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NMHHOBALIMOHHBIE METO/Ibl PASPABOTKMU
KEPOI'EHOCOAEP/XKAIIUX KOJJIJIEKTOPOB,
CTUMYJIUPYIOUIUME HE®TEI'EHEPALIMOHHBIN
IHOTEHIINAJI
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Poccuiickuii 20cy0apcmeeHHblll yHusepcumem Hepmu u 2a3a (HAYUOHAIbHbLI Ucciedosamenbckutl yHusepcumem) umenu M.M. I'voxuna, Mockea, Poccus

B TOCJICAHEE BpEMS npo6neMe IIOUCKa METOI0B pa3pa60TKI/I MeCTOpO)KHCHI/Iﬁ BaxeHOBCKOI1 CBUTHI YACIAETCA OUCHDb
IMpUCTaJIbHOC BHUMAaHUE. I[J'IS{ OTOI'0 CYIIECTBYIOT, KAK MUHUMYM, TPU [IPUYHHBI. HepBaﬂ CBsi3aHa C UCHEPIIbIBAHUEM 10~
OBIYH JICTKOM He(i)TI/I. BTopa;[ o6ycn03neHa Ka4C€CTBCHHBIM CKAQYKOM B ITO3HAHWU I'COJIOT'MYCCKUX U (1)I/ISI/I'ICCKI/IX CBOWCTB
PE3EPBYaApOB TPYAHOU3JIICKAEMBbIX 3aI1aCoB. B-TpeTLI/IX, C pa3BUTUEM UHHOBALIMOHHBIX TEXHOJIOTHI CTAJI0 BO3MOYKHBIM
pa3pa6aTLIBaTI; MECTOPOKACHUSA HETPAAUIIUOHHBIX YITICBOAOPOAOB, K KOTOPBIM OTHOCAT TAXKEIYHO He(bTL, He(bTI/I HU3-
KOIIPOHUIIACMBIX CJIaHLEBbBIX MeCTOpO)KZ[eHHﬁ. ITnacTbr 0a)KEeHOBCKO# CBUTHI XapaKTEPU3YIOTCs HU3KOU HNOPUCTOCTBIO U
MPOHUIAEMOCTbIO, HEOAHOPOAHOCTBIO CTPYKTYPhI U COCTaBa, HAJIMIMUEM KEPOT€HOCOACPIKAIIUX BKJIIO‘{GHHfl, BBICOKOM
CTCIICHBIO aHU30TPOIIMKU U HU3KUM IIPOLECHTOM HU3BJICKACMbIX 3aI1aCOB. Bce 310 nenaer takue ruracThl 00BEKTOM HC-
CJICIOBAaHUs B IJIaHC ITOMCKa HOBBIX TeXHOJ’IOFHfI, KOTOPBIC NOJI’)KHBI YYUTBIBATh HeO6XOZ[I/IMOCTL HU3MCHCHUS CTPYKTYPhI
KOJIJIEKTOpa, B TOM YUCJIE €I0 (I)I/IJ'ILTpaL[I/IOHHO-eMKOCTHLIX CBOfICTB, OCYUIICCTBJIATHCA B IIpEACIax JIaBJICHUH U TeMIIepa-
TYp, OTBEHAOIIUX 30HE MaKCUMaJIbHOU reHepauuu. 9KCHepI/IMeHTaHBHOC HU3yUCHUC CBOWCTB KEporeHa, Kak OCHOBHOT'O
HUCTOYHUKA Z[OHOJ]HI/ITCHLHOﬁ reéHepaluu MOJABUKHBIX YITIEBOLOPOAOB, IIO3BOJISICT HE TOJIBKO 3aMKHYTh MAaTEMAaTU4YCCKYIO
MOJ€JIb, HO U YACJICHHO I[IPOrHO3UPOBATH BI)I60p HanboJIee ONTUMAaIbHBIX MCTOI0B pa3pa60TKI/I, OIrpasiChb Ha OIIBIT CO-
HE€TaHHs BOJIHOBBIX, TCINIOBBIX U XUMHYECKHUX MCTOI0B paBpa6OTKI/I TpaJAUIUOHHBIX MeCTOpO)KHGHPIﬁ. ABTOpI)I CTaTbu
TIPOBEJIU aHaJIN3 TEKYIECTO COCTOSIHUS UCCIIEJOBaHU A HU3KOIIPOHUIIAEMbBIX KOJJICKTOPOB, J'Ia60paT0pHLIX OKCIICPUMEHTOB
110 Pa3JIOKCHUIO KEPOI'€Ha U reHEpalun TTOJIBVDKHOM yl"J'[eBOZ[OpO,I[HOﬁ (baBLI. briuta NOCTpOCHA MaTeéMaTuieCKasi MOACJIb
C y4u€TOM (bI/I3I/IKO-XI/IMI/I‘IeCKI/IX IIPOUECCCOB, IPOUCXOAAIINX 101 BO3Z[CﬁCTBI/I€M TECIUIOBBIX BOJIH U BOJIH BBICOKOI'O J1aB-
JICHUSI, BOSHUKAOIIWX B IUIACTE MPU MPUMEHEHUN TEPMOXUMUYCCKUX METOLOB.
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BBenenue

Ha cerogusimiHuil AeHb aKTyalleH, KaK HUKOI/A, IMOUCK
HOBBIX 3()()EKTUBHBIX METOIOB Pa3pabOTKU MECTOPOIKIC-
HUH TPYIHOM3BJIEKACMBIX YIIICBOAOPONOB. M3 MHOXKECTBa
MPEUIOKCHHBIX TEXHOJIOTMYCCKUX PEIICHHI YaCTh, I10 CYTH,
MTOBTOPSICT MOAXOJbI K Pa3pabOTKe TPATUIIMOHHBIX KOJIICK-
TOPOB C HEOOJIBIIUMH MOIUGHUKAIMSIMUA B MOCIICI0BATCIIb-
HOCTH IPOM3BOAUMBIX onieparuid. YacTs HAXOMUTCS B CTAIUU
armpoOaIiu, UCIOIb3YETCS JJIs OTCIIbHBIX BUIOB PECYPCOB,
HaIpuMep TSDKEITbIX HeTel, 1 HeT J0CTaTOYHON BBIOOPKH 110
pe3yibTaraM BO3JCHCTBUS Ha TUIACTHI IPYroro TUIA, HApH-
Mep, CIa0OIPOHUIIAEMBIX C KEPOTCHOBBIMHU BKJTFOUCHUSMHU.

Jist pa3paboTKH CIIabOPOHHUIIACMBIX TIACTOB OIIPOOY-
FOTCSI B OCHOBHOM METO/IbI MHOKECTBEHHOTO THIPOpa3phiBa
IJ1aCTa, METOAbl BHYTPUILIACTOBOTO TOPCHUS M KOMILICKC-
Hbie MYH, coueraromue B ceOe TCIIOBBIC U TCPMOXHMH-
YeCKHE METOMBI. [IpH 3TOM «COBPEMEHHBIC MHHOBAIIMH,
npeasiaraeMbie I TPYIHOU3BICKACMBIX YIJICBOIOPOIOB,
HE HaIlpaBJICHBI HA MOUCK KapJUHAIBHO HOBBIX METOIIOB
BO3IICHCTBYS Ha IJIACTHI, HO B CBOCH OCHOBE MCIIOJB3YIOT
0co0bIC CBOWCTBA M KAa4eCTBA MOPOJbI U HACHIMIAIOIIUX
(GIrOUI0B, B TOM YHCIE YUYHUTHIBAIOIINX T'C€HEPAIUIO JO-
MOJHUTEJIBHBIX YIJICBOJAOPOIOB B KOJUICKTOpaX, M3HAYATIHHO
HMEIOIIUX MaJblii 00bEM MOABIKHON HEedTH.

GEORESURSY

He uckitouenrem U3 JaHHOW TEHACHUMU OKa3bIBAeTCs
U APYTOH BUJ TPYAHOH3BIEKAEMOTO CBHIPBS, KOTOPOMY IIO-
CBsILIIEHA HACTOsAIIasi paboTa, U U3 KOTOPOTO CKIIAJbIBACTCS
OTPOMHBIN 00BEM MHUPOBBIX 3aIacoB YTJIEBOJIOPOJOB, a
TaK)Ke MOTEHINAIBHBIX 3amacoB Poccru, a IMEHHO 3a1macos,
COCPEIOTOYCHHBIX B KEPOTEHOCOIEPIKAIIUX KOIJIeKTopax. B
9Ty TPYMITY BXOJSAT MECTOPOXKICHUS 0aKEHOBCKOM U IPYTHX
HeTera3oMaTepUHCKUX CBUT.

Oco0eHHOCTh paccMaTpUBAEMbIX 3aJIeKei COCTOUT B
TOM, YTO COJICPIKAIIMUICS B COCTaBe UX IJIacTa (B TBEpAOH
(haze) keporeH obsagacT HePTEreHePAIMOHHBIM TOTCHIIH-
aJioM, 3a CYET KOTOPOT'0 CIIOCOOEH MPHU HEKOTOPBIX OIpe-
JIETICHHBIX YCJIOBUSAX MPeoOpa3oBHIBATHCS B TOJBUKHBIE
yIIIeBOAOPOABI. B mpupozae naHHBIN MpoLecc IPOUCXOINUT
CaMOIPOU3BOJIBHO B MacmTabax reoJoru4eckoro BpeMe-
HU (MUJUTHOHBI JIET) 32 CUET MOCTENECHHOI'O YBEIWYCHUS
JaBICHUS M TeMIepaTyphl MPU OCAJKOHAKOIICHUU U
COINPOBOXKAETCSI PA3HOOOPA3HBIMU MEJICHHOTEKYITUMH
(ha30BBIMH MEpPEX0OJaMH ¥ XUMHUYCCKUMHU PCAKIMSIMHU, Ha
XOJ KOTOPBIX KPOME BCEro MPOYEro OKa3bIBAIOT BIUSHUE
MUHepaJbHas COCTABIAIONIAs IIacTa, 0AaKTepUU U IpyTue
aneMeHTH! cpenbl. OHAKO MOTyYeHHEe JOTOIHUTEIBHOIO
NPUTOKA U3 KEPOTeHa BO3MOXKHO U B 00Jiee KOPOTKHE CPOKH
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P UCKYCCTBEHHOM BHeNTHeM Bo3aericteuu (Kapmos u nip.,
1998; Bonkos u ap. 2016). [To3ToMy O4eBUIHBIM OKa3bIBa-
€TCsI BBIBOJ| O TOM, YTO IJIABHO¥ 3a/aveii mpu pa3paboTke
00Cyk/1aeMOr0 KIIacCca MECTOPOXKICHUN SBISCTCS JOOBIUA
UX MOTCHIIHATBHBIX 3aIIACOB, COKPHITHIX B KEPOTCHE U HE
YYTCHHBIX IPH MMOJCYCTE TCOJOTUIUCCKIX 3aIacoB.

Teopernueckne 0OCHOBBI U
IKCIEPUMEHTAJIbHbIE HCCJIeI0BAHUSA

pasnokeHus1 TBepaAbIX YB

J1s monydeHust yriieBoI0pOI0B U3 OPraHUYECKOTO Belle-
CTBa KEPOTCHA B MacInTadax peaibHOro BpeMEHH HEOOXOIUMO
JIOTIOJIHUTENIbHOE BHEIIHEee BO3/AEHCTBUE HAa KEPOTrEeHOCO-
JIeprKallylo Mopoy, KOTOpoe, Mo MHEHHIO HcclieaoBaTenei
(Hecrtepos u ap., 1993 a; baxxenosa u np., 1993), cocrour B
00€CIICYCHUH YCIIOBHI TIOBBINICHHOM TEMITEPATYPHI B IJIACTE,
nopsiaka 300-520° C, a TakxKe HaITMYUIO B CTPYKTYPE MOPOBO-
T'O MIPOCTPAHCTBA CUCTEMBI TPEIIHH, 00CCIICYMBAOIIIX Ty TH
MUTpaIy 00pa3yFOIIUXCs MPOAYKTOB PA3IIOKECHUS KEPOTCHA
(Hecrepos u mp., 1993 a; 1993 6; KopoBuna u np., 2013). B
MIPOTUBHOM CITy9ae TeHEePaIus )KUAIKIX YIIIEBOIOPOIOB U3 Ke-
pOTEeHA TOPMO3HTCS BHE 3aBUCUMOCTH OT YPOBHS TEMIICPATyP
(Koposuna un nip., 2013) n naBnennii (Hecrepos u nip., 1993 6).

B toxe Bpems B pspe pabor (Koposuna u ap., 2013;
KaroxoBa u np., 2013; Bomsd, Ilerpos, 2006) ormeuaercs
(akxT hopMHPOBAHUS WU YBEIHUCHHS PA3MEPOB M KOJINYEC-
CTBa MUTPAIOHHBIX KAaHAJIOB U MOP B PE3yJIBTaTe TCPMHUC-
CKOT'O BO3JICHCTBUS Ha KEPOTEHOCOAEPIKAILUE TTOPOBIL.

O06o00mIas pe3ynbTaThl HCCIIEJOBAaHUN B 3TOH 007acTH,
HY’KHO yKa3aTh, 4YTO MPOIECC MPeoOpa3oBaHus OpraHuye-
CKOTO BCIIECTBA KeporeHa OE3yCIOBHO CBSI3aH C TEPMO-
JTUHAMUYECKUMU YCIOBHIMH (TEMIIEPATypPOH, CKOPOCTHIO
HarpeBaHus, pasMepamu (GOpMaInuii KEPOreHa, HATHIUEM
KHCJIOPOJIa B COCTaBE KEPOTCHOCOICPIKAIIMX TTOPOT U JIP.)
Y B 3aBHCHMOCTH OT HUX MOXET IPOTCKATh O-PA3HOMY.

B MupoBoil npakTuke Ha CErOJHSIIHUI J€Hb peau3y-
FOTCSI B OCHOBHOM TEILJIOBBIC METOJIBI B COUYCTAHHU C THIPO-
Pa3pbIBOM IUTACTa M OYypPEHHUEM TOPH30HTAIBHBIX CKBAXKUH.
ImaBHOM 3a7a4ell TaHHBIX METONIOB SIBISICTCS Pa30TPEB IO-
PO ¥ YBEIMYCHHE UX MPOITyCKHOI criocooHoCcTH. B Poccun
HauOoJIee MePCIIEKTUBHBIM CUUTACTCS TEPMOTa30BEIi METO/I,
MIPUMCHSCMBIA CETOMHS Ha 3ajJeKaX 0a)KCHOBCKOW CBHTHI.
MeToq cOMOCTaBUM C BHYTPUILTACTOBBIM TOPEHUEM, OTHAKO
BMECTO TIPOIIECCOB TOPCHUS BKITFOUACT B CeOsl PeaKIUU HH3-
KOTEMIIEPaTypHOTO OKUCIICHUS.

Bce npuMeHsieMble TEXHOJIOTHHU B OOJTBIIICH FITH MEHBIIICH
CTEIICHU MOTYT COMPOBOXKAATHCS MPOIIECCAMH TeHEPAIUU
YIJIEBOIOPO/IOB U3 KEPOTreHa.

OjHAKO, 3a9aCTYF0, ABTOPBI IIPH OITMCAHHUHU CYIITHOCTH TEX-
HOJIOTUH OCHOBHOM 3a/1a4eii CTaBAT JOOBITY MAJIOTIOBHIKHBIX
YIJI€BOJIOPOAOB, COCPENOTOYEHHBIX B HU3KOMPOHUIIAEMON
MaTpUIE PacCMaTPUBAEMOTO THIIA MOPOJ, a HE MPOICCCHI
reHepanuu. JlaHHas cuUTyanus BBITEKAaeT M3 MPOOIEMBI TH-
JIPOJUHAMHUYCCKOTO OMUCAHUS (GHIBTPAIUU B YCIOBHUIX
KEpPOTeHOCOIEPKAIUX KOJIIIEKTOPOB.

MaremaTudeckoe onmrcanue MHOroda3sHon GpuiIsTpauu
B KEPOTCHOCOACPIKANINX KOJUICKTOPaX, OPraHU30BaHHOU
B XOJI¢ pa3pabOTKH ¢ MPUMEHEHHEM KaKOT0-TH00 METO/Ia,
OCJIOKHSIETCSI HE0OOXOJUMOCTBIO y4eTa 0COOEHHOCTEH co-
cTaBa IMOPOJI M MPOTEKAIIIUX B HAX IIPOIECCOB, HAIPUMED,

M.N. Kravchenko, N.M. Dmitriev, A.V. Muradov, N.N. Dieva, V.V. Gerasimov

TaKHMX KaK MPUTOK MOABIKHOM (a3bl, yBelInueHHE 0ObeMa
ITOPOBOTO MPOCTPAHCTBA, U3MEHEHUE (PUIIBTPAIMOHHO-EM-
KOCTHBIX CBONCTB U TEPMOJUHAMUYECKOTO COCTOSIHMS CH-
CTEMBI B LI€JIOM 3a CUET MOIIOUICHUS U BBIACICHUS YHEPTUU
pH (PU3UKO-XMMHUYECKHX PEaKIMsIX Iepexoja KeporeHa B
YIIIEBOAOPO/BI U IPYTHE.

[enbro HaCTOAIIEr0 UCCIETOBAHUS SABISUIOCH CO3AAHUE
MaTeMaTH4ecKoi Monenu MHorodaszHoi ¢uiubTpanuu B
CJIOKHOTIOCTPOCHHOM aHH30TPOITHOM IUIACTE, KOTOpast Obl
YUUTHIBaJIa HATMYHME B HEM (PU3UKO-XUMHUYECKHX PEAKLIUN U
JIOTIOJTHUTENNBHOTO MIPUTOKA YIIIEBOAOPOIOB 3a CUET FeHepa-
LMY UX U3 KEPOTeHa.

[enepannoHHast CIOCOOHOCTH TSKENBIX YIJICBOIOPOIOB
MOJKET OBITh OIEHEHA M C TOYKH 3PEHUS OLIEHKH TEPMO-
JMHAMHYECKOTO MOTEHIMaa KaK MEpbl METaCTaOMIbHOCTH
TSKEIBIX YIIIEBOAOPOJOB. BO3MOKHOCTE pa3iokeHUs TsKe-
JIBIX YIJIEBOIOPOIOB XapakTepusyercs: (pa3oBoil auarpamMoit
P-T. IlocTpoenue (a3oBoil AuarpaMMsbl U €€ aHAJIN3 JUIS
KEpOreHa, 1acT BO3MOKHOCTH OIICHUTH HanOoJjIee ONTHMaIIb-
HbIE BapUaHTBI BO3/EHCTBHS, €CIIU YCIOBHS PEaU3yeMOro
nporecca Oy/1yT OTBe4aTh 30HE METacTaOMIIHOCTH TBEPOH
(KeporeHoBOIt) (asbl.

ComtacHo auarpamMMe pasioxeHus keporeHa (Tucco,
Benbre, 1981), na nryounax Hwke 1000 M (mpu 1aBieHUN
nopsizika 107 TTa) keporeH npu TepMUYECKOMKOM BO3/ICHCTBUN
pasnaraeTcsl Ha JKUAKUE YITIEBOAOPOJBL, a MPH JABICHUSAX
nopsiaka 108 Tla yxe HaOIrOmAeTCs TOMBKO TEHEpalus rasa
U3 TBEPABIX YIIEIO0POIOB.

B pab6ote (Kapnos u 1p., 1998) usydasncst Bonpoc o pas-
JIO)KEHUU TSKEINBIX YITI€BOJOPOJOB HA METAH M TBEPJbIi
yIIEpO/] B 30HE BBICOKUX JIABJICHUN U TeMIiepaTyp. ABTopamu
OTMEUEHO, YTO B IIIacTax MpH TeMIepaTrypax B UHTEpBaJe
ot 170 no 230 °C mnepuoa nomypacnaaa TSKEIbIX yIIEBO-
JIOPOJIOB COCTAaBISICT BEIMUYUHBI MOPSAIKA [E0JIOrHUECKOrO
BpPEMEHH. JTO OTBEYACT IIyONHAM CKOIUICHHUS T€0JIOTUIECKU
CTCHEPHPOPOBAHHBIX HEPTH U TBEPIOTO yrieposa (1o 7 km),
U yriepoja B Iape ¢ yIIeBOJOPOAHBIM razoM (o 10 km),
yTo comtacyercs ¢ auarpammoint b. Tucco u JI. Bensne no
3alleTaHdI0 M COCTaBy IiactoBoro Quionaa. OnHako oT-
MeJaerTcs, 4To B AuarnaszoHe Temneparyp cebiiie 300-700 °C
YCIIOBHS pa3ioKeHUs TBEpAbIX Y B MoryT peanu3oBarhcs B
Oonee nIyOOKHX CIIOSIX MOPOA ONFIKE K MaHTHH, TIPH 3TOM
BpEeMS Pa3I0KEHUS MOXKET COKPATUTHCSA OT THICSY JIET 10
HECKOJIbKMX CyTOK. Temneparypsl B YB macrax 1o miyouH
10 7 km He nipessimatot 250 °C (Konroposuy, 1972). Tak xak
CKOpOCTH (ha30BOTO PA3IIOKEHHUS PE3KO BO3PACTAET C POCTOM
TEMIIepaTyphbl, 3TO 03HAYALT, YTO Ha ITyOHHaxX Oosiee 7 KM He
MOTYT CyIIIECTBOBATh METACTAOMIIbHBIC YIIIEBOAOPOBI — OHU
pasznararorcs Ha cMech Y B ra3oB u TBepblil yriepos.

Ha pucynxke 1 na P-T nuarpamme yrepona npuBeJeHbI
yrnoMsiHyThle pe3ynbrarsl (Kapnos u np., 1998) B nnanazone
BBICOKHX JaBieHuit (mopsiaka 10%11a) u remneparyp (mopsia-
ka 1000 °C): zamrpruxoBaHHasi 00JacTh OTBEYACT I'PAHHUIIE
30HBI METACTaOMILHOCTH TBEPIBIX YIJIEBOIOPOAOB. B 3T0M
e paboTe OTMeuaeTcs, 4To yKa3aHHasi 30Ha paBHOBecus: YB
KOppEJMpYeT ¢ JIMHNeH paBHOBecHs rpaduT-aimas (JTuHus 1).

Ha pucynke 2 nmoxaszana JHUS pa3zoBOro paBHOBECHS IS
VB (Kaprmios u 1p., 1998), koTopasi conocrasieHa ¢ JTHHHEH
paBHOBecus rpadur-anmas (o xoppensinun (Kpasuenko,
Hurmarynus, 1986), nocTpoeHHOH 10 SKCIIEPUMEHTAIBHBIM
nanHbM (Bundy, 1963)) u rutacToBBIMH YCIIOBHSIME CyIIIe-
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CTBOBAaHMs KepPOreHa B IUIACTaX BaXEeHOBCKOH  Puc. 2. P-T ouacpamma paznoscenus meepdvix yene6000pooos u anajius Kepo2ena nopoo

ceutsl (Tapacosa u ap., 2012).

badiceHoBCKoU caumbl. 1 — IUHUSA PABHOBECHO2O COCMOsAHUA 2padum-aimas. 2 — epanuya

Takum 00pa3oM, HETPAIUIMOHHBIE METACTA-  PA306020 PAGHOGECUs MEMAr — msdicenvle yene6000poobl. Ha exnaoke 6 pucynok uepnvim
OunbHBIE HeTeKydre Y B Bblllie 30HbI paBHOBECHs ~ OMMevend 06racme 06pazo6anust HCUOKOU Hegpmu, 201yObLM — 2eHepayust 230601 (asvl,

MOKHO CTHMYJIUPOBATh K PA3JIOKECHHUIO TOJIBKO
3HAUUTEIBHO TOBBIIIAS TEMIIEPATypPhl, CTHMY-
JUpPYsI IEPEXo]] KeporeHa B METacTaOMIbHOE
coctosiHue. Ilpu 3TOM sHepreTnyecknii Oapwep mepexona
MOXET OBITh PacCUMTaH IO PA3HUIC BHYTPEHHHUX YHEPTUil
TBEPIOTO M PA3IOKUBILIETOCS YIIIEBOLOPO/A.

MaremaTnyeckasi MoJeJIb U Pe3yJabTaThl

pacyeToB

[pemaraemas o0O1as MareMaTiyecKast MOZIENTb, OCHOBAHA
Ha MOCTyJIaTaX MEXaHWKN B3aMMOIIPOHUKAIONINX MHOTO(Da3-
HBIX KOHTHHYYMOB U aHAJIN3€ PE3YJIbTATOB TEOPETHUECKUX
1 3KCHEPUMEHTAIBHBIX NCCIEOBAaHUN Pa3HBIX aBTOPOB 10
M3YYEHHUIO TTOBEJCHUS KEPOTEHA MPU Pa3INIHBIX TepM0oOa-
PHUECKHX YCIOBHUSX!

& nep,s, yedin(ep, )=, ~J,

£ (0, (=0, }+ dir(1-0)p, w,)=J, + .
E s, )+ div(p,m,)=b.J,

& fa-mpJets by,

w, = —Mgmdpg; w, = _Mgradpm
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% Z%Pich +div Zwl.pl.cw.T :Zdiv(XigradT)+JWK

b/c :bK(T’p:cha), ki :ki(m)-

Il M — MOPHUCTOCTH; C — KOHIICHTPAIIHSI XUMHUIECKOTO pea-
TeHTa B BOJXHOM PAcTBOPE; S , S, — BOJIO- U HE(hTEHACHIIIEH-
HOCTb; W_,W, — CKOPOCTH (DMIIBTpaLMi BOJHOM 1 He(TAHOM
a3 cooTBeTCTBEHHO; J — CKOPOCTH M3MEHEHHS MAacCChI
XUMpEareHTa, pacXoaykomerocss Ha PEaKIuio PacTBOPCHHUSI

GEORESURSY

KOPUYHEBbIM — HANUYUS 8 NAACE KEPO2EHd, 3€NeHbIM 0003HAUeHa 00aACmb NAACTOBbIX
daenenull u memnepamyp, omeeuarowux baxcenoeckou ceume.

HOPOJIbl, B €MHMILY BPEMEHH; J, — CKOPOCTB IIPHTOKA BOJXHOM
(a3bl IpH PaCTBOPEHHUHU TTIOPOJIBI M PA3IOKEHNH KEPOreHa, B
€IIMHMILy BPEMEHH; J, — CKOPOCTh IPUTOKA MACChl KOKCOBOH
YacTH MOPOJIbI IIPH PA3JIOKEHNUH KEPOTeHa, B €IMHUILY BpeMe-
HHU; b — QyHKIHS, CBA3BIBAIOIAS KOJIMYECTBO IIOTPaYEHHOTO
XMMHYECKOTO peareHTa ¢ KOJMYECTBOM 00pa30BaHHBIX M3
KeporeHa yrieBooposoB; k —abconroTHas IIPOHUIIAEMOCTh;
k. (i=6, 1) — OTHOCHTENbHbIC POHUIIAEMOCTH BOJIbI U HEDYTH
COOTBETCTBEHHO); |, [ — BA3KOCTH BOJIBI M HE(TH COOT-
BETCTBEHHO; 0, — 00beMHas KOHLeHTpauus (a3 mwis i=s, u,
K, 4TO COOTBETCTBYET BOJIE, HE()TH 1 TBEPOI YaCTH TIIACTa;
p;~ ICTHHHAs IJIOTHOCTH (ha3 Juis i=6, i, K, (BOABI, HEYTH U
TBEPJION YacTH MacTa); ¢, — TEMIOEMKOCTh (a3 s i=s,
H, K, (BoIbl, HE(TH W TBEPIOH YacTH Imiacra); A, — Temio-
MPOBOIHOCTh (a3 Juisi i=6, H, K, (BOJABI, HEPTH U TBEPIOU
YacTH IU1acTa); J — MHTEHCHBHOCTH Pa3JIoKEHHs KepOreHa;
W_ — oHeprus, BHUIENAIOMAACS NPH Pa3I0oKEHUH KeporeHa
Ha €IMHUILY MacChl Pa3JIOKECHUSL.

AHaJIM3 UMEIOIUXCS HAa HACTOSIIIUKA MOMEHT IIPOMBIC-
JIOBBIX M 9KCIIEPUMEHTAIBHBIX PE3YIbTATOB NCCIIEJOBAHUI
KEpOreHa U JaHHBIX, UCII0JIb3yEeMBbIX IPU YUCIECHHOM MOJIe-
JUPOBAHMH, TOKA3aJ OTCYTCTBHUE €JAMHOTO IPEACTABICHUS
0 KMHETHKe He()TereHepallMHHbIX peaKuil.

HWcxons u3 aHanm3a pazoBoii quarpaMmbl KEporeHa, aBTo-
paMu KMHeTHKa (ha30BOTO0 Iepexo/ia pa3iokeHus TBepabix YB
ObLJ1a 33/1aHa [10 TOMY K€ ITPUHIIHUITY, YTO U KHUHETHKA (pa30BOTo
niepexoya rpadur-aiamas (Kpasuenko, 1990).

Ha nepBom srarne Obl1a mocTpoeHa yrpolieHHas n30Tep-
MHUYECKasi MOJIeNIb MHOTO(a3HOH (QMIBTPALMH ¢ KHHETHKON
XMMHYECKOH peaKIiy JIMIIb Ka4eCTBEHHO 33/1at0IIeH Iepexo]
KEporeHa B )HIKHE YIJIEBOJOPOAbI MyTEM y4eTa B MOJIEIN
HaJIMYUS] XUMUYECKN aKTUBHOTO areHTa, 00ecIeunBaroniero
3alyCK peakluy pasiiokeHus keporena (Bosbrnuu u ap.,
2010). Takast MozieTh IIO3BOJIIIIA IIPOAHATU3UPOBATH OCOOCH-
HOCTH (pHIIBTpALINU B YCIOBUSIX YBEIUUCHHUS TIOPUCTOCTH, U
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00pa30BaHusI TOMOIHUTEIBHOTO MPUTOKA JKUAKOH HeTH 32
CYCT CTCHEPHPOBAHHOMN M3 TBEPIOU KEPOTCHOBOW MATPHIIBL.

JlocTaTouHO OOMIMPHBIA OJIOK BXOIHBIX ITapaMETPOB
MOJICITU TIO3BOJIWIT BBIIBUTH 3()()EKTHI B3aMMOCBSI3U XapaK-
Tepa MOJIyYaeMbIX B pPE3yJIbTaTe BO3JACHCTBUS (Criocoda pas-
pabOTKH) MPOMBICIIOBBIX BBIXOIHBIX JAHHBIX (CyMMAapHBIH
00BbEM JIOTOTHUTEIEHOTO TIPUTOKA, BPEMS €T0 JOCTIKCHUS ) C
mapamMeTpaMu, OTPaKarIUMHE CBOIMCTBA I1acTa (HarpumMep,
He(TEereHepaIlMOHHBIA TTOTEHITMANI KepOreHa) U Ipolecca
(hiroMIOBBITECHEHUS (HAPUMED, CKOPOCTH MPOJIBUKCHUS
(dponTa daz). B yactHocTH, OBLTH OIIPEICICHBI 3aBUCUMOCTH
BPEMEHHU Pa3JIOKCHUSI BCE MacChl KEPOTeHA, YTO COOTBET-
CTBYCT peaM3alliy MOJHOTO MOTCHIIMAIA KEPOTCHA B 3aBH-
CHUMOCTH OT CKOPOCTH MPOIIECcCa PAa3IOKEHUS U OT CKOPOCTH
3aKa4yKH aKTHBHOTO arcHTa B IUIACT. Takke ObLIa BBISABICHA
JMUHAMWKA H3MCHCHHS TIOPOBOTO MPOCTPAHCTRA, BIUSIOIIAS
HA M3MCHCHHE MTPOBOAMMOCTH.

Cremyronmm 3TaroM MOJICITUPOBAHUS ObLIIO TPOBEICHUC
psina pacyeToB (MaTeMaTHYECKHX IKCIICPUMEHTOB), IEIBIO
KOTOPBIX SIBJSUIOCH OTCJIC)KUBAHHUEC JTUHAMHKH pac-
MPOCTPAHCHHS B IIACTE BOJH JABIICHUS M TCMIIC-

parypsl, CTUMYITHPYEMBIX ITOCPEICTBOM BOJTHOBOTO "g i:g
TEPMO-Ta30-XUMUIECKOTO Bo3siekicTus (Bombmunu £ 4,0
Ip., 2014) ¢ ucnonb3oBaHueM OMHAPHBIX cMecel (Ha é 3,5
OCHOBE HUTpaTa aMMOHHsT). Mojientb mossoniia ore- @ 3.0
HUTh JUAINA30HbI 3HAYCHUI MapaMeTpoB Mpolecca 3 2,5
(maBneHwMit, 00bEMOB 3aKaYNBAEMBIX PEATUPYIOLICH U g ig
OydepHOIt KHUIKOCTEH, YIaTICHHOCTh 30HBI PEAKIIUU % 1:0
¥ JIp.) IPH Pa3IM4HON OpraHu3allki BO3IEHCTBHA, 2 g5
3HAHHUE KOTOPBIX HEOOXOMMMO JUist obecrieuenns 6e3- & 0,0
OMacHOTO peskuMa NposejieHns pabot. C nomompio &

MOJICITA MOKHO «HAOITFOIAThY BOHUKHOBEHHE B IIPO- §

CTPaHCTBE 30H CHOPMUPOBABLIETOCS GUIBTPALMOH-  §

HOT'O MOJIsA, ¢ YUCTOM aHHU30TPOINHU PACIIPCACIICHUS
(bHHLTpaHI/IOHHO-eMKOCTHI)IX CBOﬁCTB, a TaKXKC Us-
MCHCHUS MMOPUCTOCTHU U a0COIIIOTHOM mpoHUIIaEMO-
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OTHenbHO NMPOBEACH aHATU3 M3MEHEHHS TCIUIOBBIX
[apaMeTpoB MOPOABI NP HACHIICHUH €€ PasHBIMU (IIIOu-
JTaMHF, Pe3yIIbTaThl KOTOPOro yuTeHsl B Mojenu (Puc. 3). Ha
pHCYHKE 4 TIpHBEICHBI pe3yabTaThl CPAaBHEHHS CKOPOCTEH
PacIpOCTpaHEHUS BOJIHBI JaBJICHHS, BOJHBI HACBHIIICHHUS U
TEIUIoBOM BONHBI. Kak BHANMM, DaBlICHHE yCTaHaBIMBACTCS
B IJIACTE 3HAYHUTEJIBHO ObICTpee ABYX APYruxX (pOHTOB.
[TosTOMY MO’KHO paccMaTpUBaTh BOJIHOBYIO M TEILIOBYIO 3a-
Jady HOCIIeJ0BaTeIbHO.

I[TpoBezneHO cpaBHEHHE PE3YIBTATOB (GUIIBTPALIN B HHEPT-
HOM IUIACTE U B KEPOT'€HOCOIEPIKALIEM IIACTE C YIETOM IIPO-
[IECCOB Pa3JIOKEHUS KepOreHa ¢ 00pa30BaHUEM MOIBIKHBIX
yrieBogoponos (Puc. 5).

[IpoBeneHBl pacdeThl, MOJACIHUPYIOMINE pealbHbIC
IIPOMBICIIOBBIE AKCIIEPHUMEHTHI 110 CTHMYJIHPOBAHHUIO He-
dTenpuToKa IMyTeM TEPMOXHMHYECKOrO BO3JEHCTBHS Ha
HEKOTOPHIX HE(TIHBIX MECTOPOXKACHUAX. Pe3ynbrarTsl
MOJIEINPOBAHMS IIOKAa3aJIl Ka4eCTBEHHOE COBIIAJICHHE C
pe3ysbTaTaMy PeajbHbIX TPOMBICIOBBIX IKCIICPUMEHTOB;

-
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MopucrocTs, 4. eq.

HedTb c Bogo# (s=0.2) ——HedTb c BOAOH (5=0.7)

—e— Bo3gyx

CTH B XOJI€ IIPOTCKAaHUs PECaKIIuH Hpeo6pagoBaHHg Puc. 3. Obvemnas mennoemkocmo necuanuxa, HACBIUWEHHO2O PA3ZHbIMU qba3aMu, 6

KEPOreHa B )KUJAKHUEC YIIICBOAOPO/bI.

3asucumocmu on nOPpUCmMocmu.
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Puc. 4. Cpasnenue ckopocmeli pacnpocmpanerus 8011 0A61eHUs (3eNeHAsl TUHUA), HACLIWEHUs (CUHAS) U Menio6ou (KpACHAs) 8 HACLIUWEeHHOM

ninacme (8pems 6e3pasmepHoe).
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Puc. 5. Juuamura uzsmenenus HakonieHHou 006blyu Hehpmu npu
BbIMeCHeHUU €€ BOOHbIM PACMEOPOM XUMUUECKU AKMUBHO20 Ge-
wecmea a) 6 niacme, cooepiicaujem Kepoeer, 0) u 6 niacme He3
yuema pasznodceHus Kepo2end.

000CHOBAH CTAJAMIHBIN IMOAX0/ K aHAJIU3Y MOJIEIUPYEMO-
ro TeXHOJOTHYeCcKoro mpoiecca. Ha ocHoBe 0000MmeHuUs
TEOPCTUUCCKUX, DKCIICPUMEHTAJIbHBIX U MPOMBICITIOBBIX
HCCJIEIOBAHUN 110 BOJIHOBOMY, TEIIJIOBOMY U B3PBIBHOMY
BO3MEHCTBHIO HAa KEPOTeH 000CHOBaHA BO3MOXHOCTH 3(-
(l)eKTI/lBHOFO MNPUMEHCHUA METOAOB TEPMO-Ira30o-XuMHU4YeC-
CKOTO BO3/ICHCTBHS HA KEPOTCHOCOICPIKAIINE TIACTHI TUIIA
6axeHoBckoii ceuthl (Dieva et al., 2015).
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Innovative Development Methods of Kerogen-Bearing Reservoirs that Promote QOil

Generating Potential

M.N. Kravchenko, N.M. Dmitriev, A.V. Muradov, N.N. Dieva, V.V. Gerasimov

Gubkin Russian State Oil and Gas University, Moscow, Russia

Abstract. In recent years, a very close attention is paid to
the problem of search for development methods of Bazhenov
Formation. For this purpose, there are at least three reasons.
The first deals with the exhaustion of light oil. The second
is due to a quantum leap in the knowledge of the geological
and physical properties of reservoirs with reserves difficult to
recover. Thirdly, the development of innovative technologies
made it possible to develop deposits of unconventional
hydrocarbons, which include heavy oil, oil of shale fields
with low permeability.

Layers of the Bazhenov Formation are characterized by
low porosity and permeability, heterogeneity of structure
and composition, the presence of kerogen inclusions, high
degree of anisotropy and low percentage of recoverable
reserves. All this makes these layers to be the objects of
study in the search for new technologies, which should
take into account the need to change the structure of the
reservoir, including its reservoir properties, to be carried
out within the pressure and temperature corresponding to
the zone of maximum generation. Experimental study of
the kerogen properties, as the main source of additional
generation of mobile hydrocarbons, allows not only to close
the mathematical model, but also to numerically predict
the choice of the most optimal methods of development
based on the experience of the combination of the wave,
thermal and chemical methods for the development of
conventional fields.

The authors conducted an analysis of the current state
of research of low-permeability reservoirs, and laboratory
experiments on the decomposition of kerogen, generation
of mobile hydrocarbon phase. A mathematical model was
built based on physical and chemical processes occurring
under the influence of heat waves and high pressure waves
generated in the reservoir when using thermochemical
methods.

Keywords: unconventional hydrocarbons, kerogen,
thermochemical methods, decomposition kinetics,
mathematical modeling
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