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Pe3stome: AKTYanbHOGTb NPOGEMbl 0GbACHAETCA TEM, YTO PY/AHbIE MECTOPOXAeHUS CajOHCKOrO PyAHOTo
y3na Pecny6nuku CesepHasa OceTusi—AnaHus He paspabaTtbiBalOTCS N0 NPUYNHE HEPEHTABENbHOCTY U3-3a BbICO-
KX NOTEPb 1 Pas3yGoXKMBAHUA Py NPU HEA0CTATOYHO YNPABAAEMbIX F8OMEXaHNYECKNX NPOLIBCCax Pa3padoTKy.
MeToabl: 0606LLEeHNE PE3yNbTaTOB 1aG0PATOPHBIX U HATYPHbIX UCCNEA0BAHMIA, CUCTEMATU3ALMA MOYYEHHbIX
JAaHHbIX, aHANN3 PE3yNbTaToB UCCNEA0BAHWIA, SKCNIEPUMEHT, (DU3MYECKOe M MaTeMaTU4eckoe MOANMPOBaHIe
1 MPOrHO3NPOBAHME Ha WHXXEHEPHOM ypoBHE. Pe3ynbTatbl. [laHa cripaBka O CUCTEMax KOHTPOMSA COCTOSHMA
MacC1Ba PyA0BMELLAIOLNX FOPHbIX MOPOJ NpY NOA3EMHOI pa3padoTke PYAHbLIX MECTOPOXAeHNNA. ccnenoBsa-
Hbl aCMEKTbl YTUAN3ALMU NPU N3TOTOBMIEHIUN GETOHHbIX 3aKNAL04HbIX CMECE 0TX00B 406bIYM 1 NepepaGoTKu
[0/I0MUTA W XBOCTOB NepepaGoTKu pya B pamkax eauHoil TexHonoruu. MpuseeHbl pesynbTarhl NOA3EMHOM0
6/10KOBOrO BbILLENAYNBAHUA 11 U3BNIEYEHIS METANNIOB U3 NPOMbILLNEHHBIX CTOKOB MECTOPOXKAEHNI CafOHCKOr0
PYAHOro y3na. OxapakTepu3oBaHbl OCHOBHbIE METOAbI UCCeA0BAHNS PYAOBMELLAIOLLEr0 NOPOAHOT0 MaccuBa
MPU TEXHONOTNYECKOM BO3AEACTBUN Ha Hero. CpopmupoBaHa 6a3a AaHHbLIX A1S CO3aHWUS 8AMHOW MOpenu
B3aUMOIEICTBUA NPUPOAHBIX U TEXHUYECKMX CUCTEM B PAlOHAX WHTEHCMBHOTO W MACLUTAGHOrO KOMMIEKCHO-
0 0CBOEHWs Heap Ha npumepe PCO-Ananus. MpuBeaeHbI PesynbTaThl CUCTEMATU3ALMIA KCNEPUMEHTaIbHBIX
JaHHbIX W aHanu3a AMHAMUKM reoMexaHuku paspabarbiBasMblX PYAHbIX 3amnacos, ONTUMW3ALNN MexaHu3Ma
yrpaBeHns COCTOAHNEM pa3pabaTbiBaeMOro MaccuBa ¢ MUHUMU3ALMEN NOTepb U PasyGoXKMBaHNA PYA, @ TAKKe
PaANKaNbHOTO N3MEHEHNs 9KONOrMYECKIX NoKasaTener pa3padoTkn MECTOPOXKAEHNA TEXHONOMMYE8CKI BCKPbI-
BaemMbIx pya. MpeanoxeHa ansTepHaTMBHAA TPAAULNOHHON TEXHONOMUS BbILLENaYNBaHIUS METanNoB, 0CO6EH-
HOCTb KOTOPOW COCTOUT B NEPEHECEHUM NPOLIECCOB NepepaboTKi pyA B Heapa. B ka4ecTBe OCHOBHOrO Hampas-
NIEHIS COBEPLUBHCTBOBAHMNS [40ObLIYM METaI0B PEKOMEH/J0BaHa KOHLIENLMA KOMM/IEKCUPOBAHNS BO3MOXHOCTEI
Cafl0HCKOr0 CBUHLIOBO-LIMHKOBOrO KOMGIUHATA 1 Kapbepa «[l0N0MUT», peannsaLmsa KOTOPOi MOXET 06eCneynTh
(DYHKLMOHNPOBaHME 0GbIBAIOLLMX 11 NepepadaThiBaOLLMX NPEANPUATIR PErNOHa C NOYYeHNeM KOMMIEKCHOr0
3KOMIOr0-3KOHOMUYBCKOr0 U coLmanbHOro adpdpekta. Matepuanbl UCCNeA0BaHNA NPEACTABNAOT UHTEPEC A
Pa3padoTKN TEXHOMOTMYECKN BCKPbIBAEMbIX TBEP/AbIX MOE3HbIX UCKOMABMbIX U MOTYT GbiTh BOCTPEGOBAHbI NN
MOZJEPHIU3ALMN JEACTBYIOLNX U CTPOUTENLCTBE HOBBIX MPEANPUATUI, a TAKXKe AnA MOATOTOBKM CNELUanicTos
BbICLLIEIT KaTeropuu.
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Abstract: The relevance of this research is explained by the fact that the ore deposits of the Sadon ore
cluster in the Republic of North Ossetia—Alania are not being mined due to their unprofitability, which stems from
high losses and ore depletion caused by poorly controlled geomechanical processes during mining. Methods:
generalization of laboratory and field study results, systematization of the obtained data, analysis of research
results, experimentation, physical and mathematical modeling, and engineering-level forecasting. Results.
Information is provided on systems for monitoring the condition of ore-bearing rock masses during underground
mining of ore deposits. Aspects of utilizing dolomite mining and processing waste and ore processing tailings
in the production of concrete grouting mixtures within a unified technology have been investigated. Results of
underground block leaching and metal extraction from industrial effluents of the Sadon ore cluster deposits
are presented. The main methods for studying the ore-bearing rock mass under technological impact are
characterized. A database has been created to develop a unified model of the interaction between natural and
technical systems in areas of intensive and large-scale comprehensive subsoil development, using the Republic
of North Ossetia—Alania as an example. This study presents the results of a systematic review of experimental
data and an analysis of the geomechanical behavior of mined ore reserves, the optimization of a mechanism for
managing the condition of the mined rock mass to minimize losses and ore dilution, and a radical improvement in
the environmental performance of mining operations for ores that can be extracted using conventional methods.
An alternative technology to the traditional one involving metal leaching is proposed, the distinctive feature of
which is the transfer of ore processing operations to the subsoil. As the main direction for improving metal
extraction, the concept of integrating the capabilities of the Sadon Lead and Zinc Combine and the “Dolomite”
quarry is recommended; its implementation can ensure the operation of the region’s mining and processing
enterprises while yielding a comprehensive environmental, economic, and social effect. The research materials
are of interest for the development of technologically extractable solid minerals and may be in demand for the
modernization of existing enterprises and the construction of new ones, as well as for the training of top-level
specialists.

Keywords: deposit, ore-bearing massif, development, technology, anthropogenic impact, geomechanics,
stresses, deformations, geophysics.
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BeeapeHme

leouznueckue MeToABl MCCIENOBAHUI COCTABISIIOT OCHOBY HPU MPOTHO3WPOBAHUU
COCTOSTHUSI MacCuBa B TpoIecce pa3paboTKH MECTOPOXKIECHUH IMOJIE3HBIX HCKOMAEMBIX
[BaamumBunm, [onuk, 2024; Tonuk u ap., 2015; Tonuk, 2025a, 6; Golik et al., 2015; Adero
etal., 2020].

PecypcocbOeperatoniyie TEXHOJIOTHH OCBOCHUS MECTOPOXKJIEHUHN MOJE3HBIX HMCKOIae-
MBIX, IPUMEHSIONUE METOJIbI PYTHUIHON Te0(U3UKH, OTIMCAHBI B TEOPETHUECKHUX H MPaK-
TUYECKUX paszpaborkax [Peibak u ap., 2022; Anuramos, Onenkos, 2021; Kntoes u np.,
2020; Agelet de Saracibar, 2022; T'omuk, bypasuesa, 2024].

Pesynbrarel reodn3nueckoro KOHTPOJS IMO3BOJITIIOT 00OOCHOBAThH IEJIECO00Pa3HOCTh
HaIpaBJICHUI COBEPIICHCTBOBAHNUS T€OTEXHOJIOTUH ITyTeM KOMILIEKCHOTO UCTIOIB30BaHUS
reo()U3MUeCcKUX METOIOB ISl IPOTHO3MPOBAHHMSI CBOMCTB TOPOTHBIX MACCUBOB ITPH TEXHO-
JIOTUYECKOM Bo3aeicTBUM Ha HUX [baryrun u np., 2021; banosues u ap., 2016; Abpamkun
u 11p., 2022; Liu et al., 2022].

I'eopusnueckue npudOps! U 000PYI0BAHUE SBISIOTCS HEOTHEMIIEMOI YacThbIO IpoLec-
ca 100bIYM MHUHEPAILHOTO CBIPbhSI IS YAOBIETBOPEHUS MOTPEOHOCTEH MPOMBIIIIIEHHOCTH
[Ma et al., 2024; XakynoB u 1p., 2018; Mecxu u ap., 2017; Di et al., 2023] u obecnieueHus
JKoJIoTHUecKuX TpeboBanuii [PeyTosa u np., 2025].

leouzuueckue METONBI CONMPOBOXKICHUS TEXHOJOTHMUECKHX IMPOIECCOB MO3BOJISIOT
CO3/1aTh JIOKa3aTeIbHYI0 0a3y Jyisi 000CHOBAaHHUS BO3MOXKHOCTH U LEI€CO00PAa3HOCTH TPHU-
OPUTETHBIX HANpPaBICHUN B TOPHOM MPOM3BOJCTBE, MOI3EMHOM CTPOHUTEIHCTBE M 00OTa-
mennn pyx [Askaripour et al., 2022; Cristelo et al., 2020; UrnarseBa u ap., 2021; TronseBa
u ap., 2024].

Llenpro MccaenoBaHUs SIBISIETCS YCTAHOBJICHUE 3aKOHOMEPHOCTEW B3aMMOJICHCTBUS
MPUPOJIHBIX U TEXHUUYECKHX CHUCTEM MecTopoxaeHuid CaJoHCKOTO PYIHOTO y3Ilia B MpO-
1ecce ONTHUMM3AIMN TEXHOJOTHH TOOBIYU PyA MO KPUTEPHUIO MOJTHOTHI U 0E€30MacHOCTH
WCIIOJIb30BaHUs HEJIP.

MeTtoabl NICCAEAOBOHMS

O0o001enue, cuctreMaru3alys, aHajln3, SKCIEPUMEHT, MOZIEIMPOBAHNE U IIPOTHO3UPO-
BaHHUE OCYIIECTBISIOTCS B IPOLIECCE COBEPIIEHCTBOBAHUS CUCTEMbI Ie0(hU3UYECKOTO KOH-
TPOJISi COCTOSIHUS MaCCUBA TOPHBIX IOPOJ C ONTUMAJIBHBIM HUCIIOJIb30BAHUEM UHCTPYMEH-
TOB U MPUOOPOB re0PU3NUECKOr0 MOHUTOPHHTA.

C ucnonbp3oBaHuEM OOLIETIPUHSTHIX METOAMK UCCIIEAYIOTCS aCIIEKThI yTUIIM3ALUU XBO-
CTOB NepepadOTKH U MECTHBIX MAaT€pPHaJiOB MPH M3TOTOBICHUM OCTOHHBIX 3aKJIaJOUYHBIX
cMmeceil. Pe3ynbTrarsl 1013eMHOT0 OJIOKOBOTO BBILLEIAUMBAHUS U U3BJICUEHUS METAJUIOB U3
IIPOMBILUIEHHBIX CTOKOB MECTOPOKICHUH ITOJIy4Y€EHBI 110 aJalITUPOBAHHBIM K MECTHBIM YC-
JIOBUSIM METOIMKAaM aBTOpa.

OxapakTepu30BaHbl OCHOBHBIE METO/IbI UCCIIEN0BaHUS PYAOBMEILAIOLIETO TOPOIHOTO
MacCHBa IIPU TEXHOJIOTMYECKOM BO3ACHCTBUU HA HETO.

Ha 0a3e momy4eHHbIX JaHHBIX CO3JA€TCs MOJIENb B3aUMOJECHCTBUS IPUPOIHBIX U TEX-
HUYECKMX CHUCTEM B PallOHaAX MHTEHCHUBHOIO M MAacIITa0HOIO KOMILJIEKCHOI'O OCBOEHMS
Heznp Ha npuMepe PCO—-Ananus.

Pesynbrarsl cucTeMaTU3aluy dKCIIEPUMEHTANIBHBIX JaHHBIX, ONTUMHU3ALM1 MEXaHU3Ma
YIPABJICHUS COCTOSIHUEM MAacCHBa U PAJUKAIBHOIO MU3MEHEHUs DKOJIOTMYECKHUX I0Ka3a-
Tesiel pa3pabOTKU MECTOPOKIEHUN MOJIOKEHBI B OCHOBY KOHLIEIIIMM KOMITJIEKCUPOBAHUS
BO3MOXXHOCTEMN T'OPHBIX MPEAIPUATUH.

Pe3yAbTaThl PABOTHI

[Ipu Bo3melicTBUM KUCTOTHBIMU pacTBopamu Ha conepxaiire CaCO; moposbl oOpasy-

€TCs I'uIIC:
CaCO,+ H,S0, = CaSO,+H,0 + CO,.
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VYenoBus (GopMHpOBaHHMS HCKYCCTBEHHOTO MAacCHBa MOJEIMPOBAIKNCH Ha IJIOCKOM
crenae B Maciurade 1:200. BepxHuii cioii 1ByXCIOWHON CeKIMM 00pa30oBaH J0JIOMUTOM,
a B HIDKHEM CJIO€ YJIOKE€H MHEPTHBIM K KHCIIOTE aJIeBPOIUT C J0OABKOM 000X KEHHOMN U3-
Bectu. OOpazyromnrecs: Kucible pacTBOPHI GUIBTPYIOTCA B HUXKHUH CIIOM, re oOpa3yercs
BSDKYIIIEE JIJIsl OCTOHA.

be3 oTBoma Boawl rumnc oOpasyercs B TeueHHe 3—4 MecsleB, a €Cli OTBOIUTH €€ B
Te4YeHHue 2 Henlenb, 0eToH HabupaeT npouHocTh 2,5 Mlla, a 00beM ero yBeanunuBaeTcs Ha
10-30 %.

Ha nepBoii cTagum B KauecTBE BSHKYILIETO UCCIEAYIOTCS MOPTIaHAIEMEHT U KOMOMHA-
U TOPTIAHALIEMEHTa C MOKPOMOJIOTHIM IPAHYJIMPOBAHHBIM IIITAKOM.

Pesynbrarhl nccnenoBaHUs KOHTPOJIBHBIX KyOOB B Bo3pacTe 28 CyTOK NpHU pacxone
Bobl 20 av>/M> naHbl B Ta0mune 1.

Tabnuya 1/ Table 1

CocTaBbl ¢ IEMEHTOM U MeJIKOH ypaKknmeil XBOCTOB /
Compositions with cement and fine tailings

Pacxon nmopriaananeMenTa, Kr/m® /

Consumption of Portland cement, kg/m? 30 60 80 100 120 180

[Tpounocth MU3ypcKUX KyOoB, MIla /
The strength of the Mizur cubes, MPa

[IpounocTs TeIpHBIAY3cKHX KyOoB, MIla/
Strength of Tyrnyauz cubes, MPa

0,50 | 0,75 | 0,81 | 0,92 | 1,00 | 1,30

0,41 | 0,53 | 0,66 | 0,74 | 0,87 | 1,15

[IpounocTs ypynckux kyoos, MIla /

Strength of Urup cubes, MPa 048 10,69 | 0,78 | 0,87 | 0,92 1 124

[TpouHOCTH GETOHHBIX KYOOB, B KOTOPBIX 3aIIOJTHUTEh KOMOMHHUPYETCS, YBEITHUNBACT-
cs (tabm. 2).

Tabnuya 2 / Table 2

IIpouHocTH cMeceil ¢ KOMOMHHPOBAHHBIM cocTaBoM, MIla /
Strength of mixtures with combined composition, MPa

Pacxoj1 MOpTIIaHAILIEMEHTa, KI/M>
Consumption of Portland cement, kg/m? 30 60 80 100 | 120 | 180
%?K/Ifleﬁnreﬁgf o 0,65 | 0,82 | 0,93 | 0,99 | 1,27 | 1,65

TeipHay3cKHe TPOOHI /

The Tarnauz trials 0,51 | 0,63 | 0,74 | 0,89 | 0,99 | 1,50

VYpynckue mpoOsr /

- 0,62 | 0,73 | 0,88 | 091 | 1,08 | 1,55
Urup trials

3a cuer KOM6I/IHI/Ip0BaHI/I$I 3aIlOJIHUTCIIA 110 KPYIHOCTH IIPOYHOCTH OeToHa YBCIINYU-
BacTcsa. CMecH ¢ JOJIOMUTOM IO MPOYHOCTHU HECKOJIBKO YCTYHAOT CMECAM C NOPTIaHAIC-
MCHTOM.

Hccneoosanue napamempoes 3aKka1a0Ku u3z 0mxo006 00602auieHus

D¢ hekTHBHOCTh KOMOMHUPOBAHUS BSHKYIIUX OLIEHHBAIU ONTHYECKHM METOAOM C Ha-
rpy’KeHHeM MojenH Ha HeHTpudyre. OOpaser nmoMenand B TEPMOCTAT U BBIACPKUBAIU
rpu temreparype 100-130 °C, mpu KOTOpo# pa3HOCTh X0/1a JIy4el MOCTOSHHA.

HccnenoBana cepusi Mozenel, pa3iMyarolluXcs COCTOSHHEM BbIpaOOTaHHOTO MpPO-
CTPAHCTBA, C 3aII0JJHCHUEM CMECSIMH Ha IEMEHTHOU U JTOJIOMUTOBOI OCHOBE.
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Haunbonee Ge3zomacHbl BapuaHThI C 3alI0JHEHUEM ITYCTOT OETOHHOI CMecChIo, IpUYEM
BapHUaHThI 3aII0JHEHUS BBIPAaOOTaHHOTO MPOCTPAHCTBA 3aKJIAAKOM TPaJUIIMOHHOTO COCTa-
Ba U C JOJIOMUTOM Pa3INYaIOTCs HECYILIECTBEHHO.

Mapka 10JIOMUTOBBIX BSXKYLIMX YBEIMUUBAECTCA IIPU UX AKTUBALIUU B AE€3UHTErpaTope

(Tabm. 3).
Tabnuya 3 / Table 3

I[IpouyHocTh cMecH ¢ XBOCTOBOI 100aBKOI MocCJIe Je3uHTerparopa /
Strength of the mixture with the tail additive after the disintegrator

Pacxox marepuanos, kr/m> / Ocajxa koHyca, cM / | Hanpsokenne | IIpounocts, MIla/
Consumption of materials, kg/m? Cone draft, cm caswura, [la / Strength, MPa
Shear stress, Pa
Homomut/ | XBoctel/ | Boma/ 14 | 28 90
Dolomite Tails Water
40 1650 350 9,20 140 0,60 | 0,82 | 0,97
80 1600 350 9,71 131 0,91 1,19 1,32
120 1550 350 10,01 125 1,19 1,30 | 1,53
180 1500 350 10,50 145 1,50 | 1,71 | 2,05

[TorpenHOCTh U3MEPEHUN TPOYHOCTH ISl OLICHKU BOCIIPOU3BOJUMOCTH PE3YIIETATOB
coctapmset +£0,05-0,10 MI1a.

JI7isl OIICHKH aKTHBAIIMU B IIAPOBON MEJBHUIIE U B JIE3MHTETPATOPE UCCIIEIOBAHBI yC-
pelHEeHHbIE TaPTUU TOJIOMUTOB C TOHKOCTHIO momona 40 % (tabm. 4).

Tabnuya 4 / Table 4

CMecH ¢ 10JIOMUTOBBIM BSIAKYIUIHM IOCJI€ AKTUBALMH /
Mixtures with dolomite binder after activation

KoMmoneHTsl cmecu, Kr/m> / Pacrekaemocts, oM /| Hanpsoxenme | [Ipounocts, MITa /
Components of the mixture, kg/m? Spreading capacity, | cxsura, Ia / Strength, MPa
cm Shear stress, Pa
Honomut/ | 3anonaurens/ | Bona/ Bospacr, cytku /
Dolomite Filler Water Age, days
14 | 28 [ 90
[aposas menbHuia / Ball Mill
40 1620 350 19,6 114 0,26 | 0,31 | 0,51
80 1590 350 22,1 119 0,32 10,43 | 0,65
120 1540 350 23,2 98 0,73 10,87 | 1,05
180 1480 350 20,1 120 1,20 | 1,35] 1,51
Hesunterparop / The disintegrator
40 1600 350 18,4 106 0,30 | 0,45| 0,63
80 1590 350 19,7 122 0,56 10,73 | 0,82
120 1540 350 18,9 97 0,88 | 1,02 | 1,26
180 1480 350 20,1 103 1,33 | 1,47 | 1,64

[TorpenrHocTs U3MEpEHNI MPOYHOCTH AJISl OLIEHKH BOCIIPOU3BOAUMOCTH PE3ysIbTaToOB
coctapisiet +£0,05-0,10 MI]a.

BBIX0[ aKTUBHBIX MENKHUX (paKIMid JOTOMUTA YBETHMUYHMICS, U OH MOXKET OBITh YBEIH-
4eH JaipHeieil nepepaboTkoil B Je3UHTErpaTope.

AKTHUBAIMS OTXOJO0B IMOBBIIIAET MPOYHOCTH OeToHa Ha 15-20 %.
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Iloo3emnoe b10K060€ GblULCIAUUBAHUE

Mectopoxnaenne «Kakagyp-Xanukomckoe» (PCO-Ananus) mpencTaBisuio coOou
PYIIHOE TEJIO, 3aJIeraollee B paccaaHIlOBaHHBIX 0CAJOYHBIX MOPOAaX KPernocTbio 4—6 1o
M.M. IlporonssikoHOBY. BhlenaunBanue pyas! B 610ke 1auinoch 220 cyTok.

Hapesnbie paboThl B 6510Ke BKIIIOYATH OPOPMIIEHHE MOHTAXHOTO M MTOJICEYHOTO CIOEB,
MPOXOJIKY BBIMTYCKHOM Ty4YKH U OTPE3HOT0 BoccTaromero (puc. 1).

Puc. 1. I[loocomoska broxa: 1,2,3,4 — svipabomxu, 5 — pyonoe meino; 6 — pyooobpasyowuii paziom,
7 — ompesnoti goccmaiowuti;, 8 — oyuxa,; 9 — monmagicuwiii cnot, 10— nooceynotl ciou;
11 — creavicuna ons nodauu pacmeopos; 12 — e3pviéHbLE CKEANCUHBL /

Fig. 1. Block preparation: 1,2,3,4 — workings; 5 — ore body, 6 — ore—forming fault; 7 — cut—off rising;
8 — duckling; 9 — mounting layer, 10— cutting layer; 11 — well for solution delivery;
12 — blast wells

Ha mectopoxnenun «bsikoropckoe» (CeBepubiii KaBkas) ¢ pyIHbIMH T€IaMU B TPaHH-
Tormopgupax HEKOHIUIIMOHHBIE 3anackl B TeueHue 20 J1eT 0TpadaThIBaIU C 3TaXXHOU 000¥-

KOU py/bl U BbIIIIEIa4MBaHuEM (puC. 2).
[l I
—
. 6 Lm2
[l I

Puc. 2. [Toocomoeka bnoka k evtwyenauusanuio. 1 — opocumensHo-0ypo6ou wumpex, 2 — HUNCHUI
amadicHwlll wmpek, 3 — 0ypo6ou wmpek, 4 — 6epxXHsisi pacceuka Oompe3Hol weil; 5 — HUMICHsSL pacceura
ompesHou wenu, 6 — 3axooka /

Fig. 2. Preparation of the block for leaching: 1 — irrigation and drilling drift; 2 — lower storey drift;
3 —drilling drift; 4 — upper section of the cut—off slot; 5 — lower section of the cut-off slot; 6 — entry
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CKOpOCTh BBINIEIAUMBAHUS METAJIJIa CHIDKACTCS BCJICCTBUE YMEHBILICHUS TPAIMECHTA
KOHIICHTPAIIUI MEXTy TIOPOBBIM PacTBOPOM B 00beMoM pacTBoputess. [Ipu BeicoTe cnos
10 M 1 KOHILIEHTpalK peareHTa B pactBope 15 r/x 3a 300 cyTok Ob110 M3BIEUeHO 59 %
MeTaiia. B Tex ke ycloBUAX, HO C YMEHbBIIIEHHEM KpymHOCTH B mpeaenax 200-0 MM B
BepxHel yactu 10 100—0 MM B HIOKHEH 9acTH, Te ke 59 % MeTaioB ObUIH U3BJICUCHBI 32
260 cyToK.

CoBepIiieHCTBOBaHKE CIIOCOO0OB MOJ3EMHOTO BBILIEIIAYMBAHNUS CKAJIbHBIX TEXHOJIOTH-
YECKU BCKPBIBAEMBIX PY/ Pa3BUBACTCS B HAMPABICHUH CIUIOIIHON OTPAOOTKHA MECTOPOXK-
JEHUI ¢ MUHUMU3AIKe 00beMOB TOPHBIX BHIPAOOTOK M COBMEIICHHEM UX (YHKIIMHA Ha
OCHOBE ONTHMHU3ALIMU OCHOBHBIX U BCIIOMOTaTENILHBIX MPOLIECCOB.

H36neuenue memannios u3 cmokos

Mertamiel ocaxaanu u3 cTokoB CaJOHCKUX MECTOPOXKICHHH ¢ KUCIOTHOCTHIO pH 3-5,
conepammx 60-250 r/m® tmuka U 5-10 /M3 cBunna. OcaxkaeHne TPOBOANIH KaJbIU-
HUpOBaHHOU conoil npu pH = 8,5-9 B BogocTouHOM KaHaBKe IITOJBHUA Ne 22 ApXOHCKOTO
MecTopoXKaeHus. 3a 31 1eHb MoaydeHo 52 T METaJUIOB B BUJE TeJIsl.

Boiwenauusanue ¢ oesunmezpamope
BI)IHICJIa‘—II/IBaHI/Ie XBOCTOB O60FaIHeHI/I${ OCYHICCTBIIACTCA IIPU KOM6I/IHI/IpOBaHHOM ME-
XaHMYECKOM U XMMHYECKOM BO3JCHCTBUM B Ie3UHTETparope (Tadim. 5).

Tabnuya 5 / Table 5
H3BjieueHne METAJLJIOB B PacTBOp /
Extraction of metals into solution
BprimenaunBanue B arutarope / BprimienaunBanue B e3uHTerparope /
Leaching in the agitator Leaching in the disintegrator
Coneprxanue B XBOCTax, % Coneprkanue B XBOCTax, %
The content in the tails, % The content in the tails, %
Hunak — 0,95 Cauner — 0,84 Lunak — 0,95 Caunen — 0,84
Zinc - 0.95 Lead — 0.84 Zinc - 0.95 Lead - 0.84

Ussneuenne 3a 0,2-1,0 4, %/ | Ussneuenne 3a 0,2-1,0 u, %/ | Ussneuenne 3a 10 ¢, %/ | U3pneuenne 3a 10 ¢, %/
Extraction in 0.2-1.0 hours, | Extraction in 0.2-1.0 hours, |Extraction in 10 seconds, |Extraction in 10 seconds,
% % % %

Ussneueno / | Ocrarox / | Ussneueno / | Ocrarox / |U3Baeueno /| Ocrarok / |3Bneueno /| Ocrarok /
Extracted Residue Extracted Residue | Extracted | Residue | Extracted | Residue

24 72 16 71 28 69 24 62

Duzuueckue memoovl UCCTEO006AHUSL MACCUBOE
dusznuecKrue METOIbl XapaKTepPU3YIOTCsI TaHHBIMU TAOJIHIIBI 6.

Tabnuya 6 / Table 6

Tunuzauus ¢pusnyecknx meronos / Method typing

Merton / Omnpenenstomnuii mapamerp / Lemns /
Method Defining parameter Aim
VnpTpa3ByKOBOW KapoTax / | DIeKTpUYecKoe COMPOTHBIICHHUE /
Ultrasonic logging Electrical resistance Onenia
HEOTHOPOJAHOCTH
Onektpudeckuid kKapotax / | JudnekTpuueckas MpoOHUIAeMOCTh / MaccuBa /
Electrical logging Dielectric constant Assessment of the
MarHuTHBIH KapoTax / MarnuTtHas TpOHHIIAEMOCTD / ?}f;eggﬁgnelty of

Magnetic loggin Magnetic permeabilit
g ggimng g p y
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[MonHas pasrpy3ka
HaTPsHKCHUH /
Full stress relief

[MapaienbHble CKBaKUHBI/
Parallel wells

Perucrpanus medopmarmit
OTBEpCTHS B KEpHE /
Registration of hole
deformations in the core

VYnpyrue nedopmarun /
Elastic deformations

OrneHka
HaIPsHKCHUH /
Stress assessment

Axycruueckas SMuccus /
Acoustic emission

AXyCTHYECKHE CUTHANIBI B IHaNia30He
yactor 10—100 xI'1y/

Acoustic signals in the frequency range
of 10-100 kHz

CelicMoaKyCTHYECKHIA /
Seismoacoustic

CelicMOaKyCTHYECKHE CUTHAIIBI B
nuartazone yactor 100—1000 Iy /
Seismic and acoustic signals in the
frequency range of 100—-1000 Hz

CelicMuueckuii /
Seismic

CeiicMIYecKre BOJTHBI B IMANa3oHe
30-500 I'm /

Seismic waves in the range
0f30-500 Hz

Orenka
HEOJTHOPOJHOCTH
Maccusa /
Estimation of the
heterogeneity of an
array

DNEKTPOMETPUICCKUH /
Electrometric

DIIEKTPUICCKOE CONIPOTUBICHHE ITOPO /
Electrical resistance of rocks

Orenka
HarpsHKEeHHH /
Stress assessment

Ceiicmouorusi. [Ipe303mekTprdeckuii METOI OCHOBAaH Ha U3YyYCHHH JIICKTPOMATHUT-
HOT'O T10JI5, BOSHUKAOIIETO BCJICACTBHE CO3/IaBAEMOTr0 CEHCMHUUECKUMH BOJTHAMH hE303-
aekTpudeckoro 3¢ dexra. balibHOCTh TMHAMUYECKUX SIBICHUI ONPEICIISIETCS] CKOPOCTHIO
JIBYOKEHUS TIOPOJT JTH MX YCKOPCHHUEM M CMEIICHUEM.

I'paBuTanusi. MetogamMu TpaBUMETPUH ONPEACIISIFOT MapaMeTpbl U KOHPUTYPAILTUIO
IJIaBHBIX HAMPSHKEHUH B AJIEMEHTaX BBIPAOOTOK (pHC. 3).

Puc. 3. Hanpsoicenus 6 okpecmnocmsax 8eipabomki: a — 00HOpOOHAs cpedd; 6 — 8 Kposiie NOCIOUHASA

30Ha, hepeceuennas pasiomom, 1-3 — aunuu usoxpom /

Fig. 3. Stresses in the vicinity of the mine: a is a homogeneous medium; b is a layered zone in the roof,
crossed by a fault; 1-3 are isochrome lines
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MarseTru3m. [1o U3MEHEHHIO OCTATOYHON HAMArHUYEHHOCTH, 00YCIOBJICHHON NHBEP-
CHeH TOPHBIX MTOPOJI, YTOUHSIOT YCIOBUS (POPMUPOBAHHSI MACCHBOB, IITyOHHY 3aJICTaHUS U
MOIIHOCTb 3aJIC)KEH Pyl MArHETUTOBOTO COCTABA.

Ontuka. CTeHKH CKBOKUH IMOKPHIBAOT IIEMEHTHBIM PACTBOPOM, KOTOPBIHN CITYXKHT HH-
JTUKATOPOM J1eOpMHUPOBAHUS TIOPOJ (pHC. 4).

1 2 3 4 5
6
[ Lf /] 'Y
FEETEE e ]
7 |
¥ /8 :

i

Puc. 4. Koncmpyxyus onmuueckoeo npubopa: 1 —ucmounuk céema, 2 — macuimabHas IUHelKa;
3 — nanpasasirowuil ouck; 4 u 5 — nanpasisrowue Oucku, 6 — OKVIAPHAS HACAOKA;
7 — 0bvexmug; 8 —nposooa /

Fig. 4. Optical device design: 1 — light source; 2 — scale ruler,; 3 — guide disc;,
4 and 5 — guide discs; 6 — eyepiece nozzle; 7 — lens; 8§ — wires

AkycTuka. Bo30yxaatorcs ynpyrue konedaHus, KOTOpbIe yIaBIuBatOT MPHUOOpaMH.

T'eorepmusi. [To M3MEHEHUIO TETIOBOTO COCTOSIHUSI yYACTKOB 36MHOM KOPbI BBISIBIISIIOT
00J1IaCTH BO3HUKHOBEHUS TIO)KapPOB U OMACHBIE 110 TOPHBIM yapam.

I'eodnexTpuka. MeTon 2IeKTpUYECKON Pa3BEAKU UCTIOIB3YETCA JUIsl U3YyYEHHS Te0JI0-
TO-CTPYKTYPHBIX YCIIOBUH MECTOPOXKACHUM.

Ceiicmuka. Yopyrue uMIyibschl ¢ npeobnanatomeit yacroroir 70—100 I’y sBastroTCst
OCHOBOM JIJIs1 MPOTHO3a JTUHAMHUYECKUX SIBJICHUM.

I'paBuTanmsa. Ha Monensx w3 smokcuMana onpeaessioT BEJUYMHY U 3HaK IIaBHBIX
HaIPSHKCHUN.

Marnerusm. [Io ocTaro4yHONM HAMarHWYEHHOCTH YTOYHSIOT YCIOBHS M IapaMeTpbl
(hopMHpPOBaHUS MACCUBOB.

BbiBOADI

1. I'eopusnueckrie METOIbI CONPOBOXKACHUS TEXHOIOTHYECKUX IIPOLIECCOB TO3BOJISIOT
000CHOBaTh BO3MO)KHOCTb UX COBEPIIEHCTBOBAHUS.

2. 3aKOHOMEPHOCTH B3aUMOJAEHCTBUS IIPUPOIHBIX U TEXHUYECKUX CHCTEM MECTOPOXK-
JICHUH a/IeKBaTHBI M MOTYT OBITh ONTHMU3MPOBAHBI [0 KPUTEPHUSAM IMOJIHOTHI U Oe3omac-
HOCTH HMCIIOJIB30BAHUS HEAP.

3. B3zaumopelicTBue nepeMeHHbIX (GaKTOPOB TOPHOTO IPOU3BOICTBA OCYLIECTBIIAETCS
B paMKax (pu3MuecKux Mojesel, pa3padaTbIBa€MbIX Ha OCHOBE OIBITHOIO OCBOEHUS TEX-
HOJIOTHUH.

4. C TOYKM 3peHUs NEPCHEKTUB Pa3BUTUS TEXHOJOIMM BbIIIEIAYMBAHUA U1 MECTO-
poxieHnit CaJoHCKOTO Py/AHOTO y3/1a HauOOJIbIIEro BHUMAHUS 3aCIyKHUBAIOT METO/IBI U3-
MepeHus GUIBTPALIMOHHBIX TAPAMETPOB U OLIEHKH KPYITHOCTH PY/.

AnTtepartypa

1. Abpamkun H.U., Epumos B.U., Mancypos [1.A. DMnuprueckue METOAMKH OIICHKH COCTO-
SIHUSI MacCHBa TOPHBIX 1opoy // MI3BecTrs BIcIINX yueOHbIX 3aBeneHnid [opHbiil xypHai. —2022.
—Ne 2. - C. 68-76. DOI: 10.21440/0536-1028-2022-2-68-76.

2. ApguramoB A.D., lOmenkoB A.B. Mojens HampspkeHHO-Ie(OPMUPOBAHHOTO COCTOSI-
HUS HApPYyIIEHHOTO TIOPOAHOTO MAacCHBa C YYETOM aHW3OTPONHH W HeomgHopomHoctei // [op-
HBI WHGOPMAIMOHHO-aHATUTHIeCKu Orommtetens. — 2021. — Ne 8. — C. 93-103. DOI:
10.25018/0236_1493 2021 8 0 93.



54 Geology and Geophysics of Russian South 16(2) 2026 ['eonorvs n reogmanka KOra Poccim

3. banosues C.B., Bopoosesa O.B., Monacteipes H.H., KpuBomeesa C.1., Konbiiosa A.B.,
Kpasmoa E.A. be3onacHocTs 1 ynpaBieHne puckaMu B TOpHOM Jiene // TopHBbIii nHpOpMaIoH-
HO-aHanuTHYeCKui OroteTerb. — 2016. — Ne 2. (cnenmanbHbIN BITycK 39). — 36 c.

4. baryrun A.C., lllesuyk C.B., lllepmatoBa C.C., I'omoko U.B., bstmbacypan 3. K Bonpocy
MOHHUTOPWHTA T€0IKOJIOTHUECKOH OTTACHOCTH MPH T'€OJHHAMHUYECKOM B3aUMOJCHCTBIH OOBEKTOB
ocBoeHus Henp // Topublii nHGOpMaIMOHHO-aHANUTHYEeCKUi OrojuieTenb. — 2021, — Ne 10-1. —
C. 63-73. DOI: 10.25018/0236_1493 2021 101 _0 63.

5. T'omuk B.1M., Komamenko B.U., Kaaypun H.M. Konnenus koMOMHUPOBaHUS TEXHOIOTUI
pa3paboTKu PYIHBIX MECTOpOKIeHNH // M3BecTus TynbCcKOTO TOCyIapCTBEHHOTO YHUBEPCHUTETA.
Hayku o 3emie. —2015. — Ne 4. — C. 76-88.

6. T'onmuk B.U., Bypasuesa O.I. V3BiedyeHrne MeTaliioB U3 YOOTOro ChIpbsi M XBOCTOB Iepe-
paboOTKHU pyJ C aKTUBAIUEH MPOIECCOB MyTeM KOMOMHUPOBAHUS XUMHUECKOW U MEXaHUYECCKON
suepruu // ['eonorust u reopusuka lOra Poccum. — 2024. — T. 14. Ne 1. — C. 152-161. DOL:
10.46698/VNC.2024.82.22.011.

7. T'onmuk B.M. Ceticmo0Oe30macHbIe TEXHOJIOTUH TIOA3EMHON Pa3paOdO0TKU PyAHBIX MECTOPOXK-
nenwii // I'eonorust u reousuka FOra Poccnn. —2025a. — T. 15. Ne 1. — C. 56-64. DOI: 10.46698/
VNC.2025.55.34.005.

8. Tonmuk B.M. UtepaunonHoe MOAETMPOBAHHE TEXHOJIOTHH pa3pabOTKH MeCTOpPOXKICHHUN
CagoHcKol Teostorudeckoi mposuHimy // ['eonorus u reopusuka FOra Poccun. —20256. — T. 15.
Ne 3. - C. 199-210. DOI: 10.46698/VNC.2025.73.38.002.

9. Mecxu b., [Inemko M., bymeirun 1O., Anekceenko JI., MoneB M. Obecnieuenue 6e3omac-
HOM DKCIUTyaTallui W OIIEHKA COCTOSIHHUS TTOJI3EMHBIX COOPYXECHUI METOJIOM aKyCTHUYECKOH pe-
3oHaHCHOH nedexrockonuu // Cepus koudepenumii IOP: Hayka o 3emiie u okpysKaroliei cpese.
—2017. = Boim. 90. Ne 1. — Art. No. 012217.

10. Peibax 4., Xatipyrnuaos M.M., Kysue J[.A., Konrap-Cropron U.5., boosips H.B. IIpo-
THO3MPOBAaHNE TE€OMEXaHMYECKOTO COCTOSHHUS MAacCHBa TPU OTPAOOTKE COJSTHBIX MECTOPOXKIe-
HUH ¢ 3aknaakoi // 3amucku 'oproro nHeTHTyTa. — 2022, — T. 253. — C. 61-70. DOI: 10.31897/
PMI1.2022.2

11. Tronsiera 1O.C., Xaiipytnunos A.M., l'openkuna E.WU. Knaccudukaius reopecypcos B na-
pazurMe ux KOMIIEKCHOro ocBoeHus // [opHas mpoMbInuieHHOCTb. — 2024. — No 6. — C. 140-143.

12. XaxynoB B.A., Kpanusckuii E.W., bnaes b.X., lllarmoBanoB B.A. Texnomorus ¢hopmu-
poBaHUsI KauecTBa pyA ThIPHBIAY3CKOTO MECTOPOXKIICHHS C MCIOIB30BAaHUEM TPEIBAPUTEIHHOM
copTupoBku u oboramienus // Oooramenue pya. — 2018. — Ne 5. — C. 33-40.

13. PeytoBa H.B., PeyroBa T.B., IpeeBa ®.P. [IpupoaHoe u aHTPOMOT€HHOE 3arpsi3HEHHE
MHUKpPO3JIeMEHTaMH BepXoBuil Oacceitna p. Apnos // ['eonorus u reopusnka FOra Poccun. —2025.
—T. 15. Ne 2. — C. 219-230. DOI: 10.46698/VNC.2025.46.62.001.

14. Agelet de Saracibar C. Nonlinear continuum mechanics — An engineering approach.
Springer, 2022. — 346 p. DOI: 10.1007/978-3-031-15207-8.

15. Askaripour M., Saeidi A., Rouleau A., Mercier-Langevin P. Rockburst in underground
excavations: A review of mechanism, classificati on, and prediction methods // Underground
Space. —2022. — Vol. 7. Issue 4. — pp. 577-607.

16. Cristelo N., Coelho J., Oliveira M., Cesar Consoli N., Palomo A., Fernandez-Jimenez
A. Recycling and application of mine tailings in alkali-activated cements and mortars-strength
development and environmental assessment // Applied Sciences. — 2020. — Vol. 10. No. 6. — Art.
No. 2084. DOI: 10.3390/app10062084.

17. Di Y., Wang E., Li Z., Liu X., Huang T., Yao J. Comprehensive early warning method
of microseismic, acoustic emission, and electromagnetic radiation signals of rock burst based
on deep learning // International Journal of Rock Mechanics and Mining Sciences. — 2023. —
Vol. 170. — Art. No. 105519. DOI: 10.1016/j.ijrmms.2023.105519.

18. Golik V.I., Razorenov Y.I., Polukhin O.N. Metal extraction from ore benefication codas by
means of lixiviation in a disintegrator // International Journal of Applied Engineering Research. —
2015. = Vol. 10. No. 17. — pp. 38105-381009.

19. Liu Z., Zhao X., Tan J., Tian H. Model and simulation of engineering safety risk control
based on artificial intelligence algorithm // International Transactions on Electrical Energy
Systems. 2022. — Vol. 2022. — DOI: 10.1155/2022/3204317.



Geology and Geophysics of Russian South 16 (2) 2026 ['eonorus u reoguanka fOra Poccim 55

20. Ma L., Ghorbani Y., Kongar-Syuryun C.B., Khayrutdinov M.M., Klyuev R.V., Petenko
A., Brigida V. Dynamics of backfill compressive strength obtained from enrichment tails for

the circular waste management // Resources, Conservation and Recycling Advances. — 2024. —
Vol. 23. Art. No. 200224. DOI: 10.1016/j.rcradv.2024.200-214.

References

1. Abramkin N.I., Efimov V.I., Mansurov P.A. Empirical techniques for assessing rock mass
condition. Izvestiya Vysshikh Uchebnykh Zavedenii. Gornyi Zhurnal. 2022. No. 2 pp. 68-76.
DOI: 10.21440/0536-1028-2022-2-68-76. (In Russ.)

2. Adigamov A.E., Yudenkov A.V. Stress-strain behavior model of disturbed rock mass with
regard to anisotropy and discontinuities. Mining information and Analytical Bulletin. 2021.
No. 8. pp. 93-103. DOI: 10.25018/0236_1493 2021_8 0 93. (In Russ.)

3. Balovtsev S.V., Vorobyeva O.V., Monastyrev N.N., Krivosheeva S.I., Kopylova A.V.,
Kravtsova E.A. Safety and risk management in mining. Mining Information and Analytical
Bulletin. 2017. No. 2. (Special Issue 39). 36 p. (In Russ.)

4.BatuginA.S., Shevchuk S.V., Shermatova S.S., Golovko I.V., Byambasuren Z. Geoecological
hazard monitoring in geodynamic interaction of subsoil use objects. Mining Information and
Analytical Bulletin. 2021. No. 10-1. pp. 63—73. DOI: 10.25018/0236 1493 2021 101 0 63. (In
Russ.)

5. Golik V.., Komashchenko V.I., Kachurin N.M. Concept of combining technologies by
mining ore deposits. Proceedings of the Tula State University. Earth Sciences. 2015. No. 4.
pp. 76-88. (In Russ.)

6. Golik V.1, Burdzieva O.G. Extraction of metals from low-grade raw materials and ore
processing tailings with process activation by combining chemical and mechanical energy.
Geology and Geophysics of Russian South. 2024. Vol. 14. No. 1. pp. 152-161. DOI: 10.46698/
VNC.2024.82.22.011. (In Russ.)

7. Golik V.I. Earthquake safe technologies of underground mining of ore deposits.
Geology and Geophysics of Russian South. 2025. Vol. 15. No. 1. pp. 56-64. DOI: 10.46698/
VNC.2025.55.34.005. (In Russ.)

8. Golik V.I. Iterative modeling of field development technologies in the Sadon geological
province. Geology and Geophysics of Russian South. 2025. Vol. 15 No. 3. pp. 199-210. DOL:
10.46698/VNC.2025.73.38.002. (In Russ.)

9. Meskhi B., Pleshko M., Bulygin Yu., Alekseenko L., Molev M. Ensuring safe operation and
assessment of the condition of underground structures by acoustic resonance flaw detection. In:
IOP conference series: Earth and Environmental Science. 2017. Issue 90. No. 1. Art. No. 012217.
(In Russ.)

10. Rybak J., Khayrutdinov M.M., Kuziev D.A., Kongar-Syuryun C.B., Babyr N.V. Prediction
of the geomechanical state of the rock mass when mining salt deposits with stowing. Journal of
Mining Institute. 2022. Vol. 253. p. 61-70. DOI: 10.31897/PM1.2022.2. (In Russ.)

11. Tyulyaeva Yu.S., Khairutdinov A.M., Gorelkina E.I. Classification of georesources in the
paradigm of their integrated development. Mining Industry. 2024. No. 6. pp. 140-143. (In Russ.)

12. Khakulov V.A., Krapivskiy E.I., Blaev B.Kh., Shapovalov V.A. Technology of ore quality
formation at the Tyrnyauz deposit using pre-sorting and enrichment. Ore processing. 2018. No.
5. pp. 33-40. (In Russ.)

13. Reutova N.V., Reutova T.V., Dreeva F.R. Natural and anthropogenic microelement
pollution of the upper reaches of the Ardon River basin. Geology and Geophysics of Russian
South. 2025. Vol. 15. No. 2. pp. 219-230. DOI: 10.46698/VNC.2025.46.62.001. (In Russ.)

14. Agelet de Saracibar C. Nonlinear continuum mechanics — An engineering approach.
Springer. 2022. 346 p. DOI: 10.1007/978-3-031-15207-8.

15. Askaripour M., Saeidi A., Rouleau A., Mercier-Langevin P. Rockburst in under-ground
excavations: A review of mechanism, classificati on, and prediction methods. Underground Space.
2022. Vol. 7. Issue 4. pp. 577-607.

16. Cristelo N., Coelho J., Oliveira M., Cesar Consoli N., Palomo A., Fernandez-Jimenez
A. Recycling and application of mine tailings in alkali-activated cements and mortars-strength



56 Geology and Geophysics of Russian South 16(2) 2026 ['eonorvs n reogmanka KOra Poccim

development and environmental assessment. Applied Sciences. 2020. Vol. 10. No. 6. Art.
No. 2084. DOI: 10.3390/app10062084.

17.Di Y., Wang E., Li Z., Liu X., Huang T., Yao J. Comprehensive early warning method of
microseismic, acoustic emission, and elec-tromagnetic radiation signals of rock burst based on
deep learning. International Journal of Rock Mechanics and Mining Sciences. 2023. Vol. 170. Art.
No. 105519. DOI: 10.1016/j.ijrmms.2023.105519.

18. Golik V1., Razorenov Y.I., Polukhin O.N. Metal extraction from ore benefication codas
by means of lixiviation in a disintegrator. International Journal of Applied Engineering Research.
2015. Vol. 10. No. 17. pp. 38105-38109.

19. Liu Z., Zhao X., Tan J., Tian H. Model and simulation of engineering safety risk control
based on artificial intelligence algorithm. International Transactions on Electrical Energy Systems.
2022. Vol. 2022. DOI: 10.1155/2022/3204317.

20. Ma L., Ghorbani Y., Kongar-Syuryun C.B., Khayrutdinov M.M., Klyuev R.V., Petenko
A., Brigida V. Dynamics of backfill compressive strength acquired from enrichmenttails for the
circular waste management. Resources, Conservation and Recycling Advances. 2024. Vol. 23.
Art. No. 200224. DOI: 10.1016/j.rcradv.2024.200-214.



