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BBenenue

B muccepramnuonHoit paboTe mpeCcTaBIeHbI Pe3yIbTaThl UcciieoBaHus dP(HEKTOB Mace-
HE3aBUCHMOTO (PPaKIIMOHUPOBAHUS U30TOMOB CEPhI U KHCIOPOa, MOJyYeHHbIE B JAOOPAaTOPHBIX
(OTOXUMHUYECKUX IKCIIEPUMEHTAaX, a TaKKe OOHAPYKCHHBIC B 3EMHBIX IOPOJAX apXeHCKOro
BO3pacTa.

W3yuenne 3akoHOMEpHOCTEH (POPMHUPOBAHUS U3OTOMHBIX OTHOIICHUH Cephl U KUCIOPOIa
B NPUPOAHBIX MpoOIleccaX HEMOCPEJACTBEHHO CBA3aHO € (yHIAMEHTAIBHBIMU IpoOJIeMaMH B
00JIaCTH TEOXUMHH, KACAIOIIUXCS IMO3HAHHUS OOBEKTHBHBIX 3aKOHOB B pACIpElCICHUU H
pacrpoCTPaHEHHOCTH HM30TOMOB JIETKUX XMUMHUYECKHX JJIEMEHTOB B T'€OJIOTMYECKHUX CHUCTEMax
mutocepa — ruapochepa — armocdepa 3emin. 'eoxumusi CTaOUITBHBIX U30TOMOB B OOJIBIICH
CTCTICHH CBsI3aHA C HM3yYCHUEM H3OTOIHBIX SIBJICHHM, OOYCIOBICHHBIX (PPaKIIMOHUPOBAHUEM
U30TOIOB B 3aBUCUMOCTH OT MX MAacChl, T.€. MOJMYMHSIOMUXCS 0a30BOMY (PU3UUYECKOMY 3aKOHY
macc-3aBucumoro ¢pakuuonuposanus [Urey, 1947; Bigeleisen, 1955; Young et al., 2002].
VICKITIOYNTENbHBI MHTEPEC MPEICTABISIOT W30TOIHBIC SIBJICHUS, KOTOPBIE HE MOTYT OBITh
ONHKCaHBl B paMKax OOBIYHOTO 3aKOHA — 3TO TaK Ha3bIBaEMbIE MAaCC-HE3aBUCHUMBIE TPOIIECCHI
(bpakmoHUpOBaHusI U30TOMOB. [IposiBIeHNE Macc-HE3aBUCUMBIX H30TOMHBIX 3((GEeKToB (Wi
U30TOMHBIX AHOMAJIMH) — SBJICHHE HEOOBIYHOE | JIOBOJBHO PpEAKOE Ui IPOIIECCOB,
MPOTEKAIOIIUX B 3€MHBIX YCIOBUsAX. Hampumep, B 00JacTU T€OXUMHH CTA0MIBHBIX HW30TOIMOB
KHCJIOpO/Ia W3BECTEH JIMIIb OJUH Ta3o-(GasHblii MpoIlecCc, NPUBOAAIIMA K aHOMAIbHOMY
n30TONHOMY 3(pdekTy — 3To 0OpazoBaHUe 030HA B aTMOCPEPHBIX (HOTOXUMHUUECKUX PEAKITUSX,
MMEIOILIX Pe3y/IbTATOM Macc-He3aBUCHMOE paszelerue u3oronos 'O, *°0 u 80 [Thiemens,
Heidenreich, 1983; Mauersberger, 1987; Gao, Marcus, 2002; Krankowsky et al., 2007]. B
00JTaCTH TEOXMMHH U30TOTIOB CEpPhI BIIEPBBIE MacC-HE3aBUCHMOE COOTHOIIEHHWE H30TOIOB CEPHI
32g 385 39 y I3 oBHapykeHO B OcamouHBIX apXeiickux mopogax [Farquhar et al., 2000a;
Farquhar et al., 2001]. HecoMHEeHHO, OTKPHITHE H30TOMHBIX AHOMAIUH Cepbl W KHUCIOPOAA
MPEIOCTABIISIET HOBBIE YHUKAIbHBIE BO3MOXKHOCTH JJIsi TMOJIyUYEHHUs IEHHOW HH(opMamuu o
TCOXUMHUYECKOM TIOBEJICHUU HM30TONOB W II0-HOBOMY OCMBICIUTh MHOTHE CYIIECTBYIOIINC
MIPEJICTABJICHHS O MyTAX X MHUTPAIMHA U TPaHC(HOpPMAIMK B COOTBETCTBYIONIUX TCOXHMHYCCKUAX
U TeoJoruueckux rmporeccax. OCoOEHHO 3TO OTHOCHUTCS K IIO3HAHHUIO 3aKOHOMEPHOCTEH
pas3zienieHus U30TOMOB B XOJIe TEOXMMHUECKHUX IUKIIOB B CUCTEME aTMOCc(epa—OKeaH Ha paHHUX
sTanax pa3ButHs 3emiu. IMeHHO 3Toi (yHIaMEHTAIBHOW MpoOJieMe, YCIEIIHOE pa3pelieHne
KOTOPOW CBSI3aHO C NMTOHMMAHHWEM IMPUPOIBI M30TOITHBIX aHOMAIMHA M MPUYHH X 00pa30BaHUS,

ITOCBAIICHBI HpOBe,Z[éHHBIe B JaHHOM ﬂHCCCpTaHHOHHOﬁ pa60Te HUCCICIOBAaHUA.
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AKTYaJIbHOCTb T€MbI UCCJIEOBAHNS U CTENEHb €€ pa3padoTaHHOCTH

AKTYalnbHOCTh HCCJICIOBAHMS TIPOIECCOB MAacC-HE3aBUCUMOTO (PAKIIMOHHPOBAHUS
U30TOIOB CEephl M KHCIOpOJa OOYCIOBIICHA, TPEXKIE BCEro, MpoOIeMaMH, CTOSIIMMHU Iepel
COBPEMCHHOW TI'€OXMMHEH HM30TOIOB — 3TO MNPHHIMIHUAILHO Ba)KHBIE BOMPOCHI O TPUPOIC
BO3HUKHOBEHHUS W TPHYUHAX TMOSBJICHHUS MAacC-HE3aBHCHUMO (PAKIMOHHPOBAHHOW CEPhl B
3eMHBIX TIOPOJIaX; TTO3HAHKUE TICPBUYHBIX MPOIECCOB, OMPEACIAIONINX [IMKINYECKUN KPyrOBOPOT
Cepbl HA paHHMX 3Tarax pa3BUTHUsS 3eMiid U (pOpMUPOBaHUE KHCIOPOAHOM aTMochepbl 3eMiTu.

B pamkax COBpEeMEHHBIX TPEACTaBICHUN (U3NKO-XMMHUYECKHE YCIOBHS Ha MOJIOIOU
3emiie CHJIBHO OTJIMYAIHUCh OT CeroAHsimHuX. [Ipeamomaraercs, 4To BO BpeMeHa apxes
paHHETO TPOTEpo30si armocepa ObUIA BOCCTAHOBHTEIHHOW, CBOOOIHBIA MOJIEKYIISPHBINA
KICIIOPOJ] IPAKTHIECKH OTCYTCTBOBAJ, Er0 KOHIEHTPALHS COCTaBmsuia < 10> 0T COBPEMEHHOTO
ypoBusi O, B armocdepe [Pavlov, Kasting, 2002]. I'1aBHbIM aprymMeHTOM OECKHCIOPOIHOMN
Cpebl BELABUTAIOT (DAaKT OOHAPYIKEHUSI M30TOIHBIX aHOMAJIHMK cephl B Cyab(UIaX U CybdaTax
npeBHUX ocanouHbix mopoj [Farquhar et al., 2000a]. HabGmrogaembie W30TONHBIE aHOMAIHH
JIOJDKHBI OBLTH, COTJIACHO TeopeTndeckum Mojesim [Ono et al., 2003], BO3HUKHYTH HE HHAYE KaK
B aTtMOoc(hepHbIX (OTOXMMHUYECKUX PEaKIUsIX C ydacTHeM ByJKaHoreHHoro SO;, a 3atem
32apXUBUPOBATELCS B TTOPOJIAX MYTEM OCAKICHHS M3 aTMOC(hephl H30TOIMHO-aHOMAIIBHOHN Cephl U
e€ TpaHchopManUM B TIOCIHCAYIONIMX TI'C€OXUMHYCCKHX MPEBPAMICHUSAX. OTH TPOIECCHI
BO3MOXXHBI TOJIBKO B YCIIOBHSIX OECKUCIOPOAHOW cperbl. Takas Moaenb sSBUIAch OCHOBaHHUEM
JUTS. Pa3BUTHS MPEICTABICHUA O TMPUHIIMITHAIBHOM OTIUYUHU IIUKJINYECKOTO KPYrOBOPOTa CEPhI
Ha paHHEH 3emile, e KJIFOUEBas poJib OTBOIMIACH (DOTOXUMHUIECKOMY ITUKITY TTPeoOpa3oBaHU
Cepbl B CHCTeMe MaTepuk—arMocdepa—okead. [lo MHEHHIO HCcenoBaTeNel, Tio0aabHBIC
W3MEHEHHUS B T€OXMMHUYECKOM IIMKJIE CEepPhl CIYUMIIUCh Ha pyOeke apxes U MPOTEepPO30s, UTO
HAII0O OTpa)X€HHE B PE3KOM MCUE3HOBEHUM M30TOMHBIX aHOMAIWK B TOPOJAX BO3PACTOM
Mosioke, uyeMm 2.45 wmapn. user. IlpuumHoir Tomy Obul  KatacTpouuecKuid mepexon
BOCCTAHOBUTEJIBHOTO  COCTOSIHHS —~ aTMocepbl K  OKHUCIHTEIbHOMY. TakuM  o0paszom,
dboToxumMHuuecKkas MOeINb, 00BACHAS ()EHOMEH aHOMAJLHBIX U30TOMHBIX YPPEKTOB, TAET HOBYIO
uH(GOPMAIIMI0O WIM TOYHEE HAKJIAQJbIBAET OTPAaHUYCHHUS Ha TCOXMMHUYECKYI0 OOCTaHOBKY Ha
panHei#t 3emite mpumepHo 3.6 — 2.5 MiIpA JIeT Ha3ad, YTO HHTEHCHBHO M MTMPOKO MCIIOIB30BANOCH
pu OOBSICHEHWH HMCTOYHHKOB CEPBI M IPOIECCOB PYyI000pa30BaHMs B JPEBHHX OCATOYHBIX
MECTOPOKICHHSIX.

[To3xe MonenbpHBIE TMPEACTAaBICHHS TMOJBEPIIUCh TIIATETBHONW MPOBEPKE MYTEM
OKCIIEPUMEHTAIHLHOTO MOJCIUPOBAHUS (POTOXUMHUYECKUX TmporeccoB SO, ©W  H3MEpeHUus
NPOM3BOJMMBIX B HHX HM30TONMHBIX 3(dekToB cepur [Masterson et al., 2011; Whitehill, Ono,
2012; Ono et al., 2013; Whitehill et al., 2013; Whitehill et al., 2015; Endo et al., 2016; Endo et
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al., 2019]. Ha sTom 3Tame BCKPBUIMCH CEpPbE3HBIC MPOOJIeMbl U poTHBOpeuus. CrenuanbHbie
OKCIEPUMEHTHI, B KOTOPBIX TBITAIUCh BOCIPOM3BECTH HW30TONHBIE XaPAKTEPUCTUKH,
CBOICTBEHHbIE CYIb(UIHONW cepe M3 apXEWCKHUX MOpoJl, Aalld OTPULATENbHBIM pe3ynbTar, He
MOJATBEP/AMUB, MO CYIIECTBY, CaMOW OCHOBBI (POTOXMMHUYECKOW MOAenu. MHOro4ucieHHbIe
HOMBITKH OOBSICHATh TPOUCXOXKJICHHE HW30TOMHBIX aHOMAIBHBIX 3((EKTOB cepbl 3a CUET
¢doronmuza SO, OKa3amMCh HECOCTOSTENBHBIMHU, YTO MPHHYAMUIIO HCCIEN0BAaTENed OTBEPTrHYTh
npeacraBieHre o goroxumun SO, B OSCKHUCIOPOIHON aTMocdepe, Kak 00 MCTOYHHKE Macc-
HE3aBUCHMO (PaKIIMOHUPOBAHHOW cepbl B apeBHuX mopoxax [Ono, 2017]. Ho Bcaen 3a Tem
pymarcss o0pa3sl U MOJEIH, KOTOPBHIE BBICTPAMBAIUCH JJISI PEKOHCTPYKIIMH T'€OXHMHYECKOTO
IUKJIa cepbl B apxee. B TakoMm ciy4ae MPUXOIHWTCS MPU3HATH, YTO HET HUKAKMX OCHOBAHUU
CUMTaTh M30TOIMHBIE MacC-HEe3aBUCHUMbIC 3(PPEKTHI MPSIMBIM CBUAETEIHCTBOM OECKUCIOPOIHON
Cpelbl, BO3MOXKHO, YTO HET MPSMOM CBA3M MEXAY MOSBICHUEM KHUCIOpoAa B aTtMocdepe u
MCUE3HOBEHHEM M30TOMHBIX 3 dexToB. Takum 00pazom, mepes UCCiIeoBaTeIsIMA BHOBb BCTAET
npobjemMa MPOUCXOKICHHUSI M30TOIHBIX aHOMAIMKA M CONPSHKEHHBIX C HEH NPUHIMIHAATBHBIX
BOIPOCOB, KOTOPBIE IO CUX MOP HE HAILIU YIOBIETBOPUTEIHHOTO PEIICHUSI.

Pemenue 3Toif npoOaeMbl BCE jk€ HE BBIMJISIIUT CTOIb O€3HAIEKHBIM U MAJIOBEPOSTHBIM C
Touku 3peHus potoxumMuu SOr, HECMOTPs HA OTPULATENBHBIA PE3yNbTaT BCEX HPEABLIYIINX
MOTIBITOK AKCIEPUMEHTAIBHON Bepu(UKAUN UMEIOIIEHcS MOoAeTH (OPMHUPOBAHUS W30TOIMHBIX
aHOMaNUi W TEOXMMHUYECKOH OOCTaHOBKM Ha paHHedl 3emne. B mpempraymmx
HKCHEPUMEHTAIBHBIX MOJENSAX HE YUYHUTHIBAJIOCh BO3ICHCTBUE COJIHEYHOTO KOPOTKOBOJIHOBOTO
(A< 200 uMm) ynpTpaduoieTa Ha ra30Bble KOMIIOHEHTHI paHHEeW aTMocdepsl 3eMiau. YUET 3TOro
OOCTOSITENIbCTBA OTKPBIBAET MOTEHIMAIBHYI0 BO3MOXKHOCTH HCKIIOYHTH CYIIECTBYIOIIHE
MPOTUBOPEUHUS TEOPETUYECKUX TMPEACTABIEHUN C OKCHEPUMEHTAIbHBIMU pPe3ylIbTaTaMu,
MOCKOJIBKY PEaKIMOHHbIE MEXaHU3MbI Aauccoruanuu SOy, Takke Kak U MPOU3BOJMMBIE B HHUX
U30TONHBIE YPPEKTHI, B 3HAUUTEIBHOW CTENEHH 3aBHCAT OT CIIEKTPAILHOTO COCTaBa M3ITydEHHUS.
K Tomy ke, Takoil 1Moaxo, MPUHUMAIOIINN BO BHUMAHHUE MPOIECCHI MOTIIOMICHUST U3ITyUYeHUS B
OommwkHeM Y@-muama3oHe, UMEET TECHYI0 CBS3b C TE€OXMMHYECKUMH HCCIIEI0BaHUSIMU,
HalpaBJICHHBIMU HA HM3ydeHHUE MpoOIeMbl MPOMCXOXKACHUS KHCIOpOAa B paHHEH aTMmocdepe ¢
TOYKH 3peHus atMochepHoii horoxumuu mosiekya Bojbl [Liang et al., 2006]. T'eoxumuueckuit
UHTEpec 00ocTpsieTcs TeM (aKTOM, 9YTO (POTOXUMHUYECKHE TIPOIIECCHI C YIaCTHEM MOJIEKYIT BOJIBI
MOTYT TPOUCXOAMTH TOJBKO MPU JOCTYMHOCTH BBICOKOIHEPIEeTHUYECKOTO0 W3IYYeHUs B
atMocdepe, kak MuHUMYM YD u3nydeHus B OirbkHEM auamna3zoHe. Eciii nmepBUYHBIN HCTOYHUK,
KaK MOJIEKYJSIPHOTO KHCIIOpOJla, TaK W HM30TOIHBIX aHOMAaJIHMW CEphl CBS3aH C aTMOCQepHOU
(doToXuMHEH, TO TPEAOCTABIAETCS BO3MOXKHOCTh YCTAHOBUTH OOMIMH (aKTOp, BIHMSIOMIUN Ha

nepepacnpeziesieHie U30TOMOB KUCIOPoAa U Cephbl B TEOXUMHUYECKUX LUKIAX Ha paHHEH 3emuie.



8

ITpaBOMEpPHOCTh 3TUX MOJOKEHUN [OJKHA IOJYyYUTh SKCIIEPUMEHTAIBHBIE J10Ka3aTeIbCTBA,
HEOOXOMMO TIPUBECTH B COOTBETCTBHE MEXKIY COOOW pe3ylbTaThl TEOPETHUECKUX U
9KCHEPUMEHTAIbHBIX (DOTOXMMHUYECKHUX MOJEJEH, YTO BechMa AaKTyaJlbHO Ha JAHHOM 3Talle

Pa3BUTHA HAIIUX 3HaHUH B 00JIACTH F€OXUMHU.

Hean padoTsl

ens muccepTalliOHHON PaOOTHI 3aKIIOYAETCS B BBISIBJICHUHU IMPOIECCOB, (PAKTOPOB U
yciioBHM (OTOXMMHUYECKONW TpaHchoOpMaIluu cepbl M KHUCIOpoJa B apXxeuckoil armocdepe,
KOTOpBIE MOTJIH MIPUBECTHU K BO3HHUKHOBCHUIO deHomeHa MacC-HE3aBHUCHMO
(GpaKIMOHUPOBAHHON CEpbl B TIOpOJaX W TMOSIBJICHHIO KHciopona B armochepe 3emu,
OCHOBBIBASICh Ha TMOJOXXKCHHH 00 oOmpeaeisioneii ponr (POTOXMMUYECKUX SIBJICHUH IO
JIEUCTBUEM JKECTKOI'O COJIHEUHOrO Y P-U3IIydeHus.

Jist TOCTHKEHUS TTOCTaBICHHOH 1IeTTH TPeOOBaIOCh PEIICHUE CISIYIOIUX 3a/1a.

3agaum ucciiegoBaHus

1. Pa3paborate W co3AaTh HOBBIM MeTOHA, OOECIEYMBAIOLIUI Ha JIOKaIbHOM YpPOBHE
MIPELIM3UOHHBIE UCCIIEI0BAaHUSl BapUalliii B COOTHOLIEHHUSAX BCEX UYETBIPEX CTAOMJIbHBIX
u30tonoB cepbl 23, 33, #S u *S B 06pasuax cyashuaHOIM cepbl.

2. BrisBuTh JKCIIEPUMEHTAIbHbIE 3aKOHOMEPHOCTH Macc-HE3aBUCUMOT0
(G pakIMOHMPOBAHUS U30TONOB cephl MpH GoToauze SO B 3aBUCUMOCTH OT T€MIIEpaTypbl
cpennl, mapHuaibHOro gaBiieHus SO,, KOMIIOHGHTHOTO COCTaBa Ta30BOH  CpeIbl,
CHEKTpaJIbHOTO coctaBa Y@ U3JIy4eHUS U  OTHOCHUTEIBHOW HMHTEHCHUBHOCTH
CMEKTPAJIbHBIX KOMIIOHEHTOB B OJIVDKHEH M JanbHel obnactax Y@ uznyyeHus.

3. ITpuMeHssT MeTOJl 3KCIEPUMEHTAILHOTO MOJEIMPOBAHMS MPOLECCOB (OTOIU3A BOIBI,
000CHOBaTh MPHUHIMINAIBHYIO BO3MOXHOCTb TI'€HEPHUPOBAHMS IEPOKCHAA BOIOpOJA
H,0, B Geckucnopoanoit arMmocdepe, Kak MOTEHIIMAIBHOTO MCTOYHUKA OKCUTECHU3AIUU
paHHell aTMocdepsl 3eMiu. YCTaHOBUTh 3aKOHOMEPHOCTH (POPMUPOBAHUS H3OTOIHBIX
orsomenuit **0/*°0 u Y'0/*%0 B nporieccax (HoToNu3a BOJIBI.

4. [Io pe3ynpTaTaM W30TONHBIX MCCIEIOBAHWNA KOJYEJAHHBIX PYIONPOSBICHHA B
apxeiickux komriekcax ®denHockanauHaBckoro murta u Cubupckoil mIaThopMbl
BBISICHUTh pOJIb Cepbl (POTOXMMHMYECKOTO aTMOC(HEpHOro LHKIAa B (OPMHUPOBAHUU
paccMaTpUBaeMbIX PYIAHBIX OOBEKTOB JUIS PELICHUs BOMpoca O MacumTadax MpOsBICHUS
M30TOMHBIX aHOMAJHI cepbl U PaCKPBITh OCHOBHBIE (DAKTOPHI, OMPEEIISIONNe O0IIYI0

3aKOHOMEPHOCTPH B TIOBEJICHUU M30TOMHEIX 2P PeKTOB ceprl-33 u -36.
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DaKkTUYCCKUI MAaTepPUaJl U METOAbI HCCJIeIOBAHUS

B macrosimeit nuccepranmoHHOM paboTe s pelieHHs MOCTaBJIEHHBIX 3agad ObuIn
UCIOJIb30BaHbl MAaTEpUaIbl, MOTY4YEHHbIE B 3KCIIEPUMEHTAX, a TaKXKe COOpaHHbIE B apXEHUCKUX U
PaHHENPOTEPO30MCKUX OTIOKEeHUAX Cubupckoro kpatoHa U DEHHOCKaHIUHABCKOIO ILUTA.
OKcriepuMeHTalbHbIe O00pa3lbl IOJYyYeHbl MpPHU HENOCPEACTBEHHOM YYacTHH aBTOpa B
MOJICTTUPOBAHUH (HPOTOXUMHYECKHX MpoieccoB 1o dotonu3y SOy, a Takxke mo ¢oromuzy H,O.
XapaKkTepUCTUKA HKCIEPUMEHTAIBHBIX O00pa3lloB M CIIOCOObI MX IOJYYEHHs IPEICTABICHBI B
COOTBETCTBYIOLIMX pazliesiax JaHHOM JuccepTalMoHHOW paboThl. OOpasipbl, OTOOpaHHBIE B
npenenax Cubupckoro kparoHa 1 OEeHHOCKAHIMHABCKOTO LIUTA, OBLTH MPEIOCTABICHBI aBTOPY
JUIsL U30TONHBIX HccienoBaHui coTpyaHukamu MHcturyra reoxumun um. A.Il. Bunorpanosa
CO PAH (Upxkyrck), Uncruryra 3emuoit kopst CO PAH (Mpkyrck), ['eomormueckoro
uncturyta CO PAH (Ynan-Ym») u Unctutyra reonorun Kapensckoro mayunoro nentpa PAH
(ITeTpo3aBoaCK).

[IpumeHeHne U30TOMHBIX METOAOB COCTABIIIET OCHOBY MCCIIEJOBAHHUM, BBIOJIHEHHBIX B
NaHHOM pabore. Bce wH30TONHBIE HCCIIEAOBAaHUS MNPOBEAEHBI B J1a0OpaTOpUM CTAOUIIBHBIX
nzoronos JIBI'M JIBO PAH. Meton nokanbHOrO aHaiau3a 6348, 5%S u 5°°S B cynbpugax c
UCTIOJIB30BAaHUEM CHCTEM JIa3epHOH adisiuu u (QropupoBaHus 00pas3loB, pa3pabOTaHHBIA H
IIPEJICTABICHHBI B HACTOALUEH JIUCCEPTAMOHHON paboTe, MPUMEHSUICS M U3y4YCHUS
U30TOMHBIX aHOMaIMi cepbl-33 U -36 B SKCHEPUMEHTAIBHBIX M TNPHUPOJIHBIX 00paslax.
OmnpezneneHre W30TONHBIX AHOMAIMM KHcIopoda-17 B SKCIEpUMEHTANbHBIX —0Opasax
BBITTOJIHEHO MAacC-CIIEKTPOMETPHUYECKUM METOJOM Ha U30TOMMHOM Macc-cnektpomerpe MAT 253
(Thermo Scientific), 060pynoBaHHOM KOJUIEKTOPAaMH JJIsl OTHOBPEMEHHOTO M3MEPEHUS] HOHHBIX
TokOoB Ha Maccax 32, 33 u 34. KommbloTepHOE MOJECIMPOBAHME H30TOMHBIX 3(P(PEKTOB
Kuciopoaa-17 mpumeHssioch Juis  OOOCHOBAaHUS MEXaHM3MOB HMX BO3HHUKHOBEHHUS B

q)OTOXI/IMI/ILIeCKI/IX nmponeccax ¢ yd4aCTuEM MOJICKYJI BOJbI.

Hay4ynast HOBH3HA

MeTroaoM 3KCHEPUMEHTAIBHOTO MO3HAHUS TMPUPOJHBIX MPOLECCOB, MOJYYEHbl HOBBIE
HayyHbIe 3HAHUS B 00JIACTH T€OXHMHUHU M30TOIOB, HOCALINE (yHIaMEHTaIbHBIM Xapakrep. [lpu
u3ydeHuu sBiieHni poromucconuanuu SO, B 0eCKHCIOPOTHON aTMOc(hepe yCTaHOBJICHBI HOBBIE
3aKOHOMEPHOCTH MpPOSIBICHUSI Macc-He3aBUCUMBIX H30TOMHBIX A(PQEKTOB cephl B Mpolieccax
noriomieHuss SO,  ynbTpadUOIETOBOTO H3IyUCHHUs. BbIABIEHB KIIIOYeBBIE  (DAKTOPHI,
KOHTPOJIUPYIOIINE COOTHOIICHHE MEXTYy H30TOMHBIMH 3P (hEeKTaMu Cepbl 8%s, A®S u A®S 8
NpOAYKTax GOTOXUMHUECKUX peakiuil SO,. DKCepuMeHTAIbHO J0Ka3aHo, YTO Hab0aeMble B

apXeMCKUX TOpOJax HW30TONMHBIE AHOMAIWU CEephl MOXKHO acCONMUPOBaTH C arMochepHoi
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doroxummueir SO,. YcTaHoBIIEHA ONPeNENAIONIas poJib COJIHEYHOTo yabTpaduoaeroBoro (A<200
HM) M3JIy4eHHss B OJTUX Tpoueccax. [lomydeHO SKCHEpUMEHTANIbHOE JI0Ka3aTebCTBO
dbopmupoBanus Tmepokcuaa Bogopoxaa H>O, B armocdepe, He couepkamieid CBOOOIHOTO
MOJICKYJISIPHOTO ~ KUCIIOpona. BeisiBieH 3¢¢ekT Macc-He3aBUCUMOTO  (hpakImoHUpOBaHHS
M30TONOB KUCJIOPO/Ia (A”O) pu popmupoarnu H,O, B GECKUCIOPOTHBIX YCIOBUSX, BBISICHEH
MEXaHU3M €ro BO3HMKHOBEHHMS HA OCHOBE TEOPHHM MAarHUTHOTO H30TOMHOTrO 3(ddexra B
pamuKanbHbIX peakuusx. Co3aH HOBBIA METOJI, TIO3BOJISIFOIIUI BHIHTH HA KAYECTBEHHO HOBBIM
YPOBEHb HM3y4YCHHS TPUPOJHBIX BapHallMi HM30TOIMHOIO COCTaBa CEPbI, OJiarogapsi BBICOKOM
TOYHOCTH JIOKQJIBHOTO ONPEAETICHUs COOTHOIICHUIA BCEX YETBHIPEX CTAOMIIBHBIX M30TOIOB CEPHI.
Ha ocHoBe m3ydeHus: Ha JIOKaJHbHOM YPOBHE H3OTOIHBIX XapaKTEPUCTHK CYIb(UIHON Cephl B
apxeiickux Tommax Cubupckoro kparoHa u @DOEHHOCKAHIWHABCKOTO IIUTa JOCTOBEPHO
YCTAHOBJICHA TEHETHYECKasl CBsI3b Cepbl CyNbPUIOB C ¢oromuTHueckoir cepoil. HecomHeHHa
aKTUBHAs  pOJIb  OakTepWanbHOW  Cy’dbpaTpEeIyKIUH B  Mpoleccax mIpeodpazoBaHUs
doTomuTHUECKOU Cephl B CYIbPHUIHYI0 (HOPMY Ha HCCIETyEMbIX 00bEKTaX.

Hay4ynass HOBHM3HA JHMCCEpTAlMOHHOW pa0OThI OTpaKEHAa B CIICAYIONIMX ITOJIOKCHUSX,

BbBIHOCHUMBIX HA 3aIUTY.

3ammiaemMble M0JI0KEHUS

1. Pa3zpaGoTan HOBBII MeTOX Ui MPELU3MOHHOTO aHajIn3a COOTHOLIECHUH YeThIPEX
CTaOHIBHBIX H30TOMOB cephl -2, S, S u **S B cympduaax na nokamsHoM yposre. HoBusHa
METO/a 3aKJIIoYaeTcs B aONsAuu Cynb(PHUIOB (PEMTOCEKYHIHBIMH JIa3€PHBIMH HMITYJIbCAMH B
NOTOKE renus; (TOPUPOBAHUU  CyAb(UIHOTO  a’3po30is B  IMPOTOYHOM  PEAKTOPE;
Qg depeHIaIbHO-KpUoreHHoi ouucTku SFg; BBoAa aHamu3upyemoro rasza SFg B ra3oBblif
U30TOMHBII Macc-CIEKTPOMETp uepe3 MHTepdeiic A n3MepeHus: H30TOMHBIX OTHOLLICHUN Cepbl
B BaKyyMHOM pEXHME. DTOT METOJ IMO3BOJWI YCTPAaHUTh MCTOUYHUKH OIIMOOK, CBSI3aHHBIX C
MaTpuyHbiMU S dextamu, spdekTamMmu U300apHBIX HATOXKEHUU, 3(PdeKTaMu pa3MbIBAaHUS
VOHHBIX MIMKOB, U JOCTUYb TOUHOCTU U3MepeHui +0.2%o aiis 8%S, +£0.03%0 s A*S 1 +0.27%o
s A%S OpU MPOCTPAaHCTBEHHOM pasperieHuun wmerona 80 mukpoH (~10-12 nHanoMoOINB
aHamu3upyeMoro rasa SFg).

2. DKCrepuMEeHTaIbHO 000CHOBAHO MpejacTaBieHue o ¢oronuze SO, B MEpBUUHOMN
aTMocdepe 3emiu, Kak 00 HCTOYHHKE MacCc-HE3aBUCUMOT0 (PpaKIIMOHUPOBAHHS N30TOIOB CEPhI
B TOpOAax apxeuckoro Bo3pacTa. DakToOpoM, KOHTPOJIHMPYIOUIMM H30TONHBIE OTHOIICHUS
A®S/8%S 1 A*®S/A®S B mpoxykrax dorommsa SO, SBISETCS CIIEKTPATBHBII COCTAB COTHEYHOTO
U3JTYYCHUS, TJe KITF0UeBasi poJib MPUHAICKUAT BO3ICHCTBUIO U3IIYUEHHS C [UTHHAMH BOJH MEHEe

200 M.
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3. Jloka3aHO 3KCIEPHUMEHTAIbHO, YTO (OTOXMMHUYECKOE 00pa3oBaHHE MEPOKCHIA
BOJIOpOJIa B OECKHCIOPOIHON aTMocdepe 3eMiIu MPOMCXOIMIO 10 MEXaHU3MY TUCCOLMALUU
BOAbI W pekoMOuHammu TtuApokcun pagukaioB OH+OH+M—H,0,+M. OGpa3syromuiics
NEPOKCHJT BOJOPOJA XapPaKTEPU3YeTCs MacC-HE3aBHCUMBIM (paKIIMOHUPOBAHUEM HW30TOIOB
KHCJIOPO/Ia, MEXaHU3M KOTOPOTO OOYCIIOBJIEH SAEPHO-CIUHOBBIM M30TOMHBIM 3P (HeKToM. ITOT
OKCIIEPUMEHTATIbHBIA (DakT Ma€T HOBYIO BO3MOXHOCTH I HWIACHTH(PUKANUKA HCTOYHUKA
OKCHUTeHHU3auK atMocdepsl, acconuupyrorierocs ¢ poroxummuaeckum HyOs.

4, Macc-He3aBucuMo (ppakIMOHHMPOBaHHAs cepa, OOHAapy>KeHHasl B ApeBHUX (> 2.4
wipa Jnet) Ttonmax @PeHHocKaHIUHABCKOro mmra u  Cubupckoil minatdopmbl, OTpaxkaer
rio0anbHOEe BIMSHUE (HOTOXMMHUYECKHX aTMOC(EpHBIX TIPOLECCOB B apxee Ha oOmmid
KPYrOBOPOT CEpbl B CHCTEME aTMocdepa—okeaH—MaTepuk. DOTOXUMHUUECKUN aTMOCHEPHBIA
IIUKJI CEPBI ONPEEIIsICS MapaMeTpaMu TIAHETAPHOTO 3HAYECHUSI — COCTABOM M MHTCHCUBHOCTBIO
CHEKTPAIBbHBIX KOMIIOHEHTOB COJIHEYHOTO H3JIy4eHHUs. YIbTpadHUOJIETOBOEC COJHEYHOE
u3nydeHue 2.5 w Oojee MIIpJ JIET HA3aJ Wrpajio OOMIYI0 CHCTEMOOOPa3yMIIyl poOib B
(OTOXUMHYECKUX TMpoLeccax, OO0YCIOBIMBAIOIIUX MAacC-HE3aBUCUMBbIC HM30TOINHBIC 3()(EKTHI,

3a(pUKCUPOBAHHBIEC B ApXEUCKHUX TIOPOJIaX.

TeopeTnueckas n npakTUYecKasi 3HAYMMOCTD

Pe3ynbpTaThl unccieqoBaHUil, NpeACTaBICHHBIE B JaHHOH JHccepTalMOHHOW paboTe,
HOCAT (yHIAMEHTAJIbHBIA XapakTep W SABISAIOT COO0M 3aKOHOMEpHBIN 3Tall pa3BUTHUS 3HAHUU B
o0nacTu reoXuMuu U30TonoB. OHM BHOCST BKJIaJ B MOHMMaHHUE MPOIIECCOB MACC-HE3aBUCHUMOIO
(GpakUMOHUPOBaHMUSI U30TONOB  CEPhl, peHIaloT  MpoOJEeMbl, Kacalolluecs MPUPOIbI
IIPOUCXOXKIECHNUS M30TONHBIX AaHOMAIUN cepbl B apXEHWCKUX MOpoAax M IPUYMH HX
BO3HUKHOBeHUs. [Ipu 3TOM He moTpedoBasioch MepecMOTpa MPEACTaBICHUH O (POTOXMMUYECKON
IPUPOJIE HW3O0TOMHBIX AHOMAJNUM, MX CHOPABEAJIUBOCTh MOJY4YMJIa HKCHEPUMEHTAIbHOE
000CHOBaHHE BCJIEJICTBUE NMPUMEHEHMSI HOBBIX IOJAXOJOB K PEIIEHHI0 Bompoca o (aKkTopax,
BBI3BIBAIOIINX Pa3/ie]IeHNEe N30TOMOB Cephl B (POTOXMMHUYECKHX Ipolleccax B paHHEH atMocdepe
3emin. PesynbTarhl ucciefoBaHUs (POTOXMMHMYECKHX IpoleccoB ¢ ydactueM HyO wumeror
NPUHLMIIAAIBHOE 3HAUY€HUEe Ui Pa3BUTHS NPEICTaBICHUNH O BO3HUKHOBEHHWU CBOOOJIHOTO
MOJIEKYJISIPHOTO ~ Kuciopoga B aTMocepe 3emiu. OKCIEPUMEHTAIBbHO  IOJIY4YEHHbIE
JI0Ka3aTe’abcTBa caMOi BO3MOXKHOCTH TeHepupoBanus H;O, B pesynbTare (hoToamcconuaniu
H,0 B Geckuciopoanoii atMocdepe BHOCAT SICHOCTh B TEOPETHUECKUE MOJIEINH, CBSI3BIBAIOIINE
OKCHTeHm3anuto atMocdepsl ¢ poroxumueit Hy0.

B nmucceprammonHoil paboTe TONMYYWIO JaJbHEHIIEe pa3BUTHE HaIpaBJICHUE

HCCJIEIOBAaHMM, CBSI3aHHOE C pa3pabOTKON «METOJOB OLIEHKH KOJIMYECTB, COCTOSHUS U (opM
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HAXOXJICHUS XUMHYECKUX 3JIEMEHTOB M UX HU30TONOB B mpupone». Co3aaH HOBBIA METOHA IS
MPELM3HOHHOr0 aHanmM3a CooTHomeHui cepsl S/ %S, 3828 u *°SP%S B cynsdumax Ha
JIOKaJIbHOM ypoBHE. JIaHHBIM METOA MNpeAOCTaBUI BO3MOXKHOCTh 3HAUUTEIBHO MOBBICUTH
LEHHOCTh U UH(POPMATUBHOCTH MOITYYEHHBIX M30TOIMHBIX JAHHBIX B PEUICHUH I'€OJOTHYECKUX U
TCOXUMHUYECCKUX 3aaay. OHI/IpaSICb Ha M30TOIMHBIC MHAaHHBIC, IMOJIYYCHHBIC 3THM MCETOJAOM B
oOpa3iax cyab(UIHON cephl U3 apXxeickux mopoa dPenHockaHauHaBCKoro murta u CuOUpCKOro
KpaTOHa, YJOAJOCh Pa3BUTh MNPEACTABICHUE O KPYroBOpPOTE CEpbl B apxee, BKIOYas poOJib
doronuTUyecKkoil ceppl B 00pa3oBaHUU MOPCKOTro cyibdara U (GOPMUPOBAHUM aAPXEUCKHX
BYJIKaHOTEHHO-OCA/IOUYHBIX CYJIb(OUIHBIX MECTOPOXKICHHIA.

Pesynbrartel  MccnegoBaHUM  Macc-HE3aBUCHMMOTO  (DpaKIIMOHMPOBAHUS ~ W30TOIOB
KHUCTIOPOJIa U Cepbl JIOMOJHSIOT M Pa3BUBAIOT 0a3uC AN T€OXMMHUUYECKON HHTEpHpeTanuu
M30TOMHBIX 3P PeKToB, HAOMIOJaeMBbIX B MpUpoe. 30TomHbIe aHOMANIUU SIBISIOT OO0 HOBBIN
TpacCcep B OTCICKHMBAHUN TEX IMPOLECCOB, B KOTOPLIC MOTI'YT 6I)ITI) BOBJICYUCHBI XUMHUYCCKUEC
9JICMCHTELI, JAalOT HOBYIO BO3MOXHOCTH IJIA I/IIIGHTI/I(bI/IKaIII/II/I HNCTOYHHUKOB CCPBI U KUCIIOPOJa B
MECTOPOXKACHHUSIX TMOJE3HBIX HCKOMAEMbIX. OJTO OMNpeNeNsieT MPAKTUYECKYI0 3HAYUMOCTh
M30TOIHBIX aHOMAJIUA, YTO YCIEIIHO MPOJIEMOHCTPUPOBAHO B JIaHHOM paboTe Ha mpuMepe paaa
MECTOPOXKACHUN U PYAONPOSBICHUN, PACTIONOXKEHHBIX B Tipenenax Konbckoro, Kapensckoro u

CubupcKoro KpaToOHOB.

JloCTOBEpPHOCTH MOJTY4YeHHBIX Pe3ya1bTATOB

JloCTOBEpHOCTh pe3ysIbTaTOB oObOecreyeHa NPUMEHEHHEM METOJ0B HMHUTAILlMOHHOTO
MOJIEJIMPOBaHUS, MaTeMaTHuecKoil oOpabOTKM U aHajau3a »SKCIEPUMEHTAIBHBIX JaHHBIX;
MPUMEHEHUEM HOBEWIIMX BBICOKOTOYHBIX METOJOB H3MEPEHUs W30TOMHBIX OTHOILIEHUN B
HKCIIEPUMEHTATIBHBIX M MPUPOIHBIX 00pa3iiax; UCIOIb30BaHUEM MEXIYHAPOIHBIX CTaHIAPTHBIX

00pa3IoB 1S KaTMOPOBKH U3MEPEHHUI H30TOTHOTO COCTaBa KUCIOPOa U CEPHI.

JIMYHBIN BKJIAJ AaBTOPA

JIMyHBI BKJAJ aBTOpa BKIIOYAET BHIOOP TEMBI JUCCEPTALIMOHHOTO HCCIEI0BaHMA,
MIOCTAaHOBKY LEIH W (GopMyIuUpoBaHUE 3aaay paboThel. YacTh pe3yiabTaToB, H3JIO0XKEHHBIX B
paboTe, TOJSy4YeHbl aBTOPOM TP HEMOCPEACTBEHHOM COTPYAHHMYECTBE C HAyYHBIMU
pabotHukamu nabopatopuit JIBI'M JIBO PAH: naGoparopum cTaOMIBHBIX H30TONOB U
nabopaTopuy reHeTHYECKOH MUHEpaJIOTUH U neTpojioruu. B padorax no co3ganuto HoBoro dc-
JIA-TX/MC merona aBTOp JIMYHO pa3padaThIBasl alTOPUTMBI TECTUPOBAHUS METOA U TPOBOAMII
OTpabOTKY €ro OCHOBHBIX (DPM3MKO-XMMHYECKHX MapaMeTpoB. B paborax mo MoaenupoBaHUIO

MPOLECCOB (PPaKIIMOHUPOBAHUS H30TOMOB CEPHl U KUCIOpoJa B (GOTOXMMHUYECKUX MpOIeccax
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aBTOp JINYHO OOOCHOBAJl OOIIYI0 METOOJOTHIO 3KCIIEPHUMEHTOB, BBIMOJHUI OOJNBIIYIO 4acTh
BCET0 KOMIUIEKCa padoT, BKIIIOYAs IIOCTAHOBKY CaMOT0 SKCIIEPUMEHTA, MTOATOTOBKY MOTYYEHHBIX
9KCHEPUMEHTAJIbHBIX 00pa30B K M30TOINHOMY aHAlIM3y M IPOBEAECHUE U3MEPEHUH H30TOIHOIO
coctaBa. OOpa0oTka W MHTEpHpeTaluss IOJIyYCHHBIX JKCIEPUMEHTAIbHBIX JIaHHbIX,
KacCaloLIUXCsl U30TONHBIX A(P(PEKTOB KUCIOPOJA, NPOBEAEHA HENOCPEICTBEHHO aBTOpoM. B
paboTrax 1O  W3YyYEHUIO  HM30TOMHBIX  3((deKkToB cepbl B  CyIbOUAHBIX  pynHax
deHHOCKaHIMHABCKOIO 1muTa 1 Cubupckoil miaTGopMbl aBTOp JIMYHO MOJIYYHII 3HAUUTENIbHBIH
00BbEM M30TONHBIX JaHHbIX. OOCYXAE€HUE NaHHBIX U MOJArOTOBKA MyOJIMKALMK 10 pe3ysbTaTaM
TUX UCCJIEJOBAaHMM BBINOJHATACh COBMecTHO ¢ corpyaHukamu JIBI'M JIBO PAH,
I'eonoruueckoro uncruryra CO PAH, Uuctutyra 3emMuoit kopel CO PAH, UHcTuTyTa reonoruu

Kapenbsckoro nayunoro nentpa PAH u Muctutyra reoxumuu um. A.I1. Bunorpagosa CO PAH.

AnpoOanusi pe3yJbTaToB U My0JIUKALNU

[IpencraBnenHble B IUCCEPTallMM  pE3yJAbTaThl W BBIBOABI  OOCYKJAIUCh HA
BCEPOCCUHCKUX M MEXIYHApOJIHBIX COBELIAHMSIX W KOHpepeHUMsIX: MexyHapoaHas
kondepenuns IMSC «The 19" International Mass Spectrometry Conference» (Kuoto, SInouus,
2012); Mexnynapoanas konpepenuus ISI « The 7th International Symposium on Isotopomersy
(Toxwmo, SAnonus, 2014); MexayHaponnas reoxumudeckas koHpepenuuss Goldschmidt (ITpara,
Yexwust, 2015; Mexnynapoanoii konpepeniu JESIUM «Joint European Stable Isotopes User
group Meeting» (I'eut, benbrus, 2016); Bceepoccuiickoe  HaydyHOE  COBEIIaHUE
«["eomnHamuueckas sBoonust JUTocdepsl LleHTpanbHO-A3HaTCKOTO TMOABIKHOTO Tosica (OT
okeaHa K KoHTHHEHTY)» (Mpkytck, 2016, 2017, 2018); MexayHapoaHas koH(pepeHIus «XIV"
Workshop of the European Society for Isotope Research» (T'oopa, Pymbiaus, 2017); V
MexayHaposiHas kKoHpepeHIHs «YibTpaMapuT-MaQUTOBbBIE KOMIUIEKCHI: T€OJIO0THs, CTPOCHHE,
pyasbiii  nmorteHmman» (c. ['pemsumuck, PecnyOomuku bBypstus, 2017); MexayHapoaHas
koH(eperims “Geoanalysis 2018” «10™ International conference on the analysis of geological
and environmental materials» (Cumueit, Actpanus, 2018); XXIlI CuMmno3uym mo reoxumuu
u30TonoB umenu akagaemuka A.I1. Bunorpagosa (Mocksa, TEOXU PAH, 2019).

HccnemoBanus o TeMe TUCCEPTAMOHHON PabOThI BEITIONHSINCH B PAMKAX BBITIOJTHEHUS
wranos HUP JIBI'M JIBO PAH, mpoektoB PO®U (NeNe 15-05-00740, 15-05-00794, 17-05-
00469, 18-05-00102), a rakxe psaa nporpamm [Ipesnauyma JIBO PAH.

[To marepmanaMm nuccepTanuy OMyOJMKOBAHO 26 cTaTeil B pEIEH3HPYEMBIX HAyYHBIX
U3JIAaHUAX, U3 KOTOPBIX 3 cTaThHU OImyOJMKoBaHbl B u3nanusx u3 K-1 "Ilepeuns BAK", 14 crareit

B W3JIaHMSIX, HHACKCUpYeMbIXx 0azoi maHHBIX RSCI, u 9 crateit B M3gaHUsAX, MHIEKCHUPYEMBIX
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MEXIYHApOJAHBIMA 0a3aMM JaHHBIX, I€peueHb KOTOPBIX OIpeneséH B COOTBETCTBHH C

pexomenanusmu BAK.

CrTpykTypa nucceprauuu

JluccepranyionHas paboTa COCTOUT M3 BBEJICHUS, ISITH TJIaB, 3aKIIOUYCHHUS, CIIHUCKa PaboT
aBTOpa M0 TeME JUCCEPTAIUU U CIHCKA MUTHPYEeMOU uTeparypbl. O0muit 006EM nuccepranun
coctapsieT 288 cTpanuil, BKIovas /2 pucyHka, 19 tabnun n 483 HauMEHOBaHMSI MCIIOJIb3yEeMOH

JUTEPATYPHL.

Baarogapuoctu

51 BeIpakaro IIyOOKYIO MCKPEHHIOK OJIaroAapHOCTh MOUM YUYHUTENSM M HACTaBHUKaM
HrnareeBy Anekcanapy BacunbeBuuy u Briconkomy Ceprero BUKTOpOBHYY 3a ITOCTOSHHYIO
MOJIJICP)KKY B TEUCHUE BCEX JIeT paboThl. BeIpaxaro 0co0yr0 MpU3HATEIHHOCT U OJIAr0JapHOCTh
Koiieram 1o pabore: XaHuyky Anekcannpy KMsanoBuuy, Xomuuy Bamumy ['eoprueBudy,
MaptsiHoBy FOpuio AnekceeBuuy, 3a Upe3BbIYAWHO IMOJIE3HOE M IJIOJOTBOPHOE OOCYXIEeHUE
BCEX acHeKkToB paboTel. bonblryto 06iarogapHOCTh aBTOP BbIPAXAET BCEM COTPYIHUKAM
nabopatopun ctabunbHbix u3oronoB [ABI'U IBO PAH 3a conelicTBue B BBITIOJIHEHUH JTaHHOU
paboThL.

I'myGouaiinyto 61aro1apHOCTh aBTOpP BhIpaXkaeT KojuieraM u3 MHCTUTYTa reOXMMHUU UM.
A.II. Bunorpamoa CO PAH JleBuukomy Baneputo MBanoBuuy, JleBuukomy IBany
BanepreBuuy, Mexanommny Anekceto CepreeBuuy, ['eomormueckoro uncturyr CO PAH
OpcoeBy Jmutputo AnHatonbeBuuy u MHctutyra reosorun Kapenbckoro HaydHOTo II€HTpa
PAH CnaGynoBy Aunekcanapy WBanouuy, Kynemesnu Jlrogmune BnagumupoBHe 3a

MNOAACPIKKY U COBMECTHBIC pa60TBI o TeMEC JUCCCPTAlluU.
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I''TABA 1. MACC-HE3ABUCUMOE ®PAKIIMOHUPOBAHUE U30TOIIOB:
NCTOYHUKH U ITPOLECCHI

1.1. Macc-3aBUcHMMbI€ H MACC-He3aBHCHUMbIE H30TOIMHbIE 3(1)(l)eKTbI

1.1.1. Macc-3aBucumMoe (ppaKIUOHUPOBAHNE B PABHOBECHBIX U KMHETHYECKHX

nmpoueccax

B 3eMHBIX yCIOBHSIX F€OXMMHYECKHE U OMOXMMHUYECKHE MPOIIECCHl MOTYT MPUBOJIUTH K
3HAYUTEILHOMY pasfieneHuio ((pakMOHUPOBAHUIO) JIETKUX U TSKENIBIX H30TOMOB MEXIY
B3aUMOCBSI3aHHBIMM KOMIIOHEHTAaMU B TMPUPOAHON cucteme. M3oTomHoe (pakuroHUpOBaHUE
pa3IeNsIOT HAa JBa THIA: PAaBHOBECHOE M KWHETHYECKOe (PAKIIMOHUPOBAHHE. PaBHOBECHBIM
HA3bIBAIOT TAaKOE IMepepachpe/ie]ieHue H30TONMOB MEXIY JBYMS WM 0oliee KOMIIOHEHTaMH
00paTUMbIX XUMUYECKUX PEAKIH, B pe3yabTaTe KOTOPOTO JOCTUTAETCs COCTOSHUE U30TOIHOTO
paBHOBecHsi B cucrteMe. Kunetnmueckoe (pakliMOHUPOBAHUE ACCOILMHUPYIOT C HEOOPATHMBIMU
WM OJHOHAIIPABJICHHBIMU IPOLECCAMHU, B KOTOPBIX HE MNPOUCXOAUT PEAKUUUA H30TOMHOIO
oOMeHa U, CJIeI0BATEIIbHO, HE MOKET OBITh JIOCTUTHYTO OOMEHHOE M30TOITHOE PAaBHOBECHE.

Teopernueckue OCHOBBI (PPaKIIMOHUPOBAHUS U30TOIOB BIEPBBIE OBUIM MPE/ICTABICHBI B
paborax [Urey, 1947; Bigeleisen, Mayer, 1947; Bigeleisen, 1965]. Dtu aBTOpHI yKa3aiu, 4TO
M30TONMHOE (PAKIIMOHUPOBAHHE B PABHOBECHBIX M KHUHETHYECKHUX TMPOIIECCaX MOXKET OBITh
OMHUCAaHO KaK (YHKIMs OTHOCHUTEIBHBIX MacC H30TOMOB. Macca BIHsAET Ha KoJjieOaTelbHOE
JBUKEHHE aTOMOB BHYTPH MOJIEKYJIbI, a TAK)KE Ha MOCTYNATEIbHOE U BPaLlaTEIbHOE ABUKEHUE
MOJIEKYIIbI, Kak 1enoro. KonebaTensHoe IBM)KEHUE UTPaeT HanboJee BAXKHYIO POJib B MPOIIEccax
dpakunoHupoBanus. Paznuume Mexay KoyieOaTelbHOW SHEPruel XUMHUYECKUX CBSI3eH s
pPa3HBIX W30TOTIOB B MOJIEKYyJe OOYCIIaBIMBAIOT PA3HUILy B XUMHUYECKOM IOBEJCHUU MEXKIY
M30TOMAaMU OJHOTO M TOTO K€ XMMHUYECKOro aneMeHTa. OnucaHue KoieOaTeNbHbIX JBHKEHUN
aTOMOB B MOJIEKYJIE BO3MOYKHO Ha OCHOBE KBAHTOBOW MEXAHMKH, KOTOpas JAET COOTHOIIECHHE

MEXJly 4aCTOTOM KoJieOaHHI aTOMOB B MOJIEKYJIE U MAaCCOM aTOMOB:

1 |k
Vv =— |- (1.2)
2T Al U
rae v — yacrtora koneOanuii; K — Ko3(hOHUIMEHT, XapaKTEpU3YIOIIUNA CHIY CBSI3H; [ —

NpUBEIEHHAs Macca CUCTeMBbI (U = mym,/(my + m,) A ABYXaTOMHO#M MOJIEKYJIBI C MAaCCaMH

aTOMOB M, U M,). 13 ypaBHenus (1.1) ciemyer, 4To 3aMeHa OJTHOTO M30TOIA JAPYTHUM BBI3bIBACT



16

U3MEHEHHE KOJIe0aTeNbHOM YacTOThl W O3TO H3MEHEHHE TeM Oollbllie, dYeM OoJblie
OTHOCHUTEJIbHBIE PA3HHIIBI B MacCax M30TOIOB.

PaccmarpuBasi KoseOaHusI M30TOMHBIX aTOMOB Kak rapMoHHueckuii ocisuisatop [Urey,
1947; Bigeleisen, 1955], Obuto Mmoka3zaHO, 4TO (HAKTOp PABHOBECHOIO (PPaKIHOHUPOBAHUS
W30TOIMOB 3aBHCHUT OT CHJIBI XHMHUYECKON CBS3HM MEXIYy aTOMaMH W MOKET OBITh BBIPAKEH B

_ 1 11
TepMHHAX HM30TONMHBIX Macc: [nad™B = f (F) X (———) X f(Ks,Kp), rne o — daxrop
1 2

(bpaKHI/IOHI/IpOBaHI/IH MCXKAY ABYMS XHUMHUYECCKHUMHU COCIUHCHHUAMU Amn B, M; — aTOMHas1 Macca

1

U30TOIA; MHOXHUTEIb f (;) NPE/ICTABISCT 3aBHCUMOCTH OT TeMieparypbl 7; MHOXHTEIb
f(K,, Kg) npencrapisier 3aBUCHMOCTD OT KO PUIMEHTOB CHibI cBsi3u Ky 1 Kp Uil aTOMOB B
XHUMHUYECKOM coeinHeHnd A u B. Jis Tpex M30TONOB XMMHUYECKOTO 3JEMEHTa ¢ MaccaMu my,
m; 1 mg (M < My < M3) COOTHOIIECHHE MEXIy (akTopaMu (PaKIUOHUPOBAHUS JacT

crnenymoiiee Beipakenue [Matsuhisa et al., 1978; Weston, 1999]:

Az = (“3/1))l (1.2)

Bripaxxenue (1.2) mpeacraBisieT 3aKOH Macc-3aBHCUMOTO  (paKIMOHUPOBAHUS H30TOIIOB;

CTEIIEHHOMW MMOKa3aTellb A HE MICHTUYCH JIJISl PABHOBECHBIX M KHHETHUYECKUX poiieccoB [Young

s =
In
et al., 2002]: A = "X U151 paBHOBECHBIX IPOLECCOB, A = —zi JUISl KWHETUYECKUX
(77 7m3) (i)

MIPOIIECCOB.
B cooTBeTCTBHU C 3aKOHOM Macc-3aBUCHUMOTO (hpaKIMOHUPOBAHUS, B3aMMOOTHOIICHHE
2 4
MEXIy CTaOMJIbHBIMH HM30TOIAMH CEphI 3 S, 338, 3 S, %S PAaBHOBECHBIX YCIIOBUSIX JIOJDKHO

OTBCUATD CICAYOIHUM COOTHOILICHUAM:

0.515 1.89

U (34/32 = (“36/32)

rie 33/32, 34/32 u 36/32 cOOTBETCTBYET M30TOIHBIM OTHOIICHHSIM 3Bg32g 34g82g y 38g/82g,

(a33/32 = (“34/32)

3aK0OH Macc-3aBHCHMOTO (bpaKI_II/IOHI/IpOBaHI/IH HU30TOIIOB CEPbl MOKHO IIPECACTABUTL B

CTAHIaPTHBIX TEPMHUHAX, HCITOIB3YEMBIX JUTS BRIPAXKEHHMs H30TOMHOro coctaa (8°°S, %S, §°°S):

0.515

5335 = 1000 [(1 + 257 1] (L.3)
1.890

5365 = 1000 [(1 257 1] (L4)

Vpasuenus (1.3) u (1.4) mnpencraBisiror Ha rpaduKax COOTBETCTBYIOIIME KpPUBBIE Macc-
3aBHCUMOT0 (PpaKIIMOHUPOBAHUS, UMEIOIINE HEMMHEHHBIN XapakTep. KpuBble Macc-3aBUCHMOTO
(pakMOHUPOBAHUS MOTYT UMETh JIMHEHHBIN XapakTep, e U30TOMHBIN COCTaB MPeICTaBIISATh

B ByjIe Jiorapudmuyeckoi 3anucu [Hulston, Thode, 1965b; Young et al., 2002; Miller, 2002]:
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34
534S =1000In (fo_oz + 1) u ananoruyso 11 8’ 33S u §'36S. Torna B Tepmunax 6’ ypaBHeHus

Macc-3aBUCHMOro  (pakiuonuposanus 6’335 =0.515%x6'3*S wu 6’365 =1.89 x §'3*S
MPEJCTABISIIOT Ha TpaduKax NpsMbIe JIMHUW, KOTOPBbIC HA3BIBAIOT JMHHUSIMH 3E€MHOTO Macc-
3aBUCUMOTO (PPaKIIMOHUPOBAHUS H30TOIIOB CEPBHI.

Jlis OOJBIIMHCTBA 3E€MHBIX OO0pa3lOB MOJYyYEHHBbIE KOPPEISIMOHHBIE 3aBHUCUMOCTH
5%35-5%S u 5%°S-8%s XOPOIIIO COTJIACYIOTCS C TEOPETHYECKHU MPEJCKa3aHHBIM XapaKTEPOM
¢bpakuronupoBanus (pucyHok 1.1), yto oTpakaeT (GOpMHPOBAHHE HM30TOIHOTO COCTaBa B

TEPMOJIMHAMHYECKH PAaBHOBECHBIX YCIOBHSX M30TOMHOT0 ooMeHa [Johnston et al., 2007].

SU T 120 [~ T T ‘ T T
20} 1 sk | o’e/
e
" = = o0
10l 1 =0515 | w0l =19 \0{@\0 |
& 2 u?f’\
\
o 0 o 0 oo
% e 6@?3
104 g 40+ o -
A©
oA 1 B0p e ]
- /' }E ] 1 1 _120 \ejl. | 1 1

8“S %o 5"S %

Pucynok 1.1 — JlaHHBIE TIO M30TOMHOMY COCTaBY CEpbl B 00pa3lax CyIb(QHUIOB H3 MOPOJI H
MECTOPOXKACHHUI BO3pacTOM MOsIoxke 2 Mip jeT. CrieBa nmpeAcTaBleHbl BapUallii BeJITMYUH 583
OTHOCHTENBHO 8'S n CIIpaBa — BapHUallMK BEIUYUH §%S otHOCHTENBHO §°*S. MacchB H30TOMHBIX
JAHHBIX OMpEJENseT MPsSIMbIe TUHUH C HAKIIOHOM 8)=0.515u 367»21.9, YTO OTPa’KaeT MPOLIECCHI
Macc-3aBUCUMOTO (PAKIIMOHUPOBAHUS HM30TOMOB cephbl. CIUIOMIHBIMU JIMHUSAMU TIOKa3aHbI
JIMHUH MacC-3aBHCUMOTO (hpaKIMOHUPOBAHUS M30TOIOB cepbl. PucyHok u3 pabotsr [Johnston,

2011].

HeOosnpie OTKIOHEHUS OT JMHMM MAacc-3aBUCUMOrO (pakIMOHUPOBAHUS — HE Oojee deM
0.2%0 — oTpaxkaroT IeHCTBUE HEPABHOBECHBIX KMHETHYECKHMX IPOLECCOB, BKIIIOYAs pa3ciieHUE
M30TONOB B MHUKpOOHANbHBIX Ipolieccax cyib(ar peaykKuuh W B mpoueccax AuPpdy3uu
[Farquhar et al., 2003; Johnston et al., 2007; Bao et al., 2015].

Taxum o6pazom, ppakmOHUPOBaHHE U30TOINOB, KaK B pAaBHOBECHBIX IpoIeccax, Tak U B
KUHETHUYECKUX Tpoleccax, oObsAcHSIeTCS TeM (akToM, YTO KojeOaTenbHasl, MMOCTyNaTelbHas U
BpalllaTeNbHasi SHEPTUU MOJIEKYJ 3aBUCAT OT Macchl. PaBHOBeCHOE (PpaKkIIMOHUPOBAHUE MOKET
OBITH OINHCAHO HAa OCHOBE KBAHTOBON MEXaHWKH, HCIIOJIb3Ys BBIUYMCICHUS HHEPreTHUECKUX
KoJIeOaTeNbHbIX YPOBHEH B KBAaHTOBO-MEXaHHYEeCKOH cucreMe. KnHeTHueckoe Macc-3aBUCHMOE

(I)paKI_II/IOHI/IpOBaHI/Ie BO MHOI'OM O6YCJ'IOBJ'ICHO pPas3siinuueM OSOHCPIruru TIMOCTYHATCIbHOIO H
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BpamaTCJIbHOI0 ABHWIXKXCHUSA H3O0TOIMHBIX MOJICKYJI W MOXKCT OLITb OIIMCAHO B paMKax

KJIACCUYECKOW MEXAHUKH.
1.1.2. Macc-He3aBHCHMBbIe H30TONMHBIE d(PPeKThI

K macc-nHe3aBucuMomMy  (pakIMOHHPOBAHUIO  HW30TOMOB  OTHOCAT  TaKoe
(dpaknuoHUpoBaHWe, IpU KOTOpOM cooTHomeHue (1.2), oOycioBiIeHHOE pa3nu4ueM B
M30TOMHBIX ~ MaccaX, CYIIECTBEHHO Hapymaercsi. OTKIOHEHHE OT  Macc-3aBHCHMOTO
(pakuMOHUPOBAHUS H30TOIOB CEPHl BIEPBbIE OBUIO OOHAPYKEHO B JKEJE3HBIX METEOPUTAX
[Hulston, Thode, 1965b]. Cienys aBTopam 3Toi pabOThI, BEIMYMHY OTKIOHCHHSI OT TMHUN Macc-
3aBUCHMOTO ()PaKIIMOHUPOBAHUS 0003HAYAOT CUMBOJIOM Ooublias aenbra, A. Ha pucynke 1.2

33 36
CXEMAaTH4YHO I10Ka3aHO rpa(l)qu(:Koe MNpEaACTaBJIICHUEC MAIrHUTYAblI OTKJIIOHCHH A™S u A™S.

30 120
20F 80}

2 2
10 40

0] 78!
« 0 26

2} %)
-10 -40
290 -80
-30 -120

-60 -60

Pucynok 1.2 — Ha rpadukax 5%5-8%s n §*5-8%s IIPOJEMOHCTPUPOBAHBl 3aBUCUMOCTH,
OTBEYAIOIME MACC-3aBUCUMOMY (hpaKIIMOHUPOBAHUIO U30TOIMOB cepbl (rostydast TUHUS) U Macc-
HE3aBUCHUMOMY (PaKIIMOHUPOBAHUIO (KpacHas JIMHUS ). MarHuTya OTKIOHEHHS OT JIMHUH Macc-
3aBrcuMoro dpakimonnposanns A*S i A*®S nokasana crpenkam.

B pannux nyosnukanusx [Gao, Thiemens, 1991] ans pacdera OTKIOHEHHS OT MacC-3aBUCHMOTO
OTHOLICHUA U30TOIIOB CCPLI OBl MMPUMCHCHBI CJICAYIOIINC YPAaBHCHUA:

A33S = §33S — 0.50 x §34S

A36S = §36S — 1.97 x §3*S
B mocnenyromux pabdorax [Farquhar et al., 2000a; Farquhar et al., 2000b; Ono et al., 2003;

Johnston et al., 2008] 6buTH pHMeHEHBI O0JIee TOYHBIC BHIUNCIICHUS:

3400 0-515
A%S = §335 - 1000 |( 1 -1
( * 1000)
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5345\ 19
A36S = §365 — 1000 |( 1 + -1
( 1000)

WA
A33S = [In(1 + 6335/1000) — 0.515 x In(1 + §3*S/1000)] x 1000
A36S = [In(1 + 6365/1000) — 1.91 X In(1 + §3*S/1000)] x 1000
Pa3nuuHple mOOXOabl K BBEMMHUCICHUIO BEIWYMH HW30TOMHBIX aHOMAaJIUU ABS u A%S AT
OTIIMYAIOIINECS MEXy cOOON 3HAYEHMsI, HO 3TU Pa3IU4Msi MOKHO CUUTATh HECYIIECTBEHHBIMU
M0 OTHONICHHIO K TMANa30Hy M30TOIMHBIX aHOMAIHKA Cepbl, OOHAPYKEHHBIX B 3€MHBIX MMOPOJaX.
3HauYUMOE OTKJIOHEHHE OT JIMHUM MacC-3aBHCUMOTO (PAaKIIMOHUPOBAHUS OOHAPYXKEHO B
cynppuaax u cyiabparax U3 MOpoj apxeucKoro Bo3pacrta, Al KOTOPBIX Ha CErOAHSIIHUNA JEHb
ompeeaeH o0 Auana3oH Bapualui A®S okono 10%o [Ono, 2017].

B 3emuoii atmocdepe MHOTHE KHCIOPOJICOJEPIKAIINEC COSAMHCHHUS OOHAPYKUBAIOT
Macc-He3aBUCUMOE (PPaKIIMOHUPOBAHUE H30TOIMOB KHCIOPOa %0, Y0 u '®0. Usoromnsie
anomanuu kuciopoga (AYO) B crparochepHoM o30He mocturaror 3HaueHmi  ~40%o
[Mauersberger, 1981; Mauersberger et al., 2001; Mauersberger et al., 2005; Krankowsky et al.,
2007]. Bbuto ycTaHOBICHO, YTO O30H, YYacCTBYsS B aTMOC(EPHBIX PEaKIHIX, MEPEAacT CBOIO
AHOMAJILHYIO M30TOIHYIO METKY IPYTHMM aTMOC(epHBIM KOMIIOHEHTaM, HampumMep cyibdaram,
HUTpaTaM, JAMOKCHAY yriaepona u ap. [Thiemens, 1999; Thiemens, 2002; Thiemens, 2006;
Thiemens, Lin, 2019].

AHanu3 COBpEMEHHBIX MPEICTaBICHHUI O Mpolleccax U MEXaHW3Max Macc-He3aBUCUMOTO
(GpaKIMOHUPOBAHKSI M30TOMOB KHCJIOPOJAa M CEpPbl B TPHUPOJIE TPUBEIACH B JAITbHEHIINX

naparpadax JaHHOH TJIaBBl.
1.2. Macc-He3aBucuMoe (paKIMOHUPOBAHUA U30TONOB KHCJIO0POAA

1.2.1. H3oTonHbIe AaHOMAJIUH KHCJI0POIa B aTMOC(EPHOM 030He: IKCIEePUMEHT U TeOpHs

CorylacHO 3aKOHY MacC-3aBHCUMOT0 (PaKIMOHHUPOBAHKS B3aMMOOTHOILICHUE MEXIY
BenmanHamu &' O u §'°0 gomkHO YIOBIETBOPSATH CIAEAYIOIIEMY BBIPAXKEHUIO: 80 =0.52 5™0.
OTKJIOHEHHE OT JTOr0 3aKOHA BIEPBBIC OBLIO OOHAPYKEHO B KaJbI[MEBO-ATIOMHUHHEBBIX
BKJIFOUCHHSIX U3 YIIIMCTOrO Meteoputa Aubenze [Clayton et al., 1973], rae Bapuanuu 87O u
8'®0 orewamn orwomenmo 67O = §'™0. Kueiiton ¢ coasr. [Clayton et al., 1973]
NPENONIOKHUIN, YTO HaOJIoJaeMasi B METEOPHTE H30TOIMHAs aHOMAJIUsl KUCIOpOJAa JOJDKHA

OTPAXKATh YUACTUC ANCPHBIX IIPOUCCCOB, IOCKOJIBKY, KaK ITOJIarajiv 3TH aBTOPbI, HUKAKHUC APYTHUC
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IpoIecChl KpOME SACPHBIX HE CIIOCOOHBI BBHI3BIBATH (PPAKIIMOHUPOBAHME M30TONOB BHE
3aBHCUMOCTH OT MX Macchl. OJHako, kKak ObuIo moka3aHo B pabote [Thiemens, Heidenreich,
1983] wmacc-He3aBHCHMOE (PAKIHOHUPOBAHHUE H30TOINOB BO3MOXKHO HE TOJIBKO B SACPHBIX
npoueccax. ABTOpPbI 3TOM pabOThl HAIUIM, YTO MO BO3JEUCTBHUEM JJIEKTPUUECKOrO paspsjaa Ha
MOJICKY/ISIPHBIA KHCIOPO 0Opa3yeTcs 030H ¢ aHOMAIbHO BBICOKHM coxepkanmeM ~ O u 0,
IIPUYEM HU30TONHBIE OTHOLICHUS Y0/*0 u 0/M0 6Gbum MIPAaKTUYECKU MACHTUYHBI TEM, 4TO

HaOJIIOJAIMCH 1711 METeOpUTa AJIbEH IS 80 =380 (pucynoxk 1.3).
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Pucynok 1.3 — CiieBa npecTaBiieHbl JaHHBIE 110 U30TOITHOMY COCTaBY KHMCJIOPO/a B METCOPHUTE
Anpvenne [Clayton et al., 1973]. CnpaBa moka3zaHbl 3KCIIEpUMEHTAIbHBIC JaHHBIC JJIS 030HA,
00pa3syromierocss W3 KUCIOpoJda TOJa JCHCTBHEM JIIEKTpUYeckoro paspsiga [Thiemens,
Heidenreich, 1983]. Pucynok u3 padots! [ Thiemens, Lin, 2019].

OTH SKCIIEPUMEHTH OBUTH TPOBEICHBI CITyCTS JBa TOAa MOCIE TOro, Kak HEOOBIYHO
BBICOKOE H30TONHOE oboramenne -0, mocruraomee 400%o, GbUIO 00HapyXeHO B
arMoc(epHoM o30He Ha BeicoTe OT 22 10 38 kM [Mauersberger, 1981]. HeoGwryHOCTH
3aKJI0Yanach B TOM, YTO TEOPETHUUECKUE BBIYMCICHHS HE MPEJICKa3bIBAIM TAKOTO TUTAaHTCKOTO
oGoramenmnst m3otoroM °0  [Kaye, Strobel, 1983]. Macc-He3aBHCHMBI — XapakTep
(bpakIMOHUPOBAHUS U30TOMOB KUCIOPO/Ia B aTMOC(HEPHOM 030HE OBLT OJJHO3HAYHO YCTaHOBIICH
yKe B IOCTE/yIoIIeil paboTe, rie GbUIM MPOBEICHB H3MEPEHHs 060X oTHomenuit 0/ °0 u
Y0/ **0 [Mauersberger, 1987]. MarsuTyssl Benuans 8O u 820 B 030HE OKazaTHCH IIPUMEPHO
OJIMHAKOBBIMH MEXIy co00it 80 = §"0. Bonee mosmnume W3MEPEHMST M30TOMHBIX Bapualun
kuciopoaa B o3one u3 crparochepsr [Krankowsky et al., 2000; Mauersberger et al., 2001,
Krankowsky et al., 2007] u tponoctepsr [Krankowsky et al., 1995; Johnston, Thiemens, 1997]
TPOIEMOHCTPHPOBATH JOBOJIBHO CII0XKHOE B3aMMOOTHOIICHHE MEXLy BapuarmsiMu 50 u 87O.

17
Ha pucynke 1.4 BugHO, uyTO 0boraiieHue n3otonoM — O B 030HE MOXKET ObITh Kak OOJIbIIe, TaK U
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Pucynok 1.4 — M30TOmHBIIA cOCTaB KHCIOpPOJA 50 u Y0, U3MEPEHHBII B O30HE W3
cTpaTocdepbl (KenTble KBaapaThl) U Tponocheps! (cuHue KBaaparbl). s cpaBHEHMs MOKa3aH
M30TOMHBIM cocTaB aTMocepHOro Kuciopoja (KpacHblii TpeyrosibHUK). [lyHKTHpOM
0003HauEHBI TMHHSI MAcC-3aBUCUMOTO (PpaKIIMOHUPOBAHUS M30TONOB C HAKIOHOM 0.5 W TUHUS
Macc-He3aBUCHMOT0 (ppakioHupoBaHus ¢ HakiaoHOM 1.0. PucyHok u3 paGotsr [Thiemens,
2013).

3HAYUTEIBHOE KOJIMYECTBO OSKCICPHUMEHTAIBHBIX M TEOPETHYECKUX HCCIICIOBAHUMN
MOCBSIICHO OOBSICHEHUIO W IMOHMMAHHUIO MPOIECCOB (PAKIIMOHUPOBAHHS M30TOMOB KHUCIOPOa
npu GOPMHUPOBAHHUN U PA3IOKEHUU 030HA.

B pa6orax [Thiemens, Jackson, 1987; 1990] BnepBbie ObUIO MPOIEMOHCTPUPOBAHO, UTO
U30TOIHBIC aHOMAJIMU KHUCJIOPOJa BO3HUKAIOT HE TOJBKO B MPOIECCe 00pa3oBaHMs 030HA MO
JCHCTBUEM DJICKTPUYECKOTO pa3psaa, HO M B Tpolleccax, MPOTEKAOIIUX IOJ JACHCTBHEM

CBETOBOW 3HEPTUHU, TO €CTh B (POTOXMMHUYECKUX TMpolieccax. B nabopaTopHBIX dKCIepUMEHTaxX
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ObUIO YCTAHOBJIEHO, YTO MAacC-HE3aBUCHUMBbIE H30TOMHbIE 3(P(EeKTh 030HAa B 3HAUYUTEIHHOU
cTereHu 3aBucaT ot AasineHus [Morton et al., 1990; Thiemens, Jackson, 1990; Guenther et al.,
1999; Feilberg et al., 2013] u ot Temmeparypsr [Morton et al., 1990; Janssen et al., 2003].
[loBbiienne gaBineHuss O, TPUBOAUT K YMEHBIICHHUIO M30TOIHON aHOMAaIMHM 030HA AY0, B 10
BpeMs. KK IIOBBIIICHHE TEMIIEPAaTyphl, HAIPOTHB, IPHBOAUT K yBenudyeHnto 3HaueHuit A0 B
oOpasoBaBiiemMcsi 030He. B psge pabor ObUIO H3Yy4EeHO BIMSHUE TPEThEro Tejla Ha
[IPOM3BOIUMBIE U30TOMHBIE () (HEKTHI AYO o30mna [Heidenreich, Thiemens, 1986; Feilberg et al.,
2013]. Ponbs TpeThero Tena urpaiy pasindHbie TUIbl OydhepHbix ra3os (Ar, He, O,, CO, u SFg).
BoisicHmIOCh, uTo ToBeaeHne AT'O 030Ha cIaG0 MM COBCEM HE 3aBHCHT OT TOTO, KAKOM THII
OydepHoro rasa wucrnosib3oBajicsi B 3KcrnepuMmeHTax. Vckmouenue coctaBiser ra3 SFg, B
IPUCYTCTBUN KOTOPOro m3oTomHas aHomamus A''O 030Ha MOMHOCTBIO HCUE3aeT IPH JABICHAN
SF¢ mopsiaka 700 Topp [Feilberg et al., 2013].

Hecmorps Ha  OonbpIION  SKCIEPUMEHTANBHBIM  MaTepuall U YCTaHOBJICHHBIE
3aKOHOMEPHOCTH, MEXaHHM3M BO3HHKHOBEHHS MAacC-HE3aBUCHMOTO  (ppakIMOHUpPOBAHHS
M30TOIOB KUCIOPOa Mpu (POPMUPOBAHUU 030HA OCTAETCS HESICHBIM.

B nepBrix paborax [Heidenreich, Thiemens, 1986; Mauersberger et al., 1993; Anderson
et al., 1997] BO3HMKHOBEHHE H3OTOMHBIX AHOMAIBHBIX A(P(PEKTOB CBAZBIBAIM C PEAKLIUCH
pEeKOMOMHAIIMM aTOMAapHOTO W MOJEKYJISIPHOTO KHCJIOPOJa, HAXOAALIMXCS B OCHOBHOM
COCTOSIHUU:

0+0,+M- 05+M - 0; + M*

3necy O3 - MeracTaOmiIbHas MOJIEKyJa 030HA ¢ M30BITOYHOW PHEpPruei. DTa dHEprusi JOJKHA
OBITh TiepedaHa TpeTbeMy Teny M i craOuim3allid MOJICKYJBl O030HA. VcTouyHMKOM
aTOMapHOTO KHCIIOPOJa MOXKET ObITh peakius aucconnanuu Oy 1o Bo3AeHCTBIEM U3ITyUEeHHUs C
quHaMud BoaH < 240 um: 0, + hv - O + 0. Bo3HHMKHOBEHHE H30TONHBIX aHOMAJIbHBIX
3 PEKTOB TpernoNaraioch Ha CTaJWW CTAOWIU3allMM BO30YXKIEHHBIX MOJEKyn o3oHa O3.
Bo30yxnennas Monekyna 030Ha MoxkeT Jmbo  pacmacteess 03 - 0+ 0,, 1mbo
CTaOUITM3MPOBATBCA B PE3yNbTaTe CTOJIKHOBEHUHM C PEAKIMOHHO-UHEPTHBIM TPETHUM TEIOM
03 + M - 05 + M#. BeposTHOCTs CTaGMIM3AIMM ACHMMETPHYHBIX BHIOB MONEKYT O30HA
0%0"0 u *0%0%0 ropa3zio BbIIIE, YEM CHUMMETPUUYHBIX MOJIEKYII %000, uro B
KOHEYHOM HTOT€ JOJKHO MPHBECTH K aHOMANBHOMY OOorameHmio msorormoM OO 0 B
KoHeyHOM mpoxykre Osz. OpHako 93Ta  MoOmenbs He OOBSICHIET HSKCIEPUMEHTAIHHO
YCTAaHOBJICHHOTO (DaKTa HCYE3HOBEHMSI HW30TOMHOW aHOMAJIUU AYO o30Ha TPA  BBICOKHX
nasyienusix [Morton et al., 1990; Thiemens, Jackson, 1990; Thiemens, 1999].

ITo manueiM Mauersberger ¢ coast (1999), HabitoaeMblii H30TOMHBIH 3((HEKT CBA3aH HE

C CHMMeETpHEH MOJIEKYJ, a O0yCIIOBJIEH 0oJiee BBICOKOH CKOPOCTHIO PEAKIMH MEXIY JIETKUM
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aTOMOM KHUCJIOpOAa %0 u u30TOMHO TSVKETBIME MOJIEKYJIAMH (**0™0 u °0'0) no CPaBHEHUIO C
peaKkIMsAMHU, B KOTOPBIE BOBJICUYCHBI TSHKEJIBIE aTOMbI KUCIOPO/Ia U U30TOIHO JIETKUE MOJICKYJIbI
0,.

HauOonee pacmpocTpaHeHHas Ha CErOAHSIIHUI JE€Hb TeopeTHYecKas MOJEIlb,
0OBSICHAIONIAS BCE IKCIIEPUMEHTAIBHBIE PE3YIbTAThl IPU PA3TUYHBIX YCIOBUSX, PEACTABICHA B
cepuu pabotr Mapkyca ¢ coaropamu [Hathorn, Marcus, 1999, 2000; Gao, Marcus, 2001, 2002;
Gao et al., 2002]. IlpennoskeHHass MOJENb BKIIIOYAET OCHOBHBIC IMOJIOKEHHUS CTaTHCTHYECKOM
TEOPUHM CKOPOCTEH MOHOMOJEKYJSPHBIX pEaKkUud AuccoLMaluMu U OMMOJEKYJISIpHON
pexomoOunanuu, “RRKM”(Rice, Ramsperger, Kassel, Marcus) teopus [Gilbert, Smith, 1990]. C
touku 3peHuss RRKM Teopun, mMexanum3m BO3HHKHOBEHHUS H30TONMHBIX 3(P(EKTOB MOKHO
OOBSICHUTB 3@ CUET MEHBIIEro IepepacnpeieIeHUi YHEPTUU B CUMMETPUYHBIX M30TOIIOMEpax
[0 CPaBHEHHUIO C aCUMMETPUYHBIMU H30TONOMEpaMu. MapKyc BBeJl HOBBI HECTaTUCTUYECKUN
dakTOop, Ha3BaHHBIM  «M-QaKTOp», NpEJHA3HAUEHHBIH Ui ONKHCAHUS  pa3iuyuid B
craTHcTHYeckoM moBeaennn acummMerpruneix  (°0°0Y0, *0™0®0) u  cummerpuunsix
Mostekyn ( 160160160, %000 u 160180160). YroObl M30TOMHBIC JTaHHBIEC, MOJIYyYEHHBIC B
MOJICJIBHBIX ~ pacueTax, COOTBETCTBOBAIM HKCHEPUMEHTAJIbHBIM pe3yibTaraMm, Mapkyc
HPEANONOXKMI, YTO 1-(HaKTOp IODKEH MMETh 3HadeHue npumMepHo paBuoe 1.18 [Gao, Marcus,
2002; Gao et al., 2002]. D10 mpeaNoNIOKEHHUE €lle MPEACTOUT MPOBEPUTH IKCIIECPUMEHTAIBHO

JUISL IOJTHOM BepU(UKAIIUH MOJIEIH.

1.2.2. WCTOYHMKH M30TONMHLIX AHOMAJIHI B KHCJIOpoOACOACPRKAIIMNX KOMIIOHEHTAX

atmocdepsl 3eMiu

C MOMEHTa OTKPBITUSI MacC-HE3aBUCHMMOTO (paKIIMOHHUPOBAHUSI U30TOINOB KHCIOpPOJa B
(GOTOXUMHUECKUX MpoIieccax GOPMHUPOBAHUS 030HA, TIPUHIUITHATIBHO BaKHBIM OBIJIO BBISICHUTD,
NPOUCXOTUT JIK Takoe (PpaKIMOHUPOBAHHE TAKXKe B PEAKIMSAX, MPUBOIIIIMX K 00pa30BaHUIO
JIpyruxX Haumbojee paclpOCTPaHEHHBIX KHCIOPOACOACPKAIINX aTMOC(PEPHBIX KOMIIOHEHTOB.
Oxka3ajock, 4TO W30TOMHAST AHOMAJIHS KHCIOPOJa HE SBJISCTCS YHUKAJIbHBIM SIBJICHUEM TOJIbKO
JUIIb JUIsi 030Ha. Macc-He3aBUCUMBbIe M30TOMHbIE 3(PPEeKThl ObLIIM 0OHAPYKEHBI B MOHOOKCH/IE
yriepoga CO [Rockmann et al., 1998], auokcume yrimepoma CO, [Thiemens et al., 1991, 1995;
Lammerzahl et al., 2002], xucmopone O, [Luz et al., 1999], nepokcune Bomopoxa H,O;
[Savarino, Thiemens, 1999a], okcumax azora N,O u NO, [CIliff et al., 1999; Rockmann et al.,
2001; Michalski et al., 2003] u B cyasdarabix asposonsx [Lee, Thiemens, 2001; Johnson et al.,
2001; Romero, Thiemens, 2003; Alexander et al., 2005]. Ha pucynke 1.5 moka3ana marHuryaa

17
orkioHeHHsT A'O 0T Macc-3aBUCMMOrO (PpakIMOHUPOBAHUS M30TOMNOB KHCIOpOAa st
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OCHOBHBIX aTMOCQEPHBIX KHCIOPOJCOMASPKANINX KOMIIOHEHTOB. MarHutyaa HM30TOMHBIX
aHOMaJIMi yObIBaeT B psily 030H — OKHC/BI a30Ta — JUOKCHUJ YIIIEpoaa — MEPOKCH] BOJOPOAA —

KapOOHATHBIE a3P030JIH — CYJIb(aTHBIC adP030JH (PUCYHOK 1.5).
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Pucynok 1.5 — JlanHble 1O HM30TOMHOMY COCTaBy O %0 u BenMuMHE W3OTOMHBIX AHOMAIMIL

KHciopoaa AYO B HEKOTOphIX aTMoc(epHbIX KOMIOHeHTaX. PucyHok u3 pabotsl [Chakraborty
etal., 2013].

Bce atn atMocdepHbie KOMIIOHEHTBI TaK WM MHAYE BOBJICUYCHBI B TJI00AIbHBIC T€OXUMHUYECKHE,
Ouoyornyeckre, THUAPOJOTHUECKHE W aTMOC(EpHBIE MUKIBI, YTO MOXET COMPOBOKIATHCS
pacmpesielieHieM HM30TOIMHOW aHOMAaiMHM KHCIOpoAa MeEKAy armMocdepoil W 3eMHOM
MOBEPXHOCTHI0. Ha 3T0 yka3piBaeT 0OHApYKEHHE U30TOITHON aHOMAJIbHOW METKHU B CYJIb()aTHBIX
U HUTpaTHBIX MUHEpaiax [Bao et al., 2000; Michalski et al., 2004]. Bo3HUKHOBEHHE H30TOIMHBIX
aHOMauii B aTMOC(EPHBIX (OTOXMMHUYECKHX MpPOIeccaX C IMOCACAYIOIMIUM COXPaHECHHEM H
HAKOIJICHHEM WX B IMOPOJaX W MHUHEpadax JaéT HOBBIC KIIFOYM K PACKPBITHIO U OTCIICKUBAHUIO
IBOJIIOIMKM TeOC(EepHBIX MPOIECCOB, MPOUCXOMBIINX HAa pPaHHUX JTalax pa3BUTHI 3EMIIH.

I_HI/IpOKOC IMMPOSBJICHUC MACC-HEC3aBUCUMBIX N30TOITHBIX 3(1)(I)CKTOB B PA3JIMYHBIX I‘33006p33HBIX )51
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TBCPABIX XUMHWYCCKUX COCOAMHCHUAX BbI3BAJIO 0COOBII HHTCPECC K HHM H TIOABJICHUC
MHOI'OYHMCJICHHBIX pa60T, UMCIOIIUX ILCJIbI0 BBIICHCHHC HCTOYHHMKOB M MCEXAaHU3MOB MaccC-
HE3aBUCUMOT0  ()PaKIMOHUPOBAaHHS HM30TOIMOB B  KHUCJIOPOJCOICPIKAIIMX  aTMOCHEpHBIX
KOMIIOHCHTAX.

Pe3ynbrartel 1a0OpaTOPHBIX OSKCIEPUMEHTOB IMO3BOJSIOT CYHTATh, YTO H30TOITHAS
AQHOMAJIMSI KHCJIOPOJia Y MHOTUX aTMOC(EPHBIX KOMIOHEHTOB, BEPOSITHEE BCEr0, HACIEAYETCS OT
030Ha, HEXEITM HEeIOCPEACTBCHHO IeHEPUPYETCsl B PEaKLUsIX 00pa30BaHHs ATUX KOMIIOHEHTOB.
[TepeHOC WM30TOMHOW aHOMAIWM OT O30HA K JPYIMM COCJHHCHHSM IIPOMCXOAUT BO BpeMs
IPOIIECCOB OKHCJIEHHS IPU YYacCTHH O30Ha HJIM AaTOMAapHOIO KHCIOpPOJA B 3JIEKTPOHHO-
B030yxenHoM coctosaun O(1D). Aromapubii kuciopox O('D) obpasyercs B peakuuu

JUCCOLIMAIIMU 030Ha 0] BO3ACMCTBUEM COTHEYHON pagualiuy B yIbTpaduoneToBoi o0IacTu:

A<320 HM
0; + hv —— 0(*D) + 0,

AtomapHslii kuciopos O(1D) B BO30YKIEHHOM COCTOSHUM HE BCTYIAET B PEAKIUM M30TOIHOIO
ooMeHa ¢ Oz u 1O3TOMYy MOXET IepelaBaTh HM30TONHYI0 AHOMAIUIO  JPYTUM
KHCJIOPOACOIEPKAILUM COEAUHEHUSIM.

Peakunu B3aumoneiicteus  O(*D) ¢ aumokcuaom yrieposa ObUIM NPEATIONONKEHBI B
pabotax [Yung et al., 1991; Wen, Thiemens, 1993] mist 00bsCHEHHUS MEXaHU3Ma, 10 KOTOPOMY
MIPOUCXOAUT MEPEHOC U30TOIMHON aHOMaIHH OT 030Ha K COy!

*0('D) + C®0, — (C*0'°0*0)* - C°0*0+'°0(*P), *°0('D)

CormacHo 3ToMy MexaHu3My, npucoemuuenne “O('D) k CO; HPHBOANT K OGPA30BAHMIO
POMEXYTOYHOTO KOPOTKOXKMBYIIEro BO30ykaeHHoro komriekca CO3. Kommeke pacmagaercs
Ha COj, KOTOpbII NMpUHUMAET METKY HM30TONHOW aHomanuu. [IponykToMm pacmajga sBIsieTCS
TaK)K€ aTOMapHBIN KACIOPOJ B OCHOBHOM COCTOSIHUH 16O(?’P) WM B 3JIEKTPOHHO-BO30YX/I€HHOM
cocrosann °O(*D). IIpaBHIBHOCTB TPEUIOKEHHOTO MEXaHW3Ma ObLIA TO3KE MPOBEPEHA |
HOATBEpIKACHA B 1abOpaTOpHBIX 3KkcnepuMenTax [Perri et al., 2003].

Jli1g 00bsicCHeHU ITyTel nepeHoca U30TOMHONW aHOMAalIuu 030HA B coequHeHust azota NoO
ObutH BBIABHHYTHI pasHbie npeanonoxenus [Cliff et al., 1999; Rockmann et al., 2001; Yung,
2004, Kaiser et al., 2004; Kaiser, Rockmann, 2005]. Haubonee xopormiee coriacue Mexmy
MOJIETTBHBIMH pacueTaMy 1 HabroaeMbivMe 3Hadermnsvu A'’O B armocdeprom N2O momydero B
paborax [Kaiser et al., 2004; Kaiser, Rockmann, 2005], rae ObU10 IpeAnoIoKeHo, YTO MIPUBHOC
u3otornHoi anomanuu B N2O cBsi3aH ¢ peaklUsIMHU:

N, + 0(!D) + M - N,0 + M

N,0 + O(*D) -» NO + NO
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NO + 0; - NO, + 0,
NO, + NH, - N,0 + H,0

Hasmane usoronoi anomanus A''O B aTMOChEPHBIX HUTPATAX MOKET OBITH OOBSICHEHO
[Lyons, 2001; Michalski et al., 2003] kak nepenocom uzoromnnoii anomanuu NO; B mporecce
OKHCIIUTEIbHON peaKIiu:

NO, + OH+ M — HNO; + M,
TaK ¥ MEPEeHOCOM M30TONHOM aHOMAJIMU 030HA B PEAKIIUU:
NO; + O3 = NO3 + O,.

B npennoxxeHHoit Mozaenu (HOTOXMMHUYECKOIO PpaBHOBECUS JUISl KOPOTKOKMBYILIMX
(<10%) aktuBmbIXx pamukanos O(‘D), O, OH, Oz, HO,, ClO, NO, NO, NOs, HNO, u
OTHOCHUTEIIEHO JIOJITO’KUBYIIIAX (<106 ¢) BunoB HyO,, HNO3, CINO3, CH30,NO;, HO;NO; 651110
IPOIEMOHCTPUPOBAHO, YTO KOPEHHBIM HCTOYHUKOM DPACHPOCTPAHEHUs HM30TOIHOM aHOMalluu
SBJISICTCA O30H, KOTOPBIM IEpeNaeT CBOIO H30TONHYK AHOMAJIUIO JIPYIMM COEIMHEHHUSIM B
PEaKIHsIX U30TOITHOTO 0OMEHa KHCIOPOIOM.

Takum  oOpa3oMm, HamM4Me  MacC-HE3aBUCHUMBIX  I(PQPEKTOB B  aTMOC(EPHBIX
KHCJIOPOACO/EPKAIIMX KOMIIOHEHTaX JOJDKHO HAampsMyl0 CBHUJETEIbCTBOBAaTH 00 HX
HEMOCPEACTBEHHOW MJIM KOCBEHHOH CBsI3U ¢ 030HOM. OJHAKO, TakOW BBIBOJ| MPEACTaBIIAETCS
cnopabM. HacriegoBanme W30TOMHONM aHOMAJIMK 030HA SIBJISIETCSI OCHOBHBIM, HO HE €TUHCTBEHHO
BO3MOXXHBIM MEXaHH3MOM BO3HHUKHOBEHHUS MAacC-HE3aBHCUMBIX HW30TOMHBIX J(PPEKTOB B
HEKOTOPBIX aTMoc(epHbIX KoMmMmoHeHTax. Jlo cux mop emé ocTaeTcs HESACHBIM BOIIPOC O
IPOMCXOXKACHUU HM30TONMHOM aHoManuu B mepokcuae Bojopoma HyOp: gelicTBuUTENnsHO 1M
n3otonHas aHoManus H,O; yHacienoBaHa OT 030HA, HE TEHEPUPYETCS JIM OHA B XOJE PEaKINi
dopmupoBanus H,O, 6e3 BoBiedeHUss 030HAa B OTOT Tporecc. l3ydeHne MexaHW3Mma
BO3HUKHOBEHUS H30TOnMHOM aHoManuu H,O, mMmeer npuHIMNUANBbHOE 3HAuY€HHUE, TaK Kak
HNEPOKCHJl BOJOpOJA SBISETCS BaKHEHIIUM (DAKTOPOM, BIMSIOIMM HA OKHUCIMTEIbHO-
BOCCTAHOBUTENBbHBIN MOTEHIMAT atMmocdepsl U ruapocdepsl 3emin. B xumum armocdepbl
MEPOKCHUJT BOJIOPO/Ia WIpaeT KIIOYEBYIO pOJb, KaK PETYISTOpP COCTaBa OKHCIUTEIBHO-
BOCCTaHOBHTENLHBIX KOMIOHEHTOB atMocdepsl [Monks, 2005]. On > dekTHBHO OKUCISET Psif
aTMOC(EpHBIX Ta30B, BKJIIOYAs OKHCICHHE IMOKCHJA CEephl /0 CEPHOM KHUCIIOTHI, SBISIETCS

areHTOM B PEAaKIUSIX OKHCIUTEIBbHON AecTpykuuu (peakmuss DdeHToHa) u mporieccax (hoTosmsa

[Vione et al., 2003].



27

1.2.2.1. H3oTonnbIe anomaanu B H,O»

[Mpuponnsiit ucrounuk nocrymwienus HyO, B atMocdepy cBsizaH ¢ (HOTOXHMMUYSCKHUMU
nporieccamu B Tporocepe. [mumpokcmnbHbiid  pamukan OH  sBisieTcs mpekypcopom uist
obpazoBanus HyO,. OOpa3oBaHue THAPOKCHIIBHBIX PAJMKAJIOB B Tpomocdepe HHULUUPYETCS
nporeccamu Qortonuza Oz mox neiicTBueM yabTpadUOIETOBOTO H3IYyYEHHS B TNPUCYTCTBUU
napos Bozwl [Ball et al., 1997]:

03 + hv(A < 320 um) = O('D) + 0,(*Ay)
O(*D) + H,0 — OH + OH
Bropuunsie ucrounnku OH Brmouaror poroanz HONO, HCHO u peakimn O(*D) ¢ meranom.
HanpHeiimeir cyap00il runpokcuibHoro pamukaia OH sBisiercss peakiuss ¢ MOHOOKCHJIOM
yriepona CO wiu metanom CHy ¢ o6pasoBanuem nepokcupaankaira HO, [Monks, 2005]:
OH + CO —» H + CO,
H+0,+M - HO, + M

OH + CH, -» CH3; + H,0
CH; + O, + M - CH30, + M
CH30, + NO -» CH30 + NO,
CH30 + 0, - HCHO + HO,
HCHO + hv(A < 370 um) = H + HCO
HCO + 0, — CO + HO,.
Peaknust pexomOuHanmu mepokcupagukanoB HO, sBrseTcs (QuHANBHON peakiuei, KoTopas
Bezet k nosiBnenuto HyO, [Stockwell, 1995]:
HO, + HO, - H,0, + 0O,

[Tockomeky mnpoxyiupoBanne H;O, B armocdepe accommmpyercs ¢ TPOAYKTaMHU
GOTOXMMHUECKUX  peakuud, TO  MOXKHO  OXHUIATh  MacC-HE3aBUCHUMBIM  XapakTep
dpakmonupoBanust u30TonoB kucinopoaa B H,O,. Ilo TeopeTndecknm orieHKaM, cieJIaHHBIM Ha
OCHOBE MMHTAI[MOHHBIX MaTeMaTndeckux moseneit [Lyons, 2001; Zahn et al., 2006; Dominguez
et al., 2009; Morin et al., 2011], BenmuumnHa u30TONMHOrO A3(QeKTa MaCC-HE3aBUCHUMOTO
(bpakIIMOHUPOBAHUS AYO [oIKHA 3HAYMTENBHO OTJIMYATHCS OT HyJIsIT B aTMOc(epHBIX
pamukanax OHyx um H;0,. OmHako, KOJUYECTBEHHBIC OICHKU AYO Bo MHOrom 3aBucenu ot
HAYaJIbHBIX TApaMETPOB, 3AJ0KEHHBIX B TEOPETUUYECKHE MOJEIH, YTO TPUBOAWIO K

17
MIPOTHUBOPEUYUBBIM pe3ylibTaTaM, pasHuia B omenke A~ O H,O, morma moxoauts 10 ~20%e.
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ITpu oOcCyxneHuN Macc-HEe3aBUCUMBIX HM30TOMHBIX 3¢ dexTtoB HyO, m MexaHH3MOB ero
BO3HHKHOBEHHS HEOOXOMMO [PHMHUMATh BO BHUMAHNE JaHHBIC n3Mepernii A'O B npupoxHoM
H;O; wm pe3ynpTaThl AKCIEPUMEHTATIBHBIX HCCICIOBAaHUS (PAKIIMOHUPOBAHHS H30TOIOB
KHCIIopoaa B mporieccax obpasoBanus H,O,. CaBapuno u Tumenc [Savarino, Thiemens, 1999a]
W3MEPHUIIM U30TOITHBIN COCTaB s®oust’os H,0, u3 nox1eBbIX 0CaJKOB, COOpAHHBIX B IMEPUOJ
¢ ceHts0ps 1997 r. mo derpans 1998 r. B paitone Jla-Xonbs, Kanudopaus. 3T aBTOpEI CMOTIIN
YCTaHOBHUTH, YTO MarHUTYy/1a AYO B atmochepHom H,0, He mpesbiiana 2.5%o0 U BapbUpoBaja B
npeaenax ot 1.2%o 10 2.4%o, XOTs1 U30TOMHBIN COCTaB KUCIOPO/Ia 580 B H,0, umen mmpoxuit
muana3oH Bapuamuii ot 21.9%0 10 51.5%0, 9TO CBHIIETENBCTBOBAIO O CHIBHOM OOOTAICHUU
H30TOIOM 20 110 OTHOIICHHIO K aTMoc(hepHOMY KUCIOPOIY (6180 = 23.8%0). Jns1 o0bsicHeHUS
[OJTY4YCHHBIX PEe3yJIbTATOB, ABTOPBI BBIABUHYIIN THIIOTE3Y, 9TO Macc-He3aBucHMEI sddext A0
B HyO2 — 910 pesynbrar peakiuu pexkomOuHanuu nepokcupaaukainoB HO, + HO,, B To Bpems
KaK HabIogaeMoe oboramenue o°0 He CBI3aHO C 9TOil peakmuei, a o00yCIOBJICHO
(GpaKIMOHUPOBAHMEM H30TOINOB KHciopona B peakmusx H;O, ¢ pacTBopeHHBIM CynbhuTOM
(S0%7) B oK IEBHIX OCAIKAX.

B mocnenyromeir padote [Savarino, Thiemens, 1999b] 6buta mpeampuHsATa MOMBITKA
MOJYYUTh SKCIEPUMEHTAIBHOE MOATBEP)KICHHE BBIIIBUHYTOW THIIOTE3bI O MAacCC-HE3aBHCUMOM
dpaxkuonupoBanuu kucinopoaa B peakuuun HO, + HO, - H,0, + O,. [lns »Toro aBTOpBI
u3ydmin peakionnyo cucremy H—0,—H,O; Ha wu3oromnom ypoHe. OHHM peann3oBaId
MIOCJIEIOBATEIBHOCTD PEaKIINIi:

H+0,+ M - HO, + M
HO, + HO, = H,0, + O,,
KOTOpasi, Kak ObBUIO OTMEYEHO BBINIC, SBISETCS JTOMHHAHTHBIM myTeMm (opmupoBanus H,O, B
coBpeMeHHO# armochepe. B atux skcnepumentax [Savarino, Thiemens, 1999b] aromaphbrit
BOJIOPOJ OBLT MOJY4YeH B pe3yibTaTe BO3ACHCTBHS AJIEKTPUUYECKOTO pa3psiia Ha YHCTHIN
razo00pa3HsIif Bojgopos Ha:
H, +e” > 2H+e”

ABTOpBI M3MEPWIM HM30TONHBIA COCTaB 8%0 u 80 B KOHEUHBIX CTAOWIBHBIX W
NPOMEXKYTOUHBIX mpoaykrax peakuuu (H2O0z, H0s, HyO4) m ycranoBmnm B HHX Macc-
HE3aBUCHUMBII XapakTep (PaKIMOHUPOBAHUS HW30TOMOB KHUCIOpoAa. beuto HaiineHo, dYTo
B3aMMOOTHOIICHHE MEKIY 800 1 8O BBIPaXkAIOCh B BH/IC INHEHHOI 3aBHCHMOCTH:

870 = 0.84 §'°0 — 4.45, a Bennmumna w3oTOMHON aHoMamHu A''O IpPHHEMATA 3HAYCHHS OT
—12%0 10 13.5%0 B 3aBUCHUMOCTH OT YCJIOBUHM OHKcHepuUMEHTOB. [[nsg oObscHeHus wmacc-

HE3aBUCHMBIX H30TOMHBIX 3()@EKTOB aBTOPHI MPOAHATUIUPOBATN PEAKLHUOHHYIO CHCTEMY
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H-0,—H,0; ¢ Touku 3peHus KHHETHKN XUMHUYECKUX MPOIIECCOB U MPUIILTU K 3aKIIFOUYEHUIO0, YTO
paHee BbICKa3zaHHas rumote3a [Savarino, Thiemens, 1999a] He Hamwia 3KCIIEPUMEHTAIBEHOTO
MOJTBEPXKJICHUS, & UCTOYHUK MacCC-HE3aBUCHUMOro (DpaklMOHUPOBAHUS H30TOIOB, BEpPOATHEE
Bcero, acconuupyercs ¢ peakuueit H + 0, + M - HO, + M.

Takum o00pazoM, DSKcliepUMEHTadbHbIE (aKThl, YCTAHOBJIEHHBIE TIPU H3IyUYECHUU
u3oTomHbiX A(pdekToB B mporecce obOpazoBanus HyO,, SBUIHCE  ONMpOBEpIKEHHEM
NPECTaBICHUN O HACIEIOBAaHUM M30TOIHOW aHOMAJIMM O30HA, KaK €AMHCTBEHHO BO3MOXKHOTO
MeXaHM3Ma BO3HUKHOBEHHUS MAacC-HE3aBUCUMOTO (paKIUMOHUPOBAHHS B aTMOC(EpHBIX
KOMIIOHEHTax. TeMm He MeHee, 3TH (PakThl HE NPUHUMAINCh BO BHHUMAaHHUE MPU MOCTPOSCHUU
TEOPETHYCCKUX MOJEICH, ONMMCHIBAIIMX H30TOMNHbIe aHomamn A'O B armocdeprom  Hy0,.
Lyons (2001) B cBoeii Moj€eIH MOJAracT, 4YT0 UCTOYHHUK U30TOIHOro 3ddexra B HyO, momken
OBITH accouuupoBaH Tosbko ¢ peaknueit OH + O3 - HO, + O,, HO He MPUBOAUT KaKUX-TUOO
JIOBOJIOB B IOJIB3Yy JTAHHOTO yTBepxkIeHus. Kpome Toro, B padote [Brenninkmeijer et al., 2003]
OBLIO OCTOPOYKHO BBICKA3aHO MPE/IIOJIOKEHHE, YTO B JJAOOPATOPHBIX IKCIIepUMeHTax [Savarino,
Thiemens, 1999b], B kotopeix HO, 6but mosydeH mo peakipu H+O,, He UCKIIOYEHO ydacThe
030Ha, KaK IMEpPeHOCYMKA HW30TOMHON aHOMAaIWM, TaK KaKk O30H MOI TE€HEpUPOBATHCS B
OKCIEPUMEHTaX M0 LENHOMY MEXaHU3My, HAYMHAIOIIErocsi ¢ OOpa3oBaHUS aTOMapHOTO
kuciopoa no peakuun H + HO, - H, O+ Ou3zatem O+ O, + M — O3 + M.

Pemenne mnpoOnembl, BO3HUKIIEH Npu OOBACHEHHMH Macc-He3aBHUCHUMOro 3¢@dexra B
atMochepHoM mepokcue Bogopoaa HoO,, umeer ocoboe 3HaUeHHE HE TOIBKO /7Sl TOHUMAHUS
bakTopoB, 00YCTOBIMBAIOIINX Pa3/ie]ICHHE N30TOMOB B COBPEMEHHBIX MPUPOIHBIX YCIOBHIX, HO
TaKXe MOXET JIaTh KIF0Y K Pa3BUTHIO MPEICTABICHHUIA O MPOIECCcax, MPOUCXOUBIINX HA 3emiie
B T€OJIOTUIECKOM IPOIILIOM.

Ilepokcun Bomopona, oONMamarOMIUKA KaK CHUIBHBIMH  OKHCIUTEIBHBIMH, TaK U
BOCCTAHOBUTENIBHBIMU CBOMCTBAMM, MPHU3HAH BaXHEUIIMM KOMIIOHEHTOM T€OXHMMHUYECKUX
IIMKJIOB B apXEMCKyI0 3py, 9TO BpeMs, korjga arMmocdepa 3emiu ObuUia OECKHCIOPOIHON U
OKeaHbl OBUTM HachIeHbI pacTBopeHHbIM xene3oM Fe(ll) [Holland, 1973, 2006; Lyons et al.,
2014]. Cornacuo Teoperndeckum wMojaensm [Kasting et al., 1984, 1985], B ycmoBusx
OeckuciopoaHoi atMochepsl MpedbuoTHUecKkoi 3eMau 3HaunTenbHble MoToku HyO) (~109—1010
MOJIEKYII CM 2 C ) TeHepHpOBATHCH B aTMOC(EPHBIX (POTOXHMMHUYECKHX PEAKIMSIX C yIaCTHEM
MapoB BOJBI M 3aTEM PAcXOJIOBAINCh HAa OKHCIEHHE JIBYXBAJICHTHOTO JKele3a B aHOKCHJIHBIX
Mopckux Oacceitnax. B paborax [Liang et al., 2006; Haqg-Misra et al., 2011; Pecoits et al.,
2015] aBTOpBI mpemTararOT MOJACTM O00pa30BaHHMS OKCHAOB W THIPOKCHIOB Kejle3a B
KEJIe30pYIHBIX (OopMaIUAX apXEWCKOro W MalleOMpOTEPO30MCKOro Bo3pacTa. [ eoXumuuecku

3HaYMMas poJib OTBOJAUTCA TpoleccaMm gucnponopruonupoBanus Hp;O; wa O, m Hy0O, B
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pe3yJIbTare KOTOPhIX MOIJIA OBITh CO3J[aHa OKHCIUTEIbHAs Cpelia, CIIOCOOCTBYIOIAS Pa3BUTHIO
a’pobHoro merabommsma [McKay, Hartman, 1991; Liang et al., 2006; Kirschvink, Kopp, 2008;
Haqg-Misra et al., 2011] mepexa Tem, Kak mpoM30IILIa OKCUTeHAIMSA aTMOchepsl Ha pyOeske apxes
u nporeposos [Pavlov, Kasting, 2002; Lyons et al., 2014].

[Ipobnemam »BOMIOIUM 3eMHOM arMocepsl TOCBAMICHO OONBIIOE  KOJHMYECTBO
uccienoBarenabckux pador. Xosmang [Holland, 1962] Obu1 nepBbIM, KTO pa3eiui UCTOPHIO
3eMHOU aTMOc(epbl Ha TPU CTAaaUH, KOTOPbIE OOMICTIPUHSITHI B Hactosmiee Bpems: (1) apa
BOCCTAaHOBUTEIILHBIX Ta30B, (2) OSCKUCIOpOIHAs dpa, MOAXOMAIIAst Il TOSBICHUS OKPYIJIBIX
3epeH MUPHUTA U ypaHUTA, HEYCTOWYMBBIX B COBpeMeHHOU atmocdepe, (3) KUCIOpoaHAas 3pa ¢
aTMocdepoii, MPUTroIHON st AbIXaHUs. JIOCTYIHBIC K HACTOSIIEMY BPEMEHH T'€OJIOTHUECKUE U
IFCOXMMUYECCKHE CBUICTEIbCTBA MOSIBICHHS KUCIIOpOoia B aTMocdepe, OTyYSHHBIE TIPH TTOMOIIH
YYBCTBHUTEJIBHBIX K OKUCIIUTEIIbHO-BOCCTAHOBUTEIBHOMY COCTOSIHHIO aTMOC(EpPbl HHIUKATOPOB,
UMEIOIIMX OTHOIICHHE KaK K paclpoCTPaHEHHOCTH MHUHEPAIOB U 3JieMeHTOB: mupuT [Stiieken et
al., 2012]; cunepur u ypanuaut [Rasmussen, Buick, 1999]; monubaen u pennii [Anbar et al.,
2007]; xpowm [Frei et al., 2009; Konhauser et al., 2011]; xene3o [Rye, Holland, 1998], tak u
U30TONMHBIM BapuarusM xese3a [Rouxel, 2005; Hofmann et al., 2009], yriaepoxa [Bekker et al.,
2006; Melezhik et al., 2007] u cepwr [Farquhar, Wing, 2003; Farquhar, Johnston, 2008], matot
OCHOBaHHWs IIoJIaraTh, YTO OOOTalleHWe KHCIOPOJAOM 3eMHOH artmochepsl He ObLIO
OJTHOCTA/IMAHBIM TPOIECCOM, a SIBHJIOCh pE3yJbTaTOM CEPUU COOBITHH, NPHBOISIIUX K
BO3pacTanuio u najaeHuo Oy B atMmocdepe.

B ocHoBe rumote3, OOBACHAIOIIMX HACHIIIEHUE 3€MHOW aTmochepbl CBOOOIHBIM
MOJICKYJISIPHBIM ~ KHUCJIOPOJIOM, JIeXKAT JiBa aJbTEPHATHBHBIX MCTOYHHMKA. aOHOTCHHBIA |
OMOTeHHBI. AOHOTCHHBIH MCTOYHHK KHCIOPOAA Yallle BCETrO0 CBSA3BIBAIOT C IOHMKEHHEM
MOTEHIIMAJIa BOCCTAHOBHUTEIBHBIX BYJIKAHUYECKUX Ta30B M3 BOCCTAHOBUTEIBHOW MaHTHH
[Kasting, 1993, 2001; Kasting et al., 1993; Kump et al., 2001; Kump, Barley, 2007; Kump,
2008; Gaillard et al., 2011]. buoreHHBIH HCTOYHHUK KHCIIOPOJA CBS3BIBAIOT C IMPOIECCAMU
IBOJIIOIMK OKcureHHoro (otocunteza [Onapun, 1968; Kopp et al., 2005; Rosing, Frei, 2004].
Kucnopoassiii poTOCHHTE3, TO-BUAUMOMY, SBJISETCS HEOOXOIUMBIM YCIOBUEM JIJISI TOTO, YTOOBI
3emMHas atMocdepa Obl1a oborarieHa KUcIopoaoM. J(peBHelinie OKCUTeHHbIEe (POTOCHHTETHKN —
uaHoOakTepuu — ObUIM YK€ aKTMBHBI 2.7 MJpJ. JIET Ha3all, a BO3HUKIM OHU €IIe paHbIIIe,
BO3MOXHO, 3.7 mupa. jet Ha3aa [Rosing, Frei, 2004], HO Mex a1y MOSBICHUEM OKUCIUTESIBLHOTO
(GOTOCHHTE3a M YCTaHOBIICHHEM KHCIOPOJIHON aTMochepsl poIILio, Mo KpaitHed mepe, 300 MitH
aet, a Bo3moxHo u 700 muta net. B pabote [Goldblatt et al., 2006] npuBeaeHbI 10BO/IBI, YTO Cam
(dakT CymecTBOBaHHMS OKCHTEHHOTO (OTOCHHTE3a HE SBISACTCS JIOCTATOYHBIM YCJIOBHEM

dbopmupoBaHus 0OOraTol KHUCIOpOAOM aTtMocephl, TakK KaK pe3epByapbl OKCHUTCHHBIX
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(OTOCUHTETHKOB OBUTH JTOBOJILHO MAJIbI U, CJIEOBATENLHO, TOJDKHBI OBUIM OBICTPO pearupoBaTh
Ha BO3JIeHiCTBHE OKpyx)ariei cpeapl. CTpeMHuTenbHBIA pocT cBoOogHOTO O) B atmMocdepe Mor
NPUBECTH K KaTacTpOPHUECKOW THOETH OPraHU3MOB BCIICACTBHE TOKCHYHOTO BO3neicTBHS O
[0 OTHOIIECHHID K CaMUM K¢ (POTOCHHTE3MPYIONUM OpraHW3MaM. BbDKHBaHHE B TaKHX
YCIIOBUSX MPEAINOJIaracT HAIMYUE Y OPraHU3MOB (PYHKIIMOHAIBHON aHTHOKCUJIAHTHON CHCTEMBI
3amuThel. OTHAKO, YeM ke ObLT0 00YCIOBICHO (POPMHUPOBAHUE TOU CIOKHON (pepMEHTATHBHOU
CHCTEMBI Y OPraHU3MOB, eciii atMocepa ObliIa OECKUCIOPOMHOW. DTH OOCTOSATEILCTBA JAIOT
OCHOBAaHHMS II0JIaraTh, YTO JOJDKHO OBbUIO OBITH €Ile, 1O KpaiHed Mepe, OJHO Jpyroe
HE00X0IMMOE YCIIOBHUE ISl MOSIBICHUS] CBOOOIHOTO KHCIOpoaa B aTMocdepe.

B pab6otax [Liang et al., 2006; Kirschvink, Kopp, 2008] npuBeieHbl apryMeHThI B [OJIb3Y
TOTO, 4YTO TAaKUM YCJIOBHEM OBUIO (POTOXUMHUECKOE MPOAYIUPOBAHHE IMEPOKCHIA BOIOPOAA
H,0; B GeckucnopoHoi atmochepe Bo BpeMs oOleruianeTapHoro moxosnonanus (Ilonronekoe
OJIC/ICHEHNE B TO3JHEM apxee 2.9 mupa. yet Ha3zax u ['ypoHCKas cepus OJIeICHEHH paHHETO
najgeonpoTeposos 2.5-2.2 miupa. JeT Hazan). ['unoresa, npemyioxeHHas JIsHOM ¢ coaBTOpaMu
[Liang et al., 2006] s3akirouaercss B TOM, uYro (oToxummuyecku moaydeHusii HpO,
CyOJIMMUPOBAJICS, HAKATLTMBAJICS M COXPAHSUICS B JICITHBIX MIANKAX U JICTHUKAX HA MPOTIKCHUH
COTCH MIJLIMOHOB JieT. B mepuoa orcrymienus u tasaus geaauko, HyO, BRICBOOOXKIANCS B
atMochepy m okeaH, rue mporecchl aucconmaius HyO, ma H,O u O, SBUINCH HCTOYHUKOM
cBoboaHoro kucinopoma. Ilo Teopernyeckum OIEHKaM, 32 BpeMs OJEJACHEHUN MOTIO ObITh
HakoruieHo HyO; B 1OCTaTOYHOM KOIWYECTBE JUIsl TOTO, YTOOBI BBIAETSBIIUICS B aTrMocdepy
KHCJIOPOJ MPUBOIWI K dKpanupoBanuto Y ®-paguanuu [Liang et al., 2006; Haqg-Misra et al.,
2011] u moCmy>KWJI TOMYKOM K BO3HMKHOBEHHMIO W DBOJIOIMOHHPOBAHUIO AHTHOKCHIAHTHOMN
3alIUTHONM  CHCTeMbl y OKcHreHHoix (orocunretnkoB [Kirschvink, Kopp, 2008].
BricBoboxnenuem H,O, Bo BpeMs TasiHus ieqHUKOB o0bsicHseTcs okucnenus Fe (II) u Mn (1) B
naJeonpoTepo30McKix oTioxenusx [Liang et al., 2006].

KitoueBoil mpobnemoil mpu OOBSICHEHMM OKCHUT€HAllMM aTtMocgepbl 3eMM 3a CYET
atMoc(hepHBIX (OTOXUMHUYECKUX TPOIECCOB SIBISETCS OTCYTCTBHE SKCIIEPUMEHTAIBLHOU 0askl,
MOJTBEPXKIAIONIEH caMy BO3MOXXHOCTH reHepupoBanus H,O, mocpenctBom atmochepHbIX
(OTOXMMHUYECKHAX PEAKIMA C YyJacTHEeM BOJSHOTO Tapa IMPH YCIOBHH OTCYTCTBHS 030HA M
kuciaopona B armocdepe. Ecnu npennonoxkenune o dopmupoBanun Hp;O; B ycnmoBusx,
OTBEUAIONIUX  COCTOSHHUIO TEpBUYHOUW aTtMocdepbl 3emMiH, HaWAeT HSKCIepUMEHTAIbHOE
JI0KA3aTeNbCTBO, TO HE MEHEE BaXKHOM ocTaHeTcs mpobiema uneHTtudukammuu Oy, TOCTYIHUBIIETO
B arMmochepy, MW YCTAaHOBJICHHE TCHETHYCCKOW CBS3M MEXIY CBOOOJHBIM MOJICKYIISIPHBIM
atMocepHbIM KHcToporoM U kuciaopogom HyOp. DTo MokeT ObITh BBISICHEHO JUIIL C

MPUMEHEHWEM U30TOIMHBIX METOJ0OB M TO mOpu ycioBuu, 4to HyO,, reHepupyembiii B
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OeckuciopogHoii atmocdepe, o0NagaeT M3OTOMHOW METKOW — W3OBITOYHBIM COJIEpIKaHUEM

17 . .
uszortona - O. Coxpanenue m3oronHod aHomanuu H,O; B OKcHaax kene30pyaHbIX (hopmamuii
MO3JHETO0 apxesi — paHHero MaJleonpoTepo30si MOXKET TMOCIYXKHUTh JOMOJIHUTEIbHBIM
HE3aBHCHUMBIM HCTOYHHUKOM HH(OpPMAIMM O Mpolieccax, MPOUCXOAMBIIMX Ha PaHHUX dTamax
pa3BuTHs 3eMJIIM W, B YaCTHOCTH, O KOHTponmpywoomehd poru HyO, B mpoieccax 3BONIONHAH

ra30BOT0 COCTaBa 3€MHOM aTMOC(EpEL.

1.3.  Macc-He3aBucuMoe GpaKIIHOHNPOBAHMSA U30TONOB CePbI

1.3.1. Macc-He3aBHCHMbIEe H30TOMHBIE 3P (PeKThI B 0CATOIHBIX aAPXEHCKUX MOPOIaAX

Bmiore 1m0 2000 rToma macc-He3aBUCMMOE — (DpaKIIMOHUPOBAHUE CEpPhI  OBLIO
JIETEKTHPOBAHO TOJBKO BO BHE3EMHOM BelllecTBE — B MeTeopurax. OTKIOHEHHE H30TOMHBIX
OTHOILEHHUH Cepbl OT 3eMHOH JIMHUM MacC-3aBUCUMOTO (hPpaKIIMOHUPOBAHUS ObLIO OOHAPYKEHO B
HEKOTOPBIX jKee3Hbix Mereopurax [Hulston, Thode, 1965a, 1965b; Gao, Thiemens, 1991;
Antonelli et al., 2014], B xamennbix meTeoputax [Gao, Thiemens, 1993a, 1993b; Rai et al., 2005;
Rai, Thiemens, 2007; Defouilloy et al., 2016], B mereopurax ¢ Mapca [Farquhar et al., 2000c,
2007a; Greenwood et al., 2000; Franz et al., 2014]. M30TonHbIE aHOMAIHH CEPBI A®BS u A%S B
METEOpUTaX XapaKTepU3yITCs YMEPECHHBIMH 3HAUYCHUSIMH, JIEKAIUMH B OCHOBHOM B JIMara30He
oT —0.2%0 10 0.5%o. JIuib B OTAENBHBIX ciy4yasx ObUIM OOHApy>KE€Hbl U30TOIHBIE aHOMAJIHH,
nocturaromue 3nadennii ASS = 2.8%0 1 A®S = 15%0 B skenezHbIx meteoputax [Hulston, Thode,
1965a, 1965b].

B 2000 romy dapkya c coasrt. [Farquhar et al., 2000a] omyGnukoBamu pe3yibTaThl
HCCJIEIOBAHUIM HW30TOINHBIX OTHOIIEHW CEpbl 8%S, 8%S u 6%°S B ocamounbIx cyibduaax u
cynabdarax U3 JOKEeMOPHICKUX MOpoA. ABTOPHI BBISIBUWIM 3HAYUTENIbHbIE BapHalluU A®S or -
1.29%0 mo 2.04%o0 B oOpa3iax Bo3pactoMm crapiie 2.45 MIp[ JIeT, YMEPEHHbIE Bapualluu A®S B
nmuana3zone Mexay 0.02%o u 0.34%o0 nns oO6pasuoB monoxe 2.45 mipa neT, Ho cTapiie yem 2.09
MJIpJ] JIET, a TaKXke OJM3KHE K HYII0 3HaYCHHS A®S B oOpa3uax mozioxe, ueM 2.09 mupa net
(pucynok 1.6) [Farquhar et al., 2000a]. OTu uccnenoBaHus SIBUIMCh UCTOPUYCCKAM HAYAIOM

06Hap}/')KGHI/I${ MacCC-HE3aBHUCHUMOI'O (I)paKI_II/IOHI/IPOBaHI/I}I H30TOIIOB CCPLI B 3EMHLIX MOPOJAax.
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Pucynok 1.6 — BennunHa M30TOMHBIX aHOMAH A®S B obOpa3nax cynbpuaoB U cyib(haroB
OTHOCHTEJIbHO X Bo3pacra [Farquhar et al., 2000a].

OTKpbITHE H30TONHOM aHOMAlUU Cepbl B apXEHCKUX MOpOJax BCKOPE MOIYUHIIO
yOeauTenbHOE NOATBEPKICHUE B Pe3yibTaTe OOHApYKEHHUsI HOBBIX (PAKTOB Macc-HE3aBUCUMOTO
U30TONMHOTO (PAaKIMOHUPOBAHUS cephl. 30TomHBIE aHOManuu cepbl ObUTH BBISBICHB B
0CaJI0YHBIX [MOPOJIaX Ha TeppuTopun 10xHON Adpuku [Ono, 2006; Farquhar et al., 2007b, 2013;
Ono et al., 2009a, 2009b; Zerkle et al., 2012; Philippot et al., 2012; Guy et al., 2012; Kurzweil et
al., 2013; Montinaro et al., 2015], sanaanoii Asctpanuu [Philippot et al., 2007; Kaufman et al.,
2007; Ueno et al., 2008; Thomazo et al., 2009; Shen et al., 2009; Wacey et al., 2015], Bpazuuu
[Zhelezinskaia et al., 2014], Kanamsr [Kurzweil et al.,, 2013; Thomassot et al., 2015],
I'pennanauu [Cates, Mojzsis, 2006]. Cambie paHHHE MPOSIBICHUS H30TOMHON aHOMAIIUH CEPBI
natupyroress  3.8—4.38 Miapa  JeT Ha3al, COXpaHUBIIMECS B OCAJOYHBIX MOPOJAAX
3eseHoKaMeHHoro mnosica nposuHMKM Kebek (Kanana), MarHuTyza U30TOMHONW aHOMAIUU A%S
nocturana 3HadeHuii 2.2%o [Thomassot et al., 2015]. Haubosnbliilee Ha CEroAHSIIHUI ICHb
3HAYCHHUE U30TOITHON aHOMAJIUU CEPbI A®S = 14.4%o Gb0 00Hapy»KEHO B 0CATOYHBIX MOPOAAX
BO3pacToM ~2.5 MIpA JIeT B mpenenax kparona [Tunbapa, 3anannas Acrpamus [Williford et al.,
2016].

B HTOre MOBONBFHO MHOTOYMCICHHBIX HCCICIOBAHHH HM30TOMHOTO COCTAaBA CEPH 8°°S,
8 n %S B ocanounbx PYAHBIX cynbhuaax u cyiabdarax ObUIM BBISBIEHB OCOOCHHOCTH
IPOSIBJIIEHUST MacC-HE3aBUCHUMOT'0 M30TOIHOTO CHUTHAlA B MOPOJAX Ha IIKajle I'e0JOrMYecKoro

BpeMeHH (pucyHok 1.7).
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Pucynok 1.7 — IlpencraBiieHbl JaHHbIE, JOCTYIIHBIE K HACTOSILEMY MOMEHTY, O BEIMYMHE
BapHalmii M30TOMHBIX aHomammii A®S Ha mkame reomormueckoro BpeMeHn. Bembie KpyKKH
o0o3HauaroT o0pasupl crapue 2450 MIIH JeT, cepble KpY>KKH 3T0 00pa3sibl Mosioxke 2450 MiH
net, Ho crapiue 2200 MJIH JIeT, a YepHBIMHU KpyXKaMu 0003HaueHbl 00pa3isl Mosioke 2200 MiTH
net. Pucynok moauduuuposan u3 padot [Johnston, 2011; Ono, 2017].

Pucynox 1.7 neMOHCTpUpYET, UTO CUTHAJI MacC-HE3aBUCUMOTO (PpaKITMOHUPOBAHUS A®S
MPUCYTCTBYET B JIPEBHUX MOPOJAX BO3PACTOM OT ~3.8 MIIpA JET W BIUIOTH JO TOTO MOMEHTA,
KOTJla OH OKOHYATENbHO HcYe3aeT MpuMepHo 2.2 Mip[ jeT Hazald. Kpome Toro, Habmrogar0TCs
KoJie0aHusl B MarHUTYJe M30TOMHBIX aHOMAaNUi co BpeMeHeM. [IposBrieHne OONbIIUX CUTHATIOB
A%S XapakTepHO IJisi BPEMEHHOTO0 HHTepBaya 2.7—2.5 MipHa JIeT, MPOSIBICHUE OTHOCUTEIHHO
CTa0BbIX CHTHAJIOB OTMeuaeTcs Ha mHTepBase 3.3—2.8 mupx ser. Takoe MoBeIeHHE W30TOITHBIX
AHOMAaNUi, C OMHOH CTOPOHBI, MOXKET OTpakaTh H3MEHEHHE YCIOBUU (HpaKIMOHHPOBAHUS
W30TOMOB B TPHUPOJHOM CHUCTEME, HO, C APYroil CTOPOHBI, MOKET OOBACHSIETCS TEM, YTO K
HACTOSIIIEMYy MOMEHTY MbI emié He HMEeM JOCTaTOYHO TOJIHOW WH(GOpPMAIMu B CHITY
OTPAaHWYEHHOTO KOJMYECTBAa HM3OTOMHBIX JAHHBIX JJISI XOPOIIO COXPAHHMBIIUXCS apXEHCKHX
OTJIOJKEHMI.

Hecmotpst Ha 3HauMTenbHBIE KOIEOAHUS BEIMYMHBI MAacC-HE3aBUCHMBIX CUTHAJIOB Ha

MMKaJI€ ICOoJOIrMYCCKOro BPEMCHHU, 06H3py>KI/IBaIOTC$I SICHO BBIPAXKCHHBIC 3aKOHOMCECPHOCTU B
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OTHOIIEHUAX Mex Ty Bemmunuamu &°°9, A®S u A*S B cymsdunax u cymsharax u3 apxeifckux
MopoA. BBIIo ycTaHOBNEHO, UTO, BO-TIEPBEIX, C YBEIHUCHHEM CONCPKAHUA S B CY/Ib(HIHBIX
MHIHEpaIax BO3PACTACT COJEPIKAHNE °'S, BO-BTOPEIX, 00OTaIIEHHE 10 H30TOIY oS KOppeIupyer
¢ obemHenneM 1o usoromy °S [Farquhar et al., 2000a, 2007a; Kaufman et al., 2007; Ono et al.,
2009a]. Ha pucynke 1.8 npencrasnenst A¥S—8*'S u A*S—A®S koppemsimn, xapaxrepubie s
OCQJIOYHBIX TIOPOJA apxeickoro Bo3pacta. JIMHUM apXEWCKUX TPEHIOB OIHMCHIBAIOTCS

cieyromumy cootsomenmsM: A*S = 0.9 x §%'S u A*S = (—0.9 mm —1.5) x A®S.
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Pucynok 1.8 — I'paduku 1eMOHCTPUPYIOT KOPPESAIMOHHBIE 3aBUCUMOCTU MEXIY BEJIMYMHAMU
A®S u s (cmeBa) U MEXAy BETHYMHAMU U A*S u A®S (cmpaBa) B oOpasiax apxenckoro
Bo3pacra. IlomoxurenbHas KOppeIsaLHs MEXIy A®S u %S u OTpULIATENIbHA MEKIY
pemmanaamn A*S u A®S usBecTHBI Kak apxeiickue TPEHIBI M IPEICTABICHBI Ha rpauKax
CIUTOIIHBIMU JIMHUsIMHA. OcTanbHble 0003HAueHMsI Takue ke, Kak Ha pucyHke 1.7. PucynHoxk
mMoauduiposan u3 padot [Johnston, 2011; Ono, 2017].

B HacTosimiee BpeMs ellie He yanoch yI0BJIETBOPUTENHHO OOBSICHUTD SICHO BBIPaKEHHbBIE
3aKOHOMEPHOCTH MacC-HE3aBHCUMOTO (DPaKIIMOHUPOBAHHS HM30TOIOB CEphl B apXEHUCKUX
nopojax. 3a IocienHee AecATHIICTHE ObUIM MPOBEJCHBI HMCCIICAOBAHUS, OCHOBAaHHBIE KaK Ha
HKCIEPUMEHTAIBHOM MaTepHalie, Tak U Ha ero TeOpPeTUUYEeCKUX OOOOIIEHUSAX C LENbI0 MOHATh
OPUYMHBI  TIOSBJICHUS MAacC-HE3aBUCUMOTO  (PpaKIMOHUPOBAHHMS B JPEBHUX IOPOJAX.
Hpe}IJ'IO)KeHBI Pa3IMYHBIC TCOPHUU O MEXAaHU3MaAX TI'CHCPUPOBAHUA aHoMaJni M O mporneccax,
BBI3BIBAIOIIIUX Koje0aHusT BEIWYMHBI HM30TOMHBIX MAacC-HE3aBHUCHMBIX 3(1)(1)6KTOB. OHHaKO,
IpEeUIO’KEHHBIE TEOPUH JIO CHX IOp BBI3BIBAIO CIOPHl M COMHEHHUS B IPaBHIBHOCTH U
00OCHOBAaHHOCTH TPUBEAEHHBIX aprymeHToB. KitoueBoil mpobimemolt s  0OBsSCHEHHUs
ocobenHocreii m3oronusx otHomennit A¥S/5%S u A®S/A®*S B apxeiickux mopomax sBseTCS

OTCYTCTBHUEC TIPAMBIX OKCIICPUMCHTAJIBHBIX JOKA3aTCJIbCTB BO3MOXHOCTU TCHCPUPOBAHUA



36

U30TONHBIX 3(P(EKTOB ¢ apXeHCKUMH XapaKTepHUCTUKaMHU B pEaKUUsAX B JaOOpaTOPHBIX

YCIOBUSX.

1.3.2. KoHuenryajabHasi MojaeJib GOTOXHMUYECKOT0 aTMOC(HEPHOTro HCTOYHHKA MacC-

He3aBHCHMBIX H30TIHBIX 3(p(PeKTOB B apxeiicKHX NOpPoaax

dapkyap, bao u Tumenc B 2000r. [Farquhar et al., 2000a] nepBbIME BbICKa3alid THIIOTE3Y
0 TOM, YTO MPOSBJICHHE MacC-HE3aBUCHMMOT0 (hPAKIIMOHUPOBAHUS U30TOIOB CEPhI B apXCHCKUX
HOpO/IaX HEMOCPEACTBEHHO CBSA3aHO C (POTOXMMHUYECKMMHU IPOIEcCaMH B OECKUCIOPOIHOM
npesHeit armocdepe 3emun. B cienyromem roagy ®apkyap ¢ coasropamu [Farquhar et al., 2001]
OIMyOJIMKOBAIM PE3YJbTAThI HCCIICAOBAHU, TJI€ OHHU MOIMBITATUCH TOATBEPAUTH MPETOKCHHYIO
THIIOTE3y IYyTeM SKCICPUMEHTAIbHOTO MOJCIMPOBAHKS (OTOXMMHUYECKHX MPOIECCOB C
ygactueM auokcusa cepbl SO, B 3THX 3KcriepuMeHTax ObLIO BBIICHEHO, YTO peakius (POTOHOB
cegera hv ¢ wmomekynamu SO;, mpoTeKaromias B COOTBETCTBHH CO  CIICAYIOIIUM

CTEXHMOMETPUYECKUM ypaBHeHUEeM [ Y cTHHOB U jip., 1988]:

350, 5250, + S, (RL.1)
SIBIISIETCS. UCTOYHUKOM MAacCC-HE3aBHCUMOTO (DPaKIIMOHUPOBAHMUS M30TOIOB CEPhl B MPOAYKTaX
peakimu. ®Papkya ¢ coaBropamu [Farquhar et al., 2001] namum, 49TO H30TOMHBIE Macc-
He3aBUcHMble 3¢ dexTb, Bo3HMKaromme npu  ¢oronuze SO moa  BO3AEHCTBUEM
yIbTPaUOIETOBOTO HM3IYUYEHHUs C JJIWHON BOJIHBI A=193 HM, aHaJIOTrHYHBI HAOIIOJAEMBIM B
apxemckux obpasmax. OTHOLIEHHE HW30TOMHBIX aHOMAaJUN A®S u A®S B npoaykre (oTtonuza
SO, — snemeHTapHas cepa S — OKa3aJloCh PaBHBIM A®S/ABS =~ —1.1, uro coryiacyercs ¢
00J1aCThI0 apXeMCKUX OTHOUIEHHH, KOTOpas OrpaHMyYeHa MPSMbIMH JMHHUSIMU C HAKIOHOM
A®S/A®S = 0.9 u A®S/A®S = —1.5. Ha ocHoBaumu 5TOTO (akTa MPOUCXOKIEHNE U30TOMHBIX
aHOMaJIMK B apXeHCKUX mopojax OBLIO MPUITMCAHO TporeccaMm (OTOTUCCOIHANNN IHOKCHIA
cepsl B aTMocepe Moja BO3JEHCTBHEM KOPOTKOBOJIHOBOTO (A=193 HM) yibpTpaduoaeToBOro
(Y®) conneuynoro uznyuenus. B Toit e cratbe Papkya ¢ coaBropamu (2001) caenanu BbIBOJ,
4TO YCJIOBHEM (OPMHPOBAHUS W TPAHCHOPTUPOBKM M30TOIHBIX AHOMAIUi cepbl K 3E€MHOMN
MIOBEPXHOCTH SIBIISIETCS HU3KOE COJIEp)KaHHWE KHCIOpPOAa W OTCYTCTBHE O30Ha B apXeHCKOMH
atMocdepe 3emun. JlaHHBIM BBIBOJI CIENYET U3 XapaKTEPUCTHUK IMOTJIOMIATEIbHONW CITOCOOHOCTH
ra3oB Oy, Oz u SO, B Y® obnactu cniektpa. Ha pucynke 1.9 nmpuBeneHb! CHEKTPhI MOTTIOMIECHHS
OCHOBHBIX aTMOC(epHBIX razoB. BugHo, uro B Y@ obnactu SO, mmeeT aBe HWHTEHCHUBHBIE

noJiochl moriyomeHuss Mexay 165 uam u 220 um u mexay 240 uM u 340 HM. DTH TOJOCHI
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MNEPCKPBIBAIOTCA IMOJIOCAMU TOTJIOMICHUS O30Ha, 0oJiee MHTCHCHBHBIMH B 00JIACTH JJINH BOJIH

220-300 um.

1.0E-1%

1.0E-186 4

1.0E-1T 4

1.0E-22 T .
U all 100 = £ Pl 00

Pucynok 1.9 — Cnekrpsl norsomenuss B YO o0macté Uit HEKOTOPBIX aTMOC(EpHBIX Ta30B.
JlaHHBIE CKOMITUITHPOBAHBI U3 crekTpanbHoro atinaca [Keller-Rudek et al., 2013].

Y@ uznydeHue XOpollo MOTJIOMAeTcsl KUCIOPOAOM Ha JJIMHAX BOJIH Kopoue, yeM 180
HM. Kuciopoa u 030H, cozeprkaiiuecss B COBpEMEHHOU aTMocdepe, MOorIomaT cojiHeuyHoe YD
U3IydYeHue ¢ AnuHaMu BoJH A<300 HM, TeM caMbIM HPENsATCTBYIOT MPOTEKAHUIO IMPOLECCOB
¢doronuccormanun mMonekyn SO,. ITo mpuOGnIM3UTENbHBIM OLIEHKAM, COJepKaHue KHCIOopoa B
apxenckoll atMocdepe T0JKHO ObLIO ObITh HE BBIIIE HECKOJIBKHUX MPOLIEHTOB OT COBPEMEHHOTO
YPOBHS COJIEp>KaHUs KUCIIOpoAa B atMocdepe, yTo oOecreynBaeT BO3MOKHOCTh ITPOTEKAHUS B
atMocdepe npoueccoB ¢oronuza SO, B obmactu MH BosH 190—220 HM M moOClIeayromero
3axopoHeHHs TpoaykToB dotonuza SO, B mopomax [Farquhar et al., 2001]. Takue BBIBOJIBI
@apkya (2001) ¢ 0ueBHIHOCTHIO YKa3blBalOT Ha CYUIECTBEHHbBIE pa3JIMYUsl B CTPYKTYpE
r100aTbHOTO IHMKJIA CEPhl B apXEHCKOW W COBpPEMEHHOW atMocdepe, UYTO COTJiacyeTcss ¢
OpeIbIAYIIMMU TEOPETHUECKUMH B3IJISAaMU Ha YCIOBHS (DOpMUPOBAHUS a’po30yiell B BHJE
BOCCTaHOBJICHHBIX M OKHCJIEHHBIX (OPM cepbl B paHHel OeckuciopaHoil armochepe 3emiu

[Kasting et al., 1989].
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Bosiee TouHast oLeHKa colepKaHHUs KUCIOpOJa B apXeHcKoil aTMocdepe OblIa clesiaHa B
pabote ITaBnoBa u Kacrunra [Pavlov, Kasting, 2002] Ha ocHOBe pacyeTHOrO MOJEIUPOBAHUS
CKOpOCTel (POTOXMMHUYECKUX peaKUui s Ppa3uyHbIX BYJIKAHOTEHHBIX CEpOCOAEpPKAIIUX
atMocdepHbsix kommnonentoB (H».S, HS, S, SO, SO,, H,SO4, HSO, HSO3) u npousBoauMbIx
3 PeKToB (PpaKIMOHUPOBAHUS HM30TOIMOB CEphl. B 1eIoM MOAENbh BKIIOYACT 72 XUMHUYECKUX
COEIMHEHUS, KOTOphle ydacTBYIOT B 337 peakuusx. @opmupoBaHue a’po30Jiedl 31€eMEHTapHON
cepbl B aTMocdepe, Kak MoKa3alu pe3yabTaThl POTOXUMUYECKON MOJENH, 3aBUCUT OT OOIIEro
collep)kaHusi CBOOOJHOTO MOJIEKYJISIPHOTO KHUCJIOpoAa B arMocdepe. BepxHum moporom
conmepxkanuss O, B atMocdepe, P KOTOPOM €Ile BO3MOXXHO 00pa3oBaHUE BOCCTAHOBIICHHBIX
dbopMm cepel (B BUIE a’PO30JBHBIX YaCTHI[ Sg) W NEPEHOC WX H3OTOIHBIX AHOMAIUN K
OBEPXHOCTH 3EMIIH, SBHIIOCH COIEPKAHME KHCIOPO/Ia B apXeicKoii arMocdepe Hivke, dem 107
oT coBpemeHHOro ypoBHA Oy B armocdepe. [Ipu mpeBbIlIEHUH 3TOTO MOPOTa MPOUCXOIUT
OBICTPOE OKHCIICHHE 3JIeMEHTapHOU cephl. [losToMy 00ImIMM pe3yabTaToM peakiuii (Goronusza
SO; (ypaBuenue peaknuu R1.1) B cirydae OKHCIHUTENBHONH aTMOC(ephl sSBIsETCS 00pa3oBaHUE
TOJIbKO CyNb(aTHBIX aspo3osieid. CleACcTBHEM 3TOr0 SBJISETCS HUBEIMPOBAHWE CUTHAJIOB Macc-
HE3aBHCHUMOTO (PpaKIIMOHUPOBAHUS H30TOMOB Cepbl B CyMMapHOM mnpoaykre ¢oronusza SO,.
YcTaHoBIEHHE TOYHOTO TOporoBoro conepxkanus O, B arMocdepe sl MPOAYLHPOBAHUS H
COXpaHEHHsI M30TOIHBIX MacC-HEe3aBUCHMBIX 3((EKTOB SBISACTCS 3aTPyIHUTEIBHBIM, TaK Kak
doroxumuueckass wmozenab IlaBmoBa u Kacrtuara [Pavlov, Kasting, 2002] cranoButcs
HEYCTOMYMBOI NMpH MOHMKEHUH KOHLeHTparuu O, B paccMaTpUBaeMON ra30BOil cMecH OT 10°
mo 10 ATMOCQepHble yCIOBHUS, HEOOXOIMMBbIE [UIs MPOU3BOJACTBA aTMOC(EpHO
9JIEMEHTAPHO# cephl, ObUIM JOMOJHUTENILHO yTOUHEeHbI B pabore [Zahnle et al., 2006], rume
aBTOPBI OLIEHWJIM COJIEp’KaHHE BOCCTAHOBMUTENBHBIX I'a30B B aTMoc(epe Ha ypOBHE COTEH Ppm
(uacteit Ha MmuinoH) g Hy u CHa.

[Mpennonoxenne Papkya ¢ coast. [Farquhar et al., 2000a] o ¢poroxumuueckoi mpupoe
MPOUCXOXKICHUSI M30TONHBIX AaHOMAJIUW CEepbl B aApPXEHUCKUX MOpOAaX, MMOAKPEILUIEHHOE
pe3ynbTaramu (POTOXMMHUYECKUX SKCIEPHUMEHTOB M TEOpeTHYecKux pacderoB [Farquhar et al.,
2001; Pavlov, Kasting, 2002], siBuIoCh OTIpaBHOM TOYKOW Ui JAJBHEHIINX HCCIICIOBAHUIA,
HAIlCJICHHBIX Ha BBUICHEHHWE WCTOYHHWKOB, TPUYAH M MEXaHW3MOB MacC-HE3aBHCHMOTO
(bpakurOHUPOBAaHUST U30TONOB cephl. bbuta pa3paboTaHa KOHIENTYyallbHAs MOJENb (DOTOXHUMHUU
SO, B apxeiickoir armocdepe [Ono et al., 2003], xoropas m ceildac CIyXHT ONOPOH IS
UHTEpIpeTallid 3aKOHOMEPHOCTEH M HCTOYHMKOB MacC-HE3aBUCHMOTO (hpakIMOHUPOBAHUS
W30TONOB  Ceppl B  OCaJAOYHBIX mopoxax apxed. Ha pucynke 1.10 cxematudnHo

IPOJIEMOHCTPUPOBaHA KOHLIENITyaJIbHasi MOJIENIb apXEHUCKOro IIUKJIa CEpPhl.
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pO, <105 (PAL)
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Pucynok 1.10 — Cxemaruueckoe MpeACTaBICHUE KOHLENTYaIbHOW MOJIEIH I€OXUMHYECKOIO
muKia cepsl B apxee. SOy mocrymaer B arMocdepy C ByJKaHHYECKUMH rasamu, rae Y®P
U3IIy4YEHUE WHULUHUPYET CEPUI0 PATUKAIBHBIX PEAKUUi, NPUBOJAIIMX K MacC-HE3aBUCUMOMY
(pakLIMOHUPOBAHUIO U30TOIOB CEPHI B MPOJYKTAaX peakUuil — 3JIEMEHTapHas cepa U a’po30Jib
cyibdara. B xone nocneayommx XMMHYECKUX peaklnii H30TOMHAs aHOMAJIMsI cepbl epeaaéTcs
U coxpansiercs B cyibduaax. Pucynok B3sat us padotst [Ono et al., 2003].

IIpeioskeHHast MOI€Ib OCHOBaHA Ha CleQyOUX JonmymieHusax: (1) macc-He3aBucumoe
(DPAKIHOHMPOBAHHE H30TOIOB Cephl S 1 *°S 06ycIoBIeHO aTMOC(EPHBIME (OTOXHMUIECKIMHU
peakuusamy; (2) goromuz SO, sBiseTCs €IMHCTBEHHBIM HMCTOYHMKOM MPOJYLIMPOBAHUS Macc-
HE3aBUCUMBIX H30TOMHBIX 3(ddekroB; (3) peakmun doroaucconnanyu SO, WHUIMHPOBAHEI
COJIHEYHBIM H3JIydeHHeM c anuHamMu BoiH A>200 HM; (4) BOCCTAaHOBHMTEIHHOE COCTOSHUE
aTMoc(epsl C COIEp)KAHHEM CBOGOIHOrO MOJIEKYIAPHOTO KHCIOpoaa Hibke, deMm 107 ot
coBpeMeHHOro ypoBHs Oz B atmMocepe.

l'eoxumuueckuil MUK HaYMHAETCS C MOCTYIUIEHUS BYJIKAaHOTE€HHOIO JAMOKCHIA CEephbl B
0eCcKHUCIOPOAHYI0 aTMoc(epy NpH OTCYTCTBUM O30HOBOro murta. CuuTaercs, 4To B 3TOM
BYJTKAHOTGHHOM JIMOKCHJE Cepbl M30TOMHBIE oTHOmeHms - S/°2S, 5328 u S/%S orpewaror
Macc-3aBUCUMOMY 3aKOHY (pakuuoHupoBaHus. POTOXUMHUECKHE Mpolecchl ¢ yyactueM SO;
UHUIAUPYIOTCS cotHedHbIM Y @D uznydennem. @oroxumust SO, B 6eCKUCIOpOAHON aTMochepe

MpEJCTaBIICHA CIEAYIONIEN Cepruen peaKkiuii:
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SO, + hv - SO + 0, (R1.2)
SO+hv->S+0, (R1.3)
SO + SO = S + SO, (R 1.4)
SO+0+M S0, +M, (R 1.5)
S+S+M->S,+ M, (R 1.6)
S,+S,+M—>S,+M, (R17)
S4+S,+M->Sg+ M, (R1.8)
SO, +0+M - S0; + M, (R1.9)
S0; + SO - 2S0,, (R 1.10)
SO5 + H,0 - H,SO0,, (R 1.11)

rae M — tpetbe Teno (Hanpumep mosekyina Ny), Heo0X0auMoe it 0TBO/Ia U30BITOYHOMN SHEPTHH
cronkHoBenusi. CormacHo npeacrasiacausm [Ono et al., 2003], macc-He3aBrcHMOE pas3zeacHHe
M30TOIOB CEPhI IPOUCXONUT TOJIBKO B Iporeccax doroaucconuanuu SO, u SO (peakuu R1.2 n
R1.3). B pesynbrare atux mnporeccoB (peakiuu R1.2 u R1.3) mpoayktsl peakimii SO u S
MMCIOT IIOJIOXKHTEIBHBIC 3HA4YeHHs W30TOmHONW aHomamnn (A¥S>0%o), a ocraBumecs
KoMIoHeHTHI peakuuid SO, u SO — oTpuLaTeNnbHbIe 3HAYEHUS U30TOIMMHON aHOMATHH (A338<0%0).
B xonme mocnemyronmx xumudeckux mnpeoOpazoBanuii (peakuun R1.4—R1.11) nmpowucxomut
nepeaya dTUX MU30TOIMHBIX aHOMAJMK K CTa0MJIBHBIM KOHEYHBIM MPOAYKTaM. Takum oOpasom,
aTMoc(hepHbIe a3p030JIH BOCCTAHOBIICHHOU cephl (Sg) u cynbdaTtHon cepbl (H2,SO,) momydator,
COOTBETCTBEHHO, METKY C TMOJIOKHUTEIbHBIMU WM OTPHUIIATEIBHBIMUA 3HAYEHUSMU H30TOIHOMN
anomanun (pucynok 1.10). Cormacuo pacueram [Pavlov, Kasting, 2002] armocdepa c
conepxkanneM O; meree deMm 10° OT COBPEMEHHOTO YPOBHS HEOOXOIMMA IUI 0OPa3OBaHHS
CepOCO/ICpPKAIINX COEIWHEHUH C Pa3IMYHBIMH XUMHYecKMMH cBoiicTBaMu (Sg m HySO4), a
TakKe s TPEJOTBpAIICHHs TMOCIEAYIOImed TOMOTEHU3AUHA ATHX H30TOMHO-PA3THYUMbIX
KOMIIOHEHTOB TIOCPEICTBOM pEaKIMii OKHUCIEHHS DSIEeMEHTapHOW cephl 10 cyibdaTa, U
COOTBETCTBEHHO, HHMBEIHPOBAHHUS MAaCC-HE3aBUCUMOTO H30TOMHOTO 3pQeKTa B CyMMapHOM
cynb(aTHOM a3po30Jie.

Takum 00pazoM, OTCYTCTBHE KUCIOpOAa B aTMOcdepe co3/1aeT OIaronpusTHEIE YCIOBHS
JUTSL CYIIECTBOBAHUS JIBYX KaHAJIOB XWMHYECKOTO MpeoO0pa3oBaHUsS Cepbl M 00pazoBaHUs
M30TOMHO-Pa3IMYMMbIX TIPOAYKTOB (oTonusa SO, asposons cyiashara HoSOs (A¥S<0%0) u
a’po30JIb JJICMEHTAPHOU cephl Sg (A33S>0%o). DOTH a’pO30JIbHBIC YACTHUIIBI BBIBOISTCS U3
atMocepsl BMecTe C OCaJKaMH M TIOCTYMalOT B OKeaH. 3AeCh OTH COCIUHEHUS CEpbI
BKIIIOUAIOTCS B XHUMHYECKHE W MHUKPOOMOIOTUYECKUE OKUCIUTEIbHO-BOCCTAHOBUTEIHHBIC
npouecchl. Pesynbrarom sBigercs ¢GopMupoBaHHe CyIb(OUIOB U CyIb(}aToB, KOTOpHIE

HACJICAYIOT HW30TONHbIC aHoMmanuu cepbl (pucyHok 1.10). TIocKkombKY B XHMHUECKHX H
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MHKpPOOHOJIOTUYECKUX TPOIeccax pa3[elieHHe H30TONOB IPOUCXOTUT HUCKIIOYUTEIBHO 10
3aKOHY Macc-3aBucuMoro ¢pakuuonuposanus [Farquhar, Wing, 2003], To HCTOYHHK M30TOIHBIX
aHoManuil cepel B cCylbdugax (A33$>O%o) U cynbdarax (A338<O%o) accolMUpyeTcss ¢
(hOTOXMMHUUYECKHUMU aTMOC(EPHBIMU peakuusiMu aucconnanuu SO;.

doroxumuueckast mozenas [Ono et al., 2003], kak oTMeyaroT caMu aBTOPbI MOJICITH, TaeT
b (OPMAITM30BAHHOE MPEJCTABICHHE O BO3HUKHOBEHMH H30TOITHOW aHOMAJMU CEpPhbl B
apXEeMCKUX OCaJO0YHBIX Mopojax. YToObl J0Ka3aTh WA ONPOBEPTHYTH TaKOE IMPEICTAaBICHHE,
TPeOOBAJIOCh TPOBEJCHHE HOBBIX JKCICPUMECHTAIBHBIX M TEOPETUYECKUX HCCIICIOBaHUH,
HAlpaBJICHHBIX Ha BBISBICHHE 3aKOHOMEPHOCTEH (PpaKIMOHUPOBAHUS H30TOIOB CEpPbl B
nporeccax ¢oromuccormanud SO, W BBIICHEHHE MEXaHHM3MOB, OOYCIOBIMBAIOIIMX Macc-

HE3aBUCUMOC pa3ICJICHUEC U30TOIIOB CCPBI B IIPOAYKTAX (I)OTOXI/IMI/I‘IGCKI/IX peaKHHﬁ.
1.3.3. 3chepnMeHTaJ11)m,1e H TEOPETUIECCKUEC UCCICT0BAHUA U30TOIMHBIX aHoMaJIuii Cepbl

3a mociieHee NECATHIICTHE YKCIIEPUMEHTAIBHBIC M TEOPETUYECKHUE MCCIICIOBAHUS MACC-
HE3aBUCHMOT'0 M30TOMHOTO 3(dekra cepbl ObUIM CHOKYCUPOBAHBI HA BBIICHEHHH MCTOYHHKOB,
YCIOBHA M MEXaHHU3MOB, OTBETCTBCHHBIX 33 BO3HHKHOBEHHE H3OTOITHOM aHOMAJIMH CEPhl B
apXEUCKUX MOpPOJAX.

VYike BCKOpe MOocCie TOTr0o, KaK Macc-HE3aBUCHMOE (PaKIMOHUPOBAHUE HM30TOIOB CEPhI
OBUIO YCTAaHOBJICHO B JIAOOPATOPHBIX 3KcrepuMeHTax 1o (otonmmusy SO, Ha JUIMHAX BOJH U3
pasnuuHbiX auanasonoB Y® wmsnydenus [Farquhar et al., 2001], Obi1 mpemiokeH MeXaHH3M
(bopMUpOBaHUST Macc-HE3aBUCHMMOTO H30TOITHOTO COCTaBa cepbl B mpoaykTax ¢oromuza SO,
[Lyons, 2007, 2008, 2009]. B ocHOBe MpeqTOKEHHOTO MEXaHH3Ma, MOJYYHBIIErO Ha3BaHUE
«U30TOITHOE CaMOXKPAHUPOBAHUE», JIKUT H3OTOMHO-CEeNeKTHBHas (ortoauccommaius SO, B
nuanaszone UMH BoiH 190-220 um. Tak, B pabore [Lyons, 2007] ObuiM BBINOJHEHBI
TEOPETUICCKHIE BBIYUCIICHUS CIICKTPOB MOTJIOMICHHSI N30TOMHBIX MOJICKYIT 32802, 33SOg, 34SOz,
%830, 11 10Ka3aHO, YTO CIEKTPbI STHX M30TOMHBIX MOJIEKYI CABUHYTbI OTHOCHTEIBHO APYT APYra

(pucynok 1.11).
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Pucynok 1.11 — Ceuenue nornomenuss SO, B obnactu 199-201 um. IlokazaHo, 4TO CHEKTPHI
MOTJIOIICHUST U30TOMHBIX MOJICKYII 32802, 33802, 34802, 36802 HE UICHTHYHBI MEXIy cO00H u
CMEIICHbI OTHOCHTEIBHO IPYr Jpyra. BenmnmumHa HW30TONMUYECKHX CIABUTOB CMOJCIHPOBAHA
IIyTEM CMEUICHUsS CIIEKTpa %230, B KpacHyto o6mnactb. PucyHok moau¢uuupoBaH U3 paboThbl
[Lyons, 2008].

C yBenuueHWEM MacChl M30TOMHBIX  MOJIEKYI 32802, 33802, 34802, 36802
COOTBETCTBYIOIIIME CIIEKTPBI TIOTJIONICHUSI CIBUTAIOTCS B CTOPOHY OOJBIINX JUIMH BOJH
(pucynok 1.11). Paznuums B CHeKTpax IMOTJIONICHHUS, BHI3bIBAEMBIC M30TOIHBIM 3aMEIICHUEM,
NO3BOJISIIOT  OOBSICHUTH TE€HEPUPOBAHHME MAacC-HE3aBUCHMMOIO H30TONHOro 3¢¢ekra B
aTMOC(epHBIX  (OTOXMMHUYECKUX IMpoleccax TMpH  ONpPEJeNeHHbIX  yCIOBHUAX. Takum
HEOOXO/MMBIM YCIIOBUEM SBIIsieTCS caModKpaHupoBaHue SOz OT BO3IEHCTBHS COJHEYHOTO
n3nydeHusi. CaMOdKpaHUPOBaHNWE BO3HUKAET, €CIIM B aTMocdepe uMeeTcst moctatodro SO», Tak
910  (OTOHBI, CHOCOOHBIE pearupoBaTh € HaWOOJEEe PACIPOCTPAHEHHBIMH HW30TOHBIMHU
Monekymami 2SO, (pucyHok 1.11), MONTHOCTBIO TOITIOMAIOTCS STHMH MOJEKYIAMH YKE B
BEPXHHUX CJOSAX arMocepsl U HE MPOHUKAIOT B HU)KHUE CIOM. Bo3HMKaeT cuTyamms, Korjaa
MoneKynbl 2SO, W3 BepXHEro cios arMocdepbl SKPaHHPYIOT MOJCKYIs 2SO, u3 Gonee
HUKHETO CJIOSl OT B3auMojieicTBuUs ¢ poToHamu. Takoit addekT caMoskpaHUpOBaHUs, B ujeale,
CKa3BIBAETCS TONBKO HA mporieccax porommsa 2SOy, CBOJA X HA HET B HIDKHEM aTMOCHEPHOM

Clioe, HO HE BIMSAET Ha TpoIecchl (POTOMM3a H3OTOMHBIX MOJEKYI 33302, 34802 u 36SOg.
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[ToaToMy MeXaHWU3M MacC-HE3aBHCUMOTO (PaKIMOHHPOBAHHS W30TOIOB CEPhl  MOXKHO
OO0BSCHUTH TPEUMYIIECTBEHHBIM (POTOIM30M H30TOIOJIOTOB $30,, *s0,, **s0, nepen %250,
[Lyons, 2007]. PesynsraTtel Teopetuueckux pador [Lyons, 2007, 2008, 2009] mocraBuiu Ha
ouepesib P BAXKHBIX BOMPOCOB B OTHOLICHUHU BIIMSHUS CTPYKTYPBI AJIEKTPOHHO-KOJIe0aTeIbHBIX
CIEKTPOB Ha CMOCOOHOCTh MOJeKyn SO, AUCCOIMUPOBATH MO BO3JCHCTBHEM H3Iy4eHHUS Ha
pa3HbIX JunHaX BosiH. ABTOpBI padoT [Danielache et al., 2008, 2012; Endo et al., 2015] nposesnu
IKCIEPUMEHTAJIbHBIC M3MEPEHHUSI CHEKTPOB IOTJIONICHUS ISl M30TOIHO-3aMEIICHHBIX (OpM
Monekya SO ¥ HalIM, YTO MUKW MOTJIOMICHUS ISl pa3HbIX U30TOMOIoroB SO, OTIMYAIOTCS 1O
amIUiuTyje. Pa3sHHIa B aMIUIMTy/aX MOXET ObITh MOTCHUIUAIBHON NPUYMHON CEICKTHBHOTO
BO30YXKJCHHMSI  M30TOIHBIX  MOJICKYJ SO, w® n[puBOAUTE K  MAacC-HE3aBUCUMMY
bpakuronupoBanuio u3oromnos npu Goroause SO, [Danielache et al., 2008].

B cBs3u ¢ atum dapkya M ero KoJUIETH NMEPECMOTPEIH PE3YJIbTaThl M3 CBOMX pPaHHHX
skcnepuMeHToB 1o ¢oronusy SO, [Farquhar et al., 2001], BbIMONHUB AOMOJHUTEIBHBIC CEPUU
doroxumuueckux sxcnepumentoB [Masterson et al., 2011; Franz et al., 2013]. B skcniepumenTax
OBUI HMCIOJIB30BAH MIMPOKOIOJIOCHBIH MCTOYHHMK u3inydeHus (D, namma) ais MHUIUUPOBAHHS
(OTOXUMHYECKUX pEaKIMid W HUCCIEJAOBAHO MOBEICHHE MAaCC-HE3aBHCUMBIX HM30TOIHBIX
sdpdexror A*S u A*®S npu poronuse SO, B 3aBucumoctn ot aasieHus SO, win GydepHOro
raza (reauii) B cucreme. Macrepcon ¢ coaBt. [Masterson et al., 2011] Hamuiu, 4T0 OTHOIICHHE
A®S/A®S B npoaykTax (GoToausa NpUOIU3UTENBHO PaBHO —2.5, €CiM JaBJIeHHE Ta30BOM CMeCH
Hu3koe (=20 Topp), HO CTaHOBHUTCS paBHBIM —12, ecnu JIaBIeHHE BO3pAacTaeT 10 aTMoc(epsl
(=760 Topp). Taxoii xapakrep mosexermns A*S/A®S nabaronancs BHEe 3aBHCHMOCTH OT TOTO,
napnenne SO, WM JKe JaBJICHUE TeNHs M3MEHSUTM B DKCIEPHUMEHTATBHOW (OTOXUMHUECKON
kamepe. TO €CTh CIIELyeT MPHHST, YTO BEIMYMHA Macc-HesaBHCHMBIX >(dextoB A*S i A¥S
OTIpeJIeTIsIeTCS B paBHOM CTENEHHM Kak mMapuuaibHbIM jgaBieHHeM SO, Tak U CyMMapHBIM
JlaBlicHWEM ra3oBoii cMmecu. Ho 3To, mo MHeHuio aBTOpoB paboTel [Masterson et al., 2011],
MPOTUBOPEUUT MPEACTABIECHUIO O MPOAYLIUPOBAHUH 3PPEKTOB Macc-HE3aBUCUMBIX 3PPEKTOB 1O
MexaHu3My camodkpanupoBanus [Lyons, 2007]. IIpoTuBopeune ycTpaHseTcs TOMyLIICHUEM, YTO
MEXaHM3M CBSI3aH C HM30TOIMYECKH CEJIIEKTHBHBIMU TPOLECCAMH  CHHIJIET-TPHUILICTHON
UHTEPKOMOMHAIIMOHHON KOHBepcHel U KoJjebarenbHOW penakcaiuu Moiekyn SO, npu
CTOJIKHOBEHHH C TPETbUM TEJIOM, Hampumep, Mmosekyinamu reius [Masterson et al., 2011].
[Tozxe aBropsl padotsr [Whitehill et al., 2013] skcnepumeHTaNPHO MOATBEPIWIIM TaKOH
MEXaHM3M W TIOKa3aJid, YTO €ro JeHCTBUE, KaK HMCTOYHUKA MAacC-HE3aBUCHMBIX M30TOITHBIX
s dekroB, rdpdekrrBHO TUIIb npu GoTtomusze SO, B crekrpaibHOM auama3one 250—350 HM u
OTCTyIaeT Ha 3aJHUH IUIaH B auama3oHe JMH BOiaH 190—-220 HM, Te Hambojee BEPOSTHO

JeiiCTBHE MEXaHU3Ma CaMOSKPAaHUPOBAHU.
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Taxkum 00pa3om, pe3ynbTaThl BBHIIICYIIOMSIHYTHIX TEOPETUYECKUX U SKCIIEPUMEHTAIBHBIX
UCCIICIOBAaHUN OKa3aJICh BECbMa IUIOJIOTBOPHBIMU ISl OOBSICHEHUS! BO3MOXKHBIX (DU3MYECKHX
MEXaHU3MOB MacC-HE3aBUCUMOro (pakIMOHUPOBAHMS U30TOINOB cephl npu ¢oronuze SO,, HO
npo0biieMa HMCTOYHHMKA H30TOMHBIX AHOMANbHBIX A(P(GEKTOB B apXEHCKUX MOPOAAX OCTalach
HEPa3pEUICHHON, MMOCKOJIbKY IOJIYYEHHBIE B 3TUX HCCIEIOBAaHUSAX 3HAYEHMs AJI OTHOLLEHUS
msotorHbix aHoManuii A®S/A®S me coBmazanm ¢ Temm, uro HaGmONAOTCS B apXEUCKUX
nopoaax (cm. pucyHok 1.8). Jlnga pemenus 3Tod mpoOieMbl ObUIM HPEIIPHUHSATHl HOBBIE
SKCIIEPHMEHTBHI, B KOTOPBIX HCCIIEIOBAIN MOBEACHHE H30TONHBIX ddextor 5%, A*°S u A¥S B
npoaykTtax Qortonmza SOz B 3aBUCHMOCTH OT CHEKTPaJbHBIX auamna3oHoB oOmydeHus SO,
[Whitehill, Ono, 2012], Temneparypst [Whitehill et al., 2015], naBnenus [Ono et al., 2013; Endo
et al., 2019] u cocraBa rasoseix kommonenroB [Whitehill et al., 2015; Endo et al., 2016] B
dboToxuMHuecKUX peakuusax. beuio oOHapyKEHO, UTO XapaKTep KOPPENSALUOHHON CBS3H MEXKIY
penmunuamu A®S u A®S B npoaykrax (otonuza SO, B CHIBHOW CTENEHW 3aBUCHUT OT
CHEKTPaAJIbHOTO JMala30Ha MCMOJIb3YEMOIO H3JIy4yeHUS W B MEHBLIEH CTENEeHU OT JPYrux
(bakTopoB.

B nmuanazone YO wuznyuenus 100—400 um cnektp nornomeHuss SO, uMeeT yeTbipe
ocHoBHBIE moiyiockl morjomenust: 100—140 um, 170-220 am, 250-330 um u 350—400 umMm
(pucynok 1.12). Bropas u TpeThs 1mosioca MOIJIOIIEHUs SBJSIOTCS OCHOBHBIMU CHEKTPaJIbHBIMU
JMana3oHaMM, B KOTOPBIX OBLIO HCCIIEOBAHO IMOBEIEHHE (OTOXUMHUECKHU-UHIYLIHPOBAHHBIX

U30TOMHBIX APPEKTOB.
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Pucynok 1.12- Crextp nmornomenust SO, B Y® o6mactu [Manatt and Lane, 1993].
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BbIsiBIIEHBI  3HAUMTENBHBIC ~ Pa3iUYds B XapakTepe  Macc-HE3aBHCHMOIO
b pakmoHUpOBaHMs U30TOMOB cepbl ipu poTonmuze SO, B 3TUX ABYX CHEKTPATBHBIX JHAMa30HAX
[Whitehill, Ono, 2012]. Tax, koppessius Mexy u3oTonHbiMu aHomammsamu APS u A*S umena
OTPHUIIATEIILHBIN XapaKTep (ABGS/A33S ~ —1.90), ecmu PoTOXMMHUYECKHE PEAKIIUU MPOTEKAIU B
nuana3zone minydeHuss 200—220 HM, HO XapakTep KOPpPEIsSLUU MEHSJICS Ha IOJIOKUTEIbHBIN
(A%®S/A®S ~ +0.64), ecinu MANA30H W3ITYUCHHS CABHTANCS B GOJee JIHHHOBOIHOBYO 250—350
HM 00jacte m3nydeHus. ABropbl paboter [Whitehill, Ono, 2012] ceszanu oOHapy:KeHHBIE
3aKOHOMEPHOCTH CO CIHEIUPHUKON B3auMOAeHcTBUS Moyiekyl SO, ¢ M3IydeHHEM M3 Pa3HbBIX
muana3oHoB. O ywin TOT ¢akT, 9To B auamnazone 200—220 HM sHepruu (HOTOHOB (KBAHTOB
CBETa) JIOCTATOYHO i nucconmanun Mosiekyn SO, Ha SO m O, B TO BpeMs Kak B JHAra3oHe
250—-350 uM (QOTOHBI MMEIOT MEHBIIYIO SHEPrui0, KOTOPOM XBaTaeT TOJBKO MAJS IepeBoja
Mosekyibl SO, B BO30OYKIeHHOE cocTosiHUE. C ATHM CBsI3aHbI OCOOCHHOCTH (YPAKIIMOHUPOBAHUS
M30TOIIOB cepbl B mporeccax ¢otonuza SO,, HAUMHAIINUXCS C peakuidi (OTOANCCOIUAINH W
doroBo30yxaeHus monekyn SO,, coorserctBento [Whitehill, Ono, 2012].

VYcranosnennsie B akcnepumentax [Whitehill, Ono, 2012] cnekTpaibHbie 3aBUCHMOCTH
Macc-HE3aBUCHMBIX  W30TOMHBIX  I(PQPEKTOB WHTEPECHBI TEM, 4YTO OHU  I[OMOTIJIN
uACHTH(GHUIUPOBATh MYyTH (POTOXUMHUYECKOTO MPEBPANICHHUS CEPhl U yCTPAHUTh HEKOTOPHIC
OIMOOYHBIC TMPEJACTABICHUS O MPOUCXOXKIACHUA HW30TOMHOW aHOMAMU B CyJIb(aTHBIX
a’po30JisX, oOpasyroIuxcs B coBpeMeHHO# armocdepe [Savarino et al., 2003; Baroni et al.,
2007, 2008; Whitehill et al., 2015]. OxHako, OCHOBHOM BOMPOC 00 YCIOBHSX T'€HEPUPOBAHUS
MU30TOITHON aHOMAJMU CEpbl B apXeHWCKOW arMocdepe TaKk W OCTAICS  HEPa3peHIEHHBIM,
TOCKOJIbKY 9KCIIEPUMEHTANBHO YCTAHOBJICHHBIC CIIEKTpalbHbIe 3akoHoMepHocTH (A®S/A®S ~
~1.90 u A*S/A®S = +0.64) He COIIACYIOTCS C APXEMCKUM OTHOIIEHUEM A®S/ABS = —1.0.

Ha pucynke 1.13 cyMMupOBaHBI HMEKOIIUECS K HACTOSAINIEMY BpPEMEHH H30TOITHBIC
nannsie A*®S u A¥S, nonydennsie B skcrepuMentax o ¢poronusy SO, MPH PasHBIX 3HAYCHHSX
TaKUX MapaMeTPOB, KaK CIEKTPATBHBIA COCTAB W3TYUCHHS, TABJICHUE ra30BbIX KOMIIOHCHTOB U
temreparypa peakinud. COBOKYIIHOCTh BCEX OTHUX JAHHBIX CBHJICTEIILCTBYET, YTO
doroxummuueckue peakiuu ¢ yaactueM SO, NEHCTBUTENBHO MPUBOJAT K MacC-HE3aBUCHMOMY
(pakIMOHUPOBAHUIO W30TOIOB CEPHI, HO AKCHEPUMEHTAIBHO YCTAHOBJICHHBIC COOTHOIICHUS
Mesxny usotonbiMe dpdexramu APS 1 ABS He y0BIETBOPSIOT H30TONHBIM XapaKTepHCTHKAM

apXEUCKHUX MOPOJ.
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© D; Lamp (SO;) (Whitehill et al. 2015)
4 Hg Lamp (SO;) (Farquhar et al. 2001) B Xe Lamp (SO,) (Whitehill et al. 2015)
© ArF Laser (SO;) (Farquhar et al. 2001) ¢ Xe Lamp & 250 or 280 nm Longpass (SO;) (Whitehill et al. 2015)
O KrF Laser (SO;) (Farquhar et al. 2001) A Xe Lamp & 200+35 nm Bandpass (SO;) (Whitehill et al. 2015)
© Xe Lamp (S0,) (Farquhar et al. 2001) © D;Lamp (SO;) (Endo et al. 2016)
© D;Lamp (SO;) (Mafxe@n etal. 2011) B Xe Lamp (SO;) (Endo et al. 2016)
® Xe Lamp (SO;) (Whitehill and Ono 2012) & Xe Lamp & 250 nm Longpass (SO;) (Endo et al. 2016)
@ D; Lamp (SO;) (Whitehill and Ono 2012) © Xe Lamp (OCS) (Lin et al. 2011)
© Xe Lamp & 200435 nm Bandpass (SO;) (Whitehill and Ono 2012) @ Vacuum UV (H35) (Chakraborty et al, 2011)
A Xe Lamp & 250 nm Longpass (SO;) (Whitehill and Ono 2012) @ Photolysis of CS; (Colman et al. 1996; Zmolek et al., 1999)
© D, Lamp (SO;) (Franz et al. 2013) @ Photolysis of Phenacylphenylsulfone (Kopf and Ono 2012)
© Xe Lamp (SO,) (Ono et al. 2013) x Thermochemical Sulfate Reduction (Oduro et al., 2011)
O Xe Lamp & 250 nm Longpass (SO;) (Whitehill et al. 2013) - - - Archean Reference Slope (-0.9 to -1.5)

Pucynok 1.13 — Vsoromubie sddekrsr cepsr A*S u A®*®S, momyuennsie B 1a60opaTopHBIX
sKcnepumeHTax 1o ¢oronusy SO, npu pazauuHsix yenoBusx [Thiemens, Lin, 2019].

Pe3y.HLTaTI>I PACCMOTPCHHBIX  OKCICPUMCHTAJIIbHBIX pa60T HC IIO3BOJIHMIIN HpHﬁTH K

OKOHYATEJbHBIM BBIBOJIAM O TPOUCXOXKJICHHHA HW30TOITHONW aHOMAIMU CEPbl B apXeMCKUX
nopojax. bBbpUIM TMPeIOKeHBI W AKCHEPHUMEHTAJIBHO MPOBEPEHBI MEXaHU3MBI ~ Macc-
HE3aBHCUMOTO (DpaKIMOHUPOBAHUS M30TONOB cephl npu (otomuse SO,, omaHako, cam (oTonus
SO,, xak BO3MOKHBI MCTOUYHUK M3OTOIHBIX aHOMAJIMH B apXEHWCKUX Mopojax, ObUT MOCTaBIICH
nox comaenue [Ono, 2017].

DKCIEepUMEHTAJbHBIE M TCOPETHYECKUE YCHJIMS HCCICIOBaTeseH, HampaBIeHHBIC Ha

00BsICHEHHE apXCﬁCKHX HN30TOITHBIX aHOMaHHﬁ, HC OrpaHNU4YUBaJIUCh paMKaMH q)OTOXI/IMI/I‘-ICCKI/IX
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peakuwmii ¢ yuactuem SO;. Jlpyrue cepoconepskaiine coequHeHns ObUTH TPUHATH BO BHUMaHHE
JUISL UCCIIEIOBAaHUS U30TONMHBIX 3P (EKTOB B (POTOXUMHUUECKUX MPOIECCaX.

Momnekynbl kapoonuicyiasduma (OCS) u cepoyriepona (CS;), Takxke Kak ¥ MOJCKYJIbI
SO,, o007amarOT CTPYKTYPUPOBAHHBIM JJICKTPOHHO-KOJIEOATEILHBIM CIEKTPOM, CIIOCOOHBI
noryomars Y ® uznydenue B quanazone 190—290 um u 185—430 HM, COOTBETCTBEHHO, YTO JIA€T
OCHOBAHME OXKUAATH IPOSBICHUE Macc-HE3aBUCUMBIX 3()(PEKTOB B (HOTOXMMHUUECKUX peaKIUsiX

C y4acTHeM ATUX MOJIeKYJ (pucyHok 1.14).

—
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Pucynox 1.14 — Cnektpsl noriomenuss moiekyn SOz, HoS um CS;. CrpykTypupoBaHHBIE
cnekTpsl XxapaktepHsl it SO, u CSy, Ho He ana HyS. Crnextp mornomenus HyS ymensiien B 10
pa3 Juist aydiieit Bu3yanuszanuu. PucyHok moauduimpoBan u3 padotsl [Lyons, 2008].

JleiicTBUTENBEHO, aHOMAaNIbHBIE W30TOMHbIE 3()PeKThl ObLIM OOHAPYKEHBI B (DOTOXUMHUYECKHX
dKcrepuMenTax. OnHako, MarHuTyaa m3otonHeix sddexror A*S u A®S remepupyembix B
nporeccax otonmuza OCS, okazanach CIMIIKOM Maja MO0 CPABHEHUIO ¢ MAarHUTYJOH M30TOIMHBIX
aHoMaJuii B apxeiickux mopoaax [Hattori et al., 2011; Lin et al., 2011]. 31oT dakT He MO3BOJNIAET
npu3HaTh (POTOXUMUIO KapOOHWICYIb(HIa UCTOYHUKOM H30TOIHON aHOMAaluu B apXEWCKHUX

MOopoJiax, XOTS M HE HCKJIIYaeT ero pojH, Kak BTOPHUYHOTO (axTopa MNpOAYLHUPOBaHUS
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M30TOMHBIX aHOMAJIHMH cepbl B apxeiickoit atmocdepe. Doronus CSp, HANPOTUB, reHEpUpPYeET
n0cTaTouHo GombiIoi addext A**S Brtots 10 11%0 [Zmolek et al., 1999], Ho ero BkIax, ckopee
BCET0, HE3HAYMTENIbHBINA, Tak Kak CS, sBisercs OMOTEHHBIM Ta3oM W €ro KOHIICHTpalus B
aTMocdepe nonkHa ObITh HeOOIbIION [Domagal-Goldman et al., 2011].

CepoBogopon (H,S), takxke kak u SO;, sSBIsICTCS OJHUM M3 OCHOBHBIX KOMITOHCHTOB
ByJKaHHYECKUX Ta30B. CrekTp moriomeHus HyS mMMeeT WHTEHCHBHYIO TOJOCY IMOTJIOUICHHS
Mexay 160 am u 230 HM, HO, B oTiaudne oT SO,, criekTp norjomenust HyS He cTpyKTypupoBaH
(pucynox 1.14). MImenHo 3Ta 0COOCHHOCTH ompezaenser ToT (akt, uyro npu ¢dortommsze HoS
BEJIMYMHA MacC-HE3aBHCHMBIX M30TONMHBIX 3¢ ¢dekToB Oim3ka k Hymo [Farquhar et al., 2000b;
Lyons, 2007].

Hapsiny ¢ (GoTOXMMUYECKMMHU MpoIleccaMu B Ta30BOW (a3e ObUIM BBISIBICHBI WHBIC
NPOIIECChl, TPUBOMANIME K Macc-HE3aBUCUMOMY (PAKIIMOHUPOBAHUIO W30TOMOB  CEPBI.
N3oronHble anoManbHbie 3(dekTsl ObuM 00HApYkeHBI pu Tepmoxumuueckom (150-200°C)
BOCCTAHOBJICHUH Cyib(aTa opranuueckuM BernectBoMm [Watanabe et al., 2009] u B npomeccax
0o0Jy4eHHs] HEKOTOpPBIX OpPraHMYECKUX COelMHEHUN cephl (deHarmi-peHun-cynbQoHbl) B
munesipaom pactsope [Kopf, Ono, 2012]. B o6oux mpoiieccax mpoaylUpOBaHUE W30TOMHBIX
AHOMAITMH OOBSACHSACTCS MEXaHU3MOM, JICXKAIIUM B OCHOBE SIJICPHO-CITMHOBBIX (MarHUTHBIX )
u3oronHbix 3 dexToB [Oduro et al., 2011a; Kopf, Ono, 2012]. MarauTtHbIil H30TOIHBIH 3 deKT
[Buchachenko, 2001] wnaGmtomaercst B JKHUAKOGDA3HBIX PAaTUKAIBHBIX pPEAKIHSIX HIH Ha
MOBEPXHOCTHU pazjiena TBEPAOH U KUAK0HM (a3 u 00ycIoBlIeH pa3NTuyreM B BEIUYHHE SIEPHOTO
CIMHA y W30TOIMOB XHMHYECKOTO 3yeMeHTa. DpaKkIMOHWPOBAaHHE H30TOMOB CEPHI 1O CIUH-
CEJICKTHBHOMY MEXaHH3MY SIBISICTCS IPUYHHON Bo3HHKHOBeHHs A™S (Ho He A®°S) m3orommbix
Macc-HE3aBUCUMBIX S(P(EKTOB, TaK KaK TOINBKO HEUETHBI H30TON CEphl S HMMEET CIHH U
MarHUTHBIH MOMEHT. [109TOMy MarHUTHBINA U30TOMHBIH () (HEKT HENb3sI CYMTATH OTBETCTBEHHBIM
3a MPOSIBIICHHE A®S 1 A®S u3oTONHEIX aHOMANHI B apXeuCcKuX Mmopoiax.

XUMUYeCKUe peaknuu (OPMUPOBAHUS AJUIOTPONHBIX (opM cepbl Sy, Sz, Si, Sg B
nporeccax pekoMOouHammu (Sy+S;— Sy u S4+S,— Sg) B razoBoil (haze ObUIM BBIABUHYTHI Kak
TbTePHATUBHBIA UCTOYHUK MacC-HE3aBUCUMBIX 3P deToB (HpaKIIMOHUPOBAHUS H30TOMIOB CEPHI B
apxeiickux mopozax [Babikov, 2017; Babikov et al., 2017; Harman et al., 2018]. Teopetnyeckue
pacueThl, mpuBeAcHHBIE B pabote [Babikov, 2017], mokaspiBaroT, YTO Macc-HE3aBUCHMBbIit
s deKT mpoayIUpyeTcsi B OCHOBHOM Ha CTajuu (GOPMUPOBaHUS Sy, UII KOTOPOTO MAarHUTYA
MU30TOITHOM aHOMAJIMA MOXET JOCTUraTh OTPOMHBIX BEIIMYUH A*S = -199.4%0 1 A*S = 230.3%.
B at0it ke paboTe aBTOp OTMEYAeT, YTO B HACTOSIIEE BPEMsI HE MPEIOCTABISAETCS BO3MOXKHBIM
MOJTy4YeHUE JIOKA3aTeIbCTB €ro MPEANONOKEHHs Ha OIMbITe, TaK KaK JKCIEPUMEHTaIbHOE

U3y4eHHE XUMUH Ta30()a3HbIX MOJIEKYJ CEPHI SABIISETCS OYCHb CIIOKHOW 3a/a4eid, U pe3ysbTaThl
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4acTo He coBceM TouHbl. B pabore [Yang et al., 2018] Oputa npeAmpuHsTa MOMBITKA
IKCIIEPUMEHTAIBFHO TPOTECTUPOBATh MAacC-HE3aBHUCHUMBINH HW30TOMHBIN 3(PQGEKT B pPEaKIHsIX
pekoMmOuHanuu S, (nN=1...8). ABTOpbI 3TOH pabOTBI COOOIIAIOT, YTO OHH IMOJIYYHIH
JJIEMEHTAPHYIO Cepy Sg C HM30TOIMHOW aHOMAaJWEH, OJIHAKO OHM HE NPUBOMAT KaKUX-THOO
KOJIMUECTBEHHBIX OLIEHOK OOHApy)XEHHOM H30TOIHON aHoManuu. B HenaBHEl TeopeTHueckoit
pabore [Goldman et al., 2019] Obum caemansl 0oji€e TOYHBIC PACUYECTHI HM30TOIHOTO
(GpakIMOHUPOBAaHUSI CEPbl B PEAKIUAX PEKOMOMHAIIMU, COTJIACHO KOTOPBIM, 3HA4YCHUS
msoronubix anomammii A¥S u A®S jomkHEI GbITH Gonee YeM Ha MOPSIOK MEHBIIE IO
CpaBHEHHIO C MpelcKa3aHHbiMU B pabore [Babikov, 2017] 3nadenusimu. [TosToMy mporiecch
pekoMOuHanuu Sy+Sy,— Sy u S4+S;— Sg B razoBoii daze He 0OBACHIIOT U30TOIMHBIC aHOMATHHI

cepsl B apxeiickux mopoaax [Goldman et al., 2019].

1.4. OO6o61meHue: BLIBOABI M MPO0JIeMaTHKA

N3 paccMOTpeHHBIX BBILLIE MCCIEJOBAaHMM MOXHO CJelaTh Cleaylole o0imue
3aKJIIOYEHHUS U BBICBETUTh IPOOJIEMbI, BOSHUKILHIE NPU PACIO3HAHUYU IPOLIECCOB M MEXAHU3MOB,
HNPUBOASALIMX K MacC-HE3aBUCUMBIM U30TOIHBIM 3 dexTam.

Maccc-He3aBrucuMoe (ppakIMOHUPOBAHUE W30TOMOB KMCIIOPOJIA U Cephl, HabIrogaeMoe B
IPUPOJHBIX OOBEKTAX, HE SIBISIETCS HCKIIOUUTENbHON OCOOCHHOCTHIO BHE3EMHOIO BEILECTBA.
M30TONHbIE aHOMATHH KHcnopoaa AT'O GbTH 0GHAPYKEHDB! KaK B ra3000pa3sHbIX aTMOC(EPHBIX
komnoHeHTax (Oz, COz N2O, HoO2 u ap.), Tak ¥ B TBEpABIX XUMHUECKUX COEIMHEHMSX
(cynbdaTHble W HHUTpaTHbIE MUHEpaybl). M30TOmMHBIE aHOMANUU CEPHI A®S u A®S Gsum
HalJeHbl B cynbumax u cymnbdaTax U3 OCaJOYHBIX MOPOJ apXEHWCKOro BO3pacTa, a TaKkKe B
COBPEMEHHBIX CTPAaTOC(HEPHBIX CYIb(PATHBIX a’pO30JAX. DTU HAOIIOAECHUS CBUAETEILCTBYIOT,
4TO Macc-He3aBHUCUMOE (PaKLIMOHUPOBAHUE M30TONOB — 3TO SBJIEHUE, KOTOpPOE IpHCYIEe
HEKOTOPBIM IIpoLiEccaM, IPOUCXOASIIUM HE TOJIBKO HA COBPEMEHHOM 3TaIle pa3BUTHS 3€MIIH, HO
¥ IIPOLIECCAM, HCTOPHUS KOTOPHIX YXOAUT B mpoiwioe 3eMiu Ha ~3.9 X 10° ner naszaz.

Ilo coBpemMeHHBIM B3rIsSAaM, HW30TONHBIE AHOMAJIMM KHUCJIOpPOJa M CEPbl HMEIOT
(OTOXUMHUECKYIO IPUPOY CBOETO MPOUCXOKIEHHs. V30TOmHasi aHOMalUsl KUCIIOPOJIa MOYKET
reHepupoBaTbcsd B (OTOXMMHYECKHX peakIusx o0pa3oBaHHs 030Ha. Macc-He3aBUCHUMOe
(GbpakMOHUPOBAHHE H30TOMOB KHUCIOPOJAa BO MHOTHUX JPYrUX Tra3000pa3HbIX M TBEPABIX
KHCJIOPO/ICO/IEPKAIMX COCAMHEHUSX OOBIACHAETCS HE HHaue, KaKk MEeXaHM3MOM IepeHoca
M30TONHOM aHOMaJMM OT O030Ha K OTHUM COEAUHEHMSIM B PEAKIHUAX B3aUMOJEHCTBUSA U

HW30TOITHOrO OOMEHa. O)IHaKO, A0 CHUX IIOp HEJIB3d CUUTATb OKOHYATCIBHO YCTAaHOBJICHHBIM
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UCTUHHBIA MEXaHW3M BO3HHMKHOBEHHsS MacC-HE3aBUCHUMOTO H30TONMHOro 3¢ddexra B Takom
BaXHOM, C TOYKH 3PEHHUS PEAKIIMOHHON aKTUBHOCTH, aTMOC(EpHOM KOMIOHEHTE, KaK TEePOKCHT
Bogopoaa HyOj. CymecTByromue 3KCIEPUMEHTAIbHbIE HCCIEAOBAHUS CTaBAT I0J COMHEHHUE
MEXaHU3M IIepeHOCa, KaK €IUHCTBEHHO BO3MOYKHOI'O MCTOYHMKA U30TONMHOW aHOManuu B HyOp,
¥ TPEANoNaraor, 4to m3oronHas anomanus A'O B H,O; reHepupyercs HEMOCPEICTBEHHO B
(OTOXMMHUECKUX PaTUKAIBHBIX peakiusax oopasoBanus HoO;.

UccnenoBarenbckuid nurepec k HyOy cBSI3aH He TOJIBKO C €ro aKTUBHBIM Y4aCTHEM B
OKHUCJIUTEIHbHO-BOCCTAHOBUTENBHBIX MpPOIECCaX, MPOTEKAIIIMX B reocepHbIX 00O0JOYKaX Ha
COBPEMEHHOM JTane pa3BUTHA 3eMJIH, HO W OOYCIOBJIEH NOTeHIHambHON posbio HyO, B
KOHTPOJIMPOBAaHUM  OKHUCIIUTEIbHO-BOCCTAHOBUTENIBHBIX ~ YCIOBHUM W Tra30BOr0O  cOCTaBa
atMoceppl Ha paHHUX OdTanax osBomonuu 3emid. Oco0yro0 ILEHHOCTh [UIsl Hac 3]1eCh
MpelCTaBiIsieT runore3a o ToMm, uro HyO, sSBIsICS HMCTOUHMKOM TMOSIBICHHS W BO3pacTaHUs
YPOBHSI CBOOOJHOTO MOJICKYJSPHOTO KHUCJIOpOAa B paHHEW 3eMHoOU armocdepe. [Ipumenenue
M30TOIMHBIX METOJOB MOXET JaTb apryMEHThl B IMOATBEP)KIACHHE WM OINPOBEPIKEHHUE 3TOM
runore3bl. OcHOBHas mpoOjemMa 3aKIIYaeTcss B OTCYTCTBUM JKCHEPUMEHTANbHBIX JTaHHBIX,
YCTaHABIMBAIOIIUX CaMy BO3MOKHOCTh reHepupoBanus H;O, B OECKHUCIOPOIHBIX YCIOBHIX
apxeickoi atMmochepsl.

HN30TONHBIE aHOMAJIMKU CEPBI A®S u A%S, OoOHapy)XEHHbIE B apXEUCKUX MOpoAax,
OpPU3HAHBl OJHUM W3 B@KHEHIIMX CBHUJETENBCTB OTCYTCTBHUSL CBOOOJHOTO MOJIEKYJISIPHOTO
KHCJIOpo/ia B apxeickoil aTMocdepe M ero mosiBIeHUs B arMocdepe Ha pyoOexe apxes U
POTEPO30s. Y CTAHOBJIEHBI XapaKTEPHbIE OCOOEHHOCTH MPOSIBIIEHUS NU30TOMHBIX 3()()EKTOB cepbl
B apXeiiCKIX MOPOJAX, a HMEHHO BBISBICHBI KOPPEISIMOHHBIC 3aBUCHMOCTH MexXy 89, A¥S u
A%S BUJIE: A®S = 09 %S u A¥®S = —0.9 A%S, 1 00BSCHEHHUST MacC-HE3aBHCHMOTO
(GpakuMOHMPOBAaHUS  W30TONOB CEphl B  apXeWCKUX TopoJax ObUT  MPEANOJIOKEH
(GOTOXMMHUUYECKHIT UCTOYHHMK, KOTOPHIK B OCHOBHOM AacCOIMUPYIOT C  MpoIleccamu
doroaucconany JUOKCHIA Cepbl B OECKUCIOpPOAHOW arMmocdepe, HHULIHUUpYeMble YO
u3Iy4eHueM B obsactu JuiMH BonH A>200 HM. 3a mocneanue 20 yeT ObUIO NPOBEACHO
3HAUUTENIBHOE KOJIMYECTBO IKCIEPUMEHTAIBHBIX MCCIIEJOBAHUM, HAIIPABJICHHBIX HA BBISICHEHHE
3aKOHOMEPHOCTEH Macc-He3aBUCUMOro (pakIMOHUPOBAHHUS H30TONOB CEpPhl B MpoIleccax
doronmmza SO;. DKCHepUMEHTHI TOKa3aimd, uTo Qoroauccormanus SO, JelHCTBUTEIBHO
NPUBOJUT K MAacC-HE3aBHCHMBIM H30TOMHBIM 3()(eKTaM B KOHEUHBIX CTAOMIIBHBIX MPOJYKTaX
(OTOXUMHUECKON peakIiK, KOTOPBIMU SBIISIOTCS dJIEMEHTapHas cepa U okcup cepsl SOs. beum
YCTAaHOBJIEHBl 3aBUCUMOCTU TMPOU3BOJUMBIX HM30TONHBIX 3((EKTOB B MPOJYKTaX pEakUuu OT
CHEKTPaJIbHOIO cocTaBa YD W3Iy4YEHHUs], NABICHUS M TeMIEpaTypbl B PEAKIIMOHHOW CHUCTEME.

HOJ'IyLICHHBIe 3aKOHOMCPHOCTH, OAHAKO, HaxXOAWJIHNCh B IIPOTHBOPEYHU C Ha6J'II-OI[aeMI)IMI/I
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3aKOHOMEPHOCTSIMU  (PPaKIIMOHUPOBAHUS HM30TOMOB B apXeHCKUX Mopojax. ITO SBUJIOCH
CEpbE3HBIM TPEMATCTBUEM B OOBSICHCHHHM apXEHCKOH H30TOMHONW aHOMAalWM Ha OCHOBE
doroxumHuueckux peakiuit auccormanuu SO, B 6eckucnopogHoil armocdepe. OTcrona BCTaéT
BOIPOC U O JIMIIEHUU BO3MOXHOCTH pacCMaTpUBaTh Macc-HE3aBUCHMbIe U30TOIHBIE 3P (HEKTHI B
apXeHCKUX TMOpPOJax B KAa4eCTBE CBUACTEIHCTB BOCCTAHOBHUTEIBHBIX YCIOBUH aTMocdephl Ha
PaHHUX 3Tarax pa3BUTHS 3eMJIU.

[lonyyenue HOBBIX 3HAaHUM O 3aKOHOMEPHOCTSX M MEXaHM3Max MpPOAYLUPOBAHUS
M30TOIHBIX aHOMANbHBIX 3PHEKTOB KUCIOPOAA M CEPbl BO B3aUMOCBS3U ¢ (HOTOXMMHYECKUMU
mporeccaMu B 0ECKUCIOPOAHON aTMocdepe AOKHO BHECTH SICHOCTh B HAIIM MPEICTABICHUS U
B3IJIAJIbI HA MPUPOJY TAKUX SBJICHUH, KaK MacC-HE3aBUCUMOE (PPAKIMOHUPOBAHUS M30TOIOB
CEepbI B apXEUCKHX MOPOAAX U MOSBICHUE CBOOOTHOTO MOJEKYISIPHOTO KUCIOPO/Ia B MEPBUYHON

atMocdepe 3emiu.
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I'JIABA 2. METOJbI U30TOITHOI'O AHAJIU3A, PASPABOTAHHBIE 1
HNCITOJIb30BAHHBIE B PABOTE

2.1. Mertox s1oKkabHOro ananmsa 6°'S, *°S u 6°°S B cyabdunax ¢

HCI0JIb30BAHHEM CHCTEM Jia3epHoii adusauuu u GgropupoBaHus 00pa3uoB

UccnenoBanue Bapuanvii HM30TONHBIX OTHOIIEHUH CEPbl M OINPEIEICHHE MaccC-
HE3aBUCHMBIX U30TOMHBIX dPPEKTOB B CyabPHUAAX U3 aPXEHCKUX MOPOJ MPEABSIBISIIOT 0COObIE
TpeOOBaHUSI K KCIIOJIB3YEMBIM METOJIlaM HM30TOITHOTO aHaln3a. MeToJ MOXXET MPEeIOCTaBUTh
HanOoJsiee IIMPOKUE BO3MOXKHOCTU JJISI HCCIENOBAaHMWA, €cl OH OylIeT YHOBJIETBOPATH
CJICAYIOIINM yCIOBHUSIM:

(1) BO3MOXHOCTh TPOBOJUTH AHAJIM3 H30TOIMHBIX OTHOIICHHW Cepbl B OOpaslax s Bcex
YEeTBIPEX CTAOUIILHBIX U30TOMOB CEPHI 328, 338, ¥Sy 368;

(2) obecnieunTh OmMpeeeHNEe MAacC-HE3aBUCUMBIX M30TOMHBIX 3(dexToB ¢ TouHOCTHIO < 0.1%0
st A®BS u < 0.5%0 s A?’GS;

(3) HaEKHOCTH M IOCTOBEPHOCTD PE3YJIbTATOB U3MEPEHUS §%s, S u 5°°S

(4) muauMu3aIus GU3NKO-XUMUIECKON 00paboTKH 00pa3IoB;

(5) nokaapHBIN MUKpOaHaU3 IN Situ.

N3yuenne GonbIIOro ymcia paboT, MOCBSIIEHHBIX METOaM M30TOITHOTO aHAJIN3a CEepHI,
IPUBENO K CIEAYIOIIUM CYIIECTBEHHBIM Ul JalbHEHILEro BHIBOIAM.

Metox Macc-criekTpoMeTpun BTOpHYHBIX MOHOB, MCBU, (anrn. Secondary-lon Mass
Spectrometry, SIMS) ynoBieTBopsieT BceM BBINICHA3BaHHBIM YCIOBHsAM Kpome ycioBus (3). B
pabore [Kozdon et al., 2010] Gbuto mMOKa3aHO, YTO PE3Y/IBTATH H3MEPEHHH &°'S MOTYT
pPacXoIUThCs Ha HECKOJIBKO MPOMMIIb B 3aBUCMMOCTH OT OPUEHTALMU KPUCTAJUIa OTHOCUTENBHO
HAMpaBIeHHs Mydka NepBHYHBIX HOHOB CS’. BOCIPOM3BOAMMOCT PE3yIbTaTOB TAKKE 3aBUCHT
U OT KayecTBa IOJMPOBKM TMoBepxHOCcTH oOpasmoB [Kita et al., 2009]. Kpome Toro,
3HAYUTEIBHBIM 3aTPYJHEHUEM SIBIISIETCS BHICOKAsi CTOMMOCTD MCIIOJIB30BAHMUS JAHHOTO METO/IA.

MeTon, OCHOBAaHHBIM Ha WCHOJb30BAHMU Jla3epHOW aONAIMM B COYETAHHM C
MHOTOKOJIJIEKTOPHBIM MacC-CIIEKTPOMETPOM C HMHIYKTUBHO-CBA3aHHOM miasmont (JIA-MCII-
MC), umeer BCcE Bo3pacTarollee MPUMEHEHHE Ul W30TOIHOro aHaimm3a In Situ Omaromaps
MOCJIETHUM pa3padOTKaM, KOTOphIE MO3BOJIMIM YIYYIIUTh TOYHOCTH aHaian30B. OCHOBHBIC
(dakTophl, BAMAIONIME HA TOYHOCTh AHAIM30B, BKIIOYAIOT MATPUYHBIA d3PPeKT u
UHCTpYMEHTaIbHbIE 3P deKThl Macc-auckpumuHanuu [Russo, 2002; Mason et al., 2006; Bendall

et al.,, 2006; Craddock et al., 2008], a Taxxe Jma3epHO-UHAYIIMPOBAHHOE H30TOITHOE
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dpakuunonuposanue [Gilbert et al., 2014; Fu et al., 2016, 2017; Zhu et al., 2016, 2017]. dus
TOYHOTO aHadu3a M30TOMOB CEphl B CYIb(OUIHBIX MHHEpPAIaX HEOOXOJAUM MaTPUYHO-
nogobpannsii cranmapt [Gilbert et al.,, 2014]. B nacrosimee Bpems meron JIA-MCIT-MC
MO3BOJISICT MPOBOJUTh M3MEPEHUS BEIIMYWH 8%S u 8%S ¢ Tounocteio ~ 0.2%0 1 ~ 0.5%o,
COOTBETCTBEHHO, YTO MOKHO CUHTATh yJOBJICTBOPHUTEIBHBIM JJIi MHOTUX HcciaenoBanuii [Biihn
et al., 2012; Pribil et al., 2015; Fu et al., 2016, 2017]. OgHako 3TOT METOJ JHUIIEH BO3MOXHOCTH
U3MEPATh OTHOIICHHE H30TONOB %5/%2S pz-3a TexHMUECKHX 3aTpyJHCHUH, CBS3aHHBIX C
HNPUCYTCTBHEM B MaccC-CIEKTPOMETpe OOJIBIIOr0 KOJIMYECTBA aproHa (36Ar). DT0 BecbMa
cepbé3Hoe orpanudenue i npumeHeHus merona JIA-UCII-MC B wucciepoBaHuu macc-
HesaBHCHMBIX 3ddexToB cepsl A*S n A®S B apxeiicknx moponax. Taknum o6pasom, mero JIA-
HCII-MC He MOXeT yJIOBIECTBOPHUTD BhINICYKa3aHHOMY YCJIOBHIO (1).

OCHOBHBIM, OOILIECHPHU3HAHHBIM METOJOM aHaJW3a OTHOIICHHUS BCEX YETBIPEX H30TOIOB
ceppl OBUI M JO CHUX IIOp OCTAeTCS MAacC-CIEKTPOMETPHUYSCKUNA METOJ C HOHHU3aIuen
JICKTPOHHBIM  yapoM. V30TOmHBICE OTHOMICHWS OOBIYHO M3MEPSIOT C HCIOJIb30BAHUEM
U30TOITHOTO MacC-CIIEKTPOMETPa C JBOWHOM CUCTEMOM Harycka ra3oB. J[ist aToro cepy oOpasios
HepeBOAT B Ta30ByI0 a3y, oobruro B Gopmy SO, wmu SFg [Thode, Rees, 1971; Rees, 1978].
I'ekcadropun cepol (SFg) wupeanbHO MOAXOAUT JUIS MPEIM3HOHHOTO aHAM3a BCEX YEThIPEX
CTaOWJIBHBIX H30TOIMOB CEPBI 328, 338, sy 368, Tak Kak (TOp SBISETCS MOHOU3OTOITHBIM
AIIEMEHTOM, U, CIIeIOBATEeNbHO, U3MEPEHHUSI U30TOMHBIX OTHOIICHHH cephbl HE UMEIOT KaKUX-TH00
u3obapuueckux momex [Hulston, Thode, 1965b; Rumble et al., 1993; Beaudoin, Taylor, 1994].
OToT MeTo/ AaET HaJIeXKHBIC U 00JIee TOUHBIC PE3yJIbTAaThl AHATU30B U30TOITHOTO COCTaBa CEPHI B
cynpdunax 83, 5°°S u 6%°S, uro oGycnoBmmBaeT ero npenMyectso nepen Meroxamu MCBU u
JIA-UCII-MC. Ananu3 cepbl B Cylb(puaax MOXET ObITh BBINOIHEH ¢ TOYHOCTHIO 0.2%0~0.1%o

(1o) mns 8**S 1 0.05%0—0.005%0 ws A®S [Ono et al., 2006a, 2007; Wing, Farquhar, 2015]. C

JPYroil CTOPOHBI, pealn3anusi 3TOr0 MeTojaa TpedyeT OONbIIoe KOTUYECTBO aHAIM3UPYEMOTO
MaTtepuaia, Ha HECKOJIBKO TopsIKOB Oosbiine B cpaBHeHuU ¢ Metogamu MCBU u JIA-UCII-MC,
YTO SBJISCTCSA 3HAYUTEIBHBIM IMPEMATCTBUEM M OTPAHUYCHUEM B HMCCIICIOBAHMHM MHHEPATbHBIX
accoIManuii Uik MUKPOHHBIX CYJIb(UIHBIX BKIFOUEHHUH B mopoaax in Situ (IyHKT 5 JTOKaIbHBIHI
MHUKpoaHamu3 in Situ). [l pyTMHHBIX aHAJIM30B Ha M30TOITHOM MacC-CIIEKTPOMETpE Tpedyercs
HE MeHee 3 MHUKpPOMOJIb aHAJU3HPYEeMOTO Ta3a, 4TOOBl 0OECIEeUUTh YCJIOBHS BSI3KOCTHOTO
HATEKaHWUs ra3a U3 JBOWHON CHCTEMBbI HAITyCKa MacC-CIIEKTPOMETpa B UCTOUHUK HOHOB [\Werner,
Brand, 2001]. BeimoaHeHne 3TOr0 yCIOBHS 3a/a€T TOT MUHUMAIIbHBIA pa3Mep oOpasiia, HIKE
KOTOPOTO HENB3sl OIycKaTtbess 0Oe3 ymepda i TOYHOCTH aHATU30B. OTO  OCTa&TCs

CIpaBe/IMBBIM O€30THOCUTENBHO K TMPUMEHSEMBIM Ccrocob0aM (QTOPUPOBaHUS CYIb(UIHBIX
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00pa3uoB, Oyab TO KJIacCHYEeCKUl crocod 0ObeMHOTO (PTOPHUPOBAHNUS B HUKEJIEBBIX peaKkTopax ¢
BHemHuM HarpeBoM [Hulston, Thode, 1965b; Thode, Rees, 1971; Gao, Thiemens, 1991], unu
Ja3epHBIA pa3orpeB oOpasioB B peaknuoHHOi kamepe [Rumble et al., 1993; Beaudoin, Taylor,
1994; Hu et al., 2003].

Takum 00pa3oM, METOT aHAJTU3a U30TOIHBIX OTHOIICHUN CepBhI 8g) 32g, 34g) 32g | g/ 325
B Cynb(]u1ax, OCHOBAaHHBIN Ha UCIIOJIL30BAHUU CUCTEM (DTOpUPOBAHUS CYIb(OUIHBIX 00pa3IOB B
COYETaHUH C M3OTOIHBIM MAacC-CIIEKTPOMETPOM, HMMEET TIPEANOYTEHHUS Tepea JIPYTUMHU
MeTogaMu. [maBHas mpoOiieMa, BO3HUKAIONIAs TMPH KCIOJB30BAaHMMA JTOTO MeETOoAa —
CPaBHUTENBHO OOJIBIION pa3Mep aHaIM3UpPyeMO MaTepuaia. Jrta mpobiieMa pemaemMa myTéM
U3MCHEHHsI TEXHOJIOTHH HAaIyCKa ra3a B UCTOYHMK MOHOB Macc-criekTpoMeTpa. B pabore [Au
Yang et al., 2016] ObuT0 HMCMHONB30BAHO YCTPOWCTBO C MHKPOOOBEMOM it BBOAA raza SFg B
Macc-CIEeKTPOMETp, YTO IMO3BOJIMJIO aHAJIM3UPOBATh MEHBININN 00bEM 0Opasma Oe3 ymiepOa s
touHocTu. Ho 3T0 yactuuHoe pemienne npobaeMbl, Tak Kak M0 CPAaBHEHUIO C IBOMHOW CUCTEMOM
HAITyCKa OOBIYHOE YCTPOHCTBO C MUKPOOOBEMOM JAaET BOZMOXKHOCTh OHU3UTH 00BEM 00pasia
toipko B 10 pa3, HO He Oomee [Werner, Brand, 2001]. KapauHaabHO peniuTth 3Ty MpoodaeMy
HOMBITATUCH aBTOPBI padboThl [ONO et al., 2006b], rie oHu BBOIWIN aHATM3UPYEMBbIi Ta3 B BUIC
KOPOTKOT'O UMITYJIbCa HEMOCPEICTBEHHO B ICTOYHUK MOHOB MacC-CIEKTPOMETPA, UCTIONB3YS IS
ATOr0 TeNuil Kak Ta3 HOCHUTEeNb. B 93TOM cilydyae KOJHWYECTBO aHAIM3UPYEeMOro rasa
OTPaHUYMBAETCS TOJBKO JIMIIb YyBCTBUTEIBHOCTBIO CaMOro Macc-crekTpoMeTpa. OmHako, Kak
0Ka3aJIoCh, TaKOM crocod BBoJa SFg B MCTOUHUK MOHOB BBI3BIBAET OCIOXKHEHHUS MTPU U3MEPEHUN
HOHHBIX TOKOB JUIsI M/Z (OTHOIIICHHE MACChI K 3apsay) = 127 (3ZSF;' ), 128 (SSSF; ), 129 (34SF§' ) u
131 (*°SF?), u npuBOXMT K yMEHBIICHWIO TOYHOCTH aHamm3oB. ABrops [Ono et al., 2006b]
MOKa3aJli, YTO OCHOBHBIM HMCTOYHUKOM OIMMOOK SBISICS AI(PQPEKT MPHUCYTCTBUS Telus B
HCTOYHHKE MOHOB MAaCC-CIIEKTPOMETpA, KOTOPHIA TPUBOIWI K PAa3MBITHIO HOHHBIX IHKOB U
3HAUUTENbHOMY BKJaJy IIMKa OCHOBHOM Macchl 127 (3ZSF; ) B HOHHBIE TIHKH
MaJIOpacIpOCTPaHEHHBIX U30TOMOB cepbl (pucyHok 2.1). [Toatomy aBTOpHI 3TOr0 MeToaa [ONo et
al., 2006b] BeIHY/IEHBI BBOJAUTH MOMPABKU HA 3(P(EKT MPUCYTCTBHS T'eusi U KOPPEKTHPOBATH
pe3yabTaThl MYTEM JOMOJHUTENBPHOIO M3MEPEHHs CTaHJApTHBIX 00pa3loB C Macc-3aBUCHUMBIM
(dpakuroHupoBaHueM. BBeneHHE MOMPAaBOK YMEHBIIAET HAJAEKHOCTh PE3yJabTaTOB, TaK Kak
BEJIMYMHA HAIOKCHUS THKOB 3aBHCHT OT MHOTHX YCJIOBHH W HE BCerja €€ MOXHO TOYHO

MPOKOHTPOIUPOBATH.
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Pucynok 2.1 — VIHTEHCHUBHOCTb pPETUCTPUPYEMOIO CHUTHaJa (B ammepax) Kak (QyHKUus

yCKOpsitomero Hampspbkenust. J{ns gemonctpanuu dddexra renus B HCTOYHHKE HOHOB Ha
rpaduke MPUBEACH Macc-CIIEKTP, U3MEPCHHBI B MPUCYTCTBHM Teusl (CIUIONIHAS JMHUS) U B
OTCYTCTBUH reiust (INTPUX-MyHKTHP). PrucyHok Moauduituposan u3 pabotsr [ONno et al., 2006b].

HecomHeHHO, TmoNydYeHHs TOpPaBWIBHBIX  PE3yJbTaTOB, HE  HYXKJAIOUUXCSI B
KOPPEKTUPOBOYHBIX MOIpaBKax Ha 3(PQeKT renusi, U3MEpEeHUs JOJKHBI ObITH BBIIIOJHEHBI Ha
Macc-CIIEKTPOMETPE B BBICOKOBAKYYMHBIX YCJIOBHSAX, HO 3TO, B CBOK) OUY€pE]lb, HAKIIAJbIBAET
CYIIECTBEHHBIE OIpaHMUYEHHs Ha pa3Mep aHaIM3HpPYeMBIX o00pa3ioB. V3MepeHus: M30TOMHBIX
OTHOLIEHUH Cephl Ha MacC-CIEKTPOMETPE B PEXKHMME MOCTOSIHHOIO IMOTOKA TEIHsl YCTPAHSIOT
TaKM€ OTpaHMYEHUsl, HO CHUKAIOT TOYHOCTh M HAAEKHOCTb PE3yJbTaTOB. JTHU MPOOJIEMBI C
OUEBHUJHOCTHIO YKa3bIBAIOT Ha HEOOXOAMMOCTh B pa3paboTKe M peajiu3alid HOBOI'O METOJa,
KOTOPBIA IIPEIOCTABUT BO3MOXKHOCTH MCCIIEN0BATh PACIPEIEICHUE N30TONIOB CEPBI 32g %g g
1 *°S Ha noKanbHOM YPOBHE, HO Y€ C BBICOKOW TOUHOCTBIO M JOCTOBEPHOCTBIO.

B nanno# pabote ObUT MpEAIOKEH M PEATM30BaH MENBINA P UACH, KOTOPBIA MO3BOJIMII
peoIoieTh yKa3aHHbIe BhIIe mpobiemsl [Velivetskaya et al., 2007, 2009, 2010; UruatbeB u
ap., 2013; Ignatev et al., 2013; Buikin et al., 2020]. [IpemioskeH TPUHIMITAATBHO HOBBIN TOIXO0/T
K PELICHUIO BOMPOCa O HAIyCKe MHUKPOKOJINYECTB SFg B MCTOUHMK MOHOB Macc-CHEKTPOMETpA,
paboTaroniero B peXUME BBICOKOTO Bakyyma. Pa3paGoran meroa abmsiuuu Cylb(pHIHBIX
MUHEPAJIOB (PEMTOCEKYHAHBIM JIa3epHBIM H3JIyY€HHEM Ha JJIMHe BOJHBI 257 HM. [lpennoxen
HOBBIH, C METOJJOJIOTMYECKONW TOUKH 3PEHMs, IMOJXOJ K pealu3alyu MpoLeccoB GTOPUPOBAHUS

HUCIApCHHLIX YaCTHUILI ITpU HMHy.TIBCHOﬁ na3epH0171 3.6J'IHI_II/II/I U MOHUTOpPHUHI'A B PCAJIbHOM BPEMCHU
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CTENEHH OYHCTKH SFg OT mpuMecHbIX TpoAaykKToB (ropupoBanus. [lo cyru paspaboran
PUHIUIHATGHO HOBBI METOX Ul aHAIm3a o°'S, 8°°S u 8°S B cynbuiax Ha JOKAIbHOM
YpOBHE C TpuMeHeHHueM (emToceKkyHaHorW JazepHor abmsauuu  (Dc-JIA) um  razoBoi
xpomarorpaduu (I'X) B couerannu ¢ M30TOMHBIM Macc-criekrpomerpoMm (MC) — B ganpHeimemM
Oc-JIA-I'X/MC meton.

Hwxe n3nokeHsl OCHOBHBIE PUHIMUITBI paboTsl U ocobeHHocTH Dc-JIA-I'X/MC metona,
a Takxke crnernudprka U3MEPEHUsT U30TOIMMHOTO COCTaBa CEPbI §%s, 8%s u §%s B yIbTpaMajbIx

oOpasiax.

2.1.1. AHaMTHYeCKas CUCTEMA

Ha pucynke 2.2 naHo cxeMaTH4ecKoe H300pakeHUE YCTAHOBKH, HCIIOJIb3YEeMOH JUIs
JIOKaJIbHOTO U30TOMHOT0 aHam3a MetogoM Dc-JIA-I'X/MC. YcTaHOBKa COCTOUT U3 CIEAYIOIINX
OCHOBHBIX YacTeW: CHCTeMa JIa3epHOH abnsamuu u (TOPUPOBAHUS; CHUCTEMa KPHUOTCHHOH H
xpomarorpaduyeckoit ounctkn SFe; cucremsl BBoga SFs B Macc-CIEKTPOMETpP; M3OTOIHBIN

MacCC-CIICKTPOMETD.

FS-UV- Jlasep Beixuion Beixion

He 35 mL/min

Boixion -
He 4 mL/min [FM —] He 4 mL/min

Peaxrop

He

Beixion

K Macc-
CIIEKTPOMETPY

o
!

Jlosymika 1

-160 °C I'X kosnoHka

JloBymika 4

Jlosymika 2 JloByuika 3
Cucrema jiazepHas aOJsIIms- -196 °C -196 °C

¢bTopupoBanue Cucrema BBOz1a SFg

Cucrema ounctku SFg

Pucynok 2.2 — Cxema yCTaHOBKH JUIS JIOKAJIBHOTO M30TOIHOTO aHanu3a cepbl MeTogoM Pc-JIA-
I'X/MC. OGo3nauenus Ha cxeme: He — ra3 Hocurens renmii; K — kamepa ¢ oOpasuamu; BrFs —
neaTapTopua O6poma; V1, 2 u 3 — mHoromoproBble BeHTHIH, MV — mukpoBeHTHIB; FM —
U3MEpHUTENb MIOTOKa Ta30B. PucyHok moauduimposan u3 padots! [Velivetskaya et al., 2019].

Jns nazepHodt aOmsiuuu ucnoynb3oBad Y@ (eMTOCeKyHIHBIN Jla3epHbI KOMILIEKC
(NWR Femtosecond, Electro Scientific Industries New Wave Research Division, Portland, OR,

USA). O6pasiisl pacmojaraid B Kamepe, H3rOTOBJICHHOM U3 HepskaBeromiel craan. Ha pucyrke
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2.3 mokazaHa cxema kamepbl. Kamepa mmeer chEMHBIA (uaHen W onTHueckoe OkHO (YO

KBapieBoe okHo; nuamerp 70 MM u TosmuHa 1.0 mm).

OOBEKTHB BurtonoBbie
KOJIbLIA
| BrFs
e Q-0KHO

W

Ni -peaktop

He . Obpaszen, .~ : L

Pucynok 2.3 — CxemaTudeckoe u300paxeHune KaMmepsl JIsl 1a3epHOi abusainuu 00pa3ioB Cephl.

Jnst  gropupoBaHUS a’pO30JBHBIX YACTHIl, TEHEPUPYEMBIX B IMPOLECCE JIa3epHOH
aONAIMK, MCIONB30BATM peakTop u3 Ni TpyOku (BHEMIHMUA auamerp 3.2 MM, BHYTPEHHHA
muametrp 1.6 mm, anuHa 200 MM) ¢ BHEIIHMM HarpeBoM TpyOdaroil neunto. DTopupoBaHHE
a’pO30JIbHBIX YaCTUI[ OCYIIECTBISUIM 1O peakuuu ¢ neHtagpropugom Opoma BrFs.
[penBaputenbHo ounnieHHblid BrFs (~ 5-6 r) xpanurcs B Ni émkoctu (cM. pucyHok 2.2). U3
émkocTH mapsl BrFs BbIHOCATCS HOTOKOM reius W MOCTYNAalOT B PEAKTOP 4epe3 CTalbHOMN
kanmwusap JMHOW 10 M 1 BHyTpeHHUM auameTpoM 0.13 MM, CKOpOCTh IOTOKa ra30BOM cMecH
(HetBrFs) na Boixome m3 kamwuisipa ~0.01 mu/mun. Peaktop coeanHeH THOKOM TedOHOBOI
TpyOkoii (BHemHuN guamerp 1.6 MM, nmuHa 400 MM) ¢ CcHCTEeMOM KpPUOTEHHOW U
XpomaTorpauueckoil OUYMCTKY rasa.

Cucrema KpUOTEHHOW M XpoMarorpaguueckod OYMCTKH Ta3a BKJIIOYAET: TPHU
TEPMOpETYJINPYEMble KPHOTE€HHBbIC JIOBYHIKH, Tpu MHoromopToBbix BeHTwias (VICI-Valco,
Houston, TX, USA), nBa u3Mepurens MmoToka ra3oB M KaNWUIAPHYIO XPOMATOTpaduUecKyro
kosoHky (Q-Plot, Buyrpennuii auamerp 0.32 mm, aimuna 30 m). [lepBas oByinka (JioBymika 1 Ha
pucyHke 2.2) oxnaxaeHa 10 temreparypsl —160 °C u sBisieTcst IepBoi CTYIEHBIO B ounCTKe SFg
OT OCTaTKOB PEaKTHWBa W MHBIX NMpoayktoB peakuuu (BrFs, BrFs, Bry). Ilocnenyromas ToHkas
ouncTka SFg MPOU3BOIUTCS C MOMOIIBI0 TEPMOPETYIUPYEMBIX JIOBYIIEK 2 W 3, a Tak XK€ Ha
xpomarorpaduyeckoil KosioHkKe. CBS3YIOIIUM 3BEHOM MEXIy CHUCTEMON OYHMCTKM W Macc-
CIIEKTPOMETPOM  siBNIsieTcs WHTepdelic mia  BBoga ra3za. Omnucanume wuHTEepdeiica u
TEPMOPETYJINPYEMBIX JIOBYIIEK, KOTOPble OBLJIM M3TOTOBJIEHBI HAMU, TOAPOOHO MPUBEIEHO B
CIenyrImux naparpadax JaHHOM I1aBbl.

W3mepenune M30TOMHOIO COCTaBa CEPbI 8%S, 8%s u 5°°S B SFs IIPOM3BEIEHO Ha Macc-

cnektpomerpe mozaeiab MAT 253 (Thermo Scientific, Bremen, Germany), o6opynoBaHHBIH
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KOJIGKTOPAMH JUISl OJHOBPEMEHHOrO H3MEpEHHs HOHHBIX TOKoB Ha Mmaccax 127 (*’SFs*), 128
(*3SFs"), 129 (**SFs") u 131 (*°SFsh).

[IpunnunuansHo BakHbIe ocoOeHHOCTH Hamed Pc-JIA-I'X/MC cuctembl 3aKIIFOYarOTCS
B crenyromieM. Bee oneparnuu mo nepeBoay cepbl oOpasnoB B hopmy SFg (mazepHas abisius,
dTopupoBanne u ouncTka SFg) TpoBOAATCS B PEKMME TIOCTOSIHHOTO TOTOKA TeIus.
[Tpenmy1iecTBO TakoW CHUCTEMBI Mepe BaKYyMHOW CHCTEMOU MpHU aHamu3e 00pas3IoB HA MHUKPO
U HAHO YpPOBHE OOYCIIOBJIEHO TE€M, YTO IMPOJyBKa I'eJIMEM IMO3BOJIAET B 3HAUYUTEIHHOW CTENEHU
YMEHBIIUTh COpPOLUMOHHbIE 3((EKThl Ha IMOBEPXHOCTH CHCTEMBI U, C JPYrOod CTOpPOHBI,
MO3BOJIIET TOBBICUTH A(P(HEKTHUBHOCTh KPUOTEHHOTO OTAeNeHUs SFg OT HMHBIX Ta30BBIX
KOMIIOHEHTOB. Jlpyras oCOOEHHOCTh HamIel CHUCTEMBI — 3TO COYETAaHHE B CHUCTEME JABYX
Pa3IMYHBIX PEKUMOB PaOOTHI: PEKUMA MOCTOSHHOM MPOAYBKU IelreM Mpu MpoOOMOArOTOBKE U
BBICOKOBAKYYMHOI'O peXHMa IMPHU U3MEPEHUN HU30TOMHBIX OTHOIIEHUH CEphl B aHAJIH3UPYEMOM
ra3e SFe. [{ns coBmenieHus cucteM, paboTarONMX B ATHUX Pa3HBIX peKUMax, ObUIO pa3paboTaHo
coryacyoliee yCcTpocTBo — uHTEepdeic st Hanycka SFg B BHIE KOPOTKOT'O MMITYJIbCa B Macc-
cnektpoMetp. [Ipumenenne nntepdeiica Mo3BOIUIO HAM YCTPAHUTh, PACCMOTPEHHBIN B CTAaThe
[Ono et al., 2006b] s¢dext mpucyTcTBUS TeNns B UCTOUHHUKE MOHOB MacC-CIIEKTPOMETPA, YTO

IIOBBICHUIIO HaZIé)KHOCTI) U TOYHOCTH I/I3M€p€HI/If/'I W30TOITHBIX OTHOIIICHHH CCPHI.
2.1.2. NuTepdeiic HanycKka ra3a B Macc-clieKTpoMeTp

Ha pucynke 2.4 nana cxema uHtepdeiica, pa3pab0OTaHHOTO W CO3/IaHHOTO JIJIsi HAITyCKa
yIBTPaMaJIOTO KOJIMYECTBa (Ha YpOBHE HAHOMOJIIb) aHATM3UPYEMOTO Ta3a SFg HEmoCpeICTBEHHO
B MOHHBIN UICTOUHUK Macc-CIIEKTPOMETPa, paboTaroIEero B peKUMe BBICOKOTO BaKyyMa.

Wutepdeiic
BBOJIA ra3a B MacC-CIEKTPOMETP
Brixjon
He

K ucrounuky
nonos MC

|

JloBymika
¢ )KMJIKUM a30TOM

Kanwnmsp

...................................................................

Pucynok 2.4 — Cxema untepdeiica Hamycka raza B macc-criekrpometp [Ignatiev et al., 2018].
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TpexmopToBbIii MHUKPOBEHTHIIb OTKPBIBACT M 3aKPHIBACT JOCTYI Ta3a-HOCHUTENIS W3
KalWUIIPHOW KOJIOHKU B HCTOYHUK UOHOB. [IpH 3aKphITOM BEHTHIIC BECh BXOJISIINI TOTOK ra3a-
HOCHTENsl BEHTWJIMpYeTcss Ha armocdepy, JOCTYH K HCTOYHHKY HOHOB mepekpbit. [Ipu
OTKPBITOM BEHTHJIC BXOISIIMHA MOTOK pa3feisiercss Ha JBa IOTOKA, OIMH M3 KOTOPBIX
IPOJIOJDKACT BEHTUIIMPOBATHCS Ha aTMoc(epy, a IPYyroi Mo Kanwusipy HAET B UCTOYHUK HOHOB.
CKOpOCTh MMOTOKOB KOHTPOJHMPYETCS C MOMOIIbIO BCTPOCHHBIX B MUKPOBEHTWIIb KAIMJUISPOB.
Yepes kamwusip ¢ BHyrpeHHUM guamerpoM 0.05 MM W ummHOH 8 cM B HCTOYHHK HOHOB
rorragaeT Toabko 0.3 Mi/MUH rasa.

BBenenue ananmmsupyemoro raza SFs B mHTep(eiic NpOU3BOAUTCS B PEKHUME JICIICHHS
noTokoB. ['a3 SFe, mocTynaroumii Mo Kanuuispy, BBIMOPAXHBAIOT B JIOBYIIKE TIPU TEMIIEpaType
KUAKOro a3ora. [locie BRIMOpaKMBaHHsI, MUKPOBEHTUIIb 3aKPBIBAIOT, IPH ATOM OCTATKH TeIHUsI
U3 JIOBYIIKH OTKAYMBAIOTCS Y€Pe3 HMOHHBIH HMCTOYHMK. [10 DOCTHIKEHHH BBICOKOTO BaKyyMma,
JIOBYIIKY pa3MOpakuBaroT. PasMopoxeHHbIN SFg mocTynaer B BHIE KOPOTKOIO HMITYJIbCA B
MOHU3AIMOHHYIO KaMepy MacC-CIICKTPOMETPA.

KoHCTpyKTHBHAsE 0COOCHHOCTh Haiero uHTepdeiica — 3T0 MUKPOBEHTHIb C HYJICBBIM
«MepTBBIM» 00BEMOM. Be3 Takoro BeHTHJISI MHTEp(EHC MPAKTHYECKH HE OTIHYalcs Obl OT
0OBIYHOTO JenuTeNs motoka oTkpeitoro tuma [Werner, Brand, 2001], koTopsblii npeaHa3HaueH
JUIsl BBOJIA QHAIM3UPYEMOTO ra3a B MOHHBII HCTOYHUK TOJBKO B IMOTOKE raza-Hocuresns. OiHaKo
IPUCYTCTBUE ra3a-HocuTesdss He B MOHM3AIMOHHONW KaMepe OCIIOKHSIET M3MEPEHUE M30TOMHBIX
oTHoIeHuit B ciydae ¢ SFg [Ono et al., 2006b]. Haur untepdeiic ycrpanser Takue OCI0XKHEHUS,
4TO OOYCIOBJIMBACT €ro MpeuMyIiecTBo. KpoMe TOro MHKPOBEHTHJIb C HYJIEBBIM «MEPTBBIM»
00BEMOM TIO3BOJISICT OTKPBIBATh M 3aKPBHIBAThH JOCTYI I'a3a-HOCUTENSI B MOHHBIA MCTOYHUK 03
IPEIBAPUTEILHOTO OTKIIOUEHHSI YCKOPSIOIIEr0 HAMpPsHKCHHs, YTO SBJISCTCS TapaHTHEl
COXpaHEHHUsI CTAOMIBHBIX YCIOBHH MOHM3AllMM B MOHMU3AIIMOHHON Kamepe W, CJIeI0BaTelbHO,

COXpaHEHHUsI OIMHAKOBBIX YCIOBUH MPU U3MEPEHUH U30TOMHBIX OTHOLIEHUH B pa3HbIX oOpa3nax.
2.1.3. TepmoperyaupyeMble KpHOreHHbIE JIOBYIIKH 1J1s1 04MCTKH SFg

[Ipy W3MEpEHHH OTHOWICHHH MAJOPACIPOCTPAHEHHBIX M30TOMOB oS W °°S
aHATM3UPYEeMbIi Ta3 SFg J0DKEeH OBITH OYHINEH OT MaJIeHIUX npuMeceit. OcoOOEHHO TPYIHO 3TO
JOCTHTAeTCS MPH paboTe ¢ yabTpaMalbiM KOTHIeCTBOM SFg. DPPEKTUBHBIM METOJIOM OYHCTKH,
B 3TOM cClly4ae, SIBISIeTCs MeTo]] MU PepeHINaTbHON KPUOTCHHONH OYMCTKH C MCIOIb30BaHHEM
NPOTOYHBIX TepMoperynupyembix joByiiek [Velivetskaya et al., 2019]. Tepmoperymupyemas
JIOBYIIKA CXEMAaTHYECKH W300pakeHa Ha pHUCYHKe 2.5. BHyTpH IJIaCTUKOBOTO KOXKYXa,

OTKPBITOTO CHHU3Y U YIUIOTHEHHOTO CBEPXY, pacloiokeHbl TepMonapa u U-oOpa3Has metis u3
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cranpHOi TpyOku (BHemHmd pamamerp 1.6 mm, mmua 200 MM), Ha KOTOpYHO HaBUTa
HarpeBaTeNIbHAS CIIUPAIb U3 HUXPOMOBOW MPOBOJIOKH. JTa KOHCTPYKIUS TTOMEIIEHA B JKUIKUAN
a3oT. IIpu OTKpbITOM BeHTHIIC (BEHTWIb | Ha pUCYHKE 2.5a) M BBIKJIOYCHHOM HarpeBartese
HETIS OXJIAXKIACTCS JI0 TEMIICPATyphl KUIAKOTO a30Ta. [Ipu 3aKphITOM BEHTHIIC U BKIIOYCHHOM
Harpesartele, AaBieHue napoB Ny BHYTpU KOXyXa pacTeT M BBITECHSET KUK a30T U3 KOXKYXa,
MO3BOJISISI  HarpeBaTelo JIOCTUYh 3aJaHHyI0 Temmeparypy (pucyHok 2.50). KpuorenHas
TeMIiepaTypa KOHTPOJIMPYETCS MPOrpaMMHUPYEMbIM MHUKpomponeccopubiM korTposuiepom (ITRON 16;
Jumo GmbH, Germany). Kourpomiep 5Toro Tuma BKIOYaeT B ceOst GyHKIHMIO CKOPOCTH HArpeBa C

perynupyembiMu rpaguentamud  (°C/MHH), YTO TMO3BOJISIET [OCTHYb HYXKHYIO Temrmeparypy 0Oe3

IMMPEBBIIICHUS 3aIaHHOI'0 3HAYCHU .

[ToTok rasa ITorok raza
—& -
BenTnns 1 Bentuis 1
Jumo Jumo
Tepmo- > iTRON16 Tepmo- > iTRON16
Hapa 1 w KOHTpOJLIEp llapa 1 ft KOHTpOJLIEp

U-nosymxa U-nosymika

Harpesareinn Harpesareinn

Koxyx Koxyx

Kungkuit
a3or

[Taper
asora

JKuakuit azor

(a) (©)

Pucynok 2.5 — CxemaTnueckoe n300pa’keHre MpoTOYHON TepMoperyinupyemMoii JoBymku. Ciepa
(a) JIOBYHIKA OXJIAXKJACHA A0 TCEMIICPATYPBlI KHUAKOTO a30Ta IHpPHU OTKPLBITOM BCHTHUIIC 1 u
BBIKJIFOUeeHOM HarpeBaTene. CrpaBa (0) JOByIIKa Mporpera 10 3aJaHHOM TeMmepaTypbl MpU
3aKpbITOM BeHTWIE€ | W BKIIOUYEHHOM HarpeBarene. PucyHok monudunupoBaH u3 pabOThI
[Velivetskaya et al., 2019].

[TooOHBIA THI KPUOTEHHBIX JIOBYIIEK WM3BECTEH M paHee ObLI YCHEIIHO NMPHUMEHEH B
BAaKyYMHBIX CHCTEMaXx, UCIOIb3YEMBIX JJIsl MOATOTOBKH MpoO arMocdepHoro CO2 K H30TONHOMY
aHAINU3Y 8"C [Vaughn et al., 2004; Velivetskaya et al., 2015]. Oxgnaxo Hamu 0o0HapyXKeHO, UTO
3¢ (PeKTUBHOCTh TaKWX JIOBYIIEK B CIyyae MPOTOYHBIX CHUCTEM HE ynoBJieTBopuTenbHa. Eciu
KpUOTeHHasl JIOBYIIKA IMpOJyBaeTcs razoM-HocuteneMm, 3(@exTuBHOCTh ynaBnuBaHus SFg

nuskas [Velivetskaya et al., 2019]. Yacte raza SFg BBIHOCUTCS U3 JIOBYIIKH BMECTE C MMOTOKOM
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renus Aake TpU TeMIepaType KUAKOTO a30Ta, YTO MPUBOIUT K (PPaKIIMOHUPOBAHUIO U30TOIOB
U HMCKWKEHHUIO pe3yabTaTOB HM3MEpPEHHs] H30TOMHOro cocraBa. Jlns ycrpanenus s¢dekra
npockakuBaHus SFg 1 ynyuinienust 3peKTUBHOCTH paObOThI JOBYIIKU B IPOTOYHOM CUCTEME, MbI
MOMECTUJIM MEIHYI0 TMPOBOJIOKY BHYTph U-00pazHoii meriu Ha Bcio e€ mnuHy. B xone
UCTIBITAHUN OBUI YCTAHOBJICH BAXKHBIA C MPAKTHUUECKOW TOUYKM 3peHus (akt. Oxazanoch, 4TO
IPUCYTCTBUE MEIHON IPOBOJIOKH HE TOJIBKO YJIYYIIMIO COPOLIMOHHBIE CBOMCTBA JIOBYIIKH, HO
npuaaio el xpomarorpapuieckie CBONCTBA.

Hcnonb3oBaHue 3TuX crenu(pUUECKUX CBONCTB 3HAYUTENLHO PACIIUPSET BO3MOXKHOCTU
KPUOTEHHOW JIOBYIIKU JIJISI TOHKOW O4MCTKH SFg oT mpumecedl. Huxe mpoaeMOHCTpHpPOBAHO
MPAKTUYECKOE MPUMECHEHHE XpoMmaTorpauueckux M KPUOTSHHBIX CBOWCTB Ha mpuMmepax. Ha
pucyHnke 20 mpeacTaBleH y4acTOK XpOMaTOrpaMMbl, pETUCTPUPYEMOM Ha Macc-CIEKTPOMETPE,
KOTOPBIi IOKa3bIBAET B pPealbHOM BPEMEHH BBIXOJ COSAMHEHUI Ha Maccax M/z 127, 128, 129 u
131 ¢ KpuOTEHHO¥ JIOBYIIKH, MOAICPKUBAEMOM ITpH MOCTOsTHHOHM TemnepaType —130 °C. Buano,
YTO MPHU ITOW TEMIEpaType C JOBYIIKU BBIXOJUT HECKOIHKO KOMIIOHEHTOB: MEPBBIM MUK — 3TO
curnan ot SFg, 3a HUM cienyroT curHaibl Ha Macce 131 OT HeM3BECTHBIX KOMIIOHEHTOB. Takoi
3¢ dexT KpuoreHHOoro paszieneHUs MOXXHO HaONI0AaTh TOJIBKO MpH pabdoTe JIOBYIIKH B
MPOTOYHOM pEXKHUME, HO HE B YCIOBUSIX BakyymMa. B BakyyMHBIX YCIOBUSX TIHUKH HE
pa3ieNsAoTCs, YTO MPUBOJUT K OIITMOKE MPU U3MEPEHUN M30TOIHBIX OTHOLIEHUH M3-3a BKJIAJla B

curgai Ha 131 macce.

A
% ﬂm“: 127 (°SF;)
= | m/z 128 (SF?)
= | ”
g n m/z 129 ("SFs)
5 .
o m/z 131 ("SF;)
=
S
?i m/z 131
=
5]
z Y
~

! L J -

Bpewms

Pucynox 2.6 — Ilpumep pazgeneHus NpPOIYKTOB (DTOPUPOBAHMS, HCIOIb3YS KPHUOTEHHYIO
IPOTOYHYIO JIOBYLIKY NPH MOCTOssHHOM Temmnepartype -130 °C. IlepBblit UK KBagpaTHON (HOPMBI
— 3TO CHUTHaJ CTaHAApTHOro raza SFg M3 JBOMHOM CHCTEMBI HAalyCKa MacC-CHEKTPOMETpA.
Bropoii u nocienyomyie TMKU — CUTHAJIBI, PErUCTPUPYIOIINE BbIXOJ I'a30BbIX KOMIIOHEHTOB M3
KpuoreHHo# noBymikd. [Tuku m/z 127, 128, 129 u 131 peructpupyrot Beixoa SFs, 3a HuUM
CIIEIYIOT MTUKH MPUMECHBIX KOMIOHEHTOB ¢ Maccoi 131. Pucynok u3 pabotsr [Velivetskaya et
al., 2019].
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Uro kacaercs uaeHTU(DUKAIIME KOMIOHEHTOB ¢ Maccoil 131, To B HEKOTOpBIX paboTax
[Rumble et al., 1993; Ono et al.,, 2006b] ux cBs3bIBAIOT C MOSIBICHHEM B IMPOIECCAX
dbTopupoBanus Takoro coeauHenus kak CsFg, 1aro1iero B MCTOYHNKE HOHOB Macc-CIIEKTPOMETpa
MOJIOKUTENBHO 3aPSKEHHBIA HMOH CsFs™ maccoit 131. OgHako B HaleMm clydae 3TO HE Tak,
noromy uto CzFg mpu —130 °C umeer mamHoro OoJyiee HU3KOE NaBieHHe mapa, yeMm SFg, u,
CJIeIOBATENLHO, TOJKCH BBIATH U3 JIOBYIIKH TP 00JIee BRICOKOM TeMIiepaType.

Pa3znenenuie npoaykToB (GTOpUpOBaHMS C OMOINBIO KPUOTEHHON MPOTOYHOM JIOBYIIKH,
HCIONIb3yeMoil B pexxume HarpeBa oT —196 °C no —50 °C, nmpoaeMOHCTpUPOBAHO HA PUCYHKE
2.7. Ilpu Temneparype —180 °C Bbixonut nuk, orBevarommii 131 macce. Ilpu moctmxenuun
temneparypbl Ha JoBymke —130 °C Beixonut SFe. Ilpu temmnepatype —70 °C u3 noByuiku
BBIXOJIUT €UI€ OJIMH MPUMECHBI KOMIIOHEHT, 3apsyKeHHbIA HOH KOTOPOro Jaé nuk Ha macce 131.
[Ipumech 3arpsA3HEHUi, NAOIIMX MMHKUA HA TEX K€ MAaccax, YTO M aHAJIU3HpPyEMbIE, SIBISETCS
MCTOYHUKOM OIIMOOK, KOTOPBIE YXY/IIAal0T TOYHOCTh aHAJIU30B. B Hamiell cucreme KpuoreHHou

OYHCTKH MIPEAYCMOTPEHBI IPOLIEYPHI A1 oTAeNeHust SFg OT mpumMeceii.

—

f } m/z=127("SF;)
1 m/z 128 (V'SF;)
o m/z 129 (“SF;)
m/z 131 (“SF;)

m/z 131

m/z 131
4 /
A

Bpewms

MHTEeHCHBHOCTD CUTHAJIA (Bo.rle)

Pucynok 2.7 — Ilpumep pasaeneHus NpOAYKTOB (TOPHPOBAHWS HA KPHUOTEHHOW MPOTOYHOU
JIOBYIIKE, HCIHOJb3yeMoM B pexume HarpeBa. [Iuk kBaapaTHOW ¢OpMBI — 3TO CHTHalI
cTaHzapTHOro rasa SFe M3 ABOMHOM CHUCTEMBI HAIlyCKa MacC-CIIEKTPOMETpa, AAJEE CIEAYIOT
IIUKH, OTBEYAIOIME BBIXO/Y Ia30BbIX KOMIIOHEHTOB M3 KPHOT€HHOW JIOBYIIKH. JIBa HEOOIBIINX
IUKa OT MPUMECHBIX KOMIIOHEHTOB MOSBJISAIOTCSA Ipu TeMiepaTtype Ha joBymike —180 °C u —70
°C, COOTBETCTBEHHO. MeXly HUMM MUK, OTBevyaroluil SFe, KOTOPBIN BBIXOIUT U3 JIOBYLIKU NIPU
—130 ° C. UHTeHCHBHOCTh CHUTHAJIa JIBYX HEOOJBINX MUKOB yBeiaudeHa B 10 pa3 mis mydmei
Bu3yanu3aiun. Prucynok u3 pabotsl [Velivetskaya et al., 2019].
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Crnenyer mnpuHATH BO BHHMMaHHE, 4YTO HCIIOJIb30BaHHE Xpomarorpaduyeckoi
KalMWUIIPHOM KOJOHKHU Porapak-Q u KOJIOHKH ¢ MOJICKYJISIPHBIM CUTOM HE 00ECIICYHBACT MOJTHOE
otneneHne SFg OT COMYTCTBYIOIIMX KOMIIOHEHTOB (ropupoBaHus. ONTUMaNIBHBIA pe3yabTar

JOCTUTACTCA C IPUMCHCHUEM TCPMOPETYIUPYEMBIX IMIPOTOUYHBIX KPUOT'€CHHBIX JIOBYIICK.

2.1.4. AnanuTudeckas npoueaypa

BrinonHenue 10KanbHOIO U30TOMHOTO aHaliu3a cepbl B CylIbPUAHBIX oOpasuax Dc-JIA-
['X/MC wmeTonoMm, YCIOBHO MOXHO pa3JelUTh Ha 4YeTbIpe JTama: JazepHas alOimsuus u
KOHBEPTHpPOBaHUE cepbl 00pa3ioB B Gopmy SFg, ounctka SFg oT mpoaykToB (ropupoBaHws,
KpuoQOKyCHpOBKa O4MIIEHHOTO SFg B cucTeMe Hamycka, H3MEpPEeHHE U30TOIMHBIX OTHOIICHUMN
CEepbI Ha MacC-CIEKTPOMETPE.

Jj1g BBIIOJIHEHUS TIEPBOT'O ATAala MHOTOIIOPTOBBIE BEHTUIIN [IEPEBOJIAT B MOJIOKEHUE, KaK
MI0Ka3aHO Ha pucyHke 2.2. Ha 3ToM ke pucyHKe IOKa3aHO HAIpaBJIEHUE U CKOPOCTh MOTOKOB
renust B cucreMe. JloBymka 1 oxnaxnaeHa no temmneparypel —160 °C, noBymku 2 u 3 710
TEMIEPATYPhI KUIKOTO a30Ta.

AHanu3 HauumHaeTcs C alnsAuMU HUcciaeayeMoro oopasma moj Bo3zciicTBueM Y@
(eMTOCEKYHIHOIO JIa3epHOTO Hu3JlydyeHus. ['eHepupyeMble B 3TOM IIpPOLIECCE adPO30JIbHBIE
YacTHUIIbI Cylb(uaa BBIHOCATCS MOTOKOM Telus U3 KaMepbl B HUKEJEBbIN peakTop. B peaktope
qacTHUIbl pearupyroT ¢ BrFs u oGpa3oBaBimecs: NpoayKThl peakluu TPAHCIOPTUPYIOTCS ra30M-
HocuTesneM (MOoTok 35 mi/MuH) uepe3 JoBywkH 1 u 2. B noBymike 1 ynaBnuBaroTcs MPOTyKTHI
¢dTopupoBanus, ciocoOHbIe KOHIEHCHpoBaThes npu Temreparype —160 °C (BrFs, BrF; u Bry),
BO BTOpoil noBymke mnpu —196 °C ynaBnuBaercs SFg BMecTe € OCTaTKaMHM HPUMECHBIX
COEIMHEHUH, IPOCKOYMBIIKX JIOBYHIKY 1. Ota mpoueaypa 3aHuMaer okono 90 cekynn. 3nmech
HE0OXO0aMMO 0C000 TOMYEPKHYTh, YTO Tpolecc (PTOpUpOBaHUS peaM30BaH HE B KaMmepe C
oOpa3lamu, a B OTAE€IbHOM peakTope. DTO NPUHIUIHUAIBLHO BaKHBI MOMEHT, HAa KOTOPBIH CTOUT
0o0paTuTh BHUMaHME, MOCKOJBKY B 3TOM Cly4dae HET HEOOXOJUMOCTH B TAaKOH OMepaluu, Kak
npeaBapuTeNnbHoe (hTOpUpOBaHME KaMepbl C OOpaszliaMu A MUHMMH3ALUU OJaHKa CHCTEMBbI
[Hu et al., 2003; Ono et al., 2006b]. D10 mo3BossseT M30€XKaTh MHOTHUX OCIOKHCHHUU WU
OTpaHUYEHUH, CBS3aHHBIX € 3G (EeKTaMH YaCTHUYHOTO Pa3JIOKEHHEM HEKOTOPBIX CYIb(GHUIOB B
npolecce MpeABAPUTEIBHOIO (GTOPUPOBAaHUS U ASPPEeKTaMH MNEepPeKPECTHOrO 3arpsa3HEHUs
00pasIoB.

[Tocne nasepHOW aONANMK TPOM3BOIAT OYHCTKY SFg OT CIENOBBIX MPUMECHBIX
COEIMHEHUH, UCIOJIb3Ysl TEPMOPETYIUPYEMbIE JTOBYIIKH. /[ 3TOr0 JIOBYIIKY 2 COCIHHSIIOT C

JOBYIIKOW 3 MyTEéM MEpeKIIoYeHus BEeHTWId V1. B 3ToM monokeHuu yepes JIOBYIIKH 2 U 3
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MPOXOIUT calblil moTok renus (4 mi/MuH). BrimrodaroT Harpes snoBymku 2 1o —130 °C. Uepes
85 CexyHJ JOBYIIKa 2 JOCTUTHET 3aJaHHOW TEMIEpaTypbl, M IOTOK TIElus IEPErOHUT
pasMopokeHHbIH SFg B TOBymIKY 3, oxnaxa¢HHyo 10 —196 °C. B 3TOT MOMEHT MBI H30JUpyeM
JOBYWIKY 3, NMyTéM MNepeKitoueHuss BeHTWId V1 B HCXOJHOE IoJoXeHue. TeM cambIM Mbl
ouninaeM SFg OT MPUMECHBIX COCIMHEHUH, KOTOphIE, KaK OBUIO MPOJIEMOHCTPUPOBAHO BHIIIE HA
pucynke 20, BbIXOIAT H3 JOBYmKH 2 Bcien 3a SFg mpu temmeparype —130 °C. anee
IPOM3BOIUTCS JONOJHUTENbHAs ouucTKa Skg, coOpaHHOro B joBymke 3. /i 3TOro BKIIOYAIOT
HarpeB JOoByIIKH 3 no Temmeparypsl —180 °C U OTCIEeKXMBAIOT B pEaJbHOM BPEMEHM BBIXOJ
IIPUMECHBIX KOMIIOHEHTOB W3 KPHOI'€HHOM JIOBYIIKM 3 € IOMOLIbIO MAaccC-CIEKTPOMETpPA, Kak
OBLIIO IPOJAEMOHCTPUPOBAHO BhIlIE HA pUcyHKe 2.7. [IpubnusurensHo yepe3 100 cexynna nocine
Hayaja HarpeBaHHWs JIOBYIIKM 3 crnabblii curHan m/z 131 mpuMecHOro KOMIIOHEHTa
peructpupyercss Ha Xpomartorpamme. Yepe3 1 MUHYTY BbIIyBKa NPHUMECHOTO KOMIIOHEHTa
3aKOHYEHA, U JIOBYLIKY 3 COEAMHSIOT C KalWJUIIPHOW KOJIOHKOM IyTéM MOBOpOTa BEHTHJIEH V2
u V3. Ilotok renust (4 MiI/MHH) TETIEpb CIEAYET U3 JOBYIIKH 3 B XpOMaTorpaduIecKyro KOJIOHKY
U Janee B uHTepdeiic Hamycka ra3a B MacCc-CIEKTPOMETp. 3aTeM BKIIIOYAIOT HArpeB JIOBYLIKH 3.
Pa3zmoposkennsiii SFg nepemeriaercs MOTOKOM renust B KoJoHKY. I[IpumepHo 3a 10 cexyHn ao
BbIxo/a SFg M3 KOJNOHKH, JOBYIIKY 4 OXJQXIAIOT 10 TEMIepaTypbl >KHAKOTO a30Ta s
Kpro(oKycupoBku SFg mepen HamyckoM B Macc-criekTpomeTp. UtobObr BBectu SFg B Macc-
CIEKTPOMETpP, MUKPOBEHTUIIb 3aKPBIBAIOT Ul OCTAHOBKM IIOTOKA T'EJIMs B MacC-CIEKTPOMET.
OcraTo4HbIil TeIui CKaYMBarOT U3 JIOBYIIKH 4 4Yepe3 MOHHBIA UCTOYHHMK Macc-CIIEKTPOMETpa B
tedeHuu ~15 c. [lo qocTukeHn BhICOKOBAaKYYMHBIX YCIIOBUN B MOHHOM MCTOYHHUKE, C JIOBYLIKU
4 CHUMAIOT COCY/ C JKHIKUM a30TOM, M Pa3MOPOXEHHBIH SFg BXOAMT B HCTOYHUK OJHHM
KOPOTKHM MMITyJIbcOM. Ha 3ToM cuctema MokeT ObITh BO3BpallleHa B HCXOHOE MOJI0XKEHUE A
IIPOBEJEHUS OYEPEIHOro aHanu3a. Bech IUKII onepanuil 3aHUMaeT OKOJIO 15 MUHYT.

W3MepeHusi M30TOIMHOTO COCTaBa IMPOBEACHBI O] YIpaBiIeHHEM mporpaMmbl Isodat
Acquisition, Bxopmsmeir B coctaB mporpammHoro obecneuenus ISODAT NT pans mace-
cnektpomerpa MAT-253.

Ha pucynke 2.8 nokasana TUIIM4YHasE XpOMaTOrpaMMa MOCJIEA0BATEIbHOCTH U3MEPEHUM.
B Teuenue 3anucu nabopatopHblii craHgapt SFg HamyckairoT B aBTOMAaTHYECKOM PEXHUME,
UCIIONIB3YSl JIBOWHYIO CHCTEMY HallyCKa Macc-CIEKTPOMETpa: 4YeTbIpe WMITyJbca Mepen
peructpanmen nmuka oOpasla ¥ TPH UMIIYJIbCa MOCHEe, KaK MOKa3aHO Ha pHucyHke 2.8. 3a muk
pedepeHca npuHUMaeTcss BTOpol UK. BBeieHne B HECKOJIBKO CTaHIAPTHBIX MMUKOB CIEJIAHO TS
TOT0, YTOOBI MOKHO OBUIO KOJIMYECTBEHHO OIPENEIUTh BO3MOXKHBIE CIIy4alHbIE OTKJIOHEHUS,

BO3HHUKAOOME B OJHOM [IUKIEC H3MCPCHUA. I/ICHOJ’IBSy@MBIfI B Ka4e€CTBC CTaHOapTa
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nabopaTopHslii ra3 SFe OblT OTKaMOpOBaH 1Mo MexkAyHapoIHbIM cTaHngapTam |IAEA-S-1, IAEA-
S-2, IAEA-S-3 u NBS-123.

N 127 M 2= M 120

(1 (] [ | | ,
A A

1000

w30 260 200 P =50 ==
it

Pucynok 2.8 — Ilpumep XpomarorpaMmbl, MOKAa3bIBAIOIIEH 3allMCh CUTHAJIOB CTaHIapPTHBIX
NUKOB (TIMKHM C IUJIOCKOW BEPIIMHOW) M CHUTHAJa oOpas3ia (MUK ¢ OCTPOW BEPIIMHOM). a —
YBEJIMYCHHBIN MUK CUTHAJIA n3MepsieMoro odpasiia. PucyHok u3 pabotsr [Ignatiev et al., 2018].

2.1.5. IloaroToBKa CTAHAAPTHBIX U AHAJIM3UPYEMBbIX 00pPa3I0B

MexnyHapoanbsie cranaaptel cynbduna cepedbpa |IAEA-S-1 |, IAEA-S-2 u IAEA-S-3
OBLIM 3ampeccOoBaHbl B MHJIWBUyadbHBIC KarlcyJsbl. Karcyibl M3roTOBJICHBI M3 HEP)KaBCHOIICH
CTaJld, BHYTpeHHUH nuameTrp 2 MM u riayoumHa 1 mm. [l ananmuza oOpa3loB M3roTaBIMBaJIN
aHnUUGbl TOMMUHON 1-5 MM. AHanu3upyemble 0Opaslbl MOMEMIaTH B Kamepy BMECTE CO

CTaHAapTHBIMU O6p3.31_[aMI/I.

2.1.6. @aKTOpPKI, BANSIONINE HA TOYHOCTH H3Mepenus Beanunn 8>S, 5°°S u 6%°S u

onpeaeJieHus A®S u A*S

TO4HOCTP ~ Macc-CHEKTPOMETPUYECKOTO  M3MEPEHHs  M30TOIHBIX  OTHOIICHWIA
HEIIOCPEICTBEHHO 3aBHCUT OT KOJMYECTBA AHAIM3UPYEMOro rasa. B coorBercTBHMM CO
cratuctukoi IlyaccoHa ansi ciydailHbIX, HE3aBUCHUMBIX COOBITHH B (PU3MUYECKHX H3MEPEHUsIX
ObUIO TIOKAa3aHO, YTO TEOpETHYEeCcKass TOYHOCTh M3MEpPEHHMs MOHHOTO TOKa OrpaHHYeHa
KOJIMYECTBOM HOHOB, PETHCTPHPYEMbIX IPUEMHUKOM HOHOB Macc-criekTpoMerpa [Merritt,
Hayes, 1994]. IlorpemHocth wu3MepeHHs (CTaHIAPTHOE OTKIOHCHHE G) Y/IOBIETBOPSET
pasenctBy 16 = 1/+/N, rie N - 4iCII0 HOHOB, 3aPErHCTPUPOBAHHEIX TPUEMHUKOM HOHOB.

Teoperndeckn BO3MOXHBIH MHHUMYM Ta3a SFg, KOTOPBIH HEOOXOIMM U W3MEPEHUS

8%S ¢ TounocTb0 0.05%0 HAXOXUM 13 cieaytoniero Beipakenus [Merritt, Hayes, 1994]:
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0%8335) =2x%x10°x (1 +R)?/(NXRXE), rne N — KOIM4ecTBO 3aperucTpHPOBAHHBIX HOHOB

SFs": R — M30TOMHOE OTHOIICHHE 338/32, pasHoe 0.0079 B IAEA-S-1 [Ding et al., 2001]; E —
mapamMeTp Macc-CIeKTpOMeTpa, XapakTepusylommi  >ddextuBHOCTs HoHm3armu  (SFs'
noHoB/SFg momekyn). Jliast macc-CeKTpoMeTpa, HCIOJAb30BAaHHOTO B JIaHHOW  paboTe,
U3MepeHHbId mapamerp E wmmen 3nmauenue 1/850. B »sTom ciiyqae Ham HeoOXoammo, Kak
MuHumyM, 8.74E+13 monekyn SFg, uto coorBercTByeT ~ 0.15 Hanomons SFg. OnmHako B
pEATbHBIX YCIOBUSX HMEETCS Psil UICTOYHUKOB OIIUOOK, KOTOPBIC HE YUTCHBI B BHIICTPUBEIEHHOM
BBIPOKEHNUH, HO KOTOPBIC IPUBOIT K BO3PACTAHUIO TIOIPEITHOCTH U3MEPEHHS U30TOITHOTO COCTaBA.
K HEM OTHOCSATCS — HECTAOUIBHOCTh MOHHOTO TOKA, 3(P(eKThl N300apHBIX HAIOKEHUH, pa3MBIBAHHE
WOHHBIX TIMKOB, OJIaHK | JIp.

B nannoii paboTte Ha pakTHKe ObLIa c/ieaHa OIeHKa IMOTPEIHOCTEeH G s 8348, §%3S u A*S
B 3aBUCHMOCTH OT KoimdectBa SFg. Jliist aToro Obuia cobpaHa yCTaHOBKA, TIO3BOJISIONIAS BBOJIUTH
JO3UPYeMOe KOJMYECTBO CTaHAApTHOTO Ta3a SFg HEMOCPENCTBEHHO B HWCTOYHUK HOHOB,
UCIIONB3YS Hall uHTepdeiic Hamycka raza B Mmacc-criekrpomerp (pucyHok 2.9). KonuuectBo SFg
B pa30BOM /03¢ 3aBUCEIO OT 00BEMA J103aTopa W CTENEeHHM pa3daBicHuUs raza SFg renmmem B

CMECHTEIILHOM pe3epByape.

WuTtepdeiic BBO1A Ta3a
B Macc-CIIEKTPOMETP

BleJ‘lOl‘lg
He
Mukpo-

BCHTHJIb )

K ucrounnky

Jlozarop noros MC

LI I

i JloBymika
i C JKHJKHM a30TOM
Beixnon i

<«—— Ewmkocts ¢ SF

PCTyﬂﬂTO]) J1aBJICHHUA

Pucynok 2.9 — [IpuHnmnmanbHas cxeMa CUCTEMBI, UCTIONIb3yeMOH ISl BBOJA CTAaHJAPTHOTO ra3a
SFs HenmocpeaCTBEHHO B MCTOYHHK MOHOB MAacC-CIEKTPOMETpa C MOMOIIBI0 pa3paboTaHHOTO
unrepdeiica. O6o3HaueHus Ha pucynke: He — remmit, C — cMecuTeNnbHBIA pe3epByap Ui Ta30B
He u SFs. Pucynok moauduimposan u3 padotsr [Ignatiev et al., 2018].
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[Tpouenypa mo3upoBaHus cocTouT B cienyroomeM. Iloroku He u crammaprHoro raza SFg
MOJIAl0TCS B CMECHUTEIBHBIA pe3epByap, Ha BBIXOJIE U3 KOTOPOTO MOTOK ra3oBoil cmecu He+SFg
nogaércs B jgo3artop (craibHas TpyOKa ¢ KaJMOPOBAaHHBIM BHYTPEHHHUM 00BEMOM),
YCTaHOBJICHHBIH HAa MHOTONMOPTOBOM BeHTHIIE (pucyHOK 2.9). [IoBOpoTOM BEHTWIS 103aTOp
coenuHsAOT ¢ wHepdelicom, rae SFs, MOCTyHaromIMii ¢ MOTOKOM Telus Yepe3 Karujuisp,
BBIMOpaXXMBAeTCsl B JIoByIIKe npu temneparype —196 °C. Ilepex Ttem kak HamyctuTh SFg u3
JIOBYIIKM B HMCTOYHMK HOHOB, MHKPOBEHTWJIb 3aKpPbIBAIOT, OTKAYMBAIOT OCTATKU TelHs U3
JIOBYIIKHM Yepe3 UCTOUHHUK MOHOB U Pa3MOPaXMBAIOT JIOBYIIKY. PasmMopoxxenHslii SFg moctymaer
B UCTOYHUK MOHOB B BHJIE KOPOTKOTO UMITYJIbCA.

JUJIss OIICHKU KOJIMYECTBA, MOCTYNUBIIETO SFg B MCTOYHWK HOHOB, OBUIO TMPHUMEHEHO
cienymolee cooTHomeHue: N=Sx 10°/ (NaxexRoXExF), rme N — koinuecTBO ra3a B HAHOMOJISX,
S — mwromwane IHUKa 32SF5+, Na — KoHcTaHTa ABOTaapo (6.O2><1023 MOJIEKYJ/MOJIB), € —
SIIeMeHTapHBIH snexTprdecknii 3apsan (1.602x107°), Rq — compoTHBieHHe pesncTopa Ha
ycunurene (3 108 Owm), F — nonst o6pasiia, KoTopast MOCTymaeT B HCTOUHUK Yepe3 uHrepdeiic ( ~
0.12) u E — sdpexruBHOCTS HoHm3anmu (SF5s* nonos/SFe Monekyn).

B tabnune 2.1 npuBeneHbl JaHHBIE O KOJIWYECTBE HamyckaeMoro rasza SFg B MCTOYHHK
HMOHOB MacC-CIEKTPOMETPa M COOTBETCTBYIOIUE UM IMOTPEIIHOCTH U3MEPEHUN BEIUYUH §%s,
8%S u A®S. D1 xe naHHbIC npeAcTaBieHbl Ha pucyHKe 2.10 B CpaBHEHUU C TEOPETUUYECKUMHU

pacueramu 110 popmyite o(8>*S) = 0.024/(Nyanosom)"-

Tabmuna 2.1. KonnmuectBo n3mepsiemoro rasa SFg u crannaptHoe oTkiioHeHne (16) u3mepsieMbIx
Bemmune 5°°S, 53*S u A¥S [Ignatiev et al., 2018 B compoBoxHTEILHOM MaTepHae)

SFs ITnomanp nuKa o(8%S) c (8*'S) o(A®S)
N (uMoOB) (Bc) (%o) (%o) (%o)
10 0.9 3.5 0.043 0.048 0.043
10 1.2 51 0.037 0.037 0.031
12 1.9 7.8 0.026 0.027 0.027
10 2.3 9.3 0.029 0.029 0.025
10 2.7 11.0 0.023 0.026 0.020
10 3.6 14.7 0.020 0.020 0.020
10 4.8 19.7 0.015 0.021 0.015
10 6.6 27.0 0.014 0.018 0.010
10 9.2 37.7 0.013 0.015 0.008

N — KonM4YecTBO U3MEPEHUH
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Pucynok 2.10 — I'paduk, HUTIOCTPUPYIONIHIA 3aBUCHIMOCTh OIIMOKH W3MEPEHUs (G) U30TOITHOTO
coctaBa cepbl B oOpaslie OT KojuuecTBa aHanm3upyemo rasza SFg. OOo3HaueHus: ¢ —
CTaHJAPTHOE OTKJIOHEHUE U3MEPSEMbIX BETUYNH 5%, %S u A®S B CTaHJapTHOM rase SFs 1 B
oGpasue; | — JTMHUS TPeHIa M3MEHEHHS 6 I 8°°S B 00pasiie; 2 — JIMHMUS TPEHAA H3MCHEHHS O
TSt §S B oOpasuie; 3 — IMHMUS TpeHJa HU3MEHEHUs G s A®S B oOpasme. Pucynox
MoauuIpoBaH u3 padots [Ignatiev et al., 2018].

DKCIIepUMEHTAITFHO TIOJyYeHHBIE JaHHBIE aNIpPOKCUMHPOBAHBI YPAaBHEHHEM CO CTEIIEHHOU
3aBUCUMOCTBIO: (5(8348) = 0.04/(NHaHOM0m,)O'5. C yMmeHbIlIeHHEeM KoNu4ecTBa SFg, HAmyckaeMoro B
Macc-CIEeKTPOMETP, BO3pAcTaeT MOTrPelHOCTh u3MepeHuil. [lorpemHocTi 3KCnepuMeHTalIbHbIX
U3MEpeHUH, KaKk H OXHIAIOCh, OKa3aJUCh OOJBIIE MO CPaBHEHUIO C TEOPETHUECKU
paccuuTanHbiME TI0 MeToay [Merritt, Hayes, 1994]. dakTuueckr BBIXOAUT, YTO BETHUUHY A®S
MOJKHO OIPEIETUTh ¢ TOUHOCTHIO < 0.025%0, eciii konmaecTBO SFg > 2.5 HAHOMOIT.
[TonyyeHHass Ha OIBITE 3aBUCUMOCTBH MOTPEIIHOCTH H3MEPEHUH §%S, 8%S u A®S or
kommdectBa SFg maér, B CBOIO odepenb, MpENCTaBIEHHE O TOM, KaKoe KOJHYECTBO
a0IAMOHHOTO MaTepuajga HeOOXOAUMO JJisl BBIMOJTHEHUS W30TOMHBIX aHAIHM30B C TpeOyeMmoi
TouHOCThIO. Tak, Hampumep, SFg B KommdecTBe 2.5 HaHOMOJb MOXXHO TMOIYYUTH TPH
¢dbTOpUPOBAHNUN YACTUIl MUPUTA, OOIMIMM OOBEMOM OKOJO 3 X 10® em®, uro COOTBETCTBYET
nazepHomy Kpatepy pasmepom 40 MxMm B auamerpe U 20 MKM B TiyOMHY. DTOT pacy€T BepeH
IpU yCIOBHH, YTO BCE YaCTHUIIbI, yOAIEHHBIE W3 KpaTepa, MEepPeHOCATCS MOTOKOM TelHus B

PCaKTOp. B PCAIIBbHOCTHU, OJHAKO, YaCTUIbI A3P030JI1 YaCTUYHO OCAKAAKOTCA BHYTPU KaMCPHI,
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4TO TPHUBOJUT K TMOTEpPE KOJIMYECTBA AHATU3UPYEMOro MaTepuana. bbuio HaiiieHo, 4YTO
¢TopupoBanuio mojaBepraiock oxoino 20% abmAnuMoHHOro MaTtepuana, octaiubHble 80%
ocTaBanuch B kamepe. [loaTomy asns nonyuenus: SFg B konnyectse ~2.5 HAHOMOJIb, HEOOXOUMO
MIPOM3BECTH JIa3epPHBIN KpaTep pazmMepoM ~80 MKM B auameTpe u ~40 MKM B Iri1yOuHY.

Ha pucynke 2.10 mpomeMoHCTpUpOBaHa MOTPEIIHOCTh U3MEPEHUS 5%s, 8%¥s u A®S B
3aBHCUMOCTH OT KosmdectBa SFg, mpomssenénnoro u3 mnuputa Dc-JIA-TX/MC wmeromom.
[TorpemHocTs 3TUX H3MEpeHHH Ooible, 4yeMm s Ja0OpaTOpPHOTO 3TAJTOHHOIO ra3a mpu
OJIMHAKOBBIX KonmuecTBax SFg, HalmyckaeMoro B Macc-CieKTpoOMeETp. DTOT (haKT TOBOPUT O TOM,
YTO OCHOBHBIE HMCTOYHHMKH OIIMOOK HE CBfA3aHbl C CHUCTEeMOM Hamycka raza SFg B Macc-
CHeKTpoMeTp. bbuto mMoka3zaHO, YTO OHM Tak K€ HE CBS3aHBl C TpoleccamMy aOJSAIHH,
npoleccaMy TPAHCIIOPTUPOBKU aOJSIIMOHHOTO BEIIECTBA M3 KaMEphl B PEAKTOP M MPOIECCaMu
¢dropupoBanus [Ignatiev et al.,, 2018], Ho Moryr ObITH aCCOLMHUPOBAHBI C HEU30CIKHBIM
(bpaKkIHOHUPOBAHUEM H30TOIOB MPH KPHOT€HHOU KU Xpomarorpaduueckoii ourictke SFg [Ono et
al., 2006b; Ueno et al., 2015]. C ymenbIienuem pa3mepa o0pasiia, HOrPEIIHOCTA BO3PACTAIOT 110
CTEIEHHOMN 3aBUCUMOCTH.

N3 skcnepuMeHTaNnbHO YCTAHOBJICHHBIX 3aBuUcuUMocTed (pucyHok 2.10) ciemyeT, uTo
MOTPENIHOCTh, CBSI3aHHAs C pa3MepoM oOpasna, OyneTr mpesbimath 3HaueHus 0.1 %o (1o) mns
8%S u 3nauenue 0.03 %o (1o) ns A®S, ecim pasMep J1a3epHOro Kparepa B MUPUTE MEHBIIIE, YEM
~80 MM B auamerpe u ~40 mMxkMm B rimyOuny. Iloatomy pasmep nasepHoro kparepa 80x40
SBIISIETCS. HanOOJIee ONTUMAIBFHBIM pa3MepOM ISl HCCIIEIOBAHUST MacC-HE3aBUCUMBIX (D (EKTOB

B cynbuaax Pc-JIA-I'X/MC MeToaoM ¢ BEICOKOH TOUHOCTBIO.
2.1.7. lapameTpsl J1a3epHOi a0asiun

JITHTENbHOCTh JTa3€PHOTO MMITYJIbCA SIBISICTCS BaXKHBIM IMapaMETPOM, KOTOPBIN BIIHUSET
Ha paccerBaHKe Teria B 00pasile U, Kak CIEACTBHE, MOKET MPUBOANTH K (YPAKIIHOHUPOBAHHUIO
H30TOIIOB B IPOIlECcCe BO3ICHCTBHS JJa3epHOro M3aydeHus Ha BemectBo [Shaheen et al., 2012]. B
pealn3aly Hallero Meroja Oblla IMPUMEHEHA JIa3epHasi CUCTEMA, T€HEPUPYIOIIas MMITYJIbChI
JUTUTEIBHOCTRIO 270 heMTOCEeKyH T Ha ITMHE BOJHBI 257 HM.

[MpumeHeHre (EMTOCEKYHIHOTO Jiazepa JUis aONAIMHM [O3BONIMIO HM30€KaTh psijia
OIIMOOK, KOTOpbIE CBSI3aHbl C Ja3epHO-MHAYLHMPOBAHHBIM H30TOMHBIM (PAKIIMOHUPOBAHUEM,
BO3HHUKAOOIMM B IIPOHECCC BO3I[eI\/’ICTBI/I$I HaHOCCKYHAHBIX JIQ3€PHBIX HMIIYJIBCOB Ha
cynbhuaHble MHHEpadbl. Tak, Bo3ackicTBHe Y® SKCHMEPHOTO WM HEOAMMOBOIO Jiazepa C
JUTHHOM HMMITYJIbCa ~ 5 HAHOCEKYHJI COIMPOBOXIACTCS YaCTHYHBIM IIJIABJICHUEM, KUIICHHEM H

UCrapeHreM obpasiia, 4TO yMEHBIIIaeT TOYHOCTh M30TOMHOro aHanu3a [Shaheen et al., 2012].
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[Tpu abnauuu nupurta ¢ ucnonab3oBaHueM 193 HM ArF skcuMepHOTro HaHOCEKYHIHOTO Jia3epa
3aQMKCHPOBAHO HM30TOMHOE (PAKIMOHHPOBAHHE 'S 10 2% 3a CUeT pa3iCNCHUS
abJIMPOBAHHBIX YACTHI BO BPEMsl Ipolecca abIsiuy Ha aBe (asbl ¢ pasHBIMU 3HAYCHISIME O°'S
[Zhu et al., 2017]. DddexT HarpeBa CTEHOK JIa3€PHOrO Kparepa B 3HAYMTEIBHON CTEIEHU
YMEHBIIAETCS MpPHU BO3ACHCTBUM Ha 00pas3ibl (HEMTOCEKYHIHBIX JIa3€PHBIX HMMITYJIbCOB.
JUTMTeNbHOCTh TAKMX HMMITYJICOB 3HAYUTEIBHO KOpOUYE 3JEKTPOH-(POHOHHOW pelaKcaluu W,
CJICZIOBATENILHO, Tepeadya YHEPTUU OT IJICKTPOHA K PEIIETKE MPOMCXOIMT IOCIE OKOHYAHUS
Ja3epHOTO UMITYJIbca. DTO ycTpaHseT 3(h(ekT HarpeBa CTEHOK J1a3epHOro Kparepa M MO3BOJISET
n30eKaTh MHOTOKPAaTHOTO B3aWMOJICHCTBUS TMPOIYKTOB AONSIUH C JIa3epHBIM H3ITyYCHHEM,
KOTOpOe HaOJIf01aeTcss B HAHOCEKYHIHOM Ja3zepHoit abisiuu [Chichkov et al., 1996; Fu et al.,
2017]. Takoii »>bdekT «HETEIUIOBOW»  aOMAUM  KapAWHAIBHO  CHIDKAET  JIa3epHO-
WHIYIIUPOBAHHOE U30TOMHOE (PpaKIMOHUPOBAHHE.

B nannoil pabore OBUIM SKCIIEPHUMEHTAILHO OINPENEICHbl ONTUMAIBHBIE MapaMeTpbl U
PEKUMBI BO3ACUCTBUS UMITYJILCOB (DEMTOCEKYHIHON JIMTEIBHOCTH TPU aOJAINN CYIb()UIHBIX
MHHEpAIOB. Pe3ynbTaThl SKCIIEPUMEHTOB TOAPOOHO U3JI0KeHBI B padore [Ignatiev et al., 2018].
HaubGonpmas >¢QextuBHOCTy NazepHOi aOismuu ObUla JOCTHTHYTAa TMPU  CIEIYIOIINX
napamerpax: 3Heprus B ummyibce —1300 MwIHMBaTT, YacToTa MOBTOpeHHUS MMITyJIbcoB — 100
['11, mOBEpXHOCTHAS IUIOTHOCTh dPHEPruu mopsjaka 1- 2 Thx/em?, pa3mep JiazepHoro mstHa ~80
MKM B TUaMETpeE.

B 3aBucuMocTu OT conepkaHusl cepbl B oOpas3lax NMPUMEHSIOCh Pa3HOE KOJIWYECTBO
UMIyIbCOB ansl abmauuu. [ng aOnupoBaHUs THUpUTAa W XalbKomupurta mnpumensiia 500
UMITYJIbCOB, ISl rajieHuTa U chaneputa — 750 ummynabcoB, A cyabduaa cepedpa (AgQqS) —
1000 umnynbcoB. Tem cambiM ObUIM OO€crieueHbl IPUMEPHO PABHBIE IO MHTEHCUBHOCTH MHKHU
OT pa3HbIX O00pa3loB, a TakXke OOECIEeYeHO COOMIOACHHUE MPHUHLIMINA HICHTUYHOCTH TNpHU

u3MepeHnr u30TomHoro coctasa [Werner, Brand, 2001].

2.1.8. [TapameTpsbl GpTOPUPOBAHUSA

OueBuaHO, 4YTO B mporecce (TOPUPOBAHMUS HAHO- M MHKPOUYACTHULl CYIb(QUIHBIX
MHUHEpAJIOB B MPOTOYHOM pEAKTOPE MOKET IMPOUCXOAUTH (PPAaKIMOHUPOBAHHE H30TOINOB B
pe3ysibTaTe HEIOIHOTO MPeoOpa3oBaHus cepbl 00pas3oB B popmy SFs. D10 onmH U3 Hambosee
CepbE3HBIX M OTBETCTBEHHBIX MOMEHTOB B HauleM Oc-JIA-I'X/MC metone. YcioBus, KOTOpbIe
o0ecreynBaroT MojaHoe U 3PPEKTUBHOE PTOPUPOBAHUE YACTHUI] BO BpEeMsI UX TPAHCIIOPTHPOBKU

IMOTOKOM TIeJiid 4€pe3 pCaKTop, ObLIN OIIPCACIICHLI B JaHHOM pa60Te 9KCIICPUMCHTAJIBHO. briiu



71

MOJTyYeHBI JAHHBIE O 3aBUCHMOCTH U30TOITHOTO COCTaBa CEphl OT TeMIepaTypbl GTOPUPOBAHUS,
OT CKOPOCTH IIOTOKA renus U oT coaepkanus BrFs B moToke renus.

beuto naiigeno [Ignatiev et al., 2018], uro B Temneparypuom auamazone ot 300 °C o
400 °C, cKOPOCTH TOTOKA TeJIHs 4epe3 peaktop ~35 CM/MHH M CKOPOCTH HATEKAHHS Ia30BOii
cmecu He+BrFs B peaktop ~ 0.01 CM*/MHH JOCTHraeTcs IOJIHOS ¢dTopupoBanue 00pa3IoB
cynbdumo AgyS, PbS, PyS,, PyS u ZnS. Bocripon3BoauMOCTb 3HAYCHUI 5% JUISL TOMOTE€HHBIX
cynbhuaoB Obu1a < £ 0.15%e.

IIpu temmepatype peakropa Beime 450 °C unu Hke 300 °C HabOMI01a70Ch CHUKEHUE
KonmnuecTBa SFg MU yMEHBIIIEHUE TOYHOCTH aHaIHM3a 8%s. [Ipu cxopoctu moToOKa renus 4epes
peakTop MeHbIe YeM 25 cM>/MHH CHUKAIACh 3p(EKTHBHOCTD BBIHOCA YACTHI] U3 AOISLUOHHOI
KAMEpHI, M, BMECTE C TeM HAGJIIONAICS TPEHA B CTOPOHY yMCHBLICHHS 3HaueHmi &°'S. IIpu
CKOPOCTH MOTOKA TelIHsl 4epe3 peaktop Goubiie deM 50 cm’/MuH HaGIIoKaIcs TPeH T B CTOPOHY
YBEJIMYEHUS 3HAUCHUN 8%S, uro, BeposiTHEE BCero, 00yCIIOBJIEHO HETOJIHBIM BEIMOPA)KMBAaHHEM
SFs B KpHOTEHHOH JIOBYIIIKE B pe3yibTaTe BbIHOCA SFg TOCTaTOUHO CHIIBHBIM MOTOKOM Telus.
N3menenue ckopoctu HaTekaHus razoBoil cmecu He+BrFs B peakrop B mpegemax ot ~0.005
ev/mun 10 0.05 cM/MHH He BIMSIIO HM Ha KOJTHYECTBO SFe, HM Ha BOCIPOM3BOXMMOCT
sHauenmii 8°°'S. I109TOMy 3a ONTHMANBHEIC MApPaMETPl BEIHOCA YACTHI[ M3 PEAKTOpa M HX
dbTopupoBaHUs PUHATH 3HAUEHUS: 35 cM>/MHH U1 [TOTOKA renus yepe3 abJsAIMOHHYIO KaMepy
u peakrop, ~ 0.01 cM>/MHH U151 HaTekanus rasoBoil cvecn Het+BrFs B peaktop, 350 °C nmns

TEeMIEPATypbl PTOPUPOBAHUS.
2.1.9. TouHOCTHL MeTOAA /1M aHAJIU3a HaHOKoJu4YecTB SKg

TO4YHOCTP M BOCHIPOU3BOAMMOCTD PE3YJIbTATOB MU3MEPEHUS BEINYUH 8%s, A¥S u A®S
OblJa yCTAHOBJIGHA MpPU HCIIOJIB30BAHMU O00pa3loB J1aboOpaTOpPHOro cTaHjapra (IUPHUT),
MEXIYHAapOAHBIX cTaHnaptoB cyibduna cepedpa (IAEA-S-1, IAEA-S-2, IAEA-S-3) u
cpanepura (NBS-123), a Tak >xe 0Opa3LoOB MUPHUTA M3 APXEHCKUX MOPOA C OXKHJIAEMBIM
CHUTHAJIOM MacC-HE3aBUCUMOT0 ()paKIIMOHUPOBAHUS H30TOIIOB CEPHI.

N3o0TomHbI cocTaB cepbl 5%s B 71a00paTOPHBIX CTAaHAAPTHBIX OOpa3lax MUpPUTA,
o0o03HaueHHbIX Kak Py-st, Py-Vit(—) u Py-Vit(+), Obu1 onpenenén HaMu paHee, MCIOJIb3Ys Kak
KJIACCHYECKHI METOJ, TaK ¥ JIa3epHBI METOJ KOHBEPTUPOBAHU cepbl 00pa3ioB B popmy SO,
wm SFg. s Py-St ObII0 TIpHHSATO 3HAYCHUE 834SVCDT = 3.41%0, mis Py-Vit(—) 3naucHme

8%*Sveor = —10.4%o u st Py-Vit(+) snauerne 8**Svepr = 11.1%o.
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OOpasupl 1abOpPaTOPHBIX CTAaHAAPTOB NEPUOJAMYECKU AHATU3UPOBAIU C IIOMOIIBIO
HOBOrO dc-JIA-I'X/MC Merona. AHanu3bl ObUTH BBITIONHEHBI B CTAHIAPTHOM PEKUME JIa3epHON
abIsLKY, TO €CTh MIPOCTPAHCTBEHHOE paspelnieHue nopsaaka 80 MKkM U 00bEM aHAIU3UPYEMOTO
raza SFg~12-13 Hmounb. Pe3ynbTaThl aHaIM30B, MOJy4eHHBIC 3a mepuoa ¢ mapta 2018 1. mo

anpenb 2019 r. cymmupoBansl B Tabmuie 2.2 ¥ IpoAEMOHCTPUPOBAaHbI HAa pHUCYHKE 2.11.

TaGuuua 2.2. Pe3ylnbTarsl H3MEpeHHs H30TOIHOTO COCTaBA CEPBl 8°'S M BEIHYMHBI H30TOMHBIX
anomamuii.  A®S u  A%®S B obpasmax muputa u cranaaprax |AEA. Tabmuma uz paboTs
[Velivetskaya et al., 2019]

OGpasel N 5%S (%o) A®S (%o) A*S (%o)
Py-st 93 3.41+0.27 0.00 + 0.03 0.00 + 0.27
Py-Vit(-) 12 -10.42 +0.14 0.03 + 0.03 -0.13+0.28
Py-Vit(+) 14 11.06 £ 0.19 0.00 + 0.03 0.14 + 0.36
IAEA-S-1 22 -0.33+0.14 0.06 + 0.02 0.77 £ 0.22
IAEA-S-2 13 21.61+0.14 -0.01 + 0.04 -0.29 +0.28
IAEA-S-3 14 -32.86+0.16 0.04 + 0.03 -0.80 + 0.21
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Pucynox 2.11 — I'paduku NeMOHCTPUPYIOT pPE3yIbTaThl HU3MEPEHUS 5%, A¥S u A*S B
nabopatopHoMm crangapte — nuput (Py-st), momydennsie @Dc-JIA-ITX/MC wmetomoM 3a
JOJTOBpEeMEHHBIH repuos (bonee oanoro roaa) [Velivetskaya et al., 2019].
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Cpennue 3HaYCHAs &°'S s 1aGOPATOPHBIX CTAHZAPTOB XOPOLIO COTTACYIOTCS C MPUHATHIMI
paHee 3HAUYEHHUSMH, YTO CBHUJCTEILCTBYET 00 OTCYTCTBHM MCTOYHHKOB CHUCTEMATHUECKUX
ommbok B pazpadboranHoM Hamu Dc-JIA-I'X/MC meroae. OTCyTCTBHE 3HAYUMBIX IPEH(OB s
sHavennit 5°'S, A*S u A®S 3a wmrensHbI nepuoJi BpeMeHu (pucyHoK 2.11) CBUACTEIBCTBYET
o HaaéxkHoctu Dc-JIA-I'X/MC meroma. Bocnpon3BoAMMOCTh BETUYHH ABS(+ 0.03) u AaGS(i
0.27) mpeBOCXOUT TAKOBYIO, MOJYUYCHHYIO METOAOM JiazepHoi abssiuu [Ono et al., 2006b] ¢
npuMeHeHreM skcumepHoro CO; stazepa ¥ U3MEpEeHHEM H30TOIHBIX OTHOIICHHH Cephbl HA Macc-
CIIEKTPOMETPE B MPUCYTCTBUH TEIUS A338(i 0.1)m A%S(ﬂ: 0.5). 3HaUMMOCTh 3TOTO JTOCTHIKEHUS
ycuiauBaeT ToT (akrt, 4ro KoauuecTBo SFg, aHamusupymoro HammMm metofoMm (~ 12—13 HMOIb
SFg ot mazepnoro kparepa amamerpoM 80 MKM u rryomHOH 40 MKM), TIOYTH HA MOPSIOK
MeHbIIe, ueM it Metoaa Ono ¢ coasrpamu [Ono et al., 2006b], rae Heo6xoanmo umers ~ 176
HMmoIb SFg o1 nazepHoro kparepa nuamerpom 150 MM u rimyounoit 150 Mxm.

Pesynberarel TectupoBanus ®c-JIA-I'’X/MC merona Ha MEXAYHAPOIHBIX CTaHIApTax
IAEA-S-1, IAEA-S-2 u IAEA-S-3 Takke mpuBeneHsl B Tabiune 2.2. IlomydeHHble Hamu
JAHHBIC Ul BEIMYHH O°'S COIVIACYIOTCS CO 3HAYCHHSMH, HPHHATBIMH MEXIyHAPOIHBIM
areHTcTBOM 1o atoMHoil sHepruu MAI'ATD (International Atomic Energy Agency, cokp.
IAEA), IAEA-S-1 = —0.30%o, IAEA-S-2 = +22.7 £+ 0.2%0 u IAEA-S-3=—32.3 £ 0.2%o.

[Mockonbky cranmaptel IAEA-S-1, IAEA-S-2 u TAEA-S-3 ne Obutn cepTudUINpPOBaHBI
HU IS 3HAUCHUU 8338, HH IS 3HAYCHUHU 8368, TO €IMHCTBEHHO, YTO MBI MOXKEM CJeIIaTh, TaK
5T0 cpaBHHUTH Hai 3HaueHns A*S u A%S ¢ jaHHBIME, TOTyUeHHBIME B IPYTHX 1aGOPATOPHSIX.

IAEA-S-1: snauenue A*S=0.06%o, MOJIyYeHHOEe B JaHHOW paboTe, COriacyrTcs co
saaueHneM 0.06%o, omydarkoBaHHBIM B pabote [Ono et al., 2006b], 0.04 %o u3 padotsr [Hu et
al., 2003] u 0.039 %o [Oduro et al., 2011b], no cmerka umke, yem 0.082%. [Au Yang et al.,
2016], 0.078%o [Farquhar, Wing, 2005], 0.107%. [Labidi et al., 2012], 0.094%. [Shen et al.,
2009], 0.1%o [Ding et al., 2001].

IAEA-S-1: mnony4yeHHOe 3HauyeHUE A®S = —0.77% B 1enom coryiacyercst ¢
onyoiukoBanusiMu gaHHBIME —0.693%0 [Au Yang et al., 2016], —0.803%. [Ono et al., 2007], —
0.61%o [Farquhar, Wing, 2005], —0.8%o [Labidi et al., 2012], —0.8%o [Ding et al., 2001], —0.69%o
[Shen et al., 2009], onnako mMensbire uem 0.23%o, mosyueHHoe B padbote [Oduro et al., 2011b].

IAEA-S-2: sHauenne A*S = —0.01%o, MOJIy4eHHOE B JaHHOM paboTe, NEKUT B Mpeienax
ony0MKOBaHHBIX B JuTeparype 3HaueHuit 0.014%o0 [Ono et al., 2006a], 0.023%o [Farquhar,
Wing, 2005] u —0.06%o [Hu et al., 2003], no He cormacyercs ¢ manusiMu 0.099%o0 [Oduro et al.,
2011b].

IAEA-S-2: 3nauenne A®S = —0.29%, MOJIyYeHHOEe B JaHHOW paboTe, coriacyercs ¢

naaabiME —0.2%0 [Ono et al., 2006b], moka3siBacT HEOOIBIIOE 0OETHEHNE TSHKEIBIM H30TOIIOM B
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cpaBHenun u 0.06%o0 [Ono et al., 2006a] u 0.88%o [Oduro et al., 2011b], Ho oGorameHue Mo
cpaBuenuio ¢ —0.37%o [Farquhar, Wing, 2005].

IAEA-S-3: noiy4eHHOE 3HAYCHHE A®S = 0.04%o cpaBauMo ¢ naHHbIMH 0.065%0 [Au
Yang et al., 2016], 0.057%o [Farquhar, Wing, 2005], 0.048%o [Ono et al., 2006a], HO MeHbIIIE 10
cpaBuenuio ¢ 0.072%o [Oduro et al., 2011b].

IAEA-S-3: monyueHHOe 3HaueHUE A®S = -0.80%0 Haxomurcs B MIPOMEXYTKE
onyosmKkoBaHHBIX MaHHBIX —1.40%0, —0.99%0 [Ono et al., 2006a], —0.76%0 [Au Yang et al.,
2016], —0.42%o [Farquhar, Wing, 2005], 0.45%0 [Ono et al., 2006b] u 1.31%. [Oduro et al.,
2011b].

B uenom, cpaBHeHue 3HAUEHUN A®BS u A%S, OIyOJIMKOBAHHBIX I MEXTyHApO HBIX
crangaptoB |AEA-S-1, IAEA-S-2 u IAEA-S-3 B npeapiaymux paboTax, MOKa3bIBaeT, UTO
JTaHHbIE TNPUHAJUIekKAT JMaNa30Hy, YCTAaHOBJICHHBIX paHee 3HaueHH. DTO JI0Ka3bIBaeT, 4TO
pa3paboTaHHBIE MeTOA MaéT TpPaBWIBHBIE W HAAE&KHBIE PE3YAbTaThl NPU  HCCICAOBAHUH
MYJIBTHHA30TOITHOTO COCTaBa cepbl B 0Opa3nax SFg Ha mKajne HaHOMOJISH.

Ha pucynke 2.12 1npoaeMOHCTpUpOBaHbI Jla3epHble KpaTrepbl B oOpa3uax
UH/IMBUYaJIbHBIX 3€peH chaneputa MexayHapoaHoro crangapta NBS-123. [TosepxHocTh 3€peH
HE OTIIONMPOBaHA, XOPOWIO BuueH peinbed. Pesyisratel ompemenerus 6°°S, 6°°S u A®S B

otnenbHbIX 3¢pHax NBS-123 npencraBnens! B Tabmute 2.3.

88 =17.415
A®S=0.019
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Pucynok 2.12 — ®oro otaenbHbIXx 3¢épeH chamepura NBS-123. Tlokazansl MecTa Jla3epHOM

aOnAIMK JUTST TPOBEJCHUS H30TOMHBIX aHanu30B MetogoM Dc-JIA-I'X/MC [Ignatiev et al.,
2018].
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TaGmura 2.3. PesynbTaTel H30TONMHBIX aHaTH30B &°°9, 8°°S n A®S B mHEMBHIYanbHBIX 38pHAX
chanepura MexayHapoaHoro cranmapra NBS-123[Ignatiev et al., 2018 B conpoBoauTeIbHOM

Marepuare|
N 5335 535 A%g
aHaM3a (%0) (%0) (%0)
1* 8.77 17.16 -0.03
2* 8.99 17.51 0.012
3* 8.94 17.37 0.025
4 8.83 17.21 0.002
5 8.86 17.37 -0.047
6 8.84 17.24 -0.003
7 9.06 17.63 0.02
8 8.89 17.45 -0.052
9 8.85 17.29 -0.016
10* 8.92 17.44 -0.022
11* 9.04 17.62 0.006
12 8.97 17.40 0.044
13 9.01 17.48 0.047
14 9.01 17.52 0.028
15 8.96 17.41 0.034
16 8.74 17.02 0.014
17 8.85 17.18 0.037
Cpennee 8.91 17.37 0.006
SD(lo) +0.10 +0.17 +0.03
1 8.81 17.14 0.017
2* 8.96 17.42 0.022
3* 8.93 17.44 -0.013
4* 8.89 17.26 0.044
5* 8.96 17.44 0.017
6 8.91 17.36 0.003
7 8.97 17.58 -0.048
8* 8.85 17.28 -0.016
g* 8.95 17.42 0.019
10 8.95 17.41 0.027
11 8.74 17.11 -0.037
12 8.89 17.38 -0.025
13 8.97 17.57 -0.038
14 8.82 17.23 -0.019
15 8.95 17.45 -0.004
Cpennee 8.91 17.37 -0.003
SD(1lo) +0.07 +0.14 +0.027

* - OTMEYEHBI PE3YIbTATHI, IIOJTYUYCHHBIC B OTHOM U TOM K€ 3€PHC C(l)anepMTa
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[To pesynpraram 32-X aHanu3oB B 25-u oTAenbHBIX 3&pHax cdaneputa NBS-123 momydens
yCpeaHEHHBIC 3HAUCHUS §348=17.37 + 0.15%eo, §335= 8.91 + 0.08%0 u A*¥S=0.003 + 0.029%eo,
YTO MPAKTHYECKH HMICHTUYHO pe3ylibTaTaM, onyOIMKoBaHHBIM B paborax [Zhang, Ding,1989;
Biihn et al., 2012; Pribil et al., 2015]. Kpome TOro BBISICHHIOCH, YTO Ha PE3YJIbTAThl aHATH30B HE
OKa3bIBAIOT BIUSHHUE HU penbed 3EpeH, HU OPHEHTAIUS KPUCTAIJIOB OTHOCHUTENIBHO JIA3€PHOTO
ayda. DTOT GakT 00yCIOBIMBAET MPEUMYIIECTBO METOJa, pa3padOTaHHOTO B JaHHOU padore,
nepes METOJOM MacC-CIEKTPOMETPUM BTOPUYHBIX HOHOB, JUIsi KOTOPOrO YyKa3aHHBIE BBIIIE
(bakToOpbl CYIIECTBEHHO OCJIOXKHSIOT IMOJIyYeHUE TMPABUIBHBIX U HAAEKHBIX PE3yJIbTAaTOB
usotonHoro anaiu3a [Kita et al., 2009; Kozdon et al., 2010].

Takum oOpa3om, pe3ynbTaThl TecTUpoBaHus MeTona Oc-JIA-I'X/MC Ha 1abopaTopHbBIX U
MEXIYHAPOAHBIX CTaHJAPTHBIX 00pa3lax IoKasbiBaioT, 4YTo Meroa Pc-JIA-I'’X/MC no3Boinser
IIPOM3BOIUTH BBICOKOTOUYHBIC M3MEPEHHUs OTHOLICHHIT n30TonoB cepbl °°S, S, S u *S B nano-
¥ MHKpPOOOpa3Iax.

He MeHee Ba)KHBIM C TOUKH 3PEHHS JOCTOBEPHOCTH ompezeneHns Bemmann A>S u A*S
ABIIIETCS. BOMPOC O BIMSHUM MaTpUYHOTO 3(deKkTa mpu ucnoibzoBaHuu Merona Dc-JIA-
I['X/MC. DT10T BOMpOC 3aCiy’KMBA€T PACCMOTPEHHSI B CBSI3U C BO3MOXKHOCTBIO MPUMEHEHUS
MeTOoAa Ui WCCIEAOBAaHUS OOpa3loB, MPEICTABISIONIMX CYIb(QUIBl B BUAE pacCcesHHOU
MEJIKOJIMCIIEPCHON BKPAIUIEHHOCTH BO BMEULIAIOIIEH MOpoje. AHalIM3 TaKUX 00pa3lioB MOMKET
OpPEACTaBIATh  MOTEHIHMANbHYI0  NpoOjeMy, CBA3aHHYI0 C HoOTeped  TOYHOCTH U
BOCIIPOM3BOAMMOCTH, MOCKOJIBKY HpHU aOJIMpPOBAaHUM MEIKUX CYJIb(UIOB OJHOBPEMEHHO
3a/IeliCTByeTCS OKpy)XKarollas Mopojaa, M, Kak pe3yiabTaT, NPOAYKTHI almsuuu OyayT
NIPEJICTaBIATh OO0 CMeCh YacTHIl Cylb(uIa U BMEIIAIOMIEeH TOPOIbI.

Bonpoc o wmarpuuHoMm 3¢ddekre ObIT paccMOTpeH Ha MpuMepe Me30apXeHCKUX
OCaI0YHBIX TOpPOJ ¢ BKparuieHHOCThto muputa [Velivetskaya et al., 2019]. [ns momydeHus
JIAHHBIX O HAJIMYWUW WIA OTCYTCTBUU BJIIMSHUS MAaTPULBI HA PE3YJIbTAThl H3MEPEHUS §%S, A®S u
A*®S, Gbino MIPOBEACHO JIOCTATOYHO OOJIBIIIOE YUCIIO aHAJM30B OJTHOTO M TOTO K€ 3€pHa MUPUTA,
IOpU 3TOM aHAJIU3UPOBAIM KaK YUCTHIM MHUPUT, TAK U CMECh MUPHUTA C BMELIAIOIIEH MOPOIOi.
Conepxanue mupuTa B aOIMPOBAHHOW Macce BapbUpPOBAIM, COOTBETCTBEHHO, oT 100% mo
~44%. YCTaHOBJIEHO, 4YTO PE3YJbTaThl H3MEPECHHS 8%S, A®S u A®S wme szaBucsr or
COOTHOIIICHHUSI MEX/y MaCCOBBIM BBIXOJIOM a0JIMPOBAaHHBIX YACTHUI] MMUPUTA W TIOPOABI. [laHHBIH

(axT 10Ka3bIBaET OTCYTCTBHE MaTpU4HOro 3¢ ¢pekra B merosie dc-JIA-I'X/MC.
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18y 17 17
2.2. I3mepeHne U30TOMHOTO cocTaBa Kucjaopoaa o 0,0 Ou A"'OB

HCCIECAYEMBIX IKCIICPUMEHTAJbHBIX 06pa3uax

B nmanHOii paboTe nmns pemieHUs TOCTaBICHHBIX 3a7ad HEOOXOIUMO OBLIO HU3MEPSTH
cootHowenue usoronos ~ O/°0 u 00 s MHKpOoOOpasmnax MOJICKYJsapHOTO Kuciaopoaa Oo.
CaMm MeToJ MoJIydeHHUs SKCIEepUMEHTaNbHbIX 00pa3ioB Oy onucaH B riaBe 3 JaHHOM padoThl, a
Croco0 U3MEepeHHs U30TOMHBIX OTHOIIEHUH KHCIOpOAa B 00pa3iax M3JI0KEH HUXKeE.

M3mMepenue M30TOMHBIX OTHOIIECHHH B MOJIGKYJIIPHOM KHCJIOPOJAE MPOBEACHO HAa Macc-
crnektpomerpe Thermo Finnigan MAT 253, paGoTaromiero B pexuMe HENPEPHIBHOTO IMMOTOKA
renus. Macc-CrieKTpoMeTp YKOMIUIEKTOBAH KOJUIEKTOPHOW CUCTEMOM, TO3BOJISAIONIEH TPOBOAUTH
OJHOBPEMEHHOE H3MEPEHHE HOHHBIX TOKOB Ha Maccax 32 (1°0™°0"), 33 (**0''0") u 34 (**0**0")
B TPEXJIy4EBOM PEXHMME I0]] YIpaBieHHeM Hporpammbl Isodat Acquisition, Bxoasiiei B cocTas
nporpammuoro obecriedeHust ISODAT NT ana macc-criektpomerpa MAT-253. HM3mepenus
M30TOIHBIX OTHOIIEHUH KUCIOPOAa MPOBOJAUIUCH OTHOCUTENBHO TAOOPATOPHOTO CTAaHJAPTHOTO
raza Oo.

Ornourenne 20/°0 8 1ab0paTOpHOM CTaHAApTe ObUIO OTKATHMOPOBAHO, OTHOCUTEIHLHO
MexayHapoanoro crangapra NBS-28 (kBapi), pexkomenmoBannoro [Valley et al., 1995]
cragnapta UWG-2 (rpaHaT), U OTHOCUTEIBHO Ta30Boro crangapra O, kKamuOpoBKa KOTOPOTO
ObuTa TIpoBesieHa B Beayieit madoparopun E.bapkana (E. Barkan) B Uucturyre Hayk o 3emite
EBpeiickoro ynuBepcutera B Hepycanmume (the Institute of Earth Sciences, The Hebrew
University of Jerusalem). Monekymnsipusiii kucnopon u3 muHepanoB UWG-2 u NBS-28
U3BJICKAJICS C HUCMOJIb30BaHUEM pa3pabOTaHHOrO B Hauled JabopaTOpUM JIa3epHOTO METona
(GTOpHPOBAHUS CHIIMKATOB M OKHCIIOB.

Ornourenne ~'O/°0 B a00OpaTOpPHOM CTaHJapTe OBUIO OINpPEACICHO, HUCXOIsi U3
IPEIIOCBUIKY, YTO 3HAYEHUS BEJIWYUH 50 u 5''0 crangaptoB NBS-28 u UWG-2 nexar Ha
JUHAM Macc-3aBUCHMOTO (paKkLIMOHUPOBAHUS M30TOIMOB KHCIOpOJa B 3E€MHBIX o0Opasmax,
HAaKJIOH KOTOpoi paBeH A=(0.526. 3T0 3HaUYeHHE OBUIO OMPENEICHO MyTeM MEXKIabopaTOPHOTO
CpaBHEHHUs cepuu aHanu30B s rpanatoB [Rumble et al. 2007]. B pesynbrate kaqauOpoOBOK
OBLITM MPUHSTHI CIIEIYIOIINE 3HAUYEHUS IS JTa0opaTOPHOTO cTaHAapTHOTO ra3a O;:

§'%0 = +27.82 £ 0.11%o, 5770 = +14.14 £ 0.07%0 1 A'O = —0.36 + 0.07%.

JIOCTOBEpHOCTh KaTHOPOBKHU JIA0OPATOPHOTO CTaHIApTa JOMOJHUTEIHHO TOATBEPIKICHO
nyTéM CpaBHEHHS pE3yJIbTaTOB H3MEPEHHs HW30TOMHOTO COCTaBa KHCIOpoAa B oOpasmax
meteoputa «YHenssOMHCK», MONYYEHHBIX B Hallel j1adoparopun 880 = +4.95 + 0.09%o, 5*'0 =

+1.24 + 0.04%0 u AYO = +1.24 £ 0.04%0 [Xanuyk u ap., 2013] u B 1a60paTOpUN GPHUTAHCKOTO
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Otkpertoro Yuusepcurera [Pillinger et al., 2013]. [Tony4yeHHbIC H30TOMHBIC TaHHBIE HAXOAATCS
B TIOJTHOM COTJIACHH MEXKIY COOO.

B nmanHOil paboTe BCce TMOJIyYCHHBIE M3OTOMHBIC pE3YJIbTAThl 10 KHUCIOPOIY
IpeJCTaBICHEI B 00menpunsaToi ¢popme, cornacuo [Coplen, 2011]: 8 = (Rosp/ Rer) — 1, T1€ Rogp 1
R.; — usoronusie otaomenus 200 um Y00 B oOpasiie u cTaHAapTe, COOTBETCTBEHHO.
W30TOnHbBIC AaHHBIC BBIPAXKCHBI B MPOMHILIC M IHPUBEACHBI OTHOCHUTEIHLHO MEXIYHAPOIHOTO
crangapra Vienna Standard Mean Ocean Water (V-SMOW).

BelnuMHa  Macc-He3aBHCHMOTO  (DPaKIMOHMPOBAHMS M30TOMOB  Kuciopoma AYO
OIpejeNeHa KaKk OTKIOHEHHe BennduH OO B 00pasie OT JIMHHH MAacC-3aBHCHMOTO
dpakrmonnposanms: A0 = §7'0 — A §"°0, rae A — xo>pdUIMEHT HAKITOHA IHHHH Macc-
3aBHCHMOT0 (paKipornpoBanus, 8' 'O u 580 MPEJICTABIISIIOT COO00M JorapupMUUECKyro 3aMuch
(6’0 = 10° In(1072 8*0 + 1) u &0 = 10° In(10™° 60 + 1) wis coburogeHus NMHEiHOrO
dopmara Ha TpexmszoronHoi muarpamme [Miller, 2002; Young et al., 2002]. B pacuérax
penmunH A'O  MCIoNnb30BagM 3HAYCHHE kodddumenta A pasuHoe 0.528, koTopoe OBLIO

oIpeeNieHo Ui IMHUU MeTeOpHBIX Boa [Landais et al., 2008; Luz, Barkan, 2010].

BriBOaBI K T/1aBe 2

Pa3paboran u co3maH  HOBBIM  METOJ  H30TOMHON  MAacC-CIEKTPOMETPUU  C
demrocekynaHoi asepuoi abmsmmenn (Dc-JIA-I’X/MC) ist  JTOKaIbHOTO — ONpeIeIeHUs
M30TOIHBIX OTHOLICHHIT cepbl - S/°2S, 35/%8 u ¥*S/*’S B cynbduaHbIX MUHEpaTaX.

HoBeiii MeTon coderaeT B cebe Bce Te MPEUMYIECTBA, KOTOphIe Na€T MPUMEHEHHE
(beMTOCEeKYHAHOTO Jla3zepa I Ja3epHOro ordopa MpoO, MCMOJB30BAHME MPOTOYHBIX CUCTEM
(GTOpUPOBAaHUS W KPHOTCHHOTO pPAa3JICJICHHUS Ta30B, a TakKe W3MEPCHHE HWOHHBIX TOKOB 127
(*2SFs"), 128 (**SFs5"), 129 (**SFs") u 131 (*°SFs") Ha Macc-crieKTpoMeTpe B BEICOKOBAKYYMHBIX
YCIOBUSIX.

[Ipumenenne QEeMTOCEKYHIHOTO Ja3epa IMO3BOIWIO H30exkaTh 3(PQeKToB Ta3epHO-
WHAYIIUPOBAHHOTO (DPaKIMOHUPOBAHUS W30TOIOB, KOTOPHIC SBJSIOTCS TJIABHBIM HCTOYHHUKOM
OomuOOK, CHWXAIOIMUX TOYHOCTh aHajdW3a, NpPH HAHOCEKYHIHOW Ja3epHON  alJsIuu.
[IprMeHeHrne MPOTOYHBIX CUCTEM C Ta30M-HOCHUTEIEM TO3BOJMIIO YCTPAHUTH PSIl MPOOIEMHBIX
ACTMEKTOB, CBS3aHHBIX C TPAAMIMOHHBIM TIOIXOJOM K (TOpUpOBaHHIO 0Opa3loB B
BBICOKOBAKYYMHBIX YCIOBUSAX. K HHM OTHOCITCS 3(PQPEKThl YaCTUIHOTO PA3JIOKCHUS WU
MEePEKPECTHOTO 3arpsi3HEHHs] 00pas3lloB B MpOIECCax MPEIBAPUTEIHLHOTO (TOPUPOBAHMS WIIH
obpazoBanus SFs, a Taxke >dexTsl okkmoaupoBanus SFg B cucteme, KOTOpble B CUIBHOU

CTCIICHU BJIMAIKOT Ha TOYHOCTH MCETOAAQ, 0CO0EHHO Ipyu aHaJIn3C YJIbTpa-MaJIbIX o6pa3u0}3.



79

CrenmaneHo pa3paboTaHHass MeToauKa (TOpUpOBaHHMS OOpa3oB B MPOTOYHOM CHCTEME
M03BOJIHMIIA U30eKaTh 3TUX 3(P(PEKTOB U CBA3AHHBIX C HUMU OCJIOKHEHHUH MPH aHAIN3€ MUKPO- U
HaHooOpasnoB SFg.

[IpumeHeHne METOAMKU KPUOTEHHOTO pa3/eNeHHs] C HCHOJIb30BaHUEM MPOTOYHBIX
TEPMOPETYJINPYEMBIX JIOBYIIEK MMO3BOJIMIIO MOBBICUTH 3PPEKTUBHOCTh OUUCTKU SFg OT TpyIHO
yIAIgeMbIX CJIEJJOBBIX KOMIOHEHTOB, JAIOIIMX BKJIAJ B MUKU T€ XK€ MAacC, KaKk HM3MepsieMble
MAJIOPACIIPOCTPAHEHHBIC H30TOIBI CEPBI -°S 1 °S. OCIOKHEHHS, KOTOPBIC BOSHUKAIOT IPH Macc-
CIIEKTPOMETPHYECKOM M3MEPEHHH MOHHBIX TOKOB Ha Maccax 127 (*2SFs'), 128 (¥*SFs%), 129
(**SFs") u 131 (*°SFs") B remmeBoll cpeme MCTOYHMKA TOHOB, YCTPAHEHBI MPHMEHEHHEM
CHeNHaNbHO pa3padoTaHHOTO HHTEp(delica, TTO3BONISIONIETO OCYIIECTBIATH BBOJ HAHO-00pa3IoB
SFg KOPOTKUM UMIYIHCOM B UCTOYHUK MOHOB MIPHU BHICOKOBAKYYMHBIX YCIOBHSIX.

IMpumeneane dc-JIA-I'X/MC metona maéT HOBBIE BO3MOKHOCTH IS MCCICIOBAHHS IN
SitU COOTHOIIIEH S BCEX YETHIPEX CTAOMIBHBIX H30TOMOB cepbl 23, °S, ¥S 1 S B cynppmmmbx
MUHepajax. AHAJIWTUYECKUE XapaKTEPUCTHUKU METOAA — TUIMYHOE MPOCTPAHCTBEHHOE
pazpemienue ~80 MKM, ONITUMAaBHBINA pazmep obpasna SFg mopsinka 12 HAaHOMOITB, TOTPEUTHOCTD
(1o) ompeneneHus BEITUMYHUH 8%S, A®S u A®S cocraBmser +0.2%o, £0.03%0 u +0.27%o,
coorBercTBeHHO. Dc-JIA-I'X/MC meron uMeeT NpeuMylIecTBa Iepes CyHIECTBYIOIIMMHU B
HACTOSAIIEE BpeMsI METOJIaMU JIOKaJIbHOTO aHanu3a. [IpocTpancTBeHHOE paspelieHrue MeToa B 2
pasa Bblllle, a aHAJIM3UpyeMoe KonnuecTBO SFg B 10 pa3 MeHbIlle 0 CPaBHEHUIO C JIOKaIbHBIM
meronoM JIA-I'X/MC wu, kpome TOro, Meroa He TpeOyeT BBeJIEHHs NOINpaBOK Ha 3ddekt
«pa3MbITHsI HOHHBIX TUKOBY». B oTiinumne ot metona JIA-MCII-MC npennaraemslii MeTos1 UMEET
BO3MOYKHOCTb aHAJIN3MPOBATH OTHOMICHHE MAIOPACIPOCTPAHEHHOTO H30TOMA -°S K H30TOIy 23,
U OH JMIIEH TAKOTO HEAOCTaTKa, Kak MaTpuuHblil 3¢ ¢dekt. [lo cpaBHEHHIO C METOAOM Macc-
CHeKTpoMeTpun BTOpUYHBIX HOHOB (MCBMU) pe3ynbTaThl, MOJydeHHbIE HOBBIM METOJIOM, HE
3aBUCST OT MPOCTPAHCTBEHHOW OPUEHTUPOBKH KPUCTAIJIA WM OTJENbHBIX €r0 yYacTKOB.

[Tpuopurernoe nmpumenenue dc-JIA-I'X/MC merona: uccieoBaHue 3aKOHOMEPHOCTEH,
CBSI3aHHBIX C MAacC-HE3aBUCUMBIM (PPAaKLIMOHUPOBAHHUEM H30TONOB CEPbl B MPHUPOTHBIX
npolieccax, 4YTo OCOOCHHO BaXKHO MPU M3YYEHUH T'€OXHMHYECKOTO MOBEICHUS Cepbl HA PaHHUX
sTamax pa3BuTHs 3emin. Bmecte ¢ Tem, MeTO/ yCNENIHO MPUMEHSETCS U Ul HUCCIIEeIOBaHUS
JIOKATBHBIX BAPHAIMH H30TOITHOTO COCTABA CEPhl &°'S B OTHENBHBIX CYIb(OUIHBIX KPHCTAIIIAX,
4TO OTKpbIBaeT OOJbIIE BO3MOKHOCTEH JUIs MONy4YeHHs HWHGPOpPMAlMU IO CpPaBHEHHUIO C

aHaJIM30M MUKpoHaBecok [["opsiueB u ap., 2019].
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IJIABA 3. DKCIHIEPUMEHTAJIBHOE UCCJIEJOBAHUE Y®®EKTOB MACC-
HE3ABUCHUMOI'O ®PAKIIMOHUPOBAHUS U30TOIOB CEPBI (A*S u A¥*S) B
MMPOLIECCAX ®OTOJIM3A SO,

Kak yxe ormeuanoch B riaBe 1, 10 cuxX mop ocTaércsi MHOTO MPOOETIOB M MPOTUBOPEUNI
B HBIHEIIHEM MMOHUMAaHUH U MPEJICTABICHUN TE€X MPOIECCOB, KOTOPHIE OTBETCTBEHHBI 32 MAaCC-
He3aBUCHMOE (PpaKIMOHUPOBAHKE M30TOMOB CEPbl B apxeiickux mopojaax. [IpencraBiieHus o
dotonuccormanuu auokcuaa cepsl SO, Ha SO m O, xak 0 Hanbosee BEPOATHOM HCTOYHHKE
U30TOMHBIX AHOMAIMH B apXeMCKUX TNOopojxax, MOCTaBleHbl moja comHenue [Ono, 2017].
Criennanpible  (OTOXMMHUYECKHE SKCIEpUMEHTH 1o ¢ortonu3y SOz, B KOTOPBIX MBITAIHCH
BOCIPOM3BECTH apxeiickue u3oronmsie Tperasl (A*S = 0.9 x §%S u A¥®S = —1.2 x A®S), namu
OTpHUIATEbHBIN PE3yJbTAT, HE MOATBEPANB, TAKUM 00pasoM, rumnore3y [Farquhar et al., 2001] o
TOM, 4TO mpornecchl goronuza SO,, mpoTekaBuue B OCCKUCIOPOAHON MEPBUYHON aTmochepe
3emitu, SBISIOTCS HMCTOYHUKOM HM30TOMHBIX AHOMAIHMH CEpbl, COXPAHUBINIUXCS B apXCHCKHUX
opoJax.

CriekTpasbHBII COCTaB MU3IYYCHUs, BO3JIECHCTBYIOIIEro Ha MoyieKysbl SO, Temreparypa
Cpellbl U JaBJICHUE Ta30BBIX KOMIIOHCHTOB SIBJISIFOTCS BaKHBIMU (DaKTOpaMH, ONpPEICIISIONIMMU
MOBEJICHUE MacC-HE3aBUCUMBIX U30TOMHBIX 3()dexToB A®S u A¥S B npoaykrax (oromuza SO;.

OcHOBHBIE ycWiIMsI OBUIM COCPEAOTOYECHBI Ha WCCIEIOBAHWW HM3O0TOMHBIX 3(QEKTOoB,
OpOAYIUPYEMBIX B Tpoleccax B3aumojeictBus SO, ¢ U3IyYeHHEM, 3aHHMAOIIUM
CeKTpajbHbINA auanazon mexay 200 um u 350 um [Masterson et al., 2011; Whitehill, Ono,
2012; Ono et al., 2013; Whitehill et al., 2013, 2015; Endo et al., 2016, 2019]. KopoTkoBoiHOBast
TpaHUIla ATOTO JWamna3oHa Obla ompereNieHa HCXOAS W3 MPENOJIOKEHUS O IOCTYIMHOCTH
U3ITy4eHHs B apxeickoit atmocdepe ns Gporoxumudeckux peakmuii ¢ yaactueM SO;. [Ipunsto
CUMTaTh, YTO H3JIy4YeHHE Ha JIHHAX BOJAH A < 200 HM SBISUIOCH MaJOJOCTYMHBIM JJIS
UHAYIUpoBaHus (hoToxumuueckux mnpespamienuii SO,, Tak Kak B apxeiickoil atMocdepe OHO
norsomaiock atmMochepubivu Tazamu Ny 1 CO,, U TO3TOMY MaJIOBEpOSATHO, YTO TPOIECCHI
doronmmza SO, B KOPOTKOBONIHOBOH oOsactu (A < 200 HM) MOTJIM MMETh CYIIECTBEHHOE
snauenue [Whitehill, 2015]. Yro xacaercs orpannuenus crnekrpainbHoro auamnazona 200—350 um
C JUTMHHOBOJIHOBOM CTOPOHBI, TO 3TO OOYCIIOBJIEHO TMOTIJIOLIATEIbHON CIIOCOOHOCTBIO CaMoOro
SO;. Monoca nmormomenuss SO, B nmuana3zone oT 350 M g0 400 HM Ha HECKOJBKO TOPSIKOB
ciabee, 4yeMm JApyrue nosiockl nornomienus (pucyHok 1.12, rmasa 1), mostomy 3¢ dekTUBHOCTH
¢doronuz SO, B o6xactu A > 350 HM npeHeOpeKUMO Maa.

HccnenoBanus mokazaid, 4TO 3aKOHOMEPHOCTH (PAKIIMOHUPOBAHMSI H30TOIOB CEPHI,

0OHapy>XeHHBIC B (DOTOXUMHUYECKUX IKCIIepUMEHTax ¢ SOy, HAXOMATCS B pe3KOM IMPOTHBOPEUNHN
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C 3aKOHOMEPHOCTSIMH, KOTOPbIE HaOII0Jal0TCA B apXeickux nopoaax. Pucynok 3.1, B34ThIN U3
padoter [Ono, 2017], mo3BosiseT CYAUTh O CTEIEHU PACXOXKICHHUS HW3OTOIMHBIX JaHHBIX,
MOJIYYCHHBIX B AKCIepUMEHTax 1o ¢oroiausy SO, B criekTpalbHbIX auarnazonax 200—220 M u

240—-340 HM, C U30TOIHBIMM JAHHBIMU 5348, A®S u A%S u3 apXeHUCKUX MOPOI.

A323S (%0)

A36S (%o)

m
<2200

o o7

7/ <220nm\ 2 "N RN
20 1 1 1 60 I 1 N P
-50 0 50 100 150 0 20 40 60 80

84S (%o) A33S (%o)

Pucynok 3.1 — UsoronHsie nanusie A**S otrocutensro §3*S (ciesa) u A*®S orrocurensro A*S
(cripaBa) ISt 0OPA3IOB U3 MOPOJ apXEHCKOTro Bo3pacTa (Kpyru CUHEro I1BeTa). s cpaBHEHUS
MOKa3aHbl M30TOMHBIC [aHHBIE W3 J1A0OPATOPHBIX (POTOXUMHUYECKUX HKCIIEPUMEHTOB IO
dorommzy SO, B criekTpanbHbIX nuana3zoHax 240—340 um (3enéusie TpeyroiapbHuku) u 200—220
HM (Kpyru kpacHoro 1seta). LLITpux-myHKTUpPHBIE JTUHUU TPEICTABISIOT apXeHCKUE TpPEHbI.
Pucynok u3 pabotst [Ono, 2017].

B BBIIEYyNOMSIHYTBIX 3KCHEPUMEHTAIBHBIX pab0TaX aBTOPHI UCIOJIH30BAIM UCTOUYHUKHU
CBETa, UMUTHPYIOILIIUE CHEKTpalbHble XapakTepucTuku Y® nsnyuenus coppemeHHoro CosHUa.
Opnako Takol MOAXOA MOXeT ObITh He COBCEM MpaBWIbHBIM. HHOTKyna He ciemyer, 4To B
apxeiickoe Bpemsi uznydeHue CoyiHIIa B KOPOTKOBOJIHOBOM 00JacTH OBLIO TaKUM XKe, Kak U B
HacTosAlmee BpeMs. Hanpotus, coBpemeHHble TnpeacTaBieHus o0 »sBomounu ComHIa,
OCHOBaHHbIE Ha TEOPETUYECKUX pacu€TaX U CONOCTAaBICHUH C MOJIOJBIMH COJIHEYHO-
noMOOHBIMU  3BE3/IaMH, [AIOT OCHOBAHUS TMoOJjaraTh, 4YTO aKTUBHOCTh CONHIA MO BCEM
napamerpam Oblia Ha 2-3 mopsiika Bbille, yeM ceiiuac [Cnossen et al., 2007; Ribas et al., 2010].
CrnenoBatenbHO, PGEKTHBHOCTH aTMOCHEPHBIX (HOTOXMMHUECKHUX TIPOIECCOB, BBI3BAHHBIX
JIEHCTBUEM HWHTEHCHUBHBIX TOTOKOB cojiHeyHOTO Y® wu3mydeHwus, ObUta BBHINIE B apXeWCKoe
BpeMsi, ueM cerofHs. B TakoMm ciyyae y Hac HET OCHOBaHHMH K TOMY, 4TOOBI MpeHeOpedb
BIMSHUEM Takux (PakTopoB, Kak KOpPOTKOBOJIHOBoe Y® wuzmydenue (A < 200 HM) H

CHeKTpabHAs MHTEHCUBHOCTH M3JIyUEHHSI TIPH pacCMOTpeHHH (POTOXHMMHUYEeCKHX TporieccoB SO;
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B apxeiickoil armocepe. MccrnemoBaHusi Macc-HE3aBHCUMBIX HM30TONMHBIX 3(QeKkToB B
3aBHCUMOCTH OT 3THX (aKTOPOB AaayT HanbOoJiee MOTHBIE U peaibHble OCHOBAHMS [T BHECCHHS
SCHOCTH B peElIeHue MpoOieMbl: AeicTBUTENBbHO U GoToan3 SO, MOXKHO acCOUUMHUPOBATH C
UCTOYHHUKOM M30TOIHBIX aHOMAJIMI cepbl B apXeHCKuX nopojax. Eciau HeT, To aBTOMaTHYeCKU
BO3HHMKAET BOIIPOC O MPABOMEPHOCTH HHTEPIPETUPOBATh HMCUE3HOBEHHUE M30TOMHON aHOMAIHU
cepel B MOpojJax Ha pyOexe apxes W MPOTEpO30s, KaK CBUACTEIHCTBO BO3PACTAHUS YPOBHS
CBOOOJIHOIO MOJIEKYJIIPHOTO KHMCIOpoAa B aTMocdepe. Bomnpoc o mpoucxoxaeHnn n30TOHON
aHOMAJIUU CEpbl B 3€MHBIX [IOPOJIaX HEMOCPEICTBEHHO CBA3aH C (hyHIaMEHTalIbHON pobiaemMoi
NOSBIICHUST KHCIOpPOAa B paHHEH arMocdepe 3emium M IMepexoge OT BOCCTAHOBHTEIHHOTO
COCTOSIHUS aTMOC(EPBI K OKHCIUTETLHOMY COCTOSIHUIO.

OcHoOBHas ujes HacTOSIIEH IJaBbl COCTOMT B TOM, YTO IIPU PACCMOTPEHMH BOIIpOCA O
doroxumun SO, Kak MCTOUYHMKA M30TOIHBIX aHOMAJUH Cepbl B apXEWCKHUX MOpOoJax CIenyerT,
BO-TIEPBBIX, MPHUHAMATh BO BHHMAaHHE MPOIECCHl, WHUIMHPYEMbIe KOPOTKOBOJIHOBHIM YD
uznyyenueM (A < 200 HM), U, BO-BTOPBIX, IPUHUMATh B PACUET OTHOCUTEJILHOE paclpe/esieHue
MHTEHCUBHOCTH U3JIyYCHHUSI B CLIEKTpE.

Jlst uccneqoBaHusl 3aKOHOMEPHOCTEH (hpaKIIMOHUPOBAHUS U30TOIIOB CEPhI (328, 333, 33
u ®S) B mpomeccax dorommsa SO, OBUIM NPUMEHEHB METOXBI HKCIEPHMEHTAIBHOTO
MOJICITUPOBaHUS (DOTOXMMUYECKHUX MPOIECCOB B OecKUCIopoaHOoN atMochepe [Mruarses u ap.,
2019; Benusenkas u ap., 2020]. MojenupoBaHie ObLIO HampaBiCHO, MPEXIE BCEro, Ha
BBISIBTICHHE KITIOYCBBIX (DAKTOPOB, KOHTPONMPYIOMIMX MOBEICHHE M30TOMHBIX dpdextoB 54,
A®S u A®S B doroxummueckux mpomeccax ¢ ydactiem SO, M BBISCHCHHE BO3MOXKHBIX
YCITOBHIA, TIPH KOTOPBIX KOPPEISIMOHHEIE 3aBUCHMOCTH MEXTy BemmanHamu 8>S, A*S u A¥S,
MOJy4eHHBIE SKCIIEPUMEHTAIbHO, OTPaXaloT TaKOBbIE B OCAJOYHBIX IOPOJaxX apXeHcKoro
Bo3pacta. PoToXMMHUYECKHE HKCHEpUMEHThl (okycupoBaiauch Ha (1) um3yuenun 3¢ddexron
U30TOIMHOTO (ppakimorupoBanus npu Gorommze SO, B ciekTpansHoM uHTEpBaie 200—350 HM B
3aBHCHMOCTH OT paclipe/ieieHus] HHTEHCUBHOCTH M3JIYyUY€HHS B 3TOM CIIEKTPaJIbHOM HHTEpBAJe,
U (2) Ha BBIACHEHMM BIIMSHHUS KOPOTKOBOJIHOBOro (A < 200 HM) m3iyudeHHs Ha 3(QeKTb
U30TOMHOTO (pakuroHupoBanus npu poronuze SO,. B poToxuMuyeckux skcrnepuMeHTax Obun
UCTIOJIF30BaHbI B KAYECTBE NCTOUHUKOB Y @ H3IIyueHHs ra30pa3psiiHbIC JIAMITBI, pa3IHYaroInecs
10 CBOMIM CIIEKTPAJIbHBIM XapakTepucTukaM. Hike omucana cnenuduka 3KCIepHUMEHTAIEHOTO
MOJENUPOBAaHUS  (HOTOXMMUYECKUX TMPOLECCOB, a TaKKe IPEACTaBIECHbl PE3YJIbTaThl
UCCIIeIOBaHMH (PpaKIIMOHUPOBAHUS U30TONOB cephl B mporieccax ¢oronuza SO, B 3aBUCUIMOCTH
OT MapaMeTpoB OOJydeHHs (CIEKTPaIbHbIE XapaKTEPUCTUKN W3IYYCHHUs]) U TTApaMETPOB CPEIIbI

(TeMmieparypa, JaBJIE€HUE).
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3.1. ®otoau3 SO, gelicTBUEM M3JIyYeHUsI C JJIUHAMH BOJIH A > 200 HM

3.1.1. ®oToxuMHYeCKHe IKCTIEPUMEHTBI

HJ’ISI (bOTOXI/IMI/I‘ICCKI/IX SKCIICPUMCHTOB ObL1a co6paHa IIpOTOYHAA SKCIICPHUMCHTAJIbHAA

yCTaHOBKA (PUCYHOK 3.2).

7 1 C T

HWctounuk ¢
YO Pl PII

LI

K2
K1

’_‘
Brixon Ha u
f

arMocdepy A A
TII KBapuesas TpyOka TII

Pucynok 3.2 — CxematnuHoe H300pa’k€HUE SKCIEPUMEHTAJIbHOW NMPOTOYHOM YCTAHOBKM IS
¢doroxumuueckux skcrnepumeHToB. TII- TednonoBas mpoxnanka mzonupyromas; Kl u K2 —
KanwsipHas Tpyoka 1 u 2; PJ] — peyKTop JaBieHus ra30BbIH.

@DOTOXMMHUYECKHE PEaKIUU NPOBOJWIM B PEAKIUOHHOW sueiKe IWIMHAPHUUECKOW (OpPMBI
(mmaa 25 cM, BHyrpeHHmid guamerp 0.8 cwm). [l W3rOTOBJICHUS PEAKIIMOHHBIX SYCEK
MCIIOJIb30BAIM TPYOKH M3 onTHYecKoro kBapuesoro crekia Mapok KY un KB. KBapuesoe ctekino
mapku KY npozpauno g YO uznydenus ¢ jymHaMu BoJiH >160 HM, KBapLeBOE CTEKIO MapKH
KB npozpauno mis Y@ uznydenus B o6aactu AnuH BosH >200 HM.

UYepes peakiMoOHHYIO STYEHKY IMPOXOIUT IMMOCTOSHHBIN MOTOK Ta3oBoi cmecu SOy+He. s
BBOJIa U BBIBOJIA Ia3a MCIOJIb30BATIM TPYOKH U3 HEpXKaBEIOUIeH cTain, repMETUYHOE COeTMHEHUE
C peakIMOHHOHU sueiikoil oOecrieueHo yrutoTHUTENneM u3 tediaona. Coaepxkanue SO, B ra30Boi
cmecu SOy+He KOHTPOIMPOBAIM C MTOMOIIBIO MPEIM3HOHHBIX PEAYKTOPOB ra30BOT0 AABICHUS U
KanWUIPHBIX TPyOOK (pucyHok 3.2). B (OTOXMMHUYECKMX HKCIEPUMEHTaX HCIOIb30BAIN
qucteii a3 SO, (99.98%, npoussoautens OO0 "Yucteie ["a3wl [Tnroc", HoBocnbupck, Poccus).

Hns  obnydenus SO, mNpuUMEHSIN Ta30pa3psaHble JIaMIlbl  Pa3IUYHBIX  THUIIOB.
['a3opaspsanas namma, B OTIMYME OT JIaMI HaKaJWBaHUS, ABISETCS HCTOYHUKOM YD
U3ITy4yeHHUs, KOTOPOE BO3HHUKAET B PE3yNbTaTe AJIEKTPUUYECKOrO paspsa B Cpele HHEPTHBIX

ra3oB, MAapOB MCETAJJIOB HIIM HX CMGCGﬁ, HaxXoJAIIXCd IOJ pa3jIndHbIM OaBJICHUCM. CHeKTp
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U3JIYYEHHUS 3aBHCUT OT COCTaBa ra3oBOW cMecu W pabouero masneHus B jamme. [lo Bennunne
JIABJICHUS JIAMIIBl PA3JENIAIOT HA JIaMIIbl HU3KOTO, BBICOKOTO M CBEPXBBICOKOI'O JIaBJICHHUSA, @ 110
HAIOJHEHUIO — KCEHOHOBBIE, PTYTHbBIE, METAJNIOTaJIOTEHHbIE U Jp. MeTaiorajioreHHbIe JTaMITbl
— 3TO PTYTHBIE JIAMIIBI, B COCTaB HANOJHEHHUS KOTOPBIX BXOAAT M3JIyYaroline J100aBKU B BUEC
raJIOTeHUJI0OB HEKOTOPBIX METAIIOB (HOIUABI HATPHUS, JKeJe3a, MHANUS U JIp.).

B mpoBeneHHOM WHCCIEeOBaHMM OBbUTH 33JCHCTBOBAHBI PA3PSIHBIC TPYOKH CEPUITHO
BBIIYCKAEMBbIX JIaMII, JAIOIIUX CIUIONIHON (HEMpPephIBHBIN) CHEKTp u3lyueHus B YO obnacTu:
KceHoHoBast Jiamna (Xe-mamma, 100 Br, XBO, Osram); neiitepuesas namna (D,-mamma, 150 Br,
L11798-01, Hamamatsu Photonics, Japan); pTyTHble jamMIiibl BbICOKOTO naBieHus tuma JIPJI
(myroBasi pryTHas momuHecteHTHas) u JIPB (ayrosas pryrHo-BosbdpamoBas) 250 Br, Osram;
pTyTHas jamma cBepxBbicokoro aasienus (CBJI, 250 Br, Osram); MeTaioraioreHHbIC JaMITbl
¢ mobaskamu woauaa Harpus (MI'JI-Na), sxeneza (MI'JI-Fe) u uagus (MI'JI-In) 50 Bt, Osram.
Ha pucynke 3.3 npeacTaBieHbl THIIMYHBIE CIIEKTPBI PACTIPEICICHNS HHTEHCUBHOCTU U3ITyYCHUS
ATHUX THIIOB JIaMIl. Ha TOM ke pucyHKe MpHUBEICHBI AJIsi CPaBHEHUS CIIEKTPHI noryomeHust SO, u
CHEKTpaJIbHOE paclpe/esieHne COTHEUHOTO U3TYUCHHUS.

[IpumeHeHne YTUX UCTOYHUKOB M3JIy4eHHUs Aa€T BO3ZMOXKHOCTh M3y4EHHS] OCOOCHHOCTEM
MPOSIBIICHUST M30TOMHBIX 3PdekToB mpu (otonmse SO, B 3aBUCUMOCTH OT pacrpeiciieHUs
WHTEHCUBHOCTH M3ITy4SHHS IO CIIeKTPY B uHTepBaie JunH BoiaH 200-400 HM.

VIcTOYHMKM M3Ty4YeHus, 3a1eCTBOBAHHBIE B SKCIIEPUMEHTAX, Pa3MeLIali Ha PaCCTOSHUU
nopsiika 50 ¢cM OT OBEPXHOCTH PEAKIIMOHHOM sYeKH. 3HAUeHUs apaMeTpoB IKCIEPUMEHTA —
napuuaneHoe naBieHne SO, B razoBoir cmecn SOptHe m Temmeparypa ra3oBoil cmecu —
BapbupoBaiu B npeaenax 1-1013 m6ap u 7-200 °C, cOOTBETCTBEHHO.

B Teuenue GoTOXMMHUYECKHX 3KCIIEPUMEHTOB Ha CTEHKAX PEaKIIMOHHOM sueiiku
KOH/IEHCHUPOBAJIUCH MPOAYKThI (POTOXUMHUYECKUX PEAKIIMA: 2JIeMEHTapHas cepa (S% u SOs.
DJIEMEHTapPHYIO CEPY M3BJICKAIU U3 PEAKIIMOHHOMN SYeHKU MyTEM pacTBOpeHUs B rekcane. 13
pacTBopa cepa Obliia MEPEeKPUCTAIUTM30BaHA B X0/I€ MEAJICHHOTO BHINIAPUBAHUS TEKCaHA.
Kpucranisl cepsl CIUIaBiIsuid B OJHOPOAHYIO Maccy. [lonydyenHslit oOpasels aieMeHTapHo cepbl
ObUT UCTIOIB30BAH JJIS MPOBEJCHNS N30TOTHOIO aHaJIM3a C IPUMEHEHUEM JIOKAIbHOTO
Ja3epHOro MEeTo/a, onucaHHoro B riase 2. [IpoGomnoaroroBka o6pas3ioB cyib(aTHOI cephl K
W30TOMTHOMY aHaJU3y Cephl omucaHa B padote [SkoBenko u ap., 2021].

Jnst ob1iero npezacrasieHus B Tabauue 3.1 1aHa cBojKa MPOBEAEHHBIX YKCIIEPUMEHTOB €

YKa3zaHueM 3aJIeliCTBOBaHHBIX HCTOYHHUKOB H3JIYUCHUSA U IMOCTABJICHHBIX 3aa4 B SKCIICPUMCHTC.
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Pucynok 3.3. (a) — CnexTpanbHOe paclpeieieHle U3Ty4yeHUs] pa3IudHbIX UCTOYHHKOB CBETA!
PTYTHOH JIaMIIbl BBICOKOTO JABJIEHMS, JEHUTEPUEBOM JIAMIIBI, KCEHOHOBOM Jammbl |
MeTairanoreHHo Jsammbl. Crnektp Xe mammbl HamOosee OJIM3KO WUMUTHPYET U3ITyYeHHUE
coBpemMeHHOro CoJIHIIa, JOCTUTAOUIEr0 3€MHYI0 TMOBEPXHOCTh. Y JIEUTEPUEBON JIaMIIbI
HaOMOIaeTCsl 3aMETHOE TMOBBINIEHNE HHTEHCUBHOCTH B obOmactu 300—-200 HM. B cmektpe
M3ITy4eHUs] PTYTHBIX M METaJUIOTaIOTeHHBIX JIaMIT Mpeo0iIaiaeT U3nydeHue ¢ JJIMHAMH BOJH >
250 mm. (0) — Cnextp mornomenuss SO, [Keller-Rudek et al., 2013]. L[BeToM BbIIENEHBI
JaTia30Hbl JUTMH BOJIH, COOTBETCTBYIONIME OCHOBHBIM TmojocaM moriomeHus SOp, s
BU3yaJIbHOTO  COIOCTaBJIEHUS CO  CIEKTPAIbHBIMH  XapaKTEPUCTHKAMU  MPUMEHSIEMBIX
UCTOYHUKOB W3IydeHHs. (B) — CHexTpalibHOE pachpeiesieHne COJTHEYHOTO M3Iy4eHUs B
Hacrosiee Bpems [Rottman et al., 2006].
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Tabmuua 3.1. CucremaTH3HpOBaHHBIE CBEIEHUS O MPOBEACHHBIX (POTOXMMHYECKHX
34q A33 36
HKCIEPUMEHTAX, B KOTOPBIX UCCIIEAOBAHO MOBEACHUE N30TONHBIX 3 dekToB &S, A™S u A™S B
npoaykTax ¢oronuza SO, B 3aBUCUMOCTH OT BO3JICHCTBUS Pa3IMUHBIX (PAKTOPOB.

HUcTouHuk U3JIy4CHUH, (I)aKTOPLI, TECTUPYEMbLIEC B (l)OTOXI/IMI/I'leCKI/IX IKCIIEPUMEHTAX
THII

[Tapumansnoe nasnenue SO,

CHGKTpaJ'IBHHC XapaKTEPUCTHKU: OTHOCUTCIIBPHO PABHOMEPHOC

pacnpesieieHne THTCHCUBHOCTH M3TYYCHHS B MHTEPBAJIC JJIMH BOJIH
200400 am

Kcenonosas namia

[TaprmansHoe naBnenue SO-

Temneparypa

PTYTHBIG JIaMIIbI -
CHeKTpaJ'IBHBIC XapaKTECPUCTUKU: MAKCUMYM H3JIYUCHUSA CMCILCH B

cnekTpanbHyo obnacte 280—400 Hm

JeiitepueBas Jiammna CriekTpalibHbIe XapaKTePUCTUKU: MAKCUMYM H3JTyYCHHS CMEIIEH B
cnekTpanbHyio ooacts 200-250 HM

MertatoraioreHHbIe CriekTpalibHbIe XapaKTePUCTUKU: MAKCUMYM H3JTyYCHHS CMEIIEH B

JIAMITBI cnekTpanbHyio ooacts 350—400 HM

3.1.2. M3oTonubie 3¢ deKThI 8%S, A¥S u A¥*S B npoaykrax ¢oroausa SO,
3.1.2.1. 3aBUCHMOCTH OT MAPIHAILHOTO AaBjaeHus SO;

B tabmuue 3.2 mpeactaBieHbl U30TOMHBIC JaHHBIE 6348, A®S u A%S, IIOJIyYECHHBIE B
HamuX (OTOXMMHUYECKUX IKCTIEepUMeHTax 1o ¢ortonu3y SO moa Bo3IeHCTBHEM H3IyUeHHsS C
JUIMHaMHU BOJIH A > 200 HM, reHepupyemoro Xe namnoi u Hg mamnoii Beicokoro nasnenus JPJI,
MIPH pa3HbIX 3HaYEHUX napuuansHoro nasineHus SO; (pSO;) B akcniepuMeHTax. JTH Ke JaHHbIe
MPOWLTIOCTPUPOBAHBI HA pUCYHKE 3.4.

[Tockonbky B 3ajayy AKCIHEPUMEHTOB, YCTAHABIMBAIOIIUX 3aBUCHUMOCTb MEXKIY
M30TONHBIMU 3 deKTaMu W THapuuaibHbIM aaBieHreM SO, BXOAWIO MOACIUPOBAHUE
nporeccoB ¢otonmza SO, B obmactu 200—400 HM, TO B HaIIMX O3KCIEPUMEHTaX MBbI
UCTIONIB30BATH (DOTOXMMHUYECKYIO sUEHKY M3 KBapueBoro crekna mapku KB (cMm. ommcanue
HKCIIEPUMEHTAJIbHOW YCTAaHOBKHM),  4TOObl wu3omupoBath SO, oOT Bo3zaelcTBus  Ooiee

KOPOTKOBOJIHOBOTO M3ydeHus (A<200 um), reaepupyemoro Hg mammoii (pucysok 3.3a).
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Tabmuua 3.2. YcnoBus 3KCIIEpUMEHTOB € Pa3IMYHBIMUA UCTOYHUKAMU U3TydeHus (Xe namma, Hg
namna tuna [IPJI) u pe3ynbTarbl M30TONMHBIX aHAJIM30B B MPOJYKTaxX (dJEMEHTapHas cepa)
¢doronmza SO,. [mo Benusenkas u ap., 2020 ¢ K3MEHEHUSIMU U JIOTIOJTHCHUSIMH .

SKCS;IZJ;;];II’;M WM3oTonHble nanHbIe
SOZ 34 33 36
POy memmee 1O e |2 e [T e [N | a%se¥s | aTsia®s
(uap) | (oo | ) (%) (%)
cm?)
Xe namna
5 1.3E+17 39.0 3.83 -14.3 1 0.10 -3.7
12 3.2E+17 57.2 10 |6.15 0.73 | -15.1 01 |2 0.11 -2.5
20 5.4E+17 92.6 7.56 -20.8 1 0.08 -2.7
50 1.3E+18 110.8 8.42 -27.0 1 0.08 -3.2
70 1.9E+18 108.1 8.15 -27.8 1 0.08 -3.4
73 2.0E+18 117.8 7.27 -26.7 1 0.06 -3.7
200 5.4E+18 107.7 6.61 -25.7 1 0.06 -3.9
300 8.1E+18 103.6 5.65 -23.1 1 0.05 -4.1
320 8.6E+18 105.3 511 -22.3 1 0.05 -4.4
333 9.0E+18 109.3 4.73 -23.2 1 0.04 -4.9
360 9.7E+18 100.4 46 | 5.03 0.03 | -21.5 09 |3 0.05 -4.3
417 1.1E+19 97.6 4.04 -20.9 1 0.04 -5.2
558 1.5E+19 83.4 0.1 | 3.30 0.10 | -19.7 02 |2 0.04 -6.0
630 1.7E+19 75.3 3.3 | 250 0.15 | -16.6 03 |2 0.03 -6.6
700 1.9E+19 73.6 3.34 -14.5 1 0.05 -4.3
1013 2.7E+19 55.7 3.3 | 192 0.29 | -10.5 03 |5 0.03 -5.5
Hg namna tunma JAPJI
1 2.7E+16 52.5 13.59 -23.6 1 0.26 -1.7
10 2.7E+17 113.9 0.61 | 22.39 0.04 | -37.9 02 |2 0.20 -1.7
40 1.1E+18 171.7 15.55 -24.0 1 0.09 -1.5
110 3.0E+18 165.2 4.92 -12.5 1 0.03 -2.5
600 1.6E+19 108.0 -3.71 -0.90 1 -0.03 0.2
1013 2.7E+19 64.9 -4.05 3.28 1 -0.06 -0.8

N — koauyecTBO OKCIICPUMEHTOB
G — CTaHAAPTHOE OTKJIOHCHUEC
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Pucynok 3.4 — PesynbpraTthl skcnepuMeHTOB 1o (oTtonu3dy SOz ¢ KCEHOHOBOW M PTYTHOMU
JaMIiaMd B CHEKTpaibHOM obOmactu A>200 HM. ['paduku (a-B) MOKa3bIBAIOT HM3MEHEHHE
M30TOITHOTO COCTaBa 8°'S W aMIUIMTYIbl aHOMAJIMH ABS u A®S npoaykre Gotonuza s°
(a1eMeHTapHast cepa) B 3aBUCUMOCTH OT napuuanbHoro faasineHus SO,. Jlanubie u3 tadbmuim 3.2.



89

ConocraBneHne W30TOMHBIX JaHHBIX U3 SKCIIEPUMEHTOB ¢ Xe u HQ mammamu mo3Bosisiet
BBIJICJIUTh OOIIME 3aKOHOMEPHOCTH M CIEHU(HUKY B IMOBEICHHH H30TONMHBIX 3()(EeKToB mpu
n3meHeHuun pSO,. OOmel 3aKOHOMEPHOCTBIO SBJISETCA TO, 4YTO C YyBenuueHueM pSO,
IOJIy4eHHBIE 3aBHCHMOCTH 89, A*S 1 A*®S mpoxomsT 4epes cOOTBETCTBYIONINE MAKCHMYMEL.
Ipraém s BemmumH 8°°S m A®S MakcHMyMBI HAXOZATCS B MONOKHTENBHON 061aCTH
sHavenuii, a s Bemmuma A®S — B orpumarensHol o6macTH. OGpamaoT Ha ceGs BHEMAHHE
OOJIbIIIE PA3INYUS B aMIUIUTY/IE U30TOIMHBIX AP(HEKTOB 833, A¥S u A*S: s AKCIIEPUMEHTOB,
NpEeANPUHATHIX ¢ HQ mamMrioi, aMIinTyia MakKCUMaJIbHBIX 3HAYCHHUM 8348, A®BS u A%S Bceraa
OostblIie, YeM IS SKCIIEPUMEHTOB, IPOBEAEHHBIX ¢ X€ JTaMItoi (pucyHok 3.4).

[IpoxoxaeHne BeIMUYUH §%s, A®S u A%S gyepe3 MaKCUMYM M HaOJro1aeMast TSHACHIIHS K
MOHIDKEHUI0 HX 3HaueHWil ¢ mnoBbimieHHeM pSO; O0O0biICHSIETCS JAEHCTBUEM MeEXaHH3Ma
camoakpanupoBanus [Lyons, 2007; Ono et al.,, 2013; Lyons et al., 2018], no koTopomy
CIIEKTPATBLHBIN CIABUT MEXKIY U30TOIOJIOTraMHU 32802, 33802, 34802 u 36SOZ MPUBOJUT K MEHbIIICH
ckopocti (poTonm3a HamGoIee PACIPOCTPAHEHHOrO 2SO, 10 CPABHEHMIO C APYIHMH MEHee
pacnpocTpaHEHHBIMUA M30TOMNOJOraMH B KOHIIE ONTHYECKON KONOHKM (rmaBa 1). MexaHusm
CaMOSKpaHUPOBaHHUA 00YCIOBIUBACT (PaKIIMOHUPOBAHUE U30TOIMOB CEPHI KaK B SKCIIEPUMEHTAX
¢ Xe JlaMIlOH, TaKk ¥ B 3KCHEpUMEHTax ¢ HQ jammnoi, Ha 4TO yKa3bIBaeT HAJIUYME CXOJHBIX
TEHICHIINA B IMMOBEACHUH N30TOMHBIX d(hekToB npu m3meHeHnn pSO; B ITUX dKCIIepuUMeHTax. 1
TOTJ]a 3aKOHOMEPHO BO3HHMKAET BOIPOC: YEM OOYCIOBJICHBI OONBIINE Pa3IUyUsl B aMIUIUTYJIE
M30TOMHBIX 2PPEeKTOB Mexay skcrnepumeHTamu ¢ Xe u Hg mammamu. Kak Obimo oTMedeHO
Bblllle, 00e Xe u HQg namnbl garoT HempepbiBHOE u3inydeHue B obsactu 200—400 HM, HO UX
CIIEKTPHI OTJIMYAIOTCS B IUJIaHE pacHpelefieHUss MHTEHCHUBHOCTH W3NydeHus (pucyHok 3.3a).
[TockonbKy Mpu MoJETUpPOBaHUU MpoiieccoB potonuza SO, mapamMeTpsl U yCIOBUS MPOBEICHUS
HKCIIEPUMEHTOB ObUTH OJMHAKOBBIMHU 32 UCKIIOYCHHEM MPUMEHSIEMbIX UCTOYHHUKOB H3ITy4eHUS,
TO JIsl OOBSICHEHUST HAOJI0IaeMbIX Pa3IU4Uil B TIPOSBICHUH U30TONMHBIX (P EKTOB 8348, A®S u
A®S crenyer NpPEANONOKHTE HX CBS3b CO CIELHQHUKON CIEKTPAIbHBIX XapaKTePHCTHK
U3ITy4eHUs, WHUIUUPYIOMETO (POTOXUMUYECKHE peakiuu. JleTanbHOMY OOCYXIEHHIO AITOTO

BOIpPOCA MOCBSAIIEH CIEAYIOINNA naparpad TaHHOH I1aBbl.
3.1.2.2. 3aBHCHMMOCTH OT OTHOCHTEJIBbHON MHTEHCUBHOCTH U3JIy4YeHUSA

B rnaBe 1 yxe OblI0 cKa3aHo, 4yTO B crieKTpaibHOI obmnactu 200—400 um Monekynsl SO,
UMEIOT JIOMUHAHTHYIO IOJIOCY TOTJIOIIEHUs B MHTepBajie JUIMH BOIH ~ 200—240 HM u Gonee
cnabyro mosiocy B uHTepBane ~ 250—330 vm (pucynok 3.30). BozmeiicTBue wu3znydeHus B

nuara3one JMH BoJH ~ 200—220 HM IpUBOAMT K Pa3pbIBy XUMHUYECKOH CBs3U B Mojiekyne SO-
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yepe3 npeaaucconuatuBHoe cocrosaue [Becker et al., 1995; Xie et al., 2017] u unumupyer

CEPHIO NOCIEAYIOUINX PEAKIIU:

SO, + hv(200 — 240 uM) - SO + O, (R 3.1)
SO + SO — S + S0,, (R 3.2)
SO, +0+M - SO; + M, (R 3.3)
SO+ 0+M - SO, + M, (R 3.4)
SO5 + SO — 2S0,, (R 3.5)

1, HAKOHEII, peaKIINi PEKOMOWHAIIMYU C 00pa30BaHUEM IIEMEHTAPHOU cephl Sg:
S+S-S,+S,->S,+S, > Sg (R 3.6)
rie M — Tpethe Teno, HampuMmep MoJieKkysbl He B Hammx skcrnepuMeHTax. bosjee moapoOHoe
onucaHue myrtedl aucconuanuud Mojekyn SOz ¢ BO3MOXKHBIMHU IEPECEYCHUSMHU SJICKTPOHHO-
BO30YK/IEHHBIX COCTOSIHUN MOKHO HaiTH B padote [Katagiri et al., 1997; Xie et al., 2017].
Uto kacaeTcsi BO3ICUCTBUS M3JIYUYCHHS B JMara3oHe AJuH BoJaH ~ 250—330 M, TO OHO
nepeBoguT Moiekyny SO, Toiapko auilb B BO30YyxkAEHHOE coctosiHue *SO,, B KOTOpOM

MOJIeKyJla CTAHOBHUTCS peakiimoHHo-criocoonoit [Heicklen et al., 1980]:

SO, + hv(250 — 330 M) — *SO,, (R3.7)
*$0, + SO, — SO5 + SO. (R 3.8)
SO + SO = S + SO, (R 3.9)
S+S-S,+S,-S,+S, > Sg (R 3.10)

Tak kak smeMeHTapHas cepa, oopa3oBasmascs B pesynbrare peaknuid (R 3.1-R 3.6) u (R
3.7-R 3.8) u3 pasubix crnekTpanbHbIX auamazoHoB 200—240 mm u 250-330 HM, wuMeer,
COOTBETCTBEHHO, Pa3Hble U30TOIHBIE XapaKTEPUCTUKU APS/ARS ~ —1.90 u A*S/A®S ~ +0.64
(cM. rmaBy 1, maparpad 1.3.3), TO JIOTMYHO OXUAATh, YTO CMEIICHUE 3JEMEHTApHOU Cephl,
NOCTYNUBIIEH M3 ATHUX JIBYX MCTOYHHUKOB, JIOJDKHO OTPa3sUThCSl B TOBEACHUM H3OTOMHBIX
sp¢ekroB. Ilpy 3TOM HYXKHO NPUHUMATh BO BHHMAaHHME 3aKOH TMOIJIOIIEHUS HW3JIy4yeHUs
monekynamu SO,: B quamnazone 200—240 HM mokasaresnb MOTJIOUICHHS Ha TOPSAO0K BBIIIE, YEM B
nuarnaszone 250—330 um (pucynok 3.36). Otkyna cienyert, uto 3¢ dexkruBHOCTh hoTonmmza SO, B
nuamnazone 200—240 HM ropaszmo Ooinbmie, yeM B auamnazone 250—330 mm. Ilostomy ecnu
doroxummueckue peaknun SO, OCYIIECTBISATH € TNPUMEHEHHEM HWCTOYHHKA W3ITydCHHUS,
MMEIOLIETO JTOBOJBHO PAaBHOMEPHOE PACIPENEIECHUE HWHTEHCUBHOCTH M3JIyUYEHHUS IO CHEKTPY,
HarpuMmep Kak y Xe Jamibl, To peakiuu potoaucconnanun (peakuus R 3.1) B o6mactu 200—240
HM OyAyT IOMHHHPOBaTh, a peaknuu ¢oroBo3OyxmeHus (peakmus R 3.7) Oyayr umerhb
MOJYMHEHHOE 3HaueHue. B Takoil cuTyanuu u3iaydeHue ¢ JymHaMu BoJIH 250—330 HM JOJKHO

UrpaTth NPEeHEOPEekKHMO Malyl0 pojib B (OPMHUPOBAHMU CYMMapHOTO M30TOIHOTO COCTaBa
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npoaykToB peakiuii (R 3.6) u (R 3.10) — snemeHTapHOii cepbl Sg, 4TO JEHCTBUTEIBHO H
HaOmonanoce B padore [Whitehill, Ono, 2012]. Dtu aBTOpBI, HpUMeHHB Xe JaMIly s
dotomuza SO,, 0OHAPYKUIIUM H30TOMHOE CXOACTBO MEXIy oOpasmamMH 3JIEMEHTApHOW Cephl,
nosydeHHor npu ¢otoauze SO, B y3koMm crekTpaibHOoM uHTepBaie 200—220 HM u Oojee
mupokoM uHTepBasie AauH BojaH 200—330 M. To ecThb B 3KcnepuMeHTax ¢ Xe€ JaMmIlon
WHTEHCUBHOCTh JITMHHOBOJIHOBOTO W3nmydeHus (250—330 HM) moctaToyHO Maina, 4To OBl €ro
JEeiCTBUE OTPa3niIOCh Ha U30TOMHBIX XapaKTePUCTUKAX MPOAYKTOB PEaKINil, KOTOPbIE CBSI3aHbI,
IJIaBHBIM 00pa3oMm, ¢ u3inydeHueM 200—220 M.

CMmenieHre HHTEHCUBHOCTH U3JyYeHUS B CTOPOHY JUIMHHBIX BOJH 250-330 HM
CcrocoOCTBYeT  pocTy  (OTOXMMHYECKHUX  peakIui, MPOTEKAINIUX 10  MEXaHU3MY
doroBo3Oyxaenus SO, (peakmuu R 3.7 — R 3.10), yBenuumBas TeM caMbIM BKJIaJ 3THUX
MPOLIECCOB B CyMMapHbIi 3¢ ekt (ppakunoHupoBaHUS H30TONOB cephl mpu ¢dotonuze SO, B
IIMPOKON CHEKTPAIBbHOM 00JacTH HM3IIydyeHHs. VIMEHHO 3TUM OOBsICHAETCs Halnromaemasi B
HAIIMX JKCIEPUMEHTaX 3aBUCHUMOCTh MEXIY H30TONHBIMH 3¢ deKTamMu (8348, A®S, ASGS) u
CTMEKTPAJbHBIMU XapaKTepUCTHKaMu u3inyueHus [UruateeB u np., 2019]. MHTEHCHBHOCTH
u3nydeHuss Hg nambel moutu Ha Tpu mopsaka Oonbiie B uHTepBasie 250—330 HM, ueM B
unrepsaie 200—220 um [Uruatbe u ap., 2019]. Takoe cMeleHre MHTEHCUBHOCTH M3JTy4YCHUS B
CTOPOHY JUIMHHBIX BOJIH JIOCTATOYHO BEJIMKO, YTOOBI OHO MOTJIO BBI3BaTh W3MCHCHUS B
MPOSIBIICHUU U30TOMHBIX 3(PPEKTOB MO OTHOIIECHHUIO K JAHHBIM U3 SKCIIEPUMEHTOB C X€ JaMIIOH.

[Ipeobnaganne WHTEHCHUBHOCTH u3nydeHus B oOnactu 250—330 M Ham 200—220 HM
HAIIIO OTPAKEHHE W B CICLU(UKE KOPPEISIMOHHBIX 3aBHCHMOCTEH MEXIy BETHUMHAMU O°'S,
A®S u A*S. Ha pucynke 3.5a comocraieHsl 3otonHsie TpeHasl A°S—A*S, monyuenubie B
sKcrepuMenTax ¢ Xe u Hg ucrounukamu uznydeHuil. I3oTomnHbie JaHHBIE U3 DKCIIEPUMEHTOB C
Xe JIaMIiol anmpoOKCUMUPYIOTCS TIPSIMOM JTUHUEH ¢ HAKJIOHOM A*s/A%S = 3.7, B 10 BpeMs Kak
JaHHBIE U3 DKCIIEpUMEHTOB Hg mammoii nexar BJoJIb TUHUU C HAKIIOHOM £**S/A*S = —1.7. Yro
KacaeTcs HAKJIOHA JIMHWM, OTBEYAIOIIEH SKCIEPUMEHTaM ¢ X€ JIAaMIOH, TO €ro BeJIMYHhHa
(8*°S/A*S = —3.7) HaxomuTes B Mpeerax Tex 3HadeHHit (—4.6 1 —3.6), KoTopbIe OBUTH HaileHbI
panee B padotax [Ono et al., 2013; Whitehill, 2015]. 3 pucynka 3.5a BHIHO, 4TO MOTyYSHHBIN
W30TONHBIN TPEH]T A¥®S—A%S B Hammx JKCIEPUMEHTAX ¢ X€ JaMIIOW, CHJIBHO OTKJIOHSIETCS OT
o0nacTu apXeMcKuX 3HAYEHWH, MOKA3aHHBIX Ha TOM € PUCYHKE Juisi cpaBHeHusA. OgHAKO
CUTYyaIlsl MEHSIETCS JUIS SKCIepUMEHTOB ¢ Hg nmammoii: JTMHUS M30TOMHOTO TPEeHa TOMEHsIIa
HAKJIOH ¥ MpUONM3UIach K 00JacTH, XapaKTepHOU NJisi Opoj apxeickoro Bo3pacta. To ecThb
npeobiiajaHre MHTEHCUBHOCTH u3nydeHUs B oOmactu 250—-330 um max 200220 M Hamuio

OTPAKCHUC B UBMCHCHNU HAKJIOHA U30TOITHOT'O TPCHAA AgGS_ A335.
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Pucynok 3.5 — DkcnepruMeHTaIbHBIC JIaHHbBIE A*S ortrocurensro A®S (a) u A®S orHocuTenBHO
8%'S (6) st smeMeHTapHOI cepbl, IPOAYKTa (OTOXMMHYECKHX peakuuii SO,, MONYYCHHON B
skcriepuMenTax ¢ Xe U Hg mcrounukamu uznydenuid. [[is cpaBHeHHs] MpHUBENEHBI apXehcKue
TpeH/bl, 0003HAUEHHbIE MYHKTUPHBIMU JIMHUSIMU C HAKJIOHOM A®SIA®S = 0.9 wm 1.5 un

A%®S/8%'s = 0.9.
O¢ddexkr oT cMmemeHUs MaKCUMyMa HWHTEHCHBHOCTH H3IIyY€HHsI B JUTHHHOBOJHOBYIO
06I1aCTh MPOSIBHIICS M IIPH PACCMOTPEHHH B3aHMOOTHOIICHNUI MesKy BemmunHamu A*°S u §S,
Ha pucyske 3.56 NpHBEICHBI SKCICPUMEHTANBHBIE JaHHBIE O°'S OTHOCHTENBHO A®S,
NOJIy4EeHHBIE B SKCIIepUMeHTax ¢ Xe 1 Hg nctouyHnkamMu U3ydyeHui MpH pa3HbIX MapLualbHbBIX

OCOOCHHOCTH  JTHX JaHHBIX — OTCYTCTBHUC

nasienusx SO,. Haubomee oueBugHas
NPSIMOJIMHENHON (YHKIIMOHAIBHON 3aBHCHUMOCTH, KOTOpas HaOJroJanach MEX1y BeIUYMHAMU

A*S u A®S. Mesxy Tem IpoCIeKHBASTCS TEOMETPHYECKOE TT0100He (pOPM KPHBBIX, KaXKIAsi 13
KOTOPBIX COCAMHSCT JaHHBIE, COOTBETCTBYIOIINE pa3HbIM 3HaueHUsIM pSO;, B dKCIIEPUMEHTAX C
Xe u Hg nammaMu. DTH SKCIIEPUMEHTAIBHO YCTAHOBJIEHHBIE (DaKThl CBUJIETENICTBYIOT, YTO B
nporeccax (orommza SO, M mocienymUX peakuusx (OPMHUPOBAHUS SIEMEHTAPHON Cephl

MMPOSABJIAIOTCA U30TOITHBIC Bq)q)CKTLI, CBA3aHHBIC HC TOJBKO C MCXaHHU3MOM MAaCC-HC3aBUCHUMOI'O

(bpakIMOHUPOBAHMSI M30TOMOB CEpPbl, HO U 3PQEKThI, OTBEYAIOIINE OOBIYHOMY 3aKOHY Macc-

3aBUCUMOTO (DPAKITMOHUPOBAHUS.
(bOTOXHUMHUECKUX

Takum  00pa3oM, paccMOTPEHHBIE

pe3ynbTaTel U3
DKCIICPUMEHTOB C IIPUMEHEHHMEM JBYX THUIIOB HCTOYHMKOB u3JlydeHHs — Xe u Hg namm,

BBIIIIC
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MO3BOJIIIOT HaM MOJIOMTH K BBIBOAY O TOM, YTO OTHOCUTENIBHOE PACIIPEAEICHINE HUHTEHCUBHOCTHU
U3JIYYEHUS 110 CIEKTPY SBISETCA BaXKHBIM (PAKTOPOM, OTMPEACIISIONINM MPOSBICHHE U30TOMHBIX
3 deKTOB M XapaKTep KOPPEIAINUOHHON 3aBUCUMOCTH MEXIy BEIUYHMHAMH A®S u A¥S B
npoaykrax ¢otonuza SO;.

Jlisi TOATBEp KIIEHUS] JTAaHHOTO BBIBOAA HAMH OBLUIM TPOBEACHBI JKCIIEPHUMEHTHI C
NpPUMEHEHHEM JIyrOBOH pPTyTHO-BONb(pamoBoil mammel (/IPB namma), pryTHOH sammbl
cBepxBbicokoro  naBiaenus (CBJl mamma), nelitepumeBori jammbel (D2 jpamma) wm
MeTauiorayioreHubrx  jgamn  tuma MIJI-Na, MIJI-Fe u  MIJI-In. Ilo 3asBieHHBIM
IIPOU3BOJUTENIEM XapaKTEPUCTHKAM, CIIEKTP JEeHTeprueBOl Jamibl U pTyTHBIX Jamn tuna CB/[ u
JIPB xapaktepu3yercsi Oojiee BBICOKOH WMHTEHCHBHOCTBIO M3IyYeHHS B CIIEKTPAIBHOM
unrepBaie 200—250 am no cpaBHenutro ¢ Hg mammnoi tuna JIPJI, ucrnons3yemoil B Hammx
OpeIbIAYIINX 3KCIIEPUMEHTAaX. B cmekTpe MeTalIOrajJOreHHbIX JaMIl MaKCHMallbHas
MHTEHCUBHOCTb IPUXOJIUTCS HA U3JIydyeHue ¢ JuIMHaMu BoJIH 350—400 HMm.

DKCHEpUMEHTBI ¢ ATUMH MCTOYHHMKAMM W3JIy4€HUsI ObUIM IPOBEJCHBI B CPAaBHUTEIILHO
orpaHu4eHHOM JuarnazoHe naBieHuil SO,. IlockonbKy, Kak OBUIO YCTAaHOBJIEHO B HAallUX
TPEBITYINX SKCIEPUMEHTaX, KOd((UIMEHT HAKIOHA H30TOMHBIX TpeHmoB A°S—A¥S me
3aBHCUT OT HapuuanbHOro navieHuss SO;, TO MBI OrpaHUYMINCH B CBOHMX JAJIBHEHIINX
uccnenoBanusx ciydasmu 40 < pSO;, < 80 mOap. BeiOop Takoro uHTEpBaza 00YCIOBIEH ABYMS
OpUYMHAMU: BO-TIEPBBIX, B 3TOM JMala30HE JIaBJICHUN HaOI0Aal0TCs OOJbIINE MO MArHUTYJE
U30TONHBIE SPPEKTHI 5S, A®S u A¥S (om. pUCYHOK 3.4) M, BO-BTOPBIX, IPU MEHBIINX
KoHIEeHTpanusix SO CKOpOCTh (POTOXUMHUECKUX PEAKIUH CPaBHUTEIBHO Malla, YTO TOJIBKO
JIMIIb OCJIOKHSET IMOJIyY€HHUE 3KCIEPUMEHTAIbHBIX 00pa3loB B JIOCTATOYHOM KOJMYECTBE IS
W30TONHBIX AaHAJIM30B, HO HMKAK HE CKa3bIBAeTCS HAa BEJIWYMHE OTHOIIEHUS HW30TOIHBIX
anomaimit A*°S/A%S (em. pHUCYHOK 3.5a).

Pe3ynbTarhl HalMX 3KCHEPUMEHTOB NMPUBEACHBI B Tabaule 3.3 ¥ MpoJAeMOHCTPUPOBAHBI
Ha pucyHke 3.6. Ha ToM ke pucyHke NpeacTaBi€Hbl BHIOOPOYHBIE JaHHBIE W3 MPEABLAYIINX
HKCIEpUMEHTOB ¢ Xe u Hg nammamu, KOTopble UMEIOT OTHOLICHUE K Auana3zoHy AasieHuid pSO;

40—80 mOap.
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Tabmuua 3.3. IlapumansHoe naBieHue SO; M U3OTONHBIE JAaHHBIE JJIS 3JEMEHTApHOW Cephl
(mpoaykt ¢oronusza SO;), MONyYeHHOH B (OTOXUMHUCCKHUX SKCIEPUMEHTAX C Pa3IUYHBIMU
UCTOYHUKAaMU u3imydeHus (A> 200 um).

pSO, | &7S A%S A%S A®S/5¥S | A%s/A%S
HcrouHuk n3nydeHus (M6ap) (%)) (%)) (%))
Meiirepuesast amna 16 1200 6.7 27.0 0.06 -4.03
(D2-namma)
16 120.4 6.7 -26.4 0.06 -3.91
69 128.1 6.6 -25.1 0.05 -3.79
214 127.4 4.7 -26.0 0.04 -5.57
PryThai navna 45 1425 3.8 -13.8 0.03 -3.67
CBEPXBBICOKOTO
nasnenus (CB/l- namma) 75 152.9 4.2 -17.3 0.03 -4.15
Jyrosas pTyTHO-
BoJIb(ppaMoBast lamma 75 157.0 2.4 -8.8 0.02 -3.65
(APB-namma)
MertainnorajloreHsas
JIaMITA ¢ A00aBiaMi1 69 89.8 6.0 57 007 094
WOANAA HATpUs ' ' ' ' '
(MTI'JI-Na jamma)
MeranioranorenHas 310 -8.8 9.5 11.6 -1.07 1.23
Jamna ¢ 100aBKaMu
KeJesa 83 -2.8 13.0 17.9 -4.54 1.37
(MI'JI-Fe namma)
MeranoranoreHHast
JIaMIIa ¢ JoOaBKaMH 83 56.54 4.9 4.3 0.09 0.87
ur st (MIJI-In namma)
25 Jr 20
ga'
20 ;af 10
y=-1.39x | g: v=0.09x
15 3 [0 ——
glo 3 g-m -
&z z
ST 20
0 -30 -
5k -40 -
10 ‘ . . -50 :
50 0 50 100 150 200 -10 0 nlo 20 30
534S (%o) A7S (%)
& XHe-ramma PryTHEIe TaMIED MeTaaToraIoreHesIe TaMIE
A D2aavma & IPI(>200m) ® MIINa
& CBI @ MIJ-Fe
¢ 1IPB @ MITLIn

36
Pucynok 3.6 — DkcniepuMeHTa bHbIe JaHHBIE A™°S OTHOCHTEIHHO A®S (a)m A®S otHOCHTENBHO
4 o o
8%s (6) mas smeMeHTapHOW Cepbl, TOJYYeHHOW B B (DOTOXMMHUYECKHX OJKCIEPUMEHTaX C
pa3IMYHBIMH UCTOYHUKAMHU u3itydeHus (A> 200 um).
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PacCMOTpPMM BHAYale COOTHONIGHHE H30TONMHBIX amHomammii A®S u A®S B
AKCIEPUMEHTAxX C pa3HbIMU MUCTOUYHUKAMM U3IydeHHs. M3 pucyHka 3.6a BUIHO, YTO U30TOIHbBIE
NAHHEIE A®S u A%S us3 skcnepumerToB ¢ D2, CBJ] u JIPB mamnamu siernu BA0OJIb H30TOITHOTO
TPEHJIa C HaKJIOHOM A®SIA®S = -3.78, KOTOPBIA ObUI MOJy4eH paHee B AKCIIEPUMEHTax ¢ Xe
namnoi. M30TonHbIe 1aHHBIE U3 SKCIEPUMEHTOB C METAJUIOTAJIOTEHHBIMHU JIaMIIAMM JIETJIN BbIILIE
muann  msotomHoro Tpenma APS/A®S = —1.69, monyuenHolt HamMEm B IpeIBLIYIIMX
skcnepumenTax ¢ Hg (JAPJI) mammoii. Ha rpaduke MM COOTBETCTBYIOT JMHHH C HAKJIOHOM
A®SIAPS = —0.94 1 A*S/A®S =1.32.

JlaHHbIE TIPOBEJEHHBIX JKCIIEPUMEHTOB JAIOT JIOMOJHUTEIBHOE IMOATBEPKIACHUE
CAENaHHOMY BBILLIE BBIBOJY, 4YTO XapaKTep KOPPEISLIUOHHON CBSI3U MEXIY H30TOIMHBIMU
anomammsmu A®S u A®S saBueut or  pacmpenclieHHS WHTCHCHBHOCTH U3Ty4eHHUsS B
CHEKTpaJIbHBIX JuanazoHax. JleHCTBUTENbHO, HaMH OOHApYXEHO, YTO HAKJIOH H30TOMHBIX
tpennoB A®S—A*S MemHsercs B COOTBETCTBHM ¢ 0COBCHHOCTSIMH CIIEKTPAIBHBIX XaPAKTEPHCTHK
U3ITyYEHHUS: CMEUICHHME WHTEHCUBHOCTU M3JIYYEHHs] B CTOPOHY JUIMHHBIX BOJIH HAaXOJIUT
OTpaXKEHHE B IOCJIEIOBATEIbHOM HW3MEHEHUU HAaKJIOHAa JIMHUM HM30TOMHBIX TPEHIOB OT
OTPHLATEIBHBIX K IOIOKHTEIbHBIM 3HaueHusaM A*°S/A®S. Heo6X0amMo Takxke OTMETHTD, Y4TO B
3aBUCUMOCTM OT COOTHOILIEHHS MHTEHCUBHOCTH M3JIyYE€HHS B CIEKTPAIbHBIX JMaIla30Hax
200—220 uM, 250330 M u 350—400 HM A7 MCTOYHMKOB H3JIyYEHHUS, HUCIIOJIb30BAHHBIX B
JAHHBIX SKCIEpPUMEHTaxX (CM. PUCYHOK 3.3), 3KCIEpUMEHTAlbHbIE TPEH]IbI A*S-A®S 6o
BOCIIPOM3BOAT M30TOIHBIE TPEH Ibl, HAOI01aeMble B apXEeUCKUX MOPOAax, JM00 OTKIOHSIIOTCS
OT HUX (PUCYHOK 3.6a).

PaccmoTpuM Temnepb SKCIIEPUMEHTAIBLHO BBISIBICHHBIE KOPPENSLIMOHHBIE CBSI3U MEXKIY
pemmunHamu A*S n §%S. Us pucyHKa 3.60 BUAHO, YTO CIEKTPAJIbHBIA COCTaB H3ITyYCHHS
OKa3BIBACT BIMSHIE KaK HA MPOSBICHKE H30TOMHBIX sddexro A®S, tak n Ha §3'S, Ho B OueHB
pa3HOil cTeneHu. BennunHbl 53 JEMOHCTPHUPYIOT Topa3fo OoNbIIMI AMana3oH Bapuanuii (0T
—9%o0 10 170%0), 4eM BEeTUYHHBI U30TOMHBIX AaHOMAJTHIA A%S (0T 3%0 10 15%o0).

B pesyibTaTe SKCIEPHMEHTOB YCTAHOBICHO, YTO JMAMNA30HBI BAPUAIMil BETHUHH 09
COIJIACYIOTCSl CO CIEKTPAJIbHBIMU XapaKTEPUCTUKAMHU MPUMEHSIEMbIX HWCTOYHMKOB H3ITyUYECHHS.
[Tpu ¢oronuze SO, ¢ UCHONB30BAHUEM HCTOYHMKOB M3IYYEHHUS, Y KOTOPBIX Pa3HHULA MEXKIY
WHTEHCHUBHOCTBIO M3J1y4eHUs B uHTepBanax JUIMH BoiaH 200—220 um 1 250—330 HM cocTaBiser
He Oosiee oxHOTO Mopsinka (Xe u D2 nmammbl), BETHUHUHBI 8%'S nexar B o6nacTH 3HaveHHil OT
~110%o0 10 120%o (pucynok 3.66). Co cMelieHneM UHTEHCUBHOCTH U3ITy4eHHs B CHIEKTPAJIbHBIN
untepBasl  250—330 M (prytHble nammnsl tuna JPJI, CB u IPB), 3HaueHus BenuuuH 8%s
BO3pACTAOT W HaxomsaTcs B auamnazoHe ot ~140%o mo 170%0. Hanbonee HU3KKME BETUYHHBI 5%s

(< 80%0) BMIOTH 10 OTpUIATENbHBIX 3HaueHUM (—8.8%o) mpuHAIIE)aT rpynne UCTOYHUKOB,
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TEeHEPUPYIOIUX HW3IyYeHUe, TJIABHBIM 00pa3oMm, B uHTepBasie anuH BoimH 350—400 vHM —
MeTajutoranorenssie ammsl Tra MIJI-Na, MI'JI-In u MI'JI-Fe (pucynok 3.60).

CrnexTpasibHble XapaKTEPUCTUKU HM3JIy4EHMsI CKa3bIBAIOTCSl HAa BEIMYMHE yIJla HaKJIOHA
H30TOMHBIX TPEHIOB A*S/8%S rnaBHbIM 00pazoM uepe3 M3MEHEHUE BEIUYMHBI 8%S, Tak xax
Bapraiyy BenudnH AS, B 1eoM, IPeHeGPEKIMO Maslbl [0 CPABHEHMIO C BAapHALMAME &S,
HMeHHO 3TUM 00BSICHSIETCS TOT (PAKT, YTO U3OTOMHBIE TPEH/IBI UMEIOT MOYTH OAMHAKOBBIC YIIIbI
HAKJIOHA (Pa3HMIly MOXHO OGHAPYKHTb TONBKO BO BTOPOM 3Hake mocie sarmsroil: APS/5%S
paBubl 0.02, 0.06 wiam 0.09) B ciayyae, ecnu 3HAYCHUS 8%S nocrarouHo BenmKH (> 50%0). C
PUGIIKEHIEM 8°'S K Hy/IeBbIM 3HAYCHHSM YBEIMUMBACTCS Yrojl HAKIOHA TpeHIoB. IlosTomy
OonpIIMe pa3auyusl B NOBEJCHHM H30TOMHBIX TPEHIOB, HAOJOJacMble B JKCIIEPUMEHTaX C
METaJUIOTraJIOT€HHOBBIMU JIAMITAMHU, SIBJIETCS Pe3yJbTaToOM JEHCTBHS M30TONHBIX 3()(EKToB 1Mo
MEXaHU3My Macc-3aBHCUMOro (hpakIMOHUPOBAHMS H30TOINOB, BEIMYMHA KOTOPBIX 3aBHCUT OT
XapakTepa MPOMEXKYTOYHBIX CTYMEHEH XWMHUYECKUX pEaKUWi, BOBICKAIOMIMX MPOIYKTHI
¢doronmuza SO, ¥ KOHTPOIMPYIOMIUX CKOPOCTh 00Pa30BaHUS JIEMEHTAPHOW Cepbl — KOHEYHOTO
CTaOMIIBHOTO POAYKTa TpaHchopMaluu cepbl B HOTOXMMUYECKUX MPOLIECCAX.

Taxum 06pa3zom, MPOBEACHHBIE IKCIEPUMEHTHI C Pa3IMYHBIMU UCTOUHUKAMH CIUIOIIHOTO
n3nydeHus: B Y@ o0nacTu creKkTpa T0Ka3bIBalOT, YTO XapaKTep KOPPEISLUOHHBIX 3aBUCHMOCTEN
A*®*S-A%S u A®S-8*'S B mpoaykrax doroxummdeckux peakimii SO; OMPEIeIseTcs He TOIBKO
CHEKTPAIbHBIM COCTAaBOM H3JTyYeHMs, HO U OTHOCHUTEJIbHBIM CHEKTPaJIbHBIM paclpe/ieleHueM
WHTCHCUBHOCTH W3JIydeHUs. BBIABICHBI 00IIME TEHICHIIMHA B IMOBEICHUN M30TOIHBIX TPEHIOB:
IpU TIOCIIEOBATEIFHOM CMEIICHWHW WHTEHCHBHOCTH H3JIyUEHHs] B CTOPOHY JJIMHHBIX BOJH
YIIIOBOH K0d((UIMEHT MEHsIeT CBOW 3HAK, TaK YTO JMHHM M30TOMHBIX TperaoB A®S-A®S u
A%s-5%S JEMOHCTPHUPYIOT IIOBOPOT BOKPYT Hayaiaa KOOPJAWHAT IPOTUB YaCOBOM CTPENIKU. YTOII
HAaKJIOHa H30TOMHBIX TPEHJOB OTPAKaeT OTHOCUTEIbHOE CIEKTPaJbHOE paclpeseieHue
MHTEHCUBHOCTH M3JIy4eHMs B MHTepBasax AiauH BoaH 200—220 uMm, 250—330 am u 350—400 HM.

Crnemyer OTMETHTH em€ pa3, YTO H3JIOKEHHbIE 3aKOHOMEPHOCTH CIIPABEIIMBBI 10
OTHOWIECHUIO K M30TOMHBIM 3 dekram mpu dortonmse SO, mon BO3AEHCTBHEM H3ITyYSHHS C
JuinHaM# BoJH A > 200 HM. YcTaHOBIIEHHBIE 3aKOHOMEPHOCTHU JIAlOT BO3MOXHOCTH MpeacKa3aTh
CHEKTPAIbHbIE XapaKTEePUCTUKH H3IY4YeHUs, NPU KOTOPHIX HAKJIOHBI 3KCIEPHUMEHTAIBHBIX
msororHbix TpernoB APS/A®S wmm A*S/6*'S Gynyr coBmamate ¢ HakioHaMM apXeHCKHX
TpenaoB. Takoe coBnajgeHue (pUcyHOK 3.6), O4YEBUIHO, TPOUCXOAUT KaK AJIs ASGS/A33S, TaK U
wist A®S/8*S oTHOmEHNMH, HO He B OJMHAKOBEIX, 4 B PAasHBIX CIICKTPAIBHBIX YCIOBHSX.
Bocnpoussectu cpaszy u £*°S/a®s u APs/5%s apXeiCKUe OTHOUIEHMsI B DKCIIEPUMEHTE IIPU

OIHHUX M TEX XKE YCIOBHAX OKa3aJlOCbhb HEBO3MOXHBIM. DT0 00CTOATEIBECTBO OCIA0JIIET
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YBEPEHHOCTh B TOM, YTO M30TOIHBIE AHOMAUU CEPbl B apXEWCKUX MOpOJaX SBISIOTCA
cieacTBueM ¢poroxumMuueckux peakiuii SOy, MHUIUHPYEMBIX BO3ACHCTBHEM W3IIyYCHHS C
JuInHaMu BOJH A > 200 HM, ¥ Ja€T OCHOBAHME WCKaTh INPHYMHBI BO3HMKHOBEHMs Macc-
HE3aBUCUMOT0 (hpakIMOHUPOBAHUS M30TOINOB CEPbl B apXEWCKUX MOpoJax IyTEM IepecMoTpa
npunstoro nocrynaara [Whitehill, Ono, 2012; Ono et al., 2013] o npeneOpexumMo Majioi posu
KOPOTKOBOJIHOBOTO M3imydeHus (A < 200 um) s poroxumuueckux peakuuii SO, B apXxencKoit
atMocdepe.

BnusiHue KOpOTKOBOJIIHOBOTO H3Iy4eHHs ObUIO OOHApy:KEHO HaMH B 3KCIIEPUMEHTaX,
IPEIIPUHSTHIX C ITOJIHBIM U OOpE3aHHBIM CIIEKTPOM H3IydeHus! pTyTHOMU samibl JIPJI. Paznuna
B OKCIIEPUMEHTAaX COCTOsUIa TOJBKO B TOM, YTO B DKCHEPUMEHTaX C OOpE3aHHBIM CIIEKTPOM
BO3JICIICTBHE KOPOTKOBOJMHOBOro (A< 200 ©HM) wu3mydeHus Ha Mojekyiasl SO; ObLIO
IPEJOTBPALICHO (CM. OMCAHUE SKCIIEPUMEHTAIBHON YCTAaHOBKH), @ B 9KCIIEPUMEHTAX C IOJIHBIM
CHEKTPOM — HANPOTHUB, JOCTYIMHO. MBI HanuIM, 4TO 3PPEKT OT BO3ACUCTBUS KOPOTKOBOIHOBOTO
W3JTY4CHHs TPOSIBUIICS B CICAYIOMeM. BO-TIepBBIX, BENMUMHA 8°'S CMECTHIACH B CTOPOHY
OTPHLIATENIbHBIX 3HAUY€HUH BIUIOTH 10 — 155%o. Bo-BTOpBIX, MarHuTy1a U30TOMHBIX aHOMAIUN
A®S BrIpocia Gostee YeM Ha MOPSIOK M COCTaBHIa 235%o. Beé 9T0 OTasMiIocs i Ha XapakTepe
KOPPEJALMOHHBIX 3aBUCHMOCTEH A®S-§%S. Ecnu HAKIOH IMHHM W30TOIHBIX TPEH/IOB,
accouuupyromuxcs ¢ poronmuzom SO; B cnekTpaibHOi obOnactu A > 200 HM, UMeN 3HauYEHUE
£*S/5*S = 0.09, 10 B IIPUCYTCTBUM KOPOTKOBOJIHOBOT'O M3IyYEHHS! HAKJIOH U30TOITHOIO TPEHJA
pPE3KO TOMEHSUICS M TPHUHSUT 3HAYCHUE A*3S/8%'S = —1.7. VcTaHOBIICHHBIE OCOGEHHOCTH B
MOBEJICHUH HM30TOMHBIX J(PQEKTOB, MO CYIECTBY, HE NPOTHBOpEYAT TEM, YTO HAOIIOJAIN
®apkya ¢ COTpyAHMKAaMHU B CBOHUX OJKCIEPHUMEHTax C pe3oHaHCHOM Hg nammoil HHU3KOro
nasnenus [Farquhar et al., 2001]. DTu aBTOpHI COOOIIMIN JaHHBIC §%S = —288.0%0, A>S =
500.6%0 u A*S/6*'S = —1.7 ams oneMeHTapHOW Cepbl, MONYYCHHOH B SKCIIEPUMEHTE II0
¢doromuzy SO,. M xora B skcnepumentax @Papkya Obiia ucnonb3oBaHa Hg mamma ¢
PE30HAHCHBIM M3JIydeHHEM Ha JUTMHE BoJHbI 184.9 HM, a B Hamux skcnepuMenTax — Hg namma c
HETIPEPHIBHBIM CHEKTPOM, XapaKTep H30TONHBIX 3(P(EKTOB MO CBOEH CyTH HE W3MEHHJICS:
BENMUMHBl 8°'S HAXOMSTCS B OOJACTH OTPHIATEIBHBIX 3HAYCHWH, MATHHTYIA HM30TOMHBIX
AHOMAJTHii MMEeT 3HAYCHHWs, NPEBBIIANIAE COTHH TPOMIIb, U oTHomenune APS/6*'S pasno
—1.7. D10 3HAYUT, YTO MPOAYLHPOBAHHE H30TOMHBIX A(P(EKTOB B HAIIUX HKCIEPUMEHTaX C
nosHbIM cnektpoM J[PJI snammbl 00ycioBieHo, TiaBHBIM 00pa3oM, MpolLeccaMy JIMCCOLMALUN
SO, nox Bo3elcTBHEM KOPOTKOBOJIHOBOTO M3JIy4€HUs C AIUHOU BOJHBI 184.9 HM. D10 TpyaHO
ObUIO IIPEBUIETH 3apaHee, TaKk Kak HanOoJiee MHTEHCUBHOE U3ITydeHHE, TeHepUpyeMoe JTaMIIoi

JPJI, nmpuxonautcst Ha CHEKTPaIbHBIN NUANa30H C JIMHAMU BOJIH A>250 HM, HO HUKAaK HE Ha
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creKkTpanbHyo TuHUI0 A=184.9 HM (cM. pucyHOK 3.3a). OOBSCHUTH CTOJIb BBHICOKOE BIIHSIHHE
A=184.9 uM Ha u30TONHBIE HPPEKTH B HAIIUX IKCIEPUMEHTAX MOXKHO 3a c4ET 3(pdexkTuBHOCTH
poLeccoB Auccoruanuu Mosiekyn SOz moj BO3IEHCTBUEM KOPOTKOBOJIHOBOTO H3JIyYEHHUSI.
KBanToBeiii BeIx0A ¢otomucconuanuu SO, paBeH €IWHUIIEC NMPU BO3ICHCTBUH HM3IyYEHUS C
nmuHaMu BonH A < 205 mm [Okazaki et al., 1997]. To ecTh Kax/Iplii aKkT B3aUMOJCHCTBUS
m3nydeHuss A < 205 HM C MOJEKYJIOH HMMEEeT pe3ydbTaTOM pachaja dTOH MOJEKyIbl Ha €&
(dbparMeHTsl, B TO BpeMsl KaK IPH B3aUMOJICHCTBUU ¢ U3rydeHueM A > 205 monekymna SO, MOXKeT
anb0 JTMCCOLMUPOBATh, JIMOO BEPHYTHCS B OCHOBHOE COCTOSIHHE, COpPOCHUB BO30YXKJIECHHUE.
CrnenoBarenbHO, BbICOKas 3()(PEKTUBHOCTD NPOTEKAHUS (POTOXMMHUYECKUX PEAKIUH MOoJ
BO3/ICCTBHEM KOPOTKOBOJHOBOTO M3ITY4EHHUs OOYCIIaBIMBACT MPOSBICHUE COOTBETCTBYIOIIMX
H30TONHBIX A(HPEKTOB.

Takum o0Opa3om, MpoOBEAECHHBIE 3KCIEPUMEHTHI ¢ pTyTHOW nammoi JIPJI y6eautensHO
JIOKa3aJii, YTO COOTHOIICHUSI MEKAY M30TOIMHBIMU PPEKTaMU 3aBUCAT OT TOTO, JOCTYITHO WJIH
HEeT wu3iydeHue ¢ amuHamu BoiaH < 200 um s ¢poronmsa SO, [MrHatees u ap., 2019]. bosee
JeTallbHble HCCIeA0BaHUA (PPaKIMOHUPOBAHUS H30TONMOB B mpoleccax (otommsa SO, ¢

y4acTUeM KOPOTKOBOJIHOBOTO M3Ty4eHHs 00CYXIaeTcst B paszene 3.2 JTaHHOW TJIaBbI.
3.1.2.3. 3aBUCHMMOCTD OT TEMIEPATYPbI

B Tekymem paszene paccMOTPEHO BIMSHHME TEMIIEpaTypHOro (pakTopa Ha HM30TOIHBIE
s ¢extsl. Ha pucynke 3.7 noka3aHbl JUHUM U30TOMHBIX TPEHOB, alllIPOKCUMHUPYIOIIUE JaHHbBIE
U3 DKCIIEPUMEHTOB C TOJHBIM U oOpe3aHHbIM crnektpoM (A>200 nuwm) JIPJI nammsl
OKCcIepUMEeHTBl MPOBEAEHBI MPU MOCTOSIHHOM naBieHun pSO,=1013 mOap B TemmepaTypHOM
nuanaszoHe 7—200°C. [laHHble U3 3THX 3KCIIEPUMEHTOB CyMMHUpPOBaHbI B Tabnuie 3.4.
OkcniepumeHTHl 110 QoTonu3y SO, ¢ momuaeM cniektpoMm JIPJI mammer (pucyHOK 3.7) BBISIBHIIH,
YTO C YBEJIMYEHHEM TEMIEepaTypbl MarHMTyAa H30TONHBIX 3((EKTOB yMeHbIIaeTcs ~ OT
~155.4%0 10 —33.3%0 u oT 234.4%0 10 46.8%0 wis 6°*S u A*S, cooTBeTCTBEHHO. [Ipu sTom
BenupHa oTHOmeHHst A*S/6%*'S He MeHser cBOoero 3HauGHHS BO BCEM TEMIIEPAaTYPHOM
auanasoHe. [[pyrumu cioBamM, HAKJIOH M30TOIHOIO TPEHJA HE 3aBUCUT OT TEMIIEPATypHOIO

daxTopa.
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Tabmuua 3.4. M3oTomHble MaHHBIE A OOpa3lOB AJIEMEHTApPHOH cepbl Sg, MOJIYYEHHBIX B

(OTOXMMHUECKUX 3KCIIEPUMEHTaX ¢ OOpEe3aHHBIM M TMOJHBIM CHEKTpOM u3iydeHus Hg mamribr

tuna JIPJI. DkcriepuMeHTbI IPOBEJAEHBI IIPH PA3HON TEMIIEpaType U OJUHAKOBOM MaplUalbHOM

nasinenun SO, ~ 1013 mbap. M3oTornHbIe OTHOIIGHUS CEPBl B Sg MPEACTABICHB OTHOCUTEIBLHO
U30TOIHBIX OTHOMICHHI B HCX0MHOM Taze SO, [mo Uruatees u ap., 2019 ¢ momonHeHusMu].

OOpe3anHsblii criekTp n3nydennss Hg mammer tuna JIPJI

Ilonuelii ciektp usnydenus Hg mamnel tuna J{PJI

(A > 200 ™M) (A > 180 u™m)

T 3% A®S T 3%'s A%S
O (%o) (%0) O (%o0) (%o)

7 102.4 —4.63 20 —155.4 234.39
7 95.6 —4.89 20 —145.4 232.76
7 96.9 -471 60 —86.7 122.12
10 95.7 -4.83 110 —46.3 53.80
10 76.8 —4.29 110 —46.2 54.08
10 76.6 —4.25 110 — 46.4 54.06
15 747 —4.25 120 — 437 47.19
25 67.5 —-4.28 120 -433 47.12
30 63.6 -3.38 130 -337 46.85
30 63.9 -3.40 130 -333 46.78
30 67.2 -3.34 130 -36.2 53.69
30 65.7 -4.18 130 -36.4 53.68
35 63.5 -3.97 130 -36.3 53.41
35 63.2 -3.84

45 50.8 -3.11

50 47.7 -2.30

50 47.2 —2.27

75 28.6 -1.34

75 30.6 -1.36

100 16.1 -0.76

150 3.0 -0.23

150 3.2 -0.21

150 8.1 -0.48

200 -3.0 0.20
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Pucynok 3.7 — I'paduKy IEMOHCTPHPYIOT M3MEHeHHe 3HadeHmii 6°S u A*S B mpomykre
doroxumMHUecKoil peakuuu Sg (dIIEMEHTapHas cepa) B 3aBHCUMOCTH OT TEMIEpaTypsl B
dKCHepuMeHTax 1o ¢goronusy SOz Mo BO3ACUCTBUEM IOJHOTO CHEKTPAIbHOTO M3imydeHus Hg
namnsl Tuna JIPJI (rpadux cneBa) u obOpeszanHoro (rpadux cmnpasa) cnektpa JAPJI nmammsl.
Janublie u3 Tabmuipl 4. Pucynok moauduiposas u3 padots! [Mruatees u ap., 2019].

AHaJIOTUYHOE TIOBEJEHHE H30TONHBIX 3(P(PEKTOB OOHAPYKEHO B HKCIEPUMEHTAX C
oOpe3anHplM  criektpoM  JIPJI  jlammbl:  yBenMYeHHE — TeMIEpPaTypbl  COIPOBOXKIAETCS
YMEHBIIICHHEM MarHuTYIsl 6°°S u A*S or 102.4% m0 —3.0% u or —4.6% 10 0.2%o,
COOTBETCTBEHHO. JlaHHBIC ANIPOKCHMUPYIOTCS TPsMOil JHueH ¢ HaktonoM APS/ §%4S = —0.05
(pucynok 3.7). To ecTh HAaKJIOH M30TOITHOTO TPEHIA HE U3MCHSETCS C TEMIIEpaTypoi, Kak U B
OpEeIbLAYIINX HAIIUX SKCIIEPUMEHTAaX.

OOm1ast TeHEHIMS Ha TIOHM)KEHUE M30TOIMHBIX 3((HEKTOB ¢ yBEIMUEHHEM TEMIIEpaTyphl
MOYKET CIYXXHTb MPU3HAKOM €IMHOTO MEXaHU3Ma, 110 KOTOPOMY IPOUCXOUT MacC-HE3aBUCUMOE
(GpakMOHUPOBAHUE HW30TOTOB B JIKCIIEPUMEHTAX C TOJHBIM U oOpe3aHHbIM criektpoM JIPJI
JIaMIIBI, @ IMEHHO TI0 MeXaHu3My camoskpanupoanus [Lyons, 2007; Ono et al., 2013; Lyons et
al.,, 2018]. B atom cnyvae yMeHBIICHHE aMIUIUTYbl U30TOMHON aHOMAITHH A®S obbsicHsIeTCS
BIIUSTHUEM TEMIIEPATyphl HAa CIEKTpP MOTJIOMICHHUS W30TOTOJIOTOB 32802, 33SOg, 34SOg 51 36802.
[ToBblIeHNEe TeMIepaTypbl BBI3BIBAET YIIMPEHUE II0JIOC TOTJIOLIEHUS, NPHHAIEKALUX
usorononoram S0, #30,, #S0, u *S0, (cm. pucyHok 1.11, rmaBa 1), 4ro mpuBOAMT K
HUBEIMPOBAHHUIO CIIEKTPAJIHHBIX CABUTOB MEXKIY STHMH H30TOIMOJOTaMH M, KaK CIEICTBUE, K
YMEHBIICHUI0O MarHUTYAbl M30TOITHOM aHOMAJHH, BIUIOTH JIO IOJHOTO €€ MCYe3HOBeHHs. YTo
KACAETCH BENMUMH &°'S, TO yMEHBIICHHE HX 3HAYCHHH C POCTOM TEMIIEPATYDHI BIIOTHE
0’KH/IaEMO M TIOJUUHSAETCS OOBIYHOMY 3aKOHY Macc-3aBUCUMOTO (paKIIMOHUPOBAHUS W30TOIOB,
B COOTBETCTBHUM C KOTOPBIM KO3(PPUIMEHT (QpaKIHOHUPOBAHUS HAXOAUTCA B OOpaTHOU

3aBUCUMOCTH OT TEMIIEpPaTypHI.



101

O HaIMYMM TCHACHIMM K CHIDKCHHIO m30TomHbIX s(dekroB 8'S u A®S ¢ pocrom
TEMIEPATypbl CBUJIETEIBCTBYIOT TaK >K€ 3KCIEPUMEHTAIbHBIC JaHHbIC, OMyOJIMKOBaHHBIE B
pabore [Whitehill et al., 2015]. B skcnepumenTax mo ¢oronau3y SO, B KauyecTBE MCTOYHHKA
u3NydyeHus: Obula TpHMEHeHa Xe Jamma. TemmepaTypHas 3aBUCUMOCTH HCCIIEIOBaHA B
nuarnazone or —48°C mo 2°C mpu o0mieM JaBjieHUW B peaknuoHHoOW cucteme 1013 mOap u
napuuagbHoM faBiaeHuu pSOz = 1 MO6ap. DTu aBTOPHI HALIUIM, YTO C YBEITMYCHUEM TEMIIEPATypPhbl
MarHuTyAa U30TONMHBIX 3PdexToB ymenbmanach oT 191%o 10 129%o0 u o1 9.1%0 10 5.5%0 mns
8%S u A®S, coorsercrBenHo. OjHAKO, OTHONIGHHE MEXIY H30TONHBIMU d(eKTamu
£**S/6%*S=0.04 ocraBanoch IPAKTHYECKH HEH3MEHHBIM BO BCEM TEMIICPATYPHOM IHAIA30HE.
DTO yKa3blBae€T Ha OTCYTCTBHE TEMIEPATypHON 3aBUCHMOCTH yrja HAKJIOHA HW30TOIHBIX
TPEHJIOB, KaK U B HAIIIUX SKCIIEPUMEHTAX.

Takum 00pa3om, 3KCIEpUMEHTANIbHBIN (aKT — OTCYTCTBUE 3aBHCUMOCTH H30TOIHBIX
orHourennit A**S/8%'S or TemmepaTypbl — yCTAHOBICHHBIHA [PH HPOBEACHUN (POTOXHMMUUYECKHX
peakiuii SO, B pa3IMUHBIX YCIOBUSX, CBUACTEIBCTBYET O TOM, YTO TeMIIEPaTypPHbBIN (PakTop HE
BIIMSIET HA XapaKTep KOPPESIMOHHBIX B3aUMOCBSI3€H MEKy U30TOMHBIMU 3P PeKTamu.

N3 mnpuBeACHHBIX BBINIE SKCICPUMEHTAIBHBIX WCCICAOBAHUNA MacC-HE3aBUCUMOTO
(GpaKIMOHUPOBAHMSI M30TOMOB cepbl B (OTOXMMHUSCKHX peakmusx SO, MOXKHO clenaTh
clenyrolue o0Iue 3aKkiIoYeHus. 3aKOHOMEPHOCTH (PaKIMOHUPOBAHHS U30TOIMOB CEpbl MPHU
dorommze SO, CBsA3aHBI CO CHEKTPATbHBIMU XapaKTEPUCTHKAMHU HM3JIy4eHUs. B crekTpambHOM
muana3zoHe 200—400 HM OCHOBHBIM (DaKTOpPOM, OMNPEAENAIOIIMM COOTHOLIEHUE MEXITY
M30TONHBIMU  d(pdexrtamMmu, SABISETCSA  OTHOCUTEIBHOE  CIEKTPAIbHOE  paclpenesieHue
WHTEHCUBHOCTH wu3yueHus [MruateeB u mp., 2019]. Tlo mepe yBenuveHHs: WHTEHCHBHOCTH
JUTMHHOBOJIHOBOTO ~ W3mMy4eHus (B oOmactu >250 HM) yroil HakJIOHa HM30TOMHBIX TPEHIOB
A®S/A®S m3mensiercs ¢ OTPULATENIbHBIX 3HAYECHHN Ha TMOJOXUTEIbHbIE, MPU 3TOM YroOJ
HakitoHa A**S/6**S, HampOTHB, NEPEXOMUT W3 IIONOXKUTEIBHOH OONACTH 3HAYCHHUH B
oTtpunatenbHyro. OOHapyXeHHass 3aKOHOMEPHOCTh O0YyCJIOBIIEHA JEWCTBUEM KOHKYPUPYIOIIHUX
nporieccoB oroaucconmanuu U GoroBo30yxaeHus SO, B cnekTpalbHbIX obmactsax 200—220
HM u 250—400 #M, cootBeTcTBeHHO. OmHako, B peakuusx, rae ¢goromus SO, MHUIMUPOBAH
KOPOTKOBOJIHOBEIM Y@ wm3nydenuem (A<200 HM), MOBeIeHUE H30TOMHBIX 3(PPEKTOB IOIKHO

MNOAYUHATHCA UHBIM 3aKOHOMCEPHOCTAM.
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3.2. ®otoam3 SO, neiicTBUEM H3JIy4YeHUsI € JJIMHAMH BOJH A > 184.9 um

B »stom pasmene paccmarpuBarotrcs 3(G(EKT, TPOU3BOAMMBIE KOPOTKOBOJIHOBBIM
usnydeHueM (A<200 HM) Ha QpaKIMOHUPOBAHUE M30TOMOB Ccephl B Mporeccax ¢dorommza SO,.
Kak yxe oTMeuanoch B mpeIblaylieM pa3jelie, aBTOpbl OOJBIIMHCTBA PadOT, HAMPaBICHHBIX Ha
BBISICHEHHME MPUYMH U YCJIOBHM MOSBICHUS M30TOMHBIX aHOMAJIUN CEpbl B apXeMCKUX MOpPOAax,
NPUICPKUBAIOTCS TOW TOUKH 3PEHUS, YTO COTHEYHOE M3IIyueHHe ¢ AmuHaMu BosiH Meree 200 Hm
BPSII JIU UMEII0 OOJIbIIOE 3HaYeHHE s GOTOXUMHU B paHHEl armocdepe 3emie, Tak Kak OHO
MOTJIO CYHIECTBEHHO OCNaOAThCS B apxeickoil atMocdepe n3-3a moriomeHus razamu CHy u
CO; [Lyons, 2007; Whitehill, Ono, 2012]. B cBs3u ¢ >tuM 3()(HEKTHI KOPOTKOBOIHOBOI'O
U3Iy4eHUs] HE M3ydaluch IpU MoJenupoBaHuM ImpoueccoB ¢otonusa SO,. OnHako, Kak
NOKa3aJli Hallld NpPEALICCTBYIOIINE dKCIepuMeHThl [BemuBenkas u ap., 2020], usnydeHue c
mmHaMd BoJH A < 200 HM OKa3bIBaeT 3aMETHOE BIMSHHE Ha XapakTep (PpaKIHMOHUPOBAHUS
M30TOIIOB, AK€ B TOM CIIy4yae, €ClId €ro MHTEHCUBHOCTh Ha MOPSIKU MEHbIIIE 110 OTHOIICHUIO K
WHTEHCUBHOCTU B 0oJiee JUIMHHOBOJIHOBOM 00JacTH u3iaydeHuid. Hamm maHHble 3aCTaBIISIIOT
MEPECMOTPETh CYIIECTBYOMUE B3rsAbI Ha poTtoxumuio SO, B paHHel atMochepe 3emin; HeT
3aMpeToB, MPUHIMMHAILHO HCKModatonmx ¢oronus SO, moa BO3ACHCTBHEM H3IYyYCHHUS W3
KOPOTKOBOJIHOBOM 005acTi. B0O3MOXHOCTH pacmno3HaTh UCTOYHUK H30TOIMHBIX aHOMAaUil B
apXeHCKUX MOpOoJiaX CYIIECTBEHHO PACHIMPSETCS MPU Mepexoae K GOTOXMMUYECKUM PEaAKIUSIM
SO,;, WHUIHMHPYEMBIM KOPOTKOBOJHOBBIM U3JIy4eHHEM. Huke mNpUBOAATCS pPe3yIbTaThl
HKCIIEPUMEHTAIBHOTO MOJICIHPOBaHusl TporieccoB (otonmza SO, B CIEKTpaidbHOH 00JIaCcTH,

BKJTIIOYAIOIIEH KOPOTKOBOJIHOBOE U3Ty4YEHHE.
3.2.1. ®oToXMMHUYECKHE IKCTIEPUMEHTHI
Jns mopenupoBaHus ¢oroxumuueckux peakuuii SO, B OeckuciopoaHoil atmocdepe

ObLIa pa3pa60TaHa " CO3JaHa SKCIICPUMCHTAJIbHAA YCTAHOBKA, CXCMa KOTOpOfI npeaACTaBJICHA Ha

pucynke 3.8.
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Brixox Ha Kamepa
armochepy peaKIMoHHast
Pucynox 3.8 — Cxema »5KCHEepUMEHTAIbHOM MPOTOYHOM YCTAHOBKH, HCIOJIB3YyEeMON st

doroxumuueckux skcrnepumeHToB. TII- TednonoBas mpokianka uzonupyromas; K1 u K2 —
KanuuispHas Tpyoka 1 u 2; P/l — penykTop 1aBiIeHUs Ta30BbIil.

Peaknmonnas xamepa (BHyrpenHuil nuamerp 20 mm um jummHa 10 MM) HM3roToBiieHa U3
TeyiOHAa M YKOMIUIGKTOBaHAa JBYMS ONTHYECKMMH OKHaMu u3 (ropuma marams MgF;
c TpaHuIle mpomyckaHus B BakyymMHoi Y® obnactu g0 160 uM (OOO «DneKTpocTeKioy,
Poccust). Kamepa mmeer nBa mopra ans BBoJa M BbIBoja rasa. lasoBas cmech SOptHe
MOCTOSIHHO TpojyBaeTcsi 4epe3 kamepy. OOmiee naBneHue razoBoi cmecu — 1013 mbap,
NapluyuaJbHOE JIaBJICHHE Ta30BbIX KOMIIOHEHTOB KOHTPOJUPYETCS C IOMOIIbIO PETYKTOPOB
JIABJICHUS] U KaWUIIPHBIX TpyOOoK (pucyHOK 3.8). B (OTOXMMHUECKMX SKCHEPUMEHTAX MBI
VCII0JIb30BAIIH YUCTBIN ras SO, (99.98%, IIPOU3BOIUTEIND OO0 "Yucreie
I"a3b1 [Tmroc", HoBocuOupcek, Poccust) u cBepxuuncTteiit renuit mapku 6.0 (99.9999%).

B KkoHcTpykuMM Kamepbl NMpeaycMOTpeHa BO3MOXKHOCTH OJHOBPEMEHHOI'O OOIydYeHUS
SO, nByMs pa3nUYHBIMH MCTOUYHUKAMH H3JIydyeHHs. Mbl MPUMEHSUIM CIEIYIONIe MCTOYHUKU
m3nydenus: (1) pryrnas namna Huskoro gasieHus (PJIH) momuocTeio 15 BT ¢ nuckperHbiM
u3NydyeHueM Ha januHax BonH 184.9 um u 253.7 um; (2) nazepHas cucrema UP-213, New Wave
Research (mazep YAG:Nd, nyiuHa BosHbl m3nydenus 213 um); (3) Xe namma moriaocthio 150 Bt
C HETPEpPHIBHBIM CHEKTPOM H3JIy4deHMs] Ha JiauHax BojgH A>200 HM. B uccnenoBaHuu ObLIU
TaKXe UCIIOJIb30BaHbl JaHHBIE U3 SIKCIEPUMEHTOB ¢ ArF SKCUMEpHBIM J1a3epOM, TeHEPUPYIOLITHM
uznydeHue Ha JumHe BonHbel 193 wm [Farqubhar et al, 2001]. Ha pucynke 3.9
MPOUJUTIOCTPUPOBAHBl O0JIACTH M3JIYYEHHUs BBIIEYKa3aHHBIX MCTOYHHKOB B CpPaBHEHUH CO

CIIEKTpOM TorJiomeHust MoJjiekyn SO;.
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Pucynok 3.9 — Ha rpaduke conocrasieHsl 001acTi U3Iy4eHUsI HCTOYHUKOB CBETA CO CIIEKTPOM
norsomenus raza SO, (uepHast kpuBas). PTyTHas aMna HU3KOTO JABJICHUS — KPACHBIC JIMHUH
184.9 um u 253.7 um; ArF skcumepssiii j1azep — u€pHasd auaus 193 um; UP nazep — 3enénas
auaus 213 uM; Xe jamma — crutomHas obsacte roayboro msera (A > 200 uHM). PucyHok
moauduirposan u3 padots! [Farquhar et al., 2001].

OnHa cepust DKCIEPUMEHTOB OblIa TpPOBEIEHA C TPUMEHEHHWEM Toibko Hg mamirer
HU3KOTO [aBJIEHUsS, YTOObl YCTAHOBUTh OCOOCHHOCTH B IOBEIEHUM H30TOMHBIX 3(PPEKTOB,
ACCOLIMMPYIOLINXCS ¢ KOPOTKOBOJIHOBBIM M3itydyeHHeM (A < 200 uwm). [lapruanbHoe naBieHue
SO; BapeupoBanu B auamazone 2—1013 mbap. @otonus SO, oCyIIECTBISLIN O] BO3ICHCTBUEM
MIOJTHOTO  CIIEKTPAJIbHOTO W3IyYCHUs] PTYTHOW JIAaMIBl HHU3KOTO JABJIEHUS, TO €CTh IIOA
BO3/JCICTBUEM PE30HAHCHOIO W3Iy4YeHHs Ha JuMHax BoJH 184.9 mm u 253.7 um. Ilpu stom
Ba)XHO 3aMETUTh, YTO B CHJIy OOJIBIIOTO pa3iMyMs CKOpPOCTeH 00OMX IMPOIECCOB (CM. pa3aen
3.1.2.2), BenuurHa U30TONHBIX 3(P(HEKTOB JTOJKHA OJHO3HAYHO OTBEYATh (PPAKIIMOHUPOBAHUIO
U30TONOB B Tmporeccax (oromuza SO, mox BosneiictBueM wusnmydeHus 184.9 HM. D10
HOJATBEPXKJIEHO B JIOMOJIHUTENBHBIX JKCHepuMeHTax ¢ Hg mammoii Hu3Koro namienusi. B
HKCIIEpUMEHTaX ObUIO HCIIOJNIB30BAHO OINTHYECKOE OKHO W3 KBapleBoro crekia mapku KB c
npornyckanreM B Y® obmactu g0 200 am (OO0 «3DnekTpocTekio», Poccus), 4To TO3BOIUIO
nzomupoBath SO, OT BO3JACHCTBHS H3IYYCHUS Ha JJIMHE BOJHBI 184.9 HM W BBIWICHUTH
U30TONHBIN 3¢ (deKT, cBsA3aHHBIA ¢ (HOTOXUMUYECKUMHU peakiusaMu SO,, MHULIMUPOBAHHBIMU
u3nydeHueM 253.7 HM. DKCHepuMEHTalIbHbIE MapaMeTpbl BCEX SKCIEPUMEHTOB M PE3yiIbTaThl

M3MEpEeHNsT M30TOIHOTO COCTaBa cepbl B mpoaykrax (otommsa SO, cyMMHpOBaHBI B TaOmuIle

3.5.
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Tabmuua 3.5. [Tapuuansaoe naBnenue SOz ¥ M30TOMHBIE JaHHbBIE Uil 00Pa3lioB JIEMEHTapHON
cepsl (poaykt ¢otonuza SO,), MOTyUdeHHBIX B (HOTOXUMUYECKUX dKCIIepUMeHTax ¢ Hg mammoii
HU3KOrO0 JaBieHus [o Benusenkas u ap., 2020 ¢ u3MEHEHUAMH].

pSO, (Mbap) 8%S (%o) A®S (%0) A®S (%0) ABS/8%s A®S/ABS
2.1 -325.4 556.05 549.1 -1.71 1.0
3.7 -326.6 563.19 556.4 -1.72 1.0
12 -328.2 566.31 553.4 -1.73 1.0
20 -330.1 566.65 547.1 -1.72 1.0
25 -3275 563.92 548.6 -1.72 1.0
45 -322.2 562.41 535.2 -1.75 1.0
50 -316.8 557.63 525.1 -1.76 0.9
70 -323.1 556.11 528.7 -1.72 1.0
83 -319.8 549.20 521.1 -1.72 0.9
200 -301.9 516.83 4935 171 1.0
1013 -226.0 349.77 334.9 -1.55 1.0

B npyroii cepun 3KCiepuMEHTOB ObUIM 33/1€HCTBOBAaHbl OJHOBpEeMEeHHO Xe jiammna u Hg
nJamra Hu3Koro namieHus (Xe—Hg skcnepumeHTsl). 31€ch Mbl TECTUPOBAIU 3aBUCHMOCTD
m3oTomHbIX ShdexroB 5°'S, A*S u A®S or mnTeHCHBHOCTH M3MydeHHs. B sKcrepHMeHTax
YMEHBIIATM MHTEHCUBHOCTh H3JydeHHs OT HQ saMmbel HU3KOrO JaBI€HMS, OCTaBIIS
HEM3MEHHBIM U3JIydyeHue oT Xe jammsbl. J[s 3Toro nepen pTyTHOHM jJamioil Oblia pacnosoxeHa
mieb, MIMPHUHA KOTOPOH OTpaHWYMBalla M, TEM CaMbIM, KOHTPOJHpPOBAJA IOTOK CBETOBOM
sHEepruu oT HQ mammbl. Y CIoBHs MPOBEIEHUS ITUX YKCIEPUMEHTOB U MOJTyYSHHBIE PE3yIIbTaThl
CyMMHpPOBaHbI B Tabmuiie 3.6.

B 3akmounTenbHOM cepun SKCIEpUMEHTOB OBLIH 3a1eiicTBOBaHbI 0JJHOBpeMeHHO UP-213
nazep u Hg mammna auskoro nasnenus (UP-213-Hg skcniepumenTsl). B 9THX sKkcnepuMeHTax Tak
K€ MEHSJach WHTEHCHBHOCTH H3IIydeHHWss Hg nammbl HU3KOTO JaBICHHS ISl BBISBICHHS
3aKOHOMEPHOCTEH B TOBEIEHUM H30TONHBIX A(dexToB. B Tabmune 3.6 mnpuBeaeHs
HKCIEpUMEHTANIbHbIE TapaMeTpbl U MOJTYUYEHHBIE Pe3yJIbTaThl U3MEPEHUsT M30TOIHOTO COCTaBa

cepsbl B mpoaykrax ¢gorosmsa SO,.
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Tabmuua 3.6. YcmoBust mpoBeaenusi Xe—Hg m UP-213-Hg skcrepuMeHTOB U pe3yJbTaThl

U30TOIHBIX AHAJIU30B B MPOJYyKTax (dyeMeHTapHas cepa) ¢ortonusa SO, [Benuseukas u ap.,

2020].
VcnoBuUs SKCIIEPUMEHTA N30TONHbIC TaHHBIC
SO,
33
?1360:13) ::Z(T)I:iz:h Z/(oe namra :-/:g nammna 5%S () (A%a)S ATS () | ATSTS | ATS/ATS
(Monexymn/cm?)
Xe — Hg sxcnepumenm
1013 2.7E+19 100 100 -247.6 4452 399.1 -1.8 0.9
1013 2.7E+19 100 35 -75.2 171.8 115.2 -2.3 0.7
1013 2.7E+19 100 15 -5.9 103.2 50.6 -17.6 0.5
1013 2.7E+19 100 5 45.5 44.3 -2.6 1.0 -0.1
170 4.6E+18 100 100 -140.9 220.0 189.9 -1.6 0.9
170 4.6E+18 100 100 -141.9 2215 191.0 -1.6 0.9
170 4.6E+18 100 100 -139.2 217.6 187.8 -1.6 0.9
170 4.6E+18 100 35 -44.1 123.5 74.1 -2.8 0.6
170 4.6E+18 100 15 19.4 58.6 6.4 3.0 0.1
170 4.6E+18 100 5 98.8 32.8 -11.8 0.3 -0.4
170 4.6E+18 100 5 100.2 33.0 -12.3 0.3 -0.4
70 1.9E+18 100 10 76.0 75.1 23.6 1.0 0.3
70 1.9E+18 100 5 106.7 37.6 -5.4 0.4 -0.1
70 1.9E+18 100 2 124.2 18.5 -22.1 0.1 -1.2
UP-213 — HQg skcnepumenm
70 1.9E+18 100* 0 870.9 -26.6 -248.9 -0.03 14.7
70 1.9E+18 100* 25 595 68.6 -248.9 0.1 -3.6
70 1.9E+18 100* 55 261 199.3 -36.3 0.8 -0.2

N — komuyecTBO OKCIICPUMCHTOB
G — CTaHAAPTHOC OTKJIOHCHUEC

*_ nannsie s UP-213

B xome BbImonmHeHHs BceX — (OTOXMMHUYECKHX DSKCIIEPUMEHTOB Ha BHYTPEHHHE CTEHKH
PEaKIMOHHON KaMepbl OCAXKIAIMCh 3JeMeHTapHas cepa W okcun cepbl (VI) — KoHeuHbIe
NPOAYKTHl peakiuii, oOpasyrommuecss npu ¢oronuse SO,. Oneparuu 1o cOOpy M OYHCTKE
00pa3IoB AJIEMEHTAPHON Cepbl aHAJIOTMYHBI T€M, YTO OmHMcaHbl B pasaene 3.1.1. M3mepenue
U30TOMHOTO COCTaBa CEpbl B IMOJYYEHHBIX O0Opa3lax MPOU3BEIEHO C MOMOUIbIO JIOKAJIBHOIO

JIa3€pHOro ME€To/Jia, OMMMCAHHOT'O B I'JIaBC 2.
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3.2.2. Bapuauuu BeJTUYHH 634S, A®S u A*®S u B3aumMooTHOMEHUS MeK1y HUMH B

npoayktax ¢oroansa SO, aeiicrBuem uzjydenus A = 185 um
3.2.2.1. 3aBHCHMMOCTD OT MApUHUAJILHOrO AaBjaeHus SO;

B namux uccienoBaHUsAX yxe OBbLIO MPOAEMOHCTPUPOBAHO, YTO BEIIMYMHA WU30TOIMHBIX
a3 dexroB 8%s, A®S u A¥s, acconuupyromuxcs ¢ (oroxumudeckumu peakusmu SO, B
CrieKTpaiabHOM obsactu A > 200 HM, 3aBUCUT OT mapiuanbHoro AaBiaeHus SO, B cucreme (CM.
paznen 3.1.2.1). [IposiBieHue Takoit 0COOEHHOCTH HE OIPAaHUYUBAETCS TOJIBKO JJTMHHOBOJIHOBOM
obmacteio m3nmydeHuid (A > 200 HM). MBI HaUIM, YTO 3aBHCHUMOCTH M30TOMHBIX 3(()EKTOB OT
napuuaibHoro nasieHus: SO, MposIBICHA U TP TIEPEX0JIe B CIEKTPAIbHYI0 001acTh A < 200 HM.
Ha pucynke 3.10 npejicraBieHbl U30TOIHBIC JaHHBIC M3 SKCIIEPUMEHTOB ¢ HQ laMnoll HU3KOTO
JABJICHHUS B 3aBUCUMOCTH OT mapuuaibHoro namieHus SO, (pSO;). Kak BuaHO M3 pHCyHKA, C
YBEJIMUEHUEM TTapluaibHOro naBieHuss SO, MarHUTy1a U30TOMHBIX 3D PEeKTOB 5%, A®S u A¥S
yMeHbIIaercsi. Takoe TOBENCHHE HE NPOTHBOPEYHMT IMPEICTABICHUIO O MPOAYIUPOBAHUU
U30TOMHBIX 3()(HEKTOB MO MexaHuU3My camodKpanupoBanus [Lyons, 2007; Ono et al., 2013;
Lyons et al., 2018] u o0OBscHSACTCS YIIUPEHHUEM CIEKTPAIbHBIX TOJOC TMOTJIOMCHHS JUIs
A30TOIIOJIOr0OB 32802, 33802, 34802 u 36802 (cm. pucynok 1.11, rnasa 1).

Crnenyroliee COMOCTaBI€HNE U30TOMHBIX JAHHBIX U3 dKCTIEpUMEHTOB 1o (oTtomuzy SO, B
KOPOTKOBOJIHOBO# obOmact A < 200 um (HQ mgamMma Hu3KOro aaBieHus, pucyHok 3.10) u
JUTMHHOBOJIHOBOM oOyactu A > 200 am (Xe namma, pucyHOK 3.4) MOKa3bIBaeT, YTO OOIIEi
TEHACHIIMCH I W30TONMHBIX 3()(PEKTOB B ITHX JBYX CHEKTPAIBHBIX OOJACTAX SIBJISCTCS
MOHIDKEHUE MX MAarHUTYbl C TOBBIIIEHHEM MapiuanbHoro aasineHuss SO;. OmHako UMeETCs
TaK)Ke CyIIEeCTBEeHHbIE pa3nuuusi. HecpaBHEeHHO OONBIINIT M30TONMHBIN ¢ deKT HabI01aeTCs Ipu
dorommse SO, B criekrpanbHON o6mactu A < 200 HM. MarHuTy1a H30TONHBIX aHoManuii A*S u
A*S nocruraer 3HadeHuit okoao 550%o, MPOTHUB A®BS = 8%o u A®*S =~ —27% B CIIEKTPATTbHOMN
obmactu A > 200 um. s nponykToB Qoroxumuyeckux peakiuii SO B KOPOTKOBOJIHOBOM
o0nacTu U3MyYeHHU XapaKTepHO 00eIHEHHE U30TOIOM S orHOCHTEIBHO HCX0QHOTO SO, (6348
~ —330%o0), HO — o0oraieHue (6348 =~ 117%0) B 60nee nmuHHOBOIHOBOU (A > 200 HM) obsnacTu

W3JTyYEHHUM.
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Pucynok 3.10 — Pe3ynbpTaThl sKcriepuMeHTOB 1o (oronnzy SOz ¢ pTyTHOW JamMmod HU3KOTO
naBieHus. I'papuku (a-B) MOKa3bpIBalOT M3MEHEHHE HM30TOIMHOIO COCTaBa 8%S u aAMIUTUTY/bI
anomamnii A®S u A¥S npoaykre Qotonmsa s° (omemeHTapHas cepa) B 3aBHCHUMOCTH OT
napuuansHoro aasiaeHus SO,. Jlanuele u3 Tadbmuibl 3.5. Pucynok MmoaunduuupoBad u3 padboThl
[Benusenkas u np., 2020].
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XapakTepHble OCOOEHHOCTH U pPa3IM4Msl TNPOSIBICHUH HM30TOMHBIX 3((EeKTOB mpu
doronmmze SO, B pa3HBIX CIMEKTPAIBHBIX O0JIACTSIX HE MOTYT OBITh OOBSCHEHBI C TOYKH 3PCHHUS
JEHCTBUS MEXaHU3Ma ONTHYECKOI0 CaMOIKpaHUPOBaHUs n30TononoroB SO,. 910, ckopee Beero,
CBS3aHO CO CHEeUU(PUUECKUMU KBAHTOBOMEXaHUYECKHUMH (P (eKTamMu, KOTOpbIE MPOSBISIIOTCS
IpU pa3pblBe XUMHUYECKUX CBs3eld Mosekynbl SO; 1Mo MexaHu3My HpsSMOi aucconuanvu (B
ciyqae (otommza SO, nelictBueM wusnydeHus A<205 HM) wWiH Yepe3 MPOMEKYTOUHOE
MIPEIIUCCOIMAaTUBHOE cocTosiHue (B cimydae (oronmusa SO, nerictBuem usnydeHus A>205 HM).
Ha pucynke 3.11 npuBeseHa cxemMaTH4ecKas JUarpaMMa dHEPreTHYSCKUX MPOPHUIICH MOJIEKYIT
SO,, BOBJEUYEHHBIX B TMPOLECCHl HEMOCPEICTBEHHON IMCCOLMAIMM M TPEAIUCCOIUALINN.
[Ipomiecc mpsiMoil ¢oTomucconmanuy BKIOYaeT B ceOs (OTOMHAYIMPOBAHHBIA IMEPEX0] M3
OCHOBHOTO CBSI3aHHOTO AJICKTPOHHOI'O COCTOSIHUSL MOJIEKYJIbl SO, B 3JEKTPOHHOE COCTOSIHHE,
JUISL KOTOPOTO MEXKBSJEPHBIE CUJIbI SIBISIOTCA BCEr/la OTTAJIKUBAIOIIMMHU, TaK Ha3bIBAeMOE
PEMyNbCUBHOE COCTOSTHHE. Bpems KH3HH MOJEKYNbI, HaxXOJISMICHCS B PEMyIbCUBHOM
COCTOSTHUH, HACTOIBKO Masio (< | MHUKOCEKYHIbI), 4YTO €€ cyapba ¢ BBICOKOH BEpPOSTHOCTHIO
3aKaH4YMBaeTCs pa3peiBoM cBs3u [Katagiri et al., 1997; Hydutsky et al., 2008]. IIpeauccoruarmst
BKJIIOUaeT B ce0s1 (POTOMHIYLIMPOBAHHBIN MEPEXO/l HE B PEIYIbCUBHOE ANEKTPOHHOE COCTOSIHUE,
a B MPEIMCCOIMAaTUBHOE COCTOSTHIE — KOJIEOATEIbHOE COCTOSIHUE B CBA3aHHOM BO30Y)KICHHOM
DJIEKTPOHHOM COCTOSTHHH, KOTOPOE DJHEPreTHYECKH CBS3aHO C MOTEHIMAIbHOW KpPUBOM
penysbCUBHOrO cocTosHus. M3 pucynka 3.11 BHOHO, 4YTO MNpH HEKOTOPOM 3HAUYEHUH
MEXBSIEPHOIO PACCTOSIHUS, KPUBBIE PEITYJIbCUBHOTO U CBS3aHHOTO BO30YK/IEHHOT'O COCTOSHUS
UMEIOT TepecevyeHne, TO €CTh MMEIOT OJMHAKOBYIO dHepruio. Ecim sHeprust KonebGaTeabHOro
coctostHUsT MoJeKyabl SO; HaxomuTCsl BOJM3M DHEPTUHM TEPECEUCHUs] KPUBBIX, MPOUCXOIUT
TYHHEJIMPOBAaHUE U3 CBSI3aHHOT'O BO30YXJIEHHOI'O 3JEKTPOHHOTO COCTOSIHUS B PENyJIbCHUBHOE
3JIEKTPOHHOE COCTOSIHUE, 3aKaHYMBAOILIEECs pa3pbIBOM CBA3H. Takas Tuccoluanus, CBsI3aHHasl ¢
TYHHEJIMPOBAaHUEM, Ha3bIBACTCS MPEIIUCCOIMALINEH, TaK KaK OHA BBI3BaHA JCWCTBHEM (DOTOHOB
C MeHblIeill sHeprueil (00dbIIENH ATUHBI BOJHBI), YeM 3TO Tpedyercs s JIUCCOLMALUU
HEMOCPEACTBEHHO U3 PEIyJIbCUBHOIO 3JIEKTPOHHOTO COCTOSHHSL.

OueBuano, uyto aucconmars SO,, ocyiiecTBisieMas IO JBYM pa3HBIM KaHaiaum,
SIBIIICTCSl TIPUIMHON TOTO, YTO H30TOMHBIC 3(PdekThI, accoruupyrommecs ¢ Goromuzom SO, B
JUIMHHOBOJIHOBOW ¥ KOPOTKOBOJHOBOW CHEKTPAIBHBIX OO0NACTSAX, MPOSBISIOTCS B pPa3HOU
cTerneHd. B a3TuX mpoueccax — JucconManus M MpeAgucconanus — u30uparenbHoe
(pakuMOHUPOBAHUE M30TONOB OCHOBAaHO HA  HW30TONMMYECKHM  PA3JIMYHBIX  JHEPrHsX
KoJie0aTeIbHBIX cOCTOSTHUN MOIeKyibl SO, (pucyHok 3.11). Monekyna SO,, conepkarias 6oee
JIETKUI U30TOM, UMeeT OOJIBIIYI0 YacTOTy KOoJeOaHUN U, CIeI0BaTebHO, TPEOYET MOIJIOIIEeHUs

U3JIydeHHs ¢ 00siee BBICOKOW YaCTOTOM WJIH, IPYTMMHU CJIOBaMH, C MEHBIICH JJTMHON BOJIHBI.
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== [MoTeHumanbHas KpwnBas
OCHOBHOIO COCTOAHUA

N3oTonHo pasnunyHble konebaTterbHble YPOBHM

MexbagepHoe paccTtosHune

Pucynok 3.11 — Tpu KpuBble NOTEHIMAIBHOM SHEPTUM OTpAXarOT MNPOPUIb SHEPruu
MOJIEKYJISIPHBIX CBsI3€l Kak (PYHKIHMIO MEXBAIEPHOro paccTosiHus. KpuBble Jii OCHOBHOI'O
JJIEKTPOHHOTO  COCTOSIHMSL M CBSI3aHHOTO ~ BO30Y)KIEHHOTO  3JEKTPOHHOTO  COCTOSIHHS
JEMOHCTPUPYIOT MHUHUMYMBI DJHEPrUM M, TaKUM 0Opa3oM, TMpEACTaBIAIOT CTaOWIbHBIE
MOJIEKYyJIsipHble KOHGuUrypauuu. KpuBas Uil pemylbCUBHOIO 3JEKTPOHHOTO COCTOSIHHSA
npezcTaBisieT coOoOl HecTaOUIIbHYI0 KOH(UTYpalnio, B KOTOPOH MOJIEKYNa AUCCOLUUPYET, TaK
KaK JIEHCTBYIOT CHJIBI OTTajkuBaHus. [Ipomecc mnpsimMolt aumcconmarmuu  Moiekyn SO;
MPOJIEMOHCTPUPOBAH  (DUOJETOBOM CTPEIKOM, KOTOpas TMPEeACTABIsSeT WHIYIIUPOBAHHBIN
u3nyyeHueM A<200 HM mepexo] U3 OCHOBHOI'O COCTOSIHHS HEMOCPEICTBEHHO B PEMyJIbCHBHOE
aneKkTpoHHOe coctosiHue. [Ipenaucconmarust monekyn SO; TpoaeMOHCTpHUpOBaHA YEPHOM
CTpPEJIKOM, KOTOpasi NpeACTaBIsieT WHAYLIMPOBAHHBIA u3nmydeHueM A>200 HM mepexon
U30TONMHON MoJiekyasl SOp U3 OCHOBHOT'O COCTOSHUSI B OJHO M3 KOJIeOAaTeNbHBIX COCTOSHUN
BHYTPHU CBSI3aHHOTO BO30Y>KJIEHHOTO JIEKTPOHHOTO COCTOSIHUSL. DTOT MEepeXo MOXKET NMPUBECTH
K TepexoJy Ha HIKHUI KoJeOaTeNbHBIH YpOBEHb, C KOTOPOTO MOJIEKYJIa TYyHHEIHUPYeT W3
CBSA3aHHOTO BO30Y)KJIEHHOTO JJIEKTPOHHOTO COCTOSIHUSL B PEIYJIbCUBHOE AJIEKTPOHHOE
COCTOSIHUE (COBMAJECHHE HHEPrUil OTMEUYEHO KPACHOM OKPY)KHOCTBIO) M 3aT€M TUCCOLUUPYET.
Pucynok moauduiposan u3 padots [Katagiri et al., 1997].
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OKCIIepUMEHTAIbHOE M3yYeHHE U TOJIYYE€HHUE KOJHUYECTBEHHBIX OLIEHOK SHEPreTUYECKUX
coctosHui Mosiekyn SO», a Takke pacro3HaHUE KAHAIOB XMMHYECKOW TpaHCPOPMALIUU O CHX
PO BBI3BIBAIOT CIOYKHOCTH, OCOOCHHO JUIS PEIYJIbCUBHBIX COCTOSHHMA M3-3a UX YPE3BBIYAWHOM
HeycToHuYMBOCTH. B HemaBHMX TeopeTnyeckux paborax [Xie et al., 2017; Kumar, Poirier, 2019],
paccMaTpUBAIONIMX JAMHAMHUKY JUCCOIMAIMKA HW30TOMHBIX MoJekyn SO,, mMmoka3zaHO, 4TO
HHEPTeTUYECKOE COCTOSIHME KOHEUHBIX IPOIYKTOB AMCCOLMAIMHM ONpPEAEIseTCs, TIaBHBIM
00pa3oM, BOJHOBOW (YHKIIMEH 3JIEKTPOHHO-BO3OYKIEHHOTO CcOCTOsIHUS Moisiekyn SO, Ha
Oaprepe auccolanuu. JTo AaéT BECKHE ITOBOJBI B MMOJB3y Hamero oOwsicHeHus 3¢ddekron
U30MpaTeNbHOrO (PPAKIMOHUPOBAHUS H30TOMNOB MpH (poTommsze SO,.

Takum 00pa3oMm, XapakTepHble OCOOCHHOCTH MPOSIBICHUH H30TONHBIX 3(PQEKTOB mpu
dotonmuze SO, B KOPOTKOBOJIHOBOW CHEKTPAIbHOM 0OJIACTH MBI CBS3BIBAEM CO CrHElU(HUKOI
IPOIECCOB JTUCCOIMAIIMM, a HWMEHHO C mepexoqoM Mojekyl SO, HEenocpeACTBEHHO B
pEenyJIbCUBHOE COCTOSIHME MpU MOTJIOWEHUU u3nydeHuss A<200 HM. DTO HE HCKIIOYAET
CHEKTPAIBHOTO M30TOMHOTO 3¢ ¢eKTa, CBI3aHHOTO C pa3IuyhMeM B PaCIpOCTPAaHEHHOCTHU
uzotononoroB SO,  (3QdexT camMOIKpaHUPOBaHUsS), KOTOPBIH  YCHEIIHO  OOBSACHSET
0GHAPY)KCHHYI0 B HAIIMX JKCICPHMEHTaX 3aBHCHMOCTh BemmumH 6o, A®S u A¥®S or

napuuansHoro nasieaus SO, (pucyHok 3.10).
3.2.2.2. XapakTep KOppeJsiiMOHHBIX 3aBHCUMOCTE MeK1y BeJHYMHAMHU 838, A¥S m A*S

Jpyroii Hambojee BaKHBIM pe3ylbTaT B IUIAHE JAIBHEHIINX HKCIEPUMEHTATBHBIX
UCCIICIOBAaHUI OTHOCHTCSI K BBISIBIICHUIO KOPPEISAIMOHHBIX 3aBHCUMOCTEH MEXITy BEIMYMHAMHU
83, A¥S u A¥®S B npoaykTax GoToxumMuyeckux peakiuii SOz, HHUIMUPYEMbIX U3JIy4YEHHEM A
~ 184.9 HM. bpimn ycTaHOBJIEHBI CIENYIOIINE 3aKOHOMEPHOCTH: ABS =-1.76*S u A®S = A%S
[Benusenkas u np., 2020]. Ha pucynke 3.12 noka3aHbl TMHAU U30TOIHBIX TPEHIOB APS—5S u
A®S—A®S. Tlonydennsie Hamu HakToHB! n3oTonHbIX Tpernos APS/ §%S = —1.7 u A®S/A®S =
1.0 xopoIio cornacyrTcs ¢ JaHHBIMH, MTOJydeHHbIME B pabore [Farquhar et al., 2001]. ABtopsl
9TON PabOTHl MONYYWIH 3HAUCHUS §%S = —288.0%0, A®S = 500.6%0 u A®*S = 306.2%0 B
IKCTIepUMeHTe ¢ HQ 1aMIoif HU3KOTo JaBlIeHUs MpH napiuaibHoM aaBieHnn SO, Mexay 13 u
26 m6ap. CornacHO 3TUM JaHHBIM, OTHOIIICHUS A®BS/5%S u A®S/A®®S umerot 3nauenns —1.7 u
0.6, cooTBeTcTBeHHO. B oTiinume ot uiccienoanuii [Farquhar et al., 2001], mbl mpoTecTUpoBaN
BapHallM BEJIUYHUH 83, A®S u A®S Gonee MoJIpoOHO B HMIMPOKOM Juana3oHe gaBieHuil pSO;
ot 5 mOap nmo 1013 m6ap. Hamm nanHBIe CBUACTENHCTBYIOT, YTO COOTHOIIICHHS A®BS/8%S u
A®S/A®S e saBucar ot napauanbHoro namieHus SO, B doroxmmudeckux peakmusx SO,

WHULIMAPYEMBIX HM3Jy4E€HUEM B CIEKTpaibHOW oOmact A<200 HM. 3aMeTHM, TOT € CaMblid



112

s ekt ObT ycTaHOBIEH Hamu U is goronusza SO, B cnekTpanbHOU obmact A>200 HM B
AKCIIEPUMEHTAX C HCTOYHUKAMHU H3JIYYCHHS, T€HEPUPYIOIIMMU HM3JTy4Ye€HHUE Ha JUIMHAX BOJH
6osee 200 uM (cm. pazzaen 3.1). Ho camoe rinaBHOE — XapakTep KOPPEISIUOHHBIX 3aBUCUMOCTEH
Mexy BenmunHamu 8°°S, A¥S u A®S cymecrBenHo pasimmuaercs mpu mepexoxe W3 OJHOTO

CIIEKTPAJILHOTO JMana3oHa B JAPYroi: B KOPOTKOBOJHOBOM Juana3zone uinydenuit (Hg nmamrma

HH3KOTO JABJICHHS) XapaKTepHBI OTPHIATCIbHBIC 3HaueHWs Ui orHomenmii A*S/6*'S u

36233 o .
HOJOXKHUTEIbHBIE it A™S/A®S, a B AIMHHOBOIHOBOH oOnacth wu3nydeHuit (Xe jamia),

o 33 34
HAIIpOTHB, IIO0JIOKHUTCIBbHBIC 3HAYCHHA JJIs1 OTHOILICHHH A*SI3”’S n OTpULATCIIBHBIC JIA

360433

APSIA™S (cm. pucynku 3.12 u 3.5). Orcroma MOXHO cZeiarTh JOCTaTOYHO OOOCHOBAHHOE
33 /s34 36 /33

00001IeHne U YTBEpXKIaTh, YTO cooTHOmeHUss A™°S/67°S u ATS/A™S B nmpomykrax ¢oronusa

SO; 3aBHCAT TJaBHBIM 00pa3oM OT CIEKTPAIBHOTO COCTaBa M3JIYYCHHS W HE 3aBHCAT OT

mapuoyaJIibHOI'oO JaBJICHUA SOZ B q)OTOXI/IMI/I‘leCKI/IX pCaKknugaX, HHUIIUUPYCMBIX HU3JIYYCHHEM BO

BCEM HccienyemMoM Y ® nuarna3oHe JUIMH BOJIH.
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Pucysox 3.12 — DkcrepuMeHTanbHble jgaHHbe A*S  ortHOCHTEnmsHO 8°'S (a) m A¥S

otrocurensHo A®S (6) s 3JIEMEHTApHOM cepbl, MPOIyKTa (HOTOXMMUYECKUX peakiuii SO,
NOJy4eHHOH B sKcrepuMeHTax ¢ Hg nmammoil Huzkoro nasneHus. s cpaBHEHUs MPUBEICHBI
apxeickue TpeH/bl, 0003HAYEHHbIE ITPUXITYHKTUPHBIMH JIMHUAMU. PUCYHOK MOIu(HUIHMpOBaH

u3 pabotsl Benueukas u nip., 2020.

Takum oOpazom, ¢ortonn3z SO, B OBYX pas3HBIX, OTIENBHO B3ATHIX CHEKTPaIbHBIX
o0macTaX HMeeT pe3yibTaToM (OPMUPOBAHUE DIEMEHTAPHOM Cepbl C KOHTPACTHBIMHU
W30TONHBIMM XapaKTEPUCTUKAMHU, YTO CBSI3aHO C Pa3JIMYMEM B MEXaHU3Max, MO KOTOPHIM
MPOUCXOIUT paszsiokeHne SO, Mo IEHCTBHEM KOPOTKOBOJIHOBOTO M3nmydeHUs (A < 200 HM) u
u3y4eHus B Oosiee IMHHOBOJIHOBOM 001acT. DKCIEPUMEHTAIbHO 0OHAPYKEHHbIE U30TOMHbBIE

3(1)(I)CKTBI, OIHAKO, HC COIMOCTAaBUMBI C TCMHU, YTO IMPUCYIIU cym,(bm[aM U3 O0CAAOYHBIX IMOPOA
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apxeiickoro Bo3pacrta. [loaTromy BecbMa MpoOIEMATUYHO ACCOLMUPOBATH MpOIecChl (HOTONIN3A
SO, B 3THX OTIENBHO B3STHIX CHEKTPAIBHBIX 00JACTAX ¢ UCTOYHUKOM HM30TOMHBIX aHOMAIUN B
apXeHCKUX Mmopoax.

XOTS 9KCHEPHMEHTANbHO YCTAHOBJICHHBIC 3aBHCHMOCTH oTHomenmii A*S/8%'S nu
A*S/A®S npu dorommse SO, B pasHBIX CIEKTPATBHBIX 0OMACTAX HE COTMACYIOTCS C TAKOBBIMH,
UMEIOIIMMH MECTO B apXEHCKUX MOpOoJax, OHM HE SBISIOTCS OJHO3HAYHBIM ONPOBEPKEHUEM
npexacrasinenns o ¢poromuze SOy, Kak 0 POTOXUMHYECKOM HCTOUYHUKE M30TOIMHBIX aHOMAIUH B
JIpeBHUX TMopofax. Hamm nanHple emé He MCKIIOYAlT NPUHIMINAIBLHON BO3MOXHOCTH
MPOU3BECTU B IKCIEPUMEHTE ApPXEHCKHE COOTHOIICHUS A®SI5*S 1 A®SIA®S B MPOJIYKTax
¢oromuza SO,. MbI mpennonaraeM, 4YTO CJIOXEHHE H3OTOMHBIX 3(P(EKTOB, OTBEUAIOMIMX
npoueccam ¢oronuza SOy B pasHBIX CHEKTPAJIbHBIX OOJIACTAX, IO3BOJHUT BOCIIPOU3BECTH

XapakTepHBIC IS apXCHUCKUX IMOPOJT OTHOIIECHUS A®BS/5%S u A®S/IA%S,

4 o
3.2.2.3. M3otomubie 3ddextsi §'S, A¥S u A*®S B npoxykrax doroamsa SO, eiicTBHem
KOMOMHHMPOBAHHOI0 H3JIy4YeHHs U3 KOPOTKOBOJHOBOIO M JJTHHHOBOJIHOBOTO

CIICKTPAJbHBIX JTHANIA30HOB

[IpoBepka cAemaHHOTO BBIIIE MPEANONOKEHHSI O BO3MOXHOCTH  BOCIIPOU3BECTH
XapaKTepHBIE ISl apXEMCKUX MOPOJ OTHOIIEHUS ABS/8¥S u A*S/A®S 6rita OCYILIECTBIIEHA B
Xe-Hg u UP-213-Hg »skcnepumenrtax (cM. pazgen 3.2.1). B skcnepuMeHTax YCTaHOBIIEHBI
3aKOHOMEPHOCTH TOBEJICHUS HM30TONHBIX 3()PeKTOoB 8%S, A®S u A¥S B zaBucmmoct: ot
nHTeHcuBHOCTH Hg-usmydenus. Pesynbrarel Xe—Hg skcriepuMeHTOB, MOJIy4eHHBIE JUIS TPEX
3HaueHuit napuuansHoro nasnenus SO, (1013, 170 u 70 mbap), npeacTaBieHbl Ha pucyHke 3.13.
Pesynbrarsl UP-213-H(Q sxcniepuMeHTOB npeicTaBlieHbl Ha pucyHke 3.14.

N3 pucynka 3.13 BuAHO, YTO 3KCHEPUMEHTAIbHbIE JaHHbIE OOHApPYKUBAIOT SIBHBIC
3aKOHOMEPHOCTH B IMOBEIEHUH M30TOMHBIX 3((dekToB. Bo-nepBhixX, HAOMOMAETCA MTPAKTHYECKH
JUHEWHBIN XapakTep 3aBUCHUMOCTH OTHOLIEHUM A*S/6*S u A*®S/A®S or unrencusHOCTH Hg-
U3IydeHus Ui Bcex 3HaueHud pSO,. M30TonHbIe JaHHbIE HAXOJATCS BAOJb JIMHUM, KOTOpBIE
COCIMHSIOT UCXOHbIC TaHHBIE, TIOTyYeHHBIC B SKCIIEPUMEHTAX TOJIBKO C Xe JIAMITOW U TOJIBKO C
Hg nammoii HU3KOTO NaBieHus. Bo-BTOPHIX, SKCIIEpUMEHTAIbHBIE TPEHIBl HMEIOT TIepECCUCHHE

C JIUHUSAMU apXCﬁCKHX TPCHAOB.
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Pucynok 3.13 — OTHOLIEHUE MEXAY A®BS u §%s (a) u oTHOILIEHUE MEXTY A®BS u A*S (6) nns
3JIeMeHTapHOM cepbl (MpoaykT doTonusza SO7), MoyYeHHON B SKCHEPUMEHTAX C MPUMEHEHUEM
Hg u Xe nmamn onHoBpemeHHO (Xe—HQ skcnepumeHThl). B skcnepuMeHTax yMeHbIIAIN
MHTEHCUBHOCTh HQ-mM31IyueHus, ocTaBisisi MOCTOSIHHBIM Xe-u3imydeHue. [lokazaHsl M30TOMHbIE
JaHHbIe U3 Tpex cepuil Xe—HQ skcnepumenToB, npoBeneHHbIX npu pSO,=1013 MmOap (uepHbie
kpectuku), pSO,=170 MOap (cepwie kpectuku) u pSO,=70 MOap (depHbIe 3Be3M0UKH). st
CpaBHEHHsI TPUBEACHHI HM30TONHBIC [aHHBIE M3 OHKCHEPUMEHTOB C¢ Hg mammoii (yepHbIe
TPEYroJbHUKN) U Xe€ JIaMIoi (cepble TPEeyrojibHUKH). PHcyHOK MommpuuupoBaH u3 padOTHI

Benusenxkas u ap., 2020.
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Prcysok 3.14 — Otnomenne mexny A®S u %S (a) u orHomenne Mexy A*S u A®S (6) s
alieMeHTapHol cepbl (MpoAyKT ¢oronuza SO;) U3 3KCIEPUMEHTOB C MPUMEHEHUEM JIa3epHOM
cucrembl UP-213 (uepnbie kpyxku) u UP-213-Hg skcmepumentoB (tpeyroiapHuku 1 u 2).
[TyHkTUpHas JUHUS MPEACTABISAET JMHUIO (PAKIMOHUPOBAaHUS HM30TOIOB cepbl B UP-213-Hg
HKCIEpUMEHTaX IMpPU HU3MEHEHHH HWHTEHCUBHOCTH HQ-uznydenus u HeumsmenHom UP-213
u3nyyeHuu. PucyHok moaudunuposan u3 padbots Benusenkas u ap., 2020.
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AHaNorn4yHple  3aKOHOMEPHOCTHM  MHpPOSBISIIOTCA M B JKCIEPHUMEHTax ¢
MOHOXPOMAaTHUYECKUM u3nydeHueM (pucyHok 3.14). B mammx UP-213-Hg skcnepumenTtax Obut
UCIOJIb30BaH JIA3€PHbIM MCTOYHUK HU3IY4YE€HUS BMECTO X€ JaMIlbl, TO €CTh, IO CYTH, MbI
3aMEHWIN CIUIOIIHOE M3nydeHue ¢ A>200 HM Ha MOHOXPOMAaTHYEeCKOe H3Iy4EeHUEe C JUIMHOM
BOJHBI A=213 uM [Benusenkas u ap., 2020]. Takas 3ameHa MOBIUsIIa HA MATHUTY,y U30TOITHBIX
sddexros: Bemmumna 8°'S Bospocaa 10 870%o B dKcIepuMeHTax ¢ aazepom UP-213 mporus
117%0 B skcnepuMeHTax ¢ Xe€ JaMIIOW; BEJIMYMHA HM30TOMHON aHOMaJIMH A%s OCTHUTIA
—391.9%0 npotuB —26.7%0; BEIMYMHA U30TOIHON AHOMAJIUU ABS = —26.6%0 IIPOTUB A®BS =
8.4%o (pucynok 3.14). Ilpu sTom, Tak xe kak B Xe—Hg skcnepuMeHTax, BEJIMUUHbI 8%, A®S u
A®S 1 pasHbIX 3HAYeHHiT MHTEHCHBHOCTH Hg JTaMIIBI YKIaIbIBAIOTCS HA COOTBETCTBYIOIIHX
rpadpukax Ha MpSIMYyIO JIMHUIO, KOTOpas COEIUHSET HCXOJIHBbIE H30TOIHBIC JaHHbIE s
IPUMEHSIEMbIX HCTOYHUKOB YD U3JIydyeHHsI U UMEET MepecedeHre ¢ JIMHUEH apXelcKoro TpeHaa
(pucynok 3.14).

WTak, B KCIIEpIMEHTaX YCTaHOBIIEHO, YTO MMEET MECTO JIMHEHHas! 3aBUCUMOCTh MEXITY
OTHOILEHHEM H30TOMHBIX 3()(PEKTOB M HMHTEHCHBHOCTBIO CHEKTPAIbHBIX KOMIIOHEHTOB MpHU
ocymectBieHun  ¢orommza SO, B CHEKTpalbHOM  00NIAcCTH, TOKPBHIBAIOMIEH  Kak
JUIMHHOBOJIHOBBIM, TaK M KOPOTKOBOJIHOBBIM Juamna3oH uznydeHuil. CyMMapHbI H30TONHBIN
3ppeKT B TAHHOM Ciydyae KOHTPOJHUPYETCS IBYMsS (aKTOpaMu: BO-TIEPBBIX, JCHCTBHEM
Pa3IMYHBIX MEXaHU3MOB aAucconnanuu SO, B peakusax B3aUMOACHCTBUS C JITMHHOBOJIHOBBIM U
KOPOTKOBOJIHOBBIM H3JyY€HHUEM, M, BO-BTOPBIX, CKOPOCTbIO MPOTEKaHHUsS (POTOXUMHUYECKUX
peaxmmii SO, B pa3HBIX CHEKTPATBHBIX JAAANa30HAX.

D10 1MaéT BO3MOXHOCTb [0 HAYAJIBHOMY COCTOSIHUIO (DOTOXMMHYECKONW CHCTEMBbI
ONpeNeNUTh T€ 3HAa4YeHUs napameTpoB (mapuuanbHoe pgaBieHHe SO W OTHOCUTEIbHAS
UHTEHCUBHOCTh CIIEKTPAJIbHBIX KOMIIOHEHTOB), MPU KOTOPBIX JOJKHO HAOJIIOAAThCS corjiacue
MEXIY SKCHEPUMEHTAIBHO MTOJYYEHHBIMU M ApXEHCKUMH 3HAYEHUSMH OTHOLIECHHUN A®S/5%S u
A®S/A®S. B mammx Xe-Hg skcmepuventax, mpoBenéHHEIX mpu pSO; = 70 Mbap, Takoe
coryiacie ObIJI0 JOCTUTHYTO, HO, BMECTE C T€M, BO3HHUK Psijl BOIPOCOB, O KOTOPBIX OyIeT cKa3aHO
HIDKE.

Ha pucynke 3.15 moka3ansl pe3ynbrathl n3 Xe—HQ skcriepumenToB mpu pSO, = 70 moap.
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p50; X70mbap

A33S (%)
A0S (%)

Pucynok 3.15 — Jlanueie u3 Xe—HQ skcnepumenToB, mpoBeneHHbIX mpu pSO,=70 mbap u
cnenyronmx napamerpax: 10% Hg-uznydenus (nomep 1), 5% Hg-usnyuenus (Homep 2) u 2%
Hg-usnyuenus (Homep 3). IlyHKTHpHAs JIMHHS NPEACTABISACT JUHHUIO (DPAKIIMOHUPOBAHUS
u30TONOB cephl mpHu (oronuze SO, C KUCMONB30BAHHEM JBYX HCTOUYHUKOB cBeTa (Xe um Hg
gamibl). CIUIONIHON JIMHKEH MpEACTaBICHBI apXeiickue TpeHIbl. PUCYHOK MOTHU(HUIIUPOBAH U3

pabotsl [Benuerkas u ap., 2020].

3 prCyHKa MOXHO BH/ICTh, 4TO BenuumHa oTHOmeHHs AS/5%'S, momydennas B skcrepumenrte,
XOpOILO COIVIacyeTcs C JIMHUEH apXEHCKOro TPEeHJa JIMIIb MPU YCIOBHH, €CIIM MHTEHCUBHOCTH
usnydeHus: Hg mammbl HU3KOTO naBieHust coctaBiseT 10% or e€ HomuHana (pucyHok 3.158).
3aMeTHM, 9TO TPH TeX e YCIOBHSX OTHOLICHHE H30TOMHBIX aHomamnii A*°S/A*S naxommres
BHE 00J]acTH, OTPaHUYEHHOW COOTBETCTBYIOIIMMHU JIMHUSIMM apXEWCKUX TPEHIOB (PUCYHOK
3.15r). DKcrepruMeHT MoKa3ai, YTO OTHOIICHHE H30TOMHBIX aHOMAaUi A®S/A®S corjlacyercs ¢
apXeMCKUMM 3HAUYEHUSMH JIMIIb NPH YCIOBMM, €CIIM MHTEHCHUBHOCTb W3IydeHus HQ mamiibl
HU3KOTO JaBlieHusi cocTtaBisieT 2% or e€ HomuHana. Ho Torma, kak BUIHO W3 pucyHKa 3.158B,
oromenne A¥S/5%'S orkmomsiercss or mHHUM apxeuckoro TpeHaa. To ecTp mMeeT MecTo
JIBOWCTBEHHOE IIOJIOKEHHE: COOTBETCTBUE C apXEWCKUMHU TpeHJIamMH Habmromaercst aubo Juis
ABS/8%S, mbo mms A®S/A®S, Ho mHe OJHOBPEMEHHO IIPU OJHUX M TE€X K€ YCIOBHAX
JKCIIepUMEHTa. Takoe 4YaCTUYHOE COOTBETCTBUE CYLIECTBEHHO OCJIOXKHSIET HHTEPIPETALUIO
SKCIIEPUMEHTAJIBHBIX PEe3yJbTaTOB MPUMEHHUTEIHHO K PACIIO3HAHUIO YCIOBUM M HCTOYHUKOB,
OTBETCTBEHHBIX 32 BO3HHKHOBEHHME MAacCC-HE3aBHCHUMBIX H30TONHBIX 3()()EKTOB B apXeHCKUX
OpOJIaX. OKCIIEpUMEHTAIIbHBIE  JaHHBIE JIOJDKHBI B TIOJHOW MEpe BOCIPOMU3BOIUTH
ocobeHHoCTH m30TOMHBIX oTHomeHmi A¥S/8%S n A®S/A®S apXeHUCKuX IOpoJax — 3TO
HENPEMEHHOE YCIIOBUE JUISl MOJIYYEeHUs OJIHO3HAYHOI'O OTBETa HAa BOMPOC, MOKHO JIM CUUTATh

doroxummueckue peakipu SOy HICTOUHUKOM aHOMAJIMH B apXeHCKUX MOpoJax.
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Hcnonb3ys pe3ynpTaTbl HCCIEAOBAaHHMS HM30TOMHBIX 3((HEKTOB B  (POTOXMMHUYECKHX
peakiusax SO,, HHUIIMUPYEMbBIX M3JIydeHHEM ¢ JyInHOW BotHBI A=193 uMm [Farquhar et al., 2001],
MBI IIOKa3aJid, YTO BBILIEYKAa3aHHOE YCJIOBHE MOXET ObITh yhoBieTBopeHo. Ha pucynke 3.16
CBeJIeHbl BMecTe JaHHble U3 Hamux Xe—Hg sxcnepumenton npu pSO, = 70 mOap u JaHHbIE U3
skcriepumentoB  ®Dapkya ¢ coaBropamu [Farquhar et al., 2001]. B dortoxummueckux
skcnepuMmenTtax ®apkya ¢ coaBropamu Obl1  ucnonb3oBaH ArF  skcumepHslli  nasep,
reHepupyounmi uznydenue A = 193 HM, M HOJXyYEHbI CIEIYIOLINME H30TOMHbIC JAHHBIE JUIS
3JIEMEHTAapHOU CEepBbI: 8%S = —42.0%0, APS = 67.2%0, A*°S = —48.4%o (Tabn. 1 B myOnukanuu
Farquhar et al., 2001]. Ha rpadukax npsiMas JMHHs COCAMHSCT NaHHbIC U3 paborel Papkya c
COABTOpaMH C HAIIMMH JaHHBIMHU, TOIXydeHHBIMU Tipu pSO, = 70 mMOap u uHTeHCHBHOCTH HQ-
usnydeHus 2% oT HOMHHANA (TOYkKa mojJ HoMepoM 3 Ha pucyHke 3.16). DTa nuHUA, KaK yxke
ycTaHoBJIeHO paHee B Hamux Xe—Hg u UP-213-Hg skcnepumeHTax, NMpencTaBlsieT JUHHIO
(b pakIMOHUPOBaHMSI H30TOTIOB cepbl ipu poTonmze SO, Mo Bo3AeCTBHEM Pa3HbIX HCTOYHUKOB
U3Iy4YeHus. B maHHOM ciydae ¢ yMEHBIICHHEM HMHTEHCHBHOCTH ArF-u3nmydeHus M30TOMHBIC
JTAaHHbIE JOJDKHBI JISKATh BJIOJIb COOTBETCTBYIOIIMX MPSMBIX JIMHUHM Ha rpadukax. Ilo cytu, mbl
MOJIEJIUPYEeM COOTHOIICHHSI MEXIY M30TONHBIMU 3 dexTamu 8%, A®S u A%s npu (oTosn3e
SO, mox aeicTBUEM M3ITyYeHHS OT TPEX HCTOUYHUKOB: Xe samma (A>200 um), Hg namma HU3KOTO
nasienus (A~ 184.9 um) u ArF skcumepHnslii nazep (A = 193 um). [Ipu onpenenéHHbIX yCI0BUIX
CYMMapHBbIi M30TOMHBIN 3PQeKT, NoTydeHHbIH B pe3ynbrate GoToxuMuueckux peakiuii SOa,
OyzeT yIOBIETBOPATh apXeMCcKUX Xapakrepuctukam. I'padux §¥S-A%S (pucyHok 3.16 a) maér
BO3MOYKHOCTB BBIYHCIHTE 3HaueHns &°'S n A¥S, npu koropsix orrourenne A®S/5*S cosmanaer
C JUHUEN apxelckoro TpeHna. Touke mepeceueHus COOTBETCTBYIOT 3HAUYCHMSI 8%'S = 43%o u
A®S = 43%. Torma semmumua A®S jomkHa uMers 3HaucHHe paBHoe —35%o0, Kak
IPOIEMOHCTPUPOBAHO Ha rpaduke B KOOpAMHATAX Ha A®S-A%g (pucyHok 3.16 6). Ha Tom xe
rpaguke BHUIHO, YTO MOJYYEHHOE COOTHOIICHHE A®S/A®S = —0.81, xoTs He momazgaer ewE B
CPEIHIOI0 YacTh apXeHCKOW 001acTH, HO YK€ HEe OTKJIIOHSETCS OT He€ B 3HAYUTEIBHON CTEIICHN U
NPAKTHYECKH COBIAAACT C JIMHHMEH apXeiicKoro TpeHaa, yronm HakigoHa kortoporo A¥S/A®S
paBeH —0.9. To ecTb A1 000MX U30TOMHBIX OTHOLICHUN A®SI5*S u A*SIA®BS nmeem xopolee
cormacue ¢ apxeiickumu TpeHaamu. [lo cymiecTBy, 3TO 1Ma€T OCHOBAaHHWE pacCMaTPHUBATh
doroxummueckue peakimu SO, B KadecTBE BO3MOXKHOTO HCTOYHHMKA W30TONMHBIX aHOMAIHN B
apxeiickux nopoaax. [IpuHIMNHMANbHO BaKHO 3aMETHUTh, YTO TAKOE YTBEPXKACHUE CIPABEIINBO
B TOM cilyyae, ecnu (otoxumudeckue peakiuu SO, MHULIMUPOBAHBI W3ITYyYEHHUEM, CIEKTP
KOTOpPOTO BKJIIOYaeT B ce0s KOPOTKOBOJHOBBIM (A<200 HM) M JUIMHHOBOJHOBBIA (A>200 HM)
muama3oH m3nydeHnid. Dotomm3 SO; TONBKO B UIMHHOBOJHOBOW WM KOPOTKOBOJHOBOM

obiacTi, Kak IMOKa3aHO B HAIIMX M MPEIbIAyIMX sKcrmepumentax [Masterson et al., 2011;
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Whitehill, Ono, 2012; Ono et al., 2013; WrunarbeB u ap. 2019] mpomyuupyeT H3OTOMHBIC

3¢ PEeKTH HE COMOCTABUMBIE WIIM YACTHYHO COTIOCTABUMBIE C ApXEHCKUMHU XapaKTEPUCTHKAMH.

(6) X

ABS (%)
A0S (%)

Lh
[=}

Pucynok 3.16 — IIpencraBieHsl U30TONHBIE JaHHBIE I 3JIEMEHTApHOM cepbl, MOJIyYEHHbIE B
Hamux Xe—H(g skcrepuMenTax (3Be310UKH), BMECTE C M30TOIHBIMU JTAHHBIMH, TIOJTy4€HHBIMHU B
doroxumuueckux s3kcrnepumentax [Farquhar et al., 2001] ¢ ArF skcumepHbiM s1azepom A=193
HM (4epHble kBajapatbl). Homepa 1, 2 u 3 npeacTaBisioT JaHHbIE, TAKUE K€ , KaK Ha PUCYHKE.
3.15. IlyHkTUpHAs TUHUS NPEACTABIAET JIMHUIO MPEICKa3aHHOTO (PPaKIIMOHUPOBAHHS U30TONOB
ceppl npu ¢oronuze SO, ¢ HUCHOIB30BaHMEM TpeX MCTOYHMKOB cBeTa (Xe m Hg mammbl
coBMecTHO ¢ ArF skcuMepHbIM J1azepoM). JIHus (ppakuMOHUpPOBaHMS M JIMHUS apXeHCcKoro
TpeHJa TIEPECEKAIOTCS TP ABS = 43% (kpyr ceporo 1BeTa Ha pucyHke 3.16 a).
CootserctBytomee orHomenne Mexay APS u A®S nexur Gmus apxeiickoit oGmactn (kpyr
ceporo IBeta Ha pucyHke 3.16 6). Pucynok momuduimpoBan u3 padboTel [Bemusenkas u p.,

2020].

Takum 00pa3oMm, NPOBENEHHBIC MCCICIOBAHUS IOATBEPXKAAIOT BBIJIBHHYTOE BBIIIC
IPEANON0KEHUE, YTO HM30TOMHBIC OTHOILICHUS, XapaKTepHbIC JUIS apXCHCKHUX IOpPOJI, €CTh
pe3ysbTaT CJIOXKEHUS HW30TOMHBIX 3(QekToB, orBewaronmmx mpomeccam (orommsza SO, B
JUTMHHOBOJIHOBOW M KOPOTKOBOJIHOBOM CHEKTPAIBHBIX 00JIACTIX. DKCIEPUMECHTAIBHBIC JaHHBIC
YIIOBJICTBOPSIIOT ~ BCeM  TpEM  TpeOOBAaHUSAM, NPEOBSBIAEMBIM K  MOTCHIMAIHLHOMY
(OTOXUMHUECKOMY HMCTOYHHUKY HM30TOIHBIX aHOMAIWH B apXeWCKHX TMOPOAax: OH JIOJKEH
oGecrieunBary (1) BenmumHy w3oTomHOM aHomammu A®S He menee 15%o, (2) OTHOMICHHE
ABSI5%S npumepHo paBHoe 0.9 u (3) oTHOIIEHHUE A®SIA®BS nomkHO GBITH Mexny —09 n —1.5
[Ono, 2017]. Tony4yeHHble B HdaHHOW pabOTE BEIUYHUHBI A®S = 43%o, A®S/5MS = 1.0 u

A®SIABS = —0.8 HarIIHO 5TO MOATBEPXKIAIT. IKCIEPHMEHTATBHBIC (POTOXHMHUYSCKHE
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WCCIICIOBAHMS JIOKA3bIBAIOT, YTO CIEKTPAIbHBIA COCTaB W3IYYCHHS M WHTEHCUBHOCTH
CIEKTPAILHBIX KOMIIOHEHTOB SIBIISIFOTCS KJIFOYEBBIMU (DakTOpamu, BIUSIONIMMH HAa BEITUYHHY
Bapualliidi OTHOIIICHUS A®BS/5%S u A¥®S/IA®S B npoaykrax (oronuza SO,. [Ipu cmeneHun nByx
(bOTOXMMHUYECKHUX MPOLECCOB — Auccoruanus u npeanucconnanus SO, B KOPOTKOBOJIHOBOM
(A<200 M) ¥ MHHOBOJIHOBOM (A>200 HM) IuMana3oHe WU3IY4YeHUH — BO3HUKAIOT M30TOITHBIC
3¢ (heKThI, OTBEYAIOIINE XaPAKTEPUCTUKAM MAaCC-HE3aBUCUMOTO (PPaKIIMOHUPOBAHUS HU30TOIOB
Cepbl B apXeMcKuX Mopojaax. DTO 3acTaBiseT MEePecMOTPETh CHOPMUPOBABIIEECS Yy MHOTHUX
uccienopareneii yoexaenue, yto poroxumus SO, sBisieTcs HEMpHEMIIEMBIM KaHIWJATOM Ha
poib (HPOTOXMMHUYECKOTO MCTOYHHKA, OOBACHSIONIETO0 BOSHUKHOBEHHE M30TOMHBIX aHOMAJIUN B
nopojax apxeiickoro Bospacra [Johnston, 2011; Ono et al., 2013; Whitehill et al., 2013;
Whitehill, 2015]. Xapakrepro B 3ToM otHomeHuH BbickaspiBanue 1. Ono: «®ortoxumus SOy,
Kak ¢doronus, Tak U GOTOBO30OYKACHUE, HE SBISETCS MCXOAHON peakIifeil Macc-He3aBHUCHUMOIO
(pakuMOHUPOBAHUS M30TONOB CEphl, IOCKOJBKY OHAa HE MPOAYIUPYET HaOII0IaeMBbIX
3akonomeproctei» (The photochemistry of SO, either photolysis or photoexcitation, may not
be the source reaction of S-MIF because it does not produce the observed pattern) [c. 323, Ono,
2017]. OpHako, KaKk MOKa3ajd HAIllKd JKCIEPHUMEHTAJIbHbIC HCCIICAOBAHUS, XOPOIIEe COTIacue
MEIXKJTy apXeiiCKHMH H OKCIIEPHMEHTATBHO MOMydeHHbIME 3HaueHmsMu A*S/5%S n A¥S/APS
MOXET OBITh JOCTHTHYTO B Cllydae Y4acTHs KOPOTKOBOJHOBOro wuaiydenuss (A<200 HM) B
doToxuMudeckux peakiusax guccormanud SO, [Bemmerkas u ap., 2020]. ITostomy ecTb
pealibHble OCHOBAaHUS YTBEPXkKAATh, YTO B X0j€ (hoToxumuueckux peakmuii SO, neiicTBUTETHHO
BO3MOXXKHO  IPOAYLUMPOBAHHWE  H30TOMHBIX  3((EeKToB,  OTpaxarolmMX  OOBEKTHBHbBIE

3aKOHOMCPHOCTH q)paKIlI/IOHI/IPOBaHI/ISI H30TOIIOB B APEBHUX MOPOAAX.

3.3. ®ot1oam3 SO, B NpuJIoKeHNH K paHHeii aTmocdepe 3eman

Kak yxe ormeuanocs B riaBe 1, H30TOIHBIE aHOMAIMU CEPbl, OOHApYKEHHbIE B OpPOJaX
apXxecKoro Bo3pacTa, SABJISIOTCS CBUJIETEIHLCTBOM 3BOJIOIMU Ia30BOT0 COCTaBa aTMoc(ephl U e
MIOTJIOIIATENFHBIX CBOMCTB B  ynbTpaduoneroBom auanaszone. Cam (¢akT CyImIecTBOBaHUS
M30TOIHBIX aHOMAJIMH Cephbl YKa3bIBaeT HA OTCYTCTBHE CBOOOIHOTO MOJIEKYJISIPHOTO KHCIOPOAa
B paHHeH aTmocdepe 3eMiM, Tak Kak MpPOIYLHPOBAaHUE M COXPAHEHHUE MacC-HE3aBUCHMBIX
U30TONHBIX 3¢p¢pekToB B  Qoroxumuueckux peakuusx SO; BO3MOXKHO TOJBKO B
BOCCTaHOBUTENBHBIX ycroBusx [Farquhar et al., 2000a, 2001; Pavlov, Kasting, 2002; Zahnle et
al.,, 2006]. Ilpu mocrarouno Hu3KOM cojaepkanuu O, B armocdepe  yabTpadHOIETOBOE
u3nydyeHue Ha aiauHax BosiH 180—300 HM MOXKET OCTUTaTh HUKHHUX CIOEB aTMochepsl U OBITh

JNOCTYIHBIM Ui MHUIMUpOBaHUS Qoroxumuuyeckux peakuuid SO; Ilo ouenkam I[laBrnoBa u
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Kactuura [Pavlov, Kasting, 2002] coxepsxanme O, He mpeBbimano 10° 0T COBPEMEHHOrO
ypoast O, B armocdepe. Ilocienyromas ¢oroxumuueckas moxaeiab [Zahnle et al., 2006]
MO3BOJISICT MIPEICKa3aTh 00JIee HU3KOE (<10'6) conepxxanue O, B aTMocdepe.

DKCIepUMEHTAIBHOE M TEOPETUYECKOE MOJECIUPOBAHUE (POTOXMMUYECKUX TMPOIIECCOB
IMOKA3BIBACT, YTO MATHATYIA M30TOmHbIX dhdexror 8*'S, A*S u A®S u coorHomenne Mexy
HUMU CYIIECTBEHHO 3aBUCAT OT 0COOeHHOCTEH mpoTekaHus Goroxumudeckux peakmuii SO, oT
TOT0, B KAKOM CIIEKTPAJIbHOM JIMaIa30He MPOUCXOAUT Bo30YyxaeHue u auccouuanus SO;.

CornacHo pe3yibTaTaM MaTeMaTH4YeCKOro MOJAETUPOBAaHUSA (POTOXUMUYECKUX MPOILIECCOB
B apxeiickoii atmocdepe [Ueno et al., 2009], uzoTonHbie aHOMaJIMU Cepbl, HAOIIOJAaEMbIC B
apXEMCKUX OCAJOYHBIX MOPOJAX, O0BACHAIOTCS Mporeccamu (otosmsza SOz, KOTOPBIE TOHKHBI
MIPEUMYILECTBEHHO IPOUCXOAUTh B JIMana3oHe JAJIuMH BoJIH Mexay 180 um u 202 um. B cBoeit
MOJIEJIM O3TH aBTOPbl HCIIOJIB30BAIM AKCIEPUMEHTAIIBHO H3MEpPEHHBbIE KO3 HUIIUEHTHI
OMJIONIEHUs JUIS M30TOIOJNOroB 2SO0, 23S0, u *S0, [Danielache et al., 2008], uToGsI
[Ipe/ICKa3aTh BEIMYMHY H30TOIHON aHoManuu A**S B cyinbaTHOM adpo3oie, 06pasyromeMcs B
pesynbrate poronuza SO, B apxeiickoir atmocdepe. Pe3ynbratel MoAenupoBaHus MpecKa3aiu
dbopmupoBanue cynabhara ¢ OTPULIATEITHLHBIMU 3HAYCHUSIMH A®S npu dotonuze SO, B obmacTu
e BoiH 180—202 HM, HO — IOJIOKUATENLHBIE 3HAYECHUS A®S npu doromuze SO, B obnacTu
qutaH BostH 202—220 um [Ueno et al., 2009]. TIpumenuTensHO K apXeickoil atMocdepe 310 Ha10
TPaAKTOBATh CIEAYIOIIUM 00pa30M: KOPOTKOBOJIHOBOE M3ITYYEHHE UTpasio 0ojiee aKTUBHYIO POIb
B mpomeccax ¢otonuza SO;, 4eM ATUHHOBOJHOBOE H3IydeHHUE, TOCKOJIBKY B apXeUCKHX
TOPOIAX HAOITIOAIOTCS OTPHIATENbHBIEC 3HaueHHs A%S 11t cynbharos.

DKcrniepuMeHTalIbHblEe  (aKThl, YCTAHOBJEHHbIE B Hallell paboTe MpU H3y4YEHUU
u30TonmHbIX 3¢ ¢dekroB B mporeccax ¢otonusa SO, xgeilictBueM wusnyueHus A>184.9 HwM,
MPUBOJAT K HEOOXOAMMOCTH YYUTHIBaTh (oroxumudeckue peakuuu SO, B KOPOTKOBOIHOBOU
obmactn (A<200 HM) W paccmaTpuBaTh HX, KaK HEOOXOAMMOE YCJIOBHE JJIsi TOTO, YTOOBI
BOCTIPOM3BECTH Ha OMBITe W OOBSCHUTH OCOOCHHOCTH MPOSBICHUS W30TOIMHBIX AaHOMAJIW B
apxeickux noponax. C 3TOi TOYKH 3pEHHS HAIU HKCIIEPUMEHTAIbHbIC JaHHBIE HE OTBEPraroT
pe3yibTatoB paboThl Y3HO ¢ coaBropamu [Ueno et al., 2009], monydeHHBIX Ha OCHOBE
MaTeMaTUYeCcKoro MojenupoBanus (oroxmmudeckux mporeccoB SO, BwBombl  06oux
WCCJIEIOBAHMH TOIpa3yMEBaOT, YTO YCIOBHS apXeHWCKoi aTMOchepsl JODKHBI CIIOCOOCTBOBATH
noctatouHo 3 dexTuBHOMY MpoTekaHuto peakiuii SO, ¢ uznydeHuem A<200 HM.

VYano ¢ coaBropamu [Ueno et al., 2009] cuuraroT, 4To Takue YCIOBHS MOTJIH HMETh
MECTO B TOM cllydae, €CiIM apxeiickas atmocdepa Obuta MeHee TTpo3padHoit B oomactu 202—220
HM, 9eMm B obOmactu 180—202 M. To ecTh HEKOTOpble aTMOC(epHBIEe Ta3bl WIH adpPO30JIbHBIC

YaCTHUIlbl, HAXOAAIHUECA B BCPXHHUX CIOAX aTMOC(l)CpI)I, norjomaid COJTHECYHOC HU3JTYUYCHHUC Ha
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uinHax BoJH 202—220 HM H, TeM CaMbIM, 3KpaHHUPOBAJIM HUXKHHUE CJIOU aTMOC(HEpbl OT 3TOrO
u3nydenus. [losromy monekynsl SO,, comepskaiimecs, IJIaBHBIM 00pa3oM, B HIKHHMX CIOSX
atMocdepsl (< 15 kM), ObUTH SKpaHUPOBAHBI OT BO3JICUCTBUS U3JIYYCHHS C JNIMHAMH BOJIH A>202
HM, HO — «OTKPBITBD» BO3JCHCTBHIO M3iaydeHus B obmactu 180—202 mm. [Ueno et al., 2009].
VYano ¢ coaBTopamu [Ueno et al., 2009] paccMmoTpenu pa3indHbie clieHapuH 3KpaHupoBanus Y D
usnyuenus razamu (O, O3, CO,, H,0, CS;, NHs3, N2O, H,S, OCS, SO;) u npunum K BBIBOAY,
YTO TaKHM JKPAHOM B apXeucKoil armocdepe sSBISUIIOCh OPraHHYECKOE COCTUHEHUE — CYIb(OUI
kapoonuna (OCS). Comep:xanune OCS B atmochepe He MeHee 5 PPM MOrio 00OCCIEYHTH
skpanupoBanue SO; oT (oTonmusa COTHEUHBIM H3ITy4eHHUEM Ha JUIMHAX BOJMH A >202 HM.
Onnako, o maenuio M.B.Kimapa ¢ coasropamu [Claire et al., 2014] Takoe BbICOKOE CO/IepyKaHKE
OCS He pealuCTHYHO i1 apXeWckod aTtMocdephl, Tak Kak B OTCYTCTBHE O030HA CYIb(HJ]
kapoonmna OCS moaBepraercs mHTeHCHBHOMY (ortonm3y [Domagal-Goldman et al., 2011;
Zerkle et al.,, 2012] u ero comepkaHue HE MOIJIO TpEBbIMIATh ypoBHS ~10 ppb, uto He
JOCTaTOYHO IUisi 3KpaHupoBaHus. [loaTomy 3¢ ekt SKpaHHMpPOBAaHUS HE MO3BOJISIET OOBSCHHUTH
ycinoBus, Tpu  KoTophlXx (oronmm3 SO,  IOCTATOYHO  HMHTCHCHBHO  WHHUIIMAPOBAIICS
KOPOTKOBOJIHOBBIM H3JIyUYCHHEM.

Mpbl momaraeM, 9YTO YCIOBHSA, OJaromnpusTcTByromme 3PQGEeKTHUBHOMY IPOTEKAHUIO
peakuuii SO, ¢ wusnydenumem A<200 HM, MOTryT OBITh OOBSICHEHBI, OCHOBBHIBASIChH Ha
CYIIECTBYIOIIUX TMPEACTABICHUSAX O CHEKTpalbHOM cocTtaBe uznydeHuss ConHIla B apxee.
ConHeuHasi paavanus SBJISUIACH JBIDKYIEH CHUJION BCEX IBOJIOLMOHHBIX MPOIECCOB B paHHEH
atmocdepe 3emmu [Lundin et al., 2007]. CormacHO cTaHAapTHOW COJHEYHOW MOJIEIH,
6onomerpuueckas cBeTUMOCTh CoJHIIa MOHOTOHHO yBEJIWYHMBAJIACh nocienHue 4.6 Miapa. Jer.
Baauane omna cocraBmsiia Toibko 70-75% ot coBpemenHoro ypomHs [Gough, 1981].
Habnronenus 3a Moa040# COIHEUHO-TIOA00HOIM 3BE3I0H k' Kuta B co3Be3auu Kur, siBasromeincst
npototuniom Monoaoro (3.7—4.1 mupa. ner) ConHila, MOKa3bIBaeT, 4yTo €€ OoJloMeTpuuecKas
CBETUMOCTb MEHblIE, yeM y coBpeMeHHoro CoiHila, HO aMHUccHs u3nydeHus B Y@ obmactu
PEBOCXOIUT CONHEUHY0 amuccuto Ha 10—15% [Guinan, Ribas, 2002; Ribas et al., 2005]. 3to
YKa3bIBaeT Ha TO, 4TO Mosiofoe COJHIIE XOTS M UMENIO MEHBIIIYI0 CBETUMOCTh, HO TEHEPUPOBAIIO
ropa3ao OojbpmMiA MOTOK H3iaydeHus B Y@ obnactu, yem coBpeMeHHoe Connie. CoriacHo
actpoduznueckum moaensiM, YD nmotoku ot mosiogoro ComHIa MOTiu ObITE B 6 pa3 Gosbiie 3.5
MIIpJI. JIET Ha3aj ¥ B 3 paza Oonbire 2.5 mupn. set Hazan [Ribas et al., 2005, 2010]. Ucnonb3yst
doToxumuaeckyro mMonenb, Pudac ¢ coaBropamu [Ribas et al., 2010] noka3anu, 4to ycuieHHOE
cosiHeyHoe m3inydeHue B auana3zoHe 100—200 HM NpHUBOIMT K 3HAYUTEIBHOMY YBEIUYEHHIO
CKOpocTH (DOTOAMCCONMAIINH TI0 CPABHEHHUIO C TEM, YTO OOBIYHO TPEAIONIaraeTcs Il paHHEeH

3emun. CKOPOCTh TUCCOITMAIIMN OCHOBHBIX aTMOC(EPHBIX Ta30B Morja ObITh BbIlIe B 3—4 pa3za
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[Ribas et al., 2010; Hébrard, Marty, 2014]. baaronaps Beicokoii akTuBHOCTH Mostogoro CosHila
[Ribas et al., 2010; Claire et al., 2012], a Tak k¢ OTCYTCTBHIO CBOOOJHOI'O MOJICKYJISIPHOTO
KHCJIOPO/ia ¥ 030HA B pPaHHEH aTMocdepe 3eMiiH, COTHEUHOE U3yYeHHE B 001aCTH JJTUH BOJH A
< 200 HM JOMKHO OBUIO OBITh OCHOBHBIM HMCTOYHHUKOM OJHEPTrUU Ui (OTOXUMHUYECKUX
MpoIecCOB B apxelickoil armocdepe. [loaTomy mpuuuHy TOrO, 4TO B apxehckoil atmocdepe
MOTJIM TPOTEKAaTh HMHTEHCHBHBIC mpouecchl ¢oronuza SO, B KOPOTKOBOJHOBOW 00JIACTH
180—200 um, MbI cBs3biBaeM He ¢ 3ddexrom OCS-skpanuposanus [Ueno et al., 2009], a ¢
0COOCHHOCTSIMH CIIEKTPAJIBHOTO COCTaBa M3Iy4eHus, pucynmmu mosogomy Comriy [Ribas et
al., 2010].

DOTOXMMHYECKOE COCTOSTHHE PaHHEH aTMoc(epbl 3eMiu paJuKaabHO OTJIMYAJIOCh OT €€
HBIHEIIIHETO COCTOSIHHMSI W I03TOMY, KaK CIpaBeJIMBO OTMETHJI B CBoei pabore Pubac ¢
coaBTopamu [Ribas et al., 2010]: «ropa3ao Gosiee cuabHOE (HOTOAUCCOLMUPYIOIICE U3TYUCHHUE
mojnogoro CoiHIa MOHKHO OBITh YYTEHO [UIS MOJNYYEHHS HENPOTHBOPEUYMBHIX pPACUETOB
iaHetHOM atMocgepni» (Self-consistent planetary atmosphere calculations must account for the
much stronger photodissociating radiation of the young Sun). Omnako, Tpu HCIIOJB30BaHHH
doroxumuueckux Mojened ans  pacu€ra HM30TONMHBIX  3()(EKTOB, BO3HUKAIOMMX B
doroxummueckux peakuusx SO;, MOMHUMO CIEKTPaIbHOTO COCTaBa M3IIyYSHHS, HEOOXOIMMO
pacronarath TOYHBIMH JAHHBIMH O CIIEKTPAaX MOIIOMICHHS H30TOMHBIME MOJEKyIaMH 2SOy,
33502, 34502 u 36502. C >TUM MMEIOTCS HEKOTOpbIe 3aTpyaHenus. B pabote [Lyons, 2009] 6bu10
TMOKA3aHO, YTO PEe3yNbTATH M3MEDPEHHl CCUCHWS IOTTIOUICHHsS W MONeKyn 250, *#S0; u
34802, npuBeaéHHbIe B padoTe [Danielache et al., 2008], sBasroTcst HETOCTATOYHO TOYHBIMHE JIJISI
NPUMEHEHHS UX B MOJICNIbHBIX pacuérax. Tem He meHee, nanubie [Danielache et al., 2008] 6butn
UCIIOJIb30BaHBI /711 TEOPETUYECKOT0 MOAETMPOBAHUS M30TONMHBIX 3ddekroB mpu poronuze SO,
B apxeiickoii atmocdepe [Ueno et al., 2009; Halevy et al., 2010; Claire et al., 2014]. B moxemnsx
VYano [Ueno et al., 2009] u Anesu [Halevy et al., 2010] yuuTbIBasCSl CTAaHIAPTHBIA CHEKTP
coBpemenHoro Conana. /J{nst oOBsSCHEHHS TONYYCHHBIX M3OTOMHBIX pPE3YyJIbTaTOB UM
noTpe0oBaJIOCh MPENNOI0KUTh, UTO aTMoc(depa Obuta Herpo3pauHoi B auanazoHe 200—220 um
3a cu€T mpucyTcTBUs B Hell Oombinoro kosmdectsa OCS [Ueno et al., 2009], uiu apyroro rasa,
KOTOpBIi He OblT uaeHTH(UIMpoBan [Halevy et al., 2010]. B moaenu Kiapa [Claire et al., 2014]
OBLIM y4YTEHBl CIEKTpajbHble OcoOeHHOocTH wu3nydeHus CoyHIIa B apxee, HO HMX MOJEIb
npejcKa3aia COBEPIICHHO MPOTUBOMOIOXKHBIE 3HAUEHUSI M30TOMHBIX aHOMAIMKA 1O OTHOILIEHHUIO
K TeM, 4TO HaOIONAIOTCS B apXEHCKUX MTopoiax. OHH MOTYYrIIN OTpHIATe/IbHbIE 3HaueHus A*®S
JUIst Cynb(UIa U MOJOKUTENbHbIE A®S s cyabdaTa, XOTs A apXeHCKUX MOPOJT XapaKTEPHbI
nonoxurensasie APS B cynpduaax U OTpULlaTeIbHbIE A®S B cynbdatax. Kimmp ¢ coaBropamu

[Claire et al., 2014] momyckaroT, 4TO OJOW M3 MPUYHMH MPOTHBOPEUMS MEXAY pe3yJIbTaTaMu
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MOJIEIMPOBAHMs U HAOIIOAAEMBIMU B IPUPOAE W30TOIMHBIMU aHOMAJUSMH SBIISICTCS HE COBCEM
TOYHOE U3MEpPEHHE CIEKTPATbHBIX XapaKTepUCTUK nornomeHus SO,.

Pe3ynbraTthl M3MepeHUN CEUeHHUs MOTJIONICHUS JUIsl MOJICKYJI 32802, 33802 u 34SOz,
npuBenéuusie B pabore [Danielache et al.,, 2008], Obun yTouHEHBI M pACIIMPEHBI HAa BCE
n3orononora SO, (32802, 33802, 34802 u 36SOz) B 0oJiee MO3HEH IKCIIEPUMEHTAILHON padboTe
[Endo et al., 2015]. YTouHEHHBIC NaHHBIC TMO3BOJMIU CHEIATh HOBBIC PACUETHI M30TOIHBIX
sbdexro [lzon et al., 2017]. Moxpenr M3zoma [lzon et al.,, 2017] npenckaszana Temnepsb
TOJIOXKHUTEIbHbIC 3HAaueHHsT A*S ju1st cynbguma u orpunarenshbie AS mis cynbdara, kak B
apxeiickix mopoxax. OnHAKo mpejcKasanHas Marautyna AS okasamack 3HAYNTETHHO MEHBIIE
(< 9%o) O CPABHEHHIO C ApXCHCKHMH 3HAYCHHSMU; B apXCHCKHX TOpOJax OOHapyxkeHs A*°S
MarHuTynoi ~15%o. Takoe pacxojaeHWe MOXKHO OTHECTH Ha CYET HEJIOCTATOYHO BBICOKOTO
CIEKTPAIBHOTO pa3pelicHUs NPU U3MEPEHUHM CEYCHUU TOTIIONEHHs U30TonojoroB SOy, arbo
IPEIOI0KHUT, YTO CYIIECTBYIOT JONOJIHHUTEIBHBIE HCTOYHUKN MAacC-HE3aBHCUMBIX (P PEKTOB
[Harman et al., 2018].

Takum 00pa3oM, TOYHOTO KOJMUYECTBEHHOTO MpPEJCKa3aHMs HE CMOTIJia JIaTh HU OJ(HA U3
CYIIECTBYIOIIUX (POTOXUMHUYECKUX Mojeieh. /i1 yCIenHoro MoaeIupoOBaHusi, KAK MUHUMYM,
HE00X0IMMO MMETh 0oJiee JeTallbHbIe, ¢ 00Jiee BHICOKUM CHEKTPAIBHBIM pa3pelieHHeM JTaHHbIe
0 W3MEPEHUIO CEUYEHHWH TMOTJIONICHUsT H30TOmoNOroB SOp, YTO SIBIISETCS OYEHB CIIOKHOU
JKCIEpUMEHTANbHOM 3anauell. IloaToMy Ha CerojHSAMIHMN JAEHb pellarollee 3HAaueHue B
pacro3HaHUM YCIIOBHMM, OTBETCTBEHHBIX 3a BO3HHMKHOBEHHME TAaKOIO SIBJI€HMS, Kak Macc-
HE3aBUCHMOE  (PAaKIMOHHPOBAHWE M30TONOB CEephl B  apXEWCKUX TOpOJax, HMEeT
IKCIIEPUMEHTATIHLHOE MOICTHpPOBaHUE mporieccoB Goronmsza SO;.

Kak yxe oTMeueHO BbIlIe, pPe3yslbTaThl HALEr0 3KCIEPUMEHTAIBHOIO MOJEIMPOBAHUS
YJIOBJIETBOPSIIOT BCeM TPEM TpeOOBaHMAM, MPEIbSBIAEMBbIM K (OTOXMMHUYECKOMY HCTOYHHKY
M30TOITHBIX AHOMANHIA B apxXeickux mopoxax: (1) Benmunna A®S He Menee 15%o, (2) OTHOIICHHE
A®S/6%4S ~0.9 u (3) orHomIeHHE A®S/IA®S nexur mexay —0.9 u —1.5. D1o naér ocHoBaHue
yTBepXKaaTh, 4To (hotonmmsz SO, HEHCTBUTENBHO MOXKHO aCCOLUHUPOBATH C (POTOXMMHUYECKHM
UCTOYHHKOM H30TOIHBIX aHOMAJIMH B apXeWCKUX MOpojax. DKCHEPUMEHTHI JOKa3bIBAIOT, YTO
BO3/ICHCTBUE M3TydeHUs ¢ JuimHaMH BoJH A<200 HM Ha SO; sBisieTcs 0053aTeTFHBIM YCIIOBHEM
JUIST TIPOJIYIIUPOBAHMS HW30TOMHBIX A()QPEKTOB, MOAOOHBIX TEM, KOTOpPhIE HAOIIOIAIOTCS B
apxelickux nopoaax [Bemusenkast u ap., 2020]. Mbl apryMeHTUpYEM, YTO 3TO YCIOBHE BIIOJTHE
PEATMCTUYHO Ul apXeUCKo aTMocdephl, ero BBINOJHEHHE MOXET ObITh 00YyCIOBIEHO Oosee
cunbHOU sMuccuer Y ® uznydyenus CoJiHIla B apXee M0 OTHOILICHHIO K cOBpeMeHHOMY COJHILY.
B otcyrcTBum sxpana O, u Oz nporneccol doronmsa SO, nox aeiictBueM A < 200 HM JTOJIKHBI

OBLTH TIPOTEKaTh Kak B Tporocdepe, Tak U B cTparochepe.
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Pesynprathl  ()OTOXMMHYECKHUX  OKCIIEPHUMEHTOB, IMPEICTABICHHBIE B  HEIABHO
onyonmkoBanHoM paborte [Endo et al., 2019], mpuBoasT aBTOPOB K BBIBOJY, YTO IPOLECCHI
dotomuza SO, mporekanw, TJIaBHBIM OOpa3oMm, B cTparochepe. OHM HaILIM, YTO TMPHU
noHmwxeHHoM armoceprom nasiaenuu (< 100 klla) ¢porommz SO, B obmactu A > 200 HM
CHOCOOEH BOCHIPOM3BECTH HaOIIOJaeMble B apXEUCKHUX IMOPOJAaX COOTHOIICHUS H3O0TOIHBIX
anomammit  A®S/A%S. ITosToMy ycClIOBHS NPOLYLMPOBAHHUS W3OTOIHBIX AHOMAJIUNA MOXKHO
acCOIIMUPOBAaTh C TOHMKCHHBIM aTMOCHEpHBIM JaBiieHHeM B apxee, Jmbo ¢oromu3 SO,
IpoTeKad B BEpXHUX cioAx arMmochepsl. OmHako, IO CUX IMOP HET TOYHBIX CBEIECHUN B
OTHOILIEHUH TOTO, KaKuM ObLIO oOlee JaBieHHe aTMOC(EpHBIX ra3oB B apxee — OOJbIle WIIH
MEHBIIIE COBPEMEHHOTO YpOBHs — ocTtaéres He sichbiM [Catling, Zahnle, 2020]. Eciu cnenoBath
BeIBOJIaM DHJ0 ¢ coaBropamu [Endo et al., 2019] u momyctutsh, yro mporeccsl poroauza SO,
MpOTEKaau B CTparocdepe, TO TOrna HEOOXOAMMO MPUHATH BO BHUMaHUE (POTOXMMHUYECKUE
peakuu SO; mox AEHCTBHEM KOPOTKOBOJIIHOBOTO H3JIyY€HHs, MOCKOIBKY B crparochepe Y
uznydenue A < 200 HM Gosee CHIIbHOE M OHO B 3HAYUTEIBHON CTETIEHW KOHTPOJIHUPYET MPOLIECCH
doroauccormanuu [Ribas et al., 2010]. Dumo ¢ coasropamu [Endo et al., 2019] urnopuposau
3TOT (PaKTOp B CBOEM HKCIEPUMEHTAILHOM MOJCIMPOBAHUU. BO3MOXKHO MOATOMY MM YIalOCh
TOJILKO YaCTUYHO BOCIIPOM3BECTH B CBOHMX OJKCIEPUMEHTAX APXEHCKHE COOTHOLICHHS MEXKIY
n30TOMHBIMU 3 dekramu. OHHM TONydmnm ONM3KOE K apXeHCKOMY TPEHJy OTHOIICHUE
msoronueix  anomammit A®S/A®S, no He cmormm BOCIIPOM3BECTU HAKJIOH A®BSI5¥S ~0.9,
OTBEYAIOIIUI JTUHUH U30TOITHOTO TPEH 1A ISl apXEHCKUX MOPO/I.

Tor ¢axT, 4TO KOPOTKOBOJIHOBOE H3JIyUY€HHUE SBISETCS OJHUM U3 BaXKHBIX (DAaKTOPOB B
IPOAYIIMPOBAHUU U30TOMHBIX 3()(HEKTOB C apXEHCKUMHU XapaKTEPUCTHKaMH, HE O3HA4YaeT emié,
yro mporecchl ¢ortommza SO, mox neiictBueM wu3nydeHus A<200 HM JOIKHBI MPOTEKATh
NPEUMYILIECTBEHHO B BEPXHUX CJIOSIX apxeiickoi atMocdepbl. Mbl HE HCKITI0YaeM BO3MOKHOCTH
WHTCHCUBHOTO TIPOTEKaHWS TakuxX (oToxumuueckux peakiuii SO, B Tpomocdepe, XOTs
KOPOTKOBOJIHOBOE HM3IYYEHHE MOXET OCIA0NATHCS TPU MPOXOXKIECHHH Yepe3 HUKHHE CIOU
atMocdepel. B orcyrctBum O, u Oz B apxeickoil armocdepe, OCHOBHBIMH Ta3aMu,
KoHKypupyomumu ¢ SO, 3a B3aumojeiictBue ¢ goroHamu A<200 HM, SBIAIOTCA IMOKCHU
yriaepoaa, MetaH ¥ Bojaa (cMm. pucyHok 1.9, rmaBa 1). Ognako, B nmamaszoHe 150200 HM
JTMOKCHJT CEePBI TOTJIOMAET Ha mopsaok cuibHee, yem CO,, CHy n H,O. Tlostomy ocnabienne
Y@ uznydeHus cBA3aHO C ero morijoueHneM mMonekyinamMu SO, B paBHOU, WM Jlaxke B OOJIbIIEH
crerienu, dem Monekynamu CO,;, CHs m H,O [Ranjan, 2017]. Orcroma creayer, YTO
doroxummueckne peakuu  SO,, WHHUIMHAPYEMBIE KOPOTKOBOJIHOBBIM  H3JIy4€HHEM, U
ACCOIMMPYIONIMECS C HHUMH HW30TONHBIE J(PQEKTHl MODKHBI WMETh MECTO HE TOJBKO B

ctparocepe, HO 1 B Tporiocdepe, ecnu conepxkanue SO, 10CTaTOYHO BHICOKOE.
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Kak moKa3pIBafOT pe3ynbTaThl HAIIETO JKCIEPUMEHTAIHHOTO MOJACITUPOBAHUSA, B
apxeiickoe Bpemsi conepxkanue SO; B cronde aTrMochepHOro BO3AyXa MOIJIO COCTaBISITh
1.9x10"® momexyn/cm®. ViMenHo Takoe comepxkanue SO, OTBEUACT MAPLUAIBLHOMY IABICHHUIO
SO, B 3kcniepuMenTanbHOM Kamepe (pSO, = 70 m6ap) mpu npoBeneHnn Xe—Hg 3KxcriepuMeHToB,
B KOTOPBIX MBI TOJYYMIH DJIEMEHTAPHYIO CEepy C apXCHCKUMHU COOTHOUICHHUSMH MEXKIY
U30TOMHBIME Y deKkTamMu 8%s, A¥S u A¥s [BenmuBeukas u np., 2020]. Drto BmosHe
peamuctuynoe conepxkanne SO, B arMocdepe BO BpeMs AKTUBHOM BYJIKAaHHYECKOU
nesaTeabHOCTH. B coBpeMeHnHol atmocdepe npu u3BepkeHuu BynkaHa Ilunaty6o B 1991 rogy
koHreHTpanust SO, B Bo3ayxe GUKCHUpOBAJIACh Ha YPOBHE | ppm H BBIIIE, YTO COOTBETCTBYET
2x10" momexyn/em® (1 ppm SO, = 2x10" monexyn/cm?). B paGore [Kaltenegger, Sasselov,
2010] ObLIO MPEIONIOKEHO, YTO HA PAaHHHMX dTalax Pa3BUTHs 3eMJIM B HEPHOABI aKTUBHOI'O
BynkaHu3zMa conepxkanne SO, B armocdepe MOIIIO AOCTHraTh MHUKOBOTO 3HAYEHHS B COTHHU
yacTel Ha MWUTHOH. TakuM oOpa3om, Hamia onieHKa KoHieHTpauuu SO, B paHHel atmocdepe
3eMiH, TIOJY4YEeHHAs Ha OCHOBE JKCIEPUMEHTAIBHBIX HCCICIOBAHUN, MOXET COOTBETCTBOBATh
peabHBIM aTMOC(EPHBIM YCIOBHUSM B apXeickoe BpeMs. DTO COTIAcyeTcs ¢ CYIIEeCTBYIOIUMH
MOJICIIEHBIMU TIPE/ICTABJICHUSIMH O B3aMMOCBSI3W Mexay mnoctymieHneM SO; B 0OJbIIOM
KOJIMYECTBE B aTMOc(epy BO BpeMsi aKTHBHBIX BYJIKAHHYECKHX COOBITUH M MPOIYIIUPOBAHHIO
Macc-HE3aBUCUMBIX HM30TOIMHBIX 3(P¢eKToB B razo-(asHbix Goroxumudeckux peaknusax SO, B
ycioBusix OeckuciopoaHoit armocdepst 3emuu [Ono et al., 2003; Ono, 2017].

B pemennu BONpoCOB OTHOCHTEIBHO COCTaBa M COJEP)KAHHS T'a30BBIX KOMIIOHEHTOB B
panHeld artmocdepe 3eMIM 10 CHX TIOp OCTAaéTcs MHOTO HEONpenenéHHOCTeH u3-3a
Pa3pO3HEHHOCTH U OTPaHUYCHHOCTH JaHHBIX, CIY)KAIUX CBUIETENHCTBAMU WM MHIUKATOPAMU
sBOMOIIMU 3eMiid U e€ aTMocdepbl B MpOILIOM. B 1enoM, coaep:kaHue HEKOTOPBIX Ta30BBIX
KOMITOHEHTOB B BOCCTAaHOBHUTEJIHHOIN apXeHCKoi aTMOc(epe OLEHHBAETCS CIEAYIOIMINM 00pa3oM:
0O, < 10° at™M; COz ot 0.003 no 0.15 6ap, a mo HekoTtopsiM oreHkam o 0.75 6ap; CHy ot 20
ppm mo 5000 ppm; CO << 300 ppm; H, < 0.01 6ap [Catling, Zahnle, 2020 u ccoiiku BHYTpH
cratbu]. @otonu3 SO, U acCONUUPYIOIIMECS ¢ HUM MacC-HE3aBUCHMBbIC W30TOIMHbBIE d((EKThI
HaKJIa/IbIBAIOT OrpaHUYeHHe Ha cozepxanue Oz B apxeiickoi aTMocdepe, HO He JaloT yKazaHui
Ha COJIEp)KaHME JIPYTHX Ta30BBIX KOMIOHEHTOB, MIOCKOJBKY WX MPHUCYTCTBUE HE OTPakKaeTcs Ha
XapaKkTepe H30TOMHBIX OTHOIIEHWH B DIEMEHTApHOU cepe, oOpasylolieiicss B pe3ynbrare
doroxumuueckux peakimii SO,. Vike U3 MepBhIX dKCIepUMeHTaIbHBIX pabot [Farquhar et al.,
2001; Masterson et al., 2011; Whitehill, Ono, 2012; Ono et al., 2013] ciexyet, 4YTO U30TOIMHBIE
s¢dekThl, Bo3HuKaromme npu ¢otoamse SO, B mpucyrctBum CO,, H,O, He wnm Nj, He
00HapyXUBAIOT 3HAYUMBIX OTIIMYUN OT T€X, YTO MOITYYCHBI B (POTOXUMHUECKUX IKCIIEPUMEHTAX

¢ uncteiM SO, razom.
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B Tteopernueckoii pabore [Zahnle et al.,, 2006] caenaHo npeANoONOKEHUE, YTO
NPUCYTCTBHE MeTaHa B arMmochepe HEoOXOAMMO JUIS CO3MAaHUS YCIOBUH YCTOWYHMBOTO
CYIIECTBOBAHHS MaJIOATOMHBIX MOJIEKYNT Sy, S3, S M nanpHelmIeld moimMmepusanuu X B Sg
dopmy. VcuesHoBeHHE MeTaHa MPHUBEET K MMOTEpe Macc-He3aBUCHMBIX 3(dexros [Zahnle et al.,
2006]. B skcniepuMeHTaIbHOM Macc-criekTpoMeTprueckoii pabore [Dewitt et al., 2010] naitneno,
yro npu ¢oronuze SO, B MNPUCYTCTBUU MeETaHA JACHCTBUTEIBHO YBEIMYUBACTCS BBIXOJ
3JIEMEHTApHOM cepbl Sg. DTO MOATBEPIKIAET MpearnookeHue 3anie ¢ coasTopamu [Zahnle et al.,
2006] o BaustHMK METaHA Ha MEXaHU3MBbI TpaHChOpMaIIHK Cephl B apxeiickoii atmocdepe. Tora,
Kak ObL10 oT™MeueHo B pabote [Whitehill, 2015], He uckitoueHa nmoTeHIMagbHasE BO3MOKHOCTD
TOTO, YTO METaH OKa3blBaJl BIHMSHHE HA W30TONHBIC OTHOIICHHUS CEpbl B MPOIYKTaX
doroxumuueckux peakuii SO, B apxelckoit armoctepe. s u3ydeHUs 3TOro BoIpoca
Baitrxun [Whitehill, 2015] nposén ceputo skcnepumentoB mo ¢oronusy SO, B NpUCYTCTBUH
MeTaHa. B 3Toii pabore Obuto HailijneHo, uTo W30TomHBIE 3(hdexTsl mpu ¢orommsze SO, B
npucyrcTBur CHy MaeHTHYHBI M30TONHBIM 3¢ (deKTam, KOTOpble UMEIOT MEeCTO Ipu (OTOIU3e
SO, B otcyrctBuun CHy. DkcnepuMeHTalbHBIC JaHHBIC YKa3bIBAIOT, YTO MPUCYTCTBHE WU
orcyrctBue CHy MOXeT BIMATH Ha CKOPOCTh 0Opa3oBaHus 3eMeHTapHOl cepbl [Zahnle et al.,
2006; DeWitt et al., 2010], HO cymIECTBEHHO HE H3MEHSAET H30TOMHOE COOTHOIICHUE
3JIEMEHTAPHOHN cepbl, oOpasyroieiics npu ¢oroause SO, B apxeiickoir armochepe [Whitehill,
2015]. OtH 3KcriepUMeHTAJIbHBIC JaHHBIE MPOTUBOPEYAT MOJEIbHBIM IpejcTaBieHueM [Zahnle
et al, 2006] o 3aBuCHMMOCTH Macc-HE3aBUCHMBIX J(P(EKTOB OT COACpKAHUS METaHA B
atMocdepe.

O06 oOTCyTCTBUMM BJMSHHMS Ta30BbIX KOMIIOHEHTOB Ha M30TONHBIE J(PQEKTH B
doroxummuueckux peakuusax SO; CBUIETENBCTBYIOT M HAIlM HKCIEPUMEHTANbHBIE JaHHBIE,
YCTAQHOBJICHHBIE B JKCHepuMeHTax no Qortomusy SO, moa Bo3neHCTBHEM KOPOTKOBOJIHOBOTO
m3nydenuss B npucyrctBuu Hp; CO; wmm Nj. DTO TO3BOMSIET NPUNWTH K BBIBOAY, YTO
3aKOHOMEPHOCTH MPOSIBICHUS M30TOMHBIX aHOMaiuil B mpoueccax ¢oronuza SOz HE AAOT
BO3MOXXHOCTH OJIHO3HAYHO CYAUTH O COJEP>KAaHUM OTMEUEHHBIX BBIIIE I'a30BbIX KOMIIOHEHTOB B
apxeiickoit armocgepe, 3a uckiaoueHueM Oj, ypoBEHb KOTOPOTO HE JIOJDKEH ObUI NMPEBBIIIATH
107 arm [Pavlov, Kasting, 2002].

W3 Bcero cka3aHHOTO BHINIE MOXHO CHENaTh CJICHYIOIIHE OOIIUE 3aKIIOueHHs B
OTHOIIEHUM HMCTOYHUKOB M YCJIOBUH MPOAYLHPOBAHUS HM30TONHBIX aHOManui cepbl. Hamm
HKCIEPUMEHTANIbHbIE HCCIENIOBaHMUS JO0Ka3ajh, 4TO HCTOYHUK BO3HUKHOBEHHUS M30TOIHBIX
aHOMAJIMH Cephl B apXEWCKHUX TOPOAaX MOXKHO acCOIMUPOBATh ¢ mporeccamu (potonmmza SO, B
OeckucnmopomaHoit atMocdepe. B apxelckyto 3py KOpOTKOBOJIHOBOe wu3imydeHue A<200 HM

JIOJDKHO OBLIIO UTpaTh 00JIee aKTUBHYIO POJIb B HHUITMUPOBAHUH (POTOXUMHUYECKHX peakiuii SO,



127

4eM MPEACTABISIIOCH IO CHX MOP. DTO MOXET OBITh CBS3aHO C OCOOCHHOCTSIMH CIIEKTPATbHBIX
xapakTepucTuk usnydenus CoiqHIa B apxee, KOTOpOe MeHEePUpPOBATIO ropas3io OOJBIIMM MOTOK
u3nydeHuss B Y® obOmactu, yem coBpemeHHoe Comuie. Poroxumudeckue peakiuu SOo,
WHULIMUPYEMbIE KOPOTKOBOJIHOBBIM H3iydeHueM A<200 HM, SBJISIFOTCS KIIFOUYEBBIM (aKTOPOM B
MPOIYIUPOBAHUN HM30TOMHBIX Y()PEKTOB CXOTHBIX MO CBOUM XapAKTEPUCTUKAM C TEMH, YTO
oOHapyxeHbl B Cyinbhumax u3 apxeckux mopoa. OOBSICHEHHE H30TONMHBIX OTHOIICHUN
A®S/5*S u A®S/IA®S, maGmomaembix B apXeMcKuX Topoaax, CcBOAUTCA K 3hdeKTy
CIIEKTPAJILHON 3aBUCUMOCTH (PAKIIMOHUPOBAHUSA H30TONMOB cepbl mipu  Qorommse SO;.
[TpucyrctBue armocdepubix kommnorneHtoB CO,, CH,, HyO, Hy, N mnm He He ckaswiBaeTcs Ha
XapakTepe CIEKTPaIbHBIX 3aBUCUMOCTEH, XOTS MOXET TMOBIUATH Ha 3A((HEeKTHBHOCTH

dbopMUpOBaHUS KOHEYHBIX MPOIYKTOB (poTonuza SOy.

BeiBoabI K ri1aBe 3

1. MeToaoM 3KCTIePUMEHTAIEHOTO MOJICIUPOBaHUs (POTOXMMHYECKHX peakuuit SO,
B OCCKUCIOpPOTHOW arMocdepe [oKazaHo, 4Yro mporecchl (oromuza SO, Moryr OBITh
ACCOIIMMPOBAHBI C ICTOYHUKOM H30TOIHBIX aHOMAJIMH Cepbl B OCATOYHBIX MOPOIAX apXEeHCKOTro
Bo3pacTta. TeM caMbIM JJaHO ONPOBEPKECHUE CIOKHUBIIEMYCS IIPEIICTABICHUIO O HEBO3MOKHOCTH
OOBSICHUTB MTPOUCXOXKJCHUE MACC-HE3aBUCUMBIX M30TOMHBIX APPEKTOB B apXeiCKUX Mopojaax B
paMkax arMoc(epHbIX (OTOXMMUYECKHUX MpoieccoB ¢ ydactuemM SO;. DKCIepUMEHTaIbHbIE
JI0Ka3aTeiIbCcTBa TOTO, YTO HW30TONHBIE AHOMAIMU CEPhl MMEIOT (POTOXMMHYECKYIO IMPHPOIY
CBOET0 IPOUCXOXKICHHUS, JAIOT JONOJHUTEIbHbIE TOATBEPKACHUS U1 THUIIOTE3b], BHIABUHYTOH B
paborax ®apkya c¢ coaBtopamu [Farquhar et al., 2000a, 2001] o Tom, YTO HanIU4KUe Macc-
HE3aBUCHMOTO (PaKIMOHUPOBAHUS HM30TONMOB CEPhl B ApXEHCKUX TOpOoJax SBISETCS
CBUJIETEIILCTBOM OTCYTCTBHSI CBOOOHOTO MOJIEKYJISIPHOTO KHACIIOPO/Ia B apXencKoit atmocdepe.

2. Pe3ynbTaThl POTOXMMHUECKUX SKCIEPUMEHTOB MO3BOJIMIN OLEHUTh U BBIACHUTDH
0COBEHHOCTH MpOsBIeHHs H30TOMHEX dddexton 8*S, A®PS u A®S B nporeccax poronuza SO,
B 3aBHCHMOCTH OT CIHEKTPaJbHOTO COCTaBa H3JIYYCHUS, MHULMUUPYIOMETO (HOTOXUMHUYECKUE
peakmn SO,. DKCTIIEPUMEHTAIFHO JI0Ka3aHO, YTO M30TOIMHBIC d()()EKTHI, acCONMUUPYIOMHUEcs ¢
doronmmzom SO, B KOpoTKOoBOIHOBOH (A < 200 HM) U ATUHHOBOIHOBOH (A > 200 HM) o0macTax
CHEKTPAIBHOTO U3JIYYEHUs, CYIIECTBEHHO OTJIMYAIOTCS 10 CBOMM XapakTepucTukam. PoToiun3
SO, B obmactu miawH BOomH A > 200 HM TPOXyHHPYET AJIEMEHTAPHYIO Cepy, OOOTamEHHYIO
usoronoM 'S (5**S > +100%o0) 1o oTHOmeHMO K nexogHomy SO, a porons SO, B oGnactu
JuTHH BOSH A < 200 HM, HAIPOTHB, MPOAYLHPYET 00eaHEHHYI0 H30TOMmOM 'S (8%'S > —300%0)

AJIEMEHTApHYIO cepy. MarHuTyaa U30TONHBIX aHOMAaJIUM A®S u A*S B 30-40 pa3 Oouible mpu
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dorommze SO, B obmactu A < 200 HM, yeM B 0ONACTH MU3ITyYEHUS C AJIMHAMHU BOJH A > 200 HM.
DKCTepUMEHTAIbHBIE (aKThl, YCTAHOBJICHHBIC TPU WU3YYCHUU 3aBHUCHMOCTEH HW30TOIMHBIX
s dexToB 8348, A®S u A%®S or napiuansaoro gasineaus SO, (pSO, = 2—-1013 mbap win
5.6 X 1016 — 2.7 x 1012 monexyn SO, B cronGe aTMOCEPHOro BO3LyXa) M TEMIEPATyphl CPEIbl
(T = 2-200 °C), moka3sbIBaroT, 4T0 M3oTomHble otHomeHus A*S/8%S u A*S/A®*S B npoxykrax
dotonmuza SO, HE 0OHAPYKHMBAIOT 3aBUCUMOCTH OT mapameTpoB pSO; u T, XOTs ATH MapaMeTphbl
BIUSAIOT HAa BEJIWYUHY H3OTOIMHBIX 3(DPEKTOB 8%s, A®s u A%s. CrekTpaJIbHBI COCTaB
U3ITy4EHUS SIBIISCTCS OMPENCIIOMUM (PAKTOPOM B KOHTPOJIMPOBAHUM BEIMYMHBI HAKJIOHA
A®S/6*'S u A®*S/IA®S mzoTONMHBIX TPEHIO0B, OTBEUYAOLIM (PPAKIIHOHHPOBAHHIO H30TOMOB CEPBI
B mporeccax ¢oronuza SO; B KOPOTKOBOJIHOBOW M JUIMHHOBOJIHOBOM OOJIACTSAX H3ITyYCHHUS.
CrnekTpanbHasi 3aBUCUMOCTb M30TOIHBIX 3PPEKTOB 833, A®S u A*S o6wscHseTCH NeiicTBIEM
MeXaHH3Ma MPSIMOH auccoranu Moaekyn SO, B pe3ysibraTe B3auMOACHCTBHS ¢ PoTOHAMH A <
200 aM, MexaHU3Ma mpeaaucconranuu npu p3aumoseicTesun SO; ¢ poronamu A = 200—220 HM
U MexaHu3MoM ¢GotoBo30yxaeHust SO, u3nyueHueM ¢ JuuHaMu BoIH A = 250—400 Hwm.

3. HccnenoBanbl 3 (eKThl BIUSHUS OTHOCHTEIBHON WHTCHCUBHOCTH HM3JIy4CHHS Ha
XapakTep KOPPEISIIMOHHBIX 3aBUCUMOCTEH MEXIy BETUYMHAMU 833, A®S u A®S B MPOYKTax
dorommza SO, W TOKa3aHO, YTO CMENICHHEC MAaKCHMAJIbHOW HHTCHCHBHOCTH H3JIYYCHUS B
obmacte Oosee mmuHHBIX BOMH (oT 200-220 BM — 250-330 M — 350-400 HM)
CONPOBOXAACTCSI U3MEHEHUEM B BEJIMYMHE HAKIOHOB M30TOMHBIX TPEHAOB OT —3.78 mo +1.32
st wsororsoro otomenns A*S/A®S u or +0.02 10 —1.39 WIS W30TOMHOrO OTHOILICHWS
A®S/8%S.  OGHapykeHHAs 3aBHCHMOCTh OOBSCHACTCS CIIOKECHHEM H3OTONMHBIX d(P(EKTOB,
oTBeuarolux mporeccam  ¢oromuza SO, M0  MexaHWU3MaM  OPEIANCCOIUAIN U
¢GoToBO30OYXK/AE€HUS, NPH HTOM OOLIMA M3OTOMHBIM APQEKT ompenensercss CKOPOCThIO
doroxumuueckux peakmuii SO, B COOTBETCTBYIONIUX CIEKTPAIBHBIX JTUANa30HAX H3ITydeHUS.
DKCTepUMEHTATbHBIE (DAaKThI, YCTAHOBJICHHBIC TIPH M3y4EeHUH KOPPEISIUOHHBIX 3aBUCHMOCTEH
MEXAy BEIMYMHAMHU 6348, A®S u A%S npoaykrax Qoroxumudeckux peakuuii SOp,
JIOKa3bIBalOT, YTO HAKJIOHBI HM30TOMHBIX TPEHIOB £*°S-A%S u A¥s-5%s OIIpEAEIAIOTCA HE
TOJILKO CIIEKTPAIBHBIM COCTaBOM H3JydeHHUs, HO H OTHOCHTEIBHBIM pacrpeieiieHueM
WHTECHCUBHOCTH W3Iy4yeHUs MO CHEeKTpy. Takum oO0pa3oM, BBISBICH HOBBIH (GakTop —
OTHOCUTENIbHAsT WHTCHCUBHOCTh W3IYYCHHS — KOHTPOJIUPYIOUIUH H30TOMHBIE OTHOIICHUS
A®S/5*S u A*S/A®S B ponykrax doromusa SO,.

4. W3ydyeHrne 3aKOHOMEPHOCTEH HW30TOIMHOTO (DpaKkIMOHUPOBAHUS CEPHI, KOTOPHIC
SBIISIOTCS  PE3yJbTaTOM codeTaHusi mporeccoB Qoromuza SO, B  KOPOTKOBOJHOBOW U
JUTMHHOBOJIHOBOW 00J1aCTH M3JIy4eHUH, MO3BOIMIIO I0Ka3aTh, YTO MPU OMPENEIEHHBIX YCIOBHSIX

" 4
npoTekaHus GOoTOXUMUUYECKUX peakiuii SO2, MPOU3BOAMMBIC U30TOMHBIE AP(HEKTHI 8%s, A¥S u
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A*S 1pHOBPETAIOT XApPAKTEPHCTHKH, CBOACTBEHHBIC H30TONMHBIM 5(h(dekTaM B Cymbduax us
IOpOJT apXEWCKOTro BO3pacTa. IJTO TMO3BOJWIO TPEOJOJETh COMHEHHS W TPYJHOCTH B
OOBSCHEHUH MAacC-HE3aBUCUMOTO (PaKUMOHUPOBAHUS H30TOMOB CEpbl C TOYKH 3pEHUs
doroxumun SO;, KOTOpble OBUIM BBI3BAaHBl OTCYTCTBHUEM BECKUX OSKCIIEPUMEHTAIBHBIX U
TEOPETUYECKUX TOATBEPKIACHUN TPEANONOXKEHHS O (OTOXUMHUYECKON HPUPOIE H3O0TOMHBIX
AHOMAJIUI Cepbl B ApXEUCKUX MOpojax. Pe3ynpTarsl HAIMX HMCCIENOBAHUN CBHJIETEILCTBYIOT,
yT0 nporecchl poronusza SOy, BEI3BAHHBIE AEHCTBUEM U3Ty4YeHHs ¢ IIMHaMH BOJH A < 200 HM,
ABIIIOTCS HEOOXOAMMBIM YCJIOBHEM JJsi TOr0, 4YTOObI BOCIPOM3BECTH B HKCIEPUMEHTE U
OOBSICHUTH OCOOCHHOCTH IPOSIBICHUS U30TOITHBIX aHOMAJIMK B apXeUCKUX Mopozax. BeisicHeHo,
gro wsoromubie orHomeHus A*S/6*S u A¥S/A®S, snauenus KOTOPBIX YIOBJIETBOPSIOT
apXeHCKUM XapaKTepHCTUKaM, OOYCIIOBJIEHBI COBOKYIMHOCTBHIO (DOTOXMMHYECKUX IPOIIECCOB,
WHUIUUPYEMBIX HM3IYy4eHHEM U3 KOPOTKOBOJNIHOBOH (A<200 HM) obmactu u Ooiee
JUIMHHOBOJIHOBOM o6siacti Y@ usnydenus. CnekTpaibHblil COCTaB U3JIyY€HUS U UHTEHCUBHOCTD
CHEKTPAIBbHBIX KOMIIOHEHTOB SIBIISIIOTCSl KIIFOYEBBIMHU (DaKTOpaMH, BIMSIOUIMMH HA BapUalud
A®S/16%S u A®S/A®S orHomenuit. C yu€ToM 3THX (aKTOPOB HaM YJAIOCh BOCIPOU3BECTU B
Ja00pPaTOPHBIX JKCIIEPUMEHTAX apXCUCKUE OTHOIICHUS ABSI5*S u A®S/IA®BS, uro maér
HKCIEPUMEHTAIBHOE TOATBEPKICHUE THIIOTE3bl 0 (POTOXUMHUECKOW MPHPOJIE MPOUCXOKICHUS
M30TOIHBIX AaHOMAJIMI CEPBI B APXECUCKUX MOPOAAX.

5. AHanu3upysi pe3yiabTaTbl HKCHEPUMEHTAIBHOTO MOJCIMPOBAHUS MPOLIECCOB
¢doronuza SO, nmpu pa3IUUHBIX 3HAUEHHUSIX BapbUPYEMbIX MTApaMETPOB (CHEKTPalbHbIM cOCTaB
U3JIYy4YCHHUS, OTHOCHTEIbHAas WHTEHCHBHOCTh W3JIyUY€HHsS, COCTaB Ta30BBIX KOMITOHEHTOB,
napuuansHoe aasneHne SOy, TeMnepaTypa Cpe/bl), Mbl IPHUIIUTHA K 3aKJIFOYSHUIO, YTO H30TOITHBIC
AHOMAJIUU Cephl B apXEHCKHUX MOPOAAX YKa3bIBAIOT Ha Oojiee aKTUBHYIO POJIb KOPOTKOBOJIHOBOTO
(A < 200 HM) M3MTyyeHMs B mpoleccax aucconuanuu armocheproro SO, yeM mojaraioch A0
CHX Top. DTO Ma€T BECKHE JOBOJBI B TMOJB3y TOTO, YTO B aPXEHUCKYIO 3Py (POTOXUMHUECKUE
peakmn SO, Mornm mpoTekaTth Kak B crparocdepe, Tak u B Tpomochepe. JlocTymHOCTH
KOPOTKOBOJIHOBOT'O M3iydeHus ans ¢oroxumun SO, B apxeiickoil atmMochepe oObsicHseTcs
0COOEHHOCTSIMH  CIIEKTPAJIbHBIX XapakTepucTHK u3inydeHuss ConHIa B apxee, KOTOpoOe
TEHEPUPOBATIO TOPa3a0 OONBIINK MOTOK H3IydeHUs B 00jacTé UH BOJH A < 200 HM, yem
coBpemenHoe ComHile. Mbl orieHnBaeM conepkanne SO, B apXxelckoil aTMocdepe Ha YpOBHE ~
1.9x10'® MOJ‘IeKyJ'I/CMZ, YTO HE HWCKIIOYAET MPOAYIUPOBAHUE MAacC-HE3aBUCHUMBIX 3((HEeKTOB
Cephl TI0 MEXaHM3MY caModKpaHupoBaHUs. Takoe coxepkanue SO, BIONHE PEATUCTHYHO LIS
paHHell aTMmocdepbl 3emsin B pailloHaX AaKTUBHOM  BYJIKAHMYECKOW  JIEATEIBHOCTH.

BoccranoButensHbie U HHCPTHLIC TI'a3bl, MPCANOJIOXKUTCIIBHO BXOAUBIIUC B COCTAaB apxeﬁcxoﬁ
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aTMocdepbl, MOTIH BIHUATH JUIIb Ha 3PPEKTUBHOCTh (POPMHUPOBAHUS KOHEUHBIX MPOIYKTOB

¢doronuza SO,, HO HE HA UX U30TOIMHBINA COCTAB.
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TJIABA 4. DKCIIEPUMEHTAJILHOE NCCJIEJOBAHUE DY®PEKTOB MACC-
HE3ABUCHUMOI'O ®PAKLIMUOHUPOBAHUS N30TOMOB KUCJIOPO/IA (A0)
P ®OPMHUPOBAHUM H,0, B ®OTOXUMHNUYECKHUX ITPOLIECCAX

B sTOM pa3zzmene paccMaTpuBAIOTCS 3aKOHOMEPHOCTH (PAaKIMOHUPOBAHUS HM30TOIOB
KHCJIOpOJia %0, 0 u 0 B nporeccax (oronuza HpO B GeckucIopoaHBIX aTMochepHBIX
ycinoBusx. @otonus HoO BhI3BIBaCTCS JAEMCTBHEM KOPOTKOBOJHOBOTO M3iydeHHS A< 200 HM,
KOTOpoOe, Kak ObUIO YK€ MOKa3aHO HaMH B MpEAbIAYIIEH TaBe, SABISIOCh KIYEBbIM (PaKTOPOM
B MHUIMHPOBAHUH (DOTOXMMHUYECKHX TIPOIECCOB B apxeiickoil aTtmocdepe. DTo momyckaer
BO3MOXXHOCTh TPOTEKAHWS HWHTEHCHBHBIX IpoueccoB ¢otonuza HO B OeckuciopoaHoit
apxeickoil atmocdepe, UMEIOIUX pe3ylbTaToM OOpa3oBaHue mepokcuaa Bomopoaa HoOp —
KOHEYHOT'O CTaOMJIBHOTO MPOAYKTa (POTOXUMUYECKUX peakiuil ¢ yuactueM moiekyn HpO.

B mnepBoii riaBe ObUIO OTMEUEHO, YTO MEPOKCUJ BOJOPOAA paccMaTpUBaeTCs Kak
BOKHEUIINNA KOMIIOHEHT T€OXMMHUYECKUX LUKIOB B apXeUCKyro 3py, ucrounukom HpO, morim
ObITH aTMOC(EepHbIE (HOTOXUMUYECKHE PEAKIIMK C YyYaCTHEM MapoOB BOJIbI, & CTOKOM — IPOIECCHI
OKHCJICHUS IByXBaJCHTHOI'O jKejie3a B aHOKCHIHBIX MOPCKHX Oacceiinax [Kasting et al., 1984,
1985]. B reoxumuueckom acrekre poib HpO; vMMeeT NMPUHIMIHMAIBHO BAKHOE 3HAYCHHUE JUIS
NOHUMaHHS U OOBSICHEHHUS TIPOIIECCOB, CBA3aHHBIX C BO3PACTAHUEM CBOOOIHOTO MOJIEKYIISIPHOTO
KHCJIOpO/ia B paHHEH aTtMocdepe u €€ mepexooM OT BOCCTAHOBUTEIBHOTO K OKHUCIUTEIbHOMY
COCTOSIHHIO Ha pyOexe apxes u nporepo3os. CoriacHo rumnorese JlsiHa ¢ coaBTopamu [Liang et
al., 2006] H,0, MoxeT ObITh aCCOIMUPOBAH ¢ UCTOUYHHKOM mocTymieHus: O, B armochepy. CyTb
THITOTE3BI 3aKIFOYAETCSl B TOM, YTO TIOJ JIEHCTBHEM >KECTKOTO YIbTPa(UOIETOBOTO M3ITyUSHHS,
MPOHMKAIOILET0 IO MOBEPXHOCTH 3€MIIM B YCIOBHSIX OTCYTCTBUS KHCIOPOJAa U 030HOBOTO CIIOS,
OpOUCXOIWIN  (POTOXMMHUYECKHE pEAKLUUU C Yy4JacTHeM MOJIeKyd BOJbl, NPUBOASIINE K
o0pa3oBaHHWIO MEpoKcHaa Bojopona. Bo Bpems oOmieranerapHoro moxonoganus, H,0,
KOHJICHCHPOBAJICSI ¥ HAKAIUTUBAJICS B 3aMOPO’KEHHOM COCTOSIHUHM B JICITHOM TIOKPOBE 3EeMIIH.
[Tpu HacTyMIEHUH MOTEIUICHUS U TasHUS JIeTHUKOB, H,O, BEICBOOOKIANICS U AUCCOIMUPOBAT HA
02 u HyO, Tem campiM oboramast atmochepy kucioponoMm. Takum obpasom, runoresa JlsHa
[Liang et al., 2006] npeamonaraet GoTOXMMHUYECKYIO TIPUPOAY MporcxoxaeHus O, B IEpBUYHON
atMocepe 3emnu. C MO3ULMM 3TOM TUIOTE3bl BIOJHE BO3MOXXHO OOBSCHUTH MpoOIEMy
BO3HUKHOBEHHS ¥ OBOJIOIUH AHTHOKCHIAHTHOW CHUCTEMBl 3allUTHl Y OKCHUTCHHBIX
(OTOCHHTETHKOB JI0 TOT0, Kak aTMOC(epHBbIC YCIOBUS CTaau okuciauteabHbiMu [McKay,
Hartman, 1991; Kirschvink, Kopp, 2008; Haqg-Misra et al., 2011].

@DOTOXMMHUYECKOE COCTOSIHHE apXeHckoil armocdepsl o0yClIOBIMBAeT Crenu(UKy

MpOTEeKaHUsI (POTOXMMHUYECKUX peakiuidi kak ¢ ydactuem SO, Tak u ¢ ydactuem HO. MoxxHO
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oxunare, 4ro (oromm3 HpO, tak xe kxak u ¢oronmus SO, OyneT UMETh pPe3ylbTaToM
IPOAYLIMPOBAHUE MACC-HE3aBUCUMBIX M30TOMHBIX 3 (heKkToB B KOHeUHOM npoaykre HoOz. Ecin
3TO TaK, TO KHUCIOpOJ, MocTynaroumii B arMmocdepy 3a cuér pasnoxenus HyOp, nomken
HacJleIoBaTh MAacC-HE3aBHUCHUMYIO HM30TOINHYI0 METKY MCTOYHHMKA CBOErO IPOUCXOXKJICHHS.
CoxpaHeHue 3TOH METKM B OKCHJAX M3 JKEJIE30pPYIHBIX MaJEONPOTEPO3OMCKUX OTIIOKEHUN
NpeACTaBIsieT CcOoO0OW TOTEHIMAIbHYI0 BO3MOXXHOCTb JUIS HWACHTH(QHKAIMA KOHKPETHBIX
IPOLIECCOB, OTBETCTBEHHBIX 32 OKCUICHU3ALUIO NEPBUYHOIN aTtMochepsb! 3eMiln.

IIpennonoxenne o TOM, 4TO KHUCIOPOA B JpeBHEHl arMmocdepe 3emiin MOr HUMETh
(OTOXUMHUECKYIO MPHPOJY CBOETO IMPOUCXOXKICHHS, OCTAaETCA JHIIb TUIOTE30i M TpedyeT
OKCIEPUMEHTAIBHON TpoBEepKU. ['mrmoreza moiyumsia Obl BECKOE MMOJTBEPKACHUE, €CIH Obl
yJaloCh Ha OIbITE€ J0Ka3aTh, 4To HyO, neficTBUTENbHO MOXET ObITh CHHTE3HMpPOBAH B Ia30-
da3nbix nponeccax ¢oronusza HyO B Geckucinopoanoit armocdepe mpu HOPMaIbHBIX YCIOBHSIX.
Bonpoc dopmuposanus H;O, B rasoBoit ¢ase usyuancs B panHux paborax [Geib, Harteck,
1932; Rodebush, Wahl, 1933; Rodebush et al., 1947; Badin, 1948; Jones, Winkler, 1951; Jones
et al., 1969; Arnau, Giguére, 1975], rae Obuto OOHapykeHo, uTo (opmupoBanue H,0;
MPOUCXOIUT TOJNBKO MpU HU3KHUX Temmeparypax (—196°C). OTu aBTOpbl MOJYEPKHYIU DPOJb
xonoaubix (—196°C) moBepxHOCTEH, Kak CTaOMIM3UpYIOMEro QaxkTopa M paJauKaIbHBIX
KOMIUIEKCOB. B jmanpHelIeM SKcliepUMEHTaJbHBIE HCCIENIOBaHUS OBbLTM HampaBJIeHBl Ha
BBISICHEHHE MEXaHU3MOB, TUHAMUKU U 3¢ dexkTuBHOCTH 00pa3zoBanus H;O, B doToxmmmuueckux
peaxIusxX, B KOTOPBIX PEarcHThl HaXOIATCS HE B ra3oBOM, a B kuakou ¢ase, [Azrague et al.,
2005; Burlica, Locke, 2008; Jinzhang et al., 2008; Locke, Shih, 2011; Robl et al., 2012], uto He
COBCEM COOTBETCTBYET YCJIOBHSIM, 33JaHHBIM B (oToxumuueckoi monenu Jlsua [Liang et al.,
2006]. Bmecte ¢ Tem u3 atHx pabor ciemayer, HpO, oOpasyercs nuiib B NPUCYTCTBHU
pactBopéHHoro B Boje O,. Takum o0pa3oM, HMEIONIUIICS SKCIEPUMEHTAIbHBIN MaTepua
CBUJICTEILCTBYET O MPUHIMITHAILHOW BO3MOXKHOCTH oOpa3zoBanus H,O; B pesynbrare hoTonmsa
H20. OnHako HEeSCHBIM OCTaETcsi BONPOC, CYIIECTBYIOT JIM IMTyTH M MEXaHU3MBI (POpMUPOBAHMUS
H,O, B ycnoBusx, OTBeyarOlMM TNpOTEeKaHU0 (¢oroxumuueckux peakuuid HO B
OecKHUCIOpOAHON apxeiickol aTMocdepe, TO ecTh B razo-ha3HbIX (OTOXMMHUYECKUX pPEaKIUsIX
NIPU PEATHCTUYHBIX, a He SKCcTpeMaibHO HU3KHX (—196°C) temnepatypax cradmmmsanuu HyO;.

B nmaHHOW paboTe MBI MPUMEHWIH METOAbl AKCHEPUMEHTATBHOTO MOJICITHPOBAHUS
nporieccoB  ¢oronmmza HyO B ycnoBusX, OpUONMKEHHBIX K  MPEANOJIOKUTENHHO
CYIIECTBOBABIIUM B NEpBUYHOI aTMmocdepe 3emiu. B sKCHepUMEHTaNbHBIX CHUCTEMax ObUIH
CMOJICTTUPOBAHbl yCIIOBUSL oOpa3oBanus H>Op; B TPUCYTCTBUHM CIEAYIOUIMX OTACITHHBIX
aTMOC(EpPHBIX Ta30B: MOJICKYIISIPHBIN KUCIIOPOI, TUOKCH YTIIepo/ia, MeTaH, aproH. Conepxanne

ra3oBbIX KOMIOHEHTOB B MOJIENUPYEMOI aTMOcdepe BapbUpOBaU OT COTHIX Aoieil % 10 100%.
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B nammx skcnepumentax mo ¢otomu3zy H,O Obuin 3amelicTBOBaHBI CIEAYIOIIHE METOIbI
WHUIUUPOBAHUST (OTOXMMHUUYECKON PEaKIMU: TOJ JACUCTBUEM JIJICKTPUUYECKOTO paspsiia U TOJ
JIEUCTBMEM KOPOTKOBOJIHOBOTO Y ®-u3ityyeHusi Ha MmoJiekyisibl HoO. B nipupoje ra3oBslil pa3psig
U COJHEYHas pajauanus SBISIOTCS OCHOBHBIMH €CTECTBEHHBIMH MOIIHBIMU HCTOYHUKAMU
WOHHM3UPYIOMICTO  HM3JIY4YCHHS, KOTOpoe  OOyCIOBIMBaeT MpOTEeKaHWe  aTMochepHBIX
doroxumuueckux TmporeccoB. Crenyer OTMETUTh, 4YTO HCIOJIB3YEMbIE B JKCIEPUMEHTAX
crocoObl MHUIMUpPOBaHUA mpoueccoB (oronuza H,O mnpeacraBnsor, 1Mo CyTd, BapUaHTHI
OJIHOTO U TOrO e MexaHu3Mma nepeBoaa moiekyal HpO B Bo30ykIE€HHOE COCTOSIHHE: MyTEM
nepenaun dHEpruM vactui (dMekTpoHa wind ¢oroHa) monekynam HyO. OcHOBHas 4acTh
AKCIIEPUMEHTOB ObllIa TTPOBEICHA C MIPUMEHEHUEM PA3TUYHBIX THUIIOB JIEKTPUUECKOTO paspsa.
B npanHo#t paboTe mpoBelneHBl HCCIENOBaHHS pa3iNYHbIX peakiuoHHbIX cucteM (H,O—He,
H,0—0, H,O—CO,;, H,O—Ar) Ha Uu30TONHOM YpOBHE /Jsi BBISABICHUS OCOOCHHOCTEH
NPOSIBJICHUST HM30TONMHBIX 3¢ ¢ekToB kucnopoma mpu (orommze HpO, a Taxxke ¢dakTopos,
KOHTPOJMPYIOIIAX XapakTep M CTeleHb (pakmuonupoBanus mzotonos 0, O u '°0. Dra
uH(pOpMaIIKs O3BOJIUT OLIEHUTH NEPCIIEKTUBHOCTh MPUMEHEHUS H30TOIMHBIX IaHHBIX B KAYECTBE
M30TOMMHOTO KpUTEpHUsS Uil UIACHTHU(PHUKAIMM TeHETHUYECKOr0 HCTOYHHMKA KHUCIOpoJda B
(GOTOXMMHUYECKUX  MPHUPOJHBIX  aTMoc(hepHBIX  mporeccax. I[IpoBeicHWE  WU30TOMHBIX
WCCJICIOBAHUIA W TIOJyYEeHUE HOBOHM JKCIICPUMEHTAIBLHOW MH()OPMAIMKA CTAJI0 BO3MOXHBIM BO
MHOTOM Onarojapsi pa3paboTke aHAIUTUYECKUX METOJIOB OMpeIeICHHUS 80 u A0 B H,0; Ha
YpOBHE MHUKpOMOJb. Huke TpuUBENEHO ONUCAaHHE DHKCIEPUMEHTAIbHBIX  YCTAHOBOK,

HCIIOJIb3YEMBIX B IaHHOM padoTe 171 MoJenupoBaHus poroxuMudeckux peakuit HyO.
4.1 JxcnepuMeHTAJbLHOE MOJIeIUpOBaHue nmpoueccos popmuposanus H,O;
4.1.1 Cunre3 H,O, npu ¢oroausze H,O nox neiicrBuem razosoro paspsjaa

Jlis monmyudeHUs TMEpOKCHAA BOAOpPOJa ObLT MPUMEHEH DIEKTPUUECKUU pa3psl B
NPUCYTCTBUHM TapoB Boabl. Ha pucynke 4.1 cxeMaTHyHo wu300pa’keHa SKCIIEpUMEHTAIbHAsS
yCTaHOBKa, pa3zpaboranHast Hamu Jijisi cuHTe3a HoO2 B ra3oBoM paspsiie. YCcTaHOBKA MO3BOJISIET
MIPOBOJIUTH SKCIIEPUMEHTHI C MCTOIB30BaHUEM TPEX THUIIOB pa3psjia: HCKPOBOTO, OApLEPHOTO U
TIeromero. Pa3psa mpou3Boauiau B pa3psaaHON Kamepe, U3TOTOBIEHHOW M3 KBapIeBOW TPYOKH
(BHyTpeHHui nuametrp 8 mm; qrHA 100 MM), B KOTOPYIO BBEJIEHBI aTFOMUHUEBBIE JIEKTPOIBL.
PaccTosHue mexy anekTpoaamu coctapisuio nopsaka 50 mm. Mcrounuk Hanpspkenus (50 kB)
OBLT TOAKIIIOYEH K DJIEKTPOAAM JJI BO3OYXKIEHHUS W TOJJEP’KaHUs pa3psiia B Ta3000pa3HOM

requud mpu armochepHoM AaBieHUU. [lockonbky renuil siBIsSeTCS MHEPTHBIM Ta3oM, OH HE
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OKa3bIBAJ BIUSHUS HA XUMUYECKUE PEAKIIUU, TIPOUCXOMISINNE O] ACUCTBUEM pa3psia B mapax
BOJbl. B aKcnepuMeHTax HCMONb30BAJCSA TeIUui CBEPXBBICOKON 4YUCTOTHI (99,9999%). 'enuit
MOJIABAJICSL B Pa3psAIHYIO0 KaMepy depe3 ra3oBbli MOPT 2, KaK MOKa3aHO Ha pucyHke 4.1, mpu

3
3aJaHHOM moToke 60 cM™/MUH.

Kanunnsp
= = 4%
["a3oBblii nopr 1
K
Beixon Ha
“ banon atmocdepy
Pesepsyap ¢
o ¢ renvemM
BOZ10i
Kanunnsp
["a30BblIii nopt 2
Harpesaresb | I |_——<
©
Bricoxko-
Paspsinnas BOJIBTHBIH -
Kamepa reHeparop baion ¢
Q JIOTIOJIHUTEJIbHBIM Ia30M IS
DneKTpo R o BBOJIa B Pa3psAHYIO Kamepy
K ocumnnorpady
b
Brixoa Ha JLJIOH
atmochepy C rejvem
Jloy1uka WU K OTKQYHOMY TOCTY 2
C JKHJIKMM a30TOM
(-196°C)

Pucynok 4.1. - Cxema skcniepuMeHTaIbHON ycTaHOBKH JUIsl cuHTe3a HyO» B ra3oBoM paspsiie B
NPUCYTCTBUH MApOB BOJIbl. PrcyHok Moauduumposan u3 padotsr [Velivetskaya et al., 2016].

BepxHsis yacTh paspsaHON KaMepbl COEIMHEHa KBaplEBbIM KalWUIIPOM C pe3epByapoM JUIs
Bozbl. OOBEM pesepByapa — 100 oM, MaTrepual CTEHOK — MUPEKCOBOE CTEKI0. B akcnepumenTax
UCTIONB30BATach OWAMCTHIUIMPOBAHHAS W TPEABAPUTENHHO JeadpHpoBaHHAs Bojxa. Boma
IOCTYyTaNa U3 pe3epByapa B KalWUIAp U UCHIApUIIach B pa3psIHON KaMepe Ha KOHIIe Kalmuyuisipa.
OTmeruM, 4TO HMCMAapeHHe BOJAbI MOIJIO MPUBOAUTH K €€ 3aMep3aHHIoO Ha KOHIIE Karuuisipa,
BCJIE/ICTBHE YETO MOTOK BOJBI B KAMEPY MOT MpPEKpaTUThCsA. YToObI M30€kaTh 3TOTO, BEPXHIOIO
yacTh pas3psAAHONW Kamephl mnojjaepxkuBanu mnpu temmeparype ~ 70 °C. CkopocTh MOTOKa
BOJISTHOTO Tapa PETyJIHPOBAIN C IMMOMOIIBIO KaNMUIApa U JaBICHUS, CO3aBaeMoro reiameM (~2
aTM) Haj CTOJIOOM BOJBI B pe3epByape. ['ennii momaBaiu B pe3epByap ¢ BOJAOH uepe3 Karmuisp,
NOJCOEeAMHEHHBIN K razoBomy nopTy | (pucyHok 4.1). Bo Bcex skcnepuMeHTax MOTOK BOJISHOTO
napa ToIepKUBAJICS Ha ypoBHE | MII B Hac.

[lepen HayaioM SKCIIEPUMEHTOB CHCTEMA MPOYBAJAaCh YUCTHIM I'eJIieM, YTOObI YAAIUTh

ras3bl, COpOMpOBaHHbIE HAa CTEHKAX pa3psaHoi kamepsl. [locne 3Toro Bo30yxaanu paspsan MexIy
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AJNIEKTPOJIaMU, TEM CaMbiM WHULUHUPYS AUCCOLMAIIUI0 MOJIEKYJ BOABI M MOCIEAYIONIYIO IEMb
paguKainbHbIX peakuuil. [IpoayKTsl peakuuii BBIHOCWIIMCH U3 PAa3psAHOW Kamepsl B JIOBYIIKY,
I7Ie KOHJIGHCHUPOBAJIUCH NPU TeMIlepaType >KHUIKOro aszora. I[IpoaoiKUTEenbHOCTh OIHOTO
JKCIepuMeHTa cocTapiisiia ~ 60 MuHyT. [10o OKOHYaHHM 3KCIIEPUMEHTA JIOBYILIKY OTCOSAMHSIIN
OT CHCTEMbl U pa3MOpPAKMBaJIM IpPU KOMHATHOM TeMmmeparype. PasmopokeHHbI oOpaser
npencTaBsul coboit pactBop HpO2 B Bome. AnMKBOTa pacTBOpa ObUIa HCIOJIB30BaHA IS
M30TOIHOTO aHanu3a kuciaopona B HyoOs.

OddexkTuBHOCTL JIOBYIIKK sl cOopa obOpasuoB H,O, Obuia mpoBepeHa ¢ IMOMOIIBIO
MOJICOCIMHEHUSI K HEW BTOPOW JIOBYIIKH. HECKOIBKO OIMBITOB OBUIO BBITIOJHEHO, KOTOPHIE
MOKa3aJ1 OTCYTCTBHE KOHAECHCUPYEMBIX MPOAYKTOB BO BTOPOM JIOBYLIKE. DTO CBUJIETEIIbCTBYET
0 MOJIHOM 3axBaTe 00paslia U ero yAepKUBAaHUU B MIEPBOIl IOBYIIKE O€3 MOTEPb.

B Hameil skcnepuMeHTaIbHOW YCTaHOBKE MPEIyCMOTPEHAa BO3MOXKHOCTh BBOJA B
pa3psAIHYI0 Kamepy JOMOJHUTEIbHBIX Ta30BbIX KommoHeHTOB: O, CO; wmm CHa.
CoOTBETCTBYIOUIMI ra3 CMELIMBAIOT C TOTOKOM I'eJIMsl U BBOJAAT MOJYYEHHYIO I'a30BYIO0 CMECH B
paspsaaHyro kamepy depes razosbiii nopt 2. Coaepxanue Oz, CO, unn CHs B ra3oBoil cMmecu
perynupyercss JaBlIEHHEM Ha COOTBETCTBYIOIIMX BXOJaX B KaNWUISIPHYIO CHCTEMY,
COEIMHEHHYIO ¢ OAJIJIOHOM rejusl U 0alJIOHOM JONOJHUTENBHOIO Ta3a (pUcyHoK 4.1).

BakHpIMM 3JIeMEHTaMH YCTAaHOBKM SIBJISIFOTCSA DJIEKTPOJbl, a TOYHEE MaTepuall, H3
KOTOPOTr'0 OHU U3TOTOBJEHBI. HEKOTOpPBIE 3EKTPOIHbIE MAaTEPHAIIBI MOTYT B3aUMO/IEHCTBOBATh C
H,0;, 4TO0 TPUBOAMT K CHIDKEHHIO KoJudyecTBeHHOro Beixoma H,O, [Locke, Shih, 2011] u
(GpakIMOHUPOBAHUIO M30TONOB KHcIOpoaa. I103ToMy MBI OLEHMIM CTENEHb MOTEHIIMAIBLHOTO
BIMSHUS AJIOMUHUEBBIX DJIEKTPOJOB, HCIOJIb30BAaHHBIX B HAIIUX HKCIEPUMEHTax, Ha
U30TONHBIN cocTaB kuciaopoaa B obpasuax HpO,. s 3Toro ObulM MpOBEJEHBI BE TECTOBBIE
CEpUU IKCIIEPUMEHTOB, B OJTHOM U3 KOTOPHIX AMEKTPOAbI ObUIN 3alUIIEHBI OT MPSIMOTO0 KOHTAKTa
W B3aMMOJICUCTBUS C KOMIIOHEHTaMHU Ta30BOM CMeCH, a B JPYrod — OTKPBITHL. 3alura
AJIEKTPOJIOB ObLIAa cjejlaHa MyTEM IOMELIEHUS MX B KBaplLEBYIO TpPyOKy, udepe3 KOTOpYIO
MPOITYCKAJICA MOTOK T'elIsl B pa3psiIHYI0 KaMepy. B pe3ynbrare TecTUpOBaHUSl yCTAHOBIIEHO, YTO
U30TOMHBII cocTaB Kucioponaa u coaepxkanue HoOp B oOpasax, moydeHHbIX B SKCIEPUMEHTaX
C 3AIMIIEHHBIMA M OTKPBITBIMHU DJIEKTPOJAMH, OBUTH MPAKTUYECKH HUACHTHYHBI MEXKIY COOOM.
OTO J0Ka3bIBa€T MPABOMEPHOCTh MCHOJIb30BAaHUS ATIOMUHHUEBBIX JJIEKTPOJOB B HAIIUX

SKCHICPUMCHTAJIbHBIX UCCIICAOBAHUAX.
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4.1.2 Cunre3 H,O, npu goromsze H,O nox neiictBuem Y® uzinyyenus

B nannoii pabore pa3paboTaHa u co3gaHa OpUrHHANIbHAS SKCIIEPUMEHTAIbHAS yCTaHOBKA
s monydeHus: HoO, B G€CKUCIIOPOJIBIX YCIOBUAX MPHU BO3ACUCTBUU YD M3IydyeHUs Ha TMaphbl

Bo/bl. CXeMa yCTaHOBKHU IIPUBE/ICHA HA PUCYHKE 4.2.

BojisiHoe OxHO ez
OXJIJK/ICHHE MgF2 He
Beixon

1

1 ICTOUHMK YIIBTPAKOPOTKOTQ |—l
1 I U

1 uayuenust VUV : o
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|Hamamatsu,115-180nm 2=~ =~~~ i J ﬂ A
4
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Pucynok 4.2. — Cxema 3KCIIepUMEHTAIbHOW YCTAaHOBKU JJIsl MOJIYYEHUsI TEPOKCHIa BOJIOPOA B
nporiecce poronuza HyO, uaunuupyemom neiicteuem Y O-u3inydeHus: Ha mapbl BOBL.

Jlist 0OyueHnst mapoB BOJbI ObLIa MCMOJb30BaHa AeiTepueBas namna (D2H2- namma,
npousBojacTBO Hamamatsu, Snonus; momuocts 150 BT), renepupyromas Y® wuznyueHue B
BakyyMHOM nuanasone 115—165 um. Pucynok 4.3 nemoHcTpupyer criektp usnydenuss D2H2-
Jamribl.  BeiOop gaHHOTO WCTOYHHMKA OOYCIIOBIEH CHEKTPAJIbHBIMH  XapaKTEPUCTHKAMHU
norsomenuss HyO (pucynox 4.4). B obGnactu 120—165 HM sHepruss (QOTOHOB sIBIIsETCS
JIOCTaTOYHOM I BO30YkIeHusl 1 pa3peiBa csizu H,O [Chung et al., 2001; Cheng et al., 2002].

Jlamma pacmojio’)keHa Tepe]] ONTHYECKUM OKHOM (POTOXMMHUYECKOW Kamephl Ha
paccrosinuu 0.5-1 cM. Mexay nammnoi 1 oNTHYECKMM OKHOM CO3JlaHa renueBas arMocdepa (cM.
pucyHok 4.2) s npenoTBpaiieHus norepb Y D-u3nydeHuss Ha TOTJIONMIEHHWE MOJEKYIISIPHBIM

KHCJIOPOAOM, COACPKAILIUMCA B J]a60paTOpHOM BO3OYyXC.



137

A 160.8

9
L
O 80
Z
a 1254
é 60 1216
a4
[
2 A [v
E l
)
3 JV
L
2 /] /\fJV\AI\PA
o
L
[

0

110 120 130 140 150 160 170

WAVELENGTH (nm)

Pucynok 4.3 — Crnektp uznydenus neirepueBoii nammbsl D2H2, ncrions3yemoii B 1aHHO# padoTe.
PucyHok B3sT ¢ caifta npomsBoautens https://www.hamamatsu.com/eu/en/product/light-and-
radiation-sources/lamp-module_unit/index.html
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Fig. 26. The k-values of HyO in the region from 1250 to 1850 A,

Pucynok 4.4 — CriekTp MOTJIONMICHHS TSI MOJIEKYJT BOBI. PHCYHOK B3sT M3 pabdoTsl [Watanabe et
al., 1953].
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@DOTOXMMHUYECKHI PEaKTop MpEeACTaBIseT co0O0i KBaplEeBYIO TpPYOKy (BHYTpEeHHHIA
nuametp 4 mM, jumHa 100 MM), COEAMHEHHYIO C ATFOMUHUEBBIM IMEPEXOJIHUKOM, HUMEIOLIUM
KaHaJ JUIsl BBOJIa Ta3a-HOCUTENs Tenuss M KaHal s BBOAA MapoB BoAbl. l[lepexogHuk
YKOMIUIEKTOBAH OINTHYECKUM OKHOM C VYIUIOTHUTENBHOM MpokiIaakoi u3 Tediaona. OKHO
u3roToBiieHo u3  Qropuna maruus (MQF;), crexTpanbHbBId KOI(PPHIUEHT MPOIMYCKAHHS
KOTOporo coctaBisier Oonee 85% wna anmuHax BomH A > 140 um (mpoumsBoautens OOO
«Qnektpocrexiion, Poccus). K peakropy mnoncoenuHéH pesepByap M3 KBAapLEBOIO CTEKIIA,
KOTOpBI HAmoJIHEH OWJUCTWUIMPOBAHHOW U TMpEABapUTEIbHO JeadpUpPOBAHHOM BOAOH.
PezepByap pasorpeBaercs TpyOuartoil meubto comportuBieHus g0 100 °C mns oOpazoBaHus
apoB, KOTOPBIE MOCTYMAIOT B (POTOXUMUYECKHUN peakTop. YTOOB! MPeJOTBPATUTH KOHICHCAIIHUIO
MapoB BOJBI M HAKOIUIEHHWE €€ BHYTPH PEAKTOPa, BCE AJIIEMEHTHI PEaKTOpa TePMOCTATUPYIOTCS
npu temmeparype 60 °C ¢ moMoIIbI0 HarpeBaTeNbHBIX 3JIEMEHTOB (PUCYHOK 4.2).

[Ipouenypa mnpoBeneHUss IKCHEPUMEHTOB COCTOMT B cienywomeM. llepen nHauvanom
paboTel peaktop mpoayBaroT renueMm. [locie 3toro BrmowaroT Y®-mamny M HaJBUTAIOT
HarpeBaTelsb Ha pe3epByap ¢ Boaou. [1apbl BOAbI MOCTYMAIOT B PEaKTOP, I/I€ OHU MOJIBEPIratOTCs
BozeiicTBuio Y@ uznydenus. OOpazyromuecs NpoayKThl POTOXUMUYECKUX PEAKIIMNA U OCTATKU
BOJISTHOTO T1apa BBIHOCSATCS] IOTOKOM TellUsl U3 PeakTopa B EMKOCTb JJIsi cOOpa KOHIEHCHPYEMBIX
IPOAYKTOB peakiuu. [IporoinKuTebHOCT 3KciepuMenTa cocTtaBiser ~60 munyt. [locne vero
BBIKJIIOYAOT Y®-1amMiy M OTCOEIMHAT JIOBYIIKY OT peakropa. OOpaselr BOAHOTO pacTBOpa
nepokcuia Bojopoaa B konudectBe 0.3 My ObIT MCMONB30BaH I BBIACICHHUS KHUCIOPOAA U3

17 1
H>0, 1 mocnenyrorero mpoBeAeHUs H30TOMHOTO aHanu3a & O u o ®0.

4.1.3 Mertoa BbleJIeHHsI MOJIEKYISIpHOTo Kucjaopoaa u3 HoO; 1Jist H130TONHOro aHau3a

6’0 n 60

B janHOii paboTe JUIS MCCIIEOBAHMS H30TOIHOIO COCTaBa KHMcIopoxa & O u 670 B
obpaszuax H,Oy, momydeHHBIX B (HOTOXMMHUYECKUX SKCIIEPHUMEHTaX, HaMU Oblia pa3paboTaHa H
CO3[]aHa YCTaHOBKa IOATOTOBKU MPo0O BogHOTo pactBopa HyO; k m3oTomHOMY aHanm3y. MeTox
Beienienust O, m3 HyO, ocHoBan Ha okuciaenuun HpO, mepmanranatom kamus (KMgO,) B
NPUCYTCTBUH CEPHOM KHCIIOTHI 1o peakuuu [Baertschi, 1951]:

2 KMgO, + 5H70; + 3H,SO04 = 2MgSO4 + K2SO4 + 8H20 + 50..

B mnpexHux pabortax ObLIO TpoJeMOHCTpUpoBaHO, uTo Mexay HxO», m HyO um apyrumm
KOMITOHCHTaMHU PEaKiMi He MPOMCXOIUT oOMeH m3otomamu kucioponaa [Cahill, Taube, 1952;
Dole et al., 1952; Anbar, Guttmann, 1961]. Kucnopos, reHepupyeMblii B BbIICTIPUBEAEHHON

peakmuu, mpoucxoaut reankom u3 H,O, [Cahill, Taube, 1952].
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Meton, ocHoBaHHbIM Ha BbaeneHus Oz uz HpOz, OblT mpoBepeH M NPHUMEHEH paHee Ul
U3MEPEHHUS 10 u %0 B H,0, u3 noxneBsix ocaakoB [Savarino, Thiemens, 1999a], a takxke B
H,0;, cuHTE3MpOBaHHOTO B JTAOOPATOPHBIX SKCHEPUMEHTAX IMPH HMCCICIOBAHUN PEAKIIMOHHBIX
cucrem Hy—O; [Savarino, Thiemens, 1999b]. Ciieayer oTMeTUTH, YTO aHATUTUYECKHE CHCTEMBI
MpOOOMOATOTOBKY, MPUMEHEHHBIE B JTHX paboTax, TpeOoBaiu OOJBIIOTO KOJIHYECTBA
aHAJTM3MPyeMoro marepuana — a0 4 nautpoB BogHoro pactBopa HpO, [Savarino, Thiemens,
1999a], uro sABISETCSA CYHMIECTBEHHBIM HEIOCTATKOM MPUMEHUTEIBHO K SKCICPUMEHTAIBHBIM
WCCJICIOBAaHMUAM, TaK KakK IIOJydyeHHe CTOJb OOBEMHBIX 00pa3loB B (POTOXUMUUYECKHX
IKCIIEPUMEHTAX MOXET MOTpPeOOBaTh HECKOJIBKO CYTOK Ha OJIWH oOpasel W, MOMHUMO TOTO,
COTIPSIKEHO C ONPeIeIEHHBIMUA KOHCTPYKTUBHBIMH OCJIOKHEHHUSIMH. BCE 3TO MOKET IPUBOIUTH K
UCKQXCHUIO H30TOMHOIO COCTaBa M CKa3aThCS HA TOYHOCTU U HAJEKHOCTH PE3YJbTATOB.
[ToaTromy Hamu Obla pa3paboTaHa U peaii30BaHa OpUTHMHANIbHAS METOJMKA MOJArOTOBKHU IPOO
BogHOro pactBopa H>O, k wH30TONMHOMY aHanu3y, MO3BOJISIONIAs paboTaTh ¢ oOpasuamu
00béMOM ~ (0.1—2 MIJITUIMTPA, YTO HA HECKOJBKO TMOPSAIKOB MEHBIIE MO CPAaBHEHUIO C paHee
paspaboraHHbiM MeTozoM [Savarino, Thiemens, 1999a, 1999b]. DTo ObUTO TOCTHTHYTO
Onarogaps MPUMEHEHHUIO COBPEMEHHBIX TEXHOJIOTWH HAIyCKa aHaJu3upyeMOro B HCTOYHHK
MOHOB MacC-CIICKTPOMETPa Yepe3 OTKPBITHIH JIEeIUTENh MOTOKA ra3a. Hama MeToauka coderaeT B
cebe mpeuMyliecTBa BaKyyMHOW CHCTEMBI paslIOKEHUsS NTPOO0 U TMPOTOYHOH CHCTEMBI
XpoMaTorpapuueckoro pasaeneHus U BBOJIa Ta30BbIX KOMIIOHEHTOB B MCTOYHUK MOHOB Macc-
CIEKTPOMETPA, UCTIONB3YS T'a3-HOCUTEIb.

[MpuHIMIIMaTBHAS CXeMa YCTAHOBKH JUISl BBUICIICHUS M OYUCTKH Kuciopoaa w3z HpO»
npuBeJeHa Ha puCyHKe 4.5. YCTaHOBKY MOXKHO YCJIOBHO pa3leiuTh Ha JBa OJIOKa:
BBICOKOBaKyyMHBIH 010K (A) 1 070K ¢ mocTossHHO# npoayBkoi renuem (B).

BeicokoBakyymHbIii 670K (A) mpeaHa3HaueH Ui BBIACICHUS W OYMCTKH KHCIOpOJa B
BaKYyMHBIX YCJIOBUSX. BJIOK BKITFOUAET CIICTYIONINE DIEMEHTBI:

— peakIuoHHas CTEKJITHHAs KaMmepa o0béMoM 12 M s BeigeneHus: O, uz HyOy;

— kpuoreHHas Jiopymka (—196 °C) isi OYMCTKH BBIJCICHHOTO KHCJIOPOJa OT MapoB BOJBI U
JIPYTHUX Ta30B, KOHJICHCUPYEMBIX MPH TEMIIEpaType KUAKOTO a30Ta,;

— JIOBYIIKA C MOJICKYJISIPHBIM CHTOM I cOOpa MOJICKYJISIPHOTO KHUCIIOpOJAa TIPU TeMITeparype
JKHJIKOTO a30Ta;

— MaT4YuK JJI1 U3MEPEHUS NaBIeHUsS KUCIOpoa, BeiaeneHHoro u3 HyOy;

— CUCTEMA OTKAYKHU U BBICOKOBAKYYMHBIC BCHTUJIU.
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Pucynok 4.5 — Cxema yCTaHOBKH JUIsl TOATOTOBKH MPo0O BojHOTO pactBopa HyO, kK M30TOMHOMY
anammsy 8’0 u 5'°0 B H,0,. (A) — BbICOKOBaKyyMHast crcreMa st Boigenerns O; us HyOp 1
KPHOTCHHOW OYUCTKH BbIIeieHHOro kuciaopoxa. (B) — mporounas cucrema Jyis
Xpomarorpaduyeckoil OYMCTKH BBIICICHHOTO KHCIOpPOJa W €ro Halycka B HMCTOYHHK HOHOB
Macc-CIEKTPOMETPa, HCIONb3Ysl T'a3-HOCHUTENb Tefuil. PHCYHOK MOAU(HUIMPOBAH U3 PabOTHI
[Velivetskaya et al., 2016].

briok ¢ mocrosiHHOW mpoayBkoit reiwem (B) mpenHasHaueH IS BBITONHEHHUS
JOTIONTHUTENbHOW OYUCTKU Oy, MpUMEHSS METOJ Ta30BOM Xpomarorpapuu, ¢ MOCIETYIOIUM
HanyckoM O B Macc-CIIEKTPOMETP, pabOTarOUINil B peXMME IMOCTOSHHOTO MOTOKA reius. DTOT
0JIOK BKIJIIOYAET B ceOs:
— LIECTUIIOPTOBBIA BEHTWIb, CIyXalUil HHTephecoM MEXIy BHICOKOBAKYYMHOM M MPOTOYHOM
cucremamu. K BeHTHII0 iprcoeIMHEH KaauOpoBaHHbIN g03aTop oobeMom 100 MKI;
— Xpomarorpaduyeckas KanwjulsipHas KBapleBas KOJOHKAa, BHYTPEHHHE CTEHKHU KOTOPOM
HOKPBITH MOJNIeKyIsipHBIM cuToM (Agilent HP-PLOT, pasmep 30 m x 0.32 mm)
— 0aIoH ¢ renueM 0co00i YucToThI (99.9999%);
—unrepdetic «ConFlo 1V» mis nogaun ananusupyemoro rasa O, B Macc-CIeKTPOMETD.
AHanmuTHYecKas Tporeaypa TOATOTOBKH 00pa3oB BomHoro pactBopa H;O, «
M30TOITHOMY aHAIM3y KHUCJIOpOAa COCTOUT B cCIEAyoUleM. B peakIuoHHyH0 KaMepy BBOJISAT
oOpazen BogHoro pactsopa HoO2 B konmmuectse 0.3 M u 700aBIsIOT cepHYt0 Kucnoty ~0.15 mn
mns monmyuenuss pH ~ 1. 3arem mpousBomaT pAeraszamuio pacTBopa. s sToro oOpasern
3aMOpPAKUBAIOT MPH TEMIIEPAType KHUAKOTO a30Ta M OTKAYMBAIOT Ha BBICOKMHM BakyyM. L{uki
PasMOpPO3KH U 3aMOPO3KU 00pa3lia MOBTOPSAIOT TPU pa3a JI0 MOJHOTO YAAJeHUs PacTBOPEHHBIX

razoB. Peakiiuio BBIIEIICHUS 02 nus3 H202 MMPpOU3BOAAT B BAKYYMHBIX YCJIOBHUAX. I[J'ISI 9TOI0
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BEeHTHIH 1u 2 3aKkpbiBatoT U cOpackiBatoT kKpuctamisl KMgO, 13 HUKeNneBoii J0J04YKH B pacTBOD,
UCIIOJIB3Ysl MAarHUT IS MepeBOpaurBaHus JIoA0ukH (pucyHOK 4.5). Peakuus mporekaeTr npu
KOMHATHOW TeMmIepaType M 3aKaH4YMBaeTcs uepe3 ~ 4 MUHYTHI, [OCJIe Yer0 BOJHBIA PacTBOP
3amopaxuBaT (—196 °C), nmpu stom BeimenuBmuiicas O, ocraércs B razoBou (asze. Jlanee
OTKPBIBAIOT BEHTWIM 2 W 4 i1 COCIMHEHUS] PEAKIMOHHOM KaMepbl C CHUCTEMON OYHMCTKH.
Boinenennsiit O, mpoXOAUT TEPBYIO CTYNMEHb OYUCTKA HA JIOBYIIKE C JKUJIKUM a30TOM U
BBIMOPAXKHMBAETCA B JIOBYIIKE C MOJIEKYJISIPHBIM cUTOM mpH -196°C. [1oaHOTY BBIMOpaKUBaHUS
O2 KOHTPONUPYIOT C MOMOUIBI0 MaHOMETpa, MPUCOECIUHEHHOTO K CHUCTEME OYMCTKH. 3aTeM
BEHTWIb 4 3aKpblBalOT U HArpeBalOT JIOBYLIKY € MOJIEKYJSIpHbBIM cuToM 10 100°C, 4To0bl
KHUCJIOPOJT TIOJIHOCTBIO OCBOOOJMIICS W3 MOJIEKYJISPHOIO CHTa M 3allOJIHUI J03aTop Ha 6-u
MOPTOBOM BeHTWsE. [l IOCTHKEHHUsT M30TOMHOro paBHOBecus Mexay Op, HaXoAsmuMcs B
JIOBYIIKE U J03aTOpE, AaETCs OKOJIO 3 MUHYT, MOCJIE Yero MyTeM MepeKItoueHus: 6-u MOPTOBOTO
BEHTWIs  Ta3-HOCcUTENb  (TeNHi)  TPAaHCIOPTHUPOBAJ  KUCIOPOA M3 Jl03aTopa B
XpoMmarorpauyeckyro KOJOHKY, TA€ MPOHCXOIMIO JONOJIHHUTENbHOEe ounmienne Oy oT
MUKpPOKOJIMYECTB  IMPUMECHHBIX  ra3oB  (aproH, a3oT), HECKOHJIEHCUPOBAHHBIX B
HU3KOTeMIIepaTypHoil joBymike. M3 xpomarorpadudeckoii kooHKH O, MOCTyNaa B UCTOYHHUK
FOHOB Macc-CIIEKTPOMETPa JUISl H3MEPEHHs OTHOMeHH I n3otornoB °0, 'O u 0.

Meroxa nonyuenust Oy u3 HpO, Ob11 IpOTECTUPOBAH € MCIIOIB30BAHUEM KOMMEPUECKOM
30% mnepekucu Bogopoza. st 5TOro Mel MPUTOTOBHUIIN HECKOJIBKO 00pa3lioB BOAHBIX PACTBOPOB
c pasHoil MaccoBoi koHmeHTpamuer HO, or 2.9 go 11.8 mmonw/n. B skcnepumeHTax
TECTHPOBAIIM KaK BOCIPOM3BOLMMOCTH PE3ylbTaToB ompenencHus 60, 8'0 u AYO, tak u
nonHoTy BeleneHuss O u3 HyO,. KommdectBo BbineneHHoro O omnpeaensuiv Mo IUIOMIAIA
COOTBETCTBYIOIIETO Xpomarorpaduyeckoro nuka. Pe3ynabTaTbl TeCTUPOBaHUS, MPUBEICHHBIC B
tabnuue 4.1, CBUIETENbCTBYIOT 00 OTCYTCTBHH 3HAUYMMBIX PACXOKICHUN MEXAY COIAEp>KaHUEM
H>0; B o6pa3nax u xommuectBoM Oy, monyuernHoro u3 HyO,. Beixon kucnmoposa ObUT HE HIDKE
yeM 95% BO Bcex oOmbITaxX, B KOTOPBIX HCHOJIB30BAIMCH OOpa3lbl C pa3sHOW KOHIIEHTpauuen
H;O,. DOTu naHHBle yKa3bIBAIOT, YTO Halla MeToauka oOecrneunBaeT dS(hdekTuBHOE
npeoOpa3oBaHre KHCIOPO/Ia, COJAEPKAIIErocsl B IEPEKUCH BOJIOPO/Ia, B MOJIEKYISIpHYIO (hopMy
O, 17151 U3MEPEHUST U30TOITHBIX OTHOIICHHUN 80/1%0 u '0/*0.

Kakx BumHo u3 Ttabnuimpl 4.1, WM30TONMHBIE OTHOIICHHS] KHCJIOpPOAA, TONTYYEHHBIE B
oOpa3iiax ¢ pasHoit koHneHTpanueir HpO,, cxoxku Mexay coOoil BHE 3aBHCHUMOCTH OT
conepxkanus HyO,. Bocipon3BoaumocTs pe3yabTaToB 520, 80 n AYO Taxxke He 3aBucHT OT
koHnentpanuu H,O, B obpasnax. B cpeanem mo pesynapratam 20 aHaAIW30B MBI HAIUIA, YTO
kommepueckuit HyOp, ucmonp3yemblii B TaHHOW paboTe i TECTUPOBAHHS METOAa, UMEET

sHauenns 800 = 22.81 + 0.24%o, 5270 =11.56 £ 0.16%0 u AY'O = —0.42 £ 0.10%o.
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Tabmuna 4.1. KonmuuecTBo ¥ u30TONHEIN coctaB O, MOTY4EeHHOTO U3 00pa3oB KOMMEPUECKOTO
H20, metonom Beiaeneaust O, u3 Hy0, mo peakmmu ¢ KMnQOy4 [Velivetskaya et al., 2016].

H,O, B O, u3 Kon-Bo

oOpasiie H,0, Brixop, §*'0 510 aHaJIu30B

(Mxmoutp) | (MKMOJIB) (%) VSMOW, (%o) VSMOW, (%o0) A0 (%) N
0.88 0.88 100 11.46+0.18 22.54 £ 0.33 -0.37+0.12 5
2.03 1.97 97 11.58 £ 0.07 22,94 +0.14 -0.46 £0.13 4
291 2.87 98 11.57+0.19 22,78 £0.17 -0.39+0.10 3
3.53 3.35 95 11.62+0.18 22.99 +0.30 -0.45+0.06 8

CpeoHnee 3nauenue 11.56 £ 0.16 22.81+0.24 -0.42+£0.10

[Tonyuennoe 3HaueHue 5180 = 22.81%0 sBisieTcs BHOIHE 0KHUIAEMBIM U OOBSICHSAETCS
crenyommM obpazoMm. B texHomormueckux mporeccax monyderus Hp;O, B MpOMBIIUIEHHBIX
MacmTadax HCIOJB3YeTCs aTMOC(HEPHBIA KUCIOPO, KOTOPBIA pacxoayercss Ha (GOpMHpPOBaHUE
H,O, B peakiusx OKHCIEHHS H30MpomuioBoro crupta. [Ipum 3ToM paszpeneHue H30TONOB
KHUCIIOpOJia HE BeNUKOo, modtomy H,O, MoxeT HaciieoBaTh M30TOIHBIM COCTaB aTMOC(EPHOTO
KUCIIOpO/Ia pakThHuecku 0e3 m3meHenuit [Barnette et al., 2011]. Tak kak BO3IYIIHBIA KUCIOPO/
umeer 880 ~23.5 %o [Kroopnick, Craig, 1972; Young et al., 2014] MoXHO OXHAATh, YTO
COOTBETCTBYIOIIMN H30TOIHBIM COCTaB KOMMEPYECKOro MepOKCcHIa BOAOpoAa OyaeT oTBeYarh
9TOMY 3HaueHHUI0. [lonydyeHHass HaMy BEJIMYMHA 820 = 22.81%o Takxe XOpOILIO COTJIaCyrTCs C
JMATIA30HOM TIpebLIyIEX m3Mepennit 8°0 B H,O, [Savarino, Thiemens, 1999b; Barnette et al.,
2011].

Obparmraer Ha ceOs BHUMaHUE TOT (hakT, 4To B oOpasznax kommepueckoro HyO; BIsIBIEHO
aHoManbHOe obeaHenne m3otonom O (AYO = —0.42%o), 4TO CBHAETENBCTBYET O HATHUMH
Macc-HE3aBUCUMOTO H30TOMHOTO A(pdekra B 3THX oOpasnax. JlaHHbii (akT He J0JDKEH
BBI3HIBATD Y/MBIICHUS MM COMHEHHs. VICTOUHMKOM oGHapyxerHoil anomamuu A'O B H,0,
SBIISIETCS. aTMOCQEPHBIH KHUCIOPOA, KOTOPOMY TMPHCYIIE MacC-HE3aBUCUMOE OTHOIICHUE
msoromoB O/**0 (AYO = -0.4%.) [Barkan, Luz, 2005, 2011; Young et al., 2014].
ATMOCQEpHBII KUCIOPO MepeaaeT CBOK U30TOMHYIO METKY B Xojie peakiuu noixydenust H,O, B
MIPOU3BOJICTBEHHOM ITUKJIE, YTO SIBJISICTCS WHIMKATOPOM AHTPOIIOTCHHOTO MCTOYHHKA TIEPEKHCH
BOJIOPO/JIa B MPUPOIHBIX Boaax [Bemusenkas u ap., 2016].

Pe3ynbrartel Hamero TeCTUPOBAaHUS JEMOHCTPUPYIOT, YTO TMPEAJIOKEHHAs HaMH

nponeaypa SKCTpakKOuu, OYHUCTKH W HU3MEPCHHUA H30TOIMHOI'O COCTaBa KHCIOpPOAA ABJIACTCA

AZICKBATHBIM MCTOAOM IJIA YAOBJICTBOPUTCIILHOTO OMMPEACTICHUS N30TOITHOI'0 COCTaBa KUCI0poaa
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B H;0,. D10 OBLIO Takke MOATBEPKACHO B JIOTOTHUTEIBHBIX YKCIIEPUMEHTAX, B KOTOPHIX MBI
NPUMEHUIIM METOABl TEPMAIbHOIO W KaTanuThdeckoro paszioxenus H;0,. TepmanbHOe
pasiiokeHre ObUIO MPOBEICHO B KBApIEBOM peakTope mpu temmeparype ~ 600°C. Paznoxenue
H,0, uner no peakuuu:
t
2H,0, - 2H,0+ 0, 1
[Tpu karanutuueckom pasznoxenun H;O, ucnonpzoBanu okcua mapranna MnO, B kaudecTBe

KaTajinu3aTropa:

MnoO,
2H,0, — 2H,0+ 0, 1
ITo cpaBHeHmIO ¢ MeToi0M OkuciieHuss HoO, nepmanranatom kamust KMnO,, mpu TepMaibHOM U
KaTAJIMTHUYCCKOM Pa3IOKCHUHN BBIACIACTCA B 2 pasa MCHbIIIC KUCJIOpOJa.
Jia TecTupoBaHMsS METOJOB OBLIM MCIIOJNb30BaHbl PACTBOPHI PAa3HOW KOHIIEHTpALUH
OHHOﬁ U TOH XKe MEPEKUCHU BOAOPOJIaA. PC3YJ'ILTaTBI HU3MCPCHHA U30TOIIHOI'O COCTaBa KHMCJIO0pPOJa,

BeiienuBIierocst u3 HoO,, mpuBeneHs! Ha pucyHke 4.6.

0.0
— 02 F
E“ .|
r_z 04 | "“. + EMnO4+H2804
.h " MnO2
06 | EE A & TepmansHoe
—I:I_B 1 1 1 1
0 10 20 30 40 50

38 0yshow (%e)

Pucynok 4.6 — CpaBHUTENBHBINA TpaduK pe3ylbTaTOB M3MEPEHUS M30TOITHOTO COCTaBa 80 u
A0 kucnoposa, Beienerroro u3 HoO; pasabiMu Metomamu: okucienne HyO, mepManraHatoM
kamust KMgO, B mpuCyTCTBUM CEpHOW KHUCIOTHI (CHHUE pOMOBI), KATAIUTUYECKOE pa3ioKeHue
H70, ¢ npumenennem MnO; (po3oBbie KBaapaTbl) U TepMalibHOE pazioxeHue HyOp (okentbie
TPEYTOJbHUKN).

N3 pucynka 4.6 MOXHO BHJIETh, YTO 3HAYCHUS 80 u gmamason ux BapHanun
CYIIECTBEHHO pAa3JIMYarOTCAd JUIsl pasHbIX MeToJ0B. Metoa »skctpakuuu Oz MO peakuuu
okucienus HyO, mepmMaHraHaToM Kaus MOKa3bIBaeT Hanbosee y3Kuid quana3oH Bapualui §'20,

4TO OTPaAKACT IOJHOC BBIACICHUC 02 nus3 HzOz. MeTtoa KaTaIMTUYECKOIO U TEPMAJIbHOT'O
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Pa3NoXKeHNs 1aéT B CpeaHEM Gosiee TSHKeIbIe 3HaUYeH:s &' 0, UTo OTpakaeT (ppaKIHOHHPOBAHNE
M30TONOB Kuciopojna mnpu pasnoxenun HyO; na HO u Op, BennuMHa KOTOPOTO HMEET
TEMIEPATYPHYIO 3aBUCUMOCTb. 3HAUUTENbHBIN pa30poc JaHHBIX 8%0 00yCIIOBJIEH BapHaLUSIMU
U TPAJMEHTOM TeMIIEpaTypHOro pekuMa B 30He peakiuu. OIHaKo, MOTyYeHHbIEC 3HaYCHHs Macc-
He3aBHCHMOH KommoHeHTsl A0 B oOpazuax HyO, umeroT cxokue 3HauY€HUs M BapbUPYIOT B
JMara3oHne, MpUMEpPHO, OJIMHAKOBOM JJIS BCEX METOIOB.

Takum oOpa3om, Bce BBIIICIPUBEAEHHBIE PE3YNbTAThl, YOSIUTENbHO MOKA3bIBAIOT, YTO
okucnenue H,O, nepmanranarom kamus KMgO4 o meTtonuke, pa3pabOTaHHONW HaMH, MOKET
OBITH NMPUMEHEHO JJIsI HU30TOIHOIO aHaiau3a MukpokoiaumdectB HpO,. Metonuka mo3BosisieT
MoJIy4aTh pe3yJbTaThl aHAIIM3a 820, 0 u AYO ¢ BBICOKOI TOYHOCTBIO, paBHor  £0.24%.,
+0.16%0 m £0.1%o0, COOTBETCTBEHHO, HJisi OOpPa3IOB BOJHOTO pacTBopa o0béEMoM 0.3 wmu,
coaepxamux 0.88 mukpomons H,O,. DTa MeTonuka Obula IpUMEHEHA HAMH TSI UCCIICIOBAHUS

M30TOIHOTO cocTaBa kuciopoaa B HoOy, morydeHHOTo B POTOXMMHYECKUX IKCIIEPHMEHTAX.
4. 2. M3oTonnbie 3¢ exThl B Ipoaykrax ¢oroausa H,O
421 DddexT Macc-He3aBUCHUMOT0 (PaKIHOHUPOBAHHUS U30TONOB Kucjaopoaa B H,O,

Wsoronuas aHomanust kuciaopona AYO, kak ykaseiBamoch B riaBe 1, sBiseTcs
XapaKTepHOW OCOOEHHOCTHIO MHOTHX KHCIOPOAOCOJEPKAIINX KOMIOHEHTOB, BXOJSAIIUX B
cocTaB coBpeMeHHOU atMmocdepsl, B ToM unciie 1 HyO,. CornacHo JaHHBIM, MPECTaBICHHBIM B
pa6ore [Savarino, Thiemens, 1999a], armocdepsbiii HoO, n36bTo4H0 060ramés n3otonom - O
(AYO = or 1.2 1m0 2.4%o). Jlaitonc [Lyons, 2001] yrsepxnaaer, uto H,O, mpmobperaer
M30TOMHYI0 aHoMamnmio A'O B pesymbTaTe OGMEHHBIX M30TOMHBIX PEAKIMH ¢ aTMOC(EPHBIM
030HOM, OGOTAIIEHHBIM H30TOIOM ~ O, WIH ¢ NpoyKTaMu ero ¢oToiu3a. ITO 3acTaBIsET
npeanojaratb, 4YTO B apXeWckoil armocdepe, B KOTOpPOM OTCYTCTBOBAJI KHUCIOPOI H,
COOTBETCTBEHHO, 030H, H2O, nomkeH OblT OBl UMETh OOBIYHOE MaCC-3aBUCUMOE COOTHOIIICHUE
u3oToroB, To ectb A0 = 0%o. Jlpyroii Bompoc: Mor mu Boobire HyO, 06pasoBHIBATHCS B
OeckucmopoaHoil apxeiickoi atmocdepe? Ilpenpiaynme paboOThl BBIHYXIAIOT YCOMHHTHCS B
ATOM, TTOCKOJIbKY, TTIOBTOPUM €mI€ pa3, B OCCKUCTOPOAHBIX ycioBusax ¢ortonu3 HoO B xumkoi
¢a3e He nmpuBomUT K oOpazoBanuto HyO, [Robl et al., 2012], a dotommsz H,O B razosoii dase
X0Ta W mo3BoysieT monydarb HpO,, HO ero crabunuzaius MOPOWCXOAUT TOJNBKO TIpHU
sKCTpeManbHO HU3Ko# Temmeparype < —180°C [Rodebush, Wahl, 1933; Rodebush et al., 1947;
Jones, Winkler, 1951; Jones et al., 1969; Arnau, Giguére, 1975; Savarino, Thiemens, 1999b],

YTO HE MOXET OTBEYaTh peajbHbIM MPUPOAHBIM ycioBusaM. [loaToMy mepBas 3agaua HalIMx
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UCCIICIOBAaHUIM — 3TO IMOJYYUTh NMPH HOPMAIBHBIX YCIOBUSX cTabuibHbIM npoaykt HpO» B
peakusx aucconumammu H,O B Oeckucnopomnoit atmocdepe. Takue uccienoBaHusi BIEPBBIS
OBLIM TIPOBE/ICHBI B JAHHOW padoTe.

B nHammx uccnenoBanusx st nuccounanud HpO Obul mpuMeHEH MCKpOBOM paspsia B
reJineBoi arMmocdepe B MPUCYTCTBUU MTAPOB BOJABI 10 cXxeMe, n300paxEHHON Ha pucyHke 4.1. B
JKcriepuMeHTax Obul  oOHapyxeH H;Op, um 3TO0 OBITI KOHEUYHBIM CTAaOWIBHBIA, a HE
IPOMEKYTOUHBINA MPOAYKT peakiuii. B mporuBomonokuocTs skcriepuMentam [Rodebush, Wahl,
1933; Rodebush et al., 1947; Jones, Winkler, 1951; Jones et al., 1969; Arnau, Giguere, 1975;
Savarino, Thiemens, 1999b], B Hamux skcrepuMeHTax crabunmzanus H,O, He 3aBucena ot
TEeMIIEpaTyphl, OHA MPOUCXO/IHIIA JJaXKe TP KoMHaTHOM Temneparype [Velivetskaya et al., 2016].
O10oT ¢akT 00BACHAETCS TEM, YTO B HAIIMX OSKCIEPUMEHTAX, B OTJIMYME OT MPEAbLAYIIHX,
BO30YKAEHHBIN MTpoMexyTouHblii komiuieke [HOOH]* nMen Bo3MOXXHOCTH mepenaTh U30BITOK
CBOCH PHEPTUU MPHU CTOJKHOBEHHH ¢ Mosekyinamu H,O B ra3oBoil (aze n craOMIm3npoBaThCs.
BuyTpu Hamell skciepuMeHTalIbHON KaMmepsl nporiecchl quccounanuun HoO umenu mecto nuiib
B Y3KOM KaHajie UICKPOBOTO pa3psjaa, 66mbias yacte HyO He momanana noj aeicTBue paspsaa u
OCTaBajiach B PEaKLMOHHON 30HE Kak TpeThe Teno. [IpucyrcrBue HyO cimyxuino M0BYIIKON Atist
rugpoduiabHOro mepokcuna Bogopona [Locke, Shih, 2011], rme oH uMen BO3MOXHOCTh
crabunmsupoBathess [Thevenet et al.,, 2010]. B stom ciydae Bech mporecc oOpa3oBaHHS U
crabmnzanuu HyO, 3aBepiiaercs yke B peakIIMOHHON Kamepe, a He Ha XoioaHbIX (< —180°C)
CTEHKax JIOBYILIKH, HCHOJB3yeMOW i1 cOopa MNpoayKToB peakuuu. [loaTroMy Mbl Moriu
Ha0JII0/1aTh B CBOMX JKcIepuMeHTax oOpazoBanue HyO,, He mpuberas kK 3KCTpeMalbHO HU3KUM
TemreparypaMm. OTO OOBSCHIET Ka3aloch Obl MPOTHBOPEUMBBIC PE3YNIBTATHI MEXKIy HalIed U
6oJiee paHHUMH SKCIIEPUMEHTAIBHBIMUA paboTaMH.

Takum o00pa3oM, NOIY4YEHO SKCIEPUMEHTAIBHOE J0Ka3aTeslbCTBO (HOPMUPOBAHUS
MEPOKCHIa BOJOpOJAa B pe3yibTaTe Ta3zo-(pasHBIX peakIyid, WHUIMHAPYEMBIX IPOLECCAMU
JUCCOLMAllMU BOABI B aTMocdepe, HE cojepralied cBOOOIHOTO MOJIEKYJISIPHOTO KHCIOpO/a.
YcTaHOBNEHHBIH (aKT MMEEeT NMPUHUUMNHAIbHOE 3HAueHHE JUIs Pa3BUTHUS MPEACTaBICHUN 00
aTMoc(epHbIX (OTOXUMHUYECKUX Ipoleccax B OECKUCIOPOAHOM apxeWckoil arMocdepe U uX
MOTEHIMATIFHONH PONM B KOHTPOJIMPOBAHWU W HBOJIOIUH Ta30BOTO cOCTaBa arMocdepsl Ha
PaHHUX dTarax pa3BUTHs 3eMJIH.

JIpyruM Ba)KHBIM PE3yJIbTaTOM HAIIUX HKCHEPUMEHTAIBHBIX HCCIEOBAHUN SIBISIETCS
oGHapyskeHue >(pdexTa Macc-He3aBHCHMOro (DPaKIMOHMPOBAHHS H30TOMOB Kucaopoga A 'O
npu  popmupoBanuu  H;O, B OeCKHCIOpOAHBIX yCIoBHAX. PPekT Xapakrepusyercs
MIOJIOKHUTEITPHON BEITMYMHON OTKJIOHEHHSI OT JIMHUM MaccC-3aBUCHMOTO (DpaKIMOHUPOBAHWS,

Marauryga A o g cpenuem coctaBuia ~ 1.4%o. JlaHHbIe 00 M30TOMMHOM COCTaBe KHCIOPOAA B
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obpasuax H,0,, moMydeHHBIX B KCIIEPUMEHTAX C MCKPOBBIM Pa3psioM B MPHUCYTCTBHH MapOB
BOJIbI, CYMMHUpPOBaHbl B Tabnuie 4.2 W TpeiacTaBileHbl Ha pucyHkax 4.7 u 4.8. B srtux
9KCIEPUMEHTAX ObUIH HMCIOJb30BaHbl 00pasisl Boasl H,O (1), H2O (1) 1 H,O (I11) u3BectHOrO

H30TOITHOT'O COCTaBa KHMCJIOpOJa, pa3jindaroiue 10 CBOMM 3HAYCHUAM.

Tabmuua 4.2. JlanHable IO U30TONHOMY cOCTaBy U KoHueHTpauu HyO; B 0Opasiax, monydeHHbIX
B OKCIIEPUMEHTAX C MCKPOBBIM paspsiaoM B mapax Boasl HoO (1), HoO (1) u H,O (111).

H,O H,0,

8" Osmow H,0, B 06pasiie 8" Osmow 8" Osmow A0

Oo6pasen (%o0) (MMmoJIB/1) (%o0) (%o0) (%o0)
271.7 -4.8 -11.8 1.44

333 -3.6 -9.6 1.47

32.0 -3.6 -9.6 1.48

H,O (1) 110 37.0 -4.2 -10.7 1.45
34.7 -3.6 -9.4 1.43

33.2 -3.5 -9.3 1.38

30.7 -4.8 -11.6 1.31

30.6 -4.2 -10.7 1.44

H,0 (1) 350 32.6 -15.0 -30.9 1.32
335 -15.1 -31.3 1.43

31.8 -19.9 -40.4 1.44

H,0 (111) -44.3 35.7 -21.5 -43.6 1.56
329 -20.2 -40.9 1.38
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Pucynok 4.7 — I'paduk, neMOHCTpUpYOMUN (HPaKIIMOHUPOBAHNE H30TOMOB KHCIOPOJIa (8170
orHOCHTeNbHO 8 °0) mpn popmuposanmi HoO; 13 aKTHBHBIX IPOLYKTOB HCKPOBOTO Paspsia B
napax Bojibl. [loka3aHbl TaHHBIC M3 YKCIIEPUMEHTOB C MCIOJIb30BaHHeM 00pa3ioB Boasl HoO(1),
H,O(Il) u H,O(lll) pasHoro uzotonHoro cocrasa (tadmuiia 4.2). DKCIepUMEHTAIbHBIC TaHHBIC
nexar Ha JuHEd o0 =0.526 x 80 + 1.39. Jlus CpaBHEHHUs IPHUBEJCHA JMHUS Macc-

3aBHCHMOTO (pPaKIIHOHMPOBAHHS H30TOMOB Kuciopona &' 0 =0.528 x 5*20.

20
151 %9 Q T8
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=2
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&K onngepascEss
05 | ‘ H202
_1_[] 1 1 1 1 1 1 1
-a0 -40 -30 -20 -10 0 10 20 a0
SIED(%u)

Pucynok 4.8 — I'paduk, 1eMOHCTPUPYIOMINUNA MarHUTYAy U30TOMMHON aHOMAaJINHI AYO B oOpasuax
H,0O,, mony4eHHbIX B 3KCIIEPUMEHTaX ¢ UCKPOBBIM pa3psaoM B mapax Boasl HoO(l), HoO(Il) u
HoO(I) (tabmuna 4.2). B cpennem marHutyaa A Y0 = +1.4%.. Jlnst cpaBHEHUs TOKa3aHbI
JlaHHBIE, IIOJIyYEHHBbIE JJII KOMMEPUYECKOW IEPEKUCH BOAOPOJA, MAarHUTyla H30TOIHON

anomamuu AYO = —0.4%o.
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Kak BH/IHO U3 pUCYHKa 4.7, COOTHOLICHHS MEXy TpeMs H30TomaMu kuciopoaa - O/ °0
u 20/ °0 B H,0, anmpokcuMupyioTcs JHHEIHOMN 3aBHCHMOCTBIO Biaa: 800 = 0.526 870 +
1.39, raoe TanreHc yria HakiaoHa A=0.526 OJM3KO COBMIAJAET ¢ TAHTEHCOM yrja HakJIOHa Macc-
3aBUCUMOr0 (paKkIHOHUpOBaHUs Ui MeTeopHbix Box A=0.528 [Landais et al., 2008; Luz,
Barkan, 2010]. O0pamaer Ha cebs BHMMaHue TOT (DaKT, YTO IKCIECPUMEHTAIBHBIH TPEH]
pacIoIokKeH mapauieIbHO JIUHUU MACC-3aBUCUMOTO (PPAKITMOHUPOBAHUS CO CMEIICHUEM 10 OCH
opauHAT Ha BenuuuHy ~1.4%o. M30BITOK HM30TOIA 17O, HaOmogaemeiii B obpasmax HO,, Mbl
MHTEPIIPETUPYEM KaK CJIEICTBUE MPOIIECCOB MACC-HE3aBUCUMOTO (hPAKIIMOHUPOBAHUS U30TOIOB,
POMCXOSIINX BO Bpemst cuutesa HyO,. Haso, 01HAKO, OTOBOPHTH, YTO M30HITOK M30TOmA 'O
MOKET TaKXXe HMMETh MECTO HE TOJBKO B pE3yJIbTaTe MacC-HE3aBUCUMHUMBIX, HO M Macc-
3aBHCHUMHMBIX IPOLIECCOB, /€ KHMHETUYECKOE (PPaKIMOHUPOBAHUE H30TOMOB OOYCIOBIUBAET
orkionerne A0 or Hy/neBBIX 3HAYCHMI B KHCIOPOACOASPKALINX coeauHeHnsx [Young et al.,
2002; Bao et al., 2015]. B Hamreli SKCIEPUMEHTAIBHON IPOTOYHOM CHCTEME (PH3HKO-
XUMHUYECKHe mporiecchl oopa3oBanus HyO;, mpencTaBisiroT co00il HepaBHOBECHBIE MPOIIECCHI, TO
€CTh BHE XHMHYECKOTO W H30TOITHOTO DPABHOBECHS, TaK KaK MPOIYKTHI PEAKIMA OBICTPO
BBIBOZSTCS U3 PEaKIIHOHHON 30HBL. J[J1s HepaBHOBECHBIX IpolieccoB B pabore [Bao et al., 2015]
CJICIaHBI OLCHKH BEPOSTHOCTHOTO PACIIPSACIICHHS U IIOTCHIMAIBHOM MarHuTy 1! Benans A0
HAa OCHOBaHMM pacy€roB 1o wmetrogy Monte-Kapmo. B atoit pabore mokazaHo, 4to ¢
BEpOATHOCTHIO 90% MarHuTyma AYO nomxHa HaxomuTHCA B nuamnaszone —0.5%o < AYO < 0.5%o,
a BEpOSITHOCTh TOTO, YTO MarHuTy/1a A0 MpUOJIM3UTCS K 3HAYEHUIO ~ 1%o0 cocTaBisier << 1% u
JUIIb TP YCIOBUU JKCTPEMajbHO BBICOKOTO  (DPAaKIMOHUPOBAHUS  BEIUYUH §'20,
ACCOLIMUPYIOIIUXCS C HEPaBHOBECHBIMU TpolieccaMu. [1ocKombKy N30TOMHBIE TaHHBIE W3 HAIIUX
SKCIIEPHMEHTOB IEMOHCTPUPYIOT CTaGHIbHO BhicokHe 3HaueHns A''O (pucyrok 4.8), mpuMepHO
B TPH pasa mpesbimaronue oneHky A''O KHHETHIECKOro GpaKIHOHHPOBAHHS, TO HAZ0 IPHHSITH,
yro nipu dopmupoBanun HyO, B HamMX SKCIEPUMEHTAIBHBIX YCIOBHSIX (PpaKIIMOHUPOBAaHUE
W30TOINOB KHCJIOpPOJia MMENI0 MacCc-HE3aBHCHMBIN XapakTep. B 3ToMm cinydae aHOMalbHOE
oborameune H>0, wu3zoTornom o JOJDKHO TIPOUCXOIUT [0 MEXaHW3MY, KOTOPBIH
MPUHIIMITAATIBHO OTINYAETCS OT TAKOBOTO JJIS COBPEMEHHBIX aTMOC(EPHBIX YCIOBHM ¢ BRICOKUM
coJiep>kaHueM CBOOOIHOTO MoJeKysipHoro kuciopona (21% O,), rae addexT oTHOCAT 3a cuer
nepeaayn Macc-He3aBUCHMMON MeTKH OT 030Ha kK HyO; depe3 cepuro 0OMEHHBIX paJuKaIbHBIX
peakumii [Lyons, 2001]. B Hamux skcrnepuMenTax mokaszano, uto H,O, moxkeT hopmupoBaThes
B OECKUCIOPOAHBIX YCIOBUSAX B pe3yibTare qucconuanuu H,O u 06magath mpu 3T0M H30TOITHOU

. 17
aHoManmeit kucmopoaa A~ O.
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Yro Kacaercs (PAKIMOHMPOBAHHS H30TONOB O mpu dopmupoBanmn HyO, u3
npoAaykToB nucconmanuu H;O, TO naHHBIE HAIIMX WCCIECIOBAHWHA CBUACTEILCTBYIOT 00
ymepeHHoM oboramieHnn HyOy 3TUM M30TONOM 110 OTHOIIEHUIO K M30TOITHOMY COCTaBY 580 B
HUCXOJIHOM BOJE, pa3HUIa cocTaBmwia OKoino 2—4%o (tabmumna 4.2). DOTu  HaOIOIEHUS
MOJATBEPXKIAIOT Mpeanonokenne o Tom, yto H,O, coxpaHseT M30TOMHBIA COCTaB KUCIOPOJA
o3kt Kk 6°0 HCTOYHMKA CBOEro npoucxoxaeHus [Savarino, Thiemens, 1999a]. B
JaNbHENIIEM M30TOMHBI cocTas 820 B HyOp MOKET MIpeTeprieBaTh U3MEHEHHUS B X0J1¢ pPEaKIIHil
¢ armoc(hepHbIMH KOMIIOHEHTaMH. Tak, Hampumep, BapUaluu 80 or ~ 22%0 10 52%o,
oOHapyXCeHHbBIC B IPUPOJTHON MEPEKUCH BOJOPOJIA, OOBACHSIOT (GPAKIIMOHUPOBAHUEM H30TOIOB
KMCJIOopoja B peakuusax Biaumoneiicteus HyO, c¢ cynbguramu (SO37), pacTBOpEHHBIMU B
noXx1eBoit Boje [Savarino, Thiemens, 1999a].

Wrtak, B HammMX OJKCHEPUMEHTAIbHBIX  HCCICJOBAHHUSIX  BIEPBBIE  MOITYYCHBI
JI0Ka3aTeNnbCTBa, BO-MEepBbIX, (hopmupoBanus H,O, B pesynprate nuccounanuu HyO B razoBoii
dasze B armMocdepe, HE CoaepiKalieii CBOOOJIHOTO MOJCKYJISPHOTO KHUCIOPOJa W, BO-BTOPHIX,
MacC-HE3aBUCHUMOT0 (paKIIMOHUPOBAHUS HM30TONOB KUCIopona npu ¢opmupoBanuu H;O, B

. 17
OCCKUCIIOPOAHBIX YCIIOBUSAX, MATHUTYAA n30TomHON aHoMannu A~ O B H,0; cocrasuna ~1.4%e.

4.2.2 MarHutyaa u30TONHOI aHOMAJIMU AYO B H>0; npu quccounanuu napos BoAbl

AelicTBHEM 3JIEKTPUYeCKOro paspsiga u Y ®-usinydyeHus

O6HapyxeHrue HW30TONMHOW aHOMauu AY0 B HyO, B030ymwio TOHSATHBIHA
UCCJIEIOBATEIbCKUNA MHTEpEC K BBIICHEHUIO NPUYUH U (PAKTOPOB, BIUSIOLIUX HAa BEIUYHUHY
apdexTa Macc-HE3aBUCUMOTO (hPaKIIMOHUPOBAHUS HM30TONOB KHUCIOPOAa NMpH (HOPMUPOBAHUU
H20, B pe3ynbpTaTe AucconMai MOJIEKY BOABI B OECKUCIOPOIHBIX yciaoBusax. [Ipexne Bcero
HAJI0 PELIMTb BOMPOC: MMEET I MECTO 3aBUCHMOCTh Bemmuuubl A'Q OT SHeprum aKTHBAIMH
monekyn H;O mpu coymapeHu# WX ¢ DJIEKTPOHAMH WM TOTJIOIIEHHWH WMHU JHEPTHH CBETA.
AxtuBupoBanue mMosekynbl H,O MokeT mpuBecTH K e€ pacrnajay, TO €CTh JTUCCOIUAINN CBS3H
H-OH. B pa6ore [ltikawa, Mason, 2005] nokaszano, 4to sHeprus paspsiBa cBsizu H-OH paBna
npuMepHo 5.09 37eKTPOH-BOJIBT, YTO COOTBETCTBYET 3HEPruM (OTOHA C JIMHON BOJHBI 243.6
HM. Monekymna H,O, nmpuHsIB Takyro SHEPTUI0 MyTEM COYAApPEHHUN C DIEKTPOHAMHU WU MTyTEM
TIOTJIOIIEHHS M3ITyUeHUs, TIpETepIieBaeT HEMOCPECTBEHHBIN pacmay Ha paaukainsl H u OH. [pu
Oonee HU3KHUX SHeprusix Moinekyna HpO mepexomuT B BO3OYKIEHHOE COCTOSHHE, YTO TaKKe
MOXET TPHUBECTH K Pa3pbIBy €€ CBS3W 10 MEXaHW3MYy Ipeanucconnaru [Bruggeman, Schram,

2010]. bonee BbICOKHE PHEPTHHU, OTBEYAIOUIME IIEPBOMY MOTEHIMATy MOHU3AMK 1 Bhimie (12.6
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3JIEKTPOH-BOJIBT), MPUBOAAT K AUCCOLMATHUBHON MOHM3anuu Moiekyn HyO u oOpa3oBaHuio Kak
3apsKEHHBIX, Tak M HelTpaneuex yactun OH, HY, H,', O, OH, H, H,, O [Shirai et al., 2001].
B sTom cnyuae peakiyu peKoMOMHAIIMA HOHOB U HOH-3KJIEKTPOHOB OyIyT OBICTPO MPOU3BOAUTH
OH panukansr [Bruggeman, Schram, 2010]. Takum 00pa3oM, OT SHEPIHMH aKTHBAIUH MOJIEKYII
H,0 3aBucut mMexaHu3M HX aucconuanuu. [103ToMy NOTEHIMAIBLHO MOXKHO OXHIATh, YTO ITO
OTPa3UThCS Ha BEITMYMHE N30TOMHBIX 3((eKToB B mpoaykTax auccouuayuu Hy0.

B 3T0ii CBA3M MBI 3KCHEPUMEHTAIbHO U3YYMJIM M CPaBHWIM H30TOINHbIE 3()(EeKThl B
obpasmax H;0,, monydyenHsix npu nuccormanuu H,O nelictBueM HMCKpoOBOro, O0aphepHOro U
TJICIOIIETO pa3psoB, a Takxke naeicTBueM Y@ usnmyudenus. Jns aucconmamuu HyO neiictBuem
AJIEKTpUYeCcKOoro paspsiza U Y@ usiydeHus ObUIM IPUMEHEHbI SKCIIEPUMEHTaIbHbIE YCTAaHOBKH,
onucanubie B maparpade 4.1.1 u 4.1.2, coorBercTBeHHO. VMICKpOBOW W OapbepHBIN pa3psiibl
OCYIIECTBIIEHbl B Tenuu npu JaBieHun 1 atMm. LckpoBoii paspsia XapakTepusyercs
CPaBHUTEJIBHO BBICOKOW JHEprued 3JeKTpOHOB > 7 3B. bapbepHbI paspsan, B OTIMYHE OT
HCKPOBOI'O, TMPOMCXOJUT MEXIY JABYMs DJJIEKTPOJAaMHU, OJMH U3 KOTOPBIX H30JMPOBAH
TUDIIEKTPUKOM, U XapaKTepU3yeTcs CpeqHel sHeprueil aeKTpoHoB nopsaka 4—5 3B. Trneromuii
pa3psi MPOUCXOIUI B YCIOBUSAX HU3KOTO naBneHus (0.2—2 m0ap), cpeliHss SHEpTusi 2IEKTPOHOB
B CTOJIOE TIIEIOLIEro pa3psaaa nopsaka 3—4 3B. B skcnepumenrtax ¢ Y@ usnyyeHuem nprMeHeHa
JelTepuBas JiamIa, M3JIydaronias IpeuMylIecTBeHHO B obnactu umH BoiH 120—160 HM (cM.
pucyHOK 4.3), 4TO paBHOLIEHHO 3HEPruM B 3J1EeKTpoH-BoibTax 10—7.8 3B. Takum oGpasom, B
HAIllUX 3KCIIEPUMEHTaxX 3aJeiiCTBOBaHbI 001aCTH SHEPIUi, OTBEUAIOIINE JUCCOIIMALUU MOJIEKY
H,O mo MexaHW3MaM WOHHM3UPYIOIIEH IUCCOIMAIMK, TPSMOW JUCCOLMAIMA U  4epes
MPEAIUCCOIMATUBHOE COCTOSIHUE. Pe3ynbTaThl SKCIEPUMEHTOB CYMMUPOBaHbI B Tabiuie 4.3 u

IIPOUJUIIOCTPUPOBAHBI HAa pUCYHKE 4.9.

Tabmuna 4.3. KommyectBo H2O; 1 M130TOMHEIN cocTaB KUCIOPOAa B 00pa3iax u3 SKCIIEPHMEHTOB
C MCTIOJIH30BAaHUEM JJICKTPHUECKOTO paspsaa u Y @ uznydenus mis auccormarmu H,O.

OKCHEPUMEHT I(_leh?éﬂBB /J(1))6 paste ?;:SSMOW ?:SSMOW ?O/Z? N
HckpoBoii pa3psiz 324+2.8 -4.0+0.5 -104+1.0 14+0.1 8
bapeepnsrii paspsn | 32.1 £3.1 -7.2+0.6 -16.1+1.2 1.2+0.1 5
Trerommii pa3psin 154.0+7.6 16.6+2.1 28.5+3.1 1.5+0.7 8
YO uznyyenne 151+5.2 46+1.6 6.4+3.1 1.2+0.1 5
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Pucynok 4.9 — M3oronHas anomanust A~'O OTHOCHUTENBHO M M30TOIMHOIO COCTaBa KHUCIOPOJA
1

80 B obpasnax H,O,, momydeHHOro B AKCIEPUMEHTAX C HCIOJIB30BAHUEM JIICKTPUUICCKOTO

paspsna u Y ®O-uznyuenus. [lanubie u3 tabiuibl 4.3.

Kak BuznHO U3 pucyHka 4.9, mepokcuji BOJI0poJia XapakTepu3yeTcsl HaTM4UeM U30TOIHOM
anomamun A'’O BHe 3aBHCHMOCTH OT IPHUMEHSEMOTrO CI0C06a BO3OYXKICHHS M IHCCOLMALIIH
MOJIEKYJ BOJIbI, TO €CTh B pe3yJibTaTe Nepeaayd SHEPruu MPH HEOCPEICTBEHHOM CTOJIKHOBEHUHU
monekyn HpO ¢ smektpoHamMu M HMOHAMH (PJIEKTPHUYECKUH paspsid), WIM B pe3ybTare
norJiomenus: sHeprun GPoroHoB (doTonuccornmanus noa aeicteuem Y d-uznyyenus). B oboux
ciydasx (ppakIMOHMPOBAHUE M30TOIA KUCIOpoaa-17 mposBiseT oOuuil XxapakTep: OTKIOHEHHE
OT JIMHUM Macc-3aBUCUMOT0 (PpaKkMOHUPOBAHUS (A”O) MMEET ITOJIOKUTENbHBIN 3HAK; 3HAYCHUS
A0 noBonbHO GIM3KH MEXIy cOo0oi; 0oOmuMii nuama3zoH BapUaIui AYO saxmouen B Y3KHX
npenenax or 1.2%o 0 1.5%o. OTm pe3ynpraThl yKas3blBalOT Ha OTCYTCTBHE 3aBHCHUMOCTH
M30TOMHBIX Macc-He3aBHCHMBIX d(dextoB A'’O OT SHepruyM aKTHBALMHE MOJEKYN BOIBI H,
COOTBETCTBEHHO, ITyTeH UX auccouuanuu. CiaenoBaTellbHO, HAllle TPEAIONIOKEHNE, BBIABUHYTOE
BbIIlIe, HE oONpaBano OxuaaHuid. OJHAKO YCTAHOBJIEHHBIM B AKCIEpUMEHTax (akT umMeeT
BOXHOE  3HA4YeHHE JUIsl  JAJIbHEWIIEro  BBIACHEHUS M TOHUMaHUS  MEXaHU3MOB,
00yCJIOBIMBAIOIIUX Macc-HE3aBUCHUMOE (HPAKIIMOHUPOBAHUE M30TOIMOB KHCIOPOAA, TaK KaK OH
MaéT OCHOBAHME MPEIIOIOKHTb, UTO M30TOMHbIe 3hdekTsl A'O CBSI3aHBI He ¢ PEAKIHUIMH
miuccormanuu HyO, a ¢ mocnexyronmmMu ¢cBOOOTHO-PaIUKATIBHBIMEI PEAKIHSIMA (DOPMHUPOBAHHS
H,0,. Bonee meranbHO MexaHn3M aHoManbHOro obdoramenus H,O, n3oromom Y0 mpr obcyanm
B naparpade 4.3 1aHHOH IJ1aBbI.

Ba)kKHO OTMETHTb, YTO B IPOTHBOMONOKHOCTb H30TOMHBIM 3ddektam A0, H30TOMHEIIH
cocras 86°0 B obpazax H,O, oOHapykuBaeT IMIMPOKWH TUANa30H BapHAIHd, YTO CBS3aHO C

npoueccaMy O0OBIYHOTO MAacC-3aBUCUMOTO (pakIMOHUPOBAHUS H30TONOB Kuciopoza. /laHHbie
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U3 DKCIEPUMEHTOB C TICIOMUM paspsaoM U Y@ H3IydeHHEM I[OKa3aid CYIIECTBEHHOE
oGoraienne H30TonoM °O M0 OTHOMIGHHIO K JAHHBIM M3 SKCIICPHMEHTOB C HCKDOBBIM H
OapbepHBIM paspsaaoM (pucyHok 4.9). Dtor sddexkr B AaHHOM cCiiydae MbI CBSI3BIBAEM C
nporieccamu  pacnana H;O, B peakunoHHOW 30He mon BiUsSHHEM Y@ wu3IydeHUs WIK
anektpoHoB. [lpu pasnoxenun Hy0,, kak Obuto Toka3aHo B pabote [Savarino, Thiemens,
1999a], ocrarox H,O, oGoramaercss msoromom °0. IMockomeky mpomecchl pacmaga HyO;
MPOUCXOJISAT HaNOO0JIee MHTEHCUBHO B DKCTIIEpUMEHTaX ¢ YD U3JIy4eHUEM H TICIOIIUM Pa3psiioM,
TO MBI HaOIIOaeM oboOrameHne u3otonoM O B ocrarounoM HyO,. Pasmmume B CKOpOCTSX
pacniaga H,O, Mexy skcriepuMeHTaMHu 00YCIIOBJICHO TEM, YTO B CIIydae C TICIOIIUM Pa3psaIoM
u YO uznyyeHUeM peakiuu UAYT BO BCEM 00BEME pEaklMOHHONW KaMephl, a B CiIydae C
UCKPOBBIM U 0apbepHBIM Pa3psiioM — TOJIBKO B Y3KUX HUTEBUIHBIX KaHallaX ctpuMepa. [lostomy
BEPOSITHOCTh Pa3pbiBa CBsizel B Mojekyie Hy;O, mpu CTOJKHOBEHHU C DJICKTPOHAMH HIIU TOJ
Bo3zaericTBHeM YD M3mydeHHs 3HAUYUTEIHHO OOJBbINE B KCIIEPUMEHTAX C TICIOIIUM Pa3psaoM U
Y@ wusnydeHueM, 4eM B OCTalIbHBIX OJKcmepuMmeHTax. llpomeccsl pasnmoxenus HyO, B
PEaKIIMOHHON KaMepe MPOMCXOJAT MO 3aKOHY MaccC-3aBHCHMOTO ()PaKIIMOHHPOBAHUS, TAaK YTO

o 17
METKa M30TOITHOHN aHoMaymu A~ 'O COXPaHACTCA B OCTAaTOYHOM H202.

4.2.3 BuausiHHe OTJAeJbHBIX Ia30BbIX KOMIIOHEHTOB Ha u30TonHbie dpdextnl B H,0;

B npempinymux maparpadgax ObIJIO  3KCIIEPUMEHTANbHO MOKazaHo, uTo Hy0,
JECTBUTENILHO MOXKET (DOPMHUPOBATHCS B Ta30-(Pa3HBIX PEaKIUIX TUCCOIHMAIMN MOJIEKY BOJIBI,
UHHUIMAPYEMBIX DJIEKTPUYECKHM paspsiaoM wim Y@ usnydenuem. Ilpu mccnenoBaHuu 3TOTO
SIBJICHUS BBISABIICHBI CYILECTBEHHbIE 0COOEHHOCTH, a MMeHHO: HyO, oOpasyercss B yCIOBUSX
OTCYTCTBUSI CBOOOJHOT'O MOJIEKYJIIPHOTO KHCJIOPOAA U €My CBOMCTBEHHO aHOMAJIbHO BBICOKOE
CoJIepaHue H30TOoIa 10, XapaKTepU3yeMoe BEIUYUHOMN AYO = 1.4%o. BBISCHHIOCH, YTO
MAarHUTyJa W30TOIHON anomamni A''O He 3aBHCHT OT TOro, KakuM ImyTéM momyden H,O; — B
pPEAKIMAX, WHUIMHUPYEMBIX 3JIEKTPHUUECKUM paspsaoM win xe Y@ uznyueHueMm. Bo3Hukaer
JIOTHYHBII BOIPOC, Kakue (PaKTOPBI CIOCOOHBI BIMATH Ha TIOBECHHE H30TOMHOM anoMamid A0
npu ¢dopmupoBanun H;O, B pesymbrare mucconmanuu Mosiekydl H;O. OmgauMm w3 Takmx
(GakTOpOB MOXKET OBITH TMPHCYTCTBHE HEKOTOPHIX Ta30BBIX KOMIIOHEHTOB B PEAKIIMOHHOM
cucreme. Hanpumep, B skcriepumenTansHoi padore [Feilberg et al., 2013] 6su10 ycTaHoBIEHO,
yro npucyrctBue Ar unu CO; B peakIIMOHHON cucTeMe 1o (POTOCHHTE3y 030Ha CKa3bIBAETCS Ha
BENMUHHE W30TONHOM anomamnn AYO B o30mHe, a npucyrcTBue SFg B 3HAUMTENBHOHN CTETIeHU
nojaBisgeT APQPEKT Macc-He3aBUCHMOTO (PAaKIMOHHPOBAHUS BIUIOTH O €ro  IOJHOTO

HNCUYC3HOBCHMNA.



BBITIOJTHIIM OKCIIEPUMEHTHI 1o auccormarmuun H,O neficTBueM 3IeKTpUYecKoro paspsia B
MPUCYTCTBUM TAaKUX Ta30BBIX KOMIIOHEHTOB Kak Oz, CO, wim Ar B pa3IUYHbIX KOHIICHTPAI[UIX.
Conepxxanne O B razoBoit cmecu BapbupoBanu ot 0.005% mo 25% npu nposeaenun H,O0—-0,
skcriepuMeHToB; coaepxkanne CO; — or 0.6% mo 100% B H,O—-CO; skcmepumeHTax u

conepxanue Ar — ot 0.08% no 100% B H,O—Ar skcnepumenTtax. Pe3ynpTaTsl 3KCIIEpUMEHTOB
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CyMMUPOBaHbI B Ta0umax 4.4 — 4.6 1 npouJUTIOCTPUPOBaHBI Ha pucyHKe 4.10.

Tabnuna 4.4. Komumgectso u u3oronHsiid cocraB H,0;, uz H,0—0; sxcnepumenTtoB. Conepkanue

O, B ra3oBoii cmecu BapbrpoBaiu ot 0.005% no 25% [Velivetskaya et al., 2018].

17
Jlnisi mpOsICHEHUsT BOMpOCa O BIMSHUM Ta30BbIX KOMIOHeHTOB Ha A'O B HyO, mbI

H20;
O, conmepxanne KOHIICHTpalys B
B He o6pasiie 5" Osmow 5" 0smow AY0
No (%) (MMoJB/11) (%o) (%0) (%o) N
1 0.005 74 £0.7 -2.34 £0.05 -7.10 £0.09 1.41 +0.07 4
2 0.013 7.7 £0.8 -1.45 £0.79 -5.49 £1.33 1.45+0.19 6
3 0.02 8.6 £0.5 -0.55 £0.24 -4.16 +£0.40 1.65+0.04 4
4 0.04 76 £0.8 0.44 +£0.24 -2.40 £0.43 1.71 £0.14 5
5 0.06 8.7 £0.3 2.20 +£0.05 0.64 +£0.17 1.86 £0.12 3
6 0.08 8.6 £0.8 3.19 +£0.64 2.30 £0.90 1.97 £0.21 4
7 0.10 78 £1.1 410 £0.71 3.90 +£1.27 2.04 £0.15 7
8 0.13 93 +18 4.89 +0.59 5.20 £1.35 2.14 +£0.32 7
9 0.2 10.0 £1.8 8.34 +0.72 11.16 +£1.20 2.45 £0.14 4
10 0.6 94 £2.0 9.31 £0.71 13.00 +1.26 2.45 £0.10 5
11 15 8.0 £0.3 10.64 +0.74 15.56 +1.41 2.43 £0.07 3
12 4.7 75 £14 9.67 +£0.30 13.94 +0.65 2.32 £0.08 5
13 6.0 6.8 £1.6 942 +0.35 13.84 +0.79 212 +£0.13 5
14 10 49 +£1.0 8.85 +0.41 13.30 +0.54 1.84 +£0.04 4
15 17 47 £0.9 7.00 +=0.60 10.02 +1.10 1.72 £0.22 7
16 25 3.0 £0.7 5.19 +0.48 7.40 £0.96 1.28 +£0.09 6

N — xoanyecTBO TMOBTOPHBIX OKCIICPUMEHTOB
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Tabmuma 4.5. KommuectBo u wm3otomubii coctaB H,O, w3 H;O—CO, »skcnepumeHTOB.
Conepxanue CO; B razoBoit cMecu Bapsupoaiu ot 0.6% mo 100% [Velivetskaya et al., 2018].

H,0;
CO; comepkanne | KOHICHTPAIUA
B He B 00Opasie 8"Osmow 5" 0smow AY0
Ne (%) (Mmouts/1) (%0) (%0) (%o) N
1 0.6 92 +£1.7 -1.23 £0.21 -4.98 +0.55 1.41 +£0.08 3
2 1.2 9.6 £0.6 -1.69 £0.51 -5.96 +0.68 1.47 +0.31 5
3 3.2 8.7 £0.3 -1.50 +£0.32 -5.40 +0.64 1.35 +0.08 4
4 5.9 9.0 £0.7 -0.41 +0.39 -3.82 £0.70 1.61 +0.07 4
5 7.7 9.1 £0.6 0.04 +£0.47 -3.09 £0.71 1.68 +0.10 3
6 12 85 +15 0.04 +0.57 -3.01 +£0.84 1.63 +0.04 3
7 25 8.0 +1.2 2.47 +£0.38 1.20 +0.71 1.83 +0.04 3
8 45 6.5 £0.8 2.92 +£0.39 2.12 +£0.68 1.80 +0.04 3
9 65 49 £15 2.79 +£0.30 2.89 £0.79 1.27 +0.11 3
10 100 5.7 5.74 8.34 1.34 1

N — koauyecTBO TMOBTOPHBIX 3KCIEPUMCHTOB

Tabmuma 4.6. KoymmuectBo u wu3oronHeid coctaB H»O, u3 H;O— Ar skcnepruMeHTOB.
Conepxanue Ar B razoBoit cmecu Bapsupoaiu ot 0.008% mo 100% [Velivetskaya et al., 2018].

Ar H,0,
COep)KAHUE | KOHLCHTPALU

B He B 00pasie 8"Osmow 5 0smow AYO0
No (%) (MMoJIB/1T) (%o0) (%o0) (%o) N
1 0.008 9.1 +138 -1.57 £0.49 -5.45 +0.88 1.32 £0.13 9
2 0.02 8.6 £1.7 -1.18 +0.54 -4.71 £1.10 1.31 £0.09 8
3 0.03 104 £05 -1.76 +0.55 -5.55 +£1.10 1.18 +0.06 6
4 0.05 110 £1.7 -1.28 +0.25 -4.86 +0.40 1.29 +0.12 8
5 0.2 114 £0.7 -1.96 +0.31 -6.40 +0.54 1.44 £0.17 4
6 1.1 10.4 £0.9 -1.12 +£0.18 -4.81 +0.37 1.42 +0.06 4
7 3.6 9.7 £04 -1.95 +0.27 -6.08 +0.54 1.27 £0.07 4
8 6.1 9.9 +£0.0 -1.89 £0.31 -6.10 +0.32 1.34 £0.14 3
9 12 6.0 £1.1 -1.01 £0.23 -4.30 +£0.24 1.27 £0.14 4
10 25 6.8 £0.3 -2.42 £0.45 -6.66 + 0.68 1.10 £0.17 4
11 45 6.4 £0.5 -3.54 £0.42 -9.11 +0.63 1.28 +0.15 4
12 65 6.8 £0.3 -459 +0.47 -10.97 +0.82 1.22 £0.11 4
13 90 6.6 £0.9 -6.12 +0.61 -14.12 +£1.14 1.38 =£0.13 4
14 100 6.6 £0.8 -6.79 +0.20 -15.43 +0.43 1.39 £0.08 3

N — konmuyecTBO TOBTOPHBIX SKCIICPUMEHTOB
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Pucynok 4.10 — TI'paduku, IEMOHCTPUPYIOIIHE H3MEHEHHE HW30TOIHOTO COCTaBa (8180),

MarHuTyJ1bl U30TOMTHOW aHOMaJIHHI (A17O) u conepkanus nepekucu Bogoposaa (H20;) B oOpasmax
U3 JKCIepuMeHTOB 1o auccormanuu H,O, B 3aBucumoctu oT mpucyrcrBus O,, CO, u Ar B
pa3TUYHBIX KoHIeHTpamusx. [1Ikana s KOHIEHTPAIlUy Ta30BBIX KOMIIOHEHTOB TIPE/ICTABJICHA B
norapudmugeckoM macmrade. s cpaBHEHHS Tak)Ke NMPHBEACHBI JAHHBIC W3 TPEIABITYITNX
SKCIIEPUMEHTOB 0e3 KaKuX-TH0O0 JOMOJHHUTEIbHBIX Ta30BbIX KOMIIOHEHTOB (MIOKa3aHHBIE B BUJE
xenTol 3Be31bl). Pucynok u3 padorsr [Velivetskaya et al., 2018].
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Pe3ynprarel  HammXx =~ JKCHEPUMEHTOB  MOKa3alld  OTCYTCTBHE  KaKOTO-JIHOO
WHTHOUPYIONIETO JIEHCTBUS JIOMOJHUTEIBHBIX Ta30BBIX KOMIIOHCHTOB Ha BEIMYMHY MAaccC-
He3aBucuMoro 3¢ dexra AY0. [Ipu noGaBnenun ra3oB 3TOT 3hdEKT ocraBajcs aubo 0Oe3
W3MEHEHUH 10 OTHOIICHUID K HCXOJAHOMY 3HAaY€HUIO AY0=1.4%o, muGo IIPEBBILIAT  ATO
3Hayenue (pucyHok 4.106). B moOom cinydae macc-He3aBHUCUMBIA 3()(EKT coxpaHsics U He
mpormajail.

BBISBICHBI OOIIME 3aKOHOMEPHOCTH H OCOOCHHOCTH NMHAMHKM m3MeHenms A'’O mis
H,0; B 3aBUCHMOCTH OT THIIa U KOHIIEHTpAIIMU BBOJAUMBIX ra3oB. W3 pucynka 4.106 BugHO, 4TO
IPUCYTCTBHE OKUCIHTENBHBIX Ta30B Oz, CO, 0KasbIBACT 3aMETHOE BIMSHHE Ha Benmuuny A''O.
IposiBisiercs: obmasil] Termenums s Benmuund AO, koTopas BbIPaXaeTcsi B H3MCHCHHH
XapakTepa TPEHIAa C BO3PACTAIONICTO HA YOBIBAIONIUN TMPH TIOCTEIICHHOM TIOBBIIIICHUN
kouneHTpauu O, wmmu CO,. Hamuuwme mnepernba B TpeHAax A0 103BONMIO BBHIIBUTH
MPEIeTbHO BO3MOXHOE 3HAUeHUE O0OTalIeHHs] M30TOMOM KHucCiIopona-17 mpu GpopMupoBaHUU
H,O; B oxucnmrensHoit armocdepe. OGHapyxennsii sddexr orpannmuenns A'’O mo
MaKCUMaJbHOW AaMIUIUTyJ€ COTJacyeTcsi C TEOPETHUYECKUMU MOJICIbHBIMU  pacueTaMu
YyBCTBUTEIBHOCTH HW30TOMHOIO ClIBUTa A0 B atmocdepnoit H,O, B 3aBuCMMOCTH OT
KoHIeHTparuu o30Ha [Dominguez et al., 2009]. Ha 3ToM OCHOBaHMH MOKHO JIONYCTHTh, YTO
HaOJIOJaEMBI XapakTep U3MEHEHHS A”O-TpeHz[a B Hammx H,O—0, skcriepuMenTax cBsi3aH C
dbopMupoBaHHEM 030HA, KOTOPBIH, MO MOJCIbHBIM IpeacTaBieHusM Jlaiionca [Lyons, 2001],
nepeaaéT cBoio Macc-HesaBrcuMyto MeTky A'’O k H,0, depes ceprio 0GMEHHBIX pauKaibHBIX
peaKkuuu.

JI1st IpOBEpPKU CLIEHApUs O BO3PACTAHUU MAarHUTY/Ibl H30TOITHOM aHOMaJIuu AY0 B H,0,
3a cuét obpa3oBaHus o30Ha B Hammx HyO—O; skcriepruMeHTax, MbI CIEIaTu KOJTHYECTBECHHBIC
OIICHKH, TIOCTPOMB KUHETHUYECKYI0 MOJENb ¢ OAMHHaauaTeio kommnonentamu (H,O, OH, H, O,
O(lD), Og(lAg), H,, Oy, HO,, O3 u Hy0;) u 37 peakrusmu B mporpamme Kintecus, Windows
Version 6.0, 2017 [lanni, 2003]. Bce peakiuu, mHunuupyembie pamukaiamu OH, H u O
crpynmnupoBaHsl B Tabnuie 4.7. Peaknun R1-R23 BritoueHsl B HAITY MOJENb I CUMYJISIIUN
dbopmupoBanus H,O, B mporiecce auccoruan BoAbl B OeckucaopoiHoi atmocdepe. Peakimn
R1-R37 BkItOueHBI B KUHETHUECKYIO MOJENb JJI OMUCAHHS TPOIECCOB B DKCIEPUMEHTaX C
no0aBJIeHHEM CBOOOJHOTO MOJIGKYJISIPHOTO KHCIOpOJa B CHCTeMY. PacueThl BBITIOJHEHBI
JUTSI YCITOBUH, COOTBETCTBYIONMX peanbHoi cucteme H,O—0,, rine konnenTpanus O, B ra3oBoi
cmecu cocrtaBisuia 0.6%. [lpu 3THX yCIOBHUSX B AKCIEPUMEHTAX HAONIONANNCh HanOONbIINE
3HAUYEHHs KaK n30TomHOro s¢dekra A0 = 2.45%o, Tak u kommuecTBeHHOro BhIxoAa Ha0; (cM.

tabnuuay 4.4).
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Tabmuua 4.7. Coucok peakuMid M KOHCTaHT MX CKOpPOCTEH, NpUMEHSEMbIX B
kuHeTrueckor monenu Kintecus. Mcnosb3yembie K03(hPHUIMEHTHI peakiuii UMEIOT pa3MEPHOCTh
cv3monekyn ¢! g GumomekynapHeix  peakumii  u cm®monekyn 2¢Tl s

TEPMOMOJICKYIISIpHBIX peakuuid. Tabnuua u3 padotsl [Velivetskaya et al., 2018].

Koncranra ckopoctu
Ne Peaxun peakiuu™

Pearxyuu OH u H paouxanos

R1 OH+ OH - H,0+0 1.9 x 10712
R2 OH+OH+M - H,0, + M 6.9 x 10731
R3 OH+H->H,+0 3.3x 107
R4 OH+H, > H,0+H 7.6 X 10715
R5 OH+0->H+ 0, 3.3x 10711
R6 H+ H,0 - OH + H, 2.1 x 10725
R7 H+0,+M - HO, + M 4.4 x 10732

H,0, dexomnoszuyus

R8 H,0, + H -» H, + HO, 5.2 x 10715
R9 H,0, + H - H,0 + OH 5.2%x 10715
R10 H,0, + 0 - OH + HO, 1.7 x 10715
R11 H,0, + OH - H,0 + HO, 1.1 x 10712

Peaxyuu HO; paoukanos

R12 HO, + HO, - H,0, + 0, 1.4 x 10712
R13 HO, + H, » H,0, + H 3.0 x 1072°
R14 HO, + H - OH + OH 5.6 x 10711
R15 HO, +H—> H,0+0 9.0 x 10712
R16 HO, + H -» H, + 0, 9.9 x 10712
R17 HO, + 0 —» OH + 0, 5.7 x 10711
R18 HO, + OH - H,0 + 0, 1.1 x 10710

O3 popmuposanue

R19 0,+0+M—-0;+M 6.1 x 10734
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O3 0exomnosuyus

R20 0;+0-0,+0, 8.0 x 10715
R21 0; +H—- OH+0, 2.9 x 10711
R22 0; + HO, » OH+ 0, + 0, 1.8 x 10715
R23 05 + OH — HO, + 0, 5.6 x 10~1*
Peaxyuu OCP) u O('D)
R24 0o( 'D) + H,0 - H, + 0, 2.3 x 10712
R25 0( 'D) + H,0 - OH + OH 2.2 x 10710
R26 0o('D) + H,0 - H,0+ 0 1.2 x 10711
R27 0( 'D) + H,0, — OH + HO, 5.2 x 10710
R28 O('D)+H, > H+OH 1.1 x 10710
O3 dexomnosuyus 6 peaxyuu ¢ O(*D)
R29 0('D)+0;>0+0+0, 1.2 x 10710
R30 o('D)+ 05 > 0,+0, 1.2 x 10710
O(lD) CHSITHE BO30YKIEHHOTO COCTOSTHUS
R31 0('D) + 0, » 0+ 0,( 'Ag) 3.4x 10711
R32 o('D)+0,-0+0, 6.3 x 10712
Oz(lAg) CHSITHE BO30YKJIEHHOTO COCTOSTHUS
R33 0,(*Ag) +M - 0, + M 5.0 x 1071°
R34 0,( 'Ag) + 05 > 20, +0 3.8 x 10715
R35 0,('Ag) +H—->O0H+0 1.0 x 10~1°
R36 0,( 'Ag) + HO, - 0, + HO, 1.7 x 10712
R37 0,( 'Ag) + HO, » OH + 0 + 0, 1.7 x 10710

* 3HaueHusI KOIPPUIMEHTOB peakuii B3aThl U3 pabot [Matzing, 1991; Sander et al., 2011].

ITo MonmenbHBIM pacuéTaM KOHIEHTpamus oOpa3oBaBuierocs B ra3oBoi ¢aze Hy0,

nomxHa cocTapiath 1.2 X 10 momekyn cM™3 npu npotexanun peakumii mucconuamuu H,O B

3

Geckuciopoanoii atmocdepe, Ho 1.6 X 10'°monexyn cM™3 Tpu mpoTeKaHWM peakuui B
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atmoctepe, comepxameir 0.6% O,. To ectb 3ddexkTuBHOCTH 0OpazoBanus H;O, momkHa
BO3pacTarh ¢ yBenmueHueM conepkanus O, 4To B JIEHCTBUTEIHHOCTH HAOIIOJAIOCH B HAIIMX
skciepuMeHTax (pucyHok 4.10B). Habmromaemsiii mpupoct H;O, mnpoucxomutr 3a cU€T
mpoIrieccoB o0pa3oBaHus U aucconnanuu o3oHa (peakuuu R19—R23 u R29—-R30 B Tabmume 4.7),
MPHUBOJANINX K MOSBICHUIO HOBBIX pagukaioB OH u HO,, pexomOunarus kotopsix gaét HO,.
Ecimu oOpasyrommuiics takum myréM Hp;O, Hacinemyer HM30TOMHYIO aHOMAIHUIO O30HA, TO AITO
JIOJDKHO OTPAsUThCS HA BEIMYMHE M30TOMHOrO >(dexra A'O B 06IIEeM CyMMapHOM MPOIYKTE
H,0,. N3otonHblit addekT nomkeH ObITh TeM O00JbIe, YeM OOobIle KOHIEHTpAIMs 030HA B
cucteme. CoriiacHO MOJAENBHBIM pacuéraM KOHIICHTpaIusi o0pa3yromierocss B Halled cucreme
030Ha J0JKHA cocTaBlaTh 3 X 1013momekyn cM™3. B TakoM ciydae cieayeT 0XKHIaTh, 4TO
BEJIMYMHA H30TOMHOrO 3ddekra AYO B obumiem cymmapHom mnpoaykre H;O; momxHa OBITH
6auka k 3HaueHuo A0 = 3%, [Velivetskaya et al., 2018]. Jlannas monensHas ounerka AYO
HAXOJIUTCS B XOPOILIEM COIIACHH C IKCIIEPHMEHTATBHO TIOTydeHHbIM 3HadeHneM AT'O = 2.45%.
OTO yKa3blBaeT Ha TO, YTO HAONIOAaeMBblii B HAIUX HKCIEepUMEHTax 3((eKT yBenuyeHus
MarHUTyzbl AYO B H20; ¢ 1.4%o0 10 2.5%0 cBS3aH UMEHHO C 030HOM, KOTOPBIIl TeHEpUPYETCS B
CUCTEME JCHCTBUEM paspsia Ha MOJICKYJIBI KUCIOPO/Ia.

B cBs3u ¢ paccMOTpeHHBIMH pe3y/IbTaTaMH MOJICIIUPOBAHMS, JIOCTATOYHO XOPOIIO
OOBSICHSIOIMMY [IPHYMHY HEMpPEpHIBHOrO Bospactamms sHauenmii A'O B H,O,, Bo3HHKaeT
BOMPOC O MpPHYMHAX, BBI3BIBAIOIMX CMEHy B HAMPABICHAM W30TOMHOro tpeaa AYO c
BO3pACTAMOIIET0 Ha YOBIBAIOIIMIA TPH MOBBIMIIEHUH YypoBHS O, B PEaKIMOHHOH CHCTEME
(pucynok 4.106). Kazanock Obl 3KCIIEpUMEHTANIbHBIC JAHHBIC MPOTUBOPEYAT MPEICTABICHUIO O
nepesayd M30TOMHOM aHoManuu OT o3oHa kK HyO,, mockonbky mpu moBsimieHUH ypoBHS O
TOJKHO (HOpMHUpOBAThCS OOINBIIE O30HA, TEM CaMbIM YBEJIHUYMBAas €ro BKJIAJ B H30TOIHYIO
anomammio A0 cymmaproro mpogykta Ho0z. OpHako 37ech He BCE Tak mpsiMolmHeiino. Ha
camoM jnene ¢ ysenuueHuem O; B Hamieil cucreme 3ddekTuBHOCTD nexommo3unmu Oz T0omKHA
CHIKATBCS, YTO MPHBOANT K HUBETMPOBAHMIO BKIAAa M30TOMHOM aHomanuu ot Oz k AYO B
H,0,. D10 cBsi3aHO C TeM, YTO MOJIEKYISPHBINA KUCIOPOJ, KaK M a30T, 00Nadar0T CBOMCTBAMHU,
MO3BOJIAIOIIMMU UM BBICTYNIAaTh B POJIM TacHTeNedl BO30YKAEHHOTO COCTOSHHUS aTOMapHOTO
KHCIIOPOJIa O(lD). [Toaromy HamboIee 3 hekTUBHBIC KaHATBI qeKoMIo3uuu O3 0 MeXaHU3MY
O('D)+0; (peaxumn R29-R30 B Tabuuue 4.7) IepecTatoT paboTaTh C yBEIHUYCHHEM
konuenTpaun O,. DddekT yMenpmenns Marautymsl A0, cBs3aHHBIN ¢ yCTpaHEHHeM KaHaa
JEKOMIIO3UIIMK O030HA MO BBINICYKa3aHHOMY MEXaHH3MYy, BIIEpBBbIE ObUT TMOKa3aH B pabore
[Chakraborty, Bhattacharya, 2003] mpu wuccnenoBanuu u30TOonmHBIX 3((GEKTOB B IMpoleccax
doroauccoruanuu 030Ha. HeoOX0IMMO OTMETHTB, YTO 3aMeJICHUE CKOPOCTH JCKOMITO3HIINU

O; mpu yBenmunuennu O, B Hamel cucteme mnpeanonaraer mnomydeHue H;O, ¢ MeHbIUM
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BBIXOZIOM. JTO TOJTBEPKIACTCS JKCIEPUMEHTAIBHBIMU JaHHBIMU: BbIXOJ mpoaykra H,0,
3aMEeTHO CHIKaeTcs, ecau konnentpanus Oz > 1% (pucynox 4.10B).

O06001mmas pe3yabTaThl MOJACIHPOBaHUs TporeccoB hopmupoBanus H,O, B mpucyTcTBUmM
MOJICKYJISIPHOTO KHUCJIOPOJa MOXHO HPUUTH K CIHEIYIOIIMM YTBEPKICHUSAM. MOJeKysspHbIi
KHCIIOPOJ OKA3bIBACT OMOCPEIOBAHHOE BIWSHHWE HA BEIMUMHY m30TomHoro sddexra A0 B
H,O, depe3 oOpa3oBaHme O30HA, KOTOpPBIA TNepenaéT CBOIO METKY H30TOIHOW aHOMAJHUH
kucinopona k HyO,. Ilpoueccsl ¢opmupoBaHus O30Ha M JCAKTUBHUPOBAHUS AaTOMAapHOTO
kucnopora O(*D)  MONeKyIspHBIM KHCIOpPOZOM OOYCIOBIMBAIOT HEIMHEHHBIH XapakTep
nposieienns m3oromHoi anomamnk A0 B H,O; B oTBer Ha moBbIIeHHe KoHIeHTpaun Oy B
peakunonnoi cucreme Hy,O—0,.

DTOT BBIBOJ HE MMEET OOIIEero XapakTepa, OH SBJSETCS CIPABEUIUBBIM TOJBKO IO
OTHOIICHHWIO K peaknuoHHod cucreme H,O0—0,, HO He k HO—-CO; cucreme, Xots
3aKOHOMEPHOCTH TIOBEICHUSI MAaCC-HE3aBUCHMBIX H30TOMHBIX 3(P(EKTOB AY0, oOHapyXEHHbIE B
TUX 00EMX cHucTeMax, BeCbMa CXO0XH Mexay coboil (pucynok 4.100). B skcniepuMeHTanbHON
H,O—CO, cucreme, B otamuue ot H;O—-0O; cucrempl, NPUHIUIHAIBHBIA HCTOYHHK,
OTBETCTBEHHBIH 3a m3MeHenne MarauTyasl A0 B HyOz MoxeT GbITH CBSI3aH C MpOIECCAMH
mucconuaiuu CO, — CO + O. Obpasyronyecs: TPOAYKThl TUCCONUANNN XapPaKTEPU3YIOTCS
HAJIMYMEM W30TOMHON aHoMmanuu kucioposna [Bhattacharya et al., 2000; Mahata, Bhattacharya,
2009], xotopyto Hacnenyer H,O, B X0/1e pauKanbHbIX Peakinii ¢ yuacTHEM aTOMOB KUCIOPO/Ia.
Cynpba akTMBHOTO aTomMa KHCIOpOJa MOXET pemuThes IByMs myTsMH. OH MOXeT oOpaTHO
pexomOuHIpOBaTh ¢ oopazoBanreM CO, mo peakuu CO + O + M, win OBITh TIEpEXBAaYCHHBIM
npoayktamu guccormanmu  HoO (peaknmm R10, R17 B Ttabmume 4.7). IlepBwiii myTh
MaJloBeposATeH, Nmockonbky peakiuss CO + O + M 3anperieHa 3aKOHOM COXpaHEHMs CIMHA
(ciuH-3anpeménHas peakius). [Toatomy aromsl O OBICTPO pacxoayrOTCs MO BTOPOMY MYTH,
o6pasys pagukanst OH u HO,, pexombunanus koropbix OH+OH+M (peaknus R2) u HO,+ HO,
(peakmust R12) naér Hy0,. B xo01e 3THX peakiuii MPOUCXOAUT MEPEHOC M30TOIMHOW aHOMAJIHH,
BO3HUKaroIIel B mporeccax auccormarmu CO,; — CO + O, k nepekucu Bogopoaa HyOs.

B ornmune ot okuciutensHbix razoB O, m CO,, mpucyrctBue Al B peaKkIMOHHON
CHUCTEME HUKAaK HE OTPAa3njIOCh Ha XAPAKTepe MPOSIBICHUS U30TOIHON aHOMAJIUH A0 B H30,.
N3 pucynka 4.106 u tabnuier 4.6 BUAHO, YTO ¢ MOBBIIeHHEM KoHeHTparuu Ar ot 0.08% mo
100% Bemmunna A0 ocraéres mpakTHueckn Ha ogHOM 1 ToM xe yposHe A0 ~1.4%o. To ecTb
3aMeIleHHe Telisi aproHOM He a0 OXHaaeMoro s(p¢ekra — yBemudenus Marautymsi A0,
Takoit 3¢ dexT Mor mposiBUTH ceOs1, ecii Obl MEXaHWU3M, MPUBOISAIINN K MacC-HE3aBUCUMOMY
(bpakIMOHUPOBAHUIO Y0 B H,0,, Gbint cBsizaH ¢ MPOIIECCAMH CTAOMIIM3AIUN TPOMEKYTOTHOTO

B0o30yxaéHHOro komruiekca HOOH mpu mepenade 3HEpruu B CTOJKHOBEHHSX C MOJICKYJIaMH,
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MIPAIOLIMME POJIb TPeThero Tena. Bemmamua AYO B 5TOM cirydae mokasana 6l 3aBUCHMOCTD OT
napTHépa MO CTOJIKHOBEHHWIO aHAJIOTMYHO TOMY, KakK 3TO HAOJIIONAlIoCh I 030HA B pabote
[Feilberg et al., 2013] o uccnenosannio A0 npu crabGunmsaruy Bo36yKIEHHBIX KOMILIEKCOB
03 B xoum3uu ¢ Ar u Apyrumu razamu. ToT ¢akr, 94To 3PPEKT KOJUIM3UOHHON CTaOWIN3aIn
HUKaK He mposBuin ceds B Hamux H;O—Ar skcrepuMeHTax, yKas3blBaeT Ha OTCYTCTBHUE
B3aMIMOCBSI3M MEXJy MEXaHU3MOM, MPUBOMISIIAM K Macc-HE3aBHUCUMOMY (DpaKkIIMOHUPOBAHUIO
o p H,0,, u npoueccom crabunuzanuu H,O,. OO0bsicHEHHE MeXaHU3Ma AYO B H,0;, Oyner
JTAaHO B CJIENIyIOIIeM naparpade 1aHHOM I1aBbl.

Hapsiny C paccMOTpPEeHHBIMU 3aKOHOMEPHOCTSIMH Macc-He3aBUCHUMOT0
(bpakuMOHUPOBAHUS H30TONOB, MPHUCYTCTBUE Ta30BbIX KOMIOHEHTOB — Oz, CO; umu Ar — B
PEaKIMOHHONW CHCTeME OOYCIIOBIHMBACT TakKe NPOsBICHHE H30TOMHBIX 3pdekToB B Hy0y,
OTBEUAIOLIUX OOBIYHOMY MAacC-3aBHCUMOMY 3aKOHY (hpakllMOHHpPOBaHUS U30TOMNOB. Ha pucynke
4.11 nokazaHbl OCOOCHHOCTHM COOTHOLICHHH, CBS3BIBAIOIIME XapaKTep MPOSBICHHUS Macc-
nesaBucnMbix AYO u macc-3aBucuMbix 8'°0 m3oTomHbIX dhdextoB B HyOs, MmomydeHHOM B
skcnepuMenTax 1o guccoumanuu H;O B mpucyrctBum Oz, CO winm Ar B pasiIWYHBIX
KOHIEHTpanusax. M3 pucyHka BHIHO, YTO TMPUCYTCTBUE OKHCIUTEIBHBIX Ta30B OINpeAesnseT
CJIOKHBI HENMHEHHBIM XapakTep COOTHOLIEHUH MEXAYy BeJIWYUHAMU AYO u 5%0. B
3aBUCHUMOCTH OT KOHIICHTPAIIUU OKHCIUTEIBHBIX Ta30B MMOJIOKHUTEIbHAS JHHAMHUKA H30TOITHOTO
TpeHaa AYO-8"0 wmensercs  Ha orpuniarensHyto. Hawmbonee wuHTEpecHOe TOBEACHHUE
M30TOIMHOTO TPeHAa AY0-5'%0 maGmonanocs wis HyO, 13 IKCIIEPUMEHTOB B MPUCYTCTBUU O3.
B nuanazone konuentpamuii Oy ot 0.2% 1o 1.5% wH30TONHBIA TpeHA BBIXOAMT HA IUIATO:
sHaueHnst A''O MMEIOT TPaKTHYECKH OIHY M Ty e BeNWdHHYy ~ 2.45%o, a 3HadeHms 80,
HaIPOTHB, OXBATHIBAIOT OTHOCUTEIHHO HIMPOKHUHN nuara3oH Bapuanuid ot 11.16%o0 1o 15.56%0
(pucynox 4.11a, Ttabmuma 4.4). Takoe moOBeAeHHE KOHTPOJUPYETCS TMpolleccaMyd Macc-
3aBUCHUMOT0 U30TOMHOTO (PAKIMOHUPOBAHHUS.

YETKko BBIpaK€HHAs HEIMHEHHOCTh M3O0TOIMHBIX TPEHIOB AY0-5"0, oOHapyXeHHas B
OKCIIEPUMEHTaX C J00aBJICHHEM OKHCIIUTEIbHBIX Ta30B, TOBOPUT O TOM, YTO XapakTep
COOTBETCTBYIOIMX KOPPEISLMOHHBIX CBsi3el Mexny Bemmanaamu 8 0 u 8*°0 B H,0, nomken
U3MEHATHCA B OTBET HAa M3MEHEHHME OKHCIUTENBHBIX YCIOBUN B mpoliecce obpazoBanus H;0,.
JleiicTBUTENBHO, TaKas 3aBHCHUMOCTh OYEHb HArNIAIHO OOHapyXuBaeTcs mpu (HOPMUPOBAHUU
H,O, B mpucyrcTBUU MoOJIEKyJsIpHOTO KHciaopona. Ha pucynke 4.12 mpencTaBiieHbl JIMHAW
TPEHJIOB, OTPAXKAIOIIUE KOPPEISALHOHHBIE CBA3U MEXIY 80 u 50 B H,0,, MOJYYEHHOM B
SKCHEPUMEHTaX MpH cieayromux ycnoBusx: (1) — konmnentpanus Op < 0.2%, (1) — 0.2% < 0, <
1.5% u (lll) — xonuentpauus Oy > 1.5%. Dtu amamazonsr O, ompeneneHbl COOTBETCTBEHHO

JTUHAMHUKE U3MEHEHHS U30TOITHOTO TPEHIa AY0-810 (cMm. pucynok 4.10).
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Pucynox 4.11 — T'paduku, aemoHcTpHpyiomme oTHomenne Mexay AYO u 50 B H,0;,
MOJTy4EHHOM B dKcrepuMeHTax no auccornuanuu H,O B mpucyrcteuu: (a) — Oy, (6) — CO, u (¢) —
Ar. CrutomHasi JMHHS, OKAHUMBAIOUIAACS CTPETIKOM, mpejacTaBiseT co0oil M3OTOMHBIM TpeH.
AY0-5"0, orBevarommii  NOBBINCHWIO  KOHUEHTPAMH  Ta30BEIX  KOMIIOHGHTOB B
COOTBETCTBYIOIIMX JKCIEepHUMeHTax. PucyHok moauduimposan u3z padots [Velivetskaya et al.,

2018].
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PrcyHok 4.12 — M30TOMHBI COCTaB KHCIOPOAa & O OTHOCHTENHHO §'%0 B obpazuax HyO; u3
H20—0, skcniepuMenTOB. CIUIOIIHBIMU JIMHUSAMHU ITOKa3aHbl JUHUU PErPECCUU, IIOCTPOECHHBIE MO
U30TOIMHBIM JaHHBIM, TOJYYCHHBIX MPH CICAYIOLUIMX JKCIepUMeHTalIbHbIX ycioBusx: (1) —
konnertpanus O, < 0.2%, (1) — 0.2% < O, < 1.5% u (11l) — xouuentpamnus O, > 1.5%. s
CpaBHEHHs TPHUBEJCHA JIMHUS MAaccC-3aBUCHMOTO (DPaKIMOHUPOBAHHUS H30TOIOB KHCIOpPOIA C
HakoHOM 0.528.

N3 pucynka 4.12 BUIHO, YTO OTHOIIEHHWE MEXIY BEIMYMHAMH 80 u 50 mensiercs B
3aBUCHUMOCTH OT KOHIeHTpaluu O, U 0TBeYaeT TPEeM pa3HbIM JHHHAM, KOOPHUIIUEHTHI HAKIIOHA
kotopeix uMmeroT 3Hadenus 0.586, 0.523 u 0.657. B mepom () u mocneanem (I11) coygasx
HAKJIOHBI JIMHUN OTPakaroT MacC-HE3aBUCUMOE (PAKIIMOHUPOBAHWE M30TOMOB KHUCIOPOJA MPHU
dopmuposanuun H,O,. Bo Bropom (Il) ciaydae dpakiuoHHpOBaHWE H30TOMOB MPOUCXOMUT TI0
OOBIYHOMY  3aKOHY  MAacc-3aBUCUMOT0  (h)paKklIMOHUPOBAHUS, TMOCKOJIBKY  BBISIBICHHBIN
kodd¢unment HakiaoHa 0.523 xopomio cornacyercs co 3HaueHueMm (.528, sBustonaMcs
XapaKTePUCTUKON TPOIECCOB MAacC-3aBUCHUMOTO (PpaKIIMOHUPOBAHKS H30TOIMOB KHUCIOpPOaa
[Landais et al., 2008; Luz, Barkan, 2010]. Tyt Hy)XHO HMOHHMAaTh, YTO MEPOKCHI BOIOPOIA
dbopMupyeTcs ¢ Macc-HE3aBUCUMBIM COOTHOIIICHHEM M30TOTOB, a TIOCTEAYIOIINE BapUaIlliU B €T0
M30TOITHOM COCTaBe, KOTOpbIe HAOMIOAAIOTCS MpH yBenudeHUH KoHueHTpamuu Oz oT ~ 0.2% 10

1.5%, oOycioBieHbI B  OCHOBHOM  TIPOIIECCAMH,  BBI3BIBAIOIIMMH  MacC-3aBUCUMOE



164

dpakuonupoBanre. Ha mpucyTcTBHe Macc-He3aBuCMMOro kommoHeHta B HyO; ykaspiBaer
koopduuueHt paBHblii 2.498 B COOTBETCTBYIOIIEM JIMHEHHOM YypPaBHEHHU pErpeccuu
y=0.523+2.498 (pucyHok 4.12). DT0 3HaueHHE OTBEeYaeT HAOIIOJaEMOW B JKCIIEPHMEHTaX
MAarHuTyJie U30TOMHON aHOMAJIUH AY0=2.5%0 B H,0,, 00bsicHeHHEe KOTOPOI OBLIO JaHO BHINIE B
TaHHOM maparpade. BaxHO OTMETHTh, YTO B Cilydae, €CIM PErpEecCHOHHBIC 3aBUCHMOCTHU
CTPOUTh HE MO BBIOOPKAaM, a 1O BCEMY MACCHBY JaHHBIX, TO MbI MOJIYYUM JIMHEHHYIO
3aBucuMocTh Buaa Y = 0.561+1.731, xoTopas He oTpakaeT CHenu@UKy MPOIECCOB U30TOITHOTO
dbpakunonupoBanus B HyO, npu moseimenun ypoHsi O, B cucteme. Iloreps muHdopmanuu
MOYKET MIPUBECTH K HEBEPHON MHTEPIIPETALINH PE3YIHTATOB.

JUIst IOCTPOGHHS PErPECCHOHHOM 3aBHCHMOCTH MeX Ty Bemmarnamu 8 O 1 820 B H;05,
nonyueHHoM B Hammx dkcnepuMeHtax ¢ CO; u Ar, HeT HEOOXOIMMOCTH B TaKOM
muddepeHIIMPOBAaHHOM MOAX0Ae. JTO OOYCIOBJICHO TEM, YTO H30TOMHBIA TpPEH] AY0-5%0,
Haiinennbii B HyO—CO, skcnepuMeHTax, XOTS W HMMEET HEIHMHEWHOCTh, HO OHAa JIOBOJIBHO
cnabas, U e€ COBCeM HET B H3OTOIHOM TPEHJIE A17O—8180, nomydyeHHoM B H;O—Ar
skcriepuMenTax (pucyHok 4.11 6,8). B Takom ciiydae BmoiHe OmpaBIaHO HCIIOJIB30BAaTh BECh
MACCHB JAHHBIX JUIS BBISBICHHS KOPPE/SIHOHHON 3aBUCHMOCTH MEKIY BETHUMHAME & O 1
8%0. Ha pucynke 4.13 npogemonctpupoBansl ganubie u3 H,O—CO; u H,O—Ar skciepuMeHTOB
¥ COOTBETCTBYIOIHME JTMHAN KOPPEIAIMOHHON 3aBHCHMOCTH MEXITy BenuunHamu o O u §°0.
Hannsie n3 H,O—CO; skcniepuMeHTOB BBIAAIOT JUHUIO ¢ HakioHOM (0.581, yto Gombiie, yem
HAKJIOH Yy JIMHUHM Macc-3aBUCHUMOro ¢pakiuonupoBanus 0.528. DTo sBiseTcs MNPU3HAKOM
BO3HMKHOBEHUS PEAKIIMOHHBIX KaHAJIOB C MacC-HE3aBUCHMBIM XapakTepoM (hpakIMOHUPOBAHUS
u30TonoB Kucinopona npu auccormarmu CO; — CO + O, KOTOpble BHOCAT ONpeAeIEHHBINA
BKJIaJ] B ©I3MEHEHHE COOTHOIIeHnH n30TonoB B H,O; B 3aBucuMocTH oT KoHueHTparuu COs.

N3 Toro xe pucynka 4.13 BumHo, 4to naHHbie 3 Hy;O—Ar skcepuMEHTOB BBIIAIOT
JTUHUIO ¢ HaKJIOHOM (.522. DTO 3HaU€HHE COTJIACYeTCsl KaK C HAaKJIOHOM JIMHUM MacC-3aBUCHUMOTO
¢paxnuonupoBanust 0.528, Tak M ¢ HAKJIOHOM JIMHUU (pakuoHHpoBaHUs u3oTonoB (.526,
MOJTy4eHHOW HAMU B dKCIepuMeHTax mno auccormanuu HyO 6e3 nqobaBieHust Kakux-1ub0 razon
(cM. pucyHok 4.7). DTO O3HA4YaeT, YTO MPUCYTCTBHE aproHA HE BBI3BIBAET MOSBIECHUS HOBBIX
KaHAJIOB Macc-HE3aBUCHMOTO (PAKIIMOHUPOBAHUS HW30TOMOB, HO W HE TOAABISET Macc-
HE3aBUCHUMBII U30TOMHBIN AP PeKT AY0, BosHuKaromIHii npu popmupoBaruu H,O, B pesynbraTe
MPOIIECCOB TUCCOLMAILIUY BOJIBI, TaK KaK B 000UX CITydasx (IMCCOLMALINS BOABI B TPUCYTCTBUH H
OTCYTCTBHHM Ar) OJKCHEpUMEHTAIbHBIE JUHHUH OTCTOST OT JIMHUM  MacC-3aBHCHMOTO
(bpaKIMOHUPOBAHMSI MPUOTUZUTEIBHO Ha OJHOM ypoBHE: 1.26%0 1 1.39%0 mus H,O—Ar u H,O

HKCIIEPUMEHTOB, COOTBETCTBEHHO. [IpuCyTCTBUE aproHa MPUBOAMUT TOJIBKO JIMLIL K 3ddexTam
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18
Macc-3aBUCUMOT0O  (paKIIMOHUPOBAHUS M30TOINOB, 4YTO OOyCIOBIMBaeT Bapuamuun o O B

HIKPOKOM Jirana3one ot —5.45%o 10 —15.43%o (pucynok 4.13, tabiuina 4.6).
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Pucynox 4.13 — M30TOnHBIN cOCTaB KUCTOpOa 8*'0 orHocurensHo 520 B obpaszmax H,O; u3
H,0—CO; skcniepumenTtoB (BepxHUil rpaduk) u HyO—Ar skcnepuMeHTOB (HIKHUHA Tpaduk).
CIUIOIIHBIMH JIMHUSIME TIOKA3aHbI JIMHUU PETPECCHH, TIOCTPOCHHBIE 10 JKCIIEPUMEHTATHLHBIM
naHHbIM. JIJ11 cpaBHEHUs MpUBEAEHA JIMHUS Macc-3aBUCUMOTO (hpakIMOHUPOBAHMUS H30TOIOB

KHcaopoJa ¢ HakioHoM 0.528.
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[TonpITOXXUM pe3yabTaThl BBIMICTIPUBEAEHHBIX HCCIENIOBAaHUNA MO (HPAKIIMOHHUPOBAHUIO
U30TONOB Kucioposa mpu ¢opmupoBanuu HyO, B pesysnbrare MporeccoB QUCCOIMALMN BOJIBI B
MPUCYTCTBUH OTJEIbHBIX Fa30BBIX KOMIIOHEHTOB. Hanbosnee 3HaYuMBbIM, C TOUKH 3pEHUS CaMOii
BO3MOXXHOCTH TeHepupoBaHusi HyO, ¢ M30TOnMHOM aHOManuel B yCIOBHIX paHHEH aTMochepsl
3eMiIM MpU OTCYTCTBMHU O30HOBOTO CJIOsI, SIBISIETCS cienyromiee. Bo-nepBbiX, 3QQPeKTUBHOCTD
npoayuupoBanusi H,O, He CTaHOBUTCS HUXKE, €CIU B aTMoc(epe MPUCYTCTBYIOT OKUCIUTEbHBIC
ra3bl — MOJIEKYJISIpHBIN Kucnopo Ha ypoBHE oT 0.005% 1o 25% wnu quokcun yriepojaa BIUIOTh
10 100%. Bo-BTOpBIX, HAIMYME OKHUCIUTEIBHBIX Ta30B HE TOJIBKO HE IMOJABISET MATHUTYAY
msotonHoi anomamnu A0 B H,0,, mHo, HAIpPOTUB, OJATONPUSATCTBYET €€ BO3PACTAHHUIO NPHU
yBesmmueHun KoHneHtpammu O, mo 0.2% u CO, mo 45%. Ha ocHOBe 3KCIepUMEHTAIBHBIX
JAHHBIX U KOJMYECTBEHHBIX OIICHOK, CJIEJaHHBIX MyTEeM MOCTPOSHUS KUHETHUECKON MOAenu
paccMaTpUBaeMbIX MPOIECCOB ¢ Hcmoab3oBanueM nporpamMmmbl KINTECUS, nokasano, 4to s
peakuonHoi cucteMbl Hy;O—O; WMEHHO 030H SBISETCS JOMOJHUTEIHHBIM HCTOYHUKOM
msoTorHol amomamiu AYO B Hy0;. [Ipoueccel popmupoBaHus O30HA U JAEAKTUBUPOBAHUS
atomapuoro kuciaopona O('D)  MOJEKY/ISPHBIM KHCIOPOAOM OOYCIOBIMBAIOT HEIMHEHHBIN
XapakTep MposiBieHMs u3oTomHoil amomammun AYO B Hy,O, B OTBET Ha mNOBBIMICHHE
koHuentpauun Op. B peakumonnoit cucreme Hy;O—CO;, HanpoTWB, NPUHIMIUATBHBINA
MICTOYHHK, OTBETCTBEHHBI 3a m3MeHenme Maruutyasi A0 B HyO,, cBs3aH ¢ mpomeccamu
muccorranuu CO; — CO + O. Taxke BbISICHEHO, 4TO Al, UMEIOIUI CIIOCOOHOCTh BIUATH Ha
MarHuTy1y u3otonHoro sddexra A0 mpi hopMEPOBAHHE 030HA, HE BHI3BIBACT H3MEHEHHH B
MarHuTyJe A0 npu popmupoBannu HyO,. IlpucyrcrBue Ar conpsbkeHo iumb ¢ 3ddexramu
Macc-3aBUCUMOTO (paKIIMOHUPOBAHUS N30TONOB Kuciaopoaa B H2O,. Bmecte ¢ Tem, pe3ymnbraTsl
H,O—Ar skcrepuMeHTOB YOETUTENbHO IOKA3bIBAIOT, YTO PEIIEHHE BONPOCAa O MEXaHU3ME,
MPUBOAIIAM K MAcC-HE3aBHCHMOMY (hpakiuoHupoBanmio ~ O B Hy0j, JOMWKHO IexaTh BHE
paMOK  XOpomlo  pa3pa0OTaHHOTO  MPEACTABIEHUS O  KOJUIM3MOHHOM  CcTabWiIn3alnuu

BO30YKIEHHBIX KOMILJIEKCOB MPOMEKYTOUHBIX IPOAYKTOB PEAKIIUH.

4. 3. MexaHu3M Macc-He3aBUCUMOT0 (PpAKIIMOHUPOBAHMS U30TONOB Kucaopoaa B HO;

B n. 4.2.1 npuBeneHsl pe3ynabTaThl ASKCIEPUMEHTAIbHBIX MCCIEAOBAHUN, MAArOIINE
yOeauTenbHble J0Ka3aTeNbCcTBA TOTO, 4YTO Mepokcua Bojpopona HoO, nelictBuTenbHO
IPOAYLUPYETCSl B pe3yJIbTaTe MPOLECCOB AUCCOLMUAIMM BOABI JIEHCTBHEM 3JIEKTPUYECKOIO

paspsana wim YO wu3nydeHuss B OCCKUCIOPOMHBIX YCIOBUSX. JlMcconuanusi MOJEKYJ BOIBI
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MPUBOJUT K TOSBICHUIO THIPOKCHIBHBIX pagukainoB OH, pekomOuHamms kotopeix maér H,O,
gyepe3 00pa3oBaHUE HEYCTOWYUBOTO MPOMEKyTOodHOTro KoMruiekca HOOH:

OH + OH + M — HOOH +M — H;O, + M, rae M — Tperbe Teno, HEOOXOIUMOE ISt
crabunusanuu  obpaszosasirerocss HOOH [Velivetskaya et al.,, 2016]. Drtor mporece
COMPOBOXKAACTCS MAacCC-HE3aBUCUMBIM  (DPAKIIMOHUPOBAHUEM HM30TONOB  KHUCIOPOAA, 4YTO
IPUBOJINT K IIOSIBICHHIO MAcc-He3aBUCHMOTo n30ToHoro sdpdexra A0 B H,0,.

[Ipexe Bcero BO3HHUKAET BOIPOC 00 MCTOYHUKE M3OTOITHOW aHOMAJIUU AYO B H,0, —
CBSI3aH JIM OH C MeXaHu3MoMm paaukaibHou peakuuu OH + OH + M winm ¢ Mexanusamom
KOJUITM3MOHHOM cTabuim3ainuu npomexxkyrounoro komruiekca HOOH +M? Ilocneanuit Bapuant
MaJIOBEPOSATEH, TaK KaK OH MPOTUBOPEYUT (aKkTaM, yCTaHOBJICHHBIM B Hammx HyO—Ar
skcriepuMenTax. Ecmm Obl crabmmmsanuss HOOH wumena pesynbTaTtoM Macc-HE3aBHCHUMOE
(DPaKIMOHMUPOBAHKE H30TOMOB, TO M30TOMHEI (dekt AYO mokasam Gbl 3aBHCHMOCTH OT
napTHEpa 1o CTOJIKHOBeHHIO. OJTHAKO ATOro HE HAOIIOAAIOCHh B 1a00PAaTOPHBIX SKCIICPUMEHTAX.
MexaHu3M BO3HHKHOBEHHS M30TONMHON anomamuu AO B H,0,, oueBuAHO, CYIICCTBEHHO
OTIIMYAETCS OT MEXaHU3Ma KOJJTM3UOHHON CTaOMIH3aIiH.

OObscHeHre MeXaHU3Ma Macc-He3aBUCUMOTO (PpaKIIMOHUPOBAHUS U30TOMOB KHCIOPO1a
B H,O, naHo HamMu Ha OCHOBE TEOPUM MArHUTHOTO HM30TOMHOTO 3(h(dekTa B paauKalIbHBIX
peakmmsix  [Turro, Kraeutler, 1980; McLauchlan, Steiner, 1991; Buchachenko, 2001;
Brocklehurst, 2002]. OcHOBHasi KOHILIEHIHUS TEOPHUH PAJUKAIBHBIX MAap COCTOUT B TOM, YTO
B3aUMOJICMCTBUSL MEXY MApON PaguKaIOB 3aBUCAT OT JIEKTPOHHBIX COCTOSHHUM paJMKajioB U
SJIEPHBIX CIUHOBBIX COCTOSHHM. XHWMHYECKash CBS3b BO3MOXHA TOJHKO B TOM Ciy4ae, €Clu
CIIMHOBBIN YIJIOBOM MOMEHT JJIGKTPOHOB OPHEHTHPOBAH B IMPOTHBOMOJIOKHOM HaIlpaBICHUU
Ipyr K apyry. CiaenoBareibHO, KOHKYPUPYIOIIHE PEAKIIMU TPOTEKAIOT ¢ Pa3HBIMU CKOPOCTSIMU B
3aBUCUMOCTH OT CIIMHOBOTO COCTOSIHUSI PaJAMKaJbHOM Mapbl, a TaKKe IWHAMHKU TEPEXOI0B
MEXy CIIMHOBBIMU COCTOSIHHSIMHU.

Paccmotpum peakuuto OH + OH ¢ Touku 3peHust Teopun pagukaibHbIXx nap. Momnekyina
OH wumeer HecmapeHHBIH AJIEKTPOH HA aTOME KHUCIOPOJa M, TaKUM 00pa3oM, MOXKET OBITh
ompejeneHa Kak cBOOOAHBIA panukan. [logpoOHOCTH 00 SIEKTPOHHOW KOH(MUTYpaluu u
CBEPXTOHKOM CTpykType Mosiekynsl OH moxkHo Haiith B pabore [Maeda et al., 2015].

O6pazoBanne xumudeckoi cBs3u Mexay OH paaukamamu 3a cu€T pacnpeneneHus ux
HECIMApEHHBIX 3JIEKTPOHOB BO3MOXHO TOJBKO B TOM CJIy4ae, €CJIM CIIMHOBBIA YIJIOBOM MOMEHT
AJIEKTPOHOB OPUEHTHUPOBAH B MPOTHUBOMNOJIOKHOM HAIMpaBIE€HUHU Jpyr K Apyry. Hpyrumu
cloBaMH, mpoTekaHue paaukanbHoil peakuuu OH + OH c oOpa3oBaHueM mpoayKTa peaxkiuu
BO3MOXKHO, €CITM CcOMmKaromuecss Jpyr C Jpyrom cBobomneie paaukansl OH  wumeror

AHTUIIAPAJICIIBHBIC CITMHBI.
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B mamux skcnepumentax pamukanbl OH, oOpa3oBaBiinecss W3 pasHbIX MOJICKYJ BOJIbBI
OpU  JUCCOIMAIIMK, HWMCIOT CIIMHBI, OPHCHTHPOBAHHBIC KAk B OJMHAKOBBIX, TaKk H B
IIPOTUBOIOJIOKEHHBIX HAIMPABJICHUSAX OTHOCUTEIIBHO Jpyr jpyra. I[IOCKOJIBKY JIBHOKEHHE
panukaioB OH B ra3oBoil ¢aze OTHOCHUTEIILHO CBOOOJHOE, TO C PABHOW BEPOSTHOCTHIO MOXKET
MIPOU30UTH BCTpEYa JBYX PAJIUKAJIOB C QHTHIIAPAILICIHHO U MapauIeTbHO OPHUCHTUPOBAHHBIMU
cnuHaMu. B TmepBoM ciiydae OSJEKTPOHHOE COCTOSHUE pAJAMKAIBHONH TMMaphl OTBEYACT
CHHIJIETHOMY COCTOSHUIO S (S — CHMHOBOE KBAaHTOBOE YHMCIIO), TAK KaK CYMMAapHBIH CITHH PaBeH
nymo (S=0), u Torma nporekanue peakuunu OH + OH ¢ obpazoBanuem H,O, He 3anpemeno. Bo
BTOPOM Ciydae, TPy HapalieIbHOW OPHEHTALMU CIIMHOB Y CTaJIKUBarommxcs pamukanos OH,
peakuus pPEeKOMOWHAIIMH 3alpelieHa, IOCKOJBKY Takas paJuKalbHas Iapa COOTBETCTBYET
TPUIICTHOMY COCTOSIHUIO — T, MIPH KOTOPOM CyMMAapHBIH CIIMH paBeH eaunuie. OnHako, Koraa
Nepexo MEXIy TPHUIUICTHBIM M CHUHTJETHBIM cOocTOsiHHeM T — S mpoucxomut Ojaromaps
JIEHCTBUIO MEXaHU3MOB CIIMHOBOM 3BooIUH, peakius OH + OH cranoBHUTCSI BO3MOKHOIM.

V3MeHeHre CHHHOBOW MYJIBTHILICTHOCTH (CHHIJICT-TPHUILICT WM TPHUILIET-CHHIJIET)
noApoOHO 00CYXIAI0Ch B HECKOJIbKUX pabotax [Turro, Kraeutler, 1980; Turro, 1983; Timmel et
al., 1998; Buchachenko, 2001; Timmel, Henbest, 2004]. B stux paboTax MOKa3aHO, YTO
MEXaHU3MOM TpPaHC(POPMAIIMU CIIMHOBOIO COCTOSHHS SIBJISICTCS MEXaHH3M CBEPXTOHKOTO
B3aUMOJICHCTBHS, TO €CTh B3aWMOJCHCTBHS SJICPHOTO MArHUTHOIO MOMEHTAa C MAarHHTHBIM
MOJIEM, CO3/IaBaeMbIM JJIEKTpOoHaMH. J[Jisi HArIsIqHOTO OOBSCHEHUs CBEPXTOHKOTO MEXaHH3Ma
00OBIYHO TpHMeEHsIETCs BeKTOpHas mozeib [Turro, Kraeutler, 1980; Brocklehurst, McLauchlan,
1996; Brocklehurst, 2002], mnokazannas Ha pucynke 4.14. CorjiacHo BEKTOPHOMY
MPEICTABJICHHIO, B CTA0OM MarHUTHOM MoJie (TO €CTh B TOJIAX, OoJiee CcIabbIX, YeM CBEPXTOHKOE
T0JI€), YIJIOBBIE MOMEHTBI JICKTPOHHOTO U SIEPHOTO CIIMHA CKJIAJBIBAIOTCS B OOIIMU MOJHBINA
MOMEHT, KOTOPBIH MEUICHHO MPELECCHPYET BOKPYr HAINpaBICHHs TOJS, B TO BpeMs Kak
AJICKTPOHHBINA U SICPHBIA MOMEHTBI OBICTPO MPEIECCHPYIOT BOKPYT CBOETO ITOJIHOTO MOMEHTA.
Takue B3aUMOJICHCTBUSA MOTYT MPHUBOJUTH K W3MEHCHHUIO OPHEHTAIIMH CITHHA OJTHOTO JJIEKTPOHA
OTHOCHUTEJIBHO JPYroro B paJuKaIbHOHW Tape U, CIeA0BaTebHO, K TpeoOpa3oBaHUIO

CHUHIJICTHOI'O COCTOAHUA MMAPLI B TPUIIJIICTHOC, UJIN HaO60pOT.



169

e P
(i) —>
e
o] e
Radical 1 Radical 2
B, . B
e/ P
(i) T e R e
e
o] e

Pucynok 4.14 — BextopHoe Ipe/icTaBIeHHE MEXaHNU3MAa MIEPEOPUEHTAIIMH JIEKTPOHHBIX CIIMHOB
JUIsL JIBYX OTHEJIbHBIX paJuKaloB. B 1aHHOM cilyyae paccMOTpEeHa 3BOJIOLUS CIHUHOBOIO
COCTOSIHUSI OIHOTO pajauKayia (0003HaueH Ha PUCYHKE Kak Paaukan 2) OTHOCUTENIBHO JPYroro
(o6o3nauen kak Pamukan 1), coXpaHSIONIETO HaNpaBl€HWE CBOETO CIHWHA HEU3MEHHBIM.
HavanbHoe cocTosiHME paJuKaIbHOW Mapbl SIBJISETCS CUHIVIETHBIM COCTOSIHUEM. BepxHss yacTh
pucyHka (i) moka3piBacT BEKTOPHOE JBIKCHHUE [UIS PajJdKalia 2 B OTCYTCTBHE MArHUTHOTO TIOJISI.
MaruuTHble MOMEHTBI 3JIEKTPOHA (€) U IPOTOHA (P) CKIAJBIBAIOTCS B MOJIHBIH MOMEHT BOKPYT
KOTOpPOr0 CIIMHBI 3JIEKTPOHA W IPOTOHA MPELECCUPYIOT MO OTAECIBHOCTH. OJTO HE MOXKET
[epEeOPUEHTUPOBATh HAIpaABJIECHUE IJIEKTPOHHOTO CIIMHA pajuKaia 2 Tak, YTOObl OH COBMAI C
HamnpaBJieHuEM clnuHa pajaukana 1. OpHako BO BHEIIHEM CJIabOM MarHUTHOM IIOJI€ CUTYyallus
MEHSIETCSI, KaK 3TO MOKa3aHO B HW)KHEH yacTu pucyHka (ii). B To BpeMs kak 3JIeKTPOH U MPOTOH
IPOJODKAIOT IPELecCUpoBaTh BOKPYI CBOEH pe3ylbTUPYIOIIEH, OHA, B CBOIO OYEpelb,
IpeleccupyeT OTHOCUTENIBHO HAIpaBJICHUs MOJs, M TENepb CIHH JJIEKTPOHA MOXET CTaTb
MHBEPTUPOBAHHBIM OTHOCHTEIBHO HAIpaBJIEHUs MPUJIOXKEHHOro moisd. PanukanbHas mapa
Hepelnia U3 CHHIJIETHOTO COCTOSHHSL B TPUILIETHOE. TakuM 00pa3oM, CHHIIIET-TpUILIeTHbIC (S
— T) u tpunner-cunrnetrnsle (T — S) mepexonsl B pajiuKaIbHON Mape MpH ONpeAeTIeHHBIX
YCIOBHUAX MOTYT OBITh BBI3BaHBl CBEPXTOHKHMMH 3JIEKTPOHHO-SJEPHBIMU B3aUMOJECHCTBUSMHU.
SnepHble CHUHBI Yepe3 CBEPXTOHKHE B3aUMOJCIHCTBHUS BIMSIOT HAa CKOPOCTh H3MEHEHUs
CIIMHOBOW MYJIBTUIIJIETHOCTH B PaJMKaJIbHOM Mape U, Kak CIeACTBHE, BIUSAIOT Ha BEPOSITHOCTh
Wi 3QGEeKTUBHOCTh PEKOMOMHAIIMN PaIUKaJIOB, TaK KaK peKOMOMHAIIUS MOXET UMETh MECTO
TOJIBKO B CHHIJIETHOM mape. PucyHok B3sT u3 pabdotsr [Brocklehurst, McLauchlan, 1996].

CBepXTOHKHMI MexaHU3M (P (HEKTUBEH, €CIIU paJuKal UMEeT MarHUTHOE Apo. B Hamem
ciydae B coctaB pamukana OH MoXeT BXOAMTH MATHHTHBIH H30TON 'O, HMEIONMH SAePHBI
CIIMH = +5/2, WIM HEeMarHUTHEL u3oTonm 2O wm 20 (smepHsbiit cnuH = 0). DTO O03HAYaeT, YTO
pagukan OH mMeer Gonblue crereHeil CBOGOIBI JUISi M3MEHEHHS HAIDABICHHS CITHHA TI0

16 18
CpaBHCHHIO C paauKajlaMUu OH umm OH. CJ'ICI[CTBI/ICM 9TOro sBjseTCS Oojee BHICOKAs
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BEPOSITHOCT IIPOTEKAHMS PEAKIMil PEeKOMOMHAIMM C ydacTHeM pamukanoB —'OH Gmaromaps
JCHCTBHIO CBEPXTOHKOTO MeXaHn3Ma. [I0CKOIbKY peakiiuy, BKIIUaromue pagukan - OH, Gonee
¢ dextuBHbl, TO 0Opazyrommiics HyO, oOmamaer M30BITKOM H30TOIA 17O, TO €CTh 00JIamaer
M30TOIMHOW aHOMAaJIMEN KUCIopoaa AY0.

Jljiss paccMOTpeHUs Macc-He3aBUCUMOTO (DPaKIMOHUPOBAHUS M30TOMOB KHUCIOpOAa B
nporeccax ¢opmupoBanus Hp;O, ¢ TOYKM 3peHHs SIEPHO-CIIMHOBOTO B3aUMOJICHCTBUS
HeoOXoauMo, 4TOObI oOOpasyromuecss B Hammx J3kcnepuMeHtax OH  pagukansl umenu
JIOCTaTOYHOE BpeMsl >KU3HHU JJI1 TpaHCPOpMalMK 3JIEKTPOHHBIX cocTosHUU. KoimuecTBeHHas
OIICHKA BPEMEHH >KU3HH ObllIa C/eNIaHa HA OCHOBE dKCIIEPUMEHTAILHBIX JIAHHBIX, TOJyYEHHBIX B
padorax Ono um Opma [Ono, Oda, 2003, 2007, 2008] mo wuCCACIOBAHHUIO JTUHAMHKH
pacnpenenenus mwiotHoctu OH paaukanos mocine paspsiia npu artMochepHOM JaBICHUN. DTUMU
aBTopaMu ObUIO BBIABIEHO, 4TO MIOTHOCTE OH panukanoB, oOpasyroummxcs B pPa3psIHBIX
KaHaJlax, HE U3MEHsUIach B TeueHuu 30 MUKPOCEKYH]I MOCie pa3psana, a 3areMm kojquyectso OH
PAIMKAIOB TIOCTENIEHHO YMEHBIIAIOCh B TEUCHUE | MIIIMCEKYHIBI B pe3ysibTaTe peakiuid
pexomOuHanuu. Ecny ydecTh, 4YTO CIIMHOBAs HBOJIOLMS MPOUCXOIUT HA BPEMEHHOM Macuitade
nopsiaka Heckosbkux HaHocekyHa [Brocklehurst, McLauchlan, 1996], To BpemenHO# WHTEepBal,
WCYHCIISIEMBIA B MUKPOCEKYHIAaX IS KHU3HU CBOOOAHBIX pamukanoB OH, BmosHe qocraToueH,
YTOOBI YCIICBAIA IPOUCXOIUTH TPOIECCHl DBOJIOIMU CIMHA Y PAIUKAIOB, COJEPIKANINX
MarHATHBIA m30Tom M OH.

Bo usbexanue HemopasyMeHUi, HY>)KHO OOpaTUTh BHUMaHHE HAa OJHO OOCTOSATENHCTBO,
Kacaroleecss YCJIOBHM MPOBEJICHUS HAIIUX OSKCIICPUMEHTOB I10 JIUCCOIMAIMMA BOJBI B
IEKTPUICCKOM pazpsijie. DINEKTPUUSCKUN pa3psi] HHIYyIHPYeT MarHutHoe mosie. OHAKO OHO
BPS/ JIM OKa3bIBAJO CYIIECTBEHHOE BJIMSHHE HAa BETUYMHY U30TOIHON aHOMAalIHH KUCIOpOJa B
H,0,. DTOT BBIBOJ MOATBEPKIAETCS IKCIIEPUMEHTAMH, B KOTOPBIX YCTAHOBIIEHO, YTO 3aMEHa
AJIEKTPOHHOTO TTyyka Ha Y D-m3iydeHne He OTpa3wiIoCh CYIIECTBEHHBIM 00pa3oM Ha BEIMYUHE
usoronHoit amomamnu A0 B H,0, (cm. pucynok 4.11). OTtkyna ciemyeT, 4TO JOKaJIbHOE
MarHUTHOE TIOJIe, CBSI3aHHOE C DJIIEKTPUYECKHM pas3psaoM, HE BHOCUJIO CYIIECTBEHHBIX
KOPpeKTHB B 3HadeHne A''O.

SAnepHO-CIMHOBBIN M30TONMHBIN A((EKT WM, KaK €ro 4YacTo Ha3bIBalOT, MArHUTHBIN
M30TONMHBIA 3(PPEKT MOTHOCThIO OOBICHIET MacC-HE3aBUCHMOE (DpaKIMOHMPOBAHKHE H30TOIIOB
kucnopona mnpu ¢opmupoBanun HpO, B pe3ynbrare NpOIECCOB AMCCOIMUAIMM BOIBI B
Oeckuciopoanbix yenoBusx [Velivetskaya et al., 2018].

JloTIoJTHATETBHBIE OCHOBAHHSI B TIOJIb3Y TOTO, YTO M30TONHas aHomaus B H,O, o0s3ana
HAJINYHIO HEHYJICBOrO CIMHA y M30Tona - O [1aéT HAlla KMHETHYeCKas MOJEIb (OPMHPOBAHMUS

H,O, B OGecKHCIOpPOIHBIX YCIOBHSAX, TaK KaK OHA ITO3BOJIMJIA HMCKIIOYUTh M3 PACCMOTPEHUS
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Haubosee MPOCTOH, HAMpAIIMBAIOIIMKCA B TIEPBYIO OdYEpEeAbh MEXaHU3M — I3TO Iieperada
M30TOITHOM aHoManuu OT 030Ha K H,0..

CornacHo Hameil MoJenu MpU TUCCOLMALMU BOJABI, B CaMOM Jelie, UMEET MECTO
dbopMupoBaHHe O030HA Jake MPU YCIOBHM, KOI/Ia CBOOOIHBIH MOJICKYISIPHBIM KHCIOPOL
W3HAYAJIBHO OTCYTCTBYET B cucteme. M3 Tabnwuipl 4.7 BUAHO, YTO TMPOAYKTHI TUCCOIMAIIMHA BOIBI
— panukanel H 1 OH — nHULIMUPYIOT cepUIo paJuKaabHBIX PEAKLMM, IPUBOIALINX K MOSBICHUIO
aromapHoro kuciopoaa O (peaknuu R1, R3 u R15) u monekymnsaproro kucinopoza (peakiuu R5,
R12 u R16—18), xoTopbrie, B cBOW ouepenb, GopMHpPYIOT 030H 1o peaknuu R19. Ecmu
KOJINYECTBO 00pa30BaBIIETOCS 030HA JOCTATOYHO BEIHKO, TO €r0 JACUCTBUTEIHHO MOXKHO OBLIO
OBl aCCOLMMUPOBATH C UCTOYHUKOM H30TONHONW aHomanuu B Hy0,. OmHako, Kak mpeacKa3biBaeT
Hallla KWHETHYecKas MOJeNib, KOJIMYECTBO OOpa3yIOUIerocss 030Ha B PEaKLIMOHHOW CHUCTEME
HUYTOKHO Majno. Ha pucynke 4.15 mpenctaBieHbl pe3yabTaThl MOICIUPOBAHUS JJIS OLEHKU
KOJIMYECTBEHHOTO BBIXOJa CTAOMIILHBIX MPOAYKTOB B COOTBETCTBYIOIIUX ITOCIICIOBATEILHOCTSIX

palUKaIbHBIX PEAKIIHA.
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Pucynox 4.15 — I'paduueckoe mnpeacTaBiIeHHE KHHETHUECKOW  MOJENH, OIMCHIBAIOILICH

W3MEHEHUE KOHIICHTPAIlMU TMPOJYKTOB XUMHUYECKMX pEaKIHi B TPOIECcCe TUCCOIMAIIAN
MOJICKYJT BOJBI B  YCIOBHUSIX, COOTBETCTBYIOIIMX OKCIEPUMEHTaM 0e3 J100aBiIeHUs
MOJIEKYJIIPHOTO KHCJIOpPOJa B PEAKIIMOHHYIO CHUCTEMY. BpIcTpoe yMeHbIEHHE KOHIICHTpAIluu
OH panukanoB compoBoxaaercs ObicTpeiM yBenuueHneMm H,O, konnentparuu. KommdecTtBo
00pa3yIoIIerocss 030Ha Ha HECKOJIBKO MOPSAAKOB MEHbIIE, yeM KonudectBo HoOs.
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PesynbpTaTel MomenupoBaHUS TOKAa3alH, YTO KOHIIEHTpPALUsS O00pa3yIoIIerocss B Halle cucreMe
030Ha gomKkHA cocTaBnath 8.9 X 10°monexyn cm™3, a kommentpamms H,0, — 1.2 X
1015monexyn cm™3. Eciu npuHATH NPEANoNokKeHHe, Y4TO Mepeaya Macc-HE3aBUCHMON METKH
AYO or osona x H,O, SBIseTCS GIMHCTBEHHBIM MEXAHH3MOM BO3BHHUKHOBEHHS H30TOIHOM
anomamuu B H;0,, To mpu ykazanHbix Bbime KoHIeHTpammsx Oz u HyO, oxumaembrii macc-
nesaBucnmsiil s3¢pdpexr AY'O B H,0, Gyner nmers 3nauenne pasroe 0.0008%o [Velivetskaya et
al.,, 2018]. Dro pacxomuTcs C pe3yabTaTaMd OKCICPUMEHTOB, B KOTOPBIX OOHApYXKeH
HECPAaBHEHHO OOJBIINUNA W30TOMHBIN dPPeKT A0 B H,0,, paBHbIil ~ 1.4%0 (cM. Tabnuiy 4.3).
Od4eBHIHO, YTO O30H B JAHHOM CIllydae HE MOXKET OBITh OTBETCTBEHHBIM 3a HAOIIOJIaeMYIO
HU30TOITHYI0 aHOMAaJIUIO AYO B H,0,.

Wtak, cyMMupyI0 BBIIIEHU3JIOKEHHOE, MOXKHO YTBEpXKIaTh cienytomiee. OObsicHeHUE
MEXaHH3Ma, OTBETCTBEHHOTO 32 MPOSBICHUE MacC-HE3aBUCUMOT0 U30TOMHOTO dddekra B Hy0,,
00pa30BaBIIETOCs TPU TUCCOLMMANNN BOABI B OSCKHUCIOPOTHBIX YCIOBHSX, JISKHT BHE PaMOK
TEOPUHU KOJUTM3MOHHON CTaOMIM3AIMKM MPOMEXKYTOUYHBIX HEYCTOMUMBBIX KOMIUIEKCOB, a TaKXe
HE CBA3aHO C mepefadell M30TOMHOM aHomanuu OT o30Ha K HO,. OObscHEeHHE HEHYIIEBOTO
spavernss AYO B H,0, naHo Ha OCHOBE TEOPUHM MArHUTHOTO HW30TOIMHOTO J(¢eKra B
pPaIMKANBHBIX  PEAaKIUsAX. TepMOMOJEKYNsIpHAs  peaknus PEKOMOWHAIMU  PaJHKaIOB
OH+OH+M—H,0; +M mnpuBoauT K Macc-He3aBUCUMOMY (DpaKIMOHHUPOBAHUIO H30TOIMOB
kucnopona B HyO,, rae cenekTuBHOE OOOTalieHHe HW30TOIOM Y0 B H,0; 06s13aH0 HATHYHIO

17
HEHYJIEBOTO clTuHa y n30Toma ~ O 1 00yCIOBIEHO SAEPHO-CITMHOBBIM H30TOITHBIM 3 (EKTOM.

4. 4. ®oroxummnueckuii HyO; kKak HCTOUHMK MOJIEKYJISIPHOTO KHCJI0POa B paHHeH

atmocgepe 3emin

[Ipu paccMoTpeHHMH TpeANnoNoKeHud o BaxHoM pomun HyO,, kak okucnuTens
pacTBOPEHHOTO JIByXBAJICHTHOTO JKesie3a B apeBHeM okeaHe [Kasting et al., 1984, 1985; Haqg-
Misra et al., 2011] u wucTOYHMKAa MOSBJICHUS CBOOOJHOTO MOJICKYJISIPHOTO KHCIIOpOJa B
aTMocdepe 3emin Ha pyOexe apxes u mpoteposos [Liang et al., 2006; Kirschvink, Kopp, 2008],
oco0oe 3HAYeHHWE HMEIOT T TMPOIECChl, MPOTEKAaHWE KOTOPHIX CIIOCOOHO TEeHEPUpPOBATH
nocratouHoe konuuectBo H,O, B mepBruHOM aTMochepe pu cofepKaHUU KHCIopoia <107 or
COBPEMEHHOTO YPOBHS.

I'umorernuecku, popmupoBanne H,O, B mepBudHON aTMocdepe MOTIo MpPOHCXOIUTH
JIBYMsI pa3nu4yHbIMU NyTaMu. [lepBbiit myTh He TpeOyer ydactus O, U OTBEHaeT cCleqyrolen
MOCJIEIOBATEILHOCTH PEaKIuid, KoTopas HadymHaeTcs ¢ (oromm3a H,O m 3akanuymBaercs

pexoMOuHanuit paaukanos OH:
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H,O + hv - H + OH
OH+OH+M — H,0, + M
BTopoit myTh CXOJEH C y)Ke pacCMOTPEHHBIM B riaBe 1 MexaHu3mom obOpasoBanus H,O, B
COBpPEeMEHHOI aTMocdepe, I/ie BBICOKOE COJEp)KaHue CBOOOJHOIO MOJIEKYJIIPHOTO KHCIOPO/a
O, 6naronpustcTByeT 3P PeKTUBHOMY 00pa30BaHUIO MEPOKCHILHBIX paaukanoB HO,, koTopsie
pexoMOuHMpYIOT B H2O3!
H+O,+M —-HO,+M
HO; + HO; — H,O;, + O;
Hucnponopruonupoanue obpasytomierocs HOp maér monexkynsipubiii kucinopon O 1o
peaKiuu:
2H,0, — 2H,0 + O,
Astopsl pabor [Kasting et al., 1984; Pecoits et al., 2015] anpuopu 0oTBepraroT IHepBbIii
IyTh ¥ CYUTAIOT OCHOBHBIM BTOPO# IIyTh B CBOMX MOJICIBHBIX PacuéTax JJIsi OCHKH KOJIUIECTBA
H,0,, xotopoe Morio Obl mpomymupoBathcsi B paHHeld atmochepe 3emuu. Ilockonbky B
apxelickoil aTMocdepe MOJICKY SIPHBIN KUCIOPO COMEPXKAJICS B CICIOBBIX KOJINYECTBAX, MCHEE
10 ot coBpemenHoro yposs [Pavlov, Kasting, 2002; Zahnle et al., 2006], To mpoayupoBase
H,0, mo BTOpoMy MexaHH3My CEpbE3HO OPAHUYUBACTCS TAKUM (DAKTOPOM, KakK JOCTYIHOCTH O
B peaknusax (HOpMUPOBaHHsS MEPOKCHIBHBIX paaukanoB HO,. CoriacHO MOJETbHBIM pacyéram
[Pecoits et al., 2015], notox H»O; rumoreTnuecku mocTymnasIiinii u3 apxeickoi arMochepsl Ha

2

3CMHYIO IMOBCPXHOCTH OLCHUBACTCA MCHEC, YCM 106 MOJICKYJI cM™ C_l. DTO Ha HECKOJIBKO

NopsAaKoB MeHblle deM 3HaueHme <~ 10! momexyncm2c™! —  pacuérhas ckopocTh
nponyiupoBanust HoO,, HeoOXomumas [uis 0OeCmedeHUs TOJHOTO OKHCIICHHS JKele3a,
pPacTBOPEHHOTO B JPEBHHX OKeaHaX, M TOBBIIICHUS YPOBHS CBOOOJHOTO MOJIEKYJISPHOTO
kuciopoaa B armocepe mo 0.1 Gap [Liang et al., 2006; Pecoits et al., 2015]. Ha stom
OCHOBaHMH aBTOPbI paboTsl [Pecoits et al., 2015] npuxoaaT Kk 3aKI0YEHHIO, YTO 3P PEKTUBHOCTh
dopmupoBanus H;O, B apxeiickoil arMmocdepe OblTa HEIOCTATOUYHOM, UYTOOBI C TMOJHOM
ornpenenéHHOCThIO cunTath HoOp OTBETCTBEHHBIM 32 BBIIICYKa3aHHBIE TPOIIECCHI.

JlanHbIi BBIBOJ TPOTUBOPEUHUT pe3ynbratam padot [McKay, Hartman, 1991; Liang et al.,
2006; Haqg-Misra et al., 2011], B KOTOpBIX aBTOPHI OMPEACITAIHA JOCTATOYHO BHICOKYIO CKOPOCTh
npoxyuuposanus HyO, B apxeiickoii atmocdepe, B cpeanem nopsaka 1010 monexym cm™2¢™ 1,
OTH aBTOPHI YYUTHIBAJIM B CBOMX (DOTOXMMHYECKHX MOJENSAX Tpolecchl pekomOuHanuu OH
paaMKaIOB M CYHTAIM ATOT MyTh Oojee mnpoaykTuBHbIM i HyO, mo cpaBHEHHIO C
pexombOuHanueit HO; paaukanos B nepBUYHOM atMochepe 3emIu.

Bo3MoxHOCTB 06pa3OBaHI/I}I H202 B pCaKlusiX, B KOTOPbIX HEC 3aJIeliCTBOBaH CBO60HHLIﬁ

MOJIEKYJISIPHBIM  KHCIIOpOJ, AOJDKHAa OBITh YCTAaHOBIIEHA JIMIIL HAa OCHOBE OMbITOB. be3
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HKCIIEPUMEHTAIBHBIX HCCICIOBAaHUNA  HEBO3MOXKEH OJHO3HAYHBIA BBIOOD MEXAY JBYMs
Pa3IMYHBIMH TOAXO0JaMH K PEIICHUIO BOMpoca 0 MexaHu3max nosisiaenus HyO; B mepBuUUHOIMA
atMocepe 3emim, a 3HauuT M noHuManus ponmu HyO; kak koHTpodupyromero Qaxropa
SBOJIIOIIMH Fa30BOr0 COCTaBa aTMOC(EPHI Ha PaHHUX ATArax pa3BUTHS 3EMIIH.

Pe3ynpTaThl HAIIMX YKCIEPUMEHTOB IO TMCCOLUAIMY BOJBI B Ta30BOM (a3e, IBUBIINECS
NPOBEPKON BO3MOKHOCTH mpoayuupoBanusi HyOp B OeckucinoponHoil cpepe, € TOJHOM
ONpeieIEHHOCTHIO pa3pellaloT BO3HUKIINE pa3Horiacus Bo Bi3rsiaax Ha HpO; kak okucioutens
JIBYXBaJICHTHOT'O >KeJlie3a, PAacTBOPEHHOTO B JAPEBHUX OKeaHaX, M MCTOYHHUKA CBOOOIHOIO
MOJIEKYJISIPHOTO KUCIIOpoJia B apxeiickoi atMocdepe. CrienuanbHble SKCIEPUMEHTHI, B KOTOPBIX
MOJICIIUPOBAIHN OecKUCIOpoaHyI0 atMochepy (koHueHtpauus Op HIKE 107 or COBPEMEHHOTO
ypoBHsi O, B arMocdepe), MOKa3alu, YTO NPOIEcC MPSIMON JHUCCOLMALUUA MOJEKYN BOJBI,
BBI3BaHHBIN JEHCTBHEM 3JIEKTPUYECKOro paspsnaa win YO u3iaydeHuem, UMeEeT pe3ylIbTaToM
o0pa3oBaHue KOHEYHOro cradmipHOro mponaykra — HyOp, moaTBepamB, TakuMm o0pa3oMm, camy
BO3MOXHOCTH TpoxymmpoBanuss H,O, B Oeckucioponnoi cpepe. B 3THX ycnoBHAX MEXaHH3M
pexoMOuHanuu ruapokcun pagukaioB OH, oOpazyromuxcs npu auccouuanuu H,O, sBusercs
Hanboiee > hexkTuBHBIM KaHatoM obpazoBanus H,O; [Velivetskaya et al., 2016, 2018]. ITpuuém
s dexkruBHOCTL 00pazoBanus H,0,, kak moapodbHo 06cyxaanocs B 11.4.2.3, He HHTUOHPYETCS B
NPUCYTCTBUH OTAEIBHBIX Ta30BBIX KOMIOHEHTOB. JKCIIEPUMEHTAIBHO IMOJyYeHHbIE (DaKThI
SBIISIIOTCS, 1O  CYIIECTBY, JOCTaTOYHBIM OCHOBAaHMEM JUId MpPHU3HAHUSA  OIIMOOYHBIM
npencraBieHue o pekomouHarmu HO, paankanoB, kak OCHOBHOTO kKaHana popmupoBanus H,0,
B BOCCTAHOBHTEIIBHBIX YCIOBUSX apxelckor armoctepsr [Pecoits et al., 2015]. Hampotus,
doroxumuueckue mozaenu [McKay, Hartman, 1991; Liang et al., 2006; Haqg-Misra et al., 2011],
YUUTHIBAIOIINE PEAKIMI0O PEKOMOMHAIMK paJUKaloB B pacyérax IO OIEHKE CKOPOCTH
npoayuuposanus HoO; B apxeiickoii aTMocdepe, MoTyduiy SKCIIepUMeHTalbHOe 000CHOBaHHE.

[Tomumo TOTO, uTrOo mpomecchl (opmupoBanust H,O, mo mexaHW3My paauKaIbHBIX
peaknuit OH + OH + M — H,0; + M noaTBepKAeHBI SKCIIEPUMEHTATBHO, HAJI0 IIOHUMATh, Y4TO
UX MpOTeKaHHEe B apXxeuckoil arMocdepe MokeT ObITh 00ECIeueHO TOJBKO MPU ONpPeAETEHHBIX
YCIOBUAX. YCIIOBUEM, OMaronpusTCTByrOIIMM oOpazoBanuto OH panukanoB B armocdepe,
SIBIIIETCS. TOCTYIMTHOCTh Y @ M3ITydeHus s qucconuarii Mosiekyn Bojasl HoO + hv — H + OH.
HaunGonee 3¢deKkTHBHO MPOIECChl AMCCOIMAIMK BOJBI MPOTEKAIOT T0J Bo3aehcTBHEM YD
u3nydeHus ¢ JuimHaMu BoiH < 200 HM. EcTh psa ocHOBaHMN CUMTaTh, YTO KOPOTKOBOJIHOBOE
uznydenue A< 200 um O6b110 HocTynHbIM U1 poToxumuu HoO B apxelickoit atmocgepe.

Kak yxke mompobHO oOCyXmamoch B TiaBe 3, HAIIM SKCIEpPUMEHTAIbHBIC (aKThI,
YCTAHOBJICHHBIC IPU UCCIICIOBAaHUN Macc-He3aBUCHUMBIX 3 dekToB B mporeccax (Gorommsa SOy,

MPUHYKIAIOT IPUHSATH, YTO B apXEUCKO# aTMocdepe 3aBUCUMOCTh (hoTOXUMHUECKUX (D (PEeKToB
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OT BO3ACHCTBHSI KOPOTKOBOJIHOBOTO H3Iy4eHHS OblIa TOpa3fo CHIbHEE, YeM B HACTOSIIEE
Bpems. Peaknusiv SO, ¢ n3nydenneM B obsactu uinH BoiH < 200 HM OTBOAUTCS KITIOYEBasi pOJIb
B 00BSICHEHUH 3aKOHOMEPHOCTEH M30TOMHBIX OTHOIICHUMA ABS/5*S = +0.9 n A*®S/IAPS = -1.0,
HaOJro1aeMbIX B cynbduaax u3 apxeickux nopoa. OO0OCHOBaHUEM TOMY SIBJISIETCSl pa3iiMuue B
CHEKTPAILHBIX XapaKTEPUCTUKAX H3IIydeHUs Mojojgoro u coBpemenHoro Comana. Beé ato
yOexaaeT B TOM, 4TO B apXecKoi atMocdepe 1enb (HOTOXMMHYECKHUX MPEBPAIICHHIA TOKHA BO
MHOT'OM WHUIIMHPOBATHCS KOPOTKOBOJHOBBIM M3NydeHHeM A< 200 HM, BO3JEHCTBHE KOTOPOTO
Ha Mosekynbl HoO B KOHEYHOM HUTOre NPUBOAUT K oOpazoBanuio HpO, mo mexaHu3My
panukanbHbix peakipiit OH + OH + M — Hy0; + M. D¢ dexkTHBHOCTH NPOTEKaHUs MPOLIECCOB
nuccormanuu HoO gomxeH 61aronpusTCTBOBATh CHIIBHBINA MOTOK COTHEYHOTO U3NydeHust B YO
00J1acTH, THTEHCUBHOCTh KOTOPOTO ObUIa OoJiece ueM B 3 pa3a 0oJjbllie B apXxee M0 CPABHEHUIO C
coBpemeHHbIM ComHnieM. Eciu ydecTh, YTO NMPH COBPEMEHHOM COJHEYHOM CIIEKTPE CKOPOCTh
doromuza H,O mosxer coctanats nopsaka 102 monexyn cm™?c™! [Liang et al., 2006], To
BIIOJIHE OUEBUHO, YTO B apxeickyro apy addexkruBHocTh hoTonuza H,O momxHa ObITH BBIIIE.
YcinoBre JOCTYHMHOCTH KOPOTKOBOJIHOBOTO Y@ W3JIydeHUs CIPaBEUIMBO HE TOJIBKO IS
nporekanuss TmporeccoB Qorommsza SO, KOHEYHBIM PE3yIbTaTOM KOTOPOTO  SIBJISICTCS
oOpa3oBanue 3eMeHTapHOU cepbl Sg m SO3 ¢ XapaKTEpHBIM MacC-HE3aBUCHMBIM H30TOITHBIM
s¢dexToM, HO W I NpOTeKaHus TporeccoB Qortomuza HpO, uMemMX pe3yabTaToMm
oOpazoBanmne H;0O,, kak OKa3aloCh TakKe C MacC-HE3aBHUCHMBIM H30TOMHBIM 3pdextom. Ilo
BCEH BHJIMMOCTH, WMEHHO OCOOCHHOCTH CIIEKTPAIIbHOTO COCTaBa COJHEYHOTO H3IIy4CHHUS B
apXEHCKYIO 3pY SBIISIOTCS PUIHHOMN, KOTOpast 00YCIIOBIMBAIA IPOTEKAHUE OOOUX TIPOIIECCOB.

Takum o00pa3oMm, codeTaHHe SKCIEPUMEHTANBHBIX (DaKTOB, YCTAHOBJICHHBIX IPU
MoienrpoBaHuu mpoueccoB (oromuza HyO u SO,, maroT nokazarenbcTBa B MOIIEPKKY
TUTOTE3bl O (POTOXUMHUYECKOM HCTOYHUKE OKCHUTCHH3AIMHM IMEepBUYHONW aTMochepsr 3emitd,
ACCOIMMPYIOMIMMCS C TMPOIeCCaMu JUccolanuu Mojiekya Boasl [McKay, Hartman, 1991;
Liang et al., 2006; Hagg-Misra et al., 2011].

MpbI He HAXOAMM TPUHIMITHATBHBIX 3aIPETOB HAa TO, YTOOBI pacCMaTPUBATh MEPEXOJ OT
BOCCTAHOBUTEJIPHOTO K OKHCIHTEIBHOMY COCTOSHHUIO aTMocdepbl (CBUACTETHLCTBOM YEMY
SIBJIIETCS MCUYC3HOBCHHE W30TOITHOM aHOMAJIWHM CEPbl B MOPOJaxX), KaK CJIEICTBHE IMPOIIECCOB
nexommo3unuu HyO,, HAKOIICHHOTO B JICIHUKAX BO BpeMs TJI00ATBHOTO OJICACHCHHS 3eMIIH
[Liang et al., 2006]. Kak yxe He pa3 ynmomuHanock (riaBbl 1 u 3), cornacHo runotese JIsHa ¢
coaBropamu [Liang et al.,, 2006] oOmienanerapHoe MOXO0JIOaHUe, ciayuuBiieecs 2.3—2.2
muunapaa jgetr Hazan [Evans et al., 1997; Kirschvink et al., 2000], mocnyxuio Tpurrepom

yBenuueHus: ypoBHa O B armocdepe, Tak Kak TasHHUE JIEJSTHOTO MOKPOBa COMPOBOXKJIATIOCH
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BbIcBOOOXKeHNeM H,0; u moctymnenuem Oomnbioro konudectsa Oy B arMochepy Mo peakiuu
nucriporiopronupoBanus HyOo:

2H>0, — 2H,0 + O,.
Pucynok 4.16 cxematnuecku wutocTpupyer oOpaszoBanue H;O; B Qoroxumuyeckux

aTMoc(hepHBIX TpoIleccax.

V(
‘» hv L <200mam
Ay & H,0 —AV , OH+H

OH+OH +M =H,0,+ M

H,0
H,O
i DD
. 10
HIO
Pucynok 4.16 — CxemarndyHoe mpejacTaBieHue TmporeccoB ¢opmupoBanus H,O, u ero

3axopoHeHus B jenHuKax. [Ipomecc HaunHaercs ¢ oroxucconmanuu monekyn HpO, xoTopsrit
MHULUUPYETCS COJIHEYHBIM M3ITy4YEHUEM B JIMana3oHe AIuH BoJH A < 200 HM.

[TasieopoTepo30iicKKe JIGAHUKOBBIC OTJIOXKEHHUS BCTPEYAIOTCS JIOBOJBHO PEIKO H B
ocHoBHOM B lOxHO#N Adpuke B MakranbeHckoi ¢opmaruu (Makganyene Formation). Ouu
CBHUJIETEIILCTBYIOT O TOM, YTO BCS TIOBEPXHOCTH 3eMiti Obljla MEP3JIasi U TOKPHITA JIGAHUKOM, KaK
«cHexHbBIH KoM» [Evans et al., 1997], mockosbKy majeoMarHUTHbIEC AaHHBIC YKa3bIBAIOT, YTO
OHHU OBLIM OTJIOKEHBI OJIN3KO K SKBaTopy. UTO Kacaercs Bo3pacta MakraHbeHe, TO 3/1eCh J0 CUX
mop OCTaéTcsi HEKOTOpask HEONPENeIEHHOCTh: MAKTaHbCHCKHE JUaMHUKTHTHI HECOTJIACHO
nepekprIThl Oaszanpramu popmaru Onrenyk (Ongeluk), Bo3pact koTopbix orenuBancs 2222 +
13 mun. net [Cornell et al., 1996], a mo nocneanum mganabM — 2425.5 + 2.6 mia. aetr [Gumsley
et al., 2017]. Cepum JeAHUKOBBIX OTIOXEeHUH, oOHapyxkeHHble B Kaname (I'ypoHckast
cyneprpynma), B @OeHHOCKAaHIWHABUW, B 3amagHod ABCTpaJud ¥ B  bpasuiuw,
MPEIOI0KHUTEIBHO MOTYT PEACTaBIISTh O0Jiee APEBHUE OJICICHEHNs!, HO OBLITH JI 3TH COOBITHS

oOmIeruianeTapHoro Macmraba — TOKa TMOJ BOMPOCOM. VcyepmbiBaromye CBEICHUS T10
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OJICJICHEHHSIM TIPE/ICTABJICHBI B HE TaK JaBHO onyOiukoBaHHOU ctathe [Tang, Chen, 2013], B
KOTOPOW COOpaHbl JIUTOCTPATUTPAPUIECKUE U TEOXPOHOJOTUIECKIE NaHHBIC, MOYYCHHBIC IS
NAJICONPOTEPO30OMCKOTO JICTHUKOBOTO IMEpPHOAa. DTH aBTOPhl NPUIUIM K 3aKIIOYCHHUIO, YTO
OJIC/ICHEHHE, OTBEYAIONICe MPEIOI0KHUTEIBHO OOIICIIIaHETAPHOMY MacIITady, UMEJI0O MECTO B
nepuon 2.32—2.22 MapJ. JeT.

CBUIETENBCTBOM TI00AIBHOTO TAJEONPOTEPO30HCKOrO OJIEJICHEHUS SIBISIOTCS TaKKe
SKCTPEMAJIbHO HH3KHE 3HAYCHHs M30TOIHOrO cocTaBa Kucimopona (820 < —26%0) u Bozopoa
(0D < —215%0), oOHapyXeHHbIE B MHHEpaiax KOPYHIOHOCHBIX mopon (1.9-1.8 mupa jer)
Benomopckoro noasmwxHoro mosica [Beicorkuit u ap., 2011, 2014, 2014a; Vysotskiy et al.,
2015]. UuTepnpeTanus 3TUX JaHHBIX [TPUBEJIA K CJACIYIOIIEMY BBIBOY: YIBTPAHU3KHE 3HAYCHUS
8%0 u 8D oTpaxaroT mpOLEeCcCH THAPOTEPMAIBHOTO M3MEHCHHS BYIKAHOIGHHO-OCAJO0YHOrO
NPOTOJIMTA JICTHUKOBBIMH TaJbIMH BOJAMH B TIEPHOJ, IMPEIIICCTBYIOIUN MeTaMophu3My.
dopmMupoBaHrUEe KOPYHIOHOCHBIX IOPOJ] MPOUCXOIWIO TI03KE IO METaCOMATU3HPOBAHHBIM
[AJICONPOTEPO30MCKUM TIOPOaM B PE3yJbTaTe BBICOKOTPaAHOro Mmeramopdusma [Bricorikuii u
ap., 2014a]. Ananorn4nsiii BeIBOA ObLI cenan u B pabore [Bindeman et al., 2014], rae aBropsr
JIOTIOJTHUTEIIBHO PACCMOTPENIH TPOIIECChl, CMOCOOHBIC B TMPHUHIIMIIE MPOAYIUPOBTH OOJIBIIOE
(>20%0) 0GeIHEHHE H30TOMOM KHCIopona ~°O. OHM 060CHOBAIM, YTO HU OJHMH U3 CIICIYFOLIHX
ATBTEPHATUBHBIX TIporieccoB: (1) kuHeTHUecKoe (PAKIMOHUPOBAHHE HM30TOIOB TPU OBICTPOM
TEPMHUECKOM DPa3JI0XKEHUU BOAHBIX (a3 (Hampumep, OpycUTa M CEpIIEHTHHA) U MCIApEHUH CO
3HAUUTENBHON MoTepeit Macchl; (2) Tepmoanddy3us B BOJOBMEIIAIOIINX Mopoaax u (3) kpaiHss
neperonka Pajiest, — He MOTJI OBITH OTBETCTBEHHBIM 32 HAOJIOIaeMbIC YIIbTPAHU3KHIE BEITHIMHBI
8'®0 u 8D. Taxum 00pa30oM, M30TOIMHBIE XaPAKTEPUCTUKU TIIMHO3ZEMUCTBIX KOPYHJIOHOCHBIX
THeiicoB ceBepHOM Kapenuu cOXpaHMIM CBHUAETENHCTBA MAJICOMPOTEPO3OHCKOTO OJEACHEHUS
MUK KOTOPOTO MPUXOIUTCS Ha 2.3 MIIpJ JIeT.

I'umoTe3bl, 0OBACHSIOMUE TPUIWHBI OJICJACHEHUH B HCTOPHH 3EMIIM, PACCMOTPEHBI B
0030pHoii ctatke [Hoffman, Schrag, 2002].

IIpoTepo3oiickoe riodanbHOE OJIeICHEHUE U YBEIMUEHHUE COJCPKAHUS CBOOOTHOTO
MOJIEKYJISIPHOTO KUCJIOPOJa B aTMOC(epe — COOBITHS, KOTOPBIE aCCOIMUPYIOTCS BO BPEMEHHU
(pucynok 4.17). [To3ToMy MPUUUHHO-CIIEACTBEHHBIE CBSI3U MEYKIY STUMH JIBYMSI COOBITHAMU
ObUTH TIpeoNoKeHsl MHOTHMHE HccienoBareasmu [Kirschvink et al., 2000; Kasting et al., 2001;
Kasting, 2005; Kopp et al., 2005; Liang et al., 2006; Claire et al., 2006; Lyons et al., 2014;
Harada et al., 2015].
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Pucynok 4.17 — IloBbllieHrne ypoBHSI KHCIOpOJa B aTMocdepe ¢ TeUEHHUEM T'e0JOrHYecKOro

BPEMCHHU U €T0 CBS3b C JIGAHUKOBBIMH MEPHOJaMU (CHHHE MOJIOCHI). PHUCYHOK B3SAT M3 pabOThI
[Vazquez et al., 2010].

Bricka3biBaloTcs pa3Hble TOUKM 3PEHHUS IO BOMPOCY B3aUMOCBSI3U MEXIY II00albHBIM
OJIEZICHEHUEM U TIOSIBIIEHHEM CBOOOIHOTO MOJIEKYJIIPHOTO KHCIIOpoa B aTMocdepe.

CoryacHO TIpeANoOJIOKEHHsIM, BbICKa3aHHbIM B paborax [Pavlov et al., 2000; Kasting et
al., 2001; Kasting, 2005; Kopp et al., 2005], rino6agpHOMY OJIEACHEHHIO MPEANIECTBOBAIIO
okucienue armocgepsl. Bo3pactanue ypoBHs O, UMeNO pe3ynbTaToM ylajeHHe U3 aTMochepsl
napHukoBoro raza CHy mpumepno 2.3—2.2 muipa. et Hazal B (OTOXMMHUYECKHX PEaKIMSIX
mexay Oz u CHa, 4uTO BBI3BAJIO MEepBOe oOIIEIUIaHETapHOe MoxojogaHue. Mcrounuk
BO3HUKHOBEHUS atMochepHoro Oz B JAHHOM Cllyyae aCCOLUHPYIOT C OMOT€HHBIM UCTOUHUKOM.
Cuutaercs, 4YTO LMAHOOAKTEpUUM — JPEBHEUIINE OKCUTE€HHblE (POTOCHHTETUKH — ObUIN
OTBETCTBEHHHI 3a noBbleHne Oy B atmocdepe, ogHako caMm (akT CyIIeCTBOBaHUS OKCUTEHHOIO
dorocuHTe3a HE SBISETCA JOCTATOUYHBIM YCIOBUEM (OpPMHpPOBaHUS OOraToil KHUCIOPOAOM
armocepst [Goldblatt et al., 2006].

ANbTEepHATUBON BBILIEYKa3aHHOMY CIIEHAPUIO SIBISIETCA MPEANOIOKEHHE, COTJIacHO
KOTOPOMY OKHCII€HHE aTMOC(epbl, HalpOTUB, MPOMU3OILIO cpa3y XKe Iocie TI100aibHOro

onenenenust [Kirschvink et al., 2000; Liang et al.,, 2006; Harada et al., 2015]. O6 stom
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CBUJICTEJILCTBYIOT — KpyHMHOMAacIITaOHbIE OCAJOYHBIE MECTOPOXKACHHUS >KEJIe30-MapraHIeBBIX
pya, 00pa30BaBIIMXCS HEMOCPEACTBEHHO HaJl JIGAHUKOBBIMH JUAMHUKTHTaMU B TpaHCBaaabCKOU
cyneprpymme, Oxuas Adpuka [Kirschvink et al., 2000]. ITockoapky Mn HMeeT BBICOKHIA
OKHCIIUTENIBHBIM TIOTEHIMA, TO MacCHBHOE O0Opa3oBaHME OKCHIOB MapraHiia SBCTBCHHO
NpEeCTaBIsieT HEOOPaTUMBIH Tepexoa aTMOoc(epbl U3 BOCCTAHOBUTEIHLHOTO B OKHUCIUTEIBLHOE
CoCTOsIHUE, cilyuuBIieecs cpasy nocie onenenenus [Kirschvink et al., 2000; Kopp et al., 2005].
OO0 5TOM XK€ CBHICTENBCTBYET M OOpa3oBaHHME CyIb(AaTHBIX MHHEPAJIOB IOBEPX  JKEIe30-
MapraHieBbIX OTIOKeHMI B TpaHcBaanbckoi cymeprpymme [Schroder et al., 2008]. XKeneso u
Mapraser (Fe2+ 1 Mn®") MOT/TH GBITH OKHCIICHEI KHMCJIOPOJIOM, IVIABHBIM MCTOYHMKOM KOTOPOTIO,
COTJIACHO TIPENIOJIOKEHHUIO TPYMIbl yueHbIX u3 Kamudopruiickoro uncruryra, KemOpumka u
Hamuonansnoii  Axamemun  Taiieams [Liang et al., 2006], Obumm  mpoIECCHI
mucnponioprronupoBanus HyO,. YncnenHoe MoenupoBaHue MoKasano, 4to koiaudecTBo HyOo,
HAKONMBIIEECS M COXpaHUBIIEECS B JICAHUKAX BO BpeMs TJI00AJIBHOTO  OJEICHEHUS
(otHOCHTENBPHOE 00BEMHOE conepkanune H,O, mopsinka 107 Bo by TOMIMHOW | KM),
9KBHBaJIeHTHO moBbiieHnio O, B armocdepe 10 0.1 6apa [Liang et al., 2006]. Beinenumiuiics B
aTMoc(epy KUCIOpPOJ] SIKPaHHPOBAII JKUBBIE OpraHU3MbI 0T Y D-paguaniuil, HO OH TaKXKe SBHICS
HOBBIM (DaKTOPOM 3KOJIOTHYECKOTO CTpecca, KOTOPHIH MoTpeOoBall HOBOW (PH3MOIOTHYECKON
aJIanTallid OPTaHU3MOB, YYUTHIBAs, YTO KUCIOPOA OBUT U OCTAETCS TOKCHYHBIM BEUIECTBOM IS
xu3au. ABtopsl pabotsl [Kirschvink, Kopp, 2008] yreepsxaatot, uro rumoresa Jlsiva [Liang et
al., 2006] mnpekpacHO OOBSCHSET MPUYUHBI BO3HHKHOBEHHS U OSBOJIOLUOHHPOBAHUS
AQHTHOKCUIAaHTHON CHCTEMBI 3aIUTHI Y OPTaHU3MOB.

B nanHo# paboTe MBI HE TIBITAEMCSl Pa3pPEIINTh CIIOPHI O MEPBOMCTOYHHUKE — OMOTEHHOM
Wiy abuoreHHoM npoucxoxaeHnn Op B nepBuuHON atMocdepe 3emin. OHAKO Mbl TPUBOAUM
yOeauTenbHble SKCIIEPUMEHTAJIbHBIE J0Ka3aTelIbcTBA B I0Jb3y THIOTE3bl a0MOr€HHOIro
npoucxoxaeHus O B pe3yiabTaTe paJuKalbHBIX PEaKIMil B MEepBUYHOM aTMocdepe 3emin
[Liang et al., 2006]. Hamu skcriepiMeHTBI POJEMOHCTPUPOBAIM BO3MOXKHOCTh 00pa30BaHUS
H,O, B pesynprate ra3o-dasHbix peaximid pexomOmHaimu OH pagukanoB, MHUIIMHPYEMBIX
npoleccaMy JUCCOIMALMU BOBI B OECKUCIOPOIHON aTMocdepe, MOATBEPAUB, TAKUM 00pa3oM,
caMy ocHOBY (poToxummueckoit momenu [Liang et al., 2006].

Becpma nieHHBIM (haKTOM, C TOUKH 3peHHSI WIACHTUDUKAIH TpoucxoxkaeHus Oy, SBHIOCH
OTKpBITHE MAacC-HE3aBHUCUMOTO  (PpakIMOHUPOBAHMA H30TOMOB KHCIOPOAAa B  peaKIMsIX
pexomOuHanmu OH panukanoB, MeXaHW3M KOTOPOTO MblI OOBSCHHIM HAa OCHOBE TEOPHH
MarHUTHOTO M30TOIMHOTO () (eKTa B paJlKaIbHBIX peakiusaX. ITOT (akT HaéT HaM OCHOBAaHWE
noyiarath, 4ro ¢oroxuMmuuecku renepupyembii HpO, B Oeckucnmoponoil armocdepe apxes

17
JOJI’KEH UMETh U30TOMHYIO METKY - U30bITOUHOE coAepxanue — O, KoTopasi MOIJia repeiaBaThes
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U COXPaHATHCSA B JPYTUX KUCIOPOA-COAEPKALIUX COCAUHEHUSX B PE3YNbTaTe OKHUCIUTEIbHBIX
nporieccoB ¢ ydactuem HyO,. Ecinu npennosnoxenue [Liang et al., 2006] o Tom, uto H,0; Obit
OCHOBHBIM HCTOYHUKOM KHCJIOPOJA JUIsl OKUCICHUS JKejle3a U MapraHiia B pyJax KpyMnHEHIIero
mecropokaenns Kamaxapu (Kalahari Manganese Field) cmpaBeminBO, TO OKCHABI MOTJIH
HACJIEI0BATh U COXPAHATH IIPU ONPEIEIEHHBIX YCIOBUAX U30TOMHYIO METKY AY0 ot H,0,. TTox
OTpeACNEHHBIMA  YCJIIOBUSMH ~ CIEAYeT TIOHMMAaTh OTCYTCTBHE WM clHabylo CTeneHb
BOBJICUEHHOCTH OKHCJICHHBIX (JOPM Kelle3a U MapraHiia B MOCIeIyIOIINe MPOIeCChl H30TOMHOTO
oOMeHa ¢ BOJIOH, B pe3ysibTaTe KOTOPBIX U30TOMHO-aHOMAJIbHAs METKa AYO MmokeT oKazaThes
NOJHOCThIO  CcTEéPTOi. D10 cieayer u3 pabdorel [Bao, Koch, 1999], nocesménnoit
AKCIIEPUMEHTAIbHOMY M3y4Y€HHUIO M30TOMHOTO OOMEHA KHUCIOpOAa MEXKIY BOJOW M TeéMaTUTOM
Wi TETUTOM, B KOTOPOM aBTOpPHI YKa3bIBalOT Ha BO3MOKHOCTH YTpPAaThl MEPBOHAYAIBHOTO
M30TOIMHOTO COCTaBa KHUCIOPOAAa B OKCHAAX jKelie3a MPU YCIOBUH HEMPEPHIBHOTO HU30TOMHOTO
0oOMeHa C OKPY>KaOIIEH Cpe/loil B TEUEHUE HECKOJIBKUX THICSY JIeT. MBI mojiaraeM, 4To B CiIy4dae
OTHOCHUTEJIbHO BBICOKOW CKOPOCTH OCAJKOHAKOIUICHUS MU TUIOTHOCTH OCAaJiKa, IMOCIIEIYIOIINE
UCKaXEHUSI M30TOIHOTO COCTaBa KHUCIOpOJa B pe3ylibTrare oOMeHa CO Cpeloll MOryT ObITh
MUHUMU3HUPOBAHBl M, CIEAOBATEIbHO, COXPAaHEHBl MPHU3HAKU TOJOXKUTEIBbHON H30TOMHOMN
anomamnn  AYO, MIPOUCXOXKJACHUE KOTOPOM CBSI3aHO C TMepokcuaoMm Bogopoaa HyOo,
oOpasyromumcs B aTMoCchepHbIX (DOTOXUMHUECKHUX MPOIleccax.

B nuteparype, HacKOIbKO HaM H3BECTHO, MOKa €m€ He COOoO0IIaIoch O HaXOJKaxX
M30TOMHOI AHOMAINH C MONOKHTEIBHEIMU BemmunHamu A0 B KEJIe30MapraHieBbIX pyaax
pyasoro nons Kamaxapu. M3 »Toro, omHako, He cleayeT, 4yTo €€, B MPUHIMIE, HET B
paccMaTpuBaeMbIX TUIAX pyd. Jleno B TOM, 4TO Ha MPOTSIKEHUU NECIATHICTUM HCCIEI0BATEIN
KOHILIEHTPUPOBAINUCH JIMIIb HA U3MEPEHUH BEIUYUH 820 MIPU U3y4EHUU MOT0OHBIX OOBEKTOB (U
HE TOJIbKO), CTIPaBEAJIMBO IOJarasi MaJlOBEPOSTHBIM MOTyYEHUE JOMOIHUTEILHOM HH(POpMaIIUU
U3 PE3yNbTaTOB M3MEPECHUS BEIMYUH §*0. Kpome Ttoro, omnpenenenue 8’0 B cuimkarax u
OKHCTIaX COMPSDKEHO C  OMNPEeACTIEHHBIMA METOJMYECKUMHU  CIIOKHOCTSIMH TIpU  aHAJIH3e
MaJopacipoCTPaHEHHOTO HM30TOIA Y0, gro KpallHe OrpaHMYMBAET BHEJIPEHUE TaKOro poja
AQHAJIM30B B IIMPOKYIO MPAKTUKY JUIS UCCIETOBaHUI 3eMHBIX 00pa3ioB. ToNbKO B MOCIETHUE
OBl YUCJIO MYyOIMKAIMKA, COJEpXkAIIMX CBEACHUS O BEIMYHMHAX AYO B JIOKeMOPHUHCKHIX
MOPCKHX oOcajkax, crtaio yBenuumBathesi [Rumble et al., 2013; Levin et al., 2014; Sengupta,
Pack, 2018; Zakharov, Bindeman, 2019; Sutherland et al., 2020; Peters et al., 2020; Liljestrand et
al., 2020; Planavsky et al., 2020], 4To cTUMYIHPOBAaHO BO3MOYKHOCTBHIO HICHTU(UIIUPOBATH
PaBHOBECHBIE U KUHETHYECKHE MPOIECCHl pyao(GopMUpOBaHUS W TOJIYy4aTh MH(POPMAIHIO 00
M30TOITHOM COCTaBE JPEBHEW OKEAHCKOW BOJbI. /[anmbpHeillee CHCTEMAaTHUYECKOE MCCIEA0BAHUE

ool 17 "
Bapuarmii 820 B kommiekce ¢ 8’0, 6e3 COMHEHHS, IPUBEIET K OTKPHITHIO HOBBIX, CBS3aHHBIX C
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Macc-He3aBUCHMBIM (DpakIIMOHMPOBAHHEM H30TOINOB, 3aKOHOMepHOcTel. B aTom ciyuae, macc-
HesaBHcHMOe (paKIoHnpoBanne m30tonoB A0, coiicTBeHHOE TIEpoKcHy Bogopoxa HoO;, —
KOHeuHbIl npoaykT otonusa HoO B OeckucnoponHoil atmMocdepe, OTKpbIBAeT, MO CYIIECTBY,
HOBYIO IOTEHIMAJIbHYIO BO3MOXKHOCTb WIEHTU(UIMPOBATh UCTOYHHUK KUCIOPOJA B MPOLECCAX
OKHCIICHHSI PAacCTBOPEHHBIX B MOPCKOH BOJIE METAUIOB M, COOTBETCTBEHHO, NEPBOMCTOYHUK
nocrymienuss O, B armochepy Ha paHHHX OdTamax pa3BuTus 3emin. CoOriacHO HamuM
9KCHEPUMEHTAJIbHBIM HCCIEI0BAaHUIM, KHUCIOPOJ, IPOUCXOXKICHUE KOTOPOrO CBSI3aHO C
(OTOXUMHUYECKUMH aTMOC(QEPHBIMU TPOLECCAMHU, JODKEH HMMETh YHUKAJIbHBIE H30TOIHbBIE
XapaKTepHCTHKH, a HIMEHHO — aHOMalbHOe oboraimenne u3oTonoM kucaopoaa 'O [Velivetskaya

et al., 2016].

BLIBOIILI K riase 4

1. DKcrepuMEeHTAITbHO ycTaHoBIIeH (akT oopazoBanust HoO; B mporneccax goronuza

-5
H,O mpu otcyrctBum MonekymsapHoro kuciopoga (pOz < 10° coBpeMEHHOTO YpOBHS
koHueHTpauun O, B armocdepe). DTO HOKa3bIBaCT BO3MOXXHOCTH reHepupoBanus HyO, B

apxeickoit 0eckucIopoiHOil aTMocdepe.

2. B paMkax KMHETMYECKOW MOJENM IOKAa3aHO, YTO B OTCYTCTBHE MOJIEKYJISIPHOIO
Kucinopoaa odpasosanue HoOp mpouCXOIUT NMPEUMMYIIECTBEHHO 0 MEXaHU3MY PEKOMOMHALIUU
rugpokcun pagukaioB: OH+OH+M — H;0,+M. [lomydeHHbie pe3ybTaThl JalOT OCHOBAHHE
CUMTaTh, YTO OCHOBHBIM IYTEM 00pa3oBaHUsl NEPOKCHIA BOJOPOJa B BOCCTAHOBHUTEIbHBIX
YCIOBUAX apXeHCKoW aTMocdepsl sBISETCS peakius pekoMOuHauuu panukanoB OH, HO He
panukanoB HO,, kak momaraioce B psjne paboT. Tem cambIM BHECEHa SICHOCTh B pEILICHHE
Bonpoca o nytsax ¢popmuposanus HoO, B nepBuuHOil atMocdepe 3eMiu, 4To B MIEPBYIO OYEPElb
00yCIIOBIMBAET JIOCTOBEPHOCTh OLEHOK 3P dekTuBHOCTH npoayuupoBanus H,O, B apxeiickoit

aTMocdepe Ha OCHOBE (POTOXMMHUYECKHX MOJENeH.

3. DKcriepuMeHTalbHbIe  (DaKThl, YCTAHOBJCHHBIE TMPH HM3YYCHWH TPOIIECCOB
muccormanuu HpO, nator yOeauTenbHble J0Ka3aTeNbCTBA B MOJB3Y (POTOXMMUYECKOH MOJENu
[Liang et al., 2006], cBsi3biBatoleii T100ATBHBIC OKHCIUTEIbHBIE MPOIECCH ¢ TEHEPUPOBAHUEM
H,0;, B mponeccax ¢orommza H,O. Kpome Toro mokaszano, uto ycimoBusi reHepanun H;O; B
apxeHnckoll atMocdepe, TO €cTh AOCTYIHOCTh KOPOTKOBOJIHOBOI'O M3JIy4€HUs B OOJACTH JJIUH
BOJH A < 200 HM, BIIOJIHE aHAJIOTUYHBI YCIOBHSIM, OTBETCTBEHHBIM 32 BO3HMKHOBEHHE Macc-
HE3aBUCHMBIX H30TONMHBIX 3((eKToB cepbl A®S u A®S B nporeccax ¢orommza SOs.

[Iporekanus oboux mpoieccoB o0beAUHEHO 001Iel nepBonpuunHoi — Y@ m3nydenune CosHIa
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B apxee, IPEBOCXOIALICE COBPEMEHHBIM YpPOBEHb, YTO IIO3BOJSET C €QUHOM IO3ULUU
(OTOXMMHUECKUX B3aUMOJCHCTBUH B aTMochepe MOAOHTH K PACCMOTPEHHUIO MpodiieM
UCTOYHHMKA KHUCIOpOJAa B NEpPBHYHON atMocdepe 3eMiIM M MCTOYHHKA M30TOIMHOW aHOMAIIUH

CEpbI B apXeHCKUX MOpoaax.

4, O6HapyxeH »d¢ddexkT Macc-He3aBUCUMOTO  (PpaKIMOHUPOBAHKMS  M30TOIOB
KHCIIOpOJIa (A”O) npu popmupoBannu HyO, B OECKUCIOPOAHBIX YCIOBHAX. B paMkax Hamein
(GOTOXMMHYECKON MOJIENH MOKA3aHO, YTO K MacC-HE3aBUCHMOMY (PaKITHOHUPOBAHHUIO U30TOIIOB
KHCTIOpOJia TMPUBOAMUT peakuus pekomOmHammu OH pamukanos. IlpemnoxkeH MexaHU3M
aHoManbHOro oboramenus ~ O B H,0, Ha OCHOBE TEOPHH MATHHTHOTO H30TOMHOTO 3d(deKra B
paluKalbHBIX peakiusax. Hamm 3KcrnepruMeHTalbHbIe Pe3yabTaThl  CBUJACTEIBCTBYIOT O
MPOSIBIICHUU CIIMH-CEICKTUBHON PEKOMOWHAIIMH PATUKAJIOB B T'a30BO-()a3HBIX PEAKIUAK, XOTS

paHee ero HabJII0JalIi UCKIIFOYUTEIHHO B IPOLIECCaxX, MPOUCXOANBIINX B )KUAKOU (ase.

S. VYcraHoBiIeHBl 00LIME 3aKOHOMEPHOCTH U OCOOEHHOCTH MPOSIBICHHSI W30TOIHOMN
anomamnn A0 npu popmuposannu HyO, B IPHCYTCTBHM OT/IEBHBIX Ta30BBIX KOMITOHEHTOB
(Ar, CO2, Oz). CaMbIM BaXHBIM SIBHJICS TOT (paKT, YTO MPHUCYTCTBHE ra30BbIX KOMIOHECHTOB HE
OKa3bIBaeT MHTMOUPYIOIIEro JeHCTBUS KaK Ha BEJIMYMHY Macc-He3aBUCUMOTO0 3¢ dekra, Tak 1 Ha
apdexTuBHOCTh PopmupoBanus H,O,. Bomee Toro, MarHutyna M30TOMHON aHOMAJIHH AYO
BO3paCTaeT B NPHUCYTCTBUU OKHUCIUTENbHBIX Tra3oB CO; wmm Oz, XOTS COOTBETCTBYIOIIWE
MEXaHU3MBbl, OOYCIOBIMBAIOLINE 3TOT APPEKT, UMEIOT COBEPIICHHO pa3Hble (QHU3NUYECKUe
OocHOBaHMA. TakuMm o00pa3oM, pe3ynbTaThl HaUX (POTOXMMHYECKHX OIKCHEPUMEHTOB
npenmnonaratoT, 4to HyOo, renepupyeMsblil B nepBudHON arMocdepe 3eMilH, sIBISUICS HOCUTENIEM
M30TOMHOM aHOMaJIMM U, CIJIEJOBATEIbHO, KHCIOPOJ, IPOUCXOXKACHUE KOTOPOTrO MOXKHO
CBSI3bIBaTh ¢ (DOTOXMMUYECKUMHU aTMOC(HEPHBIMU MpPOIlecCaMU, UMEET YHUKAJIbHbIE U30TOIHbIE
XapaKTEepPUCTHUKN — aHOMalbHOE OOOralleHHe H30TONOM-17, 4To [aéT HOBYIO BO3MOXHOCTb
UACHTU(PUIMPOBATh HUCTOYHUK OKCHUIE€HU3allMU MEepBUYHONW arMmocdepbl 3emiu IyTéM
WCCIIeNOBaHMs cooTHomeHus m3otomoB 00, YO u O B okcmmax JKENEe30PYAHBIX

NaJICONPOTEPO30UCKUX (POPMUPOBAHUIA.
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I'JIABA 5. U30TONHBIE CBUAETEJIBCTBA TPOUCXOXKJIEHUSA CYJIb®UIHOMN
CEPBI B APXEHCKHUX TOJIIIAX ®EHHOCKAHJIUHABCKOTO IIIUTA U
CUBUPCKOM IVIAT®OPMBI

I'eonorudeckne U TE€OXMMHUUYECKUE MCCIEAOBAHUS IPEBHEUIUX MOPOA JAr0T 0a30BYIO
UHPOPMALIMIO ISl PAa3BUTHUS TNPEICTABICHUH O HanOojee 3HAUYUMBIX COOBITHSX M YCIOBHSX,
MMEBIIMX MECTO B INEPUOJ paHHEW UCTOpUM 3emiid. JlpeBHEHINe YCTOWYMBBIE CTPYKTYpPHbBIC
3JIEeMEHTHI JUTOC(epbl — KPaTOHbI — OBUIM YCTAaHOBJEHBI HAa BCEX KOHTHHEHTaX 3eMJIH, HX

COBPEMEHHOE PACIIOJI0KEHHE ITOKAa3aHO Ha puCyHKe 5.1.
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Pucynok 5.1 — Tekymiee nosoxeHne 0OHapy>KEHHBIX apXEUCKUX KPaTOHOB. JKeNThIMH TOYKaMU
yKa3aHbl pailoHbl UCCIIE0BAHUS, OTHOCSIMECS K JaHHOU pabore. PucyHok MoauduuupoBaH u3
nyonukanuu [Tang et al., 2013].

B psane kparoHoB Adpuxu, Asctpanuu, FOxHONH Amepukun u ceBepa Kanaabl
oOHapy>KeHBI OCa/louHbIe CYNb(OUIHBIE U CyTb(haTHBIE MUHEPANbl, COXpAaHUBIINE METKY Macc-
HE3aBUCUMOT0  ()pPaKIMOHUPOBAHUS HU30TOMOB cepbl [0030pHas pabora Ono, 2017].

[IpucyTcTBUE ATOM aHOMAIMKM B apXEMCKUX OCAJOYHBIX MOPOJAax MPEJOCTABUIO YHUKAIbHYIO
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BO3MOXXHOCTh IS WICHTH(PHKAIIMM HCTOYHHKOB CEPhl U PEKOHCTPYKIIUH TEOXUMUYECKOTO
LUKJIa cepbl 4—2.5 Milpa. JeT Hazal.

BaxxHbpIM pe3yslbTaToOM HMCCIIEIOBAHHMM, KaK yXe ObUIO M3JI0KeHO B TiaBe | myHKT 1.3,
SBWJIOCH MTOHMMAaHHUE TOTO (PaKTa, YTO (POTOXUMUYECKUE aTMOC(EpHbIE MPOLECCHl C y4acTUEM
SO, oka3pIBaJIN CYIIECTBEHHOE BIHMSHUE HA TEOXUMHUYECKUH IIUKII CEPhI B apXeiCKUe BpeMEHa B
oTnuYre OT OoJiee TO3JHHUX 3MO0X, Korja armocdepa crama OKHCIUTENbHON. KitoueBbIMU
acmeKTaMu JJisl JalbHEHIIero IMO3HaHUS OOIMX 3aKOHOMEPHOCTEH TpaHCcpopMalMu cephl B
apxee U OOBSICHEHHS HCTOYHMKOB M OCOOCHHOCTEH MpPOLIECCOB PYyA000Opa30BaHUS HA OCHOBE
Macc-HE3aBUCHMBIX  M30TONHBIX  A(PQEKTOB  SBISAIOTCS  MPOCTPAHCTBEHHO-BPEMEHHBIC
XapaKTEPUCTHKH, KOTOPBIE B IIEJIOM JIOJDKHBI OTPa)KaTh CTENEHb INI00ATBHOCTH HIIH, HAIPOTHUB,
30HAIBHOCTH SIBJICHUI Macc-HE3aBUCUMOTO (PaKIMOHUPOBAHUS HU30TOMOB CEPbl B apXEUCKHX
nopoaax. MccnenoBaHusi M30TONMHBIX OTHOIIEHUM CEpbI 338/328, 35/%25 u %5/%2S B campix
JIpeBHUX MeTaocaakax (Oonee 3.8 Mipa J€T), COXpAHMBIIMXCS B 3€JIEHOKAMEHHOM IIOsICE
HysByaruttyk (BocTtoune mnobOepexxbe ['ym3oHoBa 3amuBa, kparon Ceronupuop, Kanana),
MIPOJICMOHCTPUPOBAIIM HAJIMYKMEe HM30TONMHONW aHoMaymu cepbl +0.18%0 < ABS < +2.27%o
[Thomassot et al., 2015]. Dto maér mpexactaBicHHE O BPEMEHHBIX MaciiTabax MPOSBICHUS
COOBITHH, CBS3aHHBIX C MPOIECCAMHU MacC-HE3aBUCHUMOTO (PPaKIIMOHUPOBAHUS CEPHI, U 03HAYALT,
YTO OHU YK€ UMEIIM MECTO B 3eMHOM aTMocdepe ciycTs He 6onee yem 0.8 Musumap/aa Jet mocie
oOpazoBanus 3emnau. Ha wux r171006ampHOCTE B MPOCTPAHCTBEHHOM KOHTEKCTE YKa3bIBAIOT
HAXOJKHM W30TOMHBIX aHOMAaIM cepbl B APEBHUX MOpojax 3amaaHoil ABcTpanuu, AdpHkw,
CesepHoii u IOxHo#1 Amepuku. CiieryeT npeanoiaratb, YTo MPOSBICHUS U30TOMHBIX aHOMAJTUH
Cephbl HE JIOJHKHO OBITH OTPAaHUYEHO B MpeJiesiaX TOIBKO ATHX TEPPUTOPHIA.

Uro0bl MpOCHeAUTh MPOCTPAHCTBEHHOE PACIPOCTPAHEHHE [aHHOTO SIBICHHUS ObUIH
IPOBE/IEHbl UCCIIEOBAHUS U30TOMHBIX 3(PPEKTOB cepbl 5%S u A®S B cynbpurax 13 mopoa u
pya ®ennockananHaBckoro murta U Cubupckoit miatdopmsl [Benusenkas u ap., 2022].

B npenenax ®ennockanaunaBckoro (bantuiickoro) mmura ObUT MCCIIEIOBAH W30TOIHBIN
COCTaB Cepbl PYAONPOsBICHUH, JoKann3oBaHHBIX B Kapenbckoit 1 Konbckol MpOBUHITHSX.
HeoGxoaumo cpa3zy ormeTuth cnenuduky (HOpMUPOBaHHS KOMYEJAHHOTO OPYACHEHUS B
paccMaTpuBaeMbIX 00BeKTax 00enX MPOBUHIMIA. B TiepBOM cirydae mposiBIEHHE KOTYEAAHHOTO
OpYICHEHUSI HMEeT CTPaTH(QOPMHBIM XapakTep, a BO BTOPOM — OHO CBS3aHO C
pPaHHENaJIeoNpPOTEPO30MCKON  paccmoeHHOW UHTpYy3ued (MoHuYeropckuil IiIyToH) Oa3uT-
yIABTPaba3sUTOBOrO COCTABA.

B mpenenax Cubupckoit mimatdopmbl OBUT HCCIEAOBAaH HW30TOMHBIM COCTaB CEphI
Cynp(UIOB U3 BBICOKOMETAaMOP(GU30BaHHBIX (rpaHynuToBas (auus) apxecKkux mopoj

[[Tapepkanraiickoro KpaeBoro BeICTyIa (GyHIaMEHTA.
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Kak wu3BecTHO, B paHHEM JOKEMOpPUH OOpa30BAUCh KPYMHEHIIHE MECTOPOKICHHUS
xKeJes3a, 30J10Ta, ypaHa, MW, HUKENS U psjia JPYTUX JJIEMEHTOB [cM. Hanpumep, CMUPHOB,
1989]. IToaToMy BOCCTaHOBJIEHHE MCTOYHUKA MOCTYIUICHHS TOJIE3HBIX KOMIIOHCHTOB M YCIIOBUI
o0pa3oBaHHUsl Pyl paHHEro JOKeMOpHs SBISETCS aKTyaJbHOW 3ajauel, HalleJeHHOW Ha
COBEPLIECHCTBOBAHWE METOJOB IIPOrHO3a M MOMCKA MUHEPAIBbHOIO ChIpbs. OQHUM U3 TJIaBHBIX
BOIIPOCOB TEHE3UcCa CYJIb(QHUIHBIX MECTOPOXKACHUN SBISETCA HCTOYHUK CEpPbl - DJIEMEHTa,
KOTOpBIi B CHUJIy CBOEH XHMHUYECKOW arpecCHBHOCTH, JKCTPAarupyeT U CBS3bIBAET MHOTHE
MeETaJlIbL.

B nanHOI rnaBe oco0oe BHMMAHME YAEJIEHO BOIPOCAM, OTHOCSIIMXCS K MCTOUYHUKAM
cepbl KOJYEAAHHBIX pynonposiBiaeHuil. [IpuBoarMble HUKE HOBbIE ()aKThl B COBOKYITHOCTH JAIOT
MPEJICTAaBICHUE O KPYrOBOPOTE Cephl B apxee, BKIIOYAs pOJib Cylb(aTa MOPCKOM BOABI U
COOTBETCTBYIOIIUX MUKPOOUATBHBIX MPOIECCOB B (HOPMUPOBAHUM APXEHCKUX BYIKAHOTEHHO-

0CaJIOYHBIX CYIb()UTHBIX MECTOPOKICHUM.
5.1. Koayenanubie pyaonposiBjieHusi ®eHHOCKAHAUHABCKOI0 IIUTA

5.1.1 MyJabTHH30TONHBbIE XaPAKTEPUCTUKH CePbl (8>S n A®S) pyAONpOsIBJICHUI

Kapeabckoii rpaHuT-3e/IeHOKaMeHHOM 00J1acTH

I'eonormueckoe mosioxkenne. Kapenbckuil KpaTOH, pacloiOXEHHBIA B FOr0-BOCTOYHOM
yacTu DEHHOCKAHJIMHABCKOTO IIUTA, MPEACTABISIET COO0OM OIWH W3 JPEBHEHIIMX XOPOIIO
COXPaHMBIIKXCS KOMIUIEKCOB IOPO/J, B KOTOPBIX OBLIN 3aapXUBHUPOBAHBI YCIOBUS OKPYKAIOLIEH
cpeapbl, mpeobianaBmue B apxeiickyro 3py. K Haunbosiee OpeBHUM KOMIUIEKCAM OTHOCSTCS
nopoasl Boanosépckoro Oinoka, mpeacTaBie€HHblE TI'PAaHUTOMAAMHU, THEWCAMM M TPaHMUTO-
rHericamu. 371ech ObLIM OOHApPY)KEHBI TOHATUTOBBIE THEHCHI Bo3pacToM 3.5 mupa. jer [Ceprees
u np., 1990]. 3neck ke u3BecTHBI HambOosiee npeBHUE 3.1-2.9 Mipa. JIeT 3eleHOKAMEHHbIC
komiuiekcsl  —  Cymosepcko-Kenozepckuii,  Bennosepcko-Cerosepckuii,  ['mmonscko-
Kocromykmickwuii u np. [CaabyHoB u ap., 2006].

Cymo3zepcko-Keno3epckuil 3eJ€HOKaMEHHBIN Mosc (PUCYHOK 5.2a) COOTBETCTBYET IO
CBOMM paszMepaM «cymneprnosicam»: mnpoctupaercss Ha ~400 kM npu mmpuHe 10 50 kM

[KynemeBuy u ap., 2005; Pannwuii..., 2006; Puchtel et al., 1999].
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Pucynok 5.2 — Cymo3zepcko-KeHo3epckuil 3eeHOKaMeHHBIN Mosic B cTpykType Kapenbckoro
KparoHa PeHHOCKaHIuMHaBckoro murta (A) m crpoeHne KameHHooszepckoil cTpyktypsl (b)
(cocraBunu CrnadynoB A.U. u Kynemesud JI.B. o nanueim [Kynemesnu, 1992; Kyneriesuy u
ap., 2005; Kynukos u ap., 2017; Cnabyno u ap., 2006; Balagansky et al., 2015; Holtta et al.,
2014; Puchtel et al., 1999] ¢ uameHeHUsIMU ¥ JOTIOTHESHHUSIMH).

A Cymozepcko-KeHoszepckuii  3e€HOKaMEHHBIA  TMOSIC  HAa  CXe€M€  TEeKTOHMYECKOTo

parionupoBanusi ®ennockannuuasckoro murta (HK - kparon HoppGotren; BII - benomopckas
nposuHIus; KII - Konbckas mpoBuHIImS).

1 - Oalikanuapl U KaneAOHUABI;, 2 - TaleONpOTepO30iicKas IOBEHWJIbHas Kkopa; 3 -
NajeonpoTEPO30MCKasl IOBEHUIIbHAS U apXeiickas Kopa; 4 - 3eJIeHOKAMEHHbIE U NTaparHelcoBbIe
KOMIUIEKCHI, ¢ Bo3pactamu: 3.1-2.9 (a), 2.9-2.8 (6) u 2.8-2.7 (B) mupx neT; 5 - apxelickas Kopa;
6 - rpanuIbl TeppeitHoB Kapenbckoro kpaToHa; 7 - TpaHUIBI TATEONPOTEPO3OHCKUX OPOTCHOB.
b. Cxema reonormueckoro crtpoeHusi KaMeHHOO3epCKOHl 3elIeHOKaMEHHOW CTPYKTYyphl |
PacmoJoKeHNE U3YUYEHHBIX PYAOIPOSBICHUH.

1 - maneompoTepo3oiickue (CyMHICKHUE) aHIe3nba3anbThl, 2 - Tadbpo; 3 - ynbTpaba3uTsr, 4 -
HE0apXeHCKUE MUKPOKIMHOBBIE TPAHUTHL; 5 - apXEHCKUE THOPUTHL, TPAHOAUOPHUTHI, TOHAJIUTHI; 6
- ME30apXEHCKHE O0CaJ0YHO-BYKAHOTE€HHBIE C MPOCIOSMU KONYEIaHOB, BynkaHUThl BAPJ[- u
aJaKuoBOW cepuid; 7 - mpociou KomueaaHoB (mudpamu 1-4 0003HAYEHBI PACCMOTPEHHBIC
yuactku: 1 - Jlekca, 2 - 3onoreie moporu, 3 - lLlentpanbHo-Boxkmunckuii, 4 - Ceepo-
BoxmuHcku#, 8 - Me30pxelickue KaMaTHHTHI; 9 - Me30apXelickie TOlIeuToBble 0azanbThl; 10 -
najgeo-Me30apXeicKre rpaHuTO-THENCHI; 11 - pa3nomel; 12 - TEKTOHMYECKUE TPAHULIBI.
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B mnpenenax Cymosepcko-KeHo3epckoro mnosica BBIAENSIOT OTHEJBHBIE CTPYKTYpHI.
KamenHnoosepckast cTpykTypa (puUCyHOK 5.20), B KOTOpPOH HAXOISATCS paccCMaTpHBacMble B
JIAHHOU paboTe MECTOPOXKICHHUS, COCTOUT M3 JIBYX TEKTOHHYECKH COBMeEIIEHHBIX Toii [Puchtel
etal., 1999].

Hwxknsas  (6a3anbT-KOMaTUMTOBAs) TONIIA MPEACTaBleHAa MeTaMOp(pHU30BaHHBIMU
IPEUMYIIECTBEHHO  TOJIEUTOBBIMM  OasanbTamMu. B Hell  BcTpedaroTcs — Ipociou
YIIepoACOACpKAIUX — CIIAHIEB, XEMOTeHHBIX KBapLUUTOB, KapOOHAT-KBaPIl-CEPUIIMTOBBIX
cnanues. [Ipeanonaraercs, 4To oHa 00pa3oBanach B OKEAHUYECKUX YCIOBHSIX M TPAKTYETCS Kak
(dbparMeHT OKEaHHYECKOTO TUIATO ¢ Bo3pacToM ~2.9 mupy siet: Sm-Nd u30xpoHHBIH olleHuBaeTCs
B 2916 = 117 mum ser, a 2°°Pb/?Pb - 29’Ph/?*Pb nyist MerabaszansroB — 2892 +130 muH JeT
[Puchtel et al., 1999].

Bepxnss (6a3anbT-aHAE3UT-PHOUT-TAIIUTOBAS - BAP[) TOJIIIIA CJIO’KeHa
MeTaMOp(U30BAaHHBIMH  TY(QOT€HHO-OCAJOYHBIM TOPOJAMH, JIABaMH DPHOJIUTOB, JIAllUTOB,
aH/IE3UTOB, aHAE3UTO-0a3albTOB, MPOCIOSMHU YIJIEPOJCOJEpKAIMX CilaHleB. PopMupoBaHue
TOJILIN CBSI3bIBACTCS C CyOAYKIIMOHHBIMH IMPOLIECCAaMU B OCTPOBOAYXKHOW obcraHoBKe. Bo3pact
KUCIIBIX BYJIKaHUTOB BAPJl u CyOBYJIKaHHYECKMX PHOJHMTOB oreHuBaeTcs (mo manabiM U-Pb
JATUPOBAHUSI IIUPKOHOB) paBHBIM 2875 + 2 MiH sner u 2876 += 5 MJIH JIeT, COOTBETCTBEHHO
[Puchtel et al., 1999].

XapaKkTEepHOHN COCTABIIAIOIIEH BEPXHEN TOJILIM SIBJISIFOTCSI TOPU30HTBI KOJYENAHHBIX PYI,
HOCTYXMBIIHE OOBEKTOM HccienoBaHus (pucyHok 5.26). KomuenanHble pyzabl, Takke Kak U
yriaepojacoAepkKaliue ocaaku (CIaHIlbl), TECHO CBSI3aHbI CO CPeIHE-KUCIBIMUA OCTPOBOAYKHBIMU
BYJIKAHUTAMHU, OTKYyJa CIEAyeT, YTO WX OTJIO)KEHHE IMPOMUCXOJAUIO B MOJBOAHBIX YCIOBMSIX
3aIyrOBbIX 0acCEHOB OCTPOBOAYKHOH cucTeMbl. Takum 00pa3oM, OCOOEHHOCTBIO OpYyIE€HEHUS
KOJIYEJJaHHOTO THUMa SBIISETCS ero cTpatudopMHBIN XapakTep. B MuHepaibHOM cocTaBe pyn
npeobsiajaloT MUPUT M MUPPOTHH C HEOOJBIION MPUMECHIO CYIb(UIOB LIBETHBIX METAJJIOB
[Pri6akoB, 1987, Kynemesuy, 1992].

XapakTepucTuKa pyAONpPOsiBJCHI M 00pa3suoB [JIsi H30TONHBIX HMCCJIEI0BAHUIMA.
OO0pa31pl A5 UCCIIeIOBAHUS B3SATHl U3 KepHA CKBAXXHMH CIEAYIOIIUX pyAomnposiBieHuit — Jlekca,
3onoteie Iloporu, IlentpanbHo-Boxkmunckoe u CeBepo-BoxmuHckoe (pucyHok 5.20).
Pynonposenenuss  CeBepo u  lLleHTpansHO  BoxMuHCKOE — HaxomsATrcs B paiioHe
NaJICOCIIPETUHIOBOIO XpeOTa, HEMOCPEACTBEHHO B 30HE THAPOTEPMATIbHON JIESTENBbHOCTH,
¢bukcupys noasomsamuili kaHain. 3onoTsle [loporun — Ha ¢uianre ruapoTepMAIBHOTO MONS, a
Jlekca — B mpuOpeKHOI 30HE, BEPOATHO, Ha CkIIoHe BynkaHa [Kynemesuy 1992, 2005].

Pynonposiienne Jlekca pacmosio)k€HO B TOJIIE KBAPI-ATbOUT-CEPUIIUTOBBIX U

yIIIepoJIcoAepIKalIuX cianieB. Maduieckue naBbl mpu OypeHun He 0OHapyX)eHbI. Toma ciaabo
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JUCIOLMpPOBaHa M MeTaMmop(u3oBaHa B YCIOBHUSX 3eleHOcHaHueBoi ¢amuu. Komuemanusie
pyabl 00pa3yloT ABE JMH30BHIHBIC 3aJ€KU MOLIHOCTBIO 10 50 M, C copep:kaHueM Cylb(uI0B
30-70 %. Cynbbuasl npeacTtaBieHbl MUPUTOM, PEXe BCTPEUYAIOTCS MUPPOTHH, XaJbKOMHUPUT,
cdaneput, raseHuT. Pynbl c1abo OUCIONUPOBaHbI, B HUX COXPAHSIOTCS MEPBUYHBIE TEKCTYPbI
[KynemeBuy, 1992].

B u3ydennsix oOpasmax oOHapy>KEHBI 1BE OCHOBHBIE aCCOIUAIINU JOMETaMOP(PHUUIECKOTO
0CaJIOYHOTO0 CylIb(puaa: CHHICHEeTUUECKas U AUareHeTUYecKasl.

CuHreHeruyeckas accolMalus MPeACTaBiIseT coOOW TIIOOYJspHbIE arperatel U
OOJIUTOBBIE CTSKCHHSI — KOHKPELIMU OKPYIJION (POPMBI C SICHO BBIPRKEHHOW KOHIICHTPHUYECKOU
30HaJIBHOCTBIO. 30HAJIBHOCTh KOHKpELUH 00pa30BaHa 4epEe0BaHUEM CIO0EB MACCUBHOIO MMHUPUTA
¥ TOHKOIUTACTUHYATOT0 MapKa3uTa, 4acTo 00pa3yroIiero 3Be3/14aThle CKOTICHUSI.

Jluarenetudeckass ~ accolManus — TNpeAcTaBlieHa  NUPUTOM  (ppamMOOMIANbHBIM,
MUKpOC(EPUUYECKUM U UAUOMOP(HBIMU MUKpOKpUcTaiaMu. @pamMOOn1aabHbIi MUPUT CIIAaraer
OTHOCHUTEJIbHO KOMITIaKTHBIC, TJIOTHO ymakoBaHHble arperaTel (50—200 MkMm), cocrosimiue u3
HeOoNbIUX (2—3 MKM) MHKpOKpUCTaioB. MauomopdHbIi nUpUT 00pazyeT poCCHIIb
AMHUYHBIX MEIKUX HW30METPUYHBIX KpPHUCTAJIOB, HEOOJbIINE CPOCTKH U TMPOCION BO
BMEUIAIOIIUX MOpPOJax, a TaK € KalMbl BOKpPYr KOHKpenuil. Mukpocdepruyeckuil mUpUT
00Hapy>XeH BO BMEMIAIOUIUX YIIEPOJUCTHIX CIIaHIIaX U 00pa3yeT CKOIUICHHS rio0yi (pazMepomM
10—45 MxM), B KOTOpBIX TOJBKO TOHKasi 000Jl0uKa 00pa3oBaHa MUPUTOM, a BHYTPEHHSS 4acTb
BBINIOJIHEHA KBApLEM, XJIOPDUTOM WM CEPULUTOM. B nuTeparype K TakuM CTPyKTypam
INPUMEHSIETCS TEPMUH «MUHEPAIN30BaHHbIE OaKTepUU» — MUPUTU3UPOBAHHBIE OaKTepHUaIbHbIE
KOJIOHUH WJIM OCTATKU MPUMUTHBHBIX hopMm xu3Hu [Schidlowski, 1965].

PynonposiBnenne 3oiorbie Iloporn. B cTrpoeHun pasnuyaroT TpHU TOJIIM: HUKHAA —
0a3anbpT-KOMaTUMTOBAs, MEPEKphITas KapOOHATHBIMHU CIIAHIIAMU; CPEIHSS — pyAOBMeIIaroIas
IIPEJICTaBICHa BYJIKAaHOI€HHO-OCAJOUYHBIMHM IOPOAAMU KHCIOTO-CPEAHETO COCTaBa, YIJepoj-
COJIepKalllUMK CIIaHIIAaMU M KBapIUTaMM; BEPXHSS — aHAE3UTO-0a3anbThl, 0a3ainbThl, TyPsl U
CJIaHIIBI IO HUM. Pynibl 00pa3yroT M1acToBbIe 3al1eH, MOUTHOCTBIO OT 5 M 110 50 M. ConeprkaHue
cynbpuroB B HuX cocrtaBiger 30-80%. MuHepanbHbli cocTaB  pyA  INpelCTaBlIeH
MPEUMYIIECTBEHHO NHUpUTOM. [[si pyn XapakTepHbl MOJIOCUAThIe BKPAIMJIEHHO-IIOJIOCYATHIE,
MacCHBHBIE U BKPAIUICHHO-TIPOKUIIKOBbIE TEKCTYPHI.

HenTpanbHo-BoxxkMuHCcKoe pyaonposiBjieHHe JIOKAIM30BaHO B JIMH3€ BMELIAOLIUX
nopo (yriepocoaepsKaliue 1 arbOnuT-KBapIl-CEPUIIUT-XJIOPUTOBBIE CIAHIIBI), KOTOPBIE 3aKaThl
MEXIy 3amaJHOM W BOCTOYHOW 4YacThi0 BOXMHHCKOTO yiabTpaba3uTOBOTO MacCHBa.
Konuegansl mpenctaBieHbl BKpPAIUIEHHBIMH M TOHKO-BKpPAIUIEHHBIMH ~ MAacCHUBHBIMH U

IMOJIOCYATEIMHU pyJdaMH. MOHIHOCTB OTACJIBHBIX IIPOCIIOCB KOJIe0IeTCsS OT HECKOJIbKHMX MCTPOB 110
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100 M. B pynax HaGmroaeTcs Xopolias COXpaHHOCTb CIOUCTBIX TEKCTYp. MUHEpalbHBIi COCTaB
PYA MPEUMYILIECTBEHHO MUPUTOBBIN, MUPPOTUH-TTMPUTOBBIM.

CeBepo-Bo:xkmuHckoe pynonposiBjienue npuypodeHo k CB pasznomy, cekyuiemy
BMEILAIOUIME TOJIIM XJIOPUT-CEPULIUTOBBIX CJHaHLEB. PynHas 3ajiexp IHpociexeHa I0
npoctupanuio Ha paccrosaue 800 M, mo magenuo Ha 400 M (yrom 65°), ee MOUIHOCTH
kosiebnercst ot 5 o 30 M. PyaHoe Teno 30HanbHOE: B BEpXHEH YacCTH 3aJ€KU PYIbl UMEIOT
MacCHUBHBIM M OpeKYMEBUIHBIA OOJMK, B HUKHMX U YJAJICHHBIX FOPU30HTaX — MPOKUIKOBO-
BKpAaIVICHHOE U  BKPAIUIEHHO-IIOJIOCYATOE OpYAEHEHHE, CyOCOIJacHOE CO  CIIOMCTOCTBIO
BMeInaronield ronmu. KyOudeckne KpuCTamibl MUPUTA YacTO Pa3ApoOJIeHBl M IIEMEHTHPYIOTCS
XaIBKOMMUPUTOM U cdanepuTroM. Pyapl B LEHTpalIbHON dYacTH 3aleXxH HMET cdaaepur-
XaJIbKOMUPUT-ITUPUTOBBIN MUHEpAJIbHBIM COCTaB, COJAEpXKAT TaJeHUT, IPUMECh APCEHONMMUPUTA,
K0OaJbTHHA, MUHEPAJIOB BUCMYTa, HAYMaHHUT, SE-TaJCHNUTAa U aKIIECCOPHBIX MHUHEPAJIOB, B TOM
YHcIe, KACCUTEPHUT, MOHAIUT, KCEHOTHM, TTOJYEPKUBAIOIINX CBS3b C KACIBIM MarMaTU3MOM.

OT16op 00pa3uwoB /Uil M30TONHBIX HCCIEJOBAHUI IPOBOAMJICS U3 KEPHOB CKBAKHH.
BonbMHCTBO aHaMM3UpyeMbIX 00pa3LOB MPEACTABICHB MTUPUTOM Pa3IMYHON I'eHEepaluu, pexe
MapKa3uToOM, HHPPOTHHOM, CQaJepuToM M apCceHONUpUTOM. J[IsI HM30TOMHOrO aHaiu3a
UCTIOJIB30BAJTM MOHOMMHEPAJIbHBIE KPUCTAUIBI CYIb(HUIO0B, WHOTAA NHPUTAa B CPACTaHUU C
Mapka3uToM. M30TOnHBIN aHanmu3 cepbl Cyab(UAOB BBINOJHEH C NMPUMEHEHHEM JIOKAIBHOTO
METO/a, ONKMCaHHOTO B riaBe 2. CNHCOK aHATM3UPYEMbIX 00pa3lloB U MOJIyYEeHHbIE H30TOIHbBIE
JTaHHbIE TpUBECHBI B Tabmue 5.1.

B pesynprare mNpoBeAEHHBIX M3OTOMHBIX MCCIENOBAaHUN ObUIO OOHApYKEHO, YTO
CyIbpuIHAS MHHEpATU3aIUs XapaKTePH3yeTcsl Macc-He3aBUCHMBIM  (paKIIMOHUPOBaHUEM
W30TONOB CEpHI. 3HAUYCHHS M30TOMHON aHoMamHu cepbl A**S B CyIb(UIHBIX PYIONPOSBICHIX
LlentpansHo-BoxkxmunHckoe, Ceepo-BoxkmuHckoe, 300Thie moporu 1 Jlekca mokasbIBaioT, B
1esaoMm, auamna3zoH Bapuanuii ot —1.45%o 10 +2.64%0 (pucyHok 5.3), 4TO OTHO3HAYHO yKa3hIBAET
Ha TIPUCYTCTBHE CEphI, BOBICYEHHOW B (DOTOXMMHUYECKHE TPOIECCHl, MPOMCXOIUBIINE B
OeckuciaopoaHoil apxeiickoir atmocdepe. [lomyueHHble NTaHHbBIE SBISIOTCS YOEIUTEIHHBIM
CBHUJIETEJILCTBOM HAJIMYUS HM30TOMHON aHOManuu cepsl B mopoaax Kapenbckoil TrpaHHT-
3eJICHOKaMEHHOM 00J1acTH, 0 4€M OBLIO BIEpBBIC COOOIIEHO paHee HaMH B padote [MrHatheB u

ap., 2016].
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Tabmuma 5.1 M30TomHBIM cocTaB cephl B CyiIbhumax pymomnposiiaeHui Jlekca, 3010TbIe MOPTH,
Cesepo-Boxmunckoe u Ilentpanpao-Boxmunckoe (Kapenbckuii kparon) [mo Beiconkwii u ap.,
2019a, 2022]

CkBa FHH}:SH Olge_ XapaKE?pHCT%Ka Ananuzupyem ) 534S A®S
SKIHA p CYILQUIHON BIli MUHEDAIT %o,veDT) | (%o,vCDT) %o
p ( ( (%0)
(M) na MUHEpaTU3AIAH
Pyoonposenenue Jlexca
C1 50.7 [TomymaccuBHBIC Py -0.6 -1.3 0.03
(TycToBKpamuieHHbIC) | HAHOMOPDHBIL | ¢ 0.1 0.04
CyIbGUIBI KpUCTaJI 0'5 0 ' 9 0 ' 02
-0.6 -1.2 0.03
2.8 54 0.04
C1 54.6 [TapamnensHo- Py 6.9 13.4 0.02
CIIOMCTasi MacCHBHas 75 13.9 0.34
" MOJTyMacCHBHAs
KOJIUEaHHAs Py 6.9 13.5 -0.02
Tonkas xuia | Py -1.6 -3.2 0.00
MaccupHoro Py B
10JIyMacCUBHOM Py -15 2.9 -0.05
C1 63 Cl- | MaccuBHas Py
63 KOJTYeIaHHast pyaa 05 1.0 0.00
C-1 75 C1l- | Konkpeuus cnoucras | Py 0.3 05 0.00
75 MMUPUT-MapPKa3UTOBasI.
Py -0.9 -1.8 0.00
Py 15 3.0 -0.01
Py 8.3 16.2 -0.01
Mrc 145 275 0.44
Mrc 12.9 24.5 0.33
Mrc 7.9 15.4 -0.01
Py -3.4 -6.7 0.05
Py -4.8 -9.5 0.13
Korkperuts Py 48 9.8 0.22
OJHOPOHAS ' ' '
Py 5.1 -10.2 0.11
Konkperus Py - Mrc 3.7 7.0 0.08
O/IOPOAHAT ~ THPHT™ | by, prc 0.5 1.6 -0.30
MapKa3uToBasi, ' ' '
MerKas Py -3.7 -6.6 -0.27
dpamGon Py -1.6 -4.8 0.84
5 51 6.1 1.95
Mmomopubiii Py 5.5 6.3 2.2
KPHUCTAJLI
4.2 5.2 1.55
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3.9 4.6 1.55
4.6 5.3 1.93
4.6 5.2 1.96
4.5 5.1 1.85
6.2 7.0 2.64
5.0 5.7 2.06
5.1 5.9 2.02
Le3 |56 1A Py 8.6 13.8 1.48
Kcenomopnas nun3a
1B Py 7.7 12.6 1.28
, Kcenomopdnusie Py 41 76 0.25
KPHUCTAJLIBI
P
Kcenomopusie y 6.3 115 04
4 KPHUCTAJLIBI
P
PaccesiHubIe y 79 13.8 0.12
5 MHUKPOKPHUCTAJLIIBI
6 P
KcenomopdHbie y 6.3 116 0.28
KPUCTAJLIBI
7 Arperatsl HeGonbiux | Py 65 12.1 0.32
KpPHUCTAJIOB
8 Kcenomopdusbie Py 55 10.2 0.28
KPHUCTAJIBI
9 Arperatsl HeOompmHX | Py 65 12.0 0.35
KpPHUCTAJJIOB
Le3 |56 10 Py 3.1 5.7 0.17
H3omerpuueckoe
11 30HAJILHOE CpacTaHue 4.6 8.5 0.23
12 | kpucramnos, 5.9 10.6 0.48
13 | obpasyromux 5.7 10.1 0.49
14| cbeprraeciue opuer 6.6 11.9 0.45
Llenmpanwvno-Boxcmunckoe pyoonposenenue
C-38 |56 3 Menko3epHUCThIE Py 1.1 35 064
BKpAaIuICHHbIE HIHOMOPGHEL | ' '
MTUPUTOBBIE pyIbl. | KpucTan 0.6 2.5 -0.70
3epHa mupuTa MeEJKue | Po -1.0 05 -0.71
1 MIapOBMIHBIC, 3€PHA | yyroMopdHBIi
MUPPOTUHA MEJIKHE. KPHCTAILT 11 -0.7 -0.75
C-39 [155 15 ITpocnoennas Py 0.7 17 -0.23
KoJuesaHHasi pyAa B | uanomMopdHsbIi
YEPHBIX ClIaHIax. | KpUCTaI 08 20 -0.29
3epHa nupurta | Po -0.9 1.1 -0.34
KOHKPELMOHHBIE, UAMOMOP(HBII
MeHKI/Ie_ 0.1 0.8 -0-28

KpucTaJll
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C-39 (300 44 Menko3epHucras Py
KoluenaHHass pyzaa B | unmomopdusrii | 1.7 4.2 -0.53
YEepHBIX CllaHlaX. | KpUCTal
[Iuput nHaxomutcs B | Po
accoIranuu ¢ | mmuomopdueii | 0.0 0.9 -0.48
MUPPOTHHOM. KPHUCTAJLI
Sph
MIHOMOPHBIT 0.0 0.9 -0.49
KPUCTAILIT
Cegepo-Boscmunckoe pyoonposnenienue
C-41 |153 153 | Canepur-nupuroas -0.8 -0.6 -0.46
pyga ¢ TOpHUMECHIO 0.7 06 .0.46
XaJIbKOITUPUTA U ' ' '
€IMHUYHBIX 3epeH Py -1.6 -2.3 -0.42
apCEHOIUPUTA. -0.7 -0.5 -0.46
-1.0 -1.0 -0.51
-0.9 -0.8 -0.50
Apy
HIHOMOphHBI -1.7 -2.4 -0.42
KpHUCTalIl B -16 -2.2 -047
canepure -15 -2.0 -0.48
Sph -2.6 -4.0 -0.50
UAMOMOP(HBII 26 41 -0.48
KpHCTaJLT ' ' '
-2.3 -3.6 -0.44
C-70 | 240 25 MaccuBHas
KpPYITHO3EPHUCTAs Py
KodenanHas pyna c | uamomopdusnii | -1.2 -1.4 -0.54
TOHKOCJIOMCTBIMU KPHUCTAILT
30HaMU
C-70 | 245 30 MaccusHas
KolYelaHHast ~ pyJa
cJoucTasl. Crou | Py
MeCTaMH uaromopdusIit | -0.5 0.0 -0.46
ne(pOpMHUPOBAHBI. KPUCTAILT
3epHa nupuTa MEJIKUE
U Cpe/iHue
Pyoonposnenenue 3010mole nopozu
7241 | MaccuBHas Py 1.8 3.8 -0.17
KoJT4eJlaHHas pyAa. uauoMopHbIi 18 41 026
KPHUCTAILT ' ' '
C-604 |828 |3z 30HUpPOBAaHHAA 2.0 -1.9 -1.01
KOHKPEIIHs Py, stnpo
3A -2.1 -1.9 -1.15
27 Mrc (?), cnoii | -0.5 1.5 -1.24
4z 1 -0.3 1.6 -1.08
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12 -0.3 1.7 -1.17
5Z Py, cioit 2 0.1 2.0 -0.99
6Z 0.1 1.7 -0.93
1 -1.8 -1.8 -0.85
2 2.2 2.5 -0.95
3 2.7 -3.0 -1.13
4A 2.7 3.4 -0.97
4 Py, cioii 3 -2.6 -3.3 -0.87
5 -1.9 2.1 -0.84
6 -15 1.7 -0.63
6A -1.9 2.2 -0.73
6B 1.7 -1.6 -0.84
6C 0.4 0.6 -0.74
0.4 0.9 -0.79

! Mrc, cioit 4
72 0.4 3.1 -1.19
8 0.4 2.8 -1.05
9 Py, ct0ii 5 0.2 1.7 -1.11
10 0.3 2.4 -0.98
87 Py, cnoii 6 -0.8 1.3 -1.45
11A 0.0 1.4 -0.71
12 Py, cnoti 7 06 1.2 1.25
138 Py, cnoti 8 04 1.2 -0.96
14 Py. croii 9 0.1 1.7 -0.76
97 0.6 25 -0.67
10Z Py. o 10 0.1 1.4 -0.81
15A 0.1 1.7 -0.72
117 0.4 1.3 -0.31
16 Py, cioit 11 19 4 14 -0.28
127 0.1 1.2 -0.57
137 Py. crtoii 12 0.2 1.4 -0.95
147 0.2 1.3 -0.84
0.7 1.6 -0.09
1.0 2.7 -0.37
828 N nnomopdHsbIit Py 0.9 1.9 -0.11
KpUCTaJLI 0.9 2.3 -0.27
1.0 25 -0.29
0.9 2.0 -0.16
C1008 1609 | 5 Konkpenus 1 Py, sapo -1.6 2.2 -0.45
10 c1a0030HaABHASA Py, croit 1 54 99 .0.35
9 Py, cioii 1-2 | 8.8 -16.2 -0.43
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2 -3.8 -6.3 -0.52
3 Py, cioii 2 -4.5 7.4 -0.64
13 -4.9 -8.7 -0.42
7 Py, cnoii 2-3 | -5.3 9.8 -0.27
Py, cioii 3 -5.5 9.8 -0.47

1 -6.4 -12.1 -0.20
11 -2.5 -4.4 -0.26
12 -4.7 -8.8 -0.22

Py, o600k

16 1.7 3.8 -0.22
18 7.2 -13.3 -0.41
19 0.2 1.1 -0.36
4 -2.2 -35 -0.41
6 Woawostopdusi 2.2 -35 -0.37
14 Klfmmi Py 2.1 -3.3 -0.41
15 2.1 -3.3 -0.38
17 -0.9 -1.4 -0.23
8 Konkperus 2 [Py, stapo -4.6 -7.9 -0.57
7 cnabo30HaIbHAS Py, cioii 1 0.5 1.6 -0.36
9 -0.8 -0.6 -0.52
6 Py, cnoii 2 5.7 -10.7 -0.21
5 -4.5 -8.2 -0.32
10 Py, cnoii 3 -8.1 -14.3 -0.77
12 -5.5 -10.0 -0.39
4 -3.3 -5.5 -0.43
11 Py, cioi 4 2.3 -35 -0.49
2 -3.1 -5.4 -0.30
1 VimoMopdHbiii Py -1.6 2.4 -0.42
KPHUCTAIIIT -2.9 -4.9 -0.40

[TonydeHHbIe pe3yNbTaThl SBISIOTCS KIFOUEBBIMU JJIsI YCTAHOBJICHUS MPOCTPAHCTBEHHO-
BPEMEHHBIX 3aKOHOMEPHOCTEH Macc-He3aBUCHUMOTO (PAKIMOHUPOBAHHS HM30TOMOB CEPHI.
[ToMmuMo TOTO, YUTO M30TOMHASI aHOMAJMsS CEphl, OOHApYKEHHAsI B MOPOJAAxX crapiie ~2.4 MIp/I.
aer [Johnston, 2011] (cm. pucynok 1.7 rtmaBa 1), ompenmenser JI0OJTOBPEMEHHOE
(GyHKIIMOHUpPOBaHHE B aTrMocdepe MeXaHH3Ma MacC-HE3aBUCHUMOTO (DpaKkIMOHUPOBAHUS
M30TOIOB, €€ HAIM4Yue B MOpOAax OONBIIMHCTBA JPEBHUX OJIOKOB, B TOM YHKCJIE M B MOPOAAX
DEHHOCKAHIMHABCKOTO IIUTa, MPEANOiIaracT TJIOOATBHBI B TPOCTPAHCTBEHHOM aCIEKTe

Macmrad I{GﬁCTBHﬂ MEXaHH3Ma, BbI3BABIICTO aHOMAJINH.
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ABS (%) [

<o
O T 534S (%)

20
< Nlekca
< 3on0Tble noporu
<© LleHTpanbHaa Boxxma
< CeBepHas Boxkma
Pucynox 5.3 — Wsorommsie >(QexTsl cepbl (MaruTyaa mu3ortomHoii amomammn A%S

4 o
OTHOCHTEJIBHO H30TOITHOTO COCTAaBA Cephl 8-'S) B Cyb(HIaX U3 MeCTOposKacHHUI LleHTpanbHast
Boxwma, Ceepnast Boskma, 3os1oTeie moporu u Jlekca. BkirroueHsl Bce JaHHbIE U3 TaOmIb S.1.

JIpyruM Ba)KHBIM pE3yJIbTaTOM HCCIEIOBaHMS M30TOIMHBIX XAPAKTEPUCTUK CYIb(UIHON
MuHepanu3auuu pynonposisneHuil Llentpanpno-Boxxmunckoe, CeBepo-BoxxmuHckoe, 30510Thie
noporu u Jlekca siBnsieTcss oOHapyKEHHE 3aKOHOMEPHOCTEN MPOSBIEHUS U30TOMHBIX 3PPEKTOB
A®S u §%S s pacematprBaeMbix 0GbekTOB. Kak BHIHO U3 prcyHKa 5.3, IMAma30Hb! BAPHALHIA
semmann A®S u §3S, oTHOCAIIMECT K PA3HEIM PYIONPOSBICHHSM, CYIIECTBEHHO Pa3THYalOTCs
Mexy co0oil. Bo-nepBbix oOpaiaer Ha cedsi BHUMaHUE TOT (akT, YTO JUIsl PYJONPOSIBICHUN
3onoteie moporu, LlenTpampHo- u CeBepo-BokMHHCKOro XapakTepHbl OTpHUIATEIbHBIE
3HAYEHHS M30TONMHON aHoMammu cepsl A®S, a s pymomposnenns Jlekca, HAIpOTHB, —
TPEHMYILECTBEHHO MOIOKHTEbHbIE 3HaueHus A®S. EcTb pasiudme W B MAarHHTYIE BETHUHH
A®S: HambonpIe 3HaueHHs A>XS  oTMedeHbI g Jlekca ot —0.27%0 1o +2.64%o,
MPOMEXKYTOUHbIE Ha pyaonposBieHun 3onoteie mopord oT —0.11%0 mo —1.45%0, u
MuHuMalibHble Ha llenTpanbHo- u CeBepo-BoxkxmuHckoM pyponposiBaeHusix ot —0.28%o 10
—0.75%o0. Bo-BTOpBIX, Ha PUCYHKE 5.3 MOXXHO TakXe HaOJI0JaTh CUCTEMATHYECKYIO Pa3HUILY
MEXKJIy 3HAUCHHSMH O°°S JUIS HMCCIEAYeMBIX OOBEKTOB. SHAUCHMS O°'S IOKAa3bIBAIOT Y3KHil
nuama3oH Bapuanuii Ha llenTpanbHO-BoxkmmuckoM (0T —1.1%0 mo +4.2%0) m Cesepo-

BoxxmuuckoMm (0T —4.1%0 10 +0.0%0) pynomposinenusx. [lupokuit n1uamna3oH 3HaueHUN 5%s
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XapakTepeH i pynomnposiBiaeHuil 3oi0Tble mopord (ot —16.2%o0 no +4.1%0) u Jlexca (ot
—10.2%0 110 +27.5%o0).

ECilH OCHOBBIBATHCS HCKIIOUNTEIBHO HA JAHHBIX [0 H30TOIHOMY COCTABY CEpBI 8, TO
MOYKHO OBUTO OBl MPUITH K BBIBOJY, YTO C€pa, MMEIONIass MAaHTUHHOE MPOHMCXOXICHHUE, ObLIa
BOBJIEUEHA B TMpouecchl pynooOpazoBanuss Ha CeBepo- u LleHTpansHo-BoxxMuHCKOM
PYIONPSBICHASAX, TOCKONBKY Y3KHil JHMANIA30H BapHAIMii 0°'S OKOJIO HyNs OTBEYaeT
XapaKTEepHCTHKAM MAHTHHHOTO HCTOYHHKA Cepbl, OONACTh 3HAYCHHH O°'S KOTOPOTO JICHKHT B
OCHOBHOM B mpenenax oT —6%o 10 +6%. [Ohmoto, 1972; Sakai et al., 1984; Ishihara, Sasaki,
1989; Labidi et al., 2012; Donoghue et al., 2014; Labidi et al., 2015]. CnenanHblii BBIBOJ
corjiacyercsi ¢ BbickazaHHbIM B padote [Huston et al., 2010] npeamnonoxeHueM o0 TOM, YTO MPH
(bOpMUPOBAHNH BYJIKAHOTCHHBIX MECTOPOKACHHI B Heoapxee (2.8 — 2.5 mipa net) u Me30apxee
(3.2 — 2.8 mupna ner), BKIAA cepbl M3 cyiab(ara MOPCKOW BOJbI B 00pa3oBaHHE MaCCHBHBIX
CyIb(QUIHBIX PyA ObUI MH3EpHBIM WJIH )K€ €ro He ObUIO COBCEM. APryMEHTaMH B MOJIICPKKY
Takoro mpeanosioxeHus asropbl [Huston et al., 2010] cuurator HU3KOE copepikaHue cyibdara B
apXeMCKOM OKeaHe, CKyIHOE TIpOsBICHHE OapuTOB W JPYruX CyJIb(aTHBIX MHHEPAJIOB B
OOJIBIIMHCTBE MECTOPOXKICHUN MACCHBHBIX CYJIb(QHIHBIX PYI apXeHCKOro BO3pacTa, a TaKke
CPABHUTEIBHO HEGONbBIINE BAPHALAN &S B CYIbQHIHBIX pyaax. DaKTHUCCKH, MaTe0apXeiiCcKie
mectoposkacHus 6aputa (3.5—3.3 mipx net) B FOxuHol Adpuke, 3anaanoit ABctpanuu u Unaun
MPEJICTABISIIOT CO0OM €IMHCTBEHHBIE MACCHUBHBIE CyJib(haTHBIC 3alle)KH apXeiCKOro Bo3pacta.
WX »BanopUTOBOE MPOMCXOXKAECHUE MOTJIO OBITH CBA3aHO C JIOKAJbHBIMHU Oa3ucCaMM KHUCIOPOAA,
YTO HE O3HAYaeT B IIEJIOM MTOBCEMECTHOE BBICOKOE COJIEpKaHHE Cyab(aTa B apXeCKOM OKeaHe
[Huston, Logan, 2004]. CkyaHocTh Cyab(haTHBIX OTIOXKEHUN Ha MPOTSKEHUHU TIEPBOM MOJTOBHHBI
UCTOpUU 3eMJIM MOpoAMJIa TMpEACTaBIeHHE 00 apXelCKOM OKeaHe C HHU3KUM COJepKaHHUEM
Cynb(aToB, KOHLIEHTPAIMs KOTOPBIX [0 Pa3HbIM OLlEHKaM Moria BapbupoBath oT <200 no < 2.5
mukpomoib [Canfield, 2000; Habicht, 2002; Crowe et al., 2014; Bradley et al., 2016; Eickmann
et al., 2018], yto 3HAYMTENFHO MEHBIIEC 1O CPABHEHHIO C KOHIICHTpalmed cyiabdara B
COBPEMEHHOM OkeaHe ~28 muimmonb [Bottcher et al., 2000]. [Tosromy aBTopsr [Huston et al.,
2010] B cBoeit paboTe TMOJArarT, YTO MPOIECCHI M HCTOUYHUKU CEpPbl, OTBETCTBEHHBIC 32
(dbopMHpOBaHUE BYJIKAHOTCHHBIX MACCUBHBIX CYIb(UIHBIX OTIOKEHUH B apxee, OTINYaINCh OT
TeX IMPOILIECCOB, KOTOPbIE KOHTPOJIUPOBAIM (popMHpOBaHHE CYNIb(PUIHBIX OTIOXKEHUN B Oosee
no3anee (aneposoiickoe Bpems. st GaHepo30MCKUX OTIOXKEHUN, B OTIMYHE OT apXEUCKHX,
CyJb(aT MOPCKOM BOJIBI ACCOITMMPYETCsS ¢ ucTouHuKoM cepsl [Huston et al., 2010], uro maxoaut
OTpPa)KEHHWE B YBEIMYECHUM JUANa30Ha BapHUALHN 5%s s cynbpugax u3 (HaHEepPO30HCKUX
OTJIOXKECHHH, a TaK)Ke B YBEITMUYCHUH COACP)KaHUS OapHuTa W APYrHX CyIb(PaTHBIX MHHEPAIOB B

MECTOPOXKACHUAX (haHepO30sl.
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Ecnmu npuHATH, 4YTO MarmMaToreHHas cepa Oblia JEHCTBUTENBHO €IUHCTBEHHBIM
UCTOYHUKOM cephl B CeBepo- u LleHTpanbHO-BOXKMIHCKOM PyIOTPOSBICHHSIX, TO COOTHOIICHUS
U30TOINIOB Ccepbl B Cyinb(umax IOHKHBI OTBEYaTh 3aKOHY OOBIYHOTO MacC-3aBHCHMOTO
(GpakIMOHUPOBAaHUS, TaK KaK apXxeWckas cepa MaHTHWHOTO MPOMCXOXICHHUS IPEAINoaractT
OTCYTCTBHE M30TOIHBIX aHOMAJIUN CEphl, TO €CTh A®BS=0%o [Farquhar et al.,, 2002; Ono et al.,
2003; Mojzsis et al., 2003; Cabral et al., 2013; Labidi et al., 2015]. Oxnako, B paccMaTprBaeMbIX
PYZOIPOSIBICHHSX OTYETIMBO BBISBICHO HAIMYME H30TOMHON aHOMAIHH cepbl: 3HaueHus A®S
BappupyrOT 0T —0.28%0 10 —0.75%0. DTO CBUAETENBCTBYET O TOM, YTO C€pa, BOBJICUYEHHAS B
nporeccsl GopMUpOBaHUS CYNIb(QHUIHBIX OTIOXKECHHM, TOJDKHA ACCOLUUPOBATHCS HE TOJBKO C
MCTOYHHKOM MaHTHITHOTO IPOUCXOxkaeHus. OTpuuarenpuble 3HadeHus A®S, oGHapyxeHHbIe B
Cyiabpuuax, OTPaKalOT BOBJICYCHHUE CEPbl MOPCKOTO Cyib(aTa, HMEIOIIEr0 H30TOMHYIO
anomamuio A®S.

Cynbdary MOpCKOH BOZIBI MPUHAICKHT BaKHAS POJIb B (POPMUPOBAHUN COBPEMEHHBIX
BYJIKAHOTCHHBIX OTJIOKEHHMI MaccuBHBIX cyiabumoB [Franklin et al., 2005] u, ciemoBarensHo,
HE HCKJIIOYEHO, YTO CYyib(]ar, NPUCYTCTBYIOIIMHA B apxelckod ruapocdepe, MOr Hrparth
AQHAJIOTUYHYIO POJIb B IpOIECcax, MPUBOIAMIMX K (OPMHUPOBAHUIO CYIb(PHIHBIX apXEHCKUX
otioxeHnid. OTHAKO MPOUCXOKACHUE aPXEHCKOT0 OKEAHWYECKOTO Cylib(ara CBSI3aHO C MHBIMHU
npoleccaMy, 4YeM B COBPEMEHHBIX OKeaHax. Ha KpyroBopoT cepbl B apxee CHIIbHOE BIIHMSHUE
OKa3bIBaIM aTMocdepHbie poToxuMHuueckue mnpoieccel. Cepa moctymnana B OKeaH U3 arMochepsl
B BHjIe okucaenHoi (SO47) 1 BoccTanoBeHHo# (S°) ¢dopm, nonydaeMslx nyTéM Qotoausza SO,
B OeckuciopoaHoi apxeiickoit armochepe [Ono, 2017]. Kak mokazano B paborax [Whitehill,
Ono, 2012; Ono et al., 2013], xoneunsiii TpoaykT (Gortoausa SO, B BUAE OKUCICHHON (HOPMBI
cepbl 0671a/[aeT OTPUIIATEIbHBIMY 3HAYCHUSAME H30TOIHOMN anoManuu A®S. B cornacuu ¢ stim,
cynbdaTHas cepa, MPHCYTCTBOBABINAs B apXeickoil ruapocdepe, AOMHKHA OBITH aHOMAIIBHO
00elHeHa U30TOMOM CEephbI 33, ecu & MIPOUCXOXICHHE ObUTO cBsi3aHO ¢ (hoToxumueit SO, B
apxeiickoii armochepe. B mommepkky OTOro CBUACTEIBCTBYIOT JIaHHBIE MCCIIEIOBAHUM
M30TOIHOTO COCTaBa cepbl OapuTOB, (OPMUPOBABIIUXCS B maneoapxee. st HUX XapaKTepHBI
OTpHUIaTEeNbHbIC 3HAUCHUS A®BS = —1 + 0.5%0 [Farquhar et al., 2000a; Bao et al., 2007; Shen et
al., 2009; Roerdink et al., 2012; Montinaro et al., 2015]. [TosToMy oTpHIIaTeIbHBIE 3HAYCHHUS
M30TONTHOM aHOMAJUU CEpbl A®S, ¢bukcupyemble B cyiabdumax pyaomnpossieHuit Cesepo- u
[{enTpanbHO-BOKMHHCKOE, CBHUIETENHCTBYIOT O BKJIIOYEHHH B Mpolecc pyaoGopMUpOBaHUS
Cepbl, MpOIIeANIeH IUKI aTMOC(PEpHbIX (OTOXMMUYECKUX TMPEBPAIICHUH, B YaCTHOCTHU
OTOIHTHYECKOI Cymb(aTHOI Cepbl, HeCYIIeH OTpHIATENbHEIC 3HauYeHHs A*°S,

TakuM 06pa3soM, WHCCIIENOBAHHE H30TONHBIX OTHOIICHHH ~ S/°S B KOMIUIEKCE C

2
M30TONHBIMU OTHOLICHISIME —-S/*°S B cynbduaax maroT Ooyiee TOJHYIO WH(OpPMAIUIO IS
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UJICHTU(QHUKAIIMA HCTOYHUKOB CEpbl B PyAO(QOPMHUPYIOIIMX CHCTEMAaX KOHKPETHBIX THIIOB
MECTOPOXKACHUN. TpagulMOHHBIM MOAXOJ, OCHOBAHHBIA HCKIIIOYUTEIBHO Ha HCIOJIB30BAaHUU
W30TONHBIX TAHHBIX O°'S JUIS BBIICHEHHS IPOMCXOXICHHS Cepbl, BOBICUSHHON B MPOLECCHI
pyaooOpa3oBaHus, ABISETCA BIOJHE JOCTAaTOYHBIM BO MHOTMX CllydasiX, HO HE B cllyyae ¢
pynonposiBaennemu CeBepo- ¥ LleHTpatbHO-BoXMHUHCKOE, I KOTOPBIX AaHHBIE [0 O°'S He
JAIOT OJHO3HAYHOH MACHTH(UKALME pPe3epByapoB Cepbl. SHAUCHHSA oS, IOKA3BIBAIOLINE
HeOoJiplIMe Bapvaluu BOJM3U HYJs Ha 3TUX OOBEKTaX, OCTABJSIOT HEONPENEIEHHOCTh B
pelIeHUH BOMpoca O pPONM CyiabhaTa MOPCKOM BOABI NpH (OPMHUPOBAHUM CYJIb(UAHBIX
OTJIO)KEHUH. 3aTpyAHEHMsI YCTpaHEHBbl IMYTEM HCCIEIOBAHUS H30TOIHBIX OTHOIICHUH CEpPbI
35725 B cympgumax. Otpurarensubie 3HaueHus A>S, oOGHapyKeHHBe B Cynb(umax
BOXXMUHCKUX pPyIONpOSIBICHUH, JOCTOBEPHO YCTAHABJIMBAIOT TIE€HETHYECKYIO CBS3b CEpbl
CcynbQuIOB ¢ (QOTOIUTUYECKON Cylb(aTHONW cepoil, YTO OAHO3HAYHO JOKAa3bIBAeT ydyacTue
cynbdara MOPCKOW BOJBI B Mpoleccax pyropOpMHUPOBAHHS U pEIIaeT BONPOC 00 MCTOYHUKE
CEpBI ISl ITUX OOBEKTOB.

OOpatuMcsi Tenepp K BBIICHEHHUIO OCOOEHHOCTEH IPOLIECCOB PYIOOTIIOKEHUS Ha
CIIEAYIOLIEM, HCCIEAyeMOM B JlaHHOW pa0oTe pyaonposiBICHUH — 30JI0Tble IOPOTH.
Orpunarensusie 3HadeHns A>S, oGHApyKEHHbIC B CYIb(HIAX TOrO PYONPOSBICHHS (CM.
PUCYHOK 5.3), CBHIETENBCTBYIOT O BOBJCYCHHUH CYIb(PaTHOW cepbl (HOTOIUTHIECKOTO
IIPOUCXOXKIECHNS B IIPOLIECCHl PYNOOTIOXKEHUS, paBHO Kak M Ha Cesepo- u LleHTpanbHO-
BoxxmMuHCKOM  pynonposiBieHusX. M30TonmHbIe aHOMaaMM cepbl ObUIM  OOHapy)XeHbl B
CyNb(OUIHBIX KOHKPEIHUIX U B UAMOMOPQHBIX KprucTayuiax (cM. Tadbmuiy 5.1). [Tomumo Hamuuus
M30TOIHOM aHOMAJIMU Cepbl BBISBIIEH €I1€ OJUH (DaKT, UMEIOLINI Ba)KHOE 3HAUYE€HUE, a UMEHHO: B
npefenax OTAEIbHBIX KOHKpPEIMH pyJIONpOsBICHHUS 30JI0Tble TMOPOrM  HaOJIOJAr0TCA
3HAYUTENIbHBIE BapHALlMKM BEJINYUH 5*s, IIPU 3TOM 3HAYEHMsI U30TOITHOW aHOMAJIUU CEpbl A®S
COXPAaHSIIOTCS MPAKTUYECKH HEM3MEHHBIMU. J[aHHBIN (paKT IPOMILTIOCTPUPOBAH HA PUCYHKE 5.4.

WNHTtepnperanus Bapuanuii U30TONHOTO COCTaBa CEPbl B COOTBETCTBUU C UX PEAJIbHOMN
IpUpPONOMl  BO  MHOIOM  ONPEAENAETCSs  INOHMMAHUEM  MEXAHU3MOB,  BBI3BIBAIOIIMX

(pakLMOHUPOBAHUE U30TOIOB CEPHI.
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Pucynok 5.4 — (A) ®oto obOpasma C1008-160.9. Ilokazansr xonkpenmu 1 m 2. (B) doto
KOHKpeu 1 ¢ HespKO BBIPaKEHHOW CIOMCTOCTHIO (TOJMPOBAHHBIA AHILING, OTPa’KEHHBIN
cBer). KpacHpiMM TOukamMu 00O3HAa4Y€HBI MeCTa JIA3epHON aONIAIMH JJIs  OTMpeeIeHUs
M30TOMHOTO cocTaBa cepbl. Hymepamusi Todek, kak B Tabmume 5.1. KBampaTtom BbIfCICHBI
uarnoMopdHble KpUCTALTBI, (OTO KOTOphIX mpenctaBieHo Ha Bkiagke (C). Ha rpadukax
MPOJIEMOHCTPUPOBAHBI BapHaIlU §%S u A®S B KOHKpeluu 1 MOCIOMHO, B COOTBETCTBUU C
tabmuueit 5.1. Hymepanus Touek Ha rpadukax corjacyeTcss ¢ UX HyMmepamued Ha (oTo
KoHKpeuuu 1. Jlnanazon Bapuaruii 8*S cocrasmsier 20%o (ot —16.2%o0 10 +3.8%0), B TO Bpems
KaK 3HageHus A*°S BappupyrOT OT —0.64%0 10 —0.20%0 [Bricouxkuii u ap., 2023].
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B Hacrosimjee BpeMsl IOJArai0T, YTO 3HAYMTCIBHBIC BApHALMH BEIMYHH O°°S,
JICMOHCTPHUPYIOIIKE Yallle BCEr0 OTPHUIIATEIIbHBIC 3HAUCHHS B OCAJI0YHBIX CYIb(UIaX, CBSI3aHbI C
BOBJICYCHUEM CYIb(ATHOH cepbl B chepy OHMOJOTHUECKOr0 KpyroBOpoTa W, B YaCTHOCTH, B
nporecchl OakTepHaabHOro BoccTaHoBieHus cyinbdara [Canfield, 2001; Johnston, 2011].
bakrepuanbHas cynb(arpeayKIus MPOUCXOIUT IIIaBHBIM 00pa3oM B OECKUCIOPOIHBIX TOHHBIX
OTJIOXKCHHUSAX, TJIC 3aXOpPOHEHa OOJibIllas YacTh OpPraHMYECKOro yriepojaa. B atux mporeccax
Oaktepuu TpaHCPOPMHUPYIOT cyiabhaT Mopckoi Bomasl B HpS, umcmonb3ys opranmuyeckoe
BEIIECTBO, Kak JOHOp aiekrponoB: 2CH,O + S0,> — 2HCO> + H,S [Froelich et al., 1979;
Jorgensen, 1982; Reeburgh, 1983; Bradley et al., 2011]. BoccranoBiieHue pacTBOPEHHBIX
cynshatoB 1m0 cepoBomopona HpS mpu OGakrepwanbHOU CynbhaT PeayKIHHA COIPOBOXKIACTCS
(bpaKkIIMOHUPOBAHUEM H30TOIIOB, IMOCKOJIBKY OAKTEPHH MPEANOYTUTEILHO HCIIOIB3YIOT JIETKUH
U30TOI CEphl B CBOMX MeTabonmyeckux mpomeccax [Harrison, Thode, 1958; Kemp, Thode,
1968]. CooTBeTCTBEHHO CYJIb(HIbI, OOpa3yrOIIUECS  BCICACTBHE OaKTepUaIbHOTO
BOCCTAHOBJICHUSI CYyJb(aToB, 00OTraIIeHbl HW30TOMOM CEphI %23 yro HaxomuT OTpaX€HUE B
MOHMKEHUHU 3HAYEHUH 8°'S OTHOCHTENBHO HCXOIHOIO cynbgara [Sim et al., 2011; Leavitt et al.,
2013; Wing, Halevy, 2014]. B oskcmepuMeHTax ¢ Ja0OpaTOPHBIMH —OaKTepHalbHBIMU
KyJbTypamMu ObLIO JOKa3aHO, YTO MArHUTY/a H30TOMHOTO ()PAKIIMOHUPOBAHUS CEPBI B PEAKIIHSIX
C y4yacTtueM cyibdar peaynupyronmx Oaktepuit moxer gocturath 60—70%o [Sim et al., 2011;
Leavitt et al., 2013]. 3HaunTenbHbIC BapUAIIMHA U30TOITHOTO COCTABA CEPBI 8%, oOHapyXeHHbIE B
cynb(huIax COBPEMEHHBIX M JAPEBHUX (HEOMpOTepo30ii—(haHepo30il) MOPCKUX OCaIKOB,
paccMaTpUBalOTCS Kak MpHU3HaK OakTepuanbHOM aesteiapHocTH [Strauss, 1997; Habicht,
Canfield, 1997; Canfield et al., 2010; Jia et al., 2015; Meister et al., 2019; Lang et al., 2020]. B
MOpOJAX CTapiie ~ 2 MIPA JeT 3HAYHTCIbHBIC BAPUALMH O°'S MPAKTHYECKH OTCYTCTBYIOT
[Canfield, 1998], uro mano ocHOBaHKE MOCTABUTH MMOJT COMHEHHE OAKTEPHATIBHYIO IESTEIBHOCTh
B Ka4eCTBE CYIIECTBEHHOTO (hakTopa Jiisi OMOJIOrHYEecKOro KpyroBopora cepsl B apxee [Strauss,
2003]. Tak B cBoeit padote Illtpaycc [Strauss, 2003] mpuxoauT K CIEAYIONIEMY 3aKITFOUCHHIO:
«No unequivocal evidence can be presented for clearly biogenic early Archaean pyrite from their
sulphur isotopic composition. This conclusion is valid for both mass-dependent and -independent
isotope fractionations. Instead, magmatic/hydrothermal processes accompanying rapid recycling
of mantle and crustal material on the young Earth are viewed as largely responsible for the
precipitation of sulphides in sedimentary environments of early Archaean age. The only possible
exception might be the dataset presented by Shen et al. (2001) for sediments from the
Warrawoona Group, Australia (Hukakux OJHO3HAYHBIX CBHUAETEIILCTB HE MOXET OBITH
NPEJCTAaBICHO O SBHO OMOT€HHOM MPOUCXOKICHUH PaHHEAPXCHCKOrO MUPUTA, UCXOIS M3 €ro

HN30TOITHOT'O COCTaBa CCPHI. 9T1OT BbIBOJ CIPaBCIAJIMB KaK IJId MAacCC-3aBUCUMOI'O, TaK WU MacCC-
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HE3aBUCHMOTO (PaKIIMOHUPOBAHUS M30TONOB. HanmpoTus, Marmatuueckue / TUAPOTEpPMaNbHbIE
IPOIIECCHI, COMPOBOXKIAIONINE OBICTPYIO MepepaboTKy MAaHTHIHOTO M KOPOBOTO MaTepuaia Ha
MOJIOIoi 3emiie, paccMaTpHBAIOTCS B KadecTBe HamOoJee OTBETCTBEHHBIX 3a OCAKICHHE
cynb(umoB B OOCTAaHOBKaxX OCAJKOHAKOIUICHHS apXeHCKOro BpeMeHH. EIMHCTBEHHO
BO3MOXKHBIM HCKJIIOYEHHEM MOTYT OBITh IaHHBIE, npenctaBieHHble llleHom ¢ coaBTOpamu
(2001) mns ormokenuit U3 dopmaruu BappaByHa, ABcTpanusi)». 31ech HAIO MOSCHUTH, YTO B
yrnomsiHyToi crathe Illena ¢ coaBropamu [Shen et al., 2001] peus muta o Haxomke B OapuTax
BO3pacToM ~3.47 MipH. JIET BKJIIOYEHHH MHUKPOCKOIHWYECKHX IUPHUTOB, M30TOMHBIA COCTaB
KOTOPBIX TTOKa3aJI MIMPOKHH THATIA30H BapHaImid 8°'S 0T —16.8%0 10 +5.1%0. ITH HaHHEIE GBLTH
MHTEPIPETHPOBAHBI KaK MPSMOE CBHICTEIHCTBO MUKPOOHATEHON CyNb(haT peAyKIIHH, IMEBIICH
mecto yxe ~3.47 mipa. et Hasan [Shen et al., 2001].

JlaHHBIE, CBHUJETEIBCTBYIOMINE O MUKPOOHANBHOI Cynb(daT peaykuuu B apxee, UMEIOT
dbyHIaMeHTaTbHOE 3HAYEHUE JUIsl MPOOJIEMbl BOSHUKHOBEHHS M 9BOJIIOLIMY JKM3HU Ha 3emie. B
3TOM IUIaHE JAAHHBIE IO U30TOIMTHOMY COCTaBY CEpbI, MOJYyYCHHBIE /I MUPUTA U3 KOHKpenuu 1
pyzonposiBieHusT 30J0Tble MOpPOrH (CM. PUCYHOK 5.4), TNpPEaCTaBIAIOT OCOOBI HMHTEpec,
IOCKOJIbKY HMX XapaKTePHCTHKH YKa3bIBAIOT Ha JAEATENBHOCTH Cylb(haT peaylHupyIOMnX
GakTepuii B apxee. Tak 0OHAPYKEHHBIE OTpHIATENbHBIE 3HaueHHs A™S (0T —0.64%0 10 —0.20%0)
1 OOJIbIIINE BapUaIluU 8%s (ot —16.2%0 10 +3.8%0) B MUPUTOBON KOHKpELUUHU | COriaacyroTcst ¢
NPECTaBICHUEM O BOBJIEYEHHUU CEepbl MOPCKOrO cylb(daTa B MPOLECCH PYHOOTIOXKEHUS NpU
y4acTHU Cynb(ar peayuupyromux Oaktepuii B 3Tux mpomeccax [Ono et al., 2003]. Ecmu
UCXOJIUTh W3 OIEHOK HM30TOMHOTO COCTaBa Cepbl Ui cylb(haTa MOpPCKOH BOIBI B apxee,
OTBEYAIONIUE 3HAYCHUAM 8°°S 0T +6%o0 10 +16%o [Ono et al., 2003] u 84S = +5%o [Ueno et al.,
2008], To W3 HammMX pe3yNbTATOB CJIEAYET, YTO MAaKCHUMalbHas MAarHUTyga H30TOMHOTO
(bpakLMOHUPOBAHUS MEXIY TUPUTOM KOHKpeuuu 1 u Mmopckum cynbdarom nocrurana 21-32%eo.
Takoe (pakHOHMpPOBaHKE, KaK O0CYKTaJOCh BBINIE, UMEET MECTO INPH BOBJICUCHHH CEPHI B
OHOreHHbIE TMPOIIECCH], TPOTEKAIOIINE [T0 MEXAaHU3MY OaKTepHaIbHOM Cynb(aT peayKInu.

AnbTepHaTUBHBIM  aOMOTCHHBIM  MEXaHU3MOM  Cyinb(daT  penayKUuu  sBJseTCS
TEPMOXMMHYECKOE BOCCTAHOBJIEHHE Cyinb(ara, KOTOPOE TNPOMCXOAUT Ha TOBEPXHOCTH
KPHCTAJUIOB OapuTa B MPUCYTCTBUU opranuyeckux Beriects [Machel, 2001]. B psige pa6oT 6bu10
MPEIOI0KEHO, YTO MPOIECCH TEPMOXMMHUYECKOTO BOCCTAHOBIICHUS CYJb(ara MOPCKOW BOJIBI
MOTJIM TIPUBOJUTH K (POPMUPOBAHUIO N30TOMHO-00€THEHHOTO NMUPUTA B aCCOIMALIMU C OapUTOM
B apxeiickux mectopoxaeHusx [Runnegar et al., 2002; Bao et al., 2007].

[Tpu oOCyX/IeHUN TaKOTO MEXaHW3Ma MPUMEHUTEIFHO K BOIPOcaM pyaohOpMHUPOBAHUS
30110TBIE TIOPOTH HAJ0 MPHHATH BO BHUMAaHHUE, YTO BEIMYMHA (PPAKIIMOHUPOBAHHS H30TOIOB

cepbl MEXIy cyiabGuIoM U cylb(aroM B Mpolecce TEPMOXUMHUYECKOW cynbdar peayKuuu
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cocraBisieT < 20%0 [Ohmoto, Lasaga, 1982; Machel et al., 1995; Ohmoto, Rye 1979; Ohmoto,
Goldhaber, 1997]. Iockonbky B mpoiiecce (OPMUPOBAHUS NMUPUTHOH Cepbl B KOHKpenuu |
(DPAKIMOHMPOBAHHE H30TOMOB Cephl &°'S cOCTaBHIO > 20%o MO OTHOLUICHHIO K HCXOIHOMY
OKEaHWYEeCKOMY Cynb(arTy, TO 3TOT MPOLECC 3aTPYyAHUTEIBHO COIJIAaCOBaTh C MEXaHHU3MOM
TEPMOXUMHUYECKON Cynb(ar peryKIuH, KaKk €IUMHCTBEHHO BO3MOXHBIM, HO OH B IOJHOW Mepe
OTBEYAET MEXaHU3My OaKTepHAIBHOH CyNIb(haT pEAYKIIUH.

C MexaHu3MoM OakTepualbHON cCyiabdaT pPEeOyKIMH TaK >K€ XOpOLIO COOTHOCSTCS
HaOMIoJaeMble B Tpeaenax KOHKpemuw 1 pe3kue KoyieOaHWs 3HAYCHHUM 5*S Ha tdone
HE3HAYUTEIIbHBIX BapUaLUN A®S (cM. pucyHok 5.4). Ha cerogHsmHui 1€Hb NPUHATO CUNUTATh,
YTO TPOIECCHl OHOJOTHYECKOW CynbhaTpeayKIUd HE TMPHUBOIIT K Macc-HE3aBUCUMOMY
dpakimonnpoBanmo u3oronos cepst AXS [Farquhar, Wing, 2003]. ITostomy GakrepuanbHOe
BOCCTaHOBJIEHHE CyJb(ara, HaXOoAgIIerocs B MOPCKOM BOjie, HE U3MEHUT BEJIMUYMHY U30TOMHOMN
anomamnn cepbl A®S B ocTaTrouHOM pesepByape CyIb(paTHON cepbl. ITO MOIPAa3yMEBACT, YTO
IIMPHUTHAS cepa JOIDKHA HACIIENOBaTh OIHO M TO K€ 3HAYCHHE M30TONMHON anomamnn A*S,
KOTOpoe 03 CYIIECTBEHHbIX HM3MEHEHMH JOJKHO IPOCIEKHUBATbCS B IMUPUTE IO MEpe €ero
dopmupoBanus. Takoil cuieHapuil BO3MOXKEH JIMILL B TOM Clly4ae, €CM HU30TOIHAas aHOMallus
cepsl A*®S B HCXOIHOM pesepByape He IpeTeprieBana pa3baBlIeHis 3a CYET IPUBHOCA CyiIb(aTa
U3 KaKUX-JIMOO JOMOJHUTEIBHBIX HCTOYHUKOB CEPhI C HHBIM, T.€. CYIIECTBEHHO OTIMYAIOIINMCS
OT HAYaNBHOTO pe3epByapa, 3HaueHneM A>S. B HaieM ciydae, 3HAYCHHE H30TOMHON aHOMAITHH
A®S B cynbhumHOI KOHKpeuHn 1 He 0GHAPYKUBACT KAKHX-THOO0 3aKOHOMEPHBIX M3MEHEHHIT 1O
Mepe (QOpMHpPOBAaHWS THPUTHOH cepbl. [lo3TOMYy MOXHO YTBEpX,AaTh, YTO HWCTOYHHUK
MOCTYIUICHUS cepbl — CyIb(haT (POTOXUMHUIECKOTO MPOUCXOKACHUS — OCTABAICS HEM3MEHHBIM H
OCHOBHBIM Ha TMpPOTSDKEHUM BCEro IMpolecca pPYAOOTIOKEHUS C YdacTHeM cylbgpaT
penyLupYIOIINX OaKTepuil.

YT0 KacaeTcs BEICOKOI H3MEHUMBOCTH BEIHUNH 8°°S B MIAPUTHOM cepe U3 KOHKpeuuu 1,
TO OHa MOXKET aCCOI[MHPOBATHCS C M3MEHEHUSMH COCTOSHUS OKPYKAIOMIeW Cpeasl BO BpeMs
KH3HENCATEIBHOCTH  OaKTephil. BelMduMHA HM30TONHOrO —(DPAKUHOHMPOBAHMA O°'S IpH
OakTepuanbHON CynabhaT peayKuuu oOycIOBIEHa HE TOJBKO OMOXMMHYECKMMH IPOLIECCAMHU,
MPOTEKAIOIMMHU B KJI€TKax OakTepuil (cynbdaTHOE IbIXaHUE), HO B 3HAYUTENIbHOH CTENeHU
3aBUCUT OT (haKTOPOB OKpykaromied cpenbl. Ecnmm kommyectBo cymbdara, ITOCTYITHOTO st
0aKTepHii, CTaHOBUTCSI OTPaHHUUYEHHBIM B BOJIaX MUPOBOT'0 OKEaHa, UJIH K€ JIOKATbHO B TOPOBBIX
U TPUJOHHBIX BOJAX 3a CYET BBICOKOH CKOPOCTH OaKTepUasIbHOW Cynb(haTpeayKLUuu, TO 3TO
HEM30EKHO CKAKETCS HA HM3OTONMHOM COCTABE O°'S MHMPHTHON CEpHI, KOTOPAs IOKaKeT
TOCTEIICHHOE 3aKOHOMEPHOE OOOTAIIeHHe TSIKEIBIM H30TONOM 'S IO Mepe HCUepIaHHs

cynbdaT-noHa B MOpckod Boje. OaHAKO, SBHO BBIPAKEHHOW IMOJO00HON 3aKOHOMEPHOCTH B
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M3MEHEHHUH BEIIMYMH O°'S B IMPUTHON Cepe M3 KOHKpELH | He HaGmoaercs. 31ech, HAPOTHUB,
0GHAPYKEHBI HEperyIspHbIC KONeGaHHs H30TOIHOTO COCTaBa 8°'S [0 Mepe POCTa KOHKPELHH 1,
YTO HE COIJIaCyeTCs C XapaKTepoM HM3MEHEHHS H30TOIMHOr0 COCTaBa CyNb(GUAHON CEepbl MpuU
BOCCTaHOBJICHHU CYib(ara B YCIOBHSX 3aKpbITOH cucrembl [Bunorpamos, 1980]. Dto maér
OCHOBAaHME CUUTATh, YTO MUPUTHASA cepa (OpMUPOBANIACh B OTKPBITOW OTHOCUTEIBHO CyJbdara
cucTeMe, IJie MHKpoOuanbHOe (HPAKIHMOHUPOBAHWE H3OTOIOB CEPHl MOIJIO JOMOJHUTEIHHO
KOHTPOJIMPOBATHCSI TAKUMHU (PaKTOPaMHU OKPY’KaIOIIEH Cpe/ibl, KaK TIOCTYITHOCTh OPTaHUYECKOTO
cyOcTpara ansi OakTepuil, OKHUCIUTEIbHO-BOCCTAHOBUTEIBHOE COCTOSHME M KOHIEHTpalus
cyibdara B Mmopckoii cpeae [Canfield, 2001; Leavitt et al., 2013; Lang et al., 2020].

HeoOxomuMo momguepkHyTh, 9TO caM (akT BBISIBICHHS B apXeHCKUX TMOpoJax
Kapeibekoro KpaToHa GOJIBLIMX BAPHALHH &°'S B COYCTAHUHN C M30TOIHBIMU aHOMAIHSIMH CEPbI
3aCIyKUBAeT 0COOOr0 BHUMAaHHUA, TaK KaK OOHAPY>KEHUE U30TOMHBIX CBUIETENHCTB, MOMICIIINX
JI0 HAIIUX JHEW, O BOBJICYCHHUU CEphl B OMOTCHHBIC MPOILECCHI HA PAaHHUX JTalax Pa3BUTHS
3eMiIH SIBIIIETCSI caMo 1o ce0e peaKuM coObITHEeM. J{efiCTBUTENBHO, TTOCIIe BBIX0/1a YIIOMSHYTON
Boiie nybnukaimu Illena ¢ coaBtopamu B 2001 1. [Shen et al., 2001] o wnaxomke
MUKDOCKOIIMYECKUX [IHPHUTOB, OOCAHEHHBIX 'S H30TOIIOM CEpBI, B JTUTepaType MOSABUIUCH JHIIb
CIMHUYHBIC COOOIICHHUS O CHIBHO > S-00CIHEHHBIX IHPUTAX, OOHAPYKCHHBIX B apXeHCKHX
noponax Aecrpanuu [Philippot et al., 2007; Ueno et al., 2008; Shen et al., 2009; Wacey et al.,
2011], HOxnoit Adpuxu [Roerdink et al., 2013; Nabhan et al., 2020], Uuguu [Muller et al.,
2017], Cesepnoit Amepuxu [Kring et al., 2020] u Bpasuwmuu [Zhelezinskaia et al., 2014],
KOTOpPBIM OBUIO TPHUIHCAHO OMOTr€HHOE MPOMCXOXKJIeHHE. B 3Toil cBsA3M HOBBIE (DAKTHI,
CBUJICTEIILCTBYIONME 00 ydacTuu cynbhaT peaynupyrimmx OakTepuid B Ipoleccax
o0pa3oBaHUsl NMHUPUTHOM cepbl B JpeBHUX Mopoaax Kapembckoro KpaTtoHa, BHOCAT BKIaJ B
pa3BUTHE TMPEACTABICHUN O OHMOreOXMMHUYECKUX IMKIAX Cepbl B apxee U O poJin
MUKpPOOHATBHBIX TIPOIECCOB B JITHX NHKIAX. [l0 Mepe BBISBICHHS BCE HOBBIX W HOBBIX
M30TONHBIX JJAHHBIX, YKa3bIBAIONINX Ha OaKTepuabHOE BOCCTAHOBIIEHHUE Cylb(aTa B apXeiCcKoM
OKe€aHe, CTAHOBUTCS SICHO, YTO TMpEACTaBIeHHE O OaKTepUanbHOW IEATENbHOCTH, KaK O
HECYIIIeCTBEHHOM (hakTope KpyroBopora cepbl B apxee [Strauss, 2003], nmumraercst cBoero
OCHOBHOT'O JIOBOJ]a — OTCYTCTBHE CYIIECTBEHHBIX BapHalui 5°*S U 3HauMTENHHOrO o0eqHeHnsa
34S H30TOMOM Cepbl B CYIb(HIaX APEBHUX MTOPOL.

Wtak, pe3ynbTarhl UCCIENOBAaHUS MYJIBTUHU30TOITHOTO COCTaBa CEphl, MPOBEAEHHOTO Ha
JIOKAJIbHOM YPOBHE B PYAOIPOSIBICHUU 30JI0ThIE€ MOPOTH, MPEJOCTABUIN CBHIETENHCTBA B
MOJIb3y CYIIECTBOBAaHMSA OaKTepHAIbHON cynb(daT penayKIuu B apxee. AKTHBHOCTh
Cynb(arpenynupyonx OaKTepHii yCTaHOBJIEHA II0 XapaKTepy W3MEHEHHUS M30TOITHBIX

o 4 2 2 o
orHouwrennit 'S/ u BS/%S B MMUPUTHOM cepe, KOTOphIE JACMOHCTPUPYIOT OOJbIIOE
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dpakiroHnpoBanme 'S > 20%o, a TAaKKe OTPHULATCIbHBIC 3HAYCHHS W30TOMHOM AHOMAINH
A®S. Moxer mokasaThes, 4To BBILICTIPUBEAEHHOE YTBEPKICHNUE HE CTBIKYETCs C PE3yJIbTaTaMU
U3yUYEHHsI U30TOITHOTO COCTaBa CEphl B JPYrod KOHKPEIMH — 30HMPOBAHHOW KOHKpEIMH 3 Ha
TOM e MmecTopoxkaeHnu (oOpazenr C-604 B Ttabmuie 5.1), Tak Kak 3Ta KOHKpEUHUs, B
IPOTHBOINOJIOXKHOCTh KOHKpeuusM 1 M 2, IEMOHCTPUPYET OTHOCHUTEIBHO Y3KHU JMana3oH
Bapuanmii 8°'S o —3.3%o0 10 +3.1%o0 1o Mepe GopMHUPOBaHHs IUPHTHOH cepbl. Ha pucyHke 5.5

34 33
MPOWJITIOCTPUPOBAHBI M30TOMHBIC MPOMUIN BETUYHH 0 S U A™S B KOHKPEIUH 3.

3z
4z
5z
6z

7z
8z
9z
10z

Ne Touku no BEPTHUKAJIH

11z
12z

13z
14z

—o— 535

—8-A\339

2 4a 5 6a 6C 8 10 12 14 16
1 3 4 6 6b 7 9 11 13 15

Ne TOYKH 110 TOPH30HTAJIN

Pucynok 5.5 — (A) ®orto koHkpennu 3 u3 pynomnpossieHus 3onoteie nmoporu. (b) Konkperus 3
(monupoBaHHBIA aHIIIUG, OTPAKEHHBIM CBET), Ie YEPHBIMM TOYKaMH OOO3HAYEHBI MecTa
Ja3epHON abJsALUK JUIsl OIpeAETIeHUs N30TOITHOrO cocTaBa cepbl. Hymepanus Todek Takas ke,
Kak B Tabnuue 5.1. Ha rpadukax cnpaBa v CHU3Y MOKa3aHbl H30TOMHbIE TPOGUIH BEIUYUH 5%S
u A®S, mo ocm abemrce OTIOXKEHBI TOUYKH, HyMEPAI|s KOTOPEIX COOTBETCTBYET HYMEpALHH
TOYEK Ha (POTO KOHKPEIUH.
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N3 pucynka 5.5 BUOHO, YTO M30TOIHBIM COCTaB IUPUTHOW CEPBl MAj0 HU3MEHSETCA 110
Mepe pocTa KOHKPEIMH, MaKCUMalbHasi MarHUTy1a (PPaKIIMOHUPOBAHUS MEKAY CYIb(OUIHON U
cynb(aTHOIl cepoil cOoCTaBIseT MOpsiaKa 8%, HO Yalle BCErO PasHMIA B 3HAYCHUAX O°'S He
npesbimaer 3%o. HecoMHEHHO, YTO BBICOKas CTENEHb (PAKIIMOHHPOBAHUS H30TOIOB CEPHI
(8%'S>20%0) Mesky Cymb(HIHOM cepoil B cepoil HCXOMHBIX CYIb(ATOB SBISETCS OJHO3HAYHBIM
NpU3HAKOM OakTepuaabHOW cynb(ar peayKIuu, OJHAKO HU OTKyJa HE CJEeIyeT, YTo
OTHOCHUTEJIbHO HEOOJBIINE Pa3IMUus B 3HAYCHHUSIX 8%s cynbpuaHO ¢ Ccyab(aTHOU cepsl
CIIY’)KUT TPHU3HAKOM OTCYTCTBHS TPOIIECCOB, NPOTEKAMIIUE MO0 MEXaHU3My OaKTepHaIbHOMN
cynbhaT penyKiuuu. Y3KWi Tuana3oH BapHalUn 8%S, HaGmromacMblii B KOHKpelnu 3 He
00513aTeNIbHO SIBISIET COOOW CBHIETENBCTBO OTCYTCTBHS MHUKPOOHMAIBHOTO LHKIIA, MOCKOJIBKY
MarHuTylla W30TOIHOTO (PpaKIMOHUPOBAHUS, KaK yxe OOCYKIaJoCh BBIIIE, OMOCPEIOBAHO
CBsi3aHA C KOHIIEHTpaluen cynbdara B MOpckoil Boje. [Ipu OakTepuanibHOM BOCCTAHOBICHHU
cynbgara 10 HoS B yCIoOBUSIX ¢ HU3KHM COJEpKaHUEM CYyIb(aTHOW Cepbl, M30TOMHBIA COCTAB
ITHPHUTHOI Cephl 8°'S GyIeT OTpaxkaTh H30TONHBIA cocTaB cymbdara Mopckoil Boasl [Habicht,
2002]. TlostomMy HeOoONbIIME pa3nu4us MeXay CyibQuaHo# u cyabdaTHOUW Cepoi,
HaOJrolaeMble B KOHKpEeHMH 3, emé He MCKIYAIT IPOMCXOXJICHUE MUPUTHOW Cepbl M3
Cyb(aToB MOCPEICTBOM X BOCCTAHOBIICHUS OAKTEPHSIMU, HO M HE JOKa3bIBAIOT oOpaTHOe. B
JAHHOW CHTYyallMd, B OTJIWYHE OT KOHKpEIWU |, JOBOJIBHO 3aTPyIHUTEIBHO Pa3INYUTh
OakTepuaIbHOE M TEPMOXHUMHUYECKOE MPOMCXOXKJIECHUE MUPUTHON CEepbl, OCHOBBIBASICH TOJHKO
JIMIIb HA W30TOIHBIX AHHBIX O°°S, MOCKOJIbKY HaOJII0/IaeMblif HMana3oH BapHAaIlHii 5%S B
KOHKpEIMU 3 OTBEeUYaeT KaK OaKTEpHATHLHOMY, TaK U TEPMOXHMHUYCCKOMY MEXaHH3MY CyIb(paT
penykmuu. OgHAKO, 3TOT BOMPOC MOXKHO PEIIUTh, €CIU TPUHSATH BO BHUMAHHE HE TOJIBKO
3HAUYCHHE BEIMYMH O°'S, HO M BEIHYHHY MACC-HE3aBUCHMOTO (DPAKIMOHUPOBAHUS H30TOIOB
cepsl A®S. B OKCIepHMEHTAIBHBIX M TEOPETHYECKHX paboTax ObBLIO IOKA3aHO, YTO
TEPMOXUMHYECKAS CYNIb(AT PeayKIUs IPH ONPEISIIEHHBIX YCIOBUSIX MOXKET UMETh PE3yIbTaTOM
Macc-He3aBUCHMOE (bpakuHOHHpPOBaHNE M30TOTIOB CepHI, XapaKTePU3YIOIIHECS
[IOJI0KUTEIbHBIME 3HAYCHHSMH H30TOIHON aHoManu cepsl B cpenHeM A¥S~+1%, [Lasaga et
al., 2008; Watanabe et al., 2009; Oduro et al., 2011a]. YuutsiBas TOT pakT, YTO KOHKpeuus 3
MIMeeT OTPULATEBHBIE 3HAYCHUS H30TOIHON aHoMatni A>S, To BocCTaHOBIICHHE CYIb(ATOB 110
TEPMOXUMHYECCKOMY MEXaHU3My MOXHO HCKIIOYHTh W3 PACCMOTPEHHSI W CYHTATh
OakTepuambHyl0 Cyiab(haT PEIyKIUI0 OCHOBHBIM IPOILIECCOM TpU (OPMHUPOBAHUU MUPHUTHOMN
CepBHl.

Takum 00pa3om, pe3ynbTaThl HCCIAEAOBAHUS BapHaIui 8%S u A®S ma noxanbHOM
ypOBHE B 00paslax WHPUTHOW Cephl PYIONPOSBICHHUS 30JI0ThIC IOPOTH JAIOT HOBBIC

JI0Ka3aTeNbCTBA CYIIECTBOBAHUS MHUKPOOHMANBHBIX MpPOLECCOB B apxeiickoMm okeaHe. Cymbgar
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MOPCKOW BOJIbl, UMEIOIINN MPEUMYIIECTBEHHO OTPHIIATEIbHBIC 3HAUCHHSI N30TOMHON aHOMAJIUU
cepsl AS, SBIISUICS OCHOBHBIM HCTOYHHKOM CEPHI B IPOIECCAX OOPAa3sOBAHHS CYMb(HIHBIX
KoHKpeuuit [Bwicoukuit u ap., 2023]. OtpunarenabHble 3HAYCHUS A®S MOPCKOTO Cyib(ara
VKa3bIBAalOT HA €ro IMPOUCXOXKJEHUE, CBSI3aHHOE C (POTOXMMUYECKUMH TpolleccaMd B
OEeCKUCIOPOAHON apxeicKoit aTMocdepe.

OOcymum  Temepb HW30TONMHBIE XapaKTEPUCTUKU CYIb(QUIHOW MHUHEpaTU3alul U3
cienywoomero  pynomposiBinenus — Jlekca.  OO6pasupl  cynab(GUIOB, U3YYEHHbIE  HAaMHU,
XapaKTEepU3yKTCs, B LIEJIOM, MIUPOKUM AMANa30HOM BapHAaLMil 8%*S ot —10.2%0 10 +27.5%0 u
HAIIMYHEM H30TONHOM aHoManuu cepsl APS, sHauenns kotopoit msmensiorcs ot —0.30%o 10
+2.64%o (cM. Tabiuiy 5.1). @akt 0OHAPYKEHUS U30TOIMHBIX aHOMATUH A®S TOBOPHUT O TOM, YTO
cepa cynbbuaoB pynomposiBieHus Jlekca, Tak ke Kak U cepa PaCcCMOTPEHHBIX BBIIIE
pynonposiBinenuid  Kapenbckoro — kpaToHa, — 3aapXxuMBUpOBaja  METKYy  aTMOC(epHBIX
(OTOXMMHYECKUX TPOLIECCOB, UMEIOIIUX PE3yJIbTaTOM Macc-He3aBUCHUMOE (hpaKIIMOHUPOBAHKE
n30TOoNoB cepbl. OIHaKO, M30TOMHbBIE aHOMAIMM CEphbl B pyAolposBieHnn Jlekca umerot, mo
GONIBIICH YACTH, MOJOKUTEIbHbIC 3HaueHHs A®S B omimume or PYIOIPOSIBICHUN 3070ThIE
noporu, Cesepo- u LlenTpansHo-BoxxmuHCckoe, rae OOHapy:KEeHbl OTpHUIATENIbHBIE 3HAUCHUS
A®S  (cm. pucynok 5.3). D10 pasnmume oOBACHSETCS TeM, uro Ha JIekca IPOMCXOIHIH
AKTHBHBIE NMPOLIECCHI, BOBJIEKAIOLUE 3JIEMEHTAPHYIO cepy (POTOXUMUYECKOTO MPOUCXOKICHHS B
npoiecc o0pa3oBaHMs CyIb(QUIHONW cepbl, B TO BpeMs Kak Ha JAPYIHMX paccMaTpPUBAEMBIX
00BEKTaxX B OTH Tpouecchl ObLI BOBICYEH, B OCHOBHOM, CYJIb(ar (POTOXMMHUYECKOTO
npoucxoxaeHus. CoriaacHO MpenplAyIIUM SKCIEPUMEHTANIbHBIM U TEOPETUYECKUM paboTam
[Farquhar et al., 2000a, 2001; Ono et al., 2003; Johnston, 2011; Whitehill, Ono, 2012; Ono,
2017] oanemeHTapHas cepa s°, dopmupoBaHHue KOTOpoil cBs3aHo ¢ ¢oroxumueir SO, B
OeckucIopoaHi apxelickoit atMocdepe, SBISIETCS HOCUTEIEM H30TOMHON aHOMAaJIMM Cephl C
TOJIOKUTEIBHBIME  3HaueHuIMH AYS. TpaHcmOpTUPOBKAa HW30TONHOM aHOMAJIUH A®S or
AIIEMEHTAapHOH K CyJab(UIHOW cepe MPOUCXOIUT, OYEBHIHO, MNYTEM OHUOTNEHHOrOo WU
aObMOTreHHOT0 BOCCTAHOBIJIEHUS JIEMEHTAPHON CEephbl B PEAKIMAX TUCTIPOIIOPIIUOHUPOBAHMS S°B
BonHOM cpene [Ono et al.,, 2003; Johnston, 2011]. [Mupur, cepa KOTOPOrO MPOMCXOIUT W3
DOTOIHTHIECKOTO Sg, TOIKEH OTIHYATHCS BBHICOKHMH ITOJOKHTEIBHBIME Benmauaamn A*S,
YHacle€0BAHHBIMH OT aTMOC(HEPHOTro (OTOIUTHUECKOTO Sg.

Wsoronusie anomannn A®S, BoisBnenHbie B NUPUTHON cepe pyromnposiBieHus Jlekca,
OOHApY)KUBAIOT PAJ BaXHBIX 3aKOHOMEPHOCTEH. MarHutyna HW30TONMHOW aHOMaIUU A®S
acCOIMUpPyeT ¢ TUIMOMOP(MHBIMU OCOOCHHOCTAMHU CynbGuI0B. Hambompime mosoXUTEIbHBIS
sHaueHnss AYS (mo +2.64%0) xapakTepHbl AT UANOMOP(GHBIX KpUCTALIOB. B oTiawume oT

KPUCTAIIJIOB, Ui KOHKPEIHMI XapaKTepHbl MajeHbKHE, HO JIOCTOBEPHO OTIUYHUMBIE OT HYIIS
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TMOJIOXKUTEIbHBIE W OTpHuATeNnbHEe 3HadeHns AYS, koropsie msmemsiorcs or —0.30%o 10
+0.44%o. Iloka3aTenbHbl B 3TOM OTHOIICHHU CYJIb(QHIHBIC TposiBicHUs B obOpasue C1-75 (cm.
tabmuity  5.1), mpeacTaBisionMe  coOOW  30HAIBHYIO — KOHKPEIUI0,  OOpaMIIEHHYIO
uAMOMOpPHBIMH KpucTaiiaMu. PoTo o0paslia U ero U30TOIHbIE XapaKTePUCTHKH, TOTy4YEeHHbIE

Ha JIOKAJIbHOM YPOBHE, IIPOJIEMOHCTPUPOBAHbI Ha PUCYHKE 5.6.
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Pucynok 5.6 — @®oto 30H&IBbHON CynbQUAHON KOHKpeUuu (TMOJIMPOBAHHBIA aHILIUQ,

oTpakeHHBbIN cBeT), obpaseny C1-75 B Tabnuue 5.1. Konkpeuus oGpactaer uamoMopdHbIMU
KpUcTalaMu nupurta. YEpHBIMU TOUKamMHu 00O3HAu€HBl MecTa Il MPOBENEHUS JIOKAJIbHBIX
M30TOIHBIX aHAIN30B cepbl. HyMmepalus Touek COOTBETCTBYET HyMepali U30TOIHBIX aHAJIN30B
B tabmuue 5.1. Ha rpaduke mokasaHsl 3HaYeHWs H30TOMHON aHoManmun A®S orHOCHTENBHO
M30TOITHOrO COCTABA CEPHI &°'S, MOJNYYCHHBIC B KOHKPELHMH W HIAOMOPMHBIX KPHUCTAILIAX.
Pucynok moauduimpoBan u3 padbotsl [Beicotkuii u np., 2019a.
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Kak BuaHO 13 rpadguka Ha pucyHke 5.6, cepa KOHKpELM U KPUCTAJUIOB OOHAPYKHUBAET pe3Koe
pasnuume He TONbKO B BenmumHAax A%S) HO M B 3HAYEGHWAX W30TOIHOrO coctaBa 8°'S. J{s
KPHUCTAJVIOB XapaKTEPHbI MOJIOKUTEIIbHBIC 3HAYCHUS 5%s B npeaenax ot +4.6%o 10 +7.0%o, a
JUTS. KOHKPEIMH XapaKTepHbI ropa3ao OOJbIINe H3MEHEHUS! U30TOIMTHOIO COCTAaBa, BKIIFOYAIOIINE
TOJIOKUTEITBHYIO U OTPHIATEIBHYIO OGIACTH 3HAYCHHMIT 8°'S (0T —6.7%0 10 +27.5%o).

PaccmMoTpuM  BO3MOXKHBIE MPUYMHBI ~ HAOMIOAAEMBIX  PAa3IMYUd B M3OTOIHBIX
XapaKTEPUCTHKAX Cepbl KOHKPENMH M KpUCTALIOB. Kak yxke 00CyKHanoch BhIIIE, HAINYHE
MacC-HE3aBUCHUMBIX H30TOMHBIX 3(P(PEKTOB Cepbl (A338>0%0) B KpHUCTAJIaX Ja€T OCHOBaHUE
YTBEP)KIaTh, YTO MPOUCXOXKACHUE MUPUTHOW Cephl B 3TUX 00pasliaXx CBA3aHO C BOBJICUYCHHEM
(GoTOMUTHYECKON dIIEMEHTApHOH cepbl B mporecchl pyaodopmupoBanus. CaM MexaHU3M
TpaHchopMallMKi  DIIEMEHTApHOH cepbl B  CyabGuaHyro (opMy CBs3aH C peakiuen
JUCITPOTIOPITUOHUPOBAHHMSI CEPBI (4S0 + 4H,0 — SO, + 3H,S + 2H") Heopraumueckum nyTéM
win ¢ ydactueM Oaktepuii [Thamdrup et al., 1993; Canfield, Raiswell, 1999]. Kakoit numenHo
MEXaHU3M BOCCTAaHOBJICHHS JJIEMEHTAPHOW Cephl ObLI peasn3oBaH TNpu (HOPMHPOBAHUHU
MUPUTHOMN Cepbl HAMOMOPPHBIX KpucTaIIoB? M3BecTHO, uTO 00a mpolecca HEOPraHUIECKOTo 1
GAKTEPUATBHOTO AUCIIPOIIOPLMOHUPOBAHHS S° He BBI3HIBAIOT MACC-HE3aBUCHMBIX H30TOIHBIX
3P PEKTOB, ITH MPOIECCHl COMPOBOKIAIOTCS OOBIYHBIM MAacCC-3aBUCHMBIM (PpaKIIMOHUPOBAHHEM
M30TOIIOB, HO MAarHUTYya (GPaKIHOHMPOBAHKS &°'S y HuX pasHas [Johnston, 2005; Johnston et
al., 2007; Shen et al., 2009]. He3nauntenbHbIii H30TOMHBINA 3(DHEKT 8348, HE TPEBBIIIAIOIITHIA
2%o, MOXET OBITH MPHU3HAKOM HEOPTaHMYECKOro BOCCTAHOBIICHHS OJIEMEHTAPHOH cepbl S°
[Smith, 2000; Surkov et al., 2012]. Bakrepuanssoe BoccTaHoBiIeHHe S° acconuupyer ¢ Gosee
HMIMPOKUM JIANIa30HOM M30TONHOTrO (pakimonupoBanus ~ 4—7%o [Canfield et al., 1998; Habicht
et al., 1998; Bottcher et al., 2001; Johnston, 2005; Battcher et al., 2005]. Ha ocHoBanuu 3T0#
CHUCTEMAaTHKH CTaHOBHTCS SCHO, YTO MUPUTHAs cepa B oOpas3iax HUAMOMOP(HBIX KPUCTAIUIOB
MMEeT MPH3HAKH MHKPOOHMANBHBIX TPOLECCOB, TAaK KaK W3OTONHBIC BapHALAK oS,
HaOmo1aeMbple B KpucTtayiax — Ooisiee 4%o, yIOBJIETBOPSIOT AMANA30HY (PpakIMOHUPOBAHUS
W30TONOB CEPHl B PEAKIMAX BOCCTaHOBNEHHS SU 10 GaKTepHAaNbHOMY MEXaHH3My. Takim
oGpasom, 1Ba (haKTOpa — BOCCTAHOBICHHE (DOTOTUTHIECKOH dIeMeHTapHoi cepsl S° 1 ydacTue
MHUKPOOPTaHU3MOB B 9THX MPOIIECCaX — OMPEIEISIOT, B OCHOBHOM, H30TOIHYIO CIIEU(UKY CEePhI
(A®S 1 §%'S) B HAHOMOPDHEIX KpHCTAIITAX.

BbiBogy 00 ydacTMM MHMKpPOOPTraHM3MOB CIIpaBeUIMB HE TOJBKO IO OTHOILICHHIO K
npolieccaM 00pa30BaHUS MUPUTHON cepbl B UIMOMOP(HBIX KPUCTAIaX, HO U MO OTHOLICHHUIO K
NUPUTHON cepe u3 KoHkpeuuid. OO 3TOM CBHUAETEIBCTBYET 3HAYUTEIBHOE H30TOIHOE
(paKIMOHMPOBAHKE cephl B Ipolecce GopMUpoBaHHs KoHKpewuit (84S or —6.7%0 10 +27.5%o),

KOTOPOEC, KaK YX€ OCYXIAJIOCh BbIIIC, MOXKCT OBITh CJICACTBHEM TOJIBKO MI/IKpO6I/IaJ'II>HBIX
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npoueccoB. Cyas 1TO HAIMYUIO HW30TOMHBIX AaHOMAJUUA  Cepbl A®S, umerommx Kak
OTpHIIATENIbHBIC, TaK M MOJOXHUTEIbHBIC 3HAYCHUS B KOHKPELUSIX, MUKPOOHAIBHBIE MPOLECCHI
accoUuupyroTcs ¢ OakTepusiMu, BOCCTaHaBIUBAaIOLIUEe CyiabdaT, a Takke C OaKTepusiMu,
BOCCTaHABIIMBAIOIINE dJIeMEHTapHYy0 cepy [Beiconkuii u ap., 2022; Vysotskiy et al., 2022].
Orpunarensusie 3Hadenns A*S ~ —0.3%o (tabmuma 5.1, komkpemws u3 obpasma C1-75)
YKa3bIBalOT HA MPOMCXOXIECHUE MUPUTHOM cepbl M3 (OTOIUTUYECKOTO cylb(paTa MyTéM ero
BOCCTAHOBJICHHSI OaKTEpUsIMHU, a MOJOKHUTENbHbIe 3HadeHus +0.1< A®S < +0.4%o (Tabnuma 5.1,
KOHKpenuu u3 Toro xe ooOpasuma C1-75) ykaspiBaloT Ha OakTepHalbHOE BOCCTAHOBIICHUE
(OTONUTUYECKON IIIEMEHTAPHOM CEphI S°. MMeroruecs: H30TOIHBIC AAHHBIC TIO3BOSIOT MIPUNATH
K 3aKJIIYCHHIO, YTO B TIPOLIECCHl 00pa3oBaHUsl CyJNb(QUIHBIX KOHKPEIMH JOJDKHA Obuia
BOBJICKAThCS Cepa, IO KpaliHell Mepe, M3 ABYX HCTOYHUKOB: W3 cCyjibhaTa C H30TOMHOMN
anomaiueit A¥S < 0%o u u3 3JIEMEHTAapHOU Ccephl ¢ A®S > 0%o. B Takom Cllydyae MOYKHO
OOBSICHUTB U TOT (aKT, YTO B KOHKPELHUAX, KPOME TOJOKUTEIBHBIX U OTPUIATEIBHBIX BETHYNH
A®S, Habmomatorcs HysneBble 3HaueHHs A>S, TO €CTh OTCYTCTBHE H3OTOIHBIX AHOMAJIHIL.
OObsicHEHHEe TOMY caMO€ MPOCTOE W JIOTUYHOE — CMENICHHE B PAa3jIMYHBbIX MPOMOPIMSIX
Cynb(UIHON Cepbl C MPOTHUBOMOJOKHBIMU 3HAKaMHU A®S umeer pPE3yJIbTaTOM «CTUPAHHUE
U30TOMHOW aHOMAJIMU Cepbl B XoJe oOpa3oBanusi koHkpewid [Vysotskiy et al., 2022]. MoxHo
NPEUIOKHTh AIbTEPHATHBHOE OOBSCHEHHE HYJCBBIX 3HaueHWA A>S, mampumep, 3a cuér
pa30aBiIeHUs HW30TONHON METKHU A®S Opu CMelleHudn cynbdara (OTOXUMHUECKOTO
IPOMCXOXKAEHUS C cynb(aroM, He cBsi3aHHOTO ¢ Goroxumuei SO, B apxeiickoit aTMocdepe, a
spaunT umeromero A¥S= 0%,. Takoii CLIEHapuil BO3MOKEH, HO MAJIOBEPOSITEH, IOCKOJIbKY
NPUHATO CYUTATh, YTO JOMUHHPYIOIINM HCTOYHUKOM Cyib(]ara B apXelCKOM OKeaHe SIBIISIICS
a’po30JIb CEPHOIM KHUCIOTHI, MocTynarommuii u3 arMochepsl B okean [Walker, Brimblecombe,
1985; Farquhar et al., 2000a, 2001; Ono et al., 2003].

W3 Bcero BBIIECKA3aHHOTO B OTHOUIEHMM IPOLIECCOB OOpa30BaHUs MUPUTHOW Cephl B
KOHKpEeLUsIX M KpHUCTajulax pyAorposiBiens Jlekca cieayeT, 4Tto AJig 3TUX NpoIeccoB Ooliee
XapakTepeH OakTepualbHBIA MEXaHU3M, 4YeM HEOPraHWYEeCKMHA XEMOTE€HHBIH MEXaHU3M
TpaHchopMauu cepbl B cyabhuanyio ¢opmy. buoreHHoe mpoucxoxkaeHue sBisercs oOuien
XapaKTePUCTUKON i1 CyNb(UIHBIX KOHKpENUH W KpuctauioB. [lpuumHoi HaOII01aEMBIX
pa3IMuuil B U30TOMHBIX XAPAKTEPUCTHUKAX CEPBI (A33S u 8348) JUISl KOHKpEUUA U KPUCTAJLIOB
SBISIETCS TOCTYIUIEHHE Cepbhl W3 pa3HbIX HCTOYHUKOB. Ilpu QopmupoBanumn KoHKpenuin
IPOMCXOIWIO BOBJIEUCHHE KaK CyIb(haTHON (SO4%), Tax u 3JIEMEHTapHON (s° ¢dopm cepbl
(OTOXMMHUYECKOTO TPOUCXOXKICHUSI B MHUKpoOHalibHble Tmpouecchl. [lpu (opmupoBanumn
KPHCTAIUIOB deMeHTapHas cepa S° SBHIIACH TOMHHAHTHBIM HCTOYHHKOM CEPbI, TPAHC(HOPMAIIHS

KOTOPOH B CyIbPUIAHYIO (OPMY TPOUCXOIHIIO TaK KE MPHU YIACTHH OaKTEPHIA.
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Ha akTuBHyI0O OakTepualbHYI0 JAEATENbHOCTb, KPOME HW30TOMHBIX CBHUAETEIHCTB,
YKa3bIBAlIOT HAXOAKU (HOCCHIIM3HPOBAHHBIX MHUKPOOPTaHW3MOB, BIEPBbIE OOHAPYKECHHBIX B
Me3oapxeickux mopoaax Kapenbckoro kparona. Ha pucynke 5.7 mpeactaBieHbl Cyiab(uaHbIC
000s10uku cdepuyeckoil Gopmbl, IENOYKH KaHAJIOB M TPYOOK, KOTOpbIe MOP(OIOTHYECKU
OTJIMYAIOTCS OT MPHU3HAKOB aOMOTHYECKMX HM3MEHEHHUH M, MOATOMY, MHTEPIPETUPYIOTCS Kak
clie/ibl OKaMeHenbix MukpoopranuzmoB [Schidlowski, 1965; Wacey et al., 2011]. Kpurepuun s

OLIEHKH OMOTEHHOCTH MUKPOCTPYKTYp 000011eHbI B padoTax [Brasier et al., 2005; Lepot, 2020].

SEM HV: 20.0 kv WD: 8.97 mm

View field: 12.5 pm Det: SE
SEM MAG: 20.3 kx  Date(midly): 07/27/18 BT 18O PAH

Pucynox 5.7 — IlupuroBble MUKpOCTPYKTYpHL. (A) — KOKOMJ (yKa3aH CTpENKOil) ¢ HEpOBHOI
[IEpOXOBAaTOW IMOBEPXHOCTbIO M HrosibuaThiMU BbicTynamu. (Bb) — ckoruieHue @parmeHTOB
NUPUTH3UPOBAHHBIX C(HEPOUIOB B  XJIOPUT-CEPHIIMT-KBAPIIEBOM IIEMEHTE BMEMIAIOIIETO
yriepoaucroro cinanmna. (C) — yBeTMUeHHBIH (parMeHT MHUPUTH3UPOBAHHOW TPYOKH. PrcyHOK
u3 pabotsl [Beicorkuii u np., 2019a].

[lo nmaHHBIM MHMKpOaHaiHM3a, KOKOHMIBl HMMEIOT NPEHMYLIECTBEHHO KPEMHHCTBIH COCTaB |
MOpP(OJIOTHYECKH aHAJOTMYHbI KOKOWJaM, ONMHCaHHbIM B pabore [ActadbeBa u ap., 2011].
Cdepouipl BHIMOTHEHBI BHYTPH CHJIMKATHBIME MUHEpaliaMu (KBapleM, XJIOPUTOM, MyCKOBHTOM
WM uX cMecblo). TpyOku, mmmHOW 1m0 20 MM, MpPEACTaBISIOT cOOOW 3aMeNIeHHBbIE THPHT-
MapKa3uToM HUTH (BOJIOKHA). [10100HBIE MUPUTOBBIE MUKPOCTPYKTYPHI OBUIM OOHApYKEHBI B
BYJIKAHOT'€HHBIX MECTOPOKICHHSIX MACCHBHBIX CYIB(HUIOB BO3PACTOM ~3.2 MIIPI. JIET U ObLIH
MHTEPIPETUPOBAHBI KaK IIMPUTH3NPOBAHHBIE OKAMEHEJIOCTH MUKPOOPTaHU3MOB, KOTOPHIE MOTJIH
obuTaTh B MPUIOHHON YacTH MOpckoro Oacceitna [Rasmussen, Buick, 2000]. B nmociexyromux
UCCIEOBAaHUAX OblIa BBIABICHA CXOXECTh OTHX IMHPHUTH3MPOBAHHBIX OKAMEHEIOCTEH C
MUPUTH3UPOBAHHBIMU MalieonpoTepo3oiickumu  Mukpodpoccmwnamu  Gunflintia [Wacey et al.,
2014].

[TogBeném oOmMi UTOT M30TOMHBIX MCCIIEIOBAHHI CEphI (6348 154 A3SS) Ha JIOKAJIbHOM

YpOBHE B Cyibduaax crpatuopMHbIx pyaonposiBieHusx LlenrpanbHo-Boxxmunckoe, CeBepo-
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Boxmunckoe, 3onotsie [loporu u Jlekca, pacnonoxeHHbIX B npenenax Kapenbckoro kparosa.

Bo-nepBriX, cynbhuaHas MUHepalu3alus, JIOKATU30BaHHAs B mpenenax Kaperabckoi
IPaHUT-3€JI€HOKAMEHHOI 00J1acTH, XapaKTepU3yeTcs Macc-He3aBUCUMBIM (PaKIIMOHUPOBAHUEM
M30TOINOB Cepbl. DTO O3HAYaeT, YTO JOMHHHUPYIOIIMM HCTOYHHKOM Cepbl A CYIbPHUIAHON
MHUHepaM3aluy Oblla cepa, OTpakaromas mnporecchl (HOTOXMMUYECKOH IUCCOLUAINU
BynkaHoreHHoro SO; moja BosxaelictBueM Y®d-usmyueHuss B OeCKHCIOpPOIHOHN aTrMocdepe.
Cynbdartnas cepa GOTOXUMHUYECKOTO MPOUCXOKIACHHS, TOCTYIMaBIas U3 atMocepbl B OKeaH,
CIy’)XHJIa OCHOBHBIM HCTOYHUKOM Ce€pbl B Ipoleccax oOpa3oBaHusi Cynb(QUIOB B
pynonposiBienuax LlentpanbHo-Boxmunckoe, Cesepo-Boxmunckoe u 3onoteie Iloporu.
CBHIETENBCTBOM TOMY SIBWJIMCH 3aapXHUBHPOBAHHbBIE B CYJIb(PHAaX U30TONHbIE AHOMAIUU CEPBI,
XapakTEepU3yKLMeCs OTPULATEIbHBIMU 3HAUYECHUSIMHU A®S (—0.17%0 < ABS < —1.24%o).
XapakTepHOoil 0COOEHHOCTHIO CYIb(UIOB pynonposiBieHus Jlekca sSBISETCS BOBICUYECHHUE Kak
Cynb(aTHOW, TaK M 3JIEMEHTApHOU cephl (POTOXMMUYECKOTO MPOMCXOXKICHUS B IPOLECCHI
oOpazoBanus cynabpuaHOi ceppl. O CMEmIEHMH Cepbl, IOCTYMAIOUIEH W3 JBYX pa3HBIX
HUCTOYHUKOB, TOBOPAT HaOINo/laeMble B CylIb(UIaX BETUYHHBI A®S, nexamme B 06nacTu
OTPHUIIATEIILHBIX U MOJIOXUTEIbHBIX 3HaUeHUH (—0.30%0 < ABS < +2.64%o).

Vicxonsih W3 pe3yNbTAaTOB HCCICIOBAHWS HM3OTONMHBIX OTHOLICHHH Cepbl S/2S B
KOMIUIEKCE C M30TOIHBIMH OTHOWICHHAM > 'S/*°S B cymbdumax Kapembckoro KpaToHa ceiaH
CJIeAYIOIMNA BaKHBINA BbIBOJI. IIporiecchl 6akTepuaabHOrO BOCCTAHOBICHHSI JIEMEHTAPHOM cephbl
U cyinb(daTHON cepswl, cojepikalieiics B MOPCKOW BOJE, SIBISJIMCh OCHOBHBIMH IIPOLIECCAMH,
ONpeAeAIOIIMMU py1000pa30BaHUE HAa UCCIETYEMbIX 00BbEKTax. ITO €T HOBBIE apryMEHTHI B
M0JIb3Y PAa3BUTHUS MPEJICTABICHUN O CYIIECTBOBAHUU OaKTEpPHAIbHOW aKTMBHOCTH B apXeHCKOM
OKeaHe M BOBJIEUEHHUHU Cepbl B OMOT€HHBINH KPYroBOPOT.

M3yueHnne Mmacc-HE3aBUCHMBIX M Macc-3aBUCHUMBIX HM30TOMHBIX 3((EeKToB cepbl B
KOMIUIEKCE TMO3BOJISIET HAECHTU(UUIUPOBATH aTMOC(EpPHbIE, TUAPOCHEpHbIE M OHUOIOrHYecKue

IPOILIECCHI B 00IIIEM KPYTrOBOPOTE CEPBI B apXee.

5.1.2 MyabTHHM30TONHbIE XaPAKTEPUCTHKHU CePbI (6*'S u A®S) PYJONIPOSIBJICHU I

Koubckoii rpaHyJINT-THEHCOBOM 00/1aCTH

I'eonormueckoe monoxkenume. B neHrpanpHOil uyactu Kosbckoro mnosyocTpoBa Ha
rpanune Konbckoil u benomopckoil npoBuHImii MEHHOCKaHIUHABCKOIO IIUTA PAaCIOIO0KEHBI
paHHENpOTepo30iickhe 0a3uT-runepOa3uTOBbIE PACCIOCHblE HMHTPY3UH - MoHYeropckas

(MonuennytoH) 1 MoHueTyHApOBCKast (PUCYHOK 5.8).
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Pucynok 5.8 — Cxemarndeckas reosiorndeckas kKapra MOHYETropcKoro IUIyToHa.

1 — rab0po-HOPUTHI U TaOOPOHOPHUT-AaHOPTO3UTH MOHYETYHAPOBCKOTO MAacCHBA, 2 —BYJIKAHOTCHHO-OCAJI0YHBIC
komIuiekcsl MMannpa-Bap3yrckoit cTpykrypsl; 3-9 — oOpasoBanuss Monueropckoro miytoHa: 3 — Kpaeas
OpIcTpooxIakaeHHas 30Ha, 4 — Hopurosas 30Ha ((P1 + Opx + Cpx)-kymynatsl), 5 — ITupokcennTtoBas 30Ha (Opx-
Kymynarel), 6 — [lepugoruroBas 30Ha (nepeciauBanue Opx-, (Opx + Ol = Cht)- u (Ol + Chr)-xkymynaros), 7 —
HIDKHAA 9acTh 3Toi 30HBI ((Ol + Chr)-xymynatsl), 8 — MeramMop(HM30BaHHBIE HOPOJBI I0XKHOTO OOpaMIICHUS
MoHYErockoro IiyToHa;, 9 — JMH3a JAYHUTOB ¢ TabOpougHoil oropoukod, 10 — cynasbugnoe Cu-Ni-(3I1)-
opyaeHenue; 11 — oOpazoBaHus apXeWCKOHW pambl IUIyTOHAa (KPUCTAIMYECKHE CJIAHIBI KOJBCKOW CEepuH M
9HIepOuTHl); 12 — TekToHMYeckue HapymeHus; 13 — mopoxasl «Kpurthueckoro ropu3oHTa». JKEnTele TOUYKH
MapKHpYyIOT MecTa otOopa mpob. Pucynok moaudpuumposan u3 pador [lllapko, Yuctskos, 2014; Yaumy u 1p.,
2016].
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OTH KpYIHBIE CAaMOCTOSITENIbHBIE UHTPY3UBHBIE TEJIA CX0KH IO CBOEW BHYTPEHHEHN CTPYKTYpE U
cocraBy [EmmceeB u ap., 1973; Illapkos, 2006; Illapkos, Yuctskos,2014; I'poxoBckast u np.,
2003], HO pa3nIMYalOTCS IO CBOMM BO3PACTHBIM XapaKTEPUCTHKAaM. [ €OXPOHOJIOTHYECKHE
uccienoBaHus MOHYEIUIyTOHA TOKa3bIBAOT, YTO BO3PACT 3TOI0 MAaCCHUBA OTBEYAET BPEMEHHOMY
untepBairy 25082493 mun net [Pynnksuct u ap., 2014; Paccnoennsie. .., 2004; basuosa, 2004;
Amelin et al., 1995; Balashov et al., 1993; Yammsu u ap., 2016]. ['eoxpoHOJIOrHUECKUE JaHHbIC
no MOHUYETYHIPOBCKOMY MAacCHBY MOTYT CBHJETEIbCTBOBATH O 0Oojee IUTEIbHOM
CTaHOBJIEHUH 3TOro MaccuBa B uHTepBaie 2501-2453 mun net [Paccmoennsie. .., 2004; basHosa,
2004; Mutpodanos u 1p., 1993; Heposuu u mp., 2009; basHosa u mp., 2010].

O6e uHTpy3un MOHYETOpCKOro KOMILIEKCA SIBJISIIOTCS PYJIOHOCHBIMH, YHUKaJIbHBIMU I10
CBOMM 3amacaM OOBeKTaMM, B TIpeleiax KOTOPBIX YCTaHOBJIEHBI PAa3HOOOpPA3HBIE THIIbI
opyaenenuii: cynbdumupie Cu-Ni-Fe u DIII' opyneHeHHs, XPOMOBbIE M THUTAHOBBIC PYIIbI
[Sharkov, Chistyakov, 2012]. Haubosiee nepcrieKTHBHBIM sBjIsIeTCs MOHYETOPCKHiA TUTYTOH, /1€
CPaBHUTEIFHO HEIABHO ObUIM OOHAPY)KEHBI MECTOPOXKICHHS CO 3HAUUTEIBHBIMH pecypcaMu
METAJIOB IUTATHHOBOW rpymmbl [[poxoBckas u mp., 2003; Ilpumaukun, Pynaxsuct, 2008;
Pynaksuct, [Tpunaukun, 2009; [Taxanko, 2014].

I'eonoruueckoe crpoeHre MOHYEropckoro IUTyTOHAa HPEICTaBIEHO HAa PHUCYHKE 5.8.
MOoHUeILTyTOH, 06IIast IO BEIXOO0B HA TOBEPXHOCTH KOTOPOTO COCTABIISET OKONO 65 KMZ,
uMeeT B IU1aHe V-o0pasHyio ¢opMmy, oOpa3oBaHHYIO IBYMs MpPOTSHKEHHBIMU BeTBsMH. Ero
cyOMepuIMOHaIbHAasl BETBb UMEET B AJMHY OKOJIO 7 KM U IPUXOAUTCS Ha TPH TOPHBIE BEPIINHbBI
— Hurtuc, Kymyxpa u Tpassnas (HKT). Jpyras BeTBb — cyOmIMpOTHas, JUIMHOH ~9 KM
ormeueHa ropamu ComnuyaiiBenu, HronyaiiBenu u IloasyaiiBenu (CHII). Ha roro-Bocroke
MoOHYENIyTOH KOHTaKTHpPYeT ¢ MeTaMOp(HU30BaHHBIM BYJIKAaHOT€HHO-O0CAIOYHBIM KOMJIIEKCOM
Nmannpa-Bap3yrckoit pudrorenHoit crpykrypsl. Ha roro-zanajne MoOHUYEIUTYTOH Npuieraer K
MOHUYETYHIPOBCKOMY MacCHUBY, KOTOPBIH NpeACTaBiseT cOOOM BOCTOYHYIO 4YacTh MaccHBa
['maBHOTO XpebTa (MaccuBbl Monue-, UyHa, u Bomubux TyHIp).

O6e BeTBM MOHuUEIUIyTOHa HMEIOT B paspe3e MylsbaoobOpasHyio ¢(opmy. CoriacHo
MOJIETbHBIM TpescTaBineHusM [Paccinoennsie ..., 2004], dbopmupoBanue cyOMepHIuaIbHOM
BETBH, CJI0KeHHON MaccuBamu Hurttuc — Kymyxkbs — TpaBsiHas, CBS3aHO C Ha4aJIbHBIM 3TarioM
BHEJPEHHS MarMaTU4yecKoro paciulaBa M €ro NpOABMKEHMS 10 KaHaly B CEBEPHOM
HanpaBJIEHUU. 3aTe€M, [0 MEpE 3alOoJIHEHMs ATOr0 KaHajla, JBUKEHHE MarMbl U3MEHMIIO CBOE
HafpaBJIeHUE U TPOJOJDKMIOCH Ha CEBEPO-BOCTOK, UYTO HMENIO pe3yiabTaToM (POpMHUpPOBaHHE
maccuBoB Comua-Hron-IToas.

B BeprukagpHOM paspese Monderiyrona cHusy BBepx [Kosmos, 1973] mposiBiena

TUMIUYHAS. I PACCIOCHHBIX HHTPY3MM 3aKOHOMEpHash CMeHa cocTaBa MOpoA. OT



214

YJIBTPAOCHOBHBIX K OCHOBHBIM. Bpaonp HuwkHEW dYactu paspe3a MOHUEIIyToHa SBHBIX
NPU3HAKOB, MTO3BOJISIOMINX BBIJICINUTh 30HY 3aKaJKH, HE HAOIIOIAaeTCs, OHAKO, BOJIb KOHTAKTA
C BMEIIAOUMMH OPOAAMHU IPOsBIEHA 30HA, MOPOJAbI KOTOPOil oOoramieHsl JUTO(UIbHBIMU
KOMIIOHEHTaMHu (IpUJOHHAs 30Ha Ha PUCYHOKe 5.8) BCIEICTBME KOHTaMHUHALIUM BELECTBa
nojactunaromux mopoa [Paccnoennsie ..., 2004]. B mpenmenax pacciliOCHHOW CEepUH MOPOS,
oOpasyromux MaccuB Hron, BbLAENAIOTCA CJIOU, IPEICTaBICHHBIE HE3aKOHOMEPHBIM
Yyepe0BaHUEM Me30- U MeJIaHOKPaTOBBIX HOPUTOB, INIATHOOPTOIMPOKCEHUTOB, raOOpPOHOPUTOB,
rapOypruToB, MUKpPOHOPUTOB, MUKPOTaOOPOHOPUTOB, CMSTBHIX B CIOXKHBIE CKIAIKU (PUCYHOK
5.8). Ot obOpa3zoBaHusg MOMy4YWsd Ha3zBaHue «KpHTHYecKHii TOPH30HT». 37eCh COAEp)KaTCS
KCEHOJIUThI TUPOKCEH-TUIarHOKJIa30BbIX U BBICOKOTJIMHO3EMUCTBIX POIOBUKOB, UMEIOLIUX CIIEbI
wiaBiaeHus. OHU pacCMaTPUBAIOTCS KaK KCEHOIMUTBHl apXEeWCKUX KOPAMEPUTOBBIX TI'HEHCOB M3
nozpowmBbl uHTpy3uBa [Illapkos, 2006]. ['opr30HT OOHaXkaeTCsi Ha 3alaIHOM U FOrO-3aIaJHOM
ckiIoHax ropel Hiom, B mpenmenax KOTOPOTO HAXOISTCS MECTOPOXKACHUS CYIb(OUIHBIX Py
Teppacca u Hroa-1l (pucynok 5.8). O mpoucxoxxaeHun «KpUTHIECKOTO TOPU30HTA» CYIIECTBYIOT
pasHble mpennojoxeHus. Ilo ogHOMY M3 HHUX, OH IpEICTaBIseT COOOW COXpaHMBILUECS
¢dparMenTsl KpoBaM MarmMaTudeckoii kamepbl [Kosmos, 1973]. CormacHo gpyromy
IPEIIOJIOKEHUI0O — 3TO JONOJHUTEIbHOE BHEJIPEHUE pacilylaBa HOPUTOBOIO COCTaBa B
uHTpYy3uBHYI0 Kamepy [LLapkos, 1982; 2006].

MOHUEIUTYTOH TOCJIE CBOETO CTAHOBJICHUS MPAKTHUUYECKU HE IPETEpIENl CYIECTBEHHBIX
U3MEHEHMH 3a UCKIIIOYEHHEM €ro I0KHOM yacTu (mpearopss BypyuyaiiBenu, yuactku Boctouno-
Monuerynaposckuil u FOxHoi Comnun), rie HaJlOXKEHHbIN MeTaMop(du3M OTBEYAET YCIOBUAM
3eJIeHOCIaHIeBOM (panuu.

Opyznenenne MOHUYErOpcKOro IIyToHa K HAcTOSALIEMY BPEMEHM Xopowo u3ydeHo. Ha
OCHOBAaHUHU TE€OJOTHYECKHUX, METPOJIOTHYECKUX, T€OXUMUYECKUX M HM30TOMHBIX HMCCIEA0BAaHUM,
JI0Ka3aHO, 4YTO TMPOMCXOXIECHUE OpYJCHEHHUs, mpeacTaBicHHoe cyabdumanorn Cu-Ni-OI1I-
MUHEpadu3alueldl B MPAKTUYECKH HEU3MEHEHHBIX 4YacTsX MOHYEropckoro MaccuBa,
TeHETUYECKHU CBSI3aHO C MarMaTH4eCKMMHU OPOJIaMHU, pacrpeielieHue CyIb(QHIHOTO OpyICHEHUS
COOTHOCHUTCS CO CTPOCHHEM ILUTYyTOHA, Cepa CYNIb(UI0B MMEET MAaHTUIHBIA UCTOYHHK [["pHHEHKO U
ap., 1967; Paccnoennsie ..., 2004; TI'poxosckas u ap., 2009; Sharkov, Chistyakov, 2012;
[lapkos, Yucrsikos, 2014].

Onupasch Ha BBIBOJBI, IOJYYEHHBIE B BBILICYNOMSHYTBIX HCCIEAOBAHUSX, JIOTUYHO
OKUJIaTh, YTO CYIb(UIHBIE pyAbl MOHYEITyTOHA JIOJKHBI XapaKTepU30BAaThCS OTCYTCTBHEM
Macc-HE3aBUCUMOTro (pakIMOHMPOBAaHUS HM30TONOB CEphl, TaK KaK MaHTUHHAs cepa He
accouuupyercs c HUCTOYHUKOM HU30TOIHBIX AHOMAJIHM. [TosTOomy KpYIHBII

MaJeonpOTEPO3ONCKUIN pacCclIOeHHbIM MOHYErOpCKU MHTPY3UB MOJKET MPEACTABIAThH UHTEPEC
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KaK TOTCHIMAIbHBIN apXUB I0BEHWIBHOW M30TOMHO HE(PPAKIIMOHUPOBAHHON (TO €CTh BETUYMHA
msotorHbIX 3hdexroB 8°°S, A®S u A*®S =~ 0 %o) cepsr. Hamu GbUTH TIPOBEIEHB H3OTOIHBIE
UCCJIEIOBAHMSI Ha HEKOTOPBIX 00beKTax MOHUYEropcKOro MHTPY3MBHOIO KOMILIEKCa, YTOObI Ha
HOBOM YpPOBHE HM30TOMHON HACHTU(UKAIMM HCTOYHHUKOB CEPhl, BKIIIOYAIOIIEM OIpeaeIeHUE
COOTHOILLUEHUN MajopacnpoCTPaHEHHBIX H30TONOB, YCTAaHOBUTHb IIPOMCXOXKJIECHUE CEPbl B
CyIb(QHUIHBIX PYAaX U 0XapaKTEPU30BaTh COOTBETCTBYIOIIME MPOLIECCH T€OXUMHUYECKOTO IIHKIIA
cepel B apxeiickoe Bpemsi [Boicomkuit u ap., 2017]. Beumn m3y4eHbl 00pasibl, COACpIKAIIHE
cynbduanyto Cu-Ni-muHepanuzanuo Mondemnyroda u3 JlonHoi 3oubl MaccuBoB HKT u
Comua, wu3 «Kpuruueckoro ropuszoHTa» MaccuBa Hrom, a Tak ke o0Opasmsl  u3
BomuseTynnpoBckoro maccuBa ['maBHOro xpedta (prucyHOK 5.8).

Cynbduaroe Cu-Ni- opyneHenue, ycraHoBieHHOe B J[oHHOW (cM. puUCYHOK 5.8) 30HE
MaccuBa, MPEJICTaBIsIET CHUHICHETHYECKH THUN  MUHEpadu3allid, BO3HHUKIIMKA  MpU
KPUCTAUTU3AMOHHON IuddepeHanuy UCXOJHOTO paciuiaBa W, CJIEI0BATENbHO, SBISETCS
nepBuyHo-marmatndeckum [Illapkos, Yuctsikos, 2014]. Takoe opyaeHeHHEe pacpoCTPaHEHO IO
Bceil JIoHHO# 30H€E B BUJI€ MMPOKUIKOBOM M THE3/10BOM BKparuieHHOCTH. MIHTepec k JloHHO# 30HE
0o0ycloBJIeH €€ TMOTrpaHUYHBIM TMOJOXKEHHUEM C apXeMCKUMHU MOpOAaMH, XOTS, KaK YxKe
YKa3bIBAJIOCh BBIIIE, OHA OTIEJIEHA OT apXEHCKUX MOpPOJ 30HOM KBaplCOAEpKalluX HOPUTOB U
raOOpOHOPHUTOB.

Cynbppuanoe Cu-Ni-opyneHenue «Kputnueckoro TOPU30HTa» SBJIAETCS
IPEUMYIIECTBEHHO BKPAIUICHHBIM, MPOKWIKOBO-BKPAIUIEHHBIM M T'HE30BBIM. OOpa3lisl
cynb(huI0B ObUIHM B3STH U3 MecTopokaeHuil Teppacsl u Hroa-11, koTopblie pacnosioxkeHbl cpenu
MEJIaHOKpaTOBbIX HOpUTOB. MHTepec k cynbGuaHbIM pynaMm u3 «KpuTudueckoro ropu3oHTa»
BBI3BAaH €r0 YYKEPOJHOCTBIO B COCTAaBE 3aKOHOMEPHO pPAaCCIOCHHOW CEpUH TOPOJ
MomnuemryToHa.

Jlnist CpaBHUTEIHHOTO aHAIM3a W30TOMHBIX XapaKTEPUCTHK ObLIH M3ydeHbl 00pasmbl Cu-
Ni pyn maccuBa BomueTyHIpOBCKHI, KOTOpBIA ClaraeT CpPEIHIO 4YacTh MacchBa [ JIaBHOTO
xpebta. IIo M30TOMHO-TEOXPOHONIOTUYECKUM JAaHHBIM BO3pacT BomueTyHIpoBckoro maccusa
2407-2473 mau ner [Yamms u ap., 2012; Mutpodanos 1993]. Umeromuecs: o0pasiisl OTOOpaHbI
n3 pynonposiieHus «HukeneBbiil pyqein».

N3oTonHbIi aHanu3 cepsl Cyiab(GUIO0B BHINOIHEH C MPUMEHEHUEM JIOKAJIIbHOTO METOJa,
ONMHUCAaHHOTO B rnaBe 2. CHHUCOK aHAIM3HUPYEMBIX 00pa3IoB M MOJYYEHHbIE N30TOMHbIE JaHHBIE

NpUBEJICHBI B TaOIUIlE 5.2 ¥ MPOMLIIOCTPUPOBAHBI HA PUCYHKE 5.9.
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TaGmura 5.2 V30TOMHBIA COCTAB Cephl O 'S M MAarHMTYAa H30TOMHOM aHoMamnu cepsl APS B

MUPUTHOM cepe u3 00pas3ioB MoHueropckoro mMaccusa [Briconkwii u np., 2017].

Acconuanus pyIiHbIX 8>Syt A®S
Obpazen Hoporna MHUHEPAJIOB (%o0) (%0)
Monueropckuii iayToH. Jlonnas 3ajexb maccusa HKT
Cks. 835, | Kp/s. onuBuHCOAepskamuii | Po-Pn-Ccp-Py-1Im 0.78 -0.19
1. 251.9 M | MenaHokpaToBelii rabOPOHOPUT
C BKp. CYJIb(HUIOB.
CkB. 846, | Kp/3. onuBuHCoaAepkamuii | Po-Pn-Ccp-Py-1Im -0.04 -0.17
. 261.3 M | IIaruoopTO-MUPOKCEHUT C BKP.
Cynb(pHUI0B
Cks. 1057, | M/3. ra6oponoput ¢ Otz u Bt ¢ | Po-Pn-Ccp-Py-lIlm-Mt | -0.87 -0.20
1. 504.8 M | BKp. cynbdumon
Cks. 1057, | Cp/3. rabbponopur ¢ Bt wu | Po-Pn-Ccp-Spl -0.24 -0.10
1. 506.8 M | rycroit BKD. Cyib(puI0B,
ambubdonm3up.
Cke. 910, | Cp/3. me30kpar. rab6poropur ¢ | Po-Pn-Ccp-Py-Sf -0.72 -0.14
1. 96.6 m e/1. BKp. CyJIb(p110B UHTEHCUBHO
ampuooIN3Up.
Cks. 910, | M/3. okBapioBanHas | Po-Pn-Ccp-Py-Mo 0.89 -0.26
. 97.9 M | moneBommaToBasi mopoja ¢ e.
BKp. CYIb(pUI0B.
Monueropckuii iryToH. Jlonnas 3aje:xp maccusa Conua
Ck. 791, | Kp/3. menanokparoBblit Hoput ¢ | Po-Py-Ccp-Mg-1im 0.35 -0.12
1. 1141.5m | ex. Menkou BKp. Cylb(hHUIOB.
Monueropckmii miaytoH. «kKpuruueckuiin» ropusont maccua Hrwoa-IToas (m-ue Hrion-11)
H-8 I'mezmoBas (mwmmposas) pyaa c | Po-Pn-Mgt-Ccp 0.37 -0.20
Bki1. Pl, Opx, Bt.
H-9 'mesmoBass pyma B M/3 | Po-Pn-Ccp-Mgt 0.04 -0.18
ra0OpoHopHUTeE.

Monueropcknii mayToH. « Kpurudeckunii» ropusont maccusa Hion-11

oa3 (m-ue Teppaca)

H-19 BkpannenHo-rue3n. pyzna B M/3 | Po-Pn-Mgt-Ccp -1.08 -0.20
Opx-Pl porosuke.

H-20 I'neznoBas (mmposas) pyaa B | Po-Ccp-Pn -1.17 -0.19
JICUKOKPAT. HOPHTE.

Bosyerynaposckuii MaccuB. PynonposiBiienne HukeneBbiii pyueit

BT-2 BbpexuneBuanas pyna B | Po-Pn-Ccp -0.57 -0.18
onactomunonntre Mo Qtz-OpXx
JTMOPHTY.

BT-3 Huopur  nelikokpar. c¢ exa. | Py-Po-Pn-Ccp-llm -0.03 -0.10
MEJIKOM BKp. CyIb(UIOB

BT-4 M/3. me3okpart. Qtz-Opx auoput | Po-Py-Pn-Ccp-1lm-Mo | -0.92 -0.16
C MEJIKOM BKp. CYIb(pHUI0B.

BT-6 Bkp.-rue3n. pyna B Grt-PI-Opx | Po-Py-Pn-1lm-Mo -0.47 -0.13
0JIaCTOMUJIOHHUTE IO TUOPUTY.

BT-10 bpexuneBngnas pyna B | Py-Pn- Po-Ccp-Mo -0.56 -0.14

onactomunonure ¢ Bki. Grt, Pl,
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Opx, Qtz.

BT-14 Qtz-Grt-Opx 6macromunonut o | Po-Py-1Im -0.01 -0.17
JIMOPHUTY C BKP. CYJIb(HIOB.

Opx — opromupokceH, Pl- mrarnokias, Qtz —xesapi, Grt — rpanar, Crd — kopaueput, Bt — 6uortur, Spl — mmuHens,
Po — muapporus, Pn — nentnanaut, Cep — xampkormput, Mgt — maraerur, |Im — unemenut, Py - mupwr.

ABS (%o)
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@0.10 °
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0 e 02 | O ©
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-0.3 - O KpunTuy ropusoHT

O BonuetyHapa

PrcyHOK 5.9 — JlaHHEIC H30TOIHOTO COCTABA CEPHI §°'S M MATHUTYIBI M30TOIHON AHOMAIHH
A®S B mmpurtHOH cepe u3 pyx Momnueropckoro u BomueryHmpoBckoro maccmBos. IlTpu-
OYHKTUPHOM JMHUEH orpaHuyeHa o0JacTb 3HAuYEHHM ABS = 0+0.3%o, XapakTepHas Ul
marmaTorenHo# ceper [Farquhar et al., 2002; Ono et al., 2003; Ueno et al., 2008; Labidi et al.,
2014].

Kak BHIHO M3 PHCYHKA 5.9, M30TOMHBIA COCTAB MHPUTHON cepbl 8°'S B 0Gpasimax u3
Momnueropckoro (lonHass 3anexp, «KpuTuueckuit Tropu30oHT») U MOHUYETYHIPOBCKOIO
(Bomuerynapa) maccuBoB, B 001eM, yKJIaapIBaeTcs B y3KMM JauanazoH 3HayeHuil ot —1.17 go
+0.89%o. IlomydeHHbIE W30TOIHBIE JaHHBIE HAXOAATCS B O0JACTH 3HAYCHUH 8348, KOTOpBbIE
paHee ObLIM yCTaHOBJEHBI B pyaax Monderopckoro komiiekca. Ilo nanusim JIL.LH. I'punenko
[[punenko u ap., 1967] sHauenus 5°'S B cynbduaax KHIBHBIX M BKpamieHHbIX Fe-Ni pyx
MomnueruryroHa BapsupyroT oT +0.2 10 +1.6%0. Cornacuo T.JI. I'poxoBckoit [I"poxoBckas u jap.,
2009] smauenust 8°*S or +1.06 mo +2.29%o ormeuarorcs B Cu-Ni pyzax MoHYeropckoro
MIyTOHA W OJW3KWKA Juana3oH 3HAYCHUU %S or +0.97 n0 +2.29%o0 omnpenenéH s

manocynbpuaasix O pya u3 maccuBoB Monuetynapa, Oxunas Conua u Bypyuyaiisenu. B
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pabore [Bekker et al., 2016], coobmaercs o Bapmammsx 6°'S or —0.30 mo +1.14%o mwis
cynbhuaaeix pyn w3 maccuBoB HKT u CHII Monvemmyrona u ot —0.64 no +1.94%o0 nns
BMEIAOMMX 1opox. CleayeT 3aMeTHTh, 9YTO B LENOM, JMAlasoH BapHauumi o°'S,
YCTAHOBJIICHHBIN JUTsl Cyab(GUAHBIX pyl MOHYEIDTYyTOHA, BECbMa CXOK C IMAlla30HOM 3HAYCHUU
8%S =~ 0+2%o st cepbl ManTHiiHOTO HponcxoxkueHus [Chaussidon et al. 1987; Labidi et al.,
2012, 2014].

Hccnenyemple B naHHOW paboTe 0Opas3ibl MUPUTHOW CEPbl XapaKTEPU3YIOTCS Macc-
HE3aBUCHMBIM H30TONBIM (PpaKIMOHUPOBAHHEM (CM. PUCYHOK 5.9), Tak Kak yCTaHOBJICHHBIC
sHauennst A®S UMeIOT 3HAUNMOE OTKIOHEHHE OT Hy/Isl. SHAUYCHHS H30TOIHON aHOMAIMH Cephbl
A®S Bapsupytor B auanasone ot —0.10 10 —0.26%o, 9TO SBHO BBIXOIWT 3a PAMKH MAHTHIHOTO
Mana3oHa 3HadYeHUn A33S, orpanuuennoro mnpexaeramu 0.00 = 0.03%o [Farquhar et al., 2002;
Ono et al., 2003; Ueno et al., 2008; Labidi et al., 2014]. Dto o3Ha4aeT, 4TO HCCIETyEMast
cynbduaHas MHHEpamu3anuss MOHUEIUTyTOHa U MaccuBa MOHYETYH/[pa 3aapXUBUPOBAIIU CEpY,
npomeamyo (HOTOXUMUYESCKUI I[HUKJI TPeoOpa3oBaHUN B apXEHCKOW OECKUCIOPOTHOU
atMocdepe. JlaHHBI (GakT JaéT OCHOBaHHE YTBEP)KAATh, YTO CEpa, BOBJICUEHHAS B MPOLIECCHI
pynooOpa3oBaHus, KMeNIa He TOJIbKO MAHTHHHYIO TIPUPOTY CBOETO MPOUCXOKICHUS [IrHATHEB U
ap., 2016; Beicoukuii u ap., 2017]. DTOT BBIBOI cOTacyeTcs C pe3yiabTaTaMH HCCIICIOBaHHMS
MyJIBTHH30TOIIHOTO cocTaa cepsl (8°'S u A*S), BbimonsenHoro B pabore Bekkepa ¢ coaBr.
[Bekker et al., 2016], rme aBTOpBI COOOIIAIOT O HATMYHHM MAaCC-HE3aBHCHUMBIX H30TOMHBIX
apdextoB ceppr B Ni-Cu-OIII" pynax Monueropckoro komiiekca. [1o uX JaHHBIM, BElIHYHHA
M30TOITHON aHOMaTHH cepbl A*S MMeeT oTpHIaTebHbIC 3HAYCHNS, BAPLUPYIONINE B AHATIA30HE
oT —0.06 10 —0.21%o, 4TO MOJIHOCTBIO COBIAAAET C MOJYYCHHBIMH HaMU pe3yJIbTaTaMu.

O mnHamuuuu cepbl (OTOTUTHUYECKOTO IPOUCXOXKIECHHUS B KPYMHBIX pacCIOCHHBIX
UHTPY3HMBaX, & TaKKE€ B KOMATUUTAX M CYJIb(QHUIHBIX BKIIOUCHHSIX apXCHCKUX alIMa30B YKe
cooOmranock panee B psiie pador. Tak, B MHTPY3MBHBIX MacCHBax ByIIBENbICKOT0 KOMILIEKCa
(FOAP) Obun BbISIBIIEHBI M30TOMHBIE AHOMAJIMH CEPBl, XapaKTEPU3YIOIIHUECS MOIOKUTEIbHBIMU
sHaueHnsMu A>S Brutots 10 +0.7%o [Penniston-Dorland et al. 2008; 2012; Sharman et al. 2013].
B komaruurax u tonmemrax m3 Qopmanmii Komatn u BenreBpenen (bapOeproHckasi rpaHuUT-
3eJIeHOKaMeHHass 00J1acTb) 0OHapyKEeHbl OTPHUIIATEIbHbIC 3HAUCHUS A®S or —0.09 10 —0.50%o,
SIBHO BBIXOJIAIIME 3a PaMKH Juara3oHa MaHTHIHOW cepsl [Montinaro et al., 2015; Montinaro,
Strauss, 2016]. HWccrnemoBanusi CynbQUAHBIX BKIIOYEHHH B apXeHCKHX ajMaszax u3
KuMOepnuToBoit TpyOku Opama (BoctouHas borcBana) m xkumOepnuToBoil TpyOku J[>KBaHEHT

(roro-BocTok BOTCBaHBI) MOKa3aau HaTWYHE H30TOMHOW aHOMAIUU CEpPbI A®S or —0.11 o

+0.61%o0 1 ot —0.5 mo +0.9%o, cooTBeTcTBeHHO [Farquhar et al., 2002; Thomassot et al., 2009].
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[TosiBNIeHHEe M3OTOMHOW aHOMAIUHU CEpbhl B KOMATHUTAaX, PABHO KAaK U B CYIb(HUIHBIX
BKJIIIOYCHHUSAX B ajMa3ax, TPYAHO OOBSICHUTH HE MHAUE KaK IMPUBHOCOM B IIIYOOKYIO MaHTHIO
cepbl, ImpomIeane MuKia GOTOXMMHYECKHUX Mpeodpa3oBanuii B arMocdepe. CyOaykuus mopos
OKEaHMYEeCKOM KOpbl M UX OCaJ0OYHOTO uexJia MpHu3HaHa Haubojee MPaBAONOI00HBIM
MEXaHU3MOM, B pe3yJibTaTe€ KOTOPOTO0 H30TOMHO-aHOMAaJbHAsA cepa (OTOTUTHUECKOTO
IPOMCXOXKACHUSI MOTJIa BHEIPHUTHCA B TIYOOKYI0 MaHTHIO, HECsl ¢ COOOH, COOTBETCTBEHHO,
U30TOIHYI0 METKY Macc-He3aBucumoro (pakiuonuposanus [Farquhar et al., 2002; Thomassot
et al., 2009].

B cmydae ¢ paccnmoeHHBIMH HMHTPY3MBaMH HauOojee BEpOSTHBIM MEXaHH3MOM,
OOBSACHSIOLIUM IPUCYTCTBUE B HUX H30TOIHO-AHOMAJIBHOM CEpBhl, SIBISIETCS aACCUMMJIISALIUSA
KOPOBOT'O BEIIECTBA HCXOJAHBIMU MAaHTHMHBIMU PACIlIaBaMH MPU UX BHEAPEHUU U MPOABIKEHUN
K MOBEPXHOCTU. DTUM MEXaHU3MOM IPOILE BCEr0 OOBSICHUTHh HAJIMYME M3OTOIMHOW aHOMAJIUU
ceppl, OOHapyXEHHON B CynbQUIHBIX pyaax maccuBa [yaBHOro xpe6bra ¥ MOHYEILUTYTOHA.
N3otomHas aHoManus cepbl Oblla 3aMMCTBOBaHa M3 apXEHCKHX BMEINAIOMIMX TOPOA, cepa KOTOPBIX
JI0JKHA acCOLMUPOBaTh ¢ Goroxumudeckumu mporeccamu SO, MPOUCXOAUBIIMMHU B OECKUCIOPOIHON
apxelickoil armocdepe. B ToATBep)KIE€HHE TaKOTrO IMOJIOKEHHUS CBUAETEILCTBYIOT JaHHBIE IO
U30TOIMHOMY COCTaBy CEpbl, MOJy4YCHHBIC JIs BMeIIaromux mopoq B padore [Bekker et al.,
2016]. CornacHo 3TUM aBTOpaM, CyIb(QUIBI K3 BMELIAIOUIMX MOPOJ MOHYETOPCKOTO
MHTPY3UBHOTO KOMIUIEKCA XapaKTEpHU3YIOTCS OTPULATENbHBIMU 3HAYEHUSIMH H30TOIHOMN
QHOMAJIMHM  CEPBI A®S B nuanazone ot —0.04 mo —0.23%o0, uYTO SBHO YKa3bIBaeT Ha
UHKOPIIOPHPOBAaHUE  aTMOC(HEpHOW  cepbl, MOJABEprieicss TpaHCPOpMaLUUu B  XOJe
(OTOXMMHUUYECKHX MPOIIECCOB B OECKUCIOPOIHOM apXxelckoit armocdepe.

BaxxHo oTrMeTuTh, UTO HCCleAyeMble HaMH oOpa3lbl CyIb(UAHON MUHEpaIU3aluu U3
Jonnoit 30oub1 MaccuBoB HKT, Comua, «Kputnueckoro ropu3oHTa» U maccuBa BomderyHapa
MIOKa3bIBAIOT CONOCTaBUMbIE MEXIy COOON 3HAUEHUS M30TOIMHOW aHOMAJMHM CEpbl, B CPelHEM
A®S = —0.17%o (pucyHok 5.9). OTo mpeanosiaraeT HaJIM4YMe OOLIEr0 UCTOYHUKA MOCTYIICHUS
Cepbl C METKOW Macc-He3aBUCUMOTo (pakIMOHUPOBAHUS MPH (HOPMUPOBAHUM PYA YKa3aHHBIX
BBIIIIE MAaCCUBOB. TakuM HCTOUYHUKOM, KaK M MPEINOJaragoch, MOTJIM CIY>KUTh BMEIIaroIlne
apxelickue noponabl. OpHaKo, HCXOJHBIM HMCTOYHMKOM W IE€PBOHAYAIBHBIM HOCUTEIIEM
M30TOMHON aHOMAaJIMU Cepbl fABISJAch aTMoc(epHas cepa, MpeTepreBllas Macc-HE3aBUCHUMOE
dbpakuroHUpOBaHUE B X0 (POTOXMMHUYECKUX TPOIECCOB JAUCCOLMAIMK ByJIKaHOTeHHOTro SO;
nox BosackctBueM  Y®-uznmyuenus. Kak yXe HEOIHOKpaTHO OTMEYAJOCh  BBHIIIE,
(doTroxumHuecKas TUCCOIManus ByJIKaHOreHHOro SO, MPUBOIUT K 00pa3oBaHHIO CyIb(haTHON
Cephl, HECYILIEH OTPULIATEIbHYI0 U30TOMHYI) aHOMAJIHUIO A®S, u 00pa3oBaHMIO AIIEMEHTAPHON

cepbl, Hecylieil monokuTenbHyo asomammo A**S [Ono et al., 2003]. CiemosarensHo,
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orpunarenssie (o1 —0.10 10 —0.26%0) 3Hauenus Bemuunn APS, oGHapyKeHHbIE B CYIbHIHBIX
pyaax MOHYEropckoro KOMIUIEKCAa U BMEUIAIOIIUX MTOPO/Iax, JAI0T OCHOBAHUE MOJIaraTh, YTO UX
UCTOYHUKOM SBJSUIaCh MO0 OOsblied dacTu ¢oToauTHueckas cyibdaTHas cepa, ueM
aneMeHTapHas cepa. Cepa cynbdaroB mocrynana U3 aTMocdepbl B OKPYKAIOLIYIO Cpeay Ha
NOBEPXHOCTH  3eMJIM M  BKIOYaJach B OMOXMMHYECKHH  LMKJI  OKHCIHTEIHHO-
BOCCTaHOBUTEIILHBIX MPOLIECCOB C 00pa3oBanueM cylbhuaHbix ¢Gopm cepbl. [IoCKOIBKY B 3THX
IEPEYUCIICHHBIX IPOLleccaX UMEET MECTO UCKIIFOUUTENIbHO MacC-3aBUCUMOE (DpaKIIMOHUPOBAHHE
U30TOIOB Cepbl, TO 00pa30BaBUIMNCA CyIb(QHI COXpaHAET HUCXOAHYIO BEJIMYHMHY H30TOIHOM
aHOMAJIMM, TMPHCYIIYI0 CBoeMy armocepHOMy HCTOUHUKY. IlepBoHauanpHas MarHuryna
M30TOITHON aHOMAJIMK MOXKET MPETEPIIEeTh CePbE3HbIE U3MEHEHHUS, UIIH OBITh BOBCE «CTEPTOM» B
X0/JIe OCIEIYIOUINX METaMOP(PHUUECKUX U METAaCOMAaTUYECKUX IPOILIECCOB, 3a CUET pa30aBICHUS
cepoii, mMerolreil HyeBsle 3HaueHns AS. B CBS3M ¢ STHM, COXPAHMBIIMECS CIIEIbI MAcc-
HE3aBUCHMOTO (paKIMOHUPOBAHUS B IMOponax MOHYEropcoro KOMILIEKCa, HECMOTpPS Ha TO
00CTOSITENILCTBO, YTO MAcIITAOHBIM METAMOP(PHUUECKUM IMPEOOPa30OBAHUSIM OBLIM IMOABEPKEHBI
IPAaKTUYECKH BCE apXeHCKue accolMaluM, Jal0T YHUKAJIbHYK) BO3MOXHOCTb IPOCIEAUTH
LIEMOYKY IpPOLECCOB, B KOTOpble OblLIa BOBJIEUEHA cepa MpeXkae, YeM 3aapXUBHPOBATHCS B
pacCIOCHHBIX ~ HMHTpY3MBax  MoOHUYEropcoro KoMIUIeKca. OTy  IOCJIENOBATEIbHOCTh
TpaHc(hOopMaIMK Cepbl, B COOTBETCTBHH C MPOBEAEHHOW MHTEPIIPETAME M30TOMHBIX TAHHBIX,

MOKHO CXEMAaTUYICCKHU NNPCACTABUTH CIICAYIOIIUM 06pa30M:

ocCaxKaeHue

arMocdepHast pacTBopeHue cynbdat CyNbOUIHBIX BHe/IpeHHe Marmbl
boToxumus S B OKeaHax penyKLus S dopmM ceprl FeS ACCUMUIISLIUS

SOZ(ByJIKaHPI 03 Hz SO4. Hz €doyx FeSZ(Mal"MaTH‘{

4ecKHit) TNIOPOABI)

ITH TpOLECCH OOBICHSIOT MPHUCYTCTBHE H30TOMHOW aHOMamnk cepsl A®S B H3yueHHBIX
cyiaburax MOHYEroOpcKOro KOMILJIEKCAa M OJHO3HAYHO YKa3blBAlOT HA CYIIECTBEHHYIO POJIb
ACCUMWJISALIUM CEphbl M3 OCAI0YHBIX MOPOJ B XOJ€ Pa3BUTHs Marmarudeckux cucreM. K stomy

BbBIBOAY HEBO3MOXHO ObLIO HpPII)’ITH, OnmupasCb TOJBKO HAa M3YYCHUHU M30TOIMHBIX

34 o o
XApPAKTEPUCTHK Cephbl O S, TaK KakK CynL(bI/IIlLI APXCUCKUX TTOPOJ UMCKOT, B OCHOBHOM, Y3KHHU

JMAMA30H 3HAYCHHUH 8°'S, CXOXKMH ¢ MaHTHiiHBIMK 3HaueHusMu O°'S [Ripley, 1999]. Ho,
noXkally, HaubOoJee IIEHHBI BBIBOJ, WMEIOIIMA IEPBOOYEPETHOE 3HAUYEHUE ISl JTAHHOU
JCCEPTAIMOHHON PabOThI, CIIeyeT U3 caMoro (akTa HaIHMYUs W30TOMHO-aHOMAJILHOU CEpPhI B
MonuemnyToHne. MeTka Macc-He3aBUCHMMOTO (DpaKIMOHUPOBAHHUS MOTJa ObITh YHHUTOXKCHA
BCJICJICTBUA METaMOP(PHUUYECKUX W TEKTOHMYECKHX IPOILIECCOB, HO OHA COXpaHWIAach U ObLia

IMPUBHECCHA B MOPOJbL MOH‘IGHJ’IyTOHa. COXpaHI/IBIHI/IeCH B TAKUX YCJIOBHUAX CBUACTECILBCTBA
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(OTOMUTUECKOTO TPOUCXOKIACHUS CEphbl JAETAl0T IMPABOMEPHBIM 3aKJIIOYEHHE O TOM, 4YTO
pa3BuUTHE (POTOXUMHUECKUX aTMOC(EpPHBIX MPOLECCOB M MPOAYLHPOBAHWE B HUX H3O0TOIHO-
AHOMAJILHOM Cepbl — 3TO HE JIOKAJIbHOE SIBJICHHE OTpaHMYEHHOW 00J1acTH, MPOCTPAHCTBEHHO
coBMemEHHOM ¢ MoHueriyToHoM. VIHTeHCHBHOE BOBJI€UYEHHE CEpbl B  KPYTOBOPOT
(oToOXUMHUECKUX M OMOTCHHBIX MPOLECCOB MMEJIO PErHOHANbHBIA MacmTad. ITO MOJOKEHHUE
MOATBEPIKIAETCS HEJABHUMHU HAXOJIKaMU U30TOMHBIX AHOMAJIUHN CEephI A®S ot —0.43 110 —0.29%o
[Warke et al., 2020] B ocagouHO-BYIKAHOTCHHBIX TOJIIAX CCHIOPEUEHCKOMN U MOIMCAPCKON CBUT
Hmanpapa-Bap3yrckoit cTpyKTypbl, BBIJICIIEHHOM B Mpejesiax paHHEePOTEPO30MCKOro 0CcaJ0uHO-
ByJIKaHOTeHHOr o0 nosica [leuenra-lMmannpa-Bap3yra.

B mpensigymeM naparpade MaHHON TiaBbl OBLIO TMOKa3aHO, YTO IS CYNIb(OUIHON
MUHEpaTU3allii, MPOSIBICHHON B CTpaTU(OPMHBIX MecTOpoxAeHHsX Kapenbckoll TpaHUT-
3eneHokamMeHHOW oOnactu (Kapenbckuil KpaToH), XapakTepHO MPHUCYTCTBUE CEPBI, MPOLIeaAneit
gyepe3 cTaanio GOTOXUMHUECKUX TpaHcopmaluii B OeCKUCIOpoIHON apxelickoit atmocdepe. C
y4€ToM 3THX (akTOB U (PaKTOB OOHAPYKEHHS M30TOIHBIX aHOMAIIMI cephl B mopoaax Konbckoit
rpanynuT-THericoBoil oOnactu (Konbckuii KpaToH) CTaHOBHUTCS SICHO, YTO WHTEHCHBHBIN
atMoc(epHblii  (OTOXMMHYECKUI IUKI cepbl ObUT YCTAaHOBJIEH Ha 3HAYUTEIBHOM YacTu
@DEeHHOCKaHIMHABCKOTO IIUTa. Ha OCHOBaHMM W30TONHBIX JAHHBIX MOXHO YBEpEHHO
yTBepxkaarh, uro Qoroxumus SO, B apxeiickoil armochepe sBisIa coO0H  OOmIHIA
OTOCPEIOBAaHHBII MCTOYHHMK CEpbl, KOTOpas B MOCIEyIoLleM Obljla BOBJIEYEHA B KPYrOBOPOT
OKHCIUTEIHbHO-BOCCTAHOBUTENBHBIX MPOLIECCOB U (PMKCUPOBAJIACH B BUJIE CYIb(GUI0B B HOPOJax
U pyaax wucciuenyeMmbix 0o0bekToB. COXpaHHMBIIMECS W30TONMHBIE AaHOMAIUH  CEpHI,
NPEHMYIIECTBEHHO ¢ OTPHIATEIBHBIMH 3HaUCHIMH A%S, SBISIOTCS BECKHM apryMeHTOM JUIs
NpU3HAHUS aKTUBHOM pOJM Cynab(haT-BOCCTAaHABIMBAIONIMX OaKTepuil B OSTUX IIpoIEccax.
[TosiBNeHHEe HM30TOMHOW aHOMAIUU CEphl B CYIb(PHUAHBIX pydax MOHYENIIyTOHA BBISBISET
3HAYMMYIO POJb BMEIIAIONINX AapXEHCKUX TIOpOJa KaK HMCTOYHHMKA Cephbl, y4JacTBYIOIICH B
MarMaTHYECKUX TMpOIEeccax OOpa3oBaHHs HCCIEAYEMBIX MECTOPOXKICHHNA C CyIbQHUIHON
MUHEpaIU3aLHeH.

Wtak, HOBBIE (DaKTHI, YCTAaHOBIEHHBIC MPU HM3YyYEHUH H3O0TOMHBIX OTHOIICHUN CEpBI
335325y *S/?S B cynbdumax pasIMYHBIX TEONOrMYECKHX oOpasoBanmii Kombckoro u
Kapenbckoro KpaToHOB, NAIOT MPEICTaBICHHE O MpoIleccaX MOCTYIUICHHUS CEpbl ¢ aHOMAIBHO
U30TOIHBIM COCTaBOM B OCa/I0UHBIE IOPO/IbI, KaK O SBJICHUH, HIMEBIIIETO MaCIITaOHbIN XapakTep.
3T0, MO CyTH, €CTh NPU3HAHUE CYIIECTBOBAHUS (POTOXMMHYECKOTO LHUKJIA CEpbl, TOCTATOYHO
WHTEHCUBHOTO TI0O CBOMM TIPOSIBIICHHSIM U MAaCIITa0OHOTO 10 TEPPUTOPHATLHOMY OXBATY, YTOOBI
ObITh 3a(MKCUPOBAHHBIM B H30TOIMHOM COCTaB€ CEphl CYIbQUAOB M3 PA3IUUYHBIX

MecTopoxacHu  (DEHHOCKaHAMHABCKOrO  muTa. SBIssAch apXMBOM  MacC-HE3aBUCHMO
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¢dpakunonupoBanHoW cepbl, DEHHOCKAHIUHABCKUM HIUT MPEIOCTABISCT HOBBIA apryMeHT U
(aKTHUECKyI0 OCHOBY JJsl JIOKa3aTeNbCTBA TOTO, YTO MPOIECCH  (POTOXMMUYECKOMH
TpaHchopMallMd cepbl B OECKUCIOPOJHOW aTMocdepe HMMeENM IUIaHeTapHOe 3HaueHue. B
COBOKYITHOCTH C JaHHBIMH O IPUCYTCTBHH M30TOIHBIX aHOMAJIUHI CEPBI B IPEBHEHUIINX IIOPOJAX
Kananckoro, ABcrpanuiickoro u LleHTpanbsHO-A(PUKAaHCKOTO LIUTOB MOXKHO C OoJiee MOJIHON
OTPEeNIeNIEHHOCTRIO TOBOPUTH, YTO TaKoW (PEHOMEH, KaK TeHepUpPOBaHHE M30TOIMHO-aHOMAIBHOM
Cepbl B 3€MHBIX YCIOBHUSAX — 3TO HE MPOCTO COObITHE, O0YCIOBICHHOE CIy4alHbIM CT€YEHHUEM
OOCTOATENILCTB, 3TO — SBJEHHUE, I[IOJIyUYUBIIEE B apXEHWCKyl0 3py BecbMa ILIMPOKOE
pacrpocTpaHeHHe B IUTaHeTapHOM MacmTabe. Bce 3TH (akThl HE OCTaBISIOT COMHEHHUH, YTO
FEOXUMHUYECKUM LMK Ccephl IpeTepres Iio0aabHble U3MEHEHHUS C TeX MOp KakK CBOOOIHBIN

MOJICKYJIAPHBIX KUCJIOPOA ITOABUJIICA B aTMOC(bepe u eé (1)OTOXI/IMI/ILICCKI/IG CBOMCTBA U3MEHHIIVCD.

5.2. KoayenaHHble py1onposiBjieHus B apxeiickux nmopoaax Cuoupckoro KpaToHa

B npenpinynmux paszgenax JaHHOM IJaBbl ObUIO MOKA3aHO, YTO W30TOIHBIE aHOMAJIUU
CEpbl, 3aapXUBHUPOBAHHBIE B NIOpoaax PEHHOCKAHIMHABCKOIO LIUTA, OTKPBLIM BO3MOYKHOCTb, C
OJIHOM CTOPOHBI, UJAEHTU(ULIUPOBATH MPOUCXOKICHUE CEpbl B OCAJOYHBIX M MarMaTH4YECKHX
IOpoJax, a, ¢ APyrold CTOPOHBI, JAIM BO3MOXKHOCThb CYJIWTh O I'€OXHMMHYECKOM LHKIIE CEPHI B
apxee W NPEAOCTaBMIM HOBBbIE (DaKThl, MO3BOJIAIONIME MPHU3HATh HAIWYME MAacC-HE3aBUCHUMO
(GpakuMOHUPOBAHHOW Ccepbhl B JPEBHEHUIIMX MOPOAAax 3eMJIM MIMPOKO PacHpOCTPaHEHHBIM
SBJICHUEM — HE HUCKJIIOYEHO, YTO IJIaHeTapHOro maciurtaba. B Tekymem pasnene mpuBeIeHBI
pe3ynbTaThl MOAOOHBIX HCCIENOBaHUM Juist apxedckux mnopoa (ynHaamenta Cubupckoro
KpaToHa, KOTOpbIE, KaK OXUIAJIOCh, 3aapXUBUPOBAIM YCIOBHUS OKPYKAIOLICH Cpeisbl
MOCPEJICTBOM MacC-HE3aBUCHUMOTO XapakTepa (paklMOHUPOBAaHUS M30TOIMOB cepbl. KOHKpeTHO,
OBLIM TPOBEJCHBl M30TOMHBIE HCCIENIOBAHUS KOTYEJAHHOTO PYAONPOSBIEHUS B Ipeaenax
apxem-panHenporepo3oiickoro lapspkanraiickoro BeicTyna ¢pyHnamenta CuOMpcKoro KpaToHa.
OH pacrosokeH Ha 0ro-3amajgHoil OKpauHE KpaToHa M CTPYKTYPHO IPEJCTaBIEH KPYIHBIMU
6nmokamu — HWpkytHeiid, Kurolickuii, OHOoTckuii W BynyHCKuil, paszaenéHHBIME CHCTEMaMU
paznmomoB (pucyHok 5.10). HWpkyrubeiii u Kutolickuii OJOKM TO CBOMM XapaKTEPHCTHKAM
ABJISIFOTCA TPAHYJIMT-THEUCOBBIMU, a OHOTCKMH M DByllyHCKMII — TI'paHHUT-3€JICHOKAMEHHBIMHU

[Typkuna u np., 2008; Rosen et al., 1994].
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Pucynox 5.10 — Cxema reonoruueckoro crpoenus Illapepkanraiickoro BbicTyna (yHIaMeHTa
Cubupckoro kpatroHa. | — ocamounsii uyexon CuOupckoit mimardopmer, 2 —
PaHHETPOTEPO30MCKUE TOPOABl Y pHKCKO-Uiickoro rpabena; 3-6 — apxeickue MOpPOJIbI
[Hapsixanraiickoro Beictyna: 3 — OHOTCKUN TpaHUT-3€JI€HHOKAMEHHbIN 010K, 4 — VpKyTHBIN
TpaHyJIMT-THEHCOBBIN OJI0K, 5 — KuTolickuii TpaHyIuT-THEHCOBBIN 010K, 6 — BymyHCKuUi rpaHuT-
3eJIeHOKaMeHHbIN 0110K; 7 — TeppeiiHbl LleHTpanbHo-A3MaTCKOro CKJIaAYaToro mnosca; a — paiiox
UCCIICIOBAaHUM  HM30TOMHOIO  COCTaBa Cepbl B  CydbQUAAaX  YEPEeMILIAHCKOW  CBUTHI
MIapBDKAITaHCKOr0 TPaHYJIMTOBOIO KOMILIeKca. PUCYHOK MonuduuupoBaH U3 pabOThI
[Beicomkuii u ap., 20196].

[Ipobremam, KacarImMMCS CTPOCHHUS BBICTYIA, COCTaBa CJIATAIOIIUX TOPOJ UM METaJIOTEHUU
yaensuiock Gosbmioe BHEUMaHue [Posen, 2003; Cemunckuit u ap., 2003; Jlepuukuii, 2005;
Typkuna u ap., 2008, 2019; Hoxkun, 2009; Menbaukos, 2011; Ypmaniesa u ap., 2012], paBHo
Kak u BompocaM reoxponojoruu Illapepkanraiickoro Beictyna [bubukosa u ap., 1982, 2006;
JleBunkwii u ap., 2004, 2010; I'magkouyd u ap., 2005; Canpaukosa u ap., 2007; Gladkochub et
al., 2009; Typkuna, 2010; Typkuna u ap., 2009a,6, 2014a,0].

OcoObIif UHTEpeC ISl IUCCEpTaHTa MPEACTABISIOT BOMPOCHI, CBSI3aHHBIC C T€OXHMHEU
W30TOMOB  CE€pPhl W, KOHKPETHO, C SIBJICHUSAMH  MacC-HE3aBHUCHUMOTO  HM30TOITHOTO
bpakIMOHUPOBAHUS CEPBI.

Marepuanom Jj1si N30TOMHBIX UCCIEA0OBAHUHN SBUINCH CYIb(GHUIbI, OTOOpAaHHBIE U3 KepHA

ISITH TOUCKOBO-KaPTHPOBOYHBIX CKBaXUH (riryOmHO#M 10 500 M), mpoOypeHHbIX B KoHIE 80-X —
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Hayase 90-X rofioB MPOILIOro CTOJETUSI B CEBEPO-BOCTOUHOM yacTu pkyTHOTO G110Ka (PUCYHOK
5.10). Kak yxe oTmeuanoch, OJIOK CIIO)KEH MarMaTUYeCKMMH W OCaJIOYHBIMH TIOpPOJIaMH,
MeTaMOp(GHU30BaHHBIMH B YCIOBUSIX TPAHYJIUTOBOM (aluu ¢ HaOKEHHBIM PErpecCUBHBIM
MeramoppusmMom ambubonuroBort  ¢damuu. I[lopomer HMpkyrHoro O50ka mpuUHAIISKAT
[IAPBDKANTaHCKOMY KOMIUIEKCY, B BEPTHKAIBHOM pa3pe3e MOAPa3JIeIEHHOTO Ha TPH CBUTHI
(cHU3Y BBEpX): KHIOWCKYIO, 30THHCKYIO W dYepemmiaHckyto [[lerpoBa, JleBuikuii, 1984].
[Topoab! yepeMIIaHCKOM TOJIIH, OTKYJa ObLIM OTOOpaHbI MPOOLI HA U30TOMHBIE HCCIIEI0BaHUS,
MPEACTABICHBl  METAO0CAJOYHBIMH  OHMOTHTOBBIMH,  amM(pUOOI-OMOTUTOBBIMH,  T'paHAT-
OMOTUTOBBIMHU, TPaHAT-KOPAUEPUT-OMOTUTOBBIMU THelcamu. [IpOTOMMTHI MeTaoCcamOUYHBIX
nopoj ObuIH chopMupoBaHbl B Me3oapxee ~3.0 mupa.ter [Typkuna u ap., 2010; Turkina et al.,
2013; Beicoukuit u ap., 2020]. B uepemmianckoil Toiie ciabo pasBUTO CYJIbGHIHOES
OpyJleHEeHUuEe, MPOSIBICHHOE B BHUJE PACCESIHHON BKPAIUIEHHOCTH, CKOIUIEHWH, THE3]l U TOHKUX
MIPOXKWIIKOB, TIPEJICTABJIICHHBIX, B OCHOBHOM, MIUPUTOM U MUPPOTHHOM. [lepBruHOE CynbhuIHOES
OpYICHEHHE TMOJBEPrajioCh pPAa3IUYHBIM TPEOOpa3oOBaHMsIM B  pe3yjibTaTe IPOIECCOB
Metamopdusma. TunudHas CTpyKTypa CyIbQUIHBIX PYyI NPOAEMOHCTPUpPOBaHA Ha PHUCYHKE

5.11.

Pucynok 5.11 — CtpykTypa u MuHepalbHbIi coctaB obpasna Ne X10/5/1- 2 u3 kepHa CKBa>KUHBI
Ne 27. CneBa — ¢parMeHT KepHa, TJie B OMOTHT-KOPJIUEPUTOBOM IUIATHOTHEHCE MPHCYTCTBYET
JKUJIbHASI, THE3/J0BO-BKpAIUICHHAS U MEIKOBKparuieHHas cynbhuaHas MmuHepanu3anus. CrpaBa —
YBEJIMYEHHBIH y4YacCTOK, BBIJENEHHBIM KpacHbIM KBaJApaToM. B TpoXHIIKe, CIO0XKEHHOM
OUPPOTHHOM, COJAEPIKATCS BKIIOUEHHUS MMHUPUTA, OKaliMIIGHHbIE MarHeTuToM. B omHOM u3
BKJIIOUEHUN MUPUTAa OTMEUYEHBI KpaTephbl OT JIa3epHOM abisALUU Ui JIOKATHHOTO H30TOMHOIO
aHaim3a cepbl. Pucynok moauduimposan u3 padots! [Beicoukuii u ap., 20196].
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Ob6pamaer Ha ce0s1 BHUMaHUE TOT (DaKT, YTO MUPPOTHHOBBIA MPOKUIOK COACPKUT BKIIOUCHUS
NUpUTa HENpaBWIBHOW (OPMBI, Y KOTOPOTO HAa KOHTAKTE C MUPPOTUHOM IPOCIIECKUBACTCS
MarHeTuToBas kaéMka. BrimroueHust nupuTa npeacTaBisitoT cOOOH PeNUKThI NEPBUYHON PYIHON
MHUHepaJln3aluy, 00pa3oBaBILIEiiCs 10 NPOsBIEHUS MeTaMop(pu3Ma TIpaHyJIMTOBOH (auuun
[Beicoukuit u np., 20196]. DTH HAXOJKU ONPEACISIOT JOMOJHUTEIBHBIA HHTEPEC K M3YYCHUIO
M30TOIMHBIX 3(PPEKTOB cepbl B CyIb(UIaX YEPEMIIAHCKON TOJIIHU, MOCKOIBKY MPEIOCTABISIIOT
YHUKAJIbHYIO BO3MOKHOCTb COINOCTABUTh XapaKTEPUCTHKH H30TONHBIX MAacC-HE3aBUCUMBIX
3¢ (}eKTOB cepbl B IEPBUYHBIX U IIEPEOTIOKEHHBIX CYIb(UAAX.

OOcynum pe3ynbTaThl U3MEPEHHS M30TOIHOTO COCTaBa Cephl B CyIb(PHIAX M3 MOPOJ

YepeMIIaHCKOM TOJIIIH, IPUBEAEHHbIE B Tabnuie 5.3.

Tabmuna 5.3. M30TomHble JaHHBIE I CYIb(UIOB M3 MOPOJ YEPEMINAHCKOW TOJIM [110
Beicorkuii u ap., 20196 ¢ no6asieHUsIMH]

No [y- 34 33 36
ckBa- | OuHa Ne obpasua | Tun nopoast Mumnepan 60 S AO S AO S
(%0) (%o) (%o)
*uHBl | (M)
1 2 3
Ne 7 30-32 X1/9 [Nopoma mupokceH-TuTarnokiIa3osas ¢ | Po 3.66 1.61
BKpAIUICHHOH CyIb(QUIHOW MHHEpa-
nM3anuei (amoxap6onarHas, | ? 3.77 1.52
yapTpameTamopduueckoro srama; Pl,
Cpx, Cal, Gr, Bt, Ep, Po, Chl)
36 X1/12 [epecnavBaHue KBapLKUTOB C IpaHaT- | » 4.03 2.01 -2.12
6HOTH’£OBLIMH KBapUMTOrHelcaMu ¢ | 3.97 1.93 -1.90
PEeIKoil BKparIeHHOCTBIO CYIb(HI0B
(QZ, GI’, Bt, PO) » 401 198 '186
» 3.84 1.95 -2.01
» 3.91 1.98 -2.06
38 X1/15 [lmarunoraeiic OMOTUT-KOPIUEPUTOB- | Py 4.90 1.76
wiit (P1, Qz, Crd, Bt, Kfs, Po, Py, Gr) Po 3.59 1.75
42 X1/16 [Tmarnorueiic GHOTUT-KOPAUEPUTOB- | Py 3.89 241
piii ¢ cmwummManntom (Pl, Qz, Sil, Po 242 246
Crd, Bi, Po, Py, Gr) ' '
59 X1/28 I'Helic rumepcTeHOBBI € BKpamieH- | » 4.92 2.21 -3.01
HocThi0 cynbduioB (Opx, Pl, Qz, 501 293 3.03
Cpx, Bt, Po, Gr) ? ' ' '
» 4.97 1.95 -2.27
» 5.18 2.12 -2.78
79 X1/316 [Inarporueiic  rUMepcTEeHOBBIA C | » 3.69 1.24
pelKol BKpAIIeHHOCTHIO CYJIb(HI0B 3.79 1.22
(Cpx, PI, Qz, Bt, Po, Gr) g ' '
» 3.40 1.23
157 X1/35 [Inaruorueiic ABYHNMPOKCEHOBBIA C | » 1.97 0.51
pelKol BKpAIIeHHOCTHIO CYJIb(HI0B
(Cpx, Opx, PI, Qz, Bt, Po, Gr, Chl)
162 90—181 CkapH mHpOKCeHOBBIN TeneHOep- | Ccp 2.50 2.00
rutossiii (CpX, Bt, PI, Hbl, Act, Cal, Po 260 1.99
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Py, Po, Ccp) » 2.40 1.95
177 X1/37 [Inaruvorueiic  kopauepuroBeiii ¢ | Py 4.80 2.64
PEIKoil BKPaIIeHHOCTHIO CYIb(HI0B
(P, Oz, Crd, Bt, Kfs, Po, Py, Gr) Po 3.85 2.70
1775 X1/3806 [Tmarmoraefic  OMOTHUT-KOPIUEPUTO- | » 4.49 2.67
Boiii (P1, Qz, Kfs, Crd, Sil, Bt, Po, Gr)
178.5 90—183 Cyneounnsie moposs (yoorue pyasl) | Po 3.30 0.58
B MEJKO-3epHUCTHIX THelcax (Po, Py, P 4.70 0.57
Gr, Pl, Qz, Kfs, Crd) y ' '
Po 3.50 0.66
179.3 X1/40 [Tmarmorseiic rpaduT-uppotud- | Py 5.55 2.70
KOPAMEPUTOBBII €  BKpPAIJICHHOU
cynepunHoit muHepammsanuerd (Pl, | Po 411 2.66
Qz, Kfs, Sil, Crd, Bt, Po, Gr)

Ne 11 | 167 X11/3 [lmarnorueific JBYHNHPOKCEHOBHIH ¢ | Py 341 3.43 -2.44
BKpaIUIeHHOH CyIBOUITHON 3.60 3.43 238
munepanusanuei (P, Qz, Cpx, Opx, ? ' ' '
Bt, Hbl, Gr, Po, Py) » 3.36 3.44 -2.51

» 3.22 3.31 -2.53
» 3.20 3.16 -2.55
Po 3.29 3.50
» 2.13 3.43
» 2.58 3.44
» 2.18 3.49
» 2.05 3.49
X11/7a Ilmarnorseiic  ABYIMHUPOKCEHOBBIA C | 249 1.56
PEIKoil BKPaIIeHHOCTHIO CYIb(HI0B
205 m3menennsiit (Pl, Qz, Opx, Cpx, Bt, | » 1.73 1.44
Po, Gr, Chl, Ms) » 1.82 1.40
Ne 12 873 X6/1 Kanprmup mupokceHoBsId (amokap- | Py 4.87 1.05
bl OOHATHBINA,  yIbTpameTaMopguyec- 4.95 1.05
95.6 koro stamna; Cpx, Qz, Pl, Kfs, Gr, Py) » ' '
308.5 90—88 IMuppoTuHOBBIE MOPOBI (CIUIONIHEIE | Py 2.86 -1.51 1.25
pyasl) B OHOTHT-KOPAMEPUTOBOM » 29 1.52 1.51
IIarHOTHECe ' ' '
» 2.83 -1.51 1.29
» 2.79 -1.53 1.12
» 2.82 -1.54 151
Po 3.55 -1.40
» 341 -1.39
» 3.21 -1.52
» 3.27 -1.46
» 1.18 -1.49
» 2.94 -1.45
312.5 90—90_1 | MoHOMHHepallbHble NUPPOTHHOBBIC | » 3.93 1.15
TIOpOABI (CIUIONIHbIE PY/bl) B OMOTHT- » 3.88 1.16
KOPAMEPUTOBOM ILIarMorHelce ' '
Ccp 3.75 1.20
313.6 90—91 MoHOMUHEpallbHbIe MUPPOTHHOBBIE | PO 4.56 1.05
OpOI6I (THE3TOBBIE PY/ABI) B OMOTHT- » 433 1.09
KOPJIMEPUTOBOM ILIArHOTHelce ' '
314 90—92 MoHOMHHEpaIbHbIE NHPPOTHHOBEIE | » 3.82 1.50
opoAbl (THE3/10BbIE Py/Ibl) B OMOTHT- » 384 1.49

KOpAUCPUTOBOM IJIarHOTHelce
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505 X14a Kanbuudup nupokceHoBslil (amokap- | » 281 0.37
OOHATHBIH yJIbTpaMeTaMOP(PUIECKO-
ro osrama; (Cal, Cpx, Hbl, Act, Ttn, “ 291 0.32
Qz, Gr, Po)
505 X146 Ilopoma mularnoxna3-mUPOKCEHOBAs | » 0.76 -0.15
WHTCHCUBHO aM(QHUOOIM3UPOBAHHAS C
peAKHM THUPPOTHHOM (armoxapOoHaT-
Hal, yIbTpaMeTaMopHHIecKoro
srama; Cpx, Hbl, Act, Pl, Kfs, Qz,
Ttn, Po)
Ne13 | 52 X5/2a IMopoma mmpoKceH-TIarnokiazosas | Po 1.55 0.75
(amorHeiicoBas, ympTpameTaMopQu-
yeckoro sramna; Pl, Opx, Kfs, Bt, Ms, “ 119 0.67
Po, Gr)
Ne 27 | 51 X102 [Mopoma mmmHens-nupokceH-dioro- | Po 5.52 1.22
NUTOBAsA (AMOTHEHCOBAA,C PEIHKTO- | 5.52 1.26
BBIMU MUHEpaJIaMH yJIbTpameTa-
Mopduyeckoro (Opx, Spl, PL, Po, Gr, | » 5.50 1.02
Ap) u  mocrymbTpameTamopdu-
geckoro (Phl, Chl, Ms) stamoB)
108- X10/4 [Imarmoraefic OMOTHT KOPIHUEPUTO- | » 4.66 2.62
112 BEIf C BKpAIUICHHOCTBIO MHPPOTHHA
(Pl, Qz, Kfs, Crd, Bt, Po, Gr, Srp) ? 425 | 265
116- X10/58 [lmarmoraefic  OMOTHUT-KOPIUEPUTO- | » 6.29 0.00
120 BBIil M3MCHCHHBIl HHTCHCHBHO MHT- | 5.45 0.01
MaTH3HPOBAHHBIH C MHPMEKUTaMH,
penxoil BKparjaeHHocThio PO u Hamo- | » 5.21 -0.03
*eHHo# ouoturusauuei (Pl, Qz, Kfs, | 5.31 0.01
Crd, Bt, Po, Gr)
116- X10/5A-1 | TIpoXKWIIKOBO-BKpAIIEHHBIE ~ CYJIb- | » 3.29 241
120 ¢unHble TIOpOIB! (pynbl) B OWUOTHT- » 256 241
KopaueputoBoMm TuiaruorHeiice (Pl,
Bt, Crd, Kfs, Po, Gr)
X10/5b-3 | IlnaruorHeiic OWMOTHUT KOPIAMEPUTO- | » 2.87 2.49
BB C BKPAIUICHHOCTBIO CYJb(MHIOB
(Pl, Qz, Bt, Crd, Kfs, Po, Gr) ? 2071249
X10/5B-2 | [InarmorHefic ~ OMOTHUT-KOPIUCPUTO- | » 2.71 2.62
BB C BKPAIUICHHOCTBIO CYJb(MHIOB
(PI, Qz, Bt, Crd, Po, Gr)
X10/5T-1 | [InarworHeiic  OMOTUT-KOpaUEpUTO- | Py 3.39 2.68
BB C BKPAIUICHHOCTBIO CYJb(MHIOB
(P, Qz, Bt, Crd, Kfs, Py, Gr) 7 311 ) 2.56
X10/54-2 | IlnaruorHeiic  GHOTHUT-KOPIAHEPUTO- | » 3.37 2.42
BBI C BKPAIUIGHHOCTBHIO CYyJIb(pHUIOB
(P, Qz, Bt, Crd, Kfs, Py, Gr) 7 314 ) 248
X10/5XK-3 | TIpoKHIIKOBO-BKpAIJIEHHBIE ~ CYJIb- | » 3.46 2.30
¢unHBIe TIOpOABI (pyAbI) B OHMOTHT- » 3.31 237
KOpIUEepuTOBOM InIaruorueiice (Py,
PI, Bt, Crd, Kfs) » 3.31 2.39
» 3.40 241
120 X10/6 Ilraruorueiic  OuotuT-KOpIUEpUTO- | PO 5.58 2.69
BBbII MUIMaTU3UPOBAHHBII cl, 5.41 273
rpauTOM M paBHOMEPHOM
BKPAIICHHOCTBXO  MEIIKMX  3€peH | » 5.27 2.48
cynedunos (Pl, Qz, Po, Crd, Kfs, Gr, | ,, 52 275
Sil, Bt)
» 51 2.53
» 4.25 2.64
» 4.33 2.67
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Cynbpuanas cepa OOHapyXUBaeT CIEAYIOIIME XapaKTepHble OCOOCHHOCTH. Bo-mepBbIX,
. 34 .

M30TOMHBII COCTaB & 'S JOBOJBHO OJHOPOJIEH HAa BCEW IJIOUIaIU ONMPOOOBAHUS U IO TIyOMHE

CKBQ)XMH; CpeHEEe 3HAUCHHE 8%S ~ +3.6%o, 00wl QHaNa3oH Bapuanuin 8%S ot 0.7%o0 10 6.3%o

MIPH 3TOM OOJIbIIIAs YaCTh 8%s cocpenoToueHa B nuamnazoHe ot 2.5%o 10 5.0%o0 (pucyHok 5.12).

4 r © Cks Ne 7

DO @ O CrkaNe 11
3+ m@» O Cka Ne 12
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o L [Toponsr:
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© ynbTpameTtamopdurueckune

Pucynok 5.12 — 5%S u MAarHuTyJa M30TOMHON aHOMaJuu CEpbI A®S B cynbpuaax u3 mopon
UpkytHoro Onoka Illapepkanraiickoro BbeicTyna ¢yHaamenta Cubupckod miaaT@oOpMBI.
N3oTtonHble nannbie u3 Tadnuisl 5.3. Ha BepxHem rpaduke npeacraBieHbl JaHHbIE C TPUBSI3KON
0 OTJEJIbHBIM CKBaknHaM. Ha HukHeM rpaduke JaHHbIE CTPYNIIUPOBAHbI C MPUBA3KOMN K TUITY
MOPO/, BMEIIAIONINX CYTb(PHIHYI0O MUHEPAIN3ALUIO.
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Bo-Brophix, cynbduaHas cepa oOnamaer M30TONMHOM aHoMmanued mo cepe-33 u -36.
VcranosieHo, uro Marautyna A*S u A*®S sapeupyer B npegenax or —1.49%o 10 +3.50%0 u oT

—3.03%0 10 +1.51%0, cooTBeTcTBEHHO (pUCcyHKH 5.12 1 5.13).

A36S (%0) © CkB No 7
2 - <O ckeNe 11

O CkB Ne 12

-2 4
ABS (%o)
I o y =-0.9x
- R2=0.9
/R
Pucynok 5.13 — I'paduk, IEeMOHCTpUPYIOIIMH B3aMMOOTHOLIEHHE MEXIY H30TONHBIMU

anomamusivu cepel A*S u A®S B cynsgmmax u3 mopon uepemmanckoit Tomm MpKyTHOrO
omoka Illapepkanraiickoro BeicTyna ¢yHgamenta Cubupckoro kpartoHa. I[lpsmas auHUS
BH3YaIM3HPYET OTpHIATebHYI0 Koppemsmmio mexay A®PS u A¥S, koropas ommceiBaercs
JUHEWHBIM ypaBHEHUEM BHJIA A*®S = —0.9A%S. 3aBucumocts MOCTPOEHA IO H30TOIMHBIM
JAHHBIM, MOJIYYEHHBIM JJIs1 cynbhuaHoM ceprl u3 ckBakuH Ne 7, 11 u 12. Ha rpaduxe Takxke
IPOIEMOHCTPUPOBAHBI JIaHHBIE [UIA CYNIb(UIOB C OOBIYHBIM MacC-3aBUCHMBIM COOTHOILIEHHEM
M30TOIIOB CEPHI, I'/Ie A®S u A%S = 0% (cepbie poMOBI).

OGnacTb 3HauYeHMit 5°°S (+3.6 £ 1.1%0) B cynbdpuaax aHATU3UPYEMBbIX 00pa3II0B BIIOJIHE
COMOCTaBUMa C H30TOMHBIMU XapaKTEPUCTUKAMU MaHTHUIHOW cepbl, A KOTOpod oO0iacTb
3Havenmii 84S ompeneneHa B mpenenax or —6%o mo +6%o0 [Ohmoto, 1972; Sakai et al., 1984;
Ishihara, Sasaki, 1989; Labidi et al., 2012, 2015; Donoghue et al., 2014]. Oto o3HauaeT, 4TO cepa
Cynb(UI0B MOXKET UMETh MaHTUIHOE MTpoucxoxacHue. OqHaKo, MAHTUHHBIA UCTOYHUK CEPhI HE
CJIeTyeT CYUTATh €JMHCTBEHHO BO3MOXKHBIM, IIOCKOJIbKY 00pa31iibl Cy/Ib(pHI0B, HCCIEA0BAHHBIE B
JTaHHOU paloTe, BHO IEMOHCTPUPYIOT HAJIMYHE MACC-HE3aBHUCUMO (PAKIIMOHUPOBAHHON CEpHI.
Takast cepa MMeET MHOE MPOUCXOXKACHHE, HE CBS3AHHOE C MAaHTUMHBIM HMCTOYHHUKOM. Kak
VIIOMUHAJOCh paHee, Cynb(UIbl, HMEIOIINe HEHYJIEeBble 3HAUYCHUS A®S, YKa3bIBalOT Ha

doromuTrueckoe mpomcxoxaeHue cepbl  [Johnston, 2011]. TlonokuTenbHBIE 3HAYCHUS
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MU30TOITHOM AaHOMAJIMU CEpbI A®S, 3aapXMBUPOBAHHBIE B CYIb(HUIAX YEepPEeMIIAHCKOH TOJIIH,
0€3yCIIOBHO CBSI3aHBI C TMOCTYIUICHHMEM Cepbl, Mpomeameid (OTOXUMHUUECKUN  ITMKI
npeoOpa3oBaHuii B OECKUCIOpPOAHOW  apxeiicko armocdepe, M  HENOCPEACTBEHHO
CBUJCTENLCTBYIOT O BOBJICYEHHMH B pPyA00Opasyloliye Mpouecchl  (POTOIUTUYECKON
AJIEMEHTapHOU Cepbl, KOTOPOM NPHUCYIIM TOJIOKHUTEIbHBIE 3HAUYCHUS A®S, Cynbdunsr,
IIOKa3bIBAIOIME OTPULATEIIHBIC 3HAYCHUS A®S (o6pasupl U3 ckBaxkuHbl Ne 12), coxpaHuiu
cienpl ydactusi (OTONUTUYECKOW Cynb(aTHOM cepbl, Hecylleld OTpHUlaTeNbHbIE 3HAYCHUS
u30TOIHON anomamun A%S,

HNuTepecHbll pe3ynbpTar, KacaloIIMNCA COXPAaHHOCTH M30TONHBIX AaHOMAIUM CEephl,
MOJIyYEH MPHU CPABHEHUH M30TOITHOTO COCTaBa CYIb(PHUIHON CEPhI U3 TOPOI METaMOP(PHUIECKOTO,
yIbTPaMETaMOP(PUUECKOT0 M TMOCTyJIbTpaMeTaMop(uueckoro sTamoB oOpa3oBaHus. bbuio
00HapyXeHO, YTO CyIb(UIbl C HAaUOOJBIICH MOJOKUTEIBHON U OTPULIATEIHHOW MArHUTYAOMN
A®S ormeuaroTcs B opoJiax MeTaMOp(PHUUECKOro sTamna (IBYNHUPOKCEHOBBIE IIArMOTHEMCHI,
KOPAUEPUTOBBIE THEHCHI, KBAPIUTOTHEWCHl W KBAPIUTHI). 3/1€Ch +A®S 3nauenns anomanmii
JIe)KaT B auana3oHe oT ~ +2.0%o0 mo +3.5%o, a —A®S 3HaueHus aHomanuii ¢bukcupyorcs Ha
ypoBHe —1.5%o (cM. pucyHok 5.12). B mopoaax ynbTpameramopduueckoro stana (HHTEHCHBHO
MHUTMATH3UPOBAHHBIC CIAHIIBI W THEWCHI, IJIATHOKIA30BbIE W KAJHUINIATOBBIC MHUIMATHTHI)
cynb(huIHAS cepa XapaKTepU3yeTCs 3HAYCHUSIMHU A®S Hmxe, yem +2.0%o, a B CAMBIX TIO3IHUX
METAaCOMaTUYECKUX IMOpoJax A3To 3HaueHue He mpesblmaer  +0.5%o0, TO ectb mo mepe
npeoOpa3oBaHus MOPO MATHUTY/IA U30TOMTHON aHOMAJIMH CEPhl CTAHOBUTCS MEHBIIIE.

[TomoOHOe TmOBeACHHE MOXHO OOBACHUTH, €CIU MPEANOJOXKUTh, YTO B XOJE
npeoOpa3oBaHus MOPOJ MPOUCXOAMUIO pa30aBieHHE cepbl (POTOIUTUYECKOTO MPOUCXOKICHUS
Ccepoll MaHTUHHOTO MPOUCXOXKAEHUS. B pe3ynprare MarHutyga HW30TONHOM aHOMalIWHM B
OoJbIIel WM MEHBIIEH CTeNeHu peTepreBaeT u3MeHeHus. EcTh, 0JIHaKo, OCHOBaHMsI 1OJIaraTh,
YTO B X0JIe¢ MeTaMOp(Pu3Ma MOCTYIIJICHUE CEPHI U3 JOMOTHUTEIBHBIX UCTOYHUKOB €CIIH U OBLIO,
TO B HEJAOCTATOYHOM KOJHMYECTBE, YTOOBI 3aMETHO TMOBJIUATh HA MArHUTYIY A®*®S. Ha sto
yKa3bIlBaeT ONMU3KOE CXOACTBO BEIHYWH A®S, HaiineHnble B PEIUKTOBOM MUPUTE (A33S =
2.45+0.12%0) 1 muppoTHUHE (A33S ~ 2.53+0.10%0), BO3HHMKIIEM 3a CUET MUPHUTA B YCIOBUSX
rpanyMToBOro Metamopdusma [Beicorikuii u ap., 20196]. CyiiecTBeHHbIC H3MEHEHUS BETMYHH
A®S, MPOM3OIIENINE HA CTaAWH YJIbTpaMeTaMop(HUUecKoro 9Tara, MOTJIHA OBITh BBI3BAHBI
MPOLIECCAMHM CMEILIEHHUS CEPbl C MOJOKUTEIbHBIMU U OTPULIATENIbHBIMU BEIMYMHAMHU A®S. Ho
HENb3s C MOJHON YBEPEHHOCTHIO MCKIIOUUTH MPUBHOC CEPhl HA ITOM CTaauu mpeoOpa3zoBaHUs
MOPOJT U3 JIOTIOTHATEIbHBIX UCTOYHUKOB. PaznenuTs 3T 1Ba mpoiiecca (MPUBHOC M CMEIIIEHNE)
HE TIPENICTaBIISICTCI BO3MOXKHBIM, TaK Kak 00a mpoiiecca, 0 CyTH, MPUBOIAT K U3MEHEHHIO

MariuTyabl U30TOIMHBIX aHOMAJINH B OJHOM HaIIpaBJICHUH, T.C. eé YMCHBIICHUIO. Tem e MCHCEC,
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Macc-He3aBUCHMbIE COOTHOLICHHUS CEPhI B ITOPOJIaX YEPEMILIAHCKON TOJIIM MOTYT OBITh TIOJIE3HBI
JUI BBISICHEHHUSI CTPYKTYPHO-BEIIECTBEHHOM KOPpENALUU METaMOpP(OTeHHBIX TOJI PErHoHa
[Boicorkuii u ap., 20196].

OO6cyaum Tenepb JaHHBIE IO COOTHOIIEHUIO MEXAY 3HAUEHUSMU M30TOIMHBIX aHOMAJUI
cepbl A®S u A%S B Cynb(huIaxX YEpEeMITaHCKOW TOJIIH, MPEACTABICHHBIX Ha pucyHKe 5.13.
VYcraHoBieHa 4é€Tkash OTpUUATENbHAS KOPPENSUUs 3HAYCHHI A®S u ASGS, KOTOpasi XOpOLIO
AMMpPOKCUMUPYETCA MPSIMON JIMHUEH C HAKIOHOM A®S/A®S ~ —0.9. Taxoil HAKIOH sBISETCS
TUMIUYHBIM I U30TOMHBIX TPEHAOB CEPbl B OCAJOYHBIX MOPOAAX BO3pacToM A0 2.4 MIp. JeT
[Kaufman et al. 2007; Ono et al. 2009a; Zerkle et al. 2012]. Bonpocs! 0 ToM, KaKue MPOIECcChl U
(aKTOpEl B MEpBYI0 OdYepeib ONpeaeisuld 3HaueHue orHourennii A°S/A®®S, nabaomacmbie B
cynb(huaoii cepe, OBUIM pelIEHB HEMOCPEICTBEHHO B JIaHHOW paboTe Ha OCHOBE
AKCIIEPUMEHTAILHOTO MojienupoBanus Gortoxumun SO, B 0€CKUCIOPOIHBIX YCIOBUAX (TJiaBa
3). Bo-riepBbIx, Habmomaemoe cootHourerne A®S/A*S B cymbdumax uepeMimanckoil o,
Kak ¥ B JPYrUX apXeHCKUX IOPOJax, IOHKHO OBUIO SIBUTHCS CIEJCTBHEM IPOIECCOB Macc-
HE3aBUCUMOTO (DPaKIMOHUPOBAHUSI W30TOMOB CePhbl B (DOTOXMMHYECKHX PEAKIUAX C YUYACTUEM
SO, mnporekaromMx B apxelickod arMocdepe B YCIOBUSAX OTCYTCTBHSI CBOOOJIHOTO
MOJIEKYJISIPHOTO KHCIOposa. Bo-Bropsix, Bemmumnua ornomenns A*S/A*S konrpommposanacs
UCKJTFOUUTENFHO (DPU3UKO-XUMHUYECKUMH TapaMeTpaMu (OTOXUMHUYECKOTO COCTOSHHS paHHEH
atMocdepsl 3eMiM, Tl pellalmMMud  ¢GakTopaMu OBUIM  CHEKTPAJIbHBIH  COCTaB U
MHTEHCUBHOCTh CHEKTPAIBbHBIX KOMIIOHEHTOB COJHEYHOIO H3JydeHHs INpH Oosiee aKTUBHOU
posi KOPOTKOBOJIHOBOTO (A < 200 HM) M3IydeHUs B MpOIEccax TUCCOIMAIIMU aTMOC(epHOro
SO,, ueM 3T0 Tpeanoiarajioch J0 CUX MOp. 3/1eCh HAaJI0 OTMETUTh, YTO BEITUYMHA OTHOIICHUS
A®S/A®S,  orBeuaromas  Macc-He3aBHCHMOMY — (PAKIMOHHPOBAHMIO H30TONOB  CEphl B
aTMOC(epHbIX (OTOXUMHUECKUX PpEaKIHsIX, CYIIECTBEHHO HE HapyllaeTcs B IOCIEAYIOIIUX
OMOXMMHUYECKHX TPOIleccax, B KOTOPHIE MOXKET BOBIIEKATHCS (POTOIUTHUYECKAsI cepa MpPexse,
4yeM ObITh TpaHC(HOPMHUPOBAHHON B CYJIbPUIHYIO (OPMY U OTIIOKHUTHCS B OCAJOYHBIX IMOPOJAX.
[ToaTOMy XapakTep CBS3U MEXKAY A®S u A®*S u, coorsercrBenHo, ortHomenne A®S/A®S
HanpsMYI0 OTpaXkaloT ycioBHUs atmochepHoil potoxumun SO, u copepkat uHpopMaimio 06
0COOEHHOCTSIX KPYroBOpOTa Cephl B apxeiickoe Bpemsi. OueBUIHO, JIF000€ 3HAYMMOE U3MEHEHHE
B (POTOXMMHUYECKOM COCTOSIHUM aTtMocdepbl (KOTOpoe ompenensercd TaKuM BaKHEHIIUM
(akTOpOM IUTaHETapHOIO MaclITada, Kak COTHEUHas pajualus) J0JDKHO HAallTH CBOE OTpaXKeHHe
B m3MeHeHnn cooTHomrenus A®S/A®S. Tak Bennmumna M30TONHBIX s¢pexToB (A®S u A%S)
3aBHCHT OT CHEIU(PUKA ¥ MeXaHu3Ma peakmnwid auccormaruu SO, mpu BosgelictBuun Y@
u3nydeHuss (cM. pucyHok 3.6 B pazmene 3.1.2.2. ThaBel 3, TOe OKCIEPUMEHTAIHHO

MIPOJIEMOHCTPUPOBAHO, YTO OTHOIICHUE A*S/A®S moxer BapbUPOBATh B IIMPOKOM JHAMA30HE
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oT —3.8 10 +1.5 B 3aBUCUMOCTH OT CIIEKTPAJIBHOI'O COCTaBa U OTHOCUTEIbHOW MHTEHCUBHOCTHU
U3JTYUCHUS).

B npuponnsix oOpa3max cyib(uIHONH cepbl MOKa emé He HaOIrAasoch OOJIBLIMX
Bapualuii B BEJIMYMHE OTHOIICHUMN A®S/A®S, HaNpoTHB, (UKCHPYETCS YIUBHUTEIBHO Y3KHI
nmanaszon msmenennst A*°S/A%S, orpanmuennsrii snavennsvMu ot —1.5 10 —0.9 (cm. prcyrok 1.8
B pazzene 1.3 rimaBel 1). C yeM 3TO CBsI3aHO U O YEM MOXKET CBHUJIETENbCTBOBATH? C OAHOM
CTOPOHBI, HeNb3sl HUCKJIIOYaTh, 4YTO JaHHAs CUTyallus CBsA3aHAa C  HEJOCTAaTOYHO
IPEJCTaBUTENILHONW BEIOOPKOI TPO0 Cynb(hUAHON cepbl U3 apXEHCKUX MOPOJL U TOTOIHUTEIbHbIE
U30TOIHBIE UCCIIEJOBAHUS MOTYT HAPYIIUTh 3aKOHOMEPHOCTbD, BEIPMCOBBIBAIOIYIOCS Ha JaHHBIN
MoMeHT. C Jpyroil CTOPOHBI, MOXHO CYHTaTh, YTO HMMEIOUIMECS JaHHBIC IPEICTABISIOT
O00BEKTHBHYIO 3aKOHOMEPHOCTb, OOYCJOBJIEHHYIO OOIIHOCTBIO (DOTOXMMHUYECKOTO COCTOSHUS
3eMHOW aTMocdepsl, KOTOpas, B CBOIO O4Yepe/ib, HEMOCPEACTBEHHO CBsI3aHA C OCOOCHHOCTAMU
manydenuss Comxna B apxee. UTo Kacaercss yCTaHOBJICHHBIX B JaHHOW paboTe 3HA4YCHUI
A®S/A®S = 0.9 B cynphuaHOil cepe U3 yepeMimaHckoil Tommy IllapbpKaraiickoro BeCTYyNA
¢dynnamenTa CHUOMPCKOTO KpaTOHA, TO OHM HHMKAaK HE HapyIIaloT oOIlIel 3aKOHOMEpPHOCTH, a,
HalpoOTHUB, MPEJOCTABIAIOT HOBbIE JI0Ka3aTeIbCTBA Ul e€ Oosee Beckoro obocHoBanus. Eciu
Y4€CTh BBICOKYIO UYBCTBUTEJIHHOCTb BEIIMYUH A®S/A®S k usmeneHuo (hOTOXMMHYECKHUX
yCIOBHI B aTMocdepe, CBA3aHHOE C JOCTYIMHOCTHIO KOPOTKOBOJHOBOTO Y ®D-M3IydeHUs Mpu
¢potomuze SO, [Benmenkas u ap., 2020], To BecbMa OIM3KOE CXOJCTBO B OTHOIICHHUSX
A®S/A®S mzoronHbIX aHOMATHii cepsl B CyIb(pUAaX U3 MOPOJI, CIArarmx GyHaaMeHT JPEeBHUX
kpatoHoB KaamnBaans Ha tore Adpuxu, Ilunbapa B 3amagHoit ABcrpanuu, Ceronmupuop B
ceBepHOl Amepuku u CuOMpPCKOTO KparoHa Ha rore BocTouHoW CuOupH, NpeacTaBiseTcs
OTHIOZIb HE CITYYailHBIM sBIeHHEeM. M3 TOro (akTa, 4To KOppeNsHOHHAs CBS3b MeKIy A*°S u
A®S onmmakoBa (wiu TouHee, BapHuanus A%®S/A%S IPOSIBISIETCS. B CPAaBHUTEIBHO Y3KHX
rpanunax ot —1.5 go —0.9) B cynppuaax u3 apxeicKux KOMIUIEKCOB pa3IUYHbIX KPATOHOB,
HEN30€KHO ClIeNyeT BhIBOA: (OPMHUPOBAHUE U30TOMHBIX aHOMAJUN CEphbl U 00YCIOBIMBAIONINE
uX (OTOXUMHUYECKHE MPOLECCH! JOKHBI ObUTH MPOUCXOIUTH IO OAMHAKOBOMY MEXaHHU3MY, UTO
NOJpa3yMeBaeT HaJMuue O0Iero pOTOXMMHUYECKOTO peXuMa aTMochepbl U ASHCTBUE OJHUX U
TE€X JK€ CIEKTPAIBHBIX MapaMETPOB, OIMPEICIIONNX (PaKIMOHUPOBAHUE CEphl TpH e
KpyroBopote B nepBuyHoOi atmochepe 3emnu [Benusenkas u np., 2022]. Tak, Hanpumep, eciu
JIOMYCTUTh HaJIM4KMe JOKAIbHBIX KOJICOAHUH MapaMeTpoB KPyroBOpOTa Cepbl B 3aBUCHMOCTH OT
MECTHBIX (PU3MKO-XMMUYECKHUX YCIOBHHA, TO 3TO HEMHUHYEMO CKa)XETCS Ha COOTHOLICHHU
m3oTorHbIX anomamnii A*°S/A®S i xapakrep KkoppemsronHoi csisu Mexay A®S u A*S G
OBl HE TaKUM OJHOOOpa3HbIM, Kak (PUKCUPYETCS B PEaIbHOCTH JJISl CYNb(PHUI0B U3 apXEeUCKHUX

MOpPOJI PA3NIMYHBIX KPATOHOB. DTO NAaéT OCHOBAHHE YTBEPXkAATh, YTO XapaKTep MpPOSBICHUS
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B3aMMOCBSI3H MEKIy H30TONHBIME aHoMammsmu cepbl A®S u A®S oGycrnosnen, riaBremM
0o0pa3oM, BIMSHUEM IapaMeTpoB OOLICTIIIAHETAPHOTO 3HAUCHHS, a HE JIOKAIbHBIMH YAA4HO
CIIOKHUBIIMMHUCS FTEOXUMHUYECKUMH 00CTaHOBKaMU MECTHOT'O YPOBHSI.

CrhenaHHbII BBIBOJI CTAHOBUTCS el OoJiee onpene’EHHbIM, eCIM IPUHITh BO BHUMaHUE
OKCIIEpUMEHTAIbHbIE (DAKThl, YCTAaHOBJCHHBIE aBTOPOM IIPU HW3YYEHUH SBICHHHA Macc-
HE3aBUCHMOTO (PAKIIMOHUPOBAHUS W30TONOB CEPbl B (DOTOXMMHUYECKHX PEAKIUAX C y4acTHEM
SO,. B riaBe 3 ObLI0 TIOKa3aHO, YTO CIEKTPAIbHBIN cocTaB Y d-u31ydeHus ¥ WHTEHCUBHOCTD
CHEKTPAJIbHBIX KOMIIOHEHTOB SBIISIOTCS KIIOYEBBIMU MapaMeTpaMH, KOTOpbIE OINPEAEIsIOT
Bapuarmn  otHomennit A°S/A®S u crocoGHEI 0GBACHUTE CrenUHKYy HX MPOSBICHAS B
apxeiickux nopojgax. [To cytu, 3Tu mapameTpsl conpsbkeHsbl ¢ n3nydenneM ColHIa, y KOTOPOro,
coryiacHo MojaenbHeIM IpeacraBiacHusM [Ribas et al. 2010; Claire et al. 2012], #uHTeHCHBHOCTD
usnydeHus B Y® obnactu Obuia BBIIIE IO CPaBHEHHIO ¢ coBpeMeHHbIM ComnHieM. B oTcyTcTBUn
030HOBOTO 3KpaHa M CBOOOIHOTO MOJIEKYIISIPHOTO KHCIIOpOJa B apxeickoir atmochepe, Y-
us3nydenue (A<200 HM) TPOHUKAJIO B HIDKHHE CIIOM aTMOC(Ephl M 3aIyCcKall0o B JIBIDKSHUE
[UKIUYECKHE MPOIeCcChl TMepepacnpeneneHuss aTMocepHoil cepbl MEXAy OKHCICHHBIMH U
BOCCTaHOBJICHHBIMU (opmamu. OTH (OTOXMMHUECKHE TIPOIECCHl CIENyeT MNPUHUMATh Kak
SBJICHHE IJIAHETAPHOTO MacliTada, JUIsi KOTOpOTro OOIIel 3aKOHOMEPHOCTBIO SIBJISIETCS Macc-
HE3aBHCHMOE pa3JieJicHHe H30TONMOB cepbl npu ¢orommse SO, mon BozneiictBuem Y d-
usnydeHus. [IockonbKy mapamMeTpbl ClIEKTPAIbHBIX XapaKTEPUCTUK COMHEYHOTro Y D-H3nnydeHus
OCTalOTCS OTHOCUTENHHO TOCTOSTHHBIMU Ha BPEMEHHBIX MHTEpBajaX MOpsAKa COTCH MUJLTHOHOB
u Ooutee JIeT, TO BIpaBe OKUIATh, YTO U30TOMTHBIE Macc-He3aBUCHMBIE 3()(EKTHI, MPON3BOANMEIE
npu  dortommze SO, monx BozaeiicTBueM YD-u3MydeHUs, HE MPETEPIEBAIH CYIIECTBEHHBIX
u3MeHeHud. C OSTUX TMO3MIMUKA CTAHOBUTCS TOHATHBIM, YTO XOPOIIO BBIIEPKHBACMOE
COOTHOILICHHE W30TONHBIX aHoMamuii cepst A*S/A®S B apxeiicknx mopogax pasIHYHBIX
KPaTOHOB — He CiydaiiHoe seienme. IloBropsieMocts m3oromHoil mpomopimn APS/A®S B
pasHBIX TOYKAaX IUIAHETHl ONPEAETSeTCS OJHOTHUITHOCTHIO IPOLECCOB  (HOTOXMMUYECKOM
TpaHchopMallMu cepbl B apXeHCKOW aTMocdepe, COMPOBOXKIABIIUXCS, COOTBETCTBEHHO,
OJIHOTHUITHBIM (hPAKITIOHUPOBAHUEM U30TOIOB CEPHI. Takum 00pa3oMm, 3aKOHOMEPHOCTH
pacrpeieieH s H30TomoB cepbl 25, S, ¥S u ¥S, oGHapyxennbie B CynbhuIax apxeHcKux
MOPOJ] Pa3INYHBIX KPATOHOB, B COBOKYITHOCTH C JKCIIEPUMEHTAIHLHBIMH 3aKOHOMEPHOCTSIMH,
YCTaHOBJICHHBIMU TPU H3YYEHUU HM30TOMHOTO (PAKIIMOHUPOBAHUS CEPHI B (DOTOXUMHUYECKHUX
nporeccax SO, cOCTaBISAIOT 0a3uC, MO3BOJSAIOMIMN C €JUHON MO3UIUH OOBSCHUTH JOBOJBHO
HIMPOKYIO PACIPOCTPAHEHHOCTh M30TOIHBIX aHOMAIHWK Cepbl B apXeHCKUX TOPOAax, MPUHSB

MPOLIECChl, MEXAaHU3MBbI M YCIOBUS (POTOXMMHYECKOTO KPYroBOpOTa Ce€phl B IPUMHUTHBHOMN
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aTMocdepe, Kak SBJICHUHE IUIAHETAPHOTO 3HAUCHMs, IBMKYIIEH CHIIOW KOTOpOro Obuin

VHTEHCUBHBIEC IOTOKU CONHEYHOTO Y D-U31ydeHHs B apXEHUCKYIO APY.

BeIBOALI K TJ1aBe 5

HccnenoBanusi MyJabTUM30TOIHOTO COCTaBa CEpbl B Cylb(uaax M3 apXeHCKUX TOJIII
DeHHOCKaHIMHABCKOTO muTa U CHOMPCKONM TIaTGOPMBI 3HAYUTEIHHO MPOABHHYIN MMO3HAHHE
O0IIMX 3aKOHOMEPHOCTEH TeOXMMHUYECKOTo LMKJA Cephbl HAa PaHHHUX dTanax pa3BUTHS 3eMIIU U
MO3BOJIMJIN MPUNTH K CIEAYIOIIUM 3aKIIOUCHUSIM:

1. ®akT oOHapyXeHHS HM30TOMHBIX AHOMANIUN cepbl B KOJYEAAHHBIX pylax,
JIOKAJM30BAHHBIX B mpenenax Kapenbckod TpaHHUT-3eJeHOKaMEHHOW 001acTH, MO3BOJISET CO
BCEH OMpenenéHHOCThIO YTBEP)KAATh, YTO B COCTaBE OCAMOYHBIX TOJII HPUCYTCTBYET cepa
(bOTOXMMHUECKOTO TeHe3uca, TO €CThb cepa, IMpPHUHSBIIAS YydacTHE B aTMOC(EpPHBIX
boTOXUMHUYECKUX MIPEBPAIICHUSIX, HMMEBIINX pe3yIbTaToOM Macc-He3aBUCUMOE
(dpakuroOHUpPOBaHUE U30TONOB cepbl. HaliieHHbIe sl Cephbl MOJIOKUTEIbHBIE U OTPULIATEIIbHBIE
3HAYeHHUs M30TOIHOW AaHOMAJHMH JIOKA3bIBAIOT BOBJEUEHHE, KaK OJJIEMEHTApHOM, TaK U
Cynb(aTHON cepbl (OTOTUTHUECKOTO MPOUCXOKICHHUS B MPOLECCH 00pa3oBaHMs CyIb()UIHON
MUHEpaTu3aluu. 3aapXUBUPOBAHHBIE B CYNb(HAaX HM30TOMHBIE aHOMAIUU CEPhl OJHO3HAYHO
UJCHTUQUIUPYIOT TEPBUYHBIM aTMOC(HEpPHBI HCTOYHHUK CEpbl O TOro, Kak MPOM30LLUIN
MOCJIETYIOIIHE TPOLIECCHl €€ TpaHCPOPMAIIUU B OKHCIUTEIFHO-BOCCTAHOBUTEILHBIX PEAKIIUSIX U
¢dukcauu B BUse Cyab(pumaoB.

2. @dakTbl BBIABIEHUS B apxeWckux nopogax Kapembckoro KpaToHa H30TOINHBIX
AHOMAJTHIi M 3HAYMTENBHBIX (>20%0) BApHALMHA BETHUNH 8°°S [T MTHPUTHOI CEPI OHO3HAYHO
PacKpbIBalOT mpeapicTopuio e€ ¢opmupoBanus. [lokazaHo, 4TO B MPOLECCH PYAOOTIOKECHHS
OblTa BOBJICYCHA MOpCKas cyib(aTHas cepa, UMEBIIAas HCTOYHUKOM atMmochepHbrii  SOs.
[TpeoOpa3oBanue cepbl MOPCKOro Cynb(ara B MUPUTHYIO (OPMY MPOUCXOJUIIO 1O MEXAHU3MY
6akrepuanbHOi cynbharpenykunn. OOHapyKeHHE W30TOMHBIX CBHJETENBCTB, AOMICAIINX 0
HAIlUX JHEW, O BOBJICYEHUH CEPhl B OMOTCHHBIC MPOIIECCHl HA PAaHHMX JTalax pa3BHTHS 3eMIIA
NpeCTaBIsIeT 0COOYIO IIEHHOCTD IS JIOKa3aTeNIbCTBA CYIIECTBOBAHUSI OMOTEHHOTO KPYTOBOPOTA
ceppl emé 10 MOABICHHS CBOOOJHOTO MOJEKYISIPHOTO KHUCIOpoaa B aTMmocdepe 3emiln.
N30TONHBIE 3aKOHOMEPHOCTH, IPOSBICHHBIE B KOJNYEIAHHBIX pPyJaX Me30apXeHCKHUX MOpOA
Kapenbckoro KpaToHa, BHOCAT CYIIECTBEHHBIH BKJIAJ B pPa3BUTHE MPEICTABICHUA O
OMOT€OXMMHYECKUX IUKIIaX CEPhl B apXee U 0 BAXKHOW PO MUKPOOHATIBHBIX MPOIECCOB B ATHX

HHKJIaX.
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3. JIoCTOBEpHO YCTaHOBJICHHAs! TEHETHUYECKAs CBSI3b CEphbl CYNb(UIOB B apXeHCKUX
BYJIKaHOTEHHO-0CAI0UHBIX KoMILIekcax Kapenbckoro kparona ¢ GpoToauTuyeckoi cynbdarHon
Cepoil sIBiIsIeTCs BECKMM apryMEHTOM JJisi MPU3HAHMUS aKTUBHOIO y4acTws cylbdara MOpCKOil
BO/AbI B (POPMUPOBAHUU CYIb(UIHBIX PYA B apXxee U, COOTBETCTBEHHO, pEIIaeT BOIpPOC 00
UCTOYHUKE cepbl s HuUX. [Ipu3Haku yyactus (OTOIUTHUECKOW Cephl B PynO(POPMUPYIOLIHX
nporieccax 3aUKCHPOBAHBI TAK)KE B PACCIOCHHBIX HHTPY3UBaX MOHUYETOpcoro KOMIuieKca. 1o
HC OTBEpraer MpeACTaBICHHE O MaHTHHHOM wucrounuke cepsl B Ni-Cu-DIII' pymax
MOHYEropckoro KOMIUIEKCa, HO MPEJOCTABISIET CBUAECTEIBCTBA Y4YacTUs CEpPbl OCAZOYHOTO
LIMKJIA, 3aXBAYEHHON M3 BMELIAIOLIUX MOPOJ HWCXOJHBIMM MAaHTUHWHBIMM pacIljiaBaMH IPHU HX
BHEJIPEHUU U MPOJIBUKEHUU K TOBEPXHOCTH.

4. M30TONHBIE 3aKOHOMEPHOCTH, YCTAHOBJIIEHHBIE NP H3YYEHUU H3OTOIHBIX
OTHOIIICHUH CEpbI 85225 y Mg/%s g cynabduaax pazIUYHBIX TEOJIOTUYECKUX 00pa30BaHUN
Kombckoro u Kapenbckoro KpaToHOB, JalOT OCHOBAaHUE pPacCMaTpUBATh aTMOC(EpPHYIO
doroxumuro SO, OCHOBHBIM HUCTOYHHKOM CEphI B CyNb(HIaX U3 MOPOJ apXeHCKOro BO3pacra.
OT0, MO CyTH, €CTh MPU3HAHHUE CYIIECTBOBAHHUS (POTOXMMHUYECKOTO IUKJIA CEephl, JOCTATOYHO
WHTCHCHUBHOTO [0 CBOUM MPOSBIEHUSM U TEPPUTOPHAIBHON MAacmTaOHOCTH, YTOOBI OBITH
3a(pUKCHUPOBAaHHBIM B HM30TOITHOM COCTaBE CEPBI PA3IMUYHBIX CYIb(QHUIHBIX PYIOTPOSBICHHUHA
DEeHHOCKAaHIMHABCKOTO LIUTA.

S. Cnenpl BoBieYeHHs cepbl B (DOTOXMMHUYECKMH IIMKI, CYIIECTBOBABIIUI B
OecKHUCIOpOAHON aTMocdepe Haleil MOJIOAOHN IUIaHEeThI, 3aapXUBUPOBAHBI TAKXKE B apXEUCKUX
tonmax lapspkanraiickoro BeicTyna gyHaamenta CHOMPCKOTO KpaToHa. 37€Ch COXpaHUIACh
cepa C HEHYJIEBBIMU 3HAYCHUSIMHU A®S u A%S, HECMOTpSl Ha TO, YTO IEPBUYHBIE IOPOJIBI
UCTIBITATA MarMaTHYeCKUH W IOCTMarMaTH4ecKui sTambl mnpeoOpa3oBaHus. COOTHOIIEHHS
MEXy BETUYMHAMU A®S 1 A®S B npeBHUX nopojaax Cubupckoroit niaarGopMel U B apXeHCKUX
KoMIUTeKcax rora Adpuku, 3amagHoNd ABCTpalMd U CEBEPHON AMEPUKH XOPOIIO COTJIACYIOTCS
MeEXly CO00M. DTO MO3BOJISET, ONUPASICh HA PE3YIbTAThl IKCIEPUMEHTAIBHOIO MOIETTUPOBAHUS,
YTBEPXAAaTh, YTO XOPOIIO BBIIEPKUBAEMOE COOTHOILIEHUE H30TOMHBIX AHOMAJIUN CEphl B
apXeHCKUX MOpOJax OTpaXkaeT MPOAYLHUPOBAHUE H30TOMHBIX AHOMAIMM CEpbl B CXOJHBIX
(bOTOXMMHUECKUX aTMOC(HEPHBIX YCIOBUSX.

6. HoBble ¢akThl ¥  3aKOHOMEPHOCTH, YCTAHOBJIEHHbIE TPH  W3YyYEHUU
MYJIbTHUM30TOMHBIX ~ XapaKTepUCTUK  Cynb(PUIHOM  cepbl M3 apxeickux  mopox
deHHOCKaHIMHABCKOTO 1muTa 1 CuOUpckoi miaTGopmbl, B COBOKYITHOCTH C HaOI0OJaeMbIMU B
HACTOSAIIEe BPeMsl 3aKOHOMEPHOCTSIMHU MPOSBIECHUS W30TOMHBIX aHOMAJIHUW cephbl B APEBHUX (>
2.4 MIIpI JIeT) OCaJ0YHBIX mopoaax Adpuku, ABCTpalui U AMEPHKH JAOT YOeTUTEITbHBIE

JOBOJIBI JJIsi TIPU3HAHMS MPOLIECCOB, MEXAHU3MOB U YCJIOBHUH (POTOXMMHYECKOIO KPYroBOpOTa



236

Cepbl B IPUMUTHUBHON atMochepe 3emiin sIBJICHHEM TUIaHETApPHOTO 3HAYCHUS, IBIDKYIIEH CHUIION
KOTOPOIro CjeayeT cuuTarth MHTeHcuBHOe Y D-uznyuenue ConnHna B apxee. JlomuHuUpyroiiee
aTMoc(epHOe BIUSHUE Ha TT00ATbHBINA LUK CEPbl B apXee MO3BOJSET C €IMHON TOUKH 3peHus
OOBSCHUTH IMOBCEMECTHOE MPHCYTCTBHE B OCAMOYHBIX Topoaax (> 2.4 wmupa Jier) mace-
HE3aBUCUMO (GpaKIMOHUPOBAHHOH  CEPBHI, JNEMOHCTpUpYIOLIEH  oOlmui  XapakTep
KOpPPEISLMOHHON B3aWMOCBSI3M MEXKAY BEIMYMHAMHU A*S u ASSS, BHE 3aBHCUMOCTH OT

Y3KOJIOKAJIbHBIX YCIOBHM (popMHUpOBaHUS CYIbGUIHON MUHEPATU3ALUH.
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3AKVIIOYEHUE

B nuccepraumonHoif = paboTe = MpenCTaBICHbl  Pe3yJNbTaThl  KOMIUIEKCHBIX
(9KCIIEpUMEHTATIBHBIX M AMIIMPUYECKUX) B3aUMOIOMOIHIIOMNX HCCIeIOBAaHUN SIBICHUI Macc-
HE3aBUCHMOTO (PaKIMOHUPOBAHUS CTAOMJIBHBIX HM30TONOB Cephl W Kuciopoaa. Obdobuienue
MOJIYUEHHBIX PE3YyJIbTaTOB B COBOKYIHOCTH C HBIHE JIOCTYIHBIMU JaHHBIMH O Macc-
HE3aBHCHUMBIX M30TOMHBIX 3 (eKTax B MOpoAax apXeicKoro Bo3pacra, ONpenessieT CUCTEMHBIN
NOJXO/ K Pa3BUTHIO MPEICTABICHUH O TEOXUMHH H30TOIOB CEPbl U KUCIOPOJA B apXEHCKyro
3Py, 4TO OTPAKEHO B CIEIYIOLINX MOJOKEHUAX U BBIBO/IAX.

JlpeBHeiine ocamouyHble Topoasl (> 2.4 MiIpa JieT) 3aapXHBHpPOBaIM B cebe
TEOXUMHUYECKHE YCIOBUS Cpeibl, MpeobiajaBilive Ha MOBEPXHOCTH 3eMIU B MEpPHOIbl €&
paHHEro pa3BUTHUS. PEKOHCTPYHpPOBATH 3TH YCIIOBHS BIIOJHE BO3MOXHO ITOCPEICTBOM H3yUCHHS
COOTHOIIICHHIT BCEX YETBHIPEX CTaGMIBHBIX M30TomoB cepsl (25, S, *S 1 *S) B cympdumax u3
apxeickux mopon. M3mepenuwe Bapuanuii B COOTHOIIEHWH HambOOIee pachpoCTpaHEHHBIX
u3otonos ~*S/%?S, a TaKike H30TOIHBIX nap 85323 1 3°g/%%g, TpeOyeT UCKITIOYUTENHHO BBICOKOM
TOYHOCTH JUIS JIOCTOBEPHOTO BBISIBICHHS M30TOMHBIX aHoManmii cepbl AS u A®S B npesmux
NOpOoJax C IEJbI0 PACKPHITHS OOBEKTUBHBIX 3aKOHOMEPHOCTEH BO B3aMMOOTHOIICHSIX MEXIY
HU30TONHBIMH AP dexTamMmu cepbl 53, A*S u A®S. B srom miane pa3pabOTaHHBIA HOBBIM METOJ
U30TOMHON MacC-CIEKTPOMETPHH ¢ (EeMTOCEKYHIHOH asepHoit admsarmeit (Pc-JIA-T'X/MC)
NPEIOCTABIISCT YHUKAIbHBIE BO3MOXKHOCTH JJISi MCCIIEAOBaHUs IN SitU COOTHOIICHHS BCEX
YETHIPEX CTAOUIIBHBIX U30TOIOB CEPHI 32g, 33g g g cynbpuaHsix MuHepanax. Co3nanue
HOBOT'O METO/Ia IO3BOJIMJIO NPEOJI0JIeTh MHOTME HCTOYHHMKHM OIMIMOOK (MaTpuU4HbI >QexT,
3pGEeKT NPOCTPAaHCTBEHHONW OPUEHTUPOBKHM KpUCTa/UIa, 3((EeKT Ia3epHO-UHAYLIMPOBAHHOTO
(pakIMOHUPOBAHUSI W30TOINOB, BBEACHUE MONPABOK Ha 3(PQEKT pa3sMbITHS HOHHBIX ITHKOB,
3 PEKTH TPUMECHBIX HAIOKEHUI ), KOTOPbIe 3HAYUTEIHHO BIHMSIOT HA TOYHOCTh M3MEPEHUN U
OTPaHUYMBAIOT BO3MOKHOCTH CYIIECTBYIOIINUX aHAJOTHYHBIX MeToA0B. HoBbiit @c-JIA-I'X/MC
METOJ TO3BOJMJ 3HAYUTEIBHO PACHIMPUTH BO3MOXKHOCTH B PELICHHM MPOOJIEeM M30TOIHON
TEOXHMHUU CEPHI.

[IpoGnema mNpOUCXOXKIEHHUS HW3OTOMHBIX Macc-HE3aBUCUMBIX 3((EeKToB cephl B
apxelckux mopojax sBIgeT co0oil olHY M3 Hamboyiee BaXKHBIX MPOOJIEM I'€OXHMHH H30TOIOB
cepsl. IIpeacrasienne o ToM, YTO U30TOIMHBIE AHOMAIIUU CEPbl MOTYT UMETh (POTOXUMHUYECKYIO
NPUPOIY CBOETO TPOWCXOXKIACHUS, TOJIYYHIIO TIOJTHOE JKCIIEPUMEHTAIBHOE TOATBEPKICHHE.
DKcrepuMeHTaTbHBIE (JaKThI U 3aKOHOMEPHOCTH, YCTAHOBJICHHBIC ITPH M3YYCHUH SBJICHUS Macc-
HE3aBUCUMOTO (DPaKIIMOHUPOBAHUS H30TOMOB Ccepbl B (POTOXUMHUECKUX MPOIIeccax, MO3BOJISIOT

IIPpU3HATH (I)OTOXI/IMI/IIO SOQ HCTOYHHUKOM H30TONHBIX aHOMAaJIWi CCPBI, 3aapXUBHUPOBAHHLIX B
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0CaJIOYHBIX MOpojax. TeM caMbIM JaHO OIPOBEPKEHHE CIIOKHBIIEMYCS MPEIACTABICHUIO O
HEBO3MOXKHOCTH OOBSICHHUTH IPOUCXOXJICHUE MAaCC-HE3aBUCHUMBIX HU30TOMHBIX A(P(HEKTOB B
apXeHCKHUX TOpoJiaX B paMKax aTMoc(hepHBIX (HOTOXMMHYECKHX IPOIEcCOB ¢ ydactueM SO».
OTO O3Ha4YaeT, B CBOK O4Yepedb, YTO HET HUKAKMX MPUHIMIHAIBHBIX IPErpaj CuruTaTh
MOSIBJICHUE WM30TOIMHBIX AHOMAJIUI CEpbl B apXEHCKUX TOpOJaX NPSIMBIM CBUIETEIHCTBOM
BOCCTAaHOBUTEJIBHOTO COCTOSTHUS aTMOC(hephl paHHEH 3eMITH.

®dakThl, KacawIIuecs H30TOMHBIX 3(P(PEKTOB cephl M IMPOILECCOB, BEAYIIHX K HHM,
MO3BOJIAIOT 3aKJIIOYNTh, YTO FEOXMMHYCCKUN LMK TpaHCHOPMALMK CEpbl B apXCHCKYIO 3Dy
dyHIaMEHTAIbHO OTJIMYalCs OT COBPEMEHHBIX IpoleccoB. KirodueByro poib B 00IemM
KPYroBOpOTE cepbl Ha paHHEH 3emie urpai (OTOXUMHUYECKUH aTMOC(HEPHBIA ITHKI CEpHI.
Wznydyenne ConHIIa B apXxeickoe Bpemsi U OCCKHCIOPOJHBIC YCIOBHS paHHEH arMocdepsl
3eMiIM, HECOMHEHHO, ONPEACISUIN MyTH TpaHchopMalMu cepbl B (POTOXUMHUYECKUX PEAKITHIX
SO, w BowsM Ha XapakTep IepepacrpenciieHuss e€ HW30TOmoB. BBICOKHME MOTOKH
YIBTPapUOIECTOBOTO COJTHEUHOTO M3ITYICHHS B apXEHCKOE BPEeMsl SIBJISUTUCH TIIaBHBIM (DAKTOpPOM,
KOHTPOJIMPYIOIIUM CKOPOCTh M MEXaHU3MbI (POTOXUMHUYECKOH nuccoruanui SOz ¥, B KOHEYHOM
cuéTe, Macc-HEe3aBHCUMOE IOBEIICHHE M30TOIOB CEpbl B OTHX Hpoleccax. Pe3ynbTarhl
OKCHEPUMEHTAIBHOTO  MOJICIMPOBAaHUS  (OTOXUMHUYECKUX TmporeccoB SOz  MO3BONSAIOT
YTBEPXkKAaTh, 4TO MOTJIoMeHHEe MosieKyimamu SO, cotHedHoro Y ® u3nydeHus, IPUBOIUBIICTO K
UX pacrmagy Mo MeXaHu3MaM MpsMol aucconuanuu (B obmactu qmmuH Bon A < 200 HM),
npenaucconuamuu (A = 200—220 M) u doroBo30yxkaerus (A = 250—400 HM), MOXET B
KOMIUIEKCE 00ECTIeUnTh U30TOMHBIE A((EKTHI, COTIACYIOIIHECS ¢ ApXCHCKUMU 3HAYCHUSIMU, 9TO
naéT  pemieHWe TpoOJieMbl O0pa3OBaHHMS B OCAIOYHBIX IOPOJAX Macc-HEe3aBUCHMO
(bpaKIIMOHUPOBAHHON CEephl C XapaKTePHBIMU Jii HEe€ COOTHOUICHHEM H30TOMHBIX 3((EeKTOB:
ABS =~ 0.9 x §*'S u A®S ~ —1.0 x A®S.

Pa3BuTHe mpencTaBieHHI O T€OXMMHUYECKOM IHKIIE CEPbl B apXee HEeMOCPEIACTBEHHO
CBA3aHO ¢ (QyHAaMEHTanbHOW  mpoOJIeMOl, Kacalomlehcs  MOSBICHHs  CBOOOJHOTO
MOJISKYJISIDHOTO KHCJIOpofa B atmocepe W €€ mepexoja OT BOCCTAHOBUTEIBHOTO K
OKHCJTUTEIILHOMY COCTOSIHHIO. [IpefCcTaBlieHO SKCIIEpUMEHTAIbHOE OOOCHOBAaHWE W Pa3BHTHE
CYIIECTBYIOIIUX TMPEACTaBICHUN O (OTOXMMHUYECKOM HMCTOYHUKE IMOCTYIUICHHSI KHCIOpOAa B
atMocthepy. [lomydeH nenwiii psiag SKCIEPUMEHTAIBHBIX (DAKTOB, MO3BOJIIOIINX CBS3BIBATH
IO0ANTbHBIC  OKHCIHUTENBHBIC MPONECChl ¢ (POTOXUMHUYSCKUM HCTOYHHKOM KHCIOpOJa —
reHepupoBaHneM mnepokcuna Bojopoaa H»>O, BciencTtBue (GOTOXMMUYECKON MHCCOIUAINH
MOJIeKyNT BoAbl. (DU3MYECKYI0 TOJOMIEKY 3TOTO SIBICHHUS COCTaBISET BBICOKAs 3aBHCHMOCTD
(hOTOXMMHUYECKOTO COCTOSTHUSI aTMOC(ephl OT MHTEHCUBHOTO >k€cTkoro Y ® msnyuenus ConHIa

B apxee. PeBy.]'IBTaTI)I SKCIICPUMCHTAJIIBHOT'O MOJCIUPOBAHHUA W IOCTPOCHUA KHHCTHUUCCKHX



239

Mojene (OTOAMCCOIMAIIMK MOJEKYT BOABl YOCIUTENBHO JOKa3adl NPUHIUIHATBHYIO
BO3MOXHOCTH TeHepupoBanus HoO, mpu oTCyTCTBHM CBOOOJHOTO MOJIEKYJISIPHOTO KHUCIOPOAA.
O6pazoBanue HyO, mpoucxoauT NpeuMyIEeCTBEHHO [0 MEXaHU3MY PEKOMOMHALIMU THAPOKCHIT
panukanoB OH, MCTOYHHMKOM KOTOPBIX CIYKUT JIHWCCOLMALMS BOABI IpuU moryomeHun YD
u3ydeHus B oonactu uH BodH A < 200 HM. Tem caMbIM BHECEHA SICHOCTh B PEIICHHUE BOMIPOca
o nyrsax ¢opmupoBanus HyO; B panHeil O6eckuciopoanoit atmocdepe 3emiau. ITO MO3BOJISET
pU3HATh MEPOKCHU]l BOJOPOJAa MOTEHIUAIBHBIM HCTOYHUKOM IOCTYIUJICHHUS MOJIEKYJISIPHOTO
kuciopoga B armochepy (2H,0, — 2H,0 + O21) u 00ycaoBIMBAET TOCTOBEPHOCTH OIICHOK
saddexkruBrHOCTH TpoayupoBanus HyO; B apxeiickoil atMmocdepe Ha OCHOBE (hOTOXUMHUYECKHIX
MOJCIIECH.

JleranpHOoe u3ydyeHHe M30TONHBIX d3pdextoB mpu  dopmupoBanuun HyO, B
OCECKUCIOPOAHBIX YCIOBUSX BBIIBMJIO Macc-HE3aBHCUMOE (DpakIIMOHUPOBAHUE H30TOIMOB
KHCJIOpO/a. YCTaHOBJIEHO, YTO PEaKIus peKoMOWHAImMM TUApoKcwa paaukaioB OH wmmeer
PEe3yaBTATOM MAacCC-HE3aBUCHUMOE pa3JelieHHe W30TOMOB KHCIopoaa. IToT 3¢ddexr oObscHEH Ha
OCHOBE TEOpUU CIUHOBOW CENEKTUBHOCTH XUMHYECKHX peakiuil. [lomyueHHble aaHHBIE
MNPUBOJAT K BBIBOJY, YTO KHUCJIOPOJ, UMEIOLUN (POTOXUMUYECKOE MPOUCXOKACHUE, NOJKEH
o0agaTh YHHKQJIbHOW M30TOMHO-aHOMAJIBHOW METKOW. DTO OTKPHIBAET HOBYIO BO3MOXKHOCTh
UACHTH(DHUIIMPOBATh HWCTOYHUK OKCHUICHU3ALWW TEPBUYHONM arMochepbl 3eMid TyTeéM
WCCIIEIOBAHMS COOTHOMEHHMsT m3otonoB 0, O u O B oxcmmax HaeoNnpOTEPO30UCKUX
KEIe30PYTHBIX (OPMUPOBAHUH.

[IpoBenéHHbIe WCCIENOBaHMUA MAlOT OCHOBAHME TI0Jarath, 4YTO (HOTOXMMHUYECKHE
nporecchl, OyIydyd 3HAYNMBIMH B KOHTPOJMPOBAHUHM COCTaBa W HBOJIOLUWHU TEPBHUYHON
atMocepsl, OKa3bpIBallM BIMSHHE Ha TepepacrnpesieieHne H30TONOB U SBISIIUCH OCHOBHOM
MPUYMHON BO3HUKHOBEHHUS MAaCC-HE3aBUCHUMBIX HM30TOMHBIX 3((HEKTOB B 3€MHBIX YCIOBHSX.
LlenTpanpHas cucTeMooOpa3yomas poib B ATHX IMPOIEccaX NPUHAMISKUT COTHEYHOMY YD
U3JTYYCHHUIO, XapaKTEPUCTUKNA KOTOPOTO MPEeAONpeaAesUId JUHAMUAKY W MEXaHW3MBI peakiuii, a
TakKe TMPOU3BOJUMMBIE B HHUX H30TOMHBIE J(¢ekThl. V3yuyeHue TEpBONPUYMH U
3aKOHOMEPHOCTEH Macc-HE3aBUCHUMBIX M30TOMHBIX 3 (EKTOB, SBISIOMUXCS (UINISCKUMH TIO
CBOEH CyTH, MMeeT (PyHIaMEHTAIbHOEe TeOXMMHUYECKOe 3HaueHHe. Pacro3HaHWe WCTOYHHUKOB
W30TOITHBIX aHOMAJTHH 00ECIeYMIO JTOTOTHUTEILHBIM METOJI BBISICHCHHS ITyTeH MPEBPAICHUS
Cepbl B TIIO0AIILHOM KpPYroBOPOTE€ HAa paHHUX dTamax pa3BuTHsS 3emiuu. [lomydeHbl Beckue
apryMEeHTHI Ui TPU3HAHUS TeHETUYECKON CBSI3U CYNb(HUI0N Cephl B apXEWCKUX BYIKAHOTEHHO-
OCaZIOYHBIX  MECTOPOXKACHHUSAX C  CyIb(paTHOW cepoil  (OTOXMMHUECKOTO  TeHe3Hca.
[TpeoOpazoBanue cepsl MOPCKOTO Cynb(ara B MUPUTHYIO (HOpMY MPOUCXOIHUIIO TT0 MEXAHU3IMY

OakTepuanbHOl cynbharpenykuuu. llomydeHHBIE CBUIETENHCTBA O BOBICYCHHHM CEpbl B
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OHMOTeHHBIE MPOIECChl Ha PAaHHMX ATalax pa3BUTHSA 3eMJIH NPEACTaBIsIET 0COO0YIO LIEHHOCTh IS
JIOKa3aTelbCTBA CYIIECTBOBAHUS OHWOTEHHOTO KpPYroBOpoTa cepbl emé 10 TOSBICHUA
CBOOOJIHOIO MOJIEKYJIIPHOTO KHCiIopoaa B armocdepe 3emsn. buoreHHslli KpyroBOpoT cepbl
clleflyeT OTHECTH K BaXKHEWIIMM (DakTopaM, ONpPENesIOUIMM IepepaclpesieieHue U30TOIOB
CEpbI YK€ HAa HAaYaJIbHBIX ATalax pa3BUTHS 3EMIIH.

[Tpusnanue Toro (hakra, YTO Macc-HE3aBUCUMO (DPaKIIMOHUPOBAHHAS cepa IMOBCEMECTHO
IPUCYTCTBYET B apXEHCKUX U PAHHENPOTEPO30UCKUX (> 2.4 MIIpA JIEeT) OCaJlOYHBIX MOpPOJaX,
IPUBOJUT K BBIBOJY O Ipeo0IaJarolleM B YCIOBHUIX paHHEH 3eMiM aTMOC(HEPHOM BIMSHUU Ha
rio0anbHbli nuKI ceppl. C 3TOM NO3MLMHU, BOSHUKHOBEHHME H30TONMHBIX AHOMAJHMH Cephl B
3eMHBIX TOPOJAx SIBJIsIET COOOW aOCONIOTHO HE CIIydailHOE, CIIOHTAHHO BO3HHUKIIEE SBIICHHE,
BBI3BAHHOE yJauHbIM CTCUEHHEM OOCTOSTENbCTB, @ HANpPOTHB, OTPaKaeT MPOLECCHI,
KOHTPOJIMPYEMBbIE€ MapaMeTpaMy OOILICIJIAHETAPHOTO 3HAYEHUS — CIEKTPaJIbHBIM COCTaBOM H
WHTEHCUBHOCTBhIO Y®-u3nyuenus CosiHIla B apxeilickoe Bpems. Takodl moaxoa sBiseTCs
CHUCTEMHBIM, Pa3BHUBAIOLIMM IIPEACTABICHHUS O MAacCC-HE3aBUCUMOM pAa3ICIICHUM H30TOIIOB B
npoleccax, IMPOMCXOAMBIIMX B apXeWckoil  atmocdepe, B  KOTOPBIX  OCHOBHas
cucTeMoo0Opa3ymolas poJib IPUHAUIEKUT KOCMHUUECKUM (hakTopam.

PesynbTaThl 1 Hay4YHBIE BBIBOJBI, ITOJyYSHHBIE B TUCCEPTALIMOHHON paboTe, MOTYT OBITH
UCIIOJIb30BaHbl I pEUIeHMs] MYJIbTUAMCUUIUIMHAPHBIX BOIPOCOB M 3ajad, HEU30exKHO
BO3HHUKAIOIIMUX MPU U3YYEHUM SBOJIIOLIMOHHBIX MPOIECCOB B I'€0-OMOJOIMYECKUX CUCTEMax H
OLIEHKE YCIIOBHMI OKpY»XaroIei cpeibl Ha BpEMEHHOM MaclITade MepBhIX ABYX MHJUIMAPIOB JIET
CyIIECTBOBAHMUS HaUIE IUIAaHETHl. B 4acTHOCTH, MOXXHO OTMETUTBH CIEAYIOIIHE KOHKPETHBIC
PEKOMEHIalMHU 110 UCIIOJIB30BAHUIO PE3YNIbTATOB TUCCEPTALIUN:

1. UccnenoBanue COOTHOIIEHUH TPEX M30TOMOB cepbl U OOHapykeHHe 3(P(EeKTOB Macc-
HE3aBUCUMOTO  (hpakIMOHMPOBaHMUA B o0cafouHbX mnopoaax Cymoszepcko-KeHozepckoro
3esleHOKamMeHHoro mnosica  Kapenbckoro  kparoHa (@DEHHOCKaHAMHABCKOIO — IMHUTA  JAET
BO3MOXXHOCTh JUISL PACKPBITHSI OCOOEHHOCTEH TIE€OXMMHUYECKOIO0 KpYroBOpOTa Cepbl IMpu
(opMHpOBaHUN apXEHCKUX BYJIKAHOT€HHO-OCAJ0YHBIX MECTOPOXKICHUH CylbOUIHBIX Py U
MOCTPOCHMS KOHIIETITYyaJbHBIX MOJENIe MX 00pa3oBaHMs, B KOTOPHIX CIEAyeT NMPUHUMATh BO
BHHMaHUE, 4YTO OJIHUM U3 MCTOYHHUKOB IMOCTYIJIEHUS CEpbl SABJsUIAch cepa (OTOIMTUYECKOTO
IIPOUCXO0XKICHMUS.

2. Macc-He3aBuCHMbIe M30TONMHbIE 3((eKThl cepbl, 0OHApYKEHHBIE B ITYTOHUYECKHX
[IOpO/Iax PaHHENAIEONPOTEPO3OUCKOTO PACCIOEHHOTO HHTpY3MBa (MOHYEropcKkHil IUTYTOH)
0a3uT-ynbTpaba3sUTOBOIO COCTaBa, YyKa3blBaeT Ha BOBJIEYEHHE cepbl (HOTOIUTHUECKOTO

MMPOUCXOKACHUSA B FJ'IY6I/IHHI)IG IMOpOAbI 3eMHOH KOPEBI UJIM B MAHTHIO, UTO IMO3BOJIACT pa3BHUBATh
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IIPEJICTABICHNUS] O COOTBETCTBYIOUIMX TPAHCIOPTHBIX MEXAHU3Max, CBSI3aHHBIX, BO3MOXKHO, C
TEKTOHMYECKUMH IIPOLIECCaMHU.

3. IlpuBenénHble B paboTe AaHHBIE KOMILJIEKCHBIX HCCIEIOBaHMHA M30TOIHOIO COCTaBa
cepbl -34 1 -33 B U3yUYCHHBIX apXEHCKHUX MOPOAAX MPEICTABIAIOT MHTEpeC A OaKTepuanbHOU
MAJICOHTOJIOTHH, MTOCKOJIBKY OHH MOTYT BBICTYIIATh B POJIM OMOMApKEpPOB U CIYKHUTh KIIOUEM HE
TONBKO JUIS BBISABICHHS JpeBHEH >Xu3HU B e€ OakrepuanbHOM (opMe Ha paHHUX ITamax
pasBUTHs 3eMJId, HO U UIEHTU(QULUUPOBATh Pa3iIMuHble OaKTepHaIbHO-ONOCPEAOBAaHHbBIE ITyTEH
MeTaboau3Ma cepbl: Cynb(arpeyKUuu, IUCHPONOPLUOHUPOBAHUS 3JIEMEHTapHONH Ccepbl U
OKHCIICHHS CEPBI.

4. Tlomy4yeHHbIE SKCIIEpUMEHTATIbHBIE JaHHBIE O (oTtonmsy HyO moryt mpumeHsThes
OpU MOJAEIMPOBAHUU TPOLECCOB (OPMUPOBAHUS U SBOJIOLMM XHUMHYECKOIO COCTaBa
aTMocepbl B apXeWCKyl 3MOXy, INpU  OLEHKE H3MEHEHHs €€  OKUCIUTENbHO-
BOCCTQHOBUTEIILHOTO  COCTOSIHUSI C  Y4€TOM  BBICOKOW  3()(PEKTHBHOCTH  XMMHYECKHX
NpeBpaleHuii B yIbTPaprOICTOBOM JMANA30HE JJIMH BOJH W BOCHPOHM3BEICHUS CIIEHApUEB
IPOMCXOXKAECHUS KUCIIOpoJa B aTMocdepe.

5. Pa3paboTraHHbIN JOKaIbHBI METOJ JUIsl MPELU3MOHHOTO OINPENENIECHUs] OTHOIICHUS
CTaOWUJIBHBIX H30TONOB cepbl B Cyiab(uaax yxKe MOJydywl IIUPOKOE BHEAPEHUE U
NOJATBEPXKJIEHUEM TOMY SBJISIETCS AKTUBHOE €ro IMPUMEHEHUE COTPYIHUKAMU HayYHBIX
MHCTUTYTOB Poccum B CBOMX TI€OXMMHYECKMX HCCIEIOBAaHUSAX MECTOPOKIEHHUM pPAa3IMYHOIO
reHe3uca.

HecmoTpss Ha 3HauuTeNnbHBIM Mporpecc B HU3YYEHHU H30TOMHO-TEOXHMUYECKUX
XapaKTEpUCTHK OCAJOUYHBIX MOPOJ APXEHCKOro BO3PACTa, OCTACTCS MHOXKECTBO BOIPOCOB JUIS
Oyaymux wuccrnenoBaHuil. B ToMm dyHciae Bompoc O JUCKPETHOCTH MPOSBICHUS H30TOMHBIX
QHOMAJIMM cepbl B apxee, 3HaYMMOCTb KOTOPBIX €LIE HE OIpeneieHa, a TaKKe BOIPOC O
MeXaHHU3Me, OOBSCHSAIOIUN B MOJHOW MEpe Macc-He3aBUCHUMBbIE M30TOMHbIE 3PQPEKTHI cepbl B

q)OTOXI/IMI/I‘IGCKI/IX peanusix.
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CIIMCOK PABOT ABTOPA 110 TEME JUCCEPTAIIUN

CtaThu B pelICH3UPYEMbIX HAYYHBIX U3JJaHUSIX, B TOM YUCIIE!
- 9 cmameil 8 U30aHUAX, UHOCKCUPYEMbBIX MEHCOYHAPOOHBIMU OA3amMu OAHHBIX, HepeueHb KOMOpPbIX
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- 14 cmameii 6 uzoanusx, unoexcupyemoix oazoii oannvix RSCI
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24. Beausenkas T.A., UrnateeB A.B., flkoBenko B.B., bynnunkuii C.}O., Beicoukwuit C.B.
Macc-He3aBUCUMBIA U30TONMHBIN 3((EKT B posiM MHAMKATOpPA aHTPOINOTE€HHOTO U MPUPOIHOTO
MCTOYHUKOB MEPEKUCH BOJOpoia B MpupoaHbIX Bojax // Bectauuk JIBO PAH. 2016. T. 5. C. 5—
10.

25. Briconkuii C.B, BeauBenkasa T.A., UrmateeB A.B., AceeBa A.B, fkxosBenko B.B.
Brnusaue apxeiickoit atmocdepsl Ha (GopMHUpOBaHHE BYJIKAHOTEHHO-OCAJIOYHBIX CYIh(UIHBIX
pya (110 TaHHBIM MYJBTUU30TOIHOTO cocTaBa cephl) // BecTHuk J[ambHEBOCTOYHOTO OTIENIEHUS
Poccwuiickoit akanemuu Hayk. 2023, Ne 4, C. 70-81.

26. Bricoukuii C.B., fIkoBenko B.B., UrunateeB A.B., BeaumBenkasi T.A., Heuaes B.IL
N30TOmHBIN coCTaB KUCIOPO/Ia KaK MHAUKATOp reHe3rnca pyouHoB u candupos // Bectauk IBO

PAH. 2014. Ne 4. C. 25-31.



245

CIIMCOK MCIOJb3YEMOM JUTEPATYPBI

1.  AcradpreBa, M.M. Mckomaemble 6akTepuu U APYrue MUKPOOPTraHU3MBI B 3€MHBIX
nmopogax W actpomarepuanax:  MoHorpabus /  M.M.AcradpweBa, A.P.I'enthep,
JI.M.I'epacumeHko, E.A.XKerainno, C.N. Xwmyp, I".A.Kapnos, B.K.Opneanckuii,
A.I'.ITonomapenko, A.}O.Po3zanos, E.JI.Cymuna, I'.T.Ymartuuckas, P.Xysep, 3.JL.IlIkonsHuK. —
M.: [Taneontonornueckuit uactutytT PAH, 2011. — 172 c.

2. basnoBa, T.b. BospacTt pemnepHbIX TI'€OJIOTHYECKHUX KOoMIUIeKkcoB Koibckoro
peruoHa W JJIMTENBHOCTH IporieccoB Mmarmatusma: moHorpadus / T.b.basrosa. — CII6.: Hayka,
2004. — 177 c.

3.  basnosa, T.b. MonueryHapoBckuii 6a3uToBbIii MaccuB KoibCKOro pernoHa: HoBbIe
reOJIOTHYECKUE W M30TONMHO-Bo3pacTHhie  manHbie /  T.b.basnoBa, JI.M.HepoBuu,
@.I[1.Murpodanos, B.A.XKaskos, I1.A.CepoB // loxnansr Akanemun Hayk. — 2010. — T. 431, Ne
2.—C.216-222.

4.  bubuxona, E.B. [pesHenmue IJIarMOTHENCBI OnoTtckoro O1oka
[Hapsixanraiickoro BeicTyma: u3otonHas reoxpononorus / E.B.bubukoBa, O.M.Typkuna,
T.M.Kupnozoa, M.M.®yr3an // 'eoxumus. — 2006. — Ne 3. — C. 347-352.

5.  bubukosa, E.B. Bo3pact 3eneHokamenHbix mosicoB [Ipucasubs / E.B.bubuxosa,
B.S. XuneroBa, T.B.I'paueBa, B.A.Maxkapos // loknagst AH CCCP. —1982. — T.267, Ne 5. — C.
1171-1174.

6. Bemusenkas, T.A. Macc-He3aBUCUMBI HM30TOMHBINA dP(HEKT B POIH HHIAKATOPA
AQHTPONOTEHHOTO M MPUPOJHOTO HUCTOYHUKOB MEPEKHUCH BOJAOPOJA B MPUPOJHBIX BoAax /
T.A.Benusenkas, A.B.Urunatees, B.B.SIkoBenko, C.}O.bynuunkwuii, C.B.Bricotkuii / BecTHuk
JIBO PAH. —2016. - T.5. — C. 5-10.

7.  Benuseukasi, T.A. Macc-ne3aBucumoe ¢GpakIMOHUPOBAHUE H30TOMOB CEPHI B
doroxumudeckux mporeccax SO, mox Bo3naeiictBueM Y® u3nyueHHs pa3IHyYHbIX JJTHH BOJH /
T.A.Benusenkas, A.B.Urnatees, B.B.SIkoBenko // I'eoxumus. — 2020. — T.65, Ne 11. — C. 1080—
1091.

8.  Bemusenkas, T.A. PacnpocTpaHeHHWe H30TOITHBIX aHOMAIHMHA Cephl B apxee (Ha
npumepe Kapensckoro u Cubupckoro kparonoB) / T.A.Benuseukas, C.B.Bsicomkuii,
AWM. Xanuyk, A.B.Urnatees, JI.B.Kynemesuu // loxnansr Poccuiickoit akagemun Hayk. Hayku
o 3emie. — 2022. — T. 502, Nel. — C. 10-15.

9. BwunorpamoB, B.M. Ponp ocamoyHOro mnwKia B TEOXHMHH H30TOMOB CEpHI /

B.1.Bunorpanos. — M.: Hayka, 1980. — 192 c.



246

10. Bsicoukwmii, C.B. HoBble pgaHHble 1O CTa0WJIBHBIM H30TONAM MHHEPAJIOB
KOPYHJIOHOCHBIX oOpaszoBanuii ceBepHoit Kapenuu (Poccusi) / C.B.Bwiconkuii, A.B.ruarees,
B.M.JIeBunkuii, C.}O.bynuunkuii, T.A.Benusenkas // Jlokmager Axkagemun Hayk. — 2011. —
T.439, Ne 1. — C. 95-98.

11. Beicoukwii, C.B. M30TOnHBINA cOCTaB KUCIOpOAa KaK WHIUKATOP TeHEe3uca pyOUHOB
u candupos / C.B.Beiconkuii, B.B.SIkoBenko, A.B.Urnatees, T.A.Benusenkas, B.I1.Heuaes //
Bectuuk /IBO PAH. - 2014. — Ne 4. - C. 25-31.

12. Bricoukuii, C.B. ['eoxumMus cTaOUIbHBIX W30TOMOB KOPYHIOHOCHBIX 00pa3oBaHUM
CeBeproii Kapenun kak mHAMKATOp HEOOBIYHBIX ycioBui dopmupoBanus / C.B.Bricorkuii,
A.B.Urnarees, B..JIesunkuii, B.I1.Heuaes, T.A.Benusenkas, B.B.fIkoenko // 'eoxumus. —
2014a. — Ne 9. — C. 843-853.

13. Beicoukuii, C.B. MyJabTHH30TOMHBINA COCTaB cepbl CYIbGUAOB U MUKPO(DOCCUITUU
ME30apXeICKOro KonueaanHoro pygonpossienus Jlekca Kapenbckoro kpaToHa: HOBbIE IaHHbBIE
0 posin aOMOreHHBIX M OHOTreHHBIX (aKTOpPOB Mpu (OPMHUPOBAHHMU JpEBHEHIIMX pyd [/
C.B.Briconxkuii, A .UN.Xanuyk, JI.B.KynemeBuu, A.B.Urnarnes, A.MN.CnabyHos,
T.A.Benmusenkas // Jlokmanst Akagemun Hayk. — 2019a. — T. 485, Ne 5. - C. 65-609.

14. Beicoukuii, C.B. McTounuku cepbl Cyib(pUIHON MHUHEpanu3aluu B apXEHUCKHUX
tonmax [lapepkanraiickoro BeicTyna pynnamMmenta CHOMPCKOro KpaToHa M0 MYyJIbTHHU30TOMHBIM
manaeiM / C.B.Breiconkuii, A.B.WruateeB, B.W.JleBunxwmii, T.A.Benusenkas, A.B.Acecesa,
N.B.JIeBunikuii, A.C.Mexonomun // I'eomorust u reopuszuka. — 20196. — T.60, Ne 8. — C. 1091
1107.

15. Beicoukwuii, C.B. Hcrounuk cepbr mist Ni-Cu cynbdumHoil MuHEpamn3anuu
Monueropckoro  uHTpy3uBHOoro kommiekca (Kombeckuit  momyoctpoB, Poccus) mo
MynbTHH30TOMHBIM JaHHbM / C.B.Bwiconkuii, J[.A.OpcoeB, A.B.lrnarbes, T.A.Benusernkas,
A.B.AceeBa; Marepuansl V MexnayHapoaHoH KoH(pepeHUuu: YibTpamapuT-MaduTOBBIE
KOMILJIEKCBI: T€0JIOTHS], CTPOEHUE, PYIHBIN NOTeHIMAaN:. — YaH-Y 13: U3narensctBo bypsitckoro
rocynuBepcureta, 2017. — C. 83-86.

16. Beiconkwuii, C.B. HoBble naHHBIE O BO3pacTe TpaHyIUTOB UepeMIIaHCKOH TOJIIH
[Hapsixanraiickoro BeicTyna ¢yHgamenta Cubupckoil miargopmsl / C.B.Beiconkuii, A.U.
Xanuyk, B.W.JIlesunkuii, E.1./leMmonTepoBa, 1.B.JleBuuikuii, A.B. Urnarses, T.A.Benuserkas
/I Noxmaner Akamemun Hayk. — 2020. — T. 491, Ne 2. — C. 60-65.

17. Boicoukuii C.B. MynbTUH30TONHBIN COCTaB cepbl ME30apXEHCKUX KOIYeTaHHBIX
MecTtopoxaeHui Kapenbckoro kparoHa: 3HAUYMMOCTH IS OMpPEACNICHUS WCTOYHUKOB CEPHI,

OMOTeOXMMHUYECKUX TIPOIIecCOB U renesuca mecropoxacHuii / C.B.Boiconkmii, T.A.Benuserkas,



247

A.B.Urnatees, JI.B.Kynemesuu, A.1 Cnabynos // I'eonmorust u reopusuka. — 2022. — T. 63, Ne
11. - C. 1544-1565.

18. Breicoukwii, C.B. Buumsaue apxeiickoii armocdepsl Ha (QopMupoBaHUE
BYJKAHOTE€HHO-OCAJ0YHBIX CYJIbQHUIHBIX Py (IO JaHHBIM MYJIbTHHU30TOIHOTO COCTaBa cepbl) /
C.B Bricouxnii, T.A.BemuBenkas, A.B.Uruarees, A.B AceeBa, B.B.jIxoBenko // BectHuk
JlaneHeBocTouHOTO OTAENeHUs Poccuiickoit akagemun Hayk. — 2023. — Ne 4 (230). — C. 70-81.

19. Tmaakouy6, H.II. Bo3pact u reogmHaMuyeckas HWHTEPHpPETAMs TPaAaHUTOHJIOB
KuTOWCcKOoro komiiekca (ror Cubupckoro kparona) / JIl.I'magkouy6, T.B.[doHckas,
A.M.Ma3syka63oB, E.b.Canpaukoa, E.B.Cxnsipos, C.3.5koBneBa // ['eonorust u reopusuka. —
2005. — T. 46, Ne 11. — C. 1139-1150.

20. TopsiueB, H.A. OnbIT npuMeHeHUs JOKAIbHOTO aHallM3a H30TOITHOTO COCTaBa CEpPhI
cynp(GUIOB pya KpymHeilmux wmectopoxaeHuil bopaitbunckoro CunknuHopus (Bocrounas
Cubups) / H.A.TopsueB, A.B.MrnareeB, T.A.Benmseukas, A.E.bymsx, FO.M.Tapacosa //
Hoxnanel Akanemuu Hayk. — 2019. — T.484, Ne 4. — C. 460-463.

21. TI'punenko, JI.LH. W3oromHblii cocTaB cepsl Cynb()UIOB METHO-HUKEIEBBIX
mecropoxaeHuit Kombckoro m-oBa / JIL.H.I'punenko, B.A.I'punenko, W.B.JIaxuunkas //
['eonorus pynubix Mmectopoxaenuit. — 1967. —T.9, Ne 4. — C. 3-17.

22. TI'poxosckas, T.JI. Pynnas muiaTHHOMETadbHAs MHUHEpAIH3alMs B PACCIOCHHOM
Momnueropckom  MarmatudeckoM — komruiekce  (Kombckmit  momyoctpoB,  Poccms) /
T.JI.I'poxoBckas, I'.®.bakaes, B.B.IllonoxHes, M.N.JlannHa, I""H.Mypasuuxas,
B.C.BoiitexoBud // I'eonorus pyaasix Mmectopoxaenuil. — 2003. — T.45, Ne 4. — C. 329-352.

23. TI'poxosckas, T.JI. Ilpoueccs popMHUpOBaHUS TIATHHOMETAIBHOW MUHEpAIN3alluN
B MaccuBe Monuerynapa, Konsckuit monyoctpoB / T.JI.I'poxosckas, A.B.Tesenes, JI.I.Hocuxk;
Marepuansl Bceepoccuiickoit koHdpepenuuu: Metamtorenus JlokemOpusi. — IlerposaBojck,
2009. — C. 84-89.

24. EnmceeB, H.A. I'eonorust u pyaHbie MEeCTOPOXKIeHUsT MOHYETOpPCKOro IIyTOHA /
H.A.Enucees, O.H.Enucees, E.K.Koznos, [1.B.Jlsiun, B.A.Macneanukos. — JI.: Hayka, 1956. —
327 c.

25. UrnarbeB, A.B. HoBblii JIOKanbHBIA METOJ 711 ONPEIEICHHUS U30TOIMHOTO COCTaBa
cepbl B Cynab(uIax ¢ UCHOIb30BaHUEM H30TOMHOIO Macc-CIIEKTPOMETpa ¢ JlazepHou abisiueit /
A.B.Urnatses, T.A.Benuseukas / Macc cnekrpomerpust. — 2013. — T.10, Ne 4. — C. 255-263.

26. UrnateeB, A.B. D¢ddekt macc-He3aBUCHMOTO (PpaKIIMOHUPOBAHUS U30TOMOB CEPHI
(A33S " A%S) npu ¢poronuze SOz B IKCIIEPUMEHTAX C HIMPOKOMOIOCHBIM UCTOYHUKOM CBeTa /
A.B.UrnateeB, T.A.Benuserkas, B.B.fIkoBenko // I'eoxumus. — 2019. — T.64, Ne7. —-C. 689—
699.



248

27. WrnateeB, A.B. IlepBble naHHbIE Macc-HE3aBUCUMOTO (PAKIIMOHHUPOBAHUS
U30TONOB Ccepbl B Cynb(duaax w3 mopoa BocToyHOH yacth (DeHHOCKaHAMHABCKOTO IuTa /
A.B.UrnareeB, A.M.Xanuyk, C.B.Boiconknii, T.A.Benusenkas, B.W.JIesunkuii, E.H.Tepexos //
Hoxnansl Akagemun Hayk. — 2016. — T.469, Ne 6. — C. 714-716.

28. Kosno, E.K. EcrecTBeHHBIE psiibl MOpPOJ HHUKEICHOCHBIX HWHTPY3MH U HX
metaiorenus / E.K.Ko3znos. — JI.: Hayka, 1973. — 288 c.

29. KymumkoB, B.C. TI'eomormueckas kapra Iro-Bocrounoii ®OeHHOCKaHIMHABUHU
macmTaba 1:750 000: HoBbie moaxoasl K coctaBieHuto / B.C.Kymukos, C.A.Certos,
A.N.Cnabynos, B.B.KymukoBa, A.K.Ilomua, A.W.I'ony6es, B.S.I'opprosen, B.M.MBamenko,
M.A.T'orone // Tpynbr Kapensckoro HII PAH. Ne 2. Cepus I'eomorus nokembpusi. — 2017. —
C.3-41.

30. Kynemesuy, JI.B. Meramopdu3M U pyIOHOCHOCTh apXEHCKUX 3eTE€HOKAMEHHBIX
MOSICOB  FOTO-BOCTOYHOW OKpamHbl bantuiickoro mmura: monorpadus / JI.B. KynemeBuu. —
[TerposaBoack: KapHIL] PAH, — 1992. — 266 c.

31. Kynemesuy, JI.B. [lepciekTuBsl 3010TOHOCHOCTH KamMeHHOO3epCKOW CTPYKTYphI
Cymozepcko-Kenoszepckoro 3eneHokamenHoro mosica / JIL.B.Kynemesuu, B.H.®ypman,
3.H.®entox // T'eomormsi m mone3nble uckonaemeie Kapenmuu. IlerposaBonck: Kapenbckuit
HayuHblii neHTp PAH. — 2005. — Bpm. 8. — C. 50-67.

32. JleBunxuii, B.M. Ilerponorus u reoxumust mMeracomaro3a Hpu (GOpMHUPOBaHUU
KOHTHHEHTaJIbHOM Kopbl: MoHOrpadus / B.M.Jleuukwuii. — HoBocubupck: I'eo, — 2005. — 343 c.

33. JleBunxkuii, B.M. Bo3pact u mnpoucxoxaeHne KHTONWCKOrO MeCTOpOXKICHUS
cwuMaHuTOBbIX  ciaHueB (Boctounas Cubups) / B.M.JleBuukuii, JI.3.Pe3nunxuii,
E.b.CanbaukoBa, U.B.JleBuukuii, A.b.Koros, W.I'.bapam, C.3.fIxoBneBa, W.B.AHucumosa,
10.B.ITnotkuna // {oxkmaaer Akanemuun Hayk. — 2010. — T. 31, Ne 3. — C. 386-391.

34. JleBunxuii, B.JM. Bo3pact ¢opmupoBaHus anokapOOHATHBIX METacOMAaTHUTOB
lapepkanraiickoro  BeicTyna  QgyHaamenta Cubupckoil margopmsl  (FOro-3amanHoe
[Tpubaiikanse): U-Pb ganusie mo Gagmeneuty u mupkony / B.W.JIeBunkuii, E.b.CanpHukosa,
A.b.KotoB, JI.3.Pe3nmunkmii, W.I'.bapam, C.3.fIxoBneBa, B.II.KoBau, A..MenpHUKOB,
1O.B.ITnotkuna // lokmaaer Akagemun Hayk. — 2004. — T.399, Ne 5. — C. 650-654.

35. MenbaukoB, A.M. CrTpykTypHas »3BOJIOIHUS METaMOP()UUYECKHX KOMIUIEKCOB
JpeBHUX IMTOB: MoHOTrpadus / A.M.MenbaukoB. — HoBocubupck: I'eo, —2011. — 288 c.

36. Mutpodanos, @.I1. U-Pb_Bo3pact rabbpo_anopTo3utoB KoiabCKoro moiryoctposa
/ ®.JL.Murpodanos, B.B.banaranckwmii, 0.A.bamamos, JI.®.I'anau6an, B.C.[doxyuaesa,
JL.U.Heposuu, M.K.Paguenko, I'.11.Pronrenen // loxmnaner Axkagemun Hayk. — 1993. — T.331, Ne
1.-C.95-98.



249

37. Heposuy, JI.LW. HoBble gaHHBIE 11O I'€0JIOTUH, IETPOrpaduu, H30TOMHON T€OXUMUHN
u OII' muHepanusanun MonueryHapockoro wmaccuBa / JL.W.Heposuu, T.b.basHosa,
E.D.CaBuenko, I1.A.CepoB, H.A.Ekumona // Becthuk MI'TY. — 2009. —-T.12, Ne 3. — C. 461—
477.

38. Hoxxkun, A.Jl. oxemOpuii roro-3amagHoii okpanabl Cubupckoit miatdopmsl /
A.Jl.Hoxxun // U3Bectus Tomckoro momutexaundeckoro yaupepceurera. — 2009. — T.314, Ne 1. —
C. 5-16.

39. Omnapun, A.M. )Ku3znp, ee npupona, TPOUCXOXKIACHUE U pa3BUTHE: MOHOrpadus /
A.MN.Omapun. —M.: Hayka, — 1968. — 176 c.

40. TIlaxanko, A. I'. [lerpoxuMHyYecKre ¥ T€OXUMHUYECKIE KPUTEPUH TUIATHHOHOCHOCTH
maccuBa BypyuyaiiBend (Monueropckuii 1urytoH, Mypmanckas ob6nacts) / A.l.Ilaxanko //
Pernonansnas reosnorus u mertasorenus. — 2014. — Ne 59. — C. 54-60.

41. Ilerposa, 3.M. [Ilerposorus U TeOXUMMS TIPAHYJIMTOBBIX  KOMIUIEKCOB
[Tpubaiikanes: monorpadus / 3.M.Ilerposa, B.1.JIepuukuii. — HoBocubupck: Hayka, — 1984. -
200 c.

42. Tlpunaukun, [1.B. I'eonormueckoe CTpoeHHE W IJIATHHOHOCHOCTH IOTO-3arlaTHOU
yacTu MaccuBa npearopuii Bypauyaiisenu (Mongeropckuii komrieke, Koabckuii momyocTpos) /
[1.B.ITpunaukun, T.B.Pynaksuct // Pyner u metamisl. — 2008. — Ne 5. — C. 61-68.

43. Pannwmii nokem6Opuii banrtuiickoro mmra / [lox penakuueit B.A. I'neGoBuukoro. —
CII6.: Hayka, — 2005. — 711 c.

44. PaccnoeHHble MHTPY3MM MOHYETOpCKOrO pPYAHOIO paioHa: MEeTPOJIOTHs,
opyneHenue, uzoronus, riyounHoe ctpoenue / Ilox pemaxmueit @.I1. Murpodanora, B.D.
CwmonbkuHa B 2-x yactsax. —Anatutel: KHI] PAH, -2004. — 177 c.

45. Poszen, O.M. Cubupckuif KpaToOH: TEKTOHMYECKOE pPalOHUpPOBAHUE, ITaIlbl
sBostoru / O.M.Po3sen // I'eorekronuka. — 2003. — Ne 3. — C. 3-21.

46. Pynaxsuct, T.B. IlaneonpoTepo30icKuii pacciOeHHBIN TUIATHHOHOCHBIA MAacCHB
BypouyaiiBenu (Konbckuii momyoctpoB): HoBble pesynbratel U-Pb (ID-TIMS, SHRIMP)
natupoBaHus Oajgnenenta W uupkoHa / T.B.Pynaksuct, T.b.basnoBa, C.A.Ceprees,
I1.B.Ilpunaukun, P.A.I'pe6ueB // Joknanel Akagemun Hayk. — 2014, — T.454, Ne 1. — C. 67-72.

47. Pynaxsuct, T.B. K Bompocy 0 reonoruueckoM CTpPOEHHMH M IUIATUHOHOCHOCTHU
BOCTOYHOM yacT MoHnueropckoro miuyroHa, Konbckuit nmomyocrpos / T.B. Pynaksuct, I1.B.
[Mpunauxus // Pynast u metaiisl. — 2009. — Ne 4. — C. 15-24.

48. PpibakoB, C.M. KomuenanHoe pymooOpa3oBaHHEe B paHHEM JOKeMOpUHU

banruiickoro nra: monorpadwus / C.1.Pei6akos, — JI.: Hayka, — 1987. — 296 c.



250

49. CanbaukoBa, E.b. BospacTHple pyOexu MpOSBICHUS BBICOKOTEMIIEPATYPHOTO
MeTaMoppu3Ma B KPUCTAUIMYECKUX KomIuiekcax MpkyrHoro Onoka Illapepkanraiickoro
BoicTyna (pynaamenta Cubupckoid miatdopmbl: pe3ynbraThl U-Pb matupoBaHus eTMHHUYHBIX
sepen nupkona / E.b.CampamkoBa, A.b.Koros, B.W.JleBunkuii, JI.3.Pe3nunkuii,
B.M.MenbaukoB, M.K.Ko3akos, B.I[1.KoBau, W.I'.bapam, C.3.flkoBneBa // Crparurpadus.
I'eonornueckas koppemnsaiusa. — 2007, — T.15, Ne 4. — C. 3-19.

50. Cewmmunckuii, XX.B. PynokoHTponupyoomme CTPYKTYpbl 30J0TOPYIHBIX Y3JIOB B
THEHCOBBIX M TpaHUTO-THEHCOBBIX Komiuiekcax (Boctounas Cubups) / X.B.CemuHckwii,
A.T.KoponbkoB, C.A.by3oB // N3Bectuss CuOUpPCKOrOo OTACICHHUS CEKIMM HAyK O 3emiie
Poccniickoil akaneMMM €CTECTBEHHBIX HayK. ['eonorus, NOMCKM M pasBedka pPYAHBIX
mectopoxaeauid. — 2014. — Ne 2. — C. 19-34.

51. Ceprees, C.A. 3,5 mupa ner JOpeBHEHIIMNA BO3pacT, YCTAHOBJICHHBIM st
nokembpusi bantuiickoro mmrta / C.A.CepreeB, O.A.JleBuenkoB, C.b.Jlo6au-Xyuenko,
C.3.5IxoBneBa // lokmanast AH CCCP. —1989. — T.308, Ne 4. — C. 942-945.

52. CnabynoB, A.M. Apxeit bantuiickoro mmura: TeOJOTUsl, TCOXPOHOJIOTHS,
reogquHamuueckue oOctaHoBku / A.M.Cnabynos, C.b.Jlo6au-XXyuenko, E.B.bubuxona,
B.B.banaranckuii, Il.Copponen-Bapn, O.M.Bonoauue, A.A.Illumanckuii, C.A.CBeToB,
B.I1.Yekynaes, H.A.ApecroBa, B.C.Crenanos // I'eorexkronuka. — 2006. —Ne6. — C. 3-32.

53. Cwmmupno, B.M. T'eomorus moJie3HBIX HCKOMAEMBIX: YU4eOHHWK 1 By30B. / B.H.
CmupHoB. — M.: Henpa, — 1989. — 326 c.

54. Typkuna, O.M. Dranel  (QOpMHUPOBAHUS  PAHHEAOKEMOPHIICKOH  KOpBI
Hlapepkanraiickoro BwicTyna (toro-3amag CuOupckoro kpatoHa): cuHTe3 Sm-Nd u U-Pb
n30TonHbIX JaHHbIX / O.M.Typkuna // [lerponorus. — 2010. - T.18, Ne 2. — C. 168-187.

55. Typkuna, O.M. Ilaneoapxelckuil TOHATUT-TPOHILEMUTOBBIH KOMIUIEKC CEBEPO-
3anagHoi yactu Illapepkanraiickoro BeicTyna (roro-zamajg CuOMpCKOro KpaToHa): pe3yJbTaThl
U-Pb u Sm-Nd uccnenosanus / O.M.Typkuna, H.I'.bepexnas, A.H.Jlapuonos, E.H.Jlenexuna,
C.JLIIpecusiko, T.E.CanteikoBa // ['eonorust u reopusuka. — 20096. — T.50, Ne 1. — C. 21-37.

56. Typkuna, O.M. U-Pb wuzoTonHslii u penko3eMenbHbI COCTaB ILHMPKOHA W3
MUPOKCEHOBBIX  KpucramiocnanueB HpkyrHoro ©Omoka (Iapbpkanraiickuii — BBICTYN):
CBUJIETENILCTBO HEOAPXEHCKUX MarMaTH4ecKuX U Meramopduyeckux coobituii / O.M.TypkuHa,
H.I".bepexnas, JI.H.Ypmannesa, U.I1.ITaxepun, C.I'.Cky6noB // Joknaasl AkaneMun HaykK. —
2009a. — T.429, Ne 4. — C. 527-533.

57. Typkuna, O.M. VCTOYHMKH MalIeONpPOTEPO30MCKUX KOJUIM3HOHHBIX I'PAaHUTOMJIOB

(IIapeokanraiickuii BeicTym, KO3 Cubupckoro kpaToHa): OT JUTOCHEPHONH MAHTHU JIO BepXHEH



251

kopbl / O.M.Typkuna, .H.Kanutonos // I'eonorus u reopusuka. — 2019. — T.60. — Ne 4. — C.
489-513.

58. Typkuna, O.M. U-Pb Bospact u wusortomHas Lu—Hf-cucremarnka neTpuTOBBIX
UPKOHOB M3 TmaparHeiicoB bynyHckoro Omoka (Illapepkanraiickuii BeIcTyn (yHIaMEHTa
Cubupckoii iardpopmsl) / O.M.Typkuna, E.H.Jlenexuna, H.I".bepexnas, N.H.Kanutonor //
Hoxnanpl Akagemun Hayk. — 2014a. — T.458, Ne 5. — C. 582-589.

59. Typkuna, O.M. Oxeannueckue ¥ pUPTOreHHBIE METaBYIKAaHMYECKUE ACCOIMAIIUH
3eJICHOKaMEHHBIX TIOSICOB ceBepo-3anaHoii uactu llapepkanraiickoro Beictyma, [Ipubaiikanse /
O.M.Typkuna, A.J[.Hoxxkun // [Terponorus. — 2008. — T.16, Ne 5. — C. 501-526.

60. Typkuna, O.M. U-Pb Bo3pact u Lu-Hf u3oTonHbeie XapakTepUCTUKHU JETPUTOBBIX
LUPKOHOB U3 MeTaocaakoB OHOTCKOro 3eaeHokaMeHHoro nosica (lapspkanraiickuil BBICTYII, 0T
Cubupckoro kpatona) / O.M.Typkuna, C.A.CepreeB, W.H.Kanutonor // T'eonoruss wu
reopusuka. — 20146. — T.55, Ne 11. - C. 1581-1597.

61. VYpwmannesa, JI.LH. CoctaB U mpoMCXO0KIEHUE MPOTOJIUTOB IMAJICOMPOTEPO3OUCKHX
kanpiuupo HpkyrHoro Osoka (Ilapepkanraiickuit BeicTyn Cubupckoi r1uiatdopmsr) /
JLH.YpmanneBa, O.M.Typkuna, .H.Kanutonos // I'eonorus u reopusuka. — 2012, — T.53, Ne
12. - C. 1681-1697.

62. VYcrtunoB, B.W. M3oronusiii 3¢gdekr ceppl npu (oronuse SO, / B.M.YcruHoB,
B.A.I'punenko, C.I'.MBanoB // M3Bectus akagemun Hayk CCCP, xumudeckas cepusi. — 1988. —
Ne 5. -C.1192-1193.

63. Xanuyk, A.W. IlepBble JaHHBIE H30TOMHOTO COCTaBa KUCIOPO/a, YIiepoJa U cephbl
meteoputa “Uensouuck” / A.M.Xanuyk, B.M.I'poxosckuii, A.B.Urnarees, T.A.Benuenkas,
C.U1.Kusko // loknaasr Akanemun Hayk. — 2013. — T.452, Ne 3. - C. 317-320.

64. Yamwun, B.B. BomubeTyHApOBCKHII MacCHB KOMITJIEKCA aBTOHOMHBIX aHOPTO3MTOB
[JIaBHOTO Xpe0Ta: Te0JIOTHYECKOe CTPOCHUE, NETPO-TEOXUMUYECKNE OCOOEHHOCTH U U30TOIHO-
reoxpoHosiornyeckue uccienoBanus (Kombckuit momyoctpoB, Poccus) / B.B.Yamus,
T.b.basnosa, U.P.Enu3aposa, I1.A.Cepos // Ilerponorus. — 2012. — T.20, Ne 5. — C. 514-540.

65. Yamwun, B.B. Manocynbshuanbie [JIATUHOMETAJIbHBIE pyAsl
MajJeonpoTEPO30UCKOTO0 MOHYETOPCKOTO IIIYyTOHA W ero rkHoro oOpamienus (Kombckuid
nosyocTpoB, Poccust): reosmoruyeckass XapaKTepUCTHKAa U H30TOMHO-T€OXPOHOJIOIMYECKHE
CBUJICTENLCTBA TMOJUXPOHHOCTH pynHO-marMatudeckux cucrem / B.B.YUamwmn, T.b.basHoBa,
@.I1.Mutpodanos, I1.A.Cepos // T'eonorus pyausix mecropoxaenuii. — 2016. — T.58, Ne 1. — C.
41-63.



252

66. IllapxoB, E.B. “Kpurnueckuii ropu3oHT’ MOHYErOpcKOro IIyTOHA —
JOTIONTHUTENbHAs UHTpYy3uBHAs ¢a3za / E.B.Illapkos // 3an. BMO. — 1982. — Bemm. 6. — C. 656—
663.

67. Ilapkos, E.B. ®opmupoBanne pacCIOCHHBIX WHTPY3MBOB W CBS3aHHOTO C HUMH
opynenenusi: mororpadus. / E.B.Illapkos. — M.: Hayunsriii mup, 2006. — 364 c.

68. IlapkoB, E.B. I'eonoro-nerponorndeckue acnektsl IIII'—Cu—Ni-opyneHenus B
paHHEMNAaJICONPOTEPO3OMUCKOM  MOHYETOPCKOM  pPacCIOCHHOM  MadHT-yiIbTpa-MapUTOBOM
koMmiuiekce (Kombckuit momyoctpoB) / E.B.IlapkoB, A.B.UuctskoB // I'eonorust pymHbIX
mectopoxaeamii. — 2014. — T.3. — C. 171-194.

69. Sxorenko, B.B. [IpumeHeHre MeTo1a BOCCTAHOBJICHHSI Cephl peakThBoM Kuba st
MNOoCJICAYOHICIO  HM30TOIMHOI'O0 adHAJIM3a MPUPOAHBIX Cynb(baTOB u cepHoﬁ KHUCIOTEL /
B.B.fIkoBenko, A.B.MruateeB, T.A.Benusenxkas // 'eoxumus. —2021. T. 66. Ne 4. C. 379-384.

70. Alexander, B. Sulfate formation in sea-salt aerosols: Constraints from oxygen
isotopes / B.Alexander, R.JPark, D.J.Jacob, Q.B.Li, R.M.Yantosca, J.Savarino, C.C.W.Lee,
M.H.Thiemens // Journal of Geophysical Research. Research D: Atmospheres. — 2005. — V.110.
- D10307.

71.  Amelin, Yu.V. U-Pb geochronology of layered mafic intrusions in the eastern
Baltic Shield: implications for the timing and duration of Paleoproterozoic continental rifting /
Yu.V.Amelin, L.M.Heaman, V.S.Semenov // Precambrian Research. — 1995. -V.75. — P. 31-46.

72. Anbar, A.D. A whiff of oxygen before the Great Oxidation Event? / A.D.Anbar, Y.
Duan, T.W.Lyons, G.L.Arnold, B.Kendall, R.A.Creaser, A.J.Kaufman, G.W.Gordon, C.Scott,
J.Garvin, R.Buick // Science. — 2007. — V.317. — P. 1903-1906.

73.  Anbar, M. The exchange of oxygen between hydrogen peroxide and water in nitric
acid solutions / M.Anbar, S.Guttmann // Journal of the American Chemical Society. — 1961. —
V.83. — P. 2035-2037.

74. Anderson, S.M. Surprising rate coefficients for four isotopic variants of O+O,+M /
S.M.Anderson, D.Hiilsebusch, K.Mauersberger // Journal of Chemical Physics. — 1997. — V.107.
—P. 5385-5392.

75. Antonelli, M.A. Early inner solar system origin for anomalous sulfur isotopes in
differentiated protoplanets / M.A.Antonelli, S.T.Kim, M.Peters, J.Labidi, P.Cartigny,
R.J.Walker, J.R.Lyons, J.Hoek, J.Farquhar // Proceedings of the National Academy of Sciences.
—2014. - V.111. - P. 17749-17754.

76. Arnau, J.L. Studies on hydrogen—oxygen systems in the electrical discharge. VII.
Deuterium isotope effects in the chemistry of the hydrogen polyoxides / J.L.Arnau, P.A.Giguére
// Canadian Journal of Chemistry. —-1975. — V.53. — P. 2490-2497.



253

77. Au Yang, D. Improved analysis of micro- and nanomole-scale sulfur multi-isotope
compositions by gas source isotope ratio mass spectrometry / D.AuYang, G.Landais, N.Assayag,
D.Widory, P.Cartigny // Rapid Communications in Mass Spectrometry. — 2016. — V.30. — P.
897-907.

78. Azrague, K. Hydrogen peroxide evolution during V-UV photolysis of water /
K.Azrague, E.Bonnefille, V.Pradines, V.Pimienta, E.Oliveros, M.T.Maurette, F.Benoit-Marquié
// Photochemical & Photobiological Sciences. — 2005. — V.4. — P. 406-408.

79. Babikov, D. Recombination reactions as a possible mechanism of mass-
independent fractionation of sulfur isotopes in the Archean atmosphere of Earth / D.Babikov //
Proceedings of the National Academy of Sciences. —2017. — V.114. — P. 3062—-3067.

80. Babikov, D. One possible source of mass-independent fractionation of sulfur
isotopes in the Archean atmosphere of Earth / D.Babikov, A.Semenov, A.Teplukhin //
Geochimica et Cosmochimica Acta. — 2017. — V.204. — P. 388-406.

81. Badin, E.J. The atomic hydrogen-molecular oxygen reaction and hydrocarbon
oxidation initiated by atomic hydrogen at low pressures / E.J.Badin // Symposium on
Combustion and Flame, and Explosion Phenomena. — 1948. — V.3. — P. 382-385.

82. Baertschi, P. Zur frage der herkunft des sauerstoffs bei der oxydation von
wasserstoffperoxyd durch permanganat / P.Baertschi // Experientia. — 1951. — V.7. — P. 215-216.

83. Balagansky, V. Archean Kuru-Vaara eclogites in the northern Belomorian
Province, Fennoscandian Shield: crustal architecture, timing and tectonic implications /
V.Balagansky, A.Shchipansky, A.l.Slabunov, I.Gorbunov, S.Mudruk, M.Sidorov, P.Azimov,
S.Egorova, A.Stepanova, A.Voloshin // International Geology Review. — 2015. — V.57, Ne 11-12.
—P. 1543-1565.

84. Balashov, Yu.A. Isotope data on the age and genesis of layered basic-ultrabasic
intrusions in the Kola Peninsula and northern Karelia, northestern Baltic Shield / Yu.A.Balashov,
T.B.Bayanova, F.P.Mitrofanov // Precambrian Research. — 1993. — V.64, Ne (1-4). — P. 197-205.

85. Ball, S.M. A direct measurement of the O(‘*D) quantum vyields from the
photodissociation of ozone between 300 and 328 nm / S.M.Ball, G.Hancock, S.E.Martin,
J.C.Pinot de Moira // Chemical Physics Letters. — 1997. — V. 264. — P. 531-538.

86. Bao, H. Origins of sulphate in Antarctic dry-valley soils as deduced from
anomalous *’O compositions / H.Bao, D.A.Campbell, J.G.Bockheim, M.H.Thiemens // Nature. —
2000. — V.407. — P. 499-502.

87. Bao, H. The confines of triple oxygen isotope exponents in elemental and complex
mass-dependent processes / H.Bao, X.Cao, J.A.Hayles // Geochimica et Cosmochimica Acta. —
2015. - V.170. — P. 39-50.



254

88. Bao, H. Oxygen isotope fractionation in ferric oxide-water systems: low
temperature synthesis / H.Bao, P.L.Koch // Geochimica et Cosmochimica Acta. — 1999. — V.63.
—P.599-613.

89. Bao, H. The five stable isotope compositions of Fig Tree barites: Implications on
sulfur cycle in ca. 3.2Ga oceans / H.Bao, D.Rumble, D.R.Lowe // Geochimica et Cosmochimica
Acta. — 2007. — V.71. — P. 4868-4879.

90. Barkan, E. High precision measurements of ’0/**0 and*®0/*®0 ratios in H,O /
E.Barkan, B.Luz // Rapid Communications in Mass Spectrometry. — 2005. — V.19. — P. 3737
3742.

91. Barkan, E. The relationships among the three stable isotopes of oxygen in air,
seawater and marine photosynthesis / E.Barkan, B.Luz // Rapid Communications in Mass
Spectrometry. — 2011. — V.25. — P. 2367-2369.

92. Barnette, J.E. Hydrogen and oxygen isotope values in hydrogen peroxide /
J.E.Barnette, M.J.Lott, J.D.Howa, D.W.Podlesak, J.R.Ehleringer // Rapid Communications in
Mass Spectrometry. — 2011.— V.25. — P. 1422-1428.

93. Baroni, M. Anomalous sulfur isotope compositions of volcanic sulfate over the last
millennium in Antarctic ice cores / M.Baroni, J.Savarino, J.Cole-Dai, V.K.Rai, M.H.Thiemens //
Journal of Geophysical Research: Atmospheres. — 2008. — V.113. — P. 1-12.

94. Baroni, M. Mass-independent sulfur isotopic compositions in stratospheric volcanic
eruptions / M.Baroni, M.H.Thiemens, R.J.Delmas, J.Savarino // Science. — 2007. — V.315. — P.
84-87.

95. Beaudoin, G. High precision and spatial resolution sulfur isotope analysis using
MILES laser microprobe / G.Beaudoin, B.E.Taylor // Geochimica et Cosmochimica Acta. —
1994. — V.58. — P. 5055-5063.

96. Becker, S. Investigation of the predissociation of SO,: state selective detection of
the SO and O fragments / S.Becker, C.Braatz, J.Lindner, E.Tiemann // Chemical Physics. —
1995. - V.196. — P.275-291.

97. Bekker, A. Multiple sulfur isotope and mineralogical constraints on the genesis of
Ni-Cu-PGE magmatic sulfide mineralization of the Monchegorsk Igneous Complex, Kola
Peninsula, Russia / A.Bekker, T.L.Grokhovskaya, R.Hiebert, E.V.Sharkov, T.H.Bui,
K.R.Stadnek, V.V.Chashchin, B.A.\Wing // Mineralium Deposita. — 2016. — V.51. — P. 1035—
1053.

98. Bekker, A. Carbon isotope record for the onset of the Lomagundi carbon isotope
excursion in the Great Lakes area, North America / A.Bekker, J.A.Karhu, A.J.Kaufman //
Precambrian Research. —2006. — V.148. — P.145-180.



255

99. Bendall, C. In situ sulfur isotope analysis by laser ablation MC-ICPMS / C.Bendall,
Y.Lahaye, J.Fiebig, S.Weyer, G.P.Brey // Appl. Geochemistry. — 2006. — V.21. — P. 782-787.

100. Bhattacharya, S.K. A new class of oxygen isotopic fractionation in
photodissociation of carbon dioxide: Potential Implications for atmospheres of Mars and Earth /
S.K.Bhattacharya, J.Savarino, M.H.Thiemens // Geophysical Research Letters. — 2000. — V.27. —
P. 1459-1462.

101. Bigeleisen, J. Chemistry of Isotopes: Isotope chemistry has opened new areas of
chemical physics, geochemistry, and molecular biology / J.Bigeleisen // Science. — 1965. —
V.147. — P. 463-471.

102. Bigeleisen, J. Statistical mechanics of isotopic systems with small quantum
corrections. I. General cConsiderations and the rule of the geometric mean / J.Bigeleisen //
Journal of Chemical Physics. —1955. — V.23. — P. 2264-2267.

103. Bigeleisen, J. Calculation of equilibrium constants for isotopic exchange reactions /
J.Bigeleisen, M.G.Mayer // Journal of Chemical Physics. — 1947. — V.15. — P. 261-267.

104. Bindeman, I.N. Field and microanalytical isotopic investigation of ultradepleted in
80 Paleoproterozoic “Slushball Earth” rocks from Karelia, Russia / I.N.Bindeman,
N.S.Serebryakov, A.K.Schmitt, J.A.Vazquez, Y.Guan, P.Ya.Azimov, B.Yu.Astafiev, J.Palandri,
L.Dobrzhinetskaya // Geosphere. — 2014. - V.10 - P. 308-339.

105. Bottcher, M.E. Stable sulfur isotopes indicate net sulfate reduction in near-surface
sediments of the deep Arabian Sea / M.E.Boéttcher, H.Schale, B.Schnetger, K.Wallmann,
H.J.Brumsack // Deep-Sea Research Part Il: Topical Studies in Oceanography. — 2000. — V.47. —
P. 2769-2783.

106. Béttcher, M.E. **S/*2S and 20/*°0 fractionation during sulfur disproportionation by
desulfobulbus  propionicus / M.E.Béttcher, B.Thamdrup, M.Gehre, A.Theune //
Geomicrobiology Journal. — 2005. — V.22, — P. 219-226.

107. Bottcher, M.E. Oxygen and sulfur isotope fractionation during anaerobic bacterial
disproportionation of elemental sulfur / M.E.Boéttcher, B.Thamdrup, T.W.Vennemann //
Geochimica et Cosmochimica Acta. — 2001. — V.65. — P. 1601-1609.

108. Bradley, A.S. Revisiting the dissimilatory sulfate reduction pathway / A.S.Bradley,
W.D.Leavitt, D.T.Johnston // Geobiology. — 2011. — V.9.— P. 446-457.

109. Bradley, A.S. Patterns of sulfur isotope fractionation during microbial sulfate
reduction / A.S.Bradley, W.D.Leavitt, M.Schmidt, A.H.Knoll, P.R.Girguis, D.T.Johnston //
Geobiology. — 2016. - V.14. — P. 91-101.

110. Brasier, M.D. Critical testing of Earth’s oldest putative fossil assemblage from the
~ 3.5 Ga Apex chert, Chinaman Creek, Western Australia / M.D.Brasier, O.R.Green,



256

J.F.Lindsay, N.McLoughlin, A.Steele, C.Stoakes // Precambrian Research. — 2005. — V.140. — P.
55-102.

111. Brenninkmeijer, C.A.M. Isotope effects in the chemistry of atmospheric trace
compounds / C.A.M.Brenninkmeijer, C.Janssen, J.Kaiser, T.R6ckmann, T.S.Rhee, S.S.Assonov
/I Chemical Reviews. — 2003. — V.103. — P. 5125-5161.

112. Brocklehurst, B. Magnetic fields and radical reactions: recent developments and
their role in nature / B.Brocklehurst // Chemical Society Reviews. —2002. — V.31. — P. 301-311.

113. Brocklehurst, B. Free radical mechanism for the effects of environmental
electromagnetic fields on biological systems / B.Brocklehurst, K.A.McLauchlan // International
Journal of Radiation Biology.— 1996. — V.69. — P. 3-24.

114. Bruggeman, P. On OH production in water containing atmospheric pressure
plasmas / P.Bruggeman, D.C.Schram // Plasma Sources Science and Technology. — 2010. —
V.19. — P. 045025.

115. Buchachenko, A.L. Magnetic isotope effect: nuclear spin control of chemical
reactions / A.L.Buchachenko // Journal of Physical Chemistry A. — 2001. — V.105. — P. 9995-
10011.

116. Biihn, B. Mass-dependent and mass-independent sulfur isotope fractionation (8%S
and §°°S) from Brazilian Archean and Proterozoic sulfide deposits by laser ablation multi-
collector ICP-MS / B.Biihn, R.V.Santos, M.A.Dardenne, C.G.de Oliveira // Chemical Geology. —
2012. - V.312-313. — P. 163-176.

117. Buikin, A.l. An isotope ratio mass spectrometry-based method for hydrogen
isotopic analysis in sub-microliter volumes of water: application for multi-isotope investigations
of gases extracted from fluid inclusions / A.l.Buikin, O.V.Kuznetsova, T.A.Velivetskaya,
V.S.Sevastyanov, A.V.Ignatiev // Rapid Communications in Mass Spectrometry. — 2020. -
Vol.34, Ne 22. — P. €8923.

118. Burlica, R. Pulsed plasma gliding-arc discharges with water spray / R.Burlica,
B.R.Locke // IEEE Transactions on Industry Applications. — 2008. — V.44, — P. 482-489.

119. Cabral, R.A. Anomalous sulphur isotopes in plume lavas reveal deep mantle
storage of Archaean crust / R.A.Cabral, M.G.Jackson, E.F.Rose-Koga, K.T.Koga,
M.J.Whitehouse, M.A.Antonelli, J.Farquhar, J.M.D.Day, E.H.Hauri // Nature. — 2013. — V.496. —
P. 490-493.

120. Cahill, A.E. The use of heavy oxygen in the study of reactions of hydrogen
peroxide / A.E.Cahill, H.Taube // Journal of the American Chemical Society. — 1952. — V.74. —
P. 2312-2318.



257

121. Canfield, D.E. A new model for Proterozoic ocean chemistry / D.E.Canfield //
Nature. —1998. — VV.396. — P. 450-453.

122. Canfield, D.E. Isotope fractionation by natural populations of sulfate-reducing
bacteria / D.E.Canfield // Geochimica et Cosmochimica Acta. — 2001. — V.65. — P. 1117-1124,

123. Canfield, D.E. The archean sulfur cycle and the early history of atmospheric
oxygen / D.E.Canfield // Science. — 2000. — V.288. — P. 658-661.

124. Canfield, D.E. High isotope fractionations during sulfate reduction in a low-sulfate
euxinic ocean analog / D.E.Canfield, J.Farquhar, A.L.Zerkle // Geology. — 2010. — V. 38. — P.
415-418.

125. Canfield, D.E. The evolution of the sulfur cycle / D.E.Canfield, R. Raiswell //
American Journal of Science. —1999. — V.299. — P. 697-723.

126. Canfield, D.E. Isotope fractionation and sulfur metabolism by pure and enrichment
cultures of elemental sulfur-disproportionating bacteria / D.E.Canfield, B.Thamdrup, S.Fleischer
// Limnology and Oceanography. — 1998. — V.43. — P. 253-264.

127. Cates, N.L. Chemical and isotopic evidence for widespread Eoarchean
metasedimentary enclaves in southern West Greenland / N.L.Cates, S.J.Mojzsis // Geochimica et
Cosmochimica Acta. — 2006. — V.70. — P. 4229-4257.

128. Catling, D.C. The Archean atmosphere / D.C.Catling, K.J.Zahnle // Science
Advances. — 2020. — V.6. — P. eaax1420.

129. Chakraborty, S. Oxygen isotopic fractionation during UV and visible light
photodissociation of ozone / S.Chakraborty, S.K.Bhattacharya // Journal of Chemical Physics. —
2003. - V.118. - P. 2164-2172.

130. Chakraborty, S. Mass-independent oxygen isotopic partitioning during gas-phase
Si0O, formation / S.Chakraborty, P.Yanchulova, M.H. Thiemens // Science. — 2013. — V.342. — P.
463-466.

131. Chaussidon, M. Sulfur isotope heterogeneity in the mantle from ion microprobe
measurements of sulphide inclusions in diamonds / M.Chaussidon, F.Albarede, S.M.F.Sheppard
/I Nature. — 1987. — V.330. — P. 242-244.

132. Cheng, B.M. Experimental and theoretical studies on vacuum ultraviolet absorption
cross sections and photodissociation of CH3;0OH, CH3;0D, CD3;OH, and CD3;OD / B.M.Cheng,
M.Bahou,W.C.Chen, C.Yui, Y.P.Lee, L.C.Lee // Journal of Chemical Physics. — 2002. — V.117.
—P. 1633-1640.

133. Chichkov, B.N. Femtosecond, picosecond and nanosecond laser ablation of solids /
B.N.Chichkov, C.Momma, S.Nolte, F.Alvensleben, A.Tiinnermann // Applied Physics A. —
1996. — V.63. — P. 109-115.



258

134. Chung, C.-Y. Temperature dependence of absorption cross-section of H,O, HOD,
and D,0 in the spectral region 140-193nm / C.-Y.Chung, E.P.Chew, B.-M.Cheng, M.Bahou, Y .-
P.Lee /I Nuclear Instruments and Methods in Physics Research, Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment. — 2001. — V. 467-468. — P. 1572-1576.

135. Claire, M.W. Biogeochemical modelling of the rise in atmospheric oxygen /
M.W.Claire, D.C.Catling, K.J.Zahnle // Geobiology. — 2006. — V.4. — P. 239-269.

136. Claire, M.W. Modeling the signature of sulfur mass-independent fractionation
produced in the Archean atmosphere / M.W.Claire, J.F.Kasting, S.D.Domagal-Goldman,
E.E.Stiieken, R.Buick, V.S.Meadows // Geochimica et Cosmochimica Acta. — 2014. — V.141. —
P. 365-380.

137. Claire, M.W. The evolution of solar flux from 0.1 nm to 160 pum: Quantitative
estimates for planetary studies / M.W.Claire, J.Sheets, M.Cohen, I.Ribas, V.SMeadows,
D.C.Catling // Astrophysical Journal. —2012. — VV.757. — P. 12.

138. Clayton, R.N. A component of primitive nuclear composition in carbonaceous
meteorites / R.N.Clayton, L.Grossman, T.K.Mayeda // Science. — 1973. — VV.82. P. 485-488.

139. CIiff, S.S. First measurement of the 0/**0 and ''0/*®0 ratios in stratospheric
nitrous oxide: A mass-independent anomaly / S.S.Cliff, C.A.M.Brenninkmeijer, M.H.Thiemens
// Journal of Geophysical Research: Atmospheres. — 1999. — V.104. — P. 16171-16175.

140. Cnossen, . Habitat of early life: Solar X-ray and UV radiation at Earth’s surface 4—
3.5 billion years ago / 1.Cnossen, J.Sanz-Forcada, F.Favata, O.Witasse, T.Zegers, N.F.Arnold //
Journal of Geophysical Research. — 2007. — V.112. — P. E02008.

141. Coplen, T.B. Guidelines and recommended terms for expressing stable isotope
results / T.B.Coplen // Rapid Communications in Mass Spectrometry. — 2011. - V.25. - P.
2538-2560.

142. Cornell, D.H. The Ongeluk basaltic andesite formation in Griqualand West, South
Africa: submarine alteration in a 2222 Ma proterozoic sea / D.H.Cornell, S.S.Schiitte,
B.L.Eglington // Precambrian Research. — 1996. — V.79. — P. 101-123.

143. Craddock, P.R. Sulfur isotope measurement of sulfate and sulfide by high-
resolution MC-ICP-MS / P.R.Craddock, O.J.Rouxel, L.A.Ball, W.Bach // Chemical Geology. —
2008. — V.253. — P. 102-113.

144. Crowe, S.A. Sulfate was a trace constituent of Archean seawater / S.A.Crowe,
G.Paris, S.Katsev, C.Jones, S.-T.Kim, A.L.Zerkle, S.Nomosatryo, D.A.Fowle, J.F.Adkins,
A.L.Sessions, J.Farquhar, D.E.Canfield // Science. — 2014. — V.346. — P. 735-739.

145. Danielache, S.0. High-precision spectroscopy of *°S, ®S, and S sulfur dioxide:

Ultraviolet absorption cross sections and isotope effects / S.O.Danielache, C.Eskebjerg,



259

M.S.Johnson, Y.Ueno, N.Yoshida // Journal of Geophysical Research: Atmospheres. — 2008. —
V.113. - P. 1-14.

146. Danielache, S.0. Photoabsorption cross-section measurements of *%S, **S, s and
%83 sulfur dioxide for the B'B; - X'A; absorption band / S.0.Danielache, S.Hattori, M.S.Johnson,
Y. Ueno, S.Nanbu, N.Yoshida // Journal of Geophysical Research: Atmospheres. —-2012 —V 117.
—P. D24301.

147. Defouilloy, C. High-precision sulfur isotope composition of enstatite meteorites
and implications of the formation and evolution of their parent bodies / C.Defouilloy, P.Cartigny,
N.Assayag, F.Moynier, J.-A.Barrat // Geochimica et Cosmochimica Acta. — 2016. — V.172. — P.
393-409.

148. Dewitt, H.L. The formation of sulfate and elemental sulfur aerosols under varying
laboratory conditions: Implications for early Earth / H.L.Dewitt, C.A.Hasenkopf, M.G.Trainer,
D.K. Farmer, J.L.Jimenez, C.P.McKay, O.B.Toon, M.A.Tolbert // Astrobiology. — 2010. — V.10.
—P.773-781.

149. Ding, T. Calibrated sulfur isotope abundance ratios of three IAEA sulfur isotope
reference materials and V-CDT with a reassessment of the atomic weight of sulfur / T.Ding,
S.Valkiers, H.Kipphardt, P.De Bié¢vre, P.D.P.Taylor, R.Gonfiantini, R.Krouse // Geochimica et
Cosmochimica Acta. — 2001. — V.65. — P. 2433-2437.

150. Dole, M. Isotopic composition of oxygen in the catalytic decomposition of
hydrogen peroxide / M.Dole, D.P.Rudd, G.R.Muchow, C.Comte // Journal of Chemical Physics.
—1952. - V.20. - P. 961-968.

151. Domagal-Goldman, S.D. Using biogenic sulfur gases as remotely detectable
biosignatures on anoxic planets / S.D.Domagal-Goldman, V.S.Meadows, M.W.Claire,
J.F.Kasting // Astrobiology. —2011. - V.11. — P. 419-441.

152. Dominguez, G. A photochemical model and sensitivity study of the triple-oxygen
isotopic (AYO) composition of NOy, HOy,, and H,O, in a polluted boundary layer /
G.Dominguez, G.Wilkins, M.H.Thiemens // Atmospheric Chemistry and Physics Discussions. —
2009. - V.9. — P. 13355-13406.

153. Donoghue, K.A. Sulfur isotope and mineralogical studies of Ni-Cu sulfide
mineralization in the bovine igneous complex intrusion, Baraga Basin, Northern Michigan /
K.A.Donoghue, E.M.Ripley, C.Li // Economic Geology. — 2014. — V.109. — P. 325-341.

154. Eickmann, B. Isotopic evidence for oxygenated Mesoarchaean shallow oceans /
B.Eickmann, A.Hofmann, M.Wille, T.H.Bui, B.A.Wing, R.Schoenberg // Nature Geoscience. —
2018. - V.11. - P. 133-138.



260

155. Endo, Y. Total pressure dependence of sulfur mass-independent fractionation by
SO, photolysis / Y.Endo, S.O.Danielache, Y.Ueno // Geophysical Research Letters. — 2019. —
V.46. - P. 483-491.

156. Endo, Y. Photoabsorption cross section measurements of 323, **S, 34S and *S sulfur
dioxide from 190 to 220nm / Y.Endo, S.O.Danielache, Y.Ueno, S.Hattori, M.S.Johnson,
N.Yoshida, H.G.Kjaergaard // Journal of Geophysical Research: Atmospheres. — 2015. — V.120.
—P. 2546-2557.

157. Endo, Y. Sulfur isotope fractionation by broadband UV radiation to optically thin
SO, under reducing atmosphere / Y.Endo, Y.Ueno, S.Aoyama, S.O.Danielache // Earth and
Planetary Science Letters. — 2016. — V.453. — P. 9-22.

158. Evans, D.A. Low-latitude glaciation in the Palaeoproterozoic era / D.A.Evans,
N.J.Beukes, J.LKirschvink // Nature.-1997. — V.386. — P. 262—-266.

159. Farquhar, J. Mass-independent sulfur of inclusions in diamond and sulfur recycling
on early Earth / J.Farquhar, B.A.Wing, K.D.McKeegan, J.W.Harris, P.Cartigny, M.H.Thiemens
/I Science. —2002. — V.298. — P. 2369-2372.

160. Farquhar, J. The terrestrial record of stable sulphur isotopes: A review of the
implications for evolution of Earth's sulphur cycle / J.Farquhar, B.A.Wing // Geological Society
Special Publication. — 2005. - V.248. - P. 167-177.

161. Farquhar, J. Atmospheric influence of Earth ’s earliest sulfur cycle / J.Farquhar,
H.Bao, M.Thiemens // Science. — 2000. — V.289. — P. 756-759.

162. Farquhar, J. Pathways for Neoarchean pyrite formation constrained by mass-
independent sulfur isotopes / J.Farquhar, J.Cliff, A.L.Zerkle, A.Kamyshny, S.W.Poulton,
M.Claire, D.Adams, B.Harms // Proceedings of the National Academy of Sciences. — 2013. —
V.110. - P. 17638-17643.

163. Farquhar, J. The oxygen cycle of the terrestrial planets: insights into the processing
and history of oxygen in surface environments / J.Farquhar, D.T.Johnston // Reviews in
Mineralogy and Geochemistry. — 2008.— V.68. — P. 463—492.

164. Farquhar, J. Multiple sulphur isotopic interpretations of biosynthetic pathways:
implications for biological signatures in the sulphur isotope record / J.Farquhar, D.T.Johnston,
B.A.Wing, K.S.Habicht, D.E.Canfield, S.Airieau, M.H.Thiemens // Geobiology. — 2003. - V.1. —
P. 27-36.

165. Farquhar, J. Implications from sulfur isotopes of the Nakhla meteorite for the origin
of sulfate on Mars / J.Farquhar, S.-T.Kim, A.Masterson // Earth and Planetary Science Letters. —
2007. -V.264. - P. 1-8.



261

166. Farquhar, J. Isotopic evidence for Mesoarchaean anoxia and changing atmospheric
sulphur chemistry / J.Farquhar, M.Peters, D.T.Johnston, H.Strauss, A.Masterson, U.Wiechert,
A.J.Kaufman // Nature. — 2007. — V.449. — P. 706-709.

167. Farquhar, J. Observation of wavelength-sensitive mass-independent sulfur isotope
effects during SO, photolysis: Implications for the early atmosphere / J.Farquhar, J.Savarino,
S.Airieau, M.H.Thiemens // Journal of Geophysical Research E: Planets. — 2001. — V.106. — P.
32829-32839.

168. Farquhar, J. Evidence of atmospheric sulphur in the martian regolith from sulphur
isotopes in meteorites / J.Farquhar, J.Savarino, T.L.Jackson, M.H.Thiemens // Nature. — 2000. —
V.404. — P. 50-52.

169. Farquhar, J. Multiple sulfur isotopes and the evolution of the atmosphere /
J.Farquhar, B.A.Wing // Earth and Planetary Science Letters. — 2003. — V.213. - P. 1-13.

170. Feilberg, K.L. Probing the unusual isotope effects in ozone formation: Bath gas and
pressure dependence of the non-mass-dependent isotope enrichments in ozone / K.L.Feilberg,
A.A.Wiegel, K.A.Boering // Chemical Physics Letters. — 2013. — V.556. — P. 1-8.

171. Franklin J.M., Gibson H.L., Jonasson I.R., Galley A.G. Volcanogenic Massive
Sulfide Deposits // In: Hedenquist, J.W., Thompson, J.F.H., Goldfarb, R.J., Richards J.P (Eds.),
Economic Geology 100th Anniversary Volume. - Littleton, CO, Society of Economic
Geologists, 2005. - P. 523-560.

172. Franz, H.B. Mass-independent fractionation of sulfur isotopes during broadband
SO, photolysis: Comparison between *°O- and '®0-rich SO, / H.B.Franz, S.O.Danielache,
J.Farquhar, B.A.Wing // Chemical Geology. — 2013. — V.362. — P. 56-65.

173. Franz, H.B. Isotopic links between atmospheric chemistry and the deep sulphur
cycle on Mars / H.B.Franz, S.-T.Kim, J.Farquhar, J.M.D.Day, R.C.Economos, K.D.McKeegan,
A.K.Schmitt, A.J.Irving, J.Hoek, J.Dottin // Nature. — 2014. — VV.508. — P. 364—368.

174. Frei, R. Fluctuations in Precambrian atmospheric oxygenation recorded by
chromium isotopes / R.Frei, C.Gaucher, S.W.Poulton, D.E.Canfield // Nature. — 2009. — V.461. —
P. 250-253.

175. Froelich, P.N. Early oxidation of organic matter in pelagic sediments of the eastern
equatorial Atlantic: suboxic diagenesis / P.N.Froelich, G.P.Klinkhammer, M.L.Bender,
N.A.Luedtke, G.R.Heath, D.Cullen, P.Dauphin, D.Hammond, B.Hartman, V.Maynard //
Geochimica et Cosmochimica Acta. — 1979. — V.43. — P. 1075-1090.

176. Fu, J. Accurate determination of sulfur isotopes (5**S and §**S) in sulfides and

elemental sulfur by femtosecond laser ablation MC-ICP-MS with non-matrix matched



262

calibration / J.Fu, Z.Hu, J.Li, L.Yang, W.Zhang, Y.Liu, Q.Li, K.Zong, S.Hu // Journal of
Analytical Atomic Spectrometry. — 2017. — V.32. — P. 2341-2351.

177. Fu, J. In situ sulfur isotopes (5**S and 8*S) analyses in sulfides and elemental
sulfur using high sensitivity cones combined with the addition of nitrogen by laser ablation MC-
ICP-MS / J.Fu, Z.Hu, W.Zhang, L.Yang, Y.Liu, M.Li, K.Zong, S.Gao, S.Hu // Analytica
Chimica Acta. — 2016. — V.911. — P. 14-26.

178. Gaillard, F. Atmospheric oxygenation caused by a change in volcanic degassing
pressure / F.Gaillard, B.Scaillet, N.T.Arndt // Nature. — 2011. — V.478. — P. 229-232.

179. Gao, X. Isotopic composition and concentration of sulfur in carbonaceous
chondrites / X.Gao, M.H.Thiemens // Geochimica et Cosmochimica Acta. — 1993. — V.57. — P.
3159-31609.

180. Gao, X. Systematic study of sulfur isotopic composition in iron meteorites and the
occurrence of excess **S and *°S / X.Gao, M.H.Thiemens // Geochimica et Cosmochimica Acta.
—1991. - V.55. — P. 2671-2679.

181. Gao, X. Variations of the isotopic composition of sulfur in enstatite and ordinary
chondrites / X.Gao, M.H.Thiemens // Geochimica et Cosmochimica Acta. — 1993. — V.57. — P.
3171-3176.

182. Gao, Y.Q. A theoretical study of ozone isotopic effects using a modified ab initio
potential energy surface / Y.Q.Gao, W.-C.Chen, R.A.Marcus // Journal of Chemical Physics. —
2002. - V.117. P. 1536-1543.

183. Gao,Y.Q. On the theory of the strange and unconventional isotopic effects in ozone
formation / Y.Q.Gao, R.A.Marcus // Journal of Chemical Physics. — 2002. — V.116. — P. 137.

184. Gao, Y.Q. Strange and unconventional isotope effects in ozone formation /
Y.Q.Gao, R.A.Marcus // Science. — 2001. — V.293. — P. 259-263.

185. Geib, K.H. Eine neue Form von H,O, / K.H.Geib, P.Harteck // Berichte der
deutschen chemischen Gesellschaft. — 1932. — V.65. — P. 1551-1555.

186. Gilbert, S.E. Fractionation of sulphur relative to iron during laser ablation-ICP-MS
analyses of sulphide minerals: implications for quantification / S.E.Gilbert, L.VV.Danyushevsky,
K.Goemann, D.Death // Journal of Analytical Atomic Spectrometry. — 2014. — VV.29. — P. 1024—
1033.

187. Gilbert, R.G. Theory of Unimolecular and Recombination Reactions / R.G.Gilbert,
S.C.Smith; Publisher: Blackwell Science Inc, Oxford, UK, 1990. — 356 p.

188. Gladkochub, D.P. Palaeoproterozoic to Eoarchaean crustal growth in southern
Siberia: a Nd-isotope synthesis / D.P.Gladkochub, T.V.Donskaya, S.M.Reddy, U.Poller,



263

T.B.Bayanova, A.M.Mazukabzov, S.Dril, W.Todt, S.A.Pisarevsky // Geological Society,
London, Special Publications. — 2009. - V.323. - P. 127-143.

189. Goldblatt, C. Bistability of atmospheric oxygen and the Great Oxidation /
C.Goldblatt, T.M.Lenton, A.J.Watson // Nature. — 2006. — V.443. — P. 683-686.

190. Goldman, M.J. Correct symmetry treatment for X + X reactions prevents large
errors in predicted isotope enrichment / M.J.Goldman, S.Ono, W.H.Green // Journal of Chemical
Physics. — 2019. — V.123. — P. 2320-2324.

191. Gough, D.O. Solar interior structure and luminosity variations / D.O.Gough // Solar
Physics. — 1981. — V.74. — P. 21-34.

192. Greenwood, J.P. Sulfur isotopic compositions of individual sulfides in Martian
meteorites ALH84001 and Nakhla: implications for crust-regolith exchange on Mars /
J.P.Greenwood, S.J.Mojzsis, C.D.Coath // Earth and Planetary Science Letters. — 2000. — V.184.
—P.23-35.

193. Guenther, J. Pressure dependence of two relative ozone formation rate coefficients /
J.Guenther, B.Erbacher, D.Krankowsky, K.Mauersberger // Chemical Physics Letters. — 1999. —
V.306. — P. 209-213.

194. Guinan E.F., Ribas I. The evolving Sun and its influence on planetary environments
/ E.F.Guinan, I.Ribas; ed. by B.Montesinos, A.Giménz, E.F.Guinan — San Francisco, Publisher:
ASP, 2002. -V. 269. - P. 85-107.

195. Gumsley, A.P. Timing and tempo of the great oxidation event / A.P.Gumsley,
K.R.Chamberlain, W.Bleeker, U.Soderlund, M.O.DeKock, E.R.Larsson, A.Bekker //
Proceedings of the National Academy of Sciences. — 2017. — V.114. — P.1811-1816.

196. Guy, B.M. A multiple sulfur and organic carbon isotope record from non-
conglomeratic sedimentary rocks of the Mesoarchean Witwatersrand Supergroup, South Africa /
B.M.Guy, S.Ono, J.Gutzmer, A.J.Kaufman, Y.Lin, M.L.Fogel, N.J.Beukes // Precambrian
Research. — 2012. — V.216-219. — P. 208-231.

197. Habicht, K.S. Calibration of sulfate levels in the Archean ocean / K.S.Habicht //
Science. — 2002. — V.298. — P. 2372-2374.

198. Habicht, K.S. Sulfur isotope fractionation during bacterial sulfate reduction in
organic-rich sediments / K.S.Habicht, D.E.Canfield // Geochimica et Cosmochimica Acta. —
1997. - V.61. — P. 5351-5361.

199. Habicht, K.S. Sulfur isotope fractionation during bacterial reduction and
disproportionation of thiosulfate and sulfite / K.S.Habicht, D.E.Canfield, J.Rethmeier //
Geochimica et Cosmochimica Acta. — 1998. — V.62. — P. 2585-2595.



264

200. Halevy, I. Explaining the structure of the archean mass-independent sulfur isotope
record / 1.Halevy, D.T.Johnston, D.P.Schrag // Science. — 2010. — V.329. — P. 204-207.

201. Haqgg-Misra, J. Availability of O, and H,O, on pre-photosynthetic Earth / J.Haqqg-
Misra, J.F.Kasting, S.Lee // Astrobiology. — 2011. — V.11. — P. 293-302.

202. Harada, M. Transition to an oxygen-rich atmosphere with an extensive overshoot
triggered by the Paleoproterozoic snowball Earth / M.Harada, E.Tajika, Y.Sekine // Earth and
Planetary Science Letters. — 2015. — V.419. — P. 178-186.

203. Harman, C.E. Chain formation as a mechanism for mass-independent fractionation
of sulfur isotopes in the Archean atmosphere / C.E.Harman, A.A.Pavlov, D.Babikov, J.F.Kasting
// Earth and Planetary Science Letters. — 2018. — V.496. — P. 238-247.

204. Harrison, A.G. Mechanism of the bacterial reduction of sulphate from isotope
fractionation studies / A.G.Harrison, H.G.Thode // Transactions of the Faraday Society. — 1958.
—-V.54. - P. 84-92.

205. Hathorn, B.C. An intramolecular theory of the mass-independent isotope effect for
ozone. | / B.C.Hathorn, R.A.Marcus // Journal of Chemical Physics. — 1999. — V.111. — P. 4087-
4100.

206. Hathorn B.C., Marcus R.A. An intramolecular theory of the mass-independent
isotope effect for ozone. Il. Numerical implementation at low pressures using a loose transition
state / B.C.Hathorn, R.A.Marcus // Journal of Chemical Physics. — 2000. — V.113. — P. 9497
9509.

207. Hattori, S. Ultraviolet absorption cross sections of carbonyl sulfide isotopologues
0C*s, 0Cc®s, oc*s and O™CS: isotopic fractionation in photolysis and atmospheric
implications / S.Hattori, S.O.Danielache, M.S.Johnson, J.A.Schmidt, H.G.Kjaergaard, S.Toyoda,
Y.Ueno, N.Yoshida // Atmospheric Chemistry and Physics. — 2011. — V.11. — P. 10293-10303.

208. Hébrard, E. Coupled noble gas-hydrocarbon evolution of the early Earth
atmosphere upon solar UV irradiation / E.Hébrard, B.Marty // Earth and Planetary Science
Letters. — 2014. — V.385. — P. 40-48.

209. Heicklen, J. The photophysics and photochemistry of SO, / J.Heicklen, N.Kelly,
K.Partymiller // Research on Chemical Intermediates. — 1980. — V.3. — P. 315-404.

210. Heidenreich, J.E. A non-mass-dependent oxygen isotope effect in the production of
ozone from molecular oxygen: The role of molecular symmetry in isotope chemistry /
J.E.Heidenreich, M.H.Thiemens // Journal of Chemical Physics. — 1986. — V.84. — P. 2129-2136.

211. Hoffman, P.F. The snowball Earth hypothesis: testing the limits of global change /
P.F.Hoffman, D.P.Schrag // Terra Nova. — 2002. — V.14, — P. 129-155.



265

212. Hofmann, A. Multiple sulphur and iron isotope composition of detrital pyrite in
Archaean sedimentary rocks: A new tool for provenance analysis / A.Hofmann, A.Bekker,
O.Rouxel, D.Rumble, S.Master // Earth and Planetary Science Letters. — 2009. — V.286. — P.
436-445.

213. Holland, H.D. Model for the evolution of the Earth’s atmosphere / H.D.Holland //
In Petrologic Studies Geological Society of America, USA. — 1962. — P. 447-477.

214. Holland, H.D. The oceans; a possible source of iron in iron-formations /
H.D.Holland // Economic Geology. — 1973. — V.68. — P. 1169-1172.

215. Holland, H.D. The oxygenation of the atmosphere and oceans / H.D.Holland //
Philosophical Transactions of the Royal Society B: Biological Sciences. — 2006. — V.361. — P.
903-915.

216. Holtta, P. The Archaean Karelia and Belomorian Provinces, Fennoscandian Shield /
P.Holttd, E.Heilimo, H.Huhma, A.Kontinen, S.Mertanen, P.Mikkola, J.Paavola, P.Peltonen,
J.Semprich, A.Slabunov, P.Sorjonen-Ward // Evolution of Archean Crust and Early Life.
Modern Approaches in Solid Earth Sciences. Eds. Y.Dilek, H.Furnes — Springer. — 2014. — V.7.
—P.55-102.

217. Hu, G. An ultraviolet laser microprobe for the in situ analysis of multisulfur
isotopes and its use in measuring Archean sulfur isotope mass-independent anomalies / G.Hu,
D.Rumble, P.Wang // Geochimica et Cosmochimica Acta. — 2003. — V.67. — P. 3101-3118.

218. Hulston, J.R. Cosmic-ray-produced **S and **S in the metallic phase of iron
meteorites / J.R.Hulston, H.G.Thode // Journal of Geophysical Research. — 1965a. — V.70. — P.
4435-4442.

219. Hulston, J.R. Variations in the S, 3S, and *S contents of meteorites and their
relation to chemical and nuclear effects / J.R.Hulston, H.G.Thode // Journal of Geophysical
Research. — 1965b. — V.70. — P. 3475-3484.

220. Huston, D.L. Barite, BIFs and bugs: evidence for the evolution of the Earth’s early
hydrosphere / D.L.Huston, G.ALogan // Earth and Planetary Science Letters. — 2004. — V.220. —
P. 41-55.

221. Huston, D.L. The geology and metallogeny of volcanic-hosted massive sulfide
deposits: variations through geologic time and with tectonic setting / D.L.Huston, S.Pehrsson,
B.M.Eglington, K.Zaw // Economic Geology. — 2010. — V.105. — P. 571-591.

222. Hydutsky, D.P. The photodissociation of SO, between 200 and 197nm /
D.P.Hydutsky, N.J.Bianco, A.W.Castleman // Chemical Physics. — 2008. — V.350. — P. 212-219.



266

223. lanni, J.C. A comparison of the Bader-Deuflhard and the Cash-Karp Runge-Kutta
integrators for the GRI-MECH 3.0 model based on the chemical kinetics code Kintecus /
J.C.lanni // In Computational Fluid and Solid Mechanics. — 2003. — P. 1368-1372.

224. Ignatiev, A.V. Precision analysis of multisulfur isotopes in sulfides by femtosecond
laser ablation GC-IRMS at high spatial resolution / A.V.Ignatiev, T.A.Velivetskaya,
S.Y.Budnitskiy, V.V.Yakovenko, S.V.Vysotskiy, V.I.Levitskii // Chemical Geology. — 2018. —
V.493. P. 316-326.

225. Ignatev, A. A soil water distillation technique using He-purging for stable isotope
analysis / A.lgnatev, T.Velivetckaia, A.Sugimoto, A.Ueta // Journal of hydrology. — 2013. -
V.498. - P. 265-273.

226. Ishihara, S. Sulfur isotopic ratios of the magnetite-series and ilmenite-series
granitoids of the Sierra Nevada batholith — A reconnaissance study / S.Ishihara, A.Sasaki //
Geology. —1989. — V.17. — P. 788-791.

227. ltikawa, Y. Cross sections for electron collisions with water molecules / Y. Itikawa,
N.Mason // Journal of Physical and Chemical Reference Data. — 2005. — V.34. — P. 1-22.

228. lzon, G. Biological regulation of atmospheric chemistry en route to planetary
oxygenation / G.lzon, A.L.Zerkle, K.H.Williford, J.Farquhar, S.W.Poulton, M.W.Claire //
Proceedings of the National Academy of Sciences. — 2017. — V.114. — P. E2571-E2579.

229. Janssen, C. Temperature dependence of ozone rate coefficients and isotopologue
fractionation in '°0-®0 oxygen mixtures / C.Janssen, J.Guenther, D.Krankowsky,
K.Mauersberger // Chemical Physics Letters. — 2003. — V.367. — P. 34-38.

230. Jia, L. Thermochemical and bacterial sulfate reduction in the Cambrian and Lower
Ordovician carbonates in the Tazhong Area, Tarim Basin, NW China: evidence from fluid
inclusions, C, S, and Sr isotopic data / L.Jia, C.Cai, H.Yang, H.Li, T.Wang, B.Zhang, L.Jiang,
X.Tao // Geofluids. — 2015. — V.15. — P. 421-437.

231. lJinzhang, G. Analysis of energetic species caused by contact clow discharge
electrolysis in aqueous solution / G.Jinzhang, W.Aixiang, F.Yan, W.Jianlin, M.Dongping,
G.Xiao, L.Yan, Y.Wu // Plasma Science and Technology. — 2008. — V.10. — P. 30-38.

232. Johnson, C.A. Use of Y’O/*®0 to trace atmospherically-deposited sulfate in surface
waters: A case study in Alpine watersheds in the Rocky Mountains / C.A.Johnson, M.A.Mast,
C.L.Kester // Geophysical Research Letters. —2001. — V.28. — P. 4483-4486.

233. Johnston, D.T. Multiple sulfur isotope fractionations in biological systems: A case
study with sulfate reducers and sulfur disproportionators / D.T.Johnston // American Journal of
Science. — 2005. — V.305. — P. 645-660.



267

234. Johnston, D.T. Multiple sulfur isotopes and the evolution of Earth’s surface sulfur
cycle / D.T.Johnston // Earth-Science Reviews. — 2011. — V.106. — P. 161-183.

235. Johnston, D.T. Sulfur isotope insights into microbial sulfate reduction: When
microbes meet models / D.T.Johnston, J.Farquhar, D.E.Canfield // Geochimica et Cosmochimica
Acta. — 2007. — V.71. — P. 3929-3947.

236. Johnston, D.T. Sulfur isotope biogeochemistry of the Proterozoic McArthur Basin /
D.T.Johnston, J.Farquhar, R.E.Summons, Y.Shen, A.J.Kaufman, A.L.Masterson, D.E.Canfield //
Geochimica et Cosmochimica Acta. — 2008. — V.72. — P. 4278-4290.

237. Johnston, J.C. The isotopic composition of tropospheric ozone in three
environments / J.C.Johnston, M.H.Thiemens // Journal of Geophysical Research: Atmospheres. —
1997. - V.102. — P. 25395-25404.

238. Jones, R.A. Studies of water vapor dissociated by microwave discharges at low
flow rates. I. Effect of residence time in the traversed volume on product yields at liquid air
temperature / R.A.Jones, W.Chan, M.Venugopalan // Journal of Physical Chemistry. — 1969. —
V.73. - P. 3693-3697.

239. Jones, R.A. Reactions in dissociated water vapor / R.A.Jones, C.A.Winkler //
Canadian Journal of Chemistry— 1951. — V.29. — P. 996-1009.

240. Jorgensen, B.B. Mineralization of organic matter in the sea bed — the role of
sulphate reduction / B.B.Jergensen // Nature. — 1982. — VV.296. — P. 643-645.

241. Kaiser, J. Absence of isotope exchange in the reaction of N,O + O(*D) and the
global AYO budget of nitrous oxide / J.Kaiser, T.Réckmann // Geophysical Research Letters. —
2005. — V.32. — P. L15808.

242. Kaiser, J. Contribution of mass-dependent fractionation to the oxygen isotope
anomaly of atmospheric nitrous oxide / J.Kaiser, T.R6ckmann, C.A.M.Brenninkmeijer // Journal
of Geophysical Research: Atmospheres. — 2004. — V.100.

243. Kaltenegger, L. Detecting planetary geochemical cycles on exoplanets:
Atmospheric signatures and the case of SO, / L.Kaltenegger, D.Sasselov // Astrophysical
Journal. — 2010. - V.708. — P. 1162-1167.

244. Kasting, J. Earth’s early atmosphere / J.Kasting // Science. — 1993. — V.259. — P.
920-926.

245. Kasting, J.F. Earth history: the rise of atmospheric oxygen / J.F.Kasting // Science.
—2001. - V.293. - P. 819-820.

246. Kasting, J.F. Methane and climate during the Precambrian era / J.F.Kasting //
Precambrian Research. — 2005.— VV.137. — P. 119-129.



268

247. Kasting, J.F. Mantle redox evolution and the oxidation state of the archean
atmosphere / J.F.Kasting, D.H.Eggler S.P.Raeburn // Journal of Geology— 1993. — V.101. — P.
245-257.

248. Kasting, J.F. Oxidant abundances in rainwater and the evolution of atmospheric
oxygen / J.F.Kasting, H.D.Holland, J.P.Pinto // Journal of Geophysical Research. — 1985. — V.90
—P. 10497-10510.

249. Kasting, J.F. A coupled ecosystem-climate model for predicting the methane
concentration in the archean atmosphere / J.F.Kasting, A.A.Pavlov, J.L.Siefert // Origins of Life
and Evolution of Biospheres. — 2001. — V.31. — P. 271-285.

250. Kasting, J.F. Effects of high CO, levels on surface temperature and atmospheric
oxidation state of the early Earth / J.F.Kasting, J.B.Pollack, D.Crisp // Journal of Atmospheric
Chemistry. — 1984. — V.1. — P. 403-428.

251. Kasting, J.F. Sulfur, ultraviolet radiation, and the early evolution of life /
J.F.Kasting, K.J.Zahnle, J.P.Pinto, A.T.Young // Origins of Life and Evolution of Biospheres. —
1989. — V.19. — P. 252-253.

252. Katagiri, H. Experimental and theoretical exploration of photodissociation of SO,
via the C'B; state: identification of the dissociation pathway / H.Katagiri, T.Sako, A.Hishikawa,
T.Yazaki, K.Onda, K.Yamanouchi, K.Yoshino // Journal of Molecular Structure. — 1997. —
V.413-414. — P. 589-614.

253. Kaufman, A.J. Late Archean biospheric oxygenation and atmospheric evolution /
A.J.Kaufman, D.T.Johnston, J.Farquhar, A.L.Masterson, T.W.Lyons, S.Bates, A.D.Anbar,
G.L.Arnold, J.Garvin, R.Buick // Science. — 2007. — V.317. — P. 1900-1903.

254. Kaye, J.A. Enhancement of heavy ozone in the Earth’s atmosphere? / J.A.Kaye,
D.F.Strobel // Journal of Geophysical Research. — 1983. — V.88. — P. 8447-8452.

255. Keller-Rudek, H. The MPI-mainz UV/VIS spectral atlas of gaseous molecules of
atmospheric interest / H.Keller-Rudek, G.K.Moortgat, R.Sander, R.Sérensen // Earth System
Science Data. — 2013. — V.5. — V. 365-373.

256. Kemp, A.L.W. The mechanism of the bacterial reduction of sulphate and of
sulphite from isotope fractionation studies / A.L.W.Kemp, H.G.Thode // Geochimica et
Cosmochimica Acta. — 1968. — VV.32. — P. 71-91.

257. Kirschvink, J.L. Paleoproterozoic snowball Earth: Extreme climatic and
geochemical global change and its biological consequences / J.L.Kirschvink, E.J.Gaidos, L.E.
Bertani, N.J.Beukes, J.Gutzmer, L.N.Maepa, R.E.Steinberger // Proceedings of the National
Academy of Sciences. — 2000. — V.97. — P. 1400-1405.



269

258. Kirschvink, J.L. Palaeoproterozoic ice houses and the evolution of oxygen-
mediating enzymes: the case for a late origin of photosystem Il / J.L.Kirschvink, R.E.Kopp //
Philosophical Transactions of the Royal Society B: Biological Sciences. — 2008. — V.363. — P.
2755-2765.

259. Kita, N.T. High precision SIMS oxygen isotope analysis and the effect of sample
topography / N.T.Kita, T.Ushikubo, B.Fu, J.W.Valley // Chemical Geology. — 2009. — V.264. —
P.43-57.

260. Konhauser, K.O. Aerobic bacterial pyrite oxidation and acid rock drainage during
the Great Oxidation Event / K.O.Konhauser, S.V.Lalonde, N.J.Planavsky, E.Pecoits, T.W.Lyons,
S.J. Mojzsis, O.J.Rouxel, M.E.Barley, C.Rosiere, P.W.Fralick, L.R.Kump, A.Bekker // Nature. —
2011. - V.478. — P. 369-373.

261. Kopf, S. Sulfur mass-independent fractionation in liquid phase chemistry: UV
photolysis of phenacylphenylsulfone as a case study / S.Kopf, S.Ono // Geochimica et
Cosmochimica Acta. — 2012. — V.85. — P. 160-1609.

262. Kopp, R.E. The Paleoproterozoic snowball Earth: A climate disaster triggered by
the evolution of oxygenic photosynthesis / R.E.Kopp, J.L.Kirschvink, I.A.Hilburn, C.Z. Nash //
Proceedings of the National Academy of Sciences. — 2005. — V.102. — P. 11131-11136.

263. Kozdon, R. In situ sulfur isotope analysis of sulfide minerals by SIMS: Precision
and accuracy, with application to thermometry of ~3.5Ga Pilbara cherts / R.Kozdon, N.T.Kita,
J.M.Huberty, J.H.Fournelle, C.A.Johnson, J.W.Valley // Chemical Geology. — 2010. — V.275. —
P. 243-253.

264. Krankowsky, D. Measurement of heavy isotope enrichment in tropospheric ozone /
D.Krankowsky, F.Bartecki, G.G.Klees, K.Mauersberger, K.Schellenbach, J.Stehr // Geophysical
Research Letters. —1995. — V.22, — P. 1713-1716.

265. Krankowsky, D. Isotopic measurements of stratospheric ozone / D.Krankowsky,
P.Lammerzahl, K.Mauersberger // Geophysical Research Letters. — 2000. — V.27. — P. 2593—
2595.

266. Krankowsky, D. Stratospheric ozone isotope fractionations derived from collected
samples / D.Krankowsky, P.Ldmmerzahl, K.Mauersberger, C.Janssen, B.Tuzson, T.R6ckmann //
Journal of Geophysical Research. —2007. —V.112. — P. D08301.

267. Kring, D.A. Microbial sulfur isotope fractionation in the chicxulub hydrothermal
system / D.A.Kring, M.J.Whitehouse, M.Schmieder // Astrobiology. — 2020. — V.21.

268. Kroopnick, P. Atmospheric oxygen: isotopic composition and solubility
fractionation / P.Kroopnick, H.Craig // Science. — 1972. — V.175. — P. 54-55.



270

269. Kumar, P. Isotope shifts and band progressions in SO, rovibrational energy levels:
using quantum theory to extract rotational constants / P.Kumar, B.Poirier // Molecular Physics. —
2019. - V.117. — P. 2456-2469.

270. Kump, L.R. The rise of atmospheric oxygen / L.R.Kump // Nature. — 2008. —
V.451. —P. 277-278.

271. Kump, L.R. Increased subaerial volcanism and the rise of atmospheric oxygen 2.5
billion years ago / L.R.Kump, M.E.Barley // Nature. — 2007. — V.448. — P. 1033-1036.

272. Kump, L.R. Rise of atmospheric oxygen and the “upside-down” Archean mantle /
L.R.Kump, J.F.Kasting, M.E.Barley // Geochemistry, Geophysics, Geosystems. — 2001. — V.2.

273. Kurzweil, F. Atmospheric sulfur rearrangement 2.7 billion years ago: Evidence for
oxygenic photosynthesis / F.Kurzweil, M.Claire, C.Thomazo, M.Peters, M.Hannington,
H.Strauss // Earth and Planetary Science Letters. — 2013. — V.366. — P. 17-26.

274. Labidi, J. Determination of multiple sulfur isotopes in glasses: A reappraisal of the
MORB 8 / J.Labidi, P.Cartigny, J.L.Birck, N.Assayag, J.J.Bourrand // Chemical Geology. —
2012. - V.334. — P. 189-198.

275. Labidi, J. Sulfur isotope budget (**S, *S, **S and *S) in Pacific—Antarctic ridge
basalts: A record of mantle source heterogeneity and hydrothermal sulfide assimilation /
J.Labidi, P.Cartigny, C.Hamelin, M.Moreira, L.Dosso // Geochimica et Cosmochimica Acta. —
2014. -V.133. - P. 47-67.

276. Labidi, J. Multiple sulfur isotope composition of oxidized Samoan melts and the
implications of a sulfur isotope “mantle array” in chemical geodynamics / J.Labidi, P.Cartigny,
M.G.Jackson // Earth and Planetary Science Letters. — 2015. — V.417. — P. 28-39.

277. Lammerzahl, P. Oxygen isotope composition of stratospheric carbon dioxide /
P.Ldmmerzahl, T.Rockmann, C.A.M.Brenninkmeijer, D.Krankowsky, K.Mauersberger //
Geophysical Research Letters. —2002. — V.29. — P. 23.1-23.4.

278. Landais, A. Record of 5'®0 and "O-excess in ice from Vostok Antarctica during
the last 150.000 years / A.Landais, E.Barkan, B.Luz // Geophysical Research Letters. — 2008. —
V.35. - P. L02709.

279. Lang X. Local environmental variation obscures the interpretation of pyrite sulfur
isotope records / X.Lang, W.Tang, H.Ma, B.Shen // Earth and Planetary Science Letters. — 2020.
—V.533. - P. 116056.

280. Lasaga, A.C. Anomalous fractionation of sulfur isotopes during heterogeneous
reactions / A.C.Lasaga, T.Otake, Y.Watanabe, H.Ohmoto // Earth and Planetary Science Letters.
—2008. - V.268. — P. 225-238.



271

281. Leavitt, W.D. Influence of sulfate reduction rates on the Phanerozoic sulfur isotope
record / W.D.Leavitt, I.Halevy, A.S.Bradley, D.T.Johnston // Proceedings of the National
Academy of Sciences. — 2013. — V.110. — P. 11244-11249.

282. Lee, C.C.-W. The &0 and 'O measurements of atmospheric sulfate from a
coastal and high alpine region: A mass-independent isotopic anomaly / C.C.-W.Lee,
M.H.Thiemens // Journal of Geophysical Research: Atmospheres. — 2001. — V.106. — P. 17359—
17373.

283. Lepot, K. Signatures of early microbial life from the Archean (4 to 2.5 Ga) eon /
K.Lepot // Earth-Science Reviews. — 2020. — V.209. — P. 103296.

284. Levin, N.E. Triple oxygen isotope variations in sedimentary rocks / N.E.Levin,
T.D.Raub, N.Dauphas, J.M.Eiler // Geochimica et Cosmochimica Acta. — 2014. — V.139. — P.
173-189.

285. Liang, M.C. Production of hydrogen peroxide in the atmosphere of a Snowball
Earth and the origin of oxygenic photosynthesis / M.C.Liang, H.Hartman, R.E.Kopp,
J.L.Kirschvink, Y.L.Yung // Proceedings of the National Academy of Sciences. — 2006. — V.103.
—P. 18896-18899.

286. Liljestrand, F.L. The triple oxygen isotope composition of Precambrian chert /
F.L.Liljestrand, A.H.Knoll, N.J.Tosca, P.A.Cohen, F.A.Macdonald, Y.Peng, D.T.Johnston //
Earth and Planetary Science Letters. — 2020. — V. 537.

287. Lin, Y. Multiple-sulfur isotope effects during photolysis of carbonyl sulfide /
Y.Lin, M.S.Sim, S.Ono // Atmospheric Chemistry and Physics. — 2011. — V.11, — P. 10283—
10292.

288. Locke, B.R. Review of the methods to form hydrogen peroxide in electrical
discharge plasma with liquid water / B.R.Locke, K.Y.Shih // Plasma Sources Science and
Technology. — 2011. — V. 20.

289. Lundin, R. Planetary magnetic fields and solar forcing: implications for
atmospheric evolution / R.Lundin, H.Lammer, |.Ribas // Space Science Reviews. — 2007. —
V.129. — P. 245-278.

290. Luz, B. Variations of ’0/*°0 and **0/*°0 in meteoric waters / B.Luz, E.Barkan //
Geochimica et Cosmochimica Acta. — 2010. — V.74. — P. 6276-6286.

291. Luz, B. Triple-isotope composition of atmospheric oxygen as a tracer of biosphere
productivity / B.Luz, E.Barkan, M.L.Bender, M.H.Thiemens, K.A.Boering // Nature. — 1999. —
V.400. — P. 547-550.



2172

292. Lyons, J.R. Atmospherically-derived mass-independent sulfur isotope signatures,
and incorporation into sediments / J.R.Lyons // Chemical Geology I. — 2009. — V.267. — P. 164—
174.

293. Lyons, J.R. Photolysis of long-lived predissociative molecules as a source of mass-
independent isotope fractionation: The example of SO, / J.R.Lyons // Advances in Quantum
Chemistry. — 2008. — V.55. — P. 57-74.

294. Lyons, J.R. Mass-independent fractionation of sulfur isotopes by isotope-selective
photodissociation of SO, / J.R.Lyons // Geophysical Research Letters. — 2007. — V.34. — P. 1-5.

295. Lyons, J.R. Transfer of mass-independent fractionation in ozone to other oxygen-
containing radicals in the atmosphere / J.R.Lyons // Geophysical Research Letters. — 2001. —
V.28. — P. 3231-3234.

296. Lyons, J.R. VUV pressure-broadening in sulfur dioxide / J.R.Lyons, H.Herde,
G.Stark, D.S.Blackie, J.C.Pickering, N.deOliveira // Journal of Quantitative Spectroscopy and
Radiative Transfer. — 2018. — V.210. — P. 156-164.

297. Lyons, T.W. The rise of oxygen in Earth’s early ocean and atmosphere /
T.W.Lyons, C.T.Reinhard, N.J.Planavsky // Nature. — 2014. — V.506. — P. 307-315.

298. Machel, H. Bacterial and thermochemical sulfate reduction in diagenetic settings —
old and new insights / H.Machel // Sedimentary Geology. — 2001. — V.140. — P. 143-175.

299. Machel, H.G. Products and distinguishing criteria of bacterial and thermochemical
sulfate reduction / H.G.Machel, H.R.Krouse, R.Sassen // Applied Geochemistry. — 1995. — V.10.
—P. 373-389.

300. Maeda, K. Hyperfine structure of the hydroxyl free radical (OH) in electric and
magnetic fields / K.Maeda, M.L.Wall, L.D.Carr // New Journal of Physics. — 2015. — V.17. — P.
045014.

301. Mahata, S. Anomalous enrichment of O'” and C* in photodissociation products of
CO,: Possible role of nuclear spin / S.Mahata, S.K.Bhattacharya // Journal of Chemical Physics.
—2009. - V.130. - P. 234312.

302. Manatt, S.L. A compilation of the absorption cross-sections of SO, from 106 to 403
nm / S.L.Manatt, A.L.Lane // ournal of Quantitative Spectroscopy and Radiative Transfer. —
1993. - V.50. — P. 267-276.

303. Mason, P.R.D. In situ determination of sulfur isotopes in sulfur-rich materials by
laser ablation multiple-collector inductively coupled plasma mass spectrometry (LA-MC-ICP-
MS) / P.R.D.Mason, J.Kosler, J.C.M.deHoog, P.J.Sylvester, S.Meffan-Main // Journal of
Analytical Atomic Spectrometry. — 2006. — V.21. — P. 177-186.



273

304. Masterson, A.L. Sulfur mass-independent fractionation patterns in the broadband
UV photolysis of sulfur dioxide: Pressure and third body effects / A.L.Masterson, J.Farquhar,
B.A.Wing // Earth and Planetary Science Letters. — 2011. — V.306. — P. 253-260.

305. Matsuhisa, Y. Mechanisms of hydrothermal crystallization of quartz at 250°C and
15 kbar / Y.Matsuhisa, J.R.Goldsmith, R.N.Clayton // Geochimica et Cosmochimica Acta. —
1978. - V.42. — P. 173-182.

306. Mitzing, H. Chemical kinetics of flue gas cleaning by irradiation with electron /
H.Mitzing // Advances in Chemical Physics. — 1991. — V.80. — P. 315-402.

307. Mauersberger, K. Measurement of heavy ozone in the stratosphere /
K.Mauersberger // Geophysical Research Letters. — 1981. — V.8. — P. 935-937.

308. Mauersberger, K. Ozone isotope measurements in the stratosphere /
K.Mauersberger // Geophysical Research Letters. — 1987. — V.14. — P. 80-83.

309. Mauersberger, K. Ozone isotope enrichment: isotopomer-specific rate coefficients /
K.Mauersberger, B.Erbacher, D.Krankowsky, J.Giinther, R.Nickel // Science. — 1999. — V.283. —
P. 370-372.

310. Mauersberger, K. Assessment of the ozone isotope effect / K.Mauersberger,
D.Krankowsky, C.Janssen, R.Schinke // Advances in Atomic, Molecular, and Optical Physics. —
2005. - V.50. - P. 1-54.

311. Mauersberger, K. Stratospheric ozone isotope enrichments-Revisited /
K.Mauersberger, P.Lammerzahl, D.Krankowsky // Geophysical Research Letters. — 2001. —
V.28. — P. 3155-3158.

312. Mauersberger, K. Multi-isotope study of ozone: Implications for the heavy ozone
anomaly / K.Mauersberger, J.Morton, B.Schueler, J.Stehr, S.M.Anderson // Geophysical
Research Letters. —1993. — V.20. — P. 1031-1034.

313. McKay, C.P. Hydrogen peroxide and the evolution of oxygenic photosynthesis /
C.P.McKay, H.Hartman // Origins of Life and Evolution of Biospheres. — 1991. — V.21. — P.
157-163.

314. McLauchlan, K.A. The spin-correlated radical pair as a reaction intermediate /
K.A.McLauchlan, U.E.Steiner // Molecular Physics. — 1991. — V.73. — P. 241-263.

315. Meister, P. Sulphur and carbon isotopes as tracers of past sub-seafloor microbial
activity / P.Meister, B.Brunner, A.Picard, M.E.Béttcher, B.B.Jorgensen // Scientific Reports. —
2019. - V.9. - P. 604-613.

316. Melezhik, V.A. Temporal constraints on the Paleoproterozoic Lomagundi-Jatuli
carbon isotopic event / V.A.Melezhik, H.Huhma, D.J.Condon, A.E.Fallick, M.J.Whitehouse //
Geology. — 2007. — V.35 — P. 655-658.



274

317. Merritt, D.A. Factors controlling precision and accuracy in isotope-ratio-monitoring
mass spectrometry / D.A.Merritt, J.M.Hayes // Analytical Chemistry. — 1994. — V.66. — P. 2336—
2347,

318. Michalski, G. Long term atmospheric deposition as the source of nitrate and other
salts in the Atacama Desert, Chile: New evidence from mass-independent oxygen isotopic
compositions / G.Michalski, J.K.Bohlke, M.Thiemens // Geochimica et Cosmochimica Acta. —
2004. - V.68. — P. 4023-4038.

319. Michalski, G. First measurements and modeling of A’O in atmospheric nitrate /
G.Michalski, Z.Scott, M.Kabiling, M.H.Thiemens // Geophysical Research Letters. — 2003. — V.
30.—P. ASC 1-4.

320. Miller, M.F. Isotopic fractionation and the quantification of *’O anomalies in the
oxygen three-isotope system / M.F.Miller // Geochimica et Cosmochimica Acta. — 2002. — V.66.
—P. 1881-1889.

321. Mojzsis, S.J. Mass-independent isotope effects in Archean (2.5 to 3.8 Ga)
sedimentary sulfides determined by ion microprobe analysis / S.J.Mojzsis, C.D.Coath,
J.P.Greenwood, K.D.McKeegan, T.M.Harrison // Geochimica et Cosmochimica Acta. — 2003. —
V.67. — P. 1635-1658.

322. Monks, P.S. Gas-phase radical chemistry in the troposphere / P.S.Monks //
Chemical Society Reviews. — 2005. — V.34. — P. 376-395.

323. Montinaro, A. Sulphur tales from the early Archean world / A.Montinaro, H.Strauss
/I International Journal of Astrobiology. — 2016. — V.15. — P. 177-185.

324. Montinaro, A. Paleoarchean sulfur cycling: Multiple sulfur isotope constraints from
the Barberton Greenstone Belt, South Africa / A.Montinaro, H.Strauss, P.R.D.Mason,
D.Roerdink, C.Miinker, U.Schwarz-Schampera, N.T.Arndt, J.Farquhar, N.J.Beukes, J.Gutzmer,
M.Peters // Precambrian Research. — 2015. — V.267. — P. 311-322.

325. Morin, S. Simulation of the diurnal variations of the oxygen isotope anomaly
(AY0) of reactive atmospheric species / S.Morin, R.Sander, J.Savarino // Atmospheric
Chemistry and Physics. — 2011. — V.11, — P. 3653-3671.

326. Morton, J. Laboratory studies of heavy ozone / J.Morton, J.Barnes, B.Schueler,
K.Mauersberger // Journal of Geophysical Research. —1990. — V.95. — P. 901-907.

327. Muller, E. Primary sulfur isotope signatures preserved in high-grade Archean barite
deposits of the Sargur Group, Dharwar Craton, India / E.Muller, P.Philippot, C.Rollion-Bard,
P.Cartigny, N.Assayag, J.Marin-Carbonne, M.R.Mohan, D.S.Sarma // Precambrian Research. —
2017.—-V.295. — P. 38-47.



275

328. Nabhan, S. In situ S-isotope compositions of sulfate and sulfide from the 3.2 Ga
Moodies Group, South Africa: A record of oxidative sulfur cycling / S.Nabhan,
J.Marin-Carbonne, P.R.D.Mason, C.Heubeck // Geobiology. — 2020. — V.18. — P. 426-444.

329. Oduro, H. Evidence of magnetic isotope effects during thermochemical sulfate
reduction / H.Oduro, B.Harms, H.O.Sintim, A.J.Kaufman, G.Cody, J.Farquhar // Proceedings of
the National Academy of Sciences. — 2011a. — VV.108. — P. 17635-17638.

330. Oduro, H. Multiple sulfur isotope analysis of volatile organic sulfur compounds and
their sulfonium precursors in coastal marine environments / H.Oduro, A. Kamyshny, W.Guo,
J.Farquhar // Marine Chemistry. — 2011b. — V.124. — P. 78-89.

331. Ohmoto, H. Systematics of sulfur and carbon isotopes in hydrothermal ore deposits
/ H.Ohmoto // Economic Geology. — 1972. — V.67. — P. 551-578.

332. Ohmoto H. Sulfur and carbon isotopes / H.Ohmoto, M.B.Goldhaber; In
Geochemistry of hydrothermal ore deposits, ed. H.L.Barnes: New York, John Wiley and Sons,
Inc. - 1997. - P. 517-611.

333. Ohmoto, H. Kinetics of reactions between aqueous sulfates and sulfides in
hydrothermal systems / H.Ohmoto, A.C.Lasaga // Geochimica et Cosmochimica Acta. — 1982. —
V.46. —P. 1727-1745.

334. Ohmoto H. Isotopes of sulfur and carbon / H.Ohmoto, R.O.Rye; In Geochemistry
of hydrothermal ore deposits; ed. H.L.Barnes: New York, John Wiley and Sons, Inc. - 1979. - P.
509-567.

335. Okazaki, A. Degenerate four-wave mixing and photofragment yield spectroscopic
study of jet-cooled SO, in the (1B, state: Internal conversion followed by dissociation in the X
state / A.Okazaki, T.Ebata, N.Mikami // Journal of Chemical Physics. — 1997. — V.107. — P.
8752-8758.

336. Ono, R. Dynamics of ozone and OH radicals generated by pulsed corona discharge
in humid-air flow reactor measured by laser spectroscopy / R.Ono, T.Oda // Journal of Applied
Physics. — 2003. — V.93. — V. 5876-5882.

337. Ono, R. Measurement of gas temperature and OH density in the afterglow of pulsed
positive corona discharge / R.Ono, T.Oda // Journal of Physics D: Applied Physics. — 2008. — V.
41.

338. Ono, R. Optical diagnosis of pulsed streamer discharge under atmospheric pressure
/ R.Ono, T.Oda // Environmental Science & Technology. — 2007. — V.1. — P. 123-129.

339. Ono, S. Early evolution of atmospheric oxygen from multiple-sulfur and carbon
isotope records of the 2.9 Ga Mozaan Group of the Pongola Supergroup, Southern Africa /
S.0Ono // South African Journal of Geology. — 2006. — V.109. — P. 97-108.



276

340. Ono, S. Photochemistry of sulfur dioxide and the origin of mass-independent
isotope fractionation in earth’s atmosphere / S.Ono // Annual Review of Earth and Planetary
Sciences. — 2017. — V.45. — P. 301-329.

341. Ono, S. Origin of two distinct multiple-sulfur isotope compositions of pyrite in the
2.5Ga Klein Naute Formation, Griqualand West Basin, South Africa / S.Ono, N.J.Beukes,
D.Rumble // Precambrian Research. — 2009a. — V.169. — P. 48-57.

342. Ono, S. New insights into Archean sulfur cycle from mass-independent sulfur
isotope records from the Hamersley Basin, Australia / S.Ono, J.L.Eigenbrode, A.A.Paviov,
P.Kharecha, D.Rumble, J.F.Kasting, K.H.Freeman // Earth and Planetary Science Letters. —
2003. - V.213. — P. 15-30.

343. Ono, S. Lithofacies control on multiple-sulfur isotope records and Neoarchean
sulfur cycles / S.Ono, A.J.Kaufman, J.Farquhar, D.Y.Sumner, N.J.Beukes // Precambrian
Research. — 2009b. — V.169. — P. 58-67.

344. Ono, S. S-33 constraints on the seawater sulfate contribution in modern seafloor
hydrothermal vent sulfides / S.Ono, W.C.Shanks, O.J.Rouxel, D.Rumble // Geochimica et
Cosmochimica Acta. — 2007. — V.71. — P. 1170-1182.

345. Ono, S. Contribution of isotopologue self-shielding to sulfur mass-independent
fractionation during sulfur dioxide photolysis / S.Ono, A.R.Whitehill, J.R.Lyons // Journal of
Geophysical Research: Atmospheres. — 2013. — V.118. — P. 24442454,

346. Ono, S. Mass-dependent fractionation of quadruple stable sulfur isotope system as a
new tracer of sulfur biogeochemical cycles / S.Ono, B.Wing, D.Johnston, J.Farquhar, D.Rumble
/I Geochimica et Cosmochimica Acta. — 2006a. — V.70. — P. 2238-2252.

347. Ono, S. High precision analysis of all four stable isotopes of sulfur (*°S, **S, **S and
%83) at nanomole levels using a laser fluorination isotope-ratio-monitoring gas chromatography-
mass spectrometry / S.Ono, B.Wing, D.Rumble, J.Farquhar // Chemical Geology. — 2006b. —
V.225. - P. 30-39.

348. Ozaki, K. Effects of primitive photosynthesis on Earth’s early climate system /
K.Ozaki, E.Tajika, P.K.Hong, Y.Nakagawa, C.T.Reinhard // Nature Geoscience. — 2018. — V.11.
—P. 55-59.

349. Pavlov, A. Mass-independent fractionation of sulfur isotopes in archean sediments:
strong evidence for an anoxic archean atmosphere / A.A.Pavlov, J.F.Kasting // Astrobiology. —
2002. - V.2. - P. 27-41.

350. Pavlov, A.A. Greenhouse warming by CH, in the atmosphere of early Earth /
A.A.Pavlov, J.F.Kasting, L.L.Brown, K.A.Rages, R.Freedman // Journal of Geophysical
Research: Planets. — 2000. — V.105. — P. 11981-11990.



277

351. Pecoits, E. Atmospheric hydrogen peroxide and Eoarchean iron formations /
E.Pecoits, M.L.Smith, D.C.Catling, P.Philippot, A.Kappler, K.O.Konhauser // Geobiology. —
2015. - V.13. - P. 1-14.

352. Penniston-Dorland, S.C. Multiple sulfur isotope evidence for surface-derived sulfur
in the Bushveld Complex / S.C.Penniston-Dorland, E.A.Mathez, B.A.Wing, J.Farquhar,
J.A.Kinnaird // Earth and Planetary Science Letters. — 2012. — VV.337-338. — P. 236-242.

353. Penniston-Dorland, S.C. Multiple sulfur isotopes reveal a magmatic origin for the
Platreef platinum group element deposit, Bushveld Complex, South Africa / S.C.Penniston-
Dorland, B.A.Wing, P.A.M.Nex, J.A.Kinnaird, J.Farquhar, M.Brown, E.R.Sharman // Geology.
—2008. — V.36. — P. 979-982.

354. Perri, M.J. Dynamics of the O(*D)+CO, oxygen isotope exchange reaction /
M.J.Perri, A.L.Van Wyngarden, K.A.Boering, J.J.Lin, Y.T.Lee // Journal of Chemical Physics. —
2003. - V.119. — P. 8213-8216.

355. Peters, S.T.M. Triple oxygen isotope variations in magnetite from iron-oxide
deposits, central Iran, record magmatic fluid interaction with evaporite and carbonate host rocks /
S.T.M.Peters, N.Alibabaie, A.Pack, S.J.McKibbin, D.Raeisi, N.Nayebi, F.Torab, T.Ireland,
B.Lehmann // Geology. — 2020. — V.48. — P. 211-215.

356. Philippot, P. Early archaean microorganisms preferred elemental sulfur, not sulfate
/ P.Philippot, M.VanZuilen, K.Lepot, C.Thomazo, J.Farquhar, M.J.VVan Kranendonk // Science. —
2007. - V.317. — P. 1534-1537.

357. Philippot, P. Variations in atmospheric sulphur chemistry on early Earth linked to
volcanic activity / P.Philippot, M.vanZuilen, C.Rollion-Bard // Nature Geoscience. — 2012. —
V.5. - P. 668-674.

358. Pillinger, C.T. Light element geochemistry of the Chelyabinsk meteorite /
C.T.Pillinger, R.C.Greenwood, D.Johnson, J.M.Gibson, A.G.Tindla, A.B.Verchovsky,
A.1.Buikin, 1.LA.Franchi, M.M.Grady // Geochemistry International. — 2013. - V.51. — P. 540-
548.

359. Planavsky, N.J. Large mass-independent oxygen isotope fractionations in mid-
proterozoic sediments: evidence for a low-oxygen atmosphere? / N.J.Planavsky, C.T.Reinhard,
T.T.Isson, K.Ozaki, P.W.Crockford // Astrobiology. — 2020. — V.20. — P. 628-636.

360. Pribil, M.J. Sulfate and sulfide sulfur isotopes (5**S and §*3S) measured by solution
and laser ablation MC-ICP-MS: An enhanced approach using external correction / M.J.Pribil,
W.l.Ridley, P.Emsbo // Chemical Geology. — 2015. — V.412. — P. 99-106.

361. Puchtel, I1.S. Combined mantle plume-island arc model for the formation of the 2.9

Ga Sumozero-Kenozero greenstone belt, SE Baltic Shield: Isotope and trace element constraints



2178

/ L.S.Puchtel, AW.Hofmann, Yu.V.Amelin, C.-D.Garbe-Schonberg, A.V.Samsonov,
A.A.Shchipansky // Geochimica et Cosmochimica acta. — 1999. — V.63. — P. 3579-3595.

362. Rai, V.K. Photochemical mass-independent sulfur isotopes in achondritic
meteorites / V.K.Rai, T.L.Jackson, M.H.Thiemens // Science. — 2005. — V.309. — P. 1062—-1065.

363. Rai, V.K. Mass independently fractionated sulfur components in chondrites /
V.K.Rai, M.H.Thiemens // Geochimica et Cosmochimica Acta. — 2007. — V.71. — P. 1341-1354.

364. Ranjan S. The UV environment for prebiotic chemistry: connecting origin-of-life
scenarios to planetary environments: Doctoral dissertation, Harvard University, Graduate School
of Arts & Sciences, 2017.

365. Rasmussen, B. Oily old ores: Evidence for hydrothermal petroleum generation in
an Archean volcanogenic massive sulfide deposit / B.Rasmussen, R.Buick // Geology. — 2000. —
V.28. - P. 731-734.

366. Rasmussen, B. Redox state of the Archean atmosphere: Evidence from detrital
heavy minerals in ca. 3250-2750 Ma sandstones from the Pilbara Craton, Australia /
B.Rasmussen, R.Buick // Geology. — 1999. — V.27. — P. 115-118.

367. Reeburgh, W.S. Rates of biogeochemical processes in anoxic sediments /
W.S.Reeburgh // Annual Review of Earth and Planetary Sciences. — 1983. — V.11. — P. 269-298.

368. Rees, C.E. Sulphur isotope measurements using SO, and SFs / C.E.Rees //
Geochimica et Cosmochimica Acta. — 1978. — V.42. — P. 383-3809.

369. Ribas, I. Evolution of the Solar activity over time and effects on planetary
atmospheres. I. High-energy irradiances (1-1700A) / I.Ribas, E.F.Guinan, M.Gudel, M.Audard //
Astrophysical Journal. — 2005. — V.622. — P. 680—694.

370. Ribas, I. Evolution of the solar activity over time and effects on planetary
atmospheres. 1. k' Ceti, an analog of the sun when life arose on Earth / LRibas,
G.F.PortoDeMello, L.D.Ferreira, E.Hébrard, F.Selsis, S.Catalan, A.Garcés, J.D. DoNascimento,
J.R.DeMedeiros // Astrophysical Journal. — 2010. — V.714. — P. 384-395.

371. Ripley, E.M. Systematics of sulphur and oxygen isotopes in mafic igneous rocks
and Cu-Ni-PGE mineralization. In: Dynamic processes in magmatic ore deposits and their
application in mineral exploration / E.M.Ripley // Geological Association of Canada, Short
Course Notes. —1999. - V.13. - P. 111-158.

372. Robl, S. Formation of hydrogen peroxide by VUV-photolysis of water and aqueous
solutions with methanol / S.Robl, M.Worner, D.Maier, A.M.Braun // Photochemical &
Photobiological Sciences. —2012. — V.11. — P. 1041-1050.

373. Rockmann, T. Ozonolysis of nonmethane hydrocarbons as a source of the observed

mass independent oxygen isotope enrichment in tropospheric CO / T.Réckmann,



279

C.A.M.Brenninkmeijer, P.Neeb, P.J.Crutzen // Journal of Geophysical Research: Atmospheres. —
1998. — V.103. — P. 1463-1470.

374. Rockmann, T. The origin of the anomalous or “mass-independent” oxygen isotope
fractionation in tropospheric N,O / T.R6ckmann, J.Kaiser, J.N.Crowley, C.A.M.Brenninkmeijer,
P.J.Crutzen // Geophysical Research Letters. — 2001. — V.28. — P. 503-506.

375. Rodebush, W.H. The reactions of the hydroxyl radical 1 / W.H.Rodebush,
C.R.Keizer, F.S.McKee, J.V.Quagliano // Journal of the American Chemical Society. — 1947. —
V.69. — P. 538-540.

376. Rodebush, W.H. The reactions of the hydroxyl radical in the electrodeless
discharge in water vapor / W.H.Rodebush, M.H.Wahl // Journal of Chemical Physics. — 1933. —
V.1. - P. 696-702.

377. Roerdink, D.L. Multiple sulfur isotopes in Paleoarchean barites identify an
important role for microbial sulfate reduction in the early marine environment / D.L.Roerdink,
P.R.D.Mason, J.Farquhar, T.Reimer // Earth and Planetary Science Letters. — 2012. — V.331-332.
—P. 177-186.

378. Roerdink, D.L. High-resolution quadruple sulfur isotope analyses of 3.2 Ga pyrite
from the Barberton Greenstone Belt in South Africa reveal distinct environmental controls on
sulfide isotopic arrays / D.L.Roerdink, P.R.D.Mason, M.J.Whitehouse, T.Reimer // Geochimica
et Cosmochimica Acta. — 2013. — V.117. — P. 203-215.

379. Romero, A.B. Mass-independent sulfur isotopic compositions in present-day sulfate
aerosols / A.B.Romero, M.Thiemens // Journal of Geophysical Research. — 2003. — V.108.

380. Rosen, O.M. Archean and early Proterozoic evolution of the Siberian craton: a
preliminary assessment / O.M.Rosen, K.C.Condie, L.M.Natapov, A.D.Nozhkin; Archean Crustal
Evolution. — Amsterdam: Elsevier, 1994. P. 411-459.

381. Rosing, M.T. U-rich Archaean sea-floor sediments from Greenland — indications of
>3700 Ma oxygenic photosynthesis / M.T.Rosing, R.Frei // Earth and Planetary Science Letters.
—2004. - V.217. — P. 237-244.

382. Rottman, G.J. SORCE solar UV irradiance results / G.J.Rottman, T.N.Woods,
W.McClintock // Advances in Space Research. — 2006. — V.37. — P. 201-208.

383. Rouxel, O.J. Iron isotope constraints on the archean and paleoproterozoic ocean
redox state / O.J.Rouxel // Science. — 2005. — V.307. — P. 1088-1091.

384. Rumble, D. The oxygen isotope composition of earth’s oldest rocks and evidence of
a terrestrial magma ocean / D.Rumble, S.Bowring, T.lizuka, T.Komiya, A.Lepland, M.T.Rosing,
Y.Ueno // Geochemistry, Geophysics, Geosystems. — 2013. — V.14. — P. 1929-19309.



280

385. Rumble, D. Preparation of SFg for sulfur isotope analysis by laser heating sulfide
minerals in the presence of F, gas / D.Rumble, T.Hoering, J.Palin // Geochimica et
Cosmochimica Acta. — 1993. — V.57. — P. 4499-4512.

386. Rumble, D. Oxygen three-isotope fractionation lines in terrestrial silicate minerals:
an inter-laboratory comparison for hydrothermal quartz and eclogite garnet / D.Rumble,
M.F.Miller, I.A.Franchi, J.P.Greenwood // Geochimica et Cosmochimica Acta. - 2007. - V.71.
- P. 3592-3600.

387. Runnegar, B. Mass-independent and mass-dependent sulfur processing throughout
the Archean / B.Runnegar, C.Coath, J.R.Lyons, K.D.Mckeegan // Geochimica et Cosmochimica
Acta. — 2002. -V.66. - P. A64.

388. Russo, R. Laser ablation in analytical chemistry — a review / R.Russo // Talanta. —
2002. — V.57. — P. 425-451.

389. Rye, R. Paleosols and the evolution of atmospheric oxygen; a critical review /
R.Rye, H.D.Holland // American Journal of Science. — 1998. — V.298. — P. 621-672.

390. Sakai, H. Concentrations and isotope ratios of carbon, nitrogen and sulfur in ocean-
floor basalts / H.Sakai, D.J.D.Marais, A.Ueda, J.G.Moore // Geochimica et Cosmochimica Acta.
—1984. —V.48. — P. 2433-2441.

391. Sander S.P. Chemical kinetics and photochemical data for use in atmospheric
studies, evaluation / S.P.Sander, J.Abbatt, J.R.Barker, J.B.Burkholder, R.R.Friedl, D.M.Golden,
R.E.Huie, C.E.Kolb, M.J.Kurylo, G.K.Moortgat, V.L Orkin., P.H.Wine // JPL Publication, 2011.
-V.17.

392. Savarino, J. Evidence from sulfate mass independent oxygen isotopic compositions
of dramatic changes in atmospheric oxidation following massive volcanic eruptions / J.Savarino,
S.Bekki, J.Cole-Dai, M.H.Thiemens // Journal of Geophysical Research: Atmospheres. — 2003. —
V.108. - P. 1-6.

393. Savarino, J. Analytical procedure to determine both §*0 and 8’0 of H,0, in
natural water and first measurements / J.Savarino, M.H.Thiemens // Atmospheric Environment.
—1999a. - V.33. — P. 3683-3690.

394. Savarino, J. Mass-independent oxygen isotope (°0, *'0O, *#0) fractionation found in
Hx, Oy reactions / J.Savarino, M.H.Thiemens // Journal of Physical Chemistry A. — 1999b. —
V.103. — P. 9221-9229.

395. Schidlowski, M. Probable life-forms from the precambrian of the Witwatersrand
system (South Africa) / M.Schidlowski // Nature. — 1965. — V.205. — P. 895-896.

396. Schroder, S. Rise in seawater sulphate concentration associated with the

Paleoproterozoic positive carbon isotope excursion: evidence from sulphate evaporites in the



281

~2.2-2.1 Gyr shallow-marine Lucknow Formation, South Africa / S.Schroder, A.Bekker,
N.J.Beukes, H.Strauss, H.S.vanNiekerk // Terra Nova. — 2008. — V.20. — P. 108-117.

397. Sengupta, S. Triple oxygen isotope mass balance for the Earth’s oceans with
application to Archean cherts / S.Sengupta, A.Pack // Chemical Geology. — 2018. — V.495. — P.
18-26.

398. Shaheen, M.E. Femtosecond (fs) lasers coupled with modern ICP-MS instruments
provide new and improved potential for in situ elemental and isotopic analyses in the
geosciences / M.E.Shaheen, J.E.Gagnon, B.J.Fryer // Chemical Geology. — 2012. — V.330-331. —
P. 260-273.

399. Sharkov, E.V. The Early Paleoproterozoic Monchegorsk layered mafite-ultramafite
massif in the Kola Peninsula: Geology, petrology, and ore potential / E.V.Sharkov,
A.V.Chistyakov // Petrology. —2012. — V.20. — P. — 607-639.

400. Sharman, E.R. Primary origin of marginal Ni-Cu-(PGE) mineralization in layered
intrusions: A%S evidence from the Platreef, Bushveld, South Africa / E.R.Sharman,
S.C.Penniston-Dorland, J.A.Kinnaird, P.A.M.Nex, M.Brown, B.A.Wing // Economic Geology. —
2013. - V.108. — P. 365-377.

401. Shen, Y. Isotopic evidence for microbial sulphate reduction in the early Archaean
era/ Y.Shen, R.Buick, D.E.Canfield // Nature. — 2001. — V.410. — P. 77-81.

402. Shen, Y. Evaluating the role of microbial sulfate reduction in the early Archean
using quadruple isotope systematics / Y.Shen, J.Farquhar, A.Masterson, A.J.Kaufman, R Buick
// Earth and Planetary Science Letters. — 2009. — V.279. — P. 383-391.

403. Shirai, T. Analytic cross sections for electron collisions with CO, CO,, and H,O
relevant to edge plasma impurities / T.Shirai, T.Tabata, H.Tawara // Atomic Data and Nuclear
Data Tables. — 2001. — VV.79. — P. 143-184.

404. Sim, M.S. Large sulfur isotope fractionation does not require disproportionation /
M.S.Sim, T.Bosak, S.Ono // Science. — 2011. — V.333. — P. 74-77.

405. Smith, J. W. Isotopic fractionations accompanying sulfur hydrolysis / J.W.Smith //
Geochemical Journal. — 2000. — V.34. — P. 95-99.

406. Stockwell, W. R. On the HO, + HO, reaction: Its misapplication in atmospheric
chemistry models / W.R.Stockwell // Journal of Geophysical Research. — 1995. — V.100. — P.
11695-11698.

407. Strauss, H. Sulphur isotopes and the early Archaean sulphur cycle / H.Strauss //
Precambrian Research. —2003. — V.126. — P. 349-361.

408. Strauss, H. The isotopic composition of sedimentary sulfur through time / H.Strauss

// Palaeogeography, Palaeoclimatology, Palaeoecology. — 1997. — V.132. — P. 97-118.



282

409. Stiiecken, E.E. Contributions to late Archaean sulphur cycling by life on land /
E.E.Stlieken, D.C.Catling, R.Buick // Nature Geoscience. — 2012. — VV.5. — P. 722-725.

410. Surkov, A.V. Sulphur isotope fractionation during the reduction of elemental
sulphur and thiosulphate by Dethiosulfovibrio spp / A.V.Surkov, M.E.Béttcher, J.Kuever //
Isotopes in Environmental and Health Studies. — VV.2012. — V. 48. — P. 65-75.

411. Sutherland, K.M. Ferromanganese crusts as recorders of marine dissolved oxygen /
K.M.Sutherland, J.A.G.Wostbrock, C.M.Hansel, Z.D.Sharp, J.R.Hein, S.D.Wankel // Earth and
Planetary Science Letters. — 2020. — V.533.

412. Tang, H. Global glaciations and atmospheric change at ca. 2.3 Ga/ H.Tang, Y.Chen
/I Geoscience Frontiers. — 2013. — V.4. — P. 583-596.

413. Tang, Y.-J. Widespread refertilization of cratonic and circum-cratonic lithospheric
mantle / Y.-J.Tang, H.-F.Zhang, J.-F.Ying, B.-X.Su // Earth Science Reviews. — 2013. - V.118. —
P. 45-68.

414. Thamdrup, B. Bacterial disproportionation of elemental sulfur coupled to chemical
reduction of iron or manganese / B.Thamdrup, K.Finster, J.W.Hansen, F.Bak // Applied and
Environmental Microbiology Journal. — 1993. — V.59. — P. 101-108.

415. Thevenet, F. Synthesis of hydrogen peroxide using dielectric barrier discharge
associated with fibrous materials / F.Thevenet, J.Couble, M.Brandhorst, J.L.Dubois, E.Puzenat,
C.Guillard, D.Bianchi // Plasma Chemistry and Plasma Processing. — 2010. — V.30. — P. 489-
502.

416. Thiemens, M.H. History and applications of mass-independent isotope effects /
M.H.Thiemens // Annual Review of Earth and Planetary Science. —2006. — V.34. — P. 217-262.

417. Thiemens, M.H. Introduction to chemistry and applications in nature of mass
independent isotope effects special feature / M.H.Thiemens // Proceedings of the National
Academy of Sciences. — 2013. — V.110. — P. 17631-17637.

418. Thiemens, M.H. Mass-independent isotope effects and their use in understanding
natural processes / M.H.Thiemens // Israel Journal of Chemistry. — 2002. — V.42 — P. 43-54.

419. Thiemens, M.H. Mass-independent isotope effects in planetary atmospheres and the
early solar system / M.H.Thiemens // Science. — 1999. — V. 283. — P. 341-345.

420. Thiemens, M.H. The mass-independent fractionation of oxygen: A novel isotope
effect and its possible cosmochemical implications / M.H.Thiemens, J.E.Heidenreich // Science.
—1983. -V.219. - P. 1073-1075.

421. Thiemens, M.H. Pressure dependency for heavy isotope enhancement in ozone
formation / M.H.Thiemens, T.Jackson // Geophysical Research Letters. —1990. — V.17 — P. 717—
719.



283

422. Thiemens, M.H.. Production of isotopically heavy ozone by ultraviolet light
photolysis of O, / M.H.Thiemens, T.Jackson // Geophysical Research Letters. — 1987. — V. 14. —
P. 624-627.

423. Thiemens, M.H. Oxygen isotope fractionation in stratospheric CO, /
M.H.Thiemens, T.Jackson, K.Mauersberger, B.Schueler, J.Morton // Geophysical Research
Letters. —1991. — V.18. — P. 669-672.

424. Thiemens, M.H. Carbon dioxide and oxygen isotope anomalies in the mesosphere
and stratosphere / M.H.Thiemens, T.Jackson, E.C.Zipf, P.W.Erdman, C.vanEgmond // Science. —
1995. — V.270. — P. 969-972.

425. Thiemens, M.H. Use of isotope effects to understand the present and past of the
atmosphere and climate and track the origin of life / M.H.Thiemens, M.Lin // Angewandte
Chemie - International Edition. — 2019. — V. 58. — P. 6826-6844.

426. Thode, H.G. Measurement of sulphur concentrations and the isotope ratios *3S/%%S,
%45/%25 and *5/*s in Apollo 12 samples / H.G.Thode, C.E.Rees // Earth and Planetary Science
Letters. —1971. — V.12. — P. 434-438.

427. Thomassot, E. Metasomatic diamond growth: A multi-isotope study (**C, **N, *s,
%43) of sulphide inclusions and their host diamonds from Jwaneng (Botswana) / E.Thomassot,
P.Cartigny, J.W.Harris, J.P.Lorand, C.Rollion-Bard, M.Chaussidon // Earth and Planetary
Science Letters. — 2009. — V.282. — P. 79-90.

428. Thomassot, E. Atmospheric record in the Hadean Eon from multiple sulfur isotope
measurements in Nuvvuagittug Greenstone Belt (Nunavik, Quebec) / E.Thomassot, J.O’Neil,
D.Francis, P.Cartigny, B.A.Wing // Proceedings of the National Academy of Sciences. — 2015. —
V.112. - P. 707-712.

429. Thomazo, C. Methanotrophs regulated atmospheric sulfur isotope anomalies during
the Mesoarchean (Tumbiana Formation, Western Australia) / C.Thomazo, M.Ader, J.Farquhar,
P.Philippot // Earth and Planetary Science Letters. — 2009. — VV.279 — P. 65-75.

430. Timmel, C.R. A study of spin chemistry in weak magnetic fields / C.R.Timmel,
K.B.Henbest // Philosophical Transactions of the Royal Society A: Mathematical, Physical and
Engineering Sciences. — 2004. — V.362. — P. 2573-2589.

431. Timmel, C.R. Effects of weak magnetic fields on free radical recombination
reactions / C.R.Timmel, U.Till, B.Brocklehurst, K.A.Mclauchlan, P.J.Hore // Molecular Physics.
—1998. - V.95. - P. 71-89.

432. Turkina, O.M. The isotope composition of Hf in zircon from Paleoarchean plagio

gneisses and plagio granitoids of the Sharyzhalgai uplift (southern Siberian craton): implications



284

for the continental-crust growth / O.M.Turkina, 1.N.Kapitonov, S.A.Sergeev // Russian Geology
and Geophysics. — 2013. - V.54, - P. 272-282.

433. Turro, N.J. Influence of nuclear spin on chemical reactions: Magnetic isotope and
magnetic field effects (A Review) / N.J.Turro // Proceedings of the National Academy of
Sciences. — 1983. — V.80. — P. 609-621.

434. Turro, N.J. Magnetic field and magnetic isotope effects in organic photochemical
reactions. A novel probe of reaction mechanisms and a method for enrichment of magnetic
isotopes / N.J.Turro, B.Kraeutler // Accounts of Chemical Research. — 1980. — V.13 — P. 369—
377.

435. Ueno, Y. Decoding redox evolution before oxygenic photosynthesis based on the
sulfur-mass independent fractionation (S-MIF) record / Y.Ueno, S.Danielache, N.Yoshida //
Origins of Life and Evolution of Biospheres. — 2015. — V.45 — P. 371-374.

436. Ueno, Y. Geological sulfur isotopes indicate elevated OCS in the Archean
atmosphere, solving faint young sun paradox / Y.Ueno, M.S.Johnson, S.O.Danielache,
C.Eskebjerg, A.Pandey, N.Yoshida // Proceedings of the National Academy of Sciences. — 2009.
—V.106. — P. 14784-14789.

437. Ueno, Y. Quadruple sulfur isotope analysis of ca. 3.5Ga Dresser Formation: New
evidence for microbial sulfate reduction in the early Archean / Y.Ueno, S.Ono, D.Rumble,
S.Maruyama // Geochimica et Cosmochimica Acta. — 2008. — V.72. — P. 5675-5691.

438. Urey, H.C. The thermodynamic properties of isotopic substances / H.C.Urey //
Journal of the Chemical Society. — 1947. — P. 562-581.

439. Valley, JW. UWG-2, a garnet standard for oxygen isotope ratio: strategies for high
precision and accuracy with laser heating / J.W.Valley, N.E.Kitchen, M.J.Kohn, C.R.Niendorf,
M.J.Spicuzza // Geochimica et Cosmochimica Acta. — 1995. — V.59. — P. 5223-5231.

440. Vaughn B.H. Stable isotope measurements of atmospheric CO, and CHgj. /
B.H.Vaughn, J.Miller, D.F.Ferretti; Handbook of Stable Isotope Analytical Techniques; ed. de
Groot PA — Amsterdam: Elsevier, 2004. - P.272-304.

441. Vazquez M. The Earth as a Distant Planet / M.Vazquez, E.Pallé, R.P. Montafiés —
Springer. New York. NY., 2010. - 249 P.

442. Velivetskaya, T.A. Mass-independent fractionation of oxygen isotopes during H,O,
formation by gas-phase discharge from water vapou / T.A.Velivetskaya, A.V.Ignatiev,
S.Y.Budnitskiy, V.V.Yakovenko, S.V.Vysotskiy // Geochimica et Cosmochimica Acta. — 2016.
—V.193. — P. 54-65.



285

443. Velivetskaya, T.A. Carbon and oxygen isotope microanalysis of carbonate /
T.AVelivetskaya, A.V.Ignatiev, S.A.Gorbarenko // Rapid communications in mass
spectrometry. — 2009. - V.23. - P. 2391-2397.

444. Velivetskaya, T.A. An installation for the preparation of foraminifera micro
samples for the isotopic analysis of carbon and oxygen / T.A.Velivetskaya, A.V.Ignatiev,
S.A.Gorbarenko // Journal of Analytical Chemistry. — 2010. — V.65, Ne 13. — P. 1356-1363.

445. Velivetskaya T.A. Universal method for preparation of liquid, solid and gaseous
samples for determining the isotopic composition of carbon / T.A.Velivetskaya, A.lgnatev,
S.Kiyashko; In: Isotope Ratio Mass Spectrometry of Light Gas-Forming Elements; ed.
V.S.Sevastyanov. — UK: CRC Press., 2015.— P. 119-134.

446. Velivetskaya, T.A. Open tube combustion method of organic samples for stable
carbon isotope analysis / T.A.Velivetskaya, A.V.Ignatiev, M.V.Reize, S.l.Kiyashko // Rapid
Communications in Mass Spectrometry. — 2007. — V.21. — P. 2451-2455.

447. Velivetskaya, T.A. An improved femtosecond laser-ablation fluorination method
for measurements of sulfur isotopic anomalies (A®S and A%S) in sulfides with high precision /
T.A. Velivetskaya, A.V.lgnatiev, V.V.Yakovenko, S.V.Vysotskiy // Rapid Communications in
Mass Spectrometry. — 2019. — V.33. — P. 1722-1729.

448. Vlelivetskaya, T.A. Experimental studies of the oxygen isotope anomalies (A*'O) of
H.O, and their relation to radical recombination reactions / T.A.Velivetskaya, A.V. gnatiev,
V.V.Yakovenko, S.V.Vysotskiy // Chemical Physics Letters. — 2018. — V.693. — P. 107-113.

449. Vione, D. The atmospheric chemistry of hydrogen peroxide: A review / D.Vione,
V.Maurino, C.Minero, E.Pelizzetti // Annali di Chimica. — 2003. — V.93. — P. 477-488.

450. Vysotskiy, S.V. Oxygen isotopic composition as an indicator of ruby and sapphire
origin: A review of Russian occurrences / S.V.Vysotskiy, V.P.Nechaev, A.Yu.Kissin,
V.V.Yakovenko, A.V.Ignat'ev, T.A.Velivetskaya, F.L.Sutherland, A.l.Agoshkov // Ore Geology
Reviews. — 2015. — V.68. - P. 164-170.

451. Vysotskiy, S.V. Multiple sulfur isotope evidence for bacterial sulfate reduction and
sulfate disproportionation operated in Mesoarchaean rocks of the Karelian Craton /
S.V.Vysotskiy, T.A.Velivetskaya, A.V.Ignatiev, A.l.Slabunov, A.V.Aseeva // Minerals. - 2022.
-V.12. - P. 1143.

452. Wacey, D. Microfossils of sulphur-metabolizing cells in 3.4-billion-year-old rocks
of Western Australia / D.Wacey, M.R.Kilburn, M.Saunders, J.Cliff, M.D.Brasier // Nature
Geoscience. — 2011. — V.4. — P. 698-702.



286

453. Wacey, D. Micro-scale quadruple sulfur isotope analysis of pyrite from the
~3480Ma Dresser Formation: New insights into sulfur cycling on the early Earth / D.Wacey,
N.Noffke, J.Cliff, M.E.Barley, J.Farquhar // Precambrian Research. — 2015. — V.258. — P. 24-35.

454, Wacey, D. Enhanced cellular preservation by clay minerals in 1 billion-year-old
lakes / D.Wacey, M.Saunders, M.Roberts, S.Menon, L.Green, C.Kong, T.Culwick, P.Strother,
M.D.Brasier // Scientific Reports. — 2014. — V 4.

455. Walker, J.C.G. Iron and sulfur in the pre-biologic ocean / J.C.G.Walker,
P.Brimblecombe // Precambrian Research. — 1985. — V.28. — P. 205-222,

456. Warke, M.R. The Great Oxidation Event preceded a Paleoproterozoic “snowball
Earth” / M.R.Warke, T.D.Rocco, A.L.Zerkle, A.Lepland, A.R.Prave, A.P.Martin, Y.Ueno,
D.J.Condon, M.W.Claire // Proceedings of the National Academy of Sciences. — 2020. — V.117.
—P. 202003090.

457. Watanabe, K. Absorption coefficients of several atmospheric gases in the vacuum
ultraviolet / K.Watanabe, M.Zelikoff, E.Inn // Journal of Chemical Physics. — 1953. — V.21.

458. Watanabe, Y. Anomalous fractionations of sulfur isotopes during thermochemical
sulfate reduction / Y.Watanabe, J.Farquhar, H.Ohmoto // Science. — 2009. — V.324. — P. 370-
373.

459. Wen, J. Multi-isotope study of the O(*D ) + CO, exchange and stratospheric
consequences / J.Wen, M.H.Thiemens // Journal of Chemical Physics. — 1993. — V.98. — P.
12801-12808.

460. Werner, R.A. Referencing strategies and techniques in stable isotope ratio analysis /
R.A.Werner, W.A.Brand // Rapid Communications in Mass Spectrometry. — 2001. — V.15. — P.
501-519.

461. Weston, R.E. Anomalous or mass-independent isotope effects / R.E.Weston //
Chemical Reviews. —1999. — V.99. — P. 2115-2136.

462. Whitehill, A.R. Mass-independent sulfur isotope fractionation during
photochemistry of sulfur dioxide: Thesis: Ph. D. — Massachusetts Institute of Technology,
Department of Earth, Atmospheric, and Planetary Sciences, 2015. — 175 p.

463. Whitehill, A.R. SO, photolysis as a source for sulfur mass-independent isotope
signatures in stratospehric aerosols / A.R.Whitehill, B.Jiang, H.Guo, S.Ono // Atmospheric
Chemistry and Physics. — 2015. — V.15 — P. 1843-1864.

464. Whitehil,I A.R. Excitation band dependence of sulfur isotope mass-independent
fractionation during photochemistry of sulfur dioxide using broadband light sources /
A.R.Whitehill, S.Ono // Geochimica et Cosmochimica Acta. — 2012. — V.94. — P, 238-253.



287

465. Whitehill, A.R. Vibronic origin of sulfur mass-independent isotope effect in
photoexcitation of SO, and the implications to the early earth’s atmosphere / A.R.Whitehill,
C.Xie, X.Hu, D.Xie, H.Guo, S.Ono // Proceedings of the National Academy of Sciences. — 2013.
—V.110. - P. 17697-17702.

466. Williford, K.H. Carbon and sulfur isotopic signatures of ancient life and
environment at the microbial scale: Neoarchean shales and carbonates / K.H.Williford,
T.Ushikubo, K.Lepot, K.Kitajima, C.Hallmann, M.J.Spicuzza, R.Kozdon, J.L.Eigenbrode,
R.E.Summons, J.W.Valley // Geobiology. — 2016. — V.14. — P. 105-128.

467. Wing, B.A. Sulfur isotope homogeneity of lunar mare basalts / B.A.Wing,
J.Farquhar // Geochimica et Cosmochimica Acta. — 2015. — V.170. — P. 266—280.

468. Wing, B.A. Intracellular metabolite levels shape sulfur isotope fractionation during
microbial sulfate respiration / B.A.Wing, I.Halevy // Proceedings of the National Academy of
Sciences. — 2014. - V.111. — P. 18116-18125.

469. Xie, C. Final state resolved quantum predissociation dynamics of SO, (C'B, ) and
its isotopomers via a crossing with a singlet repulsive state / C.Xie, B.Jiang, J.Ktos, P.Kumar,
M.H.Alexander, B.Poirier, H.Guo // Journal of Physical Chemistry A. — 2017. — V.121. — P.
4930-4938.

470. Yang, J. Mass independent sulfur isotope fractionation during elemental sulfur
photochemistry / J.Yang, A.Hull, R.Field, S.Ono // Goldschmidt Abstracts. — 2018. — P. 2897.

471. Young, E.D. Kinetic and equilibrium mass-dependent isotope fractionation laws in
nature and their geochemical and cosmochemical significance / E.D.Young, A.Galy, H.Nagahara
/I Geochimica et Cosmochimica Acta. — 2002. — V.66. — P. 1095-1104.

472. Young, E.D. On the A0 budget of atmospheric O, / E.D.Young, L.Y.Yeung,
I.E.Kohl // Geochimica et Cosmochimica Acta. — 2014. — V.135. — P. 102-125.

473. Yung, Y.L. Evidence for O-atom exchange in the O(*D) + N,O reaction as the
source of mass-independent isotopic fractionation in atmospheric N,O / Y.L.Yung //
Geophysical Research Letters. —2004. — V.31. — P. L19106.

474. Yung, Y.L. Isotopic exchange between carbon dioxide and ozone via O(*D) in the
stratosphere / Y.L.Yung, W.B.DeMore, J.P.Pinto // Geophysical Research Letters. — 1991. —
V.18. - P. 13-16.

475. Zahn, A. Modelling the budget of middle atmospheric water vapour isotopes /
A.Zahn, P.Franz, C.Bechtel, J.U.Groof3, T.R6ckmann // Atmospheric Chemistry and Physics. —
2006. — V.6 — P. 2073-2090.



288

476. Zahnle, K. The loss of mass-independent fractionation in sulfur due to a
Palaeoproterozoic collapse of atmospheric methane / K.Zahnle, M.Claire, D.Catling //
Geobiology. — 2006. — V.4. — P. 271-283.

477. Zakharov, D.O. Triple oxygen and hydrogen isotopic study of hydrothermally
altered rocks from the 2.43-2.41 Ga Vetreny belt, Russia: An insight into the early
Paleoproterozoic seawater / D.O.Zakharov, I1.N.Bindeman // Geochimica et Cosmochimica Acta.
—2019. - V.248. — P. 185-209.

478. Zerkle, A.L. A bistable organic-rich atmosphere on the Neoarchaean Earth /
A.L.Zerkle, M.W.Claire, S.D.Domagal-Goldman, J.Farquhar, S.W.Poulton // Nature Geoscience.
—2012. -V.5. - P. 359-363.

479. Zhang, Q. Analysis of the reference material NBS-123 and the atomic weight of
sulfur / Q.Zhang, T.Ding // Chinese Science Bulletin. — 1989. - VV.34. — P. 1086-1089.

480. Zhelezinskaia, I. Large sulfur isotope fractionations associated with Neoarchean
microbial sulfate reduction / 1.Zhelezinskaia, A.J.Kaufman, J.Farquhar, J.CIiff // Science. — 2014.
—V.346. — P. 742744,

481. Zhu, Z.Y. Mapping of sulfur isotopes and trace elements in sulfides by LA-(MC)-
ICP-MS: Potential analytical problems, improvements and implications / Z.Y.Zhu, N.J.Cook,
T.Yang, C.L.Ciobanu, K.D.Zhao, S.Y.Jiang // Minerals. — 2016. — V.6. — P. 110-124.

482. Zhu, Z.-Y. Sulfur isotope fractionation in pyrite during laser ablation: Implications
for laser ablation multiple collector inductively coupled plasma mass spectrometry mapping / Z.-
Y.Zhu, S.-Y Jiang, C.L.Ciobanu, T.Yang, N.J.Cook // Chemical Geology. — 2017. — VV.450. — P.
223-234.

483. Zmolek, P. Large mass independent sulfur isotope fractionations during the
photopolymerization of **CS, and CS, / P.Zmolek, X.Xu, T.Jackson, M.H.Thiemens,
W.C.Trogler // Journal of Physical Chemistry A. —1999. — V.103. — P. 2477-2480.



