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Abstract 

Among the methods of corrosion control in the oil and gas production industry the leading place belongs to inhibitor 

protection, since there is no need for technological and technical changes in the existing equipment. The combination 

of high variability of inhibitor composition with changing conditions of its application and low capital investments 

makes it an indispensable reagent at oil and gas fields. The main classes of compounds used as active bases of carbonic 

acid corrosion inhibitors for the protection of oil and gas equipment are described. Classical organic active bases con-

taining heteroatoms (oxygen, sulfur, nitrogen) are examined. Special attention was paid to alkylimidazolines and other 

nitrogen-containing compounds as the most frequently used as active bases of carbonic acid corrosion inhibitors in 

Russia and abroad. A wide range of possibilities to achieve the desired properties of corrosion inhibitors by varying the 

substitutes has been demonstrated. Nowadays, in addition to the traditional requirements for corrosion inhibitors, their 

safety for the environment is equally important. The information on prospective research and development aimed at 

improving the environmental characteristics of the reagents used is given. Plant extracts, synthetic and biological  

polymers involved in traditional corrosion inhibitors or used as new independent compounds are considered. It is shown 

that the effectiveness of corrosion inhibitors significantly depends on the pH of the medium, temperature, partial  

pressure of СО2, flow rate, and other factors.  

 

Keywords 

corrosion inhibitor; carbonic acid corrosion; imidazoline; СО2; green inhibitors; plant inhibitors; polymeric inhibitors; 

synthetic polymers; biopolymers 
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Introduction 

Oil and gas industry equipment is subject to aggressive influence of the external environment. 

One of the main factors of accidents (up to 80 %) and failure of oilfield equipment is corrosion of 

external and internal pipe walls. When the metal surface is in contact with a medium (a mixture of 

liquid and gaseous hydrocarbons), the corrosion process is significantly accelerated in the presence 

of hydrogen sulfide, carbon dioxide, water, oxygen, and mechanical impurities [1].  

Factors having maximum influence on the mechanism and intensity of corrosion of field oil and 

gas pipelines [2, 3]: high water content of transported products; high content of corrosive-aggressive 

gases (carbon dioxide and/or hydrogen sulfide); high temperature of transported products; high con-

tent of mechanical impurities.  

Previously, carbon dioxide was not considered as an active corrosive agent; hydrogen sulfide 

and oxygen posed a significant threat. However, the situation has changed dramatically with the 
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development of deep-lying seam. The simultaneous presence of bicarbonate and carbonate ions 

in the aqueous phase causes carbonic acid corrosion, which leads to failure of oil and gas field 

equipment. [4]. The simultaneous presence of bicarbonate and carbonate ions in the aqueous 

phase causes carbonic acid corrosion, which leads to failure of oil and gas field equipment [2]. 

At 25-35 % content of the water phase in the oil-water mixture, the surface of steel equipment is 

wetted by water, which causes corrosion stimulated by CO2 dissolved in the mixture [5]. The rate 

of corrosion damage is 3-4 mm/year and in some cases reaches 6-8 mm/year. When predicting 

corrosion rates, it should be assumed that the carbon dioxide content in the aqueous phase is 

closely related to the partial pressure of carbon dioxide (pCO2 > 0.2 MPa – severe corrosion, 

pCO2 = 0.02-0.2 MPa – moderate, pCO2 < 0.02 MPa – insignificant [6]), and the partial pressure 

is temperature dependent [7]. 

One solution to the environmental problem of carbon dioxide emission and decarbonization 

of the industrial sector is the use of carbon capture, utilization and storage (CCUS) technology. 

However, carbon dioxide corrosion is a serious problem that has hindered the widespread develop-

ment and application of this technology [8, 9].  

Three temperature areas can be distinguished in the carbon dioxide corrosion process [10]: 

• low temperature area (below 60 С) – corrosion is mostly uniform and its rate increases 

with increasing temperature; small amounts of FeCO3 are formed on the metal surface; 

• medium temperature area (about 100 С) – the formed iron carbonate film is uneven in 

thickness; local corrosion intensifies, the rate of which reaches a maximum; 

• high temperature area (above 150 С) – corrosion rate decreases (by an order of magnitude 

or more) due to the formation of a dense coating of iron oxide (Fe3O4) with high adhesion. 

Carbon dioxide can cause both uniform and more dangerous localized (moss-like and meso-

like pitting) corrosion of steel. In the process of localized corrosion, an irregular and/or unstable 

protective film of corrosion products is formed on the metal surface (FeCO3, Fe3O4, etc.).  

Methods of corrosion control in the oil industry: 

• technological methods of protection, i.e. creation and maintenance of corrosion-safe con-

ditions of equipment operation; 

• use of corrosion-resistant/non-metallic materials [11]; 

• application of corrosion inhibitors (CI); 

• use of protective coatings. 

Among the listed methods of corrosion control in the oil and gas production industry in Rus-

sia and abroad, the leading place is currently occupied by inhibitor protection, as it does not 

require significant capital investments and a serious restructuring of the technology of oil pro-

duction, gathering and treatment [10]. CI are fast acting and cost effective, so no field containing 

aggressive components is operated without the use of corrosion inhibitor protection. The ad-

vantage of this method is its simplicity and cost-effectiveness, possibility to use it both on new 

and operated wells, which allows in the process of field development to easily replace the existing 

inhibitor with a more effective one without disturbing the production technology at the fields. In 

the Russian Federation, corrosion inhibitors are used during the development of oil and gas fields 

as prescribed by Gosgortechnadzor [2]. 

Inhibitors are supplied to pipeline systems with periodic or continuous dosing. During periodic 

dosing, contact of the pipeline metal surface with the commercial form of inhibitor or its concentrated 

solution is organized. At the same time, inhibitors should have an effect of after-action, i.e. the pro-

tective layer formed by their application should retain its integrity for a long time. At constant dosing 

the formation and maintenance of the protective layer is realized due to diffusion of the active  
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component of the inhibitor from the liquid volume on the metal surface of the pipeline wall. The 

effectiveness of pipeline protection with corrosion inhibitors depends on the chemical composition, 

adsorption capacity and the amount of inhibitor injected [12-14]. 

Carbon dioxide corrosion inhibitors  

Corrosion inhibitors are chemical compounds that reduce the rate of corrosion without signifi-

cantly changing the concentration of any corrosion reagent. The ability of inhibitors to retard corro-

sion is mainly due to the following properties: adsorption of CI on the metal surface; change in the 

rate of anodic/cathodic reactions; slowing down the rate of CI diffusion to the metal surface; decrease 

in the electrical resistance of the metal surface. 

The corrosion inhibitor acts at the metal/solution interface to form a film of various types – 

passivating, precipitating and adsorptive. 

The most widespread use of passivators is for corrosion control in neutral or near-neutral pH 

environments. The chemical composition and structure of inhibitors largely determines their mecha-

nism of action. Among inhibitors one can find inorganic substances with oxidizing properties (nitrites, 

molybdates, tungstate, chromates), which are able to create protective oxide films on the surface of 

the corroding metal. Currently, the use of inhibitors of this type has been abandoned due to toxicity; 

they are used only in the aviation industry and construction. 

Precipitating film inhibitors are chemicals that form insoluble protective films by reacting with 

soluble substances in the environment (e.g., phosphonates and polyphosphates that form protective 

films with calcium ions in solution) or with the protected medium – metal ions (e.g., copper-

benzotriazole salt film (BTA) [1]. 

Inhibitors that form adsorptive protective films are mainly organic substances (surfactants), 

which often have a surfactant molecular structure with a hydrophilic group capable of binding to the 

metal surface and a hydrophobic part of the molecule protruding towards the solution volume. The 

adsorbed inhibitor molecules restrict oxygen diffusion and water access to the metal surface, which 

reduces the corrosion rate. 

Modern adsorption-type corrosion inhibitors are usually a solution of one or more organic com-

pounds with high inhibitory properties (active base) in a hydrocarbon or water-alcohol solvent.  

There are a number of requirements for corrosion inhibitors used in the oil industry:  

• protective effect in a wide range of temperatures and pressures (from normal to high), as well 

as in conditions of high flow velocities and the presence of abrasive particles; 

• low solidification temperature (not less than –50 С); 

• good solubility and/or dispersibility in working media (water-soluble, hydrocarbon-soluble, 

hydrocarbon-soluble-water-dispersible, insoluble in neither water nor hydrocarbons); 

• absence of influence on the stability of oil-water emulsions; 

• fire and explosion safety, compliance with the requirements of sanitary norms;  

• compatibility with other reagents used in the technological process and absence of influence 

on the quality and processes of subsequent oil refining, etc. 

Also, when developing effective corrosion inhibitors, it is worth considering the environmental 

impact, the possibility of use at low concentrations (100-200 mg/l), and chemical stability in corrosive 

environments.  

All commercially available corrosion inhibitors have an optimal area of application depending 

on the industry segment, composition of corrosive media and technological features of the protected 

objects [15]. Table 1 shows the most common composition of corrosion inhibitors used in various 

fields.  
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Table 1 

Composition of inhibitors used in various segments of the oil and gas industry 

Segment Inhibitors Composition Medium 

Oil field Corrosion inhibitors Linear amines and imidazolines 

in various solvents  

(kerosene, methanol, neonol, etc.) 

Oil emulsion 

Chemical-technological  

equipment protection 

Corrosion inhibitors Oxyethylated fatty amines  

and imidazolines 

Petroleum products  

with various  

impurities 

Water treatment Complex inhibitors Organophosphorus substances Water 

Water treatment of recycled  

industrial water  

enterprises 

Complex inhibitors Phosphorus-containing components,  

sodium polyphosphates. Zinc sulphates 

etc. 

Water with various  

impurities 

 

The main volume of reagents is used in the processes of production (for protection of pres-

sure, oil gathering, in-field pipelines and water lines) and transportation of crude oil (Fig.1). 

Therefore, the most urgent is the development of 

new and improvement of currently used corrosion 

inhibitors, including carbon dioxide, used in the 

oil industry.  

Organic corrosion inhibitors  

Organic compounds containing heteroatoms 

(O, P, N, S) are being actively studied as corrosion 

inhibitors [16, 17]. Structures of the main phospho-

rus-, oxygen- and sulfur-containing compounds used 

in industry as active bases of carbon dioxide corro-

sion inhibitors: 

• esters of phosphoric acid [16] 

 

 

 

 

 

 

 

 

 

 

 
 

 

• bis(2-ethylhexyl) phosphate [18] 
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• carboxylic acids [19] 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

• amino acids and their derivatives [20] 

 

 

 

 

 

• rhodanine and derivatives [21] 
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• -mercaptoalcohols [22] 

 

 

 
 

Phosphorus-containing compounds  

The mechanism of adsorption of inhibitor molecules on the metal surface can be considered 

as donor-acceptor: heteroatoms containing π-electrons act as donors, and free d-orbitals of metal 

surfaces act as acceptor [16]. This interaction leads to the formation of a protective layer on  

the metal surface. The ability of phosphorus atoms to form adsorption bonds at the expense  

of π-electrons and vacant d-orbitals of transition metals determines the chemisorption and  

inhibitory properties of phosphorus-containing compounds, which are used as corrosion inhibi-

tors individually or in mixtures.  

Mono- and diethers of phosphoric acid form sparingly soluble salts with ions Fe2+ and Ca2+, 

which form a protective layer on the metal surface, thereby reducing the rate of corrosion.  
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R2 = R3 = H(I-2)R = H–C5H11CH =(II-2) R1 = CH2CH = CH2; 

R2 = R3 = H(I-3)R = (C2H5)2N                                  (III-3)R1 = H – C4H9; 

R2 = R3 = H(I-4)R1 = CH4COOH;  R2 = R3 = H(I-5)R1 = H, R2 = H, R3 = C2H5 (I-6); 
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Corrosion inhibitors based on organic phosphorus compounds, such as N-heterocyclic  

alkylphosphonic acid HtC(R1R2)P(O)(OH)2, where Ht – is a heterocyclic fragment with a nitrogen 

atom in the ring – pyrrolidine or morpholine, showed a high degree of protection against local corro-

sion; R1, R2 – are hydrogen atoms (alkyl radicals СН3 or СН3 and C2H5) [23]. The presence of the 

acid residue Р(O)(ОН)2 in the molecule provides the formation of a nanoscale self-organizing layer 

on the metal surface at the inhibitor concentration in aqueous solution from 30 to 60 mg/l. 

In the research [18] the possibility of using bis(2-ethylhexyl)phosphate to inhibit carbon dioxide 

corrosion is reported. It is shown that P–O–Fe and P–Fe bonds are formed on the metal surface, due 

to which the corrosion inhibitor shows high efficiency – 93 % at a concentration of 500 ppm. 

Oxygen-containing compounds  

Carboxylic acids show high protective ability (above 90 %) in conditions of carbonic acid  

corrosion [19], while the inhibition efficiency is primarily associated with adsorption of carbonyl 

groups –C=O on the metal surface and significantly increases with increasing their amount. Tricar-

boxylic acids exhibit maximum efficacy even at low inhibitor concentrations. The presence and num-

ber of hydroxyl groups in the structure of the inhibitor molecule has a significant effect on its effi-

ciency – succinic and maleic acids, which have no hydroxyl groups in their composition, showed 

better inhibition efficiency than malic and tartaric acids. 

Amino acids, particularly glutamic acid, are effective corrosion inhibitors, but the concentration 

should be carefully selected depending on the environmental conditions, as the opposite effect can be 

achieved [20]. Amino acids are environmentally friendly compounds that are completely soluble in 

aqueous media, non-toxic and cheap, so more and more research has been directed towards the syn-

thesis of amino acids and their more complex derivatives to improve the effectiveness of corrosion 

inhibitors [24]. 

In the research [25], the esterification reaction of natural petroleum acids with allylic alcohol  

in the presence of an ionic liquid, N-methylpyrrolidone hydrosulfate, was studied. Based on  

of the obtained allyl alcohol of petroleum acid nitro derivatives were synthesized, their salts  

and complexes were obtained and the influence of solutions of these compounds on the kinetics of 

the corrosion process was investigated. The nature of salts and complexes was found to affect the 

effectiveness of СО2 corrosion inhibitors and varies in a series: potassium salt > monoethanolamine 

complex > diethanolamine complex. Potassium salt and monoethanolamine complex based on nitro 

product of natural petroleum acids showed the highest anticorrosion efficiency at a concentration  

of 300 ppm, which amounted to 98.4 and 98.9 %, respectively.  

Sulfur-containing compounds  

The authors of the source [21] suggest the use of rhodanine and its 3- or 5-derivatives of general 

formula I or II as a corrosion inhibitor. It was found that inhibitors exhibit high protective properties 

(up to 99 %) in carbonic acid corrosion of iron at very low concentrations (0.1-2.5 mg/l). 

Decantiol can be an effective inhibitor of localized corrosion in carbonate media due to the for-

mation of adsorption monolayer [26] and reduction of adsorption/desorption processes of intermediate 

compounds on the metal surface resulting from the slowing down of cathodic and anodic reactions. 

It was found that the introduction of 10-400 ppm decanthiol can reduce the local corrosion of carbon 

steel. Investigations of the metal surface by physicochemical methods made it possible to establish 

that corrosion protection is provided by physical adsorption of the inhibitor on the metal surface rather 

than by chemisorption, since no Fe–S bonds were detected.  

The relationship between the structure of a number of mercaptoalcohols and their anticorrosion 

efficacy as corrosion inhibitors was studied in [22]. While using molecular dynamic modeling, it was 

found that the high efficiency of mercaptoalcohols is due to their ability to adsorb on the Fe (110) 

surface with both –SH- and –OH-groups. As the carbon chain lengthens, the corrosion resistance 

properties improve and the optimum chain length is С11.  
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When straight, branched, cyclic or heterocyclic alkylene, arylene, alkylarylene, arylalkylene or 

hydrocarbon fragments containing from 1 to 30 carbon atoms of carbon-containing radicals with the 

general formula (HS)n–R–(OH)m (n, m = 1-3), are introduced into mercaptoalcohols, the anticorro-

sive efficiency increases [27]. The best reduction in both uniform and localized corrosion rates  

was achieved in the presence of 2-mercaptoethanol, 2-mercaptopropanol, 1-mercapto-2-propanol and 

2-mercaptobutanol. 

Nitrogen-containing compounds  

Inhibitors based on nitrogen-containing compounds are the most widespread among all organic 

compounds containing heteroatoms [17, 28]. 

Structures of the main nitrogen-containing compounds used as active bases of carbon dioxide 

corrosion inhibitors: 

• imidazolines 
 

 

 

 

 

 

 

• primary amines R–NH2; 

• diamines  
 

 

 

 

 

 

• amidoamines 
 

 

 

 

 

 

 

• dimerized amidoamines 

 

 

 

 

 

 

 

 

 

• quaternary ammonium bases (QAS) 
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• oxyethylated primary amines 
 

 

 

• polyethoxyalkyldiamines 

 

 

 

 

 

 

 

 

• alkylpyridines 

 

 

 

 

 

 

 

 

Amines, amides, imidazolines and their derivatives are used as the active base of corrosion in-

hibitors. Analysis of corrosion inhibitors used on the territory of the Russian Federation and produced 

by domestic companies shows that complex mixtures of nitrogen-containing compounds are predomi-

nantly used as the active base. Effectiveness of active bases of carbon dioxide corrosion inhibitors of 

domestic manufacturers: mixture of nitrogen-containing surfactants – 90 %; reaction product of tall 

oil with tetraethylenepentamine – 90 %; mixture of alkylimidazolines – 91 %; amido-imidosoline of 

fatty acids – 90 %; condensation product of fatty acids of tall oil with aminoethyl-ethanoamine – 

91 %; mixture of alkylimidazolines of fatty acids С8-С12 – 90 %; alkyldimethylbenzylammonium 

chloride – 92 %. 

Amines and QAS  

Primary, secondary, tertiary amines and tertiary derivatives containing a positively charged  

nitrogen atom covalently bonded to four organic radicals and ionically bonded to an anion are used 

as corrosion inhibitors. The radicals commonly used are fatty acid residues, alkyl (С8-С30), phenyl, 

oxy- and polyoxyalkyl.  

QAS are cationic type surfactants. This means that in aqueous solutions, QAS dissociate into a 

positively charged radical and an acid anion. QAS have been used for a long time and widely in the 

oil and gas industry. They are used as individual active bases or in mixtures with other classes of 

compounds. Dimethyldodecylbenzylammonium chloride is an example of QAS-based CI. N-alkyl 

quaternary ammonium compounds with different anions have the structure of amphiphilic cationic 

surfactants and are therefore potential metal corrosion inhibitors.  

In the research [29] a series of pyrrolidine-based quaternary ammonium salts containing hydro-

phobic C12-C16 alkyl moieties and hydrophilic oxygen-containing substitutes (propargyl, dodecyl and 

their combination) were synthesized. High inhibitory properties of the studied ammonium compounds 

are primarily due to the presence of several adsorption centers. Hydrophilic fragments are chemi-

sorbed on the metal surface to form a protective film (coating), and hydrophobic substitutes displace 

the adsorbed water layer to form a protective layer on the metal surface. As the alkyl chain length 

increases, the inhibition efficiency increases. Aliphatic hydrocarbon radicals contained in ammonium 

cations as well as in organic acid anions provide adsorption interaction with the metal surface.  
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In addition, it is known that the simultaneous presence in aqueous solutions of a mixture of inhibitors 

exhibiting the properties of both cationic (containing ammonium cation) and anionic (containing  

hydrocarbon anion) surfactants can provide special properties that can significantly increase the  

effectiveness of anticorrosion action. 

The length of alkyl substitute of dimethylbenzylammonium affects the effectiveness of corrosion 

inhibitor based on it [30]. The molecular structure of the model compounds includes the same polar 

group, dimethylbenzylammonium, and four different hydrophobic moieties with different lengths of 

alkyl tails (butyl (–C4H9), oktyl (–C8H17), dodecyl (–C12H25) and hexadecyl (–C16H33). It was found 

that the longer the length of the alkyl moiety, which has good adhesion to the metal surface, the higher 

the corrosion reduction efficiency for the homologous series evaluated. The main role of the leading 

group of model quaternary ammonium compounds is to form bonds of the inhibitor molecule with 

the metal surface, while the hydrophobicity of the alkyl tail plays a determining role in the inhibition 

process by displacing water molecules from the surface.  

Ammonium salts of O, O-dialkyl dithiophosphoric acids (Fig.2) are effective inhibitors of car-

bonic acid corrosion, in the presence of which a protective effect of up to 99 % is achieved [31]. In 

the case of carbon dioxide corrosion, the inhibitory activity is independent of the nature of the amine 

and the length of the alkyl substitute in the ester group. An important feature is that the inhibitory 

effect of these compounds increases with increasing temperature.  

Imidazolines 

Imidazolines and their derivatives (Fig.3) are widely used as organic corrosion inhibitors in the 

oil and gas industry worldwide to effectively suppress CO2 corrosion. 

Imidazoline can be readily synthesized from natural fatty acids and ethylenediamines, as well as 

from aldehydes and diamines [20]. The use of natural fatty acids make imidazolines environmentally 

friendly. Imidazolines can also be derived from plant material. Thus, in [32] a hydroxyethyl imidazoline 

derivative was synthesized based on coffee oil and found to be highly effective in reducing carbon dioxide 

corrosion rate, 99.9 % at a concentration of 10 ppm. In the research [33] a novel  

N-(3-(2-fatty-4,5-dihydro-1H-imidazol-1-yl)propyl) – fatty amide-type surfactant was derived from 

fatty acids (С16-С18), contained in mango seeds and showed high performance under corrosive con-

ditions of CO2. It was previously determined that adsorption of olein-substituted imidazoline on steel 

surfaces creates a fully hydrophobic surface, forming a watertight barrier between the corrosive aqueous 

phase and the steel surface, which provides effective corrosion protection. To improve the efficiency 

of corrosion inhibitors, the authors [34] synthesized a number of imidazoline derivatives  

from oleic acid and various amines (ethylenediamine, diethylenetriamine, triethylenetetramine,  

tetraethylenepentamine, hydroxyethyl ethylenediamine, and polyethylenepolyamine) and showed 

that the efficiency of CI based on them is 97-98 %. The inhibition efficiency of imidazolines obtained 

by condensation of soybean oil fatty acid and various amines (DETA, TETA, TEPA) was 50-90 % [35]. 

Imidazoline derivatives derived from semi-purified rice bran oil exhibited high inhibitory properties 

up to 99.69 % for carbon steel [36].  
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3. Structure of alkylimidazoline,  

R is hydrophobic, R1 – hydrophilic 

CH2 

CH2 N 

N 
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Fig.3. Structure of alkylimidazoline  

R is hydrophobic, R1 – hydrophilic 

Fig.2. Structure of the О,О-diethers of dithiophosphoric acids  

R is iso-С9Н19С6Н4, iso-С9Н19С6Н4(ОСН2СН2)6, iso-С4Н9, 

iso-С8Н17; R1 – Н, С2Н5, С12Н25, СН2СН2ОН; R2– Н, СН3, 

С2Н5, С12Н25, СН2СН2ОН 
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Table 2 

Structures of the main imidazoline compounds used as active bases of inhibitors of carbonic acid corrosion 

Compound Structure Substitutes Reference 

Bis-imidazoline 

 

R = С17Н33 [37] 

Alkylimidazoline  R = C17H33 

R1=H 

C2H4NH2 

C3H6NH2 

C2H4NHС2H4NH2 

(C2H4NH)2С2H4NH2 

(C2H4NH)xС2H4NH2 (x ≥ 3) 

C2H4OH 

[34], 

[38] 

R = C2H5, C18H37 

R1= C2H4OH 

 

[38] 

R = C17H33 

 

 

 

 

 

 

 

 

[39] 

R = C17H33 

 

 

 

 
 

 

[40] 

 

The presence of several nitrogen atoms in the structure of compounds increases their anti-corro-

sion ability. The authors of [37] developed a method of obtaining a corrosion inhibitor based on eth-

ylene oxide and bis-imidazoline obtained by interaction of tetrapropylene pentamine and oleic acid, 

which demonstrated high efficiency of corrosion reduction in carbonate medium – 97-98 % at a con-

centration of 30-50 mg/g. 

A number of researches are aimed at studying the adsorption and anticorrosion properties of 

alkylimidazolines depending on the nature of substitutes R and R1 (Table 2). Substitutes exhibit  

different properties and perform different functions. The hydrophilic part provides orientation and 

bonding of the corrosion inhibitor to the metal surface, while the hydrophobic part provides formation 

of a protective adsorption barrier between the metal surface and the corrosive medium. It is still 

debated which substitute has a greater influence on the effectiveness of corrosion inhibitors. For 

example, a number of alkylimidazolines have been synthesized in the research [38] by varying 

the nature of both hydrophilic and hydrophobic substitutes, the most representative examples are 

shown in Table 2.  

It was established that at the same R (C17H33) replacing the hydrogen with aminoethylene 

(C2H4NH2) in the position R1 significantly increases the CI efficiency, from 77 to 92 %. Increasing 

the chain length of the amine substitute does not affect the efficiency as much, and in some cases 
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(C3H6NH2) decreases it. The introduction of a hydroxyethyl group into the imidazoline ring weakens 

the inhibitory ability of imidazoline due to an increase in its hydrophilicity, which leads to an increase 

in water solubility with a decrease in the insulating ability of the inhibitor film. Whereas, for the same 

R1 (C2H4OH) replacing the alkyl chain С17 with С2 decreases the CI efficiency sharply from 90 to 

13 %, confirming the important role of the hydrophobic part length. The chain branching slightly 

changes the effectiveness of the inhibitor.  

The authors [34] synthesized a series of imidazolines using oleic acid and various nitrogen- and 

oxygen-containing groups as substitutes (Table 2) and showed that the introduction of hydroxyethyl 

group increases the hydrophilicity of imidazoline, while aminoethylene increases the hydrophobicity. 

The effectiveness of a corrosion inhibitor is directly related to the combination of its hydrophobic and 

hydrophilic properties. Another important factor affecting the properties of corrosion inhibitors is the 

operating conditions, particularly the flow rate. Thus, at low speeds (0.3-0.6 m/s), alkylimidazolines 

with side substitutes –C2H4NH2 and –C2H4NHС2H4NH2 showed the highest performance, whereas at 

higher speeds (5.5 m/s), alkylimidazoline without side substitute R1 had the highest efficiency.  

In the research [41] a synergistic effect was found – when oleic imidazoline and mercaptoethanol 

were used in a 3:1 ratio, the efficiency reached 96.56 %. 

In early researches it was shown that olein-substituted imidazoline is an effective base for cor-

rosion inhibitors, and in order to improve the anticorrosion properties, the authors [39] introduced  

a sulfhydryl substitute into olein-substituted imidazoline (Table 2), which led to an increase in inhi-

bition efficiency up to 95.58 %. This difference is due to the presence of an additional active adsorp-

tion center.  

An inhibitor of carbon dioxide corrosion based on imidazoline derived from polyamine  

(triethanoltetramine, polyethylene polyamine) with carboxylic acid (oleic acid, stearic acid, acetic 

acid) was proposed in the research [42]. An important feature of this inhibitor is the addition of copper-

containing carbon nanostructures to the obtained imidazoline, which makes it possible to reduce the 

working concentration of the corrosion inhibitor from 40 to 15 mg/l without loss of efficiency.  

In studying the effectiveness of imidazoline-containing inhibitor of uniform and localized cor-

rosion in the medium CO2 [43] two main factors affecting the inhibition efficiency, i.e., inhibitor 

adsorption/film formation and the presence of corrosion products, were identified. The presence of 

corrosion products had a significant effect on both the adsorption of the inhibitor and the depth of the 

corrosion pit. This effect was most pronounced in the formation of a layer consisting predominantly 

of FeCO3, while the corrosion inhibitor provided only ~25 % of the total protection.  

Imidazolinthioureidooleic acid is widely used in the oil and gas industry as the basis of an  

effective carbon dioxide corrosion inhibitor for carbon steel, but due to the increasing depth of oil 

fields, improvement of its anticorrosion characteristics is required. One way of improvement is the 

modification of imidazolinathioureidooleic acid. 

For example, in [40] a modified imidazolinthiou-

reidooleic acid (Table 2) was obtained by reaction 

with formaldehyde and propargyl alcohol c, which 

showed improved anticorrosion properties.  

It was found that due to the additional adsorp-

tion center and higher hydrophobicity, the modified 

imidazoline forms a more stable and effective ad-

sorption film, increasing the efficiency of the corro-

sion inhibitor based on it. In the research [44] 

branched tetraimidazoline derivatives that contain 

four adsorption centers were synthesized (Fig.4).  
4. Structure of a branched derivative  
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Fig.4. Structure of a branched derivative  

tetraimidazoline 
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It was found that the efficiency of the corrosion inhibitor based on the synthesized compound in-

creases with increasing concentration and temperature and reaches 98.29 %. Scanning electron mi-

croscopy data confirm the formation of dense dendrimer-like protective films that ensure the absence 

of contact between the aggressive medium and the metal surface.  

The pyridine Schiff base derivatives, namely 3-pyridinecarboxaldehyde-4-phenylthiosemicarba-

zide (3-PCPHC) and 4-pyridinecarboxaldehyde-4-phenylthiosemicarbazide (4-PCPHC) (Fig.5), 

showed efficacy as carbonic acid corrosion inhibitors [45]. At the same concentration, the inhibition 

efficiency of 3-PCPHC is higher than that of 4-PCPHC, increasing sharply with increasing concen-

tration and remaining constant at different temperatures. According to the results of molecular dy-

namic simulations, both protonated and non-protonated 3-PCPHC and 4-PCPHC adsorb on Fe (110) 

almost parallel to the surface, forming an adsorption layer. 

Pyrimidine-based compounds can exhibit high corrosion resistance activity. Thus, in [46]  

5-(4-hydroxy-3-methoxyphenyl)-2,7-dithioxo-2,3,5,6,7,8-hexahydropyrimido[4,5-d]pyrimidin-4(1H)-

one was synthesized (Fig.6) and used as a carbon dioxide corrosion inhibitor.  

It was found that the high efficiency (up to 90 % at a concentration of 20 ppm) was mainly due 

to two factors, namely, the large number of adsorption centers (N, S and O, as well as π-electrons in 

the aromatic ring) and the selectivity of adsorption on the Fe (110) surface, which significantly re-

duced the local corrosion rate on the steel surface during sweet corrosion. This is consistent with 

earlier studies showing that the initiation of localized corrosion occurs in the sequence of iron crystal 

faces (110) > (100) > (111) given that the propagation of uniform corrosion occurs in the following 

order of iron crystal faces: (100) > (110) > (111) [47]. 

Polymer-containing compounds  

Polymeric corrosion inhibitors have a number of advantages over inhibitors with small or-

ganic molecules – easy formation of multilayer adsorption films on the metal surface and a greater 

number of molecule sites involved in adsorption and higher temperature resistance. According to 
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5. Structure of 3- and 4-pyridinecarboxaldehyde-4-phenylthiosemicarbazides 

6. Synthesis scheme  

5-(4-hydroxy-3-methoxyphenyl)-2,7-dithioxo-2,3,5,6,7,8-hexahydropyrimido [4,5-d] pyrimidin-4(1H)-one 
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Fig.6. Synthesis scheme  

5-(4-hydroxy-3-methoxyphenyl)-2,7-dithioxo-2,3,5,6,7,8-hexahydropyrimido[4,5-d]pyrimidin-4(1H)-one 
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a review [48], most polymer-containing corrosion inhibitors are polyamines modified with car-

boxylate and heterocyclic moieties, thiols, disulfides and phosphorus-containing functional 

groups.  

Structure of polymers used as corrosion inhibitors: 

• poly(maleic acid-co-N-[3-(dimethylamino)propyl]-methacrylamide [49]. 
 

 

 

 

 

 

 

 

 

 

 

 
 

• poly(urethane-semicarbazides) containing thiadiazoles, 
 

 

 

 

 

 
In the research [50] poly(maleic acid-co-N-[3-(dimethylamino)propyl]-methacrylamide) synthe-

sized by polymerization in aqueous solution was used as the base of the corrosion inhibitor. The 

results showed that the polymeric corrosion inhibitor exhibited high corrosion inhibition efficiency 

(90.1 % at a dosage of 200 mg/l) and acted as an anodic type inhibitor by forming an adsorptive 

polymeric film on the metal surface. 

Polysemicarbazides have good thermal and mechanical properties due to hydrogen bonding. 

Poly(urethane-semicarbides) containing a chain of 1,3,4-thiadiazoles were synthesized. It was found 

that corrosion inhibitors based on them show high efficiency, forming a strong adsorbed film. The 

polymer containing aromatic rings showed more activity, which is probably due to its higher stiffness 

and stability [51].  

In [49] polyacrylamide, poly(2-methoxyaniline) and copolymer of polyacrylamide and  

poly(2-methoxyaniline) were synthesized and investigated as corrosion inhibitors polyacrylamide, 

poly(2-methoxyaniline) and copolymer of polyacrylamide and poly(2-methoxyaniline) were synthe-

sized and investigated as corrosion inhibitors. Among all the polymers studied, poly(2-methoxyani-

line) showed the highest anticorrosion efficiency, which was 80 % versus 63-74 %. The higher  

adsorption capacity may be due to the presence of more donor groups, which improves the coordina-

tion of the polymer to the metal surface.  

The authors [52] compared the effectiveness of polypropylene glycol and polymethacrylic acid 

based corrosion inhibitors in the concentration range of 50-1000 ppm. The polymers were found to 

be mixed type inhibitors and the effectiveness of polypropylene glycol was higher, with corrosion 

activity increasing with increasing inhibitor concentration and decreasing with increasing temperature.  

In recent years, inorganic porous materials and polymers have been widely studied for encapsu-

lation of active substances, i.e., under certain environmental conditions, the capsules are destroyed 

with the release of a corrosion inhibitor [53]. For example, in work [54] the polymeric material was 

combined with classical organic corrosion inhibitors (Fig.7). 
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The polymer can be used as a shell for a capsule covering the corrosion inhibitor concentrate 

(Fig.7, а). When exposed to the medium, slow uniform diffusion of the corrosion inhibitor through 

the organic polymer membrane of the capsule occurs. Additional components such as weighting agent 

and capsule wall modifier can be used to provide the required density, resistance to external influences 

and reagent diffusion rate through the membrane. Polymer cross-linked surfactants are polymer  

corrosion inhibitor molecules that have specific sites (spacers) that form an additional stable bond 

between them, reinforcing the film (Fig.7, b).  

These approaches allow, on the one hand, to reduce the concentration of corrosion inhibitor 

without loss of efficiency, and on the other hand, to achieve a high aftereffect due to the creation of 

a stable film. 

“Green” corrosion inhibitors  

Another class of compounds actively used as environmentally safe corrosion inhibitors are sub-

stances of plant origin, which are promising due to biodegradability, availability and non-toxicity. 

The use of plant extracts can achieve inhibition efficiencies in excess of 80 %, making them attractive 

targets for research. The use of plant extracts as a crude corrosion inhibitor has been widely reported 

in the literature [55-57] as an alternative to classical corrosion inhibitors. The anticorrosive activity 

of many of the studied extracts may be related to the presence of heterocyclic components such as 

alkaloids, flavonoids, etc., which contribute to the formation of adsorption layer. A review of the 

literature on “green” corrosion inhibitors shows that the main criterion for inhibitor selection is the 

presence of heteroatoms (N, O, P, and S) in the composition, since hydroxyl, carboxyl and amino 

groups are mainly responsible for chelation and adsorption efficiency.  

For example, alcoholic extracts of plants Lycium shawii, Teucrium oliverianum, Ochradenus 

baccatus, Anvillea garcinii, Cassia italica, Artemisia sieberi, Carthamus tinctorius and Tripleu-

rospermum auriculatum were used as corrosion inhibitors. It is confirmed that these plant extracts 

exhibit high efficacy, which is 62-91 %. The extract of water hyacinth, a type of water weed that is 

often a problem for hydroelectric power plants, was also used, its effectiveness increases with in-

creasing concentration, the optimum value being 50 ppm.  

Biopolymers, especially water-soluble ones, are effective corrosion inhibitors in various aqueous 

environments [58]. Due to their massive functional groups, biopolymers are able to form complexes 

with a large area of the metal surface, providing a high degree of protection. The effectiveness of 

biopolymers used as corrosion inhibitors varies depending on their molecular weight, aromaticity, 

and the presence of groups forming bonds and adsorption centers. 

7. Structure of capsule polymer-containing corrosion inhibitor (diffusion of the active component of the inhibitor  

through the polymer membrane) (а), polymer-crosslinked surfactants (b) 
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membrane 
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Fig.7. Structure of capsule polymer-containing corrosion inhibitor (diffusion of the active component of the inhibitor  

through the polymer membrane) (а), polymer-crosslinked surfactants (b) 



 

 

Journal of Mining Institute. 2025. Vol. 271. P. 3-21 

©Mariya V. Chudakova, Kirill A. Ovchinnikov, Dmitrii N. Ulyanov, Anisa M. Kunakova,  

Liniza R. Saifutdinova, Andrei A. Pimenov, Anton L. Maximov, 2025 

 

17 

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

  

Biopolymers such as lignin [59], inulin [60], cellulose [61], starch, pectin, chitosan [62],  

and their mixtures are considered as promising materials for “green” corrosion inhibitors for various 

environments.  

Natural polymers can act as additives to traditionally used nitrogen-containing corrosion inhibi-

tors, resulting in improved efficacy through synergistic effects [63]. 

Natural polysaccharides can be modified with different groups to obtain highly effective 

corrosion inhibitors. For example, two carboxymethyl chitosan derivatives were synthesized  

and used in [64], which exhibited maximum efficiency (87.97 and 93.95 %) at a concentration  

of 100 mg/l. 

When considering plant extracts and biopolymers as corrosion inhibitors, it is necessary to take 

into account points related to the preparation of raw materials (drying, dehydration), to the conditions 

and reagents for extraction, as well as to the utilization of solvents, which are often highly acidic and 

alkaline media. Factors such as solvent to solid ratio, solvent polarity, extraction time and temperature 

can significantly affect the chemical composition and physical properties of the samples and, conse-

quently, the efficacy of the corrosion inhibitors. In addition, development of mathematical models 

including kinetic and mechanistic studies is required in predicting the corrosion inhibitory effect from 

plant extracts to increase their efficiency.  

Conclusion  

Modern adsorption-type corrosion inhibitors are usually a solution of one or more organic 

compounds with high inhibitory properties (active base) in a hydrocarbon or water-alcohol  

solvent. All commercially available corrosion inhibitors have an optimal area of application de-

pending on the industry segment, composition of corrosive media and technological features of 

the protected objects.  

The efficiency of corrosion inhibitor action is mainly determined by its adsorption properties, 

which depend on physical and chemical properties, functional groups, aromaticity, steric effect, 

electron density on donor atoms. Metal surface composition, microstructure and temperature also 

affect the adsorption and hence the effectiveness of the inhibitor.  

Organic compounds containing heteroatoms (O, P, N, S) are currently the most studied as cor-

rosion inhibitors to effectively suppress CO2 corrosion. The most widely spread in Russia and in the 

world are corrosion inhibitors, where alkylimidazolines and other nitrogen-containing compounds act 

as an active base, which show high anticorrosion properties in the range of conditions. The effective-

ness of commercial inhibitors from different manufacturers varies between 90-92 %. It is shown that 

the anticorrosion properties can be significantly improved by selecting substitutes of nitrogen-con-

taining compounds by varying their nature, chain length, structure, etc. This approach allows not only 

to increase the protection efficiency up to 98-99 %, but also to reduce the corrosion inhibitor concen-

tration up to 10 ppm. In addition, one of the effective approaches to increase the anticorrosion  

properties of the bases used is to increase the number of adsorption centers mainly by introducing 

heteroatoms and aromatic structures. Corrosion inhibitors based on sulfur-containing compounds are 

used less frequently, but can also exhibit high corrosion protection properties, e.g. the use of 

rhodanine and its derivatives can achieve protection efficiencies of up to 99 % at very low concen-

trations (0.1-2.5 mg/l). Phosphorus-containing corrosion inhibitors show comparable anticorrosion 

properties at higher concentrations (up to 60 mg/g).  

One of the actual directions of research in the field of corrosion inhibitors is the use of polymeric 

materials, which have advantages over inhibitors with small organic molecules, which include easier 

formation of multilayer adsorption films on the metal surface, a greater number of adsorption sites 
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and higher temperature resistance. The polymer-containing components are mostly polyamines  

modified with carboxylate and heterocyclic moieties, thiols, disulfides and phosphorus-containing 

functional groups and are used as an active base, exhibiting efficacy above 90 % at dosages up to  

200 mg/l. Also polymeric materials can be used in combination with classical organic compounds, 

where they act as a shell for more uniform diffusion of the corrosion inhibitor, which allows to  

increase the efficiency of the anticorrosion process. 

In recent years, substances of plant origin, which are promising due to biodegradability, availa-

bility and nontoxicity, have been actively investigated for use as environmentally safe corrosion in-

hibitors. The possibility of using biopolymers and polysaccharides, such as lignin, cellulose, starch, 

pectin, chitosan, etc., as well as their mixtures, the use of which allows achieving effective protection 

above 93 %, is considered. This class of compounds is used as an additive to traditionally used nitro-

gen-containing corrosion inhibitors, which increases the effectiveness due to synergistic effect, and 

as a main component, due to massive functional groups, which, adsorbed on the larger surface of the 

metal, provide a high degree of protection. Plant extracts also exhibit high anti-corrosion activity 

(above 91 %), which is attributed to the presence of heterocyclic components such as alkaloids, fla-

vonoids, etc., which contribute to the formation of a strong adsorption layer.  

Two main approaches have been proposed to improve corrosion protection in the petroleum in-

dustry. The first one is based on modification of currently used corrosion inhibitors based on nitrogen-

containing compounds, which has advantages as this class is well studied in a wide range of condi-

tions and has been successfully applied in the fields for many years. At the same time, “classical” 

corrosion inhibitors can be supplemented with new polymeric, biological, and nanoscale additives. 

Another approach is aimed at using alternative corrosion inhibitors, including those based on plant 

extracts and polymers, which requires more directed research and testing in real conditions, but is 

attractive from the point of view of the environmental performance of the applied objects.  
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Abstract 

The article presents the first data on biotite-hornblende lamprophyres discovered at the Peshchernoe gold deposit. We 

consider the geological position of lamprophyre dikes in the deposit structure and the relationship of these rocks with 

tectonically weakened and mineralized zones. The data on the structural position of mineralized zones, faults, dike 

bodies, metasomatic halos, and host volcanogenic-sedimentary rocks confirm the tectonic nature of the Peshchernoe 

deposit alteration system. Lamprophyre dikes are pre-ore, as evidenced by the superimposed metasomatic mineral as-

sociations. We assume that dikes of andesitic rocks, lamprophyres, and subsequently hydrothermal fluids, including 

ore-bearing ones, were intruded along the fault zone of northeastern strike at different geological times. The description 

of mineralogical and chemical transformations of lamprophyres, which occurred as a result of alteration, is given. Two 

stages of metasomatism are distinguished: carbon dioxide (beresitization-listvenitization) and subsequent alkaline 

(sodic metasomatism). During carbon dioxide metasomatism, dark-coloured minerals are replaced by chlorite, albiti-

zation and sericitization of plagioclase occur, and ferruginous dolomite is formed under the influence of a significant 

supply of CO2. Alkaline (sodic) metasomatism is superimposed on the mineral metasomatic paragenesis of the first 

stage. We consider metasomatic zoning during sodic metasomatism, manifested in one of the spessartite dikes. Chlorite 

and relics of magmatic dark-coloured minerals are replaced by magnesite, the supply of Na leads to the appearance of 

newly formed albite, and the supply of S leads to the formation of pyrite, which concentrates iron from other minerals. 

As a result of the sodic metasomatism, iron content in carbonates decreases in the direction from the outer metasomatic 

zone to the inner one. We conclude that it was the alkaline-sulphide sodium solutions that performed the ore-bearing 

function, and beresitization and listvenitization prepared a favourable environment for ore deposition. 
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Introduction 

Dike swarms of various compositions, including lamprophyres, are often present within the ore 

fields of gold deposits. Lamprophyres are found in gold deposits of various genetic types: orogenic 

[1, 2], controversial type between orogenic or intrusion-related [3-5], epithermal [6-8], Carlin-

type [9-11], reduced intrusion-related RIRGS [12, 13], etc. [14, 15]. Based on frequent spatio-tem-

poral connections between lamprophyres and gold mineralization, it was suggested that they might 

play a key role in ore formation in mesothermal gold deposits [16-18]. 
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In the Urals, examples of deposits with widespread biotite-hornblende lamprophyre dikes are 

the Kochkarskoe [19], Berezovskoe [20-22], and Vorontsovskoe [23-25] gold deposits. As a rule, 

lamprophyre dikes are pre-gold ore [19, 21, 23], as evidenced by the superimposed alteration types. 

In the case of the Kochkarskoe deposit, most of the gold mineralization occurs in metasomatically 

altered lamprophyre dikes [19], which have received their own name “tabashki”. At the Voron-

tsovskoe deposit, the gold content in the dikes does not exceed 0.2 g/t [26]. 

The Peshchernoe deposit is on the eastern slope of the Northern Urals, 4.5 km southwest of the 

town of Krasnoturinsk. Mineralogically, it belongs to the Krasnoturinsk ore cluster, which includes 

skarn-magnetite and copper-skarn deposits, as well as the large Vorontsovskoe gold deposit [23, 27]. 

The deposit area is on the western limb of the Turinskaya brachysyncline, composed of volcanogenic-

sedimentary rocks of the Turinskaya Fm. (S2-D1tr), which have a gentle (10-20) eastern, northeastern 

dip (Fig.1, b). The Turyinskaya brachysyncline, in turn, is in the eastern part of the Tagil-Magnitogorsk 

megazone (Fig.1, a), in the southern segment of the Auerbakhovskii volcano-plutonic belt, composed 

of the Late Silurian-Devonian volcanogenic-sedimentary rocks of intermediate composition [28]. 

800 m to the east of the deposit is the Poludenskii diorite massif (Fig.1, c) of the Early-Middle 

Devonian gabbro-diorite-granite Auerbakhovskii complex [29]. Small diorite bodies, presumably of 

the same complex, are present at the deposit. 

The Peshchernoe gold deposit was discovered by the Ural Branch of AO Polymetal UK and is 

currently being mined by ZAO Zoloto Severnogo Urala. The deposit mineralization is classified as 

gold-low-sulphide-quartz [30]. Volcanogenic-sedimentary rocks in the deposit structure include 

tuffaceous siltstones and tuffaceous sandstones with interlayers of tuff gritstones, which are intruded 

by numerous dikes of mafic and intermediate rocks. In terms of chemical composition, tuffaceous 

siltstones and tuffaceous sandstones correspond to intermediate volcanics of the normal petrochemical 

series. Gold mineralization is represented by mineralized zones in metasomatically altered volcano-

genic-sedimentary rocks (tuffaceous siltstones and tuffaceous sandstones), less often in andesites and 

basaltic andesites. The most productive ore areas contain minerals of polymetallic paragenesis (pyrite, 

arsenopyrite, galena, fahlore, chalcopyrite, sphalerite), and gold is found mainly in the form of native 

segregations, often filling fractures in sulphides. 

The position of mineralized zones at the deposit is controlled by northeastern-trending faults 

occurring subconformably with the contact of volcanogenic-sedimentary rocks of the Turinskaya Fm. 

and the coeval basalt sequence (Fig.2, a, b). The faults are accompanied by cataclasis and crushing 

zones and, according to observations, are marked by lamprophyre dikes. Attitude was measured for 

several lamprophyre dikes by sampling azimuthally oriented cores. The dip azimuth (d.a.) of the dikes 

is 120-125° with a dip angle of 55-60°, which is subconformable with the direction and dip angle of 

the ore zone. The lamprophyre bodies intersect a tuffaceous siltstone sequence, which, according to 

the bedding (Fig.2, c), dips northeast at an angle of 10-15°. Dike thickness ranges from a few tens of 

centimetres to three metres. Dike contacts and the host tuffaceous siltstones are sharp, with hardening 

zones to 5 cm thick. 

Gold mineralization may have spatial, temporal, structural, paragenetic, or genetic relation to 

dike complexes. Study of lamprophyres as a component of dike clusters at gold deposits can provide 

information on the age boundaries of ore formation, the nature and character of metasomatizing 

fluids, including ore-bearing ones. Since lamprophyres have a consistent mineral and chemical com-

position, they are more representative for the study of superimposed mineralogical and chemical  

metasomatic alterations compared to volcanogenic-sedimentary rocks. 
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geological map of the Turyinskaya brachysyncline (b) and the Peshchernoe deposit area (c), 

compiled based on the report1 materials and [29, 30] with additions 
 

1 – Cis-Ural foredeep; 2-6 – zones: West Ural (2), Central Ural (3), Tagil-Magnitogorsk (4), East Ural (5), Trans-Ural (6);  

7-10 – formations: Svetlinskaya (7), Serovskaya (8), Mysovskaya, Kamyshlovskaya, and Zaikovskaya (9), Langurskaya (10); 

11 – gabbrodolerites of the Ivdel complex; 12 – Limkinskaya Fm.; 13-16 – granitoids of the Auerbakhovskii complex (D1-2a1-3): granites (13), 

granodiorites (14), diorites (15), gabbrodiorites and gabbro (16); 17, 18 – rocks of the Krasnoturinskaya Fm. (∑D1kt): tuffaceous sandstones 

and tuffaceous siltstones (17), andesites and their tuffs (18); 19-22 – rocks of the Turinskaya Fm. (∑S4-D1tr): tuffaceous sandstones and tuffaceous 

siltstones (19), andesites and their tuffs (20), basalts and their tuffs (21), trachybasalts and their tuffs (22); 23 – granitoids of the Levinskii complex; 

24 – Krasnouralskaya Fm.; 25 – faults; 26 – Peshchernoe deposit; 27 – Vorontsovskoe deposit; 28 – Peshchernoe deposit area 

 

                                                      
1 Report of the Serov geological survey party on extensive additional geological study at 1:50,000 scale of the Serov prospect 

within sheets O-41-1-A (eastern half), O-41-1-B (western half), O-41-1-V, O-41-1-G (western half), O-41-13-A, O-41-13-B (north-

western quarter), O-41-13-V, conducted in 1974-1978. 
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Fig.1. Tectonic zoning of the Middle and Northern Urals (a) according to [31], 
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 1 – basalts; 2 – andesites; 3 – andesibasalts; 4 – tuffaceous siltstones; 5 – spessartites; 6 – quartz veins; 7 – weathering crust; 

8 – deluvial deposits; 9 – transition (a) and inner (b) metasomatic zones in a spessartite dike; 10 – ore zone; 

11 – metasomatic alterations; 12 – geological boundaries; 13 – tectonic faults; 14 – lower boundary of the quarry at the time of drilling exploratory 

wells in 2022; 15 – exploratory wells; 16 – projections of exploratory well axes in the section plane (a) and across (b); 17 – sampling points 

(PU04/191.4 – dike margin, hanging wall, outer metasomatic zone; PU04/193.9 – transition metasomatic zone; PU04/195.2 – dike central part,  

inner metasomatic zone; PU04/198.6 – dike margin, footwall, outer metasomatic zone); 18 – section area shown at an enlarged scale in Fig.2, b 
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Research methods and materials 

The material composition of lamprophyres was studied on samples from several dikes selected 

from the core of exploratory wells. Their location is indicated in the sketch geological map of the 

deposit (Fig.2, a). The first part of the sample number corresponds to the designation of the explora-

tory well, and the second, to the sampling depth. The composition of minerals was determined in 

polished sections on a TESCAN Mira LMS scanning electron microscope using an EDS detector at 

the Geoanalytic Collective Use Centre of the IGG UB RAS, Ekaterinburg. The following setups were 

used for surveying: accelerating voltage of 20 kV, electron beam current of 0.8 nA, beam diameter 

of 8-9 nm. The contents of petrogenic components in rocks were determined by X-ray fluorescence 

analysis on an SRM-35 multichannel spectrometer. The detection limits for the main part of petro-

genic components using this method are in the range of 0.006-0.09 wt.%. The microelement compo-

sition of rocks was studied by the ICP-MS method on an Agilent 7700x mass spectrometer at the 

South Urals Federal Research Center of Mineralogy and Geoecology of the Urals Branch of the RAS, 

Miass. Thermal analysis was performed on a Diamond TG-DTA thermal analyser and semi-quanti-

tative X-ray phase analysis on an XRD-7000 X-ray diffractometer at the Geoanalyst Collective Use 

Centre. Gold contents were determined for several samples by atomic absorption spectrometry with 

electrothermal atomization on a ContrAA 700 spectrometer. The gold detection limit was 0.8 mg/t, 

and the error did not exceed 40 rel.%. 

Research results  

Petrographic and mineralogical characteristics of rocks. The rocks of the studied dikes have a 

dark grey colour, massive texture, porphyritic, lamprophyre, and ocellar structures. Almost all the 

lamprophyres that make up the dikes are metasomatically altered to varying degrees, which is ex-

pressed in the replacement of intermediate plagioclase by albite, the development of dolomite, chlo-

rite, and sericite. Of the preserved primary (magmatic) mineral paragenesis, amphibole, biotite and 

plagioclase relics are present in the rocks. According to the set of preserved primary minerals, as well 

as textural and structural features, lamprophyres of the Peshchernoe deposit correspond to spessar-

tites and kersantites [18]. Porphyritic phenocrysts in spessartites are represented by amphibole 

(Fig.3, b, c), and in kersantites – by biotite, which is replaced by a mineral aggregate of chlorite and 

sericite (Fig.3, a). Ocelli have a rounded shape, 1-2 mm in size, and are composed of an aggregate of 

dolomite, quartz, and albite (Fig.3, c). The rock bulk consists of plagioclase, dolomite, quartz, chlo-

rite, and sericite. The pyrite content in the studied samples varies from 0.5 to 5 vol.%. Sphalerite, 

pentlandite, and chalcopyrite are present in pyrite as small inclusions. Monazite, apatite, rutile, and 

chrome spinelide were found among the accessory minerals. 

In the central part of one of the spessartite dikes there is a fracture filled with quartz, probably 

marking the permeability zone. Along the well axis the thickness of this dike was 12.2 m, with a true 

thickness of 3.1 m (see Fig.2, c). The fracture dip azimuth is 105°, with a dip angle of 60°, which is 

subconformable with the dip direction of the dike itself. From the permeable zone towards the edge 

of the dike there are several zones of metasomatic alterations: inner, transition, and outer. The bounda-

ries between the metasomatic zones are distinct. Sometimes quartz veinlets 1-2 mm thick run along 

them. The rock in the outer metasomatic zone is dark grey. The mineral composition is similar to that 

of metasomatically altered spessartites from other dikes, except that amphibole, in addition to chlo-

rite, begins to be replaced by magnesite (Fig.3, d). In the transition zone, spessartites acquire a light 

grey colour with a greenish tint. In this zone, amphibole and biotite are no longer preserved, chlorite 

disappears, plagioclase is completely albitized, and the magnesite content increases. A characteristic 

feature of the rocks in the transition metasomatic zone is an increase in sericite proportion in mineral 

composition (Fig.3, e). Part of sericite is represented by bright green fuchsite, which causes the green-

ish tint of the rock. In the transition metasomatic zone relative to the outer zone, the pyrite content 

increases from 0.5 to 2 vol.%. Spessartites in the inner metasomatic zone are light grey with a beige 

tint. The mineral composition of the rocks in the inner metasomatic zone is simplified, chlorite and 
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sericite almost disappear (Fig.3, f). Albite content in the rocks in this zone exceeds 50 vol.%.  

In addition to albite, developing after plagioclase, independent grains appear – aggregates of this 

mineral. Pyrite content in the inner metasomatic zone increases to 5 vol.%. The proportion of quartz 

in the mineral composition of spessartites during the transition from the outer metasomatic zone to 

the inner one slightly decreases. 

Magmatic mineral paragenesis. Amphibole of spessartites is widespread in the form of grains 

of prismatic habit, to 2 mm in elongation, pleochroic from pale greenish-yellow to brownish-green. 

In chemical composition (Table 1) it corresponds to magnesiohastingsite [32]. Biotite is present in 

spessartites and kersantites, forms tabular grains to 1.5 mm in size along the pinacoid plane with a 

thickness of no more than 0.1 mm (Fig.4, a). In thin section it is pleochroic from greyish-green to 

dark greenish-brown. Biotite belongs to the annite-phlogopite isomorphic series with an admixture 

of eastonite-siderophyllite component (see compositions in Table 1). Plagioclase is preserved as relics 

in the bulk (Fig.4, b) and has an andesine composition. Accessory chrome-spinel, which is preserved 

at all stages of metasomatic alterations, can also be attributed to the minerals of magmatic paragene-

sis. Chrome-spinel is usually observed inside ocelli in the form of rounded, isometric grains (Fig.4, d), 

as well as octahedrons measuring 0.01-0.05 mm, less often in the bulk in the form of grains with a 

square cross-section, to 0.2 mm in size (Table 1). According to the classification by end members [33], 

this mineral from spessartites corresponds to aluminous magnesiochromite. Another ubiquitous  

Pl+Ab 

Bt 

Py 

Pl+Ab 

Do+Ab 

Q+Do+A

b 

Crs 

Py 

Ab 

Py 

Mg+Do+Ab 

Mg+Do+Ab 

Am 

Srс 
Cl 

Do+Ab 

Mg 

0             1 mm 

0          0.25 mm 

b c a 

e f d 

Pl+Ab 

Cl 

D

o 

Am 

D

o 

Pl+Ab 
Pl+Ab 

Am 

Q 

Cl 

Srс 

Py 

Ab 

Py 

Crs 

Mg+Do 

Py 

 

 

|| – nicols are parallel, + – nicols are crossed; Ab – albite, Am – amphibole, Bt – biotite, Cl – chlorite,  
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accessory mineral, which is present in all studied lamprophyre samples, is apatite. Apatite consists of 

grains elongated in one direction, to 0.1 mm long and 0.01-0.02 mm wide (Fig.4, c). In chemical 

composition it corresponds to fluorapatite [34], has increased SiO2 and SO3 contents, low P2O5 con-

tents, and reduced sum values. Low sum values may indicate enrichment of apatite in hydroxyl group 

and carbon, but the used electron microscopy method only enables to assume such a conclusion. 

Apatite composition changes insignificantly depending on the location in a particular zone of meta-

somatic alteration of spessartites. From the outer metasomatic zone to the inner one, CaO, P2O5 con-

tents and the sum values statistically increase in apatite, which may indicate a decrease in CO2 and 

OH proportion in it. A mineral containing Sr, Ba and S, probably a sulphate of the barite-celestine 

series, is present in apatite in the form of small inclusions. 
 

Table 1 

Representative chemical compositions of minerals of metasomatically altered spessartites, wt.% 

Sample 
PU04/ 

191.4 

PU04/ 

191.4 

PU04/ 

191.4 

PU04/ 

191.4 

PU04/ 

191.4 

PU04/ 

191.4 

PU04/ 

191.4 

PU04/ 

195.2 

PU04/ 

191.4 

PU04/ 

191.4 

PU04/ 

191.4 

PU04/ 

195.2 

Mineral Am Am Bt Bt Cl Cl Crs Crs An Ab Ap Ap 

SiO2 41.04 40.23 37.14 37.81 33.93 34.55 0.83 0.42 53.53 67.62 1.74 1.53 

TiO2 1.48 1.86 0.93 0.92 – – 0.3 0.43 – – – – 

Al2O3 14.14 14.30 16.70 16.98 15.86 14.95 18.94 20.32 29.74 20.31 0.27 0.19 

Cr2O3 – – – – – – 47.82 44.02 – – – – 

FeO* 11.28 11.87 12.89 12.14 15.61 14.38 17.64 21.67 0.56 – 0.66 0.35 

MnO 0.23 0.16 – 0.16 – – – – – – – – 

MgO 13.82 13.53 18.41 18.40 21.52 23.71 13.41 12.98 – – 0.50 0.43 

CaO 11.82 11.90 0.18 0.18 0.11 0.35 – – 10.41 0.08 52.11 55.28 

Na2O 2.43 2.47 0.65 0.90 – – – – 5.34 11.99 0.73 0.46 

K2O 1.04 1.02 7.66 8.00 – – – – 0.42 – – – 

P2O5 – – – – – – – – – – 34.79 37.14 

SO3 – – – – – – – – – – 2.16 1.57 

SrO – – – – – – – – – – 1.01 0.98 

F – – – – – – – – – – 2.16 2.1 

Cl – – – – – – – – – – 0.44 0.47 

O = F, Сl* – – – – – – – – – – 1.01 0.99 

H2O* 2.05 2.04 4.06 4.11 12.09 12.27 – – – – – – 

Total 99.33 99.38 98.62 99.60 99.12 100.2 98.94 99.84 100* 100* 95.56 99.51 

Estimated formula units 

 24 O atoms 22 cations 10 cations 4 O atoms 
5 cations  

and 8 anions 

17 cations  

and 26 anions 

Si 6.04 5.94 2.74 2.76 3.37 3.38 0.03 0.01 2.41 2.94 0.31 0.26 

Ti 0.16 0.21 0.05 0.05 0.00 0.00 0.01 0.01 – – – – 

AlIV 1.96 2.06 1.26 1.24 0.63 0.62 – – – – – – 

AlVI 0.49 0.43 0.19 0.22 1.22 1.10 – – – – – – 

Al – – – – – – 0.70 0.74 1.41 1.04 0.06 0.04 

Cr – – – – – – 1.18 1.08 – – – – 

Fe2+ 1.05 1.12 0.80 0.74 1.29 1.18 0.41 0.42 0.02 – 0.10 0.05 

Fe3+ 0.34 0.35 0.00 0.00 0.00 0.00 0.05 0.14 – – – – 

Mn 0.03 0.02 0.00 0.01 0.00 0.00 – – – – – – 

Mg 3.03 2.98 2.02 2.00 3.18 3.45 0.63 0.60 – – 0.13 0.11 

Ca 1.86 1.88 0.01 0.01 0.01 0.04 – – 0.31 0.00 9.78 9.99 

Na 0.69 0.71 0.09 0.13 0.00 0.00 – – 0.61 1.01 0.25 0.15 

K 0.20 0.19 0.72 0.74 0.00 0.00 – – 0.04 – – – 

P – – – – – – – – – – 5.16 5.30 

S – – – – – – – – – – 0.28 0.20 

Sr – – – – – – – – – – 0.10 0.10 

F – – – – – – – – – – 1.20 1.12 

Cl – – – – – – – – – – 0.13 0.13 

 
Note. FeO* – total iron FeO and Fe2O3. O = F, Cl*, H2O*  – estimated values. 100* – contents are normalized to 100 %. The estimation 

of formula units was performed by the MineralCalc software with the determination of the Fe2+ and Fe3+ indices using the G.T.R. Droop 

method [35]. 
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Outer metasomatic zone, sample PU04/191.4 (a, b); transition metasomatic zone, sample PU04/193.9 (c, d);  

inner metasomatic zone, PU04/195.2 (е, f) 
 

An – anorthite, Ap – apatite, Ca – calcite, Chp – chalcopyrite, Pln – pentlandite. For other symbols, see Fig.3 
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Fig.4. Backscattered electron micrographs of metasomatically altered spessartites. 
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Metasomatic mineral parageneses. Chlorite in lamprophyres of the Peshchernoe deposit replaces 

amphibole and biotite and corresponds to clinochlore in chemical composition (Table 1). Replace-

ment of amphibole and biotite by chlorite is accompanied by the formation of fine dissemination of 

rutile with individual grains less than 0.01 mm in size. The main metasomatic mineral in altered 

spessartites is albite, which makes up about 40 vol.% in the rocks and is a primary plagioclase re-

placement product. It is found both in independent segregations and in intergrowths with sericite and 

plagioclase relics with individual grains measuring 0.01-0.02 mm. In metasomatites after spessartites 

with pronounced metasomatic zoning, albite content in the transition zone increases to 50 vol.% and 

in the inner zone to 55 vol.%. In the transition and inner metasomatic zones, newly formed albite 

appears. Unlike the similar mineral replacing andesine, it has independent larger grains to 0.1 mm in 

size. Carbonate in altered lamprophyres is represented by ferruginous dolomite (Table 2) and makes 

up 35-40 vol.% in the rocks. Zoning is observed in dolomite grains, in which the central part of the 

dolomite grains is less ferruginous than the marginal part (Fig.4, b, d, f). 
 

Table 2 

Chemical composition of carbonates, wt.% 

N Sample Mineral FeCO3 MnCO3 MgCO3 CaCO3 SrCO3 Total 

1 PE472/264.8 Do1 10.43 1.18 30.64 57.75 0.00 100.0 

2 PU04/191.4 Do1 9.20 0.82 30.81 59.17 0.00 100.0 

3 PU04/191.4 Do1 10.98 0.87 30.48 57.67 0.00 100.0 

4 PU04/191.4 Do1 с 8.83 1.71 31.26 58.20 0.00 100.0 

5 PU04/191.4 Do2 e 17.99 0.67 27.20 53.01 1.12 100.0 

6 PU04/193.9 Do1 9.90 0.52 30.56 59.02 0.00 100.0 

7 PU04/193.9 Do1 10.16 0.66 29.24 59.95 0.00 100.0 

8 PU04/193.9 Do1 с 9.61 1.87 31.49 57.03 0.00 100.0 

9 PU04/193.9 Do2 e 14.60 2.76 28.19 53.12 1.33 100.0 

10 PU04/193.9 Do1 с 11.00 0.51 31.07 57.09 0.32 100.0 

11 PU04/193.9 Do2 e 12.49 3.23 29.23 53.84 1.20 100.0 

12 PU04/193.9 Do3 5.67 1.02 35.38 56.40 1.53 100.0 

13 PU04/195.2 Do1 8.94 1.40 31.11 58.56 0.00 100.0 

14 PU04/195.2 Do3 с 3.66 1.31 35.79 57.87 1.37 100.0 

15 PU04/195.2 Do1 e 8.49 1.18 32.56 57.77 0.00 100.0 

16 PU04/195.2 Do3 с 4.26 1.03 35.77 57.59 1.36 100.0 

17 PU04/195.2 Do1 e 10.90 1.79 29.65 57.38 0.29 100.0 

18 PU04/191.4 Mg1 59.03 0.98 37.99 2.00 0.00 100.0 

19 PU04/191.4 Mg1 56.50 1.30 40.48 1.73 0.00 100.0 

20 PU04/193.9 Mg2 36.47 0.55 62.49 0.49 0.00 100.0 

21 PU04/193.9 Mg2 33.94 1.94 62.89 1.23 0.00 100.0 

22 PU04/195.2 Mg3 13.98 0.47 85.05 0.50 0.00 100.0 

23 PU04/195.2 Mg3 13.12 0.00 86.67 0.22 0.00 100.0 

24 PU04/195.2 Mg4 8.38 0.00 90.72 0.91 0.00 100.0 

25 PU04/195.2 Ca1 1.88 0.00 4.09 94.03 0.00 100.0 

26 PU04/195.2 Ca1 1.71 0.00 4.55 93.10 0.63 100.0 

27 PU04/195.2 Ca2 1.49 0.39 1.03 97.10 0.00 100.0 

 
Notes: c – grain centre; e – grain edge; 18, 19 – replaces amphibole; 25, 26 – at the boundary between dolomite and magnesite;  

27 – fills a fracture in magnesite. 

 
In addition to dolomite chemical composition change within a single grain, variations in compo-

sition are observed during the transition from one metasomatic zone to another. Three types of dolo-

mite can be distinguished by chemical composition. In the outer and transition metasomatic zones, 

the grains centre is represented by dolomite-1 (Do1 in Table 2) with 8.5-11.0 wt.% FeCO3. Dolo-

mite-2 (Do2) from the marginal part of the grains is more ferruginous. In the outer metasomatic zone, 

FeCO3 content in it reaches 18.0 wt.%, in the transition zone – 12.5-14.6 wt.%. In addition to a higher 

iron content, Do2 has a SrCO3 content of 1.1-1.3 wt.%, while in Do1 the content of this component 
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is to 0.3 wt.%. In the inner metasomatic zone, the central part of the grains is dolomite-3 (Do3), with 

a FeCO3 content of 3.7-4.3 wt.% and SrCO3 of about 1.5 wt.%. The marginal part of the dolomite 

grains in the inner metasomatic zone is similar in chemical composition to Do1. In addition to dolo-

mite, magnesite appears in the outer metasomatic zone. Magnesite replaces porphyritic phenocrysts 

of amphibole and in chemical composition corresponds to breunnerite (Mg1 in Table 2), with FeCO3 

content of 56-59 wt.%. In the transition metasomatic zone, magnesite becomes less ferruginous 

(Mg2) and has FeCO3 content of 34-36.5 wt.%. In the inner metasomatic zone, two types of mag-

nesite (Mg3 and Mg4) are present, differing in iron content. In the first type FeCO3 is from 13 to 

14 wt.%, in the second – about 8.4 wt.%. 

Thus, in the direction from the outer metasomatic zone to the inner one, the iron content of 

carbonates in altered spessartites decreases. In the inner metasomatic zone, in addition to dolomite 

and magnesite, small calcite segregations were found. In one case, calcite is located between dolomite 

and magnesite (Ca1 in Table 2), in the other it fills a microfracture in magnesite (Ca2, Fig.4, f). 

Sericite in metasomatically altered spessartites belongs to the muscovite – paragonite isomorphic 

series (Table 3). In different parts of the metasomatic halo, the percentage of sericite varies and its 

chemical composition changes. In the outer metasomatic zone, sericite makes up 5 vol.%. It is domi-

nated by the paragonite end member with Na2O and K2O contents of 5 wt.% each (Src1 in Table 3). 

In the transition metasomatic zone, the amount of sericite increases to 10 vol.% with the size of indi-

vidual grains being 0.5-1 mm (Fig.4, c). 

According to the chemical composition, three types of sericite are distinguished in this zone. The 

first type is close to sericite from the outer zone with a slight predominance of the paragonite end 

member and Na2O and K2O contents of 3.2 and 7.0 wt.%, respectively. In the second type of sericite 

(Src2), the muscovite end member predominates, and to 10 mol.% of the fuchsite end member is 

observed. The contents in it are, wt.%: Na2O 1.6-1.8, K2O 5.5-5.7, and Cr2O3 to 1.6. Sericite of the 

third type is muscovite (Src3) with Na2O content of about 0.6 wt.% and K2O 9.4 wt.%. In the inner 

metasomatic zone, sericite content is 1-2 vol.% and it is represented by muscovite. 

 
Table 3 

Chemical composition of sericite, wt.% 

Component 
PU04/191.4 PU04/193.9 PU04/193.9 PU04/193.9 PU04/193.9 PU04/195.2 PU04/195.2 PU04/195.2 

Src1 Src1 Src2 Src2 Src3 Src3 Src3 Src3 

SiO2 54.66 52.49 49.80 49.69 48.63 48.98 49.38 49.65 

Al2O3 28.62 30.14 35.25 35.34 32.64 32.05 32.98 31.15 

Cr2O3 – – 1.59 1.46 – – – – 

FeO* 1.13 1.39 0.30 0.45 2.5 2.48 1.85 2.98 

MgO 0.36 1.25 0.82 0.83 1.74 2.29 1.98 1.81 

CaO 0.92 – 0.30 0.28 – – – – 

Na2O 4.72 3.16 1.60 1.83 0.58 0.45 0.31 0.28 

K2O 4.95 6.96 5.68 5.48 9.39 9.22 8.94 9.60 

H2O* 4.64 4.60 4.60 4.61 4.53 4.54 4.57 4.52 

Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

Content of end-members, mol.% 

Muscovite 33 44 52 49 74 73 79 77 

Paragonite 62 46 34 38 11 10 7 6 

Celadonite 5 10 5 5 15 17 14 17 

Fuchsite – – 9 8 – – – – 
 

Note. Muscovite KAl2(AlSi3O10)(OH2), paragonite NaAl2(AlSi3O10)(OH2), celadonite K(Mg,Fe3+)(Si4O10)(OH2), fuchsite 

K(Al,Cr)3(Si3O10)(OH2) were used as end members. 
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Sulphides. In the metasomatically altered lamprophyres of the Peshchernoe deposit, sulphides 

are mainly represented by pyrite, the content of which averages 0.5 vol.%. Pyrite has sections of 

predominantly complex shape, less often rectangular, with an average size of 0.01 mm, rarely to 

0.05 mm. In different metasomatic zones developed along the spessartite dike, the amount and mor-

phology of pyrite vary. In the outer metasomatic zone, the content and character of pyrite are similar 

to those observed in the other lamprophyre dikes. In the transition metasomatic zone, pyrite increases 

to 2 vol.%, the sections also have a predominantly complex shape with the presence of rectangles, 

the size of the sections is on average 0.01-0.03 mm, rarely to 0.2 mm. In the inner metasomatic zone, 

pyrite increases to 5 vol.%, the average grain size increases to 0.05 mm. The shape of the pyrite 

sections in the inner zone is mainly rectangular, sections corresponding to the shape of grains in the 

form of pyritohedra appear (Fig.4, e). The chemical composition of pyrite is quite consistent, with 

small variations in the content of Co and Ni impurities. An As impurity was found in a single grain 

from the inner metasomatic zone. Sphalerite, chalcopyrite, and pentlandite are present in the form of 

inclusions in pyrite, as well as small independent grains (Fig.4, d, f). 

Petrochemical characteristics of rocks. The contents of petrogenic components and rare ele-

ments in lamprophyres of the Peshchernoe gold deposit are given in Table 4. Low SiO2 contents and 

high loss on ignition (LOI) values in lamprophyres indicate metasomatic alterations and can serve as 

a criterion for assessing their manifestation scale. In the least altered spessartites, the SiO2 contents 

are 40-41 wt.% with a LOI of 12.5-13.5. In the most altered samples, these values are 34.7-36 wt.% 

and 15.5-17.1 wt.%, respectively. In kersantites from the Peshchernoe deposit, the SiO2 values are 

higher than in spessartites, from 42 to 45 wt.%, and the LOI is lower – 8-10 wt.%. 
 

Table 4 

Content of petrogenic components (wt.%), gold (mg/t), and rare elements (g/t)  

in lamprophyres from the Peshchernoe gold deposit  

Component 

Sample  

PU03/ 

96.6 

PU04 

150.6 

PU04/ 

167.9 

PE472/ 

264.8 

PU04/ 

191.4 

PU04/ 

193.9 

PU04/ 

195.2 

PU04/ 

198.6 

PE472/ 

179.5 

PE473/ 

254.5 
Spec_В Kers_В 

1 2 3 4 5 6 7 8 9 10 11 12 

SiO2 34.72 40.66 36.03 39.82 38.52 35.65 38.89 40.89 44.81 42.39 46.04 52.55 

TiO2 0.64 0.83 0.55 0.73 0.67 0.78 0.71 0.78 1.22 1.18 0.72 1.19 

Al2O3 11.85 12.79 10.27 11.81 10.45 12.02 11.18 11.58 14.62 14.18 12.54 12.08 

FeO* 5.17 7.54 6.20 7.53 7.76 6.39 5.27 7.54 7.34 7.24 9.82 5.90 

MnO 0.12 0.13 0.13 0.16 0.14 0.13 0.11 0.13 0.19 0.14 0.16 0.12 

MgO 8.12 9.62 12.23 13.44 12.44 10.22 11.28 10.46 9.59 8.04 13.02 8.34 

CaO 15.38 10.60 11.68 10.12 10.75 10.29 9.89 11.43 8.03 9.48 8.17 6.7 

Na2O 4.67 3.04 3.92 2.72 2.75 4.24 5.01 3.07 3.19 4.98 2.1 2.4 

K2O 0.15 0.58 0.42 0.18 0.40 0.77 0.21 0.56 1.32 0.24 0.66 5.0 

P2O5 0.15 0.40 0.21 0.30 0.29 0.31 0.27 0.34 0.71 0.72 0.15 0.84 

LOI 15.42 13.05 16.06 12.44 15.02 17.11 13.37 12.57 7.96 10.21 5.8 4.3 

S 3.15 0.33 1.94 0.30 0.28 1.73 3.24 0.21 0.44 0.64 0.22 0.16 

Total 99.56 99.57 99.64 99.54 99.47 99.63 99.44 99.56 99.41 99.43 99.75 99.78 

Au – – – <0.8 2.8 4.3 23.0 8.2 – – – – 

Li 0.86 25.1 11.4 22.5 22.2 2.77 7.82 17.6 6.53 14.6 – – 

Be 0.46 0.89 0.59 0.80 0.74 0.81 0.44 0.91 1.18 1.19 – – 

Sc 20.6 24.2 26.9 26.8 28.0 25.4 26.2 25.8 20.2 20.4 – – 

V 129 183 128 164 148 168 116 170 212 219 – – 

Cr 178 333 480 535 501 454 273 348 307 292 – – 

Co 30.6 34.1 38.6 39.3 41.4 36.2 39.6 36.4 28.3 29.7 – – 

Ni 175 185 265 254 253 215 254 232 136 131 – – 

Cu 40.9 54.7 49.1 49.3 35.6 53.8 55.4 50.1 85.2 80.6 – – 

Zn 45.6 56.8 47.3 58.5 50.1 51.2 46.0 58.0 64.8 69.9 – – 

Ga 11.6 13.0 10.0 11.7 11.0 11.0 10.8 12.4 14.8 15.2 – – 

As 212 9.07 110 3.80 2.93 63.7 191.1 2.55 9.32 6.67 – – 

Rb 2.51 9.15 6.16 1.91 6.52 10.7 3.08 6.46 6.37 19.8 – – 
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End of Table 4 

Component 

Sample 

PU03/ 

96.6 

PU04 

150.6 

PU04/ 

167.9 

PE472/ 

264.8 

PU04/ 

191.4 

PU04/ 

193.9 

PU04/ 

195.2 

PU04/ 

198.6 

PE472/ 

179.5 

PE473/ 

254.5 
Spec_В Kers_В 

1 2 3 4 5 6 7 8 9 10 11 12 

Sr 1618 1060 851 665 969 732 820 1236 1091 702 – – 

Y 10.5 14.5 10.6 14.1 12.9 13.4 13.4 14.9 17.8 18.0 – – 

Zr 66.7 91.8 72.4 91.2 90.2 75.3 74.6 93.7 134 132 – – 

Nb 1.74 2.87 1.43 1.30 1.57 1.10 0.85 2.48 4.41 7.58 – – 

Mo 0.70 0.18 0.54 0.13 0.10 <0.10 <0.10 0.42 1.18 1.00 – – 

Cd 0.24 0.25 0.16 0.15 0.16 0.17 0.15 0.15 0.19 0.17 – – 

Sn 0.31 0.55 0.39 0.64 0.44 0.45 0.31 0.53 0.87 0.80 – – 

Sb 2.78 2.64 1.19 0.43 0.38 0.87 8.46 1.14 0.36 0.84 – – 

Cs 0.07 0.84 0.41 0.65 0.88 0.63 0.29 0.53 0.68 0.61 – – 

Ba 351 829 321 872 472 244 531 954 368 678 – – 

La 34.0 47.8 35.3 42.1 39.8 34.6 36.4 45.7 54.7 43.5 32.6 – 

Ce 67.4 101 68.3 86.3 83.6 69.8 70.7 93.8 110 93.2 69.8 – 

Pr 8.61 12.5 8.48 11.2 10.3 8.87 9.09 11.9 13.5 11.0 9.22 – 

Nd 35.6 49.0 34.4 43.8 40.4 36.9 38.7 46.0 50.9 41.7 36.3 – 

Sm 6.17 8.15 5.92 7.39 6.89 6.51 6.74 7.69 7.87 6.98 6.08 – 

Eu 1.68 2.34 1.63 2.18 1.93 1.70 1.88 2.28 2.21 2.31 1.85 – 

Gd 5.03 6.69 4.94 6.20 5.62 5.34 5.48 6.43 6.85 6.12 4.41 – 

Tb 0.54 0.71 0.52 0.66 0.60 0.60 0.59 0.69 0.75 0.73 0.48 – 

Dy 2.48 3.23 2.40 3.00 2.82 2.75 2.74 3.20 3.53 3.65 2.74 – 

Ho 0.42 0.54 0.43 0.54 0.49 0.47 0.46 0.56 0.64 0.66 0.51 – 

Er 1.23 1.55 1.20 1.49 1.42 1.38 1.36 1.58 1.81 1.82 1.43 – 

Tm 0.14 0.18 0.16 0.18 0.17 0.15 0.15 0.19 0.22 0.23 0.20 – 

Yb 0.99 1.19 0.97 1.16 1.11 1.05 1.07 1.25 1.48 1.50 1.36 – 

Lu 0.14 0.17 0.13 0.18 0.16 0.17 0.15 0.18 0.22 0.20 0.21 – 

Hf 1.80 2.21 1.68 2.15 2.24 1.80 1.85 2.26 3.07 2.96 – – 

Ta 2.65 0.64 0.37 0.33 0.34 0.31 0.34 0.40 0.39 0.53 – – 

W 0.82 0.14 0.09 <0.08 <0.08 0.16 0.21 <0.08 0.22 0.32 – – 

Pb 9.04 7.51 4.39 4.93 2.67 3.39 4.16 6.69 5.10 5.82 – – 

Th 5.00 6.54 5.00 5.69 5.60 5.16 4.97 6.43 5.53 5.55 – – 

U 1.10 1.49 1.17 1.34 1.29 1.15 1.10 1.45 1.28 1.30 – – 

 

Notes: 1-4 – spessartite dikes; 5-8 – samples from one spessartite dike: 5 – marginal part, hanging wall, outer metasomatic zone,  

6 – transition metasomatic zone, 7 – central part, inner metasomatic zone, 8 – marginal part, footwall, outer metasomatic zone;  

9, 10 – kersantite dikes; 11, 12 – rocks of the Vorontsovskoe gold ore deposit according to [25, 36]: 11 – spessartite (petrogenic 

elements – sample N 933, REE – sample N 34-2/17), 12 – kersantite. FeO* – total iron FeO and Fe2O3. 

 
Another pair of components that correlates with the degree of metasomatic alteration of lampro-

phyres are Na2O and S. In less altered rocks, the Na2O content is 2.7-3.1 wt.%, and S is about 

0.3 wt.%, in more altered samples 4.7-5 wt.% and 3.2 wt.%, respectively. The two pairs of petrogenic 

components listed above do not always correlate with each other. For example, spessartites from the 

inner metasomatic zone, which actually underwent the greatest metasomatic processing, have high 

Na2O and S contents with average SiO2 and LOI values. 

TiO2 content in lamprophyres varies depending on the rock type, amounting to 1.2 wt.% in ker-

santites and 0.5-0.8 wt.% in spessartites. In addition, kersantites have higher Al2O3 contents compared 

to spessartites. Widely varying K2O contents in kersantites from 0.2 to 1.3 wt.% indicate the replace-

ment of biotite by secondary minerals during metasomatism with the removal of potassium from the 

rock, which is confirmed by petrographic observations. In altered spessartites, K2O is 0.2-0.8 wt.%. 

MnO, FeO, MgO, and CaO contents in kersantites and less altered spessartites of the Peshchernoe 

deposit have similar values. Variations in the total FeO content in spessartites correlate with the de-

gree of metasomatic alteration. In the least altered spessartites, FeO is 7.5 wt.%, decreasing with 

increasing metasomatic alteration to 5.2 wt.%. 
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Thermal analysis was performed for samples from a spessartite dike with evident metasomatic 

zoning. It allows estimating the contents of OH and CO2 components in these rocks. Mass losses 

during decomposition of dolomite and magnesite were 12-17 %, which leads to the conclusion that 

the CO2 content in the rocks is 12-17 wt.%. The OH contents were estimated from the mass change 

during chlorite decomposition and amounted to 1.3 wt.%. Part of the mass decrease during thermal 

analysis is due to adsorption moisture in the preparation and pyrite decomposition. The total mass 

changes in the studied samples were 14.2-18 wt.%, which is quite close to the obtained values of loss 

on ignition measured as part of the X-ray fluorescence analysis. 

Geochemical characteristics of rocks. Spessartites and kersantites of the Peshchernoe gold de-

posit differ in the content of individual rare elements (Table 4, Fig.5 and 6). Kersantites have higher 

values of Be, V, Cu, Zn, Y, HREE, Zr, Hf, Nb, Mo, Sn, W relative to spessartites, while the latter 

have higher Cr, Co, and Ni contents. Variations in the rare element contents are observed in spessar-

tites depending on the degree of metasomatic alteration of rocks. More altered spessartites have lower 

Li, Zr, Hf, and REE contents and higher As, Sb, and W contents. The above-mentioned geochemical 

features of lamprophyres are reflected in Fig.5 and 6, where the absolute contents of the element in 

the rock are normalized to chondrite C1 [37] and the average content in calc-alkaline lamprophyres 

according to [18], respectively. Spessartites in these diagrams are divided into three groups: weakly, 

moderately, and strongly metasomatically altered. Distribution of samples by the degree of metaso-

matic alteration was made according to petrographic, petrochemical, and geochemical data. Au con-

tents were measured in one of the dikes of less altered spessartites, as well as in metasomatites after 

a dike of spessartites with pronounced metasomatic zoning. In weakly altered spessartites, Au content 

was below the detection limit. The rocks of the inner metasomatic zone contain, mg/t: 23 gold, in the 

transition zone 4, in the outer zone in the hanging wall of the dike 3, in the outer zone in the footwall 8. 

Note that the metasomatites of the outer zone in the footwall of the dike have higher Sb, Zn, Pb, Ba, 

Mo, Th, and U contents than in the hanging wall. 

Discussion of the results 

According to petrographic and petrochemical observations, lamprophyres of the Peshchernoe 

deposit correspond to spessartites and kersantites that underwent significant metasomatic alterations. 

In addition to lamprophyre dikes, the deposit also contains andesitic dikes. A similar compositionally 

diverse dike complex was described at the Vorontsovskoe gold deposit [25, 36], located approxi-

mately 8 km southeast of the Peshchernoe deposit. The observed spatial relationship between gold 

mineralization and dike series, including spessartites, kersantites, and andesitic rocks, can serve as a 

prospecting criterion for this region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

a – individual dikes of spessartites and kersantites (1-3 – spessartites of the Peshchernoe deposit: 1 – weakly metasomatically altered, 2 – moderately 

altered, 3 – strongly altered; 4 – kersantites of the Peshchernoe deposit; 5 – spessartites of the Vorontsovskoe deposit according to [36]); 

b – metasomatic zones in the dike of altered spessartites (6 – central part of the dike, inner metasomatic zone; 7 – transitional metasomatic zone;  
8 – marginal part of the dike, footwall, outer metasomatic zone; 9 – marginal part of the dike, hanging wall, outer metasomatic zone) 
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Fig.5. Rare earth element contents in lamprophyres of the Peshchernoe deposit, normalized to chondrite C1 [37]: 
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The measured attitude of the lamprophyre dike coincides with the direction and dip angle of the 

ore-controlling faults. The presence of discontinuous faults, which are fluid conductors and usually 

filled with lamprophyre dikes, is noted at many gold deposits [11, 17]. Dikes of lamprophyres and 

andesitic rocks are pre-ore, as evidenced by the superimposed metasomatic mineral associations. 

Metasomatic alterations at the Peshchernoe deposit are controlled mainly by a series of faults striking 

northeast, forming a metasomatic halo enveloping the fault zone. Structurally, faults dipping south-

east at an angle of about 60°, dike bodies, metasomatic halos and mineralized zones represent one 

system, and the host volcanogenic-sedimentary rocks gently dipping to the northeast represent  

another one. 

The diagram of the arrangement of additive geochemical halos of Ag + Sb + As [30] to the south 

of the Peshchernoe deposit reflects a series of linear, near N-S elongated geochemical anomalies, which 

spatially coincide with the Zapadno-Peshcherninskii fault. It can be assumed that the geochemical halos 
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normalized to the average content in calc-alkaline lamprophyres according to [18]:  

a – individual spessartite and kersantite dikes; b – metasomatic zones in a dike of altered spessartites 

See Fig.5 for legend 

Fig.6. Rare element contents in lamprophyres of the Peshchernoe deposit,  
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record the influence of fluids entering through fault systems. In the deposit area, elongation of the 

geochemical halos takes on a northeastern direction and coincides with the orientation of the faults in 

which the mineralized zones are localized. The northeast striking fault zone occurs subconformably 

with the contact of the volcanogenic-sedimentary rocks of the Turinskaya Fm. and the coeval basalt 

strata. Probably, basalts served as a screening structure for hydrothermal solutions. 

The data on the structural position of mineralized ore zones, faults, dike bodies, metasomatic 

halos, and host volcanogenic-sedimentary rocks suggest that the alteration system of the Peshchernoe 

deposit is tectonogenic. Probably, dikes of rocks of andesitic composition, lamprophyres were in-

truded along the northeast striking fault zone at different geological times, and subsequently it became 

a channel for hydrothermal fluids, including ore-bearing ones. The influence of primary orientation 

of volcanogenic-sedimentary rocks for gold, as was proposed for Vorontsovskoe [24], seems unlikely 

in the Peshchernoe deposit area. 

To assess the influence of metasomatism on the chemical composition of lamprophyres, it is 

necessary to determine the primary rock composition. It was not possible to detect unaltered lampro-

phyres in the Peshchernoe deposit drillhole core. The average composition of lamprophyres from the 

Vorontsovskoe ore field [25, 36] and calc-alkaline lamprophyres according to [18] are quite close, 

which may indicate an insignificant degree of their alteration by metasomatism. Therefore, we ac-

cepted the compositions of spessartites and kersantites from the Vorontsovskoe deposit [25, 36] as a 

possible educt. Individual compositions of these rocks are given in Table 4. 

The least altered spessartites and kersantites from the Peshchernoe deposit differ from similar 

rocks of the Vorontsovskoe deposit by a lower SiO2 content and higher CaO, Na2O, and LOI values. 

In addition, spessartites from Peshchernoe have a lower total FeO content, compared with spessartites 

from the Vorontsovskoe deposit. Kersantites from Peshchernoe contain less K2O, relative to kersan-

tites from the Vorontsovskoe deposit. The REE contents in spessartites from the Peshchernoe and 

Vorontsovskoe deposits are almost identical (see Fig.5). The differences in the contents of petrogenic 

components in lamprophyres from the Peshchernoe and Vorontsovskoe deposits are the result of a 

higher degree of metasomatic alterations in the former. Accordingly, the initial metasomatic stage 

observed in lamprophyres from the Peshchernoe deposit was accompanied by SiO2, FeO, K2O  

removal from the rocks and CaO, Na2O, CO2 supply. REE contents remained without significant 

changes. 

A more detailed analysis can be made of the substance balance during the next stage of metaso-

matism, expressed in the development of metasomatic mineral parageneses that form individual meta-

somatic zones in one of the dikes of altered spessartites. The alterations that occurred when metaso-

matites formed at this stage led to a change in the rock density. Spessartites of the outer metasomatic 

zone (sample PU04/191.4) have a density of 2.8 g/cm3, in the transition zone (sample PU04/193.9) it 

increases to 2.85 g/cm3, and in the inner zone (sample PU04/195.2) it is 2.86 g/cm3. The estimation 

results are presented in Table 5; Ni
v is the number of element atoms in a geometric volume of rock in 

10,000 Å3: Ni
v
1 in metasomatically altered spessartites of the outer, Ni

v
2 in the transition, and Ni

v
3 in 

the inner zones; ΔNi
v is the difference between the number of element atoms in a geometric volume 

of rock in 10,000 Å3 of the source and resulting rock: ΔNi
v
1-2 in the outer and transition, ΔNi

v
2-3 in the 

transition and inner, ΔNi
v
1-3 in the outer and inner zones; ΔNi

v is designated with a plus if the element 

is supplied and with a minus if it is removed; ΔNi
v/Ni

v
1 is the relative change in the number of element 

atoms as a percentage of the number of element atoms in the source rock, in our case, the number 

of element atoms in metasomatically altered spessartites of the outer zone. Figure 7 shows the 

relative changes in the number of element atoms when passing from the outer metasomatic zone to 

the transition zone and from the transition zone to the inner one, the line is the result of these 

changes, corresponding to the difference in the number of element atoms between the outer and 

inner metasomatic zones. 
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Table 5 

Estimation of the substance balance during the alteration of spessartites at the sodic stage of metasomatism 

Elements 

Number of atoms per 10,000 Å3 Supply-removal per 10,000 Å3 

PU04/191.4 PU04/193.9 PU04/195.2 Absolute differences Relative to Ni
v
1, % 

Ni
v
1 Ni

v
2 Ni

v
3 ΔNi

v
1-2 ΔNi

v
2-3 ΔNi

v
1-3 ΔNi

v
1-2/Ni

v
1 ΔNi

v
2-3/Ni

v
1 ΔNi

v
1-3/Ni

v
1 

Si 110 103 112 –7 +9 +2 –6.36 +8.18 +1.82 

Ti 1.43 1.70 1.57 +0.27 –0.13 +0.14 +18.88 –9.09 +9.79 

Al 35.0 40.9 38.5 +5.9 –2.4 +3.5 +16.86 –6.86 +10.00 

Fe2+ 18.5 15.5 12.9 –3.0 –2.6 –5.6 –16.22 –14.05 –30.27 

Mn 0.33 0.31 0.27 –0.02 –0.04 –0.06 –6.06 –12.12 –18.18 

Mg 52.7 44.0 49.1 –8.7 +5.1 –3.6 –16.51 +9.68 –6.83 

Ca 32.8 31.9 30.9 –0.9 –1.0 –1.9 –2.74 –3.05 –5.79 

Na 15.2 23.8 28.3 +8.6 +4.5 +13.1 +56.58 +29.61 +86.18 

K 1.47 2.84 0.77 +1.37 –2.07 –0.70 +93.20 –140.82 –47.62 

P 0.69 0.75 0.68 +0.06 –0.07 –0.01 +8.70 –10.14 –1.45 

S 1.47 9.37 17.72 +7.90 +8.35 +16.25 +537.41 +568.03 +1105.44 

CO2 56.7 64.3 48.2 +7.6 –16.1 –8.5 +13.40 –28.40 –14.99 

OH 12.4 – – –12.4 – –12.4 –100.00 – –100.00 

O 526 502 481 –24 –21 –45 –4.56 –3.99 –8.56 

Total + – – – +31.7 +26.95 +34.99 +3.67 +3.12 +4.05 

Total – – – – –56.02 –45.41 –77.77 –6.48 –5.25 –8.99 

Total 864.69 840.37 821.91 –24.32 –18.46 –42.78 –2.81 –2.13 –4.94 

 

Note. The estimation was performed using the atomic volume conversion by Yu.V.Kazitsyn and V.A.Rudnik [38].  

 
Four groups of elements can be distinguished after a matter analysis. The first group is repre-

sented by S and Na, which are supplied into the rocks of the transition and inner metasomatic zones. 

The second group consists of relatively inert elements at this stage of metasomatism: Al, Ti, Si, P, 

Ca, Mg. Elements of the third group are removed from the rocks. They include Mn, Fe, and OH. The 

fourth group of elements is represented by K and CO2. The amounts of these components increase in 

the transition zone and decrease significantly in the inner one. We have concluded that this is the 

result of K and CO2 redistribution from the inner metasomatic zone to the rocks of the transition zone, 

and not their removal by metasomatizing solutions. Negative values of the resulting relative changes 

in K and CO2 contents can be due to the fact that the transition metasomatic zone is twice thick as the 

inner one. 

The supply and removal of rare elements at the sodic stage of metasomatism is illustrated in 

Fig.5, b. The rocks in the inner metasomatic zone have higher Au, As, Sb, and W contents relative to 

spessartites in the outer zone, which indicates the supply of these elements as a result of metasomatism, 

while Li is removed from the rocks. Spessartites with a moderate and strong degree of metasomatic 

alterations demonstrate a slight depletion in REE relative to less altered rocks with the preservation of 

the REE spectra shape (see Fig.5). The studied spessartite dike is outside the ore zone (see Fig.2, b). 

However, the distribution of elements observed in it may reflect general patterns. The rocks in the 

dike footwall have higher Au, Sb, Zn, Pb, Ba, Mo, Th, and U contents compared to the rocks in the 

hanging wall. This is consistent with the position of ore zones in the footwall of ore-controlling faults 

and the absence of mineralization in metasomatically altered rocks of the hanging wall. 

Two stages of metasomatism can be distinguished in metasomatic alterations observed in the 

Peshchernoe deposit spessartites: carbon dioxide and subsequent sodic. During carbon dioxide 

metasomatism, dark-coloured minerals are replaced by chlorite, albitization and sericitization of 

plagioclase occur. Ferruginous dolomite is formed under the influence of a significant supply of CO2. 

The forming mineral paragenesis corresponds to the outer metasomatic zone during listvenization of 

gabbro [20, 39, 40]. Alkaline (sodic) metasomatism is superimposed on the mineral metasomatic 
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paragenesis of the first stage. Chlorite and relics 

of magmatic dark-coloured minerals are replaced 

by magnesite, the supply of Na leads to the ap-

pearance of newly formed albite, and as a result 

of the supply of S, pyrite is formed, which con-

centrates iron from other minerals. As a result of 

the sodic stage of metasomatism, the iron content 

in carbonates decreases in the direction from the 

outer metasomatic zone to the inner one, whereas 

the opposite trend was described for listveniza-

tion [40]. By high sodium content, formed meta-

somatites are similar to eisites. They differ from 

the latter by a significant supply of S and the ab-

sence of hematite [41, 42]. The absence of 

hematization and the binding of iron into pyrite 

may indicate a higher felsicity of metasomatizing 

solutions than during the formation of classical 

eisites [41]. 

In addition to alterations observed in lampro-

phyres, propylitized rocks are present in the  

peripheral areas of the deposit. Propylites and 

metasomatic alterations of the carbon dioxide 

stage are widespread in the Peshchernoe deposit 

area, and the influence of sodic metasomatism 

has a more local distribution near permeable 

fault zones. The limitation of eisitization halos 

by the sizes of solution-supplying channels can 

be explained by the positive volumetric effect 

of mineral alterations, leading to the blockage 

of fractures and pores [41]. 

The set of metasomatic styles at the Peshchernoe deposit generally corresponds to the propylite-

beresite eisite-bearing alteration type, characteristic of tectonic alteration systems. According to the 

model by E.V.Plyushchev et al. [43], due to the high volatility of carbon dioxide in the upper levels 

of the hydrothermal system, a carbonatization area can form, which corresponds to the high content 

of carbonates in metasomatites from the Peshchernoe deposit. A combination of beresite-listvenites 

and eisites in connection with mineralization is observed at the Kochkarskoe, Chudnoe, Kumakskoe 

and other gold deposits [44]. 

The study of metasomatically altered spessartites of the Peshchernoe deposit showed that Au, 

As, Sb, and W accumulate as a result of late sodic metasomatism. This stage is associated with a 

significant supply of sulphur and sulphide formation. Beresitized rocks of the Peshchernoe deposit 

with a superimposed association of alkaline (sodic) metasomatites have the highest gold concentra-

tions [45]. It was the alkaline-sulphide sodium solutions that had the ore-bearing or ore-mobilizing 

function during gold mineralization development at the deposit. Beresitization-listvenitization created 

a favourable environment for ore deposition [40]. Beresitization-listvenitization, according to the 

metasomatic zoning theory [46], corresponds to the “felsic stage”, and eisitization may represent the 

“late alkaline stage”. The solubility and transport of gold in sodic hydrothermal solutions were con-

sidered by various authors [47, 48]. Recently, the possibility of extracting gold from ore using alkaline 
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solutions of sodium polysulphide has been actively discussed [49, 50]. Gold ore deposition from 

alkaline solutions into relatively felsic rocks (listvenites, beresites) and quartz veins is considered in 

detail by V.N.Sazonov [40]. The data obtained confirm the previously identified direct relationship 

between mineralization related to the gold-low-sulphide-quartz formation and Ag, As, and Sb in rocks 

of the central segment of the East Tagil tectono-stratigraphic area, to which the Peshchernoe deposit 

area belongs [30]. 

The spatial proximity to the massif of the gabbro-diorite-granite complex, the connection of mine-

ralization with fault zones and lamprophyre dikes, high CO2 contents in metasomatically altered 

rocks, and an increased content of As, Sb, and W as a result of ore-accompanying metasomatic 

processes indicate that the Peshchernoe deposit can be classified as a gold prospect associated with 

intrusive massifs and formed in the area of their hydrothermal influence [12, 51]. 

Conclusion  

Lamprophyres at the Peshchernoe gold deposit are represented by spessartites and kersantites. 

Lamprophyre dikes mark faults that later became channels for hydrothermal fluids, including ore-

bearing ones. Two stages of metasomatism are distinguished in the metasomatic alterations observed 

in spessartites: carbon dioxide and subsequent sodic. Geochemical orientation of sodic metasomatites 

after spessartites indicates that it was the sodic stage of metasomatism that accompanied ore. Identi-

fication of sodic metasomatism halos in the field of widespread metasomatites of the propylite-

beresite formation may be promising for more accurate localization of ore zones. 
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Abstract 

This paper presents reservoir simulation modeling of a hydrocarbon accumulation with a fractured porous reservoir, 

incorporating the geomechanical effects of fracture closure during variations in formation pressure. The fracture per-

meability parameter is derived from the impact of stress on fracture walls. The fracturing parameter is determined based 

on 3D seismic data analysis. A permeability reduction model is implemented in the tNavigator reservoir simulation 

platform. The proposed approach improves the convergence of formation pressure dynamics in well data while main-

taining flow rate and water cut adaptation accuracy. This results in enhanced formation pressure prediction and opti-

mization of the pressure maintenance system. 
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Introduction 

During the development of a fractured reservoir, significant decreases in formation pressure 

trigger processes that are difficult to capture using single-medium models. Widely discussed in the 

literature, these processes include fracture closure and variations in fracture permeability, both of 

which affect the reservoir’s geomechanical state [1-3]. 

Currently, reservoir simulation models of oil and gas accumulations, even those containing frac-

tured porous reservoirs, are often built using single-porosity models. These models are well-estab-

lished and relatively straightforward to adapt to initial development conditions. However, well flow 

rates and bottomhole pressures depend heavily on the permeability and porosity of the near-wellbore 

formation. High water production is a function of phase permeabilities and aquifer activity. One of 

the most complex and crucial aspects of model calibration is the accurate simulation of formation 

pressure dynamics, as it impacts well performance, equipment selection, and stimulation planning. 

The well operating mode, the choice of downhole equipment, and the planning of inflow stimulation 

measures depend on formation pressure. From the point of view of reservoir physics, the content of 

free gas in the pores and, as a result, phase permeabilities, as well as fractures opening in the reservoir 

and absolute permeability depend on formation pressure1. 

                                                      
1 Guidelines for the development of permanent geotechnical models of oil and gas fields. In 2 parts. Part 2. Filtration models. 

Moscow: OAO VNIIOENG, 2003, p. 224. 
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The most accurate approach for modeling fractured reservoirs involves developing a discrete 

fracture network (DFN) model coupled with a dual-porosity/dual-permeability reservoir simulation. 

However, such models require extensive parametric input and are challenging to implement [4]. 

The article proposes an approach to geological reservoir simulation modelling of hydrocarbon 

accumulations with a fractured porous reservoir based on the geomechanical effects of the fracture 

space closure during changes in formation pressure. The permeability distribution along the section 

is dynamic. In the initial formation conditions, the reservoir is represented by both a pore medium 

and open fracture systems. With a decrease in formation pressure, an intensive decrease in fracture 

permeability occurs, as a result of which entire areas of the formation, previously considered  

a reservoir, cease to filter hydrocarbons. The initial value of permeability, as well as its change, are 

a function of stresses. 

The study was conducted on the Tournaisian–Famennian formation (TFm) in one of the fields 

in the Perm Region. This formation consists of a massive carbonate bed with up to 19 layers and  

a total thickness of 50-75 m. The wells initially exhibit high flow rates (up to 100 m³/day or more), 

but most experience a several-fold decline in flow rates within the first 5-10 years. 

Methods 

To consider the dynamic behaviour of the permeability and porosity properties of a fractured 

reservoir during reservoir simulation modelling, modelling can be divided into several stages in ac-

cordance with the new approach: 

• analysis of production data and well flow tests, identification of areas with the permeability 

reduction effect; 

• selection of geological and geophysical criteria that determine the intensity of fracture perme-

ability reduction or the absence of this process; 

• development of a 3D geomechanical model of the formation and surrounding rocks; 

• preparation for reservoir simulation modelling, simulation of the permeability cubes and frac-

ture compressibility parameters; 

• adjustment and adaptation of the new reservoir simulation model considering the effect of frac-

ture closure and new permeabilities. 

To identify the effect of changing the filtration properties of the reservoir, the results of well 

flow studies as well as industrial data on well operation were analyzed at the first stage. The fact of  

a change in filtration properties can be preliminarily observed by a decrease in well permeability, 

determined by pressure recovery curves, by well indicator diagrams concave to the flow rate axis, as 

well as by the negative dynamics of the productivity coefficient [5, 6]. The first method of identifying 

this effect is the most reliable, since the permeability dynamics are analyzed on the well contour, 

where the colmation is absent. According to widespread practice, the dependence of permeability on 

pressure is approximated by an exponential function 

k = k0e(p – p
0
), 

where k0 and k – the initial and current permeability; p0 and p – the initial and current formation 

pressures; β – the permeability reduction degree. 

The unknown values are the initial permeability under formation conditions k0 and the permea-

bility reduction parameter β. Such an analysis is possible in the presence of a sufficiently wide range 

of formation pressures of well studies in non-stationary modes, at low water cut values and formation 

pressures exceeding the saturation pressure. At the pay under consideration, 10 wells correspond to 

these conditions, for which β was subsequently determined. 
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When selecting geological and geophysical criteria for the 3D distribution of the permeability 

reduction parameter, several approaches can be used. For example, in [7], ranking was performed by 

the P-wave travel time. The compressibility of the fracture walls was determined by the strength 

properties of the rock, which, in turn, depended on the P-wave velocity. The advantage of this method 

is the prevalence of acoustic logging materials for most pays. Its main disadvantage is the lack of 

reference to fracturing. In the case of a porous fractured reservoir, where fracturing is not widespread, 

based on the interval travel time of the P-wave, high rock compressibility can be falsely identified 

even in areas with a porous reservoir. 

In this regard, the present work investigated the formation fracturing distribution based on well 

data and core studies. Since the number of wells covered by the fracturing studies is insufficient for 

simple interpolation, a search for a relationship between fracturing and 3D seismic materials was 

performed. A set of research data related to the identification of fractures was collected and ana-

lyzed [8]. Fracturing of eight wells in the TFm pay of the analyzed field was studied. The studies 

included a geophysical investigation of wells using the EMS by KarSar MS-110 and MicroScope 

devices, as well as fracturing determination in an oriented core. 

The distribution of near-vertical fracturing with predominant strike azimuths of 90-130° and dip 

angles of 70-85° stands out from the entire data set. The results did not depend on the device used. 

The obtained distributions were further used to build a volumetric probabilistic model of fracturing 

in the studied pay. Classification was performed by machine learning methods in Python. The angle 

stack cubes of 3D seismic survey amplitudes were used directly (without conversion to attributes) as 

the initial parameters for training the model. The idea was to take a segment of the seismic trace 

passing through the studied point in the interval of ±50 m relative to this point using compression 

methods (principal vector methods, singular value decomposition, etc.) as input parameters of ma-

chine learning methods. Various boostings were used as machine learning models. 

The classification quality was assessed by the cross-validation method using the ROC AUC met-

ric and reached values of 0.88-0.91 for different models. Two classes (types) of void space were 

identified based on actual data: without fractures (0) and with fractures (1). Figure 1 shows the 

probability density distributions of the occurrence of these classes depending on the probability of 

predictions of machine learning models. The classes are well separated in such a way that with an 

increase in the predicted probability, the ratio of class 1 to class 0 increases. 
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Based on the obtained cube of a 3D fracturing probability distribution (Fig.2), the average 

value of this parameter in the perforation interval for all wells was determined. Further analysis of 

the parameter for a group of wells with a sufficient number of pressure build-up curves demon-

strated its linear relationship with a decrease in permeability: 

 = 0.0328СD,                                                                   (1) 

where CD – the probability parameter of the presence of fracturing (variation range from 0 to 1). 

This dependence was subsequently used to identify regions with decreased permeability in the 

reservoir simulation modeling, as well as to compile tables of the dependence of permeability and 

porosity properties on formation pressure in each identified region. 

At present, to obtain a 3D distribution of permeability in a reservoir simulation model of frac-

tured and fractured porous pays, in most cases, correlations on porosity are still used with subsequent 
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calibration to the results of well flow testing (WFT). A geomechanical approach was used to deter-

mine the permeability distribution. 

There is a lot of information in scientific and technical literature about the influence of the stress 

state of rocks on the permeability of fractured porous and fractured reservoirs [9-11]. However, the 

permeability of porous reservoirs does not depend on the stress state as much as the permeability 

of fractured rock [12-14]. With this in mind, a search was performed for the relationship between 

the stress state of the massif [15, 16] and fracture permeability determined based on WFT. 

It is clear that the permeability of fracture and fault systems is highly dependent on their orien-

tation relative to the principal normal stresses. The critically stressed fault hypothesis [16, 17] states 

that “mechanically active faults are also hydraulically active, whereas mechanically inactive faults 

are not”, a view supported by numerous studies [16, 18, 19]. Mechanically active faults are under 

stresses that promote the opening of fractures, facilitating fluid flow. Thus, the permeability of a 

fracture system is influenced both by the normal stresses that compress it and by the tangential stresses 

that induce sliding [20]. Equations for estimating tangential and normal stresses acting along a frac-

ture are widely known [1, 15]. 

The tendency for slip depends not only on these stresses but also on the rock’s strength. In gen-

eral, the stress state criterion for a weakening surface (fracture or fault) is given by: 

1 τ

μ σ
slip

n

T  , 

where μ – the friction coefficient; τ, σn – the tangential and normal stresses on the fracture surface, 

respectively. 

Thus, having estimated the normal and shear stresses acting in the analysed fracture system and 

having compared them with the pay permeability data recorded in a certain interval, it is possible to 

judge the degree of the fracture system activity.  

In the simplest model – assuming an impermeable matrix and a system of plane-parallel frac-

tures – the fracture permeability is given by: 

3

м
12

e
K

d
 ,  

where e – the fracture aperture; d – the spacing between fractures. 

As a parameter characterizing the fracture density (the reciprocal of the distance between frac-

tures), the third degree of the fracturing probability can be used. 

If we take the fracturing probability as a measure of fracture density (p = 1/d) and assume that 

the fracture aperture is proportional to the stress ratio (e = τ/σn), then an expression for the fractured 

reservoir permeability can be formulated as: 

3

м

(τ / σ )
,

12

naProb
K    

where Prob – the fracturing probability value; /n – the ratio of normal (σn) and tangential (τ) stresses 

along the fracture system; a – an empirical coefficient [20]. 

In simulating fracture permeability, two types of fracturing were considered: ordered, corre-

sponding to the maximum fracture concentration (azimuth 115°, dip angle 80°), and conditionally 

ordered, associated with the stratigraphic layer curvature, the strike azimuth of which is normal to the 

direction of maximum curvature. The maximum curvature azimuth was determined as a physical 

direction (rather than by comparing vectors along mutually perpendicular axes, as many geological 
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modeling packages do). The dip angle for the conditionally ordered system was obtained by solving 

an optimization problem. Finally, the pore permeability from the geological model was added to the 

fracture permeability to yield the total reservoir permeability: 

3

por

τ τ
( )
σ σ

  ,
12

уп

уп

n n

aProb

K K



                                                         (2) 

where Kpor – the pore component of permeability. 

For subsequent flow simulations, the fracture component of permeability obtained in the local 

fracture coordinate system must be transformed into the global coordinate system of the model (2). 

For each fracture system, the permeability tensor is estimated in the global coordinate system of the 

reservoir simulation model [15]: 

KD = Kм [
1 – cos2 sin

2
θ cos sin sin

2
θ –cos cosθ sinθ

cos sin sin
2
θ  1 – sin

2
 sin

2
θ sin cosθ sinθ

–cosα cosθ sinθ   sin cosθ sinθ sin
2
θ

];                             (3) 

   
1

 
m

Dii
K K


 ,                                                                  (4) 

where  – the dip angle of a given fracture system; θ – the strike azimuth; m is the number of fracture 

systems. 

Development of a geomechanical model. The tangential and normal stresses and the directions 

in which they act in each cell for permeability simulation were derived from our geomechanical 

model. Developing a geological-geomechanical model [1, 18, 19] for a pay or an entire field involves 

assessing the initial stress state by determining parameters such as: vertical stress; minimum and 

maximum horizontal stresses; azimuth of horizontal stress; pore pressure; spatial distribution of the 

mechanical properties of both the pay and the surrounding rocks [21-23]. 

A 3D geomechanical finite element mesh was constructed by exporting the geometry (as eight-

node element coordinates) from geological modeling software and converting it into a format com-

patible with the geomechanical simulator. 

The grid cells had lateral dimensions of 100 × 100 m. In the region of the studied pay, the mesh 

was vertically refined to a cell thickness of 0.4 m. Instead of modeling the overlying strata in full,  

a leveling layer was created and loaded with a weight corresponding to the overburden during geo-

mechanical computations.  

Since the vertical stress is determined by the weight of the overlying rocks, the density distribu-

tion was simulated by interpolating density logging data and integrating over cell thicknesses to com-

pute vertical stress. The mechanical properties of the pay were assigned based on relationships be-

tween static and dynamic characteristics obtained from core tests [24-27]. 

Lateral stress components were simulated using an isotropic elastic porous medium  

model [16, 28, 29]: 

   2
σ α ε ε ;

1 1
h v h H

v E
S Biot p p v

v v
     

 
 

   2
σ α ε ε ,

1 1
H v h H

v E
S Biot p p v

v v
     

 
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where Sh, SH – the minimum and maximum hori-

zontal stresses, respectively; p – the formation 

(pore) pressure; σv – the vertical stress, Biot – the 

Biot coefficient; v – the Poisson ratio, E – the 

elastic modulus, ɛh, ɛH – the components of ad-

ditional tectonic deformations. 

The formation pressure distribution was 

adopted from the current reservoir simulation 

model and later adjusted using up-to-date pres-

sure data (from well flow tests, hydraulic frac-

turing, etc.) [30]. 

Calibration of the simulated minimum 

horizontal stress profile was performed by 

comparing the estimated stresses with fracture 

closure pressures measured during hydraulic 

fracturing (Fig.3). 

Subsequently, the finite element method 

(implemented in Ansys) was used to evaluate 

the stress-strain state of the rock mass. The simu-

lation employed a coupled formulation that ac-

counted for fluid flow in a deformable porous 

medium, with kinematic boundary conditions 

on the lower and lateral faces to incorporate 

tectonic deformations. 

After completing the geomechanical com-

putations (using equations (2)-(4), a permeability 

cube was generated and used in the reservoir  

si-mulation. The permeability values obtained 

by this method showed good agreement with 

WFT results (Fig.4).  

In the final phase, reservoir simulation was 

conducted using the new permeability cubes and 

incorporating fracture closure concepts. 

In the initial simulation, the reservoir was  

subdivided into many layers with limited hy-

drodynamic connectivity between interlayers. 

The fracture system-evident from core studies 

and microimager logs-was not explicitly modeled. Although some sections might formally be clas-

sified as nonreservoir (owing to negligible total porosity), fluid flow can occur via fractures . 

To account for fracturing, we propose an intermediate model between the original single- 

medium model and a dual-medium (dual-porosity/dual-permeability) model with the following fea-

tures: 

• inactive cells from the initial reservoir simulation model were set as active; 

• insignificant porosity was set in the cells of the initial non-reservoir (0.2 %, while the initial oil 

reserves for the entire model increased by 3 %); 

• permeability was determined by formulas (2)-(4) in all cells of the model; 
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Fig.3. Comparison of estimated stresses with measured  

values of hydraulic fracture closure pressures 

1 – values in wells; 2 – line of equal values; 3 – regressive straight line 

 

Fig.4. Crossplot of the cube root of the  

estimated and determined from WFT permeabilities 

See Fig.3 for legend 
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• permeability anisotropy was simulated using the angular parameters of fracture systems iden-

tified and adopted in the computations [21]; 

• permeability reduction was assumed irreversible, as confirmed by numerous compression tests 

on core samples with single fractures. 

Permeability reduction was implemented using 10 rocktab tables describing permeability 

change [31]. The regions of applying these tables were determined by the fracturing probability value. 

The first region corresponds to the accumulation areas with a minimum number of fractures, the tenth 

region – to the areas with the highest fracture density and maximum permeability reduction. The 

parameter β is determined by the linear dependence (1). The method for considering the effect of 

permeability reduction in flow simulations is implemented in the tNavigator software package. 

Discussion of results 

Flow simulations showed that when the formation pressure decreases, there are areas where per-

meability drops especially rapidly. In the case of low initial permeability and a rapid decrease in 

permeability, zones may arise where fluid filtration ceases. This indicates an inconstant (dynamic) 

character of the lithological section over time (Fig.5). 

The new approach improved the match between simulated and actual formation pressures in the 

reservoir model (Fig.6). For example, in well 3 the decline in formation pressure was accompanied 

by a drop in liquid flow rate from 80 to 20 m³/day. In the original model, a reduction in liquid with-

drawal, coupled with the operation of adjacent injection wells, would have been expected to restore 

formation pressure – a restoration not observed in the field. This discrepancy is attributable to the 

dynamic lithological structure in the drainage area of well 3. In the geomechanically based simulation, 

the pressure drop led to a significant and irreversible reduction in permeability over large portions of 

the accumulation, thereby disrupting reservoir-to-well connectivity among production, injection, and 

aquifer regions. These results emphasize the importance of timely formation pressure maintenance  

in fractured reservoirs and highlight the critical role of accurately determining rock compressibility 

in flow simulations [32, 33]. 
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Fig.5. Distribution of well 3 rock permeability across the section at the beginning of development (a) and after 10 years (b) 
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Figure 7 shows crossplots of actual versus estimated formation pressures for all wells. The geo-

mechanically modified model shows a closer match to the actual pressures compared to the original 

model, without any deterioration in the prediction quality for well flow rates or water cuts.  

Overall, our simulations indicate that the proposed concept effectively improves the fidelity of 

reservoir simulation models for hydrocarbon accumulations with fractured reservoirs. 

Conclusion 

Developing new approaches for reservoir simulation of fractured reservoirs is crucial for the 

design and development of hydrocarbon fields.  

Although a discrete fracture network (DFN) model coupled with a dual-porosity/dual-permea-

bility simulation remains the most comprehensive method for representing fracturing, it requires ex-

tensive parametric input.  
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Fig.6. Dynamics of fluid flow rate and reservoir pressure of well 3 

1 – fluid flow rate, m3/day; 2 – actual data; 3 – initial fluid flow model; 4 – fluid simulation model based on the geomechanical approach 

 

Fig.7. Crossplot of the correspondence between the actual and estimated reservoir pressures in wells for the initial model (a) 

and the model modified using geomechanical modelling (b) 
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Recently, three-dimensional geomechanical models have become increasingly popular because 

they can simulate the spatial distribution of principal stresses based on initial physicomechanical 

properties using the finite element method. While geomechanical models are often developed to sup-

port well drilling and hydraulic fracturing operations, their results can also be used to assess fracture 

aperture in fractured reservoirs and, by extension, to generate 3D permeability cubes. 

Generalization of the fracturing study results enabled us to determine the general angle parame-

ters of the fracture systems for the pay under consideration. Machine learning classification using 

angle stack cubes from 3D seismic surveys yielded a fracturing probability cube. A strong correlation 

was found between reservoir permeability and the rock state as determined by geomechanical modeling, 

enabling us to derive the full permeability tensor for the TFm pay. 

The tNavigator software package implements a method for considering the effect of permeability 

reduction in flow simulations. The overall decrease in reservoir permeability is modelled using the 

built-in keywords of the simulator.  

Reservoir simulation modelling using the described approaches has made it possible to signifi-

cantly improve the convergence of formation pressure dynamics with an acceptable quality of con-

vergence of production dynamics and water cut. Increasing the reliability of formation pressure fore-

casting allows planning inflow stimulation activities with a more predictable result, creating more 

realistic fracture properties when developing hydraulic fracturing designs, and optimizing the for-

mation pressure maintenance system. 
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Abstract 
The article presents the results of coupled palynological and geochemical studies of five various genesis lakes, located 
along the route of the expedition “In the footsteps of Alexander von Humboldt in Siberia, Altai and Eastern Kazakh-
stan”, dedicated to the double anniversary: the 190th anniversary of the expedition across Russia of the famous scientist 
and his 250th birthday. A geochemical analysis of water and bottom sediments of Ik Lake (Siberia), Lakes Kolyvanskoe 
and Beloe (Altai), Lake Bezymyannoe (Kazakhstan) and Nagornyi Pond (Altai) was carried out. Based on their results 
an assessment of studied lakes ecological state was given through single and integral criteria. A high level of pollution 
was noted for Nagornyi Pond and Lake Bezymyannoe, which is caused by a significant technogenic load from nearby 
mines. This is consistent with the data of palynological research. The aquatic ecosystems of Lakes Kolyvanskoe and 
Beloe are characterized by a satisfactory ecological situation, but they experience an increased recreational load. The 
results of spore-pollen analysis and analysis of non-pollen palynomorphs showed the low ability of these lakes to self-
healing. The most favorable ecological state and high self-cleaning capacity were noted for Lake Ik, which is consistent 
with the data of palynological studies. It is being confirmed with the results of palynological studies. It was therefore 
concluded about the ability to make a quick assessment of the aquatic ecosystems’ ecological state by studying lakes 
using coupled palynological and geochemical analysis. 
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Introduction 

In May-June 2019, the Russian-German expedition “In the Footsteps of Alexander von Hum-

boldt in Western Siberia, Altai and Eastern Kazakhstan”, dedicated to the 250th anniversary of the 

birth of the outstanding scientist and the 190th anniversary of his expedition to Russia, took place 

within the framework of a joint project of St. Petersburg Mining University, Freiberg Mining Academy 

and the St. Petersburg Union of Scientists. Among the various objects (outcrops, rocks, dumps, soils, 

landscapes) along the route of the expedition lakes were studied. 

For a comprehensive assessment of an aquatic ecosystem, it is necessary to know the indicators 

of water and its biotic part [1]. Bottom sediments as a depositing medium are also instrumental in 

assessing the state of a water body [2]. They accumulate chemical elements and provide information 

about the ecological condition of the catchment area. Bottom sediments are an important source of 

information about past climatic and geochemical conditions, allowing assessing the ecological state 

of air and water [3, 4]. They actively accumulate pollutants and can become a source of secondary 

pollution of water bodies. Heavy metals intensively accumulating in bottom sediments are among the 

most dangerous pollutants [5]. Water and bottom sediments were sampled with subsequent chemical 

and spore-pollen analyses for express-assessment of the ecological state of lakes. Palynological 

studies of lake sediments provide additional information for assessment of the regional geochemical 
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background [6]. When comparing the results of surface samples analyses with modern vegetation, 

discrepancies are often revealed. Their analysis makes it possible to draw conclusions about changes 

in the vegetation cover under the influence of technogenesis [7, 8]. 

Study area. The authors investigated lakes of different types (in terms of genesis, size, water 

balance and chemical composition) on the border of forest and forest-steppe zones of Siberia, Ore 

Altai and Kazakhstan (Fig.1). 

Ik Lake is located in Krutinskii District of Omsk Oblast in the south of the West Siberian Plain 

in the interfluve of the Ishim and Irtysh Rivers. It is a part of the system of The Big Krutinsk Lakes 

(Ik, Saltaim, Tenis) belonging to the Irtysh Lake and River system. The shape of the lake is round, 

slightly elongated from southwest to northeast, length 12 km, width 8 km, length of the shoreline 

36.2 km. The origin of the basin is glacial. The mirror area is 71.4 km² and the catchment area is 

1190 km². The bottom is flat, the depth increases smoothly towards the middle, the average depth is 

2.7 m, maximum 4.7 m. The shores are steep and composed of coastal-alluvial deposits of sands with 

interlayers of clays with underlying siltstones and sandstones [9]. Since southwesterly winds prevail 

on Ik Lake, the northeastern and eastern shores are subject to abrasion and serve as a source of Ca, 

Mg, Fe, and Al inputs to the water. Aquatic vegetation zonally encircles the lake. At the water's edge 

there are various species of sedges, arrowleaf, chasteberry, plantain, amphibian buckwheat, teloresis. 

Then there is a zone of cattail and reed. The water supply of the lake is supported by the Yaman and 

Krutikha Rivers, as well as by atmospheric precipitation. The mouth of the Krutikha River is heavily 

silted, and in dry years the water flow is insignificant. The Kiterma River flows out of the lake, con-

necting Ik Lake with Saltaim Lake. There is a dam at its source, which maintains the water level in 

the lake. The watershed is located in the forest-steppe zone [9]. The settlements of Kiterma, Ust-

Kiterma, Krutinka and Yaman are located along the perimeter of the lake. Farms, summer cattle 

camps, cultivated fields and unauthorized dumps are concentrated in them. Surface runoff from these 

areas is a source of pollution of the lake with Al, Fe, Cu, Mn and nutrients. The lake is also experi-

ences recreational load. Three surface samples of bottom sediments were taken from Ik Lake and 

water samples were taken at the same points. 
 

 

Fig.1. Study area with sampling points (based on Google maps) 
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Kolyvanskoe Lake is located at the foot of the northern slope of the Kolyvanskii Ridge in the 

Zmeinogorskii District of Altai Region. The regional background of Zn, Cr, and Cu is elevated here 

as a result of many years of active mining of polymetallic ores. The lake has an irregular shape and 

is stretches from north to south. Its length is 4 km with a width from 0.5 to 2.5 km, the average depth 

is 1.8 m and the maximum depth is 4.1 m [10]. The origin of the basin is presumably tectonic. The 

water mirror area is 4.5 km2, the catchment area is 55.7 km2. The shores are gentle, low, in some places 

overgrown with bushes. The Kolyvanka River flows into the Kolyvanskoe Lake from the east, the 

Pochtovyi Stream from the west and The Ust-Kolyvanka River flows out from the north [11]. Koly-

vanskoe Lake is a geological and landscape natural monument of regional significance. It is characteri-

zed by rich and diverse flora and unique vegetation. It is inhabited by a rare species (tertiary relict) of 

water nut. The banks are dominated by pinnate sagebrush, hair grass, valis fescue, steppe bluegrass, 

goniolimon. There are dense thickets of bushes (common bird cherry, cotoneaster, Siberian barberry, 

Tatar honeysuckle); there are birch and common pine in some places. Ash-leaved maple, which belongs 

to the adventive species, is widespread. Kolyvanskoe Lake suffers from a high recreational load. As a 

result of many years of unorganized recreation and tourism, landscapes are significantly disturbed. The 

priority pollutants entering the lake with surface runoff are Fe, Cu, Al, Zn, Pb, Cr and biogenic elements. 

Three surface samples of bottom sediments and at one point a water sample were taken at the lake. 

Nagornyi Pond is located in Zmeinogorsk, Altai Krai, at the southern foot of the Kolyvan Ridge. 

It was created in the floodplain of the Zmeyevka River in 1786 according to the project of hydraulic 

engineer K.D.Frolov [12]. The dam built on it flooded an earlier dam upstream and formed a pond 

fed by the river, several springs and rain waters. The mirror area is 7.5 km2. At present, the dam and 

part of the structures for ore lifting and mine water pumping have been preserved. The main source 

of anthropogenic impact is the Zmeinogorsk polymetallic mine, which operated in the XVIII-XX 

centuries and was mothballed. Recultivation of dumps and mine workings was not carried out, so the 

pollution of the pond has aerogenic (as a result of dusting) and hydrogenic (as a result of infiltration 

of atmospheric precipitation through the thickness of disturbed rocks) character [13, 14]. The main 

potential pollutants are Fe, Zn, Cu, Cr, Ni, Cd, Ti. One sample of bottom sediments and a water 

sample were taken from the Nagornyi Pond. 

Beloe Lake is located in a wide basin of the Kolyvanskii Ridge in the Kuryinskii District of Altai 

Krai. It has an oval shape with the size of 2.4 by 1.2 km, average depth of 4.5 m and maximum depth 

of 7.4 m [15]. The origin of the basin is tectonic. The mirror area is 2.7 km2, the catchment area is 

14.2 km2. The lake lies in granite shores from the south and in shale shores from the east and north. 

Beloe Lake belongs to the basin of the Belaya River. Beloe Lake belongs to the basin of the Loktevka 

River, a left tributary of the Charysh River. It is connected with the Belaya River by an artificial 

canal. At the mouth of the canal there is a concrete dam regulating water flow [16]. Ozernyi Stream 

in the southeast and Bezymyannyi Stream in the northeast flow into the lake. Mountain-steppe vege-

tation is widespread in the vicinity, with a pine forest approaching from the northwest. The following 

plants grow along the banks: southern reed, lake reed, amphibian mountain, submerged hornwort, 

shiny and curly radish. In the recreational load on the lake ecosystem the share of unorganized tourism 

is high, especially in summer months. The southeastern part of the coast is used for hayfields. Since 

2010 the lake has the status of a natural monument within the boundaries of the shoreline. Since 2013 

the company “Eco-vector” has been extracting sapropel from the lake. Two samples of bottom sedi-

ments and a water sample were taken from the lake. 

Bottom sediments were also sampled at Bezymyannoe Lake, located in the Rudnyi Altai in  

a mountain basin at the foot of the Ivanovskii Ridge, 30 km from Ridder (Kazakhstan). The lake is 

drainless and has no tributaries. From the western side it is framed by outcrops of calcareous and 

siliceous siltstones and microquartzites, presumably of the Kryukov Formation, up to 25-30 m thick. 

Along the faults, the rocks are locally altered by superimposed hydrothermal processes. In the Ridder 

district, they formed rich polymetallic ores mined by several mines [17]. Scattered disseminated 

mineralization of sphalerite, galena and chalcopyrite was recorded in the studied outcrop. In the  

oxidation zone, these minerals are actively decomposed and, as a result of wind and water erosion, 
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may serve as a source of Zn, Pb, Cu, and Fe contamination of surface waters [18]. The lake may also 

experience anthropogenic load from the existing mining enterprise in Ridder. The prevailing wind 

direction according to long-term meteorological observations is westerly (38 %), which contributes 

to the aerotechnogenic transfer of pollutants from the territory of mines and dumps [19]. The main 

potential pollutants are Fe, Zn, Cu, Mn, Pb, Cr, Cd, and Ni. 

The sedimentation rate in the studied lakes is 0.3-0.35 cm/year [9]. 

Methods 

Water samples were collected from a boat and from the shores of small lakes from a depth of 10-

30 cm from the surface into polyethylene containers. Immediately at the sampling site, non-stable water 

quality indicators such as temperature, salinity and pH were determined using a WTW MULTI 350I 

multimeter with a set of electrodes. In accordance with GOST R 59024-2020, one part of the sample 

was acidified with nitric acid to pH less than 2, and the other part was left in its natural state. After that 

the samples were cooled to +4 C for transportation and further analysis in laboratory conditions. 

Bottom sediments were sampled with a Voronkov lot into polyethylene containers at the same 

points as the water samples, and then cooled to +4 C for further transportation. The thickness of the 

sampled sediment layer was 2.5-3 cm. Palynological analysis of bottom sediments was carried out in 

laboratory conditions to characterize the vegetation of lakes and their catchments, and also their chemical 

composition was determined: organic, inorganic and total carbon C on TOC-V (Shimadzu), water-

soluble, mobile and gross forms of heavy metals according to MVI-80-2008. Also for bottom sediments 

the losses on ignition and pH of water extract were determined according to GOST 26423-85. 

Quantitative chemical analysis of water was performed in the accredited laboratory “Environ-

mental Modeling” of Saint Petersburg Mining University. Metal concentrations were determined by 

atomic emission spectrometry with inductively coupled plasma on ICPE-9000 (Shimadzu) according 

to M-02-1109-09, anions – by chromatographic method on LC-20 Prominence (Shimadzu) by ion 

chromatography according to M-02-1805-09. 

Spore-pollen analysis of bottom sediments was carried out at the Institute of Limnology of the 

Russian Academy of Sciences. Samples were processed using heavy liquid according to the method 

of V.P.Grichuk1 and tested for carbonation using hydrochloric acid. Only the sample from Nagornyi 

Pond was found to be weakly carbonate. Pollen and spores were identified according to the identifiers 

of L.A.Kupriyanova, L.A.Alyoshin2 and P.D.Moore, J.A.Webb, M.E.Collinson3, as well as with the 

help of material collections of the Institute of Limnology of the Russian Academy of Sciences. To 

reconstruct the state of the lake ecosystem, non-dust palynomorphs [20], green algae Botryococcus 

braunii and Pediastrum, fungal spores, plant stomata, remains of microfauna, rhizopods, microparti-

cles of coals, etc. were determined in each sample [21]. 

Quantitative chemical analysis of bottom sediments was carried out in the accredited laboratory 

“Environmental Modeling” of Saint Petersburg Mining University. Bottom sediment samples were 

dried at room temperature to air-dry condition in a well-ventilated place and in the absence of direct 

sunlight, while minimizing the possibility of secondary contamination. After that, foreign particles 

(pebbles, debris, algae, etc.) were removed from the air-dry samples using tweezers. The cleaned 

sample was ground in an agate mortar. Determination of moisture content and losses on ignition was 

carried out on the thermogravianalyzer TGA 701 by LECO according to R 52.24.763-2012. 

Metals were considered as priority pollutants in bottom sediments [22, 23]. Decomposition of 

samples to determine the gross content of metals was carried out in a microwave system with a mixture 

of hydrochloric, nitric, hydrofluoric and boric acids. The mobile forms were extracted with acetate and 

ammonium buffer solution with pH = 4.8. For determination of water-soluble forms, aqueous extracts 

                                                      
1 Grichuk V.P. Methodology for processing sedimentary rocks poor in organic residues for the purposes of pollen analysis. 

Problems of physical geography. 1940. N 8, p. 53-58. 
2 Kupriyanova L.A., Aleshina L.A. Pollen and spores of plants of the flora of the European part of the USSR. Leningrad: 

Nauka, 1972, p. 171. 
3 Moore P.D., Webb J.A., Collinson M.E. Pollen analysis. Oxford: Blackwell Scientific Publications, 1991, p. 216. 
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were prepared based on bidistilled water. Acid decomposition products and extracts were analyzed 

by atomic absorption and atomic emission spectrometry methods according to MVI-80-2008. The pH 

value was also determined in aqueous extracts. 

Discussion of results 

All the studied lakes are fresh with neutral pH level. According to O.A.Alekin's classification, by 

predominant anion they belong to hydrocarbonate; by predominant cation – Ik Lake belongs to so-

dium, the others – to calcium. Ik Lake and Kolyvanskoe Lake belong to the highest category, Beloe 

Lake – to the first category of fishery importance; Nagornyi Pond and Bezymyannoe Lake are water 

bodies of cultural and domestic importance. Comparison of the results with MACs for the respective 

categories of water use showed exceedances for Fe (KMAC = 3), Mn (9), Al (3) and Cu (15) in Koly-

vanskoe Lake; for Mn (3) and Cu (30) in Beloe Lake; for Sr (1.5) and Cu (60) in Ik Lake. No exceed-

ances were recorded in Nagornyi Pond and Bezymyannoe Lake, which is associated with more “soft” 

norms for water bodies of cultural and domestic importance. 

Relative to the conditionally background values for lakes of the forest-steppe zone of Western 

Siberia, obtained from the results of the study of the chemical composition of the 130 small lakes 

(that are not directly under the influence of anthropogenic impact) [24, 25], the following chemical 

elements were found: the increased content of Cu (Kbackground = 6.8), Co (2) and Cr (1.2) in Ik Lake; 

Al (2.6), Zn (2.3), Cu (2), Cr (1.8) and Fe (1.5) in Kolyvanskoe Lake; Co (1.5), Cr (2), Cu (3.3) and 

Zn (1.8) – in Beloe Lake; Fe (4), Al (3.1), Cu (4.5), Cr (4.5), Zn (2.2), and Ni (1.8) – in Pond Na-

gornyi; Cu (7), Cr (4.2), Zn (3.1) and Ni (2.4) – in Bezymyannoe Lake. 

The results of the spore-pollen analysis (arithmetic mean values for three samples) are presented 

in Table 1, according to which the lake landscapes of Nagornyi Pond and Bezymyannoe Lake are 

classified as forest, and those of Ik Lake and Kolyvanskoe Lake as forest-steppe. 
 

Table 1 

Spore-pollen spectra composition of surface samples of the studied water bodies 

Water body Tree pollen, % Grass pollen, % Spores, % 

Ik Lake 61 38 1 

Kolyvanskoe Lake 43 53 4 

Nagornyi Pond 73 25 2 

Bezymyannoe Lake 70 30 0 

 

Pollen of birch and pine prevails among tree species in the spore-pollen spectra of Ik Lake and 

Kolyvanskoe Lake. Pollen of fir and pine with a significant admixture of birch and a small admixture 

of spruce prevails in the spore-pollen spectra of Bezymyannoe Lake. Pine pollen absolutely domi-

nates in Nagornyi Pond, which is partially introduced in all cases, as it is very volatile and is trans-

ported to the maximum distance relative to all 

other pollen grains. Grass pollen in Ik Lake and 

Kolyvanskoe Lake is represented mainly by cere-

als and artemisia, in Bezymyannoe Lake and Na-

gornyi Pond – by cereals and sedges. Pollen of ru-

deral grasses was detected in all samples, except 

for the bottom sediments of Ik Lake. The maxi-

mum pollen content of aquatic and coastal aquatic 

plants was detected in Kolyvanskoe Lake. 

Non-pollen palynomorphs in all bottom sedi-

ment samples are represented by green algae Pe-

diastrum, remains of microfauna, fungi spores 

and coal microparticles. No species of Pediastrum 

algae were found in the surface samples of 

Nagornyi Pond  

Kolyvanskoe 

Lake  

Ik Lake 

Pediastrum kawraiskyi 

Pediastrum boryanum 

Pediastrum duplex   

Content of algae, % 

Fig.2.  
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Fig.2. Content of different species of Pediastrum algae  

in surface samples of the studied water bodies 
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Bezymyannoe Lake. Their maximum content was found for Ik Lake, with the highest diversity of 

species noted for Kolyvanskoe Lake (Fig.2). In Kolyvanskoe Lake green algae are also represented 

by Botryococcus braunii and diatoms, in Nagornyi Pond – mainly by diatoms. Spores of ferns and 

horsetails were recorded in Ik Lake and Nagornyi Pond. A small number of shell amoebae was de-

tected only in Nagornyi Pond. The maximum content of charcoal microparticles and minimum mi-

crofauna was noted for Bezymyannoe Lake, Elodea pollen was also detected there. Plantago and 

Cerealia were found in small amounts in the bottom sediments of Ik Lake.  

The results of chemical analysis of bottom sediments for the content of gross, mobile and water-

soluble forms of metals are presented in Table 2. The values of losses on ignitions and hydrogen index 

of water extract are presented in Table 3. 
 

Table 2 

Content of gross, mobile and water-soluble forms of metals in the studied bottom sediment samples 

E
le

m
en

t 

MAC (APC)* 
gross / 

mobile form 

Metal content: gross / mobile / water-soluble forms, ppm** 

Ik Lake Kolyvanskoe Lake Nagornyi Pond Bezymyannoe Lake 

Al n/s 22850 13.1 11.3 45057 81 5.6 19624 27 26 34184 28 13 

Ba n/s 175 6.8 0.95 325 10 1.7 1731 76 1.1 170 22 0.67 

Cd 0.5 n/s 1.4 0.49 0.17 2.4 1.2 0.16 3.8 1.2 0.12 4.4 1.1 0.095 

Co n/s 5.0 3.1 0.87 0.39 16 1.8 0.51 14 3.0 0.20 27 5.2 0.28 

Cr 0.05 n/s 18 0.13 0.058 73 0.53 0.0093 46 0.38 0.088 49 0.43 0.060 

Cu 33 3 3.6 0.57 0.079 42 1.9 0.20 34 2.6 0.48 83 11 0.75 

Fe n/s n/s 7017 75 15 52152 1983 0.89 27352 680 37 46897 280 11 

Mn 1500 80 171 16 0.44 481 77 19 785 523 1.4 1655 303 0.78 

Ni n/s 4.0 15 0.28 0.072 51 3.1 0.18 25 1.4 0.18 38 1.3 0.15 

Pb 32 6.0 8.0 0.27 < 0.25 8.4 0.88 < 0.25 4.3 0.33 < 0.25 4.1 0.28 < 0.25 

Sr n/s 85 12 3.7 131 20 4.6 336 183 13 114 35 2.6 

Ti n/s 2523 0.92 0.89 5387 0.99 0.18 3834 0.52 0.28 4754 0.57 0.30 

Zn 55 23 6.7 1.7 0.058 81 6.8 1.0 86 7.1 0.25 366 72 0.24 

* The MAC and APC values are adopted according to SanPiN “On approval of sanitary regulations and standards SanPiN 1.2.3685-21 

“Hygienic standards and requirements for ensuring the safety and (or) harmlessness of environmental factors to humans”; 

n/s – the indicator is not standardized. 

** Arithmetic mean values for three samples; bold numbers – values exceeding MAC (APC) values. 
 

Table 3 

Losses on ignition and pH of aqueous extract of the studied bottom sediment samples 

Indicator Ik Lake Kolyvanskoe Lake Nagornyi Pond Bezymyannoe Lake 

Losses on ignition, % 16.3 14.4 9.04 6.04 

pH 6.66 6.36 7.17 6.88 

 

Bottom sediments sampled at Beloe Lake are more than 90 % sandy fraction (d > 0.05 mm). This 

is due to the sapropel mining at the lake. Their further chemical and spore-pollen analysis was not 

carried out, since it is proved [26, 27] that it is necessary to analyze the finest particles (d < 0.01 mm) 

to obtain representative information on the state of water bodies. 

Assessment of the degree of impact of bottom sediments on the ecological state of water bodies 

presents certain methodological difficulties [28]. First of all, this is due to the lack of norms for them. 

The Water Code of the Russian Federation defines lakes as an aggregate of surface waters and the land 

covered by them within the shoreline. In this regard, at first, a comparison of the concentrations of gross 

forms of metals with MAC (APC) for soils was carried out [29, 30]. However, taking into account only 

the gross forms of metals, does not allow estimating their migration capacity and, consequently, the 

potential contribution of bottom sediments to surface water pollution. Reliable interpretation of the re-

sults of bottom sediment analysis should be based on information about the forms of pollutants [28]. 

For this reason, as well as for the reason of potentially possible secondary pollution of the studied water 

bodies as a result of wind agitation, changes in redox conditions, increased activity of microorganisms, 

etc., special attention was paid to the assessment of mobile and water-soluble forms of metals [31, 32]. 
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Bezymyannoe Lake is the only one of the studied water bodies, in which exceeding of the estab-

lished normative values for mobile forms of metals (Co, Cu, Zn) was recorded, but their content is 

insignificant as a percentage of the gross forms. A high percentage of water-soluble and mobile forms 

of heavy metals relative to their gross content (Table 2) was noted in bottom sediments of Ik Lake 

(Cd, Co, Cr, Ni, Sr and Ti), Kolyvanskoe Lake (Co, Sr, Mn) and Nagornyi Pond (Cr, Cu, Ti). Pre-

sumably, it is connected with different genesis of bottom sediments: in the first case, the share of rock 

weathering products prevails; in the second case – the share of plant remains, microorganisms, etc. 

Thus, for Ik Lake, Krutinskoe Lake and Nagornyi Pond, the bottom sediments have a higher content 

of organic component (Table 3), compared to Bezymyannoe Lake. 

To establish the degree and nature of contamination of bottom sediments, the bottom accumu-

lation coefficient was used, which was calculated using the formula according to R 52.24.763-2012: 

BS

water

С
BAC  

С
                                                                      (1) 

where СBS – concentration of pollutants in bottom sediments, µg/g dry residue; Сwater – concentration 

of pollutants in water respectively in the same period of time, mg/dm3. 

Bottom accumulation coefficients calculated for the studied water bodies are presented in Fig.3 

in graphical form. The following factors will also influence the value of BAC: the nature of the  

pollutant and its solubility in water, specific gravity, specificity of the ongoing processes of sorp-

tion – desorption in the system “water – bottom sediments”, geomorphologic features of the water 

body [26, 27]. 

As can be seen from Fig.3, the lowest level of chronic pollution among the studied water bodies 

is characterized by Ik Lake, for which the calculated values of BAC do not exceed n = 1-10 for all 

considered metals, except Mn. Taking into account low concentrations of pollutants in water samples 

from this lake, it is possible to assess the situation here as satisfactory. 

According to the results of spore-pollen analysis and analysis of non-pollen palynomorphs, the 

most favorable conditions were also established for Ik Lake. The correspondence of the composition 

of palynospectra to the zonal type of vegetation indicates minimal change of vegetation cover as  

a result of anthropogenic impact. The distribution of two Pediastrum species indicates its oligotrophic 

state, and Plantago and Cerealia Plantago species associated with human activity along the shores 

of the lake indicates increasing anthropogenic load. 

Significant anthropogenic impact on Kolyvanskoe Lake is evidenced by the BAC values for Ni, 

Zn and Ba within the range 10-102n. Elevated concentrations of Fe (KMAC = 3), Mn (9), Al (3) and 

Cu (15) in water indicate recent pollution entering the water body. Three species of Pediastrum algae 

founded here in small, as compared to Ik Lake, amounts indicate the previously favorable and cur-

rently deteriorating condition of the water body. 
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Fig.3. Bottom accumulation coefficients calculated for the studied water bodies 
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In Nagornyi Pond and Bezymyannoe Lake high values of BAC for Cr, Zn, Co and Mn are ob-

served, which is associated with the close location of polymetallic ore deposits. These water bodies 

are characterized as low polluted according to BAC. The high content of coal microparticles found 

in these water bodies indicates that there were fires in the surrounding landscapes. According to the 

data of spore-pollen analysis and analysis of non-pollen palynomorphs, the most unfavorable condi-

tions of evolution of the lake and surrounding landscapes were obtained for Bezymyannoe Lake. The 

inconsistency of palynospectra of modern vegetation and high content of fungi spores in the bottom 

sediments of Bezymyannoe Lake testify to the anthropogenic impact on the vegetation cover. The 

shell amoebae found in the Nagornyi Pond indicate periodic watering of the area, which is probably 

related to the disturbance of the groundwater table because of anthropogenic activities in the vicinity 

and may lead to waterlogging over time. 

Single assessments, such as BAC, are usually not sufficient to obtain a reliable overall picture 

of the level of contamination of bottom sediments, so the integral criterion – total pollution index 

(Zс) [33] is widely used. Its calculation was performed for all analyzed heavy metals for all studied 

water bodies, except Beloe Lake, for which bottom sediments were not analyzed: 

 с

1

  К 1 ,
n

i

i

Z n


                                                                 (2) 

where n – the number of accounted metals; K – the contrast coefficient. 

Contrast coefficients for each metal were calculated as the ratio of its concentration in the study 

area to the corresponding background concentration, and the MAC (APC) values for soils were taken 

as background concentrations (see Table 2). 

The total pollution index (Zс) by gross and mobile forms of metals calculated for bottom sedi-

ments of the studied water bodies are presented graphically in Fig.4. 

Based on the methodology of Yu.E.Saet4, the calculated values of total pollution indexes for 

mobile and gross forms of metals (Fig.4) and the ratio between them allow us to assess the pollution 

level of Nagornyi pond and Bezymyannoe Lake as high, Kolyvanskoe Lake – as medium, Ik Lake – 

as low. In addition, for the Nagornyш Pond and Bezymyannoe Lake total indicators of pollution by 

mobile forms of metals significantly exceeding the total indicators of pollution by gross forms, which 

characterizes the bottom sediments of the considered water bodies as a dangerous source of secondary 

pollution, and determines their high danger for hydrobionts. 

Conclusion 

Geochemical studies of water and bottom 

sediments allowed assessing the ecological 

state of water bodies in the south-west of  

Siberia and Altai and in the eas-tern part of 

Kazakhstan. Thus, Nagornyi Pond and 

Bezymyannoe Lake were classified as water 

bodies with a high level of pollution caused by 

prolonged anthropogenic load from under-

ground and open-pit mines located near active 

or worked-out underground and open-pit 

mines. The data of spore-pollen analysis and 

analysis of non-pollen palynomorphs confirm 

these results. Maximum values of ruderal 

grasses, fungal spores and coal microparticles 

were noted here. Kolyvanskoe Lake and Beloe 

                                                      
4 Saet Yu.E. Geochemistry of the environment. Moscow: Nedra, 1990, p. 333. 
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Fig.4. Values of the total pollution index of bottom  

sediments of the studied water bodies by gross and mobile  

forms of metals 
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Lake are characterized by the average level of pollution. It is also important to note that in the bottom 

sediments of Kolyvanskoe Lake high values of indicators of total pollution by mobile forms of heavy 

metals relative to their gross forms were recorded, which shows a low self-purifying capacity of the 

water body. Taking into account the rapid growth rate of recreational load, one can predict a sharp 

deterioration of the ecological state of the lake. Ik Lake is characterized by the most favorable eco-

logical condition from of all studied lakes. According to the results of palynological analysis, the 

highest percentage of Pediastrum algae was noted here, which allows us to conclude that the lake has 

a high self-purifying capacity and low anthropogenic load. 

The conducted studies indicate the possibility of using a new method of express assessment of 

the ecological state of aquatic ecosystems by studying lakes with the help of spore-pollen and geo-

chemical analyses of the upper layer of lake bottom sediments. If geochemical indicators of water 

provide information about the ecological state of water bodies themselves, the results of spore-pollen 

analysis and analysis of non-pollen palynomorphs of lake bottom sediments, as well as geochemical 

analysis of lake sediments show the effect of anthropogenic impact in a wider aspect (lake and its 

catchment). The combined use of the methods allows to assess not only lake water quality, but also 

lake ecosystems in general, as well as to make retrospective analysis of the sources of impact. This 

method does not imply an in-depth investigation of the causes of pollution and forecasting of possible 

consequences, but it can be used to obtain a quick assessment for further large-scale studies. 
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Abstract 

The primary function of hydrochloric acid treatment (HAT) is to create the maximum number of high-conductivity 

channels in the near-wellbore zone of the reservoir to restore its permeability and enhance hydraulic connectivity be-

tween the undisturbed part of the formation and the well. The objective of this study is to physically model HAT on 

core samples from the Orenburg oil and gas condensate field and to research the impact of such treatment on the 

structure of the pore space of rocks related to complex-type reservoirs. The complexity of the rock's pore space and the 

low permeability of the formations are distinguishing features of the study object. For this reason, HAT is a widely 

applied method for production intensification, necessitating the verification of acid injection rates, where the success 

criterion is the formation of high-conductivity filtration channels (wormholes) in the near-wellbore zone. These chan-

nels significantly expand the drainage area of wells, thereby bringing additional reservoir sections into development. 

The study examined the characteristics of filtration channel development resulting from acid treatment. Their structure 

was characterized and analyzed using X-ray computed tomography. The complex study confirmed the accuracy of the 

selected injection rate and provided practical recommendations for enhancing the efficiency of HAT. 
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Introduction 

There is a trend towards a decline in hydrocarbon (HC) production from terrigenous reservoirs 

and the development of carbonate deposits, which are characterized by low reservoir properties (RP) 

and complex pore space structures. The process of HC extraction from such reservoirs is more 

labor-intensive and economically costly than from traditional reservoirs. To ensure successful 

field development in such conditions, various geological and technical measures are carried  

out to increase the efficiency of oil and gas production and accelerate the production rates of  

recoverable reserves [1-3].   

Chemical methods are most commonly used for carbonate reservoirs, particularly hydrochloric 

acid treatment (HAT), which is one of the main methods for enhancing oil production. The tech-

nology was developed by chief chemist Herman Frasch, who worked at a Standard Oil refinery  

in Ohio, USA, and patented the method in 1896 [4]. Since then, the method has been actively 

used in the oil and gas industry, and currently, there are numerous variations depending on the 

acid composition [5-7] and treatment technology [8-10]. During HAT, the acid dissolves the solid phase 

and creates deep, highly permeable channels with a wormhole-like structure [11-13]. Some studies have 
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shown that wormholes can form even at very low acid concentrations, which may indicate their deep 

penetration into the reservoir [14, 15]. 

Most foreign publications focus on mathematical modeling of acid treatment, while the work of 

domestic researchers is primarily directed towards service support for acidizing operations. There are 

only a few publications dedicated to studying the processes and mechanisms occurring during the 

interaction of reservoir rock with acid solutions, which is a fundamental factor for proper planning of 

the treatment and maximizing its effectiveness. Laboratory core studies are the only foundation that 

provides preliminary insights into the research object and the processes occurring in the rock. The 

majority of theoretical and experimental research is focused on determining the regimes of acid treat-

ment and the composition of acid mixtures for more effective rock dissolution and treatment. For 

example, in the article [16] the results of studies on selecting the acid composition for treatment of 

the near-wellbore zone in low-permeability terrigenous reservoir rocks of Jurassic deposits are pre-

sented. It was found that a two-stage treatment of core material, first with hydrochloric acid and then 

with clay-acid compositions, is the most effective. In another study [17] the process of secondary 

precipitate formation during acid treatment in terrigenous reservoirs of Western Siberia is studied in 

more detail. To prevent its formation, based on the results of experiments, it is recommended to 

strictly control the contact time between the acid composition and the reservoir rock, as well as to use 

modifying additives that affect the surfactant properties of the acid compositions. A similar issue was 

addressed in the study for reservoirs with high temperatures [18], where the process of pre-flushing 

the well is proposed as one of the most effective stages of acid treatment for oil wells, significantly 

reducing the issue of secondary precipitate formation. The pre-flushing stage cools the rock surface 

and reduces the acid's reaction rate with the rock at high reservoir temperatures. 

There is a growing number of publications dedicated to the topic of modeling hydrochloric acid 

treatment at the pore level [19-21]. For example, in the article [19] the results of a developed mathe-

matical model for simulating acid treatment using X-ray computed tomography data are presented. 

The research focused on core samples from a carbonate reservoir of Cretaceous deposits. The simu-

lation of acid treatment at different injection rates demonstrated the heterogeneous nature of the dis-

solution process, leading to wormhole formation within a specific range of injection rates. 

Acid treatment simulation is also conducted at a higher level – for reservoirs and fields – using 

acidizing simulators. In the study [22] for polymictic reservoirs in Western Siberia, a series of calcu-

lations were performed within the framework of improving the effectiveness of near-wellbore zone 

treatment using clay-acid compositions. These calculations were aimed at determining the optimal 

volume of acid composition injection, and recommendations were provided for enhancing the effi-

ciency of acid treatment. In the article [23] the problem of mathematical modeling of acid treatment 

on the near-wellbore zone (NWZ) of gas fields with carbonate fractured-porous reservoirs is dis-

cussed. Based on the proposed model, the progression of the acid and the change in the filtration 

characteristics of the bottom-hole formation zone (BFZ) were studied during acid injection under 

various regimes. In the article [24] a model of multiple acid treatments is presented, taking into ac-

count the complex structure of the NWZ, combining submodels of the wellbore, pressure and flow 

rate calculations, fluid distribution in the NWZ, wormhole development, skin factor calculation, and 

the consideration of flow diverters.  

A significantly smaller number of studies are dedicated to exploring the impact of acid treatment 

on the pore space and reservoir properties of real carbonate rocks. In the study [25] a comparison of 

the impact of acid treatment on high- and low-permeability carbonate reservoirs was conducted. The 

results of acid treatment on core samples showed that, when treating low-permeability samples, the 

equivalent dissolution channel area was larger than with acid treatment on high-permeability samples, 

indicating higher effectiveness of acid treatment on low-permeability reservoirs. In the study [26] the 
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effect of hydrochloric acid concentration on the pore size distribution of core samples from a car-

bonate reservoir and its reservoir properties was studied. It was found that the use of 15 % hydrochlo-

ric acid leads to an increase in porosity, in some cases up to 2.5 times, and the median pore diameter 

Mdp increases up to three times. In the article [27] the effect of self-diverting acid compositions on 

reservoir properties and the channels formed as a result of acid treatment was studied. The effect of 

forming a network of etched channels through the injection of self-diverting acid compositions was 

demonstrated. It was found that the use of such compositions reduces the acid penetration rate, which 

can later ensure more uniform treatment. 

Even fewer studies are dedicated to exploring the structure of the formed wormholes, particularly 

in samples belonging to complex reservoir types [28-30]. It is necessary to study in more detail the 

process of hydrochloric acid treatment on rock samples to improve the effectiveness of acidizing. 

This need has defined the objective of the present study – to analyze the changes in the structure of 

the pore space of rocks belonging to a complex reservoir type under the influence of acid treatment, 

using the productive section of the Orenburg oil and gas condensate field (OGCF) as an example, 

with the application of X-ray computed tomography and laboratory core studies. The specific feature 

of the research object is the complexity of the pore structure of the rocks and the low permeability of 

the reservoirs. Since acid treatment is a widely applied method for enhancing production, there is a 

need for direct verification of the justification for the acid injection rates used, with the success cri-

terion being the formation of highly conductive filtration channels (wormholes) in the near-wellbore 

zone, which significantly expand the drainage area of wells and, thereby, involve additional areas of 

the reservoir in the development. 

Objects and methods 

The work utilized samples of real reservoir rocks of the pore-cavernous and fractured types, 

which are most characteristic for the Eastern section of the Orenburg oil and gas condensate field. 

Sample KP-01 represents an organic-detrital limestone with thin (up to 1 mm) lenses of bituminous 

material oriented across the core axis. The detritus in the limestone consists of shell fragments of 

brachiopods, gastropods, and crinoids, ranging from 0.2 to 1.5 mm, cemented with fine-grained cal-

cite and dolomite. The cement type is basaltic-pore, porous. Sample T-02 represents a chemogenic 

limestone with inclusions of rounded faunal fragments up to 0.5 mm, dolomitic, and sulfated. Two 

stylolitic seams are observed, oriented across the core axis, filled with clayey-bituminous material. 

The fractures in the sample are weakly undulating, rarely branching, sometimes with a collisional 

pattern, oriented subparallel to the core axis, with occasional brownish oil accumulations along them. 

The fracture density parameter for the core sample is 0.2 units/mm3. 

The research on these samples was conducted in several stages. The first stage involved studying 

the structure of the pore space using X-ray computed tomography (CT) and determining the core's 

filtration characteristics before acid treatment. The second stage involved the injection of hydrochlo-

ric acid solution through the core samples. The final stage included re-scanning and laboratory studies 

of the core after hydrochloric acid treatment. 

X-ray computed tomography has been used to study the structure of the pore space of rocks since 

the 1980s. Today, CT is one of the developing and informative methods in the oil and gas industry, 

allowing for the visualization and quantitative characterization of the composition, structure of rocks, 

and their pore space [31-33], and is also used for modeling hydrodynamic processes occurring within 

the pore space [34-36]. In this study, X-ray tomographic investigations were conducted using the 

SkyScan 1172 computed tomography scanner (Belgium). The scanning parameters were as follows: 

rotation step of 0.2 deg; averaging over eight frames; rotation angle of 360 deg; X-ray tube  

voltage of 100 kV; current of 100 µA; and resolution of 10 µm. One of the main advantages of com-

puted tomography is its ability to study the structure of the pore space of various types of reservoir 

samples without compromising their integrity, meaning the same core cylinders can be used for  

modeling acid treatment. During scanning, the samples were strictly spatially oriented to ensure  
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accurate post-acid treatment imaging, allowing for comparisons between the studied objects and 

tomographic results. 

On the HP-CFS setup, hydrochloric acid solution was pumped through samples KP-01 and  

T-02, and their filtration properties were determined before, during, and after the injection of the 

solution. This setup enables high-level experimentation to study fluid filtration through porous media 

under reservoir thermobaric conditions. It allows filtration experiments on packed porous media models 

and core samples at temperatures up to 150 C. A backpressure system is used when necessary, sup-

porting a maximum pressure of 7.0 MPa. For core sample testing, the confining pressure can reach 

up to 50.0 MPa. Fluid filtration is conducted at fixed flow rates of up to 600 cm3/h. Heating of the 

core sample inside the core holder to the experimental temperature is achieved using a liquid thermostat. 

The experiment was conducted under conditions as close as possible to real acid treatment opera-

tions in wells. A 12 % hydrochloric acid solution with the necessary inhibitors, prepared for acid 

treatment in one of the wells of the Orenburg oil and gas condensate field, was used for injection. The 

experiments were carried out at the actual reservoir temperature of 20 C. The viscosity of the reser-

voir water was 1.024 mPa·s, and its density was 1.012 g/cm3. 

Results and discussion 

At the first stage of the tomographic study of sample KP-01, the following findings were re-

vealed: the pore space of the sample is represented by intercrystalline pores and caverns. The pore 

and cavern sizes range from 3.3 µm to 1.9 mm, with a median value of 78.65 µm. The pore density 

parameter Pdp for the sample is 277 units/mm3; the pore surface area Sp is 6138.3 mm2/mm3; and the 

porosity Kp is 10.53 %. The majority of the sample's capacity – 68.84 % – is accounted for by ellip-

soidal pores, while rounded and slit-shaped pores constitute 17.74 and 13.42 %, respectively. 

The tomographic analysis of sample T-02 revealed the following: the pore space is characterized 

by intercrystalline pores, fractures, and residual pores within a stylolite seam. The pore size ranges 

from 3.3 to 448 µm, with Mdp – 57.6 µm; Pdp – 21 units/mm3; Sp – 3.4 mm2/mm3; Kp – 1.07 %.  

Although visually the fracture on the sample and tomographic slices appears as a plane of rock con-

tinuity disruption, it is actually a system of cavities ranging from 75 to 448 µm in size with an ellip-

soidal-tubular shape. Among them, 95 % of supercapillary cavities are interconnected through 

smaller ones. The fracture cavities differ from intercrystalline pores in the rock matrix by size, shape, 

and orientation. Fracture cavities are more elongated (shape coefficient 0.5-0.7 in the fracture vs.  

0.7-0.8 in the matrix) and oriented along the fracture dip. Residual cavities within the stylolite seam 

are mostly ellipsoidal, largely isolated from each other, and exhibit weak hydrodynamic connectivity. 

Next, formation water was pumped through the samples until stable filtration was obtained under a 

pressure differential (ΔP) of 4.81 atm at the ends of sample KP-01 and 19.2 atm for sample  

T-02 (Fig.1). The initial permeability kperm of the samples with water was 0.82 mD for KP-01 and 

0.21 mD for T-02. 

During the second stage, instead of formation water, technological hydrochloric acid solution 

was injected. The flow rate (FlR) remained constant throughout the entire experiment at 20 cm3/h. As 

shown in the pressure change graph during the experiment (Fig.1), the breakthrough time of the hy-

drochloric acid solution through the sample, marked by a sharp decrease in FlR and a corresponding 

increase in permeability, was significantly different for the two types of reservoirs. For the pore-

cavernous reservoir (KP-01), the breakthrough occurred in 66 min, for the fractured reservoir  

(T-02), it was much faster, at 17 min. The final permeability values after the acid treatment were  

5902 mD and 5930 mD, respectively, demonstrating a substantial improvement in permeability for 

both types of collectors. 

At the third stage, X-ray tomography of the core samples was performed after the HAT. The 

permeability values and filtration resistance of the samples clearly indicated changes in the reservoir 

properties of the samples, with the formation of through dissolution channels. Structural changes in 

the pore space of the rock samples were scanned using X-ray computed tomography, conducted under 

the same imaging parameters as before the injection.  
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The graph in Fig.2 illustrates the changes in porosity along the entire length of the KP-01 sample 

and the X-ray tomography of the extended dissolution channel formed. During the acid treatment 

process, constant contact between the carbonate material and the acid solution was observed at the 

inlet end, leading to the formation of a complete dissolution segment – zone I. Further within  

the sample volume, zone II was formed, characterized by changes in the primary structure of  

the pore space due to the creation of new cavi-

ties and short channels, with a depth of 7 mm in 

the sample.  

Fig.3 represents tomographic slices of 

zone II of the samples before and after HAT. For 

sample KP-01, significant changes in the struc-

ture of the pore space are observed in absolute 

values: the maximum pore and cavity sizes  

increased from 250 to 861 µm (3.4 times);  

the porosity of this zone changed from  

1 to 6.53 % (6.5 times); the density parameter 

also increased from 233 to 379 units/mm3  

(1.6 times), and the specific void surface area 

grew from 62.4 to 225.5 mm2/mm3 (3.6 times), 

indicating the formation of not only large disso-

lution voids but also smaller ones. 

Sample T-02, characterized by a fractured-

type void space, initially exhibited low reservoir 

properties, but it is in this sample that significant 

changes in pore space are observed compared  
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Fig.1. Pressure change characteristics during injection of technological acid solution into water-saturated  

core samples KP-01 and T-02 

Fig.2. Graph of porosity distribution along the length of cylinder  

sample KP-01 before and after acid treatment 
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to the initial sample: the number of pores increased by 3.7 times (from 761 to 2828); the maximum 

void size grew by 4.4 times (from 129 to 567 µm); and porosity increased by 11.2 times (from 0.04 

to 0.45 %). 

Next, zone III is observed, characterized by the development of a single extended dissolution 

channel (98.8 mm). The channel has a winding conical shape, measuring 1.9 × 2.8 mm at the entrance 

and 1.3 × 1.4 mm at the exit, with separate sections featuring the development of smaller and shorter 

lateral channels (Fig.4). The channel tortuosity Tc is 4.3 u.f.; the surface area Sc is 2.62 mm2/mm3, and 

 

 

    

    

a b c d 

e f g h 

3. External view of the inlet face of sample KP-01 before (a) and after (c) HAT, and the structure of the hollow voids within 

it (b, d); T-02 before (e) and after (g) HAT, and the structure of the hollow voids within it (f, h). 

a, b – Np = 10593, Sa = 62,4 mm2/mm3, Kp = 1,00 %, Pd = 233 units/mm3, dp : min 13,9 µm, max 249,9 µm; 

c, d – Np = 17231, Sa = 225,53 mm2/mm3, Kp = 6,53 %, Pd = 379 units/mm3, dp : min 13,9 µm, max 861,7 µm; 

e, f – Np = 761, Sa = 2,86 mm2/mm3, Kp = 0,04 %, Pd = 18 units/mm3, dp : min 13,9 µm, max 129,0 µm; 

g, h – Np = 2828, Sa = 17,40 mm2/mm3, Kp = 0,45 %, Pd = 65 units/mm3, dp : min 13,9 µm, max 566,9 µm; 

Fig.3. External view of the inlet face of sample KP-01 before (a) and after (c) HAT, and the structure of the hollow  

voids within it (b, d); T-02 before (e) and after (g) HAT, and the structure of the hollow voids within it (f, h): 

a, b – Np = 10593 units, Sp = 62.4 mm2/mm3, Kp = 1.00 %, Pdp = 233 units/mm3, dp : min 13.9 µm, max 249.9 µm; 

c, d – Np = 17231 units, Sp = 225.53 mm2/mm3, Kp = 6.53 %, Pdp = 379 units/mm3, dp : min 13.9 µm, max 861.7 µm; 

e, f – Np = 761 units, Sp = 2.86 mm2/mm3, Kp = 0.04 %, Pdp = 18 units/mm3, dp : min 13.9 µm, max 129.0 µm; 

g, h – Np = 2828 units, Sp = 17.40 mm2/mm3, Kp = 0.45 %, Pdp = 65 units/mm3, dp : min 13.9 µm, max 566.9 µm 

 

Dissolution channel 

а b 

4. Internal volume of dissolution channels: (a) 3D system and its view on X-ray tomographic slices; (b) 2D system Fig.4. Internal volume of dissolution channels: a – 3D system and its view on X-ray tomographic slices; b – 2D system 
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the volume Vc is 0.37 cm3. Overall, a significant 

structural change in the pore space of the sample 

is observed: pore and cavern sizes increased to 

3.4 mm, with the median diameter nearly dou-

bling. Porosity changed slightly to 11.5 %, the 

pore density parameter increased by 1.4 times, 

and the sample's permeability increased signifi-

cantly – by four orders of magnitude. 

For the second sample, characterized by a 

fracture-type reservoir, CT scanning revealed the 

presence of zones I and II (Fig.5), similar to the 

first sample but of smaller size. Additionally, a 

dissolution channel development zone (zone III) 

was observed, extending along the fractures. Un-

like the pore-cavern type sample, the fracture-

type sample exhibited two dissolution channels 

at the inlet face (see Fig.3, h), which merged into 

a single channel over a short distance (Fig.6, a). 

CT scanning showed that in this sample,  

the channel extended solely along the fracture and had a feather-like shape, with a more rounded 

entrance measuring 1.3 × 1.9 mm and an exit size of 0.8 × 2.5 mm (Fig.6). Tc is 3 u.f.; Sc is 

7.9 mm2/mm3, and Vc is 0.092 cm3. 

A significant structural change in the pore space is observed: the sizes of pores and caverns 

increased to 2.15 mm, with the median diameter increasing nearly fourfold. Porosity increased by 

2.2 %, the pore density parameter tripled, and the sample's permeability significantly increased – by 

four orders of magnitude. The obtained morphological and petrophysical characteristics of the acid-af-

fected zones in the samples, before and after HAT, are presented in the Table. 
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  Fig.6. Internal volume of dissolution channels: a – 3D system and its view on X-ray tomographic slices; b – 2D system 
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Summary of petrophysical properties of acid solution impact zones on pore-cavern (sample KP-01)  

and fracture (sample T-02) reservoirs 

Parameter 

KP-01 Т-02 

Zone I Zone II Zone III Zone I Zone II Zone III 

Before After Before After Before After Before After Before After Before After 

h, mm – 0.53 – 7.4 – 38.6 – 0.34 – 4.4 – 41 

Vp, cm3 – 0.28 – 0.29 – 0.44 – 0.09 – 0.013 – 0.12 

Np, number – 10593 17231 15891 21975 – 791 2828 670 
220

3 

Kp, % – 1 6.53 1.3 2.9 – 0.04 0.45 0.04 0.45 

Mdp, µm – 21.9 25 21.2 22.8 – 21.2 19.4 17.7 18.2 

Pdp, units/mm3 – 233 379 349 483 – 18 65 16 51 

Sp, mm2/mm3 – 62.4 225.5 87 162.7 – 2.9 17.4 2.6 14.4 

  
 

Dissolution channel 
 

Dissolution channel 

Nc, number – 1 – 2 

dc, mm – 1.9  2.8÷1.3  1.4 – – 

l, mm – 99 – 83 

Tc, u.f. – 4.3 – 3 

V, mm3 – 368 – 92.3 

Sc, mm2/mm3 – 262.1 – 794.3 

vc.d, mm/min – 1.5 – 4.9 
     

Notes: h – thickness of the HAT impact zone; Vp and V – dissolution and object volumes; Nc – number of dissolution channels; 

dc – diameter of dissolution channels at the inlet and outlet faces; l – length of continuous dissolution channels; 

vc.d – dissolution channel dissolution rate. 
 

Thus, the pore transformation rates and dissolution 
channel development in the pore-cavern type reservoir are 
1.5 mm/min, while in the fracture type reservoir they are 
4.9 mm/min. The dissolution channel tortuosity in the first 
sample is 4.3 u.f., while in the second sample it is 3 u.f.  
The permeability of the rock changes from 0.8 to 5900 mD 
for the first type and from 0.2 to 5930 mD for the second type. 

In addition to the dissolution of carbonate material and 
the formation of channels, the release of heavy hydrocar-
bons is observed in the samples. Fig.7 shows a photograph 
of the insoluble component (asphaltene, resin, and paraffin 
compounds, ARPC) on a paper filter. The movement of 
ARPC within the pore space can lead to their “smearing” 
along the walls of newly formed voids, potentially degrading 
the hydrodynamic connection between the dissolution 
channels and voids in the rock matrix – resulting in the  
process of clogging. 

Conclusion 

The results of filtration and digital X-ray tomography studies of core samples aimed at investi-
gating the formation process of a high-conductivity channel (wormhole) in rock samples with a com-
plex pore space structure are presented. The X-ray computed tomography method enabled a detailed 
examination of the rocks in both two-dimensional and three-dimensional spaces. It provided a com-
prehensive characterization of the pore space at the micro-level before and after acid treatment: 

1. Under the specified acid solution injection regimes, highly permeable channels are formed, 
indicating that the injection regime was properly selected. 

2. As a result of the study, the behavior of an acid solution commonly used in HAT in specific 
complex reservoirs of the oil rim of Orenburg oil and gas condensate field was identified. During the 
process, three zones of physicochemical impact were formed within the rock: 

 
7. External appearance  

of asphaltene-resin-paraffin deposits  

on the filter 

Fig.7. External appearance  

of asphaltene-resin-paraffin deposits  

on the filter 
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• zone of constant contact between carbonate minerals and the acid solution; 

• zone of structural transformation of the pore space of reservoirs, with the formation of caverns 

and short channels; 

• zone of development of a continuous extended dissolution channel. 

3. The geometry of dissolution channels formed in various complex reservoirs with different 

pore space types, namely fracture-type and pore-cavern type, was determined. Under the influence of 

hydrochloric acid, the fracture-type reservoir sample developed a conical channel with low branching, 

while the pore-cavern type reservoir sample formed a branched channel. Several practical conclusions 

can be drawn for the fracture-type reservoir: 

• repeated acid treatment: since reservoirs undergo multiple acid treatments, the experiment 

showed that during subsequent treatments, the acid would follow the same dissolution channel with-

out forming additional branches. To enhance channel branching at the micro-level, the use of diver-

sion technologies is recommended to redirect the acid into the low-permeability rock matrix in wells 

subjected to repeated HAT; 

• handling large fractures: in cases where the well intersects large extended fractures, the worm-

hole will also propagate along them. To ensure adequate stimulation of all zones near the wellbore, 

particularly the reservoir matrix, it is necessary to seal extended fractures before injecting acid into 

the formation. This can be achieved using plugging materials or suspensions. 

4. In carbonate formations, the two studied types of complex reservoirs typically coexist. Since 

the rate of development of high-conductivity channels differs, it is recommended to use a chemical 

reagent that reduces filtration during acid treatment to equalize the acid treatment front. Additionally, 

dispersed systems such as emulsions and thickened solutions can be used.  

5. Hydrocarbon compounds ARPC released during acid treatment can isolate dissolution chan-

nels from the voids in the rock matrix. This highlights the necessity of using a chemical reagent in 

the acid solution that dissolves ARPC or combining the chemical acid treatment method with thermal 

treatment methods. Based on the results of this study, thermo-acid treatment was conducted in several 

wells in the field, and on average, its effectiveness was higher (a 70 % increase in flow rate) compared 

to conventional acid treatment (a 40 % increase in flow rate). 
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Abstract 

The results of a study on the pore structure of crushed stone grains of various sizes, obtained through staged 

disintegration of gabbrodolerite and microcline granite – rocks differing in texture, structure, and mineral com-

position – are presented. Research conducted using X-ray computed microtomography revealed that disintegra-

tion leads to changes in the pore structure of the rocks. The increase in overall porosity and pore concentration 

in the crushed stone grains is associated with the formation of newly developed pores of various sizes and sphe-

ricity. A clear relationship between the porosity of the crushed stone grains and their size is absent, which is due 

to the textural and structural characteristics as well as the mineral composition of the original rocks. The scale 

factor is evident only in the case of gabbrodolerite, which is characterized by a fine-grained structure, massive 

texture, and stable mineral composition. Fine gabbrodolerite grains exhibit lower pore concentration compared 

to larger grains, which aligns with the statistical theory of rock strength, according to which the probability of 

defects (pores and microcracks) decreases as the sample size diminishes – the smaller the grain size, the higher 

its strength. In contrast, for porphyritic granites with an uneven grain size, the trend is reversed  – smaller grains 

are more porous. A study of the porosity of individual rock-forming minerals in granite showed that pores are 

unevenly distributed in the granite crushed stone grains. The highest concentration of pores is typical for micro-

cline. The presence of brittle and porous microcline inclusions in the granite crushed stone grains leads to the 

formation of new pores and microcracks, whose number increases with the repeated application of load during 

staged disintegration. 
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Introduction 

The physical and mechanical properties of rock are determined by its mineral composition, 

texture, and the characteristics of its pore space – specifically, the size, shape, and spatial orienta-

tion of the pores. Virtually all studies on the deformation and destruction of rocks provide data 

indicating that when a load is applied, a deformation field is created within the rock volume, leading 

to changes in the structure of the pore space – its size, shape, and the number of defects, such as 

microcracks and pores [1-3]. In relation to the task of disintegration of construction rocks, this 

information is fundamental. This is because, unlike ore materials, where effective mineral separa-

tion and weakening are important during crushing and grinding for subsequent enrichment, in the 

disintegration of construction rocks, the goal is to preserve the strength of the crushed stone. 

When discussing the strength of crushed stone, it is important to highlight the scale factor – the 

size of its grains. According to the statistical theory of strength, the larger the volume of a rock sam-

ple, the more defects it contains, and therefore, the lower its strength. At the same time, the statistical 

nature of strength and the number of defects are not the only reasons for the manifestation of the scale 
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factor. In the work by A.F.Ioffe and co-authors [4], it was established that the scale effect is observed 

during the deformation of materials prone to brittle fracture and is less pronounced in ductile materials. 

Modern studies on the influence of sample size on the strength properties of rocks have shown that 

the relationship between strength and sample size is ambiguous. It is necessary to take into account 

the heterogeneity of the rock’s mineral composition, the characteristics of the pore structure, and the 

sample's history [5-7]. The latter is of particular importance when interpreting the strength of crushed 

stone, which has been subjected to blasting operations and staged crushing. 

Numerous results from testing commercially produced crushed stone at crushing and screening 

plants in Karelia indicate the inconsistency of strength across different grain size fractions. In some 

cases, smaller fractions exhibit greater strength, while in others, the opposite trend is observed. There-

fore, in this study, we set a specific task: to examine the influence of the scale factor – the size of the 

crushed stone grains – on its strength. To a large extent, variations in the strength of different size 

fractions of crushed stone produced at the same facility can be explained by the varying degree of grain 

flakiness – when there is a high content of flat and elongated grains, the strength of the crushed stone 

decreases [8, 9]. However, the increase in flaky grain content is not the only reason for reduced strength. 

Research [10, 11] has shown that newly formed (secondary) microcracks and pores appear in crushed 

stone grains, which a priori reduce their strength characteristics. At the same time, the volume of voids 

does not significantly depend on the grain size of the crushed stone [10]. In study [11], a decrease in 

crushed stone strength as the grain size decreases was noted, which the authors attributed to an increase 

in microdamage due to additional loads on smaller fractions during staged crushing. These conclusions 

were based on microscopic analysis of thin sections [10], and in [11], the strength reduction was in-

ferred through water absorption measurements, which indirectly relate to the material’s porosity and 

strength. An informative characteristic linking rock strength to its structural defects is porosity, which 

encompasses all voids within the rock, including pores, pore channels, and microcracks [12-14]. The 

physical or overall porosity of rock, calculated from known mineral and bulk density values, provides 

only indirect insights into the transformation of the microstructure during rock destruction. To obtain 

objective data, it is essential to consider the specific characteristics of the pore structure – such as pore 

size, shape, and spatial orientation [15-17]. 

The aim of this study is to investigate the pore structure of crushed stone grains of various sizes, 

obtained through staged disintegration of rocks differing in texture, structure, and mineral composition. 

Methods 

The primary methods used for studying and describing the structures and textures,  

as well as various morphometric characteristics of rocks, are mineralogical-petrographic analysis 

techniques. Descriptions of thin sections provide only qualitative information about rocks and are 

limited in terms of obtaining quantitative and volumetric structural-textural characteristics, which can 

affect the quality of research result interpretations. The advent of new non-destructive methods for 

studying materials allows for an expanded understanding of the structural-textural characteristics of 

rocks and complements traditional optical-petrographic studies with quantitative data on structural 

defects. 

To obtain a reliable picture of the three-dimensional distribution of defects, their sizes, shapes, 

and spatial orientations, methods such as X-ray computed microtomography (X-ray micro-CT), 

neutron computed tomography, contact laser ultrasonic structuroscopy, transmission electron  

microscopy, and acoustic spectroscopy are used [18-20]. The research method should provide data 

characterizing the pore structure of rocks, including total porosity, pore concentration, sizes, and 

geometrical shapes of pores and microcracks, as well as enable the visualization of the microstruc-

ture of the samples to identify potential heterogeneity in pore distribution [21-23]. Furthermore, the 

method’s sensitivity must be commensurate with the sizes of the structural objects (pores, mineral 

grains). Among these methods, X-ray computed microtomography (X-ray micro-CT) is the most 

suitable [24-26]. 
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X-ray computed microtomography is a non-destructive method for studying the internal structure 

of solid materials, based on the dependence of the linear attenuation coefficient of X-ray radiation on 

the chemical composition and density of the material. Computer processing of a set of shadow pro-

jections obtained by X-ray scanning of samples allows for the visualization of the internal three-

dimensional structure of the sample and provides a detailed analysis of morphometric and density 

characteristics both on individual sections and throughout the entire volume of the studied sample. 

The promise of this method for solving practical tasks related to rock disintegration lies in its ability 

to obtain quantitative characteristics of the pore space structure [27-29]. 

The method is successfully applied to assess changes in the void structure during the disintegra-

tion of ores in crushing machines [30], and in the study of the deformation and destruction processes 

of rocks [31, 32]. Despite significant scientific advances, several questions related to changes in rock 

strength during disintegration remain unresolved. Almost all studies in this field have been conducted 

on samples of regular shape under static or dynamic loading conditions [33-35]. The products formed 

as a result of sample destruction are generally not examined by the authors. 

For microtomographic research, samples of crushed stone grains from microcline granite of the 

Kirjavalahti deposit and gabbrodolerite of the Chevzhavara deposit (Republic of Karelia) were se-

lected. The samples were extracted from crushed stone fractions of 5-20 mm and 20-40 mm, produced 

under industrial conditions at crushing and screening plants. The 20-40 mm fraction was obtained 

after the second stage of crushing, while the 5-20 mm fraction was obtained after the third stage. For 

comparative data on the pore structure of crushed stone grains and the original rock, hand specimens 

were selected, from which cubic samples with an edge length of 4.0 cm were prepared. The compres-

sive strength limit was determined on similar cubic samples using a standard methodology. The average 

value of this indicator, calculated from five tested samples, was 121 MPa for granite and 192 MPa 

for gabbrodolerite. 

The structure of the microcline granite samples (Fig.1, a) is uneven-grained, with a porphyritic 

texture. The main rock-forming minerals are microcline, plagioclase, and quartz. Their content  

percentages are as follows: microcline – 35-47 %, plagioclase – 25-35 %, and quartz – 20-26 %. 

Secondary minerals include biotite (1-5 %) and accessory minerals (apatite, titanite) up to 1 %.  

According to the petrographic description of thin sections, the grain sizes of microcline range from 

1.0 to 5.0 mm, plagioclase – from 1.0 to 2.0 mm. Quartz is present as xenomorphic grains up to  

1 mm in size, while biotite appears as small scattered flakes (0.1-0.3 mm) in association with  

titanite. Apatite forms individual rounded grains up to 0.1 mm in size. 

а b 

1m 

2m 

3m 

1m 

2m 

3m 

1 mm 1 mm 

 Fig.1. Microtomographic slices of granite (a) and gabbrodolerite (b)  

samples along three mutually perpendicular planes: 

a – 1m – microcline, 2m – plagioclase + quartz, 3m – biotite; 

b – 1m – plagioclase + quartz, 2m – pyroxene, 3m – titanite 
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The structure of the gabbrodolerite samples (Fig.1, b) is fine-grained, with a massive texture. 
The primary rock-forming minerals are plagioclase (45-50 %) and pyroxene (47-51 %). The content 
of quartz is 2-4 %, biotite up to 1 %, and ore minerals (titanite) up to 1 %. Pyroxene is present in the 
form of prismatic grains ranging in size from 0.1 to 0.8 mm, while plagioclase forms elongated crys-
tals of 0.1-1.0 mm in size. 

The main physical and mechanical properties of the crushed stone samples were determined 
using standard methods as outlined in GOST 8269.0-97 “Crushed stone and gravel from dense rocks 
for construction works. Methods of physical and mechanical testing” (Table 1). To eliminate the  
influence of grain shape on the strength (crushability) of the crushed stone, only isometric (cuboidal) 
grains were selected for testing. 

 

 Table 1 
 

Physical and mechanical properties of the crushed stone 
 

Crushing 
stage 

Fraction  
size, mm 

Crushability (strength) 
Bulk density, 

g/cm³ 
Porosity, % 

 Mass loss after  

testing, % 

Crushed stone grade 

by crushability 

Crushed stone from granite 

II 20-40 12.6 1,200 2.68 2.2 

III 5-20 16.2 1,000 2.60 2.8 

Crushed stone from gabbrodolerite 

II 20-40 5.4 1,400 2.96 0.68 

III 5-20 4.8 1,400 2.98 0.60 

 

The microstructure of the crushed stone grains was studied using a SkyScan1173 microtomo-
graph (Belgium) with resolutions ranging from 0.5 to 15 µm. The scanning mode was set to a current 
of 130 mA, a voltage of 61 kV, and X-ray power of 90 W. Scanning was performed with a copper 
filter 0.1 mm thick and with the averaging of three images. The pixel size at maximum magnification 
(default resolution) was 0.5 µm, allowing for the identification of pores sized 5 µm and larger. The 
sample stage rotated 360° with a step of 0.2°. The number of shadow images taken ranged from 2,000 
to 2,100. Subsequent reconstruction was performed using the NRecon, CTAn, and CTVol software. 
To speed up image processing, binarization was carried out, enabling a more detailed examination of 
the internal void space of the studied samples [36-38]. During the research, pore space parameters were 
determined, including total porosity (the volume of pores within the sample volume) and pore concen-
tration (the number of pores per unit volume of the sample) (Table 2). 

 

 Table 2 
 

Morphometric parameters of initial samples and crushed stone grains from granite and gabbrodolerite  

based on microtomographic studies 
 

Sample 
number 

Granite Gabbrodolerite 

Sample volume, mm3 Porosity, % 
Pore concentration, 

mm–3 

Grain volume, 

mm3 Porosity, % 
Pore concentration, 

mm–3 

Initial rock samples 

1 64,312 0.66 0.22 64,462 0.37 0.20 

2 64,163 0.58 0.21 64,753 0.38 0.20 

3 63,954 0.54 0.19 63,556 0.38 0.21 

4 64,065 0.71 0.20 64,003 0.37 0.20 

5 64,052 0.75 0.21 63,652 0.35 0.20 

Average 64,109 0.65 0.21 64,085 0.37 0.20 

Crushed stone grains 20-40 mm 

1 61,479 2.05 0.59 63,314 0.60 0.26 

2 51,733 1.98 0.36 41,226 0.59 0.24 

3 61,669 2.21 0.83 43,658 0.62 0.26 
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End of Table 2 

Sample 
number 

Granite Gabbrodolerite 

Sample volume, mm3 Porosity, % 
Pore concentration, 

mm–3 

Grain volume, 

mm3 Porosity, % 
Pore concentration, 

mm–3 

4 42,281 2.42 0.93 51,254 0.62 0.28 

5 54,908 1.85 0.56 31,006 0.60 0.28 

Average 54,414 2.10 0.65  0.60 0.26 

Crushed stone grains 5-20 mm 

1 3,453 3.30 2.31 3,168 0.50 0.27 

2 4,379 2.45 1.12 3,212 0.57 0.21 

3 3,848 2.31 1.95 4,203 0.52 0.24 

4 3,953 3.20 2.08 4,185 0.55 0.26 

5 4,162 2.40 2.08 3,247 0.53 0.24 

Average 3,959 2.73 1.74 – 0.53 0.24 
 

Note. Scanning resolution is 0.5 µm. 

 

Discussion 
The analysis of the obtained data shows that the porosity of the original samples, which were not 

subjected to mechanical stress during blasting and disintegration in crushing machines, is lower than 
that of the crushed stone grains. This is consistent with conclusions drawn in studies [10, 11]. The 
increase in porosity of the crushed stone grains is accompanied by the appearance of newly formed 
defects (pores and microcracks), as evidenced by the growth in their concentration within the volume 
of the studied grains. This pattern is most pronounced in granite, where porosity increases on average 
by 3.2-4.2 times (from 0.64 to 2.1-2.73 %), and pore concentration increases by 3.1-8.3 times (from 
0.21 to 0.65-1.74 mm–3). The effect is less noticeable in gabbrodolerite, where porosity increases on 
average by 1.5 times, and pore concentration increases by 1.25 times. 

There is no clear dependence of porosity on grain size. In larger granite grains, taken from the  
20-40 mm fraction, the average porosity is 2.1 %, while in smaller grains (from the 5-20 mm fraction), this 
figure is higher, at 2.73 %. In gabbrodolerite grains, the opposite trend is observed, with larger grains being 
more porous, although the difference in porosity values is less significant – 0.53 and 0.6 %, respectively 
(Table 2). The increase in porosity in smaller granite grains is associated with a higher pore concentration 
(an average of 1.74 mm–3 compared to 0.65 mm–3 in larger grains). The pore concentration in gabbrodolerite 
crushed stone grains is similar between large and small grains – 0.26 mm–3 and 0.24 mm–3, respectively. 

In the structure of all the studied crushed stone grains, pores of fine capillary size, up to 40 µm, 
predominate in quantity (Fig.1, b). The sphericity (the ratio of the shortest to the longest axis) of these 
pores is high – 0.8-0.9. In small granite grains, the largest pore size is 120 µm, while in gabbro-
dolerite, it is 60 µm. Larger grains contain supercapillary-sized voids – up to 240 µm in granite and 
no more than 160 µm in gabbrodolerite (Fig.2), with only 1-3 such voids per grain. The sphericity of 
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these pores is low – 0.1-0.3. There is no clear orientation of the pores in any specific direction (Fig.3). 
This feature is typical for all the studied gabbrodolerite crushed stone grains, where porosity ranges from 
0.59-0.62 % in large grains and 0.5-0.57 % in small grains, while granite grains are heterogeneous. Their 
porosity varies from 1.85-2.42 % in large grains and 2.31-3.3 % in small grains, respectively (Table 2). 

The development of microdamage in rocks depends on the strength properties of the individual 
rock-forming minerals [39, 40]. Given that some varieties of granite are characterized by wide varia-
tions in pore size, shape, and content, which are unevenly distributed throughout its volume [41-43], 
it is crucial to study the specific features of the pore structure of the minerals that constitute it.  
Microtomography revealed that pores in the structure of the studied crushed granite grains are une-
venly distributed. The highest concentration of pores is found in large microcline grains, where  
porosity is 1.5 to 2 times higher than the overall porosity of the grains. The pores in microcline are 
distributed chaotically and have sizes up to 40 µm. The porosity of plagioclase and quartz aggregates 
is significantly lower. The wide variations in microcline content, ranging from 35.34 to 47.22 %, 
explain the instability of the porosity in the studied granite grains (Table 3). 

 
 Table 3 

 

Characteristics of the main rock-forming minerals  

in original samples and crushed stone grains from granite, % 
 

Grains number 
Microcline Plagioclase + quratz 

Content Porosity Content Porosity 

Initial granite samples 

Average 39.82 1.2 55.31 0.3 

Crushed stone grains 20-40 mm 

1 35.34 4.1 63.00 0.90 

2 40.34 3.9 57.68 0.63 

3 42.34 4.1 55.91 0.78 

4 47.22 3.3 50.38 0.66 

5 35.50 3.8 61.71 0.73 

Average 40.15 3.8 57.73 0.74 

Crushed stone grains 5-20 mm 

1 39.69 4.31 58.61 0.93 

2 47.09 4.12 50.71 0.90 

3 39.65 4.25 55.95 0.94 

4 46.96 6.41 50.54 0.95 

5 35.29 4.48 60.89 0.96 

Average 41.74 4.71 55.34 0.94 
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 Fig.3. Pore orientation distribution along the longest axis: 

grain 4 from the 5-20 mm fraction of gabbrodolerite (a), granite (b) 

 

Note. The volumetric content of minerals and their porosity were determined using X-ray com-

puted microtomography. 
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A comparison of tomographic slices of crushed granite grains of different sizes (Fig.4) shows 

that the porosity of microcline inclusions in larger grains is higher than in smaller ones. In large 

granite grains, the porosity of microcline averages 3.8 %, while in smaller grains this figure is  

higher – 4.71 %. The porosity of plagioclase and quartz in smaller grains is also higher – 0.74 % and 

0.94 %, respectively (Table 3). Figure 4 presents the visualization of the sections of the studied sam-

ples, while Fig.5 shows the microtomographic slices after binarization for enhanced contrast detailing 

of the grains. It is logical to assume that the increased porosity of small granite grains is related to addi-

tional mechanical stresses on the smaller fractions of crushed stone, which were obtained during the third 

stage of crushing. The strength of a sample is determined by the strength of its weakest section [44]. 

Destruction begins at the most brittle areas, which in granite crushed stone grains are the microcline 

inclusions. Irreversible plastic deformations lead to the formation of newly developed defects, the 

number of which increases with repeated loading. 

The studied samples of granite crushed stone contain quartz in the amount of 20-26 %. In [45], 

it was noted that the presence of quartz in rock composition significantly influences the formation of 

microcracks. When subjected to mechanical stresses, brittle and elastic quartz crystals fracture, forming 

intragranular microcracks [46, 47]. 

The studied gabbrodolerite crushed stone 

samples are homogeneous in mineral composi-

tion. The content of pyroxene ranges from  

46.7 to 50.0 %, and the content of plagioclase 

and quartz ranges from 47.3 to 50.2 %. Pores 

are fairly evenly distributed within the aggre-

gates of the main rock-forming minerals – py-

roxene and plagioclase – with a slight predomi-

nance in plagioclase. In smaller grains, a slight 

decrease in plagioclase porosity is observed, 

from 0.69 % in larger grains to 0.62 % in 

smaller ones. The porosity of pyroxene remains 

almost identical for both small and large grains,  

at 0.46 and 0.44 %, respectively (Table 4). The 

reduction in the overall porosity of gabbrodo-

lerite grains as their size decreases aligns with 

the statistical theory of rock strength, which 

posits that the likelihood of defects decreases 

as sample size reduces – the smaller the grain 

size, the higher its strength. 

Microcline 

Р = 3.8 %  

Microcline 

Р = 4.71 %  

а  

b  

1 mm  

 

а b 
Plagioclase 

Plagioclase 
 

Microcline Microcline 
 10 mm 10 mm 

 Fig.4. Single sections of granite crushed stone grains obtained  

through microtomographic scanning of grains  

from the 20-40 mm (a) and 5-20 mm (b) fractions 

Fig.5. Single sections of granite crushed stone grains, 

obtained as a result of microtomographic 

scanning after grain binarization 

from the fraction 20-40 mm (a), 5-20 mm (b) 
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 Table 4 
 

Characteristics of the main rock-forming minerals  

in original samples and crushed stone grains from gabbrodolerite, % 
 

Grain number 
Plagioclase + quartz Plagioclase 

Content Porosity Content Porosity 

Initial gabbrodolerite samples 

Average  50.6 0.44 46.1 0.2 

Crushed stone grains 20-40 mm 

1 50.2 0.64 46.7 0.56 

2 47.9 0.68 48.3 0.30 

3 49.0 0.70 47.1 0.53 

4 49.4 0.81 48.8 0.43 

5 46.8 0.63 48.3 0.57 

Average  48.1 0.69 48.2 0.44 

Crushed stone grains 5-20 mm 

1 49.1 0.68 46.9 0.45 

2 48.6 0.56 49.1 0.58 

3 48.1 0.65 48.4 0.40 

4 49.7 0.63 47.5 0.39 

5 47.3 0.58 50.0 0.48 

Average  49.0 0.62 48.2 0.46 
 

Note. The volumetric content of minerals and their total porosity were determined using  

X-ray computed microtomography. Scanning resolution is 0.5 μm. 

 

Conclusion 
Thus, during disintegration, the pore structure of the rock undergoes changes. The total porosity 

of the crushed stone grains increases due to the formation of newly developed pores. This pattern is 
most pronounced in granite and less noticeable in gabbrodolerite. 

Large and small crushed stone grains differ in terms of total porosity, pore size, and pore con-
centration. There is no clear relationship between the porosity of the crushed stone grains and their 
size, which is due to the textural and structural characteristics as well as the mineral composition of 
the original rocks. 

Granite crushed stone grains are heterogeneous in mineral composition, resulting in uneven pore 
distribution. The presence of brittle and porous microcline inclusions in granite crushed stone grains 
leads to the formation of new pores and microcracks, whose number increases with repeated loading. 
Therefore, large crushed stone grains from the 20-40 mm fraction, obtained after the second stage of 
crushing, are characterized by lower porosity and pore concentration compared to smaller grains from 
the 5-20 mm fraction, which were crushed during the third stage. 

The scale effect is evident only in gabbrodolerite, which has a fine-grained structure and massive 
texture – where a reduction in the size of the crushed stone grains leads to a decrease in pore size and 
total porosity. 
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Abstract 

Remediation is an important area of oil-contaminated soil restoration in Russia, since oil refining industry is the major 

one for Russia and neighbouring countries, and the issues of environmentally effective and economically profitable 

remediation of oil contamination have not yet been solved. Soils under various economic uses have different surface 

areas and degrees of soil particles envelopment with oil due to the presence or absence of cultivation, the amount of 

precipitation and plant litter. The introduction of various substances for remediation into oil-contaminated soils of 

steppes (arable land), forests, and semi-deserts, considering their differences, gives different results. Biochar is coal 

obtained by pyrolysis at high temperatures and in the absence of oxygen. The uniqueness of this coal lies in the com-

bination of biostimulating and adsorbing properties. The purpose of the study is to conduct an environmental assess-

ment of biochar application for remediation of oil-contaminated soils under various economic uses. The article com-

pares the environmental assessments of biochar application in oil-contaminated soils with different particle size 

fraction. The following indicators of soil bioactivity were determined: enzymes, indicators of initial growth and develop-

ment intensity of radish, microbiological indicators. We found that the most informative bioindicator correlating with 

residual oil content is the total bacteria count, and the most sensitive ones are the roots length (ordinary chernozem and 

brown forest soil) and the shoots length (brown semi-desert soil). The use of biochar on arable land and in forest soil 

(ordinary chernozem and brown forest soil) is less environmentally efficient than in semi-desert soil (brown semi-desert 

soil). The study results can serve to develop measures and managerial and technical solutions for remediation of oil-

contaminated soils under various economic uses. 
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Introduction 

Oil is the most common raw material for fuel production in the world [1]. Despite modern  

protection systems for tankers and pipelines during oil transportation, the number of accidents has 

increased significantly over the past couple of years both abroad1,2 and in Russia3. In addition, clean 

                                                      
1 Пять крупных экологических аварий 2022 года. URL: https://www.angi.ru/news/2904237-

Пять%20крупных%20экологических%20аварий%202022%20года/ (accessed 31.07.2023). 
2 800 tons of fuel oil spilled into the sea after oil tanker MT Princess Empress sank in the Philippines. URL: https://eco-

sphere.press/2023/03/09/800-tonn-mazuta-okazalis-v-more-posle-krusheniya-neftyanogo-tankera-mt-princess-empress-na-filippinah 

(accessed 31.07.2023). 
3 Oil spill in Russian region. URL: https://lenta.ru/news/2023/01/30/razliv/ (accessed 31.07.2023). 
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soils without an external source of contamination also contain hydrocarbons, which are mainly of 

autochthonous natural origin [2]. As a result of contamination with oil and oil products, the biological 

condition of soils deteriorates due to the disruption of environmental and agricultural functions [3]. 

There are two directions for reducing the level of soil contamination with oil and oil products:  

1) contamination prevention; 2) elimination of the contamination consequences with minimal damage 

to the environment [4-6]. 

In the Perm Region, monitoring of various sources of environmental pollution with oil and oil 

products is conducted using unmanned aerial vehicles [7]. For soil cleaning, radical sanitation methods 

such as removal of the contaminated layer is unacceptable, since it leads to degradation of the 

topsoil and its alienation. Phytoremediation is one of poorly effective but very gentle methods of 

restoring the soil condition [8]. The effectiveness of phytoremediation is limited by the high con-

centration of oil (no more than 1.5 %), soil hydrophobicity, and the need to select plants for each 

contamination situation [9, 10]. High soil hydrophobicity causes a decrease in plant growth and 

development due to disruption of water exchange in the cells of both the photosynthetic apparatus 

and in the stems and root system [11, 12]. Therefore, it is recommended to combine phytoreme-

diation with other types of remediation, such as the introduction of calcium oxide or carbonate 

encapsulation [13]. 

It is necessary to evaluate the modern methods of bioremediation of oil-contaminated soils without 

expensive removal of the upper fertile layer or the use of ineffective phytoremediants [14, 15]. Bio-

remediation methods involve the use of biostimulants and bioaugmenters, which reduce the oil con-

tent and return the soil to an environmental state close to that of before contamination. One of the 

substances often used for bioremediation of soil contaminated with oil and oil products, heavy metals 

is biochar [16, 17]. Biochar is mainly produced from agricultural waste (rice and wheat straw, corn 

and cotton stalks, other remains of grass vegetation), forest waste (wood of various tree species), 

livestock waste (pig, cow manure), and municipal wastewater sludge. The use of rice husk biochar 

together with bacterial preparations (BP) in oil-contaminated soil regulates the microbial community 

succession and increases the number of microorganisms associated with oil degradation at the genus 

level [18]. Rice husk biochar also contributes to an increase in the number of soil fungi [19].  

The application of biochar with compost together with a decrease in the oil content increases the 

growth and development of wheat (Triticum aestivum L.), corn (Zea mays L.), white clover (Trifolium 

repens L.), alfalfa (Medicago sativa L.), and ryegrass (Lolium multiflorum Lam.) [20]. Biochar intro-

duced together with mycorrhiza into contaminated soil had a beneficial effect on the growth and 

development of clover (Trifolium arvense L.) and mallow (Malva sylvestris L.) as well as contributed 

to oil degradation [21]. Biochar obtained from corn was selected as a carrier to immobilize oil- 

degrading microorganisms: the best particle size fraction was 0.08 mm, and the best immobilization 

time was 18 h [22]. The application of biochar and rhamnolipid into oil-contaminated swampy soil 

in Louisiana wetlands (USA) allowed to increase the algae biomass, led to the growth of gram-positive 

bacteria, actinomycetes, arbuscular mycorrhizal fungi and to a decrease in oil concentration [23]. 

Despite the advantages of biochar over other substances, its application in remediation of soil con-

taminated with oil and oil products is not always environmentally rational [24-26]. In remediation 

with biochar, the soil type and the substance concentration play an important role [27-29]. The appli-

cation of biochar can both promote remediation and have a toxic effect on soil biota and cause soil 

alienation [30-32]. 

The objective is to conduct an environmental assessment of biochar application for remediation 

of oil-contaminated soils under various economic uses. The following tasks were set: to assess the 

residual oil content in soils under various economic uses (arable land, forest, and semi-desert) after 

introducing biochar; to analyse the change in bioindicators of soil condition; to assess the environmental 

efficiency of biochar in soils after oil contamination. 
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Methods 

To study the biochar efficiency in remediation of oil-contaminated soils under various economic 

uses (arable land, forest, and semi-desert), the following were considered: ordinary chernozem  

(Haplic Chernozem Loamic), brown forest (Haplic Cambisols), and brown semi-desert soils  

(Endosalic Calcisols Yermic) [33] (Table 1). The choice of soil types was due to the fact that in the 

Rostov Region (ordinary chernozem), in the beech-hornbeam forest of the Republic of Adygeya 

(brown forest soil), and in the steppes of the Republic of Kalmykiya (brown semi-desert soil) oil and 

oil products are extracted, processed, or transported [34, 35]. Soil types differ in the land type, vege-

tation types, particle size fraction, soil reaction (pH), cation exchange capacity (CEC), and organic 

matter content (Corg). 

Air-dry soil of each type was sifted through a 2 mm sieve and moistened, and then oil was added 

to the vegetation vessel at a concentration of 5 % of the soil mass. After the soil was contaminated, 

biochar was added to it in three concentrations: recommended – 5 %; half the recommended – 2.5 %; 

twice the recommended – 10 % of the soil mass. 
 

Table 1 

 

Sampling locations and characteristics of uncontaminated soils 
 

Soil type Coordinates Sampling location Land type рН Сorg, % 

CEC, 

mEq/100 g 
[36] 

Particle size fraction 

Ordinary 

chernozem 

47°14'17.54''N; 

39°38'33.22''E 

Rostov Region,  

Rostov-on-Don, Botanical 

Garden of the Southern  
Federal University 

Arable land 7.3 7.6 33.6 Heavy loam 

Brown 

forest 

44°10'39.76"N; 

40° 9'27.47"E 

Republic of Adygeya,  

Maikop district,  
Nikel village 

Beech-horn-

beam forest 

5.3 1.3 24.3 Heavy loam 

Brown 

semi-desert 

46°17'48.65"N; 

46°41'40.06"E 

Republic of Kalmykiya, 

Narimanovskii district,  

Drofinyi village 

Semi-desert 6.7 1.0 6.5 Light loam 

 

After incubation of contaminated soils, the residual content of oil and oil products was analysed 

by infrared spectroscopy using carbon tetrachloride as an extractant (PND F 16.1: 2.2.22-98). 

To assess the environmental efficiency of biochar application, the residual content of oil and 

bioindicators characterizing the environmental state of the soil were studied (Table 2). 

 
Table 2 

 

Methods for assessing the environmental state of oil-contaminated soils after remediation 
 

Bioindicator Measurement method Source 

Catalase activity (Н2О2: Н2О2 –  
oxidoreductase, EC 1.11.1.6) 

Volumetric, assessing the volume of water displaced by oxygen as a result 

of hydrogen peroxide decomposition upon contact with soil, ml O2/1 g of 

soil in 1 min 

[37] 

Dehydrogenase activity (substrate: 
NAD(P) – oxidoreductase, EC 1.1.1) 

Reduction of triphenyltetrazolium chloride (TTC) to triphenylformazans 

(TPF) under anaerobic conditions with spectrophotometric termination, 

mg TPF/10 g of soil in 24 h 

[38] 

Total bacteria count Fluorescence microscopy using acridine orange dye at ×40 magnifica-

tion. Bacterial count, billion bacteria/1 g of soil 

[39] 

Radish shoots length After 7 days from the start of the phytotoxic experiment, radish 

(Raphanus sativus L.) shoots length was measured, mm 

[40] 

Radish roots length After 7 days from the start of the phytotoxic experiment, radish 

(Raphanus sativus L.)  roots length was measured, mm 

[40] 

Radish germination Evaluation of radish (Raphanus sativus L.) germination after 7 days of 

the experiment, % 

[40] 
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Based on the results of bioindicator determination, the integral indicator of the biological state 

of soils (IIBS) was estimated [41]. For the IIBS of ordinary chernozem, the relative values of each 

indicator were estimated in comparison with uncontaminated soil (control – 100 %). Relative values 

of this indicator for other experimental variants: 

1

max

100 %,xB
B

B
   

where B1 is the relative score of the indicator; Bх is the actual value of the bioindicator; Bmax is the 

maximum value of the indicator in the control.  

The next stage of estimating the IIBS is summing up the relative values of bioindicators and 

estimating the average scores: 

1 2
avg

...
,nB B B

B
N

  
  

where Bavg is the average assessment score of the indicators; N is the number of indicators. 

Final stage of estimation: 

avg
IIBS 100 %,

ref

B

B
   

where Bref  is the control value averaged over all biological indicators. 

Statistical processing of the results was performed in the Statistica 12.0 software. Mean values 

and variance were determined using variance analysis (Studentʼs t-test). 

Discussion of results 

The residual oil content (Fig.1) after 30 days of the experiment and biochar application decreased 

by 10-27 % (ordinary chernozem), 7-24 % (brown forest), and 7-27 % (brown semi-desert). The 

higher the dose of biochar, the more effective the oil decomposition in the soil. 

According to the regression equations and determination coefficients, the closest relationship 

between oil decomposition and the effect of biochar in different doses corresponds to brown forest 

soil (R2 = 0.9985), the least close to brown semi-desert (R2 = 0.9423), and ordinary chernozem corre-

sponds to an intermediate value (R2 = 0.9735). The difference in oil decomposition in soils is associated 
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O + B 10 % O + B 5 % O + B 2.5 % O 

Ordinary chernozem 

y = –1.1549x + 14.236 

R2 = 0.9735 

Brown forest soil 

y = –1.0834x + 14.327 

R2 = 0.9985 Brown semi-desert soil 

y = –1.1406x + 14.608 

R2 = 0.9423 

1 2 3 4 5 6 

 

Biochar application options 

Fig.1. Residual oil content in soils after application of biochar at doses of 2.5; 5, and 10 %  

of the soil mass: O – soil after application of oil; B – biochar 
 

1 – ordinary chernozem; 2 – brown forest soil; 3 – brown semi-desert soil; 

4 – linear (ordinary chernozem); 5 – linear (brown forest soil); 
6 – linear (brown semi-desert soil) 
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with the particle size fraction, organic matter content, and reaction of the soil environment [32]. In 

heavy loamy soils, such as brown forest soil and ordinary chernozem, the biochar application reduces 

the oil content to a greater extent than in brown semi-desert soil, which has a sandy loam particle size 

fraction. Thus, the series of biochar efficiency for oil decomposition in soils is as follows: brown 

forest soil > ordinary chernozem > brown semi-desert soil. 

The biological parameters of the studied soils after the biochar application are given in Table 3. 

After the introduction of oil into ordinary chernozem, the decrease in biological parameters relative 

to the control was from 34 % (catalase activity) to 99 % (radish shoots and roots length). During the 

remediation of oil-contaminated brown forest soil, the bioactivity varied from 12 % (dehydrogenase 

activity) to 74 and 87 % (shoots length and roots length, respectively) relative to the control. In brown 

semi-desert soil, oil inhibited bioactivity in the range from 11 % (dehydrogenase activity) to 44 % 

(shoots length). The difference in the bioindicator sensitivity is due to the soil structure: in heavy 

loamy soils, a significant decrease in the radish shoots and roots length was observed, while in light 

loamy soil, a decrease was found in the bacteria count and the radish shoots length. 

When adding biochar at 2.5, 5 and 10 % of the ordinary chernozem mass, it was noted that with 

an increase in the biochar concentration, bioactivity increases: catalase activity by 5-19 %; dehydro-

genase activity by 0.5-9 %; total bacteria count by 17-50 %; germination by 33-600 %; shoots length 

by 2-39 times; roots length by 2-54 times compared to the oil-contaminated background. 

In brown forest soil, biochar, just like in chernozem, stimulated biological parameters with  

concentration increase: catalase activity by 8-20 %; dehydrogenase activity by 10-203 %; total bac-

teria count by 84-133 %; radish germination by 72-105 %; shoots length by 43-156 %; roots length 

by 73-274 % compared to oil-polluted background. In brown semi-desert soil, biochar stimulated 

catalase activity by 7-31 %; dehydrogenase activity by 3-8 %; total bacteria count by 11-18 %;  

germination by 15-28 %; shoots length by 20-31 %; roots length by 5-18 % compared to oil-polluted 

background. 

 
Table 3 

 

Change in biological parameters after adding biochar, abs. units 
 

Variants 
Catalase activity, ml 

O2/1 g per 1 min 

Dehydrogenase  

activity, mg TPP/10 g 
per 24 h 

Radish (Raphanus 

sativus L.)  
germination, % 

Radish (Raphanus 

sativus L.) shoots 
length, mm 

Radish (Raphanus 

sativus L.) roots 
length, mm 

Total bacteria count, 
billion/1 g of soil 

Ordinary chernozem 

Control 7.4 29.9 84 24.7 50.7 1.60 

O 4.9 18.6 6 0.2 0.3 0.60 

O + B 2.5 % 5.1 18.7 8 0.5 0.9 0.70 

O + B 5 % 5.6 20.1 12 1.5 1.4 0.75 

O + B 10 % 5.8 20.3 42 8.2 16.6 0.90 

Brown forest soil 

Control 6.4 9.8 90 27.1 44.2 1.20 

O 3.8 8.7 36 7.0 5.8 0.48 

O + B 2.5 % 4.1 9.6 62 10.1 10.2 0.89 

O + B 5 % 4.3 10.7 70 13.1 13.8 1.08 

O + B 10 % 4.6 26.5 74 18.1 21.9 1.13 

Brown semi-desert soil 

Control 2.1 18.9 86 25.0 27.4 1.00 

O 1.3 16.9 66 14.0 24.2 0.62 

O + B 2.5 % 1.4 17.4 76 16.8 25.4 0.69 

O + B 5 % 1.52 17.8 78 18.3 26.9 0.70 

O + B 10 % 1.77 18.3 85 18.4 28.5 0.73 
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During remediation of ordinary chernozem and brown forest soil, a decrease in soil phytotoxicity 

was observed due to an increase in the length of radish shoots and roots by 15-399 and 27-543 times, 

respectively, compared to the oil-contaminated background. This effect is probably due to the porous 

structure of biochar, which allows partial adsorption of oil and stimulation of its decomposition, as 

well as improvement of the soil structure, which is important for the growth and development of the 

root system of plants [17, 31]. However, stimulation of phytotoxic indicators relative to oil-contami-

nated soils did not allow achieving the control level, which is an indicator of the state of soils with a 

heavy loamy composition under oil contamination. In brown semi-desert soil, control values were 

achieved already at a biochar dose of 5 % for germination and roots length of radish. 

According to Table 3, the integral indicator of the biological state was determined for each soil 

type after biochar application (Fig.2). According to estimations, in the soil without remediants, the 

IIBS of ordinary chernozem, brown forest, and brown semi-desert soils is 70, 55 and 27 % relative to 

the control. With the application of 2.5, 5, and 10 % biochar, the IIBS of ordinary chernozem changed 

by 46-68 % relative to the control. After applying biochar, the IIBS value of chernozem close to the 

control was not observed. The IIBS of brown forest soil increased at biochar doses of 2.5 and 5 % by 

16 and 25 % relative to the oil-contaminated background (39 and 29 % lower than the control,  

respectively). At a biochar dose of 10 %, the IIBS of brown forest soil reached the control. In brown 

semi-desert soil, the IIBS value increased proportionally to the increase in the biochar dose of 2.5, 5, 

and 10 % by 20, 16, and 11 % below the control, respectively. 

According to the regression equations presented in Fig.2, it is obvious that the change in the IIBS 

of each soil after remediation correlated differently with the oil content: from the highest correlation 

degree for brown semi-desert soil (R2 = –0.98) to the lowest one among the three soils for ordinary 

chernozem (R2 = –0.82). According to the efficiency of biochar application taken from the IIBS value, 

a series of soils was compiled: brown semi-desert soil > brown forest soil > ordinary chernozem. 

The information content of each indicator and each soil type was assessed based on the strength 

of the correlation between the residual oil content and the value of all bioindicators (Table 4). 

All bioindicators in the remediation of ordinary chernozem are informative (r > 0.90), but the 

most informative is the total bacteria count (r = –1.00). In the remediation of brown forest soil, the 

most informative indicator is the catalase activity (r = –1.00), and the least informative is the dehy-

drogenases activity (r = 0.04). For brown semi-desert soil, the most informative bioindicator is the 

total bacteria count (r = –0.99), and the least informative is the radish roots length (r = –0.51). 
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 Fig.2. Change in the integral indicator of the biological state of soils 

after the biochar application in different doses 
 

1 – ordinary chernozem; 2 – brown forest soil; 3 – brown semi-desert soil; 

4 – linear (ordinary chernozem); 5 – linear (brown forest soil); 

6 – linear (brown semi-desert soil) 
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 Table 4 
 

Coefficient r of correlation between the bioindicator value and the residual oil content 
 

Catalase  
activity 

Dehydrogenase  
activity 

Radish  
germination 

Radish shoots 
length 

Radish roots  
length 

Total bacteria  
count 

Ordinary chernozem 

–0.98** –0.99** –0.97** –0.99** –0.99** –1.00** 

Brown forest soil 

–1.00** 0.04 –0.80* –0.95** –0.98** –0.64* 

Brown semi-desert soil 

–0.96** –0.88** –0.72* –0.96** –0.51 –0.99** 
 

Notes: 

Significance of difference from control: * p < 0.05; ** p < 0.001. 

         The most informative indicator. 

         The least informative indicator. 

 

For remediation of oil-contaminated ordinary chernozem and brown semi-desert soil with bio-

char, the most informative indicator is the total bacteria count, and for brown forest soil, the most 

informative indicator is catalase activity. Differences in the informativeness of the indicators for each 

soil type are due not only to their structure, but also to the content of organic matter and the soil 

environment reaction [42]. Among the studied samples, only in brown forest soil the soil environment 

reaction is acid (pH = 5.7), while in brown semi-desert soil (pH = 6.7) and ordinary chernozem  

(pH = 7.3) it is alkaline (see Table 1). The soil bacteria count is an informative bioindicator of  

oil-contaminated soil remediation [43]. 

The sensitivity of bioindicators was assessed by the difference with the control: the higher the 

value is than the control, the more sensitive the soil is to remediation (Table 5). The greater the dif-

ference from oil-contaminated soil without remediants, the more sensitive the indicator. Thus, for 

remediation of ordinary chernozem and brown forest soil with biochar, the most sensitive bioindicator 

is the roots length, and the least sensitive is the dehydrogenases and catalase activity. 

 
 Table 5 

 

Relative values of bioindicators for each soil type (averaged by biochar doses), 

% of oil-contaminated soil without remediants 
 

Catalase  
activity 

Dehydrogenase  
activity 

Radish  
germination 

Radish shoots 
length 

Radish roots 
 length 

Total bacteria  
count 

Ordinary chernozem 

113 106 344 1,697 2,104 131 

Brown forest soil 

113 179 191 195 261 214 

Brown semi-desert soil 

117 106 121 127 111 114 
 

Notes: 

         The most informative indicator. 

         The least informative indicator. 

 

For remediation of brown semi-desert soil, the most sensitive bioindicator is shoots length, and 

the least sensitive is dehydrogenase activity. Brown semi-desert soil of the Chernozemel’skii district 

of the Republic of Kalmykiya, when contaminated with fuel oil and kerosene at a rate of 2.5 % of the 

soil mass, stimulated the growth of radish shoots and roots [44]. It was also previously determined 

that the combined treatment with biochar and rhamnolipid has the lowest ecotoxicity for plants and 

algae when used for remediation of oil-polluted wetlands [23]. 
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The most sensitive indicator in the remediation of oil-contaminated ordinary chernozem (arable 

land, steppe soil) and brown forest soil (forest soil) with biochar is the radish roots length, and in brown 

semi-desert soil (semi-desert) – the radish shoots length. 

The study results are important since thousands of hectares of soil are contaminated with oil and 

oil products every year due to various economic uses. The application of a single concentration of 

biochar for all types of soil is environmentally ineffective. The use of biochar for cleaning oil- 

contaminated soil depends on the soil type, the natural material from which the biochar is made, and 

the contamination level [45]. When remediating oil-contaminated soils with biochar, in addition to 

oil concentration, it is necessary to consider the agroclimatic (air temperature, amount of precipitation, 

wind speed), agrochemical (N content), and physicochemical parameters of the soil (humus, pH,  

particle size fraction, BOD, COD, easily soluble salt content). Biochar, due to the adsorbent properties, 

can be used in any climatic zone, since the adsorption rate does not depend on the temperature and 

moisture content of the soil [46-48]. Biochar as a biostimulant is more effective in soils formed in 

climatic conditions with a sufficient number of sunny days and precipitation, such as in soils of the 

steppe and forest zones. 

The use of biochar is inextricably linked with the soil type (ordinary chernozem, brown forest, 

chestnut, brown semi-desert, solonchak, etc.) and the type of agricultural use (steppe, forest, and semi-

desert). In the steppe zone of Russia (for example, in the Rostov Region and Krasnodar Territory), 

arable and virgin soils predominate, represented by various chernozems and chestnut soil subtypes, with 

a heavy loamy particle size fraction, high and medium humus and nitrogen content in the soil, and high 

soil buffering. As a result, in case of oil contamination of such soils, biochar application is effective, 

and the efficiency increases in combination with microbial preparations and humic substances [49-53]. 

The degradation of petroleum hydrocarbons in forest soils is influenced by the carbon and nitrogen 

ratio, which promotes the development of native microbiota, including oil-degrading bacteria [54-56]. 

The use of biochar for the remediation of forests and forest-steppes, as in the Republic of Adygeya, 

allows stimulating native microbiota due to the carbon introduced into the soil. The application of bio-

char in semi-desert soils, for example, in the Republic of Kalmykiya and the Astrakhan Region, is less 

effective, since it is directly related to the light particle size fraction of the soils, the virtual absence of 

vegetation in the soil cover, and the low content of humus and nitrogen. Therefore, the most sensitive 

bioindicator in the remediation of brown semi-desert soil is not the roots length, as in steppe and forest 

soils, but the radish shoots length. The greater sensitivity of shoots length is associated with the greater 

number of sunny days in the region. Thus, the application of biochar for oil contamination remediation 

and environmental restoration of the soil helps to reduce the pollutant concentration and is of great 

importance for the sustainable development of plants. 

The informativeness of the bioindicator in case of contamination by oil and oil products is im-

portant first of all, since the connection between the amount of decomposed oil and the response of 

the bioindicator is considered [53, 57, 58]. The activity of microorganisms (fungi and bacteria) is one 

of the most informative, but not the most sensitive indicators [59]. The bioindicator sensitivity is 

determined by the indicator stimulation relative to the control. In case of oil contamination, the sen-

sitivity is judged by the ratio of the bioindicator and the oil-polluted background, as well as the  

control. The use of microbiological preparations containing bacteria, fungi, and algae, i.e. microbial  

consortia, is most effective [60]. In case of oil contamination of sod-podzolic, light-gray, sod-carbonate, 

dark-gray, and floodplain soils, phytotesting methods (garden cress (Lepidium sativum L.), soft wheat 

(Triticum aestivum L.), Siberian spruce (Picea obovata Ledeb.), and Scots pine (Pinus sylvestris L.) 

observed the greatest resistance to oil contamination in floodplain soil, and the greatest vulnerability 

in sod-carbonate and light-gray soils [61]. In some cases, despite the set of measures such as collec-

tion and removal of spilled oil, the use of specialized oil extraction units, the application of nitrogen 

fertilizers, loosening and phytoremediation, the oil content in peat-gley soil is not reduced sufficiently 

and is dangerous for the surrounding ecosystem [62]. The application of biochar inoculated with  
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Bacillus and Paenibacillus microorganisms is also effective with preliminary BP inoculation in bio-

char – stimulation of dehydrogenase activity by 27 % of the background value. The most informative 

bioindicators of the soil are obtained when biochar is applied with Bacillus and Paenibacillus. Their 

application stimulates catalase activity, the total bacteria count in oil-contaminated chernozem, and 

increases the barley roots length, showing the greatest sensitivity [63]. 

Conclusion 

The application of biochar for remediation of oil contaminated soils under various economic 

uses has different environmental efficiency. The oil content after biochar application decreases in all 

soils, regardless of the type of economic use. The most sensitive bioindicators for biochar remediation 

of arable land and forest soil are the roots length, and for semi-deserts, the shoots length. The most 

informative indicators for biochar remediation of oil-contaminated ordinary chernozem and brown 

semi-desert soil are the total bacteria count, and for brown forest soil, the catalase activity. From the 

point of view of environmental efficiency assessed by the integral indicator of the biological state of 

soils, the application of biochar on arable land and in forest soil (ordinary chernozem and brown 

forest soil) is less environmentally efficient than in semi-deserts (brown semi-desert soil). The ob-

tained results serve to develop measures and managerial and technical solutions for the remediation 

of oil-contaminated soils under various economic uses. 

 

The authors thank Postgraduate Student A.S.Ruseva and Master’s Student S.Yu.Revina for their 

assistance in laboratory and analytical studies. 
 

 
REFERENCES 

 

1. Vasileva G.K., Strizhakova E.R., Bocharnikova E.A. et al. Oil and oil products as soil pollutants. Technology of 

combined physical and biological decontamination of soils. Rossiiskii khimicheskii zhurnal. 2013. Vol. 57.  

N 1, p. 79-104. 

2. Pikovskii Yu.I., Smirnova M.A., Gennadiev A.N. et al. Parameters of the Native Hydrocarbon Status of Soils in Different 

Bioclimatic Zones. Eurasian Soil Science. 2019. Vol. 52. N 11, p. 1333-1346. DOI: 10.1134/S1064229319110085 

3. Vodyanitskii Yu.N., Shoba S.A. Biogeochemical barriers for soil and groundwater bioremediation. Lomonosov Soil Science 

Journal. 2016. N 3, p. 3-15 (in Russian). 

4. Bykova M.V., Pashkevich M.A. Assessment of oil pollution of soils of production facilities of different soil and climatic 

zones of the Russian Federation. News of the Tula state university. Sciences of Earth. 2020. N 1, p. 46-59 (in Russian).  

DOI: 10.46689/2218-5194-2020-1-1-46-59 

5. Polyakov R.Yu., Khotnikov E.L., Mozgovoi N.V., Bokadarov S.A. Modern means and technologies for eliminating the con-

sequences of soil contamination by oil and oil products. Pozharnaya bezopasnost: problemy i perspektivy. 2013. N 1 (4),  

p. 343-345. 

6. Shuguang Wang, Yan Xu, Zhaofeng Lin et al. The harm of petroleum-polluted soil and its remediation research. AIP Con-

ference Proceedings. 2017. Vol. 1864. Iss. 1. N 020222. DOI: 10.1063/1.4993039 

7. Buzmakov S.A., Sannikov P.Yu., Kuchin L.S. et al. The use of unmanned aerial photography for interpreting the technogenic 

transformation of the natural environment during the oilfield operation. Journal of Mining Institute. 2023. Vol. 260, p. 180-193. 

DOI: 10.31897/PMI.2023.22 

8. Ahmad A.A., Muhammad I., Shah T. et al. Remediation Methods of Crude Oil Contaminated Soil. World Journal of Agri-

culture and Soil Science. 2020. Vol. 4. Iss. 4. N WJASS.MS.ID.000595. DOI: 10.33552/WJASS.2020.04.000595 

9. Okoye P.C., Ikhajiagbe B., Obayuwana H.O., Ehiarinmwian R.I. Plant-assisted remediation of oil-polluted soil by five com-

monly cultivated local edible shrubs. Nigerian Journal of Scientific Research. 2018. Vol. 17 (1), p. 55-63. 

10. Telysheva G., Jashina L., Lebedeva G. et al. Use of Plants to Remediate Soil Polluted With Oil. Environment. Technology. 

Resources. Proceedings of the 8th International Scientific and Practical Conference, 20-22 June 2011, Rēzekne, Latvia. Rēzekne, 2011. 

Vol. 1, p. 38-45. DOI: 10.17770/ETR2011VOL1.925 

11. Vysotskaya L.B., Arkhipova T.N., Kuzina E.V. et al. Comparison of responses of different plant species to oil pollution. 

Biomics. 2019. Vol. 11. N 1, p. 86-100. DOI: 10.31301/2221-6197.bmcs.2019-06 

12. Tang K.H.D., Angela J. Phytoremediation of crude oil-contaminated soil with local plant species. IOP Conference Series: 

Materials Science and Engineering. 2019. Vol. 495. N 012054. DOI: 10.1088/1757-899X/495/1/012054 

13. Pashayan A.A., Nesterov A.V., Shchetinskaya O.S., Melnikova E.A. Recultivation of Oil-Contaminated Soils by Reagent 

Encapsulation with their Subsequent Phytoremediation. Ecology and Industry of Russia. 2022. Vol. 26. N 9, p. 20-25 (in Russian). 

DOI: 10.18412/1816-0395-2022-9-20-25 

14. Slusarevsky A.V., Zinnatshina L.V., Vasilyeva G.K. Comparative Environmental and Economic Analysis of Methods for 

the Remediation of Oil-Contaminated Soils by in situ Bioremediation and Mechanical Soil Replacement. Ecology and Industry of 

Russia. 2018. Vol. 22. N 11, p. 40-45 (in Russian). DOI: 10.18412/1816-0395-2018-11-40-45 

https://doi.org/10.1134/S1064229319110085
https://doi.org/10.46689/2218-5194-2020-1-1-46-59
https://doi.org/10.1063/1.4993039
https://doi.org/10.31897/PMI.2023.22
https://doi.org/10.33552/WJASS.2020.04.000595
https://doi.org/10.17770/ETR2011VOL1.925
https://doi.org/10.31301/2221-6197.bmcs.2019-06
https://doi.org/10.1088/1757-899X/495/1/012054
https://doi.org/10.18412/1816-0395-2022-9-20-25
https://doi.org/10.18412/1816-0395-2018-11-40-45


 

 

Journal of Mining Institute. 2025. Vol. 271. P. 84-94 

© Tatiana V. Minnikova, Sergey I. Kolesnikov, 2025 

 

93 

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

15. Kuzina E.V., Rafikova G.F., Stolyarova E.A., Loginov O.N. Efficiency of Associations of Legume Plants and Growth- 
Stimulating Bacteria for Restoration of Oil-Contaminated Soils. Agrohimia. 2021. N 4, p. 87-96 (in Russian).  
DOI: 10.31857/S0002188121040074 

16. Anae J., Ahmad N., Kumar V. et al. Recent advances in biochar engineering for soil contaminated with complex chemical 
mixtures: Remediation strategies and future perspectives. Science of the Total Environment. 2021. Vol. 767. N 144351.  
DOI: 10.1016/j.scitotenv.2020.144351 

17. Zahed M.A., Salehi S., Madadi R., Hejabi F. Biochar as a sustainable product for remediation of petroleum contaminated soil. 
Current Research in Green and Sustainable Chemistry. 2021. Vol. 4. N 100055. DOI: 10.1016/j.crgsc.2021.100055 

18. Yuanfei Lv, Jianfeng Bao, Dongyang Liu et al. Synergistic effects of rice husk biochar and aerobic composting for heavy 

oil-contaminated soil remediation and microbial community succession evaluation. Journal of Hazardous Materials. 2023. Vol. 448.  

N 130929. DOI: 10.1016/j.jhazmat.2023.130929 

19. Chuan Yin, Huan Yan, Yuancheng Cao, Huanfang Gao. Enhanced bioremediation performance of diesel-contaminated soil by 

immobilized composite fungi on rice husk biochar. Environmental Research. 2023. Vol. 226. N 115663. DOI: 10.1016/j.envres.2023.115663 

20. Yousaf U., Khan A.H.A., Farooqi A. et al. Interactive effect of biochar and compost with Poaceae and Fabaceae plants on 

remediation of total petroleum hydrocarbons in crude oil contaminated soil. Chemosphere. 2022. Vol. 286. Part 2. N 131782.  

DOI: 10.1016/j.chemosphere.2021.131782 

21. Abbaspour A., Zohrabi F., Dorostkar V. et al. Remediation of an oil-contaminated soil by two native plants treated with 

biochar and mycorrhizae. Journal of Environmental Management. 2020. Vol. 254. N 109755. DOI: 10.1016/j.jenvman.2019.109755 

22. Hongyang Ren, Yuanpeng Deng, Liang Ma et al. Enhanced biodegradation of oil-contaminated soil oil in shale gas exploi-

tation by biochar immobilization. Biodegradation. 2022. Vol. 33. Iss. 6, p. 621-639. DOI: 10.1007/s10532-022-09999-6 

23. Zhuo Wei, Jim J. Wang, Yili Meng et al. Potential use of biochar and rhamnolipid biosurfactant for remediation of crude oil-contami-

nated coastal wetland soil: Ecotoxicity assessment. Chemosphere. 2020. Vol. 253. N 126617. DOI: 10.1016/j.chemosphere.2020.126617 

24. Smirnova E.V., Okunev R.V., Giniyatullin K.G. Influence of carbon sorbents on the potential ability of soils to self-cleaning 

from petroleum pollution. Georesources. 2022. Vol. 24. N 3, p. 210-218 (in Russian). DOI: 10.18599/grs.2022.3.18 

25. Dike C.C., Shahsavari E., Surapaneni A. et al. Can biochar be an effective and reliable biostimulating agent for the remediation 

of hydrocarbon-contaminated soils? Environment International. 2021. Vol. 154. N 106553. DOI: 10.1016/j.envint.2021.106553 

26. Dike C.C., Hakeem I.G., Rani A. et al. The co-application of biochar with bioremediation for the removal of petroleum hydro-

carbons from contaminated soil. Science of the Total Environment. 2022. Vol. 849. N 157753. DOI: 10.1016/j.scitotenv.2022.157753 

27. Gorovtsov A.V., Minkina T.M., Mandzhieva S.S. et al. The mechanisms of biochar interactions with microorganisms in soil. 

Environmental Geochemistry and Health. 2020. Vol. 42. Iss. 8, p. 2495-2518. DOI: 10.1007/s10653-019-00412-5 

28. Hongyang Lin, Yang Yang, Zhenxiao Shang et al. Study on the Enhanced Remediation of Petroleum-Contaminated Soil by 

Biochar/g-C3N4 Composites. International Journal of Environmental Research and Public Health. 2022. Vol. 19. Iss. 14. N 8290. 

DOI: 10.3390/ijerph19148290 

29. Minnikova T., Ruseva A., Kolesnikov S. Assessment of Ecological State of Soils Contaminated by Petroleum Hydrocarbons 

after Bioremediation. Environmental Processes. 2022. Vol. 9. Iss. 3. N 49. DOI: 10.1007/s40710-022-00604-9 

30. Haider F.U., Xiukang Wang, Zulfiqar U. et al. Biochar application for remediation of organic toxic pollutants in contaminated 

soils; An update. Ecotoxicology and Environmental Safety. 2022. Vol. 248. N 114322. DOI: 10.1016/j.ecoenv.2022.114322 

31. Murtaza G., Ahmed Z., Eldin S.M. et al. Biochar as a Green Sorbent for Remediation of Polluted Soils and Associated Toxicity 

Risks: A Critical Review. Separations. 2023. Vol. 10. Iss. 3. N 197. DOI: 10.3390/separations10030197 

32. Xin Sui, Xuemei Wang, Yuhuan Li, Hongbing Ji. Remediation of Petroleum-Contaminated Soils with Microbial and Microbial 

Combined Methods: Advances, Mechanisms, and Challenges. Sustainability. 2021. Vol. 13. Iss. 16. N 9267. DOI: 10.3390/su13169267 

33. World Reference Base for Soil Resources. International soil classification system for naming soils and creating legends for soil 

maps. Vienna: International Union of Soil Sciences, 2022. 236 p. URL: https://www.isric.org/sites/default/files/WRB_fourth_edition_2022-

12-18.pdf 

34. Daud R.M., Kolesnikov S.I., Minnikova T.V. et al. Biodiagnostics of arid soils resistance in the South of Russia to conta-

mination by heavy metals, petroleum hydrocarbons, and biocides. Rostov-on-Don: Izd-vo Yuzhnogo federalnogo universiteta, 2021,  

p. 217. 

35. Sangadzhieva L.Ch., Davaeva Ts.D., Buluktaev A.A. Influence of oil pollution on phytotoxicity of light brown soils of 

Kalmykia. Bulletin of Kalmyk university. 2013. N 1 (17), p. 44-47 (in Russian). 

36. Valkov V.F., Kazeev K.Sh., Kolesnikov S.I. Soils of the South of Russia. Rostov-na-Donu: Everest, 2008, p. 276. 

37. Baikhamurova M.O., Yuldashbek D.H., Sainova G.A., Anarbekova G.D. Change of catalase and urease activity at high 

content of heavy metals (Pb, Zn, Cd) in serozem. European Journal of Natural History. 2020. N 3, p. 70-73. 

38. Małachowska-Jutsz A., Matyja K. Discussion on methods of soil dehydrogenase determination. International Journal of 

Environmental Science and Technology. 2019. Vol. 16. Iss. 12, p. 7777-7790. DOI: 10.1007/s13762-019-02375-7 

39. Polyanskaya L.M., Pinchuk I.P., Stepanov A.L. Comparative Analysis of the Luminescence Microscopy and Cascade Filtra-

tion Methods for Estimating Bacterial Abundance and Biomass in the Soil: Role of Soil Suspension Dilution. Eurasian Soil Science. 

2017. Vol. 50. N 10, p. 1173-1176. DOI: 10.1134/S1064229317100088 

40. Quintela-Sabarís C., Marchand L., Kidd P.S. et al. Assessing phytotoxicity of trace element-contaminated soils phytomanaged 

with gentle remediation options at ten European field trials. Science of the Total Environment. 2017. Vol. 599-600, p. 1388-1398.  

DOI: 10.1016/j.scitotenv.2017.04.187 

41. Kolesnikov S.I., Kazeev K.S., Akimenko Y.V. Development of regional standards for pollutants in the soil using biological 

parameters. Environmental Monitoring and Assessment. 2019. Vol. 191. Iss. 9. N 544. DOI: 10.1007/s10661-019-7718-3 

42. Tunç E., Şahin E.Z., Demir M. et al. Investigation of Factors Affecting Catalase Enzyme Activity In Different Agricultural 

Soils. 1st International Congress on Sustainable Agriculture and Technology, 1-3 April 2019, Gaziantep, Turkey. Gaziantep University, 

2019, p. 103-116. 

43. Bakaeva M.D., Kuzina E.V., Rafikova G.F. et al. Application of auxin producing bacteria in phytoremediation of oil-con-

taminated soil. Theoretical and Applied Ecology. 2020. N 1, p. 144-150 (in Russian). DOI: 10.25750/1995-4301-2020-1-144-150 

https://doi.org/10.31857/S0002188121040074
https://doi.org/10.1016/j.scitotenv.2020.144351
https://doi.org/10.1016/j.crgsc.2021.100055
https://doi.org/10.1016/j.jhazmat.2023.130929
https://doi.org/10.1016/j.envres.2023.115663
https://doi.org/10.1016/j.chemosphere.2021.131782
https://doi.org/10.1016/j.jenvman.2019.109755
https://doi.org/10.1007/s10532-022-09999-6
https://doi.org/10.1016/j.chemosphere.2020.126617
https://doi.org/10.18599/grs.2022.3.18
https://doi.org/10.1016/j.envint.2021.106553
https://doi.org/10.1016/j.scitotenv.2022.157753
https://doi.org/10.1007/s10653-019-00412-5
https://doi.org/10.3390/ijerph19148290
https://doi.org/10.1007/s40710-022-00604-9
https://doi.org/10.1016/j.ecoenv.2022.114322
https://doi.org/10.3390/separations10030197
https://doi.org/10.3390/su13169267
https://www.isric.org/sites/default/files/WRB_fourth_edition_2022-12-18.pdf
https://www.isric.org/sites/default/files/WRB_fourth_edition_2022-12-18.pdf
https://doi.org/10.1007/s13762-019-02375-7
https://doi.org/10.1134/S1064229317100088
https://doi.org/10.1016/j.scitotenv.2017.04.187
https://doi.org/10.1007/s10661-019-7718-3
https://doi.org/10.25750/1995-4301-2020-1-144-150


 

 

Journal of Mining Institute. 2025. Vol. 271. P. 84-94 

© Tatiana V. Minnikova, Sergey I. Kolesnikov, 2025 

   

94 

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

44. Buluktaev A.A. Phytotoxicity of oil-polluted soils in arid territories: analyzing results of simulation experiments. Russian 

Journal of Ecosystem Ecology. 2019. Vol. 4 (3), p. 10 (in Russian). DOI: 10.21685/2500-0578-2019-3-5 

45. Xue Yang, Shiqiu Zhang, Meiting Ju, Le Liu. Preparation and Modification of Biochar Materials and their Application in 

Soil Remediation. Applied Sciences. 2019. Vol. 9. Iss. 7. N 1365. DOI: 10.3390/app9071365 

46. Masiello C.A., Dugan B., Brewer C.E. et al. Biochar effects on soil hydrology. Biochar for Environmental Management. 

Science, Technology and Implementation. Routledge. 2015, p. 543-562. DOI: 10.4324/9780203762264 

47. Kinney T.J., Masiello C.A., Dugan B. et al. Hydrologic properties of biochars produced at different temperatures. Biomass 

and Bioenergy. 2012. Vol. 41, p. 34-43. DOI: 10.1016/j.biombioe.2012.01.033 

48. Van Gestel M., Ladd J.N., Amato M. Microbial biomass responses to seasonal change and imposed drying regimes at increasing 

depths of undisturbed topsoil profiles. Soil Biology and Biochemistry. 1992. Vol. 24. Iss. 2, p. 103-111. DOI: 10.1016/0038-0717(92)90265-Y 

49. Muratova A.Yu., Panchenko L.V., Dubrovskaya E.V. et al. Bioremediation Potential of Biochar-Immobilized Cells of 

Azospirillum brasilense. Microbiology. 2022. Vol. 91. N 5, p. 514-522. DOI: 10.1134/S0026261722601336 

50. Minnikova T.V., Kolesnikov S.I., Minin N.S. Evaluation of dehydrogenases and invertase activity in petroleum-hydrocarbon-

contaminated haplic chernozem during remediation with biochar and bacterial preparation. Biosphere. 2024. Vol. 16. N 1, p. 36-44  

(in Russian). DOI: 10.24855/biosfera.v16i1.891 

51. Minnikova T., Kolesnikov S., Minkina T., Mandzhieva S. Assessment of Ecological Condition of Haplic Chernozem Calcic 

Contaminated with Petroleum Hydrocarbons during Application of Bioremediation Agents of Various Natures. Land. 2021. Vol. 10. 

Iss. 2. N 169. DOI: 10.3390/land10020169 

52. Minnikova T., Kolesnikov S., Minin N. et al. The Influence of Remediation with Bacillus and Paenibacillus Strains and 

Biochar on the Biological Activity of Petroleum-Hydrocarbon-Contaminated Haplic Chernozem. Agriculture. 2023. Vol. 13. Iss. 3.  

N 719. DOI: 10.3390/agriculture13030719 

53. Ruseva A., Minnikova T., Kolesnikov S. et al. Assessment of the ecological state of haplic chernozem contaminated by oil, 

fuel oil and gasoline after remediation. Petroleum Research. 2024. Vol. 9. Iss. 1, p. 155-164. DOI: 10.1016/j.ptlrs.2023.03.002 

54. Kudeyarov V.N. The agrobiogeochemical cycles of carbon and nitrogen of Russian croplands. Agrohimia. 2019. N 12, p. 3-15 

(in Russian). DOI: 10.1134/S000218811912007X 

55. Uligova T.S., Tsepkova N.L., Rapoport I.B. et al. Forest Biogeocoenoses in the Area of Brown Forest Soils of the Western 

Caucasus. Biology Bulletin. 2023. Vol. 50. N 1, p. 70-84. DOI: 10.1134/S1062359023010132 

56. Ryzhova I.M., Podvezennaya M.A., Kirillova N.P. Analysis of the effect of moisture content on the spatial variability of 

carbon stock in forest soil of European Russia using databases. Lomonosov Soil Science Journal. 2022. N 2, p. 20-27 (in Russian). 

57. Lukoshkova A.A., Popova L.F. Microbiological activity of soils contaminated with oil products. Nauchnye mezhdistsiplinarnye 

issledovaniya. Sbornik statei VI Mezhdunarodnoi nauchno-prakticheskoi konferentsii, 25 oktyabrya 2020, Saratov, Russia. Saratov: 

Nauchno-obrazovatelnaya organizatsiya “Tsifrovaya nauka”, 2020, p. 11-15 (in Russian). DOI: 10.24412/cl-36007-2020-6-11-15 

58. Morachevskaya E.V., Voronina L.P. Bioassay as a method of integral assessment for remediation of oil-contaminated eco-

systems. Theoretical and Applied Ecology. 2022. N 1, p. 34-43. DOI: 10.25750/1995-4301-2022-1-034-043 

59. Usacheva Yu.N. Methods of bioindication in assessment of oil-contaminated soils under recultivation work. Ecology and 

Industry of Russia. 2012. N 11, p. 40-43 (in Russian). DOI: 10.18412/1816-0395-2012-11-40-43 

60. Sozina I.D., Danilov A.S. Microbiological remediation of oil-contaminated soils. Journal of Mining Institute. 2023. Vol. 260,  

p. 297-312. DOI: 10.31897/PMI.2023.8 

61. Buzmakov S.A., Andreev D.N., Nazarov A.V. et al. Responses of Different Test Objects to Experimental Soil Contamination 

with Crude Oil. Russian Journal of Ecology. 2021. Vol. 52. N 4, p. 267-274. DOI: 10.1134/S1067413621040056 

62. Maslov M.N., Maslova O.A., Ezhelev Z.S. Microbiological Transformation of Organic Matter in Oil-Polluted Tundra Soils 

after Their Reclamation. Eurasian Soil Science. 2019. Vol. 52. N 1, p. 58-65. DOI: 10.1134/S1064229319010101 

63. Minnikova T., Kolesnikov S., Revina S. et al. Enzymatic Assessment of the State of Oil-Contaminated Soils in the South of 

Russia after Bioremediation. Toxics. 2023. Vol. 11. Iss. 4. N 355. DOI: 10.3390/toxics11040355 

 
 

Authors: Tatiana V. Minnikova, Candidate of Biological Sciences, Leading Researcher, loko261008@yandex.ru, https://or-

cid.org/0000-0002-9453-7137 (Southern Federal University, Rostov-on-Don, Russia), Sergey I. Kolesnikov, Doctor of Agricultural 

Sciences, Head of Department, https://orcid.org/0000-0001-5860-8420 (Southern Federal University, Rostov-on-Don, Russia).  

 

The authors declare no conflict of interests. 

https://doi.org/10.21685/2500-0578-2019-3-5
https://doi.org/10.3390/app9071365
https://doi.org/10.4324/9780203762264
https://doi.org/10.1016/j.biombioe.2012.01.033
https://doi.org/10.1016/0038-0717(92)90265-Y
https://doi.org/10.1134/S0026261722601336
https://doi.org/10.24855/biosfera.v16i1.891
https://doi.org/10.3390/land10020169
https://doi.org/10.3390/agriculture13030719
https://doi.org/10.1016/j.ptlrs.2023.03.002
https://doi.org/10.1134/S000218811912007X
https://doi.org/10.1134/S1062359023010132
https://doi.org/10.24412/cl-36007-2020-6-11-15
https://doi.org/10.25750/1995-4301-2022-1-034-043
https://doi.org/10.18412/1816-0395-2012-11-40-43
https://doi.org/10.31897/PMI.2023.8
https://doi.org/10.1134/S1067413621040056
https://doi.org/10.1134/S1064229319010101
https://doi.org/10.3390/toxics11040355
https://orcid.org/0000-0002-9453-7137
https://orcid.org/0000-0002-9453-7137
https://orcid.org/0000-0001-5860-8420


 

 

Journal of Mining Institute. 2025. Vol. 271. P. 95-107 

© Mikhail Ya. Bryn, Murat G. Mustafin, Dinara R. Bashirova, Bogdan Yu. Vasilev, 2025 

95 

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

 

 

 

 

 

 

Research article         Geotechnical Engineering and Engineering Geology 

 

Investigation of the accuracy of constructing digital elevation models  

of technogenic massifs based on satellite coordinate determinations 

 
Mikhail Ya. Bryn1, Murat G. Mustafin2, Dinara R. Bashirova3, Bogdan Yu. Vasilev2



1 Emperor Alexander I St. Petersburg State Transport University, Saint Petersburg, Russia 
2 Empress Catherine II Saint Petersburg Mining University, Saint Petersburg, Russia 
3 AO “Gazprom Diagnostika”, Saint Petersburg, Russia 
 
 

How to cite this article: Bryn M.Ya., Mustafin M.G., Bashirova D.R., Vasilev B.Yu. Investigation of the accuracy 
of constructing digital elevation models of technogenic massifs based on satellite coordinate determinations. Journal 

of Mining Institute. 2025. Vol. 271. N 16310, p. 95-107.  
 

Abstract 

At all stages of the life cycle of buildings and structures, geodetic support is provided by electronic measuring instru-

ments – a laser scanning system, unmanned aerial vehicles, and satellite equipment. In this context, a set of geospatial 

data is obtained that can be presented as a digital model. The relevance of this work is practical recommendations for 

constructing a local quasigeoid model and a digital elevation model (DEM) of a certain accuracy. A local quasigeoid 

model and a DEM were selected as the study objects. It is noted that a DEM is often produced for vast areas, and, 

therefore, it is necessary to build a local quasigeoid model for such models. The task of assessing the accuracy of 

constructing such models is considered; its solution will allow obtaining a better approximation to real data on preas-

signed sets of field materials. A general algorithm for creating both DEM and local quasigeoid models in the Golden 

Software Surfer is presented. The constructions were accomplished using spatial interpolation methods. When building 

a local quasigeoid model for an area project, the following methods were used: triangulation with linear interpolation 

(the least value of the root mean square error (RMSE) of interpolation was 0.003 m) and kriging (0.003 m). The least 

RMSE value for determining the heights by control points for an area project was obtained using the natural neighbour 

(0.004 m) and kriging (0.004 m) methods. To construct a local quasigeoid model for a linear project, the following 

methods were applied: kriging (0.006 m) and triangulation with linear interpolation (0.006 m). Construction of the 

digital elevation model resulted in the least aggregate value of the estimated parameters: on a flat plot of the earth’s 

surface – the natural neighbour method, for a mountainous plot with anthropogenic topography – the quadric kriging 

method, for a mountainous plot – quadric kriging. 
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Introduction 

Geodetic support, which includes engineering and geodetic survey, siting work, and pre-con-

struction survey, is an important aspect of ensuring the design, construction and operation of buildings 

and structures, including projects in the mineral resources sector. During operation, monitoring of the 

facility deformations can be carried out [1]. At all life cycle stages of mineral resource sector projects 

it is possible to use the  advanced technologies: information [2, 3], numerical [4-6] and simulation 

modelling [7] as well as neural networks [8, 9]. In this case, it is possible to monitor the main charac-

teristics of the investigated project in a safe manner and in great detail, which leads to quality  

improvement of the handed-over field materials and an expansion of the information set regarding 

the research object. In respect of geodetic support of the work, the use of advanced technologies 

allows combining geospatial data into a single set of reliable information used for taking engineering 

decisions and creating integrated models for safe operation of engineering constructions [10-12]. 

Non-contact methods of terrain surveying, such as laser scanning [13] and photogrammetric me-

thods [14] including unmanned aerial vehicles [15-17] are actively applied. It should be noted that 
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lately the observation methods with a satellite navigation system (GNSS) were applied to determine 

the altitude position of structural elements [18] for the efficient use of which it is necessary to have a 

quasigeoid height model or a height anomaly model for the construction site. It should be emphasized 

that in the process of designing and constructing the projects as well as in various urban development 

works, including land development, generation of a digital elevation model (DEM) based on the ob-

tained data is an important stage for obtaining spatial information about the work site. Assessment of 

the accuracy and automation of DEM creation is a relevant task, since the quality and speed of con-

struction allow increasing the productivity of all the related processes. Thus, the task of studying the 

accuracy of producing a local quasigeoid model and DEM arises in the absence of general recommen-

dations for their construction [19, 20] and accuracy assessment [21, 22]. For example, articles [23-25] 

contain recommendations on the use of spatial interpolation methods [26, 27] for producing mathe-

matical elevation models.  

It should be noted that the construction of DEM is possible both with and without using a local 

quasigeoid model. However, this can lead to distortion of the information on topography [19, 25].  

To provide the results of geodetic support, the normal height system is used [18, 28, 29]. In case of 

obtaining geodetic heights, the question of switching to it arises. Then, a local quasigeoid model is 

needed [30-32] for the creation of which it is important to have combined points [33, 34] (with known 

geodetic heights from the GNSS definitions and normal or orthometric heights from geometric 

levelling). Modelling of the surface of height anomalies [34] was caused primarily by land planning 

in Poland [28], Slovenia [31], coastal cities of the Red Sea [20], and Ethiopia [34]. 

The authors of [21, 35] noted that the production of such models in hard-to-reach mountainous 

areas is an important stage in accurate determination of heights using the GNSS equipment. Article [28] 

indicates that an accuracy of 5 mm was attained when creating a local model for the territory of 

Krakow. The production of such models is important for development of the regions [33]. Often, the 

problem of modelling the surface of height anomalies for an area project is solved. However, there 

are no studies aimed at creating a local quasigeoid model for an extensive linear project. No recom-

mendations were drawn up concerning the required number of points or the method for assigning  

a sufficient number of points to create a model in which the accuracy of determining the heights 

would correspond to the accuracy indicated in work specifications at each stage of construction. 

When determining the corrections to geodetic heights for further construction of DEM, it is nec-

essary to choose the spatial interpolation method that will be used to construct a mathematical model 

of height anomalies [36]. DEM construction from data obtained by different survey methods [37] is 

actively investigated [35]. In this case, the results can be used as a spatial grid with regular spacing 

(GRID) or a point cloud [38]. Choice of the spatial interpolation method has a direct impact on the 

final accuracy of constructing the mathematical elevation model [39]. The most common method is 

the triangulation irregular network (TIN) [25]. However, in [40-42] the advisability of using other 

spatial interpolation methods is mentioned: 

• The kriging method is used for constructing the topography of both the earth’s, and the un-

derwater surface [43, 44] with a correct definition of the variogram [45, 46] forming the spatial 

dependence. 

• Radial basis function. The data on topography obtained by airborne laser scanning (ALS) are 

characterized by outliers which have a negative impact on the accuracy of digital elevation models. 

However, experimental results in the study [47] showed that the use of spline functions provides  

a more accurate model based on natural, rather than synthetically created data. 

The obtained accuracy of constructions is affected by the density of the source geospatial data 

[48, 49] and the source of information [50]. The aim of the work is to assess the accuracy of creating 

mathematical elevation models and a quasigeoid based on spatial interpolation methods as well as to 

develop the initial provisions of the general methodology for creating a local quasigeoid model and 

a digital elevation model. 
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Methods 

Source data. Construction of a local quasigeoid model. Source data for the area project were 

300 combined geodetic points at which geodetic and normal heights were determined. Of the total 

number of points at approximately the same spacing in different parts of the project, 10 % (30 points) 

were used as controls and did not participate in creation of the model. Root mean square errors 

(RMSE) of determining the normal heights of points did not exceed 3 mm. The area of the study 

project was 776.39 km2. 

When creating a local quasigeoid model for constructing a motorway in flat terrain, 28 points 

lying at different sides and at equal distances from the axis of the designed project in its different 

parts were selected from the total number of combined geodetic points. The limitation in the number 

of points is due to the existing plan-elevation datum. Similarly, to control the quality of construction, 

a part of points (10 %) was excluded from the process of creating models, which contradicted the 

principle of a uniform distribution of data and could also lead to collisions in the interpretation of the 

results of accuracy assessment due to local instability. 

Construction of DEM. Source data were the results of airborne laser scanning of three large areas 

on the earth's surface with different types of topography (Table 1). Using the TerraScan software by 

Terrasolid Company and a point cloud macro, two point clouds were automatically classified, con-

taining: 

• key points used to construct the DEM; 

• points on the earth’s surface that are not mandatory (key) for construction. At the same time, 

they contain spatial information about the earth’s surface, which can be used to assess the accuracy. 

Then, the areas were visually assessed for the presence of points with non-characteristic devia-

tions, which indicate an erroneous classification of individual points of the earth’s surface. 

 
Table 1 

Brief characteristic of plots 

Plot Average inclination angle, deg Minimum height, m Maximum height, m Area, m2 

A 0.5 8.0 35.40 53,423 

B 29.3 194.95 918.07 10,872 

C 25.6 460.63 1,726.00 32,541 

 
Plot A is a flat area (Fig.1, a) with minor local changes in surface curvature. Plot B (Fig.1, b) is  

a mountainous region with significant elevation differences and areas with major changes in surface 

curvature. Plot C is a mountainous area (Fig.1, c) with pronounced anthropogenic topography. Surface 

shows of disturbances and edges and slopes typical of open-pit mining are visible. 

General description of the methodology for constructing models. Six methods of spatial in-

terpolation were used. Constructions were performed in the Golden Software Surfer. It is proposed 

to create a local quasigeoid model: 

• import of a set of geospatial data into the software; 

• transition from a point cloud to GRID (spatial grid with regular spacing); 

• construction of mathematical models by selected methods of spatial interpolation using dif-

ferent parameters; 

• calculation of metrics for assessing the accuracy of constructions using control points; 

• comparative analysis of metrics characterizing the accuracy of construction of mathematical 

models obtained using selected methods of spatial interpolation; 

• definition of spatial interpolation method based on the values of selected metrics for con-

structing the mathematical model of similar plots. 
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Creation of DEM: 

• transformation of geodetic heights to normal ones in case of a large extent of the project site or 

according to the task set using the produced local quasigeoid model; 

• division of a large area project into fragments 1,000×1,000 m; 

• selection of a characteristic plot based on general morphometric characteristics from a set of 

obtained fragments; 

• construction of DEM on a characteristic plot and drawing-up of practical recommendations for 

choosing the spatial interpolation method based on the accuracy assessment for the entire project site; 

• creation of DEM for the entire project site using the selected spatial interpolation method. 

Analysis of methods for constructing models. Triangulation with linear interpolation. In the 

Surfer program, a triangulation surface is constructed on the source data set. When a point with an 

unknown Z coordinate falls into the constructed plane limited by three points and determined by the 

equation 

aX + bY + cZ + d = 0, 

the coefficients are determined by expressions: 

a = Y1(Z2 – Z3) + Y2(Z3 – Z1) + Y3(Z1 – Z2);  

b = Z1(X2 – X3) + Z2(X3 – X1) + Z3(X1 – X2);  

c = X1(Y2 – Y3) + X2(Y3 – Y1) + X3(Y1 – Y2);  

d = X1(Y2Z3– Y3Z2) + X2(Y3Z1 – Y1Z3) + X3(Y1Z2 – Y2Z1).  

The unknown Z coordinate for a new point inserted into the surface is calculated from the formula 

0
ˆ aX bY d
Z

c

  
 . 

Minimum curvature method. Using the least squares method, a mathematical surface is calcu-

lated that includes all the source data: 

Z(X,Y) = a + bX + cY. 

 

a b 

c 

Fig.1. Work plots constructed from classified data 
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Difference between the resulting construction values and points with the known coordinates is 

determined by the formula 

ei = (a + bXi + cYi) – Zi. 

At the next stage, the values of heights at nodes of the regular grid are calculated. The problem 

of solving a modified differential equation arises 

     2 2 21 0i iT e T e      , 

where Ti is the tension coefficient. 

It is necessary to take the boundary conditions into account: 

   
 2

2 2

2
1 0, 0, 0b b

ee e e
T T

n n X Yn

   
    

   
, 

where 2  is the Laplace operator; n – boundary normal; Tb – boundary tension parameter. 

Then, the final estimate of Z is determined by expression 

   ˆ ˆ, ,Z X Y a bX cY e X Y    . 

Using the minimum curvature method, surfaces are constructed with a change in two parameters: 

The Internal Tension (deflection amount) and The Boundary Tension (deflection value at edges). The 

higher the values of these parameters, the less pronounced the bending. 

Nearest neighbour method. To determine the value of a new point added to the surface, the value 

of the nearest sample point is used 

0
ˆ

iZ Z , 

where Zi is the value of the nearest sample point. 

In the process of creating models, different options for the search area of values were used in 

order to identify the impact of changes in the area on the accuracy of the digital model. 

Natural neighbour. Definition of weights for calculating the values of coordinates at nodes of 

the regular grid is accomplished on the basis of proportional areas [40]: 

0 0
1

ˆ
N

i i
i

Z w Z


 , 

where wi0 is the weight of the i-th point (calculated using Voronoi diagrams). 

When using such method, the heights of interpolated points will not go beyond the range of 

heights of the source data [41]. 

Radial basis function. To calculate the Z coordinate for the inserted point, the following expres-

sion is used 

 0 0
1

ˆ
n

i i
i

Z B d


  , 

where di0 is distance between the determined point and the known i-th point; λ, coefficient of the i-th 

point with known coordinates; B, radial basis function whose argument is di0  distance. 

The functions available in the Surfer were used as the compute core for the method in the inves-

tigation: 

• Multiquadric  

  2 2B d d R  ; 
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• Inverse Multiquadric 

 
2 2

1
B d

d R



; 

• Miltilog 

   2 2logB d d R  ; 

• Thin Plate Spline 

     2 2 2 2logB d d R d R   ; 

• Natural Cubic Spline 

   
3/2

2 2B d d R  , 

where d is distance from the point with an unknown Z value to the point with known spatial coordi-

nates; R2, smoothing parameter. 

Kriging. The advantage of such method is the use of statistical models, which, among other 

things, allow making a forecast with an assessment of its accuracy. An important factor influencing 

the correlation coefficient is the distance between the initial points. 

Z coordinate for a point added to the mathematical surface is determined from the formula 

0
1

ˆ
n

i i
i

Z Z


  , 

where n weights of λi is the solution of the kriging system 

1

, 1, ...,
n

i ij oj
i

C C j n


   . 

The choice of spatial interpolation methods is determined by national and foreign experience of 

using them to construct digital elevation models and quasigeoids. In addition, the developers of the 

Surfer software indicate such methods for construction of digital elevation models. 

Discussion of results 

Construction of a local quasigeoid model of an area project. After the stage of model construction 

was completed, a comparison of methods was made on the basis of analysing the RMSE values of 

spatial interpolation and the RMSE of determining the height anomalies by control points (Table 2).  

It should be noted that the Gauss formula was used to calculate the RMSE of determining the height 

anomaly by control points. In the analytical examination of the assessment of the accuracy of construc-

tions, the following features are highlighted: 

• the least value of the interpolation RMSE was attained using the methods of triangulation with 

linear interpolation (0.003 m) and kriging (0.003 m); 

• the least RMSE value for determining the heights by control points was obtained using the 

natural neighbour (0.004 m) and kriging (0.004 m) methods. 
 

Table 2 

Assessment of the accuracy of constructing a local quasigeoid model of an area project 

Method 
Number of points  

to create a model 

Number of test 

points 

RMSE  

of interpolation, m 

RMSE of determining 

height anomalies  

from control points, m 

Triangulation with linear interpretation 268 30 0.003 0.008 

Minimum curvature 269 30 0.010 0.006 

Nearest neighbour 265 30 0.014 0.006 

Natural neighbour 265 30 0.007 0.004 

Radial basis function (cubic spline) 263 30 0.007 0.006 

Kriging 270 30 0.003 0.004 
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Figure 2 shows the results of constructing local quasigeoid models a using triangulation with 

linear interpolation and kriging methods. 

Construction of a local quasigeoid model of a linear project. To construct the model, data on 

geodetic and normal heights of points lying along the projected route were used. Similar constructions 

were made (Table 3). The least RMSE value for determining the heights from the model was obtained 

by kriging (0.006 m) and triangulation with linear interpolation (0.006 m). When assessing the accuracy 

of constructing a model based on control points, the least RMSE value for determining the heights was 

obtained using the kriging method (0.007 m). The kriging method on the estimated parameters is 

preferable for both projects. When determining the optimal number of initial points required con-

structing a local quasigeoid model, the points were equidistant from each other. Spacing between the 

neighbouring points was 5-6 km, and they lay on the same line. To assess the required number of 

points, it was decided to successively exclude the initial points and assess the accuracy of constructing 

the model based on control points. To build a model of 27 points, it was decided to leave 10 points, 

provided that they were uniformly distributed. The model was built using the kriging method, the 

RMSE of determining the heights of the model using the Gauss formula was 4 mm. The RMSE of 

building the model by this method was 7 mm. With further exclusion of points and building the model 

(with a 10 km spacing between points), the RMSE was 26 cm, which does not satisfy the required 

accuracy of construction. Thus, when designing the required number of points in a given area, the 

recommended spacing between the combined points is 5 km. 
 

Table 3 

Assessment of the accuracy of constructing a local quasigeoid model of a linear project 

Method 
Number of points 

to create a model 

Number  

of test points 

RMSE  

of interpolation, m 

RMSE of determining 

height from control 

points, m 

Triangulation with linear interpolation 27 10 0.006 0.009 

Minimum curvature 28 9 0.01 0.009 

Nearest neighbour 27 9 0.021 0.016 

Natural neighbour 26 9 0.011 0.008 

Radial basis function (cubic spline) 26 10 0.015 0.009 

Kriging 28 10 0.006 0.007 

 

Construction of DEM based on airborne laser scanning results. Subdivision of areas into frag-

ments. Classified airborne laser scanning data were divided into fragments measuring 1,000×1,000 m. 

After this, the fragments that best characterize each plot were selected based on inclination angle and 

visual assessment. 
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 Fig.2. Local quasigeoid model constructed by triangulation methods with linear interpolation (a); kriging (b)  



 

 

Journal of Mining Institute. 2025. Vol. 271. P. 95-107   

© Mikhail Ya. Bryn, Murat G. Mustafin, Dinara R. Bashirova, Bogdan Yu. Vasilev, 2025 

102 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Assessment of the accuracy of constructed models based on characteristic fragments using dif-

ferent spatial interpolation methods. To evaluate the accuracy, DEM were constructed using six spa-

tial interpolation methods in the Surfer software. In total, 180 DEM were used, 60 models for each 

of three plots (Fig.3). This approach increases the speed of DEM construction for the entire project, 

since in the analysis of spatial interpolation methods on one characteristic fragment out of N frag-

ments, the time for assessing the accuracy of model construction by the above methods decreases N 

fold provided that the hypothesis is true.  

To analyse the spatial interpolation methods for accuracy, the deviation of a point on the earth's 

surface was calculated (two data sets), which can be considered as redundant measurements, since 

they were not involved in building digital elevation models. The choice of parameters “Percentage of 

points deviating by more than 0.33 m”, “Percentage of points deviating by more than 1 m” is deter-

mined by the adopted contour interval for plots with flat topography. The first parameter is the per-

centage of points with deviation from the constructed surface exceeding 1/3 of contour interval; the 

second parameter is with deviation from the constructed topographic surface of at least the contour 

interval. Contour interval for the flat fragment a and plot A is taken to be 1 m (Table 4). Thus, the 

least value of parameters “RMSE of height determination” and “Percentage of points deviating by 

more than 0.33 m” was obtained using the methods of natural neighbour (0.06 m, 1.13 %), triangula-

tion with linear interpolation (0.07 m, 1.50 %), and ordinary kriging with Power variogram (0.07 m, 

1.82 %). 
 

Table 4 

Assessment of the accuracy of constructed models on flat fragment a 

Method Parameters 

RMSE 

of height 

determination, m 

Percentage of points  

deviating by more  

than 0.33 m 

Percentage of points 

deviating by more  

than 1 m 

Natural neighbour Standard 0.06 1.13 0.00 

Triangulation with linear interpolation Standard 0.07 1.50 0.00 

Kriging Ordinary type  

Power variogram 

0.07 1.82 0.04 

Minimum curvature Internal Tension: 0.75 

Boundary Tension: 0.75 

0.07 1.95 0.02 

Radial basis function Multilog function  0.07 2.18 0.05 

Nearest neighbour Standard 0.09 2.58 0.08 

 

b a 

c 

Fig.3. Characteristic fragments of: 

a – flat plot A; 

b – mountainous plot B with pronounced anthropogenic  

topography; c – mountainous plot C  
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DEM was constructed for a mountainous fragment with a pronounced anthropogenic factor. The 

choice of parameters “Percentage of points deviating by more than 1.66 m”, “Percentage of points 

deviating by more than 5 m” is due to the adopted contour interval for the mountainous plot with 

anthropogenic topography. The first parameter is the percentage of points with deviation from the 

constructed surface exceeding 1/3 of contour interval; the second parameter is with deviation from 

the constructed DEM of at least the contour interval. In the study, the contour interval for the moun-

tainous plot with anthropogenic topography is assumed to be 5 m (Table 5). 
 

Table 5 

Assessment of the accuracy of constructed DEM on a mountainous fragment with anthropogenic topography b 

Method Parameters 
RMSE of height  

determination, m 

Percentage of 

points deviating by 

more than 1.66 m 

Percentage 

of points deviating 

by more than 5 m 

Natural neighbour Standard 0.88 14.24 1.59 

Kriging Quadric type  

Variogram for Gaussian (normal) 

distribution 

0.89 15.21 1.64 

Triangulation with linear interpolation Standard 0.94 15.31 2.12 

Radial basis function Multiquadric function 0.92 16.06 1.92 

Nearest neighbour Standard 0.95 16.13 1.81 

Minimum curvature Internal Tension: 0.75 

Boundary Tension: 0.75 

1.21 22.60 3.20 

 
The least values of the RMSE and the parameter “Percentage of points deviating by more than 

1.66 m” were obtained using the natural neighbour method (0.88 m, 14.24 %), quadric kriging with 

a variogram component according to the Gaussian (normal) distribution (0.89 m, 15.21 %), and tri-

angulation with linear interpolation (0.94 m, 15.31 %).  

DEM was constructed on a mountainous plot. The choice of parameters “Percentage of points 

deviating by more than 1.66 m”, “Percentage of points deviating by more than 5 m” is due to the 

adopted contour interval for the mountainous plot and is similar to fragment b. The accuracy assess-

ment results for the mountainous fragment c are given in Table 6. 
 

Table 6 

Assessment of the accuracy of constructed digital models on mountainous fragment c 

Method Parameters 
RMSE of height  

determination, m 

Percentage of points  

deviating by more  

than 1.66 m 

Percentage  

of points deviating by 

more than 5 m 

Kriging Quadric type 

Variogram with a spherical 

component 

0.30 1.04 0.00 

Natural neighbour Standard 0.31 1.28 0.00 

Radial basis function Multiquadric function 0.32 1.29 0.00 

Minimum curvature Internal Tension: 0.75 

Boundary Tension: 0.75 

0.39 1.34 0.00 

Nearest neighbour Standard 0.35 1.47 0.00 

Triangulation with linear interpolation Standard 0.33 1.74 0.18 

 
Based on a comprehensive assessment of the RMSE parameters for determining the height and 

parameter “Percentage of points deviating by more than 1.66 m”, it is possible to distinguish the 

quadric kriging method with a spherical component of variogram (0.30 m, 1.04 %). 

Checking the accuracy of DEM constructed using spatial interpolation methods for the entire 

project. Construction and accuracy assessment of digital elevation models created for the entire area of 

plots A, B and C were accomplished. Thus, the results obtained at the previous stage are aimed at getting 
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a preliminary idea of the accuracy of DEM produced for each plot of the earth's surface, since dif-

ferences in topography types clearly indicate the need to use a differentiated approach. Histogram 

with estimated parameters for fragments a, b and c is shown in Fig.4. A comprehensive assessment 

of the accuracy of constructed models for plots A, B and C is given in Table 7. 
 

Table 7 

Assessment of the accuracy of digital elevation models 

Method 
RMSE of height 

determination, m 
Number of points 

Percentage of points 

deviating by more  

than 1/3 h (m) 

Percentage of points 

deviating by more 

than h (m) 

Flat plot A 

Natural neighbour 0.11 53,288,238 5.84 0.84 

Kriging 0.12 53,288,238 6.78 1.06 

Triangulation with linear interpolation 0.12 53,288,238 6.93 1.09 

Mountainous plot B with anthropogenic topography  

Kriging 0.55 4,556,172 6.63 0.77 

Natural neighbour 0.57 4,556,172 7.17 0.80 

Radial basis function 0.57 4,556,172 7.08 0.95 

Mountainous plot C 

Kriging 0.29 17,476,315 0.83 0.01 

Natural neighbour 0.29 17,476,315 0.91 0.01 

Radial basis function 0.29 17,476,315 0.94 0.01 

 

Methods of spatial interpolation according to the considered plots should be noted: 

• Natural neighbour for plot A. Consistent with assessment of the accuracy of the characteristic 

fragment. 

• Quadric kriging with a variogram component according to the Gaussian (normal) distribution 

and a natural neighbour for plot B. Partially consistent with assessment of the accuracy of the charac-

teristic fragment. Differences in the comprehensive assessment appeared to be negligible, since the 

natural neighbour method showed greater resistance to the formation of outliers in the topographic 
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Fig.4. Assessment of the accuracy of methods for constructing DEM on the assigned fragments 
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surface. The kriging method slightly surpassed the natural neighbour method by other estimated 

parameters. 

• Quadric kriging with a spherical variogram component for plot C. Consistent with a compre-

hensive assessment of the accuracy of the characteristic fragment. 

Conclusion 

In hard-to-reach regions, development or assessment of the integrity of the existing elevation 

datum is problematic. Creation of digital models will significantly reduce the production costs for 

repeated measurements of the investigated plots and search for the most productive solutions on 

choosing an algorithm for constructing a mathematical analogue with pre-assigned accuracy. Reducing 

the costs of constructing digital models will increase the availability of a single set of reliable geo-

spatial information, which is used in designing, construction and further monitoring of buildings and 

engineering structures, in assessing the risk of landslides, flood monitoring and is the basis for re-

search in Earth sciences based on background information. 

Investigation of the accuracy of the local quasigeoid model showed: 

• The least RMSE interpolation value for an area project was attained using triangulation with 

linear interpolation (0.003 m) and kriging (0.003 m). The least RMSE value for determining the 

heights by control points for an area project was obtained using the natural neighbour (0.004 m) and 

kriging (0.004 m) methods.  

• The least RMSE for determining the heights from the model was shown by kriging (0.006 m) 

and triangulation with linear interpolation (0.006 m). When assessing the accuracy of constructing a 

model on control points, the least RMSE value for determining the heights was obtained using the 

kriging method (0.007 m). 

• When constructing quasigeoid models, it is necessary to determine the number of starting points 

in the work area, which depends on anomality of the region. When designing the required number of 

points in a given area, the recommended spacing between combined points is 5 km. 

Investigation of DEM construction accuracy showed: 

• Construction of a digital elevation model applying the natural neighbour method on flat plot A 

of the earth’s surface led to the least aggregate value of the estimated parameters: RMSE, “Percentage 

of points deviating by more than 0.33 m”, and “Percentage of points deviating by more than 5 m”. 

• For DEM construction on mountainous plot B on the earth’s surface with pronounced anthro-

pogenic topography, the authors proposed the quadric kriging method with a variogram component 

according to the Gaussian (normal) distribution. 

• For mountainous plot C, the authors identified the quadric kriging method with a spherical 

variogram component based on the least values of the estimated parameters. 

• The approach to assessing the accuracy of construction based on the characteristic flat and 

mountainous fragments turned out to be efficient, since it was confirmed when constructing a DEM 

for the entire flat and mountainous project site. This is due to similar morphometric characteristics. 

On the mountainous fragment with anthropogenic topography such approach requires additional 

control by two spatial interpolation methods that are close to the optimal one in terms of the estimated 

parameters, which is accounted for by areas with a marked change in surface curvature. 

All spatial interpolation methods resulted in deviations above the permissible ones for topo-

graphic surfaces on flat, mountainous plots with anthropogenic topography, and mountainous plots 

of the earth’s surface with the least percentage deviations of 5.84, 6.63, and 0.83 %, respectively. 
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Abstract 

The article is devoted to the problem of dusting during the transshipment of granular sulfur and existing methods of 

dust suppression. The analysis of various methods for reducing dust emission at granulated sulfur storage and transpor-

tation facilities is presented. The necessity of using special reagents to increase the efficiency of dust suppression and 

re-granulation of sulfur crushed by abrasion is noted. The sulfur dust obtained from the port terminal during the trans-

shipment of technical sulfur was analyzed for granulometric composition. The results of experimental studies of the 

effectiveness of the use of various substances for sulfur dust suppression (alkyl polyglycosides, sodium silicate, starch) 

are presented. The laboratory installation was a hopper, inside which a test sample of dusty material was placed. The 

sample was subjected to an aerodynamic effect by an air flow at a given speed. The concentrations of suspended solids 

were measured with a dust meter-nephelometer with a sampling tube placed in the geometric center of the hopper. The 

effectiveness of dust suppression agents was determined based on a comparison of the concentration values obtained 

on dry and treated samples. For dust suppression at granulated sulfur treatment facilities, it is proposed to use a com-

position based on nonionic surfactants represented by a mixture of C12-14-alkylglycosides oligomers (1-1.5 %), addi-

tionally containing a mixture of amylose and amylopectin polysaccharides in the form of soluble starch (1-2.5 %) and 

water. The dust suppressor showed consistently high dust suppression efficiency both when measured immediately 

after irrigation (98.3 %) and after the expected time (99.7 %). The developed composition provides an increase in the 

dust-suppressing ability of the solution and the elimination of the possibility of repeated dusting due to the formation 

of a polymer film on the surface, as well as the regranulation of the product crushed by abrasion. 
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Introduction 

Sulfur is one of the main resources of the chemical industry and is extracted in large quantities 

as a by-product during the purification of oil and natural gas. Sulfur compounds present in significant 

amounts in hydrocarbon raw materials cause a wide range of negative consequences, for example, 

lead to a decrease in engine efficiency and corrosion of pipelines. To improve the quality of the product 

and reduce the risk of emergencies, desulfurization or removal of sulfur from the produced fuel is 

carried out [1-3]. Applications of sulfur are the production of mineral fertilizers (simple superphos-

phate, ammonium sulfate, ammonium-sodium sulfate, potassium sulfate, kalimagnesium, magnesium 

sulfate, nitrosulfate, sulfoammophos, etc.) [4, 5], sulfuric acid [6], oil production (dilution of drilling 

and oil solutions) [7], production of explosives [8]. Work on flowability modeling is in demand and 

requires the use of modern software [9-11]. 
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Technical sulfur is produced in three commercial forms: liquid, block, and granular. Granular 

sulfur is especially common because of its properties and uniform granulometric composition [12]. 

Emissions and losses of sulfur are a factor in the deterioration of the components of the natural envi-

ronment [13], the processes of storage, transportation and transshipment of granular sulfur are ac-

companied by intense dusting, which can negatively affect both the health of workers and the state of 

the environment. Currently existing measures to reduce dust emission show low efficiency [14, 15]. 

The clean water irrigation systems most often used in enterprises are simple and economical to im-

plement [16], but have an efficiency of less than 50 % due to the strong hydrophobicity of dust and 

high surface tension of water [17]. 

To improve the wettability of solutions, research is being conducted on dust suppression tech-

nologies using surfactants, which are able to form an insulating layer between the surface of the 

solution and the air [18-20]. Surfactants are a class of chemicals whose concentration in solution is 

higher on the surface than in the volume of a liquid. This means that the surfactant concentrates on 

the surface where it should function, which makes it very economical to use, since in this way it  

is possible to preserve most of the properties of water and improve wetting at low cost. This phe-

nomenon is known as adsorption and occurs at the liquid – solid, liquid – liquid and liquid –  

air interfaces [21]. 

At the micro level, the characteristics of dust suppression foam are closely related to morphology, 

which can be characterized by the size of foam droplets and their distribution. As a rule, smaller 

and more homogeneous foam bubbles are more suitable for dust suppression, since they allow for 

stable dust suppression [22]. In fact, when foam hits a dust source and captures its particles, the 

number, average size, distribution and uniformity of bubbles in a large area foam will greatly affect 

the effectiveness of dust suppression by foam. If the size of the foam bubbles is too large or their 

distribution is uneven, the dust suppression stability is low. The size of the bubbles and their dis-

tribution depend to a certain extent on the properties of the foaming agent solution system, such as 

viscosity, surface tension, etc. [23]. Thus, in order to improve the morphology of foam and increase 

the efficiency of dust suppression, it is possible to change the properties of solutions of foaming 

agents [24]. 

In addition to surfactants, various wetting reagents can be used to increase the efficiency of dust 

suppression, which are fatty alcohols with the addition of sodium hydroxide, calcium chloride, ethyl 

alcohol, bischofite, sodium chloride, and water [25]. However, most wetting reagents have such  

disadvantages – unsanitary and unhygienic properties, strong corrosive effects on equipment, com-

plex preparation methods, high cost, uncertainty about human health effects and low biodegradability, 

therefore their use may be limited [26]. 

The article analyzes the scientific literature on existing and developing dust suppression for-

mulations that could be used to reduce dusting during the transshipment of technical sulfur. One 

such means of dust suppression is a composition for coating elemental sulfur in order to protect 

against atmospheric exposure [27], which is a mixture of silicone and an aqueous solution of sodium 

silicate. The composition in question is prepared with a ratio of silicone and sodium silicate from 

25:75 to 75:25 wt.% and may additionally contain a coloring additive. The composition may also 

differ in that the sodium silicate is in water. The composition has high heat and frost resistance, 

adheres well to sulfur, is resistant to penetration of water and sulfur bacteria, is fire-resistant and 

relatively inexpensive. Sodium silicate is a highly effective sealant. There is a low efficiency of 

dust suppression of previously settled dust, which, when blown up, becomes a source of secondary 

air pollution by dust. 

The composition [28] is known, which is a mixture of polysaccharide and boric acid, which, 

when mixed, turn into a gel with the formation of a stable elastic crust when applied to the surface. 

The resulting coating increases the stability of the substrate and prevents the loss of solid particles, 

i.e. dust formation. The first main component of the stabilizing composition is a mixture containing 

from 0.5 to 5 % polysaccharide, for example, starch. As soon as the two components combine to form 
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a stabilizing compound, polysaccharide molecules, especially glucose molecules, begin to bind  

to borate at a controlled speed. This process, called complexation, forms weak covalent bonds  

comparable to weak cross-bonds in a polymer inside a polysaccharide matrix. The use of  

this composition may be limited, since boric acid has a negative impact on the environment and 

human health. 
The use of polysaccharides as dust suppressants is also noted in the article [29] describing the 

use of a composition based on organic and rapidly decomposing substances with a ratio of the con-
stituent components (water and a mixture of flax and starch) 98:2, which has a high adhesive ability. 

There are known studies of compositions for suppressing dust formation using aqueous solutions 
of higher alkylglycosides [30-32]. Compositions of higher alkylglycosides are well-known materials 
with surface-active properties. Alkylglycosides are usually present in an aqueous solution to about  
1 % by weight of an aqueous solution. With the help of such compositions, a long-lasting dust sup-
pression effect is achieved. In addition, the composition is completely biodegradable and is not harm-
ful to humans or the environment. 

Alkylglycosides (R−(O−C6H10O5)nH) belong to the class of nonionic surfactants and are obtained 
from a reaction occurring in the presence of sulfonic acids and glucose at temperatures up to 140 °C or 
from butyl esters followed by interesterification. Nonionic surfactants are highly resistant to alkalis, acids 
and salts. Aqueous solutions of alkyl polyglycosides have the highest wetting ability compared to other 
surfactants and wetting agents [33]. 

Methods 
The sulfur dust collected at the terminal for the transshipment of granular sulfur from railway 

wagons in a commercial seaport was studied. The granulometric composition of the dust under study 
was carried out using the HORIBA LA-950 particle size analyzer. 

The effectiveness of reducing dust emission during irrigation of sulfur with various reagents was 
determined at a laboratory installation designed by St. Petersburg Mining University, which is a dust 
suppression hopper BPP 001 and a dust meter-nephelometer DustTrak 8533 (Fig.1). 

 The DustTrak DRX Model 8533 dust meter is a desktop analyzer with interchangeable 

impactors for measuring the mass concentration and fractional composition of dust in real time. This 

model of dust meter has an external pump that allows continuous monitoring of the concentration of 

suspended particles. The DustTrak dust analyzer measures the fractions PM10, PM4, PM2.5 and PM1 

set by the standards, as well as the total dust content simultaneously, by combining an optical meter 

 Fig.1. Laboratory dust suppression unit in the laboratory of the Mining University 
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and a nephelometer in one housing. The measurement range of the aerosol mass concentration is  

0.1-150 mg/m3. 
Before conducting the experiment in the dust suppression hopper, the main meteorological charac-

teristics were measured using the MES-200A meteometer: air temperature, relative humidity and air 
flow speed. 

The method [34] for determining the effectiveness of dust suppression was implemented as follows: 
1. For testing in BPP 001, the optimal weight of the suspension of the studied sulfur dust was 

determined – 15 g. Such a mass was selected by performing preparatory experiments taking into 
account the current aerodynamic conditions formed in the dust suppression hopper of dust concen-
trations and the measurement limits and errors of the dust meter. 

2. Prior to testing with dusty samples, the dust suppression hopper was disassembled and vacuumed. 
The use of wet cleaning was limited in order to prevent changes in the formed experimental condi-
tions, in particular, air humidity. 

3. A compressor nozzle was installed and fixed in the front part of the hopper and the air supply was 
started. At the location of the dust samples at the bottom of the dust suppression hopper, the air speed was 
measured and adjusted. After setting the desired wind speed (in the ongoing work, the wind speed in the 
surface layer of the considered area of the Ust-Luga MTP is 7 m/s), the air blower nozzle was turned off. 

4. The installation was completely assembled. A holder with an air intake tube was inserted into a 
special hole on the lid of the hopper, the opposite end of which was connected to the DustTrak 8533 dust 
meter. In order to prevent the accumulation of static electricity, the hopper was grounded with a special wire. 

5. At the same time, the air supply to the hopper was turned on at a fixed speed and the measure-
ment of dust concentrations was started using a dust meter. The duration of measurements in the work 
carried out was 2 min, which is due to the unevenness of the dust concentrations created at the point 
where the concentrations were recorded by the dust meter. As a result of this test, the background 
dust concentration was obtained before placing dusty samples in the hopper. 

6. Next, all devices and grounding were disconnected, the air intake tube was dismantled, and 
the hopper was completely disassembled. An oval mold with an area of 110 cm2 was placed at the 
bottom of the hopper in a specially marked place in the center. The test sample of sulfur dust was 
poured into a mold and evenly distributed over the surface using a spatula. Thus, an ellipse-shaped 
dust sample was formed at the bottom of the hopper. 

7. The hopper was completely assembled in the same way as paragraph 4. 
8. With the launch of the air blower and the dust meter-nephelometer, dust concentrations in the 

dust suppression hopper were measured. In addition to the background concentration, dust particles 
were thrown up from the surface of the sample placed at the bottom of the hopper. The duration of 
the measurements was 2 min. 

9. The hopper was disassembled again and vacuumed. The remains of the analyzed dust sample 
were removed using a vacuum cleaner. 

Discussion of the results 
According to the obtained results of granulometric analysis on the HORIBA LA-950V2 device 

(Fig.2) it was found that the average size of dust particles collected at the sulfur processing unit is 
101 microns. At the same time, the highest content in the sample (about 13 %) falls on particles with 
a diameter of 88 microns, and the proportion of particles of the dusty fraction (less than 10 microns), 
which is of the greatest interest, is about 0.2 %. 

Based on the results of the analysis of scientific publications on the development of compositions 
for suppressing dust during the transshipment of bulk materials, the following chemicals were se-
lected for research: 

• a mixture of oligomers of C12-14-alkyl polyglycosides (APG); 
• sodium silicic acid meta 5-aqueous Na2SiO3·5H2O (sodium silicate); 
• soluble starch (С6H10O6)n. 
Aqueous solutions with three different concentrations wt.% were prepared with these substances: 
• alkyl polyglycosides 0.5/1/1.5 %; 
• sodium silicate 0.5/1/1.5 %; 
• starch 1/2.5/5 %. 
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A visual experiment was conducted with the obtained aqueous solutions to determine the possi-

bility of these substances to contribute to the granulation of sulfur dust particles to ensure the preven-

tion of further dusting. Sulfur samples of 15 g were scattered on paper, the studied solutions were 

sprayed onto dust samples using a spray gun in an amount of about 3.6 g and mixed. 

Photos of sulfur before irrigation, as well as after irrigation with clean water are shown in Fig.3 (1, 2). 

Fig.3 (3-5, 9-11, 15-17) shows dust samples after irrigation with aqueous solutions of alkyl poly-

glycosides, sodium silicate, and starch. The observations show that nonionic surfactants and starch 

solution contribute to the greatest granulation of sulfur. 

Fig.3 (6-8, 12-14, 18-20) shows the results of a visual experiment to determine the properties of 

granulation of the studied substances 1 h after irrigation. It can be seen that the granulation of sulfur 

particles under the influence of solutions of alkyl polyglycosides and starch decreases, but remains 

quite high compared with a solution of sodium silicate and pure water. 

In addition to single-component aqueous solutions, binary compositions from mixtures of the 

substances in question were tested in the following ratios, wt.%: 

• composition A – alkyl polyglycosides 1 %, sodium silicate 1 %; 

• composition B – alkyl polyglycosides 1 %, starch 2.5 %; 

• composition C – sodium silicate 1 %, starch 2.5 %. 

The results are shown in Fig.3 (21-26). The greatest effect of granulation is shown by composi-

tions A and B. 

Tests were carried out in the dust suppression hopper to determine the effectiveness of irrigation 

of sulfur with water and various substances. Sulfur was treated with dust suppression agents by sur-

face spraying with a spray gun. 1.8 g of water or an aqueous solution of a dust suppressor was applied 

to the dry sample. A series of three experiments was carried out with each reagent under considera-

tion, in which the concentration of dust particles was measured instantly. In addition, three experi-

ments were conducted with measuring the dust concentration after 20 min. 

 Fig.2. Histogram of the particle size distribution of dust taken at the enterprise 
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APG 1 % +  
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(composition B) 

Na2SiO3·5H2O 1 % + 
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APG 1 % +  
+ Na2SiO3·5H2O 1 % 
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+ (С6H10O6)n 2.5 % 

(composition B) (1 h) 

Na2SiO3·5H2O 1 % + 
+ (С6H10O6)n 2.5 % 

(composition C) (1 h) 
 

Fig.3. Visual determination of sulfur samples granulation: 1 – without dust suppression in air-dry condition;  
2 – after water irrigation; 3 – when treated with an aqueous 0.5 % solution of alkyl polyglycosides; 4 – by 1 % solution; 

5 – by 1.5 % solution; 6 – by 0.5 % solution after 1 h; 7 – by 1 % solution after 1 h; 8 – by 1.5 % solution after 1 h;  
9 – when treated with an aqueous 0.5 % sodium silicate solution; 10 – by 1 % solution; 11 – by 1.5 % solution;  

12 – by 0.5 % solution after 1 h; 13 – by 1 % solution after 1 h; 14 – by 1.5 % solution after 1 h; 15 – when treated with  
an aqueous 1 % starch solution; 16 – by 2.5 % solution; 17 – by 5 % solution; 18 – by 1 % solution after 1 h; 19 – by 2.5 % solution 

after 1 h; 20 – by 5 % solution after 1 h; 21 – when treated with a water-based formulation containing 1 % alkyl polyglycosides  
and 1 % sodium silicate (composition A); 22 – composition with 1 % alkyl polyglycosides and 2.5 % starch (composition B);  

23 – composition with 1 % sodium silicate and 2.5 % starch (composition C); 24 – by composition A after 1 h;  
25 – by composition B after 1 h; 26 – by composition C after 1 h 

 

Tests in the dust suppression hopper were carried out with aqueous solutions of the following 
concentrations, wt.%: alkyl polyglycosides – 1 %, sodium silicate – 1 %, starch – 2.5 %, compo-
sitions A, B, and C. 

The effectiveness of reducing dust emission was estimated by the formula: 
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where 0iC – concentration without dust suppression, mg/m3; 1iC – concentration when using dust sup-

pression agents, mg/m3; n – number of measurements. 
Graphs of the dependence of dust concentrations on time are shown in Fig.4. The results of 

calculating the dust suppression efficiency are presented in Table 1.  
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 Table 1 
  

The results of measuring the dust concentration using various means of dust suppression 
 

Dust suppression agent 
Average concentration at a time, mg/m3 Air 

temperature, °С 

Air  

humidity, % 

Average dust  
suppression  

efficiency, % 10 s 30 s 75 s 120 s 

Without dust suppression 9.085 3.594 1.409 0.557 18.1 29 – 

Water 3.487 2.273 1.226 0.471 17.9 31 30.5 

Water after 20 min 1.322 1.648 0.529 0.124 18.4 33 64.4 

Alkyl polyglycosides 0.075 0.357 0.198 0.124 18.0 28 87.4 

Alkyl polyglycosides after 20 min 1.548 0.268 0.148 0.083 17.7 25 86.2 

Sodium silicate 0.999 0.999 0.213 0.099 18.0 28 86.2 

Sodium silicate after 20 min 1.432 0.590 0.217 0.077 18.4 28 83.6 

Starch  1.402 0.420 0.206 0.061 17.5 26 83.9 
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Fig.4. Graph of the dependence of the total concentration of dust particles on time during instantaneous measurement (a) 

and 20 min later (b) after irrigation of sulfur with water and other substances 
 

1 – without dust suppression; 2 – water; 3 – alkyl polyglycosides;  

4 – sodium silicate; 5 – starch; 6 – composition А; 7 – composition B; 8 – composition C 
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End of Table 1 

Dust suppression agent 
Average concentration at a time, mg/m3 

Air 
temperature, °С 

Air  
humidity, % 

Average dust  
suppression  

efficiency, % 10 s 30 s 75 s 120 s 

Starch after 20 min 0.515 0.425 0.142 0.059 17.5 26 87.3 

Composition А  0.207 0.282 0.087 0.029 18.0 28 93.2 

Composition А after 20 min 1.575 0.525 0.196 0.083 18.0 28 82.6 

Composition B  0.165 0.100 0.021 0.023 17.5 28 97.5 

Composition B after 20 min 0.039 0.044 0.013 0.006 17.5 28 98.9 

Composition C 0.979 0.457 0.196 0.062 17.7 33 85.0 

Composition C after 20 min 1.024 0.452 0.149 0.061 17.7 33 86.6 

 
The results show that composition B, which is a mixture of alkyl polyglycosides and starch, is the 

most effective. The dust suppression efficiency is 97.5 % with instantaneous measurement and reaches 
98.9 % after 20 min, which indicates a decrease in the possibility of repeated dusting of the material. 

To clarify the concentrations of the components of the developed composition, additional experi-
ments were conducted to evaluate the effectiveness of dust suppression of a composition based on 
nonionic surfactants and starch with the following component ratios, wt.%: 

• composition 1 – alkyl polyglycosides 0.5 %, starch 2.5 %; 
• composition 2 – alkyl polyglycosides 1.5 %, starch 1 %; 
• composition 3 – alkyl polyglycosides 1.5 %, starch 2.5 %; 
• composition 4 – alkyl polyglycosides 0.5 %, starch 1 %; 
• composition 5 – alkyl polyglycosides 1 %, starch 1 %; 
• composition 6 – alkyl polyglycosides 1 %, starch 2.5 %. 
The use of starch in a concentration of 5 % was excluded based on the results of a visual experiment 

for determining granulation due to the high content of the substance in question and the possibility of 
its negative effect on the physico-chemical properties of the product. 

Dust concentrations were measured for all experiments at a temperature of 19.6 °C and an air 
humidity of 41 %. The results of calculating the efficiency of dust suppression using different com-
positions of alkyl polyglycosides and starch are presented in Table 2. Graphs of the dependence of 
sulfur dust concentrations on time are shown in Fig.5. 

The experiments show that the proposed composition achieves the highest efficiency of sulfur 
dust suppression with the following content of components in an aqueous solution: a mixture of  
C12-14-alkyl polyglycosides oligomers – 1-1.5; soluble starch – 1-2.5 wt.%. 

 
 Table 2 
  

The results of measuring the dust concentration using different compositions of alkyl polyglycosides and starch 
 

Dust suppression agent 

Average concentration at a time, mg/m3 Average dust 
suppression 

efficiency, % 

Efficiency compared  

to water, % 10 s 30 s 75 s 120 s 

Composition 1 2.211 1.212 0.383 0.131 86.5 68.2 

Composition 1 after 20 min  0.142 0.045 0.023 0.012 97.1 96.8 

Composition 2 0.056 0.021 0.024 0.004 98.1 97.2 

Composition 2 after 20 min  0.124 0.019 0.013 0.009 99.7 96.1 

Composition 3 0.019 0.023 0.002 0.003 98.3 98.6 

Composition 3 after 20 min  0.008 0.013 0.001 0.005 99.7 99.3 

Composition 4 2.707 1.290 0.436 0.165 66.3 56.5 

Composition 4 after 20 min 2.219 1.492 0.380 0.177 63.2 38.2 

Composition 5 0.385 0.366 0.184 0.029 88.3 86.7 

Composition 5 after 20 min 1.353 0.651 0.288 0.062 81.5 64.8 

Composition 6 0.165 0.100 0.021 0.023 97.1 97.2 

Composition 6 after 20 min 0.039 0.044 0.013 0.006 98.9 97.1 
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The proposed composition can be used in existing water aerosol dust suppression systems at 

sulfur transportation facilities. In seaports and railway terminals, the first transshipment operation is 

the transshipment of sulfur from a gondola car to a conveyor belt by means of a car dump device 

located in an isolated room. As a rule, at this stage of transshipment, the first stage of the dust suppres-

sion system is implemented – a network of nozzles oriented to the pouring front. Repeated dust sup-

pression (subsequent stages) is carried out by nozzle networks in closed transfer hoppers between con-

veyor sections. The operation of such a system using the proposed composition will allow granulation 

to reduce dust emission during all further sulfur transshipment operations, this is provided in two ways: 
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Fig.5. Graphs of the dependence of the total concentration of dust particles on time during instantaneous measurement (a)  

and 20 min (b) after irrigation of sulfur with the tested compounds 1-6 
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humidification, coagulation, precipitation of blown sulfur dust in the air and humidification of the sur-

face of the transported sulfur containing dusty fractions. The proposed composition can be used for 

spraying with different types of nozzles, and the conditions created in the BPP 001 dust suppression 

hopper are similar to those created in isolated rooms and closed overflow hoppers. 

Conclusion 
An experimental assessment of the effectiveness of various dust suppression methods conducted 

in the laboratories of Saint Petersburg Mining University has allowed to establish that the use of clean 
water as a working medium for the dust suppression process at granulated sulfur treatment facilities 
really shows low efficiency (30.5 %), which can lead to contamination of territories with sulfur dust 
formed as a result of transshipment. 

As is known, sulfur is hydrophobic, i.e. it is not wetted with water. Surfactant molecules, having a 
diphilic nature, are adsorbed on the water – sulfur interface, which leads to a decrease in the surface 
tension of water. Nonionic surfactants, represented by alkyl polygligosides, added to water to increase 
the wettability of the processed material, are characterized not only by high efficiency, but also by good 
biodegradability. Alkyl polyglycosides are characterized by the highest emulsifying ability among in-
dustrial surfactants, which effectively reduces their consumption when used as a working medium for 
dust suppression [35, 36]. 

Polysaccharides are one of the most affordable and cheap resources, whose reserves are con-
tinuously replenished due to photosynthesis in plants. Starch is a high molecular weight organic com-
pound represented by a mixture of amylose and amylopectin. Starch macromolecules are elongated 
and branched chains consisting of D-glucose residues in amylosis, interconnected by glycoside bonds. 
In addition to carbohydrates, starch contains a certain amount of fatty acids, which determine its 
ability to form a number of esters and ethers [37]. 

Starch hydrogels (paste) are widely used in various industries. There are known studies [38] 
confirming the ability of amylose in starch to form non-stoichiometric compounds with alcohols and 
other hydrocarbons. The reason for the steady thickening and increase in viscosity of starch hydrogels 
is the formation of complexes between starch amylose and highly mobile surfactant molecules. 

For dust suppression at granulated sulfur treatment facilities, it is proposed to use a composition 
based on nonionic surfactants represented by a mixture of C12-14-alkylglycosides oligomers, addi-
tionally containing a mixture of amylose and amylopectin polysaccharides in the form of soluble 
starch and water in the following component ratio, wt.%: a mixture of C12-14-alkylpolyglycosides 
oligomers – 1-1.5; soluble starch – 1-2.5. 

The proposed highly dispersed sulfur dust suppressor showed consistently high dust suppres-
sion efficiency both when measured immediately after irrigation (98.3 %) and after the expected 
time (99.7 %). The developed composition provides an increase in the dust-suppressing ability of 
the solution and the elimination of the possibility of repeated dusting due to the formation of a 
polymer film on the surface, as well as the regranulation of the product crushed by abrasion. The 
treatment of highly dispersed sulfur with this dust suppressor guarantees an effective reduction in 
the surface tension of water at such concentrations of the components used that eliminate negative 
effects on other physical-chemical properties of the finished product, such as flowability, hygro-
scopicity and caking.  
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Abstract 
In the North area of Vietnam, the crustal movement velocity of 38 GNSS points belonging to different international 
Earth reference frames (ITRF2000, ITRF2005, ITRF2008) is adjusted to the international Earth reference frame 
ITRF2020. This is the latest frame up to now. Since then, the picture of crustal movement in the North area of Vietnam 
has been unified in a dynamic coordinate system. In the study area, the rate of crustal movement is about 35 mm/year, and 
the direction of displacement is from northwest to southeast. To build a model of the crustal movement of the Earth in the 
northern area of Vietnam, the movement velocity data of 38 stations in ITRF2020 is evaluated with high accuracy. All 
points are also satisfactory. And then, the crustal movement velocity model is built by using the collocation method in the 
form of the 3-order Markov function. Within 38 stations, 34 stations are used to build the model and 4 remaining stations 
are used as checked stations. The obtained results show that the Earth's crust movement velocity model has an accuracy of 
about 2 mm/year for movement velocity and 2 deg for movement direction. This is the first model of Earth's crust move-
ment in the North of Vietnam that has been built in the latest dynamic coordinate system ITRF2020. These results have 
important significance in the research and practical application of the movement of the Earth's crust. The steps of building 
the movement velocity model in this study can be applied to other experimental areas in the territory of Vietnam.   
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Introduction 
The Global Navigation Satellite System (GNSS) is being widely used in the world to monitor the 

deformation of the Earth’s crust [1-3] and has supported forecasting and warning earthquakes [4-6] 
tectonic movement [7-9]. During the processing of GNSS station location time series, the time series 
of GNSS coordinates is used to model the movement of the Earth's crust [10-12]. The use of time series 
in determining the Earth's crust movement through continuous GNSS measurements was conducted 
[13-15]. Similarly, the determination of horizontal movement in the Northwest area of Vietnam's Earth's 
crust is also accomplished through periodic GPS measurements [16, 17]. 

From the 1990s to the present, GNSS technology has been used in Vietnam to study the movement 
of the Earth’s crust. The movement velocity values at the stations defined in the dynamic coordinate 
systems (ITRF94, ITRF2000, ITRF2005, ITRF2008, ITRF2014) are different and inconsistent, making 
it difficult to build a movement velocity model. To build the movement model of the Earth’s crust, we 
transfer the movement velocities of the GNSS stations to the same coordinate system and model them. 
There are two methods for transforming: collect and reprocess all data in a single ITRF; collect veloci-
ties of the stations, along with corrections. The first way, the collecting, and processing of data are very 
complicated and time-consuming [18-20]; the second way, the data processing is fast and more accurate 
[21-23]. In this paper, we use the second one to correct the movement velocities of the GNSS stations 
into one dynamic coordinate system ITRF2020 – the latest version of ITRF, which is more accurate 
than the previous versions [24-26]. The ITRF2020 released in 2021. Transformation parameters be-
tween ITRF2020 and other ITRFs can be found on the website*. And the least-squares collocation 

                                                      
* International Terrestrial Reference Frame (ITRF). URL: https://itrf.ign.fr/en/solutions/transformations (accessed 04.10.2023). 
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method is used to model the movement velocity of the Earth’s crust [27-29]. This is a mathematical 
function with high accuracy and reliability.  

The GNSS stations of various ITRFs in the North area of Vietnam are chosen in this case: 
• the movement velocity in ITRF2000 of GNSS stations which supports studying the Red River 

fault systems, Dien Bien Phu fault, Song Da River fault [30];  
• the movement velocity in ITRF2005 of GNSS stations in Vietnam that participated in the Asia-

Pacific network (PCGIAP) [31];  
• the movement velocity in ITRF2005 of the DGNSS/CORS station that belongs to the military 

coordinate network [32];  
• the movement velocity in ITRF2008 of GNSS stations belong to the geodynamic network on the 

fault zones in the northwestern area of Vietnam, which supported for forecasting of natural hazards. 

Methodology 
The methodology for presenting the construction of the Earth’s crustal velocity model within a 

single international Earth reference frame is outlined as follows: the crustal velocity in various Earth 
reference frames is standardized to a single reference frame; they are examined and, these crustal 
velocity values are mathematically modelled using a mathematical function. 

Velocity transfer between Earth’s frame of reference. The formula to transfer the coordinate in 
the reference system (I) to the reference system (II) at time t has a form as follows [23, 24]: 

( ) ( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( ) ( ) ;TX t X t T t D t X t R t X t        
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where 
( )X 

 is the coordinate vector of the site in the frame of reference,  ( ) ( )
; ;

T
X X Y Z 

 ; 
( )X 

 is the 

corresponding coordinate vector of that station in the old frame of reference,  ( ) ( )
; ;

T
X X Y Z 

 ; T is the 

translation or displacement vector among frames, T = [T1; T2; T3]
T; D is a different scale; TR is the coordinate 

axis rotation matrix between the two frames of reference; R1, R2, and R3 – are the small rotation angles. 
From the dynamic point of view, T1, T2, T3, R1, R2, R3, and D are considered as functions of time 

and expressed in the linear form. The common symbol of the parameters from i = 1 to 7 first-order 

derivative of i under time 

     0 0β β β ,i i it t t t    

where  0βi t  is the value of βi  at time 0t . 

The formula to calculate the transformation velocity between frames of reference is: 
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where  V t  is the coordinate movement velocity vector. 

The matrix of movement velocity converts from VX, VY, VZ into VE, VN, VU [33] 
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where VE, VN, VU are velocities to the east, north and vertical, respectively; φ, λ – are the longitude 
and latitude, respectively. 
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The horizontal movement velocity of a point and arimut angle is calculated by the formulas: 

2 2 ;E NV V V   

arctan .E

N

V
Az

V
  

Evaluation of the range of measurement values. A set of n observed data values V1, V2, …, Vn. 
The average of the observed data is calculated by the formula 

 av

1

;
n

i

i

V V n


    (1) 

the correction number of the observed i value is calculated by the following formula 

 av ;i iv V V     (2) 

the variance is calculated following formula 
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   (3) 

Standard deviation σ is the square root of the variance. The standard deviation is used to evaluate 
the quality of the observed data. The value is frequently chosen to evaluate the quality of the data series 
to be 3σ, which corresponds to the probability of occurrence of the measured series of ~99.73 %. 

Model of movement velocity. Assume that there are two sets of random variables: 
• the set of measurement values l1, l2, ..., lq is represented by a q-dimensional vector 

1 2 ... ;
T

ql l l l     

• the set of signals that needs to determine to be S1, S2, …, Sm, represented by the m-dimensional 
vector 

 1 2 ... .
T

mS S S S  

The best linear estimator of the vector S: 

 
1ˆ .Sl llS C C l    (4) 

The equation (4) is called least squares interpolation or least-squares collocation interpolation. 
To calculate according to this equation, it is necessary to determine the covariance matrices Cll and 
CSl. To determine the parameters of the theoretical covariance function, firstly must calculate the 
experimental covariance values. Call li is the value of point i. 

 The experimental covariance follows the distance of k pairs of points P, Q is calculated by the 
equation: 

 
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1
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The theoretical covariance function must be chosen from the law of variation of the experimental 
covariance values and the parameters of the theoretical covariance function must be determined using 
the function approximation method. 

In this study, the 3rd-order Markov function is used to establish the movement velocity model 
in the experimental part and it’s direction [34, 35] 
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where C0 is the parameter of the theoretical covariance function; L is is the relation distance. 

The standard deviation between the theoretical covariance function and experimental covariance 

is calculated in formula 
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where εi is the deviation between theoretical covariance function and experimental covariance of the 

i-th point; k is the number of experimental covariance values following distance. 

The root mean square error of the covariance function at the checked points is calculated 

according to the formula 

2

1RMS ,

m

i

i

d

m


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where di is the deviation of the measured value and interpolated value for i-th checked point; m is the 

number of checked points. 

The data in this paper is a dataset of Earth’s crustal movement velocity vectors of 38 GNSS 

stations in the North area of Vietnam which is chosen from the following statistics: 

• the movement velocity in ITRF2000 of 22 GNSS stations which support studying the Red River 

fault systems, Dien Bien Phu fault, Song Da River fault; 

• the movement velocity in ITRF2005 of four GNSS stations in Vietnam which were a part of  

the Asia-Pacific network (PCGIAP); 

• the movement velocity in ITRF2005 of 1 DGNSS/CORS station belongs to the military 

coordinate network; 

• the movement velocity in ITRF2008 of 11 GNSS stations that are part of the Ministry of Natural 

Resources and Environment's project in Vietnam, which aims to establish a seismic geodetic network 

in the faulted areas of Northern Vietnam to support natural disaster prediction. 

Results 

The building of the absolute movement velocity model of the earth’s crust is implemented ac-

cording to the steps follows. 

Step 1 – unify the movement velocity of the Earth’s crust in the North area of Vietnam in 

ITRF2020. To build a model of the movement velocity of the GNSS stations in different ITRFs in 

Table 1, the velocities must be unified into one ITRF and are calculated in Table 2. 
 

 Table 1 
 

Coordinates and movement velocity of GNSS stations in the North area of Vietnam 
 

Station φ, deg λ, deg VE, mm/year VN, mm/year  VU, mm/year ITRF 

CAM1 20.999 107.313 34.60 –13.41 32.95 ITRF2000 

SOC1 21.308 105.826 32.88 –11.94 –1.84 ITRF2000 

XUY0 21.849 105.738 34.95 –12.46 0.53 ITRF2000 

TAM2 21.455 105.638 32.42 –12.24 –0.60 ITRF2000 

BAV1 21.097 105.373 32.14 –11.08 –1.28 ITRF2000 

OAN0 21.853 105.336 33.49 –11.85 –14.02 ITRF2000 
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End of Table 1 

Station φ, deg λ, deg VE, mm/year VN, mm/year  VU, mm/year ITRF 

HUN1 21.361 105.330 33.14 –11.69 –5.24 ITRF2000 

DOI0 21.677 105.202 33.66 –11.83 –10.47 ITRF2000 

NTH0 21.475 105.186 33.27 –12.23 –10.70 ITRF2000 

SON1 21.191 105.181 32.80 –12.13 –3.73 ITRF2000 

HOA1 20.864 105.178 33.90 –11.34 –2.75 ITRF2000 

LAP1 21.384 105.033 32.92 –12.47 –4.99 ITRF2000 

NAM0 21.691 104.458 35.09 –12.04 3.23 ITRF2000 

MON1 21.189 104.245 32.43 –13.44 –1.05 ITRF2000 

NOI1 21.131 104.172 33.03 –12.08 –4.40 ITRF2000 

NAD2 20.984 104.167 32.36 –12.13 –10.19 ITRF2000 

LOT1 21.203 104.064 33.45 –13.56 –6.17 ITRF2000 

QTA2 21.306 103.943 33.91 –12.52 –9.63 ITRF2000 

NGA1 22.268 103.242 39.12 –9.74 12.09 ITRF2000 

HAM1 21.931 103.236 32.87 –10.47 15.33 ITRF2000 

DON1 22.131 103.051 35.17 –12.10 15.17 ITRF2000 

LEM1 21.792 103.029 34.83 –11.12 11.92 ITRF2000 

DIEB 21.428 103.005 26.98 –9.60 3.92 ITRF2005 

DOSN 20.694 106.795 27.35 –7.99 16.64 ITRF2005 

NT01 20.668 106.814 36.00 –11.72 7.54 ITRF2005 

QT01 21.403 103.029 29.92 –10.32 –19.98 ITRF2005 

MCRS 21.526 107.968 30.80 –7.80 –1.80 ITRF2005 

C004 21.926 103.238 37.58 –12.34 –14.60 ITRF2008 

C014 20.147 105.136 35.94 –11.75 –9.85 ITRF2008 

C022 21.029 104.312 30.04 –10.72 –7.04 ITRF2008 

C033 21.549 104.036 34.70 –10.05 –15.56 ITRF2008 

C045 21.119 104.982 31.79 –9.92 –29.24 ITRF2008 

C049 22.225 104.445 39.34 –12.15 –26.71 ITRF2008 

C052 21.636 104.787 34.08 –13.86 –30.45 ITRF2008 

C056 20.880 105.497 31.55 –11.38 15.31 ITRF2008 

C065 21.810 105.438 36.46 –13.50 –18.32 ITRF2008 

C070 21.930 106.794 31.40 –12.91 8.97 ITRF2008 

C075 20.988 106.816 34.68 –13.68 7.82 ITRF2008 

 
 Table 2 
 

Movement velocity of GNSS stations in ITRF2020 
 

Station VE, mm/year VN, mm/year VU, mm/year V, mm/year Az, deg 

CAM1 34.70 –11.83 32.89 36.66 108.8 

SOC1 32.98 –10.36 –1.90 34.57 107.4 

XUY0 35.05 –10.89 0.49 36.70 107.3 

TAM2 32.52 –10.67 –0.65 34.22 108.2 

BAV1 32.24 –9.50 –1.34 33.61 106.4 

OAN0 33.59 –10.28 –14.06 35.12 107.0 

HUN1 33.24 –10.11 –5.30 34.74 106.9 

DOI0 33.76 –10.26 –10.52 35.28 106.9 

NTH0 33.37 –10.66 –10.75 35.03 107.7 

SON1 32.90 –10.55 –3.79 34.55 107.8 
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End of Table 2 

Station VE, mm/year VN, mm/year VU, mm/year V, mm/year Az, deg 

HOA1 34.00 –9.72 –2.99 35.36 106.0 

LAP1 33.02 –10.89 –5.05 34.77 108.3 

NAM0 35.19 –10.47 3.18 36.71 106.6 

MON1 32.53 –11.86 –1.11 34.62 110.0 

NOI1 33.13 –10.50 –4.47 34.75 107.6 

NAD2 32.46 –10.55 –10.26 34.13 108.0 

LOT1 33.55 –11.98 –6.23 35.62 109.7 

QTA2 34.01 –10.94 –9.69 35.72 107.8 

NGA1 39.22 –8.17 12.05 40.06 101.8 

HAM1 32.97 –8.90 15.28 34.15 105.1 

DON1 35.27 –10.53 15.13 36.81 106.6 

LEM1 34.93 –9.55 11.87 36.21 105.3 

DIEB 27.25 –9.75 3.85 28.94 109.7 

DOSN 27.61 –8.15 16.58 28.79 106.4 

NT01 36.26 –11.87 7.49 38.15 108.1 

QT01 30.18 –10.47 –20.06 31.95 109.1 

MCRS 31.00 –7.93 –1.89 32.00 104.3 

C004 37.55 –12.47 –14.74 39.57 108.4 

C014 35.92 –11.88 –9.98 37.83 108.3 

C022 30.01 –10.84 –7.18 31.91 109.9 

C033 34.68 –10.18 –15.69 36.14 106.4 

C045 31.76 –10.05 –29.37 33.31 107.6 

C049 39.31 –12.28 –26.85 41.18 107.3 

C052 34.05 –13.99 –30.58 36.81 112.,3 

C056 31.53 –11.51 15.17 33.56 110.1 

C065 36.43 –13.63 –18.46 38.90 110.5 

C070 31.37 –13.04 8.83 33.98 112.6 

C075 34.65 –13.81 7.69 37.30 111.7 

 

The calculated results in Table 2 show that the magnitude values and azimuth of the horizontal 

movement velocity vectors of the GNSS stations are quite uniform. These vectors tend to move in 

the northwest – southeast direction (Fig.1). This is a necessary condition to calculate the experimental 

covariance at different distances for applying the least-squares collocation method. 

Step 2 – evaluate V and Az. The data in Table 2 shows that some stations which have different 

movement velocities from the general trend of stations in the experimental area need to be evaluated 

before using them to build a velocity model of the absolute movement of the Earth’s crust. 

The average velocity and of the GNSS stations from formula (1) is: 

38

1

38 35.26 mm/year;av i

i

V V


   

38

1

38 107.9 deg.av i

i

Az Az


   

Call iv , 
iAzv to be the correction for the i-th velocity and azimuth. These values are calculated 

according to formula (2) and presented in Table 3. 
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 Table 3 
 

Deviation of velocity and azimuth at stations  

with their corresponding average values 
 

Station vi, mm/year ,
iAzv  deg Station vi, mm/year ,

iAzv  deg 

CAM1 –1.40 –0.9 HAM1 1.11 2.8 

SOC1 0.69 0.5 DON1 –1.55 1.3 

XUY0 –1.44 0.6 LEM1 –0.95 2.6 

TAM2 1.04 –0.3 DIEB 6.32 –1.8 

BAV1 1.65 1.5 DOSN 6.47 1.5 

OAN0 0.14 0.9 NT01 –2.89 –0.2 

HUN1 0.52 1.0 QT01 3.31 –1.2 

DOI0 –0.02 1.0 MCRS 3.26 3.6 

NTH0 0.23 0.2 C004 –4.31 –0.5 

SON1 0.71 0.1 C014 –2.57 –0.4 

HOA1 –0.10 1.9 C022 3.35 –2.0 

LAP1 0.49 –0.4 C033 –0.88 1.5 

NAM0 –1.45 1.3 C045 1.95 0.3 

MON1 0.64 –2.1 C049 –5.92 0.6 

NOI1 0.51 0.3 C052 –1.55 –4.4 

NAD2 1.13 –0.1 C056 1.70 –2.2 

LOT1 –0.36 –1.8 C065 –3.64 –2.6 

QTA2 –0.46 0.1 C070 1.28 –4.7 

NGA1 –4.80 6.1 C075 –2.04 –3.8 
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 Fig.1. Map of Earth’s crustal movement velocity of GNSS stations in northern area of Vietnam  

in ITRF2020 (the GNSS stations is located at the positions belong to stable geological block  

along the fault zone) 
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The standard deviation of the observed data series is calculated from the formula (3): 

38
2

1

σ 37 2.62 mm/year;V i

i

v


    

38
2

1

σ 37 2.1 deg.
iAz Az

i

v


    

Thus, the probability of occurrence of movement velocity value of GNSS stations in the range 

of (35.26 – 3) and (35.26 + 3), respectively from 27.40 mm/year to 43.12 mm/year, and their 

movement directions at GNSS stations are in the range of (107.9 – 3) and (107.9 + 3), respectively 
from 101.6 deg to 114.2 deg is 99.73 %. When processing data in the next steps, the GNSS station’s 
movement velocity will be eliminated if it is outside the range of values mentioned above. 

The analytical results show that all stations are in the range of values mentioned above, so it is 
used in the next steps. 

Step 3 – build an absolute movement velocity model. In the study area, the 38 GNSS stations are 
used for experimental calculations. Among these stations, 04 stations OAN0, LOT1, C075, and QT01 
are used to test the accuracy of the model but they are not used to build the model. The modeling of 
movement velocity of GNSS stations is implemented by the least-squares collocation method of the 
3rd-order Markov function. During the data processing, the characteristic parameters of the function 
are determined. The model of movement velocity of the northern area of Vietnam is expressed under 
a 3rd-order Markov function: 

 
2

4.21433.7513 1 ;
4.2143 53.2810V

S

S

S S
C e

 
    

 
   (6) 

 
2

3.154910.7777 1 .
3.1549 29.86018Az

S

S

S S
C e

  
   

 
   (7) 

The standard deviation between the theoretical covariance function and the experimental 
covariance of the movement velocity value and their movement direction calculated according to 
formula (5) is ±0.44 mm2 and ±0.9 deg2, respectively. The graphs of Fig.2 show that the value and 
direction of the movement velocity calculated by the theoretical covariance function match the 
experimental covariance function. 

The value of movement velocity of the tested stations in the study area is interpolated. The comparison 
of these values with their respective values in Table 2 will be obtained from the deviations in Table 4. 

 The information in Table 4 provides details about the values of velocity deviation for the 
checked GNSS stations. The highest deviation is 1.94 mm per year, the lowest is 0.17 mm per year. 
These deviation values are quite small when compared to the average movement velocity of about  
35 mm per year in the studied region. 

In Table 4, the results show that the deviation of the azimuth of measured values and interpolated 
values at checked GNSS stations is not large. 
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 Fig.2. Graph of 3rd-order Markov function of the movement velocity (a) and movement direction (b) 
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 Table 4 
 

The determined value of movement velocity and value of azimuth of tested GNSS stations 
 

Station 
Value of movement velocity, mm/year Value of azimuth, deg 

V Vm
* Deviation Az Azm

*
 Deviation 

OAN0 35.12 35.29 –0.17 107.0 107.5 –0.5 

LOT1 35.62 35.41 0.21 109.7 108.7 1.0 

C075 37.30 35.36 1.94 111.7 109.8 1.9 

QT01 31.95 31.20 0.75 109.1 108.5 0.6 

 
                           * Movement velocity calculated from the model. 

 

From Table 4, the mean square error of velocity and their movement direction at the checked 

stations are ±1.05 mm/year and ±1.1 deg, respectively. This comparison indicates that the movement 

velocity model and their direction are established for the northern area of Vietnam, using the 3rd-order 

Markov function as described in formulas (6) and (7).  

Discussions 
The northern part of Vietnam has a complex tectonic setting, dominated by active faults such as 

the Red River fault, Chay River fault, Lo River fault – all of them belong to the Red River fault 
system, Dien Bien Phu fault, Da River fault, and Son La fault. The Red River fault plays the most 
important role in this area, as it divides the study area into two tectonic structures: the Northwestern 
and Northeastern. Up to now, the Earth’s crustal movement in the northern part of Vietnam has been 
measured using GPS technology along active fault zones [16, 36]. 

The results of monitoring using GPS stations on the territory of Vietnam and adjacent areas have 
shown the movement of these stations in the northwest – southeast direction [16, 31]. The decrease 
in movement velocity from west to east of the northern GPS stations (Lang, Bach Long Vi, and Hai 
Nam) has indicated that the gulf of Tonkin area is currently compressed in the sub-latitude direction 
or East-Southeast direction. This stress field is unfavourable for the active extension fault system in 
the sub-meridian, as well as the strike-slip fault in the northwest – southeast. 

In 2013, the movement velocity of the Red River fault was determined to be 34.5 ± 1 mm/year 
to the east and 12 ± 1 mm/year to the south through the analysis of GPS data. This data was obtained 
from 27 stations in the northern region of Vietnam between 1994 and 2007 using the 
GAMIT/GLOBK software [30]. At the same time, the horizontal movement velocity of 22 GPS sta-
tions in the northwest area of Vietnam, in the ITRF2008 coordinate system, from 2001 to 2012 was 
determined using Bernese version 5.0 software, and it was found to be 34.3 ± 0.7 mm/year [16]. 

In 2016, the absolute movement in the southern area of the Red River fault zone (Viet Tri – 
Hanoi) was calculated using data from Thac Ba stations, Tam Dao – Ba Vi, as well as measurements 
taken in the years 2013 and 2015. This analysis was conducted using Bernese 5.0 software, and the 
average value was approximately 34 mm/year [17]. 

In 2020, the velocity of Earth's crust movement at 06 stations (MTEV, MLAY, DBIV, TGIV, 
SMAV, SLAV) in the northwest area of Vietnam, as well as at 01 PHUT station (Hanoi), was calculated 
using GAMIT/GLOBK [36]. The determined Earth's crust movement velocities for these stations are 
as follows: 34.10 ± 0.71 mm/year (DBIV), 34.31 ± 0.65 mm/year (PHUT), 34.51 ± 0.75 mm/year 
(SMAV), 34.55 ± 0.80 mm/year (MLAY), 34.80 ± 0.72 mm/year (TGIV), 34.93 ± 0.99 mm/year 
(SLAV), and 35.59 ± 0.73 mm/year (MTEV). These results are consistent with the current tectonic 
setting in Southeast Asia, which is moving southeastward due to the collision of the Indian subcontinent 
into the Eurasian plate. 

In 2022, the stations within the VNGEONET network have been determined for their absolute 
velocity of displacement on the Earth's crust using the GAMIT/GLOBK software. In general, these 
stations all tend to move in the southeast direction, with respective absolute displacement velocities: 
MCAI = 34.42 mm/year, SDON = 36.09 mm/year, HYEN = 32.87 mm/year, CPHU = 32.98 mm/year, 
TQUA = 33.95 mm/year, and MGTE = 34.46 mm/year [37]. 
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The Earth's crustal movements of GNSS stations in the North area of Vietnam are corrected 
using the least-squares collocation method with a 3rd order Markov function, achieving an accuracy 
of about 2 mm/year in ITRF2020 for movement velocity and about 2 deg for movement direction. 
The determination of data in one dynamic coordinate system has formed a comprehensive picture of 
the Earth's crustal movement in the North area of Vietnam within a uniform framework. The move-
ment velocity of the Earth's crust is ~35 mm/year in the northwest-southeast direction, which coin-
cides with previous research results in the northern area of Vietnam, confirming the accuracy of the 
data correction from ITRF2000, ITRF2005, and ITRF2008 to ITRF2020. 

Conclusions 
The study involved the transformation of movement velocity data from 38 GNSS stations across 

various dynamic coordinate systems, namely ITRF2000, ITRF2005, and ITRF2008, into a single 
unified coordinate system known as ITRF2020. This transformation was achieved using parameters 
provided by the ITRF. 

The analysis revealed that the movement velocity of these stations exhibited a change of  
~35 mm/year, primarily in a direction from the northwest to the southeast. Among these stations, 34 were 
utilized to construct models for the movement of the Earth's crust, while the remaining four stations – 
OAN0, LOT1, C075, and QT01 – were reserved for testing and evaluating the accuracy of the models. 

The research employed the least-squares collocation method to establish a model for the move-
ment of the Earth’s crust in the northern region of Vietnam. This model exhibited a high accuracy 
level, with a precision of about 2 mm/year. 

This study marked the first time that a highly accurate Earth’s crust movement velocity model 
was developed in Northern Vietnam using the latest dynamic coordinate system. The methodology 
employed in creating this precise crustal movement model holds potential applicability to other re-
search domains with similar data sets. This achievement bears great importance in advancing the 
understanding and practical applications of modern Earth's crust movement. The outcomes of this 
research serve as a crucial data source that contributes to the establishment and utilization of the 
dynamic coordinate system within Vietnam.   
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Abstract 

The formation of deposits and subsequent metamorphic processes that affect concentrations of radioactive elements in 

coal can indicate ongoing geological activities, therefore, analyzing trends in the radiation characteristics of coal 

throughout the metamorphic series is highly relevant. The aim of this work is to experimentally evaluate the radiation 

characteristics of different coal ranks (metamorphic stages) using thermoluminescent (TL) dosimetry and beta activity 

measurements, and to identify correlations between these radiation characteristics and data obtained from technical, 

elemental, and thermogravimetric analyses, as well as mass spectrometric and electron paramagnetic resonance spec-

troscopy (EPR) measurements. For dosimetric measurements that indirectly characterize the content of radionuclides 

in coal, a modified dosimetric complex and original soil-equivalent thermoluminescent detectors based on SiO2 were 

used. The analysis of the obtained results supports the use of TL studies to determine the ash content of coals at low 

and medium stages of metamorphism (coal rank B→G), while indicating that this method is not feasible for coals at 

higher stages of metamorphism. The correlation dependencies in the metamorphism series suggest abrupt change in 

the conditions of coal formation during the time range corresponding to transformation from high to low volatile bitu-

minous coals (coal rank G→Zh→K). These abrupt changes in regional metamorphism conditions (time, temperature, 

pressure, oxidation-reduction conditions) are confined to the boundary of the Permian and Triassic periods (~250 mil-

lion years ago), during which both the transformation of existing coal deposits and the formation of new deposits 

occurred. 
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Introduction 

The radioactivity of coal, like that of other natural objects, is determined by the content of natural 

uranium and thorium in equilibrium with their decay products, as well as the content of a number of 

beta-emitting long-lived isotopes (40K, 50V, 87Rb, 115In, 123Te, 138La, 176Lu, 187Re), the main one being 
40K due to its high content [1-3]. 

The content of 238U and the equilibrium amount of 226Ra in solid coal matrix generally corre-

sponds to their content in soils and is at safe concentration levels. Due to the good solubility of 226Ra, 

equilibrium distribution can be disrupted. The decay of 226Ra leads to the appearance of a gaseous 

short-lived decay product (222Rn), whose potential release into the inter-pore space from the solid 

matrix usually disrupts the natural radioactive equilibrium in the 238U series [3-5]. In equilibrium with 

its nearest short-lived decay products, in the absence of a new source of 222Rn, it rapidly decays 

according to an exponential law, so emanation can only be detected at the location of a constant radon 

source [3]. The short-lived decay products of 222Rn produce α-, β- and γ- radiation. 
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Radioactive impurities are present in both the organic and ash fractions of coal. Thorium is 

mainly found in phosphate minerals (monazite, apatite), while uranium is present both in mineral 

inclusions – uranium-thorium-containing minerals (zirconium, pyrochlore, monazite, or their own 

minerals) – and in the organic fraction as organometallic compounds. The organic part usually con-

tains an order of magnitude less uranium than the inorganic part (which determines the ash content); 

therefore, after coal combustion, most of the uranium, thorium and their decay products are retained 

in solid waste (the specific concentration of radioactive elements in ash is 5-7 times higher than in 

the original coal) [2, 6-8]. Elevated levels of uranium and thorium in coals are often accompanied by 

the accumulation of rare-earth elements, zirconium, hafnium, and other rare elements [6-8].  

In general, the radionuclide content in the coals of the Kuznetsk Basin is not high and is com-

parable to that in soils [3, 9]. The worst radiation levels in Kuzbass are found in the brown (lignite 

and sub-bituminous) coals of the Kansk-Achinsk Basin, mined in the Kemerovo region at the  

Itatsky open-pit mine [3, 6-9]. The uranium content in coals and host rocks of the Itatsky deposit  

is several times higher than the values typical for Kuzbass (uranium, average – 56.9 g/t, variations – 

6-139 g/t) [3, 7]. The distribution of uranium across the open-pit area is localized, with areas of ele-

vated content occupying ~20 % of the area [3, 7]. In the ash and slag material formed during the 

combustion of such coal, the uranium content reaches up to 900 g/t, and this material is classified 

according to global standards as ordinary uranium ore (uranium content range of 0.05-0.1 %) [9-11]. 

Since radionuclides are concentrated in 10-20 % of the mineral fraction of coal, radioactivity can 

reflect the mineral content of coal and correlate with the ash content of samples [12-14]. 

This study investigates the radiation characteristics of coals from the Kuznetsk Basin across dif-

ferent stages of metamorphism and correlates the obtained data with the results of technical analysis 

[15-17] and other physicochemical studies (elemental and thermogravimetric analyses, mass spectro-

metric and EPR studies) [18-21], with the aim to determine the feasibility of using the radiation 

characteristics of coal to assess ash content and analyze changes in radiation characteristics across 

the metamorphic series. 

Methods 

Samples and research methodology. Coals (Table 1) from the metamorphic series with particle 

sizes ≤ 3 mm were studied [13-15, 19]. A representative sample of coals was transferred into a plastic 

container (1 liter), filling it to 2/3, with thermoluminescent detectors placed inside. Thus, the detectors 

were surrounded on all sides by a layer of coal and were kept in the sample for 20 days. 

For all selected representative samples from the metamorphic series, comprehensive information was 

available regarding the coal mine of provenance, technical characteristics (Table 1), and the results of 

extended physicochemical analyses conducted at the Shared Research Facilities of the Federal Research 

Center for Coal and Coal Chemistry, Siberian Branch of the RAS [13-15]. 

Table 1 

Characteristics of coal samples 

Analytical sample description Coal rank Ad, % Vdaf, % Wa, % 

N 27, open-pit mine “Kaichaksky” B 10 53.1 11.8 

N 72, open-pit mine “Kamyshansky” D 6.2 44.5 7.6 

N 64, mine “V.D.Yalevsky”, seam 52 DG 4.7 42.6 5.7 

N 40, mine “S.M.Kirov”, seam Polenovskiy G 3.3 40.4 1.2 

N 15, mine “S.D.Tikhova”, seam 23 Zh 7.8 33.3 0.8 

N 10, OOO “Uchastok Koksovy”, seam II internal  K 4.9 21.3 0.6 

N 34, open-pit mine “Tomusinsky”  OS 6.7 19.8 0.1 

N 45, open-pit mine “Bachatsky”  SS 4.7 19.0 1.3 

N 81, AO “Kuznetskinveststroy”, seam 19a Т 6.2 14.4 0.5 

Notes: Ad – ash content; Vdaf – volatile matter yield; Wa – analytical moisture content.  

Equipment. The study of absorbed doses accumulated in coals due to the presence of radioactive 

elements was conducted using the thermoluminescence dosimetry method [3, 22, 23]. A modified 
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dosimetric complex DTU-01M was used, providing signal registration in the temperature range up to 

450 °C with the ability to change the heating rate from 1 to 20 °C/s. The DTU-01M dosimetric devise 

was calibrated together with TLD-K detectors based on SiO2, which were placed in the analyzed 

sample for a fixed exposure period, and the absorbed doses caused by the radionuclide content in the 

coal were calculated based on the detector readings [3, 24]. Because the effective atomic number, 

Zeff, of the detectors closely corresponds to that of quaternary deposits, the detectors correctly measure 

the absorbed dose [3, 23, 24].  

After exposure, the detectors were placed on the heating element of the calibrated DTU-01M 

complex, and the absorbed dose was measured in centigrays (cGy). To register background radia-

tion, the detectors were also placed in a container without coal. The background radiation was sub-

tracted to quantify the annual dose due to the content of radionuclides in coal, in excess of the 

background dose.  

Due to the lack of hygroscopicity, TLD-K detectors can be used for dosimetry of aqueous media, 

i.e. for studying the characteristics of mine waters, settling ponds, discharges, and drinking surface 

and borehole waters [3].  

To determine the beta activity of coals (Bq/kg), a KRVP-3B radiometer with a large lead cham-

ber was used. The activity of dried potassium chloride powder, which has a standard beta activity due 

its 40K content, was measured as a reference sample.  

EPR measurements were carried out using a Bruker EMX 6/1 micro spectrometer in the X-band 

(9.5 GHz) with the following settings: 

• magnetic field sweep range ΔH = 1300-5600 Gs; 

• signal gain coefficient 2.24·102; 

• microwave power attenuation 20 dB; 

• signal conversion time 15 ms; 

• signal sweep time 31 s. 

Results  

The results of dosimetry and determination of beta activity of coal samples  are presented in 

Table 2. Each sample contained at least five detectors; Table 2 shows the average values and devia-

tions for the samples. The average deviation did not exceed 3 % for any of the samples. The results 

indicate that specific beta activities and the absorbed doses in addition to the background are corre-

lated, decreasing with increase in coal metamorphism from grade B to grade Zh; and highly meta-

morphosed coals are more radioactive than moderately metamorphosed coals. 
 

Table 2 

Results of dosimetry and determination of beta activity of coal samples 

Coal rank 
Dose during  

monitoring D, cGy 

Average deviation ΔD,  

cGy 

Annual absorbed dose, 

cGy/year 

Annual absorbed dose  
minus background, 

cGy/year 

Specific beta activity A, 

Bq/kg 

B 0.0225 0.0005 0.411 0.081 75 

D 0.0208 0.0004 0.380 0.050 46 

DG 0.0202 0.0004 0.369 0.039 37 

G 0.0196 0.0004 0.358 0.028 27 

Zh 0.0190 0.0004 0.346 0.016 16 

K 0.0221 0.0005 0.404 0.074 72 

OS 0.0235 0.0007 0.428 0.098 84 

SS 0.0225 0.0006 0.410 0.080 60 

T 0.0241 0.0007 0.440 0.110 62 

 

Correlation analysis of radiation characteristics of coals in the metamorphism series with other 

physicochemical characteristics. Figure 1 shows the dependencies of absorbed doses on moisture 

content and volatile matter yield, along with the correlation coefficients when approximating the data 

with a linear relationship. 
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Comparison of radiation characteristics with the results of technical analysis of coal samples in 

the B→T series shows: 

• the dependence of the absorbed dose on the degree of coal metamorphism in the B→T series 

is complex. From B→Zh, radioactivity decreases to the minimum values in the Zh sample, and then, 

with increasing metamorphism, radioactivity increases from Zh→T (Fig.1); 

• coals with higher moisture content in the Zh→B series (decreasing degree of metamorphism) 

are more radioactive, suggesting that some radionuclides are in water-soluble compounds; 

• the radioactivity of coals increases with a volatile matter yield of more than 35 % (in the Zh→B 

series). For highly metamorphosed coals (in the T→Zh series), radioactivity decreases with a volatile 

matter yield in the range of 15 to 35 %. This trend suggests that some radionuclides are associated 

with the organic fraction of the coal. 

Since radionuclides are mainly concentrated in the ash part of coal, let us consider the depen-

dence of the absorbed dose D on the ash content Ad (Fig.2).  

For coal samples in the G→B series, the ash content of the samples increases from 3 to 10 %, 

and in this series, a linear increase in absorbed doses is observed (Fig.2, a). When the ash content 

range is expanded to 25 % (including samples of G and D coals with high ash content from the “Za-

rechnaya” mine), samples with higher ash content fit well into the linear dependence of dose on ash 

content (Fig.2, b). This allows for a preliminary conclusion about the possibility of determining the 

ash content of coal samples of low and medium degrees of metamorphism based on their radiation 

characteristics. An additional argument confirming the possibility of using dosimetric studies of coals 

to determine ash content is the constancy of doses normalized to ash content in the B→G series. The 

slight change in absorbed doses per unit ash content in the B→G series of metamorphosed coals may 

contribute minimally to the error in determining ash content based on radioactivity. 
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Fig.1. Dependence of the absorbed dose, formed in coals due to radioactive elements, on moisture content (a)  

and volatile matter yield (b) 

Fig.2. Dependence of the absorbed dose on the ash content of coal samples Ad = 3-10 % (a) and up to 25 % (b) 
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For samples in the Zh→T series, no dependence of the dose on the ash content is observed 

(Fig.2, a). It should be noted that the dose per unit ash content for K→T coals, with a wide range of 

values, is almost twice as high as for low- and medium-metamorphosed coals. This may indicate the 

presence of radionuclides in the organic matrix of highly metamorphosed coals. The Zh coal sample 

stands out with a low value of the dose normalized to ash content. 

When comparing the radiation characteristics of coals in the metamorphism series with the re-

sults of elemental analysis of organic elements in coal samples in the B→Zh series, the following 

patterns are observed (Fig.3): 

• decrease in the radioactivity of samples with an increase in the content of carbon, nitrogen, and 

hydrogen (increase in the degree of metamorphism); 

• increase in absorbed doses with an increase in oxygen content (decrease in the degree of met-

amorphism); 

• coals with higher degrees of metamorphism show a change in the trend and reveal different 

tendencies in the Zh→T series; 

• with an increase in the degree of metamorphism in the Zh→T series, absorbed doses increase 

after passing the minimum for Zh coals. 

The decrease in absorbed doses with an increase in nitrogen concentration in the B→Zh series 

(increase in the degree of metamorphism) changes to an increase in dose with a decrease in nitrogen 

content when transitioning to higher degrees of metamorphism in the Zh→T series. The turning point 

is the Zh coal sample. 

A characteristic inflection of the characteristics when crossing the degree of metamorphism Zh 

is observed for oxygen content at a concentration of ~15 %, carbon at a concentration of ~78 % 

(Fig.3), and for volatile matter content at a concentration of ~35 % in coal samples (see Fig.1). Ab-

sorbed doses pass through a minimum at certain concentrations and then increase with the degree of 

metamorphism. The observed patterns likely result from sharply changing conditions of coal for-

mation or transformation (time, temperature, pressure, etc.) during the formation of coal deposits of 

grades G→Zh→K. 
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The dependence of absorbed doses and degrees of metamorphism on the rates of coal decompo-

sition and the temperatures of maximum H2O release in an inert environment in Fig.4 is multidirec-

tional. With an increase in the decomposition rate of coal samples in an inert environment, a decrease 

in absorbed dose is observed for T→K coals (decrease in the degree of metamorphism) and for B→Zh 

coals (increase in the degree of metamorphism), with minimum dose values for the metamorphism 

stages G and Zh (Fig.4). A similar trend is observed for the dependence of absorbed dose on hydrogen 

concentration (see Fig.3). The maximum temperatures of H2O release during decomposition in an 

inert environment in the B→Zh series increase with a decrease in absorbed doses. 

The distribution of carbon across structural fragments – carbonyl (C=O); carboxyl (COOH); 

aromatic carbon atoms (Car); aromatic carbon atoms bonded to oxygen atoms (Car–O); protonated 

aromatic carbon atoms (Car–H); methoxyl fragments (OCH3); alkyl fragment carbon atoms (CH2) – 

modeled based on NMR studies in an inert environment, shows diverse behavior of fragments 

depending on absorbed doses (degrees of metamorphism of samples) (Fig.5). With the increase in the 
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degree of metamorphism and the decrease in ab-

sorbed doses in the B→Zh series, there is an in-

crease in the content of Car, as well as CH3 and 

OCH3 fragments, and a decrease in the amount of 

Car–H, Car–O, CH2 fragments, C–O–C, COOH, 

and C=O. The correlation dependencies of Car, 

CH2, C–O–C, and COOH on the absorbed dose 

for the entire studied metamorphism series are 

shown in Fig.5. 

As in Fig.1 and 4, a characteristic inflection 

of the dependencies is observed when coals pass 

through the degrees of metamorphism G→Zh→K, 

with a turning point at the Zh stage. For coals of 

high metamorphism stages, an increase in dose 

with an increase in the degree of metamorphism 

is observed, along with an increase in Car and C–O–C content and a decrease in CH2 content.  

Figure 6 shows the dependence of the number of paramagnetic centers on the dose normalized 

to ash content, i.e., the dose per unit ash content. Coals exhibit paramagnetism due to the presence of 

various types of paramagnetic centers (defects) [25-27]. Paramagnetic centers can accumulate in coal 

due to prolonged exposure to alpha-emitting radionuclides contained in them [28, 29]. 

With an increase in the degree of metamorphism, there is an increase in the normalized absorbed 

dose and the number of paramagnetic centers. Along with the radioactivity of coals, the time factor 

also plays a role in the observed dependence. The younger the coal, the less time it is exposed to 

radiation from radionuclides contained in the sample or the surrounding rocks, and the fewer para-

magnetic centers it contains. The older the coal, the longer the exposure time and the higher the 

accumulated number of paramagnetic centers. 

The Zh coal sample deviates from the dependence, as it has a high number of paramagnetic 

centers despite the minimum absorbed dose and average age. It can be assumed that, in addition to 

the considered radiation factor, more complex specific conditions of defect formation (temperature, 

pressure, etc.) are responsible for their creation. 

Discussion of results 

The changes in radioactivity in the coal metamorphism series at low and medium stages of 

metamorphism are generally predictable and are determined by the time frames of coal formation 

and the half-lives of the main present radionuclides [1-3]. The age of the oldest coals is estimated 

at 3.5·108 years, and the half-lives of the main radionuclides are comparable to this age (Table 3). 
 

Table 3 

Characteristics of decay and activity estimates of the main radionuclides contained in coal 

Radionuclide 
Half-life,  

coal age (years) 
Specific activity, Bq/g 

Radionuclide content 

 in natural element  

mixture, % 

Average radionuclide 

content in coal, g/t 

Average radionuclide  

activity in coal, Bq/kg 

40K 1.25E+09 2.65E+05 0.0119 0.1 29.3 
238U 4.5E+09 1.2E+04 99.3 1.9 23.4 
235U 7.1E+08 7.9E+04 0.7 1.2E-02 0.96 
234U 2.45E+05 2.3E+08 0.0055 0.0 0.0 

232Th 1.4E+10 3.1E+03 100 6.9 21.4 

Coal 3.5E+08 0.075   Σ75 

 

After the formation of the radionuclides in the coal, coal activity naturally decreases over time, 

which may explain the observed decrease in activity in the B→K series with comparable concentra-

tions of radionuclides during formation. With an increase in the degree of metamorphism due to pro-

longed irradiation of the coal mass by radionuclides contained in the sample, the number of radiation 
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in a gram of coal on the absorbed dose normalized  
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defects should increase, which is observed experimentally in EPR studies. Thus, the time factor of 

metamorphism explains the observed dependence of changes in the radioactivity of samples in the 

series of weakly metamorphosed samples. For highly metamorphosed samples, it is necessary to as-

sume the presence of radionuclides in both the mineral and organic components of coals, with higher 

radionuclide content in the biosphere during their formation. 

A linear dependence of radioactivity on ash content is recorded at medium and low degrees of 

metamorphism (G→B) and can be used to determine the ash content of a sample by its radioactivity. 

When transitioning to higher degrees of metamorphism, the dependence becomes significantly more 

complex. 

The dependencies of absorbed dose on volatile yield, carbon, oxygen, nitrogen concentrations, 

and carbon structural fragments shown in Fig.1, 3, and 5 demonstrate a sharp change in absorbed 

doses when transitioning from Zh coal to higher degrees of metamorphism. All dependencies undergo 

a sharp change in trend with a tendency for absorbed doses to increase in the K→T metamorphism 

series, contrary to what is observed at low degrees of metamorphism. The sharp change in the trend 

of dependencies can only be explained by invoking the hypothesis of significant changes in the con-

ditions of formation or transformation of coal masses (temperature, depth, pressure, gas environment, 

mineralization, redox conditions) [26-29]. The change in radionuclide accumulation conditions in 

coals occurs during the stages of metamorphism G→Zh→K and is likely associated with global pro-

cesses during their formation period, with more intense radionuclide input into biosphere objects 

during the formation of highly metamorphosed coals. 

Changes in the trend of dependencies at the boundary of metamorphism G→Zh→K can be traced 

without involving radiation measurements if the volatile matter content in coal is taken as an indicator 

of the degree of metamorphism (Fig.7). A sharp change in the rates of carbon and oxygen accumulation, 

as well as the presence of maxima in hydrogen and nitrogen content, is observed when coals pass 

through the Zh metamorphism stage. 

The combination of identified factors may indicate changes in both radiation conditions and redox 

conditions in the biosphere during the formation period of Zh→G coals [30-32]. 

Conclusion 

The analysis of the results supports the feasibility of using thermoluminescent analyses to deter-

mine the absorbed doses formed due to the coal radionuclide content, for determining the ash content 

of coal with low and medium degrees of metamorphism (B→G). 

The observed correlations of absorbed doses with technical, elemental, and thermogravimetric 

analysis data, as well as EPR and mass spectrometric study results in the metamorphism series, indi-

cate changes in coal formation (transformation) in the time range of the coals G→Zh→K, with abrupt 

change in conditions during this period. 
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Based on the analysis of the results, it can be assumed that the process of coal formation and 

metamorphism K→T spans the time range of the Carboniferous and Permian periods, while coals 

with lower degrees of metamorphism were formed after a major volcanic activity outbreak at the end 

of the Permian – early Triassic, which radically changed the structure of the Earth's biosphere. This 

period is characterized by the release of a large amount of “light” carbon into the atmosphere due to 

the combustion of surface coal deposits through which rising magma broke through [33-35]. 

The change in formation conditions is associated with a sharp change in regional metamorphism 

conditions (time, temperature, pressure, redox conditions) at the boundary of the Permian and Triassic 

periods (~250 million years ago). This time is characterized by volcanism, continental plate shifts, 

Siberian Traps eruptions, carbon release into the atmosphere, combustion processes with the deposi-

tion of a large amount of products, rapid sediment burial, and the catastrophic extinction of marine 

and terrestrial life forms on Earth [35-37]. 
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Abstract 

Since the United Power System was created electrical supply of remote and hard-to-reach areas remains one of the 

topical issues for the power industry of Russia. Nowadays, usage of various renewable energy sources to supply elec-

tricity at remote areas has become feasible alternative to usage of diesel-based generation. It becomes more suitable 

with world decarbonization trends, the doctrine of energy security of Russia directives, and equipment cost decreasing 

for renewable energy sources-based power plants construction. Geological exploration is usually conducted at remote 

territories, where the centralized electrical supply can not be realized. Placement of large capacity renewable energy 

sources-based generation at the areas of geological expeditions looks perspective due to development of industrial 

clusters and residential consumers of electrical energy at those territories later on. Various metaheuristic methods are 

used to solve the task of optimal renewable energy sources-based generation geographical placement. The efficiency 

of metaheuristics depends on proper tuning of that methods hyperparameters, and high quality of big amount of 

meteorological and climatic data. The research of the effects of the calculation methods defining distance between 

agents of the algorithm on the optimization of renewable generation placement results is presented in this article. Two 

methods were studied: Euclidean distance and haversine distance. There were two cases considered to evaluate the 

effects of distance calculation method change. The first one was for a photovoltaic power plant with installed capacity 

of 45 MW placement at the Vagaiskii district of the Tyumen region. The second one was for a wind power plant with 

installed capacity of 25 MW at the Tungokochenskii district of the Trans-Baikal territory. The obtained results show 

low effects of distance calculation method change at average but the importance of its proper choose in case of wind 

power optimal placement, especially for local optima’s identification. 
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Introduction 

The Russian Federation has a huge potential in terms of mineral resources and fossil fuels 

represented by complex of minerals distributed over a vast territory. This mineral complex consists 

of oil, natural gas, coal, metallic ores, raw mineral materials which are used in building industry, 

etc. The development of raw materials deposits and their extraction are carried out throughout the 

vast territory of the country from the Caucasus to the Far East. Geological exploration expeditions 

play an important role in confirming the mining potential of the territories. These expeditions are 

usually carried out in remote areas, where the centralized electrical supply can not be realized [1, 2]. 
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Mobile generation systems, based on small-capacity diesel generators, or fast-built installations, based 

on one large-capacity diesel generator, are used to provide electricity in these conditions [3, 4]. The use 

of diesel generators is the simple way to establish a local electrical supply. However, there are some 

specific aspects of exploitation, related to fuel transportation and the negative ecological impact 

(emissions of nitrogen and carbon oxides) [5-7]. 

Mining and industrial clusters and working settlements are developed in the area if geological 

exploration succeeds. These new consumers of electricity require the construction of long overhead 

power transmission lines or a local power plant for electrical supply. Decreasing the share of diesel-

based generation and replacing it with local energy sources-based generation is one of the keynotes 

of the Russian Energy Security Doctrine1. Developing renewable energy sources-based power genera-

tion (RES) in areas of geological exploration is a major alternative for non-environmentally friendly 

diesel generation with low efficiency considering these keynotes. 

Decarbonization trends of all sections of the economy suggest the integration of more environ-

mentally friendly energy sources into the economy, including electrical supply to remote and hard-

to-reach areas. The government's economic development plan for the Russian Federation includes 

programs to support decarbonization and the development of green power generation [8]. It is rea-

sonable to evaluate the potential for locating RES-based power plants at geological exploration 

sites [9-11], considering both their environmental impact [12-14] and mining prospects in these 

territories [15]. Optimization of the geographical location of RES-based generation is essential for 

efficient use, particularly in large countries such as the Russian Federation, which have various 

climatic zones with diverse meteorological conditions. The goal of this optimization is to maximize 

electricity generation, represented by the capacity utilization factor (CF), of power plants.  CF is 

one of the parameters used as indicators for new project selection within governmental support 

programs such as PSA RES 2.0. The minimum requirements for CF for photovoltaic power plants 

(PVPP) and wind power plants (WPP) in Russia are 0.14 and 0.27 p.u., respectively, according to 

official tender documentation.  

Meteorological data, a CF forecasting system, and appropriate mathematical optimization 

methods capable of showing high results when working with heterogeneous, complex objective func-

tion forms are required for optimization of this type. There are many factors affecting the optimization 

results. One of these factors is the determination of the distance between geographical points that 

determine the various potential positions of the planned power generation unit. Not all methods are 

suitable for this task, and some show good results when dealing with uneven and complex objective 

functions. 

Different metaheuristic [16-18] optimization methods such as the Firefly algorithm [19, 20], 

Grey Wolfs Pack [21-23], etc. are effective tools for optimizing in complex and unique situations. 

Metaheuristics is based on the natural behavior of animals and insects during vital processes, such as 

food search and hunting. Mathematical descriptions of animal and insect behavior are used in many 

economic fields, including engineering, construction, logistics, and the power industry. Metaheu-

ristic algorithms have advantages over traditional optimization methods based on gradient descent or 

generalized Newton's method, which are also used for technical tasks. 

The main advantages of metaheuristics include: 

• universality: optimization algorithms can be used for both simple single-extremum problems 

and unique multiple-extremums; 

• smaller probability of getting stuck in a local extremum or plain space; 

                                                      
1 Russian Federation Energy Security Doctrine. URL: https://minenergo.gov.ru/ministry/energy-security-doctrine?ysclid= 

lsipl3svw513749979 (accessed 15.02.2024). 

https://minenergo.gov.ru/ministry/energy-security-doctrine?ysclid=%20lsipl3svw513749979%20
https://minenergo.gov.ru/ministry/energy-security-doctrine?ysclid=%20lsipl3svw513749979%20
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• smaller influence of initial evaluation on final results of the optimization (algorithm’s agents 

first placement). 

One of the main drawbacks of metaheuristic optimization algorithms is the need to tune their 

hyperparameters. The efficient values of these parameters may vary depending on the task being 

considered, the objective function, or the restriction system. 

There are various factors that affect the results of RES-based power generation optimization. 

One of these factors is the distance calculation function used in the algorithm. Metaheuristic methods 

are often applied to optimization tasks involving integer-valued or discrete parameters. In these cases, 

the agents of the algorithm move to predefined grid nodes in the solution space, and Euclidean dis-

tance [24, 25] is typically used by default. A significant part of research focuses on accurately tuning 

the hyperparameters of the algorithm, while working on optimization tasks that use geographical  

coordinates as parameters. When working with optimization tasks where there are not only integer 

values but also infinite fractional values, haversine distances, which are used in transport logistics 

and navigation [26, 27] could be used as an alternative to Euclidean distance. 

This research presents the effects of the distance function used in optimization algorithms on 

RES-based generation placement optimization results. The main objective is to confirm the hypothe-

sis that selection of the distance functions affects the optimization results. Application of optimization 

methods based on metaheuristic algorithms for geographical placement of different types and capac-

ities of RES-generation, and evaluation of various distance functions' influence on results represent 

the scientific novelty of this study. 

To confirm the hypothesis, two areas were considered for geological exploration: the Urals 

[28-31] and the Trans-Baikal territory [32]. 

Methodology 

The objective function of the optimization task has a unique form and contains many local maxi-

mum areas, considering the geographical placement of RES-based generation to maximize its CF. 

The objective function shows how CF changes depending on electrical parameters (energy source 

type and installed capacity), geographical parameters (location of power plant) and climatic/meteoro-

logical parameters (air temperature, humidity, wind speed, solar irradiation, albedo, etc.) This func-

tion cannot be defined using interpretable combinations of mathematical and trigonometric functions. 

Models, based on artificial intelligence (AI), especially forecasting models [33-35], are widely 

used to evaluate the potential and efficiency of RES-based power plant placement in areas. AI-model 

are able to describe the correlations between stochastic climatic and meteorological parameters and 

electricity production of RES-based power generation. The results of these models are highly accurate 

compared to traditional approaches based on probability distributions [36-38]. 

The machine learning forecasting model for RES-based generation CF values forecasting pro-

posed by the authors in [39] which is based on an ensemble algorithm named “random forest”, was 

used to determine the objective function for this research. The initial data for this model include the 

type of energy source, installed capacity of the power plant, geographical location, and a number of 

meteorological variables (which may vary depending on the type of energy source). 

The developed model was trained using data on the geographical positions of RES-based power 

plants, electricity generation throughout the year and averaged meteorological parameters for the area 

of the power plants for five years. The data used to train the model was extracted from certificates 

confirming the origin of electricity consumed for qualified RES-generation2. 

The adapted firefly's optimization algorithm was applied to the task of optimal RES-based geo-

graphical placement of generation. This algorithm was chosen because of its efficiency in this task, 

                                                      
2 Renewable Energy Sources. URL: https://www.np-sr.ru/ru/market/vie/index.htm (accessed 29.10.2023). 

https://www.np-sr.ru/ru/market/vie/index.htm
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which has been demonstrated in comparison with random search, particle swarm optimization, fire-

flies, and grey wolf pack optimization algorithms in [39]. 

The optimization task solution process using the proposed algorithm can be divided into four 

stages, as follows: 

• preparation – choosing the area under consideration and forming restrictions on the power 

plant's placement (borders of the area); 

• initial population creation – creating agents and randomly distributing them within the borders 

of the considered area; 

• optimal placement search – an iterative process of moving agents according to their objective 

function values and algorithm parameters; 

• final – end of optimization and creation of a report on results (statistical metrics and visualiza-

tion of results). 

Mathematical description of the agent's movement process: 

xi+1 = xi + (xj – xi) + (crand – 0.5); 

xbi+1 = xbi+1 + (crand – 0.5), 

where xi, xj are the agent’s positions (geographical latitude and longitude); xbi is the position of the 

agent with the highest objective function score;  is the coefficient determines random move of 

agents;  is the agents attraction function (depends on the agent’s values of the objective function and 

the distance between them); сrand is the random value in range from zero to one. 

The agent's attraction function is defined as follows: 

2γ

0β = β ,de   

where γ is the transparency coefficient; d is the distance between two agents; 0 – attraction force 

of the agent at the distance of d = 0. 

It is required to tune the hyperparameters to provide correct work of the proposed metaheuristic 

algorithm: 

•  is the coefficient defining the step length of the agent in the random direction (measures 

in p.u. according to the size of the considered optimization area). This coefficient may remain con-

stant during the optimization process, or it may change according to the chosen pattern. The rea-

sonable change of  is to decrease it during the optimization process to provide the convergence of 

the agents to one area; 

• 0 is the coefficient defining the strength of attractiveness between agents on the minimal 

distance. This coefficient is used to define the attractiveness function . This could remain constant 

or change according to the pattern. It is necessary to use a smaller values of 0 at the beginning, and 

then gradually increase 0 till the value of 1.0 to strengthen the exploration ability at the start of the 

algorithm and to accelerate the convergence of the algorithm at the final iterations; 

• γ is the coefficient which defines the transparency of the environment and affects the move-

ment of the agents with the smaller values of the objective function to the agents with the higher 

values of the objective function. This coefficient could change in the range from zero to one. If γ = 0, 

then the environment is assumed as fully transparent, which leads to the algorithm transforming into 

a random search. If γ = 1, then the environment is assumed as fully non-transparent;  

• d is a function of the distance between agents of the algorithm. The behavior of the algorithm 

may change if the distance function is changed. In the stated problem, the position of agents refers to 
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the actual values of geographical latitude and longitude, so the most suitable distance functions may 

be Euclidean distance and haversine distance. 

Optimal values for the parameters , 0 и γ listed above were defined in the previous research [40]. 

Effects of the agent’s distance function selection on the optimization results have not been studied 

in the previous research. Different distance functions are considered to calculate the distance be-

tween two geographical points in the frame of the current research. 

Since the geographical coordinates of the potential location of power plants are used for calcula-

tions, a hypothesis about the incorrectness of using the Euclidean position as a function for calculating 

the distance in this formulation of the optimization problem was formulated.  

It is proposed to use the haversine function, which is used in navigation calculations and has 

physical and geographical validity to improve the optimization results. 

The Euclidean distance between two geographical points is defined as follows: 

   
2 2

2 1 2 1λ λ + φ φ ,eucd     

where φ1, φ2 are latitude coordinates of two points, rad; λ1, λ2 are longitude coordinates of two 

points, rad. 

The haversine distance between two geographical points is defined as follows: 

   2 22 1 2 1
1 2

φ φ λ λ
2 arcsin sin cos φ cos φ sin ,

2 2
havd r

     
             

 

where r is the major sphere’s circle radius, km. 

Euclidean distance is applicable to calculating the distance between two points on the same 

plane, and it equals the length of a straight line connecting these points. The haversine equation is 

rarely used trigonometric function and mainly uses in the field of navigation to calculate the shortest 

distance between any two route points. 

The curvature of the Earth's surface can be accurately approximated by the plane when con-

sidering small distances between two points (about 1 km). The difference between Euclidean and 

Haversine distance functions in these cases is about 0.1 % [41]. The accuracy of the plane approx-

imation decreases with increasing distance between the points. When the distance is near to a few 

geographical degrees, the difference between the two distance functions becomes noticeable. These 

differences are due to Mercator projection distortions. Therefore, the shortest distance between any 

two points on Earth's curved surface is measured by the Haversine formula, not by a straight line 

(Euclidean). 

Results and discussion 

The calculations were provided to confirm the proposed hypothesis. Two territories of the Rus-

sian Federation were chosen for these calculations. Geological exploration expeditions are actively 

performed in these territories in accordance with the Unified Fund of Geological Information about 

the Subsoil of the Russian Federation3 and Rosgeo4 data. The obtained results of comparison for two 

types of RES-based power generation were provided. Figure 1 shows the form of the objective func-

tions for the two considered territories: Tungokochenskii district of Trans-Baikal region, where placer 

gold deposits are being explored, and Vagaiskii district of Tumen region where peat deposits are 

being investigated. 

                                                      
3 Unified Fund of geological information about the subsoil. Register of original and interpreted information. URL:  

https://efgi.ru/ (accessed 15.02.2024). 
4 Rosgeology news portal. URL: https://nedra.rusgeology.ru/subdivision/nvniigg/news/ (accessed 15.02.2024). 

https://efgi.ru/
https://nedra.rusgeology.ru/subdivision/nvniigg/news/
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The results of the agent's placement at the initial population creation stage are presented in Fig.2. 

These results were used to evaluate the difference between two methods for calculating distance when 

the distance between two points is greater than one degree. The Table shows the absolute error of the 

Euclidean distance compared to the haversine: 

E = dhav – deuc, 

where dhav is the distance according to the haversine method, km; deuc is the distance according to the 

Euclidean method, km. 

 

 

Fig.2. Initial population agent’s placement 
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Fig.1. The objective function examples of the optimization task under study: 

а – WPP placed in the Tungokochenskii district; b – PP placed in the Vagaiskii district 
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Table  

The difference of Euclidean distance and haversine for initial population agent’s distance calculation, km 

Agent 0 1 2 3 4 5 6 7 8 9 

0 0 –6.329 –8.043 –1.333 –6.297 –6.815 –5.786 –13.186 –13.935 –15.719 

1 –6.329 0 –0.945 –3.989 –0.022 –0.604 –0.172 –5.429 –6.628 –7.768 

2 –8.043 –0.945 0 –4.072 –1.764 –0.231 –0.361 –2.266 –2.399 –6.162 

3 –1.333 –3.989 –4.072 0 –2.357 –5.489 –4.596 –9.444  –10.619 –11.783 

4 –6.298 –0.022 –1.764 –2.357 0 –0.108 –0.021 –6.042 –6.202 –9.131 

5 –6.815 –0.604 –0.231 –5.489 –0.108 0 –0.207 –3.087 –4.172 –5.362 

6 –5.786 –0.172 –0.361 –4.596 –0.021 –0.207 0 –3.262 –4.305 –5.515 

7 –13.186 –5.429 –2.266 –9.444 –6.042 –3.087 –3.262 0 –0.207 –2.340 

8 –13.935 –6.629 –2.399 –10.619 –6.202 –4.172 –4.305 –0.207 0 –1.255 

9 –15.719 –7.769 –6.162 –11.783 –9.131 –5.362 –5.515 –2.340 –1.255 0 

 
Based on the data in Table it can be concluded that the plane approximation and Euclidean dis-

tance calculations are not applicable to this task. The error distribution in distance calculation is non-

linear, which could be due to the uneven curvature of the Earth's surface across latitude and longitude. 

Even though the error in distance calculation may be nonlinear, there is a positive correlation between 

the error values and the distance between two points. In the example presented, the maximum error 

reached 15-16 km (0.14 degrees) when the distance between the two points was 56 km (half  

a degree). 

Such errors (see Table ) are significant for the studied optimization task, considering the objec-

tive function's form (see Fig.1). A drastic change in the CF value may occur within an interval of 

0.1 degrees of longitude or latitude for flat surfaces, or the optimal area may be missed for surfaces 

with a peaked shape. The size of a RES-based power plant is equal to 2-3 km for one of the Orenburg 

PVPPs or 6-8 km for Kamenskaya WPP, which is the distance between two end wind generators. 

An error that is 2-5 times larger than the size of the object under consideration is unacceptable, but it 

may be tolerable if installations of new units (capacity increase, territory expansion) for this power 

plant are considered later. 

The comparison of the results of optimizing the placement of RES-based power plants placement 

using two different distance functions (Euclidean and haversine) presented below. 

The 25 MW WPP placement optimization was considered for the Tungokochenskii district 

area. The objective function for this area (see Fig.1, a) is characterized by a global optimum area 

clearly localized at 54 degrees latitude. Figure 3 shows the results of comparing two distance 

functions for calculating agent distances. Figure 3, a shows distribution density curves of the best 

CF values found by the optimization algorithm after 100 iterations, and Fig.3, b shows the geo-

graphical location of the best results on the district map, projected onto the objective function 

plane. In both figures, green colors represent results obtained using the Euclidean distance func-

tion, while blue colors represent haversine results, and gray areas represent territory exploration 

expeditions5. 

                                                      
5 The State register of works on the subsoil geological exploration. URL: https://rfgf.ru/ReestrGin/ (accessed 15.02.2024). 

https://rfgf.ru/ReestrGin/
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For the convenience of perceiving the results geographical maps of the considered districts 

(Fig.3, b and 4, b) were combined with the objective functions (see Fig.1) in the form of a contour 

plots which demonstrate changes in the CF values of the power plant at the considered territories. 

The following conclusions were formulated based on the obtained results for the Tungokochenskii 

district: 
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Fig.3. Distribution of the optimal CF values which were defined during the 25 MW WPP placement optimization  

in the Tungokochenskii district: a – violin plots for CF values of the optimal placement results;  

b – geographical distribution of the optimal placement results 
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• The violin distribution plots have a similar shape for both distance functions. The haversine 

results distribution plot is more clearly defined than the Euclidean distance results. The optimiza-

tion algorithm more accurately identifies global optimum areas when using the haversine distance 

function. 

• The geographical distribution of the optimization results (Fig.3, b) shows that most of the  

results fall between 54th and 56th latitudes, which are the global optimum and local optimal areas, 

respectively. 
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Fig.4. Distribution of the optimal CF values which were defined during the 45 MW PVPP placement optimization  

in the Vagaiskii district: a – violin plots for CF values of the optimal placement results;  

b – geographical distribution of the optimal placement results 
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The 45 MW PVPP placement optimization was considered for the Vagaiskii district area. The 

objective function for this area (see Fig.1, b) is flat and has a poorly expressed global optimum (the 

difference between the minimum and maximum values is 0.01 p.u.). Figure 4, a shows the distribution 

density curves of the best CF values found by the optimization algorithm after 100 iterations.  

Figure 4, b shows the geographical location of these results projected onto the district map in the 

plane of the objective function. In both figures, green represents the results obtained using the  

Euclidean distance function, and blue represents haversine results. Grey areas represent the territories 

of geological exploration expeditions6. 

The following conclusions were formulated based on the obtained results for the Vagaiskii 

district: 

• The majority of the solutions found are located in the same area due to the flat form of the 

objective function. 

• More than 90 % of the results correspond to the global optimum area, due to the flat form of 

the objective function (the difference between minimum and maximum values of CF is 0.01 p.u.). 

• Violin distribution plots are nearly identical for both distance functions used (Fig.4, a), with 

only minor deviations explained by the stochastic nature of the optimization algorithm. 

The objective function of the CF values changes mainly in the latitude direction and has a flat-

tened, stepwise form, which can be explained by the physics of solar irradiation spreading. This leads 

to the absence of a local optimal area for small territories (district, municipal district), so the choice 

of distance function does not affect the optimization results. However, the effect of the distance func-

tion may become noticeable when considering larger territories such as an entire region or country. 

The objective function of the CF values has a more stochastic distribution than that of PVPP, 

and it clearly has localized sub-optimal areas. The latitude dependency plays a smaller role, and the 

landscape specifics are more significant. The choice of the distance function significantly affects the 

optimization results, considering these conditions. These effects are evident in the more distinct bor-

ders of the distribution plot (when using the haversine function), and local optimal areas are exceeded 

(when using Euclidean distance). However, the change in the distance function still has minor effects 

on the overall results. 

There is an influence of the selected distance calculation function on the optimization algo-

rithm, when considering tasks for RES-based power generation optimization in territories where 

geological exploration is actively conducted. This influence has a major impact on tasks where the 

objective function has narrow optimal and suboptimal areas (Tungokochenskii district and WPP 

placement). A minor impact was observed in the task with a flat objective function and one optimal 

area (Vagaiskii district and PVPP placement). 

Conclusion 

The hypothesis about selecting a function for distance calculation in the fireflyʼs metaheuristic 

optimization algorithm has an impact on the results of optimization when optimizing the placement 

of RES-based power generation using CF values as an objective function. Two functions for calcu-

lating the distance between two geographic points were used to validate the proposed hypothesis: 

Euclidean distance and haversine distance. When these two functions were compared directly, the 

maximum error was 0.14 degrees of geography (15-16 km), and the distance between the two points 

corresponded to a maximum error of 0.5 degrees of geography (which corresponds to the distance of 

about 56 km). These comparison results confirmed the physical theory of Earthʼs surface geometry 

and the shortest path between two points on a sphere. 

                                                      
6 The State register of works on the subsoil geological exploration. URL: https://rfgf.ru/ReestrGin/ (accessed at 15.02.2024). 

https://rfgf.ru/ReestrGin/
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It was noted that with the observed errors in calculating the distance during the implementation 

of the optimization algorithm, the zone of global/local optimum can be skipped for the functions of 

the CF change with clearly expressed local optima, and for functions of flat shapes there may be a 

failure to reach the global optimum zone. 

The following conclusions about the initial hypothesis were formulated based on the results of 

the experiments on the RES-based generation placement optimization in the territories of the 

Tungokochenskii and Vagaiskii districts: 

• The objective function (dependency of CF values from geographical coordinates) has a flat 

form for the tasks of PVPP placement optimization (Vagaiskii district). Changing the distance calcu-

lation function has a minor impact on the placement optimization results for 45 MW PVPP in the 

Vagaiskii district. The distribution of results is almost identical for both the Euclidean and haversine 

distances. 

• The objective function has a more uneven and peaked shape with clearly defined optimal re-

gions for WPP placement (Tungokochenskii district) optimization. Changing the calculation method 

for distance has a notable impact, but barely affects the reachability of the global optimum. This effect 

is mainly expressed in a more distinct detection of local optimal areas when using the haversine 

method. 

The initial hypothesis was partially confirmed by the results obtained during the experiments. 

Also, several adjustments to the initial hypothesis were made based on the results. The selection of 

the distance calculation function had a limited impact on the results of RES-based geographical place-

ment optimization to increase the CF of the power plant. 

The distance function selection does not affect the optimization results when PVPP placement 

optimization is considered on relatively small territories. However, the distance function may lead to 

the skipping of important local optimal areas when considering WPP placement optimization. 

The results of the research could be used to find a technically reasonable and energy-efficient 

location for the placement of RES-based power plants. These results also could also be useful for 

electricity supply in remote areas, hard-to-reach areas, or areas where geological exploration is 

taking place. 
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Abstract 

The objective of this study is to enhance user trust in electricity consumption forecasting systems for mining enterprises 

by applying explainable artificial intelligence methods that provide not only forecasts but also their justifications. The 

research object comprises a complex of mines and ore processing plants of a company purchasing electricity on the whole-

sale electricity and power market. Hourly electricity consumption data for two years, schedules of planned repairs and 

equipment shutdowns, and meteorological data were utilized. Ensemble decision trees were applied for time series fore-

casting, and an analysis of the impact of various factors on forecasting accuracy was conducted. An algorithm for inter-

preting forecast results using the SHapley Additive exPlanation method was proposed. The mean absolute percentage error 

was 7.84 % with consideration of meteorological factors, 7.41 % with consideration of meteorological factors and a load plan 

formulated by an expert, and the expert's forecast error was 9.85 %. The results indicate that the increased accuracy of elec-

tricity consumption forecasting, considering additional factors, further improves when combining machine learning methods 

with expert evaluation. The development of such a system is only feasible using explainable artificial intelligence models. 
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Introduction 

Electricity consumption forecasting is essential for planning the operation of power systems [1, 2]. 

Many countries are introducing economic incentives to develop demand-responsive electricity con-

sumption1 [3]. One of the tools stimulating enterprises to plan their daily electricity consumption 

curves is the wholesale electricity and power market [4]. When connected to such market, mining 

enterprises can benefit from lower tariffs than when connected to the retail market, provided accurate 

electricity consumption forecasting is undertaken, as tariffs for electricity payment include charges 

for deviations between actual and planned consumption graphs. The consumption graphs of the en-

terprises considered often have a high aperiodic component of electrical load, which requires considering 

multiple production factors to account for, making the forecasting process labor-intensive [5-7]. Thus, 

                                                      
1 On the technology of the community-dependent consumpsion. URL: https://www.so-ups.ru/functioning/markets/dr/ (accessed 

10.11.2023). 
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the task of electricity consumption forecasting becomes important not only for the system operator 

but also economically relevant for large enterprises. 

Methods for short-term (1-3 days) forecasting of electricity consumption graphs can be divided 

into deterministic (statistical) and machine learning methods. The former include seasonal  

models [8] and methods based on autoregression, among which ARMA and ARIMA are most  

used [9, 10]. Algorithms employing various signal filtering techniques, such as the Kalman  

filter [11] or wavelet transformation, can also be classified under autoregression methods and are 

used to build forecasts. 

Machine learning methods can consider many factors, including meteorological [12-14] and pro-

duction-related [15] factors, as well as the dependencies between them [16]. The advantages of using 

machine learning methods over deterministic ones are demonstrated in works [5, 17, 18]. Typically, 

the best results are achieved using neural network models [19-21], including recurrent [5, 22, 23] and 

deep neural networks [24-26], as well as ensemble decision tree models [6, 13, 27]. 

Forecasting electricity consumption for industrial enterprises differs primarily from forecasting 

large power systems (cities or regions) due to the less pronounced periodicity of the graph and greater 

dispersion, which is associated with the summation of electricity consumption from many objects 

when dealing with large energy systems. The average error of electricity consumption forecasting for 

regions of Russia ranges from 1-2 %, as shown in works such as for the Ural Power Grid [27], Altai 

Krai [14], and Siberia [28]. For industrial enterprises, such accuracy is often unattainable due to the 

necessity of accurately accounting for various technological process parameters. It is demonstrated 

in [29] that for several enterprises, it is impossible to construct an acceptable forecast without using 

precise data on the plant's electricity consumption. However, not all enterprises can plan their hourly 

load curve with high accuracy. For example, in the coal mining industry, this is impossible due to a 

complex of geological and technological factors [5, 30]. A more realistic approach is to account for 

scheduled repairs and shutdowns of the most energy-intensive equipment [16], where the use of data 

on scheduled equipment repairs reduced the forecast error from 7 to 5.5 %. 

Studies dedicated to short-term forecasting of electricity consumption for mining enter- 

prises [5, 6, 30] are an order of magnitude fewer than those for large energy systems. They do not 

consider meteorological and production factors. In works [31, 32], the task of forecasting monthly 

consumption values for enterprises is considered, which significantly differs from short -term 

hourly planning. 

A significant factor hindering the industrial adoption of machine learning, which receives insuf-

ficient attention, is the low level of trust in machine learning model results due to their lack of inter-

pretability. Users must accept outcomes without explanation. The challenge in implementing machine 

learning lies in the negative impact of errors and distortions in input data on forecast accuracy, which 

are impossible to trace [33]. 

The objective of this study is to investigate and develop methods for interpreting the results of 

short-term electricity consumption forecasting models for a mining enterprise using explainable arti-

ficial intelligence. The tasks of the study include collecting and preprocessing data from the mining 

enterprise; building a short-term electricity consumption forecasting model based on machine learning; 

examining the influence of meteorological and production factors on forecasting accuracy; analyzing 

methods of explainable artificial intelligence and selecting an interpretation algorithm; applying the 

chosen algorithm and analyzing the results. 

Methods 

Initial data. The data used in this study pertains to a mining enterprise located in Yakutia. The 

complex includes mines, ore processing plants, and administrative buildings. The initial dataset in-

cluded half-hourly electricity consumption values for two years without missing values, obtained 

from the enterprise's automated commercial electricity metering system (ACEMS), manually created 

forecasted consumption values, and data on scheduled repairs of energy-intensive equipment (or 
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complexes) at the enterprise. The use of data for two years is due to the availability of digitized 

indicators and updates to the energy-intensive equipment at the enterprise. Meteorological data, in-

cluding wind speed, air temperature, atmospheric pressure, humidity, was also added from the rp5.ru 

website archive. Table 1 provides information on the original data and the preprocessing performed. 

Half-hourly electricity consumption values were summed pairwise to obtain hourly values, as it is the 

time series with hourly values that is submitted to the sales company or directly to the system operator 

as the enterprise's electricity consumption forecast curve. 

 
 Table 1 
 

Initial data for research 
 

Name Time sampling step, h Source 

Electricity consumption, MW·h 0.5 ACEMS 

Manually created forecasted 

consumption values, MW·h 
1 Chief engineer’s department 

Wind speed, m/s 3 rp5.ru 

Air temperature, °C 3 rp5.ru 

Atmospheric pressure, mm Hg 3 rp5.ru 

Humidity, % 3 rp5.ru 

Scheduled repairs – Chief engineer’s department 

 

Linear interpolation was applied to the meteorological data. In this study, actual meteorological 

data is used instead of forecasted data due to the lack of open access to archives of specifically fore-

casted weather values. This assumption is since meteorological factors are secondary rather than pri-

mary, and they are considered in the electricity consumption forecast for the enterprise, as well as the 

sufficiently high accuracy of weather forecasts for the next day. 

The data on scheduled repairs, initially presented as a list of repair time intervals for each equip-

ment or complex, has been generated by constructing matrix R, where element rij is equal to one if 

the j-th equipment is planned to be in a repair state at the i-th time moment (hour), and otherwise, the 

value is zero. The amount of equipment for the object is m = 23. 

Figure 1 shows a fragment of the hourly electricity consumption graph for two months. In order 

to enhance visibility, the graph starts at the 100 MW·h level. 

 
Fig.1. Fragment of the enterprise's electricity consumption graph 
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Dataset formation for machine learning application. Time series forecasting using machine 

learning models, one of the key factors affecting the result is the selection of features [14, 16, 34]. 

Typically, in addition to other features, electricity consumption forecasting uses previous values to 

predict subsequent ones: 

  1, , ..., , ,i i h i h i h wy f g y y y X

      

where iy
 is the forecasted electricity consumption at i time; f is the forecasting model; g is a function 

that defines the rule for selecting retrospective actual electricity consumption values; h is the fore-

casting horizon; w – is the width of the retrospective data window; X are other features (e.g., hour or 

day of the week, meteorological factors, production factors, etc.). 

When using neural network models, especially recurrent ones, it is possible to process all  

values of the time series 
1, , ...,i h i h i h wy y y    

[5, 6, 21]. However, for industrial enterprises, it is 

sufficient to use retrospective time series values that are offset from the forecasted hour by a mul-

tiple of 6, 12, or 24 h, which is related to production technological cycles. This allows for signifi-

cantly simplifying the model and reducing the risk of overfitting due to an excessive number of 

features [6, 16, 35]. 

During preliminary correlation analysis, it was determined that for forecasting, it is sufficient to 

use hours with a step of 12 and a retrospective depth of three days. For example, to forecast the daily 

load profile component for 28.10.2023 from 19:00 to 20:00, the following data will be used: electricity 

consumption from 27.10.2023 from 19:00 to 20:00 and 07:00 to 08:00, from 26.10.2023 from  

19:00 to 20:00, and from 25.10.2023 from 19:00 to 20:00. Thus, the expression takes the form: 

 24 36 48 60 72, , , , , ,i i i i i iy f y y y y y X

      

where X contains the following features: hour number i (from 0 to 23); day of the month for the 

forecast (from 1 to 31); day of the week for the forecast (1-7); month for the forecast (1-12); expert-

manual load forecast 
e

iy  (results were obtained with and without its consideration); wind speed at 

hour i; air temperature at hour i; atmospheric pressure at hour i; relative humidity at hour i; scheduled 

repairs, vector rij, j = 1, … m. 

As a result, the full feature vector contains 37 values (5 retrospective electricity consumption 

values; 4 calendar features; expert-manual load forecast; 4 meteorological factors; 23 repair-related 

features). During the study, various combinations of features were tested to determine their impact 

on forecast accuracy. Data preprocessing, model building, and testing were performed in Python 3 

using the open-source Pandas and Scikit-Learn libraries. 

Used machine learning methods. Short-term electricity consumption forecasting for enterprises 

is effectively addressed using artificial neural networks and decision tree ensembles. Previous re-

search by the authors of this article demonstrated that ensemble models of gradient and adaptive 

boosting, as well as random forests, achieve comparable accuracy to neural network models while 

offering faster training times and simpler hyperparameter tuning [6, 16, 33]. Studies [27, 29] success-

fully applied decision tree ensembles for forecasting electricity consumption. 

Therefore, in this work, ensemble methods including random forest (Random Forest) and adap-

tive boosting (AdaBoost)2, extreme gradient boosting (XGBoost) [36] for building ensembles of  

regression decision trees. A single tree can be represented as 

  ,i iy t Z   

where t is a hierarchical system of rules, each comparing the value of a specific feature to a  

threshold. 

                                                      
2 1.11. Ensembles: Gradient boosting, random forests, bagging, voting, stacking. URL: https://scikit-learn.org/stable/modules/en-

semble.html (accessed 01.11.2023). 

https://scikit-learn.org/stable/modules/ensemble.html
https://scikit-learn.org/stable/modules/ensemble.html
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Random forest builds a regression model as an ensemble of k decision trees, each trained inde-

pendently on a randomly selected subset of instances from the training dataset3:  

 
1

1
.

k

i j i

j

y t Z
k





   

In contrast, adaptive boosting and extreme gradient boosting build ensembles iteratively. Each 

subsequent model in the ensemble depends on the results of previous ones. Ultimately, the model is 

formed as 

 
1

,
k

i j j i

j

y w t Z



  

where wj is the weight of the j-й model (in this case, a decision tree). 

After adding each new model to the ensemble, adaptive boosting adjusts the weights of the training 

dataset instances, increasing them proportionally to the deviation of the model's output from the true 

value. In gradient boosting, the gradient of the error of the current ensemble serves as the optimization 

criterion for building each new model in the ensemble. Various implementations of gradient boosting 

exist, including extreme boosting [36]. 

Analysis of the applicability of eXplainable Artificial Intelligence. The use of systems that 

provide experts with decisions without explanations based on non-interpretable algorithms is limited 

because they lack user trust and may contain hidden risks of unforeseen critical errors. To address 

this issue, the field of research focusing on improving user interaction with intelligent systems 

through eXplainable Artificial Intelligence (XAI) methods is developing. XAI aims to create intel-

ligent systems capable of interpreting their results and explaining them to the user [37, 38]. The 

XAI concept involves adhering to principles of explainability (the intelligent system must explain 

its results), significance (the explanation should be tailored for the user), accuracy (the explanation 

should truthfully describe how the model obtained the result), and limits of knowledge (the intelli-

gent system must understand its applicability boundaries and not attempt to solve tasks beyond its 

capabilities). 

The directions of XAI application can be divided into creating self-interpretable models and 

methods of a posteriori explanation of obtained results. For example, a decision tree with a  small 

depth is an interpretable model because it represents a system of rules. For complex tasks, current 

methods use non-interpretable models, employing the second approach – applying a posteriori ex-

planation method. Among such explanation methods, there is the Local Interpretable Model-Ag-

nostic Explanations (LIME) method [39]. LIME involves building a local surrogate model that 

explains the workings of the explainable model in a narrow neighborhood of the considered input 

instance. The local surrogate model is a simple, interpretable model, such as a decision tree or linear 

regression, trained to predict the output of the explainable model in this neighborhood. A limitation 

of the method is the need to select, tune, and train the surrogate model, as well as the implicit 

violation of the accuracy principle, as the hypothesis that the surrogate model's explanation corre-

sponds to the decision-making mechanism of the explainable model is an unverifiable assumption 

in each specific case. 

For convolutional neural networks, methods based on class activation mapping (CAM),  

such as Grad-CAM, are used [40]. A limitation of this method is its applicability only to convolu-

tional neural networks, as it relies on processing feature maps formed by each convolutional  

layer and calculating gradients derived from the model's output results with respect to the feature 

maps. 

                                                      
3 1.11. Ensembles: Gradient boosting, random forests, bagging, voting, stacking. URL: https://scikit-learn.org/stable/modules/en-

semble.html (accessed 01.11.2023). 

https://scikit-learn.org/stable/modules/ensemble.html
https://scikit-learn.org/stable/modules/ensemble.html
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If the user of an intelligent decision support system is an expert in the solved task, displaying 

features that influenced the decision formation along with their significance (weights) increases trust in 

the system and the likelihood of effective collaborative work with it. Therefore, in such areas as  

diagnostics, planning, or forecasting, where the model is used by an expert, the application of the  

additive SHAP (SHapley Additive exPlanations) method based on the Shapley vector is particularly 

relevant [41]. The additive SHAP explanation is based on the Shapley values algorithm from game 

theory. It determines the contribution of each player to the overall winnings. If players are replaced by 

features and winnings by the machine learning model's results, an algorithm for determining the impact 

of each feature on the model's result is obtained. When using the SHAP algorithm, the significance of 

the j-th feature for the model f when analyzing input data Zi is calculated as: 

 
 

   { } , { } ,

/{ }

! 1 !
φ , ,

!
j i S j i S j S i S

S P j

S m S
f Z f Z f Z

m

 
  
   

where m is the number of features; S is a subset of features; P is the set of all possible feature combi-

nations; i is the input data instance; j is the feature index. If a feature is not used, its value is replaced 

with the average value. As a result, the feature's importance j is assessed by analyzing its impact on 

the model's results with and without it for various sets of other features. 

The application of LIME and SHAP methods in power industry is still in its initial stages.  

In [42], both methods are applied to solar power plant generation forecasting. SHAP is used for  

electricity consumption forecasting in [43], but the object is a large energy system, not a specific 

enterprise. 

In this work, for the first time, the principles of an intelligent system for short-term forecasting 

of electrical power consumption of a mining enterprise, considering meteorological factors  

and scheduled repairs, which provides the user with a forecast justification using the additive  

SHAP explanation were proposed and validated. The analysis of the obtained explanations and the 

description of the specialist's interaction with the intelligent system in load planning were  

presented. 

Discussion 

Results of electricity consumption forecast. The performance metrics of AdaBoost, XGBoost, 

and Random Forest methods for forecasting of electrical consumption were compared to the load 

forecast error manually created by an expert: mean absolute error (MAE) – 16.53 MW·h; mean ab-

solute percentage error (MAPE) – 9.85 %; root mean square error (RMSE) – 21.18 MW·h. The da-

taset for model construction was divided into training and test sets with a 90:10 ratio. 

Experiments to build machine learning models for forecasting the electrical consumption of a 

mining enterprise, considering different features were conducted. 

In the first experiment, the following features were chosen: 

• hour number i (from 0 to 23); 

• day of the month for the forecast (from 1 to 31); 

• day of the week for the forecast (1-7); 

• month for the forecast (1-12); 

• retrospective electricity consumption (consumption_1, consumption_2, consumption_3, con-

sumption_4, consumption_5 – 
24 36 48 60 72, , , ,i i i i iy y y y y    

). 

Table 2 presents the forecasting results for electricity consumption using these features.  

Used notations are max_depth – maximum depth of decision trees in the ensemble; n_estimators –  

number of trees in the ensemble. The AdaBoost method achieved the best MAPE for the test  

set – 9.68 %. Compared to the MAPE of forecast manually created by an expert (9.85 %), the 

accuracy improved by 0.17 %. It can be concluded that without additional consideration of techno-

logical process parameters and metrological factors, the application of machine learning models 

does not enhance the accuracy of electricity consumption forecasting. However, it reduces the time 
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required to obtain the result. An expert takes 2-4 h to compile a consumption graph, whereas training 

takes up to 5 min. 

 
 Table 2 
 

Forecasting of electricity consumption of the enterprise 

with consideration of retrospective consumption 
 

Method 

MAE, MW·h MAPE, % RMSE, MW·h 

max_depth n_estimators 

Training Test Training Test Training Test 

AdaBoost 10.28 15.80 8.88 9.68 12.51 20.96 7 200 

XGBoost 9.09 18.45 8.34 11.58 12.84 23.79 3 150 

Random Forest 10.60 17.07 9.96 10.89 15.30 23.56 7 7 

 
In the second experiment, the feature vector rij, j = 1, … m of scheduled repairs was added to the 

features selected in first experiment (Table 3). 

 
 Table 3 
 

Forecasting of electricity consumption of the enterprise 

with consideration of retrospective consumption and scheduled repairs 
 

Method 

MAE, MW·h MAPE, % RMSE, MW·h 

max_depth n_estimators 

Training Test Training Test Training Test 

AdaBoost 10.27 17.15 8.93 10.40 12.51 22.23 7 200 

XGBoost 10.71 17.24 9.76 10.72 15.06 22.63 2 150 

Random Forest 11.28 18.26 10.61 11.39 16.32 24.34 6 150 

 

Similarly to the first experiment, the AdaBoost method achieved the best MAPE for the test 

set – 10.40 %. Incorporating the scheduled repairs factor degraded the forecast accuracy by 0.55 %, 

contrary to expectations of improved accuracy with additional consideration of production process 

factors. Further experiments with various repair grouping variants (feature aggregations) did not 

yield accuracy improvements. This is due to discrepancies between scheduled and actual repairs. 

For instance, if a repair was scheduled for 2 h from 10:00 to 12:00, it might have occurred at a 

different time (e.g., 14:00 to 16:00) or lasted longer (e.g., 10:00 to 17:00). 

In the future, it may be beneficial to consider only repairs scheduled with high accuracy, such as 

those lasting several days. This would reduce the stochastic impact of short repairs on the electricity 

consumption graph. 

In the third experiment, meteorological parameters for the i-th hour (wind speed, air temperature, 

atmospheric pressure, and humidity) were added to the features selected for the first experiment  

(Table 4). 

 
 Table 4 

 

Forecasting of electricity consumption of the enterprise 

with consideration of retrospective consumption and meteorological factors 
 

Method 

MAE, MW·h MAPE, % RMSE, MW·h 

max_depth n_estimators 

Training Test Training Test Training Test 

AdaBoost 9.44 13.14 8.17 8.17 11.39 17.66 7 200 

XGBoost 8.12 12.89 7.57 7.85 11.49 17.18 3 150 

Random Forest 8.79 13.59 8.37 8.73 12.70 18.93 8 150 
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In the fourth experiment, both scheduled repairs and meteorological factors were considered 

(Table 5). The AdaBoost method achieved the best MAPE for the test set – 8.38 %. Although this 

represents a 1.48 % improvement over the forecast manually created by an expert, it is primarily due 

to the inclusion of meteorological factors. The discrepancy between actual and scheduled repairs pre-

vents the use of repair data for model construction. 

 
 Table 5 
 

Forecasting of electricity consumption of the enterprise 

with consideration of retrospective consumption, scheduled repairs, and meteorological factors 
 

Method 

MAE, MW·h MAPE, % RMSE, MW·h 

max_depth n_estimators 

Training Test Training Test Training Test 

AdaBoost 8.31 13.57 8.03 8.38 11.22 18.10 7 200 

XGBoost 7.93 14.73 7.38 9.13 11.29 19.26 3 150 

Random Forest 8.72 14.38 8.32 9.04 12.56 19.57 8 150 

 

In the fifth experiment, retrospective consumption data, meteorological factors, and the forecast 

manually created by an expert were used (Table 6). Additionally, computational experiments with long 

short-term memory neural networks, specifically, Gated Recurrent Units (GRU), were conducted for 

model applicability assessment, following the architecture and hyperparameter selection approach de-

scribed in [5]. The XGBoost method yielded the best MAPE for the test set – 7.41 %. This represents a 

2.44 % improvement over the manually conducted expert forecast (9.85 %). In an intelligent system, 

integrating the expert forecast can be achieved through two methods: applying expert adjustments to 

the model-generated load curve; refining the expert load curve using the model. 

The first method is preferable as it saves the time the expert spends on creating the planned elec-

tricity consumption load curve. 

 
 Table 6 
 

Forecasting of electricity consumption of the enterprise 

with consideration of retrospective consumption, meteorological factors, and the forecast manually created by an expert 
 

Method 

MAE, MW·h MAPE, % RMSE, MW·h 

max_depth n_estimators 

Training Test Training Test Training Test 

AdaBoost 8.06 13.63 6.79 8.35 9.67 17.91 7 200 

XGBoost 8.29 11.94 7.29 7.41 11.85 16.53 2 150 

Random Forest 9.50 13.14 8.26 8.30 13.71 17.84 5 150 

GRU 8.11 13.16 7.15 8.31 11.52 17.80 – – 

 

Figure 2 compares actual and forecasted electricity consumption. Analysis of the load curves 

indicates that incorporating and the forecast manually created by an expert allows the machine learn-

ing model to more accurately forecast sudden aperiodic consumption changes, highlighted by red 

ovals. Future research could focus on identifying and formalizing production factors related to these 

technological process changes, and integrating these factors as additional features into the machine 

learning model. 

Table 7 summarizes the experimental results. Absolute and relative forecast improvements were 

calculated relative to the MAPE of the forecast manually created by an expert (9.85 %). Considering 

additional factors enhances accuracy. With retrospective consumption and meteorological data, fore-

cast accuracy improves by 20.34 %. Including the forecast manually created by an expert, it further 

increases accuracy by 24.75 %. 
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Table 7 

 

Forecasting of electricity consumption of the enterprise with consideration of different features 
 

Experiment Feature under consideration Model MAPE, % 

Absolute 

forecast  

improvement 

Relative  

forecast  

improvement 

1 Retrospective consumption AdaBoost 9.68 0.17 1.70 

2 Retrospective consumption, scheduled repairs AdaBoost 10.40 –0.55 –5.54 

3 Retrospective consumption, meteorological factors XGBoost 7.85 2.00 20.34 

4 
Retrospective consumption, meteorological factors,  
and scheduled repairs 

AdaBoost 8.38 1.48 14.97 

5 
Retrospective consumption, meteorological factors,  

and forecast manually created by an expert XGBoost 7.41 2.44 24.75 

 
Explanation of results. SHAP enables the formal mapping of features that influenced the forecast 

of electricity consumption for each hour, along with their significance (weights), which can be inter-

preted by an expert. 

Figure 3 illustrates the features affecting the electricity consumption forecast for one hour during the 

winter period in the third experiment, which considered retrospective consumption and meteorological 
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Fig.2. Comparison of actual (1) and forecasted (2) consumption considering: retrospective consumption  

and meteorological parameters (a); retrospective consumption, meteorological parameters,  

and the forecast manually created by an expert (b) 
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factors. Features are arranged in descending order of their impact on the deviation of the forecasted 

consumption f(x) from the average value E[f(x)]. Thus, for the data in Fig.3, it can be concluded that 

the deviation of f(x), which was 177.665 MW·h, from the average value of 136.496 MW·h, is justified 

by high consumption 24, 36, and 48 h before the forecasted hour and low air temperature. 

Figure 4 shows the features affecting the electricity consumption forecast for another hour during 

the winter period in the same experiment. The deviation of f(x), which was 213.972 MW·h, from the 

average value of 136.496 MW·h, is justified by abnormally low air temperature and high consumption 

24, 36, and 72 h before the forecasted hour. 

Figure 5 depicts the features affecting the electricity consumption forecast during the winter period 

in the same experiment with a different distribution of significance for meteorological features. The 

deviation of f(x), which was 190.858 MW·h, from the average value of 136.496 MW·h, is justified by 

consumption 24, 36, and 72 h before the forecasted hour, air temperature, as well as wind speed and 

pressure values. The analysis of features obtained using the Shapley method confirms the necessity of 

considering meteorological factors when building a model for forecasting electricity consumption. 
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 Fig.3. Visualization of features impacting the electricity consumption forecast 

f (x) = 177.665 MW·h 

Fig.4. Visualization of features impacting the electricity consumption forecast 

f (x) = 213.972 MW·h 
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Figure 6 presents the results for the fifth experiment, where the expert-formulated consumption 

plan was considered for the same hour analyzed in Fig.3. The expert-formulated plan itself contributed 

the most to the value of f (x), which was 180.863 MW·h. However, the meteorological factors also 

play a crucial role even when considering the expert-formulated consumption plan, as shown in 

Fig.7 for the same hour analyzed in Fig.4. 

The experiments conducted demonstrate that the SHapley Additive exPlanations for  

each output value of the machine learning model visually and comprehensibly illustrates the  

feature impacts, enhancing the model's interpretability for experts. It should be noted that  

this result does not fully meet the requirements for explainable artificial intelligence outlined 

above. Nonetheless, the SHapley Additive exPlanations is considered one of the most promising 

methods in explainable artificial intelligence, and its further development in forecasting tasks  

will likely increase the trust of electricity consumption experts in machine learning-based  

systems. 
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Fig.5. Visualization of features impacting the electricity consumption forecast 

f (x) = 190.858 MW·h 

Fig.6. Visualization of features impacting the electricity consumption forecast 

f (x) = 180.863 MW·h 
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Conclusion 

An approach to creating an intelligent system for short-term forecasting of electricity con-

sumption of a mining enterprise, considering meteorological factors and scheduled repairs was pro-

posed. Incorporating meteorological factors in addition to consumption history enhances forecast 

accuracy by 20.34 %.  

However, due to discrepancies between actual and planned repairs, forecast accuracy decreases 

by 0.55 % relative to the forecast manually created by an expert when considering scheduled  

repairs. Future research will focus on accounting only for repairs lasting more than 12 h to minimize 

the impact of inaccurate repair forecasts on model training results. 

Applying an expert-formulated plan along with retrospective consumption and meteorological 

factors increases forecast accuracy to 24.75 %. In developing an information system, this expert plan 

can be incorporated through expert correction functions and analysis of historical discrepancies be-

tween expert corrections and model results. Future research also aims to more precisely formalize 

expert experience. 

The proposed approach to creating an information system includes a model that provides users 

with a forecast justification using SHapley Additive exPlanations. Explanation results enable experts 

to analyze the impact of factors on forecasting results, simplifying the introduction of expert correc-

tions and accelerating system implementation. The practical significance of the study lies in enhancing 

the accuracy of short-term electricity consumption forecasting for industrial enterprises by considering 

equipment repairs and shutdowns and creating conditions for industry-wide adoption of machine 

learning-based information systems using explainable artificial intelligence algorithms, thereby in-

creasing user trust. 

The proposed system is planned to be tested using machine learning methods and explainable 

machine learning models on data from other industrial enterprises with larger volumes of available 

indicator data and deeper historical depth; to specify and formalize production factors for their inclu-

sion as model features; modify the SHapley Additive exPlanations to improve the interpretability of 

its results for the considered task; and analyze the impact of electricity consumption forecast accuracy 

on the enterprise's electricity consumption costs.  
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Abstract 

The results of the study of the functioning of the developed thickening equipment as part of the stowing complex 

for the formation of a flow of high-concentration hydromixture are presented. To explain the operation of the hy-

drotransport system of the stowing complex, equipped with a thickener of the developed design, its basic diagram 

is presented. A mathematical model has been created that describes the mechanism of inertial sedimentation of a 

solid component of a hydraulic mixture in a working chamber equipped with hydrodynamic profiles. Interaction 

with the profile leads to flow stratification due to a change in the trajectory of movement and a decrease in speed . 

The interval of rational velocity of primary pulp entering the input of the working chamber of the inertial thickener 

is substantiated. The synthesis of solutions of the thickening process model is performed in the COMSOL Mul-

tiphysics and Ansys Fluent programs. This made it possible to eliminate physical contradictions in the operation of 

the equipment and justify the overall dimensions of its main elements, ensuring the implementation of the mecha-

nism of inertial sedimentation of the slurry. It was found that the concentration of the thickened flow at the outlet 

branch pipe of the thickener working chamber is determined by the level of the primary hydraulic fluid velocity, the 

characteristic length of the section of interaction with the deflecting profile, and the ratio of the flow and attack 

angles. A nomogram of the dynamics of the change in the hydraulic fluid concentration in the section of the outlet 

branch pipe depending on the ratios of the overall dimensions of the deflecting profile of the working chamber was 

compiled. The results of the study allowed formulating recommendations for selecting the dimensions of the thickener's 

deflecting hydrodynamic profile to form a flow of hydraulic mixture with a concentration of about 50  % by weight. 

The developed equipment can be used in a stowage complex and will increase the range of supply of the stowage 

mixture. This is due to the fact that a flow of primary slurry with a low concentration, due to lower pressure losses, 

can be moved in a pipeline system over a greater distance than a flow with a high filler content. The use of a 

thickener at the final stage of transportation is intended to increase the concentration of the hydraulic mixture im-

mediately before production. 
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Introduction 

The objectives of mining production and technologies related to hydraulic transport of mineral 

processing products include reducing energy costs, decreasing the energy intensity of technological 

processes and using waste-free technologies [1-3]. This is achieved by using underground mining 

systems with backfilling of mined-out spaces and using production waste [4, 5]. Filling the mined-out 

space is intended to ensure its geomechanical stability [6, 7].  

Most mining enterprises use both dry and hydraulic mixtures for backfilling with the use of 

enrichment waste. In the last 20-25 years, the use of hydraulic mixtures in backfilling operations 

has reached 85 %, while dry backfilling is used in only 15 % of cases [8, 9]. Backfilling operations 
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with dry mixtures are carried out mechanically [10]. The material is transported by drift belt con-

veyors, and then delivered to the mined-out space by self-propelled cars [11]. Hydraulic mixtures 

are delivered to the mined-out space through a system of backfill pipelines under natural pressure, 

determined by the ratio of the lengths of the vertical and horizontal sections [12]. Pressure losses 

due to overcoming local resistance and linear pressure losses significantly limit the distance of 

transportation of hydraulic mixtures. To increase the supply range, mixtures with a high content of 

the carrier medium are used, pipes with low specific roughness are used, which reduce the contact 

friction of the flow on the working surfaces [13, 14]. Additionally, auxiliary equipment is required, 

for example, vibration activators, slurry pumps [15, 16].  

In the preparation of the hardening backfill, only inorganic binders are used [17]. In the mining 

industry, many of the known binders are used: cements, lime, gypsum, anhydrite, ground granulated 

slags, boiler ash, pyrrhotite-containing tailings of processing plants, etc. [18-20]. Complex binders 

are used more often – various cements, the main component of which are silicates and calcium 

aluminates formed during high-temperature processing of raw materials, for example, at the Verkh-

nekamsk deposit, Tashtagol mine, Taimyr mine, etc. One of the most effective types of raw mate-

rials for the production of local binders for the hardening backfill is blast furnace granulated slag. 

They are silicate and aluminosilicate melts obtained during the smelting of iron.  

According to the study [11], an artificial massif formed from a hydraulic mixture based on en-

richment waste is subject to less deformation compared to an artificial massif formed from dry backfill 

material. This helps to minimize the subsidence of the artificial massif and subsequent disturbances of 

the workings [21, 22]. One of the main requirements for hydraulic backfill is to ensure the strength 

of the formed backfill massif, achieved by it during the hardening process, simultaneously with the 

separation of the carrier liquid and a decrease in humidity [23-25]. 

A typical roof management passport contains information on the sequence of work, as well as 

data on the brands of backfill mixtures used to form the bottom layer of the backfill in each of the 

backfill sections. The mixture is often supplied to the backfill workings through backfill wells and 

concrete pipelines. Water released from the backfill mixture is discharged by pumps and rubber hoses 

into a water-bypass well. High-quality installation of a concrete pipeline, an insulating bulkhead, and 

constant monitoring along the backfill mixture supply route prevent the backfill mixture from getting 

into active mine workings. 

Methods 

The rheological properties of the hardening mixtures must ensure stable, stratification-free trans-

portation along the filling pipeline route, uniform, stratification-free spreading throughout the cham-

ber, and the required depth of penetration into the rock when using a combined chamber filling 

method. The strength and compression properties of the constructed artificial massif must comply 

with the accepted standard indicators. 

Mixtures with a high content of dispersed fraction allow to significantly reduce water infiltra-

tion, reducing flooding of workings and the risk of their subsequent violations. To reduce shear 

stress during movement of the backfill mixture, the content of the solid phase of about 45 μm in 

size should be no more than 15 %. Hydraulic mixtures of dispersed substances are dilatants. Due 

to the internal structure and intermolecular interaction, during which the dispersed phase is struc-

tured in a specific volume, a power-law dependence of the change in shear stress on the velocity 

gradient is observed. The flow movement obeys the Ostwald – de Waale rheological law [26]:  

τ ,

n

dv
K

dy

 
  

 
 

where K – coefficient of viscosity of a liquid; n – a nonlinearity index that characterizes the degree 

to which the behavior of a fluid deviates from Newtonian behavior.  
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The change in the exponent of the power dependence affects the form of the rheological curve. 

At n < 1, the liquid “liquefies” under shear, which corresponds to Bingham bodies and viscous-plastic 

liquids (Shvedov bodies). This can be traced, for example, in paraffinic oils or petroleum products at 

temperatures close to the freezing point. At n > 1, on the contrary, an increase in the resistance of the 

substance under shear is observed (suspensions of enrichment tailings, pastes) [5, 27]. This statement 

is consistent with what is observed with an increase in the content of the dispersed phase, leading to 

an increase in the value of n, an increase in the linear losses of the flow pressure. This is a consequence 

of the fact that in structured substances an increase in concentration and a decrease in size lead to the 

appearance of additional contact friction between the particles of the flow [28]. To take into account 

the total stress required to initiate fluid motion (overcoming the yield point), it is permissible to use 

a modified power law – the Herschel – Bulkley model [29, 30]. 

The interaction of solid particles in a slurry flow depends on their size, shape, and concentration 

in the slurry. Small particles form dense mixtures, and their effect on the liquid phase is determined 

by the concentration in the flow. Larger particles form mixtures with a high concentration in the core 

of the flow [19]. In this case, significant differentiation by the size of the dispersed medium leads to 

a violation of the homogeneity of the flow and a change in its rheological characteristics. To ensure 

the stability of the granulometric composition, fine grinding mills and disintegrators are used [31]. 

The positive effect of using such equipment is due to the fact that crushing of solid materials by a 

highly loaded impact occurs in places of fusion, structural defects and stress concentrators in the 

fraction of dispersed material. This allows for a more uniform form of the fraction, as well as mini-

mizing its secondary destruction during transportation.  

When the speed of the hydraulic mixture changes, the thickness of the bottom moving layer with 

a high concentration of the solid phase changes. The moving layer affects the flow of the hydraulic 

mixture similarly to the walls of a pipe with a high roughness of the working surface. The thickness, 

density and speed of movement of this layer depend on the average speed of the flow of the hydraulic 

mixture and the size of the solid phase. As the speed of the flow decreases, the concentration of solid 

particles in a suspended state decreases, while the thickness of the layer formed by them increases, 

turning into sediment [32].  

To improve the quality of the filling mixture, the most common methods are the use of binders, 

as well as the use of thickening equipment. 

Binding agents and plasticizers in backfill mixtures, such as cement, anhydrite or slag, accelerate 

the hydration process, increase the rate of strength gain and reduce liquefaction of the hydraulic mixture. 

However, the use of a large volume of binding components can lead to adhesion to the walls of pipelines 

and their subsequent clogging, and when the binder is activated; it leads to accelerated corrosion of the 

working surfaces of the equipment. The use of plasticizers increases the fluidity and density of the 

backfill mixture, reducing the required amount of the binding component [31, 33]. But all this leads to 

an additional significant increase in costs for the preparation of the filling mixture and filling operations.  
The maximum range of gravity transport of hydraulic mixtures reaches about 1000 m. To intensify 

this process and further increase the range of mixture delivery, gravity-pneumatic and vibration-gravity 
flow activation methods are used [34]. Delivery of a mixture of increased concentration over a distance 
of more than 400-500 m can lead to an extreme decrease in specific pressure, causing flow stratification 
and subsequent backfilling of the pipeline. 

The backfilling of the mined-out space is carried out in three stages with different volumes of 
hydraulic mixture: formation of the base of the massif with a mixture of increased concentration; 
formation of the main body of the massif with a mixture of lower concentration; supply of a mixture 
of increased concentration to fill the working under the roof with minimal formation of voids. It is 
especially important to carry out backfilling work with a strengthening layer when developing work-
ings in a retreating order. 

Modernization of the filling mixture preparation unit. The ratio of the vertical and horizontal 

components of the sections of the backfill pipelines determines the value of the geodetic pressure of 

the flow of the backfill mixture, determining the maximum transportation distance. When moving on 
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a horizontal section of the pipeline, a drop in pressure is observed, the mixture tends to stratify due 

to a decrease in the flow rate below critical values. This leads to an inevitable change in the rheological 

characteristics [32, 35]. When preparing the stowage mixture, the content of the solid component is 

determined by the distance of the stowage section at the stage of mixing the components. The mobility 

of the hydraulic mixture ensured by reducing the content of the dispersed phase, causes an increase 

in the time it takes for the formed massif to achieve its standard strength. In addition, this leads to the 

need for work on removing excess liquid and its subsequent disposal. To minimize the listed compli-

cations, the authors propose upgrading the technological chain of the stowage complex equipment by 

integrating the developed inertial thickener into the pipeline system (Fig.1). Thickening of the hy-

draulic mixture at the final stages of backfilling operations will increase the range of supply of low-

concentration backfilling mixtures and reduce the water content of workings due to the implementa-

tion of a circulating water supply system [36]. The use of traditional thickeners is limited by their 

bulkiness and low operating speed, which will require significant changes in the filling process [37]. 

At the final stage, immediately before entering the mined-out space, the hydraulic mixture with 

a high content of the carrier phase enters the inertial thickener. Its design is a working chamber 1, in 

which two hydrodynamic profiles are installed. The hydraulic mixture enters the working chamber 

through the inlet pipe 3, where it accumulates and settles. When entering the working chamber, the 

solid particles of the hydraulic mixture collide with the deflecting hydrodynamic profile 2 and settle 

to the bottom under the action of inertial and gravitational forces. The solid particles remaining in the 

suspended state in the hydraulic mixture settle after interacting with the cylindrical hydrodynamic 

profile 4. A layer of thickened mixture is formed in the lower part of the chamber, which moves into 

the drain pipe, from where it enters the pump unit for further delivery to the space being filled. The 

liquid phase is sent to the drain or to the circulating water supply system of the mining enterprise. 

 The use of the inertial thickening principle is due to the need to implement a continuous 

technology for feeding the backfill material, as well as the compactness of the equipment dimensions. 

The equipment does not require connection to the power supply system and, using the original hydraulic 

mixture, allows it to be thickened to a concentration of about 50 %. The thickener design provides for 

the removal of the clarified flow of the carrier medium through a separate channel for subsequent use 
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Fig.1. Technological scheme of hydraulic transport of stowage mixtures with thickening at the final stage of work 
 

1 – working chamber; 2 – main deflecting hydrodynamic profile; 3 – inlet branch pipe; 

4 – cylindrical hydrodynamic profile; 5 – outlet branch pipe of clarified water; 

6 – outlet branch pipe of thickened mixture; l – longitudinal length of profile; k – transverse length of profile 
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in production needs. If it is not possible to implement a recycling water supply system, the clarified 

water removed can be fed into drainage ditches. 

To study and predict the efficiency of the sedimentation process and the formation of a flow of 

thickened hydraulic mixture, as well as to assess the influence of the operating parameters of the initial 

hydraulic mixture, a multiphysical analysis model was developed in the COMSOL Multiphysics pro-

gram (license number 6464550) [38-40]. The conducted studies made it possible to identify the pattern 

of influence of the design parameters of the deflection profile on the concentration of the generated 

flow and to substantiate a rational range of values for performing parametric synthesis. 

When a solid body is flowed around by a filled stream, due to significant inertia determined by the 

specific gravity of a unit volume and the magnitude of the velocity, the particles of this stream continue 

to move along curved trajectories. The efficiency of inertial sedimentation is determined by the propor-

tion of particles extracted from the stream. The initial parameters adopted in the study to form a mul-

tiphysical analysis model: the material of the thickener working chamber is St3 steel; particle shape – 

spherical; density of solid particles – 2300 kg/m3; density of hydraulic mixture – 1300 kg/m3; average 

reduced diameter of solid particles – 0.3 mm. To set the fraction size, the average value of the fractional 

composition of finely dispersed hydraulic mixtures was used: sand component 4-6 mm, enrichment 

tailings 0.2 mm (V.N.Pokrovskaya, 1972).  

The number of particles at the thickener inlet is set to 1000 pcs/s. The particle content in the 

separated flows was estimated according to the Poincaré mapping principle [41]. The solution to the 

tracing problem allows one to determine the trajectories of a finite number of particles, eliminating 

the possibility of their secondary emission into the calculation region after interaction with the working 

surface of the deflecting hydrodynamic profile. 

The calculation is based on the Euler – Lagrange method. The discrete phase model according 

to this method is constructed by solving the time-averaged Navier – Stokes equations for the liquid 

phase, considered as a constant medium (H.S.Fogler, 1992). The dispersed phase is described by 

tracing the trajectory of a given number of particles through the calculated flow fields [42-44]. The 

movement of the hydraulic mixture is specified by the modules: Turbulent flow k-w for the general 

movement of the hydraulic mixture and Particle Tracing for Fluid Flow for modeling the movement 

of the discrete phase in the flow. To determine the trajectory of solid particles during the movement 

of the hydraulic mixture in the turbulent regime, a surface grid consisting of 115.5 thousand elements 

is specified (Table 1).  
 

Table 1 
 

Mathematical model of the thickening process  
 

Specified parameter Defining equations 

Change in the mass of the mixture  
ρ

ρ 0,h
h hmV

t


 


 

where ρh  – density of hydraulic mixture, kg/m3; t – time, s; – differential operator; 

hmV – averaged mass flow rate of hydraulic mixture, m/s. 

Changes in particle volume fraction  
α

α 0,
p

p hpV
t


 


 

where α p – volume fraction of the dispersed phase in the flow of the hydraulic mixture 

in the range from 0 to 1; hpV – average flow rate of hydraulic mixture in volume, m/s. 

Sliding speed 
  2

1
1

1

ρ ρ α α
α ,

18μ α α

p w p p

p p tp

d p

d
V D

f

   
   

 
 

 

where ρ , ρp w – density of solid particles and carrier medium, kg/m3; μ – dynamic vis-

cosity coefficient of hydraulic mixture, Pa·s; df – distance traveled by a particle, m; 

1α – volume fraction of the carrier medium in the flow of the hydraulic mixture in the 

range from 0 to 1; tpD – coefficient of turbulent diffusion of solid particles of a  

hydraulic mixture. 
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End of Table 1 

Specified parameter Defining equations 

The coefficient of turbulent diffusion of 

solid particles of a hydraulic mixture 

2

μ
2

β

γ 1
,

ε 1 γ 1 ε

k
tp

k k

k
D KC

C

 
  

  
 

where K – Lagrange multiplier; μ β, kC C – turbulence model constant k – ε; k – kinetic 

energy of turbulence, m2/s2; ε – turbulent dispersion velocity, m2/s3; γk – shear rate, 

time derivative of strain, s–1. 

Trajectory of movement of solid particles 

in a hydraulic mixture 

 
,

pv pd m V
f Ft

dt
  

where pvm – mass of solid particles at a given speed, kg; pV – average particle velocity; 

Ft – resultant of external forces, N. 

The amount of solid particles  

for the billing period 0

1
;

τ

t

it

N dt   

τ min 2τ τ log 1 ,
τ

e
i L L

L w p

I

V V

  
    

  
  

 

where τi – viscous stress tensor; τL – Lagrange response time; wV – average speed of 

the carrier medium, m/s; eI – unit tensor. 

The drag force per unit mass of a particle  
1

,
τ

D p w p

p

F m V V   

where τ p – particle sedimentation time, s; pm – particle mass, kg.  

Particle deposition time 

2ρ
τ ,

18μ

p p

p

d
  

where pd – diameter of solid particles, m. 

Lifting force 26,46 μρ ;
w p

L p v m

v

V V
F r L

L


  

    ,v w p w pL V V V V     

where pr – radius of solid particle, m; vL – lift coefficient. 

 

To conduct the study, a numerical experiment method was chosen, which allows the most accu-

rate characterization of the distribution of particles in the cross-section and their instantaneous posi-

tion in changing velocity fields of the turbulent flow [45, 46]. The developed multiphysical model of 

the thickening process allows, in addition to changing the rheological parameters of the hydraulic 

mixture during its movement in the equipment, to estimate the change in the velocity of the carrier 

medium and the dispersed phase in the working area of the thickener during interaction with the 

profile surface. This made it possible to take into account velocity pulsations and the occurrence of 

ascending flows in the working area based on the specified parameters of the kinetic energy of the 

flow. The study of the movement of solid particles in the flow using the Euler – Lagrange method 

was performed with a volume fraction of the dispersed phase of 10 %. 

A compacted discrete phase model was used for the solution, which overcomes the limitation on 

the acceptable volume fraction of solids by extending the Lagrange conservation equations, whereby 

the particles can achieve close packing. The governing equations were transformed into algebraic 

expressions. All working surfaces are subject to the boundary conditions of “non-slip walls”. The 

turbulent flow was calculated taking into account the force of gravity, while the particle trajectory 

was calculated taking into account the drag force and the force of gravity [33]. The verification of the 

recommended velocity is based on the assessment of the amount of solids in the outlet pipe of clarified 

water and thickened mixture using the method of cross-section mapping.  
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Discussion of results 

The results of the study conducted to assess 

the distribution of the number of particles in the 

sections of the outlet pipes at different speeds of the 

primary mixture showed that at a flow rate of  

2.0 m/s, the concentration of the dispersed phase in 

the section of the outlet pipe reaches 45 %. In the 

section of the outlet branch pipe for the clarified 

flow, the amount of solid particles was recorded at 

a level of 15 % of the initial one. Further studies 

showed that an increase in the velocity of the initial 

mixture entering the working zone contributes to a 

decrease in the number of dispersed phase particles in the branch pipe of the thickened mixture and an 

insignificant increase in their content in the branch pipe of the clarified mixture (Fig.2). 
The identified recommended feed rate of the initial hydraulic mixture into the thickener working 

chamber is within 2.0 m/s lower than the maximum permissible flow rate of the hydraulic mixture 
adopted at the plant – 2.65-2.76 m/s (depending on the productivity of the surface stowing complex). 
An increase in the feed rate of the initial hydraulic mixture slightly reduces the content of the dis-
persed phase in the thickened flow – no more than 8 %, while the content of solid particles in the 
clarified liquid flow remains virtually unchanged. The limiting value of the feed rate of the hydraulic 
mixture into the inertial thickener, upon reaching which its use is not effective, is 0.9 m/s. In this case, 
a high carryover of the dispersed phase by the ascending flow of clarified liquid is observed and the 
risk of bottom sediment formation is high.  

To confirm the obtained results, studies were conducted on the distribution of flow density and the 

formed flow velocity fields in the working chamber of the inertial thickener.  

The distribution of flow velocities during interaction with hydrodynamic profiles at a hydraulic 

inlet velocity is shown in Fig.3, a, the distribution of vectors of the flow velocity fields of the hydrau-

lic mixture, performed in Ansys Fluent, in Fig.3, b. 
 The picture of particle velocity distribution in the calculation area complements the idea of the 

thickener operating principle. The conducted study of the distribution of the velocity fields and the 
flow density of the hydraulic mixture in the working chamber of the inertial thickener allowed us to 
reveal that there are several zones in the chamber in which processes occur that determine the 
efficiency of sedimentation. Zone A is the area of primary interaction of the mixture with the surface 
of the main deflecting hydrodynamic profile. In the area limited by zone B, the attack area of the flowing 
profile is formed in the flow. This contributes to the mixture significantly deviating from the initial 
trajectory and significantly losing speed – more than twice. Fig.3, b shows the directions of movement 
of the flow sections and the division of the flow into the sediment-forming zone C and the ascending 
flow – zone F, in which the velocity decreases to 0.25 of the initial one. The dispersed phase, carried 

 

3 2 1 0 
0.5 

0.5 

0 

–0.5 

–1 

L 

2 

1.5 

0.5 

1 

5.61е + 00 

5.05е + 00 

4.49е + 00 

3.93е + 00 

3.37е + 00 

2.81е + 00 

2.25е + 00 

1.68е + 00 

1.12е + 00 

5.51е + 01 

0,00е + 00 

A 

B 

C 

F 

D 
E 

G 

a b 

 

600 

500 

400 

300 

200 

100 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 

Vextr 
Vrec 

N
u

m
b
er

 o
f 

p
ar

ti
cl

es
 

Hydraulic mixture flow rate, m/s 

1 2 

Fig.2. Content of solid component in the pipes of thickened  

mixture (1) and clarified water (2) for initial velocities  

of movement of hydraulic mixture 

Fig.3. Distribution of the fields of parameters of the dynamic thickening process in the working zone of the thickener: 

a – solid particle velocities; b – flow velocity vectors; 

L – interaction section length 

 



 

 

Journal of Mining Institute. 2025. Vol. 271. P. 168-180 

© Aleksandra A. Volchikhina, Mariya A. Vasilyeva, 2025 

   

175 

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

away by the ascending flow, collides with a cylindrical deflecting profile, which, cutting it, starts 
the process of secondary sedimentation. The particles enveloping its surface, descending along the 
inclined wall of the working chamber, form the final volume of the thickened flow – zone G, di-
rected to the branch pipe for the thickened mixture for filling operations. Zone E designates the 
section for the removal of the dispersed phase particles remaining in suspension into the branch 
pipe for the clarified flow.  

Inertial sedimentation is realized in the case when the kinetic energy of the particle is so great 

that the particle cannot follow the curved lines of flow and, colliding with an obstacle, settles in the 

allocated volume [47-49]. The inertial principle of thickening in the considered design is realized due 

to the force interaction of the dispersed phase with the deflecting hydrodynamic profiles. It is advi-

sable to determine the ratios of its main design parameters. In parametric synthesis of equipment, this 

will ensure that the specified level of solid component concentration in the outlet pipe of the thickened 

mixture is achieved.  

To substantiate the geometric parameters of the deflecting hydrodynamic profile, samples of the 

working chambers of the inertial thickener with different ratios of its longitudinal and transverse axes 

were studied. The dimensions of the inertial thickener may vary depending on the required flow con-

centration. To assess the impact of this on the efficiency of operation, a study was performed on the 

distribution of the dispersed phase in the working chamber and in the sections of the discharge pipes. 

Sets of rational combinations of parameters that ensure the formation of a thickened flow with the 

maximum possible content of the dispersed phase are presented in Table 2. 

The obtained results made it possible to form a series of nomograms for the distribution  

of the dispersed phase in the flow to determine the rational ratio of the corresponding parameters 

(Fig.4). 
 
 Table 2  
 

Distribution of the dispersed phase of the flow in the flow 
 

b, mm 

Solids content, % 

a, mm 

1,000 1,150 1,250 1,350 1,450 

400 52/32/16* 64/23/13 58/23/19 41/34/25 43/30/27 

500 69/16/15 59/19/22 66/11/23 50/19/31 51/12/37 

600 58/13/29 59/9/32 54/11/35 47/13/40 36/12/52 

700 57/13/30 54/11/35 50/12/38 43/13/44 37/11/54 

 

                              * Thickened mixture / clarified stream / sediment. 
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The ratio of the lengths of the longitudinal and transverse axes of the deflecting profile N = a/b 

is an invariant of geometric similarity. This value, independent of the dimensions of the natural and 

model object, can correspond to a change in the concentration of the formed flow in a wide range of 

values.  

The ratio of characteristic parameters of the deflecting hydrodynamic profile sets the shape of 

the deflecting profile and determines the area of interaction of the profile with the flow entering the 

working chamber. Depending on the angle of attack of the flow, the inertial reflection of particles 

also occurs at different angles, determines the change in the direction of the flow and is accompanied 

by a change in the velocity of the dispersed phase (Fig.5).  

The similarity criterion for inertial sedimentation is the Stokes criterion [32]: 

2 2St 4 ρ 18μ ,r VC L  

where V – flow velocity in the selected coordinate of the unsteady flow, m/s; r – radius of curvature of the 

streamlined surface, m; ρ – density of dispersed phase, kg/m3; μ – dynamic viscosity of the carrier medium, 

kg/m·s; L – characteristic linear size of the interaction area of a streamlined body, m (see Fig.3, a).  

The calculation of the characteristic linear size of the interaction area of the streamlined body 

and the flow is performed according to the second Ramanujan formula for determining the length of 

the perimeter of an ellipse [50]:  

 
 

 

2

2

3
π 1 ,

10 4 3

Z
L a b

Z

 
   
   

 

where a – value of longitudinal dimension of profile, m; b – value of transverse dimension of profile, 

m;    Z a b a b   – ratio of major and minor semi-axes. 
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As a result of the study of the distribution of the contact density of the flow, patterns of the 
distribution of the corresponding areas of interaction were obtained, forming the zones of flow around 
the surface of the hydrodynamic profile by the suspension-carrying flow (Fig.5). The formation of 
the trajectory of the flow movement is determined by the angle of attack of the flow α and the angle 
of flow around the profile φ, the value of which depends on the ratio of the lengths of the longitudinal 
and transverse dimensions of the profile.  

The influence of the profile geometry on the flow parameters and subsequent inertial settling, de-
termined by the characteristic length of the contact zone, can be estimated by the corresponding angle 
of attack of the flow α. The results of the assessment of their change depending on the profile parameters 
are presented in Fig.6. As follows from Fig.5, the length of the section of interaction of the flow with 
the profile is characterized by the flow angle φ. The dynamics of the increase in angle φ corresponds to 
the change in the characteristic length of the interaction section L. An increase in the longitudinal profile 
dimension has little effect on the change in the angle φ, accompanied by an increase in L due to an 
increase in the overall length of the profile. An increase in the transverse profile dimension leads to a 
relative decrease in this angle due to a change in the overall shape. At the same time, the tendency to 
increase the length of the interaction section L is preserved. The angles of attack and flow around the 
flow are significantly reduced with an increase in the transverse profile dimension.  

Analysis of the parameters of the distribution of suspension-carrying flows and the formed tra-
jectories of particle motion showed that an increase in the ratio of the lengths of the longitudinal and 
transverse dimensions of the deflecting profile is accompanied by an increase in the characteristic 
length of the section of interaction with the flow L (Fig.7, a). Results of a comprehensive analysis, 
including an assessment of the effect of an independent change in the characteristic overall parameters 
of the deflecting profile on the concentration of the formed condensed flow at the outlet of the working 
chamber. In addition, the corresponding lengths of the formed flow zones were determined. A nomo-
gram has been compiled, displaying the selected area of flow concentration change and allowing to 
correlate it with the corresponding dimensions of the deflecting profile (Fig.7, b). The dotted lines 
mark the corresponding process of formation of areas of interaction with the flow, characterizing the 
flow zones, occurring within the framework of the selected profile geometry. 

According to the obtained nomogram, an increase in the longitudinal dimension of the profile is 
accompanied by a decrease in the concentration of the thickened flow of the hydraulic mixture. An 
increase in the transverse dimension of the profile within the specified limits does not lead to a decrease 
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in the concentration of the formed flow. In some cases, this allows for the conditions for achieving the 
content of the dispersed phase within 70 % by weight. An increase in the length of the flow zone leads 
to a decrease in concentration due to a decrease in the inertial effect on the flow, determined by the 
angle of attack of the flow, accompanied by a change in the trajectory of dispersed particles.  

Conclusion 
As a result of the research carried out, a number of conclusions were made that have scientific 

and practical significance: 
1. The supply of backfill mixtures over long distances is significantly limited by the reduction in 

specific hydrodynamic pressure, determined by the ratio of the vertical and horizontal components of 
the backfill pipeline, as well as the complex resistance of the channel, which forces the use of flowing 
mixtures with a low solid phase content in the technological process.  

2. Hydraulic mixtures for backfilling work containing inorganic binders are dilatant substances 
which, due to the internal interaction of the particles of the dispersed phase, are structured in the volume. 
This corresponds to the observed power dependence of the change in shear stress on the velocity gra-
dient during flow movement, known as the Ostwald – de Waale rheological law, and corresponding to 
the generalized Herschel – Bulkley model. 

3. The determining factors in the use of thickening equipment are the productivity of the stowage 
pipeline, the degree of thickening and the granulometric composition of the mixture. The type of thickener 
must correspond to the features of the stowage complex. The use of the inertial principle of thickening 
is due to the need to implement a continuous technology for feeding the stowage material, as well as 
the compactness of the equipment dimensions.  

4. Thickening of the hydraulic mixture used during stowage operations is recommended to be 
carried out at the final stage of transportation of the stowage material. This allows the use of the initial 
hydraulic mixture with a low content of the dispersed phase in the technological process and to  
implement reverse water drainage. 

5. A mathematical model for determining the trajectories of the dispersed phase using the Euler – 
Lagrange method, constructed by solving the time-averaged Navier – Stokes equations for the liquid 
phase, considered as a constant medium. This made it possible to analyze the efficiency of the process 
of particle deposition and the formation of a condensed flow, as well as to evaluate the influence of 
the parameters of the initial hydraulic mixture. The trajectories of a limited number of particles 
through the calculated flow fields are considered as a discrete dynamic system, and Poincare sections 
are used for their analysis.  

6. The content of the dispersed phase in the thickened flow depends on the trajectories of the parti-
cles, determined by the value of the characteristic length of the interaction section L, varied by changing 
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the ratio of the longitudinal and transverse dimensions of the deflecting hydrodynamic profile of the  
working chamber of the inertial thickener, the angles of attack and flow around the flow. 

7. An increase in the transverse dimension of the deflecting profile is accompanied by a decrease 

in the angle of attack of the flow, significantly changing the trajectory of the flow of dispersed parti-

cles, and contributes to the effective implementation of the inertial thickening mechanism. 
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Abstract 

The article investigates the behaviour of rare earth metals in carbonate-alkaline systems. The results of  

experimental studies on rare earth element extraction from phosphogypsum, a large-tonnage industrial waste forming 

in production of phosphoric acid are presented. Using the liquid phase leaching method, it was possible to extract more 

than 53 % of rare earth elements from old phosphogypsum and more than 69 % from fresh phosphogypsum due to solid 

phase treatment with a 4 mol/l potassium carbonate solution at temperature 90 °C. The behaviour of model cerium (III) 

phosphate in a carbonate-alkaline medium is characterized: a solubility isotherm is obtained as well as the dependences 

of the degree of cerium extraction into solution on temperature, carbonate ion concentration, interphase ratio, stirring 

intensity, and pH. The ability of soluble rare earth element complexes to precipitate over time was established, which 

was confirmed using cerium and neodymium as an example. Within 240 h after the end of the experiment,  

approximately 25 % of cerium and 17 % of neodymium were precipitated from the liquid phase. A similar  

property was recorded in representatives of the light group and was not noted in elements of the heavy group. 

The ability to self-precipitate in future can serve as a basis for developing an alternative approach to separating 

rare earth metals into groups after extraction in a carbonate ion medium. Also, based on the analysis of experi-

mental data, the mechanism of cerium (III) phosphate  dissolution in a carbonate-alkaline medium was charac-

terized. An assumption was made that rare earth metal phosphates dissolve sequentially passing into an insoluble  

carbonate and then into a soluble carbonate complex. 
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Introduction 

Rare earth metals (REM) are a group consisting of 15 lanthanoids, scandium and yttrium [1, 2]. 

These metals are widely used in catalysis, defence industry, manufacturing of magnets, batteries, 

superconductors, etc. [3-5]. REM are strategic metals, and a promising trend for their production is 

processing of REM-containing technogenic raw materials [6, 7]. 

Natural apatite is used as a raw material for producing phosphoric acid and phosphorus fer-

tilizers, however, during its beneficiation and processing, the waste forms: refinement tailings 

and phosphogypsum (PG) [8, 9]. REM found in apatite pass into target products and waste  

as impurities, with 20-30 % of REM migrating into refinement tailings, 10-15 % into H3PO4 and 

60-70 % into phosphogypsum [10-12]. Thus, PG is a by-product of phosphoric acid production 

technology and contains approximately 0.5-0.6 % REM (mainly light ones). Considering that 

more than 6 billion tons of such waste accumulated in the world, it can be regarded as an acces-

sible source of REM [13]. It is noteworthy that the predominant REM phases in GF are monazite 

( 3

4PO  ) and gypsum ( 2

4SO  ) containing rare earth elements in the oxidation state +3 [14]. Among 

the possible phases, phosphate form of REM is less soluble and less extractable than the other 

ones; therefore, in order to develop the REM extraction technology, it is necessary to proceed 

from its properties [15]. 
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A method of acid leaching of rare earth elements from phosphogypsum is known [16]. Most 

recent studies focus on their extraction by treatment with citric or sulfuric acids. This approach allows 

achieving a high extraction degree (over 90 %), but requires the use of autoclaves, since the process 

occurs at elevated temperatures (at least 250 °C) and reagent concentrations (2 mol/l H2SO4) [17, 18]. 

In case of using sulfuric acid for leaching REM, the reaction equation has the following form: 

       
4 2 4 2 4 3 3 4

s l l l
2 .REMPO 3H SO REM (SO ) 2H PO    

Among the disadvantages of this method are its non-environmentally friendly nature (the impact 

of acid solutions on the environment) and the impossibility to extract calcium as the main component 

of phosphogypsum (conversion of calcium into a valuable product is excluded) [19, 20]. 

Another method for extracting REM involves treating phosphates of rare earth elements (III) 

with alkali [21, 22]: 

       l4 3 4
s l

3
s

R .EMPO 3NaOH REM(OH) Na PO    (1) 

It is proposed to use sodium hydroxide solution with concentration 50-70 % at temperature  

150 °C [16]. Reaction (1) is accompanied by formation of solid REM (III) hydroxide which is 

unstable and can transform into REM oxide (especially typical for cerium) [23]. Thus, the separation 

of solid mixture of products is a task for solving which the additional technological operations are 

required [24]. 

The behaviour of lanthanoids in REM (III) – 2

3
СO   – H2O system was investigated [25, 26]. 

Based on the analysis of published data, carbonate ions can act as a ligand and form soluble complex 

compounds [27]: 

       
2 3 2 3

4 3 3 4l l l
s

R .EMPO CO REM(CO ) POn

nn       (2) 

The mechanism of reaction (2) is poorly understood. Although n can take values from 1 to 4, 

carbonate complexes with n = 1; 2 are considered to be more stable [28, 29]. Moreover, due to the 

hydrolysis process, the forming OH– and 
3

НСO  can also be ligands. Approach (2) seems to be most 

suitable for processing phosphogypsum, since gypsum (CaSO4∙nH2O) at temperature 50-90 °C for 4-

6 h also reacts with carbonate ion to form valuable calcium carbonate [30-32]. 

Thus, the aim of this study is an attempt to characterize the dissolution mechanism of REE (III) 

phosphates in a carbonate-alkaline medium using cerium as the most widespread REM in GF and to 

propose further separation of rare earth elements from carbonate complexes. 

Methods 

Synthetic cerium (III) phosphate, which was previously obtained by mixing the solutions of cerium 

nitrate (0.2 mol/l), and phosphoric acid (0.2 mol/l): was used as the starting material containing REM: 

       
3 3 3 4 4 3

l l s l
.Ce(NO ) H PO CePO 3HNO    

Cerium (III) phosphate precipitation was carried out at stirring for 30 min with priming. After 

washing and drying, the average particle size of the precipitate was determined using “Microsizer 

201” analyser: from 30 to 60 μm. Phosphates of other rare earth elements were obtained by a similar 

procedure.  

In addition to synthetic lanthanoid precipitates, samples of fresh and old phosphogypsum from 

the Kingisepp dumps (Russian Federation) were used for the studies. Fresh phosphogypsum was ob-

tained directly from production, and old phosphogypsum was stored at the landfill for at least one 
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year. According to mass spectrometric analysis, the following REM were found in the samples: Ce, 

Dy, Er, La, Nd, Pr, and Y. The results of analysis are presented in Table 1. 

 
Table 1 

Results of mass spectrometric analysis of phosphogypsum samples, wt.% 

PG SO3 CaO P2O5 K2O REM2O3 Na2O SrO Fe2O3 Al2O3 MgO BaO 

Old 54.84 41.39 1.73 0.77 0.32 0.28 0.22 0.19 0.18 0.02 0.01 

Fresh 54.40 41.01 2.49 0.80 0.33 0.38 0.20 0.19 0.10 0.07 0.01 

 

All experimental studies presented in the article were conducted using potassium carbonate as a 

leaching agent. 

The solubility of cerium (III) phosphate in carbonate-alkaline systems was studied at tem-

perature 25-90 °C, potassium carbonate concentration 1-4.5 mol/l, interphase ratio 10-3,000 ml/g, 

and stirring intensity 50-1,200 rpm. Thus, the solubility isotherm of cerium (III) phosphate at  

90 °C was experimentally obtained as well as the dependences of the extraction degree into solu-

tion on time at different concentrations of carbonate ion, temperatures, L:S ratios, and stirring 

intensity. Each experiment was performed in the HEL Automate Reactor System at least twice. 

REM content in solutions was determined by trilonometric titration in the presence of arsenazo (III) 

indicator. The degree of REM extraction into solution was calculated from the formula 

 
       

   
4

4

TB TB REMPO
REM 100 %,

REMPO A

C V V L M
E

m V
   

where C(TB) is concentration of Trilon B, M; V(TB), volume of Trilon B, ml; V(L), volume of liquid 

phase after the experiment, l; M(REM PO4), molar mass of REM phosphate, g/mol; m(REM PO4), 

mass of REM phosphate sample weight, g; V(A), volume of aliquot, ml. 

Secondary precipitate forming in the course of experiment at interphase ratio 100 ml/g was sent 

for Raman scattering spectroscopy (Raman spectra) for identification after filtration, washing and 

drying.  
Based on the results presented in Table 1, both PG samples contain 0.3 wt.% REM (in terms  

of oxides), therefore, the experiments were also performed on concomitant extraction of REM into 
solution during calcium sulfate conversion. Based on the properties of model REM precipitates, 
leaching should be carried out at temperature 90 °C, L:S ratio 2,000 ml/g, stirring rate 650 rpm, and 
potassium carbonate concentration 4 mol/l for three hours. Upon completion of leaching, the solid 
phase was separated from the solution and, after 
washing and drying, was sent for mass spectromet-
ric analysis.  

Discussion of results 

Solubility isotherm of cerium (III) phosphate 

(Fig.1) was obtained at 90 °C, L:S = 2,100 ml/g, 

and 650 rpm and is presented as a functional de-

pendence of the extraction degree on the potassium 

carbonate concentration. Investigations were  

carried out in a wide range of potassium carbonate 

concentrations. It was found that in the range  

1-2.5 mol/l the solution acquired a yellow colour, 

and at concentration above 3 mol/l – an orange  

colour. This fact can indicate a change in the shape 

of the complex ion from 3СеСO  to 3 2Се(СO ) , 

which is theoretically possible. Fig.1. Cerium (III) phosphate solubility isotherm 
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Fig.1. Cerium (III) phosphate solubility isotherm 
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The obtained isotherm is, probably, characterized by the presence of three intervals: the first 

one is 1-2.5 mol/l; the second one, 2.5-3 mol/l; and the third one, 3-4.5 mol/l. The first and the 

third intervals are described in Table 2. 
 

Table 2 
 

Characteristic of cerium (III) phosphate solubility isotherm 
 

C (K2CO3), mol/l Ionic strength, mol/kg E, % Equation Possible soluble form 

1.0-2.5 3.0-7.5 1.9-24.7 y = 10.48x2 – 21.22x + 12.435  3 l
CeCO

 

3.0-4.5 9.0-13.5 59.6-90.8 y = –7.74x2 + 78.698x – 106.76  3 2 l
Ce(CO )  

 

Solubility of phosphates is due to complexation process occurring under the influence of car-

bonate ion. In case of cerium (III) phosphate, the interphase ratio (Fig.2) and the concentration of 

carbonate ion (Fig.3) are the factors that have a significant effect on the dissolution process.  

According to the solubility isotherm, the 

maximum degree of cerium extraction at temper-

ature 90 °C corresponds to potassium carbonate 

concentration 4.5 M and is 90.8 %. Thus, the fol-

lowing resulting reactions are possible for ce-

rium (III) phosphate:   

С (K2CO3) = 1-2.5 mol/l; T = 50-90 °C; 

L:S = 2,100 ml/g; 

       
2 + 3

4 3 3 4l l l
s

C ;ePO CO CeCO PO     

С (K2CO3) > 3 mol/l; T = 50-90 °C; 

L:S = 2,100 ml/g; 

       
2 3

4 3 3 2 4l l l
s

C ;ePO 2CO Ce(CO ) PO      

С (K2CO3) = 2.5-3 mol/l; T = 50-90 °C; 

L:S = 2,100 ml/g – both reactions can occur.  

The effect of L:S ratio was investigated  

at 90 °C and potassium carbonate concentration  

4 M at stirring for two hours. According to the 

data obtained, it affects the degree of extraction, 

so that a significant excess of potassium  

carbonate solution is necessary to increase the 

solubility. 

An increase in carbonate ion concentration 

naturally leads to an increasing degree of cerium 

extraction. A long time is required to achieve the 

state close to equilibrium, which can point to a 

possible diffusion limitations (caused, in partic-

ular, by pulp viscosity). A growing extraction de-

gree with increasing concentration indirectly in-

dicates the formation of an anionic complex in 

the form of an ion pair. 

Fig.2. Effect of interphase ratio on the degree of cerium  

extraction into solution 
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Fig.2. Effect of interphase ratio on the degree of cerium  

extraction into solution 

Fig.3. Dependence of degree of cerium extraction  

into solution on stirring time at different concentrations  

of carbonate ion 
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It was ascertained that temperature also 

affects the dissolution process. Figure 4 shows 

three kinetic curves obtained in the tempera-

ture range 50-90 °C at initial potassium  

carbonate concentration equal to 2 M. It was 

experimentally determined that at least 4 h of 

stirring are required to achieve the equilibrium 

state, and the dependencies have a similar 

appearance. With growing temperature, the 

extraction degree and the rate of the pro-

cess increase from 50 to 90 °C, as indicated 

by a decrease in time required for attaining 

the equilibrium state. 

The effect of stirring rate on solubility 

was investigated under the following  

conditions: 90 °C; 4 M K2CO3; L:S = 

= 2,100 ml/g; t = 1 h. From the dependence 

in Fig.5 it follows that stirring significantly 

affects solubility to a value 650 rpm.  

Consequently, the process of cerium (III) 

phosphate dissolution is limited by diffusion. 

Solid phase was analysed by Raman 

scattering spectroscopy (Fig.6) to determine 

the nature of precipitate and its components 

after treatment with potassium carbonate  

solution. The experiment was conducted  

for three hours with 4 M K2CO3 solution at 

temperature 90 °C, stirring rate 650 rpm, and 

L:S ratio 100 ml/g. After leaching, the pre-

cipitate was repeatedly washed to remove 

potassium carbonate. The analysis results 

were interpreted using the RRUFF database 

and publications [33, 34]. 

Spectral peaks of phosphate and car-

bonate anions are particularly prominent 

among the others indicating a possibility  

of cerium (III) carbonate formation as a 

secondary precipitate. It can be presumed 

that conversion of cerium phosphate to car-

bonate is the first stage of the overall dis-

solution process: 
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The results of investigating the kinetics  

of REM (III) carbonates dissolution process  

in carbonate-alkaline systems were presented  

Fig.4. Temperature effect on degree of  cerium extraction  

into solution  
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Fig.5. Effect of stirring rate on degree of cerium extraction  

into solution 

Fig.6. Raman scattering  spectroscopy of secondary cerium  

precipitate 
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in [35]. It is noteworthy that dissolution of carbonates occurs faster than dissolution of phosphates. 

Therefore, it can be presumed that the process of phosphate reprecipitation is the longest stage.  

The mechanism of REM phosphates dissolution can be described by three successive stages –  

reprecipitation and two stages of complexation (Fig.7).  

Another factor affecting the degree of cerium extraction into solution is pH level. The effect is 

similar to that described in article [36]: addition of both acid and alkali to a mixture of cerium (III) 

phosphate and potassium carbonate solution in both cases leads to a decreasing solubility. Probably, 

along with carbonate anion, hydroxide anion and bicarbonate anion act as ligands which form less 

stable complexes. Considering the ability of REM (III) phosphates to transform into REM (III) car-

bonates a combined addition of ОН– and 2

3
СO   can cause formation of REM (III) hydroxycarbonates. 

Thus, to achieve high solubility values, only the addition of carbonate solution without additional 

reagents is required. 

It was found that some solutions containing REM carbonate complexes become turbid over time 

and form a precipitate. Similar behaviour was recorded for some representatives of light REM, while 

heavy REM complexes did not form a precipitate. Thus, self-precipitation of REM from lye can be 

used as a method for further separation of a mixture of rare earth elements into individual components 

or groups. Among rare earth elements, cerium can be characterized as more capable of self-precipi-

tation of metal from carbonate complexes: 24.7 % of its complexes were destroyed after 240 hours 

of settling, while in the case of neodymium only 17.1 % precipitated. 

Carbonate leaching method was used in processing technogenic waste, in particular phosphogyp-

sum. The investigations indicate a possibility of extracting rare earth metals from PG into solution. 

The degree of REM extraction from samples of old and fresh phosphogypsum differs. As a result of 

experiments conducted for three hours at temperature 90 °C and potassium carbonate solution con-

centration 4 M, it was possible to extract 53.6 % REM from samples of old PG and 69.6 % REM 

from fresh PG. Difference in extraction degree is caused by differences in morphology of PG pow-

ders, as indicated by their difference in colour (a sample of old PG is dark grey, a sample of fresh PG 

is light grey). Such a difference can be caused by phase changes while in the dump.  

Conclusion 

A presumptive mechanism of cerium phosphate dissolution in a carbonate-alkaline medium (as 

one of the most common representatives of REM in phosphogypsum) was determined. Cerium (III) 

phosphate is successively converted into cerium (III) carbonate and then passes into a soluble car-

bonate complex. It was ascertained that the degree of REM extraction is affected by many factors: 

temperature, carbonate ion concentration, L:S ratio, stirring rate, and pH level. Parameters at which 

the maximum solubility of synthetic cerium phosphate is experimentally achieved were established 

for the conversion of technogenic phosphogypsum samples. 

Thus, the method of carbonate-alkaline conversion can be used for processing phosphogypsum, re-

sulting in formation of calcium carbonate, potassium sulphate, and carbonate complexes of rare earth 

metals. This approach is complex, unlike the previously developed acid methods, since it is simultane-

ously possible to extract a significant amount of REM into solution: it was possible to extract 53.6-69.6 % 

of total REM from different phosphogypsum samples.  

A promising trend for further research is separation of rare earth elements in carbonate-alkaline sys-

tems, which is technically possible, since some lanthanoids can self-precipitate, in particular, representa-

tives of the light REM group. 

Fig.7. Possible dissolution mechanism of cerium (III) phosphate 
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Fig.7. Possible dissolution mechanism of cerium (III) phosphate 
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