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Justification of the optimal width of a front bank

B.L. Talgamer , I.A. Meshkov (> <, N.V. Murzin , Yu.G. Roslavtseva
Irkutsk National Research Technical University, Irkutsk, Russian Federation
DA< meshkovia@ex.istu.edu

Abstract

Reducing the cost of finished products by using the most economically advantageous processes and tech-
niques for the extraction and beneficiation of minerals is one of the most pressing tasks in mining industry.
The width of front bank has a significant impact on the cost of placer deposits mining. Existing methods for
calculating the most advantageous width of front bank are based on ensuring dredge maximum productivity
that is justified in placer bulk mining. With increasing depth of a placer deposit occurrence and thickness of
overburden, traditional methods for calculating the optimal width of a front bank do not ensure minimizing
production costs. The aim of the research is to determine the most advantageous width of a front bank, taking
into account a peat (overburden) thickness and acceptable stripping flow sheet. The idea behind this work is
that the optimal width of a front bank should be determined not only based on the maximum productivity of
a dredge, but also on the condition of ensuring the lowest cost of extraction of valuable components (taking
into account the productivity of all mining equipment and the stripping costs). The study analyzes the impact
of placer parameters (peat thickness and productive layer thickness, front bank width) on the cost of sand
extraction and processing, and identifies the dependencies of mining parameters on technical and economic
performance. The study examined more than 100 process flow sheets for the integrated operation of stripping
and mining equipment and provided an economic assessment of their effectiveness. Recommended values for
correction factors for determining the optimum front bank width are given. The study findings serve as meth-
odological material for substantiating the parameters of a placer mining system.

Keywords:
placer deposits, dredging, front bank width, stripping, dredge productivity, mining costs
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AHHOTaUuA

CHMsKeHMe ce6ecTOMMOCTY TOTOBOI MPOAYKIMY 3a CYeT MpUMeHeHUs Hanboiee SKOHOMUYECKN BbITOIHBIX
IIPOLIECCOB U TeXHOJIOTHIT OObIUM 1 060TaIleHNsI [I0Ie3HbIX MCKOMaeMbIX — OfHA 13 aKTya/IbHbIX 38/1a4 B TOP-
HOIO6BIBAIOIIEH OTPAC/IM TPOMBIIITIEHHOCTH. 3HAUMTEILHOE BIMSIHME Ha Ce6eCTOMMOCTD HOOBIUM TTOIe3HO-
T'0 MCKOITAeMOT0 POCChINEl OKa3bIBAeT MIMPUHA JPaskHOTO 3a60s. CylecTBYIOIIe METOAbl pacyeTa HauBbI-
TOIHEIIIe MUPUHBI 326081 Ipary OCHOBAaHbI Ha 006eCIIeYeHNny ee MaKCMMAabHOM IIPOM3BOAUTEILHOCTH, UTO
OTIpaBaHO Py BaJIOBOI pa3paboTKe pocchineit. C yBeauueHneM Ty6MHbI 3aeraHst POCCHINM M MOITHOCTH
BCKPBILIHBIX IIOPOJ, TPAAUIIMOHHbIe METOBI PacyeTa ONTUMA/IbHO IMMPUHBI IPAsKHOro 32605 He obecredn-
BaIOT MMHMMAJIbHOI ce6eCcTOMMOCTM JOOBIUHBIX paboT. I1ebio MccaenoBaHNit SIBJsIeTC 000CHOBaHMe Hau-
BBITOHEIIIel MYPUHBI 32608 Aparu C Y4eTOM MOIIHOCTM TOP(HOB M MPMEeMIeMbIX TEXHOJIOIMUYECKIX CXeM
BCKPBILIHBIX paboT. Mgest paGoThl 3aK/II0UAETCS B TOM, YTO ONTMMAJIbHAs MIMPUHA 32605 JOMKHA YCTAHAB-
JIMBAThCSI HE TOJIbKO MCXOMS M3 MaKCUMaIbHOM TPOM3BOAUTEIbHOCTY Jparu, HO U U3 YCIOBMsI 0OecIieueHust
HaMMeHbIIIei ce6eCTOUMMOCTH JO6BIUM [IEHHBIX KOMIIOHEHTOB (C YU€TOM IPOM3BOAUTEILHOCTY BCETO TOPHOIO
o6opymoBaHuMs 1 ce6eCTOMMOCTHM BCKPBIIIHBIX Pa6boT). B mceremoBanmum MPOBOAUTCS aHAIM3 BIMSIHMS TIapa-
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METPOB POCCHINM (MOLTHOCTY TOP(MOB ¥ MPOAYKTUBHOTO IJIACTA, IMMPUHBI 3a6051) HAa ce6€CTOMMOCTD JOObIUM
U TepepaboTKU TIeCKOB, a TAK)KE BBISIBIEHVE 3aBUCUMOCTEN BAUSHUS TapaMeTPOB rOPHbBIX PaboT HA TEXHU-
KO-3KOHOMMYECKMe Mokasareian. B pamkax ucciemoBanus 66110 paccMoTpeHo 6oee 100 TeXHOIOTMUECKUX
CXeM KOMILJIEKCHO! paboThl BCKPBILITHOTO U TOOBIYHOTO 060PYNOBaHMS M AaHa SKOHOMMUYECKas OIleHKa UX
adexTmBHOCTH. [IpUBEIEHBI PEKOMEHAYEMbIE 3HAUEHMS ITOMPABOYHBIX KOIGMUIIMEHTOB K OIpemeIeHII0
ONTUMMAJIbHON MIMPUHBI 326081 Aparu. Pe3yabTaThl UCCIEAOBAHUS CTYKAT METOAMYECKUM MaTepUaioM Ajis

000CHOBAHMS TTAPAMETPOB JIPAXKHOI CUCTEMbI Pa3pabOTKM POCCHITIE.

KnioueBble cnoBa

POCChHIIN, AparupoBaHme, HMiMpmMHa 38.609{, BCKpPbIIIHbIE pa60TbI, IIPOMU3BOAUTE/IbHOCTD Aparu, cebecToMMOCTh

JIOGBIYHBIX PabOT
Onsa uMTupoBaHus

Talgamer B.L., Meshkov I.A., Murzin N.V., Roslavtseva Yu.G. Justification of the optimal width of a front bank.
Mining Science and Technology (Russia). 2025;10(2):99-108. https://doi.org/10.17073/2500-0632-2024-11-332

Introduction

The dredging method of placer deposit develop-
ment, thanks to continuous flow process technology,
minimizes the costs of extracting valuable compo-
nents from placer deposits [1]. This is the only way
to successfully develop deep waterlogged and large
man-made placer deposits with low content of use-
ful components [2, 3], which account for the largest
share of the undistributed placer reserves [4]. Fur-
ther improvement of the competitiveness of this me-
thod largely depends on the feasibility of increasing
dredging productivity, including by extending mi-
ning season, reducing process downtime, improving
the quality of reserve preparation for extraction, and
optimizing dredging process parameters [1, 5]. When
developing rather wide placers, productivity can be
increased by optimizing a front bank width.

The optimal and most advantageous width of
afront bank (a dredge “face”) is determined taking into
account maximum daily productivity of a dredge [6].
Under relatively favorable conditions for dredging
and applying bulk mining of reserves, which prevailed
in the second half of the 20th century, this method
of calculation provides the highest technical and eco-
nomic performance indicators for dredging. At the
same time, due to the permanently complicating con-
ditions of placer exploitation with increasing scope
of capital mining operations, the determination of an
optimal front bank width based on ensuring a dredge
maximum productivity will not be entirely accurate,
since the efficiency of a dredge depends not only on
its productivity, but also on the scope and costs of
capital mining operations, the amount of losses and
dilution of a mineral, the recovery of valuable com-
ponents, and the economic indicators of a deposit's
development.

Increasing a front bank width leads to higher costs
for stripping, as well as for removing ice scum (in au-
tumn) and ice (in spring) and, as a rule, for recultivation.
As a front bank width decreases, sand losses (including
inter-step and inter-run losses) or dilution increase, the

concentration of suspended solids in the process water
increases that in some cases can lead to a decrease in
the recovery of valuable components and, as studies
show, to a significant negative impact on water bodies
[7-9], and a dredge turning becomes more difficult.

Thus, the optimal front bank width should be de-
termined based on the condition of ensuring the lo-
west cost of extraction of valuable components, but not
only taking into account reaching a dredge maximum
productivity. At the same time, the greatest impact on
the economic performance indicators of dredging de-
velopment is exerted by stripping, the volume of which
has been steadily growing in recent years [10].

Despite the fact that dredging mining has a sig-
nificant impact on various components of the envi-
ronment [11, 12], especially on water bodies [13, 14],
it remains one of the most economically efficient
methods [15] and is currently actively used in the de-
velopment of placer deposits both in Russia [10, 16]
and abroad [17, 18] that indicates relevancy of the task
of determining an optimal front bank width.

Theoretical treatment

When designing mining operations for excava-
tion and loading equipment, the optimal cut width is
substantiated, which in most cases is determined by
the operating parameters of mining machines. When
using excavators, a cut width is mainly determined
based on the digging reach and dumping radius, and
sometimes the type of transport facilities used is taken
into account. When dredging placers, a rational front
bank width (dredge cut width) is determined using
a more complex relationship that takes into account
not only the operating parameters of a dredge, but also
its operating conditions and the placer characteristics.

Several methods are known for calculating the
optimal width of the front bank (or optimal maneu-
vering angle) of a dredge! [6, 19]. All of them take into

I Kudryashev V. A. Some issues of the theory and technology
of deep placer deposits development using dredging method. [Ab-
str. Dr. Sci. (Eng.) Diss.] Moscow: MSTU Publ.; 1975.42 p. (In Russ.)
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account the characteristics of a placer deposit and
a dredge parameters and provide for its maximum
daily productivity. The values obtained from calcula-
tions using these methods differ slightly, but overall
indicate that the optimal front bank width is closer
to its minimum possible value and significantly less
than the maximum width. 380-liter dredge perfor-
mance dependencies on the front bank width, as ap-
plied to the conditions of development of one of the
Sakha (Yakutia) placers, are shown in Fig. 1.

The average thickness of the productive layer of
the placer deposit under consideration is 10 m, the
thickness of peat is 2-6 m (4 m on average), and the
average width of the placer deposit is 560 m.

Fig. 1 shows that the 380-liter dredge maximum
productivity corresponds to the front bank width of
65 to 105 m.

To further investigate the effect of stripping on
the optimal front bank width, we use the most well-
known and widely used design technique developed
by V.G. Leshkov [6], in which the daily productivity of
a dredge is determined using the following expression:
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3600v, HaTR sin 3,
0.0175K,R B, + 30v(t, + Kity)

Lday = (1)
where v, is speed of lateral dredge movement along
a front bank, m/s; H is a placer deposit thickness, ex-
tracted by the buckets, m; a is a value of moving (step)
of a dredge per a front bank, m; T is dredge operating
time per day, h; R, is average dredge digging radius
when mining a placer deposit of H thick, m; B, is half
the maneuvering angle of a dredge, degrees; K,=H/h
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is number of rock layers extracted by the buckets du-
ring layer-by-layer mining of one front bank; t, is time
required for one step, min; t, is downtime of a dredge
in front bank node points when advancing to a lower
rock layer extraction, min; 0.0175 is digital coefficient
for converting degrees to radians.

The works of V.G. Leshkov [6] describe a me-
thod for calculating the optimal front bank width,
which takes into account the thickness of a sand to
be dredged and the design parameters of the mining
equipment. The most advantageous width of a single
front bank is established based on the conditions of
maximum dredge productivity in terms of rock mass
and is determined by the most advantageous maneu-
vering angle. The calculation formula is as follows:

Boo= 47.8. 11000 V1 t |
HR
The most advantageous width of a single front
bank, m, is calculated using the following equation:

Bma = ZRa\/g Sin B;a .

H

(oo

n (2)

avg

3

The method proposed by V.G. Leshkov for calcu-
lating the most advantageous front bank width takes
into account the main parameters of equipment op-
eration and the nature of a productive layer, but does
not assume the presence and scope of overburden.
Therefore, it is necessary to predict how the most ad-
vantageous (optimal) front bank width will change,
when taking into account the work involved in ex-
tracting and transporting peat.
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Fig. 1. Daily productivity of a 380-liter dredge as a function of front bank width:
1 - according to the technique of V.A. Kudryashev; 2 - according to the technique of V.G. Leshkov;
3 - according to the technique of S.M. Shorokhov
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Research tasks and objectives

The main objective of the research was to deter-
mine an optimal front bank width depending on the
thickness of a mineral deposit and overburden. To
achieve this goal, it is necessary to establish the in-
fluence of peat thickness on the costs of mineral ex-
traction, determine the front bank parameters, which
ensure minimum costs for a placer deposit develop-
ment, and improve the method for calculating the
most advantageous width of a front bank (a dredge
run) for the development of wide placer deposits.

Research techniques

Graphical and technical-economic calculation
methods were used to solve the tasks set.

The influence of stripping on the optimal front
bank width was assessed based on the calculation of
the costs of mineral extraction depending on the pa-
rameters of the front bank, peat thickness, and the
method used for the peat extraction and stockpiling.

For peat thickness of up to 6 m, the calculations
were performed for bulldozer stripping method, and
for the thickness more than 6 m, the calculations pro-
vided for direct dumping method with the use of dra-
glines. According to approved stripping flow sheets,
peat dumps are placed on one side of a placer deposit
or into worked-out space left from the previous dred-
ging run. Transport technique for stripping with the
use of a combination of excavators and dump trucks
was not considered, as its high cost (2-3 times higher
than direct dumping and bulldozer methods) means
that it is practically never used in dredging mining.

To determine the costs of stripping and mi-
ning operations under different mining parameters
of a placer deposit and flow sheets used, the depen-
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dencies of mining equipment productivity and the vo-
lume of earthwork on a front bank width were found.
The productivity of bulldozers was determined based
on the transportation distance and the height of the
dumps, while the volume of excavation work was cal-
culated taking into account changes in the rehandling
coefficient. The costs of stripping and mining ope-
rations were determined based on the cost per ma-
chine-hour of the equipment used, its productivity,
and the scope of stripping.

Findings

The influence of stripping technique on an optimal
front bank width was assessed based on the calculation
of the costs of stripping (in Rubles per cubic meter of
sand extracted) and the costs of dredging. Minimum
costs for stripping and mining operations are achieved
with maximum productivity of the equipment used.

Based on a dredge's productivity, the costs of ex-
tracting and processing of one cubic meter of sand
were calculated. Fig. 2 shows curves of cost of sand
extraction as a function of a front bank width at three
productive layer thicknesses of 10, 20, and 28 m.

As can be seen from Fig. 2, the minimum costs
were achieved at a front bank width of 70-100 m.

In order to assess the influence of stripping on the
total costs of extracting one cubic meter of sand, the
productivity of bulldozers was calculated when using
front bank width values of 50-155 m and varying sand
thickness (from 6 to 28 m). The thickness of sand also
affects the front bank width, as the width increases
at the top. For peat thickness of 2—-6 m, the relation-
ship between the productivity and costs of stripping
using bulldozers (with a power of 350-400 kW) and
the front bank width was established.

220
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Fig. 2. Curves of cost of dredging as a function of a front bank width for a 380-liter dredge at three productive layer
thicknesses of 10, 20, and 28 m
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The bulldozer's productivity for each case was
determined based on the distance of peat transporta-
tion. As the front bank width increases, the distance
of transportation and the parameters of the bulldozer
dump (height, required capacity) increase, while the
productivity of the stripping equipment decreases
and, as a result, the costs of sand extraction increase.
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The cost of extraction and processing of one cu-
bic meter of sand (taking into account the costs of
stripping by bulldozers) as a function of front bank
width are shown in Figs. 3-5. Table 1 shows the re-
sults of calculating the costs of extraction at differ-
ent values of peat and sand thicknesses and front
bank width.
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o ————= 3’:‘5'2?

6I5 70 75 Sb 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155

Front bank (dredge “face”) width, m

——K,,,=0.33

——K,,,=0.25

——K,, =0.13 K, =0.07

Fig. 3. Cost of extraction and processing of a mineral as a function of front bank width at a peat thickness
of 2 m and a stripping ratio K,,, = 0.07-0.33
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Fig. 4. Cost of extraction and processing of a mineral as a function of front bank width at a peat thickness
of 4 m and a stripping ratio K,,, = 0.17-0.67
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Fig. 5. Cost of extraction and processing of a mineral as a function of front bank width at a peat thickness
of 6 m and a stripping ratio K,,, = 0.21-1.00
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Figs. 3-5 show that when a front bank width ex-
ceeds 95 m, the costs of mineral extraction and pro-
cessing sharply increase. This confirms that when
designing dredging operations and determining an
optimal front bank width, the parameters of strip-
ping must be taken into account.

Table 2 shows the data for calculating an optimal
front bank width using formula (2) and the indicators
identified taking into account the conduct of strip-
ping operations. The correction factor was calcula-
ted, which is proposed to be used in formula (2) when
calculating the optimal front bank width for a 380 1
dredge under similar placer parameters.

As the thickness of peat increases, the cost of
extracting minerals rises, while an optimal front
bank width gradually decreases. As can be seen from
Table 2, the difference between the calculated values
of the optimal front bank width without and with bull-
dozer stripping ranges from 0 to 35.6%. The graphi-
cal representation of the correction factor variation
depending on certain parameters of a placer deposit
(peat thickness and stripping ratio) is shown in Fig. 6.

When dredging developing placers with peat
thicknesses exceeding 5-6 m, the feasibility of using
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bulldozers for stripping decreases; instead, a direct
dumping technique is applied.

When studying the influence of a front bank
width on the cost of dredging with the use of direct
dumping technique, 140 flow sheets for stripping us-
ing an ESh 20/90 dragline were analyzed, in which
the thicknesses of the overburden (5-20 m), sand
(6-28 m), and the front bank width (50-140 m) va-
ried. For each flow sheet, the rehandling coefficients
were calculated using a dummy unit-load method
and are presented in Table 3.

The data in Table 3 show that at the highest va-
lues of the front bank width, the rehandling coefficient
for the stripping dragline is maximal; therefore, the
costs of stripping in such conditions will be higher.

The cost of stripping and dredging has been cal-
culated for each option. Table 4 shows the results of
calculating the extraction costs when using direct
dumping technique for stripping.

By analogy with the analysis of the bulldozer
method of stripping (peat removal) (see above), the
indicators calculated without taking into account
stripping and with its taking into account when using
direct dumping technique were compared (Table 5).

Table 1

Costs of extraction and processing of sand using a dredge, including stripping by bulldozers, Rub/m?

Thickness, m Costs of extraction and processing of a mineral at different values of front bank (dredge “face”)
peat sand width, m
T, T, 50 65 80 95 110 125 140 155
6 217.8 218.2 218.9 220.5 227.1 231.1 239.6 249.5
8 211.9 212.3 212.7 213.4 219.1 222.4 229.8 238.2
12 2121 211.9 211.9 212.7 218.5 221.6 229.1 238.0
2 16 205.8 205.6 205.7 206.3 212.0 214.8 221.9 230.0
20 205.2 204.9 204.7 205.4 211.1 213.6 220.5 228.9
24 203.1 202.7 202.4 202.9 208.4 210.9 217.8 225.6
28 202.7 202.3 202.1 202.5 207.8 210.3 2171 225.0
236.8 239.4 242.6 246.8 256.1 263.2 274.9 288.4
222.1 223.5 224.2 227.5 234.4 238.1 247.0 256.2
12 222.7 223.8 225.3 2279 235.5 240.7 250.6 262.8
4 16 211.5 211.5 211.9 213.3 219.7 223.3 230.4 239.7
20 209.6 209.9 210.2 2114 217.7 220.4 228.0 236.4
24 206.9 207.0 207.2 208.2 213.8 216.8 223.8 231.9
28 206.2 206.0 206.1 206.9 212.5 2154 222.3 230.9
266.5 273.1 280.7 289.8 304.5 3174 335.6 356.3
235.1 237.0 239.5 242.8 251.8 258.2 266.8 279.4
12 237.7 241.2 245.4 251.2 262.5 271.8 287.0 304.4
6 16 217.8 218.6 220.7 222.1 229.3 233.8 241.7 250.6
20 214.7 216.0 216.8 218.7 224.7 228.8 236.4 246.8
24 211.9 212.4 213.1 213.9 220.5 223.4 231.5 240.6
28 210.3 210.6 211.1 212.4 218.2 221.8 228.9 237.7
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Table 2 Table 3
Optimal front bank width taking into account stripping Rehandling coefficients, m3/m53, for different flow sheets
W,,, and not taking into account stripping W of stripping with the use of a ESh 20/90 dragline
with the use of bulldozers Overburd Sand Rehandling coefficient
Verburden an for different front bank
. Recommended - : F Ciing !
T, T, | K, | W | W, lefe;)ence, correction thlcll(nness, thldt(rllless, (dredge “face”) width, m
factor 50 65 90 | 120 | 140
6 0.33 6 0 0 0 0 0
8 | 025 100.9/100.0] 0.9 1.00 8 © | 0 0] 0 |00
12 0 0 0 0 0.14
12 | 0.17
5 16 0 0 0 0.05 | 0.24
2 16 | 0.13
91.2 | 95.0 _ 1,00 20 0, 0 | 0 |013]0.29
20 | 0.10 24 0 0 0 0.29 | 0.37
24 | 0.08 28 0 0 0 0.33 | 0.4
84.5 | 95.0 - 1.00
28 | 0.07 6 0 0 0 0 0.17
2
6 0.67 8 0 0 0 0 0.23
12 0 0 0 0.08 | 0.27
8 0.50 | 100.9| 80.0 20.7 0.79 10 16 0 0 0 0.23 | 0.37
12 1 0.33 20 0 0 0 | 032 043
4 16 | 0.25 24 0 0.08 | 0.17 | 0.41 | 0.49
91.2 | 80.0 12.3 0.88
20 | 0.20 28 0 0.1 | 0.25 | 0.44 | 0.51
94 | 017 6 0 0 0 0.05 | 0.2
84.5 | 80.0 5.3 0.95 8 0 0 0.05 | 0.1 | 0.25
28 | 0.14 12 0 | 0 |006 014031
6 | 1.00 15 16 0 0 | 0.12 | 0.25 | 0.46
8 0.75 | 100.9 | 65.0 35.6 0.64 20 0 0.04 | 0.2 | 0.36 | 0.58
12 | 050 24 0.04 | 0.09 | 0.37 | 0.48 | 0.76
6 | 16 | 0.38 28 0.08 | 0.11 | 0.4 | 0.6 | 0.85
91.2 | 65.0 28.7 0.71 6 0 0 0.13 | 0.19 | 0.36
20 | 030 8 0 | 0 |0.19 026 043
24 | 0.25
845 | 65.0 231 0.77 12 0 0.09 | 0.3 | 0.31 | 0.47
28 | 0.21 20 16 0.08 | 0.13 | 0.32 | 0.48 | 0.57
Notes: T, is peat thickness, m; T is sand thickness, m; K is 20 0.11 | 0.19 | 0.43 | 0.51 | 0.69
§tripping ratio, _m3(m3; Wy i.s optimal front bank \{vidth 'Faking 24 0.15 | 0.21 | 0.54 | 0.56 | 1.08
into account stripping, m; Wis optimal front bank width without
taking into account stripping, m. 28 0.17 | 0.23 | 0.58 | 0.69 | 1.51
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Table 4 Table 5
Costs of extraction and processing of sand using direct Optimal front bank (dredge “face”) width taking into
dumping technique in stripping work, Rub/m3 account stripping W, and not taking into account
Peat Sand Front bank (dredge “face”) stripping W when using direct dumping technique
thickness, | thickness, width, m 71| K w | w. | Difference, Correction
m m 50 | 65 | 90 | 120 | 140 Pl o % factor
6 221.9 | 221.0| 220.1 | 229.1 | 237.6 Z 82? 100.9 | 100.0 0.9 0.99
8 217.8 | 216.8 | 216.0 | 223.9 | 233.2 12 0'42 ’ ) ) ’
12 213.6 | 212.6 | 211.8 | 218.7 | 228.1 :
51|16 |0.31
5 16 208.6 | 207.8 | 207.5 | 214.6 | 224.4 20 logs| 212 | %00 L3 0.99
20 207.3 | 206.6 | 206.3 | 213.4 | 222.8 24 | 021
24 | 204.7]204.0|204.6 | 210.8 | 219.7 28 | 0.18 | 342 | 850 0.0 101
28 204.1 | 203.4 | 203.9 | 210.0 | 218.8 6 | 1.67
238.6 | 237.6 | 236.8 | 249.9 | 263.2 8 | 1.251100.9 | 90.0 10.8 0.89
230.3 | 229.3 | 228.5 | 239.5 | 252.9 12 10.83
12 221.9|221.0 | 224.3 | 230.2 | 2414 10116 1063 | o o | 900 13 0.99
10 16 |214.8]217.2 | 216.9| 224.6 | 234.9 20 | 0.50
20 212.3 | 214.1 | 213.8 | 221.8 | 231.5 i: 8;2 84.5 | 85.0 -0.6 1.01
24 210.7 | 211.1 | 211.5 | 217.9 | 227.1 6 2'50
28 209.3 | 209.6 | 209.9 | 216.2 | 225.2 8 | 1.88 1100.9 | 65.0 356 0.64
255.3 | 254.3 | 266.0 | 272.9 | 287.7 12 | 1.25
242.8 | 241.8 | 251.9 | 258.3 | 271.6 151 16 | 0.94
91.2 | 65.0 28.7 0.71
12 235.8 | 235.6 | 238.8 | 242.5 | 254.6 20 | 0.75
15 16 225.7 | 225.0 | 226.6 | 234.0 | 246.1 24 | 0.63
84.5 | 65.0 23.1 0.77
20 221.1|220.8 | 222.6 | 229.9 | 241.4 28 | 0.54
24 216.6 | 216.4 | 219.0 | 225.3 | 236.9 6 |3.33
28 214.7 | 214.2| 216.5 | 223.4 | 234.3 8 |2.50]100.9| 500 | 505 0.50
271.9 | 287.6 | 294.2 | 302.3 | 320.5 12 | 1.67
20| 16 | 1.25
255.3 | 266.8 | 274.1 | 281.8 | 297.5 20 | 1.00 91.2 | 50.0 45.2 0.55
12 246.9 | 248.5 | 253.6 | 258.7 | 271.7 :
24 | 0.83
20 16 235.3 | 235.6 | 239.3 | 248.0 | 258.7 58 0.7 ] 84> | 500 40.8 0.59
20 229.2 | 229.8 | 233.6 | 240.2 | 252.0 Notes: T, is peat thickness, m; T is sand thickness, m; K is
24 223.5 1 223.6 | 227.9 | 233.3 | 249.3 stripping ratio, m%m?; W, is optimal front bank width taking
into account stripping, m; Wis optimal front bank width without
28 220.0 | 220.4 | 224.3 | 230.8 | 2494|  (aking into account stripping, m.

1.1
0.99 1.01 1.01
1.0- : 0.99 =
. 0.89 0.89 0.89 R?=0.8319
9 0.9 °
Q
< 0.8 0.77 0.77
S 0.71 0.71 x
S 0.7 0.64 0.64 0.64 x R:=0.9156
= x 0.59 0.59
S 0.6 0.55 0.55 A
0.50 0.50 0.50
0.5 7y R2=0.9156
0.4 r r r r r
0 5 10 15 20 25 30
Sand thickness, m
®H,=10m xH,=15m AH,=20m

Fig. 7. Dependence of the correction factor on placer deposit parameters when using direct dumping
in stripping work and peat thicknesses of 10, 15, 20 m

106


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2025;10(2):99-108

As can be seen from Table 5, the difference be-
tween the two calculation options results varies from
1.3 to 50.5%. With high peat thickness, consideration
of stripping when calculating the optimal front bank
width has a more significant effect.

Graphical dependencies of the correction factor
on the parameters of a placer deposit when using di-
rect dumping in stripping work are shown in Fig. 7.

Thus, when calculating an optimal front bank
width, it is proposed to take into account a correction
factor, the values of which are given in Table 2 (for
bulldozer stripping) and Table 5 (for direct dumping
stripping). The formula will assume the form of:

. B
B.=K.or| 2Rsin —1,
[ ) (4)

where K, is a correction factor that takes into account
the parameters of a placer deposit and the equipment
used in stripping.

Conclusions
1. The presence of overburden on dredging sites
has a significant impact on the most advantageous
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front bank width, which, depending on the thickness
of peat, is reduced by 1.05-1.5 times (by 5-50%) rela-
tive to the recommended values.

2.1t is most important to take into account strip-
ping when determining the optimal front bank width
for a 380-liter dredge at peat thickness exceeding 2 m
(when using bulldozers) and peat thickness exceeding
5 m (when using direct dumping with ESh 10/70, ESh
20/90 draglines).

3. With an increase in peat thickness and the
stripping ratio, the optimal front bank width is sig-
nificantly reduced and should be taken as equal to the
minimum possible value for the bulldozer method of
stripping (peat overburden removal) at a peat thick-
ness of more than 6 m, and for direct dumping tech-
nique, more than 15 m.

4.1t is recommended to calculate the optimal
front bank width using the formula developed by
V.G. Leshkov with the use of the proposed correction
factor. When using less powerful equipment for strip-
ping, such as bulldozers with a power of 200-250 kW
or ESh 6/45 dragline excavators, the proposed correc-
tion factors will be significantly reduced.
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Abstract

The study of the geological setting features of the West Siberian Oil-and-Gas Province (OGP) is relevant
for establishing the relationship between the spatial distribution of local strike-slip dislocations (Russko-
Chaselsky Ridge) and the structure of the regional Pai-Khoi-Altai shearing zone. The work aims to identify
the regularities of hydrocarbon accumulations location associated with fault systems of this zone. The
paper presents the results of studies aimed at assessing the nature of the Earth crust disturbance within
the regional Pai-Khoi-Altai shearing zone and the prerequisites for the occurrence of hydrocarbon
accumulations within it. A complex set of regional and detailed geophysical data, including 2D and 3D
seismic surveys and digital models of gravity and magnetic fields, was used as a factual basis. Based on
these materials, cross-sections and maps were drawn showing the structural features of the sedimentary
cover and consolidated basement, and an analysis of the nature of the Earth crust disturbance within the
shearing zone was performed. It was revealed that the disjunctive dislocations of the regional Pai-Khoi-Altai
shearing zone have a characteristic morphology described by a right-lateral strike-slip (dextral) fault strain
ellipsoid. Within the Russko-Chaselsky Ridge, patterns were identified in the manifestation of strike-slips
and graben-rifts systems caused by the tectonic activity of the regional Pai-Khoi-Altai shear. The shearing
zone, en echelon faulting, and associated Riedel shears constitute a single, hierarchically subordinate
system of the upper Earth crust disturbance. It is characterized by the development of en echelon system
of disturbance zones in the platform cover and the upper part of the consolidated basement, interpreted
as Riedel shears of prevailing submeridional strike. Based on the interpretation of seismic cross-sections
along the Riedel shears, “flower structures” extending from the Lower Cretaceous to the top of the Paleozoic
were distinguished. Structures of this type, located within the West Siberian Oil-and-Gas Province and
represented by dislocation systems, may act as drainage in further substantiation of the mechanisms of
migration and accumulation of hydrocarbons.

Keywords

shear structures (strike-slips), graben-rift, Western Siberia, oil and gas reservoirs, gravity anomalies, magnetic
anomalies, seismic surveying, potential fields, Riedel shears
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AHHOTaUuA

M3yueHre 0COOEHHOCTE Te0JIOrMUYeckoro cTpoeHus 3anamaHo-Cubupckoii HedTera3soHOCHOI MPOBUHIUN
(HI'TI) akTyanbHO I/ YCTAHOBJIEHUSI B3aMMOCBSI3M MeKAy MPOCTPAHCTBEHHBIM paciipeiesieHeM JI0Kalb-
HbBIX CIBUTOBBIX AMCAOKaLMi1 Pyccko-YacenbCKOro Bana M CTPYKTYpOii permoHaibHOI [1aii-Xoii—AnTtaickoi
COBUTOBOI 30HBI. Lleib paboThI — BBISIBJIEHME 3aKOHOMEPHOCTEN JIoKanu3auun YB-CKOIIeHii, acCoumu-
POBAHHBIX C Pa3pbIBHBIMM HAPYIIEHUSIMU ITOV 30HbI. B cTaTbe NpeacTaBaeHbl pe3y/ibTaThl MCCIEL0BAHNIA,
HaIlpaBJIEHHBIX Ha OLIEHKY XapaKkTepa geCTPYKL UM 3eMHOM KOPBI B IIpefenax permoHanbHoii [Tan-Xon-An-
TaCKOM COABUTOBOV 30HBI ¥ MPEAIIOCHIIOK JOKIM3ALUM MEeCTOPOXKIEHWIA YITIeBOLOPOAOB B €e Mpenenax.
B kauecTBe (aKTOIOTMUYECKOI OCHOBBI 3a€/iCTBOBAH KOMILJIEKC PETMOHAIbHBIX U IeTalbHbIX reodusnye-
CKMX TaHHBIX, BKIoUaomui 2D u 3D ceiicMopa3BenKy, MG poBbie MOIe/IM IPaBUTALIMIOHHOTO ¥ MAarHUTHO-
ro noJjeii. Ha ocHOBe 3TUX MaTepuasoB ObIIM ITOCTPOEHbBI paspessl ¥ KapThl, 0OTOGpaskaolnye 0COGeHHOCTH
CTPOEHMST 0CAIOYHOTO UexJia ¥ KOHCOIUINPOBAHHOIO GYHIAMEHTA, BBIIIOJIHEH aHA/IN3 XapaKTepa JeCTPYK-
LMY 3eMHOJ KOpPBI B TIpefenax COBUTOBOI 30HbI. BbISIBI€HO, UTO pa3pbiBHbIE AMCIOKALIMM PeTMOHAIbHOM
[Tait-Xoii—AnTaiickoil CABUTOBOI 30HBI UMEIOT XapaKTePHYI0 MOPQOIOTHIO, OMICHIBAEMYIO SJUIUIICOUIOM
IedbopManuii MpaBOCTOPOHHETO caBura. B mpemenax Pyccko-YaceabCKOro Baja oIpeaeeHbl 3aKOHOMEP-
HOCTU TIPOSIBJIEHMSI CUCTEMbI CABUTOBBIX AMCIOKAIMI U TpabeH-pUGTOBbIX CTPYKTYP, 0OYCIOBIEHHBIX
TEKTOHUYECKOW cucTteMoy permoHanbHOro Ilaii-Xovi—Anrarickoro casura. CoBurosasi 30Ha, OIlepsIolie
pas3JIoMbl U CBSI3aHHbBIE C HUMU CKOJIbI PUIe/si COCTaBISIOT eAUHYI0 MepapXUuecK MOAUMHEHHYIO CUCTEMY
IeCTPYKLUM BepxXHel KOpol. [l Hee XapaKTepHO pa3BUTHME 31IEJIOHMPOBAHHONM CUCTEMBI 30H E€CTPYKLIUU
1aThOPMEHHOTO Uexyia M BepXHell YacTu KOHCOMMAMPOBAHHOTO (PyHIaMeHTa, MHTEPIIPETUPYEMOI KaK
TpeuHbl Pupesns ¢ mpeobnanaHem cyoMepUAMOHAIBLHOTO MpocTupanus. [lo pe3yibraTaM MHTEPIIpeTa-
LU ceficMMYeCcKMX pa3pe3oB BIOJb TpelllH Puienst BbIAesSIOTCS «CTPYKTYPhBI IIBETKa», MIPOCTMUPAIOIIecs
OT HMKHETO MeJia A0 KPOBJIM Mae030MCKUX OT/IOKeHM. CTPYKTYpBI 3TOrO TUIIA, TOKAIM30BaHHbIE B IIpe-
Imenax 3anagHo-Cubmpckoit HedTerazoBoii MPOBUHIIMK U IIPeCTaBAeHHbIE CUCTeMaMM OMCIOKALMIA, MO-
TYT BBICTYIIATh APEeHakoM TPy JajibHelileM 060CHOBaHUY MEXaHM3MOB MUTPALIMY U aKKYMYJISIIIMY MECTO-
POXIEeHUI YIIeBOA0POIOB.

KnioueBble cnoea
CIBUTOBBIE CTPYKTYPBI, TpabeH-pudT, 3anagHas Cubupb, HeTera3oHOCHOCTh, IPaBUTALIMOHHbIE aHOMAJIUN,
MarHmMTHbI€ aHOMAJIUN, CQ]‘/’ICMOp&?:BQ,E[K&, MMoTeHIMa/JIbHbIE ITOJIA, TPEIIMHDbI PI/I,Z[eJIH

BnaropgapHocTu
ABTOpBI BBIPAKAIOT 6/IAar0JapHOCTD 3a LIEeHHbIE COBETHI MTPU IMOATOTOBKE CTAThU Mpodeccopy Kadenpsl reodu-
3UKM O.r.-M.H. Anekceto Cepreesuuy Eroposy.
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Introduction

We examined the geological setting features
of the West Siberian Oil-and-Gas Province (OGP)
in order to establish the relationship between the
spatial distribution of local strike-slip dislocations
(within the Russko-Chaselsky Ridge) and the dislo-
cation system of the regional shearing zone in con-
nection with the study of the regularities governing
the location of hydrocarbon accumulations associa-
ted with a complex system of disjunctive dislocations
that are part of the regional Pai-Khoi-Altai shearing
zone [1, 2].

Within the West Siberian OGP, the bulk of the
identified hydrocarbon accumulations [3-5] are con-
fined to Cretaceous sediments. The Bazhenovsky hori-
zon is considered to be the oil source strata; the Lower
Cretaceous terrigenous rocks act as the reservoir; the
Podachimovsky horizon mudstone is the impermeable
layer [6-8]. The mechanism of hydrocarbon migration
can be largely explained by the development of a sys-
tem of disjunctive dislocations. Many researchers
studied the nature of shear dislocations in consolida-
ted basements and the lower parts of the sedimentary
cover of the West Siberian geosyncline [9, 10]. For in-
stance, A.E. Kontorovich distinguished between major
shear dislocations of different directions (first order)
penetrating into the Lower Cretaceous horizons and
secondary shears (second order) mapped in the Ceno-
zoic sequence [3, 11, 12].

A.1. Timurziev, based on an in-depth study of the
2D and 3D seismic survey data, concluded that regio-
nal shearing zones are widely manifested in the north-
western part of the West Siberian geosyncline [2, 9].
The author notes that the results of the 2D seismic
surveys do not always accurately reflect horizontal
shear structures (strike-slips), unlike the results of
the detailed 3D seismic surveys [11, 13]. An important
feature of the shears, in his view, is the almost com-
plete absence of vertical displacements at the level of
the uppermost consolidated basement.

Detailed studies within the Ety-Purovsky accu-
mulation have shown that regional shears are framed
by a system of en echelon tension stress and shearing
dislocations. Within the shearing zones, based on the
3D seismic data, the author has identified a system of
northwestward strike-slips and en echelon northeast-
ward strike-slips on the sides and in the spaces sepa-
rating the major strike-slips [9-13].

In our research, we considered the features of the
deep structure of the regional Pai-Khoi-Altai shear-
ing zone, which, judging by a complex of geological
and geophysical data, extends from the Altai-Sayan
folded area to the Pai-Khoi. The zone includes the
main fault (geosuture) and a system of en echelon ex-
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tension faults and strike-slips (shears) [14, 15] (Fig. 1).
This system of tectonic dislocations developed against
the backdrop of a consolidated basement formed by
formations of different age, from the Yenisei (Bai-
kalides), Kazakhstan and Altai-Sayan (Caledonides),
Ural and Central-Western Siberian (Hercinides) fold-
ed areas [14].

Research techniques
and factual material

The area of our detailed research (Fig. 1, a), in-
cluding the outline of the Russko-Chaselsky Ridge, is
characterized by a high level of geological and geo-
physical knowledge [16]. As a factual basis for the re-
search, we used the results of seismic surveys, deep
drilling data, and potential geophysical fields data
borrowed from the Gravimag database at a scale of
1:200,000 [16, 17].

The study area at local level was selected depend-
ing on the seismic cross-section outlines. To simu-
late shear dislocations and investigate the structure
of the basement and sedimentary cover within the
study area, we performed a series of procedures: cal-
culation of potential field transformants [18], inclu-
ding factorization into regional and local compo-
nents, calculation of gradients, etc. [19, 20]. To esti-
matetheamplitudesoftectonicdeformations,seismic
cross-sections were filtered using surface-consistent
procedures, adaptive noise suppression, 5D regular-
ization, and Kirchhoff depth migration (using OVT
panels), as well as post-processing' [21]. In addition,
the results of solving inverse problems of gravity and
magnetic surveys, etc. were used (Fig. 2) [21]. The
methodological approach involved applying a mul-
ti-level data processing scheme at regional and local
levels to identify characteristic patterns of subordi-
nation of geological structures.

A.I. Timurziev found similar horizontal shear
structures (strike-slips) are manifested in the sed-
imentary cover by linear en echelon systems of
downthrow faults and thrust faults; the en echelon
faults are grouped into a linear zone of NW strike
(310-320°) with a width ranging from 1.0-1.5
km in the lower part of the sedimentary cover to
5.0-6.5 km in the Upper Cretaceous top. Along the
strike, the suture zone comprises grabens and de-
pressions of shear extension [9, 22].

A qualitative interpretation of the trans-
formants [18, 23] allowed to identifying elongated
positive anomalies of the gravitational and magnetic
fields of submeridional strike in the central part of the

! Kadyrov R.I. Basin analysis and modeling of oil-and-
gas-bearing systems. Kazan: Kazan (Volga Region) Federal Uni-
versity Publ.; 2020. 33 p. (In Russ.)
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detailed study area, which, in our opinion, are man-
ifestations of rift structures [23-25]. On the structu-
ral-tectonic diagrams compiled based on these data
(see Fig. 2), first-order shear dislocations (strike-slips)
have a predominantly northwestern strike, while se-
cond-order rift structures are oriented northeastward
and located in the space between the major shear dis-
locations [23, 26, 27].

The manifestations of these dislocations at a de-
tailed level in seismic cross-sections of the Bazheno-
vsky reflective horizon interval (Fig. 3) are expressed
in graben-rift structures, traced in the form of “Riedel
shears” oriented at an angle of 30° to the main shear
axis [28, 29].

According to most researchers, the main shear
dislocations are deeply seated [30, 31]. The exten-
sion structures are most likely seated near the sur-

Folded areas:
@ - Pai-Khoi - Novozemelskaya 5 '\+]
@ - Ural

(® - Kazakhstan

@ - Central-Western Siberian
(® - Altai-Sayan

® - Yenisei
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face [32]. In this regard, we studied geological and ge-
ophysical cross-sections based on reference seismic
profiles [11, 15]. In the interval between 1,000 and
2,000 ms, a system of disjunctive dislocations with a
characteristic "flower structure" morphology can be
traced (Fig. 4) [14]. Above this interval, only anticline
folds are manifested that indirectly confirms the as-
sumption of an attenuation of tectonic deformations
in the Upper Jurassic sediments [31, 33].

The Figure demonstrates the strike-slips joining
en echelon the plane of major shear in a fan-like man-
ner [1, 34]. The appearance of the “flower structures”
indicates the strike-slips (shears) of northeastern
strike [35, 36] that allows assuming trans-tensional
nature of the strike-slips [13, 34]. The roots of these
faults can be traced below the uppermost basement
(below 6 km) [37, 38].

1 2 3 I (5 .
(18 279 IUL0[ZZ11 12 FEFE13

b

Fig. 1. Fragment of a map of the deep geological setting of the consolidated basement of the West Siberian OGP
with the location of the study area (A), the territory of the Russko-Chaselsky Ridge,
and with the outline of the neighboring area (B), within which the Ety-Purovsky Ridge is located [15]:
1-7 - structural and material subdivisions of the consolidated crust: 1-2 — Epibaykal folded areas (I - blocks, 2 - interblock
zones), 3-4 — Epicaledonian folded areas (3 — blocks, 4 — interblock zones), 5-6 — epihercinian folded areas (5 — blocks,
6 - interblock zones), 7 — ancient platforms; 8—11 - disjunctive dislocations: 8 - the Pai-Khoi — Novozemelsky shear
displacement direction, 9 — en echelon disjunctive dislocations, 10 — boundaries of interblock suture zones, 11 - rift
boundaries, 12 - lineaments and rift development direction, 13 — Ridge outlines (a — Russko-Chaselsky, b — Eti-Purovsky)

112


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA) eISSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOITMA https://mst.misis.ru/

2025;10(2):109-117 Sekerina D. D. et al. Role of strike-slips and graben-rifts in controlling oil and gas reservoirs in deep horizons...

The results obtained confirm that the manifes-
tation of rifts and strike-slips in the form of Riedel
shears creates favorable conditions for the migration
and accumulation of hydrocarbons in traps [39]. For
example, Riedel shears can serve as channels for hy-
drocarbon migration and also change the mechanical
properties of rocks that in turn affects their ability to
retain oil and gas and characterize the novelty of the
authors’ research [2, 40].

The practical application of the results obtained
lies in the use of structural factors (Riedel shears,
“flower structure”) in solving predictive problems
using both geophysical and geological-structural cri-
teria for determining oil and gas potential.

Conclusion (findings)

Thus, it can be concluded that the disjunctive
dislocations of the regional Pai-Khoi-Altai shearing
zone have a characteristic morphology described by
T To0 300 aright-lateral strike-slip (dextral) fault strain ellipsoid.

0
v* iv-27.3[ j_4 7'5

Fig. 2. Results of interpretation based on potential fields
(according to the map of the local component
of the gravitational field) [compiled by the authors]:

1 - boundaries of rift structures (I rank); 2 — strike-slip;
3 —rift structures (Il rank); 4 — presumed boundaries
of Riedel shear development zone; 5 — axial direction

of Riedel shear development

Fig. 3. Interpretation within the detailed study area with
the position of seismic profile B-B’ (highlighted in yellow),

performed on the basis of a horizontal cross-section of the min E— X » s
total 3D cube in the interval of the Bazhenovsky reflective
horizon (characteristic dimensions of kilometers) - a, Fig. 4. The manifestation of the “flower structure”
and the amplitude distribution diagram along and Riedel shears based on seismic data interpretation
the seismic cross-section — b [compiled by the authors] (see legend to Fig. 2) [compiled by the authors]
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The shearing zone, en echelon faulting, and associ-
ated Riedel shears constitute a single, hierarchically
subordinate system of the upper Earth crust distur-
bance and are promising for further study of hydro-
carbon migration and accumulation mechanisms [5].
Within the Russko-Chaselsky Ridge, patterns
were revealed in the manifestation of strike-slips and
graben-rifts systems caused by the tectonic activity of
the regional Pai-Khoi—Altai shear; This zone is char-
acterized by the development of en echelon system of
disturbance zones in the platform cover and the up-
per part of the consolidated basement, interpreted as
Riedel shears of prevailing submeridional strike.
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The main shearing zone within the study area
is 6 km long and 0.8 km wide. In the cross-section,
an interconnection between disjunctive dislocations
can be traced, in the distribution of which a “flower
structure” can be identified, extending from the Lower
Cretaceous to the uppermost Paleozoic and demon-
strating a fan-shaped orientation of faults (within the
studied area).

Structures of this type, located within the West
Siberian Oil-and-Gas Province and represented by
dislocation systems, may be considered as drainage in
further substantiation of the mechanisms of migra-
tion and accumulation of hydrocarbons.
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Abstract

The relevance of this study stems from the need to obtain a comprehensive picture of the state of the cobalt
mineral resource base of the Russian Federation. Objective: to examine the current state of Russia’s cobalt min-
eral resource base, the spatial distribution of cobalt deposits by ore formation types and within ore provinces,
and the prospects for national cobalt production. Methods: statistical, graphical, and logical analysis. Results:
a consolidated schematic map of Russia is presented, featuring 25 cobalt-bearing provinces and a sample of
150 of the most significant cobalt deposits across various ore formations, along with prospective sites and are-
as. Key characteristics are provided for the main ore formations hosting cobalt deposits in Russia, as well as for
cobalt-bearing provinces and deposits outside these provinces. In Russia, cobalt is extracted as a by-product
from sulfide copper-nickel ores (9.2 Kt in 2022). As of January 1, 2023, Russia’s balance reserves of cobalt totaled
1,562.3 Kt. The largest volumes of cobalt reserves are associated with the copper-nickel formation (62.5%) and
the silicate-cobalt-nickel formation (19.9%), with the remaining 17.6% distributed among all other ore forma-
tions. By province, the Norilsk province accounts for 47.0% of Russia’s cobalt reserves, the Ural province — 24.7%,
the Kola and Shoria-Khakass provinces — 7.4% each, the Easten Sayan province — 6.1%, and all other provinces —
7.7%. The Russian Federation has been allocated exploration areas on the international seabed in the Pacific
Ocean, where geological surveys are underway in the cobalt-rich ferromanganese crust formation of the Magel-
lan Mountains (resources of 110 Kt Co, with 0.50-0.61% Co) and in the ferromanganese nodule formation of the
Clarion-Clipperton ore field (resources of 985 Kt Co, with 0.22-0.29% Co). Despite a substantial base of prepared
cobalt reserves, Russia lacks a systematic accounting of forecast cobalt resources, complicating the planning of
geological exploration for cobalt. A systematic review of existing geological and geochemical data on known
occurrences and points of cobalt mineralization is proposed, with the aim of assessing forecast resources using
a unified methodology and producing a consolidated forecast resource balance for cobalt in Russia. For deposits
of the silicate-cobalt-nickel formation, where previous assessments were based on maximizing nickel reserves,
a reassessment is proposed with 3D special modeling of cobalt distribution as the primary ore component. Such
deposits can then be managed specifically for cobalt production. Advancements in underground and heap leach-
ing technologies, as well as bioleaching of cobalt-bearing ores, will enable the development of cobalt deposits
with low-grade ores and small reserves, as well as the reprocessing of technogenic materials derived from ben-
eficiation and metallurgical processes. The most promising targets for cobalt extraction using in-situ leaching,
heap leaching, and bioleaching technologies are the deposits of the silicate-cobalt-nickel formation.

Keywords
strategic raw materials, cobalt, ore formations, ore provinces, balance reserves, resources, primary and by-
product components, review
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10 TUIIAM PYIOHBIX (hopMaluii 1 B Mpeenax pygHbIX ITPOBUHIINIA, TTEPCIIEKTUB HAlIMOHAIbHOM TOOBIUM KO-
6anbTa. Memoodst: CTaTUCTUYECKUIL, IpaduuecKuii, ToTuueckuii. Peysismamel: IlpeacraBiieHa CBOJHAS Kap-
Ta-cxema Poccun, Brimouaomas 25 Ko6aJIbTOPYAHbIX TPOBUHIIMI U BBIOOPKY M3 150 Hanbonee 3HAUMMBIX
MEeCTOPOXIEHMI KOOATbTa PA3IMYHBIX PYIHBIX (GOPMAIMii, TEPCIIEKTUBHBIX 06bEKTOB M IIONIAAe. JJaHbI
XapaKTepPUCTUKY OCHOBHBIX PYAHBIX (popMalyii, MECTOPOXKIEHMST KOOabTa KOTOPBIX MMeITCS B Poccun,
a TaKkKe Ko6aIbTOPYIHBIX TPOBUHIINI M MECTOPOXIEHMIT BHE TPOBUHIIMI. B Poccuu mo6brua ko6anbTa mpo-
M3BOAUTCS B KAUECTBE MOITYTHOIO ITPOAYKTA U3 CYAb(PUIHBIX MeIHO-HUKeNeBbIX pya (B 2022 1. - 9,2 ThIC. T).
B Poccun o cocrostumio Ha 01.01.2023 1. yuteHo 1562,3 Thic. T 6a/aHCOBBIX 3armacoB Kobanbra. Han601b-
e 06beMbI 3a11aCOB KO6aIbTa MPUXOAITCS HA MeIHO-HUKeNIeBYIO (62,5 %) U CUIMKATHO-KO6ATbTO-HUKE-
neByio (19,9 %) dpopmanuu u 17,6 % Ha Bce ocTanabHble pyaHble popmauyu. ITo npoBuHIMSIM Ha Hopuiib-
CKyI0 mpuxogutcs 47,0 % oT poCCUiiCKMX 3armacoB KobanbTa, Ha YpanabCKylo — 24,7 %, Ha Konbckyio — 7,4 %,
[opcko-Xakacckyto — 7,4 %, Bocrouno-CasiHCKy10 — 6,1 %, Ha ocTanbHbIe — 7,7 %. 3a Poccuiickoit ®epepa-
LMeil 3aKpenieHbl pasBef0uHble PajiOHbl MEXIYHapOLHOr0O MOPCKOro AHa B TMXOM OKeaHe, Ife BeLyTCs
reojiorMyeckme uccaenoBanus opmMaiuu Ko6aabTOHOCHBIX MapTaHIeBbIX KOPOK Ha MareyijlaHOBBIX ropax
(pecypcer 110 toic. T Co, 0,50-0,61 % Co) u dbopmauuyu Kejae30MapraHIeBbIX KOHKPEINi PYIHOTO ITOJIS
Knapron-Knunneprou (pecypcst 985 Toic. T Co, 0,22-0,29 % Co). Ha Tepputopuu Poccuiickoit @emepanym
HEeCMOTDS Ha 3HAUMTENIbHYI0 6a3y MOATOTOBIEHHBIX 3aI1aCOB KOGAIbTa OTCYTCTBYET CUCTEMHBIN yUeT ero
MIPOTHO3HBIX PECypCOB, UTO OCIOXKHSET IIAaHMPOBaHMe TreooropasBeOuHbIX paboT Ha KobasbT. [Ipenia-
raeTcsl IpOU3BECTU CUCTEMHYIO PEBU3MI0 MMEIOIIMXCS Te0JIOTMYeCKUX U re0XMMUYeCKMX MaTepuaaoB o
M3BECTHBIM MPOSIBJIEHUSIM UM TOUYKAM KOOGATbTOBOI MUHEPAIU3aIUY C OII€HKOI MPOTHO3HBIX PECYPCOB IO
eIVHOM MeTOAVKe ¥ COOCTBEHHO COCTAaBUTh GaaHC MPOTHO3HBIX pecypcoB KobanbTa 1o Poccuu. Ha mecto-
POKAEHUSIX CUJIMKATHO-KOOaIbT-HUKENIeBON hopMalum, rjie paHee X OI[eHKA MTPOU3BOIAMIACH VICXOMS U3
3alauy MaKCMMM3al My 3al1acoB HUKeJ S, IpefjiaraeTcs Mpou3BeCcTy MepeoleHKyY ¢ reoMeTpu3alnmeii pac-
npefesieHust KOOaIbTa B KAYECTBE [JTABHOTO KOMITOHEHTA Pya. Takue 06beKThI CTAHOBSITCS YITPAB/ISI€MbIMMU
TIpU TJIAHUPOBAHMUY JOOBIYM MMeHHO Ko6aibTa. Pa3sBuTye TEXHOJNOTUI MOJ3€MHOTO ¥ KYYHOTO BhIIIE/a-
YMBAHMS, 4 TaKKe OMOBBILIENAYMBAHUS KOOATbTCOAEPKAIMX PY/L MO3BOJUT BOBJAEKATh B 3KCIUIyaTaLIUIO
KOOATbTOPYOHBIE 0OBEKTHI C HU3KMM KAueCTBOM Py U HeOOJbIIMMM 3aracamMi, a TaKKe TeXHOTeHHbIe
06pa3oBaHus IPOAYKTOB 060TANIEHUS ¥ METa/UTyprudeckoro rnepeznena. Haubosnee MHTepeCHbIMU OIS Te-
OTEeXHOJIOTMYECKUX CIIOCOO0B T0ObIYM KOOAIbTa SIBISIIOTCS MECTOPOKAEHUS CYIIMKATHO-KOOIbT-HUKeTe-
BOIi hopmanum.

KnioueBble cnoea
CTpaTermyeckoe Chbipbe, KOOAIBT, pyaHble (hopMallny, PyaHbIe TPOBMHLIVIM, 6aJaHCOBbIE 3arlachl, PeCypChl,
TJIaBHbIE U IIOITYTHbI€ KOMIIOHEHTDI, o630p
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Boyarko G.Y., Bolsunovskaya L.M. Mineral resource base of Russia’s cobalt: current state and development
prospects. Mining Science and Technology (Russia). 2025;10(2):118-147. https://doi.org//10.17073/2500-0632-
2025-02-368

Introduction

Cobalt is used in a wide range of applications:
in the cathodes and anodes of electric batteries and
accumulators (as cobalt oxide), in oxidation cata-
lysts (cobalt acetates, carboxylates, and carbonyls),
in blue pigments and dyes (cobalt phosphates and
aluminates), in heat-resistant alloys (e.g., Vitalli-
um, cermets), hard alloys (e.g., Stellite, Pobedit), and
magnetic alloys (e.g., Alnico), as well as in strengthe-
ning powder coatings and alloy compositions. Glo-
bal cobalt consumption reached 187 Kt in 2022 [1] and
continues to rise due to growing demand for rechar-
geable batteries (Fig. 1). The leading cobalt-producing
countries are the Democratic Republic of the Congo
(76% of global production), Indonesia (9.7%), Russia
(3.0%), Australia (2.0%), and the Philippines (1.9%).
The cobalt market is considered high-risk due to the
fact that primary cobalt deposits are extremely rare,
and the cobalt available on the market is typically
a by-product of the mining of copper, copper-nickel
sulfide, and silicate-nickel deposits. As a result, the
supply of cobalt is highly inelastic, which has led to

price crises and sharp spikes in cobalt prices, such as
in 1978 (due to the war in Zaire, now the Democratic
Republic of the Congo) and in 2017 (due to a surge in
demand for energy storage systems) [2, 3].

In Russia, cobalt is classified as a strategic min-
eral resource, although its production volumes are
not critical, as they significantly exceed domestic de-
mand. Nevertheless, the issue of limited controllabi-
lity over cobalt supply volumes does exist in Russia,
as cobalt is extracted as a by-product from ores of the
copper-nickel sulfide formation [4]. Despite Russia’s
considerable accounted balance reserves of cobalt,
planning to increase production in the context of
the growing lithium-ion battery industry [5] will be
challenging for new development projects targeting
complex copper-nickel, silicate-nickel, iron ore, and
sulfide (pyrite) deposits, where cobalt is of secondary
importance. It is also worth noting the lack of a con-
solidated balance of forecast cobalt resources across
the Russian Federation, as well as the inconsistent
methodologies used by different authors to estimate
cobalt reserves and resources at individual deposits.
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Fig. 1. Distribution of global cobalt consumption
in 2022 [1]

Given global trends of rising cobalt consumption -
and the potential for a sharp increase in domestic
demand - it is necessary to assess the capabilities of
Russia’s cobalt mineral resource base, which is the
aim of the present review.

Research methodology

To assess the state of Russia’s mineral resource
base of cobalt, data were compiled on reserves and
forecast resources of cobalt and cobalt-bearing de-
posits as of January 1, 2023. Sources included state
reports of the Ministry of Natural Resources and Envi-
ronment of the Russian Federation!, informational re-
ports on the status and prospects of mineral resource
use?, state cadastral passports of deposits and miner-
al occurrences in Russia® and published open-access
literature on cobalt deposits and resources. All figu-
res on cobalt reserves, resources, and production are
given in metric tons of contained cobalt (100% Co).
A general schematic map of Russia was compiled,
showing cobalt-ore provinces and a selection of the
most significant cobalt deposits from various ore for-

1 State report on the status and use of the mineral
resources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p. URL: https://www.mnr.gov.ru/docs/gosudarstvennye_
doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh _
resursov_rossiyskoy_federatsii/

2 Information on the status and prospects of use of the
mineral resource base in the regions of the Russian Federation (as
0f01.01.2022). St. Petersburg: VSEGEI, State Assignment No. 049-
00018-22-01 of January 14, 2022; 2022. URL: http://atlaspacket.
vsegei.ru/?v=msb2021#91474d2e700eb6c90

5 Passports of cobalt deposits. Russian Federal Geological
Fund. The unified fund of geological information about the
subsurface. The register of primary and interpreted data; 2023.
2023. URL: https://efgi.ru/
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mations, along with promising targets and areas for
geological exploration. The study also examined the
potential for cobalt mining development using inno-
vative extraction and processing technologies for co-
balt-bearing ores [6]. An analysis was carried out on
the status of balance reserves by ore formation and by
cobalt-ore province.

State of the cobalt mineral resource base
in Russia

Russia ranks 6th globally in cobalt reserves, fol-
lowing the Democratic Republic of the Congo, Aus-
tralia, Indonesia, Cuba, and the Philippines. It holds
3 place in primary cobalt extraction, after the Dem-
ocratic Republic of the Congo and Indonesia, and
6th place in refined cobalt production, after China,
the United States, Finland, Canada, Japan, and Nor-
way [4, 7]. Russia’s cobalt mineral resource base is
primarily composed of deposits belonging to two key
geological-industrial types: the copper-nickel sulfide
type and the silicate-cobalt-nickel type. At present,
cobalt is extracted exclusively as a by-product from
copper-nickel sulfide ores. Mining at silicate-co-
balt-nickel deposits has been suspended since 2012,
and at arsenide-cobalt deposits since 1991. Balance
reserves of cobalt are also recorded at currently de-
veloped copper-pyrite and skarn-type iron ore de-
posits, but cobalt is not extracted from these due to
technological and economic limitations.

Based on the compiled data, the following mate-
rials were developed:

- a general map of Russia’s cobalt-ore provinces,
major deposits, and cobalt occurrences (Fig. 2);

- charts presenting cobalt reserves by ore for-
mation (as of 2021) (Fig. 3) and by province (Fig. 8);

- charts showing cobalt reserves by province
within individual ore formations (Fig. 4).

The following sections provide an overview of
the cobalt-bearing ore formations identified within
the Russian Federation, as well as the corresponding
cobalt-ore provinces.

Cobalt ore formations

Cobalt-bearing ore formations are classified into
two groups: (1) primary cobalt formations, where
cobalt is the principal (most valuable) mineral com-
ponent, and (2) cobalt-associated formations, where
cobalt occurs as a by-product. The first group in-
cludes the endogenic arsenide-cobalt formation
and the biogenic formation of cobalt-rich crusts on
oceanic seamounts. The second group comprises co-
balt-associated endogenic formations such as the
copper-nickel sulfide, low-sulfide platinum-group
element (PGE), copper-pyrite, skarn iron-ore, va-
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Fig. 2. Cobalt-ore provinces, deposits, and occurrences by geological and technological type:

1 - cobalt-ore provinces; 2—13 — geological and technological types of cobalt deposits (a — reserves + resources over
10,000 t Co; b — 1,000-10,000 t Co): 2 — copper-nickel cobalt-bearing, 3 — low-sulfide platinum group element (PGE)
cobalt-bearing, 4 - silicate cobalt-nickel, 5 — pyrite-type cobalt-bearing, 6 — skarn-type iron ore cobalt-bearing,

7 — titanomagnetite-type cobalt-bearing, 8—12 — arsenide-cobalt (8 — cobalt-nickel, 9 — bismuth-cobalt,

10 - primary arsenide-cobalt, 11 — gold-silver, 12 - tin-tungsten), 13 — uranium-type cobalt-bearing,

14 - manganese-ore cobalt-bearing; 15 - cobalt-iron-manganese crusts and nodules; 16 — technogenic cobalt-ore
provinces: I — North Caucasian, II - Ergeninsky, III — Voronezh, IV — Baltic, V — Karelian, VI — Kola, VII — Ural,
VIII - Norilsk, IX — Salair, X — Shoria-Khakass, XI — Altai—-Western Sayan, XII — Eastern Sayan, XIII — North Baikal,
XIV - Dzhugdzhur, XV - Yana-Adycha, XVI - Seymchan, XVII - Koryak, XVIII — Kamchatka. Cobalt deposits and
occurrences: 1-24 — cobalt—copper—nickel (I — Elan, 2 — Pedrorechenskoe, 3 — Semchozerskoe,

4 - Voloshovskoe, 5 - Zhdanovskoe, 6 - Tundrovoe, 7 — Sopchuayvench, 8 — Poaz, 9 — Nyud-Moroshkovoe,

10 - Nittis-Kumuzhya-Travyanaya, 11 — Oktyabrskoe-Cu-Ni, 12 — Talnakhskoe, 13 — Norilsk-1, 14 — Maslovskoe,
15 - Chernogorskoe, 16 — Vologochanskoe, 17 — Kingash, 18 — Verkhnekingash, 19 — Tokty-Oy,

20 - Chaya, 21 - Kun-Manie, 22 — Ariadnoe, 23 — Dukukskoe, 24 — Shanuch); 25-32 — low-sulfide platinum group
element (PGE) cobalt-bearing (25 — Shalozerskoe, 26 — Viksha, 27 - Kievey, 28 — Monchetundrovskoe,

29 - Pyatirechenskoe, 30 — Mainitskaya, 31 — Valaginsko-Karaginskaya, 32 — Snezhnoye); 33-48 - silicate cobalt-
nickel (33 — Buruktal, 34 - Novokievskoe, 35 — Sakharinskoe, 36 — Elizavetinskoe, 37 — Serovskoe, 38 — Yareney,
39 - Belininskoe, 40 — Aleksandrovskoe); 41-49 — pyrite-type cobalt-bearing (41 — Khudesskoe, 42 - Kizil-Dere,
43 — Gaiskoe, 44 — Dergamysh, 45 — Ivanovskoe, 46 — Saumskoe, 47 — Pyshminsko-Klyuchevskoye,

48 — Savinskoe, 49 — Degdenreken); 50-59 - skarn-type iron ore cobalt-bearing (50 — Techenskoe,

51 - Peschanskoe, 52 — Chesnokovskoe, 53 — Tashtagolskoe, 54 — Anzasskoe, 55 — Abakanskoe, 56 — Volkovsky Fe,
57 - Izygskoye, 58 — Oktyabrskoe-Fe, 59 — Taezhnoe); 60—-62 — titanomagnetite-type cobalt-bearing
(60 — Magazin-Musyur, 61 — Volkovsky Fe-V-Cu, 62 — Chineyskoe); 63-77 - arsenide-cobalt: 63-67 — cobalt-nickel
(63 — Bazasskoe, 64 — Butrakhtinskoe, 65 — Atbashi, 66 — Kuruozek, 67 — Khovu-Aksy), 68—73 — bismuth-cobalt
(68 — Yantau, 69 — Karakul, 70 — Perevalnoe, 71 — Uronaysky, 72 — Belogorskoe, 73 — Verkhne-Seimchanskoe,
Vetrovoe), 74 — Haradzhul (primary arsenide-cobalt), 75-76 — cobalt-bearing gold-silver (75 — Orekhozero,

76 — Podgornoe), 77 — Alys-Khaya (cobalt-bearing tin-tungsten); 78-80 — uranium-type cobalt-bearing
(78 — Bogorodskoe, 79 — Shargadykskoe, 80 — Kummolovskoe); 81-86 — manganese-ore cobalt-bearing
(81 - Tetrauk, Zianchurinskoe, 82 — Matyuzhikha, 83 - Selezenskoe, 84 — Mazulskoe, Bityatskoe, Butkeevskoe-2,
Tsepelyaevskoe, 85 - Kamenskoe, Rudnoe, Zapadny, 86 — Yuzhno-Khinganskoe, Bidzhanskoe); 87 - Pavlovskoe
occurrence of continental cobalt—ferromanganese crusts; 88—-89 — technogenic deposits (88 — dumps of the

Allarechensky copper-nickel deposit, 89 — dumps of the Allarechensky copper-nickel deposit)
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nadium-titanomagnetite, uranium-phosphate, and
manganese-ore formations, as well as the exogenic
silicate-cobalt-nickel formation. In the course of
mining operations across these various formations —
particularly under selective mining conditions and
in waste management systems - technogenic co-
balt-bearing deposits are also formed, giving rise to
the technogenic formation.

At present, only complex copper-nickel forma-
tion deposits are being actively developed for cobalt.
Previously, deposits of the silicate cobalt—nickel for-
mation were exploited in the Ural, and arsenide—co-
balt formation deposits in the Altai-Western Sayan
and Seimchan provinces.

The currently developed cobalt-bearing copper-
nickel and silicate cobalt-nickel formation deposits
account for a combined 82.5% of Russia’s total eco-
nomic cobalt reserves, whereas deposits of the pri-
mary cobalt (arsenide—cobalt) formation that were
exploited in the past contribute only 3.0% (see Fig. 3).
Consequently, due to the limited volume of proven
cobalt reserves, it is extremely challenging to system-
atically plan for an increase in domestic cobalt supply.

An analysis of the spatial distribution of depos-
its with varying compositions across most endogenic
cobalt-bearing formations indicates their spatial as-
sociation with basic-ultrabasic rock complexes, with
the exception of deposits and occurrences in the
Seimchan and Yano-Odychan provinces. However,
even in these regions, the presence of such complex-
es at depth is considered possible, due to the pres-
ence of siderophile elements (Co, Ni, Cr) in the ore
bodies [8]. In virtually all cobalt and cobalt-bearing
formations, cobalt is accompanied by nickel, often in
considerably high concentrations (see Fig. 4).

Uranium-phosphate,

Arsenide-cobalt, 4.0
47.8 Technogenic,

Copper-pyrite, ‘ 11.2
76.6

Skarn-type
iron ore,
143.0

Silicate-
cobalt-nickel,
311.4

Copper-
nickel,
977.0

Russian Federation, 1,562.3 Kt

Fig. 3. Distribution of cobalt balance reserves
in the Russian Federation by cobalt ore formation (as of 2021)
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In ophiolitic complexes, cobalt is concentrated
in pentlandite (up to 3% Co), pyrrhotite (up to 0.9%
Co), and pyrite (up to 1.8 % Co), while the majority
of rock-bound cobalt occurs as a minor admixture
in olivine (0.008 % Co), pyroxenes, and amphiboles
(up to 0.004 % Co) [9, 10]. During hydrothermal al-
teration of basic and ultrabasic rocks—particularly
in the course of endogenic serpentinization of oli-
vine—cobalt readily enters solution and contributes
to the formation of new ore parageneses. These in-
clude cobalt-bearing pyrite in the copper—pyrite
formation [11]; arsenide and sulfoarsenide minera-
lization in the arsenide-cobalt formation [9, 10];
and cobalt-pyrite and cobaltite mineralization in the
skarn-type iron ore formation [12] and vanadium-ti-
tanomagnetite formation.
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Fig. 4. Scatter plot of average cobalt and nickel grades
in deposits by ore formation
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Under supergene conditions, weathering of ophi-
olitic rocks leads to serpentinization of silicates and
oxidation of sulfides, resulting in the mobilization of
both cobalt and nickel. This process forms ore bodies
of the silicate—cobalt-nickel formation, with cobalt
accumulating in nontronite and garnierite, as well
as being adsorbed on goethite, asbolane, and other
manganese oxides and hydroxides [13, 14]. With fur-
ther infiltration, cobalt precipitates at chemical bar-
riers formed by diagenetic sulfides in the uranium-
phosphate formation [35] and in manganese-ore
formation bodies [9].

According to Co : Ni ratios (Table 1), the highest
values are observed in the manganese-ore, copper—
pyrite, uranium-phosphate, and arsenide-—cobalt
formations. In these, the primary cobalt concen-
trators are, respectively: manganese oxides, pyrite,
organic matter, and cobalt arsenides and sulfoarse-
nides. The lowest Co : Ni ratios are found in copper—
nickel formation deposits, where pentlandite serves
as the main cobalt-bearing mineral, and in the sil-
icate—cobalt-nickel formation, where nontron-
ite and garnierite are the main cobalt and nickel
carriers.

Table 1
Cobalt-to-nickel ratios by cobalt ore formation
Formation Co : Ni ratio
. 0.088*
Copper-nickel —_—
0.02-0.67
- . 0.089
Silicate cobalt-nickel —_—
0.01-0.34
0.51
Iron ore
0.25-1.0
Tit tit 0.315
itanomagnetite
& 0.13-0.5
. 2.08
Arsenide-cobalt
0.5-6.25
c it 2.1
opper-pyrite
PPerpy 1.2-3.0
. 1.92
Uranium-phosphate
0.25-5.0
6.92
Manganese-ore —_
0.35-11.65

* — the numerator shows the average value, the denominator
shows the range of values.
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The copper-nickel formation is currently the
primary source of cobalt in Russia and is represent-
ed by a number of producing and explored deposits.
Sulfide copper-nickel deposits are spatially and ge-
netically associated with mafic and ultramafic ig-
neous massifs located along platform margins (No-
rilsk-type), within cratons (Pechenga-type), and in
the central parts of fold belts [15]. The main commer-
cial products of these deposits are copper and nickel,
while cobalt, platinum-group elements, selenium,
and tellurium are extracted as by-products [16].

According to officially recorded reserves, the
copper—nickel formation accounts for 62.5% of Rus-
sia’s balance cobalt reserves (977 kt of Co)* (see
Fig. 2), with average cobalt grades in the deposits
reaching up to 0.19%. In total, 73 copper—nickel de-
posits and occurrences with reported cobalt reserves
or resources are known in Russia, including 50 con-
taining over 1 kt and 25 with more than 10 kt of co-
balt. Mining of copper—nickel ores and extraction of
cobalt from them is carried out at deposits in the No-
rilsk and Kola provinces (operated by PJSC MMC No-
rilsk Nickel), as well as in the Kamchatka province
(JSC SPC Geotekhnologiya). Copper—nickel deposits
containing cobalt are currently being prepared for
development in the Eastern Sayan, Dzhugdzhur, and
Voronezh provinces (see Fig. 5, a). In 2022, 12,651 t
of cobalt was produced in Russia from cobalt—cop-
per—nickel formation ores, the majority of which was
exported®.

The main cobalt-bearing mineral in copper-nickel
ore deposits is pentlandite, which contains between
0.1 and 3.0 % cobalt, in which cobalt isomorphically
replaces nickel and iron. In the ores of some sulfide
copper—nickel deposits, cobalt-bearing pyrite is also
present, with cobalt grade up to 1.8 %.

Adjacent to the copper-nickel formation is the
low-sulfide platinum-group element (PGE) for-
mation, in which dispersed sulfide mineralization
contains only minor copper—nickel components,
and the primary economic value lies in PGE mine-
ralization [17-19]. These deposits and occurrences
also contain associated cobalt, with average grades
reaching up to 0.07%. PGE deposits and occurrences
are known in the Kola, Karelian, Ural, and Chukotka-
Koryak provinces.

4 State report on the status and use of the mineral re-
sources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p. URL: https://www.mnr.gov.ru/docs/gosudarstvennye
doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh _
resursov_rossiyskoy_federatsii/

5 Ibid.
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Fig. 5. Distribution of cobalt balance reserves by individual cobalt ore formations across Russian provinces as of 2021, kt:
a - copper—nickel; b- silicate—cobalt—nickel; ¢ — copper—pyrite; d — skarn-type iron ore; e — arsenide-cobalt
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The silicate-cobalt-nickel formation represents
the products of supergene weathering of serpentinized
ultramafic and mafic rocks, including both residual and
infiltration types [13]. Serpentinite massifs with co-
balt-bearing nickel-rich weathering crusts are known
within the Ural and Salair provinces.

At deposits of the silicate cobalt—-nickel forma-
tion, the distribution pattern shows generally lower
Co:Ni ratios compared to deposits of the copper-
nickel formation (see Fig. 4), indicating relative cobalt
enrichment in weathering crusts in comparison to
nickel. However, within the Co:Ni ratio distribution
across silicate cobalt-nickel formation deposits, no
significant differences are observed between the de-
posits of the Ural and Salair provinces (Fig. 6).

Nickel tends to accumulate in the middle part of
the weathering profile within the nontronite zone,
primarily as nickel-bearing hydrosilicates (garnie-
rite, revdinskite, nepouite, etc.), whereas cobalt is
typically concentrated in the lower part of the pro-
file, in the ocher zone, together with manganese,
occurring as cobalt-containing manganese oxides
and hydroxides (asbolane, cobaltian manganite, co-
balt-rich psilomelane). As a result, the spatial distri-
bution patterns (geometry) of nickel and cobalt ha-
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Fig. 6. Average cobalt and nickel grades in deposits
of the silicate—cobalt-nickel formation by province
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los may not coincide, forming localized enrichment
zones of either nickel or cobalt. Given that geological
exploration is primarily focused on nickel, cobalt re-
sources may be underestimated when its minerali-
zation occurs outside the assessment contour of the
primary ore component.

The highest cobalt concentrations are observed
when it is sorbed onto asbolane (according to the li-
terature, up to 32% Co [9]); at the Kaincha occur-
rence in the Salair province, values of up to 10% Co
have been reported. In the Ural province, the Elizave-
tinskaya group of deposits {No. 36} is classified as as-
bolane-bearing. At sites where asbolane is identified as
the principal cobalt concentrator (see Fig. 7, Table 2),
the highest average cobalt contents are recorded. Co-
balt-bearing goethite and hydrogoethite are some-
times found accumulating alongside asbolane [14].
Nontronite and garnierite occur predominantly in the
central nontronite zone of the weathering crust, where
nickel accumulates, typically at lower cobalt concen-
trations. However, in some cases, linear weathering
zones host unusual garnierite veins with high contents
of both nickel and cobalt. These may have been en-
riched through late-stage hydrothermal alteration of
the weathering crust material [20, 21].
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Fig. 7. Average cobalt and nickel grades in deposits
of the silicate—cobalt-nickel formation
by cobalt-bearing minerals
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Table 2
Cobalt-nickel ratios by cobalt-bearing minerals
in deposits and occurrences
of the silicate—cobalt-nickel formation

Main cobalt-bearing mineral Co : Ni ratio

0.105*
Asbolane S
0.05-0.24

. 0.088
Goethite P —
0.03-0.17

. 0.096
Manganese Hydroxides —
0.03-0.25

L. 0.053
Garnierite P E—
0.04-0.07

. 0.079
Nontronite —_—
0.01-0.34

. 0.062
Psilomelane —_—
0.03-0.16

* — the numerator shows the average value, the denominator
shows the range of values.

According to officially recorded reserves, the si-
licate—cobalt-nickel formation accounts for 19.9%
of Russia’s cobalt balance reserves (311.4 Kt of Co)®
(see Fig. 3), with average cobalt grades in deposits
reaching up to 0.11%. In total, 59 deposits and occur-
rences of silicate—cobalt-nickel ores with recorded
cobalt reserves or resources are known in Russia, in-
cluding 33 with more than 1 Kt and 6 with over 10 Kt
of cobalt. Silicate—cobalt-nickel ore extraction was
previously carried out at deposits in the Ural pro-
vince by Southern Urals Nickel Plant PJSC (Kombinat
Yuzhuralnikel) (until 2013). The occurrences of si-
licate—cobalt—nickel ores identified through geolo-
|gical exploration in the Salair province have not yet
been prepared for development (see Fig. 5, b).

6 State report on the status and use of the mineral
resources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p URL: https://www.mnr.gov.ru/docs/gosudarstvennye_
doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh _
resursov_rossiyskoy_federatsii/; Information on the status
and prospects for the use of the mineral resource base of the
regions of the Russian Federation (as of January 1, 2022). St.
Petersburg: VSEGEI, State Assignment No. 049-00018-22-01
dated January 14, 2022. 2022. URL: http://atlaspacket.vsegei.
ru/?v=msb2021#91474d2e700eb6c90
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The copper-pyrite formation represents
a mixed group of deposits of volcanogenic hydro-
thermal-sedimentary and hydrothermal-metas-
omatic origin, occurring as bed- and lens-shaped
accumulations of consolidated sulfide ores, with
pyrite and copper sulfides playing the leading
role [22, 23]. The formation of cobalt-bearing cop-
per—pyrite deposits is primarily driven by the re-
lease of cobalt from the olivine mineral matrix dur-
ing hydrothermal serpentinization of ultramafic
rocks, followed by its precipitation onto sulfides
[11]. Most copper—pyrite deposits are located in the
Ural province, where they are mined primarily for
copper and zinc; some are also found in the North
Caucasus province. Many copper-pyrite deposits
in both the Ural and North Caucasus provinces are
characterized by cobalt as a by-product mineraliza-
tion [24, 25] (see Fig. 5, ¢).

Two types of cobalt-bearing pyrite—copper de-
posits are distinguished: the so-called Cyprus-type
sulfur-copper—pyrite deposits and Ural-type cop-
per—zinc pyrite deposits [26]. The Cyprus type is
characterized by cobalt occurring in the mineral
form of cobaltite, and to a lesser extent as an im-
purity in pyrite and chalcopyrite. These deposits
are generally small, occasionally medium in size.
Most of the Cyprus-type sulfur-copper—pyrite de-
posits (some of which were mined for cobalt) have
now been depleted. In contrast, cobalt in Ural-type
deposits is predominantly found in cobalt-bearing
pyrite, and less frequently in cobalt-bearing pyrr-
hotite. Copper-zinc pyrite deposits of the Ural type
are notable for their significant reserves of zinc and
copper, and some also contain cobalt as a by-pro-
duct, which is primarily associated with the pyrite
ores rather than the copper-zinc ores. The cobalt
grade in copper concentrates from Ural deposits
reaches 0.005%, and in zinc concentrates, 0.003%.
As a result, at the currently operating Ural-type
copper-zinc pyrite deposits, cobalt is not extrac-
ted during copper and zinc production and instead
accumulates in pyrite-rich tailings from the benefi-
ciation process.

The cobalt-bearing copper—pyrite formation ac-
counts for 4.9% of Russia’s officially recorded cobalt
balance reserves (76.5 Kt of Co)” (see Fig. 3), with

7 State report on the status and use of the mineral
resources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p. URL: https://www.mnr.gov.ru/docs/gosudarstvennye_
doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh_
resursov_rossiyskoy federatsii/
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average cobalt grades in deposits reaching up to
0.07%. In total, 28 deposits and occurrences of co-
balt-bearing copper—pyrite ores with recorded cobalt
reserves or resources are known in Russia, including
9 with more than 1 Kt and 2 with over 10 Kt of co-
balt. Cobalt is not extracted from the mined copper
and zinc ores due to the lack of economic viability of
extracting cobalt-bearing pyrite concentrates.

The cobalt-bearing skarn-type iron ore for-
mation is represented by contact-metasomatic de-
posits occurring at the interface between intrusive
rocks ranging from mafic to felsic composition and
limestone sedimentary rocks. Iron-rich skarn for-
mations serve as the substrate for superimposed
sulfide mineralization containing cobalt mine-
rals [12, 27]. The sulfide mineralization consists of
pyrite and copper minerals (chalcopyrite, bornite).
Cobalt occurs in cobalt-bearing pyrite, occasionally
as cobaltite, and sometimes in tetrahedrite-group
minerals (fahlores).

A total of 21 cobalt-bearing skarn-type iron ore
deposits and occurrences are known in the Russian
Federation, where cobalt reserves or resources have
been identified. Among them, 14 objects contain
more than 1 kt, and 6 objects contain more than
10 kt of cobalt, with average cobalt grades in indi-
vidual deposits reaching up to 0.18%. These deposits
are located in the Ural and Shoria-Khakass provin-
ces (see Fig. 5, d), as well as outside the delineated
provinces — including the Oktyabrskoe-Fe deposit in
Irkutsk Region {No. 58} (reserves of 6 kt Co, 0.028%
Co), the Tayozhnoye boron-iron ore deposit in the
Republic of Sakha (Yakutia) {No. 59}, which contains
blocks enriched in cobalt mineralization (11.6 kt Co,
0.11% Co) [28], and the Chesnokovskoe occurrence
in Altai Territory {No. 52} (1 kt Co, 0.02% Co) [29].
Cobalt is not extracted from mined high-grade iron
ores due to the absence of a sulfide phase separation
process during beneficiation. However, there have
been successful attempts to extract cobalt-bearing
pyrite concentrate from the magnetic separation
tailings of iron ores from the Shoria-Khakass pro-
vince at the Abagur beneficiation plant [30].

Cobalt-bearing skarn-type iron ore formations
account for 9.0% of Russia’s total economic cobalt re-
serves (141 kt of Co)?, (see Fig. 3).

8 State report on the status and use of the mineral
resources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p. URL: https://www.mnr.gov.ru/docs/gosudarstvennye_
doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh_
resursov_rossiyskoy federatsii/
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The vanadium-bearing titanomagnetite for-
mation is paragenetically related to the cobalt-bear-
ing skarn-type iron ore formation. In this formation,
postmagmatic sulfide mineralization containing cop-
per and cobalt minerals is superimposed on magmat-
ic titanomagnetite ores [31, 32]. Cobalt is present in
titanomagnetite ores as part of cobalt-bearing pyrite
[28] and, to a lesser extent, as cobaltite. For three de-
posits of this formation with identified cobalt miner-
alization, off-balance cobalt reserves and resources
have been estimated, with average Co grades at indi-
vidual sites reaching up to 0.04%.

The arsenide-cobalt formation represents
a group of deposits and occurrences with diverse
parageneses of arsenides, sulfoarsenides, and
sulfides, all characterized by the predominant role
of cobalt and cobalt-bearing minerals [9, 10]. A dis-
tinct arsenide—cobalt facies can be identified, as well
as cobalt—nickel, bismuth-cobalt, gold-silver, and
tin—-tungsten facies of hydrothermal cobalt-bearing
formations. The occurrences of the arsenide—cobalt
formation are most extensively developed in the
Altai-Sayan fold system, particularly concentrat-
ed in the Altai—-Western Sayan province, as well as
in the Seymchan and Yano-Adychan provinces (see
Fig. 5, d), with one known occurrence in the Kare-
lian province. Some bismuth-cobalt facies sites lie
outside the delineated cobalt ore provinces - for
example, the Uronaysky deposit in Zabaykalsky
Krai {No. 71}, with cobalt reserves of 1.2 kt at 0.06%
Co [33], and the Belogorskoe occurrence in Primor-
sky Krai {No. 72}, where overprinting mineraliza-
tion is hosted by the skarn polymetallic ores of the
Partizanskoye deposit [34]. The cobalt ore bodies of
the arsenide—cobalt formation are predominantly
vein-shaped and are spatially associated with fault
zones. They also show a spatial association with al-
kaline-basaltic and granitoid magmatism, as well as
proximity to pre-ore ophiolitic formations, which
may have served as a source of cobalt mobilization
during hydrothermal activity. The mineral form of
cobalt in the arsenide-cobalt facies is represen-
ted by cobaltite, smaltite, and cobalt-bearing pyrite;
in the cobalt-nickel facies — by cobaltite, smaltite,
glaucodot, and tennantite; in the bismuth-cobalt
facies — by cobaltite, glaucodot, and fahlore ores; in
the gold-silver facies — by cobaltite and glaucodot;
and in the tin-tungsten facies — by cobaltite and tet-
rahedrite-group minerals.

Cobalt production from the arsenide—cobalt for-
mation was previously conducted at the Khovu-Ak-
sy cobalt-nickel deposit (1956-1991) and at a group
of cobalt-bearing gold deposits in the Seymchan area
(Verkhne-Seymchanskoye, Vetrovoe).
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In the Russian Federation, 43 deposits and occur-
rences of the arsenide—cobalt formation have been
identified that contain recorded cobalt reserves or re-
sources. Among them, 14 sites hold over 1 kt of cobalt,
and 3 sites exceed 10 kt. The average cobalt grade in
individual deposits reaches up to 2.26 %. This forma-
tion accounts for 3.0% of Russia’s total cobalt reserves
(47.8 kt Co)’ (see Fig. 3).

Cobalt-bearing organophosphate uranium
ore formation. Russia’s cobalt reserve balance in-
cludes 35.4 kt (2.3%) associated with complex phos-
phate-rare-earth—uranium ores in the Ergyninsky
province, located in the Republic of Kalmykia [35].
These ores represent accumulations of fish bone re-
mains embedded within marine clays of the Oligocene
Maikop Horizon. The genesis of these metalliferous
formations is interpreted as sedimentary, involving
the sorption of uranium onto organic matter and
the capture of other metals by diagenetic sulfides. In
addition to uranium and cobalt, the Ergeninsky de-
posits contain reserves of other associated elements,
including molybdenum, phosphorus, and rare-earth
elements. Similar geological conditions are observed
in the Baltic province (within the Baltic oil shale ba-
sin), where Ordovician Dictyonema shales (black oil
shales) and obolites (phosphatic sandstones) host
diagenetic uranium mineralization. These deposits
contain documented reserves of associated vana-
dium, nickel, molybdenum, and rhenium [36]. Co-
balt has also been identified, with a Co:Ni ratio of
approximately 1:3, although its resources have not
been assessed [36, 37]. Elevated concentrations of
metals (U, Mo, Re, V, Ni, Co, Zn, Se) are also recorded
in the oil shales of the Volga shale basin, including
the Orlovskoye, Kashpir—-Khvalynskoye, Perelyub-
skoye, and Kotsebin deposits [38]. The formation of
these metalliferous bodies is attributed to the fossi-
lization of organic matter during sedimentation, ac-
companied by the formation of diagenetic pyrite and
the sorption of metals from seawater [39].

The direct development of cobalt-bearing or-
gano-phosphate uranium ores is feasible primarily
from the standpoint of uranium extraction. However,
the proposed heap and in-situ leaching technologies
offer the potential for the extraction of associated

9 State report on the status and use of the mineral
resources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p. URL: https://www.mnr.gov.ru/docs/gosudarstvennye_
doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh _
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valuable components, including molybdenum, rhe-
nium, nickel, cobalt, and others [40]. In a broader
sense, considering the cobalt-bearing potential of
uranium ore formations also brings attention to the
metalliferous nature (including cobalt content) of
the more widespread black shale formation [41].

Manganese minerals (asbolane, psilomelane,
pyrolusite, etc.) serve as natural adsorbents of co-
balt from infiltration solutions in both supergene
and hypogene processes. In typical marine sedi-
mentary—diagenetic and diagenetic manganese de-
posits, cobalt is consistently present (ranging from
thousandths of a percent to 0.01%) [9]. This high-
lights the need to define a separate cobalt-bearing
manganese ore formation, comprising ore objects
formed in sedimentary basins proximal to substan-
tial cobalt source areas — such as denudation zones
of serpentinized ultrabasic massifs and their asso-
ciated weathering crusts.

According to the inventory data of manganese
deposits in the Russian Federation, 14 documented
sites contain elevated concentrations of cobalt in
manganese ores (up to 1%). The Mazulskoe depo-
sit in Krasnoyarsk Krai, now depleted, was initially
explored in the 1930s specifically as a cobalt-man-
ganese deposit. Some occurrences of cobalt-bearing
manganese ores are located within known cobalt ore
provinces (Ural [42], Salair [43], Shoria—Khakass [4],
and Easten Sayan[45]), consistent with their genesis
through sorption of infiltrated cobalt released from
serpentinites of ophiolitic complexes in these re-
gions. However, occurrences of cobalt-bearing man-
ganese ores are also found outside the established
cobalt ore provinces — for example, the Mazulskoe
deposit {No. 84} in Krasnoyarsk Krai (average grade
of 0.023% Co) [46], and the Yuzhno-Khinganskoe and
Bidzhanskoe deposits {No. 86} in the Jewish Auton-
omous Region (0.05% Co) [47]. These geological fea-
tures suggest the possible existence of large-scale
sources of mobile cobalt in the supergene environ-
ment and the potential for discovering new cobalt
ore provinces.

The cobalt content of manganese ore formations
has not been systematically studied, and cobalt re-
sources in manganese deposits across Russia have
not been assessed, despite the known tendency of
manganese minerals to sorb infiltrating cobalt. Sam-
pling of manganese ores for cobalt during geological
exploration was sporadic and limited to isolated spot
samples. Due to the generally low concentrations
detected, cobalt did not attract significant interest.
Consequently, there is no data on the distribution of
cobalt within the ore bodies of manganese deposits
or on potential enrichment zones.
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The technogenic formation results from human
impact on the subsurface, giving rise to new deposits
of secondary mineral raw materials, including waste
dumps of overburden and substandard ore, tailings
and intermediate product storage from beneficiation
processes, slag and calcine dumps from metallurgi-
cal processing, and mineralized mine waters [48]. In
Russia’s cobalt reserves, the technogenic formation
accounts for 0.8% of the balance (12.2 kt Co)!°. Three
technogenic deposits with registered cobalt reserves
are known within the Russian Federation: the tailings
storage facility of the Norilsk concentrator {No. 89}
(reserves of 11.1 kt, 0.09% Co), the cooling pond Lake
Barernoye of the nickel plant (0.023% Co) in Norilsk,
and the waste dumps of substandard ores from the
Allarechensky deposit {No. 88} in Murmansk Oblast
(0.015% Co) [49]. For waste products derived from
copper—nickel ores, a higher Co : Ni ratio is observed
compared to the original ores, indicating relative co-
balt enrichment.

Cobalt resources totaling 1.8 kt with an average
grade of 0.112% have been estimated in only three of
the five sluiced tailings cells formed from the benefici-
ation of arsenic—cobalt-nickel ores at the Tuvacobalt
plant. As part of an environmental initiative aimed at
neutralizing arsenic in long-term storage waste, the
extraction of cobalt and nickel from these tailings is
considered feasible [50].

At the beneficiation plant of the Gai Mining and
Processing Plant (Gai GOK), which processes py-
rite-bearing copper-zinc ores, pyrite concentrates
from tailings containing up to 0.05% cobalt are stored
separately. Similar storage facilities exist at other
concentrators that process Ural copper—pyrite ores, as
well as at former sulfuric acid production plants that
accumulated pyrite cinders in dumps [51]. The cobalt
resources of these technogenic stockpiles have not
been evaluated.

Overall, the resource potential of technogenic
deposits remains underestimated due to the limited
scope of specialized geological exploration conduct-
ed at waste facilities of mining enterprises developing
copper—nickel and copper—pyrite deposits.

Cobalt-rich ferromanganese crust formation.
By decision of the International Seabed Authority
(ISA), the Russian Federation has been granted rights

10 State report on the status and use of the mineral
resources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p. URL: https://www.mnr.gov.ru/docs/gosudarstvennye_
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to the Russian Exploration Area for cobalt-rich ferro-
manganese crusts (REA-CRC), located in the western
segment of the Magellan Seamounts in the Pacific
Ocean. Within this area, the State Scientific Center
Yuzhmorgeologiya is conducting assessments of
cobalt, nickel, and manganese resources in accor-
dance with the ISA’s Regulations on Prospecting and
Exploration for Cobalt-Rich Ferromanganese Crusts
in the Area [52]. Cobalt-rich ferromanganese crusts
are accumulations of iron and manganese hydrox-
ides formed on exposed rock surfaces of underwa-
ter uplifts (guyots) at depths ranging from 800 to
3,000 meters. The crusts can reach thicknesses of
up to 25 cm, with productivity rates of 60-80 kg/m?.
The cobalt content in these crusts ranges from 0.5 to
0.7%, with estimated average grades of 0.50-0.61%
across the evaluated blocks; nickel content is
0.4-0.5%, and manganese content is 19-23% [53].
The genesis of these crusts is interpreted as both hy-
drogenetic and biogeochemical, involving sorption
of cobalt, nickel, and manganese from seawater by
bacterial mats [54]. The estimated cobalt resources
in the crusts on the Alba, Kotzebue, Govorov, and
Vulkanolog guyots within the Russian Exploration
Area amount to 110,000 t of cobalt [53, 55]. Overall,
deposits of the cobalt-rich ferromanganese crust for-
mation are considered highly promising targets for
cobalt extraction, although progress in developing
the required deep-sea mining technologies remains
slow [56]. Closely related to this formation is the
ferromanganese nodule formation of oceanic abyssal
plains. However, due to their greater depths and the
classification of cobalt as a secondary (by-product)
component (Co content of 0.22-0.29%), they are
of lesser interest compared to CRC deposits [53],
despite the estimated cobalt resources in the Cla-
rion-Clipperton Zone (CCZ) ferromanganese no-
dules within the Russian contract area reaching
985,000 t.

The confirmed presence of significant cobalt-rich
ferromanganese crust deposits in the World Ocean
indicates the possibility of analogous formations
within onshore geological structures in the Russian
Federation. To explore this potential, it is essential
to identify geological complexes with conditions
resembling those of present-day marine environ-
ments where cobalt precipitates from seawater. This
includes developing exploration criteria, such as
revising existing geological data, conducting pros-
pecting activities, and evaluating CRC-type resour-
ces. The importance of this task is underscored by
the presence of continental analogues - for example,
the occurrences in the Pavlovskaya area (site No. 87)
in Primorsky Krai [57].
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Cobalt ore provinces

Due to the predominance of deposits belonging
to the copper—nickel formation and, to some extent,
the copper-pyrite formation, cobalt ore provinc-
es partially or entirely overlap with the contours of
copper ore provinces — namely, the North Caucasus,
Voronezh, Karelian, Kola, Ural, Easten Sayan, Norilsk,
North Baikal, Dzhugdzhur, Koryak, and Kamchatka
provinces [16]. Provinces have been identified that
are dominated by deposits of the silicate—cobalt-
nickel formation (Salair province), skarn-type iron
ore formation (Shoria—Khakass province), arsenide—
cobalt formation (Altai—-Western Sayan, Yana—Ady-
cha, and Seymchan provinces), and uranium-phos-
phate formation (Ergeninsky and Baltic provinces).

Numerous deposits of the copper—pyrite forma-
tion are known in the North Caucasus province.
Some of them have registered associated cobalt re-
serves — for example, the Kizil-Dere reserve deposit
{No. 42} with 17.7 kt Co at an average grade of 0.03%
Co [24], and the Khudes deposit {No. 41}, which is
being prepared for mining (combined reserves and
resources amount to 21.2 kt Co, 0.02% Co). In total,
the North Caucasus province accounts for 24.2 kt of
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economically viable (balance) cobalt reserves, rep-
resenting 1.5% of the national total (see Fig. 8), or
31.6% of the reserves attributed to the copper—pyrite
formation (see Fig. 5, b). Numerous copper—pyrite
occurrences have also been identified in the region,
some of which contain cobalt mineralization (co-
balt-bearing pyrite, cobaltite) [58, 59].

In the Ergyninsky (Kalmykia) province, there
are deposits and occurrences of the cobalt-bearing
organophosphate uranium ore formation [35, 40], in-
cluding the Bogorodskoe deposit {No. 78} (combined
reserves and resources: 20.8 kt Co, 0.04% Co) and the
Shargadyk deposit {No. 79} (12.6 kt Co, 0.01% Co).
These ore bodies consist of accumulations of urani-
um-bearing fossilized fish bones and scales cement-
ed by clay material containing pyrite and melniko-
vite. Cobalt is concentrated in diagenetic pyrite and
melnikovite. Open-pit mining has been proposed
for the uranium deposits of the Ergeninsky district,
followed by heap leaching of valuable components
using sulfuric acid and nitric acid schemes [40].
The cobalt balance reserves of the Ergeninsky pro-
vince (4 kt) account for 0.26% of Russia’s total co-
balt reserves.

Voronezh,
20.7
North Caucasus,
Dzhugdzhur, 24.2
25.1
Altai-Western Sayan, Other,
39.2 12.0

Eastern Sayan,

96.0
Shoria—Khakass,
115.9
Kola,
116.1
Ural,
385.7

Norilsk,
734.3

Russian Federation,

1,562.3 kt

Fig. 8. Volumes of recorded cobalt reserves in the Russian Federation by province as of 2021

Sources: State report on the status and use of the mineral resources of the Russian Federation in 2021.
Ministry of Natural Resources and Environment of the Russian Federation; 2022. 626 p.
URL: https://www.mnr.gov.ru/docs/gosudarstvennye_doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh_resursov_
rossiyskoy federatsii/; Information on the status and prospects for the use of the mineral resource base
of the regions of the Russian Federation (as of January 1, 2022). St. Petersburg: VSEGEI, State Assignment
No. 049-00018-22-01 dated January 14, 2022. 2022. URL: http://atlaspacket.vsegei.ru/?v=msb2021#91474d2e700eb6c90
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In the Voronezh province, deposits and occur-
rences of the cobalt-bearing copper—nickel ore forma-
tion are known [60, 61], including the Elan deposit
{N¢ 1} with recorded associated cobalt reserves of
15.3 kt at an average grade of 0.036% Co, and the
Elkinskoye deposit (5 kt Co, 0.03% Co). Cobalt is
concentrated in pentlandite, cobaltite, and gersdorf-
fite. The cobalt reserves of the Voronezh province
(20.7 kt) represent 2.12% of Russia’s copper—nickel
ore formation reserves.

In the Baltic province, there are deposits and
occurrences of the cobalt-bearing organophosphate
uranium ore formation [35, 36], which were mined in
the 1950s for uranium extraction [62]. Known ura-
nium deposits in the area with recorded associa-
ted reserves of nickel, vanadium, molybdenum, and
rhenium include Kummolovskoe, Kotlovskoe, Kai-
bolovskoe, Krasnoselskoe, and Ranolovskoe. Al-
though cobalt resources in these uranium-bearing
sediments have not been assessed, estimates based
on nickel-to-cobalt ratios suggest a cumulative co-
balt potential of up to 4 kt with an average grade of
0.013% Co across the known deposits [36, 37]. Co-
balt recovery (together with other associated va-
luable components) may be feasible using proposed
heap and in-situ leaching technologies applied to
the uranium-bearing Dictyonema shales of the Bal-
tic region [40]. No cobalt balance reserves have been
recorded for the Baltic province.

The Karelian province is located in the south-
eastern part of the Fennoscandian Shield. Based on
geological exploration, 16 deposits and occurrences
with associated cobalt have been identified in this
area, including 13 belonging to the copper—nickel for-
mation, 2 to the low-sulfide platinum-group element
(PGE) formation, and one to the gold-silver facies
of the arsenide—cobalt formation. The most promis-
ing are the copper—nickel deposits of Semchozerskoe
{No. 3} (resources: 80 kt Co, average grade 0.02 % Co),
Pedrorechenskoye {No. 2} (50 kt Co, 0.06% Co) [63],
and Voloshovskoe {No. 4} (14 kt Co, 0.02% Co), all
characterized by copper-nickel ores with associated
cobalt mineralization [64]. The low-sulfide PGE forma-
tion includes the Viksha occurrence (Vikshozero, Ken-
ti, and Shargi areas) {No. 21} (4.5 kt Co, 0.01% Co) [65]
and the Shalozerskoe (Kukruchey) site {No. 20} (0.15
kt Co, 0.17% Co) [63]. An occurrence of the gold-silver
facies of the arsenide—cobalt formation with cobaltite
and glaucodot has also been identified — Orekhozero
{No. 75} (2.5 kt Co, 0.07% Co) [66]. The Karelian pro-
vince accounts for 10 kt of cobalt balance reserves, or
0.64% of the national total.

The Kola province is located in the northern
part of the Fennoscandian Shield, where the rift-re-
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lated Pechenga-Imandra—Varzuga greenstone belt
hosts numerous Paleoproterozoic layered intru-
sions. These intrusions include deposits and occur-
rences of sulfide copper-nickel and low-sulfide PGE
formations with associated cobalt—copper—nickel
mineralization [67, 68], as well as occurrences of co-
balt-bearing vanadium-rich titanomagnetite ores
of magmatic origin [31]. The Kola province holds
116.1 kt of cobalt balance reserves, which accounts
for 7.4% of Russia’s total (see Fig. 8).

Within the Kola province, 30 deposits and oc-
currences of the copper-nickel formation have been
identified, with recorded reserves and resources of
associated cobalt. These include the actively de-
veloped Zhdanovskoe deposit {No. 3} (combined
reserves and resources: 68 kt Co, average grade
0.024% Co), Sopchuivench {No. 5} (23.7 kt Co, 0.01%
Co), Nyud-Moroshkovoe {No. 7} (21.3 kt Co, 0.02%
Co), Poaz {No. 6} (21.2 kt Co, 0.01% Co), Nittis—Ku-
muzhya-Travyanaya {No. 8} (16.9 kt Co, 0.19% Co),
and Tundrovoe {N? 4} (16.7 kt Co, 0.023% Co). In ad-
dition, there are 9 other cobalt-copper—nickel sites
with total cobalt reserves and resources exceed-
ing 1 kt. In total, the copper—nickel deposits of the
Kola province account for 116 kt of balance cobalt
reserves, or 11.9% of the cobalt reserves hosted in
copper—nickel ores in Russia (see Fig. 5, a). Asso-
ciated cobalt mineralization is also known at the
platinum-group element (PGE) deposit of Kievey
{No. 22} and the PGE occurrences of Monchetun-
drovskoe {No. 23}, Chuarvy Vostochnoye, and Se-
verny Kamenik. Cobalt resources at these PGE sites
are generally small, typically under 1 kt.

In the East Kievey Belt of the Baltic titanomag-
netite province, geological exploration has confirmed
the presence of cobalt at the vanadium-bearing ti-
tanomagnetite magmatic formation of the Maga-
zin—Musyur deposit {No. 60} (resources: 51.5 kt Co,
0.02% Co), located within the Early Proterozoic Ma-
gazin—Musyur gabbro-anorthosite intrusion.

The Ural province is located within the Ural Fold
System. This region hosts deposits and occurrences
of silicate cobalt-nickel ores, as well as copper-py-
rite, skarn-type iron ore, and PGE-copper-nickel
formations, all featuring associated cobalt minerali-
zation [26, 67, 70, 71]. The Ural province accounts for
385.7 kt of Russia’s balance cobalt reserves (24.7%),
yet mining of silicate cobalt-nickel ores has been
discontinued since 2013, and cobalt is not recovered
during the development of cobalt-bearing copper-
pyrite and iron ore deposits.

Supergene deposits of the oxide-silicate cobalt-
nickel formation in the Ural province are represen-
ted by residual and infiltration products of Mesozo-
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ic exogenous weathering of serpentinized ultramafic
and mafic rocks in the Orsk—Khalil (Southern Urals),
Ufaley, and Rezh (Middle Urals) cobalt—nickel ore
districts [21, 23]. Based on formation characteristics,
the primary substrate for the development of these
supergene deposits consists of cobalt- and nickel-
bearing ultrabasic rocks. Of their total outcrop area
within the Ural province, 89.7% is occupied by rocks
of the dunite-harzburgite formation, 8.7% by the
dunite-clinopyroxenite formation, and 1.6% by the
pyroxenite—peridotite and alkaline olivine basalt
formations [13].

The Ural province hosts 45 deposits and oc-
currences of silicate cobalt-nickel ores, including
the Buruktal deposit {No. 33} (reserves: 136.7 kt Co
at an average grade of 0.058% Co) [72], Serovskoe
{No. 37} (133.8 kt Co, 0.026% Co), Sakharinskoe
{No. 35} (reserves + resources: 11.7 kt Co, 0.06%),
Novokievskoe {No. 34} (reserves: 15.5 kt Co, 0.08%
Co), Elizavetinskoe {No. 36} (14.1 kt Co, 0.07% Co),
as well as 20 cobalt-copper—nickel sites with to-
tal cobalt reserves and resources in the range of
1-10 kt. Cobalt is concentrated in asbolane, psilo-
melane, cobalt-nickel oxyhydroxides, nontronite,
and hydrogoethite. Among the promising sites is
the Yareney area {No. 38} in the Polar Urals (resour-
ces: 125 kt Co, 0.11% Co), spatially associated with
a manganese-rich siallite—ferruginous weathering
crust developed on Devonian sandstone-shale for-
mations. The ore mineralization here is represented
by fine-crystalline, granular, or botryoidal aggre-
gates of cobalt-nickel asbolane.

The accounted cobalt reserves in silicate co-
balt-nickel deposits of the Ural province amount to
308.6 kt, representing 99.1% of Russia’s total reserves
in this formation (see Fig. 5, b). Until 2013, silicate co-
balt—nickel ores were extracted from deposits in the
Ural province by Southern Urals Nickel Plant PJSC
and processed primarily into ferronickel at the Orsk,
Ufalei, and Rezh nickel plants. Many small and me-
dium-sized cobalt-nickel deposits have been either
fully or partially depleted. Since cobalt is considered
a harmful impurity in ferronickel production, mining
operations prioritized selective extraction of high-
grade nickel ores, leaving behind pillars of boulder as-
bolane ores that were low in nickel but rich in cobalt.

In the copper-pyrite formation of the Ural pro-
vince, cobalt is found in so-called Cyprus-type and
Urals-type sulfur-rich copper—pyrite deposits. These
are associated with submarine sedimentary-vol-
canogenic basaltic formations formed during the
early stages of the eugeosynclinal development of
the Southern and Central Urals [69]. A total of 21 co-
balt-bearing copper-pyrite deposits and occurrences

elSSN 2500-0632

https://mst.misis.ru/

have been identified in the province, with cobalt re-
serves or resources reported at each. Among them,
nine contain over 1 kt of cobalt, and one - Gai deposit
{No. 43} —contains more than 10 kt (resources: 17 kt
Co at an average grade of 0.02% Co) [73].

The balance reserves of cobalt in the Ural prov-
ince amount to 50.8 kt of Co, or 66.3% of Russia’s
cobalt reserves hosted in copper-pyrite formations
(see Fig. 5, ¢). Cobalt-bearing Cyprus-type sulfur—
copper—pyrite deposits are generally small in terms
of reserves and largely depleted, such as the Derga-
mysh {No. 44} [74], Ivanovskoe [25], and Ishkinino
[75] deposits in the Southern Urals, and the Pysh-
minsko-Klyuchevskoye {No. 45} deposit [76] in the
Middle Urals. In Cyprus-type deposits, cobalt occurs
predominantly in the form of cobaltite, which some-
times forms monomineralic concentrations in mas-
sive sulfide bodies. Average cobalt contents in these
deposits range from 0.05% (Dergamysh) to 0.12%
(Southern Yuluk). Cobalt was recovered from pyrite
ores during the development of some Cyprus-type
deposits (Dergamysh- 1.3 kt; Nikitovskoye — 0.1 kt).
Ural-type cobalt-bearing copper-zinc—pyrite de-
posits are characterized by significant reserves of
zinc and copper, with associated cobalt recorded at
a number of sites, including: Saumskoe {N? 46} (re-
serves: 37 kt Co, 0.058% Co), Gaysky (reserves + re-
sources: 17 kt Co, 0.02% Co), Ivanovskoe, Osenneye
(reserves: 4.4 kt Co, 0.062% Co), Shemurskoye (re-
serves: 4.3 kt Co, 0.06% Co), Novo-Shemurskoye (re-
serves: 4.3 kt Co, 0.07% Co), Sibayskoye (reserves:
2.4 kt Co, 0.026% Co), among others. In these depo-
sits, cobalt is primarily concentrated in cobalt-bea-
ring pyrite, and less commonly in cobalt-bearing
pyrrhotite. However, copper—zinc ores are generally
low in cobalt compared to true cobalt-bearing pyrite
ores. As a result, cobalt does not accumulate in the
final metals or industrial products during ore pro-
cessing. Consequently, cobalt-bearing pyrite ores
either remain unmined (as they are of no interest for
copper and zinc extraction) or end up in processing
tailings.

The cobalt-bearing skarn-type iron ore formation
in the Ural province is represented by Silurian-De-
vonian contact-metasomatic bodies overprinted by
later copper and cobalt sulfide mineralization [12].
In total, 8 deposits and occurrences of the co-
balt-bearing skarn-type iron ore formation have
been identified in the Ural province, all of which have
assessed cobalt reserves or resources, with 6 sites ex-
ceeding 1 kt Co. Five of these deposits are located
in the Middle Urals: Techenskoe {No. 50} (resources:
13.6 kt Co, at an average grade of 0.028% Co), Seve-
ro-Goroblagodatkoye (reserves: 8.7 kt Co, 0.01% Co),
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Peschanskoe {No. 51} (reserves: 6.9 kt Co, 0.02% Co),
Lebyazhinskoye (reserves: 6 kt Co, 0.02% Co), and
Vysokogorsk (reserves 3.4 kt Co, 0.03% Co) [12]; and
one deposit is in the Polar Urals: Novogodnee (re-
sources: 2.7 kt Co, 0.015%) [77]. Cobalt is primarily
concentrated in cobalt-bearing pyrite, as well as in
cobaltite (at the Peschanskoe, Lebyazhinskoye, and
Vysokogorsk deposits) and pyrrhotite (at Novogod-
nee). The Ural province accounts for 28.1 kt of cobalt
in reserves, representing 19.9% of Russia’s total re-
serves in the cobalt-bearing skarn-type iron ore for-
mation (see Fig. 5, d).

The Ural province also hosts an operating de-
posit of vanadium-bearing titanomagnetite formation
with associated cobalt mineralization — the Volkovsky
copper—titanomagnetite deposit {N2 61} (resources:
5 kt Co, 0.004% Co) [32]. It is composed of Siluri-
an-Devonian contact-metasomatic bodies with later
overprinting of copper and cobalt sulfide minerali-
zation. Cobalt is not recovered from the copper con-
centrates at the Volkovsky deposit due to economic
considerations.

The Salair province is located on the north-
western flank of the Altai—-Sayan orogenic system.
Prospecting and geological exploration have iden-
tified deposits and occurrences of silicate cobalt-
nickel, as well as manganese and copper—nickel
formations with associated cobalt mineralization
[13]. Within the Salair province, 17 deposits and
occurrences with cobalt mineralization have been
discovered, including 15 belonging to the silicate
cobalt-nickel formation, one to the copper—nickel
formation, and one to the cobalt-bearing manga-
nese ore formation. Seven deposits have a total co-
balt reserve and resource exceeding 1 kt, with aver-
age grades of up to 0.11% Co.

The supergene deposits of the oxide-silicate
cobalt-nickel formation in the Salair province are
represented by linear and areal weathering crusts of
Mesozoic exogenous origin, developed over serpen-
tinized Cambrian ultramafic intrusions of the Salair
ophiolite belt [9]. Fifteen deposits and occurrences
have been identified here, including 7 with total co-
balt reserves and resources exceeding 1 kt: Belinin-
skoe {No. 39} (reserves: 2.8 kt Co, 0.04% Co), Alex-
androvskoye {No. 40} (reserves: 1.1 kt Co, 0.11% Co),
Uksunayskoye (resources: 6 kt Co, 0.04% Co), Stary
Tyagun (resources: 6 kt Co, 0.05% Co), Tyagunskoe
(resources: 5 kt Co, 0.06% Co), Kolpachek (resources:
4 kt Co, 0.01% Co), and Yaminskoye (resources: 1 kt
Co, 0.07% Co). At most of these sites, cobalt occurs
in nickel-bearing nontronite, although noteworthy
concentrations are found in goethite and psilome-
lane (e.g., the Alexandrovskoye deposit), as well as
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in cobalt-bearing asbolane at the Novofirsovskoye
(up to 1.31% Co) and Kaincha (up to 10% Co) occur-
rences. Previously, these supergene silicate cobalt—
nickel deposits in the Salair province were not con-
sidered promising due to their small size, but with
advances in underground leaching technologies for
nickel and cobalt, sulfuric acid leaching of cobalt-
nickel ores were investigated at the Belininskoe
deposit [78].

Among other cobalt-bearing sites in the Salair
province are the Sedova Zaimka occurrence of the
copper—nickel formation (0.016% Co, 0.3% Cu, and
0.48% Ni), featuring superimposed cobaltite—gers-
dorffite mineralization [79], and the Matyuzhikha
occurrence of the manganese ore formation (up to 1%
Co) in a residual Silurian weathering crust [43].

The Shoria-Khakass province is situated in
the southern part of the Kuznetsk Alatau orogenic
structure, within the Mrassko—-Batenevo anticlinal
structural-formational zone. This zone is characte-
rized by a thick sequence of Riphean-Cambrian-Or-
dovician deposits rich in volcanic rocks of the basalt—
andesite—trachyte-liparite group and was shaped by
Late Early Paleozoic dioritic and plagiogranitic mag-
matism of the Salair or Early Caledonian tectonic cy-
cle [80]. The region hosts deposits and occurrences
of the skarn-type iron ore formation, as well as of the
arsenic—cobalt and manganese ore formations. The
total cobalt reserves in the Shoria—Khakass province
amount to 115.9 kt, representing 7.4% of Russia’s to-
tal cobalt reserves (see Fig. 8).

The deposits of the skarn-type iron ore formation
are Cambrian contact-metasomatic formations with
superimposed cobalt mineralization. Within the
Shoria-Khakass province, 7 deposits and occurren-
ces of cobalt-bearing skarn-type iron ores are known,
of which 5 contain over 1 kt of cobalt, and 4 exceed
10 kt. These include the Tashtagol deposit {No. 53}
(reserves: 65.4 kt Co, 0.02% Co), Volkovsky {No. 56}
(resources: 42 kt Co, 0.02% Co), Anzasskoe {No. 54}
(reserves: 29.9 kt Co, 0.02% Co), and Abakanskoe
{No. 55} (reserves: 26.9 kt Co, 0.18% Co). Cobalt is
primarily hosted in cobalt-bearing pyrite, and in
some cases as the cobaltite mineral phase, the latter
forming locally enriched zones within the iron ore at
the Abakanskoe deposit. Cobalt-bearing fahlore ores
are also present at the Tashtagol deposit, while co-
balt-bearing magnetite occurs at Volkovsky. As the
Shoria-Khakass deposits are developed primarily for
high-grade iron ore without beneficiation, cobalt is
not recovered. Cobalt reserves in the skarn-type iron
ore deposits of the Shoria—Khakass province amount
to 111 kt, or 77.6% of Russia’s total reserves in this
formation (see Fig. 5, d).
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In the Shoria-Khakass province, geological ex-
ploration has identified occurrences of the hydro-
thermal arsenic—cobalt formation, including the Ba-
zasskoe occurrence {No. 63} (resources of 7 kt Co at
an average grade of 0.25% Co, with tennantite and
annabergite mineralization), the Butrakhtinskoe de-
posit {No. 64} (1.2 kt Co, 0.16% Co, with tennantite
and cobaltite mineralization), and the Kharadzhul-
skoye deposit {No. 74} (3.7 kt Co, 0.08% Co, with
cobaltite and cobalt-bearing pyrite mineralization).
Cobalt reserves of the arsenic-cobalt formation in
the Shoria-Khakass province amount to 4.9 kt, or
10.2% of Russia’s total cobalt reserves of this forma-
tion (see Fig. 5, d).

At the Selezenskoe deposit {N? 78}, a manga-
nese-ore formation located near the Tashtagol iron ore
deposit, cobalt has been recorded at concentrations of
up to 0.016% [81].

The Altai—-Western Sayan province is the re-
gion with the highest concentration of hydrother-
mal cobalt mineralization in Russia. Targeted explo-
ration for deposits of the arsenic—cobalt formation
has been carried out in this area [82]. Nearly all faci-
es of the arsenic-cobalt formation are found in this
region:

- true arsenic—cobalt occurrences: Yustyds-
koye [83], Olen-Dzhularskoye [82], Zagadka (Kara-
gemskoye) [84], Toshtuozekskoye (0.15% Co), Svet-
ly (1.45% Co) [82], Ulandryk [85], Tsentralny Akchat
(0.15% Co), Shemush-Dag (0.19% Co), Bai-Taiga,
Sagsayskoye, Kok-Uzek [82], Talailyk, Shemushdag,
Aksumon, Akoyuk, Oyukhemskoye [10];

- nickel-cobalt occurrences: Khovu-Aksy de-
posit {No. 67} (19.8 kt Co, 2.26% Co) [86]; occurren-
ces Atbashi {No. 65} (9.4 kt Co, 0.22% Co), Kuruozek
{No. 66} (7.3 kt Co, 0.18% Co) [82], Vladimirovskoye
(0.5% Co) [87], Kokkaya (0.7% Co), Askhatin-Gol,
Khuren-Taiga, Kyzyl-Oyuk [82], Akol, Uzunkhem,
Uzyuk, Sarytash [10];

- bismuth-cobalt occurrences: Karakul de-
posit {No. 69} (25.7 kt Co, 0.33% Co) [88]; oc-
currences Yantau {N? 68} (1.6 kt Co, 0.03% Co),
Perevalnoe {No. 70} (6.1 kt Co, 0.08% Co), Uzu-

noyskoye, Mogenburenskoye, Kaat-Taiga [82],
Chergak [89], Butrakhtinskoe, Dzhulukul [82],
Kyzylshin [10].

Arsenic—cobalt deposits occur as zones or veins
with sulfide—arsenide and sulfoarsenide mineraliza-
tion, including cobaltite, glaucodot, Co—Ni—arseno-
pyrite, cobalt-bearing pyrite and pyrrhotite, as well
as other cobalt sulfides, arsenides, and sulfoarse-
nides [86, 88]. The cobalt ores also contain miner-
als of nickel, copper, gold, bismuth, tungsten, and
uranium.
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Cobalt mineralization in this province occurred
in three distinct metallogenic epochs, corresponding
to periods of extensive ultramafic and mafic magma-
tism [90, 91]:

— Devonian—Early Carboniferous (D-C;): Yusty-
dskoye, Sagsayskoye, Khovu-Aksy, Vladimirovskoye,
Butrakhtinskoe;

— Permian-Triassic (P2-T): Chergakskoye, Askha-
tin-Gol, Khuren-Taiga, Uzunoyskoye, Mogenburen-
skoye;

—Late Jurassic-Early Cretaceous (Jz—Ki):
Kok-Uzek, Kyzyl-Oyuk, Khuren-Taiga, Kaat-Taiga,
Sergeyevskoye, Dzhulukul.

It is evident that the mineral facies of cobalt
deposits form parageneses based on the surroun-
ding rock substrate (as the source of ore material and
metasomatic energy) and are not bound to a specific
age, being observed across all three epochs.

A total of 27 deposits and occurrences of the
arsenic—cobalt formation is known in the Altai-
Western Sayan province, of which 7 contain cobalt
reserves or resources exceeding 1 kt, and 3 exceed
10 kt. Individual deposits feature average cobalt
grades of up to 2.26%. The province accounts for
82% of Russia’s balance cobalt reserves of the ar-
senic—cobalt formation (39.2 kt Co)!!; see Fig. 5, d),
or 2.5% of the country’s total cobalt reserves. The
Altai-Western Sayan province remains the most
promising area for the discovery of new arsenic-co-
balt formation deposits.

The Eastern Sayan province is located at the
junction of the northeastern part of the Altai-Sayan
orogenic zone and the southwestern margin of the
Siberian Platform. The region hosts deposits and oc-
currences of copper—nickel (3 sites), pyrite (1 site),
skarn-type iron ore (1 site), and manganese (3 sites)
formations. The Eastern Sayan province accounts for
96 kt of cobalt reserves, representing 6.1% of Rus-
sia’s cobalt reserve base (see Fig. 8).

The copper—nickel formation deposits are asso-
ciated with serpentinized ultrabasic rocks of the
gabbro-peridotite-dunite magmatic formation
and contain disseminated cobalt-PGE-copper—nic-
kel mineralization. The Kingash {No. 17} (re-
serves: 46.0 kt Co, 0.02% Co) [92] and Verkh-
nekingash {N2 18} (reserves: 44.1 kt Co, 0.0017%
Co) [93] deposits are being prepared for mining

11 State report on the status and use of the mineral
resources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p. URL: https://www.mnr.gov.ru/docs/gosudarstvennye
doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh_
resursov_rossiyskoy federatsii/
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operations targeting Ni, Cu, Pt, Pd, and Co. Geolo-
gical exploration is underway at the Tokty-Oy site
{No. 19}, which hosts cobalt-copper—nickel mine-
ralization (resources: 30 kt Co, 0.02% Co). The Eas-
tern Sayan province holds 9.1% of Russia’s cobalt
reserves associated with the copper-nickel forma-
tion (90.5kt) (see Fig. 5, a).

A notable geological site assigned to the pyrite
formation is the Savin cobalt deposit {No. 48} (re-
serves:1.9 kt Co, 0.0017% Co), where cobalt-bearing
pyrite mineralization is superimposed on the main
magnesite body of the Savin deposit [94].

In the Irbinskaya group of Cambrian skarn-type
iron ore deposits, cobalt-bearing pyrite minerali-
zation has been identified at the Izygskoye deposit
{No. 57} (reserves: 3.9 kt Co, 0.011% Co).

In the Prisayan Depression, elevated cobalt con-
centrations have been recorded in manganese-bea-
ring horizons of the Upper Riphean Tagul Forma-
tion (Izansko-Bolsheerminskaya manganese-bea-
ring zone). These include the Kamenskoe manga-
nese deposit {No. 85} (0.01% Co) and the Rudnoye
(0.014% Co) and Zapadny site (0.01% Co) occurren-
ces [95]. Cobalt mineralization has also been repor-
ted at the Nikolaevskoye deposit within the same
manganese-bearing zone (0.02-0.15% Co) [45].

The Norilsk province is located in the north-
western part of the Siberian Platform at its junction
with the Yenisei—Khatanga Trough. The region hosts
world-class copper—nickel formation deposits notable
for both the scale and quality of their reserves. Cobalt
isrecovered as a by-product of ore processing. The cur-
rently operating deposits include Oktyabrskoe-Cu-Ni
{No. 11} (reserves :376.6 kt Co, 0.034% Co), Talnakh-
skoe {No. 12} (reserves: 230.5 kt Co, 0.026% Co), and
Norilsk-1 {No. 13} (reserves: 80.3 kt Co, 0.016% Co).
The Maslovskoe {No. 14} (reserves: 26.3 kt Co, 0.013%
Co) and Chernogorskoe {No. 15} (reserves: 20.9 kt Co,
0.026% Co) deposits are being prepared for develop-
ment [96]. Cobalt is also accounted for in the resour-
ces of other deposits in the province, including Vo-
logochanskoe {No. 12} (resources: 31.8 kt Co, 0.019%
Co), the Southern Norilsk branch (resources: 23.5 kt
Co, 0.01% Co), Norilsk-2 (resources: 3.9 kt Co, 0.03%
Co), Gorozubovskoye (resources: 6.2 kt Co, 0.15% Co),
and an exploration area in the Chibichete River basin
(resources: 2.6 kt Co, 0.01% Co). The Norilsk province
accounts for 734.3 kt of cobalt reserves, representing
47% of Russia’s cobalt reserve base (see Fig. 8), and
723.2 kt of cobalt reserves in the copper-nickel for-
mation, or 74% of Russia’s reserves in this formation
(see Fig. 5, a).

The North Baikal province is located in the
southeastern part of the fold belt bordering the
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Siberian Platform, where platinum-copper—nickel
mineralization has been identified within dunite-
troctolite-gabbro intrusions [97]. Since the 1980s,
authorial assessments have been carried out to eva-
luate the significance of copper—nickel formation
deposits and occurrences in this province, including
the Chaikskoye deposit {No. 20} (resources: 27 kt
Co, 0.02% Co) [98], the Yoko-Dovyren massif (re-
sources: 9.5 kt Co, up to 0.14% Co), the Avkit massif
(up to 0.032% Co), and the Marinka massif (up to
0.089% Co) [99].

The Dzhugdzhur Province is located on the
eastern flank of the Dzhugdzhur-Stanovoy mobile
belt, which experienced Proterozoic and Mesozoic
tectonic reactivation. This region hosts deposits
and occurrences of the copper—nickel formation
with associated cobalt mineralization [99]. The
most developed deposit is Kun-Man’ye {No. 21}
(reserves: 25.1 kt Co, 0.015% Co) [100], and cop-
per—nickel mineralization has also been identified
in the Nyandoma prospective area in the eastern
part of the province [101]. The Dzhugdzhur Pro-
vince accounts for 2.6% of Russia’s balance reserves
of cobalt in copper—nickel formations (25.1 kt). The
province also contains 25.1 kt of cobalt balance re-
serves overall (1.5% of the national total) (see Fig. 8)
or 2.5% of Russia’s cobalt reserves in copper—nickel
formations (see Fig. 5, a).

The Yana-Adycha province is situated within
the Kular-Nera belt of the Verkhoyansk-Kolyma fold
system, which formed in the Jurassic—Cretaceous pe-
riod as a result of the intrusion of collisional grani-
toids of the Kolyma Series into Triassic terrigenous
sediments, producing gold—quartz, gold—antimony,
and tin-tungsten mineral systems [102]. The tin-
tungsten ore systems of the region are characterized
by the presence of Early Cretaceous arsenopyrite—
pyrite and stibnite mineralization [102].

The Alys-Khaya tin—-tungsten deposit {No. 77}
(reserves:1.4 kt Co, 0.08% Co) is classified as
a tin—tungsten facies of the arsenic—cobalt forma-
tion [102]. Cobalt mineralization is represented
by cobaltite and cobalt-bearing arsenopyrite and
fahlore ores. Other occurrences of this facies in-
clude the Ilin-Tas deposit (reserves of 0.4 kt Co,
0.015% Co), and the Burgachan and Ergelyakhskoye
occurrences.

Ophiolite complexes are absent in the Yana—Ad-
ycha province, and it is assumed that the source of
siderophile elements (Co, Ni, Cr) in the ore bodies
may be deep-seated, yet unidentified sources [8].

The Seymchan province is located within the
Sugoy Trough of the Verkhoyansk—Kolyma fold sys-
tem, composed of Paleozoic terrigenous—carbonate
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sediments intruded by Cretaceous alkaline granites,
which are associated with gold ore deposits of the
gold-rare-metal formation [103]. The granitoids are
characterized by elevated concentrations of Ni, Cu,
As, Pb, Sr, Ag, Nb, and Y, while the gold ore bodies
exhibit high contents of volatile elements (As, Bi,
Se, Te) [103, 104]. The Seymchan province hosts co-
balt deposits of the arsenic—cobalt and pyrite for-
mations.

The Verkhne-Seymchan deposit of the bis-
muth-cobalt facies of the arsenic—cobalt formation
{No. 73} (reserves: 0.7 kt Co, 0.11% Co) was mined in
the 1950s, yielding 0.8 kt of Co (including from the
adjacent Vetrovoe deposit). Cobalt is present in the
form of cobaltite, gersdorffite, and glaucodot. The
Verkhne-Seymchan ore cluster also includes oth-
er deposits and occurrences of the bismuth-cobalt
facies such as Vetvistoye, Volochok, Vetrovoe [104],
Levo-Seymkanskoye, Obkhod [105], Solnechnoye,
Vysoky, Khetagchan, and Khalali [103].

The Podgornoe occurrence {No. 76}, with com-
bined reserves and resources of 1.2 kt Co at 2.6% Co,
belongs to the gold-silver facies of the arsenic—co-
balt formation. The cobalt mineralization occurs in
the form of cobalt-bearing arsenopyrite. The Natalka
gold deposit, which also contains cobalt-bearing ar-
senopyrite mineralization, can likewise be attributed
to this facies [106].

The Porozhistoye tin occurrence, with co-
balt-bearing arsenopyrite mineralization, belongs to
the tin—-tungsten facies of the arsenic—cobalt forma-
tion.

At the Degdenreken (Piritovy) copper deposit
of the copper—pyrite formation {No. 49} (resources:
80 kt at 0.01% Co), cobaltite mineralization has
been identified.

As in the Yano-Adychan province, ophiolite
complexes — traditionally regarded as cobalt sources
for cobalt ore formations — are absent in the Seym-
chan province.

The Koryak province is located in the northern
part of the Koryak—Kamchatka Mesozoic—Cenozoic
volcanic belt, where occurrences of low-sulfide PGE-
copper—nickel formation have been identified within
Alpine-type mafic—ultramafic complexes [18, 19].
The identified targets within the Mainitskaya
{No. 30} and Valaginskaya—Karaginskaya {No. 31}
[19] prospective areas, as well as the Ust-Beloe, Chi-
rina, Krasnaya Gora, and Snezhnoye {No. 32} occur-
rences of the low-sulfide PGE formation, are associ-
ated with copper—nickel mineralization and contain
cobalt as an accessory component [28]. The geology
of the Koryak province remains poorly explored, and
the discovery of new deposits of the PGE-copper—
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nickel formation, including those with cobalt con-
tent, is considered highly likely.

The Kamchatka province is situated in the
southern part of the Koryak-Kamchatka Mesozoic—
Cenozoic volcanic belt, where copper—nickel forma-
tion deposits associated with hornblende peridotites
and gabbroids have been identified within the Late
Cretaceous—Paleocene Kvinum-Kuvalarog metallo-
genic zone. These include the currently operating
Shanuch deposit {No. 24} (reserves: 1.9 kt, 0.145%
Co) [107], whose copper—nickel ores are exported.
This metallogenic zone also hosts deposits of co-
balt-bearing copper—nickel formation: the Dukuk-
skoe {No. 23} (resources: 15 kt, 0.03% Co), Kvinum I
(resources: 5 kt, 0.11% Co), Kvinum II (resources:
2 kt, 0.05% Co), and Kuvalarog (0.01% Co).

In total, the Kamchatka province accounts for
1.9 kt of cobalt reserves (0.1% of Russia’s total), or
0.2% of the country’s copper—nickel formation re-
serves (see Fig. 5, a).

Discussion of challenges in Russia’s cobalt

resource base

Difficulties in planning and managing co-
balt production volumes. The majority of cobalt
reserves in the Russian Federation are concentra-
ted in ore formations where cobalt occurs as an as-
sociated component and is recovered as a by-pro-
duct. At such deposits, production planning and ma-
nagement are focused on maximizing the recovery
of the main ore components, while the extraction
of by-products like cobalt is treated as a secondary
objective. Consequently, for complex deposits with
associated cobalt, it is virtually impossible to re-
gulate production volumes based on market demand
for cobalt products.

Several development projects for new cop-
per—nickel formation deposits include provisions
for by-product cobalt recovery, with the follow-
ing projected annual outputs (kt/year): Cher-
nogorskoe (0.73), Norilsk I, southern section (0.7),
Maslovskoye (0.7), Kingash and Verkhnekingash
(4.0), Kun-Manie (1.8), and Elan and Elkinskoye
(0.9)!2. These projects will be launched at different
times, and some of the additional copper—nickel
ore volumes will be processed at PJSC MMC Norilsk
Nickel’s existing metallurgical facilities without

12 State report on the status and use of the mineral

resources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p. URL: https://www.mnr.gov.ru/docs/gosudarstvennye_
doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh
resursov_rossiyskoy federatsii/
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increasing total throughput. As a result, the actual
increase in cobalt output will be significantly lower.
The Buruktal silicate cobalt-nickel deposit is also
expected to vyield by-product cobalt, with project-
ed output of up to 0.13 kt/year's. Overall, cobalt
production from copper—nickel formation deposits
remains tied to copper and nickel output levels. As
such, production volumes can only be estimated
based on expected metal recovery, not on market
demand.

In contrast, meaningful cobalt production plan-
ning is only feasible at deposits where cobalt is the
primary ore component. These include deposits of
arsenide—cobalt formations and cobalt-rich man-
ganese crust formations. For the arsenide—cobalt
formation, it is important to note that the total re-
serves of explored and mothballed deposits are re-
latively modest — 47.8 kt of Co — and the potential
for new discoveries is limited due to the absence of
a systematic national resource forecasting program.
Nevertheless, development of the Karakul deposit
(Altai Republic) and the restart of mining operations
at the Khovu-Aksy deposit (Tyva Republic), inclu-
ding reprocessing of tailings and dumps from the
Tuvacobalt plant, remain feasible options. As for co-
balt-rich manganese crust deposits in the Magellan
Mountains of the Pacific Ocean, they are still at the
early geological exploration stage. Their prompt de-
velopment is currently unrealistic. Moreover, mining
and processing technologies for this deposit type are
still under development, and the implementation of
such projects is further hindered by environmental
factors (extreme weather conditions) [108, 109] and
geopolitical risks [110].

In summary, an uncontrolled increase in cobalt
production from copper—nickel and silicate cobalt-
nickel formation deposits are estimated at up to
8 kt/year, while a controlled increase from arse-
nide—cobalt formation deposits could reach up to
4 kt/year.

Weakness in the forecast resource base. As
previously noted, there is no systematic accounting
of forecast cobalt resources across Russia. Even for
the copper—nickel formation, estimates of forecast
resources along flanks and at depth have been made
only for a few major deposits.

13 State report on the status and use of the mineral
resources of the Russian Federation in 2021. Ministry of Natural
Resources and Environment of the Russian Federation; 2022.
626 p. URL: https://www.mnr.gov.ru/docs/gosudarstvennye_
doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh _
resursov_rossiyskoy federatsii/
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Targeted exploration for cobalt mineralization
was conducted in the 1960s-1970s, but only wi-
thin the Altai-Sayan fold region. Even there, fore-
cast resource assessments were carried out incon-
sistently by individual researchers and did not cover
all known occurrences. Nevertheless, these efforts
led to the discovery of numerous deposits and oc-
currences of the arsenide—cobalt formation, as well
as resource and reserve estimates for associated co-
balt at deposits of the skarn-tupe iron ore formation.
A wide range of mineral parageneses (facies) has
been identified for arsenide—cobalt mineraliza-
tion [9, 10], indicating cobalt’s involvement in the
formation of many hydrothermal ore systems — such
as those of gold, silver, copper, nickel, bismuth, anti-
mony, tin, and tungsten — as well as in non-metallic
systems, including fluorite-bearing [111] and mag-
nesite-bearing [94] deposits with associated cobalt.
A nationwide, systematic review of geological data on
known cobalt mineralization — accompanied by fore-
cast resource assessments based on a unified me-
thodology - is needed.

Cobalt geochemical anomalies have often been
recorded during systematic lithogeochemical sam-
pling conducted as part of regional geological map-
ping and specialized geochemical surveys of vari-
ous scales. However, in most cases, these anomalies
were interpreted as lithological in origin, linked
to the distribution of basic and ultrabasic rocks.
Only when there were clear signs of copper—nick-
el, cobalt—nickel, or arsenide—cobalt mineralization
were these anomalies reclassified as ore-related
and considered worthy of further evaluation [112].
As a result, many potentially cobalt-rich but less ob-
vious occurrences — such as ferromanganese crusts
and nodules, fluorite- and magnesite-associated de-
posits, and other cobalt-bearing formations—were
excluded from exploration efforts. As part of the
proposed re-evaluation of existing geological mate-
rials and forecast resources, these previously over-
looked “lithological” cobalt anomalies should also
be revisited.

At silicate cobalt-nickel formation deposits,
exploration has traditionally focused on maximi-
zing nickel reserves. While cobalt is closely asso-
ciated with nickel, it tends to concentrate in the
lower rather than middle parts of the weathering
crust profile [13]. Some cobalt-enriched ore zones
may lie outside the current resource estimation
boundaries, particularly in unmined pillars at many
previously exploited silicate cobalt-nickel deposits
in the Ural province. For similar reasons, no resource
estimates have been made for asbolane-type occur-
rences in the Salair province, which are rich in cobalt
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but have low nickel content. A desk-based re-evalua-
tion of previously explored silicate cobalt-nickel de-
posits is warranted, with 3D modeling of the spatial
distribution of cobalt as a primary ore component.
A reassessment of nickel- and iron-rich weathering
crusts is also necessary to identify cases where co-
balt may play the dominant ore-forming role. Similar
analysis is needed for deposits of the cobalt-rich fer-
romanganese ore formation (e.g., Mazulskoe, South
Khingan group, and others).

Regarding the cobalt-rich ferromanganese crust
formation, dedicated investigations are required to
assess the potential for onshore occurrences within
the Russian Federation. This would involve review-
ing existing geological data, identifying diagnostic
features, developing exploration criteria, and con-
ducting prospecting and evaluation for cobalt-rich
ferromanganese crust deposits.

Advancement of cobalt extraction technolo-
gies. At present, cobalt in Russia is extracted sole-
ly by PJSC MMC Norilsk Nickel from copper—nickel
ores. It is recovered during hydrometallurgical refin-
ing as a hydroxide precipitate in the process of nickel
anolyte purification, followed by the production of
electrolytic (cathode) cobalt [6]. At the arsenide—co-
balt deposit of Hovu-Aksy, the Tuvacobalt plant pre-
viously processed ores using an ammonia—carbonate
hydrometallurgical method in autoclaves to obtain
a bulk concentrate [113]. Silicate cobalt—-nickel ores
from Ural deposits were mainly processed at the
Orsk, Ufaley, and Rezh nickel plants through electric
smelting to produce ferronickel. Cobalt, concentra-
ted in the smelting slag, was then recovered via sul-
furic acid leaching in autoclaves.

The advancement of beneficiation and proces-
sing technologies for cobalt-bearing ores is making
it possible to bring into production deposits that
were previously uneconomical or technologically
unviable. In-situ (borehole) and heap leaching me-
thods — specialized forms of hydrometallurgy - sig-
nificantly enhance project profitability by reducing
both capital and operational expenditures [114].
These approaches are well-established in urani-
um in-situ leaching and gold heap leaching. Heap
leaching trials for nickel and cobalt have been car-
ried out on silicate ores from the Serov deposit (Ural
province) [115] and the Belininskoe deposit (Salair
province) [78], achieving cobalt extraction rates of
up to 88%. Pilot tests of in-situ leaching at the Ro-
gozhinskoye deposit (Ural province) have confirmed
the technical feasibility of this method for cobalt
and nickel recovery [116]. A bioleaching process is
being developed for the cobalt-copper—nickel ores
of the Shanuch deposit (Kamchatka province). This
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method involves the direct oxidation of sulfides
and arsenides within the ore body using acidophilic
chemolithotrophic microorganisms [117], allo-
wing for subsequent sulfuric acid leaching of cobalt,
copper, and nickel from the oxidized ore via in-situ
or heap leaching. Heap bioleaching trials have also
been conducted on low-grade copper—nickel ores
and technogenic materials from deposits in the Kola
province [119], with nickel and cobalt recovery rates
reaching up to 60%. Heap and in-situ leaching me-
thods are also under consideration for cobalt-bear-
ing uranium-phosphate deposits in Kalmykia [40].
The integration of sulfide oxidation biotechnology
with in-situ and heap leaching techniques enables
the development of low-grade and small-scale co-
balt resources, as well as the reprocessing of waste
materials from earlier beneficiation and metallurgi-
cal operations. Deposits of the silicate cobalt-nickel
formation are among the most promising targets for
such hydrometallurgical extraction approaches.

Conclusions

Russia’s balance cobalt reserves are considera-
ble (1,562.3 kt), sufficient for decades of production.
Current cobalt output (9.2 kt/year) exceeds domestic
consumption. At the same time since 97% of Russia’s
balance reserves and 100% of its cobalt production
are concentrated in ore formations where cobalt oc-
curs solely as a by-product, the country faces lim-
ited ability to control cobalt supply volumes. With
the expected growth in cobalt demand driven by the
lithium-ion battery industry, planning for increased
cobalt production will be complicated. New deve-
lopment projects targeting complex copper—nickel
and silicate—nickel deposits are primarily geared
toward nickel and copper output; cobalt production
is a secondary, dependent variable. Average cobalt
grades in such complex ores are low: up to 0.17%
in copper—nickel formations, 0.11% in silicate co-
balt-nickel formations, 0.07% in copper—pyrite for-
mations, and 0.18% in iron ore formations. At these
concentrations, cobalt cannot be economically ex-
tracted on its own. Primary cobalt deposits in the
Russian Federation belong to the arsenide-cobalt
formation, where cobalt grades reach up to 2.42%.
However, the prepared reserves of this formation ac-
count for just 3.0% of the national cobalt balance.
New projects involving deposits with by-product co-
balt could collectively add up to 8 kt/year of cobalt
production, while deposits of the arsenide-cobalt
formation offer the potential for a controlled in-
crease of up to 4 kt/year.

Russia holds exploration rights in international
seabed areas of the Pacific Ocean, where geological
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investigations are underway at cobalt-rich ferro-
manganese crust formations in the Magellan Sea-
mounts (resources: 110 kt Co) and ferromanganese
nodules in the Clarion-Clipperton Fracture Zone
(resources: 985 kt Co). These deposits are promi-
sing for cobalt extraction, but their development is
constrained by slow progress in deep-sea mining
technologies, the need for new processing methods
for unconventional ores, and environmental and
geopolitical risks.

Despite having a solid base of prepared co-
balt reserves, Russia lacks a systematic inventory
of forecast cobalt resources, hindering exploration
planning.

A nationwide reassessment of existing geologi-
cal data on known cobalt mineralization is proposed,
including a unified forecast resource assessment
methodology and the compilation of a national co-
balt resource forecast balance. This assessment
should extend beyond established cobalt-bearing
formations and include occurrences of cobalt miner-
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alization in other ore and non-metallic formations.
The results of geochemical surveys should also be
reviewed, as cobalt anomalies were often dismissed
as lithological in origin and excluded from further
exploration.

At silicate cobalt-nickel deposits, where previ-
ous assessments focused on maximizing nickel re-
serves, a reassessment is proposed to model cobalt
distribution as a primary ore component. Nickel- and
iron-bearing weathering crust occurrences should
also be re-evaluated for the potential leading role of
cobalt in ore formation. These types of deposits offer
greater control in cobalt production planning.

Advancements in in-situ and heap leaching
technologies, including bioleaching of cobalt-bea-
ring ores, will enable the development of low-grade
and small-scale cobalt deposits, as well as the repro-
cessing of waste from past beneficiation and metal-
lurgical operations. Silicate cobalt-nickel formation
deposits are among the most promising candidates
for these hydrometallurgical approaches.
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Analysis of the mechanism of cyclic geomechanical treatment
to increase well productivity in carbonate reservoirs
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Abstract

Methods for creating microfracture zones (loosening of reservoir rock) in well vicinity by significant reducing
pore pressure and techniques for increasing well productivity based on these methods have been actively
developed by Russian Academy of Sciences institutes over the past decades. A prerequisite for the application of
such methods is the creation of a depression of sufficient magnitude and duration in wells to form man-made
microfractures. The paper discusses cyclic geomechanical treatment (CGT), one of the methods for increasing
the productivity of oil wells in carbonate reservoirs based on the creation of a deep depression in a well. Effective
planning and application of such methods requires understanding the mechanism of microfracturing in the
vicinity of a well when a critical pore pressure reduction value is reached. The aim of this study is to substantiate
the geomechanical mechanism of microfracturing formation consistent with the results of laboratory studies
of core samples and the application of CGT and related methods in wells. The objectives of the study included
analyzing the characteristics of laboratory experiments and their results, identifying possible mechanisms
and criteria for the formation of microfracturing, and conducting coupled hydrogeomechanical modeling with
an assessment of the characteristic dimensions of the affected area. It has been shown that the results of the
laboratory experiments and experimental application of the CGT method are inconsistent with the shear failure
mechanism, but can be explained by the compaction failure mechanism. Coupled numerical hydrogeomechanical
modeling of the pilot CGT application in a well was performed with an assessment of the compaction failure
criteria parameters based on core data. The estimated radius of the stimulation zone was approximately 7 m,
with the estimated increase in the productivity index to be consistent with actual data.

Keywords
well, productivity, permeability, reservoir, microfracturing, cyclic geomechanical treatment, fracturing
(failure), geomechanical criterion, hysteresis, modeling, experiment
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nmecsituietust. O6s13aTe/IbHBIM YCIOBMEM MPUMEHEHMS] TAKUMX METOJOB SIBJISIETCSI CO3JaHMe NOCTaTOYHOI 10
BeJIMYMHE Y MPOJOJIKUTENLHOCTY JeNpPeccuy Ha CKBKMHAX AJi (OPMUPOBAHMS TEXHOTEHHO MUKpOTpe-
IMHOBATOCTU. B cTaThbe paccMaTpMBaeTCsl LUKIMUECKOe reoMexaHmuveckoe Bosgeiicteue (LII'B) — onuH u3
METOZOB YBeTMYEeHUS MTPOAYKTUBHOCTM He(MTSHBIX CKBAXMH B KAPOOHATHBIX KOJUIEKTOPAX, OCHOBAHHbIX HA
CO3[IaHMM [TyGOKOI Ienpeccuy Ha CKBaXMHe. DPGEKTUBHOE TNIAHMPOBaHME U MTPUMEHEHME TAKUX METOIOB
CBSI3aHO C IOHMMaHMeM MeXaHM3Ma BO3HMKHOBEHMSI MUKPOTPEIIVMHOBATOCTY B OKOJIOCKBAXXVMHHON 30He TP
IOCTVKEHUM KPUTUYECKON BeTMYMHBI CHYKEHUS [TOPOBOTO AaBieHus. Llenbio paboTsI siBisieTcs 060CHOBaHYE
reoMexaHMuYeCcKoro MexaHusma GOpMUPOBaHUS MUKPOTPEIIMHOBATOCTHM, COIIACYIOIIETOCSI C pe3yabTaTamMu
71a60paTOPHBIX UCCIeNOBaHMIT KepHa U npuMeHeHus LITB 1 6MM3KuX eMy MeTOIOB Ha CKBaKMHAX. 3aaum
MCCIeN0BAHMS BKITIOUAIV aHAIU3 0COGEHHOCTE MTOCTAHOBKM JTa60PaTOPHBIX SKCIIEPUMEHTOB U MX Pe3Y/IbTa-
TOB, OTIpe/ie/ieHMe BO3MOKHBIX MEXaHU3MOB U KpUTepUeB (OPMUPOBAHNST MUKPOTPEIIMHOBATOCTH, & TAKKe
MIpOBeJleHe COMPSDKEHHOTO TUIPOreOMeXaHNueCKOro MOAEeNMPOBaHMS C OLIEHKOV XapaKTepHbIX pa3sMepoB
obmacty BosgericTBus. [Ioka3aHo, YTO Pe3y/IbTaThl Ja60PATOPHBIX IKCIIEPMMEHTOB M OMBITHOTO MTPUMEHEH NS
MeTtoza LII'B He commacyoTcsl ¢ MEXaHM3MOM CIBUTOBOTO Pa3pyIleHNs], HO MOTYT ObITh OOBSICHEHBI MEXaHU3-
MOM Dpa3pylleHMs] CKaTysl. BhIIOIHEHO CONPSDKeHHOE YMCIeHHOe IMApOoreoMexaHnueckoe MoJenpoBaHye
OIBITHOTO npuMmeHeHus LII'B Ha CKBa)kKMHe C OLIEHKOJM IapaMeTpOB KpUTepusl pa3pylleHus CKaTusl o Kep-
HOBBIM JaHHbBIM. PacueTHbIl pagnyc 30HbI BO3IEMCTBUS COCTaBUII OKOJIO 7 M, IPU STOM OLLl€HEHHBIN ITPUPOCT
Ko3hduieHTa MPOgYKTUBHOCTY XOPOIIO COIACYeTCs C (aKTUUeCKMMMU TaHHBIMMU.
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Introduction

Methods for creating microfracturing zones (loos-
ening of reservoir rock) in a well vicinity by significant
reducing pore pressure, and techniques for increasing
well productivity based on these methods, have been
actively developed by Russian Academy of Sciences
institutes over the past decades. A prerequisite for
the application of such methods is the creation of a
depression of sufficient magnitude and duration in
wells to form man-made microfractures. The resul-
ting microfracture system significantly increases the
permeability of a reservoir rock in a well vicinity zone
that leads to a significant increase in well producti-
vity. Such methods are most effective for deep-buried
formations (more than 3 km deep) in compacted res-
ervoir rocks with sufficient reservoir pressure reserve.
An additional favorable factor for their application is
an abnormally high reservoir pressure.

One of the first techniques of influencing a well
bottom zone based on the methods under considera-
tion is described in patent!. It is based on the results
of laboratory experiments with carbonate rocks of the
Tengiz field [1].

1 SU 1609978. Bakirov E.A., Zakirov S.N., Shcherba-

kov G.A. et al. Method for treating the well bottom zone of a re-
servoir. Publ. on November 30, 1990. Bulletin No. 44 (In Russ.)

The most well-known methods are the geoloos-
ening method and its further modification, the direc-
tional unloading of the reservoir (DUR), developed
at the Ishlinsky Institute for Problems in Mechanics
of RAS? [2, 3]. To justify the applicability of the DUR
method, stresses arising on a wellbore wall (for an open
hole design) and at the tip of a perforation (for a cased
hole design) are simulated on a core sample in labora-
tory experiments® [4]. A distinctive feature of the DUR
technique is the need to create additional perforation
channels as stress concentrators, including for the
open hole design. The technique application allows in-
creasing well productivity by 1.5-2 times for the cased
hole design and by 2—4 times for the open hole design*.

An alternative method for creating a microfrac-
turing zone by significant reducing pore pressure is
Cyclic Geomechanical Treatment (CGT) method pro-
posed by researchers at the Qil and Gas Research In-
stitute of the Russian Academy of Sciences. The tech-
nique for increasing well productivity based on the

2 RU 2645684 C1. Klimov D.M., Karev V.I., Kovalen-
ko Yu.F., Titorov M. Yu. Method for directed formation relieving.
Publ. on February 27, 2018. Bulletin No. 6 (In Russ.)

* Kovalenko Yu.F. Geomechanics of oil and gas wells.
[Diss. ... Dr. Sci. (Phys.&Math.)] Moscow; 2012. 314 p. (In Russ.)

4 Ibid.
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CGT method is described in patent®. Some practical
implementation features are discussed in [5]. The
main feature of CGT is a full cycle of the stimulation,
including deep decreasing pore pressure and a sub-
sequent increase in the pressure above the initial le-
vel to open microfractures. The increase in well pro-
ductivity (PI - productivity index) as a result of field
testing of the method in a formation with an initial
reservoir pressure of about 11 MPa is estimated at
44-49%. A description of the programs and results of
the laboratory experiments, numerical modeling, and
field application is presented in paper [6].

The traditional theoretical explanation for the for-
mation of a zone of increased permeability (microfrac-
turing) due to a significant decrease in pore pressure
is based on the mechanism of shear failure. It arises
under the influence of excessive tangential stress when
the maximum effective stress exceeds the minimum
primary effective stress by a critical value®. At the same
time, the technique for studying the CGT on core sam-
ples used in [6] involved changing only pore pressure
at a constant pseudo-triaxial external load that corre-
sponds to constant tangential stresses. Nevertheless,
these experiments also detected an increase in the per-
meability of samples in the course of decreasing pore
pressure after reaching its critical value.

The aim of this study is to substantiate the ge-
omechanical mechanism of reservoir loosening con-
sistent with the results of laboratory studies on core
samples and the application of the considered meth-
ods in wells. The objectives of the study included
analyzing the features of the laboratory experiments
and their results, identifying possible mechanisms for
the formation of microfracturing, and substantiating
a geomechanical criterion, followed by the develop-
ment of a coupled hydrogeomechanical model and
calculation of the radius of a well vicinity zone of in-
creased permeability.

Theory and Techniques
To analyze possible geomechanical mechanisms
of microfracturing formation in a reservoir under the
influence of DUR (Directional Unloading of the Re-
servoir) and CGT methods, we considered the features
of the setup and results of laboratory experiments in
framework of these methods.

5 RU 2620099 C1. Zakirov S.N., Drozdov A.N., Zakirov E.S.
et al. Method for increasing the productivity of production wells
and the injectivity of injection wells. Publ. on May 23, 2017. Bul-
letin No. 15. (In Russ.)

¢ Kovalenko Yu.F. Geomechanics of oil and gas wells.
[Diss. ... Dr. Sci. (Phys.&Math.)] Moscow; 2012, 314 p. (In Russ.);
Khimulya V.V. Rheological and filtration properties of rocks un-
der complex triaxial loading. [Diss. ... Cand. Sci. (Phys.&Math.)]
01.02.04. Moscow; 2021. 133 p. (In Russ.)
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Method of Directional Unloading of the Reservoir

Experiment techniques

The purpose of the laboratory studies using the
DUR method is to simulate, on a core sample, the
stresses existing on a well wall for an open hole de-
sign or on the tip of a perforation for a cased hole
design’ [4].

The studies are conducted using a triaxial inde-
pendent loading test system (TILTS). The TILTS in-
stallation creates effective stresses by acting on the
faces of a cubic rock sample (Fig. 1, a). The loading
stages are shown schematically in Fig. 1, b.

At each of the three stages, the effective stresses
change due to external loads on a sample face. Pore
pressure is maintained constant at a level of atmos-
pheric pressure (or the first few atmospheres).

Stage 1. A sample is compressed evenly on all
sides until the specified effective stress is reached
(segment OA in Fig. 1, b). Point A corresponds to the
effective stresses S; acting in a rock matrix prior to
drilling, under the simplifying assumption that ver-
tical and lateral rock stresses are equal.

Stage 2. The average normal stress
S=(S, +S,+ S,)/3 remains constant throughout
the whole stage 2. Each point on segment AB cor-
responds to the well bottom-hole pressure greater
than the formation pressure, i.e., a certain value of
repression on the formation. The end point of the
stage (point B) corresponds to the state when the
well has been drilled and the bottom-hole pressure
is equal to the formation pressure.

Stage 3. The process of creating depression, i.e.,
lowering the bottom-hole pressure (segment BC
in Fig. 1, b), is modeled. The third stage continues un-
til the sample is fractured.

During all stages, the sample strain is measured
in three directions and its permeability is recorded
(through gas pumping). The experiment is described
in more detail in the thesis of Yu.F. Kovalenko?®.

In total, these three consecutive loading stages
correspond to theoretical concepts of changes in ef-
fective stresses on the wall of an open hole during
the drilling of a productive formation and subsequent
creation of a depression. The changes in effective
stresses on the surface of perforations for a cased
well demonstrate similar regularities. It should be
noted that in these studies and those discussed be-
low, it is assumed that Biot’s law for effective stresses
is applicable in the Terzaghi form (Biot’s coefficient
is equal to 1).

T Ibid.

8 Kovalenko Yu.F. Geomechanics of oil and gas wells.
[Diss. ... Dr. Sci. (Phys.&Math.)] Moscow; 2012. 314 p. (In Russ.)
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Fig. 1. Schematic diagram of the action on a cubic sample (a) and the stages of loading the sample (b) when modeling
the effective stress field in the vicinity of a vertical open hole: S|, S,, S; are effective normal stresses on the cube faces

Source: Kovalenko Yu. F. Geomechanics of oil and gas wells. [Diss. ... Dr. Sci. (Phys.&Math.)] Moscow; 2012. 314 p. (In Russ.)

For a vertical open hole in the absence of fluid
flow, the solution to the Lame’s problem [7] is valid:

SZ =Sr =(Gr _po)(l_(rw/r)z)’

SS =Se =(6r _po)(1+(rw/r)2)’
§$,=S8,=06,-D,y, 1)
q =0 _poy

where S, is effective vertical stress; S, is effective radial
stress; S; is effective tangential stress in a formation
at a distance r from the well axis; r,, is the well radius;
o, is initial rock (total) stress; p, is reservoir (pore)
pressure; q is maximum effective tangential stress. As
the pore pressure p, decreases, the effective stresses on
the wellbore wall r = r,, change in accordance with stage
3 of the experiment described (see Fig. 1, b).

Findings of experiments and their interpretation

The findings of the experiments using the direc-
tional unloading of the reservoir method are different
for different types of core samples®. As typical exam-
ples, the thesis of Yu.F. Kovalenko!® describes the re-
sults for sandstone samples with a high clay content
and carbonate rock samples.

In the first case, the permeability of the core sam-
ple decreased steadily and reached zero by the end
of the experiment. In the second case, the effect on
the carbonate rock samples resulted in an increase in
permeability. The loading stages and the permeabili-

9 Karev V.I. The influence of stress-strain state of rocks
on the filtration process and well flow rate. [Abstr. Dr. Sci. (Eng.)
Diss.] Moscow: IPMech RAS Publ.; 2010. 33 p. (In Russ.)

10 Kovalenko Yu.F. Geomechanics of oil and gas wells.
[Diss. ... Dr. Sci. (Phys.&Math.)] Moscow; 2012. 314 p. (In Russ.)
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ty change curve for one of the carbonate samples are
shown in Fig. 2.

The first stage, at which triaxial hydrostatic
compression on the sample takes place, lasted until
the 800th second. By the end of the stage, stress S,
reached a value of 26 MPa. The sample permeability
at this point is no more than 10% of the initial va-
lue that indicates inelastic strain. When stress S, ex-
ceeds 10 MPa, significant strains develop in the sam-
ple, the permeability decreases and drops to almost
zero by the 400th second (see Fig. 2, b). This indicates
that irreversible changes associated with compaction
occur in the sample structure during the hydrostatic
compression stage. Consequently, the elastic limit has
been exceeded in the sample, and significant compac-
tion has occurred. After 800 seconds, when tangential
stresses begin to act on the sample, an intense in-
crease in permeability begins.

It is assumed that the inelastic compaction and
accompanying change in the structure of the sam-
ple at the first stage of the experiment led to shear
fracture with a sharp increase in the sample perme-
ability at the second stage. Otherwise, the failure of
the internal structure of the rock would have begun
at higher tangential stresses and the permeability
would not have increased so significantly.

Thus, the cause of the decrease in sample per-
meability in the DUR experiments is considered to be
elastic and inelastic compaction with an increase in
effective stresses, and the cause of the subsequent in-
crease in permeability is shear failure of the internal
structure of the sample with the formation of microf-
ractures upon reaching critical tangential stresses.
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For porous materials, strain under compression
can occur both in the absence of tangential stres-
ses, i.e.,under hydrostatic loading (compaction),and in
their presence. Then it is called shear-enhanced com-
paction. The shear failure line for rocks in the “mean
normal stress — maximum tangential stress” space can
usually be approximated by a straight line according to
the Mohr-Coulomb criterion (Fig. 3, a) [7].

In [8], two options for transition from shear-en-
hanced compaction to inelastic increase of stressed
material volume due to fracture formation and ope-
ning are considered. The first option consists in ap-
plying tangential stresses to a sample from the very
beginning of the experiment. The other option is
that a sample can be hydrostatically compressed to
a state of inelastic compaction strain. Then, when
critical tangential stresses are created, sample fai-

Astrakhan gas-condensate field, well No. 930
Sample No. 33 (3912.8-3913.05 m)
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Stress S;, MPa

lure begins. This is exactly the case for describing the
above results of the experiment using the DUR tech-
nique. The red arrow in Fig. 3 schematically shows
the direction of stress change in the experiment.

Method of Cyclic Geomechanical Treatment (CGT)

Routine of experiments

The essence of the CGT method consists in com-
bining a half-cycle of deep depression to create a zone
of loosening of the reservoir, followed by a half-cycle
of repression on formation to open and further ex-
pand the microfractures created.

Let us consider the peculiarities of the laboratory
experiments using the example of studies described
in [6]. Carbonate samples from the Tournaisian stage
rocks were selected for experiments on cores using
the CGT method. Let us consider three cores samples

Initial permeability
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Fig. 2. Stages of loading and change in permeability of carbonate sample (Astrakhan gas-condensate field)
Source: Kovalenko Yu.F. Geomechanics of oil and gas wells. [Diss. ... Dr. Sci. (Phys.&Math.)] Moscow; 2012. 314 p. (In Russ.)
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Fig. 3. Failure diagrams and direction of change in effective stresses in experiments simulating the effective stress field
in the vicinity of a vertical open hole well (a) and in experiments with changing pore pressure (b)
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after extraction saturated with kerosene in the presen-
ce of connate water saturation. After the experiment,
they demonstrated a multiple increase in permeabi-
lity relative to the initial value. The main characte-
ristics of the core samples are given in Table 1. The
other three core samples in the same studies were
completely saturated with formation water (brine)
model and did not show any increase in permeabil-
ity. The effect of rock saturation on the nature of
permeability changes during CGT tests is a positive
factor for application of the method in oil wells [6].

The study was performed under pseudo-tria-
xial compression, simulating the vertical rock stress
(axial load on a sample P,,,) and minimal lateral stress
(confining pressure P, ) typical for the formation.
The initial pore (fluid) pressure P,, corresponded to
the initial reservoir pressure of the formation. The
experimental conditions are schematically shown in
Fig. 4, a. In the experimental process, pore pressure
cyclically changed. The stages of the experiment are
shown in Fig. 4, b.

At each stage of the experiment, pore pressure
was kept constant. The saturating fluid was pumped
until the pressure difference stabilized, and the cur-
rent permeability value was determined. The acous-
tic method was also used to evaluate the current va-
lues of dynamic elastic moduli, Young’s modulus, and
Poisson's ratio. The experiment is described in more
detail in [6].
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Findings of experiments and their interpretation

The results of the experiments for all core sam-
ples saturated with kerosene and containing connate
water are in agreement at a qualitative level. At the
initial stages of pore pressure reduction, rock com-
paction was observed, accompanied by a decrease in
permeability and an increase in Young’s modulus.
However, with further growth of compressive stres-
ses and a decrease in pore pressure below the cri-
tical level, signs of loosening of the internal struc-
ture of the rock were observed. This was followed
by an increase in permeability with increasing pres-
sure due to the opening of microfractures that had
formed. Besides, in a number of samples, when the
initial pressure was exceeded, a characteristic sharp
increase in permeability was observed with a de-
crease in the Young’s modulus, corresponding to
the formation of a tensile fracture supported by the
previous rock loosening. The permeability increase
effect persisted during the stage of secondary pres-
sure decline to initial or lower values. Core samples
with reduced Young’s modulus values and increased
porosity values (initially more “loose” with proba-
ble presence of microfractures) are characterized
by a more intense decrease in permeability during
the initial pressure reduction. For more tight core
samples, on the contrary, the greatest increases in
permeability were observed as a result of CGT ap-
plication [6].

Table 1
Parameters of the Tournaisian stage rock core samples
Sample . . Gas permeability, . Connate water
No. Depth, m Lithology Porosity, % mD Fluid e, O
2 1,224.29 Limestone 14.24 484 Kerosene 10.81
5k 1,224.67 Limestone 12.88 270 Kerosene 14.33
6 1,224.71 Limestone 12.31 60 Kerosene 19.04
120
T
£ 100+
&
64 =Pt — Ppor © 80+
X
g 60
- 2
O3 = Pconf - Ppor C3 § 40
=
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Fig. 4. Schemes of pseudo-triaxial loading in experiments (a) and the experiment stages (b):
c; are the effective stresses
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The characteristic plots of Young’s modulus and
permeability are shown in Fig. 5 for sample 6.

Let us consider the first six stages of the expe-
riment, corresponding to the half-cycle of pore pres-
sure reduction. Increased permeability in this case in-
dicates exceeding the strength limit in the sample and
beginning of the failure of the internal structure.

During the first three stages of the experiment,
the increase in Young’s modulus is accompanied by
a decrease in permeability, i.e. the sample undergoes
compaction. At stage 5, a simultaneous increase in
Young’s modulus and permeability takes place, and at
stage 6, Young’s modulus decreases that may indicate
the formation of fractures in the sample, while the
sample structure has become more compact. It should
be noted that the joint growth of the Young’s modulus
and permeability could have already occurred during
stage 4 but not recorded due to the discrete nature
of the measurements. So the failure of the internal
structure begins during stage 4 or stage 5.
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A distinctive feature of the experiments under
consideration is that only the pore pressure chan-
ges while the confining stress and axial load remain
constant. Consequently, there is a synchronous in-
crease in effective normal stresses in all principal
directions. At the same time, effective tangential
stresses remain constant, so a decrease in pore pres-
sure cannot cause shear failure. Under the influence
of increasing effective normal stresses, compaction
failure may occur.

In the “mean normal stress — maximum tangen-
tial stress” space, the compaction failure line corre-
sponds to an arc of a circle, see Fig. 3, b [7]. The red
arrow schematically indicates the direction of change
in effective stresses in the experiments.

Fig. 6 compares the conditions for internal fai-
lure obtained in the experiment described above on
a sample from the Tournaisian stage rocks with the
compaction failure envelope curves for various car-
bonate rocks studied in [8]. This type of envelope curve
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Fig. 5. Laboratory test results for sample 6 (kerosene-saturated with connate water):
a - Young’s modulus plot, b — permeability plot. The red line shows the pore pressure changes
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is typical for carbonate reservoirs and is confirmed by
lab experiments [9-11] and geomechanical mode-
ling [12]. It should be noted that the increase in
Young’s modulus observed in Fig. 5, accompanied by
a simultaneous increase in the permeability of the
core sample (the beginning of microfracture forma-
tion) at the corresponding stage of the experiment,
also corresponds to the characteristic features of rock
behavior at the onset of compaction failure [13].

In Fig. 6, triangular and circular markers of three
colors indicate the results of experimental deter-
mination of stress state corresponding to compac-
tion failure for samples of three different carbonate
rocks according to data [8]. The horizontal axis cor-
responds to the mean effective normal stress, while
the vertical axis corresponds to the differential
stress (the difference between the maximum and
minimum normal stresses). The compaction fai-
lure envelopes for each of the three rock types are
shaped like arcs of circles, with the circles for the
orange triangles and green bubbles being similar.
The red star marks the point corresponding to the
effective stresses at the onset of permeability growth
(loosening) in the above experiment on a carbonate
rock sample from the Tournaisian stage rock, as de-
scribed in [6].

Microfractures form primarily in the areas of
rock that are characterized by high compaction. The
most porous areas are more susceptible to non-elas-
tic compaction. The strength of samples subjected
to the experiments with the use of the CGT meth-
od could be affected by chemical effects arising from
the interaction between the rock and the fluid (ke-
rosene and connate water), as well as by the struc-
tural features of the reservoir rock. The presence of
heterogeneous inclusions, cavities, and natural frac-
turing also affects the strength characteristics of the
samples. All these factors influence the position of
the point for the Tournaisian rock sample in Fig. 6 in
comparison with dry carbonate samples of different
porosity from [8]. At the same time, one may expect
that the shape of the compaction failure envelope
will remain unchanged and should pass through the
red point in Fig. 6 parallel to the envelopes for the
orange and green points.

Thus, in the experiments on CGT considered, the
increase in the permeability of samples with a de-
crease in pore pressure below the critical level can-
not be explained by shear failure under the action of
tangential stresses. It is probably related to compac-
tion failure. The envelope for compaction failure can
be approximately obtained by aligning the obtained
critical stress point with the envelope shape charac-
teristic of other carbonate rocks.
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Findings
Assessment of the radius of the increased permeability
zone during shear failure

The main cause of fracturing in a well vicinity
zone when creating a deep depression using DUR and
CGT methods is a decrease in local reservoir pressure,
which leads to an increase in effective stresses. When
using the directional unloading method, low bottom-
hole pressure must be maintained for a rather long pe-
riod of time. It is assumed that prolonged depression
can cause pressure to drop to a level sufficient to trig-
ger the shear failure at a sufficient distance from the
well to achieve a noticeable increase in productivity!'.
Thus, evaluating the radius of the shear failure zone
is important for calculating productivity gains and,
consequently, the potential effect from the method
application in terms of increasing productivity.

Such evaluation was performed by Yu.F. Kovalen-
ko in his thesis!? for open-hole conditions. The prob-
lem is similar to the Lame’s problem, but the pore
pressure is not constant; rather, it increases from
the well wall toward the remote boundary in accor-
dance with the steady-state solution for axisymmetric
inflow with a given depression Ap,, (Dupuis solution).

11 Kovalenko Yu.F. Geomechanics of oil and gas wells.
[Diss. ... Dr. Sci. (Phys.&Math.)] Moscow; 2012, 314 p. (In Russ.)

12 Ibid.
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Thus, long-term operation of the well at a specified
intensive mode is assumed. Rock deformation is con-
sidered elastic until the Mohr—-Coulomb shear failure
criterion is reached. Based on the calculation results,
the radius of the failure zone R’ is evaluated, where,
according to the Mohr-Coulomb criterion, shear
failure with the formation of a fracturing region is
predicted.

The Yu.F. Kovalenko’s thesis presents graphs of
the relative radius of the failure zone R"/R,, (R, is the
well radius) as a function of the internal friction an-
gle at three values of depression Ap,, for the charac-
teristic conditions of the Astrakhan oil and gas-con-
densate field: formation depth of 3,800-3,900 m,
initial reservoir pressure of 60 MPa, vertical overbur-
den stress of 90 MPa.

The results of the calculations from the
Yu.F. Kovalenko thesis show that, with values of in-
ternal friction angle characteristic of real rocks of
15° and above, the calculated radius of the failure
zone does not exceed 3—4 times the radius of the well
(~30-40 cm) even at a depression of 60 MPa.

Using the model developed by Yu.F. Kovalenko,
the authors performed similar calculations for the
initial data corresponding to the characteristic con-
ditions of the Tournaisian stage carbonate reservoirs
(formation depth of 1,200 m, initial reservoir pressure
of 11 MPa, vertical overburden stress of 26.06 MPa,
depression of 10 MPa). Fig. 7 shows graphs of maxi-
mum tangential stresses as a function of the distance
from the well wall. The peak point corresponds to the
boundary of the failure zone.

Angle of internal friction 5°,
Cohesion 4.3 MPa

Maximum tangential stress, MPa
(O]

0 20 40 60 80 100 120 140
Distance to well wall, cm

—— Maximum tangential stress

a
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As can be seen in Fig. 7, a, even in the case of un-
derestimated values of the cohesion coefficient and in-
ternal friction angle, the radius of the failure zone is
about 35 cm from the well wall. For more typical pa-
rameter values (Fig. 7, b), it decreases to about 5 cm.

More complex features are characteristic of
a formed failure zone for a cased well with perfo-
ration. In the V.V. Khimulya’s thesis!®, the stress at
the tip of a single perforation channel was evaluated
using an analytical solution for a spherical cavity
filled with a pressurized fluid [14]. The distribution
of stresses in a well vicinity zone, taking into account
the interference of perforation channels, can be as-
sessed based on the results of numerical calculations
published in the literature. The paper [15] examined
the stability of a wellbore under different perfora-
tion densities across the formation thickness. Fig. 8
shows the failure region at a perforation density of
8 perforation holes per 0.3 m. The blue area indicates
the elastic zone, while the green area indicates the fai-
lure zone. As can be seen from the Fig. 8, the tangen-
tial stresses are high enough to cause failure along the
perforation hole, but it does not propagate into the for-
mation outside the perforation zone. The stress field
poses a high risk of damaging the cement column of
the wellbore, but does not create conditions for the for-
mation of an extended failure zone, which could cause
the significant increase in productivity when using the
DUR method in similar conditions.

13 Khimulya V.V. Rheological and filtration properties
of rocks under complex triaxial loading. [Diss... Cand. Sci.
(Phys.&Math.)] 01.02.04. Moscow; 2021. 133 p. (In Russ.)
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Fig. 7. Distribution of maximum tangential stresses in the vicinity of open-hole well for the following parameters:
Poisson’s ratio — 0.25; overburden rock stress — 26.06 MPa; initial pore pressure —11.0 MPa; depression — 10 MPa;
wellbore radius — 0.1 m
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Fig. 8. Numerical solution of the problem of stress
distribution in the vicinity of perforation channels at
a perforation density of 8 perforation holes per 0.3 m
for a cased well. The blue color indicates the elastic zone,
while other colors indicate the zone where the shear failure
criterion is met [15]

The simulation results presented below con-
firm that the estimates of the fracture zone size du-
ring shear failure (Figs. 7 and 8) cannot explain the
achieved increases in the productivity index: 1.5 times
during experimental testing of the CGT method (for a
cased wellbore in shallow Tournaisian stage rocks [6]),
and up to 3-4 times using the DUR method (for an
open-hole wellbore, with additional perforation and
in conditions of deeper sediments with a large reser-
Voir pressure reserve'4).

Coupled hydrogeomechanical modeling: evaluation
of the radius of the increased permeability zone
formed during compaction failure
when using the CGT method

It has been shown above that the results of labo-
ratory experiments on the CGT under constant pseu-
do-triaxial loading with changing pore pressure can
be explained by the action of inelastic compaction
mechanisms followed by compaction failure. To sim-
ulate the corresponding effects in a well vicinity zone
when creating a depression in a well, the tNavigator
flow simulation software package from Rock Flow Dy-
namics company (RFD) was used’. It enables the nu-
merical solution of multiphase fluid flow problems in
a reservoir during field development, together with
the solution of a simplified geomechanical problem
concerning changes in stress and strain distribution in
reservoir rocks.

4 Kovalenko Yu.F. Geomechanics of oil and gas wells.
[Diss. ... Dr. Sci. (Phys.&Math.)] Moscow; 2012, 314 p. (In Russ.)

15 TNavigator 23.1. Technical manual for the Simulator.
RFD; 2023.
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In the RFD tNavigator, there are two ways to
solve flow and elasticity problems jointly: cou-
pled and modular. The coupled approach was used,
in which a single system of equations describing
flow processes in the formation (continuity equa-
tions taking into account Darcy’s law) and geo-
mechanical effects (in this case, Lame’s equations
taking into account Hooke's law) is solved on a single
computational grid?®.

To account for the effects of inelastic compaction
and compaction failure, a script has been implement-
ed in the Python language built into tNavigator, which
processes the current effective stress fields at each
computation step. The compaction was set by adjus-
ting the current permeability multiplier in a grid cell (re-
lative to the initial value) depending on the average
effective normal stress. The corresponding decreasing
dependence was assumed based on the first stages of
the laboratory experiment (see Fig. 4, stages 1-5).

The compaction failure criterion under current
changes in effective stresses in the grid cell was con-
trolled by intersecting the envelope curve passing
through the experimental point corresponding to the
increase in permeability in the laboratory experiment
(red dot in Fig. 6). The shape of the envelope curve
was adopted by analogy with the experimental data
from [8] (see Fig. 6). Fig. 9 shows an example of an
envelope curve for one of the samples, approximated
with sufficient accuracy by a circular arc with selec-
ted parameters, in this case, with the radius in stress
coordinates of 13.4 MPa and the center at the point:
7 MPa; 0 MPa. Fig. 9 also shows the Mohr-Coulomb
straight line for the shear failure criterion, which was
not achieved in the computations. The burgundy hori-
zontal arrow indicates the direction of change in ef-
fective stresses as pore pressure decreases.

When the compaction failure criterion was met
(intersection of the envelope curve), the cell perme-
ability increased fourfold that corresponds to the fi-
nal increase in permeability after CGT application
according to the results of one of the experiments on
the Tournaisian stage rock core samples.

The characteristics of a Tournaisian stage reser-
voir in one of the fields in the Republic of Tatarstan
were used as input data for modeling. The reservoir
model had horizontal dimensions of 2,000 x 2,000 m, a
nominal thickness of 1 m, with a vertical well located
in the center. Along the axes Ox and Oy, the grid was
densified towards the well with a constant coefficient
of 1.1. The minimum cell size (the central cell with a
well) was 0.5x0.5 m.

16 Ibid.
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Fig. 9. The envelope for the compaction failure criterion
and the criterion's activation point obtained experimentally,
as well as the Mohr-Coulomb straight line for shear failure

The parameters of the reservoir and fluids were
set in accordance with the characteristics of the ac-
cepted Tournaisian stage reservoir. The flow was as-
sumed single-phase (oil). The boundary conditions
at the outer boundaries of the model corresponded
to no-flow condition and constant vertical and lat-
eral rock stresses. The oil flow rate corresponding to
the maximum possible depression for a given reser-
voir was set at the well.

The central fragment of the permeability multi-
plier distribution obtained as a result of the modeling
isshownin Fig. 10. The area with the initial permeabi-
lity value (multiplier 1) is marked in green. The blue
shades indicate the region of compaction. The aver-
age decrease in permeability in the blue zone (the
radius of approx. 70 m) is ~5%, and that in the dark
blue zone (the radius of approx. 25 m) is ~8%.

The red area shows the failure zone (the radius
of approx. 7 m), where permeability increased four-
fold as a result of the compaction failure criterion
being triggered.

Thus, for the conditions of the Tournaisian for-
mation, through the mechanism of compaction fail-
ure, which allows explaining the results of the CGT
laboratory experiments, the origination of a well vi-
cinity zone of increased permeability with a radius of
about 7 m is predicted. This value is at least 20 times
greater than the radius of the similar zone predicted
based on the shear failure mechanism (see Fig. 7).

Findings discussion and practical application
Let us compare the evaluated size of the loosening
zone (~7 m) obtained through simulation of CGT appli-
cation with the actual results of applying this method
in a well exploiting the Tournaisian formation [6].
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Reduction
in permeability
(compaction)
~25-70m

Compaction
failure zone
~7m

Fig. 10. Permeability multiplier distribution based on
the computations using a coupled model in tNavigator
(hydrodynamics + geomechanics) with a script to account
for compaction and compaction failure through effective
stress analysis. The colors are explained in the text

Let us determine the calculated increase in the
well productivity index. The magnitude of the skin
factor formed as a result of CGT application can be
approximately estimated using the well-known for-
mula for a two-zone axisymmetric reservoir:

r
SZ(%—ljlnéz—S.la ()
where r, is the radius of the near zone with permea-
bility k, r, = 7 m; r_ is the radius of the well, r = 0.1
m; k/k_is the ratio of permeability in the remote zone
(unchanged formation) to permeability in the near
zone (fractured zone), k/k = 1/4. The effect of com-
paction outside the fractured zone can be neglected
due to its minor impact on the average permeability
of the remote zone (the first few percents).

The skin factor value obtained allows estimating
the increase in the PI (productivity index) relative to
its initial value PI,. For a perfect well and a nominal
external boundary radius r, = 500 m, using Dupuis'
formula, one obtains:

- In e
rW
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r

Thus, modeling the CGT application effect based
on the compaction failure mechanism provides an
approximate estimate of the increase in well pro-
ductivity index by a factor of 1.6. This estimate is
consistent with the actual productivity increase of
1.45-1.5 times obtained during field tests in the
Tournaisian reservoir [6]. It should be noted that,
since the mechanism of compaction failure is deter-
mined mainly by the increase in average effective
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normal stresses due to a decrease in pore pressure,
a different type of well completion (cased well with
perforation) does not significantly affect the assess-
ment of the effect.

The value of 1.6 obtained using the compaction
failure criterion also fully corresponds to the results
of the hydrodynamic calculations performed in [6],
where the increase in permeability from the CGT
application was set depending on the pore pressure,
without analyzing geomechanical effects.

At the same time, it is clear from formulas (2)-(3)
that the sizes of the loosening region obtained by the
shear failure mechanism (see Figs. 7 and 8) cannot
explain the actual increase in the productivity index
in the experimental application of the method de-
scribed in [6].

Conclusions

The analysis presented in this paper allows dra-
wing a number of conclusions regarding the proba-
ble geomechanical mechanism of formation of a well
vicinity zone of increased permeability when creating
a deep depression using the CGT method and the re-
lated DUR method.

1. Laboratory experiments on the TILTS instal-
lation simulate loading conditions corresponding to
the stress state on the wall of an open-hole wellbore
or a perforation channel. It is assumed that the well
vicinity zone of increased permeability arises due to
shear failure as tangential stresses increase. Estimates
of the extent of this effect do not exceed 30-40 cm
from the wellbore wall, at least for the typical param-
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eters and reservoir conditions of carbonate reservoirs
in the Ural-Volga region.

2. The effect of permeability increase when cre-
ating a critical depression in laboratory experiments
with constant pseudo-triaxial loading and changes in
pore pressure can be explained by the mechanism of
compaction failure due to an increase in effective nor-
mal stresses.

3. According to the results of coupled hydro-
geomechanical modeling for typical conditions of the
Tournaisian reservoirs in the Republic of Tatarstan,
taking into account the effects of inelastic compac-
tion and compaction failure through the analysis of
effective stresses, a well vicinity microfracturing zone
(increased permeability zone) reaches ~7 m. This is at
least 20 times greater than the area predicted based
on the shear failure mechanism.

4. Taking into account the permeability increase
according to the laboratory data, the estimated size
of the fractured zone based on the compaction fail-
ure mechanism is consistent with the productivity in-
crease observed in the field test on the well.

Thus, the results of this study improve under-
standing of the geomechanical mechanism of increa-
sing permeability in a well vicinity zone due to ap-
plying the CGT method and other methods based
on the creation of deep depression. This will ena-
ble more accurate predictions of the expected effect
based on laboratory studies and modeling, and also
improving the effectiveness of the methods for in-
creasing well productivity and oil recovery from car-
bonate reservoirs.
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Assessment of the elemental status of the young population in Solnechny,
Khabarovsk krai, as part of mining environmental monitoring
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Abstract

Prolonged operation of the mining and processing plant in Solnechny District, Khabarovsk Krai, led to the for-
mation of a technogenic mining system. Biogeochemical zones with elevated concentrations of chemical com-
pounds, including heavy metals and arsenic, developed in the area. Monitoring revealed that soil samples taken
at varying distances from the second tailings dump of the Solnechny Mining and Processing Plant (MPP), in-
cluding within the settlement of Solnechny, contained heavy metals — Cu, Zn, Pb, and Hg — at levels exceeding
the maximum permissible concentrations (MPCs) by factors of 1.4 to 12.36. Arsenic levels reached 571 times
the MPC. Surface water bodies showed excess concentrations of Cr, Cu, Fe, and Zn, ranging from 2 to 110 times
the MPC. No arsenic excess was found in water samples. The elemental status of a developing child reflects the
health of the surrounding ecosystem. Hair samples from children under 14 years of age residing in the settlement
of Solnechny were analyzed. Girls showed elevated levels of Hg, Cr, Pb, and Cu, along with reduced concentra-
tions of the essential element Zn. Boys showed increased levels of Hg, Fe, Cr, Zn, and Cu. To reduce the spread of
pollutants from tailings dumps, including those of the Solnechny plant, technical solutions have been proposed.
Keywords
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tin (Sn), mercury (Hg), lead (Pb), spectrometry, spectrophotometer, child population, elemental status, land
reclamation, waste containment, Khabarovsk Krai, settlement of Solnechny
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WccnepoBaHne aNeMEHTHOro cTaTyca MOJIOZO0ro HacesieHus!
nocénka ConHeuHblii XabapoBcKoro Kpas
B PAaMKaX rOpHO-3KOJIOrM4EeCKOro MOHUTOPUHra
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AHHOTauusa
B ConmHeuHOM paiioHe XabapoBCKOTO Kpasi B Pe3y/bTaTe JJIUTENIbHOM PaboThl TOPHO-060TaTUTENIbHOTO KOM-
6uHaTa chopMMUPOBaIacCh TOPHOIIPOMBIIIIEHHAS TEXHOTEHHAS CUCTeMa. 31ech 06pa30BaInCh OMOreoXuMmye-
CKMe 30HbI C BBICOKMM COZepKaHMeM COeIMHEHMI XMMUIECKMUX TeMEHTOB, B TOM UMCJIe TSKENbIX METAJIOB
M MBIIIbsIKA. YCTAHOBJIEHO, UTO B MOHUTOPUHTOBBIX TOUKAX, PACIIONIOXKEHHBIX Ha pa3IMYHOM PACCTOSIHUM OT
BTOpOro XBocToxpaumiuina Conneuynoro 'OKa, B TOM uncie Ha TeppuTopuu nocénka ComHeuHslii (Xabapos-
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CKUI1 Kpaii), KOHLIEHTpaluy oIpeAesieMbIX TSDKEIbIX MeTa/VIOB B ITI0YBAaX MPEeBbINIAI0T HOpMaTVBHbIE 3HaUe-
uus o Cu, Zn, Pb u Hg ot 1,4 mo 12,36 ITIK, comepskanue As coctaBuio 571 ITJK. B BOOHBIX 00bEKTAaX OTMEYa-
etcs npesiiienye 1o Cr, Cu, Fe u Zn ot 2 mo 110 ITOK. TIpeBsiiiieHne comepskanust AS B MCCIeoyeMbIX IIpo6ax
BOMbI HE 0OHAPYKEHO. JJIEMEHTHBII CTATyC B PaCTYILIEM OpPraHM3Me UeJIOBEeKa SIBJISIETCS MHAMKATOPHBIM ITOKa-
3aTeJIeM COCTOSIHMSI 9KOCUCTEM, B CBSI3M C UeM OblIa ITPOBeeHa OIleHKA 3JIEMEHTHOT'O COCTaBa BOJIOC SKUTEJIEeN
rocénka ComHevHbIi B Bo3pacTe 1o 14 yet. [Toka3aHo, UTO 0COOEHHOCTHIO 3JIEMEHTHOTO CTaTyca IJisl JeBOUEK
B MCC/IEAYEMOT TPYIIIIE SIBJISTIOTCST BBICOKME TIOKa3aTey comepskaHus TSoKEmbIXx MmetauioB Hg, Cr, Pb, Cu, a Tak-
’Ke TIOHMKeHHOe cofiepykKaHlMe BasKHOTO 3CCEeHLIMaTIbHOTO 3jieMeHTa Zn. [IJI1 MaJbuMKOB OTMeUarTCsl IpeBbI-
meHus 1o koHeHTpauusim Hg, Fe, Cr, Zn u Cu. B ¢BSI3M ¢ 3TUM MpeAjioskeHbl TEXHUUECKME PEIIeHMS C [e/TbI0
CHIDKEHMSI pacIpoCTpaHeHMsI 3arpsI3HSIONIMX BellleCTB OT XBOCTOXpaHuuI, B ToM uncie ConmHeunoro 'OKa.

KnioueBble cnoBa

TOPHOE [1eJ10, 000TallleHMe, OJIOBOPYIHOE ChIPbe, OTXOIbI, XBOCTOXPAHMIAIIE, OKPYKAIOLIAsS Cpe/ia, TEXHOTEH-
HOe 3arpsi3HeHue, IIOYBa, I'PYHT, BOAA, Mpo6a, Tskemblie MeTa/uibl, XxpoM (Cr), keneso (Fe), meas (Cu), HUHK (Zn),
MBIIIBSIK (AS), Kagvnit (Cd), onmoBo (Sn), pryTs (Hg), cBuHeIr (Pb), criekTpoMeTpusl, CIieKTpodhOTOMETD, IETCKOE
HaceJjieHue, 3JIEMEHTHbI CTaTyC, peKY/IbTUBALIMS, KOHCEpBalysi, XabapoBCKMii Kpaii, moceok COTHEUHbIi

®duHaHcupoBaHue
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Introduction

Since the early 1970s, intensive mineral resource
development by mining enterprises in the Far Eas-
tern Federal District has led to significant technoge-
nic pollution of all environmental components [1, 2].
In the vicinity of mining operations, which have been
affected to varying degrees by technogenic impact,
biogeochemical zones have developed with elevated
concentrations of chemical element compounds, in-
cluding heavy metals and arsenic.

One such industry-forming enterprise of the past
century was the Solnechny Mining and Processing
Plant (MPP) in Khabarovsk Krai. During the economic
transition of the 1990s, the plant failed to adapt and
was declared bankrupt [3, 4].

The first tailings dump of the Solnechny Concen-
tration Plant (SCP) is located about 100 meters from
the settlement of Gorny, in the Silinka River valley,
near its confluence with the Amut River. Tailings were
deposited there from 1963 to 1997. The accumula-
ted waste layer reaches a thickness of 20-25 meters.
The dump covers an area of 20 hectares and contains
10.6 million tons of tailings. It is currently used for
reprocessing by the SCP. The second tailings dump
of the SCP lies across from the mining settlement
of Solnechny. It covers 40.3 hectares and contains
24.09 million tons of accumulated waste. The former
assets of the Solnechny MPP - including the Festival-
noye and Perevalnoye deposits — are currently man-
aged by the Tin Ore Company, which has resumed
tin and tungsten mining and continues to fill a third
tailings dump. Meanwhile, GeoPromInvest LLC is ac-

tively reprocessing waste from the second dump and
has constructed a new tailings storage facility behind
it. Previous studies have shown that tailings dumps,
containing vast quantities of waste, have a harmful
impact on the environment and pose a serious threat
to human health, biodiversity, and water bodies [5-7]
due to the accumulation of toxic heavy metals in
living organisms.

Hair is recognized as an informative and reliable
biological material that reflects the environmental
conditions as well as the presence of diseases and
health deviations in the human body [8]. The che-
mical composition of hair reflects both the internal
physiological state and the impact of various ex-
ogenous factors [9]. Due to the slow growth rate of
hair, its analysis provides an average concentration
of macro- and microelements over several months.
According to A.Ye. Pobilat et al. [10, 11], monito-
ring trace element content in hair can address a wide
range of scientific challenges, including the indica-
tion of environmental pollution and the assessment
of harmful factors affecting human health.

The aim of this study is to assess the distribution
of Pb, Hg, Cu, Cr, Fe, Zn, Cd, Sn, and As compounds
using the elemental status of the child population in
a mining settlement. Based on this aim, the following
objectives were defined: 1. To analyze and systema-
tize literature data on technogenic pollution of the
ecosphere caused by waste from tin ore processing.
2. To assess the distribution of chemical elements
in environmental components in the impact zone of
the Solnechny tailings dump. 3. To investigate the
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Fig. 1. Surface of the second tailings dump of the Solnechny Concentration Plant

elemental status of the population under the age of
14 in the settlement of Solnechny, Khabarovsk Krai,
as part of mining-related environmental monitoring.
4. To develop proposals aimed at reducing the spread
of technogenic pollution within the ecosystem.

The study focuses on technogenically impacted
mining areas resulting from the operations of the Sol-
nechny MPP, as well as the elemental composition of
hair in children and adolescents residing in the mi-
ning settlement.

The second tailings dump of the Solnechny MPP
is situated at elevations ranging from 286 to 303 me-
ters, approximately 6.5 kilometers southwest of the
confluence of the Kholdomi and Silinka rivers, direct-
ly opposite the second processing facility. The mining
settlement of Solnechny lies on the opposite side of
the valley, at a higher elevation (Fig. 1).

Methods

To characterize the technogenic conditions
within the impact zone of the tailings dump, soil and
ground samples were collected to determine the to-
tal content of heavy metals and arsenic in the vicini-
ty of the second tailings dump of the Solnechny MPP.
Sampling was conducted in accordance with GOST
17.4.3.01-2017%.

Water samples were also collected from the im-
pact zone of the second tailings dump, at various
points within the Silinka River basin?. Element con-

1 GOST 17.4.3.01-2017. Interstate Standard. Nature Pro-
tection. Soils. General Requirements for Sampling.

2 R 52.24.353-2012. Sampling of Surface Land Waters and
Treated Wastewater.

centrations were determined using atomic absorp-
tion spectrometry, employing a Thermo Solaar M
Series atomic absorption spectrophotometer and an
Agilent 720 ICP-OES spectrometer.

Fig. 2 presents the map of soil and water sam-
pling points within the impact zone of the second
tailings dump.

Hair samples were collected from children and
adolescents aged 3 to 14 (both boys and girls) re-
siding in the settlement of Solnechny. The elemen-
tal status was determined for 45 children, inclu-
ding 20 boys and 25 girls under the age of 14. The
mean age was 6.68+2 years. Among them, boys
aged 7 or younger accounted for 26.7%, girls of the
same age group for 33.3%, boys aged 8-14 for 22.1%,
and girls aged 8-14 for 17.9%. The sample inclu-
ded only permanent residents of the settlement. All
hair samples were collected and prepared according
to standard procedures for trace element determi-
nation in biological substrates®, and were analyzed
at the accredited Information and Analytical Center
of the Institute of Tectonics and Geophysics, Far
Eastern Branch of the Russian Academy of Sciences
(Khabarovsk). The concentrations of the following
elements were measured: Cr, Fe, Cu, Zn, As, Cd, Sn,
Hg, and Pb. The data were processed using Microsoft
Office software tools.

5 Guidelines for the Determination of Trace Elements in
Diagnostic Biosubstrates by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). Methodological Recommendations.
Moscow: Federal Center for State Sanitary and Epidemiological
Supervision, Ministry of Health of Russia; 2003. p. 22.
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Results and discussion

Between 1969 and 2001, approximately 24.1 mil-
lion tons of waste were deposited in the second tail-
ings dump of the Solnechny MPP. As of 1990, the
site contained the following amounts of recoverable
metals: 46,392 tons of tin (average grade: 0.183%),
707,000 tons of copper (0.28%), 39,356 tons of zinc
(0.156%), 47,853 tons of lead (0.188%), 6,742 tons of
tungsten (0.015%), 5,874 tons of bismuth (0.013%),
and 339 tons of silver (116 g/t), along with various
rare elements and gold. According to previous as-
sessments, the dewatered tailings are classified as
highly hazardous in terms of toxicity* [2]. No land

4 Order of the Ministry of Natural Resources of Russia
No. 238 of 08.07.2010 (as amended on 18.11.2021) “On Ap-
proval of the Methodology for Calculating the Amount of Dam-
age Caused to Soils as an Environmental Protection Object.”
Re-|gistered with the Ministry of Justice of Russia on 07.09.2010,
No. 18364. URL: https://docs.cntd.ru/document/902227668

.,
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reclamation activities have been undertaken in the
disturbed area, despite the requirements set forth by
the Subsoil Law of the Russian Federation®. Based
on our calculations, which considered the sampling
depth (up to 20 cm), contamination level, area of
polluted land, and applicable assessment coeffi-
cients, the total estimated environmental damage
to the soil amounts to 19,306 rubles per square
meter [13].

At monitoring points located at varying distan-
ces from the second tailings dump, the concentra-
tions of heavy metals and arsenic in the 10-20 cm
soil layer substantially exceeded regulatory thre-
sholds (Table 1).

5 On Subsoil. Law of the Russian Federation No. 2395-1 of
21.02.1992. Latest revision: 2024. Moscow: CENTRMAG; 2024.
136 p.

Legend
[ Boundary of the Solnechny
concentration plant (SCP)

A Soil sampling points

@ Water sampling points
[_]Boundary of residential area
I SCP tailings dump
— River network

Fig. 2. Map of sampling points for soil and water in the vicinity of the second tailings dump
of the Solnechny MPP
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An unfavorable environmental situation was
identified within the residential area located in close
proximity to the site (1.5-3.0 km), where average
concentrations exceeded regulatory limits by the
following factors: Cu — 12.36 MPC, Zn - 2.73 MPC,
Pb -9.71 MPC, Hg - 1.40 MPC, and As - 569.09 MPC.

Water samples from both technogenic (T1) and
natural sources (T2-T5) were collected (see Fig. 2)
and analyzed for concentrations of the following ele-
ments: As, Cd, Co, Cr, Cu, Fe, Mn, Pb, Sn, and Zn. The
analytical results are summarized in Table 2.

In natural waters downstream of the Silinka Ri-
ver, beyond the second tailings dump of the Solnech-
ny MPP, concentrations of several elements excee-
ded the maximum allowable concentrations (MACs)
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for surface waters designated for fishery use: chro-
mium exceeded MACs by 4 to 11.5 times, copper by
110 times, iron by 2 to 24.2 times, and zinc by 31 to
46 times. No exceedance of arsenic levels was detec-
ted in the water samples.

Thus, the residents of the Solnechny mining set-
tlement live in an environment where contaminant
levels in soil and soil substrate and water bodies ex-
ceed regulatory standards.

To identify regional geochemical characteristics
of the natural environment, element ratios were cal-
culated by comparing the concentrations of chemical
elements in hair samples from the local child popu-
lation with the average concentrations of these ele-
ments in hair by sex (see Fig. 3).

Concentrations of selected heavy metals and arsenic in soil (10-20 cm depth) fable
at various distances from the second tailings dump of the Solnechny MPP (mg/kg)

Elements Zn Cu Pb Hg As
At the tailings dump 140.00 620.18 713.22 5.78 7792.60
0.3 km from tailings dump 168.30 749.79 282.74 2.29 2306.47
1.5 km from tailings dump 71.68 319.76 642.22 8.3 3254.48
2.5 km from tailings dump 264.16 643.56 195.37 0.3 105.12
3 km from tailings dump 119.62 260.91 36.31 0.22 54.95
Regulatory limit (MPC) 55.5 33.0 30.0 2.1 2.0
Background level 60.46 38.78 81.5 0.58 42.49

Table 2
Concentrations of selected heavy metals and arsenic in water samples from the Silinka River basin
at varying distances from the second tailings facility of the Solnechny MPP, mg/L
Sampling points P.1 P.2 P.3 P.4 P.5 MAC*, mg/L

As (total) 0.0180+0.0076 | 0.0240+0.0101 | 0.0090+0.0038 | 0.0050+0.0021 | 0.0050+0.0021 0.05
Cd 0.20 <0.01 <0.01 <0.01 <0.01 0.005
Co 3.78 <0.05 <0.05 <0.05 <0.05 0.01
Cr (VD) 0.18 0.09 0.19 0.23 0.20 0.02
Cu 166.30 0.11 <0.03 <0.03 <0.03 0.001
Fe (1II) 292.90 2.42 0.38 0.20 0.20 0.1 (general)
Mn 104.79 2.22 0.42 0.28 0.37 0.01
Pb <0.2 <0.2 <0.2 <0.2 <0.2 0.006
Sn 0.0390%0.0133 <0.005 0.0090%0.0031 | 0.0060+0.0020 | 0.0110+0.0037 0.112
Zn 51.09 0.46 0.37 0.35 0.31 0.01

* Order of the Ministry of Agriculture of Russia No. 552 of 13.12.2016 (as amended on 13.06.2024) “On Approval of Water Quality
Standards for Water Bodies of Fisheries Importance, Including Maximum Permissible Concentration Limits for Harmful Substances
in the Waters of Such Water Bodies”.
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Fig. 3. Elemental composition of hair in the young population of Solnechny compared to average levels across Russia:
a - girls; b - boys

The data obtained allowed us to identify the
specific geochemical profile of hair samples from
children and adolescents residing in the Solnechny
mining settlement:

Forgirls:  Hg; > Crs5, > Pb, g, > Cu, 45 > Cdyos =
=Feyqo; >7Zngg, > SNy 5y > ASg 155
For boys:  Hgy, > Feg .5 > Cr,4>Zn, 5> Cu, 45 >

>Pb, 46 > Snyg; > Cdy 57 > ASg 55

The elemental status of children in this study
group is characterized by elevated levels of toxic me-
tals such as Pb, Hg, and Cr. Notably, the Zn content
in girls’ hair was found to be close to the minimum
reference range (124-320 pg/g).

To reduce the dissemination of pollutants in
environmental components, the implementation
of environmental management strategies using in-
novative technological solutions is recommended.
Over the past 10 years, researchers at Pacific State
University have proposed conducting reclamation or
containment of tailings using substrates made from
shredded spruce, larch, and birch bark, supplemen-
ted with a nitrogen-based activator and Trichoder-
ma fungi®. These substrates have since been modi-

¢ Krupskaya L.T., Mayorova L.P., Orlov A. M. et al. Russian
Federation Patent No. 2486733. Method for land reclamation of
areas disturbed by toxic waste stored in a tailings dump under
monsoon climate conditions. 2013.

fied with additional components. In 2015, a Russian
patent was granted for a tailings reclamation mix-
ture incorporating phototrophic bacteria’. Other ef-
fective mixtures included additives such as biochar?
and spent oyster mushroom mycelium®. The use of
organic substrates derived from industrial by-prod-
ucts significantly reduces the cost associated with
acquiring fertile soil, which is typically required for
reclamation. In recent years, over one million tons
of forestry and wood-processing waste have accumu-
lated in the region. Therefore, reclamation or con-
servation of tailings surfaces using these materials
is particularly relevant for Khabarovsk Krai. Further
development and implementation of this technology
are essential to reduce reclamation costs and pre-
vent erosion processes.

" Krupskaya L.T., Kirienko O.A., Mayorova L.P.; et al.
Russian Federation Patent No. 2569582. Method for surface rec-
lamation of a tailings dump containing toxic waste using pho-
totrophic bacteria. 2015.

8 Krupskaya L.T., Leonenko N.A., Golubev D.A., Leonen-
ko A.V. Russian Federation Patent No. 2625469, issued 14 July
2017. Composition for dust suppression and surface reclamation
of a tailings dump. Appl. No. 2016122808 of 8 June 2016.

° Krupskaya L.T., Ishchenko E.A., Golubev D.A., et al.
Russian Federation Patent No. 2707030, issued 21. November
2019. Composition for reducing dust load on the ecosphere and
reclaiming the surface of a tailings dump. Appl. No. 2019114495
of 13 May 2019.
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Conclusion

The results of this study, supported by a review
of previous research, indicate that the second tai-
lings dump of the Solnechny MPP is a significant
source of technogenic pollution in the surrounding
environment. Concentrations of heavy metals in soil
samples exceeded maximum permissible concentra-
tions (MPCs) as follows: Cu by 12.36 times, Zn by
2.73 times, Pb by 9.71 times, and Hg by 1.4 times. The
average arsenic concentration in soil exceeded the
MPC by a factor of 569.09. In surface water bodies,
the highest exceedances were recorded for Cr, Cu, Fe,
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and Zn. Arsenic concentrations in water samples did
not exceed regulatory limits.

An assessment of the elemental status of local
residents under the age of 14, based on hair analysis
by sex, revealed elevated concentrations of Hg, Pb,
and Cr. A distinctive feature among girls was a re-
duced level of the essential element Zn, while boys
exhibited elevated levels of Fe.

To mitigate the spread of pollutants from tailings
dump, including the one operated by the Solnechny
MPP, the study proposes the use of forest industry
waste as an alternative substrate for reclamation, pro-
viding a cost-effective and sustainable solution.
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Reducing mine water contamination
at the local drainage facility of a kimberlite mine
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Abstract

The clarification of contaminated mine water by means of sedimentation in designated water collectors is
accompanied by a gradual decrease in their effective volume due to siltation. The operation of pumping units
within the drainage facility under conditions of silted water collectors at underground mining site adversely
affects both their service life and energy efficiency. To prevent severe degradation in pump operating conditions,
silted underground water collectors are regularly taken out of operation for cleaning, using self-propelled
equipment. As Russian kimberlite mines reach their design capacity, the interval between cleaning cycles of
the local drainage system’s water collectors has significantly decreased. Currently, at kimberlite mines, the
cleaning of silted water collectors is routinely carried out using all available load—haul-dump (LHD) machines
operated by the mine’s Mechanical and Power Service. The expansion of the LHD fleet is constrained by the
high cost of these machines. In this context, reducing the intensity of mine water contamination entering
the water collectors of the local drainage system has become a pressing and practically significant objective.
Mathematical modeling has shown that a substantial reduction in mine water contamination within the local
drainage system of a kimberlite mine can be achieved by eliminating sludge formation caused by ore spillage
during transfer from the feeder to the main level conveyor belt. To eliminate this source of sludge formation,
a mechanized system for collecting ore spillage has been developed, with a specially designed collecting and
loading unit as its key component.

Keywords

kimberlite mine, mine water, local drainage facility, water collector, water clarification, siltation, sludge
formation, ore spillage, energy efficiency, mathematical modeling, technological solution
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FOPHbIE MALUUHDbI, TPAHCIMOPT U MALLMHOCTPOEHUE
Hay4Has cTaTbs

CHMmKeHune 3arpA3HeHuda LWWaxXTHbIX BOA
B CUCTEeMe YH4aCTKOBOIro eoA00T/IUBA KMMﬁepﬂMTOBOTO PYAHUKa
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AHHOTauusa

OcBeTieHue 3arpsa3HEHHBIX HIaXTHBIX BOA ITyTeM OTCTaMMBAHMS B CII€LIMa/IbHBIX BOILOC60prIX €MKOCTSIX CO-
IIPOBOKOAETCs ITOCTEII€EHHbIM CHIV)KEHUEM UX paGoqero o6beMa 13-3a 3aMJIeHUS. 3KC1'[I[yaTaLU/IH HaCOCHBIX
arperaToB KOMIIJIEKCAa BOAOOT/IMBA B YCJIOBUSX 3aMJIEHHBIX BO,E[OC60pHI/IKOB IMOA3€MHOI'0 TOPHOTO IMpearpm-
TN HeTaTUBHO OTPa’>kaeTCd Ha UX JOJITOBEYHOCTU U 3HepI‘03(1)(1)eKTI/IBHOCTI/I. ,H,)'[f{ HeOoIymeHms CMJIbHOTO
YXyaouieHusA yCJ'IOBMV[ SKCIJIyaTaoluM HACOCHOIO 060py&0BaHIAH 3aUJIEeHHbIe BOHOCGOprIe €MKOCTU pery-
JISPHO BBIBOJSTCS M3 PaGOThI B IEJISIX UMCTKY OT OCEBIIMX MPOAYKTOB 3aM/I€HMS C TIOMOIIbI0 CAMOXOIHOM
TexHUKU. C BbIXOIOM KMMOEpPIUTOBbIX PYAHUKOB PD Ha MPOEKTHYI0 MOIIHOCTb MEPUOJUYHOCTh PAOOTHI
BO,Z[OC60pHI/IKOB Y4aCTKOBOI'O BOAOOT/IMBA MEXAY YMCTKAMM 3aMETHO CHM>KAeTCH. B HacCTosAIIee BpeMs Ha
KI/IM6epJ'II/ITOBI>IX PYAHMKAX YMCTKa 3aMJI€EHHbIX BO,E[OC60pHI/IKOB CuUcTreMaTnyeCkKm InmpomucxoauT C 33.,[[6]71-
CTBOBAHMEM BCE€X MMEIOIIMXCA IMOrpy30YHO-AO0CTABOYHBIX MalllMH MGXHHOSHepI‘eTI/I‘IECKOI‘/JI CJ'[Y)KGBI. VBe-
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OBYMHHWMKOB H. . CHWxeHne 3arpAsHeHnd WaxTHbIX BOA B CMCTEME Y4aCTKOBOIro BO4OOT/INBA KVIM6ep!'Il/1TOBOI'O pyaAHnKa

JuyeHye pabovero napka ykasaHHbIX MAlllMH COEPXKUBAETCS UX AOPOrOBU3HO. B CBSI3M ¢ 3TUM CHIDKEHUE
MHTEHCUBHOCTY 3arps3HeHMS IMaXTHBIX BO, ITOCTYIIAIOIIMX B BOLOCOOPHMKY YUaCTKOBOIO BOHOOTINBA,
SIBJISIETCS aKTYaJIbHOI 3a7jaueil U MpeCTaBIsieT MpakTuueckuit matepec. [1o pe3ynbraTaM MaTeMaTUYeCKO-
rO MOJIeTMPOBAHMS YCTAHOBJIEHO, UTO SOOUTHCS CYIIECTBEHHOTO CHVKEHUS MHTEHCUBHOCTU 3arpsI3HEHUS
IIAXTHBIX BOJ B CHCTEME YYaCTKOBOTO BOAOOT/IMBA KMMOEPIUTOBOTO PYIHMKA MOXKHO IyTeM JTUKBUIAIAN
1IJIaMO06Pa30BaHNi, BO3HUKAIOUIMX B Pe3Y/IbTATE MIPOCHITIA PY/IbI IPY MTEPETPY>KEHUY C IIUTATEIS HA JIEHTY
KOHBejiepa OCHOBHOI'O FOpM30HTAa. /i ycTpaHeHMs yKa3aHHOIo MCTOYHMKA IIJIaMo0o6pa3oBaHus ObIT pas-
paboTaH MexXaHM3VPOBAHHbIN KOMILIEKC IO COOPY MPOCHIMAaHHOI TOPHOI MAacChl, Iie KIIYeBbIM 3/I€eMeH-
TOM SIBJISIETCST 3A00PHO-TIOTPY30YHOE YCTPOICTBO.

KnioueBble cnoea
KUMOEPIUTOBBIN PYOHMK, MAXTHbIE BOMAbI, YIACTKOBbI/I BOAOOTIMB, BOSOCOOPHUK, OCBETIEHNME, 3auUjIeHIe,
LL[J'IaMOO6paSOBaHI/[e, IIPOCHIIT PpyAbl, SHepI‘OI-)dJ(bEKTI/IBHOCTb, MaTeMaTn4YeCKoe Moae/JIMpoBaHne, TeXHOJIOI M-

Yyeckoe pelieHue
p‘.ﬂﬂ LUuTUpoBaHusa

Ovchinnikov N.P. Reducing mine water contamination at the local drainage facility of a kimberlite mine. Mining
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Introduction

At present, a significant share of solid mineral
deposits worldwide is being developed using under-
ground mining methods. In the foreseeable future,
the number of mining operations transitioning to un-
derground extraction of mineral resources is expected
to grow steadily.

Underground mining of solid minerals is typically
accompanied by the inflow of mine water into under-
ground workings. Ultimately, this water is pumped to
the surface by the drainage facility’s pumping equip-
ment [1, 2].

One of the key characteristics of mine water is the
presence of insoluble mechanical impurities, which
cause abrasive wear on metal components when they
come into contact with pump elements [3-5].

At underground mining sites, mine water is cla-
rified by sedimentation in designated water collectors
and settling tanks [6].

Sedimentation of contaminated water gradu-
ally reduces the storage capacity of these collec-
tors due to siltation. A decrease in their effective
volume inevitably lowers the efficiency of water
clarification and adversely affects both the service
life and energy efficiency of the drainage system’s
pumps [7-10]. In critical cases, this may even lead
to suspension of mining operations due to floo-
ding risks. The main cause of such scenarios is the
accelerated hydroabrasive wear of pump flow-path
components [11, 12]. To prevent this, silted water
collectors are regularly taken out of service for re-
moval of settled sludge, using self-propelled equip-
ment operated by the mine's Mechanical and Power
service (MPS), primarily load-haul-dump (LHD)
machines [13, 14].

Operational experience at Russian kimberlite
mines indicates that, as these mines reach their
design capacity, the interval between cleanings of

water collectors within the local drainage facility is
significantly reduced and may, in some cases, be as
short as three days [15]. This situation clearly under-
scores the need to expand the fleet of LHD machines
operated by MPS, as the collection and hauling of
settled sludge often require the full set of available
equipment. The failure of even a single LHD unit can
severely disrupt the cleaning process. However, the
procurement of additional LHDs for the MPS is cur-
rently under review due to their high cost. Moreover,
the reduced operating interval between cleanings
increases the operational expenses associated with
maintaining the existing MPS fleet [16].

A decrease in the rate of siltation in the water
collectors of the local drainage facility — under con-
ditions where the kimberlite mine is operating at de-
sign capacity — can be achieved by limiting the entry
of sludge-forming materials.

Notably, no prior studies have been conducted to
identify and quantify the contribution of individual
sludge formation sources to mine water contamina-
tion at kimberlite mines.

The aim of this study is to determine the pri-
mary sources of sludge formation that accelerate sil-
tation in the water collectors of the local drainage
facility at kimberlite mines, and to propose a techno-
logical solution to mitigate their impact.

To achieve the stated objective, the following
key tasks must be addressed:

- to develop mathematical models of sludge for-
mation within the local drainage facility, taking in;

- to assess the relative contribution of indivi-
dual sludge formation sources to mine water con-
tamination within the local drainage facility at kim-
berlite mines, and to identify the most significant
among them;

—to develop and substantiate a technological
solution aimed at minimizing the impact of sludge
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formation sources on mine water contamination
within the local drainage facility at kimberlite mines.

The primary research methods employed in this
study were visual observation and mathematical
modelling.

Study site description

Extensive observations of mine water contami-
nation processes at the water collectors of the local
drainage facilities at kimberlite mines operated by
ALROSA indicate that the origins of sludge formation
are highly diverse.

At Russian kimberlite mines employing the con-
ventional (layered) mining method, typical sources of
sludge formation include secondary by-products of
backfilling operations. In particular, this refers to slur-
ry generated during the flushing of clogged pipeline
segments with water, and, less frequently, to leakage
of backfilling mixture from damaged sections of the
isolation wall in the backfilled workings. Occasional
failures of the isolation wall are typically attributed
to violations of standard backfilling procedures [17].

At water-bearing kimberlite mines that imple-
ment backfilling of the mined-out voids, another com-
mon source of sludge formation is sludge composed of
broken rock mass particles excavated by a tunnelling
roadheader during production activities.

A distinct feature of sludge formation at the
Udachny kimberlite mine, which operates using the
block caving method, is the systematic spillage of
sludge materials from the skip during hoisting to the
surface. This issue is caused by the low structural re-
liability of the bottom discharge gate responsible for
emptying the skip [18].

Regardless of the selected underground mining
method, conventional sources of sludge formation at
kimberlite mines include: pulp containing kimberlite
ore spilled during transfer from the feeder to the belt
conveyor; sludge discharged from the bucket of an
MPS-operated LHD during the transportation of set-
tled sludge; and sludge generated during high-pres-
sure washing of the working strand of the conveyor
belt, performed to eliminate or mitigate damage
caused by a rupture [19, 20]. Conveyor belt ruptures
typically result from wear caused by shaft construc-
tion debris or from overloading.

Mathematical models of sludge formation within
the local drainage facility at a kimberlite mine
According to visual observations of mine water
contamination processes within the local drainage fa-
cility of a kimberlite mine, the total daily volume of
sludge formation during diamond-bearing ore extrac-
tion can be estimated for two mining methods: cu-
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t-and-fill mining with backfilling of mined-out voids -
V,, m* and block caving - V,, m®, as follows:

‘/cf = Vﬂush + ‘/Ieak + ‘/exc + ‘/spiII + Vwash + VLHD’ (1)
V.bc = ‘/spiII + Vwash + ‘/skip + VLHD 4 (2)
where Vj,,, — volume of sludge formation resulting

from the flushing of clogged segments of the backfil-
ling pipeline, m?; V,,,, — volume of sludge formation
caused by leakage of backfilling mixture from a da-
maged section of the isolation wall, m3; V, . — volume
of sludge formation, in which the solid phase con-
sists of broken rock mass excavated by a tunnelling
roadheader during production operations, m*; V, ;, -
volume of sludge formation whose solid phase con-
sists of kimberlite ore spilled during transfer from
the feeder to the conveyor belt, m3; V, ., — volume
of sludge formation resulting from washing of the
working strand of the conveyor belt, m*; V,,, — vo-
lume of sludge formation resulting from the spillage
of settled solids from the skip, m*; V,,, — volume of
sludge formation resulting from the spillage of set-
tled solids (sludge) from the bucket of an MPS-ope-
rated LHD machine, m3.

The value of V;,, is defined as:

Vﬂush = kbackﬁll nﬂush Spipekv ) (3)

where k. is the coefficient accounting for the time
required for stope mining t,, preparation t,, and fil-
ling with backfilling mixture t;; ng,, is the number of
times the backfilling pipeline is flushed during the
filling of a single mined-out stope with backfilling
mixture; S, . is the cross-sectional area of the back-
filling pipeline, m?; 1, is the length of the backfil-
ling pipeline section being flushed, m; k, is the co-
efficient accounting for the total volume of clogged
pipeline segments.
The coefficient k., is calculated as:

1
kbackﬁll = t+f 4+t (€))
1 2 3

According to observations of backfilling opera-
tions at the Mir and Internatsionalny mines, the re-
sidual coefficient k,,;, is taken as 0.2.

The value of V,,, is determined as follows:
86400
Vieae = KoKyaaag t—VI’ (5)

flowl

where k, is the coefficient accounting for the risk of
drainage of the backfilling mixture from the isola-
tion wall of the backfilled working; t;,,, is the time
required for the water flow to carry the volume of
backfilling mixture leaking per second from the
damage V,, s.
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The time t,,, is calculated as:
b,h,l

t __ww fowl 6

frovt qprod ( )
where b, and h,, are the width and depth of the water
flow entraining the backfilling mixture into the local
drainage water collector, m; [,,,, is the horizontal dis-
tance from the leakage point of the backfilling mix-
ture to the water collector, m; q,,,, is the water inflow
at the production level, m?3/s.

The volume V, is equal to:

\%
‘/1 — layer , (7)

tI
where V., is the volume of the backfilling mixture
layer, m®; ¢, is the time during which the mixture layer
leaks from the isolation wall, s.
The volume V,__ is given by:

layer
V.Iayer = bklkhlayer ’ (8)

where b, and [, are the width and length of the mined-
out stope, m; hy,,, is the height of the backfilling mix-
ture layer in the mined-out stope, m.

The time ¢, is calculated as:

V, 2h

layer layer

t = : ,
' ~86400S__h o ©)

crack” “layer

where S, is the area of the crack in the isolation wall
of the backfilled chamber through which the backfil-
ling mixture leaks, m?.

The volume V,, is calculated as follows:

exc

A,
v =kk —2—,
exc sl “trans tﬂowzp, (10)
where k is the coefficient accounting for the ratio
of solid to liquid phases in the sludge; k,,, is the
coefficient accounting for the proportion of excavated
rock mass transferred from the production level to the
main level of the kimberlite mine; t;,,, is the time it
takes for the excavated rock mass to be transported
by water flow per second, s; A, is the mine’s output,
kg/day; p, is the average density of the excavated rock
mass, kg/m?.
The time t,,, is determined as:

b,hl

t _ “wiw flow2 11
flow2 — ’
qprod ( )
where [, is the average horizontal distance between
the site of broken rock accumulation and the water
collector of the local drainage system, m.
The volume V,, is calculated as:

o 104

V loss ? (12)

spill —
flow3 pr
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where ¢, is the time it takes for kimberlite ore spilled
during transfer from the feeder to the conveyor to be
transported by water flow, s; k., is the coefficient ac-
counting for the quantity of spilled ore.

The time t;,,; is calculated as:

b,h]1

E s = v W flows | (13)
qmain
where [, is the average horizontal distance from the
location of kimberlite ore spillage to the local drain-
age water collector, m; q,,,;, is the water inflow at the
main production level, m3/s.
The coefficient k,  is calculated as:

loss

86400m,_ ,,

kloss :T’ (14)

where mg,, is the mass of spilled rock material per
second, kg.

According to field studies conducted at the Udach-
ny and Mir mines, m,;, = 0.5 kg at A; = 11,000 t/day,
mg,; = 0.1kgat A= 2,700 t/day.

The volume V, , is determined as:

Vwash = kfailureksl‘/conv ’ (15)
where k;,

Jwre 18 the coefficient accounting for the con-
veyor belt service life; V,, is the conveyor belt capa-
city, m®.

The coefficient k

failure

is calculated as:

24
kfailure = t_ ’ (16)
belt
where t,,, is the average conveyor belt service life, h.
The volume V., is defined as:

conv

v.=b 1 H

conv conv-conv™ ~ layer ? (17)

are the width and length of the
is the height of

where b, and [,
conveyor belt, m, respectively; H,,,,
the transported rock mass layer, m.

The volume V. is calculated as follows:

skip
Vskip = kspin,skipkﬁn,skipnskipVvessel’ (18)
where kg, ;, is the coefficient accounting for the

spillage intensity of the skip contents during the
hoisting of sludge to the surface; kg 4, is the coeffi-
cient accounting for the skip filling with sludge; n;,
is the number of skips hoisted to the surface per day;
V.5t 1S the capacity of the skip, m3.

Vi
The coefficient kg, ;, is calculated as follows:

‘/spill,skip

T 19)

kspill,skip
fill,skip ‘/vessel

where V_,, ., is the volume of sludge spilled from the

skip during a single hoisting cycle, m3.
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According to field studies conducted at the
Udachny mine, V,; 4, = 0.05 m*® at Aj = 11,000 t/day

(skip carrying capacity = 30 t).
The volume V,,,;, is determined as follows:

V. =k k n.v

tap = Kpin tep® i, o Yrip V bucket » (20)

where k. is the coefficient accounting for the
spillage intensity of LHD machine bucket contents;
kg 1 18 the coefficient accounting for the filling rate
of the LHD bucket; n,,, is the number of trips made by
one machine per day; V, ., is the bucket capacity of
the LHD machine, m3.

The coefficient k,,; ., is calculated as follows:

\%

L :M’ 21
e kﬁII,LHD vaucket
where V_,, , is the volume of sludge spilled from
the bucket of the MPS-operated LHD during a single
trip (m®)

According to field observations conducted at
the Udachny and Mir mines, V., = 0.02 m*® at
Vipucker = 3-5—4 m®.

Taking into account the transformation of ex-
pressions (3)—(21) through arithmetic operations,
the values of V(1) and V,, (2) take the following

form:
t +t, +t;
N 1 ) ) 86400qpmd . 864OOScmckh1ayer
tl + tz + t3 0 bwhwlﬂowl \/Zhlayer
g
q rodAO
_ 4| k —Zprd” 0 1 +
‘/Cf = sl bwhwlﬂowzp, trans] (22)
10q,, .
+| k, ——er—.86400m_ . |+
! bwhwlﬂow?)pr Sw”J
+ & ksl bconvlconvhlayer j +
belt
+ (Vspiu,LHDntrip )
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and

10q, .
k, ——ran .86400m_ .
{ ! bwhwlﬂow?:pr Spmj

24
Vbc =<+ £_ ' kslbconvlconvhlayerj : (2 3)

belt
+ (‘/;pill,skip + nskip )

+(V n )

spill, LHD" “trip

Thus, two mathematical models of sludge for-
mation were developed, taking into account the spe-
cific conditions of the local mine drainage system
and the characteristics of underground kimberlite
ore mining.

Classification of sludge formation sources
within the local mine drainage system
in a kimberlite mine
The proportional contribution of each individual
sludge formation source, A,, to mine water contami-
nation within the local drainage system of a kimber-
lite mine is determined as follows:

.V
Al =—

sludge

where V, is the daily sludge volume from source i,
m*; V.. is the total daily sludge volume, i.e., V ; or
V,.» depending on the selected underground mining
method for the kimberlite ore deposit, m®.

To determine the values of V; and V., the pre-
viously derived mathematical models (22) and (23)
are used.

Table 1 presents the calculated values of V;and
V,.» as well as their components, with reference to the
Mir and Udachny kimberlite mines.

Fig. 1 shows the contribution of previously identi-
fied sludge formation sources to mine water contam-
ination within the local drainage systems of the Mir
and Udachny mines.

According to the conducted studies, the main

contributors to mine water contamination at the Mir

Results of calculations of sludge formation volumes V;, V , and V,, Table 1
Mir Mine Udachny Mine
Vpun = 396 0 Vopu = 3.35 m’ Vi = 23.19 m® Vo= 0.14 m*
Vear = 06407 Viasn = 0.77 m? Vst = 0.0024 m® _
Ve =4.84 m? Vi =0.01 m3 Vaip =7.5m?* _
V=13.55m* V., = 30.83 w5
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mine are sludge formation volumes V,, Vj,, and
Vu» While at the Udachny mine they are V, ;, and V.
In both cases, V, ; represents a major contributor, ac-
counting for 24% and 75% of the total sludge forma-
tion volume, respectively.

These findings are relevant to both operating and
future water-bearing kimberlite mines operated by

ALROSA.

Development and justification of a mechanized
system for collecting spilled rock mass
To minimize the impact of sludge formation vol-
ume V,,;, on mine water contamination under local
drainage conditions at kimberlite mines, a mech-
anized system for collecting spilled kimberlite ore
(hereinafter referred to as “the mechanized system”)

Vwash
6%
‘/spill ~
24%
Vexc/
36%
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has been developed. This system is most effectively
installed in the ore transfer zone between the feed-
er and the conveyor belt, as the majority of spillage
occurs beneath the conveyor in this area. This zone
accounts for 65—-70% of the total solid phase contrib-
uting to sludge formation volume V.

In view of the above, it can be concluded that un-
der conditions of underground kimberlite ore mining
using backfilling systems, practical implementation
of the proposed technological solution can reduce
the intensity of mine water contamination in the lo-
cal drainage system by approximately 16%. In mines
that use block caving methods, the expected reduc-
tion may reach a factor of two.

The operating principle of the mechanized sys-
tem is illustrated in Fig. 2 [19].

Viup

‘/skip
24%

\‘/spill
75%

b

Fig. 1. Contribution of sludge formation sources to mine water contamination at the Mir (a) and Udachny (b) mines:
1- Vﬂush; 2- ‘/Ieak; 3- Vexc; 4- ‘/spill; 5- Vwash; 6- ‘/skip; 7 - VLHD

«’2’&3 1<
)

PO

OOTXXKS,

Fig. 2. Mechanized system for collecting spilled ore: I - feeder; 2 — belt conveyor; 3 — partition;

4 - collection and loading unit; 5 - sludge collector; 6 — water collector; 7 — submersible pump;
8 - submersible pump with agitator; 9 — pulp collection tank
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During the transfer of kimberlite ore from feeder
1to conveyor belt 2, the spilled rock mass accumulates
on the floor of the level in an area separated from the
rest of the under-conveyor space by partition 3. The
collection and loading unit 4, mounted on the side of
the conveyor support frame, gathers the spilled ore.
Using rotating arms, this unit moves the sludge-for-
ming material into the sludge collector 5. Mine wa-
ter flowing into the level, which previously carried the
spilled material toward the local drainage system, is
now diverted into the water collector 6, thus avoiding
contact with the settled solids. From the water collec-
tor, the water is pumped by submersible pump 7 into
the local drainage facility’s water collectors. A portion
of this water is systematically diverted via a branch of
the pump 7’s discharge pipeline into the sludge col-
lector 5, where it is mixed with the accumulated rock
material by the agitator of submersible pump 8, form-
ing a slurry. This slurry is then pumped into the pump
collection tank 9. Through the tank’s drain valve, it is
evenly redistributed onto the conveyor belt.

To control the flow of water into sludge collec-
tor 5, the end of the branch pipeline from pump 7 is
equipped with a ball valve.

Submersible pumps 7 and 8 must be fitted with
automated control systems to ensure timely startup
and shutdown based on the fill levels of the water col-
lector 6 and sludge collector 5.

The collection and loading unit consists of a gear
motor 1, a disc 2, a shaft 3, arms 4, and couplings 5
(Fig. 3). The shaft, threaded at one end, is screwed
into a central threaded hole in the disc. A coupling is
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mounted on the opposite end of the shaft. The arms
are press-fitted into the disc slots. Components 2, 3,
and 4 form the sweeping star. The gear motor is se-
cured using bolted connections 6 inserted into slotted
holes 7 of a channel section 8 welded to the side of the
conveyor support frame 9. This slot design allows for
both vertical and horizontal adjustment of the gear
motor when connecting it to the sweeping star via the
couplings.

To reduce the energy consumption of the unit,
the arms 4 are made of lightweight materials such
as wood or composites. Additionally, these materials
are less susceptible to the aggressive effects of highly
mineralised mine water.

The recommended ratios between the geometric
parameters of the collection and loading unit compo-
nents are as follows:

R - 1:3; 1

disk * larm arm-in-slot

where R, is the radius of the disk; [, is the length
of the arm; [, ;... 1S the length of the arm section
inserted into the disk groove; b,,,, is the thickness of
the arm.

The operating parameters of the collection and
loading unit depend on the number of arms z,,,
the diameter d,,,, and the rotational speed n,, of
the sweeping star [21, 22]. The number of arms z,,,
ranges from 1 to 8, and the rotational speed n_ is
24-45 rpm [22].

The operating costs of the mechanized system
are largely determined by the electricity consumed

by the gear motor of the collection and loading unit.

"Ry~

1:2; b, :1

arm—in-slot

1:4,

Fig. 3. Collection and loading unit: 1 — gear motor; 2 — disk; 3 - shaft; 4 - arm; 5 — coupling; 6 — bolted connection,;
7 — slotted hole; 8 - channel section; 9 - side of the conveyor frame
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The power consumption of the gear motor P,,,,
kW, is determined as follows:

_(M,+M,)n

star

met 9550-m

where M, is the static torque on the sweeping star,
N-m; M, is the resisting torque on the sweeping star,
N-m; 7 is the efficiency of the gear motor.

The torque M, is given by:

— 27Tlnstalr
' 60t

time
where I is the moment of inertia of the sweeping star,
kg-m?; t,,. is the set time for acceleration or decelera-
tion of the sweeping star, s.

The moment of inertia I is calculated as:

(25)

, (26)

2
— (mstar + mcoupling )Rstar (27)

2 b
is the mass of the sweeping star, kg; 1.,/
is the

I

where m,,,,
is the total mass of the two couplings, kg; R
radius of the sweeping star, m.

The radius R, , is determined as follows:

star

star
Rstar = Rdisk + larm + larm—in-slot ° (28)

Since the spilled ore accumulates between the
center and the far edge of the under-conveyor zone,

the optimal radius R, . is calculated using the follow-
ing expression:

star

b

Rstar - dmot - bchan.sect 2 % ’ (29)
where d,, is the diameter of the gear motor housing
(M); Danseee 1S the width of the channel section, m;
b, is the width of the conveyor belt.

conv

The torque M, is calculated as follows:

MZ = kresisthaptharm Zstarpore gdstar ’ (30)

where k.., is the coefficient accounting for the re-
sistance of the spilled ore encountered by the arm of
the sweeping star during movement, depending on its
moisture content w; F,, is the average capture area of
spilled ore per arm of the sweeping star, m?; p,,, is the
ore density, kg/m?®; g is gravitational acceleration, m/s?.

After multiplying F,.,,, and h equation (30)
takes the following form:

MZ = kresist‘/spill Zstarpore gdstar 4 (31)

where V,, is the average volume of spilled rock mass
per second, m>.

Practical data obtained at the Udachny kimber-
lite mine indicate that the moisture content w of the
spilled ore does not exceed 20%. Laboratory experi-
ments using a physical model of the collecting arm
demonstrated that the power consumption P required

apt arm?
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to handle wet material may increase by approximately
15% (at w = 20%) compared to the power required for
handling dry material P, (Fig. 4).

Based on the results of physical modelling, the
coefficient k., is assumed to be 1.15. The volume

resist

Vi, is calculated as follows:
m_.
1l
‘/spill = kzone - ’ (32)
ore
where k. — coefficient accounting for the volume of

spilled ore directly in the transfer zone from the fee-
der to the conveyor belt; m_,;, is the mass of the spilled
ore per second, kg.

Estimation of the expected technical
and economic effect

from the implementation of research results

(case study: Udachny Mine)

A significant portion of the solid phase of mine
water usually settles at the bottom of drainage wor-
kings in the form of sludge and silt deposits. These
are subsequently removed using LHD machines and,
depending on the mining technology adopted for
kimberlite deposits, either used as one of the com-
ponents of the backfilling mixture or hoisted to the
surface using shaft hoisting equipment [15].

A characteristic feature of the settled sludge pulp
in drainage workings at kimberlite mines is the pres-
ence of voids filled with mine water. During removal
of the pulp by the LHD machine’s bucket, these voids
tend to rupture, causing water to spill. This leads to
extensive contamination of the machine's units and
components — particularly the suspension bearing of
the articulated frame and the electrical equipment —
resulting in a shortened service life.

Operational data show that the mean time to
failure for such LHD machines is 30-40% lower than
that of similar equipment used in other production
areas of kimberlite mines.

1.20
1.15-
§ 1.10

1.054

1.00 = . .
0 5 10 15 20

Ore moisture content w, %

Fig. 4. Dependence of the P/P, ratio on the moisture
content w of the spilled ore
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Therefore, when calculating the main operating
costs of the drainage system at a kimberlite mine,
it is essential to factor in the annual repair costs of
LHD machines (Z,;,,, million RUB/year), which result
from cleaning sludge-filled drainage workings and
hauling the removed pulp:

Z, =k

LH| failure

Z

LHD*?

(33)
where kg, is the coefficient accounting for the
average share of equipment failures caused by con-
tact with sludge pulp (k.. = 0.35); Z, - is the total
annual operating costs of the LHD machines.

According to statistical studies [16], the depen-
dence of Z,,,, on the volume of sludge material trans-
ported by LHD machines V;,.., m® is described by the
following regression equation (Fig. 5).

Implementation of the mechanized system is ex-
pected to significantly reduce Z,,, costs associated
with mine water drainage operations at kimberlite

mines.

Its estimated payback period T,,,,,, months, is
calculated as follows:
2, +Z,
ek =7 12, (34)

where Z, is the estimated cost of developing and
installing the system, million RUB; Z, is the esti-
mated operating cost of the system, million RUB;
AZ,,, — difference between the current and expec-
ted LHD repair costs Z,,;, after implementation of
the system.

The expected annual technical and economic
benefit Z from the practical implementation of the
proposed technological solution (after the payback
period) is determined by the following expression:

42

elSSN 2500-0632

https://mst.misis.ru/

Ovchinnikov N. P. Reducing mine water contamination at the local drainage facility of a kimberlite mine

Zy=AZ,,,-Z,. (35)

According to the calculations, implementation
of the mechanized system at the Udachny mine is
expected to pay off within 10 months. The projected
annual technical and economic benefit from its use is
estimated at 4 million RUB.

Given that the implementation of the proposed
technological solution eliminates the need to pur-
chase an additional loading and hauling machine for
the drainage system at the studied mine, its expected
technical and economic efficiency increases signifi-
cantly.

Conclusion

The following key findings were obtained based
on the research results:

1. Mathematical models of sludge formation
within the local mine drainage system of a kimberlite
mine were developed, allowing for the identification
of the main sources of suspended solids in mine wa-
ter, depending on the adopted ore extraction techno-
logy. It was found that at mines employing backfilling
of mined-out voids, the primary sources of mine wa-
ter contamination are:

—sludge generated from flushing blocked sec-
tions of the backfilling pipeline (29%);

—sludge from continuous miner operations
(36%);

—sludge formed due to ore spillage during its
transfer from the feeder to the conveyor belt at the
main haulage level (24%).

At mines that extract kimberlite ore using block
caving, the dominant source of contamination is ore
spillage from the conveyor belt, accounting for 75% of
the total sludge volume.

41 A

40

39+

381

374

36

Zup costs, million RUB/year

Ziap=0.0011Vge + 21.765
R=0.7196

35

13000 14000 15000

16000 17000 18000

Volume V4., m®

Fig. 5. Dependence of LHD repair costs Z;;;, on the annual volume of transported sludge material V.,
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2.To reduce the rate of mine water contami-
nation within local drainage systems at kimberlite
mines, a mechanized system for collecting spilled
rock mass from the under-conveyor area was pro-
posed. The system’s working unit — a collection and
loading device - is mounted in the ore transfer zone
between the feeder and conveyor belt. In the con-
text of underground mining with backfill systems,
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the implementation of this system is expected to
reduce mine water contamination intensity by ap-
proximately 16%, and by a factor of two at mines em-
ploying block caving. The estimated payback period
for the technological solution is less than one year
(10 months), and the projected annual technical and
economic benefit is 4 million rubles (based on data
from the Udachny Mine).
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Abstract

Russia possesses a significant but underutilized technogenic mineral potential, the development of which
could expand the country’s mineral resource base and reduce environmental pressure. The aim of this study
is to develop an effective economic mechanism - including instruments suitable for small businesses - to
stimulate investment in the development of technogenic deposits. The study analyzes existing economic in-
struments for incentivizing the processing of technogenic mineral accumulations (TMA), proposes a metho-
dological approach for selecting the optimal set of instruments, and presents an integrated economic model.
Special attention is given to a project prioritization system based on three key criteria: budgetary efficiency,
economic efficiency, and environmental efficiency. For different project categories (green, yellow, red), the
most effective instruments were identified, including tax incentives, state guarantees, and credit mechanisms.
The proposed model of the economic mechanism is built on six fundamental principles: clarity, transparency,
teamwork, modularity, controllability, and efficiency. The implementation of the proposed measures is ex-
pected to stimulate small business involvement in the development of technogenic deposits.
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AHHOTaUuA

Poccus obamaeTt 3HaYUTETbHBIM, HO HEJJOCTATOUHO UCIIOTb3YEMbIM TEXHOTE€HHBIM MUHEPAJIbHBIM MOTEH-
LIMaJIOM, OCBOEHMEe KOTOPOTO CIIOCOGHO PacHIMPUTDh ChIPbeBYIO 0a3y U CHU3UTH IKOJIOTUUYECKYIO HATPY3KY.
Llenb uccmenoBanust — pa3paboTka 3G EeKTUBHBIX SKOHOMUYECKMX MEXaHM3MOB (BK/IIOUAsT pPeLIeHUs IS
Mayioro 6m3Heca), CTUMYIUPYIOUIMX MHBECTUIIMM B OCBOEHME TEeXHOTEHHBIX MeCTOpOXIeHuit. B pabore
MPOAHATM3UPOBAHBI CYNIECTBYIOI[ME MHCTPYMEHTBI CTUMY/IMPOBAHUSI MepepaboTKM TeXHOTE€HHbIX MU-
HepaJIbHBIX 06pa3oBaHmii, pa3paboTaHbl METOIUUECKUIl MOAXOM K OTOOPY ONMTUMATbHBIX MHCTPYMEHTOB
¥ KOMIUIEKCHasi 9KOHOMMYeckasi mogenb. Ocoboe BHMMAaHME y[eleHO CUCTeMe PaHXKMPOBAHUSI MHBECTU-
LIVIOHHBIX IMPOEKTOB I10 TPEM KJTIOUEBBIM KPUTEPUSIM: OIOIKETHOI 3(DPEKTUBHOCTM, KOMMEPUYECKOI BbITO/IE
U sKroyormueckomy sddexry. /I pasHbIX KaTeropuii MPOEKTOB (3eJIeHbIe, SKeIThIe, KPaCHBIE) OIpeeie-
Hbl HaubGosiee 3¢ DeKTUBHbIE MHCTPYMEHTDI MOANEPKKM, BK/IIOUAsi HaJIOTOBbIE JIbTOThI, TOCYAAPCTBEHHbBIE
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rapaHTUM U KpeauTHbIe MeXaHM3Mbl. Pa3paboTaHHast MOMe/b SKOHOMMWYECKOTO MeXaHM3Ma OCHOBaHa Ha
IIeCTU MPUHLUIIAX: SCHOCTYU, TPAHCIIaPEeHTHOCTY, KOMaHIHOI paboTe, MOIYIbHOCTY, KOHTPOIMPYEMOCTH
u a¢ddekTUBHOCTH. Peann3saiiys rmpeajiokeHHbIX Mep ITI03BOJIUT aKTUBMU3UPOBATh Pa3BUTHE MAJIOro 613Heca

B chepe OCBOEHMSI TEXHOTE€HHBIX MECTOPOXKIEHMIA.
KnioueBble cnoea

MaJiblii 6M3HEC, SKOHOMMUYECKMII MeXaHM3M, MHCTPYMeHTapuii, paHXUpoBaHye, MOJIe/ib, TEXHOT€HHbIE Me-
croposkaenust, [UIl, cTuMynnpoBaHue, TEXHOTEHHbIE MUHEpaJIbHble 00pa30BaHMS
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YurakV.V.,Ignatyeva M. N.,Komarova O. G. Economic incentive instruments for the development of technogenic
deposits. Mining Science and Technology (Russia). 2025;10(2):180-200. https://doi.org/10.17073/2500-0632-
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Introduction

According to economic theory, small and me-
dium-sized enterprises (SMEs) are the driving force
behind the development of any national econo-
my [1, 2]. However, the criteria for classifying busi-
nesses as small or medium vary across countries, as
noted by D.A. Pletnev, V.I. Barkhatov, and K.A. Nau-
mova'. In Russia, such classification is based on an-
nual revenue and average headcount, which are used
to distinguish micro, small, and medium-sized enter-
prises (hereinafter collectively referred to as “small
enterprises” or SEs). It has been demonstrated that
SEs serve as a foundation for the formation of the
middle class and are a key factor in stabilizing and
minimizing social tension, as they create jobs for the
local population [3]. The mining sector is no excep-
tion [4, 5]. In recent years, amid the growing relevance
of the circular economy concept, increasing geolo-
gical complexity of developing new mineral depos-

1 Pletnev D., Barkhatov V., Naumova K. SME’s Criteria in
National Economies and Its Scale: A Comparative Study. 2021.
URL: https://www.researchgate.net/publication/355331587_
SME's_Criteria_in_National Economies _and Its Scale A_
Comparative_Study

its, and depletion of the country’s mineral resource
base — particularly in terms of processing techno-
genic mineral accumulations, including small placer
deposits (in this case, the focus is on the industrial
and consumer waste management sector) — a noti-
ceable upward trend has emerged [6, 7]. The main
areas of activity for such small-scale subsoil users
include the recovery of valuable components from
industrial and consumer waste, as well as the im-
provement and development of new technologies for
processing such waste [8]. This trend is characteris-
tic not only of Russia, but also of Western countries.
However, while abroad the share of small-scale sub-
soil users among all SEs ranges between 15% and 30%,
in Russia this figure remained between 0.3% and 1.6%
over the period from 2010 to 2021 [9] (Fig. 1).

Fig. 1 shows the relative stability in the number
of small and medium-sized enterprises operating in
the mining and metallurgical sector over the past
decade. Nevertheless, a modest but notable increase
can be observed in the number of small businesses
specifically involved in resource development, with
their share rising from 0.3% to 0.5%. A more detailed
analysis of these figures reveals that this growth was

1.8
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1.6 1.5 1.5 1.5

144 1.3
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0.4 -
0.2 -

0.5 0.5
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2010 | 2011 | 2012 | 2020 | 2021 | 2010 | 2011 | 2012 | 2020 | 2021

Small business

Fig. 1. Share of subsoil users among SMEs in the Russian Federation, %

Source: compiled by the authors based on: Nadymov D. S. Development of an organizational and economic mechanism for the
development of technogenic deposits using state development instruments. [Diss. ... Cand. Sci. (Econ.)] St. Petersburg; 2015. 157 p.;
Small and Medium-Sized Enterprises in Russia. Statistical Yearbook. Rosstat. Moscow; 2022. 101 p.
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driven primarily by enterprises engaged in the oil in-
dustry, as opposed to the mineral (ore) sector [10, 11],
not to mention innovative startups focused on waste
processing. Unfortunately, even among these oil-re-
lated enterprises, the majority operate at a loss? [12].
All of this points to a range of persistent challenges
in the development of small and medium-sized en-
terprises in the field of resource development and the
processing of industrial and municipal waste. One of
the fundamental problems, from the standpoint of re-
source-use economics, is the inadequacy of the exist-
ing economic regulation mechanism that governs this
area of activity.

Review of regulatory frameworks
for the management
of technogenic mineral accumulations:
Russian and international experience

The lack of incentives for activities related to the
management of industrial and consumer waste is re-
flected in the rather fragmented guidance provided in
official policy documents such as the “Foundations of
the State Policy in the Field of Environmental Deve-
lopment of the Russian Federation for the Period up
to 2030” (approved by the President of the Russian
Federation on April 30, 2012) and the “Environmen-
tal Doctrine of the Russian Federation”. These do-
cuments limit the promotion of technogenic mine-
ral object processing to secondary processing of in-
dustrial waste, focusing on waste collection, sorting,
and subsequent use as secondary raw materials and
energy sources. As a result, resource conservation is
prioritized, while the environmental consequences
are largely overlooked. This approach aligns with the
concept of a circular economy, which emphasizes the
reuse of resources, but neglects key aspects of envi-
ronmental sustainability, such as pollution reduction
and biodiversity conservation®. Thus, the existing sys-
tem of incentives is narrowly focused on the econom-
ic efficiency of waste processing, while disregarding
broader environmental imperatives recognized in
international agreements and national development
strategies.

Policy documents, legislative acts, and conferen-
ce recommendations addressing the use of techno-
genic mineral accumulations repeatedly emphasize
the need to develop and implement mechanisms for

2 Small and Medium-Sized Enterprises in Russia. 2013:
Statistical Yearbook. Rosstat. Moscow; 2013. 127 p.

5 UNEP (2011). Towards a Green Economy: Pathways to
Sustainable Development and Poverty Eradication. United Na-
tions Environment Programme.
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economically incentivizing their processing*. In par-
ticular, regional sustainable development strategies
consistently highlight the importance of creating
economic stimuli for enterprises engaged in the pro-
cessing of mining and metallurgical industry waste.
The legislation governing the management of indus-
trial and consumer waste also provides for the pos-
sibility of granting tax incentives and subsidies to
organizations involved in the processing of techno-
genic mineral resources’. The outcomes of scientific
conferences and expert discussions confirm that an
effective system of economic incentives is a key fac-
tor in increasing the profitability and scalability of
technogenic mineral accumulation (TMA) processing,
which in turn contributes to reducing environmental
impacts and promoting the rational use of natural re-
sources. For example, in the recommendations of the
2013 All-Russian Conference, it was proposed that
federal legislative and executive authorities should:

—implement a set of measures to economically
incentivize the rational use of waste;

—include waste disposal facilities from mining
and related processing industries in the list of fa-
cilities eligible for public-private partnership (PPP)
agreements [13].

As part of the Strategy’s implementation®, law-
makers emphasize the importance of incorporating
the use of economic and administrative instruments
for waste management into the list of fundamen-
tal principles, as well as promoting the active use of
PPP mechanisms at the stage of waste generation’.
Key areas recognized as crucial for attracting invest-
ment in the development of technogenic deposits
include the formulation of economic regulatory in-
struments to support sectoral growth and the intro-
duction of incentives for stakeholders and enterprises
engaged in waste processing — such as tax benefits
and preferential treatment. These measures are in-
tended to create favorable conditions for the deve-
lopment of processing infrastructure and to improve
the investment attractiveness of projects in the waste
management sector.

4 Regional Target Program “Processing of Technogenic
Formations of Sverdlovsk Region”. 1996; Republican Target Pro-
gram “Ecology and Natural Resources of the Republic of Bash-
kortostan (for 2004-2010 and the period until 2015)”. Ufa; 2004;
Federal Target Program “Waste”. Moscow; 1996.

5 Federal Law “On Industrial and Consumer Waste”
No. 89-FZ of June 24, 1998.

6 Strategy for the Development of the Industry for the
Treatment, Recycling, and Neutralization of Industrial and Con-
sumer Waste for the Period up to 2030. Order No. 84-r dated
January 25, 2018. Moscow, 2018.

7 Federal Law “O Industrial and Consumer Waste”
No. 89-FZ.
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During the Soviet era, the issue of economic in-
centives for the use of by-products and production
waste was also a subject of considerable attention. The
main objective of incentive measures was to motivate
enterprises to engage in activities aimed at reducing
resource consumption and improving the environ-
mental safety of production processes?, specifically:

- rational use of mineral resources;

- more complete extraction and utilization of as-
sociated minerals, overburden, host rocks, and prima-
ry processing waste;

— prevention of environmental pollution;

— minimizing land withdrawal for the storage of
by-products and waste”’.

A broad set of mechanisms was historically em-
ployed to promote waste utilization, including price
regulation, strategies for integrating secondary raw
materials into the economic cycle, and the establish-
ment and distribution of material incentive funds
for employees involved in waste processing. The uti-
lization process was largely governed by directive
management methods typical of a centrally planned
economy.

The resolution of the CPSU Central Committee
and the Government of the USSR dated January 7,
1988, “On a Fundamental Restructuring of Environ-
mental Protection in the Country” is considered the
first attempt to introduce economic instruments into
environmental management. This document em-
phasized the priority of using economic methods in
the regulation and governance of natural resource
use and environmental protection. The first legal
codification of economic instruments for regulating
waste-related activities appeared in Section III of the
RSFSR Law “On Environmental Protection”, which
introduced payments for negative environmental im-
pact, including fees for the disposal of industrial and
consumer waste. This section also outlined the proce-
dures for financing targeted environmental programs
implemented at various levels of government — from
regional to federal'’. These measures were intended
to encourage environmental protection activities and

8 Resolution of the Council of Ministers of the USSR
No. 65 of January 25, 1980 “On Measures to Further Improve
the Use of Secondary Raw Materials in the National Economy”;
Resolution of the Council of Ministers of the RSFSR No. 237 of
May 7, 1980 “On Measures to Further Improve the Use of Se-
condary Raw Materials in the National Economy of the RSFSR”.

° Methodological Recommendations for the Economic
Stimulation of the Comprehensive Use of Associated Raw Mate-
rials and Processing Waste. Donetsk: Institute of Economic and
Industrial Research, Academy of Sciences of the Ukrainian SSR;
1986.46 p. P. 5.

10 Law of the RSFSR No. 2060-1 of December 19, 1991,
“On Environmental Protection”.
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reduce anthropogenic pressure on ecosystems. Howe-
ver, according to most experts, these initiatives were
not sufficiently developed and did not fulfill their in-
tended role. With the transition to a market economy;,
emphasis shifted to other economic levers, such as
taxation, monetary policy, and related financial in-
struments!! [14]. Overall, the situation has remained
largely unchanged. Amendments to the Federal Law
“On Industrial and Consumer Waste” and the Federal
Law “On Environmental Protection” have been widely
regarded by experts as ineffective, as these revisions
do not constitute direct-action norms and thus re-
quire the subsequent adoption of additional subordi-
nate legislation!? [15].

The current economic mechanism for waste uti-
lization is widely characterized as ineffective [16, 17].
Elements of economic incentives in the existing
legislation are fragmented and lack coherence, as
evidenced by the predominance of declarative pro-
visions that have not been followed by practical im-
plementation!® [18]. Relevant authorities, such as the
State Duma Committee on Natural Resources and
the Ministry of Natural Resources and Environment
of the Russian Federation, have failed to fulfill their
responsibilities in improving the legal framework for
incentivizing activities related to the management of
industrial and consumer waste and the remediation
of historical environmental damage [19]. As a result,
appropriate federal legislation in this area has yet to
be enacted [20], which hinders the formation of an
effective waste management system and delays the
creation of incentives necessary for the development
of this sector.

It is also regrettable that Federal Law No. 209-FZ
“On the Development of Small and Medium-Sized
Enterprises in the Russian Federation”, adopted on
July 24, 2007, explicitly excludes SMEs engaged in
subsoil use, including the development of techno-
genic mineral accumulations, from the list of entities
eligible for state benefits and preferences. Further-
more, under the provisions of Federal Law No. 224-FZ
of July 13, 2015 “On Public-Private Partnerships,

11 Belik I.S. Economic Mechanism for Incentivizing the
Use of Industrial Waste. [Abstr. Cand. Sci. (Eng.) Diss.] Yekater-
inburg; 1993. 24 p.

2 Yastrebkova O.A. Organizational and Legal Issues in
Environmental Protection from Pollution by Mining and Re-
la-|ted Processing Industry Waste. [Diss. ... Cand. Sci. (Law)]
Yekaterinburg; 2000. 189 p.

13 Seleznev S.G. Waste Dumps of the Allarechensky
Sulfide Copper-Nickel Ore Deposit: Specific Features and De-
velopment Challenges. [Diss. ... Cand. Sci. (Geol.&Min.)] Yeka-
terinburg; 2013. 141 p.
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Municipal-Private Partnerships in the Russian Fede-
ration, and Amendments to Certain Legislative Acts
of the Russian Federation”, small enterprises are ex-
cluded from the list of entities authorized to enter
into public-private partnership (PPP) agreements.
This legislative restriction deprives SMEs of the op-
portunity to participate in PPP projects and limits
their access to financial support from development
institutions established to promote economic growth
and innovation. In turn, this may constrain competi-
tion in the PPP sector and reduce the involvement of
small businesses in projects of significant socio-eco-
nomic importance.

Under such conditions, it is only natural to turn
to international experience in applying market-based
economic instruments to stimulate the processing of
technogenic mineral accumulations. However, it is
important to adopt the best practices of industrial-
ly developed countries in a balanced and thoughtful
manner, rather than through blind replication.

The efficiency of economic instruments used
in these countries to promote waste processing can
be evaluated based on statistical data. For instance,
due to the implementation of advanced technologi-
cal solutions, over 40% of the annual copper output,
35% of gold, and significant portions of other stra-
tegically important metals in foreign countries are
obtained from secondary raw materials. According to
researchers, this share continues to grow and, in some
cases, exceeds the volume extracted from primary raw
materials. At the same time, the cost of metal reco-
very is reduced by a factor of 1.5 to 3.0 [21, 22]. In the
material flow balances of the United States and Ja-
pan, secondary raw materials account for up to 26%
of input resources. In most developed economies, the
contribution of recycled materials ranges from 16 to
20%. These figures reflect the growing importance of
recycling in meeting industrial needs and reducing
dependence on primary raw material sources [23].
According to V. V. Chainikov, the recycling rates of
ash and slag dumps are as follows: 53% in the United
Kingdom, 65% in France, 75% in Germany, and 25% in
the United States. The recycling of blast furnace slag
reaches up to 100% in Germany, the United States,
and the United Kingdom, and up to 90% in France [24].
The recycling rate of steelmaking slag is 55% in Japan
and up to 35% in the United States [25]. The expe-
rience of government support for entrepreneurial
activity that has yielded significant results in the field
of advanced waste processing and disposal deserves
unequivocal recognition. For example, Germany —
previously mentioned - offers a wide range of eco-
nomic incentives, including free access to informa-
tion on waste and recycling technologies, along with
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active use of specialized exchanges and auctions [26].
In the United States, economic instruments include
subsidies, tax incentives, loans, investment tax cre-
dits, and more [27].

Some countries also employ direct public in-
vestment in industrial and consumer waste manage-
ment. For instance, under the condition of applying
advanced technologies, entrepreneurs in Sweden
can receive direct subsidies covering up to 50% of the
costs of constructing or upgrading their waste recy-
cling facilities. The German model, similar to that of
Sweden, focuses on implementing zero-waste tech-
nological processes [28]. In Japan, the government
funds centralized research projects dedicated to
developing waste utilization methods. Japanese en-
trepreneurs engaged in waste recycling also benefit
from a special depreciation system for writing off en-
vironmental equipment and enjoy local tax exemp-
tions. In addition, such enterprises can obtain con-
cessional loans from specialized banks and funds at
reduced interest rates. Similar mechanisms operate
in Germany, where the national development bank
provides targeted loans for waste recycling and pro-
cessing projects. If a project involves recycling waste
from multiple industrial sectors, entrepreneurs may
apply for funding from specialized regional foun-
dations. All these economic instruments are aimed
at creating conditions in which recycling becomes
more profitable for entrepreneurs than paying le-
vies and fines for landfilling, storing, or incinerating
waste. Moreover, foreign countries have developed
not only economic but also legal mechanisms to pro-
mote waste recycling. As early as the late 20" cen-
tury, countries such as Austria and Germany enac-
ted dedicated legislative acts — namely, the “Circular
Economy and Waste Act” (Germany) and the “Packa-
ging Decree” (Austria). These legal frameworks are
designed to assign producers full responsibility for
their products across the entire life cycle. The im-
plementation of these provisions has led to a measu-
rable reduction in both total waste volumes and the
amount of unprocessed packaging. In Austria, for
instance, this approach yielded substantial results:
over a ten-year period, the total volume of waste and
packaging was reduced threefold, while some waste
categories saw a 30- to 40-fold decrease [28]. These
outcomes clearly demonstrate the effectiveness
of the extended producer responsibility concept in
tackling waste management and environmental pro-
tection challenges.

The organizational framework has also been ad-
justed to intensify waste recycling activities, with
dedicated institutions established in various coun-
tries. For example, in Japan, responsibility for waste
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management lies with the Ministry of Economy, Trade
and Industry (METT). A key component of this system
is the Clean Japan Center, which operates under METI.
The center coordinates the efforts of businesses,
non-profit organizations, and government agencies
involved in the collection and recycling of industrial
and municipal waste. It also conducts expert evalu-
ations of emerging technologies and supports local
authorities in developing waste recycling systems. In
addition, the center maintains a specialized database
of waste recycling technologies applied in Japan and
abroad!'. In the United States, a specialized agency
within the Department of the Interior is responsible
for the reclamation of mine sites and the enforce-
ment of the Surface Mining Control and Reclamation
Act®. In France, issues related to waste recovery and
recycling are addressed through joint efforts by na-
tional and regional agencies for ecological transition!®
(Agence de la transition écologique, 2024) [29]. In the
Russian Federation, despite the urgency of the waste
problem, the sector remains outside centralized state
regulation [30, 31].

Given the specific features of the economic regu-
latory framework for subsoil use — particularly in rela-
tion to technogenic mineral accumulations (TMAs) —
there is a clear need to develop a more effective set
of economic instruments, including those applicable
to small enterprises, to stimulate investment in the
development of technogenic deposits. This objective
shaped the following research tasks: (1) to review ex-
isting economic instruments that support TMA pro-
cessing; (2) to develop an original methodological ap-
proach for identifying the optimal set of instruments
for technogenic deposit development; and (3) to pro-
pose a comprehensive model of an economic mecha-
nism that incentivizes TMA processing.

Methods

Methodological issues in the analysis of so-
cio-economic systems, including economic analysis,
have been at the center of scholarly debate in re-
cent years, as evidenced by numerous publications
from the New Economic Association. Key works are
featured on the website of the community of “scho-
lar-economists from various academic schools and
traditions across the Russian Federation”!’, who

4 Ministry of Economy, Trade and Industry, Japan, 2025.
URL: https://www.meti.go.jp/english/

15 Office of Surface Mining Reclamation and Enforcement,
2025. URL: https://www.osmre.gov/

16 Agence de la transition écologique, 2024. URL: https://
www.ademe.fr/

7 New Economic Association. URL: https://econorus.org/
sub.phtml?id=182
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argue that the social sciences are currently experien-
cing a methodological crisis. The study of socio-eco-
nomic and human-centered systems — such as waste
management regulation or subsoil use governance,
which are the main research subjects of the pre-
sent paper — requires a wide range of methodological
tools. This toolkit includes not only methods of ma-
thematical statistics and game theory, but also speci-
fic approaches for analyzing complex human-cen-
tered systems, such as foresight methods (from the
English foresight, meaning to look ahead or anticipate
the future). In the methodology proposed by Rafael
Popper®® [32, 33] foresight methods are structured as
a hierarchical system of specific research techniques
(see Fig. 2) employed in the course of scientific in-
quiry. These foresight methods are traditionally clas-
sified into three types: qualitative (methods aimed at
subjective understanding and evaluation of research
objects), quantitative (methods allowing for objective
measurement of phenomena, followed by mathemati-
cal or statistical analysis), and mixed methods (which
involve quantifying qualitative judgments, opinions,
and expert or survey-based assessments).

One of the key advantages of the foresight me-
thodology lies in its flexibility and methodological
pluralism, enabling researchers to choose from a di-
verse set of tools based on the specific goals of the
study and to validate results through various ap-
proaches. In this research, the following foresight
methods were employed to develop the most effective
set of economic incentives (including those accessi-
ble to small businesses) for encouraging investment
in the development of technogenic mineral deposits:
1) to analyze the existing economic incentives aimed
at promoting the processing of technogenic mi-
neral accumulations (TMAs), qualitative methods
were used, including a literature review and par-
ticipation in thematic conferences and workshops;
2) to develop both an original methodological ap-
proach designed to justify and substantiate the
optimal set of incentives for the development of
technogenic deposits and a model of the econo-
mic mechanism for incentivizing the processing of
technogenic mineral accumulations (TMAs), the full
range of foresight methods was employed. These in-
cluded qualitative techniques such as brainstorming
sessions and expert workshops, the mixed Delphi
method, and a quantitative approach involving mo-
delling and scenario construction using hypothetical
examples. It is worth noting that the model of the
economic mechanism for incentivizing the proces-
sing of technogenic mineral accumulations (TMAs) —

18 Rafael Popper. URL: https://scholar.google.co.uk/
citations?user=25gep-0AAAA] &hl=es
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including for small enterprises — was developed
based on the findings obtained through all of the
aforementioned research methods. In particular, it
incorporated insights from the literature review as
well as participation in seminars and conferences.

Results and discussion

Using a content analysis approach based on key-
words such as “economic instruments,” “technoge-
nic mineral accumulations (TMA),” “mining waste,”
“small business,” “small enterprises,” “tax incentives,”
and “public-private partnership (PPP),” approximate-
ly 50 academic publications were selected for review.
The information base for this study included research
by both Russian and international scholars, sourced
from library collections and scientometric databases
such as Scopus, Web of Science (via ResearchGate),
and the eLibrary portal. This provided a structured
foundation for developing the most effective set of
economic instruments (including those relevant to
small businesses) aimed at attracting investment in
the development of technogenic deposits.
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1. Overview of economic instruments
that stimulate TMA processing

The core set of economic instruments that en-
courage TMA processing — applicable broadly, in-
cluding to small businesses — can be summarized
as follows: 1) corporate income tax; 2) mineral ex-
traction tax (MET); 3) VAT; 4) one-time payments;
5) cost write-offs; 6) subsidies; 7) loans; 8) property
tax; 9) municipal property lease payments; 10) cre-
dits; 11) PPP. It should be noted that the general list
of economic instruments and the logic behind its
construction do not depend on the size of the en-
terprise — whether small, medium, or large. Howe-
ver, the efficiency of these instruments may vary
depending on company size. As mentioned earlier,
the only significant distinction concerning small
businesses lies in the inapplicability of PPP mech-
anisms, which currently require adjustments to the
national regulatory framework. Otherwise, the full
range of economic instruments remains identical.
In the Russian Federation, the limited efficiency of
existing economic incentives for waste recycling

Foresight research methods

Quantitative methods

Mixed methods

Quantitative methods

— Brainstorming

Structural analysis and link
analysis; multi-criteria analysis

Indicator analysis;
time series analysis

Expert and citizen panels;
interviews —

Delphi method

Data extrapolation,;
trends identification;

impact level analysis;

— Conferences, workshops -

Surveys and voting

model building

Logic diagrams; tree diagrams
of goals, objectives, etc. —

Forecasts and scenarios
with quantitative data;
roadmaps

Benchmarking
(comparison with a standard)

|| Forecasting ( incl. scenario planning);

Bibliometric and scientometric

simulation games) -

Stakeholder analysis

analysis

— Literature review

Any type of qualitative state analysis
(e.g., SWOT analysis;diagnostic
| | review of observable characteristics;
identification of weak and strong
signals (wild cards); ect.)

Fig. 2. Hierarchical structure of foresight research methods
Source: compiled by the authors based on the works of R. Popper [32, 33].
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has led to increased research activity focused on
modernizing these mechanisms. This, in turn, has
generated numerous proposals for amendments to
the legal framework. Most of these proposals fo-
cus on optimizing tax policy and the financial and
credit system (see Table 1). Analysis of the availa-
ble data highlights a particular emphasis on corpo-
rate income tax and MET. For example, it has been
proposed to exempt from corporate income tax any
profits derived from the sale of products made from
technogenic raw materials. Some experts recom-
mend granting this tax benefit for a period of 1.5 to
2 years for newly established small enterprises.
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Regarding the MET, opinions vary — from full cancel-
lation to a reduction in tax rates or the application
of lowering coefficients. Criticism of MET has repea-
tedly been voiced in policy recommendations submi-
tted to governmental authorities. Nonetheless, none
of these proposed amendments have been adopted
to date. The fiscal nature of the current MET hinders
the development of recycling activities. Thus, either
a full repeal or a comprehensive revision of the tax
calculation methodology is needed. Other proposals
of interest include eliminating one-time payments
and involving national development institutions in
funding R&D activities in this area.

Table 1

Economic incentive instruments for TMA processing

Authors

Economic instruments proposed by researchers

Nadymov D.S."
payment

Deduction of geological exploration expenses from MET; Elimination of one-time

Chernyavsky A.G. [12]

Exemption from MET

Kubarev M.S., Ignatieva M. N. [16]

technologies;

Exemption of marketable products derived from TMAs from income tax;
Tax rate reduction or full exemption for 1.5-2 years upon introduction of new

Full exemption for eco-friendly technologies (investment tax credit);
Subsidies for clean tech development and interest payment on loans;
Loans for installation of eco-tech equipment;

Reduction or exemption of property tax;

Reduction or exemption of municipal property lease fees;
Concessional loans (guaranteed by regional government)

Kiperman Y. A., Komarov M. A. [30]

Exemption from income tax and MET

Seleznev S. G., Boltyrov V.B. [39]

Elimination of income tax

Mirzekhanov G.S. [40]

Reduction of taxable income base when purchasing new technological equipment;
Elimination of MET;
Deduction of exploration expenses for technogenic deposits

Boyarko G. Yu. [41]

50% reduction of VAT rate

Klemez T.N. [42]

Use of environmental coefficients in MET calculation

Seleznyov S.G. [43]

Exemption from income tax and MET

Sukhoruchenkov A.I., Kornilov N.P.,
Evsin V.G. [44]

Income tax exemption on revenue allocated to advanced technologies;
Reduction of MET rates

Ochilov S., Kadirov V., Umirzoqov A., Kara-
manov A., Xudayberganov S., Sobirov I. [45]

Deduction of exploration expenses for technogenic deposits (from tax base)

Machado C. [46]

Elimination of income tax;
Concessional loans

Ignatyeva M. N., Yurak V. V., Dushin A. V.,
Strovsky V. E. [35]

Implementation of the PPP mechanism

Potravny 1., Novoselov A., Novoselova I., Gas-
siy V., Nyamdorj D. [47]

Reduction of TMA exploration costs

Butkevich G. R. [48]

Subsidies for clean tech development;
Loans for the installation of clean technologies;
Concessional loans and state guarantees

Goldyrev V., Naumov V., Kovyrzina U. [49]

Reduction of TMA exploration costs

19

Nadymov D.S. Development of an organizational and economic mechanism for the development of technogenic deposits

using state development instruments. [Diss. ... Cand. Sci. (Econ.)] St. Petersburg; 2015. 157 p.
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Most research studies tend to focus on indivi-
dual components of the economic mechanism. For
instance, one study* examines the optimization of
the system of environmental impact fees. Another
research?! analyzes the interaction between govern-
ment agencies and oil and gas companies within the
framework of public-private partnerships. A separate
study?? explores the pricing methodology for by-pro-
ducts of industrial activity. In [34], the author eva-
luates the effectiveness of programs financed through
earmarked funds, while study [35] investigates the
potential of using PPPs as an economic policy instru-
ment for regulating subsoil use, including by small
enterprises.

Given the limited availability of financial resour-
ces, it is necessary to establish prioritization criteria
when allocating state support. One possible approach,
described in a separate study?, proposes classifying
potential beneficiaries based on positive financial in-
dicators and the volume of economic damage poten-
tially avoided, and distributing funding proportionally
to this value. In this model, the likelihood of receiving
public funding is directly proportional to the scale of
the anticipated avoided damage. In calculating avoi-
ded damage, a range of factors is taken into account,
including losses resulting from land alienation, the
negative effects of air, water, and soil pollution, and
elevated risks to public health and mortality associa-
ted with environmental degradation.

The monetary valuation of land withdrawn from
productive use serves as an indicator of the econo-
mic damage resulting from its requisition. The key me-
thodological principles for assessing such damage are
based on the following considerations: first, priority is
given to the effective use of land assets; second, only
losses related to the loss of the land’s functional ca-
pacity are considered; third, the temporal aspect must
be accounted for, including changes in land value over
time; and fourth, various valuation methods may be
used, provided they comply with current legislation
and regulatory standards.

2 Umerov R.Z. Mechanisms of Economic Improvement in
the Management of Industrial Waste in the Regions. [Abstr. ...
Cand. Sci. (Econ.) Diss.] Moscow; 2000. 25 p.

2% Ledovskikh V.A. The Economic Mechanism of State
Regulation of the Qil Refining Sector in Russia. [Abstr. ... Cand.
Sci. (Econ.) Diss.] St. Petersburg; 2010. 20 p.

22 Belik I.S. Economic Mechanism for Incentivizing the
Use of Industrial Waste. [Abstr. ... Cand. Sci. (Econ.) Diss.] Yeka-
terinburg; 1993. 24 p.

25 Pakhalchak G.Yu. Improvement of the Economic
Mechanism for Processing Waste from Mining and Processing
Industries. [Abstr. ... Cand. Sci. (Econ.) Diss.] Yekaterinburg;
1998.19 p.
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Requisition may affect lands used for agricul-
ture, forestry, and game management, as well as land
within the boundaries of populated areas. Methodo-
logies for assessing economic damage vary depen-
ding on the land category. In calculating the finan-
cial burden caused by the pollution of natural re-
sources (ambient air, water bodies, and soil), the
use of aggregated indicators is recommended. To
estimate economic damage resulting from increased
population morbidity, methodologies outlined in
[36] may be applied. The adoption of the “avoided
economic damage” principle as an evaluation cri-
terion is motivated by the urgent need to improve
environmental conditions in industrialized regions,
which often exhibit significant accumulated damage
and unfavorable environmental conditions [37]. The
proposed recommendations were successfully tested
in Sverdlovsk Region as part of the targeted program
Processing of Technogenic Formations in Sverdlovsk
Region (1996). However, the methodology does not
take into account the economic effect or profitability
of the investments implemented.

In study [38], the authors emphasize the impor-
tance of waste recycling from the perspectives of eco-
nomic, environmental, and social efficiency, as well as
the generation of positive externalities (see Fig. 3).

To encourage secondary waste processing, the
establishment of regional support funds is proposed.
These funds would be financed through targeted
contributions from profitable commercial ventures.
Priority funding should be directed to projects that
demonstrate both economic and environmental ef-
ficiency. Projects delivering economic, environmen-
tal, and social benefits should be supported not only
through these targeted funds but also through em-
ployment assistance programs. Support for projects
with cumulative effects and positive externalities
is warranted when there is substantial potential to
generate benefits in related sectors of the economy.
Beyond measurable outcomes, project prioritization
criteria should take into account regional character-
istics and the broader implementation context. For
instance, in regions with adverse environmental con-
ditions, both economic efficiency and environmental
impact must be considered in line with the United
Nations’ sustainable development principles. In con-
trast, in areas where there is a risk of social tension,
priority should be given to projects that generate so-
cial benefits from the development of technogenic de-
posits — even though such benefits are often difficult
to quantify. Evaluating positive externalities — espe-
cially spillover effects in adjacent sectors — is even
more challenging and resource-intensive. As a result,
economic and environmental effciency are generally
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accepted as the primary evaluation criteria. This view-
point is also presented in a study?*, where the author
suggests that, in addition to these core criteria, two
more should be included when allocating resources
to potential subsoil users — public or private investors
aiming to develope technogenic deposits. These are
the technological foundation and the organization-
al framework of the project (see Fig. 4). However, the
author does not justify the choice of instruments and

2 Mudretsov A.V. Economic Feasibility of Prioritizing
Investment Projects for Mining Waste Recycling and Disposal.
[Diss. ... Cand. Sci. (Econ.)] Moscow; 2003. 138 p.

Economically

Economically
and enviromentally
efficient projects

efficient
projects
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instead focuses on outlining the procedures for ob-
taining investment.

The issue of formulating an effective set of eco-
nomic instruments for the exploitation of techno-
genic deposits has been further addressed in more
recent studies?. One such study proposes a range of

% Bogatyreva E.Yu. Toolkit for the Development of Envi-
ronmental Entrepreneurship in the Field of Waste Management.
[Abstr. Cand. Sci. (Econ.) Diss.] Yekaterinburg; 2015. 28 p.; Na-
dymov D.S. Development of an Organizational and Econo-
mic Mechanism for the Development of Technogenic Depo-
sits Using State Development Instruments. [Diss. ... Cand. Sci.
(Econ.)] St. Petersburg; 2015. 157 p.

Economically,
enviromentally,
and socially efficient

projects with
additional
externalities

Fig. 3. Classification of waste recycling projects by type of efficiency
Source: authors’ compilation based on data from [38].

Enviromental
efficiency

Economic

efficiency and outcomes

o State investor: assessment on enviromental impact levels
and enviromental-economic benefits

@ Private investor: assessment of economic benefits and whether
the project is part of a regional or sectoral enviromental program

© State and privat investors: evaluation of the enterprise’s financial
and economic performance, as well as the associated economic benefits

State investor: evaluation of the applied or proposed technology
Private investor: assessment of product quality risks and the scalability

of the technology

Organizational and feasibility

framework

® State investor: evaluation of the project implementation format

® Private investor: evaluation of the project documentation, obtained
permits, and the applied risk, analysis framework

Fig. 4. Criteria for evaluating investment eligibility of projects for the development of technogenic deposits

Source: compiled by the authors based on the work by Mudretsov A. V. Economic Feasibility of Prioritizing Investment Projects
for Mining Waste Recycling and Disposal. [Diss. ... Cand. Sci. (Econ.)] Moscow; 2003. 138 p.
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instruments based on the criteria of economic and
environmental efficiency of the processed waste.
For high-profitability waste, the recommended in-
centives include various forms of credit — such as
tax credits — and the use of an environmental entre-
preneurship support fund. For moderately profitable
waste, the suggested measures comprise tax incen-
tives, credit guarantees, accelerated depreciation,
and again, support from the same fund. In the case of
low-profitability waste, the study proposes the use of
subsidies, grants, tax incentives, and continued reli-
ance on the environmental entrepreneurship support
fund. Notably, this study does not offer a clear ration-
ale for the selection of the proposed instrument —
unlike the second study, in which the recommend-
ed instruments are aligned with the stages of R&D.
In that work, the final selection of a specific incen-
tive package is advised to be based on an evaluation
of both commercial and budgetary efficiency, with
priority given to maximizing commercial efficiency
under conditions of positive — or at least neutral —
budgetary effect.

Another study? roposes a method for ranking in-
vestment projects for subsequent funding based on
eleven evaluation criteria, each scored using a point-
based system (see Table 2).

Table 2
Evaluation criteria for investment
project selection
o Score

Criterion (points)
Net present value (NPV) 10
Involvement of the local population / creation of 10
new jobs
Environmental impact 9
Evaluation of the technology used in the project 9
Environmental and economic efficiency 8
(environmental effect vs. CAPEX)
Extent of project documentation development 7
Profitability index 6
Positive attitude of authorities and local 6
communities
Investment payback period 5
Internal rate of return (IRR) 5
Scale of the project’s environmental impact 4

% Chavez Ferreira Katerine Yeshia. Development of an
Economic Mechanism for Attracting Investment in Projects for
the Integrated Development of Technogenic Mineral Deposits.
[Diss. ... Cand. Sci. (Econ.)] Moscow; 2020. 156 p.
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The authors examine eight potential sources of
funding and justify the optimal financing structure for
the investment projects under consideration, based
on the use of equity financing. The identified funding
sources include:

- the federal budget;

- regional budgets;

- funds from subsoil users;

— private investment;

- loans and credits;

— green bonds;

- public—private partnership (PPP) mechanisms;

- compensation funds (e.g. damage compensa-
tion to Indigenous Peoples);

- repatriated offshore assets.

To achieve this objective, the authors propose
a three-stage algorithm. In the first stage, priority
project initiatives are identified based on the needs
and expectations of key stakeholders. The second
stage involves ranking these projects using a prede-
fined set of criteria. In the final stage, the most sui-
table projects are selected for implementation, taking
into account the feasibility of equity financing. This
structured approach helps optimize resource alloca-
tion while reducing the financial burden?’.

2. Author’s methodological approach
to oustifying an optimal set of instruments
for technogenic deposit development:
a model of the economic mechanism
to stimulate TMA processing

A review of academic literature on enhan-
cing economic instruments for the development of
technogenic deposits — whether by small, medium,
or large businesses — reveals that the issue is still
addressed in a rather fragmented way. The sets of
proposed instruments are often neither well-sub-
stantiated nor systematically classified. Instead,
most studies tend to focus on refining procedures
for accessing financial resources to implement pro-
jects aimed at integrating technogenic deposits into
economic circulation. Nevertheless, there is broad
agreement among researchers that under market
conditions, the core criteria for evaluating such pro-
jects and determining the appropriate set of instru-
ments should be economic efficiency and environ-
mental benefits. The authors of this study previously
attempted to develop a simple and practical me-
thodological approach for defining an optimal set
of instruments for technogenic deposit develop-

27 Ross S., Westerfield R., Jordan B. Fundamental of
Corporate Finance. 12 Edition. 2019. GCTU Repository. URL:
https://repository.gctu.edu.gh/items/show/720
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ment?®, However, that approach did not take bud-
getary efficiency into account as a key criterion for
project prioritization. Given the 2024 federal budget
deficit of 1.7% of GDP and the planned 2025 deficit
of 3.225 trillion rubles (1.5% of GDP), along with
substantial ongoing national defense expenditures,
budgetary efficiency has become the top priority.
It is followed by commercial (or economic) efficien-
¢y, particularly in the context of international sanc-
tions and the growing strategic importance of raw
materials. Environmental impact remains important
but takes a lower position in the hierarchy of crite-
ria. This updated prioritization is supported by the
findings of a brainstorming session involving 32 ex-
perts, including 12 representatives of public-sector
institutions responsible for waste management and
natural resource regulation, including subsoil use.
At the first stage of the session, participants iden-
tified the most important criteria for evaluating in-
vestment projects in the mining sector focused on
technogenic deposit development. The final results
are presented in Fig. 5.

Based on these findings, the project ranking ma-
trix for allocating resource support has been revised
and is presented in a modified form (see Fig. 6).

28 Komarova O.G. Toolkit of the Organizational and Eco-
nomic Mechanism for the Development of Technogenic Mineral
Deposits. [Cand. Sci. (Econ.) Diss.]. Yekaterinburg; 2025. 224 p.

‘/100

Budgetary efficiency, %
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In this figure, environmental impact is represen-
ted along a notional range (-; +). In practice, the
environmental impact may also be negative (-«), as
there are cases where unscrupulous subsoil users cause
environmental damage during TD development that
exceeds the mitigated impact. The middle and upper
thresholds for commercial (economic) efficiency and
budgetary efficiency are set at 10%, 30%, and 100%,
in line with standard investment analysis and project
ranking practices. Budgetary efficiency is mathemati-
cally defined within the range (-100%; 100%). Projects
marked in green are high-priority and recommended
for funding first, based on the comparison of criteria
(budgetary efficiency, commercial efficiency, and envi-
ronmental impact). Yellow indicates medium-priority
projects in terms of access to financial resources, while
red denotes the low-priority group.

Environmental impact
15% N

/Budgetary
efficiency
52%

Commercial
(economic)
efficiency
33%

Fig. 5. Brainstorming session results
Source: Compiled by the authors.

» Economic efficiency, %

Environmental impact, %

Fig. 6. Project ranking for resource support allocation:
green zone — high-priority projects; yellow zone — medium-priority projects; red zone — low-priority projects
Source: compiled by the authors.
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If we assign the variable D for commercial (eco-
nomic) efficiency with subscript a, E for environ-
mental impact with subscript b, and B for budgetary
efficiency with subscript ¢, then the grid cells in the
matrix shown in the figure can be described as follows:
for commercial (economic) efficiency DHa, DMa, DLa,
for environmental impact EHb, EMb, ELb, for budge-
tary efficiency BHc, BMc, BLc, where the second letters
H, M, and L stand for high, medium, and low levels,
respectively.

Accordingly, the green zone includes projects
with the following combinations of evaluated crite-
ria: [BHc; DHal; [BHc; DMa); [BMc; DHa); [BHc; EHD];
[BHc; EMD); [BMc; EHD]; [DHa; EHD]; [DHa; EMD];
[DMa; EHD]. The yellow zone includes: [BMc; DMal,
[BHc; DLa), [BMc; DLa], [BHc; ELD], [BMc; ELD],
[BMc; EMb], [DHa; ELb], [DMa; ELb], [DMa; EMD]. The
red zone includes: [BLc; DHa], [BLc; DMal], [BLc; DLa],
[BLc; ELD], [BLc; EMD), [BLc; EHD], [DLa; ELD],
[DLa; EMD], [DLa; EHD].

The second stage of the brainstorming session
focused on establishing the rationale for applying
specific incentive instruments within the economic
mechanism regulating the integration of technoge-
nic mineral accumulations into economic circulation.
The survey was conducted using a Delphi method
(a simplified version by D. Peskov) involving the pre-
viously mentioned group of experts. The experiment
included five rounds of consensus-building for each
project group. Only those incentive instruments that
received 53% or more of the expert votes (i.e., 17 or
more experts) were selected. The results are presen-
ted in Table 3.

Verification of the obtained results for me-
dium-priority projects using brainstorming and the
Delphi method was performed by comparing them
with the model-building approach (hypothetical case
studies) employed in the study by D.S. Nadymov?.
In his work, Nadymov addressed the task of develop-
ing an optimal selection of government support in-
struments aimed at incentivizing the development of
technogenic deposits within a limited set of feasible
solutions under discrete optimization and uncertain-
ty. To test the proposed solutions, he selected the Al-
larechensk technogenic deposit development project,
classified as a medium-priority project according to
the author’s classification (see Fig. 6). Based on his
calculations, the maximum net present value (NPV)
can be achieved under Scenario 4 (Table 4).

»  Nadymov D.S. Development of an Organizational and
Economic Mechanism for the Development of Technogenic
Deposits Using State Development Instruments. [Cand. Sci.
(Econ.) Diss.]. St. Petersburg; 2015. 157 p.
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Table 3
Incentive instruments
. Frequency
1590} (S 'Group Incentive instruments of expert
(see Fig. 6) support, %
High-priority Concessional loans 97
projects
(green zone) Reduced_ costs for TMO 56
exploration
Investment tax credit 100
Preferential taxation 91
(income tax, MET,
one-time payment)
Medium-priority |Preferential taxation 94
projects (income tax, MET,
(yellow zone) one-time payment)
Cost write-off for TMA 78
exploration
State guarantees 100
Low-priority Loans 84
projects - -
(red zone) Subsidies 91
Preferential taxation 97
(income tax, MET,
one-time payment,
property tax, land tax)
Reduced lease payments 72
Cost write-off for TMA 66
exploration

In essence, the incentive instruments for the
development of TMDs proposed and substantiated
by D.S. Nadymov - based on detailed quantitative
modeling — are largely consistent with the results
obtained through the brainstorming session and
the Delphi method for the medium-priority project
group. The primary difference lies in the type of tax
from which exploration expenses are deducted: in
the present study, the deduction is applied to cor-
porate income tax, whereas Nadymov’s analysis con-
sidered deductions from the mineral extraction tax
(MET). Another distinction is the inclusion of go-
vernment guarantees among the expert-identified
support instruments, which were not accounted for
in Nadymov’s study. Otherwise, the sets of instru-
ments show substantial overlap.

D.S. Nadymov also compared the Allarechensk
TD with two hypothetical deposits of larger scale
(1.5 and 1.25 times greater in reserves, respectively),
which were classified as high-priority projects (green
zone). He concluded that NPV for both the subsoil
user and the state may vary significantly in absolute
terms. This suggests that a different configuration of
economic instruments may be required to maximize
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NPV for both parties. This finding is in line with the
results of the present study, which identified the fol-
lowing as the most effective instruments for high-
priority projects: concessional loans, deduction of ex-
ploration expenses, and the investment tax credit.

The expert survey conducted among leading
specialists in TMA processing also provided the ba-
sis for a subsequent analysis of the data presented in
Table 1, aimed at developing a general model of the
economic mechanism for incentivizing TMA proces-
sing. As an initial step, the identified instruments
were categorized according to the key components
of the mechanism (Table 5), resulting in the fol-
lowing classification: direct instruments (subsidies,
loans, etc.), indirect instruments (preferential tax
treatment), financial and credit instruments, pro-
gram-based support, and PPP.

During the prioritization of incentive instru-
ments for TMA processing within the brainstorming
framework, it was established that the efficiency of
each instrument depends on the conditions of its im-
plementation. This highlighted the need to develop
a system of fundamental principles for constructing
an economic mechanism that promotes the develop-
ment of technogenic deposits. From the perspective
of management theory, the principles can be catego-
rized according to key functions: planning, organiza-
tion, motivation, and control. Accordingly, the foun-
dational principles include: clarity — the precision
and comprehensibility of each instrument’s purpose
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and functioning; transparency — openness in the
management of instruments from both organizatio-
nal and legal standpoints. When both the regulator
and subsoil user have a clear understanding of the na-
ture and application rules of these instruments, and
when roles and responsibilities are well-defined, the
planning and organizational levels of the economic
regulation mechanism for technogenic deposit de-
velopment can function effectively. At the levels of
motivation and control, the following principles are
proposed: teamwork, which implies joint involvement
of subsoil users and public legal entities in organi-
zing development activities, with an emphasis on
the government’s role in actively supporting subsoil
users; modularity, which ensures the flexibility to
easily replace, supplement, or remove instruments;
controllability, which, although related to transpa-
rency, differs in that transparency ensures process
visibility, while controllability focuses on manag-
ing the processes and their key parameters. The fi-
nal principle in the proposed framework is efficiency,
defined as the economic mechanism’s ability to de-
liver maximum outcomes with minimal costs for all
stakeholders — subsoil users, regulators, the natural
environment, and society at large. Thus, the princi-
ples form a kind of Maslow’s hierarchy (see Fig. 7), in
which the failure to meet foundational (lower-level)
principles prevents the realization of higher-level
ones, ultimately making the achievement of the final
principle - efficiency — unattainable.

Table 4
Scenarios for developing the Allarechensk TD using various government support instruments
Resulting value (NPV), Scenarios
thousand RUB 0 1 3 4 5 6
Subsoil user’s NPV -5072.5 548.4 5370.9 6033.9 12670.1 15557.2 19142.1
State NPV 6135 0 18809.6 18146.6 13839.6 10944.7 5046.2
Total NPV 1062.5 548.4 24180.5 24180.5 26509.7 26501.9 24188.3
Support instruments No support Zero Zero Zero Zero Zero Zero
one-time one-time one-time one-time one-time one-time
payment payment payment payment payment payment
Deduction Deduction Zero MET
of exploration | of exploration rate
costs from costs from
MET profit tax
Deduction Deduction | Concessional | Zero MET Deduction
of exploration | of exploration| R&D loan rate of exploration
costs from costs from costs from
MET profit tax profit tax
Concessional
R&D loan

Source: Compiled from: Nadymov D.S. Development of an organizational and economic mechanism for the development of
technogenic deposits using state development instruments. [Diss. ... Cand. Sci. (Econ.)] St. Petersburg; 2015. p. 122.

193


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)
FOPHbIE HAYKU W TEXHOJOIMA

2025;10(2):180-200

elSSN 2500-0632

https://mst.misis.ru/

Economic incentive instruments for TMA processing by mechanism element

Yurak V. V. et al. Economic incentive instruments for the development of technogenic deposits

Table 5

Authors

Economic instruments proposed by researchers

Corresponding mechanism

elements

Nadymov D.S.%

Deduction of geological exploration expenses from MET

Tax incentives

Elimination of one-time payment

Tax incentives

Chernyavsky A.G. [12]

Exemption from MET

Tax incentives

Kubarev M.S.,
Ignatieva M. N. [16]

Exemption of marketable products derived from TMAs from income
tax

Tax incentives

Tax rate reduction or full exemption for 1.5-2 years upon
introduction of new technologies, Full exemption for eco-friendly
technologies (investment tax credit)

Tax incentives

Subsidies for clean tech development and interest payment on loans

Direct government regulation /
Government support programs

Loans for installation of eco-tech equipment

Direct government regulation /
Government support programs

Reduction or exemption of property tax

Tax incentives

Reduction or exemption of municipal property lease fees

Government support programs

Concessional loans (guaranteed by regional government)

Financial and credit policy

Kiperman Y.A.,
Komarov M. A. [30]

Exemption from income tax and MET

Tax incentives

Seleznev S.G.,
Boltyrov V.B. [39]

Elimination of income tax

Tax incentives

Mirzekhanov G.S. [40]

Reduction of taxable income base when purchasing new
technological equipment

Tax incentives

Elimination of MET

Tax incentives

Deduction of exploration expenses for technogenic deposits

Tax incentives

Boyarko G.Yu. [41]

50% reduction of VAT rate

Tax incentives

Klemez T.N. [42]

Use of environmental coefficients in MET calculation

Tax incentives

Seleznyov S.G. [43]

Exemption from income tax and MET

Tax incentives

Sukhoruchenkov A. 1.,
Kornilov N.P.,
Evsin V. G. [44]

Income tax exemption on revenue allocated to advanced
technologies

Tax incentives

Reduction of MET rates

Tax incentives

Ochilov S., Kadirov V.,
Umirzoqov A., Kara-
manov A., Xudayber-
ganov S., Sobirov 1. [45]

Deduction of exploration expenses for technogenic deposits (from
tax base)

Tax incentives

Machado C. [46]

Elimination of income tax

Tax incentives

Concessional loans

Financial and credit policy

Ignatyeva M.N.,
Yurak V.V., Dushin A.V.,
Strovsky V.E. [35]

Implementation of the PPP mechanism

Public—private partnerships (PPPs)

Potravny I., Novoselov A.,
Novoselova I., Gassiy V.,
Nyamdorj D. [47]

Reduction of TMA exploration costs

Tax incentives / Government

support programs

Butkevich G.R. [48]

Subsidies for clean tech development

Direct government regulation /
Government support programs

Loans for the installation of clean technologies

Direct government regulation /
Government support programs

Concessional loans and state guarantees

Financial and credit policy

Goldyrev V., Naumov V.,
Kovyrzina U. [49]

Reduction of TMA exploration costs

Tax incentives / Government

support programs

% Nadymov D.S. Development of an Organizational and Economic Mechanism for the Development of Technogenic Deposits
Using State Development Instruments. [Diss. ... Cand. Sci. (Econ.)] St. Petersburg; 2015. 157 p.
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Based on the findings from all of the methods
outlined above - including the expert survey con-
ducted using the Delphi method — and the set of
foundational principles formulated by the authors,
the proposed economic mechanism for incentivizing
the processing of TMAs takes the form presented in
the model below (Fig. 8).

Among the indirect instruments (i.e., tax incen-
tives), the experts identified several particularly re-
levant measures: full or partial exemption from cor-
porate income tax, full or partial exemption from the
mineral extraction tax (MET), exemption from the
one-time payment, exemption from property tax,
and exemption from or reduction of land tax rates.
A certain ambiguity remains regarding policy plan-
ning in the field of waste management at various
levels: federal government support programs, as well
as regional, sectoral, and local-level programs. Pre-

Economic mechanism mission
for incentivizing TMA processing

Motivation and control

Planning and organization

elSSN 2500-0632

https://mst.misis.ru/

Yurak V. V. et al. Economic incentive instruments for the development of technogenic deposits

viously, the development of such target programs
was considered part of the economic incentive
mechanism. However, according to Federal Law
No. 122-FZ of October 22, 2004 “On Amendments to
Legislative Acts of the Russian Federation and Inva-
lidation of Certain Legislative Acts,” target programs
were excluded from the list of economic instruments.
This may have been associated with the adoption of
Federal Law No. 115-FZ of July 20, 1995 “On State
Forecasting and Programs of Socio-Economic De-
velopment of the Russian Federation,” which sets
out requirements for forecasting and planning so-
cio-economic development, including aspects rela-
ted to the management of industrial and consumer
waste. The authors support the position of resear-
chers who argue that excluding waste management
planning from the list of economic instruments is
unjustified.

Modularity
Controllability
Teamwork

Fig. 7. Fundamental principles of the economic mechanism for incentivizing TMA processing
Source: compiled by the authors.

Economic mechanism for incentivizing TMA processing

. Indirect . . R
Direct government government F1nanc1a.l g Publlc—prlvgte
regulation regulation and credit instriments partnership
instruments instruments instruments instrument

Fig. 8. Model of the economic mechanism for incentivizing TMA processing
Source: compiled by the authors.
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Public—private partnerships (PPP) are recognized
by many researchers as a promising instrument wi-
thin the economic mechanism for incentivizing TMA
processing [50, 51]. Such partnerships involve pooling
resources and sharing risks between the state and pri-
vate business®, ultimately resulting in mutual bene-
fit [52-54].

Promising PPP formats and mechanisms may
include:

- government equity participation (i.e., invest-
ment of public funds in a company’s charter capital);

- government lending for innovation projects;

— tax incentives;

— state guarantees;

— interest rate subsidies®? [55].

Conclusion

Thus, the aim of this study — to develop more
effective instruments of the economic mechanism
(including for small businesses) to incentivize in-
vestment in the development of technogenic mine-
ral accumulations (TMA) — was achieved through the
following steps: analyzing the instruments of the
economic mechanism that stimulate TMA proces-
sing; developing an original methodological ap-
proach to justify an optimal set of instruments for
TMA development; and proposing a model of the
economic mechanism for incentivizing TMA pro-
cessing. The authors’ approach was enhanced by in-
corporating three key evaluation criteria, prioritized
in the current geopolitical context of the Russian
Federation in the following order: (1) budgetary ef-
ficiency, (2) commercial (economic) efficiency, and
(3) environmental impact.

The proposed hypothesis — that an efficient set of
economic instruments (including those accessible to
small businesses) would promote investment in TMA
development — was confirmed both by international
experience and by the results of a brainstorming ses-
sion involving 32 experts. Among them, 12 were rep-
resentatives of public legal entities involved in ma-
naging industrial and consumer waste and regulating
natural resource use, including subsurface use; the re-
mainder represented the academic and business com-
munities.

51 Nadymov D.S. Development of an Organizational and
Economic Mechanism for the Development of Technogenic De-
posits Using State Development Instruments. [Diss. ... Cand. Sci.
(Econ.)] St. Petersburg; 2015. 157 p.

32 Tvanov V.S. Public-Private Partnership as a Factor of
Government Support for the Innovative Development of the Re-
gion and Enterprises. [Abstr. Cand. Sci. (Econ.) Diss.] St. Peters-
burg; 2009. 18 p.
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The expert survey based on the Delphi method
(adapted using D. Peskov’s simplified format) pro-
duced the following ranking of efficient instruments —
also relevant to small businesses — tailored to three
project groups for TMA development:

— for the green project group, the most efficient
and preferred instruments were: investment tax cre-
dit (100%), followed by bank loans (97%), preferential
taxation (corporate income tax, mineral extraction
tax (MET), and one-time payments) (91%), and last-
ly, deduction of technogenic deposit (TD) exploration
expenses (56%);

— for the yellow project group, the top-rated in-
strument was state guarantees (100%), followed by
preferential taxation (94%) and deduction of TD ex-
ploration expenses (78%);

— for the red project group, the instruments were
ranked in descending order of efficiency and prefe-
rence as follows: preferential taxation (corporate in-
come tax, MET, one-time payments, property tax, and
land tax) (97%), subsidies (91%), concessional loans
(84%), reduced lease payments (72%), and deduction
of TD exploration expenses (66%).

The authors’ findings for the yellow project group
are consistent with the detailed calculations and ra-
tionale provided in the study by D.S. Nadymov, where
the highest net present value (NPV) (26.51 million
RUB for the Allarechensk TD project) was achieved
in scenario 4. This scenario incorporated economic
instruments such as zero one-time payments, deduc-
tion of geological exploration expenses from MET,
and concessional loans for R&D. Nadymov also com-
pared these results with two hypothetical deposits
of 1.5 and 1.25 times greater reserves (green project
group) and concluded that both the NPV for subsur-
face users and the state can vary significantly depen-
ding on the instruments applied. Therefore, a different
set of economic instruments is required to increase
both values, which is also confirmed by the current
study - since for the green group, a different set of
instruments proved most efficient. This supports the
objectivity of the results obtained via the brainstor-
ming and Delphi methods.

The study also proposed a set of fundamental
principles to underlie the overall model of the eco-
nomic mechanism for incentivizing TMA processing.
These include: Clarity — the essential purpose and
operational logic of each instrument must be clear-
ly defined and understandable; transparency — the
management of instruments must be transparent in
both organizational and legal aspects; teamwork —
collaboration between subsoil users and public legal
entities in organizing TMA development efforts, with
active support from public authorities; modularity —
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the flexibility to replace, add, or remove instruments
with ease; controllability — the ability to manage and
monitor key governance parameters; efficiency — the
capacity of the economic mechanism to deliver ma-
ximum benefits for subsurface users, regulators, the
environment, and society at large, while minimizing
costs. As a result, the baseline economic mechanism
for incentivizing TMA processing — including for
small businesses — consists of the following blocks:
preferential taxation, financial and credit policy, pro-
gram instruments, and public—private partnerships
(PPP). It should be noted that the list of instruments
does not vary by company size: whether small, me-
dium, or large, the same set of instruments applies.
However, their efficiency will differ depending on
company size. The only exception for small busines-
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ses is the limited applicability of PPPs, which require
amendments to the existing regulatory framework. In
all other respects, the economic instruments availa-
ble to small businesses are identical to those for lar-
ger enterprises.

Thus, implementing the proposed recommen-
dations for ranking investment projects enables two
outcomes: first, it allows projects to be grouped and
matched with a tailored package of economic instru-
ments to promote investment in TD development;
second, it provides a general model for an econo-
mic mechanism that incentivizes TMA processing.
Enhancing this mechanism’s toolset will undoubted-
ly stimulate more active engagement in the manage-
ment and processing of technogenic mineral accu-
mulations.
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