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OBIIAA XAPAKTEPUCTHUKA PABOTHBI

AKTYAJBLHOCTD _TeMbl _HMcciaeoBaHusi. M3ydueHue 3aKOHOMEpPHOCTEH
(hopMHpOBaHUS M30TOIHBIX OTHOLIEHHH CEPBI M KHCIOPOAA B MPHUPOIHBIX MPOIECCax
HETIOCPEACTBEHHO CBS3aHO C (YyHIAMEHTAIFHBIMU IPOOIEMaMH B OOIACTH TEOXUMHUH,
a WMEHHO — TIO3HaHHE OOBEKTUBHBIX 3aKOHOB B  PACHpPENENCHHH U
pacnpocTpaHEHHOCTH HM30TOIOB JIETKMX XMMHUYECKHX 3JEMEHTOB B T€OJOTHYECKUX
cucreMax nurocepa — ruapocdepa — armocdepa 3emin. ['eoxumuueckue (GpakTopbl
00yCIOBIUBAIOT 3aKOHOMEpPHOE pa3fielieHHe M30TONOB, COOTHOLICHHS KOTOPBIX
cojepkaT B cebe MH(OPMALMIO O COOTBETCTBYIOIIUX MPOLECCAX M IIO3BOJIAIOT
packpbITh BakHbIe (hakThl reonoruyeckoil Mcropun 3emud. [ToBBIIEHHBIH HHTEpec
BBI3BIBAIOT N30TOIHBIE 3P (DEKTHI, XapakTep KOTOPBIX He YAAETCS OOBSICHUTH B paMKax
OOBIYHOTO 3aKOHA MAacc-3aBHCHUMOTO (PaKIMOHUPOBAHUS HM30TONOB. PacnozHanne
IPOLIECCOB M MEXaHW3MOB, NPUBOAAMIMX K BO3HHKHOBEHHIO MAacCC-HE3aBHCHMBIX
M30TOIHBIX 3((EKTOB, HECOMHEHHO, OTKPBIBACT HOBBIC YHHKAJIbHBIE BO3MOXHOCTH
JUIL TIOyYeHMs] LEHHOW HH(OPMAIMM O TCOXUMHYECKOM IIOBEJCHHUH H30TOIOB H
MO3BOJISIET TT0-HOBOMY OCMBICIUTh MHOTHE CYIIECTBYIOIIUE IPEICTABICHUS O MyTSIX
UX MHATPaUH U TPAaHC(HOPMAIINU B TEOXHMUYECKUX M T€0JOTHIECKUX Iporeccax.

AKTYanbHOCTh UCCIIEIOBaHMS IIPOLIECCOB MacC-He3aBUCHUMOIO
(pakIMOHUPOBAHUSI HW30TOINOB CEPbl M KHUCIOpPOAa OOyCJIOBJIEHA, MNpPEXIE BCEro,
mpobyieMaMy, CTOSIIIUMHU  TMEPEeJ  COBPEMEHHOW Te€OXWMHUEH HW30TONMOB — 3TO

MPUHIUIHAAIBHO BaYKHBIE BOIIPOCH! O IMIPUPOJIe BOSHUKHOBEHUS U IMPUYNHAX MOSBICHUS
Macc-HEe3aBHUCHMOTO (PPAKIMOHUPOBAHUSA HW30TOMOB CEpbl B 3EMHBIX IOPOIAX;
MO3HAaHUE TIEPBUYHBIX MIPOIECCOB, OMPEAEIAIOMNX ITUKINIECKUI KPYrOBOPOT CEePHI Ha
PaHHMX dTarax pa3BUTHSA 3eMiIH U (OPMHUPOBAHNE KUCIOPOIHON aTMOCc(hepsl 3eMITH.
CorylacHO COBPEMEHHBIM TEOPETHYECKHM TIPEJICTABICHUSM, H30TOIHbIE
aHOMAJIMU Cepbl, HaOIroJaeMble B IpeBHUX (>2.4 MIpA. JIeT) Mopojaax, JODKHEI ObUTH
BO3HUKHYTH B aTMOC(EPHBIX (POTOXMMHUYECKHUX PEAKIHX C yIaCTHEM BYJIKaHOT€HHOTO
SO,, a 3areM 3aapXUBHPOBATHCS B IOPOJAX MYTEM OCAXKICHHS W3 aTMOC(Eph
M30TOITHO-aHOMAJILHOM cepbl M e€ TpaHC(hOpPMaIMK B MOCIEAYIONINX T€OXUMHUUECKUX
npespainerusax (Johnston, 2011). TTo3xe 3TH MOJENBHbIE MIPEACTABICHUS TIOIBEPIIINCH
THIATEJbHOM 3KCIEpUMEHTaNbHOM IpoBepke. Ha 3TOM 3Tane BCKpBUIMCH CEpPhE3HBIE
npobaeMbl U mpotuBopeuns. CrernuaibHble 3KCIEPUMEHTHI, B KOTOPBIX MBITAINCH
BOCTIDOM3BECTH H30TOIHBIE XapaKTEPHCTHUKH, CBOWCTBEHHBIC CYIb()UIHOW cepe U3
apXeMCKUX MOpOJI, TaK OTPUIATEIBHBIN pe3yIbTaT, He MOATBEPIUB, TAKUM 00pa3zoMm,
caMy OCHOBY ()OTOXMMHUYECKOH MO/IeNr. DTO NPUHYIUIO UCCIIeJoBaTelel OTBEPTHYTh
npezcTasiaeHue o poroxumun SO, B 6ecKHCIOpOIHOI aTMocdepe, Kak 00 UCTOYHHKE
Macc-He3aBHCUMO (paKIMOHUPOBAHHOI cephl B JpeBHUX nopoaax (Ono, 2017).
Pemwenne 310l mpoGiembl BCE Ke HE BBIMJISIUT CTONb OC3HANENKHBIM U
MaJIOBEPOSITHBIM C TOYKHM 3peHust (oroxumuu SO,, HECMOTps Ha OTpPULATEIbHBIN
pe3yapTaT BceX MPEeAbLAYIIUX SKCIEPUMEHTAIbHBIX HCCIeNoBaHUN. B mpensioymux
9KCIIEPUMEHTAIBHBIX MOJEISIX HE YYHTHIBAJIACH 3aBUCHMOCTH (POTOXMMHUYECKOTO
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COCTOSIHUSI apXEHCKOH arMoc(epbl OT BO3AEHCTBUS COJHEYHOI'O KOPOTKOBOJIHOBOT'O

(A< 200 uM) ypTpaduomeTa. YUIET 3TOro 00CTOSTEIHCTBA OTKPHIBAET MOTCHIIMATIBHYIO

BO3MOXKHOCTh ~ HCKIIOYHTH  CYHOICCTBYIOIIHE  HPOTHBOPEYHS  TEOPETHICCKHUX

MIPEJCTaBICHUN C 3KCIEpUMEHTAIbHBIMU pe3ynbratamu. K Tomy e, Takod moaxon,

NPUHUMAMONINA BO BHUMaHWE IIPOILECCH TOTJOMICHUS B OmmkHeMm Y D-mmamasoHe,

UMEeT TECHYI0 CBs3b C TCOXHMMHYECKHMH HCCICHOBAaHUAMH, HANpPABICHHBIMHA Ha

pemeHre mpoOIeMbl O MPOMCXOXKISHIH KHCIOPOAa B paHHEH atMocdepe BCIenCTBHUE

nporieccoB ¢oronmsa Boabl (Liang et al., 2006). Eciu mepBUYHBIN HMCTOYHHK, Kak

MOJIEKYJISIPHOTO KHCIIOPO/ia, TaK M U30TOIHBIX aHOMAJIMH Cepbl CBsI3aH ¢ aTMOC(hepHOI

(doToxumuen, TO NPEJOCTaBISETCS BO3MOXXHOCTH YCTaHOBUTH 0Omuil akrop,

BIIMSIIOIIUI Ha TepepacrpeesieHne M30TOMOB KHCIOPOJa U Cepbl B TEOXMMHUUYECKHX

nuKiIax Ha panHei 3emue. [IpaBOMEpHOCTH STUX TMOJONKEHHHA OJKHA TONYYUTh

SKCIICPUMCHTANBHBIC JJOKAa3aTeIbCTBA, HEOOXOANMO TPHBECTH B COOTBETCTBHE MEKIY

co0OH pPe3yNbTaThl TEOPETHUSCKUX U IKCIIEPHIMEHTATBHBIX (POTOXUMHUICCKAX MOJICTICH,

YTO BechMa AaKTyaJlbHO Ha JaHHOM OJTale pa3BUTHS HAIINX 3HAHWH B 00JacTu

TEOXUMUH.

Ileab padorsl. Llens muccepTanoHHON paOOTH 3aKIIIOYACTCS B BBIIBICHUU
MPOIECCOB, (AKTOPOB W YCIOBHHA (POTOXUMHUYECKOW TpaHCHOpMAIMH CEephl H
KHCJIOPOJia B apXeWcKoil aTMocdepe, KOTOPhIE MOTIH MPUBECTH K BO3HUKHOBEHHUIO
(eHOMEHAa Macc-HE3aBUCUMO (PaKIMOHUPOBAHHOM Cepbl B MOPOAAX W MOSBICHUIO
KUCIIOposa B atMocdepe 3eMin, OCHOBBIBAsICh Ha IOJIOKEHUH 00 onpeesstoneit ponu
(hOTOXUMHUYECKUX SBICHUH MO/ AEHCTBUEM KECTKOTO COTHEUHOro Y D-U3ITydeHus.

3agaum ucciaenoBaHUs

1. Pa3zpaboTate M co34aTh HOBBIH METOJ, OOECIEUYMBAIOUIMHA Ha JIOKAJHbHOM
YpOBHE MPEIU3UOHHBIC FWCCICOBAaHUS BapHallMii B COOTHOIIEHHSX BCEX
YeTHIpEX CTAOMIBHBIX HW30TOIOB CEpHI 328, 338, % u ¥s p o0pasmax
CyIB(MUITHON CEPHI.

2. BBIIBUTE  SKCIIEpUMEHTAIbHBIC  3aKOHOMEPHOCTH  MAacC-HE3aBHCHUMOTO
(paKIMOHUPOBAHUS H30TOIMOB Cepbl TpH QoTtonmse SO, B 3aBUCHMOCTH OT
TeMIepaTyphl Cpebl, MapIUaIbHOro naBieHus SO,, KOMIIOHEHTHOTO COCTaBa
ra3oBOW Cpelibl, CIEKTpaIbHOrO cocTaBa Y@ H3JIydeHUs: U OTHOCHUTEJIbHOU
WHTCHCUBHOCTHU CICKTPAJbHBIX KOMIIOHCHTOB B OMMKHER © JlaJ'ILHeﬁ
obmactax YO uznydeHus.

3. IMpumeHsii  METOA  SKCHEPUMEHTAIBHOIO  MOJEIUPOBaHHS  IIPOLECCOB
¢doronmsza BOJIBI, 000CHOBAThH MPHUHIUIHATBHYIO BO3MOKHOCTH
reHepupoBaHus nepokcunia Bogopona Hp,O, B GeckucnopoaHoii atmocgepe,
KaK MOTEHIMAJbHOTO MCTOYHHKA OKCHI'CHH3ALMU paHHeH atMocdeps! 3emin.
YCTaHOBUTh 3aKOHOMEPHOCTH (HOPMHUPOBAHHS HM30TOMHBIX  OTHOIICHUH
80/0 u "0/0 B nponeccax doromsa BOBL.

4. [o pe3ynbpTaTamM M30TOIMHBIX HCCIICIOBAHUIA KOTYCTAHHBIX PYIOMPOSBICHUN B
apxeiickux KomIuiekcax @DeHHOCKaHIWHABCKOro muTa U CHOUpCKO
IaTGOPMBI BBISICHATD POJIb CEPBI POTOXUMUIECKOTO aTMOC(EPHOTO IIUKJIIA B
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(OpMHPOBaHUM pacCMaTPUBAEMBIX PYIHBIX OOBEKTOB JUIS PELICHHs BOIpOca
0 MacIuTadax MpPOSBICHNS H30TOIHBIX aHOMAJIUH Cepbl U PaCKPHITH OCHOBHBIC
(bakTOpEL, ONpeieNsroNnIHe 000 3aKOHOMEPHOCTh B IIOBEICHHN H30TOITHBIX
a¢¢exToB cepr-33 u -36.

MeToa0J10rusl M MeTO/IbI Hcc/Ie10BaHus. [I[prMeHEeHNE N30TOTHBIX METOIOB
COCTaBIIET OCHOBY MJISi WCCICIOBaHWU, BBIIONHCHHBIX B HaHHOW pabote. Bcee
M30TOIHBIE MCCIEIOBAHUS MPOBEACHBI B JTa0OpaTOpuy CTaOMIBHBIX u3otomoB JABI'U
JIBO PAH. Merox nokaipHoro asammsa o°°S, 8°S u 6°S B cyapdumax c
UCIIONIb30BAaHUEM  CHUCTEM JIa3epHOM  abmsiumu W (QTopupoBaHHs  00pa3loB,
pa3paboTaHHBI W TIPEJCTABICHHBIM B HACTOSIIEH JUccepTalMOHHON pabore,
OPUMEHSUICS A7 M3Y4YeHHS  HM30TONHBIX aHoManui cepel-33 u  -36 B
SKCIEPUMEHTANbHBIX U MPUPOJHBIX oOpasmax. OmpenereHne H30TONMHBIX AHOMAJIHUH
Kkuciopona-17 B 9KCIIEPUMEHTAIIBHBIX o0pasmax BBITIOJTHEHO Macc-
CHEKTPOMETPUYECKUM METOJOM Ha M30TOMHOM Macc-cnekTtpomerpe MAT 253
(Thermo Scientific), 060pyI0BaHHOM KOJITICKTOPaMH JJIsl OTHOBPEMEHHOTO HU3MEPEHUS
MOHHBIX TOKOB Ha Maccax 32, 33 u 34. KoMnbloTEpHOE MOAECIUPOBAHUE M30TOIHBIX
a¢¢exToB kucmopoma-17 mpuMeHsIoch AnsA  OOOCHOBaHHMSA MEXaHH3MOB  HX
BO3HHUKHOBEHHS B (POTOXMMHUYECKHUX MPOIIECCAX C yIACTHEM MOJICKYI BOJBI.

OObekThl _HcciaenoBaHus. Jlns pemieHUs IIOCTAaBICHHBIX 3agad  ObLIN
HCIIONIb30BaHBl MaTepHanbl, MOJTy4YeHHBIE B JKCIEPUMEHTaX, a Takke COOpaHHbIE B
apxeickux omnoxkeHusix Cubupckoil ratrgopmbl 1 DEHHOCKaHIMHABCKOTO INUTA.
OKcrepUMeHTaIbHbIE 00pa3Ilbl MOIYYESHBI IPH HEMOCPEICTBEHHOM YYacTHH aBTOpa B
MoeupoBaHuy  Goroxumuueckux TmpormeccoB SO, u  H,0. Xapakrtepuctuka
AKCHEPUMEHTAIBHBIX O00pa3loB M CIOCOOBI WX TIONYy4EHHUS MPEICTaBICHBI B
COOTBETCTBYIOIIMX  pasfeiax JaHHOH JuccepTaloHHOW pabotel.  OOpasipl,
otoOpanHele B mpenesnax Cubupckoit miatgopmsel 1 DEHHOCKaHAMHABCKOTO INUTA,
ObUTM TIPENOCTaBJIEHBI aBTOPY JUII M30TOIHBIX HCCIEAOBAHUI COTPYAHHKAMHM
Wucturyta reoxumrn uM. A.I1. Burorpagoa CO PAH (Mpkyrtck), MHCTHTYTA 3eMHOMA
kopst CO PAH (Mpkytck), I'eonormueckoro mncturyra CO PAH (Ynan-Ym) u
Wncruryta reonorun Kapensckoro Hayynoro nentpa PAH (Ilerpo3aBoick).

HayuyHasi HOBH3HA. MeETO/IOM 3KCIIEPHMEHTAIHHOTO MO3HAHUS HPUPOIHBIX
MPOIIECCOB, TOJYYCHHI HOBBIE HAydHBIE 3HAHUS, HOCAUIME (yHIAMEHTAIBHBINA
XapakTep, B 00JIaCTH reOXUMHHN N30TONOB. IIpn n3yueHnn spneHn (HOTOANCCOINAIINN
SO, B OeckucimopomHoW aTMmocdepe YCTAaHOBJCHBI HOBBIC 3aKOHOMEPHOCTH
MPOSIBIICHUS] MacC-HE3aBUCHMBIX H30TOHHBIX 3((EeKToB ceppl B  mporeccax
nornomenus SO, ynbTpadronaeToBoro u3imydeHus. BrIsgBieHBI KitoueBble (AaKTOpPHI,
KOHTPOJIUPYIOIIHE COOTHOMEHHE MEXIy H30TOMHbIME d(dexramu cepsr 8°°S, A¥S u
A®S B IpoJyKTax (POTOXMMHUYECKHX peakinii SO,. DKCHeprUMEHTANBHO J0Ka3aHo, YTO
HaOyofgaemMple B apXeHCKMX IOpOJax M30TONHBIE aHOMAJIMHU CEphl  MOXHO
accounmnpoBath ¢ arMocdepHoi poroxumuen SO,. YcTaHOBICHA ONPEAEISIONIas PoJib
COJIHEYHOT0 yibTpaduosieToBoro (A<200 HM) u3iydeHHs B 3THX nporeccax. [TomydeHo
9KCIIEPHMEHTAIBHOE JI0Ka3aTelabCcTBO (HOpPMHUpOBaHUs Iepokcuzpa Bojopona H,O, B
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aTMoc(epe, He cojepikalieil CBOOOAHOrO MOJIEKYJSIPDHOTO KHCIOpoja. BrisiBieH

3¢ dexT Macc-He3aBHCHMOro (paKIHOHMPOBAHHS H30TOMmOB Knciopoaa (AY0) mpu

¢opmupoBarnn  H,O, B OECKHUCIIOPOTHBIX YCIOBHUSX, BBISICHEH MEXaHH3M ero

BO3HHKHOBEHHS HA OCHOBE TEOPHU MAarHUTHOTO M30TOMHOTO 3((eKTa B PaaUKaIbHBIX

peakuusax. DOTOXMMUYECKHMH  LMKJI CEpbl M KHUCIOpOJAa SIBIAETCS BaKHEHUIIEH

COCTaBJIAIONIEH OOINEr0 KPyroBOpOTa 3THUX 3JIEMEHTOB M €ro CIeXyeT OTHECTH K

BOXKHEHIINM (pakTOpaM, ONMpeeIsIIoNM IepepacipeeIeHHe H30TOIIOB CEPhl Y)Ke Ha

HayaJbHBIX dTanax pa3Butus 3emian. Co3aH HOBBIM METO]], HO3BOJISIONINKA BHIATH Ha

KaueCTBEHHO HOBBIH YPOBEHb M3Y4€HHs HPUPOJHBIX BapHallMi M30TOIHOIO COCTaBa

cepsbl, Onaromapsi BBICOKOW TOYHOCTH JIOKAIBHOTO ONpENENEHHs COOTHOIICHHH BCEX

4eThIPEX CTaOMIIBHBIX M30TOIOB cepbl. Ha OCHOBe M3ydeHHs Ha JIOKaJILHOM YpOBHE

M30TOIHBIX XapaKTePHCTHK CyIb(OUAHOW cepbl B apxedckux Ttommax Cubupckoii

wiatdopmbl 1 DEHHOCKAHANHABCKOTO IUTa JOCTOBEPHO YCTAHOBJICHA FE€HETHUECKAs

CBsI3b cepbl cynbumoB c (oromuTHueckoi cepoil. HecoMHeHHa aKTHBHas pOJb

GakTepuanbHOW Cyib(haTpelyKIuu B IIpoIeccax NpeoOpa3oBaHus (OTOIUTHIESCKON

cepsl B cyib(uaHyo GopMy Ha HCCIETYEMbIX OOBEKTaX.

Hayunast HOBH3HA qECCEPTAMOHHOM PaOOTHI OTpaXKEHA B CIICIYIOMINX MOTOKCHHSAX.
Pe3yabTaThl U 110J10:KeHUS, BHIHOCHMbIE HA 3aIMTY.

1. Pa3paboTaH HOBBI METOJ i1 MPEUMU3MOHHOTO aHajIM3a COOTHOIICHUH YeThIPEX
CTaOUITBHBIX U30TOIOB CEPBI 2g 3g Mgy ¥gp cynbhuaax Ha JOKAJILHOM YPOBHE.
HoBusHna wmerona 3akmovaercs B aOmsiuuu  cynb(uaoB (HEeMTOCEKYHIHBIMU
JIa3epHBIMU MMITyJIbCAMH B TIOTOKE TI'elusl; (TOPUPOBAHUU CYIb(MHUIHOTO a3PO30JIT
B NPOTOYHOM peaktope; auddepeHimanbHO-KpuoreHHoi ounctku SFg; BBOAa
aHanuzupyemoro raza SFg B ra3oBbIi M30TONHBIH Macc-CIIEKTPOMETp uepe3
uHTepeic I U3MEPEHUs] M30TOIMHBIX OTHOIICHHWH Cephbl B BAKyyMHOM DPEXHME.
OTOT METOJI MO3BOJIMII YCTPAHUTH UCTOYHUKH OLINOOK, CBSI3aHHBIX C MaTPUYHBIMHU
¢ dexramu, >pdexktamu W300apHBIX HANOXKEHHU, 3(PQPEKTaMH pa3MBIBAaHUSL
WMOHHBIX IHKOB, U JAOCTUYb TOYHOCTH H3MepeHud +0.2%o ans 8348, +0.03%o0 I
A®S 1 £0.27%0 mis A¥®S IIPHU MPOCTPAHCTBEHHOM paspeleHun Meroaa 80 MUKpoH
(~10-12 HanoMoub aHanu3Mpyemoro raza SFe).

2. DKCIIepUMEHTaJIbHO 000CHOBaHO mpejcraBiieHne o ¢oroiuze SO, B MepBUYHON
atMocdepe 3emiH, Kak 00 HCTOYHHKE MacC-HE3aBHCHUMOTO (PaKIMOHWPOBAHUS
M30TOIIOB CEpbl B MOPOAAX apXeilckoro Bo3pacta. ®akTopoM, KOHTPOIUPYHOLINM
msoromueie oteomenus APS/E*S u A®S/A®S B mpomykrax dorommsa SO,
SBIISICTCA CHEKTPAIBHBIA COCTaB COJIHEYHOTO W3Iy4YeHHS, TAe KII04YeBas poOib
MPUHAATIEKUT BO3AECHCTBUIO U3IIy4eHHs ¢ AMTUHaMU BOIH MeHee 200 HM.

3. Jloka3aHO O3KCIEpHUMEHTAJIbHO, YTO (HOTOXHUMHYECKOE OOpa3oBaHHE NEPOKCHIA
BOJIOpPO/ia B OecKHCIOpOAHOW aTMocdepe 3eMiM MPOHCXOAWIO TI0 MEXaHU3IMY
JUCCOLMALTI BOJIBI u peKoMOMHAINH THIPOKCHII panuKanoB
OH+OH+M—H;0,+M. OO0pa3yromuiicss NepoKCHI BOAOPOJA XapaKTEpPH3YeTCs
Macc-HE3aBUCHUMBIM  (DPAaKIMOHUPOBAHUEM M30TOIIOB KHCIOPOJAA, MEXaHU3M
KOTOPOTO  OOYCJIOBIIEH  SIEPHO-CIIMHOBBIM ~ M30TONHBIM  3(Q(deKkToM. ITOT
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9KCIIEPUMEHTANIBHBIN (akT aaéT HOBYIO BO3MOMKHOCTh JUIl HJCHTH(HKAIMK
HCTOYHHMKA OKCUTCHU3ALUH aTMOC(epBl, aCCONUUPYIOWErocs ¢ (GOTOXUMHUYECKUM
H,0,.

4. Macc-He3aBUCUMO (DpakIMOHNPOBAaHHAs cepa, OOHAapyXXeHHas B OpeBHUX (> 2.4
mipa Jyer) tommax @DeHHOCKaHAMHABCKOTO IuTa u CHOMPCKON IUIaT(hOpPMEL,
oTpakaeT T00ANbHOE BIHMAHHAE (POTOXMMHYECKHX aTMOC(EpHBIX IPOIECCOB B
apxee Ha OOWIMH KpPYroBOPOT Cepbl B CHCTEME aTMoc(epa—OKeaH—MaTepHK.
doTtoxumuueckuii aTMOC(EpHBIi IMKI CEpbl  ONpeNeNsuics — IapaMeTpaMu
IUIAaHETAPHOTO 3HAYEHWsI — COCTaBOM M HMHTEHCHBHOCTBIO CIIEKTPAIbHBIX
KOMITOHEHTOB COJIHEUHOTO HM3JIydeHUs. YIbTpaduoIeToBOEe COIHEUHOE M3IIydCHHUE
2.5 u Oonee MIpA JET Ha3ajJ HUIPaio OOIIYI0 CHUCTEMOOOPA3y Iyl pOjb B
(oToxuMHUUECKHX TIpolieccax, 00yCIOBIMBAIOIINX MAacC-HE3aBUCUMbIE M30TOIHBIC
3¢ eKTs, 3aUKCHPOBAHHBIC B apXEeHCKUX MOPOIax.

JlocTOBEPHOCTDL MOJYYEHHBIX Pe3YJIbTATOB. J[OCTOBEpPHOCTH pE3yIbTaTOB
obecrieueHa MIPUMEHEHNEM METO/IOB NMHTAIAOHHOTO MOJIETTHPOBAHHS,
MaTeMaTHYecKoil 0OpabOTKHM M aHaNIM3a 3KCIICPUMEHTAIBHBIX JaHHBIX; MPUMEHCHHEM
HOBEHIIMX BBICOKOTOYHBIX METOJOB W3MEPEHMS HM30TONHBIX OTHOIICHHH B
9KCIIEPUMEHTAIBHBIX M TPHPOIHBIX 00pa3lax; HCIIOJIB30BAHMEM MEXKTyHAPOIHBIX
CTaHJApPTHHIX 00Pa3OB A KaJTHOPOBKM U3MEPEHUM M30TOIMHOTO COCTaBa KUCIOPOJa
U CEpEHI.

Penpe3eHTATUBHOCTL  Pe3YJILTATOB IOATBEPKAAETCS  COMOCTABICHUEM
pe3yabTaTOB HCCIEAOBAHHUS C paHee OIyOJMKOBAHHBIMHU pPabOTaMM MO H3YYCHHIO
M30TOMHBIX aHOMAaNIHWH B JKCIIEPUMEHTAaX M B apXeHCKUX 00pa30BaHUSIX Pa3INYHBIX
PETHOHOB MHUpa, a TaKXKe JOCTATOYHBIM JUIsi 000OLIeHHH 00BEMOM aHATMTHYECKOTO
Marepuasa, HOJIyYeHHOTO B X0/ JTa00paTOpHBIX (POTOXMMUYECKUX IKCIEPHMEHTOB H
HCCIIEZIOBaHNS M30TONHBIX 3((EKTOB cepbl B apXeHCKHX Komiuiekcax Kapenbckoro,
Konbckoro u CuOHpCKOTo KPaToHOB.

Teopernueckas M NpaKTHYECKasi 3HAYMMOCTb. Pe3ybTaThl uccienoBaHuii,
MpeJCTaBJICHHBIC B JaHHOW pa0oTe, BHOCAT BKIAJ B IMOHMMAHHE IPOIECCOB Macc-
HE3aBUCHMOTO  ()PAaKIMOHUPOBAaHHUS HW30TONOB CEPbl W  PEHIAlOT  MPOOJIEMBI,
KacalolMecss IPUPOIbl H30TOMNHBIX AaHOMAJIUN Cepbl B AapXEHCKUX MOpOJaXx.
PesynbraThl uccienoBaHus (OTOXUMHYECKUX mporeccoB ¢ ydactueM H,O wumeror
MPUHIUIIAAIBHOEC 3HAYCHUEC [UIA Pa3BUTHA Hpe}]CTaBJ’[eHI/Iﬁ O BO3HHMKHOBCHHH
CBOOOZIHOTO MOJIEKYJISIPHOTO KHCJoposa B atMmochepe 3emum. DKCreprMEHTaIbHO
MOJTy4eHHBIE JI0Ka3aTelIbCTBa CaMOi BO3MOXKHOCTH reHepupoBanus H,O, B pe3ysbrare
¢oromucconmarmn - H,O B OeckucnopopHod  arMocdepe BHOCAT SICHOCTH B
TEOPETUIECCKHE MOJICNIH, CBS3BIBAIOIINE OKCUTCHHU3AIMIO atMochepsl ¢ (doToxumuen
H,O. PesymbraThl pabOTBI HUKOMM 00pa30oM HE OTBEPrarOT MPEINOJIOKCHUH O
OMOTEHHOM HMCTOYHHKE MOCTYIUICHUS KHCIOpoJa B atMocdepy, HO OHU JTOKAa3bIBAIOT
MPaBOMEPHOCTH MPEIIOTI0KECHUN 0 (POTOXMMHYCCKOM HCTOUYHHKE KHCIOPOA.




B pabore momyumno nanpHeiliee pa3BUTHE HANpaBiICHUE HCCIIEI0BAaHUM,
CBSI3aHHOE C Pa3pabOTKOH METOJIOB OLEHKH M30TOMHBIX COOTHOIICHHIH B MPUPOIHBIX
o0pexTax. Co3maH HOBBIM METO T MPEIIU3NOHHOTO aHAJIN3a COOTHOLICHUH CEepHhI 34g/
%5, 85328y ¥5/*S B cynpumax Ha JIOKanbHOM ypoBHe. IIpEMeHeHHe MeToza
3HAUYUTEIBHO PACIIMPSIET BO3MOXKHOCTU IONY4eHHsS (PAaKTHUECKOTO Marephana Ui
pasBUTHSL TPENCTABICHUA O KpPYroBOPOTE CEpbl B apxee, BKIOYAs pOIb
(oTommTHYECKOW cepsl B 00pa3oBaHUM MOPCKOTO Cynbdara u (HOPMHUPOBAHHU
apXeHCKHX BYJIKAHOT€HHO-0CAI0YHBIX CYIb(UIHBIX MECTOPOXKICHHUMH.

C nmnpakTHuecKOM TOUYKM 3pEHHsl pe3yNbTaThl HUCCIEAOBaHMM  Macc-
HE3aBUCHMOTO (DPaKIMOHUPOBAHUSI H30TOINOB KHUCIOPOJAA M CEPbl JONOJHSIOT U
pa3BuBalOT OasWc Ul TEOXMMHUYECKOHW HMHTEpPHpETald H30TOMHBIX A(PQEKTOB,
HaOmogaeMbIX B npupoje. M30TonHble aHOMa MK SIBISIOT cOOOM HOBBIM Tpaccep B
BBIBJICHUM M OTCIEKHBAaHWM MPOLECCOB, B KOTOPHIE MOTYT OBITH BOBIICUCHBI
XMMHUYECKHE 3JIEMEHTHI; JAlOT HOBYIO BO3MOXXHOCTD JJISI HICHTU(PHUKAIINNA HCTOYHHKOB
Cepbl M KUCIIOPO/Ia B MECTOPOXKICHHUSX TTOJIC3HBIX HCKOTIACMBbIX.

JIM4HBIN BKJAJI aBTOPA COCTOUT B 0OOCHOBAHUH HJIEH PAaOOTHI, TOCTAHOBKE
HEeIN ¥ 3a1ad HCCIeNOBaHUs, (OPMHPOBAHMM METOJOJOTUH DEIICHHS INPOOJIEMBI,
pa3paboTKe SKCHEPHMEHTAa WM pPEM3alMd HCCIEIOBaHWH, aHamu3e W 0000ImeHnn
MOJIyYeHHBIX JJAaHHBIX. YacTh pe3yJIbTaToOB, H3JI0KEHHBIX B paboTe, MOJTy4eHbl aBTOPOM
NPU HEIOCPEICTBEHHOM COTPYIHHYECTBE C HAayYHBIMH pabOTHHKaMH JabopaTopuii
JABTU IBO PAH: nabopatopuyr cTaOMIBHBIX U30TOMOB U Ta00OPaTOPHH TeHETHUECKOH
MHHEPAJIOTHH U TieTpojioruu. B paborax no co3nanuto HoBoro Pc-JIA-I'X/MC merona
aBTOP JINYHO pa3pabaTbiBaj aJrOpUTMbI TECTHPOBAHUS METO/Ia U TIPOBOJIMI OTPAOOTKY
€ro OCHOBHBIX (PM3MKO-XMMUYECKUX MNapaMeTpoB. B paboTax 1o MoAennpoBaHUIO
MpOLECCOB (PPAKIMOHUPOBAHUS HM30TOIOB CEPbl M KHUCIOPoAa B (HOTOXMMHUYECKHX
nporeccax aBTop JIMYHO 000CHOBAJ OOIIYI0 METOOJIOTHIO SKCIIEPUMEHTOB, BHITIOIHII
OOJIBIITYIO YaCTh BCETO KOMINIEKCA paboT, BKJIIOYAs IOCTAHOBKY CAMOT'0 3KCIIEPHMEHTA,
MOATOTOBKY IOJTYYEHHBIX SKCHEPHUMEHTAIBHBIX 00pa3oB K HM30TOMHOMY aHAIM3y M
NpOBEZIEHNEe M3MEPEHUH M30TOMHOTO cocTtaBa. OOpaboTka M HMHTEpIpeTalus
MOJIYYEHHBIX OKCIIEPUMEHTANbHBIX JaHHBIX, KAaCAIOUIMXCSl H30TOMHBIX 3(PQHEeKTOB
KHCJIOpO/ia, TPOBENeHa HEMOCPEICTBEHHO aBTOpPOM. B paboTax 1o H3y4eHHIo
M30TOMHBIX 3((eKTOB cephl B CyIbGHUAHBIX pyaax DEHHOCKaHIMHABCKOTO IMIHWTa U
Cubupckoit miaThopMbl aBTOP JUYHO TOIYYWT 3HAYUTEIHHBIA OOBEM HM30TOMHBIX
maHHBIX. OOCyXIeHWe NaHHBIX W IOJATOTOBKA ITyONHKAIMK IO pe3yibTaTaM 3THX
WCCIIEIOBAaHUSAM BBITIOIHATIACH COBMecTHO ¢ coTtpyxHukamu JBIUM JIBO PAH,
Wncturyra reoxumun um. A.Il. Bunorpagosa CO PAH, I'eonornyeckoro MHCTUTYT
CO PAH u UnctutyTa reonoruu Kapensckoro Hayunoro nenrpa PAH.

Anpo0Oanus padoTsl U Ny0INKAIUH

ITo marepmanam auccepTanyuy ONyOJMKOBaHO 26 cTareil B PELEH3UPYEMBIX
HAayYHBIX W3JaHUSIX, U3 KOTOPBIX 3 cTarbu OMyOJMKOBaHbI B u3fgaHusx u3 K-1
"Tlepeunst BAK", 14 crateii B u3naHusx, uHACKcUpyeMmbix 0a3zoit nanuerx RSCI, u 9




cTaTell B M3JaHMAX, MHAEKCUPYEMBIX MEXIyHapOIHBIMH 0a3aMH JaHHBIX, IEpeUCHb
KOTOpPBIX ONIPEAEIEH B COOTBETCTBUHU ¢ pekoMeHaauusiMu BAK.

[IpencraBneHHbIe B OUCCEPTALMU PE3YIBTATHl M BBIBOABI OOCYKHANCh Ha
BCEPOCCHHCKUX M MEXKAYHAPOIHBIX COBEMIAHUAX M KOH(pEepeHIsX: MexxTyHapoaHas
koHpepermms IMSC «The 19" International Mass Spectrometry Conference» (Kuoto,
Smonws, 2012); Mexnynaponuas koudepenuust ISI « The 7th International
Symposium  on  Isotopomers»  (Tokuo, Amonums, 2014); MexayHapoaHas
reoxumudeckas koHpepenius Goldschmidt (IIpara, Yexwms, 2015; MexayHapoaHoi
xondepenuun JESIUM «Joint European Stable Isotopes User group Meeting» (Cenr,
benbrus, 2016); Bcepoccuiickoe HayuHoe coBemanue «I'eoquHaMuuecKast BOIIOLHS
autocdeps! LleHTpanbHO-A3MaTCKOTO MOJBIKHOTO T0sica (OT OKeaHa K KOHTHHEHTY)»
(Apkytck, 2016, 2017, 2018); Mexaynapoanas xoudepermus «XIV" Workshop of the
European Society for Isotope Research» (T'oBopa, Pymsius, 2017); V
MexnayHnaponHas koH(pepeHIus «YiapTpamMaduT-MaQUTOBBIC KOMIUIEKCHI: TEOJOTHS,
CTpOCHHe, pyOHbI moTeHmuam» (c. I'pemsumuck, PecrmyOmmku Bypsarus, 2017);
MesxayHnapoanas kordeperms “Geoanalysis 2018 «10™ International conference on
the analysis of geological and environmental materials» (Cunne#i, ABcrpanus, 2018);
XXl Cummo3umyM 1O TEOXMMHH HM30TONOB MMeHH akajgemuka A.Il. BuHorpamoma
(Mocksa, '[EOXU PAH, 2019).

CTpyKTYypa AnccepTanuu

HuccepranuonHas paboTa COCTOMT M3 BBEACHUS, IITH IJIaB, 3aKJIIOYCHHUS,
cnmcka paboT aBTOpa IO TeMe AHMCCEpTallMd W CIHMCKAa LUTHPYEMOW JHMTEpaTypHI.
O6umii 06BéM auccepTanmu cocTaBigeT 288 cTpaHuWI], BKmoyas 72 pucyHka, 19
Tabmui 1 483 HANMEHOBAHUSI HCIIOIh3yEMOU JINTEPATYPHIL.

Buaroagapnaocru

S BBIpaxaro IIIyOOKYI0O HMCKPEHHIOIO OJarogapHOCTh MOWM YYHTENSIM |
HacTaBHUKaM WrHatbeBy Ausekcannpy BacunseBuuy u  Beicoukomy Ceprero
BukTopoBHUy 3a MOCTOSHHYIO TOJVIEPXKKY B TEUEHHE BCeX JIeT paboThl. Bwipaxkaio
0co0yl0 TIpU3HATEIBHOCT, M OJIarofapHOCTh KoJjuleraM 1o pabore: XaHUyKy
Anexcanapy HMsanoBmuy, Xommuy Bammmy I'eoprueBnuy, MapteiHOBY FOpuio
AJrexceeBndy, 3a Ype3BBIYANHO MOJIE3HOE U IUIOIOTBOPHOE 00CYXIEHHE BCEX aCIIEKTOB
pabotbl. bonbiryro 651arogapHOCTh aBTOpP BBIPAYKaeT BCEM COTPYAHUKAM JabopaTopun
crabunpHeix u3oTono JIBI'M JIBO PAH 3a copeciicTBue B BBINOJHCHUU JTaHHOU
pabotel. ['mybouaiimyro OmarogapHOCTh aBTOP BBIpakaeT Kosuteram u3 WHcTUTyTa
reoxumuun uMm. A.Il. BunorpagoBa CO PAH JleBunkomy Banepuro lBanoBuuy,
Jlesunkomy  MBany  BanepbeBuuy, Mexanomuny  Amnekcero  Cepreesuuy,
I'eonornueckoro uncruryra CO PAH OpcoeBy JIMutputo AHatonseBuuy, MHCTUTYTA
reostornn Kapenbsckoro Hayynoro nentpa PAH CnabynoBy Anexcanapy VMBanoBuuy,
Kynemesuy Jlronmune BiaguMupoBHe 3a cOBMECTHBIE Pa0OTHI 110 TEME AUCCEPTALNH.




KPATKOE COJAEPKAHUE PABOTBI
Bo BBejleHHH 000CHOBaHA aKTYaJbHOCTh TEMBI, OTPEACICHBI LEIb U 3a0a4UH
UccIeoBaHusA, (HOPMYIHUpPYIOTCS TOJIOKEHUS, BEIHOCUMBIE Ha 3aIUTYy, OLEHUBACTCS
Hay4HOE M TIPaKTUYECKOe 3HaYCHUE PaOOThI, TOKA3aH JIMIHBINA BKJIAJ AUCCEPTAHTA.

I'maBa 1. Macc-He3aBucuMoOe (PAKLHNOHUPOBAHME H30TONOB. HCTOYHUKU U
npouecchbl

B mepBoil riaBe NPUBOIAWTCS KPAaTKUH IJUTEPATYpHBIH 0030p IO TEOpUH
(pakIMOHUPOBAHUSI W30TOIIOB, M3JIAraloTCsl IOCIEIHHE JOCTHXEHUs B obmnactu
M30TOITHOM TEOXMMHHM M  DPa3BUTHM NPEACTABICHUH O  Macc-HE3aBUCHMOM
(pakIMOHUPOBAHNH N30TOIIOB KUCIIOPOAA U CEPBI B IIPUPOIHBIX IpOIeccax.

B rmaBe paccMOTpeHbl pe3ynbTaTbl Kak O3KCIEPUMEHTAJbHBIX, TaK H
TCOPCTUIYCCKUX HCCHeﬂOBaHHﬁ, HOCBHH_léHHI)IX BBIAICHCHUIO TPUPOABI CaMOT'0 SABJICHUSA
Macc-He3aBHCUMOI0 H30TOIHOTO 3ddexra. BricBeueHbl MpoOiIeMbl U IPOTHBOPEYHS,
BO3HHUKIIAE TIpH OOBSCHEHWH psila SBICHUA Ha OCHOBE IPEACTAaBICHHH O
(GOTOXMMHUYECKOW — NPUPOJE  IPOMCXOXKICHUS ~ MacC-HE3aBUCUMBIX — H30TOIHBIX
sddexTos. [TokazaHo, HaPUMeEp, YTO 3aKOHOMEPHOCTH (PPAKIUOHUPOBAHHS U30TOIIOB
Cepbl, MOJTyYeHHbIE B HOTOXUMHUYECKHX IKCIepuMeHTax no ¢oronmusy SO,, HaXOQATCS
B PE3KOM MPOTHBOPEYHH C TEMH 3aKOHOMEPHOCTSMH, KOTOPBIC HAONIOAIOTCS B
nopojax apxeiickoro Bo3pacta. [IpeojoneHue CyIIECTBYIOUIMX TpPYIHOCTEH W
TMOJIYYE€HUEC HOBBIX 3HAaHUH O 3aKOHOMEPHOCTAX U MEXaHU3MaX IMPOAYHUPOBAHUA
M30TOIHBIX AHOMAJBHBIX OS((GEKTOB KHUCIOpOJa M Cepbl BO B3aUMOCBS3H C
(HhOTOXMMHUYECKUMHE IIPOIleCCaMU B OCCKHCIOPOAHOM arMocdepe IODKHO BHECTH
ACHOCTb B HAIllW MPEACTABIICHUA W B3IJIAAbl Ha IPUPOAY TaKUX HBHeHHﬁ, KakK Macc-
He3aBUCHMOE (PaKIMOHUPOBAHUS H30TOIMOB Cephl B apXEUCKUX TMOPOAAX M HOSABICHUE
CBOOOJJHOTO MOJIEKYJISIPHOTO KUCJIOPO/a B IEPBHYHON aTMochepe 3eMIH.

BaxXHpIM [IaroM B NPOJBHKEHHU 3TUX MCCICIOBAHHN SBISCTCS Pa3BUTHE
HOBBIX METOJOB, OOECIECYHBAIONIMX BBICOKYI) TOYHOCTh W IPOHM3BOJMTEIBHOCTH
M30TOIHBIX aHAIM30B cepbl (5°°S ® 6°'S) NpM MHHMMaIbHBIX 3aTpaTax Ha
npe/BapuTeIbHyI0 00paboTKy MaTepHana o0pasioB.

I'maBa 2. MeToabl M30TOIIHOIO aHAIN3a, pa3padoTaHHbIe W HCNOJIb30BAHHbIC B
padote

Bo BTOpOIi Ii1aBe onucaHbl METO/IbI, HCIIOJIb3yeMbIe B HACTOsIIEH paboTe st
OTIPEICNICHNs] H30TOMHBIX OTHOMICHHH cepbl o S/°2S, ¥S/%S u *S/*S B cymbdumax, a
Takoke kncopoaa - 0/°0 u °0/*°0 B sxcnepumenTaNBEHEIX 06pa3IAX.

[IpuBenén kpatkuii 0630p CYIIECTBYIOIINX METOIOB M3MEPEHHS H30TOIHBIX
OTHOIIEHWH cepbl B MPUPOAHBIX oOpasnax. OcCBelIeHbl OCHOBHBIE IPOOJIEMBI,
BO3HUKIIINE IpU  W3MEPEHWH  M30TONHBIX  OTHOIICHHH, BKJIFOYAIOIINX
MAJIOpacIpOCTPAHEHHBIE M30TOMBI S u °°S. OTMEYEHO, YTO IJIABHBIEC HCTOUHHKH
oUIMOOK, BIUSIONINE Ha TOYHOCTh aHanu3a, cBs3aHsl ¢ (1) MaTpuyHbIME dbdeKTaMu 1
s dexTamMu J1a3epHO-MHAYLMPOBAHHOIO (PaKIMOHUPOBAaHUS M30TONOB; (2) 3ddext
NPOCTPAHCTBEHHOW OPUEHTHPOBKU KpUCTALIOB; (3) 3(hQEKT «pa3MBITHS» HOHHBIX
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mukoB; (4) abdexTel MepeKpECTHOro 3arpsi3HEHUsT O00pa3sloB B  KIACCHYECKOM
mazepHOM Merone (TOopHpoBaHMS 00pa3moB cepel. Bce 3TH  mpoOmeMBI ¢
OUYEBHIHOCTHIO YKa3bIBAIOT Ha HEOOXOAMMOCTh B pa3pabOTKe W peajn3aldd HOBOTO
METO/1a, KOTOPBIH MMO3BOIAET N30€XKaTh YKa3aHHBIC BBIIIEC OCIOXHEHHS W MIPEAOCTAaBUT
BO3MOXKHOCTh HCCIICZIOBAaTh PACIpE/ICIeHNEe H30TOIOB CEPHI 328, 338, %S u %S ma
HOBOM YpPOBHE, CIOCOOHOM OOECHEYHTh BBICOKYI0 TOYHOCTP U JJOCTOBEPHOCTH
PE3yJIbTATOB UCCICAOBAHUS MAaCC-HE3aBUCHMBIX 3 (PEKTOB CEPHI.

B pesynbprare aHanmuza JOCTaTOYHO OOJNBIIOTO 0OBEeMa HAYYHOH JIUTEpaTyphI
MO JaHHOW TeMaTHKe ObUI NPEIUIOKEH W peasM30BaH LENBIA psija uaei, KOTOpBIH
MO3BOJIMJI TIPEOJIOJIETh yKa3aHHBIE BBINIE MPOOJIEMBI W MPHUBET K CO3AaHHIO HOBOTO
Meroxa s aHammsa 6°°S, 8°S u 8%°S B cyuab(umax Ha JOKATbHOM YPOBHE C
npuMeHeHneM (eMTOCeKyHIHOM Jla3epHOil aOisiuu W Ta3oBoil xpomartorpaduu B
COYETaHUM C U3OTOMHBIM Macc-criekTpomerpoM — Oc-JIA-TX/MC metog.

Oc-JIA-TX/MC meTox OCHOBaH Ha CIEAYIOMINX MpUHOUMAX padotel. OTOOp
nmpoObl W3 aHaIM3UpyeMoro oOpasna Cynb(GUIHONH cepbl MPOU3BOAUTCS METOAOM
nma3epHOd abmsumu. BosnelcTBue J1azepHOro HMMIynbca Ha oOpaser; HMeer
pe3yabpTaToM o0pa3oBaHHE adpo30iisi (Cyab(UIHBIC YaCTHUIBI MUKPOHHBIX Pa3MepoB).
A5p030IIb TPAHCTIOPTUPYIOTCSA Ta30M HOCHTENEM (Tenuii) B peakTop, TAe MPOUCXOIUT
KOHBEPTHUPOBaHHE Cepbl a’pO30JIbHBIX dYacTHLl B QopMmy SFg mno peakuuu c
nentadropuaom 6poma (BrFs). Ounctka SFg OT IPOAYKTOB PEaKIMH OCYIIECTBIACTCS
KPHOTEHHBIM M XpoMmarorpadudeckum metoaamu. Ouninennsiii SFg Tpancnoptupyercs
ra3oM HocuTenaeM K uHTepdeiicy mis BBoga SFg HEMOCPEACTBEHHO B HMOHHBIHN
HCTOYHHMK MacC-CIEKTPOMETpa, paboTarolero B peKMMe BBICOKOrO Bakyyma. Bee atu
NPUHLMUIIBI ObUIK BOIUIOUICHBI B YCTAaHOBKE, CXEMAaTHYECKH IPEICTABICHHOI Ha puc. 1.

Beixsion

J He 4 mL/min

Beixsion
He 35 mL/min|FN

Beixzion
He 4 mL/min

) ’
K Macc-

A CIIEKTPOMETPY

Peakrop

350°C

He _,
| |Hrlx
JloByuika 2 Jloymika 3

Cucrema jazepHas abnanmus- -196 °C -196 °C
¢ropuposanme

Brixson

Jloymika 1

=160 °C I'X kosoHKa

Jloymika 4

Cuctema ounctku SFg Cucrema sBoza SFg

Puc. 1 — Cxema ycTaHOBKH sl JIOKAIFHOTO HM30TOMHOTO aHaimm3a cepsl merojgom Dc-JIA-
I'X/MC. Obo3nauenust Ha cxeme: He — ra3 Hocutens renuii; K — kamepa ¢ oopasuamu; BrFs —
nerrapropun Opoma; V1, 2 u 3 — mHOoromoproBele BeHTWIH; MV — mukposeHTwin; FM —
HU3MEpUTENb OTOKA Ta30B.
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Baxneiimeit xapakrepuctukonn @c-JIA-I'X/MC merona sSBISETCS] COUETaHHE
IBYX pAa3IHYHBIX PEXKHMOB paOOTHL: IMPOTOYHOTO pEXHUMa (PEXUM IOCTOSHHOM
NPOIYBKHU T'EIMEM) U BBICOKOBAKYYMHOTO pexuMa. Bce omeparuu mo mepeBogy cepbl
obpasoB B Qopmy SFg (masepras abmsmmst, ¢ropupoBanne u ouuctka SFg)
MPOBOMATCA B PEXHMME MOCTOSHHOTO MOTOKA Tenus. [IpermMyInecTBo Takod CHCTEMbI
nepes BaKyyMHOH CHCTEMOH OOYCJIOBIEHO TEM, YTO MOTOK TI€lHs IO3BOJISIET B
3HAQUUTEJBHOW CTENEHH YMEHBIIUTH COPOIMOHHBIE A(PQEKTH Ha BHYTPEHHHUX
MOBEPXHOCTSIX CUCTEMBI OCOOEHHO NPH aHaJIM3e 00pa3loB HA MUKPO- U HAHO-YPOBHE.
Kpome TOro, mpoTOYHBIH pEeXMM IO3BOJIMI pPEAM30BaTh Hpolecc (TOPHPOBAHMS
0o0pa3loB He B Kamepe, Kak 3TO NPAKTUKYeTCs B JAPYrUX MOJOOHBIX METOoAax, a
OTZIeNbHO OT Kamepsl — B Ni-peakrope. DTOT MOMEHT BaXXeH, IOCKOJIBKY TaKoe
pelIeHre IO3BOJMIO HCKJIIOYHTH IIpelBapuTeIbHOE (TOpHpoBaHME OOpa3NoOB M
YCTpaHWUTh CBA3aHHbIE C HUM 3((EeKThl, CHIKAONINE TOYHOCTh aHAJIN3a, a UMEHHO!
3¢ ¢exTs TepeKpECTHOrO  3arps3HEHUs 00pa3noB ©W  APQPEKTHl  YaCTHYHOTO
(ropupoBaHus cynbhUIOB.

Emé omHO BaXXHOE NPEMMYINECTBO, KOTOPOE MPENOCTAaBISET INPOTOYHBIH
PSKUM — 3TO 3HAaYHWTEIbHOC yBeiauucHHe 3S((EeKTUBHOCTH TU(PEepeHIMATBHO-
KpuoreHHoH o4nucTKH SFg. [lpn M3MepeHuHM OTHOLIEHWH MaopacHpOCTPaHEHHBIX
uzoTonoB S u S aHanmu3upyemblii ra3 SFg IOmKeH OBITH OYHINEH OT MaJeHIImX
3arpsA3HAOIUX npuMecel. IIpuMeck 3arps3HeHull, JaoluX NUKU HAa TEX XKe Maccax,
YTO M aHAJM3UPYEMBIE, SIBJISETCS UCTOYHUKOM OIIMOOK, KOTOPbIE YXY/ILIAIOT TOYHOCTh
aHanu3oB. OcOOEHHO TPYAHO JOCTHTHYTH TIIOJHOH OYHMCTKM TIpu padore ¢
yIbTpaManbiM KonndecTBoM SFg. OTta mpobiema Obuta perreHa MyTéM pa3paboOTKH
MPOTOYHBIX TEPMOPETrYJIMPYEeMBIX JIOBYIIeK. Ha puc. 2 npuBeneHa xpoMaTorpaMmma,

A Puc. 2 — Ilpumep pa3aeneHus
MPOJIYKTOB  (DTOPHUPOBAHUS  Ha
i — v v
KPHOTEHHOH IPOTOYHOI JIOBYIIKE
mpu  Temmeparype -130 °C.
IepBEIii K KBagpaTHOW (HOPMBI
— 3TO CUTHaJl CTaHAApTHOIO rasa
m/z 129 ("SFy) SFe 13 IBOMHOM CHCTEMBI HAITyCKa
m/z 131 (*SF?) Macc-cnektpomerpa. Btopoit u
MOCNEAYIOIe MUKW — CHTHAJbI,
PETHCTPHUPYIONIHE BBIXO TA30BBIX
KOMIIOHEHTOB M3  KPHOTEHHOH
4 noBymiky. [Tuku m/z 127, 128, 129
u 131 perucrpupyror Bbixon SFe,
3a HUM CJIEYIOT MUKH IPHUMECHBIX
KOMIIOHEHTOB ¢ Maccoif 131.

m/z 127 (“SFy)

m/z 128 ("SF;)

m/z 131

MurencuBHOCTb cnriana (Boast)

Bpewms
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JIEMOHCTPHPYIOLIAs MOJHOE pasjienieHue Boixona nmukoB SFg Ha maccax m/z 127, 128,
129 m 131 ot mpumecHBIXx KommoHeHTOB Ha wmacce 131. IlomoOmerni sddekr
JOCTUTaeTCs TONBKO Tpu pabore auddepeHnnanbHO-KPUOTEHHON JIOBYIIKH B
MPOTOYHOM PEXHUME, HO HE B YCIOBHSAX BakyyMa. B BaKyyMHBIX YCJIOBHSX IMHKH HE
pa3lenstoTCs, 4TO MPUBOIHUT K OMIMOKE MPHU M3MEPEHUH U30TOIMHBIX OTHOLICHHH H3-32
BKJIaga B curHai Ha 131 macce.

Hamo oco0o 3aocTpuTh BHUMaHHE HA TOM, YTO XOTS MPOTOYHBIH PEKUM
SIBIISICTCS. MPEIMOYTUTEIBHBIM BaKyYMHOMY PEXHUMY BBIICICHUS W OYUCTKH SFg, OH
COBEPIIICHHO HEKeNaTeNieH TPY W3MEPEHHWH curHaioB m/z 127, 128, 129 u 131 Ha
Macc-CIeKTPOMETpe, TaK Kak MPHCYTCTBHE Telldsl B UCTOYHHMKE MOHOB Haér s3ddext
«PasMBITU» HOHHBIX IIMKOB U, CJIC€OOBATCJIBHO, HeO6XOZ[I/IMO BBOJUTH Ha HETO
nonpaeky (Ono et al., 2006). HauGonee mMpaBUILHO NPOU3BOIAWTH H3MEPEHHS B
BBICOKOBaKyyMHOM pexkume. C 3To# 1enbio Oblia pa3paboTaHa OpUrHHAIbHAS CHCTEMA
Hamycka rasa SFs B MCTOYHMK MOHOB Macc-CIEKTPOMETpa, MO3BOJISIONIas BBOAUTH B
Macc-CIeKTPOMETP HAHOKOINYECTBO SFg KOPOTKUM HMMITYJILCOM, UCKIIFOUUB IIPU 3TOM
MOMaJaHnue T[a3-HOCHTENs B HCTOYHMK HOHOB. TeM caMbIM YCTpaHEH HMCTOYHHUK
OlIMOOK, CBA3aHHBIM C 3(QdeKkTaMu «pa3MbITHS» HOHHBIX MHUKOB TPH H3MEPEHUU
HW30TOITHBIX OTHOIIIEHUN CEpPhLI B ITIPUCYTCTBUU I'CJINA.

KiroueBbIMH ~ XapakTEPUCTHKAMH  W30TOMHBIX ~ METOIOB  SIBJISIOTCS
MOrPENIHOCTh W3MEPEHUH M KOJIMYECTBO aHanum3upyemoro obpasma. Orenka
TIOTPETTHOCTEH G ISt 8348, 5%S u A®S B 3aBuCHMOCTH OT KOJIMUECTBA SF¢ ObLIa moryueHa
B JKCIepHMeHTax ¢ jabopaTopHbiMu cranmapramu (ra3 SFg u mupur). Ha puc. 3
MOKA3aHbl JKCIIEPUMEHTAJbHbIE 3aBUCHMOCTH MOTPEINHOCTEH u3MepeHust (o) oT
kojimyecTBa SFe.

[vameTp nATHa nasepHon abnaunm, MKm

60 80 100 120
0.45 : 2 . :

° o(8™s)| 1 ¢ o(8") -
03s O 6(5”S)| cramapr 2™ O S)| ospaseu
A o(A”S) 3A o(A7S)
03{ ¢ Puc. 3 — 3aBucuMOCTH
\
S N TIOTPENTHOCTH HM3MepeHHit
X 025 1 N\ e <33
o (o) Bemmuun 8°°S, 6°S m
02 *v 33
A*S oT KOJIMYECTBA

0.5 - aHanmu3upyemo rasa SFg.
O6o3HaveHus: 1, 2 u 3 —
IMHUM TPEHOOB G JULT
§s, 8% um A%,

0 . . - - - - ; = . COOTBETCTBEHHO.
0 11 12 13 14 15 16 17 18 19 20

SFg, HMOIB
O4eBHIHO, YTO MOTPEUIHOCTh, CBsI3aHHAs C pa3MepoM oOpasna, OyIeT IpeBbIIIATh
0.1%0 (10) ams 8°S u 0.03 %o (1o) mms A®S, ecnm pasmep nasepHoro kparepa B
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MUpPUTE MEHbIIE, 4eM ~80 MkM B nauamerpe u ~40 MxM B riayouny. [Toatomy pasmep
nmazepHoro kparepa 80x40 sBiseTcs Hamboliee ONTHMANBHBIM pasMEpoM UL
WCCIIeJIOBaHUsI Macc-He3aBUCHMBIX d(dektoB B cynbpuaax Oc-JIA-I'X/MC meromom.
Tounocte Meroma dc-JIA-I'X/MC Obuna joKa3aHa Ha MEXIYHAPOIHBIX CTaHIApTax
cympduma cepedbpa (IAEA-S-1, |IAEA-S-2, IAEA-S-3) u coamepura (NBS-123), a
TakkKe MyTEM CpaBHEHHWS pPE3yNbTaTOB aHaIM3a JIaDOpPaTOPHOTO  CTaHAapTa
KJIaCCHYECKUM METO0M (PTOPUPOBAHMUSL.

Ha puc. 4 nmpomeMOoHCTpHPOBaHBI Jla3epHBIE KpaTephl B OTHENBHBIX 3EpHAX
coanepura MexayHapogHoro crangapta NBS-123. [Toka3ano, 9T0 Ha pe3yiabTaThl HE
OKa3bIBAIOT BIMSHHE HU penbed 3EpeH, HU OPHEHTALUs] KPUCTAIUIOB OTHOCHTENIHHO
Ja3epHoOro Jiyya. DToT (akT 00ycloBInBaeT mpeumyinectso meroma dc-JIA-I'X/MC
rmepe]; METOJIOM MacC-CIEKTPOMETPHH BTOPHYHBIX HOHOB, IUIS KOTOPOTO yKa3aHHBIC
BbIIIE (DAKTOPHI CYIIECTBEHHO OCIOXHSIOT MOJyYeHHE INPABUIBHBIX M HaJEKHBIX
pe3yJIbTaTOB U30TOMTHOTO aHAJIM3a.

Puc. 4 — ®oro oTaenbHBIX 3épeH chanepuTa

8" =17.441
A'S 20022 NBS-123. Ilokasansl MecTa  Jla3epHOM

aOnsIMu AT TIPOBEACHUS  U30TOIMHBIX
aHaau30B MetonoM Dc-JIA-I'X/MC

Takum obdpazom, Oc-JIA-I'X/MC metos couetaet B cede BCe TE MPSUMYIIECTBA,
KOTOpBIE Na€T MpHMEHeHHe (EMTOCEKYHIHOTO Jiadepa Uil Jla3epHOTro 0TOopa mpoo,
UCIIOJIb30BaHKHE MPOTOYHBIX CHCTEM ()TOPUPOBAHUS M KPUOTEHHOTO pa3/ielieHHs ra30B,
a Takoke m3Mepenne moHHbIX TokoB 127 (*’SFs), 128 (¥*SFs"), 129 (**SFs") u 131
(*°SFs") Ha Macc-CIIeKTpOMETpe B BHICOKOBAKYYMHBIX YCIOBHSX. AHAIHTHUECKHE
XapaKTepPUCTUKU METoJa — THIMYHOE NPOCTPAaHCTBEHHOE paspenieHue ~80 MKM,
ONTUMAaNBHBIN pa3mep oOpasma SFg mopsaka 12 HaHOMONB, morpemHocTs (10)
OMpPEIEIICHUS BEIIMYHH %S, ABS u A®S cocrasmser £0.2%o, +0.03%0 u +0.27%o,
coorBercTBeHHO.  Pc-JIA-ITX/MC  mMerom  uMeeT  IpeuMyIlecTBa  Iepen
CyIICCTBYIOIIMMH B  HACTOAIIEe BpeMS METOJaMM  JIOKAJBHOTO  aHalW3a.
[IpocTpaHcTBEHHOE pa3penieHre MeTo/1a B 2 pasa BHIIIE, a aHATN3APYEMOE KOJITMYECTBO
SFg B 10 pa3 MeHbIle IO CpaBHEHUIO C JIOKanbHBEIM MeTonoM JIA-I'X/MC u, xpome
TOT0, METOJI HE TpeOyeT BBEAEHHs MONPaBOK HA dPPEKT «PasMBITHSI HOHHBIX ITHKOBY.
B ommame ot meroma JIA-UCII-MC mnpennaraeMblii METOI HMEET BO3MOXKHOCTH
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aHATM3MPOBATH OTHOLICHHE MAIOPACIPOCTPAHEHHOTO H30TOMA *°S K M30TONY *2S, i OH
TUIIEH TaKOTO HEOCTaTKa, KaKk MaTpUuHBIN 3¢ dexT. [To cpaBHEHHIO ¢ METOJOM Macc-
CIHEKTPOMETPUU BTOPUYHBIX HOHOB PE3yNbTaThl, MOJyYEHHbIE HOBBIM METOIOM, HE
3aBHUCAT OT NPOCTPAHCTBEHHOM OpUEHTAIIUH KPUCTAJLIA WU OTAENBHBIX €0 yYacTKOB.

I'maBa 3. DkcnmepuMeHTa/IbHOe HccaenoBaHue 3P(PeKToB Macc-He3aBUCHMOIO
dpaxunonnposanus m3oronos cepsi (A*S u A¥S) B nponeccax porosmsa SO,

B Tperbeii rnmaBe TpenCTaBIEHBl  pe3yJbTAThl  AKCIEPHMEHTAILHOTO
rccaen0Banns G PEKTOB MaCC-HE3aBHCHMOT0 (hPAKIMOHMPOBAHHS H30TOMOB CEPhI 23,
¥, %3 u %S npu dorommse SO, B GeckHCIOPogHOi aTMOChepe B 3aBHCHMOCTH OT
CIEKTpaIbHOTO cocTaBa Y®-u3imydyeHusi, TeMmmepaTypbl, COCTaBa M MapIHaIbHOIO
JaBJICHU Ia30BbIX KOMIIOHCHTOB CPEC/IbI.

IMpobGmema  TMPOMCXOXKICHHUS  MAacC-HE3aBUCHMOTO  (PpaKIMOHUPOBAHUS
U30TOINIOB Cephl, HaONOJaeMoe B MOPOJAX apXeHCKOro BO3pacTa, IPHUBIEKAET CaMoe
MNpUCTAJIbHOC BHUMAHUEC HCCHCI[OBaTeHef/II Ha TPOTAKCHUU ABYX TOCICAHUX
necatunetuif. OCOOGHHO MHTPUTYIONIMMH —(aKTaMH  SBISIETCS HAIM4YHAE Macc-
HesaBHCHMBIX >(QdeKToB (T.e. HeHyneBble 3Hauenns A*S u A¥®S) B mopomax crapure
2.4 Mipa Jjer, HO OTCYTCTBHE HMX B 0ojee MOJIOJBIX IOpOAax H, KpOMe TOro,
0OHapyKeHBI SICHO BBIPAKEHHBIE 3aKOHOMEPHOCTH MEXAY BEIMUYMHAMHU 5345, A®S u
A®S B cymbdumax i cymbharax U3 apXeHCKUX MOPOJ. ITH 3aKOHOMEPHOCTH [OKa3aHbI
Ha pHc. 5.

12 4

>2450 Ma
2450 to 2200 Ma
® <2200 Ma

10

s

6 - 2
s g
s 0
w 4 < -4
;)
<

2 -6

0 o wewmeoRyeP FOwR PG e RAGIVPOIRG sy 0P 8 - 2.5 billion years old - o

: W. Australia
P 10 - | ®=25billion years old
S. Africa
-4 -12
-50 40 -30 -20 -10 0 10 20 30 40 50 -4 -2 0 2 4 6 8 10 12
S %o A®S %o

Puc. 5 — Wsoromusie ganmsie 5°°S, A®S u A%S m1s cynsdumo 3 mopox pasmuaroro Bo3pacta
3anagHol ABCTpanuM U 100kKHOM A¢puku. KpacHbIMU JIMHUSIMU TIOKa3aHbl H30TOIHBIE TPEH/IBI
ABS-5%s (ctipaBa) u A%S-A%S (cnesa), XapaKkTepHbIE A OCAZOYHBIX MOPOA apXeHCKOro
Bo3pacTa. JInHNK apXeHCKUX TPEHIOB ONUCHIBAIOTCS CIIEAYIOIIUMH COOTHOLICHHUAMHU:

A%S =09 x S u A®S = (0.9 wm —1.5) x A®S. PucyHox MommduumpoBaH u3 pabor
Johnston, 2011; Ono, 2017.
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[To coBpeMeHHBIM NPEACTABIEHHUSIM, NICTOYHUK M30TOIHBIX aHOMAJIHMH Cephl B
apXeHCKUX Mopoax cBsA3aH ¢ POTOXUMUUECKUMH IPOIecCaMy B aTMocepe, a UMEHHO
¢ mporeccamu Qortogucconmanun SO, TpPH YCIOBHH OTCYTCTBUS CBOOOJHOIO
MOJIEKYJISIpHOTO KHcinopoga B arMocgepe. C 3TOMl TOYKM 3pEHUS JIETKO CBS3aTh
MCYE3HOBEHUE H30TOIHBIX aHOMAIUH cepbl B mopomax < 2.4 MipQ JIeT ¢ IepexoloM
aTMOC(epbl OT BOCCTAHOBHUTENIBHOTO K OKHCIHTENBHOMY COCTOsSHHIO. OIHAKO
CIelUaJbHble  JKCIEPUMEHTAJbHBIE  HCCIEAOBaHUS, B  KOTOPBHIX  MBITAJIHCH
BOCTIPOM3BECTH OCOOCHHOCTH apXeHCKWi TPEHIOB, Jald OTPUIATEIBHBIA pe3yNbTarT,
NPUHYAMB, TakuM oOpa3oM, MccClenoBaTelied INpPH3HATH  HECOCTOSTEIHLHOCTD
npexcrasienus o poroxumun SO, Kak 00 OCHOBHOM MCTOYHHUKE M30TOTHBIX aHOMAaIUH
B apxelickux nopoaax (Ono, 2017). Tem He MeHee BIOJHE MPABOMEPHA MTOCTAHOBKA
BOIIPOCAa O BO3MOXKHBIX HEYYTEHHBIX (pakTOpax, IOJ BIWSHHEM KOTOPBIX H30TOITHBIC
3¢ ekt pu potonuze SO, OyAyT UMCHHO TaKUMH, KAaKAMHU Mbl UX HaOJIOIacM B
apxeiickux mopojaax. B paspenieHuu paccMaTpuBacMoil MPOOJIEMbI CYIIECTBEHHBIM
(dakTopoM IOWKHO ObITh u3mydeHHe COJNHIEA, CHEKTP HU3IYYeHHS KOTOPOTO B
apxeickyro 3py otnuyaincs ot coBpemenHoro Connna (Ribas et al., 2010; Claire et al.,
2012). A TmMOCKOJBKY TOBEJACHHE W30TOMHBIX J(P(EKTOB, TEHEPUPYEMBIX MPH
¢doroaucconmamyn SO,, MPOSBISET CIEKTPAIbHYIO 3aBHCUMOCTb, TO OYEHb BaXKHO
OBLIO JeTaJbHO M3YyYUTh 3aKOHOMEPHOCTH Pa3ZeeHHs] H30TOIOB Cepbl NPH (OTOIH3E
SO, mnox BO3JCHCTBHEM U3JIyYEHUS] W3 PAa3HBIX CIEKTPAIbHBIX JMalla30HOB.
HccnenoBanus Macc-HE3aBUCHMBIX H30TOINHBIX 3(P(EKTOB B 3aBUCHMOCTH OT 3THX
(bakTopoB IanyT HauboJee MOJHBIE U pealbHble OCHOBAaHMS Ul BHECEHHMS SCHOCTH B
pelieHne TpooiIeMbl — JeHcTBUTENbHO JH (oTonn3 SO, MOXHO acCOLMHPOBATH C
MCTOYHHMKOM H30TOIHBIX aHOMAJIUH Cepbl B apXEHCKUX TTOpOJIax.

s vccnenoBaHUsT 3aKOHOMEPHOCTEH (paKIMOHHPOBAHKS H30TOIOB CEphI
(328, 338, #S u 36S) B mporeccax ¢(orommza SO, OBUTH NPUMEHEHBI METOMBI
IKCIEPUMEHTAILHOTO MO/JICITUPOBAHHUS (hOTOXMMHUYECKHX MPOLIECCOB B
6eckucioponnoil atMochepe. POTOXMMUYECKNE PeaKIUy MPOBOIMWINA B PEAKIIMOHHON
s4yelike, M3rOTOBJICHHOH W3 ONTHYECKOrO KBapLEBOTro crekya. Yepes peakMOHHYIO
S4YeliKy MpOIyCKadu MOCTOSHHBIA MOTOK Tra3oBoil cmecu, Hampumep SO,+He.
Conepxanne SO, B raszoBoit cmecu SO,+He KOHTpoJMpOBanu € MOMOIIBIO
NPEIU3NOHHBIX PEAYKTOPOB I'a30BOT0 JABJICHUS U KallMUISIPHBIX TPYOOK.

B pabore Obutm uccienoBaHbl 3PQEKTH M30TOMHOTO (PpaKIMOHUPOBAHUS
cepol nipu (ortonmmze SO, melicTBHEM H3JIydeHHs C JuiMHAMH BOJaH A > 200 HM, a
UMEHHO B criekTpasibHOM HHTepBasie 200—400 HM. Bpiin M3ydeHbI KOppEISIIHOHHBIC
3aBHCHMOCTH MexKy Beauunuamu &>, A®S u A%®S B snemenraproii cepe — koHeuHsbIit
CTaObWIbHBIA MPOAYKT (oTroxumuueckoil peakuuu 3SO, + hv — 2S05 + S, rne hv —
sHeprus ¢GoToHa (KBaHTAa cBeTa). B 3TMX »KcmepuMmeHTax it obmyudenums SO,
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MPUMEHSUTA Pa3psiiHble TPYOKHM CEPUIHO BBIMYCKACMBIX JIAMIT PA3JIMYHBIX THUIIOB:
KCEHOHOBAasI JiaMIia, JAeHTepueBasl JiaMiia, PTYTHbIC JaMIbl BHICOKOTO MAaBJICHHS H
METaJUIOTAJIOTeHHBIC JTaMIbl. Ha puc. 6 TpeAcCTaBICHbl THIIMYHBIC CIIEKTPHI
pacmpesieNicHus] WHTCHCUBHOCTH W3IYYCHUS O3THUX THIIOB JIAMII, JUIS CpPaBHCHHS
npuBeieH crekTp nornomerns SO, B YO obmacT.

1.0

- (a) MeTtaiiorajorenHas
Jamna
Puc. 6 — (a) CoekrpanbHoe

pacrpesneneHie H3ITy4eHUs: PTYTHON
JaMnbel - BeIcOKoro pamnenus (Hg-
namma), aedTepueBoir Jammbl (D2
JlaMIa), KCeHOHOBOH (Xe) mammbl u
MetayuranorenHoit mammnbl.  CriekTp
Xe nammbl JOBOJIBHO OAHOPOICH B
Iana3oHe 200—400 HM. Y
JleHTepueBon JIaMIIb 3aMETHOE
MOBBIIICHUE WHTCHCHBHOCTH B
obmactn 300-200 ©HM. B cmektpe
W3ITydeHHs PTYTHBIX u
METaJUIOraJJOTeHHBIX aMn
npeobiaagaeT W3AydeHHe C ATMHAMHU
ot (0) BOJH > 250 HM.
Cnexrp noromenus SO2 (6) _ CHCKTp MOTJIOMICHUS SOZ
- (Keller-Rudek et al., 2013). Lisetom
- BBIZIEJIEHBl JIMAIa30HBl JUIMH BOJIH,
Sl s COOTBETCTBYIOIINE OCHOBHBIM
mosjocam  morsomenus SO, s
BU3yaJIbHOTO  COIIOCTAaBJIEHHS  CO
e g . ) . CIIEKTPAIbHBIMH ~ XapaKTEPUCTHKAMHU
200 250 300 350 400 TPUMEHSIEMbIX HUCTOYHUKOB
Jlnuna Bosns! (HM) H3JTYYCHUA.

08 -

06

OrtH. e

D2 namna
04 [

0.2

200 250 300 350 400
Jlnuna BosHe! (M)

5

[Mornomenue (eM™)

W3 puc. 6 BunHO, yTO MOJIEKyTsl SO, UMEIOT JOMHUHAHTHYIO TOJIOCY ITOTJIOIICHUS B
uHTEpBaie AauH BOJH ~ 200—240 HM (005acTh BbI/ICNIECHa CHPEHEBBIM LIBETOM) U OoJee
ciabyro nonocy B uHTepBaie ~ 250—330 M (kenrtast obnacts). M3ydass n3orornHble
3 dexTsl cepbl, NPOM3BOIUMBIE (POTOXUMHUYECKUMHU peakiusmMu SO, B ITHX
CIEKTPAIBHBIX 007acTsIX, OBUIO BBIICHEHO, YTO XapakTep KOPPENSIHOHHBIX
3aBUCUMOCTEH MEXAY BEIUYUHAMH 8%S, A®S u A*S B mpoaykrax Qotonmza SO,
3aBHCUT JIMIIb OT paclpeleNeHUs] WHTEHCHUBHOCTH W3IYYCHHS IO CHEKTPAITbHBIM
HMHTEPBaIaM U NMPAKTUYECKH HE 3aBUCUT OT MapaMeTpOB CPenbl (TeMIlepaTypa, CocTaBa
1 NapLUUaIbHOTO AaBJICHHS Ta30BbIX KOMIIOHEHTOB).
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Pe3ynbTaThl SKCIIEPUMEHTANBHOTO MOJAEIUPOBAHMS, IPOJAEMOHCTPUPOBAHHbBIE
Ha pHUC. 7, TOKA3allH, 4TO KOPPE/IAIMOHHAS 3aBHCHMOCTD MEKIy BetmuuHamu A®S u
A®S Bo BCEM jManas’oHe JaBICHUIA pSO, MoxeT ObITh OmnMcaHa NPSMOMN JIMHUEH C

36 /233
HakJIoHOM A™S/A™S = —3.78, ecnu nzinydeHHe paBHOMEPHO BO BCEM CIEKTPAILHOM
IramazoHe (SKCIEPUMEHTHl ¢ Xe jamroif). OgHako 3Ta 3aBUCUMOCTH IpHOOpeTaeT
npyroii HakmoH A*S/A®S = —1.69 npu yBenMdUeHHH HHTCHCHBHOCTH H3JIy4CHHH B
JMana3oHe JUIMH BOJIH > 250 HM (9kcniepuMenTsl ¢ Hg mammoit).
20
10 | <O Xe-nammna
|  Hg-nanna Puc. 7 o 3KCH6pHM6HT3asJIBHBIC
PR . A nannble A®°S oTHOcHTENnbHO A™S mis
)
i\g, a0 | 3JIeMEHTapHOU cepbl, TPOJTyKTa
»n ¢doroxnmuueckux  peakuid SO,
© - o ~
X 20 e MOJIy4€HHOH B 3KCIEpHMEHTax ¢ Xe U
30 f iy Hg wucrounuxkamu wusmydenuil. Jlns
a0 | ‘O%; CpPaBHEHUS MPUBEAEHBI apxelckue
y=-1.69x : TPEHIBI, 0003HaYCHHBIE
-50 IIYHKTUPHBIMU JIUHUAMU C HAKJIOHOM
10 0 10 2 0 A®SIA¥S = 0.9 n-15.

A%3S (%0)
BriBOg 0 3aBUCUMOCTHM HAaKJIOHAa U30TOIHBIX TPEHJOB OT OTHOCUTEIILHOIO
pacripesieieHHsI MHTEHCHBHOCTH M3JIyYeHHMS 10 CHEKTpy ObUT MOATBEpXKIEH B
SKCHEPUMEHTAX C JPYTMMHU THIIAMU HCTOYHHUKOB. Pe3ynbTaThl 3THX 3KCIEPHUMEHTOB

MIPeACTaBIICHBI Ha PHC. 8.

25 20
20 10
15 0
—~ )
B £
g 10 < 10
L 5 &L 0 |
% % :
0 301 Pey,
<l a0 | y=-378  y=-169x > e
10 i ‘ s s -50 :
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Puc. 8 — Dxcrepumentansusie ganusie A*S ormocurensuo A*S (a) 1 A®S ornocutensro §%S
(6) 1t oeMeHTapHOM cephl, MOMYYCHHOH B (POTOXMMHUYECKUX IKCHEPUMEHTAX C Pa3IUIHBIMU
HUCTOYHHKaMU n3mydenus (A> 200 Hm).
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OKCHepUMEHTHI TIPOBE/ICHBI B OIPaHUUEHHOM Juana3one aasienuit SO, (40 < pSO, <
80 M0ap), MOCKONBKY, KaK CIIEAyeT W3 paHee IONyYEeHHBIX NaHHBIX, KOI(PQOHUIHEHT
HaKJIOHAa W30TOMHBIX TPEHJOB HE 3aBHCUT OT mapuuaibHoro nasieHust SO,. beum
BBISBJICHBl  OOIIME TEHICHIMM B  IOBEICHWM W30TONMHBIX TPEHAOB: MpHU
MIOCJICIOBATEIPHOM CMEINEHHH MaKCHMyMa HHTCHCHBHOCTH H3JIyYCHHS B CTOPOHY
mmHHEBIX BoH (oT 200-220 M — 250-330 mmM — 350—400 HM) yrioBoit
K05 GUIMEHT MEHSET CBOH 3HAK, TAK YTO JMHHH M30TONHEIX TpeHmoB A**S-A%S u
A®S-3%S eMOHCTPHPYIOT TOBOPOT BOKPYr Hadana KOOPIMHAT MPOTHB YacOBOW
CTpenKd. B maHHBIX OSKCHEpUMEHTaX  ObUIO  BBIAICHEHO, 4YTO  HAKJIOHBI
9KCIIEPUMEHTAIBHBIX M30TOIHBIX TPEHI0B MOT'YT COBIQ/IaTh C HAKJIOHAMH apXEHCKUX
tpernos mu6o mis A*S/APS, mi6o mim A*S/6%*S ormomennit. Bocnpomssectu ke
OTHOBPEMCHHO H ABS/A®S u ABS/53S apxeiicKue OTHOIICHHWS B OJHHX M TEX JKe
YCIIOBUSIX HEBO3MOXHO. TeM caMbIM JI0Ka3aHO, YTO H30TOITHBIC aHOMAJIUU CEpbl B
apXeHCKHUX IMOpOoJax HEe MOTYT OBITh clelCTBUEM (GoToXxuMHu4Yeckux peakuuid SO,
MHHAMHPYEMBIX BO3JCHCTBHEM H3ITyYCHUS MCKIIOYUTENIFHO B TUANIA30HE JJIMH BOJH A
> 200 uM. OT0 naéT ocHOBaHWE s mepecMoTpa mpusstoro nocrymara (Whitehill,
Ono, 2012; Ono et al., 2013) o mnpeHEOPEKUMO MAJOW POIU KOPOTKOBOIHOBOTO
m3nyuyenus (A <200 um) mig poroxummdeckux peakiuii SO, B apxeiickoi atmocdepe.

Bo3MoXXHOCTh pacro3HaTh WCTOYHWK H30TONHBIX aHOMAJIMH B apXeHcKHux
MOpoJiaX CYHIECTBEHHO DPACIIMPSETCS NPU Hepexone K (POTOXMMHYECKUM pEeaKiusiM
SO,, HHUIUHPYEMBIM KOPOTKOBOJHOBBIM (A < 200 HM) m3nydenueM. s 3toro Obun
MPOBEIEHBI JKCIEepUMEHTH 1o (oromm3y SO, ¢ NPUMEHEHHEM PTYTHOM JIaMITbl
HU3KOTO JIaBJIEHUS], TEHEPUPYIOLIEH JUCKPETHOE U3yYeHUe Ha JyIMHaxX BoJH 184.9 um
1 253.7 M. Pe3ynbTarhl 3KCIIEpUMEHTOB MpHUBEIEHbI Ha puc. 9.
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Puc. 9 — DxcnepumenTanbubie ganabie A®S otHocuTensHo 8%S (cneBa) u A*®S otHOCHTENBHO
A®S (cnipaBa) U3 DKCIIEPUMEHTOB 110 (poTonn3y SO, B KOPOTKOBONIHOBOI (A ~ 184.9 HM) 06nacTy
u3nydeHui. s cpaBHEHUs [IOKa3aHbl apXEHCKHUE TPEH/IBbI IITPUX-IIYHKTHPHBIMH JTHHUSIMH.
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Okasanoch, YTO XapakTepuCTHKH m3oTomubix osddexror %S, A¥S u A¥S
CYIIECTBEHHO HM3MEHSAIOTCS TPH TEepexojie W3 CHeKTpanbHO# obmact A > 200 HM B
KOpPOTKOBOJIHOBYI0 00acTh A < 200. Tak doronmuz SO, B obxactu 1uymH BoiH A > 200
HM NPOIYLIMPYET SIEMEHTApHYIO cepy, 000raméHHyo n3otornoM S (8%S > +100%o)
Mo OTHOMIEHHUIO K ucxomHomy SO,, a ¢poromu3 SO, B obmactu auuH BoaH A < 200 HM,
HAMPOTHB, MPOAYLHPYET o0eaHEHHYI0 m30TonoM oS (8*'S < —300%o) meMeHTapHYIO
cepy. MarHuTyna H30TOINHBIX aHOMaJUui ABS u A*S B 30-40 pa3 Oombie mpu
¢oromze SO, B obmactu A < 200 HM, 9eM B 00IaCTH U3ITYICHHUS C INTHHAMH BOJH A >
200 HM. DTO TOBOPHT O TOM, YTO CHEKTPAIBHBIN COCTAaB M3IYUYEHHUS U HHTCHCUBHOCTH
CIEKTPAIbHBIX KOMIIOHEHTOB SIBJSIFOTCSl KJIFOYEBBIMH (DAKTOpaMu, BIMSIONMMU Ha
XapakTep paclpelelieHHs U30TOIOB cepbl B (oToxumuueckux peaknusix SO,. Kpome
TOTO, 3TH O3KCIIEPUMEHTHl MOKA3aJM, YTO KOPPEIALHOHHBIE 3aBUCHMOCTH MEXIY
semmunnamu 5°'S, A®S u A¥*S npu doronmse SO, B KOPOTKOBONHOBOM JHANA30HE,
paBHO Kak M B 0ojee JUIMHHOBOJHOBOM [HAaNa3oOHE W3Iy4eHHH, HE COrJacyroTcs C
TaKOBBIMH, WMEIOIIMMH MeCTO B  apxeiickux mopojax. OpnHako, 3TH
9KCIIEpUMEHTaIbHbIE  (AKTBl HE  SBIAIOTCS  OJHO3HAYHBIM  OIPOBEPKEHUEM
npezcrasicHus o (otonuze SO, Kak O (POTOXUMHYCCKOM HCTOUYHHUKE H3OTOIMHBIX
aHOMAaJIMH B APEBHUX Nopojax. HanpoTus, oHK 1al0T 0ObEKTHBHBIE TPEIIOCHUIKA A
YCIICIIHOTO pa3penieHuss NpoOseMbl 3a CU€T CIOXEHUS H30TONHBIX 3(deKTos,
BO3HHKarOIuX mpu poronuse SO, B pa3HBIX CIEKTPATIHHBIX 00IACTSIX.

Jdnst  pemwieHuss 3TOH  mpoOjeMbl  ObUIM  M3Y4€Hbl  3aKOHOMEPHOCTH
(pakIOHUPOBaHUS MU30TOIOB cepbl MpH (oTosmze SO,, HHUIMHPYEMOM JIEHCTBHEM
W3JIy4eHNS! W3 KOPOTKOBOJIHOBOTO M JUIMHHOBOJIHOBOTO JWAlla30HOB coBMecTHO. C
ATOM 11EJbI0 ObIIIM BBHITIOJIHEHBI YKCIIEPUMEHTBI, B KOTOPBIX MPUMEHSUIUCH CIIEYIOIINE
UCTOYHWKN u3nydeHuit: (1) Hg mamma HU3KOTO NaBIGHUS COBMECTHO ¢ Xe JIaMIOH
(Hg+Xe askxcnepumentsl) 1 (2) Hg maMma HU3KOTO JaBICHHS COBMECTHO C JIa3epHOMN
cucremoit UP-213 (Hg+UP-213 skcmepumentsi). B 3kcrmepuMeHTax yCTaHOBJICHBI
3aKOHOMEPHOCTH TOBEJCHUS M30TOIHBIX 3()()EKTOB B 3aBUCHMOCTH OT MHTEHCHBHOCTH
Hg-u3nyuenns. Ha puc. 10 mpencrasiens! pesynpTathl Hg+Xe skcriepuMeHTOB.

DKCIEepUMEHTHl  TI0Ka3ajH, 4YTO, BO-NEPBBIX, HMEET MECTO JIMHEeWHas
3aBUCHMOCTh MEXIY OTHOIICHHEM H30TONMHBIX 3((EKTOB M HWHTEHCHBHOCTHIO
CIEKTPAIbHBIX KOMIOHEHTOB IIPH OCyIiecTBiIeHnH ¢oroauza SO, B CHEKTpaIbHOU
o0JiacTh, MOKPHIBAMOUIEH KakK JUIMHHOBOJIHOBBIH, TaK M KOPOTKOBOJIHOBBIM IHMana3oH
u3nydeHnii. Bo-BTOpPBIX, SKCIIEPUMEHTANIBHBIC TPEH bl HIMEIOT MepeceueHHe C TMHUSIMU
apxeHcKux TpeHIoB. B paboTe moka3aHO, 4YTO OOHapyKeHHas 3aBHCHUMOCTB
OOBSCHSIETCS CIIOKEHUEM HM30TONHBIX 3(QeKToB, OTBEHarOmuX mporeccaM (GoTonmsa
SO; mno MexaHusmMy InpsMoOi Jucconmanuu Moiekyn SO, B pe3ynbTare
B3auMOJeHCcTBUS ¢ GoroHamMu A < 200 HM, MO0 MEXaHH3MY NPEIANCCOIUAIH TIPH
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B3aumozeiicteun SO, ¢ ¢poronamu A = 200—220 HM 1 MexaHU3MY (GOTOBO3OYKICHUS
SO, mznyuenunem ¢ mmmHaMH BoH A = 250—400 M. [Ipnm sToM OOmMH H30TOITHBIN
apdekr  ompenensercss  CKOpocThlo  (doroxumuueckux — peakmuid SO, B
COOTBETCTBYIOIINX CIIEKTPAIBHBIX AUAIIa30HAX U3ITyYCHUSI.
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pSO, X 1013 mbap X 170mb6ap X 70 mb6ap

Puc. 10 — OtHomICHHE MEXKIY A%S u §¥S (a) ¥ OTHOILICHHE MEXKIY A%S u A¥S (0) nms
aneMeHTapHoi cepbl (mpoaykt ¢orommza SO,), monyudenHoit B Xe+Hg skcnepumentax. B
9KCHEPUMEHTaX YMEHBIIAIN WHTCHCUBHOCTh Hg-W3IIydeHus, OCTaBIsiE TMOCTOSHHBIM Xe-
n3nydenue. [Toka3zaHbl M30TOIHBIE JaHHBIE U3 dKcrepumeHToB npu pSO,=1013 mbap (cuHue
kpectuku), pSO,=170 mbap (3enénsie kpectuku) nu pSO,=70 MOap ((hHONETOBHIE 3BE3TOUKH C
nomepamu 1, 2 u 3). Jlis cpaBHEHHS] NPHUBEICHBI TaHHBIE M3 JKCIIEpUMEHTOB ¢ Hg mammoit
(cuHME TpPEeyronpHUKHM) M Xe JaMnoil (KENThle TPEYroJbHHKH), a TAKXKE JIMHUHM apXeHCKHX
TPEH/IOB.

AHanoru4Hele 1o CBOEH cyTH pe3yabTaThl OblaM moxydeHs! 1 B Hg+UP-213
SKCHEpUMEHTaX. OJTO0  JaéT  BO3MOXKHOCTH [0  HAa4YaJbHOMY  COCTOSIHHIO
(hOTOXUMHYECKOW CUCTEMBI ONPEACITHTh TE€ 3HAYCHHS NApaMETPOB, MPU KOTOPBIX
JOJDKHO HAONIONATBCS COTJacue MEXIY OSKCICPUMEHTAJIbHO MOJYYCHHBIMH U
apxeiicknmu  otsomenmamn  A¥S/6MS . A®S/A®S. Tlostomy, ommpascs Ha
ycranosneHnbie B HgtXe u Hg+UP-213 skcnepuMeHTax 0O0IHe 3aKOHOMEPHOCTH, a
TaKXKe BOCIIOJIB30BABIIUCH JAHHBIMU U3 3KCIIEPUMEHTOB 110 (oTonmmsy SO, nericTBuEM
manydenust A = 193 um (Farquhar et al., 2001), ymanock mokasaTh, Y4TO H30TOIHBIE

3hdexTsl, mpomyrupyemple B (QOTOXUMHUYECKUX peakiusax SO,, NeHCTBUTEIBHO
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XOpOILIO YAOBJIETBOPSIOT apXEHCKUM COOTHOIICHUSAM ABS/5¥S u APS/ABS pu
OTpeIeNIEHHbIX yeIoBusax (puc. 11).

B pabore nokazaHo, 4TO BO3/EHCTBUE M3ITYyYECHUS C JJIMHAMH BOJIH A<200 HM
Ha SO, sBisercs 00s3aTeIbHBIM YCJIOBHEM JUI NPOIYLMPOBAHUS HM30TOMHBIX
3¢ ¢exToB, MOTOOHBIX TeM, KOTOpHIE HAONIONAIOTCS B apXeMCKWX MNOopoAax. ITO
YCIIOBHE BIOJHE PEANTMCTHYHO JJISI apXeHcKoi aTtMocgepsl, 4To 00ycIoBIeHO Ooiee
cuibHOM smuccuerd Y@ uznydenus ConHia B apxee M0 OTHOLICHUIO K COBPEMEHHOMY
CoxnHaiy. Bmecre ¢ TeM mony4eHHBIE SKCIIEPHMEHTAIbHBIE (DaKThl CBUACTEIBLCTBYIOT O
TOM, 4TO B apxeiickoe Bpems copepkanue SO, B cTo0e aTMOC(HEpHOTO BO3/AyXa MOTIIO
cocrapmate 1.9x10™ monexyn/cm’. Mmenno Takoe comepxanue SO, oTBeuaeT
napiyaisHoMy naBieHuto SO, B dKCIEepUMEHTalbHOM MonenupoBanuu (pSO, = 70
MOap) Mpu KOTOPOM OBUTM IOJYYCHBI apXeicKue XapaKTepHCTHKH H30TOIHBIX
sdpdexroB §*S, A®S u A®S. Dro Bmomme peamncrmunoe coxepxkanme SO, B
aTMocdepe Ha paHHUX dTanax Pa3BUTHS 3€MJIM B MEPHOIbI aKTHMBHOTO BYJIKaHHM3Ma
(Kaltenegger and Sasselov, 2010).
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Puc. 11 — Wzoronnsie sdpdexrsr A®S otrocurensro 8*S (a) u A®S ornocurensro A%S (6),
npoayuupyemsie pu potonuse SO, B skcniepumenTax ¢ Xe iammnoi, B Hg+Xe sxcrepuMenTax u
B okcrepumentax (Farquhar et al., 2001) ¢ ArF skcumepubim mazepom. Homepa 1, 2 u 3
MapKUpYIOT Te K€ JaHHbIe, YTO Ha puc.10, mony4eHHble PH OCIA0NICHHH CBETOBOTO MOTOKA OT
Hg nmamner Ha 90% (HOMmep 1), 95% (Homep 2) m 98% (Homep 3). IlyHKTHpHAas JIHHHS
NpeJCTaBIsAeT JIMHUIO — (PAaKIMOHUPOBAaHUS HM30TONOB cepsl npu  dorommse SO, ¢
UCroNib30BaHneM Tpex ucTouHukoB (XetHg+ArF) ceera. JIuHus (QpakimOHUPOBAHHUS U JIHHUS
apXelCKOro TpeH/1a NepeceKaroTCs MpH A®S = 43%o (KpyT KpacHOTO LIBETa).

TakuM  00pa3oM,  METOJIOM  OKCIEPUMEHTAJIBHOIO  MOJCIUPOBAHUSA
¢doroxummueckux peakiuuii SO, B OecKUCIOpOIHOH arMocdepe IOKa3zaHO, YTO
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npouecchl ¢portonuza SO, MOryr OBITH aCCOLUMHUPOBAHBI C MCTOYHUKOM HM30TOIHBIX
aHOMaJMi cepbl B OCAAOYHBIX INOpPOJAAX apXEHWCKOro Bo3pacra. TeM caMbIM JIaHO
OINIPOBEPIKEHHUE CJIOXKMBIIEMYCSl IPEACTABICHUI0 O HEBO3MOXKHOCTH OOBSCHHUTH
MPOUCXOXK/ICHHE MacC-HE3aBHCUMBIX M30TONHBIX (P(EKTOB B apXEHCKHX MOpPOoAax B
pamkax  atMoc(epHBIX  (QOTOXHMMHYECKHX  mporeccoB ¢  ydactuem  SO,.
OKCIIeprMeHTaIbHBIE JTOKAa3aTeNbCTBA TOTO, YTO M30TOIHBIC aHOMAJIHH CEPbl UMCIOT
(OTOXMMHYECKYIO0 TIPUPOJY CBOETO IPOMCXOKACHHS, IO3BOJIMIIM IIPEOIOJIETh
COMHCHUS W 3aTPYAHCHUS B IPU3HAHUM UX CBHICTEIBCTBOM U IPH3HAKOM OTCYTCTBHS
CcBOOOTHOTO MOJIEKYJSIPHOTO KHCIIOpOJa B apxeiickoii atmocdepe. BrricHeHO, d9TO
msotonusie otuomenns A®S/56%S u A®S/A®S, suauenus KoTOPHIX YIOBIETBOPSIOT
apXEHCKUM XapaKTepUCTUKaM, OOYCIIOBJICHbI COBOKYITHOCTBIO (DOTOXMMHUUYECKHX
HPOLIECCOB, TA¢ KIFOYEBas POJib NPHHAIUICKUT BO3ICHCTBHIO H3IY4YCHHS C JUTMHAMH
BoiH MeHee 200 HM. J[0CTYIHOCTH KOPOTKOBOJHOBOTO H3JIy4eHUs Ul (POTOXHMUH
SO, B apxeiickoii arMocdepe OOBICHICTCS OCOOCHHOCTSAMH  CIEKTPaIbHBIX
xapakTepucTuk m3nydeHus ConHua B apxee. BoccTaHOBHTENbHBIC M WHEPTHBIC Ta3bl,
HPEIITOJI0XUTEIILHO BXOJUBIINE B COCTAB apXEHCKOIl aTMOC(EpBI, MOTJIH BIIUATH JIHIIb
Ha 3QPEKTUBHOCTh (POPMUPOBAHKS KOHSYHBIX MPOAYKTOB (oTonusa SO,, HO HE HAa UX
H30TOIHBIHI COCTAaB.

I'maBa 4. DxcnepuMeHTaJbLHOE HccaeAoBaHMe 3(PPeKTOB Macc-He3aBHCUMOIO
(pakuMoHHpOBaHUA HM30TONOB KHCJI0POJA (A0) npu ¢opmupoBannu H,O, B
(oTroxumuueckux nmpomeccax

B uerBépToii IiIaBe NpeNCTaBIEHBI PE3YJIBTAThl M3YUCHHS 3aKOHOMEPHOCTEH
(hpaKIIMOHUPOBAHUS H30TOMOB KHCIOPOAa 0,0 u"0 B nporeccax ¢porommza H,O B
6eCKHUCIOPOAHBIX aTMOC(HEPHBIX YCIOBHUSX.

Kak Oputo TmokazaHo B mpenslaymed riaBe, Y@ m3mydeHme B
KOPOTKOBOIHOBOH (A< 200 HM) 0OJIacTH paccMaTpHBaeTCsl KakK KIIFOYEBOH (PakTop B
WHULNMUPOBAHUK (POTOXMMHYECKHX TIPOLIECCOB B apxehckoil armocdepe. IT0
JIOITyCKAaeT BO3MOXKHOCTh TNPOTEKaHWS HWHTEHCHBHBIX mporeccoB ¢ortommsa H,O B
OecKUCIIOpOoIHOM  apXeHcKol aTMocdepe, HMEIOIIMX pe3yibTaToM o0pa3oBaHHE
nepokcuga Bogopona H,O, — KOHEUHOro CTaOMIBHOTO MPOAYKTa (POTOXUMHYECKUX
peakuuit ¢ ydactueM moisekyn H,O. Ilepokcua Bomopoma cuuTaeTcs BaKHEHITUM
KOMIIOHEHTOM T'€OXMMHUECKUX IMKIOB B apXxelckyro 3py: ucrounuxkom H,0, mornu
ObITH aTMoc(epHble (POTOXMMHUYECKHE PEaKIMU C yJacTHEM HapoB BOJBI, & CTOKOM —
MPOIIECCHl OKHCIICHUS BYXBAJICHTHOTO jKejie3a B aHOKCHJIHBIX MOPCKHX OacceifHax
(Kasting et al., 1984; Kasting et al., 1985). B reoxumuueckom acrnekre poiab H,O,
MMEeT NPUHINIHAIGHO BaKHOE 3HAYEHHE ISl IOHUMaHHU U OOBSICHEHHUS TPOLIECCOB,
CBSI3aHHBIX C BO3pPacTaHWEM CBOOOJHOTO MOJIEKYJISIPHOTO KHCIOpPOAa B paHHEH
aTMoc(epe U €€ MepexoJoM OT BOCCTAHOBUTEIBHOTO K OKHCIHTEIFHOMY COCTOSTHHIO
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Ha pyOexe apxes u mporeposos (Liang et al., 2006). 'umore3a Jlsma (Liang et al.,
2006) mpexamonaraetT (pOTOXMMHUYECKYIO TPHPOAY TpoucxokaeHust O, B MepBUYHOM
atMoc(epe 3emsn. CyTb IMIIOTE3bI 3aKIIIOYAETCS B TOM, YTO I0J] ICHCTBUEM KECTKOTO
yIbTpauOIETOBOr0 M3IY4EHHs, IPOHMKAIOIIETO0 IO IIOBEPXHOCTH 3eMid B
OTCYTCTBHE KHCIOPOJa M 030HOBOTO CJIOS, IPOUCXOIHMIH (POTOXUMHUIECKUE PEAKIIUH C
y4acTHEM MOJIEKYT BOJBI, NPUBOISIINE K OOpa3oBaHUIO IMEpOKcHAa Bopopona. Bo
BpeMs obuieruiaHerapHoro noxononanust, H,O, KoHAEHCHpOBAJICS M HaKarjIuBajiCs B
3aMOpPOKEHHOM COCTOSIHUM B JIeIJHOM mokpoBe 3emun. Ilpm HacTymuieHun
MOTEIUICHUST U TasgHUS JegHukoB, H,O, BeicBOOOXTancs u auccounupoBan Ha O; #
H,0, Tem cambiM oOoraiast atMocepy KUCIOPOAOM.

I'noTesa mosy4yuia Obl BeCKOEe MOATBEPKICHNE, €CIIH Obl YIaJ0Ch Ha OIBITE
nokasarb, uto H,0, neHcTBHTENHHO MOXKET OBITh CHHTE3MPOBaH B TIa30-(ha3HBIX
nporieccax (ortomuza H,O B Oeckuciopomnoit armocdepe. HMmerorumiics x
HacCTOAIEMY BPEMCHU BKCHepHMCHTaHLHbIﬁ Mmarepuali CBUACTCIBLCTBYET (0]
NPUHIUITHAIEHON BO3MOXKHOCTH oOpasoBanus H,O, B mponeccax ¢orommsza H,O, HO
JUISL €r0 CTaOMIM3aIlli HEOOXOJMMBI SKCTPEMAIbHO HHU3KHE TEMIICpaTyphl, HE BBIIIE
—180°C (Rodebush and Wahl, 1933; Rodebush et al., 1947; Jones et al., 1969; Arnau
and Giguére, 1975; Savarino and Thiemens, 1999). HescubiM ocTaércst BOmpoC,
CYIIECTBYIOT JIM ITyTH W MeXaHu3Mbl GopmupoBanus H,O, B ycioBusx, OTBeHarOUM
nporekanuto ¢Goroxumuueckux peakuuii H,O B OGeckuciiopogHoi —apxenckon
aTtMocdepe, To ecTh B ra3o-(a3Hbix (OTOXUMHUYSCKUX PEAKIUAX MPH PEATUCTHYHBIX, a
HE SKCTpeMalbHO HU3KUX Temieparypax cradbwnmsanun H,O,. Kpome toro, moruuno
peAnoNokuTh, 910 (oTtomms H,O, tak xe kak u Qoromm3 SO,, Oymer umersh
Pe3yJIbTaTOM NPOIYIHPOBAHNE MACC-HE3aBUCUMBIX U30TOIMHBIX 3P (PEKTOB B KOHEUHOM
npoaykre H,O,. Ecmu 3T0 Tak, To KHCIOpOJ, MOCTYHAOMMK B atMocdepy 3a cuéTr
paznoxenuss H,0,, nomwkeH HacienoBaTh Macc-HE3aBHCHUMYIO H3OTOIHYIO METKY
HNCTOYHHKA CBOCTO TMPOUCXOXKICHUA. COXpaHeHI/Ie 3TOM METKH B OKCHaax u3
MaJeonpoTEPOIOUCKUX KEJIE30PYIHBIX OTJIOKEHUU TpeCTaBIsET coboit
MOTEHIMAJIbHYI0O BO3MOXKHOCTH JUIS HJICHTU(QHKAIMM KOHKPETHBIX IIPOILECCOB,
OTBETCTBEHHBIX 32 OKCHT€HH3aIUIoO MepBUYHON aTMmochepsl 3emun. [losTroMy oueHb
BOXHO OBUIO M3Y4HTh BO3MOXKHBIE myTH (opmupoBanus H,O, B GeckuciopomHoi
aTMoc(epe M OICHUTHb BO3HHMKAIOMIKE NPH 3TOM HPPeKTs (paKIMOHUPOBAHHS
M30TOIOB KUCIOPOIa 160, Y0 u ¥0.

B nmamHO#l paboTe OBIIM TNPUMEHEHBI METOABI JKCIEPUMEHTAIHHOTO
MoJenupoBaHus npoueccoB ¢orommza H,O. B skcnepuMeHTaNbHBIX cHCTeMax ObLIn
CMOJICIIMPOBaHBI ycioBusi oopazoBanusi H,O, B IPUCYTCTBUM CIEAYIOIINX OTACIBHBIX
aTMOC(EepHBIX Ta30B: MOJCKYJSPHBIA KHCIOPOA, OHOKCH] YIIepoJa, METaH, aproH.
ConepxaHue Ta30BBIX KOMIIOHEHTOB B MOJCIHPYEMOIl arMocdepe BapbHpOBald OT
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coteix noned % npo 100%. B skcrepumeHTax ObUTM 3a/€HCTBOBAHBI ClleIyOLIHE
METOABI HHUIUUPOBAHUS (DOTOXUMUIECKOHN peakIiu: Mo/ NeHCTBHEM HIIEKTPHIECKOTO
paspsna u moj NEeHCTBUEM KOPOTKOBONHOBOro Y®-m3myuenus Ha moiaekynsl H,O. B
NpUpOJEe Ta30BBI pa3psii W COJHEYHAs paguanusi SBJISIIOTCS  OCHOBHBIMHU
€CTeCTBCHHBIMH MOIIHBIMH HCTOYHHKAMH HW3JIYYCHHS, KOTOpOe OOYCIOBIMBACT
MPOTEKaHWE aTMOCQEPHBIX (OTOXMMHUYECKHX NporeccoB. B maHHON pabore ObLIH
TaKKe IIPOBE/ICHBI HCCIIEIOBaHMS pPa3IMYHBIX peakuuoHHbXx cucteM (H,O—He,
H,0-0,;, H,O—-CO,, H,O—Ar) Ha H30TOITHOM ypOBHE JJIS BBISBICHHS OCOOCHHOCTEH
M30TONHBIX 3(PQeKToB Kuciopona npu auccormannu H,O, a Takke (akTopos,
KOHTPOHPYIOLIMX XapaKTep H CTENeHb GPaKIHoHupoBanus u3otomnos 0, 'O u °0.

B pesyneraTe skcmepumeHTOB Mo aucconuanuu H,O B aieKTpuueckoM
paspsnge ObUT yCTAaHOBJICH Ba)KHBIA (PaKT — BO3MOXKHOCTH (DOPMHUPOBAHHS IEPOKCHIA
Bonopona H,O, mpu HopManbHBIX ycnoBuAX; crabuimmsanus H,0O, He 3aBucena ot
TeMIlepaTypbl, OHAa MPOMCXOAMIA JaXe NPU KOMHATHOM Temmeparype. JTOT (akt
OOBSCHAETCS TEM, YTO B HAIIUX DJKCIIEPUMEHTAaX, B OTIMYHE OT TPECABIIYIINX,
B030YxIEHHBINA mpoMexxyTouHblii kommieke [HOOH]* umen Bo3MOXHOCTh Tiepeaath
M30BITOK CBOCH SHEPrUM MapaM BOJBl W crabwim3upoBathes. I[lpucyrcrBue H,O
CIY)KHJIO JIOBYIIKOM Ui ruapodunsHoro mepokcuaa Bomopoxa (Locke and Shih,
2011), rae on umen BO3MOKHOCTD cTabuamsupoBarses (Thevenet et al., 2010). B stom
cly4yae Bech mporecc oOpasoBanus W crabunuzanmu H,O, 3aBepiiaercs yxe B
peakIMOHHOM Kamepe, a He Ha XouomHeIXx (< —180°C) cTeHKax JIOBYIIKH,
UCTIONB3YeMOR Uit cOopa MPOAYKTOB peakiuu. [103ToMy MBI MOTJIM HaONIOJaTh B
CBOHX J3KcrepuMeHTax oOpazoBanme H,0O,, He mpuberas K IKCTpEeMaTbHO HU3IKHM
TemmeparypaM. OT0 OOBICHAET Ka3ajloch ObI MPOTHBOPEYHBHIC PE3yJBTATHI MEXKIY
HaCTOSIIEH 1 6oJiee paHHIMH IKCIIEPUMEHTAFHBIMHU paboTaMu.

B pabore moOKa3aHO, YTO MAWCCOIMANMS MOJIEKYN BOIBI IPHBOAUT K
MOSIBJICHUIO THAPOKCHIBHBIX pamukanoB OH, pexomOuHarms kotopsix maér H,O,
yepe3 00pa3oBaHue HEYCTOMUMBOTO poMexkyTouHoro komriekca HOOH:

OH + OH + M — HOOH +M — H,0, + M, tne M — TpeThe Tei0, He0OX0UMOe ISt
crabmm3arun obpasoasiierocs kommiekca HOOH.

JIpyrum BaXKHBIM PE3yJIbTATOM JKCIIEPUMEHTAIbHBIX UCCIICOBAHUIN SIBIISIETCS
obHapyxxenue 3¢dexra Macc-He3aBUCUMOTO (HPAKIIMOHUPOBAHUS U30TOMOB KUCIOPOAa
(AY0) mupu dopmupoBanmn H,0, B GeCKHCIOPOAHBIX ycmoBHAX. ekt
XapaKTepu3yeTcsl IMOJOKUTEIbHOW BEIMYMHON OTKIOHEHHST OT JIMHAM Macc-
3aBHCHMOTO (paKIHOHHpOBaHHs, MarauTyaa A'O B cpeanem cocrasmia ~ 1.4%o. Ha
puc. 12 npencraBieHbl JaHHbIC U3 SKCIEPUMEHTOB C UCIIOJIb30BAHHEM 00pPa3I0B BOJIbI
M3BECTHOTO M30TOIHOTO COCTaBA KHCIOPO/A, OTIHYAIONIMECS MO 3HAYCeHHAM & 0.
[TockonbKy M30TOINHBIE [aHHBIE M3 HKCIEPUMEHTOB JEMOHCTPHPYIOT CTaOMIIBHO
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Bhicokme 3Hauenns A''O, mpuMepHO B TpM pasa mpesblmaiomme orerky A''O
KWHETHYECKOTO (DpaKIIMOHUPOBAHUS, TO HAJO0 IPHUHATH, 4YTO Npu (opmupoBanuu H,0,
(paKuMOHHPOBAaHHE H30TONOB KUCIOPOJAa MMEJO Macc-He3aBUCHMBIH Xapakrep. Uto
KacaeTcsi (pPaKIMOHMPOBaHKsS M30TOmoB O mpu (popmuposarmn H,0,, To maHHbIe
UCCIIEZIOBaHNI CBHUIETENBCTBYIOT 00 yMepeHHOM oboramennu H,O, aTum mzorornom
10 OTHOIICHHMIO K H30TOIHOMY COCTaBy &'°O B HCXOIHOW BOJE, PAasHHIA COCTABHIIA
0K0I10 2—4%o.

L Puc. 12 — (a) - OpaxuuoHnpoBaHue
[ y=0.526x+1.39 ,/’ \ (a) H30TOTIOB KHCIIOpoJia Yo
10 b ~. OTHOCHTEIHHO 51%0) npu
sl " - y=0528x tdopmupoBanuu H,O, u3 o6pasos
. g:;;gm;g sBoxel HyO(I), H,O(I) u HyO(ll)
g U — pasHoro U30TOIHOTO cocrasa.
25 ‘ ‘ ‘ ‘ ‘ DKCIIepUMEHTaJIbHbIE JaHHBIC JICKAT
-50 -40 -30 -20 -10 0 10 Ha owHAE  &'°0=0.52618"0+1.39.
180 (%o) Jlns  cpaBHEHUWsI TIpHBElIeHA JIMHHS
Macc-3aBUCUMOT0 (hpaKIMOHUPOBAHUS
H30TONOB KHCIIOpOJia
| e ©) §1%0=0.528115"0.
5 & 8 152 (6) - I'padux, KEMOHCTPUPYOIIHI
10 MarHutysly H30TONHOM  aHOMAaJUH
AYO B obpasuax H,0,, monydeHHbIX B
IKCHEPUMEHTAX c HCKPOBBIM
paspsaom B mapax Boael H,O(l),
05 | J H,O() u HO(l). B cpemnem
marautyna AYO = +1.4%. Jlna
-50 -30 -10 10 30 CpaBHCHUS MOKa3aHbl JaHHBIC,
8180 (%0) MONy4YeHHbIE U1  KOMMEpPYecKOit
0 H20(l) @ H20(Il) © H20(lll) & Kommepueckas H202 TNEPEKUCH BOJAOpOaa, MarHutyaa
H30TOMHON aHOMaH A0 = —0.4%o.

2.0

o
3]

o
<)

AYO (%)

'
=
o

Wrak, B HAUX 3KCICPHUMEHTAIBHBIX HCCICIOBAHUSIX BIICPBBIC ITOIYYCHEI
JI0Ka3aTeNbCTBa, BO-MEPBHIX, opmupoBanus H,O, B pesynsrare muccoruanuu H,O B
ra3oBoii aze B atMmocdepe, He comepKaiieii CBOOOTHOr0 MOJIEKYJISIPHOTO KHCIOPO/a
U, BO-BTOPBIX, YCTAaHOBJEH ()aKT MacC-HE3aBUCHMOTO (PpaKIMOHUPOBAHUS H30TOIOB
kuciopona npu ¢opmupoBannu H,O, B OGECKHUCIOPOAHBIX YCIOBUSIX, MAarHUTYy/a
nsotonHoi anomamuu A0 B H,0, cocrasuna ~1.4%o.

B pabore ObUIH BBISCHCHBI MEXaHU3MBI U (DAKTOPBI, BIUSIONINC HA BEIUIHHY
3pdexTa Macc-HE3aBUCHMOTO (PPAKIMOHUPOBAHUS HW30TOMOB  KHCIOpOAa IPH
dhopmupoBannn H,0,. Ilpexne Bcero Hamo OBLIO PENIMTH BOMPOC: MMEET JIH MECTO
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3aBHCHMOCTH BetuunHbl A'O 0T sHeprum akTuBamuu Monekysn H,O mpu coynapennu
UX C DJIEKTPOHAMHU WIIM TOTJIOIIEHHH UMM SHeprum cBeta. OT DHEPrHM aKTHBALMH
mozekyn H,O 3aBucnT MexaHm3M ux aucconuanui. [103ToMy HOTEHIMANBHO MOXKHO
OXHMJaTh, YTO 3TO OTPA3HUTCS Ha BEIMYMHE H30TONHBIX 3((exkToB B MHpogyKTax
nuccorparun H,O. DtoT Bompoc ObIT peléH B 3KcIiepuMeHTax 1o auccormanuun H,O
JIEWCTBHEM HCKPOBOTO, OAPbEPHOTO U TIICIOIIETO pa3psloB, a Takxke JeicTBreM YD
m3nydeHns. B pabore OBUIO MOKa3aHO, YTO MEPOKCHA BOJOPOAA XapaKTEPH3YeTCs
HATMYHEM H30TOMHON aHoManuu A''O BHe 3aBHCHMOCTH OT NPHUMEHSEMOTrO CIOcoGa
BO30YXKIICHHS M AUCCOLMAIIMH MOJIEKYJI BOJIBI, TO €CTh B PE3YJIbTAaTe MEpeaadyn SHEPTUU
IPU HETOCPEJCTBEHHOM CTOJKHOBeHHMH Monekynl H,O ¢ snekTpoHamMu W HMOHAMH
(37eKTpuYecKuii paspsil), WIM B pe3yiabTaTe MOIJIOMIEHHS JHEPrur (OTOHOB
(poTomuccoumanmss nox  geiictBueM  Y®-mznydenus). B obomx  ciyuasx
(hpakIOHNPOBaHNE M30TOMNA KHCIOpoa-17 mposBisieT OO XapakTep: OTKIOHCHNE
OT JIMHUH Macc-3aBUCHMOTo (paxiuuonuposanus (A''O) uMeeT MoT0KHUTeIbHbII 3HAK;
snauenns A'’O 0BONBHO GIH3KH Mexkay CcoGOM; OOLIME [MANa3oH BapHALMA
AY0 3akmouen B y3kux mpenenax oT 1.2%o 10 1.5%o. DTH pe3ynbTaThl YKa3bIBAIOT Ha
OTCYTCTBHE 3aBHCHMOCTH M30TOITHBIX MacC-He3aBHCHMBIX dpdekto A'’O oT sHepruu
AKTHBAI[MM MOJIEKYJI BOJIbl M, COOTBETCTBEHHO, yTEeH UX JNCCOIMAIINH.

JUiist IPOSICHEHHUS BOIIPOCA O BIMSHUK Ta30BbIX KOMIOHeHTOB Ha A0 B H,0,
OBUTH BBITIOJTHEHB! AKCIIEPUMEHTHI 110 aucconnanuu HyO neiicTBreM 371eKTpHIecKoro
paspsga B TPHUCYTCTBUU TaKUX Ta30BBIX KOMMOHEeHTOB kKak O, CO, wumm Ar B
paznuuHbiX KoHueHTpauusx. Cozxepkanne O, B Ta30BOM CMeCH BapbUPOBAIH OT
0.005% mo 25% mpu nposenenun H,0—0, skcniepumentoB; CO; — ot 0.6% mo 100% B
H,0—CO, skcniepumentax u Ar — ot 0.08% no0 100% B H,O—Ar skcniepumentax. Ha
puc. 13 u 14 npogeMOHCTPUPOBAHBI PE3YIbTATHI 3TUX IKCIIEPUMEHTOB.

Pe3ynbTaThl SKCIIEPUMEHTOB CBUJIETENBCTBYIOT O ciedylomeM. Bo-nepsbix,
s¢dextuBHOCT, nponynupoBanus H,O, He cTaHOBUTCSA HIKE, €ClM B armocdepe
NPUCYTCTBYIOT OKHCIHMTENbHbIE Ta3bl — MOJEKYJSIPHBIH KHCIOpPOJ Ha YPOBHE OT
0.005% no 25% wunm auokcup yrieponaa BmiIoTh 10 100%. Bo-BTophix, Hanuuue
OKHCJINTEJIBHBIX T'a30B HE TOJBKO HE IOJABISIET MArHUTyXy H30TOIHOW aHOMalnu
A0 B H,0,, HO, HAIPOTHB, GIATONPUATCTBYET €& BO3PACTAHHIO IMPH YBEIMUCHHUHM
konuentparuu O, 10 0.2% u CO, 10 45%. Ha ocHOBE 3KCIIEPUMEHTAIBHBIX TaHHBIX U
KOJIMYECTBEHHBIX OIIEHOK, CJICIAHHBIX ITyTeM IIOCTPOEHHMS KHHETHYECKOH MOJIENN
paccMaTpHuBaeMbIX IpolieccoB ¢ ucrosbzoanueM nporpammbsl KINTECUS, nokasano,
4yTO Uil peakiuoHHON cuctembl H,O0—0O, MMEHHO O030H SIBISIETCS TOMOJHUTEIbHBIM
MCTOYHHKOM H30TOmHON aHomamuu A0 B Hy0,. IIpomeccs! hopMUpOBaHUs 030HA 1
JeakTHBHpOBaHKs atomapHoro kucnopoga O('D) MOIEKyISPHBIM  KHCIOPOIOM
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00YCIJIOBIIMBAIOT HEJIMHEHHBIH XapakTep IPOSBICHUS H30TONHON aHOMalIuu AY0 B
H,0, B oTBeT Ha noBEIIIeHHE KOHIEHTparwu O,.

B peaknuonnoii cucteme H,O—CQO,, HanpoTHB, MPUHIUIHATIBHBIA UCTOYHHUK,
OTBETCTBEHHBIH 3a m3MeHeHme Marmutyasl AYO B H,0, cBs3aH ¢ mpomeccamu
muccormanud CO; — CO + O. Taxke BBIACHEHO, 4TO Arl, UMEIOIHUH CIIOCOOHOCTH
BIMATh HA MArHATYQy H30TOmHOro s(dexta AYO mpn opmupoBaHmE 030Ha, He
BBI3BIBACT M3MeHeHHil B MarauTyae AYO npu hopmuposanun H,0,.
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Puc. 13 — I'paduku, mokaspiBaroniue (a)
H3MEHEHHe H30TOMHOro coctaBa 820, (6)
MAarHMTy/BI H30TOMHON aHoMamuu A0 u
(B) comepxkanume H,O, B o0Opasmax wu3
JKCIIepUMeHTOB 1o aucconuanuu H,O B
3aBUCHUMOCTH OT KoHIeHTpaiuu O,, CO, u
Ar. JlaHHBIE 13 DKCHEPUMEHTOB C YHCTHIM
H,O noxa3aHHbIC B BHJIE JKEITOMN 3BE3/IbI.

3.0 —
(a) 02%  1.35%
=20
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< Kommerrpamz Oh Kommerrpams O
0.005% 25%
0.0 f X .
-15 5 5 15 B0
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—
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2 m *
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= Fomnzerpamz C0; Fommearpanms CO;
0.6% 100%
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20 -
S 10 - T & e '\
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£ Kommetpames Ar Kommerparmus Ar
100%% 0.008%
0.0 L
=20 -18 -10 -5 8l%0
Puc. 14 - TIpaduku, neMOHCTpUpPYIOLIIE

OTHOUIEHHE MEXIY AY0 u 80 B H,0, u3
JKCMEepUMEHTOB 10 auccormamun H,O B
npucyrctBun: (a) — O,, (6) — CO, u (c) — Ar.
CrIoNIHbIe JTUHUK TPESACTABISIIOT M30TOMHBIC
TPEHIBl TPH MOBBINICHUH KOHIICHTPAIIUH
ra3oBbIX KOMIIOHCHTOB B COOTBETCTBYIOIIUX
IKCIIEPUMEHTAX.
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[Ipucyrcreue  Ar  compsbkeHo  jmmb ¢ ddQekraMu  Macc-3aBHCUMOTO
(hpaxmmoHHpOBaHU M30TONOB Kuciopona B H,O,. Bmecte ¢ tem, pesymbrater H,O—Ar
9KCIIEPUMEHTOB YOEAMTENIbHO MOKa3bIBAIOT, YTO PELIEHHE BOIpOCAa O MEXaHU3Me,
MPUBOISIIEM K Macc-He3aBHCHMOMY (pakiuorupoaniio 'O B Hy0,, TOIKHO nexkaTh
BHE pPaMOK XOPOIIO pa3pa0OTaHHOTO NPEICTaBICHUS O KOJUIM3HOHHOW CTaOMIM3alun
BO30OY)XAEHHBIX KOMIDIEKCOB IPOMEKYTOUHBIX MPOAYKTOB peakuuu. Eciu Obl
crabuwmmzanus HOOH wnmena pesynbraroM Macc-He3aBHCHMMOE (ppakIMOHHpPOBaHHE
M30TOIIOB, TO m30TomHEI dext ATO mokasan Gl 3aBHCHMOCTH OT TMApTHEPA IO
CTOJIKHOBEHMIO. MeXaHW3M BO3HMKHOBEHHSI mM30TOomHONH aHomammu AYO B H,0,,
OYEBH/IHO, CYILIECTBEHHO OTINYAETCS OT MEXaHM3Ma KOJIM3HOHHOW CTaOWIIM3altu.

B pabore naHo 0OOCHOBaHME, 4YTO pELICHHWE BONpOCa O MeXaHH3MeE,
OTBETCTBEHHOM 3a BosHHKHOBeHHE 3(dexto AYO B H,0,, HaxoauTcs B pamkax
TEOPHH MAarHUTHOTO H30TOMHOTOo 3 dekra B paaukanbHbX peakuusx (Turro, Kraeutler,
1980; Buchachenko, 2001; Brocklehurst, 2002). OcHoBHast KOHIENIHMSI TEOPUU
paIMKaIbHBIX AP COCTOMT B TOM, YTO B3aUMOJCHCTBUS MEXIYy Napoil paIuKaioB
3aBUCAT OT DJICKTPOHHBIX COCTOSHUH PaIUKalIOB M SACPHBIX CIHMHOBBIX COCTOSHHUH. B
JAHHOW paboTe OBbLIO MOKa3aHO, YTO TEPMOMOJIEKYISIpHAS peaklus peKOMOWHALUH
paauKaioB OH+OH+M—H,0,+M IIPUBOJUT K MacC-HE3aBUCUMOMY
(bpakunoHHpoBaHHIO H30TONMOB KHUciopoxa B H,O, rae cenexTuBHOEe oborameHue
msotonom 'O B H,0, 06s3aHO HAIMYHIO HEHYJICBOTO CIIHHA Yy HW30TOMa Y0y,
CJIe/IOBATENILHO, 00YCIIOBIICHO S7IEPHO-CIIMHOBBIM H30TOMHBIM 3(deKToM.

DKcreprMeHTalbHble (aKThl, YCTAHOBJCHHBIE IPU HW3yYCHHH SIBICHUI
tdhopmupoBanus H,O, B OecKHCIOPOIHOM cpelie, UMEIOT CIIeAYIoIIee HanOoIee BaKHOE
3HAYEHHE JUIsl Pa3BUTHsI PEJICTABICHUH O Tpolieccax B YCIOBHSX paHHEl atMocgepsbl
3emun. DTO Kacaercs, MPEeXAe BCEro, SKCIEPUMEHTAIBHOIO 000CHOBAHHS HEKOTOPBIX
MOJICJIBHBIX pacyéTOB MO OLEHKE CcKopocTH mponyumpoBanus H,O, B apxelckoii
atMocepe. OTmeTuM, 9TO B pamMKax (POTOXUMUYECKOW MOJETH, MPEIJIOKEHHOW B
pabote (Pecoits et al., 2015), aBTops!l anpropu OTBepraroT mytd popmuposanus H,O,
no MexaHmaMy pekomOuHarmu OH paankanoB M CYMTAIOT OCHOBHBIM MEXaHM3MOM
pekoMOuHaIMI0 TepoKcHIbHbIX pamukano HO, (Kasting et al., 1984). IMockombky
npoayuupoBanre H,O, 1Mo BTOpOMY MeXaHH3MYy CEPbE3HO OrpAaHUYHMBACTCS TAKUM
akTopoM, Kak KpaiiHe HH3KOoe cojepxkanme kuciopoga (<107°) B mepBHuHOl
atMocepe, To u notok H,O, runorernyeckn nocrynasmuii U3 apxelickoit armocdepsl
1. D10 Ha
— pacuérHas
ckopocTh npoxyuupoBanus H,0,, HeoOxoammas Ui 0OeCleYeHUS IIOJHOTO
OKHCJICHHSI JKeJie3a, PAacCTBOPEHHOTO B JPEBHHX OKEaHaX, M IIOBBIICHHUS YPOBHS
cBOOOHOTO MOJIEKYJIApHOTO Kuciopona B atmoctepe 1o 0.1 6ap (Liang et al., 2006;
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Pecoits et al., 2015). Ha atom ocHoBanuu aBTOphI padoTel (Pecoits et al., 2015)
NPUXOAAT K 3aKIOYCHUIO, 4TO 3¢ ¢dekTuBHOCTh (opmupoBanus H,0, B apxeiickoii
aTMoc(epe OblIa HEJOCTaTOYHOW. JIaHHBIN BBIBOJ MPOTUBOPEYHT pe3yibTaTaM padoT
(McKay, Hartman, 1991; Liang et al., 2006; Haqg-Misra et al., 2011), B xoTOpBIX
aBTOpPBI OMNpEICIHMIN BIIOJHE JOCTAaTOYHYIO CKOpocTh mpoxynupoBanus H,0, B
apxeickoil aTMoc(epe, yIHTBIBas B CBOMX (DOTOXMMHYECKHX MOJEISIX ITPOIECCHI
pexomOuHanmu OH panukanoB. be3 skcriepuMeHTa IbHBIX UCCIEIOBAaHUKH HEBO3MOXKEH
OJTHO3HAYHBIH BBIOOP MEXKAY ABYMS Pa3lMYHBIMHU MOAXOAAMH K PEUICHHIO BOIIPOCa O
MexaHmsMmax mossrneHuss H,O, B mepBuuHoit atmocdepe 3emim. IlomyueHHble B
HacTosiledl paboTe OSKCIepUMEHTaJbHble (AKThl  SIBISIOTCSA, MO  CYIIECTBY,
JOCTaTOYHBIM OCHOBaHWEM JUIsi BbIOOpa B MOJBb3Yy (OTOXUMHYECKUX MOJIEINeH,
yUUTHIBatOInX mnponecchl Gopmuposanns H,O, mo mexanmsmy pexkombunammun OH
pagvKaioB, a 3HAYMT M NpU3HaHUS BaxkHoW poian H,0, kKak KOHTPOJIMPYIOLIETO
(baxTOpa SBOJIFOLMY I'a30BOr0 COCTaBa aTMOC(Ephl Ha PAHHUX dTaNax pa3BUTHUS 3eMIIH.

IMomumo Ttoro, uro mpomeccsl ¢opmupoBanus H,O, mo MexaHmsMy
panukanpHbeIX peakiuit OH+OH+ M — H,0, + M moaTBepKIeHB SKCIEPUMEHTAIBHO,
HaJI0 TIOHUMaTh, YTO UX NPOTEKaHHUE B apXelcKol atMocdepe MoxeT ObITh o0ecreueHo
TOJBKO TIPH  ONpPENENEHHBIX  YCIOBUSX.  YCIOBHEM,  ONaromnpHsTCTBYIOLUIMM
obpazoBanuto OH pamukanos B atmocdepe, sBisercs goctynHocth YO (A< 200 M)
M3JIYYeHUs Al quccoranui Mojiekya Bogast H,O + hv — H + OH. B pa6ote 0Obu10
MOKA3aHO, YTO YCJIOBHE JOCTYITHOCTH KOPOTKOBOIHOBOIO Y ® M3ITy4eHHUs CIpaBeiIuBO
HE TOJBKO MJJIsI NpoTeKaHus mpoueccoB (otosmmsza SO, KOHEYHBIM pPE3yJIbTATOM
KOTOpOTo sIBJIsieTCsl 00pa3oBaHue 31eMeHTapHO# cepbl Sg 1 SO3 ¢ XapakTepHBIM Macc-
HE3aBHCHMbIM H30TOMHBIM 3(dexkTom, HO U I TMPOTEKAHUS MPOIEcCOB (OTONIU3A
H,O, nmerommx pesynpratom obpasoBanme H,0,, kak okaszajock Takke ¢ Macc-
HE3aBUCHMBIM HM30TOINHBIM 3¢ dexToM. [IpoTekaHne o00MX MpPOLECCOB AOJKHO OBITh
obweanHEeHO 00mel nepBonpuunHON — Y® m3nmydenne CoNHIA B apXeMCKyl 3py,
MPEBOCXO/ISAIEE COBPEMEHHBI ypOBEHb, YTO IMO3BOJIAET C €IMHOW TMO3ULIUU
(hOoTOXMMHUYECKHX B3aUMOJICHCTBHUH B aTMOcdepe IMOoIOHTH K pacCMOTPEHHUIO MTpodiIeM
MCTOYHMKA KHCIIOPOZa B TEPBUYHOW arMocdepe 3emMiii M HCTOYHHMKA H3OTOITHOM
AHOMAJIMHU CEpPbI B apXeHCKHUX MOpoaax.

TakuM 00pa3oM, coueTaHHe 3KCIEPUMEHTAJbHBIX (PaKTOB, YCTaHOBJIEHHBIX
npu MojenupoBaHuu mpoueccoB ¢orommza H,O m SO,, naror nokaszaTenbcTBa B
HOJIEPIKKY THUIOTE3bl O (OTOXMMHUYECKOM HCTOYHHUKE OKCUICHM3ALMK TMEepBUYHOMN
aTMocepbl 3eMITH, acCOLMUPYIOLIMMCS C IPOLEcCaMH JTUCCOIMANNN MOJIEKYJ BOJIBI
(McKay, Hartman, 1991; Liang et al., 2006; Hagg-Misra et al., 2011). CnenoBareinbHo,
HET TPHUHIUNUAIBHBIX 3alpeToB Ha TO, YTOOBI pacCMaTpUBaTh IIEPEXOX OT
BOCCTAaHOBUTEIBHOTO K OKHCIUTEIBHOMY COCTOSIHUIO arMoc(epsl (CBHIETEIBCTBOM
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4YeMy SBJISICTCS HCUC3HOBCHHE M30TOIMHOW aHOMAJIMH CEPhl B IOPOJAX), KaK CJIEJCTBHE
nporeccoB aekomnozuun H,O,, HAKOIIIEHHOTO B JETHHKAX BO BpeMs TII00AIEHOTO
oNeicHeHHUS 3eMJIM, W TOCTYIUICHUs Oojbimoro komudectBa O, B aTMocdepy Mo
peakuuu pucnponopimonuposanus H,0,: 2H,0, — 2H,0 + O, (Liang et al., 2006).

I'moGamsHOE  oONEeneHEHWE W YBEIWYCHHE COACP)KaHUS  CBOOOIHOTO
MOJICKYJISIPHOTO KHCIIOpoJa B atMocepe — COOBITHS, KOTOpPBIE aCCOLUUPYIOTCA BO
BpeMeHH. [103TOMy MPUYHHHO-CIICJICTBCHHBIC CBSI3U MEXKIY ITHUMHU JIByMS COOBITHSIMHU
ObLTH TIpeonokerbl MHOTHME HccnenoBaressivu (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). Bricka3siBaroTcsi pa3Hble TOYKH 3PEHHS IO
BOMPOCY B3aMMOCBSI3U MEKAY TJI00aJbHBIM OJICICHCHHUEM M MOSBICHHEM CBOOOTHOTO
MOJICKYJISIPHOTO KHCIIOpoaa B aTMocdepe. CortacHO MPeanoI0okKEHHM, BBICKa3aHHBIM
B padotax (Pavlov et al., 2000; Kasting et al., 2001; Kasting, 2005; Kopp et al., 2005),
I00aTEHOMY OJICICHEHHUIO MPEANICCTBOBAIO OKUCICHHE aTMOC(EPHI.
Uctounnk BO3HUKHOBeHHs atMochepHoro O, B HaHHOM cCllydae acCOUUHUPYIOT C
OMOTEeHHBIM HCTOYHHKOM. OTMETHM, YTO B JIaHHOH IUCCEepPTAllMOHHOW paboTe He
CTOsIa IIEJIb Pa3pelINTh CIOPHI O MEPBOUCTOYHHKE — OMOTCHHOM WM aOHOT€HHOM
npoucxoxaennu O, B nepBuuHoi armocdepe 3emun. OgHako B paboTe MpUBEACHBI
yOeauTeTbHbIC SKCIICPUMEHTANBHBIC TOKAa3aTeIbCTBA B MOJB3Y TUIOTE3Bl A0MOTEHHOTO
npoucxoxaeHust O, B pe3ylnbTaTe paJAuKaJIbHBIX peakIuid B MEPBHYHOH aTMochepe
3emin. DKCHEPUMEHTHI MPOJCMOHCTPUPOBAIM BO3MOXHOCTH oOpasoBanusi H,O, B
pe3ynbraTe ra3o-(a3HeIX peaknuii pekomOuwHanmmu OH panukanoB, WHHIUUPYEMBIX
mpoIeccaMyl TUCCOIMAINU BOJBI B OSCKUCIOPOIHON aTtMocdepe, MOATBEPINB, TAKUM
o6pa3om, caMy OCHOBY (DOTOXMMHUECKOH MOJIEIH.

BecbMma nieHHBIM (DaKTOM, C TOYKH 3PCHUS UACHTH(DHUKAINN MPOUCXOKICHUSI
O,, saBuiOCH OOHApyXEHHE MacC-HE3aBHCUMOTO (PaKIMOHHPOBAHUS H30TOIOB
KHciopona B peaknusax pekomOuHarmu OH pamukamoB. DTOT ¢akT AaéT OCHOBaHHE
mojarath, 4To (poToxmMuuecku reHepupyemsrii H,O, B OGeckucmoponoi atmochepe
apxesi JIOJDKGH MMETh W30TOIHYIO METKY - M30bITOYHOE cozepkanne 'O, KoTopas
MOrJia I€peaaBaTbCsa U COXPAHATHCA B JPYTUX KUCIOPOA-COACPKANIUX COCANHCHUAX B
pe3yabTaTe OKHUCIMTEIBHBIX TpormeccoB ¢ ydactueM H,0, d9TO OTKpBIBAeT, IO
CYIIECTBY, HOBYIO MMOTEHIIMAIBHYIO BO3MOXXHOCTh HICHTU(HUIIIPOBATH IEPBOUCTOYHIK
noctyrieHus: O, B atMocepy Ha paHHUX dTalaxX Pa3BUTUS 3EMIIH.

I'naBa 5. U3oTonHble CBUIETEIbCTBA TNPOMCXOXKAEHHS CyabuaHoii cepbl B
apxeiickux Toamax @eHHOCKAHANHABCKOro IuTa u Cudnpckoii niardopmsel

B msiTo# T71aBe NpeICTaBICHBI PE3YNIbTAaThl UCCIEIOBAHUS MYJIbTHH30TOITHOTO
cocrasa cepsl (5°'S, A®S u A*S) B cynshunax u3 nopox u pya OEHHOCKAHIHHABCKOTO
mmra ¥ Cubupckoit miaatGopMbl C LENBIO BBICHUTH MPOCTPAHCTBEHHO-BPEMEHHBIE
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3aKOHOMEPHOCTH IposiBiieHNs] 3(PQEKTOB Macc-HEe3aBUCHMOTO (paKIMOHUPOBAHUS
m30TOnoOB cephl. Oco0oe BHHMaHHWE OBUIO YIEIEHO BOIPOCAM, OTHOCSIINMCS K
MCTOYHHMKAM Cepbl KOJTYEJAHHOTO PYIONPOSBIECHHUS B paccMaTpHBacMbIX OOBEKTax.
HoBble (akTel B COBOKYHMHOCTH oOecredaT pa3BUTHE HAIIUX TNPEJCTABICHUH O
KPYroBOpPOTE€ CEpbl B apxee, BKIOYas poib CyiabdaTa MOPCKOM BOABl H
COOTBETCTBYIOIINX MHKPOOHANBHBIX TPOIECCOB B (OPMHUPOBAHHM aAPXEHCKHUX
BYJIKAHOTEHHO-0CA/I0YHBIX CYJIb(MHUIHBIX MECTOPOKICHHH.

B mpenenax ®deHHOCKaHAMHABCKOTO IIHTa OBLI HCCIEAOBAH HW30TOMHBII
cocTtaB cepsl cynb(uIoB, JoKkann30BaHHBIX B Kapenbckolt u Koibckoi MpOBHHIMSAX.
Kapenbckast mpoBUHIMST — 3TO Haubojee KPyNHBbIH apXeWCKUH KpaToOH B BOCTOYHOM
yacTu PeHHOCKaHIMHABCKOro mura. OHa IMpeAacTaBiseT COOOH TUIHYHYIO TPaHUT-
3eJIeHOKaMEHHYIO 00J1aCTh, B 3€JICHOKAMEHHBIX KOMILIEKCAX KOTOPOH 3aapXUBHPOBaHA
uHdopmanus 00 YCIIOBHSX OKpYXKalolled cpeabl apxes. 37ech B 3elleHOKaMEHHBIX
nosicax ~ Cymosepcko-KenozepckoM,  Bemnmoszepcko-CerosepckoM,  I'mmombcko-
KocTomyKkuickoM U JIp. M3BECTHBI Me30-Heoaxpeiickue (3.1-2.7 Mipa jeT) ocalo4Ho-
BYJIKaHOTEHHBIE KOoMIUTeKcH (CrnabyHoB u mp., 2006). B mpenenax moscoB BBIACISIOT
oThenpHble CTPYKTyphl. OnHa u3 HuX — KameHnHoo3epckas — B coctaBe CyMo3epcKo-
KenosepckoM mosica paccMaTpuBaeTces B JaHHOU paboTte (puc. 15).

Puc. 15 — Cxema reonoru4eckoro CTpOEHUs.
Kamennooszepckoii 3€JIECHOKAaMEHHOM
CTPYKTYpBl W  PACIOJIOKEHHE HU3YYCHHBIX
pynonposiBnenuit (cocraBumm CrnadyroB A.U.
u Kynemesuu JI.B. o TAHHBIM
(Bynkaausm..., 1981; Kynemesuu, 1992;
Kynemesma u gap., 2005; Pribakos,1987;
63°15' c Puchtel et al., 1999).

1 — mameompoTepo30HCKUE aHIe3u0a3aNbThHI;
2 - rabbpo; 3 - ynprpabasutel; 4 -
HeoapxelCKiue MUKPOKIMHOBBIE TPAHUTHL; 5 -
apxelickue JTIUOPHTHL, TPaHOAUOPHTEL,
TOHAIUTH; 6 - Me30apXeWCKue OcalI0gHO-
BYKaHOTEHHBIE C TMPOCIOSMH KOJYEIaHOB,
BynkaHutel BAPJI- u amakuroBoii cepwuii; 7 -
npocion  KomdenaHoB  (uudpamu  1-4

0003HaYCHBI paccMOTpeHHbIE
pynonposBineHus: 1 - Jlekca, 2 - 3o0J0ThIe
4xkm noporu, 3 - LlentpanbHo-BoxxMuHCcKul, 4 -

I |1 [=~=1] 2 ] 3 - 4 Cesepo-Boxxmunckuii, 8 - Mesopxeiickne
KaMaTUHThL; 9 - Me30apXeHCKHe TOJNCHUTOBBIE

| I 5 | | 6 [ * 2‘ 7 ’ 8 GasanbThl; 10 - maneo-mesoapxeickue
. - rpaHuro-rueicel; 11 - pasmomsr; 12 -
- 9 I |1O [ J11 [,——”']12 TEKTOHMYECKHE TPAHUIIBL.
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OHa COCTOMT U3 JIByX TEKTOHMYECKH COBMEIIEHHBIX TONII. HIkHsS mpejicTaBicHa
MeTaMOp(U30BaHHBIMH TOJICUTOBBEIMH 0Oa3ainbTaMu (MpeoOiagaroT) M KOMAaTHHUTAMU.
IIpennonaraercs, 4To 3Ta TONIIAa OOpa30BallaCh B OKCAHUYECKHUX VCIOBHAX U
TPaKTyeTCsl Kak (pparMeHT OKeaHHIeCKOro MiaTo ¢ Bo3pactom ~2.9 miapx set (Puchtel
et al, 1999). Bepxuss (6a3ambT-aHAE3UT-PHOIUT-IAIMNTOBAs) TOJIIA CIIOXKEHA
MeTaMOp(U30BaHHBIMA TYy(OT€HHO-OCAJJOYHBIM TIOpPOAaM W JIaBaMH PHOJIUTOB,
JAIIATOB, AHJC3UTOB, AaHIC3UTO-0a3aJIbTOB, BCTPECUYAIOTCS MPOCIOH  YIJIEPO-
COJZIEpKAINX CIAHIEB. Bo3pacT KUCIBIX BYJIKAaHUTOB U CYyOBYJTKAaHMYECKUX PHOIUTOB
ornieanBaetcsa 2875 £ 2 miH et u 2876 £ 5 mutH neT, cootBeTcTBeHHO (Puchtel et al.,
1999). XapakTepHOW COCTABJSIONIEH BEPXHEH TOJIIU SIBISIOTCA TOPH3OHTHI
KOJTYCTAaHHBIX PYII, MOCIYXKHBIIHE OOBEKTOM HACTOSAIIECrO HccieqoBanus. OOpasisl
B3SITHI M3 KEpHA CKBAXKWH CIENYIOMMX pynomnpossieHuii — Jlekca, 3omotsie [Topory,
LlenrpansHo-Boxkmutckoe u  CeBepo-Boxmunckoe (puc. 15).  BosipmuHCTBO
aHAIM3UPYEMBIX 00pa3LOB MPEICTAaBICHbl MUPUTOM pa3MYHON TeHepaluu, pexe
MapKa3uTOM, IUPPOTHHOM, c(DalIepUTOM U apCCHOMUPHUTOM. {1 H30TOMHOTO aHAIN3a
HCTIOJIE30BAI MOHOMHHEPATbHBIC KPUCTAUIBI CYTb(MHUIOB, 32 PEAKAM HCKIIOUCHHEM,
KOTJa MUPHUT HAOJIOMajJCs B CpacTaHHMH C MapKa3uTOM. VI30TONHBIN aHAIM3 Cepbl
CYJb(HIOB BHITIOJIHEH ¢ IPUMEHEHHUEM JIOKAJILHOTO METO/1a, ONMCAHHOTO B IJ1aBe 2.

Ha pumc. 16 mpencraBueHbl pe3yibTaThl  MPOBEASHHBIX  M30TOIHBIX
uccienoBanuii cepbl. bbIo 0O0HapykeHo, 4TO Cyiab(uabl B HMCClenyeMbIX 00beKTax
XapaKTePU3YIOTCS  MacC-HEe3aBHCUMBIM  (DPAKIMOHUPOBAHUEM  H30TOIOB  CEPBHIL.
3HaueHWs WM30TOIHONW aHOMamMk cepbl AS B Cyiab(uIax NOKasbIBAIOT, B IEIOM,
nuana3zoH Bapuaumid ot —1.45%o0 mo +2.64%o, 4YTO OJHO3HAYHO YKa3bIBae€T Ha
NPUCYTCTBHE CEpbl, KOTOpass Oblia BOBJeYeHA B (OTOXUMHYECKHE IIPOLECCHI,
TIPOMCXOMBIIHNE B OECKUCIOPOIHOM apxeiickoit atmocdepe.

A%S (%o) [
(%0) °
.6
@ o
b ¢ Puc. 16 — H3oronHble
< S 3¢ GeKThI (MarHuTyna
00% o © 54 (%) uzotonuoii anomanun  A®S
0 4&0—%0 A % OTHOCHUTENBHO  M30TOMHOTO
20 o "R IBRE

cocraBa  cepel  8°'S) B
cynbduaax pyaonposBICHUN
© Nexca LenrpanbHas u  CeBepHas
9 3onoteie noporw BoxwMa, 3onorele moporu u

2 < UeHTpanbHasa Boxma
<O CeBepHan Boxma Jlekca.
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Kax BunHo u3 puc. 16, auamna3oHsl BapHaluid BeJIUYUH A®BS u 6348, OTHOCSIIHUECS K
pa3sHBIM PYIOIPOSBICHHUSM, CYIIECTBEHHO Pa3JIMYaroTCs MEXIy co0oil. Bo-mepBbix
obpaiaer Ha ceOsi BHUMaHKE TOT (hakT, 4To Juisl pyA 30y0Thie nopory, LlenTpansHas n
CeBepHas Boxxma xapakTepHBI OTpULIATEeNIbHbIC 3HAYCHUSI N30TOITHON aHOMAaJIMK CEpbl
A®S, a ms pyn Jlekca, HamPOTHB, — MPEUMYIIECTBEHHO MOTOKHTEILHbIC 3HAUCHHS
A®S. Bo-BTOPBIX, €CTh CHCTEMATHUECKAs PA3HHIA MEXK/Ty 3HAYCHISIME &°'S. SHAYCHHS
8%S mOKa3BIBAIOT y3KMIl JMAMA30H BAapHALMH B PyIONpOSBICHHAX LleHTpanbHas
Boxwma (o1 —1.1%0 10 +4.2%0) u CeBepras Boxwma (o1 —4.1%0 mo +0.0%o). Inpoknit
JMAMA30H 3HAYCHHUH &°'S XapaKTepeH Ui PYIONpOSBICHHHA 30/10ThIEe MOPOTH (OT
—16.2%0 10 +4.1%0) 1 Jlexca (oT —10.2%o 10 +27.5%o0).

VccnenoBaHne HM30OTONHBIX OTHOWICHHH cepbl  'S/2S B KOMIUIGKCE ¢
M30TOIHBIME OTHOIICHHSAM °S/*2S B cymbduaax HaloT Gosee MONHYR HHPOPMALHIO
JUIL  UISHTU(QUKALUM  HCTOYHHUKOB Cepbl B  pYyJA0OOpasylolMX  CUCTEMax.
TpagunuoHHBINA MOJXO0/, OCHOBAHHBIA HCKIIOUUTEIHHO Ha MCIOIB30BAHUN H30TOIHBIX
MAHHBIX 0°'S 1 BBIACHEHHS MPOMCXOXICHHS CEPhl, BOBICUCHHOH B MPOLIECCHI
pymooOpa3oBaHus, SBISETCS BIOJHE AOCTaTOYHBIM BO MHOTHX CiIydasx, HO HE B
ciydae ¢ pynomnposiBieHusmu CesepHas u LlenTpanbHas Boxkma, /U1 KOTOPBIX JaHHBIE
o 8*S He alOT 0QHO3HAYHON MICHTH(HKALME Pe3epBYapoOB Cepbl. 3HAUCHHS 8-S,
MOKa3bIBAIOIIME HEOObIINE Bapuanuy BOJIU3M HYJISI, OCTABIIAIOT HEONPEIEIEHHOCTh B
pELIeHUH BOIIPOCa O POJIH CyJib(haTta MOPCKOH BOJBI MPU (POPMHUPOBAHUH CYJIbMHIHBIX
OTJIOXKEHUH. 3aTpyIHEHUS YCTPAHEHBI IMyTEM HCCIEIOBAHUS M30TOMHBIX OTHOIICHMH
cepsr S/’S B cympgumax. OtpuuarensHsie 3HadeHHs AYS, oGHapykeHHbIE B
cynspunax CesepHast wu llenrpansHas Boxkma, 1OOCTOBEpHO YyCTaHaBIMBAIOT
TeHETHYECKYIO CBS3b cepbl CyIb(uaoB ¢ (oToauTHUECKON cynb(aTHOil cepoil. DTo
OJHO3HAYHO JOKA3blBAeT Yyd4acTHE cCyib(ara MOPCKOH BOABI B IpoOIEccax
pyzooOpa30BaHMs U PEIIACT BONPOC 00 HCTOUHHUKE CEPBI JUIS ATUX PYIOIPOSIBICHUH.

OTpunarensHele  3HAYCHHSA A%, oOHapyXeHHbIE B  CyJIb(HUIHOM
PYIOIPOSIBIEHUH 30JI0ThIE TOPOTH (CM. puc. 16), CBHISTEIBCTBYIOT O BOBJICUCHHUH
cynbhaTHOH cepbl (POTOJUTUYECKOTO MPOMCXOXKIACHUSI B IPOLECCH PYIOOTIOKEHHUS,
paBHO Kak U B pynonposiieHusx CeBepHas u LlentpanpHast Boskma. [Tomumo Hammuust
M30TOMMHON aHOMallMU cepbl ObUT BBIABIEH emI€ OAWH (aKT, UMEIONINH Ba)KHOE
3HauYeHHWEe, a WMEHHO: IUPUTHas cepa B PYAONPOSBIEHUH 30JOTHIE IOPOTH
XapaKTePU3yeTCsl 3HAUYMTEILHBIME BAPHALMAMHI BEIHUMH 8°'S, NPH 3TOM 3HAUCHHS
M30TOIHON aHOMAJIUU CEPBI A®S COXPaHSIOTCS MPAKTUYECKU HEU3MEHHBIMU. J[aHHBIN
(haxT NpOWILTIOCTPUPOBAH Ha puc. 17 Ha mpuMepe 0THOM N3 KOHKPEIHH.

3HAUMTENbHBIC BAPHALMH HM30TOIHOIO COCTABAa CEPhl  O°'S  OGBIYHO
paccMaTpuBarOTCs KakK IPH3HAK OaKTepHalNbHONW [EATENBHOCTH B  Cynbhumax
COBPEMEHHBIX U JAPEBHUX (HeOmpoTepo3oii—(hanepo3oit) Mopckux ocaakos (Canfield et

34



al., 2010; Jia et al., 2015; Meister et al., 2019; Lang et al., 2020). B mopoxax crapuie 2
MIIpJI JIeT 3HAYMTEIbHBIE BAPHALIMK &°'S mpakTHdeckn orcyterByior (Canfield, 1998),
YTO Jal0 OCHOBAaHWE IOCTABUTH II0J] COMHEHHE OaKTEpPHAIbHYIO IEATEIHHOCTh B

Ka4€CTBC CYHICCTBCHHOTO (baKTopa JUIA OHOJIOTUYECKOrO KpYroBopoTa CE€pbl B apXxee
(Strauss, 2003).

Cron
1 12 11 19
Kpomka | 13e» @ ®© e 016 b 180 @16
3 F 'Y — o3
2-3 o7 r o7
2 ¢ 130902 - 130002
3 3
1-2 [ @9 H e9
1t ®10 — ®10
Sapo | o5 t e5
IS N —
-20 -10 0 -1 05 0
%S (%o) ABS (%0)

Puc. 17 — ®oto mupuTOBOI KOHKPEIMU C HESPKO BBIPAKCHHOU CIIOUCTOCTBHIO (TIONMPOBAHHBIN
aHIUTN], OTPaKEHHBIH CBET) pYIONpPOSBICHUS 30JI0Thbie MOpOrd. KpacHBIMH TOYKaMHU
0003HAueHBl MECTa Ja3epHOW abJAlMU IJI ONpPEACNICHHS H30TOIHOro cocraBa cepbl. Ha
rpadyKax MPOAEMOHCTPHPOBAHEI BapHauui 6°°S u A®S B KOHKpeLwH MOCIOIHO OT sapa K
kpomke. Hymeparmsi Touek Ha rpadukax corjacyercsi ¢ X HyMmepauued Ha ¢orto. [Iuamazon
Bapuanmii 8°*S cocrasimser 20%o (0T —16.2%o 10 +3.8%o), B TO BPeMsI KaK 3HAYCHHS H30TOMHOMN
anomanun cepsl AS Bapsupyior ot —0.64%o 10 —0.20%o.

Tak aBropsl myOnukaruu (Strauss, 2003) yreepxnaror: «Hanporus, Marmatuueckue/
THJpOTEpMalIbHbIE MPOLIECCH, COMPOBOXKAAIOIINE OBICTPYIO NepepaboTKy MaHTHHHOTO
1 KOPOBOT'O MaTepHayia Ha MOJIOJION 3emile, paccMaTpUBAIOTCSl B KauecTBe Hauboiee
OTBETCTBEHHBIX 3a OCaKAEHHE CYJIb(QHUIOB B OOCTAaHOBKaxX OCaJAKOHAKOIUICHUS
apXeHCcKoro BpeMeHW». B 3TOM IiaHe JaHHBIE 10 M30TOIHOMY COCTaBY MUPUTHOM
cepsl B pyJONPOSBICHUH 30JI0THIE TIOPOTH, MPEACTABISIIOT 0co0BIi nHTEpec. B nannoi
paboTe J0Ka3aHO, YTO H3OTOINHbIE XaPAKTEPUCTHKU MHUPUTHOH cepbl O0YCIOBJICHBI
BOBJICUCHHEM CEpbl MOPCKOTO Cyib(ara B MPOLECCHl PYIOOTIOKEHHS NPU Y4acTUH
cynpdar peaynupyomux 0akrepuid. AKTHBHOCTH CyIb(haTpeayIupyOnmx OakTepuit
YCTAHOBJIEHA 10 XapaKTepy M3MEHEHWs M30TONMHBIX oTHOmeHwmit > S/*S n ¥S/*S B
MMMPUTHOHN cepe, KOTOPbIE IEMOHCTPUPYIOT OoJbIoe (hpaKIIMOHUPOBAHHUE 33'S > 20%o,
a Tak)Ke OTpULATEIbHbIE 3HAYEHUS HW30TOMHOM aHOMAaIUHU A®S, Heo0Oxomnmo
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HOAYEPKHYTh, YTO caM (aKT BBIABIECHHS B apxelckux nopoaax Kapenbckoro kparona
GONBIIIX BapHaIiii 8°'S B COUETAHMM C H30TOMHBIMH AHOMAIHSAMHE CEPhI 3aCTyKUBACT
0co00r0 BHHMAaHUS, TaK KaK OOHapy)KCHHE M30TONHBIX CBHAETEIBCTB, JOUICIAIINX /0
HaIlINX JHEH, O BOBJICUCHUHU CEPHI B OMOTCHHBIE POIIECCH HA PAHHMX ATANax Pa3BUTHUSL
3emim sBISeTCA caMoO MO cebe peakuM coObiTHeM. Pe3ymbTaTel HccienoBaHUSA
Bapuammit 6°'S um A®S mHa nokanpHOM ypoBHe B 0OpasLAX IHMPHTHON Cepbl
MECTOPOXKICHUS 30JI0TBIE TOPOTH [AalOT HOBBIE JOKA3aTENbCTBA CYIIECTBOBAHMUS
MHKpPOOHaIBHBIX POLIECCOB B apxelckoM okeane. Cynb(ar MOPCKOH BOJIbI, HMEIOLINI
PEMMYIIECTBEHHO OTPHIATEIbHbIC 3HAYCHHS H30TONMHOW aHoMammu cepbl A®S,
SBJISUICS. OCHOBHBIM HCTOYHHMKOM CEpbl B IIpoleccax o0pa3oBaHHS  CYJIb(QHIHBIX
KOHKpeluii. OTpumarensHele 3HaueHns A*S Mopckoro cymb(ara yKassBaioT Ha €ro
MPOUCXOXKICHHE, CBA3aHHOE C (OTOXUMHYECKUMH MpoLEeccaMu B OECKHCIOPOIHOM
apxeiickoit atmocepe.

Ha akTuBHYy10 OakTepHalbHYIO JESTEIbHOCTh YKa3bIBAIOT TAK XK€ H30TOITHBIC
XapaKTEePUCTHUKHU CEPbl B KOHKPEINAX U KpHcTaluIax pyaonposiieHus Jlekca. OOpasusl
Ccynb(UI0B, M3yUCHHBIE B JAHHOM paboTe, XapaKTepH3YIOTCS, B LEJIOM, IIMPOKUM
JMana3zoHoOM BapHaluii 8%S o1 —10.2%0 10 +27.5%0 1 HamM4YueM M30TOITHOM aHOMAaIUH
cepsr A®S, 3mauenns xotopoit mamemsiorcs ot —0.30%o 10 +2.64%o (cM. puc. 16).
®dakt 0OHapyKEeHUsI U30TOMHBIX aHOMAIU A®s TOBOPHT O TOM, YTO Cepa CYJIb(pHI0B
pynomnposiBieHus Jlekca, Tak jke Kak M Ha PaCCMOTPEHHBIX BBIIIE PYIONPOSBICHUAX
Cymosepcko-Kenozepckoro mosica Kapenuu, 3aapxuBHpoBaja METKYy aTMOC(HEpHBIX
(OTOXMMHUYECKUX  MPOIECCOB,  HMMEIOMHX  pe3yabTaTOM  Macc-HEe3aBHCHMOE
(paknMOHMpPOBaHHE M30TONMOB cephl. OnHaKo, W30TONMHBIE AHOMAJIUH  CEPHI
pynonposiBieHus Jlekca nuMeroT, o O0JIbIIeH YacTH, MOJI0KUTENIbHbIE 3HAUCHUS A®S B
otimune oT pynonposiBieHuid CeepHast Boxkma, Llentpanbnas Boxxma u 3omo0Tbie
noporu (cM. puc. 16). 310 pazauuanue oOBSICHIETCS TEM, YTO BO BpeMs (pOpMHUpPOBaHHMS
pyxn Jlexca mpomcXoauiaM akTHBHBIE IPOLECCH, BOBJICKAIONINE JJIEMEHTAPHYIO CEpy
(hOTOXMMHUYECKOTO MPOUCXOKACHHS B TpoliecC 00pa3oBaHMs CYJIb(GUIHON Cephl, B TO
BpeMsl KaK Ha JIpyTMX pPaccMaTpHBAEMbBIX DPYAONPOSBICHHAX B 3TOT Mpouecc ObuI
BOBJICYEH, B OCHOBHOM, CyJb(}aT POTOXMMHUYECKOTO MPONCXOXKICHUSL.

[Ipu m3yd4eHHH HM30TOMHBIX aHOMANW cepbl B CyIb(PHUIHBIX 00pa30BaHMAX
Jlexca OBLT BBISBICH DA BaXHBIX 3aKOHOMEpPHOCTeW. Tak, MarHWTyJda H30TOITHOM
anomamun  A®S  accoummpyer ¢ THIOMOPQHBIMH OCOGEHHOCTAMH  CyIb(DHIOB.
HanGonbimme monokuTeIbHbIe 3HaueHHs AS (10 +2.64%0) XapaKTepHBI s
UANOMOP(HBIX KPUCTAIIOB. B oTiIMUne OT KPHUCTAIIOB, A7l KOHKPEIMHA XapaKTepHBI
MAaJICHbKUE, HO JOCTOBEPHO OTIMYUMBIE OT HYJS MOJOXKUTEIbHBIE U OTPULIATEIbHBIE
smauenns AS, koTopble u3MenstoTea oT —0.30%o0 10 +0.44%o. IlokazaTeneH B 3ToM
OTHOIIEHUH 00pasell, Mpe/CTaBIIfIoINe CO00H 30HAIbHYI0 KOHKPEIHIO, 00paMIEHHYIO
unnoMoppHeIMU KpHuctaulamMu. doto obpasiia W ero M30TONHBIE XapaKTEPHCTHKH,
MOJIyYCHHBIE Ha JIOKAJIBHOM YPOBHE, IPOIEMOHCTPUPOBaHBI Ha puc. 18.

B pabote moxa3aHo, YTO NMPUYMHON HAONIOJAEMBIX Pa3IMYMH B M30TOITHBIX
xapakteprucTikax cepsl (A®S n 8%S) 1 KOHKpewHil M KPHCTAIUIOB SBISETCS
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NOCTYIUICHWE Cepbl W3 Pa3HBIX HCTOYHHMKOB. [Ipn ¢dopMupoBaHUM KOHKpeuUni
TPOMCXO/IMIO BOBJCYEHHE KaK CymbarHoii (SO,”), Tak u snementaproit (S°) dopm
cepbl  (POTOXUMHYECKOTO MPOUCXOXKICHHS B MHKpPOOMaNbHBIE mpouecchl. [lpu
(GOPMHpPOBAHMH ~KDHCTAIUIOB OIEMEHTApHAs cepa S° SBHIACH JIOMHHAHTHBIM
HCTOYHHUKOM CepBI, TpaHC(hOopManus KOTOPoil B cyTbOUAHYIO (GOPMY IPOUCXOAHIIO TaK
JKe TP y9acTHH OaKTepHi.

5 A8 (%)

o © KoHkpeupa
2 - ‘ @ Kpuctannbl
@
l -
O O
-10 10 20 30
8%S (%o)

Puc. 18 — ®oT0 30HANIBHON Cynb(QUAHON KOHKpEIHH (IIOJHPOBAHHBIA aHIUIN(, OTPa>KCHHBIH
cBer). KoHkperus okaiiMmieHa uauoMopQpHBIMH KpHcTaiamMu nupurta. Ha rpaduke mokasanst
3HaYeHHs W30TOMHON aHoMamud A>SS OTHOCHTENBHO HM30TOIHOTO COCTaBa cepsl 8343,
TOJTy4eHHbIE B KOHKPEIMU U UIHOMOP(MHBIX KPHCTAIIaX.

OGIHM HTOroM H30TOMHBIX HccaenoBanmii cepsl (534S 1 A*®S) Ha nokansHOM
ypoBHe B cymbdpumax pynonposiBieHuit llentpampHOo-Boxkmuackoe, Cesepo-
Boxxmunckoe, 3onotsie Iloporu u Jlekca, pacnosioskeHHbIX B npeaenax CyMo3epcko-
Kenosepckoro 3eneHokaMeHHOTo mnosica KapeiabcKoro KpaToHa SIBHJIOCH CIIEIYyIOIIEe.
Bo-niepBeix,  cynbbumHas ~ MUHEpalIM3alys, JIOKaJM30BaHHAas B Mpejenax
BYJIKAHOTEHHO-0CA/I0YHBIX 00pa30BaHMI 3€JI€HOKAMEHHOIO I0sCa, XapaKTepH3yeTcs
Macc-HEe3aBHUCHMBIM  (PAKIMOHUPOBAaHMEM M30TONMOB cephl. IlpucyrcTBHe Macc-
HE3aBUCUMO (PaKIIMOHUPOBAHHOW CEPhl B TIOPOJIaX OOJBIIMHCTBA APEBHUX OJOKOB, B
TOM YHCIIe ¥ B Topojax DeHHOCKaHIMHABCKOTO IHTA, IPEIoiaracT rio0aabHBIN B
MPOCTPAHCTBEHHOM aCIIEKTe MacIITad JeHCTBHS MEXaHM3Ma, BBI3BABIIETO aHOMAIIUH.
Bo-BTOpBIX, mporiecchl OaKTEpHAIBHOTO BOCCTAHOBICHHS JIIEMEHTAapHOW Cephl U
cynb(haTHOW cepbl, coJepXKalleiics B MOPCKOW BOJE, SBISUINCH OCHOBHBIMHU
HpoLeccaMy, ONpeNeITIOINME Py1000pa3oBaHie Ha HCCIEIyeMbIX oOBbeKTax. OTo
Ia€T HOBBIE apryMEHTHI B IOJIB3Y PA3BUTHS TIPEACTABICHHH O CYIIECTBOBAHHUU
OakTepHaabHOW aKTUBHOCTH B apXeHCKOM OKEaHe M BOBICUCHHH CEpbl B OMOTECHHBIH
KPYTOBOPOT elI€ 10 MOSIBJICHUS! CBOOOJHOTO MOJIEKYJISIPHOT'O KHCIIOpOJa B aTMocdepe.
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B pabote Taxke ObUIM MPOBEIEHBI M30TOIHBIC HCCIICOBAHUSI HA HEKOTOPBIX
o0BeKTax MOHUYETOPCKOTO ~ MHTPY3UBHOTO  KOMIUIEKCA, DPACIOJIOKEHHOTO B
neHTpanbHoi yacTu Kombckoro momyoctpoBa Ha rpanunie Konsckoit u benomopckoit
npoBuHIMH @DEHHOCKaHAMHABCKOTO IIUTA. | €OXPOHOJIOTMYECKHE HCCIEIOBaHMS
MoHUeIIIyTOHa MOKa3bIBAlOT, YTO BO3PACT 3TOTO MAacCHBA OTBEYACT BPEMEHHOMY
uaTepBany 2508-2493 mumm ner (Pynmoksuct um np., 2014; Paccmoennsie..., 2004;
Yauws u ap., 2016). Beutk u3ydeHsr 06pasiipl, mpeacTapistomue cynbhuanyo Cu-Ni-
MUHepanu3auuio MonuemnyToHa u3 JoHHoOM 30HBI MaccuBoB Hurrue, Kymyxbs,
Tpassras (HKT) u Comua, u3 «Kpurndeckoro ropm3oHTa» MaccuBa Hrox, a Tak ke
o6pasus! u3 BomubeTyHapOBCKOTO MaccuBa [ naBaoro xpe6Ta (puc. 19).

[T B2 3 (4 5 6 1Ii/}/lc. 19 - Cxe(:ﬁ/[?mqemgﬂ KapTa
i : | onyeruryToHa (IlapkoB,Uncrskos,

BT (S 9 0L = 2014). lyi ra66p§)—HopI/1TH; 2 -
BYJIKAHOT'€HHO-0CA/I0YHBIE TOPOJIB;
3-9 — oOpazoBanuss MOHYEILTYTOHA!
3 — Kpaeas 30Ha, 4 — HopuroBas
30Ha, 5 — [IupokcenuToBas 30Ha, 6 —
IlepunoruroBast 30Ha, 7 — HWKHAA
4acTh 3TOi 30HBI, 8 -
MeTaMOp(HU30BaHHEIE TOPOIBL; 9 —
nmuH3a AyHHTOB, 10 — cynmpdumHOe
Cu-Ni-(OIIT') opynenenne; 11 —
\// dwyaiigeni | o0pa3oBaHMS ~— apXeHCKOH  pamsbl
IUIyTOHa; 12 — TEKTOHUYECKHe
HapyLICHHUS; 13 —  TIOpoJbl
«Kpntraeckoro TOPH30HTAY.
JKéntple TOUKM MapKUPYIOT MecTa
otbopa mpo0.
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B paborax (I'punenko u np., 1967; Paccnoennsie ..., 2004; I'poxoBckas u
ap., 2009; Sharkov, Chistyakov, 2012; Illapkos, Yuctsikos, 2014) Gbu10 IIOKa3aHO, YTO
opyaeHenue, mnpeiacraBienHoe  cynbhuaHoi  Cu-Ni-DII-mubepanuzanueii B
MPAKTUYECKH  HEU3MEHEHHBIX  4acTAX  MOHYEropckoro  MaccuBa,  UMEIOT
MarMaToreHHylo mnpupoay. Ilo3ToMy JOrMYHO OXHAATh, YTO CyJIb(UAHBIE pPYABI
MoH4enyTOHa IOJDKHBI  XapaKTepHU30BATBCSA OTCYTCTBHEM MaccC-HE3aBHCHMOTO
(hpakIMOHUPOBAHUS M30TOIIOB CEpPHI, TaK KaK MaHTHUHHAs cepa HE acCOLMHUPYETCs C
HUCTOYHMKOM H30TONHBIX aHoManuil. KpynHelii nmaneonporepo3oiickuil paccioeHHBIH
MoHUYeropckiif HHTPY3UB MOXKET NPEICTABIATh, MHTEPEC KaK MOTCHIMANbHBINA apXuB
IOBEHWJIBHOW H30TONMHO HE(PPAKIMOHUPOBAHHON (TO €CTh BEIWYMHA H3O0TOIMHBIX
addexros 5**S, A*S u A¥®S = 0 %o) ceper.
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Kak M CIeOBAIO OXHAATh, AHANA30H BAapHALMH 0°'S, YCTAHOBICHHBIH B
HAIMX KCCJICAOBAHUAX UL CyAbGHUAHBIX pyd MOHYEIUIYTOHa, BECbMa CXOXK C
34 .
JuamazoHoM &S =~ 0£2%o cepbl MaHTHITHOTO TipoucxokacHuUs (puc. 20).

A33S (%)

01
77777777777777777777777777777777777 Puc. 20 — JlaHHBIC W30TOTTHOTO
77777777777777777 00— 54 (%o0) cocraBa cephl 8%s u
15 1 05 05 1 MAarHUTY/IbI W30TOIHOM
@1 anomamun A®S B cymbbumHoit
o 0% ;‘L g cepe u3 pya MOHYEropckoro u
0o OO (¢} 02 % o ) BomueTyHAPOBCKOTO MAacCHBOB.
IITpux-nyHKTUpHON  JHMHUEH
0 OrpaHuyeHa 00JIACTh 3HAYCHHUN
03 - A®S = 0+0.3%o, xapakrepHas

O flonHansanex O KputuropusoHT @ BonyetyHgpa JUTSl MarMaToTeHHOf Cephbl.
W3 pucyHKka BHIHO, UTO HCCIEIyeMble B JaHHOH paboTe oOpasubl cynb(QHUIHOIN cephl
XapaKTepU3yIOTCsl MacC-HE3aBHCUMBIM H30TONHBIM (PaKIMOHUPOBAHUEM, TaK Kak
ycTaHOBIGHHEIC 3HAaueHHs A®S HMEIOT 3HAYMMOE OTKIOHEGHHE OT HyJs. SHAUCHHS
M30TOMHON aHOMAJIHH CEPhI A®S BapbUpyIOT B Auanaszone or —0.10 po —0.26%o, uto
SIBHO BBIXOJMT 33 PAMKHM MAHTHIHOTO JHMama3oHa 3Hauenmii A®S. Ito osmauaer, uro
uccieayeMble CcynbhuUAHbIE OpyAeHeHHs MoHYemIyToHa M MaccuBa MOHUYETYHIpa
3aapXUBUPOBAIIN CEPY, MPOIIEAIIYI0 (POTOXUMHUUECKUI UK ITpeoOpa3oBaHuUil ceprl B
apxeickol OeckucnopoaHoit atMocdepe. JanHbd GakT 7aéT OCHOBaHUE yTBEPKIATh,
YTO cepa, BOBJIEUEHHAs B MPOIECCHl PYA000pa3oBaHus, IMeTIa He TOJIBKO MaHTHUIHYIO
npupony. HaunbGonee BeposSTHBIM MEXaHHU3MOM, OOBSCHSIOIIMM  NPHUCYTCTBHE
M30TOITHO-aHOMAJILHOM CepBI, SBIISETCS aCCUMIIIALINS KOPOBOTO BELIECTBA UCXOIHBIMHU
MaHTHHHBIMH pacIulaBaM{ BO BPEMs MX BHEIPEHHS W IPOJBHIKCHUS K TOBEPXHOCTH.
M3oTomHas aHomanus cepbl ObUIa 3aMMCTBOBAaHA M3 apXEHWCKHUX BMEMIAIOIINMX HOPO,
cepa KOTOPBIX JIOJDKHA accOUMMpoBaTh C (oroxummueckumu Tnpoueccamu SO,
NPOUCXOJMBIIMMH B OECKHCIOpOJHOM apxelickoll armocdepe. B monrBepskneHue
MOCJIETHETO CBUAETENBCTBYIOT JaHHBIE MO HM30TOMHOMY COCTaBY CEpHI, HOIyYEeHHBIE
JUtst BMeraromux nopoj B padore (Bekker et al., 2016).

Ho, mnoxamy#i, Hambonee IEHHBI BBHIBOA, HMEIONIMHA IEPBOOYCPEIHOC
3Ha4YeHHE JUII JAHHOW JHUCCEPTAIMOHHOW PadOTHI, cleIyeT U3 caMoro (akTa HaIW9IHs
W30TOIHO-aHOMAJIBbHOM cepsl B  MoHuemnyToHe. MeTka Macc-HE3aBHCHMOIO
(pakIMOHUPOBAHUS MOIJIA OBITh YHMYTOXKEHA BIIOCIEICTBHU METaMOp(PHYECKUX U
TEeKTOHMYECKUX IIPOLIECCOB, HO OHAa COXpaHMJIACh M Oblla NpHUBHECEHa B IOPOJBI
MomnuenmytoHa. CoXpaHMBIINECS B TAKHX YCIOBHSX CBUAETEIHCTBA (DOTOIMTIECKOTO
MPOMCXOXKACHUS CEpbl JENAlOT MPABOMEPHBIM 3aKIIOUEHHE O TOM, UYTO DPAa3BUTUE
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(hoToxumMHUeCKuX aTMOC(HEPHBIX MPOIECCOB WM MPOIYIUPOBAHHE B HUX HM30TOIHO-
AHOMAJBHOW Cepel — OJTO HE IIOKAJIBFHOE SBICHHE OTPAHWYCHHOW O00JIacTH,
MPOCTPAHCTBEHHO COBMEIIEHHON ¢ MOHUeTyTOHOM. HTEHCUBHOE BOBIICUEHHE CEPhI
B KpPYroBOpOT ()OTOXUMHYECKUX M OHOTCHHBIX IPOIECCOB HMEI0 MaclTa0HOe
pa3BuTHE. OTO TIOJIOKEHHE NOATBEPXKIACTCS HEIABHUMH HAaXOIKaMH H30TOITHBIX
aHOMAaJIUK cepsl A®S or 043 n0 —0.29%0 (Warke et al., 2020) B ocamouHo-
BYJIKAHOT€HHBIX TOJIIaX CEHJOpEeUEeHCKON U nonucapckoil cBut mannpa-Bap3yrckoit
CTPYKTYpbI, BBIACJICHHOW B  IpeJesNax  paHHENPOTEPO30MCKOro  OCal04HO-
BYJIKaHOTeHHOTO Tosica [leuenra-Mmanapa-Bap3yra. C yuérom 3Tux (HakToB U (PakToB
0oOHapy>kKeHHs M30TONHBIX aHOMaNHUil cepbl B mopoaax Konbckoil rpanynuT-rHeiicoBoi
obmacti (KonmbCko# MPOBMHIWU WJIM KPaTOHA) CTAHOBHTCS SICHO, YTO WHTCHCUBHBIN
aTMochepHBIH (HOTOXUMUIECKUH UK cephl OBUT YCTAHOBIICH HAa 3HAYUTEIFHON YacTH
obmupHO#l Tepputopun DEHHOCKAHIMHABCKOTO IMuTa. Ha OCHOBaHMHM H30TOMHBIX
JAHHBIX MO’KHO YBEPEHHO YTBEp)KIaTh, uTo portoxmmus SO, B apxeiickoir atmochepe
SBISUIa COOOM OOUIMIA OMOCPEOBaHHBIN MCTOYHUK CEpPhI, KOTOpas B MOCIEAYIOIIEM
Obula BOBJIEYEHA B KPYIOBOPOT OKHCIUTEIHHO-BOCCTAHOBUTEIBHBIX IPOIECCOB U
¢ukcupoBanack B BujAe CyNb(UIOB B MOpPOJAax M PyAax HCCIEIyeMbIX OOBEKTOB.
SIBnsisicey apXUBOM Macc-HE3aBUCHMO (hpaKIMOHUPOBaHHON Ccepbl,
DEeHHOCKaHIMHABCKUN TIUT MPEIOCTABISET HOBBI apryMeHT U (aKTUYECKYI0 OCHOBY
JUISL IOKa3aTeJIbCTBa TOTO, YTO MHpolecchl GOTOXUMUYECKOW TpaHc(opMaluu cepbl B
OeckucIOpoaHOW aTMocdepe WMeNH IUIaHETapHOE 3HAueHHEe. B COBOKYIHOCTH C
JIAHHBIMA O TMPUCYTCTBHM HW3OTOIHBIX AaHOMAJIMM CEpbl B JPEBHEHIIMX MOPOJAxX
Kananckoro, ABctpanuiickoro u lleHTpanbHO-AQpPUKAHCKOTO IIMTOB MOXKHO YXKe C
OoJee MOTHOW ONPeAEeNEHHOCTEI0 TOBOPHUTD, YTO TaKOW (PeHOMEH, Kak TeHepUPOBAHHE
HU30TOITHO-aHOMAJBHON Cephl B 3EMHBIX YCJIOBHSX — 3TO HE MPOCTO COOBITHE,
00yCJIOBJICHHOE CITy4ailHBIM CTEUEHHEM OOCTOSITENIBCTB, 3TO SIBJICHHE, TOIyYHBIIEE B
apxeHCcKyIo 3py BeChbMa MIMPOKOE pacTpOCTpaHeHKE B INITAHETapHOM MaciuTade.

B mucceprammoHHOW paboTe TaKKe MPUBEACHBI JAHHBIC MYJIbTHH30TOITHBIX
WCCIIeIOBaHUN Il apxeWckux mopox CuOupckoidt 1aTGopMbl, KOTOpBIE, Kak
0XKHJAJIOCh, 3aapXUBUPOBAJIM YCJIOBHUSA OKpY’Karolledl cpenbl IOCPEACTBOM Macc-
HE3aBHUCHMOTO XapakTepa (PpaKIMOHUPOBAHUS H30TONOB cepbl. KOHKpeTHO, ObLIH
MPOBEJICHBl M30TOIHBIE HCCIENOBAHUS KOJIYEJAHHOIO PYAOIPOSBIEHUS B Ipeaenax
apxei-pannenpoteposoiickoro [llapepkanraiickoro BeicTyna CHOMpCKoOl TUIaThOpMbI
(puc. 21). MatepuaioM AJsi H30TOIHBIX UCCIICIOBAHMI SBIINCH CYTb(GHIBI, U3 KEPHOB
ISTH [TOMCKOBO-KAPTHPOBOYHBIX CKBaKHMH (riryOmHOM 10 500 M), poOypeHHBIX B
ceBepo-BocToYHON yactu MpkyTtHOoro Omoka. Cam OJOK CIOKEH MarMaTHYECKUMH H
OCaJOYHBIMH TTOPOJIAMH, METaMOP(HU30BaHHEIMH B YCIIOBHSX T'PaHYJIHTOBOH (anuu
HAJIO)KEHHBIM PErPecCUBHBIM MeTamophuzMoM amdudomuroBor darwm. Iloposs
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YepeMIIaHCKOH TOJIIHM, OTKY/a OblIM 0TOOpaHbl NPOOB! HA M30TOIHBIC UCCIIEOBAHMS,
MPEICTaBICHBl META0CATOYHBIMH OHOTHTOBBIMH, aM(HOOI-OMOTUTOBEIMH, TpaHAT-
OMOTUTOBBIMH, IPaHAT-KOPIUEPUT-OMOTUTOBBIMU THEHCAMH.
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Puc. 21 — Cxema reoJoruueckoro
CTPOCHMUS [Iapppxanraiickoro
BeicTynia Cubupckoii miatdopmsl (o
Bericoukuit u ap., 2019).

1 — ocagouHblii wuexonm, 2 —
paHHEPOTEPO30UCKHE MOPOIBL; 3—6 —
apxelcKkue KOMIUIEKCHI: 3 — OHOTCKUI
TPaHHUT- 3eIEeHHOKaMEHHBIH OJ0K, 4 —

WpxyTHbIii IpaHy/IUT-THEHCOBBIN
6mox, 5 — Kurolickuii TpaHyIUT-
THeHcoBeIll Onmok, 6 — BymyHckwmit

TpaHUT-3¢JICHOKAMCHHBIH ONoK; 7 —
Teppeiinsl  LleHTpanpHO-A3HAaTCKOTO
CKJIauaToro Iosica; a — paioH
HCCIIeIOBAHUI.

IIpoTOaUTEI META0CaIOYHBIX TOPO] ObLIH CHOPMHUPOBAHKI B Me30oapxee ~3.0
mipn niet (Typkuna u ap., 2010; Turkina et al., 2013; Beicoukwuii u ap., 2020).
[lepBruHOe cynbhuIHOE OpYACHEHHE OABEPTaIOCh Pa3IHIHBIM IPEOOPA3OBAHUSIM B
pe3yabTate npoieccoB meramopdusma. Ha puc. 22 u 23 0ToOpakeHbl H30TOITHBIC
JTaHHEIC, TIOTYYCHHBIE B IPESICTABICHHOHN padoTe.
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Puc. 22 — M3oTonHslii cocTa
8*S u MarmuTyma M30TOMHOI
aHOMAJIMH cepbl A%S,
M3MEepeHHbIe B CylbGHIax W3
nopony  UpkyrtHoro — Oioxa
[Tapbixanralickoro  BBICTYIIA
Cubupckoif IUTaT(QOPMEL.
JlaHHBIE ~ CTPYNIIMPOBAHBl C
NpUBSI3KOIl K THIY MOpPOJ,
BMEIIAIOIMX  CyIbGUAHYIO
MHHEPATH3aIHIO.



Puc. 23 — CooTHolIeHHE MEXIY
H30TOIHBIMI aHOMAJIUSIMH CEpPbI
A®S u A®S B cympdumax u3
OCkeNel12| mopon [apepkanraiickoro

BEICTYTIA. Tpsimast JIAHUSE

BU3yAIIM3HPYET OTPHIATEILHYIO

koppemsimio  Mexay A®S u
4 A®S,  koTopas  omHCHIBaeTCS
A% (%o) ypasuenneM A®S = —0.9A%S,
Jns cpaBHEHHS — IIPHBE/ICHBI
JaHHBIE C OOBIYHBIM  Macc-

A%S (%o) O CkaNe7
O cksNe 11

09 3aBHCUMbBIM COOTHOLIEHUEM
I \;{;_0 ; msoronos, rue A®S u A%S = 0%,
s e (cepsie poMGBI).

Brutn ycTaHOBIIGHBI CIIEAYIOMINE XapaKTepHBIE 0COOCHHOCTH. BO-TIepBBIX, H30TOIHBIH
coctaB 5°*S CyIb(UIOB HOBONBHO OXHOPOJCH HA BCEH ILIOWIAAM ONPOGOBAHHS M IIO
IyOUHE CKBAXKHH, CPEIHEE 3HAYCHHE 8>S ~ +3.6%o. Bo-BTOpBIX, CymbduaHas cepa
obnamaeT U30TOMHOM aHOMaKel 1o cepe-33 u -36. YCTaHOBJIEHO, YTO MarHUTYAA A®S
u A®*S Bappupyer B npexenax ot —1.49%. 10 +3.50%0 u or —3.03%0 10 +1.51%,
COOTBETCTBEHHO. IloyloKUTENbHBIE 3HAYCHWSI M30TOIHONW AHOMAIUHU CEPBI A%,
3aapXMBUPOBAHHEIE B CYyJIb(QHIaX YEePEMIIAHCKOH TONIIH, OE3yCIOBHO CBSI3aHBI C
MOCTYIUICHHEM Cephl, Tpomenmel (QOTOXMMUYECKAH [UKI TpeoOpa3oBaHU B
OCCKHCIOPOIHOW apXeWcKkoil aTMocdepe, M HETMOCPEACTBEHHO CBUACTENBCTBYIOT O
BOBJICYCHHH B PYA00OpA3YIOIMIHE MPOIECCH (HOTONUTHYECKON AIIEMEHTApHOH Cephl,
KOTOPOH MpHCyIH TookuTenbHbe 3Hadenns A¥S. Cympduisy, mokassiBaome
oTpumarensHbie  3HadeHnms AYS,  coxpammmm ciexsl  ydacths  (OTOIHTHYECKOI
CyJab(aTHOM Cephl, HECYIIEH OTPHUIIATEIbHBIC 3HAYCHHUS H30TOMHON aHOMAITUU A®S,
WHTepecHbIl pe3ynbTaTr, KacarOUIMICs COXPaHHOCTU M3OTOIHBIX AHOMAJIMH
cepbl, MOJyYeH IPH CPaBHEHHM M30TOIHOI'O COCTaBa CYJIb(MHUIHON Cepbl W3 MOPOJ
MeTaMOp(UIEeCKoTo ©  yibTpaMmeTamopdudeckoro stanmoB oOpa3oBaHus. bruto
0OHapy»XeHO, 4YTO CyJb(PuIbl ¢ HAUOONBIIEH TOJOXKUTEILHON W OTPULIATEIHHON
marautynoi  A®*S  ormewarorcs B mopogax — MeTaMop(HUYEcKOro  drama
(IBYIHPOKCEHOBBIC TUIATMOTHEWCHI, KOPIWCPUTOBBIC THEHCHI, KBapIUTOTHEHCH U
KBapuutel). B mopomax  ynbTpameramopduueckoro  srtama  (MHTEHCHBHO
MUTMATH3HPOBAHHBIC CIIAHIIBI WM THEHCHI, IUIATHOKIA30BbIE M KAJUIIIATOBBIC
MHIMAaTHThI) CyIb(QUIHAS cepa XapakTepusyercs 3HaueHmsME AYS Hike, gem +2.0%o,
a B CaMbIX IO3HUX METACOMAaTHYECKHX MOpOJax 3TO 3HAUEHUE HE MPEBLIIIAECT
+0.5%0, TO ecTh MO Mepe MpeoOpa3oBaHUsl TOPOJ MArHUTYAa W30TOMHON aHOMAaMH
Cepbl CTAaHOBUTCS MeHbIIe. B paboTe OBLIO MOKa3aHO, YTO CYIIECTBEHHBIE H3MEHEHHUS
semmann A®S, mpomsomremie Ha craguy yibTpaMeTaMop(UUECKOro STama, BEI3BAHbI
TIIaBHBIM ~ 00pa3oM, TIpOIlecCaMH CMEIICHHS CEephl C  TOJNOXKHTEIBHBIMH U
OTPUILIATENIbHBIMA  BEJIUYMHAMU A®S. Xors Heme3s ¢ IONHOI YBEPEHHOCTHIO
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UCKIIIOYUTH TPUBHOC CEPbl M3 JIONOJHUTEIbHBIX HCTOYHUKOB. Pasmennth 3TH IBa
mporecca (IPUBHOC M CMEIICHHE) HE NPEACTaBIACTCS BO3MOXKHBIM, TaK Kak o00a
mpouecca, MO CyTH, NPUBOISAT K M3MEHEHHIO MarHUTYJbl M30TOIHBIX aHOMAIHH B
OJTHOM HaIlpaBJICHUH, T.€. K €€ yMCHBIICHHIO.

Uro kxacaeTcs B3aMMOOTHOLICHUN MEXAy 3HAUYEHHSAMH HW30TOIHBIX aHOMAalui
cepsr A¥S u A®S B cympgumax uepemImaHCKOi TONIIHN, TO 31eCh MPOCIEKHBACTCS
4yéTKash  OTPUIATENbHAs  KOPPENALMOHHAsS  3aBHCHMOCTb, KOTOpas  XOpOIIO
anmpoOKCUMUPYETCS IPSIMOH JIMHUEH C HAKIIOHOM A®S/ABS ~ 0.9 (cMm.puc. 23). Takoi
HAKJIOH SIBJISIETCSl TUIMYHBIM JJIS W30TOIHBIX TPEHJOB CEPbl B OCAJOYHBIX MOPOJAX
BO3pacToM 710 2.4 Mipx et (cM. puc. 5). Borpocsl o ToM, kKakue nporecchl U GpakTopbl
B IEPBYIO odepenb ompeiensan 3Hauenue otHomennii A®S/A¥S, maGmomaembie B
cynbhumoii cepe, ObUIM pEIICHBI HEMOCPEJCTBEHHO B JaHHOH paboTe Ha OCHOBE
9KCIIEPUMEHTAILHOTO MoienipoBanus poroxumMun SO, B OECKHCIOPOIHBIX YCIOBUAX
(rmaBa 3). Pemarommmu (akTopamMH B KOHTPOJHpPOBaHHH oTHomreHmi A®S/AFS
SABJISIIOTCSL CIIEKTPAJIBHBIM COCTaB M HHTCHCHBHOCTH CHEKTPAJIBHBIX KOMIIOHEHTOB
COJIHEYHOTO M3Iy4deHUs NpH 0ojee aKTHBHON POJIM KOPOTKOBONHOBOTO (A < 200 HM)
M3JIydeHUs] B Iporeccax auccommanuu armocdeproro SO,. XapakTep CBA3UM MEXIY
A®S u A*S u, coorBercTBenHo, oTHOmEHHE A°S/A®S HanpsMyI0 OTpaKaIOT YCITOBHS
atMochepuoir  ¢oroxumun  SO,. OueBuaHo, HOO0C 3HAYUMOE H3MCHCHHE
(OTOXMMHYECKHX YCIOBHHA JOJDKHO OTpPa3UThCS HAa H3MEHEHHHM COOTHOLICHUS
A®S/A®S, Tak BenmuMHA H30TOMHBIX YPPEKTOB 3ABHCHT OT CIIEUMDUKH I MEXaHH3MA
peakuuii aucconmarnuu SO, mpu Bo3aeicTBrn YD u3ydeHus.

B npuponssix obpasuax cyinbQuIHOW cepbl NMoka emé He HabJoaanoch
GonbIINX Bapuanuii B BenmumHe orHomenmit A*°S/A®S, mamporus, ¢uxcmpyercs
YIAMBHTEIBHO Y3KHil quanason mmenenns APS/A®S, orpannuennslii 3HAYCHUAME OT
—1.5 10 —0.9. C ueM 3T0 cBsI3aHO U 0 YEM MOXKET roBOpUTh? C OJHON CTOPOHBI, HEINB3S
UCKIIIOYaTh, YTO JaHHAas CHUTyallls CBs3aHAa C HEJOCTAaTOYHO IpEeICTaBUTEILHON
BBIOOPKOH Tpo0 cynbpUIHON cepbl W3 apXeHCKUX MOpOA W JONOJIHHUTEIbHBIE
M30TOITHBIE MCCIIC[OBAHMsI HApylmlaT 3aKOHOMEPHOCTb, BBIPHCOBBIBAIOLIYIOCS Ha
JnaHHBIE MoMeHT. C Jpyroil CTOpPOHBI, MOKHO CUHMTaTh, YTO HMEIOLIMECS JaHHBIE
MPENICTaBSIIOT  OOBEKTHBHYIO  3aKOHOMEPHOCTh, OOYCIIOBJICHHYIO  OOIIHOCTBIO
(hOTOXMMHUYECKOTO COCTOSIHMSI 3€MHOH arMocdepbl, KOTOpas, B CBOIO O4epe[b,
HEMOCPE/ICTBEHHO CBs3aHA C OCOOEHHOCTSIMHM COJIHEYHOTO H3Iy4eHHs B apxee. Uto
KACACTCs YCTAHOBJICHHBIX B JNaHHOW pabore orHourennit AS/A*S, To onn Hukak He
HapylaloT o0meid 3aKOHOMEpPHOCTH, 4, HAlpOTHB, MPEJOCTABIISIOT  HOBBIE
JOKa3zaTenbcTBa sl e€ Jryymero oOOCHOBaHMA. Ecim  ydecTh  BBICOKYIO
ayBCTBHTENBHOCTh BemuanH APS/A®S k msmeneHmio (QOTOXMMIHYECKHX YCIOBHiI B
aTMoc(epe, CBSI3aHHOE C JOCTYITHOCTBIO KOPOTKOBOJIHOBOrO Y®-M3iydeHHs IpH
¢dorommse SO,, To BechMa OJM3KOE CXOACTBO B OTHOIICHUSAX A¥®S/A®S uzoTOmHBIX
aHOMAJIMH cepbl B CylbQHUIaX U3 NOPOJ, claralomux (GpyHIaMEHT JPEeBHHX KPaTOHOB
KaanBaane nHa tore Ad¢puku, I[Tunbapa B 3amagHol ABcrpanuu, ChlONMpPHOpP B
ceBepHoli Amepukd W CuHOMpCKOrO KpaToHa Ha fore BocTo4HOW Cubupw,
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NPE/CTAaBIsIEeTCS OTHIOAb HE CIy4allHBIM siBIeHueM. M3 Toro akra, uTO
KOPPEISIINOHHAS CBS3b MEXKIy A®S u A®S onMHaKoBa (WM TOYHEe, BapHAILIHs
A®S/A®S mposBuseTcss B CpaBHHTENBHO Y3KHX TpaHumax or —1.5 mo —0.9) B
cynbpumax M3 apXeHCKMX KOMIUICKCOB Pa3IMYHBIX KPAaTOHOB, HEM30EXHO ClexyeT
BBIBOJ: (JOPMHpPOBAHWE M30TOMHBIX AHOMAIMM CEppl M OOYCIOBIMBAIOIIUE X
(hoTOXMMHYECKHE TIPOLECCHl JOIDKHBI OBUIM  MPOHUCXOJUTh IO  OJHHAKOBOMY
MEXaHN3My, 9YTO IOJpa3yMeBaeT HaIW4IHe OOIET0 (POTOXUMHUYECKOro pexuMa
aTMoc(epsl 1 IeHiCTBUE OIHUX M TEX K€ CHEKTPAJIbHBIX apaMeTpOB, ONPEIEIIIOIINX
(pakuOHUpOBaHUE Cephl B XoJ€ €€ KpyroBopoTa B NMEPBHYHON aTMoctepe 3emi.
OTo naéT OCHOBAaHME YTBEPXKJaTh, UYTO XapaKTep MPOSIBICHHS B3aUMOCBSI3H MEXIY
W30TOMHBIMH aHOMAJIHSIMH  CEPhI A®S u A®S 00YyCIIOBJICH, TJIABHBIM 00pa3oMm,
BIMSHUEM TapaMeTpoB OOLIEIUIaHETapHOTO 3HA4YCHHS, a HE JIOKAJBHBIMH YAAa4HO
CJIOKHMBIIMMHCS TEOXUMHIECKUMH OOCTaHOBKaMH MECTHOTO ypoBHs. [loBTopsieMmocTh
m3otonHoit mponopimn  A*S/A®S B pasmeIx Toukax TmaHETHI ompenenAeTCSA
NPOTEKaHWEM OJHOTHUIIHBIX MHpOLEeccoB (OTOXMMHUYECKOH TpaHC(HOPMAIMU CEphl B
apxefckoil  arMocdepe, CONMPOBOXKAAIOIIUXCS, COOTBETCTBEHHO, OJHOTHITHBIM
(pakIOHNPOBAHNEM H30TOIIOB CEPHI.

B paboTe mokasaHo, YTO HCCIICIOBAHMS 3aKOHOMEPHOCTEH pacIpemeiIeHus
130TOn0B cepl °2S, 33, S 1 *S B cynpumax u3 apxelCKUX MOPOJ PasHbIX KPATOHOB,
B COBOKYIHOCTHU C 3KCIIEPUMEHTAJIBHBIMU 3aKOHOMEPHOCTSIMH, YCTAaHOBJICHHBIMHU TpU
M3y4YEeHUH M30TOIHOTO (paKIMOHUPOBAHMS cepbl B poToXuMUUecKux npoueccax SO,,
COCTaBIIAIOT 0a3uC, MO3BOJSIONIMNA C €JUHON TOYKH 3pEeHUS OOBSICHUTH IOBOJIBHO
IIMPOKYI0 PacIpOCTPAaHEHHOCTh M30TOIHBIX aHOMANWH Cephl B apXEHWCKUX MOpOJax,
MPUHSAB MPOIECCHl, MEXaHU3MBI U yCIOBUSA (POTOXMMHUECKOTO KPyroBOpOTa CEPHl B
NPUMHATHBHON aTtMocdepe, Kak sSBJICHHE IUIAaHETAPHOTO 3HAUCHMS, ABHMXKYILECH CHIION
KOTOpOTO OBbLIM MHTEHCHBHBIE TOTOKH Y D-m3irydenust ot CoJHIa B apXeHCKYI0 3py.

[MonpIToxMBass pe3ynbTaThl WCCIEJOBAaHMS OTMETHUM, YTO HOBBIE (DAKTHI U
3aKOHOMEPHOCTH, YCTAaHOBJIEHHBIE NMPU HW3yYCHHH MYJIbTHH30TONHBIX XapaKTEPUCTHK
CyIb(QUIHON Cephl U3 apXeckux mopo] PeHHOCKaHIMHABCKOTO ImuTa U CHOMPCKOM
wiatGopmMbl, B  COBOKYITHOCTM C  HAOJIOJaeMbIMH B  HACTOsIIiee  BpeMs
3aKOHOMEPHOCTSIMHU TIPOSIBJICHUSI H30TOITHBIX aHOMAJIMK cephbl B ApeBHUX (> 2.4 mupxa
JIET) OCajJouyHBIX mMopoaax Adpuku, ABCTpainu U AMEpPUKH NalOT yOeauTelnbHbIE
JOBOABI AN TPHU3HAHUS TPOIECCOB, MEXaHW3MOB M YCIOBHH (POTOXUMHIYECKOTO
KPYroBOpoTa cepbl B NPUMHUTHUBHOH aTMocdepe 3emMiu SBICHHEM IUIaHETapHOTO
3HA4YCeHHUs, IBIKYIIEH CHIIOW KOTOPOTO cieayeT cuuTarh m3nydeHne CoyHIla B apxee,
naroniero Oonpiie Heprun B Y@ o0sacTi 1o CpaBHEHHIO ¢ cOBpeMeHHBIM COJTHIIEM.
Jomunupyromee atMocepHoe BIHMSHHE Ha TIIOOATBHBIM IIMKI CEepbl B YCIOBHSX
paHHETo TepHoja pPa3BUTHS 3€MJIM IO3BOJISIET C €IUHOW TOYKH 3pEHUst OOBSCHUTH
MOBCEMECTHOE MPUCYTCTBHE B OCATOYHBIX MOPOJAX BO3pacToM A0 2.4 MiIpA JIeT Macc-
HE3aBUCHMO ()PAaKLMOHMPOBAHHOW CEpbl, IEMOHCTPHUPYIOILEH OOIIMi Xapakrep
KOPPE/ISIHOHHOM B3aHMOCBs3H Mexy Bemmumnamu A®°S u A®S, Bre 3aBucumoctu ot
JOKaJIbHBIX YCJIOBHH (hopMHUpOBaHMs CyIb(GHUIHON MUHEPATH3AIHH.
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3akaiouyenue

B 3aximrodeHHH OTpakeHbl HamOojiee 3HAYMMBIE Pe3YNbTAaThl KOMIDIEKCHBIX
(3KCTIepUMEHTaNbHBIX W HAa  OPUPOAHBIX  0o0pasmax)  B3aMMOJOIOIHSIONIIX
UCCIICIOBAHNI  SIBICHUH Macc-HE3aBHCHMOIO  ()PaKIMOHHPOBAHUS CTaOMIBHBIX
M30TOIIOB CEphbl M KUCIIOPOJa, KOTOPhIC ONPEEISI0T CUCTEMHBIH IOAXO0 K Pa3BUTHIO
HpeCTaBIeHHH O TEOXHMHIH H30TOIIOB CEPHI M KUCIOPOa B apXEHCKYIO 3py.

HW3oTonHBIC XapaKTEPUCTUKH Cepbl OPEBHEHIINX OcamoduHblx mopon (> 2.4
MJIPJ JIET) IPEIOCTABISIOT BO3MOKHOCTD PAcliO3HATh TEOXUMHYECKUE YCIOBUS CPEIIbI,
npeobiaaBIIe Ha 3¢MHOW ITOBEPXHOCTH B apXeHCKYI0 3py, HOCPEICTBOM HM3YUCHHMS
3aKOHOMEPHOCTEH (DPAaKIHOHHUPOBAHHS BCEX UCTHIPEX CTAGHIBHBIX H30TOIOB CEPBI 23,
33, 3S u S, Usmepenne Bapuaumii B COOTHONICHHH HAHGONEE PACTPOCTPAHEHHBIX
130TONOB *S/*2S M M30TOMHBIX Map, BKIIOYAIOUIMX MAIOPACIPOCTPAHEHHBIE H30TOMBI
#5135 u ¥S/*2S, TpeGyer MCKIOYHTENHHO BBICOKOH TOYHOCTH JUISL JOCTOBEPHOTO
BBISIBJICHHS H30TOMHBIX aHomamuii cephl A®S u A%S, coxpammpmmxcs B apeBHHX
HOPOJaX, a TaK e JUI PacKpbhITHUs 3aKOHOMEPHOCTEH BO B3aMMOOTHOLICHUSIX MEXKIY
m3oTomHBIME ddekramu ceper 55, A®S u A®S. B srom miame paspaGoranmHsIii
HOBBI METOJ M30TONMHON Macc-CIIEKTPOMETPHU C  (EMTOCEKYHIHOH Ja3epHOi
abmamuent  (Dc-JIA-TX/MC) obecrieunBaeT  HAWIYYIIHE  BO3MOXKHOCTH  JUIS
HCCIIEIOBAHHS iN SitU COOTHOIICHHS BCEX YETHIPEX CTAOHIBHBIX H30TOIOB CEphl -2,
83, ¥3 11 %S B cynpuIHBIX MUHEpATAX.

IMpoBenéuubie uccienoBanus 3QGeKToB GpPaKIMOHUPOBAHUS U30TOIOB CEPHI
(®2s, ¥s, 33 11 *3) B PoToOXMMHUECKUX MPOLECCAX TIO3BOIMIN PA3PEIIUTh IPOOIEMY
HCTOYHUKA U30TONHBIX aHOMAJIUN CEPBI (A%S u A33$) B apXEUCKUX IOPOJax ¢ TOUKU
3penusi oroxumun SO, B OECKHCIOPOIHBIX YCIOBHSX apXeHckoil atmocdepsl.
OKcrepruMeHTanbHbIe (aKThl MO3BOJSIIOT 00OCHOBAHO MOJIAraTh, YTO HHTEHCUBHOE Y D
COJIHEYHOE M3JIyYeHHWEe B apxee ONpelesIo IyTH TpaHCQopMmaiuud cepbl B
¢bortoxumuueckux peakuusax SO, W BIMAIO, B KOHEYHOM HTOre, Ha XapakTep
nepepacrpesesieHust €€ H30TonoB. TeM caMbIM JaHO ONPOBEP)KCHUE CIIOKUBLIEMYCS
NPEJCTABICHHI0 O HEBO3MOXKHOCTH OOBSCHUTH HPOMCXOXKICHHE Macc-HE3aBHCHMBIX
M30TONHBIX  3(Q¢EeKTOoB B  apXeiickux Tmopojax B paMKax  aTMOC(EPHBIX
(dhoToxummuueckux mporeccoB ¢ ydactueM SO,. ITo0 03HAYaeT, B CBOIO OuYepellb, 4TO
HET HUKaKUX MPUHLIUIHAIBHBIX IPErpajl CYUTaTh U30TOIHBIC aHOMAJIMHU CEPhI PSIMbIM
CBH/JIETEILCTBOM BOCCTAHOBUTEIBHOTO COCTOSIHUS aTMOC(]epbl Ha paHHel 3emiie.

IIpencraBneno SKCIEPUMEHTAIBHOE obocHOBaHHE u pa3BuTHE
CYIIECTBYIOIMX TPEJCTABICHUNA O (OTOXUMHYECKOM HCTOUYHHKE MOCTYIUICHHUS
kuciopona B armocdepy. IlomydeH 1enblid psii SKCIEpPUMEHTAIbHBIX  (DaKTOB,
MO3BOJISIIOIMX ~ acCOLMMPOBATh  INIOOANbHBIE  OKHUCIWTEIbHBIE  TPOLECCHl €
(hOTOXMMHUUYECKMM HMCTOYHHUKOM KHCIIOpOJa — T€HEpHpPOBaHWEM HNEPOKCHAa BOJIOPOAA
H,0;, BcnenctBue (OTOXMMHUYECKOH JHCCOLMALMM MOJIEKYJ BOIBI B paHHEH
atMoc(epe 3eMiid TOJA BO3JCHCTBHEM HMHTEHCHBHOTO J>XEcTkoro Y® wn3mydeHwus.
BHecena sicHocTh B pemieHHe Bompoca o nyTsax ¢opmuposanus H,O, B panHeii
OeckuciopogHoii armocdepe 3emiid, a HWMEHHO IO MEXaHW3MYy PEKOMOWHAITUH
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runpokcwn  paaukanos OH+OH+M — H,0,+M. VYcraHOBiIEHO, YTO peakius
pexoMOMHAIMK TUAPOKCHI paaukanoB OH mMmeeT pe3yiapTaToM Macc-HE3aBHCHMOE
pa3zencHre W30TONOB KHCIOpOoAa. JTOT 3¢p¢eKT OOBICHEH Ha OCHOBE TEOPHUHU
CIIMHOBOW CEJEKTUBHOCTH XUMHYECKHX peakuunil. IlomyueHHBIE NaHHBIE NPHBOAAT K
BBIBOJLy, YTO KHCIIOPOA, HMEOMHH (OTOXMMHYECKOE MPOUCXOXKICHHE, MOIDKEH
00agaTh yHUKaIbHON M30TOMTHO-aHOMAIFHON METKOIA.

ITpoBenénHbIe HccneI0BaHNA AAOT OCHOBAHHUE M0JIaraTh, 9YTO B aTMOC(EPHBIX
npoueccax TpaHC(HOpPMAalMM CEepbl M KUCIOPOJA, BOBJIEKAEMBIX B TIIIOOAJbHBIN
KPYrOBOPOT Ha paHHMX ATalax pa3BUTHS 3€MIIH, IIEHTpajbHash CHCTEMOOOpa3yromas
poJb JOJDKHA OblUIa NMPUHAUICKATh CONHEYHOMY Y@ M3IIydeHHUIO, XapaKTepHCTHKH
KOTOPOTO IpPEIONpENeNsioT JUHAMHUKY M MEXaHM3MBl peakiui, a Taxke
NPOU3BOJIUMBIC B HUX U30TONHBIE 3P deKThI.

Pacmiosnanue HCTOYHHKOB M30TOITHBIX aHOMaJNH obecrieumio
JOTIONTHUTENBHBI METOJ BBISICHEHHS IIyTeH MpEeBpalleHHs Ccepsl B TII0OATBHOM
KpPYroBOpOTE Ha PaHHMX dTamax pa3BUTHS 3eMiH. [lomydeHsl BeCKHE apryMEHTHI IS
NPU3HAHUS TEHETHYECKOH CBS3M CyIb(HUIOM cepbl B apXEHCKHX BYJIKAaHOTCHHO-
0Ca/IOYHBIX MECTOPOXKICHUAX C Cynab(aTHOW cepodl (OTOXMMHUIECKOTO TeHEe3Hca.
CBuzeTensecTBa O BOBJICYEHHHM Cepbl B OHOTEHHBIE NPOIECCHl HA pPaHHMX 3Tanax
pa3BuTHa  3eMIM  IPEACTaBIseT O0CcOOyl  IIEHHOCTh A JloKa3aTelabCTBa
CYIIECTBOBaHUS OHOrEHHOTO KPYroBOpOTa cepbl emé 10 TMOSBICHHUS CBOOOIHOTO
MOJIEKYJISIPHOTO KHCIIOpO/ia B aTMocdepe 3emiu.

OOHapyKeHHe M30TOIHBIX aHOMAJMH Ccepbl B apXeickux  ToJmax
denHoCKaHIMHABCKOTO 1KTa U CHOMpPCKOM TIaT(hOpPMBI CBUIIETEIBCTBYET B IMOJIb3Y
MIPU3HAHUS TPEACTaBICHUI O TOM, YTO MacC-HEe3aBUCHMEbIE H30TOMHBIE 3(h(HEKTHI cepsl
— 9TO sBIEHHME T[Io0aNbHOTO  Macmraba, KOHTPOJIMpYEeMOe IapaMeTpamu
obmernanerapaoro 3HaueHuss — Y@ conHeuHoe wuzdmydeHwe. Bcé 310 nmaér
NPE/CTaBICHHE O NpeodiaNaromeM aTMOC(GEepHOM BIMSHHUM HAa TIOOANBHBINA ITMKI
CepHl B apxee.

IMMYBJIUKAIIMU 11O TEME JUCCEPTALIMU
Cmambvu 6 peyensupyemvix HayuHbIX U30AHUAX, 8 MOM HUCTe
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