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B mpUpoHBIX BOJAxX, Kak MPAaBWJIO, HAOMIONAETCS HAPYIICHUE PaIMOAKTHBHOTO PABHOBECHSA B IIETIOUKE
238Y...— 24U — 20Th, B nomseMHBIX BoAaX B MOAABIAIOMEM 4Yucie ciydaes 22*U/28U =0,8-3 (mo
akTHBHOCTsM). OJIHAKO B PsE PETMOHOB M3MepeHbl oTHomenus 234U/2%U > 10, Bmiots mo 50. Yparanusie
n30bITKH 2*U MOTYT OBITH OOBACHEHB KIMMATHYECKHAMHU BapHAlMSIMH, KOTIa B TIEPHOABI MOXOJOJAHHIT
MEp3JIbIe TIOPO/Ibl HAKAIUIMBAIOT 234U, a IIpU TasHUM TEPSAIOT ero OwicTpee, ueM 238U, TIpoBepka 3TOH IUMOTE3bI
BBITIOJIHEHA TI0 JAHHBIM 00 M30TOIHOM COCTaBE YpaHa B XeMO- M OMOTEHHBIX 00pa30BaHHUsAX MHUPOBOTO OKEaHa
n baiikana, sBISIOIIMXCA pe3epByapaMH, aKKyMYIUPYIOUIMMHM KOHTMHEHTaJIbHBIH cTOK. [lis Muposoro
OKeaHa HamboJee 3HaUMTENbHbIe oOoramennst 23U OTMeeHbl B CEBEPHBIX W BHYTPEHHHX MOPSX B MEPUOMBI
KIMMAaTUYeCKUX HOTeIUIeHHi. B JIOHHBIX oToxkeHusX o3. baiikan (mneiicTonen—ronouen) u3bbTku 234U
YBEIMUUBAIOTCS B TEPUOMIBI TIOTETUICHHN M CyNIECTBEHHO MPEBBINAIOT TaKOBEIC B MUpPOBOM OKeaHe. B
npuTokax Baifkana n 03epHBIX Bojax W3OLITKH 24U yBeIMYMBAIOTCA C CEBEpa Ha 10Ta BCJIEH 32 yMEHBIIEHHEM
JIONM TUTOTA/TH, 3aHATON Mep3JI0TOH, M Bo3pacTas B TEIUIbIA mepuon roxna. [osenenue 234U B paccMOTpEHHBIX
pe3epByapax cOmIacyeTcss C THIOTE30H O PENMAIOIEM BIMSHAM MEP3JIOTHl HA AHOMANBHOE MOBHIIIEHHE
ornourennii 24U/?%8U B nomzeMHbIX BOJAX.

Kniouesvie cnosa: HepaBHOBeCHBIH ypan, 22*U/?%U, knuMartuueckue Bapuanuu, Mep3i1oTa, MUpoBoii okeaH,
Baiikai.

BBEJEHUE

Hapymienne 130TOMHOTO paBHOBECHS Il PACTBOPEHHOTO B IPUPOJHBIX BOJAX ypaHa
(*U/*8U) orkpeito I1.M. Yanosem [1, 2, 3] u B.B. UepasiauessiM [4, 5] u 00bsACHEHO
PalMOKMHETHYECKUM pa3[eleHHEeM — MOBBIIICHHEM MUIPALMOHHOW IOABMXHOCTU
JOYEPHHUX MPOAYKTOB IO CPABHEHUIO C POJUTENbCKAME M3oTonamu (3¢ dexr Cruuiapaa-
Xa66apaa). Js NonaBisoNero GOJbIIMHCTBA BOJHBIX 00BEKTOB OoTHomeHue 224U/2%8U
nexutr B uwHTepBaie 0,8—3 (3mech W manee MO akTHBHOCTSAM). B CpemHHX W BBICOKHX
MHUpoTax 3eMHOI0 IIapa B MOA3EMHBIX BOIAX HAOIIOOAETCsl yCTOWYHMBOE CMEIIEHHE 3TOrO
otHomieHus: B obmacth 10-20, a B OTACTBHBIX CHy4asx QUKCUPYIOTCS BEIUYHMHBI
238U/ ~ 50 [6, 7].

OOmenpuHATO OOBACHATH CBEPXBBICOKHE oOOoramieHusi ypaHoM-234 BbIOpocoM
aromoB otgaun (24Th) u3 MuHepanbHOI MaTpuLBl B BogHyIO cpeny [8, 9, 10, 11, 12, 13,
14, 15, 16]. OrpaHu4YeHHEM JaHHOW THIIOTE3bl SBISICTCI TO OOCTOSTEILCTBO, YTO
3HAUYUTEJIbHOE 00OralieHne ypaHoM-234 BO3HMKAET TOJBKO MPH BBICOKOH AMCHEPCHOCTH
3epeH MuHepaita-xo3sauHa I <107 °M ¥ OTHOCHTENBHO JuTMTENLHOM Bpemenu t> 104 et
KOHTaKTa BOJIbI C TIOPOOM.

[onsikoBeiM B.A. [6] BEIIBHHYTA Uaesd O TOM, YTO yparaHHble W30BITKH ypaHa-234
CIIeyeT CBs3aTh C KIMMAaTHYECKMMHU BapHalusMH. B mepuonsl moxosogaHui, n3-3a
OTCYTCTBHS KHMAKOW BOAbl, 2**U HakamivBaeTcs BO BMEMIAIOIIMX IOPOJAX, a 3aTeM
IKCTparupyercsi U3 HUX TaJIOW BOAOH, 0Opa3yrolienicst pu Jierpajallid Mep3ioThl, OoJee
BBICOKUMH TeMramu, 4eM 28U, VYkazaHHas THIOTE3a MOATBEPIKAEHA ABTOPOM JaHHON
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CTaThU OPM M3YYEHMH HOA3EMHBIX BOJ, BKIIouaBieM onpeaenenue 520, §2H, 2*U/28U u
renmueBoe garupoBanue [17, 18, 19, 20]. Oanako, Oomee QyHmaMeHTaNbHAs MPOBEPKA
TUTIOTE3bI BOBMOXKHA Ha 0a3e JaHHBIX 00 M30TOITHOM COCTaBe YpaHa B XeMO- U OMOTeHHBIX
o0Opa3oBaHusx B MUPOBOM OKeaHE U KPYITHBIX KOHTUHEHTAIBHBIX BOJJOCMOB.

1. OKEAHUWYECKHWM PE3EPBYAP

OxeaH, BKIIOYas JOHHBIE OTJIOKEHHs, OPraHOTCHHBIE OOPA30BaHHUS M BOIHYIO
Maccy, — pe3epByap, HamOOJNee 3HAUYMMO OCPEMHSIONIMH H30TONHBIE  CHTHAJBI,
BO3HMKAIOIME 3a CYET MOCTYIUIEHUS ypaHa ¢ KOHTMHEHTOB. [€HEpalIn30BaHHOE CPEIHEE
I COBpeMeHHOro okeana 24U/%8U =1,144—1,145° [21, 22] npu cpeaHeM cocTase
peunoro croka 24U/%8U = 1,25 [23]. Eciu Obl peku ObLIM €IMHCTBEHHBIM HCTOYHHUKOM
u36bITKa 2*U TO, yunThIBas cpenHee Bpems npedsiBanus U B okeanax ~400 Teic. net [14,
24), B okeannueckoii Boge orHomenue 24U/%8U 6p110 661 ~1,08 [21, 25, 26].

VKazaHHOE pasM4Me B PACUETHBIX M HaOmomaeMblx oTHomeHmsax 2U/28U B
OKEaHMYECKOM BOJE HE MOXKET ObITh OOBACHEHO YBEJIMYEHMEM PEYHOTO CTOKA W/HIIH
YMEHBIIICHUEM BpeMeHH NpeObiBaHus ypaHa B okeane [22]. CiienoBaTenbHO, J0JIKCH OBbITh
HCTOYHHK M30BITOYHOTO ypaHa-234. B cOOTBETCTBHYU C THIIOTE301 O BBUIETE SIACP OTHAYN
2%4Th, kak OCHOBHONM NpW4MHe HapyieHus paBHoBecus 2*U/?*®U, poct moroka 24U ¢
KOHTUHEHTOB OOBACHSIOT YBEJIMYEHHEM CTENEHH (PU3MUECKON JE3MHTErPAIMK TOPOJ B
nepuonsl oneneHenwii [27, 28, 29]. IlpennonaratoT Takke CyIIeCTBOBAaHHE HCTOYHHUKA
ypaHa-234, 00yCIOBIEHHOTO YBEIHMYSHHEM TUIOIIAIN OCYIIEHHOTO IIenbda Mpu NaJeHun
YpOBHS OKeaHa B niepuoibl noxonoaanuit [30].

U3 runotes, CBA3BIBAIOMINX POCT M30BITKOB 224U ¢ yBenIMIeHneM TOTOKA Aep OTAa49n
ZTh, cnemyer, uro HaubombIIKe HapylneHus paBHOBecus 2>*U/?8U B okeannueckoil Boje
JOJDKHBI HAOMIONATHCS B JIEAHUKOBBIE SIOXH. YKA3aHHBIE THIIOTE3bl HE OTBEYAIOT Ha
CJIE/LYIOIIHME BOTPOCHI, BOSHUKAIOLINE U3 HAOMIONEHHUIA.

1. Tlouemy Manbl motepu saep oraadn 2*Th MenKoOOIOMOYHBIMU YACTHIAMH Ha
KOHTMHEHTAIBHOM JTarne nepenoca? B 30He pasBUTHS MEJKOAUCIIEPCHBIX MOPOA Ha
KOHTHHEHTaX — €JIOMBI, JIECCOB M YEPHO3EMOB, MPOMCXOKIEHHE KOTOPHIX CBA3BIBAIOT C
BETPOBBIM PA3sHOCOM TIBUIEBOTO Marepuaga B JICAHUKOBBIE SIOXH, 3HAYMTEIHLHOTO
HapyuieHus pasHoBecus 2*U/?®U B rpyHTOBBIX BoIax, KaK NPAaBHIIO, HE HAOIIONAETCS.

2. JlomycTuM, YTO YBENMYEHWE TMOTOKAa siep orgaud  2**Th, jmeHcTBUTENBHO,
00yCJIOBIIEHO POCTOM MOCTYIUIEHHMSI NBUIM B OKEaH B DIOXH MOXOJIOJAHHMI, KOTOPBIM,
nerctButenbHo, umen Mecro [31, 32]. U mpuib W Topuil B COCTaBe XUMHUYECKHUX
COEIMHEHHIT MMEIOT BECHMa MAJIO€ CPEIHEE BPEMs NPEOBbIBAHUS B OKEAHHYECKOH BOJIE
[33, 34, 35] u ObIcTPO NEMOHHUPYIOTCS B COCTaBE JOHHBIX OcankoB. Kakoil MexaHu3M,
obecrieunBaeT ocratounbli motok 24U (u He sarparmsaer 2°U) u3 mopoBoil Bombl
OCaJIKOB B OKEAHMYECKYI0 BOIy? BO-NEpBBIX, MOABMKHOCTH ypaHa B MOPOBBIX BOIAX
MIOHMKEHA, TAK KAaK OKMCIUTEIBHBIE YCIOBUS OTMEYAKOTCS TOJIBKO B TOHKOM MPHIOHHOM
CJI0€ OCAJIKOB MJIM NPU OTCYTCTBUH OPraHMYECKOTO MaTepualia, KOTOPBIH Cpasy IEPEBOIUT

5> B okeaHorpaduueckunx nccnegosaHuaX, BBUAY Manbix Bapnaumin, otHoweHuna 234U/238U npunato
BbipaxaTb B npomuane 823U = (234U/?38Uakr — 1)x1000, %o. [lanee B AaHHOI CTaTbe 3Ta HOTaLMA
Takxe ByaeT NCnonb3oBaHa.
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00CTaHOBKY B BOCCTaHOBHTEIbHYI. Bo0-BTOpbIX, AM(D(QY3UOHHBIH BBIHOC ypaHa W3
MOPOBBIX PACTBOPOB B CBOOOMHYIO BOMY 3aTPYyIHSETCS HAKOIUIGHHEM HOBBIX MOPIMN
0CaJIKOB, 32 UCKITIOUYCHHEM OKEaHHUYECKON abuccalu, Te Mpolece akKyMYyJSIUU CHIBHO
sameied. Ilpu 3ToMm m3penka HabmonaeMble M30bITKM ypana 2**U B MOpoBBIX BOjgax
OKEaHWYeCKHX OCamkoB ¢ oTHomeHmaMH 2>*U/%%U >1,14 umenHo B abuccamu U He
otMmeuensl [9, 11, 16].

OO00011IeHNE TaHHBIX TI0 KOpajlylaM, CTBOPKaM MOJUTFOCKOB U KapOOHATHBIM MOPCKUM
OTJIOXKEHHAM JIEMOHCTPUPYET 3aMeTHOe M3MeHenue otHomenus 2**U/2®U Bo Bpemenn ¢
MakCUMyMaMH B TIepuoApl ToreruieHuit (puc. 1). MuaumMyMm wu30BITKOB ypana-234 B
OKeaHe OTMEYaeTCsi B IMEPHOJ IMOCICIHEr0 OJICACHEHHS, YTO MPOTHBOPEYHUT THIIOTE3E,
cBA3BIBAKOIIEN pocT U30bITKOB 234U ¢ yBenmuennem 1moToka saep otaaun 24Th,

Pacnpenenenne oTHomenus 2>4U/?8U Bo BpeMeHM 111 OKEaHMYECKHX XEMO- M
OpPraHOTCHHBIX  00pa30BaHMM  3HAYMTENLHO  JIydlle  OOBACHSETCS  TUIOTE30H,
CBSI3BIBAIOLICH pPOCT TMOTOKAa YypaHa-234 ¢ TasHMEM MeEp3JIoThl. B  MUKyIHMHCKOE
MEXIICITHUKOBbE, KOTOPOE OBLJIO HECKOJIBKO TEIUIee HBIHCIIHEro, M30bITKH ypaHa-234
OKa3bIBAIUCh HECKOJNIBKO BBINIC COBPEMEHHBIX, MO-BUIUMOMY, B CBSI3U ¢ OoJbIiel
CTENEHbI0 TasHMs Mep3noThl. Jlis kpuBoil pacnpemenenus U/8U Bo Bpemenn
OOHapy)KMBaeTCs TOHKAas CTPYKTypa, KOrJa HeOOMbIINe BO3pACTaHHs OTHOIICHHS
COOTBETCTBYIOT TEpPHOIAM BPEMEHHOTO IMOTEIUICHUS BHYTPU OIOXH MOCJICTHETO
TIOXOJIOTaHUSI.

OTMeTHM, 4YTO 3HAUUTENIBHBIX W30BITKOB YypaHa-234 B KopajiaX, CTBOpKax
MOJUTIOCKOB W KapOOHATHBIM  OTJOKEHHSX DKBATOPHAIbHON 30HBI OKeaHa He
obHapyxwuBaercsi [22]. Hamporus, CeBepHblii JlemoBUTHIN OKeaH, KaK OTHOCHUTEIHHO
U30JIMPOBAHHBIA U MCIBITHIBAIOIINI HAHOOJBIIEE YACIbHOE BIUSHUE KOHTHHEHTAIBHOTO
CTOKAa U3 30HBI PACIPOCTPAHEHHSI MEP3JIOTHI, IECMOHCTPHPYET MAaKCUMAJIbHbIC W30BITKH
24y/#8U. Hampumep, B bapeHIeBOM MOpe KOHLEHTpalus ypaHa COCTABIISET
(0,49-35,6)x10~" r/n, a uzotomHkli coctaB Bapeupyer ot 1,11 go 1,91 [74]. Cynsa no
cxeMe TeueHHi, Hanboee odorameHsl ypaHoM-234 yuactku bapeniieBa Mops, B KOTOPBIX
BKJIQJT aTJIAHTHYECCKOM BOJII MUHUMAJICH.

Benen 3a 2*U, COOTBETCTBYIOIIME aHOMAIUH JOJDKHBI OOHApyKHMBAaThC U B
U30TOITHOM COCTaBe TOpHs. YUHUThIBas BpeMs, HEOOXOAMMOE Ui JIOCTHIKCHUSI
PaJMOAaKTUBHOTO paBHOBecHs B Iemouke «...2%U — 20T 5 226R3  amomanuu B
otHomenun 2°Th/?2Th, BosHUKarOIME MOJ BIMSHAEM KIMMATHYECKMX BapHaLlHii,
JIOJDKHBI TIPOCIISKUBATHCS 3HAYUTEIILHO JaJIbIIe B MPOILIOE, YeM TOJIBKO 10 OTHOUICHHIO
234238

Hampumep, B HopBexckom Mope mo pocTy u30bITKa Topusi-230 U OONeryeHwro
W30TOITHOTO COCTaBa KHCIOpOJAa KapOOHATOB OJHO3HAYHO BBIICISIETCS TOJOICHOBOE,
MUKYJIHHCKOE U mpensiaymme noremienus (MUC-1, MUC-5 u MUC-7, cooTBETCTBEHHO,
Puc. 2).
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Puc. 1. U3otonueii  coctaB  ypana (**U/?8U) B kopamrax wu kapbGoHarax
MPUTIOISIPHBIX U apKTHYECKUX 00acTeit Muposoro okeana: 1 — [35], 2 — [37], 3 — [38],
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4—[39], 5—[40], 6—[41], 7 —[42], 8 —[43], 9— [44], 10— [45], 11— [46],
12— [47], 13— [48], 14— [49], 15— [50], 16 — [51], 17 — [52], 18 — [53], 19 —
[30], 20 — [54], 21 — [55], 22 — [56], 23 — [57]3, 24 — [58], 25— [59], 26 — [60],
27 [61], 28 —[62], 29— [63], 30 — [64], 31 — [65], 32 — [66], 33— [67], 34 —
[68], 35— [69], 36 — [70], 37 — [71], 38 —[72], 39 — m30TOMHBIII cOocTaB ypaHa B
coBpeMeHHOM okeane 824U = 14543 %o [21, 22], 40 — ¢uykTyamun ypoBHs okeana [73].
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Puc. 2. Hauanenoe ornomenue 2°Th/2®Th u wusoromuelii cocTaB Kucmopoga
kapOoHaroB st kepHa 23059 w3 Hopsexckoro mopst mis mepuoma 1—8 MUC
(amanrtupoBano U3 [75] ¢ n3MeHeHUsAMH): 1 — M30TOMHBINA COCTaB TOPHS; 2 — U30TOIHBIN
COCTaB KUCIIOPOAA.

2. KOHTUHEHTAJIBHBIE IPECHOBOJHBIE PE3EPBYAPBI

O3epo baiikan siBnsieTcss KpyNHEUIINM Pe3epBYapOM MPECHOM BOABI U PACTIONMKEHO B
reorpaduyeckoil 30He, TAe TEMIIEPaTYpPHOE COCTOSHHUE TOPHBIX TOPOA B TMO3JHEM
IUICHCTOIICHE U TOJIOIIGHE CYIISCTBEHHO MeHsuioch [76]. Ha BomocOope o3epa
MIPUCYTCTBYET KaK MPEPBIBUCTAS, TAK M CIUIOIIHAS MEp3JIoTa. XapaKTepHOe NIl pETHOHa
COBPEMEHHOE CTEIUIMBAaHWE W TasHWE MEP3JIOTHI [/7] OKa3bIBaeT BIUSHUE Ha OOBEM U
XUMHUYECKHI COCTaB PEYHOro cToKa [78].

B nmonspix oriokeHusx baiikama Ha KIMMaTWdecKue BapUAIllUM pearupyeT psif
reOXMMHUYECKHX, MUHEPaIbHBIX U OHomorndeckux cucrem [79, 80, 81, 82, 83, 84, 85, 86,
87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106]. B
NEepUOAbl  TMOTEIUICHWH PE3KO BO3pacTaeT KOHIEHTpAIMs CTBOPOK JMATOMEH, B
XOJIOTHBIE — TIOTOK ITMHUCTOTO MaTepuala u J0Js TeppUreHHoro ypaHa (puc. 3a).
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Puc. 3. Pactipeneneane mo TIyOMHE [OHHBIX OCagkoB 03. baiikanm pa3mmaHbIX
6I/IOJIOI‘I/I‘ICCKI/IX, KIIaCTUYCCKUX u HU30TOIMHO-TCOXUMHNUYECCKUX HWHAWKAaTOPOB
(amanTupoBaHo ¢ u3MeHeHUsMU u3 [82] — pwuc. 13, 17, 19, cranmus st-2 VER-99-1;
[92] — puc. 7, cranmmst St-7); 1— mOTOK WIMH; 2 — KOJHYECTBO JUHATOMEH; 3 —

ortHomenue 24U/?8U; 4 — KOHLEHTpaLys TEPPUTEHHOTO yPaHa.

OOGoramenue ypaHoM-234 CyIIECTBEHHO YMEHBINIAETCS B XOJOAHBIC MEPHOABI U
Bo3pactaeT B Tembsle (puc. 3 6). OTMeTuM, YTO yMEHbIIEHHE H30bITKa ypaHa-234 B
XOJIONIHBIC TIEPHObI TIPH OJHOBPEMEHHOM pPOCTE MOTOKA TIIHH B 03€pO MPOTHBOPEUUT
TUIOTE3e MPAMOro noctyruienus 2*Th B Bomy, Kak OCHOBHOM HMCTOYHHMKE HAPYIIEHHS
paBHOBecus B cucteme 228U [8, 9, 107, 10, 11, 12, 13, 14, 15, 16].

AHAJIOTUYHBIC BapUald H30TOMHO-TCOXUMUYSCKHMX W OHOTEHHBIX MapamMeTpoB
0OHapy>XEHbI B JIOHHBIX OTJIOXKEHUSIX pslla BOJOEMOB CEBEPHOM U CEBEpO-3amagHON
Mowronuu, HanpuMmep, 03. Xyocyrya [108, 109, 110, 111, 112, 113, 114, 115, 116, 117].

B [118] wuccnenoBansl AoHHBIE OTIOXKeHHs o3ep llpubaiikanbs. HaumbGombimee
oOoramieHne ypaHoM-234 oOHapyxeHo B o3epax Ilaran-Teipm (HauOosiee cojieHOE
234Y/?%8U = 2.7 — 3pmeck u manee, B cpenneM), Menkoe (2*U/P®U =2.6) u OpasiHckoe
(B*U/28U =2.3); a menbmee — B o3epax Xom6o-Hyp (Z*U/?®U =1.9), Hammm-Hyp
(maumenee muHepanmszoBanHoe 2>*U/28U =1.8), Amater (B*U/ABU=1.7). Hmeetcs
KOppeNALMs MEKIy pocToM oTHomenus 2*U/?8U um muHepammsaumeil BoIbl B 03€pe,
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KOTOpasi MOXKET OBITh OOBsICHEHa YCKOPEHHOW Aerpajalueil Mep3JOThl IPU KOHTAKTe C
COJICHOH BOJOM.

HcTouHUKOM ypaHa B JOHHBIX OTJIOKEHUSX 03. balikai siBisieTcsi ceTh MPUTOKOB. B
HacTosiiee BpeMss B Hu30BbAx p. Cemenrnm 2*U/?8U=2.08—2.13 (cpennee 2.11), B
p. Bepxusist Anrapa 1.34 +0.02 [82] u 1.40 + 0.15 [88]; B p. bapry3un — 1.53 + 0.03 [82]
u 1.56£0.14 [88]. nsa p. Cenenru HaiineHsl ce30HHBIE Bapuanuu 2>4U/28U [82, 119], a
TaK)KE€ YMEHBIICHHE O5TOr0 OTHOIIEHHA OT HCTOKOB K ycThio (Puc. 4). Otmeuaercs
ycTOWYMBas pa3HUIA MEXKIy FOKHBIM W CEBEpHBIM CEKTOpoM BopocOopa baiikama c
yBeNnW4YeHneM W30BITKOB ypaHa-234 Ha 1ore — B 30He HamOojee WHTEHCHUBHON
COBPEMEHHOM JIerpajiallii MEP3JI0THI.
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Puc. 4. Conepxanusi ¥ HM30TONMHBIA cocTtaB ypaHa B p. Cemenre (mmuHa mpoduist
oxono 400 kM, Touka 1 HaxomuTcs Ha rpaHuie ¢ MoHromuei, a muker 60 — B ycTbe) U
nputokax (amantuposano u3 [82]): 1 — konuenTpauuu ypana B Boje p. Cenenru; 2, 3 —
HW30TOITHBIA COCTaB YpaHa B BOAEC p. Ceneuru u ITPUTOKOB, COOTBETCTBCHHO.

Ha n3otonHbIii cocTaB YpaHa B IOBEPXHOCTHLBIX U MOA3CMHBIX BOJaX OKa3bIBACT, I10-
BUJIMMOMY, BIIMSTHHE CE30HHOE TassHUE MEP3JIOTHI (pHC. 5), MPUBOAS K pocTy 00OTraIieHus
ypaHoM-234 B koHIie Terioro ce3ona [120]. [myOuna ce30HHOTO MPOTauBaHUS 3aBHCHT OT
HOrofHbIX (hakTopoB, a Ha KyiaTyKCKOM MONUTroHe (PUKCHPYETCS TAKXKE PEaKIHsl YETHBIX
U30TONOB ypaHa Ha ceficMuueckue coObitust [120]. ITosTomMy oborameHue ypanom-234
OKa3bIBACTCs CYIIECTBEHHO BapbHUPYIOIINM OT T0f1a K TOJTY.
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Puc. 5. Usmenenne wusotomHoro cocrasa ypana (2*U/28U) moBepXHOCTHBIX
nmoJ3eMHBIX Box Kyntykckoro monurona, roxkuoe [Ipubatikanbe, (maHHble U3 TaOIMIBI 1 B
[120]): ornomenne Z#U/Z8U mopMupoBaHO Ha CpeaHee /Ul KakIOro IYHKTa
OnpoOOBaHMs, KpUBas — AampPOKCUMAIIMS MOJTMHOMOM 4-fi CTENEHH, IAIONIUM TIEPBOE
Hamyuniee npuoamkenue Mo R? (HaJeXKHOMY BBISBIECHHUIO CE30HHBIX BapHaLlMil MeIIaeT
HEPABHOMEPHOE 10 BPEMEHH ONPOOOBAHKME TOUCK HAOIONCHUS ).

BbIBO/bI

B MupoBoM okeaHe HambOoiee 3HaYUTEIbHBIE OOOTalIeHHsT ypaHoM-234 u TopHeM-
230 QuxcupyroTcs Ui CEBEPHBIX W BHYTPEHHUX MOpEH B MEpUOIbl MOTEIUICHHH.
OOGoramenue MpOSABISAETCS TEM CHIbHEHW, 4eM Oojiee W30IUPOBAHO MOpe OT oOmiei
OKCaHWYECKON LMPKYISLUM, YeM OoJblle OTHOCHTENbHAs [UIMHA OeperoBoil JHHUHM U
BKJIaJl KOHTUHEHTAIBHBIX BOJ B XUMHUYECKUI OanaHc Bojoema. B IOHHBIX OTIOKEHHSIX
03. baiikan B mepHomBl TMOXOJOAAHUM H30TONHBIA COCTaB ypaHa TNPUONMKAETCS K
paBHOBeCHBIM 3HadeHuaM 2>*U/?8U = 1, a B nmepuonsl NmoTemueHuii n3bbITOK ypana-234
BO3pacTaeT, Jaxe Oojee 3HAYMMO, 4Ye€M B OKEaHHYECKOM pe3epByape. B mpurokax
03. baiikan u MenKux o3epax oTMedaeTcst pocT M30BITKOB ypaHa-234 c ceBepa Ha 0T, B
COOTBETCTBHUHU C YMEHBILIEHUEM JIOJIH IUIOILAAHN, 3aHATONH MEP3JI0TOM.

ITockonbKY HMCTOYHHMKOM H30BITOUHOrO ypaHa-234 B OKeaHe M KpPYNHBIX 03epax
SBJSIETCS. CTOK C KOHTHHEHTOB, TO TOSIBICHHE AaHOMAaJbHO MOBBIIICHHBIX OTHOIICHHUH
2U/38U  ykasplBaeT Ha TasHUE MEP3IOTHL. BrisBneHHbI 5(QekT comacyercs ¢
TUIOTE30H, COMIACHO KOTOpOl Hakorienne 24U B MUHEpAILHON MaTpHIIE TIPOMCXOIMT B
MIEpUOABI TTOXOJIOJAHNH MEp3JIbIX B Mopofax. B xome nerpajganyu Mep3ioThl M TastHUS
JbJa MOTOK ypaHa-234 13 BMEINAIOIINX TOPOJ B TATy0 BOAY CYIIECTBEHHO BO3pACTaeT 3a
CYeT CYIIECTBEHHO OOJbIIel ero MOOUILHOCTH, 110 CPAaBHEHHIO ¢ ypaHoM-238.
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Violation of isotopic equilibrium in uranium-series (?**U/?*U) dissolved in natural waters
was discovered by P.I. Chalov [1, 2, 3] and V.V. Cherdyntsev [4, 5] and explained by
radiokinetic separation — an increase in the mobility of daughter products in comparison
with parent isotopes (the Szilard-Hubbard effect). Generally in groundwater 24U/?¢U
ratio lies in the range 0.8-3 (hereinafter, in activities). In the middle and high latitudes of
the Earth in groundwater, there is a stable shift of this ratio to the region of 10-20, and in
some cases the values of 2*U/?8U ~ 50 are recorded [6, 7]. It is generally accepted to
explain the ultra-high enrichment in uranium-234 by the release of recoil atoms (234Th)
from the mineral lattice into the aqueous medium [8, 9, 10, 11, 12, 13, 14, 15, 16]. A
limitation of this hypothesis is the fact that significant enrichment in uranium-234 occurs
only when the grain size of the host mineral is very small (r < 10—° m) and in a relatively
long time-scale (t > 10* years) of water-rock interaction.

Polyakov V.A. [6] put forward an idea that the hurricane excess of uranium-234 should be
associated with climatic variations. During the cold period, due to the absence of liquid
water, 24U accumulates in the host rocks, and then is extracted from them by meltwater,
which formed during the degradation of permafrost, at a higher rate than 2%U. This
hypothesis was confirmed by the author of this article in the study of groundwater,
including the determination of §'%0, &°H, Z*U/?®U and (uranium+thorium)/helium-4
groundwater dating [17, 18, 19, 20]. However, a more fundamental test of the hypothesis
is possible on the basis of data on the isotopic composition of uranium in chemo- and
biogenic formations in the World Ocean and large continental water bodies.

World Ocean is the reservoir that most significantly averages the isotope signals occurring
due to uranium flux from the continents. The generalized average for the modern ocean is
28Y/8U = 1.145+0.003 [21, 22] and an average composition of river runoff
234y/?%8U = 1.25 [23]. If rivers were the only source of excess 2**U, then, taking into
account the average residence time of U in the oceans ~ 400 thousand years [14, 24], the
234U/2%U ratio in ocean water would be ~ 1.08 [21, 25, 26]. The indicated difference in the
calculated and observed 2**U/?*8U ratios in ocean water cannot be explained by an increase
in river runoff and/or a decrease in the residence time of uranium in the ocean [22].
Hence, there must be a source of excess uranium-234. In accordance with the hypothesis
about the emission of 2%4Th recoil nuclei (as the main reason for 24U/?3U disequilibrium),
the increase in the %*U flux from the continents is explained by the physical shredding of
rocks during periods of glaciation [27, 28, 29]. It is also assumed that an additional source
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of uranium-234 is appeared due to an increase in the area of the drained shelf with a drop
in the ocean level during the cold period [30].

From the hypotheses linking the growth of 23*U excess with an increase in the flux of
2%4Th recoil nuclei, it follows that the greatest disturbances in the 2**U/?%8U equilibrium in
ocean water should be observed during glacial epochs. A generalization of data on corals,
mollusk shels, and carbonate marine sediments demonstrates a noticeable change in the
238/ ratio over time, with maximums during warming periods. The minimum of the
uranium-234 excess in the ocean was observed during the last glaciation, which
contradicts the hypothesis that the increase in the 234U excess with an increase in the flux
of 24Th recoil nuclei. The distribution of the 23*U/?8U ratio in time for oceanic chemo-
and organogenic formations is much better explained by the hypothesis linking the
increase in the uranium-234 flux with the permafrost melting. In the Eemian interglacial,
which was somewhat warmer than the present, the excess of uranium-234 was slightly
higher than the present, apparently due to the greater degree of permafrost thawing. For
the 2*U/%8U distribution curve in time, a fine structure is revealed, when small increases
in the ratio correspond to periods of temporary warming within the epoch of the last ice
age.

Following Z4U/?8U disequilibrium, the corresponding anomalies should also shoul be
found in the isotopic composition of thorium (2°Th/?2Th). Considering the time required
to achieve radioactive equilibrium in the chain “... U — 2¥Th — 2%Ra...”, the
anomalies in the 2°Th/*2Th ratio arising under the influence of climatic variations could
be traced much farther into the past than only in the 2%*U/?®U ratio. For example, in the
Norwegian Sea, the Holocene, Eemian and previous warming (MIS-1, MIS-5 and MIS-7,
respectively) stand out unambiguously due to the increase in the excess of thorium-230
and depletion of the oxygen isotopic composition of carbonates.

Lake Baikal is the largest reservoir of fresh water and is located in a geographic zone
where the temperature state of rocks in the Late Pleistocene and Holocene was changed
significantly [76]. Both insular and continuous permafrost are present in the lake's
catchment area. The modern warming and thawing of permafrost characteristic of the
region [77] affects the volume and chemical composition of river runoff [78]. In the
bottom sediments of Lake Baikal, a number of geochemical, mineral and biological
systems react to climatic variations [79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92,
93, 94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104, 105, 106]. During periods of warming,
the concentration of diatom shells sharply increases, in cold periods, as also the flow of
clay material and the terrigenous uranium flux. The enrichment in uranium-234
significantly decreases in cold periods and increases in warm ones. Note that a decrease in
the excess of uranium-234 during cold periods with a simultaneous increase in the flow of
clays into the lake contradicts the hypothesis of direct input of 2*Th into water, as the
main source of imbalance in the 238U system [8, 9, 107, 10, 11, 12, 13, 14, 15, 16].
Similar variations in isotope-geochemical and biogenic parameters were found in bottom
sediments of a number of small lakes in northern and northwestern Mongolia, for
example, Lake Hovsgol Nuur [108, 109, 110, 111, 112, 113, 114, 115, 116, 117]. In [118],
the bottom sediments of the lakes of the Baikal region were studied. The highest
enrichment in uranium-234 was found in lakes Tsagan-Tyrm (the saltiest
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23Y/238U = 2.7 — hereinafter, on average), Melkoye (234U/238U = 2.6) and Ordynskoye
(B4U/8U = 2.3); and the smaller one is in lakes Holbo-Nur (2*U/?8U = 1.9), Namshi-Nur
(the least mineralized 2#*U/?®U = 1.8), Alaty (®*U/?8U = 1.7) There is a correlation
between an increase in the 24U/?®U ratio and water salinity in the lake, which can be
explained by the accelerated degradation of permafrost upon contact with salt water.
Network of tributaries is the source of uranium in the bottom sediments of Lake Baikal.
Currently, in the lower reaches of the river. Selenga river has 2**U/?8U = 2.08-2.13
(average 2.11), in the river Upper Angara 1.34 + 0.02 [82] and 1.40 + 0.15 [88]; in the
river Barguzin - 1.53 + 0.03 [82] and 1.56 + 0.14 [88]. For Selenga river were found
seasonal variations of 234U/2%8U [82; 119], as well as a decrease in this ratio from the river
head to mouth (Fig. 4). There is a stable difference between the southern and northern
sectors of the Baikal catchment area with an increase in the excess of uranium-234 in the
south — in the zone of the most intense modern permafrost degradation.

In the World Ocean, the most significant enrichments in uranium-234 and thorium-230 are
recorded for the northern and inland seas during warming climate periods. The 234U
enrichment is increase, when the sea is more isolated from the general oceanic circulation,
when the greater the relative length of the coastline and the contribution of continental
waters to the chemical balance of the water budget. In the bottom sediments of the Baikal
Lake during periods of cooling, the isotopic composition of uranium approaches the
equilibrium values of 24U/?®U =1, and during periods of warming, the excess of
uranium-234 increases, even more significantly than in the oceanic reservoir. In the
tributaries of the Lake Baikal and small lakes, an increase in excess of uranium-234 is
noted from north to south, in accordance with a decrease in the proportion of the area
occupied by permafrost.

Since the source of excess uranium-234 in the ocean and large lakes is runoff from the
continents, the appearance of anomalously increased 2%*U/?*8U ratios indicates permafrost
melting. The revealed effect is consistent with the hypothesis, according to which the
accumulation of 24U in the minerals occurs during periods of cooling of frozen rocks. In
the course of permafrost degradation and ice melting, the flow of uranium-234 from the
host rocks and sediments into the melt water increases significantly due to its significantly
greater mobility as compared to uranium-238.
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