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YpaHOBbIe MECTOPOXK/IEHHUS POJI-PPOHTATBLHOrO TUIA GOPMHUPYIOTCS B eCUaHUKAX UM apKo3ax
Ha rpaHUIlaXx BOCCTAHOBJEHHBIX U OKHCJEHHBIX T€OXUMUYECKUX 30H, OOBIYHO MEPEKPBLIThIX CJaa6o
MPOHUIIAEMBIMH APTU/IMTAMU WU aJIEBPUTO-TJIMHUCTBIMU CJI0SIMH. Takasi CTPYKTypa JAeslaeT HUX
0COGEHHO MOAXOAALIMMH /I IOZ3EMHOT0 BbIlleJIaYMBaHHUA.

PaHee cToXacTUYeCKOe MOIeJIMpOBaHHe GOKYCUPOBaIOCh HA paclipeie/IEHHH COlepKaHUs ypaHa,
He yYUThIBast UIbTPALlMOHHbBIE U pEAKTUBHO-TPAHCIIOPTHBIE MPOIECCHI, BAXKHbIE AJ151 pOPMHUPOBAHUSA
3anexxel. Hacrtosmas pa6GoTa mpeasaraeT WHTErpalyio BbIYHUCAUTENbHOH THAPOAUHAMHUKH B
reoCTaTUCTUYECKHE aJITOPUTMBI C 1[€JIbI0 MOBBIIIEHUS] TOYHOCTH MPOTHO3a pacipe/iesieHus pyAbl.

BMecTo TpaJUlIMOHHBIX PacCTOSHUM MpH pacyéTe BapuOrpaMM HCIOJb3YeTCs BpeMs MpoJséTa
(Time of Flight, TOF) BoaHBIX YacTuI, BJOJIb JUHAM TOKAa. ITOT MOAXOJ, YYHUTHIBAIOIIMNA [aHHbIE
CKBaXXWH, yJydllaeT MOJeJUPOBaHHE MPOCTPAHCTBEHHOM  CTPYKTYpPbl  MECTOPOXKAEHHH.

[loka3aHO, 4YTO MeTO/ibl, OCHOBaHHble Ha CTOXaCTUYECKOM MOJeJIMPOBAHUM JIMHHUHM TOKa,
obecrnevynBalOT 0GoJiee TOYHYI0 MHTEPHOJSALMI0O M OIEHKY 3amacoB, 4YeM KJacCHYecKHe
reoCTaTUCTUYECKHEe TeXHHKH. Takke TMNpeAJokeHa MeTOJUKa TeHepalid CHHTETHUYEeCKHX
MEeCTOPOXK/JeHUH Ha OCHOBE YMCJIEHHOI0 MOIeIMPOBaHUS THAPOAUHAMUKYA U XUMHUYECKOH KUHETHKH,
M03BOJIAIOIIEH OOBEKTHBHO OLEHMBAaTh KadyeCcTBO TeOoJIOTUYECKHX Mojened U HaA&XKHOCTb
CTOXaCTUYECKHUX MTOX0/I0B.

Kawoueswle c108a: omsodxceHuss MUuHepaz108 muna poaa-@poHma; ModesauposaHue peazupyrowezo
nepeHoca; 2eocmamucmuKka; Memod KpuzuHaa,; 2eomModeuposaHue.
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WHTENNEKTYAJIbHBIE CUCTEMB N°1 (anpenb-iioHb) 2025 roa
¥NTThIK FbiNbIM
AKAOEMUACHI
Hallap OTKi3rill apruWIJINTTepMEH HeMece aJleBpUT-0aIlbIKThl KabaTTapMeH >kabblLiFaH. MyHan
reoJIOTUSJIBIK, KYPbLIbIM OYJ1 KEH OPbIH/apbIH XepacThl ciaTicizaeHaipy afiiciHe eTe Koaisibl eTei.

BypbIHFbl CTOXaCTUKaJIbIK MOJieJibJlepie YPaHHbIH, Tapajybl FaHa ecKepiJin, KabaTTap/blH
CY3TLJIiK KacUeTTepi MeH peaKTUBTIi-TacbiMaJiay NpoLecTepi Ha3apAaH ThIC KaJlaTbhIH. Byl kyMbIcTa
KeHHiH TapaJyblH JlaJipeKk 0Oo/pKay VIIIH TeOoCTaTUCTUKAJIBIK — aITOPUTM/IEpPTe  eCeNTik
TUAPOAVMHAMUKAHbI UHTErpanyaay YChIHbLIAAbI.

Bapuorpammasiapzibl ecentey Ke3diHje J9CTYpJli KAllbIKTBIKTAP/AbIH OPHbIHA Cy O6JillleKTepiHiH
afblH CbI3bIKTApbl 60fbIMeH Ko3FasaThbiH yakbiThl — Time of Flight (TOF) xoszanbsuiagsl. bys Tacin
YHFBIMaJIap/ZlaH aJ/IbIHFaH JepeKTepAi eckepe OThIPhIN, KeH OPHBIHBIH, KEHICTIKTIK KypbUIBIMBIH
JlaJlipek MoJlesIb/ieyre MYMKiH/iK 6epei.

3epTTey HOTHXKeJepi KepCeTKeHJeW, aFblH CbI3bIKTapbIHBIH, CTOXaCTHUKaJBbIK MoOJeJsiHe
Heri3/ieJreH afjicTep KJACCUKAJbIK IeOCTAaTUCTUKAIBIK Taclijepre KaparaHAa UHTEpPNOJALMA MeH
KOop OarajsayblH JaJipek »Kysere acbipaZibl. COHbIMEH KaTap, THAPOAMHAMHUKA MEH XUMUSJIBIK
KWHETHUKaHbIH CaHJABIK MOJeJbJeyiHe HeTi3/ieiTeH CUHTETUKA/IbIK KeH OPBIHZAPbIH reHepanudaaay
dJiicteMeci YCBIHBUIBIN OTBIP. DBysl reosorusiyiblK MogJesbAepAiH camacbl MeH CTOXaCTHUKaJbIK
TaciIepiH ceHIMAINITiH 060'beKTUBTI TypAe 6GaFasayFa MYMKiH/ZiK Gepesi.

Tyiiin ce3dep: poas-goponm munmi muHepaidapdvil weziHdinepi; peakmuemi macvimandaydol
Modesbdey; eeocmamucmuka; Kpusute adici; 2eomodevoey.
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INVESTIGATION OF THE GENESIS OF INFILTRATION URANIUM DEPOSITS
AND DEVELOPMENT OF A NEW GEOSTATISTICAL MODELING METHOD
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Roll-front uranium deposits are formed in sandstones or arkoses at the boundaries between re-
duced and oxidized geochemical zones, typically overlain by low-permeability argillites or silt-clay lay-
ers. This structure makes them particularly suitable for in-situ leaching.

Previous stochastic modeling efforts have primarily focused on uranium grade distribution, with-
out accounting for filtration and reactive transport processes critical to deposit formation. This study
proposes integrating computational hydrodynamics into geostatistical algorithms to improve the accu-
racy of ore distribution prediction. Instead of using traditional Euclidean or curvilinear distances in vari-
ogram calculations, this approach incorporates Time of Flight (TOF) of water particles along flow paths.
Combined with borehole data, this method enhances modeling of the deposit’s spatial structure. It is
demonstrated that flow-line-based stochastic methods provide more accurate interpolation and re-
source estimation than conventional geostatistical techniques.

Additionally, a methodology is proposed for generating synthetic deposits based on numerical mod-
eling of hydrodynamics and chemical kinetics of mineral precipitation and dissolution. This allows for
an objective assessment of geological model accuracy and the reliability of stochastic approaches.

Keywords: mineral deposits of the roll-front type; modeling of reactive transport;

geostatistics; kriging method; geomodeling.
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BBEJIEHUE

KazaxcTaH 3aHHMMaeT BTOpOe MECTO B MUpe Mo 3anacaM ypaHa (1o 12% MUpOBbIX pecypcoB) U
obecnieunBaeT okosi0o 40% rJsiobasbHOrO NpousBojcTBa [1]. ITO cTasio BO3MOMXHBIM 6GJarofaps
NpUMEHEHHUIO TEXHOJIOT UM M0/I3€MHOI'0 CKBaXKUHHOTO BhbilesiaunBanus (I[ICB, Puc.1) -adpdekTrBHOrO
Y 3KOHOMHUYHOI'0 MeTO/ia A06bIYH, 0COGEHHO /1Sl IPOHUILIAEMbIX IECUaHUKOBBIX MECTOPOXKAEeHUH [2].
C 2009 ropa BHegpenue [1CB no3BoJ1MI0 YBEJUYUTh 00'bEMBI JOOBIYM ypaHa B CTPaHe B LIECTh pas [2,
3].
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PPICYHOK 1. CxeMa u3BJieYeHUS ypaHa MeTOA0M INIOJI3EMHOI'0 CKBAXXMHHOTI'O Bbllle/Ia4YBaHHA.

OAHaKo ypaH OTHOCUTCS K TEM pecypcaM, Ubsl J00bIUa CYLeCTBEHHO OIIEPeKaeT TEMIIbI Pa3BeKU.
KazaxcTaH foJiroe BpeMsi cOCpeZ0TavYMBaJICS HA MECTOPOXKAEHUSIX C peHTabeJbHOW KOHLIEHTpalyen
(menee $80/kr), HO 06BbEM TaKHUX PECypCcOB COKpaTwics 6osiee yeM Ha 40%, 4TO CHHXKaeT
3KOHOMHYECKYI0 YCTOUYHUBOCTD oTpaciu [3]. [loaToMy cTaHOBUTCS 0COGEHHO BXKHBIM 60Jiee TOUYHOE
omnpe/iesieHre MoJJiexalye pa3paboTKe NPOMbILILJIEHHbIX 3a[1aCOB OKCUA0B ypaHa. 0cobyo [eHHOCTh
B 3TOM CMBbIC/JIE TMPEACTABJSIOT MCCAEN0BAaHUS TeHe3nuca HWHOUIbTPALMOHHBIX YPAaHOBBIX
MeCTOPOXK/JeHUN (MecTOpOXKAeHUsI TUIA PoJI-PPOHTA), HA KOTOpble NpuxoauTcs g0 60% MupoBon
JIOOBIYM ypaHa, BKJOYasg OOJIbIIMHCTBO Ka3axCTAaHCKUX MECTOPOXJAeHUM [4-6]. dTu 3anexu
bopMUpPYIOTC HA peJOKC-TPAHMIAX B MPOHUIAEMBIX MOPOAAX, TJle YpaH OCAKIAETCS U3 BOJHBIX
pPacTBOPOB MPH BOCCTAaHOBUTENbHBIX peakuusx [7]. JloxkeBast BoJja, 6oratasi KHCJI0PO/I0M, IOCTyMas B
30HY $pOHTA, BHI3bIBAET PACTBOPEHHE paHEe OCAXKJEHHBIX MHUHEPAJIOB M CHOCOOCTBYET MUIPALUU
dpoHTa BHU3 10 cKJIOHY (Puc. 2).

Corstacio MATAT3 u uccinenoBanusaM Janbkammna [4,8,9], posui-poHTHI KiIacCHPULIUPYIOTCSA 110
dopwme:

(i) BepTHKa/NbHbIE CEPIIOBU/IHBIE TeJIA MEX/y HEMPOHHUI[AeMbIMH CJI0SIMH,

(ii) ropru3oHTaANIbHBIE CHHYCOU/A/IbHBIE QPOHTHI,

(iii) yéTkasa rpaHuIa B ThJIOBOUW YacTH U AU y3HbINA nepexo] B GpoHTaNBHOU. B miaHe - 3T0
WM3BUJIMCThIE Mosica AJauHo# A0 30 KM u mupuHoi oT 20 70 1000 M; B pa3pe3e - acCUMMeTpPHUYHbIE TeJsa
ToaMHON 1-30 M.

Pa3zBesika MHQUIBTPALMOHHBIX 3aJIeKel MeCTOPOXK/eHUH OCYLIeCTBJISETCS METOZ0M OYpeHus C
NOCTEeNEeHHbIM YTOUHEHHWEM CETKHU CKBOXXUH OT KUJIOMETPOB [0 [eCATKOB METPOB. ITO SIBJSAETCS
HeOOXOJAUMBIM J[Jisi OLEHKU KOHOUTrypauuu 3ajeXd W I[JIaHUPOBaHUS MPUMEHEHUs MeToAa
N0/J3eMHOI0 CKBaXKMHHOTrO BblillenayuBanus [10]. 3ddexktuBHocTh [ICB HampsiMyio 3aBUCUT OT
TOYHOCTU TeOMOJIE/IUPOBAaHUS, HEOOXOAHWMOTO [Js pacuéTa 3alacoB, NMPOEKTUPOBAHUS MOCAAKU
CKBaXXMH U OLIeHKU 9KOHOMUYECKOH 11eJ1eC006pa3HOCTH.
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OKHCIeHHAS

PucyHok 2. CxeMaTHYeCKOe H300paKeHHe CTaJ[UH TeHe31ca OTJIOKEHUH poJi-GpoHTa.

TpaauLMOoHHbIE MeTOAbl TeOMOJEeJUPOBAHUS OCHOBaHbl Ha Treocratuctuke wuad [HUC-
nHTepnpertayuu [10], Bkiarodas Pluri-Gaussian mopenupoBanue [9, 11]. OgHako 3TH MoAX0/bl ca1abo
VYUTBIBAIOT QUIbTPAIMOHHbIE W PEaKIMOHHO-TPAHCIOPTHbIE MPOIECChl, COMPOBOX/IaBIIHE
dopMupoBaHue 3anexel. [Ipu snureHeTUYeckod mpHpoJie 00pa3o0BaHUsA POJJI-PPOHTOB ypaH
pacrnpejessieTcss HEpaBHOMEPHO, CO3/]aBasi CJIOXKHYI0 FTeOMEeTPUIO U BLICOKYI0 BAPUATUBHOCTD IaHHBbIX,
YTO TpebyeT ClelHaJbHbIX MaTeMaTUYEeCKHX MeTOJZ0B MpeoOpa30oBaHWN, HaNpHUMeEp, TayCCOBBIX
npeo6pa3oBaHuii [8].

Hacrosmasa pa6oTa HampaBjeHa Ha HWHTErpalnydi BbIUUCJAUTENbHOM THAPOJUHAMUKU B
reoCTaTUCTUYECKOE MO/IEJTMPOBAHUE C 1[eJIbI0 MOBBIIIEHUS] TOUHOCTH MPOTHO3a MPOCTPAHCTBEHHOTO
pacnpegeneHus ypaHa. Takke npe/jilaraeTcs MeTO/AMKa reHepaliud CHHTETUYECKHUX MECTOPOXKAeHUH
Ha OCHOBE YMCJIEHHOT0 MOJIeJTUPOBAHUS THJIPOJUHAMUKA U XUMHUYECKOW KHHETHUKH, M03BOJISAIOIAS
0O'bEKTHUBHO OLIEHWBATb TOYHOCTb TE€OJIOTHUYECKHUX Mojened. [is 3TOro cHayasa HPOBEAEHO
YHCJIEHHOE BOCIPOU3BeJleHHE JIab0pPaTOPHOrO 3KCIIEpUMEHTa M0 MO/ EJUPOBAHHUI0 Pearupyouiux
TeYeHUH C 00pa30BaHUMEM peJOKC-TPaHUI] B MPOHHUIAEMbIX NopoJax. [losydyeHHbIe JaHHBbIE
HCII0JIb30BaHbI [1J1s1 KAJIMOPOBKY MO/IE/H, ONIMChIBAIOIIENH OCHOBHbIE MEXaHM3Mbl 06pPa30BaHMsI POJLII-
bpOHTOB, BKIIOYAsA OCAXK/JEHHWE W PACTBOPEHHE ypaHa. ITO CHOCOOGCTBYeT Jy4IleMy MOHHMaHUIO
¢$akTOpOB, onpesesAIIMX CEPIOBHUIHYI0 GOpMY 3a/IeKel, U MOXKeT CHU3UTb 3aTPaThl HAa PAa3BEJKY U
JloOBIYy MUHepasioB. Pe3y/ibTaThl Takke IPUMEHUMbI K MOJEIMPOBAHUIO APYTUX MeCTOPOXKIEHUH,
cGOpMUPOBAHHBIX B YCIOBUSIX MHPUIbTPALIMN U OCAKIAEHUS HA peJloKC-uHTepdeiicax.

MATEPHAJIbI U METO/bI

1. KoinyecTBeHHas MoAe/1b GOPMUPOBAHUA MECTOPOXKAEHHN PO/LI-PPOHTAIBHOTO THUIIA

PynHble 3a/exu poJi-GpOHTOBOr0 THUNA XapaKTepU3YIOTCS CKOIJIEHUSIMU MUHepaJW3alUU B
BU/le BBITSIHYTOIO S13bIKa, BKJIIOYAIOIEN ypaH, cejlieH U MoJIM6/leH, B IPOHUIaeMbIX lecdaHUKax [12].
JTH 3aJ1e3kU 00BIYHO COZEeprKaT TaK Ha3bIBaeMbIl re0OXMMUYECKHUI 6apbep MeXy BOCCTAaHOBJIEHHOH U
OKHUCJIEHHOHW cpefaMy. BzauMogelcTBUE OKHCIWTENbHO-BOCCTAHOBUTENbHBIX peaKkUui Mexay
OKUC/IUTE/ISIMU U BOCCTAaHOBUTEIAMHU CO3A€ET 6J1arONPUATHbIE YCA0BUA A5 OCKEeHUs ypaHa, Torja
KaK OCTOSIHHBIM IIPUTOK OKUCJHUTeJel IPUBOJUT K PaCTBOPEHHIO YPaHOBbIX MUHEPAJIOB, BbI3bIBAs
peakTHBHBIN nepeHoc BewecTs [13]. [Ipegbiaymniye vcciefoBaHUA B OCHOBHOM OBbLJIN COCPEAOTOYEHBI
JMO60 Ha XapaKTepUCTUKaxX poJUI-QpPOHTOBBIX 3ajieel, JM60 Ha ONMCAHUM XUMHYECKUX U
reoJIOTUYeCKMX NPOLeCCcoB, y4acTBYOLUX B UX GOPMUPOBAHUH.

1.1 lIpouecc popMupoBaHus poi-GpoHTa

dopMupoBaHUMe YpPaHOBOM MHUHepaIM3allMM B MeCTOPOXKJEHHUAX pOJLI-QPOHTAJbHOIO THIA
00yC/IOBJIEHO  KOMILJIEKCHBIM  B3aUMOJENUCTBUEM TUJPOJAUHAMHYECKUX, TEOXUMHUYECKHUX U
JuToJI0rMYeckux GpakTopoB. Kak nokasaHo B psfie ucciefoBanui [11, 14], ABM:KeHHe 0/I3€MHBIX BOJ,
KOHTpOJIMpyeMoe peJbeOM MeCTHOCTH U TpPaBUTALMOHHBIMH CHUJIaMH, OKasblBaeT pellalollee
BJIMSIHAE Ha MUTpALMI0O U TOCJAeAylollee OCaKJAeHHe ypaHa. 3HAaYMMYI0 pOJb NpPH 3TOM HWIpalT
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NPOHUIIAEMOCTb IOPOJ-X035leB W HaJUuhe peLoKC-6apbepoB, CO3JAKOLIMX YCAOBUSA  JAJf
$UKCUPOBaHUs YpaHOCO/ep>KalliiX pacTBOPOB U NoC/JeAyIollero 06pa3oBaHusl pyA.

K ynciy ocHOBHBIX $aKTOPOB, Ollpee/sAIUX MOPPOIOTUI0 PyAHBIX TeJl, OTHOCSATCS:

- HaJIM4Me U paBauyecKoro rpaiueHTa, o6ecreyrBaoILero ABMXKeHHe NI0/13eMHbIX BOJ;

- GUAbTpaLMOHHbIE CBOMCTBA OPOJ, ONlpeie/solle TeOMETPUIO 3a/1eXKel;

- 3KpaHUpOBaHHUe PYHBIX TeJl CJ1aboNPOHULLAEMbIMH UM BOJOHEIPOHULIAEMbIMH CJI0SIMU;

- XapaKTepHas CMHycouasbHas ¢opMa MUHepaJU3al My B [IJlaHe U CeplioBU/Has —B pa3pese.

[IpensiaraeMasd MoJesnb KOJWYECTBEHHOM OLIEHKHM TOTEeHLHAJbHBIX PpPECYPCOB YYUTBIBAET
Haya/IbHYl0 W OCTAaTOYHYH KOHLEHTpallMd ypaHa B pacTBOpe, MPOHUILAEMOCTb CpeJBbl,
rUJpaBJUYEeCKU YKJIOH, AJIMTEJNbHOCTh Ipoliecca pyf000pa3oBaHUsl U CTeleHb BbIPAKEHHOCTH
pefoKkc-rpafgueHTa. Takol 1oAXOJ NO03BOJIAET MOBBICUTh TOYHOCTb IPOrHO3a PpYyAHOH
MHUHepaJU3aLuH.

OcaxgeHve UM pacTBOpeHMe YypaHa INPOUCXOLAT B pe3yJbTaTe CJO0XKHBIX peaKLHOHHO-
TPaHCHOPTHBIX NPOLECCOB, YYBCTBUTENBHBIX K TaKMM NlapaMeTpaM, KakK TeMIlepaTypa, [aBJeHUe,
OKUCIUTENbHO-BOCCTaHOBUTENbHBIN noTeHuuan (Eh), pH u coctaB nogsemubix Boz. HegocraToyHas
HW3Y4YEeHHOCTb 3TUX IapaMeTpOB 3aTPYyAHAET TOYHOE MOJleJIMPOBaHUE.

CorsiacHO /nUTeEpaTypHbIM JAaHHbIM [14, 15], ypaH B OKMCJIEHHBIX BOJOHOCHBIX TOPU30HTaX
MUTPUPYET MPEUMYLIeCTBEHHO B BH/l€ YCTOWYMBBIX KapOOHATHBIX KOMILJIEKCOB, TaKHUX Kak
U0,(C0O3)3*” m UO0,(CO3),%". Mpu nomajaHu¥ B BOCCTAaHOBUTENbHYI) Cpefy HPOUCXOAUT €ro
OoCaXk/leHHue, YTO ONMChIBAETCA CleAylouield MpsAMOU peakLuen:

U0,(C05)%" +2e~ > U0, . +3C0% (1a)
(s)

0 3’

rJie UHJeKC [ 03Ha4YaeT, YTO BelleCTBO HAaXOAUTCS B XKUAKOH GOpMe, a S — B TBEP/IOH.

B kadecTBe BOCCTaHOBHUTeJIeH ([JOHOPOB 3JIEKTPOHOB), YYacTBYWOIIMX B (GOPMHUPOBAHUU
reoXMMHUYECKOT0 6apbepa, MOTYT BBICTYNATh OJAWH U3 HauboJiee pacIpoCTPaHEHHBIX B 3eMHOU Kope
cynbdumor - nuput (FeS;), a Takke opraHuyeckue BellecTBa. Hampumep, OKHCJIUTEIbHO-
BOCCTAHOBUTEJ/IbHOE ITOBEAECHHE ITMPUTA B OKHCJIeHHOﬁ cpeae nNpoTeKaeT I10 cne,aylomeﬁ O6paTPIMOI>'I
peaKnuunu:

3+ 2— + -
FeSy) + 3.50,) + H,0 © Fe(l) + 2504(0 + 2H™ + 2e (2)

OKucJ/ieHHbIe BOZbI CIIOCOOHBI BHOBb PAacCTBOPSATH ypPaHOBble MHHepaJibl M0 06paTHoM k (1a)
peaKuunu:
U0y, + 3605(;) - Uoz(cog)g(—l) + 2e” (1b)

AHa/JIOTUYHbIE CXEMbI BO3MO>KHbI U AJId APYTrUX MUHEPAJIOB.

1.2 MopgesiMpoBaHue SMIUPUYIECKOT0 IKCIIEPUMEHTA

C ydétoM mnpuHUMNOB ¢QOopMUpPOBaHUSA pOJI-QPOHTOB U pe3y/abTaTOB J1abopaTOPHOro
JKCIlepUMeHTa NPOBeJleHO YUCJIeHHOe MOJeJIMPOBaHMe [Jsl BblsiBJeHUs GaKTOPOB U MEXaHU3MOB,
onpejenstouie GopMupoBaHUe poJi-GPOHTOB.

s MozieniipoBaHus GOPMUPOBAHUSA PYyAHBIX TeJ THUIA POJII-GPOHT UCIOIb30BaHbI PE3Y/IbTAThl
JlabopaTopHoro 3skcrnepumeHTa EBceeBodl u [Jp. [16], B KOTOpOM NpOBEJeH OMNbBIT MO UMHUTALUU
06pa3oBaHUsl ypaHOBBbIX POJLI-QPOHTOB B IJIACTUKOBOM KOHTelHepe (TpyGe NpsSMOYroJIbHOIO
ceyeHus). B pabore npo3pauHbiil kOHTeHHep pasmepoM 2 x 0,15 x 0,2 M. 3amo/iHeH NeCKOM, 3aTeEM
npeBpalleHHeM OKCHJOB >Kese3a B cyJbUAbl cpejla XMMUYECKU BoccTaHoBJeHa. [locse atoro B
TedyeHue 60 CyTOK yepe3 KOHTeHHep MponylleHa BOJa, CoJepXallas pacTBOPEHHBIH ypaH C
KoHIeHTpanued 107-107° r/J U OKMUCIMTENb, YTO NMPUBEJNO K GOPMHUPOBAHUIO POJIJIOOGPA3HOTO
CKOIJIEHUS ypaHa.

OCHOBHOM XMMHUYECKUH TMpOLECC B 3IKCIEPUMEHTE - OKHUCIUTEJIbHO-BOCCTAHOBUTEIbHBIM.
[losiyyeHHOe pacnpeziesieHHe ypaHa C POCTOM KOHLEHTpALMU U NMPOJBUKEHUEM 30Hbl OKUCJIEHUS B
BOCCTAHOBJIEHHbIE IECKH YCIEIHO UMUTHUPOBAJIO POJIJIO0Opa3Hble 3a/€XH, XOTS MeXaHU3Mbl UX
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dopmupoBaHUs He 06'bsicCHEHBL. KOHIIEHTpalMs ypaHa y6bIBasia 0 JIIMHE KOHTEeWHepa, C MaKCUMyMOM
y BXoJa.
Ha ocHoBanuu yCJIOBI/Iﬁ JKCIIepUMeHTa AJid YUCJIEHHOI o MO eJINPOBaHHA ObLIIU CAeJIaHbI
clefyrolue JonyLeHUs:
1. KHUJKOCTH HECXKUMAEMBI, IBIDKEHHE PeareHTOB POUCXOJUT B BOJHOH cpeJie;
2. nudPy3roHHbIN IepeHOC MUHepasa 3HAUYUMTE/IbHO YCTYaeT KOHBEKTUBHOMY
nepeHocy;
3. BOCCTAHOBUTEJIb IPUCYTCTBYET B U36LITKE [0 CPABHEHMUIO C APYTUMU peareHTaMu;
4. KoHUEeHTpaIus okucauTensa Mana (~0,001 r/u), 9YTo COOTBETCTBYET COJIEPKAHUIO
KHCJI0pO/ia B T0/;3eMHbIX Bojax LleHTpanbHoi A3uu [11].

Kak BuaHO, mpoueccbl pOpMHUpPOBaHHSA POJIJIOOOPA3HOr0 MUHEpPaIa BKIKYAKT (QUIbTPALHIO
HECKMMaAeMOH KHUJKOCTH 4epe3 IOPUCTYIO CpeAy, I[MO03TOMY OCHOBOH [Jisi MOJEJTHUPOBAHUS
TUJPOAUHAMUKU ABJIsAETCA 3aKOH [lapcu

U =1v¢p =—kVh (3)

Y 3aKOH COXPaHEHHUs] MacChl HECKUMAeMOU XKUAKOCTH

V-a=V (@) =0,

rjae U = U¢ - CpeHAsa CKOPOCTb GUIbTPALMH KUAKOCTH B MIOPUCTOM cpeje (cKopocThb Jlapcu)
[m'secl], ¥ - cpegHsAA CKOPOCTb MMJKOCTH B Mopax, ¢ — mopucroctb cpeabl (0 < ¢ <1), k -
k03¢ dunreHT PuabTpauuy, h = p/pg - ruAPOJUHAMUYECKUH HAMOP B IJIACTe, P — JaBJIeHHE B IJ1ACTE,
p — IJIOTHOCTD KUJIKOCTH, g — YCKOPEHUE CUJIbI TSKECTH.
3TU [ABa ypaBHEHUsS CBOAATCA K oAHOMY 3D 3JUIMOTUYECKOMY YPaBHEHUIO OTHOCHUTEJIBHO
U pOoJMHAMHUYeCKOro Harnopa:
V- (kVh) =0 (4)

Y pelaeTcs YUCJeHHbIM METO0M MPH 33/IaHHbBIX 3HAYEHHUSIX JAaBJIEHHUS UM PACXO/I0B )KHUJKOCTH
Ha rpaHunax. [lo HalileHHOMYy TMOJII0 JAaBjieHUs1 U3 3akoHa Jlapcu (3) ompepesnseTca mnose
GUIBTPALIMOHHOM CKOPOCTH.

JJ1s 4McIeHHOT 0 MO/leJINPOBaHUs 3KcllepuMeHTa EBceeBoli U Jip. 6bl1a paccCMOTpeHa AByMepHas
MOJYOTKPbITas TPy6a € BXOJIOM IIOTOKA KHUJIKOCTHU CJIEBA U BBIXOJI0M - cipaBa (Puc. 3).

+
:4——Inlet %Sig’ies Outlet —

PucyHok 3. Cxema J1abopaTOpPHOT0 KOHTeHHepa AJisi UMUTAMX 06pa30BaHUS
YPaHOBBIX poJL-GpoHTOB [16].

OnucaHKe 3aBUCUMOCTEN CKOPOCTEH XUMHUYECKHX PeaKI[Mi OT KOHIIEHTPAI[MH HCXOIHbIX BEIECTB
BBINIOJIHEHO B paMKax 3aKOHa JleMCTBYOLUX Macc. OKHUC/IUTEeNbHO-BOCCTAHOBUTEbHAsA 06paTUMast
peakuus MeXxly BOCCTAHOBUTEJIEM U OKUCTUTeeM (peakius (2)) 6bla npeAcTaB/ieHa B YIIPOIEHHOM
BU/l€ CIeIVIOI e CXEMOU:

BOCCTAHOBUTEJIb (FeSZ(S)) + okucaurenb — (k;) > OPOAYKT + 3JIEKTPOHBI, (2a)
npoAyKT + 3yektpoHbl — (k,) = BOCCTaHOBUTEJDb (FeSz(s)) + OKHCJHTEJb. (2b)

CorjacHOo 3TOM cxeMe, KOHIEHTpPALMK 3JIEKTPOHCOZEPKALMUX COeJUHEHUM M TMOOGOYHBIX
NPOJYKTOB SIBJISIIOTCS Pe3yJIbTaTOM OKHC/JIEHHUS] BOCCTAHOBUTEJIS.

JJIEKTPOH COZlepKalljde KOMIIOHEHTbl MIpaloT KJ/YEeBYI0 poJb B Iepexo/ie ypaHa U3
pacTBOPEHHOr0 COCTOSIHUA B TBEpAYIO daszy. B npeasiaraeMoil MoiesI yUUTHIBAIOTCS KOHILEHTPALUU
KaK pacTBOPEHHBIX, TaK U OCOKJAEHHBIX GOPM YpaHOBBIX coejuHeHUH. Kak ye oTMevanoch paHee, B
NPUPOAHBIX YCJOBUAX ypaHOBble MUHEepaJbl MOTYT MOJABEpPraTbCsi BTOPUYHOMY PAcCTBOPEHUIO MOJ
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BO3/lefICTBMEM KHCJOPOACOJepKallux BoJ. B cBSA3M ¢ 3TUM mpolecchl OCaX/JeHUsi U pacTBOpPEeHUs
YPaHOBBIX MMHEPAJIOB B MOJieJIM ONMCHIBAKTCA C/1eyIOlel YOIPOLEHHON CXeMOM:

pacTBOpEHHbBIN MUHepal + 3JieKTpoHbl — (k3) — TBep/blit MUHEpaJ, (5)
TBEPAbIA MuHepan + okuciauteab — (k,) & pacTBOPEHHBIN MUHEPAJ . (6)

YpaBHeHUe, onuchIBallee 06paTHUMOe U3MEHEHHE KOHLEHTPALUY BOCCTAHOBUTEJIS [0 PeaKLUU

(2) B TBepAoil dpase 0CHOBAHO Ha 3aKOHE JEeHCTBYIOIIMX MacC U MOXET ObITb BbIPAXKEHO CJIEAYIOLUM
o6pasoM:

(1= @)ps 0Creq/0t = kZCeCpr — k1CreaCox » (7)

rage Crea - KOHIEHTPALMS BOCCTAHOBJeHHOW cpeabl [gll], C. - KOHIEHTpauus
3JIEKTPOHCOAepKaUUX 371eMeHTOB [g-11], Cpr — KOHIIEHTPALMS NPOAYKTA OKUC/IEHHUS] BOCCTAHOBUTEJIS
[g-]1], Cox — KOHLeHTpanus okucautens [gll], ki, k,- KOHCTaHTBI peakuuu, t— BpeMs [sec], ps -
MJIOTHOCTb TBEP/bIX BellecTB [kg-m-3].
AHa/I0rM4HO, KOHIEHTPAaLUs OKUCIUTES B :KUJKOU (ase yBeJIMIMBaAETCs B pe3yJibTaTe peakLiuu
C BocCTaHOBUTeseM (mpsiMast peakuus (2) wiu (2a)), ¥ yMeHbLIAeTCs NPHU OKHUCJIEHUU TBEP/bIX
YPaHOBBIX KOMILJIEKCOB 0 peakuusM (1b uiu (6)), 4To MOXKHO ONKCaTh CAEAYIOIUM ypaBHEHUEM:
¢pl( aCox/at +7- VCox) = kZCeCpr - klcred Cox — k4CsolCox: (8)

rae Cso — KOHLEHTpalHs ocaxJeHHoro MuHepasa [gll], p; - mioTHOCTb xKugKocTen [kg-m-3].

YpaBHeHue (8) COLEPKUT KOHBEKTHUBHBINA WwieH U -VC,,, OTPaKAIOU[UH MEePEHOC OKUCJIUTEJIS,
HaxoJsLIerocss B pAcCTBOPEHHOW ¢ase, 3a CUET JBWIKEHUsS >XKUAKOCTU B Mopax. M3MeHeHUs
KOHILIEHTPAIlMU PEOKC-IPO/IyKTa U 3JIEKTPOHOB B PacTBOPEHHBIX ¢asax mo peaknusaM (1a), (1b), (5)
MO’KHO ONMCATh CIEAYIOUIMMU YPaBHEHHUSIMH, COOTBETCTBEHHO:

¢pl( acpr/at +v- VCpr) = k1Creq Cox — k2Ce Cor 9)
¢p1(0C /0t + V- VCe) = kyCreaCox — kZCeCpr — k3CeCys. (10)

JJIeKTPOHBI UTPAIOT PELIAILYI0 POJIb B MPOLIECCaX PACTBOPEHUS ypaHa COrJIacHO peaknusam (5) u
(6); UX KOHI|EHTPALMS OMUCHIBAETCS C/I€[yIOIIUM YPpAaBHEHUEM:

¢pl( aCdis/at + 1_7) ’ VCdis) = k4CsolCox - k3Ce Cdis- (11)

[Iponiecchl ocaxkeHus U paCTBOPEHUA YPAHOBbIX MUHEPAIOB COIJIACHO peaKLMaM (5) 4 (6), KaK
KJ/II04YEeBhbIE C])aKTOpr, onpegejdrmye KpPUCTA/UIM3ALUWI0 YpaHa, OINMCBIBAKOTCA C/IeAYyHIHUM
YPpaBHEHHEM:

(1 - ¢)ps aCsol/at = kSCe Cais — k4CsolCox ' (12)

B 4yuc/IeHHOM 3KCllepUMeHTe KUCNO0Jib30BaHbl TPAaHUYHbIE YCJI0BUS], COOTBETCTBYIOIINE TEM, UTO
NPHUMEHSJIMCh B J1aOOpPaTOPHOM 3KCIIEPUMeHTe, NpoBeA€HHOM B [16]. B yacTHOCTH, AJ151 AABIEHUSA
ObLIU 33/1aHbI CJ1e/IyI0le TPAaHUYHbIE YCI0BUS: OTCYTCTBHE OTOKA HA 60KOBBIX FPaHHUIIAX 06J1aCTH U
3a/laHue TU/IPaBJIMYeCKOT0 Haropa Ha FPaHMUIax NIPUTOKA U OTTOKA:

v- ﬁlsidesz 0 wiu ap/anlsidesz 0, plin= Patm +Pgh, plout= Patm.

Ha BxoZile B KOHTelHep ObLJIO 33laHO NOCTOSIHHOE I'PaHUYHOE yCJ0BHe JJf CKOPOCTH INOTOKQ,
paBHOUi 1,44x107* M/c, yTO cooTBeTcTByeT BbicoTe Hamopa h=0,74 M. [I0CKO/JIbLKY B KOHTeWHep
N0/aéTCsA TOJIbKO paCTBOPEHHBIN ypaH, TpaHUYHbIe YCI0BHUA [IJ1S1 BCeX KOHIIeHTpaLui B kUKol dase
33/1al0TCs CAeyoluM obpasoM (B r/na):

Cais|lin=7.510"5,  Cox|in=10.002, Ce|in=0, Cprlin=0,
aCdis/anlsidesz 0, aCox/anlsides =0, aCe/anlsidesz 0, anr/anlsides =0.
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HaudasibHble KOHLIEHTPAIIMU )KUAKOCTEN U TBEPI0M dashl:
Cdislt:O =0, Coxlt:O =0, Celt:O =0, Cprlt:O =0, Csollt:O =0, Credlt:O =1.

Jlo Havyasia MOCTyNJIeHUs NOTOKA KOHTEWHep He CoJepKa/l ypaHa U BKJIKOYaJ BOCCTAaHOBJIEHHYIO
MOPUCTYIO CPEAY, COCTOSIIYIO U3 MeCKa U 3aKUCJIEHHOTO KeJie3a. [lopucTocTh ¢p npuHsaTa paBHoit 0.25.

1.3 Pe3yabTaThl YMCJAE€HHOT0 MO E/JIUPOBAHUA IMIIPUIECKOT0 IKCIIEPHUMEHTa

CorsiacHO mpejJjiaraeModl MoJiend, o6pa3oBaHUe TBEpAod ¢a3bl ypaHa MNPOUCXOLUT
HCKJIIOYMTEJIbHO B pe3yJibTaTe npolecca ocaxeHust. [loyyeHre aHaIUTUUECKOT0 pellleHUs CUCTEMbI
HeJIMHEHHBbIX JAuddepeHMaNbHbIX ypaBHEHUH C 33/laHHBIMHM HAYa/JbHbIMU W TPAaHUYHBIMH
YCJIOBUSIMU TPEJICTABJISETCS HEBO3MOXXHBIM, B CBSI3U C YeM ObLJIM MPHUMEHEHBI YU CJIEHHbIE METO/bI
peuienusi ypaBHeHU# (7)-(12) ¢ ucnosb3oBaHueM nporpamMmmHoro kommiekca COMSOL Multiphysics
[17]. Ha nocaenytomiem sTamne 66110 pa3paboTaHO CIelHaJIU3HPOBAHHOE MTPOTrPAMMHOE 0becriedyeHre
JUJIS1 YMCJIEHHOT0 MoZiesinpoBaHus Ha miatdopme C#.NET.

[locsie MHOTOKpPaTHOHW KOPPEKTUPOBKH CKOPOCTEM XMMHUYECKUX peakLui MeTOoJoM MoAbopa,
YHC/IeHHble pe3yJIbTaTbl Hadyald yA0BJETBOPUTEJBHO COIJIACOBBIBATBHCS C 3KCIEPUMEHTATbHBIMU
JlaHHBIMH (CM. pUCYHOK 4).

[ToBbIIEHHBIE KOHIIEHTPAIMK YpaHa B HAa4aJbHOW YacTH MOJEJbHOU 06J1acTH, MO-BUAUMOMY,
006y CI0BJIEHBI CPABHUTEJNBHO HU3KOW CKOPOCTBIO OKHCJIEHHUsI YPaHOBBIX MUHEPAJIOB [10 CPABHEHHIO CO
CKOpOCTbI0 QUIBTPALMOHHOTO MOTOKAa. Kak BUZHO Ha pUCyHKe 4, 4acTb TBEPBIX COeJUHEHUH ypaHa
6bly1a MOBTOPHO OCAX/leHa B TEYeHHE KOPOTKOr0 BpeMEHHOTI'0 MHTEPBaJIa, YTO NPUBEJIO K JIOKATbHOMY
yBeJIMYEHUI0 KOHIleHTpanuu ypaHa fio 0,015 r/;n Ha paccTosgHuHU 15 cM OT BXOZHOU IPaHUIIbIL.

AHajloru4HO  J1IaGOpATOPHBIM  HAOJNIOAEHUSAM, JIMIIb  He3HAaYUTeJbHOE  KOJUYEeCTBO
BOCCTAaHOBHUTEJISA ObLIO BBIIEJOYEHO U NepeHeceHO Ha OoJiblllee pacCTOsSiHME OT Bxoja. Hanuyue
OKHCJIEHHOI'0 BOCCTAaHOBUTEJIS1 YETKO NMPOC/IEKUBAETCA KaK B JJAOOPAaTOPHOM 3KCIEPUMEHTe, TaK U B
YUCJIE€HHOM MO/ZeJIMPOBAaHUMU.

PucyHok 4. CpaBHeHHe U3MeHEeHH s CTeNIEHU OKUC/IEeHUS: (a) IKCIIepuMeHTalIbHbIE JaHHBIE,
OTpaKaIIIKeE pacnpesie/ieHHe KOHIIEHTPAIUU BOCCTAaHOBUTEJIS B/I0JIb KOHTeHHepa [16];
(b) MozenibHOE pacnpe/iesieHHe BOCCTAHOBUTEJIs, TOJy9eHHOE B pe3yJibTaTe YUCJIEHHOTO

MO/IeJINPOBAHMUS.

YucseHHbIN noaxo[ AaJ pe3yJjibTaThl, 6JIM3KHE K JKCIIEpUMEHTAaJIbHbIM AdHHBIM, IIPpU YCJIOBUMU,
9TO CKOPOCTb BOCCTAaHOBMUTEJIbHOM peaxkiouu OblJIa 3HAYUTEJNBHO BBbIIIIE CKOpPOCTH OKMCJIUTEJIbHOU
peakunu (CM. pI/IC.S). 3To CBUAETEJIbCTBYET O TOM, YTO KOHILIEHTPAallud BOCCTAHOBHUTEJIA IMpEeBbILIdJIa
KOHIEHTpPAHUI OKUC/TIUTEJIA.
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PucyHok 5. CpaBHeHHe 0011ell KOHIJeHTpalMy ypaHa (BKJIo4yasi TBEPAYI0 U pacTBOPEHHYIO dasbl,
[r/n1]) B 3aBUCUMOCTH OT pacCTOSIHUSA OT BXOZHOI'0 OTBEPCTUS KOHTelHepa ([M]): pe3y/ibTaThI
YUCJI€HHOTO0 MO/ eJIMPOBAaHUSA U JIabOpPaTOPHOT0 3KCIIEPUMEHTA.

[locne ycnemHoM KaJuOGpPOBKM MOJeJH IO pe3ysjbTaTaM JabopaTOPHOrO 3KCHEPUMEHT],
YHCJIEHHOE MO/Ie/IMPOBaHUE ObLIO MPOBEAEHO C Le/1bl0 U3y4eHUs1 QOPMHUPOBAHHUS CEPIOBUAHBIX POJLI-
OpOHTOBBIX CKOIUJIEHMH ypaHa Ha 0oJiee [JWATEJbHOM BpEMEHHOM HWHTepBasie. Mo/jenb,
npe/iCTaBJeHHasA Ha PUCYHKe 6, oXBaTbiBaeT nepuo/ B 3300 gHel npu ckopocTu npuTtoka 107* m/c.
Kak BusiHO, popMa posui-GpoHTa cOXpaHaeTCs, ¥ 3a 3TO BpeMd CMelllaeTcsl IpUMepHo Ha 15 MeTpoB 1o
HalpaBJIEHUIO IOTOKA XKUKOCTH.

CienyeT OTMeTUTDh, YTO HECMOTPSA Ha OTCYTCTBHE B YPaBHEHHUHU [JI1 KOHIEHTpPAL UM TBEPJOro
ypaHa 4/JIeHOB, OTBEeYaILMX 3a KOHBEKL1I0 U 1UPPy3UI0, PPOHT MOCTENEHHO CMeIaeTcs C Te4eHUeM
BpeMeHU (cM. Puc. 6). ITo cMelleHHe fABJAETCA CJAeJCTBMEM INPOTEKAWIUX B CpeJie peakLHH
pacTBOpeHUs M OCaxJeHus. B mpolecce NpOUCXOAUT BbllleJadYuBaHNE BOCCTAHOBHUTEJIS, €ro
NOBTOPHOE OCaXK/leHWe COBMECTHO C YPaHOBBIMM MHHepasJiaMM, a TakKe 4YaCTUYHOe NoTpebseHue
BOCCTAaHOBHTeJIA /11 BOCCTAHOBJIEHUS PaCTBOPEHHOT0 YpaHa.

0.002 —— —r=r ————
0.0015} Oxidizer (in g.I') \,\ e \_\ i
a) 0.001} \ \\ \ J
0.0005 N\ e N
i S T
ok
0.8
0.6l Reductant (in g.1'!) |
b) 04l )l
0.2 1
0 n
0.0008F 1 "\ 7
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9 0.0004 S \\ i \ 1
0.0002 7N o \ ]
| —— L W L A\
1,100 d 2,200 d 3,300 d
a 0 5 10 15 20
Distance [meters]
| —— [
0 1 2 3 4 5

Solid uranium concentration

PucyHok 6. [Ipo1iecc moBTOpPHOT0 ocaXk/JieHHs1 TBEpAOT0 ypaHa 3a nepuof, 3300 gueii:
(a) koHUEeHTpanus okucauTes; (b) KOHIEHTpal s BOCCTaHOBUTEJIS; (C) KOHIeHTpaLUs TBEPOro
ypaHa; (d) BU3yanusanus pacnpejeieHus1 KOHIeHTPaLUU TBEPL0ro ypaHa B IBYMEPHOM CeYeHUH.
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CorstacHo BpoBUHY, Ha OCHOBE T'e0JI0TUYeCKUX HabJII0/[eHUH 66110 3apUKCUPOBAHO SIBJIEHHUE, IPU

KOTOPOM PacTBOPEHHBIN ypaH NPOXOJAUT CKBO3b 30HY BOCCTAHOBUTEJISI M OCAKAAETCS laslee 110 HOTOKY
B JIpyroi BoCCTaHOBJIEHHOM o6J1acTu [18].

a) . i

13 14 15 1.6 137 1.8 1.9

0.0003f
0.0002! 7N
0.0001 - \

OL ! —

0.0003}
b 0.0002
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0.0002/ / \ ,

0.0001} 7 \

0‘—_____———_‘——__—_—__‘—_—.— i s, T et ) |

0 5 10 15

PucyHok 7. Murpauus ypaHa MeXy BOCCTAHOBUTEJIbHbIMH 30HAMH: (a) KOHLIEHTpALMs ypaHa
B TBEpI0U daze B AByMepHOM ceueHUH (2D); (b) KoHIleHTpaIys ypaHa B TBEpI0U dase BI0OJIb
oaHoMepHoro npodwuis (1D).

[ BoCIpou3BeJleHHs] TaKHUX YCJAOBUH ObLIO NPOBEJEHO YHCIEHHOE MOJEeJUPOBaHUE C
BBeJIeHMEM [IBYX 30H BOCCTAHOBUTEJSA B IpejesaxX OJHOr0 KaHasa, Kak NoKa3aHO Ha pUCyHKe 7. B
JlaHHOM KOHQUTYpaLUu BO3MOXHO OJJTHOBpeMeHHOe GOpMHUPOBAaHHKE [IBYX POJUIGPOHTOB B OJJHOM U
TOM Ke Topu3oHTe. [lo Mepe HUCTOLEHUsS] BOCCTAHOBUTEJIS B BepxHeH (10 MOTOKY) 30HE, MUHEPAJIbI
HAUMHAIOT MUTPUPOBATh B HWKHIOI BOCCTAHOBJIEHHYIO 30HY, TZle M NPOMCXOJUT HUX MOBTOPHOE
ocaXk/ieHue.

YucsieHHbIE pAacy€ThI TAKXKeE MOKA3aJIH, YTO CKOPOCTh JBMKEHUSI POIJIGPOHTA UMEET MOYTH
JINHEWHYI0 3aBUCUMOCTb OT CKOPOCTH MOA3eMHOT0 PUIBbTPALMOHHOIO TOTOKA.

JluHeliHass 3aBUCHMOCTb COXpaHSeTCsd U NPU Pa3/JIMYHbIX KOHIIEHTPALUSAX BOCCTAHOBUTEJIS.
CieloBaTe/IbHO, MOXXHO 3aKJIOUYUTh, YTO OTHOIIEHHE CKOPOCTH IMepeMelleHUsT PoJIPpOHTA K
CKOPOCTH NOTOKA FPYHTOBBIX BOJ, OCTAéTCA MOCTOSIHHBIM. HannprMep, npy KOHIIEHTPaL U OKHUCAUTEN S
0,02 r/n u BocctanoBuTedis 0,8 r/J1, CKOpOCTb TOBTOPHOTO OCAXKAEHUS ypaHa B mpejiesiax poaadpoHTa
npuMepHo B 240 pas HMKe CKOPOCTH IIOTOKA I'PYHTOBBIX BoJ, (cM. Puc. 8).
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PucyHOK 8. 3aBUCHMOCTb OTHOILEHUSI CKOPOCTH GPOHTA HaKaTa K CKOPOCTH GUIbTPALUOHHOIO
IIOTOKA OT KOHLIEHTPALUX BOCCTAaHOBUTEJIS.

WUccnenoBanue, npesicTaBJeHHOe BbIlle, ObIJIO MCHOJIb30BAaHO [/l NOCTPOEHUsl YNPOILEHHOH
Mozien GOpMUPOBAHUS POJIJI-GPOHTOBBIX MECTOPOXKAEHUH C LieJIbI0 MOJIyYEHUS peajMCTUYHOr o
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N°1 (anpenb-uionb) 2025 rog WHTENNEKTYA/IbHbIE CUCTEMbI

AKAOEMWACHI

NPOCTPAHCTBEHHOr0 paclpejieieHdsl YpaHOBOW MHUHepanu3auuu. B paMkax 4YUCIEHHOro
MOJeJIUPOBaHUsl ObLIM ONpeJesieHbl KOHCTAHTbl CKOPOCTeHW peaKLMHd Ha OCHOBe HMEIOLIUXCS
3KCIepHUMeHTAJIbHbIX JaHHBIX.

2. Pa3paGoTKa CTOXaCTHUYECKOro MeTOoJa OLEeHKH pecypcoB poJuUI-ppOHTOBBIX
MeCTOPOKAeHU Ha OCHOBE JINHUU TOKa

B HacTosillee BpeMsi AJisi M3yueHHUs] paclpefie/leHUs] COJepKaHHUsl MO0JIe3HbIX KOMIIOHEHTOB B
PYAHBIX TeJslaX THUIA POJII-GPOHT NPUMEHSIIOTCS CTOXaCTUUYeCKHe METO/Ibl MOJeJINPOBaHUsl. B faHHOU
paboTe mnpejJiaraloTcs YCOBEPLIEHCTBOBAHUSl TPAJULMOHHBIX I€OCTAaTUCTUYECKUX aJTOPUTMOB C
y4éToM reHesuca GOpPMUPOBAHUSI TAKHUX MECTOPOXKJIEHUW U TUAPOAUMHAMHUYECKUX OCOOEHHOCTeH
GUABTPALIMOHHOTO IOTOKA B PYAOHOCHBIX CI0SX.

O HO U3 KJIIOUEBBIX HOBILECTB — UCN0Jb30BaHUe BpeMeHH npoJsiéTa (time of flight -TOF) BogHbIX
YaCTHUI] 110 JIMHUSM TOKa IPH pacuéTe BapUOTrpaMMbl COBMECTHO C JJAHHBIMU CKBaXKUH. Takoi moJxo/,
3aMeHsIeT TPaAULUOHHOE HCIO0Jb30BaHUE 3BKIUJOBBIX (QU3NUECKUX) PACCTOSIHUM, YTO MO3BOJISIET
MOBBICUTb TOYHOCTb UHTEPIOJISILIMU U OLEHKH PeCyPCOB.

2.1 ®opMyupoBaHUE CHHTETUYECKOr0 MeCTOPOXKAEeHUA

EAVHCTBEHHBIM HaJIEKHBIM CIIOCOO0M BepUUKALUU T€0CTATUCTUYECKHUX METO/IOB, ONIpeeeHus
pacnpejeneHNs1 KOHLEHTPALMH N10JIe3HbIX KOMIIOHEHTOB B PY/IHBIX TeJaX, ObL10 661 mpoBegeHrne MPT-
CKaHWPOBAHMS MMOJI3EMHBIX IJIACTOB, YTO 10 OYEBU/JHBIM ITPUYHNHAM SIBJISIETCS HEBO3MOXKHBIM. BMecTe
C TeM, OJAHMM M3 CIOCOGOB MOBBILIEHUS TOYHOCTH U BepUPUKAMUA TeoCTATUCTUYECKHUX METO/ 0B
SIBJISIETCSL CO3JjaHHE CHHTETHYEeCKOTO MECTOPOXKJEHHSI C HCNOJIb30BAHUEM MOJEsH, U3JI0XKEHHOH
BhIIIIE.

[Iponjecc MoAeIMpPOBaHUS CHHTETHYECKOTO POJJI-QPOHTOBOTO MECTOPOX/IEHHS BKJIIOYAET
HeCKoJIbKO 3TanoB [18]. B nmepByt odepeib, B pacCi€THON MPSAMOYTOJbHOU 06J1acTH pazMepoM 290 x
450 x 60 M. (Puc. 9) dopmupyeTca HeOAHOPOAHOE paclpejesieHre Ko3dpounreHTa GUIbTPaALUU.
3aTeM HauMHAETCsI HeMpepbIBHAS 110/ja4a pacTBOPa, COAEPKalero ypaH U okucauTesb (0,), KOTOpbIi
pearupyeT ¢ KOMIIOHEHTAMH MOPO/bl U BBIXOAHUT C MPOTHUBOIOJI0KHON CTOPOHBI (BBIXOJ), IPU 3TOM
OGOKOBbIE CTOPOHBI CYMTAIOTCS HENpOHULAeMbIMHU. [lofjadya pacTBopa MPOUCXOAUT A0 TeX MOp, IoKa
KOHIEHTpanusi ypaHa He JOCTUTHET YPOBHs, CONOCTABMMOI0 C KOHIEHTPAUUSIMHU B peajbHbIX
MectopoxkaeHusx (0,03 % [19]). [locsie aToro nojaya pacTBopa npekpauiaeTcs, KOHIEHTpaLus ypaHa
nepepacnpezessieTcs, 0CaKAAeTCI U HIKe 10 NMOTOKY GOPMHUpPYeT XapaKTepHYH PoJI-GPOHTOBYIO
¢dopmy. OKHCIUTENBHO-BOCCTAaHOBUTENbHAsA MOJEJb COOTBETCTBYET JOMYILIEHUSIM, HU3JI0KEHHbIM
BBIILIE.

outlet

PucyHok 9. O6s1acTb MOJle/IMpPOBaHUs: 3eJ1€Hasi FPaHULId COOTBETCTBYET YYaCTKY
NPUTOKA pacTBOPA, KpacHasi — y4acTKy OTTOKa.
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HAYKA MHTENNEKTYAJIbHbIX CHCTEM

WHTENNEKTYAJIbHBIE CUCTEMB N°1 (anpenb-iioHb) 2025 roa

¥TThIK FblNbIM
AKALEMUACHI

3a HCK/IIOYEHHEM BOCCTAHOBUTEJS, HayaJbHble KOHLIEHTpPALMM BCEX BeIeCTB B 006J1acTH
MO/IeJTMPOBAHUs OBIM YCTAHOBJIEHBI paBHBIMU HyJ/1I0. HayasnbHOe pacnpejesieHHe TPOHULLAEMOCTH
ObLJIO YCTAHOBJIEHO KaK HJiea/bHOE U HEOJHOPOHOE, YTOObI MPU/ATh MECTOPOXK/EHUIO OTYETIUBYIO
CUHYCOUZANIbHYI0 GOpMYy. YCI0BUS NPUTOKA U OTTOKA ONPEAENSNNCh PAa3HOCTbIO I'M/PaBINYECKUX
HaINoOpOB MPHU YCJIOBUHU, YTOOBI PA3HOCTb BBICOT MEX/Y BXOJIOM M BBIXOJIOM COCTaBJsaa 2 M. Takum
o6pasoM, O6buia chopMHUpOBaHA TpPEXMepHasA CHHTETHWYeCKas MoOJesb pPoJlI-PPOHTOBOrO
MeCTOPOXKJEeHUsl AJs Lesed BepUPUKaLUM U CpaBHEHUs reoCcTaTUCTHYeCcKUX MeTofoB (Puc.10).
JlonosHUTe/JIbHOE MOJeJUPOBaHUEe IMPOBOAMJIOCH Ha 006JacTH, B KOTOPOH pachpejesieHue
GUNIBTPALIMOHHBIX CBOWMCTB 3aMMCTBOBAaHO M3 JAHHBIX pPeaJbHOrO MECTOPOXKAEHHs Ha Iore
KazaxcTraHa.

400 days
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650 days 1000 days

0001 0003 0005 DGO7 DO 0011 0D13  DOIS 0002 0008 001 0014 0018 0022 0026 003 QM
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PucyHnok 10. Mi3MeHeHNe KOHI[eHTPALWH TBEPAbIX MUHEPaJbHBIX GOPM ypaHa
3a 1000 MomenupyeMbIX IHEW C yKa3aHHUEM COJlepKaHUs ypaHa B IPOLEHTax:
(a) npu uAeaTM3UPOBAHHOM pacnpe/esieHUU QUIbTPALMOHHOI0 NOTOKA;
(b) mpu peasibHOM (reTepoOreHHOM) pacnpe/esieHud GUIbTPALUH.

2.2 CToxacTHYeCKH MeTO/i, OCHOBAaHHBIM Ha JIMHUAX TOKA, U OLleHKa pecypCcoB poJLI-
¢poHTOB

lleip reocTaTUCTHYECKHX MeETOAOB IPU pa3paboTKe MeCTOPOXKAEHUH - OIlpeeauThb
NPOCTPAHCTBEHHOE paclpe/ieieHne MUHepPaJoB U UX COJlepKaHUsl B MeXKCKBO)XKMHHOM IPOCTPAHCTBE.

['eocTaTucTrKa NpejcTaB/seT cO60M pas/ies CTaTUCTHUKY, ClIeLiMaIM3UPYIOLIMICS Ha aHa/lu3e U
MHTepIpeTaLnuu JaHHbIX, 00/1a/jal0UX IPOCTPaHCTBEHHOH (reorpaduyeckoit) npuBsa3koi. OcHOBHas
3a/laya reoCTaTUCTUYECKUX IOJXO0J0B - OLeHKa MapaMeTpoB IJACTa, TaKUX Kak Ko3adpduuueHT
bunbTpaLmy, MOPUCTOCTb, MUHEPAJbHBINA COCTAB U /IP., B MEXCKBOXXMHHOM NPOCTpPAaHCTBe. Pacuér
OCYLIeCTBJ/ISIETCSI Ha OCHOBe H3BECTHbIX 3HAaYeHWUH, INOJYYeHHBbIX B TOuYKax HabJOJeHUH (Ha
CKBa)KMHax), C y4€TOM UX BKJIa/ia (Beca), KOTOPbIN 3aBUCUT OT PACCTOSIHHUS 10 IPOTHO3UPYEMOU TOYKH.
O6bIYHO BJIMSHHE KaXK/10I'0 U3BECTHOT'0 3HAaYEHHUS OIpe/ie/iieTCsl B 3aBUCHUMOCTH OT €ro y/JaJIéHHOCTH
OT TOYKHU NporHosa (cm. puc. 11).

B HacTosimelt paboTe mpejJaraeTcs MOJAXOJ, OCHOBAHHBbIM Ha HCHOJIb30BAaHUM JIMHUK TOKa,
paccyuThbIBaeMbIX Ha OCHOBE BEKTOPOB CKOPOCTH uabTpauuu. JIMHMSA TOKa, KaK H3BECTHO,
npejcTaB/seT co60M JIMHUIO, KacaTeJbHas K KOTOPOM B KaXKJ0i eé Touyke COBNAZAeT C BEKTOPOM
CKOpPOCTU QUJIBTPALMOHHOIO MOTOKA B JAaHHbIA MOMEHT BpeMeHM. B ciy4ae ycTaHOBUBLIErocs
TeuyeHUsl JIMHUSA TOKa COBIAJlaeT C TPAaeKTOpHUeEH ABMKEHUS YyacTUL, GpJiron/ia.
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C Havasa 2000-x roZi0B JINHUX TOKa MOJIyYWUJIM LIMPOKOE pacnpoCTPpaHEHHE B MOJEJNHMPOBAHUU
TpaHCnopTa MHOToda3HbIX MOTOKOB B HedTerazoBnix pesepByapax [17-20]. OgHako B JUTepaType
NOA4YEPKUBAETCS UX OrpaHUYEHHOe IpHMeHeHUWe B 3aJayax OLEHKU MHUHepaJbHbIX PeCypcoB.
KitoyeBbIM 3/1eMEHTOM paccMaTpUBAaeMOro MOJXoJa SBJSETCS MapaMeTpu3aunusi JHUHUHA TOKa C
HCI0JIb30BaHHEM COOCTBEHHOro mapametrpa — BpeMeHH mnposiéta (time of flight, TOF), kotopoe
onpejeJisieTcsl KaKk BpeMsl, Heo6Xo4UMoe dacTule ¢uronaa JJjis NPOXOKIeHUs OT HarHeTaTeJbHOU
CKBaXXUHBI (/1M 33JlaHHOM TOYKH) Yepe3 MPOHULIAeMYI0 Cpey BJlOJIb IUHUHU TOKa.

H3BECTHOE
JHAYEHHE

H3BECTHOE
JHAYCHHE

G CORN)
e g &
2, Iﬁ?ﬁ Qz 5?
2 7z © Q’-z oy
Y '§
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~ |/ quue A
ey anoe BT h3BecTHOE

3HAYEHHE
Q
H3BECTHOE n“gnﬂc,,—”’/" o 2
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::i;fziggﬁ }
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PI/ICYHOK 11. Biusinue COCEJHHX TOYEK HA 3HAYEHH E B BBIUMCJISIEMOU TOYKE.

B KOHTeKcTe OL€EHKH 3allaCOB W TreomMoAe/JIMPpOBAHUA MECTOpOH{AEHHﬁ, O6I.I_[aﬂ d)opMlea
reoCTaTUCTUYECKUX METOA0B OLI€HOYHOI'0 THUIIa CBOAUTCA K CJIeAYyKIIEeMY BbIpa*K€HH IO

Z"(X) = X  AZ(Xy),

rae Z*(X) - olleHEeHHOe 3HaYeHHWEe HMCKOMBIX MapaMeTpoB B Touke X, Z(X;) - HabJozaeMoe
3Ha4YeHHE B TOYKE X; a A; — Beca, Ha3HayaeMble COOTBETCTBYIOIIUM TOYKaM Ha OCHOBE BHIGPAHHOTO
METO/a UHTEPIOJALUH.

O4yeBH/JIHO, YTO TOYHOCTb OLIEHKH CYIIEeCTBEHHO 3aBUCHUT OT MeTo/a Ha3HavyeHHUs1 BecoB. Tak,
METO/bl 06PAaTHOr'0 PACCTOSTHUSA HUCIOJIb3YIOT Beca, ONpe/ie/isieMble HA OCHOBE CTENEHU «3aTyXaHUs»
KOPpEeJISIIUM C PacCTOSTHUEM, TOrZa KaK KPUTMHIOBble METOJbl MPEAINOJaraloT allpoKCHUMAaIHIo
BapUOrpaMMHON (YHKUMH, MOJYyYEeHHOH H3 SMIHUPHUYECKUX [JaHHBbIX. Bec BJMAHUS 3HAYeHHH
BBIUMCJ/ISIETCS 110 BBIOPAHHOM MOJie/IM BapUOTPAMMBI, JJIs1 ONpe/iesIeHHs] CTaTUCTHYECKOH MPUPOJ0i
nsacrta. [locTpoeHue BaprorpaMMbl OCYLECTBJSETCS 10 cleAyouel popmy.e:

Z(%+h) - Z(D)?
2

y(R) =

3nauenue dynkuuu Bapuorpammbl y(h) paBHO TMOJOBMHE KBa/paTy CpeJHUX 3HAYeHWH Bcex

TOYeK, KOTOpble HAaxXOAATCA NMPUMEPHO HA PaACCTOSTHUU h=|i_1)| Jpyr oT Apyra. BeibpaB HecKoJIbKO
NPOU3BOJIBHBIX PACCTOSSHUN h U BBIUUC/IAETCA NpepbIBUCTas KpUBas BapuOTpaMMbl MO/ KOTOPYIO
noJ6vupaeTcst MoJeJb.

Hcnosb3ysi NOHATHE KOBapUorpaMMbl B opMe:

c(h) =c(0) - y(h),c(0) = oy

BeC A; KaXJ,0M M3BECTHOM TOYKH X; BBIUMUCJSETCS MyTeM pelleHUs CAeAyoLiero MaTpU4YHOro
ypaBHEHMUS:
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HAYKA HHTEJINEKTYAJIbHbIX CUCTEM

MHTENNEKTYAJIbHBIE CHCTEMbI N°1 (anpenb-Hionb) 2025 rog,
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B kpuruHre Jjis NmoMcCKa BJIMSIIOLIMX 3HAYEeHUM Ha CKBa)KMHAX HCIOJIb3yeTcsl cdepa MOUCKA,
KOTOpast MOXKEeT NPUHATb GOpPMY JIJIMIICOUZA B 3aBUCUMOCTH OT aHU30TPOINUU MecTopoxeHus (Puc.
12).

Hacrosimas pa6oTa HampaBsieHa Ha MOJAWQHUKALUI aJIrOPUTMa OOBIKHOBEHHOI'0 KPUIHMHIa C
L|eJIbI0 MHTErpalnuy JUHUNA TOKA B Ka4YeCTBe HalpaBJISIOIIUX JUHUH IPU BbI6OpeE BAUSIOIIUX Y3JI0B U
NpU pacyéTe BpeMeHU NPOJIETA, UCIIOIb3yEeMOTrO /1Jis1 HAa3HAaYeHUsI BecoB. UHbIMU C/I0BaMU, KPUTHHT Ha
OCHOBe JIMHUU TOKa NpeAcTaBJisieT co60i MoguduKaLo 06bIKHOBEHHOT0 KPUTUHTA, peaIn30BaHHYI0
B pUMaHOBOM (MJIM HE3BKJIUA0BOM) IPOCTPAHCTBE, IZje PacCTOSIHUE MEXAY TOUYKaMU ONpeJesisieTcs o
BpEMEHHU NPOoJIETA B/0JIb IMHUM TOKA, a He 110 eBKJINA0BY (GU3UYECKOMY) PACCTOSIHHUIO.

o N I s I T OO O A
+°+ + +
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s + -+

o
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HU3BECTHBIE 3HAYCHHA
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PucyHok 12. CxeMa novcKa BJAUSIOIIMX 3HAUEHUHW CKBOXKHUH B METO/e KPUTHUHTA.

Takum O6p330M, I/IHTepHOJIHL[PIOHHbII;lI nponecc KpHUruHra, OCHOBAHHOI'O Ha JIMHHUAX TOKa4,
BKJIIOYAET CjieAyrolnire OCHOBHbIE 3Tallbl:

1. [locTpoeHWe JIMHUM TOKAa B NMPOHUIAEMOU cpejie HAa OCHOBE pelleHHs] YpaBHEHHUU
OUIBTPALIMOHHOTO TOTOKA.

2. 3aMeHa eBKJHJOBBIX pACCTOSHUM BpeMeHeM MpoJyiéTa mnpu (GOpPMUPOBAHUHU
KPUTMHTOBOW MaTpPHUIIbI.

3. [[puMeHeHHWe  KJIAaCCHYECKOTO  aJTOPUTMa  OOBIKHOBEHHOTO  KPUTHHTa  C

MCI0JIb30BaHMEM BpeMeHHU NPOJIETA B KaueCcTBe MeTpUKHU paccTossHus (Puc. 13).

[TocTpoeHne IMHUM TOKA OCYILleCTBJIAETCA B HECKOJIBKO 3TAIOB:

(a) pacuét mnosA [AaBJAeHUS Ha OCHOBe OQUIbTPALMOHHBIX CBOWCTB W3 ypaBHeHusa (4);
(b) BbIUMCIEHME TOJS CKOPOCTU (UAbTpPALlMM Ha OCHOBe 3akoHa Jlapcu u3 ypaBHeHus (3);
(c) mocTtpoeHMe TMHUM TOKa € UCNOb30BaHUeM MeToja [losnoka [21, 22];

(d) oueHka BpeMeHHU NPOJIETA BJ0JIb IOJYYEHHbIX IUHUN TOKA.

JIuHNM ToKa paccuyuThiBalTcA o MeToAy [loJiyioka B Ba 3Tama: cCHadasa [J1 KaXKJ oM KECTKON
TOYKU JAHHBIX (HalpuMep, KapOTaKHbIX U3MepeHUHW B CKBaXKHMHAxX), a 3aTeM - JJig BCeX Y3JIOB
pacyeTHOU ceTKH. [l KaXKJ 0 JINHUY TOKA N10CJ/1eL0BaTEebHO BEIYMC/ISIETCS COOTBETCTBYIOILEe BpeMs
MpoJIETa.

KnroueBasi npo6sieMa 3ak/io4aeTcsl B obecrnedyeHUH TOTrO, YTOObI JIUHUM TOKa AeHCTBUTENBHO
NPOXOAUJIN Yepe3 3aZlaHHble KECTKHEe TOYKM JAaHHBbIX. JTO TPYJAHO peasu3yeMo B yCJOBUAX, Korjaa
Haya/IbHas TOYKA JIMHUM TOKAa BbIOHMpaeTCs Ha BXOJHOU rpaHule (Ha HarHeTaTeJbHOU CKBaXKHMHE)
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pacyeTHOU o6sacTu. B Takoil kKoHPUrypanuu JUHHUMU TOKA CKJIOHHbBI K pa3/ieJIeHUI0 WU CAUSHUIO,
cenys u300apUYECKUMM IOBEPXHOCTSM, UYTO 3aTpyAHseT obecriedeHHWe HX NPOXOKIeHHUs 4Yepes
KOHKpETHbIe TOYKH HabJII0IeHUH.

[ mpeoiosieHUs1 3TON NMPO6JeMbl NPEAJIOKEH CAEAYIOUIUN MOAX0/: Haya/bHasd TOYKA KaXa0H
JIMHUW TOKAa BbIOUPAETCS HENMOCPEeCTBEHHO B »KECTKOM TOYKe AAHHBIX (BAOJb CTBOJA CKBAaXKHUHBI).
Janee ucnosb3yeTcs 06paTHBIN aJIFTOPUTM TPACCUPOBKU JIMHUU TOKA — IPOTHUB HaNPaBJIeHUs TEYEHUS.
[TosriyueHHBIE IMHUHW TOKA, IPOHeHHbIe B IPSIMOM U 06paTHOM HalpaBJIeHUSX, 00 beJUHAIOTCS, TOC/e
4yero JJisi NOJIHOW TPaeKTOPUHU NepecuuThiBaeTcs BpeMs nposéra (Puc. 13).
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PucyHok 13. CxemaTHueckoe npejcraBjeHue Mmeto/a [lossioka Ha JByMEPHOU peryisipHOU
ceTke. J/INHUS TOKA BXOAUT B IYEHKY C MHAEKCaMu (i) pyu U3BECTHOM CKOPOCTH ﬁ;i = 1751. - .

[lo mpoeKIysM BEKTOPa CKOPOCTH OIpeAessieTCss MUHUMalbHOE BpeMsi MpeObIBaHHUS IMHUU

TOKa B iuelike At,, , a TaK)Ke KOOpAWHATA BbIxoa &, . [loc/ieqoBaTeIbHO MEPexoisi OT TYEHKH
K sTYelKe, CTPOUTCS JIMHUS TOKa.

AHanorudHasi npoue/ypa MoXeT GbITh IPUMEHEHA KO BCEM y3JIaM MCXO/JHOM pacyeTHOH ceTKH. B
3aBHUCHMMOCTH OT paclipe/ie/IeHUs M0Jisi CKOPOCTEH, KOTOPOE, B CBOIO OYepe/ib, ONpPeAesseTCs MoJieM
JlaBJieHUs] (pacCYMTAaHHbIM Ha OCHOBe MPOCTPAHCTBEHHOTO pacnpejesieHus MTPOHULAeMOCTH
vccaeyeMon 06/1acTy), 0lMHAKOBbIE 3HAYEHU I BpeMeHH NMPOJIETAa MOTYT HAaGJII01aThCs HAa Pa3JIUYHbIX
pPacCTOSIHUSAX BJ10JIb PA3JIMYHBIX IMHUU TOKA.

CoenuHsA TOYKH, IPUHAJJIEXKAlMe PAa3HbIM JUHHUSIM TOKA, HO UMeI0L[He 0JMHAKOBOe 3HAaYeHue
BpEMEHHU IPOJIETA, MOXHO TMOCTPOUTHL PETYJISPHYI0 KPUBOJHHEHNHYI0 OPTOrOHAJbHYIO CETKY,
aJlanTUPOBAHHYIO K THMAPOAMHAMUYECKUM cBoiicTBaM cpebl (Puc. 14). Takas ceTka npejacTaBisieT
co6oi JepopMHpOBAaHHOE, HEEBKJIHJOBO [IBYMEPHOE MPOCTPAHCTBO, B KOTOPOM MeTpHKa
onpe/iesisieTcsl He TeOMETPUYECKUM PACCTOSIHUEM, a TH/IPO/IMHAMUYECKU peieBaHTHBIM MapaMeTpoM
- BpeMeHeM MNpoJIETa.

H=H, +AH
(a) (b)
oH H HHH aH
E‘O ax
H=H,

PucyHok 14. (a) UcxoaHas TpaguliMoHHas pacuéTHas ceTka; (b) Pacnpenenenue gaBienus,
paccyuTaHHOe Ha OCHOBe GUIbTPALIMOHHBIX CBOUCTB; (c) [IpesaraeMas KpMBoJMHENHHAs CETKQ,
chopMUpOBaHHas 110 IMHUSIM TOKA U OPTOrOHA/IbHBIM K HUM M30M0BEPXHOCTSIM BpEMEHHU MPOJIETA.
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ITo HeeBKJIMJ0BO NPOCTPAHCTBO Jlajlee UCI0JIb3YeTCs [J1sl OLleHKU BapUOrpaMM U UHTEPIOJISLUN
MeTO/JIOM KpPUIMHIa, B KOTOPOM pPACCTOSIHUS MeXJy TOYKaMHU 3aMeHSIIOTCS pPa3sHOCTbI) BpeMeHHU
nposiérta. [IpefcraBiieHHass MeTOL0JI0TUSl MOXET OBbITh Takxe 0006l1eHa Ha TpEXMepHble 06J1acTH,
obecnieynBas 60Jiee peaJUCTUYECKOe MOJeJMpOBaHMe IPOCTPAHCTBEHHOIO pacnpe/e/leHUsl CBONCTB
B HEOJJHOPO/ HbIX CpeJiax.

WTepaTuUBHO, A/ KaXJOW TOYKH, B KOTOPOM NPOM3BOJUTCH OLlEHKAa HWJHU MOJeJHUpPOBaHUE,
dopmMupyeTcss HA6OP KECTKUX TOYEK JAAHHBIX, PACIOJ0KEHHBIX B IpeiesiaX IOMCKOBOT0 3JIJIMIICOU/AA,
dopMa 1 opreHTalL s KOTOPOro 3aBUCAT OT 33Z,laHHOM aHKU30Tponuu. Takas npouefypa NoBTOpsieTCcs
JJ1s KQXK/10T0 y3J/1a pac4eTHOM CeTKU B IIpeJiesiax Mo eJINpyeMou 06J1acTH.

(a) (b)

{

e e ot

150
X, m X, m

PucyHok 15. Pe3y/ibTaTbl HHTEPIOJISLMKA HA OCHOBE peabHbIX QUIbTPAL[MOHHbBIX JAHHBIX:
(a) cuHTeTHYECKAsA MOJIeSIb MECTOPOXKAeHUS; (b) KpUBOJIMHEWHAS CETKA, IOCTPOEHHAs 10 JIMHUSAM
TOKA ¥ BpeMeHHU MpPoJIETa; (C) MHTePNOJISIHs, BEITOJHEHHAS C UCII0JIb30BaHUEM JIMHUH TOKA
Y BpeMeHH NpoJiéTa; (d) MHTepHoIsALNS, BbINOJHEHHAsA TPAAULUOHHBIM METO/I0M
O0OBIKHOBEHHOT'0 KPUT'HMHTA C UCII0JIb30BaHUEM ITPOrpaMMHOT0 o6ecneyeHus: SGeMS.

OgHako B mpejJjlaraeMoM MOAXOJEe BbIOOP TOYEK OCYIIECTBJSIETCS He B Mpejesax
GUKCUPOBAHHOTO €BKJINA0BA PACCTOSIHUS, @ C YYETOM PAa3HOCTH BPEMEHHU IIPOJIETA U BJI0JIb 3apaHee
paccuuTaHHbIXx JUHUM Toka (Puc. 15). [Ipeamosiaraercs, 4TO B YCJOBUSIX 3MUTE€HETUYECKOH U
TUJPOAMHAMUYECKON MPUPOibl GOPMHUPOBAHUS MECTOPOXK/EeHUs], HanuboJiee 3HAYMMOe BJHUSIHUE Ha
OLIEHKY B 33JJaHHOM TOYKe OKa3bIBAlOT TOYKM, CBSI3aHHble C Hel OOLed JIMHUEeW ToKa WU
Haxo/suiuecst 6JIMKe K Hel BA,0J1b 3TOX JIUHUH.

WHBIMH CJI0BaMY, [iB€ TOUKU CUUTAITCS «OJIU3KUMHU» He TI0 TeOMETPUIECKUM KOOpAHWHATAaM, a 1o
TUJIPOAMHAMUYECKOHN CBA3HOCTU: €CJIM OHU COeIMHEHbBI 001Iel JIMHHEH TOKa M0A3eMHOr0 NOTOKA, TO
paccTosiHMe MeXJy HUMH B paMKax MOJieJId ONpefessieTcs Pa3HOCThI0 WX 3HAYeHUH BpeMeHU
nposéra. Takasg MeTpuKa [MO03BOJIIET YYUTBIBATh JAUHAMHUYECKYI0 TPHUPOJy MUTPALUHU
MUHepaTU3YIIUX GIIOHUI0B IPU Fe0CTATUCTUIECKOH OLIEHKE.

Bapuorpamma paccuuThIBaeTCs BA0JIb KOXK/IOH JIMHUM TOKA C UCTI0JIb30BAHUEM 8peMeHU Npoaéma
B KauecTBe METPUKHU PACCTOSIHUSI BMECTO €BKJHWJOBOU AucTaHUMU. PopMasbHO OHA ompejienseTcs
CAeAyIIUM 06pa3oM:

YO = 35 v EZGE) + 1) = Z@@)T?,

rae y(l) - 3HaueHre BapuOTpaMMbl HAa PAcCTOSHUM BpeMeHHU npoJsiéta [; N(1) - konudecTBO map
y3JI0B, pa3/ie/IEHHbIX Pa3HOCTbIO BpeMeHHU npoJiéTta [, 7(x) - 3HaueHUe BpeMeHU NpoJéTa JJid y3Ja
X BJJ0JIb COOTBETCTBYIOLIEH JIMHUU TOKa; Z(T) —coieprkaHue (KOHIEHTpalKsl) HA JaHHON TMO3UIUH
B/10J1b JINHUM TOKa.

Beca A; HazHavalTCA 151 KQXKJ,0T0 XKECTKOIO0 y3J1a IaHHBIX, PAacllOJI0XKEHHOI'0 B/10JIb JIMHUM TOKa.
B cTainmoHapHOM ciiydae OHU ONpefessitoTcs yepe3 koppesorpammy C(l)=o2-y(l), rae 02 - pucnepcus:

e
e ?:16(7(5‘})).
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AJbTepHaTHBHO, Beca MOTYT ObITh N10JIyYeHb] IyTEM pellleHUs CUCTEMbl KDUTMHTa B CKOJIb3SIILUX
okpecTHOCTAX (moving neighborhood), 4To Takxe M03BOJISIET BHIYUCAUTD OIIEHOYHYIO AHUCIIEPCUIO AJIs
KaXX/101 UHTEPHOJUPYyEMOMN TOUYKHU.

Jsis  TecTUpoBaHUs IpejJlaraeMoro MeToZa OblLla MUCIOJb30BaHa paHee CO3JaHHasd
CUHTeTHYecKasl MoJiesib poJiI-QpOHTOBOI0 MECTOPOXK/JEeHUs], B KOTOPOU NMPo6GYypeH HAabOp CKBaXKUH.
Bronb KaxAOW CKBaXXUHbI COOpaHbl JKECTKHWe [JaHHble (HampuMep, CcoJepXKaHUe YypaHa),
HCIIO/Ib30BaHHblE B KayecTBe BXOAHOM wuHOpMaLUU [Jisl I[OCTPOeHUs MoJenu. HcTuHHOe
pacnpejesieHUe coZepKaHUsl B INpejesiax MOJeJbHOr0 PyAHOrO Tesa NMPUMEHseTCs [JJisl OLleHKH
TOYHOCTYU UHTEPIOJISAILIUM U aHa/IM3a NOTPELHOCTH METO/a.

[lone paBseHus1, noJjie GUIAbTPALUOHHBIX CKOPOCTEN M COOTBETCTBYIOLIUE JIMHUU TOKa ObLIN
paccuuTaHbl Ha OCHOBE FHAPOJAUHAMHUYECKUX TAPAaMeTPOB MJ1ACTa, UMEIIEero TUIUYHYI0 MOIHOCTb
(TosuHy) okoJio 40 MeTpoB. UHTepnosiLys COAePKaHUS N0 CKBAXKMHHBIM JJaHHbBIM, BbINIOJIHEHHAS C
HCIIOJIb30BAaHUEM [IpejAJaraeMoro IoJAX0Ja Ha OCHOBe JIMHMM TOKa, OblIa COMOCTaBJeHa C
pe3y/sbTaTaMHd KJIAaCCUYECKOTO OOBIKHOBEHHOI'0 KPWUTHUHI3, pealM30BaHHOrO B MPOTrpaMMHOM
o6ecnevyennu SGeMS. CpaBHeHHe pacnpe/ieJleHUN puBeieHo Ha PrucyHke 15.

PE3YJIbTATBI U OBCYKAEHHUE

OueHKa pecypCcoB ypaHa IPOU3BOAUTCS Ha OCHOBE CJIeAyIoLiel pOopMyJIb:

Gi
M= Zm”““ -9

rae M - obujue pecypcsl (B Kr), C; - KOHIEHTpaLus ypaHa B sueiike i (B %), p - IJIOTHOCTb CpeJibl,
npuHATasg paBHoi 1700 kr/m3, ¢ - nopucrocts, V - 06beM A4EHKH I.

Ha PucyHke 16 mpejcTaBjieHO CpaBHEHHE OIEHOK PECypCOB, MOJYyYEHHBIX C UCI0Jb30BAaHHUEM
KJIACCUYECKOT'0 METO/Ia OObIKHOBEHHOTO KPUTHMHTA U MPEAJIOKEHHOT0 CTOXAaCTUYECKOr0 METo/ia Ha
OCHOBe JIMHUH ToKa [23]. Bputu npoBe/ieHbI /iBa TUIIA OL[€HOK:

1. O61uue pecypchl — BKJIOYAIOT BCe TYEHKH MO/Ie/TH, HE3aBUCUMO OT YPOBHS COZlePKaHUS
ypaHa.

2. DBasnaHcoBble pecypcbl — YYUTHIBAIOT TOJbKO Te SiY€MKH, B KOTOPBIX KOHIEHTpALMsA ypaHa
MpeBbIIaeT 3KOHOMHUYECKH 060CHOBAHHbIN Opor, NpUuHATHIA paBHbIM 0,03%.

BoiiesieHre 6a/laHCOBBIX PECYPCOB OOYC/IOBJIEHO TEM, YTO OCHOBHOE HAaKOILJIEHHWe ypaHa Mpu
posI-GPOHTOBOM THUIIE OPYAHEHUS MPOUCXOAUT BAOJb GPOHTA OKHUCIEHHUS. B To ke BpeMs 30HBI C
HU3KHMH KOHILIEHTpalUsIMH ypaHa (3a6asaHcoBasi pyAa") 4acTo CYUTAIOTCS HepeHTabeJbHbIMH JJIs
M3BJIEYEHHUS U UCKJIIOYAIOTCS U3 pacyéToB [8].

y OueHKa 3anacoB b) banaHcoBble 3anacbl u>0,03%
a

3anacbl B TOHHaXx

70 80 s0 100 20 30 40 80 % 100 110 120

KonnuecTBo CKBaXKH Konnuectso CKBaxnH

20

——True resources Streamline method Kriging method —True resources (bal)  —— Streamline resources (bal) Kriging resources (bal)

PucyHok 16. CpaBHEHUE OLlEHKH PeCYpPCOB MeX/y CTOXaCTUYEeCKUM METO/,0M, OCHOBAaHHBIM Ha
JIMHUSIX TOKA (CMHME JINHUI), U 0ObIKHOBEHHBIM KPUTMHIOM (OpaH>KeBble IMHUM):
(a) obumime pecypcsl in-situ (B ToHHax) 1o BceM siyelikaM; (b) nsBJsiekaeMble (6ajlaHCOBbIE)
pecypchl (B TOHHaxX) ¢ KoHLleHTpanuei Boiiie 0,03%.
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[lo pe3yspTaTaM Moze/IMpOBaHUs, 061111e pecypchl B paccMaTpUBaeMoU 06/1aCTU COCTaBUJIN
okouio 1400 ToHH ypaHa (1au UO;), u3 koTopbix MeHee 700 TOHH COOTBETCTBYIOT 6ajlaHCOBBIM
kputepusaM. [Ipu aTom:

e B OlLleHKe OOLMX PeCcypCcoB MeTO/i KPUTMHIa I0Ka3a/l SHAYMTEJ/IbHYIO IlepeOoLeHKY 3alacoB;

e B OLleHKe 6aJIaHCOBBIX PeCYypCOB - HAlIPOTHUB, HabJII0Ja/Iach HeJ00LeHKA MUHepaJbHOr 0
coZiepKaHHUs.

MakcumanbHas owrbKa CpefnHss olunbKa

-~ 1

Streamline method Kriging methoc —— Streamline method Kriging method

PucyHok 17. OueHKa NOrpeiHoCTH MeXAy MeToaMu: (@) ob1iue pecypcsl (B TOHHAX);
(b) 6a;1aHCOBBIE pecypchl (B TOHHAX, MpU KoHIleHTpanuu Beie 0,03%). CiHYe IMHUH — METO/[0M,
OCHOBAaHHBIM Ha JIMHUSX TOKA, OpaH)XeBble JIMHUN — METOJ0M KPUTHHTa.

B 060ux ciy4asx npeasaoKeHHbIA MeTO/I, OCHOBAaHHbBIN HAa IMHUU TOKA U BpEMEHHU POJIETA,
MPOJEMOHCTPUPOBaJ 60Jiee BEICOKYIO TOUHOCTD OLlEHKH.

[ KauyecTBEHHOTro aHa/iu3a ObLIa [IONOJHUTE/NbHO TPOBEJeHa OleHKAa MOrpeuIHocTHy,
npejcrasjsieMas Ha Pucynke 17.

AHanu3 pe3ysbTaToB Ha PucyHkax 16 u 17 eMOHCTpUPYET, YTO UHTEPNOJIALMS, OCHOBaHHAd Ha
JINHUSIX TOKa, 06ecliedrBaeT KayeCTBEHHO JIy4YIlde pe3y/bTaThbl M0 CPAaBHEHUIO C OOBIKHOBEHHBIM
KpUTUHTOM. [Ipe/iyioKeHHbINM MeTo/i 03BoJisieT 6oJiee TOYHO BOCIPOU3BOAUTH XapaKTEPHYIO POJLI-
GPOHTOBYIO CTPYKTYPY PYAHOTO TeJia 61arofaps y4éTy riApOoAUHAMHUYECKUX CBSI3el MeXAY TOYKaMHU.

KpoMe ToOro, kosn4ecTBEHHbI aHa/M3 NOKAa3bIBAaeT, YTO NPH YBEJUYEHUH UYUCIAA CKBaXKUH
MOrPeIlHOCTh METO/a, OCHOBAaHHOIO Ha JIMHUAX TOKa, pe3Ko CcHWxkaeTcd. llpu 3ToM MeTon
JleMOHCTpUpPYeT 6GoJiee BBICOKYI) TOYHOCTb JaKe NMPH OrPAHMYEHHOM KOJIMYECTBE pa3BeJ[0YHBIX
JIAaHHBIX, YTO JleJIaeT ero 0CO6GeHHO MepCneKTUBHbBIM /IJisl pAHHUX 3TANOB [e0JIOTOPA3BEIKH.

3AK/IIOYEHHUE

HecMoTpsi Ha BBICOKYIO CTeNeHb CIVIaXXUBAHMUS, PUCYLIYI0 MeTOy OOBIKHOBEHHOI'O0 KPUIHHTa,
pe3yJibTaTbl IPOBeJEHHOIO UCCIeJ0BAaHUS IOKA3bIBAIOT, YTO MHTEPIOJIALMS, OCHOBAaHHAs Ha JIMHUAX
TOKa, obecreynBaeT 6ojiee BbICOKYI0 TOYHOCTb B 00J1aCTHM reoxvMuyeckoro ¢poHTa (6apbepa) -
KJIIOUeBOW 30HbI HAaKOIJIEHUS YpaHa B po/I/IGPOHTOBBIX MeCTOpPOXAeHUAX. Kak BUiHO U3 PucyHkoB 16
v 17, npu orpaHUYeHUH OLeHKH TOJIbKO y3JIaMU C MPOMBILIJIEHHO 3HAaYMMOM KOHLleHTpaluel ypaHa
(basaHCOBBIMM pecypcaMH), MeTOJi, OCHOBAHHBIM Ha JIMHUAX TOKa, JAEMOHCTPUpYeT elé Gosee
BBICOKYIO TOUHOCTb B CPaBHEHUH C KJIACCUYECKUM KPUTMHIOM.

OfZHMM U3 oOrpaHUMYeHUH MpeJjJjaraeMoro InojxojAa SBJSETC HeoO6X0JUMOCTb HaJIUYUs
JlOCTAaTOYHO MOJIHOI'0 Habopa UCXOJHBIX JaHHBIX O THAPOAMHAMHYECKUX U Fe0JI0THYeCKUX CBOMCTBAX
MECTOPOXKAEHNUS - TakKuX Kak GopMaluM, NPOHULAEMOCTb, JIMTOJOTHYECKHME TpaHULbL ITO
He06X0ZMMO JiJIsl TIOCTPOEHUsI JJOCTOBEPHOM Mojenu PUIbTPALMOHHOTO MOTOKAa U KOPPEKTHOro
pacuéTta JIMHUH TOKa.

B To ke BpeMsl, KJII0UeBbIM NIPEUMYIIIECTBOM METO/A SIBJISIETCS €r0 YHUBEPCATbHOCTb: KOHIENIHs
3aMeHbl eBKJIM/I0OBbIX PACCTOSIHUIM Ha BpeMs IPoJIETa B/I0JIb IMHUM TOKA MOXKET 6GbITh IPUMEHEHA U K
JIPyTUM TeOoCTaTUCTUYECKUM IOJX0JiaM, IMOMHMMO KpUIMHra — TaKUM KaK CTOXacTU4YecKoe
MozenupoBaHue (SGS), MyJIbTHUrayccoBble MOJIe/IH, MOJieJIM HAa OCHOBE MOBOPOTHBIX M0JIOC U JIp.

22




N°1 (anpenb-uionb) 2025 rop HHTENNEKTYAJIbHBIE CHCTEMBI

AKAOEMWACHI

[IpoBeféHHOE HCC/IeJOBaHKE COCTOSJIO U3 IBYyX OCHOBHBIX 3TAIOB:

1. MojnenupoBaHue dbopMUpoBaHUS POJLI-GPOHTOBOTO MEeCTOPOXKEeHUS c
HCIIOJIb30BAHHUEM MoAae/1n PEaAKTHUBHOI'O TPaHCIOPTa, 4yToO ITO3BOJINJIO CreHepHupoBaATb
CUHTETUYECKHE pacnpe/ieieHus] ypaHa B YCJI0BUSX, IPUOJIMKEHHBIX K pea/IbHbIM.

2. PaspaboTka U TeCTUpPOBAHHWE HOBOT'O IeOCTATUCTHUYECKOTO MeToJla — KpPUTMHra Ha
OCHOBe JIMHUHM TOKa, YYUThIBAIOLIEr0 M POJUHAMUYECKYI0 NpUpoSy GOPMUPOBAHUS YPaHOBBIX
POJIIPPOHTOBBIX MECTOPOXKAEHUH.

ﬂf[ﬂ Bepnd)nxaunn MeTo/Ja ObLJIM MCIO0JIb30BaHbI pa3jrdHbIe TeEOMETPHUH BMEUIAIOIINUX ITOpoa U
BapyaluK JOCTYIHbIX ECTKHUX JAaHHBbIX (KapoTa)K CKBaXKUH). Pe3ysibTaThl NOKasalad, 4YTO IO
CpaBHEHHUIO C TpaAHWIIMOHHbIM 0OBIKHOBEHHBIM KPHUTUHI'OM, HpeﬂHO)KEHHbIﬁ nmoaxo/n, obecrneyruBaeT
GoJiee TOYHYIO OLIEHKY PECYPCOB, XapaKTePHU3YIOUIYIOCA MeHbIIEN CpeIHEN TOTPelHOCTbI0. 0CO6eHHO
3TO INPOABJAETCA INPHU OrPaHUYEHHOM KOJIMYeCTBE CKBa*WMH, YTO KPHUTHYHO Ha PAHHHUX 3Talax
reoJI0ropasBe/KU.

MeTOA 0COOEHHO NepCrieKTUBEH [OJid NPpUMEHEHHUA B ISIHUIreHETHUYeCKHX MEeCTOPOXKAEHHAX,
chOpMHUPOBABIINXCA B pe3yJsibTaTe UHOUJIbTPAIMOHHBIX MporneccoB. Mcnosib3oBaHWe BapHoOrpamm,
IOCTPOEHHBbIX BAOJIb JIUHUH TOKa, ITIO3BOJIAET 6oJsiee TOYHO YYUTbLIBATb INPOCTPAHCTBEHHbIE
3aBUCUMOCTH IIPHU HA3HAYE€HHW U BECOB, ITIOBbIIIAA Haﬂé)KHOCTb OLI€HKHMU.

KpOMe TOrO, npegsaraeMad KOHLEenuusa MOXKeT ObITb alalITUPOBAHA K APYyrum
reoCTaTUCTU4€CKMM MeETOJaM, II03BOJIAA YYUTbIBATbL BJIMAHHUE Cl)I/IJ'IpraLU/IOHHbIX IIOTOKOB H
TPAaHCIIOPTHLIX ITPOLECCOB IMPU MMOCTPOEHUHN MMPOCTPAHCTBEHHDbIX MOﬂeﬂef/'I MeCTOpO)KﬂeHI/If/'I.

nepCHeKTI/IBbI IL[a.)'[]:>H€IL/'II_LII/IX I/ICCJ'IGAOBaHI/If/'I

Byayuive paboThl JOKHBI ObITh HAIPaBJIEHbI Ha:

° BepHd)mcaumo NpeayioXdXKEHHOIr0o MeTOlda Ha Pe€aJIbHbIX MECTOPOXKAEHUAX;
e QJIaNTallMI0 APYTUX CTOXaCTUYECKUX U JeTEePMUHHUPOBAHHBIX TE€0CTATUCTUYECKUX

MEeTOZIOB [Jisl MCIOJIb30BAaHUS HEEBKJIW/A0BOM METPHUKM, OCHOBAaHHOW Ha MOJEJHWPOBAHUHU

GUIBTPALlMOHHOT'O OTOK3;

e pa3BUTHE HWHCTPYMEHTApUsl T'eOCTATUCTUYECKOTO MOJEJHUPOBAHUSI C MPUMEHEHHEM

MEeTpPUK, BbIBE/IEHHBIX U3 pelleHrnH 3a/jad TPaHCIopTa U QUIbTPALUH.

[IpenyioxKeHHBIN MOJX0/, OTKPbIBAET HOBble BO3MOXKHOCTH [1Jisl TMOBBIIIEHNUS] TOYHOCTH OL€HKU
PEeCcypcoB B CJOXHBIX T€OJIOTUYECKHUX U TUJPOJUHAMUYECKUX YCIOBHUSX, 3aK/IaZibIBasi OCHOBY JJisl
NpUMEHEHHs Te0CTAaTUCTHUKU B HEeBKJIN/I0BbIX POCTPAHCTBAX.

Bkuiag aBTOpoB. A.KasiTaeB - mocTaHOBKA 33/1a4H, y4acTHe B IOCTPOEHUH MOJeJIeH,
06CyKAeHHEe TPOMEXYTOYHBIX U 3aK/TIOUUTENbHBIX pe3yibTaToB, [J.AWXKyJIOB — MOCTPOEHHEe Mo/ielel
3a/la4M, BbIGOP YMCIEHHBIX METO/OB PElLIeHHsI U POBe/ieHUEe YU CIeHHbIX PACYETOB, aHAJINU3
pe3yJibTaToB U GOpMyJIMpOBaHUE BbIBOAOB, M.KypMaHCEHT - yyacTHe B TOCTPOEHUH JIMHUM TOKA
MeToZoM [lo/IoKa, y4acTrue B YUCJIEHHOU peain3aliuu.

UHdopmanusa o puHaHCUPOBAHUM. ViccieoBaHKSA TPOBOJUIUCH B paMKaX MPOTrPaMMbI
byHZaMeHTa/bHBIX UCC/Iel0BaHUH MUHHCTEpPCTBA HAyKH U BbICILIEr0 06pa3oBaHus PecnyGIuKu
KazaxcraH (HoMmep rpanTa: BR20280990).
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