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B paboTe nmpecTaBiIeHb! HCCIE0BAHNS, MOCBSIIEHHbIE TPAKTHIECKOMY TPUMEHEHUIO KOMIBIOTEPHON PEHTT€HOB-
ckoit MmukpoTomorpaduu (Mukpo-KT) B HeTenmpoMBICTIOBOI reooriy. B 4acTHOCTH MPUBOAATCS PE3YIIBTATH BO3MOXK-
HOCTEH MCIONIb30BaHUS METOAIA TS Ae(heKTOCKONH 00pa3IoB mepes] MeTpoH3HIeCKUMI HCCISOBAHUSIME C IIETBI0
TIOBBIIICHNS] Ka9eCTBA AHAIM30B; MPUBOIUTCS MIPUMEP ONIEHKH NTyOWHBI KOJTbMATallid KepHa OypOBBIM PacTBOPOM;
TOKA3aHbl BO3MOXXHOCTH OIIEHKH MHHEPAIbHOTO COCTaBa MeTooM MHUKPO-KT 1 BO3MOKHOCTE SKCTIEPHMEHTAIBHBIX
HCCIIeN0BaHNI KepHA PH MOAEINPOBAHNH TEINIOBOTO BO3/IEHCTBHUS Ha He(pTeMaTepHHCKHIE MOPObI Oa’KeHOBCKOH CBH-
Thl. PaccMarpuBaeTcs COBpeMEHHOE COCTOSIHIE NCCIIEI0BAHNH B 001aCTH «IH(POBOH METPOGU3NKI» HITH «II(HPOBOTO
KepHa». MccenoBanue HampaBiIeHO Ha BHeIpeHHe MeToqa MUKpo-KT B He(TermpoMbICTIOBBIH mporiece.

KuroueBble c/10Ba: KOMITBIOTEPHAS! PEHTTCHOBCKAst MUKPOTOMOT paduist, He(TETIPOMBICIIOBAS TEOIOT UL, ICCTIEI0BAHHS
KepHa, Tu(poBas MOJeIb KepHa, CTPYKTypa IMyCTOTHOTO MMPOCTPAHCTBA
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1. BBenenue

B Hacrosiiee BpeMst KpyITHbIE, BEPTHKAILHO-UHTET PUPO-
BaHHBIE KOMITAHNH HE(TEra30BOil OTpaciIy OPUEHTUPOBAHBI
Ha IQPOBYIO TpaHCHOpMAIIO OU3HECa U TIPOU3BOJICTBCH-
HBIX IporieccoB (Slaughter, 2020; Kushzhanov, Mahammadli,
2019). Lndposusarust 3aTpoHyIa TAKKE UCCIICOBAHNS KEPHA
(Saxena et al., 2021; Lei as al., 2021). OcHOBHO 3a1a4eii B
JFOOBIX HCCIIE0BAHMUSX 00PA31I0B OO SBISIETCS MOy YEHHE
Haubosee qocToBepHOi nH(popManuu 00 00bekTax. OmHAKO
TIPY U3yYCHUH KEPHA OTIOKEHHUH C TPYAHO U3BJIEKACMbIMH 3a-
T1acamu, OLICHKa CBOIMCTB KOTOPOTO CTaHAAPTHBIM KOMILIEKCOM
MeTPOPU3MUECKUX UCCIIETOBAHNHN OCIIOKHEHA (Cc1a00 KOHCO-
mumupoBaHubie (Gholami et al., 2019), mmHUCTO-OMTYMHHO3-
ueie (Faboya et al., 2020) wim cI0)XKHOTO JTUTOIIOTHYIECKOTO
ctpoenns (Yang et al., 2020) ropHBIC TOPOABI), BOSHUKACT
HE0OX0MMOCTh HCIONIB30BAaHHUSI METOJOB HEMHBA3MBHOTO
ananm3a (Katika et al., 2018; Mukhametdinova et al., 2020).
HanGonee MHOTO(QYHKINOHAIBHBIM CUATACTCS] METOJI PEHT-
TeHOBCKO# MukpotoMorpaduu (Mukpo-KT), Tak kKak OH 1mo-
3BOJISIET ONPEAEIATH IIPHOMIKEHHBIN MUHEPAIbHbIH COCTaB
TOPHBIX ITOPO]], & TAKKE MOP(POMETPUIECKHE XapaKTEPUCTUKHI
ITyCTOTHOTO MPOCTPAHCTBa 0 nrpoBoit 3D-Monenn kepHa.
OnHAKO B CBS3H C OTPAaHIMYCHHON pa3perraoniei cnocoOHo-
CTBIO, OIIEHKA (PMIBTPAIIIOHHO-eMKOCTHBIX cBOHCTB (DEC)
MeTo0M MUKPO-KT, BBI3bIBaCT COMHEHHE Y CIELUAIIICTOB,
3aHUMAIOIINXCSI NCCIIECAOBAHUSIMI KEPHA.

B crathe paccMaTpuBaIOTCS IPUMEPHI MIPAKTHYECKOTO
nipumeneHnss MUKpo-KT 11 pemennst HeKOTOpBIX TPUKIIA/I-
HBIX 3371a4. B 4acTHOCTH, IPUBOASATCS PE3YyIbTATHI HCCIIE0-
BaHUS TOPHBIX MOpo. 3anmagHo-CHOMPCKOTO HE(PTEra3oBoro
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GacceliHa, B X0/Ie KOTOPBIX PELIATHCH CIACAYIOIINE 3a1auu:

* OIpeeNIeHNe MUHEPAIBHOTO COCTaBa TOPHBIX TIOPOJ €
AQHAJIM30M THIIA [IEMCHTA;

*  1e(heKTOCKOHS KEPHOBOTO MaTepHalIa C OLIEHKON MPH-
TOJJHOCTH 00PA3LOB K CTaHAAPTHBIM NETPOPU3MIECCKUM
HCCIICZIOBAHUSM;

* OILICHKA Ka4eCTBa OypeHUsI C ONpeeIICHNEM YTSKEITH-
Tesist OypoBOTO PacTBOpa B 30HE KOJIbMATAINH;

* OICHKA I3MEHEHHH CTPYKTYPBI ITyCTOTHOTO IIPOCTPaH-
CTBa HE()TEMaTEPUHCKIX TIOPOJL B PE3YIIBTATE IIPOTPEBA.

2. MartepuaJjbl 1 METOIbI

Marepuaisl Juist HCCIIeIOBAHNs OBLIN TTOY4YEHBI Ha Oa3e
y4eOHO-HayIHOH TeOXUMHUYECKOH TabopaTopun TFOMEHCKOTO
HHIyCcTpUalbHOTO YHUBepcuTeTa. L{ndpoBeie Mmopenn kepHa
OBUIM CHSTHI HAa KOMIIBIOTEPHOM PEHTI'€HOBCKOM MHKPO-
tomorpade SkyScan 1172; ¢ mOMOIIBIO CTICITHATN3APOBAH-
HOTO TporpaMMHOTO obecriedeHuss NRecon mpomnsBoaniack
PEKOHCTPYKIUS; MOCIEAYIOMNNA aHAIN3 OCYIIECTBIISICS
B mporpammHbIX Komruiekcax CTan, DataViewer, CTVox,
MuToolCalc. Hactpoiiku ckaHUpOBaHUS, PEKOHCTPYKIIHA U
COIYTCTBYIOIINX JOTIOIHUTEIBHBIX MAaTEPHUAIIOB JUIsl KaXKIOH
OT/CITBHOU 331291 MOAOMPATHCE MHIUBHTyaTbHO. OOBEKTOM
HCCIIE0BAaHUM BBICTYIHIIM TOPHBIE MOPOABI 3amajHoO-
Cubupckoro HedTerazoBoro daccerHa.

2.1. [lepexmockonus 06pasyos nepeo ucciedo8aHuamu

HeobxonumocTh 1eheKTOCKOINN KePHOBOTO MaTepHaa
repe; neTpopU3MIeCKUMHU UCCIIEIOBAaHUAMA 00YyCIOBICHA
BO3MOJKHBIMH M3MEHEHHSIMH B MAaKpO- ¥ MHKPOCTPYKType
00pasIoB MOpoJ M3-3a PEe3KOil CMEHBI TepPMOOApUUIECKHIX
YCIIOBHH NPH TOIbEME KePHA U3 IUIACTOBBIX yCIOBHH B 30HY
runeprexesa. J[narHocTika TakuX U3MEHEHUsI JOIDKHA TIPO-
BOJUTHCSI C MUHIMAJIBHBIMH BO3/ICHCTBUSIMU Ha 00pasel, U
9TOMY TpeOOBaHHIO OTBEYAET MMEHHO MeTo MUKpO-KT.



IIpumenenye peHTIreHOBCKO MHKPOTOMOTpadun KepHa...

HccnenoBanuch 00pasibl MOpot, MPEACTaBICHHBIC B BHIC
HUIUHAPOB fuameTpoM 30 MM U BeicoToH 0kouto 40 mM. [pu
aHanu3e mMerofoM MUKpo-KT ucnonb3oBanuch cleayromue
HAaCTPOMKU CKaHUPOBAHMS: HANMpsDKEHHE U CUJIa TOKA Ha
pentrenoBckoil Tpyoke 100 kB u 100 MkMA, paspemenne
CheMKH 26,7 MKM/ITUKCEb; (QUIIBTP QJIIOMUHUI M ME/Ib, YTOJ
noBopoTa 0,6°; KOIM4IeCTBO KapoB 3; KOMUYECTBO CIy4alHbIX
kazpoB 15; ckannposanue Ha 180°; Bpems ckannposanus™ 1 4.

OcymiecTBIsUICS BU3yaIbHbBIN aHaIN3 IIM(POBBIX MOJIEIICH
00pasIoB ¢ LENbI0 OLEHKH MPUTOJHOCTH 00pa3IoB K k-
HEHIIMM HCCIEA0BAaHUSAM, C BBLACICHUEM JIUTOJIOTUYECKU
HEOJHOPOJHBIX 30H U TPEIIMHOBATOCTH.

2.2. Konmpons kauecmea 6ypeHius u oyeHKa KonbMamayuu
nyCcmMOmHO20 NPOCMPAHCMEA

Ha npomslciie npu UCIBITAHUNU MJIACTOB HEPEAKH CIIydau
OTCYTCTBUSI ITPUTOKA M3-3a HETIPABUIILHO MTO00OpaHHO pe-
LENTY Pl OypOBOTO PACTBOPA, YTO MPUBOJMT K KOJIbMaTalluu
ITyCTOTHOTO MPOCTPAHCTBA MPN3a00iHON 30HbI TIacTta. s
MOMCKAa MPOMYIIEHHBIX MEPCIEKTUBHBIX UHTEPBAJIOB, AJIS
niepopaluy 1 KOHTPOJIS KadecTBa OypeHHst OCYIIECTBIISIICS
aHanu3 kepHa MetooM MUKpo-KT ¢ oneHkoil Hanuuust yTs-
XKeJHUTeNst OypoBOTO pacTBOpa.

IIpu ananuze metonoM Mukpo-KT ncnons3oBanuce cie-
JYIOIINE HACTPOUKU CKAHUPOBAHMS: HAIIPSKEHUE U CHJIa TOKA
Ha peHTreHoBcKoi TpyOke 100 kB u 100 MKMA, pa3pemenne
CHEMKH 4 MKM/TTHKCEIIb; (PUIIBTP aJIFOMUHHUNA U ME/1b, YTOJ I0-
Bopota 0,3°; KOIUUeCTBO KaAPOB 4; KOTMUECTBO CITydaiHbIX
KaapoB 15; ckanuposanue Ha 180°; Bpems cKkaHUpOBaHHS™
9 4 40 muH.

HccnenoBanuch uinHAps! AuamMeTpoM 10 MM, BBINUIEH-
HBIC 13 TIOJIHOPAa3MEPHOTo KepHa 0e3 ToprieBaHHs 00pa3IioB.
Wntepec s aHannu3a npeacTaBIIsll y4acTOK, PACION0KEHHBIN
Ha BHEILITHEH CTOPOHE MOITHOPa3MEPHOT0 KepHA, KOTOPBIN Mpu
OypeHHUM HETIOCPECTBEHHO KOHTAKTHPOBAJl ¢ OypOBBIM pac-
TBOpOM. [locne ckaHupOBaHMS OCYILECTBIISICS BU3YaIbHbIH
aHaJIM3 TOMOTPa(UUIECKUX CPE30B C LIENbIO BBISBICHUS yTS-
XKENUTENs OypoBOTo pacTBOpa, a TAKXKE OIIEHKA [ITyOHHBI TIPO-
HUKHOBEHHS OypOBOTO pacTBOpa B KEPH 10 0cH oOpasma (0T
BHEIIHEH CTOPOHBI IOJTHOPA3MEPHOIo KepHa K [IEHTPaIbHON
yactn). Ha puc. 1 npencrainena romorpagduyeckas mpoeKuus
HCCIEAyEeMOro IMINHpa AuaMeTpoM 10 MM, BBIMUIEHHOTO U3
MIOJTHOPA3MEPHOT0 KepHa, Ha KOTOPOIl 3e/1eHast JINHUS epe-
CEKaeT BHEIIHIOIO €T0 YacTh, KOHTAKTUPYIOUIYIO ¢ OYpOBBIM
pacTBOpoM. 3elleHas JIMHMS WILTIOCTPUPYET MPaBUIbHBIN
BBIOOP MecTa JUIsl OLCHKN HallM4Usl YTsDKETIUTEINst OypoBOTo
pacTBopa.
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A.A. Tlonomapes, M./1. 3aBarckuii, T.C. Hypymuna u sip.

2.3. Oyenka MunepaibHO20 cOCMAs8a U mMuna yemeHma

Jn1st OLIeHKH MUHEPAJIbHOTO COCTaBa MeTOAOM MUKpPO-KT
ObLIN MCTIONB30BAHbI CBE/ICHUSI O MUHEPAJIBHOM COCTaBE, MOJTY-
YEHHBIC METOJIOM ONTHYECKOM MUKpOCKONHUH. /715t ToMorpadu-
YECKOIo aHaJIM3a U CErMEHTAIM MUHEPAJIOB B COOTBETCTBHHU
¢ MX KO((UIMEHTOM TOIIIOIEHHS] PEHTICHOBCKOTO M3JTy4e-
HUs ObuTa uctonk3oBana nporpamma «MuToolCale» (http:/
www.ctlab.geo.utexas.edu/software/mucalctool) (puc. 2).
Koauiment | xapakrepusyeT MonionieHne peHTTeHOBCKOTO
W3ITy4YeHHs MUHEPAJIOB Ha TOMOT padIeCKUX N300pKEHHUSIX.

O06pa3zer; TOpO/BI MCCIEI0BAIICS TPU CIEAYIONHUX Ha-
CTpOMKaX CKaHMPOBAHMS: HANPSDKEHUE U CHJIA TOKA Ha PEHT-
reHoBckol TpyOke 49 kB u 198 MKMA; pazperieHne ChbeMKH
1,4 MKM/TIIKCEIB; (PUIIBTP aMIOMUHHN U Me/lb, YTOJI HOBOPOTa
0,25°; KoIMYeCTBO KapoB 6; KOIUUECTBO CIIy4aiHbIX KaJpOB
30; ckanupoBanue Ha 180°; Bpemst ckanupoBanus” 15 140 MuH.

2.4. DxcnepumenmanvHule ucciedo8anus KepHa npu mep-
Muueckol oopabomie

OOBEKTOM HCCIIEOBAHUS BBICTYIHIN 00pa3Ibl OUTY-
MHUHO3HO-IJTMHUCTBIX 1OPOJ] 02)KEHOBCKOHW CBHTHI. 3ajiada
HCCIIC/IOBAHUSI — OIICHUTH TEMIIeparypy, IpH KOTOPOH Ha-
YHHACT aKTUBHOE Pa3BHTHE I'€HEpalus YITIEBOJOPOIOB M3
OPraHWYecKOTo BEIIECTBA.

Jlst sKcriepuMeHTa ObLIH MTOATOTOBIICHBI 00pas3ibl Oaxe-
HOBCKO CBUTBI (YepHBIE apTHIUIUTHI) — 6 IIMIIMH/IPOB AUaMe-
TpoM 10 MM u BeIcoTOM 0KOJIO 20 MM. [1Th 00pa3oB ObLIH
TIOMEIICHBI B MY(eNbHYIO NeYb U IPOTPETHI 10 TeMIIeparyp:
obpazerr 1 — 100 °C, obpazer; 2 — 200 °C, obpasern; 3 —300 °C,
obpazerr 4 — 400 °C u obpazerr 5 — 500 °C. CxopocTh Ha-
rpesa — 20 °C B MuHyTy. Harpes npou3Boguiicst B OOBIYHBIX
arMoc(epHBIX YCIIOBHSX C JOCTYIIOM BO3/yXa K oOpasuam.
[TponyKThI peakiny TOPeHNs U TeHEPAINH JKUIKAX U I'a300-
Opa3HbIX YIJICBOIOPOIOB HE OTOUPAIIHCH.

Hacrpoiiku ckaHnpoBaHUs: HaNpsHKEHUE U CHJIa TOKA Ha
pentrenoBckoi Tpyoke 100 kB u 100 MxMA; pa3pemienne
CBEMKH 3,3 MKM/ITUKCENb; (QUIBTP aJTIOMUHUN M MEJlb, YTOJ
noBopoTa 0.3°; KoIM9IeCTBO KaJpoB 5; KOTUYECTBO CIy4alHbIX
kazpos 30; ckanupoBanue Ha 360°; BpeMs CKaHHPOBAHHS
7 140 muH.

* BpeMst CKaHUPOBAHHSI MO>KET OTIMYATHCS B 3aBHCHMOCTH OT TOHKHX Ha-
CTPOEK TOMOTpaduIecKol ChbeMKH (BPEMEHH YKCIIO3HUIIH ), KOTOPHIE CBSI3AHEI
¢ K02 (PUIHUEHTOM ITOMIOMICHHUS PEHTTCHOBCKOTO U3ITyIEHNUS HCCIIELYyeMOro
oOpa3na. B o0meM cirydae BpeMst CKAHUPOBAHHS YBEIHINBACTCS IIPH IIOBBI-
[ICHUH Pa3peIaloneil CHOCOOHOCTH ChbeMKH, TAK KaK yBEIMIHBACTCS KOIU-
9YeCTBO KaJpOB H yMEHBIIAECTCS IOl IOBOPOTa 00pasIia IpU CKAHUPOBAHHH.
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Puc. 2. 3asucumocms kosgpghuyuenma noznoujenusi peHmeeH08CKO20 UNY4eHUs Mu-
Hepanamu om dHepull UCIMOYHUKA PEHMEEHOBCKO20 UNYYeHUs. U — Kodghduyuenm
noenowjenus peHmeeHo8cko2o usnyyenus, Energy — snepaus ucmoynuxa penmee-
—_ HOBCKO20 U3Nyyuenus, pyrite — nupum, quartz — keapy, calcite — kanvyum, kaolinite
— kaonunum, chlorite — xnopum.

v LeHTpanbHas YacTb NONHOPa3MepHOTo KepHa

Puc. 1. Tomoepaghuueckasn npoexyus obpasya
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3. Pe3yabrarsl

3.1. Hepexmockonus 06pasyos nepeo ucciedo8anusimu

I'maBHOI 3a/1auelt vcciieloBaHUs KEpHA SBJISIETCS Oy~
YeHue Hauboee JOCTOBEPHOH MHPOPMAILUK O CBOHCTBAX
TOPHBIX MOPoJ. BeIOypeHHBINH KepH B KaXJIOM OTACIHHOM
cityyae o0JiaiaeT MHIUBH/yaJIbHBIMUA CBOHCTBAMU U OCOOCH-
HOCTSIMH, KaK OTIIEYaTOK Majblia, TO3TOMY CIIeTyeT BEIOpaTh
U3 TOJIHOPa3MEPHOTO KepHa Hauboliee pernpe3eHTaTHBHbIE
00pasipl U XapakTepUCTUKHU Tuiacta B 1esoM. OObIYHO,
JIUTOJIOTH TIPH BBIOOPE MecTa 0TOopa odpasiia OPUEHTHPY-
IOTCSI HA TEKCTYPY TOPHOM MOPOJIBI U CTApatoTcsi 0T00paTh
00pasiisl TAKKHM 00pa3oM, 4TOOBI ¢ MAKCHMAJIbHOM MpeacTa-
BUTEJILHOCTBIO 0XapaKTepH30BaTh CBOiicTRA Mm1acTa. OHaKo
cnenuainctam 6e3 nHdopmManuu 0 BHYTPEHHEM CTPOCHUU
KepHa OBbIBaeT CIIO)KHO BHIOpaTh HaMOOJEe MOIXOJSIINE
MecTa it BI)I6ypI/IBaHI/I$[ MUIUHAPOB IJIA HeTpO(bI/I?;I/I‘-IeCKI/IX
nccienoBaHui. B pemennn 3Toi mpobiaeMsl MOKET TOMOYb
ToMorpadus MOJTHOPA3MEPHOTO KEPHA, OJHAKO OHA IPO-
BOJIMTCS JIAJICKO HE BCEr/a, MOATOMY BelIMKa BEPOSITHOCTD
nosrydeHus: uckaxeHHo mHpopmanuu o ®EC mracra B
EJIOM, ITPU UX ONPECACIICHUHN 110 BBINMUJICHHBIM MUJIUHIPAM.
Ha puc. 3 npeacrasneHs! cirydau, KOT/Ia n3-3a 0COOCHHOCTEN
JIUTOJIOTUYCCKOI0O CTPOCHHUA BBINMUJIICHHBIX HMUJIUHAPOB,
omnpenensieMble GUIBTPAIMOHHBIE CBOWCTBA IJIACTa MOTYT
OBITh MCKaXXEHBI.

Ha puc. 3 npencraBneHsl 00pasiibl, onpeaeneHue Guiib-
TPAIlMOHHBIX CBOWCTB IJIACTA IO KOTOPBIM OyAET HECTH Psift
norpenrHocTeil. B mepBoM ciydae 3To CBSI3aHO € UX JIUTOJIO-
THYECKUM CTPOCHHEM, B YaCTHOCTH B JIBYX 0Opasiax a) u 0)
BBIACTIAIOTCA ABE 30HBI, OTIIMYAIOUINECS 110 ITPOHUIIAEMOCTH
OTHOCHUTENBHO JIPYT JIpyra: | — HU3KOMpOHHIIaeMast; 2 — 30Ha
C HOPMaJIbHOM MPOHUIIAEMOCTBIO. DTO CIEIYEeT U3 TOTO,
4T0 abCONIIOTHAS MPOHUIIAEMOCTb sIBIsieTCst PyHKIMeH pac-
MpeJieNieHus Iop MO pa3Mepam: HOPbI ¢ OOJIBIIMM pa3zMepoM
00yCIIaBIMBaIOT BEICOKHE 3HAUYCHHUS IPOHUIIAEMOCTH, a OPBI
C MallbIM pa3MepoM, COOTBETCTBEHHO, OoJiee HU3KUE 3Ha4e-
HUsI IPOHUIIaeMOCTH. B 30He 1 HaOirOmaeTCs 3HAYNTEIBHO
MEHBIIIE TIOP, YeM B 30HE 2. YUUTHIBAs OTPaHUUCHUS B Pa3-
pemaomieil cnocoOHOCTH ChbEMKH MOXKHO CJIeNiaTh BBIBOJI,
YTO MOPHI B 30HE | 3HAUYUTETHHO MEHBINE, YeM B 30HE 2. B

TpelwyuHa

TpeluHa

Puc. 3. IIpodonvhvie u nonepeunvie momocpaguueckue cpesvl
00pasyos nopoo: a), 6) — IUMmMono2uyecK HeOOHOPOOHble 0OPA3YbL,
8) — mpewunosamulti obpasey, 1 — HU3KONpoHuyaemas 30Ha, 2 —
30HA ¢ NPOHUYAEMOCbIO, XAPAKMepHOU 0is bonvuie2o odvema
obpasya
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COOTBETCTBHUH C 3THUM IPHU NMPOBEACHUU N3MEPEHUI MPOHH-
[[aeMOCTH 10 3TUM 00pa3mam OyIyT MOTydeHBI 3aHHKECHHBIC
3HaYeHHsI MPOHUIIAEMOCTH, B CPaBHEHHU ¢ o0Opa3uamu u3
9TOTO K€ IJIACTa, B KOTOPBIX OTCYTCTBYIOT JIUTOJIOTHIECKHE
HeopHOpoaHOCTH. [lorpemHocTy, CBI3aHbIe CO BTOPBIM CITy-
yaeM KacaroTcsi 00pasia B), B OIMYMU OT 00pasIoB a) u 0)
OH SIBJIACTCS TUTOJIOTMIECKH OJHOPOJHBIM 00pa3IioM, OHAKO
obnamaer TpemuHoBaTOCThIO. [Ipupoaa 3Tol TpenmHoBa-
TOCTH MOXKET OBITh KaK €CTeCTBEHHON — MPUPOJHOH, TaK U
TEeXHOTEHHOHW — BO3HHKILIEH, HAIPHMEp, IPH BBHIIIIUBAHUN
obpasna. /[nameTp TpemurHbl 3HAYUTEIHHO OOIBINE pa3Mepa
mop o0pasma, u3-3a 3TOro (pUIBTPAILIMOHHBIC CBOMCTBA 00-
pasiia MOryT ObITh 3aBbllleHbI. J[JIsl OlleHKH 00bEKTHBHOCTH
omnpeneneHns GUIBTPAIIMOHHBIX CBOICTB MO MOA0OHOTO posa
o0pa3iiam, He0OXOIMMO BBISICHUTD IPHPOJLY TPEIIUHOBATOCTH,
MPOaHAIN3UPOBAB JIOTIOIHUTENIFHO HECKOJIBKO 00pasloB C
3TOrO M1acta. B cirydae, eciu B O0JbIIMHCTBE 00pa3IoB OyaeT
HaOMIOAATHCS TPEIIMHOBATOCTH, BIIOJHE BEPOSITHO, YTO OHA
MPUPOIHAS — B TAKOM CITydae MOXKHO HCIIOIh30BaTh OLICHECH-
HYIO 110 IIWJIMHIPAM MPOHHUIIAEMOCTD JUIS XapaKTePUCTUKU
rracta. OQHAKO €CIH TPEIIMTHOBATOCTh HAOMIOAAeTCsI TOTBKO
B OAHOM 00pasIe, To, BEPOSITHEE BCETO, OHA TEXHOT'CHHOTO
XapakTepa — B 3TOM CIIydae He CTOUT UCTIONh30BaTh IIPOHHIIAC-
MOCTB 9TOTO 00pa3sla AJIsl XapaKTepUCTUKH Tuiacta. OcoOeHHO
YacTO MOT'YT HPOSIBIISTHCS TIOJJOOHOTO POJIa ITOTPEITHOCTH ITPU
MIPOBEICHUH CIIEIHATIBHBIX JOPOTOCTOSIINX HCCICAOBAHUN
KepHa, KOTJa aHAJIHU3Yy MOIBEPKEHO OTHOCUTEIHHO HEOOIb-
Ioe KOJMYECTBO 00pasloB, HAPHMEp, IPH ONPENEICHUN
OTHOCHTENBHBIX (ha30BBIX MPOHUIIAEMOCTEH.

3.2. Konmpons kauecmea 6ypenus u oyeHKa KonbMamayuu
NnYCMOMHO20 NPOCMPAHCMBA

ITo MHeHHIO reonoroB He(TEra3oBOW KOMITAHUU, JJIS
KOTOPOW BBITIOJHAJIOCH MCCIIEOBAHNE, OTCYTCTBUE MPH-
TOKa B MHTEpBaJIaX, OMpeaesieHHbIX 1o komiuiekcy 'MC
KaK TepCIEeKTUBHBIC, OBIJIO BRI3BAHO KOJbMaTaluel miacra
M3-3a HEMPaBUIBHO MOJAOOPAHHOW penenTypbl OypoBOTO
pacTBopa. 3aadeil NCCIeIOBAaHMS IBIJIACH OLIEHKA M0 KEPHY
(hakTHUECKOTO HAIMYUS yTSDKEIUTENs OypoBOTO pacTBopa,
KOTOpBIN mpesncTaBieH 0aputomM. Kpome 3ToTr0 mpousBo-
JIUIach OICHKA TIIyOWHBI MPOHUKHOBEHHS OypOBOTO pac-
TBOpa B KEPH JIJIs MOBBIIICHHUS KadeCTBa MPOOOIOATOTOBKU
00pa3IoB K CTaHJAPTHBIM HCCIEIOBAaHUSIM (OMpenencHne
HEOOXOIUMOI0 PACCTOSHISI TOPILIEBAHMsI 00PA3IIOB IS ya-
JIEHUS 3aKOJIbMaTUPOBaHHOM YyacT). Ha puc. 4 npeacrasieH
nprMep TOMOTpadhYECcKOro cpesa, KOTOPbIi CBUIETENILCTBYET
0 HallMYUU YTsDKETUTENeil OypoBOTO pacTBopa — Oapura.
Tomorpaduyeckuit cpe3 MmojJydeH ¢ BHEUIHEH CTOPOHBI
MOJTHOPA3MEPHOTO KePHA, KOTOPasi KOHTAKTHPYET ¢ OypPOBBIM
PacTBOPOM TI0 BHIMWJIICHHOMY W3 HETO IIINHIAPY — 3€JeHas
muaYs (puc. 1). OTHOCUTETHHO CHITMKATHOTO COCTaBa TOPHON
HOPOJIbI, OAPHT SIBISIETCS] PEHTIEHOKOHTPACTHBIM.

OTANYUTG YTSKEITUTENb OT TSLKEIBIX MUHEPAIOB, COIep-
JKAIIIXCS B TOPHOH MOPOJIE, YIAIOCh OJ1aroapst BU3yalbHOMY
aHaJIM3Y CTPYKTYPbI TOPHOM NMOPO/IbI, B KOTOPO HA TOMOT'pa-
(bmaecknx N300paKEHUAX OTCYTCTBYIOT TSDKEIBIE MUHEPAIIBL.
PeHTreHOKOHTpacTHbIE MUHEPAJIbl HAOIIOAAIOTCS TOIBKO HA
KOHTAaKTe MTOJTHOPa3MEPHOT0 KepHa ¢ OypOBBIM PacTBOPOM,
TaKXKe OHM UMEIOT HeMIPABUIIbHYIO BBITSHYTYIO (popMy — 3TO
ABJISICTCA CBUACTEIHCTBOM TEXHOT€HHON MPUpOasl. BuaHo,
YTO B OCHOBHOM OH COCPEIOTOYECH Ha BHEIIHEH CTOpOHE
MOJTHOPA3MEPHOTO KePHA, KOTOPasi KOHTAKTHPYET ¢ OypPOBBIM
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Puc. 4. Tomocpaguueckuii cpez obpasya nopoosl ¢ 3aPuKcuposan-
HbIM ymsicenumenem 6ypo6o2o pacmeopa — bapumom

pactBopoM. Takke HaOTFOIAIOTCS 3aKOJIbMATHPOBAHHBIE ITOPHI
BHYTPH HCCIIElyeMOro obpasia.

OTHOCHUTENBEHO ocH 00pasta (puc. 1) ObUTM TIpoaHAIN3H-
POBaHbI BCE MMEIOIIHECS TOMOTpaduueckue cpe3bl, Mogo0HbIe
MPE/ICTABICHHOMY Ha puc. 4. B KaKI0M HCCIIeyeMOM cpe3e
OLIEHHUBAJIOCH ITPOIIEHTHOE COIEPIKAHUE ITIMHUCTOTO MaTEPH-
asia, 3aTeM MPOBOJMIIOCH UCCIICOBAHNE PACIIPEICICHNUS 10
1yOMHE IIMHKCTOrO Marepualia oopasia Juis Onpe/eIeHus
DTyOMHBI TPOHIKHOBEHHS OyPOBOTO pacTBOPa B KepH (pHC. 5).

Awnanus pacrpezenenus (puc. 5) yka3blBaeT Ha TO, YTO
HOPMAaJIbHOE TPOLEHTHOE COJCPIKAHNE TIIMHUCTOIO MaTepH-
ana B cedeHusX oopasia Bapsupyetcs ot 10 go 11,5 %. B To
’Ke BpeMsi BOJHM3HM KOHTaKTa OypOBOTO PacTBOpa C KEPHOM
HaOTIOMAIOTCS MOBHIMICHHBIC 3Ha4eHus (6onee 11,5%) co-
JIepIKaHUsT TIMHUCTOTO Marepuana. JTo 00yCIOBIEHO Mpo-
HUKHOBEHHEM OypOBOTO pacTBOPA B KEPH, B JAHHOM CJIy4dae
r1yOMHA OIEHUBAETCS B 3 MM. DTOT OLCHOYHBIN Mapamerp

41
38
35
32
29
26
23
20
17
14
11

8

ABContoTHbIE OTMETKM rnyBuHbl 06pasua, mm

5 _ S
9 10 11 12 13 14

PacnpegeneHwue B ceveHnn obpasua, %

Puc. 5. Pacnpedenenue nuHucmozo mamepuand 8 ce4yenusix oo-
pasya (pesynemam 2D-ananuza momocpaguyeckux cpezos no 2iuy-
bune obpaszya). Abcomomnas ommemra «41» — enewnss cmopona
NOIHOPA3MEPHO20 KepHA, KOHMAKMUPYIOWds ¢ OyposblM pacmeo-
pom; abconomuas OmmemKka «5» — 6nudicatiuias K yeHmpaibHou
Yacmu NOTHOPA3ZMEPHO20 KEPHA U3 NPEOCMABIeHHbIX AOCOIIOMHbIX
OMMEmoKx.
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11e51eco000pa3Ho MCIIOIb30BATh IPH BHIMTMIMBAHUH [IHJIHHIPOB
13 TIOJIHOPAa3MEPHOTO KePHA ISl OLEHKH MEeTPOPU3MUECKIX
XapaKTEPUCTHK, TO €CTh ITPU TOPIIEBAHUH [IMIIMH/IPOB JIOJDKHA
YAAIISTHCS 9acTh KepHa 6ornee 3 MM. Taxoke MHDOPMATHBHBIMU
Oy/lyT HCCIIeJOBaHMS C YKa3aHHBIMU BBIIIE TTOJIXOAAMH TIPH
M3yYEHUH KepHa MocIIe TecTa OypOBBIX pacTBOPOB.
3.3.0yenka MunepanbHo20 cocmasa u muna yemeHma

CocraB, CTPOCHHUE U YCIIOBUSI 3aJI€TaHMsI TIOPOJ HAXOAATCS
B IPUYMHHOM 3aBUCUMOCTH OT (DOPMHUPYIOIINX HX T€OIOTHYe-
CKHX IPOLIECCOB, MPOUCXOSIINX BHYTPHU HCCIIETyEMbIX ILIa-
ctoB. CBOICTBA MOPOJ] 3aBUCAT HE TOJIILKO OT MX MUHEPaIIb-
HOTO COCTaBa, HO ¥ OT CTPOEHHsI, KOTOPOE IPEONPEIeINIeTCS
(opMOIi M pacIoNOKEHUEM CIIAraloIINX TTIOPOY COCTaBHBIX
yactei. CTPyKTypHBIE M TEKCTypHBIE OCOOCHHOCTH TIOPOJ
BIIMSIIOT HA MX €MKOCTHBIE M (DMIIBTPALlMOHHbIEC CBOKCTBA. B
9TOM CBSI3H HCCIIEIOBATEISIM, 3aHIMAIOIMCS He(DTera30BoOi
JMTOJIOTHEH KpaiiHe BayKHO 3HATh OCOOCHHOCTH CTPOCHHS U
KOJIMYECTBEHHOE COZIEpKaHUE TEX MM MHBIX MUHEpaJoB. B
JTAaHHOHM pabOTe MBI IPOAEMOHCTPUPYEM OJTHY 13 BO3ZMOXKHO-
creit Meroga MUKpo-KT — onpenenenne MUHEPAILHOTO CO-
crasa. Ha puc. 6 npecrasieHs! pe3ynbTaTsl HHTEPIPETaIuH
MHHEPAIFHOTO COCTaBa TOPHBIX MOPO/] IT0 TOMOTpadhUeCKUM
cpesaM.

C moMouipio CrienuaibHOro IpOorpaMMHOTo obecrieye-
nust «MuToolCale» HeoOXomuMo OLEHNTH KO3 UIIEHTHI
PEHTICHOBCKOTO MOTNIONICHUS TIPE/ICTABICHHBIX MHHEPAIOB
(puc. 2), nanee nepexoanTh K HHTEpIpeTaruu (puc. 6). Baxno
3aMETHTh, YTO HEKOTOPBIE MOPO1000pa3yroNIre MUHEPAIIBI
nuMeroT Onn3Kue 3HaUeHMs Kod(pQUIMEHTa TONIOIIEHUSI, U KX
CJIO)KHO CETMEHTUPOBATH JIPYT OT Apyra. K Takum MuHepanam
OTHOCSITCSI KBapI| ¥ moyieBoi mmar. Ha puc. 6 HekoTopbie
YacTH 3€peH ITOJIEBOTO Imara o0yiaaaoT KodpQHUIneHTOM
TIOIVIOIICHHUST PEHTI€HOBCKOTO M3ITyYeHUsI OJIM3KON K KBapILy
(00 5TOM CBHIETEILCTBYET OAMHAKOBBIH I[BET B 3epHAX KBapla
1 TIOJICBOTO MIMAaTa), OJJHAKO APYTHe COCTABISIONINE YacTH
3epeH 001a/1al0T MOBHIICHHONW OTHOCHTENIFHO KBaplia PeHT-
TeH-IUIOTHOCTHIO. [103TOMY KOJIMYeCcTBEHHBIE OLIEHKH KBapla
U TIOJIEBOTO IITIata Oy/y T MPUOIM3UTENBHEL, @ BOT OIIEHKA X
CYMMapHOT0 COZIepXKaHust OyAeT T0CTaTOYHO TOYHOM, TaK Kak

oum
Z=1.794mm
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Puc. 6. Oyenka munepanviozo cocmasa no momocpaguyeckum
cpesam
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OHH PEHTT€HOKOHTPACTHBIE OTHOCUTENIBHO APYTUX ITOPOI00-
OpasyroInx MUHEPAIOB. AHAJIN3 TOMOTpa(pUIECKUX CPE30B
BO3MOYKECH B Pa3lIMUHBIX I[BETOBBIX (hopMarax, HarpuMmep, B
1BETE M YepHo-OeoM Buae. Bribop msetoBoro hopmara He
BIIMSIET HA PEHTTEH-KOHTPACTHOCTD TEX MITH HHBIX MUHEPAJIOB,
a CITY’KHT JINIIb YIOOHBIM HHCTPYMEHTOM BU3yan3annu. s
ncrons3oBanuss MUKpo-KT B nccnenoBaHusx MUHEPAIbHO-
TO cocTaBa HEOOXOIMMO MPUBIIEKATh JaHHBIE ONTHYECKON
mukpockonuu — POM ¢ XRD unmun QEMSCAN.

3.4. DxcnepumenmanvHvle UCCIe008aHUSA KEPHA NPU mep-
Muueckol oopabomie

Merton mukpo-KT MOXKET UCTIONB30BaThCS B HEPTETIPO-
MBICTIOBOI T€OJIOTHH B KauecTBE yAOOHOTO MHCTPYMEHTa
OLICHKH TEeX WJIM WHBIX U3MEHEHHUIl B CTPYKTYpE TOPHBIX TO-
POZ ¥ IyCTOTHOTO NMPOCTPAHCTBA B PE3YNbTaTEe KAKUX-TNO0
BO3/IEHCTBNH (MEXaHMYECKUX, XUMHUECKUX — KHCIIOTHBIX,
TepMHUYecKnX). B TaHHOM ciTydae mpeacTaBiIeHbl Pe3ynbTaThl
9KCHEPUMEHTOB 10 TEPMUIECKOMY BO3ICHCTBHIO Ha He(hTEMA-
TEpUHCKHE TOpHBIE TOpobl. KOHKpeTHOM 3a1a4eit IBIsIoCch
OIpezIeIIeHIE TEMITEPATyphl BO3JICHCTBHS, IIPH KOTOPOH Mpo-
1iecc TeHepaIiN YIIIEBOI0POIOB 3 OPTaHMYIECKOTO BEIIECTBA
HAauMHACT BIMATH Ha MU3MEHEHHUE CTPYKTYPHI ITyCTOTHOTO
IpocTpancTBa nopossl. Ha puc. 7 mpezacTtaBieHsl HanbOoree
nHpopmaTHBHBIE 3D-MO1eNH ITyCTOTHOTO TPOCTPAHCTBA 00-
PpasIoB, I7e HabIroAaoTCs ero u3MeHeHus. 3D-monenn aud-
(bepeHIMPOBaHBI 10 [[BETY B 3aBHCUMOCTH OT pa3Mepa I1op.

W3HauaapHO OBUIO M3BECTHO, YTO OOPA3IIBI SBISIOTCA
HeTEeMaTepUHCKUMH 1 OOTaThl OPraHUYECKUM BEIIECTBOM.
U3 (Gafurova et al., 2021) u3BecTHO, YTO TIPH POTPEBE HE-
(TEeMaTepUHCKNX TOPOJ] TIPOUCXOAUT aBTO-(IIIONAATBHBIA
Pa3pbIB ITOPOABI B PE3YJIBTATE TOBBIIICHHS IABICHHUS 33 CHET
TpaHCc(OopMaluy OPTraHUIECKOTO BEIIECTBA U IEPEX0/ia €ro B
KHJKOE ¥ Ta3000pa3HOE COCTOSHUE C YBEIMUCHNEM 00beMa.
Ananu3 3D-mozeneit mycTOTHOrO MPOCTPAHCTBA MO3BOJISIET
3aKJIFOYNTH, YTO 3HAYMMBIC H3MEHEHHS B CTPYKTYpE MyCTOT-
HOTO NPOCTPAHCTBA HAYMHAIOTCS MIPU TEMIIEpaTypax BBIIIE
200 °C. B unTepnane temmeparyp ot 200 °C mo 300 °C 06-
pasyloTcs cBOe€0oOpa3Hble «KOHKPEIMM) MycTOT. BeposiTHo,
Haunbosee OIM3KO PacIOIOKEHHOE JIPYT K APYTY PaccesH-
HOE OpraHMYECKOE BEIIECTBO 00pa3yeT KpyITHBIE MOPHI,

Puc. 7. 3D-mo0enu cmpyKmypbl nycmommozo npocmpancmed npo-
epemuix 0bpasyos ¢ ouggepenyuposanuem ysema no pasmepam
noposuix Kananos (kyowi ¢ peobpom 1 mm): 1 — «KoHKpeyuu» ny-
cmom, 2 — mpewuna

WWW.geors.ru
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coemHsIONIMECs Mexy coboit. [Ipn Temneparypax Bbliie
300 °C nabmonaeTcst pa3BUTHE TPEIIMHOBATOCTH. MeXaHU3M
00pa3oBaHus TPEUIMH 3aKII0YACTCsl B COCANHEHNH MEXITY
c000i1 KpyITHBIX, HOBOOOPA30BAaHHBIX MIPH TEMIIEPATypax OT
200 °C no 300 °C xoHKpeuuii 1nop mno MyTd HaUuMEHBILIETO
conporusnenus. [lpu temneparypax ot 400 °C go 500 °C
3HAUUTEIBHBIX W3MEHEHUH B CTPYKType ITyCTOTHOTO ITpO-
CTpaHCTBA HEe HAOJIOACTCs, BEPOATHO, 3HAUNTENbHAST YaCTh
OPTraHWYECKOTO BEMIECTBA TPAHC(HOPMHUPYETCS IPH TEMITepa-
Typax 10 400 °C. C nomo11pI0 CTaHJaPTHOTO POrPaMMHOIO
o0OecrieueHns THHEHKH MUKpoToMorpagos Skyscan — «CTany»
HMMEETCsI BO3MOXKHOCTh OLICHUTh MOP(OMETPHIECCKHE XapaK-
TEPUCTHUKH ITyCTOTHOTO MPOCTpaHcTBa. JJIst XapaKTepUCTUKI
M3MEHEHUH B CTPYKTYPE ITyCTOTHOTO ITPOCTPAHCTBA B PE3YITb-
Tare HarpeBa ObUIN OLIEHEHBI Pa3MEpHI MOP, ONIPEACIIEMbIC B
paMKax pasperaromieii crrocodHocTH (puc. 8).

W3 puc. 8 BUOHO, YTO B LIEIOM TpaHC(OpPMAIHS MTyCTOT-
HOTO MPOCTPAHCTBA COITIACYETCS C Pe3yJIbTaTaM1 BU3YaIbHOM
uHTeppeTanun 3D-Mozeneil, oHaKO JOMOIHUTENBFHO TPH
JIAHHOM BH/IE aHAJIM3a MOYKHO OLIEHNTB ITPOLICHTHOE N3MEHEHHE
TEX WM MHBIX Pa3MEpOB ITOp B pe3ysIbTaTe Mporpesa. AHAIN3
TIOKa3bIBACT, YTO 3HAUYMTEIBLHBIX N3MEHECHHUN 0 TEeMIEpaTyp
200 °C ne HabmromaeTcst (MPAKTHYECKH OTCYTCTBYIOT ITOPHI
JramMeTpoM Oorbiie 23 MKM), OTIIMYAIONIUECs 3HAYSHNUS TPO-
LIEHTHOTO COJIEPKAHMS MOP JUaMeTpoM 3—17 MKM yKa3bIBAIOT
JIMIIIG Ha JINTOJIOTMIECKHIE OTINYHS B UCCIIETyeMBIX 00pa3nax.
[pu temmeparype 300 °C HabIMIOMACTCS POCT TOP Pa3MEpOM
23-30 mxm. [Ipu noctmxenun remneparyp B 400 °C yenuuu-
BacTCst 00beMHast OIS Top pazmepoM 2338 mkM. B naTepBae
temneparyp ot 400 °C no 500 °C 3HaYUTENbHBIX U3MEHEHUI
HE HAONIONArOTCS — OTCYTCTBHE KPYMHBIX mop 30-38 MKkM
00yCITOBJIEHO JIMTOIOTNYECKON HEOTHOPOIHOCTHIO 00pa3IioB
1, BO3MOJKHO, MEHBIITIMH COJIEPKaHUSIMU PACCESTHHOTO Opra-
HUYECKOTO BEUIeCTBA. TEH/CHIMS CTPYKTYPHBIX M3MEHEHHIH
ITyCTOTHOTO TIPOCTPAHCTBA MPH ITPOrpeBe 00PA3IIOB 0 TEMIIE-
paryp 400 °C u 500 °C oprHakoBa — yBEIMYUBAETCS OIS 1IOP
pa3mepoMm Gorbire 23 MKM, U 00pa3yroTcsl TPEIUHEI (pHC. 9).

W3-3a pa3nu4HOTO Co/epKaHMs PacCesTHHOTO OpraHnuye-
CKOTO BEIECTBA 00pa3IOB B PE3yNlbTaTe aBTO-(IIIOMI0pa3-
peiBa oOpaser, mporpetsiii 1o Temmeparypsl 400 °C, mpu
pacTpecKnBaHUM pa3pymmics, a oOpasel, MporpeTsiil 10
temieparypsl 500 °C, npu pacTpeCcKUBaHUU HE pa3pyLIHIICS.

MpbI npuBenn 4acTHBIH Cly4all MCIOIB30BAaHHUS Me-
toga MUKpO-KT B 3KcIIepMMEHTANBHBIX HCCIIEJOBAHUAX.
Mukpo-KT MokeT OBbITh MCHONB30BaH MpPHU J1a00PaTOPHOM
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Puc. 8. Hzmenenue pasmepos nop obpasyos 6 pesyrvmame npo-
epesa: «23°Cy — obpasey 6e3 memnepamyphou obpabomru; Kn
— 0bwas nopucmocms, onpeoeneHnas MemoooM pPeHmeHOBCKOU
Mukpomomozpaguu



IIpumenenye peHTIreHOBCKO MHKPOTOMOTpadun KepHa...

TpewwmnHbl

Puc. 9. Tomoepagpuueckue cpesvi 06pazyos npoepemsix 0o memnepanmyp 300 °C, 400 °C u

500 °C

MOJICTUPOBAHUN METONIOB YBEIHMUYCHHS He(hTEOTHAuN Ha 00-
pasmax 10 u mocie Bo3aeicTBus (anekrpomarauTasie CBY,
KHUCJIOTHBIC, MEXaHUYECKHE BO3ACHCTBUS). PeHTreHOBCKas
MHKPOTOMOTpaus SIBISICTCS YIOOHBIM HHCTPYMEHTOM OLICH-
KU U3MEHEHUS CBOHCTB 00pas3IioB.

4. O0cyxaenue

AKTHBHOE HCTIOJIb30BaHME METO/I0B KOMITBIOTEPHOM PEHT-
T€HOBCKOH ToMorpaduu 1 MEKpOTOMOTpaduu IJIsl pEIICHUS
3a/1a4 He()TEIPOMBICIIOBON T'€OJIOTUH HAYaloCh B Hadale
2000-x romoB (Mees et al., 2003).

B P® akruBHOe ucnonb3oBanue Meroga Mukpo-KT npu
HcCIeI0BaHUAX KepHa Hayasiock B Hayasne 2010-x roqoB Ha
6azax MI'Y um. M.B. JlomonocoBa (Kopoct u ap., 2010;
2012; Kopocr, 2012), Schlumberger (Hanees u np., 2013) u
CKOJIKOBCKOTO MHCTUTYTa HayKH U TexHonoruu (UyryHoB u
ap., 2015). C mosiBieHneM BO3MOKHOCTH CETMEHTHPOBATh
ITyCTOTHOE ITPOCTPAHCTBO TOPHBIX MOPOJ] C BBICOKUM MHKPO-
paspemrerueM (0,5—30 MKM/TIUKCEIE ), HAYalll CBOE aKTHBHOE
pa3BUTHE IPOrPAMMHBIC KOMIUIEKCHI 110 PacdeTy OCHOBHBIX
(UIBTPaIMOHHO-€MKOCTHBIX CBOHCTB TOPHBIX TIOPOJ O IH(-
poBoii monenu xepHa (I'epke u np., 2015; Gerke et al., 2017,
Mapxkos, Pogronos, 2018; IlIa6apos u np., 2018; benosepos,
I'y6aitmymmun, 2020). Meton mukpo-KT momy4rn Ha3BaHme
«u¢poBas merpopusukay, «IUGPOBOH aHATN3 KEpHa»
i «uugposoit kepr» (JlazeeB u np., 2018; T'mmpMaHOB,
Baxpymesa, 2019; Saxena et al., 2018; Mehmani et al.,
2020; Orlov et al., 2021; Ortega-Ramirez, Oxarango, 2021).
OnHaKo OCHOBHBIM HEIOCTATKOM METO/A «IIH(POBOI KEPH»
npu pacdere PEC ropHbIX OO SABISETCS OTPaHUYCHUE B
paspemraromieii cnocodbnoctn Merona Mukpo-KT mpu moiry-
yeHnu nugpoBoi Mmonenn odpasma (Ilonomapes, 3aBaTcKuii,
2015; bembens u ap., 2019; Saxena et al., 2021). Dto oOycnas-
JIMBAeT HEOOXOAMMOCTD JOTOMHUTEILHON MaTeMaTHn4ecKoi
00paboTku I(POBBIX MOETEH MyCTOTHOTO MPOCTPAHCTBA
TOPHBIX MOPOJ U UX KaJTMOPOBKH 110 JaHHBIM CTAHJIAPTHBIX
nccienoBanuil kepHa. OfHAKO MpPU HCCIIEOBAHUM TJIHMHU-
CTO-OMTYMHHO3HBIX TIOPO WM cI1a00 KOHCOIHIMPOBAHHBIX
(TunemanoB U 1p., 2019) BO3MOXKHOCTH MCCIIEOBAHUS
CBOWCTB CTaHIApTHBIMH METOAAMH 3aTPy/JAHEHA B CBSI3H C
BO3HMKHOBEHHEM TEXHOTE€HHBIX HAPYIICHUH B PE3YIIbTaTe
MIPOOOTIOATOTOBKH 00pa3LoB K aHAJIN3aM, YTO HCKIIIOYAET
BO3MOYKHOCTbH KaJIMOPOBKH LIU(PPOBOH MOIEIH.

B 571011 cBs3u BayKHOM 3a7a4yeil HA COBPEMEHHOM JTarie
Pa3BUTHS TEXHOJOTUHU «IIHM(PPOBOH KEPH» SBISAETCS pas3-
paboTKa METOIMKH PeMAacCIITaOupOBaHUs Pa3HOYPOBHEBBIX
IUQPOBBIX MOJENel KepHa, MPEAIoaraonel Ha 0CHOBE
nupOBBIX Mozienelt HanHoToMorpaduu (paspemerue 30-200
HM/ITUKCEIIb) OCTOBEPHO JIOTONHATE HU(POBLIE MOAEITH

g
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Mukpotomorpaduu (paspemicaue 0,5-30
MKM/TIMKCEIb) C TOCIEAYIONNM J0IOJI-
HeHueM IM(POBBIX Mojeel Tomorpaduu
MOJITHOPA3MEPHOTo KepHa (pa3pernieHue
150-300 MKM/THKCEb). DTO MO3BOIUT
UCKJTFOYUTH HEOOXOIUMOCTh KaJIHOPOBKH
Mozenu onpenenenust DEC cranaapTHeIMU
METOJIlaMH U TMOBBICUTH pENpe3eHTATHB-
HocTh uccienoanuii (Tan et al., 2021;
Lin et al., 2021, 2019), Tak KaKk MOSBUTCS
BO3MOYKHOCTb I10 JAaHHBIM Pa3HOYPOBHEBOI
ToMorpaduu 3a1elicTBOBaTh B pacueTax
BECh BBIOYPECHHBIN KEpH, a Ha CIUHUYHBIC LMJIHHIPHI, KaK
9TO JIeJIaeTCsl B HACTOSIIEE BPeMs IIPH CTaHJapPTHBIX METPO-
(U3MUECKHIX UCCIIEIOBAHMSX.

JlpyrumMu HeMaJlOBa)KHBIMHU 3aJlauaM¥ JJisi aKTHBHOTO
BHepeHus Metoaa MUKpo-KT B He(hTerpoMBICIIOBYTO reos1o-
THIO SIBJISIIOTCS pa3padoTKa METOJMK KaueCTBEHHOM OLIEHKH
MuHepaibHoro coctasa (DaznuaxmeTos, [lonomapes, 2020;
Mapdenos u mp., 2018; Fanqgi Qin, Lauren, 2019; Reyes et
al.,2017; Teles et al., 2017), coBepIICHCTBOBaHHE TPOrPaMM-
HOTO obOecreueHus sl pacyera QrUiIbTpallMOHHBIX CBOWCTB
1o nHU(GPOBBIM MOJEISAM, BbIIEICHUS (aluii 0CaJKOHAKO-
TUTEHUS IO HU(GPOBBIM MOZAECISIM M MX Koppeunsiuuu ¢ «['MCx»
— 9TO TO3BOJIUT NMOBBICUTH Ka4€CTBO METPO(YHU3INIECKUX
(OKmxumonroB u ap., 2020) u reonorndeckux (Kurchikov
et al., 2017) moneneii.

[ToMuMO peteHust KJIacCUYECKUX NeTPOPHU3NIECKUX 3a-
nad, mpuMeHeHne Mukpo-KT MoxeT ObITh OCYIIeCTBICHO IS
OLICHKH ITyOWHBI KOJIbMaTaliyi OypoBOrO pacTBOpa B ILIACT
(PookukoB u nip., 2013; Peokukos, 2014), nedekrockonun
00pas3IoB sl CTaHIApTHBIX ucciaenoBanuii (['ankun u np.,
2015), KOHTPOJISI UCTIOIB30BAHUS YTSDKEIUTEINsT OYpOBOTO
pacTBopa ¥ MOJICJTMPOBAHUS METOZIOB BHEIITHETO BO3CHCTBUS
Ha miacT (OypeHue, METOAbl yBeJIWYeHHUS He(TEeOTaaun)
(ITonomapes, 2019; Tarik Saif et al., 2017; Yun She et al.,
2021; Abdulla Alhosani et al., 2019).

B nanHO# paboTe MBI TPOJIEMOHCTPUPOBAIH HEKOTOPHIC
MIPUMEPBI KCTI0JIb30BaHus MeTozia MUKpo-KT B Hedrenpombic-
JIOBO reosioruy 0e3 MPUBIICUEHHS CIEIHNAIN3NPOBAHHOTO
MaTeMaTH4eCcKOro MOJISTUPOBAHNS (PHIIBTPAIIMOHHO-EMKOCT-
HBIX cBoOMcTB. TexHomorNst «IUPPOBOIT KepH», HAPUMED,
TIPY OTIpe/ieIeHNH (DMIIBTPAIMOHHBIX CBOMCTB MOPOJ UMEET
HEJIOCTATOK, KOTOPBII 3aKJII0YaeTCs B TOM, 4TO TIPH UCCIe-
JIOBAaHWU PENPE3EHTaTHBHOTO OOBEKTa MOPOAbI (IMIMHAPA
30 MM) OTCYTCTBYET BO3MOXHOCTH 3a(pUKCHPOBATH BCE MOPBI,
yuacTBytomue B ¢puisrpaiun. C Ipyroi CTOpOHBI, METOJIOM
HaHOTOMOTpauyu MOXKHO 3a(hMKCHPOBATH BCE TOPHI, yya-
CTBYyIOIIME B (UIIBTPAIMH, OJHAKO Pa3Mep HCCIEAYeMOTO
oObekTa OyzeT 3HaunTenbHO MeHbIne (auametp 0,2—0,05 mm).
[ToaToMy penrenue podaeM pemMaciiTadupoBaHusl, B3aUMO-
JIONIOJTHEHUSI MH(OpMAaIHMeit 0 CTpoeHHHU IIU(POBBIX MOZIEIIEH
KEpHa, OTIINYAIOUIMXCS B Pa3pelIeHNH ChbEMKH U 00beMe,
SIBJIICTCSI aKTyallbHBIM ¥ MOMOJXKET PEIINTh psiJ| 3a/1ad B
HE(TEPOMBICIIOBON T€OJIOTHH, CBSI3aHHBIX C ONpE/EIICHNU-
eM TeTpo(pU3NIECKUX CBOICTB FOPHBIX TOPOJ (CIOKHOTO
JIUTOJIOTHYECKOTO CTPOCHUSI, CJIab0 KOHCONUAMPOBAHHBIX,
IJIMHUCTO-OUTYMHWHO3HBIX ), HCCIIE0BAHHS CTaHAapTHBIMU
METOJJaMU KOTOPBIX OCJIOKHEHBI.

Hawubonee meTonuuecku oTpabOTaHHBIM PUMEPOM SIB-
nsiercst 1e(heKTOCKONus 00pa3IoB — OIEHKA MPUTOHOCTH K

HAYUHO-TEXHVUECKV/ XKYPHAN
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HCCIICIOBAHUSIM CTaHIapTHBIMU MeToaMu. OHA MOXKET OBITh
MPUMCHCHA KaK Ha OTJAEIBHBIX dTamax MpoOOIOATOTOBKU
(BBIOYpHBaHUE, DKCTPAKIIHS, CYIIIKA), TAK U HEIIOCPEICTBEHHO
TIepe/1 UCCIICIOBaHUEeM 00pas3iia, HalpuMep, B Ka4eCTBE OLICH-
KM OTHOCHUTENBHBIX (pa3oBbIX npoHunaemMocted. Mukpo-KT
MMO3BOJISICT OICHUTH HAIMYUE B 00beMe 00pasiia JIUTOJIO-
TUYECKHX HEOJHOPOMHOCTCH M TEXHOTCHHBIX HApPYIICHUH,
KOTOPBIC MOT'YT IIPH HCCIICIOBAHUH 3TUX 00PA3II0B BIUATH HA
JIOCTOBEPHOCTH XapaKTePHUCTHK IUIACTa, HATIPUMED, 3aHIKATh
WJIH 3aBBIIIATH a0CONOTHYIO IPOHUIIAEMOCTh. JTO, B CBOIO
odepernb, OyJIeT BECTH K HCKOPPEKTHOM padoTe THAPOIUHA-
MUYECKOH MOJIEeH.

Erte ogauM npumepom ucrosb3oBanus MUKpo-KT moxer
OBITh OIICHKA CTPYKTYPHO-TEKCTYPHBIX XapaKTCPUCTUK TOP-
HOW MOPOJIBI ¥ YaCTUYHAS OIICHKA MHHEPAILHOTO COCTaBa.
Takoke Kak onTudeckas MUKpockomusi, Mukpo-KT mo3Bossier
CYIUTh O CTPYKTYpE TOPHOM MOPOABI U C HEKOTOPHIMU I10-
TPEIIHOCTSMH, CBSI3aHHBIMU C OIM3KMMH 3HAYCHUSIMHU PCHT-
TeH-TUTOTHOCTH TIOPOI000pAa3yIONNX MUHEPAIIOB, B CIIyYae
MPEIBAPUTEIIEHON OI[CHKH MHHEPAJIbHOTO COCTaBa WHBIMU
METO/IaMU TO3BOJISICT HA KAYECTBCHHOM U KOJTHYCCTBCHHOM
YPOBHE CYIUTh O MUHEPAJILHOM COCTaBE MOPO/IBI.

JpyruM moje3HbIM MPUMEPOM HCIIONIB30BAHUS MHUKPO-
KT siBnsieTcst m3y4eHue KoIbMaTalud OypOBOTO pacTBOpa B
KepH u iacT. [1o kepHy mukpo-KT 103BONISET YCTAaHOBUTH,
OBLT JTM UCTIONB30BaH NPU OYPEHUH YTSHKEIHUTENIb OYpOBOTO
pacTBopa (B HalmeM MpUMepe Ha puc. 4 MPEACTABICH YTshKe-
nuTenb — 0aput). Vimeetrcss BO3SMOKHOCTh OICHKH TITyOWHBI
MIPOHUKHOBCHHS OYPOBOT'0 pacTBOpa B KEPH, 4TO MOXKET OBITh
HCIIOIB30BaHO NpHU nedekTockomuu o0pasos. B memom
ke 1eecoodpasHo ucmoib3oBaTh MUKpo-KT mpu tecrax
OypOBBIX PaCTBOPOB — (PHKCHPOBATh H3MEHCHHS B CTPYKTY-
pe MYCTOTHOTO MPOCTPAHCTBA MPHU MPOKAYKE U MPOMBIBKE
OypOBBIX PACTBOPOB. DTO MOMOXKET ONITUMH3HPOBATH BEIOOP
OypoBOTO pacTBopa.

Cxoxuil moaX0/l K MCIOJIb30BaHUIO MeToja MUKpo-KT
MPEJICTABIICH B pa3Jiesie IKCIEPUMEHTAIbHBIE UCCIIEIOBAHUS
KEpHA MPU TCPMHUICCKON 00pabOTKEe, B YACTHOCTH ITOKA3aHBI
BO3MOKHOCTH METOZA MPU UCCIIEIOBAHUN U3MEHEHUH CTPYK-
TYPBI ITyCTOTHOTO MIPOCTPAHCTBA He(hTEMATEPUHCKHUX TOPHBIX
TIOPOJT ITPY TepMHIYECKOi 00padoTke. [TomyyeHHbIC JaHHBIC MO-
TYT OBITB MCIIOJIL30BAHBI IIPH MOJICITUPOBAHUH A(P(PEKTUBHOCTH
METOJIOB YBEITUUCHHUS HS(DTCOTAAuH, THIIA BHYTPUTLIACTOBOTO
TOPCHHS WJIM UHBIX TCPMUYCCKUX METOIIOB BO3/ICHCTBHUS Ha
utact. [loo6HbIe nceneoBanmst 00pa3oB MeTooM MUKpo-KT
JI0 ¥ TIOCJIE KAKOTO-TTMO0 BO3MCHUCTBUSI HA 00pa3IIbl IPUMEHUMBI
Y K IDYTUM METO/IaM BO3JICHCTBHS HA TUIACT (JICKTPOMATrHUT-
Hbie CBY, KHCITOTHBIC, MCXaHUYCCKUE BO3JICHCTBHS).

5. 3akioueHue

MGTOZ[ MI/IKpO-KT SABJIACTCA MOJIE3HBIM MHCTPYMCHTOM
JUTA pCHICHUSA IIMPOKOTO CIICKTPpa 3a1a4 He(l)TerOMLICHOBOﬁ
I'COJIOrMH, TaKHUX KakK: ,He(l)eKTOCKOHI/ISI O6pa3IIOB nepeg uc-
CJIeAOBaHUSAMU, TCCTUPOBAHUEC 6ypOBI)IX PacTBOpPOB, OLICHKA
MUHEPAJIBHOI'O COCTaBa, SKCIICPUMCHTAJIbHBIC UCCIICIOBAHNA
J0 U 1I0CJIC BO3,Z[€I>10TBPI$[ Ha KCPH. HepCHCKTI/IBHLIMI/I Hampas-
JICHUSIMHU UCIIOJIb30BaHHUA METOJAa MOXKHO CUHUTATh CO34aHUC
Ha OCHOBEC pE3YyJIbTATOB I/ICCJ'ICZ[OBEIHI/Iﬁ KE€pHa MCTOAOM
MI/IKpO—KT aTJIaCOB JIMTOTUIIOB TOPHBIX MMOPOA, U3YUCHHE 30H
KOJUICKTOPA B OPOJax CO CJIOXKHBIM JIUTOJOTHYCCKUM CTPO-
CHHUCM, a TAKKC 0T60p 60KOBOF0 KEpHa U €ro UCCICAOBAHUEC.
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BonpmmHCTBO HCCe10BaHU HANPABIEHO HA COBEPIIEHCTBO-
BaHME HaNpaBleHHUs «IU(POBOH NETPODYUIUKN», TTOITOMY
CHELMATHNCThI, 3aHUMAIOIINECS UCCIETOBAHUAMY KEPHA WIN
71a060paTOpHBIM MOJAEINPOBAHUEM METOJIOB YBEIUUCHHS
HeTEOT/IauH, MOTYT OBITH HE OCBEIOMIICHBI O JPYTHX BO3-
MOKHOCTSIX IPUMEHEHUSI METO/1a. JTO TMOATBEPIKAACT HEOO-
XOIUMOCTh HOMYJIAPU3aLMU METO/Ia PEHTTEHOBCKON MHUKPO-
ToMorpaduu KepHa M OCBEIICHHUS METOAMK MPAKTHYECCKOTO
HCIIONIb30BAaHMS B HE(TEIIPOMBICIIOBOI I'€OJIOTHH.

®unancupoBanue/biarogapnocTu

Crarbsi IOATOTOBJIEHA B paMKaxX peajii3ally rocyaap-
CTBEHHOTO 33J[aHus B chepe HayKH Ha BHIIOJIHEHNE HAYYHBIX
TIPOEKTOB, BHIMOJIHACMBIX KOJUIEKTHBaMH HayYHBIX J1a00paTo-
puii 06pa3oBaTeIbHBIX OPraHU3aLUH BHICIIEr0 00pa30BaHUs,
[I0JBEJOMCTBEHHBIX MuHOOpHayku Poccuu mo mpoexry:
«TexHomoruu 100bIYM HU3KOHAIIOPHOTO ra3a CEHOMaHCKOIO
npoaykTuBHOro kommiekcay (Ne FEWN-2020-0013, 2020-
2023 rr.).

ABTOpBI BBIpaXXAIOT MIYOOKYIO OJIarolapHOCTh aHOHHM-
HBIM PELEH3EHTaM 3a LIEHHBIC 3aMEUYaHUs U NPEIIOKECHUS
IIpY [IPOBEJICHUH pabOThI HaJ| CTAThell.
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Application of core X-ray microtomography in oilfield geology
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Abstract. The article presents studies devoted to the practical
application of computer X-ray microtomography (micro-CT) in
oilfield geology. In particular, the authors give results of using the
method for sample defectoscopy before petrophysical studies in order
to improve the quality of analyzes. The paper includes an example of
assessing the depth of core plugging with drilling fluid; assessing the
mineral composition by micro-CT; experimental core studies when
modeling the thermal effect on the oil source rocks of the Bazhenov
formation. The authors also examine the current state of research in
the field of digital petrophysics or digital core. The study is aimed at
introducing the micro-CT method into the oilfield process.

Keywords: computer X-ray microtomography, oilfield geology,
core studies, digital core model, void structure
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