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Ha ocHOBe HEOPraHMYECKOH KOHIEMIHN POUCXOKACHNS HETH PaCCMOTPEHbI B3aHMOOTHOIIICHHS TBEPABIX (a3
KEPOTCHOB YEPHBIX CIAHIEB U JKUAKOIl HeGTH B (QU3MKO-XUMHYECKHX YCIOBUSIX TUITHYHON re00apoTepMbl Ha IIeIb-
(e MeKCHKaHCKOTO 3a11Ba. B yCcIoBHAX BRICOKOTO ()IIOMIHOTO JaBneHus aByokucH yriaepona (CO,) ¢ oHMKeHHEM
TeMIIepaTyphbl U JIaBJICHUs BOJOPO/IA TIPOUCXOAUT MpoIiecc TpaHchopMannu HedTH B KEPOTEHBI PA3INYHON CTEIICHN
«3penocTn» (perpeccuBHbI MeTamMopdusm). [eHepanus keporeHa B IOpPo/Iax YEPHBIX CIIAHIIEB MPOTEKAET MyTEM I0-
CIIEZI0BATEIILHOTO MEPEX0/ia Yepe3 MeTacTabUIIbHbIC PABHOBECHS )KUIKOW HE()TH 1 TICEBIOKPUCTAIIINYECKUX KEPOTCHOB
(dazoBoe «zamepzanue» HedTH). Bocxomsamas Mmurpamus yriaesonopoaos (Y B) HedTsSHBIX Qarona0B, 0TYETINBO (HK-
cHupyeMasi B Ipolieccax BOCIOIHEHHUS 3a1acoB He()TH B HEQTAHBIX 3aJIe)kKaX, CIBUTACT paBHOBECHE HE(PTH <> KEPOIeH B
CTOpOHY 00pa30BaHus KEPOreHa. DTO MPOUCXOIUT IIPH MOHMKEHHH XUMHYECKOTO MOTEHIIHaIa BOJOPO/ia B Pe3yibTare
MPOLIECCOB BHICOKOTEMIIEPATYPHOTO KapOOKCHIIMPOBAHUS U HU3KOTEMIIEPATYPHOH THApPATAIIMH KOMIIOHEHTOB He(TH C
00pa30BaHUEM «3PEIIbIX» U KHE3PEJBIX» KEPOreHOB COOTBETCTBEHHO.

PaccmotpeHs! (ha30Bble B3aMMOOTHOIICHHUSI YEPHOCIAHIIEBBIX KEPOr€HOB U JKHIKOH HE(TH B IMIOTETHYECKHX
YCIIOBHUSIX BBICOKOTO (DIIFOMIHOTO JaBieHust YB reHepupyIONMXCs B PEKUME TeOTMHAMUYECKOTO CHKATUS CHITMKATHBIX
0001104k 3eMITH B PE3yibTaTe Pa3BUTHS ITyOWHHOTO MIEIOYHOTO MarMaTi3Ma. OOOCHOBBIBACTCS, YTO CHIKCHHUE JIaB-
JICHHS BOJOPOJIA B cUCTeME Oy/ieT MPUBOAUTE K TpaHC(hOopMaIy BOCXOASAIIHX GionaHbIX VB B jKHAKYI0 HEDTH, a Tpu
nogseme Y B GronoB K moBepXHOCTH paBHOBecHe Y B <> He(hTh <> KeporeH OyneT cIBUraThCs B CTOPOHY 00pa30BaHUS
HedTH M KeporeHa. [TokasaHo, YTO KaK B T€OJMHAMHYECKOM PEKUME CIKATUS, TaK M B PEKUME PACIINPEHUS MAaHTHU
u xopsl, pukcanus CO, u rHApPaTaMA ABIAIOTCS OCHOBHBIMU F€OXMMHYECKHMH Iy TAMH TpaHchopmaunn YB nedTu
B KEPOTCH H, CIIE/IOBATEIILHO, MOIIHEHIIIUM Ie0JIOrMYECKUM MEXaHH3MOM 00pa30BaHUs YePHOCTAHIEBBIX (OpMAIIHii.

KutroueBble ¢J10Ba: XUMHYECKHUE TOTSHIHAIIBI, (h)a30BbIE THATrPaMMBbl, METACTA0HIIbHbIC PABHOBECHS, YTIICBOIOPO/IB,
(ronypl, HeTh, KEPOTEH, YepHBIC CIIAHIIBI, BOCIIONHEHHE 3aJICKEH, perpeccuBHBIN MeTamopdusM, dpukcanus CO2,
THApATalus
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GEORESURSY

BBenenue

[Tpoucxox/eHre U HBOJIOLMS YITIEPOAHOTO BEIIECTBA
OpraHO-MHUHEPaJOrHYeCKUX acCOLUAIHil, IUPOKO MpPe]-
CTaBJICHHBIX JaXXC B APCBHUX ApXCﬁCKHX T'€OJIOTNYCCKUX
noponax (Alleon etal., 2019), sBistrorcst pyHIAMEHTATBHBIMU
npobaeMamMu. DTU MPOOIEMbI HAIILIH CBOE OTPAYKEHUE B allb-
TEPHATHBHBIX KOHLEMIHUIX 00pa30BaHus HEPTU U KeporeHa
YEepHBIX CJIAHIEB, U OKAa3aJMCh OCOOCHHO aKTyaJbHBIMHU B
MOCJIE/THAE HECKOJIBKO JIET, B CBSI3U C TEM, YTO YEPHBIE CIIAHIIBI
cTayu 00beKTaMHu KoMMepueckoi 7o00bran. CortacHO Hanbo-
Jiee TPU3HAHHON 0CaJI0UHO-MUTPAIMOHHON («OMOTEHHONY)
KOHIICMIINH, 00pa3oBaHue HEPTU B YIIIEPOJHBIX «MaTePHH-
CKHX TOpojax» o0yCIOBIEHO AereHepalnei (KarareHe3om)
KeporeHa U OuTyMma B YCIOBHUSAX MOBBIIICHHUS TEMIIEPaTyPhI
U YBEJIMYCHUS TyOUHBI 3aXOPOHEHUS B 0CaJI0UHbIX Oaccei-
Hax (I'yokun, 1975; Tucco, Benbre, 1981; Iletpos, 1984,
BaccoeBuu, 1986; Hunt, 1996; Tissot, 2003; KonTopoBuu,
2004; Vandenbroucke, Largeau, 2007; Bjerlykke, 2015).
Cunraercs, 4To (OCCHIM3MPOBAHHOE OPraHUYECKOe Bellle-
CTBO — BaKHEHIINI, U, CKOpee BCEro, €AMHCTBEHHBIN UCTOU-
HUK He(pTH B 3eMHON kope (KonTopoBud, Brrimemupckuid,
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1997; Curiale, Curtis, 2016), a cam miporiecc reHepariu HeTu
IPOUCXOJUT B INIaBHOW (aze (30He) HedTeoOpa3oBaHUs
(«nedTssHOM OKHe») ipu Temriiepatype ot 80 no 150-180 °C
NyTEeM TEPMHYECKOTO M KAaTaJTUTUYECKOI'0 «KPEKUHIa»
KeporeHa 1 OuTyma ¢ 00pa3oBaHHEM HU3KOMOJICKYJISPHBIX
xommoreHtoB Hetu (Tucco, Benbre, 1981; Kontoposuu,
Menenesckuii, 1988; Hunt, 1996).

B ¢ynnamenranbHoii pabore Puuyapna Xenrecona c co-
aBropamu (Helgeson et al., 2009) npuBoauTCst TepMOIHHA-
MHUYECKOE 000CHOBAHUE F€OXUMHUYECKOW U I'eOJIOTHYECKOi
aJbTEPHATUBBl TPAJULUOHHON HEPABHOBECHOU «KPEKHHI»
napajgurme renepaiuu HeTi B yIJIEBOIOPOIHBIX «MaTePHH-
CKUX» TOpojax. JTON aJbTepHATUBOMN SBIISAETCS HEKOHIPY-
9HTHOE IIJIaBJIEHUE KEPOTreHa C YBEINYEHHEM [ITyOUHbI 3aX0-
POHEHHsI OPraHNYeCcKoro BeliecTBa. PaBHOBeCHbIE (a30BbIe
B3aMOOTHOUICHHS HEQTH, ONTYMOB ¥ KEPOTCHOB Pa3IMYHOM
CTEIICHU OKUCJICHHS, IPUBE/ICHHBIE B 3THX pacyeTax, paccMa-
TPUBAIOTCS HA OCHOBE 0Ca04YHO-MHUIPALIOHHON KOHIICIIIINT
HaTHIOreHe3a, 1 PEJIIoaraeTcsi, YTo CO3peBaHue KeporeHa
1 He(hTeoOpa30BaHUE SIBIISIOTCS HEU30SIKHBIMHU MOCIICICTBH-
SIMH PEJJOKC PEaKLIUI JUCIPOIIOPLIUOHUPOBAHUSI, BBI3BAHHBIX
HPOrPECCHUBHBIM METaMOP(U3MOM IOPOJI OPTraHO-YIIIEPOIHO-
ro (OMOTeHHOTO0) CHIPbs C YBEJIMYEHHEM JIABICHHSI U TEMIIe-
parypbl. CortacHo 3TOit KOHIETIMK 001I1ast TOCIIeI0BaTENb-
HOCTb COOBITHH JIOJDKHA BBIIVISIETH CJIEYIOIINM 00pa3oM:



Heopranudeckoe MpOUCX0XKACHHE YIIICPOLHOTO BEIIECTRA. . .

3aXOPOHEHHOE OPraHWYecKOe BEIIECTBO —> YIIICPOIHBIC
ciaHIbl (KeporeHsl, outyma) — (HedTh, ra3) IpH JOCTaTOUHO
HEECTECTBEHHOM MOTPY>KEHHH HCXOAHOTO OPraHMYeCKOTro
BEIIECTBA B 00JIaCTh BBICOKMX ITYOMH, TeMIeparyp M JUTO-
CTaTHYECKHX JIaBJICHUH.

OnHaKo HeopraHuveckKasi KOHIENIUS MPOUCXOKIe-
Hus Hedtr (Mennenees, 1949; Kynpssues, 1951, 1973;
Porfir’ev, 1974; Kponotkus, 1986; Gold, 1992; JleTHukos,
2005; Tumypsues, 2007; Mapaxymes, Mapakymies, 2008;
Kutcherov, Krayushkin, 2010; CumonsiH, 2016; MycaumoB
u ap., 2019) nmocrynaupyer riyOMHHBIA HEOpPraHUYECKUI
HCTOYHHUK yIIIepoa HedTH, BMECTO IIOBEPXHOCTHOTO — OHO-
renHoro. Toraa npy MOHWKEHUN TEMIIEPaTyphl U JaBICHUS
MIOCJIEIOBATENILHOCTh COOBITHH JIOJDKHA MATH B 0OpaTHOM
HanpasiIeHnu (Tporuecc oOpaTHBIH SKCIEPUMEHTAIEHOMY
ITUPOJIN3Y): SHJIOTEHHBIE YIIIeBOAOpoasl — (HedTh, ra3z) —
yIJIEpO/IHBIC CIIAHIBI (KEpOTeHbI, OMTyMa, ac(aibTeHbl) —
LIYHTUT — rpaduT (perpeccuBHbIl MeTamopdusm). B HacTos-
1ieit paboTe aHAIN3UPYIOTCS TEPMOITHAMUYECKHIE PAaBHOBEC-
HBIE COOTHOIICHHMS (pa3 >KUIKOi HETH U TBEPIOTO KeporeHa
YEpHBIX CIAHIEB, 1 00OCHOBBIBACTCS TTOCIIEIOBATEIBHOCTh
TpaHc(hOopMaIUK YIIIEPOIHOTO BELIECTBa B ITPOLIECCE MObeMa
DTyOMHHBIX (MIIOMIOB K TOBEPXHOCTH 3EMIIH.

MeToau4ecKuii Moaxoxn

[TpumeHeHHBIH B HacTOsMIEH paboTe MapareHeTHIECKUH
anammu3 cucreMbl C—H—O ocHOBaH Ha MeTO/E TEPMOJHMHA-
Mudecknx moreHiuanos (I'mo6oe, 1950; Korzhinskii, 1959),
TTO3BOJISTIOIINH MCCIIEN0BATh CHCTEMY T€OXHMHUECKHIX Opra-
HO-MHUHEpaJIbHBIX (anuii (obiacTtel TepMOANHAMHYECKOH
ycroitunBoctr) (Marakushev, Perchuk, 1966; Marakusheyv,
Belonogova, 2009). OcHOBOW ucClIeIOBaHUS SBIISCTCS
npaBuiio Qa3 ['mbbca, cortacHO KOTOPOMY YHCIIO CTENCHEH
CBO0OO/TbI PABHOBECHOH TEPMOIMHAMHYECKON CHCTEMBI PaBHO
KOJINYECTBY HE3aBUCHMBIX KOMIIOHEHTOB CUCTEMBI IIJTIOC JIBA
3a BeIYeTOM uncia ¢as. [IpaBusio a3 He orpaHnuMBaeTCs pac-
CMOTPEHHEM SKCTCHCUBHBIX ITApaMETPOB CUCTEMBI U TIO3TOMY
B TTOJTHOM BHJIE TPUMEHUMO K OTKPBITBIM CHCTEMaM, IS KO-
TOPBIX HE3aBUCHMBIM NaPaMETPOM SIBJISICTCS] XUMUUECKUH 110-
tenuunain (Korzhinskii, 1966). ®azoBbie paBHOBeCHS B CHCTE-
Me 00yCIIaBJIMBAIOTCS] PABEHCTBOM XMMUYECKOT0O TIOTEHIIAIIA
JF000T0 KOMITOHEHTA BO BeeX (hazax M ONMUCHIBAIOTCS IHArpam-
MaMH{ COCTOSIHUSI, OTIPE/ICIISIONINME COCTaB ¥ COOTHOILICHNE
MEXJy MaccaMHu paBHOBecHBIX (a3. TepMmommHamuueckne
pacdeTsl OCHOBAaHBI Ha MPEATIONOKEHUH, YTO HEOOpaTHMbIe
peakuny, KOTOpbIe YIPaBisIIOT METaMOP(UIECKUM TpoIiec-
COM, NIPOTEKAIOT B COOTBETCTBUH CO BTOPHIM 3aKOHOM TE€PMO-
JIMHAMHKH K COCTOSTHUIO METacTaOMIILHOTO PaBHOBECHSI, KOTO-
poe CoBIagaeT ¢ MeTacTabMILHBIM MUHUMYMOM CBOOOTHOM
sHeprun [ n60ca ayst cucremsl. Hedtr, GMTYMBI M KEpOTEHBI
paccMarpuBaroTCs Kak BelecTBa, MMEIOIIE CBOU COOCTBEH-
HBIE TEPMOIMHAMHYECKIE XapaKTEPUCTUKH 1 CIIOCOOHBIE 00-
Pa3oBBIBATH CTEXHOMETpHUYECKHE (Da3bl B Pa30BOM MPOCTPAH-
CTBE JaBJICHUN TeMIIEpaTyp ¥ XUMHUYECKUX ITOTCHIUAIOB
BEILECTB OKpYysKaromie cpessl. COOTBETCTBEHHO, KaK JIETKHE,
TaK U TsDKeJble HeTh (C&SHl 69° CNH1 4 C7’6H13,0, Cme,
C,H,, ;) MOTYyT HaXOIUTBCS B CTEXHOMETPHICCKOM (pazoBOM
paBHOBecHM ¢ TBepAbIMH (asamu keporenos (C ,H O, n
C,,,H,. 0,,), a Takxe c rasosoii pasoit YB (amxansl (C H, )
cornacHo ypasHenusm: 8,8C H, ., = nC, H, +(8,8+0,35n)
H, 77CH, ., =nC, H, +(7,7+0,6n)H,, 7,6C H

14,2 m+2
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nC, H +(7,6+1,ImH,, 7.9CH, , = nC, H,, ,+(7,9+1,8n)
H, 8,1ICH, , = an’lH“’S-i-(S,l+2,35n)H2. Keporenst ¢ ot-
HocuTenbHO BbIcOKMMHU H/C 00bIYHO sBISIOTCS aMOp(HBI-
MU, OJIHAKO KPUCTAJUIMYHOCTH KEPOTCHA yBEIMUUBACTCS C
ymenbiiennem H/C keporeHa B mpolecce «CO3pEBaHHS»,
Gr1arogapsi yBeJIMUCHHIO pa3Mepa apoMaTHYECKHUX KJIAaCTEPOB
BHYTpPHU CTPYKTYp, a B padore (Helgeson et al., 2009) Gbu10
MO0Ka3aHO, YTO PAacCMOTPEHHE BMECTO KPHUCTAJUINYECKUX
KOMITOHEHTOB TBEP/IBIX PACTBOPOB KEPOTeHA OKA3bIBACT HE-
3HAYUTENILHOE BIMSIHUE HA PE3YJIbTaThl TEPMOTUHAMHYECKIX
pacueToB. PaccMoTpeHHbIe HeaIn3upOBAHHBIE CTPYKTYPHI
KeporeHoB npuHajiexar k cucteme C-H-O, B koTopoil He
paccMaTpUBAIOTCS a30T U CEPOCOAEPIKAIINE TeTEPOLIUKIIBI —
MTUPPOJIMH, TUPPOIUIANH U THO(EH, OOBIYHO SBIISIOIUMUCS
CTaOMIBHBIMU (DyHKIIMOHAJILHBIMU IPYIIIaMU KEPOTeHa.

Jnst BBIYMCIICHNSI XUMHYECKHUX TTOTEHIIMAIIOB BOJOPOJIa
IIPU COOTBETCTBYIOIINX MM TEMIIEpaTypax MCIOJIb30BAINCH
JauarpaMMsl pyrutuBHOCTH Boopoaa (Helgeson et al., 2009,
Fig.21,23), an3 nuarpammsl (Helgeson et al., 2009, Fig. 5) B
TOYKE IIEPECEUCHHUS PSIMBIX OBIIIH ONIPEEIeHbl XUMHYECKHE
TOTEHIMAIbI Ta30BbIX KUCIoposa (U,,=402.64 kJlx/mMonb) n
Bonopoza (K,,=15.69 x/lx/mons) npu Temneparype 150 °C
n nasienun 830 Oap, cBsizaHHBIE ¢ QYTUTHBHOCTHIO (f), CO-
IIacHO ypaBHeHuaM u,, = 4’ + 2,303 RTlogf,, m u,,, = u°, ,+
2,303 RTlogf,,,, rne u’,, u u°,, OTHOCATCA K XUMHYECKUM
noTeHnuanam razoseix H, n O, B cTaHIapTHOM COCTOSIHHUH,
R —ra3oBas nocrosunas (8,3145 Ix/mons - K), a T — remme-
parypa B kenbBUHaX. B pabore ucnons3oBansl P-T napame-
TPBI TUIIMYHOW re00apoTepMbl OOEpekbss MEKCHKaHCKOTO
3amuBa CILA u3 pabots! (Helgeson et al., 2009). YpaBHenus
peakuuii, npeacraBieHable Ha nuarpamme (Fig. 5) moxHO
3anmcarh Kak CHCTeMY aliredpandeckux ypasHeHnuit: 14,545P
+3,50, = K + 88,909H,, P + 8,80, = 8,8CO, + 8,45H,, K +
124,50, = 128CO, + 34H,, rne P = C, H  , (wedts), K =
C,,H O, («3penbrii» keporen). Jlis Kax10# peakiuu MOXHO
3amMcaTh BBIPAXKEHHE CBOOOIHOW SHEPTUH PEakIMH depe3
SHepruu obpaszosanus >THX BemecTs. Hampumep: AG =
AG}(-1-88,909AH2—14,545AGp +3,5A,, B COCTOSIHUH PaBHO-
BecHs 3,5A , = (AGK—14,545AGp)+88,909AH2, e AG, — cBo-
OoHAasI SHEPTHS PEAKIINY, a AGp 1 AG_— cBOOO/IHBIE SHEPTHH
obpazoBanus HeTH 1 keporena npu 150 °C u gaBnenun 8§30
0ap, cOOTBETCTBEHHO. 3Hast XuMHuIeckue norenmans O, n H,,
MOYKHO BBIYHCIHTH CBOOOIHYIO SHEPTUIO PEaKIiH, B JAHHOM
ciydae AGr = AGK—14,545AGP, Y TaK JJIs KaXJI0H peaKiuu.
[NomyuenHas cucteMa ainreOpandecKux ypaBHEHHI peIaeTcst
OOBIYHBIM CITOCOOOM ITOJICTAHOBKU. TakuMm 00pa3oMm, ObLIH
OITpeiesIeHbl CBOOO/HBIE PHEPIHH 00pa30BaHMs KPUCTAIUIU-
geckoro keporena (K,), ®uUaknux He(TH ¥ BOZIBI, YIJIEKHCIIOTO
rasa 1 razoo0pasHubix Y B: MeTana, aTaHa 3THIICHa, alleTHIICHA,
npornaHa, OyTaHa, rekcana u jekana npu 150 °C n naBneHnu
830 Oap (Tabmuma).

Pe3yabrarsl u UX 00CyxK/AeHNE

Ha nnarpamme cocraBoB C—O-H (puc. 1) npuBeneHs
CPEIHHE 3JICMCHTHBIC COCTABbI OPTaHU3MOB B Pa3IHMYHBIX
ounonornueckux takcoHax (Vandenbroucke, Largeau, 2007;
EpmakoB, KoBanbckuii, 2018), B ToM 4ncie B KOHTHHCH-
TalbHBIX PACTCHUSAX, TNIAHKTOHE M MOPCKUX BOJOPOCISX,
CUUTAIOIIUXCS TIIaBHBIM UCTOUHMKOM OB «HedTemarepuH-
ckux» nopox («oil-source» rocks). Keporen ompenemnsiercs
KaK HEpPacTBOPUMOEC OCaJOYHOE OPTraHUYECCKOE BEIIECTBO
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Coemnnenne  AG (x/x/mons)  Coemunenne  AG (x/x/moms) Coemmuenune  AG (kx/x/Moib)
Keporen (k) -964.78 CO;, (r) -395.0 C,Hg (1) -31.79
Heds (k) -65.35 CHy (1) -23.74 C,Hy4 (1) -16.1
CyH, (v) -0.41 C;Hg (1) -39.84 C4Hyp (1) -47.89
CeHy4 (1) -64.0 CioHa, (1) -96.19 H,0 (x) -215.6

Tabnuya. Ceoboonvie snepeuu oopasosanus I'uboca kpucmaniuyeckozo kepozena (C,,.H_ 0.), 2a3000pashsix y21e6000po00s u yeneKuciozo
2asa (CO,), scuokux nepmu (Cy H, ) u 600w1 (H,0) npu memnepamype 150 °C u oasnenuu 830 6ap

(Teomonmmmep), CIIOCOOHOE TCHEPHPOBATh HEPTH, H UCCIICIIO-
BaHME €ro 3JIEMEHTHOTO COCTaBa MO3BOJIMIIO BBIACINUTH TPU
WX THIIA, 0003Ha4YeHHBIC Ha auarpamme (puc. 1) kak [, [T u 11T
(Tucco, Bensre, 1981). Cunrtaercst, 4T0 HCTOYHUKOM OpTaHH-
YEeCKOT0 BeIecTBa KeporeHa Tuma I ¢ BBICOKMM OTHOIICHHEM
H/C sBnsitorest 03epHbIE BOOpOCIH, Keporena tumna I — mop-
CKOM IUTAHKTOH, BOAOPOCIIH, HA3eMHBIC PACTEHHSI, KeporeHa
tumna Il ¢ campiv HU3KHUM cooTHomenueM H/C — HazeMHBIC
pactenus u xuBotHBIE (Tissot, Welte, 2013; Sephton, Hazen,
2013; Huang et al., 2018). O0menpuHsITO, 4TO C yMEHbIIIE-
HueM coortHomeHus H/C nponcxomur «co3peBanne» HedTH
1 KEpOTCHOB — «HE3PEJbIe» KEPOTEHBI MPEBpaIaloTCs B
«3penbiey. CxeMaTnieckoe H300pakeHNe HeTN3NPOBAHHBIX
CTpyKTYp KeporeHoB tuna I («He3penbriny keporeH) u tuma 11
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Puc. 1. @azoeasn ouacpamma C—O—H cocmagos icugvix opeanus-
MO8 (cyxoe geujecmeo), Hepmell u KepoeeH08. AmomHoe Konuye-
CMBO KUCIOPOOA 6 UCCTIe0YeMbIX BelyeCmnaax y8eauieHo 6 068d pasd.
Cpeornue cocmagwl nsimu munog colpbix Hegpmeti no oannvim (Hel-
geson et al., 2009) 0003HaueHbl KPYNHLIMU PO30BLIMU MPEY2OIlb-
Hukamu 6 nociedogamenvrocmu ymenvuenus H/C omnowenus:

CS.XHIG.Q - C7.7H14,2 - C7,6H13.0 - C7.9H[2.2 - C H y.arzego—

11.5°
00po0bl  — MEMHO-CUHUE MPEY2OTbHUKU. 36e30bl — INIeMEHMHbIL

€cOCmMas KOHMUHEHMANbHLIX U MOPCKUX PACMEHUL U JICUBOMHDIX,
nnankmona u Oaxmeputi no oaunvim (Vandenbroucke, Largeau,
2007, Epmaxos, Kosanvckuii, 2018). Kpachvie kpysicku — cocmagul
UOeanu3UpoOBAHHBIX NPUPOOHBIX Kepocenos uz pabomor (Helgeson
et al., 2009). Yepnvie keaopamvl — cocmagvl IKCNEPUMEHMATLHBIX
svicokomemnepamypuvix kepoeenos (Huang et al., 2018). Tpu epyn-
nvl KepozeHos ¢ coomseememesuu ¢ Kiaccugurayuei Tucco oxkpy-
JiCeHbl NYHKMUPHBIMU KPY2aMu U 0003HAUEHbl PUMCKUMU YUDpamu
(1, 11, 111). Cocmas nupobumyma no (Helgeson et al., 2009), cmonvl
u acgpanvmenwvt no (Tissot, 2003).
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(«3peblii»), paccMaTpUBaeMBbIX B HaCTOsMIEH paboTe, Tpe-
crasieHo Ha puc. 2. CocTaB IATH THIIOB HE(TEH, CONIACHO
(Helgeson et al., 2009), pacmioioxeH Ha AHarpaMMe MEKIY
COCTaBaMHM JIKAHOB M KOHJICHCUPOBaHHBIX Y B, 1 MX cpeanuii
COCTaB M3MEHSETCSI OT BBICOKO-TIApa(h)MHUCTHIX (¢ Hanboiee
BbICOKMM oTHommenneM H/C) 1o apomarnko-HaQTEHOBBIX (C
Hu3kuM H/C) ceIpbIX He(Tel B COOTBETCTBHU C KIIacCU(H-
kanueit Tucco (Tissot, Welte, 2013).

OcagouyHO-MUTPAallMOHHAs KOHIETIHUS MOCTYJINPYET,
49T0 HE()Th, OUTYM, OIYHTHUT, TPadUT U T.I. 00Pa3yIOTCS WC-
KITIOYUTENIFHO U3 yIIeposia KEPOTeHOB (IIPOJYKTOB paciaia
OMOJIOTMYECKOTO BEIIECTBA), TOI/Aa KaK B HEOPraHUYECKOH
KOHLIEIIINK, HA000POT: B pe3yibrare JAerpajanuu HedTH,
CKOHILICHTPUPOBAHHOM B 3ajie)xax B pe3ysbTare rmoxbema
(ITIONTHOTO HEOPTaHUYECKOTO YITIEBOIOPOJHOTO BEIIECTBA,
00pa3yroTcs OMTyMa M KepOTeHbI YePHBIX CIaHIEB. pyrumu
CJIOBaMH MJIM HeTh 00pasyeTcs U3 KeporeHa (opraHudecKast
KOHIICTIIHS), MM KepOoTreH U3 He(TH (HeopraHuuecKast KOH-
mentws). CorltacHO HeOpraHMYECKOH KOHIenuu Y B ycToii-
YHBBI B BBICOKMX TEPMOOAPUYECKUX YCIOBHUIX M HAXOMATCS
B METacTaOMIBHOM COCTOSHHUHM B 3€MHOI KOpe M BepXHEH
mantun (Kapnos u np., 1998; 3y6kos, 2005; Mapaxyues,
Mapaxkymes, 2006a; Kolesnikov et al., 2017). I1pu ux moas-
eMe K TIOBEepXHOCTH (OPMHUPYIOTCS 3aliesku HedTH, perpec-
CHBHBIN (peTpOrpaaHbIii) MeTaMOp(U3M KOTOPBIX IPUBOAUT
K ITIOCTOSTHHOMY YMEHBIIICHHIO B HUX oTHOtIeHus H/C. Takum
00pa3oM, B IEPBYIO 0Yepelb 00paszyroTCs JIeTKue (TapauHo-
BEIC), 3aTeM TSDKEITbIC (apOMATHKO-HAPTEHOBEIC) HE(TH, «3pe-
JBIe» M «HE3pEeIIbley KePOTeHbl, ONTyMa, TnaMaH{OUI0H/Ib],
acdanbTeHsl u, HakoHel, rpadut (puc. 1). COOTBETCTBEHHO
COCTaB «IIEPBUYHOI BBHICOKOIApA()UHUCTON HE(DTH TOIDKEH
OwITh Hanbosee 61M30K k cocrasy ankanos (C H, ).

Ha ocHOBe TepMOAMHAMHYECKHX XapaKTEPUCTHK Be-
mectB u3 pabotsl (Helgeson et al., 2009), paccunTaHHBIX [UTS
(PU3MKO-XUMHUYECKUX YCIIOBHH reo0apoTepMbl Ha mIeibde
MEeKCHKaHCKOTO 3aJIMBa IIOCTPOEHA IHarpaMMa XUMHIECKHH
TIOTEHIMAJI BOIOpOoa—TemIieparypa (puc. 3), rae npeacrasie-
HBI TEPMOJJMHAMUYECKHE COOTHOMICHHS IIATH (a3: «He3peso-
ro» (C,,,H,. O ) u «3penoro» (C ,,H,O.) ncesnokpucramm-
gecknx keporenos (K, n K, cooTBeTcTBEHHO), ra3000pa3HoOro
CO, (T), KUIKOH BOMIBI (HZO) Y TUIUYHOTO MPEICTaBUTEIS
CBIpO¥ He(TH KUIKOTO aykaHa 2-MetwianeHTaHa (2-MII,

T e
gg}:j\ "V\J:ISD, CigoHy550,, C:::: 00;3

H/C =099 0/C =0.055
0/C =0.041

o jasst

KeporeH 1 KeporeHi '

Puc. 2. Cmpyxmypul uoeanuzuposaniwix nce0OKpUCmMaiiuieckux
«nespenozoy (K, — C, . H, O,,) u «spenozor» (K,— C,,H.O,), ke-

poeenog coenacto (Helgeson et al., 2009)
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Puc. 3. Jluaepamma memnepamypa (T) — xumuueckuii nomenyuan
2a3000pazHo20 6000po0a (i, ), OeMOHCMPUPYIOWAs Memacma-
Ounbhble hasosvie OMHOWEHUS NCEBOOKPUCIANTULECKUX Kepoze-
noe K L u KZ, 2a3000pa3Ho2o COZ, IHCUOKOU HZO u npedcmagume-
a1 dcudkux ankanos 2-memunnenmana (2-MI1, C.H,,) 6 cucmeme
C-H-0. Jlunuu — monosapuanmmuvle mpexgasuvie pasHo8ecus,
pasoensiowue OUBApUAHmMHbie Nojis ycmoudusocmu (payuu) ee-
wecms. Touku, 0603HaUeHHbIE 3HAYEHUEM MeMNepamypbl —HOH-
sapuanmmuvle uemvipexgasuvie pasnosecus. Tepmoounamuyeckue
xapaxmepucmuxu eewecme 6 P-T yciosusx munuunoi ceoba-
pomepmbl Ha wenvge Mexcukanckozo samueéa CLUA uz pabomul
(Helgeson et al., 2009). @yaumusnocmo CO, onpedensem gnuio-
uonoe oxpydcaroujee oasnenue 830 oap. Jloeapupmol axmusHo-
cmu scudkux 600vt (H,0) u 2-memunnenmana (2-MII, CH,,), a
maroice meepovix «spenozoy (K, C,, H. O.) u «nesperozo» (K,
C,y,H,,,0,,) Kepozenoe pasnvl edunuye 01 HUCMO20 ICUOKO20 U
meepoozo eewjecmea, coomsemcmeento. [lapazenesucul 6 ousapu-
AHMHBIX ayusax npeocmasienvl Ha TUHeuHbIx ouazpammax. ITyn-
kmupHote aunuu (10™) — uzobapul gyeumuenocmu MOReKyIsIPHOCO
6000pooa.

CH,,). B oToM (a3zoBom NpoCcTpaHCTBE XUMHYECKOH CHCTE-
Mbl C—O-H Bopmopon, ABISSICH XMMHUYECKUM MOTCHIINAIOM,
MIEPEXOIUT U3 IKCTEHCUBHBIX TaPAMETPOB B MHTCHCUBHBIE, a
cuctema ctaHoBHUTCS AByXxkommnoHeHTHOH (C—0). CoracHo
npaBuiy (a3 uucno creneHer ceodoas! (C) B paBHOBECHON
TePMOIMHAMHUYECKON CHCTEME PAaBHO YHCITYy HE3aBUCHMBIX
xomnoneHToB (K) munyc umcio a3z (D) ruitoc aBa BHEITHUX
(daxropa (maBienue u remmeparypa): C =K — @ + 2. Takum
00pa3oM, B paccMaTpMBaeMOW CHCTEME HOHBAPHUAHTHBIC
PpaBHOBECHSI SIBIISIFOTCSI Y€ThIpEX(a3HbIMU, MOHOBAPUAHTHBIC —
Tpex(asHbIMH, a AUBAPHAHTHBIE MOJIS1 YCTOWYUBOCTH ((arum)
— nByx(azHbpIMHU (0003HAUEHBI JTMHEHHBIMH IapareHe31CaMu ).
HoHnBapuaHTHbIE TapareHe3uchl 4eThipex (a3 (Touky Ha Jua-
rpamMme, ipu Temmeparypax 159 u 195 °C) cooTBeTCTBYIOT
MeTacTabunbHeM paBHoBecusam: C,, H O +119,789H,0
= 37,684C H, +65,895CO, n C, H O = 1,705C H_ O,
+12,291C H,,+0,033CO,. Kaxm0oe HOHBAPHAHTHOE PABHO-
BECHE KOOPJIMHUPYETCS YeThIPbMs TpeX(a3HbIMH MOHOBa-
PUAHTHBIMHU PaBHOBECHSAMH, pPa3ACIISIOINME TUBapUAHTHBIC
nByx(a3Hble panun.

[Ipu BocxozsIIeii MUTPALliH B TPEIIHTHOBATHIE TOPUCTHIC
nopozis! Y B ¢ronibl, oka3pIBaronIrecs B yCIOBUSIX HIKE CBO-
UX KpUTHYECKUX P-T napameTpoB, CTAHOBSTCS KHUIKOCTBIO.
VB ¢auus, npeacrasieHHas napa@uHOBBIM KOMIIOHEHTOM
HeTH KUAKUM 2-MeTuineHTanom (2-MI1), 3anumaer mm-
POKOE HPOCTPAHCTBO B YCIOBHSIX BBHICOKOTO XHMHUYECKOTO
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TIOTEHIMaNa Bosopona (u,,,) (BepXHee ToJie TuarpaMMbl, puc.
3). Ilpu ero MOHMKEHNU B BBICOKOTEMITEPATypHOIl 00IacTH
npoucxoauT ruaparanus 2-MII ¢ obpasosannem CO, u ero
KapOOKCHIIMPOBaHUE C 00pa30BaHHUEM «3PEIoro» (HU3KOoe
ornomenne H/C) xeporena (K,). B nenom atoT Xumudeckmi
TIpolecc SBISIETCS CYMMOM psiia peakIuid, TPUBOISIINX K
(ha30BOMY TIEpEXOLy C MOSBIEHHEM BBICOKOTEMITEPATypPHOTO
MeTacTaOMIBHOTO MapareHesuca Jasyx (a3 — sxkuakoro 2-MIT
1 KPUCTaJITHYECKOTO «3pesioro» keporena K. Ipu nanbHeii-
1IIeM MTOHW)KEHNH TeMIteparypsl (aza xuakoro Y B ncueszaer
C nosiBJIeHHeM (alnu ¢ naparene3ucoM keporenos K, n K,
B obnactu TemMmnieparyp H1Ke HOHBapHAHTHOTO ITapareHe3nca
ripu 159 °C Tpanchopmarms 2-MI1 B «He3penblin» (BBICOKOE
ornomenue H/C) keporen (K, ) onpenensercs, rmasHbIM 00pa-
30M paBHOBECHEM T'HJIpaTaliu ajakaHoB: 48,667C 6Hl 4-|-12H20
=K, +208,667H,. B uenom nuarpamMma (puc. 3) IpeicTaBiaseT
c000i TepMOTMHAMHYECKYIO MOJIETb TPAHC(OPMALIUH HKH/I-
KHX YB B opranndeckoe BEIIeCTBO YEPHBIX CIAHIIEB B 00J1a-
CTH TEMIIEpaTyp, 3HAYUTEIBHO MPEBBIIAIONINX TEMITePaTyPbI
TPaJUIIMOHHOTO «HE(TIHOTO OKHA», M 9TOT TEMIIEPATyPHBIH
JIana3oH, BUJIUMO, MOXKET OBITh CYIIECTBEHHO PacIIUpeH
(namp., Serovaiskii et al., 2020). Takum o6pa3om, rpu Boc-
xoseit murpanun YB HedTsHBIX (uronoB, 0TYETIMBO
(UKCHpyeMOii, HarpuMep, B IpoLieccax BOCTIONHEHHS 3aI1acoB
HedTH B He(TAHBIX 3as1exax (Harp., Mycnumos u 11p., 2019), B
pe3ynbTaTe Npolecca BhicokoTeMIneparypHoit puxcanmnn CO,
W HU3KOTEMIIepaTypHoi ruaparanny Y B HedTr 0Opasyrorcs
«3perble» U «HE3PEbIe» KEPOTreHbl, COOTBETCTBEHHO.

OnHako B OOJNBHIMHCTBE HAa(THIIO-TIPOSIBICHUN TpaHC-
(dopmanus HeTH 1 KeporeHa MPOUCXOANT IIIaBHBIM 00pa3oM
ipu OoJtee HU3KKX TemIieparypax «HedTsiHoro okHay ot 60 10
180 °C (Tucco, Benbre, 1981; Baccoesuu, 1986; Konroposuu,
Menenesckui, 1988; Hunt, 1996; Kontoposuy, 2004). Takoe
CHIDKEHHE TEeMIepaTypHOTO PEKUMa CBSI3aHO C pa3inunueM
TEPMOIMHAMUYECKUX CBOMCTB JKHJIKMX He(Tel M aJKaHOB.
Heno B ToM, uTO (parust HUIKOH yIIIeBOAOPOAHON (asbl,
npejacTaBieHHas Ha auarpamme (puc. 3) uncteiM 2-MII,
CMelIaeTcs B 00acTb Oosee HU3KOW TeMIieparypsl U (yru-
TUBHOCTH BOZOPOZA MO Mepe TOro, Kak akTHBHOCTH 2-MIT
CHIDKAeTCsl JI0 €ro aKTMBHOCTH B THIIOTETHYECKOW He(TH
(CiH,,5), cooTBeTCTBYyIOIEH MUHMMAJILHOMY 3HAYEHUIO
cB0OOHOM SHeprun [ mOOca B crexnomMeTpuaeckoM GpaszoBoM
paBHOBecuu He(Th <> KeporeH (Helgeson et al., 2009). T.e.
3aMeHa yIIIeBOJOPOIHOH (a3bl a3oit ceipoii HedTH (amuda-
THYeCKH oboraleHHas HedTb co cpezrnm cocraom Cg H, )
4t0 cootBeTcTBYeT H/C = 1,92 1 O/C = 0) oKa3bIBacT CyIIie-
CTBEHHOE BIIMSIHUE Ha MOJIOKEHHE HOHBAPUAHTHBIX TOYEK U
HCXOJISIINX U3 HUX MOHOBAPHAHTHBIX PABHOBECHH, KOTOpBIE
repeMenIaoTcs, Kak Moka3aHo Ha auarpamme (puc. 4) B 00-
nacTh Oosiee HU3KKX 3HaYeHuH Temneparyp (100 u 128 °C) u
XUMHYECKHX ITOTEHIMAIOB Boopoaa. B aTom TemMneparypHom
PpeXHUMe P NOHMKEHUH XUMUYECKOTO MOTEHIHaIa BO0PO/Ia
MIPOMCXO/SAT MeTacTabMIbHbIE (a30BbIe TEPEXOABI JKUIKOH
HedTH B TBepable «3penbliny (K,) u «nespensiin» (K) kepo-
TeHbI B pe3ynbrare nponeccos pukcannn CO, u ruipaTanimn
He(TH, COOTBETCTBEHHO. Harpumep, BrICOKOTEMITEpaTypHOE
paBHOBecHE KapOOKCHIIMPOBAHUS )KUIKOTO 2-METHIITIIEHTaHa
(20,75CH ,+3,5CO,=K,+111,25H,) (puc. 3) 3amensercs
paBHosecueM dukcanun CO, Hedroro (14,148C, H,
(nedp)+3,5C0O,=K,+85,548H,), koTopoe HabnmronaeTcs yxe
B 00JacTH TeMriieparyp «He(TSIHOro okHay (puc. 4).
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Pasnosecne C, H, O, (K)=1,71C H.O, (K) +
8,31C, H,;, + 15,65H, pasnenser HuskoremneparypHyro
(amuro ¢ mapareHesucom «Hespenbli» keporen (K,) — «3pe-
nbiii» keporeH (K,) u BeIcOKOTeMNepaTypHyto dauuio ¢
TapareHe3nCcoM «3peibliiy keporeH — HedTh (puc. 4). B pa-
6ote (Helgeson et al., 2009) aTu B3anMooTHOIICHUS (a3 Ha
OCHOBE OMOTreHHOH KOHIEMIMH TPAKTYIOTCS, KaK IPOIecc
MIPOrPECCUBHOTO HEKOHTPYEHTHOTO IIJIaBJICHHUS «HE3PEo-
r0» KPHUCTAJUIMYECKOTO KeporeHa ¢ 00pa30BaHUEM >KHJIKOH
HE(TH M «3PEJIOro» KPHCTAUINYECKOI0 KEPOreHa C yBEJH-
YeHHWEeM IIyOWHBI U TeMmIieparypbl. B mpemiaraemoit Hamu
HEOPraHWYEeCcKoil MHTEpIpeTanuy 3TOT (pa3oBbIi MEpexos ¢
TIOHM>KeHNEM Temrieparypsl Hioke 128 °C Ha TiryOrHaxX OKOJIo
3 KM MOYKHO Ha3BaTh PErPECCHBHBIM ()a30BBbIM «3aMep3aHu-
eM» KuKkoi HeTsiHOI (a3l c 00pazoBaHNEM NapareHe3nca
KPHCTAJUIMYECKUX (a3 «3PEoro» 1 «HE3pPesIoro» KeporeHoB.
B nenom nagenue teMneparypbl 1 XHMHYECKOTO ITOTEHIIHATIA
BOJIOPOZA MPHUBOAUT K (Pa30BOMY «3aMEp3aHHIO» KHUIKOH
He()TH ¥ ee JIeTUAPOreHn3aun (peakuy KapOoKCHInpoBa-
HUSI M THJpaTalyn ) ¢ 00pa30BaHUEM TBEPAbIX (a3 KepOreHOB
Pa3IMYHON CTeneHH «3penocti» (puc. 4).

PaccmoTprM B3anMooTHOIIEHNS TpeX (a3 — kuaxoi Hed-
TH, TazoobpasHoro CO, ¥ TBEPIOTO KeporeHa NpH TEMIIEPaTy -
pe 150 °C Ha auarpamMme XUMHUYECKHM MOTEHLIMa BOAOPOAA
(#y,,) — XMMHYECKHH TTOTEHIMaN Kucaopoaa (u,,) (puc. 5).
Kucopon 1 Bogopos B 3TOH cHCTeME SIBIISIOTCS HHTEHCHB-
HBIMH T1apaMeTpaMH, M, CIeJOBaTeJIbHO, paccMarpruBacMas
TpexkoMroHeHTHas cucreMa C—H—O cTaHOBUTCS OJJTHOKOMITO-
HEeHTHOH. B (pa30BOM IpocTpaHCTBE 3THX XMMHYECKUX ITOTCH-
LMaJIOB METacTaOWIIbHBII NapareHe3uc Tpex (as — >KuIKoi
He(TH, KPUCTAILTMYECKOTO «3penoro» K, m razoobpasHoro
CO, — mpescrasnsgeT co00H HOHBAPUAHTHYIO TOUKY, TOI/IA
KaKk MOHOBapHaHTHBIC PAaBHOBECHS Pa3ZCISIOT 00JacTH MX

A, (Jbx/mos) Hedots

o
-15 4 H,0 %= CO,

325C,H, +6C0,=
K, +130,625 H,

3B18C, H, +12HO
K +14837H,

-20 4

-25 4

T T T — T°C
120 140 160 180

T
80 100

Puc. 4. [uacpamma memnepamypa (T) — xumuueckuii nomenyuan
2a3000pasnozo 6000pooa (i), OeMoHCmpupylowas memacma-
OunvHbIE Pa306ble OMHOUIEHUS MBEPOLIX KEPOSEHOB U CbIPOU Hegh-
mu (C, H,, )6 cucmene C—H—0 6 memnepamypnom pejicume e~
@manoco oxnay. Paccuumannuiii roeapudm axmusnocmu negpmu
coomeemcmeyem n102apu@my akmueHOCMU IHCUOKO20 MemuineH-
mana — 0,76 u 0, 86 npu 150 u 200 °C, coomeemcmeenro (Helge-
son et al., 2009). Jlocapugpmor axmuernocmu scudxux 600wt (H,0) u
ne¢pmu (Cy H ,,), a maxoice ncesOOKpUCIMAIIUNECKUX (3PEN020)
(C,,.0,) (K,) u «nesperozo» (C,,,H, O,,) (K,) kepoceros pas-
Hbl eounuye Osl HUCMO20 HCUOKO20 U MBEePO020 Belyecmad, COom-
eemcmeenno. Ocmanvuvie 0003HavenUs npuseodeHsvl Ha puc. 3.
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TepMOJUHAMHUECKOHN ycTounBocTH. Kpucramnmnueckui
KEPOTeH B OTIMYHE OT UKo HepTu u razosoro CO, ne
MOJKET HaXOJAMTHCS B IapareHe3nce ¢ >KUAKOH BOJOH, W,
mo3tomy, cormacHo (Helgeson et al., 2009), npu BHe3amHOM
KOHTAKTE «3peJIoro» KeporeHa ¢ BoJoi B 3Tux P-T ycinoBusix
OH JI0JDKEH HeoOpaTUMO C Hell B3anMoyIeiicTBOBaTh € 00pa3o-
BanyreMm CO, /v Hetr. OniHaKo 6osiee BEpoATEH 00paTHbIN
CIIEHapHH, KOT/1a MPOUCXOUT Tuiparays Hedtu. Hanpumep,
00pa3zoBaHKNE PacCMaTPUBAEMOTO «3PEJIOro» KeporeHa IpH
temreparype 150 °C u naBnenun 830 6ap, corpoBokaaemMoe
BOJIOPO/IHOM Jiera3aneil TepMOTMHAMUYECKH OJIaronpHsTHO:
14,545C, H, +7H,0=C H O, +95,905H,, AG" =-9.81klJ.
[Tpn monmxennn Quronanoro nasnenus Bogoponaa (dop-
MHUpPOBaHHE OKHCIINUTEIBHOW cpebl) (aza )uakoi HedTH
Oynet TpaHchopMupoBaThcs B (hasy TBEpAOTO KeporeHa.
Kpowme toro, Bocxomsmme YB ¢umionasl, oOyciaBinBaio-
mue nonTok Hedru B 3anexu (Kacwsnosa, 2010; boukapes,
Boukapes, 2017; MycaumoB u nip., 2019), OyayT nocTossHHO
C/IBUTaTh PaBHOBECHE HEPTD <> «3PEIIBIi» KEPOTeH B CTOPOHY
00pa3oBaHMsI KEPOTEHOB U Jajiee — OUTYMOB, ac(paJbTCHOB
camopoyHoro yriepoaa (prc. 1). Takoit mporecc HabmonaeTcs
B HACTOsIIIEE BPEMsI, HAIpUMeEp, IPH BOCIIOIHEHUH 3aI1acoB
pa3pabarbiBaeMbIX HE(TSIHBIX MecTOpoXxaeHui HOxHO-
Tarapckoro cona (Mycnumos, ITnorankosa, 2019).
Cornacho npezcrapiaeHusM A.A. Mapaxy1ieBa 9BOJIIOLHIO
3emMin onpeaessieT UMITYJIbCHAsI JIeTa3alisl €€ XKHKOTO siapa
BJIOJIb CTPYKTYP AMCIOKAIMM TBEPABIX CHIIMKATHBIX 000-
JIOYEK, KOTOpasi MPOSIBISLIACH PA3IMYHO B 3aBUCHMOCTH OT
reoJMHaMUYeCKUX 00CTaHOBOK, TOCIO/ICTBOBABIIINX B KOPE U
manTiu (Mapakymes, 1999; Marakushev, Marakushev, 2010;
Mapakyes, Mapakymies, 2010; Marakushev, Belonogova,
2019). I'enepanuy BOAHO-YIIIEKHUCIBIX (IIOMIOB CHOCO0-
CTBYeT 00CTaHOBKa PacTSHKECHHSI 3 MHOW KOPBI, CHIDKAIOIIAst
¢urontHOE 1aBieHne Oyaroapsi CEJICKTUBHOM MUTPAIMN 3
¢ron10B B arMocdepy Bosoposia, Kak Hanbosee MOOHIBHOTO
KOMITOHEHTa. B pe3ysnbrare KHCIOpOIHbIE KOMITOHEHTBI B HUX
CTAHOBSITCSI IOMHUHUPYIOLIMMH HaJl BOJOPOJOM, TaK 4TO JHC-
MIPOTIOPIIMOHNPOBAHNE KOMITOHEHTOB IPUBOJUT K TeHEPAIINN
YIICKUCIIBIX BOJIHBIX (DIIIOMIOB COIVIACHO PEAKIHMU MEXKIY
komnonentamu H +2CO = H,0+0,5CO,+1,5C.
CylecTBeHHBIH IIEpesioM B MarMaTu3Me CBsI3aH C Irepe-
XOJIOM K ITMKJIaM C)KaTHs OIBM)KHBIX MAHTUIHBIX CTPYKTYP,
YTO MPENSATCTBYET MUTPALIMH BOJIOPO/IA, BO3PACTAIONIEE 1aB-
JICHUE KOTOPOTO MPHUBOIMT K JTMKBAI[HOHHOW HECMECHMOCTH
B Marmax, CO3/1aloIeil aHTHIPOMHOE Pa3BUTHE MarMaTi3mMa,
MIPUHIUIHAIBHO OTIIMYHOTO OT TOMOAPOMHOTO, IJIe COCTaB
BYJIKAHMYECKHUX IPOAYKTOB MEHSETCS OT ILEJIOYHBIX K KHC-
aeIM. Bonopon, co3nmaromuii BO3MOXHOCTb aHTHIPOMHOTO
MarmMaTu4ecKkoro pa3BUTHUS C MOCIEI0BAaTEIbHBIM TIOHU-
JKCHHEM B MarMax CoOJIep>KaHMsl KPEeMHUS U aJTIOMUHUS U
YBEIMYCHUEM POJIM PYAHBIX U JPYTHX METAJUIOB, SIBISICTCS
B TO e BpeMsi ()aKTOpOM HapacTaHUs IIETOYHOCTH MarM.
[Tox BbICOKMM (PIIOMAHBIM JaBICHHEM BOAOPOAA IPOUC-
xomut cunres YB (2CO+5H, = 2H,0+C H,, 8CO+17H, =
8H,0+C,H  n 1p.) ¥ pasioKeHne KNCIOPOHBIX KMCTOTHBIX
komronenTos (monos (H,CO,+4H, =3H,0+CH, u 1p.), uto
CO3/IaeT LIEJOYHOHM YKJIOH B Marmarusme. TakuM oOpaszom,
3apoKeHre U (GOPMHUPOBAHHE 3aJIKEH HE(TH, OUYEBHUIIHO,
TIPOUCXO/INIIO B YCIIOBHSIX T'€OIMHAMUYECKOTO PEKUMA CKATUS
000J104€eK 3eMITH ITPH BBICOKOM (DITIOMTHOM JaBiieHnn Y B, 3a-
POXIAIOLIMXCS B 04arax MarMaTn4eckoi indpepeHarim.
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B ucropuu 3emMin 3TOT peXXUM OTPaskeH B BUJIC IEPUOANTHO-
ctH He(hTeoOpazoBaHust (KOPPETUPYIOMINIICS ¢ YaCTOTOH HH-
Bepcuii reomMaruuTHOrO 11oJ1st) (Konroposuu, Beimemupckui,
1997; MapaxymieB, Mapakymies, 2008), Koria COBMECTHO C
HeTSIHBIMH 1 ONTYMHUHO3HBIMH (ha3aMH OTIIATaINCh PYAOHOC-
HBIE METAJIJIBI B PE3yJIbTaTe 3BOIIOIOHHOTO MPeoOpa3oBaHus
obmer s HUX (QIoUIHON cucTeMbl. MeTacTaOMIbHBIC
PaBHOBECHBIE B3aMMOOTHOLICHUS (a3, pacCMOTPEHHbIC Ha
auarpaMmax (puc. 3, 4, 5), yCTaHaBIUBAIOTCS TP BBICOKOM
(monanom nasienun CO, B yCTIOBHAX MOJIETUPYIOMIMX CO-
BpeMeHHbIe Ha(TH10-TIposiBIIeHHS 1Ienb(ha MEeKCHKaHCKOTO
3a7MBa. B Mo00HBIX YCIIOBHSAX TIPOMCXOMIIN M IPOUCXOJISIT
¢ukcauns CO,, OKHCIIEHUE W THApaTalus KOMIOHEHTOB
HedTell ¢ 00pa3oBaHMEM YEPHOCIAHIEBBIX KOHIEHTpAIN
yIIeposia, OJHAKo caMo (hOpMHUPOBAHUE HEPTIHBIX 3aJIeKEH
BUJIMMO TPOUCXOAMIIO B YCIOBHSAX BBICOKOTO (DIIIOMHOTO
nasiaeHus YB.

Tenepr paccmorpum (azoBbie cooTHomeHust ¥YB ¢utro-
WJI0B, )KUJKOW HE(TH M TBEPJOrO KEpOreHa MpPU THITOTETH-
yecKoM (UIIOMJTHOM JAaBiicHHH YB (cymMme mapiuaibHBIX
nasnenuit) 830 6ap u temmneparype 150 °C Ha auarpamme
XMMHYECKHX TTOTEHIMANIOB BOOposa (u,,,) U Kuciopona (u,,,)
(puc. 6). B hazoBoM npocTpaHCTBE 3THX XUMUYECKUX MOTEH-
LIMaJIOB METacTaOMIIBHBINA TapareHe3uc Tpex a3 — >KUIKOH
He(TH, KPUCTAITHYECKOTO «3penoro» keporena (K,) u raso-
o0pa3ubIx Y B — npezacTasiseTr co00it HOHBapHAHTHYIO TOUKY,
TOT/1a KaK MOHOBAapHaHTHBIC PABHOBECHS PA3ICIISIIOT 00J1aCTH
X TEPMOIMHAMHYECKOH ycTOWYHBOCTH. MOHOBapHaHTHOE
paBHoBecue Mexay YB m HedThio mpu u,, = —15.69 kJlx
MIPEJCTaBIseT co00i CyMMy METacTaOMIBHBIX CTEXHOMeE-
TPUUECKUX PABHOBECHH OT/EIBHBIX AJKaHOB C HE(THIO C
obme# popmynoii 8.8C H, ., = nC, H +(8.8+0.35n)H,.
Takum 00pazom, mepBUYHAs HEPTH UMEET COCTaB OJIM3KHUN K
aJIKaHaM. JKCIIEPUMEHTAIBHO OKa3aHo, YTO B TOAO0OHBIX TH-
JIPOTEpMaJbHBIX YCIIOBHUSX (BBIIIE PABHOBECHSI 00pa30BaHuUs
BOJIbI, pUC. 6) H-aJIKaHbI TAK)KE HAXOMATCS B METaCTaOMITbHBIX
(ha30BBIX paBHOBECHSIX JIPYT ¢ Apyrom (Seewald, 1994).

C npuOnmmKeHHeM K OBEPXHOCTH MapIHalIbHOE JaBIICHUC
BOJIOpO/Ia, KaK MPaBHJIO, YMEHbBIIAETCS, YTO Halonaercs,
Hanpumep, B HEPTAHBIX CKBaXKMHaX Bocrounoit Cubupu
(Levshounova, 1991), a u3 nuarpammsl (puc. 6) cienyer,
YTO TaJeHNE JAaBJICHUs BOAOPOAa B Bocxoasmmx YB dutio-
naax OyaeT NMPUBOAUTH K TpaHchopMaryu ¢GonIHbeX YB
B kuaKkyro Hepts (C, H,, ). bonee Toro mpu noaseme YB
(ITIONI0B K MMOBEPXHOCTH paBHOBecHe YB > HedTh Oynmer
C/IBUTAThCS B CTOPOHY 00pazoBanus HeTH. [Ipy noBsIIeHNN
XUMHYECKOT0 NOTEeHIIHaa KKCcIopoaa 1o 3HaueHus —402, 69
k/x (MeTacTaOMIbHOE HOHBAPHAHTHOE PABHOBECHE BCEX
Tpex (a3) MPOMCXOAUT TOCIEN0BaTeNbHOS OKUciieHne YB
JI0 KeporeHa, MpUYeM TEePBBIMU OKHCIISIOTCS TSDKEJIbIE all-
kaHbI (¢ Oosee Hu3kuM otHoteHueM H/C). B stom ciyuae
OKHCJICHUE aJKaHOB BHIMMO IIPOTEKAET Yepe3 MociieioBa-
TEJIBHOCTh PEAKIUH C y4acTHEM aJKCHOBBIX, CIIUPTOBBIX,
KETOHOBBIX U KaPOOKCH-MHTEPMEINATOB, KaK 9TO IIOKa3aHO B
skcriepumenTax (Seewald, 2001). Takum oOpazom, BEICOKOE
¢uroniHOE NTaBJICHHE SHIOTCHHBIX YB oOycnaBiuBaer mx
TpaHc(hHOpPMALUIO B )KUAKYIO HE(Th W TBEpAbIH KEporeH B
(PUBUKO-XNUMHYECKHX YCIIOBHSAX «HE(TSIHOTO OKHay. B aTnx
YCIIOBUSIX ITapareHe3uc He(hTH ¢ BOJOH OTCYTCTBYET (pHc. 6),
1 [I03TOMY J1I00ast BO/Ia, KOTOpast IPUCYTCTBYET BO BMEIIAI0-
1Iei opojie M KOHTaKTUPYET ¢ HepThIo, Oy/leT pearnpoBarh
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Puc. 5. @ayuu sncuodkou nedhmu, nce8OOKPUCMALIUYECKO2O0 KePO-
eena u 2asooopasnozo CO, na ¢azoeoii duazpamme Xumu4eckux
nomenyuanos 2azooopasuvix H, u O, npu memnepamype 150 °C
co2nacho eblyUucIeHHbIM Koncmanmam no oannvim (Helgeson et al.,
2009). @arouonoe dasnenue 6 cucmeme, onpeoesaemcs 0asieHuem
CO, pasnvim 830 bap, loga sicudkou nedhpmu u Kpucmaniudecko2o
Kepocena = 1. JIunuu — MOHOBAPUAHMHbIE PABHOBECUS, PA3OENs-
owue OUBAPUAHMHbIE NOJSL YCMOUYUBOCHIU PACCMAMPUBAEMBIX
as: 2asosas CO, meepoasn (K, C,,H. O, ) u dcuokasn (negpmo
C, H,,,). Touka — memacmabunvtioe nonsapuanmioe pasiosecue
6cex mpex as. Dayus HcUOKOU 800bI PACNONONHCEHA GbIULE UTNPU-
XO0B0U TUHULU — USONTIENIbl HACIUY€HUSL.

H, (bx/Momb)

| VYV VI
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I 128CH,+350,-C, H O +22H,
1L 64CH,+350,-C_H O +158H,
{1L.42,67CH,+350,- C_H,0 +13668H,
IV.32CH +350 -C H O +126H
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88CH ~6C, H  +109H,

“BBCH,=10C 1, + 1231,
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Puc. 6. @ayuu srcuoxoti neghmit, nceOOKPUCMATIULECKO20 KEPO2EHA
u YB ¢nioudos na ¢hazosoti duaspamme Xumuieckux nomeHyudaios
2azoobpasneix H, (u,,) u O, (u,,) npu memnepamype 150 °C. ®rio-
UOHOe Oasnenue 6 cucmeme COOMEEMCMayem CyMMapHOMY napyu-
anvHomy oasnenuio VB ¢has pasnomy 830 bap, Jlocapugpmer axmus-
nocmu (loga) srcuodxoil Hegpmu 1 KpUCMAIIUYECKO20 KePO2eHA PABHbI
1. Monosapuanmuvie pasnosecus pasoension Ousapuarmuwle no.s
yemotuueocmu paccmampueaemvix gas: eazosan (aaxanwt, C H, ),
meepoas («3perviity kepoeen — K, C,, . H O.) u dicuoxas (neghmo,
C,H,,,)- Touka —ux nonsapuanmunoe pasnosecue.

C Hell HeoOpaTHMO ¢ 00pa30BaHUEM «3peIoro» keporeHa. T.e.
MMEHHO TUJIpaTaliys KOMIIOHEHTOB HeTH sBIsIETCS: (hPaKTOpOM
HeoOpaTuMOoCTH (POPMHUPOBAHUS YEPHOCIIAHLIEBBIX OTIIONKE-
Hull. [TockonbKy TepMOAUMHAMYKA ONPEAEIIAET BOZMOKHOCTh

HAYUHO-TEXHVUECKV/ XKYPHAN
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WM HEBO3MOYKHOCTD ITPOBEACHHSI PEAKIIMI B T€OJIOTMYECKOM
MacmTabe BpeMEHH, BIMSHUE KaTaJlM3aTOpOB Ha IPOIECC
JIOJDKHO OBITh HEBENMKO. PaBHOBeCHSI, TpHUBE/ICHHEIE B pabo-
T, SIBISIOTCS CTEXMOMETPHUYECKON CyMMOM pa3HOOOpa3HBIX
peaknuii, MeXxaHH3MbI U KaTaJIM3aToOPbl KOTOPBIX HEOOX0ANMO
paccMmarpuBarh B OT/ICIIEHOM HCCIIEJOBAaHNH.

KapOokcunupoBaHust 1 1eKapOOKCHIMPOBAHMUS — 3TO JIBA
OCHOBHBIX KJIacca PeakIiii, KOTOPHIE BIHUSIOT Ha KPyrOBOPOT
ymieposa B 3emHoi kope (Sheik et al., 2020). Snpom oca-
JIOYHO-MHT'PAIIMOHHON KOHIIETIIIMY MPOUCXOKICHUS He(PTH
SIBJISIETCSI TpaHC(OpMaIis KeporeHa YepHBIX CJIaHIEB B
He(Th, IPU KOTOPOW NMPOUCXOAMT JEKapOOKCHIMPOBAHUE
KeporeHa ¢ 00pa3oBaHHEM HH3KOMOJIEKYIISIPHBIX KOMIOHEH-
toB HeTH (Hamp. Kissin, 1987). OgHako TemmeparypHbie
JMarpaMMBbl Ha puc. 3 U 4 HHTEPIPETHPYIOTCS B 00paTHOM
HanpaBJIEHWH, KaK Mpolecc o0pa3oBaHusl KeporeHa Mpu
YMEHBIIEHNH XMMHUYECKOTO MOTEHIala BOJIOPOAa, B pe-
3ynbTare BeIcOKoTemmneparypHoil ¢pukcanuu CO, HedThIO
(paBHOBecHue 14,148C&8H16’9-*-3,5CO2 =K, +85,548H,, puc. 3)
unu ee komnonenramu (20,75C H +3,5 CO,=K,+111,25H,,
puc. 2). Tlostomy BiusiHue xumudeckoro norennuana CO,
Ha (azoByro TpaHchopMaio HEPTH B KEPOTCH B YCIOBHAX
BBICOKOTO (MTIOMTHOTO JIaBiieHus1 Y B Takxke JOIMKHO OBITh
OYEHb CYIIECTBEHHO.

danpnanbHble B3aMMOOTHOLICHUST TPeX (a3 — razoBbIX
VB, kol He)TH 1 TICEBIOKPUCTAIIIMYECKOTO «3PETI0r0»
KEporeHa — IOKa3aHbl Ha JAMarpaMMe XUMHYECKHH MOTEH-
1yaj Boopoa (,qu) — xumuueckuit norennuan CO, (,ucm)
(puc. 7), npu THIOTETHYECKOM CyMMapHOM JAaBicHuUU Y B
830 Gap. Pesynprarom majicHus TaBICHUS BOIOPOAA B ITOM
cucreMe sBisieTcst Tpanchopmarys GaronaHex YB B xu-
kyro ned1h (C, H, ), kotopas puxcupys CO, ocymecTBiseT
(azoBbIil mepexon Kuakas HeGTh — TBEPIbIH KEPOTeH.
KapOokcunuposanue ¢uonansix YB ¢ obpaszoBanuem

Heo, (KILK/MOITE)

I IVy
370 0 OOV vi
I 1245 CH‘+ 35 COI = CmHsaO‘r +215 Hl
IL 6225 CH +3,5C0,=C H O +15275 H,

12868
I 41,5 CH, +3.5CO, = C, H O +132H,
IV. 31,125 CH, +3,5C0,=C, H O, + 121,625 H,
V. 20,75 CH,,+3.5C0,=C,H O, +11125H,

VL 1245C H, +35C0,=C, H O +102,95H,

-380

390 Ankansl (1)
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Puc. 7. @ayuu scuoxoil neghmu, nceOOKPUCIATIULECKO20 KEPO2e-
Ha u YB ¢hnioudos na ¢pazosoil ouazpamme xumuueckux nomeHyu-
anoe 2azoobpasnoix H, (u,,) u CO, (u,,) npu memnepamype 150
°C. @noudnoe oagienue 8 cucmeme cOOmaeemcmayen CyMmapHomy
napyuaroHomy oasienuro ankanos pasnomy 830 oap, loga scuo-
Koul Heghmu u Kpucmaniudeckux xepocenos = 1. Monosapuanm-
Hble pagHogecusl pazoension OuSapUaHmMHble Nos YCMOUdUEo-
cmu paccmampueaemvix gas: guouonas (C H, ), meepoas (K,
Cl,H . 0,) u scuokasn negpmo (Cy H, ). Touxa — nonsapuanmmoe
pasHosecue YB, kepocena u negpmu.
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KEepOoreHa MPOMUCXOIUT NpH 0ojiee BBICOKOM XMMHUYECKOM
HOTEHIHKANE JIByOKHCH yIiepona, u B uenom pukcanus CO,
TEpMOIMHAMHUUYECKH OoJiee OraronpusiTHa JUIs TSDKeIbIXx Y B
1 CONPOBOJK/IAETCsl BBIJICNICHNEM BOjIopoia. TakuM o0pazom,
B TEMIIEPATypPHOM PEKUME «HEPTSIHOTO OKHA» (pHUKcaIus
CO, BUAMMO ABJAETCA OCHOBHBIM T€OXUMHUYECKUMH ITyTEM
Tpanchopmanu YB HeTH B KEporeH M, Cliel0BaTeNbHO,
MOIIHEHIINM T'€OJIOTHYECKUM MEXaHH3MOM 00pa30BaHUs
YEepPHOCIIAHLIEBBIX (POpMAIIHii.

3akiaouenue

lenernyeckasi CBSI3b YIJIEPOAHOTO BEIECTBA MOPOA H
HedTel 0YeBH/IHA, OJJTHAKO Fe0JI0rHYeCKast TPOCTPAHCTBEHHAS
HaIpaBICHHOCTD IpoIlecca ero TpaHc(opMaIu OCTaeTCs
JIMICKYCCHOHHOM, XOTSI HE CYIIECTBYET HU OJHOTO BECKOTO
apryMeHTa B [0JIb3y 00pa3oBaHMsl HE(YTH U3 3aXOPOHEHHOTO
opranndeckoro (onoreHHoro) semtectsa. C Apyroi CTOpOHSI,
KOHIIETIIMSI TITyOMHHOTO HEOPraHHMYECKOTO MPOMCXOXKICHUS
VB HedTel U 4epHOCTAHIIEBBIX OTIOKCHUH OMUpPACTCs Ha
MHOTOYHCIICHHBIE (haKThI:

a) [IpucyrcrBue oueBuHO abnoreHHbIX Y B B MeTeopu-
Tax, MwaHeTax u cnytHukax Comneunoi cucremsl (Kissin,
2003; Lunine, Lorenz, 2009; Mapaxymies u np., 2010, 2013;
Glein, Shock, 2013; Mansimesa, 2019; Bowling et al., 2020;
Mastrogiuseppe et al., 2020);

0) TenneHnms pactonokeHnst He(PTSHBIX M ra30BbIX 3aJIe-
el HaJl puTOreHHBIMH 30HaAMH M Pa3JIOMaMH, CBSI3aHHBIMHU
¢ MaHTHHHBIMU cTpyKTypamu (CbeiBopoTkuH, [laBnenkoBa,
2013; Tumyp3ues, 2013; MycaumoB u n1p., 2019; ITapnenkosa,
2018; Acradnes u ap., 2019);

B) Bocnonnenue 3amacoB He(hTH B 3ajeKax U BOCXOJS-
mas Murpanus YB depe3 ¢yHIaMeHT B 0CaJOuHBII 4eXoi
(MycmumoB u ap., 2004; TaBpunos, 2008; KacesHoBa,
2011; Zou et al., 2013; T'opronos, 2015; Gottikh et al.,
2014; boukapes, boukapes, 2017; MycnumoB u ap., 2019;
Mycnumos, [Tnotaukosa, 2019);

r) Acconarnys He(ITSHBIX 3aJIeXKel ¢ TeneM U APYTUMH
CJIC/IOBBIMHU Ta3aMH, MPEANOIOKHUTEIIFHO MAHTUIHOTO TPO-
ucxoxaeHus (Levshounova, 1991; Jenden et al., 1993; Pinti,
Marty, 2000; AmutpueBckuii u ap., 2018, 2019);

1) FazoBo-uakue BkItodeHus: YB B apxelickoM KBaplie
(Touret, 2003; Schreiber et al., 2017), meramopdu3npoBaHHEIX
oukapbonarax (Huang et al., 2017), MuHepaax meI0YHBIX
nopox (Potter, Konnerup-Madsen, 2003), Mmunepanax rpanu-
TOWI0B (pyHIaMeHTa HedTerazoHocHbIX obmacreit (Lxwum,
1997);

e) Meramtorennueckas crnennpuka HeQTel U YepHBIX
cianues (Mapakymes, Mapaxymes, 2006 0,8; [orTux u ap.,
2012; Mapaxymies u jp., 2012; Henderson et al., 2019; Sanz-
Robinson et al., 2020);

k) CBsi3b HeTe- u pynoodpazoBanus (3yoxos, 2010;
Kycos, 2011; Jletnuxos, 2013; Jlypse, 2013; Mapakyes u
ap., 2012, 2014);

3) CyliecTBOBaHHE 'MTMAHTCKUX CBEPXIITYOOKHX 3aJIeKeH
HedTH Ha TiTyOnHaX Oosee 10 KM B paziaM4YHBIX HEQTIHBIX
MHUPOBBIX Oacceiinax (Sephton, Hazen, 2013; MBanos, 2018).

n) Jlokanuszanus psijga HeQTAHBIX 3aekeld B KpH-
crajnmnyeckux nopoaax ¢ynnamenra (Apemres, 2004;
Mapakymes, Mapakymes, 2008; Kutcherov, Krayushkin,
2010; Crapoctenko u ap., 2011; ITynanosa, 2019; Skvortsov,
2020).
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VB, comnpoBoxaamiue UMIYJIbCHYIO BOAOPOJHYIO Je-
ra3anuio 3eMiM, CHHTE3UPYIOTCS B TIIYOMHHBIX IIEIOYHBIX
MarMaTH4ecKuX oyarax B YCJOBHSX BBICOKHX JaBJICHUH
U TeMIepaTyp, 4To (yHAaMEHTAJIbHO 00OCHOBAHO KakK B
teoperuueckux (Kympseues, 1973, 2013; Porfir’ev, 1974;
Kponotkun, 1986; Kapnios u 1p., 1998; Gold, 1992; JleTHukos,
2005; Mapakyties, Mapakyties, 2006, 2008; 3yokos, 2009;
Marakushev, Marakushev, 2010; Kutcherov, Krayushkin,
2010; Mapakymies u ap., 2014), Tak ¥ B 9KCTIEpPUMEHTAIBHBIX
(Kenney et al., 2002; Mukhina et al., 2017; Kolesnikov et al.,
2017; Kyuepos, Ceposaiickuii, 2018; Tao et al., 2018; Sokol
et al., 2019, 2020; Serovaiskii, Kutcherov, 2020) uccuemno-
BaHMsIX. BoaHble (uronasl CyecTBYIOT COBMECTHO ¢ YB
(moniamMy, 3apOANBIINMHUCS B TIIyOMHHBIX MarMaTH4eCcKuX
o4arax, KOTOpbIE JIOCTUTast KOpbl Ha NTyOMHaX 0koio 50 KM,
TpaHchopmupyrorcs B HedrsiHoit dumronn (Serovaiskii et al.,
2020), KOTOpBIii MPOCaYUBACTCA K IOBEPXHOCTH 110 pa3IoMaM
U TpenrHaM (MUTPallMOHHBIM KaHallaM) 1 00pasyeT HedTe-
ra30BbIC 3AJIC)KH B TOPHBIX OPOJaX CaMoro pazHooOpa3HOro
JIUTOJIOTUYECKOTO COCTaBa, FeHe3nca U BO3pacTa.

B ocanouHO-MHrpanMoHHON U TIIyOMHHO-HEOpTraHHye-
CKOHM KOHIEHIMAX IPOUCXOKICHNST HE(YTH MPUHIMITHAIBLHO
Ppas3JIMYHO HANpaBJIeHHUE Ipolecca — HeTh U3 KeporeHa yep-
HBIX CIIaHLIEB («HEPTEMATEPHHCKUX IIOPOA» ) HITH HA000POT.
[TpoBeneHHbII TePMOIMHAMHYECKHN aHAJIN3 COIIACYETCs C
KOHIIETIIHEH IITyOMHHOTO HEOPTaHUYECKOTO MTPOMCXOXKICHUS
HedTell, ONTYMOB M KEpPOTCHOB YEPHBIX cilaHIeB. YB npu
MaJCHNU TeMIIepaTypbl HUKE UX KPUTHUYECKUX 3HAYCHUH
U3 (QIIOUTHON (ha3bl MEPEXOIAT B KUAKYIO (asy («3mMOpuo-
HaJIbHas»» HEPTH), TPAHC(HOPMHUPYIOUIYIOCS B CBIPYIO HE(TH.
JlanpHeliee yMEHbIICHHE TEMIIEPaTypbl U XMMHYECKOTO
MOTEHIIMaja BOJOPOJa MPUBOANUT K CTEXHOMETPUUECKOMY
paBHOBECHOMY (a30BOMY «3aMep3aHUIO» >KUAKOH HePTH C
00pazoBaHKEeM TBEPAbIX KepOreHoB 1 ouTymoB (puc. 4). T.e.
VB, 3aMKHYTbIE B KOJUIEKTOPE—JIOBYIIKE, (DOPMHUPYIOT He-
(GTAHYIO0 3a7€XKb, 3aTeM He()Th MUTPUPYET B TPEIIMHOBATHIC
TIOPHCTHIE CITAHIIEBBIE TOPOJIBI, TTIE C TOHMKEHUEM JaBICHUS
TEMIIepaTypbl U XMMHUYECKOTO MOTEHIMaNa BOAOpoa Ipe-
BPAIIAETCS B «3PEIbIi KEPOTEH, a 3aTEM B «HE3PEIBI». ITO
IIPOMCXOJTUT B PE3YIIETAaTe BEICOKOTEMIIEPATYPHOTO ITpoliecca
¢pukcannu CO, ¥ HU3KOTEMIEPATypHOH rujaparanun YB
He]TH, SBISIOMINMHUCS OCHOBHBIMU F€OXUMHYECKHMH ITy TSIMU
ee TpaHc(hopMaluu B KeporeH. Takum o0pa3om, reHeparus
KeporeHa B MOPOJax YepHBIX CIAHIEB — 3TO HEOOPAaTUMBIH
nporecc Tpanchopmanuu HePTH, B KOTOPOM NPOUCXOIUT
T10CJIEI0BATENBHbIH TEpexo/l Yepe3 MeTacTadMIbHBIC PAaBHO-
BECHsI MEXK1y HE(TbIO, ONTyMaMy M KepOreHaMH B I'€0JI0T U~
YEeCKOM BPEMEHHOM MHTEpBAJIC IObeMa IITyOMHHBIX (hIIto-
n10B. MBI mpefmonaraeM, 4YTo HEPaCTBOPUMOE YITIEPOTHOE
BEILIECTBO, 0OHAPY>KEHHOE B YIIIMCTHIX XOHJPHUTAX («3PEIbIi»
keporeH) (Kissin, 2003; Matthewman et al., 2013), takum
e 00pa3zoMm 00pa3oBbIBaNIOCH U3 YB B Hepax UX MaTepHH-
cKHX IutaHeT. TeM He MeHee, pe3ynbTaThl M JOCTHKEHUS
LIUTUPOBAHHBIX BO BBEJACHUHM OTEYECTBEHHBIX M 3apyOeik-
HBIX YUYEHBIX, OIUPAIOIIHEcs Ha 0CaI0uYHO-MUTPALUOHHYIO
KOHIICTIIHIO HAaQTHOTeHEe3a, 0€3yCI0BHO, HIMEIOT OTPOMHOE
HayyHOEe 3HaueHue. Hamprumep, MHOTOUYHCIICHHBIC JaHHBIE
110 DKCIIEPUMEHTAILHOMY IHPOJIU3y YEPHOCIAHIIEBOTO U
OUTYMHMHO3HOTO OPTraHUYECKOTO BEIIECTBA AEMOHCTPHPYIOT
P-T ycnoBust Tpanchopmanun keporeH — HeTh ¢ aHau-
30M MPOMEKYTOUYHBIX CTaJIUH, U MPEIaraloT BO3MOXKHBIE
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KaTaJM3aTophl, BIUSIONIME HA CKOPOCTh BCEro Ipolecca 1
OT/EJIBHBIX peaknuii. Ha ocHOBe MogoOHBIX MCCiIe0BaHUH
1 Te0JIOrNYeCKUX HAOMIONEeHUH CO3/1aHa KOHIIEIINS TITaBHOM
(azbl HeTeoOpazoBaHMs (MOIENb «HETIHOTO OKHAY ) (Harp.,
Konrtoposuu, MeneneBckuii, 1988; Tucco, Benbre, 1981),
HCIIONIb30BaHHAs B HACTOSIIIEH cTaThe I aHallk3a Ipolecca
(opMupoBaHus HEPTIHBIX M YEPHOCIAHIEBBIX (OpMALUi.

[Tpu3HaBast HEOpraHMYECKOE TPOUCXOKACHUE HEPTH, He-
00X0INMO MOAYEPKHYTh BAXKHOCTH OMOJIOTHYECKNX (haKTOPOB
B mporecce ee 3ponronuu (Hamp., Gold, 1999). Bo-nepBrix,
(opmupoBaHue 3ajexeit 00yCIOBICHO MINPOKOMACIITAOHBIM
3aMelIeHneM He(PThIO 0CaI0YHbIX OPOJ IUIaT(hOPMEHHBIX U
enb(OBBIX JIETPECCHi (M 0TYACTH KPUCTAIITMYECKUX OPOJ]
(dyHIaMeHTa) ¢ YaCTHYHBIM 3aXBaTOM MX OaKTepUaTbHOHN U
pacTuTensHON cocraistomei. Kpome Toro, 00JIbIIMHCTBO
TSDKEIIBIX He()TeH SIBIISIIOTCS PE3Y/BTaTOM ITOA3EMHON MUKPOO-
HOH aHa’poOHOH Onoerpafaiiy napadpuHOBOM HeTH (HAMp.
Chengetal., 2019; Seitz et al., 2019) npoTekatomieli B TeueHue
JUTUTEJIBHBIX TE0JIOTHYECKHUX TIepHo/10B BpeMeHu. HedTb, 1o
CYIIIECTBY, PEIICTABISIET COOOH OMOHEOPTaHMYCCKUIT OYIIHOH
13 CMECH DHJIOTEHHBIX YIIEBOJOPOOB, MUKPOOPTaHH3MOB
1 X MeTabO0JIMTOB, 00Pa3yIONIMX KOMIUIEKCHI C METaJIaMHy,
BCTYIAIOIIMX B MHOTOYHCIIEHHbIE PEAKIMN WUITH SIBIISTFOLLINXCS
nx karaiauzaropamu. Crabasi, CpeiHsisl ¥ BBICOKasi CTEIICHU
Onozerpa aluy MPUBOIAT K Pa3INYHBIM XMMHUUECKHM THITAM
nedreit (ITynanosa, Bunorpanosa, 2016). bakrepun nsna-
YaJbHO YJAJSIOT HU3KOMOJICKYJISIPHBIC H-aJIKAHBI, 38 KOTO-
PBIMH CIIE/TYIOT TSKENbIE H-aJIKaHbl, Pa3BETBICHHBIC JTKAHBI,
LUKJINYECKHE AJTKaHbI X apOMaTHYECKUE YTIICBOIOPOIbI, XOTS
B psiJie CiIydyaeB 3Ta IOCJIeIoBaTelbHOCTh Hapymaercs (Liu
etal., 2020). Haunnas ¢ ankaHOTpO(HBIX MUKPOOPTaHU3MOB,
MHOTOYHCIIEHHBIE TPOpHUYECKUE CeTH (POPMHUPYIOT CTPYKTYPY
HedTH, B TOM YHcie 00pa3oBaHue crielu(ruiecKx OnoMapke-
poB (Hamp., JIypee, 2019), Torna kak ee coCTaB MPAKTUICCKH
MOJIHOCTBIO OMpeneseTcs: Bocxoasmed murpanueit ¥YB,
CHUHTE3UPOBAHHBIX B BEICOKHX TEPMOOAPUUECKUX YCIOBHSIX
3eMHBIX HEAp.

DuHaHCUPOBaHHE
Paboma evinornena no meme ZOC)/()CZPCWIGEHHO-

20 3a0aHus, Homep 20CYOApCmMEEeHHOU pe2ucmpayuu
AAAA-A19-119071190045-0.
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Abstract. On the basis of an inorganic concept of the petroleum
origin, the phase relationships of crystalline kerogens of black
shales and liquid oil at the physicochemical conditions of a typical
geobarotherm on the Texas Gulf Coast are considered. At the
conditions of the carbon dioxide (CO2) high fluid pressure, the
process of oil transformation into kerogens of varying degrees of
“maturity” (retrograde metamorphism) takes place with decreasing
temperature and hydrogen pressure. Kerogen generation in black
shale rocks occurs by the sequential transition through metastable
equilibria of liquid oil and crystalline kerogens (phase “freezing”
of oil). The upward migration of hydrocarbons (HC) of oil fluids,
clearly recorded in the processes of oil deposit replenishment in oil
fields, shifts the oil <> kerogen equilibrium towards the formation
of kerogen. In addition, with decreasing of the hydrogen chemical
potential as a result of the process of high-temperature carboxylation
and low-temperature hydration of oil hydrocarbons, the “mature” and
“immature” kerogens are formed, respectively.

The phase relationships of crystalline black shale kerogens and
liquid oil under hypothetical conditions of high fluid pressure of the
HC generated in the regime of geodynamic compression of silicate
shells of the Earth in the result of the deep alkaline magmatism
development. It is substantiated that a falling of hydrogen pressure in
rising HC fluids will lead to the transformation of fluid hydrocarbons
into liquid oil, and as the HC fluids rise to the surface, the HC «oil
<> kerogen equilibrium will shift towards the formation of oil and
kerogen.

It is round that both in the geodynamic regime of compression and
in the regime of expansion of the mantle and crust, carboxylation and
hydration are the main geochemical pathways for the transformation
of oil hydrocarbons into kerogen and, therefore, the most powerful
geological mechanism for the black shale formations.

Keywords: chemical potentials, phase diagrams, metastable
equilibria, hydrocarbons, fluids, oil, kerogen, black shales, oil deposit
replenishment, retrograde metamorphism, carboxylation, hydration
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