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Development of a composition and evaluation of the effectiveness  

of a bio-based product for cleaning oil-contaminated soils 
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Abstract 

Soil pollution by oil and petroleum products is a serious environmental problem, especially relevant for industrialized 

regions. Microbiological remediation based on the use of oil-oxidizing microorganisms is a promising method of 

restoring polluted soils. The aims of the study are to develop a composition and assess the effectiveness of a spe-

cialized bio-based product adapted to the climatic conditions of northwest Russia. Bacterial strains capable of uti-

lizing petroleum products as the only carbon source have been selected and cultivated. Based on laboratory tests,  

a consortium of microorganisms was selected, including strains of Acinetobacter sp. (VKM B-3202), Rhodococcus 

erythropolis (VKM Ac-858 T) and Pseudomonas alcaligenes (VKM B-1295), and their growth activity was evalu-

ated. Three biologics compositions have been developed, differing in the proportions of bacterial  suspensions by 

volume, and the technology of their application to oil-contaminated soils has been determined. The effectiveness of 

cleaning soils contaminated with oil and petroleum products (gasoline, diesel fuel, oil products from a spill at the 

Tammisuo railway station (Vyborg) at temperatures of 10-20 °C, typical for the climate of the region, was studied 

in laboratory conditions. At a temperature regime of 20±1 °C and natural soil moisture, after 60 days of the experi-

ment, the maximum concentration reduction rates reached 75.59 % for crude oil, 71.97 % for oil products from the 

spill, 90.53 % for diesel fuel, 75.81 % for gasoline. At a temperature of 10±1 °C – 40.62 % for crude oil, 49.58 % 

for oil products from the spill, 69.06 % for diesel fuel, 68.10 % for gasoline. The results of the study confirm the 

effectiveness of the developed bio-based product for oil-contaminated soil purification in the climatic conditions of 

northwestern Russia. 
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Introduction 

The oil industry is the leading industry in Russia, while significant production volumes are asso-

ciated with a large proportion of waste generated as a result of the activities of oil companies [1, 2]. 

Petroleum products enter the environment for various reasons – accidents on pipelines, spills from 

shipping vessels, violations of drilling techniques, etc. [3, 4]. Soils, water, vegetation, and atmos-

pheric air are susceptible to pollution due to the volatility of petroleum product components [5].  

Russia has recorded 14 accidents at freshwater facilities, 12 of which occurred as a result of spills 

from ships and from a fuel oil pipeline in 20231. In December 2024, the largest accident occurred in 

                                                      
1 On the state and protection of the environment of the Russian Federation in 2023. State report. Moscow: Ministry of Natural 

Resources and Environment of the Russian Federation; Intellectual Analytics LLC; FGBU Directorate of Scientific and Technical 

Progress; Foundation for Environmental Monitoring and International Technological Cooperation, 2024, р. 707.   
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the Kerch Strait of the Black Sea, as a result of which, according to various estimates, from 3700 to 

5000 t of oil entered the marine environment. Soil resources are equally susceptible to oil product 

contamination. According to Rosprirodnadzor, the area of disturbed land due to leaks during the 

transit of oil, gas, and refined petroleum products in 2023 amounted to 122 hectares2. According to 

the data of oil and gas producing companies, in comparison with 2022, the area of all disturbed lands 

increased by 4.6 %3. 

The negative impact on the soil cover from the ingress of petroleum products is associated with 

a reduction in biodiversity, death of animals and plants, the entry of toxic chemicals into the soil and 

atmospheric air [6], fertility degradation [7], and other dangerous consequences for the environment [8]. 

For the Northwestern Federal District, the problem of soil pollution with petroleum products is rele-

vant due to the large length of pipeline, shipping and automobile transport in the region, as well as 

the presence of the largest oil loading terminals [9].  

Various methods of restoring disturbed lands have been developed to eliminate the consequences 

of oil and petroleum products entering the soil: mechanical, physico-chemical, biological, thermal, 

electrical, etc. [10]. Microbiological remediation, based on the ability of microorganisms to absorb 

pollutants, is considered the most promising method in terms of the degree of purification and eco-

nomic costs [11, 12]. Microorganisms with a petro-destructive ability include bacteria (Pseudomonas, 

Flavobacterium, Acinetobacter and others) [13, 14], fungi (Alternaria, Aspergillus, Candida and  

others) [15, 16] and microalgae (Chlorella vulgaris) [17]. Microorganisms are mainly used to remove 

oil pollution from soils and some types of wastewater. The method is carried out both directly at  

the site of contamination (in situ) [18], and with excavation of soil for placement in bioreactors  

(ex sitи) [19], in some cases these methods are combined [20].  

To introduce microorganisms into a polluted environment, biologics are used from three com-

ponents necessary for their functioning: 

• strains of microorganisms adapted to specific environmental conditions and contributing to the 

degradation of hydrocarbons (main component); 

• sorbent carrier of both natural (peat, zeolite) and synthetic (polymers) origin [21, 22]; 

• a complex of nutrients (nitrogen, phosphorus, potassium, sulfur) that creates a favorable envi-

ronment for the development of microorganisms [23, 24]. 

Natural sorbents, in addition to their main function, contribute to the improvement of the physico-

mechanical and physico-chemical properties of soils [25, 26]. A number of biologics have been de-

veloped that differ in composition and properties [27-29], but their use is limited by the climatic con-

ditions of the environment [30]. The Leningrad Region is characterized by moderate temperatures in 

summer, on average not exceeding 20 °C, which is not suitable for the development of most types of 

microorganisms [31]. In this regard, a significant part of the patented biological products cannot be 

used in the Northwestern Federal District, and most of the developments adapted for this region have 

not been put into practice [32].  

The aims of the study are to develop a composition and assess the effectiveness of a specialized 

bio-based product adapted to the climatic conditions of northwest Russia.  

Objectives of the work: scientific review on the research topic, selection and cultivation of psy-

chrophilic bacterial strains, assessment of the growth activity of strains in the presence of petroleum 

products as the only carbon source, development of options for the composition of bio-based products 

and technology for applying biological products to oil-contaminated soils, evaluation of the effec-

tiveness of purification of oil-contaminated soils with the proposed formulations in laboratory condi-

tions.  

                                                      
2 Environmental protection in Russia. 2024. Statistical collection. Moscow: Federal State Statistics Service (Rosstat), 2024,  

p. 118. URL: http://ssl.rosstat.gov.ru/storage/mediabank/Oxrana_okruj_sredi_2024.pdf (accessed 03.03.2025). 
3 On the state and protection of the environment of the Russian Federation in 2023. State report. Moscow: Ministry of Natural 

Resources and Environment of the Russian Federation; Intellectual Analytics LLC; FGBU Directorate of Scientific and Technical 

Progress; Foundation for Environmental Monitoring and International Technological Cooperation, 2024, p. 707. 

http://ssl.rosstat.gov.ru/storage/mediabank/Oxrana_okruj_sredi_2024.pdf
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Methods 

For the study, a site was selected in the area of 

the Tammisuo railway station (Vyborg, Leningrad 

Region), where a massive spill of petroleum products 

occurred as a result of a leak in transport tanks  

located underground. The characteristic features of 

the territory are podzolic alluvial low-humus soils 

and vegetation cover, represented by shrubby 

plants, weedy herbaceous vegetation and mossy. 

During the reconnaissance survey of the spill site 

and adjacent territories, signs of a negative impact 

on the components of the natural environment were 

recorded – the suppression of herbaceous plant 

communities, the death of representatives of the  

animal world, and the blackening of shrub leaves. 

Oil-contaminated soil was sampled using the 

envelope method at five test sites near the spill 

(Fig.1). From each site, samples were taken from 

two layers, from depths of 0-0.05 and 0.05-0.2 m, 

after which they were combined into one common sample for subsequent analysis. The choice of trial 

sites is determined by the uniformity of vegetation cover and different levels of pollution (Fig.2). The 

thickness of the oil-contaminated soil layer varied from 5-20 cm. Also for modeling pollution in 

laboratory conditions from the spill site according to GOST 2517-2012 “Oil and petroleum products. 

Sampling methods” the samples of pure petroleum product (without impurities of water and soil) and 

pure soil (without contamination with petroleum products) were taken.  

Further sample preparation and experimental studies were carried out in the laboratory of the 

Scientific Research Center “Ecosystem” of the Mining University, where the selected samples were 

transported in a marked hermetically sealed container made of dark glass. To prepare the soil for 

analysis, inclusions were removed from the samples, the samples were crushed in a mortar, dried to 

an air-dry state and sifted through a sieve with a hole diameter of 1 mm. The samples were stored at 

a temperature of 4±2 °С. The preparation of water extracts for pH determination was carried out by 

adding 150 cm3 of distilled water to pre-dried and crushed soil samples weighing 30 g. For X-ray 

fluorescence analysis (XFA), the working samples obtained by quartering the initial sample were 

ground to a powder state. 

 

P.1 

P.5 
P.4 

P.3 

P.2 

10 m 

 

a а b c 

 

Fig.1. Map-scheme of soil sampling. Blue contour –  

localization of the spill; P.1- P.5 – Sampling sites 

Fig.2. Sampling sites: a – N 1; b – N 3; c – N 4 
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The concentration of petroleum products was determined by fluorimetric analysis using a Fluo-
rat-02-3M liquid analyzer for soil samples from the spill at the beginning of the study and subse-
quently to evaluate the effectiveness of the developed biological product [33]. Before the study, the 
purity of hexane was checked, calibration solutions were prepared, and the analyzer was calibrated. 
After extraction of petroleum products from the soil, the fluorescence intensity of the purified extract 
was measured on the specified liquid analyzer. The concentration of petroleum products in the sample 
was determined by the ratio of the mass concentration of petroleum products in the hexane solution 
of Сm, the final volume of the hexane solution and the dilution coefficient of the extract K to the mass 
of the soil sample m. The result Х is shown in Table 1. 

 
 Table 1 
 

Concentration of petroleum products in the soil according to the results of fluorimetric analysis 
 

Sample m, g K Сm Х, mg/kg 

1 0.206 5 5.24 3180±800 

2 0.201 40 5.96 
>25,000 

(29,652)* 

3 0.202 5 5.72 3540±885 

4 0.200 1 3.94 492±120 

5 0.223 1 1.43 160±64 

 

                                     * The value obtained exceeds the measurement limit. 

 

Based on the results of determining the pH of aqueous extracts from soils with a pH meter  
pH-150MI, it was decided to exclude the influence of the acidity of soil samples on the oil-oxidizing 
activity of bacteria and the indicators of soil purification efficiency obtained during further research 
due to minor differences in the pH values obtained. 

To determine the content of heavy metals in samples that can affect the activity of oil-oxidizing 
microorganisms, a chemical analysis of soil composition was performed using X-ray fluorescence 
analysis using a portable X-ray fluorescence spectrometer NITON XLt. The elemental composition 
of sample N 2, obtained from the results of the RFA, is presented in Table 2. According to the results 
of a semi-quantitative analysis, exceedances of the maximum permissible concentration established 
by SanPiN 1.2.3685-21 for zirconium, zinc, chromium, and vanadium were revealed. 

 

 Table 2 
 

The elemental composition of sample N 2 according to the results of the RFA 
 

Element Concentration, mg/kg PCL, mg/kg* Hazard class 

Mo 32.1±3.2 50 3 

Zr 37.2±4.3 6 3 

Sr 12.6±2.0 200 2 

Zn 102.4±10.9 55 1 

Fe 169.4±27.6 – 4 

Cr 175.8±65.8 100 1 

V 343.0±117.6 150 3 

Ca 2021±403 –  

K 1651±428 –  

 

                                    * Sanitary Rules And Normatives 1.2.3685-21 “Hygienic standards and require-

ments for ensuring the safety and (or) harmlessness of environmental factors for humans”. 

 

The determination of the elemental composition of pure petroleum products from the spill was 
carried out by gas chromatography-mass spectrometry (GCMS), which combines the functions of gas 
chromatography and mass spectrometry [34]. The study was performed on a Shimadzu GCMS-
QP2010 SE gas chromatography-mass spectrometer with a helium carrier gas. A sample of 1 g of 
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petroleum product was taken for analysis, from which a sample in the amount of 1 µl was inserted 
into the chromatograph evaporator with a micro-syringe. Based on the results of the GCMS, a chro-
matogram was obtained and the hydrocarbon components of the petroleum product were identified, 
most of which have from 15 to 26 carbon atoms, a linear structure and are typical components of 
heavy fuels such as fuel oil, diesel fuel, etc. 

The experimental study on the creation of a bio-based product for soil purification from oil and 
petroleum products included five stages: 

• selection and cultivation of bacterial strains; 
• determination of the number of cells in bacterial suspensions; 
• assessment of the growth activity of bacterial strains on nutrient media with the addition of 

petroleum products; 
• development of the composition of a bio-based product; 
• assessment of the effectiveness of oil-contaminated soil treatment. 
The basis of the bio-based product was selected from the strains from the All-Russian collection of 

microorganisms (VKM IBFM RAS, Pushchino, Russia) – Acinetobacter sp. (catalog number B-3202, 
hereinafter – 3202), Rhodococcus erythropolis (Ac-858 T, hereinafter – 858), Pseudomonas alcaligenes 
(B-1295, hereinafter – 1295). 

The selected strains of microorganisms are representatives of psychrophilic aerobic bacteria, have 
the ability to oxidize petroleum hydrocarbons and other organic substances, which is an important cri-
terion for selecting strains for effective bioremediation of oil-contaminated soils [35]. Bacterial strains 
were obtained as a culture on mown agar. For culture re-sowing, a nutrient medium, HMS-agar, was 
prepared in Petri dishes, on the surface of which seed was introduced with zigzag-shaped movements 
(“stroke” sowing), after which the Petri dishes were placed upside down in a thermostat at 28±2 °C for 
three days. Thus, a sufficient amount of culture was obtained for further research.  

To determine the number of cells, bacterial suspensions were prepared by washing them off the 
surface of the nutrient medium and 10 dilutions of the initial bacterial suspension, for which the op-
tical density was determined on a Hach-Lange DR 5000 spectrophotometer. The number of tubes for 
the preparation of the initial cell suspension was selected experimentally for each bacterial strain. The 
cell concentration in the initial suspension was chosen with the condition of non-zero optical density 
of the suspensions of the latest dilutions, taking into account the nonlinear relationship between the 
optical density of the suspension and the number of bacterial cells in it. The sowing was carried out 
using the Drigalsky method. After three days, the number of colonies in Petri dishes for each strain 
was calculated. Based on the data obtained, calibration curves were constructed, which were used to 
determine the number of cells in bacterial suspensions (Fig.3).  
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Fig.3. Dependences of the optical density  

of suspension of strains 3202 (a), 1295 (b), 858 (c) 

on the number of cells 
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To determine the proportions of strain culture application to the soil, the growth activity of the 

strains on mineral nutrient media was preliminarily determined in the presence of oil and petroleum 

products as the only carbon source, including crude oil, diesel fuel, gasoline, and petroleum products 

from the spill [36]. In the control sample, glucose served as the carbon source. Surface cultivation of 

the strains was carried out at a temperature of 26±2 °C for seven days. The growth activity of the strains 

was assessed both visually and by microscopy of fixed preparations (Fig.4). 

The assessment of the growth of the 3202 strain culture was carried out visually due to the good 

distinctness of the colonies on the nutrient medium: small colonies have the appearance of a solid 

cloudy coating, larger colonies are convex, round, white, shiny (Fig.4, a).  

Colonies of strain 858 on all nutrient media had the appearance of a continuous cloudy-white 

coating. To identify the growth of the culture, fixed preparations of colony cells grown on nutrient 

medium in Petri dishes were prepared. The presence of a large number of bacterial cells in smears from 

the surface of the nutrient medium for strain 858 was recorded at an increase of 400 times (Fig.4, b). 

Despite the absence of visual differences in cultural properties, polymorphism of strain 1295 

cells was revealed in the microscopic picture. When growing on a nutrient medium with the addition 

of glucose (a rich substrate), a significantly larger number of bacterial cells are observed, they are 

shortened, lined up in chains (Fig.4, c). On a nutrient medium with the addition of petroleum products 

(poor substrate), there are significantly fewer cells in the field of view, they are connected in stellate 

structures and have different lengths. 

The results of the evaluation of the growth activity of strains on nutrient media with petroleum 

products and glucose are presented in Table 3. 

 
 Table 3 
 

Growth activity of strains on nutrient media with the addition of petroleum products 
 

Strain Glucose Oil Oil product Gasoline Diesel fuel 

3202 ++ + – ++ – 

858 ++ + + + + 

1295 + + + + ++ 
 

                   Note. + low growth activity; ++ high growth activity; – no growth. 

 

As can be seen from Table 3, the growth activity of the strains was recorded for almost all ex-

periments based on the evaluation results. The exception was the experience with the addition of 

petroleum products and diesel fuel for strain 3202, where there was no growth. 

Based on the data obtained, variants of the composition of the bio-based product with different 

proportions of bacterial suspensions are proposed (Table 4). 

а b c 

 
Fig.4. Microscopic pictures of cells of strain 3202 on Voroshilova – Dianova  

nutrient medium with the addition of a carbon source (a); strain 858 (magnification ×400) (b);  

strain 1295 on a nutrient medium with the addition of glucose (magnification ×400) (c) 
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 The following samples were prepared to 

evaluate the effectiveness of cleaning oil-contami-

nated soils using the developed formulations:  

• soil with the introduction of crude oil (O)  

5 wt.%;  

• soil with diesel fuel (DF) 5 wt.%; 

• soil with gasoline (G) 5 wt.%; 

• soil with petroleum products (PP) from the 

spill. 
Bacterial suspensions were prepared by flushing to introduce bioremediation compounds into the 

soil. The optical density of bacterial suspensions and the concentration of bacterial cells in suspensions 
(CFU/ml) were determined by the spectrophotometric method based on the calibration dependences ob-
tained, and in all bacterial suspensions the cell concentration was in the range of 107-1012 CFU/ml. Next, 
the soil samples were packaged in isolated 200 g cuvettes in accordance with the proportions of bacterial 
suspensions (Table 4) in the amount of 20 ml for each soil sample. Soil samples without bacterial suspen-
sions were used as controls (Table 5). 

 

 Table 5 
 

Sample matrix 
 

Pollutant 

Temperature 

20±1 °C 10±1 °C 

Composition 1 Composition 2 Composition 3 С Composition 1 Composition 2 Composition 3 С 

G G/1 G/2 G/3 G/С G/1 G/2 G/3 G/С 

O O/1 O/2 O/3 O/С O/1 O/2 O/3 O/С 

DF DF/1 DF/2 DF/3 DF/С DF/1 DF/2 DF/3 DF/С 

PP PP/1 PP/2 PP/3 PP/С PP/1 PP/2 PP/3 PP/С 

 

The simulation of the climatic conditions of the warm season, typical for the Leningrad Region, 

was carried out at temperatures of 20±1 and 10±1 °C for 60 days using the Klimatostat R-2 equip-

ment. The studied soil samples were periodically moistened and mixed with a sterile spatula. Then, 

for 60 days, soil samples were taken to determine the concentration of oil and petroleum products 

using the fluorimetric method. 

Discussion 
The evaluation of the effectiveness of soil purification from petroleum products using the developed 

biological product was carried out through mathematical processing of the data obtained. Diagrams 
reflecting the dynamics of the decrease in the concentration of petroleum products under the action 
of biologics compositions relative to the initial values (IV) are shown in Fig.5, 6. 

The results of evaluating the effectiveness of soil purification with various compositions of the de-

veloped biological product for 60 days at temperatures of 20±1 and 10±1 °C are presented in the Table 6. 

Conclusion 
Soil pollution by oil and petroleum products remains an urgent environmental problem requiring 

comprehensive study and development of new effective cleaning technologies. Among the numerous 
methods of removing pollutants from soils, microbiological remediation is the most promising, the 
advantages of which include waste-free, high efficiency, low cost, and the possibility of restoring the 
fertile properties of the soil.  

As part of the study, a new biological product was developed, which includes the bacterial consor-
tium Acinetobacter sp. (VKM B-3202), Rhodococcus erythropolis (VKM Ac-858 T), Pseudomonas al-
caligenes (VKM B-1295), which has a recycling activity against petroleum hydrocarbons. Three variants 
of the composition of this biological product have been prepared, differing in the volume ratio of bacterial 
suspensions (1:1:2, 1:2:1, 1:2:2 for compositions 1, 2, 3). It was found that all bacterial strains exhibit 
high growth activity in the presence of oil, gasoline, diesel fuel, and petroleum products from the spill as  

Strain 
Composit 1 Composit 2 Composit 3 

Proportions of application of bacterial suspensions 

3202 1 1 1 

858 1 2 2 

1295 2 1 2 

 

Table 4 

 

Variants of bio-based product compositions 

  



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 3-12 

© Aleksandr S. Danilov, Irina D. Sosnina, Elizaveta A. Serdyukova, 2026 

   

10 

This is an open access article under the CC BY 4.0 license  

 
 

 

 

 
 

  

 

0
.0

0

2
3

.3
2

7
9

.3
7

8
4

.0
1

8
6

.4
3

0
.0

0

3
7

.2
6

8
8

.4
2

8
8

.7
9

9
0

.5
3

0
.0

0 1
3

.5

7
4

.1
1

8
0

.1
6

8
5

.0
7

IV 1 4 2 8 4 2 6 0

R
ed

u
ct

io
n
 o

f 
co

n
ce

n
tr

at
io

n
 D

F
, %

Duration of the experience, day

0
.0

0

3
6

.1
6

5
8

.5
3

5
8

.5
3

5
8

.5
3

0
.0

0

4
9

.4

6
9

.3
5

6
9

.3
5

6
9

.3
5

0
.0

0

2
2

.2
4

7
5

.8
1

7
5

.8
1

7
5

.8
1

IV 1 4 2 8 4 2 6 0

R
ed

u
ct

io
n

 o
f 

co
n

ce
n

tr
at

io
n

 G
,

%

Duration of the experience, day

0
.0

0

1
1

.2
9

2
4

.1
9

4
4

.3
3

4
4

.3
3

0
.0

0

9
.3

1

2
2

.5
6 3

1
.1

0

3
1

.1
0

0
.0

0

2
8

.7
0 3

7
.5

5

4
9

.5
8

4
9

.5
8

IV 1 4 2 8 4 2 6 0R
ed

u
ct

io
n

 o
f 

co
n

ce
n

tr
at

io
n

 P
P

, 
%

Duration of the experience, day

0
.0

0

2
2

.8
3

3
3

.9
7 4

0
.6

2

4
0

.6
2

0
.0

0

1
1

.0
2

2
0

.9
4

2
8

.6
6

2
8

.6
6

0
.0

0

9
.0

8

2
6

.8

3
6

.4
1

3
6

.4
1

IV 1 4 2 8 4 2 6 0

R
ed

u
ct

io
n

 o
f 

co
n

ce
n

tr
at

io
n

 O
, 

%

Duration of the experience, day

0
.0

0

0
.0

0

2
6

.0
0

4
8

.8
5

6
8

.1
0

0
.0

0

0
.0

0

3
2

.6
3 4

6
.7

4

6
1

.8
5

0
.0

0

0
.0

0

2
9

.1
6 4

1
.4

2

5
9

.5
8

IV 1 4 2 8 4 2 6 0

R
ed

u
ct

io
n
 o

f 
co

n
ce

n
tr

at
io

n
 G

, %

Duration of the experience, day

 

Composit 1 Composit 2 Composit 3 

Fig.5. The dynamics of the concentration of oil and petroleum products at 20±1 °C 

Fig.6. The dynamics of the concentration of oil and petroleum products at 10±1 °C 
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 Table 6 
 

Efficiency of soil purification from petroleum products 
 

Pollutant 
The composition with 

the highest efficiency 
The proportion of bacterial  

suspension application 

Reducing the concentration  

of pollutants in 60 days, % 

20±1 °C 

PP 1 1:1:2 71,97 

O 2 1:2:1 75,59 

DF 2 1:2:1 90,53 

G 3 1:2:2 75,81 

10±1 °C 

PP 3 1:2:2 49,58 

O 1 1:1:2 40,62 

DF 1 1:1:2 69,06 

G 1 1:1:2 68,10 

 
the only carbon source in nutrient media, with the exception of strain B-3202 because in the experimental 
variants with diesel fuel and petroleum products, bacterial growth on nutrient media was not recorded. 

According to the results of evaluating the effectiveness of cleaning oil-contaminated soils with 
the application of the developed biological product at a temperature of 20±1 °C and natural soil mois-
ture after 60 days of the experiment, the following maximum concentration reduction rates were ob-
tained: for crude oil – 75.59 %; for oil products from the spill – 71.97 %; for diesel fuel – 90.53 %; 
for gasoline – 75.81 %. At a temperature of 10±1 °C: for crude oil – 40.62 %; for oil products from 
the spill – 49.58 %; for diesel fuel – 69.06 %; for gasoline – 68.10 %. 

The developed biological product can be used to clean oil-contaminated soils in the North-
western Federal District, including in the area of the Tammisuo railway station (Vyborg, Leningrad 
Region) or in regions with similar soil and climatic conditions. 

The direction of further research is to evaluate the effectiveness of the developed technology for 
reclamation of oil-contaminated soils in the field. 

The results presented in this study are protected by a patent [37]. 
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Abstract  

The Arctic shelf zone is an important research target due to its significant hydrocarbon potential. A study of  

the physical properties (density, elasticity, elastic anisotropy index, specific acoustic impedance, and porosity) 

was conducted for core samples from six wells in the South Barents Basin: Admiralteyskaya-1, Krestovaya-1, 

Ludlovskaya-1, Shtokmanskaya-1, Arkticheskaya-1, and Severo-Kildinskaya-82. The sample collection consists 

of sandstones, siltstones, and limestones. Core analysis revealed that rocks from non-productive wells (Arkticheskaya-1, 

Admiralteyskaya-1, and Krestovaya-1), located in the central part of the South Barents Basin and within the 

Admiralty High, differ in their physical and petrographic properties from rocks in gas and gas-condensate wells 

(Shtokmanskaya-1, Severo-Kildinskaya-82, and Ludlovskaya-1), located near the boundaries of the South  

Barents Basin. Core samples from productive wells (Shtokmanskaya-1, Severo-Kildinskaya-82, Ludlovskaya-1) 

exhibit lower average P-wave velocities, lower specific acoustic impedance, and higher open porosity and/or  

elastic anisotropy index compared to non-productive wells (Arkticheskaya-1, Admiralteyskaya-1, Krestovaya-1).  
This combination of petrophysical parameters provides the reservoir properties of rocks prospective for hydro-

carbons. The petrographic variation of the reservoir properties of the studied rocks from productive to non - 

productive wells is associated with a decrease in grain size and a transition from pore-filling cement to thin-film  

and basal cement. The sandstones from the Shtokmanskaya well have a larger grain size (0.1-0.5 mm), whereas 

the sandstones from the Arkticheskaya-1 and Krestovaya-1 wells are finer-grained (0.1-0.2 mm). The Shtok-

manskaya-1 well is characterized by pore-filling cement, the Arkticheskaya-1 ‒ by thin-film cement, and the 

Krestovaya-1 ‒ by cement of the basal type. The established physical properties of sedimentary rocks, suitable 

for the development of productive strata, will allow for the screening out of empty areas at the preliminary stage 

of analyzing geophysical materials during the search for geological and tectonic structures prospective  for hydro-

carbon accumulations. 
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Introduction 

The importance of hydrocarbon resources today can hardly be overestimated. The Russian Federa-

tion holds approximately one-third of the world's natural gas reserves. In terms of oil reserves, Russia  

is second only to five countries, which is sufficient reason to develop this industry. According to 

some estimates, up to 30 % of the world's gas and 13 % of oil may be located on the shelves of the 

Eastern Arctic marginal seas at depths not exceeding 500 m [1]. The search, exploration, and development 

of these accumulations in the Arctic regions are associated with solving complex technical and tech-

nological challenges [2, 3]. The depletion of the hydrocarbon resource base under modern conditions 
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necessitates the creation of new effective and environmentally friendly technologies for developing 

fields with hard-to-recover reserves, primarily those with low-permeability reservoirs [4, 5].  

A major achievement was the discovery of the global Arctic Petroleum Belt. Geological explo-

ration on the shelves of the Barents, Pechora, and Kara seas has mapped numerous local features and 

identified 22 hydrocarbon fields [6]. Oil, gas, and gas-condensate fields have been discovered in the 

Barents Sea. Oil fields (Varandey-more, Prirazlomnoye, etc.) have been found in its southeastern part 

(Pechora Sea), directly adjacent to the Timan-Pechora Basin. Five fields have been discovered in the 

South Barents Basin – the Shtokmanskoye and Ledovoye (gas-condensate), and the Severo-

Kildinskoye, Murmanskoye, and Ludlovskoye (gas) [7]. Within the boundaries of the Barents Sea, 

coal deposits have been found (Timan-Pechora Basin, Svalbard Archipelago), coal-bearing strata [8] 

and rare earth element deposits [9] are known on Franz Josef Land. A substantial amount of drilling 

and geophysical data has been accumulated over a vast area, enabling the integrated interpretation of 

results from regional seismic exploration and the re-interpretation of archival seismic data to delineate 

and identify prospective zones of oil and gas accumulation and targets for further geological explo-

ration in areas with ambiguous forecasts and a lack of commercial petroleum potential [10]. 

The South Barents and North Barents basins are unique areas of crustal subsidence with 

geological features favorable for the formation of large oil and gas accumulations: an enormous thick-

ness of the sedimentary cover, rifted geodynamic conditions, and a wide range of rocks that can act 

as both fluid seals and reservoirs [11]. The South Barents gas-condensate and gas fields are directly 

associated with Triassic and Jurassic deposits and are confined to the peripheral and boundary zones 

of the basin [12]. 

Fundamental studies of the physical properties of rocks (core samples) from shelf deposits and 

geothermal investigations of marine muds in the Barents-Kara region have been conducted at the 

Geological Institute of the KSC RAS for many years [13-15]. With modern drilling and oil and gas 

production technologies, core studies are not always performed [7]. Nevertheless, it is core analysis 

that provides information on the reservoir properties of rocks, which is one of the key issues in 

identifying prospective structures and petroleum objects. Core material is used in experimental and 

theoretical studies of applicability of the method of directional reservoir depressurization in fields 

with low-permeability reservoirs [3], of efficiency of water-gas injection for condensate recovery 

from low-pressure reservoirs [16], of overburden pressure influence on the permeability of sand-

stones and other hydrocarbon reservoirs [17, 18], and estimating the compressibility coefficients of 

fractures and intergranular pores in hydrocarbon reservoirs [19]. Digital models also rely on a large 

number of parameters obtained from lithological and petrographic studies of thin sections and well 

cores [20].  

An important aspect of well core studies is research into the changes in the physical properties 

of rocks during the retrieval of samples from great depths [21] and specifically, changes in the 

mechanical properties, porosity, and fracturing of reservoir rocks during core retrieval from depth 

to the surface [22, 23]. The use of refined data on the mechanical properties of retrieved rock samples 

enhances the accuracy of digital geological models, which are necessary for conducting geological explo-

ration, determining reservoir properties, assessing oil and gas saturation of fields, and developing oil 

and gas deposits. 

This paper presents a petrographic characterization and the results of a study of the physical  

properties of core (density, elasticity, elastic anisotropy index, specific acoustic impedance, and po-

rosity) from wells in the South Barents Basin: Admiralteyskaya-1, Krestovaya-1, Ludlovskaya-1, 

Shtokmanskaya-1, Arkticheskaya-1, Severo-Kildinskaya-82 (Fig.1). The rocks are represented by 

Paleozoic-Mesozoic deposits of the interval from the Lower Permian to the Lower Cretaceous. 

The value of the open porosity index serves as the primary criterion for the reservoir properties 

of sedimentary rocks. In this work, we examine which combinations of physical parameters can be 

characteristic of reservoir rocks. Information on the physical properties of sedimentary rocks from 

the shelf deposits of the South Barents Basin (and indeed from all offshore wells, in principle) appears  
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infrequently in open publications, and this material may be useful for lithologists, petroleum geolo-

gists, marine geologists, and engineers. 

Methods 

Core samples (42 specimens) were studied in petrographic thin sections using POLAM RP-1 

(“LOMO” JSC) and Amplival (Carl Zeiss Jena) polarizing microscopes. The methodologies of 

V.N.Shvanov and V.T.Frolov [25] were used for sandstone classification and determination of their 

granulometric composition, specifically V.N.Shvanov's diagram for sandy rocks, which considers the 

ratio of different clastic components (quartz, feldspars, rock fragments) in sandstones. Grain size was 

determined using an eyepiece with a scale ruler on the polarizing microscope. 

The material for petrophysical studies was prepared as follows: cube-shaped samples (edge 

length 25-30 mm) were cut from the core, with their faces (wave propagation directions) marked as 

x, y, z; the normal to face z coincides with the core axis, while directions x and y are arbitrary and 

mutually orthogonal. Elastic properties (longitudinal wave velocities Vx, Vy, Vz) were measured in the 

three respective directions in dry samples using a standard GSP UK-10PMS ultrasonic device. The 

instrumental error of the time interval was ±0.5 %, the duration of a single measurement – 0.5 min, 

the operating frequency – 45-60 kHz. A concentrated polysaccharide solution was used as a coupling 

agent to ensure wave transmission from the sensor to the sample surface. The number of measure-

ments in each of the three directions of a cubic sample ranged from 5 to 10. 

Fig.1. Geological schematic map of the southern part of the Barents Sea [24] with location of wells:  

SD-3 – Kola Superdeep; SK – Severo-Kildinskaya-82; S-Mu – Severo-Murmanskaya; Mu – Murmanskaya-24;  

Аrc – Arkticheskaya-1; Led – Ledovaya-1; Кr – Krestovaya-1; Sht – Shtokmanskaya-1; Lu – Ludlovskaya-1;  

Аdm – Admiralteyskaya-1. Reference seismological profiles: GSS-82, 1-АR, 2-АR  
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Subsequently, the elastic anisotropy index was calculated using the formula 

     
22 21

100 %x m y m z m

m

А V V V V V V
V

       , 

where Vm is the average propagation velocity of longitudinal waves, Vm = (Vx + Vy + Vz)/3.  

The anisotropy of the elastic properties of a rock is determined by the geometry of its fracture 

system and, like permeability anisotropy, is one of the key petrophysical parameters important  

for reservoir rocks. 

Density ρ was determined by hydrostatic weighing of the samples (Archimedes' method)  

in air-dry and water-immersed states, using the formula ρ = ρwmdry/(mdry – mwet), where 

ρw = 1 g/cm3 is the density of water; mdry is the weight of the dry sample in air; mwet is the weight 

of the sample immersed in water. 

Specific acoustic impedance was determined by the formula R = ρVm. Variations in the R pa-

rameter indicate the alternation of rock layers with different physical properties in the section1. 

The open porosity coefficient was determined for each sample in the collection by impregnating  

initially dry core samples with kerosene. The porosity coefficient was calculated using the formula 

Cp = (Vpor/Vsample)∙100 %, where Vpor is the pore volume, cm3; Vsample – the sample volume, cm3. Po-

rosity is one of the primary factors controlling reservoir quality [26, 27].  

Results 

The measurement and calculation results are presented in Table. All samples were described  

macroscopically and in thin sections (Fig.2). Figure 3 shows the core measurement results for the 

most representative wells in terms of the number of samples: Shtokmanskaya-1, Arkticheskaya-1, 

and Krestovaya-1. 

Core description in thin sections. The studied core collection is represented by sedimentary 

rocks: sandstones, siltstones, and limestones, often with interlayers of carbonaceous material. Quartz 

grains are ubiquitous in the rocks – colorless, with low relief, gray interference colors, and typical 

undulatory extinction. Microcline fragments, identified by their gridiron twinning, and acidic pla-

gioclases – colorless, with low relief, gray interference colors, and polysynthetic twins with thin twin 

lamellae – are widely distributed. Mica is present everywhere, typically as separate colorless flakes, 

with characteristic low relief, bright interference colors, and sparkling extinction. Individual zircon 

grains are common, characterized by high relief and bright interference colors with zoning. Sericite, 

which forms small yellowish flakes, and rarely chlorite with typical dirty-gray interference colors, 

typically develops on individual feldspar grains. 

Many samples (sandstones, siltstones, etc.) are very similar to each other in thin sections, minor 

differences in the percentage content and size of fragments of individual minerals. A brief description 

of sample compositions is given in Table. Mineral alterations in thin sections show that most of the 

studied sediments exhibit features typical of late catagenesis (mesocatagenesis) or early metagenesis 

(apocatagenesis) phases. 

Physical properties of well core. Shtokmanskaya-1 well. Rock density ρ varies slightly through 

the section from 2.26 to 2.6 g/cm3 and tends to gradually increase with depth (Table, Fig.3, а). 

The average longitudinal wave velocity Vm does not depend on density but also varies slightly and 

gradually increases with depth. Density directly influences specific acoustic impedance, which 

changes significantly through the section and mirrors the variations in Vm. 

                                                      
1 Glikman A.G. Physics and practice of spectral seismic exploration. 2002. URL: http://newgeophys.spb.ru/ru/book2/  

(accessed 24.10.2024) 

http://newgeophys.spb.ru/ru/book2/
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Physical properties of the core samples 

Sample 
Depth, m; 

age 
Rock, composition 

Longitudinal  

waves  

velocity  

Vx; Vy; Vz,  

km/s 

Average  

velocity 

Vm, km/s 

Density 

ρ, g/сm3 

Specific  

acoustic  

impedance 

R, g/сm2∙s 

Elastic  

anisotropy  

index 

А, % 

Open  

porosity,  

Cp, % 

Shtokmanskaya-1 well 

1Sht 1437; 

K1 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) thin-layered; 

pore-filling cement of chlorite-sericite 

composition, locally ferruginous 

2.92; 2.80;  

1.14 

2.29 2.31 5.29 61.44 10.8 

2Sht 1557; 

K1 

Fine-grained arkose sandstone (0.1-0.5 mm, pre-

dominantly 0.15 mm); pore-filling cement of 

chlorite-sericite composition, locally ferru-

ginous 

2.25; 2.78;  

1.17 

2.07 2.31 4.78 56.06 10.5 

3Sht 1705; 

K1 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) thinly horizon-

tally layered; pore-filling cement of chlo-

rite-sericite composition, locally ferrugi-

nous 

3.12; 2.92;  

1.40 

2.48 2.50 6.20 53.64 6.1 

4Sht 1810; 

K1 

Massive limestone 2.20; 3.30;  

0.93 

2.14 2.51 5.37 78.38 4.4 

5Sht 1900; 

J3 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) thin-layered with 

open fractures; pore-filling cement of chlo-

rite-sericite composition, locally ferruginous 

2.64; 3.52;  

1.77 

2.64 2.51 6.63 46.87 5.2 

6Sht 2066; 

J2 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) thin-layered, biotur-

bite structure; pore-filling cement of chlorite-

sericite composition, locally ferruginous 

2.98; 3.01;  

1.88 

2.62 2.29 6.00 34.76 13.1 

7Sht 

 

2177; 

J2 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) thin-layered, biotur-

bite structure; pore-filling cement of chlorite-

sericite composition, locally ferruginous 

3.03; 3.07;  

2.33 

3.02 2.36 7.13 22.91 11.8 

8Sht 2246; 

J2 

Medium-grained quartz sandstone (0.1-1.2 mm, 

predominantly 0.4-0.5 mm); film cement of 

chlorite-sericite composition, locally quartz 

regenerative 

1.79; 1.95;  

1.73 

1.72 2.26 3.89 8.84 13.2 

9Sht 2303; 

J2 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) cross-bedded, bio-

turbite structure; pore-filling cement of chlo-

rite-sericite composition, locally ferruginous 

3.01; 2.18;  

1.72 

2.30 2.50 5.75 40.20 6.1 

10Sht 2452; 

J1 

Limestone thin-layered 3.56; 3.50;  

1.33 

2.80 2.57 7.19 64.17 2.8 

11Sht 2710; 

J1 

Medium-grained quartz sandstone (0.1-1.2 mm, 

predominantly 0.4-0.5 mm) massive; film 

cement of chlorite-sericite composition,  

locally quartz regeneration cement  

2.55; 2.46;  

2.38 

2.46 2.28 5.61 4.89 11.4 
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Continuation of Table 

Sample 
Depth, m; 

age 
Rock, composition 

Longitudinal 

waves  

velocity  

Vx; Vy; Vz,  

km/s 

Average  

velocity 

Vm, km/s 

Density 

ρ, g/сm3 

Specific  

acoustic im-

pedance 

R, g/сm2∙s 

Elastic  

anisotropy  

index 

А, % 

Open  

porosity,  

Cp, % 

12Sht 2806; 

T3 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm); pore-filling cement 

of chlorite-sericite composition, locally ferru-

ginous 

3.05; 3.32;  

1.79 

2.72 2.39 6.50 42.93 9.7 

13Sht 2907; 

T3 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm); pore-filling cement 

of chlorite-sericite composition, locally ferru-

ginous 

2.94; 2.22;  

1.53 

2.23 2.33 5.20 53.82 11.5 

14Sht 3007; 

T3 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) horizontally layered; 

pore-filling cement of chlorite-sericite com-

position, locally ferruginous 

3.89; 4.06;  

2.14 

3.36 2.59 8.70 44.73 1.4 

15Sht 3020; 

T3 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) cross-bedded; pore-

filling cement of chlorite-sericite composi-

tion, locally ferruginous 

2.53; 3.28;  

1.61 

2.47 2.57 6.35 47.89 3.5 

16Sht 3057; 

T3 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) thin-layered, biotur-

bite; pore-filling cement of chlorite-sericite 

composition, locally ferruginous 

2.61; 3.79; 

1.83 

2.74 2.64 7.23 50.93 3.5 

17Sht 3073; 

T3 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) thin-layered; pore-

filling cement of chlorite-sericite composi-

tion, locally ferruginous 

3.72; 3.82; 

2.86 

3.47 2.49 8.64 21.51 7.5 

18Sht 

 

3103; 

T3 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) micaceous, cross-

bedded; pore-filling cement of chlorite- 

sericite composition, locally ferruginous 

2.79; 3.66; 

2.26 

2.90 2.60 7.54 34.48 2.6 

Average values 2.43 2.43 5.9 42.69 7.5 

Arkticheskaya-1 well 

1Arc 2040; 

K1 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm); pore-filling cement 

of chlorite-sericite composition, locally ferru-

ginous 

3.73; 3.52; 

2.20 

3.15 2.56 8.06 37.24 5.4 

2Arc 2616; 

J2 

Silt-clay rock, thin-layered with shell frag-

ments 

3.32; 3.26; 

2.30 

2.96 2.09 6.19 27.34 0.0 

3Arc 2872; 

J2 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) cross-bedded; pore-

filling cement of chlorite-sericite composi-

tion, locally ferruginous 

3.45; 3.48; 

2.28 

3.07 2.53 7.77 31.52 3.3 

4Arc 3323; 

J1 

Fine-medium-grained arkose sandstone  

(0.1-0.5 mm, predominantly 0.2-0.3 mm) mas-

sive; film chlorite-sericite cement, locally  

regenerated quartz 

3.51; 3.61; 

2.69 

3.27 2.45 8.01 21.83 6.1 
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Continuation of Table 

Sample 
Depth, m; 

age 
Rock, composition 

Longitudinal 

waves  

velocity  

Vx; Vy; Vz,  

km/s 

Average  

velocity 

Vm, km/s 

Density 

ρ, g/сm3 

Specific  

acoustic im-

pedance 

R, g/сm2∙s 

Elastic  

anisotropy  

index 

А, % 

Open  

porosity,  

Cp, % 

5Arc 3625; 

T3 

Medium-grained arkose sandstone (0.1-0.8 mm, 

predominantly 0.4-0.5 mm) massive; film chlo-

rite-sericite cement, locally regenerated 

quartz 

2.87; 2.93; 

1.83 

2.54 2.41 6.12 34.44 7.3 

6Arc 4040; 

T3 

Limestone, grain size ≤  0.1-0.15 mm, thin- 

layered 

3.80; 3.87; 

2.49 

3.39 2.60 8.81 32.43 1.3 

Average values 3.06 2.44 7.47 30.75 3.9 

Krestovaya-1 well 

1Kr 2417; 

T1 

Fine-grained arkose sandstone (0.1-0.2 mm) 

thinly horizontally layered; carbonate cement 

of basal type 

3.93; 4.18; 

2.22 

3.4 2.68 9.22 43.86 0.6 

2Kr 3099; 

T1 

Fine-grained arkose sandstone (0.1-0.2 mm); car-

bonate cement of basal type  

4.25; 3.24; 

3.47 

3.65 2.70 9.85 20.40 0.4 

3Kr 3402; 

T1 

Fine-grained arkose sandstone (0.1-0.5 mm, pre-

dominantly 0.15 mm); pore-filling cement  

of chlorite-sericite composition, locally ferru-

ginous 

4.48; 4.64; 

2.91 

4.01 2.69 10.79 33.71 0.1 

4Kr 3616; 

T1 

Fine-grained arkose sandstone (0.1-0.2 mm)  

thin-layered; carbonate cement of basal type  

2.98; 4.51; 

1.67 

3.05 2.74 8.36 65.91 0.5 

5Kr 3817; 

T1 

Fine-grained arkose sandstone (0.1-0.2 mm)  

thin-layered; carbonate cement of basal type 

4.40; 4.10 

2.19 

3.56 2.74 9.75 47.62 0.7 

6Kr 3806; 

T1 

Fine-grained arkose sandstone (0.1-0.2 mm)  

thin-layered; carbonate cement of basal type 

2.94; 3.21; 

2.50 

2.88 2.72 7.83 17.60 0.4 

7Kr 3910; 

P2 

Silt-clay rock, thin-layered 3.07; 4.31; 

1.77 

3.05 2.70 8.23 58.89 0.5 

Average values 3.38 2.71 9.16 41.14 0.4 

Admiralteyskaya-1 well 

1Adm 1845; 

P2 

Massive carbonaceous limestone  4.16; 3.23; 

3.97 

3.79 2.70 10.23 

 

18.33 1.2 

2Adm 2047; 

P2 

Thin-layered limestone 3.11; 4.67; 

2.34 

3.37 2.65 8.93 49.82 7.0 

3Adm 2330; 

P1-2 

Massive limestone 4.60; 4.40; 

3.49 

4.16 2.73 11.36 20.11 0.7 

4Adm 2640; 

P1 

Massive limestone 4.38; 3.92; 

1.56 

3.31 2.72 9.00 65.19 1.1 

Average values 3.66 2.7 9.88 38.36 2.5 

Ludlovskaya-1 well 

1Lu 1717; 

J2 

Fine-grained arkose sandstone (0.1-0.5 mm, 

predominantly 0.15 mm) thinly cross-bedded; 

pore-filling cement of chlorite-sericite com-

position, locally ferruginous 

3.91; 3.31; 

2.16 

3.13 2.57 8.04 40.18 4.1 
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End of Table 

Sample 
Depth, m; 

age 
Rock, composition 

Longitudinal 

waves  

velocity  

Vx; Vy; Vz,  

km/s 

Average  

velocity 

Vm, km/s 

Density 

ρ, g/сm3 

Specific  

acoustic im-

pedance 

R, g/сm2∙s 

Elastic  

anisotropy  

index 

А, % 

Open  

porosity,  

Cp, % 

2Lu 2218; 

J1 

Fine-grained arkose sandstone (0.1-0.5 mm, pre-

dominantly 0.15 mm); pore-filling cement  

of chlorite-sericite composition, locally ferru-

ginous 

3.44; 3.72; 

1.36 

2.84 2.56 7.27 64.20 4.2 

3Lu 2881; 

T3 

Fine-grained arkose sandstone (0.1-0.5 mm,  

predominantly 0.15 mm) cross-bedded; pore-

filling cement of chlorite-sericite composi-

tion, locally ferruginous 

3.74; 3.52; 

2.13 

3.13 2.57 8.04 39.44 1.5 

Average values   3.03 2.57 7.79 47.94 3.3 

Severo-Kildinskaya-82 well 

1SK 3413; 

T1 

Fine-grained arkose sandstone (0.1-0.5 mm, pre-

dominantly 0.15 mm) massive; pore-filling 

cement of chlorite-sericite composition,  

locally ferruginous 

3.61; 3.45; 

2.01 

3.02 2.67 8.04 41.27 1.6 

2SK 

 

3774; 

T1 

Fine-grained arkose sandstone (0.1-0.5 mm, pre-

dominantly 0.15 mm) massive; pore-filling 

cement of chlorite-sericite composition,  

locally ferruginous 

2.74; 2.82; 

1.47 

2.34 2.50 5.85 45.77 5.9 

3SK 3875; 

T1 

Fine-grained arkose sandstone (0.1-0.5 mm, pre-

dominantly 0.15 mm) massive; pore-filling 

cement of chlorite-sericite composition,  

locally ferruginous 

2.87; 2.27; 

1.82 

2.32 2.47 5.73 32.11 5.3 

4SK 4007; 

T1 

Arkose sandstone, fine-medium-grained  

(0.1-0.5 mm, predominantly 0.2-0.3 mm) mas-

sive; film cement of chlorite-sericite compo-

sition, locally regenerated quartz 

4.19; 4.29; 

3.13 

3.87 2.54 9.83 23.49 5.8 

Average values 2.89 2.54 7.34 35.66 4.6 

 

The elastic anisotropy index A decreases down the section, varies substantially, and does not 

always align in the direction of change with the previous parameters. Porosity Cp exhibits the strongest 

variation, from 1.4 to 13.2 %, and in most cases is inversely proportional to the elastic parameters 

(Vm, R, A). The productive interval of this field with unique gas-condensate reserves is located within 

the depth range of 1813-2479 m [28]. According to [12], the Shtokmanskaya-1 well penetrated two gas-

condensate intervals, at depths of ~1850-1900 m and ~2100-2200 m. Apparently, the samples 6Sht-8Sht 

with the highest porosity values Cp = 11.5-13.2 % belong to the second interval (2100-2200 m), although 

high porosity is also noted for samples 1Sht, 2Sht and 11Sht-13Sht (see Table, Fig.3). 

Arkticheskaya-1 well. Rock density, as in the Shtokmanskaya well, changes weakly with 

depth from 2.4 to 2.6 g/cm3, decreasing to 2.09 g/cm3 at a depth of 2616 m (sample 2Arc,  

see Table, Fig.3, b). The average longitudinal wave velocity Vm and specific acoustic impedance R 

change synchronously through the section, not increasing with depth. The elastic anisotropy index 

A changes synchronously with R for the upper samples (1Arc-3Arc) and is in antiphase with R 

for the lower ones (4Arc-6Arc). The porosity coefficient Ср varies significantly from 0 to 7.1 %, 

increasing in the three lower samples. Data on the productivity of this well and the Arkticheskaya 

area in general are not available in open publications. 
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Fig.2. Photographs of thin sections of some rock samples: а, b – 4SK (fine-medium-grained arkose sandstone);  

c, d – 3Kr (fine-grained poorly sorted arkose sandstone); e – 8Sht (medium-grained quartz sandstone);  

f – 2Arc (silt-clay rock with distinct layering); g, h – 7Kr (silt-clay rock) 
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Krestovaya-1 well. Sample density falls within a narrow range (2.68-2.74 g/cm3) due to rock 

homogeneity (see Table). The average velocity of longitudinal waves Vm and specific acoustic 

impedance R gradually decrease with depth. The elastic anisotropy index A varies significantly, being in 

antiphase with R for the upper samples (1Kr-5Kr), and changing synchronously with R for the lower 

samples (6Kr and 7Kr). The porosity coefficient Cp is low (0.1-0.7 %) in all samples, raising doubts 

about the possible presence of hydrocarbon accumulations here. 

Discussion 

Physical properties of core from the Kola Superdeep Borehole (SD-3) and a number of other 

wells drilled in ancient metamorphic rocks, as well as measurements of core from Cretaceous deposits of  

the Leningradskaya area (the Kara Sea shelf) [15], have shown that the elastic anisotropy of rocks, as 

a physical property related to the composition, structure, and fracture-pore system of the rock, reflects 

the tectonics of the object (rock massif) and is primarily caused by geodynamic processes [15, 29]. 

Recent studies [30] have obtained new information on the geological structure of the northern part of 

the Kara Sea shelf near the Severnaya Zemlya Archipelago. In general, the physical properties of 

rocks not only provide necessary information about their reservoir properties but also indicate the 

hydrocarbon potential of shelf deposits. Moreover, the formation of such a property of a sedimentary 

basin as hydrocarbon potential is ultimately determined by the evolution of the dynamic system of 

the basin itself [12, 31]. 

Fig.3. Variations in the physical properties of core along the section: a ‒ Shtokmanskaya-1 well; b ‒ Arkticheskaya-1 well;  

c ‒ Krestovaya-1 well  

1 – average velocity Vm, km/s; 2 – density , g/cm3; 3 – specific acoustic impedance R, g/сm2∙s; 4 – porosity coefficient Ср, %; 

5 – elastic anisotropy index А/10, % 
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Figure 4 shows the average values of physical 

properties for each studied well (see Table), which 

represent characteristic points along a conditional 

profile oriented from southwest to northeast. 

Despite the small number of studied samples, 

based on the average values of physical properties  

calculated for all wells (see Table, Fig.3), and using 

additional information, some conclusions can be 

drawn. According to [8, 28], three areas are produc-

tive: Severo-Kildinskaya-1 – gas, Shtokmanskaya-1 – 

gas-condensate, and Ludlovskaya-1 – gas. In terms of 

their geological position, productive wells are located 

at the boundaries of the basins, while non-productive 

ones are in the center of the South Barents Basin 

(Arkticheskaya-1) and within the Admiralty High 

(Krestovaya-1 and Admiralteyskaya-1, see Fig.1). 

The physical properties of core samples from 

Severo-Kildinskaya, Shtokmanskaya, and Ludlovskaya gas wells (Fig.4) are similar in their relatively 

low Vm and R values and higher Cp and A values. All these parameters depend on the presence of 

pores and fractures. The development of a fracture-pore system leads to an increase in open porosity 

coefficients and (or) elastic anisotropy, while simultaneously reducing the average velocity of longi-

tudinal waves and decreasing specific acoustic impedance. The highest open porosity values are noted 

in the Shtokmanskaya-1 well, which has unrivalled reservoir properties. In the Ludlovskaya-1 well, 

with low open porosity, the value of the elastic anisotropy index increases, which may be associated 

with the presence of fracture systems. It is known that the role of fracturing in fluid filtration increases 

especially in dense, low-porosity rock varieties with low intergranular permeability [32]. Such rocks 

can form fracture-pore, pore-fracture, and in some cases, purely fracture reservoirs, where fluid  

filtration occurs primarily through fractures. The reservoir properties of low-productivity wells  

(Arkticheskaya-1, Krestovaya-1, Admiralteyskaya-1) are inferior in this respect to gas wells  

(Ludlovskaya, Severo-Kildinskaya-82, Fig.4), expressed in low values of open porosity and elastic  

anisotropy index, but elevated R and Vm parameters. 

Thus, the physical properties of the studied core samples differ noticeably between productive 

and non-productive wells. 

If we consider the petrographic properties of rocks using the example of the Shtokmanskaya-1 

well (productive) and Arkticheskaya-1 and Krestovaya-1 wells (non-productive), then with the same 

rock type (arkose sandstones), a difference is observed both in the granulometric composition of the 

rocks and in the cementation type. The sandstones of the Shtokmanskaya well are characterized by a 

larger grain size (0.1-0.5 mm), while the sandstones from the Arkticheskaya-1 and Krestovaya-1 

wells are fine-grained (0.1-0.2 mm). The Shtokmanskaya-1 well features pore-filling cement, the 

Arkticheskaya-1 well has thin-film cement, and the Krestovaya-1 well has cement of the basal type. 

The reservoir properties of sandstones decrease during the transition from pore-filling to thin-film 

and basal cement [33]. In the Shtokmanskaya well, against the background of sandstones, two lime-

stone samples (4Sht and 10Sht) stand out in the section, which are characterized by the lowest porosity 

but high anisotropy, which may indicate the presence of internal fractures. Similar thinly laminated 

or massive limestones with very low porosity and low anisotropy are also noted in the Arkticheskaya-1 

well (2Arc and 6Arc, see Table, Fig.3). Possibly, the absence of pores in the limestones is related to 

the small grain size ≤ 0.1-0.15 mm, since the decrease in reservoir properties of terrigenous (clastic) 

rocks can be directly related to the reduction in the size of their granulometric composition. 

Fig.4. Average values of physical properties 

of wells core (from southwest to northeast).  

Productive wells are highlighted by ellipses 

For legend, see Fig.3 
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Based on the data presented in the article, it can be argued that hydrocarbon fields in the subsurface 

of the South Barents Basin should be sought at a relatively short distance from its tectonic boundaries.  

It is believed that during gas generation in the South Barents thermal chamber, these vast volumes of 

gas migrated to relatively elevated areas, such as the Shtokman-Ludlovskaya area [11]. From another 

point of view, fluids were squeezed towards the edges of the basin due to powerful lithostatic pres-

sure; fluids migrated from areas of overpressure to peripheral zones of decompaction [12]. In any 

case, the gas-condensate and gas fields discovered in the South Barents Basin ‒ Murmanskoye, 

Severo-Kildinskoye, Shtokmanskoye, Ledovoye, Ludlovskoye are confined to peripheral zones [8].  

The obtained results can be useful in studying geotectonic structures prospective for hydrocar-

bons. Petrophysical methods can be applied to promptly screen out potentially empty areas at the 

preliminary stage of analyzing geophysical (seismological) materials. Lithological and petrophysical 

data from core samples of deep wells in oil and gas fields can also be used in mathematical modeling 

methods for constructing digital core models [34, 35], which are applied in studies of complex reser-

voir rocks that are difficult to experiment on or in assessing oil and gas reserves [20].  

Conclusion 

Based on the analysis of core from six wells in the South Barents Basin according to five different 

physical properties (density, elasticity, elastic anisotropy index, specific acoustic impedance, and 

porosity) and petrographic features, the following conclusions can be drawn. 

Rocks from non-productive wells Arkticheskaya-1, Admiralteyskaya-1, and Krestovaya-1,  

located in the central part of the South Barents Basin and within the Admiralty High, differ in their 

physical properties from rocks of gas and gas-condensate wells Shtokmanskaya-1, Severo-

Kildinskaya-82, and Ludlovskaya-1, located near the boundaries of the South Barents Basin. Core 

samples from productive wells have lower values of Vm and R and higher values of Cp and/or A than 

non-productive wells. It is this combination of petrophysical parameters that provides the reservoir 

properties of rocks prospective for hydrocarbons. The petrographic variation of the reservoir proper-

ties of the studied rocks in productive and non-productive wells is reflected in the decrease in the 

granulometric composition of the rocks and in the transition from pore-filling to thin-film and basal 

cement. 

When searching for geotectonic structures prospective for hydrocarbons, petrophysical methods 

can be used to promptly screen out potentially empty areas at the preliminary stage of analyzing 

geophysical (seismological) materials. 
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Abstract 

Migmatized gneisses of the Chupa paragneiss Formation in the Belomorian Mobile Belt (BMB) of the Fennoscandian 

Shield have been studied, and the conditions of partial melting during high-grade metamorphism of the rocks were 

determined. The melting temperatures and pressures, the amount and composition of the melt formed during the ana-

texis of gneisses in a closed system, were assessed through direct thermodynamic computer modeling of mineral for-

mation and the construction of pseudosections in pressure-temperature coordinates. The mineral formation calculations 

are based on the principle of Gibbs energy minimization and were performed using the PERPLE_X software package. 

The bulk compositions of the migmatized rocks from the Chupa Formation, previously classified and grouped based 

on their major components, were used for the calculations. It is shown that water-saturated partial melting of composi-

tionally diverse gneisses produces granitic or granodiorite-tonalitic melts within a temperature range of 680-730 °C at 

moderate to moderately high pressures. The study reveals that the key factor controlling the appearance of kyanite in 

the investigated rocks is a high Al2O3/CaO ratio (at least 5:1) in the protolith, combined with a total alkali content 

(Na2O + K2O) exceeding CaO. According the Chemical Index of Alteration (CIA), the protoliths of the gneisses con-

tained detrital material of varying sedimentary maturity. The source rocks were likely weakly to moderately weathered. 

U-Pb ID-TIMS dating of monazite from two samples of garnet-kyanite-biotite migmatite (whole-rock analysis) indi-

cates Paleoproterozoic migmatization of the Chupa gneisses at 1854 ± 5 Ma. This phase of Paleoproterozoic endogenic 

activity is widely recorded in the BMB and may be associated with the formation of the Lapland-Kola or Svecofennian 

orogens, located to the northeast and southwest of the belt, respectively. 
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Introduction 

The reconstruction of the formation and evolution mechanisms of continental crust remains one 

of the most pressing challenges in modern geology [1-3]. Granitoids play a key role in crustal for-

mation processes [4-6], which cover significant areas and contain strategically important gold, iron, 

copper, rare metals, and rare earth elements, as well as other minerals [7-9]. Therefore, studying of 

granitoids, the mechanisms of their formation, and their role in crust formation is essential for ex-

panding the country's strategic mineral resource base. 

The formation of granitic material through the partial melting of metamorphic rocks plays an 

important role in tectonics [10-12], as the emergence and subsequent migration of anatectic melt 

significantly affects the rheology of the migmatized sequences by reducing their mechanical strength 
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and increasing the volume of the metamorphic rocks. The volume, composition, and PT conditions 

of the granitic melt formation directly depend on the composition of the source rocks, the fluid regime 

of metamorphism, the closed or open nature of the system with respect to major components and 

liquid phases, including the mobility of the newly formed melt itself. 

The PT melting conditions, quantity, and composition of the melt formed by melting metasedi-

mentary rocks in closed or open systems can be determined through direct thermodynamic modeling 

by constructing pseudosections in “pressure – temperature” coordinates. For such calculations, the 

bulk compositions of the migmatized rocks are used. The success of this approach has been demon-

strated in recent years in a number of scientific studies [13-15]. 

In this study, we turned to the analysis of the conditions for the manifestation of partial melting 

(anatexis) of rocks in the Chupa paragneiss Formation within the Belomorian Mobile Belt (BMB). 

For this analysis, we used the most diverse possible compositions of the protoliths of the Chupa For-

mation, allowing us to reveal the specifics of their melting. In addition to the protolith composition, 

we examined in detail the PTX regime at the onset of the melting process, the fluid regime, and the 

dependence of anatectic melt compositions on external parameters. Furthermore, to determine the 

timing of anatexis, U-Pb isotopic dating of monazite extracted from migmatized garnet-kyanite-bio-

tite gneisses of the Chupa Formation was performed. The use of the obtained data makes a significant 

contribution to understanding the problem of crustal granitoid formation under conditions of elevated 

lithostatic pressure, which is necessary for reliable tectonic-metamorphic and geodynamic recon-

structions. 

Brief characteristics of the study area 

The BMB is a complex nappe-fold structure, located in the northeastern part of the Fen-

noscandian Shield. It extends for 700 km along the White Sea as a belt 100-150 km wide, up to the 

border with Finland, and is bounded to the southwest by the Karelian and to the northeast by the Kola 

Archean cratons [16]. The BMB consists predominantly of Archean granitoids and migmatized 

gneisses, with subordinate amounts of Paleoproterozoic meta-intrusive mafic-ultramafic bodies and 

pegmatites. It represents a system of shallowly northeast-dipping Archean and Proterozoic tectonic 

nappes [17], complicated by domes. Proterozoic supracrustal formations are absent [16, 18, 19]. 

In the axial part of the BMB lies the Chupa tectonic nappe (Fig.1), as it is sometimes referred to 

in the literature, the Suite or Formation. As a Suite within the Belomorian Series, it was delineated 

during the 1951-1954 geological survey at a scale of 1:50,000 in the territory of the Chupa mica-

bearing district. Other researchers, during subsequent geological mapping of the BMB, attributed 

lithologically similar sequences outside this area to the Chupa Formation. In this work, the neutral 

term “Formation” is used, as it does not define either the tectonic or stratigraphic nature of the geo-

logical unit under consideration, which in this case is not the subject of the study. 

The Chupa Formation is considered by researchers as a tectonic nappe of metasedimentary rocks, 

which overlies the Khetolambina and Keret nappes and, together with them, is underthrust beneath 

the margin of the Karelian craton as a result of Late Archean subduction [16]. The Chupa tectonic 

nappe can be traced as a continuous belt or in the form of separate structures across the entire 

BMB [20]. According to the State Geological Map at a scale of 1:200,000 (Karelian Series, sheet  

Q-36-XV, XVI) [21], instead of the former Keret, Khetolambina, and Chupa Formations, the Koto-

zero migmatite-plagiogranite and Khetolambina ortho-amphibolite subcomplexes, as well as the 

Loukhi Formation, have been delineated. The Chupa Formation is assigned to the Loukhi Formation, 

the lower boundary of which is established by the abrupt change in rock associations compared to the 

underlying rocks of the Khetolambina and Kotozero subcomplexes of the Belomorian plutono-meta-

morphic complex. At the same time, the characteristic rocks of the Loukhi (Chupa) Formation, 

distinguishing it from others, are kyanite-bearing garnet-biotite, two-mica, and biotite gneisses with 

subordinate interlayers of amphibole-bearing schists and amphibolite bodies [16]. 
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There are several hypotheses regarding the origin of the Chupa gneisses. Some researchers 

suggest that they are deeply metamorphosed sediments [22]. Some scientists [18] consider them as 

products of ultrametamorphic and metasomatic alterations of metavolcanics of intermediate, to a 

lesser extent felsic and mafic compositions. In a later study [20], it is proposed that the metamorphic 

rocks of the Chupa Formation formed from poorly differentiated graywackes, whose sources included 

felsic (predominant), mafic, and apparently, in small amounts, ultramafic components, which most 

likely were the products of erosion of volcanic complexes, including proto-ophiolites of mafic 

zones within young ensimatic island arcs 2.8-2.9 Ga, closely associated with graywackes in the 

sections. 

 

 

1 – Paleoproterozoic troughs; 2 – Svecofennian (Lapland) allochthon, Rikolatva nappe; 

3-9 – Late Archean (Belomorian) allochthon: 3 – Khetolambina nappe – tonalites with included bands of mafic and ultramafic rocks,  

4 – Chupa nappe – aluminous gneisses, injected by tonalities, 5, 6 – Kovdozero nappe (edge of the Karelian craton in allochthonous 

position): 5 – North Karelian System of greenstone belts – metabasalts and tuffs of intermediate composition, 6 – predominantly 

 tonalitic infracrustal complex, 7 – Orijärvi nappe – tonalities, 8 – Paleoproterozoic gabbro-norite-lherzolite complex, 9 – faults.  

Areas: 1 – Keleynogubsky; 2 – Pulonga-Chupa; 3 – Tupaya Guba – Seryak  

Asterisks indicate the sample collection points (Plot1, Plot2) for isotopic dating 
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Fig.1. A schematic geological map of the study area indicating the location of the studied sample collection sites  

(compiled by Yu.V.Miller with modifications by the authors) 
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PT regimes and stages of metamorphism of the Belomorian Mobile Belt 

The BMB underwent two major stages of metamorphism: Archean (2.9-2.7 Ga) and Paleoprote-

rozoic (2.0-1.7 Ga) [16, 19], under elevated pressures (8-14 kbar). These metamorphic episodes in 

the Chupa Formation and adjacent amphibolites of the Central Belomorian greenstone belt are asso-

ciated with two distinct migmatite and leucogranite formation events. The Neoarchean melting epi-

sode (2710±15 and 2706±14 Ma, U-Pb zircon ages) is linked to the formation of the Neoarchean 

Belomorian collisional orogen, while the Paleoproterozoic episode (1944±12 and 1882±9 Ma, U-Pb 

zircon ages of leucosomes) corresponds to the development of the Paleoproterozoic Lapland-Kola 

orogen [19]. 

There are numerous estimates of the thermodynamic regime of metamorphism of rocks in the 

Belomorian region. The PT parameters of the earliest moderate-pressure granulite stage of metamor-

phism are: T = 800 °C, P = 6-8 kbar [18]; T = 700-730 °C, P = 6-7 kbar [23]. The later stage of high-

pressure amphibolite-facies metamorphism, locally reaching granulite-facies conditions, has the fol-

lowing parameters: T = 750-850 °C, P = 8-9 kbar [24]; T = 730-750 °C, P = 7-8.5 kbar [23]. 

The timing of the granulite-facies metamorphism in the Tupaya Guba area is estimated by the 

U-Pb method on zircon from garnet-biotite gneiss as 2.85 Ga, and on zircon from metagabbro as 

2.7 Ga [23]. The high-pressure amphibolite-facies metamorphism, following the granulite one and  

corresponding to the conditions of the kyanite-sillimanite facies series, occurred in the interval of  

2.7-2.67 Ga: T = 660-700 °C, P = 12-14 kbar [18]; T = 600-700 °C, P = 8-9 kbar [24]. A Paleoprote-

rozoic stage of amphibolite-facies metamorphism is also distinguished, locally manifested along 

shearing zones, having lower PT parameters compared to the previous Late Archean amphibolite 

stage: T = 630-650 °C, P = 7.5 kbar [18]; T = 550-630 °C, P = 6-7 kbar in the area of the Chupa 

muscovite deposits [24]. 

For kyanite-bearing gneisses of the Chupa Formation, PT conditions of formation are given for 

leucosomes of Archean age (~2.68 Ga): P = 9-11 kbar, T = 700-780 °C. At the same time, it is noted 

that non-migmatized garnet-biotite gneisses are characterized by higher metamorphic parameters:  

P = 8.5-12.5 kbar, T = 720-840 °C [19]. For the melanosome around an early Paleoproterozoic leu-

cosome in amphibolites (~1.94 Ga), the following conditions have been calculated: T = 625-700 °C, 

P = 9-11 kbar, while for the late (also Paleoproterozoic, ~1.88 Ga) leucosome crosscutting the early 

one, peak values (T = 800-830 °C, P = 14-15 kbar) have been established, decreasing to T = 670-

700 °C, P = 10-12 kbar. 

Zircon dating of kyanite gneisses and amphibolites [25] revealed that the zircon cores from 

gneisses correspond to Neoarchean events with ages of 2700-2800 Ma, and from amphibolites – to 

the time of magmatic crystallization (2775±12 Ma). At the same time, the inner rims of zircon from 

amphibolites and gneisses are associated with Neoarchean metamorphic events with ages of 2650±8 

and 2599±10 Ma, respectively, and the outer rims – with Paleoproterozoic metamorphism around 

1890 Ma. 

Methods and research data 

The content of chemical elements in the rocks was analyzed by X-ray fluorescence spectrometry 

(XRF, Central Laboratory of the Karpinsky Institute). The analyzed sample was mixed with a flux 

(50 % lithium metaborate and 50 % lithium tetraborate) in a 1:9 ratio and then fused in gold-platinum 

crucibles. The analysis was performed on pressed fused pellets weighing 4 g. The quantitative content 

of each element is automatically calculated by comparing the element signals (mass spectra) of the 

working sample and the calibration mixture. The lower detection limit for oxides was 0.01-0.03 wt.%. 

U-Pb isotopic dating. Monazite from the crushed samples of migmatized garnet-kyanite-biotite 

gneiss was extracted using heavy liquids. Then, the monazite grains were grouped under a binocular 

microscope taking into account their morphology and size. Each analyzed batch contained from 8 to 
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12 monazite grains. Chemical decomposition of monazite was carried out in a thermostat at a tem-

perature of 220 °C for 24 h using concentrated HCl acid with Teflon inserts inside a stainless-steel 

jacket. Separation of U and Pb was performed using a modified T.E.Krogh technique. For quantitative 

determination of Pb and U, a mixed 208Pb-235U tracer was applied. Isotopic analysis of Pb and U was 

performed on a Triton TI multi-collector mass spectrometer (analyst N.G.Rizvanova, IPGG RAS) in 

a single filament mode on Re filaments, pre-heated for 30 min at a temperature of 2000±50 °C. For 

the measurements, a silica gel emitter mixed with H3PO4 was used. Mass fractionation factors, deter-

mined for Pb from measurements of the NBS standard SRM-982 and for U from measurements of a 

natural sample, amounted to 0.1 and 0.08 % per atomic mass unit, respectively. Blank contamination 

did not exceed 50 pg Pb and 10 pg U. Data processing was carried out using the PbDAT and 

ISOPLOT programs (author K.Ludwig). When calculating the age, the uranium decay constants 

from [26] were used. Corrections for common lead were introduced according to model values. All 

errors are reported at the 2σ level. 

Computer modeling of phase equilibria was performed using the PERPLE_X v.7.19 pro-

gram [27] (updated up to 2024) with a database of thermodynamic data for minerals and solid solu-

tions of biotite, plagioclase, chlorite, garnet, spinel, orthopyroxene, white micas, chloritoid, stauro-

lite, cordierite, ilmenite in the MnTiNCKFMASH (MnO–TiO2–Na2O–CaO–K2O–FeO–MgO–

Al2O3–SiO2–H2O–CO2) hp62ver system [28]. The thermodynamic description of melt properties 

was done according to the paper [29]. 

The material for determining the compositions of the protoliths of the supracrustal rocks of the 

Chupa Formation included 100 samples; in addition to the authors' own data, data from the works of 

O.I.Volodichev and O.S.Sibelev were used (all of them can be provided upon request). These data 

were divided by cluster analysis and using various diagrams into five groups, which were then ana-

lyzed in detail using thermodynamic calculations of metamorphic mineral formation conditions. The 

analysis of the chemical composition of 152 samples of rock-forming minerals was also used. U-Pb 

dating of migmatites by monazite was performed for two samples of migmatized garnet-kyanite 

gneiss (from the whole rock). 

Petrochemical characteristics of the studied rocks 

The available data on the chemical composition of the rocks of the Chupa Formation, based on 

cluster analysis, were preliminarily divided into five groups (gr1-1 – gr2-3) and considered on dia-

grams. On the N.P.Semenenko* classification diagram, most of the figurative composition points are 

concentrated in the upper part of field II, which corresponds to ferromagnesian aluminosilicate pro-

toliths (Fig.2, a). A smaller number of points are located in the fields of alkaline-earth aluminosilicate 

(III) and aluminosilicate (I) protoliths. At the same time, within the field of aluminosilicate protoliths 

(I), two rock groups are distinguished – one with an elevated aluminum content (gr2-1), and the other 

(gr1-2, gr2-2) tends towards the compositions of ferromagnesian aluminosilicate protoliths (II). 

On the classification diagram [30], which is used to determine sediment maturity, the compo-

sitions of the Chupa Formation gneisses fall into the field of immature sediments – greywackes 

(Fig.2, b). Weak and moderate sediment maturity is also illustrated by the 

Al2O3 – (CaO + Na2O + K2O) – (FeOt + MgO) diagram (Fig.2, c), proposed in the work [31]. The 

compositions of these samples form a compact field between vectors A and B, elongated towards the 

apex of the triangle in the direction of increasing weathering intensity. This indicates uneven chemical 

weathering of a wide spectrum of terrigenous material in the source area. A small part of the points 

forms a trend in the direction of composition change of acid igneous rocks (A) that underwent chemical 

weathering; at the same time, this could also be the result of a high degree of migmatization of the 

gneisses [32]. 

                                                      
* Efremova S.V., Stafeev K.G. Petrochemical Methods for the Study of Rocks. A Reference Guide. Moscow: Nedra,  

1985, p. 511. 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 26-44 

© Anastasiya V. Yurchenko, Shauket K. Baltybaev, Tatyana А. Myskova, 2025 

31 

This is an open access article under the CC BY 4.0 license  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Index of Compositional Variability (ICV) varies in the range from 0.5 to 1.1 and reflects the 

presence of clastic material of varying degrees of sedimentary maturity in the metasedimentary rocks 

(Fig.2, d, Table 1). The figurative points on the CIA-ICV diagram [31, 32] tend towards the lower 

part of the granite trend, while the points of aluminous gneisses have a higher ICV value and tend 

towards the central granite line. The Chemical Index of Alteration (CIA) indicates that the rocks of 

the Chupa Formation generally had weakly and moderately weathered source materials. The high-

alumina gneisses, containing a noticeable amount of kyanite, have CIA values from 60 to 78 and are 

slightly more mature than the garnet-biotite gneisses, in which this index ranges from 50-60 (Fig.2, d). 

The compositions of the studied rocks, based on the values of the hydrolyzate modulus 

(HM) [34], belong to siallites and siferlites (the latter predominate), as well as silites (Fig.3, a).  

In half of the samples, the MgO content exceeds or is close to 3 wt.%, which allows them to be 

considered as pseudosiallites and pseudosilites. The negative correlation on the HM-NAM diagram 

(Fig.3, a) and the positive correlation in the coordinates of TM-IM (Fig.3, b), along with AlkM > 1 

and elevated values of IM and HM, indicate the primary erosion of igneous rocks with a noticeable 

admixture of basic-composition pyroclastics (volcaniclastics) [34]. 
 

 

 а – А–С–FM; b – log(Na2O/K2O) – log(SiO2/Al2O3) [30]; c – Al2O3 – (CaO + Na2O + K2O) – (MgO + FeOt), mol. % [31]  

(arrows indicate compositional trends during chemical weathering of acidic (A) and basic (B) igneous rocks); d – CIA-ICV [31, 33]  

Field names according to N.P.Semenenko: I – aluminosilicate; II – iron-rich-magnesian aluminosilicate;  

III – alkali-earth-aluminosilicate, orthoseries; IV – calcic-aluminosilicate; V – aluminous-magnesian-iron-rich-siliceous; VI – iron-rich-siliceous; 

VII – magnesian ultramafic; VIII – alkali-earth-Al-poor, ultramafic orthoseries; IX – alkali-earth-aluminous, mafic othoseries;  

X – calc-carbonate; XI – aluminous-calcic 
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Table 1 

Petrochemical indices of Chupa Formation gneisses 

Group of 
gneisses 

N analyses HM АМ FM ТМ AlkM NAM IM ASM 

gr1-1 5 0.52-0.58  

(0.54) 

0.32-0.37  

(0.37) 

0.21-0.30  

(0.27) 

0.04-0.06  

(0.04) 

0.54-1.04  

(0.84) 

0.25-0.33  

(0.27) 

0.37-0.56  

(0.49) 

4.5-5.9  

(5.5) 

gr1-2 17 0.27-0.36  

(0.47) 

0.27-0.36  

(0.32) 

0.13-0.25  

(0.20) 

0.03-0.06  

(0.05) 

0.60-2.69  

(1.00) 

0.17-0.40  

(0.26) 

0.24-0.49  

(0.40) 

3.8-7.0  

(5.2) 

gr2-1 4 0.26-0.32  

(0.29) 

0.22-0.27  

(0.24) 

0.05-0.07  

(0.06) 

0.02-0.03  

(0.02) 

3.68-4.63  

(3.92) 

0.32-0.44  

(0.33) 

0.15-0.23  

(0.16) 

5.0-6.8  

(5.7) 

gr2-2 46 0.28-0.35  

(0.32) 

0.18-0.27  

(0.23) 

0.09-0.19  

(0.12) 

0.03-0.05  

(0.04) 

0.87-3.42  

(1.76) 

0.20-0.41  

(0.32) 

0.26-0.57  

(0.36) 

3.0-6.3  

(4.9) 

gr2-3 29 0.36-0.44  

(0.39) 

0.23-0.31  

(0.27) 

0.15-0.19  

(0.17) 

0.03-0.09  

(0.04) 

0.62-3.18  

(1.39) 

0.19-0.45  

(0.29) 

0.32-0.45  

(0.39) 

3.5-7.6  

(5.1) 

Group of 

gneisses 
N analyses 

Petrochemical parameters after A.N.Neelov [35] 
CIA ICV 

a, at. qty b, at. qty n, at. qty k, at. qty 

gr1-1 5 0.38-0.44  

(0.43) 

0.25-0.35  

(0.30) 

0.12-0.18  

(0.14) 

0.38-0.55  

(0.44) 

61-67  

(63) 

0.63-0.87  

(0.79) 

gr1-2 17 0.32-0.42  

(0.38) 

0.19-0.32  

(0.24) 

0.10-0.19  

(0.14) 

0.20-0.55  

(0.40) 

55-78  

(63) 

0.48-0.88  

(0.68) 

gr2-1 4 0.26-0.31  

(0.28) 

0.12-0.16  

(0.14) 

0.10-0.17  

(0.17) 

0.12-015  

(0.14) 

50-54  

(50) 

0.68-0.91  

(0.78) 

gr2-2 46 0.22-0.32  

(0.27) 

0.14-0.25  

(0.19) 

0.10-0.19  

(0.14) 

0.15-0.40  

(0.27) 

51-69  

(55) 

0.63-1.05  

(0.78) 

gr2-3 29 0.27-0.36  

(0.31) 

0.19-0.30  

(0.23) 

0.10-0.18  

(0.14) 

0.17-0.51  

(0.32) 

51-65  

(58) 

0.66-0.90  

(0.79) 
  

Notes. Petrochemical modules: hydrolyzate HM – [(Al2O3 + TiO2 + FeOt + MnO)/SiO2]; aluminum-silica АМ – [Al2O3/SiO2]; 
femic FM – [(FeOt + MnO + MgO)/SiO2]; titanium ТМ – [TiO2/Al2O3]; alkaline AlkM – [Na2O/K2O]; normalized alkalinity modulus 
NAM – [(Na2О + K2О)/Al2O3]; iron IM – [(FeOt + MnO)/(TiO2 + Al2O3)]; total alkalinity ASM – [Na2O + K2O] [34]. Petrochemical 
parameters: a – Al/Si, b – (Fe2+ + Fe3+ + Mn + Ca + Mg)/1000, vector length n – K + Na, vector slope k – K/(K + Na) [35]. CIA – 
[Al2O3/(Al2O3 + CaO + Na2O + K2O)]∙100 [31], IСV – [(Fe2O3 + K2O + Na2O + CaO + MgO + TiO2)/Al2O3] [32]. Median values of 
compositions are given in parentheses. 

 

On the FM-NAM diagram [34], designed for the separation of clayey deposits, most of the rocks 

are localized in the field of essentially chloritic clay compositions with a subordinate role of  

Fe-hydromicas. The more leucocratic gneisses fall into the uncertainty field. A part of the composi-

tions is located in the field of predominantly kaolinitic clays, while the high-alumina gneisses tend 

towards the upper part of field (V) and enter the overlap fields – montmorillonite-kaolinite-illitic 

clays (Fig.3, c). 

To determine the nomenclatural classification of the rocks, the classification diagram of 

A.N.Neelov [35], developed for metamorphosed sedimentary-volcanogenic formations, was used. On 

the diagram (Fig.3, d), parameter a – the alumina modulus – reflects two mechanisms of material 

differentiation: the intensity of chemical weathering and granulometric sorting; parameter b charac-

terizes the overall melanocratic index of the rocks; and the alkalinity of the rocks is expressed by 

vectors n and k. The main cluster of points is concentrated in the field of siltstones and aleuropelites. 

Fewer compositions fall into the field of sandstones and pelites. In accordance with this, it can be 

concluded that the distribution of rock composition points is related to a greater extent to the granu-

lometric differentiation of the material. It should be noted that a part of the points (gr2-1) is charac-

terized by a gentler slope of vector k (0.12-0.15) compared to other rock groups (0.20-0.55) due to 

the predominance of Na2O over K2O. At the same time, these compositions are shifted leftward along 

the b axis relative to the majority of other compositions due to the lower content of FeO and MgO in 

the rock. It is also characteristic that a part of the points (gr1-1) is shifted rightward along the b axis 

because of the higher content of FeO and MgO in the rock, while this rock group has the maximum 

values of parameter k (0.38-0.55) due to the predominance of K2O over Na2O. 
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Petrographic features of the Chupa gneisses 

Based on petrographic composition, four varieties of gneisses are confidently distinguished: gar-

net-biotite; kyanite-garnet-biotite, with the kyanite content ranging from single grains to 20 vol.%; 

leucocratic essentially quartz-plagioclase gneisses, in which mafic minerals (garnet, biotite, single 

grains of kyanite) do not exceed 10 vol.%; and muscovite-bearing gneisses, in which muscovite is in 

association or paragenesis with the described mafic minerals. All gneisses are characterized by both 

fine-grained and coarse-grained porphyrolepidogranoblastic, lepidogranoblastic, and granoblastic 

structures, as well as massive, more often banded textures (Fig.4). As a rule, porphyroblasts are 

represented by garnet, much more rarely by kyanite. Garnet has a pyrope-almandine composition 

(Alm60-73Py17-30Grs6-9Sps1-4) and contains inclusions of both matrix minerals – quartz, biotite,  

kyanite – and accessory phases – apatite, monazite, zircon, rutile. Garnet grains exhibit retrograde 

zoning – from the core to the rim of the grains, the content of the pyrope component decreases and 

the proportion of the almandine component increases. 

                                                      
 Mineral abbreviations are given according to [36]. 

 

FM-NAМ (а), ТМ-IМ (b) и HМ-NAМ (c) [34], a-b diagram (d)  

Clay composition fields: I – predominantly kaolinitic clays; II – montmorillonite-kaolinite-hydromica clays;  

III – essentially chloritic clays with subordinate Fe-hydromicas; IV – chlorite-hydromica clays; V – chlorite-montmorillonite clays;  

VI – predominantly hydromica clays with significant feldspar admixture 
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Fig.3. Compositional plots of studied metasedimentary rocks from the Chupa Formation on modulus diagrams 
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garnet-kyanite-biotite gneiss (c, d); coarse-grained kyanite-garnet-biotite gneiss (e, f),  

kyanite partially replaced by staurolite; leucocratic garnet-biotite gneiss (g, h);  

garnet-muscovite-biotite gneiss (i, j).  

Photographs on the left were taken in plane-polarized light (PPL), on the right – in cross-polarized light (XPL) 
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Fig.4. Petrographic characteristics of rocks from the Chupa Formation: kyanite-garnet-biotite gneiss (а, b);  
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Biotite belongs to magnesian varieties (Mg# 0.58-0.67) with a predominance of the phlogopite 

component in its composition and contains 2.6-4.0 wt.% TiO2. It is the second most common and 

second largest in grain size, as a rule, tends to melanocratic layers, exhibits pleochroism in brown 

colors, has practically no secondary alterations, and contains inclusions of zircon. 

Plagioclase (An 23-30 %) often has polysynthetic twins and is located in leucocratic layers,  

being locally subjected to secondary alterations. Quartz occurs together with plagioclase, its grain sizes 

vary widely, and fine grains or rims adjacent to garnet and around kyanite grains are often observed. 

Kyanite most often occurs in paragenesis with garnet and biotite; its association with the bounda-

ries of layers is observed, which, most likely, emphasizes the heterogeneity of the primary protolith 

of the metasedimentary rock. During retrograde changes, this early metamorphic kyanite is replaced 

by staurolite. Along with metamorphic kyanite, kyanite with reaction rims of muscovite and quartz 

is found in migmatites. Kyanite porphyroblasts may contain inclusions of quartz, biotite, apatite, 

and rutile. 

Muscovite is the second most significant mica in the Chupa gneisses, occurs in association with 

biotite, and develops along cracks in kyanite, more rarely being present in the rock matrix. The mus-

covite content varies strongly and sometimes reaches 30 vol.%. Potassium feldspar is practically ab-

sent in the studied rocks but has been found as inclusions in garnet and in some types of migmatite 

leucosomes. 

Migmatization in the studied gneisses is manifested unevenly – rocks are encountered across a 

wide spectrum – from those unaffected by migmatization to highly migmatized ones, containing up 

to 50-70 vol.% leucosomes. The thickness of the leucosomes varies from a few millimeters to a few 

centimeters. They are represented mainly by plagioclase-quartz aggregates with single grains of bio-

tite, muscovite, and garnet; potassium feldspar varieties with muscovite are also occasionally found. 

Determination of PT conditions of migmatization 

The metamorphic mineral parageneses observed in the studied rocks are well reproduced during 

computer modeling of mineral formation in the PERPLE_X program (Fig.5). The paragenesis con-

sisting of garnet, plagioclase, kyanite, biotite, and rutile occupies areas of high-temperature am-

phibolite and granulite facies of medium- to moderately high-pressure metamorphism on these dia-

grams. The best results for mineral formation during computer modeling were obtained using a 

carbonic-aqueous fluid with a ratio СО2:Н2О = 0.2:0.8. With a greater amount of carbonic acid in the 

fluid, carbonate minerals (dolomite, ankerite, etc.) become widespread, which does not correspond to 

natural observations. 

The kyanite-free mineral paragenesis is also adequately reproduced by modeling if the protoliths 

are characterized by an elevated calcium content (Fig.5, b). This can be demonstrated using binary 

diagrams with varying amounts of a series of components (Fig.6). The diagrams show that kyanite-

bearing mineral parageneses, at the same PT parameters, can arise only in relatively high-alumina 

protoliths but with a low calcium content. While the first condition is obvious – alumina is the main 

component of kyanite – the increase in calcium content involves an increase in the amount of plagio-

clase in the metamorphic rock, which leads to the complete consumption of alumina during the for-

mation of this feldspar. An additional condition to the specified parameters is the excess of the sum 

of alkalis (Na2O + K2O) over CaO in the protolith. However, in the considered examples, favorable 

protolith compositions for kyanite formation were those in which the sum of FeO + MgO contents 

usually did not exceed 10 wt.% (in rare cases, slightly higher). 

The initial temperature of appearance of the granitic melt in rocks of different composition dif-

fers somewhat on average and indicates the possibility of anatectic leucosome formation in the tem-

perature range of 680-730 °C. The most important parameter, besides the protolith composition, af-

fecting the position of the granite liquidus line is the proportion (activity) of water in the metamorphic 

fluid. For example, a decrease in the molar fraction of water from 1 to 0.6 in a carbonic-aqueous fluid 

causes an increase in the initial melting temperature of the Chupa gneisses by 50-70 °C. 
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for rocks of the Chupa Formation: gneisses (gr1-2), having a protolith with compositions transitional between groups I  

(aluminosilicate) and II (ferromagnesian aluminosilicate) with elevated Fe and Mg contents (а);  

gneisses (gr2-1) with a protolith – aluminosilicate (I), but with a high CaO content (b); gneisses with protolith  

compositions between groups I and II, belonging to siltstones (gr2-2) (c) and aleuropelites (gr2-3) (d). 

The field of presence of kyanite-bearing mineral parageneses is shown in blue. The position of the granite liquidus  

at different CO2:H2O ratios in the fluid is indicated by red lines: dashed line – CO2 = 0.0, solid line – CO2 = 0.2,  

dash-dotted line – CO2 = 0.4 

Fig.5. PT phase equilibrium diagrams calculated by Gibbs free energy minimization 
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U-Pb dating of monazite 

Isotopic U-Pb analysis of monazite from two samples (Plot1 and Plot2, see Fig.1) of migmatized 

garnet-kyanite-plagioclase gneiss is presented in Table 2. The figurative points of monazite on the 

Concordia diagram (Fig.7) are located with a slight deviation from the concordia curve of the two 

isotopic subsystems of the U-Pb system, which indicates the absence of its disturbance after the crys-

tallization of the studied minerals. 

 
Table 2 

Results of U-Pb isotopic studies of monazite 

Sample N grains 
206Pbа 
204Pb 

207Pbb 

206Pb 

208Pbb 

206Pb 

207Pb 

235U 

206Pb 

238U 
Th 
U 

Rho 

Age, Ma 
Concordant  

age MSWD/ Р 206Pb 

238U 

207Pb 
235U 

207Pb 

206Pb 

Plot1 8 grains 4290 0.11313 2.2409 5.211 0.3341 6.2 0.94 1858.0 1854.4 1850.3 18535 2/0.16 

Plot2 12 grains 7590 0.11329 2.1725 5.214 0.3338 6.0 0.94 1856.9 1855.0 1852.9 18545 0.48/0.48 

 
The concordant age values were for sample Plot1 1853±5 Ma, MSWD = 2 with a concordance 

probability of 0.16, and for sample Plot2 – 1854±5 Ma, MSWD = 0.48 with a probability of 0.49. 

Given the practical identity of the calculated age values, as well as their overlap within analytical 

error, the age of monazites from the two samples is taken as 1854±5 Ma. 

Discussion 

Metamorphic mineral parageneses in the studied rocks of the Chupa Formation have a suffi-

ciently wide stability field in temperature and pressure coordinates. Data from previous studies 

(e.g. [19]) indicate that mineral parageneses corresponding to peak high-pressure granulite facies 

conditions are preserved in leucosomes of amphibolites, and their retrograde transformations oc-

curred under medium- and high-temperature amphibolite facies conditions of high pressure. How-

ever, it remains unclear to which time of the endogenous evolution of the rocks these PТ parameters 

relate, since in the migmatites, these authors dated only Archean-age zircons, while younger (e.g., 

Paleoproterozoic) zircons were not detected in the samples. This is strange, since Paleoproterozoic 

processes are very intensely manifested in the BMB [16, 23, 37], which is confirmed by numerous  
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Fig.7. Concordia diagram for two monazite samples from garnet-kyanite-plagioclase gneiss of the Chupa Formation. 

 Age values are calculated at 2σ confidence level 
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geochronological studies [38-40]. In particular, in the rocks of the Voche-Lambina area in the north-

western part of the BMB, a leucosome with east-dipping transpressional lineations has an age of 

1898±2 Ma and is associated with Paleoproterozoic collisional events [38]. Further south, in the 

Chupa-Loukhi area, the last collisional metamorphism and migmatization took place between 1840 

and 1875 Ma (according to U-Pb SIMS studies of zircon [41]). Taking these geochronological data 

into account, a suggestion has been made [38] that within the BMB, the collision of the Archean Kola 

and Karelian cratons led to the formation of a regional complex of shearing zones (plastic shear flow) 

under amphibolite-facies metamorphic conditions, which was accompanied by migmatization of the 

rocks [38, 41,42]. Metamorphism does not always lead to noticeable migration of chemical elements 

in rocks, as follows from a number of works on structures adjacent to the Chupa Formation [43, 44]. 

Metamorphic conditions corresponding to moderate or elevated pressures of the amphibolite fa-

cies are very characteristic both for the BMB and for structures directly adjacent to the belt. In par-

ticular, PT parameters of moderate-pressure amphibolite facies metamorphism have been established 

in intrusions of peridotites, as well as acidic and intermediate metavolcanics aged 1923-1926 Ma of 

the Kaskama structure of the Inari terrane, located north of the Lapland Granulite Belt [45]. Paleo-

proterozoic progressive amphibolite facies metamorphism at T = 625-660 °C and P = 7-9 kbar is also 

described in the rocks of the Korvatundra structure underlying the Lapland Granulite Belt [46]. 

The compositions of most protoliths of the Chupa gneisses turned out to be favorable for the 

formation of kyanite. The key factor determining the appearance of kyanite in the studied rocks is the 

elevated Al2O3/CaO ratio in the protoliths, which must be at least 5:1 with a content of the sum of 

alkalis (Na2O + K2O) exceeding the content of CaO. In such protoliths, kyanite forms both above and 

below the water-saturated solidus temperature. This determines the widespread presence of this min-

eral both in migmatized varieties and in gneisses that do not contain leucosomes. 

Judging by the ICV values in the range of 0.5-1.1, the protoliths contained clastic material of 

varying sedimentary maturity. Weakly and moderately weathered rocks of granitic composition could 

have served as the protoliths. 

Zones of gentle foliation and shearing (plastic shear flow), associated with the formation of gen-

tly dipping (5-30°) subhorizontal or northwest-striking thrusts, are considered as an important bench-

mark of the Paleoproterozoic stage of evolution of the BMB [38, 39, 42]. S.Yu.Kolodiazhnyi also 

believes that the widely developed, gently dipping thrust zones within the BMB formed as a result of 

the emplacement of the Porya Guba granulite protrusion [47]. Based on the geological relationships 

of Paleoproterozoic dikes and metagabbro masses with sheared rocks, as well as geochronological 

data obtained from metamorphic rocks in zones of gentle shearing and foliation, it is suggested that 

these zones formed around 1855 Ma [39]. 

According to U-Pb dating of titanite and rutile [37], during the period from approximately 1.94 

to 1.82 Ga, the rocks of the BMB experienced slow cooling. The last metamorphic event 1900-1800 

Ma, which led to the resetting of the U-Pb system in titanites and local zircon growth, was associated 

with zones of migmatization and pegmatite formation, where the most intensive circulation of aque-

ous-alkaline fluids is assumed [37, 41]. 

The obtained data on the PT parameters of metamorphism and the timing of migmatization in 

the Chupa Formation should be considered as one of the stages of Paleoproterozoic tectono-thermal 

activity, reaching conditions of partial rock melting in intensity. The place of this event in the overall 

sequence of tectonic events in the region, as well as the nature of the involvement of geological struc-

tures formed by that time, requires further study. Possibly, in the tectonic scenario explaining the 

evolution of Paleoproterozoic endogenous events within the BMB, one should take into account pro-

cesses associated with the formation of the Svecofennian orogen and, accordingly, the Svecofennian 

orogeny. 
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Conclusion 

The conducted studies of the mineral and petrographic composition, together with the determination 

of the lithochemical parameters of the rocks of the Chupa Formation (BMB), U-Pb dating of metamor-

phic monazite, and petrogenetic modeling, allow us to draw the following conclusions: 

• The PT metamorphic parameters and the U-Pb isotopic age of 1854±5 Ma for monazite from mig-

matized gneisses of the Chupa Formation correspond to one of the stages of Paleoproterozoic tectono-

thermal activity in the BMB. The nature of this activity in the context of the development and formation 

of large structures of the Belomorian region in the Paleoproterozoic requires further study. 

• The metamorphic mineral parageneses, consisting of garnet, plagioclase, kyanite, biotite, and rutile, 

are well reproduced during computer modeling of mineral formation in the field of high-temperature am-

phibolite and granulite facies of medium- to moderately high-pressure metamorphism. 

• The key factor determining the appearance of kyanite in the Chupa rocks is the elevated Al2O3/CaO 

ratio, which must be at least 5:1 at a weight content of alkalis, the sum (Na2O + K2O) of which must 

exceed CaO. 

• Judging by the value of the ICV parameter, the protoliths contained clastic material of varying 

sedimentary maturity. Such protoliths could have been weakly and moderately weathered granites. 

 

The authors thank O.L.Galankina (IPGG RAS, Saint Petersburg) for assistance in the analytical 

investigations of mineral compositions and N.G.Rizvanova (IPGG RAS, Saint Petersburg) for assis-

tance in the isotopic studies of monazite. 
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Abstract 

This study investigates unique weathering crust samples from the most altered sections (30-43 m) of the weathering 

profile within the Souktal Plutonic Complex, Northern Kazakhstan. The samples, obtained from two drill cores, 

consist of quartz, kaolinite, microcline, muscovite, and plagioclase, as identified through polarized light  

microscopy and confirmed by X-ray diffraction analysis. Sequential extraction of rare earth elements (REE) was 

performed using inductively coupled plasma mass spectrometry (ICP-MS) following a two-step leaching procedure 

with hydroxylamine hydrochloride (0.2 mol NH2OH·HCl) and sodium hydroxide (1 mol NaOH) solutions. The 

extraction process effectively recovered REE, indicating their presence in an ion-exchangeable form, with total 

extraction rates (REE + Sc + Y) ranging from 4.1 to 7.8 ppm. The total light REE content varies from 3.5 to  

5.9 ppm, while heavy REE content ranges from 0.2 to 0.7 ppm across all samples. Petrological and geochemical 

analyses suggest that the studied area represents an ion-adsorption-type REE weathered deposit. These findings 

enhance the understanding of ionic-adsorbed REE within weathering crusts and highlight the effectiveness of 

sequential extraction methods for REE determination. Moreover, the study suggests that this area holds promising 

potential as a future REE ion-adsorption site, contributing to the development of Kazakhstan’s national REE 

industry.  
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Introduction 

The interest in rare earth elements (REE) has been steadily increasing due to their crucial role in 

various industries, including electronics, aviation, automotive manufacturing, energy production, and 

many others. Despite their occurrence in various minerals, the average concentration of REE in the 

Earth’s crust is relatively low, and the number of known REE deposits remains limited [1, 2]. Rare 

earth elements play a vital role in modern industry and have significant potential for advancing new 

technologies and innovations. Hence, there is a growing emphasis on identifying sources of REE  

and improving their extraction and processing methods. REE play a crucial role in deciphering the 

genesis of various geological processes, including those at the mineral scale [3-5]. Recent  

studies have demonstrated that trace elements can be highly sensitive indicators of rare-metal  

mineralization [6, 7]. Thus, studying the distribution of rare and rare earth elements provides valuable 
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data for identifying mineral deposits and analyzing their genesis. This method is applicable to both 

scientific research and practical applications in geosciences, including mineral exploration and  

extraction [8]. The primary sources of REE include minerals such as bastnasite, monazite, loparite, 

xenotime, and ion-adsorption clays [9].  

Weathering processes lead to the leaching of REE from minerals, followed by their adsorption, 

resulting in the formation of ion-adsorption-type weathering crusts [10]. These deposits are widely 

distributed in Southern China and represent one of the world’s main sources of heavy rare earth 

elements (HREE) [11]. In addition to REE fractionation through the dissolution of REE-bearing 

minerals [12] other mechanisms of deposit formation include complexation with organic and inor-

ganic ligands [13], mineral adsorption [14], surface precipitation [15], and redox reactions [16]. These 

characteristics make REE valuable indicators for studying the geochemical properties of rocks. 

Global REE reserves are estimated at approximately 120 million t, with the majority located in 

China, Brazil, Russia, India, and Australia. The most productive REE deposits are associated with 

carbonatites, alkaline rocks, and weathering crusts [17, 18]. 

Significant advancements in REE separation have been achieved through ion exchange [19, 20] 

and extraction methods [21]. Sequential chemical leaching or extraction is a highly effective tech-

nique for studying REE behavior [22, 23], widely applied in fractionating these elements in soils and 

sediments [24, 25].  

Kazakhstan holds significant potential for REE deposit discoveries due to it s substantial  

unexplored resources. The country has registered 384 deposits across 160 sites, including carbonatite, 

alkaline, magmatic, metamorphic, metasomatic, sedimentary, and weathering crust-type deposits [26]. 

One of the poorly studied weathering crust deposits is Souktal, located in the northern part of the 

country. Therefore, determining REE concentrations in the weathering crust over the  

Souktal granitic-gneisses using a two-stage sequential chemical extraction method is a relevant 

research objective. 

Geological settings  

The study area is located along the southeastern boundary of the Kostanay Region in Northern 

Kazakhstan. It lies within a tectonomagmatically reactivated zone at the junction of a regional sub-

meridional compression zone and deep-seated fault structures of both sublatitudinal and submeri-

dional orientations. These structures have contributed to the development of quartz-feldspar metaso-

matism with rare-metal (Sn, W, Be, Ta, Nb, etc.) and the formation of linear weathering crusts. Pro-

terozoic granitic gneisses (γ2 PR2) represent the oldest rocks of the Souktal Massif. The massif ’s 

granitoids exhibit diverse compositions, though coarse-grained granitic gneisses predominate. These 

gneisses are encircled by a halo of banded microcline gneisses [27]. Proterozoic formations (PR) 

form the core of the Mesozoic Ulytau Anticline, where the exhumation and weathering of the Souk-

tal granitic-gneiss complex have occurred [27]. The weathering crust over the granitic gneisses 

varies in thickness from 23 to 85 m [27]. The region also contains Lower to Middle Proterozoic 

(PR1-2) green schists and tuffs, with the total Proterozoic sequence reaching 5400-5700 m in thick-

ness. The Proterozoic and Palaeozoic formations comprise the folded basement, while Mesozoic 

and Cenozoic unconsolidated deposits form the platform cover. Palaeozoic strata are relatively 

scarce. Devonian terrigenous sequences consist of red-coloured arkose sandstones, siltstones, 

coarse-grained sandstones, and conglomerates, with the upper portion characterized by interbedded 

fine-grained red sandstones, siltstones, and pinkish-gray calcareous sandstones (total thickness –  

150 m). The Devonian strata exhibit a sharp angular unconformity with Palaeozoic mafic intrusions 

(gabbro) and Proterozoic schists [27]. 

The weathering profile is divided into four distinct zones: granitic-gneiss zone – characterized 

by fractures filled with manganese oxides and iron hydroxides; kaolinite-montmorillonite zone – 

composed of variegated clays, predominantly light green, greenish-light gray, gray, and black;  



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 45-54 

© Medet A. Junussov, Kamal R. Regmi, Ekaterina V. Klimova, Aleksandr V. Reznik, 2025 

  

47 

This is an open access article under the CC BY 4.0 license 

reddish-gray kaolinite zone – consists of kaolinite, quartz, iron, and hydroxides; white kaolinite  

zone – primarily composed of kaolinite and quartz. Supergene formations are overlain by Cenozoic 

and Quaternary deposits. The sedimentary cover mainly consists of sands, loams, silts, and aeolian 

and alluvial deposits, reaching a thickness of up to 70 m [27].  

Sampling and analytical methods  

Sampling was conducted from two boreholes, labeled C-15 (N49°31'32.82"-E66°38'18.72")  

and C-18 (N49°31'32.84"-E66°38'24.30"), due to the lack of surface exposures. Borehole C-15 

reached a depth of 43 m, while borehole C-18 extended to 30 m. Each collected sample weighed 

approximately 1 kg. 

The mineral composition of the weathering crust was determined using a transmitted light  

microscope (Zeiss Primotech), for preliminary optical diagnostics and subsequently determined using 

X-ray diffraction (XRD). X-ray diffraction (XRD) analysis was performed using a Rigaku Smart Lab 

instrument with a CuKα X-ray source for samples at 30 kV X-ray tube voltage, 15 mA current, with 

a fixed slit system, a scanning range of 3 to 90°, a minimum step of 0.020 and a scanning speed of  

2 rpm. Samples of the weathering crust from boreholes were carefully crushed, pulverized, and ho-

mogenized in a laboratory ball mill (Retsch, TM 300 DrumMill) at 80 rpm for 10-20 min, and then 

sieved using a sieve shaker (Retsch, AS 300 Control) to obtain powders with a particle size of 74 μm. 

25 g of distilled water was added to 10 g of each sample, and the mixtures were left in sealed graduated 

cylinders at room temperature for two days to reach equilibrium. The pH of the resulting solutions 

was measured with a pH meter (ISOLAB). Subsequently, the samples were dried in an oven at 60 °C 

and ground in an agate mortar.  

The two-step sequential leaching of REE in the samples was performed following the methods 

described in references [28, 29] as outlined: 

1. A 10 ml solution of NH2 OH·HCl (0.2 mol, pH = 5.0) was added to 1 g of powdered samples 

(74 μm) [30, 31] and shaken for 3 h. The suspension was then heated in a water bath at 95 °C for 4 h 

while being continuously mixed with a magnetic stirrer at 250 rpm. After centrifugation and filtration, 

the supernatant was collected. 

2. The residue was transferred into a glass beaker, and 10 ml of 1 mol NaOH was added. The 

mixture was then stirred at 350 rpm using a heating magnetic stirrer while being heated in a water 

bath at 75 °C for 1 h. 

The liquid extracts from both steps were further analyzed for REE concentrations using induc-

tively coupled plasma mass spectrometry (ICP-MS). The concentrations of REE were determined 

using a single quadrupole-based ICP-MS (Thermo Fisher Scientific iCAP RQ). The calibration standard 

IV-STOCK-26-125ML was used to construct calibration curves and evaluate the reliability of the 

obtained results. The detection limits for all elements were calculated based on the calibration curves 

and were less than 0.0005 µg/l.  

All analytical studies were conducted at Nazarbayev University (Astana, Kazakhstan). 

Results  

Mineral composition of rocks. In hand specimens, the sample C-15 occurs as a slightly sticky 

reddish-brown, while the sample C-18 is yellowish brown, light and brittle. Both specimens are highly 

weathered granitic gneisses. The petrographic study revealed that they are composed of muscovite, 

K-feldspar, quartz, plagioclase, kaolinite, and Fe hydroxides (Fig.1). However, XRD patterns con-

firmed the presence of K-feldspar, quartz, plagioclase with minor muscovite and kaolinite but Fe 

hydroxides was never detected in XRD spectra (Fig.2). The average mineral contents show that the 

sample C-15 has, vol.%: 42.7 quartz, 54.3 kaolinite; and 3 hydroxides Fe; while sample C-18 has, 

vol.%: 47.8 quartz, 35 kaolinite, 8.3 K-feldspar, 5.4 muscovite, 3.5 plagioclase, and a small amount 

of amorphous materials. 
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  Fig.1. Weathering crust fragments, sample C-15 – note-white kaolinite (WK) fragments in reddish brown  

fragile clay (a); sample C-18 – yellowish-grey fragile clay interbedded with organic matter (OM) (b);  

micrographs without analyzer (c, d); with analyzer (e, f ); quartz grains cemented by kaolinite with iron hydroxide (c, e);  

grains of quartz, feldspar, apatite, kaolinite and muscovite (d, f). Mineral abbreviations after R.Kretz [32] 

Fig.2. X-ray diffraction (XRD) spectra of the samples:  

M – muscovite; Kf – K-feldspar; Q – quartz; K – kaolinite; Pl – plagioclase 
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Sequential experimental leaching. All REE, including Y and Sc, with the exception of Pm, were 

successfully extracted in the sequential leaching process (Fig.3). 

In the first step of the leaching, Ce, La, Nd, Y, Sc, Gd and Sm were extracted in relatively high 

amounts, while Eu, Tb, Dy, Ho, Er, Yb, and Tm were in much smaller quantities from the sample  

C-15 (see Table). On the other hand, sample C-18 released comparatively low amounts. 

 
REE concentrations in the extracted solutions (ICP-MS) 

 

Element 

Sample C-15 Sample C-18 

1st step  
NH2OH·HCl, ppb 

2nd step  
NaOH, ppb 

1st step   
NH2OH·HCl, ppb 

2nd step 

NaOH, ppb 

Sc 26.71 98.11 Below the detection limit 146.32 

Y 59.16 116.88 38.32 1072.88 

La 90.27 435.86 19.16 1692.78 

Ce 1513.07 815.03 165.15 2214.96 

Pr 23.08 106.18 4.04 320.80 

Nd 90.50 391.20 17.22 1195.81 

Sm 20.64 75.11 4.13 227.78 

Eu 3.51 7.72 0.72 19.31 

Gd 27.88 65.88 7.02 251.70 

Tb 3.32 8.07 1.19 37.05 

Dy 16.89 33.81 7.40 188.67 

Ho 3.21 5.59 1.61 33.33 

Er 9.09 13.67 4.53 88.54 

Tm 1.30 1.69 0.66 11.04 

Yb 8.55 10.42 4.20 65.73 

Lu 1.07 1.38 0.52 8.48 

ΣРЗЭ 1812 1971 237 6351 

La/Yb 10.55 41.83 4.56 25.76 

Ce/Ce* 2.83 0.96 2.13 0.85 

Σ sample, ppm 1.8 2.3 0.2 6.3 

Total Σ REE, ppm 4.1 6.5 

ΣРЗЭ + Sc + Y 4.1 7.8 
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Fig.3. Distribution of REE in experimental solutions at the first stage of leaching (a); 

at the second stage of leaching (b) 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 45-54 

© Medet A. Junussov, Kamal R. Regmi, Ekaterina V. Klimova, Aleksandr V. Reznik, 2025 

   

50 

This is an open access article under the CC BY 4.0 license  

In the second leaching step (remnant of REE from the 1st step of extraction), the high concentration 

of Ce, La, Nd, Y, Pr, Sc, and Lu was leached in sample C-15; while sample C-18 liberated even 

higher quantity (see Table).  

The most abundant extracted element is Ce in the 1st step leaching, followed by Nd and La, in  

C-15 whereas in C-18 the order is Ce > Y > La. In the 2nd step of leaching, the extracted amount is  

Ce > La > Nd > Y in both samples (see Table). Ce has the highest extracted values while Tm has the 

lowest. 

The results of laboratory experiments showed that the obtained solutions are characterized by 

elevated values of light rare earth elements (LREE) relative to HREE. The La/Yb ratio in the experi-

mental solutions at the first leaching stage was 10.5 and 4.6 in samples C-15 and C-18, respectively. 

The La/Yb ratio in C-15 and C-18 at the second leaching stage is higher, at 41.8 and 25.8. The total 

extraction of REE, including Sc and Y, during the two-stage sequential leaching was 4.1 ppm from 

sample C-15 and 7.8 ppm from sample C-18 (see Table). 

The experimental solutions from the first leaching stage showed maximum Ce-anomaly values 

of 2.83 in the sample from borehole C-15 and 2.13 in the sample from borehole C-18. The minimum 

Ce/Ce* values were obtained at the second leaching stage – 0.96 and 0.85 from the samples of  

boreholes C-15 and C-18, respectively (see Table). 

The results of laboratory experiments showed a negative Eu-anomaly at two stages of the  

experiment (Fig.3). 

The pH measurements indicate a higher value of 5.03 in C-18 and a lower value of 4.85 in C-15. 

Discussion  

Origin of REE in ion-adsorption form in the weathering crust of granite-gneisses. The weathered 

granitic gneiss from the Souktal Plutonic Complex is characterized as a clay-rich REE deposit, where 

feldspars undergo kaolinization due to crustal weathering and deposition from detrital sedimentary 

rocks. Quartz, the most stable mineral, is present in all weathering crust zones. It is often leached, 

angular, and contains traces of mica with clay aggregates adhering to its surface, and occasionally 

has inclusions of black, iron-rich minerals [27]. Feldspars and platy-angular fragments of light and 

greenish micas are predominantly found in clay-mica zones, with feldspars being replaced by kaolinite. 

The minerals are frequently impregnated with iron and manganese hydroxides [27]. In both samples, 

kaolinite is closely associated with Fe hydroxides (see Fig.1). However, Fe hydroxides were not  

detected in the XRD spectra due to their amorphous or poorly crystalline state [33]. The results of the 

studies showed that the main minerals concentrating REE in the weathering crust are kaolinite, micas, 

iron hydroxides, feldspars, and apatite. Our results show that the REE in the Souktal are of a typical  

ion-adsorption origin. Ion-adsorption-type REE deposits refer to the phenomenon where REE bind to 

clay minerals and sediment particles through electrostatic attraction in their ionic form [34]. This type 

of deposit was first discovered in China (in 1969), in the weathered granitic crust in Longnan, Jiangxi 

Province [35, 36]. Later, similar deposits were subsequently found in other places. Several authors 

have attributed the formation of these deposits to the enrichment of REE through the weathering  

of magmatic parent rocks. The content of clay minerals in the weathering crusts of deposits  

ranges from 40 to 70 %, and the content of ion-exchangeable REE in samples typically ranges from 

50 to 70 % [37-39]. 

REE-bearing minerals in rocks can be broadly classified into two categories: REE-bearing ac-

cessory and ore minerals (including silicates such as zircon, allanite, titanite, and garnet; phosphates 

such as xenotime, apatite, and monazite; fluoro-carbonates such as bastnasite, synchysite, and parisite; 

as well as niobates, tantalates, and fluorite) and rock-forming minerals (such as feldspar, quartz, mus-

covite, biotite, and amphibole, and others) [40-42]. Approximately 78 % of REE originate from the 

decomposition of REE-bearing minerals, while the breakdown of rock-forming minerals contributes 

around 22 % [12, 24]. The increase in REE concentrations is primarily driven by the decomposition of 
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accessory minerals and the extent of mineral weathering within the weathering profile [24, 40]. In the 

weathering crust deposits of Northern Kazakhstan, cerium-group REE generally dominate over  

yttrium-group REE [43]. Although REE are relatively widespread, their distribution is highly  

uneven along both the strike and dip within the weathering profile [27]. In the weathering crust of the 

Souktal Massif, the primary REE- and Y-bearing minerals are kaolinite, muscovite, and, to a lesser 

extent, plagioclase [25]. 

Additionally, clay minerals act as indicators of the degree of rock weathering, with fully weathered 

layers primarily characterized by the transformation of feldspar into kaolinite [24, 44]. Within the 

weathering profile, as rock transitions to clay, REE are initially leached from the parent material and, 

with increasing pH, become adsorbed in the most intensely weathered horizons. The total extracted 

REE content is 6.5 ppm in sample C-18, whereas it is lower in sample C-15, at 4.1 ppm. These findings 

may help identify more enriched weathering crust zones within the study area.  

The reliability of selected reagents for leaching. Primary REE-bearing minerals break down during 

weathering, thus releasing soluble REE ions [45]. These ions interact mainly with clay minerals and 

other sediments, forming ion-exchangeable complexes that can be easily leached or extracted [38, 39]. 

To enhance the efficiency of REE extraction, extensive research has been conducted on the extraction 

processes of REE from weathering crusts, which have formed because of leaching from parent  

rocks [46]. The extraction of REE ions adsorbed on clay minerals can be desorbed through ion  

exchange by cations, including Na+, Ca2+, and NH4 [20, 38, 47]. The results of two-stage leaching 

experiments on weathering crust samples from the granitic-gneisses of the Souktal Plutonic Complex 

in Northern Kazakhstan demonstrated successful REE extraction using NH2OH·HCl and NaOH. 

Therefore, the leaching procedure with these reagents is a reliable method for extracting ion- 

exchangeable REE. 

Distribution characteristics of REE. The LREE (La, Ce, Pr, Nd, Sm, Eu, and Sc) are released 

at a rate five times higher than the HREE (Y, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Gd) in both of  

the samples. A similar LREE-enriched mineral deposit has been observed in the granite porphyry 

of the Jiangxi Region, China [48]. A key indicator of chemical weathering is the enrichment  

of REE in the weathering crust relative to the parent substrate [49]. In weathering crusts formed  

on granitoid protoliths, HREE are generally more enriched  [50]. However, this study demonstrates 

that LREE dominate in solution after leaching, with La/Yb ratios of 10.5 and 4.6 in samples  

C-15 and C-18, respectively, during the first leaching stage, and increasing to 41.8 and 25.8  

in samples C-15 and C-18 in the second leaching stage (see Table). Research conducted at the 

Institute of Precambrian Geology and Geochronology of the RAS confirms the preferential removal 

of LREE from the weathering profile during the leaching of Precambrian granitoids from the  

Fennoscandian Shield. Furthermore, the study revealed that when weakly acidic sulfuric acid  

interacts with Paleoproterozoic granitic gneisses of the Fennoscandian Shield, progressive LREE 

enrichment relative to HREE occurs with increasing interaction time [51]. Similar findings have 

been reported in previous studies on the selective leaching of REE from marine sediments using 

hydrochloric acid [52]. 

Among REE, europium can exist in multiple oxidation states. A negative Eu-anomaly  

(Fig.3) is characteristic of highly weathered rocks, where Eu3+ is leached under oxidizing condi-

tions [52]. 

Cerium can exist as Ce3+ and Ce4+ under supergene conditions. The presence of Ce in both 

forms within modern natural aquatic systems is evident, as indicated by a negative Ce-anomaly in 

oxygenated waters. In contrast, anoxic waters exhibit a positive Ce-anomaly, indicating Ce en-

richment relative to La and Nd (including Pd). Since the pH of oceanic water remains relatively 

stable and can be measured or calculated, the partial oxygen pressure can be determined based on 

Ce content. However, in the drainage solutions of the supergene zone, pH values are more  
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variable and fluctuate across different stages of continental weathering [51, 52]. Numerous fac-

tors influence Ce behaviour [13, 53, 54], with pH-Eh conditions being the primary controls on Ce 

partitioning between solid and liquid phases [55]. Another key factor affecting Ce behaviour  

is the intensity of drainage within the weathering profile [52]. Our results indicate that the  

Ce-anomaly is positive during the first leaching stage but becomes negative in the second  

stage, likely due to variations in pH conditions. Additionally, Ce exhibits a relatively high  

concentration among REE (Fig.3). During the first leaching stage, a positive Ce-anomaly is ob-

served, whereas the second, alkaline leaching stage results in a negative Ce-anomaly. Petrographic 

studies reveal that Fe hydroxides are closely associated with kaolinite (see Fig.1). Previous  

research [45, 56, 57] has shown that Fe hydroxides play a critical role in forming positive  

Ce-anomalies across various geological settings. These Fe hydroxides account for approximately  

95 % of the total Ce content, as Fe oxides can adsorb REE and are typically associated with clay 

minerals [50, 52]. Studies on REE sorption and co-precipitation onto Fe hydroxides have demon-

strated a positive Ce-anomaly in solutions due to its oxidation in the solid phase [50]. These 

findings align with our data, which show positive Ce-anomalies (Ce/Ce* = 2.83 and 2.13) during 

the first leaching stage.  

Conclusion  

Petrographic and geochemical analyses suggest that the weathering profile of the Souktal Mas-

sif holds significant potential for further REE exploration. The findings confirm that the  

deposit belongs to the ion-adsorption type of REE deposits formed in the weathering crust of  

granitic-gneisses. Sequential leaching effectively extracted REE, with total recovery of  

REE + Sc + Y ranging from 4.1 to 7.8 ppm. The total content of LREE varies from 3.5 to  

5.9 ppm, while HREE range from 0.2 to 0.7 ppm. The observed positive Ce-anomaly in the weathering 

profile is attributed to the association of kaolinite with Fe hydroxides. Based on these results,  

further investigations are recommended to a depth of approximately 100 m.  

These findings not only enhance our understanding of geological processes in the formation of  

ion-adsorption deposits but also hold practical significance for the industrial development of REE 

resources in the region.  
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Abstract 

The issue of reducing electricity consumption costs is becoming relevant for industrial enterprises, taking into account 

the growing demand for electricity every year. The electricity consumption of air coolers at a gas processing plant was 

considered in the framework of this study. The change in ambient temperature (during the day and depending on the 

season) is the main disturbing factor affecting the performance of air coolers. With such significant seasonal changes in 

air temperature, its density changes, which causes fluctuations in the power consumed by the electric motor by up to 30 %. 

The issues of increasing energy efficiency, forecasting and determining the power consumption rate of air coolers, 

depending on changing external conditions, therefore become important. A methodology has been developed to deter-

mine the standard power consumption of air coolers depending on two factors – the ambient temperature and the load 

of the gas processing plant. A two-factor power-law approximation of the values was carried out due to nonlinear 

dependencies on plant loading and ambient temperature. The dependence of power consumption on ambient tempera-

ture and the loading of the installation on raw materials for any type of air cooler is determined with high accuracy (the 

root-mean-square error of the calculated and approximating values does not exceed 1 %). The formula for calculating 

the standard consumption of electric power of the air cooler at the considered installation was determined based on the 

results of the study. The methodology can be used by employees of gas processing enterprises to determine the standard 

electricity consumption of air coolers under changing climatic and technological factors. 
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Introduction 

One of the priorities for all types of production in Russia and the world due to the high energy 

intensity [1] is the reduction and optimization of fuel and energy resources costs [2], including elec-

trical energy, which is highlighted in one of the trends of the 4D concept [3]. Thus, the “decrease” 

trend means a reduction in the consumption of all types of resources and materials, including the 

amount of waste produced. At the same time, industrial electricity consumption in the world is 

projected to increase by 83 % in 2022-2050.1 

There has been a decrease in gas production and transportation due to external factors in recent 

years. The development of the industry depends both on foreign supplies of equipment (which makes 

it difficult to introduce new capacities) and on the demand for energy resources, while the cost of 

electricity increases [4, 5]. In this regard, a lot of research is being conducted in the direction of peak 

load coverage by means of electricity storage systems to reduce costs at gas industry facilities [6-8]. 

                                                      
1 Scenarios for the development of global energy until 2050. URL: https://rosenergo.gov.ru/press-center/news/stsenarii-razvitiya-

mirovoy-energetiki-do-2050-goda/ (accessed 26.03.2025). 
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A significant amount of electrical energy costs at gas production, transportation and processing 

facilities is determined by the operation of pumps [9], compressors [10], various traction, ventilation 

and air coolers [11], which are the objects of this study, as well as their design features and degree of 

wear. The operating mode of the specified equipment may depend on many factors that affect energy 

consumption to varying degrees. Thus, air coolers are operated on the territory of the Russian Federation 

in a wide temperature range: from –45 to +50 °С [12]. Changes in ambient temperature (during the 

day and depending on the season) are the main disturbing factor affecting the operation of air coolers 

and their operability [13, 14]. The heat flow changes with such significant seasonal changes in 

ambient temperature and there is a need to increase air consumption, which causes corresponding 

fluctuations in the power consumed by the electric motor – up to 30 % [15, 16]. At the same time, 

at subzero ambient temperatures (in winter in the northern regions), air coolers may not be switched 

on at all. 

On the other side, the electrical consumption of the air cooler is affected by the loading of the 

gas processing plant, which includes the air cooler. Depending on the technological process (volume 

of transported or pumped gas), the need to turn on the air cooler occur in stages, even in summer.  

In this regard, at the next stage of the work, it is necessary to take into account and classify industrial 

facilities as typical according to several parameters combined (technological process, location of the 

region, type of technology, etc.). 

According to the article [17], the efficiency of each type of air cooler is not constant during 

operation, but is characterized by a certain dynamics, which is caused by a change in the operating 

mode of the technological site/plant, as well as changes in climatic conditions. Reducing unit costs 

per unit of produced and processed products, i.e. gas or gas condensate, including in the transportation 

and distribution sector (at gas transportation facilities – compressor stations) [18-20], is an important 

scientific and technical research area for the development of the gas industry [21]. 

One of the relevant directions is the use of digital twins of technological equipment at oil and 

gas industry facilities [22, 23]. The digital twin of an air cooler is a virtual model that is an exact copy 

of a real device used for modeling, analyzing, and optimizing its operation. The digital twin of an air 

cooler can include physical parameters, heat transfer characteristics, aerodynamics and other im-

portant factors and be used for the following purposes: 

• optimization of operation – modeling of various scenarios of operation of the air cooler, deter-

mining optimal operating modes to increase efficiency and reduce energy consumption [24]; 

• fault prediction based on data collected from real equipment, the digital twin can predict pos-

sible breakdowns and malfunctions, which allows for preventive maintenance and avoiding equip-

ment downtime [25]; 

• design improvement – testing new design solutions and optimizing the shape and size of the 

air cooler elements to increase its efficiency; 

• staff training to work with air coolers without putting real equipment at risk; 

• lifecycle management – monitoring the condition of the air cooler from design to disposal. 

The methodology presented in this study can serve as a basis for the creation, implementation, 

and use of modern solutions in the field of digitalization at enterprises. 

The issue of increasing energy efficiency [26, 27], modeling [28-30], forecasting [31, 32] and 

determining the rate of power consumption by air coolers, depending on changing external conditions 

such as ambient temperature and plant loading, is becoming relevant. However, in the research of 

Russian authors, for example in [33, 34], mathematical models are proposed that describe the operation 

of air coolers and are designed to develop methods for controlling the operating modes of air coolers to 

reduce electricity consumption, in which only one factor (ambient temperature) is reflected as influen-

cing fluctuations in the power consumption of air coolers. The influence of wind speed on the cooling 
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process by air coolers, in addition to temperature, is taken into account in the studies of foreign 

authors [35, 36]. 

The purpose of this study is to develop a methodology for determining the standard electricity 

consumption of air coolers depending on two changing factors – ambient temperature and the load of 

the gas processing plant. 

The research methodology includes solving the following tasks: 

• determination of the availability of initial data, such as the technical characteristics and pa-

rameters of air coolers, the thermal load of air coolers based on the results of preliminary modeling 

of the gas processing plant; 

• calculation of the mass air flow through the air cooler; 

• calculation of the standard power consumption of the air cooler, taking into account the effi-

ciency of the engines; 

• approximation of values by the smallest polynomial function of standard electricity consump-

tion with a deviation of the approximated and calculated values of no more than 5 %; 

• determination of the coefficients of two-factor approximation for the formation of the final 

dependence of the standard of electricity consumption by the air cooler on the ambient temperature 

and the loading of the gas processing plant. 

Methods 

The consumption of fuel and energy resources by technological and auxiliary equipment of in-

dustrial enterprises depends on several factors, the main of which is the volume of production. 

The initial data for the development of formulas for calculating the standard consumption of fuel 

and energy complex by technological equipment is a list of equipment, as well as statistical data on 

its operating modes. This data is recorded at the enterprises and used when planning production 

volumes. The following can be used as initial data on the operating modes of technological equip-

ment: unloading from the accounting system, time sheets, maps, technological regulations, design 

data. Statistical data in the development of formulas for calculating the standard consumption of fuel 

and energy complex are used only to determine the technological parameters that affect the energy 

consumption of production and equipment. 

One of the tasks in developing this methodology for determining standard consumption values 

is to use simple formulas for calculating that do not require the use of specialized equipment or soft-

ware, with the possibility of further application of the methodology by specialists of gas processing 

enterprises. Mathematical modeling of technological plants and processes using specialized software 

is a laborious process and is not the optimal solution to achieve the objectives of this study. For this 

reason, upon completion of the calculation of the theoretically required volume of fuel and energy 

resources consumption, depending on the volume of output/processing of raw materials and ambient 

temperature, the results of the calculations are approximated to develop formulas for calculating 

consumption without using specialized tools. 

Approximation is a scientific method that consists in replacing some mathematical objects with 

others that are close to the original ones [37]. In particular, it is the basis for the analytical represen-

tation of tabular data by a function of a given type with unknown parameters, the values of which are 

determined so that the graph of the functions is as close as possible to the specified points. To simplify 

the calculation formulas, minimum degree polynomials are used in the approximation, which ensures 

the necessary calculation accuracy. The algorithm for developing calculation formulas for the abso-

lute consumption of technological equipment is shown in Fig.1. The above algorithm is applied for 

each piece of equipment. 

It is possible to use two methods for determining the thermal load of air coolers, depending on 

the availability of initial data and the scope of application of each equipment item: 
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• according to the mathematical modeling of 

technological plants; 

• according to the flow rate, the temperature 

of the cooled medium at the inlet and the maxi-

mum allowable temperature at the outlet of the 

air cooler. 

The article discusses a technique based on 

mathematical modeling of technological plants, 

suitable for use by engineering and technical per-

sonnel and using two variable parameters, which 

allows to obtain the most accurate result. The 

methodology for developing calculation formulas 

for the standard consumption of electric energy 

by air coolers is presented using the example of 

a gas condensate stabilization unit (GCSU) at a 

gas processing plant. Further calculations were 

performed in the Microsoft Office Excel software, 

which is sufficient to complete the task. 

The AC-101 air cooler, which is located as 

part of the GCSU of the condensate stabilization 

plant, was considered as the object under study. 

The main parameter determining the performance 

of the GCSU is the volume of raw materials – the processed oil and gas condensate mixture. 

Figure 2 shows a block diagram of a gas condensate stabilization unit. 

The oil and gas condensate mixture enters the processing train of the plant from a common col-

lector and passes sequentially through the tube space of the Е-101/1-3 heat exchangers, where it is 

heated to a temperature of 80-120 °С by a reverse flow of stable condensate coming out of the cubic 

part of the С-101/1 stabilization column. The oil and gas condensate mixture, heated to a temperature 

of 80-120 °C, enters the 20th plate in the middle part of the C-101/1 stabilization column. The  

C-101/1 stabilization column is designed for separating an oil and gas condensate mixture into stable 

condensate (SC) and a wide fraction of light hydrocarbons by rectification. The С-101/1 column is a 

vertical cylindrical apparatus of variable cross-section, inside which 38 mass-exchange valve plates 

are located. The SC is withdrawn to the raw materials park or to the substandard product line. 
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Fig.1. An algorithm for developing calculation formulas  

for electricity consumption standards 

Fig.2. Technological block diagram of a gas condensate stabilization unit 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 55-67  

© Daria E. Filimoshina, 2025 

59 

This is an open access article under the CC BY 4.0 license 

 

Vapors of a wide fraction of light hydrocarbons from the top of the С-101/1 stabilization column 

are sent to the parallel-operating air coolers AC-101/1-3, where they are cooled to a temperature of 

25-60 °C, partially condensed and fed into the reflux drum R-101/1. 

An reflux system for tube bundles with chemically purified water is installed on the air coolers 

in the summer to reduce the amount of waste gases. A partially condensed wide fraction of light 

hydrocarbons from the reflux drum R-101/1 is supplied to the pumps P-102/1,2-1, with which a 

portion of the wide fraction of light hydrocarbons is supplied to the upper plate of the stabilization 

column C-101/1 as live reflux to maintain the temperature regime of the top of the stabilization 

column. The balance amount of a wide fraction of light hydrocarbons passes through the AC-102/4 

air cooler, where it is pre-cooled to a temperature of no more than 40 °C and sent for further 

processing or output as finished products to the parks of the raw material base or to the line of 

substandard product. 

A constant amount of cubic liquid is circulated by pumps Р-101/1-1, Р-101/2-1 through the 

furnace F-101/1 and the return of the vapor-liquid mixture to the lower part of the stabilization column 

under the lower plate to maintain the required temperature regime of the stabilization column  

С-101/1. A balanced amount of stable condensate is removed from the cube of the C-101/1 

stabilization column under its own pressure, which sequentially passes through the shell side of the 

E-101/1-3 heat exchangers, gives off heat to the oil and gas condensate mixture and cools to a 

temperature not exceeding 40 °C, enters the common collector, through which it is discharged. Stable 

condensate is discharged into the line of substandard product during start-up and stop operations of 

technological lines, as well as if the quality of stable condensate does not meet the requirements. 

The АС-101/1-3 air cooler is a condenser of the upper product of the column. An air cooler of 

type AVZ-20-2.5-B1/8-4-6 is installed at the specified position. Zigzag type AVZ air coolers are 

designed for condensation and cooling of vaporous, gaseous and liquid media [38]. The main pa-

rameters of the air cooler are in accordance with the data of the technological regulations for the 

condensate stabilization unit, as well as OST 26-02-537-792, necessary for the development of a 

standard for electricity consumption (initial data): type – AVZ-20-2,5-B1/8-4-6; heat exchange sur-

face of a tubes area – 440 m2, finned – 5300 m2; size – 6.0×6.47 m; number of sections – 3; fan 

power – 90 kW. 

The consumption of air coolers includes the consumption of electrical energy for the fan drive, 

which is determined by the required air flow through the fan. The required air consumption is deter-

mined by the thermal load of the air cooler (heat output into the atmosphere), as well as the tempera-

ture difference between the cooled medium and the ambient air. 

Results 

When developing a methodology for rationing basic indicators, it is necessary to ensure that 

calculations are linked to these factors, i.e. to identify the dependence of the productivity of individual 

equipment, such as a furnace [39, 40] or a column reboiler, on the volume of output or processing 

of raw materials by a technological plant. Mathematical modeling of technological installations in 

Aspen Hysys software can be used to calculate the theoretically required amount of energy consump-

tion by technological equipment of enterprises. 

During the simulation, the operating modes of plants and individual equipment are assumed in 

accordance with the available statistical data. The simulation is carried out under operating conditions 

of installations and individual equipment at several performance values, which makes it possible to 

determine the theoretically required energy consumption. The result of the mathematical modeling of 

technological installations is the elementwise theoretically necessary loads of technological equipment. 

                                                      
2 OST 26-02-537-79 “The air coolers are zigzag-shaped with two fans. Basic parameters and sizes”. 
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An additional calculation is carried out based on the results of mathematical modeling, de-

pending on the type of equipment under study, the purpose of which is to determine the dependencies 

of the theoretical consumption of fuel and energy resources on the plant's performance and ambient 

temperature, taking into account the characteristics of the equipment. Thus, for air coolers, an assess-

ment of the electricity consumption by fans is carried out to ensure the necessary heat removal. 

The estimated power consumption for the fan motor at the design stage should be increased by 

10 % to ensure engine start-up. The design documentation calculates the maximum load of the 

installation, so there is no calculation of the power consumption of air coolers depending on the 

load of the installation. In this study, the obtained dependence allows us to determine the value of 

power consumption by the air cooler at a certain load of the installation at a specific time. The 

thermal load on the air cooler was determined based on the results of mathematical modeling of the 

column at different plant loads taking into account the use of a two-phase cooled medium (Fig.3). At 

a raw material consumption of 100 m3/h, the thermal load is 252.9 (4860) kJ/kg (kW); at 150 m3/h, 

the thermal load is 252.8 (7290) kJ/kg (kW); at 200 m3/h, the thermal load is 252.8 (9718) kJ/kg 

(kW); at 250 m3/h, thermal load 252.7 (12,145) kJ/kg (kW); at 300 m3/h, thermal load 252.97 (14,570) 

kJ/kg (kW). 

The temperatures of the cooled medium at the inlet and outlet of the air cooler, in accordance 

with the analysis of statistical data, are assumed to be equal to constant values for the operating mode 

of the plant. The temperature values of the cooled medium (the upper product of the columns) aver-

aged for the operating mode of the installation are 70.0 °C at the inlet and 52.6 °C at the outlet. 

The possibility of heat exchange of one section of the air cooler (heat release into the atmosphere) 

is calculated using the heat transfer equation 

Qair cooler = K1KFθt, 

where K1 is the coefficient of normative deterioration of the technical condition of the air cooler over 

the period of operation; K is the heat transfer coefficient of this type of air cooler, J/kg С; F is the 

area of the finned heat exchange surface, m2; θt is the average logarithmic temperature difference. 

Average logarithmic temperature difference 

θt = (θ1 – θ2)/LN(θ1/θ2); 

θ1 = t1 – T2; 

θ2 = t2 – T1, 

where T1 is the outside air temperature, C; T2 is the air temperature behind the air cooler, C, 

T2 = T1 + Q/(nGaСhc); 

n is the number of installed sections of the air cooler; Ga is the air flow rate through one section of 

the air cooler, kg/s; Сhc is the heat capacity of the air, J/kgС. 

Based on the presented dependencies, the required air flow through the air cooler was calculated 

(Table 1). Based on the data in Table 1 and the typical dependence of the power consumption of the air 

cooler on the air flow (Fig.4), the calculation of the standard power consumption for the drive of the air 

cooler was carried out. 
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Fig.3. The calculated value of the thermal load of the air cooler, depending  

on the load and operating mode of the condensate stabilization plant 
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The power of the electric drive of the fans of the air cooler is determined by the typical dependence 

in Fig.4 in the absence of a frequency-controlled drive. The power consumption of the electric fan 

drive of the air cooler in the presence of a frequency-controlled drive is calculated by the formula 

3

0 а st
air cooler

em fc st а nomη η

N p T n
N

p T n

  
   

  
, 

where N0 is the rated power of the air cooler according to the passport documentation, kW; ηem is the 

efficiency of the electric motor; ηfc is the efficiency of the frequency converter; ра is the barometric 

pressure, MPa; рst, Тst are pressure and temperature under standard conditions, respectively, рst = 

= 101,325 Pa, Тst = 293.15 K; nnom, n is the nominal and actual rotation speed of the electric motor 

shaft, respectively, rpm. 

The following parameters were taken into account in the subsequent calculations:  

• typical dependence of the fan power consumption on its performance; 

• type of air flow control (no regulation, blinds, variable frequency drive); 

• electric motor power of one section; 

• number of sections; 

• engine load factor in nominal mode (assumed to be 0.8); 

• the method of turning on the fans (in parallel or in series). 

The rated efficiency of the engine was determined according to the international IEC standard3. 

The results of the calculation of the standard power consumption for the drive of the air cooler 

are presented in Table 2. 

The dependence of the power consumption of the air cooler is nonlinear both on the ambient 

temperature and on the loading of the installation (Fig.5), in Fig.6 the dependencies are presented in 

two-dimensional form. 

The study calculated the operating modes of the air cooler at 25 points. Since the calculations 

are complex, their use directly at the enterprise in this form is impractical. Therefore, a polynomial 

two-factor approximation of the values of electricity consumption by an air cooler was carried out. 

Due to non-linear dependencies both in terms of installation load and ambient temperature, a power-

law approximation of the values was carried out using the least squares method implemented in Mi-

crosoft Office Excel software. The degree of the polynomial was chosen to be minimal (to reduce the 

complexity of the function), giving an error of no more than 5 % at any of the calculated points. 
 

 

                                                      
3 GOST IEC 60034-30-1-2016 Rotating electrical machines – Part 30-1: Efficiency classes for grid-connected AC motors (IE code). 

GOST IEC/TS 60034-30-2-2021 Rotating electrical machines. Part 30-2. Efficiency classes of AC motors with frequency in-

verter (IE code). 

Air consumption through the air cooler, kg/s 

Consumption  

of raw  

materials, m3/h 

Tа, С 

–40 –20 0 20 30 

100 50.7 64.2 87.6 137.6 192.6 

150 76.0 96.3 131.3 206.4 288.9 

200 101.4 128.4 175.1 275.1 385.2 

250 126.7 160.4 218.8 343.8 481.3 

300 152.0 192.5 262.5 412.5 577.5 
      
      

Note. Тa – ambient temperature. 
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Fig.4. Typical dependence of the fan power consumption  

on its performance 
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Table 2 

Standard power consumption depending on performance and ambient temperature 

Consumption  

of raw materials,  

m3/h 

Tа, С 

–40 –20 0 20 30 

Mechanical power of the fan drive, taking into account alternate loading, kW 

100 63.42 71.73 85.15 109.34 130.77 

150 78.70 89.81 106.61 135.54 159.08 

200 92.41 105.30 124.36 155.74 177.64 

250 104.53 118.74 139.64 170.47 192.57 

300 115.34 130.72 152.49 182.02 203.40 

The standard of power consumption of the air cooler, taking into account the efficiency of the engines, kW 

100 98.67 103.81 112.28 129.63 148.09 

150 108.15 115.35 127.48 152.47 174.89 

200 117.11 126.46 142.33 171.65 193.06 

250 125.87 137.43 156.29 186.02 207.88 

300 134.55 148.05 168.51 197.37 218.91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

The minimum degrees of the polynomial obtained from the results of the analysis are as follows: 

in terms of loading Q, m3/h – the 2nd degree, in terms of ambient temperature Tа, C – the 2nd degree. 

The results of the selection of approximate values of the power consumption of the air cooler are 

presented in Table 3. 
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Fig.5. The dependence of the power consumption of the air cooler on the load of the installation  

and the ambient temperature 

Fig.6. The dependence of the power consumption of the air cooler on the ambient temperature  

at different plant loads (a), on the plant load (b) 
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Table 3 

The results of the selection of approximate values of the power consumption of the air cooler 

Consumption of 
raw materials, 

m³/h 

Ta, С 

–40 –20 0 20 30 

Electricity consumption rate, kW 

100 98.67 103.81 112.28 129.63 148.09 

150 108.15 115.35 127.48 152.47 174.89 

200 117.11 126.46 142.33 171.65 193.06 

250 125.87 137.43 156.29 186.02 207.88 

300 134.55 148.05 168.51 197.37 218.91 

Approximate value of the standard of power consumption, kW 

100 99.78 101.50 112.51 132.80 146.42 

150 108.97 113.18 128.42 154.68 171.95 

200 117.89 124.70 143.06 172.99 192.29 

250 126.54 136.04 156.44 187.72 207.45 

300 134.92 147.22 168.54 198.88 217.43 

Deviation of the approximated and calculated values, % 

100 1.117 –2.226 0.209 2.438 –1.128 

150 0.753 –1.880 0.740 1.453 –1.682 

200 0.663 –1.397 0.518 0.782 –0.397 

250 0.532 –1.010 0.095 0.914 –0.203 

300 0.274 –0.559 0.017 0.761 –0.676 

Root-mean-square error (RMSE) – 0.301 % 

 

Based on the results of comparing the approximating curves and the calculated values of the 

electricity consumption standards, it was concluded that the approximation polynomial and the cal-

culated values are satisfactorily convergent (the standard deviation at all points does not exceed 1 %). 

According to the approximation results, the resulting dependence will have the form: 

f (Q, Tа) = (a2.1Q2 + b2.1Q + c2.1) Tа
2 + (a1.1Q2 + b1.1Q + c1.1) Tа + (a0.1Q2 + b0.1Q + c0.1), 

where Q – consumption of raw materials, m3/h; a, b, с – coefficients of two-factor approximation, 

relative units (Table 4). 
 

Table 4 

Coefficients of two-factor approximation, rel. u. 

Designation Meaning The physical meaning of coefficients 

a2.1 –3.012∙10–7 The coefficient at x2 (the coefficient at higher powers of x) reflects nonlinear components that may 

indicate the presence of curvature, fluctuations, or other complex dependencies in the process b2.1 1.189∙10–4 

c2.1 2.724∙10–3 

a1.1 –1.706∙10–5 The coefficient at x1 (linear coefficient) determines the rate of change of the function (slope) relative 

to the variable x (dependence of the consumption of the air cooler with proportional changes in the 

plant load and ambient temperature) 
b1.1 9.369∙10–3 

c1.1 0.01598 

a0.1 –2.542∙10–4 The free term (coefficient at x0) is the initial value of the function at the point x = 0 or the base level 

(the base value of the consumption of the air cooler according to the initial technical parameters and 

equipment data) 
b0.1 0.3818 

c0.1 76.87 

 

It is necessary to take into account the context of the problem, the physical meaning of variables 

and units of measurement when interpreting coefficients. Not all coefficients may have an obvious 

physical meaning in each particular case, some of them may simply be mathematical artifacts reflecting 

the complexity of the process being approximated. A formula for calculating the standard power con-

sumption for the air cooler AVZ-20-2.5-B1/8-4-6 was formed based on the results of determining the 

coefficients of two-factor approximation 
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f (Q, Tа) = (–3.012∙10–7Q2 + 1.189∙10–4Q + 2.274∙10–3)Tа
 2

 +  

+ (–1.706·10–5Q2 + 9.369·10–3Q + 0.01598) Tа + (–2.542·10–4Q2 + 0.3818Q + 76.87). 

 

The obtained dependence allows us to calculate the value of the power consumption of the air 

cooler at a specific time. Additionally, the sensitivity of the model to the input data is analyzed. When 

checking the model based on test values for plant loading (raw material consumption) and changes in 

ambient temperature for the calculation period, it was found that with various combinations of errors 

in setting the ambient temperature by ±2 °C and/or raw material consumption by ±5 %, the change in 

the calculated value of the power consumption standard was up to 1.5 %. 

The resulting solution can be the basis (source data) for the formation of a database of statistical 

data for determining the standard of electricity consumption and subsequently used for the following 

purposes: 

• planning the volume of electricity consumption and reducing energy consumption in the plan-

ning and economic processes of enterprises; 

• identification of equipment and nodes with increased electricity consumption in order to de-

velop plans for replacement, reconstruction, and modernization of installations; 

• analysis of electric energy costs as part of the development of schedules for preventative and 

predictive maintenance and future energy conservation and energy efficiency programs; 

• creation and implementation of digital twins at production facilities, models for forecasting 

electricity and power consumption, energy management systems with the integration of IoT sensors 

and other intelligent devices. 

Conclusion 

The issue of reducing the cost of electricity consumption for industrial enterprises with an annual 

growing demand for electricity and, as a result, the introduction of energy-saving and energy effi-

ciency-enhancing measures is becoming urgent. However, the development of such measures is im-

possible without an accurate assessment of the power consumption of various types of equipment 

involved in the production process. 

The electrical consumption of air coolers at a gas processing plant was considered in the frame-

work of this study. A methodology has been developed that makes it possible to determine with high 

accuracy the standard consumption of electric power by an air cooler, depending on two changing 

factors – the ambient temperature and the load of the gas processing plant (the RMSE of the calculated 

and approximating values according to the results of the study does not exceed 1 %). The formula for 

calculating the standard electric power consumption for a specific air cooler in the installation under 

consideration was determined based on the results of the study. 

The methodology can be used by employees of gas processing enterprises to determine the 

standard electricity consumption of air coolers under changing external and technological factors. 

This technique, developed and implemented in the Microsoft Office Excel software, allows its use by 

administrative, technical and production personnel without the use of specialized equipment or soft-

ware, which would be a laborious process. In particular, it is possible to use the methodology in the 

R7-Office software for enterprises that have switched to the Russian office application package. 

The further direction of the research work is to test the developed calculation methodology at 

gas processing and/or transportation enterprises, namely, comparing the obtained standard values 

with real statistical data recorded at the enterprise, conducting field measurements, assessing the fac-

tors affecting electricity consumption and the degree of their influence. 

Such factors may include the following: 

• geographical location and microclimate of the facility; 

• physical obsolescence and deterioration of equipment; 
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• the absence or presence of seasonal changes in the fan blades impinging angle in spring and 

autumn due to changes in air density (the effect of temperature on the operating mode of the air cooler 

is only partially compensated because the adjustment is discrete, as a result, inaccurate maintenance 

of gas temperature and increased energy costs, since turning on the fans of the air cooler does not 

lead to the required temperature reduction, however, the possible savings in electrical energy are up 

to 10 %); 

• irregular or untimely cleaning of the finned surface of the heat exchange pipes of the air cooler 

(hydrates form on the walls of the pipes of the heat exchange sections at low outdoor temperatures, 

as a result of which the gas cooling efficiency deteriorates, pressure losses in the heat exchange sec-

tions increase, mechanical deformation and destruction of the pipes of the heat exchange sections 

occur); 

• design and operational features of the air cooler (lifting the structures of the units above ground 

level, the use of heat exchange pipes with a maximum finning coefficient, or, for example, the use of 

composite materials in the design of impellers, which will increase the efficiency of fans due to a 

more advanced aerodynamic shape of the blades and ensure the possibility of reducing the power 

consumption of the air cooler by up to 40 %); 

• fan activation method (fans can be loaded in different ways depending on the switching method 

– in parallel, when all fans are turned on at the same time and work the same way, or sequentially, 

when one fan is loaded to 100 % first, then the next, etc.); 

• air flow control, the degree of engine load (lack of regulation, regulation by means of blinds or 

a frequency-controlled drive, for example, reducing the power of a drive not designed to operate as 

part of a frequency-controlled drive, with frequency control by more than 30 % leads to overheating 

of the windings and reduced service life, while the presence of a frequency-controlled drive provides 

energy savings of up to 20 %); 

• the quality of the source data (requires statistics on the electricity consumption of each piece 

of equipment installed at the research facility, in addition to the working documentation and equip-

ment passports), etc. 

Based on the results of testing the methodology at gas processing plants, studies can be 

conducted aimed at developing predictive analytics methods to identify signs of equipment wear at 

an early stage, and measures can be developed to save energy and increase energy efficiency, reduce 

electricity costs. 
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Abstract 
The main stages within the chemically active history of diamond genesis are proposed, from the upper -mantle 

chambers to the explosive ejections of diamonds and kimberlite material from cumulative centers to the surface. 

The paper focuses on the pre-final episode of diamond deposit genesis – the interaction of diamonds with car-

bonate-silicate kimberlite magmas in a crustal cumulate chamber. Such interactions are possible when the 

transport of diamonds by these magmas from the depths of the mantle primary chambers to the surface is stopped 

within crustal rock complexes with a strong roof. The cooling and solidification time of kimberlite melts in such 

cumulative centers is long enough to cause a significant mass loss of dissolving diamonds. The interaction of  

carbonate-silicate kimberlite melts with varying carbonate content with natural single-crystal diamonds was  

studied experimentally at a pressure of 0.15 GPa and a temperature of 1200 °C. Model carbonate, carbonate-

fluid, natural kimberlite, and kimberlite-fluid systems were used as solvents. At experimental conditions, the 

solvents melted, and diamond crystals surface were underwent by dissolution. It was established that etching 

patterns are recorded on the growth planes, and diamonds lose mass: from 3-4.5 % after 2-hour exposure (the 

order of kimberlite transport time from the upper-mantle diamond-forming centers to the crustal cumulative cen-

ters) to 47.6 % after 10-day exposure (at the crustal cumulative center conditions). The results demonstrate that 

the dissolving ability of carbonate-silicate transport magmas is a factor that effectively reduces the diamond 

potential of kimberlite deposits. 
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Introduction 

There are approximately 2500 known kimberlite pipes on the Earth, and only 25 of them are 

currently commercial diamond deposits. This means that less than 2-3 % of kimberlite pipes are of 

interest for industrial diamond mining [1]. This must be taken into account when formulating public 

policy on the effectiveness of mineral resource management [2]. One of the main risk factors in the 

formation of primary diamond deposits in kimberlite pipes is the dissolving capacity of carbonate and 
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silicate-carbonate kimberlite melts for kinetically 

stable metastable diamonds [3-6]. Therefore, com-

prehensive mineralogical and experimental studies 

assessing the scale of diamond potential losses during 

diamond dissolution at various stages remain rele-

vant today [7-10].  

According to modern views, diamond is a  

polygenic mineral, forming in nature under various 

physicochemical and geodynamic conditions [1]. 

Based on a physicochemical approach combining 

experimental, mineralogical, and computational 

data, Yu.A.Litvin proposed the mantle-carbonatite 

theory for the formation of natural diamonds and 

associated paragenetic and xenogenic mineral 

phases [7, 11]. Later developed geological-genetic 

models for the formation of diamond deposits [12] 

are based on published information about diamond-

bearing kimberlite systems and original studies of 

the ontogenetic features of diamond crystals, and 

are in agreement with the aforementioned mantle-

carbonatite concept. Based on the proposed  

models, the main stages in the origin and evolution 

of kimberlite diamond deposits can be identified 

(Fig.1). 

Stages in the origin and evolution of 

kimberlite diamond deposits  

1. Primary diamond crystallization. Approxi-

mately 90 % of diamonds form in the subcratonic 

lithospheric mantle [1]. Their nucleation and 

growth (in a thermodynamically stable form) occur 

in stationary upper-mantle magma chambers of pa-

rental melts, where the maximum diamond poten-

tial of primary diamond deposits in the explosion 

kimberlite pipes is established. The formed dia-

monds can remain in the parental magma chamber 

for millions of years, unchanged or altered in shape due to subsequent growth stages, partial dissolu-

tion, or mass transfer [11, 13, 14]. 

2. Transport of diamonds by kimberlites from the mantle magma chamber to the Earth’s  

crust. Below the upper-mantle magma chamber, the sublithospheric mantle begins to melt due to 

fluids [15]. Under a subcontinental thermal regime, metasomatized zones form where the temperature 

increases by several hundred degrees, thus kimberlite melts form. The surfaces of the formed dia-

monds begin to be actively affected by high-temperature carbonate-bearing kimberlite and assimi-

lated diamond-forming melts, which are effective diamond solvents [7, 9, 14]. As they move towards 

the surface, kimberlite flows carry diamonds (with inclusions) along with genetically associated  

minerals and diamond-bearing rocks towards the Earth’s crust. The significantly carbonate (carbona-

titic) composition of the liquid phase of kimberlite magma has been substantiated theoretically [3] 

and experimentally [16, 17]. 
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and associated phases, and their evolution  

from route to the Earth’s surface 
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Diamonds continue to partially lose mass in the transporting carbonate-bearing kimberlite melts 

during their ascent and emplacement to the continental crust. However, these losses are relatively 

small due to the short-term (up to several hours) dissolution of diamonds by magmas, with losses of 

up to 3.0-4.5 wt.% [7] during their transport into the Earth’s crust. On their way to the surface, the 

kimberlite magma carrying xenoliths can stop temporarily, when encountering dense rocks on its way 

and form episodic cumulative centers [18, 19]. During this process, the rate of diamond dissolution 

in kimberlites increases with decreasing pressure and increasing oxygen fugacity, at least from 6.3  

to 1 GPa [20].  

3. The final stopping of the kimberlite flow can ultimately occur within the Earth’s crust, in rock 

complexes with a strong roof, thus creating cumulative magma centers-chambers of kimberlite melts 

just before a kimberlite eruption. Here, at the lowest pressure of 0.15-0.20 GPa and still high tempera-

tures of 1200-1250 °C [12, 21] the most favorable conditions for the dissolution of diamonds brought 

from the mantle depths are expected.  

4. Formation of kimberlite explosion pipes. Most researchers agree on the explosive origin of 

diatremes as a result of the release of gases dissolved in the magma. At a depth of 1.5-3 km, regardless 

of temperature, the specific volume of dissolved water and CO2 sharply increases at pressures of  

0.4-0.8 kbar, resulting in the formation of an explosion center and, consequently, an explosive ejec-

tion of the highly compressed contents of the cumulative center, forming an explosion cone and filling 

it with kimberlite and materials displaced from the upper mantle and Earth’s crust. As a result of the 

powerful explosion, kimberlite diamond deposits are created in the pipes, concentrating diamonds 

that survived after partial dissolution and were entrained by the explosion [6, 9]. At this final stage, 

we state the final diamond-bearing indicator of the deposit, but an additional damage to diamond 

content can be expected due to the incomplete removal of diamonds from the cumulative centers.  

Therefore, one of the main risk factors at the formation of primary diamond deposits in kimber-

lite pipes is the dissolving ability of carbonate and silicate-carbonate kimberlite melts with respect to 

kinetically stable metastable diamonds. The extent of diamond loss due to dissolution can be deter-

mined experimentally. 

The aim of this work was an experimental study of the interaction of carbonate-silicate melts 

with diamonds in crustal cumulative centers prior to kimberlite eruption, in order to assess the dis-

solving ability of carbonate and silicate-carbonate kimberlite melts, with application to the develop-

ment of diamond crystal preservation factors and the determination of the productivity of primary 

diamond sources. 

Experimental procedure 

Experiments for investigation of the solubility of metastable but kinetically stable diamond were 

carried out on a high-pressure gas apparatus at P = 0.15 GPa and T = 1200 °C (IEM RAS,  

Chernogolovka). This temperature is consistent with the genetic geological model and geothermal 

studies [12, 21]. Solvent weight was 200 mg, along with a natural diamond crystal of various shapes 

(3-4 mm in size and weighing 30-50 mg), was placed in a Pt-capsule with a diameter of 7 mm, a height 

of 8 mm, and an ampoule wall thickness of 0.2 mm. The temperature was measured using a Pt70Rh30 

(or Pt94Rh06) thermocouple and maintained by an automatic controller with an accuracy of ±2 °C. The 

duration of the experiments ranged from 2 to 12 days. Quenching cooling of the sample from 1200 to 

800 °C occurred in 1.5-2.5 min. Reagents of analytical grade (99.5 %) were used as components for 

solvents of diamonds: CaCO3, Na2CO3, oxalic acid dihydrate H2C2O4·2H2O, and natural porphyritic 

kimberlite from the Nyurbinskaya pipe of the Yakutian diamond province (Kimb.Nyurb).  

Model carbonate CaCO3, (CaCO3)50(Na2CO3)50, and carbonate-fluid 

(CaCO3)47.5(Na2CO3)47.5(H2C2O4·2H2O)5, wt.% compositions were used as solvents in the first stage 

of the experiments – to understand the complete picture of diamond dissolution in complex multi-

component kimberlitic systems, ranging from predominantly carbonate to silicate-carbonate compo-

sitions. The kimberlite-carbonate mixture (Kimb.Nyurb)80(CaCO3)20 served as the solvent at modeling 

the enrichment of kimberlite with Ca-carbonate just before an eruption (Table 1). To clarify the  
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influence of the fluid on the diamond dissolution process another addition to the kimberlite was used – 

COH fluid in ratio 95:5 wt.%. 

Analytical studies were performed at the IEM RAS. The experimental products were studied 

using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy on a Vega 

TS5130MM scanning electron microscope equipped with secondary and backscattered electron de-

tectors and an INCA-PentaFET energy-dispersive X-ray detector for quantitative analysis. Micro-

probe analysis of the investigated samples were done at an accelerating voltage of 20 kV, an absorbed 

electron current of 0.1 nA, and a probe size of 0.1 µm. The analysis time per point (or area scan) was 

70 s. The following were used as standards for quantitative analysis of the main elements: quartz, 

albite, MgO, Al2O3, wollastonite, as well as metals Mn, Cr, Ti, Fe. 
 

Table 1  
 

Starting chemical compositions of kimberlite-bearing media, wt.% 
 

System SiO2 TiO2 Al2O3 Cr2O3 Fe2O3 MnO NiO MgO CaO Na2O K2O P2O5 CO2 H2O LOI* Sum 

Kimb.Nyurb 31.47 0.52 4.03 0.11 8.53 0.08 0.15 30.30 8.09 0.06 0.83 0.54   15.21 99.92 

(Kimb.Nyurb)80 

(СaСO3)20 
25.18 0.42 3.22 0.09 6.82 0.06 0.12 24.24 17.67 0.05 0.66 0.43 8.80 – 12.17 99.94 

(Kimb.Nyurb)95 

H2C2O4·2H2O)5 
29.90 0.49 3.83 0.10 8.10 0.08 0.14 28.79 7.69 0.06 0.79 0.51 2.50 2.5 14.45 99.92 

 

*LOI – loss on ignition at 1100 °C for 1 day. 

 

Raman scattering spectra of dissolved diamond crystals and the solvent medium after the ex-
periments were obtained using a Renishaw RM1000 Raman spectrometer equipped with a Leica 
microscope (excitation wavelength 532 nm, power 20 mW). Spectra were recorded at 50x magni-
fication for 100 s. The software used for data processing was Fytik 1.3.1 and OriginPro 2021. Phase 
identification of inclusions from Raman spectra was done using CrystalSleuth software and the 
RRUFF™ Project database [22]. After the experiments, the diamond crystals were cleaned with a 
sulfuric and nitric acid mixture, washed in alcohol, then in distilled water in an ultrasonic bath, and 
dried at a temperature of 120 °C. The loss of diamond mass was determined by precise weighing 
of the diamond crystals, with a measurement accuracy of 0.01 mg. 

 

Experimental results on diamond dissolution at the conditions of crustal cumulative centers 

Experiments on diamond dissolution at the conditions of crustal cumulative centers were con-

ducted at a pressure of 0.15 GPa, a temperature of 1200 °C, and duration times ranging from 2 to 

12 days. In the case of kimberlite and kimberlite-fluid systems samples after the experiments con-

sisted of a dense mass with large and small pores (5-250 µm). The diamond crystal was separated 

with a little effort, leaving a smooth imprint in the quenching material. Carbonate and carbonate-

fluid solvents after the experiments presented as a light, translucent, glassy, brittle mass. Some-

times, at opening the ampoule, spheres (50-200 µm) that appeared to be melted material could be 

found on its walls. The diamond crystal was easily extracted from the sample. Thus, the sample 

structures may indicate that the solvents were melted, and the diamond crystals were dissolved in 

the solvent melts. 

Diamond crystals undergoing dissolution in carbonate systems become more rounded, with their 

surfaces becoming smoother and more uniform than they were before the experiment (Table 2). Crys-

tals from kimberlite systems exhibit increased roughness, porosity, and cavernousness due to the for-

mation of numerous, varied indentations (Table 3). The photographs in Table 2 and 3 were acquired 

using backscattered electron mode. For natural diamonds, ditrigonal and shield-shaped layers on relict 

faces {111} are common relief features of planar-curved forms. The layered structure of the crystal 

(trigonal shield-like layers) is well observed in the experimental diamond crystal from experiment 

KC-6 (Table 3). During the layer-by-layer growth of diamond and incomplete formation (undergrowth) 

of a face to the edge, striations appear along the crystal edges, formed by the ends of octahedral faces – 
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so-called parallel striations (run КС-12). Dissolution of the edges of octahedral faces produces sheaf-

like (ditrigonal) striations. This texture can be observed on the faces of diamond crystals from the 

CNF-4 and KC-12 experiments (Table 2, 3). 
 

Table 2 
 

Experimental conditions for diamond dissolution in carbonate systems, diamond mass loss,  

and SEM images of diamond crystals before and after dissolution 
 

Solvent Sample number/ 
duration, days Mass loss, % Sample number/ 

duration, days Mass loss, % 

CaCO3 

С-2/2 1.71   

  

  

(CaCO3)50(Na2CO3)50 

CN-2/2 12.40 CN-4/4 13.42 

    

CN-8/8 32.44 CN-12/12 40.00 

    

[(CaCO3)50(Na2CO3)50]95 

(COH)5 

CNF-4/4 21.34 CNF-12/12 47.63 

    

 

 Table 3 
 

Experimental conditions for diamond dissolution in kimberlite systems, diamond mass loss,  

and SEM images of diamond crystals before and after dissolution 
 

Solvent Sample number/ 
duration, days Mass loss, % Sample number/ 

duration, days Mass loss, % 

(Kimb.Nyurb)80 

(CaCO3)20 

KC-6/6 15.92 KC-9/9 30.51 
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Another widely occured relief element on the {111} faces of natural diamonds are “negative 

trigons” [23]. Negative triangular features are evident on nearly all crystals after the experiments 

(Table 2, 3). Figure 2, а, b displays the magnified surface of etched facets, revealing clear negative 

trigons. Distinct spheres, presumably of quenched melt, are readily observed within the etch pyramids 

on the diamond surface (Fig.2, c, d). In the same images, it is evident that certain large triangular pits 

with truncated vertices have evolved into hexagonal forms. 

There is a diamond crystal with a finely pitted etched surface after acid cleaning of solidified melt-

solvent particles on the Fig.3, а, b. Raman spectroscopy of partially dissolved crystals demonstrated the 

presence of both diamond and graphite peaks (Fig.4), signifying surface graphitization of the diamonds. 

At using all types of solvents, the diamonds after experiments were covered with a graphite film  

of varying thickness. Rounded imprints of melt/fluid bubbles were observed on this film  

(Fig.5, а). Graphite formed spherical inclusions in carbonate and carbonate-fluid systems (Fig.5, b). 

а b 

c d 

 100 μm  

  

10 μm 

20 μm 200 μm 

 

 

а b c 

200 μm 1 mm 50 μm 

Fig.2. SEM images of etched diamond surfaces at backscattered electron mode:  

a – from experiment KC-9; b – from experiment CN-8; at mixed backscattered  

and secondary electron mode: c – from experiment CN-4; d – CNF-12 

Fig.3. Micro-pitted etching morphology: а – on the surface of a diamond crystal from experiment CN-4; b – in a natural  

diamond crystal from the Zapolyarnaya kimberlite pipe (Yakutia, Russia); c – natural corrosion of a natural crystal (b).  

Photos were taken using an optical microscope at backscattered electron mode 
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Figure 5, d-f demonstrates the process of “crust” 

formation at the interface between diamond and 

the carbonate medium. The “crust” consists of 

chains of graphite microspheres. The formation 

of graphite “dust” on the dissolving diamond crys-

tal (Fig.5, c) was observed in runs with kimberlite 

solvent (KC-6, KC-12). Furthermore, Raman 

spectra of diamonds from these experiments often 

showed graphite peaks, despite the fact that visual 

inspection under an optical microscope revealed 

crystals that appeared “conditionally clean” with-

out a graphite film. 

The carbonate melt after the experimental 

procedures was a dense, white, glass-like 

substance. Its composition consisted of 

quenched dendritic crystals of calcium 

carbonates (in case of CaCO3-solvent) or 

calcium and sodium carbonates (in case of a carbonate mixture (CaCO3)50(Na2CO3)50) – niererite 

Na2Ca(CO3)2,  shortite Na2Ca2(CO3)3, and calcite CaCO3, as confirmed by micro-X-ray spectral 

analysis and Raman spectroscopy (Fig.6, a). The sizes of the quenched crystals vary over a wide range 

from 1 to 100 μm. Numerous micro-voids are observed in the quenched mass, which are most likely 

related to the release of gaseous H2O during quenching, this water originates from the atmosphere 

and is bound by hygroscopic sodium carbonate at the start of the experiment. 
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Fig.4. Raman spectra of dissolved diamonds  

after experiments, prior to acid purification 

Fig.5. Graphite formation: а – diamond surface in a graphite film after experiment CN-4; b – graphite sphere  

on the diamond surface after experiment CNF-4; c – graphite “dust” on the diamond surface from experiment KC-6;  

d-f – graphite “crust” on the surface of a quenched carbonate melt at the interface with the dissolving diamond  

from experiment CNF-4. SEM photos of the samples at secondary electron mode (а-c),  

at mixed mode of reflected and secondary electrons (d-f) 
 

Dia – diamond; Gr – graphite; Lc – carbonate melt 
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Experiments involving the carbonate-fluid 

system (CaCO3)47.5(Na2CO3)47.5(COH)5 did not 

reveal any substantial calcium phases. Areas 

with round micro-voids are found in the samples, 

where gas, H2O and/or CO2 contained in the 

starting composition was released during 

quenching. The size of the quenched crystallites 

is in the range of one to tens of micrometers. 

During the experiments, the solvents in the 

experimental (Kimb.Nyurb)80(CaCO3)20 system 

samples were predominantly heterogeneous, 

consisting of: melt ± solid phase (including 

olivine, clinopyroxene, and calcite) ± fluid (CO2 

and H2O). In all experiments, after quenching, the 

majority of the kimberlite solvent consists of iso-

metric, spherical quench formations, 5-25 µm in 

cross-section, that are in conformal contact with 

one another, similar to pillow lavas. The quenched 

melt within these “pillows” occupies 75-80 % of 

the sample. It is homogeneous (though fine-

grained areas are also encountered), with a Ca-car-

bonate-silicate composition and a calculated CO2 

content of 15-22 wt.%. Relief phase relationships 

are evident on unpolished sample breaks. Large 

pores and channels indicate fluid presence in the 

melt during the experiment and its release during quenching. Furthermore, bubble imprints made of 

Ca-carbonate-silicate glasses are commonly found in the bulk of the samples. 

The experimental sample of the system (Kimb.Nyurb)95(COH)5 also showed the formation of a 

homogeneous miscible carbonate-silicate substance, likely a melt (Fig.6, b) and silicate minerals, 

including olivine 20-100 µm and clinopyroxene up to 400 µm. It should be noted that the KNF-10 

experiment, representing a kimberlite-fluid system, 

was the only successful experiment in the series. In 

the other experiments with this start composition, 

the hermetically sealed ampoules could not with-

stand prolonged exposition and were exploded due 

to the large amount of free fluid. This is evidenced 

by the abundance of pores (bubbles) in the 

quenched mass. According to Raman spectroscopy 

data, gaseous CO2 was detected in a closed bubble 

(Fig.6, c). 

The experimental conditions and diamond 

mass loss are presented in Table 2, 3 and summa-

rized in the graph (Fig.7). The lowest diamond 

mass loss (1.7 %) was recorded in Ca-carbonate 

melts after a 2-day duration. In the case of using a 

Ca,Na-carbonate solvent, diamond mass loss 

ranges from 12.40 to 39.97 % over duration periods 

of 2 to 12 days. Furthermore, the diamond mass 

loss for duration of 10 and 12 days is practically 

identical. The addition of 5 % fluid to the carbonate 
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Fig.6. Formation of micro-voids in samples after experiments 

due to the release of gaseous H2O and/or CO2:  

a – run CN-8; b – run KNF-10; c – СO2-gas bubble  

in the experiment in quenched kimberlite melt and its Raman 

spectrum. SEM photos at secondary electrons mode 
 

Ol – olivine; Cal – calcite; Nye – nyererite; Sot – shortite;  

Lc-s – carbonate-silicate melt 

Fig.7. Dependence of diamond mass loss at their dissolution  

in carbonate, carbonate-fluid, kimberlite, and kimberlite-fluid 

solvents on duration time at Р = 0.15 GPа, Т = 1200-1250 °С 
 

1 – (CaCO3)50(Na2CO3)50; 2 – CaCO3;  

3 – (CaCO3)47.5(Na2CO3)47.5(COH)5; 4 – kimberlite of Nyurbinskaya 

pipe; 5 – kimberlite of Nyurbinskaya pipe by [7];  
6 – (Kimb.Nyurb)95(СОН)5 
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system, its influence is only evident after 12 days duration. In this carbonate-fluid melt, the mass loss reaches 

47.63 %, representing an increase of 7.66 % over the mass loss observed in the “dry” carbonate melt. In 

experiments with kimberlite as a solvent, diamond mass loss ranged from 15.92 % after 6 days of duration 

to 47.62 % after 12 days of duration. Maximum losses of up to 58.79 % after 10 days of duration were 

recorded in the kimberlite-fluid solvent. It should be noted that after 12-day duration, the mass losses of 

diamonds demonstrate a very similar value for carbonate, carbonate-fluid, and kimberlite solvents. 

Discussion 
The results of this experimental study on diamond dissolution in carbonate and kimberlite melts 

in the presence of a fluid or in dry systems demonstrate that at crustal conditions, specifically within 
a crustal cumulative center of kimberlite melt (P = 0.15 GPa and T = 1200 °C with varying carbonate 
content), significant dissolution of transported diamond crystals is possible, up to 47.6 % after  
10 days of duration.  

Studies have demonstrated that in the crustal cumulative center, kimberlitic, kimberlite-fluid, car-
bonate, and kimberlite-carbonate mixtures melt, forming a melt that is the principal driver of diamond 
dissolution in the cumulative chamber. Solvent melting can be diagnosed by several indicators, both struc-
tural and analytical. The formation of carbonate spheres in dissolution pits on the diamond surface, the 
rounded pores within the dense but brittle carbonate material, and the diamond's own mass loss all suggest 
that these processes could only have taken place in a melt.   

According to estimates based on experimental data, the primary melting temperature at the solidus 
of multicomponent kimberlites occurs between 800-1100 °C at pressures ranging from 0.1-0.2 GPa. 
The high porosity characterized by rounded pores and channels, the homogeneous chemical composi-
tion of the cement matrix between the rounded olivine grains, and the microstructures observed in the 
quenched samples all support the interpretation of melting. The kimberlite-carbonate mixture also 
melted, forming homogeneous carbonate-silicate melts and, upon quenching, these melts resulted in 
glasses with pores and impressions of released gas bubbles, in contrast to the alkali-carbonate-silicate 
immiscibility at 0.2 GPa and 1100-1250 °C [24]. 

The dissolution of diamonds in molten solvents led to morphological alterations, characterized by 
the formation of distinct dissolution morphologies. The fine pitting observed during the etching of dia-
mond crystals in the experiment is analogous to the “corrosion” known in natural samples (see Fig.3, c). 
This phenomenon can be observed as scattered pits on the crystal’s surface, as well as a fine, net-like 
pattern across a surface area. Parallel hatching (as seen in experiment KC-12) can be revealed through 
the dissolution of diamond in metal-sulfide ± silicate solvents at 4.0-4.5 GPa and 1400-1450 °C [25, 26]. 
Rounded crystals are prevalent in natural diamonds [27], with the majority of their formation due to the 
interaction with kimberlite melt [28-30]. The conditions and mechanisms of this interaction have been 
the subject of long-standing scientific debate. Predominantly, they are characterized by a wide range of 
surface sculptures, such as trigonal or hexagonal pits, ditrigonal and shield-like layers, droplet-shaped 
tubercles, striations of varying intensity, and many other sculptural elements. Experimental investiga-
tions have revealed that surface sculptures on natural diamonds can be indicative of both dissolution 
conditions and the internal features of diamond crystals [31]. 

The results of experimental studies on the dissolution of diamond crystals (octahedral, pseudorhombo-
dodecahedral ones, and cubes) in water-bearing carbonate and silicate melts at temperatures of  
1100-1450 °C and pressures of 1-5.7 GPa [14] demonstrated that crystal dissolution can occur both 
during the ascent of diamonds from the mantle (upon contact with kimberlite and lamproite melts), 
as well as while diamonds are within the mantle. The authors demonstrated that the surface sculptural 
features observed on the experimental crystals are similar to those found on naturally dissolved crys-
tals. In experiments, at a dissolution degree of 25 %, the octahedral faces are completely replaced by 
rounded surfaces. With further dissolution, the curvature of the surfaces changes, and at a weight loss 
of 45-50 %, the dissolution form of a pseudorhombo-dodecahedron becomes close to the dissolution 
form of an octahedron. At 50 % weight loss, cubic faces become tetrahexahedroidal and rounded, 
showing many quadrangular etch pits. Intensive dissolution creates deep etch channels at block 
boundaries, leading to a high chance of breaking along these channel’s line.  
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The research group experimentally found that the rate at which diamonds dissolve in kimberlitic 

magmas increases as pressure decreases from 6.3 to 1.0 GPa [8]. Therefore, the maximum diamond 

dissolution rate can be expected at the level of the Earth's crust. Previously, the interaction of 

Nyurbinskaya pipe kimberlite melts (Yakutia) with natural single-crystal diamonds was experimen-

tally investigated at 0.15 GPa and 1200-1250 °C for 2 h (estimated time scale for kimberlite transport 

from upper-mantle diamond-forming sources to crustal cumulative centers) [7]. With weak surface 

dissolution of diamonds in Ca-carbonate-bearing kimberlite melt, diamond mass loss ranges from  

3.0 to 4.5 %. This indicates that diamond dissolution occurs during transport, but it is insignificant 

due to the high ascent rate and, consequently, short residence time. The dissolution of a diamond 

crystal at all stages of its genesis and in the cumulative center, in particular, is discussed with reference 

to natural diamond “Matryoshka” [32]. 

Some models of kimberlite ascent suggest the upward movement of a localized, vertically con-

strained fracture filled with volatile-rich magma through the lithospheric mantle [12, 33]. Typical 

ascent rates for kimberlite magma are estimated to be between 10-30 m/s. Decarbonation and gas 

release are ongoing processes during the kimberlite magma's journey to the surface. As the melts rise, 

reactions between solid or liquid carbonates and silicates occur, leading to the release of CO2. Fur-

thermore, a decrease in the viscosity of the kimberlite melt by more than 3 times by the time it reaches 

the surface can also contribute to its rapid ascent [34]. 

According to E.A.Vasiliev [19], the dominance of a single diamond population in a kimberlite 

pipe (characterized by exceptional preservation and crystal quality, relative simplicity of their anatomy, 

uniformity of spectroscopic characteristics, and minimal dissolution of crystals, as observed, for  

example, in the Mir and Internatsionalnaya pipes) may indicate that, after the activation of kimberlite 

formation, a portion of the melt containing diamonds grown in a single crystallization cycle rapidly 

ascended to the surface, forming the kimberlite bodies. In more complex cases E.A.Vasiliev suggests 

the possibility of stopping that non-opening crack that drives the kimberlite melt containing diamonds 

at rheological boundaries, leading to the formation of an intermediate chamber where the melt cools 

and solidifies. In this process, some crystals are deformed and dissolved, while aggregation of defects 

in the crystalline structure occurs, forming complex shapes. The Zapolyarnaya diamond pipe and the 

M.V.Lomonosov deposit are examples of such objects, among others. 

Experimental samples exhibited diamond graphitization. Diamond is known to be the thermo-

dynamically stable phase at high pressures, while graphite is relatively stable at low pressures, down 

to ambient [7]. The boundary between the stability fields of diamond and graphite is defined by the 

graphite-diamond equilibrium curve. Graphite is kinetically stable and metastable in the diamond 

stability field, and diamond is kinetically stable and metastable in the graphite stability field. On the 

graphite-diamond equilibrium curve, the equilibrium solubilities of graphite and diamond in any sol-

vent composition are equal. In the graphite stability region, the equilibrium solubility of diamond is 

greater than the solubility of the stable graphite phase. However, in a strictly isothermal experiment, 

the concentration of dissolved carbon in metastable diamond approaches, but cannot reach, its solu-

bility value [35]. When the solution that dissolves metastable diamond (which has higher solubility) 

becomes oversaturated with respect to stable graphite (which has lower solubility), graphite crystal-

lization happens automatically. The process can proceed until metastable diamond is completely dis-

solved, with continuous crystallization of stable graphite. This is the reason for the difficulties in 

experimentally measuring the “equilibrium” solubility of metastable diamond. This is also evidenced 

by the findings of graphite, and graphite films on diamond crystals of impact and metamorphic dia-

monds [36, 37]. Surface graphitization on diamonds from kimberlites and xenoliths occurs less fre-

quently, in the form of very thin, semi-transparent to dense opaque graphite films [38]. Surface graphiti-

zation of diamond has been experimentally documented in undersaturated volatile silicate melts, 

including basaltic and kimberlitic compositions, even at high pressures [23, 39, 40]. 

Kimberlite pipe formation demands a huge quantity of gas, driving the melt to boil and mix with 

the pipe’s molten and solidified magmatic rocks [41]. Gases may start forming and accumulating in 

kimberlite magma right from the initial stage of the deep kimberlite melt's ascent from the mantle  
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diamond-forming source. In addition to the original gas source, incongruent melting of carbonates  

occurs at various depths: magnesite MgCO3 below 2.3 GPa [42], dolomite CaMg(CO3)2 at 0.5 GPa, 

siderite FeCO3 between 0.05 and 1 GPa [43], calcite CaCO3 at 0.1-0.7 GPa [44]. Moreover, the Earth's 

crust, where the cumulative centers form, contains carbonates and hydrous minerals, may be capable of 

supplying CO2 and H2O.  

Crystallization of the liquidus silicate phases of olivine and clinopyroxene from kimberlitic 

magma increases the proportion of the carbonate component in residual kimberlitic melts. According 

to experimental data and thermodynamic modeling, the solubility of CO2 in these melts decreases 

with decreasing temperature [10], which causes the separation of dissolved carbon dioxide in the form 

of a free fluid. As the kimberlitic system solidified upon quenching, the internal fluid pressure within 

the bubbles increased and grew, leading to the rupture of their envelopes. Internal fluid pressure in-

creased when the kimberlite system solidified during quenching in bubbles, resulting in the disintegra-

tion of their shells. At low pressures, the solubility of the fluid in the kimberlite melt decreases,  

leading to their increasing separation from the melt. These gases, along with those produced by de-

composition, accumulate in large volumes prior to eruption. The mechanism for accumulating free 

gases, particularly CO2, could have also occurred within crustal cumulative kimberlite centers as they 

cooled. In the experiment, the presence of gas in this study is indicated by a large number of pores in 

the quenched samples (see Fig.6, a, b). Raman spectroscopy has detected gaseous CO2 in these en-

closed bubbles. Moreover, the accumulation of gases and the large volumes of the cumulative centers 

allow the kimberlite melt to mix actively, enhancing diamond dissolution.  

In this way, if a kimberlite flow encounters an obstruction in form of a dense crust rocks, it will 

likely be stopped there for some time (day or more), resulting in the formation of a stationary crustal 

cumulative center. At these conditions, experimentally modelling in this work, significant dissolution 

of diamonds in kimberlitic fluidized melts is most probable and can reach up to ~45-50 % with a 

lifetime of such a center about 10 days. 

Conclusion 

Our experiments investigating diamond dissolution in carbonate and kimberlite melts, under both 

fluid-present and dry conditions, reveal that Ca,Na-carbonate melts display the highest solubility for 

hold times up to 6 days, when compared to kimberlite and carbonate-fluid (5 wt.% fluid) melts.  

For longer exposure times (up to 12 days), the aggressiveness of the experimental media and the 

solubility of diamond in them are practically the same under the conditions of a crustal cumulative 

chamber (0.15 GPa and 1200 °C). This allows for substantial dissolution of introduced diamond crys-

tals, reaching up to 47.6 % after 10 days. 

The role of crustal cumulative centers as the main risk factors for the reduction of diamondiferous 

potential in deposits is shown. If there are “stopping points” along the diamond’s path to the Earth’s 

surface, the final stop occurs in the crustal rocks just before the kimberlite eruption. The crystals 

brought into the chambers dissolve considerably within them, up to complete disappearance, depending 

on the lifetime of that cumulative center. The degree of dissolution of the deposit’s main crystal  

generation allows for an estimation of the probability of kimberlite magma containing diamonds  

being delayed in cumulative centers. 
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Abstract 

With the increasing complexity of electrical equipment in mining enterprises, the development and analysis of methods 

to enhance the reliability of technical devices within power supply systems are becoming increasingly relevant. This 

article focuses on assessing the reliability parameters of workshop network circuits in mining enterprises equipped with 

single-transformer substations operating at 10 and 0.4 kV, considering various redundancy methods. Research objective 

is to evaluate the reliability parameters of different redundancy methods for power supply circuits in facilities with 

transformer substations at medium voltage (MV) and low voltage (LV), with respect to low-voltage switchgear con-

sumers in mining operations. Research target is the power supply system of an auxiliary production workshop at a 

mining enterprise (Kemerovo). The study examines the following network reliability parameters: probability of failure-

free (normal) operation, P(t); probability of failure occurrence, Q(t); failure flow rate, ωcircuit; time between failures 

(TBF), ТTBF. The analysis covers the following circuit configurations: without redundancy; with redundancy at MV; 

with redundancy at LV; with dual redundancy (at both MV and LV). Estimation results indicate that the TBF for the 

nonredundant circuit is 2.04 times lower than for the LV redundancy circuit, 2.11 times lower than for the MV redun-

dant circuit, and 2.8 times lower than for the dual redundant circuit. Redundancy proves to be a technically and eco-

nomically justified method for improving the P(t) parameter of the facility’s power supply system. The obtained results 

can be integrated into power supply system design (to optimize structural circuits and select rational redundancy 

methods for components), maintenance program development (to develop justified maintenance and repair schedules), 

reliability monitoring system development (to enable continuous monitoring of equipment status in mining enterprise 

workshops). 
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Introduction 

With the increasing complexity of process and electrical equipment in mining enterprises, the 

development and analysis of methods to enhance the reliability of technical devices within power 

supply systems (PSS) become topical issues. The reliability of PSS equipment operation can be  

assessed both at early stages (design, reconstruction) and after equipment commissioning [1-3].  

A necessary condition for obtaining valid results in reliability parameter estimations is ensuring com-

pliance with methodological and informational error requirements [4]. It is known that electrical 

equipment components of workshop PSS in mining enterprises can be either repairable after failure 

or non-repairable [5]. 

ISSN 2411-3336; е-ISSN 2541-9404 

JOURNAL OF MINING INSTITUTE 
Zapisk i  Gornogo inst i tu ta

 

Journal homepage: pmi.spmi.ru  



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 81-93   

© Renata M. Petrova, Elena I. Gracheva, 2025 

82 

This is an open access article under the CC BY 4.0 license 

Ensuring the reliability and failure-free operation of electrical installations is achieved by com-

plying with regulated storage conditions, normal operating modes, and requirements for maintenance 

and repair [6, 7]. 

The relevance of this issue stems from the continuous growth in electricity consumption at mining 

and dressing enterprises, coupled with the increasing complexity of structural and topological charac-

teristics of PSS. This complexity manifests itself in a growing number of circuit elements and increa-

singly intricate functional interconnections between them. These factors create prerequisites for deve-

loping new methodologies to estimate the reliability of complex, highly interconnected systems [8, 9]. 

In particular, study [10] focuses on analysing the key reliability parameters and performance indica-

tors of electrical equipment at industrial facilities in Kazan. 

Methodological foundations for reliability analysis of electrotechnical complexes applied to load 

nodes involve developing algorithms to determine probabilities of failure occurrence and that of 

failure-free system operation [11-13]. As structural interconnections between elements become 

more complex, traditional methods of transforming design circuits into series-parallel or parallel-

series configurations become inapplicable [14-16]. 

Specific features are inherent to “bridge” [17] and “double bridge” circuit types, for which the 

rules of series-parallel or parallel-series reliability circuit transformations do not apply. For such 

cases, special analysis methods are required, including logical-probabilistic methods, graph theory, 

matrix calculation methods, and numerical simulation via the Monte Carlo method [18, 19]. A promi-

sing direction is the development of combined algorithms that integrate analytical approaches and 

mathematical modelling. This is especially relevant for complex, multi-level PSS at mining enter-

prises. 

The development of electrical system equipment necessitates improving the reliability of elec-

trical installations and PSS as a whole [20]. This objective is achieved through refining design 

methods using software solutions as well as developing new types of electrical installations.  

An analysis of failure causes and defects in low-voltage equipment at mining enterprises reveals 

that ~40-45 % of total failures result from design errors, 20 % from manufacturing errors, 30 %  

are caused by harsh operating conditions, unacceptable operating modes, or improper maintenance, 

~5-7 % are due to natural wear and equipment aging [9, 21]. 

The literature presents the following methods for assessing reliability parameters of single-

transformer substations: development of a system model that integrates economic indicators and 

failure characteristics [22, 23]; method for evaluating the reliability of power supply to consumers, 

enabling electricity quality management based on network equipment condition data [24]; quanti-

tative risk assessment method for power supply interruptions using Bayesian networks, which iden-

tifies factors affecting power system reliability [25]; implementation of automatic blocking in dis-

tribution networks through node optimization, along with reliability analysis of power supply in 

distribution networks by blocks [26]; creation of a comprehensive reliability management model 

for accurate prediction of power system behaviour [27]; optimization of PSS maintenance schedules, 

accompanied by analysis of reliability parameters for distribution network components [28, 29]; statis-

tical method for power system reliability assessment, accounting for operational conditions through 

Monte Carlo simulation and development of probabilistic reliability models [30, 31]. 

Energy and resource conservation are among the priority tasks [32, 33] in managing energy-

intensive mining production. Measures aimed at improving energy efficiency and conservation, 

which are being implemented in PSS of mining enterprises [34, 35], can be conventionally catego-

rized into the following areas: electrical networks; electric drives; monitoring and accounting of elec-

tricity consumption [36, 37]. 

Research objective is to assess the reliability parameters of various redundancy methods for 

power supply circuits in PSS of facilities with transformer substations operating at medium voltage 
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(MV) and low voltage (LV), with respect to low-voltage switchgear consumers in mining enter-

prises [38-40]. Scientific novelty of the proposed method introduces development and construction 

of a reliability logic diagram that accounts for each type of equipment, simplification of the diagram 

in accordance with reliability theory, incorporating statistical data on probabilistic characteristics of 

each component, as well as estimation of the total failure flow rate and failure-free operation time for 

the circuit that differs from existing methods by explicitly considering elements of the 0.4 kV net-

work, including low-voltage switching devices. Research target is the PSS of an auxiliary production 

workshop at a mining enterprise (Kemerovo). 

Methods 

The study examines the following types of electrical circuits: 

1. Without redundancy. 

2. With LV redundancy (by installing a 0.4 kV bypass jumper). 

3. With MV redundancy (by installing disconnectors, S), without LV redundancy. 

4. With dual redundancy at both MV and LV levels. 

Analysis of failure statistics leads to the conclusion that the reliability parameters of the circuit 

conform to the exponential distribution law [5]. 

The key reliability indicators for PSS circuit elements include: 

• failure flow rate 

0

( , )
( ) lim ,

t

Q t t t
t

t 


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
      

defined by the probability of failure occurrence Q(t, t) in the time interval t, t; 

• probability of failure-free (normal) operation 

( )tР e ; 

• probability of failure occurrence; 
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• time between failures 

TBF

1
.

( )
Т

t



 

Discussion 

The study examines the reliability parameters of four possible variants of circuit redundancy.  

Diagram of the network section without redundancy (Fig.1, a). Figure 1, b, c shows the struc-

tural reliability diagram without redundancy and its transformation. All elements are connected in 

series, and the failure of any one element leads to loss of operability of the entire system.  The 

efficiency of such a circuit depends, firstly, on the initial state parameters and, secondly, on the 

probabilistic sequence of element (node) failures. 

Failure flow rate for the power supply source-to-load circuit (Fig.1, b, c) for the nonredundant 

circuit section: 

ωnonred = ω1 + ω2 + ω3 + … + ω20 = ωVCB1 + ωL1 + ωТ1 + ωQF1 + ωQF2 + ωL2 + ωQF3 + ωQ + ωQF4 + 

+ ωL3 + ωKM1 + ωQF5 + ωL4 + ωKM2 + ωQF6 + ωL5 + ωKM’1 + ωQF7 + ωL6 + ωKM’2 = 

= ωVCB + ωL10kV + ωТ + 7ωQF + 5ωL0.4kV + ωQ + 2ωKM + 2ωKM’. 

The failure flow rate of the cable line ωL10kV (SKl-10 kV) depends on its length and is estimated 

based on the specific parameter per 1 km: ωL1 = 0.01(100 m/1000 m) = 0.001 failures/year. 
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The failure flow rate of the ωL0.4kV cable line (AVVG-0.4 kV) is esti-

mated similarly: 

• for L2 

ω = 0.026 (10 m/100 m) = 0.0026 failures/year; 

• for L3...L6 

ω = 0.026 (5 m/100 m) = 0.0013 failures/year. 

Table 1 presents the basic and estimated characteristics of the equipment 

(Fig.1, a), based on an analysis of product catalogues from companies manu-

facturing high-voltage electrical equipment and apparatus: Vysokovoltnyy 

Soyuz LLC; Unkomtech Trading House LLC (cable and wiring products); 

ELTECHKOM LLC (high-voltage equipment); KEAZ JSC (electrical pro-

ducts); “Absolutenergo” (electrical products); EXPERT CABLE (cable and 

wiring products). 
 

Table 1 

Specifications of the equipment and estimation results for the failure flow rate ω of the circuit elements 

Elements  Grade, manufacturer ω, failures/year 

VCB1 VRS-10, Vysokovoltnyy Soyuz LLC1 0.015 

L1 SKl-10kV, cross-section 70 mm2, length 100 m, Unkomtekh Trading House LLC2 0.001 

T1 TM-1600/10/0.4, ELTECHKOM LLC3 0.015 

QF1, QF2, QF3 VA51-39, Kursk Electrical Equipment Plant JSC (KEAZ)4 0.051 

QF4, QF5, QF6, QF7 VA51-35, KEAZ JSC4 0.051 

Q ShRS-1, “Absolutenergo”5 0.001 

L2 AVVG-0.4 kV, cross-section 16 mm2, length 10 m, EXPERT CABLE6 0.026 

L3, L4, L5, L6 AVVG-0.4 kV, cross-section 4 mm2, length 5 m, EXPERT CABLE6 0.0013 

KM1, KM2 PML-1100, KEAZ JSC4 0.095 

KM’1, KM’2 KT-6000, KEAZ JSC4 0.098 

 
Thus, 

ωnonred = 0.015 + 0.01 + 0.015 + 7·0.051 + (0.0026 + 4·0.0013) + 0.001 + 2·0.095 + 2·0.098 = 0.7828; 

TBF

1 1
1.2775.

0.7828
Т   


 

Diagram of a network section with LV redundancy (with a 0.4 kV bypass jumper) (Fig.2). Re-

dundancy is a method for increasing the reliability of electrical installations, based on replacing  

a failed unit with a backup one. The main redundancy methods: 

• Element-level (component-level) – redundancy of individual system components (transformers, 

circuit breakers, cable lines, etc.). 

                                                      
1 Vysokovoltnyy Soyuz LLC catalogue. URL: https://www.vsoyuz.com/ (accessed 31.01.2025). 
2 Unkomtekh Trading House LLC catalogue. URL: https://www.uncomtech.ru/ (accessed 31.01.2025). 
3 ELTECHKOM LLC catalogue. URL: https://eltexkom.com/silovye-transformatory/ (accessed 31.01.2025). 
4 KEAZ JSC catalogue. URL: https://keaz.ru/catalog (accessed 31.01.2025). 
5 Absolutenergo LLC catalogue. URL: https://absolutnrg.ru/catalog/elektrochit/nickovol.html (accessed 31.01.2025). 
6 EXPERT CABLE catalogue. URL: https://expert-cable.ru/catalog/ (accessed 31.01.2025). 
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Fig.1. Diagram of a network section without redundancy (a), 

logical reliability diagram without redundancy (b), and its transformation (c) 
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• Group (modular) – redundancy of functional equipment groups (transformer, circuit breaker, 

cable line). 

• General (system-wide) redundancy – full duplication of the PSS. 

For the electrical supply circuit of the first bus section with an installed LV 0.4 kV bypass jumper 

(b/jump) (Fig.2), the reliability logic diagram consists of two series operational circuits connected in 

parallel by the b/jump element (Fig.3). 

The first stage involves transforming the series branches (Fig.3, b). 

The failure flow rate for the G1-b/jump circuit is: 

ωG1-b/jump = ω1 + … + ω8 = ωVCB1 + ωL1 + ωT1 + ωQF1 + ωQF2 + ωL2 + ωQF3 + ωQ =  

= 0.015 + 0.001 + 0.015 + 3·0.051 + 0.0026 + 0.001 = 0.1876. 

The failure flow rate for the G2-b/jump circuit is  

ωG2-b/jump = ω21 + … + ω28 + ωb/jump. 

The bypass jumper includes two automatic circuit breakers and a 0.4 kV cable line. The failure 

flow rate of the b/jump is: 

ωb/jump = ωQF + ωL0.4kV + ωQF = 2ωQF + ωL0.4kV = 2·0.051 + 0.0013 = 0.1033; 

ωG2-b/jump = ωVCB2 + ωL3 + ωT2 + ωQF4 + ωQF5 + ωL4 + ωQF6 + ωQ’ + ωb/jump = 

= 0.015 + 0.001 + 0.015 + 3·0.051 + 0.0026 + 0.001 + 0.1033 = 0.2909. 
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Fig.2. Diagram of a network section with LV redundancy 
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Failure flow rate of the b/jump-load1 circuit: 

ωb/jump-load1 = ω9 + … + ω20 = ωQF7 + ωL5 + ωKM1 + ωQF8 + ωL6 + ωKM2 + ωQF9 + ωL7 + ωKM’1 + ωQF10 +  

+ ωL8 + ωKM’2 = 4ωQF + 4ωL + 2ωKM + 2ωKM’ = 4·0.051 + 4·0.0013 + 2·0.095 + 2·0.098 = 0.5952. 

Failure flow rate of the b/jump-load2 parallel circuit: 

ωb/jump-load2 = ω29 + … + ω40 = 0.5952. 

The second stage is presented in Fig.3, c. 

Failure flow rate of the G1-load1 circuit: 

ωG1-load1 = ωG1-b/jump + ωb/jump-load1 = 0.1876 + 0.5952 = 0.7828. 

Failure flow rate of the G2-load2 parallel circuit: 

ωG2-load2 = ωG2-b/jump + ωb/jump-load2 = 0.2909 + 0.5952 = 0.8861. 

At the third stage, it is necessary to estimate the probabilities of failure occurrence for the series 

branches. Probabilities of failure-free operation of the circuits: 

РG1-load1 = е–0.7828 = 0.4571; 

РG2-load2 = е–0.8861 = 0.4123. 

Probabilities of failure occurrence for the circuits: 

QG1-load1 = 1 – е–0.7828 = 0.5429; 

QG2-load2 = 1 – е–0.8861 = 0.5877. 

The third stage involves transforming the parallel branches G1-load1 and G2-load2. 

Probability of failure occurrence for a circuit with two parallel-connected elements: 

Qcircuit = QG1-load1 QG2-load2 = 0.5429·0.5877 = 0.319. 

Probability of failure-free operation of the circuit: 

Рcircuit = 1 – Qcircuit = 1 – 0.319 = 0.681. 

Knowing Pcircuit, one can determine the failure flow rate for a system with two parallel-connected 

elements, as well as the time between failures: 

ωcircuit = –ln(Рcircuit) = –ln(0.681) = 0.3842; 

ТTBF = 1/0.3842 = 2.6028. 
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Fig.3. Logical reliability diagram for a network section with LV redundancy (a),  

transformation stages: first (b), second (c), and third (d) 
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Logic diagram with redundancy at the MV line (with disconnectors S3 and S4 installed), without 

redundancy at LV. Figure 4 shows a looped circuit variant. In cases of low power supply source (G) 

capacity, remote location, or uneconomical operation, the power supply source is considered a backup 

one and is activated when the main power source is disconnected. If the power sources are equivalent, 

power is supplied from each source. 

In case of a fault on one of the lines, power to the consumers of that line is disconnected via 

disconnectors S3 and S4, while the adjacent sections of the circuit remain operational. 

The reliability probabilistic logic diagram (Fig.5) comprises two series operational circuits 

(G1-load1, G2-load2) connected by a parallel branch of elements S3-L-S4. 

The reliability logic diagram and transformation stages are similar to those presented in Fig.3. 

Redundancy of the MV line is provided by two disconnectors (S3, S4) and a cable line (L). The 

failure flow rate of the bypass jumper (b/jump): 

ωredund = ω45 + ω46 + ω47 = ωs3 + ωL + ωs4. 

The probabilities of failure occurrence and failure-free operation for the circuit (Fig.5, c): 

Qcircuit = QG1-load1 QG2-load2 = 0.5371·0.5773 = 0.31; 

Рcircuit = 1 – Qcircuit = 1 – 0.31 = 0.69. 
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Fig.4. Circuit with MV redundancy and no LV redundancy 
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The failure flow rate and time between failures: 

ωcircuit = –ln(Рcircuit) = –ln(0.69) = 0.3711; 

ТTBF = 1/0.3711 = 2.6947. 

Diagram of a network section with double redundancy (with redundancy at MV and LV, instal-

lation of disconnectors S3 and S4, and a 0.4 kV bypass jumper). Figure 6 shows a section of a circular 

circuit. The circular circuit must be connected to at least two geographically remote, independent 

power sources. The circular circuit ensures reliable power supply and allows for future network ex-

pansion as consumer loads increase. For power supply to consumers of reliability categories I and II, 

looped, circular, and combined circuits are used; a single transformer may be installed at the trans-

former substation (Fig.6, T1, T2). For power supply to areas with consumers of reliability category I 

and II, a combined loop circuit is recommended; for areas with consumers of category III, a looped 

circuit is used (see Fig.2, 4). 

In the normal operation mode of the circular circuit (Fig.6), the MV line is open via disconnectors 

S3 and S4, and each section of the circuit is powered independently from the power source. The 0.4 kV 

bypass jumper must remain energized when the MV section is open. 

Figure 7 shows the reliability logic diagram for the double-redundancy configuration. 

The first transformation stage consists of equivalent substitution of the series branches of the 

original circuit (Fig.7, a): 

ωG1-L1 = ω1 + ω2; 

ωG2-redund = ω23 + ω24 + ωredund = ω23 + ω24 + ω45 + ω46 + ω47; 

ωS1-Q = ω3 + ω4 + ω5 + ω6 + ω7 + ω8 + ω9 + ω10; 

ωS2-b/jump = ω25 + ω26 + ω27 + ω28 + ω29 + ω30 + ω31 + ω32 + ωb/jump = 

= ω25 + ω26 + ω27 + ω28 + ω29 + ω30 + ω31 + ω32 + ω48 + ω49 + ω50; 

ωb/jump-load1 = ω11 + ω12 + … + ω22; 

ωb/jump-load2 = ω33 + ω34 + … + ω44. 

The probability of failure-free operation is then estimated:  

РG1-L1 = е–ωG1-L1; 

РG2-redund = е–ωG2-redund, 
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Fig.5. Reliability logic diagram for a network section with MV line redundancy and no LV redundancy (a),  

transformation stages: first (b), second (c), and third (d) 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 81-93   

© Renata M. Petrova, Elena I. Gracheva, 2025 

89 

This is an open access article under the CC BY 4.0 license  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

then the probability of failure is: 

QG1-L1 = 1 – е–ωG1-L1; 

QG2-redund = 1 – е–ωG2-redund. 

The probability of simultaneous failure of the parallel elements G1-L1 and G2-redund (Fig.7, d) 

is determined as the product of the probabilities of failure of these elements  

Q* = QG1-L1QG2-redund. 

The probability of failure-free operation of the parallel elements G1-L1 и G2-redund is: 

Р* = 1 – QG1-L1QG2-redund, 

then the failure flow rate is: 

ω* = –ln(Р*). 

Similar estimations are performed for the parallel branch S1-Q and S2-b/jump. 

After transforming the series elements of the circuit (Fig.7, e, f), the failure flow rate is: 

ωcircuit = 0.2794. 

 

QF 7 

L5 

KM1 

QF 8 

L6 

KM2 

QF9 

L7 

KM’1 

QF10 

L8 

KM’2 

QF11 

L9 

KM3 

QF12 

L10 

KM4 

QF13 

L11 

KM’3 

QF14 

L12 

KM’4 

G1 10 kV 

0.4 kV 

Q 

G2 10 kV 

0.4 kV 

Q’ 

VCB2 

L3 

S2 

F2 

T2 

L4 

QF4 

QF5 

QF6 

VCB1 

L1 

S1 

F1 

T1 

L2 

QF1 

QF2 

QF3 

S4 S3 

M M M M M M M M 

Fig.6. Diagram of a network section with dual redundancy at MV and LV 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 81-93   

© Renata M. Petrova, Elena I. Gracheva, 2025 

90 

This is an open access article under the CC BY 4.0 license 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Time between failures is: 

ТTBF = 1/0.2794 = 3.5791. 

Table 2 presents the data for determining the failure flow rate and time between failures  

(see Fig.1, a, 2, 4, 6). 
 

Table 2 

Data for determining the failure rate parameter and time between failures 

Type of circuit redundancy  ωcircuit, failures/year ТTBF, year 

Without redundancy 0.78280 1.27750 

With 0.4 kV b/jump connection  0.38420 2.60280 

With 10 kV b/jump connection, without 0.4 kV b/jump  0.37110 2.69470 

With both 10 and 0.4 kV b/jump 0.27940 3.57910 

 

The data in Table 2 show that the ωcircuit rate of the nonredundant circuit is 0.78280. It decreases 

by a factor of 2.04 when a 0.4 kV bypass jumper is connected, reaching a value of 0.3842. When the 

MV circuit is redundant, ωcircuit = 0.3711. With double redundancy, the failure flow rate decreases to 

ωcircuit = 0.2794, which is nearly three times lower than for the nonredundant circuit. These results 

demonstrate the high reliability of the double-redundant circuit with the same number of element 

connections to the line. 

The time between failures (ТTBF) is inversely proportional to the circuit’s failure flow rate (ωcircuit). 

The research results showed: 

• the ratio of ТTBF for the LV-redundant circuit to ТTBF for the nonredundant circuit is  

2.6028 : 1.2775 = 2.0374; 

• the ratio of ТTBF for the MV-redundant circuit to ТTBF for the nonredundant circuit is  

2.6947 : 1.2775 = 2.1093; 

• the ratio of ТTBF for the double-redundant circuit to ТTBF for the nonredundant circuit is  

3.5791 : 1.2775 = 2.8016. 

These results are recommended for use in the feasibility study when selecting workshop power 

supply circuits. 
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Conclusion 

To improve the accuracy of determining reliability parameters for assessing power supply systems 

at mining industry facilities, it is necessary to consider the causes of potential equipment failures; pre-

ventive measures (eliminating known failure causes, optimizing equipment load characteristics); and 

dependencies between external impacts and reliability indicators. 

Redundancy of any electrical equipment elements enhances power supply reliability. However, 

for the industrial facility under study in Kemerovo, this solution is being proposed for the first time. 

Similar redundant circuits are used for thermal power plant auxiliary systems, where medium-voltage 

redundancy is particularly relevant. The estimations proved that redundancy allows increasing the 

time between failures by a factor of 2.11 with low-voltage or medium-voltage redundancy and by  

a factor of 2.8 with double redundancy. 

The research showed that the failure flow rate for the low-voltage redundant circuit (ωcircuit = 

= 0.3842) is higher than that for the double-redundant circuit (MV and LV, ωcircuit = 0.2794), with 

the same number of element connections to the line. We found that the reliability of the redundant 

circuit is significantly higher than that of the nonredundant circuit (ωcircuit = 0.7828) under the  

same load. 

The time between failures reaches its maximum value with double redundancy (ТTBF = 3.5791) 

and its minimum value for the nonredundant circuit (ТTBF = 1.2775). The estimation data show that 

the TBF of the nonredundant circuit is 2.04 and 2.11 times less than for circuits with redundancy 

on the low voltage and medium voltage, respectively, and 2.8 times less than for a circuit with 

double redundancy. 

The obtained results can be applied in the design and reconstruction of power supply systems; 

for feasibility study when selecting optimal circuit variants, including comparative analysis of circuit 

variants considering capital and operating costs; for estimation of the economic benefit from imple-

menting redundant systems; assessment of the equipment’s life cycle cost, considering reliability  

indicators; in developing measures to improve the quality and efficiency of electrical equipment  

operation at mining enterprises. 
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Abstract 

The amplitude of diurnal variations in atmospheric air temperature may exceed 25 °C depending on the climatic zone 

and season. This gives rise to unsteady heat-transfer processes in downcast mine shafts and in the subsequent under-

ground workings along the airflow path. The present study focuses on investigating the damping effect of the amplitude 

of diurnal fluctuations in the thermodynamic parameters of atmospheric air in downcast shafts of potash mines. The 

thermal damping effect consists in the attenuation of air temperature fluctuation amplitude as the airflow moves down 

the shaft due to heat exchange with the shaft lining and mass-transfer processes. A combined theoretical and experi-

mental approach is proposed to predict air microclimate parameters at the junction of a downcast shaft with an under-

ground level using a conjugate convective-diffusive heat and mass transfer model that accounts for processes in the 

shaft air, the lining, and the surrounding rock mass. A methodology for conducting in situ measurements at the study 

sites is described, the necessary experimental and calculation parameters are provided, and field measurement data 

obtained for two downcast shafts of potash mines with different depths are presented. The experimental data were used 

to validate the proposed model. The agreement between measured and calculated results confirms the suitability of the 

selected model for predicting air temperature at the shaft-underground level junction. Effective heat-transfer coeffi-

cients between the airflow and the shaft wall were determined for both downcast shafts, along with effective thermal 

diffusivities of the surrounding rock mass. An empirical relationship was established for the air temperature in the shaft 

bottom chamber of the underground level as a function of the daily mean temperature, the amplitude of surface tem-

perature fluctuations, and the shaft depth. 

 
Keywords 

mine ventilation; daily temperature fluctuations; thermal regime of mine workings; downcast shaft; modeling; thermal 

damping effect; coupled heat and mass transfer; heat-transfer coefficient; rock thermal diffusivity 

 
Funding 

The study was carried out with financial support from the Ministry of Science and Higher Education of the Russian 

Federation within the framework of the State assignment “Monitoring, modeling, and control of aerological and 

thermophysical processes in complex mining and technical systems”. 

 
Received: 12.08.2024                 Accepted: 09.12.2025                 Online: 11.02.2026                 Published: 27.02.2026 

 

 

Introduction 

Atmospheric air entering a mine shaft is subject to both diurnal and seasonal temperature varia-

tions. Seasonal temperature fluctuations have been actively studied since the mid-20th century, particu-

larly in relation to mines in northern regions operating under natural thermal regimes [1]. Seasonal 

temperature variations exert a substantial influence on the thermal conditions of underground workings, 

extending even to remote working areas [2-4]. Diurnal temperature variations, by contrast, affect the 

thermal regime of mine workings to a lesser extent [5]. Interest in this phenomenon has intensified only 
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in recent decades, as advances in microclimate control technologies and in mathematical methods for 

evaluating their efficiency have reached a level at which accurate design of ventilation and air-condi-

tioning systems [6-8] requires accounting for additional thermal factors of an unsteady nature [9-11]. 

The amplitude of diurnal atmospheric air temperature fluctuations depends on the climatic zone 

and the season of the year and may exceed 25 °C [12]. This leads to the development of unsteady heat-

transfer processes in downcast shafts and in the subsequent mine workings along the airflow path [13]. 

A large portion of the temperature fluctuation amplitude is damped by the downcast shafts them-

selves [14]. According to some studies [15], the amplitude of temperature oscillations at the junction of 

a downcast shaft with underground levels is relatively small. However, other investigations [12, 16] 

indicate that this amplitude can be significant and, in some cases, exceed 10 °C. As correctly noted 

in [17], the intensity of this phenomenon depends on shaft parameters. That study also identifies the 

main parameters influencing air-temperature variation at the junction of downcast shafts with the shaft 

bottom workings (Table 1). In our view, this classification is incomplete, since the listed factors are in 

many cases interrelated or mutually dependent. 
 

Table 1 

Main factors determining the influence of daily temperature variation at the underground level [17] 

Atmospheric factors Physical factors Dynamic factors 

Atmospheric air temperature Shaft diameter Airflow rate 

Atmospheric relative humidity Shaft shape Air travel time 

Barometric pressure Shaft wall roughness Contact time with surfaces 

Presence of water inflows in the shaft Shaft wall moisture  

Air density Shaft equipment  

 
It should be emphasized that, with increasing production capacities, mines require progressively 

larger volumes of fresh air [18]. This challenge becomes even more pronounced when developing 

deep-lying levels [19-21]. As a result, both the characteristic dimensions of designed shafts and the 

ratio of shaft cross-sectional area to its perimeter increase, which reduces the influence of heat ex-

change with the shaft walls [22, 23] and enhances the thermal damping effect [24, 25]. For this reason, 

the phenomenon in question requires further investigation. 

From a practical standpoint, the study of thermal damping is important for several reasons. First, 

accurate prediction of dry- and wet-bulb temperatures at the junction of a downcast shaft with an 

underground level is critical for assessing microclimatic conditions in mine ventilation networks and 

for deciding whether air-cooling systems are required to ensure acceptable working conditions in 

mines [26-28]. Second, it is essential for calculating natural ventilation pressure under both normal 

and reversed ventilation modes, since diurnal temperature variations can produce daily fluctuations 

in natural draft exceeding 500 Pa for shafts with depths of about 1 km. Third, it is necessary to im-

prove the accuracy of emergency ventilation calculations in mines [29]. As is well known, air distri-

bution in reversed ventilation modes changes, among other reasons, due to variations in natural draft. 

When the direction of airflow reverses, air temperature in the shafts changes, leading to the develop-

ment of unsteady heat-transfer processes [11]. 

The first in situ measurements confirming the smoothing of temperature fluctuation amplitudes 

in downcast shafts were reported in [16]. The concept of the thermal damping effect was introduced, 

and it was hypothesized that its influence on the thermal regime of shaft bottom workings would 

differ for different shafts [26]. Analytical solutions accounting for the effect of thermal damping 

based on unsteady heat and mass transfer processes were subsequently developed and have been im-

plemented in mine ventilation simulators. Experimental observations of the thermal damping effect 

in polymetallic mines in Canada were also reported, demonstrating that the phase of periodic air-
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temperature variations changes between summer and winter. In study [30], continuous temperature 

monitoring data collected over one week at various locations of a gold-copper mine were obtained 

and analyzed to identify and quantitatively assess the behavior of the thermal flywheel effect. That 

study showed that this phenomenon cannot be adequately described using steady-state thermal 

models. 

In studies [12, 17], the theoretical interpretation of measurements of diurnal temperature varia-

tion in downcast shafts was carried out using neural-network approaches. In particular, a NARX neu-

ral-network algorithm was employed in [12, 17] to predict air temperature in shaft bottom workings. 

In [31, 32], a model based on multiple logistic regression was proposed to predict the direction of 

heat flow. Despite the effectiveness of these neural-network methods, they suffer from a fundamental 

drawback, namely the lack of physical transparency of the calculations. 

In the present study, a different approach is proposed. It is based on predicting air microclimate 

parameters at the junctions of downcast shafts with underground levels using a convective-diffusive 

heat and mass transfer model that accounts for processes occurring in the shaft atmosphere, the shaft 

lining, and the surrounding rock mass. Through physical analysis, the main dimensionless complexes 

of the problem are identified, and the parameters governing the attenuation of the amplitude of diurnal 

temperature fluctuations along the airflow path are determined. 

Methodology. Experimental Measurements 

To investigate the thermal damping effect, a series of in situ experiments was carried out under 

the conditions of potash mines. The objects of study were a downcast shaft of a mine developing the 

Verkhnekamskoye potash-magnesium salt deposit (shaft N 1) and a downcast shaft of a mine de-

veloping the Gremyachinskoye potash salt deposit (shaft N 2). Both mines employ a central ventilation  

scheme, in which fresh air is supplied to the mine through downcast shafts and exhausted through 

upcast ventilation shafts under the action of a pressure depression created by the main surface-

mounted ventilation fans. During the cold season, air-handling systems have a significant influence 

on the formation and maintenance of the required air temperature in downcast shafts, as they largely 

determine the thermal operating regime of mine 

shafts [33]. During the warm season, the air-handling 

systems are switched off. 

During the in situ investigations conducted in the 

warm season, diurnal variations in the temperature and 

humidity of the air supplied to the mine through the 

downcast shafts were measured. For this purpose, 

portable meteorological data loggers Kestrel Drop D3 

were installed at the summer air intake of the downcast 

shaft and in the underground section at the junction of 

the downcast shaft with the haulage level. These de-

vices recorded temperature and relative humidity of 

the incoming airflow. The data loggers are capable of 

long-term data storage with a user-defined sampling 

interval. During the measurements, temperature and 

relative humidity were recorded at 5-min intervals. 

The measurement accuracy of the data loggers is 

±0.9 °C for temperature and ±2 % for relative hu-

midity. The installation layout of the data loggers in 

the downcast shaft is shown in Fig.1. 

 

Air movement 

direction 

Locations of 

meteorological 

data logger 

3 
1 

2 

4 

5 

1 – the summer air intake unit of the heater installation;  
2 – air supply duct; 3 – pithead building;  

4 – air supply shaft; 5 – haulage level 

Fig.1. Layout of meteorological data logger installation 

 in the downcast shaft 
 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 94-106 

© Mikhail A. Semin, Evgenii V. Kolesov, Ruslan R. Gazizullin, Stanislav V. Maltsev, 2026 

97 

This is an open access article under the CC BY 4.0 license  

 

The air flow rate was determined based on direct measurements of airflow velocity and the cross-

sectional area of the excavation in the ventilation workings of the shaft bottom chamber. Airflow 

velocity was measured using an APR-2 anemometer with an accuracy of ± 0.10 + 0.05V m/s, where 

𝑉 is the measured velocity. The cross-sectional area of the excavation was determined by direct 

measurements of individual cross-sectional segments followed by calculation of the total area based 

on the measured parameters, using a Leica Disto X3 laser distance meter with an accuracy of  

±2 (1.0 + 0.1·10–3X) mm, where 𝑋 is the measured distance. 

Downcast shaft N 1 has a clear diameter of 7 m and is equipped with a combined skip-cage 

hoisting system. The distance from the air intake to the junction with the haulage level is 381 m. The 

volumetric airflow rate through the shaft reaches 9500 m3/min, with an average airflow velocity of 

4.1 m/s. 

Downcast shaft N 2 has a clear diameter of 8 m and is equipped with a skip hoisting system. The 

depth of the junction with the haulage level is 1094 m. The volumetric airflow rate through the shaft 

is 19,000 m3/min, and the average airflow velocity in the shaft is 6.3 m/s. 

Both shafts are supported by cast-iron tubbing lining with tubbing back thicknesses ranging from 

30 to 70 mm and a behind-tubbing concrete layer with a thickness of 600-750 mm. 

Mathematical model 

The process of unsteady coupled heat exchange between the airflow, shaft lining, and sur-

rounding rock mass, including moisture transfer, is described by a system of differential equations 

for convective heat transfer in the shaft airspace 

   
ρ 4 α

ρ ρ , / 2,
ρ

a
a v a m

a

ddT P dm
c L T t D x T

dx dx dx D V
                                            (1) 

and heat conduction in the lining and surrounding rock mass 

   , , , ,1
  .

m m

m

T t r x T t r x
a r

t r r r

  
  

   
                                                   (2) 

The model (1) incorporates state equations for moist air: 

 

 

2
29 0.11φ 479 11.52 1.62

ρ ;
8.314 273

a

P T

T

   
 
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                                              (3) 

 
φ ;

17.5
611 0.622 exp

241.5

Pm

T
m

T


 

  
 

                                                 (4) 

0 0ρ .P P gx                                                                     (5) 

The boundary condition for the air temperature at the shaft inlet is specified based on experi-

mental measurements: 

   0,0 .T t T t                                                                  (6) 

At the initial time, the temperature of the surrounding rock mass at depth 𝑥 is assumed to be 

uniform along the radial coordinate r: 

   00, , .m mT r x T x                                                             (7) 

The boundary conditions for equation (2) far from the shaft contour correspond to the tempera-

ture of the undisturbed rock mass at the given depth: 

   0, , .m out mT t R x T x                                                          (8) 
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The outer radius of the thermal influence zone of the excavation can be estimated from equation 

(8) according to [34]: 

04 τ .
4π τδ

out m

m

s T
R a Ln

a

 
  

 
                                                      (9) 

At the shaft contour, the boundary condition for equation (2) is specified in accordance with the 

Newton – Richman law: 

 
/2

/2

λ α .m
m r D

r D

T
T T

r 



 


                                                   (10) 

The effective heat-transfer coefficient between the airflow and the shaft lining is determined as 

follows [11]: 
0.8

0.2
α 3.6 .

V
k

D
                                                                (11) 

In the system of equations (1)-(11), the following notations are used: ρa is the air density in the 

shaft, kg/m3; cv is the specific isochoric heat capacity of air, J/(kg·°C); T is the air temperature in the 

shaft, °C; P is the barometric air pressure at depth x, Pa; L is the latent heat of water condensation, 

J/kg; 𝑚 is the air moisture content, specified in the model based on experimental measurements, 

kg/kg; D is the shaft diameter, m; V is the airflow velocity in the shaft, m/s; s is the heat-exchange 

surface area, m2; τ is the total duration of the heat-exchange process, s; ΔТ0 is the initial temperature 

mismatch between the airflow and the shaft lining, °C; δ is the temperature perturbation at the 

boundary of the thermal equalization layer, taken as 0.1 °C;  is the effective heat-transfer coeffi-

cient, W/(m2 ·°C); k is the dimensionless empirical coefficient accounting for wall roughness and mois-

ture content; Тm(t, r, x) is the shaft wall temperature, °C; am is the effective thermal diffusivity of the 

“shaft lining – rock mass” system, m2/s [35]. 

Let us introduce the dimensionless variables in the following form: 

А 0 А day 0

ˆ ˆ ˆ ˆ ˆˆ  
ρ

;   ; ; ˆ;    ;  ρ ;   ,
ρ

m
m

Tx T P t r
x T P T t r

H T P T t D
      

  
 

where H is the shaft depth, m; ΔТА is the surface atmospheric air temperature difference, °C; Δtday = 

= 24 h = 86400 s is the period of atmospheric air temperature variation.  

Equations (1) and (2) are reduced to the dimensionless form: 

 c h

ˆ ˆ ˆ ˆ ˆˆ ;ˆ
P 1

ρ K ρ K
ρ Steˆˆ ˆ ˆ

m

T m
T T

x x x

  
   
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;
ˆ ˆ

ˆ
ˆ

1
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ˆ ˆ ˆ
m mT T

r
t r r r
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      

 

the boundary condition (10) in dimensionless form takes the following form: 
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ˆ
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T T
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day А 0
c h2

0 А 0

 α 4α
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λ ρ ρ

m v

v v

a t c T PD H

L c T c DVD

 
    


 

where Bi, Fo, and Ste are dimensionless complexes representing the Biot, Fourier, and Stefan simi-

larity numbers, respectively; Kc and Kh are additional dimensionless complexes. 
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When the surrounding rock mass is modeled as a multilayer structure “tubbing – concrete lining – 

rock mass”, additional dimensionless complexes appear in the model, representing the ratios of ther-

mal diffusivities of the individual layers. 

The Biot number characterizes the ratio of heat transfer within the rock mass to heat transfer at 

the air-wall boundary. The Fourier number describes the relationship between the rate of change of 

thermal conditions in the surrounding air and the rate of temperature field adjustment within the 

“lining – rock mass” system. The Stefan number is defined as the ratio of the characteristic change 

in the sensible heat of the airflow to the change in latent heat due to moisture phase transitions in the 

airflow. The dimensionless numbers Kc and Kh characterize, respectively, the intensity of air heating 

due to its downward movement along the shaft and due to its interaction with the shaft walls. 

Results and discussion 

As a result of the experimental campaign, time histories of air temperature and relative humidity 

were obtained at the mine surface, as well as at the junctions of downcast shafts with the haulage 

levels. The measurement results for shaft N 1 are shown in Fig.2; the monitoring duration was 78 h. 

From Fig.2, a it can be seen that, at the depth of the haulage level, a phase shift of the diurnal tem-

perature oscillations occurs (daily lag) relative to the temperature variations observed at the mine 

surface. The phase lag ranges from 20 to 65 min. During the investigated period, the average ampli-

tude of diurnal temperature variations at the surface was 5.8 °C, whereas at the underground level it 

decreased to 2.6 °C. This indicates a pronounced manifestation of the thermal damping effect. The 

air humidity also exhibits diurnal fluctuations (Fig.2, b). The average variation of relative humidity 

of atmospheric air during the observation period reached 23 % at the surface, while at the haulage level 

the average variation was 17 %. This confirms that, as the airflow moves down the downcast shaft, not 

only temperature oscillations but also relative humidity oscillations are substantially attenuated. 
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Fig.2. Diurnal variations in air temperature (a) and relative humidity (b) in shaft N1 
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For shaft N 2, measurements were carried out over a period of 46 h. Figure 3, a shows a phase 

shift of diurnal temperature oscillations at the depth of the haulage level of 10-15 min relative to 

the surface temperature variations. Over this time interval, the air mass passing through the shaft 

cooled from 31.3 to 25.6 °C during daytime conditions. During nighttime (cold) periods, over the 

same time interval, the air temperature decreased from 26.7 to 15.6 °C while flowing down the 

shaft. The average amplitude of diurnal atmospheric air temperature variations was 9.7 °C, whereas 

the corresponding value at the junction with the underground level was 4.5 °C, which again reflects 

the effect of thermal damping.  

The average variation of relative humidity during the investigated period reached 32 % at the 

mine surface and 17 % at the haulage level, further confirming the smoothing of relative humidity 

oscillations of the airflow as it travels along the downcast shaft. 

Substituting characteristic values typical for the investigated mine shafts yields the following 

orders of magnitude for the similarity numbers: Bi ~101-102; Fo ~10–3-10–2; Ste ~10–3; Kc ~101;  

Kh ~100. The obtained values of the Biot and Fourier numbers indicate that the main temperature 

variations occur in the vicinity of the shaft surface, while temperature changes inside the rock mass 

are relatively small, since heat transfer into the concrete lining proceeds slowly. The small values of 

the Stefan number imply that significantly more heat is required for phase transitions (condensation 

or evaporation of moisture in the airflow) than for changing the air temperature. The orders of mag-

nitude of Kc and Kh indicate a substantial contribution to air heating from both air compression during 

downward movement along the shaft and heat exchange with the shaft walls. 

To preliminarily assess the contribution of each heat and mass transfer processes included in 

equation (1) to the increase in air temperature at the junction with the underground level, character-

istic parameter values were substituted (Table 2). The average barometric pressure, average temper-

ature, and average air density in the shafts were taken as the arithmetic mean of the corresponding 

parameters measured at the shaft collar and at the junction with the underground level. 
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Fig.3. Diurnal variations in air temperature (a) and relative humidity (b) in shaft N 2 
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Table 2 

Air properties and shaft parameters 

Parameter Shaft N 1 Shaft N 2 

Average air density in the shaft, kg/m3 1.235  1.26  

Average barometric air pressure in the shaft, Pa 103,570  107,593 

Average increase in air temperature in the shaft, °C 1.6 9.0 

Average increase in moisture content in the shaft, kg/kg 0.83  0.41 

Average lining temperature, °C 20.1 27.3 

Shaft depth, m 381  1094 

Shaft diameter, m 7 8 

Air velocity in the shaft, m/s 4.1  6.3 

Specific heat capacity of air, J/(kg·°C) 1005  1005 

Latent heat of water condensation, kJ/kg 2260  2260 

Heat-transfer coefficient between airflow and shaft wall, W/(m2·°C) 16.6  13.5 

 
Table 3 presents the relative contributions of various heat and mass transfer processes 𝐼𝑖 occur-

ring in the investigated shafts to the formation of the final air temperature at the junction with the 

underground level. The contribution was calculated as the ratio of the heat added to or removed from 

the airflow by a given factor to the change in internal energy of the airflow: 

100 %,
ρ Δ

i
i

a a

W
I

c T
   

where Wi is the heat associated with the i-th thermal factor.  

The total contribution of all heat and mass transfer processes for each shaft equals 100 %, 

meaning that the entire change in air temperature within the shaft is explained by these processes. 

 
Table 3 

Relative contribution of heat and mass transfer processes to air temperature  

at the shaft-underground level junction, % 

Factor Shaft N 1 Shaft N 2 

Hydrostatic air heating due to compression +196.9 +84.8 

Moisture evaporation from the shaft surface –116.6 –10.2 

Heat exchange with the shaft lining +19.7 +25.4 

Note. A positive sign indicates that the factor contributes to an increase in air temperature with depth, while 

a negative sign indicates cooling. 

 
Table 3 shows that, for shaft N 1, the dominant factor contributing to air temperature increase is 

hydrostatic heating due to adiabatic compression, which is approximately ten times greater than the 

contribution from heat exchange with the shaft lining. At the same time, a significant portion of the 

airflow energy is expended on moisture evaporation from the lining surface. For shaft N 2, hydrostatic 

heating due to adiabatic compression also dominates over heat exchange with the lining (by a factor 

of 3.3); however, owing to the lower moisture content, energy losses due to evaporation are rela-

tively small. 

The system of equations (1)-(11) was solved using the finite difference method, employing  

a first-order explicit time scheme and a second-order central spatial scheme. As a result, time- 

dependent air temperature profiles at the shaft bottom near the underground level were obtained. 

The parameters am and k were treated as adjustable and were determined by successive approxima-

tions so that the results of the modeled air temperature ( )iT t matched the experimental measurements 

as closely as possible, i.e., satisfying condition 
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


                                             (12) 

Figure 4 shows contour lines of the root mean square error (12) in the phase plane “coefficient 

k – thermal diffusivity of the rock mass” for the conditions of shaft N 2. The minimum of functional 

(12) is achieved at k = 1.3 and an effective rock-mass thermal diffusivity am = 2.2·10–7 m2/s. Figure 5 

presents the time evolution of air temperature at the surface and at the junction with the underground 

level. Curve 3 in Fig.5 corresponds to the solution of equations (1)-(11) obtained with k = 1.3  

and 𝑎𝑚 = 2.2·10−7 m2/s. 

Figure 6 shows contour lines of the root mean square error (12) in the “coefficient k – thermal 

diffusivity of the rock mass” phase plane for shaft N 1. The minimum of functional (12) is reached at 

k = 2.2 and an effective thermal diffusivity am = 150·10–7 m2/s. Figure 7 presents the time evolution 

of air temperature at the surface and at the junction with the underground level. Curve 3 in Fig.7 was 

obtained by solving equations (1)-(11) with k = 2.2 and am = 150·10–7 m2/s. 

Thus, the mathematical model of unsteady conjugate heat transfer between the airflow, shaft 

lining, and surrounding rock mass, including moisture transport and calibrated using experimental 

data, can be applied to predict the temporal evolution of air temperature at the underground level with 

accuracy sufficient for engineering calculations. The minor deviations between modeled curves and 

experimental data are mainly attributable to instrumental measurement errors. 

The calibrated models for both shafts were subsequently used to determine the functional de-

pendence of the underground level air temperature Tlev(t) on the surface air temperature TA(t) and 

shaft depth 𝐻. For this purpose, a harmonic variation of surface temperature was specified as boundary 

condition (6): 

А
А А

Δ 2π
cos ,

2 440
( )

1

T t
T t T

 
   

 
 

where AT  is the daily mean surface temperature, °C; ΔТА is the amplitude of diurnal atmospheric air 

temperature variations, °C; t is time, min. The parameters 
AT , ΔТА, and Н were varied. 

The results of multiparametric modeling made it possible to establish the dependence of under-

ground air temperature on the varied parameters. The dependencies were approximated as a superpo-

sition of a time-averaged air temperature and an unsteady component representing harmonic oscilla-

tions about this mean value, with certain phase shifts caused by the inertia of the heat conduction 

process. As a result of the multiparametric simulations, the following expressions were obtained for 

predicting air temperature at the underground level for the investigated shafts: 

А
lev 2 А 0.6

18.3Δ 2π
0.0073 cos 0.048 ;(

0
)

144

T t
T Т H

H
t

 
    

 
 

А
lev 1 A 0.6

9.3Δ 2π
.( ) 0.0056 cos 0.109

1440

T t
T T H

H
t

 
    

 
 

The second terms in these expressions characterize the effect of the temperature gradient re-

sulting from the combined influence of hydrostatic compression and the time-averaged heat ex-

change with the surrounding rock mass. 
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The general form of the calculation formulas for determining the mean air temperature in the 

shaft bottom chamber of a downcast shaft 
levT , the diurnal temperature variation ΔТlev and the phase 

shift of temperature oscillations φ is given by: 

lev А ;T Т aH   

Fig.5. Temporal dynamics of air temperature in shaft N 2 

1 – in situ measurements at the shaft collar;  

2 – in situ measurements  at the junction of the shaft with the  

underground level; 3 – calculated temperature dynamics  

at the junction  of the shaft with the underground level 
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Fig.6. Contour lines of the root mean square error (12)  

in the phase plane “coefficient k – rock mass thermal  

diffusivity 𝑎𝑚” for shaft N 1 
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Fig.7. Temporal dynamics of air temperature in shaft N 1 

1 – in situ measurements at the shaft collar;  

2 – in situ measurements at the junction of the shaft with 
the underground level; 3 – modelled temperature dynamics 

at the junction of the shaft with the underground level 
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Fig.4. Contour lines of the root mean square error (12)  

in the phase plane “coefficient k –  

rock mass thermal diffusivity 𝑎𝑚” for shaft N 2 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 94-106  

© Mikhail A. Semin, Evgenii V. Kolesov, Ruslan R. Gazizullin, Stanislav V. Maltsev, 2026 

104 

This is an open access article under the CC BY 4.0 license  

А
lev 0.6

Δ
Δ ;

T
T b

H
  

φ 2π  ,
1440

t
  

where Δt is the daily lag of temperature oscillations at the junction with the underground level relative 

to surface temperature oscillations, min; a and b are empirical coefficients that, in the general case, 

depend on the similarity numbers Bi, Fo, Ste, as well as on Kc and Kh. 

Conclusion 

The results of a study on the damping effect of the amplitude of diurnal variations in atmospheric 

air temperature and humidity in downcast shafts of potash mines are presented. The study is based on 

a combined theoretical and experimental approach, which includes in situ measurements of air mi-

croclimate parameters under underground mining conditions, as well as the application of a mathe-

matical model of conjugate convective-diffusive heat and mass transfer within the shaft, its lining, 

and the surrounding rock mass, to predict air temperature at the junction of the shaft with the under-

ground level. 

A methodology for conducting in situ measurements under mine conditions is described, and the 

obtained data for two downcast shafts of potash mines with different depths are presented. These data 

were subsequently used for the parameterization and validation of the proposed model of unsteady 

conjugate heat transfer between the airflow, the shaft lining, and the surrounding rock mass. 

Effective heat-transfer coefficients 𝛼 between the airflow and the shaft wall were determined 

for the investigated shafts, along with the effective thermal diffusivities of the surrounding rock 

masses 𝑎𝑚. For shaft N 2, the following values were obtained  = 4.68(V0.8/D0.2) W/(m2·°C), am = 

= 2.2·10–7 m2/s; for shaft N 1:  = 7.92(V0.8/D0.2) W/(m2·°C), am = 150·10–7 m2/s. 

The calibrated models for both shafts were further employed in multiparametric simulations 

aimed at determining an empirical relationship for the air temperature in the shaft bottom chamber of 

the underground level as a function of the daily mean surface temperature, the amplitude of surface 

temperature oscillations, and the shaft depth. As a result, calculation formulas were derived for esti-

mating the mean air temperature in the shaft bottom chamber of a downcast shaft, the diurnal tem-

perature variation, and the phase shift of temperature oscillations. It is shown that the amplitude of 

air temperature oscillations in the shaft bottom chamber depends on its depth according to a power-

law relationship with an exponent of −0.6. 

The results of this study can be used for the quantitative assessment of microclimatic conditions 

in mine ventilation networks and for making decisions on the necessity of air-cooling systems to 

ensure acceptable working conditions in mines. The proposed approach to evaluating the diurnal 

variation of air temperature at the underground level also enables refinement of the calculation of the 

temporal dynamics of natural ventilation pressure, both under normal and reversed ventilation modes, 

which, in turn, improves the accuracy of predicting emergency ventilation scenarios in mines. 
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Abstract  

The potential of hydroacoustic methods widely used in coastal engineering geophysical survey is limited in the presence 

of gas-saturated bottom sediments. Under unfavourable conditions it is advisable to use electric prospecting methods. 

This article analyses the efficiency of modern electric resistivity tomographic (ERT) technologies of the surface and 

seabed observation systems for studying the geological sections in coastal water areas. Basic geoelectric and electric 

resistivity tomographic models are synthesized to assess the influence of water salinity and lithological composition of 

sediments on the results of marine electric prospecting. Petrophysical modelling data showed that, along with the in-

fluence of pore water mineralization on the ratio of specific electric resistivity values of dispersed soils, the mineral 

composition of clay minerals has a significant effect. This effect is manifested as a shift in the position of the inversion 

point of specific electric resistivity values of sandy-clayey soils with increasing cation exchange capacity typical of 

different mineralogical types of clays. Results of numerical modelling of electric resistivity tomography sections using 

surface and seabed observation systems demonstrated that the seabed measurement system provides reliable infor-

mation on geoelectric structure of sandy-clayey sediment sections, while the sections obtained from the ERT survey 

on water surface exhibit distortions in the geoelectric section structure and false anomalies. The advantage of seabed 

ERT for studying the geological structure of coastal marine areas was ascertained. Experimental work in the Luga Bay 

water area in the Gulf of Finland confirmed the efficiency of the seabed ERT for increasing the reliability of cross-well 

geological interpolation when constructing composite geological and geophysical sections. The use of seabed ERT 

ensured a continuous tracking of geoelectric boundaries corresponding to different lithological species in seabed  

sandy-clayey sediments. 

 

 

Keywords 

bottom sediments; seabed electric resistivity tomography; surface electric resistivity tomography; geoelectric models; 

pore water mineralization; ion-exchange capacity of clays; geological electric resistivity tomography sections;  

cross-well geological interpolation 

 
Received: 20.03.2025                Accepted: 09.12.2025                Online: 16.02.2026               Published: 27.02.2026 

 

 

Introduction 

Modern geophysics is successfully developing at the Saint Petersburg Mining University.  

Research based on observation of geophysical fields covers a wide range of tasks, from the study of 

deep structure of the Earth [1, 2] to engineering and archaeological research [3, 4]. Active research  

is conducted to improve the processing of geophysical data [5-7] and solve the urgent problem of oil 

and gas potential prediction [8, 9].  

This article examines the synthetic physical-geological models of coastal sandy-clayey sedi-

ments in freshwater and marine environments. Based on modelling results, the potential of aquatorial 

electric resistivity tomography systems, both surface and seabed, for studying the geological structure 

of these sediments is assessed. 
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Designing of port infrastructure construction involves engineering geological survey and  

geoenvironmental studies within shallow coastal water areas1. Primary objectives of research are 

lithological subdivision of the geological section, determination of the roof of supporting soils, 

and identification of geological bodies that interfere with dredging operations. To address these 

challenges, marine geophysical technologies are widely used to improve the detail of engineering 

geological survey and to substantiate the cross-well interpolation of geological data obtained by 

drilling. 

Currently, the leading role belongs to hydroacoustic methods, including seabed scanning 

with side-scan sonars and multibeam echo sounders as well as continuous seismic profiling for 

probing bottom sediments [10, 11]. The main disadvantage limiting the ability of hydroacoustics 

to fully study the structure of bottom sediments in coastal water area is the presence of the unfa-

vourable factors complicating the investigation of the geological section of marine sediments to 

the required depth. These include, first of all, the generation of intense multiple reflections which 

complicate the identification of wanted waves, and the presence of a screening layer of bottom 

gas-containing silts [10]. 

Electric prospecting methods are recommended for use as auxiliary procedures in case of low 

efficiency of hydroacoustic methods for the study of geological structure and engineering geological 

processes including those occurring in zones of continuous gas-saturated and frozen soils. Electric 

prospecting is particularly widely used in combination with hydroacoustics for studying the  

subaquatic cryolithic zone and freshwater areas [12-14]. 

The above limitations of seismoacoustics determine the demand for the method of aquatorial 

electric resistivity tomography (ERT) in its above-water (AWERT) and seabed (SERT) modifi-

cations [12]. The application of these modifications is promising for increasing the information 

content of marine geophysics in the study of the geological structure of coastal areas and shallow 

waters [15-17]. 

Geophysical research including the aquatorial ERT is widely and quite successfully applied in 

the framework of biological research and mapping of underwater landscapes to study the geological 

structure of bottom sediments and flooded areas [18, 19].  

A potential area of marine electric prospecting is identification of subaquatic zones of intrusion 

of underground fresh, mineralized water and contamination zones in coastal areas [18-22]. Important 

tasks include localization of gas-saturated bottom sediments and near-bottom deposits [23-25]. 

Monitoring of the evolution of gas shows in coastal sediments using the ERT is relevant [25]. Electric 

prospecting for engineering and geological surveys in marine conditions is complicated by a high 

mineralization of pore water in marine sediments, which significantly alters the geoelectric structure 

of bottom sediments [23, 26, 27]. Seabed electric resistivity tomography was recently actively and 

successfully applied in underwater archaeology [28-30]. Thus, the assessment of the potential and 

adaptation of electric prospecting technologies to marine conditions in the course of engineering 

geological and environmental surveys in the coastal area are urgent tasks [31-33]. 

This article presents the results of petrophysical studies of water salinity influence on the effi-

ciency of using ERT in the studies of geological structure of bottom sediments by surface and seabed 

observation systems. Basic geoelectric models of water-saturated sandy-clayey sediments in shallow 

waters are synthesized. The influence of ion-exchange capacity of clay minerals (IEC) on specific 

electric resistivity (SER) of dispersed soils with changes in water mineralization is identified  

and defined. Conditions for the successful application of electric resistivity tomography in studying 

the geological structure of bottom sediments in coastal waters are formulated. 

                                                      
1 SP 504.1325800.2021 Engineering Surveys for Construction on the Continental Shelf. General Requirements. Moscow:  

Ministry of Construction of Russia, 2021, p. 176.  
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Synthesis of geoelectric models of sediments forming the geological structure in coastal 

water areas  

Rocks composing bottom sediments are fully water-saturated and exhibit low SER values. Along 

with mineral composition and hydrophysical properties, the dominant factor influencing the SER of 

sediments is mineralization of water that fills the pore space and also penetrates into massive rock 

formations along cracks and weakened zones [17, 24, 33]. 

Geoelectric models were synthesized using A.A.Ryzhov’s algorithm (“Petrophysics”) imple-

mented in Petro software. 

In Petro software, pore water resistivity, taking into account the type of cations and anions, as 

well as salt concentration in water are calculated from the formula 

 
1000

,

C

z z n

c az z CF V V e  

 
 

  
     

where  is the electric conductivity of solution, cm/m; C is the salt concentration, mol/m3; F is the 

Faraday constant, C/mol; Vc, Va are mobility of cations and anions of solute, m2/(s∙V); n is the  

hydration number indicating how many moles of solvent surround the i-th ion in solution, mol/m3; 

, z z   are valence of cation and anion. 

Soil grain size distribution is noted for particles of different size. For each fraction, the model 

specifies the porosity and moisture content, capillary radii, the m-Archie value, and IEC (g/l). The 

IEC in grams per litre differs from the widely used IEC parameter of mg-eq/100 g. Between these 

parameters, the conversion factor of IEC (g/l) ≈ 0.3IEC (mg-eq/100 g) is adopted.  

For coarse-grained soil component, the IEC is considered to be zero. Soil conductivity is calcu-

lated from the formula: 
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where 0cC , 0aC  are ion (cations and anions) concentrations in the cation exchange capacity, g/l;  

nK  is the rock porosity; 2r  is the capillary radius, mm;  c cC C r ,  a aC C r  is the concentration of 

cations and anions in the capillary depending  

on r, g/l.  

Formula (1) contains two salinities, one of 

which is associated with pore water, and the second 

one is caused by salinity effect in the IEC [26, 33]. 

The presence of two salinities allows taking into 

account the IEC of soil separately and find this 

value during interpretation. Pore water salinity is 

usually known. 

In the master curve calculation mode, pore 

water salinity (mineralization) varies from the 

assigned minimum value (0.01 or 0.1 g/l) in  

increments sufficiently fine to produce smooth 

master curves. The fine-grained component con-

tent in the mixture ranges from 0 to 100 % to pro-

duce 10 curves. 

In Fig.1, in addition to the graphs of soil resis-

tivity versus water mineralization, the water SER line 

is shown by blue dots. At high mineralization, soil 
Fig.1. Dependence of a change in SER ratio of sandy-clayey 

rocks and inversion point position on water mineralization C  
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resistivity graphs extend above the water line, and the difference in vertical deviations, according 

to Archie’s formula, depends on soil porosity. As mineralization decreases, the SER curves bend 

and intersect the water line. This is due to the effect of a double electric layer forming in clays. 

The deviation of curves from the sand line increases with a higher clay particle content in soil. 

Sand and clay lines for clay content of 20 % at mineralization of approximately 1.4 g/l intersect 

at the so-called SER inversion point of sandy-clayey rocks (Fig.1). At this point, SER values of 

sandy-clayey rocks are equal. 

In the inversion point, the SER of sediments is independent of the composition of dispersed 

sediments. At lower and higher mineralization relative to the inversion point, the SER  ratio of sandy-

clayey sediments changes. In areas of lower water mineralization, sands exhibit the highest and clays 

the lowest SER. At mineralization exceeding the value in the inversion point, clays exhibit the highest 

resistivity, while sands display the lowest one. On approaching the inversion point, the SER contrast 

of sandy-clayey sediments decreases markedly, and away from the inversion point, it remains virtually 

unchanged. With increasing mineralization, the SER values of sandy loam and sand are virtually 

equal, and SER difference of clays and sandy loams is more pronounced. 

The inversion point position is most strongly influenced by the cation exchange capacity (Fig.2). 

The shift of this point on the log-log diagram of SER dependence on water mineralization occurs 

linearly. As the IEC increases from 1 to 200 g/l, the coordinates of the inversion point change by 

several orders. 

The IEC value is known to depend on mineral composition of dispersed rocks. Among the rock-

forming minerals, clay minerals of kaolinite, illite, and montmorillonite groups have the greatest in-

fluence on the IEC [34]. Kaolinite has the lowest physicochemical activity, while montmorillonite 

has the highest one. 

Kaolinite has a rigid crystal lattice in which the exchange reactions occur only along the lateral 

cleavages. Its IEC ranges between 3-15 mg-eq/100 g. 

Illite (hydromicas) also has a rigid crystal lattice. Due to its high negative charge, the exchange 

reactions occur on basal surfaces. IEC ranges within 10-40 mg-eq/100 g. 

Smectite (montmorillonite) is characterized by a mobile crystal lattice. Exchange reactions occur 

on outer and inner surfaces of structural layers. IEC ranges within 80-150 mg-eq/100 g. Cation  

exchange occurs on kaolinite and hydromica  

particles, while intramicellar exchange occurs on 

montmorillonite particles [34]. 

The influence of clay mineral composition  

on the inversion point position is reflected in the  

diagram which shows the ranges of IEC values 

characteristic of different mineralogical types of 

clays along the inversion point displacement line 

(Fig.2). 

This pattern of dependence is accounted for 

by the fact that the electric conductivity of dispersed 

rocks is affected not only by water mineralization, 

but also by a simple double electric layer (EDL) 

forming at the clay particle – electrolyte interface. 

Moreover, the IEC significantly contributes to 

electric conductivity of dispersed rocks. At IEC 

200 g/l, the SER value of water-saturated clay is 

virtually independent of pore water mineralization 

(Fig.2). 
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Comparison of coordinates of inversion points 

at temperature changes showed that this factor does 

not affect the position of points with changing water 

mineralization C. The inversion point shifts only 

along the SER axis. 

When designing dredging operations in coastal 

water area, determination of the roof of hard or semi-

hard rocks is of great importance [35]. Petrophysical 

modelling was performed for semi-hard rocks which 

are particularly susceptible to the influence of pore 

water mineralization. Limestone varieties with 

clayey material inclusions were selected, such as 

marly limestone with clay content to 10 % and marl 

with clay inclusions to 50 %. The obtained de-

pendences of limestone SER on pore water mineraliza-

tion showed that with increasing mineralization the 

SER of limestones decreases, but this does not lead 

to formation of an inversion point (Fig.3). 

Limestone porosity varies from 1 to 20 %. Black 

line in Fig.3 corresponds to the boundary between 

pure and clayey limestones. The curves below this 

line characterize limestones with different clayiness 

values. The IEC of clay contained in limestones is 

1.5 g/l. Rock temperature is assumed equal to 10 C. 

It should be noted that SER of rocks is also 

influenced by physical and mechanical properties 

of rocks depending on porosity and permeability as 

well as by rock contamination with petroleum 

products [32]. 

The resulting multifactorial petrophysical models of bottom sediments should be considered as 

the basis for a correct interpretation of aquatorial electric prospecting data. They allow assessing and 

identifying  the influence of different hydrophysical conditions on the efficiency of aquatorial electric 

tomographic surveys, optimizing their methodology, and improving the reliability of geological 

interpretation of results. 

ERT models of bottom sediments in marine and freshwater areas  

Currently, hydroelectric prospecting survey is conducted in two modes. The most common 

method of surface survey involves positioning the electrical survey rig on water surface. The second 

method is based on surveying with an electric survey streamer mounted on the seabed. The first 

method is widely used when working in open water, where continuous linear movement of the electric 

survey streamer along the line is possible. Near the coastline and in the presence of port infrastructure 

facilities, a seabed-based method is advisable ensuring a stationary position of the electric survey 

streamer during surveying. 

 Surface observations are most widely conducted applying the continuous aquatorial sounding 

technology, which corresponds to vertical electric sounding measurements in motion processed by 

the electric resistivity tomographic inversion software. Bottom cable surveying offers a distinct ad-

vantage, as it allows to perform a full cycle of ERT measurements at a minimal distance from the 

investigated geological section.  

Fig.3. A master curve showing dependence of SER of water-

saturated limestones on porosity, clayiness, and pore water 

mineralization  
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To evaluate the efficiency of aquatorial electric resistivity tomographic observations when 

studying the structure of geological sections of bottom sediments under conditions of different water 

salinity, typical models for SERT and aquatorial measuring unit (AERT) were synthesized. 

Geoelectric Model 1 includes sandy-clayey sediments which form horizontal layers of sand, 

sandy loam, loam, and clay in coastal area (Fig.4). Three versions of Model 1 were developed differing 

in water mineralization values: 0.1 (version I); 1.29 (version II); and 10 (version III) g/l (Fig.4, a). 

Mineralization values were selected in such a way that the SER values of sandy-clayey rocks 

corresponded to the inversion point as well as to the intervals lying left and right of this singular point 

(see Fig.1, a). 

Calculations of electric resistivity tomography sections were performed using ZondRes2D  

(GeoTomo Ltd.) software for the Schlumberger electric survey array. The sections were synthesized 

for both seabed (Fig.4, b) and surface (Fig.4, c) measuring arrays which have identical geometric 

parameters. 

Analysis of synthesized ERT models allows to conclude that observation data from the seabed-

based measuring system provide a more accurate representation of geoelectric structure of the section. 

The degree and nature of discrepancy between the electric resistivity tomography section and the 

geoelectric one from the surface observation system depends more strongly on salinity and thickness 

of the water layer as well as seabed topography. 

In case of freshwater at C = 0.1 g/l (I), the electric resistivity tomography section obtained  

for the AERT exhibits a distortion of position of geoelectric boundaries. Horizontal boundaries of the 

original model (Fig.4, a) correspond to curvilinear and inclined iso-ohm lines in electric resistivity 

tomography sections (Fig.4, c). The structure of the SERT section is not distorted and generally agrees 

well with horizontally layered structure of Model 1 (Fig.4, b). 

At water mineralization C = 1.29 g/l (II) corresponding to the inversion point in which the resis-

tivity of sandy-clayey layers is identical (Fig.4, a), the AERT section exhibits false, relatively high-

resistivity anomalies (Fig.4, c). SERT section is characterized by a homogeneous geoelectric structure 

of sandy-clayey sediments with identical SER values (Fig.4, b), which is fully consistent with the 

initial model (Fig.4, a). 
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At water salinity corresponding to C = 10 g/l (III) the use of a seabed seismic array does  

not allow separating sands and sandy loams (Fig.4, b). Due to a minor SER contrast, a combined 

geoelectric layer represented by these sediments forms in the section. Loam and clay layers are clearly 

visible in the SERT section and are controlled by an increase in SER with depth (Fig.4, b), which is 

consistent with the geoelectric model (Fig.4, a). 

An important conclusion is that the surface electrode spread does not provide an electric resistivity 

tomography section adequate to the geoelectric one under high salinity conditions. The influence of 

the low-resistivity water layer virtually screens the weak anomalous effects from the underlying 

sediments (Fig.4, c). 

Modelling results for the varieties of Model 1 show that SERT offers clear advantages over sur-

face observations and allows acquisition of the required geophysical information taking into account 

petrophysical limitations. 

Geoelectric Model 2 includes a horizontally layered sequence of sand, sandy loam, and loam 

occurring in the coastal zone on a limestone massif (Fig.5, a). 

Three versions of Model 2 were generated for water mineralization values similar to those 

adopted for Model 1: 0.1 (I), 1.29 (II), and 10 (III) g/l (Fig.5, a). 

Electric resistivity tomography sections of Model 2 were synthesized using ZondRes2D software 

for both the seabed (Fig.5, b) and surface Schlumberger measuring arrays (Fig.5, c) with identical 

geometric parameters. 

The results of electric resistivity tomographic modelling demonstrated a clear advantage of the 

seabed-mounted array for obtaining correct information on geoelectric structure of the section at dif-

ferent water mineralization values. 

For freshwater (I), the electric resistivity tomography section obtained for the AERT shows dis-

tortions in the position of geoelectric boundaries similar to those found for Model 1 (Fig.5, c). SERT 

sections are in good agreement with horizontally layered structure of Model 2 (Fig.5, b). 

At water mineralization corresponding to the inversion point (II) (Fig. 5, a), false anomalies with 

elevated values are recorded in the AERT section (Fig.5, c). The SERT section is characterized by a 

homogeneous structure of sandy-clayey sediments (Fig.5, b) which is in full agreement with the original 
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Fig.5. Geoelectric (a) and electric resistivity tomography (b, c) sections of Model 2 synthesized for different water mineralization 

during observations with seabed (b) and aquatorial (c) Schlumberger arrays 

1 – water; 2 – sand; 3 – sandy loam; 4 – loam; 5 – clay; 6 – soil SER value  
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model (Fig.5, a). Sand, sandy loam, and loam layers have identical SER values and, thus, form a com-

bined geoelectric layer. Limestones are clearly visible in the electric resistivity tomography section as a 

marked increase in SER. 

At water salinity corresponding to C = 10 g/l (III), sand and sandy loam layers in SERT section form 

a combined geoelectric layer represented by these rocks. Loam and limestone layers are clearly visible 

and are characterized by increasing SER with depth (Fig.5, b). The AWERT modification does not allow 

studying the sediment section to the required depth (Fig.5, c). 

The results of Model 2 confirm the data obtained for Model 1, according to which SERT modi-

fication is more efficient for studying the structure of geological sections of sediments at different 

water mineralization. 

Experimental studies of SERT in coastal water of the Luga Bay in the Gulf of Finland  

To evaluate the potential of SERT for studying bottom sandy-clayey sediments, experimental 

work was conducted in coastal waters of the Luga Bay in the Gulf of Finland, where geological 

and geophysical investigations are currently conducted. Geophysical survey also included the 

identification of paleovalleys, a network of which is developed within Saint Petersburg and the Leningrad 

Region [36]. 

Seabed topography in the study area is abrasive and accumulative, with a coastal marine terrace 

traced along the coast. The seabed is predominantly sandy, less frequently silty-loamy. 

Engineering and geological characteristic of the study area. According to drilling data, the  

following features are found in the geological section within the study area (Fig.6): 

• Marine sediments comprising medium-grained sands with inclusions of gravel and pebbles 

(EGE (Engineering Geological Element) 2.1), and heavy silty, fluid loams with silt interlayers  

(EGE 2.2). 

• Fluvioglacial deposits – supra-morainic light to heavy, silty, hard loam (EGE 3.2) and heavy 

silty, semi-hard to hard loam (EGE 5.2). 

• Marine sediments of Mikulino interglacial horizon – light, silty, semi-hard clays (EGE 7.2) and 

inequigranular sands (EGE 7.1). 

Fluvioglacial intermorainic silty semi-hard loams (EGE 3.2; EGE 5.2) are recommended for use 

as a reliable load-bearing foundation by analogy with Kotlin clays [31]. 

Hydrogeological structure of the study area is determined by the development of a single aquifer 

complex comprising hydraulically connected aquifers. Based on the occurrence conditions and the 

nature of circulation, groundwater in the complex is classified as pore, unconfined. The aquifer com-

plex is recharged by surface water. 

According to results of chemical analysis of water, the water area is salty (mineralization  

3.47-4.11 g/l), neutral to slightly alkaline (pH 7.47-8.02), moderately hard to very hard (total hardness  

4.8-15.30 mg-eq/l), of chloride type as regards the predominant anions and of potassium-sodium type 

as regards the predominant cations. 

Fig.6. Engineering geological section of the work site based on drilling data from wells 1 and 2 
1 – sand; 2 – loam with silt interlayers; 3 – heavy, silty, hard and semi-hard loams; 4 – EGE number; 5 – wells 
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Gas emission was recorded in some areas of the fluvioglacial intermorainic and marine Mikulino 

deposits. Gas generation is associated with marine deposits of the Mikulino horizon. Gas shows were 

discovered during penetration of this horizon in isolated sand lenses and interlayers of fluvioglacial 

intermorainic deposits. Natural gas was recorded when drilling well 2. During drilling of the layer, 

an intense gas emission with a characteristic hydrogen sulphide odour occurred. Visible height of the 

gas cloud reached 4 m above the deck. 

Methodology for conducting SERT  

The main objective of experimental electric prospecting is to evaluate the potential of SERT for 

studying the structure of bottom sediments and performing correct cross-well geological interpolation 

of the sections penetrated by wells 1 and 2. Of particular importance for designing the port infrastruc-

ture construction is identification and tracking of boundaries of EGE 5.2 and 7.2 loams. 

Different geophysical observation systems are currently used. SERT survey methodology was 

based on standard observation technology adopted for land-based electric resistivity tomography. 

Measurements were performed using a Skala 48K12 multi-electrode electrical prospecting instrument 

(Design Bureau Electrometry LLC). A single-segment 48-electrode streamer with a Kevlar-rein-

forced cable sheath and enhanced contact waterproofing was applied for the electric resistivity tomo-

graphic survey. The quality of electrode waterproofing permitted operation at depths to 20 m. Metal 

tubes with diameter 17 mm were spaced at 3 m along the streamer as electrodes. Ion-selective  

electrodes were not applied. Streamer connectors were at 50 m from the first electrode, and the end 

of the streamer submerged to the seabed was carefully waterproofed. The streamer buffer allowed to 

accommodate the equipment on board a boat. To conduct underwater observations, a 141 m long 

working section of the streamer was laid along the observation line and anchored to the seabed with 

weights. The streamer layout was moved along the line by towing it submerged by a boat. Positions 

of the streamer initial and final electrodes on the seabed were secured by buoys in the water area, the 

coordinates of which were determined using a GPS navigator. 

Measurements were taken using a Schlumberger electrode array (AMNB) with N-factor not  

exceeding 5 to reduce the influence of induction on galvanic observation results. Current values during 

measurements ranged from 1.5 to 1.8 A, and potential differences varied between 1 and 7 mV, i.e. 

they were standard ones for calculating the apparent resistivity (ASER). 

As is known, the induction effect should manifest itself as an increase in measured ASER values 

at large spacings, in the form of an induction asymptote (Karinsky, Shevnin, 2001). This effect was 

not recorded in the obtained geoelectric sections, as the selected characteristics of measurement 

modes ensured the minimal contribution of the induction field component. 

Standard computational procedures implemented in the certified Xeris software which is  

attached to the Skala 48K12 electric prospecting equipment were used to process the data and deter-

mine the ASER.  

Office processing was performed by inverting the underwater observation data using Res2Dinv 

software (GeoTomo Ltd.). Inversion of SERT data was performed taking into account the water SER 

values and seafloor topography. 

Results of experimental studies  

SERT results are presented as a geoelectric section in which geoelectric boundaries are drawn 

taking into account the lithological columns of wells 1 and 2 (Fig.7). 

The boundaries separate rocks classified by lithological composition and physical and mechani-

cal properties into different EGE, the indices of which are shown in the engineering geological section 

(see Fig.6). 
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SER values of sandy-clayey sediments in water area correspond to pore water mineralization 

interval which is right of the inversion point in the diagram (see Fig.1, a). For this reason, the lowest 

SER values in the electric resistivity tomography section are characteristic of sand (EGE 2.1) and 

loam with silt interlayers (EGE 2.2). 

SER of heavy, silty, semi-hard loams (EGE 5.2) is higher than that of hard loams (EGE 3.2). 

This can be accounted for by two geological factors. Firstly, EGE 5.2 loams have a higher porosity 

coefficient (equal to 0.63) than EGE 3.2 loams for which this value is close to 0.47. The second 

probable reason is that EGE 5.2 loams lie directly on gas-generating Mikulino clays and are overlain 

by denser EGE 3.2 loams (see Fig.6). 

The combination of these factors creates the geological preconditions for the formation of ele-

vated gas saturation in EGE 5.2 loam layer. The increase in SER of these deposits can be due to gas 

coming from the Mikulino deposits. 

Topography of the roof of dense supra-morainic soil sequence revealed from the SERT data 

points to the presence of an ancient valley channel of fluvioglacial origin. 

Thus, the obtained SERT results significantly complement and refine the interpretation of the 

engineering geological section in the cross-well interval and allow localization of the paleochannel, 

information on the location of which is necessary to substantiate the design solutions for the construc-

tion of the port berthing facilities. 

Conclusion  

The results of petrophysical modelling revealed the influence of ion-exchange capacity of dis-

persed rocks on the position of the SER inversion point. This influence manifests itself as a shift in 

the SER inversion point of sandy-clayey soils with increasing water salinity caused by a change in 

mineral composition of clays. This circumstance should be taken into account when interpreting data 

and designing marine electric prospecting. Furthermore, this feature can be regarded as indicating the 

mineral composition of clayey rocks. 

Analysis of electric resistivity tomography sections synthesized for different water salinity 

showed that the efficiency of using ERT in aquatorial and seabed areas for investigating the geological 

structure of coastal areas differs significantly. Seabed ERT provides reliable information on geoelectric 

structure of sandy-clayey sediment section, while electric resistivity tomography sections obtained 

from the above-water ERT survey exhibit distortions in the structure of geoelectric sections, and false 

anomalies appear. Numerical modelling results demonstrate the advantage of seabed ERT for studying 

marine coastal areas. 

Experimental work demonstrated the efficiency of using SERT for cross-well geological inter-

polation in the course of marine engineering and geological survey. The influence of gas saturation 

of sediments on the results of ERT studies was revealed. 

Fig.7. Geoelectric section showing lithologic columns for wells 1 and 2 

2.1 – sand; 2.2 – loam with silt interlayers; 3.2 – heavy, silty, hard loam; 5.2 – semi-hard loam  
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Electrotomographic studies using seabed observations are particularly relevant in the presence 

of gas-saturated silts which screen the propagation of seismoacoustic pulses. Such conditions are, as 

a rule, recorded in coastal areas of the Gulf of Finland, where engineering geological surveys are 

usually conducted for the construction of port facilities and dredging operations. 

 

The authors express their gratitude to GT MorGeo Ltd. for providing the materials and assis-

tance in conducting the seabed electric tomography experiments as well as to GM-Service Ltd. for 

providing the ZondRes2D software. 
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Abstract 

The rare earth metals (REM) industry plays an important role in the modern global economy due to the extensive use 

of these elements in high-technology sectors. Russia possesses substantial REM reserves, giving the country a major 

competitive advantage: a strong mineral resource base capable of meeting growing demand in both domestic and global 

markets, where China remains the dominant player. China accounts for more than 70 % of global REM production, 

while Russia’s share does not exceed 1 %. In recent years, countries worldwide have paid increasing attention to the 

REM supply chain, intensifying international competition in this sector. In this context, the development of Sino-Rus-

sian cooperation represents a key factor in strengthening the two countries’ positions in the global market and should 

be based on collaboration in strategically significant areas for both sides. The purpose of this study is to explore options 

for implementing a Sino-Russian partnership in strategic sectors, using the REM industry as a case study. The Russian 

Arctic, where REM deposits unique in terms of reserves and concentrations of valuable components are concentrated, 

is considered a potential site for the implementation of technological cooperation. The study is based on a critical 

analysis of Russia’s key REM deposits, with particular attention to Arctic sites, as well as a comparative analysis of 

the Russian and Chinese consumer markets and forecasts of their development. These analyses form the basis for pro-

posed options for technological cooperation between the two countries. The findings indicate that the most promising 

form of Sino-Russian partnership is a consortium model, similar to joint projects such as Yamal LNG and Power of 

Siberia. This format enables Russia to attract investment and technologies, while allowing China to secure access to 

new sources of raw materials and strengthen its presence in the Arctic. 
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Introduction 

Today, rare earth metals (REM) are regarded as critically important materials and strategic re-

sources for modern industry. They are widely used in electronics and mechanical engineering, energy, 

metallurgy, the production of advanced transport technologies, catalysts, the defense industry, and 

other sectors [1-3]. Globally, demand for these elements has been growing rapidly, driven by the 

development of new technologies, artificial intelligence, autonomous robotics, and related fields. In 

Russia, annual REM consumption amounts to approximately 1.1-1.2 thousand t 1. The key consumers 

include petrochemicals and oil refining, metallurgy, and the nuclear industry [4]. At the same time, 

more than 40 % of global REM consumption is concentrated in the production of magnetic materials, 

which are subsequently used, for example, in wind turbines. As a result, the expansion of green energy in 

the context of decarbonization and the global energy transition, alongside the growth of other high-tech-

nology sectors, has led to an almost twofold increase in global REM demand over the past decade [5]. 

                                                      
1 State Report on the Status and Use of Russian Mineral Resources in 2023. Moscow: Rosnedra, 2024, p. 710 (in Russian). 
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Currently, China alone consumes more than 170,000 t of REM annually. As for the growth potential of 

the Russian REM market, the key medium-term driver is the development of new high-technology 

industries, including renewable energy, electric vehicle manufacturing, aircraft production, etc. [6]. In 

China, in addition to green energy and advanced transport technologies, the most promi-sing areas 

for REM demand growth include robotics, electronics, the production of inverter air conditioners, 

energy-efficient elevators, and other applications2. 

Russia possesses one of the strongest competitive advantages in the global REM market, namely 

substantial reserves estimated at approximately 10 million t in categories A, B, and C1, and more 

than 30 million t in category C2. More than two-thirds of these reserves are concentrated in deposits 

located in the Russian Arctic, primarily in the Murmansk Region and the Sakha Republic (Yakutia). 

In terms of total reserves, Russia ranks after China, the current leader with approximately 44 million 

t, as well as Vietnam (22 million t) and Brazil (21 million t), where industrial processing facilities are 

absent3; however, favorable geological assessments show that it may overtake the aforementioned 

countries in the future. Overall, about 60 % of global REM reserves outside China account for only 

30 % of global production, indicating a low level of resource development4. At present, a full value 

chain for high-technology products based on REM exists only in China. The country leads not only 

in reserves, but also in extraction, processing, separation, the production of metals and alloys, and the 

manufacture of final products. By contrast, the United States, Australia, Myanmar, Vietnam, and 

other countries have production capacities and commercial development at only certain stages of the 

value chain. However, China’s leadership comes with a number of inherent challenges related to 

resource base development. Scientific research in recent years has focused on addressing issues such 

as resource depletion and intensified production, which requires the development of new, more tech-

nologically complex deposits. The imbalance in the distribution of heavy and light rare earth ele-

ments, the structural deficit of heavy elements accompanied by an excess of light elements, and the 

environmental consequences necessitate the development of environmentally friendly mining opera-

tions, land reclamation practices, and waste recycling methods [7-9]. 

In Russia, the rare earth supply chain is limited to ore extraction and the production of rare earth 

metal concentrates, which are subsequently exported. REM consumed domestically are, in turn, largely 

imported from China5. This contradiction, combined with Russia’s substantial resource endowment, 

raises concerns regarding the country’s technological sovereignty, considering that governments 

worldwide have paid increased attention to REM supply chains since 2023. Amid intensifying inter-

national competition, REM have gained growing recognition as critical materials for the aerospace, 

defense, electric vehicles, and other sectors. Western countries, particularly the United States, have 

significantly intensified their focus on REM production cycles by introducing policy measures and 

legislation aimed at securing domestic supply, while simultaneously expanding their global influence. 

In this context, the strengthening of Sino-Russian relations plays a crucial role in enhancing the com-

petitive positions of both countries on the global stage, with the Arctic serving as a connecting plat-

form, partly due to the increasing interest in the region from other nations [10, 11].  

Ongoing geopolitical shifts are reshaping traditional trade routes and necessitating the search for 

new avenues of cooperation. Accordingly, a strategic partnership between Russia and China may 

represent a response to the challenges associated with diversifying supply chains and identifying new 

markets [12]. For Russia, the tightening of Western sanctions underscores the need to strengthen ties 

                                                      
2 Zhiyan Consulting: Analytical Report on the Current Performance and Development Trends in the Chinese Rare Earth Industry 

in 2023 (in Chinese). URL: https://www.chyxx.com/industry/1137248.html (accessed 28.04.2025). 
3 Mineral Commodity Summaries 2024. U.S. Geological Survey, 2024, p. 212. DOI: 10.3133/mcs2024 
4 Huibo Smart Investment Research: In-Depth Analysis of the Rare Earth Industry: Supply-Demand Balance and Market Land-

scape (in Chinese). URL: https://www.hibor.com.cn/data/ec51894e6abe55ca5187ab4bf54bd162.html (accessed 28.04.2025). 
5 State Report on the Status and Use of Russian Mineral Resources in 2023. Moscow: Rosnedra, 2024, p. 710 (in Russian). 

https://www.chyxx.com/industry/1137248.html
https://doi.org/10.3133/mcs2024
https://www.hibor.com.cn/data/ec51894e6abe55ca5187ab4bf54bd162.html
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with new partners, while for China, the introduction of new tariffs by the U.S. presidential administra-

tion amid the trade war has imposed additional economic conditions. Cooperation between the two 

countries should therefore focus on strategically important sectors of the economy and be based on 

mutually beneficial terms. By strengthening their positions through joint initiatives and projects, Rus-

sia and China can create a stable foundation for long-term economic development. 

The purpose of this study is to substantiate optimal forms for implementing Sino-Russian tech-

nological partnerships in strategically important economic sectors, using the rare earth industry as a 

case study. The research objectives are as follows:  

• to analyze the state of Russia’s rare earth mineral resource base and assess the structure of key 

Arctic deposits;  

• to identify potential sites for international cooperation;  

• to compare the consumer markets of Russia and China, as well as development forecasts, in 

order to identify common features and fundamental differences; 

• to develop and compare options for long-term technological cooperation between the two coun-

tries in the rare earth industry; 

• to determine the most effective forms of cooperation based on the principle of maximum 

benefits with minimum risks for both parties.  

Literature review 

Issues related to the development of the mineral resource base, particularly in the Russian Arctic, 

remain highly relevant in contemporary scientific literature [13-15]. General challenges associated 

with supplying Russian industry with critical minerals, including REM, are discussed in [16]. It is 

noted that, in recent years, the mineral resource base of critical metals in Russia has exhibited positive 

growth, although many complex ore deposits remain undeveloped. According to [17-19], the main 

obstacles hindering the development of the rare earth industry in Russia include the lack of technologies 

for separating rare earth oxides and producing metals and alloys, the negative environmental impact 

of mining and processing, the generally low quality of raw materials, logistical inaccessibility  

of deposits, especially in the Arctic, high barriers to entering global markets, heavy reliance on im-

ports, limited domestic demand for rare earth metals, insufficient regulatory and industry support 

mechanisms, the capital-intensive nature of projects, and geopolitical tensions. Nevertheless, several 

studies [1, 2] indicate promising prospects for the development of the Russian rare earth industry in 

response to growing domestic and global demand.  

The works [20, 21] examine the geological characteristics of specific rare earth deposits in the 

Murmansk Region, estimate reserve values, provide data on elemental composition, and consider 

processing technologies, as well as the potential for further development of the rare earth industry in 

the region. Other studies [22, 23] focus on the development and processing of complex ores at the 

Tomtor deposit in the Sakha Republic, including data on the granulometric, mineral, and chemical 

composition of the ores. However, Russian scientific literature still lacks comprehensive ap-

proaches for assessing the reserve structure of Arctic rare earth deposits, identifying the most and 

least abundant elements, and comparing resource availability with market potential, including in 

the context of increasing exports.  

Certain aspects of the development of Chinese rare earth metal deposits are addressed in [7, 24, 25], 

highlighting issues such as resource depletion and the uneven distribution of heavy and light elements 

within deposit reserves. Studies examining the development of Russia’s mineral resources sector as 

a whole [26, 27] note that it currently faces significant global geopolitical and climatic challenges, 

requiring alternative strategies for industry development. 
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The issues surrounding the implementation of a Sino-Russian partnership in the rare earth industry 

have been insufficiently addressed in the scientific literature. Existing studies examine technological 

cooperation between the two countries in related sectors, such as fuel and energy. For example, the 

joint Yamal LNG project has provided China with a new trade route and strengthened its role in 

Arctic infrastructure development, while allowing Russia to attract investment for accelerated re-

gional development and to acquire critical technologies amid tightening European sanctions and 

the withdrawal of several companies from the Russian market [10]. Another example of successful 

energy cooperation is the Power of Siberia project, which opens new prospects for ensuring energy 

security and economic development for both countries [12], while also reinforcing their positions on 

the global stage and maintaining strategic balance [28]. However, these studies focus mainly on the 

mutual benefits of cooperation and generally identify risks only for Russia. Moreover, they do not 

analyze forms of Sino-Russian partnership in strategic sectors from the perspective of optimality for 

both parties.  

The experience of previously implemented initiatives can serve as a basis for refining the forms 

of Sino-Russian technological partnership in new areas. The scientific hypothesis of this study is as 

follows: the implementation of a Sino-Russian partnership in the Arctic rare earth industry, based on 

a comprehensive assessment of reserve structure and market potential, will be optimal and mutually 

beneficial if it considers the complementarity of resources and technologies and provides specific 

benefits while minimizing risks for both partners. The scientific novelty of the study lies in its com-

prehensive assessment of Arctic rare earth metal deposits, review of possible forms of Sino-Russian 

partnership in the rare earth industry, and the development of optimal partnership models that account 

for both benefits and risks for the involved parties. 

Methods 

The study employs an empirical-theoretical approach (Fig.1). The research methodology primar-

ily relies on qualitative methods, supplemented by quantitative data. The theoretical framework in-

corporates the following methods: analysis of relevant scientific literature, general scientific tech-

niques such as analysis, synthesis, comparison, analogy, and conceptual modeling. Comparative ana-

lysis serves as a core method throughout the study. It is applied to examine and contrast the structure 

and volume of rare earth metal reserves at Russian deposits, the production cycles in Russia and 

China, the composition of consumer demand for rare earth metals in both countries, and various forms 

and examples of international partnerships. The analogy method is used to draw insights from suc-

cessful Sino-Russian projects in the fuel and energy sector, such as the Yamal LNG project, the Power 

of Siberia project, and the joint venture Razrezugol LLC, all of which are implemented in the Russian 

Arctic. These projects are analyzed and compared based on criteria including process segmentation 

(investment activities, resource extraction, infrastructure development, provision of equipment and 

technology, etc.) and the resulting benefits and risks for both parties. Conceptual modeling involves 

designing a descriptive organizational and economic framework for international partnerships, iden-

tifying potential targets for implementation, and developing optimal partnership models based on the 

principle of maximum benefits and minimum risks. 

The primary empirical method employed is statistical analysis, which involves the collection and 

examination of secondary empirical data from a wide range of sources, including official reserve 

statistics, industry reports and analytical reviews, regulatory documents, and prior research conducted 

by the authors. 

The object of the study is the rare earth industry, while the subject is the economic and managerial 

relationships arising from the implementation of a Sino-Russian partnership in the industry, exempli-

fied by the development of Arctic rare earth deposits. 
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Results and discussion 

An analysis of Russian rare earth metal reserves 

Currently, Russia has approximately ten rare earth metal deposits6, with total reserves of around 

30 million t in categories A, B, C1, and C2 (Fig.2). Reserves in categories A, B, and C1 alone amount 

to roughly 10 million t, positioning Russia as one of the world leaders in rare earth metal reserves 

(fourth after China, Vietnam, and Brazil)7. Approximately two-thirds of these reserves are concen-

trated in deposits located in the Russian Arctic, including the Murmansk Region and the Sakha 

Republic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                      
6 State Report on the Status and Use of Russian Mineral Resources in 2023. Moscow: Rosnedra, 2024, p. 710. (in Russian). 
7 U.S. Geological Survey: Mineral Commodity Summaries 2024. URL: https://pubs.usgs.gov/publication/mcs2024 (аccessed 

01.03.2025). 
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The largest REM reserves are found in deposits within Murmansk Region, such as the Lovozer-

skoye deposit and the Khibiny group (Kukisvumchorr, Yukspor, Apatitovy Tsirk, Rasvumchorr 

Plateau, Koashva, Nyorkpahk, and others). Currently, rare earth production in Russia is limited to 

the Lovozerskoye deposit, which produces approximately 2700 t of metals annually, over 90 % of 

which are exported as carbonates8. Promising deposits such as Tomtor, Zashikhinskoye, and 

Yaregskoye are being prepared for development. It is important to note that these deposits are 

polymetallic and contain other valuable components. For example, the Khibiny deposits primarily 

produce apatite-nepheline ores and also contains aluminum and titanium reserves. The Yaregskoye 

deposit is notable as the world’s only source of ultra-high-viscosity oil produced by underground 

mining and is currently being prepared for the extraction of titanium and other metals, including 

rare earth elements. The Tomtor and Zashikhinskoye deposits also contain niobium, zirconium, and 

uranium [18, 19, 22].  

Rare earth metals comprise 17 elements from both light and heavy groups. The light group 

includes lanthanum, cerium, praseodymium, neodymium, promethium, samarium, and europium, 

while the heavy group includes gadolinium, terbium, dysprosium, holmium, erbium, thulium,  

ytterbium, lutetium, and yttrium [5]. Scandium is the seventeenth element, which does not belong 

to either of the two groups.  

Global REM reserves are commonly calculated by converting them into the sum of their trioxides 

(∑TR2O3), which can vary significantly in content. For example, the TR2O3 content in the ore of the 

Tomtor deposit can reach 12 %, one of the highest levels globally, whereas the average content in 

deposits on the Kola Peninsula does not exceed 1 %8. By comparison, at the world’s largest deposit, 

Bayan Obo in Inner Mongolia, China (with reserves exceeding 36 million t, more than 80 % of 

China’s total), the average TR2O3 content is 3-5 %8. In Russia, REM oxides are not produced. The 

production cycle ends at the production of carbonates obtained from loparite concentrate at 

Solikamsk Magnesium Plant, which are subsequently exported. The full REM production cycle is 

illustrated in Fig.3. 

In Russia, stages from oxide separation to the production of end products are absent. These stages 

generate the highest added value. Consequently, Russia exports more REM than it imports in bulk, 

but imports exceed exports in monetary terms. The main importers of Russian REM are China and 

EU countries, where metallurgical processing separates REM oxides and produces metals and alloys 

for high-tech products with significant added value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                      
8 State Report on the Status and Use of Russian Mineral Resources in 2023. Moscow: Rosnedra, 2024, p. 710 (in Russian). 
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The global REM market faces a so-called “balance problem” [5, 17]: an oversupply of light 

metals and a corresponding shortage of heavy metals, due to the complexity and heterogeneous com-

position of the ores. Isolating individual elements requires specific separation technologies for each 

REM. Furthermore, while some metals, such as lanthanum and cerium, are abundant, high-tech in-

dustries generate significant demand for heavy elements such as dysprosium and yttrium, and other 

heavy elements, which are essential for advanced technologies in defense, aviation and aerospace 

engineering, and other sectors. Consequently, the oversupply of certain REM leads to a decrease in 

their prices, while scarcity of others drives price increases.  

Russian deposits contain reserves of both light and scarce heavy REM, although their composi-

tion can vary considerably. Table 1 presents the results of an analysis of the reserve structure of key 

Arctic deposits: Lovozerskoye (loparite and eudialyte), the Khibiny group, and Tomtor. 

 
Table 1 

Light and heavy REM content, thousand t [20, 21, 29, 30] 

Deposit 
Light REM Heavy REM 

La Ce Nd Pr Sm Eu Y Tb Gd Dy Er Yb 

Lovozerskoye (loparite) + 

9.6 

+ 

15.7 

+ 

2.9 

+ 

0.9 

– – – – – – – – 

REM total 29 – 

Lovozerskoye (eudialyte) + 

283.1 

+ 

684.1 

+ 

330.3 

+ 

94.4 

+ 

99.1 

+ 

22.2 

+ 

542.6 

+ 

21.2 

+ 

59 

+ 

80.2 

+ 

47.2 

+ 

44.8 

REM total 1 513   795 

Khibiny group + 

3058.2 

+ 

5213.7 

+ 

1704 

+ 

462.7 

+ 

259.6 

+ 

79 

+ 

22.6 

+ 

33.9 

+ 

214.4 

+ 

101.6 

+ 

45.1 

+ 

45.1 

REM total 10777.2 462.7 

Tomtor + 

754 

+ 

1380 

+ 

541 

+ 

134 

+ 

80 

+ 

26 

+ 

206 

+ 

8 

+ 

54 

+ 

27 

+ 

18 

– 

REM total 2915 313 

Total by element 4104.9 7293.5 2578.2 692.2 438.7 127.2 771.2 63.1 327.4 208.8 110.3 89.9 

REM total 15234.7 1570.7 

 
As can be seen from Table 1, the only currently developed deposit, Lovozerskoye (loparite), con-

tains reserves of light REM, such as cerium, lanthanum, neodymium, and praseodymium. These ele-

ments are also abundant in the Khibiny group and the Tomtor deposit, which, in addition, contain heavy 

metals that account for the largest share of their reserves (approximately 10 % of the total). Among the 

deposits considered, the Khibiny group holds the largest total REM reserves. Total reserves of light 

metals exceed 10 million t, while heavy metals amount to approximately 460 thousand t; by compari-

son, the Tomtor deposit, with reserves three times smaller, contains about 310 thousand t of heavy 

elements. The Tomtor deposit stands out with the highest REM content among the deposits examined, 

reaching up to 12 %. This represents a significant competitive advantage, as low concentrations of use-

ful components in ore reduce extraction profitability and can render the development of certain reserves 

economically unfeasible. Figure 4 illustrates the distribution of REM reserves across the examined 

deposits, ranked from most to least abundant.  

Analysis of the reserve structure of the three Arctic deposits indicates that light REM are more 

abundant than heavy REM. Cerium is the most prevalent element, comprising over 40 % of total 

reserves. Among heavy elements, gadolinium is the most abundant and terbium the scarcest. The 

Tomtor deposit in the Sakha Republic stands out due to its significant reserves. The presence of scarce  

 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 119-135  

© Aleksei E. Cherepovitsyn, Irina P. Dorozhkina, Kou Jingna, 2026 

  

126 

This is an open access article under the CC BY 4.0 license 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

heavy elements, along with unique concentrations of useful components, is expected to boost extrac-

tion profitability and improve the KPIs of potential projects. These factors justify selecting this de-

posit as a potential candidate for certain forms of Sino-Russian technological partnership. 

Assessment of rare earth metal applications in industry: comparison of Russian and Chinese 

consumer markets 

The creation of a full production cycle for rare earth metals and their derived products must be 

supported by corresponding industrial demand. REM are used across a wide range of high-tech sec-

tors, with each element having specific applications. Table 2 summarizes the primary uses of REM. 

 
Table 2 

REM applications [31-34] 

REM Application 

Lanthanum Automotive catalysts, cracking catalysts, metallurgy, hybrid engines, glass industry, polishing powders,  
batteries, luminophores, optics, lasers, nuclear technology 

Cerium Automotive catalysts, cracking catalysts, metallurgy, glass industry, polishing powders, batteries, luminophores, 
textile industry 

Praseodymium Magnets, automotive catalysts, metallurgy, glass industry, polishing powders, batteries 

Neodymium Magnets, catalysts, metallurgy, glass industry, batteries, electronics, lasers, hybrid engines 

Yttrium Luminophores, glass industry, optics, lasers, ceramics, metallurgy, aerospace, nuclear technology 

Gadolinium Magnets, luminophores, optics, lasers, X-ray technology 

Terbium Magnets, luminophores, X-ray technology 

Dysprosium Magnets, catalysts, nuclear power, hybrid engines 

Samarium Batteries, computers, measuring instruments, magnets 

Europium Luminophores, nuclear power 

Promethium Nuclear power, measuring instruments 

Holmium Glass industry, lasers 

Erbium Luminophores 

Thulium X-ray technology  

Ytterbium Lasers, metallurgy 

Lutetium Cracking catalysts 

Scandium Metallurgy, aviation, aerospace engineering, automotive engines 
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According to Table 2, lanthanum, cerium, praseodymium, neodymium, and yttrium are in highest 

demand. Praseodymium and neodymium are particularly important for permanent magnets, which 

are widely used in wind turbines. Globally, magnet production accounts for roughly 42 % of REM 

demand9. In China, which is the global leader in wind energy, REM consumption is strongly corre-

lated with the growth of wind power capacity [6]. Several REM are also used in solar photovoltaic 

devices due to their fluorescent properties10. Accordingly, the green energy sector is expected to drive 

the most significant growth in REM demand worldwide in the near future. 

Lanthanum and cerium are primarily used in catalysts and in battery production, which in turn 

supports electric vehicles and other forms of transport. Electric vehicle production in China has in-

creased 20-fold over the past decade, driving substantial growth in demand for these metals11. Con-

sequently, global and Chinese demand for REM is closely tied to the expansion of high-tech sectors. 

Yttrium, a scarce rare earth element of the heavy group, is used in metallurgy as an alloy additive, 

for example in high-strength steel and cast iron. While its applications are less widespread than for 

permanent magnets, the inclusion of yttrium can improve the quality and durability of finished prod-

ucts, particularly in metallurgical applications.  

REM consumption in Russia remains limited, with the petrochemical and oil refining sector 

accounting for roughly 70 %, metallurgy about 10 %, the nuclear industry, and others making up 

the remainder. Annual consumption is approximately 1.2 thousand t, and this figure has remained 

largely unchanged12. Previous studies by the authors [6, 31] indicate that medium-term growth in 

domestic demand will primarily be driven by emerging sectors, such as electric vehicles and green 

energy, alongside increased usage in traditional industries such as metallurgy and petrochemicals. 

Forecasts suggest that by 2030, Russian REM consumption could reach 2.3 thousand t, nearly double 

the current level, with neodymium being the most widely consumed element (Fig.5). 

In the medium term, light REM are expected to be the most sought-after in the Russian con-

sumer market. Among these, neodymium, which is used in magnets, batteries, and other high-tech 

applications, will likely experience the highest demand,  followed by  lanthanum, which is  widely  

 

 

 

 

 

 

 

 

 

 

 

 

                                                      
9 Demand for rare earth oxides worldwide in 2019 and 2025 by end use. URL: https://www.statista.com/statis-

tics/449722/rare-earth-estimated-demand-globally-by-application (accessed 16.09.2025). 
10 Zhiyan Consulting: Analytical Report on the Current Performance and Development Trends in the Chinese Rare Earth 

Industry in 2023 (in Chinese). URL: https://www.chyxx.com/research/yejin/list_6.html (accessed 28.04.2025). 
11 Electric vehicles – China. URL: https://www.statista.com/outlook/mmo/electric-vehicles/china#unit-sales (accessed 

16.09.2025). 
12 State Report on the Status and Use of Russian Mineral Resources in 2023. Moscow: Rosnedra, 2024, p. 710 (in Russian).  
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Fig.5. REM consumption in Russia: forecast for 2030 based on [6] 
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employed in metallurgy, petrochemicals, and oil refining. The projected consumption of heavy REM, 

including dysprosium, is expected to remain significantly lower than that of light REM. However, 

heavy metals are used in nuclear power, X-ray imaging, and the military sector. Should growth in 

these sectors accelerate, total demand for REM in Russia could increase further. Given current and 

potential future demand, self-sufficiency in domestic reserves would allow Russia to satisfy internal 

needs over many years while exporting a portion of production with a focus on the Chinese market. 

In this context, global supply must also continue to meet worldwide demand.  

China currently consumes over 170 thousand t of REM annually13, with the largest share (over 

40 %) used in the production of magnetic materials. The structure of Chinese REM demand closely 

mirrors global trends, encompassing metallurgy and instrument manufacturing, petrochemicals and 

oil refining, ceramics, hydrogen storage materials, luminophores, polishing powders, catalysts, and 

other sectors. Future growth in Chinese demand will be driven by several key factors14:  

• Continuing growth in demand for electric vehicles and other types of transport and their im-

provement. China’s market for new vehicles is experiencing rapid growth, supported by government 

policies that sustain high consumer demand. REM are essential in electric vehicles for motors, power 

steering, and other key components. Lithium batteries and automotive exhaust catalysts also contain 

REM [35]. Their compact size, light weight, and high performance provide significant advantages, 

and ongoing technological improvements in both vehicle production and REM materials drive indus-

try growth.  

• Advancements in robotics and digital technologies. Robots are used across sectors including 

automotive, electronics, and household appliances. China has established a full production cycle, 

from key components to industrial robots and integrated robotic systems. Advances in core tech-

nologies, research and development, and mass production capacity continue to expand. In this 

context, REM are primarily used in robotic server systems and greatly enhance their operational 

speed. 

• Growth in wind energy capacity. China’s carbon neutrality and energy transition policies pro-

mote the expansion of wind power [36]. Consequently, demand for REM-based magnets is expected 

to increase. Recent improvements in semi-direct drive permanent magnet generators, which use less 

magnetic material than direct-drive systems, may result in lower growth rates of REE magnet demand 

compared to previous projections. 

• Increased production of inverter air conditioners, energy-efficient elevators, and household elec-

tronics. New energy efficiency standards have boosted the adoption of high-performance inverter air 

conditioners, which rely on efficient permanent REM-magnets. REM are also used in energy-saving 

elevator traction systems, which benefit from their small size, high efficiency, and wear resistance. 

Neodymium magnets are further applied in speakers, smartphones, wireless headphones, tablets, PC, 

wearable devices, and wireless chargers. Combined with growth in artificial intelligence and related 

technologies, this trend is expected to sustain gradual increases in REM demand, particularly for per-

manent magnet applications. 

 

                                                      
13 Zhiyan Consulting: Analytical Report on the Current Performance and Development Trends in the Chinese Rare Earth Industry 

in 2023 (in Chinese). URL: https://www.chyxx.com/research/yejin/list_6.html (accessed 28.04.2025). 
14 Huibo Smart Investment Research: In-Depth Analysis of the Rare Earth Industry: Supply–Demand Balance and Market Land-

scape (in Chinese). URL: https://www.hibor.com.cn/data/ec51894e6abe55ca5187ab4bf54bd162.html (accessed 28.04.2025). 

https://www.chyxx.com/research/yejin/list_6.html
https://www.hibor.com.cn/data/ec51894e6abe55ca5187ab4bf54bd162.html
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Overall, REM demand is projected to rise in both Russia and China in the medium term. China 

seeks to secure additional resources to satisfy growing domestic and global demand, while Russia 

requires technology and investment to establish closed-loop production cycles. In this context, it is 

essential to identify strategic sectors where Sino-Russian technological partnerships could be mu-

tually beneficial, including in new, promising regions such as the Arctic. The benefits and risks for 

each country must be evaluated, and the most optimal forms of collaboration determined, using rare 

earth production as a case study. 

Forms of сooperation between Russia and China in the сontext of the rare earth industry 

To identify potential forms of international cooperation, it is necessary to consider the legal 

framework. Table 3 presents the types of partnerships regulated by relevant legislation, including the 

Civil Code of the Russian Federation. 

Among these, consortia and joint ventures are the most promising forms for the REM industry, 

as they can facilitate joint deposit development and the creation of processing facilities. Cross-border 

clusters, which focus on supply chain integration, may become relevant in later stages of cooperation, 

provided that relevant companies exist in the bordering regions. Other forms, such as research con-

sortia and special investment contracts, primarily support technological development and infra-

structure construction, which have already been applied in Russia. One of the key conditions for 

cooperation in the REM sector, however, is that it must be optimal for and bring benefits to both 

parties.  
 

Table 3 

Forms of international cooperation15 

Cooperation 

form 
Participants Validity period Features 

Application potential  

in the REM industry 

Consortium Temporary merger of com-
panies without forming  
a legal entity 

Project deadline Flexible structure, contractual  
liability, no need to create a  
legal entity 

Establishment of processing  
industries, joint development of 
deposits 

Joint venture Russian and international  
legal entities and indivi-
duals 

Indefinitely  
(according to the 
charter) 

Restrictions regarding strategic 
industries, the possibility of 
government control; the need to 
create a legal entity 

Establishment of processing  
industries, joint development of 
deposits 

Concession  
agreement 
with 
international 
participation 

The government and inter-
national investors 

Established by 
agreement 

The investor receives the right 
to operate the facility (usually 
infrastructure), whereas the 
government retains ownership 

Infrastructure development  

Special  
investment 
contract 
(SPIC) 

The government and  
Russian/international in-
vestors 

Up to 15-20 
years (validity 
period may be 
extended) 

Mandatory localization: prefe-
rential terms are provided to  
investors in exchange for loca-
lization of production 

Establishment of high-tech REM-
based production, development 
of new technologies 

Research 
consortium 

Research organizations, 
universities, corporations 

3-10 years on 
average  

Joint research and development 
activities, the possibility of re-
ceiving government support, joint 
use of results 

Development of technologies for 
the extraction and processing of 
rare earth metals, creation of new 
materials 

Cross-border 
clusters 

Businesses operating in 
bordering regions 

Long term Association of businesses opera-
ting in bordering regions,   
production cycles coordination, 
special economic regimes 

Establishment of logistics chains 
for rare earth metals 

 

                                                      
15 Civil Code of the Russian Federation (Part One) N 51-FZ of November 30, 1994 (as amended on July 29, 2017); 

    Federal Law N 115-FZ “On Concession Agreements” of July 21, 2005 (as amended on November 30, 2024); 

    Federal Law N 160-FZ “On Foreign Investments in the Russian Federation” of July 9, 1999. 
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As for concession agreements, they are typically used in infrastructure projects. A notable example 

of this type of cooperation between Russia and China is the Amur River bridge project16. 

Currently, there are no examples of Sino-Russian cooperation in REM extraction and processing. 

Unlike other strategic sectors, such as energy, the REM industry remains largely untapped in terms 

of Sino-Russian partnership potential (Table 4). 

One of the most well-known examples of successful cooperation is the Yamal LNG project. 

Implemented in the Yamalo-Nenets Autonomous Region, the project’s investors include Novatek 

(Russia), CNPC (China), and the Silk Road Fund. Its significance for Russia lies not only in gaining 

access to technologies adapted to harsh Arctic conditions but also in providing a route to Asian 

markets amid restricted access to Western resources [10]. Within the project, China contributed  

financing (both direct and credit investments), technology, and equipment, including LNG tankers, 

gas liquefaction modules. For China, the project provided increased energy supplies, a new trade 

route, and a stronger position in Arctic infrastructure development.  

Another example is the Power of Siberia gas pipeline project, which serves as a channel for 

Russian gas supplies to China and other Asian countries while linking Russia’s domestic gas trans-

portation systems. The project was designed to reduce Russia’s dependence on European gas markets 

amid geopolitical tensions and to access rapidly growing Asian markets. For China, it represents a 

new energy source that complements domestic production and is cheaper than LNG delivered by 

tankers. The benefits are mutual: for China, the project expands influence in Russian energy markets, 

mitigates energy risks from the United States and allies, supports internationalization of the yuan, and 

reduces legal risks via investment in Russia [12]. For Russia, the pipeline guarantees sales, generates 

revenue, and creates jobs. However, reliance solely on raw materials cooperation poses a risk to Rus-

sia’s manufacturing industry. Moreover, China maintains long-term contracts for pipeline gas from 

Kazakhstan, Uzbekistan, and Turkmenistan (the latter alone accounted for 50 % of China’s natural 

gas imports in 202317) and is pursuing new agreements with Qatar, Australia, and other suppliers, 

which may limit Russia’s market share despite potential increases in supply.  

These examples illustrate the consortium model, which is the most common form of interna-

tional partnership. A joint venture represents a more complex mechanism. Examples of such coope-

ration between Russia and China include Razrezugol LLC, a joint venture established by Russia's 

energy company En+ and China's CHN Energy. The project involves the construction of infrastruc-

ture for a coal deposit in Zabaikalsky Krai, which is currently underway. The deposit is expected to 

reach its full design capacity by the end of 202718; however, the project is already facing financing 

difficulties related to sanction-induced restrictions on international payments. Another example of a 

joint venture is Sakhalin Energy LLC, which, although not a Sino-Russian partnership, previously 

served as the operator of the Sakhalin-2 oil and gas development project. At the time of its establish-

ment, three international companies (Shell, Mitsui, and Mitsubishi) were shareholders, and opera-

tions were conducted under a Production Sharing Agreement with the Russian Federation. In 2007, 

Gazprom became a shareholder. In 2022, however, international partners withdrew from the project 

due to geopolitical factors.  As a result, the original  company was r eplaced by the Russian  entity 

 

                                                      
16 Construction of the first cross-border road bridge across the Amur River between the Russian Federation and China  

(Blagoveshchensk – Heihe) (in Russian). URL: https://www.btsmost.ru/object/blagoveshensk (accessed 16.09.2025). 
17 Energy Institute: Statistical Review of World Energy 2024. URL: https://www.connaissancedesenergies.org/sites/con-

naissancedesenergies.org/files/pdf-actualites/Statistical%20Review%20of%20World%20Energy%202024.pdf (accessed 

18.06.2025). 
18 En+ is investing approximately 50 billion rubles in the largest coal project in Transbaikalia. URL: 

https://enplusgroup.com/ru/media/news/press/en-investiruet-poryadka-50-mlrd-rubley-v-krupneyshiy-ugolnyy-proekt-za-

baykalya/ (accessed 16.09.2025). 

https://www.btsmost.ru/object/blagoveshensk
https://www.connaissancedesenergies.org/sites/connaissancedesenergies.org/files/pdf-actualites/Statistical%20Review%20of%20World%20Energy%202024.pdf
https://www.connaissancedesenergies.org/sites/connaissancedesenergies.org/files/pdf-actualites/Statistical%20Review%20of%20World%20Energy%202024.pdf
https://enplusgroup.com/ru/media/news/press/en-investiruet-poryadka-50-mlrd-rubley-v-krupneyshiy-ugolnyy-proekt-zabaykalya/
https://enplusgroup.com/ru/media/news/press/en-investiruet-poryadka-50-mlrd-rubley-v-krupneyshiy-ugolnyy-proekt-zabaykalya/
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Sakhalin Energy LLC19. The reviewed forms of Sino-Russian partnership, along with their associated 

benefits and risks, are summarized in Table 4. 

Among the forms of technological cooperation considered, a consortium-based joint project ap-

pears to be the most optimal option for both Russia and China. This format allows Russia to attract 

investment, advanced technologies, and equipment required for Arctic development, while providing 

China with access to new sources of raw materials. Such cooperation is expected to yield long-term 

benefits for both parties: upon completion of the project, Russia will retain the technologies necessary 

to establish full production cycles in the rare earth industry, while China will secure new strategic 

trade routes, particularly via the Northern Sea Route, and strengthen its presence in the Arctic Region. 

Compared with other forms of cooperation, such as joint ventures, a consortium is a more flexible 

arrangement implemented within a defined timeframe, which helps mitigate pricing, market, and 

long-term geopolitical risks. Moreover, joint ventures require the establishment of a legal entity, 

creating additional risks for Russia: in the event of a partner’s withdrawal, the company must  

undergo rapid restructuring. For China, participation in a joint venture must be justified not only 

by current demand but also by long-term strategic needs, which are inherently difficult to forecast. 

Overall, the risks associated with consortium-based cooperation are significantly lower than those 

of joint ventures, which, as past experience demonstrates, are more vulnerable to shifts in market 

conditions, geopolitical dynamics, and other conditions due to their organizational and economic 

features.  

Conclusion 

Russia currently lags behind China, which has established full production cycles for rare-earth 

metal products used in electronics, robotics, electric vehicle, renewable energy, and other industries. 

In Russia, these sectors are either underdeveloped or at an early stage of formation. However, the 

development of the mineral resource base represents a key area where the strategic interests of Russia 

and China converge. The Arctic Region possesses substantial potential for the development of its 

mineral resources and the expansion of new trade routes, making it an area of growing interest for 

multiple nations. The unique reserves of the Tomtor deposit could serve as a foundation for the ad-

vancement of Sino-Russian cooperation in the Arctic. Russia’s resource potential enables it to meet 

both domestic and international demand, which is of particular interest to China amid sustained 

growth in global REM consumption.  

This study of Sino-Russian partnership in the Arctic, using the REM industry as a case study, 

has yielded results with both scientific and practical relevance for strategic economic sectors. Among 

the cooperation models examined, a consortium-based partnership, similar to the Yamal LNG and 

Power of Siberia projects, emerges as the most promising. This format allows Russia to attract in-

vestment and technology, while enabling China to secure access to new sources of raw materials and 

enhance its strategic position in the Arctic. Alternative formats, such as joint ventures, are less ad-

vantageous for Russia and entail additional risks for China. Other forms of cooperation, including 

research consortia, cross-border clusters, and concession agreements, are not optimal at the current 

stage for either of the two parties but may be applied at later phases of technological partnership.  

The findings of this research may be used at the national level to inform strategies for the deve- 

lopment of the REM industry and other strategic segments of the mineral resources sector, strengthen 

international cooperation between Russia and China, and support businesses planning investment 

projects in the Arctic, including mineral resource development and the establishment of full produc-

tion cycles. Future research may focus on strengthening the economic and geopolitical dimensions of 

the analysis, particularly by examining the impact of international sanctions and trade restrictions on 

                                                      
19 Sakhalin Energy. Company Profile. Overview. URL: https://www.sakhalinenergy.ru/ru/company/overview/ (accessed 

16.09.2025). 

https://www.sakhalinenergy.ru/ru/company/overview/
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Sino-Russian cooperation, as well as exploring opportunities to diversify REM export markets,  

including countries in Asia and the Middle East. Additional research may also assess Arctic infra-

structure projects, identifying opportunities for logistics optimization and cost reduction in order to 

generate both qualitative and quantitative insights.  

Overall, Sino-Russian partnership in the Arctic has significant potential to strengthen the global 

positions of both countries in the REM market. The successful implementation of joint projects, in-

cluding the development of Arctic deposits, could become a key driver of technological and economic 

growth. However, achieving maximum impact requires careful consideration not only of economic 

benefits, but also of environmental, social, and geopolitical risks. Continued research in this area will 

contribute to a deeper understanding of the opportunities and challenges associated with Arctic re-

source development. 
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Abstract 
Study of fracture mechanics in heterogeneous rocks, including crack initiation and propagation, has practical applica-

tions for geocontrol and identification of fracture zones in hydrocarbon well extraction. The features of microcrack 

zone formation depending on the type of rock heterogeneity under triaxial stress state conditions are considered. The 

research was conducted using an MTS 815 servo-hydraulic testing frame integrated with a Milne DAQ acoustic emis-

sion system (Itasca International Company, UK). The paper presents the fracture results of samples of various lithological 

types manufactured from cores of post-magmatic rocks. Fine-grained samples with gneissic and banded textures, as 

well as a coarse-grained sample with massive texture, were tested. During the tests, acoustic emission (AE) was  

recorded using 12 piezoceramic sensors. To describe the geometry of the fracture zone, the coordinates of AE event 

hypocenters were calculated, then the configuration of hypocenters distribution was analyzed using a tomography pro-

cedure (layer-by-layer construction of AE event density maps), and the angles β between the direction of the mac-

rocrack and the axial stress σ1 were determined. To interpret the failure evolution, trends of the b-factor and AE activity 

were calculated, the intervals of critical behavior of which were correlated with the localization and tomography data. 

After testing the samples, the types of their deformation and the mechanism of destruction with the phenomenon of 

dilatation were revealed. It is established that for the considered types of sample inhomogeneities, various microcrack 

structures are formed under the same volumetric loading conditions. In fine-grained rock of gneissic texture, a linear 

distribution of AE hypocenters is formed, indicating the formation of microcracks along the direction of layering. For 

the fine-grained rock with banded texture, the hypocenter distribution is characterized by the formation of distinct 

clusters, reflecting areas of the most intensive fracturing. In the coarse-grained massive texture sample, a volumetric 

distribution of hypocenters is observed, manifesting dilatancy properties and the formation of an extensive microcrack 

network. 
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Introduction 
The advancement of fracture mechanics and the identification of open fracturing in rocks of 

varying lithological types and structures, based on laboratory methods for determining fracture system 
parameters that affect the productivity of oil and gas as well as geothermal reservoirs, is a relevant 
research direction with practical significance for enhancing the efficiency of well-based hydrocarbon 
production [1, 2]. Alongside the determination of the physical and mechanical properties of rocks, it is 
necessary to investigate the structural and textural features of rock masses and their influence on fluid 
saturation in well placement areas. To increase the efficiency of oil and gas wells in the hydrocarbon 
production, a comprehensive assessment of the properties of the formation is carried out, including 
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the determination of natural fracturing of the formation, tectonic disturbances, and core studies are 
also carried out [3, 4]. It is noted in [5, 6] that the main indicators of reservoir fluid saturation are 
karst formation, zones of cracks and fault zones. The permeability of fractured reservoirs depends 
most on the orientation of the fracture systems and disturbances relative to the main stresses [7]. To 
clarify the reservoir properties of the deposit, the structure of the distribution of lithotypes by reservoir 
volume is analyzed [8]. 

During deep drilling [9, 10], it is necessary to take into account not only the effect of increasing 
the strength of rocks by increasing the all-round pressure, but also the orientation of the inhomoge-
neities with respect to the maximum main stress. It was shown in [11-13] that the heterogeneous 
structure of arock mass has a significant effect on its mechanical characteristics, in particular, on 
strength limit. Process modeling has established that during virtual compression, the maximum devia-
tion of strength values from the average reaches 60 % when the angle of inclination of the system of 
inhomogeneities in the form of cracks changes relative to the horizontal plane from 0 to 75°. 

The experimental study of the physical and mechanical properties of rocks and their degree of frac-
turing is carried out using laboratory testing methods involving extensometers and servo-controlled  
testing machines [14-16]. To investigate the influence of the heterogeneous rock structure on strength 
characteristics, numerical modeling methods based on discrete grain-based elements (GBM) are being 
developed [17, 18]. Among laboratory methods, the acoustic emission (AE) technique [19-21] is gaining 
increasing relevance, used for real-time study of the formation and evolution of defect structures, as well 
as the influence of heterogeneities on strain localization under mechanical loading. 

The fracture of solids is accompanied by the formation of an acoustic field caused by the emis-

sion of elastic waves during crack formation [22-24]. The informational content of the acoustic field 

in studying the fracture process implies the existence of unambiguous relationships between the charac-

teristics of the radiation source (a propagating crack), the properties of the object under study (rock), 

and the parameters of the AE [25-27]. Since acoustic emission arises from the rupture of bonds at the 

crack tip, accompanied by the instantaneous release of strain potential energy when the local material 

strength limit is exceeded, the radiated energy depends on the crack size and the magnitude of local 

stress [28]. From the onset of crack initiation to the formation of a macroscopic fracture, the scale of 

the process varies from the destruction of mineral grains in the rock to the coalescence of microcracks 

into a main rupture. The formation of a microcrack zone during brittle fracture triggers the dilatancy 

process [29-31]. 

Research methods 

The study of rock sample behavior under a triaxial stress state was conducted using an MTS 815 

servo-hydraulic testing system integrated with a Milne DAQ acoustic emission system (Itasca Inter-

national Company, UK). The technical specifications of the MTS 815 system allow for the application 

of a confining pressure of up to 80 MPa and an axial load on the sample of up to 4600 kN. The MTS 

815 system comprises a load frame, a triaxial compression chamber, confining and pore pressure 

intensifiers, controllers, and a software package for automatic loading control, as well as for data 

acquisition and processing from the load cell and deformation sensors. The samples were tested under 

a confining pressure of 40 MPa. 

Examples of the fracture of three samples of different lithological types, manufactured from post-

magmatic rock cores, are considered. Figure 1 shows photographs of the samples before testing: two 

fine-grained samples with gneissic (A) and banded (B) textures, and one coarse-grained sample with 

massive texture (C). The gneissose texture of sample A is oriented at an angle of 50-60° to the core 

axis. The banded texture of sample B is defined by heterogeneities aligned with the maximum prin-

cipal stress (at an angle of 0-5° to the sample axis). 

AE signal acquisition was performed by the Milne DAQ data acquisition system in triggered 

mode. The main triggering and recording parameters were controlled via the Milne Leach software 

module: signal sampling frequency – 10 MHz; number of samples per signal – 2048 samples; band-

pass filter for signal processing – 100-1200 kHz; dynamic range – 5 V; trigger threshold per channel – 

80-100 mV. 
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The samples were made in the form of cylinders 125 mm high and 50 mm in diameter. The side 

and end surfaces of the sample were sealed using a rubber shell. 12 acoustic emission sensors were 

installed on the side surface of the sample. The sample was then placed in a three-axis compression 

chamber, in which a lateral pressure of σ3 equal to 40 MPa was created with mineral oil. After that, 

the sample was loaded with an axial load σ1 at a speed of 0.01 mm/min. 

The coordinates of the AE hypocenters and the construction of event density maps were calculated 

using the ASC InSite Seismic Processor software (Itasca International Company. 2019, v 3.15, UK). 

The wave velocities used in calculating the coordinates were measured by ultrasound before testing 

each sample. As a result, for samples A and B, the wave velocities were set in the calculation as  

Vp = 3517 m/s and Vs = 1691 m/s, and for sample C – Vp = 4767 m/s and Vs = 3150 m/s. To determine 

the arrival times of the P-wave for each channel of the AE event, the function of automatically deter-

mining the time of the first entry of the signal, built into the InSite Seismic Processor, was used. 

Figure 1, d shows a general scheme illustrating the process of consolidated rocks destruction 

under conditions of all-round pressure [32]. This model was developed by the authors based on the 

analysis of AE event location data in samples of Westerly granite and analytically described stress 

fields of expanding microcracks [33]. According to the model, the origin of a macrofracture begins 

with the formation of a fracture preparation zone as a result of the unstable interaction of separation 

microcracks in the area of their critical concentration. Stress fields related to shear along the fracture 

enhance the opening of microcracks in the fracture preparation area, thereby transferring the pro-

cess of formation of new microcracks to unstable and making the transition to macrofracture. In 

this case, the rupture spreads in a plane forming an angle β = 20-30° to the axis of maximum com-

pression stress σ1. 

To determine the geometry of the fracture zone, the configuration of the distribution of AE event 

hypocenters was analyzed. The AE event density maps were calculated, the shape of which described 

the fracture structure and estimated the angle β between the direction of the macrofracture and the 

axial stress σ1 (Fig.1, d). To clarify the nature of the fracture, the results of the location were compared 

with the fracture geometry, which was visually revealed by the predominant direction of macroscopic 

cracks on the surface of the tested samples. 

To illustrate the energy of AE events, the magnitude ML values corresponding to the color dia-

grams were displayed on the distributions of their hypocenters. The magnitude was determined using 

а b c d 

А B C 

σ1 

Fracture zone 

β 

σ3 

 Fig.1. Samples before testing: a – fine-grained gneissic texture A; b – fine-grained banded texture B;  
c – coarse-grained massive texture C; d – schematic of rock sample loading and fracture 
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a function built into the InSite Seismic Processor program for each location event as the logarithm of 

the average of the number of sensors, the product of the standard deviation of each event signal by 

the distance between the corresponding sensor and the event source: 

 
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n
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m m
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W d
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n
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where n – the number of AE sensors; dm – the distance between the sensor m and the source; RMS
mW – 

the standard deviation of the signal along the channel m.  

The b-factor and AE activity were used to interpret the fracture evolution. In accordance with 

the Guttenberg – Richter law [34], the b-factor was determined as follows: 

1
2
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N A
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  

where 1
AEN – the number of AE events with an amplitude greater than А1; 

2
AEN – the number of AE 

events with an amplitude greater than  2 2 1A A A .  

The signal values, the maximum of all recorded signals for each AE event, were compared with 

the amplitudes A1 and A2. The b-factor changes in such a way that an increase in the number of  

high-amplitude events causes a decrease in the b values for the specified time intervals of a certain 

test. Thus, the b-factor acquires the meaning of the probability of a critical condition of the rock – the 

lower the b value, the more likely the condition is close to brittle fracture. 

When constructing trends of the b-factor and AE activity, the method of a sliding time window 

of variable duration was used, which sequentially moved along the time axis of each test. The  

window duration was chosen in such a way as to ensure sufficient trend resolution, and at the  

same time statistically significant estimates of the b-factor and AE activity. The calculation  

of the b-factor and AE activity was performed using a computer application developed by the  

authors. 

Results 

In order to analyze the structure of the zone of microcracks formed during loading, tomography 

was performed for all samples, which consists in layer-by-layer construction of event density maps. 

The resolution of the density maps, thickness, and orientation of the layers were set in such a way as 

to identify the most characteristic features of the microcrack structure for each sample. 

The event density of sample A was calculated for 2.5 mm thick layers with a resolution of 33×83. 

Figure 2 shows the locations of AE event hypocenters, an event density map, and a photo after testing 

for this sample. It can be seen that the main cluster of events has a linear shape located at an angle  

β = 51° to the axis of the sample (Fig.2, a, upper part of the sample). When comparing the distribution 

of hypocenters of events (Fig.2, a) with the photo of the sample after testing (Fig.2, c), it can be 

concluded that this direction corresponds to the main fracture formed in the form of a macrofracture 

(a light trace on the sample). 

The event density of sample B was calculated for 5 mm thick layers with a resolution of 20×50. 

Figure 3 shows the locations of AE event hypocenters, event density maps, and a sample after  

testing [35]. It can be seen from Fig.3, a that the crack formation structure differs significantly from 

Sample A of the gneissic texture. It is characterized by a volumetric distribution with a tendency to 

localize hypocenters. Using the tomography procedure, two distinct spherical clusters were identified 

at levels differing in height (Fig.3, b, c). At the same time, the macrofracture, as can be seen in Fig.3, d, 
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formed as a rectilinear rupture with an angle β of approximately 21°. This angle lies in the range of 

values predicted in [32] for brittle fracture. 

The event density of sample C was calculated for 2.5 mm thick layers with a resolution of 22×55. 
Figure 4 shows the locations of AE event hypocenters, event density maps, and a sample after testing. 
The distribution of hypocenters is most scattered here (Fig.4, a) compared to the previous samples. 
At the same time, the detailed location results reveal two characteristic clusters with the highest event 
density compared to previous samples (Fig.4, b, c). It can be seen from Fig.4, d that the macro-fracture 
was formed in the form of a smooth curved line. An analysis of the evolution of the fracture process 
over time, the parameters of which are the activity and the AE b-factor, showed that this macrofracture 

а b c 
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833 Events scaled to location magnitude  
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Fig.2. Analysis of the microcrack zone for a fine-grained sample A of gneissic texture  

(strength limit 467 MPa): a – distribution of AE event hypocenters for the entire test time;  

b – event density map; c – sample after testing 

Fig.3. Analysis of the microcrack zone for a fine-grained sample B of a banded texture  

(strength limit 520 MPa): a – distribution of AE event hypocenters over the entire test period;  

b – event density map revealing the first cluster; c – event density map revealing  

the second cluster; d – sample after testing 

 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 136-145 

© Vladimir L. Trushko, Mikhail D. Ilinov, Aleksandr O. Rozanov, Malik M. Saitgaleev,  

Dmitrii N. Petrov, Daniil A. Karmanskii, Aleksandr A. Selikhov, 2026 

 

141 

This is an open access article under the CC BY 4.0 license 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

curve can be roughly decomposed into two straight lines (Fig.5). These lines are identified sequen-
tially if the hypocenter distributions are plotted separately for the events of the first peak of activity 
corresponding to the interval 4100-5100 s in Fig.6, and for the events of the main peak of activity for 
the interval 9800-10,600 s. 

Thus, according to the distributions of AE hypocenters, a visual assessment was made of the 
prevailing direction of source placement for the stage of the intermediate surge of AE activity and for 
the main peak associated with destruction. The angle of inclination β for the line corresponding to the 
stage of the first peak is 34.6° (see Fig.5, a), and for the line of the second peak – 44.5° (see Fig.5, b). 
One can imagine the development of fracture in such a way that the fracture zone seems to unfold 
counterclockwise over time, this leads to a smooth curvature of the resulting fault line. This kind of 
turn can also be noted on the density maps (see 
Fig.4, b, c) of the distributions of the total number 
of events over the entire test period. Density maps 
correspond to two layers that display the distribu-
tion in different areas of the sample. 

To analyze the process of crack formation 
over time, the activity trends and the AE b-factor 
were calculated. Figure 6 shows the results of cal-
culating the activity and b-factor for sample C in a 
massive texture. Moreover, the activity is plotted 
for all location events recorded during the test, and 
the b-factor is only for the intervals in the area of 
the first and second peaks of activity. Next, the  
average value of the b-factor was calculated for 
these intervals, indicated as a level by the green 
line in Fig.6. This representation of information 
most clearly reveals the signs of uncritical and criti-
cal crack formation processes. The uncritical pro-
cess of macrofracture formation corresponds to the 
stable state of the sample and does not lead to  
catastrophic destruction. In Fig.6, such a formation 
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Fig.4. Analysis of the microcrack zone for coarse-grained sample C of massive texture (strength limit 341 MPa):  

a – distribution of AE event hypocenters for the entire test time; b – event density map, first cluster;  

c – event density map, second cluster; d – sample after testing 

Fig.5. Decomposition of the resulting fault  

for sample B into two predominant directions:  

a – according to the distribution of hypocenters of events  

corresponding to the sample 4463-4767 s on the time axis,  

the area of the first peak of AE activity;  

b – according to the distribution of hypocenters of events  

corresponding to the sample 10,334-10,619 s on the time axis, 

the area of the second peak of AE activity  
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is designated as a sub-fracture. It is characterized by a peak of activity equal to 3.26 N/s and an 
average value of the b-factor in the range of 1.3. The critical process of macrofracture formation 
corresponds to the unstable state of the sample and leads to catastrophic destruction, characterized by 
a maximum value of activity and a sharp stress drop. Here, the peak of activity is 4.98 N/s, and the 
average value of the b-factor in this interval corresponds to 1.1. Thus, criteria of stable and unstable 
state in the process of cracking are identified for this sample. The stable state is characterized by a 
lower peak of activity and a higher average value of the b-factor. At the same time, the crack for-
mation proceeds intensively already at a load of 59 % of the strength limit. In this interval, a sub-
fracture forms at an angle β equal to 34.6° (see Fig.5, a). The unstable state leading to brittle fracture 
is characterized by a large peak of activity and a lower average value of the b-factor. At the same 
time, the fracture angle β increases to 44.5° (see Fig.5, b). 

Discussion of results 

The paper considers the features of microcrack zone formation depending on the type of rock 

heterogeneity. Samples A and B are characterized by textural heterogeneity: sample A has a reticu-

lated structure (gneissic texture oriented at 50-60° to the maximum principal stress), while sample 

B has a banded structure (with banded heterogeneities aligned parallel to the maximum principal 

stress). Sample C is characterized by compositional heterogeneity, related to the uneven distribution 

of grains of different minerals. Using the acoustic emission source location method, it was estab-

lished that these types of heterogeneity form different microcrack structures under identical loading 

conditions. 

The destruction of sample A occurs due to the formation of a macrofracture at an angle of 51° to 

the axis of the sample (see Fig.2), close to the orientation of the gneissic texture. The location procedure 

clearly reveals the linear structure of the hypocenter distribution associated with the macrofracture (see 

Fig.2, a). Tomography revealed two more characteristic linear clusters of hypocenters of lower density 

in the lower part of the sample, located parallel to the main one (see Fig.2, b). It is obvious that they 

also belong to the slip sites formed by layering. Thus, it can be concluded that in sample A, the fracture 

is determined by the layered texture of the rock, which, under given orientation and loading conditions, 

causes a plastic deformation mechanism. 
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The fracture zone in sample B is formed in a completely different way (see Fig.3). Hypocenters 

have a volumetric distribution (see Fig.3, a), but with pronounced clusters (see Fig.3, b, c). Clusters 

are approximately described by a spherical shape. Presumably, the nature of their formation is asso-

ciated with an intensive process of destruction in places of banded inclusions. The fault has the form 

of a strictly diagonal crack forming an angle β equal to 21°. According to the model [32], macrofrac-

ture is characterized as brittle. 

Based on the activity trend (Fig.6) and the complex loading curve for sample C, the process of 

forming the resulting macrofracture can be divided into two stages. Given the correspondence be-

tween the events of the first activity peak stage (Fig.6) and the predominant orientation of the first 

line (see Fig.5, a), we assume that a sub-fracture developed during this loading interval. This sub-

fracture did not lead to macroscopic failure or loss of sample stability. The angle β for this sub-

fracture is estimated at 34.6°. During the interval corresponding to the second activity peak, the for-

mation of a catastrophic fracture occurs, characterized by crack formation at an angle of 44.5° (see 

Fig.5, b). This counterclockwise rotation of the macrofracture during the fracture process can be 

physically interpreted as a decrease in the internal friction angle and deformation modulus, which can 

be observed on the loading curve (Fig.6) after the first activity peak. The rock becomes fractured, and 

its strength properties change. Studies of the strength properties of various rocks have been con-

ducted, for example, in works [36, 37]. The distribution of events accumulated over the entire test 

duration has the form of a highly dispersed cloud, from which the direction of the resulting fracture 

cannot be discerned (see Fig.4, a). This indicates a distinct manifestation of the dilatancy property 

with the formation of an extensive microcrack network. 

Conclusion 

Laboratory investigations of the deformation and fracture processes of rock samples with various 

lithological types under a triaxial stress state, conducted using an MTS 815 servo-hydraulic testing 

system integrated with a Milne DAQ acoustic emission system, enabled the study of crack initiation 

and propagation over time, as well as trends in acoustic emission activity and the b-factor. 

As a result, it is established: 

• Under identical triaxial loading conditions, samples of different lithological types (gneissic, 

banded, and massive textures) form distinct microcrack structures and fracture mechanisms. 

• In fine-grained samples with gneissic texture, fracture occurs through the formation of a 

macrofracture at an angle of 51° to the sample axis, closely aligned with the gneissic foliation. This 

is accompanied by the development of a plastic deformation process. 

• In fine-grained samples with banded texture, fracture proceeds via the formation of a diagonal 

fracture, accompanied by the development of two distinct clusters. The macrofracture angle here is 

21° relative to the sample axis, and the process is characterized as brittle. 

• In coarse-grained samples with massive texture, fracture develops in two stages of acoustic 

emission activity. During the first activity peak, a sub-fracture forms at an angle β = 34.6°, which 

does not lead to complete failure. During the second peak, a fault forms at an angle β = 44.5°, accom-

panied by an extensive microcrack network. Dilatancy properties are manifested in this process. 

Further experimental studies are planned under thermobaric conditions simulating great depths 

(up to 10 km) using a series of samples to improve the reliability of the tests and identify patterns of 

their destruction. 
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Abstract 

Limited data on the behavior of impurity elements during the formation of ore minerals in hydrothermal systems reduce 

their potential as indicators of the physicochemical conditions of ore formation. One of the most common sulfides 

capable of concentrating precious metals and other valuable components is pyrite. The distribution of a number of 

typomorphic impurity elements in pyrite under its crystallization in hydrothermal conditions at a temperature of 450 C 

and a pressure of 1 kbar was studied. Using X-ray spectral microanalysis, scanning electron microscopy, and induc-

tively coupled plasma and laser ablation mass spectrometry, data were obtained on the forms of occurrence, content 

ratios, and correlation relationships of impurity elements in the volume and surface layer of pyrite crystals. For the first 

time, the parameter S of surface phase selectivity with respect to main (Co, Cu, Ni) and minor impurities (noble metals, 

As, Zn, Mn) was determined, which averaged 1.9 (Co), 2.1 (Cu), 1.3 (Ni), 4.2 (Pd), 18.5 (Au), 6 (As), 10.2 (Zn), and 

9.1 (Mn). The correlations between elements are significantly different for the surface and volume, which is explained 

by the influence of surface phase selectivity. The dual nature of the correlation between Au and As allows their rela-

tionship to be considered a surface phenomenon. Palladium, a critically important metal widely used in chemical ca-

talysis and other areas of technology, exhibits unusual behavior in pyrite, concentrating mainly on its surface, which 

suggests the possibility of its concurrent extraction from pyrite ores at gold extraction enterprises. The observed corre-

lations are considered from the perspective of the incorporation of impurity elements into the bulk structure of pyrite 

and into the compositions of surface phase-like formations (non-autonomous phases) that evolve during crystal growth 

and are enriched with incompatible elements. 
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Introduction 

The discovery of phase-like formations (so-called non-autonomous phases, NAP) on mineral 

surfaces, capable of absorbing concentrations of impurity elements that are excessive in relation 

to the volume of the crystal [1, 2], poses a number of new problems for geochemists. On the one 

hand, this circumstance creates additional difficulties in interpreting the results, especially in 

multisystems where micro- and nano-phases may appear that are difficult to diagnose and have 

different origins. On the other hand, this mechanism of trace elements (TE) absorption is  

important for understanding the primary concentration of valuable impurities, including noble 

metals, REE, and other rare elements, in crystals formed from hydrothermal solutions  [1].  

A similar effect of TE accumulation exists for intracrystalline surfaces of pyrite, represented by 

dislocation boundaries of one type or another [3-5]. 
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Interest in pyrite in this regard is not accidental – it is one of the most common sulfides formed 

in various geochemical environments, in particular, in ore deposits of various types, genesis, and 

specialization [6-8]. Although modern literature contains a large number of analyses of the chemical 

composition of pyrite using various methods [9-11], the characteristics of the distribution of elements 

in hydrothermal systems with pyrite have been little studied and do not allow the typomorphic capa-

bilities of this mineral to be used correctly. For example, cobalt, a critically important metal used  

in lithium-ion batteries, is a common component of pyrite in volcanogenic sulfide deposits, but the 

conditions and reasons for its enrichment in pyrite remain unclear [12]. The potential of such a geo-

chemical tool for solving ore genesis problems as the Co/Ni ratio in pyrite does not seem sufficiently 

justified [13]. It should also be taken into account that pyrite is the main mineral matrix for Au in 

many gold deposits, and the technological schemes for its extraction significantly depend on its phase 

and chemical state in sulfide ores [14-16]. It is currently believed that so-called invisible Au in refractory 

ores is mainly present in the form of nanoparticles (NP) and in a structurally bound form, and that NP can 

be extracted from pyrite without destroying its structure [17]. This applies even more to the surface-

bound form of Au found in NAP. 

The purpose of this work is to study the distribution of a number of typomorphic impurity ele-

ments in pyrite under its crystallization in hydrothermal conditions. For the first time, data on both 

the «volumetric» and surface contents of impurity elements will be presented, and the correlation 

between them will be considered. 

Experimental and analytical methods 

The scheme of thermogradient hydrothermal synthesis coupled with fluid sampling is presented 

and discussed in detail in [1]. Experimental parameters: temperature in the growth zone 450 C,  

temperature drop along the outer wall of the autoclave 15 C, duration 25-30 days, of which the  

first 4 days were maintained at an isothermal regime for the purpose of homogenizing the system. 

The pressure of 100 MPa (1 kbar) was set by the filling coefficient of the inner working vessel (pas-

sivated titanium liner, VT-8 alloy, volume ~50 cm3). The liners were placed in stainless steel auto-

claves with screw seals designed by the SKTB Institute of Crystallography of the USSR Academy of 

Sciences. Internal sampling was carried out using a trap – a titanium cylinder fixed to the upper part 

of the liner. Ammonium chloride-based solutions (reagent grade) served as mineralizers. The charge 

varied in terms of the S/Fe atomic ratio (1.9-2.5) and the addition of impurity elements in the form of 

sulfides (ZnS and MnS), oxides (NiO, CoO, and CuO), and simple substances (As, Se, Au, Pd, Pt). 

The purity grades of the reagents used were as follows: Fe, S, Se – “especially pure”; ZnS – “chemi-

cally pure”; MnS and As – “pure”; CuO – “pure for analysis”; NiO and CoO – “pure”; Au 99.99,  

Pt and Pd 99.95. According to optical emission spectral analysis, reagents of the “pure” grade  

contained elevated concentrations (up to 0.01 wt.%) of elements that were already present in the 

charge as components of individual reagents. The main foreign impurity was Pb, which, however, 

was not detected in the solid synthesis products. The experiments were terminated by quenching the 

autoclaves in cold running water at a rate of ~5 deg/s. This paper presents the results of 10 successful 

experiments in which no depressurization of the liner was observed, a sufficient amount of pyrite 

crystals was formed for study, and a representative volume of fluid was captured. 

Analysis of the fluids trapped in the collectors was carried out using Perkin-Elmer Model 403, 

503, and Analyst 800 atomic absorption spectrometers (USA) at the Institute of Geochemistry,  

SB RAS. The accuracy of determining the elements Fe and Mn ±2; Co, Ni, Cu, Zn ±5; As, Au, Pt, 

Pd ±10 rel.%, the detection limits for elements with low concentrations (precious metals) were 0.3; 

5, and 50 μg/L for Au, Pd, and Pt, respectively; palladium and platinum were determined by 

tristirylphosphine extraction [1]. 

The crystalline products of the experiments were analyzed using powder X-ray diffraction 

(XRD), electron probe microanalysis (EPMA), scanning electron microscopy with energy-dispersive 

spectroscopy (SEM-EDS), and laser ablation inductively coupled plasma mass spectrometry  

(LA-ICP-MS). 
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The phase composition of the products and the features of the real structure of pyrite crystals 

were determined at the Institute of Geochemistry, SB RAS, using a Bruker D8 ADVANCE diffrac-

tometer (Germany) equipped with a scintillation detector and a Göbel mirror, operated in step-scan 

mode over a 2θ diffraction angle range from 8 to 70° using CuKα radiation. The experiments were 

performed at room temperature under the following conditions: 40 kV accelerating voltage, 40 mA 

tube current, exposure time of 2 s, and a step size of 0.02° 2θ. The obtained data were processed using 

the DIFFRACplus software package. The samples were identified using the PDF-2 powder diffraction 

database (ICDD, 2007) and indexed using EVA software (Bruker, 2007). The error in determining 

the parameter of the unit cell is in the fifth digit (nm), and the size of crystallites in pyrite (coherent 

scattering regions, CSR) is ±2 nm. 

EPMA was used for the quantitative determination of major elements in the bulk of crystals 

mounted in epoxy resin. The analysis was carried out at the Institute of Geochemistry, SB RAS, using 

a Superprobe JXA-8200 microanalyzer (JEOL Ltd., Japan). Quantitative elemental analysis was per-

formed using wavelength-dispersive spectrometers at an accelerating voltage of 20 kV, a probe cur-

rent of 20 nA, and a probe diameter of 1 μm. Matrix-effect correction factors and elemental concen-

trations were calculated using the ZAF correction method implemented in the quantitative analysis 

software of the microanalyzer. Well-characterized reference materials were used as standards, including 

minerals of known composition – sphalerite (ZnS), pyrite (FeS₂), chalcopyrite (CuFeS₂), and  

arsenopyrite (FeAsS) – certified as standard samples of the enterprise (ESS) at the Institute of Geology 

and Mineralogy, SB RAS (Novosibirsk), as well as pure metals (Mn, Pd, Pt, Au), elemental Se, and 

an Fe-Ni-Co alloy certified as reference materials by the Institute of Geochemistry, SB RAS,  

and Irgiredmet JSC (Irkutsk). The minimum detection limit (MDL) for the analyzed elements was 

0.1 wt.%. Superpositions of the analytical lines of the determined elements are taken into account in 

the concentration calculations using overlap coefficients. 

The distribution of elements in the surface layer of synthesized pyrite crystals was studied using 

a TESCAN TIMA 3 X LMH FEG scanning electron microscope (Czech Republic) with EDAX  

Element Pulse Tor 30 energy dispersive spectrometers (USA) at Irgiredmet JSC. The pyrite crystal 

samples were glued with carbon tape to a special sample table. TIMA software was used to calculate 

the elemental contents. The spectral resolution of the EDS detectors was 129 eV on the MnKα line. 

The range of recorded elements was from Be to Am. Surface photographs were accumulated from 

two detectors, secondary electrons (SE) and backscattered electrons (BSE), to understand the topo-

graphic and compositional contrast, respectively. The accelerating voltage of the electron beam  

during EDS analysis and image accumulation was 25 kV.  

The main objective was to identify areas on the crystal surface suitable for local studies using 

LA-ICP-MS. At the same time, information was obtained on the microphases of impurity components 

present on the surface. The detection limit for the elements determined in these measurements was 

0.5 wt.%. 

The LA-ICP-MS analysis was performed at the Limnological Institute, SB RAS, using an  

Agilent 7500ce instrument with a New Wave Research UP-213 laser ablation platform (USA).  

The method was applied in two variants. In the first, crystals placed in an epoxy pellet and polished 

were analyzed. The results were related to the volume content of the element. In the second variant, 

natural crystal faces were analyzed to determine the content of elements in their surface layers.  

The scanning parameters were as follows: plasma power 1400 W, carrier gas flow rate 1.16 L/min, 

laser power 90 %, laser beam projected onto a fixed point, beam projection diameter 55 μm, scanning 

time 17 s. The crater depth, determined by optical and electron microscopy [2], was 20±3 μm. 

The following element isotopes were analyzed: 55Mn, 59Co, 60Ni, 63Cu, 64Zn, 75As, 77Se, 106Pd, 
194Pt, 197Au. Calibration and processing of point LA-ICP-MS analysis data was performed using the 

NIST 612 standard sample and our own reference sulfide material [2], and to calculate the concen-

trations of the main metal impurities (Co, Ni, Cu), pyrite from one of the experiments was used, 

analyzed by EPMA and showing the most uniform distribution of elements and their best sum.  
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The analysis was performed at 20 points of each sample, in 3-4 grains. The calculated detection limits 

were, μg/g: Mn – 6.1, Co – 0.5, Ni – 0.8, Cu – 0.6, Zn – 1.0, As – 2.1, Se – 28.2, Pd – 0.1, Pt – 0.9, 

Au – 0.5. 

Analytical data processing was carried out using an approach that involves forming criterion-

based statistical sampling (CBSS) corresponding to a specific form of an element occurrence. In ar-

ticle [18] based on experimental and analytical studies, it was assumed that the structural form of a 

microelement and its surface form (including NAP) are in a relationship of mutual masking. When 

analyzing a data set for surface forms, it is logical to impose the same conditions on the dispersion  

of TE content as for structural impurities. This will allow us to cut off forms corresponding to  

autonomous phase impurities and random surface contamination. However, given that the accuracy 

of LA-ICP-MS analysis is usually around ±30 % [1], the deviation limit from the average for a sample 

related to a given form should be increased to 50 % (20 % due to natural heterogeneity plus 30 % 

analytical error). Unfortunately, in this work, it was not possible to apply the technology of analytical 

data selections for single crystals (ADSSC) to separate the surface and volume components of the 

impurity content [1, 18] due to the insufficient number of idiomorphic crystals in the experiments. 

The correlation coefficients r between the elements in the crystal volume and in the surface layer 

were calculated in Python 3.9.7 using the Pandas library (https://pandas.pydata.org/). The reliability of 

the correlation was assessed using Pearson's criterion. 

Experimental results 

Pyrite crystals up to 2 mm in size were obtained in various associations with enargite, sphalerite, 

and covellite (Table 1, Fig.1). Pyrite has characteristic habit forms, predominantly {100}, usually 

complicated {111}, less often {110} and {hk0}, but mainly crystals were subhedral with fragmentary 

faceting. 

 
Table 1 

Hydrothermal synthesis of pyrite with impurities at 450 °C and a pressure of 1 kbar 

Experiment 
number 

Composition of the initial charge, wt.%* 
Composition of the 

solution, wt.% 
Synthesized 

phases** 
Main components Impurity components 

(S/Fe)at Fe + S ZnS MnS NiO CoO CuO As Se Au Pt Pd 

1 1.9 70 10 3.33 3.33 3.33 3.33 3.33 – 1.12 1.12 1.11 9 NH4Cl + 1 Na2S Py + Sph + En 

2 2.3 80  10 1.67 1.67 1.67 1.67 1.67 – 0.55 0.55 0.55 10 NH4Cl Py + En + Sph 

3 2.3 85.8 1.67 1.67 3.34 3.34 1.67 0.83 – 0.56 0.56 0.56 10 NH4Cl Py + En 

4 2.3 80 10 1.67 1.67 1.67 1.67 – 1.67 0.55 0.55 0.55 10 NH4Cl Py + Сv + Sph 

5 2.3 78.3 1.67 3.33 5 5 3.33 1.67 – 0.56 0.56 0.56 10 NH4Cl Py + En 

6 1.9 85.8 1.67 1.67 3.34 3.34 1.67 0.83 – 0.56 0.56 0.56 9 NH4Cl + 1 Na2S Py + Sph + En 

7 1.9 78.3 1.67 3.33 5 5 3.33 1.67 – 0.56 0.56 0.56 9 NH4Cl + 1 Na2S Py + En 

8 2.3 85.8 1.67 1.67 3.34 3.34 1.67 – 0.83 0.56 0.56 0.56 10 NH4Cl Py 

9 2.5 70 10 3.33 3.33 3.33 3.33 – 3.33 1.12 1.12 1.12 10 NH4Cl Py + Cv + Sph 

10 2.3 78.3 1.67 3.34 5 5 3.34 – 1.67 0.56 0.56 0.56 10 NH4Cl Py 
  

* Charge weight 6 g. ** Py – pyrite, Sph – sphalerite, En – enargite, Cu3AsS4, Cv – Fe, Se-containing covellite. 

 

According to the XRD, pyrite crystals have a slightly increased unit cell parameter  

(0.5422-0.5427 nm) compared to the standard value for pure pyrite of 0.5418 nm, the sizes  

of the crystallites indicate a relatively perfect submicroscopic structure – the sizes of the CSR are  

92-156 nm. No crystalline phases other than pyrite were detected in the crystals at the XRD sensitivity 

level (1 wt.%). 

Study of the surface of pyrite and its accompanying phases using SEM-EDS and EPMA methods 

showed that sphalerite is present in the form of polycrystalline aggregates, which greatly complicates 

its analysis. According to quantitative EPMA, enargite is characterized by a slight copper deficiency 
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(calculated formula Cu2.95AsS4, exp. 2, Table 1). It contains a fairly large amount of Au (400 μg/g) 

compared to pyrite. Covellite contains Fe and Se, as well as Au (780-980 μg/g). Its chemical formulas, 

based on the analysis of crystals from exp. 4 and 9 (Table 1), indicate a slight excess of anions: 

(Cu0.9Fe0.17)1.07(SSe0.12)1.12 and (Cu0.93 Fe0.18)1.11(SSe0.21)1.21 respectively. 

In Figure 2, on a clean surface selected for LA-ICP-MS analysis, near the laser crater, analysis 

at points S10 and S11 shows a surface composition close to pyrite, but with a slight sulfur deficiency: 

FeS1.87 and FeS1.74 respectively. 

Fine phases and their clusters on the surface (S12, S13) are close in stoichiometry to sphalerite 

(Zn, Fe, Mn, Cu)S. They are characterized by Cu contents of 1.5-2 at.% and unusually high Mn 

contents of 7.5-11 at.%. Some larger particles contain As and Cu (about 1 and 2 at.%, respectively, 

S14); no other impurity elements were detected by SEM-EDS analysis. It should be borne in mind 

that the data obtained for microparticles on the surface are purely estimates. However, their com-

parison with the results for the flat surface on clean areas of the crystal face shows that the capture of 

the pyrite matrix during analysis is minimal (judging by the Fe and S contents). 

The results of determining the pH and element content in the fluids captured by the traps are 

presented in Table 2. 

Fig.1. Synthesised crystals of pyrite and associated minerals: 

a – covellite; b – sphalerite; c – pyrite; d – enargite 

a b c d 

1 mm 

Fig.2. Surface of a pyrite crystal facet in secondary (SE) and backscattered  

electrons (BSE). Two LA-ICP-MS analysis craters are visible, SEM-EDS analysis points are shown 
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Table 2 

Elemental content in fluids based on atomic absorption spectrometry of solutions from traps 

Experiment 
number 

Element content, μg/g pH of the solution 
in the trap Fe Co Ni Mn Cu Zn As Au Pt Pd 

1 56 0.47 0.08 720 39 770 300 1.2 0.11 0.03 7.4 

2 92 2.8 0.48 165 14 1850 235 0.74 0.19 0.06 2.2 

3 330 1.6 0.42 270 65 600 26 0.75 0.12 0.01 5.2 

4 43 0.26 0.1 22 84 2650 – 1.6 0.09 0.02 1.6 

5 70 2.8 0.16 280 28 575 40 0.53 0.25 0.02 2.6 

6 90 2.7 0.58 195 62 650 18 1.9 0.22 0.02 7.0 

7 95 4.5 0.66 400 48 250 16 0.59 0.26 0.04 6.8 

8 140 4.1 1.0 115 100 525 – 1.6 0.29 0.02 6.2 

9 69 2.1 1.1 210 71 3200 – 0.83 0.18 0.02 1.7 

10 230 14.8 2.6 65 215 1320 – 1.1 0.25 0.02 5.8 
 

Of the impurity elements studied in this work, only selenium was not determined in the fluid due 
to the lack of an appropriate certified method. The contents of platinoids (Pt, Pd) exceed the minimum 
detection limit (MDL) by at least 2 times. Table 3 presents the data of LA-ICP-MS analysis of impu-
rity elements in the volume and surface layer of pyrite crystals with a thickness of ~20 μm, obtained 
by the CBSS procedure described above. 

Table 3 

Chemical compositions of the volume (vol) and surface layer (sur) of pyrite crystals and the selectivity parameter  

S = Csur/Cvol according to LA-ICP-MS data  

Sample 
number 

Main impurities, wt.% Microimpurities, µg/g 

Co Ni Cu Se Mn Zn As Pd Pt Au 

1vol 0.32±0.04 0.032±0.006 0.24±0.04 – 3±3 1.4±0.2 55±4 0.14±0.03 0.2±0.1 1.5±0.9 

1sur 1.01±0.09 0.046±0.004 1.3±0.1 – 50±10 70±30 220±60 0.58±0.09 n/d 12±4 

S 3.2 1.4 5.4 – 16.7 50 4 4.1 n/a 8 

2vol 0.29±0.03 0.04±0.005 0.41±0.05 – n/d 2.1±0.4 8±3 0.1±0.03 n/d 1.8±0.4 

2sur 0.6±0.1 0.03±0.01 0.79±0.02 – 15±10 10±4 25±10 0.34±0.08 n/d 6±3 

S 2.1 0.8 1.9 – n/a 4.8 3.1 3.4 n/a 3.3 

3vol 0.41±0.09 0.041±0.008 1.03±0.03 – n/d 1.8±0.6 25±4 0.27±0.05 n/d 2±1 

3sur 0.7±0.2 0.03±0.01 4.1±0.9 – 8±4 26±7 50±30 3.4±0.9 n/d 18±6 

S 1.7 0.7 4 – n/a 14.4 2 12.6 n/a 9 

4vol 0.2±0.03 0.035±0.005 0.46±0.06 0.88±0.05 4±2 1.7±0.4 – 36±6 n/d 1±0.5 

4sur 0.18±0.03 0.012±0.002 0.5±0.1 0.91±0.07 13±10 5.4±0.5 – 200±40 n/d 90±10 

S 0.9 0.3 1.1 1 3.2 3.2 – 5.6 n/a 90 

5vol 0.55±0.08 0.037±0.006 1.05±0.07 – 0.6±0.3 1.9±0.3 19±1 3.4±0.9 2±2 3±2 

5sur 0.6±0.3 0.03±0.01 1.4±0.2 – 14±3 32±6 250±60 4±1 0.4±0.1 31±8 

S 1.1 0.8 1.3 – 23.3 16.8 13.2 1.2 0.2 10.3 

6vol 0.28±0.06 0.04±0.008 0.8±0.1 – n/d 1.8±0.2 22±1 70±20 n/d n/d 

6sur 0.54±0.04 0.12±0.01 1.3±0.1 – 4±1 4±2 31±7 310±30 n/d 1.2±0.7 

S 1.9 3 1.6 – n/a 2.2 1.4 4.4 n/a n/a 

7vol 0.23±0.04 0.025±0.004 0.51±0.05 – 1.3±0.2 2.1±0.2 19.0±0.8 170±50 0.4±0.1 n/d 

7sur 0.5±0.04 0.055±0.005 0.8±0.1 – 6±5 5±1 18±2 670±90 n/d 2±1 

S 2.2 2.2 1.6 – 4.6 2.4 0.9 3.9 n/a n/a 

8vol 0.18±0.07 0.014±0.003 0.9±0.2 0.038±0.003 1.5±0.2 2.3±0.3 – 24±4 n/d n/d 

8sur 0.5±0.2 0.023±0.005 1.6±0.1 0.026±0.002 5±1 5.4±0.6 – 90±20 0.3±0.1 0.8±0.1 

S 2.8 1.6 1.8 0.7 3.3 2.3 – 3.8 n/a n/a 

9vol 0.23±0.09 0.013±0.002 0.41±0.07 1.7±0.1 3±1 2±1 – 0.14±0.05 n/d 2±1 

9sur 0.26±0.05 0.012±0.003 0.51±0.06 1.1±0.1 10±6 6±1 – 0.2±0.2 0.6±0.3 13±6 

S 1.1 0.9 1.2 0.6 3.3 3 – 1.4 n/a 6.5 

10vol 0.45±0.09 0.018±0.005 1.42±0.09 0.19±0.02 2.2±0.2 1.5±0.2 – 8±2 0.4±0.1 3±3 

10sur 0.8±0.2 0.022±0.007 1.5±0.2 0.12±0.02 n/d 4.2±0.7 – 13±3 4±3 7±2 

S 1.8 1.2 1.1 0.6 n/a 2.8 – 1.6 10 2.3 
  

Note. Dash – no element added to the system; n/d – not detected (below MDL or only a small number of points above MDL); 

n/a – not available. 
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The selectivity parameter S of the surface NAP is also given, expressed as a simple ratio of the 

concentrations of the element in the surface and in the volume [2]. The error is given for  = 0.9. In 

most cases, the Pt content is below the MDL, and it is difficult to make any judgments about its 

behavior. It should be borne in mind that the obtained S values are minimal, since, as measure-

ments have shown, the average crater depth is 20 μm, i.e., significantly exceeds the thickness of 

the NAP layer on pyrite (~500 nm). Despite this, LA-ICP-MS shows good agreement with other 

(independent) methods [2]. The reason is that for incompatible TE, super-enrichment is associated 

only with the first layer with a thickness of 1-1.5 μm, while deeper layers practically do not differ  

in composition from the volume. In this work, we are interested not so much in the absolute values 

of pyrite surface enrichment with impurities, as in the relationships between these impurities in the 

volume and surface layer of crystals. The most statistically reliable correlations between elements are 

illustrated in Fig.3. The remaining correlations (Table 4) are discussed at the level of trends; their 

reliability cannot be confirmed statistically, mainly due to insufficient sample sizes. 

Discussion of results 

Contents and correlations of elements in volume (Table 3, vol, Table 4, Fig.3, a). When dis-

cussing the results obtained, we will take into account the previously established fact of the presence 

of a non-autonomous phase in the surface layer of pyrite crystals [19]. The sulfur deficiency detected 

by SEM-EDS analysis may be related to this circumstance, namely, the incorporation into the analysis 

of a surficial NAP of pyrrhotite stoichiometry, with a layer thickness of ~300-500 nm, according  

to atomic force microscopy, X-ray photoelectron spectroscopy, and Auger electron spectroscopy  

data [19]. It should also be noted that due to the limited experimental data, the interpretation of the 

results was carried out mainly within the framework of descriptive statistics – primary data analysis 

and visualization. 

Fig.3. Correlations of impurity elements in the bulk (a) and on the surface (b) of the synthesized pyrite crystals. 

The P values are 0.014 (Au-Co), 0.028 (Au-Cu), 0.001 (Zn-Mn), 0.084 (Au-As), 0.0065 (Cu-SPd). 

The correlations are statistically significant as P < 0.1 at a significance level corresponding to a confidence probability of 0.9 
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Table 4 

Sampling correlations with unconfirmed statistical significance 

Elements  
or parameters * 

Belonging to the volume v,  
surfaces s, fluid f 

Correlation  
coefficient r 

Elements  
or parameters * 

Belonging to the volume v,  
surfaces s, fluid f 

Correlation  
coefficient r 

Au-As v-v –0.46 Zn-As s-s 0.8 

Co-Ni v-v 0.33 Mn-As s-s 0.65 

Co-Ni f-f 0.93 Zn-Se s-s 0.68 

Zn-Mn v-v –0.49 Mn-Se s-s 0.85 

Pd-pH v-f 0.4 Pd-SAu v-s/v 0.96 

Au-Co s-s  –0.49 Pd-SAu s-s/v 0.99 

Au-Cu s-s –0.18 As-SAu s-s/v 0.66 

Pd-Ni s-s 0.48 SAs-SAu s/v-s/v 0.54 

Ni-pH s-f 0.59 SPd-SCu s/v-s/v 0.52 
     

* Selectivity S is expressed as the ratio of the contents in the surface layer s and in the volume of the crystal v. 

 

Gold shows agreement with the limit of its incorporation into hydrothermal pyrite known from 

the literature – 3±1 μg/g [20]. Data on the strong influence of As on this value [21-23] for volume 

contents under the conditions of our experiments are not confirmed: Au and As show a negative 

correlation (r = –0.46, Table 4). A discrepancy between Au and As is noted for conditions of rapid 

pyrite crystallization [24], and no connection with As is noted for the “invisible” form of Au at high 

concentrations [22]. The question of whether the Au-As connection is of a crystal-chemical nature or 

caused by structural defects [25], has not been definitively resolved. At the same time, there is a clear 

correlation between Au and Co and Cu (r = 0.86 and 0.81, respectively, Fig.3, a) – the main cationic 

impurities in the synthesized pyrite, distributed fairly uniformly. The scheme of joint entry of gold and 

copper into pyrite assumes a neutral vacancy in the metal sublattice: Au+ + Cu+ = Fe2+ + VFe. The nature 

of the correlation between Au and Co is not entirely clear; perhaps cluster isomorphism is at work here, 

which has recently been given increasing importance [26]. In particular, in [27] high-resolution atomic 

probe tomography was used to identify Co nanoclusters in cobalt-enriched pyrite (up to 1.4 wt.%). 

The methods used to determine the conditions of formation and diagnose the genetic type  

of pyrite, based on the contents of impurity elements and their ratios (Co/Ni, etc.), are still empirical 

in nature and do not have a reliable theoretical and experimental basis. The Co/Ni ratio is a priority 

in this regard. Cobalt and nickel in the volume of pyrite crystals are positively correlated, but weakly 

(r = 0.33, Table 4), which is quite unexpected given their high correlation in the fluid (r = 0.93,  

Table 4) and natural data showing, as a rule, stable correlation characteristics of these elements  

in pyrites of various genesis. The contents of Co and Ni and their ratios in pyrite are widely used  

as empirical indicators of the conditions of its formation. It is believed that a Co/Ni ratio < 1 charac-

terizes sedimentary or diagenetic pyrite, while a ratio > 1 is associated with a magmatic-hydrothermal 

source [28-30]. Formally, this corresponds to our results: according to Table 3, pyrite in a hydrother-

mal system at 450 C and 1 kbar has an average Co/Ni ratio in the crystal volume of 12±6, which can 

be taken as a characteristic of relatively high-temperature hydrothermal pyrite. 
The average As content in pyrite crystals is 25±13 μg/g (average of 6 values with the smallest 

errors), with pyrite coexisting with its own As phase, enargite (Cu3AsS4) and, thus, it is close to 

arsenic saturation at a temperature of 450 C. The zinc and manganese contents are close to each 
other and to the MDL of these elements and are 1.9±0.2 and 2.2±0.9, respectively. The correlation 
between them is negative (Table 4), but insignificant for this statistical sample size. Obviously, 
the isomorphism of these elements in the pyrite structure is extremely limited. Of considerable 
interest is the situation with palladium, which shows wide variations in experiments – from  
the first tenths of μg/g to several tens of μg/g. It has recently been shown that pyrite obtained  

by the salt solution-melting method can contain up to 0.7 wt.% Pd at 580 C and sulfur fugacity 
lg fS2 = –0.4 [31]. X-ray absorption spectroscopy has shown that Pd replaces Fe in a divalent form. 
In our experiments, Pd in pyrite does not correlate significantly with other elements or correlates 
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negatively; there is only a weak positive correlation with the pH of the solution (r = 0.4, Table 4), 
which may indicate that its behavior depends on the chemical environment in the fluid (in particular, 
on fS2 ). Experiments with sulfur activity control should provide a more accurate answer to this ques-
tion. Our data only show (see Table 3) that the presence of impurities such as As and Se is not in 
itself the cause of high Pd, Au, and Pt contents in pyrite. 

Contents and correlations of elements in the surface (Table 3, sur, Table 4, Fig.3, b). Surface 
concentrations usually exceed bulk concentrations, especially in the case of microelements, and cor-
relation relationships often reverse. Thus, the strong positive correlation between Au and Co and Cu 
becomes negative at the surface (r = –0.49 and –0.18, Table 4). The Co/Ni ratio increases at the 
surface relative to the volume and averages 19±9. Co is absorbed more strongly by the surface than 
Ni, which further reduces their correlation compared to the volume. Work [32] shows that high con-
centrations of Co in FeS2 may be associated with a phase size effect, i.e., a phenomenon dependent 
on surface energy. Co lowers this value, which is why it concentrates on the surface of pyrite. The 
correlation between Zn and Mn on the surface becomes positive and significant (r = 0.9, Fig.3, b). 
This is apparently due to the appearance on the surface of microphases with stoichiometry close to 
sphalerite and high Zn and Mn contents. In contrast to the situation in the volume, Au correlates with 
As (r = 0.75, Fig.3, b). It has been suggested that the relationship between Au and As may be surface-
related [33, 34], and this is confirmed by our experiments. It is believed [34], that the presence of As 
causes distortion and surface modification of the structure, facilitating the entry of large cations  
(Au+, etc.). Pd in the surface correlates positively with Ni (r = 0.48, Table 4), while its correlation 
with other elements (Cu, Co, Zn, As) is negative. Ni, like Pd, correlates with the pH of the fluid  
(r = 0.59, Table 4). Palladium, a critically important metal widely used in catalysis, electronics, and 
hydrogen energy, exhibits unusual behavior in pyrite, concentrating mainly on its surface, which sug-
gests the possibility of its concurrent extraction from pyrite ores at gold mining enterprises. Several 
palladium sulfides are known, and some of them (PdS, and at higher sulfur activity, possibly PdS2) 
can be precipitated from solution in the form of nanoparticles on the surface of iron sulfides – pyrite 
and pyrrhotite [35]. The positive correlation of Zn and Mn with As (r = 0.8 and 0.65, Table 4) 
may be associated with the incorporation of As in the surface microphases of sphalerite stoichiometry 
(see Fig.2). Perhaps for the same reason, Zn and Mn correlate with Se (r = 0.68 and 0.85,  
Table 4), which replaces sulfur in such phases, but the number of experiments with selenium  
is too small to draw reliable conclusions. 

Selectivity of element accumulation. Comparison of the obtained data (see Table 3) with previously 

published data is possible for Mn and Pd [2]. The selectivity parameters for pyrite synthesized  

at 400 C and 1 kbar in 10 % NH4Cl in association with pyrrhotite, according to the ADSSC and  

LA-ICP-MS methods, averaged 1.2 and 15.6, respectively. According to Table 3, S for Mn averaged 9, 

and S for Pd – 4.2. Two circumstances should be taken into account here: in work [2] the Mn content 

in the volume of pyrite crystals and their surface was significantly higher, which naturally reduced 

the relative magnitude of the surface concentration effect; the second circumstance is the sig-

nificantly more complex composition of the system in the present work, which could affect the 

compositions of the surface phases. Thus, it can be concluded that the numerical value of selec-

tivity strongly depends on the experimental conditions and the composition of the system,  

although its qualitative nature remains unchanged (S > 1). 

Some of the most interesting correlations involving selectivity are presented in Table 4 and Fig.3, b. 

It can be assumed that the factors responsible for the selectivity of Au are also responsible for the content 

of Pd, both in the volume and in the surface layer. Formally high r values (Table 4) should not be overes-

timated due to the small number of points and their clustering. The same can be said about As, whose 

correlation coefficient with S Au in the surface is 0.66, and the selectivity of S As correlates with S Au  

(r = 0.54) (Table 4). The correlation of S Pd with the Cu content in the surface and S Cu (r = 0.79 and 

0.52, respectively, Fig.3, b, Table 4) may indicate the participation of surface phases based on copper 

sulfides – chalcopyrite and covellite. The latter was recorded in the form of crystals in systems with Se 

(see Table 1, Fig.1). 
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If the phase composition of the surface is formed by a mechanism involving the participation of 
NAPs in the growth process, then the conditions under which certain components enter into the com-
position of NAP according to the principle of continuity of phase formation on mineral surfaces be-
come important [36]. At the same time, the precursors of bulk phases that appear on the surface-
nanoscale NAP – gradually change their composition, forming surface nuclei of a stable or metastable 
autonomous phase, which we can observe on the surface in the form of nano- and microparticles [1]. 

Conclusion 
• The first experimental data on the ratios of impurity element contents and their correlation 

relationships in the volume and surface layer of pyrite crystals synthesized under hydrothermal con-

ditions at 450 C and a pressure of 1 kbar have been obtained. 
• Surface element contents generally exceed bulk contents, especially for microelements, and 

correlation relationships are found to be unstable. The surface phases responsible for this behavior 
exhibit selectivity primarily with respect to incompatible elements in pyrite (Mn, Zn, As, Pd, Au), for 
which the selectivity parameter S averages 9.1; 10.2; 6, 4.2, and 18.5, respectively. The main impu-
rities (Co, Cu, Ni) fractionate more weakly into the surface (S = 1.9; 2.1, and 1.3, respectively); nev-
ertheless, this should be taken into account when analyzing the edge areas of even flat-polished crys-
tals when determining the typomorphic relationships of elements (Co/Ni, etc.). 

• The presence of As and Se in the system is not in itself a cause of high Pd, Au, and Pt contents 
in pyrite. The Au content in the crystal volume, identified as a structural impurity [1, 20], does not 
exceed 3 μg/g and correlates negatively with As; at the surface, it increases by about an order of 
magnitude and shows a positive correlation with As, confirming the surface nature of the relationship 
between these elements. Pd shows wide variations in content and no correlations with other elements 
(except for Ni in the surface); its behavior appears to be determined by the sulfur regime in the ex-
periments. In the volume of pyrite crystals, there is a strong positive correlation between Au and the 
main cationic impurities Co and Cu, which is presumably associated with cluster and vacancy mech-
anisms of Au entry into pyrite, which are not manifested at the surface. 
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Abstract 

The use of stage-wise schemes in the development of deep quarries is one of the ways to increase the economic effi-

ciency of mining a deposit and determining the optimal stage parameters remains an urgent task. Such parameters are 

stage depth, bench height, block length, etc. However, there is a wide range of values for these parameters. Therefore, 

to select the optimal values and evaluate the effectiveness of design solutions, it is advisable to use the net present 

value, which is an international notion. As a result of the analysis of data on deposits, a large number of variable 

indicators can be identified that presumably affect the efficiency of mining. The article proposes to divide all parameters 

of the quarry mining into two types: mine engineering and economic. The importance of each of them is determined 

by the measure of influence on the net present value. Thus, to assess the measure of influence of mining indicators, the 

average values of each of them are taken, and as a result of the alternating change of one parameter under study, the 

measure of its influence on the discounted income received is estimated. The results of the analysis of relevant factors, 

their evaluation and comparative analysis are important indicators that significantly affect the design decisions made 

and the effectiveness of the investment project. 
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Introduction 

In a volatile and dynamically changing market for mineral raw materials, mining enterprises that 

develop deep, steeply dipping deposits with constant productivity are forced to adapt to increasing 

requirements. One of the ways to increase the efficiency of mining is stage-wise mining schemes with 

a temporarily non-working wall [1]. 

An immense potential in the field of improving existing open pit mining technologies and in-

creasing their economic efficiency lies in the stand-by mode of a part of overburden rocks and creating 

a temporarily non-working zone within the quarry field, which will reduce the volume of capital 

mining and the number of overburden operations at initial stages of the quarry. 

The design of quarries in stages, each with an intermediate contour, is advisable to minimize 

economic costs [2]. An important task is to determine the stage parameters [3, 4]. Efficiency of  

the stage-wise mining method depends on the implementing the mining operation mode, which  

will ensure the required volume and quality of products while minimizing the level of mining  

costs [5]. This is primarily due to the fact that the design and process parameters of the quarry  

and, as a result, the performance indicators of mining as a whole depend on the mining operation 

mode. 
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The development of a quarry in stages is characterized by the procedure for conducting mining 

operations, in which a pillar is formed in the working area, a temporarily non-working wall (TNW), 

which contributes to a stage-by-stage increase in the volume of stripping operations over time. The 

formed pillar can be used not only in stage-wise mining schemes, but also within the same operational 

time period. In this case, during the formation of a temporarily non-working wall, when the working 

area length is reduced, work is carried out to eliminate the pillar in the upper horizons of the non-

working wall [6]. 

Formulation of the problem 

When choosing options for the location of the stage contours in the deposit, one should consider 

many economic, mining, geological, and mine engineering factors. The use of stage-wise schemes is 

successfully implemented at large steeply dipping ore deposits: Maly Kuibas, Olenegorsky, Sarbaisky 

quarries, etc. 

The proposed mining method can be used in groups of quarries that develop isolated steeply 

dipping ore deposits, or in quarries elongated along strike with the division of the working area into 

two sections. 

At each of the allocated sections, in turn mining is proposed. During mining operations at one 

section, a temporarily non-working wall is removed at the other and the transition to the next stage 

of mining is implemented. The scheme of the working order is shown in Fig.1. 

Mining operations at the deposit begin in the southern section, marked with I. During the first 

period of operation, all reserves in the Т1 contour are mined. In the next time period T2, mining opera-

tions are started in the northern area (II). At the same time, the temporarily non-working wall is re-

moved in the southern section. After the end of period T2, mining resumes in section I, and in section 

II, work begins to eliminate the pillar, etc. The entire deposit is mined in a similar way. 

While the stage mining is underway at one of the sections, at the second section the rock wall 

moves from the boundaries of the previously mined area to the boundaries of the next stage. During 

the advancement of the TNW from the current position to the boundaries of the new stage,  a  section  

 
 

 

 

 
 

Fig.1. The mining order by stages of a quarry divided into two sections 

Tn – deposit development period; HISn, H
IISn – stage depth in the first and second sections, respectively; 

1I-4I – section boundaries; Hq – quarry depth at the end of mining 
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of the working wall with working ramps on 

each horizon is created in the mining zone. This 

enables to provide free access to the develop-

ment of mineral reserves at the next stage [1, 7, 8]. 

The non-working wall of the quarry at the  

mining stage should be removed after all  

reserves in the stage contour are developed. 

Thus, the TNW slope angle can reach the de-

sign slope angle of the quarry wall at the end of 

its development. 

Each new mined stage should have a greater 

depth than the previous (worked out) one. The ful-

filment of this condition will make it possible to 

ensure uninterrupted mining at the deposit at the 

same vertical rate of the TNW removal and the 

speed of deepening in both selected sections of the 

deposit. 

Since, according to the proposed mining 

scheme, within the stage limits, the slope angle of 

the working wall of the quarry can increase sig-

nificantly, it becomes possible to preserve large 

volumes of overburden. The postponement of overburden excavation for future stages makes it possible 

to increase the deposit productivity in terms of minerals, which enables to increase the mining efficiency 

in market conditions of price volatility and variable demand for raw materials [2, 9]. 

The calendar plan for the development of overburden and mining operations in a deposit mined 

without distinguishing stages, as a rule, contains one main period of normal operation, which is  

characterized by stable annual volumes of minerals and overburden. If the deposit is developed in 

stages or with the use of temporarily non-working walls, then the graphic representation of the ca-

lendar plan is stepped (the number of steps corresponds to the number of spatial stages in quarry 

development). 

The growth in demand for mineral raw materials determines (with or without stages) mining 

operations with maximum intensity. Therefore, an increase in the quarry productivity is possible only 

if the area of the ore body involved in mining increases [4]. 

It is advisable to take the duration of the development stage as long as possible if the stripping 

ratio in this period is less than the stripping ratio in the subsequent period. Therefore, mining with the 

maximum duration of the first calendar stage is the most effective. 

While creating an analytical model for the development of a quarry space during mining in two 

stages, it is advisable to consider the quarry contour and the ore body as simplified regular geometric 

figures (Fig.2). A mineral deposit with simple occurrence conditions is normalized to a regular shape 

with a sufficient degree of accuracy by constructing a steeply dipping ore body by the average values 

of the true thickness and dipping angle of the ore body [5, 10-12]. 

The stage-wise development of a quarry field within the final quarry limits suggests a wide range 

of possible values for the first stage depth. 

For the economic evaluation of the investment project, the net present value from the deposit 

development project should be used [13, 14] 
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 Fig.2. Scheme of the working area development in a quarry  

during mining a steeply dipping ore deposit in stages 
 

H1, H2 – depth of the first and second stages, m; β – ore body dipping  

angle, deg; δb, δh – slope angle of the temporarily non-working wall from 

the side of the bottom and hanging walls of the deposit, deg; δ, δ1 – slope 
angle of the quarry wall in the final position, deg; f – slope angle of the 

working wall with working ramps of normal width, deg; msr – ore body 

thickness, m; O – ore body dipping axis 
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Let us write out the difference in cash flows 

p pEx P С ,t tR A A    (1) 

where Rt is the results achieved at the t-th stage of the project implementation, rub.; Ext – expenses 

at the t-th stage of the project implementation, rub.; P – ore price, rub./m3; C – cost of ore, rub./m3; 

Ap – quarry mineral productivity, m3/year. 

Ore mining cost is determined by the formula: 

m o oС  С   С ,K   

where Cm – specific operating costs for mining of 1 ton of ore (without overburden operations), rub./t; 

Сo – specific operating costs per 1 m3 (1 t) of overburden, rub./m3 (rub./t); Ko – current overburden 

ratio, m3/t (m3/m3, t/t). 

NPV formula with values substituted from equation (1): 

 
 

р р

0

1
NPV P С K,

1

T

t
t

A A
E

  


  

where K – capital costs for the project implementation, rub.; E – discount rate; T – working time; 

t  – year. 

The quarry mineral productivity is determined by the following formula [15]: 

 р 0 bl

1 η
ctgφ ctgβ , 

1 ρ
A h hL


 


 (2) 

where φ – slope angle of the quarry working wall, deg.; h – bench height, m; h0 – deepening 

rate, m/year; Lbl – length of the work front per excavator, m;  – deepening angle, deg; η – ore loss 

index; ρ – ore impoverishment index. 

Deepening angle [16] 

ctg
β arctg , 

B h

h

 
  

where B – standard width of working ramps, m; α – bench slope angle, deg. 

Substituting all the dependencies obtained into the original formula, we get the net present value 

of the field development: 

 
i

0

0 1

bl

ctg 1 η
NPV P С ctgφ arctg   K(1 ).
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ТT
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    
      

  
   

As a rule, deep ore quarries are mined over a very long period of time. Thus, reinvestment of 

capital takes place during its operation [17-19]. Investment is the capital flow in the mine construction 

and the income stream from operation, discounted at an assumed interest rate (i). 

The net present value can be understood as the net present value of the project, the total dis-

counted profit, or the net profit of the investment project. 

In world practice, net present value (NPV) is used as the main tool for assessing the economic 

efficiency of design decisions. NPV calculation methods consider all items of expenses and income 

of the enterprise, which is confirmed by reference sources [20, 21]. Thus, in further calculations, the 

generally accepted international symbol NPV was used. For a correct assessment of the project using 

the net present value criterion, it is necessary to choose the discount rate, time period of the assess-

ment, as well as the formulas for determining NPV. Calculation methods may differ in the presence 

https://doi.org/10.31897/PMI.2022.73


 

 

Journal of Mining Institute. 2026. Vol. 277. P. 157-166 

© Sergey I. Fomin, Maxim P. Ovsyannikov, 2022 

DOI: 10.31897/PMI.2022.73 

 

161 

This is an open access article under the CC BY 4.0 license 

or absence of the residual project value in the formula, which is normalized to the moment of planning 

by discounting. NPV shows only the quality of the net cash flow from the project implementation at 

the accepted discount rate. 

When comparing different options for the implementation of investment projects, it is necessary 

to consider the risk of losing money, which is determined by the probability of a change in the interest 

rate [3, 22, 23]. This risk is characterized by possible capital losses from the expected interest gain 

and is calculated as the difference between the internal rate of return (IRRpi) and the rate of return 

calculated from the equality of discounted capital investments to the discounted income stream minus 

it during the payback period of capital investments [24] 

     
pb i

1 1 1

1 1 1 0,

T TТ
n n n

j R j R t R

j j t

NC i NC i I i


  

  

         

where Tpb – payback period of capital investments at the rate i; It – amount of investment in the design, 

construction, and operation of a quarry in the t-th year; NCj – net current profit from quarrying in the 

j-th year; iR – rate of return; n – ordinal number of the assessment year. 

Interest rate of reinvestment [21] 

pi .RR IRR i   

The net present value of the project (including reinvestment) is a dynamic value for assessing 

the effectiveness of capital investments in the quarry development, considering interest without the 

risk of losing investments [25, 26]. 

The net present value of the project, considering the increase in income since its inception at the 

reinvestment interest rate 

 

 
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pe perr

1 1

1
N ,PV 1
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R j tn
j t

R
NC I i
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 


  


   (3) 

where Tper is the quarry construction period, years. 

To account for changes in investment values, a discount factor is used, which is necessary to 

normalize economic values of various times to a single point in time [21, 25], 

  .1
  

nnq i  

Each option for dividing a quarry field into the development stages, due to the complex dependence 

of the parameters and indicators of mining operations on the stage depth Hst, is characterized by  

obtaining different net present values of the project implementation [27]. 

Research methodology 

To assess the sensitivity of NPV to changes in indicators, we consider the period of quarry mining 

within one stage by transforming formula (3): 

i ir1

        

1 1 1

NPV       max.
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j m

NC q K q K q  
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  

 
    

 
    (4) 

Net current profit is determined using formula (2): 

 Pr С .NC A   (5) 

Let us write formula (5) by substituting the quarry productivity value from formula (2), 
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The deepening rate of a stage is defined as the stage depth ratio to the time of its completion 

0
st     , 
n

H
h

T
  

where Tn is the stage completion time, year. 

Substituting all the dependencies obtained into formula (4), we calculate the criterion indicator 

for determining NPV for the first stage of mining: 
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     
      

    
    (6) 

where Pr – ore concentrate price, rub./t; C – cost of ore mining and ore concentrate production rub./t; 

(1 )  n n
jq i –  discount factor for the net current profit at the first stage of quarry mining in the j-th 

year; (1 ) 
  n nq i  – discount factor for investments in the quarry construction in the ω-th year; 

(1 )  n n
mq i  – discount factor for investments in reconstruction in order to move to the second stage 

of mining in the m-th year; Kω – amount of investment in the quarry construction in the ω-th year; 

Km is the amount of investment in reconstruction in order to move to the second stage of mining in 

the m-th year. 

Based on the results of generalization and analysis of data on quarries and analogous deposits, 

the values of the ranges of changes in the studied mine engineering and economic factors were taken. 

To determine the measure of significance of the studied factors on the NPV, we estimate the range of 

change for each of the factors (see Table). 

 
Initial data for the analysis of the sensitivity of performance parameters and indicators-arguments to the NPV 

Parameter Range Average value  Increment  

Bench height h, m  12-19 15 1 

Work front length Lbl, m  1200-2600 1800 200 

Working ramp width B, m  30-65 45 5 

Slope angle of the quarry working wall φ, deg  12-19 15 1 

Ore loss η 0.02-0.048 0.032 0.004 

Ore dilution ρ 0.01-0.15 0.07 0.02 

Bench slope angle, deg α 50-85 65 5 

Stage depth Hst, m  70-210 130 20 

Stage time Tj, year  11-18 14 1 

Ore concentrate price Pr, rub./t  200,000-270,000 250,000 10,000 

Cost of ore mining and ore concentrate production С, rub./t  30,000-65,000 47,500 5000 

Discount factor for net operating income at the first stage 
of quarry mining in the j-th year qj, monetary unit 0.287-0.13 0.205 – 

Discount factor for investments in the quarry construction 
in the -th year qw, monetary unit 0.893-0.404 0.636 – 

Discount factor for investment in reconstruction in order to 
move to the second stage of mining in the m-th year qm, 
monetary unit  0.567-0.257 0.404 – 

Amount of investment in the quarry construction Kw,  
million roubles  10,000-17,000 13,000 1000 

Amount of investment in reconstruction in order to move 
to the second stage of mining Km, million roubles  300-1000 600 100 

 

When calculating dependence (6), we use the average values of indicators 
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Then, in a similar way, we substitute the average 

values of all the factors under consideration, 

changing only the values of the argument under 

study. Thus, by changing the value of one of the 

parameters, it is possible to assess the measure of 

influence of each indicator on the NPV [28, 29]. 

To assess the measure of influence of factors 

on the change in the NPV, the coefficient of elas-

ticity is used. It shows by what percentage the es-

timated parameter will change when one of the 

studied indicators is transformed [28, 30, 31] 
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where n is the number of points; yi is the function 

value at the i-th point; ∆yi is the function increment 

at the i-th point; xi is the argument value at the i-th 

point; ∆xi is the argument increment in the i-th point. 

Thus, when analysing the results obtained, a number of significant performance factors can be 

identified that have the greatest impact on the estimated NPV. 

Figures 3, 4 show the dependence graphs of the quarry mine engineering parameters and the eco-

nomic indicators of mining on the relative change in NPV. 

By the measure of influence of the quarry mine engineering parameters on net present value, 

they are divided into two groups. Values that have a considerable influence belong to the group of 

values of high importance (stage duration, bench height, working wall slope angle, block length, stage 

depth), the rest of the values fall into the group of low importance (working ramp width) [20, 28]. 

By the measure of influence of the quarry economic parameters on the net present value, three 

groups of values can be distinguished that affect the importance of the parameter under study: high 

importance – ore price, discount factor during the mining stage; medium importance – production cost, 

discount factor during the construction period, amount of investment during the construction period; 

low importance. 

Figure 5 shows a graph reflecting the results 

of determining the coefficient of elasticity for 

mine engineering and economic parameters and 

indicators of the deposit. Values exceeding 

100 % indicate that when the parameter changes 

in the accepted range, the NPV changes more 

than twice. 

Economic indicators (profit, capital costs), as 

well as the duration of the development stages are 

functionally associated with the operational over-

burden removal ratio and the stage depth. Let us 

assume that all the indicated factors that influence 

the rational depth of the development stage remain 

unchanged at the level given in the table (average 

values), with the exception of one, the factor under 

study. In this case, each value of the studied factor 

corresponds to a certain value of the rational depth 

of the stage. When the factor changes, we obtain a 
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Fig.3. Influence of quarry mine engineering parameters 

on the relative change in NPV 

1 – bench height; 2 – block length; 3 – ramp width; 4 – working 
wall slope angle; 5 – stage depth; 6 – stage duration 

Fig.4. Influence of the quarry economic parameters  

on the relative change in NPV 

1 – ore price; 2 – cost of ore mining;  

3 – discount factor during the development of the first stage; 
4 – discount factor during the construction period;  

5 – amount of investment during the construction period 
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corresponding change in the rational depth of the stage. The rational depth of the development stage 

is significantly influenced by factors related to the current volumes of mining operations and time 

parameters. For the considered limits of determining factors, the ratio of the final depth of the quarry 

and the rational depth of the development stage is in the range of 44-67 % and has an average value of 

about 55 %. 

Conclusion 

The main quarry parameters when designing mining in stages are significantly influenced by the 

adopted parameters of the stage, which significantly affect the economic efficiency of mining in general. 

It is customary to conduct a comparative evaluation of investment projects according to the maximum 

NPV criterion. Using the proposed methodology, it is possible to analyse the measure of influence of 

the parameters and indicators of the development stage on the change in net present value and deter-

mine the optimal values for each stage parameter. 

As a result of the analysis of the influence of numerous factors on the NPV, the following con-

clusions can be drawn: 

 The value of the total discounted income is significantly influenced by a number of economic 

and mine engineering factors during the development of the first stage. 

 With the accepted average values, the considered factors, by the measure of their influence on 

the NPV, are arranged in decreasing order as follows: discount factor during the first stage of mining, 

ore price, discount factor for the first stage, mining stage duration, bench height, working wall slope 

angle, working block length, stage depth, ore mining cost, discount factor during the construction 

period, amount of investment during the construction period, working area width.  

It was established that in order to make effective design decisions at the first stage of mining of 

open-pit reserves, their feasibility study is necessary according to the NPV criterion, considering the 

measure of influence of mine engineering factors, determined using the proposed methodology and 

expressed by the coefficient of elasticity. 

Economic indicators (profit, capital costs), as well as the duration of the development stages are 

functionally associated with the operational overburden removal ratio and the stage depth. 

The results of the analysis of the influence of numerous factors on the rational depth of the first 

stage of development allow us to draw the following conclusions: 

 The rational depth of the development stage is significantly influenced by factors related to the 

current mining volumes and time parameters. 
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 For the considered limits of determining factors, the ratio of the final depth of the quarry 

and the rational depth of the development stage is in the range of 0.44-0.67, the average value  

is 0.55. 

 For the accepted average values of the initial data, depending on the coefficient of elasticity, 

the factors influencing the rational depth of the stage are distributed from the most significant to  

the least significant: final depth of the quarry, slope angle of the TNW, interest rate, progress rate 

of mining operations during the open cut of the TNW, cost of overburden removal, specific capital 

investment. 

 Comparative economic evaluation of field development options does not depend on the point 

at which costs are reduced, but this point should be the same for all compared options. All costs 

should be reduced to the starting point of the field operation. Thus, the entire time of operation is 

divided into two periods: the period of quarry construction and the period of direct operation. The 

financial costs of building a quarry are considered as past costs, and operating costs are considered 

as future costs. 
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Abstract 

The article is devoted to the actively developing area of wastewater treatment – Constructed Floating Wetlands 

(CFW, floating bioplatforms). The paper explores the creation history and operational experience of CFW in Russia 

and abroad. It describes the designs and preferred compositions of substrates and plants for creating phytomodules, 

paying special attention to the use of natural minerals and the selection of local macrophyte plant species. The CFW 

technology is suitable for treating various types of wastewater, including inorganic effluents from mining enter-

prises. The research examines the results of applying phytotechnology for wastewater treatment for pollutants (total 

nitrogen and phosphorus, organic matter, suspended particles, heavy metals, sulphates, boron, etc.). The article 

shows successful practices of using CFW for acidic drainage effluents, which are the most challenging for phytotechnology 

application. The study identifies key factors affecting pollutant removal efficiency – water depth, flow rate, coverage 

area, aeration, and temperature. The research presents methods to enhance the depth of water treatment at low  

temperatures. It also notes the positive impact of floating bioplatforms on the condition of water bodies where they 

are located. The study provides cost estimates for applying CFW technology for wastewater treatment and gives 

recommendations based on the experience of implementing the technology at a settling pond of a mining enterprise 

in the Murmansk Region. 
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Introduction 

Mining industry is one of the rapidly developing sectors of the Russian economy, and all enter-

prises in this field are recognized as facilities that have a negative impact on the environment. Their 

responsibilities include approving standards for maximum permissible discharge of pollutants into 

water bodies. Quarry, shaft, drainage waters coming from the mining enterprises are dominated by 

mineral components and nitrogen compounds (for quarry wastewater using explosives), while  

domestic wastewater in industrial areas contains organic matter. Water is disposed to treatment 

facilities (separate or combined), and then, through settling ponds, into natural water bodies or recycled 

water supply for enterprise needs. The impact of insufficiently treated effluents results in changes in 

the hydrological and temperature regimes, increased water turbidity, bottom silting, and restructuring 

of the species composition of microbiota, flora, and fauna1 [1]. In 2022, the Information and Technical 

                                                      
1 RD 52.24.622-2001. Methodological guidelines. Estimating background concentrations of chemicals in watercourses. St. Pe-

tersburg: Gidrometeoizdat, 2001, р. 69. 

JOURNAL OF MINING INSTITUTE 
Zapisk i  Gornogo inst i tu ta  

 

Journal homepage: pmi.spmi.ru 

 

ISSN 2411-3336; е-ISSN 2541-9404 

 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 167-180 

© Lyubov A. Ivanova, Evgeniya A. Krasavtseva, Tamara T. Gorbacheva, 2025 

   

168 

This is an open access article under the CC BY 4.0 license 

Reference on Best Available Technologies for Wastewater Treatment (ITS NDT 8-20222) was intro-

duced. It recognizes biosorption, ozonation, ferrate oxidation, aerobic and anaerobic microbiological 

treatment, coagulation/flocculation, and membrane distillation as the most promising wastewater 

treatment methods. Phytotechnologies are highlighted as a direction that, as international experience 

showed, besides their important environmental significance, confirmed their high economic effi-

ciency in water treatment systems. In 2000, the International Water Association issued the main  

design and operation document for phytotreatment systems [2]. National water treatment standards 

are developed based on it, considering local features3 [3, 4]. 

Phytotechnologies are actively being implemented worldwide, as evidenced by a number of re-

view articles published in international periodicals on water treatment of various types [5, 6], removal 

of metals and metalloids using bioplatforms [7], and increasing process intensification [8]. The  

scientific literature extensively covers the experience of operating phytoremediation systems in cold 

climates (Finland, Canada, Norway, Northern China) [9-11]. 

In Russia, among the articles in the Scientific Electronic Library over the past five years and 

related to the industrial-scale implementation of phytotechnologies, only two are devoted to treating 

quarry waters for nitrogen at a mining enterprise in the Murmansk Region [12] and desalinating 

drainage waters in irrigation systems in Kalmykia [13]. Although these technologies have not yet 

gained wide distribution in Russia, the development of methods for their design and operation in 

various climatic zones of the country and for a wide range of pollutants attracts the attention of the 

scientific community [14, 15]. 

History of floating platforms development 

A promising direction in phytotechnology is the creation of floating platforms. The scientific 

literature provides various names for this technology: Floating treatment wetland, Floating island, 

Ecological floating bed, Artificial floating island, Planted floating system bed, Vegetated floating 

island, Hydroponic root mat, Natural floating wetland, Constructed Floating Wetlands. In recent 

years, the most commonly used term is Constructed Floating Wetlands (CFW), which we will use 

in this text. 

The methods of forming such vegetative structures have been known since ancient times, when 

countries suffering from regular flooding of fertile lands began to develop aquatic agricultural tech-

nologies (floating-bed agriculture). This method is still widely used in Bangladesh, India, Vietnam, 

Indonesia, Thailand, and the Philippines. It involves creating artificial floating islands for hydro-

ponic cultivation of vegetable and cereal crops in long-term flooded areas [16, 17]. A distinctive 

feature of floating bioplatforms is the development of the root system in the aquatic environment, 

while the leaf biomass grows above the water surface. Easily decomposable remnants of aquatic 

plants – Eichhornia and Lémna – are used as substrate-soil substitutes. These plants are characterized 

by active accumulation of nitrogen, phosphorus, and potassium, thus simultaneously serving as  

bio-fertilizers. 

The development of CFW technology initially took place within the framework of Constructed 

Wetlands (CW) technology, which emerged in Germany in the 1950s. However, CFW quickly 

evolved into an independent scientific field. The first report on the creation of CFW for water treat-

ment came from Germany and was published in [18]. Although floating bioplatforms cannot technically 

be called “artificial wetlands”, the term remains widely used. This is because CFW combines water 

treatment mechanisms found in both natural and artificial wetlands (ponds) with freely floating  

vegetation [19]. The cost of CFW technology is significantly lower than CW, as it does not require 

                                                      
2 Wastewater treatment during production, work, and services at large enterprises. ITS NDT 8-2022. Moscow: NDT Bureau, 

2022, p. 93. 
3 Standard DWA-A 262E. Principles for Dimensioning, Construction and Operation of Wastewater Treatment Plants with 

Planted and Unplanted Filters for Treatment of Domestic and Municipal Wastewater. German Association for Water, Wastewater and 

Waste, 2018, p. 68. 
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the construction and maintenance of hydraulic structures. A detailed retrospective analysis of CW 

technology development, including CFW, was conducted in [20]. Research on hydroponic technolo-

gies (floating and non-floating (rooted) wetlands) and their differences from CW and biological treat-

ment ponds was presented in [19]. 

In the late 1980s, CFW technology began to actively develop in China, the USA, and Japan [21], 

primarily for treating domestic and stormwater runoff. Further development focused on both improving 

and expanding the range of removable pollutants and combining with classical and modern water 

treatment technologies, leading to the development of hybrid systems [22]. 

Currently, the leading countries in implementing CW technologies are China, the USA, Ger-

many, Japan, and Australia. For CFW technologies, the leaders are China and Pakistan [4]. 

Floating bioplatform structures 

Due to the active implementation of nature-inspired technologies such as CFW for water 

treatment and landscape design, the USА company Floating Islands International launched indus-

trial production of bioplatform frames made from recycled PET foam. More often, frames are 

constructed from scrap materials based on proprietary designs [23]. Ensuring the bioplatform 

frame buoyancy and the ability to combine separate modules into clusters are particularly im-

portant. PVC or polyethylene pipes, as well as bamboo stems, are used for this purpose [24]. 

There is experience in using 1.5-litre PET bottles as floats. The bioplatform base is made of 

foamed polymer plastics (polyurethane foam, polyethylene foam, polypropylene foam, recycled 

PETE). The most rational area of individual modules is 2 m2, but the literature provides options 

for frames ranging from 0.025 to 50 m2 [24]. Modules are connected using natural or synthetic 

fibres [25] or special straps. 

Figure 1 shows a patented design of a floating bioplatform phytomodule [26] used for testing 

quarry water treatment technology at the settling pond of AO Olkon (Olenegorsk, Murmansk Re-

gion) [12]. The structure includes a rectangular base frame constructed from plastic pipes 1 and 2 m 

long, with diametres of 20 or 50 mm, connected at right angles with elbows. A plastic grid with 

3×3 cm cell size, covering an area of 2 m2, is placed on the frame. This serves as a bio-loading 

platform for pre-grown carpet-like grass turf (Fig.1, a) or phytomats [27] (Fig.1, b), both planted 

with marsh plants [28]. 

The formed rows of phytomodules were attached to the bank of the reservoir using cables with 

carabiners, while clusters were installed in the centre of the reservoir and held in deep-water areas 

using an anchor consisting of a bag filled with stones weighing approximately 15 kg. Details of the 

connection between phytomodules and methods of strengthening the structure are provided in the 

patent [26]. Fig.2 shows how the phytomodules were installed on the water surface.  

In addition to floating bioplatforms, phytoplants [29] were used in open areas of the reservoir 

with depths to 2 m. The design of these consists of a rigid base made of buoyant material, a mesh bed 

part, and an anchor (Fig.3). 

 

 

a b 

Fig.1. General view of the floating bioplatform phytomodule with marsh plants planted in the turf (a)  

and phytomates (b) 
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In CFW technologies, when selecting substrates for plants, the following material parameters 

are considered: porosity, capillary, and fertilizing value. The most commonly used materials in-

clude coconut and bamboo fibre, compost, activated carbon, biochar, vermiculite, perlite, and 

plastic granules. Recommendations for substrate selection and optimization are outlined in a  

a b 

Fig.2. Installation of phytomodules in a row (a) and clusters (b) in the deep-water part of the reservoir 

 

 

 

Fig.3. Floating plant beds installed in deep-water sections of the reservoir: 

a – general view of the phytomodule; b – plant bed filled with local  

aquatic plant species; c – plant beds installed in a row configuration 

 

 

 

a b 
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review article [30]. The primary requirement for these materials is minimal impact on water pH 

and non-toxicity to microbiota and plants. The authors of [28] used Vipon brand thermo-vermiculite 

of various fractions, widely employed in other hydroponic technologies, as well as fresh and 

bedding wood sawdust. 

The selection of plants in CFW technology is of fundamental importance, as their ability to 

rapidly grow biomass and accumulate pollutants in it largely determines the degree of water treat-

ment. Equally important is the presence of aerenchyma in the root system – an air-containing tissue 

composed of cells with large intercellular spaces filled with air [18]. This tissue, commonly found 

in aquatic and marsh plants, ensures the necessary level of gas exchange under anaerobic condi-

tions. 

In favourable climatic conditions, the following plants are most commonly used in water treat-

ment for various pollutants: common bulrush (Schoenoplectus (Scirpus) lacustris), sedge (Carex sp.), 

water lettuce (Pistia stratiotes), broad-leaved cattail (Typha latifolia), duckweed (Lémna minor), soft 

rush (Juncus effusus), common reed (Phragmites australis), common water hyacinth (Eichhornia 

crassipes). Pilot studies by M.A.Pashkevich et al. [31] revealed the active transport of Zn, Cu, and 

Mn in broad-leaved cattail and common arrowhead (Alisma plantago-aquatica), indicating hyperac-

cumulation of heavy metals by macrophyte plants.  

In northern conditions, based on existing experience, the following plants can be recommended 

for use as biological loading for floating bioplatforms: red fescue (Festuca rubra), grey foxtail (Ely-

trigia intermedia), perennial ryegrass (Lolium perenne), timothy grass (Phleum pratense) – for forming 

carpet-like grass turf [28]; white-winged marsh plant (Calla palustris), marsh trefoil (Menyanthes 

trifoliata), goat willow (Salix caprea), tea-leaved willow (S. phylicifolia), creeping buttercup (Ranun-

culus repens), coltsfoot (Tussilago farfara), various sedges, narrow-leaved cotton-grass (Eriophorum 

angustifolium), cotton-grass (E. vaginatum), Scheuchzer’s cotton-grass (E. scheuchzeri), marsh 

cinquefoil (Comarum palustre), sphagnum mosses (Sphagnum spp.), marsh horsetail (Equisetum  

palustre), stream horsetail (E. fluviatile) – native bog species for additional planting in the created 

vegetation cover [27]. In open water areas with shallow depths (to 1 m) in backwaters, it is possible 

to use goat willow and tea-leaved willow, marsh marigold (Cáltha palústris), creeping buttercup (Ra-

nunculus repens), floating hook-moss (Warnstofia fluitans), floating pondweed (Potamogeton na-

tans), duckweed (Fig.4), common water-pepper (Hippuris vulgaris), marsh horsetail and stream 

horsetail. 

It should be noted that the selection of plant assortment was based on many years of experience 

in their application. Preference was given to relatively tolerant to technogenic pollution (including 

 Fig.4. Using duckweed to swamp a pond’s backwater 



 

 

Journal of Mining Institute. 2026. Vol. 277. P. 167-180 

© Lyubov A. Ivanova, Evgeniya A. Krasavtseva, Tamara T. Gorbacheva, 2025 

   

172 

This is an open access article under the CC BY 4.0 license 

biogenic elements) perennial macrophytes (hydro- and hydatophyte plants) growing in the  

Murmansk Region, excluding interspecific conflicts and intraspecific competition, capable of  

vegetative reproduction under pollution conditions, accumulating large biomass, and performing 

filtration (settling of suspended solids), absorption (absorption of biogenic elements and organic 

substances), accumulation (accumulation of certain metals and organic substances), oxidative (en-

richment of water with oxygen), and detoxification (conversion of toxic compounds into non-toxic 

ones) functions. 

A significant role in CFW technology is played by the symbiosis of plants with microorganisms 

(bacteria, algae, fungi), especially in the rhizosphere (root) zone. To enhance treatment efficiency, 

measures are taken to create an artificial biofilm – a consortium of bacteria, fungi, algae, and protozoa 

united by extracellular polymeric compounds on a solid carrier. The main polymeric components are 

polysaccharides, proteins, nucleic acids, and lipids. The biodiversity in this community is higher than 

in water, which increases biomass, microbocenosis stability, and the surface area of CFW [18]. The 

biofilm is particularly effective in removing suspended solids, phosphorus, and nitrogen, mitigating 

the negative impact of uneven water flow, temperature, and anthropogenic load on the bioplatform 

plants [32]. 

As carriers for biofilm, both natural and synthetic materials are used: plant residues, basalt 

fibre, zeolites, activated carbon, borosilicate glass, vermiculite, perlite, natural fibres, clinoptilolite 

(natural ion exchanger), polyethylene, polypropylene, polyurethane. Methods for forming artificial 

biofilm in water treatment technologies are detailed in [33]. In pilot experiments, the surface area 

of the biofilm increases through the use of bio-ball garlands filled with porous material. The ap-

pearance and method of attaching bio-balls to the root zone of plants are presented in [34]. 

Among the variety of water types successfully treated with CFW technologies, the following 

are distinguished: domestic wastewater, quarry water, stormwater (surface runoff, street and road-

way wash-offs), agricultural wastewater (livestock and poultry farming), food industry plant effluents, 

oil-contaminated water, wastewater from textile and sugar processing industries, eluates (effluents 

from solid domestic waste landfills), drainage water, process water. 

The development of CFW technology is based on data from laboratory, pilot (microcosm), and 

field studies. For practical implementation, field experiment results are undoubtedly more valuable, 

but they are described much less frequently in scientific literature compared to laboratory and pilot 

research findings. For the first time, a detailed review of comparing water treatment efficiencies 

obtained through various types of experiments within the framework of CFW technology applica-

tion was conducted by Chinese experts in [21]. Out of an extensive body of scientific articles  

published in English and Chinese, only 28 are devoted to field experiment results (in situ research), 

with 11 of them relating to hybrid systems (e.g., those with submerged plants and forced aeration). 

The highest efficiency of CFW phytotechnology was noted for removing all forms of nitrogen  

(ammonium, nitrate, nitrite, organic), phosphate phosphorus and organically bound phosphorus, as 

well as for reducing biochemical oxygen demand (BOD) and chemical oxygen demand (COD) in-

dicators in water. Research on treating faecal-contaminated water have also delivered encouraging 

results [22]. 

Efficiency of water treatment by floating bioplatforms 

Scientific literature documents the results of water treatment for a wide range of pollutants using 

CFW. 

Total nitrogen and phosphorus. Total nitrogen in water exists in ammonium, nitrate, nitrite, and 

organic forms. There are three ways to treat water for nitrogen: denitrification, sedimentation, and 

bioaccumulation by aquatic plants and microorganisms. Denitrification (reduction of nitrates to mo-

lecular nitrogen) removes to 80 % of nitrogen, while sedimentation and bioaccumulation account for 

a combined maximum of 20 % [21]. To enhance denitrification, authors recommend increasing the 
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area of the rhizosphere zone and ensuring optimal water retention time in the treated water body. The 

degree of phosphorus removal with CFW varies from 5 to 88 % [18], with sorption by biofilm and 

sedimentation recognized as the main extraction mechanisms. 

Organic pollutants. High organic matter content in water, as a labile carbon source, leads  

to uncontrolled algal growth. When organic matter decomposes under bacterial action, a large 

amount of oxygen is consumed, which causes the death of fish and other aquatic organisms.  

Organic matter is removed during water treatment through direct absorption by bacteria, algae, 

and higher plants, transformation of high-molecular compounds into simpler ones with  

lower molecular weight under the influence of microorganisms, adsorption of hydrophobic  

organic compounds on suspended particles or biofilm, followed by sedimentation as bottom  

deposits. 

Suspended matter. Suspended particles increase water turbidity, which reduces the availability 

of solar radiation for bacteria, macrophytes, and benthic organisms. Suspended particles affect the 

survival rate of fish fry and the viability of zooplankton. Suspended solids are typically inorganic 

particles about 2 µm in size but can also have organic origins (algae, bacteria, and their remains). 

Since suspended particles have no nutritional value, they are not directly absorbed by plants or  

microorganisms. Instead, they sediment in the water layer between the bioplatform surface and  

bottom deposits, as well as on plant roots [21]. 

Heavy metals. Heavy metals (HM) enter water bodies through industrial discharges and runoff 

from road surfaces. These pollutants primarily appear in suspended form, with only a small portion 

in dissolved form, which can be directly absorbed by plants through interaction between HM ions 

and functional groups of the cell wall. High mineralization and multicomponent composition of 

incoming waters reduce the depth of treatment due to mutual influence of ions. The efficiency of 

suspended particle absorption depends on water composition, Eh, pH, HM concentration, nutrient 

availability, and physiological characteristics of plants included in the bioplatform. Examples of 

applying classical CW technologies for heavy metal removal are presented in [14], where treatment 

efficiency of up to 99 % is reported. There are few studies evaluating the effectiveness of HM 

extraction using CFW [35, 36]. Available results show that sedimentation of suspended forms in 

the rhizosphere zone and on biofilm is more effective than direct plant absorption. Therefore, it is 

recommended to focus on developing robust root mass and increasing biofilm surface area when 

implementing this technology. 

Sulphates. A three-year experience in sulphate removal from drainage water in a settling pond is 

described in [37]. The field experiment was conducted in the Sudbury region (Canada), using soil as 

a substrate to create anaerobic conditions. The phytomodule included cattails, sedges, and rushes. The 

authors provided evidence of CFW effectiveness in reducing conditions at a low pH (5.0) and during 

prolonged operation of the bioplatform at low temperatures. The active development of sulphate-

reducing bacteria was noted, which contributed to the reduction of sulphates to insoluble sulphides 

and their precipitation. 

Boron. The problem of water ecosystem contamination with boron compounds is relevant in 

Chile, Turkey, New Zealand, and the USA due to territorial natural features. The boron concentration 

in drainage waters from boron-containing ore mines in Turkey reaches 2000 mg/l, while the average 

global surface water boron content is 0.1 mg/l [38]. The study shows that cattails, reeds, and duck-

weeds can act as boron hyperaccumulators when applied in CW systems. The main processes for 

boron removal in phytoremediation systems are sorption and plant bioaccumulation. To enhance bo-

ron removal efficiency, it is recommended to increase the content of organic matter and clay minerals 

in the substrate. 

Selenium. Selenium is present in water in anionic form as selenates and selenites. A compre-

hensive assessment of selenium extraction efficiency using swampflower (the main macrophyte in 
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floating wetlands in China) and Se concentration along the food chain was conducted in pilot ex-

periments [39]. The results indicate the need to consider Se accumulation by all living organisms 

inhabiting the bioplatform. 

Petroleum products and phenols. A comprehensive review of CFW technology application for 

petroleum- and phenol-contaminated water treatment is presented in [40]. The technology is recog-

nized as highly effective both when using plants alone (primarily reeds and cattails) and with addi-

tional bacterial cultures. Experiments were mainly conducted in warm climate regions, but there are 

positive examples from northern regions as well. It is stated that rhizosphere microbiota of bioplat-

form plants handles petroleum contamination as effectively as introduced bacterial cultures. There-

fore, measures to stimulate its growth are recommended. 

When discussing the intricacies of implementing CFW technology, it is important to consider 

the modern direction of biosorption [41]. Both living biomass of plants and microorganisms, as 

well as detritus (which is often more effective), can serve as sorbents. Sorption is primarily due 

to the presence of oxygen-containing functional groups in living plant cells or detritus. Biosorp-

tion has extracellular, intracellular, and surface characteristics. Passive biosorption of pollutants 

occurs through interaction with the cell wall, which is a physicochemical process. Bioaccumula-

tion, on the other hand, depends on intracellular metabolism and is therefore considered an active 

process. 

When treating waters contaminated with heavy metals, biosorption plays a leading role. The 

sorption capacity of detritus is comparable to that of chemical sorbents, reaching hundreds of milli-

grams per gram. This method is particularly actively developed for extracting rare and dispersed ele-

ments, as well as precious metals, from wastewater. 

Factors affecting the efficiency of CFW water treatment 

Despite the fact that the main mechanisms of accumulation of various pollutants by plants are 

well known from numerous studies on phytoremediation and restoration of plant cover on technologi-

cally disturbed lands, it is quite difficult to predict the success of phytoremediation measures. The 

main factors affecting the efficiency of water treatment include water chemistry, water depth and 

flow rate, coverage area, aeration conditions, environmental conditions (water and air temperature, 

amount of precipitation). 

Water chemistry is particularly important when selecting treatment methods, especially for 

wastewater from mining and industrial enterprises. On the one hand, effluents with extremely high 

or low pH values and elevated pollutant concentrations can have a phytotoxic effect on planted 

vegetation, leading to plant death [28, 42]. On the other hand, the joint presence of various pollu-

tants in water can reduce treatment efficiency (compared to laboratory experiments) due to compe-

tition [21]. 

The optimal depth of the reservoir when applying CFW technology is considered to be  

0.6-1.1 m, although experiments were conducted at various depths – from 0.25 to 3 m [43]. At 

shallow depths, plant roots of the bioplatform may touch the bottom sediments of the reservoir and 

gradually grow into the soil. Additionally, shallow depths reduce aeration efficiency, which de-

creases microbiological activity. With increasing water levels, plants may detach, potentially leading 

to their death. When selecting bioplatform plants, it is necessary to consider the maximum length 

of their root systems. In field trials at a settling pond for quarry waters, the depth reached  

2 m during certain seasons due to increased discharge volumes [28]. This affected the efficiency of 

nitrate removal due to high water flow velocities and weak influence on the bioplatform plants (due 

to transit water flow). High flow velocities increase dissolved oxygen content in the water, which 

negatively affects denitrification [44]. Large water inflows contribute to biofilm washout or restruc-

turing of its species composition [43]. Mathematical models were developed to simulate optimal 

flow rates and water retention times in the reservoir, an example of which is provided in [45]. 
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To enhance treatment efficiency, the water surface coverage area is selected empirically to ensure 

proper oxygen levels in the water. A coverage exceeding 50 % may cause oxygen deficiency, while 

insufficient coverage results in low treatment efficiency. A 100 % coverage is only recommended in 

exceptional cases, such as nitrate removal, where denitrification (which occurs predominantly under  

anaerobic conditions) is the primary process [24]. At the settling pond of OA Olkon, 50 % of water surface 

was covered, amounting to 1300 m2. This was accomplished by creating 25 clusters with 19 floating 

phytomodules each, along with 150 additional phytomodules arranged in rows in shallow bank areas. 

Dissolved oxygen content in water is crucial for root system development and biofilm for-

mation. Aeration of the rhizosphere zone is important for removing organic matter and phosphate 

phosphorus but has an inhibitory effect on denitrification and sedimentation. Based on the target 

treatment objective, the oxygen regime in phytomodule-occupied zones is monitored and adjusted 

accordingly. 

Climate conditions in areas where CFW systems are located can significantly impact the effi-

ciency of water treatment. It is commonly believed that CFW technology is effective only during 

the summer period due to its reliance on microbiological activity, which decreases with lower tem-

peratures. This is particularly relevant for nitrification-denitrification, which almost ceases at tem-

peratures below 10 °C [11]. However, the removal of suspended solids is primarily a physical pro-

cess driven by sedimentation and is therefore less dependent on temperature. High levels of BOD 

and COD reduction is observed in CFW systems in cold climate countries like Sweden and Canada. 

Denitrification is almost completely inhibited at temperatures below 10 °C. A study by Н.Postila  

et al. [46] evaluated the efficiency of total nitrogen removal in open-type phytoremediation systems 

in Finland, even during the summer period, showing only 12-14 % effectiveness (based on an  

assessment of 14 facilities). 

Wetland treatment in cold regions using CFW (Talkeetna, Alaska) also showed insufficient  

effectiveness to meet regulatory standards [47]. However, a study conducted in Alberta (Canada) 

achieved high efficiency in municipal wastewater treatment [48]. The authors suggested that the  

positive results were due to maturation of the CFW system accompanied by enhanced interaction 

between plants and microorganisms, increased area of phytomodules, as well as addition of aeration 

under the CFW. 

Relatively low water and air temperatures slow down plant growth and biomass accumulation. All 

macrophytes, such as reeds, cattails, and sedges, die off under prolonged exposure to low temperatures 

due to ice crystal formation in their cells and protein denaturation. Decaying biomass becomes a source 

of secondary water pollution. 
To enhance water treatment efficiency during cold periods, the following methods are employed – 

introduction of biofilm carrier materials into the water body. Addition of labile organic matter sources 
(e.g., straw). Application of fibrous material suspensions and microbial mass in floating wetlands. The 
effectiveness of treatment directly correlates with microbial biodiversity within the system – the 
higher the diversity, the better the treatment even in cold conditions. Biotechnologies for cultivating 
cold-resistant macrophyte species, including genetic engineering, are actively developing. Particular 
attention is being paid to the study of benthic organisms, which contribute to the increased efficiency 
of CFW technology at low temperatures. 

When assessing the impact of the environment, it is important to consider the projected conse-
quences of climate change, as detailed in [21]: rising temperatures, changes in precipitation patterns, 
increased duration of dry periods. It is expected that warming will lead to an extension of the growth 
and development period for plants and the operational period of bioplatforms. However, increased 
precipitation intensity will reduce the water retention time in reservoirs with CFW and promote rapid 
nutrient leaching. 

It should be emphasized that the results of field and pilot experiments differ significantly: under 
natural conditions, treatment efficiency decreases by an average of 20-30 %, and for phosphorus re-
moval by more than 50 % compared to pilot studies. In some cases, secondary water pollution with 
nitrogen, phosphorus, and suspended solids occurs in situ. 
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Features of the floating bioplatform operation 

Floating bioplatforms have a positive impact on the condition of water bodies where they are 

placed [21]. Since effective treatment requires a water surface coverage of at least 50 % by floating 

phytomodules, shading of the water surface occurs. This limits the development of phytoplankton 

and restructures its species composition – the proportion of blue-green algae, which cause water 

blooming, decreases. Thus, the application of CFW technology is recognized as promising in solving 

the problem of eutrophication of water bodies. However, an excessively high coverage area of the 

water surface with plant structures can lead to an extended period of water stratification, which must 

be monitored and regulated. 

In [49], it is provided an example of the formation of an aquatic biocenosis in areas where CFW 

was applied on the Chicago River (USA), where the activity of zooplankton, insects, amphibians, 

reptiles, fish, and birds was noted in areas occupied by floating plant structures. Research [28] noted 

the active colonization of the floating bioplatform area by mosses and higher plants not included in 

the artificial phytocenosis, as well as the appearance of frogs, ducks, waders, hares, otters, and mice. 

The condition of the plant phytomodules observed in this study at the quarry water settling pond in 

2024 is shown in Fig.5, 6. 

The efficiency of water treatment for most pollutants largely depends on the power of root sys-

tem development of bioplatform plants and the formation of biofilm on it. The example of root de-

velopment noted in the studies [28] is shown in Fig.6. 

Maintenance of floating wetlands involves monitoring the hydrological regime of the reser-

voir, controlling the physico-chemical composition of water, monitoring the formation of bottom 

sediments and biofilm on plant roots, periodic inspection of the condition of phytomodules, replacing 

damaged elements, planting new plant species, and observing their vegetation. To prevent secondary 

water pollution, it is necessary to periodically remove excess plant biomass of CFW, including plant 

residues [50]. This procedure is also necessary to maintain the required oxygen level in the aquatic  
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Fig.5. The state of phytocenoses created using different phytomodules: 

a – floating plant beds; b – bioplatform + grass turf; c – bioplatform + phytomats 
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environment. The collected biomass is suitable for use as biofuel, biochar production, biofertilizers, 

and biosorbents [51]. In the USA, CFW technologies are actively being developed for growing orna-

mental plants on stormwater runoff. This allows not only to clean the water but also to generate high 

income from selling flowers and biomaterials for landscape design [52]. 

The cost of CFW varies widely depending on the complexity of the design, configuration, materials 

used, coverage area, plant composition, maintenance level, and other parameters. According to [4], the 

cost range is from $5 to $12.5 per 1 m2. The highest price is noted for treatment facilities for storm-

water and domestic wastewater with a total area of 400 m2, both self-made and industrially manufac-

tured. The lowest cost is observed for combined treatment of municipal (60 %) and industrial 

wastewater (40 %) over an area of 4000 m2. 

The cost of commercially produced CFW ranges from $38 (Beemats products) to $377 (BioHa-

ven products) per 1 m2 [53]. Other studies estimate costs not per unit area of CFW but per 1000 m3 

of treated water. M.Afzal et al. [25] report a treatment cost of $0.26 per 1000 m3 of wastewater in 

Pakistan. In China, the cost of municipal wastewater treatment at municipal treatment facilities is as 

follows: conventional treatment facilities $770 per 1000 m3; CW technology $22.3 per 1000 m3; CFW 

technology $0.26 per 1000 m3 [54]. In the Russian Federation, the cost of treating municipal 

wastewater at wastewater treatment plants in the Northwestern Federal District ranges from $7 to 

$270 per 1000 m3, depending on the depth of nitrogen removal (ITS-10-20154). These cost estimates 

clearly demonstrate the obvious advantages of using floating bioplatform technology, in addition to 

its important environmental protection significance. 

Conclusion 

We made a comprehensive review of the experience and prospects of applying the rapidly  

developing phytotechnology – Constructed Floating Wetlands. The paper describes the history of 

floating bioplatform creation and examines various design options. We present the results of water 

treatment from different sources using CFW and identify factors influencing the process efficiency. 

The study describes operational features of floating bioplatforms and approximate cost estimates for 

technology implementation in different countries. 

The undeniable advantage of implementing floating bioplatforms in practice is the simplicity of 

manufacturing, placement, and maintenance of their phytomodules, which ensures high economic 

                                                      
4 Wastewater treatment using centralized wastewater disposal systems in settlements and urban districts. ITS NDT 10-2015. 

Moscow: NDT Bureau, 2015, р. 394. 

a b 

Fig.6. Root system condition of plants on floating phytomodules: 

a – Scheuchzer’s cotton-grass; b – turf 
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efficiency. The comparative analysis indicates the need for multifactorial experimental modelling 

during pilot experiments and mandatory verification of treatment efficiency under field conditions. 

The application of the technology at an enterprise should be based on the results of laboratory, scaled-up, 

and pilot-scale tests. After these tests are completed, a final decision on implementation is made. 

The introduction of CFW technology holds great promise for treating various types of water for 

a wide range of pollutants, as well as for landscape design in different climatic conditions of the 

Russian Federation. 
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