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New advances in drilling operations in sandstone, shale, and carbonate formations:
a case study of five giant fields in the Mesopotamia Basin, Iraq

A. N. Al-Dujaili P<
Amirkabir University of Technology, Najaf, Iraq
DA< ahmed.noori203@aut.ac.ir

Abstract

Drilling challenges in the Mesopotamian Basin, Southern Iraq, are varied and include such issues as mud
loss, bit damage, and differential sticking. This study aims to analyze these problems across the strati-
graphic column in the study area. The results show that the MMD65R, EQH16R, and SF74R bits were suc-
cessfully used for the 16” section, while the MSi616L bit was the most efficient for the 1214” section. The
MMDG65R was suitable for the 874 section, with the EQH12DR bit being used for the remaining parts of this
section. The MMD54 bit showed excellent performance, achieving the highest rate of penetration (ROP) of
26.9 m/hr in well horizontal sections. Mud losses were most commonly observed at the base of the Dam-
mam, Rus, Tanuma, Mishrif, Hartha, Shuaiba, and Zubair Formations. An appropriate drilling mud density is
1.28 sg is recommended for Zubair and Mishrif Formations. Additionally, tripping in/out operations must be
conducted at controlled speed to prevent surging or swabbing the well. Potassium Chloride concentrations
should be maintained between 3 to 5%. A 7” production liner must be run and properly seated to isolate
the Mishrif and Zubair Formations, with overlap to prevent potential communication between lower wa-
ter-bearing zones and shallow loss zones.

Keywords
hydrocarbons, field, reserves, basin, formation, extraction, drilling, well, productivity, solution, accident, mud
loss, reservoir, bit, drilling program, torque, control, Mesopotamian Basin, Iraq
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FEOJIOrMA MECTOPOXXAEHUU NONE3HbIX UICKOMAEMbIX
O630pHan cTaThbs

HoBble pocTMKeHus B o6nacTu 6ypeHus B neCYaHUKOBbIX,
cnaHueBbIX U Kapb6oHaTHbIX (popMaLaX Ha NpUMepe UccnefoBaHUsA
NATU KPYNHbIX MecTopoXxaeHun B Meconotamckom 6acceiHe Upaka

Axmepn H. Anp-ymxkaiam <
TexHonozuueckuti ynusepcumem umeru Amupa Kabupa, 2. Haoxcag, Mpak
DA< ahmed.noori203@aut.ac.ir

AHHOTauunA

[Ipo6nembl 6ypeHust B MecorotramckoM Gacceiine (HedTerasoHocHoM 6acceitHe Ilepcuackoro 3aamBa) (10K-
Has yacTb Vpaka) pasHoo6Gpa3Hbl ¥ KaCalTCs TaKMX BOIIPOCOB, KAk IOTepy 6YpOBOTO PacTBOpa, MOJIOMKa J10-
nota u quddepeHnanbHbIN MPUXBAT. Lleb HACTOSIIIET0 UCCAeS0BAHNMS 3aK/II0YAETCS B aHA/IM3€E YKA3aHHbIX
rpo6ieM 10 BceMy cTpaturpaduyueckoMy paspesy B ucciaeayeMoM paiioHe. COrJIacHO MOTyYeHHbIM pPe3yJib-
taram gonora MMD65R, EQH16R u SF74R oTianuyHo mposiBuiu cebst ajist 6ypennst 16-ma10iiMoBOro nmpoduis,
a momoto MSi616L mokasano Hanbosblnyio 3¢hdGeKTuBHOCTh B 12Y4-mioiiMoBoM mpodute. s 8%2-mioiiMo-
BOTO MPoduJIst OBIIO YCIENTHO UCIOIb30BaHO N00T0 MMDG65R, a [i7151 OCTa/IbHBIX YUYaCTKOB 3TOTO Mpoduis
npuMmensuiocs EQH12DR. s monora MMD54 3aperMcTpMpoBaHbl OT/IMYHBIE TTOKA3aTeNM — HauOOIbIIast
MexaHuyeckast cCkopoctb 6ypeHust (ROP) 26,9 M/4 B rOpM30HTATIbHBIX MTPOGUILX CKBaKUHBI. [ToTepu Gypo-
BOTO pacTBOpa yallle BCero Haboaanmuch B ocHoBaHuu opmanuit Jammam, Pyc, Tanyma, Mumpud, Xap-
Ta, lllyaii6a u 3y6eiip. s dopmariiuii 3ybeiip u Mutpud pekKoMeHAyeTcsl INIOTHOCTh GYpOBOT0O pacTBOpa
1,28 r/cm3. Kpome TOrO, BO M36€XaHMe MyIbCAllMM MY CBAOMPOBAHMS CKBAXKMHBI CITyCKOTIOA'bEMHbIE OTTe-
pauuy Heo6XOIMMO BBITIOMHSITh C KOHTPOIMPYEMOW CKOPOCThI0. KOHIIEHTpAIVsI XJIOPUCTOTO Kaaus JO/DKHA
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American Petroleum Institute

Bottom Hole Assembly
Directional Driller

Equivalent Circulating Density

Gallons per Minute

Lost Circulation Materials
Measured Depth
Majnoon Field

Mud Weight
Non-Productive Time

Polycrystalline Diamond Compacts

Pull Out of The Hole
Mud Viscosity

Rotary Kelly Bushing
Rate of Penetration
Revolutions per Minute
Rotary Steerable System
Rumaila Field

Strokes per Minute

Site Safety Plan

Total Flow Area

Weight on Bit

West Qurna Field

Yield Point

Zubair Field

Nomenclature
Hour
Degree
Re-Runnable
Inch
Foot
Hydrogen Sulfide
Liter
Meter/s
Minute
Barrel
Average
Inside Diameter (in)
Pore Pressure (Psi)
Fracture Gradient
Potassium Chloride

Wells drilling and completion account for over
40% of all investments in the hydrocarbon energy in-
dustry. Reducing failures during the drilling process
is one of the key prospects for increasing effective
drilling time and addressing challenges faced dur-
ing drilling and their consequences. The main types
of complications in the wells drilling process include
sticking of the drill string due to deviation, collap-
sing of unstable rocks, narrowing of the wellbore
from crumbling rocks, absorption of drilling mud,
gas-oil-water showings, and brine showings [1]. All
drill cuttings must be removed from the well during
drilling and brought to the surface, a process referred
to as hole cleaning [2]. However, some material of-
ten remains in the well, leading to issues such as pipe
sticking, premature bit wear, slow drilling, formation
damage (fracturing), excessive torque and drag, and
difficulties in logging and cementing [3].

Complete or partial loss of drilling mud within
a formation during the drilling operation, or a situa-
tion where the amount of mud recovered from the
well does not match the amount injected, is known
as drilling fluid loss or retrieval loss [4]. This typically
occurs in highly permeable, depleted reservoirs, natu-
ral cracks, cavernous formations, and fracture forma-
tions [5]. Various techniques are employed to control
circulation loss, such as reducing the density of the
drilling mud [6], and adding lost circulation materials
(LCM) to plug and seal loss zones [7]. Multiple factors
may affect drilling fluid loss, including petrophysical
properties (porosity, permeability, etc.), characteris-
tics of the drilling mud itself (MW, ECD, YP, PV, etc.),
drilling parameters (ROP, WOB, RPM, SPM, SSP, TFA,
etc.), and pressure conditions (pore pressure gradient,
fracture pressure, etc.) [8]. 54% of stuck pipe inci-
dents examined occurred while tripping and back rea-
ming [9]. The risk of stuck pipe incidents has increased
due to the recent expansion of drilling activities, par-
ticularly in depleted and higher-risk reservoirs [10].
Several studies suggest using statistical methods to
predict stuck pipe events [11].
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Salih et al. (2018) studied the formations of
southern Iraqi oilfields, providing a detailed descrip-
tion from the Upper Fars to the Mishrif formations.
The severity of problem in each formation were de-
fined by identifying the causes of issues in the wells
or potential risks [12]. Losses are predictable in the
Rumaila oilfield at the base of the Dammam Forma-
tion, where water ingress occurs during the drilling
process. Losses have also been reported in the Har-
tha Formation, and significant washout have been
observed in the Tanuma Formation. The variability
of the Mishrif reservoir’s architecture and rock types
may cause irregular sweep and water breakthrough if
higher permeability layers are present. Sloughing for-
mations include the Tanuma, Nahr Umr, and Upper
Shale formations. Loses may also occur in the Mishrif
and Zubair formations, with potential pipe sticking
through the Mishrif, Nahr Umr, and Zubair forma-
tions. Bit damage during drilling through anhydrite
layers (Lower Fars and Rus Formations) has a lesser
effect on the drilling program [13].

1. Geological setting
Iraqi territory is represented by four major tec-
tonic zones. These zones can be classified according
to several factors such as rock type, age, thickness,
and structural transitions. The zones are [14]:
1. interior settled shelf;
2. exterior unsettled shelf;
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3. Shalair territories;

4. Zagros.

The interior and exterior regions of the Arabian
Plate are characterized by the absence of metamor-
phosis and volcanic activities. The Mesopotamia Plain
and the Jazira Plain are the main parts of the Mesopo-
tamia Foredeep in Iraq. This foredeep is characterized
by being less tectonically problematic and is formed
from quaternary alluvial deposits of the Tigris and Eu-
phrates Rivers and their tributaries, which completely
cover the central and southeastern parts of the basin.
Wrapped with Miocene rocks, the Jazira Plain marks
the extension of the Mesopotamia Plain towards the
northwest [15]. The Mesopotamia basin generally has
a flat topography. Surface structures resulting from
tectonic activity are scarce in this basin, but it con-
tains several structures, including faults, folds, and
diapiric structures [16].

The stratigraphic column of southern Iraq [17, 18]
is characterized by a thick Cretaceous depositional se-
quence with significant hydrocarbon accumulations
in many formations [19] (Fig. 1, a).

1.1. Majnoon Field

Majnoon Field comprises a banana-shaped, cres-
ted anticline with a general N-S elongation [20]. It rep-
resents a compression fold, likely underlain by salt be-

low the Jurassic level. The field consists of four major
and seven minor reservoirs from the Lower Cretaceous

LEGEND

Gasfield....
Studied well.....

|| Tigris Subzone...........

| zubair subzone.........

Oil field
1| Frocucig asprea piscoverea... D

@
o
A

| Euphrates Subzone... B

_--|"sAuDI|ARABIA| ¢ s0 | 100

@t e 4t

@ — LEGEND
@ >
. m § X 3 E =] Conglomerate [l Limestone
Geological Age 2= Formation ° "E_
igv/ 5 8 [ sandstone ! Dolomite
[E=]shale Anhydrite
2 Pliocene Dibddiba
)
S T T ]
ol® Miocene owerrars el
g 23.03 Ghar 600
E @ Eocene Dammam
c
3 Bus 900
]
& | Paleocene Er—r:g]hrzma
5.50
Maastrichtian 1500
9 Campanian
8 Santonian
8 e =+ 2000
b Coniacian ——— —
S Turonian
E 93.50 Upper shale - - -
§ =T 2200 member -——
= | Ctnomanian — —_—
O
L99.60 2600 25| ouum
88§
Albian S E g _R_LNUNI‘
» uni
3 . 3000 - ——
of 8 detay Middieshale | __ __ __
ol s . Zubair member
N|® Barrenian ————
2|4
% o] Hauterivian T Ratawi Lower sandstone
2 member
S| Valanginian Yamama |
l— Berriasian 14554 Lower Tjha\e — = —
" member
o Tithonian Sulaiy ———
@
&
3 Kimmeridgian Gotnia

a

Fig. 1. Locations of the wells under study and their drilling dates — a; Stratigraphic column in southern Iraq - b [17, 18]
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to Paleocene age, spanning a vertical interval of about
3000 m [21]. The four main reservoirs, in-depth order,
are the Hartha, Mishrif-Ahmadi, Nahr-Umr, and Zubair
formations, with the deepest being the high-pressure
Yamama carbonate formation. These account for 80%
of Majnoon’s hydrocarbons. The Yamama and Mishrif
formations alone account for 50% of the major reser-
voir volume. The minor reservoirs may indicate hydro-
carbons in the Khasib, Sadi, Tanuma, Ghar, Shiranish,
and Shuaiba Formations [22] (see Fig. 1, a).

1.2. Rumaila Field

The Rumaila field is a supergiant oilfield located
50 km west of Basrah city in southern Iraq [23]. It has
stacked pay in multiple clastic and carbonate reser-
voirs. The Rumaila field was discovered in 1953 and
accounts for 33% of Iraq’s total oil production. The Ru-
maila structure represents a mildly tilted longitudinal
anticline, extending approximately 83 km in length
and 12 km in width [24]. Two faults, Takadid-Qurna
and Al-Batin, extend from the northeast to the south-
west. These faults are reactivated Precambrian trans-
verse faults that define the Zubair fault block or sub-
zone of the Mesopotamian basin [25] (see Fig. 1, a).

The most significant hydrocarbon system in this
stratigraphic column is the Early Cretaceous—Mio-
cene petroleum system. In this system, the Sulaiy and
Yamama formations serve as source rocks; the Tanu-
ma, Shranish, and Rus formations act as sealing rocks;
and the Yamama, Zubair, Nahr Umr, and Mishrif for-
mations serve as reservoir rocks [26] (Fig. 1, b).

1.3. West Qurna (1 and 2) Field

Iraq’s supergiant oilfields are mainly located in
southern Iraqg, and one of these is the West Qurna
oilfield [27, 28]. It is located northwest of Basra city,
within the Zubair Subzone, and is structurally part
of a large isocline to the North. The field is estima-
ted to contain approximately 30 to 40 billion barrels
of recoverable reserves [29]. The West Qurna oilfield
represents the northern extension of the supergiant
Rumaila oilfield [30] (see Fig. 1, a).

1.4. Zubair Field

The Zubair Field is located within the Meso-
potamian zone, on the unstable sill of the Arabian
Platform [31]. Zubair is one of the mature oilfields
in southern Iraq, located 20 km southwest of Basra
city [32] (see Fig. 1, a).

This field was discovered in 1949, consisting of
four domes (Al-Hamar, Shuaiba, Rafidyah) in the NW
and (Safwan) to the SE, connected through an aquifer
that extends beyond the Iraqi and Kuwaiti border [33].
The field structure includes four reservoirs: Mishrif,
Upper Shale Membrane, and the Third and Fourth Pay
zone [34].

3711
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1.5. Productive Formations

The Mishrif Formation is divisible by a promi-
nent unconformity into two large-scale regressive
sequences, particularly distinguishable in the east
of the Mesopotamian Basin. Multiple reservoir units
are present in both sequences. The west of the ba-
sin is dominated by the lower sequence, which has
relatively few reservoir intervals. The shallow-water
reservoir units in the east are thick, reflecting rel-
atively high subsidence rates during the Cenoma-
nian [35]. Subsidence rates in the western side of
the basin were lower, resulting in thinner and more
limited reservoir units.

The best reservoir conditions in the Mishrif
Formation occur in rudist-bearing facies, such as
rudstones and rudistid packstone/grainstones [27]
(Fig. 2, a).

The Mauddud Formation is a shallow-water car-
bonate, distributed widely in the subsurface of the
Persian Gulf. It is recognizable in the Northern Gulf
(Irag and Kuwait), eastern Arabia (Saudi Arabia,
Bahrain), and the Southern Gulf (United Arab
Emirates and Oman) [36]. In southern Iraqg, the for-
mation was described from the Zubair-3 well by
Owen and Nasr (1958) (Fig. 2, b). The Mauddud For-
mation consists of organic, detrital, and occasional-
ly pseudo-oolitic limestone with streaks of green or
bluish shale [37].

The Zubair Formation, dating from the early Cre-
taceous (Hauterivian to Early Aptian), is aregionally
extensive oil-producing sandstone sequence found in
Syria, Iraq, and Iran [38]. The Zubair sandstones are
environmentally and genetically similar to the Nahr
Umr sandstones of the Kuwaiti fields, consisting of
clean, well-sorted quartz arenites, sourced from the
Arabian shield and deposited from west to east into
the Mesopotamian Basin during the Early Cretaceous.
The Zubair sandy deposits comprise numerous depo-
sitional cycles composed of shallowing-upward suc-
cessions of dark grey shale, siltstone, and fine- to me-
dium-grained sandstone [39] (Fig. 2, ¢). These cycles
are interpreted as a series of sea-level transgressions
and regressions during a longer-term transgression.
Typical lithofacies within these cycles include ma-
rine shelf, prodelta, delta front, and delta plain [40].
Litho-stratigraphically, the formation is subdivided
into five sub-units:

1. Upper Shale Member: contains isolated, mas-
sive (10-15 m-thick) oil-bearing sandstones. This
unit has been producible from a few wells (e.g. Zb-X7).

2. Upper Sandstone Member (Third Pay): con-
tains stacked pay sands and 32° API gravity oil. This
reservoir unit has been producible from about 80 wells.

3. Middle Shale Member.
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4.Lower Sandstone Member (Fourth Pay):
contains stacked pay sands with 38° API gravity oil.
This unit has been producible from eight wells.

5. Lower Shale Member.

Each reservoir unit is isolated by intervening
shaly zones. The reservoir drive mechanism is main-
ly gas expansion, with a weak to moderate water
drive [41].

The Yamama Formation is the primary Lower
Cretaceous carbonate reservoir in southern Irag, be-
longing to the late Berriasian-Aptian cycle. It is de-
scribed from the shore to the deep basin by the Zubair,
Ratawi, Yamama, Shuiaba, and Sulaiy formations [42].
The Ratawi Formation usually conformably overlies
The Yamama Formation. In SE Iraq, at the Nasiriya,
West Qurna, and Majnoon fields, probable sequence
boundaries can be identified within the Yamama For-
mation of the top of oolite facies. In southern Iraq,
the Yamama Formation is recognized by the presence
of limestone below the last shale streak at the base of
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the Ratawi Formation [43]. The Yamama Formation is
one of the most important oil-producing reservoirs in
the southern Mesopotamian zone (West Qurna, North
Rumaila, and Majnoon fields) and extends from the
Valanginian to Early Hauterivian within the main ret-
rogressive depositional cycle (Berriasian-Aptian) in
the southern Iraq [42] (Fig. 2, d).

2. Historical Review of drilling operations

The problems encountered during drilling pro-
cesses in southern Iraq formations can be summa-
rized in (Fig. 3), based on a previous study that dis-
cussed these issues [13], which will be adapted in this
research. Losses should be expected at the base of the
Dammam Formation and in the Hatha, Mishrif, and
Zubair Formations. A significant washout occurred
in the Tanuma Formation. The variability of Mishrif
reservoir architecture and rock types might lead to
irregular sweep and water breakthroughs. Sloughing
formations are represented by Tanuma, Nahr Umr,
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and Upper Shale. The potential of stuck pipes is no-
ticeable in the Mishrif, Nahr Umr, and Zubair For-
mations. Bit damage during drilling through entire
anhydrite layers in the Lower Fars and Rus Forma-
tions was a problem, though with a lower impact on
the drilling program. The Dammam Formation faced
the most drilling problems, according for 56.4% of all
wells drilled (caving and mud loss), while no signifi-
cant issues were reported in the Dibdibba, Khasib, Ru-
maila, Ahmedi, Mauddud, and Shuaiba Formations [46]

3. Methodology

The wells, which can be relied upon to achieve
the results of this research, can be divided into seven
groups according to the date of the drilling process.
Fig. 4 shows the locations of the wells under study and
the date of the drilling process.

Data were utilized from 10, 8,12, and 6 wells in the
Majnoon, Rumaila, West Qurna (1 and 2), and Zubair
Fields, respectively. In addition, data were obtained
from the offset wells in these fields (see Fig. 1, a).
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3.1. Bit performance

The most suitable drilling technique varies with
the conditions and equipment, so modifying the rec-
ommendations for drilling might be considered to
obtain the best results. The effect of such changes on
the drilling rate must be carefully examined, espe-
cially if these changes do not immediately increase
the drilling rate.

3.1.1. For the Rumaila Field
From 2011 to 2013, 22 bits of the MSi616L type
design were tested in 24 wells on different drive types
in the Rumaila Field before being run in R-X33 to ex-
periment with the best performance.

3.1.2. For the Majnoon Field
The 16” SFD75D bit type was used in 25 direc-
tional wells from 2012 to 2016, starting with well
MJ-X2. The same bit was used again in wells MJ-X4
and MJ-X5, while the SFD76C bit type was tested in
well MJ-X7.
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3.1.3. For the Zubair Field
Four new bits types were tested in 18 wells on
different drive types in the Zubair Field from 2012 to
2014, aiming to improve performance based on les-
sons learned in the previous fields (Table 1).

3.1.4. For the West Qurna 1 and 2 Field

Several well trajectories with different targets
were drilled in the WQ Field, including S-Shape,
J-Shape, and horizontal wells, during the period from
2015 to 2018. The 12%4” SFE66DH bit type was used
with an ROP of 15.81 m/hr through the Dammam,
Rus, Umm Er Radhuma, Tayarat, Shiranish, Hartha,
and Sadi formations.

The 15.8 is considered the second-best ROP
achieved throughout the horizontal wells in this field.
The directional plan for the 1214” section was to hold
the inclination angle at 12—15°, then built the inclina-
tion to 20°, and finally hold it at 20-22°.

The MMEG65R bit type was used to drill the 81%”
section due to losses encountered in the Mishrif For-
mation. The same bit was used to drill out the cement
plug through this formation.
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3.2. Lost Circulation

Lost circulation is a common problem encoun-
tered during drilling and cementing operations. It can
range from being a minor issue to a major, danger-
ous, and expensive problem due to loss of mud and
rig time. A host of leading-edge technologies was im-
plemented to solve lost circulation problems. Fig. 5
shows the well design for different types of wells and
for different productive zones.

Table 1
Bit types used in the Zubair Field
Size Type New/Used Nozzles
26” VE598 Used -
26” CKL New -
16” VGA-T318 New -
8145” HC506ZX New Without nozzles
8%%” RC216 New Without nozzles
1214 GT-1 Used Without nozzles
1214” Q506FX Used 6x13/32
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Fig. 4. Well groups categorized by drilling date and their locations in the Mesopotamian basin
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3.2.1. For Non-Productive Formations

Potential losses in the Dammam, Rus, and Har-
tha formations can be considered the main challen-
ges during the drilling process. Controlling the ROP
or POOH was adopted to overcome losses in these
formations. The drilling program for wells in these
formations includes using a 12%4” slick BHA with
large nozzles and pumping a balanced cement plug
through the bit.

3.3. Other Problems
1. Sulfurous water may be present in the
Umm-Er-Radhuma and Tayarat Formations.
2. The potential release of H,S while drilling the
Nahr Umr sandy formation poses serious health risks
for humans and the environment.
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3. Hole instability issues may be observable in the
Nahr Umr Formation.

4. The Mishrif is a depleted reservoir prone
to mud losses and stuck pipes if not adequately
bridged.

5. Swelling shales lead to tight over-pulls and
sloughing, with a risk of caving, which can result in
stuck pipes in the Nahr Umr Formation.

6. Shale instability and cavings are observed in
shale membrane zones for the Zubair Formation.

7. The variability of reservoir architecture and
rock types in the Mishrif, Mauddud, Zubair, and
Yamama reservoir might lead to irregular sweep and
water breakthrough if higher permeability layers are
present.
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Fig. 5. Well schematic for the wells by Powerdraw™ [46]
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4. Results
4.1. Bit Performance

4.1.1. Rumaila Field

Twenty-two bits of the MSi616L type design
were used in 24 wells on different drive types in the
Rumaila Field before being run in well R-X33. A sum-
mary of the MSi616L type bit performance is as fol-
lows (Fig. 6).

The bit records for the 1214” MSi616L type design
in offset wells indicate a median drilling distance of
1000 m per bit and a median ROP of 13 m/hr per run.
(see Fig. 6).

According to Fig. 7, the majority of the cutting
structure on this bit is green. There are a couple of
broken cutters, one on the outer cone area of Blade #1
and the other on the nose of Blade #6.
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Fig. 8 shows a comparison of drilling parame-
ters between the MSi616L and QD506FX bit for the
Shiranish Formation (1642-1835 m) in well R-X33
in the Rumaila Field. The bit records for the 1214”
MSi616L design in offset wells indicate a median
drilling distance of 1000m per bit and a median
ROP of 13 m/hr per run. Thus, the 1224” MSi616L
is a well-proven design in the Rumaila application.

4.1.2. Majnoon Field

The 16” SFD75D bit was run similarly after be-
ing used in well MJ-X2 to drill 1822 m cumulatively
in wells MJ-X4 and MJ-X5. The ROP performance in
these wells averaged 27 m/hr, and the cutting bit had
7 blades with 19 mm of cutters. Fig. 9 shows a com-
parison between different kinds of bits used in the
Majnoon Field.
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Fig. 6. Performance of MSi616L type bits in the Rumaila Field

Fig. 7. 12%4” MSi616LPX (JF4376) bits from the wells studied in the Rumaila Field
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In well MJ-X3, which achieved the highest ROP
and fewer trips, the 8%%” MMD65R bit was suc-
cessfully used on a motor assembly, achieving an
ROP of 16.7 m/hr. The drive system was changed
from POOH to the RSS, and the 8%%” MME74H was
used to complete the section, achieving an ROP of
16 m/hr (Fig. 10).

The performance comparison between different
types of bits (Majnoon Field as an example) shows
that MMD65R, EQH16R, and SF74R are the best bits
for drilling the 16” section (Fig. 11).

4.1.3. West Qurna-1 and 2 Field

The horizontal sections drilled show consis-
tent performance in the field in terms of ROP and
bit condition. The higher performance was achieved
in well WQ1-X54, where 601 m was drilled by the
MMD64DR bit (6 blades, 13 mm cutter size) at an ROP
of 27.3 m/hr. The MMD54 bit (5 Blades, 13 mm cutter
size) also showed excellent performance, achieving
the highest ROP of 26.9 m/hr in well WQ1-X55, with
an excellent accumulated interval throughout the
field. A total of 1340 m was drilled in wells WQ1-X57,
WQ1-X59, and WQ1-X60 (2" run) using the MMD54
bit (Fig. 12).

The Fig. also indicates that bit performance in the
Yamama Formation for well WQ1-X38 was better than
the well WQ1-X63 in terms of ROP and bit condition.
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4.1.4. Zubair Field

No data are available for bit performance in this
field.

Some of the wells drilled before 2011 (R-XX3
and XX8) experienced stick-slip levels throughout
the two PDC runs. Despite variations in formations,
formation strengths, drilling parameters, or bit cut-
tings structures, there was no considerable difference
in stick-slip levels (~2xCRPM during both PDC runs).
Collar RPM fluctuations were wide in the UER for-
mation but narrowed in subsequent formations, with
no change to stick-slip levels (Fig. 13). No significant
stick-slip was observed in the wells under study, ei-
ther Rumaila or other fields, due to the performance
of the MSi616LPX bit, which showed no severe vibra-
tion levels at the bit with the given drilling parame-
ters and rock types (Fig. 14).

4.2. Lost Circulation

Losses for cutting displacements/losses in the
Dammam and Rus formations can be noticeable. The
lost-circulation control materials used are FlexPlug,
FlexPlug W, FlexPlug OBM, and FlexPlug R, which can
be pumped through most BHAs and react with the
drilling mud to create a barrier at the face of the zone
in the wellbore rather than penetrating the matrix or
fracture. Therefore, this technique is less damaging to
potentially productive formations.
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The mitigation program includes several possibi-
lities: first; if losses are 1-2 m3/hr, ROP will be below
10 m3/hr, and an LCM quantity of 10 m3 (with a density
of 45 Ib/bbl) will be pumped. When the losses exceed
2 m%/hr, the drilling process will be stopped, and a ball
will be dropped to open the PBL sub-circulating valve,
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ollowed by the pumping of 10-20 m? of LCM (with
a density of 85 Ib/bbl). In addition, the annulus around
the bit will be opened. In the case of total losses, the
PBL sub-circulating valve will be opened, and if no
returns are observed, an LCM quantity of 20 m® (with
a density of 85 Ib/bbl) will be pumped (Fig. 15).
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Fig. 9. Comparison of performance for all types of bits used in the Majnoon Field
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Downward from the Mishrif Formation, another
non-productive formation, the Shuaiba Formation,
also shows the mud loss phenomena. Fig. 16 indicates
mud loss areas, where the red outline encloses the
area of severe mud loss, while the black outline indi-

Bit Records for 16" Section
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cates partial mud loss. The green outlines arbitrarily
mark areas where no mud loss was recorded. It should
be noted that the embedded values reflect variable
drilling practices and may change in a biased way, ei-
ther increasing or decreasing.
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Fig. 14. Sensitivity of axial and torsional torques (RPM vs WOB) for limestone and dolomite formations
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4.3. Mitigations for Other Problems

The Mishrif, Mauddud, Zubair, and Yamama Forma-
tions must be isolated from the top of the liner to elim-
inate crossflows and pretend potential communication
between the lower water-bearing zones and shallow loss
zones during the production phase of the wells.

H,S detectors must be calibrated and functio-
nally tested before drilling into the Nahr Umr Sandy
Formation. The 8%” BHA wipe trip could not pass
through the POOH in the Nahr Umr Formation, and
re-running with directional BHA was required to clear
the obstruction. Surging/swabbing issues were ob-
served in the wells in the Zubair Formation, with the
presence of connection gas, background gas, trip gas,
and differential sticking.

The 8%2” interval in the Zubair Formation will be
drilled with an inhibitive KCL/PHPA polymer mud
system to provide wellbore hole stability, clay inhi-
bition, and good hole cleaning. Glycol will be used if
required, with 3% added in the case of shale prob-
lems. CaCO3 will be added to increase mud weight to
the desired 1.28 sg.

For the Yamama Formation, the PDC Bit
(MMD65R) performed the best. Mud properties
should have an MW of 1.60-1.65 sg (as indicated in
the last two rows of Table 2). GEM™ GP shale stabi-
lizer and KCl Polymer (5% KCL) must be added, with
a flow rate of 1800-2300 LPM, and RPM adjusted as
per the DD’s recommendations.

5. Discussion
A junk basket must be placed above the bit if the
circulating fluid is flowing down the work string. The
nozzles must be removable from the bit and from any
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equipment inside the drill string to ensure they are
large enough to allow cuttings to pass when rever-
sing circulation during drilling. Variations in rotary
speed and bit weight should be optimized to break
metal parts and to re-establish bit penetration. Pe-
netration stoppage because due to “bit tracking” may
require lifting the bit off the grilling surface. Rapid
bit contact and weight application while continuing
rotation will aid in breaking up the bit pattern and
help to re-establish bit penetration.

When losses occur in the Nahr Umr, Shuaiba,
Upper Shale, Middle Sand, and Middle Shale Forma-
tions, or they are accompanied by changes in torque
or a drilling break (including bit dropping), they will
likely occur at the bottom. However, if losses occur
during tripping or while increasing mud weight,
they will occur off the bottom. Pipe sticking must
be avoided when losses occur, as cuttings may settle
around the BHA and stick to the pipe mechanical-
ly. The cuttings will act as a packer and exacerbate
losses below them. The pipe must be kept moving at
all times. Differential sticking must also be consi-
dered. For the Mishrif Formation, an advanced dril-
ling strategy was applied to wells WQ1-X52 and sub-
sequent wells drilled between 2017 and 2018, with
good performance compared to wells drilled earlier
(an average of 30.3 days and NPT of 4.4%). The final
drilling program includes adjustments, as shown in
Fig. 17. In the Mauddud Formation, there were no en-
counters with helical or sinusoidal buckling during
drilling operations (Fig. 18). The maximum torque at
the rotary table (rotating on the bottom — 8300 ft-1bf)
remained below the makeup torque for the 3%%2” DP
(Figs. 19 and 20).

The Yamama offset wells data and MW selection in the West Qurna Field fable?
Well Formation Depth, Actual PP, PP., MW MW Overbalan?e ngrbalanqe
m TVD sg psi | (Low), sg | (High), sg (Low), psi (High), psi
WQ1-X12 (old well) Ya-A 3515 1.47 7343 1.50 1.61 150 699
WQ1-X12 Ya-A 3566 1.44 7298 1.50 1.61 304 862
WQ1-X12 Ya-A 3593 1.43 7302 1.50 1.61 357 919
WQ1-X12 Ya-B 3620 1.39 7151 1.50 1.61 566 1132
WQ1-X12 Ya-B 3685 1.37 7175 1.50 1.61 681 1257
WQ1-X38 (2018) Ya-A 3551 1.46 7368 1.50 1.61 202 757
WQ1-X38 Ya-B 3653 1.39 7216 1.50 1.61 571 1142
WQ1-X63 Ya-A 3836 ~1.42 7741 1.55 1.65 709 1254
WQ1-X63 (2019) Ya-B 3924 ~1.42 7919 1.55 1.65 725 1283
WOQ1-X63 (~\WQ1-X12) | Ya-A 3836 1.47 8014 | 1.60 1.65 709 981
WQ1-463 (~-WQ1-X12) Ya-A 3836 1.44 7850 1.60 1.65 872 1145
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Fig. 17. Wells performance in the West Qurna-1 Field from 2017 to 2018
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Fig. 18. Drilling optimization through real-time monitoring of drilling problems
from the Mishrif to Mauddud Formations
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Fig. 20. Hole cleaning performance: Minimum flow rate vs ROP - q,
and Inclination, flow rate, and volume % for the Mauddud Formation in the West Qurna Field — b

Conclusion(s)

1. The use of the 16” SFD75D bit in directional
wells proved to be the preferred bit for this section.
Toward improving performance, the 16” MMDG65R,
EQHI16R, and SF74R bits can also be successfully use-
able. It is recommended to use the MME65R PDC bit
as a primary or backup in upcoming Mishrif horizon-
tal wells in southern Iraq. The MSi616L bit type is
a well-proven design for drilling 12%4” section appli-
cations in southern Iraq, while the EQH12DR bit type
was used in recent drilling operations to complete
the remaining parts of the 8%%” section and came
out in excellent condition. For horizontal sections,
the MMD54 bit (5 blades, 13 mm cutter size) showed
excellent performance and accumulated intervals,
achieving the highest ROP (26.9 m /hr).

2. Changes in the drilling program include run-
ning a 12%4” rotary slick BHA with large nozzles and
pumping a balanced cement plug through the bit to
drill up to 2000 m. In the case of Dammam Forma-
tion losses, LCM will be pumped, and a cement plug
will be pumped if needed. Then POOH and run an
open-ended drill pipe to set the cement plug. Finally,
POOH and directional BHA were run to drill to TD.
ECD must be controlled, and MW must be optimized
before penetrating the Hartha Formation. To mini-
mize losses, high overbalance must be avoided while
drilling Hartha, and losses with LCM can be cured.

3. Several successful FlexPlug applications have
been completed in southern Iraq fields, providing
valuable experience in treating serious lost circula-
tion situations.

4.0nly 10 m is required to drill below the top
of the Sadi Formation, after which losses must be

checked before continuing drilling. PP/FG data must
be optimized and updated from the top section as
a guide and trend for the bottom interval. The hole
must be cleaned, and flow and POOH must be checked.
The 12%4” section in the Hartha Formation must be
drilled with directional BHA in rotary mode with con-
trolled parameters.

5. Sudden losses in the Tanuma Formation must
be managed, and the hole must keep full at all times
to prevent the collapse of weak zones. Shale inhibi-
tion must be added to the bridging material to control
effective shale formations.

6. In the Mauddud Formation, good hole cleaning
can be achieved with 250-317 gpm in the horizontal
section at a rotary speed of 40 RPM, a settling velocity
at 10.2 ft/min, and a Yield point of 3.933 1ft/100 ft2.

7.The suggested parameters before starting
to drill the Nahr Umr Formation are a flow rate
of 2500-3500 1/min, WOB of 12-15 tons, RPM of
100-160, and MW of 1.25 sg to avoid potential stick-
ing of the pipes and hole sloughing.

8. The mud loss problem will be noticeable in the
north of the West Qurna-1 and south of the West Qur-
na-2 Field, while it will be partial toward the south
due to the mud loss in the Shuaiba Formation.

9. The 7” production liner must be run and sea-
ted with proper isolation across the Mishrif and Zu-
bair Formations. The liner must be overlapped to pre-
vent potential communication between the lower wa-
ter-bearing zones and shallow loss zones during well
production.

10. The drilling fluid density is 1.28 sg from the
top to the bottom of the Zubair and Mishrif Forma-
tions, with full holes at all times. Tripping in/out
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must be done at controlled speeds to prevent sur-
ging/swabbing the well. Frequent flow checks must
be performed during drilling breaks, and gas from
connections, background, and trips must be moni-
tored. Potassium chloride must be added and main-
tained at 3-5% as per the program while drilling all
sections of the Zubair Formation.

11.For the Yamama Formation, the PDC bit
(MMD65R) performed the best. Mud properties should
have an MW of 1.60-1. 65 sg, GEM™ GP shale stabili-

elSSN 2500-0632

https://mst.misis.ru/

Al-Dujaili A. N. New advances in drilling operations in sandstone, shale, and carbonate formations...

zer/KCl Polymer (5% KCL) must be added, with a flow
rate of 1800-2300 LPM, and RPM as per DD’s recom-
mendations. An H,S Scavenger is recommended.

12. The injector(s) should remain shut in until the
Mishrif, Mauddud, Zubair, and Yamama Formations
are cased off to prevent potential flow.

13. The Dammam Formation faced the most dril-
ling problems, while no significant problems occurred
in the Dibdibba, Khasib, Rumaila, Ahmedi, and Maud-
dud Formations.
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Abstract

To date, considerable experience has been accumulated in solving the problems of forecasting and evaluation
of minerals, primarily fossil fuels and ore minerals. Virtually any such forecast requires the use of computer
modeling methods, which today have become an integral part of geological industry, operating with large data
sets. But despite such significant successes in solving the problem of natural (mineral) resources forecasting
using up-to-date information technologies, scientific and methodological approaches to modeling the subsoil
of territories where commonly occurring mineral resources (COMR) are concentrated are still insufficiently de-
veloped. Due to insufficient funding, this type of resources is often overlooked, despite its important socio-eco-
nomic significance for the development of local industry of various ranks in regions. COMR are also important
for the territory of the Brest region of Belarus. The development of the mineral resource base of this region due
to the peculiarities of its geological structure (the territory is formed by a thick strata of Cenozoic sediments)
is associated with commonly occurring types of raw materials. Therefore, scientific research aimed at modeling
the geological structure of Cenozoic sediments in the Brest region to assess the prospects for dicovering new
deposits of non-metallic minerals in the region is very relevant. The purpose of this work is to create a digital
geological model of the Cenozoic sediments of the Brest region as a basis for forecasting the new COMR de-
posits, being most accessible for development in the region, and assessing the prospects for their development.
Objectives: to systematize data on the geological structure of the Brest region; to create a digital geological
model of the Cenozoic strata in the Brest region; to develop an approach to the grouping of the region’s lands
according to their acceptability for the development of COMR deposits; to develop a scheme of involvement
of the predicted COMR deposits of the Brest region in development. Study subject: Cenozoic sediments in the
Brest region. Methods: computer modeling, geoinformation, approximation, cartographic, classification, expert
review. Results: a new, targeted scientific and methodological approach to the geological modeling of the subsoil
and non-metallic mineral deposits in the Brest region was proposed. The regional-level digital geological model
created on its basis makes it possible to perform primary forecasting of COMR deposits confined to the Cenozoic
sediments, as well as to assess the acceptability of involvement of the identified deposits in development.

Keywords
geology, geological model, Cenozoic, Cenozoic sediments, commonly occurring mineral resources, mineral
resource base, raw material, forecast, GIS, ArcGIS, evaluation, schematic map, Brest region
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AHHOTauusa

K HaCTOSAIIEMY BpeMEHNM HaKOIlJIEH 3HAUUTE/JbHbIN OIBIT B pemieHNM 3aga4 IIPOTrHO3a M OLI€HKM ITOJIE3HbIX
MCKOIIa€MbIX, IIPpEXAe BCETO rOprUMX M PYOAHBIX. HpaKTI/I‘{ECKI/I JII06071 HO,Z[O6HI)II7[ IIPOTHO3 He O6X0,E[I/ITCH
6e3 MCII0Nb30BAHNS MEeTOOJOB KOMIIBIOTEPHOTO MOOE/JIMPOBaHMs, KOTOPbIE€ CEerOOHs CTa/IN HeoTbeMJIeMO
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COCTaBJISIIONIE} Te0IOTMYUECKON OTPaCIy, ONlepupyloleii 60/bIIMMM MacCUBaMy JaHHBIX. HO HeCMOTps Ha
CTOJIb 3HAUMTEJIbHBIE YCIIeXU B PelleHNM ITPO6JIeMbl POTHO3MPOBAHMS MTOJIE3HBIX MCKOMIAeMBbIX C UCTIOJb-
30BaHMeM COBpeMeHHbIX MH()OPMaLMOHHbIX TEXHOIOTUH, HAYyUHO-MeToJuUecKre TOAX0Ibl K MOJelnpo-
BAHUIO HEJP TEPPUTOPUIL, B KOTOPBIX CKOHIIEHTPYPOBAHbI 00IepacpocTpaHeHHbIE MTOJIe3HbIe MCKOTIae-
mbie (OIIN), Bce ele paspaboTaHbl HeJOCTATOUYHO. BBUAY HE3HAUMUTENbHOTO GMHAHCUPOBAHMS JAHHbIM
BUJi, PECYPCOB YacTO OCTaB/ISIIOT 0e3 BHMMaHMs, HECMOTPSI Ha MX BaKHOE COIMaJIbHO-3KOHOMMUYECKOE
3HauYeHMe OJIs1 pa3BUTUS MECTHOJ MPOMBIIIEHHOCTY PETrMOHOB Pa3HOro paHra. BakHoe 3HaueHue OIIN
MMEIOT U JIJisl TeppuUTopuu Bpecrtckoii o6mactu benapycu. Pa3BuTue MyuHepaabHO-ChIpbeBO 6a3bl JAHHOTO
permoHa B CBSI3U C OCOOEHHOCTSIMM €r0 Te0JOTUYECKOTO CTPOEHUS (TEPPUTOPUS CIOKeHA MOI[HOI TOJI-
el KaifHO30MCKMUX OTIOKEHMIT) CBSI3aHO MMEHHO C 00IepacpoCTpaHEeHHbIMY BUIAMU ChIPbsI. [loaTOMy
Hay4Hble MCC/IeA0BaHMs, HallpaBJIeHHble HA MOJEJIMPOBaHNME TeOJIOTMYeCKOro CTPOeHUST KaiiHO30MCKMUX
OTJIOKEHUIT TeppuTOpUM BpecTckoit 06macTu AJ1st OIeHKY ITePCIIeKTHUB BbISIBIEHMSI HOBBIX 3ajIeKeil Hepy-
HbIX BUJIOB MMHEPAJbHOTO ChIPbSI B PETMOHE, SIBJISIOTCSI BeCbMa aKTyaJabHbIMU. []ess HacTosIIEl paboThI
3aKJII0YaeTCs B CO3aHuM U (PPOBOI reoI0TMUeCcKO MO e KaiiHO30MCKUX OTI0KeHU Tepputopun bpe-
CTCKO1 06J1aCTY KaK OCHOBBI IJIs1 ITPOIHO3a HOBBIX HaMboIee JOCTYITHBIX IJ1s1 OCBoeHMs 3anexeit OITU B pe-
TMIOHE ¥ OII€HKM TIePCIIEKTUB UX OCBOEHMS. 3a0auu: CUCTEMATU3UPOBATh CBEIEHUS O Te0IOTMYeCKOM CTPO-
eHum bpecTckoit 06acTyt; co31aTh MM GPOBYIO TeOTOTUIECKYIO MOIE/Tb KailHO307CKO TOIIIY TePPUTOPUNA
BpecTckoit 06iacTut; pazpaboTaTh MOAX0M K IPYIIIIMPOBKE 3eMeJIb PETVOHA 110 TIPUEMJIEMOCTU K OCBOEHUIO
sanexkeii OITM; pa3paboTaTh CXeMy BOBJIEUEHMS ITPOTHO3HBIX 3anexkeit OIIW Tepputopum BpecTckoii 06-
JacTu B pa3pabotky. O6sekm: KailHO30liCKMe OTI0KeHUSI TeppuTopun bpecrckoit obaactu. Memodst: KoM-
MbIOTEPHOTO MOAENVPOBAHMSI, TeOMH(MOPMAIMOHHBIN, alllTPOKCUMAaLH, KapTorpadbuueckuii, Kmaccudu-
KaLluM, SKCIIePTHBIX OLleHOK. Pe3ynibmamei: Ipefi0o>keH HOBBIV, alpeCcHbIi HAyYHO-MeTOLUYEeCKUIA TOAXO
K Te0JIOTMYeCKOMY MOJIEJTMPOBAHUIO HEZP TEPPUTOPUM BpecTcKoii 06/1acTy M HaXOASIIUXCS B HUX 3aJIeXeii
HepYyIHBIX MMONe3HbIX McKomaeMbix. CO3aHHAsl HA ero OCHOBe Iu(poBas reosornyeckasi MoJeab Peruo-
HaJbHOTO YPOBHS MO3BOJISIET BBIMOJHUTD IEPBUYHBIN NPOrHO3 Ha 3aiexy OIIY, npuypovYeHHbIX K TOMIe
KaifHO30JCKMX OTI0XKEHMI, & TaKKe IIPOBECTY OLEHKY IIPUEMIEMOCTY BOBJIEUEHMS BbISIBJIEHHBIX 3a1exeit
B pa3paboTKy.

KnioueBble cnoBa

TeoJIoTHsI, Te0JIOTMYECKasT MOJIe/b, KaifHO30i, KaiflHO30JiCKIe OTIOKEHMS, O0IIepacIpoCTpaHEHHbIE MTOJIe3-
HbI€ MCKOIlaeMble, MUMHEPATbHO-ChIpbeBast 6a3a, chipbe, poruos, 'MC, ArcGIS, ouieHka, kKaprocxema, Bpect-
cKas 06J1acThb
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Introduction

To date, a huge amount of research has been car-
ried out to solve the problems of forecasting and eva-
luation of oil and gas deposits. The growing interest
in these raw materials is determined by the perma-
nent growth of demand and prices for them. In addi-
tion, such studies are characterized by large amounts
of both governmental and private investments. At the
same time, commonly occurring mineral resources
(COMR)!, which are of great socio-economic impor-
tance for the development of local industry in regions,
are quite often undeservedly neglected.

COMR should to solve one of the most important
problems for regions of different ranks — to meet the
needs of the construction industry with local raw ma-
terials. That is why the systematic geological study of
such resources is seen as a very relevant area of re-
search at the present stage. Geological studies of the

I The Interparliamentary Assembly of CIS Member States:
The Model Code for Subsoil Management and Subsoil Usage for
CIS Member States. URL: https://base.spinform.ru/show_doc.
fwx?rgn=29299 [Accessed February 29, 2024].

raw materials base of COMR are also important for the
territory of the Brest region (the Republic of Belarus),
which (its subsoil) is geologically composed of a thick
sedimentary strata, mainly Cenozoic. The most acces-
sible for development deposits of COMR in the region
and in the country as a whole are genetically connec-
ted with this strata.

Detailed studies of Cenozoic sediments in the
Brest region, first of all the Quaternary strata, were
carried out since the middle of the XIX century and
were connected with the construction of railroads and
industrial enterprises, which created a demand for
construction raw materials [1]. Today, numerous de-
posits of construction materials (clays, loams, sands
and sand-and-gravel rocks, etc.) have already been
explored in the region. A significant portion of such
deposits are being developed. The rest serve as re-
serve bases for businesses in the region.

Despite the achieved successes in the creation
and development of the raw material base of COMR
in the Brest region, the problem of forecasting and
assessment of such resources continues to be an ur-
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gent problem here. This is primarily due to the need
to update the results accumulated by the predecessors
using the latest (most complete) geological drilling
data. At the present stage, this problem can be solved
most effectively with the use of computer modeling
methods. Updating of data on COMR reserves/re-
sources in the region will allow geologists to plan fur-
ther study of subsoil for the development of mineral
resource base (MRB) of Brest region and create a qua-
litative basis for providing interested organizations
with information on promising deposits of construc-
tion raw materials.

Based on the above, the aim and objectives of the
present study can be formulated.

The purpose of the study is to create a digital geo-
logical model of the Cenozoic sediments of the Brest
region as a basis for forecasting the new most accessi-
ble for development COMR deposits in the region and
assessing the prospects for their development.

Research objectives:

- to systematize the accumulated data on the ge-
ological structure of the Brest region;

— to create a digital geological model of the Ceno-
zoic strata in the Brest region;

- to develop an approach to grouping the lands
of the Brest region according to their acceptability for
the development of COMR deposits;

— to develop a reasonable scheme of involvement
of predicted COMR deposits in the Brest region in de-
velopment.

The study subject is Cenozoic sediments in the
Brest region.

o Explor.ation drilling 0o
maturity
of the Brest region
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Source materials

The database of drilling exploration maturity of
the Brest region, compiled by the authors on the basis
of materials provided by the State Enterprise “Scien-
tific and Production Center for Geology” and the State
Scientific Institution “Institute of Nature Manage-
ment of the National Academy of Sciences of Belarus”
served as the source data for the present study imple-
mentation.

The described database contains information on
more than 5500 wells that were drilled at different
times in the region. For each horizon penetrated by
a particular well, more than 20 characteristics are
given here. Among them the most significant for the
purpose of the present research are the following:
location, depth of occurrence, stratigraphic descrip-
tion, lithological description, absolute elevations of
the upper and lower contacts, thickness of rocks.

A characteristic feature of the described well net-
work is the unevenness of its distribution over the ter-
ritory of the Brest region. As can be seen in Fig. 1, the
concentration of wells in the western part of the region
is very high, while in the eastern part, on the contrary,
it is extremely low. This feature has had a significant
impact on the development of a digital geologic model
of the Cenozoic sediments of the region.

Research techniques
Currently, there are a wide variety of techniques
devoted to solving the problem of geologic compu-
ter modeling for mineral deposit prediction. At the
same time, most of these approaches, which have
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Fig. 1. Distribution of drilling wells over the territory of the Brest region
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proven their practical effectiveness, are focused on
the creation of models with respect to the forecast
of ore and fossil fuels deposits. To a lesser extent,
these approaches are focused on building subsoil
models for COMR forecasting. This is due not only
to the smaller amount of funding for research in the
field of forecasting of commonly occurring raw ma-
terials, but also to the specificity of specialized GIS
programs. A large number of tools presented in such
GIS were developed in the context of oil exploration
tasks, where the data network is dense and uniform.
Applying them to a heterogeneous and sparse net-
work of data (most inherent in COMR) is often infea-
sible. That is why the creation of models of subsoil
structure for forecasting non-metallic minerals quite
often requires the use of specially developed algo-
rithms, methods, and technologies.

Taking into account the above-mentioned, as
well as the experience accumulated in domestic
and foreign practice in the field of geological mode-
ling [2-4], to achieve the purpose of this study, the
author’s method of forecasting and evaluation of
COMR deposits occurring in Cenozoic sediments of
the Brest region [5] is proposed. The scheme assumes
realization of forecasting and evaluation on the basis
of digital geological model of the given strata. The
main blocks of the proposed methodology are shown
in Fig. 2. In the following, we will elaborate on each
of these blocks in more detail.
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Block 1. Systematization and updating of data on
the geological structure of the Brest region. In view of
the fact that the main objective of the study is to
forecast new COMR deposits in the region, the first
stage of the study, according to the authors, should
be the systematization of the accumulated extensive
material on the geological structure of the Brest re-
gion. After all, it is the geological structure that is the
key factor determining the regularities of the region’s
mineral raw material base location and its specificity.
In addition, it is impossible to build a correct geolo-
gic model without understanding the specifics of the
geologic structure.

The direct implementation of this block inclu-
ded: 1 - collection and generalization of numerous
materials on the geological structure of this territory;
2 - clarification of data obtained in the historical re-
searches of this territory on the basis of the author’s
set of horizon-by-horizon isopachyte schematic maps.

Block 2. Selection of software products for creating
a digital geological model. In view of the fact that the
goal set in the paper can be achieved most effective-
ly with the use of information products, this block be-
came a significant part of the study.

As practice shows, a variety of GIS packages are
used as a software basis for geological modeling,
which can be combined into two groups [6]: subsoil
use GIS (Rock-works, GMS, Surfer, Petrel, etc.) and
general geographic GIS (ArcGIS, MaplInfo, QGIS, etc.).

Systematization and updating of data on the geological structure of the Brest region

BLOCK 2

v

Selection of software products for creating a digital geological model

!

Digital geological modeling

Development of an | :
algquthm for ] I

processing geological

drilling data .

BLOCK 4

BLOCK 5

. 3D modeling oy
of the Cenozoic —»
strata structure !

1 ! 5 1
: 2D modeling 1 , Cf]alcu%atlp nl 1

of the Cenozoic — Ol 8e€ologica .
' strata structure ! 1+ and commercial |
, v parameters !

Grouping of lands of the Brest region by acceptability for the development
of non-metallic raw materials deposits

v

Classification of deposits of non-metallic raw materials
in the Brest region by rational use

Fig. 2. Structural and logical scheme of the methodology of forecasting and evaluation
of COMR deposits in the Brest region
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The use of such programs as GIS Petrel and GIS
ArcGIS 10.5 was considered for creation of digital ge-
ological model of the studied region. However, since
Petrel package was developed for the use in oil explo-
ration and production sector, where drilling data net-
work is very dense and uniform, it was not possible to
apply it to model creation for the purpose of COMR
deposit prediction. Therefore, preference was given to
the ArcGIS 10.5 general geographic system.

In addition to the selection of GIS as the main
modeling platform, this stage included the selection of
additional software tools that extend the basic func-
tionality of the selected GIS package. The use of the
following means was justified: MS Access DBMS,Mi-
crosoft Excel, Blender 3D computer graphics software,
Wolfram Mathematica computer algebra system.

Block 3. Digital geological modeling. The block
under consideration is the key block of the study and
the longest in terms of implementation time. It in-
cluded the following steps:

- development of an algorithm for processing
the materials presented in the exploration drilling
database in order to identify erroneous data present
in them;

— creation of a three-dimensional digital geologic
model of the region [7];

- converting the three-dimensional model into
a two-dimensional format;

— calculation of the most significant geological
and commercial parameters(vertical thickness of sed-
iments, overburden thickness, overburden ratio);

— construction of a set of prognostic-mineralo-
genic schematic maps reflecting data on the patterns
of distribution and promising areas of the most sig-
nificant types of non-metallic raw materials in the in-
vestigated territory in terms of thickness.

Block 4. Grouping of lands of the Brest region by ac-
ceptability for the development of non-metallic raw ma-
terials deposits. Inclusion of a block allowing to take
into account the type of land of the deposit location
area in the evaluation scheme is connected with the
specifics of COMR mining. The development of these
types of raw materials is usually carried out by open-
pit mining, which leads to negative impact on envi-
ronmental components. This, in turn, increases the
cost of developing such resources due to the need for
subsequent compensation for damage, primarily re-
lated to the degradation of different types of land.

In the Brest region, the use of such a block is
also significant due to the fact that here the extrac-
tion of construction raw materials is often carried out
through the development of on-farm quarries, that
makes commercialization of the disturbed lands ex-
tremely problematic.
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The final result produced by the block under con-
sideration was the authors' proposed approach to
grouping of the Brest region lands in terms of the fea-
sibility of open-pit mining [8].

Block 5. Classification of deposits of non-metallic
raw materials in the Brest region by rational use. The
final block of the proposed methodology was the clas-
sification of COMR deposits of the Brest region iden-
tified during the modeling by their acceptability for
development. The classification procedure was car-
ried out on the basis of complexing raster coverages,
reflecting geological and commercial parameters for
each deposit, and calculated weighting coefficients,
characterizing the acceptability of the groups of lands
of the Brest region selected at stage 4 for COMR de-
velopment. The algorithm of deposit classification is
described in more detail in [9].

Results and their discussion

A complex analysis of the geological struc-
ture of the Brest region territory as a key factor
determining the regularities of formation of the
region raw-materials base and its specificity was
carried out. A brief characterization of the main
features of the region territory geological structure
is given below.

The territory of the Brest region is located in the
western part of East European paleoplatform. Taking
into account the depth the crystalline basement top,
the following tectonic elements were distinguished
within the basement: Podlyassko-Brestsky Depres-
sion (eastern part), Polesskaya Anticline, Pripyatsky
Trough (western part), Mikashevichsko-Zhitkovichsky
nose of the crystalline basement, Ivatsevichsky buried
nose of the Belarusian Anticlise, Lukovsko-Ratnovsky
gorst, Volynskaya monocline of the Volyno-Azovsky
plate. The sedimentary cover sediments are ubiqui-
tous and united into structural complexes, succes-
sively alternating in the section of the formation se-
ries and separated by nondepositional hiatuses. These
complexes correspond to the main tectonic stages of
the territory’s development: Gothic, Lower Baikaskyl,
Upper Baikalsky, Caledonian, Hercynian, Cimmeri-
an-Alpine.

The most widespread among the rocks of the
platform cover of the studied region are Cenozoic sed-
iments, primarily Quaternary ones. The accumulation
of the Cenozoic sediments occurred during three ge-
ologic periods with different paleogeographic condi-
tions that influenced the nature of sedimentation and
the present-day structure of the sedimentary cover of
the region.

The Paleogene system sediments occupy signif-
icant areas within the region. Absolute elevations of
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their base vary from 30-40 m in the north and north-
west to 150 m in the south and southwest. The sedi-
ments thickness in most of the region is 20-30 m.

The Neogene system sediments within the Brest
region occupy extensive areas, overlying the Paleo-
gene and underlying Quaternary. They occur at ab-
solute elevations of 30-150 m, reaching maximum
elevations in the southwest. Their average thickness
is 15-20 m.

The Quaternary sediments are widespread in the
study area and superpose the formations of older geo-
logical systems. Their thickness varies from a few tens
to 240 m.

Since the greatest prospects for the development
of raw-materials base in the region are associated
with the Cenozoic sediments, a set of horizon-to-ho-
rizon isopachyte schematic maps was produced to
clarify the specifics of their structure. One of them is
shown as an example in Fig. 3.

A digital geological model of Cenozoic sedi-
ments in the Brest region was developed. It rep-
resents a concentrated system of data on structural,
lithologic, and mining and geological features of the
structure of the Cenozoic strata in the region [7].

Due to the multi-layered structure of the data
used for modeling, the model was initially generated
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in a volumetric form. The three-dimensional model
was realized on the basis of the author's algorithm
executed with the use of an independently developed
module in the C++ programming language. This al-
gorithm is based on constructions based on Voronoi
diagram. As can be seen in Fig. 4, the volumetric mod-
el consists of a set of convex polyhedra in three-di-
mensional space. The adjacent groups of these pol-
yhedrons represent sedimentary rock deposit bodies
that may be considered as potential for development
of COMR in the region.

Since the construction of the three-dimensional
model was based in some parts on a sparse network
of wells, it differs to a great extent from the classical
volumetric models, which are presented in the scien-
tific literature devoted to modeling of oil reservoirs.
This led to the necessity to carry out the procedure
of its approximation and formation of a two-dimen-
sional model, which is also the most familiar from
the viewpoint of analysis for profile specialists. The
algorithm for transforming a three-dimensional
model into a two-dimensional format is described
in detail in [7].

On the whole, the created two-dimensional mo-
del represents data sets structured as an ArcGIS
geodatabase files: 1 — vector point layers obtained
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Fig. 3. Isopachyte schematic map of the Sozh subhorizon of the Pripyatsky horizon (Q,pr, sz)
of the Quaternary system in the territory of the Brest region
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during numerical processing of the volumetric model  ralogenic schematic maps of the region, which was
“sliced” into layers; 2 - raster covers for each of the  performed for such rock types as sands, rubbly-gra-
19 rock types; 3 — classes of polygonal objects reflec-  vel-sandy rocks (sand-gravel-rubbly rocks), clays,
ting preliminary boundaries of COMR deposits, their ~ clay loams and sandy loams, and peat. It is these
thicknesses, thicknesses of overlying sediments, and  rocks that are the most significant in terms of thick-

occurrence elevations. ness and areal representation within the study terri-
The two-dimensional model served as a basis  tory. An example of the map from the described set
for creating a basic set of digital prognostic-mine-  is shown in Fig. 5.

Fig. 4. Example of the generated volumetric model reflecting the distribution of sand deposits in the Quaternary sediments
in the territory of Zhabinka district of the Brest region, author's algorithm
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Fig. 5. Schematic map of regularities of location and forecasting of peat deposits
in Cenozoic sediments in the Brest region
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The approach to grouping of the Brest region
lands according to their acceptability for develop-
ment of COMR deposits is proposed. When classi-
fying the lands, consideration was given to: 1 — legal
norms regulating the possibility of using lands of dif-
ferent types in the Republic of Belarus for quarrying?;
2 - approaches to grouping of lands according to their
acceptability for development of COMR deposits, used
in the works of other researchers® [10, 11]; 3 — the ap-
proach to grouping of lands according to the degree of
anthropogenic impact on natural landscapes, used in
the work of B.I. Kochurov [12].

2 National Legal Internet Portal of the Republic of Belarus.
Land Code of the Republic of Belarus. URL: https://pravo.by/do
cument/?guid=12551&p0=H12200195 [Accessed February 29,
2024]; National Legal Internet Portal of the Republic of Belarus.
Subsoil Code of the Republic of Belarus. URL: https://pravo.by/
document/?guid=3871&p0=Hk0800406 [Accessed February 29,
2024]; Belarus Legal Forum. Draft Resolution of the Council
of Ministers of the Republic of Belarus “On the procedure
of location, development, reclamation and accounting of
on-farm quarries”. URL: https://forumpravo.by/publichnoe-
obsuzhdenie-proektov-npa/forum15/16239 [Accessed February
29, 2024].

5 Lyutyagin D.V. Geological and economic substantiation
of involvement in development of deposits of commonly occur-
ring mineral resources [Ph.D. thesis in Economics]. Moscow;
2006. 28 p. (In Russ.).
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The land groups are the result of systematiza-
tion of a set of land subtypes* [13] in the Brest region
land information system database. A total of six land
groups were identified due to the grouping (Table 1).

To ensure the possibility of using the developed
classification when assessing the acceptability of the
development of COMR deposits in the Brest region,
weighting coefficients were calculated for each group
of lands based on the method of hierarchy analysis
T. Saati [13, 14].

Based on the land grouping and the calculation
of weighting coefficients , a digital raster model was
created (Fig. 6), reflecting the acceptability of the dis-
tinguished groups of lands in the region for the de-
velopment of deposits of construction raw materials.

The scheme of involvement of predicted COMR
deposits in the Brest region into development was
developed. As a result of creating a raster model re-
flecting the acceptability of different groups of land
in the Brest region to the development of COMR de-
posits, it became possible to substantiate the rational
sequence of involving the construction raw materials

4 National Legal Internet Portal of the Republic of
Belarus. Land Information System of the Republic of Belarus.
Procedures for creating, maintaining (operating and updating).
URL: https://pravo.by/document/?guid=12551&p0=W22137315
&p1=1&p5=0 [Accessed February 29, 2024].

Table 1

Grouping of the Brest region lands in terms of acceptability for the development
of construction raw materials deposits

Code Land group Land subtype
1 |Land most acceptable Other unused land; sands devoid of vegetation; ravines and scour holes; bars; pits
for the development of COMR
2 |Land acceptable Derelict land; meadow; meadow (bushy); meadow (waterlogged); meadow (waterlogged,
for the development of COMR |bushy); improved meadow; unforested
3 |Land allowable Arable; greenhouses, hot houses; orchards; berry fields; plantations; fruit crop nurseries;
for the development of COMR |forests; plantings; forest belts; field, forest roads; clearings
4 |Land restricted Lands disturbed during mining and extraction of minerals; lands disturbed during peat
for the development of COMR |and sapropel extraction; lands disturbed during construction works; burnt-out peatlands;
former agricultural lands contaminated with radionuclides; lands under reclamation
construction; lands in the stage of fertility restoration; dumps and spoil heaps; pits/
quarries and other facilities at the stage of mineral extraction; lands at the stage of
peat and sapropel extraction; active construction sites and other sites at the stage of
construction; lands used for waste storage; animal burial sites.
5 |Land extremely restricted Country roads; improved roads - right-of-way (carriageway); improved roads — slopes;
for the development of COMR |cattle runs; railroads — right-of-way; railroads — slopes; railroads — platforms; other
transportation lanes; lands under pipelines; bridges, overpasses, trestles; squares; streets
and passages; carriageways of streets; parks, squares, boulevards, other green areas; lawns
and flowerbeds; mounds; cemeteries; lands provided to citizens for collective gardening;
homestead lands; yards (without division into industrial and residential buildings; open
warehouses; pens; residential buildings; non-residential buildings; light-type buildings;
other buildings and structures; silage pits
6 |Land prohibited Rivers; canals and ditches; lakes; reservoirs and ponds; dams; weirs; under-edges; swamps
for the development of COMR
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deposits of the studied region in development. For this
purpose, a procedure of complexing several types of
raster surfaces was carried out in ArcGIS 10.5 software
package: 1 — rasters of thicknesses of the identified
promising areas of local raw materials; 2 — rasters of
overburden thicknesses over the identified deposits;
3 — raster showing the availability of the Brest region
lands for COMR development [9].

Two types of schematic map sets were generated
based on the complexing results:

1) schematic maps providing a general concept
of the acceptability of development of the identified
non-metallic raw materials in the region. An example
of such a map is shown in Fig. 7;

2) schematic maps providing a detailed concept
of the acceptability of development of each individual
deposit. An example of such a map is shown in Fig. 8.

As can be clearly seen in both figures, all the de-
posits are grouped into five classes on the schematic
maps:

1) the most acceptable for development depo-
sits, which occur close the surface, have significant
thicknesses of productive strata, and are confined to
unused or poorly used agricultural and forest lands;
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2) acceptable for development deposits, the strip-
ping ratio of which is predominantly equal to one,
confined to agricultural and forest lands with high in-
tensity of use;

3) Deposits, development of which is allowed
when there is an acute demand for a raw material,
mainly occurring under disturbed lands, with strip-
ping ratio equal to or exceeding 1;

4) Deposits, development of which is highly un-
desirable, occurring under developed lands with strip-
ping ratio exceeding 1;

5) Deposits, development of which is impossi-
ble, occurring under water bodies and swamps, with
the overburden thickness significantly (two or more
times) exceeding the productive strata thickness.

At the same time, it should be noted that the pre-
sented approach to justification of the feasibility of
a deposit development taking into account the status
of lands should be considered as preliminary. The final
decision on the acceptability of developing a particu-
lar deposit should be made only after a detailed study
of the area where it is located. This will allow a more
objective assessment of the impact of the planned
works on the natural environment components.
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Fig. 6. Raster model reflecting the acceptability of different groups of lands in the Brest region for the development
of deposits of construction raw materials
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Practical application of the research results

The results obtained during the implementation
of the research described in this paper have already
found their application both in the educational and
production process. In particular, the developed
algorithm of geological survey data processing and
a set of tools designed to automate its work are used
in the educational process and research work by the
students of the Department of Urban and Regional
Development of the Faculty of Natural Science of
the Brest State University named after A.S. Push-
kin, as well as by the students of the Department of
Environmental Management of the Faculty of Engi-
neering Systems and Ecology of the Brest State Tech-
nical University. This is confirmed by the relevant
adoption deeds.

The created sets of isopachite schematic
maps, prognostic-mineralogenic schematic maps,
schematic maps of acceptability of involvement of
non-metallic raw materials deposits in the Brest re-
gion into development are introduced and used in
the study of Cenozoic sediments of the region in the
laboratory of recent geodynamics and paleogeog-
raphy of the Institute of Nature Management of the
National Academy of Sciences of Belarus, as well as
in the Quaternary geology department of the branch
Institute of Geology of the Republican Unitary Enter-
prise “Scientific and Production Center for Geology”.

The economic significance of the obtained re-
sults can be assessed in the case of making appro-
priate management decisions on the development of
the region mineral resources base and consists in the
availability of relevant and verifiable information on
the geological structure of the territory, significantly
facilitating both solving the problems of further pros-
pecting for new mineral deposits and the subsoil use
for the purposes unrelated to development of mineral
resources.

Areas of further research

The authors see the prospects for further research
on the forecast and assessment of COMR deposits
in the Brest region in supplementing the proposed
methodology with a block for assessment of deposit
accessibility. In this paper we propose to understand
accessibility as the proximity / remoteness of deposits
in relation to raw material consumption clusters and
in relation to the available transportation infrastruc-
ture. The authors suggest assessing accessibility using
the following criteria:

- remoteness of deposits in relation to transpor-
tation lanes;

- remoteness of deposits in relation to consump-
tion clusters [5].
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The last criterion can be analyzed in two ways:

—assessment of remoteness relative to settle-
ments as areas of potential construction, expansion
or repair of various construction facilities, as well as
areas acting as places of labor force concentration;

- assessment of remoteness relative to specia-
lized industrial enterprises, taking into account
their demand for certain types of construction raw
materials.

Conclusion

The study for the first time presents the results
of the forecast and assessment of deposits of mineral
construction raw materials concentrated in the Ce-
nozoic sediments of the Brest region with the use of
computer modeling methods. The main results of the
conducted work can be summarized in the following
conclusions:

1. On the basis of the materials accumulated by
predecessors and a series of the author's digital hori-
zon-by-horizon isopachite maps, the analysis of the
geological structure of the studied region was per-
formed. The data obtained during the analysis pro-
vided the possibility of visual assessment of the cor-
rectness of the results obtained at different stages of
creating a digital geological model of the Cenozoic
sediments in the Brest region.

2. A three-dimensional digital geological model
of the Cenozoic sediments in the Brest region was
developed. An author's algorithm based on the ap-
plication of the Voronoi diagram has been developed
for its creation. Due to the fact that the created vo-
lumetric model differs significantly from classical
two-dimensional models, the algorithm includes
the possibility of approximating it by switching to
a two-dimensional model. The obtained two-dimen-
sional model gives a holistic view of the geological
structure of the Cenozoic sediments in the region
and serves as a basis for the creation of a series of
digital schematic maps reflecting the features of
spatial tracking of the COMR deposits in the region
identified in the course of modeling.

3. An approach to land grouping in the Brest re-
gion was developed. On its basis, all lands in the re-
gion were grouped into six groups (classes) in terms
of their acceptability for COMR extraction. For each
group of lands weight coefficients were calculated
and a digital raster model was created, which served
as a basis for the classification of COMR deposits in
the Brest region according to the “rational sequence”
of development.

4. The approach to classification of COMR depo-
sits in the Brest region identified in the course of
modeling in terms of their acceptability for develop-
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ment is proposed. It is based on taking into account
such characteristics as the thickness of a deposit,
the overburden thickness above the deposit, and the
weight value of the land groups under which the de-
posit is located. As a result of the classification, a set
of schematic maps reflecting the acceptability of the
region’s COMR deposits for development was created.
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Attributive information is attached to each deposit on
the generated digital schematic maps. The obtained
sets of the schematic maps and the associated databa-
ses of the attributive information may be of interest
to local territorial authorities in the development of
aregional action plan for the study, development, and
rational use of deposits of local raw materials.
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Abstract

In the rapidly evolving energy landscape, achieving not only economic benefits but also ensuring energy stabili-
ty for the region and the global energy resource market has become a key objective. This study aims to optimize
the processes of directional and inclined drilling of exploratory wells in the Caspian Sea offshore area in Turk-
menistan, focusing on enhancing efficiency and reducing environmental impact. Among the methods used, the
analytical method, classification method, functional method, statistical method, synthesis method, and others
should be noted. The study involved an analysis of directional drilling processes in exploratory wells in the
Caspian Sea offshore area of Turkmenistan. Innovative technologies were developed and successfully imple-
mented to streamline production processes with an emphasis on environmental considerations. This compre-
hensive approach not only improves the technical readiness of energy projects in the region but also supports
adherence to high standards of environmental sustainability, which is a critical component of modern energy
management. Thus, the exploration of these processes is inherently connected with the formation of a sustain-
able and efficient energy strategy for the Caspian region. The study’s focus centers on the need for effective
analysis and refinement of directional drilling processes for exploratory wells in the Caspian Sea offshore area
in Turkmenistan. Key considerations include not only the goal of enhancing hydrocarbon extraction but also
maintaining a balanced focus on the environmental aspects of production. The research results confirmed the
effectiveness of new methods that support increased hydrocarbon production, reduce time costs, and minimize
adverse environmental impacts. This study highlights not only the importance of modern technological solu-
tions in the energy sector but also their substantial contribution to the region’s sustainable development and
energy security. The practical significance of this study lies in providing innovative solutions to improve direc-
tional drilling processes for exploratory wells in the Caspian Sea offshore area of Turkmenistan.

Keywords
energy security, drilling, efficiency, exploration, innovative technology, well, marine environment, Caspian Sea
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AHHOTauus

B YCIIOBUSAX 6bICTpO MEHHIOHLGVICH BHEDFETI/I‘IECKOIZ cuTyauumn Ba)KHOM 38,[[3‘18]71 CTAaHOBUTCS He TOJIBKO OOCTU-
SKeHMe SKOHOMMYEeCKOo BBITOObI, HO N obecrieyeHye SHepFeTI/I‘leCKOﬁ CTabUILHOCTY B permoHe m Ha MMPOBOM
pBIHKe 3Hepropecypcos. Lle/ibio MpoBeIeHHOT0 UCCAeN0BaHMS SIBJISVIOCh COBEPIIEHCTBOBaHMe MPOIeCcCOB Ha-
KJIOHHO-HAITpaB/IEHHOTO OypeHMsT pa3BeJOYHbBIX CKBaXKMH B akBaTopum Kacmmiickoro Mmopst B TypKMeHMCTaHe
TSI TIOBbIIIeHMS 9)PEKTUBHOCTY U CHYKEHMS HETaTVBHOTO BO3/IEMCTBMS Ha OKpY»Kaollyio cperny. Cpenu mc-
IIOJIb30BAHHbBIX METOA OB ClieayeT OTMETUTb aHAJIUTUIECKUI MeTod, MEeTO, KJ'IaCCI/[(bI/IKaLU/II/I, (bYHKLU/[OHaHb-
HbI/i METO[I, CTATUCTUYECKMIT MeTO/I, METO[, CMHTe3a U Apyrue. B pamkax ucciefgoBaHus ObUT IIPOBEIEH aHa-
JIN3 IIPOLeCCOB HAK/IOHHO-HAIIPABJIE€HHOTO GYPEHMH pa3BeadOUYHbIX CKBa>XMH B aKBATOPUUN Kacninitckoro MOps
B TyprmeHucTaHe. Bpiiu pa3paboTaHbl ¥ YCIEITHO BHEAPEHBI MHHOBAIIMOHHBIE TEXHOIOTMM, HaIIpaBI€HHbIE
Ha palMOHAIM3aLNI0 TPOU3BOICTBEHHBIX MPOIECCOB C YUYeTOM SKOJIOTMUECKUX acreKToB. Takoit KOMILIeKC-
HbIN II0AX0O HE TOJIbKO ITOBBIIIAET TEXHNYECKYIO TOTOBHOCTD S9HEPreTU4YeCKMX IPOEeKTOB B PErMoHe, HO TaKKe
COfIe/ICTBYeT COGJTIONEHMIO BHICOKMX CTaHIapTOB KOJOTMYECKONM YCTOWUMBOCTH, UTO SIBJISIETCSI BaSKHBIM 3J1€-
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MEHTOM B COBPeMEeHHOM SHepreTnyeckoM yrpasieHnn. Takum 06pa3oM, M3yyeHye 3TUX IPOLIeCCOB HEOTbeM-
JIEMO CBSI3aHO C (GOPMUPOBAHMEM YCTONUMBOI 1 3(DPEKTUBHOI SHEPreTUIECKOi cTpaTeruy ayist Kacmuiickoro
peruoHa. IIpo6ieMaTrKa JAaHHOTO UCCIeNOBaHMS COCPEOTOUEHA HA HeO6XoAUMMOCTH 3PGEKTUBHOTO U3yUe-
HUSI M COBEPIIIEHCTBOBAHMS MPOIIECCOB HAKIOHHO-HAIIPABIEHHOTO OYpeHMsT pa3BeJOYHbIX CKBAKMH B aKBa-
topuu Kacruiickoro mopst B TypkmeHucTaHe. OCHOBHBIE aCIeKThI BKITIOYAKOT B ce6sT HE TOMBKO CTpPeMJIeHME
K TIOBBILIEHUIO TOOBIYM YIJIEBOAOPOIOB, HO U COAIAaHCMPOBAHHOE BHUMAaHME K 9KOJIOTMYECKMUM acIleKTaM Mpo-
U3BOICTBA. Pe3ynbTaThl MccieqoBaHms NOATBEPAUIN 3(D(PEKTUBHOCTh HOBBIX METOOB, CITOCOOCTBYIOIINX YBe-
JIMYEHUIO J0OBIYM YIVIEBOLOPOAOB, COKPAIEHMIO BpEMEHHBIX 3aTPaT U CHIKEHMIO HETATUBHOTO BO3JEICTBUS
Ha IPUPOLHYIO Cpeny. DTO UCCIef0BaHye IIOJUepKMBAeT He TONbKO Ba)KHOCTb COBPEMEHHBIX TEXHOJIOrnye-
CKMX pellleHNI1 B SHEPTreTUUeCKOi OTPaciN, HO U UX CYILeCTBEHHBII BKIAJ, B YCTOUMBOE pa3BUTHE PETMOHA U
obecrieyeHre IHepreTMIECcKoi 6e3omacHOCTH. [[pakTMUecKoe 3HaUeHMe JaHHOTO MCCIeN0BaHMs 3aKII0UaeTCs
B MPefOCTaBlIeHMM MHHOBALUMOHHBIX PellleHMi sl COBepLIeHCTBOBAHMS MPOLeCCOB HAKIOHHO-HAIIPaBIeH-
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HOTO0 OypeHMsI pa3BeIOUYHbIX CKBaKMH B akBaTopuy Kacriuiickoro mopst B TypKMeHMCTaHe.

KnioueBble cnoBa

JHepreTuyeckas 6e30macHOCTh, OypeHne, 3hGEeKTUBHOCTD, pa3BeAKa, MHHOBAIMOHHAS TEXHOIOTHUS, CKBAKM-

Ha, MOpcKas cpena, Kacrimit
Ans yutTupoBaHus
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Introduction

The study of directional and inclined drilling
processes for exploratory wells in the Caspian Sea
offshore area of Turkmenistan is an essential com-
ponent of strategic planning in the energy sector.
This research gains critical importance in light of the
constant changes within the energy industry and the
need to ensure stable supply of energy resources. The
development of innovative technologies and stream-
lining of drilling processes contributes to increased
hydrocarbon extraction efficiency and reduced en-
vironmental impact. Understanding these processes
provides economic benefits and plays a key role in en-
suring the region’s energy security and stability in the
global energy market amid a constantly shifting ener-
gy paradigm. This comprehensive approach enhances
the technical readiness of energy projects in the re-
gion and supports compliance with high standards of
environmental sustainability, which is a vital element
of modern energy management. Consequently, the
study of these processes is inherently linked to sha-
ping a sustainable and effective energy strategy for
the Caspian region.

In [1], the application of innovative methods in
directional and inclined drilling to improve hydrocar-
bon extraction efficiency in the Caspian Sea offshore
area is emphasized. However, this study does not ad-
dress the development of integrated management
systems that could ensure long-term sustainability in
oil and gas operations.

The research in [2] considers the development of
sustainable directional drilling methods with an em-
phasis on environmental aspects; however, the work
does not give due attention to the environmental con-
siderations and possible impacts of these methods on
the marine environment.

Study [3] highlights the of using analytical
methods to assess the impact of drilling on marine
biodiversity but does not consider classification
methods that could help adapt to geological chan-
ges and reduce risks.

In [4], the author points out the progressive na-
ture of synthesis methods in directional drilling (DD),
which enhances hydrocarbon extraction. However,
the calculations for directional well drilling with dual
completion are not presented in detail.

Study [5] emphasizes the need for classification
methods for effective management of directional
drilling processes but does not consider the long-term
effects of synthetic approaches and their impact on
the marine ecosystem.

Article [6] raises a key question about the effec-
tiveness of statistical methods in analyzing the per-
formance of directional drilling conducted within the
analytical approach framework. The study does not
delve into issues regarding the social acceptability
of statistical methods and their influence on public
opinion.

Materials and methods

The analytical method provided a deeper under-
standing of the complex interconnections and dyna-
mics in the directional and inclined drilling processes
for exploratory wells in the Caspian Sea offshore area.
This method helped identify the factors affecting
drilling efficiency and facilitated a systematic review
of data, significantly enriching knowledge about the
physical and geological parameters influencing the
success of hydrocarbon extraction operations.

The statistical method was employed to identify
key patterns and trends characterizing the directional
drilling processes in exploratory wells in the Caspian
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Sea offshore area. This method allowed for the ana-
lysis of large volumes of data gathered during well op-
erations and highlighted statistically significant pa-
rameters affecting drilling efficiency. The statistical
method also enabled an assessment of the reliability
and predictability of drilling results, a critical factor in
decision-making within the energy industry. The sta-
tistical data obtained on overall drilling efficiency, time
expenditures, and other parameters served as a funda-
mental basis for further refining strategies and tactics
used in the drilling processes in this offshore area.

The functional method helped establish the pri-
mary functional relationships between various pa-
rameters and processes associated with directional
drilling of exploratory wells in the Caspian Sea off-
shore area. This method revealed the influence of
different variables on overall drilling efficiency, iden-
tified optimal parameter values, and determined key
factors affecting the success of hydrocarbon extrac-
tion operations.

The deductive method allowed for logical conclu-
sions regarding the directional drilling processes for
exploratory wells in the Caspian Sea offshore area.
By applying this method, it was possible to uncover
causal relationships among various drilling aspects,
define the main principles and laws underlying effec-
tive technologies. Thus, using the deductive method
enriched the understanding of the principles gover-
ning and managing directional drilling processes.

The application of the synthesis method led to
the development of innovative solutions and tech-
nologies aimed at streamlining the directional drill-
ing processes for exploratory wells in the Caspian Sea
offshore area. This method facilitated the systematic
integration of various components and variables to
create effective strategies that combined technical
efficiency with environmental considerations. The
synthetic method enabled the incorporation of ad-
vanced technologies while accounting for numerous
variables influencing drilling processes. The inno-
vations developed through synthesis contribute not
only to increased productivity but also to reduced
environmental impact on the marine ecosystem. The
resulting solutions represent a comprehensive set of
measures, including technical enhancements, risk
management, and adherence to high standards of en-
vironmental sustainability. Consequently, the synthe-
sis method proved to be an essential tool for creating
comprehensive and innovative approaches to opti-
mizing drilling in this offshore area.

The classification method facilitated the organi-
zation of various geological formations and conditions
that affect directional drilling processes for explorato-
ry wells in the Caspian Sea offshore area. Applying this

elSSN 2500-0632

https:/mst.misis.ru/

Deryaev A. R. Directional drilling of an exploratory well in the shallow waters of the Caspian Sea

method enabled the identification of characteristics and
features of different drilling zones, significantly sim-
plifying the adaptation of drilling strategies to diverse
geological conditions. The classification method also
contributed to establishing a system for determining
effective drilling parameters based on specific geologi-
cal characteristics. This allowed for improved precision
and efficiency in drilling processes, reduced potential
risks, and enhanced overall efficiency. The classifica-
tion results serve as a foundation for developing more
precise and adaptive strategies for directional drilling in
the Caspian Sea offshore area in Turkmenistan.

Results

In recent decades, global exploration and pro-
duction activity in the oil and gas sector has been
steadily increasing, with countries located near re-
source-rich regions playing a key role in this pro-
cess. Turkmenistan, strategically positioned along
the shores of the Caspian Sea, is one such country.
Directional drilling of exploratory wells in the waters
of this unique inland sea presents complex enginee-
ring and environmental challenges but also opens up
broad energy prospects for the country [7].

One of the key aspects of drilling in the Caspian
Sea is the use of directional well technology. This in-
novative approach enables drillers to extract hydrocar-
bons from multiple points within an underwater field,
maximizing efficiency and increasing production vo-
lumes. With its vast natural resources, Turkmenistan
aims to leverage advanced technology to efficiently
exploit and maximize the potential of its fields.

However, despite the opportunities associated
with directional exploratory drilling in the Caspian
Sea, challenges also exist. Environmental concerns
are paramount, as even the most advanced techno-
logies can pose risks to the marine ecosystem. Dis-
charges of drilling fluids, vapor emissions, and poten-
tial accidents may have serious consequences for the
environment and the health of local communities [8].

Therefore, countries conducting drilling activi-
ties in the Caspian Sea must strictly adhere to inter-
national safety and environmental standards. The de-
velopment and implementation of integrated control
systems, continuous environmental monitoring, and
active collaboration with research institutions are
essential components of sustainable development in
this sector [9].

A primary objective for Turkmenistan’s oil and
gas industry is to increase hydrocarbon reserves.
President of Turkmenistan Serdar Berdymukhame-
dov underscores the importance of boosting hydro-
carbon production in the oil and gas sector, conside-
ring it a vital factor for ensuring the country’s stability
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and economic independence. At the current stage of
oil industry development, with advancements in dril-
ling technology, new drilling equipment, and chemi-
cal agents, previously unknown methods and types of
well construction are now feasible [10].

Traditionally, all exploratory wells were drilled
vertically, but there is now justification for alte-
ring this standard practice. Experience gained from
constructing the H1 horizontal directional well at
the Northern Goturdepe field in collaboration with
Schlumberger demonstrates the feasibility of explo-
ratory drilling with horizontal directional wells in the
shallow waters of the Caspian Sea. Drilling wells in
various directions from existing artificial islands sig-
nificantly reduces field exploration costs, as noted in
the study [11]. At Turkmenistan’s Goturdepe Drilling
Operations Department, the first successful expe-
rience with horizontal directional drilling has been
achieved. Specialists from Goturdepe and Schlum-
berger drilled the inclined directional well H2 at the
Northern Goturdepe field, deviated from the vertical
at a depth exceeding 1000 m. Drilling reached 3000 m
using local resources, with the directional segment
drilled with Schlumberger’s specialized equipment.

The well successfully reached the planned depth
of 4850 m (measured depth). The drilling process to
a depth of 3000 m conformed to the technical project
and was similar to methods used in other wells in the
country. The Kick-off point for directional drilling
was set at 3000 m to achieve a zenith angle with an
azimuth of 270°. The planned parameters included a
zenith angle of 45°, a maximum build rate of 3.5° per
30 m, and a well deviation of 1046.58 m.

Before beginning the directional section at
3000 m, the previous water-based mud was replaced
with a hydrocarbon-based mud system called Versa-
drill. This hydrocarbon-based formulation, developed
with specialized chemical additives, contains up to
80% hydrocarbons and 20% water. The primary ad-
vantage of such muds is their high resistance to wa-
ter, which results in the formation of thin and flexible
mud cakes [12]. This also preserves the natural reser-
voir properties of the productive section, significantly
reducing clay dispersion in the mud, along with other
beneficial characteristics.

The use of hydrocarbon-based muds can pre-
sent challenges for well cementing with cement slur-
ries [13]. This issue arises when cement mixes with
hydrocarbon-based muds, leading to coagulation,
which increases the mixture’s fluidity and compac-
tion. To prevent such issues, the Nebitgazylmytasla-
ma Institute developed a special hydrocarbon-based
spacer fluid successfully used in drilling the H2 well
at Northern Goturdepe.
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During the drilling of this well, systematic ge-
ological and technical testing was conducted using
the new GTL Station, “Geotest-5”. The “Geotest-5”
device automatically collects, processes, and visua-
lizes geological, geochemical, and technical data re-
lated to the drilling process [14]. This tool monitors
drilling parameters, assesses overall drilling condi-
tions, identifies reservoir sections, and determines
their saturation levels, helping to prevent potential
complications and accidents.

The station comprises three main modules:
technological, gas logging, and geological [15]. The
technological module manages the drilling process
in real time, ensuring efficient and accurate con-
trol over drilling operations. The gas logging mo-
dule records overall gas content and analyzes the
gas mixture composition, playing a critical role in
assessing the safety and efficiency of the process.
The geological module conducts real-time analy-
sis of core samples, drill cuttings, mud, and forma-
tion fluids, providing valuable information to assess
geological characteristics and well material com-
position [16].

Fig. 1 shows a segment of a chart reflecting
the technological parameters during the curvature
build-up phase in the drilling process, while Fig. 2
presents a fragment of the straight interval of the
inclined section of the well.

Drilling at a depth of 3000 m was conducted
using the following equipment: a downhole motor
with a diameter of 295.3 mm, model ASOOM 4553
HR-8.92 m; followed by a 269 mm non-magnetic spi-
ral-blade stabilizer (SBS); then a crossover sub with
a check valve, 206 mm in diameter, and a 204 mm
weighted drill pipe (WDP) measuring 8.93 m. Next,
the “Telescope-825NF” telemetry system was in-
stalled at 8.06 m, followed by another weighted
drill pipe with a diameter of 203 mm and a length
of 37.15 m, a hydraulic jar measuring 10.07 m, an-
other weighted drill pipe with a diameter of 203 mm
and a length of 9.19 m, a crossover sub, an additional
crossover sub, and a weighted drill pipe with a dia-
meter of 172 mm measuring 9.34 m. This assembly was
completed with drill pipes running to the wellhead.

To maintain the specified build rate of the zenith
angle during angle build-up, the following meth-
od was applied: drilling was conducted to a depth of
4-5 m at a specific azimuth with the rotary locked to
achieve angle build-up, followed by drilling an addi-
tional 4-5 m with rotary motion and a bottom-hole
assembly (BHA) configuration to stabilize the zenith
angle. This process is illustrated in Column 3 of Fig. 1
by curves showing the rotary speed and the position
of the hoisting block.
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Fig. 1. Well deepening parameters during curvature build-up [compiled by the author]
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Fig. 2. Well deepening parameters in the straight inclined section [compiled by the author]
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Fig. 3. Inclination angle change and bottomhole displacement in Well X2
at the Northern Goturdepe field [compiled by the author]

The technological parameters of well deepening
in the straight inclined section were optimized using
continuous rotary motion and an appropriate confi-
guration of the bottom-hole assembly (see Fig. 2). The
stability of the wellbore trajectory was maintained by
adjusting the stabilizer positions in the drill string
and alternating between PDC bits and roller-cone bits
in the straight section of the well.

At a measured depth of 4450 m, a 244.5 mm ca-
sing was successfully run and secured in the well. This
process was conducted in two stages. Later, when the
well reached the planned depth, a decision was made
to continue deepening it for a more detailed study of
the productive NK3 horizon layers. The well depth
was extended to 4865 m, after which a 139.7 mm pro-
duction casing was installed.

During the drilling of Well X2 at the Northern
Goturdepe field, the maximum bottomhole deviation
reached 1167.48 m at a magnetic azimuth of 266.15°,
and the maximum zenith angle at a depth of 4440 m
was 53.46°. The changes in the vertical profile and ze-
nith angle of the well are illustrated in Fig. 3. Produc-
tion from the first reservoir (NK3) yielded a maximum
flow rate of 80 tons per day. The results of the analy-
sis of this product, conducted in the oil, gas, and rock
geochemistry laboratory at the Nebitgazylmytaslama
Institute, are presented in Table 1.

The well construction chart shown in Fig. 4 high-
lights opportunities to increase drilling speed for
this type of well. One of the key factors impacting
drilling efficiency and productivity is the reduction

of preparation time for drilling the inclined sec-
tion [17]. In the current chart context, it is evident
that the time spent preparing for inclined drilling
can be minimized. This is a critical observation, as
more efficient and faster preparation for drilling
the inclined section will reduce delays and improve
overall drilling productivity.

This aspect holds strategic significance, as in-
creasing drilling speed leads to faster hydrocarbon
extraction, which, in turn, enhances economic effi-
ciency and provides a quicker return on investment.
Such prospects reflect the industry’s commitment to
continuously advancing technologies and processes
to optimize production and ensure long-term sus-
tainability.

Table 1
0il analysis from well X2 at the Northern Goturdepe
field [compiled by the author]

Interval (measured depth), m 4820-4830 | 4832-4844
Horizon NK
Water content, % 47.0 30.5
Oil density, g/cm? 0.8545 0.8560
Pour point, °C +4 +4
20°C 11,4 11,5
Viscosity, Pa-s
50°C 5,0 51
Conclusion Liquid hycl.rocarbon fluid -
light oil
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The commercial productivity of the well is de-
fined by an average drilling speed of 817 m per
month, with fully effective drilling time at 100%.
The time distribution among main operations is as
follows: 27.3% allocated to drilling, 17.2% to tripping
operations, 18.06% to casing processes, and 35% to
auxiliary tasks. These metrics are crucial for asses-
sing the overall efficiency of the drilling process and
provide insights into the time expenditures for each
stage of operation.

In conclusion, directional drilling of explorato-
ry wells in the Caspian Sea offshore area represents
a complex yet promising path for a country aiming to
utilize its natural resources with maximum efficiency.
It is essential to strike a balance between economic
gains and responsible environmental stewardship
to ensure sustainable development and preserve the
unique natural environment of this region.

Discussion of the results
Directional drilling of exploratory wells in the
Caspian Sea offshore area in Turkmenistan presents
both opportunities and challenges. This process holds
significant strategic importance for Turkmenistan,
which aims to maximize its hydrocarbon extraction
potential.

Turkmenistan has substantial oil and gas reserves
in the Caspian Sea offshore area. Directional drilling
offers a unique opportunity for efficient extraction
of these resources. This technology allows for hydro-
carbon production from various points within fields,
thereby increasing overall output and strengthening
the country’s energy security.

The use of directional exploratory wells requires
advanced technologies and engineering solutions.
Implementing modern drilling and geological explo-
ration methods can significantly improve extraction
efficiency and precision. Such innovations not only
increase production volumes but also help to reduce
the environmental impact.

Serious attention must be given to the environ-
mental and social aspects of offshore drilling in the
Caspian Sea. Discharges and emissions can adverse-
ly affect the marine ecosystem as well as the health
of local communities. Therefore, strict adherence to
international standards, the development and de-
ployment of environmentally friendly technologies,
and public engagement are key elements of a sus-
tainable approach to hydrocarbon exploration and
production.

The success of drilling in the Caspian Sea off-
shore area also depends on geopolitical factors.
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Turkmenistan must engage in dialogue and coopera-
tion with neighboring countries that have vested in-
terests in the region. Effective resource management
and the resolution of boundary issues contribute
to stability and increased investment in the energy
sector.

Overall, directional drilling of exploratory wells
in the Caspian Sea offshore area in Turkmenistan
represents a complex task that requires an integrated
approach, balancing interests and considering envi-
ronmental and social factors. Project implementation
that takes these aspects into account can become
a key component of sustainable development in the
country’s energy sector

According to recent studies by T. Eren, direction-
al drilling positioning calculations play a crucial role
in ensuring the accuracy and efficiency of this tech-
nological process. The primary goal of these calcula-
tions is to precisely determine the well’s coordinates
at various depths, allowing engineers and drilling
specialists to effectively adjust the drilling direction
and angle to meet specific objectives. In directional
drilling, tools such as gyroscopes and accelerometers
are used to determine the position and angle of the
well relative to the vertical axis. This data is then
subjected to complex mathematical calculations
involving trigonometry and geometry to determine
the precise well coordinates at each stage of dril-
ling. Accurate positioning calculations not only en-
hance hydrocarbon recovery but also reduce the risk
of potential issues, such as cross-drilling into neigh-
boring wells or deviating from the target formation.
This is especially important in complex geological
structures or offshore environments [18].

These findings align with the points discussed
in the previous section. Positioning calculations in
directional drilling are an integral part of the tech-
nology, ensuring process accuracy and efficiency.
Modern methods and technologies in this field con-
tribute to the rationalization of hydrocarbon extrac-
tion and support sustainable exploration and field
development.

According to Fang Peng, the study of key tech-
nologies for intelligent directional drilling equip-
ment is a critical aspect in the development of the
oil and gas industry. These technologies aim to im-
prove drilling processes, increase accuracy and effi-
ciency, and reduce the risks associated with hydro-
carbon extraction. One of the key elements is the
use of advanced navigation and control systems, in-
cluding integrated gyroscopes, accelerometers, and
geomagnetic sensors. Intelligent equipment enables
real-time monitoring of drilling parameters such as
inclination angle, direction, and well depth. Data
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processing algorithms based on artificial intelligence
(AI) allow for the prediction and prevention of po-
tential issues, significantly enhancing drilling safety
and productivity. The application of Al technologies
also involves automating decision-making process-
es based on collected data. This enables operators to
quickly respond to changing conditions and adjust
drilling parameters in real-time, improving perfor-
mance. Such systems also minimize human involve-
ment in the drilling process, which reduces the risk
of accidents and errors [19].

It is worth noting that research on these techno-
logies is directed toward creating sustainable, intel-
ligent drilling systems capable of adapting to various
geological conditions. These innovations open up
new prospects in hydrocarbon exploration and pro-
duction, enhancing efficiency and reducing environ-
mental impact.

Researcher H. Li identified that the modified
Boltzmann annealing differential evolution algorithm
represents an innovative approach to the inversion
of directional logging measurements for resistivi-
ty during drilling. Log data inversion is a key tool in
geophysical research, providing information on rock
properties, well characteristics, and the surrounding
environment. The differential evolution algorithm
combined with the Boltzmann annealing method
offers an efficient rationalization method, allowing
researchers to determine preferred rock resistivity
values in real-time. The algorithm modification is de-
signed to improve its convergence and stability under
complex drilling conditions, making it especially use-
ful in oil and gas exploration [20].

This perspective aligns with the view that app-
lying the algorithm to directional logging data ena-
bles a more accurate reconstruction of rock resistivity
at various well depths. This is crucial for determin-
ing rock composition, identifying economically viable
zones, and optimizing hydrocarbon production pro-
cesses. Such innovative inversion methods signifi-
cantly enhance the accuracy and informativeness of
data obtained in real-time during drilling.

Research conducted by D. Cao has demonstrated
that the development and application of real-time
deep learning models represent significant progress
in enhancing the efficiency of directional drilling. This
innovative technology relies on neural networks to
analyze data collected during drilling and to make de-
cisions based on that analysis. Deep learning enables
the creation of complex models capable of automati-
cally extracting high-level features from multidimen-
sional data, such as drilling parameters, geological
characteristics, and other factors. These models can
predict changes in well geology and prevent poten-
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tial issues in real-time. The application of real-time
deep learning models in directional drilling allows
for more precise control and adjustment of drilling
direction and angle. This leads to increased produc-
tivity, reduced drilling time, and decreased risks of
possible failures [21]. These findings support the pre-
vious research, as the development and application of
real-time deep learning models in directional drilling
present the oil and gas sector with opportunities to
improve processes, reduce costs, and enhance overall
efficiency.

As noted by B. Harris, numerical research on the
use of directional wells to extract geothermal energy
from abandoned oil and gas wells represents a pro-
mising approach that combines high efficiency and
sustainability in the renewable energy sector. Aban-
doned oil and gas wells provide a unique infrastruc-
ture that can be repurposed to extract geothermal
energy, giving these resources a second life. Nume-
rical modeling allows for the assessment of geother-
mal energy potential at various depths of abandoned
wells, taking into account the geothermal gradient
and other geological parameters. The use of direc-
tional wells further enhances this process, allowing
for more efficient extraction of thermal energy from
rock formations. This approach not only enables the
reuse of outdated infrastructure but also supports
a sustainable and environmentally friendly method
of energy production. Energy derived from geother-
mal sources can serve local power systems and re-
duce dependency on traditional energy sources [22].
The analysis of the results shows the importance of
such studies, as they help to identify effective tech-
nologies and geological parameters for utilizing
abandoned wells to extract geothermal energy. This
direction could contribute to diversifying the energy
mix, enhancing its sustainability, and reducing envi-
ronmental impact.

Researcher A. IThnatov determined that the deve-
lopment of optimized bottom-hole assemblies (BHAS)
for directional drilling is a crucial area in drilling en-
gineering, aimed at streamlining processes and in-
creasing hydrocarbon production efficiency. This
task requires a comprehensive approach, including
the study of geological features, consideration of well
requirements, and the application of advanced engi-
neering solutions. Rational BHAs for directional wells
incorporate enhanced drill bits, rotors, and other tools
designed specifically for the drilling conditions. Inno-
vative geometries and materials can improve wear
resistance, extend equipment life, and reduce mainte-
nance costs. An effective BHA configuration also ena-
bles more precise control of drilling direction, which is
critical for achieving target objectives in challenging
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geological conditions. Integrating advanced techno-
logies for drilling process automation and real-time
monitoring of wellbore parameters allows for imme-
diate responses to changes, enhancing accuracy and
predictability [23].

Thus, the development of optimized BHAs for
directional drilling not only contributes to stream-
lining technological processes but also enhances
productivity, reduces risks, and supports the sustai-
nable development of the oil and gas industry.

Conclusions

1. The H1 and H2 wells at Northern Goturdepe
successfully fulfilled their role in exploration and
prospecting activities, confirming the presence of
hydrocarbon reserves in this part of the field with-
out the need for additional expenses or time to con-
struct a specialized artificial drilling pad. The ex-
perience of drilling a directional well with a curved
borehole at the Northern Goturdepe field in Turk-
menistan enables the simplification and accelera-
tion of exploration and prospecting activities in the
Caspian Sea offshore area. Effective use of existing
artificial pads has significantly reduced the finan-
cial costs of geological exploration at the Northern
Goturdepe field.

2. The drilling of directional wells in a field
lacking seismic exploration has expanded a signifi-
cant portion of the field within exploration and pros-
pecting operations. From an ecosystem protection
perspective in the Caspian Sea, the use of cluster dril-
ling of directional wells, with minimal creation of new
islands, is particularly important.

3. Directional drilling in the Caspian Sea ena-
bles the efficient extraction of hydrocarbons from
various points within fields, which is essential given
the complex geology. Streamlining drilling processes
with consideration for well orientation helps improve
overall productivity and reduce delays. This approach
not only increases energy resource production but
also supports operational sustainability and enhances
economic efficiency. The development of technolo-
gies, such as modern navigation and control systems,
complements the drilling process, ensuring accuracy
and safety.

4. Drilling in the Caspian Sea offshore area in
Turkmenistan is becoming an essential component
of the country's energy strategy, and the effective use
of directional exploratory wells reflects a continuous
commitment to innovation and technological im-
provement in the oil and gas industry.

5.1t is necessary to further study the environ-
mental impact and ecosystem effects of directional
drilling processes in the Caspian Sea offshore area in
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Turkmenistan to develop more ecologically sustaina-  Turkmenistan highlight the strategic importance of
ble and socially responsible approaches to energy re-  this approach for hydrocarbon production in the re-
source extraction. gion. Turkmenistan, with its vast oil and gas reserves,
6. The conclusions drawn from directional ex-  is actively implementing innovative drilling methods

ploratory drilling in the Caspian Sea offshore area in ~ to maximize production efficiency.
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Abstract

This study addresses the need for a comprehensive understanding of current state of Russia’s cupper mineral
resource base. Its objective is to assess Russia’s copper reserves (balance reserves and forecast resources),
analyze the spatial distribution of copper deposits by ore formation types and across ore provinces, and
evaluate prospects for sustaining national copper production. Methods: The study employs statistical,
graphical, and logical analysis methods. Results: The research presents a consolidated map of Russia,
highlighting 25 copper provinces and 150 significant copper deposits across various ore formations, as well
as prospective sites and areas. Key characteristics of Russia’s main ore formations, copper ore provinces,
and outlying copper deposits are detailed. Copper production in Russia is currently concentrated in
sulfide copper-nickel and copper-pyrite deposits, with emerging mining operations in copper-porphyry
and copper-skarn formations. In 2021, copper production in Russia reached 1,147 Kt. Upcoming projects
to develop copper deposits could increase annual production by 635-1,053 Kt, equivalent to a 55-91%
rise over 2021 levels. The total estimated balance reserves and forecast resources amount to 102.7 million
tons, with conditional reserves accounting for 16.1 million tons. The largest copper reserves are found
in copper-nickel formations (34.4%), copper-porphyry formations (23.9%), copper sandstones formation
(19.6%), and copper-pyrite formation (14.5%), with all other formations contributing 7.6%. Key provinces
include Norilsk-Kharayelakh (30.9% Russian reserves), Kodar-Udokan (20.3%), and the Urals (18.9). The
share of reserves is growing in newer provinces: Primorsky (8.29%), Okhotsk-Chukotka (6.23%), and East
Tuvinian (3.7%). Remaining copper mining provinces account for 11.68% of reserves. Current reserves are
estimated to suffice for at least 47 years of optimal extraction. The most substantial reserves are associated
with copper-nickel, copper-porphyry, and copper sandstone formations, whereas balance ore reserves in
copper-pyrite and copper-skarn formations are nearly exhausted. Sufficient reserve security is available
in the Norilsk-Kharayelakh, Kola, and Rudny Altai provinces. However, sugnificant reserve is observed in
the traditional Ural and emerging East Trans-Baikal provinces. In the North Caucasus province, a high
security results in low production levels and underutilized reserve deposits. The copper-nickel formation’s
reserve availability remains low, though new rich ore deposits may exist at greater depths within the
Kharaelakh and Tangaralakh ore-bearing intrusions. Copper-pyrite formation reserves may expand with
further exploration of deep horizons and the periphery of known deposits in the Ural province, alongside
new deposits discoveries in the Circumpolar and Polar Urals. For copper-polymetallic formation, extensive
deposits exist in old Ore-Altai, Salair, and North Caucasian provinces, with promising potential in the new
East Tuvinian and Okhotsk-Chukotka provinces. Exploration for porphyry copper has intensified in the
East Tuvinian, Primorsky, and Okhotsk-Chukotka provinces, indicating strong potential for discovering
new large porphyry copper deposits. Additional reserves of copper sandstone formation may be developed
within the Kodar-Udokanskaya, Igarskaya, Bilyakchan-Kolyma, and Shoria-Khakass provinces. New
technology for underground copper leaching opens opportunities for exploring and utilizing smaller copper
sandstone deposits in the Pre-Ural and Donetsk provinces. The recorded cooper balance reserves in Russia
do not yet account for native copper deposits in basaltoid formations within the Shoria-Khakass, Norilsk-
Kharayelakhskaya, and Bilyakchan-Kolyma provinces.
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FEOJ1I0rUA MECTOPOXXAEHWUI NOJIE3HbIX UCKOMAEMbIX

O630pHan cTaThs

MuHepanbHo-cbipbeBas 6a3a megu Poccum:
COCTOfIHMe, BO3SMOXXHOCTH pa3BUTHUA

I.10. Bosipko! <, A.M. JlaniteBa?, JI.M. BosicyHoBcKast*
! HayuoHanwHutli uccnedosamenwvckuii Tomckuii nonumexuuueckuti yHugepcumem, 2. Tomck, Poccutickas @edepayus

2 Bcepoccutickuii HayuHo-uccnedosamensckutl UHCmumym MUuHepaibHo2o colpbs um. H.M. @edoposckozo,
2. Mocksa, Poccutickas @edepayus

4 gub@tpu.ru

AHHOTauusa

AKxmyansHocms paboThl 06YCI0BIeHa HEO6XOIMMOCTBIO IMMOTYYEHMS] MAaKCMMAaIbHO MOJHOM KapTUHBI COCTO-
SIHUSI MUHEPAJIbHO-ChIPbeBOT 6a3bl Menu 1o Poccuiickoii @epepatun. Ileb: M3ydeHue COCTOSTHUSI MUHE-
pabHO-ChIpheBOJi 6a3bl Meay Poccuu (6a1aHCOBBIX 3aI1aCOB, IPOTHO3HBIX PECYPCOB), IPOCTPAHCTBEHHOTO
pasMellleHs MeCTOPOKAEHMIT MeIM 110 TUIIaM PYIHbBIX (OpMaLuii U B TIpefeiaxX PyAHbIX TPOBUHLINIA, ITep-
CMeKTUB HALMOHAJIBHOTO MPOU3BOACTBA AOObIYM Menu. Memodsi: CTaTUCTUYECKNH, Tpaduieckuii, 10Tu-
yeckuit. Pesynomamot: [IpencraBiieHa cBogHas Kapra-cxema Poccuu, BRIouamomas 25 MegHOPYIHbBIX MTPO-
BUHIMI U BbIOOPKY M3 150 Hambosiee 3HAUMMBIX MECTOPOKAEHUIT MeAY Pa3JIUUHBIX PYAHBbIX (GOpMaLuii,
MepPCIEeKTUBHBIX 06BHEKTOB M ITUIOIIAAeii. [JaHbl XapaKTePUCTUKM OCHOBHBIX PYOHbIX (Gopmanuii, MecTo-
POXIeHMS MeIu KOTOPBIX MMeloTcs B Poccuu, a Takke MeJHOPYIHBIX TPOBUHIINI ¥ MeIHBIX MEeCTOPOXKIe-
HUi BHe MTPOBUHINIL. B Poccuy ocHOBHAs ;0ObIYa CKOHIIEHTPUPOBaHA Ha CYIbQUIHBIX MeTHO-HUKETEBbIX
¥ MeJHO-KO/TYeTaHHbIX MECTOPOXKAEHMSX, a TAK)Ke HauaTa AoObIUYa Ha MeJHO-TTOPMUPOBBIX ¥ METHO-CKap-
HOBBIX MeCTOpOXkIeHusix. B 2021 r. ypoBeHb mo6buM Meau B Poccuiickoit ®emepanyu coctaBut 1147 ThiC. T.
Peann3anyisi HOBBIX ITOATOTABIMBAEMbIX IPOEKTOB Pa3paboTKM MeIHBIX MECTOPOKAEHMU I MOXKET YBEIVUUTD
YPOBEHbD TO/I0BOI 0ObIuM Poccum Ha 635-1053 Toic. T (Ha 55-91 % ot ypoBHSs m06brunm 2021 1.). B Poccuu no
coctostamio Ha 01.01.2022 1. yuteno 102,7 MJIH T 6a/IaHCOBBIX 3aITaCOB ¥ IPOTHO3HBIX PECYPCOB B ITlepecyeTe
Ha YCUJIOBHbIe 3amachl — 16,1 mutH T. Han6osblive 06beMbl 3a11acOB MeIy MPUXOATCS Ha MeAHO- HUKEIEBYIO
(34,4 % ot poccuitCcKuX 3amacos), MegHoropduposyio (23,9 %) dopmanyu, GopMalno MeIVCThIX eCUYaHy -
KoB (19,6 %) 1 MemHO-KomuemaHHyio ¢popmanuio (14,5 %) u 7,6 % Ha Bce ocTajbHble pyaHble hopMatiu. 1o
npoBuHUMsIM Ha Hopuibcko-Xapaenaxckyro npuxogutcs 30,9 % ot poccuiickux 3anacos, Ha Komapo-Yroo-
KaHcKyto — 20,3 % Ha Ypanbckyto — 18,9 %. OTMeuaeTcs yBenmuueHue nmokasarteseii 1oei 3anacoB Mmeau ajist
HOBBIX MpoBUHIMI: [Ipumopckoii — 8,29 %, OxoTcko-UYykoTckoit — 6,23 % u BoctouHo-TyBuHCKOM — 3,7 %.
Ha ocranbHble MegHOPYIOHBbIE MPOBUHIMM TIpuxogutcs 11,68 % poccniickux 3anacoB menu. B nenom ume-
IOIMXCS 3anacoB menu Poccuiickoit @egepany XBaTUT MUHMMYM Ha 47 JieT ONTUMAaIbHOM 3KCILTyaTaluNA.
Haubonee obecrieuens! 3amacaMmy pa3pabaTbiBaeMble MECTOPOXIEHUS MeIHO-HUKEIeBOW ¥ MeIHO-TI0p-
dbuposoit popmarnnii, a Takke bopMan MeIUCThIX TeCYaHUKOB. 111 MeCcTOpoXKaeHit MeJHO-KOTYeIaH-
HOJi ¥ MeIHO-CKapHOBOI opMalinii MMeeT MecTo cpabaThIBaHME MMEIOIMXCS 3amacoB 6aJIaHCOBBIX PY/I.
I[To 3KcITyaTalMOHHBIM perMoHaM NOCTAaTOYHAasi 0OecredyeHHOCTh MMeeTcs uib 11t Hopuiabcko-Xapae-
Jaxckoit, Konbckoit u PygHo-AnTalickoi mMpoBUMHIMIA. B cTapoii rOpHONPOMBIIIJIEHHON YPaibCKOI M HOBOJA
BocTouHOo-3a6aiikaabCKO MPOBMHIIMSX OTMEYaeTCsl Cepbe3Hoe cpabaThIiBaHVe 3aMacoB 6aJaHCOBBIX PY/I.
B crapoii ropHonpombliieHHOV CeBepo-KaBKa3CcKoi MPOBUHIIMY MMEET MEeCTO BBICOKMIT YPOBEHb 0Ge-
CIIEYEHHOCTH, UYTO SIBJISIETCS CJIEACTBMEM MAJIOTO YPOBHS JOOBIUM M HATMYMS HEBOCTPEOOBAHHBIX 3a11acoB
pe3epBHBIX MeIHBIX MeCTOpoXeHnit. ObecrieueHHOCTh 3aM1acoB ITPOTHO3HBIMM pecypcaMy MeIHO-HUKe-
JIeBOJi popMalyy HeBBICOKOE, HO BO3MOKHBI OTKPBITHSI HOBBIX MECTOPOXKIEHMI O0TAThIX CIMBHBIX PYA Ha
rTyouHe B mpeenax Xapaenaxckoro u TaHrapasaxckoro pygoOHOCHBIX MHTPY3MBOB. [IJ1s1 MeJTHO-KOTYeIaH-
HOJi (hopMaiy MPUPOCT 3a11acoB BO3MOXKEH 3a CUET OII€HKM ITTyOOKMX FOPM30OHTOB U mepudepum n3BecT-
HBIX MECTOPOXKIEeHUl YpaabCKOil MPOBMHIIMY, & TAKKe MOMCKAa HOBBIX MECTOPOXAEHUII Ha TepPUTOPUU
[Tpunionsipuoro u IlonsipHoro Ypana. [l MeIHO-MOAMMET/NINYECKo hopManyum M3BECTHO MHOXKECTBO
MeCTOpPOKIeHMIT B CTapbiX TOPHOMPOMBICIOBbIX PymHo-AnTtaiickoi, Canaupckoit u CeBepo-KaBka3ckoii
MIPOBMUHIIUSIX, & TAKXKe IIPU MUCCAeJ0BaHMM HOBBIX BOCTOUHO-TYBMHCKOM 1 OXOTCKO-YyKOTCKOT TPOBUHIIMIA.
Ilnga MemHO-TIOpGUPOBOI hopMaluy yBeIMUMIUCh MACIITaObI re0I0TOpPa3BeJOUHbIX PaboT B BocTouHO-Ty-
BUHCKOI1, [TpuMopckoit 1 OX0TCcKO-UyKOTCKO MPOBMHIIMSIX, THe MMEIOTCS BCe IPeInoChlIKM K O6Hapy-
>KEHMIO HOBBIX, B TOM UMCJie KPYIHbIX MeIHO-TTOopbMUPOBLIX MecTopokaenuit. [Ins Gopmanmum menmucThix
MMecYaHMKOB BO3MOKEH MPUPOCT 3anacoB B npenenax Kogapo-YomokaHckoii, Urapckoii, bunsikuancko-ITpu-
KonbIMCKOM M Illopcko-XaKkaccKoi MPOBUHLMSAX. B yCIOBMSIX pa3sBUTUSI HOBBIX TEXHOJIOTMI IOJ3€MHOIO
BBILI[e/TAaUMBaHMS MeIM CTAHOBSITCS IIpMBJIEKaTeIbHbIMM MOUCKM, Pa3BellKa U BOBJIeUeHMEe B JKCILIyaTa-
LU0 HEOOJbIINX MECTOPOXIEHUUI MEIVCThIX MeCYaHUKOB B IIpuypanbCcKoit U JTOHEIKO MPOBUHIIMSIX.
B yuTeHHbIX 6a/JlaHCOBBIX 3amacax Meau Poccuyu OTCYTCTBYIOT OOBEKTHI MECTOPOXIEHUI (Gopmauuy ca-
MOpPOJIHO Menu B 6a3aibTOMIax, M3BecTHbIe B mpenenax lllopcko-Xakacckoit, Hopmibcko-XapaenaxcKoii
1 BunsgkyaHCcKO-IIpUKOIBIMCKOV MPOBUHIMIA.
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Introduction

Copper ranks third in global production and con-
sumption among base industrial metals, following
iron and aluminum [1]. It is widely used in electrical
applications as a conductor, in various alloys (such
as brass, bronze, and nickel silver), in copper com-
pounds for producing antiseptics, micronutrients,
and catalysts for oxidative processes, among other
applications [2]. Copper is designated as a strategic
mineral in Russia’s national list of essencial raw ma-
terials (Decree of the Russian Federation Government,
30.08.2022 No. 2473-r). It is also classified in the first
group of minerals in Russia’s Mineral and Raw Ma-
terial Base Development Strategy, with reserves that
are expected to meet national demand under any eco-
nomic scenario through 2035 and beyond (Decree of
the RF Government, 22.12.2018 No. 2914-1) [3]. Cop-
per holds a similar strategic status in the USA, the Eu-
ropean Union, Canada, China, and India [4]; in some
countries (e.g., Japan, South Korea, and Australia), it
is even included in the list of critical, import-depen-
dent commodities [5, 6].

Global consumption - and, accordingly, the sup-
ply — of primary copper increased by 60% from 2000
to 2021, while global reserves grew by a factor of 2.6.
This growth primarily reflects the rapid expansion of
the Chinese economy and the shift toward a global
“green” economy, marked by a greater reliance on re-
newable energy sources and efforts to reduce carbon
dioxide emissions from industrial and human activi-
ties [1, 2, 7]. Copper is essential in low-carbon ener-
gy technologies, including wind turbines and electric
vehicle engines. The growth in copper consumption
remains robust, even amid global economic downturn
and political uncertainties, while supply has shown
signs of lagging due to delays in commissioning new
large-scale extraction operations [8].

Russia possesses a substantial copper resource
base, ranking 2" worldwide in terms of reserves, 6th
in production, and 3"-4™ in exports!. In the 1990s,

! Ministry of Natural Resources and Environment
of the Russian Federation. URL: https://www.mnr.gov.ru/
docs/gosudarstvennye_doklady/o_sostoyanii_i_ispolzovanii_
mineralno_syrevykh resursov_rossiyskoy federatsii/

with the transition economy leading to reduced do-
mestic consumption, Russian copper production
declined from 800 Kt in 1991 to 500-580 Kt/year
between 1995 and 2012. However, following the rise
in global prices starting in 2013, production began
to increase, reaching 1,028 Kt in 20192. This growth
in extraction and production of refined copper was
accompanied by a significant rise in exports shares
from 20-30% in 2011-2013 to 60-70% in 2015-2020.
Russia's cooper mineral resource base and produc-
tion facilities fully cover domestic needs and hold
considerable export potential. Given global trends
toward increasing copper consumption in the near
future, expanding national production to boost Rus-
sia’s share in the global copper market appears high-
ly promising.

Methods

To analyze Russia’s copper mineral resource,
data on Russian copper production for the period
2002-2021, as well as reserves and forecast resour-
ces of copper deposits as of 01.01.2021, were collec-
ted. The data sources include state reports from the
Ministry of Natural Resources and Ecology of Rus-
sia’, certificates on the state and prospects of mine-
ral resource use across Russian regions?, state cadas-
tral passports of deposits and mineral occurrences in
Russia® and publications on copper resources avai-
lable in the public domain. Copper reserves and pro-
duction are measured in metric tons of 100% Cu. The
volumes of forecasted copper resources are given by
category in the stated absolute values, and, when ag-
gregated, in terms of conditional reserves of catego-
ry C,, accounting for correction factors for different

z 1bid.

5 1bid.

4 Information on the state and prospects of using the
mineral resource base of the regions of the Russian Federation
(as of 01.01.2022). St. Petersburg: VSEGEI, State Assignment
No. 049-00018-22-01, 2022 dated 14.01.2022. URL: http:/
atlaspacket.vsegei.ru/?v=msb2021#91474d2e700eb6c90

5 Passports of copper deposits. Russian Federal Geological
Fund. The unified fund of geological information about the
subsurface. The register of primary and interpreted information.
2023. URL: https://efgi.ru/
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categories. A consolidated schematic map of Russia
is presented, summarizing significant copper depo-
sits across various ore formations, promising sites
for copper exploration, previously designated copper
ore provinces, and proposed new copper ore provinc-
es. The paper identifies environmental restrictions
on new copper deposit development. The authors
also examine opportunities for advancing the copper
mining industry by implementing innovative tech-
nologies for copper ores extraction and processing.
Additionally, the paper provides an analysis of the
state of balance reserves and forecast resources
across ore formations and copper provinces.

State of the Russian mineral resource base

of copper

Russia ranks 2" globally in cooper reserves (af-
ter Chile), 6™ in mining (following Chile, Peru, Chi-
na, Congo, and the USA), 5% in refined copper pro-
duction (after China, Chile, Japan, and DR Congo),
and 3"-4% in terms of exports (alongside Japan) after
Chile and DR Congo® [9]. The foundation of Russia’s
copper resource base consists of deposits in sulfide
copper-nickel, copper-porphyry, copper-pyrite, and
stratiform geological-industrial types. Major mining
operations are concentrated in sulfide copper-nickel
and copper-pyrite deposits, with increasing produc-
tion volumes at copper-porphyry sites’.

Based on the collected data, the following was
compiled:

— An overview map of Russia’s copper ore prov-
inces and primary copper deposits (see Fig. 1);

— Charts of copper production volumes and shares
from 2002 to 2021 by types of ore formations (Fig. 2)
and copper provinces (Fig. 7);

— Charts showing the shares of copper reserves
and production (2021) by ore formation type (Fig. 3)
and copper provinces (Fig. 6);

— A chart on the volume of balance reserves and
forecast resources by ore formation type (Fig. 4);

— Charts on the volume of copper reserves and
production by province (Fig. 6).

The paper also provides descriptions of the cop-
per ore formations found within the Russian Federa-
tion and details on copper deposits both within and
outside the designated copper ore provinces.

6 U.S. Geological Survey (USGS). URL: http://minerals.
usgs.gov/minerals/pubs/commodity/

7 Ministry of Natural Resources and Environment
of the Russian Federation. URL: https://www.mnr.gov.ru/
docs/gosudarstvennye_doklady/o_sostoyanii_i_ispolzovanii_
mineralno_syrevykh_resursov_rossiyskoy federatsii/
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Formations of copper deposits

The development of copper deposits has been
known since the Bronze Age, and throughout the
history of copper mining, geological copper ore
formations have been studied in terms of their at-
tractiveness and relevance for the copper mining
industry.

Initially, copper ore exploration focused on
near-surface, copper-rich ores in copper-skarn,
copper-pyrite formations, and of copper sandstone
formations. It also possible to identify a significant
formation of the secondary enrichment zone with su-
pergene copper, with rich ores formed in near-sur-
face conditions in deposits of almost all copper ore
formations, often evolving from low-grade and ordi-
nary ores. Previously, these secondary, copper-rich
ores were the primary targets for development;
however, they are now rare, and this ore formation
has, in fact, become exotic. Due to the initial pre-
dominance of small-scale, near-surface artisanal
mining, numerous small deposits were mined for
copper, while medium and large copper deposits
were locally damaged by mining operations that se-
lectively extracted the available, most copper-rich
fragments.

With growing copper demand, larger deposits of
copper-pyrite and copper-nickel formations began to
be put into operation. A notable unique and exotic
deposit of native copper in basaltoids (Lake Superior
deposit, USA) was entirely mined out.

The development of flotation enrichment tech-
nologies for sulfide ores has enabled the exploita-
tion of deposits with disseminated copper minera-
lization, even those with relatively low-grade cop-
per ores, provided they have a significant ore mass.
Production has included deposits from the porphyry
copper formation, which currently leads in supplying
copper to the market. Flotation technologies have
also enabled the to extraction of copper concentrate
from deposits in other ore formations with associa-
ted copper mineralization (polymetallic, low-sulfide
platinum-metal, quartz-sulfide, carbonatite, etc.).
New enrichment technologies (flotation, hydrome-
tallurgy) have also made it possible to mine porphy-
ry copper from formations where previously only
rich ores (copper-nickel, copper-pyrite, copper sand-
stones) were developed.

Hydrometallurgical technologies, such as heap
and in-situ leaching, enable the development of
fundamentally new formations, including tech-
nogenic deposits (e.g., dumps, drainage waters of
mine workings), as well as previously unattrac-
tive small copper deposits and copper-bearing
formations.
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Fig. 1. Copper ore provinces, copper deposits by geological and technological types, and their status in production:
1 - copper ore provinces; 2—-10 — geological and technological types of copper deposits (2 — copper-pyrite and pyrite-polymetallic,

3 — copper-nickel, 4 — copper sandstones, 5 — copper-porphyry, 6 — copper-skarn, 7 — copper-iron, 8 — native copper, 9 — with
associated copper mineralization; 10 — technogenic); 11 — the status of copper deposit involvement in production: a — exhausted and
suspended/shutdown mines (mothballed), b — developed by open-pit and underground methods, ¢ — geotechnological development,

d - unallocated subsoil fund, e - prepared for development, g — at the geological exploration stage, h — at the prospecting evaluation stage
for sites and areas. Copper provinces: I — North Caucasus, II - Donetsk, III — Voronezh, IV - Karelian, V — Kola, VI — Pre-Ural (VIa — Ufa
Stage, VIb — Kazan Stage, VIc — Tatar Stage), VII — Ural, VIII — Rudny Altai, IX — Salair, X — Shoria-Khakass (Mrassu-Batenev), XI — Central
Arctic, XII - Norilsk-Kharayelakh, XIII - Igarka, XIV — Sayan, XV - East Tuvan, XVI — North Baikal, XVII — Kodar-Udokan, XVIII - East
Trans-Baikal, XIX — Umlekan-Ogoja, XX — Primorsky, XXI - Jugjur, XXII - Bilyakchan-Kolyma; XXIII — Okhotsk-Chukotka, XIV — Koryak,
XV - Kamchatka. Copper deposits: 1-11 — exhausted and suspended: 1 — Kotselvaara-Kammikivi, Semiletka, 2 — Tundra, Zapolyarnoye,
3 — Dergamyshskoye, 4 — Sibayskoye, 5 — Uchalinskoye, 6 — Aleksandrinskoe, 7 — Mednorudyanskoye, Turyinsky group, 8 — Tarnyerskoe,
9 — Zmeinogorskoye, 10 - Kamenushinskoye, 11 - Keyalykh-Uzen, Glafirinskoye, Julia; 12-38 — deposits under development:

12 - Urupskoye, 13 — Zhdanovskoye, 14 — Gayskoye, 15 — Osennee, 16 — Vesenne-Aralchinskoye, Dzhusinskoye, 17 — Yubileynoye,

18 — Kamagan, 19 — Ozernoye, Zapadno-Ozernoye, 20 — Talganskoye, Uzelginskoye, Molodezhnoye, 21 — Chebachye, 22 — Tominskoye,
23 — Mikheevskoye, 24 — Safyanovskoye, 25 — Novo-Shemurskoye, 26 — Volkovsky, 27 — Karbalikhinskoye, Zarechenskoye, 28 — Stepnoye,
29 - Sinyukhinskoye, 30 — Oktyabrskoye, 31 — Talnakhskoye, 32 — Norilsk-1, 33 — Kyzyl-Tashtyg, 34 — Udokan, 35 — Bystrinskoye
[Cu-Fe], 36 — Pravourminskoye, Festivalnoye, Sobolinoye, Perevalnoye, 37 — Vostok-2, 38 — Shanuch; 39 - geotechnological development
(Gumeshevskoye); 40-43 — undistributed reserve deposits: 40 — Kizil-Dere, 41 — Komsomolskoye, 42 — Novoye, Yuzhnoye, 43 — Ikanskoye;
44—-64 — deposits prepared for development: 44 — Khudesskoye, Skalistoye, Pervomayskoye, 45 — Elanskoye, Elkinskoye, 46 — Bystrinskoye
[Cu-Ni], Verkhneye, Sputnik, 47 — Podolskoye, Severo-Podolskoye, 48 — Vishnevskoye, 49 — Novo-Uchalinskoye, 50 — Sultanovskoye,

51 — Maukskoye, 52 - Tarutinskoye, 53 — Saumskoye, 54 — Severo-Kaluginskoye, 55 — Severnoye-3, 56 — Talovskoye, 57 — Maslovskoye,
58 — Chernogorskoye, 59 — Kingashskoye, 60 — Verkhnekingashskoye, 61 — Ak-Sugskoye, 62 — Kultuminskoye,

63 — Kun-Manye, 64 — Malmyzh; 65-70 —deposits at the exploration stage: 65 — Viksha, 66 — Lobash-1, 67 — Chineyskoye (Rudny site),
68 — Lukagonskoye, 69 — Konder-Rudny, 70 — Peschanka; 71-136 — promising areas, prospecting and evaluation sites: 71 — Bakhmutskaya,
72 — Voloshovskoye, 73 — Kolvitskoye, 74 — Pellapakhk, 75 - Poaz, Nyud, 76 — Nittis-Kumuzhya-Travyanaya, Sopcha (ore horizon 330),
77 - Arvarench, Moroshkovoye-Ozero, 78 — Fedorovo-Pan Tundra 79 — Belebeevskaya (Karsak mines), 80 — Blyavinskaya,

81 — Membetovskaya-Karagayskaya, Novopetrovskaya, 82 — Volinskaya, Grubeinsko-Tykotlovskaya, 83 — Khultymyinskaya,

84 — Novogodnee-Monto, 85 — Novonikolskaya, 86 — Kholodnaya, 87 — Ulandryk, 88 — Uskandinskoye, 89 — Bazinskoye, 90 — Taymetskoye,
91 — Malo-Labyshskoye, 92 — Uboininskoye, 93 — Verkhnetareyskoye, 94 — Porfyrovaya, 95 — Nadezhda, Pavlovsky, Koshka,

96 — Morongovskaya, 97 — Bolgokhtokhskoye, 98 — Arylakhskoye, 99 — Samoyedovskaya, 100 — Graviyskoye, 101 — Sukharikhinskoye,
102 — Kakhtarminskaya, 103 — Kyzyk-Chadrskoye, 104 — Yoko-Dovyrenskoye, 105 — Chayskoye, 106 — Unkurskoe, 107 — Krasnoe,

108 - Burpalinskoye, 109 — Sakinskoye, 110 - Pravoingamakitskoye, 111 - Zapadno-Mostovskaya, 112 - Borovaya, 113 — Ryabinovoe,
Yllymakhskoye, Morozkinskoye, 114 — Lazurnoe, 115 - Malakhitovoe, 116 — Central Anajak, 117 — Ponyskaya, 118 — Nyandominskaya,
119 — Malokomuyskoye, 120 - Bilyakchanskoye, Severny-Uy, Borong, 121 — Rosomakha, Jalkan, Kharat, 122 — Batko, 123 — Oroek,
Luchistoye, Vesnovka, 124 — Agylkinskoye, 125 — Chelasinskaya, 126 — Darpirchanskaya, 127 — Shkhiperskaya, 128 — Bebekan,

129 — Med-Gora, 130 — Mechiveemskaya, 131 — Nakhodka, 132 — Kavralyanskaya, 133 — Tanyurerskaya, 134 — Mainitskaya,

135 - Valaginsko-Karaginskaya, 136 — Snezhnoye, 137 — Kvinum, Kuvalorog, 138 - Kirganik, 139 — Beregovoe; 140-149 — technogenic
deposits: 140 - slag dump of the Sredneuralsky Copper Smelter (CS), 141 — Cheremshansk sludge storage of the Vysokogorsky mine,
142 - tailings storage of the Norilsk Processing Plant (PP), 143 — dumps of the Allarechensk deposit, 144 — escorial of the Karabash CS,
145 — waste dump of the Kirovgrad CS, 146 — dumps of the Solnechniy PP, 147 — tailings dump of the Krasnouralsky concentrating plant (CP),
148 - slag dump of the Loktevskiy Silver Smelter, 149 — dumps of the Tuim CP, 150 — dumps of the Mainsky CP
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The copper-nickel formation is a specific ma-
fic-ultramafic magmatic formation in which, during
magma intrusion, melt differentiation and segrega-
tion occurred, producing silicate and sulfide liquids,
with the sulfide melt concentrating in the lower parts
of magmatic intrusions [10, 11, 12]. This process
forms stratum-, plate-, and lens-shaped deposits of
rich ores and horizons (reefs) of copper-nickel mi-
neralization nodules. Melt differentiation and crys-
tallization may occur repeatedly, but the largest de-
posits of predominantly rich copper-nickel ores form
during a prolonged cycle in structures long plat-
form margins (Norilsk type) and cratons (Pechenga
type) [13]. Under conditions of multiple cycles of melt
differentiation and segregation, beds and horizons
are formed, predominantly with disseminated cop-
per-nickel mineralization, as well as platinum-me-
tal mineralization with associated copper-nickel
ore [14]. Such copper-nickel deposits are found in
platform margin structures on craton (Monchegorsk
type in ultramafic rocks) and are primarily located in
metallogenic orogenic zones of mobile belts within
mafic complexes [13]. It should be noted that in de-
posits with predominantly disseminated copper ores,
the nickel-to-copper ratio can increase from 0.5-1.0
to much higher values (up to 6.5 at the Shanuch de-
posit), reducing the economic significance of copper
while increasing the concentration and economic
importance of platinum group metals. Copper-nickel
mineralization also appears as an associated com-
ponent in deposits of the low-sulfide platinum-metal
formation.
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Interest in the copper-nickel formation was in-
itially driven by the significance of its nickel con-
tent, with copper often a secondary or by-product.
However, following the development of large Norilsk
deposits of rich ores in the 1960s and 1970s, the cop-
per-nickel formation became the leading source of
national copper production, accounting for 60-65%
of Russian output in the 2000s. However, due to
a slight decline in copper-nickel ore production (from
500 Kt/year to 430 Kt in 2021) and the commissio-
ning of new copper deposits from the porphyry copper
and skarn copper formations, the of the copper-nickel
formation’s share of Russian production declined
to 36.5% by 2021 (see Fig. 2, 3). Nevertheless, based
on the recorded reserves and resources, the copper-
nickel formation accounts for 34.4% of balance re-
serves and 15.8% of forecasted resources, reduced to
conditional reserves [9]. Thus, this formation retains
a leading position in reserves (see Fig. 3, 4).

Deposits of rich copper-nickel ores are located
in the Norilsk-Kharayelakh and Kolskaya provinces,
deposits of mainly disseminated copper-nickel ores
are in the Voronezh, Kola, Sayan, North Baikal, and
Jugjur provinces, and deposits of the low-sulfide
platinum-metal formation with associated cop-
per-nickel mineralization are found in the Karelian,
Karyak, and Kamchatka provinces.

The copper-pyrite formation is a diverse group
of deposits characterized by volcanogenic hydro-
thermal-sedimentary and hydrothermal-metaso-
matic origins, consisting of sulfide ores with pyrite
and copper sulfides playing a dominant role [15, 16].

% Copper-sc\arn

80
Copper-pyrite

60

40

Copper-nickel

20

0
2002 2005 2010 2015 2020

b

Fig. 2. Dynamics of copper production in Russia (2002-2021) by copper ore formation types:
a - production volumes, million tons; b — shares of total production in the Russian Federation, %

Source: Ministry of Natural Resources and Environment of the Russian Federation. URL: https://www.mnr.gov.ru/docs/
gosudarstvennye_doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh resursov_rossiyskoy federatsii/
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Morphologically, these deposits appear as plate- and
lens-shaped formations of massive sulfide ores, often
accompanied by halos of disseminated sulfide mi-
neralization. Distinguished within this formation are
the copper-pyrite deposits in basaltoid formations of
eugeosynclines, the copper-zinc-pyrite deposits in
rhyolite-basalt formations of eugeosynclines, and
the unique Cypriot type of cobalt-bearing copper-py-
rite deposits [17]. It is notable that there is both
a similarity and a paragenetic relationship between
the copper-pyrite and copper-nickel formations [18].

From the 19™ century until the 1950s, products
from copper-pyrite deposits formation led Russian
copper mining, before yielding leadership to the cop-
per-nickel formation. In the 2000s and 2020s, pro-
duction from copper-pyrite deposits has ranged from
230-330 Kt/year (23-38% of Russian production),
reaching 285 Kt (24.8%) in 2021 (see Fig. 2, 3). Ac-
cording to recorded copper reserves and resources,
the copper-pyrite formation accounts for 14.5% of
balance reserves and 36.3% of forecasted resources
(reduced to conditional reserves) [9] (see Fig. 3, 4).
This distribution indicates both the utilization of
high-grade massive ores and the potential for addi-
tional reserves in the form of previously undeveloped
disseminated copper-pyrite ores. Due to the deple-
tion of many near-surface copper-pyrite ores, there
has been a shift toward developing deep horizons of
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massive ores and utilizing disseminated ores on the
flanks of established deposits.

The majority of copper-pyrite deposits are loca-
ted in the Ural province, which accounts for over 90%
of the ore production of this formation; deposits are
also found in the North Caucasus, Karelia, Rudny Al-
tai, Salair, and Eastern Tuva provinces.

The copper-polymetallic formation is essen-
tially a genetic counterpart of the volcanogenic cop-
per-pyrite formation, where the main components
are zinc and lead, with copper mineralization as
a secondary element [19, 20]. The volume of associa-
ted copper production at Russian polymetallic depo-
sits is small, amounting to 12-30 Kt/year (1.1-3.5%
of Russian production) and, in 2021, reaching 12.3 Kt
(1.1%) (see Fig. 2, 3). According to recorded reserves
and resources of copper, the copper-polymetallic
formation accounts for 0.9% of balance reserves and
8.3% of forecasted resources, reduced to conditional
reserves [9] (see Fig. 3, 4). This imbalance between
reserves and resources arises from a critical view
of copper as an associated component, which often
complicats the enrichment process and may not al-
ways be efficient or cost-effective. Consequently, at
the geological assessment stage, associated compo-
nents are accounted for as fully as possible; howe-
ver, during the exploration and planning of a mining
enterprise, these components are often transferred

Copper-nickel
Copper-pyrite
Copper-polymetallic
Copper-porphyry
Copper-sandstones
Copper-scarn
Copper-iron-vanadium
Technogenic

Others
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20 30 40

[ | Reserves

Fig. 3. Shares of copper reserves and production (2021) by copper ore formation types
as a percentage of total indicators for the Russian Federation, %
Source: State Reports of the Ministry of Natural Resources (https://www.mnr.gov.ru/docs/gosudarstvennye_doklady/o_sostoyanii i_

ispolzovanii_mineralno_syrevykh resursov_rossiyskoy federatsii/), Information on the state and prospects of mineral resource base
in the regions of the Russian Federation (http://atlaspacket.vsegei.ru/?v=msb2021#91474d2e700eb6c90) and Y.V. Alekseev [9]
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to off-balance reserves. Copper-polymetallic depos-
its dominate in the Salair and Rudno-Altai provinces
and are also present in the North Caucasus, Karelia,
Eastern Tuva, and Okhotsk-Chukotka provinces.
The porphyry copper formation is the un-
disputed global leader in copper and molybdenum
production, as well as in their reserves and forecast
resources. Porphyry-type deposits are large-volume
bodies of veined- disseminated sulfide copper-mo-
lybdenum formations associated with intrusive bod-
ies, often displaying a porphyry texture (the origin of
the formation's name) which acts as a substrate for
mineralization [21, 22]. Interest in these relatively
low-grade, but resource-abundant deposits grew with
advancements in enrichment technologies — initially
gravity-based, followed by highly effective flotation
enrichment of sulfides. As a result, porphyry deposits
of copper and molybdenum have become the primary
source for the extraction of these metals [23]. In addi-
tion to copper and molybdenum, significant volumes
of associated components, including Au, Ag, and Re,
are extracted from mined ores in deposits of this type.
The porphyry copper formation is often interpreted as
the Mo-Cu-Au formation [24]. Within the porphyry
formation, several ore-forming types are identified:
gold-copper-porphyry in basaltoid volcanogenic-plu-
tonic belts (island-arc and riftogenic) and molybde-
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num-copper-porphyry in andesite volcanogenic-plu-
tonic belts, formed through activation on a substrate
of various composition and age [25, 26].

In the Soviet-era joint economy, Russia did not
developed its porphyry copper deposits due to suffi-
cient production from the Kounrad (Kazakhstan) and
Almalyk (Uzbekistan) GOKs. Nonetheless, porphyry
deposits were known in Russia and, where possible,
exploited, with ongoing exploration, evaluation, and
development of new porphyry copper deposits. Ac-
cording to the recorded reserves and resources, the
porphyry copper formation accounts for 23.9% of bal-
ance reserves and 32.3% of forecasted resources, re-
duced to conditional reserves [9] (see Fig. 3, 4). Since
2013, the exploitation of porphyry copper deposits in
the Ural province has begun, and by 2021 production
from these deposits reached 323 Kt (28.2% of Russian
production) (see Fig. 2, 3). A cross-border porphyry
copper deposit in the Chelyabinsk Region (border-
ing Kazakhstan), as well as deposits in the Eastern
Tuva and Primorsky provinces, are being prepared
for operation. Geological exploration is underway in
East Trans-Baikal and northern Okhotsk-Chukotka
provinces. Additionally, many areas and within these
and other provinces — Kola, Central Arctic, Umle-
kan-Ogoja, and Kamchatka- show promise for fur-
ther prospecting and evaluation.
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Fig. 4. Volumes of balance reserves and forecast resources of copper by ore formation types as of 2021, million tons

Source: State Reports of the Ministry of Natural Resources (https://www.mnr.gov.ru/docs/gosudarstvennye_doklady/o_sostoyanii_i_
ispolzovanii_mineralno_syrevykh resursov_rossiyskoy federatsii/), Information on the state and prospects of mineral resource base
in the regions of the Russian Federation (http://atlaspacket.vsegei.ru/?v=msb2021#91474d2e700eb6c90) and Y.V. Alekseev [9]
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The copper sandstone formation includes
stratiform deposits in sedimentary rocks with copper
sulfide formations occurring on geochemical barri-
ers with sources of exhaled copper in seawater or re-
leased through leaching of copper-bearing rocks by
infiltrated reservoir waters [27, 28, 29, 30]. In terms
of production volumes and reserves, the copper
sandstone formation ranks second globally after the
porphyry copper formation.

In Russia, small copper sandstone deposits
were mined in the Pre-Ural province until the mid-
19% century. During the USSRs collaborative eco-
nomy, with the large Dzhezkazgan copper sandstone
deposit in Kazakhstan already in operation, explo-
ration in Russia focusede only prospecting and ex-
ploration of deposits within this formation. The ul-
tra-large Udokan copper sandstone deposit in the
Kadaro-Udokan province, discovered in 1949, was in-
itially located far from well-developed infrastructure
in mountainous tundra (before the construction of
the Baikal-Amur Mainline). The deposit was not put
into operation until 2023, and geological exploration
is ongoing in nearby prospective areas. Copper pro-
duction at the Udokan deposit reached 6.1 Kt in 2021
(0.5% of Russian production), with plans to increase
output to 65 Kt (6-7%) by 2027 and, in the future,
up to 175 Kt/year (up to 15-17%). According to cop-
per inventory, the copper sandstone formation rep-
resents 19.6% of balance reserves, but no officially
approved forecast resources are listed for this forma-
tion [9]. In addition to the aforementioned provin-
ces, deposits and indications of copper sandstones
are also known in the Donetsk, Igarka, Shoria-Kha-
kass, and Bilyakchan-Kolyma provinces.

The copper-skarn formation consists of meta-
somatic (skarn) deposits at the contact between in-
trusive rocks (ranging from basic to acidic in com-
position) with calcareous sedimentary rocks, where
newly formed skarns serve as the substrate for over-
lapping copper mineralization [31, 32]. Copper skarn
deposits are typically high in grade but limited in
reserves (primarily in the Ural and Shoria-Khakass
provinces), and nearly all have been exhausted.
Some skarn deposits with associated copper miner-
alization are still being mined, but their contribution
to copper production remains minor (1-2 Kt/year).
The copper-iron skarn type has the highest poten-
tial, with vein-disseminated cooper mineralization
superimposed on on the substrate of iron ore bo-
dies [33]. Exploitation of copper-iron skarn depo-
sits in the East Trans-Baikal province began in 2013,
with annual production at these deposits rising from
3 to 94 Kt by 2020, accounting for 8.3% of Russian
output (see Fig. 2, 3). New copper-skarn deposits are
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being prepared for exploitation in the Ural and East
Trans-Baikal provinces, while exploration is under-
way, and new areas are being explored in the Ural,
Kadaro-Udokan, and Okhotsk-Chukotka provinces,
as well as in regions the established provinces. Based
on recorded copper reserves, the copper-skarn for-
mation accounts for 2.7% of balance reserves, though
no approved forecast resources are available for this
formation [9] (see Fig. 3, 4).

The copper-iron-vanadium magmatic for-
mation in Russia is represented by the unique Vol-
kovsky deposit, which contains complex apatite-
and vanadium-bearing titanomagnetite and copper
sulfide ores, along with associated gold-palladium
mineralization formed during the differentiation
and crystallization of the Volkovsky gabbroid mas-
sif. This process resulted in lenses of dessiminated
sulfide and titanomagnetite mineralization [34].
Copper production at the Volkovskoye deposit ran-
ges from 4-12 Kt/year (0.5-1.1% of Russian produc-
tion), reaching 12.6 Kt (1.1%) in 2021 (see Fig. 2, 3).
Cu-Fe-V magmatic formations are relatively rare,
but the Veksha deposit and the Pudozhgorskoye
manifestation in the Karelian province, the Kolvit-
skiy deposit on the Kola Peninsula, and the Pogore-
lovskoye manifestation in the Chelyabinsk region are
similar to the Volkov-type of iron-copper ores. The
Cu-Fe-V formation reserves in Russia are small, to-
taling 1.03 million tons (0.53% of Russian reserves)
(see Fig. 3, 4), and there are no forecasted resources
of this formation.

The formation of native copper is of interest
due the historical significance of the Lake Supe-
rior deposit in the USA, a unique, large, and high-
grade native copper deposit in amygdaloidal dia-
bases of blanket effusions, which was mined out in
the 19 century, producing over 4.5 million tons of
copper [35]. The discovery of such high-grade copper
deposits has been a goal in many countries, includ-
ing Russia, though with limited success [36]. Never-
theless, deposits and occurrences of native copper in
volcanogenic settings are known in Russia, located
of the Ural, Shoria-Khakass, Norilsk-Kharayelakh,
and Bilyakchan-Kolyma provinces, with some size-
able deposits such as Taymetskoye (Gornaya Shoria,
Kemerovo region) and Arylakhskoye (North of the
Krasnoyarsk Territory).

Ore formations with associated copper mi-
neralization include several different types of ore
formations, where copper is only a secondary asso-
ciated component.

The most economically significant among them
is the formation of low-sulfide platinum-metal ores with
associated copper-nickel mineralization in the form of
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disseminated mineralization within mafic and ul-
tramafic magmatic rocks in orogenic zones, ranging
from Archean to Neogene age [13, 37, 38, 39]. Depos-
its and occurrences of this type are mainly targeted
for platinum exploration and are found in the Vo-
ronezh, Karelian, Kola, Norilsk-Kharayelakh, Sayan,
North Baikal, Jugjur, Okhotsk-Chukotka, Koryak,
and Kamchatka provinces. Currently, the balance re-
serves and forecast resources of the low-sulfide de-
posits are included within traditional copper-nickel
formations.

The quartz-sulfide formation with associated cop-
per mineralization includes genetically diverse ore
formations of non-ferrous (tin, tungsten) and pre-
cious metals (gold, silver). Copper concentrate is ex-
tracted as a by-product at tin [40] and tungsten [41]
deposits in the Primorsky Province, as well as at nu-
merous gold deposits [41] outside the known copper
provinces.

Copper mineralization may also occur within
carbonatite formations, such as the Palabora cop-
per-zirconium-phosphate carbonatite deposit cur-
rently under development in South Africa [42]. In
Russia, occurrences of carbonatite formations with
disseminated copper-sulfide mineralization are
known on the Taimyr Peninsula and in the carbo-
natite massifs of the Maymech-Kotui province.

The technogenic formation results from anthro-
pogenic impact on the subsurface, creating new de-
posits of technogenic raw materials (e.g., dumps of
overburden and substandard ores, tailings and in-
termediate products storage from processing plants,
slag heaps, residues from metallurgical ore conver-
sion, and mineralized mine waters) [43, 44]. Cop-
per extraction from slag is underway at the dumps
of the Sredneuralsky copper smelter {No. 140} and
the sludge storage at the Cheremshansky facility of
the Vysokogorsky mine {No. 141} in Sverdlovsk re-
gion (up to 16 Kt/year), as well as from the tailings
of the Norilsk processing plant (PP) {No. 142} (up to
1.5 Kt/year)?, (for the numbering of sites, see Fig. 1).
Sabstandard ore dumps of the Allarechensk depos-
it {No. 143} in Murmansk region [45], slag heaps at
the Karabash Copper smelter (CS) {No. 144} in Che-
lyabinsk region, and residues at the Kirovgrad CS
{No. 145} in Sverdlovsk Region [43], and dumps at
the Solnechniy PP {No. 146} in Khabarovsk Terri-
tory are being prepared for operation’. The poten-
tial for dump mining is also being evaluated for the

8 Ministry of Natural Resources and Environment
of the Russian Federation. URL: https://www.mnr.gov.ru/
docs/gosudarstvennye_doklady/o_sostoyanii_i_ispolzovanii_
mineralno_syrevykh resursov_rossiyskoy federatsii/

9 Ibid.
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Krasnouralsky concentrating plant (CP) {No. 147} in
Sverdlovsk region, the dumps of the Loktevskiy Sil-
ver Smelting Plant {No. 148} in Altai Territory, as
well as dumps of the Tuim CP {No. 149} and Mainsky
CP {No. 150} in Khakassia. Estimated copper reserves
in technogenic deposits in Russia total 270 Kt, with
an annual production of 8-16 Kt/year (0.7-1.9% of
Russian production), reaching 8.5 Kt (0.7%) in 2021
(see Fig. 3, 4). Resources of technogenic deposits are
undervalued due to limited exploration at tailings
dumps of processing plants (only 4 out of 36 opera-
ting and closed PP) and limited surveys at indivi-
dual substandard ore dumps in developed and moth-
balled deposits [46].

Copper provinces

The North Caucasian province includes vol-
canogenic-sedimentary structures of the Peredovoy
Ridge and Privodorazdelnaya Area along the border
of the Scythian Platform and folded rock of the Great
Caucasus. Numerous copper-pyrite deposits found here.
Since the 1950s, the Urupskoye deposit {No. 12} [47]
has been mined, though now significantly deple-
ted, with production in 2021 reached 5.4 Kt. The
Khudesskoye, Skalistoye, and Pervomaiskoye depo-
sits {No. 44} are being prepared for exploitation, with
over 100 ore occurrences recorded. The Kizil-Dere
deposit {No. 40}, with copper reserves of 1.17 Mt
of 100% at an average grade of 2.14% Cu, has been
explored and is held in reserve [48]. Altogether, the
North Caucasus province accounts for 2.23 million
tons of balance copper reserves (2.17% of Russian re-
serves), with an annual production of 5.4 Kt (0.47%
of Russian production) in 2021 (see Fig. 5, 6).

The Donetsk province contains copper sand-
stone deposits of the Kartamyshinsky formation
from the Lower Permian within the Dnieper-Donetsk
trough on the East European platform. Copper min-
ing in this area dates back to the Bronze Age (e.g.,
Kartamyshskoye, Vyskrivka, Pilipchatino) and con-
tinued into the 19th century [49]. promising areas
for the discovery of significant copper sandstone
deposits include the Bakhmutskaya ({No. 71}, with
28 occurrences) and Kalmius-Toretskaya (with 3 oc-
currences) [50]. In the 1960s, the «Artemgeologia»
searched for mineralized zones in the Kartamyshin-
sky syncline, identificating copper-rich layers (e.g.,
Berestyanskoye, Sour Hill), along with indications
of copper, lead, and zinc mineralization (e.g., Sere-
bryanskoye, Sukhodolskoye, Odnobokovskoye) [51].
The Donetsk province represents only a portion of
copper sandstone distribution along the periphery of
the Ukrainian shield, extending to the Pridobrudzh-
sky trough in the west [52].
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The Voronezh province includes the well-
known Voronezh Crystalline Massif (VCM), where
deposits and occurrences of sulfide platinum-cop-
per-nickel ores of the Elan type (e.g., Elan and Elkin-
skoye deposits, as well as over 20 ore occurrences) are
found. These are genetically related to norites of the
subvolcanic orthopyroxenite-norite-diorite forma-
tion, and the Mamon type (e.g., Nizhnemamonskoye,
Podkolodnovskoye deposits, Jubilee, with numerous
occurrences in the Nizhnemamonsky and Anninsky
ore districts), associated with ultramafic dunite-peri-
dotite-pyroxenite-gabbronorite formations [53].
The Elan and Elkinskoye PGE-copper-nickel depos-
its {No. 45} are the most prepared for exploitation,
with copper reserves of 58.8 and 17.3 Kt, respectively.
However, despite favorable conditions, a significant
obstacle to their development is the potential alien-
ation of fertile lands and the proximity of protected
areas. Balance copper reserves in the Voronezh Pro-
vince are recorded at 0.08 Mt (0.08% of Russian re-
serves) (see Fig. 5, 6).

The Karelian province is situated in the eas-
tern part of the Fennoscandian Shield. Copper
mining in this region dates back to the 18" centu-
ry, when small copper-pyrite deposits were mined
(Voitskoe, Voronovoborskoe, Pyalozerskoe mines,
etc.), with further development continuing into the
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19 century. Geological studies, have since identi-
fied deposits of various ore formations. Known de-
posits of the copper-pyrite ore formation include those
in the Central Karelian (Vedlozerskoe, Hautavaar-
skoye, Chalkinskoye, etc.), Sumozersko-Vygozer-
skaya (Parandovskoye), and West Karelian (Yalon-
vaarskoye) mineragenic zones. The province also
hosts copper-nickel sulfide ultramafic-mafic formation,
including the Vostochno-Vozhminskoye deposit (as-
sociated with theVozhminskoye ultrabasite massif)
and the Lebyazhin deposit (within the Kumbuksin
ultramafic massif), as well as komatiite formations
(Zolotoporozhskoye, Leshchevskoye, Rybozerskoye
occurrences in the basalt and komatiite sequences of
the Sumozero-Kenozero greenstone belt). Additio-
nally, deposits of the copper-molybdenum-porphyry
formation (Lobash, Pyayavaara, Yalonvara), the low-
sulfide platinum-metal-titanium-vanadium formation
in the Koikar-Svyatnavolok mineragenic zone (Vik-
sha deposit in the Koikar gabbro-dolerite sill), and
the copper sandstone formation (the mined-out Vo-
ronov Bor deposit and other occurrences) are pre-
sent [54]. Exploration work has been conducted at
the Viksha {No. 65} [55] and Lobash-1 {No. 66} [56]
deposits, with cooper reserves of 125 and 56.4 Kt,
respectively. Additionally, over 50 copper-nickel oc-
currences were recorded in the southeastern part of
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Fig. 5. Cooper reserves, million tons — a, and annual production, Kt — b by province as of 2021

Source: State Reports of the Ministry of Natural Resources (https://www.mnr.gov.ru/docs/gosudarstvennye_doklady/o_sostoyanii_i_
ispolzovanii_mineralno_syrevykh resursov_rossiyskoy federatsii/), Information on the state and prospects of mineral resource
base in the regions of the Russian Federation (http://atlaspacket.vsegei.ru/?v=msb20214#91474d2e700eb6c90)
and Y.V. Alekseev [9]
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the province, specifically in the Astrakhan region.
However, prospecting efforts have primarily focused
on two massifs within the Kamennoozersky kamati-
ite complex, associated with the Voloshovskoye cop-
per-nickel deposit {No. 72}, where drilling evealed
disseminated sulfide mineralization was uncovered,
resources of 277 Kt of copper were calculated with an
average content of 0.15% Cu [57]. 0.25 Mt of balance
reserves of copper (0.24% of Russian reserves) were
calculated for the Karelian province, see Fig. 5, 6.
The Kola province is situated in the northern
part of the Fennoscandian Shield. Within the rifto-
genic Pechenga-Imandra-Varzug greenstone belt,
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numerous Paleoproterozoic stratified intrusions are
present, including several ore-bearing (PGE-Cu-Ni)
intrusions that are part of the Pechenga, Monche-
gorsk, and Fedorovo-Panskiy ore districts. These
areas contain deposits of copper-nickel sulfide ore
formations and low-sulfide platinum-metal ores with
associated copper-nickel mineralization [58].

In the Pechenga ore district, two main ore nodes
are recognized, featuring deposits of the stratified
sulfide copper-nickel formation of mafic and ultra-
mafic rocks [59]: the Western Node (Kotselvaara-Kam-
mikivi and Semiletka deposits) and the Eastern Node
(Zhdanovskoye, Zapolyarnoye, Bystrinskoye [Cu-Ni],
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Fig. 6. Share of copper reserves and production by provinces (as of 2021) from total figures for the Russian Federation.
No reserves and production recorded in Donetsk, Pre-Ural, Central Arctic, and Bilyakchan-Kolyma provinces

Source: State Reports of the Ministry of Natural Resources (https://www.mnr.gov.ru/docs/gosudarstvennye_doklady/o_sostoyanii_i_
ispolzovanii_mineralno_syrevykh_resursov_rossiyskoy_federatsii/), Information on the state and prospects of mineral resource base
in the regions of the Russian Federation (http://atlaspacket.vsegei.ru/?v=msb2021#91474d2e700eb6c90)
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Tundra, Sputnik, and Verkhnoye). Mining of the Wes-
tern Node deposits began in the 1930s, with the Eas-
tern Node following in the 1960s. Nowdays, richest
copper-nickel ores reserves at Kotselvaara-Kammiki-
vi, Semiletka, Tundra, and Zapolyarnoye have been
depleted and preserved. Currently, the Zhdanovskoye
deposit, containing disseminated copper-nickel ores
with reserves of 840.5 Kt at an average grade of 0.31%
Cu, is under active development, while the Bystrin-
skoye, Sputnik, and Verkhneye deposits are being
prepared for exploitation.

The Monchegorsk ore district, with deposits and
occurrences known since the 1930s, contains both
sulfide cooper-nickel ores and low-sulfide plati-
num-metal ores (PGM) with minor copper-nickel
mineralization [60]. Major sulfide copper-nickel de-
posits here include Poaz (443 Kt, average grade of
0.13% Cu), Nyud (188 Kt, 0.24% Cu) {No. 75}, Nit-
tis-Kumuzhya-Travyanaya (229 Kt, 0.16% Cu), Sop-
cha (ore horizon 330) (109 Kt, 0.23% Cu) {No. 76},
Arvarench (246 Kt, 0.26% Cu), and Moroshko-
voye-Ozero (172 Kt, 0.20% Cu) {No. 77}. Notable low-
sulfide platinum-metal deposits with minor cop-
per-nickel mineralization include Loypishnyun [61],
Yuzhnaya Sopcha, and Wuruchuaiwench, each con-
taining 30-50 Kt of copper resources.

The Fedorovo-Panskiy ore district {No. 78} is pri-
marily known for low-sulfide platinum-metal ores
with minor copper-nickel mineralization. Deposits in
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this district, such as Fedorovotundra and Kievey [62]
and Eastern Chuavry [63], were initially evaluated
for platinum group metals, with copper and nickel
as secondary components. These deposits represent
reef horizons in stratified mafic rocks.

Among other copper ore formations in the Kola
province, the Pellapakhk deposit {No. 74} contains
copper-molybdenum-porphyry ores of 203 Kt at 0.15%
Cu and has been deemed economically viable [64]. Ad-
ditionally, the Kolvitskoye deposit {No. 73} represents
the copper-iron-vanadium magmatic formation [65].

Altogether, the Kola province holds 2.0 million
tons of copper reserves (1.95% of Russia’s reserves),
with an annual production in 2021 of 16.7 Kt (1.48%
of Russian production) (see Fig. 5, 6).

The Pre-Ural province lies within the Pre-Ural
foreland basin of the East European Platform, where
numerous deposits and occurrences of copper sand-
stones formations are present within the Upper Per-
mian strata of the Ufa, Kazan, and Tatar Stages [66].
These formations have been mined since the Bronze
Age until the mid-19th century. Archaeological data
indicate that over 500 sites with copper sandstone
deposits were under development in this region [67].
Due to their small size and limited reserves, these
copper sandstone occurrences are not attractive for
traditional open-pit mining methods but hold signif-
icant potential for geotechnological methods of un-
derground copper leaching [68].
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Fig. 7. Dynamics of copper production in Russia (2002-2021) by ore provinces: a — production volumes, million tons;
b - percentage shares of total production in the Russian Federation, %

Source: Ministry of Natural Resources and Environment of the Russian Federation. URL: https://www.mnr.gov.ru/docs/
gosudarstvennye_doklady/o_sostoyanii_i_ispolzovanii_mineralno_syrevykh resursov_rossiyskoy federatsii/
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The Ural province is located within the Ural
Orogenic System and contains hundreds of deposits
and occurrences of copper-pyrite, copper-porphyry,
copper-skarn, vanadium-bearing copper-iron mag-
matic formations, as well as formations of copper
sandstone and native copper [69]. The Ural province
holds 19.4 million tons of prepared copper reserves
(18.9% of Russian reserves), with 707 Kt of cop-
per extracted, or 52.5% of national production (see
Fig. 5, 6). There is a trend toward toward increasing
production over time, raising the Ural province’s
share in Russia’s cooper output (see Fig. 7). In addi-
tion, Ural plants process up to 490 Kt/year of copper
concentrate imported from Kazakhstan'®.

Copper-skarn deposits were among the earliest
targets of development Ural mining region, inclu-
ding those of the Turyinsky group, which are now de-
pleted [70], as well as the Gumeshevskoye [71] and
Mednorudnyanskoye deposits [72] {No. 7}. These de-
posits, though small in size and reserves, were highly
attractive due to rich ore and the secondary enrich-
ment zones developed along them. Currently, new
copper-skarn deposits are being prepared for deve-
lopment, including the Severnoye-3 deposit {No. 55}.
The Novogodnee-Monto gold-iron skarn deposit
{No. 84} in the Polar Urals is also being evaluated for
its copper mineralization [73]. At the Gumeshevs-
kiy copper-skarn deposit {No. 39}, redeposited oxi-
dized copper ores in loose karst sediments, known
as “copper clays”, have been identified as a separate
industrial type [74]. Since 2004, these ores have been
extracted via underground copper leaching, with an-
nual production of 1.0-3.5 Kt/year [75] and with es-
timated resources of 455 Kt [9].

Copper-pyrite deposits are widespread in the
Paleozoic paleovolcanic belts (Shchuchinsko-Tagil-
skiy, Sakmarskiy or Krakinsko-Mednogorskiy, West
and East Magnitogorsk, Kamenskiy, Kateninskiy,
Oktyabrsko-Denisovskiy, and Irgizskiy) and zones
(Bolshakovsko-Reftinskaya, Birgildinsko-Polyano-
vskaya, Kolpakovskaya, Elenovsko-Kumakskaya,
Buryktalsko-Kundybaevskaya) of the Southern and
Middle Urals [69]. Copper-pyrite deposits have been
a traditional cooper source for mining enterprises
in these regions for many decades [76]. Many de-
posits are now decommissioned or mothballed, in-
cluding Dergamyshskoye {No. 3}, Sibayskoye {No. 4},
Uchalinskoye {No. 5}, Aleksandrinskoye {No. 6}, and
Tarnyerskoye {No. 8}. Active development continues
at the Gayskoye deposit {No. 14} 14.37 Mt of reserves

10 Ministry of Natural Resources and Environment
of the Russian Federation. URL: https://www.mnr.gov.ru/
docs/gosudarstvennye_doklady/o_sostoyanii_i_ispolzovanii_
mineralno_syrevykh_resursov_rossiyskoy federatsii/

elSSN 2500-0632

https://mst.misis.ru/

at 1.32% Cu, producting 93 Kt of Cu in 2021) [77],
as well as Osennee {No. 15}, Vesenne-Aralchinskoye,
Dzhusinskoye {No. 16}, Novo-Sibayskoye, and Yubi-
leynoye {No. 17} (1.24 Mt at 1.65% Cu, 22 Kt in 2021)
[78]. Other active deposits include Kamaganskoye,
Ozernoye, and Zapadno-Ozernoye {No. 19} (373 Kt,
producing 11 Kt in 2021) [79], Talganskoye, Uzelgin-
skoye, Molodezhnoye, Chebachye, and Novo-She-
murskoye!!. The Podolskoye and Severo-Podolskoye
copper-pyrite deposits are being prepared for deve-
lopment {No. 47}, along with Vishnevskoye {No. 48},
Novo-Uchalinskoye {No. 49} (1.09 Mt at 0.98% Cu)
[80], Sultanovskoye {No. 50} (67 Kt at 3.25% Cu),
Maukskoye {No. 51} (47 Kt at 1.58% Cu), Tarutinskoye
{No. 52} (64 Kt at 1.33% Cu), Saumskoye {No. 53}
(21 Kt at 2.78% Cu), and Severo-Kaluginskoye!?. The
Komsomolskoye copper-pyrite deposit {No. 41}, with
reserves of 504 Kt at 1.78% Cu), is held in the Re-
serve Fund. Prospecting for copper-pyrite deposits
is ongoing in the promising Blyavinskaya {No. 80},
Membetovskaya-Karagayskaya (520 Kt of resources),
and Novopetrovskaya {No. 81} areas of the Southern
and Middle Urals'3, as well as in the Circumpolar
Urals (Volinskiy and Grubeinsko-Tykotlovskiy ore
districts) {No. 82} [81].

The second most significant formation in the
Ural province is the porphyry copper formation, rep-
resented by deposits within the North Sosvinskiy,
Volinskiy, and Grubeinsko-Tykotlovskiy volcan-
ic belts of the Southern Urals, prinarily in its eas-
tern part [82]. Key copper-porphyry deposits include
Tominskoye {No. 22} with reserves of 3.85 Mt at an
average grade of 0.34% Cu, producting 212 Kt of Cu
in 2021, and Mikheevskoye {No. 23} with reserves of
1.8 Mt at 0.37% Cu, producing103 Kt in 2021) cop-
per-porphyry deposits [83]. Appraisal work is on-
going at the Birgildinsky, Zapadny, and Tarutinsky
sites near the Tominskiy deposit. Copper-porphyry
occurrences within the North Irendyk, Verkhneural-
skaya, Dombarovsko-Aschebutakskaya [84], and Ala-
paevsko-Sukholozhskaya [85] metallogenic zones of
the Middle Urals also require further assessment.

The unique Volkovsky deposit {No. 26}, an ig-
neous copper-iron ore formation containing vana-
dium [86], is also located in the Ural province, with
reserves of 805 Kt at an average grade of 0.63% Cu,
producting 13 Kt of Cu in 2021. Many occurrences
of the igneous copper-iron ore vanadium forma-
tion exhibit transitional characteristics toward cop-
per-skarn formations of similar composition.

1 Tbid.
2 Tbid.
5 Ibid.
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In the Circumpolar region of the Ural province,
within the Lyapinskiy mineragenic zone, there are
occurrences of copper sandstone formations, including
stratiform hydrosluidic copper sandstones (Musyur-
skoye, Kosyunskoye, and Tesninoye) and polymetal-
lic sandstones (Kozhimskoye) [87].

In the Northern Urals, occurrences of native
copper formation are known in the Khultymya mi-
neralized zone, associated with amygdaloidal olivine
basalts and their ash tuffs in the Tournaisian Stage
volcanics of the Lower Carbonierous [88].

The Rudny Altai province within the Russian
Federation is part of a larger polymetallic province
of the same name, with the main and most signi-
ficant deposits located in Kazakhstan (Kolba-Narym
metallogenic region). However, numerous deposits
and occurrences of the polymetallic pyrite formation,
including copper components, are found within the
Russian part of the Rudny Altai province. Like the
Ural province, Rudny Altai is an orogenic structure
formed by arc magmatism, characterized by basaltoid
formatons in the Urals and rhyolite formations in the
Altai, resulting in distinct metallogenic specializa-
tion — copper-zinc in the Urals and copper-polyme-
tallic in the Altai [20].

Polymetallic deposits in the Zmeinogorsk
ore district have been exploited since the Bronze
Age, with industrial development starting at the
Zmeinogorskiy deposit in the 18th century. While the
Zmeinogorskoye deposit is now depleted, the Kara-
balikhinskoye pyrite-polymetallic deposit {No. 27},
with cooper reserves of 316 Kt at an average grade of
of 1.5% Cu, remains active, producting 6.3 Kt in 2021.
Other polymetallic deposits with associated copper
mineralization, such as Zarechenskoye (Cu 3.1 Kt,
0.17% Cu) {No. 27} and Stepnoye {No. 28} (25 Kt,
1.18% Cu), are also in operation. The Talovskoye
copper-polymetallic deposit {No. 56} is being pre-
pared for exploitation, while exploration continues
in the Ural province at the promising Novonikol-
skaya (resources of 91 Kt) {No. 85} and Kholodnaya
(resources of 82 Kt) {No. 86} sites with potential to
expand search areas within the Altai Republic. The
Rudny Altai province has 0.8 million tons of balance
copper reserves (0.78% of Russian reserves), with
annual production in 2021 totaling 6.9 Kt (0.6% of
Russian production) (see Fig. 5, 6).

The Salair province corresponds to the Salair
mineragenic zone, an orogenic arc structure with
basalt-andesite-rhyolite magmatism from the Salair
phase of folding, featuring numerous pyrite-poly-
metallic deposits [89]. This historical mining area
has been exploited since the early 19™ century,
though active mining has since ceased. The Kame-
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nushinskiy copper-polymetallic deposit is preserved,
and the province still contains various copper-pyrite
polymetallic occurrences (Uskandinskoye, Prichumy-
shskaya group), including those overlain by the se-
dimentory cover of the West Siberian Plate. Copper
reserves in the Salair province amount to 0.8 million
tons (0.78% of Russian reserves)!* (see Figs. 5, 6).

The Shoria-Khakass province is located in
the southern part of the Kuznetsk Alatau orogenic
within the Mrassko-Batenev anticlinorium structu-
ral-formational zone. This area features thick depo-
sits of Riphean-Cambrian-Ordovician age enriched
with volcanic rocks of the basalt-andesite-tra-
chyte-liparite group, formed during Early Paleozoic
diorite and plagiogranite magmatism of the Salair
or Early Caledonian tectogenesis cycle [90]. Depo-
sits and occurrences of copper-skarn, copper-por-
phyry formations, and formations of native cop-
per and copper sandstones are present here. Cop-
per-molybdenum-skarn deposits are associated with
Early Paleozoic granitoids, the largest of which -
Kiyalykh-Uzen, Glafirinskoye [91], and Julia [92]
{No. 11} - have now been mined out. The Malo-Laby-
shskoye deposit {No. 91} belongs to the copper-mo-
lybdenum-porphyry formation, with cooper resources
264 Kt at 0.12% Cu [93]. Mauntain Shoria is home
Russia’s largest native copper deposit, Taymetskoye
{No. 90}, with copper resources totaling 1.57 million
tons at an average grade of 0.76% Cu [94]. In Khakas-
sia, occurrences of copper sandstone formations, such
as Bazinskoye and Kharajulskoye, are also recorded.
The Shoria-Khakass province contains 0.2 million
tons of cooper reserves'®.

The Central Arctic province encompasses the
relatively unexplored areas of the Taimyr Peninsula
and the Severnaya Zemlya islands. This province was
identified through geological surveys, which recor-
ded occurrences and deposits of the copper-porphy-
ry formation within the Central Arctic gold-bearing
Late Paleozoic-Early Mesozoic copper-molybde-
num-porphyry belt [95]. Numerous copper-molybde-
num occurrences have been documented here, with
the most promising being Uboininskoye {No. 92},
Verkhnetareyskoye {No. 93}, and Porphyrovoye {No.
94}, with the province’s potential copper resources
estimated at 2.5 million tons [95].

4 Ministry of Natural Resources and Environment
of the Russian Federation. URL: https:/www.mnr.gov.ru/
docs/gosudarstvennye_doklady/o_sostoyanii_i_ispolzovanii_
mineralno_syrevykh_resursov_rossiyskoy federatsii/
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The Norilsk-Kharaelakh province, located in
the far northwest of the Dorifeian Siberian Platform
near the pericratonal Yenisei-Khatanga Trough [96],
host unique copper-nickel deposits with substan-
tial reserves and high quality. The province also
contains copper-porphyry and native copper de-
posits. This area holds 30.9% of Russia’s copper re-
serves (31.7 million tons) and accounts for 34.8% of
Russian copper production (402 Kt), (see Fig. 5, 6).
However, due to increasing production in the Ural
and East Trans-Baikal province, the share of cop-
per production in the Norilsk-Kharayelakh province
within Russia’s overall production balance is gradu-
ally decreasing (see Fig. 7).

The unique Norilsk copper-nickel deposits are
products of Mesozoic trappean activity in the peric-
ratonic cover of the Siberian Platform [13]. Key de-
posits include Oktyabrskoye {No. 30}, with reserves
of 18.34 Mt of Cu at an average grade of 1.61% Cu,
producting 273 Kt in 2021; Talnakhskoye {No. 31},
with reserves of 9.90 Mt at 1.09% Cu, producing
121 Kt in 2021); and Norilsk-1 {No. 32} with reserves
of 2.57 Mt at 0.47% Cu, producing 9 Kt in 2021. Ad-
ditional deposits, Maslovskoye {No. 57} with reserves
of 1.10 Mt at 0.53% Cu [97] and Chernogorskoye
{No. 58} with 400 Kt, at 0.29% Cu [98], are being
prepared for development. Exploration is under-
way in the promising Morongovskaya {No. 96} and
Samoyedovskaya {No. 99} areas!®, and further disco-
veries of copper-nickel deposits in the Kharaelakh
depression, where some deposits may be concealed
at depth [99, 100].

In the 1960s, the Bolgokhtokhskoe deposit,
a porphyry copper formation with cooper resources
of 462 Kt at 0.27% Cu, was discovered on the wes-
tern flank of the Norilsk-Kharayelakh province [101].

In the 1970s, native copper deposits were identified
in the North Kharayelakh ore zone, with prospecting
conducted at the Arylakhskoye deposit {No. 98} with
cooper resources of 600 Kt at 0.41% Cu [102].

The Igarka province is notable for copper sand-
stone formations found in the sediments of the Gra-
vian Vendian formation and the Sukharikhinskaya
Vendian — Lower Cambrian formation, located in the
horst of the Igarka baykalid uplift in the northwest
of the Siberian Platform [103]. In the 1970s, Gravi-
yskoye {No. 100} deposit, with cooper resources of
359 Kt at 2.42% Cu, and Sukharikhinskoye {No. 101},

16 Ministry of Natural Resources and Environment
of the Russian Federation. URL: https:/www.mnr.gov.ru/
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with 120 Kt at 1.08% Cu, discovered and preliminari-
ly assessed within this cratonic area [104].

The Sayan province lies in the southwestern
part of the Siberian Platform, where serpentinized
ultrabasic rocks of the gabbro-peridotite-dunite
magmatic formation, bearing disseminated plati-
num-copper-nickel mineralization, are found within
Early Proterozoic metamorphites of the Karagan
series along the western periphery of the Kansk
block [13]. The Kingashskoye {No. 59}, with cooper
reserves of 1.1 Mt at 0.17% Cu [105], and Verkhnekin-
gashskoye {No. 60}, with 632 Kt at 0.24% Cu [106],
are being prepared for development. Further cop-
per-nickel deposits may be found in the adjacent
areas surrounding the Kingash massif, including the
promising Kakhtarminskaya {No. 102}, Berezovskaya,
Erminskaya, and Agulskaya sites [107]. The Sayan
province has recorded copper reserves of 1.7 million
tons, or 1.66% of Russian reserves!’ (see Fig. 5, 6).

The Eastern Tuvan province encompasses
early Caledonian (Salair) and Baikalian rocks of the
Tuvan-Mongolian massif and East Sayan rigid block.
Within these areas, metal-bearing volcanic-plutonic
complexes from the Cambrian-Devonian period host
numerous copper occurrences across the Aksug-Kan-
dat, Khamsarin, Ozhinsko-Derzyg, Balyktyghem-Bi-
linsky, East Tannuol, Central Sayan, Khemchik,
and Mongun-Taiga metallogenic zones [108]. The
Ak-Sugskoye deposit {No. 61}, a copper-porphyry
formation with cooper reserves of 3.63 Mt at 0.67%
Cu, is being prepared for operation [109]. Other
copper-porphyry sites include Kyzyk-Chadrskoye
deposit {No. 103} with reserves of 2.35 Mt at 0.29%
Cu) [110], and the Kyzyl-Tashtyg deposit {No. 33},
pyrite-polymetallic formation with associated copper
mineralization, which is already operational with re-
serves of 37 Kt at 0.65% Cu [111]. The Eastern Tuva
province has recorded cooper reserves of 3.8 million
tons, accounting for 3.7% of Russian reserves!® (see
Fig. 5, 6).

The North Baikal province is situated in the
southeastern folded margin of the Siberian Plat-
form, where rift-related dunite-troktolite-gabbro
intrusions (Yoko-Dovyrenskiy, Avkitskiy, Chayskiy,
Hasan-Dyakitskiy, and Nyurundukan) with plati-
num-copper-nickel mineralization formed within
the Riphean Baikal-Muya island arc [112]. Since the
1980s, studies have been conducted on the PGE-cop-
per-nickel deposits and occurrences within this

7 Ibid.
8 Ibid.
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province. The most researched sites are Yoko-Dovy-
renskoye {No. 104}, with 51 Kt of copper resources,
and Chayskoye {No. 105}, with resources of 260 Kt at
0.18% Cu[112, 113, 114].

The Kodar-Udokan province is located in
the marginal Udokan trough in the southern Sibe-
rian Platform, comprising Early Proterozoic car-
bonate-terrigenous deposits of the Udokan series,
which include copper sandston formations [115]. The
largest deposit in Russia, the Urdocan copper sand-
stone deposit {No. 34}, was commissioned in 2023
with reserves of 20.09 Mt at an average grade of
1.44% Cu, and produced 6 Kt of cooper inpilot ope-
rations in 2021. Additional promising sites in the
Udokan basin include Burpalinskoye {No. 108} with
739 Kt at 1.17% Cu, Pravoingamakitskoye {No. 110}
with 608 Kt at 0.88% Cu [117], Sakinskoye {No. 109}
with 404 Kt at 0.98% Cu [118], Unkurskoe {No. 106}
with 320Kt at 0.57% Cu) [119], and Krasnoe {No. 107}
with 933 Kt at 1.81% Cu [120]. On the northeastern
flank of the Kodar-Udokan province is the China-
ian gabbro-norite massif of Late Proterozoic age,
which intrudes the Early Proterozoic carbonate-ter-
rigenous deposits of the Udokan series. In its mid-
dle stratified part, it includes mineralization of the
copper-skar formation (noble metal-copper-sulfide)
within the Rudny area of the Chineyskoye deposit
{No. 67}, with cooper reserves of 775 Kt at an average
grade of 0.52% Cu [121]. The resource potential of
this formation could be further expanded by copper
ore occurrences in the adjacentLuktursky and Maila-
va massifs of the Chiney complex [118].

In total, in the Kodar-Udokan province has re-
corded balance copper reserves of 20.87 million tons
(20.3% of Russian reserves), with annual pilot pro-
duction in 2021 amounted to 6.0 Kt, or 0.52% of Rus-
sian output (see Fig. 5, 6).

The East Trans-Baikal province is rich in mul-
timetal deposits and occurrences of Mo, W, Sn, Au,
Cu, Bi, Pb, Zn, As, Sb, Hg, U, rare, and rare earth el-
ements, located within the stagnant oceanic slab of
the Dalainor-Gazimuro-Olekminsky mineragenic
zone, formed from the Aalenian (J2) to Cenomanian
(K2) [122]. Copper deposits in this province are rep-
resented by copper-iron ore-skarn and copper-por-
phyry formations. The Bystrinskoye [Cu-Fe] deposit
{No. 35}, of the copper-iron-skarn formation, is cur-
rently under development with cooper reserves of
2.04 Mt at an average grade of 0.74% Cu, producting
79 Kt in 2021 [123]. Another deposit in this forma-
tion, the Kultuminskoye site {No. 62}, is being pre-
pared for operation with reserve of 587 Kt at 0.91%
Cu [124]. Geological exploration is ongoing on the
periphery of this site, specifically at the Ochunog-
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dinsky, Preobrazhensky, and Engineering sites, with
cooper resources of 487 Kt. The explored Lukagon-
skoye deposit {No. 68} is a complex structure, where
the upper section shows classical copper-skarn mi-
neralization [125], which transitions at depth to ty-
pical copper-porphyry formation mineralization [126],
with cooper reserves of 604 Kt at 0.40% Cu [127]. To
expand the resource base of the Bystrinsky GOK,
exploration is also underway at the Zapadno-Mos-
tovskaya {No. 111} and Borovaya {No. 112} promising
sites for copper-porphyry formations. There are also
favorable conditions for identifying copper-porphy-
ry deposits within the Uronai ore node and in the
Gazimuro-Zavodsky, Mogochinsky, and Verkhne-
Olekminsky ore regions of the East Trans-Baikal
province. The recorded copper reserves in this pro-
vince total 2.7 million tons (2.63% of Russian re-
serves), with production in 2021 reaching 81.1 Kt
(7.0% of Russian production)!® (see Fig. 5, 6).

The Umlekan-0goja province encompasses the
volcanic-plutonic belt of the same name in the Amur
region [128], featuring Late Mesozoic basalt-ande-
site volcanic rocks and gabbro-diorite plagiogranitic
plutonic formations with copper-porphyry minerali-
zation [129]. In the central part of this province, the
Ikanskoye deposit {No. 43} is in reserve as a porphy-
ry-copper formation with cooper reserves of 459 Kt
at an average grade of 0.21% Cu, along with nearby
occurrences at Borgulikan and Eastern Double [130].
The Umlekan-0Ogoja province has a recorded total of
0.8 million tons of copper reserves?.

The Primorsky Province, like the Trans-Baikal
province, contains abundant multimetal deposits
and occurrences of Sn, W, Au, Mo, Cu, Pb, Zn, rare
elements, and other minerals, spanning a wide ge-
ological timeframe from the Paleozoic to the Me-
so-Cenozoic. This province is part of the Pacific Ore
Belt [131]. Copper deposits are here represented by
the porphyry-copper formation and deposits with
associated copper mineralization. Sites under de-
velopment include Pravourmiyskoye (Cu reserves
of 37.2 Kt), Festivalnoye (124.5 Kt), Sable (53.6 Kt),
and Perevalnoye (25.1 Kt) tin ore deposits {No. 36},
which produced 916 t of cooper in 2021 [132], and
the Vostok-2 tungsten deposit {No. 37} with 7.3 Kt
of cooper [133]. The Malmyzh deposit {No. 64},
a copper-molybdenum-porphyry formation with coper

1 Ministry of Natural Resources and Environment
of the Russian Federation. URL: https:/www.mnr.gov.ru/
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mineralno_syrevykh resursov_rossiyskoy federatsii/
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reserves of 8.31 Mt at an average grade of 0.35% Cu,
located in the northern part of the Zhuravlevo-Amur
terrane of the Early Cretaceous Sikhote-Alinsky oro-
genic belt, is being prepared for operation [134].
There is potential for identifying copper-porphyry
deposits within the Central Anajak {No. 116} area,
with cooper resources of 800 Kt, and the Ponyskaya
{No.117}area,with 714 Kt) of cooper, both adjacent to
the Malmyzh field [135]. Additionally, the Lazurnoe
{No. 114} deposit, with187 Kt at 0.48% Cu [136, 137],
and the Malakhitovoe {No. 115} deposit, with 1.94 Mt
at 0.30% Cu [138], are located in the southern part
of the Zhuravlevo-Amur terrane [139]. The recor-
ded copper reserves in the Primorsky Province total
8.51 million tons (8.29% of Russian reserves), with
production in 2021 reaching 4.1 Kt (0.35% of Russian
output)?! (see Fig. 5, 6).

The Jugjur province is located on the eas-
tern flank of the Dzhugdzhur-Stanovy mobile belt,
formed through Proterozoic and Mesozoic tectonic
activities [140]. This belt contains deposits of cop-
per-nickel, copper-skarn and low-sulfide formation
with associated copper mineralization.

The Kuhn-Manye deposit {No. 63} of the PGE-cop-
per-nickel formation is the most advanced for deve-
lopment, with reserves of 31.5 Kt at an average grade
0f 0.21% Cu [141]. At the eastern end of the province
lies the Nyandominskaya perspective area {No. 118}
within the Early Archean gabbro-anartosite of the
Lanthar section of the Dzhugdzhur anorthosite mas-
sif [142], where PGE-Cu—Ni occurrences such as Ba-
tomg and Nyandomi, as well as PGE-Cu occurrences
like Skeletal and Mukdakindya, have been recorded.
The Nyandoninsky area is estimated to hold cooper
resources totaling 235 Kt.

The Konder magmatic massif, located in the
western part of the Jugjur province, is a complex,
multi-age structure with a Proterozoic dunite core
surrounded by a Mesozoic syenite ring intrusion. The
dunites hosts known schlieren PGE-chromite mine-
ralization, along with fields of Late Cretaceous alka-
line pegmatites, where sulfide copper mineralization
enriched with platinoids (low-sulfide formation with
associated copper mineralization) is spatially con-
fined [143]. This mineralization is the focus of ge-
ological exploration at the Konder-Rudny deposit
{No. 69}, with estimated copper reserves of 61 Kt.
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In the easten part of the Jugjur province, the
Malokomuyskoye deposit {No. 119} contains copper-
lead-zinc ores within the Late Cretaceous granodio-
rites of the Jugjur complex. in the structure of [144].
Copper reserves at this copper-skarn deposit are es-
timated at 33 Kt, with additional forecast resources
of 100 Kt.

Overall, the recorded copper reserves in the
Jugjur province total 0.12 million tons (0.12% of
Russian reserves)?? (see Fig. 5, 6).

The Bilyakchan-Kolyma province is a Pro-
terozoic metallogenic belt rich in copper-bearing
sedimentary rocks and native copper in basalts,
stretching from the Bilyakchansk seam zone in the
Khabarovsk Territory to the Oriek ore zone within
the Prikolymsky terrane in the Magadan region.
This belt hosts known occurrences and deposits of
Proterozoic age copper sandstone formations, such
as Bilyakchanskoe [145], Severny-Uy [146], and Bo-
rong [147] {No. 120}, as well as Oroekskoye [148] and
Luchistoye [149] {No. 123}, with additional occur-
rences from the Early Paleozoic era, like Vesnyanka
{No. 123} [147]. Occurrences and deposits of the of
the Middle Proterozoic native copper formation age
found in the Sette-Daban ore zone, including Jalkan,
Rosomakha, and Hurat [150] {No. 121} and the Urul-
tinsky ore zone - the Batko ore mineralization
point {No. 122} [147].

The OKkhotsk-Chukotka province aligns with
the Late Jurassic-Early Cretaceous Okhotsk-Chukot-
ka volcanic belt, a segment of the global Pacific ore
belt [131]. This region contains deposits and occur-
rences of both copper-porphyry and copper-skarn
formations. Noteworthy among the copper-porphy-
ry deposits is a group of ore bodies in the Baim ore
zone [151], including the largest explored deposit,
Peschanka {No. 70}, with reserves of 6.4 Mt at an ave-
rage grade of 0.53% Cu) [151, 152], and its satellite,
Nakhodka {No. 131}, with reserves of 3.1 Mt at 0.34%
Cu [151, 153], both dated to the Late Jurassic-Ear-
ly Cretaceous. Northward, exploration is active in
promising areas such as Kavralyanskaya {No. 132}
[154] and Tanyurerskaya {No. 133} [155] for poten-
tial copper-porphyry mineralization. In the sou-
thern part of the Okhotsk volcanic belt, within the
Khabarovsk Territory, lies the Late Cretaceous Chela-
sinskoye copper-(Au)-porphyry deposit {No. 125},
with cooper reserves of 2.0 Mt [156], as well as
the promising Darpirchanskaya area {No. 126},
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containing resources of 324 Kt. Within the Magadan
region, exploration is ongoing for copper-porphyry
deposits in the promising areas like Shkhiperskaya
{No. 127}, which hosts Early Cretaceous deposits and
occurrences such as Nakhatanjinskoye, Lora, Osen-
noye, Etanja,and Muromets, totaling 1.0 Mt in resour-
ces [157], and Mechiveemskaya {No. 130}, with Late
Cretaceous deposits such as Dvoustnaya, resources
also totaling 1.0 Mt in resources [158]. The Bebekan
molybdenum-copper deposit {No. 128}, from the Ear-
ly Cretaceous and located in the Levo-Omolon ore
zone [158], is also within this province. Additionally,
this zone includes the Early Cretaceous copper-skarn
deposit, Med-Gora {No. 129} [159]. Overall, the Ok-
hotsk-Chukotka province contains an estimated
6.4 million tons of copper reserves (6.23% of Russian
reserves), though this figure is likely conservative
(see Fig. 5, 6).

The Koryak province is located in the northern
part of the Koryak-Kamchatka Mesozoic-Cenozoic
volcanic belt [160]. Known deposits and occurrenc-
es of low-sulfide platinoid formations with associa-
ted copper mineralization are found in alpine-type
mafic-ultramafic complexes here. Prospecting
and evaluation are also underway in the Mainit-
skaya {No. 134} [161] and Valaginsko-Karaginskaya
{No. 135} [162] promising areas for low-sulfide-PGE
formations with associated copper mineralization.
In the southern part of the province, the Late Creta-
ceous Snezhnoye low-sulfide PGE-chromite deposit,
also with associated copper mineralization, is iden-
tified {No. 136} [163].

The Kamchatka Province is situated in the
southern part of the Koryak-Kamchatka Meso-
zoic-Cenozoic volcanic belt. Here deposits of the
copper-nickel formation are associated with horn-
blende peridotites and gabbroids in the Late Creta-
ceous-Paleocene Kvinum-Kuvalorog ore zone. This
includes the substantially developed Shanuch nickel
deposit with associated copper mineralization
{No. 38}, holding reserves of 7.4 Kt of cooper at an
average grade of 0.3% Cu) [139, 164], with its cop-
per-nickel ores designated fro export. The Kvinum
and Kuvalorog copper-nickel deposits {No. 137}
[165,166] are also found under this ore zone. The sou-
thern part of the province hosts the Kirganik cop-
per-porphyry deposit {No. 138} from the Late Cre-
taceous [167]. Altogether, the Kamchatka province
holds 0.01 Mt of copper reserves, with an annual pro-
duction of 0.3 Kt in 2021 (see Fig. 5, 6).

In regions without defined provinces, copper
deposits are found in poorly explored territories,
where the classification of certain deposits by ore
formation type remains unclear.
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Noteworthy among these is the associated cop-
per mineralization at the Sinyukhinskoye gold-skarn
deposit {No. 29}, currently under development, with
recorded copper reserves of 28 Kt [168, 169] and an-
nual output reaching up to 1 Kt of extracted copper
concentrate from the Vesely mine.

The Ulandryk iron-copper-rare earth deposit
{No. 87}, an IOCG-type (iron-oxide-copper-gold) de-
posit, lies in the southern Altai Mountains, contai-
ning 1.2 Mt of cooper at an average grade of 0.70%
Cu [170]. This deposit exhibits copper-gold and rare
earth mineralization overlaying iron ore within Si-
lurian-Devonian rhyolitic volcanic rocks and their
tuffs in contact, in contact with Devonian subvol-
canic leucogranites of the Ulandryk massif. This
unique deposit may be part of a larger copper pro-
vince extending into the Xinjiang Altai region in Chi-
na, where the Chacha iron-copper and Minke copper
deposits are located [171].

Potential analogs to the Palabora copper-zirco-
nium-phosphate carbonatite deposit [42] include oc-
currences copper-sulfide mineralization occurrences
within the Dumtaley carbonatite massif [172 and
the Nadezhda, Pavlovsky, and Koshka massifs [173]
{No. 95} in Eastern Taimyr. Notable sulfide mine-
ralization in these carbonatite complexes suggests
a rare opportunity for industrial copper mining and
warrants further assessment.

Uncommon occurrences of copper-sulfide mine-
ralization have also been found in potassium-rich
alkaline intrusions in the Central Aldan region, an
area activated in the Late Mesozoic on the Aldan
shield [174]. During geological exploration for gold,
zones of copper and molybdenum sulfide mineraliza-
tion were identified, with Au, Cu, and Mo mineraliza-
tion zones independently distributed in space. This
led to the development of the concept of a molyb-
denum-copper-gold porphyry formation, characterized
by a potassium rather than sodium profile of igneous
rocks [175]. The Ryabinovoe copper-gold-porphyry
deposit {No. 113} is located on the igneous massif of
the same name [175, 176], as is the Yllymakhskoye
deposit {No. 113} [177]. Copper mineralization is
also recorded in the central type massifs of Yakokut-
sky and Tommotsky. Additionally, copper minerali-
zation has been identified in previously considered
oreless syenite porphyry laccoliths, including the
Morozkinskoye deposit within the Gora-Rudnaya
laccolith [178] {No. 113} and the syenite porphyry of
the Gloomy laccolith.

The Agylkinskoe copper-tungsten skarn deposit
{No. 124} is unique, being the only large occurrence
of copper and tungsten within the Verkhoyansk
gold-dominant metallogenic province [179]. The de-
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posit is a contact body in the zone of a yet undiscov-
ered Late Mesozoic granitoid pluton, with registered
copper reserves of 206 Kt at an average grade of 2.7%
Cu and estimated resources of 84 Kt of Cu.

Among the copper occurrences in lesser-known
provinces, the Beregovoye deposit {No. 139} on the
northwestern tip of Cape Sulkovsky, Medny Island,
in the Commander Islands archipelago, is notewor-
thy. Discovered by Russian industrialist E.S. Basov,
who gathered substantial quantities of copper nug-
gets, it has since been the subject of geological stu-
dies. Research conducted in 1903 by I.A. Morozevich
and L. Konyushevsky and in1958 byYu.V. Zhegalov
and V.P. Vdovenko identified fine inclusions of native
copper in the dikes of Cenozoic augite andesites (na-
tive copper formations). However, the residual bench
placer of native copper has been depleted, and both
I.A. Morozevich and Yu.V. Zhegalov classified this
deposit as non-industrial [180]. Due to the limited
land areas of the Commander Islands, it has not been
possible to define a distinct province for native cop-
per mineralization on Copper Island.

Reserves and forecast resources of copper

in the Russian Federation

Accounting reserves and resources. As of Jan-
uary 1, 2022, the Russian Federation accounted for
102.7 million tons of balance reserves of catego-
ries A, B, C,, and C,, and 79.9 million tons of fore-
cast resources of categories P,, P,, and P.%. Forecast
resources are additionally evaluated by conversion
to conditional reserves. According to MPR Metho-
dology (MPR Order No. 68250, April 18, 2022), the
conditional reserves calculated by converting to C,
as follows: C, = 0.5P, + 0.25P, + 0.125P,, amount to
16.7 million tons. Another approach to copper re-
sources, developed by Ya.V. By Alekseev, calculates
C, conversion as 1.0P, + 0.6P,, yielding 16.1 mil-
lion tons [9] - comparable to the MPR method's
recalculations. The results from this latest method
are used in assessing the resources of copper ore
formations.

Mining reserve sufficiency. The existing ba-
lance of copper reserves in the Russian Federation is
projected to support the current national production
rate — including upcoming capacity expansions —
sufficiently for at least 47 years of operation. Addi-
tionally, the Oktyabrskoye, Talnakhskoye, Norilsk-I,

% Ministry of Natural Resources and Environment
of the Russian Federation. URL: https://www.mnr.gov.ru/
docs/gosudarstvennye_doklady/o_sostoyanii_i_ispolzovanii_
mineralno_syrevykh resursov_rossiyskoy federatsii/
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and Gaiskoe deposits have sustained copper pro-
duction levels for over 100 years. Meanwhile, some
deposits with limited remaining reserves and set
for decommissioning, including Osennee, Dzhu-
sinskoye, Vesenne-Aralchinskoye, Talganskoye and
others.

Copper formations. In terms of the produc-
tion-to-reserve ratio within Russia’s total copper
output, only the copper-nickel (1.06) and copper-por-
phyry (1.18) formations show a balance between
production and reserves (see Fig. 3). Reserves sup-
ply concerns and potential depletion issues for these
formations therefore not significant. In contrast, the
copper-pyrite (1.96) and copper-carbonate (2.44)
formations have a high production-to - reserve ra-
tio, indicating an increased activation of ore reserves
of these types. For copper sandstones, the produc-
tion-to-reserves ratio stands as just 0.03, reflecting
the early stage of exploitation for this type, as seen
with Udokan.

Copper mining provinces. In terms of the pro-
duction-to-reserves within Russia’s copper mining
regions, only the Norilsk-Kharayelakh (1.13), Kola
(0.74), and Rudny Altai (0.77) provinces show a ba-
lanced relationship between production and re-
serves (see Fig. 3). In the well-established mining
region of the Urals, this ratio is 2.85, indicating
significant reserve activation in this area. A simi-
lar pattern is observed in the newer Eastern Trans-
Baikal Province (2.67). Conversely, in the older
North Caucasus province mining region, the pro-
duction-to-reserves ratio is only 0.21, suggesting
untapped copper reserves, including deposits like
Kizil-Dere. In the newly developed regions, such
as Primorsky (0.04), Okhotsk-Chukotka (0.01), and
Eastern Tuva (0.12), the ratios remain low, as cop-
per deposits are still in the initial stages of deve-
lopment.

Development plans for new copper deposits.
In 2023, the Udokan copper sandstone deposit in the
Kodar-Udokan province was put into operation, with
an initial production capacity of 136 Kt annually,
projected to increase to 542 Kt in the second stage.
In the Ural province, two copper-pyrite deposits are
in the final preparation stage: Podolskoye, with an
expected production level of 85 Kt/year, and No-
vo-Uchalinskoye, with initial production in the first
stage at16 Kt/year, reaching 28 Kt/year in the second
stage. The Ak-Sugskoye porphyry-copper deposit is
under prepared in the Eastern Tuva province, with an
output of 151 Kt/year. Preparations for the Malmyzh
porphyry-copper deposit in the Primorsky province
also nearing completion, with an anticipated annual
production level of 300 Kt. Of the explored depos-
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its, the most advanced preparation is underway for
the Peschanka porphyry-copper deposit in the Ok-
hotsk-Chukotka province, with production projected
to reach up to 350 Kt /year.

The implementation of these projects could
increase annual cooper production in Russia by
635-1053 Kt, or 55-91% of the 2021 production
level. With the commissioning of the Peschanka
deposit, Russian copper production may rise by as
much as118% compared to the 2021 level.

The state of forecast copper resource base.
The prospects for developing the mineral resource
best evaluated through the resources (convert-
ed to C,) and reserves volumes. For the copper-
nickel formation, the ratio is 0.46, reflecting a high
exploration level for known deposits in the No-
rilsk-Kharayelakh and Kola provinces, primarily of
drained ores, with relatively lower expectations for
reserve growth from projected resources of disse-
minated copper-nickel ores. However, new deposits
of rich drained ores could potentially be discovered
at depths within the Kharaelakh and Tangaralakh
ore-bearing intrusions [99, 100]. For the copper-py-
rite formation, the resour-to-reserve ratio is very
high at 2.5, due to significant exploration efforts
in the Ural province for both drained and disse-
minated ores. Reserve growth for copper-pyrite
ores remains possible through assessing deep hori-
zons and the peripheries of known deposits, as well
as by identifyng new deposits in the Circumpolar
and Polar Urals regions [73, 81]. The copper-poly-
metallic formation has an even higher resources/re-
serves ratio of 9.2 as it includes numerous depo-
sits and occurrences, most of which are medium or
small and have not previously been prioritized for
exploration. As demand for copper increases, these
deposits are becoming attractive, especially in the
traditional mining areas of Rudny Altai, Salair, and
the North Caucasian provinces [19, 89], as well as
in the newly studied regions of Eastern Tuva and
Okhotsk-Chukotka. For the porphyry-copper for-
mation, the resources-to-reserves ratio of stands
at 1.35. With rapid engagement of deposits of this
type (such as Tominskoye, Mikheevskoye, Malmyzh,
and Peschanka), exploration and prospecting have
intensified in the Eastern Tuva, Primorsky, and Ok-
hotsk-Chukotka provinces, which offer favorable
conditions for discovering new, potentially large,
copper-porphyry deposits [151, 154, 155, 156, 157].
Other copper ore formations show low forecas-
ted resources relative to balance reserves. For the
copper-skarn formation, this is primarily because
most of these objects are accounted for within the
copper-polymetallic formation. In contrast, the low
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level of forecast resources form copper sandstone
formations stems from the limited interest in the
technologically complex ores they contain. Geo-
logical exploration has been limited primarily to
the Udokan deposit, which is unique in its mine-
ralization. Only low level assessments have been
performed on nearby deposits and occurrenc-
es in the Kodar-Udokan province (Unkurskoye,
Krasnoe, Burpalinskoye, Sakinskoye, Pravoinga-
makitskoye), as well as in the Igarka province (Gravi-
yskoye, Sukharikhinskoye). Beyond these, explora-
tion of these deposits in the newly identified
Bilyakchan-Kolyma [148] and Shoria-Khakass
provinces is also feasible. With new technologies
for underground copper leaching, known and pre-
viously developed copper sandstone deposits in
the Pre-Ural [68], Igarka [102], and Donetsk [51]
provinces may become viable for exploration and
exploitation. Currently, no native copper deposits
in basaltoids formations are included in Russia’s
balance of recorded copper reserves. However, such
deposits are known within the Shoria-Khakass,
Norilsk-Kharayelakh, and Bilyakchan-Kolyma cop-
per ore provinces. Unfortunately, the largest and
most studied of their deposits (Taymetskoye [94]
and Arylakhskoye [102]) lie within protected are-
as and are unlikely to be available for commercial
exploitation.

Conclusions

1.A summary map of Russia has been com-
piled, including 25 copper ore provinces and the
150 most significant copper deposits of various ore
formations, as well as promising sites and areas.
Some copper-ore provinces contain only one type of
ore formations: copper sandstones in the Pre-Ural,
Igarka, and Donetsk provinces; others are dominat-
ed by a single primary formation, such as copper-
nickel in the Norilsk-Kharayelakh and Kola pro-
vinces, copper sandstones in the Kadaro-Udokan
provinces, and copper-polymetallic in the Rud-
ny Altai and Salair provinces. In the Ural province,
deposits of two formations - copper-pyrite and
copper-porphyry — predominate. Many provinces
contain deposits of various formations and ages, in-
dicating a shared geochemical specialization within
each province’s territory, often irrespective of the
geological features of ore-bearing complexes.

2. In contrast to the global distribution of cop-
per ore formations, where the copper-porphyry
formation leads in both reserves and production,
Russia ranks the copper-nickel technological type
of ores first in reserves and production. The main
production focuses on copper-nickel sulfide depos-
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its (419-508 Kt/year, or 36-65% of Russian produc-
tion) and pyrite copper deposits (227-334 Kt/year,
or 23-40%). Production is also expanding for cop-
per-porphyry deposits (reaching up to 323 Kt/year,
or 25%, since 2013) and copper-skarn deposits
(since 2018, reaching up to 94 Kt/year, or 8.3%). In
2021, copper production in the Russian Federation
totaled 1,147 Kt. In 2023, the ultra-large Udokan
copper sandstone deposit, with a maximum produc-
tion potential of 175 Kt/year, was put into operation.
The comp letionof new cooper projects currently in
preparation could further raise Russia’s annual pro-
duction by 635-1053 Kt, a 55-91% increase over the
2021production level.

3. As of January 2022, Russia’s copper reserves
include102.7 million tons of balance reserves and
79.9 million tons of forecast resources accross
categories P, + P, + P,, equivalent to 16.1 million
tons in terms of conditional reserves in category C,.
The largest share of copper reserves are concent-
rated in copper-nickel formations (34.4% of Russian
reserves), copper-porphyry formations (23.9%),
copper sandstones (19.6%), and copper-pyrite for-
mation (14.5%), with the remaining 7.6% distrib-
uted among other ore formations. By region, the
Norilsk-Kharayelakh area holds 30.9% of Russia’s
cooper reserves, followed by the Kodar-Udokan re-
gion with 20.3%, and the Ural region with 18.9%.
Newer provinces are also showing increases in
their copper reserves: Primorsky (8.29%), Ok-
hotsk-Chukotka (6.23%), and Eastern Tuva (3.7%).
All other copper-producing provinces combined
hold 11.68% of Russia's copper reserves. Over-
all, Russia’s current copper reserves re projected
to sustain 47 years of operation at current pro-
duction levels.

4.In comparing the shares of copper reserves
and production acroos ore formations, the cop-
per-nickel (1.06) and copper-porphyry (1.18) forma-
tions show the most balanced and favorable securi-
ty ratios. The production-to-reserves ratio is even
more favorable for copper sandstones, reflecting
the early stages of exploitation of deposits like Udo-
kan. However, high production shares in copper-py-
rite (1.96) and copper-skarn (2.44) formations in-
dicate an intensive drawdown of reserves for these
ore types. By region, only the Norilsk-Kharaelakh
(1.13), Kola (0.74), and Rudny Altai (0.77) provinces
maintain favorable ratios of production to reserves.
In contrast, older mining provinces like the Ural
(2.85) and newer ones like East Trans-Baikal (2.67)
exhibit significant depletion of ore reserves. In the
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North Caucasus, an established mining region, the
ratio of production to reserves is low at 0.21, in-
dicating untapped copper potential, particularly at
sites like Kizil-Dere.

5. Each ore formation has distinct prospects for
expanding the copper mineral resource base. The
copper-nickel formation shows a resource-to-re-
serve ratio of 0.46, indicating a high exploration
density within the Norilsk-Kharayelakh and Kola
provinces. However, additional reserves of high-
grade ores could potentially be uncovered at depths
within the Kharaelakh and Tangaralakh ore-bearing
intrusions. The copper-pyrite formation (2.5) pre-
sents opportunities for reserve expansion through
assessment of deeper horizons and periphery areas
of known deposits within the Ural province, along
with exploration in the Circumpolar and Polar
Urals. Copper-polymetallic formation reserves (9.2)
offer numerous known deposits, but most are me-
dium and small, interest in this formation is gro-
wing, especially in the mature Rudny Altai, Salair,
and North Caucasus provinces, as well as in the
emerging Eastern Tuva and OKhotsk-Chukotka
provinces. For copper-porphyry formation (1.35),
and with the rapid operational engagement of de-
posits of this type, the scale of geological explo-
ration for this mineralization has expanded in the
Eastern Tuva, Primorsky, and OKhotsk-Chukotka
provinces, where all conditions are favorable for
discovering new, including large, copper-porphyry
deposits. Copper sandstone formations, with re-
latively low forecast resources, have seen limited
exploration due to the complex processing require-
ments for these ores. The Kodar-Udokan province
hosts several underexplored deposits, such as Un-
kurskoe, Krasnoe, Burpalinskoye, Sakinskoye, and
Pravoingamakitskoye, as does the Igarka provinc
with Graviyskoye and Sukharikhinskoye deposits. In
addition, the Bilyakchan-Kolyma and Shoria-Kha-
kass provinces provinces present new prospects
for this formation. New underground copper lea-
ching technologies may also support development
of smaller copper sandstone deposits within the
Pre-Ural and Donetsk provinces. Although depos-
its of native copper in basaltoids are not current-
ly included in Russia’s recorded balance reserves,
they are present within the Shoria-Khakass, No-
rilsk-Kharayelakh, and Bilyakchan-Kolyma copper
ore provinces. Unfortunately, the largest and most
studied deposits of this type, Taymetskoye and Ar-
ylakhskoye, are situated within protected areas, un-
likely preventing their commercial exploitation.

373


https://mst.misis.ru/

FOPHbIE HAYKU W TEXHOJOIMA https://mst.misis.ru/

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

% MINING SCIENCE AND TECHNOLOGY (RUSSIA) eISSN 2500-0632

References

1. Kondratyev V.B., Popov V.V., Kedrova G.V. Global copper market. Russian Mining Indus-
try. 2019;(3):80-87. https://doi.org/10.30686/1609-9192-2019-3-145-80-87; Russian
Mining Industry. 2019;(4):100-104. https://doi.org/10.30686/1609-9192-2019-4-100-101
(In Russ.)

2. The World Copper Factbook 2021. Lisbon: International Copper Study Group;
2022. Pp. 61-68. URL: https://dev.icsg.org/wp-content/uploads/2021/11/ICSG-
Factbook-2021.pdf

3. Vikentiev I.V. Critical and strategic minerals in the Russian Federation. Geologiya
Rudnyh Mestorozdenij. 2023;65(5):463-475. (In Russ.) https://doi.org/10.31857/
S0016777023050106

4. Coulomb R., Dietz S., Godunova M., Nielsen Th.B. Critical minerals today and in 2030:
an analysis of OECD countries. OECD Environment working papers. London, UK.
2015;91:1-51. https://doi.org/10.1787/5jrtknwm5hr5-en

5. Skirrow R.G., Huston D.L., Mernagh T.P. et al. Critical commodities for a hightech world:
Australia’s potential to supply global demand. Canberra: Geoscience Australia; 2013.
Pp. 1-118.

6. Bortnikov N.S., Volkov A.V., Galyamov A.L. et al. Mineral resources of high-tech metals in
Russia: state of the art and outlook. Geologiya Rudnyh Mestorozhdenij. 2016;58(2):97-119.
(In Russ.) https://doi.org/10.7868/S0016777016020027

7.  The Growing Role of Minerals and Metals for a Low Carbon Future. Washington: The World
Bank; 2017. Pp. 1-88. https://doi.org/10.1596/28312

8. Petrov I.M. Russia’s export position in the global non-ferrous metal market. Mineral
Recourses of Russia. Economics and Management. 2020;(3):73-75. (In Russ.)

9. Alexeev Ya.V., Korchagina D.A. Mineral base of copper in Russia: the state and
development prospects for up to 2040. Otechestvennaya Geologiya. 2023;(1):3-19.
(In Russ.) https://doi.org/10.47765/0869-7175-2023-10001

10. Distler V.V., Genkin A.D., Dyuzhikov O.A. Sulfide petrology and genesis of copper-nickel
ore deposits. In: Geology and Metallogeny of Copper Deposits. Proceedings of the Copper
Symposium 27" International Geological Congress. Moscow, 1984. (Special Publication of
the Society for Geology Applied to Mineral Deposits). 2024:111-123. URL: https://link.
springer.com/book/10.1007/978-3-642-70902-9

11. Marakushev A.A., Paneyakh N.A., ZotovI.A. Specific features of the formation of
copper-nickel sulfide deposits in trap rocks: evidence from the Pechenga and Noril’sk
regions. Doklady Earth Sciences. 2002;383(2):129-133. (Orig. ver.: Marakushev A.A.,
Paneyakh N.A., Zotov [.A. Specific features of the formation of copper-nickel sulfide
deposits in trap rocks: evidence from the Pechenga and Noril’sk regions. Doklady Akademii
Nauk. 2002;382(5):668-673. (In Russ.))

12. Naldrett A.]. Magmatic sulfide deposits: Geology, Geochemistry and Exploration. Berlin,
Heidelberg: Springer, Verlag; 2004. 727 p.

13. Zaskind E.S., Konkina O.M. Sulfide Cu-Ni and PGM deposit typification for forecast-
ing and prospecting. Otechestvennaya Geologiya. 2019;(2):3-15. (In Russ.) https://doi.
org/10.24411/0869-7175-2019-10010

14. Likhachev A.P. Platinum-copper-nickel and platinum deposits: the birth, intrusion
and becoming ore- bearing mafic-ultramafic magmas. Ores and Metalls. 2012;(6):9-23.
(In Russ.)

15. Borodaevskaya M.B., Gorzhevsky D.I., Krivtsov A.I. et al. Pyrite deposits of the world.
Moscow: Nedra Publ. House; 1979. 284 p. (In Russ.)

374


https://mst.misis.ru/
https://doi.org/10.30686/1609-9192-2019-3-145-80-87
https://doi.org/10.30686/1609-9192-2019-4-100-101
https://dev.icsg.org/wp-content/uploads/2021/11/ICSG-Factbook-2021.pdf
https://dev.icsg.org/wp-content/uploads/2021/11/ICSG-Factbook-2021.pdf
https://doi.org/10.31857/S0016777023050106
https://doi.org/10.31857/S0016777023050106
https://doi.org/10.1787/5jrtknwm5hr5-en
https://doi.org/10.7868/S0016777016020027
https://doi.org/10.1596/28312
https://doi.org/10.47765/0869-7175-2023-10001
https://link.springer.com/book/10.1007/978-3-642-70902-9
https://link.springer.com/book/10.1007/978-3-642-70902-9
https://doi.org/10.24411/0869-7175-2019-10010
https://doi.org/10.24411/0869-7175-2019-10010

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

16. Robb L.]J. Introduction to ore-forming processes. Library of Congress Cataloging-in-
Publication Data. Malden, Oxford, Carlton: Blackwell Publ.; 2005. 386 p.

17. Vikentyev L. V. Conditions of formation and metamorphism of pyrite ores. Moscow: Nauchny
Mir, 2004. 344 p. (In Russ.)

18. Marakushev A.A., Rusinov V.L., Paneyakh N.A. et al. The intermediate member in the
genetic chain between Cu-Ni sulfide and Cu-Zn massive sulfide deposits. Doklady Earth
Sciences. 2001;381:932-934. (Orig. ver.: Marakushev A.A., Rusinov V.L., Paneyakh N.A.
et al. The intermediate member in the genetic chain between Cu-Ni sulfide and Cu-Zn
massive sulfide deposits. Doklady Akademii Nauk. 2001;380(5):667-670. (In Russ.))

19. Marakushev A.A., Paneyakh N.A., Zotov I. A. Petrogenetic types of massive sulfide (VMS)
and polymetalic deposits. Lithosphere (Russia). 2011;(3):84-103. (In Russ.)

20. Seravkin I.B., Kosarev A.M. South Urals and Rudny Altai: a comparative paleovolcanic
and metallogenic analysis. Geologiya Rudnyh Mestorozdenij. 2019;61(2):3-22. (In Russ.)
https://doi.org/10.31857/S0016-77706123-22

21. Sotnikov V.I. Porphyry copper-molybdenum ore association: genesis, dimensions, and
boundaries. Geologiya i Geofizika. 2006;47(3):355-363. (In Russ.)

22. Sun W., Zhang C.-C., LiH. et al. The formation of porphyry copper deposits. Acta
Geochimica. 2017;36(1):9-15. https://doi.org/10.1007/s11631-016-0132-4

23. Zvezdov V.S.Major and giant porphyry copper deposit formation environments. Otechest-
vennaya Geologiya. 2019;(5):16-35. (In Russ.)

24. Heinrich C.A., Halter W., Landtwing M.R., Pettke T. The formation of economic porphyry
copper (-gold) deposits: constraints from microanalysis of fluid and melt inclusions.
Geological Society Special Publication. 2005;248:247-263. https://doi.org/10.1144/gsl.
sp.2005.248.01.13

25. Lee C.-T. A., Tang M. How to make porphyry copper deposits. Earth and Planetary Science
Letters. 2020;529:115868. https://doi.org/10.1016/].EPSL.2019.115868

26. Migachev I.F., Zvezdov V.S., Minina O.V. Formational types of porphyry copper deposits
and their ore-magmatic systems. Otechestvennaya Geologiya. 2022;(1):26-48. (In Russ.)

27. Lur’ye A.M. Formation conditions of copper-sandstone and copper-shale deposits.
In: Geology and Metallogeny of Copper Deposits. Proceedings of the Copper Symposium
27%" International Geological Congress. Moscow, 1984. Springer Link; 1986. Pp. 477-491.

28. Lur’ye A.M. Genesis of copper sandstones and shales. Moscow: Nauka Publ. House; 1988.
180 p. (In Russ.)

29. Boyle R.W., Brown A.C., Jefferson C.W. et al. Sediment-hosted stratiform copper deposits.
Ottawa: Geological Association of Canada; 1989. 710 p.

30. Gablina I.F. Role of geochemical barriers in forming sulfide ores in various geological
environments. Otechestvennaya Geologiya. 2021;(2):63—73. (In Russ.)

31. Sinyakov V.I. Genetic types of scarn ore-forming systems. Proceedings of the institute
of geology and geophysics. Novosibirsk: Nauka, SB of the USSR Academy of Sciences.
1990;774:1-71. (In Russ.)

32. Meinert L.D., Hedenquist J.W., Satoh H., Matsuhisa Y. Formation of anhydrous
and hydrous skarn in Cu-Au ore deposits by magmatic fluids. Economic Geology.
2003;98:147-156. https://doi.org/10.2113/GSECONGEQ.98.1.147

33. Grabezhev A.I., Shardakova G.Yu. Ore-bearing granitoids of uralian copper-skarn depos-
its: pertrogeochemistry in connection with ore-metasomatic zonality features. Litho-
sphere (Russia). 2006;(4):68-78. (In Russ.)

34. Poltavets Y.A., Poltavets Z.1., Nechkin G.S. Volkovsky deposit of titanomagnetite and
copper-titanomagnetite ores with accompanying noble-metal mineralization, the Cen-

375


https://mst.misis.ru/
https://doi.org/10.31857/S0016-77706123-22
https://doi.org/10.1007/s11631-016-0132-4
https://doi.org/10.1144/gsl.sp.2005.248.01.13
https://doi.org/10.1144/gsl.sp.2005.248.01.13
https://doi.org/10.1016/J.EPSL.2019.115868
https://doi.org/10.2113/GSECONGEO.98.1.147

% MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(4):352-386

35.
36.
37.
38.
39.

40.

41.

42.

43.
44.
45.
46.
47.

48.
49.

50.

tral Urals, Russia. Geology of Ore Deposits. 2011:53(2):126-139. https://doi.org/10.1134/
S1075701511020061

Bornhorst T.]., Barron R.]. Copper deposits of the western Upper Peninsula of
Michigan. The Geological Society of America. Field Guide. 2011;24:83-99. https://doi.
org/10.1130/2011.0024(05)

Novgorodova M.I. Native metals in hydrothermal ores. Moscow: Nauka Publ. House; 1983.
288 p. (In Russ.)

Burrows D.R., Lesher C.M. Copper-rich magmatic Ni-Cu-PGE deposits. In:
Hedenquist J.W., Harris M., Camus F. Geology and genesis of major copper deposits and
districts of the world: A tribute to Richard H. Sillitoe. Society of Economic Geologists; 2012.
Pp. 515-552. https://doi.org/10.5382/SP.16

Peck D.C., Huminicki M.A.E. Value of mineral deposits associated with mafic and ul-
tramafic magmatism: Implications for exploration strategies. Ore Geology Reviews.
2016;72(P1):269-298. https://doi.org/10.1016/j.oregeorev.2015.06.004

Turchenko S.I., Turchenko F.A. Cu-Ni-PGE resources of the precambrian sulphide
deposits:analyticreview.Regional Geologyand Metallogeny.https://doi.org/10.52349/0869-
7892 2021 89 93-106

Sillitoe R.H., Lehmann B. Copper-rich tin deposits. Mineralium Deposita. 2022;57(1):1-11.
https://doi.org/10.1007/s00126-021-01078-9

Seltmann R., Soloviev S., Pirajno F. et al. Metallogeny of Siberia: tectonic, geologic and
metallogenic settings of selected significant deposits. Australian Journal of Earth Sciences.
2010;57(6):655-706. https://doi.org/10.1080/08120099.2010.505277

Vielreicher N.M., Groves D.I., Vielreicher R.M. The Phalaborwa (Palabora) deposit
and its potential connection to iron-oxide cooper-gold deposits of olympic dam type.
In: Porter T.M. (Ed.) Hydrothermal Iron Oxide Copper-Gold & Related Deposits: A Global
Perspective. Adelaide: PGC Publ. 2000;1:321-329.

Makarov A.B., Khasanova G.G., Talalay A.G. Technogenic deposits: research features.
News of the Ural State Mining University. 2019;(3):58-62. https://doi.org/10.21440/2307-
2091-2019-3-58-62

Potravny I., Novoselov A., Novoselova I. et al. The technogenic deposits’ development
as a factor of overcoming resource limitations and ensuring sustainability. Preprints.
2023:1-16. https://doi.org/10.20944/preprints202309.1430.v1

Seleznev S.G., Stepanov N.A. Dumps of allarechensky sulphide copper-nickel deposit as
a new type of geological and industrial man-made deposits. Izvestiya Vysshikh Uchebnykh
Zavedenii. Gornyi Zhurnal. 2011;(5):32-40. (In Russ.)

Ukraintsev 1. V., Trubilov V.S., Klepikov A.S. Poor, ill-conditioned and technogenic raw
materials as a prospective source of copper obtaining. Tsvetnye Metally. 2016;(10):36—-42.
(In Russ.) https://doi.org/10.17580/tsm.2016.10.05

Bobomurotov B.B. Cu and Zn spatial distribution in the main ore body of the urup massive
sulfide deposit, northern Caucasus. Metallogeniya Drevnikh i Sovremennykh Okeanov.
2022;28:226-229. (In Russ.)

Kurbanov M. M., Bogush I.A., Krylov V. G. The pyrite deposit of Kizil-Dere in Mountainous
Dagestan. Moscow: Nauchnyy Mir; 2014. 244 p. (In Russ.)

Tatarinov S.I. About the mining and metallurgical center of the Bronze Age in Donbass.
Sovetskaya Arkheologiya. 1977;(4):192-207. (In Russ.)

Shevyrev L.T., Savko A.D., Chereshinskii A.V. Evolution of geodynamic circumstances
of east european platform and its framing in phanerozoic and associated mineragenic
transgressions. Proceedings of Voronezh State University. Series: Geology. 2016;(2):13-21.
(In Russ.)

376

elSSN 2500-0632

https://mst.misis.ru/

Boyarko G. V. et al. Mineral resource base of Russia’s copper: current state and development prospects


https://mst.misis.ru/
https://doi.org/10.1134/S1075701511020061
https://doi.org/10.1134/S1075701511020061
https://doi.org/10.1130/2011.0024(05)
https://doi.org/10.1130/2011.0024(05)
https://doi.org/10.5382/SP.16
https://doi.org/10.1016/j.oregeorev.2015.06.004
https://doi.org/10.52349/0869-7892_2021_89_93-106
https://doi.org/10.52349/0869-7892_2021_89_93-106
https://doi.org/10.1007/s00126-021-01078-9
https://doi.org/10.1080/08120099.2010.505277
https://doi.org/10.21440/2307-2091-2019-3-58-62
https://doi.org/10.21440/2307-2091-2019-3-58-62
https://doi.org/10.20944/preprints202309.1430.v1
https://doi.org/10.17580/tsm.2016.10.05

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

51. Shubin Yu.P. Features of the material composition, genesis and control of copperore
mineralization of the Donbass Bakhmut Basin. Collection of Scientific Papers of Donbass
State Technical Institute. 2020;(20):23-30. (In Russ.)

52. Kompanetz G.S., Kovalchuk M.S., Konstantinenko L.I. et al. Copper-bearing of the
upper-jurassic red-colour-terrigenios subformation ofthe near-dobrudgian depression.
Collection of Scientific Works of the IGS NAS of Ukraine. 2012;(5):99-105. (In Ukranian)

53. Chernyshov N.M. Sulfide platinoid-copper-cobalt-nickel deposits of Novokhopersk Ore
District and the problems of their integrated development under strict environmental
constraints and preservation of the unique ecosystem. Ores and Metalls. 2013;(6):5-13.
(In Russ.)

54. Golubev A.I., Shchiptsov V.V., Mikhailov V.P. Glushanin L.V. Republic of Karelia’s
mineral resources. In: Geology of Karelia from the Archean to the Present Day. Petrozavodsk:
Institute of Geology KarSC RAS; 2011. Pp. 123-134. (In Russ.)

55. Korneev A.V., Vikhko A.S., Fatov N.V., Ivashenko V.I. Viksha deposit — The first large
industrially promising PGM locality in Karelia. Gornyi Zhurnal. 2019;(3):31-34. (In Russ.)
https://doi.org/10.17580/gzh.2019.03.06

56. Tytyk V.M., Frolov P.V. Lobash Molybdenum Deposit: a big promising economic depos-
it in the republic of karelia. Proceedings of the Karelian Scientific Center of the Russian
Academy of Sciences. 2014;(1):56—62. (In Russ.)

57. Ivanova N.V., Gusev A.V., Matrenichev A.V. et al. The state geological map of the Russian
Federation on a scale of 1 : 200 000. The second edition. The Karelian series. P-37-XV. An
explanatory note. The Ministry of Natural Resources of Russia, Rosnedra, the All-Russian
Scientific Research Geological Institute named after A. P. Karpinsky (VSEGEI), North-
Western PGO JSC. St. Petersburg: VSEGEI; 2023. 136 p. (In Russ.)

58. Turchenko S.I. Platinum-metal and sulfide-nickel metallogeny in the Paleoproterozoic
rifting on the Baltic Shield. Geologiya Rudnyh Mestorozhdenij. 2017;59(2):83-92. (In Russ.)
https://doi.org/10.7868/5S0016777017020058

59. Barnes S.]., Melezhik V.A., Sokolov S.V. The composition and mode of formation of
the Pechenga nickel deposits, Kola Peninsula, Northwestern Russia. The Canadian
Mineralogist. 2001;39(2):447-471. https://doi.org/10.2113/gscanmin.39.2.447

60. Chashchin V.V., Ivanchenko V.N. Sulfide pge-cu-ni and low-sulfide pt-pd ores of the
monchegorsk ore district (Arctic Western Sector): geology, mineralogy, geochemistry, and
genesis. Geologiya i Geofizika. 2022:63(4):622-650. (In Russ.) https://doi.org/10.15372/
gig2021184

61. Chashchin V.V., PetrovS.V., Drogobuzhskaya S.V. Loypishnyun low-sulfide Pt-Pd
deposit of the Monchetundra basic massif, Kola peninsula, Russia. Geology of Ore Deposits.
2018;60(5):418-448. https://doi.org/10.1134/S1075701518050021

62. Subbotin V.V., Korchagin A.U., Savchenko E.E. Platinum-metal mineralization in the
Fedorovo-Pan ore node: types of mineralization, mineral composition and features
of genesis. Bulletin of the Kola Scientific Center of the Russian Academy of Sciences.
2012;(1):54-65. (In Russ.)

63. Groshev N.Yu., Pripachkin P.V., Rundkvist T.V. et al. Geological structure, geochemistry
and copper-nickel-platinum-metal mineralization of the East Pana layered intrusion
(Kola region, Russia). Proceedings of the Fersman Scientific Session of the Mining Institute of
KSC RAS. 2023;20:57-67. (In Russ.) https://doi.org/10.31241/FNS.2023.20.006

64. Kalinin A.A., Galkin N.N. Precambrian copper-molybdenum porphyry deposit of
Pellapakh (Kolmozero-Voronya greenstone belt). Bulletin of the Kola Scientific Center of
the Russian Academy of Sciences. 2012;(1):79-91. (In Russ.)

65. Voytekhovsky Yu.L., Neradovsky Yu.N., Grishin N.N. et al. Kolvitsa field (geology,
material composition of ores). Vestnik of MSTU. 2014;17(2):271-278. (In Russ.)

377


https://mst.misis.ru/
https://doi.org/10.17580/gzh.2019.03.06
https://doi.org/10.7868/S0016777017020058
https://doi.org/10.2113/gscanmin.39.2.447
https://doi.org/10.15372/gig2021184
https://doi.org/10.15372/gig2021184
https://doi.org/10.1134/S1075701518050021
https://doi.org/10.31241/FNS.2023.20.006

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

66. Naugolnykh S.V., Ivanov A.V., Uliakhin A.V., Novikov I.V. Paleoecological and dep-
ositional environment of permian copper-bearing sandstone fossil plants and tetra-
pod localities: Records from Bashkortostan and Kargalka river basin, Orenburg re-
gion, Russia. Paleontological Journal. 2022;56(11):1538-1555. https://doi.org/10.1134/
S0031030122110120

67. Kharitonov T.V. Perm copper: A review of the literature. Perm: Perm State University; 2016.
1098 p. (In Russ.)

68. Khalezov A.B. Perspectives and problems of the industrial exploitation of copper deposits
of the upper permian red-coloured formation of the west preduralye (by methods of the
bore hole and glomeroplasmatic leaching). Ores and Metalls. 2011;(5):5-14. (In Russ.)

69. Kontar E.S. The geological-industrial types of the cu, zn, pb deposits in the urals (geolo-
gical conditions of setting, history of the formation, the prospects). Yekaterinburg: UGSU;
2013. 203 p.

70. Grabezhev A.I.,Ronkin Y.L., Rovnushkin M.Y. et al. Krasnotur’insk skarn copper ore field,
northern urals: the U-Pb age of ore-controlling diorites and their place in the regional
metallogeny. Doklady Earth Sciences. 2014;456(2):641-645. https://doi.org/10.1134/
S1028334X14060117 (Orig. ver.: Grabezhev A.I., Ronkin Y.L., Rovnushkin M.Y. et al.
Krasnotur’insk skarn copper ore field, northern urals: the U-Pb age of ore-controlling
diorites and their place in the regional metallogeny. Doklady Akademii Nauk.
2014;456(4):443-447. (In Russ.) https://doi.org/10.7868/S0869565214160191)

71. Grabezhev A.I., Sotnikov V.I., Borovikov A.A., Azovskova O.B. Genetic typification of the
gumeshevsk skarn copper deposit, middle urals. Doklady Earth Sciences. 2001;380:830—
832. (Orig. ver.: Grabezhev A.1., Sotnikov V.1., Borovikov A.A., Azovskova O.B. Genetic
typification of the gumeshevsk skarn copper deposit, middle urals. Doklady Akademii
Nauk. 2001;380(2):242-244. (In Russ.))

72. Chudinova N.D. History of the mednorudyanskoe mine: the beginning. Mineralogy.
2015;(1):81-85. (In Russ.)

73. Soloviev S.G., Kryazhev S.G., Dvurechenskaya S.S. Geology, mineralization, stable
isotope geochemistry, and fluid inclusion characteristics of the Novogodnee-Monto
oxidized Au-(Cu) skarn and porphyry deposit, Polar Ural, Russia. Mineralium Deposita.
2013;48(5):603-627. https://doi.org/10.1007/s00126-012-0449-9

74. Barannikov A.G., Savelyeva K.P. The composition and structure of copper containing clays
of Gumeshevski copper-scarn field. Bulletin of Perm University. Geology. 2011;(3):60-69.
(In Russ.)

75. Altushkin I.A., Levin V. V., Korol Yu.A., Karev B.V. The practice of in-situ leaching of cop-
per from the Gumeshevskoe deposit ores. Tsvetnye Metally. 2019;(5):17-32. (In Russ.)
https://doi.org/10.17580/tsm.2019.05.03

76. Tuchina M.V., Ermakova Yu.V. Reserve sufficiency of South and Middle Urals cop-
per mines, their mineral base status and prospects. Ores and Metalls. 2019;(3):12-21.
(In Russ.) https://doi.org/10.24411/0869-5997-2019-10019

77. Borodaevskaya M.B., Vakhrushev M. 1., Kontar E.S. The geological structure of the Gaisky
ore region and the conditions of localization of copper-crusted mineralization in it (Southern
Urals). Moscow: TSNIGRI; 1968. 214 p. (In Russ.)

78. Miniyarova D.V.Jubilee copper-pyrite deposit. Ustoychivoye Razvitiye Nauki i Obrazovaniya.
2019;(1):253-255. (In Russ.)

79. Petrova O.V., Bainazarova G.R., Yanturina Yu.D. Justification of design solutions for
the development of the Ozernoye and Zapadno-Ozernoye fields, taking into account the
prevented environmental damage. Aktual’nyye Problemy Sovremennoy Nauki, Tekhniki
i Obrazovaniya. 2012;70(1):51-54. (In Russ.)

378


https://mst.misis.ru/
https://doi.org/10.1134/S0031030122110120
https://doi.org/10.1134/S0031030122110120
https://doi.org/10.1134/S1028334X14060117
https://doi.org/10.1134/S1028334X14060117
https://doi.org/10.7868/S0869565214160191
https://doi.org/10.1007/s00126-012-0449-9
https://doi.org/10.17580/tsm.2019.05.03
https://doi.org/10.24411/0869-5997-2019-10019

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

80. Galiullin I.B. Features of the geological structure and material composition of ores of
the Novo-Uchalinsky copper-crusted deposit, Southern Urals. Metallogeniya Drevnikh i
Sovremennykh Okeanov. 2011;(1):294-295. (In Russ.)

81. Kantemirov V.D.,Titov R.S.,Yakovlev A.M.Assessment ofthe potentialand technologies
of development of deposits of copper-pyrite ores in the zone of the Subpolar Urals.
Izvestija Tulskogo Gosudarstvennogo Universiteta. Nauki o Zemle. 2018;(4):190-203.
(In Russ.)

82. Minina O.V., Migachev I.F. Porphyry Copper Provinces and Zones of the Southern
Urals (Forecasting- Metallogenic Zoning). Otechestvennaya Geologiya. 2018;(4):26—41.
(In Russ.)

83. Altushkin I.A., Levin V.V., Gordeev A.I., Pikalov V.A. Development of the Tominsk and
Mikheevsk copper ore deposits of the Southern Urals. Tsvetnye Metally. 2019;(7):21-28.
(In Russ.) https://doi.org/10.17580/tsm.2019.07.02

84. Andreev A.V., Girfanov M.M., KulikovD.A. Ore districts with porphyry copper
mineralization — prospective mineral base in the Southern Urals. Otechestvennaya
Geologiya. 2018;(4):3-17. (In Russ.)

85. Grabezhev A.I., Korovko A.V., Azovskova O.B., Pribavkin S.V. Potentially commercial
Alapayevsk-Sukhoy Log porphyry copper zone (the Middle Urals). Lithosphere (Russia).
2015;(3):79-92. (In Russ.)

86. Poltavets Yu.A.,Poltavets Z.1.,Nechkin G.S.Volkovskoye deposit of titanium-magnetite
and copper-titanium-magnetite ores, with concomitant noble metal mineralization
in the Middle Urals of Russia. Geologiya Rudnyh Mestorozdenij. 2011;53(2):143-157.
(In Russ.)

87. Dushin V.A. Metallogeny of the Lyapinsky megablock (Subpolar Urals). News of the Ural
State Mining University. 2021;(2):88-105. https://doi.org/10.21440/2307-2091-2021-2-
88-105

88. Savchuk Y.S., Volkov A.V., Aristov V.V. Cupriferous basalts of the Northern Urals.
Lithosphere (Russia). 2017;17(3):133—144. (In Russ.)

89. Seravina T.V. The position of pyrite-polymetallic deposits of Siberia in the volcanogenic
section (on the example of the Rudnoaltai, Salair, Kyzyl-Tashtyg and Priargun mineragenic
zones). Metallogeniya Drevnikh i Sovremennykh Okeanov. 2018;(1):104—108. (In Russ.)

90. Alabin L.V. Structural-formational and metallogenic zonality of the Kuznetsk Alatau.
Proceedings of the institute of geology and geophysics. Novosibirsk: Nauka, SB of the USSR
Academy of Sciences. 1983;527:1-111. (In Russ.)

91. Soloviev S.G., Voskresensky K.I., Sidorova N.V. et al. The Glafirinskoe and related
skarn Cu-Au-W-Mo deposits in the Northern Altai, SW Siberia, Russia: geology,
igneous geochemistry, zircon U-Pb geochronology, mineralization, and fluid inclusion
characteristics. Ore Geology Reviews. 2021;138:104382. https://doi.org/10.1016/j.
oregeorev.2021.104382

92. Soloviev S.G., Sidorova N.V., Kryazhev S.G. et al. Geology, mineralization, igneous
geochemistry, and zircon U-Pb geochronology of the early paleozoic shoshonite-related
Julia skarn deposit, SW Siberia, Russia: toward a diversity of Cu-Au-Mo skarn to porphyry
mineralization in the Altai-Sayan orogenic system. Ore Geology Reviews. 2022;142:104706.
https://doi.org/10.1016/j.oregeorev.2022.104706

93. Rudyuk A.K., Metalnikova E.S. Minerals of Kuzbass. Molybdenum. In: Proceedings of the
VI International Youth Environmental Forum. Kemerovo, November 16—-17, 2022 Kemerovo:
Kuzbass State Technical University; 2023. Pp. 322.1-322.4. (In Russ.)

94. Kozlovsky E.A. (Ed.) Geology of the USSR. Volume XIV. Western Siberia (Kemerovo,
Novosibirsk, Omsk, Tomsk regions, Altai Territory). Minerals. In 2 books. Moscow: Nedra
Publ. House. 1982;2:1-319. (In Russ.)

379


https://mst.misis.ru/
https://doi.org/10.17580/tsm.2019.07.02
https://doi.org/10.21440/2307-2091-2021-2-88-105
https://doi.org/10.21440/2307-2091-2021-2-88-105
https://doi.org/10.1016/j.oregeorev.2021.104382
https://doi.org/10.1016/j.oregeorev.2021.104382
https://doi.org/10.1016/j.oregeorev.2022.104706

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

95. Proskurnin V.F., Petrov O.V., Romanov A.P. et al. Central Arctic gold-bearing copper-
molybdenum-porphyric belt. Regional Geology and Metallogeny. 2021;85:31-49. (In Russ.)

96. Strunin B.M., Dyuzhikov O.A., Barmina O.A., Komarov V.V. Geological map of the Norilsk
ore region scale 1:200000. Explanatory note. Moscow: Geoinformmark; 1994. 122 p.
(In Russ.)

97. Erykalov S.P., Kovalchuk K.K., Snisar S.G. Geology and structure of Maslovskii platinum-
copper-nickel deposit. Prospect and Protection of Mineral Resources. 2010;(9):31-34.
(In Russ.)

98. Malitch K.N. Forecasting criteria for sulphide PGE-copper-nickel deposits of the Noril’sk
province. Lithosphere (Russia). 2021;21(5):660-682. https://doi.org/10.24930/1681-9004-
2021-21-5-660-682

99. StaroseltsevV.S. On the possibility of discovering rich copper-nickel-platinum
mineralization in the north of the Kharaelakh Mountains. Geology and Mineral Resources
of Siberia. 2016;(4):84-86. (In Russ.)

100. Miroshnikova L.K., Mezentsev A.Yu., Semenyakina N.V., Kotel’nikova E.M. Geological
and geochemical signs and criteria of potential mineralization in the Tangaralakh intru-
sion. Mining Informational and Analytical Bulletin. 2020;(6):115-130. (In Russ.) https://
doi.org/10.25018/0236-1493-2020-6-0-115-130

101. Komarova M.Z. Copper-molybdenum ores in Taimyr. Ores and Metalls. 2012;(6):74-78.
(In Russ.)

102. Bragin V.I., Matsko N.A., Kharitonova M.]. Estimation of efficiency of development of
copper and gold deposits of Krasnoyarsk North. Arctic and North. 2017;26:5-13. (In Russ.)
https://doi.org/10.17238/issn2221-2698.2017.26.5

103. Gablina I.F. Genetic types of copper mineralization in the Igarka area, west of the Siberian
platform. Geology and metallogeny of copper deposits. Proceedings of the copper symposium
27" International Geological Congress. Moscow, 1984. Springer Link; 1986. Pp. 524—539.

104. Rzhevsky V.F., Gablina I.F., Vasilovskaya L. V., Lurie A.M. Genetic features of the Arabian
copper deposit. Lithology and Minerals. 1988;(2):86—97. (In Russ.)

105. Lomaeva G.R., Tarasov A.V. The Kingash Sulfide, precious metal and nickel-copper
deposit, the first discovered in the Eastern Sayan. Prospect and Protection of Mineral
Resources. 2010;(9):28-31. (In Russ.)

106. Kravtsova O.A., Motorin Y. M., Kozyrev S.M. et al. Promising copper-nickel raw materials
of the Kingash ore region on the example of the Verkhnekingash ore occurrence. Prospect
and Protection of Mineral Resources. 2006;(8):32-37. (In Russ.)

107. Smagin A.N., Parnachev V.P. About the new Kakhtarma potentially ore-bearing
area of the East Sayan nickel-platinum province. Tomsk State University Journal.
2012;363:214-218. (In Russ.)

108. Burdin N.V., Lebedev V.I., Lebedev N.I. Gold-copper-molybdenum-porphyry ores.
Advances in Current Natural Sciences. 2009;(5):15-22. (In Russ.)

109. Mongush Ai.D., LebedevV. Ak-Sug copper-molibdenum-porphyry deposit: mineral
composition of rocks and ores. Proceedings of the Siberian Department of the Section of
Earth Sciences, Russian Academy of Natural Sciences. Geology, Prospecting and Exploration
of Ore Deposits. 2013;(1):22-29. (In Russ.)

110. Andreev A.V., Girfanov M. M., Starostin I. A. et al. Geological structure, ore-metasomatic
and mineralogical geochemical zoning of Au-Mo-Cu porphyry Kyzyk-Chadr deposit, Tyva
republic. Ores and Metals. 2021;(1):57-76. (In Russ.) https://doi.org/10.47765/0869-5997-
2021-10004

111. Kuzhuget R.V., Ankusheva N.N., Kalinin Y.A. et al. Mineralogical and geochemical
peculiarities and Pt conditions of ores from the Kyzyl-Tashtyg VMS polymetallic

380


https://mst.misis.ru/
https://doi.org/10.24930/1681-9004-2021-21-5-660-682
https://doi.org/10.24930/1681-9004-2021-21-5-660-682
https://doi.org/10.25018/0236-1493-2020-6-0-115-130
https://doi.org/10.25018/0236-1493-2020-6-0-115-130
https://doi.org/10.17238/issn2221-2698.2017.26.5
https://doi.org/10.47765/0869-5997-2021-10004
https://doi.org/10.47765/0869-5997-2021-10004

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

deposit, Eastern Tuva: fluid inclusion and S, O, C isotopic data. Ore Geology Reviews.
2022;142:104717. https://doi.org/10.1016/j.oregeorev.2022.104717

112. Kislov E. V. The North Baikal PGE-Ni-Cu province: geodynamics, petrology, ore genesis.
In: Metallogeny of Ancient and Modern Oceans — 2023. Mineralogy and geochemistry of ore
deposits: from theory to practice Proceedings of the Professor V.V. Zaykov XXIX" Scientific
Youth School. Miass; 2023. Pp. 40-44. (In Russ.)

113. Rudashevsky N.S., Kretser Yu.L., Orsoev D.A., Kislov E.V. Palladium-platinum mine-
ralization in copper-nickel vein ores in the ioko-dovyren layered massif. Doklady Earth
Sciences. 2003;391(6):858-861. (Orig. ver.: Rudashevsky N.S., Kretser Yu.L., Orso-
ev D.A., Kislov E.V. Palladium-platinum mineralization in copper-nickel vein ores in the
ioko-dovyren layered massif. Doklady Akademii Nauk. 2003;391(4):519-522. (In Russ.))

114. Konnikov E.G., Tsygankov A.A., Orsoev D.A. Chayskoye copper-nickel deposit. Deposits
of Transbaikalia. 1995;1(1):39-47. (In Russ.)

115. Gongalsky B., Krivolutskaya N. World-class mineral deposits of Northeastern Transbaikalia,
Siberia, Russia. Cham, Switzerland: Springer; 2019. 323 p. https://doi.org/10.1007/978-3-
030-03559-4

116. Chechetkin V.S., Volodin R.N., Narkelyun L.F. et al. Udokan deposit of copper sandstones.
Deposits of Transbaikalia. 1995;1(1):10-19. (In Russ.)

117. Trubachev A.1., Chechetkin V.S., Sekisov A.G. et al. Stratiform deposits of the bam zone
and problems of their development. Transbaikal State University Journal. 2014;(12):51-64.
(In Russ.)

118. Gongal’sky B.I. Potential resources of the Udokan-Chinei ore cluster, Transbaikalia. Ores
and Metals. 2011;(3-4):45. (In Russ.)

119. Yakubchuk A.S., Bachulya L.1., Adyrkhayev V.V., Shmatov S.A. What else is hidden near
Udokan? Ratsionalnoe Osvoenie Nedr. 2020;(1):58-61. (In Russ.) https://doi.org/10.26121/
RON.2020.61.32.005

120. Gongalskiy B.I. Copper and uranium deposits of the Kodaro-Udokan district. Prospect and
Protection of Mineral Resources. 2023;(2):12-21. (In Russ.) https://doi.org/10.53085/0034-
026X_2023 02_12

121. Tsymbalist S.I., Ryabkin V.K., LitvintsevE.G. et al. Rational technology pre-sky
radiometriche enrichment copper sulphide platinum metal ore area ore deposits
chineyskoye. Prospect and Protection of Mineral Resources. 2017;(2):37-40. (In Russ.)

122. Khomich V.G., Boriskina N.G. Advancement of mineragenic regionalization of
eastern transbaikalia based on geophysical studies. Russian Geology and Geophysics.
2017;58(7):822-835. https://doi.org/10.1016/j.rgg.2017.06.005 (Orig. ver.: Khomich V.G.,
Boriskina N.G. Advancement of mineragenic regionalization of eastern transbaikalia
based on geophysical studies. Geologiya i Geofizika. 2017;58(7):1029-1046. (In Russ.)
https://doi.org/10.15372/GiG20170706)

123. Kovalenker V.A., Abramov S.S., Kiseleva G.D. et al. The large bystrinskoe Cu-Au-Fe
deposit (Eastern Trans-Baikal region): Russia’s first example of a skarn-porphyry
ore-forming system related to adakite. Doklady Earth Sciences. 2016;468(2):566-570.
https://doi.org/10.1134/S1028334X1606012X (Orig. ver.: Kovalenker V.A., Abramov
S.S., Kiseleva G.D. et al. The large bystrinskoe Cu-Au-Fe deposit (Eastern Trans-
Baikal region): Russia’s first example of a skarn—porphyry ore-forming system related
to adakite. Doklady Akademii Nauk. 2016;468(5):547-552. (In Russ.) https://doi.
org/10.7868/50869565216170205)

124. Kovalev K.R., Kalinin Yu.A., Turkina O.M. et al. Kultuminskoe gold-copper-iron-skarn
deposit (Eastern Transbaikalia, Russia): petrogeochemical features of magmatism and
ore-forming processes. Russian Geology and Geophysics. 2019;60(6):749-771. (In Russ.)
https://doi.org/10.15372/GiG2019078

381


https://mst.misis.ru/
https://doi.org/10.1016/j.oregeorev.2022.104717
https://doi.org/10.1007/978-3-030-03559-4
https://doi.org/10.1007/978-3-030-03559-4
https://doi.org/10.26121/RON.2020.61.32.005
https://doi.org/10.26121/RON.2020.61.32.005
https://doi.org/10.53085/0034-026X_2023_02_12
https://doi.org/10.53085/0034-026X_2023_02_12
https://doi.org/10.1016/j.rgg.2017.06.005
https://doi.org/10.15372/GiG20170706
https://doi.org/10.1134/S1028334X1606012X
https://doi.org/10.7868/S0869565216170205
https://doi.org/10.7868/S0869565216170205
https://doi.org/10.15372/GiG2019078

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

125. Redin Yu.O., Redina A.A., Prokopiev I.R. et al. The lugokanskoe Au-Cu skarn deposit
(Eastern Transbaikalia): mineral composition, age, and formation conditions. Russian
Geology and Geophysics. 2020;61(2):216-242. (In Russ.) https://doi.org/10.15372/
GiG2019085

126. Salikhov V.S., Ignatiev A.A. Structural and dynamic features of the lugokan ore node
and its prospects (South-Eastern Transbaikalia). Transbaikal State University Journal.
2023;29(3):16-25. (In Russ.) https://doi.org/10.2109/2227-9245-2023-29-3-16-25

127. Redin Yu. 0., Kalinin Yu.A., Nevolko P.A. et al. Mineral assemblages and zonation of the
Lugokanskiy ore cluster mineralization (Eastern Transbaikalia). Geology and mineral
resources of Siberia. 2014;(2):83-92. (In Russ.)

128. Derbeko I.M., Agafonenko S.A., Kozyrev S.K., VyunovD.L. The Umlekan-Ogodzha
volcanic belt (the problem bodily separation). Lithosphere (Russia). 2010;(3):70-77.
(In Russ.)

129. Perestoronin A.E., Vyunov D.L., Stepanov V.A. Deposits of gold-copper-molybdenum-
porphyry formation Priamurskaya gold-bearing province. Regional Geology and
Metallogeny. 2017;70:78-85. (In Russ.)

130. Melnikov A.V., Stepanov V.A., Ostapenko.S., Moiseenko V.G. Blagorodnometallny
mineralization of deposits and ore occurrence copper molybdenum - a porphyritic
formation upper priamurye (Far East, Russia). Prospect and Protection of Mineral Resources.
2020;(7):20-26. (In Russ.)

131. Smirnov S.S. Pacific ore belt within the USSR. Priroda. 1946;(2):52-60. (In Russ.)

132. Arkhipov G.I. The state and prospects of subsoil use in the Khabarovsk Territory. Izvestiya
Vysshikh Uchebnykh Zavedenii. Gornyi Zhurnal. 2010;(1):10-19. (In Russ.)

133. Soloviev S.G., Kryazhev S.G., Dvurechenskaya S.S. Geology, mineralization, stable
isotope, and fluid inclusion characteristics of the Vostok-2 reduced W-Cu skarn and Au-
W-Bi-As stockwork deposit, Sikhote-Alin, Russia. Ore Geology Reviews. 2017;86:338-365.
https://doi.org/10.1016/j.oregeorev.2017.02.029

134. Soloviev S.G., Voskresensky K.I., Kryazhev S.G. et al. The superlarge Malmyzh por-
phyry Cu-Au deposit, Sikhote-Alin, Eastern Russia: igneous geochemistry, hydrother-
mal alteration, mineralization, and fluid inclusion characteristics. Ore Geology Reviews.
2019;113:103-112. https://doi.org/10.1016/j.oregeorev.2019.103112

135. Prilukova V. A., Dorzhiev B.B., Melkiy V.A., Verkhoturov A.A. Geology aspects and type
of mineralization of the Central Anadzhakan area (Khabarovsk territory). In: Oil and Gas
Complex: Problems and Solutions. Technological Solutions, Geological Structure, Seismicity,
Aerospace Monitoring, Geodetic Support Materials. The Third National Scientific and Practi-
cal Conference with International Participation. Yuzhno-Sakhalinsk, Russia, 2—4 December
2020. Yuzhno-Sakhalinsk: Institute of Marine Geology and Geophysics FEB RAS; 2021.
Pp. 25-30. (In Russ.)

136. Yushmanov Yu.P. Structure and zonality of Au-Cu mineralization, the Lazurny deposit,
Central Sikhote-Alin. Tikhookeanskaya Geologiya. 2002;21(2):85-90. (In Russ.)

137. Soloviev S.G., Kryazhev S.G., Avilova O.V. et al. The Lazurnoe deposit in the Central
Sikhote-Alin, Eastern Russia: combined shoshonite-related porphyry Cu-Au-Mo and
reduced intrusion-related au mineralization in a post-subduction setting. Ore Geology
Reviews. 2019;112:103063. https://doi.org/10.1016/j.oregeorev.2019.103063

138. Khanchuk A.I., Ratkin V.V., Ryazantseva M.D. et al. Geology and minerals of the Primorsky
Territory: An essay. Vladivostok: Dalnauka; 1995. 81 p. (In Russ.)

139. Khanchuk A.I., Arkhipov G.I., Ivanov V.V. Copper resources of the Russian Far East:
situation, problems and prospects of development. Vestnik of the Far East Branch of the
Russian Academy of Sciences. 2019;(2):12-24. (In Russ.) https://doi.org/10.25808/086976
98.2019.204.2.002

382


https://mst.misis.ru/
https://doi.org/10.15372/GiG2019085
https://doi.org/10.15372/GiG2019085
https://doi.org/10.2109/2227-9245-2023-29-3-16-25
https://doi.org/10.1016/j.oregeorev.2017.02.029
https://doi.org/10.1016/j.oregeorev.2019.103112
https://doi.org/10.1016/j.oregeorev.2019.103063
https://doi.org/10.25808/08697698.2019.204.2.002
https://doi.org/10.25808/08697698.2019.204.2.002

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

140. Prikhod’ko V.S., Perestoronin A.N., Gur’yanov V.A. et al. Dzhugdzhur-Stanovoy
belt of small bodies of mafic-ultramafic and related Cu-Ni sulphide mineralization.
Vestnik Otdeleniya nauk Zemle RAS. 2010;(2):NZ10005. (In Russ.) https://doi.
org/10.2205/2010NZ000054

141. Guryanov V.A., Petukhova L.L., Abrazhevich A.V. et al. The geological position, minerals
of rare and noble metals in the ores of the Kun-Manie copper-nickel deposit (southeastern
fringe of the Siberian Platform). Russian Journal of Pacific Geology. 2022;16(6):525-543.
https://doi.org/10.1134/s1819714022060057 (Orig. ver.: Guryanov V.A., Petukhova L.L.,
Abrazhevich A.V. et al. Geological position, minerals of rare and noble metals in the ores
of the Kun-Manie copper-nickel deposit (southeastern fringe of the Siberian Platform).
Tikhookeanskaya Geologiya. 2022;41(6):3-23. (In Russ.) https://doi.org/10.30911/0207-
4028-2022-41-6-3-23)

142. Prikhodko V.S., Gur’yanov V. A., Petukhova L. L., Perestoronin A.N. Sulfide Cu-Ni miner-
alization of paleo-proterozoic mafite-ultramafites on the South-East of the Aldan-Stano-
voi shield. In: The third international conference “Mafic-ultramafic complexes of folded
regions and related deposits”. Kachkanar, August 28—September 2, 2009 Yekaterinburg:
Institute of Geology and Geochemistry named after Academician A.N. Zavaritsky, Ural
Branch of the Russian Academy of Sciences. Pp. 111-114. (In Russ.)

143. Gurevich D.V.,Belogub E.V.,Petrov S.V.etal. Formation model of Cu-Pt-Pd mineralization
in the Uralian-Alaskan-type Konder Pt-bearing pluton, Khabarovsk krai, Russia. In: Rock,
Mineral and Ore Formation: Achievements and Prospects of Research. Proceedings for the
90" Anniversary of the IGEM RAS. Moscow: IGEM RAN; 2020. Pp. 87-90. (In Russ.)

144. Malyshev Y.F., Goroshko M.V., Kaplun V.B. et al. Geophysical characteristics and
meallogeny of the eastern Aldan-Stanovoi shield, Far East. Russian Journal of Pacific
Geology. 2012;6(4):263-274. https://doi.org/10.1134/S1819714012040033 (Orig. ver.:
Malyshev Y.F., Goroshko M.V., Kaplun V.B. et al. Geophysical characteristics and
meallogeny of the eastern Aldan-Stanovoi shield, Far East. Tikhookeanskaya Geologiya.
2012;31(4):3-16. (In Russ.))

145. Kutyrev E.I., Sobolev A.E., Tolstykh A.N., Shuleikin P.D. Copper sandstones and copper
basalts from the southern part of the Bilyakcha zone. Prospect and Protection of Mineral
Resources. 1986;(11):11-13. (In Russ.)

146. Mayboroda A.A. The copper sandstones of the Bilyakchan seam zone: their potential for
platinum bearing and stratigraphic issues. Regional Geology and Metallogeny. 2007;(30-
31):144-152. (In Russ.)

147. Khanchuk A.I. (ed.) Geodynamics, magmatism and metallogeny of the East of Russia.
Vladivostok: Dalnauka; 2006. Book 1. 572 p. Book 2. Pp. 573-981. (In Russ.)

148. Glukhov A. N., Tyukova E. E. Geology and geochemistry of Oroyok sediment-hosted
copper occurrence (Kolyma terrane, northeastern Russia). Otechestvennaya Geologiya.
2020;(1):52-65. (In Russ.)

149. Savva N.E., Volkov A.V., Galyamov A.L. et al. Copper shales of the Prikolymsky terrane
(North-East of Russia): mineralogical and geochemical features and ore-forming
conditions. Tikhookeanskaya Geologiya.2023;42(6):20-38. https://doi.org/10.30911/0207-
4028-2023-42-6-20-38 (In Russ.)

150. Kostin A.V. Mineral types of Fe-oxide-Cu-Au ores manifestations Jalkan, Rosomakha
and Hurat (Sette-Daban, Eastern Yakutia). Otechestvennaya Geologiya. 2016;(6):11-15.
(In Russ.)

151. Chitalin A.F., Usenko V.V., Fomichyov Y.V. The Baimskaya ore zone — a cluster of large
deposits of non-ferrous and precious metals in the West of the Chukotka autonomous
district. Mineral Recourses of Russia. Economics and Management. 2013;(6):68-73.
(In Russ.)

383


https://mst.misis.ru/
https://doi.org/10.2205/2010NZ000054
https://doi.org/10.2205/2010NZ000054
https://doi.org/10.1134/s1819714022060057
https://doi.org/10.30911/0207-4028-2022-41-6-3-23
https://doi.org/10.30911/0207-4028-2022-41-6-3-23
https://doi.org/10.1134/S1819714012040033
https://doi.org/10.30911/0207-4028-2023-42-6-20-38
https://doi.org/10.30911/0207-4028-2023-42-6-20-38

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

152. Migachev L.F., Girfanov M.M., Shishakov V.B. The Peschanka copper porphyry deposit.
Ores and Metals. 1995;(3):48-58. (In Russ.)

153. Nagornaya E.V., Baksheev I.A., Bryzgalov I.A., Yapaskurt V.O. Minerals of the Au-Ag-
Pb-Te-Se-S system in copper-molybdenum porphyry deposits in the Nakhodka ore field,
Chukotka. Vestnik Moskovskogo Universiteta. Seria 4: Geologia. 2012;(4):26-31. (In Russ.)

154. Sabelnikov I.S. Porphyry Cu-Mo miniralization in the eastern part of the Chukotka
autonomous okrug. Modern Problems of Science and Education. 2013;(5):543-550.
(In Russ.)

155. Avilova O.V., Girfanov M.M., Andreev A.V., Starostin I.A. Features of the material com-
position of ore of copper-porphyry occurrences of the Tanyurer and Olkhovsky districts
(Central Chukotka). In: Scientific and methodological bases of forecasting, exploration and
evaluation of deposits of precious and non-ferrous metals, and diamonds. Abstracts of the VII
Scientific and Practical Conference. Moscow, 13—14 April 2017, Moscow: TSNIGRI; 2017.
Pp. 56-57. (In Russ.)

156. I'nyxoB A.H., TwokoBa E.D. IlepcneKTMBBI pacHIMpeHUs MUHEPATbHO-ChIPHEBOI 0a3bl
Menyu MaragaHckoit o6iactu. Pydst u memannst. 2013;(5):21-33.

Glukhov A.N., Tyukova E.E. Prospectives for development of resources of the copper in
the Magadan region. Ores and Metals. 2013;(5):21-33. (In Russ.)

157. Kolova E.E., Glukhov A.N., Polzunenkov G.O., Akinin V.V. Porphyry-copper minera-
lization of Tal’nikovoye ore field (Okhotsk segment of the Okhotsk-Chukotka vol-
canogenic belt). Tikhookeanskaya Geologiya. 2023;42(6):39-61. (In Russ.) https://doi.
org/10.30911/0207-4028-2023-42-6-39-61

158. Alekseenko A.V., Korobeynikov S.V., Sidorov V.A. New data on copper-molybdenum-por-
phyry mineralization in the Omolon Massif. In: Ore formations of the North-East of the
USSR. Magadan: SVKNII FEB RAS; 1990. Pp. 157-162. (In Russ.)

159. Gorodinsky M.E., Gulevich V.V., Titov V.A. Copper manifestations of the North-East of
the USSR. In: Materials on geology and minerals of the North-East of the USSR. Magadan:
SVKNII DVNTs of the USSR Academy of Sciences; 1978. Pp. 151-158. (In Russ.)

160. Yarotskii G.P., Chotchaev Kh.O. Volcanogens of marginal orogenic belts of the
northwestern sector of Northeast Asia. Geology and Geophysics of Russian South.
2019;9(3):18-35. (In Russ.) https://doi.org/10.23671/VNC.2019.3.36486

161. Ledneva G.V., Matukov D.I. Timing of crystallization of plutonic rocks from the Kuyul
ophiolite terrane (Koryak highland): U-Pb microprobe (SHRIMP) zircon dating. Doklady
Earth Sciences. 2009;424(1):11-14.

162. Novakov R.M., Sidorov M.D. Nickel-copper-pyrite ore occurrences in the serpentinites
of the Eastern Kachatka. Mining Informational and Analytical Bulletin. 2016;(S31):13-26.
(In Russ.)

163. Kutyev F.Sh., Baykov A.I., Sidorov E.G. et al. Metallogeny of mafic-ultramafic complexes
of the Koryak-Kamchatka region. In: Magmatism and ore content of volcanic belts.
Khabarovsk: ITiG; 1998. Pp. 73-74. (In Russ.)

164. Trukhin Yu.P., Stepanov V.A., Sidorov M.D., Kungurova V.Ye. Shanuch Cu-Ni ore field
(Kamchatka). The Bulletin of the North-East Scientific Center. 2011;(1):20-26. (In Russ.)

165. Tararin I.A., Chubarov V.M., Moskaleva S.V., Ignat’ev E. K. Geology, mineralogy, and
PGE mineralization of the copper-nickel occurrences of the Kvinum ore field, Sredinny
range, Kamchatka. Russian Journal of Pacific Geology. 2007;1(1):82-97. https://doi.
org/10.1134/5S1819714007010095 (Orig. ver.: Tararin I.A., Chubarov V.M., Ignat’ev E.K.,
Moskaleva S.V. Geology, mineralogy, and PGE mineralization of the copper-nickel
occurrences of the Kvinum ore field, Sredinny Range, Kamchatka. Tikhookeanskaya
Geologiya. 2007;1(1):94-110. (In Russ.))

384


https://mst.misis.ru/
https://doi.org/10.30911/0207-4028-2023-42-6-39-61
https://doi.org/10.30911/0207-4028-2023-42-6-39-61
https://doi.org/10.23671/VNC.2019.3.36486
https://doi.org/10.1134/S1819714007010095
https://doi.org/10.1134/S1819714007010095

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

166. Sidorov M.D., Kungurova V. Ye. Determining productivity of ore-magmatic systems with-
in the Quinum-Kuvalorog nickel-bearing zone by the density model (Kamchatka’s Me-
dian Massif). The Bulletin of the North-East Scientific Center. 2019;(2):3-10. (In Russ.)
https://doi.org/10.34078/1814-0998-2019-2-3-10

167. Soloviev S.G., Ezhov A.I., Voskresensky K.I. et al. The Kirganik alkalic porphyry Cu-Au
prospect in Kamchatka, Eastern Russia: a shoshonite-related, silica-undersaturated sys-
temin a late cretaceous island arc setting. Ore Geology Reviews. 2021;128:103893. https://
doi.org/10.1016/j.oregeorev.2020.103893

168. Gaskov I.V., Borisenko A.S., Babich V.V., Naumov E.A. The stages and duration of
formation of gold mineralization at copper-skarn deposits (Altai-Sayan folded area).
Russian Geology and Geophysics. 2010;51(10):1091-1101. https://doi.org/10.1016/j.
rgg.2010.09.001 (Orig. ver.: Gaskov 1. V., Borisenko A.S., Babich V.V., Naumov E.A. The
stages and duration of formation of gold mineralization at copper-skarn deposits (Altai-
Sayan folded area). Geologiya i Geofizika. 2010;51(10):1399-1412. (In Russ.))

169. Soloviev S.G., Kryazhev S.G., Dvurechenskaya S.S., Uyutov V.I. Geology, mineralization,
fluid inclusion, and stable isotope characteristics of the Sinyukhinskoe Cu-Au skarn
deposit, Russian Altai, SW Siberia. Ore Geology Reviews. 2019;112:103039. https://doi.
org/10.1016/j.oregeorev.2019.103039

170. Soloviev S.G., Voskresensky K.I., Kryazhev S.G. et al. The Ulandryk and related Iron Ox-
ide-Cu-Ree(-Au-U) prospects in the Russian Altai: a large emerging IOCG-type system
in a phanerozoic continental setting. Ore Geology Reviews. 2022;146:104961. https://doi.
org/10.1016/j.oregeorev.2022.104961

171. Han C., Xiao W., Sul B. et al. Mid-late paleozoic metallogenesis and evolution of the Chi-
nese Altai and East Junggar orogenic belt, NW China, Central Asia. Journal of Geosciences
(Japan). 2014:59(3):255-274. https://doi.org/10.3190/jgeosci. 173

172. Proskurnin V., Petrov O., Paderin P. Taimyr carbonatite province. In: The 33" International
Geological Congress. Oslo, Norway, 2008, 6—14 August.

173. Silaev V.1., Proskurnin V.F., Gavrish A.V. Carbonatite complex unusual rocks and minera-
lization in the Eastern Taimyr. In: Problems of Mineralogy, Petrography and Metallogeny.
Scientific readings in memory of P. N. Chirvinsky. 2016;19:119-136. (In Russ.)

174. Ugryumov A.N., Dvornik G.P. Alkaline ore-bearing metasomatites of the Rowan massif
(Aldan shield). Sovetskaya Geologiya. 1984;(9):84-94. (In Russ.)

175. Kochetkov A.Ya. Molybdenum-copper-gold-porphyry deposit Ryabinovoe. Otechestven-
naya Geologiya. 1993;(7):50-58. (In Russ.)

176. Shatova N.V., Molchanov A.V., Terekhov A.V. Ryabinovoe copper-gold-porphyry deposit
(Southern Yakutia): geology, noble gases isotope systematics and isotopic (U-Pb, Rb-Sr,
Re-0s) dating of wallrock alteration and ore-forming processes. Regional Geology and
Metallogeny. 2019;77:75-97. (In Russ.)

177. Bodouin A.Ya., Melnichuk M.S., Petrov G.V., Fokina S.B. Investigation of washability of
copper-porphyritic ores of Aldan region. International Research Journal. 2018;(3):68-74.
(In Russ.) https://doi.org/https://doi.org/10.23670/IR].2018.69.015

178. Petrov O.V., Molchanov A.V., Terekhov A.V., Shatov V.V. Morozkinskoe gold deposit
(geological structure and short story of the exploration). Regional Geology and Metallogeny.
2018;75:112-116. (In Russ.)

179. Soloviev S.G., Kryazhev S.G., Dvurechenskaya S.S. Geology, mineralization, and fluid
inclusion characteristics of the Agylki reduced tungsten (W-Cu-Au-Bi) skarn deposit,
Verkhoyansk fold-and-thrust belt, Eastern Siberia: tungsten deposit in a gold-dominant
metallogenic province. Ore Geology Reviews. 2020;120:103452. https://doi.org/10.1016/j.
oregeorev.2020.103452

385


https://mst.misis.ru/
https://doi.org/10.34078/1814-0998-2019-2-3-10
https://doi.org/10.1016/j.oregeorev.2020.103893
https://doi.org/10.1016/j.oregeorev.2020.103893
https://doi.org/10.1016/j.rgg.2010.09.001
https://doi.org/10.1016/j.rgg.2010.09.001
https://doi.org/10.1016/j.oregeorev.2019.103039
https://doi.org/10.1016/j.oregeorev.2019.103039
https://doi.org/10.1016/j.oregeorev.2022.104961
https://doi.org/10.1016/j.oregeorev.2022.104961
https://doi.org/10.3190/jgeosci.173
https://doi.org/https://doi.org/10.23670/IRJ.2018.69.015
https://doi.org/10.1016/j.oregeorev.2020.103452
https://doi.org/10.1016/j.oregeorev.2020.103452

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

2024;9(4):352-386 Boyarko G. Y. et al. Mineral resource base of Russia’s copper: current state and development prospects

180. Zhegalov Yu.V. Commander Islands. In: Geology of the USSR. Kamchatka, the Kuril Islands
and the Commander Islands. 1964;XXXI1(I):645-660. (In Russ.)

Information about the authors

Grigory Yu. Boyarko - Dr. Sci. (Econ.), Cand. Sci. (Geol. and Min.), Professor, National Research
Tomsk Polytechnic University, Tomsk, Russian Federation; ORCID 0000-0002-0715-7807, Scopus ID
56350674500; e-mail gub@tpu.ru

Anna M. Lapteva - Cand. Sci. (Geol. and Min.), Associate Professor, Head of the Department of
Analysis of the Mineral Resource Complex, All-Russian Scientific Research Institute of Raw Mineral
Synthesis (VNIISIMS), Moscow, Russian Federation; e-mail lapteva@vims-geo.ru

Liudmila M. Bolsunovskaya — Cand. Sci. (Philolog.), Assistant Professor, National Research Tomsk
Polytechnic University, Tomsk, Russian Federation; ORCID 0000-0002-1499-8970, Scopus ID
56350747600; e-mail bolsunovskl@tpu.ru

Received 14.05.2024
Revised 07.06.2024
Accepted 10.06.2024

386


https://mst.misis.ru/
https://orcid.org/0000-0002-0715-7807
https://www.scopus.com/authid/detail.uri?authorId=56350674500
mailto:gub@tpu.ru
mailto:lapteva@vims-geo.ru
https://orcid.org/0000-0002-1499-8970
https://www.scopus.com/authid/detail.uri?authorId=56350747600
mailto:bolsunovskl@tpu.ru

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

2024;9(4):387-394 Kalashnik A. |. Effect of water inflows on the strength characteristics of the Lovozero rare-metal deposit rocks

MINING ROCK PROPERTIES. ROCK MECHANICS AND GEOPHYSICS
Research paper

https://doi.org/10.17073/2500-0632-2023-09-160
BY

UDC 622.023.23:556.16(470.21)

Effect of water inflows on the strength characteristics
of the Lovozero rare-metal deposit rocks
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Abstract

The Lovozero rare-metal deposit is represented by a series of sheet-like ore bodies of small and medium
thickness exposing on the northwestern slopes of the Lovozero massif. The purpose of the work is to assess
the impact of water inflows on the strength characteristics of the rocks of the Lovozero rare-metal deposit
developed by the Karnasurt mine. The data on water inflow into Karnasurt mine workings, which exploits
two ore bodies of the Lovozero rare-metal deposit, are considered. Statistical processing of the data on
water volumes collected by the mine over the latest 4 years was performed, with assessment of their changes
during a calendar year. The peculiarities associated with calendar climatic changes were identified. The main
purpose of the study was to assess the effect of water inflows on the strength characteristics of the rocks
composing the support pillars. The analysis and calculations of precipitation accumulation within the mine
allotment and water inflows into the mine workings were performed and compared with actual data on mine
waters. The samples of the most representative rocks of the deposit were collected and tested for dry and
water-saturated compressive and tensile strength. The quantitative indicators of the changes in the strength
characteristics of rocks due to water saturation were determined. It was found that the water saturation led
to a decrease in the rock strength by up to 10-20%, especially for compressive strength values.

Keywords
mine, extraction, water inflows, rocks, pillars, properties, strength, water saturation, rockburst hazard,
Lovozero rare metal deposit, Karnasurt mine
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A.U. KanamHuk 2
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AHHOTaUuA

JIoBO3epcKoe pemKoMeTa//IbHOe MeCTOPOKAEeH)e IIPeICTaB/JIeH0 CBUTOI IIJIaCTOOOPAa3sHbIX II0J0TOIaja-
IOIINX PYOHbIX 3aJIeskeit MaJjion u Cpe/:u-[eﬁ{ MOIITHOCTH, BBIXOOAIINMX HAa ITOBEPXHOCTb HA C€BEPO-3alladHbIX
cKIo0Hax JIoBo3epckoro Mmaccusa. Lienbio paboThl SIB/ISIETCST OLI€HKA BIMSIHMS BOLOIIPUTOKOB Ha IIPOYHOCTHbIE
XapaKTepPUCTUKY opos JIOBO3epCKOro peAKOMETANIBHOTO MECTOPOXKIEHMSI, pa3pabaThIBAEMOIO PYIHMKOM
«Kapuacypr». PaccMoTpeHbI JaHHbIE O TIOCTYIUIEHMM BOIbBI B TOPHBIE BHIPAOOTKY pymHMKa «KapHacypT», OT-
pabaThIBAOIIETO IBE COMIACHO 3aJIeraloliye pygHble 3a1eXu JIOB0O3epCKOTO peKOMETa/UIbHOTO MECTOPOXKIe-
HMS. BbITTosIHeHa craTucTruueckas o6pa60TKa 06beMOB BOJbI, CO6I/IpaeMOI‘/'I PYOHMKOM 3a IMocdjiegHue 4 roga,
C OL[eHKOﬁ AVHaAMUKHN UX IIOCTYIVIEHMA B Te€UeHMEe KaJIEHAapHOro roga. BrigBieHsl 0CO6€HHOCTI/I, CBS3aHHBbIE
C KaJIEHOAPHbIMU KIMMATUYECKMMU U3MEHEHUAMMN. OCHOBHOI1 11eJIbI0 pa6OTbI SBJISIJIaCh OLI€HKa BJIMSHUS
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BOJIOIIPUTOKOB Ha MPOYHOCTHbIE XapaKTEPUCTUKU IIOPOJ, cjlaraloiiyie OMOpHbIe LieJMKNU. BhITIOTHeHbI aHa-
JIX3 ¥ pacueThl 0CaJKOHAKOILJIEHUSI B IIpeeiaX TOPHOTO OTBOAA PYAHMKA 1 (DOPMUPYIOIIMXCS BOTOIIPUTOKOB
B TOpHbIe BbIPaGOTKM, a TaKKe CpaBHEHME UX C (GaKTUUECKMMM JAaHHBIMM II0 PYIHUYHOI Bome. OTOGpaHbI
00pasiibl HanbosIee MpeaCTaBUTENbHBIX ITIOPOT MECTOPOKIEHMS M BBIITOTHEHBI UCITBITAHMS MX Ha IIPOYHOCTD
Ha ckaTue U pacTsbKeHMe B CyXOM M BOAOHACHIIIEHHOM COCTOSTHMSIX. OTipeiesieHbl KOJIMYeCTBeHHbIe TTOKa-
3aTe M3MeHeHUS! TIPOYHOCTHBIX XapaKTepPUCTUK IOpOoH, BCAeICTBME BOIOHACHIEeHMs. YCTaHOB/IIEHO, UTO
BOIOHACKIIIEHE TPUBEJIO K CHISKEHNIO ITPOYHOCTY ITopox 1o 10-20 %, ocobeHHO 1151 3HaYeHMIT Ha CKaTue.
[MosyueHHbIE Pe3Y/IbTAThI JAIOT OCHOBaHME IJIs1 HEOOXOAMMOCTHM yuyeTa 0OBOJHEHHOCTH MOPOJ, IPY pacueTe
YCTOIUMBOCTY KaK OIOPHBIX IIE€IMKOB, TaK ¥ OOHAKEHMI1 IIOPOJ, B BRIPAOOTKAX pyaHMKa «KapHacypT».

KnioueBble cnoea
PYIHMK, T0ObIUA, BOIOIPUTOKM, TOPHbBIE TOPOIbI, I[€VIKH, CBOVICTBA, TPOYHOCTb, BOJOHACBIIEHHOCTb, YIAPO-
OITaCHOCTB, HOBOSEpCKOE‘ peaKkoMeTa/lJ/IbHO€ MEeCTOPOXKAEeHME, DYTHUK «KapHacypT»

bnaropapHocTu

CraTpsl HanMcaHa Ha OCHOBE VICXOOHBIX TaHHBIX, TOATOTOBJIEHHbIX JOKTOPOM TEXHUYECKMX HAayK JIOBUMKOBBIM
Anexkcangpom BacubeBuuem. A.B. JToBuMKOB 6ostee 60 JIeT 3aHMMAaJICST BOIIPOCAMM TeOMeXaHMIeCcKoi 6e3omac-
HOCTM O0TpPaboTKY JIOBO3€PCKOTO MECTOPOKAEHMSI, ¥ (PaKTMUeCKM MTOCTIeqHel 3a1aueil ero sKu3Hu 6bLI0 Mccie-
JIOBaHMe BIUSTHMSI 00BOJJHEHHOCTH TIOPOJ, HA YCTOMYMBOCTD U YIAPOONIACHOCTD IeJTMKOB pymHuka KapHacypr.

Ans ymTupoBaHmsa
Kalashnik A.I. Effect of water inflows on the strength characteristics of the Lovozero rare-metal deposit rocks.
Mining Science and Technology (Russia). 2024;9(4):387-394. https://doi.org/10.17073/2500-0632-2023-09-160

Introduction

The Lovozero rare-metal deposit is represented
by a series of sheet-like ore bodies of small and me-
dium thickness exposing on the northwestern slopes
of the Lovozero massif [1]. At present, two ore bodies
(I-4 (urtites) and II-4 (malignites)) with a thickness
of 1.0-1.2 m each, occurring at a vertical distance of
about 100 m from each other, are being mined by the
Karnasurt mine. The mine applies room-and-pillar
mining method with breast stoping and support of an
undercut rock strata by chain pillars. Both bodies are
mined by panels along their strike. The panels are cut
at 20-40 m vertical intervals by drifts (adits at the up-
per levels), with leaving support chain pillars near the
drifts. The panels are divided into blocks 60-120 m
long, between which inter-block support chain pil-
lars are left [1]. The deposit is classified as rockburst
hazardous in mining conditions and characterized by
increased seismicity and manifestations of tectonic
rockbursts [2, 3].

At the current stage of the deposit mining, the
support near-drift and inter-block pillars are 3to 10 m
wide. Their total area for each mined ore body can
reach up to 25% of the mined out space. The mining
depth is the lower ore body II-4 ranges from 30 m to
the surface at the upper levels to 700 m at the deepest
level +280 m.

The Karnasurt mine has a large mining allotment:
the length along the lower ore body II-4 is about 8 km,
with a maximum width of 2.6 km. Moreover, the issue
of adding another 1.5 km to the west of the mining
allotment is being considered [2]. Thus, the length of
the mine field in the lower ore body at the final stage
of development will reach 10 km with a width of up to
2.6 km, which in terms of area will amount to 26 km?.

The area of the upper ore body is slightly smaller, but
of the same order of magnitude. This allows to con-
fidently categorize the Karnasurt mine as one of the
largest mines in the western part of the Russian sector
of the Arctic.

At present, ore body II-4 within the mining allot-
ment is only half mined-out, from the outcrops to the
level +280 m. The dimensions of the mined out area
are 6.5 km along the strike with a maximum width
down dip of 1.3 km. In ore body I-4, mined out only in
the Karnasurt area, the length of the mined-out space
is 3.1 km along the ore body strike, with a maximum
down dip width of 0.8 km and a depth of 50 to 350 m
to the surface.

Water inflows into the Karnasurt mine wor-
kings are mainly due to surface precipitation. Wa-
ter formed on the day surface due to rainfall, spring
snowmelt and runoff from nearby mountains pe-
netrates through numerous joints and structural
heterogeneities in the overlying rock mass and en-
ters the mine workings.

Water from mine workings of all mining areas is
collected at the drifts’ haulage levels and brought to
the surface of the drifts — the drifts' floor — through the
drifts’ drainage channels. Thus, water flows through
the floor of all mine drifts to lower levels. They are
partially collected at the haulage levels and pumped
from the mine workings to the surface by water pum-
ping stations. As for the remaining volumes, both fur-
ther water infiltration deep down into the underlying
rock mass and abundant widespread water saturation
of workings floor and pillar walls occur.

The issues of water inflow generation at coal
seams mining by underground method were investi-
gated in works [4, 5], including changes in surface na-
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tural sources [6, 7] and the mechanism of surface wa-
ter infiltration into mine workings [8]. For ore deposits
in hard rock masses, the effect of rock water content
on the energy saturated state [9] and the manifesta-
tions of seismicity [10] has been considered. The pe-
culiarities of rock water content were investigated
in [11, 12], and the effect of the water content factor
on the sustainable state and safety of the natural en-
vironment was studied in [13-15].

At the same time, taking into account that for the
conditions considered in this work the water flows
move directly along the lower parts of the support
near-drift pillars of the rockburst-prone deposit, it
is necessary to pay special attention to the effect of
water content of rocks. Therefore, the purpose of the
work is to assess the impact of water inflows on the
strength characteristics of the rocks of the Lovozero
rare-metal deposit developed by the Karnasurt mine.

Findings

According to the hydrogeological service of the
Karnasurt mine, the volume of water collected by
the mine is about 8 million m3 per year. At the same
time, the dynamics of the volumes for the latest
4 years of observations remains practically monoto-
nous: from January to May the volumes decrease, in
June they increase significantly, followed by slightly
lower values in July-September, and from October
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to December the volumes of water inflows decrease
again (Fig. 1).

The histograms on the figure below show that
the monthly water inflow into the mine workings
ranges from 40 to 110 thousand m3. The least amount
of the water inflow, from 40 to 50 thousand m?, is
observed in May each year. This is due to the fact
that from October to April precipitation falls as
snow and due to negative temperatures accumulates
on the surface without infiltration of water from the
surface into the mine workings. The largest amount
of the water inflows, between 70,000 and 110,000 m3,
occurs in June-September (summer—autumn period)
of each year. It is obvious that the increase in the
amount of water entering the mine during summer
and autumn period is due to both intensive snow
melting (in May-June) on the mountain slopes wi-
thin the mine field surface and precipitation in the
form of rain during this period (Fig. 2). Data on rain
and snow precipitation volumes for the Karnasurt
mine allotment area during the calendar year were
obtained based on the analysis and processing of the
information from the following sources!.

1 Atlas of the Murmansk region, 1971; Report on the
environmental condition and protection in the Murmansk Region
in 2022. 2023, 151 p. (In Russ.) URL: https://ru.weatherspark.
com/y/98660/06b14Hasi-moroaa-B-PeBaa-Poccusi-BeCh-rog,

1200
1000
800
600
400
200
0

Actual volume of water
inflows, thousand m?

1 2 3 4 5 6 7 8
Months

9 10 11 12

1200
1000
800
600
400
200

Actual volume of water
inflows, thousand m?

1 2 3 4 5 6 7 8
Months

d

9 10 11 12

Fig. 1. Data on actual volumes of water collected and pumped out by the Karnasurt mine:
a-2017; b -2018; c - 2019; d - 2020
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For comparative analysis, the dynamics of total
precipitation volumes on the surface of the mining
allotment and actual volumes of water collected in
the mine workings for 2017-2020 were considered
(Fig. 3). The analysis of the data presented in Fig. 3
confirms the above mentioned opinion about the
predominant effect of two periods: snow accumula-
tion (approximately 2,400-3,000 thousand m3/month
from October to April) and snowmelt (May-June), as
well as rainfall (approximately 1,200-1,800 thousand
m?®month from May to September).

The calculations have determined that during the
period from October through April, snow accumu-
lation on the mine allotment exceeds 21,700 thou-
sand m. At the same time, the volume of actual water
inflows into the mine workings decreases from 800 to
almost 400 thousand m?® due to reduced and virtually
no water infiltration from the surface. The abundant
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snowmelt and rains in May-June lead to a sharp, more
than 2-fold (from 400 to 850 thousand m3/month) in-
crease in water inflows into mine workings, reaching
70-80% of the surface precipitation. Such volumes
of water inflows are recorded monthly from May un-
til October, when rainfall is replaced by snowfall and
negative ground temperature is established with sub-
sequent decrease through April of the next year.

Thus, water inflows into the mine workings are
generated by rainfall and snowmelt during periods
with positive air and soil temperatures, as well as from
natural surface water bodies and underground aqui-
fers recharged by precipitation. The nature of their
accumulation is more gradual than for the precipi-
tation due to the above mentioned reasons. Visually,
the boundary variations in the water inflow volumes
clearly correlates with the identified climatic periods
(see Fig. 3).

3600

wl
o
o
o
1

2400+

1800

1200+

Precipitation, thousand m3

600+

—&— Total

January February March  April May June

—#— Rain

July August September October November December

—&— Snow

Fig. 2. Distribution of precipitation volumes on the surface
of the Karnasurt mine allotment during a calendar year
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Fig. 3. Dynamics of total precipitation volumes on the surface of the mining allotment and actual volumes of water collected
in the mine workings for 2017-2020

390


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(4):387-394

Special tests were conducted on rock samples
to determine the effect of water saturation on the
strength properties of the mine rocks. At ore body I-4,
urtite rock hand specimens were taken as the most
common rock variety in the drift at level +400 m (sur-
vey mark PK4), from which rock samples for testing
were subsequently produced. For each type of test,
8-9 cube-shaped specimens (34 in total) with a cube
face length of 4 cm were produced. The samples for
tests in water-saturated condition were placed for
a month into a vessel with water, and then tested for
tension and compression. The specimens were tested
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for compression and tension in dry and water-satura-
ted conditions in accordance with GOSTs?.

The results of the specimens’ compression
and tensile tests in dry condition are given in
Tables 1 and 2. As can be seen from these tables, the
established value of compressive strength, which
is o,=181 MPa, and the value of tensile strength

2 GOST 21153.2-84 Rocks. Methods for determining
uniaxial compressive strength (Description update date:
01.07.2023); GOST 21153.3-85 Rocks. Methods for deter-
mining uniaxial tensile strength (Description update date:
01.07.2023).

Results of dry rock specimens compression strength tests fable
Index | X,cm | Y,cm | Z, em Voclzgle, Weigght, Bmkg?c'::;ity, Loadicrlllglzarea, Ruptuli:ll\llg load, colrjlllt;:‘gz:ieve
strength, MPa

2 4.53 4.57 4.60 95.1 247.54 2.60 20.67 374.9 145

3 4.52 4.49 4.57 92.8 242.05 2.61 20.29 408.2 161

4 4.52 4.53 4.59 93.7 243.65 2.60 20.44 579.7 227

5 4.56 4.70 4.58 98.1 248.73 2.53 21.43 520.0 194

6 4.52 4.51 4.64 94.5 246.40 2.61 20.39 494.4 194

11 4.56 4.52 4.61 94.9 229.60 2.42 20.60 493.6 192

14 4.50 | 4.50 | 4.60 93.3 243.26 2.61 20.28 358.6 141

16 4.51 4.53 4.54 92.8 242.42 2.61 20.44 4974 195

17 4.65 4.65 4.54 98.2 259.51 2.64 21.61 489.5 181

Min 4.50 4.49 4.54 92.8 229.60 2.42 20.28 358.6 141

Max 4.65 4.70 4.64 98.2 259.51 2.64 21.61 579.7 195
Average 4.54 4.56 4.59 94.82 244.80 2.58 20.68 468.48 181.11

Table 2
Results of dry rock specimens tensile strength tests
Index | X,cm | Y,cm | Z,cm Voclzlrgle, Weigght, Bull;;c(::fity’ Loadicrrlﬁzarea, Ruptuliill\llg load, colrjnlt;?é::fve
strength, MPa

1 4.56 4.67 4.56 97.1 254.92 2.26 21.30 39.4 19

7 4.66 | 4.56 | 4.62 98.2 245.20 2.50 21.27 31.9 15

8 4.55 4.50 4.59 94.1 247.63 2.63 20.50 26.9 13

9 4.63 4.56 4.62 974 244.90 2.52 21.08 30.1 14

10 4.55 4.56 4.61 95.5 248.27 2.60 20.72 42.5 21

12 4.56 4.56 4.60 95.7 250.62 2.62 20.82 31.5 15

13 4.62 4.55 4.59 96.4 242.00 2.51 20.98 19.3 9

15 4.57 4.53 4.59 95.1 231.85 2.44 20.72 17.7 9

18 4.54 4.54 4.63 95.4 250.47 2.62 20.59 29.3 14

Min 4.54 4.50 4.56 94.1 231.85 2.26 20.50 17.7 9

Max 4.66 4.67 4.63 98.2 254.92 2.63 21.30 42.5 21
Average 4.58 4.56 4.60 96.10 246.21 2.52 20.89 29.84 14.33
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o, = 14.3 MPa correlate well with similar data of pre-
vious studies [1, 2].

The water-saturated specimens for the compres-
sion and tensile tests had the same dimensions as
dry ones, but due to water saturation their weight
increased slightly (3-5%). The results of their tests
are presented in Tables 3 and 4.

Findings Discussion
For detailed analysis, the strength properties of
all the tested specimens were plotted and ranked ac-
cording to the values obtained (Fig. 4). The solid line

elSSN 2500-0632

https://mst.misis.ru/

Kalashnik A. I. Effect of water inflows on the strength characteristics of the Lovozero rare-metal deposit rocks

indicates the mean value; the dotted line indicates
a 20% decrease from the mean.

Fig. 4 shows that water saturation of the rocks
reduced their compressive strength by 20% in gen-
eral, and by 40% for two samples. At the same time,
the lower compressive strength remained rather high,
above 110 MPa.

The tensile strength of the water-saturated spec-
imens also generally decreased, but to a lesser extent,
and the lower limit did not fall below 10 MPa. For
visual comparison, the data of statistical processing
are shown in Fig. 5.

Table 3 Table 4
Results of water-saturated rock specimens compression Results of water-saturated rock specimens tensile
strength tests strength tests
Index Loading Rupturing |Ultimate compressive Index Loading Rupturing | Tensile strength,
area, cm? load, kN strength, MPa area, cm? load, kN MPa

4 20.68 417.3 161 1 21.24 23.9 11
5 21.15 376.0 142 2 20.80 28.6 14
7 20.82 360.5 138 3 20.13 32.6 16
8 21.22 441.2 166 6 20.87 30.6 15
9 21.14 381.8 145 12 21.30 31.9 15

10 20.19 279.0 111 13 20.53 27.0 13

11 20.80 458.8 176 15 20.99 27.6 13

14 21.44 297.6 111 16 21.28 30.8 14
Min 20.19 297.6 111 Min 20.13 23.9 11
Max 21.44 458.8 176 Max 21.30 32.6 16
Average 20.93 376.525 143.75 Average 20.89 29.13 13.88
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Fig. 4. Distribution of tested specimen compression (top row) and tensile strength values and tension tests:
a, ¢ — dry rock; b, d — water-saturated rock
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Fig. 5. Statistical distribution of strength characteristics of tested specimens:
a - compression strength; b — tensile strength

Thus, the tests results showed that water satu-
ration reduces compressive and tensile strength of
rocks by 10 to 20% or more. This circumstance should
be taken into account when calculating the stability of
both support pillars and rock outcrops in the Karnas-
urt mine workings, which are subjected to abundant
water saturation.

Conclusion

The data of actual water volumes collected in the
workings of the Karnasurt mine over the latest 4 years
were processed and analyzed. It was determined that
the annual volume of the collected water reached
8 million m3 with distribution by months in accor-
dance with seasonal-climatic precipitation. The ana-
lysis and calculations of the precipitation within the

mine allotment and the water inflows into the mine
workings were performed. They were compared with
the actual data on mine water regime. The specimens
of the most representative rocks of the deposit were
collected, from which 34 cubes with dimensions of
4x4x4 cm were produced, half of which were placed
into water for a month. The specimens (8-9 for each
condition and test) were tested for compressive and
tensile strength in dry and water-saturated condi-
tions. It was found that the water saturation led to
a decrease in the rock strength by up to 10-20%, espe-
cially for compressive strength values. The results ob-
tained give the grounds for the necessity to take into
account the water content of rocks when calculating
the stability of both support pillars and rock outcrops
in the Karnasurt mine workings.
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Abstract

The mining industry is one of the key sectors of the Russian economy, supplying other industries with
essential raw materials. However, this sector is characterized by harsh working conditions that may adversely
affect workers’ health. Exposure to harmful substances and significant physical workloads contribute to the
development of occupational diseases. To ensure safety in production processes and protect the health of
mining industry workers, it is necessary to conduct a special labor conditions assessment. This assessment
allows for determining the level of harmfulness and hazard in workplaces, as well as developing measures to
reduce the negative impact on workers’ health. The purpose of this study is to assess dust concentration at
the workplace of a crushing and screening plant operator as part of a special labor conditions evaluation. Dust
concentration at the operator’s workplace was measured using a standard gravimetric method. The testing
was conducted in four stages and lasted 400 minutes, which is 83% of the total work shift duration. Data
analysis revealed an exceedance of the permissible dust concentration by a factor of 1.28. The labor conditions
class (subclass) was established as 3.1. It was found that the average dust concentrations varied by a factor
of 3-4 across different testing stages due to the intensity and direction of air velocity at the production site.
Based on the obtained data, dust concentrations at the workplace were predicted according to air velocity
at the site, with an approximation accuracy of R? = 0.95. It was determined that the maximum allowable air
velocity at the site should not exceed 2.6 m/s. Using approximated data, it was forecasted that, in the absence
of air movement, the dust concentration at the operator’s workplace would remain at 0.5 mg/m?>. To reduce
dust concentration at the operator’s workplace, comprehensive measures to minimize dust generation at the
crushing plant are necessary, including washing vehicle wheels, installing dust suppression systems, and
replacing the open belt conveyor with a closed one. To prevent the development of occupational diseases,
operators are advised to use personal respiratory, skin, and eye protection throughout the shift.

Keywords

production, crushed stone, crushing and screening plant, dust, concentration, emissions, dust concentration,
dust generation, operator, labor conditions, harm, forecasting, protection
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BpPEHbIX BELIECTB ¥ 3HAUMTEIbHbIE (QU3MUECKIMEe HATPY3KY CITOCOOCTBYIOT PasBUTHUIO MPOdeCcCcrOHaTbHBIX
6osesHeii. [I1s1 obecrieueHMs] 6€30MaCHOCTY MTPOM3BOACTBEHHBIX ITPOLIECCOB M COXPAaHEHMUS 300POBbS pa-
OGOTHMKOB rOPHOAO6BIBAOIEH OTpac/iM HeOOXOAMMO MpOBeIeHMe CIIelMaabHOl OLIEHKU YCJIO0BUII Tpyaa.
JTa olleHKa T03BOJISIET ONPENEeIUTh YPOBEHDb BPeIHOCTM U OITACHOCTM Ha pabounmx MecTax, a TakKe paspa-
60TaTh MephI M0 CHIMKEHUI0O HETaTMBHOIO BO3IEICTBUSI HAa 3J0POBbe PaOOTHMKOB. Llenbio paboThl SBJISI-
eTcs oIpejeieHye 3allblJIEHHOCTM pabouero Mecra ornepaTtopa ApOoOMIbHO-Ie6eHOYHOIO 3aBOHa B paM-
Kax CHelyaJbHOM OIleHKY YCI0BUil Tpyna. OnpeneneHne KOHIIEHTpaIMM IbUIM B BO3ayxe pabouero mecra
orepaTopa JIpOoOMIbHO-Ie6eHOYHOr0 3aBOJa MPOU3BOAMIN B COOTBETCTBMM CO CTAaHAAPTHON BECOBOI
METOAMKO. VICIIBITaHMS IIPOBOAMINCH B YeThIpe 3Tana M Ajauanchb 400 MuH, UTO cocTasiseT 83% oT 00-
1ero BpemMeHnu paboueit cMeHbl. 1o pesyabraTamM 00pabOTKM JaHHBIX BbISBIEHO IPEBbILIEHNE MTPeHeTbHO
JONyCTUMOM KOHLeHTpauuu nbuin B 1,28 pasa. YcraHOBJIEH Kiacc (TTOAKIacc) yeaoBuii Tpyga — 3.1. Vera-
HOBJIEHO, UTO CpeJlHMe KOHIIeHTpalMy MMbIJIM Ha pPa3HbIX 3TallaX UCIIbITAHUS pasindamTcs B 3—4 pasa, yTo
CBSI3aHO C MHTEHCUMBHOCTBIO M HAIlpaB/JeHMEM BeTpa Ha NPOM3BOACTBEHHOM Iuiowanke. [lo mosmyyeHHbIM
JaHHBIM CIIPOTHO3YMPOBAaHbI KOHIIEHTPALIMM IBIIM Ha paboyeM MeCcTe B 3aBUCMMOCTM OT CKOPOCTM BeTpa
Ha IMPOU3BOACTBEHHO IJIOIIAIKe C BeJIMIMHONM TOCTOBEPHOCTH anmpokcumanum R? = 0,95. YcraHOBIEHO,
YTO MaKCMMAaJIbHO JIOMYyCTUMAasi CKOPOCTb BETpa Ha ITPOU3BO/ICTBEHHOI TUIOIIAIKE HE NO/DKHA ObITh BBIIIE
2,6 M/c. C TIOMONIbIO aNMIPOKCMMMUPOBAHHBIX JAHHBIX CIIPOTHO3MPOBAHO, YTO MpPU OTCYTCTBMMU BeTpa Ha
MPOM3BOACTBEHHOI IJIOIIAIKe KOHIIEHTpalMs b B BO3AyXe paboyero Mecra orepaTopa COXpaHUTCS Ha
ypoBHe 0,5 mr/m®. 171 CHMKEHMS 3alIbIJIEHHOCTY pabodyero Mecra oIrepaTtopa HeOOXOIMMbI KOMIIIEKCHBIE
MEpPOIIPUATHS II0 COKPAIeHNIO MblIe06pasoBaHmsl Ha APOOMIbHO-COPTUPOBOUYHOM 3aBOJe, BKIIOUA0Ie
MOJIKY KOJIeC aBTOMOOMJIBHOTO TPAaHCIIOPTA, YCTAHOBKY CUCTEM MOIABAE€HMUS IbUIM M 3aMEHY OTKPBITOTO
JIEHTOYHOTO KOHBe/epa Ha 3aKpbIThIN. [IJIs1 TpenoTBpalle s pasBUTHUs IpodeccruoHalbHbIX 3a60eBaHMit
orepaTopaM peKOMeHAYyeTCsI UCI0/Ib30BaTh CPEACTBA MHAUBUAYAIbHOM 3aIlIUThI OPTaHOB JIBIXaHUSI, KOKU
1 1J1a3 Ha IPOTSDKEHUM BCeli CMEeHbI.

KnioueBble cnoea

MIPOM3BOACTBO, Le6eHb, IPOOMIbHO-IIe6€HOUHBIM 3aBOJ, IbIIb, KOHIIEHTPAIIMsI, BBIOPOCHI, 3alIbIEHHOCTD,
bIe0Opa30BaHe, OIepaTop, yCUIOBUS TPY/a, Bpel, TPOrHO3UpOBaHue, 3alliTa
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screening plant operator for special labor conditions evaluation. Mining Science and Technology (Russia).
2024;9(4):395-405. https://doi.org/10.17073/2500-0632-2024-03-235

Introduction

According to data from the Federal Labor and
Employment Service of the Russian Federation!, the
mining industry remains the most hazardous sector
of economic activity [1, 2]. This is primarily due to the
specifics of production processes and the challenging

! Ministry of Labor and Social Protection of the Russian
Federation. Results of Labor Conditions and Occupational Safety
Monitoring in the Russian Federation, 2022. Moscow, 2022.

climatic and geographical conditions. In 2023, crushed
stone production exceeded 221 million tons, repre-
senting a 24.5% increase compared to 2017 (Fig. 1).
Crushed stone is one of the primary materials used
in construction and the production of building mate-
rials. A decline in extraction and production rates is
not expected in the coming years due to the imple-
mentation of various large-scale federal projects.
Consequently, the industry will need to expand its ca-
pacity and create more jobs [3, 4].

220 000 -

210 000 +

200 000 -

190 000

180 000 -

Crushed stone production, thousand m3

170 000 T T

2017 2018 2019

2020 2021 2022 2023

Observation period, year

Fig. 1. Crushed stone production dynamics in Russia from 2017 to 2023
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Crushed stone production involves a range of oc-
cupational risks and health hazards for workers [4, 5].
Various professions operate within crushing and
screening plant, each with specific health risks. For
example, dump truck and loader drivers are exposed
to noise and vibration, which can lead to hearing loss
and vibration disease. However, the most hazardous
factor in crushed stone production is dust, which
consists of 60% or more silicon dioxide (SiO,). Cru-
sher and screen operators work in high-dust envi-
ronments, which can lead to silicosis and other lung
diseases [6, 7].

Research in this area primarily focuses on the ef-
fects of silica dust on human health and on measuring
dust concentration across the entire plant or quarry
at various distances from pollution sources. This data
is used for modeling and developing dust reduction
methods. For instance, V.S. Kuznetsov and L.F. Su-
lamanidze note that during crushing and screening
plant operations, dust concentration at the edge of
the sanitary protection zone exceeds the permissi-
ble exposure limit (PEL) by 5-10 times [8]. Francis
Ahadzi Dzifa investigated the effects of silica dust on
quarry workers' health and reported their symptoms,
recommending the use of personal protective equip-
ment (PPE) for respiratory protection and eyewear [9].
In his studies, Frederick Anlimma highlights a rise in
silicosis cases in several countries and questions the
effectiveness of dust control methods in preventing
exposure to inhalable crystalline silica [10]. Zhichao
Liu proposed an optimized dust reduction method
for a crushing station based on modeling results and
simulated the dust diffusion pattern associated with
this method [11].

Since 2014, Russia has implemented a special
labor conditions assessment (SLCA), regulated by
federal legislation? and aimed at identifying and eva-
luating hazardous and harmful production factors at
individual workplaces, as well as developing measures
to improve working conditions and prevent occupa-
tional diseases.

The objective of this study is to determine the
dust concentration at the workplace of a crushing
and screening plant operator within the framework
of the SLCA.

To achieve this objective, the following tasks
were set:

- conduct tests and determine the average shift
dust concentration in the operator’s working zone;

— identify factors affecting dust concentration at
the operator's workplace;

2 Federal Law No. 426-FZ dated December 28, 2013, “On
Special Labor Conditions Assessment”.
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— forecast dust concentration at the workplace
based on approximated data under various wind
speeds;

— evaluate the adequacy and accuracy of the ob-
tained results;

— establish the labor conditions class (subclass)
for the operator;

— develop recommendations to reduce dust con-
centration at the operator’s workplace and improve
working conditions.

The novelty of this study lies in its comprehen-
sive approach to assessing dust concentration at the
workplace of a crushing and screening plant operator,
taking into account industry-specific factors and the
effect of wind speed on dust concentration.

The scientific significance of the study is in the
approximation of data for predicting dust concentra-
tion at the operator's workplace depending on wind
speed at the production site.

The practical value of the study lies in fore-
casting dust concentration in the operator's work-
place air based on wind speed at the production site
and in developing recommendations to reduce dust
concentration at the crushing and screening plant.

Research methods

To measure dust concentration in the air at the
workplace of a crushing and screening plant operator,
an aspiration method was applied. This method in-
volves passing a specified volume of air through spe-
cial filters, after which the dust mass is measured and
the concentration calculated3.

The mass concentration of total dust in the air, K,
for each individual test is determined by the formula:

(m,-m,)-1000
Kd:—VO

20

’ (D

were K, is the dust concentration in the air, mg/m’; m,
is the mass of the clean filter, mg; m, is the mass of
the filter with deposited dust particles, mg; and V,, is
the air volume, adjusted to standard conditions, dm>.

_V,-293P
0= 273+ T)-101.33’ )
where V, is the volume of air passed through the filter,

dm?3; P is atmospheric pressure, kPa; and T is the air
temperature at the workplace, °C.

5 Methodology for measuring mass dust concentration
by gravimetric method for special labor conditions assessment.
MI APFD -18.01.2018; MUK 4.1.2468-09 Measurement of mass
dust concentrations in workplace air in mining and non-metallic
industry enterprises.
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If the measurement times vary, the time-weigh-
ted average concentration is calculated by:

Kt + Kt +. + Kt

dn”n

of ’ 3

t+ b+t t,

where t,, t,, ..., t, is the measurement times, min.
The average shift dust concentration at the work-
place is calculated by:

K .T +K_ T, +..+K T

__ _~ashl” ashl ash2 ™~ ash2 ashn " ashn
Ko = NG

ash Z T

where K, K, --- K,q,, are the time-weighted aver-
age dust concentrations for each technological ope-
ration, mg/m®; T\, T.a» --- Tsnn @re the durations of
each technological operation, min; and 2T is the total
duration of the work shift, min.

To assess data distribution, the median Me and

the geometric standard deviation o, are determined:

MezelnME’ (5)
where
tInK, +t InK, +...+t InK
InMe =12 d1+1n211t+ +L,In an ©6)
lnM
o, =el e, M

The final result is recorded as:
K +0.018K for P = 0.95, (8)

where K is the arithmetic mean of the measurement
results n,mg/m3, and § is the relative error margins, %.
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To assess the accuracy and reliability of the cal-
culations, a probabilistic data processing method may
also be used. In this case, the geometric standard de-
viation is calculated as follows:

K,, Me |
Gg Z(E‘FK—].Z, (9)

16

where K, and K, are the concentration values corre-
sponding to 84% and 16% probability levels, respec-
tively, mg/m3.

The average shift dust concentration is then de-
termined by:

K — eanash , (10)

ash

where

InK,, =InMe+ 0.5(Inc, )" (11)

Research results

Dust measurements were conducted as part
of the special labor conditions assessment proce-
dure [12, 13] at a crushing and screening plant loca-
ted in the Moscow region. The operator's workplace is
housed in a standalone, container-type facility three
meters above ground level, equipped with climate
control for air conditioning.

Dust generation occurs throughout the entire
production cycle at the crushing and screening plant
(Fig. 2). The main factors contributing to dust genera-
tion at the site are as follows:

— movement of heavy-duty vehicles;

\

v,

7
\anw

-‘-/‘

N\

Fig. 2. Schematic of the crushing and screening plant illustrating the main sources of dust generation
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- loading of raw materials into the receiving As a mathematical model describing dust emis-
hopper; sions, a system of equations can be used, which in-
— operation of the crusher; cludes the following [14]:
— operation of the vibrating screen; — Navier—Stokes equation:
— piling of crushed stone. v v oV v
The most intensive dust generation at the study aTX +V, aXX +V, 5 L+ V, az" =
site occurs when sorted crushed stone is piled. As it ) y ) ,
freely falls from the conveyor belt, lighter dust par- __1op oV, 0V, 0V,
ticles detach from the surface of the crushed stone pox plax* oyt &zt )
due to air resistance. The greater the drop height, oV ov ov
the more kinetic energy the crushed stone acquires, V=4V, 4V, =
which transfers to dust particles, causing them to ot ox oy 0z
move and collide. This results in an increase in the 1op nm[oV, &V, &%, (12)
number of collisions and particle fragmentation, gen- =Ty ol e T T |8
. . poy pl ox y y
erating a larger volume of dust. Another significant
factor contributing to high dust concentration at the v, LV oV, LV oV, LV v, _
production site is air velocity, which not only inten- oo “ox Yoy ‘oz
sifies dust rpovement bqt also lifts settled partic}es 10p n(oV, &V, &,
from stockpiles and equipment surfaces, thereby in- =——§+— e + o + e ;
creasing dust concentration in the air. Therefore, in P P Y Y
this study, air velocity measurements were taken and - continuity equation:
analyzed for their impact on dust concentration at v
, . o op |0V, y 0V,
the operator’s workplace, in addition to the standard 6_+ 3 + 5 + p p=0; (13)
methodology. T x ooy x
Table 1
Air sampling results for calculating average shift dust concentrations
Air Arithme- | Average
Stage Atmos- | Meas- | Dust |ticmean | shift Geo-
8 Filter | Filter |Airflow| pheric | ure- p Air | concen- | concen- | dust | Me- | metric
Stage| dura- ature at . . . .
" mass m,, |/ mass m,,| rate, | pres- | ment velocity| tration | tration |concen- | dian | standard
No. |tion T, . . work- 3 . e
" mg mg L/min | sure, |timeft, V, m/s | values K, | for stage | tration | Me |deviation
min kP : place, 3
a min °C mg/m Kol’ ch ’ Og
mg/m* | mg/m?
62574.6 | 62577.0 25 21.4 1 4.79
62020.2 | 62022.7 25 21.5 2 4.99
I 120 102.0 3.70
62828.1 | 62829.1 25 21.9 1 2.00
62532.8 | 62534.3 25 22.0 1 3.00
64731.1 | 64737.2 25 22.3 4 12.19
60150.5 | 60159.4 25 22.5 5 17.80
II 120 102.2 14.21
60741.8 | 60750.1 25 22.7 5 16.61
61799.2 | 61804.3 25 23.5 4 10.23
20 7.7 6.22 1.92
63384.4 | 63389.2 25 24.8 4 9.64
61474.8 | 61479.0 25 25.4 4 8.45
I 120 102.6 9.41
61696.4 | 61702.2 25 25.9 4 11.69
61495.3 | 61499.2 25 26.1 3 7.86
60473.5 | 60475.6 25 25.5 2 4.22
63826.8 | 63829.0 25 25.2 1 4.41
v 120 102.8 3.41
63638.6 | 63640.0 25 24.7 1 2.80
639374 | 63938.6 25 24.4 1 2.40
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— Mendeleev-Clapeyron equation:
_P pp.
pP= M RT; (14)

— heat conduction equation:

£+VX£+V£+V£:
ot ox Yoy ‘oz

aT ar TV a5
a(x(T) axla(x(T) ayla(xm azj .( )

b

1
" o(T)p ox oy oz

- equation for dust concentration variation:

%+VX§+(Vy+VC)%+VZ£=FC, (16)
ot ox oy 0z
where ¥, y, z are the Cartesian coordinates; t is the
time; V is the air velocity; P is the air pressure; p is
the material density; T is the air temperature; M is
the molar volume; R is the universal gas constant
(8.31 J/mol-K); 1 is the dynamic viscosity; g is the
gravitational acceleration; A(T) is the thermal con-
ductivity coefficient of the material; C(T) is the spe-
cific heat capacity of the material; C is the concentra-
tion of dust emissions; V, is the dust settling velocity
(0.04 m/s); F. is the power of the dust source [14].
During the testing, the production process was
conditionally divided into four stages of two hours
each, evenly distributed throughout the shift. The
measurement time for each individual sample was
25 minutes. The total measurement time was 400 mi-
nutes, covering 83% of the work shift. Sampling was
conducted using AFA filters (analytical aerosol filters)
with a PU-type aspirator. During testing, the wind
was blowing toward the building housing the oper-
ator’s workplace. Table 1 presents the measurement
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results and their subsequent processing according to
the standard calculation methodology.

The results indicate a stable dust concentration
in the air at the workplace, as the geometric standard
deviation c,<3. However, it should be noted that the
average concentrations for each stage differ by a fac-
tor of 3—-4, due to variations in air velocity and direc-
tion at the production site. An increase in air velocity
up to 5 m/s was observed from 10:00 to 13:30, corre-
sponding to the peak dust concentration levels at the
workplace (Fig. 3).

Based on the data shown in Fig. 4, it is possible
to predict the dust concentration K, at the workplace
depending on air velocity V at the production site,
with an approximation accuracy of R? = 0.95:

K,, =0.2185V° -1.1571V* +3.6493V +0.4968. (17)

Using the graph presented in Fig. 4, we determine
the permissible air velocity at the study site:

Vyern= 2.6 m/8.

To establish the relationship between dust gen-
eration and various factors — such as technological
equipment, vehicle movement, loading of the receiv-
ing hopper, and the height of free-falling crushed
stone — we calculate the dust concentration using for-
mula (17) with V=0 m/s:

K, ermo= 0.5 mg/m3.

D!

A probabilistic method was applied to assess the
accuracy of measurements [15, 16]. This method pro-
vides a comprehensive view of all dust concentrations
in the air within the workplace area using a logarith-
mic probability grid. To investigate the conformity of
the data to a normal distribution, a frequency histo-
gram method was employed as a graphical approach
to data distribution (Fig. 5).

20 6
18-
5 /= )
gé 12 g
52 s S
gz 87 5
BE ¢ - N (N 2 <
E 4+ A 1
2 T
0 0

T T T T T T T T T T T T T T T T
8:00 8:30 9:00 9:30 10:00 10:30 11:00 11:30 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00

Measurement time

Dust concentration at the workplace

— — — Permissible Exposure Limit (PEL)

Air velocity

Fig. 3. Variation in dust concentration at the workplace across different testing stages
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[IThe resulting histogram has a bell-shaped form,
resembling a normal curve, which suggests that the
data follow a normal distribution [17]. The data for
probabilistic analysis are provided in Table 2, where
individual dust concentration measurements have
been ranked in ascending order with accumulated fre-
quencies determined.

The probability grid (Fig. 6) shows the concentra-
tion results with corresponding cumulative frequen-
cies, along with an integrated line drawn through the
points. From this line, the following were determined:
the median Me = 6 and concentration values for 84%
and 16% (Kg, = 12.1 mg/m’; K, = 3.2 mg/m°).

124

Dust concentration in air
at the workplace, mg/m3
—

o

o 06. o0

Air velocity, m/s

Fig. 4. Dependence of dust concentration at the workplace
on air velocity
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To test the assumption of the model’s confor-
mity to a normal distribution, the Shapiro-Wilk test
will be applied

Z(X,‘ _)?)2

where n is the number of observations; x; is the
values of the ordered sample; and a; are tabulated
coefficients depending on the number of trials.

Table 3 presents the intermediate calculations
for the Shapiro—Wilk test.

1% =0.91, (18)

8 100
7- 790 e
6 80§

-70 &

g5 -60 g

Q

g4— 50 8

) [+

L 34 40

-30 ®
2 - Y
-20 &
14 =
-10
0 .

2.00 7.27 12.53 1780
Dust Concentration in Air, mg/m3

Fig. 5. Normal distribution graph for n = 16

Table 2
Calculation of average shift dust concentration in the workplace area using the probabilistic method
No. ;(oncﬁi?;igoiu\f:ﬂues Mgasuremgnt a:;‘;ﬂgﬁé (glg?ftig?al Cumulativs sﬁ‘iligtrgﬁgt Median C:t!g:::fatrr(iic
n Ascending Order,| time T, min testing time, % frequency, % | concentration Me deviation o
mg/m? K., mg/m® L4

1 2.00 25 6.25 6.25

2 2.40 25 6.25 12.50

3 2.80 25 6.25 18.75

4 3.00 25 6.25 25.00

5 4.22 25 6.25 31.25

6 4.41 25 6.25 37.50

7 4.79 25 6.25 43.75

8 4.99 25 6.25 50.00

9 7.86 25 6.25 56.25 76 6.00 194

10 8.45 25 6.25 62.50

11 9.64 25 6.25 68.75

12 10.23 25 6.25 75.00

13 11.69 25 6.25 81.25

14 12.19 25 6.25 87.50

15 16.61 25 6.25 93.75

16 17.80 25 6.25 100.00
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Dust concentration values in air, mg/m?
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Table 3 Table 4
Results of intermediate calculations Results of labor conditions assessment for the
for the Shapiro-Wilk Test workplace
~ ~ 2 .
X X, (x, —X) a, a,-x, e
2.00 32.38 0.51 1.02 PEL* daily Labor
2.40 27.98 0.33 0.79 Occu- du(s): in| Ha- co(:llzitn- izl | o
pation / | work- | zard Health tration sl (E
2.80 23.91 0.25 0.70 P impact |. from | Class
position | place |class in work- PEL Sub-
3.00 22.00 0.19 0.57 air, place cfass)**
mg/m? air,
4.22 12.04 0.15 0.63 mg/m?
441 10.76 0.10 0.44
4.79 8.41 0.06 0.29 Crushing Crushing
and and
769 4.99 7.29 0.02 0.10 screening 6 3 screening 7.7 1.28 3.1
’ 7.86 0.03 -0.02 -0.16 operator operator
8.45 0.58 -0.06 -0.51 Source: * GN 2.2.5.3532-18 Permissible Exposure Limits (PEL)
_ B for harmful substances in workplace air; ** GOST P 54578-2011
9-64 5.80 0.10 0.96 Workplace air. Aerosols primarily with fibrogenic potential.
10.23 6.45 -0.15 -1.53 General principles for hygienic control and impact assessment.
11.69 16.00 -0.19 -2.22
12.19 20.25 -0.25 -3.05
16.61 79.57 -0.33 -5.48
17.80 102.21 -0.51 -9.08
Sum - 373.66 - -18.45
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The calculated W statistic exceeds the tabulat-
ed value W, = 0.887 at a significance level of o = 0.05,
which confirms, providing 0.95 confidence that the
data distribution conforms to a normal distribution.

The average shift dust concentration obtained
using the probabilistic method was 7.6 mg/m3. A de-
viation of 0.1 mg/m® demonstrates the accuracy and
reliability of the tests, as the confidence interval, ac-
cording to equation (8), is #1.85 mg/m?. The calcula-
ted value is therefore accepted as the final result:

K, =7.7 % 1.85 mg/m’.

The summary results for determining the labor
conditions class (subclass) are presented in Table 4.
Dust from crushed stone production is classified as
an aerosol primarily with fibrogenic potential, which
corresponds to hazard class 3. The obtained result ex-
ceeds the permissible exposure limit (PEL) by a factor
of 1.28, which falls under labor conditions class 3.1
(subclass) and necessitates the establishment of
a harmful exposure allowance.

Conclusion

The results of the dust concentration assessment
at the workplace of a crushing and screening plant
operator indicate an exceedance of the permissible
exposure limit (PEL) by a factor of 1.28, corresponding
to labor conditions class 3.1 (subclass). The average
daily dust concentration at the operator’s workplace
is 7.7 mg/m?; however, it should be noted that the
average concentrations across different stages vary by
a factor of 3—4, influenced by the intensity and direc-
tion of air velocity at the production site.

Based on the obtained data, dust concentrations
K,, at the workplace were predicted as a function of
air velocity V at the production site, with an appro-
ximation accuracy of R? = 0.95. It was determined that
the maximum allowable air velocity at the site should
not exceed 2.6 m/s.
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When PEL values for dust concentration in work-
place air are exceeded, legislation? requires the em-
ployer to halt production and take measures to reduce
airborne dust to the lowest possible level.

To reduce dust concentration at the operator’s
workplace, comprehensive dust control measures are
needed at the crushing and screening plant, inclu-
ding [18-22]:

—washing the wheels of vehicles upon entering
and exiting the production site;

- installing stationary or mobile dust suppression
systems that use water spray nozzles at low and me-
dium pressure to create a mist;

- replacing the open belt conveyor with a closed
conveyor system.

Additionally, it is recommended to replace the
filters in the climate control equipment with carbon
filters to enhance air purification.

Using approximated data, it was forecasted that,
in the absence of air movement at the production site,
the dust concentration at the operator’s workplace
would remain at 0.5 mg/m?®. Inhaling crystalline sili-
ca can lead to the formation of nodules of connective
tissue in the lungs and scarring around the particles.
The body’s natural defense cells cannot remove this
toxic dust, leading to chronic inflammation and po-
tential lung cell damage. Some individuals may expe-
rience allergic reactions, such as skin rashes and/or
itching, when in contact with the dust. To prevent the
development of occupational diseases, operators are
advised to use personal protective equipment (PPE)
for respiratory, skin, and eye protection throughout
the shift.

The presented results can be used to predict dust
concentrations at the workplaces of operators at other
crushing and screening plants, taking into account in-
dividual empirical data collected at each site.

4 Labor Code of the Russian Federation, dated Decem-
ber 30, 2001, No. 197-FZ.
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Chemical and ecological properties of soils and the NDVI analysis
on reclaimed sulfide coal waste dumps in the boreal zone

N.V. Mitrakova i<, E.A. Khayrulina , A.A. Perevoshchikova , N.V. Poroshina ,
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Abstract

Reclamation of coal waste dumps through the establishment of a stable soil and vegetation cover on their
surface contributes to the restoration of ecological systems. Therefore, studying the properties of soils in
technogenic landscapes is of current importance. The problem of biological reclamation was studied in the
Kizel Coal Basin area. The effectiveness of reclamation was evaluated on several sulfide coal waste dumps. The
reclamation methods, as well as the period of soil-vegetation cover formation, varied. Agrochemical properties
of the dump soils were studied using unified methods. The NDVI (Normalized Difference Vegetation Index)
was calculated based on Sentinel-2 and Landsat 7,8 images. To assess biological activity, phytotesting was
used. The lithostrats ranged from slightly acidic to neutral (pH-H,O = 6.1-6.8); the embryonic soil showed
a slightly alkaline reaction (7.9). The embryonic soil, due to the presence of coal particles, had the highest
organic matter content (12-7.7%). Depending on the “age” of the soil, the amount of organic matter in the
lithostrats varied: for the 7-year-old lithostrat, it ranged from 2.4 to 8.9%, while for the 4-year-old lithostrat,
it was less than 1%. The absorption capacity of the lithostrats was similar to that of the background soil.
The dump soils were characterized by low levels of nutrients (NPK), with the 4-year-old lithostrat having the
lowest N content. The dump soils demonstrated favorable conditions for plant growth, as evidenced by the
height and biomass of cress and oats. The calculated NDVI for all dumps ranged from 0.4 to 0.6, indicating the
presence of a stable vegetation cover. The implemented reclamation measures proved to be effective.
Keywords

coal, dump, waste, reclamation, soil formation, lithostrat, soil, NDVI index, embryonic soil, Fe*, SO,>, H*, pH
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TEXHOJIOT'MYECKASA BE3OMNACHOCTb B MUHEPAJIbHO-CbIPBEBOM KOMIJIEKCE
U OXPAHA OKPY)XAIOLLEU CPEADI

Hay4Hasa cTaTbs

XuMuKo-akonoruyeckue cBoMcTea nous u uHagekc NDVI
Ha PeKy/IbTUBUPOBAHHbIX CEPHUCTOYrOJIbHbIX OTBalax 6opeasnibHOW 30HbI

H.B. Mutpakosa P4, E.A. XaripynuHa , A.A. TlepeBoniukoBa , H.B. IlopomnHa ,
E.E. MaJibIIIKMHA , E.C. fIkoByieBa ), H.A. KoGeneB

ITepmckuii 2ocydapcmeeHHblll HAUUOHAIbHBLI UcCiedosamesibCKuli yHusepcumem,
2. ITepmv, Poccutickas Dedepayus
< mitrakovanatalya@mail.ru

AHHOTaUuA

PEKYJII)TI/IBEIIH/ISI YIO/JIbHBIX OTBaJIOB ITyTeM CO3OaHUS yCTOf/i‘H/IBOI‘O ITOYBEHHOTI'O M paCTUTEJIbHOIO ITOKpPOBa
Ha MX IMOBEPXHOCTU CHOC06CTBVET BOCCTAHOBJIEHUIO 9KOJIOTMUYECKUX CUCTeM. B cBsI3U ¢ 3TUM AKTYyaJ/IbHbIM
SIBJISIETCS. M3y4YeHMe CBOMCTB MOYB TE€XHOTEHHbIX JaHAmadToB. [IpobaemMa 6MOIOrMUeCcKoii peKyaIbTUBaLN
u3yyanach Ha Tepputopun KusenoBckoro yrosbHoro 6acceitHa. OueHeHa 3 (eKTUBHOCTb PEKYIbTUBALIUN
Ha HECKOJIbKMX CEPHUCTOYTOIbHBIX OTBajaX. MeTombl peKyIbTUBAIMM, KaK U Iepuon GopMUpOBaHMUS TT0OY-
BEHHO-PACTUTETbHOTO TTOKPOBA, Pa3INUaanuCh. ArpOXMMMUYECKIe CBOMCTBA ITOYB OTBAJIOB M3yUasIu CTaHOAPT-

© Mitrakova N. V., Khayrulina E. A., Perevoshchikova A. A., Poroshina N. V.,
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HbIMM MeTomaMmu. MHaekc NDVI (HopMann30BaHHbBIV OTHOCUTEIbHBIN MHAEKC PaCTUTEbHOCTM) pacCuuTaH
Mo cHuMKaM Sentinel-2 u Landsat 7,8. [Ij1s1 OIleHKM GMOIOTMYEeCKOi aKTUBHOCTY MCIIONb30BaIM QUTOTECTH-
poBaHme. JIMTOCTPaThl BAPbMPOBATINUCH OT CJIAGOKUCIBIX 0 HeliTpanbHbix (pH-H,0 = 6,1-6,8); aMm6prosem
MMeJT C1a00LIeIOUHYI0 peakuuio (7,9). dMOpuo3eM 6arogapst HaaMuIMIo YaCTULL YIVISL MMeN Haubosbliee co-
Jlep)kaHye OpraHnM4eckoro Bemectsa (12-7,7%). B 3aBUCUMOCTY OT «BO3pacTa» MOYBbI KOJIMYECTBO OPTraHU-
YeCKOro BeIecTBa B JUTOCTPATaX BapbUPOBAJIO: IJIs1 7-I€THEro JUTOCTPaTa OHO Komebanaoch oT 2,4 no 8,9 %,
a 1151 4-eTHero 6bU10 MeHblie 1 %. [TormoTuTeIbHasI CIIOCOOHOCTD IMTOCTPATOB OblJIa aHAJIOTMYHA C (OHOBOI
1o4Boii. [TouBbI OTBAIOB XapakTepU30BAJIUCh HU3KUM YPOBHEM NUTaTeNbHbIX 351eMeHTOB (NPK), a 4-neTHuit
JIUTOCTpPAT MMeJI caMoe HU3Koe comepskaHue N. [IouBbI OTBAJIOB ITOKA3a/Iy OJIarOIPUSITHBIE YCIOBUS IJIS1 pOCTa
pacTeHuit, 0 4eM CBUAETEeNbCTBYIOT BbICOTA M Macca Kpecc-cajiaTa U oBca. Paccuntanubiii uHgekc NDVI gjist
BCeX OTBajoB umen 3HaueHus ot 0,4 1o 0,6, YTO CBUIETENbCTBYET O HAIMYMUU YCTONUMBOTO PACTUTENBHOTO
TTOKPOBa. Peain30BaHHbIE PEKYIBTUBAIVOHHBIE MEPOIIPUSITHS TOKA3aIM CBOIO 3(PGheKTUBHOCTD.

KnioueBble cnoea

YIOJib, OTBaJIbl, OTXOMbI, PEKYIbTUBALIMS, IOYBOOOpa30BaHIMe, TUTOCTPAT, ITouBa, uHAekc NDVI, sM6puo3sem,
Fe?*, SO,%, H*, pH
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Introduction

The mining industry, particularly coal extraction,
significantly contributes to the transformation of na-
tural ecosystems. Underground mining causes changes
in the landscape and surface subsidence. For instance,
in a study [1], subsidence was determined based on the
growth rings of European larch (Larix decidua), where
the authors confirmed the highest subsidence activi-
ty during periods of intensive mineral extraction. As
a result of mining operations, land is reclaimed for
waste disposal. In the Kuznetsk Coal Basin alone, ap-
proximately 3.6 billion tons of waste are generated
annually, and the area of land disturbed by open-pit
mining has now increased to 16.4 hectares per mil-
lion tons of extracted coal [2]. Soils adjacent to waste
dumps exhibit high concentrations of polycyclic aro-
matic hydrocarbons (PAHs) [3], the sources of which
are emissions from burning dumps. These emissions
spread to nearby areas via atmospheric transport.
Naphthalene has been detected in the emissions from
burning dumps, with higher concentrations found in
waste containing pyrogenic bitumen. Additionally,
anthracene, phenanthrene, fluoranthene, and pyrene
were identified, with the last three indicating intense
oxidation of organic matter [4]. Soils in coal mining
areas are frequently contaminated with heavy me-
tals. In one study [5], elevated concentrations of Cr,
Ni, and Hg were found in the soils of mining regions
compared to regulatory standards. The presence of
trace elements in coal contributes to soil and water
contamination. For example, the authors of [6] found
that during leaching, coal-bearing rocks release Se,
Cd, Hg, As, Be, V, Cr, and Pb. High concentrations of

Fe, Al, Mn, Be, and other elements in the rivers of the
Kizel Coal Basin have been described in studies [7, 8].
The use of the Igeo coefficient revealed contamina-
tion by Co, V, Nb, Hg, Sn, Zn, Sm, Ni, Cr, and Gd in the
bottom sediments of the Kosva River in the Kizel Coal
Basin area [9]. In addition to environmental pollution,
coal mining leads to changes in the hydrological re-
gime. Research results [10] showed that runoff, runoff
depth, and spring runoff decreased by approximately
25%, 30%, and 57%, respectively, as a result of coal
mining, while the calculated soil erosion rates and
soil loss increased by nearly 200%.

The coals and coal-containing rocks in large-scale
mining waste dumps contain significant amounts of
sulfides and organic sulfur as part of the mineral com-
position of the dumps, with the sulfur content in coals
varying across different deposits. In the coals of the
Kizel Coal Basin, sulfur content ranges from 5 to 8%,
with sulfur primarily present in the form of pyrite [11].
A study by Singh and Narzary [12] on overburden and
coal seams at the Tikok mine in India showed that
sulfur content in different seams ranged from 0.02%
to 2.5%, with the maximum sulfur content in the coal
seam reaching 1.9%.

Pyrite and other sulfides in overburden dumps are
chemically unstable under oxidizing conditions. Ini-
tially, when exposed to water and oxygen at a neutral
pH, pyrite undergoes chemical oxidation, releasing
Fe?, SO,*, and H* [13]. In the presence of O,, ferrous
iron (Fe?") is oxidized to ferric iron (Fe*'), leading to
increased acidity in the water and enhanced activity
of Fe* ions. Acidophilic microorganisms accelerate
pyrite oxidation, resulting in the formation of acidic
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mine drainage [13]. These acidic waters, with a pH
of 2.5-3, are saturated with heavy metals, trace ele-
ments, and sulfates [14], making coal waste dumps
sources of environmental pollution.

Natural revegetation on coal dumps occurs slow-
ly due to the high acidity caused by the oxidation of
sulfide minerals in overburden rocks, nutrient defi-
ciencies, and the unfavorable mechanical composition
of the substrate. Reclamation significantly reduces the
time required for soil and vegetation cover to form on
dumps. Reclamation efforts on coal dumps raise soil pH
values from ultra-acidic (pH-H,O 2.7) to neutral levels
(pH-H,0 6.4) [15]. Changes in acidity promote vegeta-
tion recovery, improving soil quality by increasing the
organic matter and nutrient (NPK) content. According
to [16—-18], both plant community density and biodi-
versity increased in older reclaimed areas.

Soil formation on coal mining waste dumps helps
prevent the spread of contaminants into the environ-
ment [19, 20]. Reclamation of dumps and disturbed
lands, along with vegetation and soil restoration, are
essential for preserving the natural environment and
preventing the negative consequences of resource ex-
traction [21, 22].

The Kizel Coal Basin (KCB) is located in the eas-
tern part of the Perm region (Fig. 1) and covers an area
of approximately 1,500 km? [7]. Extensive surveys of
surface waters and bottom sediments have been con-
ducted in the KCB area [7, 8, 23]. However, the current
condition of the soils on KCB dumps has not been suf-
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ficiently studied. While some coal dumps in the KCB
have undergone reclamation, there have been no
large-scale scientific studies. After the closure of the
mines, there were attempts to study the soils formed
on the dumps [24, 25], but these were isolated studies
and did not include diagnostics, classification, or de-
tailed chemical analyses.

The aim of this work is to study the chemical and
ecological properties of anthropogenic soils formed
as a result of coal dump reclamation, to classify the
formed soils, and to assess the effectiveness of recla-
mation using the NDVI index and phytotesting.

Materials and Methods
Description of the study area

The study area is part of the Ural Geochemical
Province, within the eluvial-transalluvial region of
residual mountain ranges on the western slope of
the Middle Urals. According to the landscape zoning,
the study area belongs to the the VerkhneYaivinskiy
high ridge-hummocky landscape which lies on Pale-
ozoic carbonate and partially terrigenous rocks. The
climate is moderately continental, with an average
annual precipitation of 700 mm. In the system of mo-
dern soil-ecological zoning, the Kizel Coal Basin (KCB)
area is classified within the Western Foothill District,
characterized by heavy loam podzolic, sod-podzolic,
and waterlogged soils. The region of the study is situ-
ated in the mid- and southern-taiga zones, dominated
by fir-spruce and spruce-fir forests in the foothills.

Fig. 1. Geographic location of the Kizel Coal Basin
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Underground coal mining in this region took
place from the late 18™ century until the end of the
20" century, with the mines being closed in the ear-
ly 2000s. There are approximately 100 spoil heaps
in the KCB area [7]. According to satellite images
from 2021, the area covered by these dumps reached
260 hectares. Over the course of mining operations,
more than 35 million m® of rock waste accumulated.
The lithology of the coal-bearing strata, mining tech-
nology, spoil heap storage methods, and the age of
the heaps have all contributed to the heterogeneity
of the dump material, which contains around 60 mi-
nerals [7]. The heaps consist of argillites, siltstones,
sandstones, limestones, coal, pyrite, as well as wood
and metal objects [26].

Soil sampling

In the summer of 2021 and 2022, soil samples were
collected from three reclaimed waste dumps (Fig. 2)
at a depth of 30 cm. The presence of a large amount
of stony material made it difficult to collect samples

Kizel City

Shakhta Settlement
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from deeper layers. The soil samples were taken from
the central part of the waste dumps, where the surface
had been leveled prior to reclamation. In a 5x5 meter
area, three pits were dug, and samples were collec-
ted from depths of 0-10 cm, 10-20 ¢cm, and 20-30 cm.
Before sampling, the vegetation at each collection site
was cleared. The soil samples were extracted using
a stainless steel trowel. Samples from each dump and
corresponding depths were combined. The combined
samples were then packed into polyethylene bags la-
beled with sample codes, dates, and collection loca-
tions. Each composite sample weighed at least 1 kg.
As background samples, sod-podzolic soils were col-
lected from a mixed forest.

Pit 1 was established on the waste dump of the
Severnaya Mine in Shakhta settlement (Fig. 2(1))
(59°4’58.62”N 57°40’59.29”E). This dump was re-
claimed in the early 2000s by leveling and adding
slaked lime to the upper layer. Currently, the dump
has a flat surface.

Fig. 2. Soil sampling locations and soil profiles:
1 - Severnaya Mine waste dump; A - soddy embryonic soil; 2 - Tsentralnaya Mine waste dump;
B - clay lithostrat No. 1; 3 — Gorelovskaya Mine waste dump; C — clay lithostrat No. 2
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Pit 2 was established on the waste dump of
the Tsentralnaya Mine in Ugleuralsky settlement
(Fig. 2(2)) (58°56’54.31”N 57°36’15.50”E). In 2016, the
dump was reclaimed by leveling and covering it with
a 0.3-0.5 m layer of clayey material. Sporadic mounds
of construction debris are observed on the dump.

Pit 3 was established on the waste dump of the
Gorelovskaya Mine in Shumikhinsky settlement
(Fig. 2(3)) (58°45°21.25”N 57°40’17.25”E). In 2018, the
dump was reclaimed by leveling and covering it with
a layer of clayey material about 0.3 m thick.

Sod-podzolic soil samples from a secondary small-
leaved forest were collected as background samples.

Research methods

Actual and exchangeable acidity in the soil sam-
ples was determined using the potentiometric meth-
od. Hydrolytic acidity was measured using the Kap-
pen method (in a 1M CH,COONa solution), which
involves titration with a 1N alkali in the presence of
phenolphthalein. Exchangeable acidity, exchangea-
ble aluminum, and exchangeable hydrogen were de-
termined by the Sokolov method, which is based on
treating the soil with a 1M KCl solution, followed by
titration. One part of the extract was titrated with al-
kali to determine the sum of exchangeable aluminum
and hydrogen, while another part of the extract was
titrated with alkali and fluoride to identify hydrogen
ions. Acidity in hydrogen peroxide was determined to
oxidize sulfide minerals present in the dumps; a pH
lower than 2.5 in the peroxide solution indicates the
presence of sulfide minerals.

The organic matter content was determined by
the spectrophotometric method in accordance with
GOST 26213-91. The cation exchange capacity (CEC)
was determined using the Bobko-Askinazi-Aleshina
method (GOST 17.4.4.01-84). The contents of ex-
changeable calcium and exchangeable (mobile) mag-
nesium were measured using complexometric titra-
tion according to GOST 26487-85. The mobile sulfur
content was determined by the turbidimetric method
(GOST 26490-85), and mobile iron by the spectro-
photometric method with o-phenanthroline accor-
ding to GOST 27395-87. Sulfate ions were measured
by the turbidimetric method (GOST 26426-85). Mo-
bile phosphates and potassium were determined by the
Kirsanov method, based on the extraction of mobile
phosphates and potassium from the soil using a 0.2M
HCI solution. Mobile phosphates were then measured
as blue phosphorus-molybdenum complexes using
a photoelectric colorimeter, while mobile potassium
was determined using a flame photometer. The content
of mobile potassium and phosphates in the dump soils
was evaluated according to the criteria [27].
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The biological activity of the soils was studied
based on a patented method!. Phytotesting of the up-
per soil layers (0-10 cm) from the reclaimed waste
dumps was conducted using cress (Lepidium sativum)
and oats (Avena sativa). Cress was grown on both the
waste dump soils and background soils for 7 days, and
oats for 10 days. The height and biomass of the plants
were measured in 25 replicates. A 10-30% reduction
in cress growth indicates satisfactory soil conditions,
while a reduction of 30-50% indicates unsatisfacto-
ry conditions. A reduction of more than 50% suggests
environmentally hazardous soil conditions. As a con-
trol, plants were grown on vermiculite with Knop nu-
trient solution (1 g/l Ca(NO,),, 0.25 g/ KH,PO,,0.25 g/l
MgSO,, 0.125 g/1 KCl, 0.0125 g/1 FeCl,).

To calculate the NDVI index for the dump areas,
Sentinel-2 images (for lithostrat 2) and Landsat 7,8 im-
ages (for the embryonic soil and lithostrat 1) were used
from the years 2000, 2007, 2014, 2018, 2020, and 2023.
The necessary satellite images and spectral channels
were obtained using the EOS LandViewer service.

The NDVI (Normalized Difference Vegetation In-
dex) is an indicator of active biomass and is calculated
as the ratio of the difference between the near-infra-
red and red spectral bands to their sum. NDVI values
range from -1 to 1 and allow for the assessment of
vegetation development during the growing season.
Negative values of the index typically correspond to
water bodies, clouds, or built-up areas. Low positive
values (from 0 to 0.3) indicate either a complete ab-
sence of vegetation (approximately from 0 to 0.1) or
sparse shrub or grass vegetation (up to 0.3). Values in
the range of 0.3 to 0.5 correspond to moderate vege-
tation, while values between 0.5 and 1 indicate dense
vegetation, often represented by forested areas.

Monitoring the dynamics of the NDVI index on
reclaimed waste dump sites allows for an assessment
of the success of reclamation efforts.

The NDVI was calculated using the Raster Cal-
culator tool from the Spatial Analyst toolbox in
ArcMap 10.4. To enhance the visual representation
of the obtained rasters, the cubic convolution resa-
mpling method was applied.

Statistical parameters, such as the mean value
and coefficient of variation (CV), were calculated us-
ing STATISTICA 7 and Microsoft Excel. For statistical
processing of the data, regression and correlation ana-
lyses were conducted with a confidence level of 95%.
Soil samples were compared based on agrochemical
parameters using the non-parametric Kruskal-Wallis
test. Significant differences between the compared

1 Yeremchenko, O.Z., Mitrakova, N.V. Method for asses-
sing the biological activity and toxicity of soils and technogenic
soil substrates: RF patent. 2017. Bulletin No. 15. No. 2620555.
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mean values were considered at a confidence level of
95% or higher (P<0.05). The significance of differen-
ces between plant height and biomass was assessed
using the Student’s t-test (P<0.05).

Results

Soil classification and vegetation changes

The background soils of the study area are zonal
sod-podzolic loamy soils. Due to the exploitation of
waste dumps, the natural soil cover has been altered.
Overall, the soil cover of the dumps is heterogeneous,
and technogenic soils or technogenic surface forma-
tions (TSF) have developed on the dumps.

The soddy embryonic soil was identified on the
Severnaya Mine dump according to the classification
proposed by [28]. According to the World Reference
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Base for Soil Resources (WRB), this soil can be classi-
fied as Epileptic Technosol (Densic, Carbonic, Skeletic)
(Fig. 2, A). The surface soil has a dark gray color, with
a sod layer of 2 cm thickness characterized by a cloddy
structure. Beneath this layer is a dense material mixed
with stones of various sizes, with fine earth observed
in the upper 10 cm. The vegetation on the Severnaya
Mine dump has a projective cover of approximately
25%. Tree cover consists of 10- to 15-year-old bir-
ches (Betula). A total of 9 plant species were recorded,
including narrowleaf fireweed (Chamaenerion angus-
tifolium), northern bedstraw (Galium boreale), green
strawberry (Fragaria viridis), common haircap moss
(Polytrichum commune), couch grass (Elytrigia repens),
common yarrow (Achillea millefolium), sedge (Carex),
and lady's mantle (Alchemilla vulgaris) (Table 1).

Table 1

List of vascular plants on reclaimed waste dumps

Family Species name Seveli;laya Mine Tsentralnaya Mine Gorelovskaya Mine
ump Dump Dump
Asterdceae Achilléa millefolium + ++ +
Rosaceae Alchemilla vulgaris + ++ -
Asterdceae Artemisia absinthium - - +
Asterdceae Artemisia vulgdris - + -
Gramineae Bromus inermis - ++ -
Asterdceae Carduus crispus - - +
Cyperaceae Cdrex sp ++ + -
Asterdceae Centaurea scabiosa - - +
Onagraceae Chamaenérion angustifolium + - +
Asterdceae Cichorium intybus - - +
Asterdceae Cirsium arvense - + -
Gramineae Ddctylis glomerdta - + -
Gramineae Elytrigia répens + + -
Gramineae Festuca pratensis - + -
Rosaceae Fragdria viridis + -
Rubiaceae Galium boreale + +
Hyperiaceae Hypericum perforatum - + +
Fabaceae Létus corniculdtus - + +
Fabaceae Medicago falcata - + +
Fabaceae Medicdgo sativa - + -
Fabaceae Melilotus officindlis - - +
Gramineae Phleum pratense - + +++
Asterdceae Picris hieracioides - - +
Gramineae Poa praténsis - + +
Polytrichaceae Polytrichum commiine + - -
Gramineae Puccinellia distans - - +
Ranunculaceae Ranunculus repens - - +
Caryophylldceae Siléne vulgdris - - +
Asterdceae Tanacétum vulgdre - + +
Fabaceae Trifolium praténse n/a n/a +++
Plantaginaceae Veronica teucrium n/a + n/a
Fabaceae Vicia crdcca n/a + n/a
Betulaceae Bétula péndula + -20 -19
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According to the WRB, the clay lithostrat identi-
fied on the Tsentralnaya Mine dump is classified as
Spolic Epileptic Technosol (Loamic, Densic, Skeletic)
(Fig. 2, B). The lithostrat lacks distinct horizons or
layers, and there is an abundance of stones and coal
(about 40%). Up to a depth of 10 cm, the structure
is cloddy with herbaceous roots. The soil is dense,
clayey, and brownish-brown in color. The vegetation
on the Tsentralnaya Mine dump includes 20 species
from the families Gramineae, Asteraceae, Rosaceae,
Rubiaceae, Fabaceae, Plantaginaceae, and Cyperaceae
(see Table 1). The projective cover is about 35%.

The clay lithostrat was also diagnosed on the
Gorelovskaya Mine dump. According to the WRB, this
soil can also be classified as Spolic Epileptic Techno-
sol (Loamic, Densic, Skeletic) (Fig. 2, C). The soil is
light brown, with blocky soil aggregates and a clay-
ey texture. The lower part of the profile is moist with
a plastic consistency. The vegetation on the Gore-
lovskaya dump includes 19 species. The dominant
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species are Timothy grass (Phleum pratense) and red
clover (Trifolium pratense), while 17 species from the
families Gramineae, Fabaceae, Asteraceae, Caryophyl-
laceae, Onagraceae, Ranunculaceae, and Rubiaceae are
found sporadically (see Table 1). The projective cover
is about 50%

Vegetation changes were identified using the
NDVI index based on Sentinel-2 and Landsat 7,8 sa-
tellite images (Figs. 3-5). Succession on the coal
waste dumps was analyzed over several time periods:
the initial period (untouched dump), a few years after
reclamation, and the state of vegetation in 2023.

For the Severnaya Mine dump, four observation
periods were considered (see Fig. 3): the initial state
of the dump, two years after reclamation, seven years
after reclamation, and the current state. The NDVI in-
dex for the Severnaya Mine dump in June 2000 (before
reclamation) was approximately 0.3. After reclama-
tion, the NDVI index increased to 0.5-0.6, indicating
the development of a stable vegetation cover.

June 2023 y

Fig. 3. NDVI Index for the Severnaya Mine Dump
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Fig. 4. NDVI Index for the Tsentralnaya Mine Dump
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In June 2014 (before reclamation), the NDVI index
for almost all areas of the Tsentralnaya Mine dump
ranged from 0.1 to 0.3, indicating the absence of any
vegetation (Fig. 4). Over the next 9 years, most of the
dump area became covered by shrub vegetation, as re-
flected by an NDVI index value of around 0.4.

On the Gorelovskaya Mine dump, during the
5 years following reclamation, the NDVI index in-
creased from 0.1-0.3 to 0.4-0.55, and even exceeded
0.6 in some areas (Fig. 5). The dynamics of the NDVI
index across all three dumps indicate the success of
reclamation efforts and the establishment of a stable
vegetation cover.

Soil chemical properties

The surface layers of lithostrat 1 and the embryo-
nic soil are characterized by a neutral pH, with pH-H,O
values of 6.8 and 7.9, respectively, and pH-KCI va-
lues of 4.4 in lithostrat 1 and 5.5 in the embryonic soil
(see Table 2). At a depth of 20 cm, the soils become slight-
ly acidic, with pH-H,O decreasing to 3.3 in lithostrat 1
and to 5.0 in the embryonic soil. The surface layer of
lithostrat 2 has a slightly acidic reaction (pH-H,0=6.1,
pH-KCI = 4.1), with acidity increasing at depth, reaching
pH-H,0 = 4.5 (see Table 1). The lower layers of litho-
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strat 1 contain sulfide minerals, as indicated by pH va-
lues in hydrogen peroxide (pH-H,0, = 1.98) (see Table 2).
This is due to the mixing of the lower soil layer with the
upper layer of the dump material as a result of physical
and chemical migration of substances.

Lithostrat 2 exhibits the highest exchangeable
acidity among all the dump soils, attributed to the
fact that the soil is formed from the middle horizons
of local clay soils. Hydrolytic acidity in lithostrat 1
and the embryonic soil is significantly lower than in
the background soil (see Table 2), which is explained
by the neutral to slightly alkaline nature of the dump
soils. The results of the Kruskal-Wallis test showed
that the acidity of the embryonic soil differs from that
of the background soil and lithostrats.

The content of mobile iron in the dump soils
is 1.5-2 times lower than in the background soil
(see Table 2). Sulfate ions dominate in the aqueous
extracts of the soils, with the highest concentration
found in lithostrat 1. The increase in mobile sulfur
content with depth in the lithostrats is associated
with the presence of overburden material at depths of
20-30 cm. In contrast, the content of mobile sulfur
in the embryonic soil decreases with depth, while it
increases in the lithostrats.

June 2018 \ June 2020 \ June 2023
0.7 0.7 0.7
0.6 0.6 0.6
05 4 0.5 0.5
0.4 0.4 0.4
0.3 0.3 0.3
0.2 0.2 0.2
0.1 0.1 0.1
0.005 0.005 0.005
0 0 0
Fig. 5. NDVI Index for the Gorelovskaya Mine Dump
Table 2
Soil chemical properties
OK**
H * +, + Alexc Femo ile Smo ile So 2
Parameters | Depth, cm | pH-H,0 | pH-H,0, | pH-KCI ™ AP+ HY) " ol ol ‘
mmol/100 g mg/kg
Soddy embryonic 0-10 7.9 5.47 6.9 1.2 0 0.05 90 211.0 384.0
soil 10-20 74 5.41 6.3 1.2 0 0.05 220 163.0 480.0
20-30 5.0 3.83 4.3 2.5 0.06 0.05 110 53.6 480.0
Lithostrat 1 0-10 6.8 4.41 5.3 3.9 0.08 0.05 250 17.0 312.0
10-20 6.1 4.04 4.7 4.7 0.07 0.05 200 109.0 288.0
20-30 3.3 1.97 2.6 16.3 2.33 3.98 260 253.0 816.0
Lithostrat 2 0-10 6.1 4.10 4.0 4.2 0.60 0.35 70 5.19 168.0
10-20 5.1 3.80 3.7 15.2 8.40 9.37 110 20.8 240.0
20-30 4.5 3.30 3.5 21.3 13.60 14.75 250 93.8 230.0
Background 0-10 4.5 3.71 3.5 26.4 5.00 43.00 430 12.90 240.0
sod-podzolic soil 10-20 4.6 3.88 3.5 21.4 590 | 52.00 | 430 460 | 240.0
20-30 4.7 4.05 3.6 20.8 5.90 52.00 360 0.20 240.0

Note: * H,, — hydrolytic acidity, ** EA - exchangeable acidity.
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The organic matter content varies across soil
types and layers (Table 3). The highest organic matter
content was observed in the embryonic soil. The high
organic matter content in the lower layer of litho-
strat 1 is attributed to the abundance of coal, while
the upper layers of lithostrat 1 contain 2-3 times less
organic matter. In comparison to lithostrat 1 and the
embryonic soil, lithostrat 2 exhibits the lowest organ-
ic matter content.

The cation exchange capacity of the soils is ge-
nerally moderate, with the highest values in the upper
10 cm layer. The absorption capacity of the background
sail is slightly lower, likely due to the presence of ex-
changeable calcium and magnesium cations. The ex-
changeable calcium content in the dump soils shows
no significant variation and decreases with depth.

The phosphate content in the dump soils is lower
than in the background soil and is classified as “low”
according to the Kirsanov scale (see Table 3). The hig-
hest mobile potassium content is found in lithostrat
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1, while the lowest is in the embryonic soil. The nu-
trient content in the soils is influenced by the dura-
tion of soil formation and the vegetation cover. The
greatest variety of herbaceous plant species was ob-
served in lithostrat 1 at the Tsentralnaya Mine dump,
which may contribute to higher nutrient availability.
All soils exhibit similar nitrogen content, except for
lithostrat 2 (Table 3).

The upper soil layers of the dumps demonstrate
more favorable conditions for test crops compared to
the background soil (Fig. 6). Cress grown on lithostrat
1 and the embryonic soil showed significantly better
results in terms of height and biomass compared to
the control plants grown on vermiculite.

Oats grown in the control group on vermiculite
reached the same height as those grown on the dump
soils (Fig. 6, b). However, the biomass of oats grown in
the control group was significantly higher than that
of the plants grown on both the dump soils and the
background soil.

Table 3
Agrochemical soil properties
(0] i tt C M EKO ] P,0:,. o0 N
Parameters Depth, cm rganlc matter aexch gexch Kmoblle 2~ 5mobile total
% mmol/100 g mg/100 g
Soddy embryonic soil|  0-10 12.1 5.75 0.56 37.0 7.0 2.5 311
10-20 7.7 6.06 0.56 22.0 7.2 0.7 143
20-30 9.2 4.25 1.00 19.0 2.8 0.09 70
Lithostrat 1 0-10 2.43 10.00 1.25 23.0 20.5 2.2 166
10-20 3.11 7.60 1.13 24.0 10.4 3.1 93
20-30 8.90 1.75 0.50 27.0 5.3 0.09 143
Lithostrat 2 0-10 1.04 16.75 6.25 27.0 10.4 3.0 47
10-20 0.81 5.62 3.62 24.0 10.8 1.9 48
20-30 1.01 4.75 1.12 28.0 12.0 3.0 49
Background 0-10 5.04 3.25 1.25 13.0 154 29.7 187
sod-podzolic soil 10-20 5.07 2.25 1.00 21.0 10.7 22.6 240
20-30 6.10 2.75 1.25 19.0 8.8 7.5 228
Cress Oat
120 120
100 I wl 100 I I ] I [ wh
804 1 I I 80 - I
I I I I
60 - I 60- .
40 - 1 g 40
20 20
0 T T T T 0 T T T T
Lithostrat 1  Soddy  Lithostrat 2 Background Control Lithostrat 1  Soddy  Lithostrat 2 Background Control
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Height, %
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Fig. 6. Phytotesting of the upper soil layers
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Discussion

The lithostrats formed as a result of covering the
flattened top of the coal waste dump with a layer of
clay material, which appears to originate from the sub-
surface layers or parent material of the local soils. This
is evidenced by the similar granulometric and aggre-
gate composition. Iron coatings were observed on soil
aggregates (peds) down to a depth of 20 cm. The profile
depth of the lithostrats ranges from 30 to 40 cm, which
is determined by the thickness of the clay deposit, the
slope steepness of the dump, and the degree of frag-
mentation of the dump's overburden material.

The differences in acidity between the lithostrats
can be explained by the fact that the reclamation of
lithostrat 2 was completed several years later, and
construction debris from former mining operations
remained on the Tsentralnaya Mine dump, which may
have led to the reduction of acidity in lithostrat 1.
However, the strong acidity of the lower layer of litho-
strat 1 is attributed to the presence of sulfides in the
dump’s overburden.

The embryonic soil formed on the crushed over-
burden of the leveled coal dump. To create favorable
conditions for plant growth, slaked lime was added to
the surface layer of the dump, making the soil slightly
alkaline. The use of lime in waste dump reclamation
is a common practice, as is the use of activated sludge
as a fertile layer.

For instance, the combined use of beet lime and
composted biological materials helped neutralize ac-
tive and exchangeable acidity in soils and improve soil
fertility at a copper mine site [15]. During the biologi-
cal reclamation phase of the Kapitalnaya Mine in the
Kuznetsk Coal Basin, sewage sludge from urban waste-
water treatment plants was used as a fertile layer [29].

Primary soil formation processes are actively ta-
king place in the soils of the Kizel Coal Basin (KCB)
dumps. Vegetative cover, plant roots, and the annual
formation of dead plant matter contribute to the loo-
sening of the upper soil layer and the accumulation of
organic matter.

Similar types of technogenic soils are formed un-
der comparable conditions in other regions with coal
mining, similar climates, and vegetation [3, 30, 31].
Technogenic soils on waste dumps are pedogenically
immature and inherit the negative physicochemical
properties of coal mine dumps [32], as well as contain-
ing a significant amount of artifacts.

The relatively high mobility of iron in the back-
ground soil compared to the dump soils may be due to
the acidity and high content of iron hydroxides in the
clay minerals of sod-podzolic soils [33, 34].

The low organic matter content in lithostrat 2
is due to the absence of fertilizer application during
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reclamation. Its organic layer has not yet developed
because of the immaturity of the phytocenosis. The
high organic matter content in lithostrat 1 can poten-
tially be explained by the presence of coal inclusions
throughout the profile, as well as a stable herbaceous
community. The presence of coal particles in the
overburden [35] could explain the high organic mat-
ter content in the embryonic soil (7.7-12.1%) and the
lower layer of lithostrat 1(8,9%).

The amount of total nitrogen and mobile potas-
sium increases with the age of the lithostrat, as con-
firmed by [36, 37]. Overall, the total nitrogen content in
the lithostrats is significantly lower than in the back-
ground sod-podzolic soil and embryonic soil.

The coefficient of variation (CV) is explained by the
influence of technogenic and anthropogenic processes
on soil formation. Notably, the coefficient of variation
for exchangeable acidity, organic matter, total iron,
and mobile sulfur in the lithostrats exceeds 40%. In
contrast, the range of CV for these indicators is signi-
ficantly lower in the embryonic soil. This is due to the
homogeneity of the parent material in the embryonic
soil, while the lithostrats consist of a mixture of clay
and the upper layer of the dump. As a result, the pro-
perties of the lower layers of the lithostrats do not cor-
respond to either the characteristics of the overbur-
den or the clay material. The coefficient of variation
for most chemical indicators of the background soil
does not exceed 25%, except for mobile sulfur content,
where the CV reaches 110%, similar to the values for
mobile sulfur in the lithostrats and embryonic soil.

Correlation analysis revealed a direct and signif-
icant relationship between hydrolytic acidity, exchan-
geable aluminum content, and mobile iron. The sour-
ces of iron in the studied technogenic soils are minerals
from zonal soils and the overburden of the dumps. The
amount of mobile phosphates is proportional to these
indicators, possibly due to the ability of phosphates to
form complexes with aluminum and iron under acidic
conditions. At the same time, a negative correlation was
found between absorption capacity and mobile iron.

Based on the growth indicators of oats, the embry-
onic soil showed the best biological conditions, as it
has a neutral pH and is characterized by a high organic
matter content.

Reclamation of coal dumps through the creation of
a clay barrier or the addition of fertilizers to stimulate
the growth of herbaceous or woody vegetation is cri-
tical for preventing water and wind erosion, as well as
the spread of pollutants. It is also essential for estab-
lishing stable plant communities. The chemical pro-
perties of technogenic soils vary significantly across
the profile compared to the background soil in the
study area, as well as among themselves.
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Reclamation activities at the Severnaya Mine
dump, conducted 25 years ago, have resulted in the
formation of soddy embryonic soil, and soil evolution
continues. Reclamation activities at the Severnaya
Mine dump, conducted 25 years ago, have resulted in
the formation of soddy embryonic soil, and soil evo-
lution continues. Reclamation with the addition of
slaked lime has reduced soil acidity to neutral levels
and increased organic matter content and absorption
capacity. Given that a stable herbaceous-woody plant
community has developed on the reclaimed soils, this
reclamation method can be considered effective. The
modification of the substrate by adding ash, slag, and
sewage sludge has been studied on coal dumps in Bra-
zil, showing promising results for growing bristle oat
(Avena strigose) and corn (Zea mays) [38].

Covering dumps with clay material neutralizes
the sulfide minerals in the overburden by creating
a barrier that prevents water and oxygen from con-
tacting the minerals and forming acid mine drainage.
The studied lithostrats formed similarly but differ in
age. The effectiveness of reclamation using clay to
cover the dump can be assessed by comparing the in-
itial condition of the dump soil (lithostrat 2) with the
more mature soil (lithostrat 1). The number of plant
species in the vegetation community increases over
time. A diverse herbaceous community promotes the
accumulation of organic matter in the upper soil layer
and the formation of soil aggregates, which improves
the physical properties of the dump soils, reduces
acidity, and increases NPK content.

In the study by [39], soils were compared 5, 10, and
25 years after mining. In the soils of degraded coal min-
ing lands, carbon and nitrogen reserves increased with
the length of the reclamation period. This may also
be attributed to the input of organic matter from the
waste dumps. The physical properties of the soil im-
proved over time. Finer fractions became dominant in
the older dump soils. [18] reported an increase in plant
biodiversity in long-reclaimed areas. [17] noted the
beneficial effects of herbaceous plants on the physico-
chemical properties of soils during the reclamation of
mining areas. Soil properties on reclaimed dumps, such
as organic matter content, nitrogen, and phosphorus
levels, improved over time following reclamation [40].

Overall, plant growth on sulfide coal dumps af-
ter reclamation prevents wind and water erosion,
spontaneous combustion, and the spread of conta-
minants [41]. Based on a comparison of lithostrats of
different ages, it is recommended that organic and
mineral fertilizers be applied to the reclaimed soil.
Agroamelioration measures (soil layer formation for
plant growth, fertilizer application, and planting of
herbaceous crops) help achieve optimal results [42].
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Conclusions

Various soil types have been identified on the
reclaimed waste dumps of the Kizel Coal Basin. The
classification is based on the reclamation activities
carried out and the technogenic soil-forming mate-
rials. Clay lithostrats, or Spolic Epileptic Technosol
(Loamic, Densic, Skeletic), were found on the dumps
reclaimed by surface leveling and covering with clay
material. The embryonic soil, classified as Epileptic
Technosol (Densic, Carbonic, Skeletic), formed over a
nearly 25-year period after the coal dump was leveled
and lime was applied to the upper layer.

The absence of horizons and a well-defined soil
aggregate structure, along with the presence of nu-
merous artifacts (fragments of overburden of various
sizes) in the soils formed on coal dumps, indicates
their technogenic origin and immature stage of de-
velopment.

The acidity levels in the lithostrats ranged from
acidic to neutral, with hydrolytic acidity decreasing
over time following reclamation. The embryonic soil
exhibits a slightly alkaline reaction, and exchangea-
ble acidity is absent. Statistical analysis showed no
differences between the pH in water and the pH in
KClI of the lithostrats and the background soil. How-
ever, the level of exchangeable acidity in lithostrat 1
was lower than that in the background soil and litho-
strat 2.

Since the embryonic soil formed from crushed
overburden of coal dumps, it contains the highest
amount of organic matter. The organic matter content
in lithostrat 1 is higher than in lithostrat 2, which is
attributed to the presence of coal inclusions through-
out the profile.

Herbaceous vegetation contributes to the for-
mation of soil structure, the accumulation of organic
matter, exchangeable calcium and magnesium ions,
and, as a result, the reduction of acidity. The nut-
rient content (NPK) also depends on the time of soil
formation and plant species diversity. Phytotesting
using cress and oats showed that the dump soils pro-
vide more favorable environmental conditions for
plant growth compared to the background soil.

Overall, reclamation accelerates soil formation
and the development of stable plant communities
on waste dumps, while minimizing the spread of
contaminants to other environmental components.
According to the NDVI index, stable herbaceous ve-
getation was observed on the sulfide dump just two
years after reclamation. During the reclamation pe-
riod, it is essential to implement measures such as
plowing and the application of organic and mine-
ral fertilizers to create optimal conditions for plant
communities.
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Abstract

The technical condition of ball mills, employed in the fine grinding of minerals, ores, coal, cement clinker,
and other materials, is dictated by both the operational load and the actual physical state of the equipment.
Vibration metrics serve as the most versatile diagnostic parameter for developing an informational profile of
equipment in active use. The distinct operational environments of high-powered ball mills with frequency-con-
trolled drive systems — one with an induction motor (FC-IM) and the other with a synchronous motor (FC-SM) —
necessitate the development of universal approaches to assessing vibration loading that consider each mill’s
unique design features and operational modes. This study presents the first analysis of the key interrelated
technical characteristics of industrial ball mills, including drum volume, diameter, rotational speed, ball load,
total weight, and drive power, enabling a more substantiated approach to selecting technical parameters and
operational modes. The installation of a permanent vibration control system on ball mills used for grinding
mineral raw materials required the individual determination of technical condition category thresholds for
the motor, gear-shaft, and drum. The category thresholds were determined individually for each shaft using
statistical classification, under the assumption that coupled components are in a state influenced by the energy
potential of damage during staged progression. Standard ‘reference’ ratios of vibration values across three mu-
tually perpendicular directions were established. Characteristic patterns and sequences of damage progression
were identified based on the direct spectra of vibration velocity and acceleration. During the analysis of vibra-
tion signal time series, a beat frequency mode was detected, indicating potential damage development within
gear elements. Effective informational support for the operational condition of ball mills is achieved through
the analysis of overall vibration levels, direct trends in vibration velocity and acceleration, time series of the
vibration signal, and both long-term and short-term trend analyses. Vibration velocity trends provide insights
into technical condition by assessing operational stability, startup frequency, and maintenance intervals.

Keywords

ball mill, electric drive, electric engine, gear unit, design, shaft, bearing, operation, operational capacity,
damage, failures, control, diagnostics, vibration, signal, vibration analyzer, vibration velocity, vibration
acceleration, frequency, amplitude, harmonic, spectrum, analysis, correlation, forecasting, trend analysis
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YHUBEPCATbHBIM IMarHOCTUYECKMM TIOKa3aTeseM mpyu GopMupoBaHUM MHOOPMALIMOHHOI KapTUHBI pabo-
TaIIero 000pyIOBaHMs. YHUKAIbHOCTb YCJIOBMIA SKCILTyaTallMyM MOIIHBIX arperaTtoB IIApOBBIX MEJTbHMUII
C peryJMpoBaHMeM YacTOThI BpamieHus Ha 6ase cucrem ITY — AJT (mpeo6pa3oBaTesib YUaCTOThI — aCMHXPOHHBI
neuratenb), [T4 — CII (mpeobpa3oBaTesib YaCTOThI — CMHXPOHHBII IBUraTe/Ib) TPeOyeT paspaboTKM YHUBEP-
CaJIbHBIX MTOJXOMOB K OlleHKe BUOPAI[MOHHOM HAarPY>KeHHOCTY C YUETOM MHAMBUAYATbHBIX KOHCTPYKTOPCKUX
0COBEHHOCTET U PesKMMOB PaboThI. B cTaThe BriepBbie BBITIOTHEH aHAIM3 OCHOBHBIX B3aVIMOCBSI3aHHbBIX TEXHU -
YeCKMX XapaKTePUCTUK ITPOMBIIIEHHBIX APOBbIX METbHUIL: 00bEM OapabaHa, AMaMeTp, YaCTOTa BpaIleHMs,
IIapoBasi HarpysKa, o6IIuit Bec, MOITHOCTb IMPUBOZA, UTO TO3BOIUT 6ojiee 060CHOBAHHO MOAOITH K BHIOODY
TeXHMUUYECKUX IIapaMeTPOB U PEXKMMOB paboThI. YCTaHOBKA CTALIMOHAPHOI CYCTEMbI BUOPAIMIOHHOI'O KOHTPO-
JI1 Ha MIApOBBIX MEIbHUIIAX Pa3Mojia MUHEPATBHOTO ChIPbSI ITOTPeOOBaIa MHAVMBUAYAILHOTO OIpeae/eHus
IPaHUI] KATETOPUI TEXHUUECKOTO COCTOSIHUS OTHENbHO [IJISl IBUTATENS, Bajl-lecTepHU U 6apabaHa. ['paHu-
IIbI KATErOpuit OIIpenesINCh MHAVBUAYAIbHO JIJIS KasKAOTO Bajla METOAOM CTaTUCTMUYECKOM KiaacCubUKaLun
B IIPeAIIONIOKEHUN, UYTO COTIpSTaeMble y3JIbl HAXOASITCS B COCTOSIHMM, GOPMUPYEeMOM dHEPreTUUeCKUM IOTeH-
LI1aJIOM TTIOBPEXIeHMS TP CTyIIeHYaToOM pas3BuUTun. OTipeiesieHbl «3TaJIOHHbIe» COOTHOIIIEHNMS MeXTy 3Haue-
HMUSIMM BUOpaALMM B TPEX B3aMMHO MePIeHAMKY/ISIPHbIX HAllpaBaeHMsIX. YCTaHOBJIEHbI XapaKTepHble 00pasbl
Y TIOC/IEI0BATENIbHOCTDh PA3BUTHS TTOBPEKAEHNI 11O MPSIMBIM CITEKTPAM BUOPOCKOPOCTY U BUOGPOYCKOPEHMSI.
[Ipy aHaM3e BpeMeHHbIX peann3alnii BUGpalMOHHOIO CUTHAJIA BhIeJIeH PEsKMM OMeHMIi KaK MPU3HaK pas-
BUTUSI TIOBPEXKIEHMS JIEMEHTOB 3yOuaThixX nepenad. iHGopmMaTuBHOE obecrieueHye TeEXHUYECKOTO COCTOSI-
HMSI IIaPOBBIX MEJIbHUIIL B IOCTATOYHO CTEIEHM JOCTUTAETCS aHAIM30M OOIIEero YPOBHSI BUOPALIVIN, ITPSIMbIX
TPEHI0B BUOPOCKOPOCTY M BUOPOYCKOPEHMSI, aHAIM30M BPEMEHHbIX peajn3aluii BUOPalMOHHOrO CUTHAIA,
IJTUTEbHBIM U KPATKOCPOUYHBIM aHAIM30M TPEHAOB. TpeH Ibl BUOPOCKOPOCTHM MTO3BOJISIIOT OLIEHUTDb TEXHUYE-
CKOEe COCTOSIHME T10 CTabMUIbHOCTM PabOoThl, YACTOTE 3aITyCKOB, BpEMEH PEMOHTOB.
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Introduction

The operational condition of ball mills used for
preparing minerals, ores, coal, cement clinker, and
other materials for fine grinding to sizes ranging
from 0.074 to 0.4 mm is determined by the opera-
tional load, actual physical state, and the quality of
maintenance and repairs. In this context, vibration
metrics serve as the most versatile diagnostic indi-
cator for creating an informational profile of equip-
ment in active operation.

Literature Review

Vibration measurements of ball mill compo-
nents in certain industrial sectors have shown that
unique characteristics, large dimensions, low rota-
tional speeds, and other factors limit the application
of traditional approaches commonly used in vibra-
tion diagnostics. The issues of vibration diagnostics
presented in the monograph [1] are undoubtedly
classical; however, discrepancies arise in the evalu-
ation of technical condition categories when asses-
sing overall vibration levels. Differences also emerge
when analyzing time series of vibration signals, un-
like those discussed in [2]. The vibration spectra ex-
amples provided in [3] should also be supplemented
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with results obtained from diagnostics of this equip-
ment. According to the standard!, ball mills are clas-
sified as Class III - large machines mounted on rigid
foundations without differentiation by drive type.
The standard? specify vibration limits for machi-
nery operating at “nominal speeds between 120 and
15,000 rpm”. Certain general provisions related to
vibration measurement and analysis, as outlined in
various standards?®, served as the foundation for this
study, which aims to refine specific aspects of vibra-
tion analysis for assessing the condition of ball mills.

! GOST ISO 10816-1-97. Vibration. Machine condition
monitoring based on vibration measurements of non-rotating
parts. Part 1. General requirements.

2 GOST RISO 10816-3-99. Machine condition monitoring
based on vibration measurements of non-rotating parts. Part 3.
Industrial machines with a nominal power above 15 kW and
nominal speeds from 120 to 15,000 rpm.

5 GOST R ISO 13373-1-2009. Condition monitoring
and diagnostics of machines. Vibration condition monitoring.
Part 1. General methods; GOST R ISO 13373-2-2009. Condition
monitoring and diagnostics of machines. Vibration condition
monitoring. Part 2. Processing, analysis, and presentation of
vibration measurement results.
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The design, calculations, and operational condi-
tions of ball mills have been actively studied over an
extended period, spanning both the 20" and 21 cen-
turies. Primary attention has been given to techno-
logical aspects [4]; however, the quality of grinding is
proposed to be assessed by the vibration of the drum
walls [5]. The grinding patterns within ball mills [6]
can also be validated by the vibration characteristics
of an operating mill [7] based on a simulated model
of wall vibration. Issues related to the modernization
of horizontal ball mill drives [8] indicate efforts to
enhance the durability of this equipment. The opera-
tional practice of ball mills necessitates information
on the vibration profile based on experimental re-
search [9] and the identification of diagnostic indica-
tors of damage to specific components, such as gear
transmissions, using digital twin technology [10]. This
brief literature review confirms the relevance of vibra-
tion diagnostics for ball mills and the application of
resulting data to support technical condition assess-
ment. It also underscores the timeliness of discussing
industrial research data that define the vibration pro-
file of ball mills.
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General provisions

Currently, significant attention is focused on op-
timizing drive systems, automation, and control in
grinding processes*. For the first time, an analysis of
the primary interrelated technical characteristics of
industrial ball mills (Fig. 1) has been conducted, in-
cluding parameters such as drum volume - V,, m3,
drum diameter — D,, m, rotational speed — W, rad/s,
ball load - Q,,,;, t, total weight — Q, t, and drive po-
wer — P, kW. By comparing the correlation depen-
dencies Q = f(V,) and P = f(V,), their similarity can be

4 ham Van Bien. Switched reluctance drive for ball mills.
Dissertation abstract for the Candidate of Technical Sciences.
Institution of defense: South-Russian State Polytechnic
University (NPI) named after M.I. Platov, Novocherkassk; 2019;
Zakamalden A.A. Optimal control of the grinding process in
a ball mill using a predictive model. Dissertation and Abstract
for the Candidate of Technical Sciences. Institution of defense:
Tomsk State University of Control Systems and Radioelectronics,
Tomsk; 2022; Khanin S.1. Development of scientific foundations
for designing ball mills with energy exchange and classifying
devices. Dissertation abstract for the Doctor of Technical
Sciences. Institution of defense: Orel State University named
after I.S. Turgenev, Belgorod; 2016.
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Fig. 1. Correlations between key characteristics of available ball mill size classifications
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noted; conversely, for the dependencies W = f(D,) and
Q,.. = f(V,), an inverse similarity is observed. The es-
tablished correlation dependencies for the graphs:

Q=f(V,): y=0.09x?+2.4252x-7.7403, R?=0.8516; (1)
P=f(V;): y=0.933x7+8.5701x—34.735, R*=0.91474; (2)
W=f(D,): y=-13.141nx+124.82, R?=0.9334; 3)

Q,.,=f(V,): y=0.0548x2+ 1.6284x—6.296, R?=0.9037, (4)

will enable specialists in design and operation to make
more informed decisions regarding the selection of
technical parameters and operational modes for both
existing and planned-for-commissioning ball mills.

The wide variability in technical specifications
should be factored in when setting vibration stan-
dards, as these mills are often manufactured as cus-
tomized units or in limited production runs for spe-
cialized orders. The prolonged operational cycle for
crushing and grinding raw materials allows for the
use of either synchronous or induction motors as
ball mill drives. A synchronous motor with a rota-
tional speed of 75 rpm or 150 rpm, to achieve a drum
rotation speed of 13-16 rpm, requires the use of
a single-stage gear unit with a gear ratio of 5.4-9.0,
with the drum’s ring gear acting as the drive wheel
of the gear unit.

The use of an induction motor requires instal-
ling either a cylindrical gear unit® [8] (with one or
two low-speed gears) or a planetary gear unit® with
a high gear ratio. A direct drive configuration from
the low-speed shaft of the gear unit, without using

5 FLSmidth company website Gear Units for Horizontal
Mills. URL: www.FLSmidthMaagGear.com

¢ FLENDER company website. PLANUREX 3 standard
series. URL: https://www.flender.com/de/Produkte/Getriebe/
PLANUREX-3-Standardbaureihe/p/ATN319
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the drum’s ring gear as the drive wheel of the gear
unit, is also possible. Implementing a dual-gear unit
drive reduces overall system reliability due to the in-
creased number of components or insufficient motor
load. In the event of a motor failure, the remaining
motor is expected to complete the current stage of
the technological process. To ensure continuous
grinding operation when using multiple ball mills,
partial redundancy is employed, allowing mainte-
nance on one or more machines. Transitioning to
a predictive maintenance strategy should be sup-
ported by data on individual stiffness characteristics
and specific drive type features.

Options for diagnosing
the technical condition of mills
with synchronous and induction drive motors

The arrangement of vibration measurement con-
trol points (Fig. 2) was determined according to the
recommendations of the GOST ISO 10816-1-97 stan-
dard: 1 - free bearing of the electric motor; 2 — mo-
tor bearing near the coupling; 3 — drive gear bearing;
4 - non-drive side bearing of the drive gear; 5 - drum
bearing on the drive side; 6 — drum bearing on the
non-drive side. The sensor was mounted using a mag-
netic attachment. The monitored frequency ranges
were 2-800 Hz and 10-4000 Hz. Measurements were
taken along three mutually perpendicular directions:
V —vertical, T - transverse (horizontal), and A - axial.

The ball mill’s structure includes three shafts
(each mounted on two bearing supports) that are kin-
ematically connected, with variations in rotational
speed, bearing support design, and stiffness:

- synchronous drive motor shaft — points 1 and 2;

— drive gear shaft - points 3 and 4;

—mill drum - a hollow shaft with a gear wheel,
mounted on sliding bearings— points 5 and 6.

Fig. 2. Arrangement of control points on the ball mill

423


https://mst.misis.ru/
http://www.FLSmidthMaagGear.com
https://www.flender.com/de/Produkte/Getriebe/PLANUREX-3-Standardbaureihe/p/ATN319
https://www.flender.com/de/Produkte/Getriebe/PLANUREX-3-Standardbaureihe/p/ATN319

% MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(4):420-432

Table 1
Vibration parameter values for control points
of the ball mill
RMS vibration| _. RM§ Vibratign
Measurement di vibration | acceleration,
. isplacement, s
point m velocity, | a-rms/a-peak
B mmy/s m/s?
1H 26/1 0.7/0.6 (0.4/1.6/0.4/1.3
2H 36/1 0.7/0.5 10.5/2.7/0.6/3.2
3H 398/60 10.6/8.3 |5.4/28.7/14/93
4H 470/48 20.6/18.2 | 8.7/19.8/9/42
5H 145/8 2.9/1.5 1.6/6.3/4.2/24
6H 54/6 2.1/1.3 11.0/3.4/1.5/8.7

Note: frequency range: 2-800 Hz / 10-4000 Hz.

Measurements conducted on coal grinding mills
revealed instability in vibration displacement rea-
dings within the frequency range of 10-4000 Hz, sta-
ble values for vibration velocity, and high values of
vibration acceleration in the same frequency range
(Table 1). The localization of elevated vibration va-
lues at points 3 and 4 suggests misalignment be-
tween the gear teeth of the pinion and the wheel,
loosening of threaded connections, or damage to the
foundation of the drive gear bearing supports.

The installation of a stationary vibration moni-
toring system on ball mills for grinding mineral raw
materials required the individualized determination
of technical condition category thresholds based on
overall vibration levels for control points. The diag-
nostic task sequence required the inclusion of the fol-
lowing provisions.

Study of object characteristics

The mill’s motor shaft connects to the drive pi-
nion shaft through an intermediate shaft equipped
with flexible couplings and measuring 3800 mm in
length and 450 mm in diameter. This design allows
for up to 1° of angular misalignment compensation,
equating to 17.6 mm per meter of length. Asymmetri-
cal wear of the flexible coupling elements may occur.

The torque generated by the motor is 533 kN-m.
The pinion shaft is a two-support shaft with the
drive gear mounted between supports. The supports
are double-row spherical roller bearings (type 3680),
housed in cups or mounted directly in the casing. The
fixed support is positioned on the gear unit side of the
re-lining drive.

The gear diameter is 1220 mm, with a linear tooth
speed of 4.5 m/s. Lubrication is provided by liquid oil
supplied from an oil station. Sealing is non-contact
labyrinth type. Nozzles are installed for lubricating
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the gear wheel, differing from the original design.
Technical specifications: high-speed shaft rotation
frequency is 75 rpm; the pinion shaft has 46 teeth.

Vibration represents the response of a system
with unknown stiffness, damping both the calculated
and parasitic forces [11]. The calculated forces in the
gear mesh are:

- tangential F,=2M_,/D,=2x533/1.156=922.1 kN;

—radial F,=F,xtga/cosp=922.1x0.364/0.9945 =
=337.5 kN;

- axial F,=F,xtgB=922.1x0.105=96.8 kN,
where «=20° tg20°=0.364; B=6°, c0s6°=0.9945,
tg6°=0.105.

The pinion shaft has a mass of 11,000 kg.

During operation, the pinion shaft is pressed
against the bearing support. The wear rate of the
pinion shaft teeth is 5.47 times faster than that of
the wheel teeth. This differential wear leads to a mis-
match in the gear pairing, necessitating adjustment
of the pinion shaft’s position while keeping the mo-
tor stationary. This wear process is accompanied by
increased wear and vibration. Gaps in the gear teeth
with varying inclination angles result in the appea-
rance of harmonic and subharmonic components in
the gear mesh.

The frequency range includes:

— harmonics of the rotation frequency at 1.25 Hz;

—tooth mesh frequency at 57.5 Hz and its har-
monics up to the 5" harmonic at 287.5 Hz;

- subharmonics and 1.5 harmonics are observed in
centrifugal ball mill (CBM) 5.5x6.5 at 28.75 Hz (tooth
subharmonic), 86.25 Hz (1.5 tooth mesh), 143.75 Hz
(2.5 tooth mesh), 201.25 Hz (3.5 tooth mesh):

— bearing frequencies are nearly undetectable, ex-
cept for frequencies at 8.13, 8.28, 27.81, 28.28, 29.69,
34.22,and 35.16 Hz.

The rotational motion implies that axial vibration
has the lowest values, and the ratio between vertical
and horizontal components is 0.8.

Vibration velocity values in the axial direction
increase in the presence of axial clearances, non-pa-
rallel alignment between the gear teeth of the pinion
and gear wheel, loosened threaded connections, or
a “soft foot”. Vibration velocity values in the horizon-
tal direction are the highest, and increased vertical vi-
bration may indicate loosened threaded connections
or a “soft foot”.

Horizontal vibration velocity values exceed verti-
cal values by 20%. The supports, like the pinion shaft,
are symmetric, so:

3V =4V, 3H = 4H, 3A =~ 4A.

The thresholds for technical condition categories
were determined for each shaft individually through
statistical classification, under the assumption that
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coupled components are in a state defined by the
damage energy potential in progressive development
stages. Technical condition categories indicate the
necessity and urgency of repairs. The “emergency”
category signifies a loss of control over the condition.
An example histogram for determining technical con-
dition category thresholds based on overall vibration
acceleration (m/s?) is provided in Fig. 3.

Based on the hypothesis of a minimal number
of instances at the thresholds of technical condition
categories, as shown in Fig. 3 for the pinion shaft
bearings, we established the following condition
thresholds: satisfactory — up to 2.0 m/s?; requires cor-
rection — 2.0-4.8 m/s?; emergency — above 4.8 m/s?.

Similarly, condition category thresholds for
overall vibration velocity levels were determined in-
dividually for each shaft bearing support.

Technical condition thresholds for the synchronous
drive motor bearing supports are as follows: satisfacto-
ry — up to 1.8 mm/s; requires maintenance interven-
tion - 1.8-3.0 mm/s; emergency — above 3.0 mm/s.

Technical condition thresholds for the mill drum
bearing supports are as follows: good — up to 0.6 mm/s;
satisfactory — 0.6-1.5 mm/s; requires maintenance
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intervention — 1.5-3.0 mm/s; emergency - above
3.0 mmy/s.

Technical condition thresholds for the drive pinion
shaft bearing supports are as follows: satisfactory — up
to 4.5 mm/s; requires maintenance intervention —
4.5-11.2 mm/s; emergency — above 11.2 mm/s. These
thresholds align with the recommendations of GOST
ISO 10816-1-97.

Number of instances

0 1 2 3 4 5 6 7
Vibration acceleration, m/s?

Fig. 3. Histogram of vibration acceleration instances
for points 3 and 4 (pinion shaft bearings)
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Fig. 4. Damage progression in the direct spectra of vibration velocity at points 3 and 4:
a - good condition — harmonics with low component levels of 0.2-0.8 mm/s; b — satisfactory condition — increase in the amplitude
of higher harmonics up to 2.0 mm/s; ¢ — correction required — increase in the amplitude of the first harmonic above 4.5 mm/s,
decrease in the amplitude of higher harmonics
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Based on the analysis of failures and maintenance
work, conclusions were drawn regarding:

- the extent of damage and possible actions;

— principles for analyzing overall vibration levels;

— the nature of damage as vibration velocity val-
ues increase in specific directions;

- diagnostic guidelines for differentiating dam-
age types based on direct spectra.

Characteristic patterns and the sequence of dam-
age progression were established using the direct
spectra of vibration velocity (Fig. 4) and vibration ac-
celeration.

The time-domain vibration signal allows for the
observation of the emerging beat frequency mode
(Fig. 5). For example, in the operation of the gear
mechanism of ball mills, beats occur with a period of
approximately 1.1 seconds. The beat period is deter-
mined by the formula:
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T
T —=2x—. 5
beat AG ( )
From this, we get:
An= 60 _ 54.5 rpm.

beat

Beats may arise under the following condition:
-0,5xn

This corresponds to the development of clearan-
ces in the sectors of the gear mesh.

The advantage of a permanent vibration control
system lies in its continuous recording of vibration
parameters. In this context, one key diagnostic crite-
rion is the stability of the vibration profile. These pro-
files are unique to each mechanism at a given point in
time. For a well-functioning mechanism, spectral pat-
tern changes occur without an increase in component

An= Mootor = Mt mill ~ 54.5 rpm.
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Fig. 5. Beat phenomena: a — clearances in gear mesh sectors; b — tooth spalling;
¢ - bearing damage; d - instability in gear operation
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amplitudes; only the frequencies shift. In contrast,
a faulty condition is indicated by amplitude growth —
first in the higher harmonics, followed by the primary
rotational harmonic. Establishing standards for ac-
ceptable rates of vibration increase is essential.

The roles of portable and permanent vibration
control systems differ significantly. Diagnosis with
single-channel or multi-channel portable vibration
analyzers provides a static assessment of the equip-
ment’s current state. This method uses the most in-
formative control points and supplements them with
additional data from visual inspection, noise analy-
sis, localized temperature measurements, the overall
thermal profile, and other organoleptic and instru-
mental assessments.

A permanent system, however, continuously
tracks variations in diagnostic values at control points,
offering a dynamic picture of the system’s condition.
The absence of visual inspection data, load program
details, and maintenance history cannot be fully com-
pensated by even advanced expert modules. Data from
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permanent systems should therefore complement,
rather than compete with, the capabilities of portable
systems. Any lack of maintenance history is offset by
trend analysis. Here, the analysis duration depends on
the diagnostic objectives and the feasibility of acquir-
ing supplementary data. The analysis period is typical-
ly limited to the interval between major maintenance
events, comparable in scope to overhauls involving
key element replacements and restoring operational
capacity to at least 80% of its original state.

In this case, trend analysis becomes the primary
source of additional information. The following ex-
amples pertain to mechanisms like ball mills (Fig. 6),
where the motor has a power of 4000 kW, a rotational
speed of 75 rpm, and a drum with a diameter of 5.5 m
and a length of 6.5 m, rotating at an angular speed of
13.68 rpm. The objective was to identify certain logi-
cal rules and dependencies by analyzing trends in the
RMS vibration velocity within a frequency range of
10-1000 Hz at control points. The baseline interval
is one month.
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Fig. 6. Stop types: a - short-term stops; b — brief startups;
¢ — preventive stops; d — extended stops

427


https://mst.misis.ru/

MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ1I0I'MU
2024;9(4):420-432

The number of equipment stops within a month
may vary randomly and can reflect certain trends in
the technological process or maintenance activities.

It is important to distinguish between short-
term stops (Fig. 6, a), brief startups (Fig. 6, b) resul-
ting from disruptions in operational or maintenance
processes, preventive stops (Fig. 6, ¢), and extended
stops (Fig. 6, d). An additional parameter is the stop
type, classified by downtime duration: short-term or
extended. These data are used to calculate the availa-
bility factor Ka, one of the key reliability indicators of
the technical system:

K, = T ,

T+7
where T is the operating time, and = is the recovery
time.

A high number of stops indicates either a per-
sistent issue that is difficult to resolve or the use of
these mechanisms as a ‘hot’ standby. In trend analysis
(Fig. 7), signs emerge of brief startups and exponential
decreases in vibration velocity after startup. These are
accompanied by downtimes lasting several days.

In extended operation, several modes can be iden-
tified (Fig. 8): stable operation (Fig. 8, a), decreasing
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vibration velocity (Fig. 8, b), increasing vibration ve-
locity (Fig. 8, ¢), and unstable operation (Fig. 8, d). To
assess instability, it is essential to consider the range
of peak values, as well as the causes of increases and
decreases in vibration velocity, recorded at the sensor
polling interval of 20 minutes. Analyzing long-term
trends can be used to address operational challenges
and optimize the operating mode.
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Fig. 7. Vibration velocity trend at point 4P of the ball mill
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Fig. 9. Vibration velocity trends for the pinion shaft bearing assemblies in September

Each operating mode clearly has its own causes.
Stable operation corresponds to the stability of the
technical condition and does not require any addi-
tional maintenance or repair actions. Decreasing vi-
bration velocity may occur due to ball wear and the
resulting decrease in the unbalanced force acting on
the mill. Increasing vibration velocity indicates the
presence of additional forces or a reduction in bearing
support stiffness due to loosening of threaded con-
nections.

General trends may be observed across the entire
machine or within specific assemblies. Fig. 9 shows
long-term vibration velocity trends at the pinion shaft
bearings of the ball mill over an extended observation
period (more than two weeks) for several key points,
such as 3V, 4V, 3P, and 4P. As seen in Fig. 9, there is
a positive trend of decreasing vibration velocity dur-
ing the observation period.

In the vibration velocity trends, two segments
can be identified. The first segment is a descending
line, and the second is a sharp drop in vibration velo-
city readings, which can be attributed to a temporary
shutdown of the ball mill's electromechanical system
(EMS). After the EMS is restored, the downward trend
in vibration velocity resumes. Another diagnostic in-

dicator is the transition of vibration velocity values:
from the red zone to the yellow, from the yellow to the
green, or remaining within the green zone - the zone
of permissible values.

The examples provided illustrate possible rea-
lizations of vibration velocity values over time in
a technical system. Key indicators must be formal-
ized and integrated into expert modules to support
decision-making. For instance, accumulating data
on instances of brief vibration velocity exceedances,
introducing a stability indicator, and assessing the
post-repair condition. To evaluate the motor’s con-
dition, a vibration sensor should be installed on its
housing.

Diagnosis of a ball mill driven
by an induction motor
The presence of a gear unit in the design of this
mill increases the number of control points for vi-
bration measurement (Fig. 10). Varying replacement
intervals for gear wheels” necessitate high-quality

7 Troshina A.G. Modernization of the drive system of
operated horizontal cement mills. Dissertation Abstract for the
Candidate of Technical Sciences. Defense Institution: Tula State
University, Tula; 2013.
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spare part production on equipment from a single
manufacturer. The results of overall vibration level
measurements are presented in Table 2. Despite the
substantial size of the gear unit, vibration levels are
relatively high across the entire assembly (accep-
table limit: 11.2 mmy/s), which may be due to increased
compliance of the foundation or the gear pair being
manufactured by two different companies.

The analysis of the overall vibration velocity
measurement results indicates that the gear unit is in
an emergency state, and operation should cease un-
til the identified defects are resolved. Increased axial
vibration suggests the presence of bending during ro-
tation. This is further confirmed by uneven vibration
velocity values in two mutually perpendicular direc-
tions.

Determining the informative frequencies of po-
tential damage is feasible with a simple calculation,

Table 2
Vibration parameter values
for the gear unit control points of the ball mill

RMS vibration velocity by direction
Meals;:;li‘flrtnent (frequency range 10-1000 Hz), mm/s
Vertical Horizontal Axial
1 6.89 9.91 12.18
2 12.73 9.55 7.01
3 7.17 5.96 10.74
4 7.36 9.45 10.54
5 5.64 8.00 9.54
6 13.73 8.41 8.16
7 4.81 7.77 -
8 9.35 7.04 11.25
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given the known kinematic scheme. We identify the
rotational and gear mesh frequencies as follows:

— high-speed shaft: first harmonic — 16.6 Hz, gear
mesh frequency — 612 Hz;

— intermediate shaft: first harmonic - 7.6 Hz, gear
mesh frequencies — 613 Hz / 174 Hz;

- low-speed shafts: first harmonic — 2.1 Hz, gear
mesh frequencies — 174 Hz / 65 Hz.

In examining the direct spectra (Fig. 11), the
developed diagnostic rules for identifying spectral
patterns were confirmed, though the appearance of
a 729 Hz frequency generating a harmonic series was
unexpected. The exceeded amplitude of higher har-
monics at the 612 Hz gear mesh frequency clearly in-
dicates damage progression. High foundation com-
pliance was confirmed by contour diagram analysis.
The 729 Hz frequency was identified as a resonant
frequency.

Drive syste!
components

Fig. 10. Arrangement of control points for measuring
vibration in the gear unit

Vibration acceleration, m/s?

2000
Frequency, Hz

Fig. 11. Direct spectrum of vibration acceleration in the frequency range 10-4000 Hz
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Over 10 days of operation, critical increases in vi-
bration were observed at specific frequencies:

- 65 Hz — amplitude 2.0 mm/s, second harmo-
nic at 130 Hz with amplitude 1.5 mmy/s: This indica-
tes increased vibration in the gear mesh zone (third
and fourth stages), with progressively worsening
misalignment;

- 612 Hz - amplitude 9.5 mm/s: A 2.5-fold in-
crease over a short period, suggesting a shift in the
technical condition category;

- 1224 Hz (second harmonic of the 612 Hz fre-
quency) — component amplitude rose over 12-fold,
from 0.79 mm/s to 9.4 mm/s, indicating increased
misalignment or eccentricity in the gear mesh zone;

- 726 Hz - component amplitude remained un-
changed, confirming this frequency’s resonant nature.

Conclusions

1. For the first time, an integrated analysis of the
key interrelated parameters of ball mills — Q, P, W,
Q,,.- The analysis of correlation dependencies for the
graphs Q = f(V)); P = f(V,); W = f(D,); and Q,,,, = (V)
enables equipment design and operations specialists
to make more informed choices regarding the techni-
cal parameters and operating modes of both current
and planned-for-commissioning ball mills.

2. The combination of shafts with varying rota-
tional frequencies and stiffness in ball mill designs
requires individualized determination of technical
condition category thresholds. Based on vibration ve-
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locity and acceleration trends over time, an analysis
is performed to assess the electromechanical system
(EMS) components’ susceptibility to damage and op-
erational feasibility under current loads.

3. The technical condition of ball mills can be
adequately assessed through overall vibration level
analysis, direct trends in vibration velocity and acce-
leration, analysis of time-domain realizations of the
vibration signal, and both short-term and long-term
trend analysis. Vibration velocity trends displayed in
color-coded zones (red, yellow, green) at any given
time allow for the assessment of the system's condi-
tion and decision-making regarding potential repair
actions.

4. Combining the capabilities of permanent vi-
bration monitoring with multi-channel portable
diagnostic tools provides timely information on
equipment condition, allowing for effective planning
of maintenance and repair work. Comprehensive con-
clusions on technical condition require data on pro-
duction load, electrical load, thermal fields, visual
inspections, and completed maintenance and repair
activities.

5. The examples provided demonstrate the need
to classify key trend types and establish logical deci-
sion rules for consideration by the expert system in
decision-making. To avoid resonant and sub-resonant
frequencies in the ball mill EMS, it is recommended
to use frequency-controlled drives (FC-IM, FC-SM) for
material grinding of specific fractions.
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