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AHHOTauUuA

MecTOpOKIeHMSI PYJ, IIBETHBIX, GIarOPOIHBIX U PEIKUX METAJIOB B OCHOBHOM SIBJISTFOTCSI CJIOXKHOCTPYKTYD-
HbIMMU. DTU GJIOKM COCTOSIT M3 6TaHCOBBIX (KOHAVIIMOHHBIX) 1 HEO6AIAHCOBBIX (HEKOHIUIIVIOHHBIX) Py B GOp-
MaTe yCTYIOB. 'paHMIIbI MeXAy IBYMS TUIIAMM PYZ, YCTAHABIMBAIOTCS HEKOTOPBIM Ipefe/IbHbIM 3HaUeH/eM
niosiesHoro komroHeHTa (IK) B pyne. UncneHHoe 3HaueHMe cogepskanus [TK B HEKOHAUIIMOHHOM YacTu 6110Ka
TIpeonpeessieT CI0/ BO3MOKHOIO TIPUMEeNIMBaHMs HEKOTOPOIi TO/MM 3a6aaHCOBBIX PYA K OTTPYKaeMbIM
KOHIAMIMOHHBIM pynam. [IpMmelinBaHreM MOKHO JOCTUTHYTb ITOJTHOTO M3BJI€YEHMS MTOTIE€3HbIX MCKOIIAeMbIX
13 3a60€B ¥ TIOITyYeHNsT KOHIIeHTpaTa Tpe6yeMOoro KauecTBa. B 3Tux 1esix 6L MpoaHaIM3UPOBAHbI JAHHBIE
10 pa3BefOYHbIM CKBXXMHAM IISITU MeJHOPYIHBIX M 30JI0TOPYAHBIX MeCTOpoXkaeHunii KazaxcTraHa co CloX-
HO-CTPYKTYPHBIM CTpoeHMeM. I10 JaHHbIM pa3BefOUYHbIX CKBaKMH OIpeeeHbl YpaBHEHUS] TPDEHIOB M3Me-
HEHMS CONEePKaHMsI PYAbl B HEKOHIMIIMOHHO yacTyu 670Ka. PazpaboraHa mporpamma Jjiss aBTOMaTU3alyum
pacueTra JIMHUI TPEHI0B U UX ypaBHeHMIA. C ee UCII0b30BaHMEM I10JTyUYeHbl HOBbIE 3aBMCUMOCTMU 151 OTIpesie-
nenust cogepskanus [1K B oTrpy:kaemMoii pyze o'. B ropHOI HayKe BriepBble 000CHOBAH HOBBIN METOI, ITOJTHOTO
M3BJIEUEHVST KOHAVIMOHHBIX Py U3 CJIOKHOCTPYKTYPHBIX GJIOKOB YCTYIIOB, OCHOBAHHbII Ha MPUMEIIVBAHUA
oTpe[ieJIeHHOTO 00beMa HEKOHAMIIMOHHBIX PyA. Takoil MOAX0M CTIOCOOCTBYET YBeTMUYEHMIO 001Iero oobema
M3BJI€KaeMOJi Pybl M MOBBILIIEHUIO BbIXOAA IMO€3HbIX KOMIIOHEHTOB B KOHLIEHTPAT. [IpMpOCT M3BI€UE€HHBIX
KOMIIOHEHTOB M3 OTTPY)KaeMoii pyzbl MoxkeT mocturatb 10—-15 % oT 061ero o6bemMa mpon3BOACTBA.

KnioueBble cnoea

CJIOKHOCTPYKTYPHBIE GJIOKM YCTYIIOB, COIEPYKaHME TOJIe3HbIX KOMITIOHEHTOB, KOHAUIIMOHHbBIE PY/IbI, HEKOHIMULIV-
OHHbIE PYyZbl, MPUMeIIMBaeMble C7IOM HEKOHIUITMOHHBIX Py, IMHNUS TPeHIa, TI0JTHOe 13BIeueHne pyp, Kazaxcran
®duHaHcupoBaHue
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Pecniy6iuku Kaszaxcran 2023/AP19676591 «Pa3paboTka MHHOBAIIIOHHBIX TEXHOJIOTUI TIOJTHOTO M3BJIEUEHNS
pPa3po3HEHHbBIX KOHAUIIMOHHBIX PY/, U3 CJIOKHOCTPYKTYPHBIX OJIOKOB YCTYTIOBY.
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Abstract
Deposits of non-ferrous, precious, and rare metals are predominantly complex-structured. Such bench blocks
consist of economic and subeconomic ore. The boundary between the two types is defined by a cut-off ore
grade. The numerical value of the ore grade in the subeconomic portion of a block determines the thickness of
material that can potentially be admixed with shipped economic ore. Controlled admixing enables complete
recovery of minerals from stopes while maintaining concentrate quality. For this purpose, exploration
borehole data from five copper and gold deposits in Kazakhstan with complex structures were analyzed. Based
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on borehole data, trend equations were derived to describe ore grade variation in the subeconomic part of
a block. A software tool was developed to automate the calculation of trend lines and their equations. Using
this program, new dependencies were obtained for determining the ore grade in the shipped ore (o). For the
first time in mining science, a method has been substantiated for the complete recovery of economic ore from
complex-structured bench blocks, based on admixing a controlled portion of subeconomic ore. This approach
increases total ore extraction and improves valuable component recovery to concentrate. The potential

increase in recovered components from shipped ore may reach 10-15% of total production.

Keywords

complex-structured bench blocks, ore grade, economic ore, subeconomic ore, admixed subeconomic ore layers,

trend line, complete ore recovery, Kazakhstan
Financing

This article was prepared as part of the project funded by the Ministry of Science and Higher Education of
the Republic of Kazakhstan, 2023/AP19676591: Development of innovative technologies for the complete
extraction of disparate conditioned ores from complex blocks of ledges.

For citation

Rakishev B.R., Edil’baev A.I., Orynbay A.A., Ibyrkhanov T.S. Variation of ore grades in the boundary zone of
subeconomic ore. Mining Science and Technology (Russia). 2025;10(4):205-220. https://doi.org/10.17073/2500-

0632-2025-04-395

BeepeHue

[Nopassitolee OGOMBIIMHCTBO MECTOPOXKIEHUI pyn
LIBETHBIX, 6JITaTOPOJHBIX ¥ PeOKMX METAJIOB HA TEPPUTO-
pun Kasaxcrana, paBHO Kak U B APYTMX PerMOHax MMpa,
00671a1a10T CJIOKHOV CTPYKTYpPHOI opraHmsanueit [1-3].
[JaHHbIe MECTOPOKIOEHMSI OTIUYAIOTCS IIeJIBIM KOM-
IJIEKCOM XapaKTePHBIX OCOOEHHOCTE, BKIIIOUAIOIINX:
pasHoo6pasue GopM PYIHBIX TeJl, 3HAUUTETbHYIO Bapu-
aTMBHOCTh MX T€OMETPUUECKUX TapaMeTpOB, CJIOXKHOE
MPOCTPAaHCTBEHHOE paclpeneseHKue B Iperenax paspa-
6aThIBA€MOTO MacCUBa, HEOOHOPOZHOCTb pacIpeese-
HMS TIOJIE3HBIX KOMITOHEHTOB, a TaKKe CYIIeCTBEeHHbIE
pasmmunst GU3UKO-MeXaHNIECKMUX XapaKTEePUCTUK BMe-
mwammux nopos [4-6]. COBOKYITHOCTh MepeuncIeHHbIX
reojiornueckux (PakTopoB ompeessieT ypoOBeHb CI0KHO-
CTU CTPOEHMSI YUYaCTKOB MECTOPOKAEeHUI C HeOLHOPOZ -
HOI CTPYKTYpoOIii [7, 8]. CiiemyeT OTMETUTD, YTO LOJS Ta-
KUX MeCTOPOXKIeHMIt B 0611eM o6beMe JOObIUM [IBETHIX
meTa/uioB B ctpaHax CHI' mocturaetr 60-90 %, npu sToM
TEXHOJIOTMYECKM HeM30eKHbIe IKCIUTyaTallMOHHBIE I0-
TepU PYAHOI Macchl MOTYT COCTaBIATh OT 20 1o 35% ot
ob1rero oo6bema m06614m [6, 9, 10].

[TpoBemeHHbI aHa/IM3 MTOKA3bIBAET, UYTO OCHOBHBIMM
(akTOpamu, MPUBOASIIMMM K ITOBBIIIIEHHBIM IIOKA3aTeISIM
IIOTepb U PasyOOKMBaHMS PYIbI TP OTKPBITONM pa3paboT-
Ke CJIOKHOCTPYKTYPHBIX MECTOPOKAEHMIA, BBICTYIIAIOT:

— HeOCTaTOYHAsI CTeNeHb M3YYEeHHOCTU TIeoJsio-
ro-Mop@oaornuueckux OCOGEHHOCTEN CTPOEHUS CTPYK-
TYPHO-HEOJHOPOIHBIX GIOKOB YCTYIIOB;

— HECOOTBETCTBUE TPUMEHSIEMbBIX TEXHOIOTMYECKUX
pelieHnit 1jis BbIEMOUYHO-IIOTPY30UHbBIX OIepaluii pe-
aJTbHBIM TOPHO-TE€O0JIOTMYECKMUM YCIOBUSIM 3aJIeTaHMS T10-
JIe3HBIX MCKOIIAeMbIX KaK B €CTeCTBEHHOM 3aJIeraHuy, TaK
¥ TIOCJTe TIPOBeIe st 6YPOB3PhIBHBIX 1 TOPHBIX PabOT.

PeleHye yKasaHHBIX ITpo6yieM TpebyeT pa3paboTKu
MIPUHIIATIMAIBHO HOBBIX METOAMK OI€HKM COIepsKaHMS
TT0JIE3HBIX KOMIIOHEHTOB B ITOTPaHMYHBIX 30HAX MEXKIY
KOHIMIIMOHHBIMY ¥ HEKOHAMIIVOHHBIMU pymamu. BHe-
IpeHye TaKUX MHHOBAIIMOHHBIX TTOIXOH0B ITO3BOJIUT CY-
IIECTBEHHO TOBBICUTh TOYHOCTh OLIEHKU KOJMUYECTBEH-
HBIX U Ka4YeCTBEHHBIX XapaKTePUCTUK HT06LIBAEMOIO
MMHEPAJbHOTO CBIPhS, a TaKKe obecreunT 3hPeKTUB-
HbIVi KOHTPOJIb 3@ MOTEPSIMU U PA3yOOKMBAHMEM PYIbI.

[laHHOe HarpaB/ieHMe MWCCeloBaHUli TMpeaCcTaBJiseT
0COOYI0 aKTyaJTIbHOCTb JIJISI COBPEMEHHOI TOPHOI00bIBA-
I01I[e1 MPOMBIIIJIEHHOCTH, OJJHAKO, KaK [T0OKa3bIBaeT aHa-
JIX3 TIpeIIIeCTBYIOIINX MCCIeI0BaHUII B 3TOW 06yacTu,
B CYIIECTBYIONIMX HAYYHBIX paboTax aTa MpobaeMaTuka
oCBellleHa HeIOCTaTOUHO MTOJTHO.

KoMmruiekcHoe peliieHne paccMaTpuBaeMoii mpobiie-
MBI Tpe6yeT MpUMeHeH!UsT CUCTEMHOTO ITOAX0a, 06beay-
HSIIOIIEeTO:

— COBpeMeHHbIe IM(POBbIE TEXHOIOTUM U UHPOP-
MalMOHHbIE CUCTEMBI;

— TpaJUIMOHHbIE METOJbI OLIEeHK!M KauecTBa PYIHO-
T'O CBIPHSI;

— IOCTOBEpHbIe JaHHbIe O Te0IOTMYeCKOM CTPOeHUNA
1 MOP@OIOTUUECKUX 0COOEHHOCTSIX MECTOPOKIEHMIA.

ToJIbKO TAaKO¥ MHTErpalOHHbII IOIXO0 MOXKET 06e-
CIIeYUTh HEOOXOOMMYIO TOUYHOCTh OLIEHKM KauecTBa J10-
ObIBaeMbIX ITOJIE3HBIX MCKOITA€MbIX Ha BCEX CTATUSIX pas3-
PabOTKM MECTOPOKIEHMSI.

Kak BugHO 13 paboT [6, 9], COBOKYITHOCTb TOPHOTEX-
HMYECKUX (aKTOPOB Te0JIOTMYECKOTO CTPOEHMS, CTPYK-
TYpbl ¥ MMHEPATBLHOTO COCTaBa MeCTOPOKIEHMS BIMSIET
Ha BBIOOP He TOJIBKO Crioco6a OTPabGOTKY MeCTOPOKIe-
HMSI, HO ¥ TEXHOJIOTUM PYHOMOATOTOBKM U 06OTaAIeHMS
JI0ObIBAEMOTO ChIPbs. IToTepu 1 pasybokMBaHMe TIPU 10-
6b1ue ITV, SBSIONIIECS OCHOBHBIMM HEraTMBHBIMU (DaK-
TOpPaMM CHVSKEHMS KauecTBa JOObIBAeMOI PY/Ibl, CUITbHO
3aBUCAT OT KOPPEKTUPOBKM METOIMUKM IKCILTyaTalMOH-
HOTO ONPO6GOBaHMS, TPEABAPUTETLHOTO OKOHTYPUBAHMS
PYIHBIX TeJI, COOMIOAEHMS TPAHUII TIPY OUMCTHBIX pPabo-
tax [10]. Kpome TOTO, BBISIBIEHME TUIIOB CIOKHOCTPYK-
TYPHBIX GJIOKOB, OmpeneneHue KosbduieHTa pymoHa-
CBIIIIEHHOCTU U MOKa3aTellb CJIOXKHOCTU TeoJoTUUYeCKOro
CTPOEHMUSI SIBJISIIOTCSI OOBEKTUBHBIMU KPUTEPUSIMU TIPU
OIleHKe TTOHOThI Mo6bruy [11]. A 1yist 060CHOBAHMUS TIOM-
HOTO M3BJI€UEHUS Py U3 CIOKHOCTPYKTYPHBIX OOKOB
YCTYIIOB TIPEJJIOKeHbl aHAJIUTUUYECKME 3aBUCUMOCTU
orpeJiesieHus cofiepykaHusl TT0JIe3HOTO KOMITOHEHTA B OT-
rpykaemoii pyzme o [12]. [Ipu 3TOM HEOOGXOAMMO aKIleH-
TUPOBATh BHMMAaHMe Ha 3a7jlauax OLeHKU U peTyaupoBa-
HMSI OTPAOGOTKY MPUKOHTAKTHBIX 30H, aHAIM3€ BIUSHUS
CJIOKHOCTY KOHTYPOB PYIHBIX TeJl, a TakKe OlleHKe Ireo-
MeTpUM 3TUX 30H [13].
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Kak 6but0 060CHOBaHO paHee, Hambonee sddek-
TUBHOE pellleHe paccMaTpuBaeMoii pobieMbl TpebyeT
KOMIIJIEKCHOTO COUeTaHUs TPaAULIMOHHBIX METOM0B MC-
CJ1ef0OBaHMSI C TepeJoBbIMU LMGPOBBIMIU TEXHOIOTUSIMMA.
B nociienHue rofibl B CrielMa/iM3MPOBaHHbIX HAYUHbBIX UC-
CJIelOBaHMSIX BCe yallle TPUMEeHSIeTCSI KOMITbIOTEPHOE MO-
JleIMpOBaHNe TeOoJOoTUUeCKOTO CTPOEeHUS MeCTOpOXKIe-
HUt ¥ TIPOCTPAHCTBEHHOTO paclipe/ie/ieHNsl PyJHBIX TeJl.
IlaHHBIN MPOIECC OCYIIeCTBISIETCS C MCII0Nb30BaHMEM
COBpEMEHHbBIX TOPHO-Te0IOrMYeCKUX MHGDOPMAIMOHHbIX
cucrem (ITUC), mpeacTaBisionx co6oii crierannsupo-
BaHHOE MPOrpaMMHOEe OfGecreyeHue sl TPEXMEPHOTo
MOJeTMPOBAaHMS U aHaIM3a MeCTOPOXIAEHUIA.

Ocoboro BHMMAaHMS 3aCTY’KMBAIOT VCC/IEIOBaHMS,
B KOTOPBIX Ha OCHOBe MNpuMeHeHMus ykaszaHHbIx [TUC
ObUTM pa3paboTaHbl U YCIEIIHO allpoOMPOBAHbI MHHOBA-
LIMOHHbIE METOJMKM OIIeHKM KaueCTBEHHBIX XapaKTepu-
CTUK TIOJIe3HBIX MCKOIIaeMbIX. B wacTHOCTH, B paboTe [5]
MOAPOGHO OMMCAHbI PE3YJbTAThl MUCIIONb30BAHUS TEXHO-
JIOTMii GIOYHOTO MOZEIMPOBAHMS, KOTOpPbIE IO3BOJISIIOT
C BBICOKO}M TOYHOCTBIO OIPENEeNsiTh ITPOCTPAHCTBEHHOE
pacripesiesieHNe T0Ie3HbIX KOMIIOHEHTOB B PYJHOM TeJle.
Takoii mogxop o6ecrieurBaeT MPUHIUITAIBHO HOBbIE BO3-
MOSKHOCTM [JIJIST aHa/IM3a MOP(OIOTMUYECKUX 0COOEHHOCTeN
MeCTOPOKIeHMIi 1 TTPOTrHO3UPOBAHMST KaueCTBEHHBIX I10-
KaszaTesieil 106bIBaEMOro ChIpbsi. I[IpecTaBieHHasT METO-
ITMKa GJIOYHOTO MOZIETVPOBAHMS TTO3BOJISIET C BHICOKOI 10-
CTOBEPHOCTBIO PaliOHMPOBATh B KADbEPHOM IIPOCTPAHCTBE
TEeXHOJIOrMYeCcKye TUIIbI U copTa pyz. Taioke npeacTaBieHa
MeTO[MKa TeoMeTpu3aluy KaueCTBeHHBIX IlapaMeTpOB
TUTAHOMArHeTUTOBBIX MECTOPOXKIEHUI ISl TIOCTPOEeHMs
KapKacHbIX MoJiefieit pyqHbIX Tell B 3aMKHYTBIX KOHTYpax
TOPHBIX BBIPAOOTOK C IIEJIbIO BBIAENEHUS TEXHOIOTUYe-
CKMX TUIIOB IOJe3HOro muckomnaemoro [14]. Kpome Toro,
MPOEeMOHCTPUPOBAHO, UTO KOMIIOHOBKA eO0JI0rMYecKuX
JIOMEHOB CO CJIOKHOV MOpGOIorueit pasauuHbIX BUIOB
TOJIE3HBIX MCKOTIAeMbIX M KOIMYECTBEHHAs OIleHKa Heo-
MpeeIeHHOCTH, CBSI3aHHOI C Hei, MOTYT ObITh OCYIIECT-
BJIEHBI C TIOMOIIIbIO T€0CTATUCTUUECKOTO MO EeIMPOBAHMS
[15]. MeTonp! ompenesieHNs TpaHUI pa3IMUHbBIX TTOPOJ, Ha
MX OCHOBE MOTYT OBbITh ITPYMMEHEHBI JJIsI COBEPIIIEHCTBOBA-
HUSI U paclIMpeHUs] MeTOOUKHM TPOTHO3UPOBAHUS COLeP-
SKaHMST PyIbl B IPUIPaHUYHbIX 30HAX PYIHbBIX Tesl. B 6onee
pPaHHMX MCCIeJOBaHUSIX MpeLjiaraeTcsl Takke HelipoceTe-
BOJi MeTOJ, BbIeJNeHNs] TPaHUL] JTUTOTOTUUECKUX Pa3HO-
creit gyst 3D-MopenpoBaHus PYAHbIX TeT Y BMEIAIINX
TOPOJI, MO3BOJISIIONINI TTOBBICUTh KAayecTBO M CKOPOCTb
00pabOoTKM TeoIornuecKkoii MHGOpMAalMyY Ha BCeX dTamax
OCBOEHMS MeCcTOpoXIeHui [16]. OmHako COBpeMeHHble
KOMITbIOTEpHbIE MOJIe/I PYAHBIX TeNl, UMeIolie OUeBU/I-
Hble TIOJIOKUTEIbHbIE U TI0JIe3Hble KauecTBa, TeEM He Me-
Hee MMeIOT OrpaHyMueHus ¥ HenocTaTky [17]. B yactHOCTH,
6710YHbIE MOZENTM UMEIOT OTPaHMYeHNST IPU OKOHTYPUBA-
HUM PYAHBIX TN M 3a4acTyl0 HEJOCTATOYHO TOYHO Bbife-
JISTIOT TPAHMUIIbI 6aJTAHCOBBIX ¥ 3a0aIaHCOBBIX PYI.

[Ipumenenue ITHIC He orpaHMUMBAETCS JMILb MO-
IleTMpOBaHKeM PYIHBIX Tel M MEeCTOPOKIEeHMS B 11e/I0M,
OHO SBJISIETCSI HEOTbeMJIEMOM 4aCThl0 IIPYU yIIpaBJIeHUNU
KayeCcTBOM PYAONOTOKOB U IpOLeCCOB KOHTpoid. B pa-
6orax [18, 19] oTMeuaeTcst BaAXKHOCTD TOMyYeHMs MHDOP-
Maluu Y TPOTHO3MPOBAHMS COOepyKaHMsI PYIbl B Pa3HbIX
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YyacTsax J06bIBaeMOTro 610Ka YCTyIa AJIsl YIIpaBIeHus Ka-
YeCTBOM PYAOIOTOKA, OCHOBAHHOTO HA COUeTaHUM pa3fie-
JIUTETbHOTO U yCPeJHUTETbHOTO MPUHIIUTIOB. ITO TTO3BO-
0 GOpPMUPOBATh CTAGMIIBHBIN COCTAB U ONITUMAaJbHbIE
rapameTpsl PyIHOV MacChl, MOCTYIaMONIeli Ha oborarie-
HMe 6eIHbBIX araTuT-HedennHoBbIxX [18], MemHO-IOpDHU-
poBoit pyp [19]. TlokazaHo, 4TO OmNpeneneHne Comepska-
HUSI py[bl HAa TpaHuIile U 3a TpeJenaMiu OKOHTYPEeHHBIX
DPYOHBIX Tes SIBJISIeTCS BakKHOI 3ajaueit, mpemorpene-
JISIOIIEel KOJIMYeCTBO M KaueCcTBO OTTPYyKaeMoit pyaHO
Macchl. Jj1s moBbinieHusT 3¢ eKTUBHOCTY TOPHO-000ra-
TUTETBbHOTO KOMIIJIeKCa He00X0IMMO aBTOMAaTU3UPOBaH-
HO€ COMpSKeHMEe LIMKIIOB T0ObIUM M 060TalleHNs] C BHe-
IpeHyeM MHGOPMAILMOHHBIX CUCTEM, OPMEHTVPOBAHHbIX
Ha pellleHMe 3a7au — OT MPOTHO3MPOBaHUS COJlePsKaHus
T0JIe3HbIX KOMIIOHEHTOB B pyze A0 OepaTUBHOTO yJyeTa
KavecTBa ¥ 00bEMOB PYIOIIOTOKOB Ha BCEX CTAAMSIX MTPO-
U3BOACTBEHHOrO npouecca [20].

PaccmoTpeHHbIe MCCIeAO0BaHUS TOKA3bIBAIOT BaK-
HOCTb BOIIPOCOB ompeneneHus conepskanms [1IK B MpukoH-
TYPHOI 30He HEKOHAUIIMOHHBIX PYZ, B OTTPYyKaeMoli pyze,
po6seM MoTepb ¥ Pa3yboKMBaHMS TIPU UX BbleMKe. [1pu
3TOM BOIIPOC orpedenenus: comep>kanus IIK B MpuUKOH-
TaKTHOJ 30He TpeOyeT lieJieHaIIpaBIeHHbIX MCC/IeIOBAHMI
IIsT 6oJiee TIONHOTO M3BJeUeHMS] KOHAMIIMOHHBIX PY[I 3a
CYeT YaCTUYHOTO MPUMeITMBaHNSI HEKOHAUITMOHHBIX PY/I.

Ilenb: ycTaHOB/IeHME M3MeHEHUSI COIep>KaHUSI MO-
JIe3HbIX KOMIIOHEHTOB B TIPUMKOHTAKTHOJ 30He HEKOH-
IUIMOHHBIX Py II0 IMpoOaM pasBemOYHbIX CKBaKMH
IJIST psiia MeCTOPOXKIEHMIA Pyl IBETHBIX, OJ1arOPOIHbBIX
u pefgkux MetasioB KaszaxcraHa.

3agaum:

1. BeisiBneHue 3akoHoMepHocTeli n3meHeHus [1K o
Mepe yaaJeHus OT KOHTypa KOHIUIIMOHHBIX Py Ha Me-
cropoxpeHnsix Kokrac-IlapeikTsl, KacksipkasraH, k-
HbIi-MouHTbI 1 HalimaHskait.

2. OnpeneneHye TOMIIMHbBI TTPUMEIIMBAEMOTO CJIOS
PYZbI B IPUKOHTYPHO 30HE HEKOHIUIIVMOHHBIX PYI, 00e-
crieunBamwIeii Tpedyemoe comepskanue I1K B oTrpykae-
MOJi pyze.

3.YcTaHOBJ/IeHMe HOBBIX 3aKOHOMEPHOCTel comep-
skanus TIK B oTrpyskaeMoii pyze, 06ecreunBaloiero Bbi-
XOJ, KOHIIeHTpaTa Tpe6yeMoro KauecTsa.

VYripaBJissi LIMPUHO TTPUMeIIMBaeMOro €105 HEKOH-
IUIIMOHHBIX PYy[ B TIpefenax, o6ecrieunBamImux Tpeoy-
emMoe KauecTBO PYAbI, MOCTYMAIeil Ha 0b60raTuTeIb-
HY1I0 (HabpUKy, MOKHO YMEHBIIUTD TIOTEPU U YBETNUUTD
06beM T0OBIBAEMbIX TTOJIE3HBIX MCKOTIaeMbIX. 111 Hayd-
HO-TEXHUYECKOTO 0O0CHOBAHMS ITON UAEU Ha KOHKPET-
HbBIX JAHHBIX PACCMOTPUM HECKOIbKO PeasbHbIX MeCTO-
poxknennii KasaxcraHa.

1. HekoTopble MeCTOPOXXAEHUS PYA, LBETHDIX,

6naropogHbIX U peakux metainoB KasaxcraHa
1.1. IO>)kHO-MOJWBIHTMHCKAs IUIONIaAb  pacIio-
noskkeHa B mnpegnenax CeBepHoro IIpubanxairbsi, roe OHa
3aHMMAaeT Y4yaCTOK IlepeceyeHMs] TPEX 3HAUUTENIbHBIX
TeKTOHMYECKMX CTPYKTYP PErMOHaIbHOTO MacmiTada:
Tokpaycckoro CUMHKIMHOPWUS, KbI3bLI-DCIMHCKOTO aH-
TUKAMHOPUS ¥ 3arafHo-basxanickoro CUHKIMHOPWUS.
[laHHas1 TepPUTOPUS OTAUUAETCS UCKIIOUUTETBHO CIIOX-
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HBIM TEOJIOTMYECKUM CTPOEHMEM CKIaJauaTo-TJIbI60BO-
ro tura. Oco6eHHOCTbIO pajioHa SIBJISIETCS COYeTaHUe
OOILIMPHBIX 30H PaCIpOCTPaHEHUST MHTEHCUBHO OUCIIO-
LIMPOBAHHBIX PUMENCKUX OTIOXKEHUI C JIOKAJIbHBIMMU
yJyacTKaMM pasBUTHSI 6oee MOJIOABIX O0CATOYHbIX TOJIII,
OTHOCSIIIMXCST K CUTYPUIICKOMY, I€BOHCKOMY U TTIePMCKO-
MY Te0JIOTMYeCcKUM Iepruosam.

leonoruueckas cTpykrypa pajiioHa OCI0KHEeHa MHO-
TOUMCJIEHHBIMY MHTPY3UBHBIMU TeJIaMU, CPeIU KOTOPBIX
MpeobIagaloT PaHUTOMIHBIE MACCUBBI PA3JIMYHOTO pa3-
mepa u mopdonoruu. [lepBuuHas CTPYKTypa 3ajieTaHus
TOPHBIX TOPOJ, CYIIeCTBEHHO HapyllleHa pa3BUTON CU-
CTEMOJ TEeKTOHMUYECKMX HapyLIeHMIi, BKIIYAKIIeN Kak
KpYITHbIE€ perrMoHa/IbHbIe Pa3/IOMbI Pa3/IMUYHON OPUEHTU-
POBKU, TaK M MHOTOUYMCIEHHbIE MaJIOAMILIUTYIHbIE Pa3-
pBIBHBIE HapymIeHusl. COBOKYITHOCTb 3TUX (haKTOPOB CO3-
IAéT XapaKTepHbIVi MO3aUYHBbI re0TOTUIYECKUIT PUCYHOK
M3y4aeMoil TeppUTOPUN.

[TpoBenénHble B MocjaeqHMe TOAbI MOMCKOBO-pa3Be-
JIOUHbIe PabOThI MO3BOIMIN YCTAHOBUTD BaXKHbIE 0COOEH-
HOCTM pacripefieJieHus 30/I0TOPYIHOI MMUHepaan3almnin.
WccnenoBaHus IOKa3aau, UYTO MPAKTMUYECKM BCE BBISIB-
JieHHbIe XXWJIbHbIE 30HBI U PYAHbBIE Tejla XapaKTepuU3yITCs
3HAUUTEIbHBIM Pa3BUTHEM IE€PBUUHBIX OPEOJIOB paccesi-
Hus 300Ta. [llprHa 3TUX OpeosioB Ha MOBEPXHOCTU U X
MPOTSKEHHOCTH T10 MaIeHNIO (TIPY 60PTOBOM COEepsKaHUM
>0,01 r/T) B GONBIIMHCTBE CTyYaeB MPEeBhIIIaeT AJIUHY CY-
IIECTBYIOLIMX TOPHBIX BbIPAOOTOK. DTO O3HAYAET, UYTO HU
OIlHA M3 MPOJiJIEHHBIX KAHAB WJIM ITPOOYPEHHBIX CKBAsKMH
He repecekiia TOTHOCTbIO 30HY PaclpOCTpaHeHMs] HU3KO-
copepykallei 30J10TOV MUHepaInu3alun.

B mpenenax M3ydyeHHBIX Y4YaCTKOB CIEIMAJIMCTaMU
ObLIM BBIZEIEHbI IIPOMBIIIIIEHHO 3HAUMMbIe PYIHbIE Tea,
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MOIIIHOCTh KOTOPBIX Bapbupyet oT 0,1 no 14 m. Comepka-
HMe 30jI0Ta B OTHENbHBbIX ITPOOax KojebieTcss B 3HAUM-
TebHbIX mpenenax — ot 0,5 mo 126,9 r/T, ipu 3TOM Cpef-
HIM€e COoflepsKaHMsI 10 Pas3JIMYHBIM 6JI0KaM MeCTOPOKIEHMS
cocraBnsiloT oT 1,38 mo 9,73 r/T [21]. Takue 1okasare-
U CBUIETENbCTBYIOT O HaIMUuMM Ha Tepputopum HOxk-
HO-MOWBIHTMHCKON TUIONIAAM TEePCHeKTUBHBIX YYaCTKOB
C TPOMBINIVIEHHO 30JI0TOPYIHON MUHepaIn3alnen.

1.2. Ha Tepputopuum mectopoxkgeHuss Koxk-
Tac-IapbIKTHI ObIIM UAEHTUPUIVMPOBAHDI U TETATBHO
M3Yy4eHbI pyIHbIE Tejla C BbIpaKeHHOW MeIHOI MUHe-
panusanueii. OCO6eHHOCTHIO MX MPOCTPAHCTBEHHOTO
TIOJIOXKEHMSI SIBJISIETCSI TPUYPOUEHHOCTh K KOHTAKTHBIM
30HaM MEXIy TPyO0OOGIOMOUYHBIMM OCAJOUYHBIMU OT-
JIOKEHUSIMM KUBETCKO-(DPaHCKOTO BO3pacTa U CyOBYII-
KaHMYECKMM MacCUBOM aHIE3UTOBBIX MOPOUPUTOB.
[Ipy 3TOM MMHepanu3alusi OTMedyaeTcs Kak B Hero-
CpenCcTBEHHOI 61M30CTY OT KOHTaKTa, TaK U HeIoCpe-
CTBEHHO B 30HE KOHTAaKTa YKa3aHHBIX TeOJOTMYeCKUX
00pa3oBaHMii.

Mopdonornueckme XapaKTEPUCTUKU PYOHBIX Tes
OTJINYAIOTCS 3HAUMTENIbHBIM pasHoobpasueM. IIpeoba-
JaloT JMH30BUIHBIE ¥ ILIACTOOOpasHbie (POPMBI, XOTS
BCTPEYAIOTCST ¥ 06pa30BaHMsI C HEIIPaBWIbHBIMM OUepTa-
HusiMu (puc. 1). XapakTepHoil 0CO6eHHOCThIO SIBJISIETCS
Ha/IM4Me MHOTOUYMCIeHHBIX Pa3ayBOB U ITePEKMMOB, UTO
CBUIETEILCTBYET O CJIOXKHBIX YCIOBUSIX (HOPMUPOBAHMS
PyOHBIX Tes. [IpoCcTpaHCTBEHHOE TTOIOKEHIe MUHEPaIV -
30BaHHBIX 30H BapbMPYET — OHU MOTYT ObITh JIOKAJIN30-
BaHbBI KaK B MaccuBe MOp(UPUTOB, TaK ¥ BO BMeEIIAIOIINX
MX TePPUTEHHBIX MOPOJax, MpeacTaBJeHHbIX MPeumMy-
IeCTBEHHO KOHIJIOMepaTaMi M B MeHbIlleli CTereHu —

IeCyaHMKaMMN.

oro paspesa 1o mpoduio III-11I mecTtopokmerns Kokrac-IIapbIKTbI
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[To cBoMM pa3mMepaMm pyAHbIe Tejia, BHIXOASIINE Ha
IMOBEPXHOCTb, OTHOCUTETbHO HEBEJIMKM — UX MTapaMeTphbl
KonebmoTes B npepenax ot 10x2 mo 160x120 M. OcobeH-
HOCTBIO IPOCTPAHCTBEHHOI'O pacIipelesieHs SIBJISeTCs
IPYNIIMPOBKA COMVDKEHHBIX PYIHBIX TNl B YEThIPe YETKO
BbIpasKeHHbIE pyJHbIe 30HbI. Bce 30HbI UMEIOT YCTONYM-
BYIO CeBepo-3arnafHylo opueHTUpoBky (300-320°), yto
MOJTHOCTBHIO COOTBETCTBYET MPOCTUPAHUIO KaK Tejia aH-
IIe3UTOBBIX MMOPMUPUTOB, TAK 1 BMEIIAIIINX 0CaTOUHBIX
MOpOoJ, KMBETCKO-(hpaHCcKoro Bo3pacta [22].

JlemanvHas xapakmepucmuxa pyoOHsIX 30H

[TepBas (camas 1O>KHasT) pyAHas 30Ha: BKIKOYAET ABa
pymHbIX Tena pasmepom 10x2 1 130x5-30 M. [TepBoe Tesio
pacIiososkeHO HeroCpeiCTBEHHO B pyciie peku [IapbIKThI.
BTopoe Teno xapakTepusyeTcs CIOKHOV mopdosioruei
C BeTBJIEHMEM Ha IOr0-BOCTOYHOM OKOHYaHUU, IJe OHO
IOCTENeHHO BBIKJIMHMBAETCS, B TO BpeMsl KaK Ha ceBe-
po-3amagHoM duiaHTe TIOTPYKAeTCs IOJ COBpeMeHHbIe
PBIXJIbIE OT/IOXKEHUS.

Bropas pynHas 30Ha: pacroioxkeHa B 60—-70 M K ce-
BEpPO-BOCTOKY OT MepBo¥i 30HbI. COCTOUT U3 MSTHU OTHO-
CUTETbHO HEOONbIINX PYOHBIX TeJT, 00pa3yoNIMX YeTKYIO
LIEMTOYKY MpoTssKeHHOCThI0 120 M. Hambomnee KpyriHOe
TeJIO B 9TOV 30He MMeeT pa3mepsl 50x10 M.

TpeTbs pynHast 30Ha: Haxogutcs B 40-50 M K ceBe-
PO-BOCTOKY OT BTOPOJ 30HBI. Bce pyziHbIE Tea 3a/1eratoT
MCKJTIOUNTEIHHO B MACCMBe aHIe3UTOBbIX MOPHOUPUTOB.
XapakTepusyeTcsl pa300IeHHbIM PaCIIONIOKEHEM TeJ,
006pasyonmMx Merouky o611eii MpoTSKeHHOCThI0 440 M.
MakcumaabHble pa3Mepbl Hayuboee KPYyITHOTO Tejla CO-
craBisioT 120x20 m.

YeTBepTas pyLHas 30Ha: paclojiokeHa Ha paccTosi-
Hun 90-100 M K ceBepo-BOCTOKY OT TpeThbel 30HbI. [Ipen-
cTaBjieHa JIBYMSI PYOHBIMM TeiqaMu pasmepom 160x15
1 60x10 M. 3aHMMaeT caMmoe CeBEPO-BOCTOUYHOE TOJIOXKe-
HMe Cpeliy BCeX BBISIBJIEHHbIX 30H MUHepalu3alun.

1.3. MegHO-MOIMOOEHOBOE MEeCTOpPOKIeHue
KacksbIpkasran BxoauT B KacKbIpKa3raHCKyI0 TIDYIIIY,
KOTOpast 00beIMHSIET TaKue MeJHO-ITOPGUPOBbIE MECTO-

45 os-9 “
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Rakishev B. R. et al. Variation of ore grades in the boundary zone of subeconomic ore

poxkneHus, kak Kermuam 1 KeHbkynyk. MecTOpoKoeHUs
KackbIipkasraHCKoOii TPyIbl PacloaoXKeHbl B @HTPasb-
HOM yactu TOKpayCKoM MHTPY3UBHO-TEKTOHMUECKO
30HbI, KOTOpasi MMeeT CJIOXKHOe CTpOoeHlue, OpyldeHeHe
MPUYPOUEHO K alMKaJIbHOM YacTy IITOKA TPaHUT-IOP-
(bupoB, HACKIIIEHHOI KCEHOMUTAMM BMEIIAIOIINX ITOPO]I.

[To BellecTBEHHOMY COCTaBy DPYZAbl OI€HMBAaEMBbIX
00BEKTOB SIBJISIIOTCSI KOMIUIEKCHBIMM MeTHO-MOIn6me-
HOBBIMU U TOJPA3OeNsIOTCsS Ha OKUCIEHHYIO U TTepBUY-
HYI0 CYJIb(PUAHYIO YaCTH.

Okuc/IeHHas vYacTh pya pa3BuUTa c1abo U MpOoCIesKiu-
BaeTcs Ha ryouny o 20 M, peako 10 45 M. OCHOBHBIMU
MMHepasaMu 3[eCh SIBJISTFOTCSI O0PHUT, XaJAbKO3WH, JIMMO-
HUT, FTeMaTUT, MaJIaXUT, a3yPUT, XPU3OKOJIa, KYTIPUT, Te-
TUT, TUIPOTETUT. bosiblllee 3HAUEHME MMeeT MepexoaHast
30Ha CMEIIaHHbBIX PV,

MenHo-MONMM6IeHOBOE OpyIeHeHMe IPeaCTaBIeHO
BKpAIJIEHHO-TIPOKMJIKOBBIM TUIIOM B MacCUBe T'pPaHO-
IVIOPUTOB, TATOTEIONIMM K KOHTAKTaM C KCeHOIUTaMU
0CAZOUHBIX TTOPOT  KBapIEBBIX MOPGUPUTOB. [Ipr 3TOM
MeaHas MMUHepanu3salusl MpeAcTaBjieHa BKpareHHbIM
TUIIOM, & MOJIMOAEHOBAsS B OCHOBHOM ITPOXKMIKOBBIM.
BoisiBjieHa y1abast KOppessius MegHOTO U MOJUOIeHO-
BOTO OpYyIOEHEeHMs, MOMMOIEHUTOBbIE TPOKWIKM 3ada-
CTYI0 TIepeceKkarT YUYacTKM MeIHOV BKparieHHOV MUHe-
pann3anuy, MHOT/IA 3HAUUTEeTbHO BbIXOIS 32 ee TIpe/iesibl.

B 1ieioM Mo MeCcTOpOXAeHMI0 OTMeuaeTcs BeChbMa
CJIOKHBIN XapakTep opyneHeHUs. PymHble MHTepBasbl
0OBIYHO TTePEMEKAIOTCS C ITYCTBIMM ITPOCIOSIMMU, MOIII-
HOCTM HEBbIJepsKaHHbIe, pa3sbpoc MX HAOIIOHAeTCs OT
IeCSITKOB METPOB [0 OeCsThIX mosel (puc. 2). [Ipu sTom
BKpAaIlJIEHHOE OpYAeHeHNe MeeT MPEUMYIEeCTBEHHO He
MacCCUBHBIN, a BepOSITHO, THE3/10BOI XapaKTep, UTO B pa3-
pesax IPUBOAUT K MPOSIBJIEHUIO «IIAXMAaTHOTO» PUCYHKA
opyIeHeHUs axke B COCEHMUX CKBa’KMHAX B OIHON pa3-
BeOUHOV JIMHUM. BKpamnjeHHOCTbh PYAHBIX MUHEPAsOB,
MTPOSIBMBIIASICS B OTHOV CKBakMHe, MOKeT OTCYyTCTBOBATh
B CJIeyIOIIel CKBaXkKMHe, naske Ha paccrostHuu 20-50 M,
Ha 3TOM YpOBHE WM OBbITh CMEIIEeHHO! 1O BepPTUKAIN
BBEPX WK Ha TIIyOUHY [23].

v I~

30/2445

Puc. 2. Y4acTOK reosioro-TnofCcyeTHOTO pa3pe3a MeCTOpPOXaeHMs KackbipkasraH
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1.4. HalimamkajabCKoe pygHoe mone chopmu-
pPOBAJIOCh B KeMOPO-OPIOBUKCKII TTEPUOI, B YCIOBUSIX
OCTPOBOIYKHOI CUCTeMbI, pa3BMBaBIIeNCS Ha OKea-
HUUeCcKol Kope. Bmemniawiiue mopoAbl MpecTaBaeHbl
6a3asbT-TePPUTEHHO-KPEMHMCTOI  dopmaiueii, co-
OTBETCTBYIOILIEV HAYaJIbHOM CTaAuM BYJIKaHUUYECKOI
aKTUBHOCTM B peruoHe. C maHHOJ ¢dopMaliieil reHe-
TUYECKM CBSI3aHO KOMUeIaHHO-TIO/IMMeTa/l/IMUecKoe
opyIeHeHMe, comepskallee 30JI0TO U cepedbpo, Hauboiee
SIPKO TIPOSIBJIEHHOE B MpeJiesiax MaiikanHCKOTo PYAHOTO
0JIsI, KOTOPOe CJIYKUT 3TAJIOHHBIM IPUMepPOM [JIs TaH-
HOTO TUIIa MUHepaIu3aluu.

leonornyeckoe crpoeHue HalimaH)XalbCKOTO MeCTO-
poXAeHus, 3aHMMaroIero riomanb 2,0x0,8 kM, xapakre-
pusyeTcs rpeo6agaHreM BYJTKaHNUECKUX U BYJIKAHOTeH-
HO-0CaJ0YHbIX (BYIKAHOMUKTOBBIX) TIOPO/I, OTHOCSIIITUXCSI
K HIPKHEMY U CpeTHEMY OT/Ae/laM OPJOBMKCKOM CHUCTEMBI.
3HAUUTEIbHO MEHBIIIYIO POIb UTPAIOT TEPPUTEHHbIE U Xe-
MoreHHbIe 06pa3oBaHust. CYOBYIKaHUYECKME Y UHTPY3UB-
Hble KOMIUIEKChI MMEIOT pe3ko MOJUMHEeHHOe 3HaueHNe
B re0JIOTMYECKOM pa3pese MeCTOPOKAeHMSI.

B npemenax HaliMaHXaJIbCKOTO MeCTOPOXIEHUS
MPUHSTO BBIAEISITh MUHEPAIN30BaHHbIE 30HBI, BHYTPU
KOTOPBIX JIOKAJM3YIOTCSI COOGCTBEHHO pyAHbIE Tenma. Mu-
HepaM30BaHHbIE 30HbI MOTYT ObITh MAEHTUGUIVIPOBA-
HbI B [IOBEPXHOCTHBIX BbIPA6OTKAX ¥ 6YPOBBIX CKBasKMHAX
0 XapaKTepHBbIM BellleCTBEHHBIM OCOOEHHOCTSIM U CIie-
IMOUIECKUM CTPYKTYPHO-TEKCTYPHBIM Ipu3HaKam. Of-
HaKO BblJeJ/IeHMe IMTPOMBIIIJIEHHO 3HAUYMMBbIX PYOHbIX TeJl
C YCTaHOBJIEHHBIMM GOPTOBBIMM COZEPKAHMUSIMM 30JI0Ta
(marpumep, 0,5 r/T) TpebyeT IpOBedeHMs IeTaTbHOIO
orpo6oBaums (puc. 3). LleHTpaybHbIe YACTU PYIHbBIX Tel,
oboraieHHble 30JI0TOM U Cepe6poM, ITOCTATOUHO YeT-
KO IMArHOCTUPYIOTCS TI0 BU3YaJIbHBIM TIpM3HaKaM, 4TO
CIIpaBejIMBO KaK [Jis1 OKUCI@HHBIX U TTOTYOKUCIEHHBIX,
TakK ¥ JJ151 [IEPBUYHBIX 30JI0TOCOLEPKAIIUX DY [24].

Bce paccmoTpeHHbIe MeCTOPOXKIEHMS XapaKTepu3y-
FOTCSI CJIOXKHOM CTPYKTYPHOJ OpraHm3anueii. Bioku ycTy-
TI0B TIPEJICTABJISIOT COO0M CJIOKHBIE COUETAHUST PYITHBIX
Tea ¥ BMeIaMx mopoj, (HeKOHAUIIMOHHBIX PYy[), OT-
JIAYAIOIIMXCS :

— pasHoo6pa3Hoit KoOHUTrypalueii;

— IIMPOKUM JIMaria30HOM pa3MepoB;

— pa3aMUHBIMM  (DUBUKO-TEXHUUECKMMM IT1apame-
Tpamu;

— HEOHOPOAHBIMU re0/IOrMYeCKUMU XapaKTePUCTH -
KaMMu.

OCO6eHHOCThIO TaHHBIX MECTOPOXKIEHMIA SIBJISIETCS
OTCYTCTBME BM3YaJbHO PA3JIMUMMbBIX KOHTAKTOB MEXITY
KOHOMIIMOHHBIMM UM HEKOHAUIIMOHHBIMU pyIdaMM, UYTO
orpefiesisieT BepOSITHOCTHbBIN xapakTep ux rpaHuil. Cy-
1I[eCTBEeHHBIM HeIOCTaTKOM SIBJISIETCSI OTCYTCTBME Orlepa-
TUBHOI MHGOPMAIIUY O pacIIpeiesieHMM I0JIE3HOTO KOM-
IIOHEHTAa B PasIMUHbBIX YACTSIX OTpabaThiBaeMOro OJioKa.
OmHaKo 3Ty ITpo6IeMy MOSKHO PENIUTD IyTeM KOMIUIEKC-
HOTO aHa/I13a JAHHBIX pa3BedOUHbIX CKBaskMH. [Ipume-
HeHle MeTO[IOB pPerpecCMOHHOTO aHa/n3a I103BOJIsIeT
YCTAaHOBUTb 3aKOHOMEPHOCTU M3MEHEHMSI COMep KaHUsI
M0JIe3HOT0 KOMITOHEHTA B MPMKOHTAKTHBIX 30HAX HEKOH-
IUIMOHHBIX Py, UTO 3HAYUTEIbHO IOBBIIAET 3hdek-
TUBHOCTb I'€0JIOTOPa3BeIOYHbIX PadoT.
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Pakuwes b. P. n ap. ameHeHWe copep>kaHns Mone3HbIX KOMMOHEHTOB B MPUKOHTAKTHOM 30HE HEKOHAMLMOHHBIX PyA,

IIJis meTaabHOrO MCCAeOOBaHMs 0COOEHHOCTel pac-
npeAeneHus MoJie3HbIX KOMITOHEHTOB PEKOMEH/IyeTCsI:

— MIPOBeJieHNe CTaTUCTUIECKOrO aHalin3a MPOOHOTOo
marepuasa;

— IIOCTPOEHMEe perpecCMOHHBIX MOJiejiell pacrpene-
JIeHUSI MEeTaJIJIOB;

— aHa/IM3 IMPOCTPAHCTBEHHON M3MEHUYMBOCTU COep-
SKaHU;

— BbISIBJIEHME 3aKOHOMEPHOCTel M3MeHeHMsl Kaue-
CTBa Py, B IPUKOHTAKTHBIX 30HAX.

Takue mcciienoBaHMs MO3BOMSIIOT CYIIECTBEHHO IMO-
BBICUTb JOCTOBEPHOCTb MTPOTHO3HbBIX OLIEHOK U ONTUMMU-
3MPOBATh MPOIECC OTPAOOTKM MECTOPOXKIEHNS.

2. AHanuTuYyeckKoe onpeperneHue
copep)xaHus MK B NPUKOHTAKTHOI 30He
3a6anaHcoBbiX (HEKOHAULMOHHDIX) PYA,

Pemenne sTOM 3aauM OCHOBBIBAETCSI HA MCXOIHOM
nHbOpMaLN, UMeIOIeiics Mo reoOTUUeCKUM CKBaXKM-
HaMm (puc. 4). lanHble 110 pa3BeLOYHbIM CKBXKMHAM Me-
cropoxxpennit Kokrac-llapoiktel, Kackbpipkasran u k-
HbII-MOMHTBI TIipuBeneHbl B Tabn. 1. TIo HUM MOXKHO
BBISIBUTb 3aKOHOMEPHOCTHU M3MEHEHUS COIepKaHus Py
B 3a0aJIaHCOBOJ (HEKOHIUIMOHHO) YacTy 6JI0Ka YCTYIIA,
60j1ee TOUYHO HAMETUTH JIMHUM TPeHO0B u3MeHeHus [TK
32 30HOV KOHAVIIVMIOHHBIX PY.

Puc. 3. Y4acTOK reoyioro-nofcyeTHOro pa3pesa
1o mpoduitio 2+25 MecToposknennst Hatmamkasn

Puc. 4. Tpaduueckoe 1300paskeHNe pa3BeqOUHbIX CKBaKMH
Y PYOHBIX YY4aCTKOB MECTOPOKAEHMIA:
a — Kokrac-1IIapbIKTbl; 6 — KO3KHBIIi-MOVHTHI;
2 — pa3BefjouHasl CKBaXX1Ha, 4 — pygHOe Teno
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Tabauia 1
JaHHbBIE IO pa3BeJOYHBIM CKBaKMHAM
mectopokaeHui Kokrac-IllapsIkTsI (a),
KacksipkasraH (0) v O>kubIii- MOMHTBHI (B)

Mecto- | IIpodbunas, | Cu, % I‘l]_gggfla r"};;g:
poxxaoeHue MKeT Au, r/T B CKBAYKHMHE, M - >
CII-5-155 | 0,0309 | 253 254 1
CII-5-156 | 0,5738 | 254 255 1
CII-5-157 | 3,2414 | 255 256 1
CII-5-158 | 1,0086 | 256 257 1
CII-5-159 | 3,1540 | 257 258 1
CII-5-160 | 2,3665 | 258 259 1
CII-5-161 | 3,0334 | 259 260 1
CIT-5-162 | 2,4180 | 260 261 1
CIT-5-163 | 1,5263 | 261 262 1
a CIT-5-164 | 0.5374 | 262 263 1
CIT-5-165 | 0,8430 | 263 264 1
CIlI-5-166 | 2,5454 | 264 265 1
CII-5-167 2,8711 265 266 1
CII-5-168 | 1,6061 | 266 267 1
CII-5-169 | 1,0772 | 267 268 1
CIT-5-170 | 1,2598 | 268 269 1
CII-5-171 1,4031 | 269 | 270,4 1,4
CII-5-172 | 0,3113 | 270,4 | 272 1,6
CII-5-173 | 0,0662 | 272 273 1
KAS 201372 | 0,155 | 71,4 72,4 1
KAS 201373 | 0,309 | 72,4 73,4 1
6 KAS 201374 | 0,766 73,4 74,4 1
KAS 201375 | 0,248 74,4 75,4 1
KAS 201376 | 0,027 | 75,4 76,4 1
UMP35b/55 0,09 51 52 1
UMP35b/56 | 0,35 52 52,6 0,6
UMP35b/57 0,48 52,6 53,2 0,6
UMP35b/58 | 0,28 53,2 54 0,8
? UMP35b/59 | 0,1 | 54 | 548 | 08
UMP35b/60 | 0,49 54,8 55,4 0,6
UMP35b/61 0,24 55,4 | 56,4 1
UMP35b/62 0,05 56,4 57,4 1

IJjisi TOCTpOeHMsT IMHUM TPeHZa U HaxOoXAeHUs ee
ypaBHEHMST HEOOXOAVMO BBITIOTHUTD CAemyIollue aeii-
cTBUSL. BbIOpATh IBE TOCIe0BaTe/IbHbIe TOUYKM B PYTHOM
TeJjie C COOTBETCTBYIOIUM comepkanueM I1IK 1 ogHy TOU-
Ky C U3BeCTHbIM comepkaHuem [1K B HEKOHIOMUIIMOHHBIX
pymax (cM. puc. 4). PaccTossHUSI MeXAY 3TUMU TOYKaMU
OIpPEeNeNISTIOTCS TT0 MPo6aM KEPHOB pPa3BEIOYHBIX MO0
3KCIUIyaTallMOHHBIX CKBaXMH. Hauvaso orcyeta coBMme-
CTUTh C TI€PBOJ TOYKOV JVMHUM TPEHJAa B PYLHOM Tele
(puc. 5, a, 6). BeibpaHHbIE TOUKM COEIVHUTH ILJIABHOI
KkpuBoii. Torma mepBast 4acTb AMHUM TpeHaa (o KOHTypa
KOHIMIIMOHHBIX pya) OyIeT MoKa3bIBaTh M3MEHEeHMe CO-
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Iep>KaHusT Pyabl B KOHAUIIMOHHOI YacTy PyIbl, a BTOpast
yacTh — u3MeHeHue I1K B HeKOHAUIIMOHHOI YacTu 6/I0Ka.
VickoMast TMHUS TPeHJa OMMChIBAETCSI SKCIIOHEHIIMAb-
HbBIM YPaBHEHMEM:

y=A-e", (1)

roe vy — comepkanue IIK B pyae Ha JAaHHOM OTpe3Ke;
A u k — uckomble KO3(PULIMEHThI; X' — PacCTOSIHUE OT
TIepBOi TOUKM Pa3BeIOYHON CKBAXKMHBI IO pacCMaTpuBa-
eMOJt TOUKM, M.

Ilyis HaxoxkmeHusT Koo duiineHToB A u k, Tiposiora-
pudmupyem obe yactu ypaBHenusi (1). B pesynbraTe oHO
rpeo6pasyeTcsl B IMHEITHOE YpaBHEHMUE, T.€.:

Iny'= nA+kx', Y'=C+kx/, )

roe Iny =Y, InA = C - cBo60OAHbIE WIeHbI YPaBHEHNS.

g onipenenenust 3HaueHmii C v k IpMMeHUM MeTO[,
JIMHEIHOM perpeccun, B COOTBETCTBUU C KOTOPBIM IIPO-
M3BOAUTCS MMHUMM3AIMSI CYMMbI KBaJpaTOB OTKJIOHEe-
HMi pakTHUeCcKuX 3HAUeHMIi OT IIpeIioaraeMbIX:

E=Y (Y~ (kx+C))’, 3)
i=1

roe E — cymMMa KBaJ[paTOB OTKJIOHEHMI; N — KOJIMUECTBO
IaHHBIX; X, — abcuycca i-i TOUKM.
Koadduumentsl k u C onpenensrorcs mo GopMmynam:

DYCUIE RPN
k — i=1

i=1 i=1

ni(xi')2 —[Zn:xi'j

b

“)

IMTocne onpenenenus 3HaueHui k 1 C MOKHO HAWTU
K03 duumeHTsr A, k IS MCKOMOV 3KCITOHEHIIVATbHOM
3aBUCUMOCTH.

Iyist ompefeneHus CofepskaHusi pyabl B HEKOHIUIIN-
OHHOI1 yacTy 6;10Ka y He06XOIMMO TT0JIb30BAThCSI YACTHIO
o01elt TMHUM TPeHIa B 9TO¥ 30He. [IIs1 ee BbIIEIeHUS
HAYyasJa0 HOBOW CUCTEMbl KOOPAMHAT HY’KHO COBMECTUTH
C KOHTYPOM pyJHOTro Tena (puc. 5, 8, 2), Toraa:

y:A.ek()H?»):A‘ekk‘ekX’ y:A"ekX, (5)

T7e A — PacCTOsIHME OT Havasia IIepPBOii CUCTEMbI KOOPIN-
HaT [0 KOHTypa pymgHoro teia; A’ = e — koapduumeHT
YpaBHEHMS TPEHa B 30He HEKOHIUILIMOHHBIX Py, (pUC. 6).

TakuM 06pa3oM, IO ypaBHEHMIO (5) MOXKHO BbIUMC-
JINTH COMlEePSKaHMe MTOJIe3HOTO KOMITOHEHTA Y B 30HE HEKOH-
IULVIOHHBIX py. [IJIT ero aBTOMAaTU3MPOBAHHOTO pacyeTa
6buta paszpaboTaHa MporpaMma TOCTPOEHMUS 3aBUCUMO-
CTU COIEpsKaHWSI PyAbl B MPUKOHTYPHOII 30HE, Ompefe-
JIeHVsT KO3 PUIMEHTOB 9KCIIOHEHIIMABHOTO YPaBHEHMSI.
[lporpamMma Hammcana B cpeme Visual Studio 2022 nHa
s3bike C# (cM. puc. 6). 111 paboThI ¢ TPOrpaMMOit Heob-
XOOMMO 3arpysuTh *.csv (aiiyl ¢ JaHHBIMM COMEPsKaHUS
PYIbl pPa3sBeIOYHON MM SKCIUTYaTAI[MOHHOM CKBasKMHbI
Ha KOHKPETHOM MHTepecyloleM yJyacTke (cM. Tabm. 1).
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Puc. 5. O61me 1HUYM TPeHOOB cofepskanus [TK B MPUKOHTYPHOI 30HE KOHAMIIMOHHBIX I HEKOHIUIIMOHHBIX PYI
10 JaHHBIM pa3BelouHOl ckBaxkMHbI KAS 2013 72-76 mecTtoposkaeHyst KackbIpKasraH:

a — [1Jis TIPpaBOro KOHTYpa PYOHOTIO TeJia; 6 — [IJIsl IeBOr0 KOHTypa PYIHOIO Teja;
JINHUY TPEHJIOB B 30HE HEKOHIMLIMOHHBIX PYJ, COOTBETCTBEHHO: 6 — JJI51 [IPaBOT0 KPblIa; 2 — [1JIs1 IEBOTO KPbLIa

[ Plot Data
Part Coefficienta  Coefficientb  Formula Average Ore C Part Coefficienta  Coefficientb  Formula Average Ore C
Left |26312 |-1.4509 ly = 263123 = ¢|1.3476 Left |0.2582 |-1.4509 |y = 025819~ ¢|1.3476
Right [05123 [-05804 [y = 051232~ ¢[1.3476 Right [0.153 [-05804 [y = 015302 = [1.3476
Ore Content in the near-contour zone Ore Content beyond the boundary
‘\
\
i
\
0,24
I~
= '
= o
5 SN
S { s
@ 0,11 "
o ] STl
NARETON
ST
e Tl
| SIS I B N B B B S B B B N B B B B B T T —— T
0 0,5 1 1,5 2 2,5 3 0 1 2 3
Distance Distance

Puc. 6. VIuTepdeiic mporpaMMBbl IJIs pacyeTa ypaBHeHMi comepskanus IIK B MPUKOHTYPHOI 30He HEKOHANIIMOHHBIX PY/I
(Coefficient a = A")
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Ianee mo Haxkatuio KHOIKM «Plot Data» BocmpousBo-
IUTCS aITOPUTM PperpecCMOHHOTO aHalau3a COIJIaCHO
BBIILIENIPMBEEHHOI MeTOAMKe U, KaK BUIHO Ha puc. 6,
O0TOOPAKAIOTCS IBe TAOGMUIIbI C KO3 DUIMeHTaMu Kpu-
BOJ mM3MeHeHus comepxkaHusi IIK meBoro m mpasoro
KOHTypa B MEepPBUUHBIX KOOPAMHATaX CjleBa U B HOBOIA
cucTeMe KOopauHAT crpaBa. COOTBETCTBEHHO Ha HU-
SKerpuUBeOeHHbIX TpaduKkax TIOKa3aHbl KPUBBIE W3-
MeHeHus1 copepskanus IIK jieBoro u mMpaBOro KOHTY-
pa PyoHOTO y4yacTKa B CTapoii M HOBOW KOOPAMHATHOM
CUCTEMax.

3. TexHonornyeckoe o60cHoBaHue
NMoJZIHOro u3esiedyeHua pya
M3 CIOXKHOCTPYKTYPHbIX 6/10KOB
C NpuMeLlMBaHUEeM HEKOTOporo cnos
HEKOHAULMOHHbIX PyA

sl TeXHOJIOTMYEeCcKOro OOOCHOBaHUSI IIOJTHOTO
M3BJI€YEHMS PYOHOM MacChl M3 CIOXHOCTPYKTYPHBIX
67I0KOB C MUHMMAaJIbHBIMU TOTEPSIMU U Pa3ybOKMBa-
HMeM HeOOXOIMMO YYMTBIBATb DSJ KIIOUEBbIX IIOKa-
3aTeneil oboraTuTesbHOro mpouecca. K HMM MOKHO
OTHEeCTU:

— coflepskaHye I10Je3HOr0 KOMIIOHEHTa B IIojlydae-
MOM KOHLIeHTpare f3;

— COep’kaHye II0JIe3HOIO0 KOMIIOHEHTa B OTXOAax
oboraieHns §;

— CpelHee COAep>KaHMe II0JIe3HOr0 KOMIIOHEHTa
B MICXOJHOI1 pyze o;

— BBIXOJI, TOTOBOT'O KOHIIEHTPATA v, ;

— BBIXOJ], XBOCTOB O0OOTaIlleHMs v, ;

— CTeleHb M3BJIeUeH s [10JIe3HOT0 KOMITIOHEHTa B KOH-
LIEHTpAT €,;

— CTeleHb V3BJIeYeH s II0JIe3HOr0 KOMIIOHEHTA B XBO-
CTBI €,.

OTU MapaMeTpsl, KaK IIPaBUIO, ONpenesiioTCs JKC-
MepyMeHTaIbHbIM IIyTeM B XOZe J1ab0paTOPHBIX U IPO-
MBIIIJIEHHBIX UCTIBITaHMI [25-27]. [I7151 MX TeopeTnyecKo-
r0 pacyeTa MOTYT ObITb MCIIO/Ib30BaHbl MaTeMaTUYeCKye
3aBMCMMOCTY, BbIBeleHHble B HallMX MPeAbIOAyIINX JC-
cregoBaHMX [25]:

_Mc_a_6 _Mt_B_a
M, s "M, p-s

(6)
MB o-5 B M3S B-o 8

YunuTpiBasi, YTO MacChl MCXOLHOV pynbl M,, IOIy-
yaeMoro KOHLleHTpaTa M, 1 06pasylolMxcsi XBOCTOB M,
MOAJAI0TCSI TOYHOMY M3MepeHMI0, 3HaueHus M3Bjeye-
HMS ¥ BBIXOZA ITPOIYKTOB 060rallleHust MOTYT ObITh pac-
CYMTaHBI C BBICOKOJ TOUHOCTBIO 110 MIPUBeAeHHbIM (op-
myaam (6).

B3auMoCBsI3b MeXAy TOKa3aTelsiMyU WU3BIeYeHUs
I10JIE3HOTO KOMITOHEHTA M BbIXOJAMU MPOAYKTOB obora-
1IeHMST BbIpaskaeTcsl ClAeAYIOMMI COOTHOLIEHUSIMU :

gc Zyca’ 8t :yta' (7)
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Ipunyunst OKOHMYPUBAHUS NPOMBIULIEHHBIX PYO

[Tpu pellleHMM TIOCTABJIEHHON 3a7aul 0COO0e BHU-
MaHMue cjieyeT YOeIUTb MEeTOHOJIOTUM OIlpeeneHus
IpaHUI] KOHIUITMOHHBIX Py/l. ITOT MIPOIeCC OCHOBbIBAET-
CS1 Ha YCTAHOBJIEHUM TEXHOJOTMYECKM ¥ 3KOHOMMUYECKU
060CHOBaHHOTO MUHVMAJIbHO JOTTYCTUMOTO COIePyKaHMSI
nosie3ubix KoMroHeHTOB (IIK) B pyme o. O6beMbl pyx-
HOJi Macchl ¢ copepyxkanmem ITIK Hiske 3TOTO Tipepena (< o)
KJIacCUDUIMPYIOTCS KaK HEKOHAMIIVIOHHBIE Y OTHOCSITCS
K KaTeropuiu BMelamIinx Mopo/,.

Kak mokasanu McciiejoBaHus, yMeHbIlleHe Cofep-
>KaHUSI MTOJIe3HbIX KOMITOHEHTOB TIpU yAaJeHUM OT KOH-
Typa PyLHOTO Tesa MPOUCXOAUT ITOCTEeNIeHHO. B puKoH-
TYPHOJ 30He HEKOHIMIMOHHBIX PY[, HEelloCpeaCTBEHHO
MIPUMBIKAIOLIEeil K MPOMBIIJIEHHBIM PyAaM, COAepKaHe
[IK cootBeTcTByeT ero 6oproBoMy 3HaueHmio [12]. Ilo
Mepe yhajaeHus OT 3TOI TpaHUllbl CpefHee COfepKaHue
T10JIE3HOTO KOMITOHEHTA B 001Ieii OTTPY’KaeMoil pymaHO
macce o CHMUKaeTCsl.

[17151 KONMMYeCTBEHHOM OLIeHKM 3TOrO Mpoliecca B IBY-
MEepHOM IIpefCcTaBlieHuu (PUC. 7) UCIIONb3YeTCs CJIeLyI0-
mast popmysa:

_Seo-a+Sso-oc"
" S +Ss ®)

rae S,, — IIOWaAb C/I0s1 KOHAMLIMOHHOM pyabl, M%; S -
IUIOIaAb TPUMENIMBAEMOTO CI0S1 HEKOHAULIMOHHOI
pyasl, M?; o — comepskanue T1K B mpumMeniMBaeMoM CJIoe
HEKOHJIUITMOHHBIX PY/I.

[MpuBeneHHble MaTeMaTHUUeCcKue 3aBUCMMOCTU II0-
3BOJISIIOT:

—TOYHee OTIpeeNsiTh TPaHUIbl TMPOMBIIIIEHHBIX
PYIHbBIX Te;

— paccunThIBATh ONTMMAJbHbIE [TapaMeTpPhbl BbIEMKMU;

— CTPOUTDH AJTOPUTMBbI IJIsI MMHUMM3ALUM II0TE€Pb
T0JIe3HbIX KOMIIOHEHTOB;

— CHMIKATD CTereHb Pa3yoosKMBAHMUS PY/IbI;

— 000CHOBBIBATh 9KOHOMMUYECKYIO IIeiecoobpas-
HOCTb OTPABOTKM MTOTPAHUYHBIX 30H.

’

(03

Puc. 7. Cxema K onipefenenuio comepkanmsi ITK
B OTTpY>kaeMoii pyze: — KOHIMLMOHHAS pyLa;
- HEeKOHAMLIMOHHAS pya
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[lprMeHeHNe MAHHOW METOOMKM OCOOEHHO aKTy-
aJabHO IJIS1 CJIOKHOCTPYKTYPHBIX MECTOPOXKIOEHMIt ¢ He-
YETKUMMM TPaHULIAMM PYIOHBIX TeJl, TOe TPaauIMOHHbIE
MOAXOIbI K OKOHTYPMBAHUIO YAaCTO OKAa3bIBAIOTCSI HENO-
CTaTOYHO 3¢ HEeKTUBHBIMMU.

Ins pacueTta o” =y B IpUMeEIINBAEMOM CJIO€ HEKOH-
IUIIVOHHBIX Py MOYKHO ITOJIb30BaThCS TIOTYYEHHON 3a-
BUCUMOCTBIO (5), OTKyma:

t'

”_11” _1 1 kx _A' kx
o —?!;y(x)dx—?_([Ae dx—ﬁ(e -, )

roe t' — MmMMpUHA CJIOS TIpUMeNIMBaeMOi HeKOHIUIMU-
OHHOI pyApbl. Pe3ynbTaThl BBIUYMC/IEHUIA o MPUBEIEHBI
B Tab. 2, 3.

YTo6bI orpenennTh comepskanme [TK B oTTpy:kaemoit
pyze, HeOOXOOMMO BBITTOJIHUTD EICTBUS COTJIACHO Cile-
IYIOIeMY aJITOPUTMY:

1. OnipenensieTcss U3y4dyaeMblii CIOKHOCTPYKTYPHBIN
6JIOK yCTYyTIA.

2. [IpuBoOnSTCS JaHHbIE 10 COAeP)KaHMIO PYAbI B IIPU-
KOHTAaKTHOJ 30HEe KOHOVLVOHHBIX ¥ HEKOHIMUIIMOHHBIX
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PYII, 10 pe3y/bTaTaM Mpob pa3BeIOYHbIX WM IKCIUTyaTa-
IIMOHHBIX CKBasKMH.

3. BHocsiTcst maHHble copepykanus [IK B MpUMKOHTAKT-
HOJ1 30He B pa3paboTaHHYIO TPOrPaMMY U C €€ TOMOII[bI0
orpenenstiorcs: KosdounmeHTsl A', kK IJISI SKCIIOHEHLIV -
aJIbHOM 3aBUCUMOCTH (5) M3MEHEHUS COMIEPsKAHMS PYIbI
B 3a6a1aHCOBBIX PYyIax.

4. TTo HalimeHHBIM KO3 dUIIMEeHTaM yCTaHABIMBAET-
s cofiepykaHue pybl B IPUMeIIMBaeMOM C/10e HEKOH/IM -
LIMOHHBIX PYZ, 10 3aBUCUMOCTH (9).

5. TlomcTaBMB HalimeHHOe 3HaUeHMe o B (8), orpefe-
muTh comepskanue ITIK B 0611eit oTrpy>kaeMoii pyze.

Inst TpakTUyeckoi poBepky 3PGeKTUBHOCTY TIper -
JIOKEHHOTO aJITOPUTMa ObLIM IEeTaJbHO IIPOAHATU3UPO-
BaHbl TPM Pa3IUMYHBIX BapMaHTa KOMIUIEKCHOW BbIeMKMU
3aI1acoB T0JIE3HBIX MCKOTIaeMbIxX, MpeaycMaTpUBaIOIIX
COBMECTHYIO OTPabOTKY KOHAUIIMOHHBIX PYII, C TIPUIIEraio-
MIMMY CTIOSIMM HEKOHAMIIMOHHOM MUHepaIu3alumn B Iipe-
Jleax CJIOKHOCTPYKTYPHBIX 6710KOB. VicciiemyeMble pynHbie
Tesla XapakTepu30BaIuCh 3HAUYMUTEIbHBIM BapbMPOBaHNEM
MOIITHOCTY — OT 4 10 30 M, YTO O3BOJIMIIO OIIEHUTD PaboTy
aJArOpUTMa B Pa3/IMUHbBIX Te0OrMYECKUX YCITOBUSIX.

Ta6muia 2

JlaHHbIe TI0 MeOHbIM MecTopokaeHnsam KackbipkasraH (a) u Kokrac-lllapsIkTHHCKOI mmomagu (6)

Mecro- | N° pyasoro Cpennee MOIIHOCTh , CopepskaHye pyasl o’ B IPUKOHTYPHOM
posKICHIe rena. cozepkaHme HKO PYAHOTO A k c10e HeKOHIVIIIVIOHHBIX PYA, M
B PyJHOM Tejle o, % | Tejaa, M 0-0,3 0-0,7 0-1,0
1 0,30 13,7 0,10 -1,15 0,085 0,069 0,059
2 0,33 9,8 0,19 -0,74 0,170 0,148 0,134
a 3 0,35 6,5 0,23 -0,32 0,219 0,206 0,197
4 0,39 6,8 0,20 -0,65 0,182 0,161 0,147
5 0,43 6 0,19 -1,00 0,164 0,137 0,120
1 0,30 16,5 0,13 -0,50 0,121 0,110 0,102
2 0,38 13,5 0,11 -0,46 0,103 0,094 0,088
6 3 0,53 6 0,18 -1,94 0,136 0,098 0,079
4 0,74 13 0,21 -0,78 0,187 0,162 0,146
5 0,97 8,37 0,15 -1,34 0,124 0,097 0,083
Ta6mmua 3
JlaHHBIE IO 30JI0TOHOCHBIM MeCcTOpoKaAeHusIM I0kHo-MoOBIHTMHCKOI rtomanyu (a) u Haiimamskas (6)
Mecro- | N° pyasoro Cpennee MouHOCTh , CopepykaHue pyabl &' B IPUKOHTYPHOM
pOKTeHMe Tena cofepiKaHyie l'IKo PyZHOro A k C10€ HEKOHAMIMOHHDIX Py, M
B PYOZHOM Tejie o, % | Tena, M 0-0,3 0-0,7 0-1,0
1 0,30 6,4 0,15 -1,25 0,125 0,100 0,086
2 0,35 16,2 0,12 -1,87 0,092 0,067 0,054
a 3 0,43 51 0,13 -1,39 0,106 0,083 0,070
4 0,48 6,5 0,12 -1,06 0,103 0,085 0,074
5 0,65 10,9 0,36 -0,91 0,315 0,266 0,236
1 0,31 9,9 0,10 -0,45 0,094 0,086 0,081
2 0,47 4 0,18 -2,19 0,132 0,092 0,073
6 3 0.67 12 0,20 -0,84 0,177 0,151 0,135
4 0.76 30 0,20 -0,80 0,178 0,153 0,138
5 1.00 6 0,30 -1,25 0,250 0,200 0,171
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[TapameTpsl uccaeOBaHUS [IJISI MEIHBIX DY

Iepsuolli sapuanm: TONIIYHA BKJIIOYAEMOT0 CJIOS] HEKOH-
IMIVMOHHBIX pyzA t' = 0,3 M; conepykanue I1K B mpumenBae-
MOM ¢J10e o BapbupoBanoch B auanasoHe 0,008-0,02.

Bmopoti eapuaum: TONIIMHA BKIKYAEMOrO CJIOS
t' = 0,7 m; comepkanue I[IK B mpumelnnBaeMOM CJI0€
o =0,034-0,101.

Tpemuii eapuaHm: TONIIVHA BKIOYAeMOrO CJI0SI
t' = 1,0 m; cogepkanue I[IK B mpumeninBaeMoM CJI0€
o” =0,059-0,197.

[TapameTpsl UCCIeIOBAHMUS [IJISI 30JI0TOHOCHBIX DY,

Iepeuili 6apuanm: TONUIMHA BKJIIOUAEMOIO CJIOSI
t' = 0,3 m; comepkanue I[IK B mpumelinBaeMOM CJI0€
o =0,008-0,028.

Bmopotii eapuaum: TONIIMHA BKIKOYAE€MOIrO CJI0S
t' = 0,7 m; comepkanue I[IK B mpuMelInBaeMOM CJI0€
a”=0,033-0,13.

Tpemuti eapuaHm: TONIIJMHA BK/IKOYAEMOIO CJI0S
t' = 1,0 m; comepxanme IIK B mpumemMBaemMoM ciioe
o” =0,054-0,236.

XapaKkTepuCTUKM KadyeCTBa PYAHOTO ChIPbS U IMPO-
IIYKTOB OOOTaIeHNSsI:

HcxomHoe copepskaHMe TIONEe3HbIX KOMIIOHEHTOB
B pyZax BapbMpPOBAJIOCh B CIEOYIOIMX Tpemenax: st
MeIHbIX PyL: o, = 0,3-1,0 %; [ 30JI0TOHOCHBIX DYZA,:
o, = 0,00005-0,0002 % (uto sxBMBaneHTHO 0,5-2,0 r/T).

KauecTBO nosyyaeMbIX KOHIIEHTPATOB COOTBETCTBO-
BaJIO: MeJHbIV KOHUEHTpar: B¢, = 20,0%; 3010TOCOmED-
Kaimit konueHrtpar: B, = 0,04 % (40,0 r/T).

ConepskaHue IOJ€3HBIX KOMIIOHEHTOB B XBOCTax
oboraieHyst COCTaBIsIIO: I MeJHBIX pyx: 8¢, = 0,06%;
IJIS1 30JI0TOHOCHBIX pyn: §,, = 0,00001 % (0,1 r/T).

Pesynvmamet s3xchepumeHma
[TomyyeHHbIe UMCIEHHbIE 3HAUEHMUSI COMEPsKaHUs
MOJIE3HBIX KOMIIOHEHTOB B OTTPY’KaeMOW PyLHOI Macce
U CTeTeHM UX M3BJIeUeHMs] B KOHIIEHTPATbI [IJIs MeHbIX
¥ 30JI0TOHOCHBIX PYI CHCTEMaTU3MPOBAHbI B TA0. 4 1 5
COOTBETCTBEHHO. AHAMM3 OTHOCUTEIbHBIX OTKIOHEHWUI
9TUX TIoKa3zaTeselt MpeacTaBiaeH B Taba. 6 u 7, 4To To-
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3BOJISIET OLIEHUTDb CTAGMIIBHOCTb pabOThI AJITOPUTMa TIPU
Pa3IMYHbBIX UCXOAHBIX YCIOBUSIX.

[TpoBenmeHHbIE MCCIENOBAHUSI TE€MOHCTPUPYIOT (-
(bexTMBHOCTh MpEIIOKEHHOTO ITOAXOHa K OTpaboTKe
CJTOSKHOCTPYKTYPHBIX PYIHBIX OJIOKOB, 06€CIIeUBaIONIETO:

— MOBBIIIEHME YPOBHS U3BIeYeHMs TI0JIe3HBIX MUCKO-
MaeMbIX;

— KOHTpOJIMpyeMoe BKJIIOUeHVe HEeKOHIUIIMOHHBIX
PYI B OTPaGOTKY;

— BO3MOXXHOCTb OTNITUMM3AIUM  TEXHOJIOTMYECKUX
rapameTpoB Ipoliecca;

— CHIDKeHMe TOTepb [IeHHbIX KOMIIOHEHTOB;

— CHIUSKeHMe CTeTeHM pa3yboskMBaHMS HOObIBA€MOIA
PYAHOV MacChl.

PesynbTaThl arrpobaIy MoATBE PSKAAI0T YHUBEPCATb-
HOCTh pa3paboTaHHOTO aJTOPUTMa MJIS PasJIMUHbBIX TU-
TIOB PYAHOTO ChIPbS U IIMPOKOTO JMarna3oHa rOpHO-Teo-
JIOTUYECKUX YCIIOBUIA.

Kaxk cimemyeT M3 maHHBIX, IPeICTaBIEHHbIX B TA0M. 4
u 5, Hab/oaeTcsT yeTKasi 3aBUCMMOCTh COep KaHMUSI T10-
ne3HbIx KOMNOHeHTOB ([1K) B oTrpy>kaemori pyaHOI Mac-
Ce OT IBYX KJTFOUEBBIX ()aKTOPOB. Bo-MepBbIX, OTMeUaeTCs
psiMas KoppeasLuyoHHas CBA3b MexXny cogepxkanuem [1K
B KOHJIMIIMOHHOJ PYy/ie U ero KOHIIEHTpaIMei B OTTpysKa-
€MOM ChIpbe. Bo-BTOPBIX, MPOCIEXKMBAETCS 0OpaTHAs 3a-
BUCMMOCTb OT PACCTOSIHMS IO KOHTYpa PYLHOTO Teja — 10
Mepe yaalieHus OT TpaHUIIbl TPOMBIIIVIEHHOTO OpyeHe-
HMSI COlep>KaHMe I[eHHbIX KOMIIOHEHTOB 3aKOHOMEPHO
cHsKaeTcs. [Togo6Hast 3aKOHOMEPHOCTD B TOJTHOM Mepe
xXapakTepHa Kak [IJisi MeJHbIX, TaK U [IJisI 30JI0TOHOCHBIX
pyz, IpMUYeM OHa IPOSIBJISIETCST BO BCeX 6e3 MCKITIOUeHMS
pPacCMOTpPEHHBIX BapMaHTaxX OTpaboTku. [TpumeuaTenb-
HO, UTO aHAJIOTMYHAsl TEHIEHIIMS, XOTS U B HECKOJbKO
MeHee BhIpakeHHOI1 hopMe, HaGII0JaeTcst 1 15T IToKas3a-
TeJeii M3BJIeUEHNSI MeOU U 30j10Ta B MOMyYaeMblii KOH-
neHTpaT. OMHAKO B JAHHOM C/Iydae aMIUIMTyOa Kojeba-
HUI1 3HAUEHUI OKa3bIBAETCS 3HAUMUTEIbHO MEHbIIIE, UTO
CBUIIETENIbCTBYET 006 OTHOCUTEIBHO CTAOMIBHOM Xapak-
Tepe mpoliecca oboramieHus.

Tabania 4

Coznepyxanme IIK B oTrpy>kaemoii pyje 1 ux usBjledyeHre B KOHIEHTPaT NPy pas3InIHbIX pasmepax
IpUMelIBaeMbIX CJI0€B HEKOHAMIIMOHHBIX PyZ, Ha MecTopoxXkaeHusax KackbipkasraH (a)
u KokTtac-IlIapbIKTMHCKOI Tu1omaau (0)

BapuaHTbI
MecToposkaeHue HcxopHbie I 1I 111
o € o - o €, o £
0,30 80,24 0,291 79,62 0,279 78,72 0,270 78,03
0,33 82,06 0,321 81,54 0,307 80,72 0,297 80,04
a 0,35 83,11 0,339 82,54 0,324 81,72 0,314 81,12
0,39 84,87 0,373 84,16 0,351 83,14 0,334 82,29
0,43 86,31 0,406 85,47 0,375 84,27 0,355 83,34
0,30 80,24 0,294 79,80 0,285 79,18 0,278 78,67
0,33 84,46 0,368 83,96 0,353 83,26 0,343 82,74
6 0,35 88,95 0,493 88,10 0,447 86,83 0,415 85,79
0,39 92,17 0,716 91,89 0,684 91,50 0,661 91,20
0,43 94,10 0,913 93,71 0,844 93,17 0,798 92,76
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Iyiss 6ojiee MeTalbHOV OLEHKM CTEIeHU BIIMSTHUS
YKa3aHHbIX M3MEHEeHUIl Ha KOHEeUHbI TeXHOJoruue-
CKMI1 pe3ylbTaT — IOKasaTelb M3BI€YeHUS I10JIe3HO-
ro KOMIIOHEHTA B KOHIIEHTPAT, HEOOXOIMMO IPOBECTU
CpaBHUTEJIbHbI aHAIMU3 BeJIUUMHBI 3TUX OTKIOHEHUIt
IJISI BCeX TpexX paccMaTpuBaeMbIX ciydaeB. Takoii Mof-
XO[I, TIO3BOJIUT: YCTAHOBUTD CTEMEeHb YyBCTBUTEIbHOCTU
TEXHOJIOTMYECKOTO TIpollecca K BapuaiusiM UCXOAHOTO
copepxkauus I1IK; onpenenuTh BAUSIHUE PACCTOSIHUS OT
KOHTYpa pyaHOro Tejia Ha 3¢ PeKTMBHOCTh 060ralleHus ;
oIpeneuTh MapaMeTpbl OTPAOOTKY IJIsT KaskAOTo TUIIA
PYIHOTO ChIPbSI; OIEHUTH CTaGUIBHOCTh PaboThl 060-
raTUTEIbHOTO 000PYIOBAaHUS TPU M3MEHSIONIUXCST YC-
JIOBMSIX; pa3paboTaTb KOPPEKTUPYIOIMEe MepPOIIPUSTHS
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IS MUHMMM3aLMM HETaTUBHOTO BJIVSTHUS BbISIBIEHHBIX
(akTopos.

CoracHO JaHHBIM, TIPeICTaBIeHHbIM B Tabl. 6 1 7,
MOJKHO BBISIBUTDH CJIelyIOIIMie 3aKOHOMEPHOCTU B U3Me-
HEHUM COEPSKaHMSI TI0JIE3HBIX KOMIIOHEHTOB B OTTPY>Ka-
eMoI1 pyze:

Ins medHbix pyd: B TIEPBOM BapMaHTe OTPabOTKY Mak-
CUMaJIbHOe OTHOCUTENbHOEe OTKJIOHEeHMe He IIpeBbIlliaeT
6 %; BO BTOPOM BapMaHTe 3TOT ITI0Ka3aTesb JOCTUraet 16 %;
B TPeTbeM BapMaHTe OTKIOHEHMS yBeTMUMBAIOTCS 110 22 %.

Jns 3010MOHOCHbIX pyd: B TIEPBOM BapuaHTe MakK-
CUMaJIbHOe OTKJIOHeHMe coctasisieT 10 %; BO BTOpOM
BapuaHTe Bo3pacraeT 10 24 %; B TpeTbeM BapuaHTe A0-
cruraet 31 %.

Ta6muia 5

Comepskanue IIK B oTrpy:kaemMoii pyae U X M3BJI€UeHMe B KOHIIEHTPAT [IPY Pas/IMIHbIX pasMepax
NpPUMEeNIMBaeMbIX (JIOEB HEKOHAUIIMOHHBIX Py Ha MecTOpokaeHax 05kHo-MOMBIHTMHCKOI IIomanu (a)
u Haiimamkast (6)

BapuaHTbI
MecTopoxxaeHue HcxopHbie I 1I 111

o € o = o €, o €
0,3 80,24 0,285 79,15 0,263 77,45 0,248 76,02
0,35 83,11 0,341 82,63 0,327 81,92 0,317 81,33
a 0,43 86,31 0,396 85,11 0,356 83,39 0,329 82,03
0,48 87,76 0,448 86,88 0,410 85,63 0,385 84,67
0,65 91,04 0,633 90,80 0,610 90,44 0,593 90,14
0,31 80,89 0,298 80,08 0,278 78,66 0,266 77,65
0,47 87,50 0,426 86,17 0,359 83,54 0,324 81,74
6 0,67 91,32 0,646 90,99 0,610 90,43 0,586 90,03
0,76 92,38 0,749 92,26 0,731 92,07 0,719 91,93
1 94,28 0,931 93,84 0,824 93,00 0,765 9,43

Tabauiia 6 Tabauia 7

OTHOCHUTeIbHbIE OTKIOHEeHUS MUCCIeAyeMbIX
MmoKasareJieil OT TpeGyeMbIX [PV Pa3INMYHbIX pazMepax
IpUMeIIBaeMBbIX (I0€B HEKOHIUIIVMIOHHBIX PYA,
MecTopokaeHuyi KacksIpkasraH (a)

u Kokrac-IllapbIKTMHCKOI uiomaau (6)

OTHOCHUTe/IbHbIE OTKIOHEeHMUS UCCIeAyeMbIX
MmoKasareJieif OT TpeGyeMbIX IIPY Pa3JINMYHbIX pazMepax
IpyMeIlIBaeMBbIX C/IO€B HEKOHIUIIMIOHHBIX PYA,
mecTopokaeHni I0>kHo-MOMBIHTMHCKOM IUIOIAAY ()
u Haiimamskasn (6)

MecTo- I i} I Mecro- I I )|
POXAEHNE | Aq’ Ag, Ao’ Ag, Ao’ Ag, POXAEHNE | Aq Ag, Ao’ Ag, Ao’ Ag,
3,02 0,78 7,05 1,90 9,94 2,76 5,14 1,36 | 12,21 | 3,48 | 17,38 | 5,26

2,77 0,63 6,88 1,64 | 10,00 | 2,47 2,68 0,57 6,44 1,42 9,34 2,13

a 3,21 0,69 7,44 1,66 | 10,35 | 2,39 a 7,89 1,39 | 17,23 | 3,38 | 23,38 | 4,95
438 | 0,83 | 10,07 | 2,04 | 14,32 | 3,04 6,59 | 1,01 | 14,53 | 2,43 | 19,76 | 3,52

5,64 0,97 | 12,68 | 2,35 | 17,50 | 3,44 2,56 0,27 6,15 0,67 8,84 0,99

2,14 0,55 5,01 1,32 7,24 1,95 4,00 1,00 | 10,28 | 2,75 | 14,29 | 4,00

3,06 0,59 7,05 1,42 9,81 2,04 9,39 1,52 | 23,59 | 4,52 | 31,00 | 6,57

6 6,91 0,95 | 15,70 | 2,38 | 21,75 | 3,55 6 3,52 0,36 8,99 0,97 | 12,57 | 1,41
3,31 0,30 7,58 0,72 | 10,67 | 1,05 1,49 0,13 3,79 0,34 5,37 0,49

5,89 0,41 | 13,04 | 0,99 | 17,74 | 1,42 6,91 0,47 | 17,59 | 1,36 | 23,50 | 1,96
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Amnanu3s rokasaresieil u3snedenusi [1K B KoHIIeHTpaT
IeMOHCTPUPYET CJIeYIONIYI0 IMHAMUKY:

IIna meoHwix pyd: TIepBbIii BapUaHT — KojebaHUs OT
0,3 no 0,97 %; BTOpO¥ BapuaHT — AuamnasoH ot 0,72 #no
2,38 %; Tpetuii BapuaHT — Bapuanus ot 1,05 mo 3,55 %.

s 3010MOHOCHBIX pyO: TIEPBBIVi BapUMaHT — OTKJIO-
Henus ot 0,13 go 1,52 %; BTOpoii BapuaHT — ot 0,34 [0
4,52 %; Tpetuit BapuaHT — ot 0,49 1o 6,57 %.

Bce 3adukcupoBaHHbIe OTKJIOHEHMSI TTOKa3aTeseii
usBnaeueHust [IK HaxomsgTCs B MpeAenax TeXHOJIOTUUECKU
IOIyCTUMBIX 3HAUeHWUI, UTO MoATBepkaaeT 3¢hdexTus-
HOCTb TIpejjlaraeMoro MeTo/ia.

[TpriMeHeHMe HOBBIX TEXHOJIOTUYECKNUX PELIeHN T10
M3BJIEUEHNIO OATAHCOBBIX PYH U3 CJIOKHOCTPYKTYPHBIX
6JIOKOB C BKJIIOUEHMEM YaCTU 3a0aJIaHCOBBIX DY/ IT03BO-
JseT: obecreunTh TpebyeMoe KauecTBO OTIpykaeMoii
PYIHOI Macchl; 3HAUMUTETbHO YBEJIUYUTH 00bEM JOObI-
BAaeMOTO ChIPbSI; TIOBBICUTH OOIINYI0 3(DPEKTUBHOCTh IKC-
IIyaTaluy MeCTOPOXKIeHUsI.

BHegpeHne HOBOJ TEXHOJIOT MM Pa3pabOTKM CJIOKHO-
CTPYKTYPHBIX OJIOKOB IMPUBOAUT K CJIEAYIOIIMM M3MeHe-
HUSIM

—4acTh HEKOHAUIIMOHHBIX DY, paHee CUUTABIIUX-
cs1 pa3y6osKMBaloIeii IOPOIOIi, TePEXOAUT B KATETOPUIO
ITPOMBIIIJIEHHBIX 3aI1acOB;

— CYIIeCTBEHHO BO3pacTaeT 00beM M3BJIEKAE€MOIA
PYOHOV Macchl;

— YBENMUMBAETCSI TIPOLIEHT M3BJI€UEHMUS T0TEe3HbIX
KOMITOHEHTOB B KOHEUHbBII KOHIIEHTPAT.

4. dKoHOMUYeCcKu apdekT

[IpMMEHUTETbHO K KOHKPETHBIM ITPOM3BOICTBEH-
HBIM YCJIOBUSIM MEIHOTO Kapbepa C roJ0BbIM 00beMOM
IOOBIUY 6—7 MJTH T PYIbl, IPU CPETHEM COAEPKAHUY MeN
0,45 % v moie CJIIOKHOCTPYKTYPHBIX 6I0KOB 50-60 % oT
06111ero 06bemMa JOIIOJIHNUTEIbHOE M3BJIeUeH e TT0/Ie3HbIX
KOMIIOHEHTOB MOsKeT cocTaBuTh oT 10,0 mo 15,0 % ot 06-
ero o6bema Ipon3BOACTBA;

Taxkum 06pa3om, mpeajiaraeMasi TEXHOJIOTMS obecrie-
YMBaeT 3HAUMTEIbHBII TEXHOIOTUUECKII 1 9KOHOMUYE-
ckuit 9 deKT mpu coxpaHeHUM TpeGyeMbIX KaueCTBeH-
HBIX XapaKTePUCTHK T0O6bIBAEMOIt PYyIHOI MacChl.

3aknoyeHue
1. Ha ocHOBe aHanm3a JaHHBIX Pa3BelOYHBbIX CKBa-
KMH TI0 MSITU MECTOPOXKIEHMSIM MEIHBIX M 30/I0TOHOC-
HbIX pyg Kasaxcrana (KackeipkasraH, Kokrac-IIapbIKThl,
Oxxnb1/i-MoTibiHTBI, HaliMaH)kan M [Op.) YCTaHOBJIEHBI
3aKOHOMEPHOCTU M3MeHeHus comepxkanusi [IK B mipu-
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KOHTYPHOJ 30He HEKOHAMIIMOHHBIX PYA. BbIsIBIEHO, UTO
conep>kanue ITK n3MeHsieTcsl MO SKCIIOHEHIMATbHOM 3a-
BUCUMOCTU Buma y = A’-e¥ tme A’ u k BapbUPYIOT: IJIst
MenHbIX pyn — A’ = 0,10-0,23, k = -0,32--1,94, njs 30510-
TOHOCHBIX pyd — A’ =0,10-0,36, k = -0,45—-2,19.

2.Pa3paboraHa aBTOMAaTM3MPOBAHHAs IpPOrpaM-
Ma B cpene Visual Studio 2022 Ha s13pike C# [j1s1 pacue-
Ta ypaBHEHUI 3KCIIOHEHIMATbHbIX KPUBbIX M3MeHeHUs
comepskanmsi IIK, ompepenenust koadduieHToB A’ n k
U TIPOTHO3UpOBaHMSI cofepxkaHusi [IK B mpumenivBae-
MOM CJI0€ HEKOHJIUIIMOHHBIX DY,

3. C ucrio/ib30BaHMEeM yKa3aHHO MIPOTPpaMMbl IIPO-
BeJleHbl pacueTsl comepkanus [1IK B oTrpy>kaemoil pyne
o' TIpU IPUMeNIMBaHUM PA3IUYHBIX 110 TOMIIMHE CIO0EB
HEeKOHIAUIMOHHBIX pyz, (' = 0,3,0,7 u 1,0 m). YcTaHOBIIE-
HO, UTO: IS MeJHBIX pyJ cofepkaHue o M3MeHsSIOCh
ot 0,406 no 0,270 %, n3BieyeHre B KOHLEHTPAT €, — OT
94,10 go 78,03 %; mJist 30I0OTOHOCHBIX PYA, coflepkaHue
o' usmensuioch ot 0,931 no 0,248 r/T, U3BJIeUEeHNME B KOH-
LleHTpar g, — oT 94,28 no 76,02 %.

4.]Ing mepBOTO Cjy4yasi NMpUMeIIVBaHUSI HEKOHOU-
LIMOHHOM pyabl ¢ t' = 0,3 M MPpU OTHOCUTEIbHBIX OTKJIO-
HeHusix comepykaHusi [IK B oTrpykaeMoli MmemHON pyae
2,14-6,91 % v 3010TOHOCHBIX pyAax 1,49-9,39 % orHocu-
TeJlbHOe OTKJIOHEeHMe M3BJIeueHMs B KOHIIEHTPAT COCTa-
Buio: aiast megu — 0,3-0,97 %; nns 3onota — 1,49-9,39 %,
UTO YKJIAAbIBAeTCSI B [OIYCTUMbIe TeXHOJIOTUUeCcKue
HOPMBI.

5. ITpenJioskeHHbBIN CITOCO0 MOJIHOTO M3BJIeYeHMS KOH-
IUIIMOHHBIX PY[, 3a CUET MPUMEIIMBAHUS IPUKOHTYPHBIX
HEKOHJIMIIVIOHHBIX PYH, IT03BOJISIET 00ecreunTh Tpedye-
MO€e KavyeCTBO OTTPY’KaeMOI PyJHOIM MacChl ¥ TTOBBICUTD
06beM M3BJIEKAEMbIX 3aT1aCOB. JTO MOATBEPKIEHO pacue-
TaMM JiJis1 pa3IMUHBIX CJIO€B MPUMeEIBAeMOI Py/Ibl.

6. BriepBble B TOPHOIT HayKe TEOPETUYECKU 060CHO-
BaHa BO3MOXXHOCTh Ie€peBojia pa3ybokMBaIOIIel 4acTu
HEKOHIMIIMOHHBIX DY B KaTeropmio M3BJIeKaeMbIX 3a-
I1acoB. JTO BeIET K YBEJIMYEHUIO 0O6beMa OTIPy’KaeMoii
DPYZABI U M3BJIeUeHMS T10/Ie3HbIX KOMITOHEHTOB B KOHIIEH-
Tpat 6e3 yXyAlIeHus ero KauecTa.

IMonyueHHBIE pe3y/bTaThl MMEIOT BaskHOE TTpaKkTuye-
ckoe 3HaueHue. [Ipy paspaboTKe MeCTOPOKIEHUS ITPOMU3-
BOJIUTEIbHOCTbIO 6—7 MJIH T/TO[, CO CPeOHUM COJlepsKa-
uuem meau 0,45 % 1 mosneit ClIOKHOCTPYKTYPHBIX OJIOKOB
50-60 % mpupoCT MU3BJIEUEHUS] MEIM MOKET COCTABJISITh
10-15 % ot o61iero o6bema MpPOU3BOCTBA. B TeHesKHOM
BBIP&KEHUM 3TO COOTBETCTBYET JOMOJHUTENbHON MPU-
61K 0KOJIO $ 15,3 MJIH/TOH, IIpM PHIHOUHOM 1ieHe Meau
$ 8500 3a ToHHY.
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AHHOTaUuA

Ilyig pelieHMsT aKTyaIbHBIX 3a7a4 B He(TSIHOW OTPAC/H, CBSI3aHHBIX C MOZEIMPOBAHUEM CTPYKTYPBI IIOPO-
BOTO ITPOCTPaHCTBA B 3D-Mopenu KepHa M OLIEHKOV (MIbTPaIlMOHHO-eMKOCTHBIX CBOVCTB («LIdpoBoit
KepH»), HEOOXOAMMO TOydYeHMe MPeICTaBUTEIbHOM XapaKTePUCTUKM IYCTOTHOTO MPOCTPAHCTBA. AHa-
JIOTUYHAST XapaKTepUCTUKA TpebyeTcs AJisl pelieHusl 3ajau reOMeXaHUKHU, CBSI3aHHBIX C MOZEIMPOBAHMEM
U OLIeHKOJ MPOYHOCTHBIX CBOMCTB HEOJHOPOAHBIX TOPHBIX MOPOoA. Kpome Toro, oHa BaskHa A1 UCC/IeA0Ba-
HUI KaIWIISIPHBIX IIPOIeCCOB B MOPUCTHIX cpefax. CTaThbsl MOCBSIIeHa CPaBHUTEIbHOMY aHaIM3y 3Haue-
HUI TTIOPUCTOCTU TIOPOJ-KOJIEKTOPOB HedTH U rasa, MoTyIYeHHbIX MeTOAaMy Ta30BOTIOMeTPUM U PeHTTe-
HOBCKOI1 KOMITbIOTEPHOI ToMOorpaduu. Liesbro paboTsI sIBJITeTCs1 pa3paboTKa CTATUCTUIECKUX MOJEJIe 1Jis
OILIeHKM pacxoxJeHus onpeneneHns koadduiyenra nopucroctu K, o JaHHBIM KOMIIBIOTEPHO} TOMOIpa-
duu (KT) c 6osee mOCTOBEPHBIMMU JaHHBIMM JIA6OPATOPHOI MeTPODU3UKY IJI ABYX JIUTOIOTMYECKUX TUIIOB
TIOPOJT — TEPPUTEHHBIX ¥ KapOOHATHBIX. 3aaUlM UCC/IeIOBAHMS BKIIOYAIOT: OLIEHKY BIUSHUS JINTOIOTUYE-
CKOTrO cocTaBa Imopoy, Ha olleHKy K pasHpiMu MeTofnamu (metpodmsuka u KT); paccMoTpeHMe U OLIeHKY BIu-
SIHMS 1Mana30oHa BapbMPOBaHMS ITIOPUCTOCTU IMOPOL, KOJIJIEKTOPOB Ha CXOLMMOCTD Pe3yabTaTOB 3TUX IBYX
METOA0B [JIS1 Pa3HbIX JIMTOJIOIMYECKUX TUIIOB ITOPOJ,; TOCTPOEHNE CTAaTUCTUUECKUX MOJeNelt s KOppeK-
TUPOBKY 3HaueHuii K, 1o pesynbrataM KT 15 pasHbIX JIMTONOIMYECKMUX TUIIOB ITOPOJ. PellleHne faHHBIX
3aJla4y OCHOBBIBAETCSI Ha MPOBEAEeHUN JeTaTbHOrO CTAaTUCTUYECKOTO aHal3a UCC/IeJOBAaHUIi TePPUTeHHBIX
¥ KapbOHATHBIX MOPOJ, He(DTSIHBIX MECTOPOXKAeHul [lepMcKkoro Kpasi. MisMepeHye MOPUCTOCTH TTPOBOLIM-
JIOCh Ha aBTOMAaTMU3MPOBAHHOM ITOpo3uMeTpe-niepmeamerpe AP-608 1 cucTreme peHTreHOBCKOJ TOMOIpa-
¢dun Nikon XT H 225. OnucaHbl METOAMKN M3MepeHMs 06beMOB Op 00pasiioB ra30BOTIOMETPUYUECKUM
MeTOo[IOM, OVHApU3aIu U300paKeHUit 1 pacyeTa MOPUCTOCTU M0 METOJY PEHTTEHOBCKOW Tomorpaduu.
Pe3ynbTaThl aHaMM3a MTOKA3QIM, UTO M3ydYaeMble MeTOMAbI TAl0T Pa3inJamnuecs 3HaueHus: KoahpuieH-
TOB IIOPUCTOCTY B 3aBUCUMOCTY OT JIUTOJIOTMYECKOTO COCTaBa MOPoI. JIjist KApOOHATHBIX MMOPOJT XapaKTePHO
60bIlIee COOTBETCTBUE OI[eHKM KOI(DOUIMEeHTa MTOPUCTOCTH, TTOTYIeHHbIX PA3IMYHBIMU METOLAMMU, UTO
06YCJIOBJIEHO CTPYKTYPHBIMY 0COGEHHOCTSIMM ITOPOBOTO MPOCTPAHCTBA. B TeppUTreHHbIX MOPoIaxX YCTaHOB-
JIeHbI 3HAUUTEIbHbIE PA3INUMsI, OObSICHSIEMbIe OTPAHNYEHHOI pa3peliamnleil CroCOOHOCThI0 PEHTTEeHOB-
ckoit Tomorpacduu. [To uToram aHanaM3a MOMyUYeHbI CTATUCTUYECKYE MO/ IS OL[eHKU M KOPPEKTUPOBKU
JaHHBIX K, MOTyYeHHBIX METOIOM PEHTTeHOBCKOI ToMOorpaduy sl TeppUreHHBIX M KapOOHATHBIX ITOPOZ,
B pa3IMYHBIX Ayara3oHax 3HaueHuii K, . Pe3ynbTaThl MccieOBaHMUS MOTYT OBITD MCIIO/Ib30BAHbI IIPY IIETPO-
dusuuyeckom o60cHOBaHUYM QWIBTPALIMOHHO-EMKOCTHBIX CBOJCTB IOPO[-KOJIJIEKTOPOB MECTOPOKAEHMIA
HedTH U rasa.

KnioueBble cnoBa
TIOPUCTOCTb, KEPH, TEPPUTEHHbIE KOJJIEKTOPBI, KAPOOHATHBIE KOJUIEKTOPBI, TeTPOodM3MKa, PEHTTeHOBCKAsI TO-
morpadusi, ra30BOMIOMETPHUS], CTATUCTUUECKUIT aHaTN3
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Abstract

To address the current challenges in oil industry related to modeling a pore space structure in a 3D core
model and evaluating permeability and porosity (“Digital Core”), it is necessary to obtain representative
characteristics of the void space. A similar characteristic is required to solve geotechnical problems related to
modeling and evaluating the strength properties of heterogeneous rocks. In addition, it is also important for
research on capillary processes in porous media. The paper is devoted to the comparative analysis of the values
of porosity of oil and gas reservoir rocks obtained by gas volumetry and X-ray computer tomography methods.
The aim of this work is to develop statistical models for assessing the discrepancy between the porosity factor
K, determined using computer tomography (CT) data and more reliable laboratory petrophysical data for two
lithological rock types: terrigenous and carbonate. The research objectives include: assessing the impact of
lithology on the K|, evaluation using various methods (petrophysics and CT); examining and evaluating the
impact of the reservoir rocks porosity factor range on the convergence of the results from these two methods
for different lithological rock types; building statistical models to adjust the K|, values based on CT results
for different lithological rock types. The solution to these problems is based on a detailed statistical analysis
of the studies of terrigenous and carbonates rocks in oil fields in the Perm region. Porosity measurement
was carried out on a AP-608 automated porosimeter-permeameter and a Nikon XT H 225 X-ray tomography
system. The techniques for measuring the volume of pores in samples using the gas volumetry method, image
binarization, and porosity calculation using the X-ray tomography method are described. The results of the
analysis showed that the studied methods give different values of porosity factors depending on the lithology.
For carbonate rocks, a greater correspondence of the porosity factor estimates obtained by different methods
is characteristic that is due to the structural features of the pore space. Significant differences were found for
terrigenous rocks, which are explained by the limited resolution of X-ray tomography. The analysis resulted
in statistical models for evaluating and correcting K|, data obtained by X-ray tomography for terrigenous and
carbonate rocks in various K, value ranges. The results of the study can be used for petrophysical substantiation
of the permeability and porosity of reservoir rocks in oil and gas fields.

Keywords
porosity, core, terrigenous reservoirs, carbonate reservoirs, petrophysics, X-ray tomography, gas volumetry,
statistical analysis
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BeepeHue

OnOHOI U3 BasKHENMIINX XapaKTEePUCTUK, IMO3BOJISIO-
LIMX TTPOBOAUTD MOJCYET 3aMacoB U YUYUTHIBAEMBIX MPU
MOVICKAaX, pa3sBeKke U paspaboTKe MeCTOPOXKIeHUIT Hed-
TU U rasa, aBisercs: Koapduunent nopucroctu K. He-
CMOTpS Ha CyIeCTBOBaHME IMPOOGJIeMbl MacIITabMpoBa-
HUST GUBNYECKUX XapaKTEPUCTUK MEeXKIY KOJIEKTOPOM
" OTHeTbHbIMU O6pasiiamu [1, 2], Hanbosee JOCTYIMTHbIMU
U HAAEKHbBIMU MeTOHaMM U3Y4YeHUS SIBJISIIOTCS Hero-
CpefCcTBEeHHbIE J1ab0paTOPHBIE IEeTPOGUIUIYECKUE WUC-
cenoBaHMsl 00PA3IOB KepHA, Cpemy KOTOPBIX OIleHKa
Ko duireHTa MOPUCTOCTY SIBJSIETCSI OJHOM U3 CaMbIX
TOYHBIX U IOCTOBEPHBIX.

3a mocyieiHME [Ba EeCSITUIETHUS TIOSIBUIOCh 3HAUM-
TeJIbHOEe KOJIMUECTBO IMyOMMKAIIMil C pe3ylbTaTaMy TO-
Morpaduueckmx MUCCiaeoBaHMii KepHa. B paborax 3apy-
OGEXXHBIX M OTEUECTBEHHBIX MCCAenoBaTeNlel MpuBeIeHbl

JIaHHbIe 1715 06pa31i0B Pa3JIMYHOTO pa3mMepa U JIUTONOT -
yeckoro cocrana. Tak, paboTsl [3, 4] MOCBSIIEHBI 0030pY
BO3MOXKHOCTE} METO[a B OOIIMPHBIX BUAAX Ieojormye-
CKMX VICCJIENOBAHMI, B TOM UMC/Ie U B U3y4eHUM Kapbo-
HaTHBIX TOPOM-KOIIEKTOPOB. CTaThy [5, 6] MOCBSIIEHDI
MCC/IeIOBAHMUSIM KEPHOB MOPCKMX OCAAKOB, IPU 3TOM
XOTsI B paboTe [6] cTaTUCTUUECKMIT aHAIU3 TTOPUCTOCTYU
TePPUTEHHBIX ¥ KapOOHATHBIX OTIOKEHMI Y TPOBOAMUT-
Cs1, OTHAKO, K COKaJIEHUIO, OH OTHOCUTCS TOJIBKO K ITOJTHO-
pasMepHbIM 006pasiiaM, KOTOPbIM M TOCBSIIEHa paboTa.
Cratbu [7, 8] TaKoKe SIBJISIIOTCSI 0030PHBIMM, B HUX HJAHbI
JIUIITB OOIIVe OMCAHMUS TPUHIIUIIOB TOMOTrpaduu U Ipu-
BeJleHbI TIPUMePbI UCIIOIb30BaHMS MeToma 6e3 MxX CcTa-
TUCTUYECKOTO aHaiu3a. B cTaThe [9] MPUBOAUTCS OIIBIT
MCCIeIOBaHMST TIOPUCTOCTY KepHa, OJHAKO BCJIENCTBME
HEBBICOKOJ paspelnrailieii CrrocOOHOCTY aBTOPbI Orpa-
HUYMBAIOTCSI pacyeTOM KaBEpPHOBOW MOPUCTOCTU. ABTO-
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pbl pabotsl [10] mMpoBenu COMOCTaB/IEHNWE DPe3yIbTaTOB
M3MepeHusT MOPUCTOCTU IO TOMOTpaduu M ra3oBOIIO-
MeTpuM, CpaBHEHME IO JUTOTUIIAM, OLHAKO UCCIel0Ba-
HO 6bUIO JUIb 14 06pasIoB, KPOME TOTO, /I TOMOTpa-
um obpasipl 06pe3anuch 10 MUIMHAPOB CO CTOPOHOIA
5-20 MM, UTO 3HAUUTEIHHO ITOBJMSIJIO HA PEe3Y/IbTaThl.
Takum 06pa3oMm, MOTHOIIEHHOTO CTAaTUCTUIYECKOTO CPaB-
HEeHUST OTpeneNeHNs] MOPUCTOCTM O6pa3I[OB CTAHIAPT-
HBIX pa3MepoB MeTOJaMli PeHTTeHOBCKOI Tomorpadun
U IPYTMMU METOAAMM C YIYEeTOM OCOOEHHOCTE JIMTOJO-
MY U3Y4aeMbIX KOJUIEKTOPOB IIPOBEIEHO He ObUIO, XOTS
HEKOTOpble MCC/IeNOBaTeN MPU3HAIOT HEOOXOOUMOCTh
TaKoro corocrasyieHus [11].

IJis pelnieHusT akTyaIbHbIX 3a7a4 B HE(TSIHO oTpac-
JIY, CBSI3aHHBIX C MOJIE/IMPOBAHMEM CTPYKTYPhI TIOPOBOTO
MPOCTpaHCTBa B 3D-Mofenu KepHa U OLeHKOI (puabTpa-
LIMOHHO-eMKOCTHBIX CBOJIiCTB («II1dpoBoii KepH»), He06-
XOIMMO TOJTyYyeHye NpeSCTaBUTeNbHON XapaKTepUCTUKA
IIyCTOTHOTO IMPOCTPAaHCTBA. AHAJOTMYHAsi XapaKTepu-
CTUKA TpebyeTcs 1S pellieHMsT 3a/1a4 TeOMeXaHUKH, CBSI-
3aHHBIX C MOJEIMPOBAaHMEM U OLIEHKOI MPOYHOCTHBIX
CBOJICTB HEOOHOPOAHBIX TOpPHBIX mopoh. Kpome Toro,
OHa BaskHA [IJIS MCC/IeIOBAaHUI KalIMJIIPHBIX MPOIIECCOB
B ITOPUCTHIX Cpeax.

JlabopaTopHble MeTpodU3UYECKUe WMCCIeTOBaAHMS
06pasioB KepHa MO3BOJISIIOT OLIEHMBATh TOIbKO €IUH-
CTBEHHYIO WHTErPaJIbHYI0 XapaKTepPUCTUKY o0Opasiia
KepHa — KO3 UIMEeHTbI OTKPBITON 1 06111elt opucTo-
¢ty ob6pasna. OgHaKo A1 KOMIIbIOTEPHOTO 3D-Momenu-
pPOBaHMS pa3/IMYHbIX IIPOIIECCOB B KEPHE TOPHBIX TIOPO],
TaKUX MHTErpajibHbIX 3HAUEHU I HeJOCTATOYHO, UTO BbI-
3bIBAE€T HEOOXOAMMOCTh IPUMEHEeHUS Hepas3pymaoumx
00beMHBIX METONIOB MCC/IemoBaHMSI 06paslioB KepHa,
TaKuX KaK PeHTreHOBCKash KOMITbIOTepHast ToMmorpadus
(KT), koTOopas mosBossieT U3ydyaTb BHYTPEHHIOI HeOoJ -
HOPOJHOCTh 06pasiioB KepHa B oO0beme. [IpuMeHeHUE
KT, HecMOTpSI Ha COBPEeMEHHOCTb U TEXHOJIOTUYHOCTD,
uMeeT DO MpobsieM, CBSI3aHHBIX C paspelrarolein
CITOCOGHOCTBI0O METOoHa [JIs OIeHKM HEeOTHOPOILHOCTU
TOPHOI TOpoAbl B 06GMACTM MasbIX IO (U3MUECKOMY
pasmMepy HEOAHOPOAHOCTeN (MeNKUX MMOop), TO eCTb MU-
KPOIIOPUCTOCTH.

C uenpio NpUBENEHMS] OLLEHOK IMOPUCTOCTH, OIpe-
JleJisieMbIX Pa3HbIMM METOAAMMU, K eAMHBbIM BeJUUYMHaM,
B paboTe MpPOBEeAEH CTATUCTUYECKUI aHAIMU3 3HAUEHUIA
K03(hdUIMEHTOB TOPUCTOCTU, ITOTYYEHHBIX IO CTaH-
JapTHBIM JIaGOPAaTOPHBIM MHETPODU3MUECKUM MCCIeI0-
BaHMSIM 00pa3IoB KepHa 1 1o pesyiabTaTaM KT KepHa.

Ilenbi0o paGoOTHI SIBISIETCST pa3paboTKa CTaTUCTUYe-
CKUX MOJeell OISl OLLeHKM PacXOXOEeHUS OIpele/leHys
koadbduumenta nopuctoctu 1mo KT c 6osee 7OCTOBEPHDI-
MM JaHHBIMM JTAG0PATOPHON MMeTPODUSUKU IS TEPPU-
Te€HHbBIX U KapOOHATHBIX TOPHBIX ITOPo. OIleHKa TaHHOTO
pacxoxeHusl TO3BOJINT OLIEHUBATh JOJII0 MUKPOTIOPU-
CTOCTU B KOMITBIOTEPHBIX 3D-MOeNsIX KepHa 10 pe3yiib-
taTaMm KT. PaccMOTpeHMe TeppUreHHbIX 1 KapboHaTHBIX
MOpOJI, pasfieJibHO CBSI3aHO C CYIEeCTBEHHBIMU OTINYM-
SIM MMUHEPAJIbHOTO COCTaBa, CTPYKTYPHO-TEKCTYPHBIX
0COGEHHOCTEl OTIOXEHMUIA, CTPYKTYPbI IMOPOBOTO IPO-
CTPaHCTBa 3TUX ABYX OCHOBHBIX JIMTOJIOTMYECKUX TUIIOB
0CaZOUYHBIX TOPHBIX TTOPOJ,.
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3agaum uccnesoBaHMs BKIIOYAIOT:

— OLI€HKY BJIMSIHVS JIMTOJIOTMUECKOTO COCTaBa MOPO[,
Ha o1leHKY K, pasHbiMu MeTofnamu (rmetpodmsuxa u KT);

— OLIeHKY BJIMSIHMS Iyaria3oHa BapbupoBaHus K, Ha
CXOOMMOCTb Pe3yabTaTOB JIBYX METOHOB (meTpodu3mka
1 KT) nJ1st pasHbIX JIMTOJIOTMUECKUX TUITIOB MTOPOJ;

— [IOCTPOEHME MOZeNel 1 KOPPeKTUPOBKYM 3Haue-
Huii K, io pesynbratam KT g5t pasHbIX IUTOIOTUYECKUX
TUIIOB IIOPO[.

PeiteHne naHHBIX 32524 OCHOBBIBAETCS Ha MpOBeLe-
HUMU [eTaJlbHOTO CTaTUCTUUECKOTO aHaIN3a.

Teopus

CymecTByeT iBa THUIIA CTAHJaPTHBIX CIIOCOOOB OIpe-
IeneHus Koah@uueHTa moPMUCTOCTH, LIMPOKO MIPUMEHSI-
€MbIX B ITeTpodU3NIECKOii MpakTUKe, KOTOPbIe pasanya-
I0TCSI TI0 TIPUMMEHSIEMOi1 (ase: orpeeaeHne MOPUCTOCTI
SKUIKOCTEHACBIIIEHVEM ¥ OIIpeeieH e TIOPUCTOCTH TI0
rasy (ra3oBOJIIOMETPUS). [JaHHbIE CITOCOOBI M3MEPSIOT HE
BeCb 00bEM II0D, a JIUIIIb T€ MTOPbI, KOTOPbIE CBSI3aHbI C TT0-
BEPXHOCTBIO 06pasiia U MeXIy co00i1, COCTaBIISIONINE, IO
knaccuburauyy [12], OTKPBITYIO0 MTOPUCTOCTD. [Ipy 3TOM
MCITO/Ib30BaHMe KUIKOCTY OO ra3a MO3BOSIET 3aTI0N-
HUTb UX U C TOCTATOYHOI CTENeHbI0 TOUHOCTY U3MEPUTH
BeCh 06bEM 3TUX OTKPBITHIX M CBSI3AHHBIX MMOpP. Pasyme-
eTCsl, UMEeTCsI TaKXKe U CIoco0, M3MEPSIIOIINIA TTOTHYI0
" 3aKPBITYIO IOPUCTOCTD (OlleHKa K, uepe3 MUHepaoru-
YECKYIO IJIOTHOCTD), OMHAKO OH IPUMEHSIETCS PEKe, 110-
CKOJIbKY TpebyeT pa3pyieHust o6pasios [13].

Bmecre ¢ TeM B mocsiemHye rofbl Bce 6osbliee pac-
MPOCTPaHEeHNe B MIPAKTUKe MeTPOOU3UIECKUX UCCIIeNO0-
BaHUII MTOTyYaeT CPAaBHUTETbHO HOBBIIT MEeTOM, U3YUeHUSI
ITOPOBOTO MPOCTPAHCTBA — KOMITbIOTEPHAS] PEHTTEHOB-
ckas Tomorpadus. JJaHHbII MeTO[ TI0O3BOJISIET BU3yalIu-
31POBaTh MOPOBOE MPOCTPAHCTBO BHYTPU 00pasiia, uTo
JaeT BO3MOKHOCTb KaueCTBEHHO OLIEHUTh IMOPUCTOCTD
¥ YCTAaHOBUTH B3aMMOCBSI3b MEKAY ee pacIipeeieHnemMm
U IUTOJIOTUYECKOJ XapaKTepPUCTUKO MUCCIeIyeMoro 06-
pasma. [Ipy 9TOM IIaBHBIM HEIOCTATKOM IMPUMEHEHMUS
MeTO/la PEHTTeHOBCKOI KOMITbIOTEPHOI ToMorpaduu
B CTaHIApTHOM MeTPO(U3UYECKOM KOMIUIEKCE MCCIie-
IOBAHMUIA SIBJISIETCS] HMU3Kasl pa3pelianiias CliocO6HOCTb.
IaHHbII MeTOH TO3BOJISIET BU3YAIM3UPOBATH JIUIIIb
IIOPbI, UMEIOII/ e Pa3sMephl [0 IIePBbIX MUKPOH, UTO IIPU-
BOAUT K CyIIeCTBEHHO} HeIOOIleHKe 00bemMa ITOPOBOTO
MPOCTPAaHCTBA, B pesyjbTaTe 4ero KosahduimeHT mopu-
CTOCTM, PACCUUTAHHBII C TTOMOIIbIO METOHA PEHTTEHOB-
CKoJi ToMorpaduu, oaydaeTcss MeHblIle, YeM U3MepeH-
HbIJi CTAHIAPTHBIMM METOIaMMU SKUIKOCTEHACHIIIEeHMS
Y Ta30BOTIOMETPUN.

MOKHO TIPEeATIONOXKUTD, UTO CTEIIEHb GJIM30CTYU 3HA-
yeHn K03bOUIMEHTOB OPUCTOCTH, PACCIMTAHHBIX 10
MeTOJaM Ta30BOMIOMETPUM-KUIKOCTEHACHIIIIEHNS U Me-
TOMYy PEHTIeHOBCKOW Tomorpaduu, 6ymeT CyIlecTBeHHO
3aBMCETh OT JOMUHUPYIONIUX Pa3MePOB U KOJIMUECTBEH-
HOTO COOTHOIIEHMSI OTHAETbHBIX TUIIOB IIOP B MCCIEOY-
eMoM o6pa3sile KepHa: OTKPBIThIX U 3aKPBITHIX, CBSI3aH-
HBIX ¥ M30IMPOBAHHBIX, KPYITHBIX ¥ MeJIKMX. [T0 MHEHMIO
aBTOPOB [TAHHOI CTaTbU, B OCHOBHOM 3TO OyaeT oIpe-
IeJISIThCST JIMTOJIOTMYECKMM COCTaBOM 06pasiioB. Cpeny
MCC/IeAYEMBIX TUTIOB TOPHBIX MTOPO[I-KO/IEKTOPOB CTPYK-
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Typa MOPOBOTO MPOCTPAHCTBA OymeT Haubosiee CUIBHO
OTINYATBCS JI7IST KADOOHATHBIX Y TEPPUTEHHBIX MTOPO]I.

Inst Kap6OHATHBIX KOJJIEKTOPOB, KaK M3BECTHO, Xa-
pakTepHa KpaiiHe HEOJHOPOJHAasl CTPYKTypa TMOpPOBO-
rO TIPOCTPAHCTBA, MPEeCTaBAeHHAS U MeXK3epPHOBbIMU,
¥ BHYTpUGOPMEHHBIMM IIOpaMM, KaBepHAMM U Tpe-
IIMHAMM. 3a4acTyl0 B HEKOTOPBIX TUITAX KapOOHATHBIX
KOJIUIEKTOPOB, HaIpuMep, B M3BECTHSKAX CTPYKTYPHOTO
TUIIA TPeHCTOYHOB [14], GosblIasi YacTb €MKOCTHOTO
MPOCTPAHCTBA MOXET ObITh TPEJCTABI€Ha KPYIMTHBIMU
KaBepHaMM U TpeIHAMU, UTO JiejlaeT ero XOPOIIO BU-
3yanu3upyeMbIM C TIOMOII[bI0 METO/Ia PEHTTeHOBCKO TO-
morpaduu. BmMecte ¢ Tem XapakTep CTPYKTYpPbl €MKOCT-
HOTO ITPOCTPAHCTBA KAPOOHATOB HE UCKIIOUAeT HATNIMS
B 06pa3sie HeKOTOPOI TOIM 3aKPBITHIX TIOP, KOTOPbIE MO-
I'yT ObITb HEe OOHAPYKEHBI METOIaMM Ta30BOTIOMETPUN
M SKUAKOCTEHACBINEHWS, CIIOCOOHBIX M3MEPSITh TOJb-
KO OTKDBITYI0O MOPUCTOCTb. [I03TOMY MOKHO OXMIATb,
YTO KO3(POUIMEHTHI TOPUCTOCTY KapOOHATHBIX MOPO/I,
ompese/ieHHble CTAHOAPTHBIMM METONAMU U METOLOM
PEHTTeHOBCKOW ToMorpaduu, MOTYT OBITh OIM3KM TIO
3HAYEHUSIM JIPYT K OPYTY, HO TIPU 3TOM OBITH CJIOSKEHbI
PasIMYHBIMM 06bEeMaMMU.

EMKOCTHOE MPOCTPaHCTBO TEPPUTEHHBIX TTOPOI-KOJI-
JIEKTOPOB XapaKTepusyeTcss GOJIbIlleil OTHOPOTHOCTBIO
M CTeIeHbIO CBSI3BHOCTU B CUIIY MIPEMMYIIECTBEHHO MeX-
3epHOBOTO XapakTepa. [Topombl MoJo6HOTO cocTaBa 06-
Pa3syIoOT KOJIJIEKTOPBI TPAHY/IIPHOTO TUTIA, GJIM3KO OTMUChI-
BaeMble MoJienblo CiinxTepa, MIPOHUILAeMOCTb B KOTOPOi
OTIpesiesiIeTCsl TTIOPUCTOCTHIO M AMaMeTpoM vacTtuil [15].
Bmecre ¢ TeM pa3Mepbl OTAENbHBIX 3JIEMEHTOB ITyCTOT-
HOTO TPOCTPAHCTBA 3TOTO TUIIA ITOPOA 06JIamaT pas-
MepaMu, HaXOISIIIMMMCST HUsKe IPaHUITbI pa3peliarliei
CITOCOOHOCTY METOMa PEeHTreHOBCKOM Tomorpaduu. IIpu
9TOM, CTOUT OTMETUTH, UTO, HECMOTPSI Ha CyIl[eCTBOBa-
HMe BbICOKOpa3pellaunx MeTOI0B MUKPO- M HaHOTO-
morpaduu, TaHHbIe METOIbl BO3MOKHO MCIIOIb30BaTh
JIUIIb [IJIS OTAEMbHO M3TOTOBJIEHHBIX 00Pa3lioB M-
METPOBBIX Pa3MepoOB, Kak IMOKa3aHO B pabore [16], uTo
MCK/IIOUaeT CpaBHEHMe C ompefeneHneM KosdduieHra
TMOPUCTOCTH C TIOMOIIIbIO CTAHIAPTHBIX METOHOB, IIPOBO-
IVMBbIX Ha IVJIMHIPUYECKX 00pasiiax CTaHoaPTHBIM V-
ameTtpom 30 mau 25 Mmm.

Taxkum o6pa3om, B JTaHHO pabOTe ITPOBOIUTCS CPaB-
HeHMe OleHOK KO3(PbULIMEHTOB MOPUCTOCTH, TTOTyUeH-
HBIX Pa3sHbIMM METOJaMM Ha OFHUX U TeX ke 00pasiiax
CTAaHJAPTHOTO pa3Mepa KapOOHATHOTO U TEPPUTEHHOTO
cocrasa.

Matepuanbl u MeTOAbI

Vccrienyemble 06pasiibl KepHa He(PTSIHBIX MeCTO-
poskmennii [lepMcKoro Kpasi mpecTaBieHbl BbITTIEHHBI-
MU U3 TIOJIHOPa3MePHOTO KepHa IMJIMHAPAMU CTaHJapT-
HOro auameTpa 1 BbicoToii 30 MM. O6pasiibl OTHOCUIINCH
K IBYM JIUTOJIOTMYECKUM TPYIITIaM TIOPOJ,: TepPUTeHHBIM
¥ KapOOHATHBIM.

TeppureHHble 06pasiibl MPeACTaBIeHbl IIPeUMYyIle-
CTBEHHO MeCcYaHMKamMM, aJeBPUTUCTBIMU TeCuyaHUKaMU
110 COCTaBy KBapIeBbIMM U I10JI€BOIINATOBO-KBapIleBbI-
MMW; CepbIMU, TEMHO-CEePBIMU, OYPbIMU ¥ KOPUIHEBBIMMU;
MeJIKO3ePHUCTBIMU, CPeHEMENKO3EPHUCTBIMU U KPYII-
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HO3EPHUCTBIMM; Pa3HOM CTeleHU COPTUPOBAHHOCTY;
KOH(OpMHbBIE JMOO I[eMEHTUPOBAHHbIE TJIMHUCTBIM,
KaJbLIUMTOBBIM WMJIM KEJIE3UCTBIM I[€MEHTOM; KpeIrKyue
160 cpenHel KPerocT, C MUHEPAIbHBIMM BKIIOUEHMSI-
MM UIIOJ, PYSHBIX MUHEPAJIOB, IUPUTA.

Kap6oHaTHbIe 00pasilbl MpPeACTaBIE€Hbl U3BECT-
HSIKaMM, OOJOMUTAMM W TOJTOMUTU3UPOBAHBIMU W3-
BECTHSIKAMM CBET/IO-CePbIMM, CEPBIMY, TEMHO-CEPhIMMU;
OpraHOTeHHBIMU, e TPUTOBBIMM, OPTaHOTE€HHO-IETPUTO-
BBIMM, KOMKOBATO-AETPUTOBBIMM, KOMKOBATO-BOIOPO-
CJIEBBIMM, BOIOPOCTAEBBIMM; MHOTIA CIaGOTIMHUCTBIMU
UM TJIIMHUCTBIMM; TIOPUCTBIMM, TMOPUCTO-KaBEPHO3HBIMU
" KaB€PHO3HBIMMU,; KPEINKMMMU C YaCTbIM IIPUCYTCTBUEM
CTUJIONINTOBBIX IIBOB U TPEIIVH, MHOTAA BHITTOTHEHHBIX
KPUCTA/UIAMMU KaJTbIIATA.

[Ji BBITIONIHEHUS MCC/IeNOBAHMS TTPOBOAUIOCH M3-
MepeHMe MTOPUCTOCTY Ta30BOTIOMETPUUECKMM METOLOM
(K, %) 1 ¢ TIOMOIIBI0 METOIa PEHTTeHOBCKOI KOMIIbIO-
TepHoIt Tomorpaduu (K, %).

T'a30BOMIOMETPUYECKIMIT MeTOoH, BbIOpaH aBTOpaMu
10 HECKOJIbKMM IIpUYMHaM: BO-II€PBbIX, ,Z[EIHH]'JIIL/'I MeTOo/[,
SIBJISIETCST AOCTATOYHO OBICTPBIM (HA M3MepeHMe OIHOTO
obpasia B cpegHeM TpebyeTcs He Gojee yaca) M CpaB-
HUTEJIbHO TIPOCTBIM U, KaK CJIEACTBME, OH Haubosee ya-
CTO TIpUMEHSIeTCS B IMeTpoduU3nUeckux 1abopaTopusx;
BO-BTOPBIX, UCIIOIb30BaHe XMMUUYECKM MHEPTHOTO ras3a
BMECTO KUIKOCTYU TTO3BOJISIET TapaHTUPOBAHHO MCKIIIO-
YUTH M3MEHeHMe 00pa3Ii0B, BbI3BAHHOE, HAITPUMED, CITy-
YyaliHbIM HapyuieHeM TeXHOJIOTUM ITPOMbBbIBAHMA N CYII-
K1 0o06pasiia mocje 3KCIePMMEHTA 10 HACBIIEHUIO MO0
XMMMWYECKOTO B3aVIMOIEICTBYUS MEXKITY SKUIKOCTHIO U MU-
HepaJbHbIM CKeJIeToM o6paslia.

Vi3smepeHusi TOPUCTOCTM BBIMOJHSIMCh Ha aBTO-
MaTU3MPOBAaHHOM IOpo3uMeTpe-niepmeameTrpe AP-608
(Coretest Systems, CIIIA). ITpuHIMO OeiiCTBUS OaHHO
YCTAaHOBKM OCYIIECTBJ/ISIETCSI METOAOM HeCTalMOHApHO
dbunpTpaunm [17].

CyTh MeTO[a 3aK/ITI0UaeTCs B M3MepPeHUN ITOPOBOTO
o6beMa ¢ MCIOMb30BaHMEM TIPUHITUIIA PACIIMPEHNUS re-
JIUsl TIO 3aKOHY Bo7issl, KOTOpBIN TNIACUT, UTO AaBJIEHNE
P xakoro-nmMbo uaeasbHOTO Tasa, YMHOXKEHHOe Ha ero
06beM V, maeT MOCTOSIHHOE 3HaueHMe IPU MOCTOSHHOI
TemIiepaTtype. [IpyMeHUTENIbHO K aHaAM3y KepHa 3aKOH
Boitns 3akiouaeTcss B CIIOCOGHOCTM OIpedeNsTh Heus-
BECTHBI/I 00BEM IO PaCHIMPEHUIO Tas3a C M3BECTHBIMU
3HAYEHMSIMM [ABJI€HUSI M TEeMIIepaTypbl B IYCTOE ITIPO-
CTPAHCTBO ¥ B MCIIOJb30BAHMM TTOTYYEHHOTO AABIEHMS
IJIST pacueTa Heu3BecTHOro o6bema. ClieoBaTeIbHO,
3Has P,, P, u V,, MO>XHO paccunTarhb V:

PV,
s

1

I[Ipu strom B moposumeTtpe-niepmeametrpe AP-608
3aKayvKa Tensl OCYIIECTBISIETCSI C 060MX KOHIIOB 00pa3-
1a. JlMama3oH IIPOHUIIAEMOCTM OOPa3IOB, MOCTYITHBIX
IS M3MepeHUsT Ha MAaHHOV YCTaHOBKe, COCTaBJSEeT OT
0,001 m]I, (rTopombl ¢ TMOMOOHOI MPOHUIIAEMOCTHIO HE
oTHOCSITCS K KojuiekTopam) g0 5000 m/l. COOTBETCTBEH-
HO, M3MepsieMblii AMana3oH MOPUCTOCTU COCTABJISIET OT
0,1 go 40 %, yTO TakKe MepeKpbIBAET AMAIIa30HbI, CBO-
CTBEHHbIE TEPPUTEHHBIM 1 KapOOHATHBIM KOJIJIEKTOPAM.

v, = (1)

224



MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FTOPHbIE HAYKU U TEXHOJ10NMA
2025;10(3):221-231

MeTomuKa MOATOTOBKYM U M3MepeHUs 00pasiioB Co-
otBeTcTBYeT 'OCT! 1 3aK/04asach B MpeaBapuUTEIbHOM
BBICYIIMBAHMM TIIATEIBHO SKCTPATUPOBAHHBIX B CITUPTO-
6eH30/IbHOI cMecy 00pasi[oB C MOMOIIbI0 CYIIMIBHOTO
mrkada. Bpems u Temrepatypa Cymkyu o6pasiioB COCTaB-
sisuii He meHee 8 u 1 105 °C 111 KapOOHATHBIX ITOPOI, U HE
meHee 12 4 80 °C gjisi reppureHHbIX opog. [Tocte cymkmn
06pasIIbl OCTYKAIMCh B 9KCUKATOPE, X TeOMETPUUECKIE
XapaKTePUCTUKM U3MEPSIIUCH C TIOMOIIbIO 3JIEKTPOHHO-
ro HITAHTeHIMPKYJIS, a Jajiee MPOBOAWIOCH OIpeese-
Hue Ko3hduireHTa MMOPUCTOCTY C TIOMOIIbI0 YCTAHOBKMU
AP-608. Bce usmepeHMs] MpOBOAWINCh He MeHee MSITU
pas, Mo pe3ynbTaTaM BCeX ISITU M3MepPeHMI PacCUUThI-
BAJIOCh CpenHee apubMeTUyecKoe, KOTOPOe U SIBJISIETCS
oIpe/ieJIeHHbIM 3HaUeHMEM JIJI Kaskaoro o6pasia.

BTOpbIM aHa/IM3UPyeMbIM B CTaThbe METOAOM SIBJISI-
eTcsl KOMIIbIOTepHAsl peHTreHOBCKasi ToMmorpadus KepHa.
Meton 6bi1 paspaboran A. Kopmakom u I. XayHchui-
nom [18] n ocHOBaH Ha rpeobpasoBaHusix Pamona [19].
CyTb MeTO[Ia 3aK/II0YaeTCs B CO3AAHMUM CepUM PEHTTeHOB-
CKMX CHMMKOB, I10/Iy4aeMbIX IIPU ITPOXOKOAEHUM PEHTIre-
HOBCKOTO M3JIy4YeHMs uepes Bpalllaroiuiics BAOIb OHOI
ocu obpasertl. [TosryueHHbIE PEHTTEHOBCKYE CHUMKM TTIpe-
06pasyioTcst uepes o6paTHOeE ITpeobpa3oBaHye NHTErpasa
oT GYHKIMM MPSIMO¥A, HAaTIpaBIeHHO TepreHINKYIIPHO
BEKTOpY, KOTOPBI HaIpaBjieH BIOIb HAIlpaBIeHUS] U3-
JAyyeHMs] Ha OTpeleleHHOM UM M3MepeHHOM BIOJb Hero
PaCCTOSTHUM.

B HameM mccieioBaHuy ISl TPOBeIeHNSI pEHTT€HOB-
CKO¥t ToMoTrpaduy MPUMeHSIACh CUCTeMa PEHTTeHOBCKO-
rO KOHTPOJISI ¢ (QYHKIMENH KOMITbIOTEpHO! ToMOrpadum
Nikon XT H 225 (Nikon Metrology, Benukobpuranus).
HaHHas cucTeMa ¥MMeeT KOHCTPYKIIMIO, COCTOSIIIYIO M3
CTAl[MOHAPHOTO MCTOUYHMKA PEHTTe€HOBCKOTO MU3JTyde-
Hus, o6pasymwoliero GoKaJbHOE MATHO Pa3MEPOM 3 MKM,
TPEXIO3UIMOHHOTO BPAIIAIOIIErocss CTOMMKA U JIeTeK-
Topa 2048x1408 1K, ¢ Gu3MUeCKMM pa3sMepoOM IMUKCEeNs

! TOCT 26450.0-85-TOCT 26450.2-85. TTopozms! ropHbIe.
MeTozpl oTIpefieieHMs KO/IeKTOPCKUX CBOMCTB. M.: V3maTens-
CTBO cTaHmapToB; 1985. 16 c.
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142 mkm. CucreMa IMO3BOJISIeT M3ydaTbh 0OPA3Ibl CTaH-
JapTHoro auameTpa 30 Mmm c paspeiieHreM A0 20 MKM.

CpeMKa 06pasi[oB IPOBOAMIACH HAa HATPSKEHUSIX
MUCTOUHMKA u3iaydeHust oT 150 mo 180 kB, cuie ToKa OT
100 mo 150 MA, ¢ mpuMMeHeHMEeM MeIHOro (GWIbTpa TOJ-
mmHoi 0,5 MM, akcriosuuymu 0,5 ¢, KoImMuyecTBOM CHMMKOB
He MeHee 3000. Bce 06pasiibl pacroarajauch Tak, YTOObI
paspeliieHre IMoay4yaemMoii PeKOHCTPYKIMM COCTaBIISIIIO
He MeHee 25 MKM. HeogHOpOmZHOCTM pa3MepoM MeHee
1 Bokcens (25 MKM) OTHOCSITCSI K TaK Ha3bIBaeMOit MU-
KPOITOPUCTOCTH, KOTOPYIO, B OT/IMUME OT 6ojiee KPYIIHO
MaKpOTIOPUCTOCTY, HEBO3MOXKHO Pa3IUUUTh C BBICOKOI
TOYHOCTBIO ¥ HATIPSIMYIO T€OMETPUYECKM BbIJIEUTD B 00-
pasue. Ha mpakTuke [Jisl BblAeneHUs TaKOM MOPUCTOCTU
B o0Opasllax IPUMEHSIIOT psii AomnylieHuii. Hampumep,
0 TOM, UTO MUKPOTIOPBI PaCIIonaratTcs 1o MOBEePXHOCTHU
KPYITHBIX TTOP, VI MUKPOTIOPBI MOTYT ObITh JIOKAIM30Ba-
HbI B 00/1aCTSIX KOHTAKTa 3€peH MUHEPAIOB, UK K& OHU
pacrpeze/ieHbl JOCTATOYHO PABHOMEPHO I10 00beMY MM-
HepaJabHOTO cKkeyneTa. OgHAKO AJIS BCeX TUX IOMyIeHN
HeOoOXOAMMO OLIeHMBATD JOJTI0 3TOV MUKPOTIOPUCTOCTH.

PeKOHCTPYKIMSI 00bEMHOr0 M300paskeHUs IPOU3-
BOJMJIACh C TIOMOIIbIO TTPOTIPMETAPHOTO MPOrPAMMHOTO
o6ecrreuennst CT Pro 3D (Nikon Metrology, BenukobpuTta-
HUST), UCIIOMB3YIOLIEro JJIsl MPOLeAypPbl PEKOHCTPYKIUA
YCOBEPIIEHCTBOBAHHYIO BEpPCUIO ONHOTO M3 Hambosee
pacrnpocrpaneHHbIx anroputMmoB FDK [20]. PekoHcTpyu-
pOBaHHbIE M306paKkeHMs 06pabaTHIBAIUCH B ITPOrPAMMe
Avizo Fire (Visualization Science Group, ®panumust).

MeTtomuka o06paboTKM M300paskeHMii 06pasLoB
C IeNbI0 TIONyYeHUsT oObemMa ITOPOBOrO IPOCTPAHCTBA
MIPOBOAMIIACH CJIEAYIOMIM 00pa3oM. B 1MCXOmHOI peKoH-
CTPYKUMU — 32-OMTHOM UepHO-0e/IOM TPeXMEePHOM M30-
O6pakeHNM, Tie HauboIIee CBETIIbIe YUaCTKU COOTBETCTBY-
10T 06/1aCTSIM MaKCHMaJIbHO INIOTHOCTY (MUHEPATIbHOMY
CKeJIeTy), a Haubojiee TeMHbIe — ITYCTOTHOMY ITPOCTPaH-
CTBY, — ObLJIa BBITIOJTHEHA Iporeaypa 6uHapusauyumn. CyTb
MIPOIeAYPhI OMHAPU3AIMM 3aKTIOUAETCS B TOM, UYTO BeCh
[Mara30H OTTEHKOB CEPOTO pasessieTcs Ha ABa oObema
co 3HaueHustMM O U 1, COOTBETCTBYIOIIMMYM 06GbeMaM ITOP
u ckeneta (puc. 1).

Puc. 1. Beizenenue Ha pparMeHTe YepHO-6€10r0 M3006paskeHNsI TOPHOI TTIOPOJIbI:
a — PeKOHCTPYMPOBAHHOE M306paskeHye ceueHnst 06pasiia B OTTEHKAX CepOro, MPOIOPLMOHAIBHOTO MOTIOIEHIO
Marepuana (YepHbIil — He TOMIONAeT, 6esblii — MOMIoNAeT); O — BbiieseHye Ha ¢pparMeHTe YepHO-6e10ro n306paskeHNsI
TOPHOI1 MOPOJIbI ITYCTOTHOTO MMPOCTPAHCTBA (YePHBIN — BO3AYX B ITOPaxX ¥ BOKPYT 06pasiia; 6emblii — MUHepaTbHbII CKeNleT)
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IaHHbIe 00BEMBI, B CBOIO OUEepPe[b, YK€ MOIYT GbITh
M3MepeHbI MPOTPaMMHBIMU MHCTPYMEHTAMMA.

Pacuet ko3dduiireHTa MOPUCTOCTU 06pasiia mo To-
morpadum K, TTpoM3BOAMIICS C TIOMOIIBIO CTaHAAPTHOM
(opmysbl pacyeTa MOPMUCTOCTH

\%4
KT =—2".100, @
vol
rne V,, - 06beM OMHAPU30BAHHON MOIENM ITOPOBOIO

IIpoCTpaHCTBa obpasua, Mm*; V, , — 06beM GMHAapKU30BaH-
HOJ MOJIe/M BCEero IpOoCTPaHCTBa o6pasiia, MM>,

Pe3yanaTb| U aHaJIn3 NOoJIy4eHHbIX AaHHbIX

B maHHOI YacTy pacCMOTpPEHBI BOMPOCHI CTaTUCTUYE-
CKOTO aHajaM3a 3HaueHuit Ko3hPULUMEeHTOB TOPUCTOCTH,
MTOJTyYeHHBIX OIMMCAHHBIMU BbIIIe criocobamu. Ha puc. 2
MIPUBEOEHO COMNOCTAaBJIeHNe 3HAaUeHMUil KO3(p(PULeHTOB
TMOPUCTOCTHU, TIOJNyYEHHBIX ra30BOIIOMETPUYECKUM Me-
tonoMm (K, %) 1 MeToOIOM peHTTeHOBCKOV TomMorpadum
(K7, %) oSl TeppUTEHHBIX ¥ KAPOOHATHBIX ITOPOI.

[Jjis TeppUTeHHBIX TOPOJ, CpefHMe 3HAueHUs Mo-
pucroctu gast K; v K, pasuel 8,71 u 10,76 % coorseT-
CTBEHHO TIpU CpeJHEeKBaApaTuyeCcKuX OTKIOHEHUSX
6,17 1 5,82 %.

Insi KapOOHATHBIX IMOPOA, CpefHMEe 3HAUEeHUS TI0-
pucroctu g K; v K, paBHbl 21,43 n 22,00 % cooTBeT-
CTBEHHO TIIpM CpegHEeKBaApPaTUUECKMX OTKIOHEHUSX
5,51 m 5,43 %.

AHanus npuBeIeHHbIX KOPPEJISLMOHHBIX IT0JIei MOo-
Ka3bIBaeT, UTO COOTHOIIEeHUs 3HaueHuii K, n K s u3-
y4aeMbIX TIOPOJ, pacroaralTcs B Pa3jIMyHbIX A1araso-
Hax. [IJIsT TeppuUreHHbIX Topon, 3HaueHust K, u K;, 6oyee
HM3KMe, 4eM sl Kap6oHaTHbIX. CpaBHEHMS CPeTHUX
3HavyeHMit o K, u K [/ M3ydyaeMbIX ITOPO/, BbITIOJTHEHBI
1o t-kputepuio CThIOEHTA U MIpMBeIeHbI B Tab. 1.

35

30 ooo

25¢ goC

0 5 10 15 20 25 30 35
K%

oTeppuUreHHbIe TTOPOJIBI O KapboHaTHbIe TIOPOAIbI

Puc. 2. TTonsg xoppensiuyn mexny K, u K
JLJISI pa3/IMYHBIX ITOPOZ,
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Tabania 1
CpaBHeHMe cpenHux 3HaueHuit K, u Ky
JJ1s1 pa3s/InYHBIX TUIIOB IIOPOJ,

CpegHue 3HaUeHMue £ Kpurepun

Toponst CTaHJAPTHOE OTKJIOHEHUEe ¢
K., % K:, % p

0,866

+ + =22

Teppurennsie | 10,76%5,82 8,71%x6,17 0.395

0,431

+ + o

Kap6onartusie | 22,00+5,43 | 21,43%£5,51 0.668

OTciloga BUAHO, UTO CpemHue 3HaueHus Kodpdu-
LIMEeHTOB MOPUCTOCTH, OIpe/eeHHble Pa3HbIMU METO-
IlaMy, CTaTUCTUYECKM He DPa3anyarTcsl (JOCTUTaeMblii
ypoBeHb 3HauMmMocTu p > 0,05). [Ipu 3TOM BU3yaTbHbBIN
aHa/IM3 KOPPesIMOHHBIX mojielt Mexxay K, u K Kak s
TepPUTEeHHBIX, TaK U [IJi1 KapObOHATHBIX MOPOJ, TOKA3bI-
BaeT, UTO B MMpefeaax KOPPesIMOHHbIX MT0Jieil HabIIio-
JIalOTCs pas3/iMyHble COOTHOULIEHMSI B 3aBUCUMOCTU OT
3HaueHuii K, n Kj. B 11e10M pe3ynbTaThl OLlEHKU Cpefi-
Hux K, n K; CTaTUCTUYECKY He IIPOTUBOpeYaT Ipyr Apy-
Iy, OJHAaKO TPeOyIoT 6osiee MeTaJbHOTO PACCMOTPEHMS
10 AuanasoHaM MopucTocTu. IIpu aTom cpeHNe 3HaAUe-
Hud 1o KT Bcerga HuKe, HECMOTPS Ha Pa3HYIO JIUTOJIO-
I'MI0, YTO yKa3bIBaeT Ha CJIOKHOCTU ¥ HEKOTOPYIO Hello-
olleHKy K, IJIST MUKPOIOPUCTOCTU B CUIIy (PU3UUECKUX
orpannueHuit metoga KT.

IIs1 ycTaHOBIEHMST PA3IMUHBIX COOTHOLIEHUI MeX-
oy K, u K; mubdepeHIIMPOBAHHO, B 3aBUCUMOCTH OT
JUTONOTMM WM pAuamnasoHa K,, pacrosioXkuM 3HauyeHUs
K, 06pa3IiioB 1o BO3pacTaHUIO, IJe UX KOIUUECTBO yBe-
JMYMUBATIOCh HA ofiH (n = 3, n =4, n=>5, ..., n = 33 4
KapOOHATHBIX U n = 13 11 TeppuUreHHbIX mopoxn). O6iee
KOJIMYEeCTBO paccMaTpMBaeMbIX Mojiejieii oOIpeensieT-
cs1 06beMOM BBIOOPKM. IJIST KasKIOr0 pacCMaTpUBaeMO-
ro Auara3oHa 3HaueHuit K, 1o n 3HauyeHUsIM IPOBeIeM
perpeccuoHHbI aHanu3 K, = f(K;;) ¢ OIeHKO} IapHOTo
Koo duiveHTa KOPPEISIA I' ¥ CTATUCTUYECKUX XapaK-
TepUCTUK K03bOUILIMEeHTOB ypaBHEHU perpeccuii.

YpaBHeHMe perpeccuu uMeeT CJienyoinii BUL :

K.=b+k-K;, (3)

roe K, — 3HaueHust ko3bduIiMeHTa MOPUCTOCTH, TIOTY-
YeHHbIe Ta30BOTIOMETPUYECKUM MEeTOIO0M, %; K, — 3Ha-
yeHus1 KO3pduUIMeHTa MOPUCTOCTHU, IOTyUYeHHbIE Me-
TOIOM PEHTIeHOBCKOI Tomorpadun, %; b — cBOOOIHBIN
YjieH B YpaBHEHUM perpeccuu; k — yrioBoi Kosdpouiim-
€HT B YPaBHEHUM PETPECCUN.

Iy kapOOHATHBIX MOPO, IapaMeTpbl ypaBHEHMI
perpeccuy IpuBeneHbl B Ta0. 2.

Iy Kap6OHATHBIX TIOPOJ, GBIIO TIOCTPOEHO 33 ypaB-
HEeHUSI perpeccuu, 3HaueHus] Ko uimeHTa Koppess-
uyu r usmeHsuch ot 0,892 1o 0,975.

IMo cTaTUCTUYECKMM XapaKTepucCTuKaMm paspabo-
TaHHBIX MOJIe/ieli IIOCTPOEHbI 3aBUCUMMOCTY M3MEeHEeHMS
3HAUEHMII CBOOOMHBIX WIEHOB YpaBHEHMII perpeccui,
YIJIOBBIX KO3 duieHToB Ipu K} ¥ 3HaUeHu Kod3hdu-
LIMEHTOB KOppeJsium r (puc. 3-5).

226



MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJIOMA
2025;10(3):221-231

AHanus MokasblBaeT, YTO COOTHOLIEHMSI MEXIY U3-
y4yaeMbIMM BeIMUYMHAMM XapaKTepU3YIOTCS ABYMS BU-
mamu: opu K, < 24 %, npu yBenuueHUM AuanasoHa K,
MPOUCXOIUT 3aKOHOMEPHOE YMeHbIeHNe CBOOOIHBIX
YJIeHOB; Npu emlé GosbiieM yBenuyeHuu K, 3HaUeHMS
CBOOOJHBIX WIEHOB VI3MEHSIIOTCSI HE3HAUNTENBHO.

PesynbpraThl CBUIETENbCTBYIOT, YTO COOTHOLIEHMS
MEXIy M3ydyaeMbIMM BeIMUYMHAMM TaKkKe XapaKTepusy-
10TCs AByMS Bugamu: ipu K, < 24 %, npu nossitieHnn K
MIPOMCXOOUT 3aKOHOMEpPHOe MOoBblilleHre KoddduiimeH-
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TOB ipu K.} ; npu emié 6osbiiem yBenuueHun K, 3Haue-
HMS KO3(PGULIVEHTOB U3MEHSIIOTCSI He3HAUMTEeNbHO U Ha-
xomsaTcs B guamna3oHe 0,97-0,98.

OTcroa BUIHO, UTO COOTHOLIEHUSI MEXIY M3ydae-
MBIMM BeJIMUYMHAMU TAKKe XapaKTepPU3YyITCS IBYMS BU-
mavu: npu K, < 22 %, ripu noBsiieHn K, MpOUCXOOAUT
MepBOHAYA/IbHO MOBbILIeHMe 3HaYeHuii r. [Ipu K, < 23 %
HabmomaeTcst cHyskKeHue 1. IIpu erné 6osbleM yBeanye-
HuUM nuamnasoHa K, 3HaueHus1 K03pbuiieHTOB MOBbIIIA-
I0TCSI T10 CJIOKHOV TPaeKTOPUN.

Tabauia 2
VpaBHeHus perpeccun 3aBucumocteii K, or K; (kapOoHaTHbIE ITOPOJbI)
et 5, CEAR LD BSOSt JocTurset s
10,51-14,35 6,260 2,281 0,515 1,974 0,892 p=0,299
10,51-14,53 5,842 2,889 0,636 3,428 0,924 p=0,076
10,51-15,91 5,842 2,998 0,630 4,754* 0,939 p=0,018
10,51-16,74 4,609 2,666 0,692 5,474* 0,939 p=0,005
10,51-16,74 4,745 3,306* 0,679 6,797* 0,949 p=0,001
10,51-17,98 4,388 3,352% 0,709 8,096* 0,957 p =0,0002
10,51-18,29 4,112 3,369* 0,735 9,242* 0,961 p=0,00004
10,51-18,77 3,773 3,030* 0,765 9,629* 0,959 p<107°
10,51-19,97 3,329 2,675* 0,801 10,329* 0,960 p<10°
10,51-20,10 2,952 2,284* 0,832 10,515* 0,957 p<10>°
10,51-20,42 2,986 2,550* 0,83 11,864* 0,963 p<107
10,51-20,53 2,925 2,693* 0,834 13,112* 0,967 p<10>°
10,51-20,96 2,764 1,973 0,855 10,469* 0,945 p<107°
10,51-21,10 2,629 1,978 0,865 11,325* 0,946 p<10°
10,51-21,40 2,705 1,879 0,860 12,262% 0,953 p<107°
10,51-21,64 2,705 1,899 0,860 11,979* 0,948 p<10°
10,51-21,72 2,313 1,644 0,895 11,388* 0,940 p<10>°
10,51-23,19 1,981 1,419 0,918 11,912* 0,942 p<107
10,51-23,51 1,787 1,341 0,931 12,815*% 0,946 p<10>°
10,51-23,76 1,614 1,264 0,942 13,705* 0,950 p<107°
10,51-23,78 1,456 1,01 0,957 12,402 0,938 p<10°
10,51-24,71 1,238 1,015 0,968 15,046* 0,954 p<107°
10,51-24,86 1,169 1,008 0,972 16,076* 0,958 p<10~°
10,51-25,18 0,989 0,874 0,984 16,894* 0,960 p<10>°
10,51-25,30 1,076 1,074 0,978 17,877* 0,963 p<107°
10,51-25,54 1,437 1,384 0,957 18,349* 0,963 p<107°
10,51-27,02 1,303 1,321 0,964 19,559* 0,966 p<107°
10,51-28,94 1,321 1,387 0,970 20,292* 0,967 p<10°
10,51-29,14 1,385 1,396 0,961 21,476* 0,969 p<107°
10,51-30,25 1,585 1,643 0,962 22,080* 0,970 p<10~°
10,51-30,27 1,436 1,532 0,961 23,640* 0,973 p<10>°
10,51-30,40 1,575 1,541 0,979 24,909* 0,975 p<107
10,51-31,76 1,419 1,647 0,970 24,639* 0,973 p<10>°

* — cTaTMCTUUECKY 3HaUMMble 3HaueHus (p < 0,05).
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BellenipuBeieHHBI aHanu3 3aBucumMmocrein K, un K;
B KapOOHATHBIX IOPOJAax ITOKasaja, 4TO IpeaCTaBIIsIeT-
Cs1 BO3MOXKHBIM BBIIEIUTD ABe IPaHUIIbI, nuddepeHIn-
pylwolie BeluYMHbl K, Ha TpU TIPYIIbl: 1epBasi — Mpu
K < 16,0 %; Bropas — npu 16,0 % < K;; < 22,6%; TpeTbs —
npu K; 222,6 %

[MepBas rpynna npu K; < 16,0 %, B KOTOpOI 3aBU-
cuMocThb K OoT K SIBJISI€TCS CTATUCTUIECKY HE3HAUMMOIA.
[lpu K; ot 16,0 no 22,6% HaOGMIOAAIOTCS CTATUCTUYECKU
3HAUYMMble KOppesiuy MeXay M3ydyaeMbIMU BeJIMuMHa-
vu. [jis ornipenenenus 3Hauennit K, ot K; Heo6xomumo
MPOM3BOIUTH KOPPEKTUPOBKY, UCIIOb3YsI ypaBHEHNE pe-
rpeccuu, IpuBegeHHoe B Ta6. 4. [Ipn K > 22,6% Takke
HY3KHO ITPOBOAUTDH KOPPEKTUPOBKY 3HAUEHMIT IT0 GOpMY-
Jie, IpUBeIeHHOI B TaOI. 3.

TakuM 06pa30M, BbITTOJTHEHHBIE MCCIeIOBaHMS TOKa-
3bIBAIOT, UTO 3HaUeHMs1 K, TOTy4yeHHble MEeTOIOM PeHT-
reHOBCKOJT ToMorpaduu it KapOOHATHBIX ITOPOJI, HECMO-
TP Ha CTATUCTMUYECKOe PaBeHCTBO CpegHMX 3HAUeHMUI,
XapaKTepU3YIOTCS Pa3IMYHbIMU CTATUCTUIYECKMMU CBSI35I-
vim. [Ipu K < 16,0% Hab6II0maeTCsT OTCYTCTBME 3HAUMMOI
KOPPETSIIMOHHOM CBSI3U € K. 9TO CBUIETENBCTBYET O TOM,
YTO I10 JAHHBIM MeTOJaM IoJydyaeM pasaunyHbie 3Haue-
Hust K03 duimenTos nopucroctu. Ilpu K > 16,0 % 3Ha-
yeHus K; u K, cTaTUCTUUECKM KOHTPOJIUPYIOT APYT ApyTa.
[Tpu 3TOM HEOOXOAMMO OTMETUTD, UTO Ha OIpeeTeHHbIX
MHTEPBaAJaxX 3HAUEHNI BeJIMUMHbBI CBOOOIHBIX UJIEHOB SIB-
JISIIOTCSL CTATUCTUUECKU 3HAUMMbBIMU. DTO CBUETENbCTBY-
€T 0 TOM, UTO HabMI0AeTCcs] KOPPEKTUPOBKA 3HaUeHmit K,
CBOOOTHBIMM WI€HAMM ypaBHeHUI perpeccun. IToaromy
JIJIsI KOpPEKTHOTO UCIIOMb30BaHMs BeinunH K;; u K B Kap-
OGOHATHBIX ITOPOAAX HEOOXOMMMO MCITOb30BaHMe ITOJTY-
YeHHbIX YpaBHEHUI1 perpeccun ijis uanasoHoB K.

AHajioTMUHbBIM aHaIM3 BHITIOJIHEH U [IJIs TEPPUTEH-
HBIX ITOpof, (Tabit. 4).

IIJIsT TeppUTeHHBIX TTOPOJ, 6bUIO MOCTpoeHo 11 ypaB-
HeHUit perpeccuu, 3HaueHus r usMmeHsuichb ot 0,806 no
0,937. AHanM3 CBOOOAHBIX UJIEHOB YPaBHEHMIT Perpeccum
MoKasbIBaeT, uTo npu K; < 11,75 % HabmomaeTcst usmMe-
HeHMe UX OT OTPULIATENIbHbIX K TOJOKUTETbHbIM 3Ha-
yeHUSIM. 3HAUeHMs] YIJIOBbIX KO3bduimeHTOB Tpu K
TaKkKe XapaKTepu3yITCsl 3aKOHOMEpPHBIM M3MeHeHMeM
OT BbICOKUX 3HaUeHMit (6osbIie 1) K HU3KUM (MeHbIe 1).
VisMeHeHMsT 3HAUE€HMIT KO3(POUIMEHTOB KOPPEISIUUn 1
MpUBeAeHbI Ha PUC. 6.

AHanM3 MokasbIiBaeT, YTO COOTHOIIEHUSI MEXIY U3-
yJaeMbIMM BeIMUMHAMM TaKKe XapaKTepU3YITCS ABYMSI
Bugamu: ipu K, < 12 %, mpu nosbitiieHUN K, TPOUCXOIUT
XaOTUYHOE M3MeHeHMe 3HaYeHWUil r; MpU yBeIuueHUu
IuanasoHa K, MpoucxoauT 3aKOHOMepHOe ITOBbIllleHNe
3”HavyeHwnii ot 0,849 no 0,937.

AHanu3 MOCTPOEHHbIX YPaBHEHMI perpeccum rnoka-
3ai, uto nipu K < 7,1 % 3aBucumocts K, oT K SIBISIETCS
cTaTUCTUYeCcKM He3Hauumorli. [Ipu K > 7,1 % momyueHo
CTATUCTMYECKY 3HAUMMOe ypaBHEHe perpeccun:

K,= 6,349 + 0,63905K, )
mpu 7 = 0,964, p = 0,00002. ®
910 CB]/[,I[ETQJIbCTByeT O TOM, UTO COOTHOIIIEHWS MEX-

Iy K, v Kj XxapaKTepu3yloTCsl HATMUMeM CTaTUCTUUeCKOM
CBSI3M.
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Ta6muua 3
VpaBHeHus perpeccun 3aBucumocrteii K, or K; (kapooHaTHbIE ITOPOJIbI)
Mirepsan | CoSommmt | ouoGobion | voopdument k | ¢pu iy | Koo@umenr | HOTCETIRE
3HaueHmit K, % e b wieHe ipu K KOppexsiuun r SHAUMMOCTH I-p
K <16,0% 6,260 2,116 0,514849 1,974 0,892 p=0,299
16,0 % < K < 22,6 % -0,940 -0,359 1,080430 8,054 0,884 p<107
K: >22,6% 7,709 3,408 0,766514 8,932 0,942 p<107
Ta6muia 4
VYpaBHeHus perpeccuu 3aBucumocreii K, ot K; (TeppureHHbIe TOPOAbI)
. t npu VrinoBoii OCTUraeMBbIii
3H£I:;;;I;??(H % CBfﬁgﬁ}z’m CBOGO,II)[HOM ko3dpdbunyent k | t npu K; I;g;%’g:;ﬁlﬁf: A YPOBEHDb
w yjieHe npu K; 3HAYMMOCTH I'-p

0,8-5,6 -10,703 -1,267 7,312 1,579 0,844 p=0,360

0,8-7,1 -9,935 -2,535 6,864 3,528 0,928 p=0,072

0,8-8,7 -6,456 -2,427 5,000 4,324* 0,928 p =0,002
0,8-11,2 -0,248 -0,118 2,091 3,238* 0,850 p=0,032
0,8-11,75 2,166 1,195 1,14 3,053* 0,806 p=0,028
0,8-13,43 2,638 1,698 0,997 3,942% 0,849 p=0,008
0,8-13,60 2,579 1,805 1,004 4,812* 0,876 p=10,0001
0,8-14,88 2,864 2,187* 0,927 5,607* 0,892 p = 10,0005
0,8-15,00 2,887 2,373* 0,92 6,477* 0,907 p=10,0001
0,8-16,8 3,098 2,736* 0,875 7,384* 0,919 p=0,00002
0,8-19,9 3,048 2,923* 0,884 8,943 0,937 p<10°

* — cTaTUCTUYECKY 3HAUMMble 3HaueHus (p < 0,05).

0,96
0,94 o |
0,92} o ]
0,90[ ]
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Ky, %

Puc. 6. IsmeHeHUs 3HauUeHMIT KO3 bUieHTOB
KOPPEeJSILINY ' B 3aBUCUMOCTH OT K, (TeppUreHHbIe TOPObI)

lMpaKkTuyeckoe NpMMeHeHne 1 HanpaBneHue
AanbHenLnx uccnesoBaHumn

Taxkum 06pa3oMm, BHIITOTHEHHbIE MCC/IeTOBaHMSI ITOKa-
3bIBAIOT, UYTO JAHHbIE METOAbI HEe 3aMEHSIIOT, a OTIOTHSI -
10T IPYT Jpyra, MMOCKOJAbKY 06IafaloT PasIMJaroniMuCs
OorpaHMYeHMSIMM B TIpUMeHeHuu. BmecTe ¢ Tem mpose-
IEeHHbII CTaTUCTUUYECKUI aHaJIM3 IToKa3aj, YTO MCIOJIb-
30BaHMe 000MX METOLOB [JaeT eCTeCTBEHHbIM 00pa3om
OT/INYAIOIINECs, HO CTaTUCTUUYECKYM CBSI3aHHbBIE Pe3yiib-
TaTbl, YTO AEMOHCTPUPYET BO3MOXHOCTb X COBMECTHOTO
MpuMeHeHMs. BakHO Takke TO, UYTO MPU MUCCIIeOBaAHMSIX
00pa3s10B Pa3INYHbIX JIMTOJOTUIYECKIX TUIIOB KOJIEKTO-
POB METO/Ibl MMEIOT pa3/IMUHbIe OTPAHMUEHMSI:

1) mpu uccienoBaHusIX Kap6oHATHBIX 06pa3lioB 06a
MeTOZa MOKA3bIBAIOT CTATUCTUUECKM 3HAUMMbIe KO3hdu-
LMeHThl Koppensiuyy mexay K, n K; nipu 3sHaueHUsIX K,
T10 Ta30BOJIIOMETPUUECKOMY MeToxy 6Gosee 16%, 4To MO-
KeT 0OBSICHATHCS 60jIee KPYITHBIMYM pasMepaMu IIyCTOT;

2) IpU UCCIeOBAHUSIX TePPUTEHHBIX 06Pa3IoB I10-
PUCTOCTb HanbosIee TOYHO OIIPEIEISIeTCS TPU 3HAUEHUSIX
nopucroctu K, 6omee 7,1 %, uTo MOXKET ObITh CBSI3aHO CO
CJ1abbIM 3aroMHEeHeM MeX3epHOBBIX ITYCTOT 1IeMEeHTOM
MJI XOPOIlIeli COPTMPOBAHHOCTBIO MaTepuania.

[IpuMmeHeHMe peKOMeHAyeMbIX YPaBHEHUI IJIST JIN-
TOTUIIOB MO Ouana3oHaMm K, IMO3BOJsIeT IMOJydyaTb MH-
TerpajbHyl0 OILIEHKY MMKPOTIOPUCTOCTM KaK pa3HOCTb
MeX[y OlleHKoi K, 1o ypaBHeHMIO U 3HaueHueM K, 10
maHHbIM KT. Oco6eHHO 9TO IPpUMEHMMO K 06pasijaMm He-
MPaBWIbHOM MM CI0KHOW (HOpMBbI, KOTOpble He Bcerna
BO3MOXXHO TIOJTHOIIEHHO MCC/Ie[IOBaTh B meTpodusnye-
CKoVi jabopaTtopuu. Takasi MHTerpajbHasl OIlEHKa MMU-
KPOTIOPUCTOCTM TIO3BOJISIET TMOJYUUTh OrpaHMUEHME Ha
CYMMapHbIi 00beM pacrpenensieMblX MUKPOIIOpP, UTO
TTOBBICUT KAUeCTBO 0OBEMHBIX KOMITbIOTEPHBIX MOJENIei
KepHa 1 TTI0POBOT0 IIPOCTPAHCTBA IMOPO/I-KO/UIEKTOPOB.

Pe3ynbTaThl MUCCIENOBAHUS MOTYT OBITb MCIIOTH30-
BaHbI MPU NeTPoOU3UIeCKOM 060CHOBAHUY DUIBTPALIN-
OHHO-€MKOCTHBIX CBOJCTB IOPOJ-KOJIEKTOPOB MeCTO-
poskneHunit HepTH 1 rasa.

HUcnonb3oBaHMe MpeajiaraeMoro noaxona mo3BosiseT
MOBBICUTDH KaueCcTBO 3D-mopesieli KepHa rOpHbBIX MOPOT,
YTO B KOHEYHOM MUTOTe MpUBeJeT K MOBBIIIEeHII0 TOUHO-
CTY Pa3IMIHBIX METOJIOB MO EMMPOBaHMSI, CBSI3aHHbBIX CO
CBOVICTBAMU TOPHBIX TIOPOJ, ¥ TO3BOIUT Gojiee parumo-
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HaJIbHO ¥ C HaubOJIbIlIeil SKOHOMMUYECKOI 3(PheKTUBHO-
CThIO pa3pabaThiBaTh MECTOPOKIAEHVST HedTH 1 Ta3a (UIn
JIPYTUX TOJe3HBIX MCKOTIaeMbIX).

HanbpHelime HarpaBJIeHUsI UCCIeN0BaHUI TIpen-
CTaBJISIOTCS aBTOpaM B IIPONO/IKEHUM SKCIIEPUMEHTOB
Py yBEJIMYEHUM KOJIMYECTBA M pasHooOpasusi obpas-
110B, UTO MO3BOJIUT YTOUHUTD MTOJTyUeHHbIE 3aBUCUMOCTH,
a Takke B yueTe JOTIOJIHUTEIbHbBIX CTAHAAPTHBIX XapakK-
TePUCTUK KepHa (3HaueHMe Ko3PuimeHTa oCTaTOYHOM
HedTeHaChIIeHHOCTU, KalIMJUISIPHbIE KPUBbIE U IIp.).

3aknoueHue
BbINOTHEHHbIE MCCIENOBAHUS YOeOUTENbHO TIOKa-
3BbIBAIOT, YTO MPU KOMILJIEKCHOM MCII0/Ib30BAHUU TAHHbBIX
1o Ko3hduirmeHTaM MOPUCTOCTH, TTOTYUYEHHBIX Pa3HbIMMU
criocob6amu Kax JIj1s1 KapOOHATHBIX, TaK U JJISI TEPPUTEHHBIX
OpO[I, TOTyYeHHbIe Pe3Y/IbTaThl TOJIKHbBI COTIOCTABIISITHCS.
PesynbTaThl O1leHKM cpegHUX Mexnay K, 1 K 1o Tep-
PUTE€HHBIM ¥ KapOOHATHBIM IOPOAAM CTATUCTUUYECKU He
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UTO yKa3bIBaeT Ha (JIO(KHOCTU U HEKOTOPYIO HEJOOIEHKY
K 11 MMKPOIIOPUCTOCTH, B CUITY (DU3UYECKUX OTPaHM-
yeHMit 1 ocobeHHocTtei metoga KT.

BrITtonHeHHbIe MCCIeA0BaHMS TOKA3bIBAIOT, UTO 3HA-
yeHusi K, u K;, TIonyyeHHble MeTOLOM PEeHTIreHOBCKOM
tomorpaduu st KapOboHATHBIX Topox, ipu K; < 16,0 %
He UMeIoT CBsI3U ¢ K. [I711 3HaUeHnii BHe 3TOTO Auarna-
30HA NpeJJIosKeHbl YPaBHEHMS OL[eHKU U KOPPEKTUPOBKU
3HaueHuin K.

AHanu3 MOCTPOEHHBIX YpaBHEHMII perpeccuu [jist
TepPUTeHHBIX MIOPOZ, IToKasas, uto npu K; < 7,1 % 3aBu-
cuMocCTb K, OT K| SIBsIeTCS CTaTUCTUYeCKM He3HAUMMOIA.
151 3HaYeHMI BHE 3TOTO AManasoHa IpenjiosKeHbl ypaB-
HEeHMS [J151 OLLEHKM ¥ KOPPEKTUPOBKM 3HaUeHuii K.

[IpmeHeHMe peKOMEeHAYeMbIX YPaBHEHUIA OJIsT -
TOTUIIOB MO Auarna3oHaM K, MOo3BOJSIeT MOay4vyaTb WH-
TETPAIbHYIO OI[eHKY MMKPOTOPUCTOCTU KaK Pa3HOCTb
MeXAy OlleHKOoV K, TIo ypaBHeHUIO0 U 3HaueHuem K; 1o
nauHbeiM KT. TIpenjiaraemMblie MOIXObI TTIO3BOJISIIOT TTOBBI-

CUTh KaUeCTBO 00beMHBIX 3D-Mofieseit CTPYKTYPhI TOPO-
BOTO TIPOCTPAHCTBA FOPHBIX MTOPO]I,.

MMpOTUBOpeYaT ApyT Apyry. [Ipy aTOM cpenHue 3HAUEHUS
no KT Bcerma HuKe, HECMOTPSL Ha Pa3HYIO JIUTOJIOTUIO,
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AHHOTauUuA

Vi3yueHre MUHEPaATbHOTO COCTaBa PyZ, SIBJASIETCS] OCHOBOIIOIATAIOIIMM 3TAIllOM TIpU pa3BeAKe HOBbIX MeCTO-
POKIEHMI, TTOCKOJIbKY MMEHHO OHO ITO3BOJISIET ONpeaeauTb (GOPMbI HaXOXKIEHMS ITOJIe3HBIX KOMIIOHEHTOB,
MPOLIecchl PyA000pa3oBaHmMsl M MOTEHIMAIbHYIO M3BJIEKAEMOCTb IIEHHBIX 2JIeMEeHTOB. MuHepabHasi acco-
umanus, TeKCTypbl U CTPYKTYPBI PYA, He TOJMbKO AAIOT K/II0UeBble CBeHeHMSI O Te0JIOTUM MeCTOPOXKIEeHMS, HO
U OMpeIeNsIIoT BBIOOP MeTOmOB oborameHust. HecMOTpst Ha pa3BUTME COBPEMEHHO aHAUTUUECKO 6a3bl
U CYLLECTBYIOILME PelIeHNsI aBTOMAaTMUeCKOM IMarHOCTMKM MUHEPAIoB, HarpuMep, Ha ocHoBe COM-EDS me-
TOMA, ONTHUYECKAsT MUKPOCKOITMS SIBJISIETCSI CAMBIM JIOCTYITHBIM CPEICTBOM KOJMUYECTBEHHOTO MMWHEPAIOTU-
yeckoro aHamm3a. OmMHaKo OHa OCTAETCsS TPYHAOEMKOi U TpeGyeT BbICOKON KBaM(uKaLuy crienyanucra. A eé
BU3YaJIbHBI XapaKTep OrPaHUYMBAET TOUYHOCTb UM BOCIIPOM3BOIMMOCTb Pe3yIbTaTOB, UTO CO3JaeT HeobXOo-
IVMMOCTh B pa3paboTke 6oiee 3¢HeKTUBHBIX MOAXOA0B. OMHUM 13 MepPCIIeKTUBHBIX HAIIPABIEHNI SIBJISIETCS
aBTOMAaTM3aLUMs UAEHTU(PUKALIMY PYIHBIX MUHEPAIoB 10 (GoTonszobpaxkeHusiM aHIuMGOB. Llenbio paboThl
SIBJISIach pa3paboTKa M Bajuaalysl YHUBEpPCaJabHOM CerMEHTAIMOHHOI MOMeIM Ha OCHOBE IIy6OKOoro o6y-
yeHus. B mporiecce ucciemoBaHus Takoke ObUIM PelleHbl COMYTCTBYIOMINE 3amaun, BKIouas GopmMupoBaHue
OTKPBITOr0 Habopa JaHHBIX LumenStone, pa3paboTKy METOIOB I[BETOBOI afarTalyi, COBMECTHOTO aHaIM3a
PPL- 1 XPL-u306paskeHuit, TOCTPOEHMs ITaHOpaM M pa3paboTKM MeToza ObICTPOil pasMeTKu. B paboTe GbLin
MIpMMeHEeHbI CBEPTOUHbBIE HEfpoceTeBble apXUTEKTYPhI, AITOPUTMbI KOPPEKLIMY IIBETA ¥ COBMECTHO 06pa-
60TKM M306paske NI, a TAK)Ke OPUTMHAIbHBIN METO]I, CEMIUTMPOBaHMsI, KOMITEHCUPYIOIIMIt [y cOaIaHC KI1acCoB.
[TpennoskeHHass MOJe/Ib CETMEHTAaLMM TIPOAeMOHCTpUpoBasia BbicOKy1 TouHOCTh (IoU mo 0,88, PA mo 0,96) no
IeBSITM MMHepasaMm. [ToydeHHbIe Pe3y/IbTaThl MOATBEPAVIIN 3G HEKTUBHOCTD MHTETPALIUY [ITyDOKOT0 00yue-
HMS Y COBPEMEHHbIX aJIl0OPUTMOB 06pabOTKM M300paskeHui /IS 3a[jaU MIHEPAJIOrMUYeCKOro aHaamnsa 1 3aj1o-
SKUJTY OCHOBY JIJISI AAJTbHENIIEro pasBuUTHs IM(GPOBLIX METOIOB B aBTOMATU3MPOBAHHOI ITeTporpadu.
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MuHepasiorusi, MuHeparpadusi, nudposas rerporpadusi, aBTOMaTUUECK/€ METOIbI aHA/M3a U300paskKeHMIA,
cerMeHTaIus, TTyOOKoe 00yueHme, I[BeTOBAasI aarTaiysl, TaHOpaMHbIe U300pasKeHUs
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Abstract
Studying mineralogical composition of ores is a fundamental step in the exploration of new deposits, as it

allows determining the forms in which useful components are found, the processes of ore formation, and the
potential recoverability of valuable elements. The mineral associations, textures, and structures of ores not
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only provide key information about the geology of a deposit, but also determine the choice of beneficiation
methods. Despite the development of modern analytical tools and existing solutions for automatic mineral
diagnosis, such as those based on the SEM-EDS method, optical microscopy remains the most accessible
means of quantitative mineralogical analysis. However, it remains labor-intensive and requires highly skilled
specialists. In addition, its visual nature limits the accuracy and reproducibility of results, creating a need
for more effective approaches. One promising area is the automation of ore mineral identification based on
images of polished sections. The aim of the work was to develop and validate a universal segmentation model
based on deep learning. In the course of the research, related problems were also solved, including the creation
of an open LumenStone dataset, the development of color adaptation methods, joint analysis of PPL and
XPL images, panorama construction, and the development of a fast annotation method. The work applied
convolutional neural network architectures, color correction and joint image processing algorithms, as well
as an original sampling method that compensates for class imbalance. The proposed segmentation model
demonstrated high accuracy (IoU up to 0.88, PA up to 0.96) for nine minerals. The results obtained confirmed
the effectiveness of integrating deep learning and modern image processing algorithms in mineralogical
analysis systems and laid the foundation for further development of digital methods in automated petrography.

Keywords
mineralogy, mineragraphy, digital petrography, automatic image analysis methods, segmentation, deep

learning, color adaptation, panoramic images
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BeepeHune

V3ydyeHnue MMHEpPAJIbHOTO COCTaBa pyA, SBJSIeT-
€Sl OCHOBOIIOJIAraloIIMM 3TAallOM IPU pa3BefKe HOBBIX
MeCTOPOXAEHUH, TTOCKOJIbKY MMEHHO OHO II03BOJISIET
orpenenuTb GOPMbI HAXOXKIEHMS MTONIe3HBIX KOMITOHEH-
TOB, TPOIECCH PYHAO0Opa30BaHMUSI ¥ IMOTEHIMATbHYIO
M3BJIEKAeMOCTb IIeHHBIX 37IeMeHTOB. MuHepaabHasi ac-
comuanysi, TEeKCTYpbl M CTPYKTYPbI PyZ, He TOJbKO JTar0T
KJIIOUeBble CBeEeHMS O TeojIoTMM MECTOPOXIEHMS, HO
U OTIPEMIENISIIOT BbIGOP METOI0B 060TaleHMSI.

HecmoTpsi Ha pa3BuUTHe COBPEMEHHON aHaluTuye-
CKOJi 6a3bI U CYIIECTBYIOIINE PelleHNsI aBTOMAaTUYeCKO
OVMArHOCTUKM MMHEpPaJIOB, Hallpumep, Ha ocHOBe COM-
EDS metopa [1, 2], onTuyeckass MUKPOCKOIIUS SIBJISIETCSI
CaMbIM [OCTYITHBIM CpPeICTBOM KOJIMUECTBEHHOTO MMU-
Hepajormyeckoro aHaausa. OJJHaKO OHA OCTAETCS TPy-
IIOEMKOII U TpebyeT BBICOKOI KBaauUKaLUU CIIemu-
amucra. A e€ BM3yaJbHbIMI XapaKTep OrpaHMYMBaeT
TOYHOCTb ¥ BOCIIPOM3BOAMMOCTD Pe3yJIbTaTOB, UTO CO3-
IaeT HeOOXOOMMOCTh B pa3paborke 6osee 3pdexkTuB-
HbIX TTOAXO0B.

OnHUM 13 MepCreKTUBHbIX HaIlpaB/IeHUit SIBJISIeTCs
aBTOMaTM3aUusT UAEHTUGUKAIMY PYTHBIX MUHEPaIoB
1o ¢oronsobpakeHnsIM aHNLIMGOB. Takoii MOIXOM TM0-
3BOJISIET HE TOJbKO COKPATUTh BpeMEeHHbIe 3aTpaThl, HO
Y MMHUMMU3UPOBATH CYOEKTUBHBIE ONIMOKY, CBSI3aHHbBIE
C BU3YaJIbHOM IMAarHOCTUKOM, a TakKKe BHELPUTb TOUHbIE
CTaTUCTUYeCKMe MeTOAbl aHaimu3a. Llenpio Hacrosmiein
paboThI SBISIETCS OMMCAHME HAIIero OIbITa PaspaboTKu
CerMeHTalMOHHOM MopJeau Ojs aBTOMaTHUecKoi [e-
TeKLMM MUHEPaaoB Ha (ororpadusix aHIIM(OB 1 paga
CMEXHBIX 3aJlady, BO3HMKABIINX B XOJe MCCIeNOBaHMSI.
B craTpe mocwienoBaTenbHO M3JI0KEHbI OCHOBHBIE IPO-
6JIEMBI, C KOTOPBIMM CTOJIKHY/IVICh aBTOPBI, U MPEIJIOKEH-
Hble UMM peLIeHMsI.

CoBpeMeHHOoe COCTOsiHUE Npo6neMbl

[TepBble TIOMBITKY CO3IaHNUSI MUHCTPYMEHTOB aBTOMa-
TUYEeCKO¥ AMaTHOCTUKM PYJHBIX MUHEPaJIOB TTOA, MUKPO-
CKOITOM ObUIM TIPEIIIPUHSITHI BO BTOPOJi TOJIOBUHE XX B.
[3, 4]. Torga ncmoab30BaIM CIIEKTPO(GOTOMETPBI, C TTOMO-
b0 KOTOPBIX M3MePSUIM 1IBET MUHEPAJIOB, B UaCTHOCTH,
MO CIeKTpaM TOIIOIIeHMsI CBeTa BUAMMOTO Ayuarna3oHa
MHTEPIIPETUPOBAIM MUHEpPa/IbHBIN BUA. [3-3a HU3KOI
TOYHOCTU 3TOT METOJ, He ObLI IIMPOKO PACIpPOCTPAHEH.
Bonee coBepilieHHbIe METO/Ibl aBTOMATUYECKOW UAEHTU-
dbukamy MuHEepaaoB GbIIM CO3[aHbI Y3Ke BO BTOPOIi TO-
soByHe 1990-X rofioB U ONMpaauCh Ha aHaIuU3 GoTorpa-
buit anmMdOB MO MUMKPOCKOTIOM [5, 6].

[MpeanpMHMMAaNUCh TIOMBITKMA ~ aBTOMAaTHUUECKOTO
aHajM3a MUHEePAJIbHbIX accolualuii MeToJOM KiacTep-
HOT'0 aHa/I13a C 1eJIbI0 TT0VICKA 3aKOHOMEPHOCTe MesKTy
pasIMYHBIMU O0O0beKTamMu Ha ¢otorpadusx [7]. OTmensb-
HOT'0 YIIOMMHAaHMS CTOUT IOIIbITKA aBTOPOB [8] COCTaBUTD
uudpoBoii aTiac BCcex MMUHEPANIOB, a CaMM MUHEPAJIbI
OIpeJensiTh C MIOMOIIbIO JeHPOrPaMMbl, COCTaB/SIEMOIA
Ha OCHOBe LIMGPOBOTO OITPOCHMKA.

Ha cerogHsIliHMIT OeHb CYILIEeCTBYIONIME Kiaaccuye-
cKkue pereHus (6e3 MCIOIb30BaHMS amapara rryboKoro
o6yueHNsI) aBTOMATUYECKOI MAeHTUGUKALUM MUHEpa-
JIOB MOXKHO pa3AelnTh Ha JBAa OCHOBHBIX TUMA:

1.Vcnonp3oBaHMe MHTEHCUBHOCTUA OTPasKeHHOTO
CBeTa COBMECTHO C IIBETOBBIMM XapaKTePUCTUKAMMU, BbI-
pa>keHHbIMM B 11BeTOBOM ITpocTpaHcTBe RGB unm LAB [9];

2. Vcrionb30BaHyue CTaTUCTUYECKMX TIPUHIIUIIOB pas3-
Jle7ieHusl 1IBETOBOI MaJIUTPbI [JIs1 OTipefesieHNs] MuHepa-
JIOB B KOHKpeTHOM o6pasiie [10-12].

O6a moaxofila UMEIOT CYIleCTBEeHHbIE OTPaHMYEHMS.
MerTogpl, UCHONB3YIOIIME LIBET UM OTpakaTeJbHYIO CIIO-
COOHOCTH, HE CIMOCOGHBI pa3yinyaTh MUHEPAJIbI C OIU3-
KMMM ONTUUYECKMMU cBoiicTBaMu. CTaTUCTUUYECKMe Me-
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TOJIbI, B CBOIO OUepPelb, TPEOYIOT MTOBTOPHO KaaMOPOBKI
TSI KaSKIOTO HOBOTO TE€0JIOTMYECKOT0 06BEKTA, UTO Jiesia-
eT X NPUMEHEeHMEe «CUTYaTUBHBIM» M OrPaHUYEHHBIM.
TO XOPOIIIO WUTIOCTpUpYeTCs B pabote [12], rae mokasa-
HbI 0COOEHHOCTHU IIpMMEHEHNM OJaHHOI'O IIPpUMHIMIIAa OJIA
pasgesieHuss MeOHOM pyabl IO TPEM MMUHEpaaM U TPEM
JIUTOJIOTUUECKMM TUIIAM OJHOTO KOHKPETHOTO MeCTO-
POXIEeHMSI.

CTOUT OTMETHUTD, UYTO CYILECTBYIOT U y3KOCHelMam-
3MpOBaHHBIE pellleHNs], BbIIIOJIHEHHbIE B BUJe pacllype-
HMIA [ TIOMY/ISIPHBIX MPOrPaMMHBIX [1aKeTOB aHaau3a
usobpaxkeHuii, Takux Kak Fiji/Image]. Harmpumep, B pa-
6ote [13] omucbiBaeTCsl METOA, aBTOMATUYECKOTO OIIpe-
JleJieHusl coflepskaHusl reMaTuTa, ero pa3MepoB U TUIIOB
cpactraHuii B pyme Ha 6ase storo I10. [Tpobaema 1momo6-
HBIX pelleHN 3aK/IIUaeTcss B TOM, UTO OHM PeIlaioT y3-
KYIO KOHKPETHYIO 3a/1auy ¥ He 06J1aJaloT JO/DKHBIM YPOB-
HeM YHMBEPCa/JIbHOCTM.

Haubomnee 3dekTMBHBIM CIIOCOOOM TTPEOAOIEHNS
HeIoCTaTKa MCIOJMb30BaHUSI KJIACCUUECKMX METOLIOB
M JOOCTVSKEHMS] TIPUHIIUIIMAIBHO Oojiee KauyeCTBeHHBIX
pe3y/libTaTOB B aBTOMATMUECKOM aHaIM3e IOHOOHbIX
M300paskeHMii SIBJIIETCS TPUMEHEeHVe 00ydyaeMbIX IJTy-
6OKMX MOJIesielt (HalmpyuMep, CBEPTOUHBIX HEIIPOHHbIX Ce-
Tejf), KOTOpbIe CITOCOOHBI M3BJIEKAThH CJIOKHbIE MepapXy-
YyecKue MPU3HAKY U3 U300pakKeHN C YIETOM He TOJIbKO
JIOKQJIbHBIX TEKCTYP U (POPM, HO U ITTOOATBHBIX B3aMMO-
cBsI3eit Mexxay dbparmMeHTamMu CHMMKA. BmecTo pyyHOro
rmoxbopa LBETOBBIX M CTATUCTUUECKUX XapaKTePUCTUK
Takue Momenu — OyIb TO TPagUIMOHHbIE CBEPTOUYHBIE
cetu (Convolutional Neural Networks, CNN) [13-15], co-
BpeMeHHbIe TpaHCHOpPMEpPHI ¢ MEXaHU3MOM CaMOBHU-
MaHus [16] M rMOGpUIHbIE apXUTEKTYPbI (HalpuMep,
Mamba [17]) — yuaTcs BbIeISATh OTINUMTENbHbIe MOPGO-
JIOTUYECKME U CTPYKTYPHO-TEKCTYpPHbIE NMPU3HAKU KaxK-
JIOr0 MMHepasa.

Tak, ammapar CBEPTOUYHBIX HEVPOHHBIX CeTeil UC-
TTONTb30BAJICS 1T aHAMM3a OedeKTHOCTM IOBEPXHOCTU
¥ KaueCTBa MOAMPOBKY MeTa/uimdeckux nsgenuii [18, 19],
aHa/M3a pacrpeneseHns yriiepoaa B UyryHe 1o MUKPodOo-
tTorpadgusiM moBepxHOCTHU 3aroToBok [20]. B pa6ore [21]
I0Ka3aH MeTOoJ, pa3Je/leHys reMaT!UTa ¥ KBaplia B aHILIJIU -
(bax kene3HOI1 pybI C BbIZeIeHNEM KIacca UX pa3MepHO-
¢ty 1151 GopMMUPOBaHMST ONITUMATbHOM MTOAUM BelecTBa
Ha 000raTMUTENbHbBII KOMOMHAT. Tak)ke CTOUT OTMETUTD
psim paboT, TOCBSIMIEHHBIX OIIEHKE U BBIAENEHNIO KIac-
COB DPa3MepHOCTU OTHEeTbHbIX MUHEPaJbHBIX WHIUBU-
IIOB [22, 23], a TakoKe aHAIU3Y U TUIU3AIUM MOPGhOIOTUN
CpPOCTKOB B CHCTeMe C M3BEeCTHO¥ accolimaliyeii MuHepa-
noB [24, 25]. TIpenJioskeHHAast B 3TUX paboTax MOJENb Cer-
MeHTauuy Jocturia 98 % TouHOCTM NMpU IpefcKasaHuu
KayecTBa >Kele3HOM pyabl U BO3MOXKXHOCTY BOCCTaHOBJIE-
HMSI TEMATUTA, YTO MOTYEPKMBAET TOTEHIIMAT TTyOOKMX
MoJieseii B pellieH!M NTPOM3BOACTBEHHBIX 3a1a4.

B pa6ote [14] 6b11a MpogeMOHCTpUpoBaHa 3ddek-
TUBHOCTH TTyOOKMX CBEPTOUHBIX CETEN MIJIST TPEXMEPHOT
uaeHTUPUKAIMY MUHEPaJoB M aHaauM3a CBOOOTHBIX
3épeH, a B pabore [26] aBTOpPHI [MOKa3aau, YTO KOMOM-
HUPOBAHHBIN aHaIU3 ONTUUYECKUX MMKpodoTorpaduit
¢ nomo1bt0 CNN noBbllIaeT TOUHOCTh OLLEHKM Comeprka-
HISI MUHEPAJIOB B muxTe. B pabore [15] aBTOPHI yayUIm-
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JIV METOABI CYOAMCKPETU3ALINY TIPU3HAKOB, 60JIee TOUHO
KJIaCCUPUIIMPOBAB TOPHbBIE TMOPOJBI IO M300PAKEHUSIM
nudos.

CTOUT OTMETUTb, UTO C [TOMOIIbI0 COBPEMEHHBIX ITOJI-
XOZI0B TUIyOOKOro 0OyUeHMSI MOKHO JIETKO OCYIIECTBUTh
repexon OT Kiaccuuramuu ¢GparMeHTOB U300paske-
HMA [27] K TOHOLIEHHOM CeMaHTUYeCKOl CerMmeHTalun,
YTO TIO3BOJISIET TOJNYUMUTh TOUHOE IMKCEeIbHOE pa3ou-
eHue u300paskeHUit Mo muHepanam [17, 26] u [14, 28].
[Tpu aToMm B paborax [14, 29] 6bl1a MOKa3aHa MPUHITUIIN-
ajbHasl BO3MOXHOCTb CO3/1aBaTh KaUueCTBEHHbIE MOJIEIN
CerMeHTaluy PyOHbIX MUHEPAIOB C BbICOKOI TOUHOCTHIO
onpenenenusd (> 0,8 mo merpuke IoU).

OCHOBHOe TMPEUMYIIEeCTBO MCITOMb30BaHMUS TITy6O-
KX 06yuaeMbIX HeIpOHHBIX ceTeli pu paboTe ¢ u306pa-
SKeHUSMM aHIUIMGOB Pyl 3aK/ITI0UaeTCss B CIIOCOOHOCTYU
YUUTBIBATh KOHTEKCT M300PaKeHMSI U amallTUPOBAThCS
K BapMaTUMBHOCTY MMUHEPaJbHBIX accoluanuii. A camoe
[7IaBHOE — TI03BOJISIeT HAIESKHO pas3anyvaTh Aaxe MUHepa-
JIbI C OYeHb OMM3KMMM TMpU3HAKAMU (IMPUT—-MapPKa3uT,
KOBEJUIMH—XAJIbKO3MH U Jp.) 6e3 IMOCTOSIHHON Mepeka-
JUOGPOBKY aJITOPUTMa IIO[, HOBbIe 0Opa3llbl B OTIMUME
OT APYTMX METOMOB KOMIIBIOTEPHOTO 3peHusl. OmHAKO
paboT, TMOCBSIIEHHBIX HEIOCPeICTBEHHO AMArHOCTUKE
MMHEepaIbHbIX BUJOB C MCIIOIb30BAaHMEM TAaKUX TOIXO-
IIOB, TIOKA eIIIé OBOIbHO Masio. Takske MOJIeN ITy60KOro
00y4eHMSI MOTYT OBITh MCITOTb30BaHbI COBMECTHO C METO-
JaMu TOMeHHOI afarnTalyi, UTO T03BOJIsIeT 1000yUaTh
MOZe/Ib CerMEHTalMM Ha «HOBBbIX» CHMMKAxX — CHSTBIX
IPYTUM 060pYIOBaHMEM MIIM B MHBIX YCJIOBUSIX OCBEIIe-
HUSI — M TaKMM 00pa3oM COXPaHSTh BBICOKOE KaueCTBO
paboThI Jake MPY 3HAUMTETbHBIX BapUALMSIX BXOTHBIX
JaHHbIX. OOHmIMpHBIe 0630pbl IO JTOMEHHOI amanTa-
uyu [14] v TpUMepsI YCIENIHOTO MPUMEHEHNS B CeMaH-
TUYECKOJ CEerMeHTAIIMM Ie0JIOTMYECKUX U CITYTHUKOBBIX
nsobpaskenuit [30, 31] moATBEPKAAIOT, UTO STOT MOAXO],
obecrieunBaeT YHUMBEPCAJIbHOCTh U CTAOMIBHOCTH B Ca-
MBIX Pa3HbIX YCUIOBMSX. [IpMHIMIIMAIBHBIM OTINYMEM
GONBIIMHCTBA METOMOB IITyOOKOTO OOYUEHUS SIBJISIETCS
HeoOXOAMMOCTh ITOJIHOM pasMeTKU U300paskeHuil s
ob6yueHns. 3a4acTyio 3TO BeCbMa TPYHOEMKUIT MpoIlecc,
O[THAKO TpPUMEHeHMe CIelVaJIN3UPOBAHHBIX METOI0B
1aboif pasMeTKM, BBIIISIASIIMX C TOUKM 3PEHUS MOJb-
30BaTeNsl Kak pa3MeTka C MOMOIIbI0 TPyObIX MITPUXOB
(ScribbleSup [32], ScribbleSeg [33]) mau Touek [34], mo-
3BOJISIET BO MHOTUX CIYYasiX 3HAUNTEIHHO YCKOPUTH CO0P
¥ TIOITOTOBKY O0YyYarOIMX JAHHbIX.

I mocTpoeHMUsT HAaZeXKHOI CUCTEMbI, OCHOBAaHHO
Ha IJTyOOKOM OOyUeHUU, TpeOyeTCsl PelInThb CeAyIoIiye
OCHOBOTIOJIATAIOIIME 3a/laul, MOAPOOHO paccMaTprBae-
Mble B TaHHO¥ pa6orTe:

1. Pa3spaboTKa HeipoceTeBbIX METONOB CErMeHTa-
L MUHEPAJIOB.

2.Pa3paboTKka amanTUBHBIX METOAOB KalIMOPOBKMU
U TIpe06PaboTKI M300paskeHMIA.

3. Pa3paboTKa MeTOZ0B COBMECTHO 00paboTKu pas-
HOPOIHBIX 306 paskeHUIA.

4. Pa3zpaboTka MeTo[Ia CO3/IaHusI TaHOPAaMHbBIX U30-
OpaskeHMiA.

5. Pa3paboTKa BCIIOMOTATEIbHBIX METOIOB 00paboT-
KU ¥ aHa/IM3a M300paskeHuit aHIIM(OB.
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Tabania 1

PacmipeneneHye MMHEPAIOB Ha pasMeueHHBIX oTorpadusax aHuindos B Ha6opax LumenStone S1, S2, S3
JUISI 3aJa4y cerMeHTanuy. B KBagpaTHbIX CKOOKax yKa3aHO pacipesesieHue Ipy pa3oueHnn
Ha 00yYalolllyI0 ¥ TeCTOBYIO BBIOOPKM

Mimepan TIponeHT B Ha6ope S1 TponeHT B Haﬁo?e §2 | IponeHT B Haﬁog)e S$3 | CymMmMapHBbIii npogem‘
[train, test], % [train, test], % [train, test], % (S1 + 82 + 83), %

HepynHble MUHepabl 16,4 12,6, 3,8] 9,8 8,0, 1,8] 11,418,8, 2,6] 37,6
XanbKOIUPUT 2,0[1,1,0,9] 3,1[2,7,0,4] 0,9 10,6, 0,3] 6

TaneHUT 3,9[3,2,0,8] - 1,110,9,0,3] 5

MarsHeTur - 0,4[0,4,0,1] 0,1[0,1,<0,1] 0,5
BopHur 2,0[1,7,0,3] - 0,510,4,0,1] 2,5
[MuppoTuH - 8,91[6,2, 2,7] - 8,9
[uput 12,919,5, 3,4] - 1,9[1,5,0,4] 14,8
[lenTnangut - 2,4 [1,6,0,8] - 2,4
Chaneput 13,8 10,9, 2,9] - 0,510,3,0,2] 14,3
ApceHOTTUPUT - - 3,9 13,0, 1,0] 3,9
TeHHAHTUT 2,1[1,6,0,5] - - 2,1
KoBennun - - 1,8[1,4,0,3] 1,8
[Ipoune (He UCMOIb3YIOTCS) - 0,1 0,1 0,2

MaTepMaﬂbl n MetTogbl

B HacTosIIEM MCCIeqOBAaHUY MCITOMb30BaIach KOJ-
Jnexnyus aHnumm@oB, MMpegocTaBjIeHHas Kadeapoil reo-
JIOTUM, TEOXVIMUY ¥ SKOHOMMKH TI0JI€3HBIX MCKOTIaeMBbIX
reonoruveckoro ¢gaxkynapreta MI'Y um. M.B. JlomoHOCOBa.
st moryueHust u306paxkeHnit aHIUIMGOB UCTIONb30BAN-
cs ToSIpU3aIMOHHBIN MuKpockomn Carl Zeiss AxioScope
40 c dporokamepoii Canon PowerShot G10. Bce ¢oTorpa-
uyt 661U CHATHI ¢ yBenuueHMeM x50, a UX pa3pelreHue
3396x2547 K.

OCHOBHBIM HEIOCTATKOM CYILIECTBYIOIIMX PelIeHMNiA,
MPUMEHSIIOIMX TIy60KMe HelipoceTeBble MOZIENU B pac-
CMaTpMBaeMbIX 3ajlauax aHaausa Qororpaduil aHIUIN-
os [23, 35], TO MHEHUIO aBTOPOB, SIBJISIETCSI 3aKPBITOCTh
UCHOJb3yeMbIX Hab0pPOB M300paskeHMii U 3aKPBITOCTb
KOZIOBOJi 6asbl, UTO JleJlaeT HEBO3MOKHBIM JII000€e CpaB-
HeHMe pa3pabaThiBaeMbIX METOMOB. I103TOMY Bce pas-
MeueHHbIe Habophl M300paskeHNi1, CO3JaHHbIe B paMKax
paboTbl, 0pOPMIIEHBI B BUJIE €IMHOTO OTKPBITOTO Habopa
IaHHbIX LumenStone!, a mporpaMMHast peayn3anius Bcex
pa3paboTaHHBIX METOIOB OIyOIMKOBAaHA B BuIe OMOIM-
oTeKku petroscope’? ¢ OTKPBITHIM KOZOM JJIsI sI3bIKa IPO-
rpaMmmupoBaHust Python 3.

Co3paHHbI Habop M306paxkeHuii LumenStone co-
Iep>KUT HEeCKOJIbKO ITOJHA60pPOB, OPMEHTMPOBAHHBIX
Ha pelleHus pasjIvYHbIX 3a7au aHaaM3a M3006paskeHmit
aHnuMdoB. OCHOBHBIMM ITOmHAG0pPaMM SIBJISIIOTCS TTOM-
Habops! S1, S2, S3, HanpaB/ieHHble Ha 3aJayy CerMeH-
Tauuy (AaBTOMATMYECKOTO OIpEeAeNeHNs) MUHEPAJIOB,

! LumenStone Dataset. URL: https://imaging.cs.msu.ru/
en/research/geology/lumenstone

2 GitHub. URL: https://github.com/xubiker/petroscope

chopMIUpOBaHHbBIE C YIETOM MUHEPATbHBIX aCCOIMAIINIA
¥ CBOVICTB MMUHEPAJIOB:

— LumenStone S1 (84 n3obpaskeHus): MOJIMMeTaIN-
YyecKye pyabl (TaJieHuT, caniepuT, XaaTbKOIUPUT, GOPHUT,
6néKias pyna);

— LumenStone S2 (39 usobpaskeHuit): cyabpuaHble
MeIHO-HUKeJIeBble PyAbl (MMPPOTHH, MEHTIAHINT, Xajlb-
KOIIVPUT);

— LumenStone S3 (35 u300paskeHMit): MUHEpPAbI
C CUJIBHBIMM aHM3OTPOIHBIMM CBOVCTBAMM (apCEHOIM-
PUT, KOBEJUINH).

I1st Bcex M300paskeHMit JaHHBIX HAGOPOB C UCIIONIb30-
BaHMEM ITPOrpaMMHOTro obecrnieuenus Supervisely u Adobe
Photoshop 6bu1M cO3maHbI TMKCETbHbIE MACKM CETMEHTa-
MM COOTBETCTBYIOIIMX MMHEPAIOB, HEOOXOOVMbIE st
00yJYeHMST ¥ TECTUPOBAHMS MOJIeNei ITy60KOro 06yUeHNs.

CTOUT OTMETHUTD, UTO ¥3-3a €CTECTBEHHBIX MPUUNH
BCTPEUaeMOCTH B IIPUpPoe COOpaHHbI HAOop M300paske-
HUI MUMeeT TOCTaTOUYHO CYIIeCTBeHHbIN AucbaaaHc MUHe-
paJioB (IIPOLIEHTHOE COOTHOIEeHNEe TIPUBEHEeHO B Tabl. 1).
IlaHHbBIA (AKT SIBJISIETCS TOMOJHUTEIbHOM CIOKHOCTHIO
IJIS1 pa3pabOTKM METOOB aBTOMAaTUUECKOIi CerMeHTaluin
MMHEPAJIOB ¥ JO/DKEH YUUTHIBATHCSI.

Taxke aBTOpaMy ObLIM COOPAHBI JOIOJTHUTEbHBIE
rogHabopel M306paskeHnit, HeOOXOAMbIe /IS pelleHus
CMESKHBIX 3a7a4:

1. LumenStone V1: crenyanbHbIii HabOp n306paxke-
HMiT OmHMUX U TeX ke 10 mpernapaToB ¢ pasHbIMU YCTOBMUSI-
MM CbeMKM, IpeIHasHaYeHHbIN [J1 pa3paboTKM U TeCTH-
pPOBaHMSI METOMIOB IIBETOBOJV amamnTaiuu. M306paskeHus
TOJTyYeHbl KaK Ha TOM ke 00OpYHOBAaHMUM C MCIONb30-
BaHMEM CUHETO U KEJITOTO CBETO(QMIBTPOB, TaK U C IO-
MOIIbI0 MuKpockora JIOMO Mukpocuctemsl ITJIM-215
¢ ¢porokamepoir Canon EOS 40D.
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2. LumenStone P1: 875 n306pakeHni1, TOITyU€HHbBIX
mis 35 annummdos. i Kakaoro aHuiMda CHUMAIOCh
25 ¢dororpaduit ¢ 20-30%-HbIM TepeKpbITHEM, ITPeSHa-
3HAUEHHbIX JIJIS1 CO3/IaHMS TTAHOPAMHbBIX MUKPOCKOTTYE-
CKMX M300pasKeHUIA.

Iyia pemeHus 3a7ay OMHOBPeMEHHOT0 aHanmm3a Gho-
Torpaduit aHM30TPOIHBIX MUHEpaaoB B PPL u XPL 6bu1n
clenaHbl «IIOBOPOTHBIE» (oTorpaduyu OmHOI 06acTu
3peHUs C IIaroM ITOBOPOTA CTOMMKA MUKpPOCKoMa 5 1 15°
U TOIOJIHUTEIbHO BKJII0UeHbI B LumenStone S3.

Mpo6nembi 1 ux peweHuns (obcyxaeHune)

Huke mipuBeneHbl ONMCAHUS paccMaTpUBaeMbIX
3a7a4u U3 06acTy 00pabOTKM U aHaIM3a U3006pakeHuUid,
HeOOXOOMMBIX AJISI peleHuss KOMIUIEKCHOW Ipo6aeMbl
aBTOMATMUUECKON uAeHTUdUKAIMY MUHEPAJIOB HA MMU-
KPOCKOIMYECKUX M300paskeHMUSIX aHILIN(OB, ¥ TOAXOIbI,
pezJjioskeHHbIe aBTOpaMMU [IJIsl pellieHus 3TUX 3a7au.

1. HeiipoceTeBble MeTOAbI CerMEHTALMM MMHe-
pasioB. B maHHOI paboTe A1 perieHust 3aau CerMmeHTa-
LMY MBI pacCMaTPUBaeM CBEPTOUYHbIE HEMIPOHHbBIE CETU.
AnbTepHATMBBI HA OCHOBE TpaHCHOPMEPOB, XOTS U Tep-
CITeKTUBHBI, OCTAIOTCST M3ObITOUHO PECYPCOEMKUMU IJIsi
CTaHJAPTHBIX J1TAGOPATOPHBIX yCIOBUiT [36]. Hecmorpst
Ha XOpOIIyI0 O6GO0G6IIAIOIIYI0 CITOCOOHOCTb CBEPTOUYHBIX
HePOHHBIX CeTeil, OHU SIBJSIIOTCS TOBOJIbHO UYBCTBU-
TeJIbHBIMM K AcOaaHCy KIaccoB B 06yvaromieil BI6op-
Ke [37, 38], KoTOpasi XxapaKkTepHa I COOPAHHBIX TaHHbIX
(tabm. 1). Kpome Toro, HeiipoceTeBble METOMIbI HE MOTYT
OBITh HATIPSIMYIO TIPMMEHEHBI K M300PaskeHMSIM BbICOKO-
ro paspellieHMs M3-3a alllapaTHbIX orpaHuveHuit. s
HMBEJIMPOBAHUST 3TUX HENOCTATKOB B pabore [39] Hamu
OB MPEeIJIoKeH CIIeIMaan3MPOBAHHbBI METOJ, CeMIUIN-
poBaHUsl ob6yuvaroieii BIOOPKM B TIpoliecce O6ydeHusI,
M3BJIEKAIONIViT HeGosbIe GparMeHThI U3 U300 paskeHU
(TmaTum) ¥ UTparouit posib 6aIaHCUPOBIIMKA JAHHBIX.

3agaueli pa3pabOTaHHOTO METOAA CEMILIMPOBAHUS
SIBJISIETCS] BbIpaBHMBAHMeE pacipee/ieHus KiIacCoB MUHe-
paJioB, TIOJAIOIIVXCSI B HEMIPOHHYIO CETb MPU O6yUeHUN.
st Kaskmoil mapsl «M3006paskeHue oOydaromieii BhIOOp-
KU — TUTT MUHepaJia» BBIYMCISIETCSI MaTPUILLa, CoAep Kaliast
B Ka)KIIOJ TOUKE M3BJI€UEHHYIO IIJIONAIb BHIOPAHHOTO MU-
HepaJia B ¢JTyyae BbIOOpA MaTya C LIEHTPOM B 3TO TOUKe.
[MonyumBIIMiicsS HAGOP MATPUIL UCTIOTH3YETCS B KAUECTBE
BEPOSITHOCTHBIX KapT TP BbIOOpE MaTyeii 1Jist 00ydeHus.
Tak, Ha KaXX[0l UTepaluuy CeMIUIMPOBAHMS )11 HauMe-
Hee TIPeJCTaB/IIeHHOTO Ha [aHHbIi MOMEHT MUHepasa
1) BeIOUpaeTcs n3obpaskeHe o6ydaromeii BBI60PKU (po-
MMOPLMOHANIBHO COLEPXKaHMIO 3TOr0 MMHepana), 2) B CO-
OTBETCTBUM C BBIUMCIEHHBIMU paHee BepOSITHOCTHBIMU
KapTaMy BbIOMpaeTcs IeHTP MaTya, 3) U3BJIeKaeTcs ImaTd
U 4) OGHOBJISIIOTCSI JaHHbIE O IPEACTaBIEHHOCTY MUHEe-
pajioB B MCIIOJIb30BAHHbIX JaHHBIX. [JaHHbBI MeTOH, Mpu
YMepeHHbIX pa3mepax marua (256-384 1K) mo3BossgeT
CyIIeCTBEHHO YpaBHAThH paclipefielieHnie MMeIOXCs
MMHepasioB B Habopax LumenStone S1, S2, S3, uTo moso-
SKUTETbHO CKa3bIBAETCSI HA CKOPOCTY OOyUeHUsT Mopesieit
cerMeHTalluM, a Tak)ke Ha UTOTOBBIX MeTPUKax KauecTBa
cerMeHTalun.

[Ipn pa3paboTke HepOCETeBBIX MOjeseli CerMeH-
Talyy MUHEPAJIOB HAMM OBLIM PACCMOTPEHBI U UCCIIEN0-
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BaHbI PSiJi CBEPTOYHBIX apXUTEKTYyp, HAUMHAS OT Tpaau-
umoHHoro UNet [40] 1 ero moguduxanyum ResUNet [29]
M 3akaHuMBasi Oonee coBpeMeHHbIMM PSPNet [41]
u UPerNet [42]. [IpeumyI1eCTBO NMOCIeIHUX 3aK/II0UAeTCs
B BO3MOXXHOCTM aHaAM3MPOBATh M300pakeHMsT HA pas-
HBIX MacIITabax, KOPPeKTHO OMpeesiTh OMHOBPEMEHHO
¥ MaJIeHbKMe, ¥ OUeHb O0JbIlNe 0O0BEKTHI, M YUUTHIBATD
JIOKAJIbHBIN ¥ TI00IbHBI KOHTEKCT, UTO ITO3BOJISIET CY-
IIeCTBEHHO YIYYIIUTh KaUeCcTBO CerMeHTalluM Ha MMelo-
ITUXCS TAaHHBIX.

i oueHMBaHMs KayecTBa CerMeHTalMy B JaH-
HOIt pabore ucnonb3yetcss merpuka loU [43]. OTo onuH
1“3 Haubojee MPOCThIX M PaCIpPOCTPAHEHHBIX CIIOCO60B
reoMeTpUYecKoii OIeHKM CerMeHTauuyu MpU HaIUduu
pedepeHcHO pasmeTku. MeTpuKa HPUMHMMAET 3HaAUe-
HUs U3 auamnasoxa [0, 1], roge 1 cOOTBETCTBYET MOJTHOMY
COBITaJIEHUIO TIPeICKa3aHHOI pa3MeTKu ¢ pedepeHCHO
(upmeanbHbIN citydaii), a 0 COOTBETCTBYET OTCYTCTBUIO TIe-
peceueHMit MpercKa3aHHON U pedepeHCHON pa3MeTOK
cerMeHTanyu. YIoBJIe€TBOPUTEIbHBIM OOBIYHO CUMTAETCS
3HaueHue loU > 0,7, XOTS U 3aBUCUT, KOHEUHO, OT IIpef -
MEeTHO¥ 06/1acTH.

B Hamem cryuae o6yueHne HelipoHHOI ceTri PSPNet
¢ ResNet18 xomupoBIMkom Ha Habopax LumenStone S1
” S2 COBMECTHO C MCIIO0JIb30BaHMEM MeTojla CeMILIUPO-
BaHMSI C GaJaHCUPOBKOI KJIaCcCOB, OMMCAHHOTO BBIIIIE,
MO3BOIMJIO TIPOM3BECTM CErMeHTauui0 9 MuHepalioB
1 0606IIEHHOTO K/Iacca HEPYOHbIX MUHEPAJIOB C OYeHb
BBICOKMM KauecTBOM (cpenHee 3HaueHue IoU Ha TecTo-
BOI1 BeIGOpKe coctaBmiio 0,88). [Tpy 06yueHUM UCITOIb3Y-
IOTCST KPOCC-IHTPONMITHAS QYHKIIUS TTOTEPbh, CAyUIaiHbIe
ayrMeHTaluyu (MOBOPOT, He3HauuTelbHOE M3MeHeHNe
Maciitaba, IpKOCTM U 1IBeTa), onTuMu3aTop Adam c Ha-
YyajbHOM cKopocThio obyuenust 0,001 ¥ ymeHbIIeHMEM
MpU AOCTVOKeHUU 11aTo. OGyueHre 3aHMMAET MOPsIKa
3 1 Ha Nvidia A6000 GPU. [Ipumep npuMeHeHUs 06yUeH-
HOJ MOZeNny CerMeHTaIMy MUHEePAJIOB Ha M300paskeHNN
U3 TECTOBOJT BRIOOPKY IIPUBEIEH Ha puC. 1.

2. AmanTMBHBIE METOIbI KaJIMOPOBKM M IIpe]-
00paboTKM M3ob6paskeumii. OOHOI 13 OCHOBHBIX IPO-
671eM, C KOTOPO#1 CTOJIKHY/IMCh aBTOPBI MPU paboTe ¢ mep-
BUUHBIMM [AHHBIMU, SIBSETCS BbICOKAS UYBCTBUTEJb-
HOCTb CerMeHTalMIOHHBIX MOJe/ieil K IIBETOBOV MaauTpe
n3006paxkeHnit. Pa3nmmuumns B IIBETOBBIX XapaKTePUCTUKAX
MeXAYy OOyYamIMMM U DPeaIbHbIMU M300paskeHUSIMU
MIPUBOAST K 3HAUUTETbHOMY YXYIIIEHUIO KauecTBa orpe-
IefeHus: MuHepanoB. LIBeTo-SIpKOCTHbIE XapaKTepUCT-
KU U300paskeHNii OMpemesisioTcs MHOTUMM (haKTOpaMu:
rapamMeTpaMyu MUKPOCKOTIA, HACTPoiiKaMu (oToKamephl,
OCBELLEHHOCTBIO U JIP.

OnvH 13 BapMaHTOB PelIeHusT JaHHOI MPoBIeMbl —
MCIOb30BaHMe aBTOMaTUUYeCKOi KOppeK UM 1iBeTa, ocC-
HOBaHHOI1 Ha pa3HMIle LIBETOB MEXY IOTy4aeMbIM M130-
O6paskeHMeM 1 U3BECTHBIM pedepeHcoM (Hampumep [44]).

MeTon WCIIpaB/IeHMSI ILIBETOBBIX WMCKaskeHUIi ObLI
npemyioskeH HaMu B pabote [45]. OcHOBHas uuest 3a-
KJII0UaeTcsl B MoCTpoeHuM Matpuiibl mepexoma (Color
Correction Matrix, CCM) [46] Mexay L BeTOBBIMU IIPO-
CTPAHCTBAMM MCKAKEHHOTO U 3TAJIOHHOTO U300 paskeHU
(3@ 3TaJIOH MPUHUMAIOTCS M300pakeHMsI U3 06YUaIOIIEro
Habopa JaHHBIX).
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[poliecc BKIOYAET M3BJIeueHMEe yCpeqHEeHHbIX 11Be-
TOB MUHepasaoB U (GoHA C UCIOAb30BAHUEM YaCTUUHOM
pasMeTKky, JMHeapusalMi0 LIBETOB uepe3 raMma-Kop-
pekumio (y = 2,2) u pacuet apbuHHOrO MpeobpasoBaHMs.
3amauya MuHMMM3auu peimiaetrcs B LAB-mpocTpaHCTBe,
B KauecTBe (YHKIMM MMOTEPb UCIIOAb3YeTCSI CYyMMa KBa-
IPaTOB I[BETOBBIX OTIMUMIA, BBIUMCIEHHBIX IO Gopmysie
CIEDE2000 [47]. B paboTe ucmonab3yeTcsi MaTpulia pas-
Mepa 4x3 ¢ MHUIMaIu3aleil HauaJabHOTO MPUOIVKEeHMS
MeTozmoM «bayaHca 6enoro» [46]. TlocjieqHMUM 1IArOM MC-
KaskeHHOe 13006paskeHne peoOpasyeTcst MyTeM MaTpuy-
HOT'0 YMHOYXEHMS Ha BBIUYMCIEHHYIO paHee MaTpUlly LiBe-
TOBOJ KOPPEKLIVNA.

[TpenJioskeHHBIVI METOH, TTIO3BOJSIET COXPAHUTD 1IBE-
TOBbIE Pa3/INUMsI, KpUTUUECKY BasKHbIE IJIT UAeHTUDU-
KalyM MMWHEpPanoB (puUcC. 2), MUHUMU3UPYS TIPU 3TOM
BIIMsSTHME M3MEHEHUIT OCBeIeHMs ¥ HaCTPOeK 060pymo-
BaHMS. AJITOPUTM TOAAEPKUBAET BA PEXKMMA PabOTHI:
VHIVMBUIYaJbHYIO0 KOPPEKIIVIO /i1 KaskKA0ro mM3obpaske-
HUST Y «KaJIMOPOBOUHBIN» PEXKUM JIJISI CEPUMHBIX CHUM-

KOB, I'le MaTpuia KOppeKuun paCCUnMTbIBaAe€TCA OOVH pas3
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¥ IPUMEHSIETCST KO Beeli rpyrie. MeTop He TpeGyeT mpef-
BapUTEJIbHOTO 06yueHMsi, 06paboTKa OTHOTO M300paske-
Hust 3aHuMaeT MmeHee 10 ¢ Ha Intel Xeon Gold 6226R CPU.

3. MeTonbsl COBMECTHOI I 00OpPaGOTKM Pa3HOPO/-
HBIX U300paskeHUii. MHOTVE MUHEepasbl UOeHTUDULIN-
PYIOTCSI He TOJIbKO Ha OCHOBE UX 1IBeTa U OTpakaTelbHO
CITOCOOHOCTH, HO TaKKe 10 HAINYMUIO WM OTCYTCTBUIO
QHM3OTPOMHBIX CBOMCTB. AHMU3OTPOIMS TIPOSIBIISIETCS
B CITOCOGHOCTY MMHEPAJIOB «TaCHYTb» B MIBAXKIbI IO-
JISPU30BAHHOM CBeTe (CKpelleHHBbIX HUKOJSIX) Mpu
COBMNAJIeHUM OMNTUYECKUX Oceli MHUHepasia C Halpas-
JleHeM TIONSIpU3aTOPOB MMKPOCKOMa. OTO CBOICTBO
SIBJISIETCST KJTIOUEBBIM [IJISI BO3MOXXHOCTU OTIMUUTb MMU-
Hepajabl € OMM3KUMMM TapaMeTpaMy OTpaskaTeTbHO
crioco6HOCTM U LBeTa. Hampumep, NUpUT (M30TPOITHBII)
Y MapKasuT (aHM3OTPOITHBIN) MMEKT CXOXKKue OITuUdIe-
CKMe XapaKTepUCTUKM, HO OTAMUYAIOTCS I10 HAIUUYUIO
aHU30TpONUU. AHATIOTUYHO, MTUPUT U apCEHOTTUPUT, XOTSI
¥ 006/1aJaloT HECKOJIbKO Pa3JIMUHBIMM OTpPaskaTeTbHO
CITOCOOHOCTBIO U I[BETOM, TaKkKe MOTYT ObITh HaJeKHO
pasjesieHbl 110 HAIMYMIO aHU30TPOIIUHM Y apCeHONMUPUTa.

. HepynHblie MyHepanbl XaJIbKOIUPUT

. lanenut

B wopur 0 Coanepur ] Tennantur

Puc. 1. [Ipumep cermeHTanMy n3obpaxkeHus aHmda ooyueHHoiT Mogenbio PSPNet:
a - n3obpaxeHue; 6 — KapTa OIMOOK (3eJIeHbIM BbIJIeTIeHbI TPABMIbHO PACTIO3HAHHBIE YUaCTKH,
KpacHbIM — OIIMOKM CeTMEHTAINN); 8 — MAacka MIHEPAasIoB (IKCIIePTHAsE pasMeTKa); 2 — MpeicKa3aHue MOIean
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ABTOpamMM cTaThyu ObUT pa3paboTaH HeipoceTeBOi
MeTOJ cCerMeHTaIluu, UCIToNb3younii XPL- u PPL-1306-
paXeHMsI B KauyeCTBe AOIOJTHUTE/bHbIX BXOIHBIX ITaH-
HBIX JIJIS1 CeTMEHTUPYIOLLel HelIPOHHOV CeTH JJ1s1 TTIOBbI-
IIeHMST TOYHOCTU cerMeHTanuu MuHepanosB [48]. Kiro-
YeBbIM 3TAllOM JAaHHOTO METOZA SIBJSIeTCSI COBMelleHne
M300pasKeHN, CHSATBHIX MPU PasHBIX yIMIax I[MOBOPOTA
¢ sTaJIoHHbIM PPL-u306paskeHuemM. [IJisl 3TOTO MpuUMe-
Hamuchb anroputmsel SIFT [49] ons meTexkuum ycToium-
BBIX K/TIOUEBBIX TOUEK Ha n306paxkeHusix u RANSAC [50],
C TMIOMOIIbI0 KOTOPOTO IO HaleHHbIM MapaM KJII0UeBbIX
TOUEK BbIUMCISUIOCH adPuHHOE Mpeobpa3oBaHME MEX-
Iy u3obpakeHusiMu. Takum 06pa3om, Bce M300paskeHUs
GBIV TIPUBEIEHBI K eAMHO cicTeMe KOOpAMHAT (puc. 3).
Hanee TmnpuBemeHHbIe K €OVHON CHUCTeMe KOOPAMHAT
XPL-1300paskeHNsT MCIOMb3YIOTCS KaK [TOTMOJHUTETb-
Hble KaHa/Ibl Ha BXOJle HEPOHHOW CeTH, B OCHOBE KO-
TOPOJ JIEKUT apXUTEKTYpa, NpelJIoKeHHasl paHee aBTO-
pamu [29]. Mcnonb3yeMble TuileprapameTpbl OMMCaHbI
B [29], Bpems 06yueHMsI MOJIeNIM COCTABJIsIeT OKOJIO 6 U Ha
Bupeokapre NVidia A6000 GPU.
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4. MeToapl cO3JaHMsI ITAHOPAMHBIX WM300pa-
skeHuit. ITnomanb cpegHero aHuumda CoOCTaBJsIeT He-
CKOJIBKO KBaZ[paTHbIX CAHTUMETPOB, IIPU UCCIeJOBAHUY
TUIMUYHO yBeuueHue x50. B Takux ycIoBUSIX Ha KX 0
dororpadum 6ymeT nuirb HeHOMbINAS YaCTh aHIUINGA,
IUIOIIAAbI0 B HECKOJIBKO KBAAPATHBIX MWIIMMETPOB.
Wcnonb3oBaumue ¢ororpaduii, MOKPHIBAIOIIUX 6OIb-
IIYIO TUTOMAab 06pasiia, MO3BOJIMIIO ObI MTOIYYUTD Hosee
TOUHYI0 MHGOpPMAIMIO O paclpenesieHu MUHEPaIoB
B 0o6pasile 1 06 MX B3aMMHOM DAaCIIOJIOXKEHUU U TIOJIO-
SKUTETHHO CKa3aJI0Ch ObI HA KAUeCTBEe aHaM3a.

s mosyuyeHust 60MbIIMX U3006paskeHUit B Te0Jio-
'Y MOYKHO MCIT0JIb30BaTh CKAHMPYIOIIME 3/IEKTPOHHBIE
Mukpockorsl (SEM), HO Takoe o60OpymoBaHME OYEHb
IIOpOToe, CTPYKTYPHO-TEKCTYPHBIE 0COOEHHOCTY MOTYT
TEePSITHCS B CUJIY OCOOEHHOCTEl MeTOHda, a oIpejerie-
HMe MUHePaTbHBIX (a3 TpeOyeT NJOTIOJTHUTEIbHbBIX YCU-
nuii. [TosToMy MBI, Kak 1 Ipyrue uccienosartenu [51],
JleJlaeM BbIOOD B MOJIb3Y MTPOTPAMMHOTO CITMBAHUS Ce-
puM 1306pakeHNii, CHITBIX C IEPEKPHITUEM, B €UHYIO
rnaHopamy.

)

Puc. 2. TIpumep paboThI NMPEJIOKEHHOTO METO/IA IIBETOBOM KaIMOPOBKMA:

&

a - ICXOHOoe n300paxkeHe, CHITOE Ha aIbTePHATUBHOM 000pymoBaHuu; 6 — pedpepeHcHOe 1300paskeHNe;
8 — MCXOJIHOE ITocjIe paboThl MeTOa

Puc. 3. CoBmenienne XPL-1300paskeHMiT apceHOMMPUTA: BEPXHUIA Psii — M300paskeHMsT apCeHOMMUPUTA
B Pa3JIMYHBIX OPUEHTALNSIX, HYSKHUIA PSIZT, — M300paskeHMsI apCeHOTIMPUTA B PA3JIMUHBIX OPMEHTALMSIX TTOCTe COBMEIeHNSs.
[pencraBiieHbl 4 pa3aMIHbIe OPUEHTAIVN U3 24 [JISI KaKI0TO M300paskeHMsI C aHU30TPOITHBIMY MUHEpaTaMu
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B Hacrosiliee BpeMs CyIIECTBYeT MHOKECTBO IpPMU-
MepOB IPOTPAMMHOIO ObOecreueHust IjisT aBTOMaTuye-
CKOTO CIIMBaHMS pa3spo3HEeHHBIX GoTorpaduii B eguHOe
rma"HopamHoe wusobpaskenme. K HuM oTHocsaTcs Adobe
Photoshop, Fiji/Image] u muorue gpyrue. Ho mcromnb-
30BaHMe cropoHHero 10 o6ynamaeT psgoM HeOOCTaTKOB.
MoiHble cpencTBa, Takue Kak Adobe Photoshop, moryT
M3IUIIHE TTpeobpa3oBbIBaTh MTaHOpPaMy (HEecTeCTBEHHO
MEHSITh [IBETA, YCTPAHSITh BasKHbIE NeTasIu, IPUHUMAS X
3a apTedaKkTbl CKIeiiku). IHTerpaiys CTOpOHHe peain-
3allMM B COOCTBEHHYIO CHCTEMY 3aTPyIHUTEIbHA caMa 10
cebe, a TaKKe MPUBOIUT K HEBO3MOKHOCTY BHOCUTD He-
06xomyMble U3MEeHeHMST B pabOTy alropuTMa B COOTBET-
CTBUM C OCOOEHHOCTSIMM pelraeMoit 3a1aun.

ABTOpamMu 661 pa3paboTaH COOCTBEHHBINM aJITOPUTM
cumBaHusl ¢otorpaduii B maHOpaMHOe M300pakeHle
noBepxHocTy aHuumda [52] (puc. 4). AJITOPUTM COCTOUT
13 OBYX OCHOBHBIX 3TallOB: COBMeIIeHMe M306paskeHmit
U JanbHeias MmocTo6paboTka IS YIyullleHUs BU3Y-
anpHOrO BOCIpuUATHS. Ha mepBom 3Tarie C MCIOIb30Ba-
HYEM KaJMOPOBOUHBIX M300paskeHUI KOPPEKTUPYIOTCS
reoMeTpuyecKkme UCKasKeHMs] U300paskeHMii C TIOMOIIILIO
mopenu bpayna—Koupamgu [53] u dboTomeTpuyeckue mc-
KaykeHMsI C ITOMOIIbI0 KOMITeHcal[y TIFI0OCKOTO ToJis [54].
3areM c oMol b0 HelipoceTeBoro anroputma LoFTR [55]
HaXOMATCS 0OIIMe TOUKM U300paskeHit, MMeIoHxX 06/1a-
CTU TepeKpbITusl. 10 HUM BBIUMCISIOTCS TIEPCIIeKTUB-
Hble TIpeo6pasoBaHust — TOMOrpaduu Ijist ap COCEIHUX
n3obpaskennii ¢ momorinsio RANSAC [50], moce yero Bce
U3006paskeHusT MPeodpasyoTcss B KOOPAMHATHI OIHOTO
usobpaskeHus (OIMOpHOro). HakoHel, BHIMOIHSIETCS TJIO-
GasibHAsT ONMTUMM3AIMS TAHOPAMbl IS MUHUMMU3ALIIN
omnboK coBMeleHusl. Pe3ynbraToM IJTama SBSETCS
repBMYHAas TaHopaMa — KoJuiak. Ha BTopoMm 3Tarie mpo-
MCXOOUT YIydllleH)e IepBUUYHOI maHopaMbl. KomIieH-
CUpYyeTCsl pasHMUIla SKCIIO3UINIA Ha M300pakeHMsIX. Ma-
CKUPYIOTCS IIBBI MEXKIY M300PaKEHUSIMU C ITOMOIIbIO
MTOCTPOEHMST HayIMeHee 3aMeTHOTO IIIBa MeTOOM pa3pe-
3a rpada [56], c yueToM pasHUIILI B IIBETE U IPAAMEHTAX
cocemHUX TMKceneit. ®MHATbHBIM IIATOM M300paskeHMsI
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CMEINIMBAIOTCS BOIM3YM CTHIKOB YacTeil MaHOpaMbl IJIst
yCTpaHeHMUsT BO3MOXHBIX OCTAaTOUYHBIX apTedaKkToOB CIIN-
BaHMS. [[JIsT TECTMPOBAHUSI AJTOPUTMa MCIIOIb30BAJICS
COOpaHHbIN MJIsT 3afauy MOCTPOEHUsST MMaHopaM Habop
LumenStone P1. MeTon He TpebyeT MHpemBapuUTEIbHO-
ro o0yueHust, CKOPOCTb 06PabOTKM OIHOM MaHOPaMbI U3
25 nso6pakennii Ha Intel Xeon Gold 6226R CPU cocraB-
JISIeT MOPsIAKa 5 MIUH.

5. BcriomoraTenbHbIe METOAbI 06PaGOTKY U aHAa-
nu3a usoopakeHuit aunuindos. IIpuMeHeHNne Me-
TONOB INTyGOKOr0 O6YUeHMs OJIsi CerMeHTaliyi MUHe-
pajioB Ha M300paskeHUsIXx TpeOyeT TOUHOI pa3MeTKu
60JIBIIIOTO KOJMMYECTBA M300pakeHMil, UTO SIBISIETCS
TPYOOEMKMUM IpoleccoM. [ ympolmeHus Ipoliecca
pasMeTKM U CO3IaHMsI CETMEHTAIOHHOM MOJeNN, CII0-
COOHOJI pacro3HaBaThb OCHOBHBbIE PYIHbIE MMHEPAJIbI,
aBTOpaMM pa3pabaTbIBae€TCsS METOM YCKOPEHHOI MHTEeP-
aKTUBHOI pa3MeTKM C WCIOJb30BAHMEM CYIEePIHUK-
CeNbHOJ KaacTepusauuu Ha ocHoBe MeTonoB SLIC [57]
u Felzenswalb [58]. 'eosior rpy60 BbifensieT MUHepPaIbl
MITPUXaMM, TPU ITOM Iiejble 067aCTU M300paskeHMsI
TTOMEYAIOTCsI METKOM TOTO WJIM MHOTO MMUHepasia Ha oC-
HOBe JJAHHBbIX O HAHECEHHBIX IITPUXAX M KapThl CyIep-
nKceneit. [lob30BaTeNb KOPPEKTUPYET TpeAcKa3aHms
MeTOona, IMOKa He IMOJYyYUT OKOHYATEIbHYIO Pa3sMEeTKY.
Oco6eHHOCTH MOAX0[a — MHOTOMACIITabHas! KacTepu-
3a1[sl, TT03BOJISIIONIAST OBICTPO pa3MeyaTh Kak OosbIlne
OJTHOPOJHbIE 06JIACTH, TaK U MeJIKue (parMeHTbl, aBTO-
MaTMUuecKky pa3buBas 60mblMe KaacTephbl Ha 6oee Mes-
KIe [0 Mepe HeOOXOAMMOCTH.

Taroke COKpPATUTDb TPYZO3aTPaThl HA Pa3sMETKy JaH-
HbIX MOYKHO TIOTIOJTHEHMeM OOyualomieii BhIOOPKM dYa-
CTMYHO pa3MeUYeHHbIMM mJaHHbIMM. OCHOBHas wuies
MOJIX0/Ia 3aKJII0UAeTCsI B BbIIETEHUN HA M300PaKeHUSIX
obsiacTelt HeoIpeeeHHOCTY (HeYBEPEHHOCTH) 00yUeH-
HOJ MOJIEeNV CerMeHTalMu. ABTOPBI MPEeMJaraioT Bbijie-
JISITh 06/1aCTV HEOMpee/IeHHOCTY Ha M300pakeHUsIX [59]
C VICTIOITb30BaHMEM TUITepOOIMYecKoro paanuyca [60], uTo
I03BOJISIET CHU3UTh 00beM pasMeTku Ao 5-10 % ot uc-
XOIHOTO 1300paskeHus (puc. 5).

Puc. 4. inmtocTpatyst pa3pab0TaHHOTO MeTO/Ia TTOCTPOEHMS TTAHOPaM:
c1eBa HeCKOJIbKO M300pakeHMii OFHOT0 aHIuMGa, CHITHIX C TIePEKPBITVEM, CIIpaBa — IOCTPOEHHasI TaHOpaMa
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A

Puc. 5. Pe3yabTaT paboThl METOA OLIEHKM 061acTeli HeOIpeIeJIeHHOCTI: d — MCXOLHOe 1M300paskeHne;

0 — mpeficKasaHue 06j1acTeit HeyBepeHHOCTU MOJIe/I CerMeHTalMM; 8 — 00JIaCTy IJIsl PYYHOI pa3MeTKu

3aKIIOUMTENIbHBIM 3TAllOM IOC/Ie PACIo3HABAHUS
M CerMeHTallMM BCeX MUHEPAJIOB HA M306paskKeHMsIX SIB-
JISIeTCS 3Tan CTaTUCTUYECKOTO aHanu3a M306paskeHMs.
OH OTBETCTBEHEH 3a MPOBE/IeHNE KOMMYECTBEHHOTO aHa-
7134, BBITIOMHSIIONIETO OIIEHKY IUIONALHOTO COOTHOIIE-
HUSI MMHEPaIbHBIX (Da3 U UX rPaHyJIOMeTPUYECKOro aHa-
7v3a ¢ BigeneHreM Gpakiyii Mo Kiaaccam pa3MepHOCTU
IUIST KQKIOTO MUHepaa. [JaHHbIi 3Tall 1MoKa HaXOOUTCS
Ha CTaAuu pa3paboTKU.

PesynbraTthbl

VTorom rpoBefieHHOTO aBTOpPaMy MCCIeq0BaHUS Te-
MaTMK/ aBTOMaTMUYEeCKOTO aHa/In3a MUKDPOCKOMMYECKUX
U300 paskeHIi1 reoJIOrMYecKuX aHILIM(OB IS onpeene-
HVSI MMHEPATbHOTO COCTaBa CTAIM OTKPBITHIN HAG0P 130~
6pakeHuii LumenStone u psig aJlropuTMOB ¥ METOMOB,
peliaiX OCHOBHbIE BOSHUKIIME 3a0aun:

1. HeiipoceTeBble MeTOAbI CerMEHTallMyi MUHe-
panoB. Pa3paboTaHbl CBEPTOUHAST HejipoceTeBast MOMe/b
cerMeHTal¥ MMHEPAJIOB U CHelMalbHbIii MeToH, ceM-
IUIMPOBAHMST 00yUaroIleil BbIOOPKY, TTO3BOISIIONINIA HU-
BEeJIMPOBATh MMeloIuiics ayucbaiaHc KaaccoB. TOUHOCTD
cerMeHTal UM MuHepasioB 1o metrpuke loU cocraBmia:
HepynHble — 0,912, 6opauT — 0,938, xanbromput — 0,899,
raneHut — 0,905, maraetut — 0,650, menTiangut — 0,790,
mppotuH — 0,928, muput — 0,964, chaneput — 0,922,
TeHHaHTUT — 0,882. OO6IIas MuUKCeIbHAsI TOYHOCTb Cer-
meHTauuu (pixel accuracy, PA) cocrasuia 0,96. meroria-
scst nuddepeHIMANS PE3YIbTATOB OMpPENeIeHUs] MU-
HepaioB OOBSICHSIETCS] Pa3HOCTHI0 06bEMOB 00YUAIOIIVX
BbIOOPOK LumenStone S1 u LumenStone S2.

2. AjanTUBHBIE METOAbI Ka/JIMOPOBKU U IIpe.-
06paboTKM M300paskeHMit. PazpaboTaH aJiropuTM afar-
Tauuy 1306paskeHni aHIUIM(OB, OTYUYEHHBIX B pa3HbIX
YCJIOBUSIX ChbeMKM C MCTI0/Ib30BaHMEM YaCTUYHO MOb30-
BaTeJbCKOM pasmeTku. [IMKcenbHass TOYHOCTb CerMeHTa-
uyu Bospoaia ¢ 0,29 no 0,87 mJis MCKaskeHHbBIX M300paske-
HMIt 70 M TTOCJIe afanTalyiy C MCII0/Ib30BaHMeM pa3MeTKH,
cocraBstionieii mopsaka 30—-35 % oT 1300paskeHus..

3. MeToobl COBMECTHOII OOpPabOTKM PasHOPOI-
HBIX M300pa>keHMit. PaspaboOTaHHbBII aATOPUTM Cer-
MeHTaIUM aHU30TPOITHBIX MUHEPAJIOB C UCIOJIb30BaHU-
€M JOTOJIHUTEIbHBIX TOBEPHYThIX XPL-u306paskeHMit
MOBBICMJI KAUeCTBO CerMeHTalluM aHMU3O0TPOIHbIX MUHE-

payioB Ha 3—12 %. B0 TTOKAa3aHO, YTO HAMJIYYIIEro pe-
3yJIbTaTa MOKHO JOCTUYb VICIIOJIb30BaHMEM 6 [TOTIOJIHM-
TeTbHBIX [TOBEPHYTBIX M300PasKeHMIA.

5. MeTonpl co3maHMsS TMAHOPAMHBIX M300payke-
HUii. PazpaboTaH MeTo[ ITOCTPOeHMS ITaHOPAMHBIX MU-
KPOCKOIMYECKNUX 1300paskeHmit aHindoB. CpemHeKBa-
IpaTuyHasi OUIMOKa COBMEINIeHMST YacTeil maHopaMbl 13
25 usobpaxkennit cocraBmiaa 0,5-0,6 nk. ITomyuaembie
na”Hopambl uMerT paspeunieHue 12000x8000 K u MOTYT
OBITH MCITOJIb30BAHbI MJISI 3aJa4 aBTOMATUYECKON cer-
MEHTall MMWHepasoB. Peann30BaHHBI MeTOH, JNUIIEH
HEeIOCTAaTKOB MeHee CIelMaJM3MPOBAHHbBIX PpeIIeHMN,
tTakux kak Adobe Photoshop, Fiji, Panorama Studio.

6. BcriomoraTenbHbIe METOAbI 06PaGOTKY M aHAa-
nu3a usobpaskennii aHnummdos. PaspaboTraH mpoTo-
TUII METOJA MHTEePAKTUBHOIN pasMeTKM M306paskeHmit
aHILIM(OB, TTO3BOJISIIONINIA CYIIECTBEHHO YCKOPUTH IPO-
LIecC ITOATOTOBKM IaHHBIX IJISI OOYUeHMsI MOJeseii cer-
MeHTaluu. Takke pa3paboTaH MeTOJ, aBTOMAaTUUECKOTO
MOMCKA 00J1acTeil HeoIpeaeeHHOCTH, MO3BOJISIONINIA
MIPUOPUTU3UPOBATh PA3METKY M300paskeHMil M 3HAUU-
TeJIbHO COKPATUTb 00beM TpebyeMoil pasMeTKM.

3aknioyeHue

B maHHOV paboTe IMpeacTaBjeH OIbIT aBTOPOB IO
pa3paboTke Habopa METONOB aBTOMATMUYECKOTO aHa-
nusa MukpodoTorpadmii aHnuUIMGOB IJIs OIpereneHus
PYOHBIX MMUHepasioB. Pa3paboTaHHbIi METOJ, CerMeHTa-
LM Ha OCHOBE CBEPTOYHOI HEMPOHHOI CeTu CIiocobeH
ornpenensiTb 9 PyAHbIX MUHEPAIOB (C KOPPEKTHBIM OT-
IeJieHeM UX OT HepyIHbIX ¢a3) ¢ TouHocTbio IoU = 0,88
u PA = 0,96. [Toka3aHa mepCreKTUBHOCTD UCIIOb30BaHMS
IOIOJHUTENbHOM MHopMauuu u3 XPL-1300paskeHuii
IIJ7IST yBeIMYEHMST TOUHOCTM OTIpeie/ieHNs aHM30TPOITHBIX
MIMHEepaJIOB.

PaspaboTaHHbIe METOAbI MHTEPAKTUBHOI Pa3MeTKU
U afarTaluy U300 paskeHMii CyIeCTBEHHO YCKOPSIOT 00-
yJyeHMe U UCIOIb30BaHMe Mojieieil cerTMeHTalMy Ha HO-
BBbIX TaHHBIX. OTIEIbHO CTOUT OTMETUTD Pa3paboTaHHBIN
aBTOpAaMM METOZ, ITOTyUeH s TAHOPAMHBIX U300 paskeHIit
aHNLIMGOB, MO3BOJSIOMINI TIONyUaTh JeTaIUu3MPOBAH-
HbIe 1306pakeHNsT BCeit TOBEPXHOCTY IIPerapaToB B BbI-
COKOM paspellleHuu 6e3 JOPOTOCTOSIIEro 060pyIoBaHMs,
KOTOPBI B OTAMUME OT CYIIECTBYIONIMX MPOTrPaMMHbBIX
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pelieHmnii He MCKaXkaeT UTOTOBYIO MAHOPaMy, YTO ITOJIO-
SKUTENbHO CKa3bIBaeTCsS Ha pe3yabTaTax CerMeHTalUMu.
A pabora ¢ mMporkohOPMATHBIMU U300PAKEHUSIMU OT-
KpbIBaeT HOBbIE TMEepPCIeKTUBbI B aBTOMATHMUYECKOM aHa-
nu3e mukpodororpaduit anmMdos.

[ToyyeHHBIE pe3yIbTaThl 000CHOBBIBAIOT HEOOXOI V-
MOCTb JaJIbHENIIero pasBUTHS PacCMaTpUBAeMOTO Ha-
MpaBJIeHNsT, a Takoke (GOPMUPYIOT OCHOBY [IJIST CO3TMAHMS
VMHTEJIJIEKTYaJIbHOV CUCTEMbI KOJIMUECTBEHHO! OLIeHKH,
CIIOCOGHO He TONbKO UAEHTUDUIVPOBATbH MUHEPAbI
Y PaCCUMTHIBATH UX TUIOIIAHbIE OJIY, BBITIOTHSITH TPa-
HYJIOMeTPUUYECKMII aHaaM3 IO KIaccaM KPYITHOCTH, HO
U OIpeNeNsiTh TUIIBI MUHePaJIOTUUYeCKUX cpacTaHuii. Pe-
anu3anys Takoil MeTOHOIOTUM OTKPOeT HOBbIe BO3MOMXK-
HOCTU B LIMGPOBOIi reTporpaduu, obecreuns GbICTPHIA,
SKOHOMMUYHBIN ¥ BOCIIPOM3BOAMMBIV MMUHEPaTbHbIN aHa-
JIM3 Ha ONTUYECKUX MUKPOCKOIIaX B OTPAKEHHOM CBeTe.
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B KOHEYHOM UTOTE 3TO MO3BOIUT CHOPMUPOBATDH YHUDU-
IMPOBAHHbIE KPUTEPUUM aHaIU3a CTPYKTYPHO-TEKCTYp-
HbIX 0COOEHHOCTEli MUHEPAJIbHBIX aCcCOIMALINIA /ISl Te-
HETUYECKOTO CPAaBHEHUS Pa3HbIX MECTOPOKAEHMIA.

Ha nmaHHBI/I MOMEHT aBTOPbBI BHEIPSIIOT OOJbIINH-
CTBO OIMCAHHBIX B TAHHON CTaThe METOMOB U aJTOPUT-
MOB B pa3pabOTaHHYIO MMM MPOTPAMMHYI0 TUIaThOPMY
PathScribe [61]. lanHas maTdopma peacTasisieT co60i
o61auHOe KIMEHT-CepBepHOe pelleHye ¢ KpoccraaTdop-
MEHHBIMM KIMEHTaMM IS paboThl C M300paKEeHUSIMU
CBEPXBBICOKOTO pa3pelieHs M OpUMeHTUPOBaHa Ha YHU-
BepcasibHOE ITPUMEHEHMe KaK B HAyUHbIX, TaK 1 B 00pa3o0-
BaTeIbHBIX LIEJISIX. ABTOPBI HaJ€IOTCSI, YTO BO3MOKHOCTh
paboThl C TTAHOPAMHBIMM M300pasKeHUSIMU aHIUTU(OB,
C YAOOGHBIMM CPEACTBAMY UX Pa3METKU U TOJTHOTO aBTO-
MaTMYECKOTO aHanu3a OygeT MOoIe3HOM AJIs Crielyan-
CTOB-T€0JIOTOB Pa3HbIX Mpoduieii.
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AHHOTauUusA

@®opmupoBaHme penbeda OTpaxkaeT COBOKYITHOCTb TeOJIOTMYECKUX IPOLeCCOB, BKIIOYAsl TeKTOHMKY, MarmMa-
TH3M 1 aposuto. [ludposas momenb penbeda (IIMP) sBisieTcsl BasKHbIM MHCTPYMEHTOM TIPU PELIEHUU Teo-
JIOTMUeCKMX 3aJja4, BKJIIOUast ITPOTHO3MPOBAHME PYIHBIX 00BEKTOB, 0COOEHHO B YCJIOBUSIX HENOCTATOYHOI Te-
OJIOTMYECKON M3YUYeHHOCTU TeppUTOpUM. B cTaTbe pacCMOTPeHO OTpakeHMe Ha MOBEPXHOCTU I'e0JOrMYeCcKuX
TIpo1IeccoB, GOPMUPYIOMNX penbed, TaKKe PACCMOTPeH MeTof, aHaimm3a 1udpoBoit monenu penbeda (LIMP).
[IpencraBieHHbIN METO, TIO3BOJISIET BhIAEISITh 0co0bIe (opMbI penbeda, Togo6HbIe TeM, UTO 66U CPOpMU-
POBaHbI HAJl U3BECTHBIMM MECTOPOKAEHWUSIMM, UYTO AAeT BO3MOKHOCTh TOOaBUTh elle OMH MTOMCKOBBIN TPU-
3HAK MPY TIOMCKaX MOPGUPOBBIX MECTOPOXKAECHMIT I MECTOPOKIEHWI, 06Pa30BaHHBIX B CXOXKUX YCIOBUSIX (hop-
MupoBaHus. OGbeKTOM [IJIs1 M3yUeHusT pebeda Hajll cHOPMUPOBAHHBIMM MECTOPOKAEHMSIMM ObUIO BHIOPAHO
AkTorajickoe pymHoOe Tojie. AKTOrajickoe pymHoe Iose pacronoskeHo B CeBepo-Bocrounom Ilpmbasnxaribe.
OHO BK/IIOUAeT B cebst ABa KPYIMHENIINX MeIHO-TIOP(GMPOBbIX MECTOPOKAEHMS — AKTOTail 1 Aliapiibl, MeIKoe
MeJHOe MecTOpokaeHe KbI3bUIKMSI, 8 TaKKe PSIl MeIHbIX U MOIMMEeTA/UTNIeCKIX TTPOSIBJIeHNT Top(uUpoBoii
Y KWIBbHOV hopManuu, MpuypoYeHHbIX K KomgapckoMy MacCcuBy rpaHUTOMUIOB (DOPMAIUU «ITeCTPBIX 6aTOMM-
TOB». Bce 06beKThI, BBISIBJIEHHBIE B ITpeiesiaX AKTOraiiCKoro pyaHOTO MoJist, 6611 cPOPMUPOBAHBI B OIIPeIe/IeH-
HBIX CTPYKTYPHBIX YCIOBMSIX PyZ00Opa30BaHMsI M B PA3HON CTEIeH!M 3aTPOHYThI SPO3VOHHBIMHU ITPOIECCAMMU.
9T0, B CBOIO OYEPEb, BRIPAKEHO HATMUMEM JIOKATbHBIX (hOpM pesibeda 3TUX 00beKTOB Ha JHEBHO TOBEPXHO-
CTU, KOTOPbIe XapaKTepPU3YIOTCSI Pa3iMUHbIMU KoddduimeHTaMmu «3Heprun penbedar. AHaIU3 MOBEPXHOCTU
LIMP mo3BoJIsIeT He TOJbKO BBIIENINTH HaJPyIHbIe JIOKaabHble (popMbl pernbeda U ux Mopdonornueckye 0co-
6eHHOCTH, HO ¥ KOCBEHHO OIIEHUTh 3PO3MOHHBIN Cpe3 PyIHOro o6bekTa. ITo Mopdonornyeckum mpusHaKam
TaloKe MOKHO pas3[eNnThb IUTOMOTMYEeCK/e PAa3HOCTY BMeLaloniX nopos. JJaHa o1jeHKa MPUMEeHMMOCTY MeTO-
Jla B 3aBUCUMOCTHU OT XapaKTePUCTUK 0OBEKTA, M KOCBEHHAS OlleHKA TEKTOHMYECKOi 06CTaHOBKM (hOPMUPOBa-
HMSI MECTOPOXKIEeHNI. YCTaHOBJIEHO, UTO KPYITHbIE PyAHbIE 00BEKTHI (AKTOTa, Aliiapsibl, 3artaiHbIii IITOKBEPK)
BBIPKAIOTCS B pesibede Kak JIOKaIbHbIe TTOHVIKEHMST Kabepoo6pasHoit (GOpMbI. ITU 30HBI XapaKTePU3YIOTCS
BBICOKOJ CTeTIeHbIO TeKCTYPHOI HEOZHOPOTHOCTY ¥ COBMAJAIOT C 0OGJMACTSMY MHTEHCUMBHOTO METAacoOMaTo3a.
BoifeneHbl y4acTKu, MOP(OTOrMUeCcKy U CIIeKTPaIbHO CXOIHbIE C M3BECTHBIMM PYOHBIMMU TeIaMU, UTO YKa3bl-
BaeT Ha UX MepCIeKTUBHOCTD JJ151 JambHeNIMX ouckoB. LIMP 1 MeToabl TEKCTYPHOTO aHa/I3a IMTO3BOJISIIOT BbI-
SIBJISITh TEOJIOTO-CTPYKTYPHbIE MPU3HAKM, aCCOLMMPOBAHHBIE € TOPHOUPOBBIMU CHCTEMAMM, U CITyKaT IOTIOTHU-
TEeJIbHBIM MHCTPYMEHTOM ITPY ITPOTHO3UPOBAHMM HOBBIX PY/IHbIX 00beKTOB. IHTerpanus MoppoMeTpuaeckoro
Y CHIEKTPaTbHOTO aHajM3a IMOBINIAET JOCTOBEPHOCTb MHTEPIPETALM Te0IOTUYECKUX ITPOLIECCOB.

KnioueBble cnoBa
unudposas Mmogenb penbeda (LIIMP), AkToraiickoe pygHoe Ioie, MeJHO-TopGUpoBoe MecTopokaeHue, Kos-
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Abstract

The formation of terrain reflects a combination of geological processes, including tectonics, magmatism, and
erosion. A digital terrain model (DTM) is an important tool for solving geological problems, including the
prediction of ore deposits, especially in areas of low exploration maturity. The paper discusses the surface
imprinting of geological processes that form a terrain, and also considers a method of digital terrain model
analysis. The presented method allows identifying specific landforms similar to those formed above known
deposits that makes it possible to add one more prospecting criterion when prospecting for porphyry deposits
and deposits formed under similar conditions. The Aktogai ore field was selected as the object for studying the
terrain above the known deposits. The Aktogai ore field is located in the northeastern part of Near-Balkhash
territory. It includes two major porphyry copper deposits, Aktogai and Aidarly, a small copper deposit Kyzylkia,
as well as a number of copper and polymetallic occurrences of porphyry and vein types associated with the
Koldar granite massif of the “variegated batholith” formation. All objects identified within the Aktogai ore field
were formed under specific structural conditions of ore formation and were affected by erosion processes to
varying degrees. This, in turn, is expressed by the presence of local landforms of these objects on the day sur-
face, which are characterized by different “terrain energy” factors. Analysis of the DTM surface allows not only
to identify local landforms above an ore body and their morphological features, but also to indirectly assess
the erosional truncation of the ore body. Based on morphological characteristics, it is also possible to classify
host rocks lithological units. An assessment of the applicability of the method depending on the characteris-
tics of an ore body and an indirect assessment of the tectonic conditions of deposit formation are provided. It
has been established that large ore deposits (Aktogai, Aidarly, Zapadny Stockwork) manifest themselves in the
terrain as local cauldron subsidences. These zones are characterized by a high degree of textural heterogeneity
and coincide with areas of intense metasomatism. Areas morphologically and spectrally similar to the areas
of known ore bodies have been identified, indicating their potential for further exploration. DTM and textural
analysis methods allow identifying geological and structural features associated with porphyry systems and
serve as an additional tool for predicting new ore bodies/deposits. The integration of morphometric (physio-
graphic) and spectral analysis increases the reliability of the interpretation of geological processes.

Keywords
digital terrain model (DTM), Aktogai ore field, porphyry copper deposit, Koldar massif, textural analysis,
satellite data, ring structures, radial structures

Financing
This work was performed with state financing backing from the Ministry of Science and Higher Education of
the Republic of Kazakhstan (grant No. AR 23484205).

Acknowledgements

We would like to express our gratitude to the entire geological team of KAZ Minerals Aktogai LLP and, in
particular, to Chief Geologist Sofia Adamopoulos for their interest and support in conducting a series of
researches, which resulted in this paper. We would also like to express our gratitude to the director and
founders of Geokhimeksploraishn LLP, Yuri Anatolyevich Barabash and Ruslan Rafkatovich Ivlev, and to the
Chief Geologist of KAZ Minerals LLP, Alexander Grigoryevich Rassokhin, for their professional advices and
support in conducting the research work.

For citation

Seib N., Belov Yu., Zimanovskaya N., Orazbekova G., Tretyakova A., Muratova A., Kassenov I. Analysis of
a digital terrain model for solving geological problems by the example of Aktogai ore field. Mining Science and
Technology (Russia). 2025;10(3):245-261. https://doi.org/10.17073/2500-0632-2025-06-422

246



MINING SCIENCE AND TECHNOLOGY (RUSSIA)

FOPHbIE HAYKU U TEXHOJIOMA
2025;10(3):245-261

BeBepeHue

AHanm3 MopGhoIorMUYecKX CTPYKTYP HEOOXOIMUM JIJIsT
pelleHuss MHOTMX TeooTMueckux 3amad. CoBpeMeHHbI
penbed, Kak MPaBUIoO, SIBJSETCS] OTPaskeHMeM HeCKOJb-
KUX HAJIOXKEeHHBIX Te0JIOTMUeCcKuX IIPOLieccoB. Buimene-
HMe OTAEeNbHBIX (opM penbeda U aHaIM3 UX B3aUMMHOTO
pacIiosoKeHUsT TIO3BOJISIIOT YCTAHOBUTD TTePUOAMUHOCTD
reoIoTMYecKOro pasBuUTUST perroHa. COOTBETCTBEHHO,
KOHKpeTHble TeoJiorMyeckyue 3a7auM ToApa3yMeBaroT
BbIJleJIeHME OTHeNbHbIX penbe@HbIX (GOpPM: 3TO BbIfe-
JIeHVe KOHTYPOB ¥ CTPYKTYpHbIE MO3SUIIUM M3yUdaeMbIX
00BeKTOB, X B3aMMHOEe PacCIoiosKeHe M MaclITabHOCThb
MpOSIBJIEHNS, & Takke HEKOTopble Gu3MKo-reorpadu-
yeckye 0COOeHHOCTM, HampuMep, OlleHKAa 3PO3MOHHBIX
MPOLIeCCOB, KOTOpbIe, B CBOIO Ouepellb, YKa3bIBAlOT Ha
TeKTOHMYeCKMe M3MeHeHUs pervoHa. B omHux ciayya-
SIX HeoOXOmMMO BbIfieIeHVE PEervMoHaJIbHOTO pebeda,
B JIpyTuX TpebyeTcsl BbieseHMe JOKaIbHbIX (hopm. Ha-
KOILJIEH OTPOMHBIt OTIBIT pacrio3HaBanusi GopM pesbeda
U UX VHTepHpeTauyuu IJsT PeKOHCTPYKIUU Pas3INUHbIX
reoQJIOTMYecKux Mpoueccos [1-3].

C pasBuTHMEM MATPUUHBIX 3JE€KTPOHHBIX MOJeNeit
BBICOTHBIX TTOBEPXHOCTEN 1 KOMITbIOTEPHBIX TEXHOIOTUIA
MOSIBUJIUCh ¥ HOBbIe BO3MOXHOCTM aHanmsa [4-6]. Ma-
TPUILIBI BBICOTHBIX OTMETOK MOTYT ObITh IIOCTPOEHBI TIPU
MCMOMb30BAaHMM PalapHbIX JAHHBIX, IPY PEKOHCTPYKIUA
penbeda ¢ MOMyYeHHBIX M306paskeHUiT cTepeornap, mpu
T0JIyYeHUU BBICOTHBIX OTMETOK C Mcmonb3oBaHuem GPS
M Jla3epHbIX TeXHomorui. YacTo 3T MeTombl CKOMOU-
HMPOBAHBI U JOTIOMHEHbI MHGOPMAIMeil 13 Pa3IUIHbIX
MCTOUHMKOB [7, 8]. BO3MOKHOCTB pabOThI C a6COMIOTHBIMU
Y OTHOCUTEJIIbHBIMU BeTMUMHAMMU BBICOT TO3BOJISIET HE
TOJIbKO KaueCTBEHHO OLIEHUTb 06BEKTHI, HO U TaTh KOJIU-
YeCTBEHHYIO OLIeHKY HEKOTOPBIM mponeccam [9, 10].

Llenbio HACTOSIETO UCC/IeJOBAHMS SIBJISIeTCs paspa-
60TKa MeTOOMKY MHTepIpeTaluyu reoMophonoTnyecKux
MPpM3HAKOB HOPMUPOBAHMS U IPO3UOHHOI TTepepaboTK
MeHO-MOP(PUPOBBIX MECTOPOKIEHMIA Ha OCHOBE M-
poBoit momenu penbeda (IIMP) u TeKCTYpHOTO aHaaM3a
C MIOCeAYIOUMM IPUMeHeHMeM Pe3y/lbTaTOB JIJIsl BbISB-
JIEHUSI TIePCIIEKTUBHBIX OOBEKTOB PYIHOI MUHEepaausa-
LMY Ha TIpuMepe AKTOTaiiCKOTO PyHOTO ITOJISI.

B pamkax ucciemoBaHUsI MPeII0KeHO MCIONb30-
BaTh mapameTpbl peibeda KaK JOTOTHUTENbHBIN IO-
JVICKOBBIII KPUTEPUIA, TTO3BOISIOUINIA OLIEHUBATh TEKTO-
HMYECKYI0 O00CTaHOBKY, ITYyOMHY S5pO3MOHHOrO cpesa
U TIPOCTPAHCTBEHHOE TIOJI0KeHMEe PYAHbIX TeJl OTHOCU-
TeJIbHO JHEBHON MoBepxHOCTUM. HoBM3HA PaboOThI 3a-
KJIo4aeTcs B MHTerpaiuyu aHanmusa IIMP, TeKCTypHBIX
XapaKTepUCTUK U JaHHBIX KaaccubuUKalum CITyTHUKO-
BBIX M300pakeHMH IJisi KOMIUIEKCHOTO TMPOTHO3a 30H
MeTacoMaTUUeCKUX MU3MEeHEHMII U TIOTeHLMaIbHOM Py -
HOJ MMUHepanu3anum.

[Ipu BBIMOTHEHMM HACTOSILIETO MCCAeN0BaHMS HaMU
OBV TIOCTABJIEHBI CIEAYIONINe 3a0aUn:

— IIPOBECTH re0oTO-CTPYKTYPHbBIN aHanu3 AKTorari-
CKOT'O PYIHOTO IT0JISI 1 060CHOBATD €T0 BHIOOP B KAUECTBE
9TAJIOHHOV TUIOMIAZKY JIJISI OLleHKY penbeda Hag mophu-
POBBIMM MECTOPOKIEHUSIMMA;

— IIOCTPOUTH ¥ MHTEPIIPETUPOBATh LM(POBYIO MO-
nmenb penbeda (LIMP) Ha OCHOBE CITYTHMKOBBIX TaHHBIX
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GeoEye-1 1 Ipyrux UCTOUHMUKOB, OTIpENeTUTb JIOKaJIbHbIe
(bopmbI MOHMKEHMIT ¥ OCTATOYHYIO TOBEPXHOCTD;

— BBITIOJIHUTDb TEKCTYPHbBIN aHanM3 peybeda (BKIO-
yasi SHTPOINIO0, aCUMMETPUIO, SHEPIUIO penbeda u Ap.)
C IeJIbI0 BBIABJIEHMSA CTPYKTYPHBIX M JIMTOJIOTMYECKUX
HEeOOHOPOAHOCTEIA;

— COTIOCTaBUThL Pe3y/IbTaThl aHAMM3a penbeda C u3-
BeCTHBIMM 30HAaMM MeTacoOMAaTUUeCKUX U3MeHeHUI
Y PYIHBIMMU IITOKBEPKaMM, BBISIBUTb B3aMMOCBSI3U MEX-
Iy MopdoJiorueit pebeda U IIyouHOM 9po3un;

— IIPOBECTY KIacCUMUKAIMIO CIIEKTPATbHBIX JAHHbIX
IIJISI BbI/IeJIeHUST JIMTOJIOTUUECKUX Pa3HOCTel U BTOPUY-
HBIX MMHepa/IbHbIX OPeO0JIOB, CPABHUTD C pe3yjbTaTaMu
aHanm3a penbeda;

— OIEHUTb MH(POPMATUBHOCTD KaKAOTO MeETOoma
U TIPeJIOKUTDh MHTETPaIbHbBIN MOAXO0/, K TPOTHO3UPOBA-
HUIO TIePCITIeKTUBHBIX YYaCTKOB C MPU3HAKaMU PYyITHOM
MUHepaIn3aln.

OnucaHHBIN HUKe TIpUMep AeMOHCTPUPYeT BO3-
MOKHOCTbH MCITOJIb30BATh aHAIM3 peJibeda Ipu perieHnn
reoJiorMueckux 3agau. Pabora mpoBefeHa Ha MMpuMepe
AKTOrarickoro pygHOTO I10JIsl, paCIIOJIOXXEHHOTO B ASIT03-
CcKOM pajioHe BocTrouHo-KasaxcraHckoii o6aactu. OcHO-
BOJ SBNISIeTCS HaxokaeHue (OHOBOI (pPermoHaIbHO)
TOBEPXHOCTM, KOTOpasi OJHOBpeMeHHO AaeT uHGOP-
MallMio O perMoHaJbHOM penbede Wi OTHOCUTETbHO
KOTOPOJi BO3MOKHBI BRIUMCIEHUST pe3uayaabHOI (ocTa-
TOYHOJ) MMOBEPXHOCTM [JisT 060CO6JEeHMS JIOKATbHBIX
(opm 1 aHAMM3a TEKCTYPHBIX 0COOEHHOCTEN pesbeda.

1. Neonorunyeckas nosmuusa
M TeopeTUYyecKue OCHOBbI

AxTorajickasi rpymia MegHO-MounbaeH-mopdupo-
BBIX MECTOpOXAeHMl — Akroraii, Argapabsl M KbI3bLi-
KMsI, pacIiosioskeHbl K CeBepO-BOCTOKY OT 03epa basxar
B Bocrounom Kazaxcrane, B 450 KM K ceBEPO-BOCTOKY OT
Anmatel. B COBOKYITHOCTM OHM MMEIOT 0OIIye pecypchl
6osiee 3 MIIpA, T PY[IbI, comepikalieit 6onee 10 MJIH T Meau
u okosio 60 T Au.

CyiecTByeT OO/bIION MHTEpPeC K MU3YYEeHUIO 3aKO-
HOMEPHOCTEel pa3MelleHus PyOHOM MMUHepaIu3auun
B IleHTpajbHO-a3MaTcKOM pernoHe. COBOKYITHOCTb MUC-
CJIeloOBaHMI TOCTeIHMX JIET BbISIBISET YETKYI0 3aKOHO-
MEPHOCTb MPUYPOUEHHOCTM OpyIHeHeHUsI K KOHKPETHbIM
PErvMOHaNbHBIM CTPYKTYPHO-TEKTOHUUYECKUM OOCTaHOB-
kaM. Ha ocHOBe paboT Mo peKOHCTPyKIMK (HopMupoBa-
HUSI TeOJIOTMYEeCKOii 06cTaHOBKYM pervoHa [11, 12] 6pu1n
BBISIBJIEHbl 3aKOHOMEPHOCTM pa3MelleHUs] U3BECTHBIX
KPYITHBIX MeAHO-TTOPGUPOBBIX CUCTEM B a3MaTCKOM pe-
ruone [13, 14].

IMopdupo-snurepMaabHble MUHEPATbHbIE CUCTEMBbI
B OCHOBHOM CUMTAIOTCSI OOPa3yIOIIMMMCSI B MarMaTu-
YeCcKMuX Ayrax (Kak KOHTMHEHTAJIbHbIX, TaK M OKeaHuue-
CKUX), CBSI3aHHBIX C aKTUBHBIMU KOHTUMHEHTAJIbHBIMU
okpamHamu [15, 16]. He siBnisieTcst uckioueHnem u Ax-
TOrajickoe pyIgHOe I10jle, PacIOJ0KeHHOe B aKTUBHOI
OKpauHe DBanxani-Mimniickoro BYJIKaHO-IUIYTOHUYECKO-
ro nosica Kazaxcko-MOHTOIbCKOV MarmaTu4eckom OyTu
U CBSI3@aHHOE C TOCTKOJUIM3MOHHBIM MHTPY3UBHBIM KOM-
TJIEKCOM HavaJia Mo34Hero naneo3os (puc. 1) [12].
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Puc. 1. [TonoxkeHye 13yyaeMoro yyacTka Ha reojiorMyeckoii Kapre-cxeme banmxaii-/IKyHrapckoii MeTa/lZIorTeHMYeckoil TPOBMHLIMU
(Momuduiposana mo Windley et.all., 2007)

[Ipennonaraetcs, YTO BO BCeX CIy4yasX OTIOXKEHUS
bopmupoBanch Ha MeTKMX YPOBHSIX KOpPbI: <1,5 KM —
IJIST STTATEPMATbHBIX M <6 KM — IJIT MTOPGOUPOBBIX CU-
cTeM. V3-3a Mastoit TIyGMHBI 3a/IeTaHMs] MEeCTOPOSKIEHMS
MTOABEPIKEHBI OTHOCUTEIBLHO OBICTPOI 3pO3UU U UMe-
10T HU3KUI TIOTEHIMa] COXPaHEeHMSsI, 9TO OOBSICHSIET TOT
(akt, uTO TeosorMuecku crapbie (IMaseo30licKue WIn
Gosiee ApeBHUE) MECTOPOXKAEHUST penku. MuHepaibHbIe
OT/IOKEHVSI, KOTOPbIE 06Pa3yIoTCs B TOPGUPOBO-3TUTED-
MaJIbHOV MMHEPAJIbHOM CUCTEMe, KaK IPaBUI0, UMEIOT
MPOCTPAHCTBEHHYIO ¥ BPEMEHHYIO CBSI3b C IPOMEXKYTOU-
HBIMU U (DeTb3UTOBBIMM Cy6adpaTbHbIMM BYIKAHNYUECKY-
MM TTOPOAAMM ¥ COOTBETCTBYIONIMMU CYOBYIKAHMYUECKU-
MU MHTPY3USIMUA.

Pymoob6pasywoiue  UHTPY3UM  MECTOPOXKIEHMUS
AkTorait chopMMUpOBaIUCh B JIYrOBO 06CTaHOBKE
331,4-327,5 MJIH JIeT Hasajd B pe3yiabTaTe YaCTUUHOTO
IUIaBJIeHMS] YTONIEHHOM, 9KJIOTUTU3MUPOBAHHON U 60-
raToit cynbdumamu OBEHWIbHON HIUKHEN Kopsl [17].
PymoBmemaronuit Konmapckuii ToryToH chopMupoBa-
Cs1 B OyroBOJt 06CTaHOBKe 366—336 MJIH JieT Ha3af, [18]
B Iepuoj, cToikHOBeHMsT Cubupckoii miatdopmsr ¢ Ka-
3aXCKMM KOHTMHEHTOM U BanTuiicko-Ypaabckum 6710-
KoM [19] u B nepuog, 3akpbiTus IKyHrapo-banxanickoro
mops [20]. Konpgapckuii MacCuB CYUTAETCsl KOMarmaTuu-
HbIM C KeperetacCKMM BYJIKAaHOT€HHbIM KOMIIJIEKCOM,
BpeMst popMUpPOBaHMSI KOTOPOTO — MO3IHMI KApOOH.

Konpmapckuit TUIyTOH TIIOMAAb0 75 KM? TIpeCTaB-
JITeT co060¥i CIIOKHYI0 MHTPY3uIio (puc. 2) [21]. B coctaBe
Konmapckoro maccuBa BbIIENSIOTCS 06pa3soBaHMSI TpeX

as: 1 — rab6po-amopuThl, rab0opo-arabassl, MeJIaHOKpa-
TOBbIE AVIOPUTHI, KBAPI€Bble TUOPUTHI, IPAHOTUOPUTHI;
2 — TpaHUTBI 6ATOMUTOBBIE; 3 — MUKPOTPAHUTHI OPQU-
POBUIHBIE, TPAHUT-NIOPPUPHI (BEPOSITHO, KpaeBbie (a-
LMY MHTPY3MBa). MaccuB NpeuMyLieCTBeHHO peCcTaB-
JIeH OIVOPUTaMU U KBapleBbIMU Auoputamu [22].

Tpu OCHOBHBIX MeCTOPOXKAEHUSI AKTOTraiickoro
PYIHOTO TIOJNSI CBSI3aHBI CO IITOKOIOAOOHBIMU TI'PAHO-
OIUOPUTOBBIMM U TUIATMOTPAHUTOBBIMM ToOpdupamu,
MMPOHMKAKIIMMM B OOIIMPHBIA JIAKKOJIUTOIIOI0OHbIN
maccuB Konpap mo3gHe-KaMeHHOYTOJMbHOTO BO3pac-
Ta [23], M C KPYIIHBIM KCEHOJIUTOM KaMeHHOYTOJbHbBIX
BYJIKAHOT€HHO-0CaIOYHbIX TIOPOJ, B ITpeaesax ITyTOHA.
Pymoo6pasyioiye MHTPY3UM TIPU BHEAPEHUM BbI3BAIU
CUJIbHBIE TUPOTEPMAJIbHbBIE UI3MEHEHUSI.

B paspe3sax mpencTaB/ieHbl IIACThI CpefHe-BepxHe-
KapOOHOBBIX BYJIKAHOT€HHO-0CAIOUHbIX MOPOJ, Kepere-
TaCCKOJ TPYIIIbI M BEPXHEKaPOOHOBOViI-HYKHEITEPMCKOIA
KOJIIApCKO¥i TpymIibl. IlepBas mpeacrasisieT co60it Habop
AQHIIE3UTOB C HEOONMBIINM KOTMYECTBOM PUOJIUATA, ITecya-
HMKA U aJIeBPOJINTA, & BTOPAsl BKIOYaeT HAbop ocamou-
HBIX TTOPOJI, BYJIKAHOT€HHO-0CAJOUHbBIX ITOPOJ U He3Ha-
YyyTelIbHOE KONNYeCTBO KUCIbIX Ty(doB [18, 24].

1.1. MecmopocdeHue Akmozari

MecToposxkeHe AKTOraii MpuypoueHO K BOCTOU-
Holt yactu lleHTpasbHOTO AKTOralickoro maccusa. Ilny-
TOH BHeIPWICS B BuUje MOp(MUPUTOBOTO Tera IpaHOmM-
OPUTOB, KOTOpPOE, B CBOIO OYepelb, pacceKaeT AVOPUT,
KBapIl-AMOPUT U rpaHoauoput KosgapcKoro ITyToHa.
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[MopduUpUTOBBINi TPAHOOMOPUT paspes3aH YIJIMHEHHBIM
IITOKOM, COCTOSIIIIVIM M3 PYIOHOCHBIX I'PaHOIMOPUTOBBIX
U TIJIaTMOTPAHUTOBBIX (TOHATMTOBBIX) TOPPUPOB, COIIPO-
BOXKIaeMbIX cepueii Tpy6uaThIX Tl SKCIIO3MBHBIX OpeK-
YMii C KBApIIeBO-OMOTUTOBOI U CEPULIUT-TYPMATNHOBOM
MaTpUIlaMi, 00pPa30BaBIIMXCS BMeCTe € MOPQUPOBOI
MHTPYy3uei. JKuabHble MOPOAbI KOMITIEKCA IPOSIBJIEHbI
CPaBHUTEIBHO YMEPEHHO, ITPE/ICTABIEHbI JMOPUTOBBIMU
¥ A1aba30BbIMU TTOPOUPUTAMU, KBAPILIEBBIMU U TAIUTO-
BbIMM TTopdupamu. CrienaabHyI0 IPYIITy IPeICTaB/IsIOT
MaJible Tejla ¥ JaiiKu rPaHOIMOPUT-TIOPGUPOB C METKO-
3€PHUCTBIM U IPAHOIMOPUT-TIOPGUPHI CO CTEKIOBATHIM
6asucoMm, a Takke KpyIHbIe Jaiikoo6pasHble Tejia rpaHm-
TOB yJacTka Aiimapisl [25, 26].

Pypocomepskamuii ITOKBEPK pacIioyaraeTcss B Ha-
PY)KHOII 30He KOHTakTa Mop(upoBOro mroka, obpa-
3ysl KOHYCOOOPa3HOe TeJlo, CyKalolleecsi BHU3, KOTOPOe
CKMMAaeTCsT Ha IJTyOMHe B Psifl IMHETHbIX 3aIlalHO-CeBe-
pO-3amnagHbIX MUHEPaIN30BaHHbIX 30H. Ha TOBEPXHOCTH
PYZIHOE TEJIO MMEEeT SJUIUITUYECKYIO KOJIbLIEBYIO (hOPMY,
YaCTUYHO PACKPBITYIO K 3arajy, ¢ MAaKCUMMAaTbHbIM IMa-
MeTpoM 0Kojio 2500 M 1 paguanbHON MMpuHO ot 80 [0
79°50'E 79°52'E

79°54'E 79°56'E

79°58'E
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530 m [26]. Hamnbonee mo3mHMe XuibHbIe 06pa30BaHMsI,
BO3MOYKHO y3Ke IepMCKue, MpeACTaBaeHbl TOCTPYIHBIMU
I1ab6a30BbIMM U aHIE3UTOBBIMU TOPGUPUTAMINA.

Bce mopoasl B 06;1aCTV PYAHOTO Teja, 3a MCKIIIO-
YeHMEeM TMO3IHUX MapUUeCKUX JaekK, ObLIM M3MEHEHBI.
bBespynHoe si1po KOHyCa COCTOUT U3 KPEMHUCTON 30HBI,
COCTOSIIEeN M3 KBapLEeBbIX TeJl, OKPYKeHHbBIX [IOTHON
CeTKOI 6e3pyaHBIX KBAPIEBBIX IPOKMUIKOB, M TOHKO
30HBI CEPULIUT-KBApLeBOro uaMeHeHus. [1o kpasam cu-
JUUIV3UPOBAHHOE SIIPO BBIXOAUT B T'YCTYIO 30HY PAaHHUX
KaJIMeBbIX M3MeHeHUIi, BKIIOUYAIoUX KaJueBblil M0-
JIEBOJ LITIAT, GMOTUT, OXBATHIBAIOIIUX OCHOBHOE KOJIb-
1leBOe pyLHOoe Teno. B 3Ty KajneByl0 30HY BKJIIOYEHBI
HECKOJIbKO JIMHEIHBIX MHTEPBAJIOB, KOTOPbIE €J1a60 MM-
Hepas30BaHbl, HO CUJIbHO M3MeHEeHbI I10JIeBbIM HINTaTOM
U OKPYKeHbI MIMPOKMM OpeosioM 6moTtuta. duinde-
CKYe M3MEeHeHMsI, XapaKTepusylolimecss KBapii-(kap6o-
HAT)-XJOPUT-CEPUIIUTOM, MPOSIBISIOTCS B BUIE He-
TMOCTOSTHHBIX, TOHKUX JIMHENHBIX 30H, OrpaHMYeHHbIX
KOHTaKTaMy amnodu30B TPaHOAMOPUTOBOro Tmopdupa
M 30HAaMM TPEN[MHOBATOCTU BAOAb (IAHTOB PYIHO-
ro Ttema. Ilepudepusi MemHO-TIOPAOUPOBOI CUCTEMBI

80°2'E 80°4'E

|

0 05 1 2km‘

80°0'E

QIII-IV
I Bropuunbie KBapLITHI
- Tpaxupyonutossle TydsI P kz
- Tydorennsie necuannku P kz
- Tlecuanuku C,-P,
- T'paBemntsel C;-P,

_ Menkosepuucrbie puonnTosbie Tydbi Cs-Pkl
EE:‘] Mesko3epHMCTbIe TpaxuunapuToBbie Tydbr Cs-P k1 - WM3BectHsiku D?
:] KpymHozepuucrsie Tyds Cs-P;
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Tauyrosbie Tyl C; 5Kg,
m Uranm6putst C, skg,
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I Tpaxinanyossie mopduputs P, [/ | Annesutosbie mopdupursi C, 5
- MernkosepHucrsie 1uopuThl Cs-P, - BasanbroBbie mopdupntsl C; 5
- TpaxuInmnapuToBbie MOPGUPLI CH- Tatyurosbie TopdupuThI C; 5
- Tpanurtsi (dasa 3) Cs - Jaiikn nya6a3oBbix MopdyupuToB Cs

Jaiiky rpannToB Cs

st J1271KY IOPOUPUTOB CPEIHETO-
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- Tlopduposunnbie groputsi Cs
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Puc. 2. l'eonornueckas kapta Konmapckoro maccusa (o Cepruiiko H0.A. u gp., 1980)
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OKpYy’kKeHa OOJIbIIMM IMPOMWJINTOBBIM TaJio, Comepska-
UM 3MUIO0T-aMPUO0T U aNbOUT-XIOPUT-TIPEHUT. Mu-
Hepa/JM30BaHHAas CHUCTeMa JeMOHCTPUPYET BHEIIHIO
30HAJBHOCTb OT GOPHUTA-XAJIBKOMUPUTA B LIEHTPE N0
XaTbKOMMMPUTA-TIUPUTA U MUPUTOBOTO Ta/JI0 HA BHEII-
HUX MOJsx. Menb M MONMMOIEH TepPeKpbIBAIOTCS, B TO
BpeMsI KaK CBMHI[OBO-IIMHKOBAsI MUHePaIM3aIns orpa-
HUYEHa 30HaMM KapboHaTMU3aLMM Ha GOKOBBIX CTOPO-
Hax pynHOro rena [27].

1.2. MecmopoxcdeHue Atidapnoi

MecTropoxxaeHue Aimapibl pacIioiokKeHO IpumMep-
HO B 4 KM K CeBepo-3arnagy OT MeCTOPOXKAEeHMSI AKTOrai
¥ HaXOOUTCS B Mpefenax TOTO YKe CaMOro yIJMHEHHOTO
opeosa CymbGUIHbIX M3MeHeHMiT pazMmepoM 8x2 kM. OHO
COCpeoTOUYEeHO Ha HeOOJIbIIIOM CeBepOo-3aIaJlHOM IIpOo-
IOJDKeHUM PYIOHOCHOTO T'PaHOIMOPUTOBOrO mopdupa,
KOTOPBIN MPOHUKAET B JUOPUTOBBIE, KBaplleBble NUOPU-
TOBble U rpaHuTHbIe (asbl Konmapckoro mayroHa. Kpait
IrPaHOOMOPUTOBOTO TTOPdMpPa MMeeT KPyTble KOHTaKThI,
XapaKTepU3yoIMecs MHOTOYMCIEHHBIMU amodu3amu,
M COIIPOBOKAAETCSI cepueli pas3gpoOIeHHBIX JaeK Of-
HOTO COCTaBa CeBEPO-BOCTOUHOTO UM CeBepO-3aragHOro
HamnpasJieHMs1. Bce 9TUM MHTPY3MBBI TPOPE3AIOTCS MO3[ -
HUMU KBapleBbIMU AUOPUTAMU U AojiepuTaMu. Menkue
TpybuaThie 6peKureBbie Tea BOIM3YU IPAHOIMOPUTOBOTO
nopdupa COCTOSIT U3 CIeMEHTUPOBAHHBIX (PparMeHTOB
MMUHepaIN30BaHHBIX ITOPOZ, [27].

MuHepanusauusi OrpaHuMYeHa BHEIIHVMMMK TpaHU-
laMM IITOKa M OKpyxkawimero Kommapckoro miyToHa
U TeCHO CBSI3aHa CO WITOKOM. Ha MOBepXHOCTU pygHOE
TeJI0 0OHa)KAaeTCs B BMJIE BBITSIHYTOTO CEBEPO-3amagHoO-
ro KOJIbLia, OKPY>Kasi clerka MYUHepalu30BaHHbIN IPaHO-
nyoput-miopdup. PynHoe Teno, B omimune OT AKToras,
HaloOMMHAET PaCIIMPSIIOIINIICS BHU3 KOHYC ¢ 6e3pymHOit
CepAIeBMHOM, 3aHITONM CIabOMMUHEPATM30BAHHBIM I'pa-
HOIMOPUTOBBIM MOPGUPOM U 30HOJ OKBapleBaHus. V13-
MEeHEeHMS ¥ MMHepaJbHOe PallOHMPOBAHME aHAIOTUYHBI
ONMCAaHHBIM Ha AKTorae. BhIXOHSIMII Ha MOBEPXHOCTHb
I'PAaHOAVOPUTOBBIN TTOPhUP MOJBEpPrayics He3HAUUTEb-
HOJ cumuimM3anym u cepuiiutusanym. Ha rmy6uue 600 m
nopdup umeet 6e3pyIHOe PO MHTEHCUBHOTO OKBapIie-
BaHMS C pacCesIHHbIM aHTUAPUTOM Ha ero BHEITHUX Kpa-
sx. I[To nepudeprn mopdupoBoii CUCTEMBI CHUTUITA3ALINS
MepeXOAuT HAPYKY B KaIMeBYI0 MOAUGUKAIIMIO KBap-
I1a-KaJIMeBOTO IIOJIEBOTO IMaTa-6mMoTuTa. Bhilie B Cu-
cTeMe, Ha CPeHUX U TIPUITOBEPXHOCTHBIX IITyOMHAX, 3Ta
KapTMHa TepeKpbIBaeTcsl 30HOM QUIMTHU3aIMK, Xapak-
TepU3yeMoii KBapIl-CepULIUTOM-XTIOPUTOM-KapOOHATOM,
C penKoii TypMaauHusanyeii. B cBoio ouepenb, kanueBas
30Ha OKPYX€Ha IIMPOKUM OPEO0IOM IMPOMMINTOBBIX U3-
MEHEHMUIA.

Pypubiii Cu-Mo IITOKBEPK CKOHIIEHTPMPOBAH B paH-
Hell KalueBOl 30He, rae IpPOsIBJieHa CepULMTU3aLSI.
XoTst GONBIIMHCTBO aCIeKTOB MUHEPaIMU3aluu U U3Me-
HEeHUII aHAJIOTMYHbI OMMCAHHBIM BbIllle AJs1 AKTOTasl,
MeCTOPOXIeHe OTIMYAeTCsS] TeM, UTO uMeeT 6ojee 00-
LIMPHYIO U JIyYllle Pa3BUTYIO 30HY MOIMMETaINYeCKUX
(Pb-Zn) mposkMIKOB ¥ MPOXKUIKOB HA BHEIIHUX OKpau-
Hax. CpaBHEHMS TMOKA3bIBAKOT, YTO MECTOPOKAeHne Ali-
Iapiabl MeHee SpOAMPOBAHO, YeM AKTOTraii.
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1.3. Mecmopoxcdenue Koi3vL1Kus

He6ombi10e MectoposkaeHne KbI3bUIKMST HAXOOUTCS
B 4 KM K BOCTOKY OT MeCTOPOXAeHusT AKTOTal, Ha MMpo-
TUBOIIOJIOKHOJ CTOPOHE OT MeCTOpPOXAeHUsT Alimapibl
(cm. puc. 2). Ha mectopoxaenun Cu-Mo MuHepainsa-
LM CBSI3aHA C HEOOJIBIIMM IITOKOM TI'PaHOIMOPUTOBO-
ro mopdupa, BHEAPSIOUIMMCS B TpaHOAMOpuThl Koi-
JIapCcKOTO IJIyTOHA. PynHble Tesa MPUCYTCTBYIOT B BUJE
psiia SIIeTOHONOMO00HBIX 30H XaJTbKO3UH-O0PHUT-Xab-
KOIIMPUTHOM Pyabl, CONMMPOBOXKIAEMOI HEYCTOMNYMBBIMU
K-cvnukaTHBIMM M CEPULIUTOBBIMU M3MeHeHusiMu [27].
Ina pymHoTro mTOKBepKa KbI3BIIKMS XapaKTepHbI Hosee
HM3KMe, ueM Ha AKTorae u Aiifapnax, ConepXaHus cepbl
U, COOTBETCTBEHHO, (Jlaboe pa3BUTHE MUPUTU3AIUN,
CYIIeCTBEHHO MEHbBINNII 00beM TMIIOT€HHBIX XaJIbKO-
3uHa 1 6opHKTa. [To MopdomOoTMM PYAHBIX TeJ, COCTABY
M XapakTepy pacopemeseHus] MeTacoMaTUueCKuUx W3-
MEeHEeHMIi, KaueCTBY PYOHOM MMHepaau3aluuyu U UX 30-
HaJIbHOCTU MecTOpoxaeHMe KbI3bIKMS COMOCTABIISIETCS
C KOPHEBBIMM YaCTSIMM MeCTOPOXKAeHMsI AKTorai!, 4To
CBUIETENBCTBYET O ITy6OKOI 903U Ha BOCTOKE.

CrnemnnduueH xapakTep MeTacOMaTUUECKUX IPeod-
pasoBaHuil mopox, Ha MecTopoxkneHun Koisbinkus. [Tpo-
MIWJIATBI BBICOKOTEMIIepaTypHOI ambuboI-3MnI0TOBOM
CTaguy pasBUTHI B BUJE Y3KUX TOJIOC HA CeBepo-3ara-
le U I0ro-BOCTOKe IITOKBepKa. CpemHeTemIiiepaTyp-
Hble aJbOUT-TIPEHUT-XJIOPUTOBBIE TPOIMIUTBI B BUMAE
TTOJTYKOJIbIIa OOPaMJISIOT INTOKBEPK C CeBEepPO-BOCTOKA
u 1oro-Boctoka’. Ilporecc 6MOTUTU3AIMM HA MECTOPO-
SKIeHUM Pas3BUT OYeHb IMMPOKO. KBapii-KaJauiimaToBbie
METacOMAaTUThl C PEIVKTaMM MCXOMHBIX MMOpopH, 3aduK-
CMpOBaHbl Ha IOTe, IOro-3amnaze ¥ ceBepo-3amnaze (3a
IpeneamMy PygHOTO IITOKBepKa). Cyiabo IMposiBIeHHAs
KaJuunaTu3auusi oTMeuaeTcsl B LleHTpe PYLHOTO IITO-
KBepKa 1 B BiJle MaJIOMOIIIHBIX 30H Ha CeBepe U BOCTOKe
3a ero npexaenamu. Kpapii-cepuiinToBbie MeTaCOMATUThI
pacnpoCcTpaHeHbl JINIIb Y I0KHOV TPaHUIIbI PYJHOTO IIITO-
KBepKa, cjerka BbIXO[IS 3@ ero mpefesibl. Apruuin3anus
B MpeJesiax MITOKBepKa KbI3bIIKMS TPOSIBIeHA JIUIIb Ha
I0ro-3amnage B Bijie JBYX Y3KMX 30HOK. TypManMHu3auus
[IMPOKO MPOSIBJIeHA Ha MeCTOPOKIEeHNM, OCOOEHHO B €T0
I0ro-3arajHoii okoHeuHoCcTH. KapboHaTu3aius: OXBaThl-
BaeT MPaKTUYeCKy BeCh IITOKBEPK; II€ONUTHU3AINS — €T
CeBepHYyI0 YacTb U OTHEJbHBIMU IISITHAMM OTMeuaeTcs
Ha tore®. MOKHO OTMEeTUTh, UTO METaCOMaTO3, BeAyIIIuii
K 3HAUMTEJbHOMY pa3pylleHMI0 NOopof, (arminmsanys,
CepULUTU3aLMS), 34eCh IPOSIBJIEH HE3HAUUTENIbHO.

MecTtopoxknenus Axkrorail u Ajlimapnbl mpuypoue-
HBI K 30He AKTOTaiCKOro mIyOuMHHOro pasioma, Kei3bli-
Kus — K 30He mapajuiesibHoro Mkb6acckoro pasioma. 06-
I1ast II0Iaab CYTbGUIHON MUHEpaIU3aIUy COCTABISIET
26 kMm% OHa MMeeT CJIaGOBBIPAKEHHYIO MYyTOOOPA3HYIO
(opMy, BBITTYKIIOl CTOPOHOJ 06paIlleHHYIO K Iory. ITpoTs-
SKEHHOCTb 30HBI C 3aT1a/ia Ha BOCTOK OKOJIO 14 KM Mpu 1K -

I Ivlev R.R. Volumetric geochemical zoning of porphyry
copper systems and its practical significance. [PhD Disserta-
tion]. 1987.

2 Ibid.
5 Ibid.
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pute ot 1-1,5 1o 3-3,5 kM. Kasky1asicst moiasipu3yeMoCThb
opo, B aHOMaJIbHOJ 30He M3MeHs1eTcs OT 4 10 26 %.

Menee 3HauMMble aHoMasvu BI1 Beienedsl B 1-1,5 km
K CeBepy OT MeCTOPOXKIeHMs AKTOrai, Ha TaKOM >Ke pac-
CTOSIHMM K IOTY OT MEeCTOPOXKIEeHMs, a TaKkKe Ha KpaiiHem
1oro-3arajie. YacTb 13 HMX OTBEUAeT HeOOJBIINM IIPOSIBIIE-
HUSIM MegHO-TIopduUpoBoit hopmaymn.

1.4. T'eonozo-n1umonozuueckue ocobeHHOCMU,
eusoulue Ha penved nopduposwvix mecmopoxcoeHuli

Penbed TTOBEPXHOCTY SIBJIIETCS OTpakeHMEM TeK-
TOHUYECKUX Y IPO3MOHHBIX MPOIIECCOB, ITPOMUCKOMSIINX
B pernone. OlieHKa HEOTHOPOIHOCTM pesibeda, ero Tek-
CTYpbI, OTHOCUTEbHOM pPasHUIILI 3PO3MOHHBIX BpPE30B
JaeT BO3MOXHOCTb HapSAy C APYTMMM METOIaMM OXa-
pakTepu30BaTh 0COOEHHOCTU pernoxa [28, 29].

Bce memHo-mopdupoBbie MecTopoxkmeHus Kasax-
craHa obpasoBamch 6omee 200-400 muiH jieT Ha3az. Hau-
6ojiee IpeBHME MECTOPOKAEHMSI B GOJBIIMHCTBE CBOEM
OBLIM TeHYOMPOBAHBI B PE3y/IbTaTe MHOTOKPATHBIX TEK-
TOHMYECKMUX ITPOLIECCOB, BO3HMKABIINX HA TEPPUTOPUN
IIomaau coppemenHoro Kasaxcrana. Pebed coxpaHuB-
IIVXCST ¥ OKA3aBIIMXCST B TIPUITOBEPXHOCTHBIX YCIOBUSIX
MEeCTOPOKAEeHMI 00yC/IOBJIeH He TOJbKO TepBOHAYab-
HOV (OPMOIi, HO ¥ JINTOJOTUYECKUMU OCOOEHHOCTSI-
MM U OKOJIOPYIHBIMYU M3MEHEHUSIMM MeCTOPOXKIEHMI
¥ BMEIIAIOIINX MTOPO]I.

1.5. Pydokonmponupywouiue cmpyknypbol

O6pa3oBaHye KajbIep YacTo CBSI3aHO C PYAHBIMU
MeCTOPOXKIEHMSIMM, BKJIIOUasi MemHO-TIopdupoBbie,
SIMTEepMasibHbIe, MOMMMETA/UIMUECKIE Kbl ¥ BYJIKa-
HOTEHHbIE MEeCTOPOKIAEHVSI MAaCCUBHbBIX CYyTbOUI0B [4].
Kanbgepsl yacTo 06pasyloTcss Hal MarMaTU4ecKUMU
ouaramyu B pesyjabTaTe TOTO, YTO MarmMa BHYTpPM ouara
npeacTaBisieT co60i GOMbINON MCTOYHMK TeIljla M Mar-
MaTUYECKUX JIETYUMX BELIECTB, YIIPABISIOMINX TUIPO-
TepMaibHbIMM cucremamu [30, 31] Haj marmatuye-
CKMMM o4yaramu. B pesynbraTe IporpeBa IOPOMIbI Haf
MarMaTMUYecKMM OYaroM IIO[BEpPraiTCs pacHIpeHNnIo
u gedopmMaiuy, XapakTep KOTOPBIX 3aBUCUT OT MCTOU-
HMKA Teruia, M30TPOITHOCTY BMeIaolIeil Cpebl U TeK-
TOHMYECKMUX HaIpSKeHUi, CyleCTBOBABIINX BO BpPeMs
BHEJIPEHMST MarmMbl B 3eMHYI0 KOpy. HajoxkeHue mociie-
IYIONIMX CTPYKTYP IMPOMUCXOOUT B pamMKax chopMUpO-
BaHHBIX KajIbIEpP ¥ HECMOTPSI Ha TO, UTO 3@ MUJUIMOHbI
JIeT TIepBOHAYAIbHO 00pa3s0BaHHbIE KajIbIepbl YaCTUU-
HO IeHYIMPOBaHbI 1 IOTPe6eHbl, 0CTAeTCS UX BIUSHIE
Ha GhopMIMpoBaHNe OeHYIALlMOHHOro peabeda. B oTHO-
CUTEJIbHO M30TPOIHOI Cpele MOKHO OXMUIATh MPOSIB-
JIeHUST paJyaabHbIX ¥ KOJIbIEBBIX CTPYKTYP, BO3HMUKAIO-
IIMX IIPY OCTBIBAHUM MarM.

CucTteMbl TpeNIMH, KU, a TaKKe OpeKuMii — He-
u3bexkHoe CIecTBMe MOppMpPOBOro mMarmMaTtusma. Kak
ormeuatoT Tocgan P.M. u Puuapnc Ix.I1. (Tosdal R.M.,
Richards J.P., 2001), mopdupoBbie MHTPY3UM MOTYT ObIThH
MMPOGKOBMIHBIMM M B HEKOTOPBIX C/IyUasix CBSI3aHbI Kak
C KpYTOMaJalolUMMM paguaabHbIMM TpENIMHAMMU, TaK
U C TIOJIOTMMMY KOHIIEHTPUUYECKMMU TPeIIMHAMU, OTpaska-
IOIIVMU YCJIOBUSI HAINPSIKEHHOCTY, B KOTOPbIX Ipeobiia-
[laeT Marma, Ijie iBa OCHOBHbBIX TOPM30OHTAIbHbBIX HATIPSI-
SKEHUSI TIOUTY PaBHBI, UTO, B CBOIO OUepelb, OTPAKAETCS
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Ha (popmupoBaHuUM penbeda HaJl SPOAUPOBAHHBIMMU TTOP-
(upoBbIMU CHCTEMAMM.

MHoroumucieHHble TpUMepbl  KOHIEHTPUYECKUX
U paJMalTbHbIX CUCTEM TPEIIVH U3BECTHBI B PUOJUTOBBIX
” TOpGUPOBBIX MecToposkaeHusx Climax-Tuma (Mmonn6-
IIeHOBBIX) [4, 32], 0;HAKO [1JIST MeTHO-TIOP(MIPOBBIX MECTO-
POKIEeHMI TOJ00HAsT TeOMETPUS TPEIMHO0OpPa30BaHMs
He xapakTepHa. B ycsioBusIx pasamunsi TOPM30HTATbHBIX
HampsDKeHMI valie BCTPevaloTcs cybIiapasiiesbHble naii-
KooGpasHble TOpGUpPOBbie UHTPY3UU [33-35]. Takue yc-
JIOBUSI, CKOpee, OTpakaloT PeXUM HampspkeHuit B OTha-
JIEHHOJ 30He. [11acTOBbIe MPOKUIIKY U TPEUIMHbI UMEIOT
pasMepbl OT CAaHTMMETPOB [0 JelMMeTpPOB, XapaKkTep-
HBIX IS BBICOKOTEMIIEPATYPHBIX KaJIMeBbIX M3MeHe-
HMit [33, 34], HO MOTYT pacIpPOCTPAHSITLCS HA OIM3IO-
BEPXHOCTHYIO TIOJIHOTIPOSIBJIEHHYI0  apTWIIMU3UTOBYIO
cpeny. XKuiibl D (C CepMLIMTOBBIMUM OpeoiaMi) yalle CTa-
HOBSITCSI 60jiee MIUPOKMUMU, O0jiee HerpepbIBHbBIMU, 60-
Jiee IMPOKO PACIIONIOKEHHBIMU U 60jiee M3MeHUYMBbIMU
T10 TIPOCTUPAHUIO U MTAZIeHNI0, ueM Gosiee paHHMe 1 6ojiee
BBICOKOTEMITIepaTYypHbIE TJIACTOBBIE XXWJIbl. B HEKOTOPBIX
cTyyasx OHU paguanbHble [35, 36]. B HEKOTOpbIX paiioHax
TaKue XUJIbl 3aHUMAIOT I'PYTIIIbI COMPSIKEHHBIX PAa3/I0MOB
C HEe3HAUUTEJIbHBIMM (OT METPOB [0 OECSITKOB METPOB)
CABUTOBBIMM ¥ HOPMaJIbHBIMM CMeIleHUSIMY, KOTOpbIe
cocpeloToueHbl Ha MOpGUPOBOI TUAPOTEPMAaIbHON CH-
cTeMe, HO MOTYT IPOCTUPATbCS Ha HEeCKOIbKO KWJIOMe-
TPOB B JlaTepajJbHOM HampasieHuu. JKmibsl Main Stage
B berorre (CIIIA, mtaTr MoHTaHa) mpoctuparoTcs Ha 10 Km
C BOCTOKa Ha 3amaj, U CJIeayloT 3a OBYMSI TUIIaMM pas-
JIOMOB, KOTOpble (UKCUPYIOT HEe3HAUUTETbHOE CKaTue
C BOCTOKA Ha 3armaj ¥ pacliMpeHye ¢ ceBepa Ha 1T [4].

OcCHOBHbIE CTPYKTYpbl (DOPMUPYIOTCS Ha ydyacTKax
pactsokeHusi. CUCTeMBbI TPEIVH BBITSITUBAIOT PYIHbIE
rounpl M3 MarMaTM4ecKuxX MaTepPUMHCKUX IOpOoJI Ha
rmyouHe Ha Gosiee BBICOKME YPOBHUM 3€MHOM KOPBI (Kak
SMMUTepMasibHbIe, TaK U MOP(UPOBbIE), Ille TTPOUCKOAUT
OTJIO)KeHVEe MMHEepaaoB, B TO BpeMsl Kak 3MUTepMab-
Hble QIIIOVIBI SBOIOLVIOHUPYIOT BO BPEMSI BOCXOJSIIE
Murpauyy. [IpoHuUIlaemMbie TpenMHbl GOPMUPYIOT Teo-
MEeTPUIO PYIHBIX CTBOIOB. CMUHMMHEpaabHbIe CTPYKTYPhI
CMeIaloT pyaHble cucTeMbl. [locTMMHepanbHbIE CTPYK-
TypHble CIOBUTU TakKe BIUSIIOT HAa TeOMETPUIO PYAHOI
CUCTEMBI ¥ TPeOYIOT aHaMM3a Mpu pa3BenKe mepemMeIieH-
HBIX DYI.

O6pa3oBaBuInecss pymHble MeCTOPOXKIEHUS MOTYT
pacrionaraTbCs Ha pa3HbIX YPOBHSIX 3€MHO KOPbI MeX-
Iy MarMaTuYeCcKuM O4aroM ¥ MOBepXHOCThI0. Hanbosee
MOAXOSIIIME YCIOBUS IS TOJbeMa HarpeThixX JeTy4ux
BellleCTB 10 60j1ee MeIKMX YPOBHE 3e MHOI KOPbI BCTPe-
YaloTCs BOOAb MPEeANOUTUTENbHbIX MPOHUIIAEMbIX 30H,
TaKMX Kak y>Ke CyLIeCTBYIOUIMe perMoHaJbHble CTPYKTY-
pbI WK, yallle, KaJibAepHble CTPYKTYpbl. C OAHO CTOPO-
HbI, PacTsSDKeHMSI HaJ, MarMaTMyeCKMMU MCTOYHMKAMMU,
paspyleHnye u gpobyieHye Mopoj CO3AA0T KalbJepooo-
pasHbie (HOPMbI, C APYToit CTOPOHBI, (PIIOMILI TTOCTYIIA-
0T 0 yXXe CYIIEeCTBYIOUIMM CTPYKTypam, B pe3yibTaTe
Yyero MpPOUCXOOUT HaJOXKeHUe CTPYKTYp U yBeauueHune
CYIIECTBYIOIIMUX TpemyH U pasyiomoB [1]. YacTo 60ib-
masi yacTb MMHepanu3aluy B KajlbJepax IPyIIupyeTcs
BIIOJIb KOJIBIIEBBIX Pa3/IOMOB. BO B/IO)KeHHBIX Kasblepax
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OOBIUHBI PYIHbIE MECTOPOKIEHMSI BIOJb CUCTEMbI BHEIII-
Hero KosbLa. CyliecTBYIOT MMHepaau3alyuu, COOTBET-
CTBYIOLIVE CMCTeMe BHYTPEHHero KoJblia, COBIIaAalolieii
¢ B3GPOCOM, MafarIluM Hapyxy [5].

[Tpu pa3BuTHUM HaZ, MECTOPOKIEHUSMU MHTEHCUB-
HOro MeTacomaro3a M TPelMHOBATOCTU CAefyeT OXKU-
IaTh 60JIee MHTEHCUMBHOTO BbIBETPUBAHMS ITOPOS U, KaK
ctencTBre, o6pa3oBaHMSI HEraTMBHOTO pebeda Kajb-
Iepoob6pasHoit dopmbl. IIpy geHymanuuu, JOCTUTAIOLIEN
KBapLeBOro s1Ipa UM MOABOISILINX MeJIKOKPUCTALINYe-
CKUX JTa€K, MPOUCXOIUT MHBepCUs pesbeda, 06pasyoTcst
Mo3uTUBHBIE (GOpMbI pesibedha B MecTax BbIXona Gosee
MPOYHBIX TOPOJA. B cilyyae, Korga IITOKM BHEAPSIIOTCS
B YCUIOBMSIX CKATHSI, MPOUCXOOUT AedopManys HaIWH-
TPY3MBHBIX M3MEHEHMUII, UTO BeJeT K 06pa3soBaHUIO 3I-
JUTITUYECKUX U Gojiee CIOXKHBIX (GopM meHymaimii Hap
MeIHO-TIOp(MUPOBBIMU MECTOPOKIEHUSIMMA.

BriosiHe 3aKOHOMEPHO HaXOXKIEHMEe KaabIepoobpas-
HBIX CTPYKTYp B AKTOraiickom pymHOM moje, ¢ hopmoit
KOTOPBIX MOXKHO COIOCTaBUTb 3PO3MOHHBIN Cpe3 MeCTO-
POXKIEeHMIA M 9KCTPAIIOIMPOBATh MOMyUYEeHHBII pe3y/abTaT
Ha 00BEKTHI, HAXOAAIMECS HA PaHHE CTaAUY U3YIeHNUs.

1.6. Suepaus penvega

MOKHO TIpeATIoNoKUTb, UTO pasHodasHble UHTPY-
3MBHbIE KOMIUIEKCHI OOJIaIal0T PA3IMYHON KPEeIoCThI0
M DPasIMYHONM CTeIeHbIo paspymaemoctu. B penbede,
B CBOIO OYepeNb, CO3AI0TCS BPe3bl Pa3IMUHON aMIUIU-
TYZBI, YTO TTO3BOJISIET UCIIOIB30BATh «TEKCTYPY penbedar
TSI pasneseHust TMTOIOTMYeCKUX Pa3HOCTel U moauep-
KuBaHUsl HesiBHBIX (popMm penbeda [37, 38]. Kpome Toro,
ybupasi perMoHaJIbHYI0 COCTABJISIIOIIYI0 pesibeda, MOKHO
CpaBHMBATb MEXIY C000J JIoKanmbHble HOpPMBI penbeda,
HaxOZsIIMecs Ha Pa3HBIX BHICOTAX.

B cBoeit pabote Mark [39] omucbIBaeT Tpy BbICOTHBIE
XapaKTePUCTUKU pebeda:

— H - sneprus penveda (Reliefenergie) — Bemmunna
MeXIy MUHUMAaJIbHBIM U MAaKCUMAaJIbHBIM 3HAuU€HMEM

79‘:54’E 79°l56’E
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penbeda B KAKOM-IMOO MPOM3BOJIBHO OTPAHMUYEHHOM
MIPOCTPAHCTBE;

— Ha — mocsraembiii penbed (available relief) — Bep-
TUKaJbHOE PACCTOSIHME MEXKIY IIPeIIoIaraeMoii moBepx-
HOCTbHIO BBIPABHMBAHUS U TTIOBEPXHOCTHIO, COENMHSIIOIIEN
CMesKHbBIe pycia;

- Hd - gpenaxusiii penbed (drainage relief) — Bep-
TUKaJTbHOE PACCTOSIHME MEXKOY CMEKHBIMM BOIOpasmie-
JIOM U PEKOIA.

Ha mpakTyuke 4acTo TPyOHO C AOCTATOYHOI TOUYHO-
CTBIO Pa3geInThb 3TU TPU MOHSATHUS. CTelleHb reHepanusa-
MM BbIGOPKM PEUHOI CeTU U BOIOPA3[IENIOB Pa3MbIBAET
TOYHOE OIpeeeHe TepMUHA «IPEeHaXKHbI penbed».
Ecnmu Bomopasmesn COBMAAAeT C ITOBEPXHOCTHIO BBIPAB-
HMBaHMS, TO B 3TOM CJTyyae «IpeHaKHbIN pembed» pa-
BeH «JocsiraeMoMy penbedy». Eciv Mbl paccMaTpuBaem
«3Hepruio penbeda» Ha TIIOMIAM MEXKIY CMEXHBIMU pe-
KOJi ¥ BOIOPA3IesioM, TO «9Heprus penbeda» OyeT paBHa
«IpeHakHOMY pebedy». [laee Mbl 6ymeM roBOPUTh 06
«oHepruu penbeda», Kak 06 00bEOMHSIIONIEM TepMIHE,
OTIMCBIBAIOIEM HEOIHOPOIHOCTD penbeda — ero TeKCTY-
DY, U SIBJITIONEMCS] BEPTUKAIbHBIM PACCTOSTHMEM MEKIY
BOJOpa3eioM M CMEXHONM peKoii. B HallleM mcciieqoBa-
HUM «9HEeprus penbeda» GymeT BhIpaskaThCs UYepes Tek-
CTYPHBIN aHa/IN3 pesibeda, MPMUBEIeHHbIN HIDKE.

2. MeToapbl

2.1. Ilugpposasa modenv peaveda

Lindposas momens penveda (LIMP) 6buta monmydeHa
B pe3y/bTaTe 06paboTKM CTepeoriapbl CITyTHUKOBBIX TaH-
HbiXx GeoEye-1 u mpemcraBieHa KommaHuein TerraLink
(http://www.terralink.kz).

Busyanusarust mogenu peiabeda Obla 0CyIecTBIe-
Ha KOMOMHAI[Meil MaTPUIIbl BBICOT, OKpAIlleHHOIi B IIBe-
TOBOJI MaJIUTpe, M HAJIO)KEHHOJ Ha Hee MaTpUILbl OTY-
IIPO3PAYHO TeHEeBO} IMOBEPXHOCTU, ITONYYEHHO! IIpu
repecyeTe ITOBEPXHOCTU BbICOT (PUC. 3).

80°0'E 80°2'E

46°58'N 46°59'N

46°57'N

Puc. 3. Busyanusauus LIMP. [ToepxHocTh IIMP 0TO6paskaeTcst B IIBETOBOM I'PafyieHTe C [TOTYIIPO3PAYHBIM HATOKEHEM
3aTeHeHHOIi pebeHOI TTOBEPXHOCTH
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Puc. 4. OcratouHas ITOBEPXHOCTDb penbe(ba — pasHuiia Mexay II0BepxXHOCThIO, HOCTpOGHHOf;I Ha OCHOBE JIOKAJIbHBIX
TOHOFpa(bI/I‘IeCKI/IX MaKCMMYMOB, 1 IIOBEPXHOCTBIO, OCHOBAHHO Ha JIOKaJIbHBIX MIMHUMYMax. KOHTypaMI/I OrpaHM4YeHbI MeCTa
IIpOsIBJIEHMA MeTaCOMaTUYeCKMX U3MeHeHU rmopon

2.2. IlocmpoeHue nogepxHocmu
pe3udyanbHozo peiveda

Llesb COCTOMT B TOM, UTOOBI PacCUUTATh PA3HUILY
MeXAy CITIa’keHHOV BepxHel, COeIVHSIONeli BepIINHbI
U XpeOThl, ¥ HIUKHEN, COeAUHSIONIel peuHble TONMHEI,
roBepxHocTsiMu. Ho, Kasanoch Obl, Ha TEPBBI B3IJIS,
MpocTast 3a/iaua HaXOXIeHMsI CI7IaykeHHO TOBEePXHOCTU
uMeeT olpefereHHble TpyaHOCTU. Cpa3y oTmajgaeT BO3-
MOKHOCTb TNPUMEHUTh CTaHIZApTHble MaTeMaTuueckyue
dyakuyumu, Takne kaxk «Median», «Low Pass»-OuabTpsi,
Oypbe-aHa/IN3 UM MOAMHOM. Bce OHM [AIOT permoHaib-
HbIVi (OH, HO He IMO3BOJISIIOT KOHTPOIMPOBATh KPaeBble
OTMeTKM BbICOT. OCTaeTcsl MpUMeHeHYe CIMIaKUBaloen
MTOBEPXHOCTH, TIOCTPOEHHON IO ToukaMm meperunba. To
eCcTh HeoOXOOMMO HaMTH SKCTpeMasibHble TOUKM, MHa-
Yye, BTOPYIO TTPOM3BOAHYIO OT TIOBEPXHOCTU U Pa3fe/inThb
MOyYeHHbIe SKCTPEMa/IbHble 3HAUEHUS 10 UX MO3ULIUU
B penbede. Takass GyHKUMS peayn30BaHa B TTaKeTe MPO-
rpamm ENVI.

AJITOPUTM, MCITOb30BaHHbBIN B Momyine Topographic
Fiatures ENVI 11 BbIUMC/IeHMsI KaHAJIOB U Xpe6GTOB, ObLT
omvcad Wood*. JIpyroii BapuaHT BbIOOpa IPaHUYHBIX OT-
METOK BBICOT BO3MOKEH KaK pe3y/lbTaT BhIUMCIEHUS T10-
BEPXHOCTEl OT co3maHHoi B ArcMap (ArcScript®) peuHoit
CeTM C 3aJJaHHBIM MTOPOTOM BomocGopa. IIpuueM [jist BbI-
JlesieHusT XpeOTOB BO3MOKHO MCIIO/Tb30BaHMe ITOCTPOEeHMST
PEeYHOI CeTu Ha OCHOBE MHBEPTUPOBAHHOTO penbeda [40].

Ha sTamne or6opa BepilnH, XpeOTOB, IM U TOJIVH BasK-
HO KOPPEKTHO BbIOPATh MOPOT CIIASKMBAHMS, T.€. OTPaHU-

4 Wood J.D. The geomorphological characterisation of
digital elevation models. [PhD thesis]. University of Leicester,
UK; 1996. 466 p.

5 Galang J. ArcGIS Script #13836 ArcScripts; 2005. URL:
http://arcscripts.esri.com/details.asp?dbid=13836

yeHMe BbIOOpa XpeOTOB M PEUHBIX AOJMH HAa OCHOBE UX
MAaCIITaOHBIX XapaKTePUCTUK. HTEPIOAALyS BBICOT-
HBIX OTMETOK ObUIa TTPOBeeHa MPOTPAMMHBIM TaKeTOM
ArcMap.

Tpu o6paboTke gaHHbIX [IMP HamMu 6bUTM TIOCTPOE-
HbI CIVIQXKMBAOIIYE TTOBEPXHOCTH T10 JIOKAJTbHBIM MaKCH-
MyMaM M JIOKaJIbHbIM MMHMMYMaM pesbeda (puc. 4).

B pesynbrare monyuyeHa KOJMUeCTBEHHas OlleHKa
repenaja BbICOT A1 AKTOTaiiCKOTO PyJHOTO MOJsI, KOTO-
past MokeT ObITh TTOKa3aHa B I[BeTe. PasHuUIla MeXAY IM0-
BEPXHOCTSIMU TI03BOJISIET BBIIEIUTH JIOKATbHbIE (HOPMBI
penbeda U IIOMALM, PAa3IMUAIOIIMecs] 10 TeKCTYPHbIM
0Cco6eHHOCTAM penbeda.

BbiiesieHbl 061aCTV JIOKQJIbHOTO TIOHMKEHUSI B pe-
nbede. 30HbI IOKATLHOTO MOHVDKEHMS penbeda ObUin Mo-
JIy4eHBbI B pe3ysbTaTe BblunTaHus 3HaueHnit LIMP u3 no-
BEPXHOCTH, MIOCTPOEHHO MO JIOKaJbHBIM MaKCMMyMaMm
penbeda (puc. 5).

2.3. TexcmypHelii ananu3s peavega

TekcTypa — 3TO COBOKYITHOCTb MOBTOPSIIOIIMXCST WIIN
3aKOHOMEPHbBIX Bapualluit IPKOCTM B JIOKATbHbBIX yUacT-
Kax u3o6paxkeHusi. OHa OTpa’kaeT IMPOCTPAHCTBEHHbIE
OTHOILIEHUST MEeXIY MUKCeISIMU U MOXKeT ONUChIBATh Ta-
KM€ XapaKTepUCTUKM, KaK: OLHOPOLHOCTb; KOpasmep-
HOCTb; LIePOXOBATOCTb; aHU30TPOITHOCTb.

TeKCTypHBI aHaIN3, KOTOPbIN HIMPOKO UCIIOIb3YyeT-
Cs1 1J1s1 aHaM3a reooTUYEeCKUX CTPYKTYP, MOSKHO ITPOBO-
IUTb HECKOTbKMMU METOHAMMU.

Oy IMP 6bUT IpOBeIeH TeKCTYPHbIV aHaIu3, Tae
CpaBHMBalIaCh CTaTUCTUUYECKAs] 3aBUCUMOCTb 3HAYEHUIA
MMKCeNOB B 3alaHHOM OKHe GuibTpa. [locuuTaHbl MO-
BEPXHOCTM HAKJIOHA, KPUBU3HBI, JTOKAJIbHBIX MUHUMY-
MOB U JIOKaJbHBbIX MakKCMMYyMOB, SHTPOIMS, TOMOTEH-
HOCTb, CpelHee 3HaueHNe, aCUMMeTPUs TUCTOTPaMMBI.
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OTM METOAbl OlLIeHMBAIOT TEKCTypy Ha OCHOBE CTaTU-
CTUUYECKUX XapaKTePUCTUK M300paskeHMsI: MaTpPUIIbI
COBMECTHOV BCTpeuaeMoCTU ypoBHeit ceporo (GLCM,
Gray-Level Co-occurrence Matrix). CosmaeTcst MaTpuiia,
MoKa3bIBawIlasl, Kak 4acTo Inapa IuKceseil ¢ onpene-
JIEHHBIMMU SIDKOCTSIMM BCTpeuUaeTcs Ha 3aJaHHOM pac-
CTOSTHUM Y TIOf, YTJIOM APYT K IPYTY.

W3 aTOl MaTpulibl BBIYKMCIEHBI TEKCTYpHBIE Mapa-
MeTpBbI:

— 9HEeprus — Mepa OJHOPOAHOCTH TEKCTYPHI;
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— KOHTPACT — OLleHMBAaeT Pa3jIinumsl MeXIy COCeLHN-
MU TIUKCEJISIMMU;

— KOppensiusi — CTeleHb JMHEeHOV 3aBUCUMOCTHU
MeXAY COCeTHUMMU MUKCEISIMUI;

— SHTPOIMUS — XapaKTePU3yeT XaOTUYHOCTb TEKCTYPHI;

— aamu3orponus (Skewness) — XapaKkTepusyeT SIBHO
BbIpasKeHHOe HallpaBJieHMe.

[J1 IO;TyYeHHbIX MaTPUIL SMITMPUUECKY TTOT0OpaHbI
MHTEepPBaIbl KIacCUDUKAUUM U BU3YATM3UPOBAHBI IS
KOHTPACTHOCTU B IIBETOBOI MaJIUTpe.
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Puc. 5. OTobpaskeHye 30H JJOKAJIbHOTO TTOHVDKEHMSI pesibeda (BbIIeIeHbI CUHUM LIBETOM)
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Puc. 6. Kom6mHaius kaHanoB RGB: R — Hak/IoH, G — 3aTeHeHHbI peinbed 1 B — cpegHeKBaApaTMUHOE 3HAUEHNE.
UYeTKO BbIJE/SIOTCS MHTPY3UBHBIE KOMILJIEKChI ¥ aHTPOIIOTeHHbIE U3MEeHEeHUs
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© ] DnupoTMsanys U XIopuTH3aLys B Tyhax 1 CyOBYIKAHMUECKMX TOPOAAX ...
50 XpusoKo/ia ¢ peluKTamMu CyibGOUI0B M MeIHO-XKele3UCThIMIA. ..

71 Xpusokomia-mManaxut ¢ aMOPQGHbBIM SKeIe3HbIM CHIIMKATOM

7 KynpuroBast MuHepamsawnyst

70 Manaxut

"2 7 Opeon paccestHusi BTOPUUHbBIX MUHEPATIOB Meu

EEE OKCUIBI M TUIPOKCHUIbI JKeMe3a C MOBBIIIEHHBIM CONePKaHUeM MeIy

Puc. 7. HexouTponupyemast kiaccudbuxanus (a), Kapra MeTacoMaTUUeCK1X MU3MEeHeHMT Ha MeCTOPOKAeHUM AKTorait
(mommbmkarms: XXykos u fp., 1979) (6), kKapTa rurepreHHbIX MUHEPaIbHbIX accotmanii (Momudvkanyst: Cepruiiko u ap., 1980) (8)

Vcronb3yst TEeKCTYpHBII aHalIu3, MbI TOTyYaeM
clemyonle TPeMMYINecTBa: IOBBINIEHNE TOYHOCTYU
Kiaccuduraimy 06beKTOB; 06HAPYKeHME CKPBITBIX 3a-
KOHOMEPHOCTeH, KOTOpble HEBO3MOXHO BBISIBUTH IIPU
aHa/lM3e TOJbKO CIIEKTPATbHBIX XapaKTepUCTUK. s
aHanm3a penbeda MOBEPXHOCTM MCIIOIb30BAIIOCH TMPO-
rpaMMHOe obecrieueHue JJiss TOnorpahuuyeckoro Mojie-
nupoBauus B ENVIC.

KombuHanuy ka"HajoB RGB mo3BoisIOT cO3maBaTh
KOHTpACTHbIe pas3mnuusi B penbede, 06YCTOBIEHHbIE
JIUTOJIOTUYECKUMM OCOOEHHOCTSIMM Y TeOJOTUUECKUMU
rpoiieccamu ero ¢opmupoBanus. Ha puc. 6 UCIOIb3y-
eTcs Haubosee MHPOPMATHUBHAS KOMOMHAIMS KaHAIOB
RGB, rae R = Hak/IoH, G = 3aTeHEeHHbIIi pesibed U B = cpe-
HeKBapaTUYHOe 3HaueHue. V300pakeHUe UYETKO IO-
Ka3bIBAET JIMTOJIOTUUECKYE PA3INUMSI MEKIY TOPHBIMU
MOpPOJaMy ¥ AHTPOIIOTEHHbIE M3MEHEeHUs, BbI3BAHHBIE
IOOBIYEl TT0JIe3HBIX MICKOTIaeMBbIX.

Vcrnonb3ysl TeKCTYpHbIN aHaln3, Mbl IJOCTUTAeM
CJIeYIONIMX MPEMMYIINEeCTB: MOBBIIIaeM TOYHOCTh Kilac-
cudukanyuy 06bEeKTOB M OOHAPYKMBAeM CKPBIThIE 3a-
KOHOMEPHOCTH, KOTOpPble HEBO3MOXHO BBISIBUTb TOJIbKO
C TIOMOIIBIO aHAJINM3a CIIEKTPATbHBIX XapaKTEePUCTUK.

2.4. Knaccuguxkauyus cnekmpansHslX 0aGHHBIX

B mipoexTe 6bIIM MUCIIONB30BAHbI Pa3IMUHbIe METObI
BbIZleIeHNS PYIHOM 30HbI, KOTOPbIe OYOYT OMMCAHBI B HO-
BOJi cTaThe. B maHHOIt paboTe Mbl CPaBHMBAEM pe3yyIbTa-
TbI, TIOJTYYEHHbIE B Pe3ybTaTe 00pabOTKM ITOBEPXHOCTY
penbeda, c pe3yIbTaTaMu, ITOYYeHHBIMY TOC/IE KIaCCU-
ukanuM CrieKTpasbHbIX AAHHBIX, ITO3TOMY MPUBOIUM
3[1eCh METOAVIKY 3TOTO METOAA.

Ha repBoM 3Tare BbIGOP KJIACCOB ObIT OCYIIECTBIEH
10 BbIZENSIEMbIM B pe3y/lbTaTe 00PAOOTKM OOBEKTaM.

¢ NV5 Geospatial. NV5 Geospatial Software. [Accessed:
April 20, 2025] URL: https://www.nv5geospatialsoftware.com

Bb1710 BhIfeeHo 37 KIaccoB, KOTOpPbIe ObUIM MCIOIb30-
BaHbI JIJ1s1 KiaccuURAIMK C TIPUMEHEHMEeM HeCKOTbKIUX
CIT0COO0B CTATUCTUUYECKOTO aHaIn3a. B pesynbraTe ObIIU
BbI/Ie/IeHbl HEKOTOPbIE JTUTOJOTMYECKMie PA3HOCTY TTIOPOT,
¥ 30HbI BTOPMYHOI MUHEPaIU3aLUM HaJl PYIHBIMU IITO-
KBepKkamu. [IJIsT HEKOHTPOIMPYEMOI KiaccupuKauum Ha
HeOOJIBIIIOM yUYacTKe, OObeIUHSIIONIEM MeCTOPOKIEHMS
AxTorait, Aiimapibl ¥ [IpOMeKyTOUHBIN IITOKBEPK, OBLIO
SMIMpPUYECcK ogo6paHo 30 KIaccoB € MCIOTb30BaHMEM
anroputma K-means.

11 HEKOHTPOIMpPyeMoit KiaccubuKrauyum O6bUT 0Cy-
IIECTBJIEH MOA00P KOIMUYECTBA KIACCOB TaK, UYTOOBI ObLIN
MPOSIBJIEHbl 30HBI M3BECTHBIX MecTOpoXxkaeHmii. [locie
MpUMeHeHMsT MeTo/ia ObUIM BhIOPAHBI 8 KJIaCCOB, BXOJISI-
MX B IMpeJesibl KOHTYpa MeCTOpOokaeHus: AKTorar. Boi-
JleJIeHHbIEe KJIaCcChl ObITM CPAaBHEHBI C KAPTOI ITPOSIBIEHNS
MeTacoOMaTMUeCKO 30HAJIbHOCTU, COCTaBJIeHHON JKy-
KOBBIM U [Ip., 1979 (puc. 7, 6) [41], u ¢ KapToit posiBie-
HMS TUTIEPTeHHO MuHepanu3anuu u3 oryeta Cepruiiko
u gp., 1980 (puc. 7, 8) [42].

[Mpu yBenuueHMUM ydacTka 0 MeCTOpPOxaeHMsT Kbi-
3bIIKMSI KOJTMUECTBO HEKOHTPOJIMPYEMbIX KJIAaCCOB yBeIM-
yeHo 110 35. Kiaccel mpeobpasoBaHbl B MacKy, KOTOPYIO
MO’KHO HaJIOKUTb Ha MaTPULIbl, TIOTyYeHHbIE B pe3y/ibTa-
Te IPYTUX STAII0OB 0OPAOOTKIA.

3. PesynbTaTbl U UCKYyCCUUN

ITo cBOMM 0COOGEHHOCTSIM MECTOPOKAEeHUs AKTOTalA,
Atinapinbl, KeI3bUIKMSI U PYAHbIE MITOKBEPKM 3arafHbIiA,
[IpoMesKyTOUHBI/ 1 BOCTOUHBINI MMEIOT OOIIMe UYepThl,
XapaKTepHble B I[€JIOM MJi CUCTEMbI MeIHO-MOIUG-
IeH-TIOPGUPOBBIX MECTOPOKAEHMIA, I CBOU OTJUUUTETh-
HbIe 0COOEHHOCTM.

W3 Bcero 06paboTaHHOTO MaTepuaia ObLIM BbIOPaHbI
Haubosee MHGOPMATMUBHBIE PE3YIbTAThl U ITPOM3BEIEH
MX CPaBHUTENbHBIV aHAIU3 C MCXOMHOM MHpOpMaIimeii.
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Puc. 8. JlokasnbHbIe BNIaAMHbI B pesibede (pasHuiia Meskay nudpoBoii MOIEbI0 TOBEPXHOCTY U MTOBEPXHOCTHIO,
COeIVHAIOILel TIOKaJbHble MUHMMYMBI)

=
4
{
B
>

Puc. 9. IIMP 1 Ha/IOKeHHAsT Macka TOJIOKUTETbHbIX 3HAYEHM I aCMMETPUY TUCTOTPAMMBbI IIM(PPOBBIX 3HAUEHMIA
MoBepxXHOCTH penbeda. KoHTypamy 0603HaueHbl M3BECTHBIE 30HBI MUHEPAIU3AIIMI TPOSIBIIEHNMSI KBAPII-CEPULIAT-XJIOPUTOBBIX
MeTacoMaTUJYeCKuX n3meHneHuit. CTpekoi yka3aH KiaacTep, pOCTPAHCTBEHHO COBIIAJATOIINIA C 30HOM, TePCIIEKTUBHOM
IUTST MATbHEMIIINX TOMCKOB, BbIIENIEHHO IPYTYMY METOAAMM
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Puc. 10. CieBa: 06/1aCTh, OUepUEHHAsI JIOKATbHOI TOMorpaduueckoi BIIaJMHO ; CIIpaBa: IOJ0KUTE/IbHbIE 3HAUEHUS
acuMMeTpuu UbpPoBOIt TUCTOrPaMMbI TOBEPXHOCTH penbeda

Ananu3 penbeda MOKa3bIBAET, UTO KPYITHBIE MeCTO-
poxkneHust Aiimapibl M AKTOrail M IITOKBEPK 3amalHblii
06pasyioT JIOKa/IbHbIE TIOHMKEHMSI B pejibedhe — KPYITHbIe
KaJIbZepbl, CONIOCTaBUMbIe ¢ MOp(dOIIOTHeit YaCTUYHO 3PO-
IMPOBaHHBIX MaapoB. Takas (opma obycioBieHa ¢op-
MMPOBaHMEM CUCTEMbI OKOJIOIITOKBEPKOBBIX TpPEUIMH
¥ TeM, UTO TMIPOTEPMaIbHO M3MEHEHHbBIE U Pa3IpobieH-
HbIe TTIOPOABI B IIEHTPE CTPYKTYPHI O0ojiee TMOJaT/INBBI JJIsT
3pO3UM OTHOCUTENIBHO BMeIIAIMX I0pon. Pa3sutume
MHOTOYMC/IeHHBIX [aeK I10 TpellyHaM Ha MeCTOPOXZe-
HMM 06YCTIOBUIIO YCJIOKHEHYE Kalbepoo6pasHbIX (GOpM.
VoyuHeHHble (HOPMbI Jelpeccuii MToKBepka 3amagHoro
U VICKasKeHMe M30MEeTPUYHBIX (POPM MeCcTOpOoKIeHMIT Ali-
Iapibl M AKTOran yKasblBalOT HA TO, UTO MECTOPOXKIEHMS
bopMmpoBamCh B yCIOBUSIX CKATHSI. ITO MTOTBEPKAAETCS
¥ HampaB/IeH/eM [aeK, Pa3BUBAIOIIVXCS MO0 OCHOBHBIM
JIBYM HaIlpaB/JIeHMSM B YCIOBMX TpaHcIpeccun. boree
ITyOOKMIT 9PO3UMOHHBIN Cpe3 MecTOpPOKIeHusT AakTorait
TIPUBOIUT K BBITTOJIAXKMBAHNIO KaIbIepPOOOPa3HOI CTPYK-
TYPBbI, BEPOSITHO, 3@ CUET BbIPABHUBAHUS 3POAVPYEMOCTHU
OKOJIODYAHBIX M pyAoHecylux moporn. Ha mmumxke, oT-
paskaolieM MOoHVsKeHMe B penbede, 3aMeTHO, UTO Kajlb-
IlepoobpasHoe MOHMKeHMEe 3aXBaThIBAET Kapbep MeCTO-
POXKIIEHMSI M UMeeT PaclpoCTpaHeHNeE K 3aT1aly B CTOPOHY
mToKBepKa IIpoMesKyTOUHBIIA.

Mectopoxxpenye KbI3puikusg M IITOKBepK Bocrou-
HbI/I MMeIOT MOPQOIOruI0 MONOXKUTENbHOIO penbeda,
YTO, BEPOSITHO, CBSI3aHO C TE€M, UTO BEPXHSIS UaCTh MECTO-
pOXKIeHMS 3pOAMPOBaHa U Ha IOBEPXHOCTU BbIXOT, ITIOPOZ,
601ee yCTOMYMBBIN K 9PO3MOHHBIM ITPOIIECCAM.

[lITokBepk [TpoMeXKyTOUHBII BBIPAKEH B pebede He-
OOJBIINM JIOKQJTLHBIM ITOHVDKEHMEM ¥ BO3BBIIIEHHOCTBIO,
COXPaHMBIIENCS, BEPOSITHO, B pe3y/bTaTe YaCTUYHO IIPO-
SIBJIEHHO¥ CYTMCUbUKALIMA, TPOSIBJIEHNE KOTOPOIA IeaeT
HapyAHbIE TOPU3OHTHI 60JIEe YCTONUMBBIMU K SPO3UMN.

JlokasbHbIEe TIOHVDKeHMSI B penbede (puc. 8) mop-
YepKUBAIOT CTPYKTYPY PYIHBIX LITOKBEPKOB U OTPaXKatoT
B HEKOTOpPOJi cTerneHu crtpoeHue Konmapckoro maccmsa.

Tak, Mo cCMeHe pUCYHKAa MacCUB OUOPUTOB OTIUYAETCS
OT MaccuBa TPaHO-TUOPUTOB. IToHVDKEHMS, cHOPMUPO-
BaHHbIE PEYHOI CUCTEeMOJ, OTUYAIOTCS OT MOHVDKeHUI,
CITPOBOLIMPOBAHHBIX HAJIO)KEHHBIMMU IITOKBEPKAMMU U CO-
MPOBOXAAIUMMHU UX TMAPOTEPMATIbHBIMU M3MEHEHMUSI -
MM, BKJIIOYAIOMIVIMM OOJIbIllee KOJTMYECTBO PaAyaTbHbIX
U KOJIbLIEBBIX CTPYKTYP. KpoMe 1M3BeCTHbIX PYIHbIX IITO-
KBEPKOB, MOKHO OTMETUTD €II1e PsIJT TOHMKEeH WA, 01006~
HBIX YK€ U3BeCTHBIM.

Hanbonee wmHTepecHbIt pe3yabTaT TEKCTYPHOTO
aHanMsa — 3TO M3MeHeHMe aCUMMEeTPUM TUCTOTPaMMbI
noBepxHocTu LIMP. B pesynabTaTe GbLI MOTYUYEH UMUK
C KOHTPACTHBIM pacrpeneieHeM 3HaUeHUI U XapaKkTep-
HbIM PUCYHKOM BbIZIeJIIEMbIX I10JI€i1, B OOJBIIIHCTBE CBO-
eM COBMNafaolMX C 30HAMM TPOSIBIIEHUS] MeTacoMaTu-
YeCcKUX M3MeHeHU, KOpPeNupyrIIuMy C MTOHMKeHeM
B penbede (puc. 9, 10).

BbiBoAbl

Ipu 06paboTKe ¥ aHaJIM3€e ObLIN ITOMYUEHbI UMUIKHA,
MO3BOJISIIONIVE BbIIEINTh TEKTOHMUECKMe HapylleHus
M HEKOTOpble JMUTOJOTMYEeCKMe PasHOBUAHOCTU IIOPOJ,
Konmapckoro maccuBa, He Hallefle OTpaxkeHus Ha Cy-
IIEeCTBYIOMIMX Te0IOTMUYEeCKNX KapTax PygHOro mossi. U3
aHa/IM3a UMUIKel BUIHO, YTO 06/1aCTM MOIOKUTEIbHBIX
3HAYEHMI aCMMMETPUM COBIIAJAIOT C OOUIMM KOHTYPOM
MeTacoMaTUUeCKUX M3MeHeHU, pa3BUThIX HA MU3BECT-
HBIX MEeCTOPOXKIEHMSIX. MaKkCMMaabHO BBIIEISIOTCS 06-
JIACTU, COOTBETCTBYIOIIE B OOJIBIIEN Mepe IPOSIBIIEHIIO
CepUIINTU3ALVU C Pa3BUTHEM TMIIEPreHHOM MMUHepaso-
TMYEeCKON acCoLMaluy — XPU30KOIJIOBOM C peaMKTamMu
CyTbGUIOB ¥ MeTHO-KeJe3UCThIX CUIMKATOB. JTa 00-
JIaCTh, BEPOSITHO, COOTBETCTBYET HambosIee MOJTHO MPOSIB-
JIeHHOMY MeTacoMaTo3y.

BoimenseMble 061aCcTV  TIOJOKUTENIbHOM acuMMe-
TPpUM TIOATBEPAMIM KOHTYPbI PYIHBIX IITOKBEPKOB I[1po-
MEXYTOUYHBIN, 3alagHblii M KOHTYPbl MeCTOPOXAEeHMS
Avigapibl.
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IOskHee mecTopoXkAeHMsT AiIapsbl BbIeNseTCsI aHO-
MaJbHBIV KJacTep 3HAUEeHUN TIOJMOXKUTENbHOM acum-
MeTPpUM TUCTOTPAMMBbI BbICOT. BbimessieMblil KaacTep
HaxXOAUTCSI Ha TepeceuyeHMM PasjioMOB U B JIOKAJIbHOM
MMOHVKeHUM pebeda aHAJIOTMYHO PACITOIOKEHUIO Me-
CTOPOXIEeHMIT AKTOrain 1 Aiigapibl.

Iy BBISIBIEHMS aHAJIOTMYHBIX YUACTKOB OBLIM CO-
MOCTaBJIeHbI [JAHHbIE JIOKAJbHbBIX ITOHVDKEHUIT penbeda
M pacnpocTpaHeHMe IMKCeI0B KIaCcCOB CHEKTPaJbHbIX
IAHHBIX, TIOTYYEeHHbIX TIPU pacyeTe HeKOHTPOIUPYeMOit
KiIaccuduKammein M xXapaKTepHbIX IS BBIIEISIEMOTO
KOHTypa MeCTOpOXKAeHusT AKToraii. XapakTepHble 30HbI
JIOKAJIbHBIX TTOHVKEHUI C TPOsIBJIeH/eM MeTacoMaTo3a
MOTYT OBITh ITEPCIEKTUBHBIMMU JIJISI JATbHENIIX ITOVICKOB
PYIHBIX 06bEKTOB, OGHAKO HAZ0 YUYNUTHIBATb, UTO JIOKAJTb-
HbIe TTOHMKEHUS MOTYT ObITh BBI3BAHBI U APYTUMM T€O-
JIOTUYECKMMM TMpoIeccamy, MO3TOMY MX HAJ0 paccma-
TPMBaTh B KOMILIEKCE C APYTMMU IIPU3HAKAMU PYIHbBIX
accouuanmii (puc. 11).
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Ipu aHanu3e penbeda OTUETIMBO BBIAESIOTCS OT-
IenbHble dasbl MHTPY3MBHBIX KOMILIEKCOB Kommapcko-
ro maccupa (cMm. puc. 4, 5). MectopoxkaeHne Aligapib
U MITOKBEPK [TpOMEXKYTOUHBIN TPUYyPOUYEHBI K MHTPY3UH,
BepOSITHO, OOHasKMBIIIEliCS B Oosee mo3aHee Bpems. OHa
HaunboJjIee UeTKO BhIpaskeHa B pejibede U uMeeT 6oJiee Bbi-
COKMIT MHIEKC aKTUBHOCTY perbeda.

MecTtoposxkmenust Aktorait u KbI3blIKMsI TpOCTPaH-
CTBEHHO COIMPSIKEHbI C UHTPy3Uel, uMeloleli CBOM Xa-
paKTepHbIt 06K — 6oJiee CriIaskeHHbIi penbed.

ITo pesynbraTam 00pabOTKM M aHaAM3a CIYTHUKO-
BBIX TaHHBIX 6bUIM 0606I€HbI XapaKTePUCTUKIM PYIHBIX
00BEKTOB I10 CTeIeH! BblaeaeHus (Tao. 1).

KoHTypbl HeOIHOPOIHOCTEN pesbedha MeCTOpOosKIe-
HMST AKTOTaii 1O pe3yinbraTaM 06pabOTKM B OCHOBHBIX
yepTax COBMAJAIOT C YCTAHOBIEHHBIMM KOHTypaMu TH-
IpoTepMabHO-M3MeHeHHbIX Topoa. Hambomee 6/143K0
K M3BECTHBIM KOHTYpPaM BbIJIEISTIOTCSI 30HbI KBapIl-Cepu-
LIMTOBOrO MEeTacoMaTo3a.
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Puc. 11. HasioxxeHne pe3yabTaToB KiaccubuKaIMy Ha BblIeJIeHHbIE 061aCTM JIOKATbHOTO MOHMKEeHUST penbeda
(1a nmogyiokke 1IMP)

Tabania 1

CpaBHMTE/IbHbIE XapaKTEPUCTUKU PYTHBIX OOBEKTOB IO CTETIEHN BbIJEIEHMS

1 | MecropoxxgeHnne AKTorai

Bpra)KEHa " COBIIagaeT C KOHTypaMmn
VIHTE@HCUBHO IIPOSIBJIEHHOI'O MeTaCcoOMaTO3a | C paaraJIbHbIMM OTBETBJIEHUSIMM

Cna6oe 6/ioa1Ie06pasHoe TTOHVKeHe B pesibede

2 | MecTtoposkaeHne Aifapiibl

Bpra)KEHa " COBIIagaeT C KOHTypaMmu
MHTEHCUBHO IIPOSIBJIEHHOTO MeTaCcoOMaTOo3a

OTueTInBo, C paanaJIbHbIMM OTBETBJIEHUSAMU

MecTtopoxkgeHue Kbi3pUikus Cna60o BbIpaskeHa

He na6momaercs

P. mrrokBepk I[IpoMesxyTOuHbIi | BeipaskeHa

OT‘IeT)'II/IBO, C paamnaJibHbIMI OTBETBJIEHUSIMU

P. mTokBepk 3anagHbIi XOpo1lOo BbIfeNsieTcs

OTYeTNIMBO

N | Ul | x| W

P. mrrokBepK BoCTOUHBI Cnabo BbIpaskeHa

He Ha6momaercs
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KOHTYpbl HEOTHOPOTHOCTU penbeda MeCTOPOsKIe-
HUST AiiTapiibl TAaKsKe COBIAIAIOT C BbIJIE/IIEMbIMMU yUaCT-
KaMM MeTacoOMaTMUeCKMX M3MEHEeHUI KBapIl-CepUIUTO-
BOT'O ¥ TIPOIMMIMTOBOIO cocTaBa. [To mJaHHBIM 06pabGOTKMI
umdpoBsIx Mojeneii penbeda (IIMP) ieHTpanbHas (oce-
Basl) 4aCTb MECTOPOKOEHMS BBIIEISETCS KBasuM30Me-
TPUYHOI B TJIaHe, VIJIMHEHHbIE JIOKATbHbIE TTOHVIKEHMS
B Ka/IbJlepe SIBJISTIOTCS MpU3HAKOM (opMMUpPOBaHUS Me-
CTOPOKIEHMS B YCIIOBUSIX TOPU3OHTAIBHOTO TEKTOHMYE-
CKOTO CKaTuSs.

[TpocTpaHCcTBeHHAS] UAEHTUMUKAIIMSI MeCTOPOKIe-
Hust KbI3bUikusi ¢1a60 BbIpaskeHa B peiyibede MO CpaB-
HEHMIO C MEeCTOPOXIeHMsIMU AKTOTail 1 Allapibl U He
MOKET OBbITh YBEPEHHO BbIfeieHa Ipu 06paboTKe II0-
BepxHoctu LUIMP. MecTtopoxaeHe xapakTepusyeTcs: He-
GOMBIIMMY TIO TUIOMIAAV CITEKTPAJTbHBIMU aHOMAIVSIMU
B OTIEJIbHBIX BUIaX 06pabOTKM.

[ITokBepk ITpoOMeXYyTOUHBII 110 aHAIM3Y XapaKTe-
PUCTUK pesibeda BblzesieTcs ¢1abo 1 HeOTHO3HAUHO.

[lITokBepK 3arafHbIii BbIIEISIETCS Ha KaXKIOM 3Tarle
00pabOTKM CIIYTHUKOBBIX JAHHBIX U B pebede 3aHMMaeT
OTYETIMBO TTOHVKEHHYIO YacTh. Ero yaimmHénHas ¢gopMma,
BEpPOSITHO, 0OYC/IOBJeHA (OPMUPOBAHMEM B YCIOBUSIX
CKaTus B CeBepO-CeBepo-3ara HOM HallpaBIeHUN.

[IITokBepK BOCTOUHBII BbIAEJISIETCS OUeHb CJ1abo, He-
YBEpPEeHHO.

VI3 orvcaHus BUAHO, UTO He BCe MITOKBEPKU MOTYT
MMeThb XapaKkTepHy0 Gopmy penbeda 1, Kak U B UHTEP-
MmpeTauyuy reo@U3UUYECKUX TaHHBIX, OIeHKa (OPMBI
penbeda MOKET TTOMOUb IMPU ITOMCKAX, HO He SIBJISIEeTCS
IOCTAaTOYHBIM ITPM3HAKOM [jIs YBEPEHHOTO BbIAEIEHUS
PYIHBIX IITOKBEPKOB.

B mporiecce 06paboOTKM MOKHO BBIIEIUTH CIEIYIO-
1ye OTMOMHUTENbHbIE YYaCTKM, TI0 CBOMM CII€KTpasb-
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Seib N. et al. Analysis of a digital terrain model for solving geological problems...

HBIM XapaKTepucTukam u ¢opme pesibeda COMOCTaBU-
MbI€ C U3BECTHBIMY PYITHBIMM 06BEKTaMM

1. ¥V ceBepHOI1 paMKU IIJI01IA AV B paliOHe [lepecevyeH st
I'maBHoro Kompmapckoro pasioma ¢ CeBepo-Kommapckum
pasnoMom, ¢ rora orpanndeH Kongapckum pasnomom. Bei-
JensieMasi 30Ha OCJIOKHEeHa pasjioMamyu 6ojiee BBICOKOTO
TOPSIAKA, PAAVAIBHO PACXOMSIIVIMUCS OT LeHTPa MPOsiB-
JieHUs1. B TOV My MHOI CTelleH) 30Ha MPOSIBIISIETCS U TIPU
IPyTUX criocobax 06paboTKu. 31ech MoIeBbIMM Habmoe-
HUSIMU BBISIBJIEH IITOK MOHI[OHUTOB, MHOTOYMCI€HHbIE
SKUJIBI U TIPOYKUITKU KBaP1]-3MUI0TOBOI, I0JIeBOIIIATOBO
MUHepanu3aluu. PacripocTpaHeHne 30H XJIOPUTU3ALIUNA,
a TakKe I10JI0Ca C MPOosIBJIeHNeM MajlaxXUTU3alun.

2.30Ha IOKHEe MeCTOPOKIeHNsT Aiifapibl B JTOKa/Ib-
HOM TIOHVDKeHUM penbeda, Ha mmepecedyeHnu pasioma Ma-
neiit Konmapckuii 1 pasiomMoB 60jiee BBICOKUX ITOPSIIKOB,
BBIJIEJISIETCSI TEKCTYPHBIM aHa/M30M AaHHbIX LIMP. 3mech
HaOJTI0al0TCST 30HbI MHTEHCUBHOTO XJIOPUT-KapOOHATHO-
ro MeTacomMaTo3a M 30Hbl MHTEHCUBHOI TPEIIMHOBATOCTH.

30HBI OKOJIOPYIHBIX M3MEHEHUI ObLIM BbIIEEHbI
KOMIIJIEKCOM MeTooB. HanoxkeHne pe3y/nbTaTOB YCUIU-
BaeT KOHTPACTHOCTb OKOJIOPYAHBIX OPEOsOB, U B Jajlb-
HeJIeM BbIJesieMble 30HbI JO/DKHBI ObITH COIIOCTaB-
JIeHbI C pe3ylbTaTaMy TeodU3NUeCcKuX MCCIeT0BaHMI
Y KOMIUIEKCHOJ Te0OXMMUeIA.

Ananm3 mopdonorun peiabeda peKOMeHA0BaH HaMM
KaK IOTIOJIHUTETbHbIN. [IpM COBOKYITHOCTM BCEX METOIOB
MMO3BOJISIET HaMboJIee yCIerHO pemaTh 3aaun MPOTrHO3-
HOT'O XapaKTepa: BbIAEeISATh YUYaCTKY (TUIOIIaaN), 6m3Kme
110 CBOMM CIIEKTPAJIbHBIM XapaKTepUCTUKaM K U3BECT-
HBIM PYIHBIM 0OBEKTaM, M KOCBEHHO OIIEHMBATh UX I0-
JIOXKeHVe OTHOCUTETbHO JHEBHOM MTOBEPXHOCTU. YUACTKU
MOTYT GbITh IT€PCIIEKTUBHBIMMU JIJIST JATbHEMIINX TTOVICKOB
Vi TOJKHBI OBITh 3aBEPEHbI TI0JIEBBIMM HAGTIOIe HUSIMMA.
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AHHOTauusA

Mectoposkmenne meau Ta @oii (Ta Phoi), pacrionoskeHHOe B ceBepO-BOCTOUHOI yacTy 30HbI PaH Cu [TaH Ha ceBe-
po-3arazie BbeTHaMa, SIBJISIETCST BOKHBIM OOBEKTOM ITPOSIBJIEHNST HEOTIPOTEPO30iCKOI MEHOV MUHEPAIM3aL AN,
Ero omiMunTebHbBIE Te0IOTUeCKe XapaKTePUCTUKHM OMIPABIbIBAIOT ero 3y4yeHre, 0COOeHHO B COITOCTABIEHNN
¢ Gu3IIeXaIM MecTopokaeHreM tura Fe-okcumaabix Au-Cu rugporepMabHbix MecTopoxkaenuit (I0CG) Cuub
Kyen (Sin Quyen). llesib TaHHOTO MCCIENOBAHMS — BBIICHUTD TEHE3UC, YCIOBUS PYIO0OPAa30BaHMS U IBOJIOIIO
dmonnos mectopokaenust Ta Doii ¢ TOMOIIBI0 KOMITIIEKCHOTO MOIX0/A, COYeTAIOIIero aHaIN3 reoIoTMIecKmx,
reTporpadmIecKmx, reOXMMUIECKIX U M30TOITHBIX TaHHbIX. B 4aCTHOCTH, B MCCIenOBaHUM UCTIONb3YIOTCst U-Pb
JIaTupoBaHue cdeHa, M30TOIHBIN aHAIM3 Cepbl M MUKPOTepMOMeTpUsT GIIIOMIHBIX BKIIOUEHNI 1JIs1 OTIpesiene-
HUSI BO3PACTa, IPOMCXOKIEHNS ¥ PU3UKO-XUMUUYECKUX YCIOBUI hopMupoBaHus MuHepanm3anyu. Onpenerne-
HMe Bo3pacta cdena U-Pb meTomoM mano cornacyromnrmecst Bo3pactbl 810,7+4,6 mutH yieT 1 819,5+2,0 MIH JTeT,
UTO yKa3bIBaeT Ha HEOMPOTEePO30MCKMIA BO3PACT MUHEPAIM3ALMM, COBITAIAIOIINI C BO3PACTOM PErMOHaIbHbBIX
IPaHOAMOPUTOBBIX U IMOPUTOBBIX MHTPY3UIi. VI30TOMHBIN aHamm3 cepbl (84S = +2,2 no +3,1%0) yKa3bpiBaeT Ha
MarmMaTmJecKkoe MpOVICXOKAEHME Pyaooopasyoimx GmonaoB. [JaHHble 10 QIIOMIHBIM BKIIOUEHVSIM [TOKa3aJIn,
yTO Temriepatypa dmongoB konebanach ot 163,1 no 410°C, coneHocts GuironaoB cocrapisia 2,1-16,25 Bec. %
B skBMBasieHTe NaCl, a racroBoe gaBinenue — 44—100 MIla Ha TryouHe 3,4—6,5 KM. DTV Pe3yIbTaThbl ITOATBEPAV-
JIVL, UTO MecTopokaeHue Ta @oii 06pa3oBajoch B pesy/ibTaTe BO3e/CTBYSI MarMaTOTeHHbIX TUAPOTEPMaIbHbBIX
(mrouoB cpemHelt U BBICOKOI TeMITepaTyphbl B CYOMYKIIMOHHBIX YOIOBUSIX KOHTMHEHTATbHO IyTY; OHO MOYKET
MIPECTABISITh CO60I MOPHOUPOBYIO CKAPHOBYIO MIIM SHIOCKAPHOBYIO CUCTEMY, KOoTopasi chopMupoBaiach B pe-
3y/JIbTaTe MUTPALIMM MAarMaTUIeCKUX QUTIOMIOB BIIOJTb TUTOJIOTUUYECKMUX KOHTAKTOB U PA3JIOMOB. DTU Pe3Y/IbTaThl
JIAl0T HOBOE MPeNCTaB/IeH)e O MeTA/TIOTeHMIeCKOi 06CcTaHOBKe (hopMMpoBaHyst MeCcTopokaens Ta Doii v o -
YepKMBAIOT NTOTEeHLMA Ja/IbHelileli pa3BegKy Ha Mellb B CeBepo-3arafHoi yacTy BbeTHaMa.

KnioueBble cnoea
MmenHas pyna, U-Pb orpenenenne Bospacra, cheH, MeTa/LIOTeHMs, MecTOpoxkaeHme Ta @oii, ceBepo-3amag-
HbIli BbeTHAM
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Abstract

The Ta Phoi copper deposit, located in the northeastern Phan Si Pan zone, Northwestern Vietnam, is a significant
site of Neoproterozoic Cu mineralization. Its distinct geological characteristics justify its investigations, especially
in comparison to nearby IOCG Sin Quyen deposit. This study is aimed at clarifying the genesis, ore-forming condi-
tions, and fluid evolution of the Ta Phoi deposit through an integrated approach combining geological, petrograp-

hic, geochemical, and isotopic data analysis. The research specifically employs U-Pb dating of sphene, sulfur iso-
tope analysis, and fluid inclusion microthermometry to identify the age, origin, and physicochemical environment
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of the mineralization. Sphene U-Pb dating yielded concordant ages of 810.7+4.6 Ma and 819.5%2.0 Ma, indicating
a Neoproterozoic mineralization event temporally linked to regional granodiorite and diorite intrusions. Sulfur
isotope values (5%S = +2.2 to +3.1%o) suggest a magmatic origin for ore-forming fluids. Fluid inclusion data detec-
ted fluid temperatures ranging from 163.1 to 410°C, fluid salinities of 2.1-16.25 wt% NaCl equiv., and formation
pressures of 44-100 MPa at depths of 3.4-6.5 km. These results confirmed that the Ta Phoi deposit formed from
medium- to high-temperature, magmatogene hydrothermal fluids in a subduction-related continental arc setting;
it may represent a porphyry-related skarn or endoskarn system that developed in response to magmatic fluid mi-
gration along lithological contacts and faults. These findings provide new insights into the metallogenic framework

elSSN 2500-0632
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of the Ta Phoi deposit and highlight its potential for further Cu exploration in Northwestern Vietnam.

Keywords
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BeepeHue

[pouecc GopmupoBaHus MUHEpaIU3alUy OOBIYHO
MMPOUCXOOUT B IIMPOKOM IIPOCTPAHCTBEHHOM JMaraso-
He ¥ TeCHO CBsI3aH ¢ gedopManusamu, MeTaMmophu3Mom,
pasioMaMy M MarmMaTMyeCKMMMU MHTPY3USIMM Ha ompe-
JleJIeHHBbIX TEKTOHUYECKUX CTaaUSIX. DTU MPOLECChl CI0-
COOGCTBYIOT 0Opa30BaHMIO 3HAUYUTEIbHBIX MECTOPOKIE-
HMI1 TI0JIe3HBIX MCKOIlaeMbIX, comepxkamux menab (Cu),
3o5i0To (Au), cBuHer, (Pb), uuHK (Zn) 1 pegKo3eMeIbHbIe
anemeHTh! (REE), a Takoke Ipyrue COIyTCTBYIOIINE TBEP-
Ible riosie3Hble uckomnaemslie (TIIN) [1-3].

[TpoBuHuyg Jlao Kaii, pacrionoxkeHHas B 30He ®aH
Cu IlaH Ha ceBepo-3amaje BreTHama, oOyajaeT 3HAUM-
TeJIbHBIM ITOTEHIMAJOM MMHepPaIbHBbIX PeCcypcoB, 0CO-
6eHHO B OTHOIIEHWM MEeIHO-30JI0TOV MMHEepaIU3aIni,
KOTOpast ObljIa OlleHeHa KaK BBICOKOTIEPCIEKTUBHAS [4].
B cBs13m ¢ atuMm B 2015 1. mpaBUTENBCTBO BheTHaMa oo-
6puino coszmanue Jlao Kaiickoit MemHOI MeTaiTyprude-
CKOJ1 TIPOMBIIIUIEHHO? 30HBI C MOIIHOCTbIO ITepepadoT-
Ky 6osee 10 000 T KaTOmHO Meou B rof,. I'eonmormueckoe
KapTMpOBaHMe U pas3BenKa II0Ae3HbIX MCKOIaeMbIX,
MIPOBeJleHHbIe BOJb CeBePO-BOCTOYHOM OKPaMHBI 30HBI
®an Cu [laH, N03BOMUAM BBISIBUTh HECKOJIBKO KPYITHBIX
MeCTOPOXAEHMIT MeHBbIX DY, B TOM UM CIIe MECTOPOXKIEe-
Husg Cunb KyeH, Ta ®@oit u Bu Kem, a Takke 1leHHBbIE PYy-
JIOTIPOSIBIIEHNS] MeIHOJ MMUHepaau3auyu, Takue kak Ham
Yak, YnH Tyour, JIyur Txaur u JIyur ITo [5-9]. OnHako aTn
MCC/Iem0BaHMSI OCTAIOTCST (hparMeHTapHBIMU, He BKIIIOYA-
0T YITyOJIEHHOTO aHa/M3a U IIpUMeHeHMsI COBpeMeHHbIX
MeTOJIOB MCCIeJOBaHUs MMHepanu3auuu. B nocienHme
rofbI HEKOTOPbIE MCCIeNOBAHMSI MUHEpaIM3auuy ObLIn
COCpenoTOYEeHbI HA MECTOPOKIEHMSIX MeAU B TPOBUHIIUN
Jlao Kaii, B mepBy10 odyepelb Ha MecTOpokaeHuu CHUHb
Kyen [10-12]. DTu uccinemnoBaHus OTKPbUIM HOBBIE IIep-
CTIIEKTMBBI B OTHOIIEHWUY MPUPOLBI U Bo3pacTa o6pa3oBa-
HMS MeIHBIX MeCTOPOXIEeHUI B CeBepO-BOCTOUYHOI Ua-
ctu 30HbI @aH Cu [1aH, B 4aCTHOCTY HA MECTOPOKIEHUN
Cunb KyeH, BbISIBUB Ha/IMuMe 30/10Ta U PeIKO3eMeTbHbIX
aneMmeHTOB (P3D) Hapsay C MeIbl0 B KAUeCTBE OCHOBHBIX
SKOHOMMYECKM 3HAYMMBIX TMOJI€3HBIX MCKOTaeMbIx [13].
JTO TOAHMMAaeT BOMPOC O TOM, CYIIECTBYIOT JU BHOJb
MeTtasuiorenuuyeckoro mnosca JIyur ITo — Ta ®ou mecto-
pOXXIeHys, aHaJIorMuHble MecTopoxaeHnio CuHb Kyes,
MMeIlye S5KOHOMMYEeCcKoe 3HaueHue. 3anacbl Meayu Me-

cropokaenusi Ta @oii B mpeenax 3TOTO Tosica OlleHMBa-
I0TCS KaK 3HauMTesnbHble [14, 15], oiHaKO ero noTeHLIMan
B OTHOIIEHMM 3aIlacoB COITyTCTBYIOIIMX 30JI0Ta U pefi-
KO3eMeJIbHbIX 3JIeMeHTOB OCTAaeTCs Heolpee/eHHbIM.
Kpome Toro, TpebyeTcs BBISICHUTh TeHETUUYeCKMe Mexa-
HM3MBbI 06pa3oBaHMs Pya Ha MeCTOpOkmeHusx Ta Doii
u CunHb KyeH — ecTh I MEXIy HUMMU CXOACTBO B IPO-
meccax GoOpMMPOBAHMS MUHEPAIU3AIMKU Y BPEMEHU ee
obpasoBauus? [Ijisg OTBeTa Ha 3TU BOIIPOCHI HEOGXOAVMO
MPOBECTU KOMIUIEKCHbIE MCC/IeJOBaHMSI COCTaBa, yCI0-
BUii 06pasoBaHMsl, IPOCTPAHCTBEHHOTO pacIipeie/ieHus
U reHesyca MMUHepanamsanuu. Takue mccaeqoBaHus obe-
CIieyaT Hay4YHYI0 OCHOBY [IJISI pa3paboTKy 60j1ee TOUHBIX
CTpaTeruii pasBeiKy TMONEe3HbIX MCKOMAeMbIX U OLI€HKMU
pecypcoB B TaHHOM peTMOHe.

Ilenbio TaHHOTO MCCIENOBAaHMS SIBJSIETCSI BbISICHE-
HMe Teojormyeckux (akTopoB, BAMSIBIIMX Ha 00paso-
BaHMe MeIHBbIX Pyl Ha y4yacTtke Ta ®Doii, U M30TOIHBIX
MapKepoB IpoIleccoB (GOpMUPOBAHUSI MUHEPATU3ALUA
IyTeM KOMIIIEKCHOTO aHajM3a ITOJIeBbIX HaOII0IeHNId,
rerTporpa@uueckmx 1 reOXMMUIECKUX OAHHbBIX.

151 [OCTYKEHMS 9TOV Lei B paMKax MCCaeI0BaHMS
ycutust 6bUTM COCPENOTOYEHBI HA PEIIeHN CJIeOYIONX
KJIIOUEBbIX 3aa4:

— XapaKTepUCTUKa reoJIoTMYecKoro CTPOeHUsT U Jin-
TOJOTUYECKUX eUHUI], KOTOPble BMEIal0T MeIHYI0 MU-
Hepaau3aluio;

— aHaMM3 TeTporpad@uyeckux 0COOEHHOCTeN U MU-
HepaJIbHbIX aCCOUMAUMI IJIsI MHTepPIpeTanuu oOoIei
KapTUHbBI TUAPOTEPMaIbHO-METacOMAaTUUeCKUX U3MeHe-
HUI1 U ITapareHeTUYeCKUX MoCcae0BaTebHOCTEN;

— uMHTerpauust reoxpononoruu chena U-Pb ms
orpejiesieHNsI BpeMeHHbIX paMOK hOpMUPOBaHUS MUHE-
panusanuu;

— IIpUMeHeH e U30TOTTHOTO aHaM3a cephl JJ1s1 oTpe-
JleJIeHMST UICTOYHMKA PYyI0006pas3yoinx MaTepuasios;

— IpoBefeHye UCCaeq0BaHMii ra30BO-KUAKUX BKIIIO-
YeHUIi I olpefiesieHNs TeMIlepaTypbl, MMHEepaau3alun
(conmenoctn), GIIOMAOB, JAaBJIEHNS U TITyOMHBI 06pa3oBa-
HUS Y.

Pe3ynbTaThl 3TOTO MCC/IENOBAHMSI TO3BOJSIT JIyUllle
TOHSITh TTPOLIeCChl METAIIOTeHU! B PerMOHe U MpefocTa-
BSIT LIEHHYIO MH(POPpMAaLNIO IJ1s1 GymyIieit pasBeaKku Iojes-
HBIX MICKOTIaeMbIX B CeBepo-3aliafiHolt yacTu BbeTHama.
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1. leonorunyeckoe cTpoeHue

CeBepo-3amnagHblii BbeTHaMm oTHOCKUTCS K KOskHO-Ku-
talickomy 1 HmokuTaiickomy 61o0kam (puc. 1, a, 6). 3Tn
OJIOKY SIBJISIIOTCSI HEOTHEMJIEMBIMYM KOMIIOHEHTaMU Ia-
neoreorpaduueckoil PeKOHCTPYKLUUU CYTIePKOHTUHEH-
Ta PoguHus [16—-19]. HeckonbKO MeCTOPOKIeHUI Meau,
B TOM unciie Fe-okcugnbie Au-Cu rugpoTepmaibHble Me-
cropoxnenus (IOCG) Cunb KyeH, a Takke MeCTOpPOXXIe-
Hus menu Cyoii Tay n Ta ®oii, pacnionaralorcs B ceBe-
po-3ananHoii yacty BbeTHama (puc. 1, 6).

MectopoxkneHnue Mmenyt Ta @oil pacrono)keHo B ce-
Bepo-3anafHoi yacTu BbeTHaMa, orpaHMUeHHOI pasiio-
moM CoHr Yaii Ha ceBepe u nosicom CoHr Ma Ha tore [4].
DTOT PErMOH COCTOUT U3 TPEX OCHOBHBIX TEKTOHNYECKMX
enyHuil: 30ubl ®an Cu IlaH, pudra Conr Ia u 6acceii-
Ha Ty Jle (puc. 2, a). Conr-Jla — 3TO BBITSIHYTast pUPTO-
Basl CTPYKTypa, MPOCTMPAIOLIAsICS C CeBepo-3amajga Ha
I0r0-BOCTOK, XapaKTepu3ylolascs MPUCYTCTBUEM BYJI-
KaHOTeHHO-0CaJOYHbIX OTJI0KEeHMII JeBOHCKOIO U Cpef -
HETPMACOBOTO BO3PACTOB. 3aMETHO OCOGEHHOCTHIO
3TOTrO pasjioMa SIBJSIETCSI TPUCYTCTBME XOPOLIO pas-
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BUTBIX TE€PMCKO-TPUACOBBIX IIETOYHBIX 0a3aJbTOB
(~260 MuIH 51eT), KOTOpble B OCHOBHOM 3aJIeraloT BIOJIb
pexu Jla [24]. DTu 6a3abThl, HAPSIAY C KPEMHUCTBIMU BYJI-
KaHMYeCKMMU TIOPOAAMM, 3aJIeTaloT Ha paHHeNepMCKUX
M3BECTHSIKAX M BIIOCIENCTBUM HECOTJIACHO IePEeKPBITHI
TPUACOBBIMM U3BECTHSIKAMM U (JIAHLIAMMU, COLlepyKal MU
YTOJbHBbIE MeCTOpOKAeHMs [25, 26]. HekoTopsie mccnemo-
BaHMS IPeJIIoaraloT, UTo ByakaHuueckast cepust CyH Jla
CBSI3aHa C IUIIOMOM OMaimanb [27-29]. bacceitn Ty Jle
B OCHOBHOM COZLePKUT PUOJIUTBL, TPAXUPUOIUTDI U TPAXU-
maunTsl. U-Pb maTupoBka 1[MpKoOHA yKa3biBaeT Ha TO, UYTO
PUOIUTHI B 3TOM GacceiiHe 06pa3oBaMCh B TIO3AHEIEPM-
cKkoe BpeMs (262-252 MIJTH JIeT Ha3aj), OGHOBPEMEHHO
¢ madbmueckumu nopogavu pudta Conr a [30, 31].

3oHa ®aH Cu IlaH CIIY>)KUT TEKTOHUYECKUM CBSI3YIO-
VM 3BeHOM MKy IBYMSI KPYITHBIMY GJIOKaMM 3€MHOT
Kopbi: CeBepo-BreTHaMcKo-IOkHO-KuTtaiickum u UHOO-
KuTaickum (puc. 2, 6). OHa pacriosokeHa MeXIy 30HO
cnBura Pen-PuBep u 6acceitnom Ty-Jle U cioskeHa B OC-
HOBHOM Me30apXxeiiCKuMU — paHHe-IIaJeolnpoTepo30ii-
CcKuMM TopopamMu (GyHIAMEHTa, BKIOYAs OMOTUTOBbIE
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KBapIUThl, KBapI-OMOTUT-TPAHATOBbIE CJIAHIBI U aM-
dbubomuTer [23, 33]. Taseo-Me30IPOTEPO30IiCKIe eu-
HUIIBI B 30HE TMPENCTaBIeHbl OMOTUTOBBIMMU CIAHIIAMU,
IBYXCIIOASHBIMU CJIaHaMu 1 ambubonuramu [23,33].
HOokeMbpuiickuit marmaTusMm B 30He ®aH Cu IlaH xa-
paKkTepu3yeTcsl HeCKOJAbKMMM TPaHUTOUAHBIMM M Ma-
(brueckMMy MHTPY3UBHBIMM COOBITUSIMM, BKIIIOUAs: Me-
30apxeiickue rpaHuTouas! (2,9-2,8 mupn net) [33-35],
rnajaeonporepo3olickue TpaHuTouabl (1,8-2,2 mupn ner)
[33, 35-37], maneonpoTepo3oiickue Mabuueckue Ianku
(1,8-2,3 muipg, sieT) [33] ¥ HeOIPOTEePO30¥icKMe TPAHUTO-
unpl (760-751 mutn set) [20, 21, 23, 38].
Me3soapxeliCKO-11aeonpoTePO30iCKUI KpUCTauiJue-
CKMi1 PyHAAMEHT HECOITIACHO TTEPEKPBIT IaIe030/CKO-Me-
3030JCKMMM METaoCaJOUYHbIMM ¥ OCaJOYHbIMM KOMILIEK-
camy, KOTOpble BKJIIOUAIOT KBapll-CepULIUT-XIOPUTOBbBIE
CJIQHIIbI, KBAPLUThI, U3BECTHSIKMA U TOIOMUTHI (CM. PUC. 2).
B nmomonmHeHMe K TOKeMOPUIICKUM TPaHUTOUAAM, B O3 -
HelepMCKOe ¥ paHHeTpMacoBoe BPeMsl BHeAPSUINCh Mac-
CUBHBIE TPAHUTHI TUIIA A, TECHO CBSI3aHHBIE C MAaHTUIHBIM
IUIIOMOM OMaiiianb [29-31, 39]. B stom pernone taxke
ObUTM OOHAPYKEHBI KaitHO301iCKIMe TTyToHbI [40, 41].
Heomporepo3oiickue = rpaHUTOMIHBIE  MHTPY3UMN
B 30He ®aH Cu ITan BrmtovatoT ruryToHsl [1o Cen, ®uH Hran
u Jlynr TxaHT, a Takke HeCKOJIbKO MeHBIUIUX 10 pa3Mepam
Ten ¥ IMH3 (PUC. 2, 6) [42]. OTU MHTPY3UM COTIOCTaBVIMBI
C LIMPOKO paclpoCTpaHEHHbIMM HEOIIPOTEPO30JiCKUMU
rpaHuTonpamu (~860—-740 MiIH 51eT) B 3aI1aJHOI U I0r0-3a-
MafHOM yacTsx SHII3bICKOTO 6s10Ka (puc. 1) [42-47].

2. leonorunyeckoe cTpoeHue mectopoxxaeHus Ta doi

2.1. Cmpamuepagus u aumonozus
MectopoxkameHne wmeau Ta @oii pacronoxeHo
B parioHe Ta ®oit npoBuHIMK Jlao Kaii 1 3aHMMaeT
mwiomanb okosno 4 km’: MecTopoxkaeHNe pacIoyioxke-
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HO B CeBepO-BOCTOYHOI YacTM aHTUKIMHOPUSI XOaHT
JIuen CoH B npefenax CTpyKTypHoii 30HbI @aH Cu ITaH.
MecToposkeHne BMelaeTcsl MeTaMop(M30BaHHBIMU
ocamouHeiMM cButamu dopmaunuu Cunb KyeH, a Tak-
Ke HeOOMbIIMMY HeJAaTUPOBAHHBIMU WMHTPY3UBHBIMMU
TelaMM, PacroJOKeHHbBIMY BOIM3M KPYIHOTO MHTPY-
3UBHOr0 maccusa komiiekca [To CeH. B ocHOBHOM OHO
BMeIaeTcss MeTaMoOpOUUYeCcKMMM IIOPOJaMM BTOPOiL
cBuTbl popmanuyu CuHb Kyen (PPsq,), KOTOpble SIBJISI-
IOTCSI KJTI0OUEBbIM reoorndeckum hakToOpoM, TECHO CBSI-
3aHHBIM C 00pa3oBaHMeM MeIHBIX Pyl B MCCIeIyeMOM
paiioHe [4, 14].

Bropas cButa dopmariun Cuab KyeH mmpokro pac-
pocTpaHeHa B paiioHe Ta D01 1 COCTOUT 13 KBapIi-MoJie-
BOIITIATOBBIX OMOTUTOBBIX CJIAHIIEB, METACOMATUUECKIX
MOpo., JMH3 aM(buOOIUTOB U IPadUTOBBIX KBapPIl-CJII0-
IOSTHBIX CJIaHIeB. [10/IeBOIITNIATOBbIN KBApIl-6MOTUTOBDIN
CJIaHell COMEePsKUT Majio WM BOOOIEe He COmepsKUT rpa-
(uta, MMeeT KOPMUYHEBBIN IIBET, CIAHIIEBYIO CTPYKTYPY
U Ienuao6IacTMIecKyIo TEKCTYpy. BIoab KpaeB pymHbIX
TeI M B 30HAX Pas3jIOMOB IOPOAbI OOBIYHO OOOTAIIEHBI
MYCKOBUTOM U cepuuiutoM (1-8 %). AKiieccopHble MUHE-
paJTbl BKITIOUAIOT CheH, altaTuT, SITUIOT, OM3UT U PyITHbIE
MMHePaIbl.

MeTacomaTuyeckue TOPOIbl BCTPeUaroTcsl B BUe
TI0JIOC B IIEHTPaJIbHOI YacTu paitoHa, a aM(pUOOIUThI —
B BU[E JIMH3O0BUIHBIX TeJl BHYTPU MeTacOMaTUUeCKUX
IIOPOJI, XapaKTePU3YIOUIMXCSI MATOBBIM OOIMKOM, 6eJTbIM
LIBETOM, C [TPOCIOSIMY 3€JIEHOBATOTO LiBeTa. AM(PUOOTUTHI
0OBIYHO BCTPEUAIOTCS BIOJIb BUCSIUMUX OOKOB METHOPYI -
HbIX Tesl. ['padUTOBBI KBapPI-CIIOASHON CJIaHel] MMeeT
CepbIit 1IBET U JeMOHCTPUPYET CJIaHIeBaTyI0 CTPYKTYPY.
MepnHasi MMHepaau3alys B OCHOBHOM BMeIlaeTcss MeTa-
COMAaTUYECKMMHU MOPOJaMU, peXKe TM0JeBOUIaTOBbIMU
KBapIil-6MOTUTOBBIMM C/IaHIIaMM. BTopast cBMUTa MMeeT
MOIIHOCTb 6051ee 800 M (puc. 3, a-2).
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Puc. 2. Teonornyeckast Kapra (a) ceBepo-3anagHoit yactu BoetHama u (6) 30HbI @an Cu [1aH
C YKa3aHyeM MeCTOIONIOoXKeHNsI MecTopoxkaeHust Ta Doii (M3MeHeHoO 110 [32])
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Puc. 3. ['eonormnueckoe CTpoeHue U BeeCTBEHHBIN COCTaB MeCTOpoXaeHus Ta Doii:
a, 6 — o01mMit BUI MecTopoxkaeHust B fonnHe Ta @oit 1 ropHble paboTsl Ha pyrHoM Tese TQ.5 (doto us [14]);

8, 2 — MuKpodoTorpaduu nopog, B mpoxoisiieM cBeTe (yBeandeHue 35x, Mukpockor Nikon): 8 — ¢enb3uTOBBIN caHel] (IT0aeBoit
IInart, KBapi, 6Motut), kepH LK.2/28, rmy6uHa 89-91 m; 2 — TeMHOIBeTHas1 MeTacoMaTuieckasi nopoga, kepa LK.1/13,
my6una 25-27 M (dboto [lo Ban Heioana us [14]); 0-3 — mposiBIeHUS PYIHOI MUHEpaIu3alun: d, e — BKparyleHHast pyaa
B TEMHOIIBETHOI MeTacoMaTuyeckoi mopope, kepH LK.1-T.1, rmybuna 109,5-110 m; x, 3 — BKparvieHHas pyzia B Gelb3MTOBOM
cnanie, kepH LK.2-T.1, mry6una 85 m (doto Jlait Kyok Cy u3 [14])
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2.2. MazmamuuecKue nopoobsl

I'paHuTOMIHBIE O0Opa3oBaHus Komiuiekca IIo CeH
U TPaHOOMOPUTOBBIE, TUOPUTOBbIE MHTPY3UU ILUPOKO
pacripocTpaHeHsl B paitoHe Ta ®oii, Hapsmy ¢ maMpodu-
poBeiMu Aaiikamu. IToponbl kommiekca [To CeH 3anera-
10T BIOJb 3aMaHON U I0T0-3amagHOol OKpauHbI paiioHa,
B OCHOBHOM ITpefcTaBjeHbl ¢a3oii 2 u dasoit 3 BHeOpe-
Husi. ®asza 2 cOCTOUT U3 GMOTUTOBBIX 'PAHUTOB U GUO-
TUT-POTOBOOOMAHKOBBIX TPAHUTOB, a (a3a 3 BKIHOUAET
CBETJIOTO 1iBeTa Aaiiku, MpeJcTaBlIeHHble allIUMTOBBIMU
IPAaHUTAMM U TIETMaTUTOBBIMIU I'PAaHUTAMMA.

Metonpl U-Pb u “Ar/*Ar matupoBaHusI ITO3BOIMIN
MPOSICHUTb TEPMOXPOHOIOTUYECKYIO0 MCTOPUI0 KOMILJIEKCa
Mo Cen. AHanu3 U-Pb KOMITO3UTHBIX IMPOO 3€peH IUPKO-
Ha ¢ nomo1pio TIMS (TernnoBoii MHOTO30Ha/IbHbBIN CKaHED
VIK-nuamnasoHa) man cpemHuit Bospact 760+25 muH et
C KJIacTepusanyeii Ha KpUBOM COITIAaCOBaHHBIX 3HAUYEHUIA
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abCOMIOTHOTO BO3PacTa, B TO BpeMsI KaK ABEHA/IIIaTh aHa-
308 SHRIMP (4yBCTBUTENbHBIN BBICOKOTO paspenieHus
Macc-CIIeKTPOMeTp C MOHHBIM MUKpo30oHAoM) Ha U-Pb
Iy COmIacoBaHHbIN Bo3pacT 751 %7 muiH jieT [38]. B coue-
TaHUM C TeEOXVMUYECKMMU XapaKTePUCTUKAMU 3TU pe3y/ib-
TaThbl YKa3bIBalOT Ha TO, uTO KomIuiekc ITo CeH aBisercs
MI03JHeIIPOTEePO30/CKMM MarMmaTMIeCKUM KOMITJIEKCOM.
I'paHOOMOPUTOBBIE ¥ IMOPUTOBBIE TOPOADI (2 UMEHHO
maccuBbl ®uH Hran, Cyoit Tay, JIyHr TaHT) 06BIYHO BCTpe-
YaloTCs 10 KpasgM pyIoHbIX Ten u cofepxkat ot 0,01 no 0,4 %
Menyn. MenHasi MuHepanu3ayus B IMOPUTAaX BCTPevYaeTcs
B BUJIe PeKOJ BKPAIJIEHHOCTY I MMKPOITPOKMUIIKOB BIIOJb
TpellyH. DT MOPOIbI MMEIOT CepPbIi UM CBeTIO-CephIi
LIBeT, MacCMBHYIO CTPYKTYDy M MEJIKO- WIM CpelHe3ep-
HUCTYIO TEKCTYpy, MectaMu ¢j1abo medopmupoBaHsbl. Vx
B3aMMOOTHOLIEHUS] C OKPY)KaIOLU[MMM ITOPOAAMM HESICHbI
(TlepeceveHst OTHNX IPYTUMU He OOHAPYIKEHBI).

Kceo Ta 14

24
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24
7

24
76

24
75

24
74

fepeBHs
Nlao Jln

[ ]
[ ]

Pbixnblit necok, rpaswi, ranbka, un u rvHa
(Y4eTBepTUYHBIV Nepuop)

WHTpy3uBHble 06pa3oBaHus: rpaHoOANOPUTOBbLIE

1 AVOPUTOBbIE annuThbl, AMopUTLI (HeonpoTepo3soit)
Komnnekc Mo Cex: 6uotutoBsble rpaHnTsl (dasa 2),
annuToBble rpaHnTbl (hasa 3) (MosaHui MpoTeposoit)

Csuta Kam [dyoHr: ctpaturpaduyeckas eamHmua 1 —
necYaHuku, anespoNnTbl, KBapL-CepULINTOBbIE CRaHLibl,
nepecnavBaroLLMecs C KBapLeBbIMU necyaHnkamu,
W NIH3bI M3BECTHSKOB (PaHHuin KemBpwit)

Csuta [la [IHb: MpaMopsbl, JONIOMUTOBbIE MPaMOopb!
(Heonpotepo3oit)

CeuTta CuHb KyeH: cTpaTurpacuyeckas eguHmua 2 —
KBapu-61oTuTOBbIE CnaHLipl, KBapL-GMOTUTOBbIE
cnaHupl ¢ rpacMToM, ABYXCNIOASHbIE KBapLeBble
cnaHupl ¢ rpaHaTtom (ManeonpoTepo3oit)

IS MeaHopyaHoe Teno

Pekv v pyybu

[eonornyeckas rpaHula

Pasnombl

HauuoHanbHas
aBTOMarucTpass

Bbicenok KuypHr|

Puc. 4. Teonornueckas kaprta paiioHa Ta @oii ¢ ykazaHMEM MeCTOIIONOXeHMS MeCcTOpokaeHus Ta Dol (M3MeHeHO 110 [14])
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Pe3ynbpTaThl abCOMIOTHOTO JATUPOBAHUSI LIMPKOHA
¢ ucnonb3oBanueM U-Pb meTona [ijist rpaHOAMOPUTOBBIX
U JMOPUTOBBIX MHTPY3MIA faiy BO3pacT 776* 12 MiH eT
s maccua Cyoii Tay [48], 824+4 MuH neT A1l Maccu-
Ba ®uH Hran [42] n 803+3 MuH JsieT ajis1 maccusa JIyHT
TxaHr [47]. OTu pe3yabTaThl YKa3bIBAIOT HAa TO, YTO 00-
pasoBaHye rpaHOAVIOPUTOBBIX U IVIOPUTOBBIX MHTPY3UA
IIPOM30LUIO B HEOIIPOTepo30¥ickoe BpeMs. Kpome Toro,
GOJIBIITMHCTBO VCC/IEOBAHNI YKA3bIBAIOT HA TO, UTO 3TU
MHTPY3UBHBIE Tejla 06pa30BaIuCh B YCIOBUSIX CYOIYKIIUU
nipu GOPMMUPOBAHUYM KOHTUHEHTATbHBIX OYT [42, 47, 48].

Hatiky naMpo@upoB BHEIPSUIUCh B OKpYyKaloliue
TOPO/ibl; OHU XapaKTePU3YIOTCS CepOBATO-3e/IeHbIM 1Be-
TOM, TOHKO3E€PHMCTOW CTPYKTYypOJ, OPMEHTUPOBAHHOI
TeKCTYPOJ ¥ NIPU3MaTHYECKM-3€PHUCTBIM CTPOEHMEM.
OTU IaliKy, [I0-BUAMMOMY, IPAKTUUECKM HUKAK He CBS-
3aHbI C MeIHOM MUHepaiu3aluen.

JIOM SIBJISIETCSI OTIePSIIoIeli CTPYKTypoi pasinoma Ta Doii.
Pasnom Jlaur @oit 1 cedeT 1 cmeniaeT Opoibl popmann
Cunb KyeH, a Takke GMOTUTOBbIE TPAHUTHI KOMILIEKCA
ITo CeH. Kpome TOTO, B Ipenenax paioHa UCCAeI0BaHUS
BbIsiB/IeH pasyiom Ta Kceo 2 - [1a Iuub (F3). 3TOT pasiom
npoctupaetcs: Baooyib gonauHbl Ia Juub 1o Ta Ceo 2, ero
o01Iast IJIMHA COCTaBJISIeT IIpUuMepHo 2,5 kM. Pasiom Ta
Ceo 2 — Ia IuHb cMelllaeT MOPoabl (hopManuii u ceuer
pasioMbl, TTPOCTUpAIOIMecs] B HAITIpaBIieHUM CeBepo-3a-
IaJi — 10ro-BOCTOK [14] (puc. 4).

2.4. Xapakmepucmuku pacnpeoejieHus
pPYOHbBIX men

MenHoe mectoposkaeHne Ta ®oii coctrout u3 15 pyn-
HBIX TeJl, BK/II0Yasi IMH30BUHbIE U XXWIbHbIe Tena. Cpenn
HMX BBIJIEJIEHBI TPU KPYITHBIX pymHbIX Tena (TQ.4, TQ.5,
TQ.6), a ocranbHble 12 TIpencTaBiieHbl 6ojiee MeTKUMU
SKMJIAMY Y IMH30BUAHBIMY CKOTIEHUSIMY, pa36pOCaHHbI-
MM TI0 BCEil TeppUTOpUM VI BAONb KpaeB Oosee KPyI-
HbIX pyaHbIX Ten (TQ.1, TQ.2, TQ.3a, TQ.4a, TQ.7, TQ.8,
TQ.9a, TQ.9b, TQ.10, TQ.10a, TQ.11, TQ.13) [14, 15]. ITn
pyZHbBIE Tejla JeMOHCTPUPYIOT NIafileHNe B CeBepO-BOCTOU-
HOM HaIpaBIeHnH TIof, yIyioM oT 60° 1o 85°, MMeIoT JIHy
o nipoctupanuio ot 300 mo 1200 M, MomHOCTb OT 1,5 o
94,8 M u 3ayerator Ha ryouHe g0 30—130 M. OCHOBHbIE
PYZIHbIE MMHEPaJIbl BKITIOYAIOT XaJIbKOIMPUT, KYOAHWUT, TIN-
PUT ¥ TUPPOTUH, KOTOPbIE IeMOHCTPUPYIOT HepaBHOMeEp-
HYHI0 BKpaIlJIEHHOCTb ¥ BCTPEYAIOTCSI B BUJIE OTHETbHbIX
3epeH, CKOIUIEHUI MM HeGONbIIMX PYOHBIX KapMaHOB.
OTU MMHepaibl TakKe 00Pa3yIOT KWJIbI, 3aTONHSIONIVE
MMKPOTPEIIVHBI U 3aMellaoll/e paHee CYyIeCTBOBaBIINe
opo006pasyrolie MUHepaIbI (puc. 3, 5, Tabm. 1).

2.3. TekmoHuKa

Pynnoe mecroposxknenye Ta ®oit pacronoxeHo B ce-
BEpO-BOCTOUHOM YacTu aHTuKIMHaiu Ilo CeH, KOoTOpas
JIIeMOHCTPUPYeT B LeJIOM MOHOK/IMHAJIbHYIO CTPYKTYpY
C IPOCTMpaHNEM B HallpaBJIeHMM CeBepOo-3aliaji — loro-BOC-
TOK U NTaJleH1eM B CeBepO-BOCTOUYHOM HallpaByieHun. JlaH-
HbIe TeoJIoropa3BefOYHbIX PAOOT YKA3bIBAIOT HA CUITBHYIO
IedopMalnio TOBEPXHOCTHBIX TIOPOJI, a JaHHbIEe OypeHus
ITOKa3bIBAIOT, YTO HA ITyOMHE KaK BMEIIAoIIe TTOPOIbI,
TaK M pyIgHbIe Tejla COXPaHSIOT YCTOMUMBOe TafieHue Ha
ceBepO-BOCTOK 1107, yrioM ot 60 1o 75° [4].

Brnoib pycia pyubst @oit 1 HabmogaeTcst pasjioMm, mpo-
CTUpaloIIuiics B HAlIpaBJIe€HUY CeBepO-3aIaf, — I0ro-Boc-
TOK, Ha3bIBaeMblii pasyiiomom Jlanr @oii 1 (F2). 3toT pas-
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Puc. 5. Teonorunueckue paspessl no suHusam T5, T12, T28
c ripepcraBienreM pygHbix Ten TQ.3, TQ.3a, TQ.4, TQ5, TQ.6, TQ.7, TQ.8 1 TQ.10 [15]
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Tabauia 1
Mopdonornueckue xapakKTepuCTUKY MeJHOPYIHBIX TeJI ¥ VX COCTaB Ha MecTopokaenuu Ta ®oii (o [14, 15])
Homep Mopdomnorys | Tyma, Hampas- Vron CpenHsis CpenHee )
PyaHOro JIeHue MOIIIHOCTB, | COAepsKaHue MwuHepanoruueckuii cocTas Py,
PYAHBIX TeJl M naseHust &
Tena nageHus M menu, %
[Mupurt 2 %, xanbkonupurt 1 %, nuppoTuH 2 %,
TQ.1 JKuna 442 70° 65° 3,69 0,405 MapKasuT U apCeHONIMPUT B ITOAUMHEHHBIX
KOJIMYeCTBax, PyTuJ (OTAe/lbHbIe 3epHA)
[Muput 3 %, XaTbKOMUPUT B HOJAUMHEHHBIX KO-
TQ.2 JKuma 300 65° 70° 2,00 0,447 JIMUecTBax, MMppoTuH 2 %, rpadurt 1%, ninbme-
HUT B TOJAUMHEHHbIX KOJTMYECTBaX
[Muput (OTOE/NbHBIE 3€pHA), XAJIbKOTIUPUT B
TQ.3a SKiia 210 60° 550 12,05 0,455 TOAYMHEHHbBIX KOJIMUEeCTBAX, KOBeJUIMH B TTOJI-
YMHEHHBIX KOJIMYeCTBax, TpaduT B MOJAUMHEH-
HBIX KOJIMUYECTBaX, UIbMEHUT 1%
IMuput 1-2 %, xanpkonput 0,5-8 %, muppoTHH
10-55%, Ky6aHUT B MTOJYMHEHHBIX KOJITYe-
TQ.4 KpynHast 580 50° 65° 21,04 0,698 CTBaX(,’ rpaduT B MOAUMHEHHBIX KOTMIECTBAX
JIMH3a (10 3%), KOBEJZIMH B IOJUMHEHHBIX KOJINYe-
CTBaX, MOJMIMOIEHNUT B MTOAUMHEHHBIX KOTUYE-
CTBax, 30J10TO 4-9 3epeH
IMuput 1%, xanbkonupurt 8 %, KyOaHUT B TIOI -
TQ.4a SKuota 240 50° 65° 10,37 0,455 YMHEHHBIX KOJIMYeCTBax, KOBeJUIMH B TTOUM-
HEHHBIX KOJINYeCTBAX, MOJMMOIEHUT B ITOTUM-
HEeHHbBIX KOJIMUEeCTBAX
[Mupwut 0o 5 %, xanbKOTUPUT 10 8 %, MUPPOTUH
KpviHas 1-12%, Ky6aHUT B TOJYMHEHHBIX KOTMYECTBAX
TQ.5 Jlﬁﬂsa 830 50° 70° 16,56 0,638 1o 1%, rpaduT B TOMUMHEHHBIX KOJIMYECTBAX,
KOBEJIJIMH B TIOJUMHEHHBIX KOJTMYEeCTBaX, reMa-
TUT (OTIeJIbHbIE 3€PHA)
[Muput oo 5 %, xanbkonuput 1-10 9%, muppoTUH
(o) — (o) o) -
TQ.6 Kpynnas 597 60° 750 16,39 0,835 1o 8 %, xy6auut 1-10 %, KOBeJUIMH 'H% 3%, py
JMH3a TUJT HECKOJIBKO 3€peH, IMMOHMUT 10 5 %, 30JI0TO
1-18 3epen
HeGonbias Iuput mo 5 %, xaapkormput 1-10 %, nmuppo-
TQ.7 [— 418 60° 75° 8,37 0,691 TUH 10 8 %, kybauut 1-10 %, koBe/uMH A0 3 %,
PYTUII HECKOTBKO 3ePeH, TMMOHUT 10 5 %
ITypuUT B HEGOJBIINX KOJIMUECTBAX, XaTbKOII-
(o) -
TO.8 SKvma 270 60° 750 5,53 0,587 put 15 %, METbHUKOBUT B HEGOMBIINX KOTUYE
CTBaX, KyGAHUT B MOJUMHEHHBIX KOJIMUECTBAX
no 1%, koBennuH 1%, tumMoHuUT 1%
[Muppotun 10-18 %, XxanbKOOUPUT OT MOTUMHEH-
(o)
TQ.9%a Kpymnnas 735 65° 65° 13,61 0,530 HBIX KOJINYECTB ZELO 2%, rpaduT OT OAUMHEHHBIX
JIMH3a KOJTMYECTB J10 3 %, KyOAaHUT B OUeHb HEOOMbIINX
KOJIMYEeCTBaX, cheH (HECKOIBKO 3epeH)
IMppOTHH B HEGOJIBIINX KOMMUeCTBax A0 10%,
xanbkonupurt 0,5-12 %, iuput 2 %, apceHomnm-
(o)
TQ.9b KpynHast 640 60° 60° 9,96 0,516 put 1%, rpaduUT B HEGOMBIINX KOTUUECTBAX,
JIVH3a KyOaHUT OUeHb pPeaKo, cheH (HECKOIbKO 3epeH),
KOBEJ/UTMH B HEOOJIBIIMX KOJIMYECTBAX U JIMMO-
uut 0,5%
(o)
TQ.10 Heb6omnpias 340 50° 70° 11,69 0,568 [MuppotuH or H(;,ELLII/IHEHHI)IX Kg)nmquTB 1o 8%, .
JIMH3a XaJIbKONUPUT 1 %, MarHeTuT 3 %, uiibMeHUT 1-2 %
(o) (o) [0)
TQ.10a He6onbliast 190 50° 70° 13,79 0,763 HI/IppOTI/{)H 30 %, xanbkonuput 4 %, rpadut 7 %,
JIMH3a uput 1%, caneput oueHb Majo
—69 0, o,
TO.11 Kuta 718 60° 65° 477 0,674 IMuppotuH 2-6 %, xanbkonupur 1%, rpadut 2 %,
cdeH HeCKOIbKO 3epeH, chaneput oueHb Majio
ITpPUT OT «OUeHb MaJIO» 00 2 %, XaJIbKOTTUPUT
— o) _"0
TQ.13 Kuta 400 65° 70° 3,09 0,481 1-10%, rpa(()bMT 1-2 %, MapKa3uT OT «OUeHb
MaJjo» 10 3 %, KOBE/IJIMH B HEOOIbIINX KOIMUe-
CTBax, PyTWI B HEOOIBIINX KOTMYECTBAX
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2.5. Tekcmypbol u cmpyKimypet pyo

2.5.1. Tunst pyo u ux ceoticmea

[TeTporpaduueckuii aHaAM3 MMPOO METHO Pyabl U3
paiioHa KCCaefoBaHUSI M UX aHAIU3 MOJ, MUKPOCKOIIOM
B OTPakeHHOM CBeTe (B aHILIM(ax) MTOKa3bIBAIOT CJIOXK-
HYI0 acCOLMAalMI0 TIePBUYHBIX U BTOPUYHBIX PYAHBIX
MuHepanoB. K mepBUYHBIM CylbGOUIHBIM MUHepajIaM
OTHOCSITCSI XaJbKOMMUPUT, OOPHUT, MUPUT, MUPPOTUH
U KyOaHUT, a BTOpMUHbBIE MMUHEpAJIbl, TaK/e KaK KOBeJ-
JIVH, XaJbKO3MH, MaJlaXUT U JIMMOHUT, TIPEACTaBJISIIOT
MPOAYKTbI OKMUCIEHUSI B 30HAX TMIIEPTE€HHOTO M3MeHe-
Hus. KnibHble MUHEpasbl, aCCOUMMPOBAHHbBIE C MEIHOI

P41 50 ym o {we TP.43
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MUHepanmu3anyei, B OCHOBHOM IpeICTaBAeHbl KBapLieM
U KapboHaTaAMMU.

[TepBUUHBIE PyIHBIE MUHEPAIbl BKIIOUAIOT XaIbKO-
MIUPUT, OOPHUT, TUPUT, TUPPOTUH, KyOAHUT i MarHETUT.

Xanprommput (CuFeS,): Haubonee pacmpocTpaHeH-
HbIV MeAbcomepkalyii MMHEpasl, BCTPEUYaroIIMiiCs B BUIE
OT aHTeIPaTbHBIX O CyOTeAPaTbHBIX 36pEH pa3MepOM OT
0,1 mo 2 MM, 06b61uHO OT 0,1 70 1 MM. XaJIbKOIMPUT OOBIU-
HO JIeMOHCTpMpYeT BKpaIIeHHYIO, SKUJIbHYIO U 3aMela-
IOIIYI0 TEKCTYpPY, 00pasysl cpacTaHusl C MUPUTOM U TUP-
potuHOM (pucC. 6, a, 6). [Tom MUKPOCKOIIOM XaJIbKOITUPUT
XapaKkTepu3yeTcsl COIOMEHHO-3KeIThIM IIBETOM C YMepeH-
HOJt OTpaskaTebHO CITOCOOHOCTBIO.

200 jimi L A T

Puc. 6. [lepBruHas MyuHepaabHas acCcolalys MeIHbIX pyd MecTopoxaeHus: Ta Doii:
a, 6 — BKparIeHHbI XaIbKOIIMPUT B SKUIbHOV MaTpPUIIE; 8, 2 — CUHTeHETUUECKYe COOTHOLIEHVSI MEXKIY XaabKOIIMPUTOM U KyOGAHUTOM
0 — XalbKOMMPUT, 3aMeLIAIONII MUPUT; € — BKPATUIEHHbIE XAJIbKOTIVMPUT U IIUPUT B PYITHON MaTPUIIE; I, 3, U, K — BKPATUIEHHBIE XaJTb-
KOITMPUT ¥ IMPPOTUH B KWIJIbHOI MaTpUIle; J1 — 9BrefipajibHble 3epHA XaJIbKOMMPUTA, 3aMeIalolie MarHeTUT; M, H — CyorepaibHbIe
3epHa remaTiuTa, 06pasyIolle CKOTIEHNS B SKUIbHOM MaTpuiie; 0, n, p — GOPHNUT, 3aMeleHHbI i KOBEJZTMHOM B pe3y/ibTaTe MPOoI[ecCcoB
BBIBETPMBaHMsI B 30HE TUIIEPreHesa; ¢, M, Y, ) — 9BreApaabHble XaTbKOMMPUT U MAPPOTHH, BKPATJIEHHbIE B KMJIbHO MaTpUIie
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Bbopuurt (CucFeS,): Bcrpewaercs B Bue TOHKO3€pHNU-
CTOJT BKPAIUIEHHOCTY W/ B BUJIE 060/TKOB BOKPYT XaJIbKO-
nMpuTa. B HEKOTOPBIX MPOOGAX GOPHUT YACTUUHO 3aMeleH
KOBEJUIMHOM, UTO YKa3bIBaeT Ha BTOPUUHOE OOOTaleHne
(puc. 6, m, H). ITog, MMKPOCKOTIOM OH MMEET OTYETIMBBIN
ITypIyPHO-KOPUYHEBBIN 1O KPaCHOBATOI'O OTTEHOK.

ITupwut (FeS,): IIpencrasieH 3BreApaJIbHBIMU U CYO-
repaabHbIMU 3epHamy pasMmepom oT 0,1 o 2 MM, ya-
CTO 06pa3yIOUIMMM CPACTAHUS C XaTbKOMMPUTOM. ITUpUT
0OBIUHO 3aMeIAeTCs XaIbKOTMPUTOM ¥ G0OPHUTOM BJIOTh
TpeUIVH 1 TpaHul] 3epeH (puc. 6, d, €). B oTpaskeHHOM cBe-
Te MUPUT BBIVISIAUT SIPKO-3KENITHIM C BBICOKMM K03hdu-
LIMEHTOM OTPa’keHMUsI.

[Tupporun (Fe,_,S): O6HapyXeH B BUJle aHTelpallb-
HBIX 3epeH pa3MepoM OO0 2 MM, 4aCTO B accoluaiuu
C XaJTbKOIMMPUTOM ¥ KYOAHUTOM. 3epHa MUPPOTUHA ITPO-
SIBJISTIOT C1abyi0 aHM3O0TPOINMIO M OOGBIYHO 3aMeNaloTCsT
cynbdugamu 6ojee o3aHe ctaguu (pUc. 6, i, 3, U, K).

Ky6auut (CuFe,S;): loqunHeHHas dasa B pyje, mpo-
SIBJISIIONIASICS B BUJIE TOHKMUX IJIACTMHYATBIX CpacTaHUii
B xasibkommpuTe. [log MUKPOCKOTIOM KyOaHUT MMeeT 60-
Jiee TeMHBbII1 SKeIThIN 1IBET C e[iBa 3aMeTHbIM PO30BaThIM
OTTEeHKOM (puC. 6, 8, 2).

Maruetur (Fe;0,): Bctpedaercs B Buae Menkux, pas-
PO3HEHHBIX 3epeH B pyjie, 4acTo C 3aMellleH/eM XaIbKO-
MIMPUTOM (PUC. 6, J1).

BTopuuHble pyaHble MUHEpaabl — 3TO KOBEJUIMH,
XaJabKO3UH, IMMOHUT U MalaxuT.

Koseymne (CuS): O6pasyeTcst B KaueCTBe TUITepreH-
HOTO TIPOAYKTa 3aMelleHMs XaJIbKOTMMPUTA U OOpPHUTA,
YyacTo 06pasyst TEMHO-CUMHVE 000KV BOKPYT IT€PBUUHBIX
cynbdumoB (puc. 6, p).

Xambpko3uH (Cu,S): Berpeuaercst B HEGOMBIINX KO-
YyecTBaX, 0ObIYHO 3aMelast XaJIbKOIMUPUT B 30HAX OKUC-
JieHUsI. BBITISIAUT KaK MeTKO3epHUCTBIE MUHepana TeM-
HO-Ceporo IBeTa C MeTAUTMIECKMUM OJIeCKOM.

Jlumouut (FeO(OH)-nH,0): llupoko pacmpocTpa-
HEH B 30HAX OKMCIeHNs, IIceBAOMOpdHO 3amentas MMpUT
U XaIbKOTMPUT. OGBIYHO aCCOUMUPYET C TETUTOM U Te-
MaTUTOM.

Manaxut [Cu,(OH),CO;]: Bctpeuaetcs B Bule 3eie-
HBIX TPO3AEBUHBIX KOPOK, UaCTO IOKPBIBAIOUIUX TO-
BEpPXHOCTU TPeLIUH U IMyCTOT B M3MEHEHHbIX BMeIai-
LIMX TOPOAAX.

MuHepamornueckuit aHaau3 mpob pyj MecTOposKIe-
Hus Ta ®oii BbISIBWI CIEeAYIN/e TUMIMUYHbIE TEKCTYPbI
U CTPYKTYDBI DY[.

BxparnnenHble 1 KIacTepHble CTPYKTYpbl: DTO HAU-
Gosee pacIpoCTpaHeHHasl CTPYKTypa, HabomaeMast
B DYOHBIX Tejax, Ifie XaJdbKOMUPUT, TUPUT, TUPPOTUH
U KyOaHUT pacIipefiesieHbl B BUIE MEJIKO- U CpelHe-
3€epPHUCTBIX arperaToB B MaTpHlie BMeILAOIIUX IMOPO[,
(puc. 6, ¢, m, y, ¢). PacripeneyneHne pyaHbIX MUHEPATIOB
HepaBHOMEPHO, OHM 00pa3yT CKOTUIEHUS DPa3IUYHbIX
pasMepoB B M3MeHEHHbIX BMelaInX MopoJax.

MaccuBHag ctpykrypa: [IMput, nUppOTUH U XaIbKO-
MMMPUT YaCTO BCTPEUAIOTCSI B BUIE KOMIIAKTHBIX MaCCUB-
HBIX arperaToB, 06pa3ys 30HbI C BHICOKMM COJI€P’KaHMEM
CymbGUA0B. ITU 30HBI YaCTO MPECTABIISIOT CO60I KpyII-
HO3epHICThIe, IJIOTHO arperupoBaHHble CYIb(uIbl, 3amMe-
niaroIiye 6oyiee paHHKe MUHepasibHble dasbl (puc. 6, 8, d).
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JKunbHBIE U TIPOXKUIKOBBIE CTPYKTYpbI: I'MapoTep-
MaJTbHbIE MTPOIIeCChl 3aMeIeHNST Y 3aTT0JTHEeHMSI IPUBETN
K 06pa30BaHUI0 CYIb(MUIHBIX XU U MUKPOIIPOKUIIKOB,
COCTOSIIIIMX B OCHOBHOM U3 XaJbKONMPUTA, MUPPOTUHA
¥ HeOONMbIIOTO KOMMUYECTBA XaTbKO3MHA. DTU TPOKUII-
KV VIMEIOT Pa3iNYHYyI0 MOILIHOCTb ¥ CEeKyT BMeIlaoliye
TIOPOJIbI, YACTO 3aTOHSIS TPEUMHbI ¥ MWKPOTPEIMHbI
(puc. 6, Q).

CTpyKTYpBI 3aMelleHMsI U pacTBOpeHuUsI: BropuuHbie
30HBI 00OTAIIEHNS COTEePKAT KOBEJUINH, XaJIbKO3WH, JIN-
MOHUT ¥ TETUT, 3aMeIlaIIe ¥ KOPPOAVpYolie mep-
BUYHBIE CYJTbQUIbI, TAKME KaK XaTbKOVPUT U MUPPOTHH.
OTu MuHepasabl 06pa3ylT 0060AKM BOKDYT IMEPBUYHBIX
cynbbuI0B, YTO yKa3blBaeT Ha OKMCIEHNE U TUIIepreH-
HbIe MIPOLEeCChI (pUC. 6, U, M).

OBrenmpanbHble 10 CyOTreApasbHBIX TEKCTYpbI: Xas-
KOMMPUT U TMIUPUT YaCTO UMEIOT XOPOIIO Pa3BUThIe KPU-
CTaJUTMYECKIE TPaHN, UYTO CBUAETELCTBYET O KPUCTAIIIN-
3aluyu B GIaronpusTHBIX YCIOBUSIX. DTa TEKCTypa valle
Hab/I0AeTCsl B 30HAX MMePBUYHOM MUHepaIMU3aLIUN.

AnrepnpasibHas TekcTypa: Hanbosmee pacrpocTpaHeH-
Hasl TeKCTypa B CyIbGOUIHBIX PyAax, Ie XaJIbKOMUPUT,
MMPPOTUH U KYOAHUT JIEMOHCTPUPYIOT HepaBHOMEPHYIO
MOPQOIOTHIO CO CPACTaHUSIMK 3€PeH B pPe3yiIbTaTe IMpo-
1IeCCOB 3aMelleHMsI U pa3pacTaHmsl.

KonnmomopdHas Tekcrypa: Hab6miomaeTcsl IJ1aBHBIM
06pa3oM B MPUCYTCTBUYU BTOPUUHBIX MUHEPAIOB, TAKUX
KaK MapKa3uT, MeTbHUKOBUT U KOBEJUIMH, 06Pa3yIommuX
KOHIIEHTPUYECKMEe CJIOM BOKPYT paHee CyIeCTBOBaBIINX
cynbhuIoB. DTa TEKCTypa yKa3blBaeT Ha HM3KOTeMIlepa-
TYpHOE TUIPOTepPMaIbHOE OCAKIEHNe.

OcrarouHas TeKcTypa: PaHHMe CymbGhUIbI, TakMe Kak
MUPUT ¥ MIMPPOTHH, YACTUYHO 3aMeIaloTcs 6osee mo3/-
HUMMU Cy/b)UIamMu, TaKUMM KaK XaJIbKOIIUPUT U OOPHUT,
ocTaBiisisl TTocye cebst M3pe3aHHble ¥ KOPPOIUPOBAHHBIE
KOHTYDBI.

BpekuneBas u dbparMeHTUPOBaHHAs TEKCTypa: B 30-
Hax pa3jioOMOB U CMSITUSI CYIbGUIHbIE MUHEPAIIbI SIBJIS-
10TCSI GparMeHTUPOBAHHBIMU ¥ CIIeMEeHTMPOBAHHBIMU
60Jiee IO3THMMM TUAPOTEPMATBHBIMY MUHEPATAMU, UTO
o6pasyeT GpeKureBUIHbIE TEKCTYPBI.

2.5.2. [TapazeHemuueckas Noc1e008amenbHOCMb

Ha ocHOBaHMM reosiormyeckux yCIOBUIA 0O6pa3oBa-
HUST Py, MOPMOTOrMYecKMx B3aMMOOTHOIIEHMIT MUHEe-
pajnoB B pyfe U UX TeHeTUKO-MOPQOIOTMIecKuX Xapak-
TEPUCTUK MOXKHO BBIIETTUTD XapaKTepHbIe MUHEpaTbHbIe
accoruanuu, a TaKXKe IMepUoAbl U CTaguu pymoobpa-
30BaHMs B MCCIeIyeMOM paiioHe. B Ta6i. 2 mpuBemeHa
cBopmHas MHOpMaIMsI 0 MUHEpaIbHbIX IapareHe3ucax
B Xozie (hOpMMUPOBAHMS MECTOPOKIEHMS.

I'MapoTepmManbHbIi MepUOf, BKIKYAET TPU CTaouUuU
pymoobpasoBanusi. Ha panHeit cragum mpeobiagaet 06-
pasoBaHMe BKpalIeHHOTO KBapiia M MarHeTuTa C He-
OOMBIIMM KOJIMYECTBOM muputa. OCHOBHAs Cynbumi-
Hasl CTaysI XapaKTepu3yeTcsl MOosIBIeHVeM CYIbMOUIHbIX
MMHEPAJIOB, 00pasyoIINX MWHEPAIbHYIO acCOIMALNIO,
BKJIIOUAIONIYI0 MUPUT, TUPPOTUH, XAIBKOIIUPUT U Kyba-
HUT B IPUCYTCTBMM KBapua. MyuHepanusaius rnpeacras-
JleHa TPeMMYIIeCTBEHHO B BlJe BKpaIlJIEHHBIX 3€peH,
C He3HauMTEeJTbHBIM pa3BUTHEM B Mpoxwikax. Craaus
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TTOCT-PYIHOV (ha3bl MpeCTaB/sIeT cCO00ii OCHOBHYIO (a3y
ob6pasoBaHMs MeIHbIX pya. Ha 9Toit cTammuyu o6pasyioTcst
KBapII-XaJbKOTIMPUT-KYOaHUT, UTO COITPOBOKIAETCS 06-
IUPHBIMU TUAPOTEPMAIbHBIMY M3MEHEHUSIMU BMella-
01X TIOPO/I, BKJIIOUasl 3MUI0TU3AIMI0, aKTUHOIUTU3a-
LIM10, TPEMOJIMTU3ALIMIO U XJIOPUTHU3ALINIO.

[Tepyuop, TUIIepreHHOro 060ralieHus COCTOUT U3 Of-
HOJI pymoo6pasyroleit cramnuy, XapakTepusyIomencs: Ko-
BeJUIMHM3aLMeNl, XaJIKO3MHU3alMein 1 IMMOHUTHU3a1uen
MePBUYHBIX PYIHBIX MUHEPAJIOB (CM. Tab. 2).

3. MeTopbl oT60pa Npob 1 aHanusa

3.1. Mamepuanwt ucciedosaHus
u nempozpaduueckue Ha600eHUs

B maHHOM MCCIemOBaHMUM MCIIONMb30BATNUCH ITPOOBI
CynbGUOHON MeTHOI PYObl ¥ COMYTCTBYIOUIME SKUITb-
Hble MMHepasbl, BKIOYasi cheH M KBapll, OTOOpaHHbIe
KakK C TTIOBEPXHOCTH, TaK U M3 HeAp MecTopoxmeHus Ta
@oit. 13 BIGPaHHBIX P06 6bIIN M3TOTOBJIEHBI aHIIINDbI
U MICCJIEIOBAHbI C TIOMOIIBI0 OTITUYECKOTO MMKPOCKOIIA
Y CKaHUPYIOILET0 JMEeKTPOHHOTrO Mukpockora (COM) nis
orpeJiesieHNsI MMHePaJIbHOTO COCTaBa, TEKCTYPHbBIX B3au-
MOCBSI3ell ¥ MPU3HAKOB M3MeHeHUsT cheHa U COMyTCTBY-
IOIIMX MMHEPAJIOB.

3.2. AHaaumuueckue memoost

3.2.1. Pacmposas snekmpouuas mukpockonus (SEM)

ViccemoBaHusI METOOM PaCTPOBON 3JIEKTPOHHOI
MMUKPOCKOTIMM IIPOBOAMINCH C UCIIOTb30BaHMEM MUKPO-
ckora FEI Quanta 200, ocHatieHHoro cucreMmoit EDS, ipu
HanpspkeHun 20 kKB u Toke 20 HA. [I151 M3y4yeHMs 30HaJb-
HOCTH, MOpdooruu 1 ocobeHHoCTel n3mMeHeHus cheHa
MCHOb30BAINCh M300paskeHusI B 0OOPATHO pacCesTHHbIX
anekTpoHax (BSE). AHanM3bl ObUIM BBITIOJIHEHBI B Halyo-
HaJIbHOJi 6a30Bo¥ JabopaTopuu Kuraiickoro YHUBEpCH-
Teta Hayk o 3emsie (YxaHb).
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3.2.2. Mukpomepmomempus QaioudHvIxX

(2a3080-1#UOKUX) BKIHOUEHULI
[muder kBapua (tommumuoi ~0,20 MM) M3ydaauch
C MCTIOb30BaHMEM KaMepbl CTaIMITHOTO HarpeBaHMs/3a-
mopakuBanus Linkam THMSG 600, ycraHOB/IeHHON Ha
mukpockore Olympus BX51. VicciemoBaHye ra30BO-Ku/I -
KMX BKJIIOUEHMIT ObIIO COCPEIOTOYEHO HA TEPBUYHDIX,
TICeBIOBTOPUUHBIX I BTOPDUYHbBIX BK/IIOUEHUSIX HA OCHOBE
YCTaHOBJIEHHBIX KpUTepueB Knaccubuxannu [49, 50]. dns
OIIEHKM COJIEHOCTY U TUIOTHOCTY (DIIIOMIOB MCIIOTh30Ba-
JIXCh TeMIlepaTypbl 3BTEKTMKM U TUIABJIEHMS; PacueThl
BBITIOJIHSUTVMCh C TIOMOIIBIO TTPOTPAaMMHOTO 06ecIieueHmst
FLINCOR. TouHOCTB OTIpe[ieJieHIsI TeMIepaTypbl COCTaB-

nsna £0,2 °C B nuamna3one ot —20 mo +20 °C.

3.2.3. U30monHslli aHanus cepol

VccnegoBanyus M30TOIHOIO COCTaBa Cepbl MPOBO-
IUIUCH C MCTIONb30BaHKeM Macc-crekrpomerpa Delta V
Plus B Ilekmuckom Hayuno-HWccnegoBarenbckom MHCTH-
tyTe 'eonorun Ypana CNNC (HaumoHanbHOI SIpepHOit
Kopmiopauyu Kurasi). Pe3ysibTaThl mpencTaBaeHbl B BUIE
3HaveHmit 8>S orHocuTenbHO cranmapra V-CDT ¢ ananm-
TUUYECKOM TOUYHOCTBIO BbIliIe *0,2 %o (20).

3.2.4. M3omonHbsiii ananu3 cgpera U-Pb memodom

U-Pb patupoBanue chena 6buta mnpoBemeHa B To-
cymapcTBeHHOV BasoBoii JlabopaTopum T'eonornyeckux
[MponieccoB 1 MuHepanbubix PecypcoB (GPMR) Kwuraii-
ckoro YHuBepcuteTra Hayk o 3emsie (YxaHb) C UCIIO/Ib30-
BaHueM cuctembl Agilent 7700x ICP-MS B cBsI3Ke ¢ cucTe-
MoJi J1asepHoit abnsiuu GeoLas 2005, ocHareHHoi DUV
193 M ArF-skcumepHBIM J1a3epoM. AHAIUTUUECKME TPO-
1eypbl M METOIbI 06PAbOTKM JAHHBIX COOTBETCTBOBAJIN
omucaHHbIM B pa6ote CniaHajiepa c coaBT. (Spandler et al.)
[51]. 1151 Bcex aHaIM30B MUCITOb30BAJICST pa3Mep Ja3epHO-
ro MsTHa 32 MKM, a B KaueCcTBe BHYTPEeHHEero CTaHaapT-
HOI'O M30TOoIa UcrHonab3oBajcs 43Ca, paHee M3MepPEHHBDI
C TOMOIIBIO 3J€KTPOHHOTO MMKPO3OHZOBOIO aHaau3a

Ta6nuia 2
MwuHepanbHble accouuanuu Ha mectopoxjaeHnn Ta ®@oii, ceBepo-3amnagHblii BbeTHam
I'mapoTepmanbHass MMHepaIU3aIs dnureHes

MwuHepanbl

KBapn — marHeTut | KBapn — nuput | KBapi — xaabRonupuT — Ky6aHUT | KOBe/UIMH — XaJIbKO3MH — JIMMOHUT
Ksapi,
MarueTur - e e e (e e =
Iupur e Ll - e o o o =
MonubaeHuT S ——
XalIbKOIIUPUT — — - e o e e Em =
Ky6auut — - - e o
[TuppoTux — — - e e e o o =
MeﬂbH]/IKOB]/[T 00 0000000000000 0000000 000
XanbKo3MH - e o o e e
KoBennuu - . . e o e e e .
letur - . . e o e e e .
I'mpporetur - O EE EE o o E Ew Ew
JIUMOHUT - e o o e e

=== O CHOBHBIE (60Jee 5 %)

== == B ioquMHEeHHOM KosnyecTBe (1-5 %)

e e ¢ ¢ ¢J[0KAJIbHO BCTpEYAIOLINECS
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(EPMA). B kauecTBe BHEIIHETO CTaHOApTa [AJis OTPaHU-
yeHMsI ¢ 06enx cropoH ucnonab3oBaics NIST SRM610 [51]
(cranpapr, yrBepxkaeHHbIin HalimoHanbHbIM THCTUTYTOM
CranpgaptoB u TexHonoruii). THTEHCUBHOCTD Jia3epHO-
ro m3jyueHus: 6bula yCTAaHOBIeHa Ha ypoBHe 5 JDk/cm?
¢ vacroToit umiyibcoB 10 I'l; mapaMeTpsl ObLIM ONTH-
MU3MPOBaHbI [1JisI TIOBBILIEHNS] AaHATUTUUECKOI YYyBCTBU-
TeTBHOCTM TIPYM MUHMMAJIbHOM (pPaKIMOHWPOBAHUY
anmeMeHTOB. KasMbpoBKa reOXMMUUYECKUX M M30TOITHBIX
JaHHBIX NOCTUraNach IyTeM IMPOBeAEeHMUsT OGHOTO U3Me-
penusi crangaproB MKED1 u NIST SRM610 nocne aHa-
JM3a KaXKIbIX TPeX PSIIOBBIX MTP06. DTaTOHHbBIN MaTepual
MKED1 nomyuen n3 Cu-Au-R33 mectopoxkpeHus dnaiiH
Hopotu (Elaine Dorothy), 3aneraroiero B rnpeaenax BbI-
cryna MayHT-Ali3a, wtat Keunoienn, Ascrpanus. ['pa-
(uky cormacoBaHHBIX 3HAUE€HMIT abCOMIOTHOIO BO3pacTa
U pacueThl CpeIHEB3BEIIeHHOT0 BO3pacTa Mo COOTHOIIe-
HUIO 20°Pb/238U ObIIM MOATOTOBJICHBI M BBIIIOJIHEHBI C I10-
moribio Isoplot/Ex_ver3 [52].
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4. PesynbTraTbl U 06CYy)XAeHue

4.1. M3omonHblii cocimase cepul
CynbhudHsIXx MUHEPA108

Pe3ynbTaThl M30TOMMHOTO aHaIM3a Cepbl B Mpobax
CynbGUOOB NMpUBEAEHBI B Tab1. 3. B maHHOM MccIemnoBa-
HUM ObUIM OIpeneNieHbl 3HaueHus: 5*S B mATu mpobax
XaJIbKOTIMPUTA ¥ OIHOI Mpobe MUPUTa U3 MECTOPOKIe-
Hus Ta @oii. I30TOTIHbBIN COCTaB Cepbl B 3TUX II€CTU IMTPO-
6ax KojebseTcs ot +2,2 1o +3,1 %o, CO CpeIHUM 3HAUEHU-
em +2,85 %o.

AHann3 M30TOIMHOTO COCTaBa Cepbl B XaJbKOMMPUTE
U IUpUTe U3 MmecTopoxkaeHus: Ta oii moKasbIBaeT y3KUil
IuanasoH, 61mu3kmii K 0%o, YTO COOTBETCTBYET XapaKTe-
PUCTUKAM Cepbl MaHTUITHOTO IPOMCXOXIeHus (puc. 7).
DTO TO3BOJISIET MPETON0KNATD, YTO MCTOUHMUKOM PYI0-
06pasyIonMx MaTepuaJoB MeCTOpokaeHus Meau Ta Dot
SIBJISIZICSI OTHOCUTEbHO OJHOPOAHBIN MarmMaTuUuecKuii

pesepByap.

M30TOIHBIN COCTAaB cepbl B KPUCTA/IIAX XaJAbKONMMPUTA U MUPUTA U3 MPOO Pyabl MecTOpOXRAeHus Ta gflfii as
Ne IIpo6a Mecro or6opa MuHepasbl 3**Sy_cor 206
1 TP-01 [ToBepxHOCTB, TQ.4 XanbKOMMUPUT 2,6 0,2
2 TP-02 IMoBepxHOCTH, TQ.5 XanbKOMUPUT 2,4 0,2
3 TP-03 IMoBepxHOCTH, TQ.6 XanbKOMUPUT 2,2 0,2
4 TP-04 30 m HIKe TToBepxHOCTH, TQ.4 Xa/IbKOMIUPUT 2,9 0,2
5 TP-05 50 m HKe TToBepxHOCTH, TQ.6 XanbKOMMUPUT 3,1 0,2
6 TP-06 120 m HKe moBepxHOCTH, TQ.6 [Mupur 3,9 0,1
Cpenuee - - 2,85 -
§S%o (CDT)
=50 -40 =30 -20 -10 0 10 20 30 40
[ I I I I I I I I
MeTeopuTbl m HacTosiee nccnenosaHne

PacnnaBneHHbI 6a3anbT
cpeAvHHO-okeaHu4eckoro xpe6ta (MORB)

BasanbTbl + aHAE3UTbI OCTPOBHbIX AYr
BynkaHuveckasa H,0
BynkaHuyeckas SO,

IpaHuTbI

COBpeMeHHail MoOpcCKas Boaa

3Ba|'l0p|dTOBbIe OTIIOXKeHus

]
]

COBpeMeHHbIe MOPCKUEe OTINOoXeHUsA

MpecHas Boaa

MpecHoBoAHbIe cynbduAHbIE FPs3n

3HayeHue
ANA NepBUYHON
MaHTuUu

Puc. 7. lnarpaMma eCTeCTBEHHBIX Pe3epByapoB M30TOIIOB CepBl IJIsl ONpeeeHM s ICTOYHUKOB MeIu
MecTtopoxneHus: Ta @oii (maHHbIe U3 [53-59])
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4.2. Pydoob6pasyrouiue aoudst

Ananu3 8 mpo6 KBaplia, acCOIMMPOBAHHOIO C Me[I-
HBIMM PyIaMu, BoISBUI 97 QIIOMIHBIX (Ta30BO-KUIKUX)
BKJIIOUEHMIT C SJUTUIITUYECKO, TPEyTroJbHON WIN YIJI-
HEHHO 3JTUIITUUYECKO Mopdosorueii. DTU BKIIOUEHUS
MOJpa3aesioTCs Ha [Ba TUIla: ra3oBo-kuakue (tun I)
u ra3oBble BKItoueHus: CO,-H,O (tum II) (Ta6:. 4). V3 Hux
Ha BRIOUeHUs Tuna [ (13 6 mpob KBapiia) MPUXOAUTCS
77 BKIIIOUEHMIA, a Ha BKIoueHus tumna II (13 2 mpob KBap-
11a) — 20 BKItoUueHunii. MUKpoTepMoMeTpudecKue usmepe-
HUSI TeMIlepaTyp TOMOTeHMU3aIUu JJIs1 BKITIOUeHuit Tuia I
(razoBo-kuaKMe) BapbupyoTcs ot 163,1 go 375,6°C, co
cpegHUM 3HaueHueM 256,4 °C. JJoMUHUPYIOMNI TeMIie-
parypHblii nuamnasoH cocrasisier 240-300°C. Temnepa-
Typa 3aMep3aHust kKojebnmercst or —10,5 mo -1,0°C, mpe-
umynecTBeHHO Mexay —5,0 u —3,0°C. 11 BKIIOUEeHUIA
tuna II (CO,-H,0) TemmniepaTypa romoreHu3anum Koie-
6nercs or 250 mo 410°C, B cpemHem coctasisst 350 °C.
JoMyHUPYIOWNI TeMIepaTypHbIN AMATia30H COCTaBJIsIeT
330-360°C. TemmepaTypa 3amMep3aHus KoJeOJIeTcs OT
-11,8 mo —3,8°C, B ocHOBHOM Mexnay —6,2 u —4,8 °C. Co-
JIeHOCTh (MMHepanu3samus) QaouIHbIX BKIOUEHU KO-
neb6nercs ot 2,1 go 16,25 Bec. %, ipuyeM OOIbIIMHCTBO
3HAYEeHMI1 HAaXOOUTCS B AuanasoHe ot 4,0 mo 6,6 Bec. %,
a cpenHee 3HauUeHMe COCTaBiseT 6,96 Bec. %. INIOTHOCTD
monmoB konebnercs or 1,15 mo 1,91 r/cm?, B cpemHeMm
coctaBisg 1,35 r/cm®.

AnHanu3 QUIOUAHBIX BKIIOUEHMII TTOKa3bIBaeT, UTO
M3MepeHHbIe TeMIIePaTypPbl TOMOTEeHU3AIMM KOIEeOTIOTCS
ot 163,1 no 410°C, ¢ nmpeob6aagaloNMM qMara3s0HOM OT
250 mo 350 °C, uTo 1MO3BOJISIeT KAacCUPUIMPOBATh PY/I0-
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obpasyiolie GQIIOUAbI KaK CpeHe- i OTHOCUTETBHO BbI-
COKOTeMITepaTypHbie. 3HAUEHMSI COJIEHOCTY KOJIeOIIOTCS
ot 2,1 mo 16,25% NaCl 3KB., UTO yKa3bIBaeT Ha YMepeH-
HBbIIi YpOBEHb COJIEHOCTH. JlaBjeHue pymoo6pasoBaHMs
Kosebsetrcs ot 43,98 mo 99,85 MIla, a mrybuHa — ot 3,39
10 6,45 KM, UTO ITO3BOJISIET MTPETIOIOXKNATH, UTO pyAa 00-
pasoBajiach Ha CpeIHei IyouHe.

4.3. Bpems o06pa3oeaHus meoHoli MuHepaiuayuu

ITpencraBnensl  pesynabTaThl  U-Pb-maTupoBanus
IBYyX IMpo6 cdeHa € COOTBETCTBYIOIIMMM Ouarpamma-
MU (KPUBBIMM) COTJIACOBAHHBIX 3HAUEHMIT abCOMOTHOTO
BO3pacTa, ITOKa3aHHbIMM Ha puc. 8. B mpobe TP-12 25
TOYEUHBIX aHA/IM30B, IPOBeIeHHbIX Ha 10 3epHax cdeHa,
mamu cornacymomnecss U-Pb Bo3pacTbl co cpemHeB3Be-
meHHbIM 2°Pb/?%8U Bo3pactom 810,7 +4,6 MutH jeT (n = 25,
MSWD (cpegHekBampaTtundyeckoe oTkaoHeHue) = 0,82).
AHanornuHo, s mpobsl TP-19, 25 ToOUueUHbIX aHAIN30B
12 3epen cdena moxkaszanyu cornacymwoumecs U-Pb Bo3-
pacThl, UTO IaJI0 CpeqHeB3BelleHHbI 2°Pb/?38U Bo3pacT
819,5%2,0 myH sieT (n = 25, MSWD = 5,2).

U-Pb gatupoBaHue ceHa 13 MegHOIO MeCTOPOKIe-
Husg Ta @oi1 yka3plBaeT Ha TO, UTO €r0 MUHepaaIn3auus
obpasoBanach mMexxny 810 um 820 MuH JyieT Hasazm (CM.
puc. 8). OTOT BO3pacT COMOCTABMUM C BO3pacTOM BHeJpe-
HMS I'PAHOJIMOPUTOBBIX U AMOPUTOBBIX MAaCCUBOB, TAKUX
Kak maccusbl @uH Hran, Cyoit Tay u JIyHr TxaHT, KOTO-
poiit coctaBiseT 860—740 mutH siet [11, 47, 65]. [IpocTpan-
CTBEHHAsT 6M30CTh ITUX MHTPY3Uil K MEeCTOPOKIEHUIO
Ta ®oii yka3pIlBaeT Ha TEHETUUYECKYIO CBSI3b MEXAY Me[l-
HOJi MUHepa/in3alyuei 1 MarMmaTu4eckoil aKTMBHOCTBIO.

Tabania 4
CBOoJKa JAHHBIX MO (GIIOMAHBIM BKIIOYEHNSM Ha MecTOpokaeunn Ta ®@oit
° o Mwuuepanusauys | IImoTHOCTbD, JlaBieHue,
IIpo6a BK’JII‘g!]le- Komz- (nggﬂge (cgg:mfee Bec. % NaCl 5xs. r/em’ Mila Fﬁtﬁi@?
4ecTBO (cpenHee (cpenHee (cpenHee
HUSA 3HaUYeHye) | 3Ha4YeHue) sHavenmue) sHavenme) aHavenue) 3Ha4YeHue)
TP-1.1 12 -2,9--2,1 290-321 2,1-8,68 1,15-1,54 43,98-95,13 3,46-6,23
: (-2,53) (304,5) (5,19) (1,29) (66,56) (4,76)
TP-1.2 14 -5,2--1,0 163,1-372 3,06—-14,25 1,16-1,68 44,53-99,85 3,50-6,45
: (-2,95) (335,0) (6,13) (1,31) (68,43) (4,86)
TP-1.3 15 -10,5--2,3 272-375,6 2,42-14,15 1,15-1,59 47,36-94,52 3,67-6,20
: (-3,94) (314,24) (7,42) (1,32) (69,70) (4,93)
Tun I
TP-1.4 12 -5,0--2,5 240-350 4,63-11,55 1,13-1,51 46,06-93,44 3,39-6,15
: (-3,51) (308,33) (7,31) (1,33) (70,27) (4,94)
TP-15 15 -5,1--2,5 210-310 6,73-15,16 1,16-1,41 47,65-77,01 3,69-5,35
: (-4,21) (266,67) (9,99) (1,29) (64,18) (4,65)
TP-1.6 9 -4,2—-1,5 170-285 7,02-16,05 1,18-1,47 49,19-87,55 3,79-5,87
: (-3,16) (230,44) (10,77) (1,31) (66,45) 4,77)
TP-1.7 8 -11,8--3,8 250-410 6,31-16,15 1,19-1,56 50,89-89,41 3,89-5,96
’ (-5,81) (333,5) (11,62) (1,35) (69,94) (4,96)
Twum I1
TP-1.8 12 -10,5--4,0 280-405 7,73-16,25 1,20-1,91 48,34-91,69 3,73-6,07
’ (-5,63) (340,58) (11,31) (1,53) (68,10) (4,85)

Ipumeuanue: ConeHOCTb U IUVIOTHOCTb paCCUUTAHBI [10 METONY, IIpejioxkeHHOMY B [60, 61]; JaBjieHue pacCUMTaHO 10 METOAY,
MIpeIO’KeHHOMY B [62]; TJTyOMHa OlleHeHa 110 MeTO[Y, TpeIIOKeHHOMY B [63, 64]; T, ;.. — KOHEUHAas TeMIlepaTypa IIaBaeHus JIbla;
T, — TemniepaTypa rOMOTeHM3aL .
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Concordia Age = 819,5 + 2,0 Ma

Sample TP-19
MSWD = 5,2, Probability = 0,022
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Puc. 8. [luarpaMmbl (KpUBbIE) COIIaCOBAaHHbBIX 3HAUEHMI aBCOMIOTHOTO BO3pacTa
1o maHHbIM U-Pb u3oTomHoro gatupoBanus ceHa 13 MeIHOro MecToposkaenus Ta Doii:
a - ipo6a TP-12 (pyaHoe Tesno TQ.4); 6 — mpoba TP-19 (pyaHoe Teno TQ.6)

4.4. IIpoucxoxcdenue MuHepanusauuu
u ycioeus o6pa3oeaHus

Mectopoxknenue Ta @oii MHTeEpIIpeTUPYETCS Kak
cpelHe-BbICOKOTEMIIEpaTypHOe  TUAPOTepMabHO-Me-
TacoOMaTUYeCKoe MeCTOPOXKIeHNe C MarMaTU4YeCcKUM
MCTOUHMKOM PyI0o06pasyoumx matepuaaoB. MegHbie
pPYIbl KOHIIEHTPUPYIOTCSI BIOJb KOHTAKTa MeXOy (op-
maiveit Cuab KyeH ¥ MHTPY3USIMM POTOBOOOMAaHKOBBIX
I1opuToB. OHM B OCHOBHOM COCpPeIOTOYEHBI B MU3MEHEeH-
HBIX TOpoAax (B MeHbIlleli CTenmeHM B KBapll-TI0JeBOit
HITIaT-6MOTUTOBBIX CJIAHIIAX) ¥ ACCOLIMUPYIOT C XapaKkTep-
HOJ MMHePaJIbHO accouMaluein TpeMOIUT-aKTUHOINUTA,
aIbOMTA U SMIUIOTA.

Kpome Toro, mpocTpaHCTBeHHAsT GJIM30CTh HEOIPO-
TEPO30MCKMX IPAHOOMOPUTOBBIX U AUOPUTOBBIX MaCCU-
BoB ®@uH HraH, Cyoii Tay u JIyHTr TXaHT K MECTOPOKIEHUIO
Ta ®oit yka3plBaeT Ha MOTEHIMATbHYI) T€HETUUEeCKYIO
CBSI3b MEXAY HMMM. DTO O3HauaeT, uYTo Ha (GOpPMMUPOBa-
Hue MecTopoxaeHus Ta @oil, BO3MOXKHO, IIOBJINUSIN TEK-
TOHMYECKMe MPOIeCChl, CBSI3aHHbIE C STUMU MarmaTuue-
CKMMM MHTpY3usiMU. B yacTHOCTH, MaccuBbl @uH HraH,
Cyoii Tay u JIyar TxaHr, KOTOpble 00Pa30BaINCh B YCIO-
BUSIX CYOIYKLIVY ITpU GOPMUPOBAHMM KOHTMHEHTATbHbIX
nyr [11, 42, 47], MO ChITPaTh pelIaloulyio Polb B IIPO-
1ieccax GopMMUPOBAHUST MUHEPaTN3AIUMN.

4.5. ConocmaseneHue ¢ XOpouio U3yueHHbIMU

MeOHO-NopGupossIMU MeCINOPOHCOEHUIMU

M30TormHbI cocTaB cepbl (+2,2 0o +3,1 %o, B CpefHEM
+2,85%0), YCTAaHOBJIEHHDIIT HA MEIHOM MEeCTOPOKIEHUN
Ta ®oit, HAXOOAUTCS B TUIIMYHOM [Maria3oHe [Jisl Cepbl
MaHTUITHOTO TPOVCXOKAEHMSI, KOTOPbIiI OOBIYHO OOHA-
PY)KMBaeTcss B MeOHO-ITOPMUPOBBIX CHUCTEMAX IO BCEMY
mupy [66, 67]. Haripumep, M30TONHBIN COCTaB CePLI B Iua-
masoHe ot 0 1Mo +5%o ObLI YCTAHOBJEH B CYIbQUIHBIX
MMUHepaaX MeCTOPOKIEHMII TOPGUPOBBIX PyA Meau
u MonmmbaeHa B AHfax (Hampumep, Uyknukamara, dib-Te-

HbeHTe) [68], Toe MarMaTuyeckyue VMCTOUHUKU SIBIISTIOTCS
OCHOBHBIM MCTOUYHMKOM TOCTYIJIEHUS CePbl. Ta COITIAco-
BaHHOCTb MTO3BOJISIET MIPeATIoNaraTh, YTO UCTOYHUKOM MU-
Hepa/iM30BaHHOTO MaTepuaia MecTtopoxaeHus Ta Doii,
KaK ¥ B KJIaCCUYECKUX MOPGUPOBBIX CUCTEMAX, TAKKE GBI
OTHOCUTEJIbHO OLHOPOIHBIN MarMaTuueckuii pesepByap.

ITo maHHBIM M3yUeHMs QIIOVITHBIX BKIIOUEHN, TEM-
nepatypbl romorenmsauuy (163-410 °C, ux npeobnagaio-
it nyamasod 250-350°C) u conenocts (2,1-16,25 Bec.
% B sxBuBaneHTe NaCl, B cpegHem ~7 Bec. %), Habmogae-
Mble Ha MeCTOpOXXaAeHMM Ta Doii, COmoCcTaBUMMBI C JaHHBI-
MM, TIOTyYeHHBIMU B MeIHO-TIOP(UPOBBIX CUCTEMAX IT0
BCceMy MUpy [66-68]. Hanpumep, mccienoBaHmusi MeCTO-
poknenuit bary Xumkay (MumoHesus) 3adukcupoBamu
aHaAJIOTMYHbIe Marna3oHbl TeMIepaTyp TOMOTreHU3alun
mronmabIx BrroueHuit (250-400°C) M yMepeHHYIO [0
BBICOKOJI coeHOCTh (3—16 Bec. % NaCl), uTo cBumeTesnb-
CTBYeT O MPUCYTCTBUM MarmMaTUM4ecKuX TUApOTepMab-
HbIX (IIOMIOB, MOABEPriIuXcsl (GasoBOMY pasieseHUI0
¥ OXJIKIEHUIO B TIpollecce 06pa3oBanust pyx [69]. OueH-
KU IyouH 3,4—-6,5 kv 1 gaBienus no ~100 MITa B Ta @oit
TAaKKe COIIACYIOTCSI C TUIMYHONM TTyOMHON 3ajieraHmst
MeIHO-TIOP(MUPOBBIX MeCTOPOXKIeHUI (2—6 KM), UTO [[0-
TIOJTHUTEJIbHO MOATBEPXKAAET JaHHYI0 MHTePIIPeTaLNIO.

Kpome TOro, BpeMeHHble paMKM, YCTaHOBJIEHHbIE
Ha ocHoBe U-Pb Bospacra cena (810-820 muiH s1eT), 1o-
3BOJISIIOT TIPEAIIONOXUTh, YTO MecTopoxkaeHue Ta-Doii
00pa3oBaioch OOHOBPEMEHHO C 3aJIeralolMiu I106m-
30CTM HEOMPOTEepPO30VICKUMM MarmMaTuyeCKUMU WUHTPY-
3usamu (B yactHocTH, @uH-Hran, Jyar-Txanr, Cyoii-Tay).
910 Bpemst (popMMpOBaHMST MUHEpaIU3aIMK, TTPOCTPaH-
CTBEHHAS O/IM30CTh U TeOXMMUYecKasi CXOACTBO (HAIpu-
Mep, M30TOIHBIN COCTaB Cephl, COCTaB (UIIOMIOB) HAIO-
MMHAaIOT BpeMeHHbIe U TPOCTPaHCTBEHHbIE B3aIMOCBSI3H,
OOBIYHO HAOMIOMaeMble MEKOY MeITHO-TTOPOUPOBBIMU
MeCTOPOXKIEHUSIMI U MHTPY3UBHBIMU TeJIaMU, C KOTOPbI-
MU TeHeTUYeCK! CBSI3aHbI TaKMe MeCTOPOXKAEHMSI.
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B COBOKyMmHOCTM Teojornyeckue, reoXuMuyecKkue
IaHHbIe ¥ JMaHHbIe M3ydeHUs] QIIOMIHBIX BKIIOUEHMI,
MosyuyeHHbIe Ha MecTopokaeHuu Ta ®oit, yka3biBaloT Ha
MarmMaToreHHOe r'MApoTepMalbHOe NPOUCXOXIEeHME, UYTO
COOTBETCTBYET XapaKTePUCTUKAM MegHO-TTOPhUPOBBIX
cucreM. OmHAKO IPeo6afaroIIuii CTPYKTYPHBIA KOH-
TPOJIb ¥ OCOGEHHOCTU TUIPOTEPMATbHO-MeTacoMaTuye-
CKMX M3MEeHeHUII, HabIIoaeMble B IOJEBBIX YCIOBUSIX,
MO3BOJISIIOT MPEATION0XKNUTb, YTO MECTOPOKIEHME MOXKET
MPeICTaB/SITh CO00i MOPGUPOBYI0 CKAPHOBYIO WIK H-
JIOCKapHOBYIO CUCTeMY, CPOPMUPOBAHHYIO B pPe3y/bTaTe
MUTpaIlMY MarMaTUUecKUX (UIFOUIOB BIOJIb JTUTOJIOTM-
YeCKMX M CTPYKTYPHBIX KOHTAKTOB.

4.6. I'eonozopaszeedouHslii NOMeHUUA pe2UOHA
8 OMHOouUleHUU MeOHbIX pYO
u mMemaunozeHuueckue nocaedcmeus

Hanubie n3 30HbI @anH Cu [lan (B/IOUawIein mMe-
cropoxaenus Cunb Kyen, Ta ©oii, ®uH Hras, JIyHr TxaHr
u Cyoii Tay) CBUIETeNbCTBYIOT O KPYITHOM MeTa/IOTeHM-
YyeCcKOM COObITUM, mpousorieaiieM mexny 810 u 820 MiH
JIeT Ha3ap,.

U-Pb gatmpoBaHme rpaHUTOUIOB IO BCet 30He U BIIO/b
nosica Aiinao-Illanb — Pen-PuBep nmoaTeepskaaeT CUHXPOH-
HOCTb MarMaTusMa U MuHepanusauuu [11, 65], ykasbiBas
Ha HaJIMule eAVHON MeTa/lJIOTeHMUeCKOii CUCTEMBI.

YUuThIBas HIMPOKOE pacpocTpaHeHe TPaHOAOPU-
TOBBIX U IMOPUTOBBIX MHTPY3UI U UX OUEBUAHYIO CBSI3b
C MeJHOJ MMUHepaju3alyei, perMoH 06/1agaeT BbICOKUM
MMOTEHIIAJIOM OOHAPY)KeHMSI HOBBIX PECYpPCOB Me[I.
B vactHOCTH, TakMe palioHsbl, Kak JIyHr Txanr u Cyoii Tay,
OCTalOTCS MaJIOM3YUYEHHBIMU ¥ TPeOYIOT HaTbHENIIero
MCCIeOBaHMS U Pa3BELKU.

BbiBogbl
llaHHOe wuccaeoBaHMe IO3BOMSIET Jyullle MOHSTh
mecTopoxkaeHne menyu Ta ®oit 61arogapss KOMIUIEKCHO-
MY ITOAXOY, BKIIOYAIOIIeMY ITeTporpaduueckuii, reoxm-
MUYECKNUIA, U30TOMHbBINA U TeOXPOHOJIOTMUECKUIT aHa/IN3.
OCHOBHbI€ BBIBOZbI MCC/IEIOBAHMS C/IeIYIOLINE
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Bo-miepBbIX, MeAb BCTpedyaeTcs] B JIMH30BUIHBIX
U XKUIbHO-TTPOKUIKOBBIX TeJTaX BOOJIb CTPYKTYP, TPOCTU-
paronMxcsl B HallpaBJieHUM ceBepo-3amaji — I0ro-BOCTOK.
CKOIJIEHUST pYIHBIX MUHEPAJIOB — XaJIbKOITUPUTA, OOPHM-
Ta, MUPUTA, MUPPOTUHA, KybaHUTA M MarHeTuTa — op-
MUPYIOT BKpaIuieHHbIe, aHTeIpabHbIe U CyOreIpaabHbIe
TEeKCTYPbI, CBUAETETbCTBYIOIIME O TUAPOTEPMaIbHOM 3a-
TIOJTHEHUY U 3aMellleHUMN.

Bo-BTOpbIX, M30TOMHBIN cocTaB cepbl (8%S) wu3
XaJbKOMUPUTA U TIUPUTA CBUAETEIbCTBYET O ee Marma-
TUYECKOM TMPOUCXOXKAEeHUM, UTO yKa3biBaeT Ha 3ajie-
railie I00JM30CTU T'PAHOAVOPUTOBBIE U IUOPUTO-
Bble MHTPYy3un (MaccuBbl @uH Hran, Cyoir Tay u JIyHT
TaHr) Kak OCHOBHbIE pe3epBYyapbl-UCTOYHUKM MeTasl-
JI0B U (OITIOMIOB.

B-TpeTbux, Bo3pact ruapoTepmMasibHOro cheHa, omnpe-
nmenenHsiii mo U-Pb metonmy (819,5+2,0 — 810,7%4,6 miH
JneT), pukcupyeTt BpeMst JTaHHOTO COOBITYSI MUHEpaIU3aIun
B HEOINPOTEPO30e, YTO COBIAZAeT CO BpeMeHeM BHeApeHNsI
perMoHasbHbIX MHTPY3UBHBIX KOMIUIEKCOB, TTOATBEPKIAS
UX FeHeTUUeCKYIO CBSI3b.

Kpome Toro, MUKpoTepMOMeTpUs GITIOVIHBIX BKITIO-
YyeHMii yKa3bIBaeT Ha yMepeHHbIe U BbICOKME TeMIlepa-
TyphI (163-410 °C), ymepeHHYI0 coneHocTb (7-16 % NaCl
9KB.), NIy6MHY o6pasoBaHus ~3,4-6,5 KM U IaBJIeHUE
44-100 MIIa — ycinoBus, TUIIMYHbIE )11 MarMaTOreHHbBIX
TUPOTePMAaTbHBIX CUCTEM.

HakoHel, npucyTcTBMe MarmaTOreHHO (0 M30-
TOTTHOMY COCTaBY) Cepbl, BbICOKOTeMIIepaTypHble MUHe-
panm3oBaHHbIe (COMeHble) MIIOMIBI U CTPYKTYPHbBIE YC-
JIOBUSI— BCE 3TO B COBOKYITHOCTY yKa3bIBaeT Ha TO, UTO
MecTtopoxkaenne Ta ®oit mpeacrasiser coboit mopdu-
POBYIO (BKpaIlJIEHHYI0) CKAPHOBYIO MJIM SHIOCKAPHOBYIO
cuctemMy, chOpMUPOBABIIYIOCS B CBSI3aHHOM € CYOIyK-
e}l KOHBEPreHTHOJ OKpauHe B HeOIpOTepO30JiCKoe
Bpemsl.

B COBOKYITHOCTYM 3TU pe3ybTaThl YTOUHSIOT MeTall-
JIOTeHYeCcKoe CcTpoeHue paiioHa Ta ®oii 1 moguepKuBa-
0T ero IOTeHUMal IJisl JaJIbHeiIeil pa3BegKk MeCTO-
POXKIEeHUII Meiyi B CeBepOo-3amagHol yacTu BbeTHaMa.
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AHHOTaUuA

Becbma akTyanbHOIi SIBJSIETCS 3a/ava MOBbIEHYST 9PGEeKTUBHOCTY JEeNpPeccuy MarHuiicoiepskaiux Cu-
nukatoB (MC) mpu duioTaunm MeIHO-HUKENEBBIX DY AJISI CHVDKEHUS CO/lepKaHMsI B KOHIIEHTpaTe MarHus,
BBI3BIBAIOIIETO CYIIECTBEHHOE YBeIMUYeHNe SHepro3aTpar Ha MMPOMeTATyPrUUecKylo mepepaboTKy KOH-
ueHTpara. [lepcrieKTMBHBIM HallpaB/IeHMEM IIPeICTaBIISIETCS IPMMeHeH e IT0JIMMePHBIX PeareHToB, CoLep-
kamux cyiabdorpynmbl. OqHaKO A0 HACTOSIEr0 BpeMeHU M3yUeHO JeliCTBMe TOJNbKO JIUTHOCYIb(hOHATOB.
OcTaéTcs HesICHBIM BOIMPOC 00 3(PGHeKTUBHOCTU HENPECCUPYIONIETO MEeCTBUS PYTUX TOIUMEPHBIX CYJIb-
¢donatos, Brimouast nmonuctuposcyabdonatsl (IICC), M UX cpaBHEHUM C TIOAMCAXAPUAAMM, TPUMEHSIeMBbI-
MM B MIPOMBILIUIEHHBIX YCI0BUSIX. Llesib HacTosIIeli paboThl: M3yyeHue nernpeccupyioiiero neiictaus [ICC
Ha 3 PeKTUBHOCTb KO/UIEKTUBHOM GUIOTAllMM MeOHO-HUKeIeBO Pynbl. 3a4a4y UCCIeIOBAHNII: SKCIIePU-
MeHTajabHOe cpaBHeHMe 3ddeKTUBHOCTHU Iemnpeccupytoiero aeiicteusi IICC u peareHTa U3 Kjacca IMOIMU-
caxapumoB Ha MC; onpenenenne pexxumoB nipumeHenust [1ICC, obecreunBamIMX CHUKEHME COePsKaHUS
MarHus B [IEHHOM IIPOAYKTe 6e3 CYIeCTBEHHOTO CHYDKEHMSI M3BJI€UEHUST MeIM M HUKEJIS B KOJIEKTUBHBIA
KOHIIEHTPAT; YCTAHOBJIEHVE BJIMUSHUS MOJIEKY/ISIPHOI Macchl U criocoba monydyeHust o6pasuos I1CC Ha 3¢-
(beKTUBHOCTBH UX AEeTPECCUPYIOIIETo AelicTBIS. BoIosHeHbI Tab0paTOpHbIe SKCIIEPUMeHTaTbHbIe VICCIe10-
BaHMS 10 KOJUIEKTUBHOI GIoTaly MeJHO-HUKeIeBoii pyabl KombCcKoro moayoctposa, copepskaiieit 15,7 %
maruus, 0,44 % uukens u 0,25 % Menu. VisyueHo BausiHME Ha GIOTAIINIO MTOJMMEPHBIX aHMOHOAKTMBHBIX
pearenToB: [1CC co 3HaueHUsI MU MosieKyasipHoii macchl oT 89 000 go 208 000 r/mosnb; [Jist CpaBHEHUS TIPU-
MEeHSUIM TTONIMaHNOHHY0 1etono3y ([TAI-H). s noBsieHnst 3GHeKTUBHOCTY AEMCTBUSI 9TUX PEareHTOB
MIpeBapPUTEbHO T06aBIISIIM XJIOPUA, Maruusi. YCTAaHOBJIEHO, UTO HaMIMEHbIIIee COeP>KaHue Maruus B KOH-
LleHTpaTe OOCTUraeTcsl IpuMeHeHeM Komno3unuu xnopunga maraus u IICC u cocrasnsiet 14,7 % npoTus
16,7 % 6e3 mempeccopos. ITokazaHo, uto IICC obecrneunBaeT 60jiee BHICOKOE M3BIeUeHNe Meny (Ha 7 %)
u HUKess (Ha 8 %) B KOHLLEHTpaT, yeM B ciiydae nnpuMmeHenus [TALL-H, Tak kak [1CC, B osimume OT nosnuca-
XapuaoB, He 00pa3yeT xeJaTHbIe KOMIUIEKCHI C YKa3aHHBIMY MeTayiaMu. Takke TOKa3aHo, UTO Jist 06pas-
uoB IICC 3HaueHMe MOJIeKY/ISIPHOM MacChl B yKa3aHHBIX IIpefesiaxX IPakKTU4YeCcKy He BIMseT Ha I0Ka3aTenn
dnoranuu vccnemoBaHHOI pyabl. [loyueHbl HOBble HAyUHbIe 3HAHMUS O BAMSHUM pacxoma u cBoiicTs [ICC
Ha 1mokasaTesnu GaoTalnyuu U MoKa3aHo, 4YTO IpaKkTHUUeckoe MpYMeHeHMe 3TOro Kjacca peareHTOB Ieneco-
o6pasHo npu QoTanMy MeIHO-HUKEIEBBIX PYI C BBICOKMM COAEpKaHMEM MarHus B TeX CydasXx, Koraa
TpebyeTcst JOCTUTHYTh MaKCMMaJbHO BO3MOXKHOTO CHVKEHMSI COIePsKaHusI 3TOTO JIeMeHTa B KOHIIEHTpaTe
6e3 CyIlIeCTBEHHOTO CHYDKEHUS U3BJIEUEHUST MeU U HUKEJIS.
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Abstract

It is very urgent to increase the efficiency of depressing magnesium-containing silicates (MS) in the course
of the flotation of copper-nickel ores to reduce the content of magnesium in the concentrate, which causes
a significant increase in energy consumption in pyrometallurgical processing of the concentrate. The
use of polymer reagents containing sulfo groups seems to be a promising area of research. However, only
lignosulfonates have been studied so far in this field. The question of the effectiveness of the depressing effect
of other polymer sulfonates including polystyrene sulfonates (PSS), and their comparison with polysaccharides
used in industrial conditions remains unclear. The purpose of this work is to study the depressing effect of PSS
on the performance of bulk flotation of copper-nickel ores. Research objectives: to experimentally compare the
effectiveness of the depressing effect of PSS and a reagent from the polysaccharide class on MS; to determine
the modes of PSS use to reduce the magnesium content in the concentrate without significantly reducing the
recovery of copper and nickel into the bulk concentrate; to establish the effect of molecular weight and the
method of obtaining PSS samples on the effectiveness of their depressing effect. Laboratory experimental
studies were carried out on the bulk flotation of copper-nickel ores from the Kola Peninsula, containing 15.7%
of magnesium, 0.44% of nickel and 0.25% of copper. The effect of the following polymer anionic reagents on
the flotation was studied: PSSs with molecular weight ranging from 89,000 to 208,000 g/mol; polyanionic
cellulose (PAC-N) was used for comparison. To increase the effectiveness of these reagents, magnesium
chloride was previously added. It was found that the lowest magnesium content in the concentrate of 14.7%
was achieved using a composition of magnesium chloride and PSS against 16.7% without the depressants. It
was shown that PSS provides a higher recovery of copper (by 7%) and nickel (by 8%) into the concentrate than
when using PAC-N, since PSS, unlike polysaccharides, does not form chelate complexes with these metals.
It was also shown that for PSS samples, the molecular weight within these limits has virtually no effect on
the studied ore flotation performance. New scientific knowledge has been obtained about the effect of the
consumption and properties of PSS on the flotation performance. It has been shown that the practical use of
this class of reagents is advisable for the flotation of copper-nickel ores with a high magnesium content in
cases where it is necessary to achieve the maximum possible decreasing the content of this element in the
concentrate without significantly reducing the recovery of copper and nickel.

Keywords
flotation, copper-nickel ore, depression of magnesium-containing silicates, polystyrene sulfonates, magnesium
cations, polyanionic cellulose
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BeBepeHue

CoBpeMeHHBII 3Tal pasBUTUSI TOPHOPYLHOI MPO-
MBIILIJIEHHOCTY XapaKTepus3yeTcs BOBJIeUeHMEM B IIe-
pepaboTKy CpaBHUTENbHO OeqHBIX MeIHO-HUKeIeBbIX
pyn [1-4]. CyuiecTBeHHOI MpobiaemMoit mpu draoTauum
TaKUX PyJ, SIBJISIETCS HaJlMuyMe B UX COCTaBe MarHmiico-
Iepskaimyx cuiamMkaTHbix MuHepaaoB (MC), B TOM uucie
TaJabKa, CepIIeHTMHA U psaaa Opyrux [5, 6]. B pesynbraTe
U3BJIeUeHUST YKa3aHHbBIX CMJIMKATOB B KOHIIEHTPAT MO-
BBILLIAETCS COLEP>KaHMe B HEM BpeIHbIX NpUMecei, 0Co-
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6GeHHO MarHus, UYTO, B CBOIO OuUepe/b, OKa3bIBaeT Heba-
TOTIPUSITHOE BO3JENCTBME HA IMOCIeAYIOIINe IMPOIeCcChl
MMMPOMETAJTYPTUUECKOl TepepaboTKM  KOHIIEHTpAaTa.
Tak, cornacHo [7] Bmustaue MC Ha repepaboTKy cyabbum-
HOT'O HMKEeJIEBOTO KOHIIEHTpAaTa 3aK/II0uaeTcsl B yBenuye-
HMM 9Heprosarpar, IMOBBIIIEHUYM M3HOCA 060PYIOBAHMS
¥ BO3paCcTaHUM KOJIMUYECTBA OMOKCHIA Cepbl, BHIOpACHI-
BaeMoro B arMmocdepy. 3To 00yCJIOB/IMBAET aKTYaJIbHOCTb
rpo6iiemsbl gernpeccun MC B mportieccax GioTanuy Mej-
HO-HMKEJIEBbIX PYII.
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CHumskeHne u3BinedeHus MC B KOHIIeHTpaT GuioTaimn
JOCTUTraeTcsl IPUMEHEHMEeM peareHTOB-IelpeccopoB,
U3MEHSIIONINX TTOBEPXHOCTHBIE CBOWCTBA 3TUX MMUHEpa-
JIOB 3a CYET yMeHbIIEeHMs] KpaeBOTO yIJia CMauyMBaHUS
u (WIN) yBEIVUYEHUS OTPULIATENbHOrO 3apsifa IMOBEpX-
HoCTU. B pesynbrate mexny dyactuieii MC 1 my3sIpbKOM
BO3AyXa CO3HAETCS IOTEHIMANIbHBIN Oapbep, MPersT-
CTBYIOIIMIT 00pa3soBaHMio (UIOTALMOHHOTO KOMILIEKCa
Y M3BJIEUEHNIO €T0 B IIEHHbIN MPOAYKT.

B Hacrosiimee BpeMs pa3paboTaHbl Pa3IUUHbBIE
crioco6bl nmenpeccur MC, rnaBHBIM 06pa3soM TasibKa
u ceprneHTuHA. [lepBblii XapakTepusyeTcs NPUPOLHOIA
ruapodo6HOCTHI0, 00YCTIOBIEHHO 0COOEHHOCTSIMU KPU-
CTA/UTMYECKOV CTPYKTYPbI: Ha 6a3aJbHOI MOBEPXHOCTH,
cocrapjstomeit mopsimka 90 % oT 06Ieli MOBEePXHOCTU
9TOTO MMHepaja, MpeoblafaloT CIaboIosIpHbIe CBI3U
Si-O [8]. [TosromMy KpaeBoii yroj CMauMBaHUsI CPaBHMU-
TeJIbHO BbICOKMIT — 0T 60 1o 90° [9, 10]. CeprieHTHH, B OT-
Ju4Ke OT TajbKa, 6osiee TUAPOGUIbHBINA, HO MIPU ITOM
3apsiLi ero IMOBEPXHOCTU B KUCJIOM, HEITPalIbHON U 1e-
JIOYHOI1 cpenax (BIIOTh A0 3HaueHui pH 11-12) — mono-
>KUTenbHbIN [11]. B pesynbraTe B3aMHOTO NPUTSDKEHMST
OTPUIIATETHHO 3aPSKEHHBIX YACTUI CYIbGUIOB U TTOJIO-
SKUTENIbHO 3apsDKeHHBIX YaCTHUIl, CepIIeHTHHA MOoCIeIHe
MU3BJIEKAIOTCSI B KOHIIEHTpaT (aoTaunuu. B cBs3u ¢ aTuM
[JISL ellpeccui Tajlbka M CepreHTMHA NPUMEHSIOT pas-
JIMUHBIE METO/bI.

B kauecTBe enpeccopoB TajlbKa MOTYYUIN PacIpo-
CTpaHeHMe ToMCcaxapuibl, B TOM UKcie KapOoKCUMeTH-
JIMPOBaHHbIE KpaxmaJsbl U 1eJUTI0TI03bl (COOTBETCTBEHHO
KMKwuKMI) [12,13]. OHM XapaKTepU3YIOTCS CUIIbHBIM Jle-
MpecCcUpyIIIUM eiCTBMEeM 110 OTHOIIEHUIO He TOJIbKO K
CUIMKATaM, HO U K cyabGuUIHbIM MyHepaiam [14], To ecTb
HM3KOI CelIeKTUBHOCTbIO. MccimenoBaHmsl, BHIITOHEHHbIE
B MIITKOH PAH, mokasasu, yto o6paser KMII oTeuecTBeH-
HOTO NPOM3BOACTBA, BbIITyCKaeMblli 11og Mapkoii [TAIl-H
(onMMaHMOHHAS IeJUTI0JI03a HMU3KOMOJIEKY/ISIpHAST), 00-
nagaeT 60Jiee BBICOKOI JeIPeCCUPYIOIIeli CIIOCOOHOCThIO
1Mo oTHomeHno K MC 1o cpaBHEHMIO C 3apyOeKHBIMU
obpasiamy peareHTOB TOTO e kiacca [15]. M3BecTHoO,
yTo abderTrBHOCTS KMII TTOBBIIIIAETCS TPY COBMECTHOM
JIeJICTBUM C XUIKUM CTEKJIIOM KaK B IIOOKUCJIeHHOV [16],
TaK U B HeliTpanbHoli hopme [17]. B paborax [18, 19] mo-
Ka3aHa BO3MOXKXHOCTb 3G (eKTUBHON Mernpeccun Tajibka
JUTHOCYThGOHATAMMU C IIPeIBAPUTEIbHBIM A0OABIeHEM
KaTMOHOB Kajblivsl. MexaHu3M [Oerpeccuyu B 3TOM CITy-
Yyae 3aK/II0YaeTCs B CHICKEHUM I'MApPOGOOHOCTY TaibKa
1071, AeiCTBMEM CUJIbHBIX aHMOHOAKTUBHBIX CYITb(MOHAT-
HBIX TPYIII. [Ipy 9TOM KaTMOHBI KaJIbLVSI CIIOCOOCTBYIOT
YBEJIMUEHUIO a[ICOPOLIMOHHON CIMOCOOHOCTM TaabKa II0
OTHOILIEHUIO K IUTHOCYIb(oHaTaM. OTMeuaeTcs, YTO Be-
AUYMHA aicopOIMM TUTHOCYTbGOHATA Ha XATbKOTIMPUTE
MeHblIIe TI0 CPaBHEHMIO C TAJIbKOM; 3TO Ja€T OCHOBaHMeE
[LJISI TIPEJITIONIOKEHMST O CeJIeKTUBHOCTU JieTipeccupylolie-
ro JefiCTBUSI HA TaJIbK MOJMMEPHBIX peareHTOB, COmep-
SKaIyX CYITbOrpymITbl. B oTeuecTBeHHOI 1 3apyOesKHOT
JUTepaType 0 HACTOSIIIEr0o BpeMeH! He U3Y4eHO BJIMSI-
HMe Ha (QroTalyio MegHO-HUKeNeBbIX Py, APYTUX OIU-
MepHBIX Cy/lIb(OHATOB.

Pe3ynbTaThl MOHOMMHEPAIbHOI GIOTAlMM TalbKa
ToKasaiy Jerpeccupyiollee OeiicTBUe MOIUCTUPOICY/b-
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donaros (TICC) HAaTpMsI, HECKOIBKO Hostee cy1aboe 1Mo cpaB-
HeHyto ¢ KMII 1 Bo3pacraliee B cryyae IpeiBapuUTelb-
HOTO 06aB/IEHNST KATUOHOB MarHust win amomMuums [20].

Insa mempeccuy ceprieHTMHA npu GaoTauuu Mem-
HO-HMKeJIEBBIX DyO INPUMEHAIT, B 4aCTHOCTH, >KUIKOE
crekio [21]. Ero meiicTBue 3aKk/I04aeTCsT IIaBHbIM 006pa-
30M B HelTpanu3alynn Moa0KUTEebHOTO TOBEPXHOCTHO-
ro 3apsiia 3TOr0 MUHepaia CUIMKaT-aHMoHaMu. Vi3BecT-
HO Takke O MPUMEHEeHUM OKcuaa rpadeHa, Crroco6HOro
CeJIeKTUBHO arpermpoBaTh CeprieHTHH [7, 22], oprannye-
ckux (ocdaTos, B yacTHOCTH, huTaTa HATPUs [6], 06 06-
paboTtke Kuciaoramu [23].

AHanu3 nuTepaTypbl MO3BOJIWI YCTAHOBUTD CIely-
Iolee:

— COBpeMeHHble MeToabl mernpeccum MC ¢ npume-
HeHMeM IOIMCaxapuaoB, XKUAKOTO CTeK/Ia U IPYyTUxX pea-
TeHTOB ITO3BOJISIIOT B psifie ciyuaeB 3¢ deKTUBHO CHUKATD
colepkaHye MarHusl B [IEHHOM IIPOLYKTe, HO IIpU 3TOM
YMEeHBLIAeTCs, U B Psifie CJIyvaeB CyLeCTBEHHO, M3BJleye-
HMe MeIM U HUKeJIS B KOJUIeKTUBHBIN KOHIIEHTpAT (uio-
TalUY 32 CUET IeTTpeccuu CyIbPUaoB TUX MEeTaIOB;

— 10 HaCTOSILIer0 BpeMeHM He IPOBeeHO CpaBHe-
Hye 3¢OeKTUBHOCTU AeIPeCcCUPYIOIEro AeiiCTBIUS IO -
MEePHBIX CYTb(OHATOB U MOICAXaPUIOB;

- pnusiaue [ICC Ha MOHOMUMHepaabHYI0 GIIOTaINIo
TaJIbKa M3y4eHO, HO He SICHO, KaKoe BJMSHME OKa3blBaeT
[ICC na mokasarenu duiotanuu comepskaiieitr MC men-
HO-HMKeJNIEeBOV pynbl, B TOM 4YMC/ie Ha BBIXOJ KOHLEH-
Tpara, CoIep>kaHue B HeM MarHus, Ha M3BJieueHre Meau
U HUKEJIS.

Ilesp HacToOsIILEl PadOTHI: M3yUeHe Oerpeccupy-
IOIIETO JEVICTBIUS TONMUCTUPOICYTbPOHATOB Ha 3P HEKTUB-
HOCTb KOJUIEKTUBHOM (oTalu MeJHO-HUKeIeBOi Py/Ibl.

3agaum uccienoBaHMIL:

— 9KCIepuMeHTalbHOe cpaBHeHMe 3hdeKTUBHOCTU
Ienpeccupyroitero nericrsus [ICC u peareHTa u3 Kiacca
noyimcaxapuaos Ha MC;

— omnpeneneHne pexkuMmoB mpumeHeHust T1ICC, obe-
CTIeuMBAOIINX CHYDKEHME COfepyKaHMsI MarHus B TeHHOM
MPOIyKTe 0e3 CYIIeCTBEHHOTO CHYDKEHUSI M3BJIEUEHMUS
Meay U HUKeJSI B KOJIJIEKTUBHBI KOHIIEHTPAT;

— YCTaHOBJIEHME BIMUSHUS MOJIEKYISIPHOJ Macchl
u crioco6a nomyuenust 06pasuoB IICC Ha 3P hEKTUBHOCTH
UX JelPeccUpyIoLiero geicTBus.

[jis BBITIOJIHEHMSI TIOCTABJAEHHON ey mpeaycMma-
TPUBAJIOCh TIPOBeJeHME IKCIIEPUMEHTAIbHBIX UCCIIENO0-
BaHMi 10 QUIOTAIMM MeIHO-HUKEIEBOI PyObl C KOMIIO-
3ULMSIMY  PEareHToB, 06ecITeuMBaIOMINX HaMMeHbIIee
cofiepskaHye MarHus B KOHIIeHTpaTe 6e3 CyIlecTBeHHOTO
CHVYKeHUS U3BJIeUeHUs] MeAu U HUKeJIS.

MeToauka npoBefeHUst SIKCNEepUMEHTOB

HVccneqoBaHus TPOBOAVIIN C TPOOOI MeTHO-HUKeTe-
BOI pynabl KombCcKOTO mOMyoCTpOBa. JNEMEHTHBI COCTaB
PYIBI 110 TaHHBIM PEHTTeHOMIyOPECIEHTHOTO aHaIu3a:
Si-17,2,Mg - 15,8, Fe - 12,9, Al - 2,5,Ca-2,0,S - 1,13,
Ni - 0,44, Cu - 0,25, Cr — 0,20 %. PenTrenoda30Bblii aHa-
JI3 BBISIBWJI B COCTaBe Pybl CJieAylolyie MUHepasibl: aH-
TUTOPUT, XJIOPUT, aMPu60J1, ONUBUH, MUHEPAJIbI TPYIIITbI
IIMMHEN, IeHTJIaHANT, BUOIAPUT, MIMPPOTUH, XaJIbKOIIN-
PUT, XaJIbKODWILTAT U IP.
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OmbITHI GbITM BBITIOJIHEHBI Ha JIa60PaTOPHOI (oTa-
LIMOHHOI MaliuHe ¢ 06béMoM Kamepsbl 150 cm® 1o cxeme,
npeAgycMaTpuBaloileli TociaenoBaTe/lbHOe TpOoBefeHle
OCHOBHOW ¥ KOHTPOJBHOM (DIoTauuM MCXOMHON MPOOBI
PYZIBI C pa3/ienbHO Mofavyeil peareHTOB M COOTBETCTBY-
fomeil aruraiueii. FoToBuUaM 1poby BOTHOI CYCIIEH3UU
MCXOIHO PyIbl: Macca HaBecku — 45 1, 3HaueHme pH = 9.
[Tocne mepememinBaHusi B TeueHue 60 C OCYIIEeCTBISIN
MOoC/IelOBaTeNbHYIO II0fjauy peareHTOB B CedylolleM
TOpsIIKe: erpeccop, cobupaTteny U meHoo6pa3oBaTeb.
KonguiimoHupoBaHme My/bITbl C K&KIbIM peareHTOM BbI-
MOTHSIN B TeueHme 60 ¢. OTOOp MeHHOro MPOAYKTa OCY-
1ecTBAsIM Kaskabie 15 c. ITo ucteduennn 300 ¢ OCHOBHOI
(rmoTauyy ocymecTBISIIM KOHTPOJIbHYIO (QIOTAlIMIO Ka-
MepPHOTO MPOAYKTA, A0OABJISS MOCIeI0BATEbHO BBIIIE-
yKa3aHHbIe peareHThI B kKonndecTse 40 % oT pacxona Os
OCHOBHOW (roTauuu. Bpemss KOHTpPOIbHOM QuioTaiun
cocrasisuio 180 c¢. Ompepensiiu Maccy 00beJMHEHHOTO
KOHIIeHTpaTa 1 xBocTOB. CofiepskaHle B HUX Meay, HUKe-
Jis, MarHusi M KpeMHUS OTIpeneNsiiv peHTreHodyopec-
LIeHTHbIM MeTomoM. VccienoBaHmst MPOBOAMIIN C TTapas-
JiebHbIMU orbiTaMu. CTaTUCTUUECKMIT aHaIu3 1mokasall,
YTO pacxoxkjeHyue pe3yabTaTOB COCTAaBWJIO MPUMEPHO
+0,8 % (0TH.).

OddeKTUBHOCTD IePeCcCHUPYIONIETo IeiCTBIUS Uccie-

elSSN 2500-0632

https://mst.misis.ru/

Lavrinenko A. A. et al. Application of Polystyrene sulfonates for the depression of magnesium-containing silicates...

B Tabs. 1. [Iyi1 cpaBHEHUSI C HUMY B KauecTBe MOMMMEpP-
HOTO Jernpeccopa MPUMEHSIM KapOOKCHMMeTUINPOBaH-
HYIO 11eJ1UT10/103y mpou3BoacTBa 3A0 «ITonmuuenn» ITALL-H
CO CpeIHEBSI3KOCTHOVM MOJIEKY/SIPHOM Maccoii Mmopsinka
116 000 r/mosb U cTeneHbio 3ameineHmns 90 %.

B kauecTtBe cobupareseil MPUMEHSIIM OyTUIOBBII
kcantoreHar xamusi (BKK) wu pmubytungutuodocdar
(BT®). [yns moBbieHuss 3()GEKTUBHOCTY OeIpeccupy-
IOIIero MeiiCTBUSI TOMMMEPHBIX pPeareHTOB TMPUMEeHSIIN
MgCl,, Tak xak KatroH Mg* cormacHo [20] crioco6cTByeT
Ieripeccuu Tajibka ¢ npuMmeHnenuem I1CC.

PesynbraTbl 1 Ux o6cyxpaeHue

Ipu dnotauumu pymbl 6e3 IenpeccopoB, C IpuUMe-
HeuneMm BKK u BT® HambosblIve 3HAUEHUS U3BIeUe-
HUSI MeOM M HUKeJsS ObLIM JOCTUTHYTHI MPU pacxomax
BKK - 112 r/1, BT® — 84 1/T 1 cOCTaBMUJI COOTBETCTBEHHO
89,6 1 85,5 %. ATy KOMITO3ULIMIO PeareHToOB IPUMEHSIIN
B JAJbHENIINX OTbITaX.

Hempeccupyloliee IeiicTBUE MONUCTUPOIICYIbHOHA-
tToB Ha MC mu3ydanu Ha ripumepe neiictsust JI-50 B cpaB-
HeHuu c ITAII-H (puc. 1).

Tabania 1
CBOJiCTBA UCC/IEAOBAHHBIX ITOIMCTUPOJICYIb(OHATOB

[IOBAaHHbIX PEareHTOB OIPeIeIsIl I10 BbIXOAY KOHIIEHTpa- Vcnosnoe | CpemHeBsisKocTHasi | Peryasop pocta
Ta vy, U3BJIEUEHNIO MENIN €, U HUKEI €y; B KOHLIEHTPAT; o603HaUYeHMe| MOJIeKyJAApHas |[emny; KOHIEeHTpauys,
CONEpP)KaHMIO B KOHIEHTPATe 3TMX METajIOB (COOTBET- pearenta | macca (MM), r/Moib MOJIB/T
CTBEHHO B, 1 By;), @ TAKKe MarHus By, ; KpuTepnio XaHKo- 71-50 97 000 Vsonponasor; 0,3
Kka-Jlyiikena (XJI), yYUTHIBAIOIIEIO 3HAYEHMS €, ¥, & TAKKE *2
cofepsKaHye Mey 1 HUKes B MUCXOHOM pyze o JI-51 89000 MzomponaHor; 0,9
c— JI-54 89 000 I'muuuy, 0,9
XM=V . (1)
100-a JI-55 96 000 TnuumH, 0,9
B KayecTBe MOMMMepHBIX AenpeccopoB MC mpume- -5 93 000 Tpumernnamuy; 0,008
Hsui J1abopatopHbie o6pasibl [ICC HATPUS JIMHEITHOTO 71-6 208 000 Tpumetuaamut; 0,041
CTpOeHMSI, paHee He IPUMeHSBIIecs Ipu QaoTalum pym. 7 176 000 TovMeTyamu: 0.082
CBoiicTBa nccieqoBaHHbIX 06pasiioB IICC mpeacTaBaeHbl P >
100 1,0 100 1,4
90 0,9
® ) s 80 1,2
[<5]) -~
= 80 0,8 0 g 2
z ] 2 60 10g
270 0,7 = g T E
a I = g
= é 2 g,
= 60 0,6 = 40 03 <
S 3 S
= 504 0,5 EE
10 0,6
40¢ 0,4
30 0,3 0 0,4
0 250 500 750 100012501500 0 200 400 600 800

Pacxop JI-50, r/T
- et

a

Pacxop ITAILL-H, r/T

—=eni =0—Pcu

—— i

0

Puc. 1. BiusiHue pacxopa gernpeccopoB Ha (iorauyio pynbl: a — JI-50; 6 — TTAI-H
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Ha puc. 1, a MOXXHO BUIETH, UTO OIITUMAJIbHBIN PaCXof,
nmenpeccopa JI-50 —700 r/t. I[Tpu 3TOM pacxoe BbIXOI KOH-
LieHTpaTa cHusKaeTcs ¢ 49,8 mo 44,6 %. [Ipu 3TOM U3BIeUe-
Hue Menu ragaet ¢ 89,7 mo 88,5 %, Hukess —c 86,1 1o 82,8 %.
[anbHerilee MOBbBILIEHNE PACX0a Jelpeccopa MPUBOIUT K
3HAUUTEIbHOMY CHVKEHUIO U3BJI€UeHNSI METAJIOB B KOH-
ueHTpar. Tak, mpu pacxope JI-50 1400 r/T u3BieueHme Meau
B KOHILIEHTpPAT COCTaBUJIO 79 %, HUKens — 76,6 %.

V3 maHHBIX, IPeACTaBIeHHbIX HA puc. 1, 6, caemyer,
4yTo 3¢QdeKTUBHbIE Pe3yabTaThl MOJyUYEeHbI TIPU Pacxojie
[TALI-H 420 r/1. [Ipn TakoM peskume aoTauuu u3Bje-
yeHue menu cocraBuiio 81,7 %, Hukens 76,6 % 1ipu 1o-
BBIIIEHUM COOep>KaHMs B KOHLeHTpare: menu ¢ 0,4 mo
0,74 %, nuxkens — ¢ 0,7 go 1,22 %.

Anamu3 3bdekTMBHOCTY oOOOTalleHus TIpu  UC-
MOTb30BaHMM PA3JIMUHBIX AEMPECCOPOB B COOTBETCTBUMU
¢ kputepueM XaHkoka-JIylikeHa mokasasn (puc. 2), 4to
MakcumasibHOe 3HaueHne XJI Kak 1Mo Meu, Tak U 1Mo HU-
KeJTIo mocturaeTcst mpu pacxomax JI-50 u ITAII-H cooTBeT-
crBeHHO 700 1 420 r/T.

TakuM 00pasoM, ONTUMAJbHBIMU pacxomaMu Je-
IIPeccopoB MPUHSITHI 3HaUeHusT st JI-50 — 700 /T u ajs
ITALI-H - 420 1/T, COOTBETCTBYIOLI/E OTHOCUTENBHO He-
BBICOKMM ITOTEPSIM META/UIOB mpu doTanyuu. AT 3Ha-
YeHUS ¥ ObLIV MIPUHSITHI IJIsI JATbHENIINX VCCIeI0OBaHMIi
1o ompeaeneHuio Haubonee 3GhdEKTUBHBIX PEXKUMOB
MpUMeHeHMs Ha3BaHHbIX peareHTOoB.

ITo manHbIM psima pabot, Hampumep [20], adpdex-
TUBHOCTb [IeNPeCcCUpYIONiero AeiCTBUS TOAMMepPHbIX

0,45

AdderTUBHOCTD
oboraiieHus pyasl
1o XaHKOKy-JlylikeHy

0 500 1000 1500
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peareHToB Ha MC yBeJIMuMBaeTCsl B (jiyyae TpelBa-
PUTEIBLHOTO O06aBJIeHUST MHOTO3apSIAHbIX KaTMOHOB,
B yactHOoCTu Mg?". TTo3TOMY B HacTosIIIei paGore mccie-
JOBa/lM BIMSIHME MOOABAE€HMSI ITOTO KaTMOHA Ha [eii-
crBue I1CC u ITALI-H.

Pe3ynbTaThl OMBITOB C IpuMeHeHuem JI-50 u mpe-
BapuTenbHbIM fobasineHuem MgCl, ¢ pacxogom ot 0
go 70 r/T moxasajiM, YTO HaMMeHblllee 3HaueHMe BbI-
X0a KOJIIEKTMBHOTO KOHIIEHTpaTa [OCTUTAETCS TMpPU
pacxoge MgCl, 7 r/T 3a cueT cHWXeHUs (GroTupyemo-
CTM TIOPOAHBIX MMHEpPAJoOB BCIEACTBUE TUAPODWUIN-
3alMM UX IIOBEPXHOCTU. DTO OOecIieurMBaeT CHIKe-
Hue coaep>XaHMsda MarHnuss B KOHIEHTpaTe IIPpMMEpHO
Ha 2,0 % 10 CpaBHEHMIO C PEKMMOM 0e3 IMPUMEHEHMUS
JleTIpeccopoB.

Ha puc. 3, 4 mpencraBiieHbl JaHHbIE, XapaKTePU3YI0-
e GUIOTaIMIO0 PYJbl C KOMITO3UIIMSIMM MCCTIeA0BaHHbIX
mempeccopoB: 1 — 6e3 mempeccopos; 2 — JI-50, 700 r/T;
3 — TIAL-H, 420 r/t; 4 - MgCl,, 7 r/t +JI-50, 700 1/T;
5 -MgCl,, 7 r/T +ITALI-H, 420 r/T.

HdaHHble pUC. 3, a IMOKa3bIBAOT, UTO HaMMEHbIIVE
3HaAYeHMUs ¥, COCTABJISIONIME TTpuMepHO 27 u 25 %, mocTu-
raioTcst IpuMeHeHueM coorBeTcTBeHHO ITAII-H 1 MgCl,
B couetauuu c [TALl-H, 4To yka3biBaeT Ha BBICOKYIO Jie-
MIPeCCUPYIOIIYI0 CIIOCOGHOCTD MoCieqHero. B To ske Bpe-
mst JI-50 B ciydae ero MHAMBUIAYATbHOTO MPUMeHEHUS
Jla)ke HECKOJIbKO YBeJIMUYMBaeT 3HaUeHMe y, UYTO MOKeT
OBITh CBSI3aHO C IIPOSIBJIEHMEM HEKOTOPOIi (QIOKYIMPYIO-
IIeii CITOCOOHOCTM 3TOTO peareHTa.
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Puc. 2. BiusiHue pacxopa AerpeccopoB Ha 3(pGeKTUBHOCTb 06oralieHus pyabl 110 XaHKoKy-JIyiikeHy: a — JI-50; 6 — [TALI-H
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Puc. 4. BnusiH/e KOMITO3ULIMIA eI pecCOPOB:
a — Ha U3BJIeYeHVe MeV M HUKEJSI B KOHIIEHTPAT; 6 — Ha cofepykaHye Mey U HUKeJISl B KOHIIEHTpaTe

B cirydae mnpensapurenpHoro pobasinenust MgCl,
st JI-50 3HaueHne y ymeHbInaeTcs ¢ 49 mo 30 %, a mis
IMAII-H - ¢ 27 mo 25 %. OueBUOHO, UYTO pasHMIla B 3HAUE-
HMX y ¢ npuMmeHeHreM MgCl, 1 nmonuMmepHOro peares-
Ta MO CPaBHEHMIO C MHAVBUAYAJbHBIM IIpMMeEHeHMeM
nocinenHero st JI-50 cocrasiset 19 % npotus 2 % njst
[TAII-H. 3T0, 1O-BUAMMOMY, 00YCJIOBJIEHO TE€M, UTO CY/Ib-
orpyrimsr JI-50 IpUTATMBAIOTCS K TTOBEPXHOCTU MUHE-
pajioB, MOAUGUIMPOBAHHBIX MOHAMM Mg?*, cuIbHee, YeM
KapOoOKcubHbIe rpymibl [TALL-H.

Ha puc. 3, 6 BunHo, yro Komnosuuusi N2 4 (MgCl,
u JI-50) oGecreunBaeT HauMeHbIllee comepskaHMe Mar-
HMSI B KOHIIeHTpaTe: 14,7 nipotus 16,7 % nas N2 1 (6e3
IerpeccopoB) 1 15,6 % pis N2 5 (MgCl, u TIAII-H). B 1je-
JIOM cofepskaHMe MarHus B KOHIIeHTpaTe CHMXKaeTcs
npuMepHo Ha 2 %.

Ha puc. 4, a 3ameTHa TeHOEHLMS K CHMKEHUIO 3Ha-
YeHMI U3BJIeUEHUSI € C TIPUMEHeHMeM I ernpeccopoB.
[Tpu stom JI-50 cHMKaeT M3BjIeUeHMe B MEeHbIIei cTe-
neHu o cpaBHeHM1o ¢ [TAIT-H, 4yTo BUAHO 113 CpaBHEHUS
kommo3uuyii NeN2 2. 3 u NeN2 4, 5: B ciryyae MHIUBU-
IyaJbHOTO TpMMeHeHUs nerpeccopoB JI-50 cHUKaeT
u3BJieueHMe Mey Y HUKeJs MO0 CPaBHEHUIO C OMbITOM
6e3 merpeccopoB cooTBeTcTBeHHO Ha 0,5 1 0,4 % 1mpoTus
cootrBeTcTBeHHO 8,1 1 8,9 % muist TTALI-H nipu ero apdpex-
TUBHOM pacxope. IIpu mpenBapuTeabHOM H06aBIEHUN
MgCl, pnst JI-50 u3BneueHne Meny ¥ HUKeNS IO CPaB-
HEHUIO C OITBITOM 0€3 JempeccopoB CHUKAETCS COOTBET-
cTBeHHO Ha 6,2 u 9,0 %; nna ITAII-H — cooTBeTCTBeH-
HO Ha 7,9 u 11,1 %. [JanHble Ha puc. 4, 6 TOKa3bIBAIOT,
YTO MeHbIlle BCero CHIKaeTcs § B cjiyyae MpuMeHeHUs
MgCl, n ITAII-H.

Takum obpasom, JI-50 okasbiBaeT aeiictBue Ha MC
TOMbKO B npucytcTBuy MgCl, v mpy 3TOM 10 CpaBHEHMIO
¢ ITALI-H xapakTepusyeTtcss MeHbIeli 3(pheKTMBHOCTHIO
nmemnpeccui. CpaBHUTENbHBIN aHAIM3 MeXaHM3MOB B3au-
moperictBust [ICC u IMALI-H ¢ moBepxHocThio MC ¢ yué-
TOM JIMTePATyPHbIX TAaHHBIX [TOKA3aJ, YTO AJIs1 MaKpOMO-
nexys IICC nMHEHOro CTpoeHus], XapaKTepu3yrIxcs
MEeHbIIMM 3HaUYeHMeM [JIMHBI cerMeHTa KyHa (4 HM mpo-
TUB npuMepHo 20 HM), U, CJIeIOBaTeIbHO, 60ee BbICO-
KOil TMOKOCThIO 1O cpaBHeHMio ¢ ITAII-H, HekoTOpbIe
3 aHMOHOAKTUBHBIX TPYIIN OTHAJIeHbl OT TTOBEPXHOCTH,
WM 9KpaHMPOBaHbI, ¥ TOITOMY He Yy4acTBYIOT B hOpMM-
poBaHuM 3apsiia noBepxHoctu. B ominume ot IICC, ma-

kpomoriekyia ITALI-H umeeT BomHOOOpasHYIO, OJIM3KYIO
K IJIOCKO¥, (GOpMYy M pacIioyioskeHa BAOJb ITOBEPXHOCTU
MuHepana [24], B pe3ynbrare OGOJbIIAs YaCTh aHMOHO-
aKTUBHBIX TPYII y4yacTByeT B (HOPMMPOBAHUMU 3apsiaa
noBepxHocTU. Takke B makpomortekysie [TALL-H, B oTnn-
yye ot [1CC, eCTh aTOMBI BOIOPO/Ia, CITOCOOHbBIE K 06pa30-
BaHMIO BOJIOPOAHBIX CBsI3eli C 37eKTPOOTPUIIATETbHBIMU
aToMaMu Ha nmoBepxHocTy MC. OTo, TIpe0I0OKUTENTbHO,
obycioBauBaeT 6osee cinaboe Biausiuue IICC Ha 9T MU-
Hepasibl 110 cpaBHeHMI0 ¢ KMII,.

B TO ke Bpems mnonucaxapuibl, B orinume ot [1CC,
006pasyIoT XeJaTHbIe KOMITJIEKCHbIE COEIVHEHMS C MEIbIO
u HUKeneMm [25, 26], 1 9T0 06yciIOBIMBaET 6oee HU3KOe
M3BJleUeHle B KOHIIEHTpAT yKa3aHHbIX MeTaJIOB [IJis
[TAII-H 1o cpaBHeHuio ¢ JI-50.

Taxske 6GbIIO YCTAHOBJIEHO, YTO MEXIY 3HAUEHUSIMU
cofepskaHMsI KPeMHMSI M MarHus Kak B KOHIleHTparTe,
TaK ¥ B XBOCTaX CYIIeCTBYeT KOppeJsiiusl C BeCbMa Bbl-
COKMMM 3HAYEHUSIMU KO3PdulMeHTa JeTepMmuHauuu J,
KaK 9TO BMUIHO Ha PUC. 5; 3TO MOATBEPKIAET, UTO Mar-
HUII COCpelOTOYeH IMPEeMMYIeCTBEHHO B CMJIMKATHBIX
MMHepaJax.

[MombiTKM McTONb30BaHMs OJis genpeccurt MC npy-
rux o6pasioB [1CC, ommuaromuxcs ot JI-50 3HaueHus -
mu MM, a Takke peareHTamu IJisl peryJiMpoBaHNUs pocTa
LIeITM, ITOKa3aiu BecbMa O/IM3KMe 3HAUEHUST M3BJIeUeHUS
U cofiepykaHMs B KOJJIEKTMBHOM KOHIIEHTpaTe:

— 10 Cu - cooTBeTcTBeHHO 85,7-87,0 1 0,48-0,59 %;

— 110 Ni - cooTBeTcTBeHHO 75,2-80,4 11 0,74-0,90 %.
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AHanu3 3aBMCUMOCTEeN 3HaUeHMUI1 v, a TaKkke € U
I Meau U HuKesast oT MM ykasaHHbIX 06pasioB ITCC
rokasaj, YTo 3HaueHue Ko3pdbuimeHTa qeTepMUHaALIUN
o He nipesbiiaet 0,21; 3TO CBUAETEIbCTBYET O TOM, UTO
3HaueHre MM B nntepsasie ot 89 000 go 208 000 r/mosnb
MPaKTUYEeCKM He BIMSIET Ha pe3yabTaThl QuoTannum
pyasl ¢ mepeuncieHHbiMU obpasmamvu IICC. Takke He
OKa3bIBaIM BJIMSIHUSL M peareHThbl, IPUMEHSBIINECS
IJISI peryJIMpoBaHMsl pocTa Iienu B Ipoijecce TMoiaume-
pusauuu IICC (M30mpoIaHoI, INIVH, TPUMEeTUIaMIH,
cM. Tabm. 1).

lMpaKkTnyeckoe NnpuMeHeHne

Ha ocHoBaHMM TIONMYyYE€HHBIX 3KCII€PUMEHTATbHbBIX
nmaHHbIx 1npuMmeHeHue IICC pekomeHpmyeTcs: Tpu ¢iio-
TalM¥ MeIHO-HUKEeeBbIX DY C BBICOKMM COJEepPsKaHM-
€M Mar"us B TeX CJy4yasx, Korma TpebGyeTcsl JOCTUTHYTh
MaKCMMaJIbHO BO3MOYKHOTO CHIMKEHUSI COJepsKaHus
9TOTO 9JIeMeHTa B KOJUIEKTMBHOM KOHIIEHTpaTe 6e3 Cy-
1[eCTBEHHOTO CHUKEeHUSI U3BJIEUEHUSI MeOu U HUKeJs,
0COGEHHO TOT/A, KOT[a MpPUMEHEeHMe TONMCaXxapUIHbIX
JlelIpeccopoB He TO3BOJSIET CYILECTBEHHO CHU3UTH CO-
IepkaHMe MarHUs B KOHIIeHTpaTe U (M) MMeeT MeCTO
3HauUNUTeNIbHOE CHMKEHME U3BJIeueHs MeTa/lIoB. Pacxof,
[ICC — HeCcKONMbKO COTEH TpaMM Ha TOHHY; OMNpenenseT-
Cs1 3KCIePMMEHTATbHO JJIS1 KOHKpPeTHOI pyzsl. 1leneco-
obpasHo nepen momaueit [ICC mpegycMaTpuBaTh 106aB-
JieHVe BOOHbBIX PACTBOPOB COeIMHEHUII MarHus Tak, 4To-
6bI pacxop MOHOB Mg?* cocTaBiisut 6b1 TIOpsigka 5—10 r/T.
[Ipy 3TOM OXUTaeMble 3HAUEHUsI CHUKeHUS M3BJieue-
HUST MeIV ¥ HUKEJISI B KOJUIEKTVBHBIN KOHIIEHTPAT OyIyT
MeHblle 1o cpaBHeHM0 ¢ KMII. DTO MO3BOMUT IOTYUYUTH
9KOHOMMUECKMiI 3(@PEeKT 3a CUET CHIMKEHMsI SHeprosa-
TpaT Ha TMOCAeNYIOIIYI0 MMPOMETaUTypTUUecKy mepe-
PabOTKY KOHIIEHTpaTa.

Takske TIPeNCTaBIISIETCS 11e7ecO00pa3HbIM ITPOBee-
HIM€e OTIIebHBIX VCC/IeI0BaHMi1 ¢ o6pasuamu [1CC nuHeii-
HOTO CTpoeHus, uMmerouMmu MM cBbiiie 1 MJIH I/MOJIb.
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BbiBogbl

Ha ocHOBaHUM 3KCHepUMEHTAJTbHBIX MCCIeI0Ba-
HUIT TI0 KOJUIEKTMBHOM (daoTauum MegHO-HUKeIeBOi
PYyAbI ¢ TIPMMEHEHMEM TONUCTUPOJICYIb(OHATA HATPUS
U KapOoOKCMMeTWIHeT0m03bl MapKu TTALI-H momyueHsr
HOBbIe HayuHble 3HAHUSI O BAUSHUM Pacxoja U CBOICTB
MOIMCTUPOJICYIb(MOHATOB Ha IToKa3aTenu QaoTalum.

1. YcTaHOB/IEHO, UTO C TOUKYM 3pEeHMs CHUKEHUST BbI-
X0Jla KOHIIEHTpaTa TMOIUCTUPOICYIb(MOHAT OKa3bIBaeT
B IIeJIoM Oosiee (y1aboe Iemnpeccupyrollee AeiCTBUE HA
marHmiicopepxkaiiue cunukatel, yem ITAIl-H. OpmHako
MpU UCHOAb30BAHUM MOIUCTUPOIICYIb(OoHATA ComepsKa-
HMe MarHusl B KOHIleHTpaTe IpuMepHO Ha 1 % HuKe 10
cpaBHeHMto ¢ ITAII-H, 4TO cHM>XXaeT sHepro3arparsl Ipu
MOC/IeAYIOIIeli MMPOMETA/UTypPruueckoil IepepaboTke
KOHIIeHTpaTa. Takke MOMUCTUPOICYIbPOHAT obecreun-
BaeT GoJyiee BBICOKOE M3BJleueHue mMenu (o 7 %) M HU-
Kenst (o 8 %) B KOHLIEHTPAT, UeM B Cydae MpUMeHeHUs
[TAII-H, Tak KaKk He 06pa3yeT XeJlaTHbIE KOMIUIEKCHI C YKa-
3aHHBIMMU MeTaJlaMU, B OT/IMUMe OT MOoMcaxapuoB.

2.YcTaHOBJIEHO, UTO Hambosnee 3¢h@eKkTUBHas [e-
npeccus MC gocTuraetcsi mocaenoBaTelbHbIM IPUMeEHEe-
HMEM XJIOpUAa MarHus ¢ pacxoaom 7 T/T U MOAUCTUPOII-
cynbdonata ¢ pacxomom 700 r/T. [Ipy 3TOM comepskaHue
MarHus B KOHIIeHTpaTe CHIKaeTcs Ha 2 % T10 CpaBHEHUIO
¢ noranmeii 6e3 neMpeccopoB, UTO 060CHOBBIBAET IIejTe-
CO00pa3HOCTH MPUMEHEeHMST YKa3aHHO KOMITO3UIIUMA.

3.YcTaHOB/IEHO, UTO Ijis1 00pasloB TMOIUCTUPOI-
cynbpOHATOB 3HAUEHME MOJIEKYISIPHOM Macchl B IMa-
nasoHe oT 89 000 mo 208 000 r/monb, a TaKKe peareHThl,
MIpUMeEHSIBIIMECS B MPOLiecce CUHTe3a JJisl peryjiupoBa-
HUSI pOCTa 1ielu, MPaKTUUYEeCK He OKa3bIBAIOT BJIMUSHUS
Ha pe3yabTaThl GhaoTaiun.

4.TlokazaHo, yTo mpakTuuyeckoe mnpumeHeHue I1CC
11e71ecoo0pasHo mpu GUIoTaluy MeTHO-HUKEIEeBbIX DY
C BBICOKMM coepykaHeM MarHus B TeX Caydasx, Korma
TpebyeTcsl TOCTUTHYTh MaKCUMAaJIbHO BO3MOXKHOTO CHM-
SKeHMST CoepyKaHusT STOrO d/eMeHTa B KOHIleHTpaTe 6e3
CYIIeCTBEHHOTO CHVKeHUS M3BeUeHs MeIy 1 HUKeJIS.
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I/Iccnenosal-me HaeXXHOCTU LWaXTHbIX BEHTUNATOPOB
Ha OCHOBe TeOpuM MapKOBCKMUX npoLleccoB
I1.B. Barkun!(®, H.T. Banunes2(® &, 1.1. Cumucunos?() FE04, E.B. Bonkos? () 2
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DA 7sinov@m.ursmu.ru
AHHOTauusa

BaskHeiyio posib B a9poJ0OrMuYecknx CUCTeMax UrpaeT 6e30TKa3HOCTh MAXTHBIX BEHTWISTOPHBIX YCTaHO-
BOK, HaIeXKHOCTb KOTOPBIX OIpellessieTCsl KOMIUIEKCOM Pa3IMuHbIX [e0/I0rMyeckmx, TOPHOTEXHOIOTUYECKUX
M KOHCTPYKTMBHBIX (DaKTOPOB, MPEUMYIIECTBEHHO CTOXaCTUYEeCKOro xapakTepa. 3azava OrpeneieHus: Ko-
JIMYECTBEHHbIX [MOKa3aTeseil HafeXXHOCT!U IaXTHbIX BEHTUISITOPHBIX YCTAHOBOK peLIaeTcsl C IpUMeHeHeM
Pa3IMYHbIX MaTeMaTUYeCKUX METOOB MOJEIMPOBAHMUSI CITyUaifHbIX TIPOIECCOB. B paboTe paccmaTpuBaeTcs
BO3MOYKHOCTD MCIIOIb30BAHMSI TEOPUYM MaPKOBCKMX ITPOLECCOB JIs pa3paboTKyM METOAMKM pacyeTa IKCIUTY-
aTalMOHHOM HaJleXHOCTY LIAXTHBIX BEHTUJIITOPHBIX YCTAHOBOK Ha IpUMepe BeHTWISITOpa LIaXTHOIO LeH-
TPO6GEKHOTO IIaBHOTO IpoBeTpuBaHus BIILI-16. [Toka3aHa OrpaHMYEHHOCTh IMPUMEHMMOCTY MapKOBCKUX
NIPOLIeCCOB K aHa/IM3y TeOPUM HALLeKHOCTU I10 YCIOBUIO CTOXaCTUYeCKO He3aBUCUMOCTM OTKa30B. VcIonb-
30BaHye MOJeNM OOHOPOIHBIX MapKOBCKMX MPOLIECCOB MMeeT CBOYM IPaHUIbl, T.K. UHTEHCUBHOCTU II€PeX0-
JIOB MEXIY OTAEIbHBIMU COCTOSIHMSIMM CUCTEMBI 1aJIEKO He BCeraa SIBJISIIOTCS MOCTOSIHHBIMM BeJIMYMHAMMU.
B aToM wryuae HEBO3MOYKHO COCTABUThH cucTeMy nyddepeHIaNbHbIX ypaBHEHMIA C 3aBUCIIVIMU OT BpeMeHU
koaddbuimerntamu. IIpy HAMTMUUYM CTOXACTUUYECKOI 3aBMCUMOCTH B MIOTOKAX OTKA30B MeXaHUUECKUX CUCTEM
[IpUMeHEeH)e TeOpUM MapKOBCKUX IIPOLIECCOB BO3MOXKHO, HO B 3TUX CTy4Yasix HaMIyYlIIMM MHCTPYMEHTOM [JIs1
aHa/INM3a HaJeXKHOCTH SIBJISIeTCSI YMCJIeHHBI MeTO, CTaTUCTUYeCKNX UcTbITaunit MoHnTe-Kapiio.

KnioueBble cnoea

MapKOBCKMe IPOLLeCChl, TEXHNYECKasi CUCTeMa, CTOXaCTUUYeCKue IIPOoLecChl, HaeXXHOCTb, KOPPeISILIMIOHHBIN
aHa/INn3, 0TKa3, BEHTUJIITOPHAS YCTaHOBKA, BEHTU/ISITOP IIAaXTHBIN [VIaBHOTO IIPOBETPUBAHMS
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Reliability analysis of mine ventilation fans
based on Markov process theory

P.V. Vyatkin'(®), N.G. Valiev2(® &, D.I. Simisinov2(® 5504, E.B. Volkov?(®) £
L AMZ Ventprom JSC, Artyomovsky, Russian Federation
% Ural State Mining University, Yekaterinburg, Russian Federation
DA 7sinov@m.ursmu.ru

Abstract

The reliability of mine ventilation fans plays a crucial role in aerological systems and is determined by
a combination of various geological, mining-technological, and structural factors, most of which are stochastic
in nature. The problem of quantifying the reliability indicators of mine fan installations is addressed using
various mathematical methods for modeling random processes. This study considers the possibility of applying
Markov process theory to develop a methodology for calculating the operational reliability of centrifugal main
mine ventilation fans, using the VShTs-16 as an example. The limitations of applying Markov processes to
reliability analysis are demonstrated, particularly due to the condition of stochastic independence of failures.
The use of homogeneous Markov processes has its constraints, since the transition intensities between
individual system states are not always constant. In such cases, it is impossible to construct a system of
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differential equations with time-dependent coefficients. When stochastic dependence is present in failure
flows of mechanical systems, the application of Markov process theory remains possible, but the most effective
tool for reliability analysis in such cases is the Monte Carlo numerical simulation method.

Keywords

Markov processes, technical system, stochastic processes, reliability, correlation analysis, failure, ventilation

fans, main mine ventilation fan
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BeepeHue

Asposorndeckye HakTOPbI pyUCKa MPY MOA3eMHOM 10-
ObIUe MOJIe3HbIX VICKOITaeMbIX 110 TaHHBIM PocTexHansopa
OCTalOTCS Ha BBICOKOM ypoBHe. [Ipu nepexope npeamnpus-
TUIA Ha TIOI3€MHYIO pa3pabOTKy B CIOKHbBIX TOPHO-T€0I0-
TNMYeCKMX M OPHOTEXHUUYECKUX YUIOBUAX U YBEJIMUYEHUN
[JTyOMHBI IIPOM3BOACTBA TOPHBIX PabOT Ha IECTBYIOIIVX
pymoHMKaxX TpeboBaHMS K 3((MEKTUBHOCTY BEHTUISIVOH-
HO-JIeTa3alOHHBbIX CUCTeM BO3pacTaioT [1-3]. Baxueii-
IIIYIO POJIb B a9POJIOTMUECKUX CUCTEMAX UrpaeT Oe30TKas-
HOCTb IIAXTHBIX BEHTWISITOPHBIX YCTAHOBOK.

HageXHOCTh IMIAXTHBIX BEHTWJISTOPHBIX YCTAHOBOK
orpeieisieTCss KOMILJIEKCOM Pa3/IMUHbIX Ie0IOTUUeCKUX,
TOPHOTEXHOJIOTMYECKNUX M KOHCTPYKTUMBHBIX d)aKTopOB
MPeUMYIIEeCTBEHHO CTOXaCTUUYeCKOTo xapaKkrepa [4, 5].

3ajavua orpeneieHNs] KOIMYECTBEHHbIX ITOKa3aTe-
Jieil HaZeXHOCTY IIaXTHBIX BEHTUJISITOPHBIX YCTAHOBOK
pelaeTcs ¢ IpyMeHeHeM pasaMUHbIX MaTeMaTUdeCKuX
MeTOJIOB MOJeNIMPOBaHMS (JIy4aifHbIX MPOIeCccoB. Briep-
BbIe OCHOBHbIE TIOHSITUS U TTIoKa3aTenu HaaexxHocTu [IIBC
ObUIM TTPEIJIOKEHBI B CJIEAYIOMIMX METOax: MeTo (PYHK-
oum COCTOAHMSA, MeTOO KPUTUYECKNUX HYTEﬁ, CTaTucTnuue-
CKUIA METOJ, U MeTOJ, CTaTUCTUUECKOTO MOAEIMPOBaHMS
[6, 7], HeueTKO TOTMKM [8].

MarteMaTuueckuii anrmapaT Teopuu HageXHOCTH I0-
CTATOYHO MHOT000Opa3eH, HO Beayllee MOJIOKeHEe B HEM,
HeCOMHEHHO, 3aHMMAlOT MaTeMaTudeckasl CTaTUCTUKA,
Teopusi BepOSITHOCTEl U Teopusl CydaiiHbIX IMPOIeCCOB.
KoHnenust HaeXKHOCTM CJIOKHBIX TEXHUYECKUX CUCTEM
006ycIoBMIIA MIMPOKOe MTpMMeHeHe B KaueCTBe MaTeMa-
TUYECKOTO MeTOJla TeOpUM MapKOBCKMUX MpoileccoB. I1o-
IOOHBIV TTOIXOM, YCIIENIHO YCIIONb3YeTCsT TPU aHaiu3e
PaboTOCTIOCOGHOCTY CIOKHBIX 3JEKTPOHHBIX YCTPOIICTB
n cucrem [9, 10]. CnemyeT OTMeTUTDb, YTO U CaMa TeO-
pUs HAOEXKHOCTM KaK oOIIeTexHuuecKass MUCHIMUIUIMHA
chopmupoBanach mpexie BCero mof, BAUSHMEM pa3BU-
TUSI PAAMO3eKTPOHUKHU, BbIUMCIUTENbHOM U paKeTHO
TEXHUKM, XOTSI BIIEPBbIE BOIPOCHI HAMEXKHOCTU OBLIN
rocrasjieHbl B 1930-e rompl crienuaaucTaMim B 001aCTy
CTPOUTEIbHOV MeXaHMKU U CUCTEM 3HepTreTKu. UMeHHO
MO3TOMY caMoOe IIMPOKOe MCII0Ib30BaHMe B TeOpUM Ha-
IeSKHOCTY HaIllJIM Te MaTeMaTuueckrie MeTO/bl, BO3MOXK-
HOCTY KOTOPBIX YIOBJIETBOPSIIM TPeOOBAHMSIM 3a1ay, M0~
CTaBJIEHHBIX BBIUMCIUTENbHON TEXHMUKOINA.

AHanu3 paboTOCIIOCOGHOCTY MEXaHUUECKUX CUCTEM
KaK BTOpOe HallpaB/ieHye Pa3sBUTUS 0OIelt Teopun Ha-
IEeKHOCTM M3AeNuii Hauaa (GpopMUPOBATHCS HECKOIbKO
rnmosgHee. MareMaTUueCcKMii MHCTPYMEHTapuii 3Toit 06-
JIACTU HAZ@XKHOCTU B 3HAUUTEIbHO CTeIeHM ITOTIOTHSII-

Cs1 3a CUeT METOJOB U TeOpWii, MONTYUYMUBIINX TITyOOKOE
pasBuUTHE ¥ HAIIeAIIMX IIMPOKOEe IPAaKTUUECKOe IMPu-
MeHeHMe B 9JIeKTPOHMKe. B HEKOTOPBIX CIyvasX Takoe
3aMMCTBOBaHMEe MTPOBOAMIIOCh M IIPOBOAUTCS 6e3 yuera
crienMdUKM  UCCIemyeMbIX OOBEKTOB, 6€3 HOCTaTOUYHO
OCHOBATEJIbHOTO aHaiu3a (GuU3MKM 0TKas3oB. CKazaHHOe
MOSKHO C YCIIEXOM OTHECTU U K aHaIM3y HaIeKHOCTU Me-
XaHUYECKUX CUCTEM C IIOMOIIbIO TEOpUM MapKOBCKUX
rpoiieccoB. B pa6orax [11-13] aBTOpbI UCITOIB3YIOT Te-
OpMIO0 MAapKOBCKMX IIPOLIECCOB P pa3paboTKe MEeTOIUK
MHKeHePHBIX PacuyeToB MoKasaTejell HaJeKHOCTU KOH-
KPeTHBIX M3OEeNNii MaIIMHOCTPOEHMUs U TeXHOJOormye-
CKMX IPOILIECCOB MX ITPOM3BOCTBA.

Teopus
[To onpenenennio [14] MapKOBCKMM MPOLECCOM Ha-
3BIBAETCS CJIYYaiiHbIl npouecc &(t), t > t,, obnagaouyi
CBOJICTBOM

p(s, x, t, B) = P{f(s, x,t) € B, BE R, t > §,
TIpY YCTIOBUM

E(81) =Xy, -0, E(Sp) = Xy E(5) =X,
HE3aBUCUMO OT X, X,, ... X,,,.

OTO CBOVICTBO, HA3bIBA€MOE MapKOBCKMM CBOICTBOM
CIy4aliHOrO TMpoliecca, BbIparkaeT HE3aBUCUMOCTb I10-
BemeHMsT miporiecca &(t), t > s B «OyayIIeM» OT ero «Ipo-
IIJIOrO» IO MOMEHTA S IPY (PUKCUPOBAHHOM (M3BECTHOM)
«TeKylleM» COCTOSTHUM E(S) = X. YCIIOBHbBIE BEePOSITHOCTU

p(s, x, t, B) = P{E(t) € BIE(S) =X},

Ha3bIBaeMble MepexXoTHbIMM BePOSITHOCTSIMU MapKOBCKO-
ro mpoliecca, 3a/1al0T BepOsSITHOCTU Tiepexofa mpoiiecca 13
MCXOJIHOTO COCTOSIHMS &(S) = X B TO MJIM MHOE COCTOSTHME
&(s) € B u3 MmHOXecTBa B < R'. CooTBeTCTBYIOMIAS TIIOT-
HOCTbB p(S, X, t, ¥), —© < y < +c0 HA3bIBAETCS MEePEXOTHON
IIOTHOCTBI0. COOTBETCTBEHHO, COCTOSIHMSI 6e30TKa3HOM
paboThI M OTKa3a IIAXTHBIX BEHTWISTOPHBIX YCTaHOBOK
MOTYT GBITH OIMCAHbI YKa3aHHBIMM ITEPEXOITHBIMU BEPO-
SITHOCTSIMIA.

Ucnonb3yeMmble MOpy aHaaM3e HAAEXKHOCTU CJIOXK-
HBIX TeXHUUECKUX CUCTEeM MEeTO/bl TeOpUM MacCOBOTO
00CTY;KMBaHMS TTPEAIIONaramT, Kak MpaBuUiIo, M3yueHre
CTALIMOHAPHBIX PEKMMOB PabOThI MPOCTEMIINX SPTOIM-
yecKkux cucrem [15, 16]. Bce MOTOKM OTKa30B, MEPEBO-
ISIe TaKylo CUCTEMY M3 paboTOCIIOCOGHOTO B Hepa-
60TOCIIOCOOHOE COCTOSIHME, SIBJISIIOTCSI TIPOCTEMIIUMMU
U, CJIeloBaTeJIbHO, MPeIyCMaTPUBAIOT CTATUCTUUYECKYIO
HE3aBMCYMOCTb COCTABJISIIONIMX CTYYAHBIX COOBITHIA.
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TakuM 06pa3oMm, MCCIeqoBaHMe CTaTUCTUYECKON He-
3aBMCUMMOCTM ITOTOKA OTKa30B SIBJISIETCSI HEOOXOMMMbIM
yC/I0BMeM TIpU aHaJli3e BOIMpPOoca O MPUMEHUMOCTU AUC-
KpeTHbBIX MapKOBCKMX ITPOLIECCOB C HEITPePbIBHBIM BpeMe-
HeM OJis1 OI€HKNM HaJeXXHOCTU ITaXTHBIX BEHTUIATOPHBIX
YCTAHOBOK KaK OObEKTOB CIIOKHBIX TEXHUUECKUX CYCTEM.

W3 Teopuyt BEpOSITHOCTEN TI0 ONpefeneHnIo ciryJdani-
Hble BeIUYMHBI &, ..., &, HA3bIBAIOTCS HE3aBUCUMBIMIU,
e/ OPOKIEHHbIE MMM aNredpsl A, , ..., A. He3aBUCH-
Mbl. [TOCKOJIbKY Kakmast U3 anreop A, COCTOUT U3 COObBI-
Tnit Buna {§; = B}, B < R!, To mpuBefeHHOe OIpesiesieHe
3KBUBAJIEHTHO CJIeIyIONeMy: CJlydaiiHble BeJIMUMHBI He-
3aBYICMMBI, eC/IU [J151 JIFOOBIX UMC/IOBBIX MHOXKECTB B,

P{¢ e€B,...,t,€B,| =]£[P{&_,,. €B}.

Ha ocHOBaHMM M3BECTHOV TeOpeMbl TEOPUM Bepo-
SITHOCTEH CJIefyeT, UTO He3aBUCUMOCTb aire6p Aél’ e Ai,.
paBHOCW/IbHA HE3aBMCUMOCTY MOPOKIAIONINX UX pas3due-
HUIA O , ..., O . OTO IPUBOIMT €1ile K OLHOMY 9KBIBAJIEHT-
HOMY OIIpeieJIeHMI0 He3aBUCUMOCTHU: CJTydaliHble BeJTUun-
HBI &y, ..., £, HE3aBYCUMBI, €C/IV JJIs1 TI00BIX Xijp oo X,

i
P{E_,1 =Xy yerrom = Xni”} = le{ﬁi =X; }

CornacHo ornpefeneHUI0 KoBapuauusi (KOppemsiy-
OHHBIVI MOMEHT) CJIyYaiiHbIX BeIMUMH & U 1| paBHA

cov(g, n)=u, =ME-M@E)m-MMm)), (1)

B YaCTHOCTY, HEIIOCPEeACTBEHHO M3 3TOrO OIpele/eHys
cefiyer, uTo cov (&, ) = M(&n) — M()M(n). Toraa Bbipa-
>keHMe (1) MOKHO 3ammcaTh Kak

cov (& m) = [ [(x=ME@)(y-MW)dF(x, y),

rme F(x, y) — QyHKUMSI pacripenesieHus] TBYMEpPHOM CTy-
4yariHou BenuumHbI (&, 1). B yacTHOCTH, eciu 9Ta CIydaii-
Hasl BeJIMuMHa 06/1afaeT IJI0THOCTBIO pP(X, y), TO

400 +00

cov(g, m)= [ [ (x=ME)(y-Mm)p(x, y)dxdy.

KoBapmuaiiyio ucImonab3yioT B KauecTBe Mepbl 3aBUCH-
MOCTY CTyYaifHbIX BEJIMUMH, UTO OTIPABIbIBAETCS M3BECT-
HBIM B TEOPUM BEPOSITHOCTEN paBeHCTBOM cov (&, 1) = 0
IS He3aBUCUMBbIX CTyYaifHbIX BEIMUMH & U 1 C KOHEU-
HbIMM Tucriepcussmu. OTMETUM, YTO BeJIMUMHA KOBapy-
auyu £ ¥ 1 3aBUCUT OT BbIOOPA eIVHIULL UI3MEPEHUS ITUX
BEJIMUMH, [TO9TOMY MCIOIb30BaTh 3Ty XapaKTEPUCTUKY
He Bcerga ynmo6Ho. OT TakKoro HegocTaTKa CBOOOIHA Xa-
paKTepUCTHKa, Ha3biBaeMast KO3(QOUIIMEHTOM KOppessi-
uuu. IMo ompeneneHuio, KO3(MEOUIMEHTOM KOPPesLun
CJTYYaifHBIX BEIMYMH & ¥ 1 HA3bIBAETCSI OTHOIIEHME X
KOBapualuy K MPOU3BEIEeHNIO UX CPeIHUX KBagpaTud-

HBIX OTKJIOHEeHUI:
_cov(§n)
S :
Gicn

VemoBust paboThI MAaXTHBIX BEHTWISITOPHBIX YCTaHO-
BOK MPUBOZAST KaK K 3aBUCUMMBbIM, TaK U HE3aBUCUMBIM
orkasaM. K npumepy, oTkassl Tuna «modTt pabovero Ko-
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Jleca Ha Bajly», <M3HOC OIMOPHBIX IMOIIIUITHUKOB» OYIyT
3aBMCUMMbIMM. He3aBUCUMMBIMMU — «M3HOC OIIOPHBIX IOJ-
LIMITHUKOB» M OTKa3 CUCTEMBI YIIpaBIEeHMS S7I€KTPOLBU-
raTesneM. YKazaHHble COOBITHS, IPMUBOZSIIME K OTKA3aM,
OLIEeHUM CIy4yaliHbIMM BenmuumHamu & U m. OueBUOHO,
YTO KO3(PGUIMEHT KOPPeISuuM He3aBUCUMBIX CIydari-
HBIX BeJIUYMH & U 1| paBeH HYIII, T.e. Pey = 0, ecmut E un
He3aBucuMbI. CiydaliHble BeIMYMHBI & M 1) HA3bIBAIOTCS
HEeKOppeIpoBaHHBIMMU, eCu UX KO3 PUILIMEeHT KOppessi-
umn p, = 0. Takum 06pa3oM, 13 He3aBUCUMOCTH CJIeyeT
HEKOPPEIMPOBAHHOCTb. YTBepKIeHMe, 060paTHOE JaHHO-
MY CBOJVCTBY B IIMPOKOM CMBICJIE, T.€. B YCIOBUSX U3BECT-
HOCTM TOJBKO BTOPBIX MOMEHTOB CIy4yaifHbIX BeIUYMH,
HEBEPHO, T.e. ecinu cov (&, ) = 0, TO BeIMUUHBL U & U 1 HE
00s13aTeJTbHO HE3aBVICHMBI.

PaccmoTpum npumep TakuxX BeJINYVH.

IlycTtp & — cayvaiiHasi BeMMUMHA ¢ KOHEUHbIM M(EP),
o6amaroIIas CMMMETPUYHO OTHOCUTETBHO TOUKM X = 0
IJIOTHOCTBIO p(X), T.€. p(—X) = p(x). O603Haumm n = 2. Torga

M(&)= [ xp(x)dx =0

B CWITy UeTHOCTU QYHKIMM p(x). [loaTOMY Takke Ha OCHO-
BaHUM YeTHOCTHU p(X)

cov(&,m) = M(E)(n—M(n)) = M(En) = M(E)M(n) =

=M(&)-0M(n)=M(&’) = f X°p(x)dx =0.

B TO ke BpeMs & 1 1 3aBUCUMBI: €C/IN X — TF060e Umc-
710, iyist kotroporo 0 < p(J§| < x) < 1, To mpu y = x2

plElx, n<y)=p(Elcx, & <x’)=

=p(I &l x)>p (1§l x)=p(I El< X)p(n < Y).

CrenoBaTebHO, HEKOPPEIMPOBAHHOCTD CJIydaliHbIX
COOBITUII B TIOTOKE HE MOXKET CIYsKUTh OCHOBAHMEM ISt
YTBEPKIEeHMIi O He3aBUCUMOCTH.

Boisee Toro, maske 0151 KOppeJIMPOBAHHBIX CJTy4aiiHbIX
BeJINUMH, MMEIONIMX IByMepHOe HopMajbHOe pacripese-
JieHue, TUTIOTe3a O He3aBUCUMOCTU CITyYaliHbIX BeIUUNH
X1y B MaTeMaTMU4eCcKo cTaTUCTyKe [17] mpoBepsieTcs 1o
pesysnbTaTam BBIOODPKH (X, ), ..., (X,, y,) 06BEMOM N C I10-
MOIIBIO CTATUCTUKY 06 OTKa3ax MIAXTHBIX BEHTUJISITOP-
HBIX YCTAHOBOK

raoe

> (=B, -

>0 =By -9

BBIOOPOUHBII KO3GOUIMEHT KOPPEISIN;

R N
X_;IZ:;X,': Y—;;)’, -

BbI60pO‘-IHbIE cpengHuIe.

Ty
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[Ipy npumeHeHUM KpuUTepus (OBYCTOPOHHEro) Ha
YPOBHE 3HAUMMOCTU o C M = N — 2 CTEMEeHSIMYU CBOOOIbI
rurore3a H 0 He3aBUCUMOCTHU CJIyYaiiHbIX BEPOSITHOCTEN
OTKa30B OTBepraeTcs, eciiu

t|> t o
2

s Tex xe mapaMeTpOoB pacrnpeeieHus yKa3aHHYI0
TUIOTe3y MOXXHO MPOBEPUTb, MCIOJAb3YsI KPUTUUECKUE
3HaueHMs Ko3duIiMeHTa KOppessiiyu, B 3TOM CIyJyae
IIPU NIPYMEHEHUY (IBYCTOPOHHET0) KPUTEPWS Ha YPOBHE
3HAUMMOCTM o IIJISI M = N — 2 CTeIIeHe CBOOOAbI TMITOTe3a
H otBepraercs, eci |1yl > r,,. ..

Kputnueckue 3HaueHust KoabduimeHTa KOppesiimn
OIpeeISIIoTCs 0 TabmuuaM gyt m=n—-2u q = 1- a./2.

MeToabl

Ha mpakTuke mpoBepKy CTOXaCTUUECKO He3aBUCU-
MOCTM C IIOMOIIBI) OINMCAHHBIX BBIPAKEHUII IIPOBECTU
BecbMa 3aTpPyoHUTEeNbHO. [lo3TOMYy yalle BCero Iojb-
3YIOTCS APYTMM IHOSICHEHMEM, KOTOpPOe, OLHAKO, HOCUT
YMCTO KauyeCTBEHHbINI XapaKkTep, a MMEHHO C/lydaliHble
BEeJIMUMHBI & U 1| HA3bIBAIOTCSI HE3aBUCUMBIMU, €CJIN CIIY-
JaliHble MeXaHU3MbI, ONpefessIoll/e pacupeneneHmue &
U 1), TPOTEKAIOT He3aBUCKUMO APYT OT Apyra [9].

PyKoBOACTBYSACh CHOPMYIMPOBAHHBIM BbINIE Kave-
CTBEHHBIM COOOpakeHMEM B DPsifie CTydaeB IJi MeXaHU-
YeCKMX CUCTEM OTKa3bl OTHEeIbHBIX 3JIEMEHTOB Hesb3s
CUMTATh He3aBUCUMBIMMU cOObITMSIMM [18]. B KauecTBe
npuMepa, MOATBEPKAAIOLIEr0 3TO MOJI0KeHNE, PacCMO-
TPUM PaboTOCIIOCOOHOCTD Y3/I0B BEHTU/ISITOPA IIIAXTHOTO
LIEHTPOOEKHOrO IJIaBHOTO IpoBeTpuBaHus BIIII-16.

Bentunsarop BIIII-16 npegHa3HaueH A5 IPOBETPU-
BaHMs IAXT (PYIHMKOB) B yCTAHOBKE C 0OBOJHBIMM KaHa-
namu, paboTasi B peskuMe HarHeTaHWsI VIM BCAChIBAHMS
IIpY OPOXOJKE CTBOJOB LIAXT, B CUCTEMaxX OTOIIEHUS
Y BEHTWISILIUU, 11 OXJIKIEeHUS 97IeKTPUYeCKUX MallH
U B AIPYTUX IPOMBIIIIEHHBIX L[eJISIX. 3aBOJ,-U3TOTOBUTEb
BeHTUIATOpa — AO «ApPTEMOBCKIII MaIlIMHOCTPOUTEb-
Hbli1 3aBon, «BEHTIIPOM».

Ha y37bl BeHTUASITOpA [EeMCTBYIOT BO3MYILEHUST OT
BO3[YITHOTO TIOTOKA, BBbI3BAHHbBIE [ElCTBMEM HeCTa-
LMOHAPHBIX a5pOAVHAMMUYECKUX CUJI, BO3HMKAIOIIMX
BCJIEICTBME€ HEPAaBHOMEPHOCTY TeueHMsI I0TOKA IIPU B3a-
MMOZEeCTBIM C pebpaMy KOpITyca, JIoraTKaMM HaIrpaBiisi-
I0ILIeTO U CIIPSIMIISIIOLLIETO arnrmapaTos [19]. Taxke wienyer
OTMEeTUTh M3MEeHeHNe MeXaHU4YeCKOl Harpy3ku Ha sje-
MEHTbI BEHTWIATOPA, 00YCIOBIEHHOE KaK OIepaTUBHBIM
peryMpoBaHueM IOJauy BO3/AyXa B TOPHbBIE BHIPAOOTKI,
TaK M BHE3aITHBIMU KOJIe0aHMSIMY HABIeHMSI TIPU CKauKO-
00pa3HbIX M3MEHEHMSIX XapaKTePUCTUK BHEIIHell BeH-
TWISLMOHHOM CEeTU, CBSI3aHHON C MPOXOLAMU TEXHUKU
M JII0feii yepe3 HII030Bble KaMephl U IlepeMelieHNeM CO-
CyIOB ITI0 Bo3ayxornozgawium creonam [20]. [lepexonHbie
MPOLeCChl, MPOUCXOSIME B CIOKHBIX MeXaHUUYeCKUX
CUCTeMaX, 3HAYMUTENbHO BIMSIIOT KaK Ha TeXHUYECKUe
MOoKa3aTeay SKOHOMUYHOCTU YCTAHOBOK, TaK M Ha MOKa-
3aTey HaJlesKHOCTY QYHKIMOHMPOBAHMUS BCEW CUCTEMBbI
B HenoM [21]. AHanmu3 3KCIUTyaTalMIOHHOM HaJeXHOCTU
BEHTW/ISITOpA TTPU paboTe B YOIOBUSIX MTOI3€MHOI pa3pa-
OOTKM PYIHBIX MECTOPOKIEHMIT TTOe3HbIX MCKOMAeMbIX,
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MpOBeJIeHHbII aBTOpaMMU, TTIOKa3asl, YTO HeCTalMOHAPHbI
XapakTep HarpyskeHus JOTAaTOYHbIX BEHIIOB, BbI3BAHHbI
BHe3alHbIMIM BbIOpOCAMM rasa My HaGeraioyMyu BOJI-
HaMM TaBjieHus, 00pa30BaHHBIMMU ITPOBOAVMBIMMU B3PbIB-
HbIMM paboTamu, 00YCIOBIMBAIOT MOSIBJIEHE 3HAUUTETb-
HOT'O KOJIMYECTBA OTKA30B THUIIA «TIOMT paboyero Kosieca
Ha BaJTy», <M3HOC OTIOPHBIX IMOAIIUITHUKOBY.

IMomo6HbIe O0TKAa3bl IPUBOIALT K HapylIeHM0 H6aaH-
CUPOBKM POTOpPA, YBEIMYEHUIO TMHAMUUYECKUX Harpy30K
U, CJIeloBaTeIbHO, 3HAUMTEIIbHOMY BO3PacTaHUIO CTe-
TeHM M3HOCA OTIOPHBIX MOAIIUITHUKOB. TakuM 06pasom,
cyyaiiHble COBBITUSI — OTKa3bl «I0GT pabouero Kojaeca
Ha Ba/ly» M «M3HOC OITOPHBIX IMOAJIIMITHMKOB» — HEJIb34
CUMTATh CTOXACTUYECKU He3aBUCUMbIMU. OUueBUIHO, UYTO
MpUMeHeHMe TIPUBEIEHHOI KaueCTBEHHOM OLIeHKM CTa-
TUCTUYECKOV He3aBUCUMOCTY BHOCUT CYIIEeCTBEHHYIO
HeonpeaeIEHHOCTh B aHaIM3 HAAEXKHOCTM MexXaHude-
ckux cucreMm. OgHO3HAUHOE pellieHyre BOIMpOoca MOXKET
OBITD ITOJTYUYEHO TOJIBKO Ha OCHOBAHUM MPUMEHEHUS YeT-
KUX KOJMUYECTBEHHBIX KpUTEpMEB. B HayuHO! U MHKe-
HEPHO NpaKTyKe JJ151 OLeHKY 3aBUCUMOCTY CITy4YaliiHbIX
BEJIMUMH HMIMPOKO UCIOb3YeTCsl KOPPeIsILMOHHbIN aHa-
JI3, OTIVICAHHBIV B TEOPETUIECKON YaCTU CTATbU.

Takum 06pasoM, B ciyuae HOPMaJIbHOTO pacrpe[e-
JIeHUs1 [axke KOppeauMpoBaHHbIe CTydyaiiHble BeTMUYMHbI
TIpU UCTIONIb30BaHUM YKAa3aHHOI TUIIOTEe3bl MOTYT OKa-
3aThCSI HE3aBUCUMBIMMU.

OTMeTHMM, UTO ITOA00HAsT METOAMKA OIEHKU TIpuUMe-
HMMa JIMIIb K aHa/IM3y OI'PAaHMYEHHOIo 4mcjia MexXaHu-
YeCcKuX CUCTeM, T.K. HOPMaJIbHbII 3aKOH paclipeie/ieHus
MOTOKA OTKA30B XapaKTepeH JMIIb [Jiss KOHCTPYKIIUIA,
XOPOIIIO OTPabOTAaHHBIX HAa HAIEKHOCTb, T.€. C BHICOKUM
YPOBHEM HaJleKHOCTHU. [IJIsT Y37I0B M MeXaHU3MOB TaKMUX
u3menuit HabromaeTcsl SBHOe IpeobiajaHye oCTereH-
HBIX, T.€. MU3HOCHBIX, YCTAJIOCTHBIX, KOPPO3MOHHBIX U T.]I.
OTKAa30B HaJl BHE3aITHbIMU. Bosibliast 4acTh TOPHBIX Ma-
IIMH M IMaXTHbIX CTAIMOHAPHBIX YCTAHOBOK HE€ MOTYT
OBITh OTHECEHBI K YKa3aHHOMY KJIaCCY 3-3a HeJJOCTaTOU-
HO BBICOKOTO TE€XHMUYECKOTO YPOBHSI TOPHOTO MaIlMHO-
CTPOEHMS U, B OCOOEHHOCTM, TSIKEJIbIX YCIOBUIT MX 9KC-
TTyaTalyiu ¥ TEXHUYECKOTO 06CTYKMBAHMSI.

Taxk, HampuMep, IJis MaXTHBIX BEHTUISITOPHBIX yCTa-
HOBOK IJIaBHOTO IIPOBETPUBAHMUS BpeMs 0e30TKa3HOi
paboThl MeXaHMUECKUX uacTeii MPUOIMKEHO K 3aKOHY
I'Hemenko—Beitbymna ¢ mapamerpamu a = 800, b = 1,31
M YaCTHBIM CIy4asiM 3TOTO 3aKOHa: pejieeBCKOMY U 3KC-
MOHEeHIIMaAbHOMY C MapametrpoM o = 0,264. [Ins 1eH-
TPOOEKHBIX BEHTU/ISITOPOB IJIABHOTO TPOBETPUBAHMUS
IIaxT 60Jiee CIipaBeIuB JorapudMUUIeCK-HOPMaTbHbI
3aKOH paclipefiejieHMs IIOTOKa OTKa3oB [12]. AHanu3zom
9KCIUTyaTallMOHHOM HAZeXHOCTY BEHTUJISITOpPA MIAaXTHO-
ro IeHTPOOEKHOTo IJIaBHOrO IpoBeTpuBaHus BIIII-16,
IIpOoBeaEeHHbIM ApTeMOBCKI/IM MalIMHOCTPOUTE/IbHbIM
3aBOMIOM, YCTaHOBJIEHO, YTO BEPOSITHOCTb O€30TKAa3HO
paboTsl 3TUX arperaToB Ha CubaiickoM U YUYaJMHCKOM
TOPHO-060TraTUTEIbHBIX KOMOMHATAX XOPOIIIO COTIacyeT-
cs1 1o KpuTepuio Museca o? = 2,38—3,64 1 ¢ 5KCIIOHEHIIN -
aJIbHBIM 3aKOHOM pacIipeneneHus o’ = 0,466-0,747-10™.
TakuM 006pasoM, CTaTUCTUUECKas OIleHKa CTOXacTuye-
CKOJi He3aBUCMMOCTHM B ITOTOKAX OTKA30B FOPHBIX MaIIMH
M MAXTHBIX CTAIIMOHAPHBIX YCTAHOBOK C ITOMOIIBIO BbI-
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60POYHBIX KOIPDUIIMEHTOB KOPPEJISILIUY B GOTBITNHCTBE
CIydyaeB OKa3bIBaeTCsl HEBO3MOXXHOM, IJISI HUX MOXKHO
MIPUMEHSTb KPUTEPUM HellapaMeTPUUeCKOl CTaTUCTUKA
KpUTEepUsT TOUHOI BeposiTHOCTM Duiiepa u y2. [loMumo
OCHOBHOTO JOCTOMHCTBA — BO3MOYXHOCTU INPUMeEHEHUs
Mpy TI00BIX 3aKOHAX pacrpezeNeHus, METOAbl Hemapa-
METPUUYECKONM CTaTUCTUKU B OT/IMYME OT KOPPEIsLVOH-
HOTO aHajM3a He TPeOyIoT HaauMuus OONbIIOr0 0O0bema
anpuopHoit MHGopManyuyu 06 OTKaszaxX, a TaKkKe MOTYT
OBITh UCIIOTH30BAHBI HAa CAMbIX IEPBbIX (ITPEeIBAPUTEb-
HBIX) CTaAMSIX CTaTUUECKOTO aHaaM3a HaLe>XKHOCTHU.

AHanM3 pacCMOTPEHHOIO BblIllle MpUMepa IMPOBeEpP-
KV He3aBMCUMOCTM OTKa30B «I0(dT pabouero Komeca Ha
BaJly» U «M3HOC OIIOPHBIX ITOLUIMITHUKOBY, IPOBeleHHBbIA
C TIOMOIIBI0 KPUTEPUS He3aBUCUMOCTHU Y2, TIOATBEPINIT
CIIpaBe[IMBOCTb BBIBOJA, CAEJIAHHOIO HAa OCHOBAaHUM Ka-
YyeCTBEHHOI OlleHKM (u3MuecKoit KapTuHbl. ['unoreza H
0 HEe3aBUCUMOCTHU ITUX OTKA30B ITPOBepPsIacCh 1Mo Tabin-
1Ie COMPSDKeHHOCTY IIPU3HAKOB (Tab. 1).

Ta6muna 1
CONpsKeHHOCTh IMIPU3HAKOB TUIIOTE3bI
joi 152 h;
1 16 > 1 17
2 358 11
h; 1959 28

CraTucTuka OJjsi orpefeneHus] KpUTepUsl B cCaydyae
pa3sMepHOCTY MaTPULIbI COMPSIKEHHOCTU MIPU3HAKOB 2% 2
BBIUMCIIIETCS 110 hopMyIie

t= h(hnhzz _hlzhn)z =13,68.
hh,hyh,

Iyist ypoBHS 3HauMMocTH o = 0,05 1 umcia creneHeit
cBobompl m = (r— 1)(s — 1) - (2 - 1)(2 - 1) = 1 Tabauu-
Hasl BeJMUYMHA KPUTUUECKOTO 3HaueHus y’ cocTaBisieT
Aro0s = 3,84. Tak Kak ¢ = 13,68 > 3,84, runoresy H cezyer
OTBEPTHYTb, T.e. OTKA3bl BEHTU/ISATOPA MAXTHOTO IIeHTPO-
6esxHOTO TaBHOrO MposeTpuBanus BIILI-16 Tuna «iodt
pabouero Kojieca Ha Baly» i «M3HOC OTIOPHBIX TOIIIAITHI-
KOB» SIBJISIFOTCST CTOXaCTUYECKM 3aBUCUMBIMU COOBITUSIMIUA.

o cux Top roBOPWJIOCH 006 OrpaHMUYEHUM TpuMe-
HMMOCTM MapKOBCKMX IIPOLIECCOB K aHA/IN3y TeOPUM Ha-
JIeXKHOCTHU TI0 YCJIOBUIO CTOXaCTUYECKOI He3aBUCUMOCTHU
OTKa30B. YUUTBIBAS BO3MOKHOCTb CTOXaCTUYECKOIi 3aBU-
CUMOCTH YCTPOVCTB MEXIy OTKa3aMM 3JIeMeHTOB MeXxa-
HUYECKUX yCTpoicTB, mpod. A.C. [IpoHMKOB Tpep iaraet
CIeOyIONIyI0 KIacCUMUKAUNIO CIOKHBIX TEXHUUECKUX
CUCTEM C IO3ULMM HAaJ@KHOCTH : DaCuIeHeHHble, CBSI3aH-
HbIe ¥ KOMOVHMpPOBaHHbIe [18].

K pacuneHeHHBIM MOXXHO OTHECTU TaKle CIOXKHbIE
TeXHUYEeCKMe CUCTEMbI, Y KOTOPhIX HaJEKHOCTb OTHe/b-
HBIX 3JIEMEHTOB MOKeT ObIThb 3apaHee OIpelesieHa, T.K.
OTKa3 2/JeMeHTa MOXXHO paccMaTpuBaTh Kak He3aBUCU-
Moe cobbiTue. Takue cucTeMbl 6ojee XapaKTepPHbI st
pPaiMO31eKTPOHUKH, The OTHelbHble 3JIeMEeHTbI, BbIIIOJI-
HeHHble B BUJIe TIOMYIIPOBOJHMKOBBIX MPUOOPOB, CO-
MPOTUBJIEHUI, KOHAEHCATOPOB U T.J., UMEIOT CaMOCTO-
sITeNbHbIe (DYHKIIUY U TOJDKHBI 00eCTieunBaTh 3HAUEHST
BBIXOJHBIX I1apamMeTpoB B OIpeleleHHOM [uala3oHe,
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He3aBUCUMO OT MapaMeTpOB APYTUX 3JIEMEHTOB. 3ame-
HOII OTKa3aBIIero 3jieMeHTa MOJTHOCThI0O BOCCTaHABAMBA-
eTcst paboTOCIIOCOGHOCTD BCEIT CHCTEMBI.

K cBsI3aHHBIM OTHOCSITCSI CJIOXKHBIE TeXHUUecKue
CUCTEMbI, Y KOTOPBIX OTKAa3 37IeMeHTOB SIBJISIeTCS 3aBUCU-
MBIM COOBITMEM, CBSI3aHHBIM C M3MEHEHMEM BBIXOIHBIX
rnapaMeTpoB Bceli cucTeMbl. Haripumep, Hae>KHOCTD pa-
60Thl MEXaHMYEeCKOJ CUCTeMbI, IpeqHa3sHAaUeHHO! s
TOYHOTO TiepeMellleHNs] BeJOMOTO 3BeHa, 3aBUCUT OT 13-
HOCOCTOVKOCTM BCEX 3BEHbEB, TMepefalollux ABVKeHMe.
OmHaKko M3HOC KaskAOro 3B€Ha He MOXKET ObITh JIMMUTH-
POBaH HE3aBMCHMO OT M3HOCA IPYTUX 3BEHBEB, T. K. 60/Tb-
1M1 M3HOC OOHOI'0 M3 HUX MOXET KOMIIEHCHMPOBATHCA
BBICOKOJ M3HOCOCTOMKOCTbBIO APYTOrO.

K KOMOMHMPOBAHHBIM OTHOCSTCSI CJIOKHbBIE TEXHM-
YyecKye CUCTeMbl, COCTOSIIIME 13 TIOACUCTEM CO CBSI3aHHO
CTPYKTYPO¥ U C HE3aBMUCHUMOCTbIO MeKIY IMOACUCTEMaMMU.

[TpuBeneHHast (OCTaTOYHO yCIOBHAs) Kiaccubmka-
VS CTPYKTYP CJIOKHBIX TEXHUUECKUX CUCTEeM TMO3BOJISIET
OIpe/ieITh COOTBETCTBYIOIIME METOAMYEeCKMe TTOAXOMbI
IIJISI aHaIMM3a UX HaJIeSKHOCTY B 11€JIOM U ITpUMeHeHMs 111
3TOTO TEOPUM MapKOBCKUX MTPOIIECCOB B UACTHOCTH.

Tak, oS CUCTeM C pacuieHeHHBIMU CTPYKTypaMu
orpaHuyeHue MPUMEHMMOCTH ITUX METOJOB IO YCIOBUIO
CTOXaCTUYEeCKOW 3aBUCUMOCTM B TIOTOKAaX OTKAa30B 3Jie-
MEHTOB OUeBUIHO HECOCTOSITeNbHO. [IJis MeXxaHUueCKuUx
CUCTEeM CO CBSI3aHHBIMM CTPYKTYpPaMU UCIIOIb30BaHMe Te-
OpUM MapKOBCKMX ITPOIeCCOB OTPpaHMUUEHO.

I[)IS[ CJIIOKHBIX TeXHUYEeCKUX CUcCtemM C KOM6I/IHI/IpO-
BaHHBIMU CTPYKTypaMM MapKOBCKMI MOAXOL, IIpUeMIeM
C MI3BECTHBIM MPUOIVDKEHMEM JIMIID [JIST aHAIM3a HaJexK-
HOCTM Ha BBICIIIEM YPOBHE, T.e. TP U3YYeHUU CUCTEMbI
KaK COBOKYITHOCTM TTOACUCTEM.

OTmeTuM, UYTO BCe BbINIECKA3aHHOE CIIpaBejnBO
MpU aHaaM3e HAAeKHOCTU (YHKIMOHMPOBaHUST (QYHK-
LIMOHAJIbHOW HAJeSKHOCTU), KOTia MOJl OTKa30M 3JieMeH-
Ta IIOHMMaeTCs ero 1rmojIoMKa MJIM BbIXOM M3 CTPOs, ITpu-
BOZSIIIMIL K OTKA3y BCEI CUCTEMBI, T.€. IPeKpalleHNI0 ee
(byHKIMOHMPOBAHYS.

B cMmbIc/ie mapaMeTpuieckoii HagesKHOCTM, KOT/ia IO/,
OTKAa30M 3/IeMeHTa MOHMMAeTCsl BbIXOH ero (yHKIMO-
HaJbHOM XapaKTepPUCTUKH 3a TIpe/eJibl JOTTYCTUMbIX 3Ha-
YeHUI U TeM CaMbIM BbIBOJI 13 AMaria30Ha AOITYCTUMBIX
M3MeHeHUlI OCHOBHBIX IapaMeTpPOB CUCTeMbl, MUCIOJIb-
30BaHMe JIIOOBIX TTOJIOKEHMIT, OCHOBAHHBIX Ha CTOXaCTU-
YyeCcKoil He3aBUCUMMOCTHU UCCIeNyeMbIX TOTOKOB OTKa30B,
HeJOIyCTVMO. DTO 3aMevaHye TeM 6oee BasKHO, UTO IJIsI
TOPHBIX MAalllMH ¥ IMIAXTHBIX CTAI[MOHAPHBIX YCTAHOBOK
KaK 00beKTOB C OTPOMHOI MaTeP1ag0eMKOCTBIO U YIeTb-
HOW eqMHUYHOI MOITHOCTHIO 3HaU€HMe BOIIPOCOB CTa-
OMJIBHOCTM OCHOBHBIX ITapaMeTPOB B IIPOIecce SKCIUTya-
TalU Ype3BbIYaiiHO BeINKO.

3KcnepumeHTaanb|e unccnepgopaHua

B kauecTBe mpumepa paccMOTpUM Ipoiiecc GYyHK-
LIMOHMPOBAHUSI CUCTEMbI — BEHTWISITOpPA IIAXTHOTO
LIEHTPOOEKHOTO IIaBHOTO IpoBeTpuBaHus BIIII-16 6e3
CTOXaCTMYECKON 3aBUCUMOCTM B IOTOKax OTKAa30B. JDTO
0O3HayaeT, YTO BEPOSTHOCTb OTKa3a CUCTEMBbI He 3aBU-
CUT OT BpeMeHU U TIpelbIaylux cocTosiuuii [22]. Ilpen-
TOJIOKMM, UYTO B Te€YeHMe ONHUX CYTOK CUCTEMa MOXKET
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HaXOOUThCS B OOHOM M3 IOBYX COCTOSIHMIAZ: paBOTOCIIO-
cobHom - P,(t) win HepaborocmocobHoM — F(t). Takoe
MpeacTaBaeHe MO3BOJISET YIIPOCTUTh aHaau3 PabOThI
CHCTEMbBI ¥ OIEHUTH BEPOSITHOCTh Iepexofia U3 OJHOTO
COCTOSIHUS B IPyTOE.

[Tocte c60pa JaHHBIX O TEPeX0Oax CUCTEMBbI U3 OIHO-
r'O COCTOSIHMSI B IPYroe 3a IIPOMEKYTOK BPEMEHM t MOXK-
HO TIPeICTaBUTh BEPOSITHOCTY 3TUX I€PEXON0B B BUIE
MaTPUILIbL:

B, B, .. B,
- @
Pnl PnZ ot ‘Pnn

[TpenmnonokuM, UTO BepOSTHOCTh 6e30TKa3HOi pa-
60TBI B 3agaHHOe BpeMs BeHTIsiTopa BIIII-16 (P);) pas-
Ha 0,9. BeposTHOCTD ITepexona U3 COCTOSIHUS oTKasa (P,)
coctaBuT 0,1. BepoSITHOCTh BOCCTAHOBJIEHMSI B 3a[ITaHHOE
Bpems (P,;) npumem 0,99. BeposITHOCTb TOTO, UTO BeH-
TUISITOP He OyneT BoccTaHOBIEH (P,,), COOTBETCTBEHHO
0,01. C yuéTtoM 3TMX JaHHBIX MaTpuiia (2) 6ymeT BbIIJISI-
IeThb CAeAYIOUMM 06pasoM:

10,99 0,01)
I'pad cocTostHMIT CUCTEeMBI, MTIOCTPUPYIOIINIT BO3-
MOXXHBIE [TePeX0bl MEXIY PabOTOCIIOCOOHBIM 1 HEpPabo-

TOCITOCOOHBIM COCTOSTHUSIMU, ITPEICTAB/IEH HA puC. 1.
3amanayMM BEKTOpP HAaJya/JbHbIX BEpPOSITHOCTEN CO-

CTOSIHUI
0
P0)= R
© (J

TOTIZA [JIs OMHOPOIHOI MapKOBCKO eIy BepOSITHOCTh
COCTOSIHMIA CMCTEMBI MOKHO OIPeeINTh 110 popmyIie:

R0 =Y P k-1)-F, ®
j=1

rae k — HoMmep miara, Mec.

P,,=0,99

v

Py(®)

0,9
P, =0,01

Il
Al
A
p,,=0,1

Puc. 1. I'pad cocTosiHmit cuctems (BIIII-16)
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Tabauia 2
Pe3ynbTaThl MOgEIMpPOBaHUS
t, mec Pi(t) F () t, mec P(t) F,(t)
1 0,99 0,01 6 0,90826 | 0,09174
2 0,9009 0,099 7 0,90826 | 0,09174
3 0,9089 0,091 8 0,90826 | 0,09174
4 0,9081 0,0918 9 0,90826 | 0,09174
5 0,9082 0,09173 10 0,90826 | 0,09174

Ucxonst m3 BeipakeHuil (1) u (2) BepoOSITHOCTHL
6e30TKa3HOI paboTel B TEePBbI Mecsl paBHA
P,(1) = P,(0) - P,; + P,(0) - P,, = 0,99, a BepOATHOCTb OTKa-~
3a—-P,(1)=P,(0) - P;, + P,(0) - P,, = 0,01. Ha BTOpOIJ1 Mecs1j,
BEPOSITHOCTb 6e30TKasHoii paboTel coctasiser 0,9009,
a BeposITHOCTh oTKasza — 0,0991. [lanee, ucnonb3yss KOM-
NIbIOTEPHOE MOZENVPOBaHye BepOSTHOCTHOTO MpoLiecca,
MpeLiCTaBMM IONyYeHHbIe TaHHbIE 32 HECKOIbKO LIVK/IOB
(Mec) B Buge TabauIbI (TAO. 2).

Huckyccusa

AHanu3upys nosydyeHHble 3HaUeHMS, 3aMeTUM, UTO
MCII0/Ib30BaHMe TAKOTO IMOAXOAa OObIYHO He BbI3bIBAET
NPUHUMIIMATIBHBIX TPYLHOCTEN, HO HE YUUThIBAET HAKO-
muTeabHoro agd@ekra 0TKa30B MPU Oerpajanuyu TeXHU-
4yeckoii cucrteMbl [23]. Tem He MeHee MPOBECTU aHAIU3
HaIEKHOCTM CUCTEeMbI MOXHO, MpuMeHUB Gopmyny (3),
IIOTIONTHMB ee cToxacTuueckumu koabduumentamu K(t),
MIOTyYEeHHBIMM Ha OCHOBE 3aKOHOB paclipeliesleHus IOo-
KaszaTesei HafesKHOCTM OT HapaboTku t: P = fiP(k), K(t)}.

B Tabn. 3 mpencTaBiieHbl pe3yabTaThl PACUETA BEPO-
SITHOCTU HaxoxkaeHust cucremsl (BIIII-16) B paboTocrio-
COOHOM COCTOSIHMM C YYETOM KO3(PQPUIMEeHTOB, OTpa-
JKaIoLMX TIPOLlecC Jerpajauyiy TeXHUUEeCKOM CUCTEeMBI.
BaxkHO OTMeTUTB, UTO B JAHHOM DAaC4y€Te He YYUThIBA-
JICh YaCcTOTa CIYYalHBIX OTKA30B CUCTEMBI U BIUSHUE
OTKa30B OTAE/NbHbIX JIeMEeHTOB Ha OTKa3 BCel CUCTEMBI.

Pe3ynbTaThl KOMITBIOTEPHOTO MOJIE/IMPOBAHMS B Tpa-
(uueckoii hopMe mpencTaBieHbl HA PUC. 2.

AHanu3upys 3aBUCUMOCTD (PUC. 2, psif, 2), BULUM, UYTO
BEPOSITHOCTb HAaXOXKIEHMSI CUCTEMBI B MCIIPABHOM COCTO-
SIHMM CHMDKAeTCsI C YBelIMYeHeM Mepuoga SKCIuTyaTaiun
U HOCUT HeJIMHEIiHbIIi XapakTep. TakumM 06pa3oM, IIporLiece
KaueCTBEHHOTO OIpe[ie/ieH!s] BepOSITHOCTU OTKAa30B CBO-
IATCSI K YTOYHEHUIO CTOXACTUUECKMX KO3 PUIIMEHTOB.

Ta6muia 3
Pe3ynbTaThl MOAEIVPOBAHUS C YI€TOM
croxacTuueckux Ko3dduumenron K(t)

t, mec P t, mec P,
1 0,98910 6 0,90286
2 0,89910 7 0,90196
3 0,90622 8 0,90106
4 0,90460 9 0,90016
5 0,90376 10 0,89926
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Puc. 2. 3aBUCUMOCTb BEpOSITHOCTM HaxoxkmeHust BIILI-16
B MCIIPaBHOM COCTOSIHUM OT Itepuoza (CyT)

BbiBogbl

Hcnonb3oBaHne MomeaM OOHOPOOHBIX MapKOBCKUX
IIponecCcoB MmeeT CBOM I'PpaHUIlbI, T.K. MHTEHCMBHOCTU
IepexoamoB MexXay OTOEe/JIbHbIMM COCTOSHUAMMU CUCTEMbI
AJaJIEKO He Bcerga SBJISIIOTCS ITOCTOSIHHBIMU BeJIMUYMHA-
MM, OJis1 CJ1ydasi 3aBUCAIIMX OT BpEMEeHU MHTEHCUBHOCTEMI
rmepexoa0oB pacyeTbl CTAHOBATCS CYHIECTBEHHO CJIOXKHEe.
KpOMe TOro, BCe MJIM OTAe/IbHbIe MHTEHCMBHOCTU IIepe-
XOJ0OB MOTYT ¥ BOBCE He CyllleCTBOBaTb. B aTom ciyuae
HEBO3MOKHO COCTaBUTh cucTeMy ayddepeHIManbHbIX
ypaBHEHI/Iﬁ C 3aBUCMMbBIMM OT BpEMEHU KOBd)(l)I/ILU/IEHTa-
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Hust BIIII-16 mokasas, YTO BepOSITHOCTh 0e30TKa3HOi
paboThl 9TUX arperatoB Ha CubaiickoM U YUaJIMHCKOM
rOPHO-060TraTUTEIbHBIX KOMOMHATAX XOPOIIIO COIIacyeT-
cs1 110 KpUTepuio Museca o? = 2,38—3,64 1 ¢ 5KCITOHEHLIV -
aJbHBIM 3aKOHOM pacripenenenust o* = 0,466-0,747-10™.
[IpoBepka He3aBUCMMOCTM OTKa30B BEHTUJISTOPOB
«IIOQT pabouero Kojgeca Ha BaIy» M «M3HOC OIOPHBIX
TOAIIUITHMKOB», TPOBEIEHHbIN C TOMOIIbIO KPUTEPUS
He3aBUCUMMOCTHU 2, He TIOATBepAM/I TUITOTEe3y He3aBUCH -
MOCTM 3TUX OTKAa30B, TaK KaK BbIUMCJIEHHbIV KPUTEPUIi
t= 13,68 > 3,84 (TabnuuHoro kputepusi). Takum o6pasom,
B paccMaTpuBaeMOM IIpMMepe O0Ka3aHO, UTO OTKa3bl
BEHTWJISITOPA MIAXTHOTO I[@HTPOOEKHOTO IJIABHOTO IMPO-
BerpuBaHus BIIL[-16 SBISIFOTCS CTOXaCTUYECKM 3aBUCU-
MBIMY COOBITUSMMU.

Iyis yueTa BIMSIHUSI OTKA30B OTHEIbHbBIX JIEMEHTOB
Ha OTKa3 BCeil CUCTeMbI MPOILiecC OrpeeeHNs BeposiT-
HOCTM OTKAa30B MOXET CBOAUTHCS K YTOUHEHMIO CTOXa-
cTyeckux KoahduieHToB. [1om06HbIN TTOIX0I MOXKET
CTaThb HOBOJ OCHOBOI Mjis pa3paboTKM MeTOAMYECKUX
INIPUHLOUIIOB CMCTE€MbI MOHUTOPUHIA M AMMAaTHOCTUKU TeX-
HUYECKOTO COCTOSIHUSI BEHTW/ISIIMOHHBIX cucTeM. Kpome
TOTO, OH MOSKET ObITh MCITOJIb30BAH [JIJISI CO3aHMS METO-
IUYeCKX TPUHITAIIOB TPOTHO3MPOBAHMSI OCTATOUYHOTO
pecypca JIejiCTBYIOIIMX BeHTUISITOPOB HA OCHOBE MOHM-
TOPMHTA UX TEXHUUECKOTO COCTOSTHMSI.

B stom ciyvae misg aHanM3a HaAEXKHOCTU MPUBJIe-
KaeTcsl arrapaT TeopuyM KOHEUHbBIX MapKOBCKUX IIerei
" TIOJTyMapKOBCKUX MpolieccoB. [Ipy HanuM4Ymm cTroxacTu-

YeCKOJi 3aBMCHYMOCTY B ITIOTOKAaX OTKa30B MeXaHUYeCKIX
CUCTeM MpMMeHeHMe TeOpMM MapKOBCKUMX IIPOLECCOB
BO3MOXXHO, HO B 3TUX CIy4asX HauJy4IIMM MHCTPYMeH-
TOM JIJISI aHA/IM3a HAleKHOCTY SIBJISIeTCSI YMC/IeHHDI Me-
TOJL CTATUCTUYECKUX UCIIbITaHKuiI MoHTe-Kapio [24].

mu. [IpyMepamMu TakuxX AMHAMUUECKUX UHT@HCUBHOCTEM
Mepexo/loB MOTYT CIYXUTb B MeXaHMYeCKUX CHUCTeMax
pasyinyHble IMPOIeCChl CTapeHMsI.

AHanmu3 sKCIUTyaTallMOHHOM HaNeXXHOCTU BEHTUJISI-
TOpa IIAXTHOTO IIeHTPOOEKHOIO IJIABHOTO IPOBETPUBA-
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Lundpoebie ABOUHNKMN U LU(PPOBDbIE TEXHONIOTUN:
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AHHOTauus

B HacTosimee BpeMs IIMPOKO pa3BepHYJIOCh BHenpeHMe udpoBbix TexHonoruit (LIT) Bo Bcex oTpacisix
pOCCUiicKOoil SKOHOMMKY. Hanbomee akTMBHO B 3TU IIPOLIECCHI BOBJIEYEHBI BHICOKOTEXHOIOTMYHbBIE OTPAC-
nu. YroJapHasi OTPacib, KaK ¥ OCTaJbHbIE TOOBIBAIOIIVE OTPACTY, OTCTAET BO BHEIPEHUU UPPOBBIX TeX-
Honoruii. Tem He MeHee 5TU MPOLIECCHI UAYT KaK Ha YPOBHE BCell OTPaciy, Tak M Ha YPOBHE OTHENbHBIX
KoMmmiauuit. OmHUM 13 Haubosiee TOMY/ISIPHBIX HaTipaBieHuit passutus LT sBisieTcss BHeApeHMe IUPPOBBIX
IBOMHMKOB, KOTOPBIE SIBJISTIOTCSI YaCThIO €IMHON IM(PPOBOIi CUCTEMBI YIIPaBIeHUS KOMIIAHMENH — TEXHO-
JIOTMEe-UHTerpaTopoM Bcex cKBO3HBIX LT u cybTexHosoruii. CTaThsl MOCBSIEHA aHAIN3y COBPEMEHHBIX
TO/IXO/TOB K M3YUEeHUIO U TIPAKTUKe BHeAPeHMs M(POBHIX ABOMHNKOB B YTOIbHOI oTpaciu. Llenb craTbu —
MOKa3aTh OCOOEHHOCTM MPOIEeCCOB HUGPOBU3AINHU, BbIIBUTh 6apbepbl U MepPCIeKTVBHbIE HAIIPaBIEHMUS
BHeApeHUs MdPoBbIX ABOMHUKOB (II/T) B yroabHOI oTpaciau. [ peaqn3anum 3TOM e B CTaTbe CUCTe-
MaTKU3MPOBAaHbI KOHLENITyalbHble Y IPUKJIaAHbIe TOAX0bI K M3ydyeHMIo LI]], mpesiyio)keH aBTOPCKUIA ITOIXO[
K OTIpeJieJIeHNIO, CTPYKTYpe U Tumoaoruu 11/l Ha OCHOBE BbIJIeJIEHNS 9TATIOB UX 3PEJIOCTY. BbISIB/IEHBI 001I1ie
u otpacneBbie 3akoHOMepHOcTU passutug LT n L. Joka3zaHo, uto LIl — 5TO BakHeMIINII MHCTPYMEHT
yIpaBieHus uernoukamu cosganust crommoctu (LLCC), KOTOPBI 3aBUCUT OT CTEIIEHU 3PEOCTU TIPOU3BO/ -
CTBEHHBIX U IU(POBBIX TEXHOJOTUI, a TAKKe CTENeHU UX MHTeporepabeabHOCTHU. IIpoBemeHbl CpaBHEHMe
u oleHKa omnbita BHeApeHus LT u 1[I B 3apyOesKHbIX M OT€UECTBEHHBIX TOPHOI00BIBAIOIINX Y YTOJbHBIX
KOMTIQHUSIX ¥ B CTPaHOBbIe Mojen. BoisiBiieHsl 6apbepsl BHeApeHust LT u II[1 B yrosibHOM OTpacin, mpe-
JIO)KeHBbI peKOMeHJal MM 110 X yCTpaHeHuIo. [Ipy MOATrOTOBKe CTaThbM MCIOAb30BaHbI CJIeIyIONIie HayYHbIe
METOMbI: CCTEMHbIN 1 CpaBHUTEIbHbBIN aHaNMu3, 6ubanorpaduueckoe mccjiegoBaHne, 0600IIeHue, COLIMOo-
JIOTMYECKUI OTIPOC KCIIEPTOB. MICTOUHMKAaMM TaHHbBIX MOCAYXKmiIM Mmatepuanbl CMU u caliToB Begymmx 3a-
PYOEKHBIX M OT€UECTBEHHBIX YTOJbHBIX ¥ TOPHOM00BIBAIOIIIX KOMITAHWI, 9KCIIEPTHBIE OLIEHKM, Kelic-CTa-
IV M(GPOBBIX MMPOEKTOB, aHAIUTUYECKIE OTUEThl KOHCAJITUHTOBBIX KOMITaHWIl, MaTepuaibl IePBUYHOTO
¥ BTOPMYHOTO 9KCIIePTHBIX OMPOCOB. [IpoBeeHHbIN aHa/IN3 MT0Ka3all, YTo Mpoliecchl 1ndbpoBoit TpaHchop-
Manuu u BHeapeHus L] B yrosibHO OTpacii OTCTAIOT OT APYTUX OTpacieii. [IpuunHoii Tomy SIBJSIOTCS 6a-
pbephI Kak ob1IMe [JIsl BCceX 0Tpaciei, Tak 1 creuyduyuHbIe AJis1 yTOJIbHOM OTpacin: BbICOKas IeHa udpo-
BBIX TEXHOJIOTUI M HEXBATKA PECYPCOB, 3HAUMUTENbHbI 9 (deKT MaciiTaba; OTCyTCTBYE YETKO BBICTPOEHHOIA
MOZeV Pa3BUTUS YTOJIBHOW OTpawin U cTpaternu ee unbpoBMU3annn; HU3KUI YPOBEHb aBTOMATHU3AIUN
MPOM3BOACTBA U YIIpaB/IeHNs], HEOCTATOYHOCTh I[M(PPOBOII MHPPACTPYKTYPhI; OCTpasi HeXBaTKa KaJpOB
" MQPPOBBIX KOMITETEHIINH Y PYKOBOAMTE/e i KOMITaHWIA.
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Kemerovo, Russian Federation
2 Russian Energy Agency, Ministry of Energy of the Russian Federation, Moscow, Russian Federation
< nsm.nis@mail.ru

Abstract

Across all sectors of the Russian economy, the adoption of digital technologies (DT) is accelerating, with high-
tech industries leading the way. The coal industry, like other extractive sectors, has been slower to embrace
these solutions, yet digitalization is advancing both at the industry level and within individual companies.
One of the most dynamic areas of DT development is the adoption of digital twins (DTw), which form a core
element of integrated digital management systems—acting as an integrator for cross-cutting technologies
and sub-technologies. This article examines current approaches to studying and implementing digital twins
in the coal sector. The objective is to highlight the specific features of digitalization processes, identify
barriers, and outline promising directions for the adoption of DTw in the coal industry. To this end, the
article systematizes conceptual and applied approaches to DTw, proposes an original framework for defining,
structuring, and classifying digital twins based on maturity levels, and identifies both general and industry-
specific trends in the development of DT and DTw. The analysis demonstrates that digital twins are a critical
tool for managing value chains, and their effectiveness depends on the maturity of production and digital
technologies and on the degree of their interoperability. The study compares and evaluates international and
domestic experiences of DT and DTw adoption in mining and coal companies, as well as national-level models.
It identifies barriers to adoption in the coal sector and offers recommendations for overcoming them. The
research applies systems and comparative analysis, bibliographic review, generalization, and expert surveys.
Data sources included media reports, websites of leading coal and mining companies, expert assessments,
digital project case studies, consulting reports, and primary and secondary expert surveys. The findings show
that digital transformation in the coal industry, including the adoption of DTw, lags behind other sectors. This
gap is driven by both general and sector-specific factors: high costs and limited resources, scale effects, the
absence of a clear development model and digitalization strategy, low levels of automation in production and
management, insufficient digital infrastructure, and an acute shortage of personnel with digital competencies,
particularly among executives.

Keywords

coal industry, digitalization, digital twins, typology of digital twins, analysis, experts, implementation, value
chains, national models, infrastructure, management
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BeepeHue

B HacTos11Iee BpeMs LIMPOKO pa3BepPHYI0Ch BHeJpe-
Hue nudpoBeix TexHonoruit (LIT) Bo Bcex OTpacisix poc-
CUIICKOIi 95KOHOMUKM. Hanbosiee aKTMBHO B 9TU ITPOILECCHI
BOBJIEUEHbI BbICOKOTEXHOJIOTMYHbIE OTPAC/Iu. YTOMbHAas
OTPAaC/b, KaK ¥ OCTaJbHbIE JOObIBAOIIME OTPAC/IN, OTCTA-
eT BO BHeJIpeHMM IIUPPOBbIX TexHOMOTUI. TeM He MeHee
3TU TIPOLlecChl UAYT Kak Ha ypoBHe BCell OTpaciu, Tak
¥ Ha YPOBHE OT/eTbHBIX KOMITaHUIA.

OmHuM 13 Hambojee TOMY/ISIPHBIX HarpaBJIeHUIA
pasutus LT siBisieTcs BHeOpeHMe HU(POBBIX TBOMHM-

KOB, KOTOpbIe SIBJSIIOTCSI YaCThIO eIMHOM 1bpOBOIt cu-
CTeMbl YyIpaBjeHUs KOMIAHMUEe — TeXHOJIOrueli-uHTe-
IpPaTOPOM BCeX CKBO3HBIX IIT 1 cyOTeXHOIOTMIA.
IMocteqHue TeXHOMOTMYECKME paspaboOTKM U [Oo-
CTVDKEHMST B 00/1aCTU MCKYCCTBEHHOTO MHTetekta (M)
MO3BOIMJIM aKTUBU3UPOBATh BHenpeHue 1[]] B komma-
HMSIX, paboTaloMyUX B JOOBIBAIOIIMX OTPAC/ISIX, B TOM
yuciae B yrojibHoi orpaciau. L]l coenann BO3MOXKHOM
aBTOMAaTM3aLMI0 BCEX OCHOBHBIX 3BEHbEB LIENIOYEK CO3-
IaHUSI CTOMMOCTM, TTO3BOJMJIM KOMIIJIEKCHO BHEIPSThb
TEePCIeKTYBHbIE TEXHOIOTUY Pa3BegKN MeCTOPOXKIEHU,
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CeJIEKTUMBHOI BBIEMKU YIVIsSI, oboramenusi, GopMupoBa-
HMS TPOEKTHBIX YTOMbHBIX CMeceii, pa3pabaTbiBaTh OII-
TUMaJbHbIe ITyTYU JOCTaBKU U ITepepabOTKU YIS,

Ienp cTaThy — TOKa3aTb OCOOEHHOCTM ITPOIIECCOB
unbpoBU3alNy, BBISIBUTh Oapbepbl M MePCHeKTUBHbIE
HaIpaBJIeHMs] BHeIpeHUs HuU@PoBbIX OBOMHMKOB (II1T)
B YTOJIBHOW OTpaciu. 3agaum: I — maTh ompeneyeHue
LI u rmokasaThb 0COGEHHOCTY U YPOBEHb UX BHEIPEHMS
B KOMIIAHMSX CTpaH, 3aHMUMAIOMIUXCS YI/Ieno6bIueir;
2 — BBIIEIUTD U JATh XapaKTePUCTUKY 6a30BbIM CTPAHO-
BBIM MOJIEISIM YyIIpaBiaeHus: mudpoBu3saiein yroabHOi
0Tpaciu, okasaTh B HuUX MecTo LI]T; 3 — BBISBUTh Gapbe-
pol BHenpeHus LT u II/] B yroyibHOM OTpacan u MnpenJjio-
SKUTb MEPBI 110 UX [IPEOIOIEHUIO.

p,aHHble n MetTogbl

I[Ipy IpoBeIeHNI UCC/IeN0BAHMS MCITONIb30BaHbI CJIe-
IVIOIIyie Hay4YHbIe METOMbI: CMCTeMHbIi ¥ CpaBHUTE/Ib-
HbIIi aHaIu3, 6ubIMorpaduueckoe uccienoBaHmue, 0606-
IIeHMe, COLMOIOIMUECKII OIIPOC DKCIIEPTOB.

VcTOUHMKAMM JAHHBIX MOCTYKUIM MaTepuasbl MH-
tepHeta M CMU, caiiTOB Beoylux 3apyOesKHbIX U OTeue-
CTBEHHBIX YTOJBHBIX U TOPHOZOOBIBAIOIIMX KOMITAHMIA,
9KCIIEPTHBIE OLIEHKM, Keic-cTamy IM(POBBIX IIPOEKTOB,
aHAIUTUYECKIEe OTYeThl KOHCAATMHIOBBIX KOMITAHMI, Ma-
Tepuasbl IePBUYHOTO 1 BTOPMUYHOIO SKCIIEPTHOIO OIIPOCa.

Pe3ynbTaTbl UCCNep0BaHUNA

LIndpoBsie TeXHOTOTMM U IIMGPOBbIE TBOMHUKY Ha-
unHas ¢ 2000-X ro0B aKTMBHO BHEAPSIIOTCSI B TOPHOI0-
OBIBAIOIIEN ¥ YrOMbHOM OTpacisx. Ha HauajbHOM aTare
BHeIpeHMe TaTGopM KopropaTuBHbIX pecypcoB (ERP)
MO3BOJIMJIO CUMHXPOHU3UPOBATh pa3pO3HEHHbIe TPOU3-
BOJICTBEHHbIE OIlepalyy, KOPIOpaTMBHbBIE MPOIECChI
Y OTUETHOCTH M 3HAUUTETBHO MOBBICUTH 3 (PEKTUBHOCTD.
CrecTBMEM 3TOTO BO BCEM MUpe CTa/IM KpyITHble MHBe-
ctunyu B 1udposoe 1O u nudpoByo MHPACTPYKTYPY
7151 GOPMMPOBAHMS JTOKATBHBIX VI(POBBIX TBOIHMKOB.

[MoHsITHE «1IMGPOBOTO MBOHMKA» B HAYUHBI 060-
poT 6b110 BBefeHo eie B 2003 T., HO B aKaJeMUUeCKIUX
Kpyrax 10 CUX MOp 3TOT TePMUH TPAKTYeTCs MO-pas3Ho-
My [1]. OnHM aBTOPBI OrPaHMYMBAIOT €r0 IPOTpaMMaMy,
MOJeNVPYIOIIMMU TIPeIMEeThbl U Pe3yabTaThl AesTelbHO-
CTU [2, 3], Apyrue BUAAT B HEM BaXKHeMIINIT MHCTPYMEHT
MOHUTOPMHIA M CTpPaTernyeckoro ympasieHus [4-6].
B 3apybeskHOi1 uTepaType HaubOsbIee pacIIpocTpaHe-
Hue 1nonyuuno onpepnenenue LI, nonumarouiee mozn L]
«...MHTeTPUPOBAHHOE MYIbTU(DMU3NUECKOe, MHOTOMAC-
mTabHoe, BEepPOSITHOCTHOE MOMAENMPOBAHME CJIOKHOTO
MPOAYKTA, UCIIONb3YIOIee HaMIydIlIue JOCTyIHble (pu-
3MYecKye MOIEeN JJis OTPakeHUsI CPOKa CIIYsKObI COOT-
BeTCTBYIOIIero ¢usmyeckoro oobekrar [1]. B nocienHee
BpeMsI ITOSIBUJIMCh MYOJIMKALVA, TTOCBSIIeHHbIe posu LIJT
B YIpaBJIeHUM KOMIIAHUSIMM, PEerMoHaMM, LerouYKaMu
CO30aHUsI CTOMMOCTM, YYUTHIBAKOIIME HE TOJIbKO TeX-
HOJIOTMYECKYe, HO ¥ (MHAHCOBbIE U OPTraHM3aIMOHHbIE
M Ip. aCHeKThl yIIpaB/IeHMs CJI0KHBIMU cucTemMami [7, 8.
C HeKOTOpbIM 3aro3gaHuemM (GOpPMUPYIOTCS U POCCUIA-
ckue mKosel 1o Teme LT [9, 10 m LT [11, 12], B TOM unciie
LT [13, 14] u I B yronbHOI oTpaciu [15, 16].
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I[lo MHeHMIO aBTOpPOB, HMU(GPOBOI OBOMHUK — 3TO
KOMIIJIEKCHBIVI MHCTPYMEHT YIIpaBJIeHUsI, TIPeICTaBIISIIO-
M peaIMCTUYHYIO BUPTYAIbHYI0 MOJIeb (hU3M4eCcKoro
00beKTa, 0OHOBJIIEMYIO B peaTlbHOM BPEMEHN.

Jinpepamu BHenpenus LT u L1 ABASIOTCS KPYITHbIE
TOPHOJ00OBIBAIOIIE Y YIOJbHbIE KOMIIAHUYM ABCTpaJIiH,
Kuras, CIIA, Kanager u l'epmanuy. OHM He TOJBKO CUH-
xpoHusupytoT LI ¢ mpuoputerHoiMu LT, akTMBHO BHe-
npsitoT 111 oToenbHBIX arperaToB, TEXHOJIOTUMYECKUX TIe-
pellesioB, pyJTHUKOB U MIaXT, HO U CTPEMSITCS TIPeBPaTUTh
€ro B MHCTPYMEHT YyIIpaBjieHUsI BCelt 1IeMOUKOoii CO3AaHMs
croumocTtu. ITom IICC B JaHHOI CcTaThbe MOHMMAETCsT BCS
1OC/IeI0BaTe/IbHOCTh TlepefesioB IMPOAYKIUM B YTroJib-
HOJ OTpacin, HauMHasi OT reoyioropa3BeKy 1 3aKaHUYM-
Bas peann3aliyeii MpomyKTOB rmepepaboTky yris [17-19].
B kauecTBe 11e1eii 0603HAYAIOT MOUCK U yAepskaHMe OIl-
TUMAaJIbHBIX PEKMMOB PabOThI IJIsI MAKCMMMU3ALUU TIPO-
U3BOAUTEIBHOCTY U HAIEXKHOCTU. Bce 3TO MO3BOSIET
OIIEHUTh YPOBeHbD M POBOI TpaHchOpMaIUM 1 BHEApe-
Hust LT (Ta6m. 1).

AHanmm3 oMUIMAIBbHBIX OTYETOB U CAWTOB TOPHO-
JOOBIBAIOIINMX ¥ KOHCAJTMHIOBBIX KOMITAHMIA TIO3BOJIVII
BbIIenUTh YpoBHYU BHeapeHus: LT m LI/I. Yposens 0 — 31O
aTar CTaHAApPTU3alMM ¥ aBTOMAaTU3alMM yIIPaBIeHMs 0C-
HOBHBIMM U BCIIOMOTaTeIbHBIMM ITPOU3BOACTBAMM, HaUa-
JIO BHeIpeHus1 6a30BbIX IIM(PPOBBIX TexHOMOrMIt. Ha aTom
JTare BCe MPOIecChl MPOM3BOJCTBA, BKJIIOUAs yrpasJe-
HMe, MaKCUMaJIbHO 3aMeHSIIOTCSI MallIMHHBIMM, CO3,al0TCSI
BUPTYyaJibHbIe MOJIE/N OTHAe/JbHBIX ITPOIYKTOB U OIlepa-
umit — kBasu-1I 1. YpoBeHb 1 — 3TO mepuop, ONITUMU3ALUN
Y PEUMHKVHUPUHTA OM3HEC-TIPOIeCCOB KOMITAHUM C yUe-
TOM TpeboBaHMIT IM(PPOBBIX TEXHOJOTMIA, CO3TaHMUS JIO-
KaJIbHbIX LMQPOBbIX ABOMHMKOB (JILIM) mast Hambosee
BaKHBIX aKTMBOB U IPOIIECCOB, CMHXPOHMU3AIIUM TUPPO-
BBIX U peasibHbIX MPOM3BOJICTBEHHBIX OM3HEC-TIPOIIECCOB.
VpoBeHb 2 — 3TO HAYAJIO CO3JaHMsT KOMIUIEKCHBIX MG POo-
BbIX ABOIHMKOB (KII/T), pekom6uHaru LI u mpuopuTeT-
HbIxX [IT. YpoBeHs 3 — 310 3Tan popMupoBaHus UG POBOro
nBoitHuka Beeit LICC, cmoco6Horo ympasnath Bceir 1ICC,
pelaTh orepaliOHHbIe ¥ CTpaTernyeckye 3agaun.

Kpowme yposHeii BHegpenus LT u LI/, yoanoch BbIsi-
BUTB Be cTpaHOBble mozenu BHenpenys LT u 111 B yronb-
HOIt OTpaciu: KOPIOPaTUBHYIO — B Pa3BUTHIX CTpaHax
(BHP, Anglo American, Glencore, Anglo American u ap.)
u rocymapctBeHHyio — Kurait (China Shenhua Energy
Company Limited, China Coal Energy Company Limited
U Op.). B 0CHOBY BbIZe/IeHMS] MOZeJieli TTOI0KEeHbI XapakK-
tep LICC n ypoBenb pa3sutus LT u 1[I (Tabm. 2).

Taxske eCcTb TpyIiTia CTpaH, KOMIIAHNM KOTOPBIX TOJb-
Ko (opmuUpyOT CBOIO Mojeb MudpoBoit TpaHchopma-
uun: Uupoxesus, Mouroaus, Poccus.

B xopriopaTuBHOJ Mopenyt KOMIIaHUM-TULEPhbl Be-
YT IesITeJIbHOCTD B IJI06aJIbHOM MacIiTabe, MMEIOT reo-
rpauUecKyr0 ¥ IPOCTPAHCTBEHHYIO AMBEpCUdUKAIIAIO,
6nmaromaps uemy ux LICC 6oyee rmbKue U yCTOMUUBEIE.
B ux cocraB BXOASIT KOMITAaHMM, PACIIOIOKEHHbBIE B pa3-
HBIX YaCTSIX CBETA, KOTOPbIe BeAyT MOOBLIUY, TPAHCIIOP-
TUPOBKY U TIepepaboTKy YIJIsI, YepHBIX U I[BETHBIX Me-
TaJJIOB, aiMa30B. Takke TaM MPUCYTCTBYIOT CepPBUCHbBIE,
(buHaHCOBBIE U MCCIIEIOBATEIBCKIE CTPYKTYPHI, IIEHTPBI
IMGPOBU3ALIUN.
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Ta6muua 1
Oco6ennoctu BHeapenus LT u LI/l B KpyIIHeM X ropHOA00bIBAIOIINX M YTOAbHBIX ¥ KOMIIAHUIX, 2024 T.

BHP Benuko6purtanusi, ABCTpanust / + + + + 3
ABcTpanus

China Shenhua |Kwuraii / Kuraii, ABcTpanus, + + + + 2-3

Energy VHpoHesus

China Coal Kwuraii / Kurai + + + + 2-3

Energy

Rio Tinto Ascrpanus / mocie 2018 1. He + + + + 2-3
BJIaJleeT YTOJIbHBIMU aKTUBaMU

Glencore Benuko6puranus / ABcTpanus, + + + - 2-3
Komym6ust

Anglo American | Bennko6puTanusi / ABCTpaust + - + - 2

PT Adaro Energ | MupmoHesust / IHIOHEe3MsI + - + - 2

Vale bpaswunus / HeT, paHee Mo3am- + - + - 2
6UK, ABCTpanus

Yankuang Energy | Kurait / Kurait, ABcTpanus + - + - 2

Group

Tata Steel Wupns / Uuous - - + - 1

ArcelorMittal IIBettiapust / CILIA, BocHust - - + - 1
u l'epuerosuna, CIIIA

Nippon Steel SInoHMs / KOCBEHHO Yepe3 MHBe- - - + - 1
CTUIIMU B COBMECTHbIE TIPOEKThI
Asctpanun n CIIA

Teck Resources | Kanama / Bputanckas Komymo6ust + - - - 1

Peabody Energy | CIIA / CIIA, ABcTpanus, + - - - 1
Benecyana

Coal India WNupus / Nunus - - 0

HcmouHuk: cOCTaBIeHO aBTOPaMy Ha OCHOBE O(GMIIMATBLHBIX OTUETOB U CaiiTOB KoMIaHuit, naHHbix McKinsey, GlobalData.

Tabauia 2
CpaBHeHue ypoBHs 1udposusanuu v BHeaperus LI/ B ABcrpanuu, Kutae u Poccun

CrpaHoBasi MOZe/b YacTHO-KOpHIOpaTUBHAS T'ocymapcTBeHHast Het (munoTHbIE TPOEKTHI)

XapakTtep LICC OTKpbITast, AUBEPCUGULIIPOBAH- | 3aKPbITasl, BEPTUKAIbHO-MHTE- 3akpbITasi, BepTUKAIbHO-UHTE-

B OTpacin Hasl 110 TOPU30HTAIN, IJI06aIbHAS | TPUPOBAHHAS, OPYEHTUPOBAHHAS IrpUPOBAHHAsI, OPMEHTUPOBAH-
Ha BHYTPEHHMIT PbIHOK Hasl Ha BHELIHMI PIHOK

YpoBeHb BHELPEHUS Boicokuit Cpenuunii HauanbpHbii

OcCHOBHbIE TEeXHOJIOIMM | ABTOHOMHAs TexHMKa, 6jokueitd | IoT, 5G, Al Hatunku, 'C, ERP-cucTemMbl

BbesomnacHoCTb IIpeBeHTUBHBII MOHUTOPUHT CucTeMbl IPOTHO3UPOBaHMs aBapuii | JIokasibHbIE peleHUsT

D¢ deKTUBHOCTH +5-10% +15-20% +2-5%, yacTo oTpUIIATEIbHAS

HcmouHuk: cocTaBleHO aBTOPaMy Ha OCHOBe 0(MIIMaIbHBIX OTYETOB U CAiTOB KOMITaHMIi, faHHbIX McKinsey, SIKOB 1 rTapTHEPBI,
GlobalData.
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Keiic BHP

BHP - xpynHetiwias 8 mupe OusepcupuyuposaHHas
20pHO000bI8AIOWAS U MEMANTYp2Uueckas KOMNAaHus, ume-
rowas akmussl 8 6onee uem 90 cmpamax. McmouHuxamu
KOHKYPEHMOCNOCOOHOCMU KOMNAHUU  S8JII0MCsl:  8blCO-
KoKauecmeeHHbvle aKkmuebl, 6AU30Cmb K nompeoumensim,
MPAHCHAYUOHANBbHBLI Mmacumabd desmebHOCMU, Npou3s-
800CmeBeHHas U meppumopuansHas ousepcuguxayus, 3¢-
(hexmusHoe kopnopamueHoe ynpasnerue eceti [[CC.

BHP sensiemcst Mupossim audepom no gHedperuio 1T
u L[ZI. Komnaxus nepewiia Ha mpemulti yposeHs yugpposu-
3auuu, 3asepuiue cuHxporusauuro KL, M u npeduxkmue-
HOU aHaniumuKku ¢ NOMowjbio eduHo20 yO0aieHHo20 yeHmpa
ynpaenerus (IROC). Llenmp @vinonHsiem QyHKYUU J0KA1b-
H020 UHOYCMPUAIbHO20 UeHMpa Uyudpossix KomnemeHyuii,
ocyujecmeJisiem MOHUMOPUH2 U aHanu3 meHdeHyuil paseu-
mus LT, paspabampieaem cmaHoapmsl ucnoiv3osaus LT
u II/T, 3akniouaem KOHMpakmol ¢ NapmHepamu, Nposooum
0m60op u MoHUMopuHz npoekmos no eHedperuto LT 8 csoeti
KOMNAHUU U KOMNAHUSIX-NAPMHeEPax.

BHP compydHuuaem c¢ Jaudepamu 8 obaacmu LT
u 2opHodobwisaioweli ompacau: AWS (anarumuka daw-
Hotx, IoT-nnamgopmst), Siemens, Schneider Electric (npo-
MolulieHHas asmomamusayus). Komnanus peanusyem co-
emecmHsle npoekmsl ¢ Rio Tinto, Vale no cmandapmu3ayuu
Yugppossix peuleHull, uHeecmupyem 8 mMexHOJI02UUecKue
cmapmanst U co30adue UHHOBAUUOHHBIX UeHmpos. IROC
8 napmHepcmaee ¢ yHugepcumemamu u 20¢cydapcmeeHHsIM
HayuHbim azenmcmeom CSIRO yuacmeyem 8 paspabomke
UHHOBAYUOHHBIX YUDPOBBIX U MEXHON02UYECKUX petleHUl.

Hcmouruk: obUIMaNbHBIA CaiiT KOMITAaHMM, TaHHbIE
KOHCAJTUHIOBBIX KOMITAHUIA.

OmerT BHP — 5TO 01MH 13 caMbIX yIAUHBIX TIPUMEPOB
peanu3anuy OTKPBITOM, MPeUMYyIeCTBEHHO KOPIOpaTUB-
HOJt YacTHOM Mojenu 1u¢poBU3aluy YroabHOM OTPaciu,
B OCHOBE KOTOPO¥1 JIESKUT TECHOE COTPYIHMYECTBO Bedy-
VX IJT06aTbHBIX KOMITAHMIA TPV aKTUBHOI TOIIEPIKKE CO
CTOPOHBI HAIIMOHATBHBIX TOCYAAPCTB, KOTOPbIe U obecrie-
YMBAIOT KOMIIAHMM TEXHOIOTMYECKOe JINIePCTBO.

B rocymapcTBeHHBIX BepTUKaIbHO-MHTErPUPOBAaH-
HBIX YTOJIbHBIX KOMITaHMsIX KuTast rocyapcTBeHHas Mof -
IepskKa M aJiMUHUCTPATUBHBIN pecypc MO3BOJSIIOT CHU-
SKaTh OMepaloOHHbIe PACXObI M YCKOPEHHO BHeAPSITH 11T
u 1111, morousis iumepoB. OmnbiT China Shenhua Energy —
MpUMep pealns3alyuy 3aKpbITON, MPEUMYIIECTBEHHO
rOCYyJAapCTBEHHOW Momenu UMdpPOBU3aLMK  YTOJIbHOM
oTpaciv, KOTOpasl pellaeT IMpo6iieMbl (GOPMUPOBAHMUS
TEXHOJIOTMYECKOTO CYBEPEHUTETA M IKOHOMMUUECKOI 6e3-
OTIACHOCTH.

Keiic China Shenhua Energy

China Shenhua Energy — kpynHeiiuias 6 mupe y2oib-
Has komnaHus. OHa éxodum 8 20cydapcmeeHHblli IHepze-
muueckuti xonduve China Energy Investment Corporation.
Kniouesvimu ucmouHukamu KOHKypeHmocnocooHoCcmu Kom-
NAaHuu s6a10Mcs: Macuimab desmensHOCMuU, HU3KAs cebe-
cmoumocms 000bIUU, HeCmKUli KOHMPONb N0 BEPMUKAJIU 3d
eceti L[CC — om passedku 00 mpaHcnopmuposKu, npooaxcu
u nepepabomku, 20cyoapcmeeHHoe yuacmue u (oxyc Ha 3a-
WUUWEHHbIL BHYMPEHHUTI PbIHOK.
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Bonvwyro ponv uzpaem ee cmamyc «HAyuUOHAJIbHOZ0
nudepa 6 sHepeemuxe». OH N0360J5eM KOMNAHUU NOJY-
uame 2ocyoapcmeeHHvle CcyOCudull, JibeomHovle Kpeoumbl,
CHUXAMb NPOUEHMHble CMABKU N0 HAN02aM, NOJyUaAmb
2apaAHMuUpoBaHHblil 20€3aKA3 HA Y20J1b U NEKIMPOIHEPUL.
Tocydapcmeo npedocmassisiem KOMNAHUU NPUOPUMEMHbiL
docmyn K KpynHetuum y20JlbHbILM MEeCOPOHOeHUSIM U UH-
pacmpykmypHsle npegepeHyuu — Cmpoumenscmeo /o
8emox u nopmos 3a zoccuém (nopm Huanghua) u ozpanu-
yygaem 6xo0 Ha KUMAtickuii y2onvHulll pelHOK UHOCMPAH-
Hblx KomnaHuti. Yepe3 China Energy Investment Corporation
(CEIC) China Shenhua Energy akmugHo yuacmesyem 8 pas-
pabomke ompacnesozo 3akoHodamenscmea u 0Mmpacnesslx
cmaxdapmos, 8 KOMOpPbIX yuumolearomcs ee unmepecol. Ipu
peanuzayuu ceoux Npoekmos KOMNAaHusi compyoHuuaem
npeumyujecmeeHHo ¢ HAYUOHAJIbHbIMU MEXHOJI02UMEeCKU-
Mu komnanusmu: Huawei — 5G mexHonozuu 011 «yMHbIX»
waxm, Alibaba — o6naunsie Al-pewenus, XCMG - agmo-
HOMMAS 20pHASL MEXHUKA.

Hcmounuk: obuiManbHbIi CaiiT KOMITAHUM, TaHHbIE
KOHCAQJITMHTOBbIX KOMITaHMIA.

YronbHas oTpawib Poccun 1 poccuiickue KOMITaHUN
3HAUMTEIbHO YCTYMAIOT 3apyOesKHBIM JIIepaM I10 YPOB-
HI0 1 poBu3aluu 1 BHeapeHuto 1I/I1. B mensx yrouHe-
HMSI CUTYyalluy aBTopamu cTaThy B 2024 r. 611 IPpOBeIeH
orpoc 10 3KcHepToB — MpeLCcTaBUTeNeil KPyIHeNmmnx
yIIeno0bIBAOIIMX KOMITaHUIA, MeicTBYIIuX B Keme-
poBCKoii obactu. [ToyueHHbIE Pe3yabTaThl B OCHOBHOM
COBNAJAIOT C JaHHbIMM bpaTapuyka u Ap., TPOBOAMBIINX
ompoc B 2023 1. [15] (Tabm. 3).

OKCIIePTHI COLIMUCh B CBOMX OILIEHKAaX Ha TOM, UTO
pOCCUIICKMEe YTONbHbIE KOMIIAHUM TIOKA He TOTOBBI
BHeIpsATh IoyiHoUeHHble 11/, a LT BHeApsiOTCS MOKa
JIUIIb B OTHENbHBIX 3BeHbsIX yroibHbiX LICC: sorucTuka
" yIpaBJieHre 6e301acHOCTbIO (Tabil. 4).

Ta6nuua 3
VpoBeHs 1M poBU3aMU YTOIBHBIX KOMIaHuuii Poccun,
2023-2024 rr.

JlaHHbBIE
JTaHHbIE VCC/IeTOBaHMS
Bparapuyka, 2023 r. oIIpoca aBTOpPOB
> . craTtbu, 2024 r.
Texuonorus|  nopg g IIT CpepHmii Honsa B IT
B 001IeM BO3pacT B 001IeM
oobeme BHEIPEHHBIX oobeme
MHBECTULINI, % | CUCTEeM, JIET | UHBeCTUIIMM, %
ACY TP 7,2 12,4 8,4
TUC 5,4 8,6 6,2
SCADA 4,0 10,2 5,0
MES 3,2 6,8 3,8
nn 1,2 1,8 1,0
LT 1,6 2,4 1,2

HcmouHuk: cocTaBleHO aBTOpaMy Ha OCHOBE MCCIeJOBaHMs
Bpartapuyka u np. [15], obuLManbHBIX OTYETOB M CaiiTOB
KOMITaHMI4, OIIPOCa SKCIIEepPTOB.

U [udpoBusanusi TrOPHO-META/UTyPIMUYECcKOil OTpacin
Poccun B 2024 romy. [IOATOCPOUYHBIN ONTMMMU3M M BBICOKME
ueyn. M: SxoB u ITaptHépsl, 'K «IIndpar; 2024. 20 c.
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Ta6nuiia 4
IIpuopuTeTHbIE HANIpaBIeHNs H(pPOBU3AIINHA,
BHEJIpsieMble B YTOJbHbIX KOMIaHMAX Poccun

IIpuopuTeTHbIE
HamnpasJIeHUs
BHenpeHus LT

Komnaumus

AO «Pycckuii Yronb» CucreMbl 6eCIIPOBOIHON

rnepemauy JaHHBIX

000 «BocTouHast ropHOpyOHas TexHoIOrnun

KOMITaHMS» JICKYyCCTBEHHOTO
MHTeJUIeKTa

YK «Konmap»

YrpaBiieHne JIOrUCTUKOI

VK «Kysb6accpa3pesyrosib»

AO «CY3K» KommekcHble cucTeMbl
MES ymnipaBienus

6M3HeC-IpoLeccaMmmu

[MaxTa «OCMHHMUKOBCKASI»

Pacrazickoii yroysibHOM KOMIIAHUY | Be3ioHble

(yronbHble akTHBbI EBPA3a) POGOTU3UPOBAHHbIE
TEeXHOJIOT UK

Paspes <<Ea133accr<oe TOBAPHUILECTBO» | JTokabHble LUdPOBbIE

(AO «CrporicepBuc») BOVHMKY

HcmouHuk: cocTaBieHO aBTOpaMy Ha OCHOBe 0(UIIMaTbHbIX
OTYETOB U CaliTOB KOMIIaHWUIA, OTIPOCa SKCIEPTOB.

Buenpenne UT u IIJ] «3acTpsuio» MeXAY IepPBbIM
¥ BTOPBIM ypOBHSIMM 1ydpoBusanyuu. Buegpsiembie L]
HOCSIT JIOKaJIbHBIN XapakTep U Jaxke B KPYIHBIX YTOIbHBIX
KOMITaHMSIX He 00eCTieunBaloT OXKMJaeMbIX Pe3y/IbTaTOB.

06cy)XxaeHue pe3ynbTaToB U BbIBOAbI

[IpoBeneHHbI aHAMN3 TI0KA3aJ, UTO IPOLecchl ud-
poBoit TpaHchopmauuyu u BHenpeHust LIJI B yrombHOIM
OTpaciaM OTCTAIOT OT APYruX oTpacieil. IIpuunHoi ToMy
SIBJISIIOTCST KaK OO6Iiye JIjisi BCceX oTpaciieii 6Gapbepsl, TaK
U crienuUUIHbIe 151 YTOAbHOM OTpacIn:

— BBICOKas I1eHa IM(GPOBBIX TEXHOIOTUI M HEeXBaTKa
pecypcoB, 3HAUMTEeIbHbIN 3 deKT MacuiTaba;

— OTCYTCTBME YeTKO BbICTPOEHHOI MOZEN Pa3BUTHS
YTOJIbHOV OTPac/y U CTpaTeruu ee HUGpPoOBU3aLNH;
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— HU3KUIA yPOBEeHb aBTOMAaTU3allMM MPOU3BOMCTBA
M yIOpaBjieHMs, HeJOCTAaTOYHOCTh LMdpoBoi uHpa-
CTPYKTYDBI;

— oCTpast HexBaTKa KagapoB U LM(POBBIX KOMIIETEH-
LIV Y pYKOBOAUTE e KOMITaHUIA.

HakoHer, cepbe3HbIM MpPENsSITCTBMEM [JISI BHeApe-
Hust 1T v LT IBJISIETCST CJIOSKHOCTD OLIEHKY peasibHbIX 3¢-
(exktoB 1MbpoBoIi TpaHchopMalMK. B HacTosIee Bpe-
MSI TIPaKTUUYeCKM OTCYTCTBYIOT M3MepUMbIe MoKa3aTeln
1ieJieil, MeTOAMKM OlLleHKM 3(PhEeKTUBHOCTU U pe3yibTa-
TUBHOCTU BHenpeHus LT, a mepeueHb roxkasaresnei, 1o
KOTOPBIM OCYIIECTBJISIIOTCSI MOHUTOPUHTU M CO3[IAI0TCS
peNTUHIY, OPUEeHTUPOBAHbl Ha Pa3BUTbIe CTPAHbI U He
c6amancupoBansl [20]. IMeHHO MO3TOMY B COBPEMEHHBIX
YUIOBMSIX BCe Yallle MCIIONAb3YIOT SKCIIEPTHbIE OLIEHOY-
HbIe CY>KIeHMS U 6a/ITbHO-PEMTUHTOBbIE OlleHKN. MX oc-
HOBHOJT HEJOCTATOK — CYyObEKTUBHOCTDb. Be3 paspaboTku
HAlIMOHAIbHBIX CTAHAPTOB U METOAMK OI[eHKU PelIuUTh
3TU BOIIPOCHI HEBO3MO3KHO.

Ilyis TIpeomoyieHus 3TUX 6apbepoB, MO0 MHEHUIO aB-
TOPOB, HEOOXOIMMO paspaboTaTh CTpaTerui Ludpo-
BU3alMM YTOIbHOM OTpacau, OINpPefenuTb KIUeBble
CYyOBeKTBI, eV ¥ MeXaHM3Mbl. B yCIOBUSIX CaHKIINIA
U KpaiiHeli 3aBMCUMMOCTM OT MMIOPTa IIPOU3BOACTBEH-
HBIX U IIMOPOBBIX TEXHOJIOTUI Clle/IaTh 3TO HEBO3MOXHO
6e3 aKTMBHOTI'O yUacTus rocymapcTsa. B Poccum yroabHbIe
KOMITaHUM — YaCTHbIE, TIO3TOMY 3TO MOSKET OBITH TOIBKO
cMmelianHas mopenb BHenpenus LT u LI 'HcTpymMeHTOM
ee peanu3auuy MOIIM Obl CTaTh MHAYCTPUAbHbBIE 1I€H-
Tpbl KoMrieTeHui (MLIK) — MmexaHu3M B3aMMOIEiCTBUS
rocymapcrsa, orpacnein u IT-kommnanwuii, 3amylieHHbIN
B 2022 r. lIK MO3BOASIIOT TOCYAAPCTBY, YaCTHBIM KOMIIA-
HMSIM U HayYHO-00Pa30BaTe/IbHBIM OpPraHU3aIMsIM yCTa-
HaBAMBAThb CTAHAAPTHI U TIPUOPUTETHI LM(POBU3ALUU
oTpaciieit, COBMeCTHO (pMHAHCUPOBATD U YIIPABJISITh MTPO-
exramu. Cerogus 36 MK Ha nipuMHUMIIAX rOCYyJapCTBEH-
HO-YaCTHOTO ITapTHepPCTBA CO3JaHbl BO BCEX KIIKOUEBBIX
OTPaC/IsIX SKOHOMMKY B paMKaxX Hal[MOHAJIbHOTO ITPOEKTa
«DddexTrBHASA ¥ KOHKYPEHTHAs 9KOHOMMKA», HO IOKa
OTCYTCTBYIOT B YTOJIbHOW OTPaCIN.
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OL,eHKa ropHbIX KOMNaHUii C NPOeKTaMU Ha CTaZuM OLLeHEHHbIX pecypcoB U 3anacoB
A0 3Tana CTPOUTEeNIbCTBa NpeANpPUATUA U A06bIUN

A.H.JlonatHukos (2 P<, A.10. PymssHLieB
00O «AAP», 2. Mockea, Poccutickas @edepayus
< alopatnikov@aarcapital.com

AHHOTaUuA

O11eHKa rOPHbIX KOMIIaHUI U IPOEKTOB HePeAKO CTAHOBUTCS TEMOI AVICKYCCHUI OTpac/ieBbIX MHBECTOPOB, aHa-
JIUTUKOB U PeryasiTopoB. Cpey MPUUMH — CJIOKHOCTU MHTEPIIPeTalyy TeoIornyeckoil nHbopmaIun, BbICo-
Kasl BOJMIATWIbHOCTD I[€H Ha MeTaJI/Ibl M MUHEPaJIbl, TOBBIIIEHHbIV PUCK ITPY MHBECTUPOBAHUM U UCTOPUUECKU
HEeBBICOKAsT JOXOAHOCTh HA KAMUTAI B OTPAC/IN. [JOTIONHUTENbHBIN U CYIIeCTBEHHBIN (HaKTOp — XapaKTepHas
IIJISI TOPHBIX MIPOEKTOB CTaAMITHOCTD, KOTIa Mpoduib prcKa IMTPOEKTOB 3aMeTHO MEHSIETCSI Ha pa3HBIX 3Tarax
ux pa3BuUTUSL. HeHyneBasi BepOSITHOCTb MIPOEKTa — He MePeNTU K CTaAUM CTPOUTENbCTBA TOPHOTO MIpeAIpus-
TUS ¥ JOOBIUM Taske IIPY Haauumuu ucciaemnoBanms ypoBHs Feasibility Study (FS) — TpeGyeT 0co60ro BHMMaHMs
K BBIOOPY METOZA OLIeHKM Y aHAIM3Y MCXOAHBIX TaHHBIX. YHUKAIbHOCTh TOPHBIX IPOEKTOB U OTHOCUTETHHO
HeOOJBIIION pasMep pPbIHKA MyOIMUYHBIX KOMIIAHUI OTPaciM OTPAHUYMBAKOT HAZEKHOCTh CPABHUTEIbHOTO
aHanm3a. [Tocse my6imMKanuy OTUeTa C OleHKOM PecypcoB 3aTpaThl IIEPECTAIOT ObITh PEJIEBAHTHOM METPUKOIA
CcTOMMOCTH. HyKe MbI ONKCBIBa€M MTPAKTUUYECKNI TOAXO0/, K aHAIM3y CTOMMOCTY TOPHO KOMIIaHUY WX ITPO-
eKTa [0 JTara CTPOUTENIbCTBA, KOTOPBIN MO3BOJISIET YUYeCTh PUCKM MPOeKTa Ha JAHHOWM CTaguu, TeM CaMbIM
MOBBICUTH HAZIEKHOCTb OLIEHKM €r0 PHIHOUYHOI CTOMMOCTU. MbI ITOKa3bIBA€M, UTO HECMOTPS Ha CIEeLUPUKY
OTpacau UCIOb30BaHMe B pacyeTe NPV oxxmiaeMbIX IeHeXXHBIX IOTOKOB ¥ TPAaAULIMIOHHBIX METOL,0B pacyeTa
craBky gyckoHTUpoBaHus (CAPM) 1O3BoJIsIET IOJIYYUTD aIeKBATHYIO OLLEHKY IIPOEKTa, KOTOPAasl COIMacyeTcst
C BBIBOZAMM CPAaBHUTETbHOTO aHa/IM3a. B pabore mpuBemeH aHaIN3 MPUYMH HEPEAKO KaKYIIerocs mapasok-
CaJbHBIM 3HAUUTETbHOIO HECOOTBETCTBMS MeXny 3HaueHreM NPV B TexHMUeCKUX OTYeTax FOPHBIX KOMITa-
HUI ¥ X PBIHOYHOJ KanuTaau3aluen.

KnioueBble cnoBa
OIleHKa CTOMMOCTM F'OPHBIX aKTMBOB M KoMmmaHuit, NPV, ppiHOuHas cToMMocTh, Feasibility Study, pucku rop-
HBIX MTPOEKTOB, CTaBKa AVICKOHTUPOBAHSI

Ansa yuTupoBaHus
Lopatnikov A.N., Rumyantsev A.Y. Valuation of non-producing mining companies. Mining Science and
Technology (Russia). 2025;10(3):306—-316. https:/doi.org//10.17073/2500-0632-2025-06-426

EXPERIENCE OF MINING PROJECT IMPLEMENTATION

Research paper

Valuation of non-producing mining companies

A.N. Lopatnikov(2 ><, A.Y. Rumyantsev
AAR LLC, Moscow, Russian Federation
< alopatnikov@aarcapital.com

Abstract

It is not unusual for the valuations of mining companies and projects to be debated by mining investors, analysts
and regulators. Difficulties understanding geological information, volatility of metals prices, high investment
risks and poor historical returns on capital in the mining industry are among the reasons. An additional and
important factor is the varying risk profile at different stages of a mining project. A non-zero probability of
not advancing to production for a project with a positive feasibility study (FS) requires a careful analysis
of its valuation methods and supportive data. Because each mining project is different, and public mining
companies are a small part of the market, it’s hard to compare them accurately. Once a company prepares
a mineral resources report, the exploration costs cease to be a relevant value metric. We offer a practical
valuation method for non-producing mining companies, accounting for development stage risks to determine
market value. Recognizing the specific attributes of the mining industry, we show that the NPVs calculated
using the expected cash flows and discount rates developed using the traditional CAPM framework provide
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realistic estimates of the project’s value, that compare well to the market indications for the peer groups. We
are also investigating the large gap between the NPV values in technical reports and the actual market values

of mining companies.
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BeepeHune

O1lieHKa TOPHBIX KOMIIAHMIT ¥ MPOEKTOB Ha pPaHHUX
CTaAVSIX CUUTAETCS 6osee CJI0KHOI, UeM OlleHKa CpelHe
KOMTIAaHMY B GOJIBIIMHCTBE APYTUX OTpaCIeil, 3a MCKITIO-
YyeHMeM MOKeT ObITb (apMaleBTUUEeCKMX KOMIIAHMIA,
YyeM-TO MOXOXMX TI0 XapaKkTepy PUCKOB. [IpMuMHBI TOTO,
Io4YeMy TropHble KOMIIAaHUY OLIeHMBAThb OCOOEHHO TPYI-
HO, BKJIIOYAIOT CJIOKHOCTb MHTEepIIpeTalyuy reojaormye-
CKO¥1 MH(pOpMaLIMK, CTAAUITHOCTD MIPOEKTOB 1 GMHAPHBIN
XapakTep PUCKOB Ha 3Tarax M3ydeHMUsl, BbICOKYIO BOJa-
TUJIBHOCTb 11€H Ha MeTaJIbl M MUHEPAJIbl ¥ OTHOCUTETb-
HO HeOOJIbIION pa3Mep KaK caMoli OTpaciu, Tak U 60JIb-
LIMHCTBA TOPHBIX KOMITaHMI1. Bce 3TO, a Takke U TO, UTO
MHOTMEe KOMITAaHUM OTPaCIM He SIBJISIOTCS ITyOIMUHbIMMA,
CO3[laeT y YacT¥ MHBECTOPOB OIyIleHMe, UTO MeTObI
OLIeHKU, UCIIOb3yeMble B (DMHAHCAX, He TOASITCS AJIS aKk-
TUBOB C TIOJO0GHOI CTPYKTYPOi1 PUCKOB.

Ilenbio maHHOI PabGOThI OGbUIO MOSICHUTH MPUUMHY
pasinuus NPV B TeXHMUECKUX OTUeTaxX U CIpaBeIInBOi
CTOMMOCTH, a TakKe IPUBECTU NIpUMep MOAX0Aa K OlLleH-
K€ PBIHOYHOM CTOMMOCTY IIPOEKTOB ¥ KOMMAaHM C TO-
TOTOBJIEHHBIMM McCCaenoBaHusIMM ypoBHs Feasibility
Study!, HO O Hayajga CTPOUTENbCTBA M HOObIYM. JIjist
9TOrO0 B paMKax MCCIeIOBaHUSI pellajuch TPU Kioue-
Bble 3a7auyl. Bo-miepBbIX, IPUBECTU U CUCTEMATU3UPO-
BaTh (HaKkTOPbI, OOBSICHSIONIVE 3HAUUTENbHOE pa3auuue
Mexay 3HaueHusiMu NPV, TpuBOAVMBIMY B TEXHUUECKUX
OTUYETaX, U PHIHOYHOM CTOMMOCTBI) TOPHBIX MPOEKTOB.
Bo-BTOpBIX, MPeaJIOKUTb TPaKTUUeCKUIi TTIOAXO, YIUTDI-
BAIOIIMI B pacueTe CTaBKM IUCKOHTUPOBAHMS, TTOTyUeH-
HOI ¢ ucronb3oBaHuem mogenu CAPM, MeHsIOLIMIiCS
XapaKkTep PUCKOB TOPHBIX IMPOEKTOB Ha Pa3HbIX CTaIMSIX
M3YYEeHUSI 0 Hauajia CTPOUTETbCTBA U o6bun. HakoHelr,
COTIOCTaBUTH Pe3y/abTaT pacyeTa Ha OCHOBE IMpeJJIokKeH-
HOTO TOAXO0JA C PHIHOYHBIMM MYJIbTUIUIMKATOpPAMM Ha
OCHOBE PbIHOYHOJ KanuTaln3auumu.

NPV u ctaHpapTbl packpbIiTus uHpopmavum
ny6/1MYHbIMU rOPHbIMU KOMNaHUSIMM
HeCMOTpH Ha 0COGEeHHOCTM TOPHBIX aKTUBOB U pas-
H006pasme MeTOOO0B, HOCTYIIHBIX MHBECTOpaM OJisd UX
OII€HKM, BC€ OHUM CBOOATCS K OJHOMY M3 TpeX OCHOBHBIX

1 3pech u Janee Mbl UCIIONb3yeM 6e3 IMepeBofa TEPMUH
Feasibility Study. CnoxkmuBiumiicsi 3a Hojrue TOObI TEPEBOH, —
T30 (TexHUKO-3KOHOMMUUECKOe 060CHOBAHME) He IOJHOCTHIO
repefaeT 3HaueHue TepmuHa. Feasibility study (nccnemoBanme
9KOHOMMYECKO 11e71ecO06pa3sHOCT) TMPEeAToIaraeT, 4ro pe-
3yJbTaT UCCIEAOBAHNS MOXKET ObITh U OTPUIIATEbHBIM, T.€. HEe
000CHOBBIBAIOLIMM MHBECTUIINIO B KOHKPETHBIN MPOEKT B aH-
HOe BpeMs.

C1oco60B MJIM TIOJXO/IOB: CPAaBHEHME C MOJOOHBIM MU
TOXOXMM, 0O0CHOBaHHbIE 3aTPAThl MU TEKyIIash CTOU-
MOCTb OXKMIaeMbIX JJOXOIOB.

B cranpaprax «NI 43-101 Standards of Disclosure
for Mineral Projects», a Takske B [IOIOJIHSIOIIEM UX J10-
KyMeHTe TIPUBOISTCS TPeGOBAaHMSI K TEXHUUECKUM OT-
yetaM Form 43-101F1, cormacHO KOTOpbIM TeXHMUYECKIe
otueThl MybnnuHbix Kommauuit (Preliminary Economic
Assessments (PEA), Pre-Feasibility Studies, mnn Feasi-
bility Studies) mo/mKHBI comepskaTh pasmesl ¢ SKOHOMMU-
YeCKMM aHa/IM30M UM KIKYEBbIMU IIPEAITIOIOXKEHUIMMN.
B vactHOCTHM, B Form 43-101F1 comepskaTcst TpeGOBaHMS
MIPUBOAUTb B OTYETAX «ONUCAHUE YUCMOLl npusedeHHOl
cmoumocmu (NPV), cmaeku sHympetHeti doxooHocmu (IRR)
u nepuoda oKynaemocmu Kanuma.na.

The JORC Code uu B Bepcuu 2012 r., HM B IIPOEKTe
2024 r. He ynomuHaeT TepMmuH NPV u He TpebyeT SIBHO
ero pacCuMThIBATh WM PACKPBIBATH B OTUETaX ISl My-
6mmyHOTO packpeIiTys [1]. B To ke Bpemst ctanmapTsi JORC
TpeOYIOT pacKpbIBATh BCS CYIIECTBEHHYIO MH(GOPMAIINIO,
KOTOpasi BJMsIeT HA 3KOHOMMUKY KOHKPETHOTO TOpPHOTO
rpoekTa. Takas MHGOpMAIMs BKIIOUaeT SKOHOMUUECKIE
TIPeITIONIOKEeH NS, SIBJISIOIMEeCs YacTblo MOAMMUIIMPYIO-
X pakTopoB (yueTa Takux GakTOPOB, KaK 0COOEHHOCTY
IoObIuYM, IepepaboTKM, MeTa/TyPIum, MHAPACTPYKTYPHI,
a Takke SKOHOMMYECKMX, MApPKETMHTOBBIX, HOpUAMYE-
CKMX, COIMAbHBIX (haKTOPOB, BKIIOYAST BOIIPOCHI OXpa-
HbI OKPY’KAIOIIEel Cpebl M PEryasITOpHbIe TPeGOBaHMS),
¥ TI03TOMY JTOJIKHA ObITh PACKPBITA B TEXHUUYECKMX OTUE-
Tax, rae MPUBOAUTCS OIleHKa pecypcoB U 3aIacoB.

Hecmotps Ha To uTo B Teopun NPV mosBossieT oije-
HUTb CTOMMOCTb JII0O0TO aKTKBa, He J11060it pacuer NPV
JlaeT OI[eHKY PHIHOYHOM CTOMMOCTH. Llesn, st KOTOPBIX
npoBonuTcst pacuet NPV, BAUSIOT Ha BbIOOP ITPEeATIOChI-
JIOK TIPU TTPOTHO3UPOBAHMUY KJTIOUEBBIX ITAPAMETPOB — Jie-
HEKHbIX TTOTOKOB U CTaBKM IMCKOHTUPOBaHMsl. OCHOBHAs
1enb pacueta mokasareseii IRR 1 NPV B TexHMUeCKUX OT-
yeTax — M0Ka3aTh MOJIOXKUTETbHYI0 9KOHOMMKY peann3a-
uuu mmpoekTa. [TonoxkurenbHoe 3HaueHne NPV o3Hauaer,
YTO IIPOEKT MOKET ObITh Peann3oBaH [2].

B pesynbrare 6e3ycJIOBHO MOJie3Hasl MPaKTUKa ITy-
6mukaryy NPV TOpHOTO TpOeKTa B [TOKYMEHTaX [IJjIst
MyOIMYHOTO PACKPBITUSI OZHOBPEMEHHO OKa3bIBAETCS
JVICTOUHMKOM ITyTaHUIIbI, ITOCKOJIbKY NPV, paccumMTaHHbII
B TEXHUYECKMX OTUETaX, MMEeeT Majio OOIIEro C pPbIHOY-
HOW CTOMMOCTBIO TpoekTa. OnuchIBasi MPUPORY CO31a-
HUSI CTOMMOCTH TIPOeKTa B TOPHOV OTPacau U MyTaHUILY,
KOTOpasi BO3HMKAET M3-3a HEMIOHMMAaHMUSI 11eJieil TexHuYe-
CKMX OTYETOB U IMPUPOJIBI CO3IaHMS CTOMMOCTH B OTPACIH,
Michael Samis [3] oTmeuas, 4TO «1 OTpaciaeBbIX Crelya-
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JIVCTOB, U Te€X, KTO IIPOCTO MHTEPECYeTCsI TOPHBIM CerMeH-
TOM, YaCTO ITyTaeT 3HAUUMEIbHASL PA3HUYA MEXCDY PbIHOU-
HOUl kKanumanu3ayuii KoMnauuti, eedyujux 2e01020paséeoxy
u usyuerue o6sekma, u geauuuHoti NPV, nokasaHHoti 8 mex-
HUYecKoM omuerme, n0020MO0BJEHHOM 6 C00meemcmauu
¢ mpebosaruamu NI43-101». B camoM Jiefnie, IpUBOAVIMbIE
B TEXHUYECKOM OTYETe VIV HOBOCTHOM COOOIIEHNY O €r0
my6nukaryu 3HaveHusst NPV TpoekTa, Kak MpaBuiIo, 3a-
METHO 3aBBIIIAI0T PHIHOYHYIO CTOMMOCTh KOMITAHUM, pe-
anusytonieii mpoekT. AHamnu3 100 TOpHBIX TTPOEKTOB, TTPO-
BefeHHbI B 2024 r. [4], BoisiBUII, yTO NPV, rOKasaHHbIe
B uccnenoBaHusx ypoBHs1 Feasibility Study, mpesbimianu
PBIHOUHBIE OLleHKM B cpefHeM Ha 40-60 %.

TuUnuMuHOM [OJjisi OTpaciau SIBASETCS CUTyalysi, KOT-
na NPV B COTHM MWUIMOHOB [OJIJIapOB, MPUBEIEHHbIN
B MccneqoBaHusx ypoBHs Pre-feasibility Study (PFS) man
Feasibility Study (FS), moka3bIBalOT KOMITAHMM C PbIHOY-
HOI1 KanuTaau3aiuei B epBble JeCSITKU MUUTMOHOB JT0M-
napoB CIITA. OnvH 13 HEIaBHUX IIPUMEPOB — COOOIEHNE
06 o6HoBIeHnu PFS otueTa kommnanueit TriStar Gold B mae
2025 1., B KOTOPOM KOMITaHMSI OTMeuana, 4To «OIreHKa
pasmMepa MUHepanbHblX PECYPCO8 U 3anaco8 He UMEHULIACD,
OCHOBHOE BHUMAHUE 8 0O6HOBNEHHOM UCCNe008aHUU ObLIO0
yoeneHo oyeHKe 3ampam ¢ MOMeHmMA 8vlnycKa npedvioyuje-
20 pre-feasibility study, a makxe yuemy usmeHeHull 8 yeHe
Ha 30/10m0 U 00MeHHbIX Kypcax» [5]. PBIHOK ITOJIOXKUTEIBHO
oTpearupoBa Ha yaBoeHne NPV nmpoekTa B 06HOBJIEHHOM
PFS ¢ 321 go 603 muH mosn. CIIA (paccuMTaHo 1o IieHe
2200 most. CHIA/yHIIMSL C UCIIOJIb30BAHMEM CTaBKM OVC-
KOHTUPOBaHMS B 5 %)%. OmHaKO peakilys He oTpaykajia 13-
meHeHMs1 NPV, ppIlHOUHAs KalmuTaIn3amysi KOMIaHUM Bbl-
pocia Ha 9,1 % — mo 36,5 muH gojut. CIIA, uTo IpUMepHO
B 16 pa3 meHbiie NPV, npuBenenHoro B PFS.

Ipyroit npumep [6] — OOGHOBIEHHOE MCCIEIOBAHME
ypoBHs Feasibility Study nutueBoro npoekra B Kanage,
ony6nkoBaHHOe KoMiiauuei Frontier Lithium. TTpu pei-
HOYHOM Kanutanusauuu npumepHo 90 miaH most. CIIA
komMmmanus npuBoaut NPV mpoekra rpu craBke B 8 %
B 932 muH posui. CIIA.

OueBUAHO, UTO pa3HMUIIA TAKOTO pa3mMepa He MOXKET
OBITh PpE3YJIbTATOM CUCTEMATUYECKOl OIMMOKY PhIHKA
B OIleHKe TIpOeKTOB. He sIBjisieTCs] OHA U CJIeICTBMEM pa3-
JIMUMST BBIBOJIOB, TTOJTYY€HHbBIX C UCTIOJIb30BaHMEM Pa3HbIX
MeTOM0B OlleHK! — CPaBHUTEIbHOTO aHa/IM3a U JOXOLHOTO
roaxoaa. 1lenapio maHHOI paboThl OBUIO MOSICHUTH IPU-
uyHy pasnmunsi NPV B TeXHUYECKMX OTUeTax U CIIpaBe[-
JIUBOI CTOMMOCTH, & Takke MPUBECTU TPUMeEpP MOAX0na
K OILIeHKe PbIHOUHONM CTOMMOCTM MPOEKTOB M KOMIMaHMI1
C TIO[ITOTOBJIEHHBIMM VcCIeloBaHMsAIMM YpoBHSI Feasibility
Study, HO 1o Havuaa CTPOUTENTBLCTBA U TOOBIUMA.

NPV, TexHnyeckasa CTouMOCTb
U pblHOYHaaA CTOUMOCTb
[Mousite NPV gBHBIM 06pa3soM MCIOAb3YeTCS MpU
OTpefeNeHn «TeXHUYeCKO! CTOMMOCTM» B CTaHIap-
Te ropHoit olleHKM VALMIN, roe oHa ompemesnsieTcss Kak
«pasmep uucmoti 6yodywet 6vi200b6l 0mM MUHEPATbHO20 AK-
muea (8xkuas Hegmezasosvle akmuesl) Ha damy makoti

2 TIpu craBke 10 % snauenue NPV cocraBmwio 393 MJH
nosnapos CIIA.
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OYeHKU C UCNONb308aHueM HAOOpa npeonoyodceHuti, Ko-
mopute ompacnesoti Oxkcnepm uau Cneyuanucm cuumarnom
HauboJiee npuemaemMbiMuU, UCKIOUASL KaKue-aubo npemuu
WU CKUOKU 071 yuema mexkyujux yeH Ha pvlHKe, cmpamezu-
UeCKUX UIU UHBIX CO0OPANCEHUTI».

BBeneHue crienu@uueckoro MOHSITUS «TEXHNUECKO
CTOMMOCTM», KOTOpOEe OTCYTCTBYET B MeXIyHapOAHBIX
cranmaptax oueHku (MCO), ¢bMHAHCOBOI OTYETHOCTU
WJIV 3KOHOMUYECKOIi IUTepaType U KOTOPOe TI0 CyTH SIB-
nstetcst ogHUM 13 pacuetoB NPV ¢ ucrionb3oBaHueM Cy6b-
eKTMBHBIX MIPEITI0NI0KeHNIi, Ha CaMOM Jejle TTOPOoXKAaeT
6osbIlle BOIIPOCOB M CO3[aeT MyTaHuUIly. B mociegHem
BapMaHTe CTaHAAPTOB ropHoi oieHKu VALMIN 6blia
npeanpuHsTa momnbiTka rapmonmsanyy ¢ MCO. B Hux go-
6aBjIeHO, UTO MoHsSITHEe TexHYecKast CTOMMOCTb COOTBET-
cTByeT MOHATUIO VHBecTUlIMOHHOV cTroumMoctu B MCO,
YTO, Ha HAI B3I, He JIYUIINUIT CIT0Co0, MTOCKOMbKY H-
BECTMLIMOHHAS CTOMMOCTb — 3TO Yallle BCero He YTO MHOE,
KakK TOT e caMmblii pacueT NPV npoekra, pacCCUMTaHHOTI'O
B CyOBEKTUBHBIX ITpeamnoaokeHusx. Cormacao MCO 2025
«HH8eCMUYUoOHHAs. CMouUMoCcms — 3Mo YeHHOCMb aKmueda
ON1 KOHKPemHoz2o eJiadesislyd Uil NOMeHYuaIbHozo 67d-
denvya ucxo0sl u3 ux UHOUBUOYATILHBIX UHBECMUUUOHHBIX
UU ONepayuoOHHbIX Ueeti».

[TpenmnonoxkeHus, 3amoskeHHbIe B pacuetax NPV rop-
HbBIX TIPOEKTOB MM TeXHUYeCKol CTOMMOCTU, KOTOpPbIe
JleJIaloT UX pes3yJbTaT OTAMYHBIM OT PHIHOYHOW CTOMMO-
CTU M 4aCTO KPATHO OTIIMYAIOLIMMCS OT Hee, BKIIIYAaloT:

— UCIIOJIb30BaHNe eJMHCTBEHHOIO BapuaHTa JeHexX-
HBIX IMOTOKOB BMECTO OXMJaeMbIX JEHEXKHbIX IMOTOKOB,
BKJII0YAsI TIPeJIOI0KeHNE O TOM, UTO ITPOEKT rapaHTUPO-
BAHHO JOMAET OO CTaAV CTPOUTENIbCTBA, TpaduK ITpoek-
Ta OyIeT COOTBETCTBOBATh IMPOTHO3Y U MTPOEKT MOKaXKeT
3aJI0’)KeHHbIE B MOJe/Ib SKOHOMMUECKNE pe3y/bTaThl;

— MICIIONIb30BaHMe CTaHOAPTU30BAHHON (HOPMAaTUB-
HOIJ1) CTaBKU JUCKOHTUPOBAHMSI, HE OTPaXKAIOIIEN PUCKU
M CTOMMOCTD KaIuTaaa IpoeKTa.

[TepBoe TpexAIoNoKeHe MOIJIO Obl BBIISIAETD JIO-
ITMYHO B C/Iydae, KOTJA HEOOXOOMMO OIpPEeNeIuTb CTOU-
MOCTh TIOCTPOEHHOTO PYAHMKA, BbIIIEAIIero Ha 3aria-
HMPOBaHHbIE 0ObEMBI JOOBIUM U cObITA TpomyKIiMu. Ho
JlaKke B 3TOM CJIydae MCIIONb30BaHye ef/HOM CTaBKU [JIs
BCeX J06BIBAIOMIVIX MTPOEKTOB BBIISIAUT CIIOPHBIM, €CIIN
CTOUT 3a/ia4a ONpPeLeIUTh PhIHOYHYIO CTOUMOCTbD.

A.Dixit n R. Pindyck [7], ccpinasic Ha aMnupuyeckme
JlaHHble, OTMeEUalT, YTO BKJIaAbiBasl [EeHbI'M B HOBbIE
MPOEKTbI, MHBECTOPbI IMPEAIOYNTAIOT UCII0Ib30BaTh He
opportunity cost, minu kopropatusHbiit WACC, paccum-
TaHHbBIN ¢ ucrnonb3oBaHem CAPM (Capital Asset Pricing
Model), a hurdle rate, uau 6apbepHyIO CTaBKY, KOTOpast
B peaJibHOM BBbIpa’keHMM OKa3bIBaeTCsl KPAaTHO BbIIIe.
CraTucTMKa TOPHOI OTpacyiM MOKa3bIBAeT, YTO BEPOSIT-
HOCTH ITPOEKTa JOCTUUD 3Tara CTPOUTETbCTBA U JOOBIUN
MeHSIeTCSI OT CTaAMM K CTaAUM U Jlaske Ha CTaAuM Tak Ha-
3BIBAEMOTO MCC/lenoBauusl ypoBHs bankable Feasibility
Study sTa BepoSATHOCTb 3aMeTHO oTinvaeTcst or 100 %.
Kpome Toro, 3ariaHnpoBaHHbIe 06bEMbI MOTYT OBITh HE
IOCTUTHYTBI MU HEJOCTVOKMMBI TIO TeM MJIM MHBIM TTpU-
yMHaM. YMcao uccienoBaHMili BEPOSTHOCTU He OCTUYb
aTara CTPOUTENbCTBA U TOOBIUM HEBEIUKO, HO Te, UTO J0-
CTYIIHBI, YKa3bIBAIOT Ha MPUMEPHO OJMHAKOBble 3HaYe-
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HUSI BEPOSITHOCTY TIePeX0f0B MEKIY CTaAMSIMM, KOTOPbIe
MOTYT MHTepPHPeTUPOBAThCS KaK MoKa3aTeju pucka Ha
COOTBETCTBYIOLIEN CTafUMN.

Hy>kHO OrOBOPUTBCS, UTO MOHSATHE «CTATUU» ITPOEK-
Ta JOBOJIBHO YCJIOBHO U TAKKe MOYKET ObITh ICTOIKOBAHO
MPOM3BOJIbHO. B YaCTHOCTM, CTAaHIAPTHI OLIEHKU TOPHBIX
KoMmItaHuii u akTBoB CIMVAL o6paiiaioT BHMMaHMe Ha
TO, UYTO «BBIOOP MOIXO0MIA K OlIeHKE TOPHBIX ITPOEKTOB 3a-
BucuUT oT ctaguu I'PP mau paspaboTKy TOPHOTO TIPeaTIpy-
siTust. TOpHbIe MPOEKThI MOKHO PasienuThb s yoo6CTBa
Ha 4YeTbIpe KaTeropuu; OgHAKO CjielyeT OTMEeTUTb, UYTO
MeXAy HUMU HeT YeTKUX TpaHUIl, a KaTeropus TOPHOTo
IMPOeKTa MOKeT MeHSIThCSI CO BpeMeHeM, [Py 3TOM HeKo-
TOpPBIE TOPHBIE MTPOEKTHI TPYAHO KIACCUPUIIMPOBATH TaK,
YTOOBI OHY TTOAXOAVIIV TOIBKO K OJHOV KOHKPETHOM Ka-
Teropun» [8].

Craauy TOPHBIX MPOEKTOB, KOTOPbIe MOKHO BbIfie-
JIUTh KaK 3aMeTHO OT/INYaolyecs o YPOBHIO PUCKa:

— ITOMCKOBbIE ITPOEKTHI U MTPOEKTHI 6€3 pecypcos;

— IIPOEKTHI C OLleHEHHBIMU pecypcamy Wiy 3amaca-
mu (mo npuHsATUs FID 1 Hauana CTpouTenbCTBa);

— IIOCTPOEHHbIe TOPHbIE MPeNNPUSITHS, Ha KOTOPbIX
BeIeTcs Lo0bIva.

EcTecTBeHHO OXXUIATh, UTO CPeiM IIPOEKTOB C pecyp-
camMu U 3aracaMu, OlleHeHHbBIMM B COOTBETCTBUM C MeX-
IYHAapOOHO TIPU3HAHHBIMM CTaHIapTamMu ceMeliCcTBa
CRIRSCO, crerneHb M3yUeHHOCTH MPOEKTA OYIET BIAUSITH
Ha PUCK U, CIe00BaTe/bHO, HA €er0 CTOMMOCTb. OueBuUJ -
HO TakkKe, YTO HMKAKOe M3yueHMe He IMO3BOJSeT yCTpa-
HUTb BCE PUCKU U HEOIpeJeeHHOCTY TOPHOTO ITPOEKTa.
B yacTHOCTH, TO3TOMY MHBECTOPBI 3aMETHO T10-pa3sHOMY
OIIEHMBAIOT TIPOEKThl Ha CTaguy M3yueHus ypoBHsS FS,
HO JI0 Hayuaja CTPOUTEIbCTBA U TOOBIUM, Y TTIOCTPOEHHBIE
u paboTalolyie TOpHbIe PeATIPUSITHS.

CraTucTuka, KOTOpasi TMO3BOJSIET JIyyllle TOHSTh
PUCKM TOPHBIX MTPOEKTOB HA PasHbIX CTAAUSIX, IpUBeIe-
Ha ].P. Syles u A. Trench [9] B Bue mupamMupasl cTaTyca
MeIHbIX MEeCTOPOXAEeHUI B Mupe. ABTOPbI OTMEYAIoT,
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YTO TaKoe IpeacTaBieHue Hauboee HAIISIIHO OTpaska-
€T «ITOCTEeIIeHHbIIT TTePexol OT OOTBIIOTO YMC/Ia TPOEKTOB
K HECKOJIbKMM, KOTOPBIi uMeeT GopMy MepapXuiu IpoekK-
TOB UJIV CUCTEMY C TIOC/IEIOBATEIbHBIM OTCEBOMY.

B Tab6s. 1 MmbI mpeo6Gpa3oBain pe3yabTaThl YIIOMSIHY-
TOTO BBIIIE MCCAeAOBAHMSI, TIPMUBEIS TTPOLIEHT ITPOEKTOB
Ha TI0C/IeIOBATENIbHBIX CTAIMSIX, YTOOBI TPOULTIOCTPUPO-
BaTh CTPYKTYPY BEPOSITHOCTY ITePEXOI0B MEKITY STariaMu
Pa3BUTHS TOPHOTO ITPOEKTA.

B pab6ore, B 4aCTHOCTH, OTMEYAETCsl, uTO «[IoMUMO
0xUdaemozo 60161020 UUCIA NPOEKIMO8, KOMopble He nepe-
x00sm u3 cmaduu noucka uau paxHeti I'PP 8 cmaduto npo-
dsunymesix I'PP, kax u cnedosano oxcudamos, 3HauumenbHoe
KONUYEeCme80o NpoeKkmos makice He nepexodsm u3 cmaouu
npodsurymuix I'PP 8 cmadut npedsapumenstozo Feasibility
Study. I[IpumepHas 0ot makux NpoexKmos 8 OaAHHOL 8b160p-
Ke cocmasuia okoso 85 npoyeHmos, umo 6onvlie, uem 0o
npoekmos, He nepeweduiux co cmaduu paxHux I'PP na aman
npodsurymuoix I'PP (oxono 75 %). 9mo 2080pum o mom, umo
3HauumesbHOe HUCII0 NPOEKMO08 NPOULIU cmaduio npodeu-
Hymoli zeonozopaszeedku, HO 8NOCIEOCMBUU OKA3AIUCH He-
peHmabenbHbIMU».

Ipyrue uccnenoBanus [10] MpUBOIAST MOXOXKKE OaH-
Hble, TIPVBeIeHHbIe B TA0. 2.

ITo manubiM AMC Consultants [11] mpumepno 25 %
MIPOEKTOB, II0 KOTOPBIM ITOATOTOBJIEHBI MCCIENOBAHMS
ypoBHs Feasibility Study, okasbIiBaloTCSI HeyJauHBIMU.
CornacHo uccnemoBanuio McKinsey (2017) [12] TonbKo
20 % TpOoeKTOB B TOPHOI OTpaCiu, MO KOTOPBIM ObLIO
MpOBeIeHO uccaenoBaHue ypoBHs Feasibility Study,
BIIOCJIEACTBMM ObUTM TIOCTPOEHBI COIJIACHO IIepPBOHA-
YaJIbHOMY IIJIaHy, MHOTME CTPOMJIUCh C MHOTOJIETHUM
OTCTaBaHMeM OT rpaduKa ¥ 3aMeTHO OT/IMYAJIVCH TI0 Ma-
pamMeTpaM B CTOPOHY YMeHbIIIeH!sI rToKasaTeseii. ITo mpy-
MM JaHHBIM 10 30 % TOpPHBIX MMPOEKTOB He MepPexXOmsT
atan Feasibility Study, McIibIThIBast CJIOKHOCTH C TIOJTyUe-
HMEM pEeryJsiITOPHBIX paspelleHni, 1U3-3a TeXHUUECKUX
Mpo6JIEM WJIU U3-3a OTCYTCTBUSI GUMHAHCUPOBAHMS.

Tabauia 1
CraTyc IpOeKTOB pa3sBUTHS MeJHBbIX MEeCTOPOKAeHIi B MUpe
CTpOUTEILCTBO IIpoaBUHYTHI HavanbHbIi
Craaus pa3BuUTHS IPOEKTa it FS PFS IPP IPP
Unciio MpoeKTOB Ha IaHHOV CTaAuy Pa3BUTUS 66 75 92 664 2,870
IloJisi mMpOeKTOB Ha JaHHOM CTaiuM K YMCITY 38 82 14 23 N/A
MMPOEKTOB Ha MpeAbIayIeii cTaanm, %
Tabauia 2
BeposITHOCTB ycIiexa Ha pa3HbIX dTarnax U3yuyeHUs MeIHbIX MeCTOPOXKIeHU
Top, Top 1 Tog 2 Toxp 3 Topm 4 T'ox 5
BepositHOCTB ycnexa, %
Ksapran (Q) Q1-04 Q1-04 Q1-04 Q1-04 01
[TepBUYHBI MHKUHUPUHT 50
KoHLeNnT-MHXUHUPUHT 70
ba30Bblii MHKMHUPYHT 90
[TponsBoaCcTBO 100
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B Tabn. 3 Mbl M/UTIOCTPMPYEM TAKCOHOMMIO OCHOB-
HBIX CTaVi POEKTOB ¥ METOAOB MX OLIEHKM B CTaHAAp-
TaxX OIEHKM CTOMMOCTM TOPHBIX KOMITAHUI U ITPOEKTOB
VALMIN, CIMVAL and SAMVAL.

[TosicHSIST TIpaKTUMYeCKMe TPAHUIIBI MMPUMEHUMOCTH
pacuetoB NPV, P.F. Bruce [13] mpuBOOUT Cleqyioniye apry-
MeHTbI «C/10#CHO nepeoueHums noae3Hocms memoda NPV-
DCF 0na cpasHeHuss Cmoumocmu pasaudHsiX nepcnekmue-
HblX 00BEKIM08 2€071020pa38edKu, 0COOEHHO MmeX, Komopble
uMem CXoxcue mexHuueckue u (PUHAHCOo8ble NApamempeol.
IIpu smom HenpasubHO UCNONB308AMb OAHHBLLL MemOo0 0715
paseedouHvix 006eKmMos, 0l KOMopwvix Hem HeoOX00UMbIX
eXHUUeCKUX U KOMMepUeCcKUx OaHHbIX, He0OX00uMblx Onsl
NpasuibHo20 npumeHeHust memoda. Jlrob6as nonsimka «u3o-
Opecmu» 3HaueHue napamempa ons NPUOAHUST OeHEHHOMY
NOMOKY HeKomopozo nodobus peanbHOCMU MoxXcem 88ecmu
8 3a61ysoeHUe HeONbIMHO20 WU HeoC8eJOMAEHHO20 UeJl0-
eexa. IIpu amom 2py6as KOHUenmyaubHas mooeib OeHexd-
HbIX NOMOKO08, 0CHOBAHHAS HA HAUNYUUWUX OYEHKaX 6YyO0yujux
napamempos MuHepanbHblX Pecypcos, 67semcst Noae3HbIM
Memodom 0211 BHYMpeHHez0 UCN0JIb308AHUS NpU onpede-
JIeHUU nepcnekmue 2e0y1020pas3sedouHozo o0sexma, urmobol
OUEHUMb €20 «CMOUMOCMB» UU 000CHO8AMDb OdbHeliliue
pacxodel Ha pazeedky. Memod NPV, npumensiemslii K nep-
CNeKMUBHOMY 2e0J1020pa38edoUHOMY 00BeKmMy, N0360J1UM
onpedeaums CMoOUMOCMb «MO20, UMO MOMXCHO Oydem yeu-
demb Ha o0seKkme».

Hy’>kHO OTHATh AOKHOE, UTO, pacKpbIBas MHOOpMa-
M0 KOMITaHMM, OTOBapuBawTcs, 4To NPV B TexHuue-
CKOM OTYeTe He OTPaskaeT PbIHOUHOI CTOMMOCTU IPO-
€KTa, M YacTO WUTIOCTPUPYIOT PasSHUIY MEXKIY HUMIMA.
TUIIMYHBIA TIPUMep — OJHA U3 Ipe3eHTalyil KOMITaHUN
West Red Lake, roe pesynbraThl PFS mpoexTa repesary-
cka Madsen Mine 6bIIM OIMCaHbI CIEAYIONIMM 06Pa30OM:
«[Ipu MCITOIb30BaHMM B IIPOTHO3€ JIOJTOCPOYHON I[€HBI
3oso0Ta B 2600 mosi. CHIA /yHuMst Madsen Mine NPV ripo-
eKkTa coctaBuUT 496 miH momni. CIIA. Komnanuy Ha ctagumn
Development uwacTo oueHuBawTcs B ~0,4X CTOMMOCTHU
MX aKTMBOB; KOMIIAHUY Ha CTaAM IIPOU3BOICTBA YaCTO
onenuBaioT B 0,7x—1,0x cTOMMOCTHU U3 aKTUBOB. PbIHOU-
Hasa Kanutanusauyusa kommnanuyu WRLG cerogHsI coCTaB-
nstet ~200 vutH gost. CIIA». [Taske rmocjie BOSOOHOBJIEHMS
paboTel pygHMKa B Mae 2025 r. ppIHOYHASI KanuTanansa-
LISl OCTa/Iach IPUMEPHO TaKoi ke [14].
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Mouemy NPV B uccnepgosaHusix PEA, PFS, FS
He OTPaXkaloT PbIHOYHYIO CTOMMOCTb?

[l oTBeTa Ha BOIPOC O NPUUYMHE CYILECTBEHHOIO
pasnuuus mexay NPV B ucciienoBanmsx yposHs PES minn
FS 1 ppIHOYHOT CTOMMOCTM TOPHOTO TPOEKTA BAXKHO YUU-
ThIBaTh, uTO Feasibility Study — 3To 1Mo cyTu mapkeTuH-
TOBBIV TIPOAYKT, TIOAKPEIIEHHbI pe3ylbTaTaMyu ucciie-
IOBaHMI1 1 U3MepeHmii. Ero rimaBHas 1enb — «IIpoaaTh»
MPOEKT akioHepaM. [I0CKOMbKY y MHBECTOPOB YaCTO Ha
paccMoTpeHuy GbIBAaeT He OAMH ¥ He JABA BapMaHTa IJIst
VMHBECTUPOBAHUSI, MCIIOAb30BaHNE B TMOJOOHBIX HOKY-
MEHTaXxX «eIVHOJ» CTaBKM BIIOJHE OMNpPaBLaHHO. 3azava
MHBECTOpa BbIOpPATh MEXOY OBYMS IPUBJIEKATETbHbIMU
BapMaHTaMM, a He OIpeNeauTb PbIHOYHYIO CTOMMOCTD
KOHKPEeTHOTO MPOeKTa.

It TOro YTOGBI MOMYINTH OIEHKY PHIHOUHONM CTOU-
MocCTH, B pacueTe NPV moKHBI MCIIO/Ib30BaThCS TIPEATIO-
JIO)KeHMSI, COOTBETCTBYIOIIVE OMpeeeHUI0 «PbIHOUHOM
CTOMMOCTW», ¥ JTAHHBIE, IIPSIMO MY KOCBEHHO IT0/TyYeHHbIe
C ppIHKa [15]. MaTeMaTH4eCKy 3TO BbIpaXkaeTcs B TpeboBa-
HUU UCIIO/Ib30BaTh [ pacueta NPV oxxuaeMble feHex-
Hble TIOTOKM U CTaBKy AVMCKOHTMPOBAaHUS, OTPaKaIOILYI0
PUCKM JTIeHeXHBIX MTOTOKOB TaHHOTrO IpoekTa. HeBbImon-
HeHMe 3TUX yu1oBuii ripu pacuete NPV B ucciemoBaHMSIX
ypoBHs Feasibility Study siBisieTcst OCHOBHOW TTPUYMHOI
3HauUNUTeabHOM pasHuibl NPV 1 pbIHOUHO CTOMMOCTH.

Pucky ropHoro npoexkra MOXHO y4eCTb B OLHOM M3
IBYX WM 060MX KIIOUEBBIX MapamMeTpax pacuera NPV —
OXXIIaeMbIX IeHeXHBIX MTOTOKaX M CTaBKe AVMCKOHTUPO-
BaHUs. B Tabn. 4 IpuBemeHbl IPUMEPHI TUTTUUHBIX CIIO-
Cc000B OTPasKeHMsI OTAEIbHBIX PUCKOB ITpu pacuete NPV.

Ha puc. 1 npencraBieHa CTPYKTypa PUCKOB IIPOEKTA
Ha ctaaun ['PP. Hanuume ouieHKM pecypcoB WM 3aIiacoB
MMPOEKTAa MO3BOJISIET MPUMEHUTD JJISI €70 OLL€HKU MYJIbTH-
IUIMKATOP K pecypcaM MM IPOBECTY IpeaBapUTeIbHbI
pacyer ¢ UCIHOAb30BaHMeM JeHeXXHBIX IOTOKOB MPU YCJI0-
BUM, UTO TIPOBE/IEH TOCTATOUHBI 06BEM MCCIIEIOBAHNIA.

Heob6xoguMbIM yCJIOBMEM [IOJKHO OBITH MCITONB30-
BaHMe OXMUIAeMbIX JEeHEeXHBIX IOTOKOB U CTaBKU [OUC-
KOHTMPOBAHMSI, KOTOpasi OTpaskaeT PUCKU TpoekTa. [1pn
9TOM, KaK Ha CTaauy aHaiau3a ypoBHs Pre-feasibility mmm
Feasibility Study, Korma KOMITaHMsST MOKET PaCKpbITh 3ara-
Cbl, HE YCTPaHSeT CyLIeCTBeHHYIO YacThb PUCKOB IIPOEKTa,
KOTOPbIE JO/KHBI ObITh YUTEHBI MPU PACUeTe PIHOUYHOM

Ta6muua 3
ComocTaB/ieHMe CTagui IIPOEKTOB ¥ MeTOA0B UX OL€HKU
Ilopxon K oeHKe Crazys MpoeKTa COrJIaCHO COOTBETCTBYIOIIEMY CTaHAAPTY
CpaBHuUTenbHbIV | [JOXOOHBIV | 3aTpaTHBIN VALMIN CIMVAL SAMVAL
OA HET OA IIpoexTsl Ha ctaguu PP | TIpoekTsl Ha craguu ['PP Panusis cragus I'PP
IOA B otmenbHbIX | B oToenbHbIX | [IpOEKTHI AJ1S1 CTaaumu [TpoexkTsl ¢ ouieHeHHbIMU | [IpogBuHyTas ctagus ['PP
aTyvasx Tyvasx Development (Pre-Devel- MUHepaTbHbIMU
opment Projects) pecypcamm
OA OA HET [IpoekTsl ¢ orleHeHHbIMM | [IpOeKThI ¢ OLleHeHHbIMM | [IPOeKThI C OlleHeHHbIMU
pecypcaMy WM 3amiacaMy | peCypcamMu Ui 3aracaMy | pecypcaMy WK 3aliacamu
10 HayvaJia CTPOUTENbCTBA | [0 Hauajia CTPOUTENbCTBA | 10 Hauaja CTPOUTEIbCTBA
u no6brun (Development | u mo6urun (Development | u qo6srum (Development
Projects) Projects) Projects)
oA oA HET IIpoexTsl, roe BegeTcs IIpoexTsl, rae BeneTcs [IpoexTsl, rae BeneTcs
nobblua nobbrua no6brua
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CTOMMOCTU TIpOeKTa C ucnonab3oBaHueM NPV. Heyuer Ta-
KMX PUCKOB U €CTb OCHOBHAsl NIPUUMHA, 110 KOTOPOI PBbI-
HOYHas OLleHKa Ha OCHOBE MYJIbTUIUIMKATOPOB K PbIHOY-
HO¥ KaruMTanusauy Hauboiee COMOCTaBUMbIX ITPOEKTOB
He coBriagaer ¢ NPV, mokasbIBaeMbIX B ITyOJIMUHOI OTUET-
HOCTY KOMITaHWIA.

VuuTbiBas MPAKTUKY WCIOAb30BaHMS «CTaHIAPTU-
30BaHHBIX» CTABOK AMCKOHTMPOBAHUS B MCCIEIOBAaHU-
sx ypoBHs Feasibility Study nns ropHbeix mpoekToB Ha
CTafyy A0 Hayajla CTPOUTENbCTBA ¥ IPOEKTUPOBAHNS,
QHAIUTUKM OTPACAM NMPUMEHSIOT IONPaBKy K pacyeTam
NPV (TouHee Net Asset value, ocHOBHasI 4aCTb KOTOPOTO
copgepxxutcst B NPV). IIpumep TOro, Kak OHM CBSI3bIBAIOT
NPV (i TeXHUYeCKyl0 CTOMMOCTb) UM PBIHOUHYIO CTO-
MMOCTb, KOTOPYIO OTPa’kaeT PbIHOYHAS KaIlMTaau3aLys
TOPHBIX KOMITaHMIA, TIOKa3aH Ha pUC. 2, IpUBeIeHHOM
KoHcynbTaHTamu SRK [16].

MuBect6ank BMO [17] Tak omychIBaeT MCIIONb30Ba-
Hue MmynbTurmkaropa P/NAV. «Mbl ipuMeHsieM 1iefieBble
MYIbTUIIMKATOPbI NAV K KaXIOMy aKTUBY aHaIU3UPY-
eMbIX KOMITaHWIi, OCHOBBIBAsICh Ha Hallleil OlleHKe pucKa
aKTVBa, BKJIIOYAs PUCK CTPOUTEILCTBA/BBOLA B KCILTya-
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TalIo, MPOU3BOACTBEHHBIN PUCK, TE€OTIOTUTUIECKUI PUCK
U T.J. Mbl Takke y4UTbIBA€M BO3MOKHOCTU DPa3BUTHUS
aKTMBA, BK/IIOUasl MOTEHIMAI MPOMJIEHMsI CPOKA CITy>KObI
pynHuka. [IpyMeHsieMble HAMY MYJIbTUTIIMKATOPbI BAPbU-
pytorcs ot 0,0 mo 0,1x [J1st MpOeKTOB Ha paHHUX CTaOusX,
IS TIOYTY BBIPAOOTAHHBIX PYIHUKOB WJIM ITPOEKTOB C I10-
BBIIIEHHBIM PUCKOM, U 10 1,0X AJIg 3pesbIX U CTaOMIIbHO
paboTarIMX PYTHMKOB VIV TUIABVIIbHBIX TTPEIIIPUSITUI».

IMpaKkTHUyecKoit MpobaeMoii MCII0b30BaHMsI ITOMPaB-
ku P/NAV 0151 o11leHKM PbIHOYHOJ CTOMMOCTU SIBJISIFOTCSI
€ro HeImpo3pavyHOCTh ¥ HEHa6I0JaeMOCThb, a TaKKe TOT
(axkr, TO 3TO «MHTErpaNbHAS» ITOMPABKa, KOTOPAsI IIpUMe-
HseTcs1 K NPV, a He K IByM ero K/It04eBbIM 3JIeMeHTaM —
JIeHEe>KHBbIM IIOTOKAM U CTaBKe NVICKOHTUPOBAHMSI.

B wmccoremoBanmsix ypoBHs Feasibility Study ua-
CTO UCITONMb3yeTCsT Ga30BbIii CIIEHAPUIL, OMHAKO CJIOKHO
YTBEpPKAATh, UTO €ro MPEeAIloNoKeHUsS] COOTBETCTBYIOT
Ofpefie/IeHUI0 OKUIaeMOro IeHesKHOTO TMOTOoKa /i He-
ITOCTPOEHHOTO 1 He HauaBIlero no6sruy mpoekra. KocBeH-
HBIM TIOATBEPKAEeHMEeM 3TOI0 HECOOTBETCTBUS SIBJISETCS
OTCYTCTBME BEPOSITHOCTHBIX KOPPEKTMPOBOK B pacuéTax
NPV B uccnegoBanmsix yposHeit PEA, PFS u FS.

Tabauia 4

Crmoco0blI OTpaskeHMsI Pa3/IMUYHbIX PUCKOB IIPY pacyeTe PbIHOYHOI CTOMMOCTM C UCIIO/Ib30BaHueM NPV

Bupg, pucka Jlyuiie Mmogenupyertcs KommeHTapwmit

CucremaTuueckye /PbIHOUHbIE CraBka AVCKOHTUPOBAHUS O)leaemaﬂ OOXOOHOCTb M OXOOHOCTD a/IbTEPHATUBbBI

CTOMMOCTH JIeHeT BO BpeMeHu U MHQIsus | CTaBKa IMCKOHTUPOBaHMS | PacueT Tekyliei CTOMMOCTI

DuHaHCOBbIE PUCKN CraBka JAVCKOHTUPOBAHUS [orosHuTe/IbHAS npemMus ojisd yudeTa HeoIIpeaeJIeHHOCTU

OrnepalioOHHbIE / TPOEKTHBIE PUCKU IleHesxkHbIE TTIOTOKU TpebyeT MOMPABOK Ha OKMIaeMble U3MEHEHMUSI U

HeIlpeaBMOEeHHbIe 3aTPAThl

JleHesKHbIe TIOTOKM

TexHUYeCKYe U PEryIITOPHbIE PUCKA 3amepsKKy, HeyJauy, PeBbIIIeHNs 3aTPaT

KitoueBbie aKTOPbI

v v v
Fe==m === I e e B I 1
1 AnexBaTHOCTh [ HapexxHoctp 11 [Tpuopurert 1
1 MeTozia 1 IOaHHbIX I | pBIHOYHBIM JaHHBLIM |
b o - - - - ? _____ L I S ? _____ ke e - - - ? _____ o

PoiHOUYHAs CTOMMOCTD IIPOEKTa — CTaAMUs peCypChbl

CpaBHUTENbHDIN MTOAXO],

Pecypcbt CRIRSCO —|

COmOCTaBMMBIE CHENKA
TopHast 4acTb
HaekHOCTb JAHHBIX

Coenky ¢ akuMsIMU caMoit
KOMITAHWI AJI TIPOTHO3a SN Toyomorus
IIeHEKHBIX TOTOKOB
PUCKY IPOEKTOB Ha PAHHUX CTAISIX e —
PbIHOquIe JaHHbIE UJIN CHSTbIe p]/[CK]/[
BN JRoHOMMKA

He HOTHOCTBIO CHSITBIE PUCKU
OcTarouyecs: pucKu
Puc. 1. KintoueBbie (haKTOPBI M PUCKU TIPU OLleHKe TTPoeKTa Ha paHHeli craguu ['PP

JIOXOIHBIN MTOIXO],

Oxupaembie Pucku nomyueHust

BbITVIATHI BbITIAT
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PaccunThIBaloT |

] QHATUTYIKY 1
Mkt Cap = ' (NAV Multiple) '*: (NAV) Equity Research'
KauecTBoO
= YNPV akTtusos + Cash - Toar

YBepeHHOCTh

CraBka Ynermo axumit

CeHTIMEHT JMCKOHTMPOBAHMS
Pecypchl
Komanzia CBOGOIHbII

IeHeKHbIN ITOTOK

Puc. 2. CooTHOIIEHMEe MeXYy PbIHOUHOI KanuTanu3amuei u NPV

B HEKOTOPBIX CIyuasx PUCKM IOEHEXKHbIX IOTOKOB
IBITAIOTCS. KOMIIEHCHMPOBATh CTaBKOM IVICKOHTUPOBAHNMSI,
YBEJIMUMBAS €e, UCXOIsl U3 MPeACTaBIeHNs, UYTO AJIT PU-
CKOB BbIIlIe CPEeJHEr0 M CTaBKa JO/DKHA OBITH BBIIIE TTPU
MPOYMX PaBHbBIX. VIHTYUTMUBHO TTOHSITHAS JIOTMKA KpaitHe
CyOBeKTMBHA U He TTOAKperieHa akaJeMUueCcKMMI UCciie-
IOBaHUSIMM, TTO3BOJISIIOIIMMMY OIIEHUTDb pasMep IMOMPaBK.

Pacuetsl NPV B otuetax PEA, PFS, FS, Kak nmpaBuo,
MCIIONIb3YIOT HEKOTOPYI pedepeHTHYI0 HOPMAaTUBHYIO
CTaBKy, 6e3 yueTa COCTOSIHMSI IIPOEKTa M €ro peaybHbIX
PUCKOB. MOKHO 06CY3KIaTh, HACKOJIBKO CTaBKa B 5 % B pe-
aTbHOM BBIPKEHUY COOTBETCTBYET CTOMMOCTY KaIluTa-
JIa ¥ OTPaskaeT PUCKY IeICTBYIOIIETO 30JI0TOTO PYAHMKA,
HO TaKasl CTaBKa SIBHO BBIIISIAUT CITOPHOI IIJIST TOPHOTO
MIPeITPUS TSI, KOTOPOE ellle He Havyaao CTPOUTHCS.

[IpoeKThl Ha paHHE CTamuy — ITOMCKOBBIE PAOOTHI
u PP B HavambHOM (hase — XapaKTepU3YIOTCSI MaKCH-
MaJIbHOI HeoIlpeIe/IeHHOCThIO M KpaifHe OTpaHiYeHHbIM
06beMoM MHGMOpPMAIINK, TTOTYYEHHON B XOHe M3YUEeHUS
obwekTa. [Ipr3HaBass HEBO3MOKHOCTDb HAJIEXKHO OILIEHUTD
CTOMMOCTD ITPOEKTa Ha TAKOM 3Tarle, MHBECTOPHI Tpem-
MTOYNTAIOT OTVIOKUTH PEIlleHNe O ero OI[eHKe 10 MOMEHTa,
KOTJa TIOSIBSITCSI MOTIOJHUTEIbHbIE JaHHbIe. TUITMUHBIA
MEeTOJ MHBECTUPOBAaHMS Ha 9TO CTamUM — OeIUTh PUCKU
(3aTpaThl), 3aKperuB MpaBo Ha MOUIeAYIOIIYI0 60jIee Ha-
IEeKHYIO OLIEHKY B OILIMOHHOM COIVIallleHuy B ¢opmare
farm-in. Pacuet NPV B Takoii haze mpoeKTa He peKOMEH-
IIOBaH HY OJHMM CTAaHAAPTOM OIIEHKM FOPHBIX aKTMBOB
Y KOMIaHUM.

Io6bIBaOIIMe PYOHMKY C YCTAHOBUBIIMMCS 06Be-
MOM [IOOBIYM U TIPOMAAsK, a TaKKe KPYITHble KOMITaHUY
C HECKOJTbKMMU PYIHMKAMM MOTYT OTHOCUTEIbHO HaJeX-
HO OII€HMBATbCS HA OCHOBAHMM ITPOTHO30B E€HEKHBIX
ITOTOKOB MJIY MYJIbTUILIMKATOPOB ITYOIMUHbBIX KOMIIAHMIA,
XOTSI YHUKQJIBHOCTb TOPHBIX IPOEKTOB M OTHOCUTEIbHO
HeOOJIBIINON pa3sMep pPbIHKA MYOJMYHBIX KOMITAHMIA OT-
pacIi ¥ B 3TOM CJTyyae OrpaHNIMBAIOT HAESKHOCTh CPaB-
HUTEJIbHOTO aHamu3a. U 371ech Y YYaCTHMKOB PbIHKA CY-
IIeCTBYET KOHCEHCYC.

OCHOBHYIO CJIOXKHOCTD ITPEJICTaB/IsIeT OlleHKa IPOeK-
ToB Ha ctaauu PFS mnn FS, rme He Haua/moch CTPOUTE/b-
CTBO FOPHOTIO MPEINPUITHS U He BeHeTCs JoObIva.

OueHKa pbIHOYHOW CTOUMOCTMU NPOEKTOB
M KOMMNaHWI Ha CTaguu A0 Hayana CTPouTeNbCTBa
M Ao6blun

BeposiTHOCTb TIpoeKTa AOATU OO CTaiguu OOOBIUM
M BBIJTY HA O3KMIaeMble TToKa3aTeau MOXKHO Y4eCTbh B fie-
HEXHBIX TTOTOKAX, CTaBKe IMCKOHTa KaK B MOTOKAaX, TaK
U B CTaBKe, UK Yepe3 MHTerpaibHYI0 MOIPaBKY, YIIOMSI-
HyTYyIO0 Bbillle P/NAV.

Ins pacueta NPV B ncciegoBaHmsix MpOEKTOB I10 J,0-
6b1ue 3o0soTta ypoBHs Feasibility Study nambomnee gacTo
B KauecTBe «06a30BO» MCIIOJIb3YETCS peasibHasl CTaBKa
IUCKOHTUPOBaHMUS 5 % (cooTBeTCTBYeT 7 % HOMMHAIb-
HOIA, T.e. ¢ yueToM MHstIMM). Lawrence Devon Smith [18]
TIPUBOAUT Pe3yJbTaThbl OITPOCOB F'OPHBIX KOMITAHUIA, TTPO-
BeJleHHbIX B pPa3Hble oMbl CeKiiMelr DKOHOMUKMU TOPHOI
otpaciau CIM c 11e71bI0 BBISICHUTb TIPAKTUKY OTpacay Ipu
BBIOOPE CTaBKM MMCKOHTUPOBAHMSI [JIsSI TTPOEKTOB Ha
pasHbIX CTangusX. PeCrioOHIeHTOB MPOCUIN OATh OLI€HKMU
CTaBKM B PeabHOM BbipaskeHUM (puc. 3). )KupHblie TMHUU
COOTBETCTBYIOT MaTeMaTUyeCKMM CpeJHUM I10 BCeM OT-
BeTaM, MPepbIBUCTbIE — MTOKA3bIBAIOT AMAa30H OTBETOB
B IUIIOC/MMHYC OTHO CTaHAApTHOe OTKIOHeHUe. CTOUT
OTMETUTb, UTO Pe3yIbTaThl GOPMUPYIOT JOCTATOUHO M-
pOKMe nuara3oHbl 3HaUeHUIA.

—_ =
[eXNe]
1

CraBKa AMCKOHTUPOBaHUS, %
—
AN 0 O N W
1 1 1 1 1

4_
2 T T T
Konnermus PES FS IeiicTBYIOMMIA
(Scoping) PYOHUK
30I10TO A DBasoBbie MeTasbl

+/-1 Std Dev eeee+/—1 Std Dev

Puc. 3. CtaBKa JMCKOHTMPOBAHMUS 151 AeHEeSKHBIX TOTOKOB
B peaJbHOM BBIPasKEHUU [IJIST TIPOEKTOB Ha PAa3HbBIX CTAIMSIX
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Ta6muia 5
IomnpaBku K 6a30BOJi CTaBKE AVICKOHTUPOBAHUS
IJIS1 pa3sHbIX CTaAUI MPOEKTa

IIpemus K ZUCKOHTY .
7Sl BeliCTBYIOIIEro FS, % PFES, % ity S(;,opmg,
PyZHUKaA
30/10TO 3,3 5,7 6,9
Ba3oBble MeTasuIb 2,5 4.5 5,5

B wuccrnemoBaHUM Takke TpuUBeNeHbl CpelHME TIO-
MpaBKu K «6a30Boit» craBke WACC, paccuMTaHHON! [Jis
IIeJICTBYIOIIET0 pyOHMKA, KOTOpbIe IIPMMEHUMbI [IJis
OLIeHKM TIPOEKTOB Ha Pa3HbIX CTAAUSIX U3y4eHHOCTU. OHU
NpuBeeHbI B TabI. 5.

CTOUT OTMETUTbh, YTO Mbl IIPUBOAUM JTaHHbIE OIPO-
COB MCKJIIOYMUTENbHO KaK JOTOJHUTENbHYIO MIITIOCTpa-
LU0 OXMOAHUI YYaCTHMKAaMM DBbIHKA OTPUIATEIbHOI
KOppENsIuy MeXIy PUCKOM OIpeesieHHOM CTafuu Mpo-
eKTa ¥ CTaBKOW AMCKOHTUPOBAHMS IJIs1 OLIeHK! ero CTO-
umoctu. G.A. Davis [19] KpUTUKOBaJI IIPAKTUKY UCIIO/Ib-
30BaHMSI CTAaBKM [AUCKOHTUMPOBAHUS KaK BMeCTUIUILIA
BCeX U BCSIKUX pUCKOB. HeompeiesleHHOCTh KOHKPETHOTO
MpOeKTa IPaBUIbHO MOZEIMPOBATh HENOCPELCTBEHHO
B IeHEXKHBIX TTOTOKAX, He T06aBJsIs B CTABKY JMCKOHTU-
poBaHMS «crienydUIecKre» IPpeMun, TUIIEHHbIE KaK Te-
OpPeTMYeCKOT0 060CHOBAHMS, TAK U MPAKTUUECKOTO CITO-
coba KaInMOpPOBKMA.

[TpakTUKM KOPTOPATMBHBIX (PMHAHCOB B KadyecTBe
CTOMMOCTM KamuTajaa MUCIOIb3YIOT CpelHeB3BelleHHYI0
croumocTb kanuTtana (WACC):

WACC=R, - E +R, -(1—T)-L,
E+D E+D
rae R, — cToMMOCTb cOOCTBeHHOro Kanutana; E/(E+D) -
J,071s1 COGCTBEHHOTO KanuTasa; R, — CroMMOoCTb A0JITOBOTO
(uuancupoBanus; D/ (E+D) — moist BOATOCPOUYHOTO JI0JI-
ra; T — cTaBKa Hajora Ha MpUObLIb.

Iyig pacueTa CTOMMOCTM COOCTBEHHOTO KamuTasa
OTHOCUTEJIbHO HeGOJBIINX KOMITAHU, KaK IPaBUJIO, MC-
MOTb3YI0T MoaMdUIIMpoBaHHYI0 Moaenb CAPM:

R, =(R, +CRP)+p-ERP+SP,

roe Ry - 6e3puckoBast ctaBka; CRP — mpeMust 3a CTpaHO-
BoOIi puck; B (Beta) — koadduimeHT, oTpaskarouuii CBsI3b
pUCKa akTUBa CO CpeJHePbIHOUHBIM pucKoM; ERP — cpefi-
HSISI TIO PBIHKY ITPeMMST 32 PUCK CBePX 6€3PMCKOBOI CTaB-
ku; SP (size premium) — TpemMus 3a PUCK, CBSI3aHHbIN
C pa3MepoM KOMITaHUM.

B kayecTBe WITIOCTpALIUM HIsKe MbI TPUBOIUM TIPU-
Mep TOTO, KaK M3MeHuJIcs 6bl pesyiabTaT pacueta NPV
nist mpoekra Twin Hills, pazpabaTsiBaeMoro KoMaHueit
Osino Resources B Hamu6mm, ecyivi B HEM OCTaBUTD IIPeJI-
MOJIOKEHNE O NEeHEXHbBIX TTOTOKAX, HO MTOMEHSTh CTaBKY
JIVCKOHTUPOBAHUSI, ONIpeZieIeHHYI0 TPaAVULIMOHHBIM /IS
(buHaHCOBBIX MoOgeseli crroco6oM, UCHOAb3YST MOAUdM-
uupoBaHHbIi BapuaHT CAPM pjsi pacyeta CTOMMOCTU
aKIMOHEPHOro KamuTania.

Ham pacyeT BBIIIOJIHEH IIO COCTOSIHMIO Ha MIOHb
2023 r., gaty, Ha KOTOPYIO KOMITaHUSI OATOTOBU/IA TeX-
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Huueckuit ordet FS mo cranmapram NI43-101 (Ha3BaH-
Hbiit komnaHueit DFS — Definitive Feasibility Study) [20].
B nccnemoBanum DFS xomnanus npuBogut pacuet NPV
IpOeKTa B peajbHbIX IIeHaX C MCII0Jb30BaHueM 6a30-
BOTO IPEIIOIOKeHNS O IeHe 30oTa B 1750 most. CIIIA
3@ YHLMIO M CTaBKU IVCKOHTMPOBAHMUS B 5%, KOTOPBIi
nokasan NPV B 480 mnH mosn. CIIA. CripaBOUHO Takke
npuBeneHo 3HadeHue NPV mpu MCHOMb30BaHUM II€HBI
3osota B 1950 mosi. CIIIA 3a yHIMIO, KOTOpOe COCTaBU-
70 656 muH mosn. CIIIA. LleHa 3omoTta B uioHe 2023 r. Ha-
xopgunach B fuanasone 1910-1970 monn. CIIA 3a yHIuIO,
JIOJITOCPOYHBINI KOHCEHCYC-TIPOTHO3 [IEHbI Ha TOPU30HTE
B 5-7 neT coctassia mpumMepHo 1500 most. CIIIA 3a yHIMIO.

[yis omipeneneHus: CTaBKU AUCKOHTUPOBAHMUS B WII-
JIOCTPATUMBHOM pacueTe Mbl cHesaiu Cyieayroliye mnpe/-
TTOIOKeHMSI :

Rf — TIOCKOJIbKY TIPOTHO3 JIeHeXHBIX MOTOKOB B DFS
npuBeneH B no/tapax CIIIA, B kKauecTBe 6e3pMCKOBOIL CTaB-
KV WCIONb3YeTCs JOXOMHOCTh 10-7eTHUX KasHaueicKux
obnurauuit CIIA, cocTaBisBinas Ha gaTy aHanusa 3,7 %.

CRP - cTpaHOBas Mpemus, Kak IpaBujIo, OIIpeesisieT-
Cs1 HA OCHOBAHMM Pa3HULIbI JOXOLHOCTY FOCYAaPCTBEHHbIX
ob6muranuii CIIIA v mo1apoBbIX €BPOOOIMTaIii KOHKPEeT-
HOJi CTpaHbI (eC/ AOCTYITHBI) MM CTPAH C aHAJOTUYHbBIM
C paccMaTpMBaeMoil CTPaHOW KPeIUTHBIM PENTUHTOM.
ComtacHo JaHHbIM pod. [JamoapaHa cTpaHoBast TpeMust
3a puck 1yig Hamu6um B 2023 1. coctaBiisiia 5,5%.

ERP - mipemusi 3a pUCK MHBECTUPOBAHMUS B aKLUH,
R,—R; (Equity Risk Premium, «ERP»), mpencraszsier co-
60i1 pasHUIly MEKAY TOXOIHOCTBIO, OKMUIAEMOI OT UH-
BeCTULIMIT B IuBepCcuUIIMPOBAHHBIN MTOPTdENb aKIuii,
M TOXOMHOCTBIO BJIOKEHMSI B 6e€3pMCKOBbBIE II€HHbIE OY-
maru. [IpemMuio 3a pMCK MHBECTUPOBAHUS B aKIIVM MOXHO
paccMaTpuBaTh Kak OLleHKY MHBECTOPaMM AOTIOTHUTEb-
HOT'O PUCKAa aKI[Mi KaK KJIacca MHBECTUIIMOHHBIX aKTU-
BoB. CornacHo manHbeIM Kroll Ha cepenuuy 2023 1. ERP
cocTaBisio 5,5%.

Beta — BenunHa K03 duienTa Beta cBsizaHa ¢ pu-
CKOM, XapaKTepPHBIM [Ji KOMOaHUM (MU OTpacyin), OT-
HOCUTEJIbHO CPeIHepPbIHOYHOTO piucka. YKa3aHHbIN KO-
b duIMeHT MpeacTaBiasieT cO00i KOPPEISINI0 MEKIY
M3MEeHEeHMSIMU 11eH Ha aKLIUY KOMIaHUU (MU TUTTMYHOTO
MPeNIPUITUS OTPACIN) 110 OTHOIIEHUIO K M3MEHEeHUSIM
CcpenHMUX GUPIKEeBBIX 1IeH Ha PhIHKE B I[€JI0M.

ITockonbky M3MepeHue BenMuuHbI Beta 1jisi KOH-
KPEeTHOJ KOMITaHUYM MOXKET OBITb COIPSIKEHO CO 3HAUM-
TeIbHBIM IIYMOM, Ha MPaKTHKe, KaK MpaBuiIo, paccMma-
TPUBAIOT CpeAHMe 6eThl [J1s1 perpe3eHTaTUBHOI BhIOOPKU
KomItaHmii oTpaciu. CommacHo maHHbIM Tpod. Jamoma-
paHa cpemHuit kKoadduimeHT Beta s 3070TOmOOBIBA-
IoIKUX KommaHuii cocrasiser 1,17. CpenHee 3HaueHue
ITOJTyY€HO [JIs1 BBIGOPKM KOMIIAHM, KOTOpasi BKIIOYAEeT
KpyIHelie go0bIBaloIIe KOMIITAaHMM C TI0OKasaTejaeM
Beta 3aMeTHO HIMKe eOUMHUILIBI M IOHMOPHbIE KOMITaHUM,
Beaylliye reojoropa3BeliKy, AJjisi KOTOPBIX 3TOT ITOKa3a-
TeJb 3aMeTHO MPeBbIlIaeT CpefHee 3HaAUEHHeE.

OMIIMPUYECKN YCTAaHOBAEHO, UTO [Ji KOMITaHUIA
700071 OTpacau MmokasaTeslb Beta pacTeT 1o Mepe CHU-
SKeHMST pasmMepa KomItaHuu. [IpoBeieHHbII HAMU aHAJIU3
IOHMOPHBIX 30JI0TOMOOBIBAIOIINMX KOMIIAHMIA TTOKa3all,
YTO 3HaueHMe Beta 1j1s1 HMX HAuMHAET 3aMETHO PacTu
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y KoMmmaHui, Bxomasuux B 8-10-i1 menuwib mo pasme-
py, T.e. UMEIOIINX KanuTanu3anuio MeHee 1 Mapm IO
CIIIA. [TaHHast 3aBUCMMOCTb HAIISIAHO UJUTIOCTPUPYETCS
Ha puc. 4. bonee HU3KMe 3HAUEHUS [JIs1 KOMIIAHUIT 9-TO
eI OOBSICHSIIOTCS CTPYKTYPOJi BBIOOPKY, TIe Ha 3TOT
IVamnasoH KalmuTaau3aluuy MPUXOIUTCS CYIeCTBeHHast
JIOJIST KOMTIAaHUY C YKe [elCTBYIOUMMU PYSHUKAMU, T.e.
CO 3HAUNUTEIbHO CHMKEHHBIMIU PUCKAMMA.

CpenHee 3HaUeHMe ITOKa3aTess Beta ojiss KoMnaHuit
BBIGOPKM, OTHOCSIINUXCS K 9-10-My melinissm, COCTaBU-
jo 1,5.

SP - nipeMus 3a pa3mMep, 3TO OOIOJHUTENbHAS MO0-
IpaBKa JJjis yuyeTa JOXOMAHOCTU, OKUAaeMOil MHBeCTopa-
MM B KOMITAaHMM MaJIOTO pa3Mepa, CBepX TOM, YTO YUMUTHI-
BaeT Beta akTuBa.

[Ty6maHbIe IOHMOPHbIE KOMITAHWY, He HauaBIIlie J0-
OBIUY, UMEIOT PHIHOUHYIO KaluTanu3anyio Hioke 500 MIH
nmomn. CIIA, T.e. OTHOCSITCS K CETMEHTY MUKPOKATIUTATIN-
3anuu. [IpeMus 3a pasmep, pacCunTbiBaeMasi KOMITaHMen
Kroll, nyist Kommaumii Takoro pasmepa cocrasiseT 2,9 %,
a [IJIsi KOMITaHUIA C PhIHOYHOM KanmuTaJiu3aluein MeHee
200 mutH mom. CIIA - 4,7%.

Takum 06pa3oM, CTOMMOCTb COOCTBEHHOTO KaIluTaja
Osino Resources MOKeT ObITh pacCUMTaHa KaK

R =3,7%+5,5%+1,5-5,5%+2,9% =20,4%.
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C yueTOM XapaKTepHO )15 KOMIaHU1 OTPacyIiv AOJIN
Jlofra B CTPYKType Kamutaaa u croumoctu gosira WACC
st Osino Resources MOXeT COCTaBJISITh IpuMepHO 18 %
B HOMMHAJILHOM BbIpakeHU uin 16 % B peasbHOM. U3
pacyeTra BMUIHO, HACKOJIbKO pacCYMTaHHas Bblllle CTaBKa
IVCKOHTUPOBAHUS OTJIMYAETCS OT UCTI0JIb30BAHHO B OT-
yere DFS st pacueta NPV peanbHOI cTaBKY B 5 %.

Pacuer NPV c ucmonb3oBaHueM peajbHOI CTaBKU
B 16 %, paccuMTaHHOI BbIIIE C IIOMOIIbI0 MOOU(PUIIMPO-
BaHHOro CAPM c yuyeToM IpeMuu 3a pa3Mep U BepoOsIT-
HOCTHOV TIonipaBKu B 88 % njis cranuu FS, maeT 3HaueHme
NPV B 150 miH mos. CIIA.

Ha momeHT BbInTycka otdyeta DFS mo mpoekty Twin
Hill B cepeguue 2023 1., B KoTopoM 6a30Bbiii NPV 1ipu
craBke nyuckoHTHpoBaHus WACC B 5 % ObLI paccuuTaH
paBHbIM 464 MyH gosi. CIIA, kanuTanmM3anusi KOMIIa-
HUM cocTaBisia Bcero 134 muH ot CHIA, win mpu-
MepHO 30 % ot pacuetrHoro NPV. IIpu o6mmux pecypcax
3070Ta B 3,19 MyiH yHIMIT U ctoMMmocTy kKomnauuu (EV)
B 132 muiH pgomi. CHIA pelHOYHAsl OlleHKa COCTaBjsuIa
42 nosn. CIIA 3a yHUMIO.

OTMeTHM, 4YTO PHIHOYHAS CTOMMOCTb OblIa ropasmo
61ke K pesybTaTy pacuera ¢ momoinbio Rule of Thumb
(mpyroe HazBauue Yardstick Metod) B 129-172 MutH gosut.
CIIIA. 3TtoTr MeTonm >SMIMUPUUYECKUX KOIGPUIMEHTOB,
onpeJessieMbIX Ha OCHOBE TPaH3aKLMI C 30JI0TBIMM aK-
TUBAaMU, OOBIYHO JTyullle pabOTaET /)i PECYPCHBIX MTPOEK-
TOB Ha 60JIee PaHHUX CTAMSIX, HO MOXKET UCIOIb30BaTh-
Cs1 KaK IOTIOIHUTeNbHAas IpoBepka pacueta NPV ropHbix
IIPOEKTOB 10 Havajla CTPOUTeNbCTBa [21, 22].

IyHaMMKa pPbIHOYHOJ KanuTaamu3alyuu KOMITAaHUU
npuBefeHa Ha puc. 5. [IlyHKTUPOM MoKa3aHbl JaThl OMY-
6MMKOBAaHHBIX KOMIaHuei uccrenoBanuii PEA (aBrycr
2021 r.), PES (cerTs6ps 2022 r.) u DFS (utonb 2023 1.).

IOuHaMMKA [EHbI aKIuii MOKa3bIBAaeT, UTO IyOIIN-
kauys DES cyniecTBeHHO He M3MeHM/Ia MHeHMe pbIHKa
o croumoctu mpoekra Twin Hills. Takoii BbIBOj, cora-
CYeTCsl C TUIMUYHBIM [ TOPHBIX MPOEKTOB mpoduiem
SMMONPUYECKOM KPMBOM CTOMMOCTU, TaK Ha3bIBAE€MOI1
«Lassonde Curve» [23], Korga B mepuoj «6e3BpeMeHbs»
(orphan period), moka He HaliIeTCs MHBECTOP, TOTOBbIN
peann3oBaThb MPOEKT, WIN IO TOrO, KaK TaKoe pelleHye
NpUMeT TeKyLIMIi Bjajesel, CTOMMOCTb IPOEKTa, Kak
MPaBUJIO, CHUKAETCS.
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B mexa6pe 2023 r., yepe3 IOJNTOMA ITOC/TE BBITYCKA
orueta FS, Dundee Precious Metals cmenana mpemjiosxe-
HMe 0 Nokynke kommnaHuu Osino Resources, Bnagesuieii
rmpoektom Twin Hill, 3a 214 muta mosn. CIIIA, ¢ mpemueii
B 44,3 % K PIHOYHOJ KanuTanusanuu komnanuu Osino
Resources [24]. B deBpane 2024 r. kurtaiickas Shanjin
International Gold Co., Ltd. (paHee KoMITaHWSI Ha3bIBa-
nack Yintai Gold Co., Ltd.) cmenana eie 60jee BBITOI-
HOe TIpeJiJIOKeHMe U CTaja eJMHCTBeHHbIM BJajie/iblleM
npoekTa 3a 272 muH posut. CIIA [25]. ITocne yero mo-
KyIaTesb MpoBes genuctuur Osino Resources ¢ 6upsku
B TopoHTO.

Kak MbI BUIMM, Jaske ¢ yUeTOM 3HAYMTEIbHOI Tpe-
MM HaZ, PIHOUHON KanmuTaiu3auyeid B KOHKYpPeHTHOM
COpeBHOBaHUM 3a KOHTPOJIb, lieHa, TTpeIoskeHHas MOKY-
raTejieM, BCe paBHO OKa3ajach CyleCTBEHHO HIKe 3Ha-
yenus: NPV, npuBegenHoro B DFS, u cocraBuia TOIbKO
npumepeHo 60 % oT Hero.

OCHOBHOJI BbIBOJ, IPUBEIEHHOI0 B TaHHOI paboTe
aHa/IM3a COCTOUT B TOM, UTO MCIOJIb30BaHMe TpaauIu-
OHHBIX METOJIOB OIlpefe/ieHNs CTaBKM OUCKOHTMPOBA-
HMSI, ICTIONIb3YEeMbIX B ITPaKTHKe (GMHAHCOBOTO aHAIM3a,
MO3BOJISIET TIOJIyYaTh afileKBaTHbIe OLleHKM TOPHBIX MTPO-
€KTOB, He TIOCTUTIINX CTAAUM CTPOUTENbCTBA U TOOBIUNA.
OTMeTuM, UTO TaKue CTaBKU JOJIKHBI MCIIOIb30BaThCS
BMeCTe C OXWIAeMbIMM [I€HEKHBIMM TTOTOKamu. s
MMPOeKTOB Ha cramuu uccregoBaHust Feasibility Study
u 6osnee panHux cragusx PEA u Pre-Feasibility Study
3TO MpeAIrionaraeT UCIoAb30BaHMe MTOTOKOB C IMOMpPaB-
KO} Ha BEePOSITHOCTb AOCTUKEHUS CTaguMU CTPOUTENb-
CTBa U JOOBIUN.

B KauecTBe JOMOIHUTEIbHO IMTPOBEPKM 0O00CHOBAH-
HOCTHU pe3syabTata pacueta NPV ITpoeKkToB Ha CTagusiX A0
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Hayaja CTPOUTEbCTBA IT0I€3HBIM OKa3bIBAETCS MICIIOJIb-
30BaHMe sMmupuyeckoro npasmia Rule of Thumb, BeiBo-
JIbI KOTOPOT'O YaCTO XOPOIIIO COTJIACYIOTCSI C PhIHOUHBIMU
OIleHKaMM.

BbiBogbl

[IpoBenmeHHbIN aHA/IN3 TOPHBIX MPOEKTOB, MO KOTO-
pBIM TIpOBeIeHbI MccienoBanys ypoBHs Feasibility Study,
HO He II0CTPOEHO TOPHOe IpeAIpusTHe U He BeJeTCs 10-
ObIua, TIO3BOJISIET JIyUIlle TIOHATh MPUUMHY CHCTEMaTUUe-
ckoro oTmyunst NPV B TexHMUeCKMUX OTUeTax MyOGIMuHbIX
KOMIIaHUV OT PbIHOYHOV CTOMMOCTY IIPOEKTOB, OLleHNBA-
€MOJi C UCTIOIb30BaHMEM MX PbIHOYHOW KalUTaIu3aun.

IMpodeccroHaTbHOMY COOOINECTBY M CAMUM KOMIIA-
HMSIM, PaCKpbIBAONIIMM MH(GOPMAINIO I MHBECTOPOB,
HeoOXoaMMo 6ojiee AeTaabHO IOSICHATh Pasauuus IBYX
MeTpPUK cTouMocTu — NPV 1 pbIHOYHO CTOMMOCTH, MO~
CKOJIbKY He BC€ T0JIb30BaTe/M MMEIOT LOCTaTOYHBbIN OIIbIT
paboThI B TOPHO OTPaACIV U HEPEAKO HENPaBMIbHO UH-
TeprpeTUpyIoT ux. [Ipy 3TOM pbIHOUHAS KalMTaau3aus
¥ BOJATUJIBHOCTD LIeHbI aKUMUI CITYy>KaT SOCTATOYHO MH-
bopMaTUBHBIMY MHAMKATOPAMM CTOMMOCTU U DPUCKOB
MIPOEKTOB Ha PAa3HbIX dTAlax MX U3YUeHUS U PA3BUTHUSI.

[MpennoskeHHBIN TTOAXOA, K aHAIN3Y CTOMMOCTU TOP-
HOJI KOMIIaHUM WJIY TIPOEKTA 10 9Talla CTPOUTEbCTBA M0~
3BOJISIET YYeCTb PUCKM IIPOEKTa Ha JaHHOM cTaiuu, TeM
CaMbIM MOBBICUTb HaJEXHOCTb OLIEHKM ero PbIHOYHOIA
cTOMMOCTH. MBI MMOKa3ainu, YTO HECMOTPSI Ha crierudu-
Ky OTpac/iu UCIOAb30BaHMe B pacuete NPV oxxumaembix
JIIeHEe>KHBIX TTOTOKOB U TPaAUILMOHHBIX METOAOB pacueTa
craBku AuckoHTHpoBaHus (CAPM) mo3BossIeT MONyYUTh
aJIeKBaTHYIO OLIeHKY MTPOeKTa, KOTOPasi COTNIacyeTCs C BbI-
BOJaMM CPaBHUTEIBHOrO aHaIM3a.
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