение полной пористости обоими методами в 
среднем на 1% выше, чем открытой. Разница в значениях полной пористости, измерен-
ных двумя методами, составляла не более 0,2–0,4%.
Ключевые слова: пористость, доломит, петрофизические свойства, ядерный магнитный 
резонанс, время поперечной релаксации, лазерная ультразвуковая структуроскопия, ско-
рость волны, сканирующая электронная микроскопия.
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Introducton
Understanding rock-fluid interaction in 

porous media is very important to the min-
ing industry [1—3]. Properties of rocks 
and saturating fluids are usually determi- 
ned to decide which reservoir develop-
ment method to employ [4, 5]. Such im-
portant petrophysical properties as porosi-
ty, permeability, capillary pressure, etc. are 
estimated not only from borehole logging 
measurements, but also must be supple-
mented from laboratory experimental data 
[6]. One of the methods to determine the 
aforesaid properties is nuclear magnetic 
resonance (NMR) that is used in borehole 
logging and for calibration of the measure-
ment data in laboratory [7, 8].

The basic principle of NMR is that all 
nuclei with non-zero spin have magnetic 
moments that are aligned when affected by 
an external magnetic field, creating mac-
roscopic magnetization in fluid-saturated 
rock specimens. NMR signals are gene- 
rated by fluids (oil, water, or brine) when 

the rock sample placed in a magnetic field 
is excited by a short radio-frequency elect- 
romagnetic pulse. Immediately after the 
pulse, an NMR signal arises and then de-
cays with time due to relaxation, which is 
characterized by the relaxation time of the 
NMR signal (decay time) known as the 
transverse relaxation time T2 [9].

The amplitude of the NMR signal ob-
served immediately after the pulse is an 
indication of the total amount of fluid pre-
sent, while T2 provides information about 
the fluid and the size of pores it fills. Short re- 
laxation times (100 μs or less) indicate that 
the samples have small pores while long 
decay times come from fluids in large po- 
res [10]. A mathematical operation known 
as inversion is used to extract several com-
ponents in the relaxation time, which car- 
ry information on different fluids [11]. 
Further processing of the electromagnetic 
pulse observed, including the use of gradi-
ent fields and other methods (e.g. water sat-
uration method, centrifugation, etc.), ma- 

Abstract: The paper describes a study of sedimentary rock samples from an oil and gas field 
of the Timan-Pechora Basin Province. Petrographic analysis of the samples was conducted by 
using a scanning electron microscope operating in an optical image mode, the geometry of 
surface pores characterized. The mineral composition was represented by secondary dolomite 
and secondary calcareous dolomite. Pores 1.5 to 35 µm in size and caverns 43 to 1750 µm long 
were observed on the surface of the samples. The open porosity of the samples was estimated 
by using the hydrostatic weighing method, ranging from 9.5 to 13.40%. The total porosity 
was determined by using nuclear magnetic resonance (NMR) and laser-ultrasound diagnostics. 
A GeoSpec+ 2/75 analyzer was used to measure the transverse relaxation time so as to estimate 
the total porosity. The longitudinal wave velocity in a non-porous material with the same min-
eral composition was calculated and then the total porosity was estimated. It is found that the 
total porosity determined by both methods is on average 1% higher than the open porosity. The 
difference in the total porosity measured by the two methods is no more than 0.2–0.4%.
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kes it possible to more accurately deter-
mine the chemical composition of the flu-
ids and evaluate wettability, permeability, 
capillary pressure, and pore size distribu-
tion [12, 13].

This paper addresses examination of 
sedimentary rock samples from an oil-and- 
gas field of the Timan-Pechora Basin Pro- 
vince, including petrographic analysis by 
optical methods and scanning electron mi-
croscopy to characterize the geometry of 
surface pores. The open porosity of the rock 
samples was determined by the water satu- 
ration method and the total porosity, by 
NMR. The results were verified by using 
laser-ultrasound diagnostics.

Methods and materials
A group of cylindrical samples of car-

bonate rocks were examined, three of 
which are shown in Figures 1, 2 and 3. The 
samples were taken from producing forma-

tion D3el of a field of the Timan-Pechora 
Basin Province. The samples were about 
30 mm in diameter and length. At first oil 
was extracted and then the samples were 
dried to remove residual fluids.

The mineral composition and the struc-
ture and size of surface pores were evalu-
ated by using a ThermoScientific Quattr. 
S scanning electron microscope operating 
in an optical imaging mode.

NMR experiments were performed by 
using a GeoSpec+ 2/75 analyzer generat-
ing static and pulsed magnetic fields. Po- 
rosity was determined using a well-known 
method [14] that is based on the fact that 
macroscopic magnetization of liquids in po- 
res relaxes after the magnetic field is re-
moved. The smaller the pore, the shorter 
the transverse relaxation time T2. Micro- 
pores 1–10 µm in size are characterized 
by the relaxation time less than 1 ms while 
mesopores (10–100 µm) and macropores 

Fig. 1. Sample No. 1: dolomite sample (a); SEM image of dolomite sample topography (b); NMR transverse 
relaxation time curves vs. NMR transverse relaxation time curves (c) 
Рис. 1. Образец № 1: фото образца доломита (а); оптическое изображение, полученное на СЭМ, поверх-
ности образца доломита (б); зависимость пористости образца доломита от времени поперечной релакса-
ции по ЯМР (в)
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(0.1–1 mm) are characterized by T2 rang-
ing from 1 to 10 ms and from 10 to 100 ms, 
respectively. It is shown in [14—16] that 
the transverse relaxation time T2 is propor-
tional to the characteristic pore size r (1).

r ~ rT2,	 (1)
where r is the relaxation activity of the liq-
uid phase (µm/ms), which has been meas-
ured for 250 fluids [14].

Therefore, after relaxation curve appro- 
ximation, relaxation times are estimated, 
which determine the characteristic sizes of 
pores and their percentage by the signal 
amplitude corresponding to the respective 
relaxation time after the applied fields are 
removed. 

The preliminarily dried samples were 
saturated with water and placed in the ana- 
lyzer. The transverse relaxation time T2 and 
signal amplitudes were measured. Pore size 
distribution and total porosity vs. relaxa-

tion time diagrams were plotted through 
the use of the analyzer software. 

Local elastic wave velocities were mea- 
sured by laser-ultrasound diagnostics in a 
pulse-echo mode and porosity was deter-
mined from the measurements [17—19].

It is known that if porosity is less than 
20—25% the following relationship is va- 
lid [20]:
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where Vl is the longitudinal ultrasonic wave 
velocity in the sample, ms; Vl0 is the longi-
tudinal ultrasonic wave velocity in an ideal 
material with no pores, m/s; P is the poros-
ity of the sample.

Thus, if porosity is expressed in terms 
of longitudinal wave velocity Vl (3) and 
averaged over several points for each sam-
ple, the total porosity can be determined. 

Fig. 2. Sample No. 2: dolomite sample (a); SEM image of dolomite sample topography (b); NMR transverse 
relaxation time curves vs. NMR transverse relaxation time curves (c)
Рис. 2. Образец № 2: фото образца доломита (а); оптическое изображение, полученное на СЭМ, поверх-
ности образца доломита (б); зависимость пористости образца доломита от времени поперечной релакса-
ции по ЯМР (в)
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Results and discussion
Optical studying has shown that the 

samples are composed of secondary dolo-
mite and secondary calcareous dolomite. 
The samples are characterized by high po-
rosity with pores 1.5 to 35 µm in size and 
cavities 43 to 1750 µm long (Figs 1, 2, and 3).

Hydrostatic weighing of the samples 
has shown that the open porosity ranges 
from 9.5 to 13.40% (Tab. 1). Determining 
total porosity by NMR implies investigat-
ing how the incremental porosity (solid 
curves in Fig. 1 to 3) and the total poros-
ity (dashed curves in Fig. 1, 2, and 3) are 
related to the transverse relaxation time T2. 
Since the characteristic pore size is directly 
proportional to T2 (1), it is the pores with 

larger characteristic sizes r that contribute 
more to the observed NMR signal as the 
relaxation time increases (Fig.  1, 2, and 
3). The total porosity ranges from 11.00% 
to 14.41% (Tab. 1) and on average is 1% 
greater than the open porosity determined 
from hydrostatic weighing. Note that the 
second and third samples have approxima- 
tely the same total porosity (11.00% and 
11.04%, respectively) and differ in incre-
mental porosity distribution. Thus, the ma- 
ximum incremental porosity of sample  1 
corresponds to T2 ~0.1 s, which means that 
the characteristic size of pores is about 
0.1–1.0 mm while cavities are several mm 
in size (determined by T2 ~1.0–1.5 s), mak-
ing an insignificant contribution to the po-
rosity.

The maximum incremental porosity of 
sample 2 is observed at transverse relaxati- 
on time T2 > 1 (Fig. 2), which suggests that 
there are many cavities several mm in size.

Fig. 3. Sample No. 3: dolomite sample (a); SEM image of dolomite sample topography (b); NMR transverse 
relaxation time curves vs. NMR transverse relaxation time curves (c)
Рис. 3. Образец № 3: фото образца доломита (а); оптическое изображение, полученное на СЭМ, поверх-
ности образца доломита (б); зависимость пористости образца доломита от времени поперечной релакса-
ции по ЯМР (в)
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Laser-ultrasound diagnostics was used 
to verify the total porosity determined 
from NMR measurements. The samples 
were cut into disks about 5 mm thick; the 
disks were scanned by using an ultrasonic 
scanning instrument. Longitudinal wave 
velocity was measured at several points.

In accordance with [19—21], given that 
dolomite has a trigonal system, known co-
efficients of the stiffness matrix [22] were 
used to determine quasi-longitudinal wave 
velocity in dolomite with no pores as the 
average of the velocities in six directions. 
The resulting velocity is 6643 m/s; the ave- 
rage longitudinal wave velocities measu- 
red by laser-ultrasound diagnostics are 
given in Table. The total porosity (table) 
is determined from the resulting velocity 
values. The porosity based on laser-ultra-
sound diagnostics data differs from NMR 
porosity by 0.21% for the first sample, by 
0.38% and 0.15% for the second and third 

ones, respectively. This indicates that the 
total porosity determined by NMR is well 
in agreement with that determined by la-
ser-ultrasound diagnostics.

Conclusions
The paper presents experimental data on 

porosity of reservoir rock specimens taken 
from an oil field of the Timan-Pechora Ba- 
sin Province. Three methods were emp- 
loyed to perform experiments: (1) hydro-
static weighting, (2) NMR, and (3) laser-
ultrasound diagnostics. It is found that the 
total porosity is on average 1% greater than 
the open porosity. The difference in the to-
tal porosity measured by NMR and laser-
ultrasound diagnostics is no more than 0.4%. 
Therefore, the laser-ultrasound diagnostics 
method may well be more effective than 
NMR due to the high cost of equipment and 
labor costs for NMR research as far as the 
total porosity is concerned. 

Porosity of samples of secondary medium-to-fine-grained dolomite  
determined by different methods 
Результаты определения пористости образцов доломита вторичного  
средне-мелкозернистого различными методами

Sample No. Porosity determined  
by hydrostatic  
weighing, %

Porosity from 
NMR, %

Porosity measured 
by laser-ultrasound 

diagnostics, % 

Longitudinal 
wave velocity, m/s

1 13.40 14.20 14.41 5657
2 9.50 11.00 11.38 5811
3 10.06 11.04 11.19 5821

СПИСОК ЛИТЕРАТУРЫ
1. Coates G. R., Xiao L., Prammer M. G. NMR logging: principles and applications // Hou-

ston: Haliburton Energy Services, 1999, 234 p.
2. Dunn K. J., Bergman D. J., LaTorraca G. A. Nuclear magnetic resonance: Petrophysical 

and logging applications. Elsevier, 2002, 293 p.
3. Kenyon W. E. Petrophysical principles of applications of NMR logging // The Log Ana-

lyst, 1997, vol. 38, no. 02.
4. Колбикова  Е.  С., Мачукаев  Д.  Ш., Бучинский  С.  В. Петрофизическая типизация 

карбонатного разреза путем интегрированного анализа геолого-геофизических данных с 
целью уточнения фильтрационных свойств коллектора // Proнефть. Профессионально о 
нефти. — 2023. — Т. 8. — № 1. — С. 39—47. DOI: 10.51890/2587-7399-2023-8-1-39-47.

5. Беляков Е. О. Особенности вероятностной петрофизической оценки пластов с ис-
пользованием подходов концепции связанности порового пространства // Proнефть. Про-



69

фессионально о нефти. — 2021. — Т. 6. — № 3. — С. 12—22. DOI: 10.51890/2587-7399-
2021-6-3-12-22.

6. Ellis D. V., Singer J. M. Well logging for earth scientists. Springer, 2007, 692 p.
7. Mitchell J. Industrial applications of magnetic resonance diffusion and relaxation time 

measurements / Diffusion NMR of confined systems: fluid transport in porous solids and hetero-
geneous materials (New Developments in NMR, vol. 9), chapter 11, 2016, pp. 353—389. DOI: 
10.1039/9781782623779-00353. :

8. Song Y. Q., Kausik R. NMR application in unconventional shale reservoirs. A new po-
rous media research frontier // Progress in Nuclear Magnetic Resonance Spectroscopy. 2019, 
vol. 112–113, pp. 17—33. DOI: 10.1016/j.pnmrs.2019.03.002.

9. Kleinberg R. L., Kenyon W. E., Mitra P. P. Mechanism of NMR relaxation of fluids in rock // 
Journal of Magnetic Resonance Series A. 1994, vol. 108, no. 2, pp. 206—214. DOI: 10.1006/
jmra.1994.1112.

10. Mai A., Kantzas A. Porosity distributions in carbonate reservoirs using low-field NMR // 
Journal of Canadian Petroleum Technology. 2007, vol. 46, no. 7. DOI: 10.2118/07-07-02.

11. Toumelin E., Torres-Verdin C., Chen S., Fischer D. M. Analysis of NMR diffusion cou-
pling effects in two-phase carbonate rocks: comparison of measurements with Monte Carlo sim-
ulations / SPWLA 43rd Annual logging symposium. 2002, Paper Number: SPWLA-2002-JJJ.

12. Herlinger R., Dos Santos B. C. C. The impact of pore type on NMR T2 and MICP in 
bioclastic carbonate reservoirs / SPWLA 59th annual logging symposium. 2018, Paper Number: 
SPWLA-2018-GGG.

13. Al-Yaseri A. Z., Lebedev M., Vogt S. J., Johns M. L., Barifcani A., Iglauer S. Pore-scale 
analysis of formation damage in Bentheimer sandstone with in-situ NMR and micro-comput-
ed tomography experiments // Journal of Petroleum Science and Engineering. 2015, vol. 129, 
pp. 48—57. DOI: 10.1016/j.petrol.2015.01.018. 

14. Elsayed M., Isah A., Hiba M., Hassan A., Al-Garadi K., Mahmoud A., El-Husseiny A., 
Radwan A. E. A review on the applications of nuclear magnetic resonance (NMR) in the oil and 
gas industry: laboratory and field-scale measurements // Journal of Petroleum Exploration and 
Production Technology. 2022, vol. 12, pp. 2747—2784. DOI: 10.1007/s13202-022-01476-3.

15. Lawal  L.  O., Adebayo A.  R., Mahmoud M., Dia  B.  M., Sultan A.  S. A  novel NMR 
surface relaxivity measurements on rock cuttings for conventional and unconventional reser-
voirs // International Journal of Coal Geology. 2020, vol. 231, article 103605. DOI: 10.1016/j.
coal.2020.103605.

16. Valori A., Nicot B. A  review of 60 years of NMR wettability // Petrophysics. 2019, 
vol. 60, no. 02, pp. 255—263. DOI: 10.30632/PJV60N2-2019a3.

17. Shibaev I. A., Morozov D. V., Dudchenko O. L., Pavlov I. A. Estimation of local elastic 
moduli of carbon-containing materials by laser ultrasound // Key Engineering Materials. 2018, 
vol. 769, pp. 96—101. DOI: 10.4028/www.scientific.net/KEM.769.96.

18. Иванов П. Н., Безруков В. И. Экспериментальное исследование упругих свойств 
углей различной степени тектонической нарушенности методом лазерно-ультразвуковой 
спектроскопии // Горный информационно-аналитический бюллетень. — 2021. — № 4-1. — 
С. 26—40. DOI: 10.25018/0236_1493_2021_41_0_26. 

19. Галунин А. А., Гапеев А. А., Поспичал В. Оценка зависимости динамических мо-
дулей упругости от пористости образцов известняка методом импульсной диагностики // 
Горный информационно-аналитический бюллетень.  — 2021.  — №  4-1.  — С. 98—107. 
DOI: 10.25018/0236_1493_2021_41_0_98.

20. Иванов  П.  Н., Блохин  Д.  И., Закоршменный  И.  М. Экспериментальное исследо-
вание изменения физико-механических свойств антрацита при температурном воздейст- 
вии // Горный информационно-аналитический бюллетень. — 2021. — № 4-1. — С. 41—
51. DOI: 10.25018/0236_1493_2021_41_0_41.



70

21. Kravcov A., Cherepetskaya E., Svoboda P., Blokhin D., Ivanov P., Shibaev I. Thermal 
infrared radiation and laser ultrasound for deformation and water saturation effects testing in 
limestone // Remote Sensing. 2020, vol. 12, article 4036. DOI: 10.3390/rs12244036. 

REFERENCES
1. Coates G. R., Xiao L., Prammer M. G. NMR logging: principles and applications. Hou-

ston: Haliburton Energy Services, 1999, 234 p.
2. Dunn K. J., Bergman D. J., LaTorraca G. A. Nuclear magnetic resonance: Petrophysical 

and logging applications. Elsevier, 2002, 293 p.
3. Kenyon W. E. Petrophysical principles of applications of NMR logging. The Log Analyst, 

1997, vol. 38, no. 02.
4. Kolbikova E. S., Machukaev D. S., Buchinskiy S. V. Petrophysical clustering of carbonates 

by complex analysis of a wide range of geological and geophysical data to clarify the reservoir 
filtration properties. PROneft. Professionally about Oil. 2023, vol.  8, no.  1, pp.  39—47. [In 
Russ]. DOI: 10.51890/2587-7399-2023-8-1-39-47.

5. Belyakov Е. О. Specific features of the probability petrophysical estimation of rock forma-
tions using the approaches of the concept of porous space connectedness. PROneft. Profession-
ally about Oil. 2021, vol. 6, no. 3, pp. 12—22. [In Russ]. DOI: 10.51890/2587-7399-2021-6-3-
12-22.

6. Ellis D. V., Singer J. M. Well logging for earth scientists. Springer, 2007, 692 p.
7. Mitchell J. Industrial applications of magnetic resonance diffusion and relaxation time 

measurements. Diffusion NMR of confined systems: fluid transport in porous solids and hetero-
geneous materials (New Developments in NMR, vol. 9), chapter 11, 2016, pp. 353—389. DOI: 
10.1039/9781782623779-00353. :

8. Song Y. Q., Kausik R. NMR application in unconventional shale reservoirs. A new porous 
media research frontier. Progress in Nuclear Magnetic Resonance Spectroscopy. 2019, vol. 112–
113, pp. 17—33. DOI: 10.1016/j.pnmrs.2019.03.002.

9. Kleinberg R. L., Kenyon W. E., Mitra P. P. Mechanism of NMR relaxation of fluids in rock. 
Journal of Magnetic Resonance Series A. 1994, vol. 108, no. 2, pp. 206—214. DOI: 10.1006/
jmra.1994.1112.

10. Mai A., Kantzas A. Porosity distributions in carbonate reservoirs using low-field NMR. 
Journal of Canadian Petroleum Technology. 2007, vol. 46, no. 7. DOI: 10.2118/07-07-02.

11. Toumelin E., Torres-Verdin C., Chen S., Fischer D. M. Analysis of NMR diffusion cou-
pling effects in two-phase carbonate rocks: comparison of measurements with Monte Carlo 
simulations. SPWLA 43rd Annual logging symposium. 2002, Paper Number: SPWLA-2002-JJJ.

12. Herlinger R., Dos Santos B. C. C. The impact of pore type on NMR T2 and MICP in 
bioclastic carbonate reservoirs. SPWLA 59th annual logging symposium. 2018, Paper Number: 
SPWLA-2018-GGG.

13. Al-Yaseri A. Z., Lebedev M., Vogt S. J., Johns M. L., Barifcani A., Iglauer S. Pore-scale 
analysis of formation damage in Bentheimer sandstone with in-situ NMR and micro-comput-
ed tomography experiments. Journal of Petroleum Science and Engineering. 2015, vol.  129, 
pp. 48—57. DOI: 10.1016/j.petrol.2015.01.018. 

14. Elsayed M., Isah A., Hiba M., Hassan A., Al-Garadi K., Mahmoud A., El-Husseiny A., 
Radwan A. E. A review on the applications of nuclear magnetic resonance (NMR) in the oil and 
gas industry: laboratory and field-scale measurements. Journal of Petroleum Exploration and 
Production Technology. 2022, vol. 12, pp. 2747—2784. DOI: 10.1007/s13202-022-01476-3.

15. Lawal  L.  O., Adebayo A.  R., Mahmoud M., Dia  B.  M., Sultan A.  S. A  novel NMR 
surface relaxivity measurements on rock cuttings for conventional and unconventional reser-
voirs. International Journal of Coal Geology. 2020, vol. 231, article 103605. DOI: 10.1016/j.
coal.2020.103605.



71

16. Valori A., Nicot B. A review of 60 years of NMR wettability. Petrophysics. 2019, vol. 60, 
no. 02, pp. 255—263. DOI: 10.30632/PJV60N2-2019a3.

17. Shibaev I. A., Morozov D. V., Dudchenko O. L., Pavlov I. A. Estimation of local elastic 
moduli of carbon-containing materials by laser ultrasound. Key Engineering Materials. 2018, 
vol. 769, pp. 96—101. DOI: 10.4028/www.scientific.net/KEM.769.96.

18. Ivanov P. N., Bezrukov V. I. Experimental study of elastic properties of coals of various 
degrees of tectonic disturbance by laser-ultrasonic spectroscopy. MIAB. Mining Inf. Anal. Bull. 
2021, no. 4-1, pp. 26—40. [In Russ]. DOI: 10.25018/0236_1493_2021_41_0_26. 

19. Galunin A. A., Gapeev A. A., Pospichal V. Estimation of the dependence of the dynamic 
modules of elasticity on the porosity of limestone samples by the method of pulse diagnostics.
MIAB. Mining Inf. Anal. Bull. 2021, no. 4-1, pp. 98—107. [In Russ]. DOI: 10.25018/0236_14
93_2021_41_0_98.

20. Ivanov P. N., Blokhin D. I., Zakorshmennyy I. M. Experimental study of change in physi-
cal and mechanical properties of anthracite under temperature exposure. MIAB. Mining Inf. 
Anal. Bull. 2021, no. 4-1, pp. 41—51. DOI: 10.25018/0236_1493_2021_41_0_41.

21. Kravcov A., Cherepetskaya E., Svoboda P., Blokhin D., Ivanov P., Shibaev I. Thermal 
infrared radiation and laser ultrasound for deformation and water saturation effects testing in 
limestone. Remote Sensing. 2020, vol. 12, article 4036. DOI: 10.3390/rs12244036. 

ИНФОРМАЦИЯ ОБ АВТОРАХ 
Черепецкая Елена Борисовна1 — д-р техн. наук, 
профессор, e-mail: echerepetskaya@mail.ru,
Залевский Ярослав Олегович1 — cтудент, 
e-mail: yzalevskii@gmail.com, 
1 ГИ НИТУ «МИСиС».
Для контактов: Залевский Я.О., e-mail: yzalevskii@gmail.com.

INFORMATION ABOUT THE AUTHORS
E.B. Cherepetskaya1, Dr. Sci. (Eng.), Professor,
e-mail: echerepetskaya@mail.ru,
Ia.O. Zalevskii1, Student,
e-mail: yzalevskii@gmail.com,
1 Mining Institute, National University of Science 
and Technology «MISiS», 119049, Moscow, Russia.
Corresponding author: Ia.O. Zalevskii, e-mail: yzalevskii@gmail.com.

Получена редакцией 17.05.2023; получена после рецензии 09.06.2023; принята к печати 10.07.2023.
Received by the editors 17.05.2023; received after the review 09.06.2023; accepted for printing 10.07.2023.


