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IlpencraBneHa MoNyS>MIMpUYEcKas MOJENb, ONUCHIBAIONIAs MPOIECChl 00pPa30BaHMs, MUTPALMU U Ha-
KOILIEHHS B OTaJie IIPY MOJI0OCTHOM MHHEPAo00pa3oBaHuK paJuoreHHoro ceunua (Pby ). B otauaue ot cunma,
00pa3yIoIerocs in situ IIpH pactajie ypaHa, 3aXBa4€HHOTo onajiom, Pby,  0643aH CBOMM IPOHCXOKIEHUEM ypaHy,
MIPUCYTCTBYIOMIEMY B OKpYXaIOIIeH 1moJjocTs nmopone. Ero BxoxkneHue B omnan, oOpa3yIOIIMHCS B MOJIOCTH,
OITUCHIBAETCS LETIOYKOI IPOIECCOB: PacIa ,,pOIUTENILCKOr0  ypaHa ¢ 00pa3oBaHUEM pajoHa — 3MaHalus U
muhdy3noHHAS MHUTpaIysl pajioHa M3 MOPOXBI B IIOJIOCTh — paclajg pajoHa ¢ 0Opa30BaHHEM CBHHIA —
b dy3noHHas MUTpaLKs CBUHLIA B IOJIOCTH — aJCOPOLIMS CBHHIIA HA KOJUIOMHBIX YaCTULIAX KpeMHe3eMa —
KOaryJIsiius ¥ ceAMMEHTaLusI KOJUTOMIHBIX YacTUI] — oOpa3zoBaHue onana. [lToMuMo afcopOLIHOHHOTO 3aXBaTa
Ha KOJUIOMIHBIX YacTHIax, Pby MoXeT BXOMUTH B pacTymIUi omai TakkKe 3a CYeT NPAMOro nuddy3HOHHOro
MOTOKA Ha €ro MoBepXHOcTh. Ilocaennuii MexaHn3M MPHIIOKUM TaKKe K MUHEpallaM, 00pa3yIolMCs ITyTeM
KPUCTAJUTU3aLlMM U3 HOHHBIX PaCTBOPOB; OH MeHee 3(P(EeKTUBEH, YEM MEXaHHU3M, CBSI3aHHBIN ¢ afgcopOIuel Ha
KOJUTOMTHBIX JacCTUILAX.

Pacnpenenenne n3oronos Pb, B MONOCTH 3aBUCHT OT FeOMETPUM MOCIEAHEH, a TakKe OT IEpPHOIA
noJTypacnaja,,poAuTeNsckoro” n3orona Rn. B monocty, 3anorHeHHOI HeTOABMKHOM BOIOM, TPO( I KOHIIEHT-
paumuy Pb,  MMeroT MakcHMyMBbI Ha HEKOTOPOM yJal€HHHU OT CTEHKH TOJIOCTH. [{BUIKEHHE BOJIBI 4EPE3 TONOCTh
HPUBOMUT K Ooyee CIOXKHOMY pacrpeneienuio u3oTonos Pb, . Paspaborana mozenb, onmuchiBaromias Ha-
komienue Pby | Ha Munennax kpeMHe3eMa B IIPOLIECCE POCTA MOCIEIHUX 110 KPMTUIECKOTO pa3Mepa Koary isiuy
(5—10 um), a Taxke B mpolecce nocienyromeit koaryasauu. s munenn ¢ pazmepamu 5—>50 HM pacueTHbIe
KOHLEHTparu Pby —maioT Xxopolliee COOTBETCTBHE C COAEPKaHMAMU Pb B MOJOABIX (MHOLEH M MOJOKE)
MPUPOIHBIX OManax.

Omai, o0pa3yroIHUHACs B OTKPBITHIX MONOCTSIX B KHCIBIX BYIKAaHHYECKHX mopojax (comepxanue U =
=4—>5 /), NOJIKEH 3aXBaThIBATh 3HAYUTENbHbIE KoMu4ecTBa Pby . Eciu k TakoMy onany NPUMEHHTh OObIYHbIE
ypaBHeHust U-Pb matupoBanus, pacueTHbIe BO3PACTHI OKaXyTCsl 3aBBIICHHBIMH. [locieHee cripaBeyInBoO IS
TeOoJIOTHUECKH MOJIOABIX 00pa3ioB (Bo3pacT MeHee ~30 muH jet). C yBenuueHneM Bo3pacTa omajia Aojs 00-
Pasylomerocs in situ CBMHIA BO3PACTAET, M NMONPABKa Ha Pb, CTAHOBUTCS NPEeHEOPEKNMO MATIOH.

Onan, ceuney, padoH, konrouowl, koazyaayus, U-Pb oamuposanue.

MIGRATION OF RADIOGENIC LEAD ISOTOPES ON COLLOIDAL MINERAL FORMATION
IN OPEN CAVITIES: THEORETICAL ASPECTS AS APPLIED TO U-Pb DATING OF YOUNG MINERALS

S.E. Pashchenko and Yu.V. Dublyansky

A semi-empirical model is presented, which describes the processes of formation, migration, and accumu-
lation of radiogenic lead (Pby ) in opals deposited in open cavities. In contrast to lead that forms in situ through
radioactive decay of uranium trapped by opal, Pb,  is produced from uranium disseminated in the rock enclosing
the cavities. Its incorporation into the opal is described by the following chain of processes: decay of parental
uranium to yield radon — emanation and diffusion migration of radon from the rock into the cavity — decay of
radon to yield lead — diffusion migration of lead in the cavity — adsorption of lead on colloidal silica particles —
coagulation and sedimentation of the colloidal particles — formation of opal. Besides the colloidal adsorption,
Pb,, can also be incorporated into the growing opal through direct diffusion flow onto its surface. The latter
mechanism is also relevant to minerals crystallizing from ionic solutions; it is less efficient than the mechanism
of colloidal adsorption.

Distribution of Pby isotopes throughout a cavity depends on the cavity geometry and the half-life of the
parental Rn isotope. In cavity filled with stagnant water, the concentration profiles of Pb,  show maxima at some
distance from the cavity wall. The movement of water through a cavity leads to a more complex distribution of
Pby isotopes. The model describes the accumulation of Pby on silica micelles during their growth until the critical
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size of coagulation (5-10 nm) is reached and during the subsequent coagulation. For mi celles 5-50 nm in size,
the calculated concentrations of Pb, agree with those in young (Miocene and younger) natural opals.

Opals formed in open cavities in acid volcanic rocks (with U = 4-5 ppm) can trap significant amounts of
Pby,. Applying standard U-Pb dating equations, which ignore Pb, , will yield an overestimated age of such opals.
This is true for young opals (younger than ~30 Ma). As the age of opal increases, the share of radiogenic Pb
formed in situ also grows, and the Pby  correction becomes negligible.

Opal, lead, radon, colloids, coagulation, U-Pb dating

BBEJEHUE

B cBsBE ¢ cymiecTBeHHO BO3pOCIIEH 3a IOCIETHHE TOABl TOYHOCTBIO M pa3pemaronield crriocoOHOCTHIO
armapaTypsl, HCTIOIB3YIOMICHCS I N30TOIHBIX aHATM30B, YIaCTHIINCH NONBITKH npuMeneHns U-Pb metona st
JaTUPOBAHMsI MOJIOJABIX (MHOIIEH—TOJIOIIEH) MUHEpaIbHbIX 00pa3oBanuii [1—4]. B kadecTBe HEOOXOIUMOTO U
JOCTaTOYHOTO YCIOBUS, YKa3bIBAIOIIETO HA MPUHIUIHAIBHYIO IPUMEHUMOCTh METO/1a, Ha3bIBACTCS HAIUYUE B
UCCIeyeMbIX 00pasiax BBICOKMX cojepxanuii U (COTHM I/T) U HU3KUX — HepaJuoreHHoro usoromna 204Pb.
Jpyroit (popMoii BEIPKEHHUS 3TOTO YCIOBUS ABJISIOTCS OOJIbIIKME 3HAUEHUs MoKasatess p = 238U/204Pb [5].

Panee MBI BBICKa3aJH THUIIOTE3Y, YTO BEIMIEYIOMSIHYTOE YCIOBHE XOTh M HEOOXOIMMO, HO HE TOCTATOYHO
it yenemmHoro npumeneHust U-Pb mMetona [6]. CortacHO 3To THIOTE3€, CYIISCTBCHHBIC HCKAXCHHS B pa-
cuetHbd U-Pb BO3pacT MOKET BHECTH ,,IOTIOJTHUTEIHHBIN paJIOTeHHBIN CBUHEI, TIOTIAIAI0NIHIA B JATUPYEMBIT
MHUHEpal W3BHE, B mporecce pacmama U, comeprkamerocs BO BMEIIAONMed MOpoje, W HOCHexyromend aug-
(GY3MOHHON MHIpallMy M pachaga TOYSpPHHUX M30TOMOB pajoHa (B JaibHEHIIEM CBUHEN, 00pa30BABIIMICS IO
TaKoMy MeXaHH3My, Oy1eT 0003HadaThes Pby, ). DTOT MEXaHH3M JOIKEH IPHOOPETATh 0COOYIO 3HAYUMOCTD AJIS
MUHEPAITBHBIX (a3, 00pa3yIOUIMXCS B OTKPBITHIX MOJOCTIX M3 KOJUIOMIHBIX PACTBOPOB (K MPUMEPY, OIIal).

IMocrynnenue Pby B MuHEpan MOKeT OBITh ONMCAHO CIEAYIOIIEH HENOUYKOH MPOIECCOB.

Omananus u guPy3HoHHAA MUTPanus pagoHa. B mpouecce pacnana 238U u 235U, comepaxammxcs Bo
BMEIMIAOIINX TOPOIaX, 00pa3yloTcsl MPOMEKYTOUYHBIC JJIEMEHTH. B Iemoukax pacmaga KaXIoro U3 poju-
TEJNBCKUX DJIEMEHTOB MMEETCs 110 u3oTomy pagona (222Rn u 219Rn). TlockoibKy pagoH — ras, oH 00iamaer
3HAYUTEIBHOW CHOCOOHOCTHIO MHUTPHPOBaTh 3a cuer auddy3uu. Ecnu pacnanarommmecs: atombl U HaxXOoAaTCs
BOJIM3M CTEHKU OTKPBHITOM TIOIOCTH B TIOPOJIE, AaTOMBI paIoHa MOTYT AU GYHANPOBATE U3 TOPOAHI B IOJIOCTD, U
JanbHEHIIast NX MUTPANHs IPOMCXOANT B 3aIIOJTHSIOMIEH MOIOCTh JKHIKOCTH.

Jduddysuonnas murpanusa cBUHIA. B cCOOTBETCTBHH CO CBOMMH KOHCTaHTaMH Pacmaia, U30TOMBI PaloHa
HPEBPAINAIOTCS B cTabuibHbIE n30ToNbI cBrHIA (2°Pb u 207Pb). Pacnpenenenue sux u30Tonos Pb B momoctsx
Oyzer ompenenarbesi Auddy3noHHBIMU TpoOeramu (3a BpeMsl KU3HU) POIAHMTENBCKOTO pajoHa M BCeX Ipo-
MEXYTOYHBIX WICHOB IIEMOYKH paclaza, a Takxke rnocienyromeil tuddy3nonHoil Murpannei coOCTBEHHO H30-
TOIOB CBHHIIA.

ANBeKIHOHHAsI MUTPanusi cBUHIA. Eciy Bo/a, 3amoMHsIOMIAst MOTOCTh, IBIKETCS, TO AOMOTHUTENbHBIHA
BKJIaJ] B MUTPAIMIO CBHHIIA BHOCUT aJIBEKITHS.

AnicopOuus CBHHIIA HA KOJUIOMTHBIX YaCTHIAX. ATOMBI CBUHIIA, 00pa3yOIIHecs MPH paciaje pagoHa B
MIOJIOCTH, ICOPOUPYIOTCS HA MOBEPXHOCTH KOJUIOMIHBIX YACTHI] KpEeMHE3eMa.

Koarynsinusi 1 ceqmMeHTalus KOJJIOHIHBIX YacTHL. YTOOBI TpaHC(OPMUPOBATECS B OITall, KOJUTOUIHBIE
YaCTHIIBI KpEMHE3eMa JOJKHBI YKPYIMHUTHCS. [10 JOCTMKEHHH KPUTHIESCKOTO pa3Mepa HAYMHACTCS KOAryJISsIIUs
YaCTHII, U X MOCIEAYIOIIAs CETUMEHTAIHS IO/ JSHCTBUEM CHITBI TSXKECTH.

[puBeneHHas BBIIIE IIETIOYKA MPOLIECCOB OMKCHIBACT MOMAAHUE B OMA PaJHMOTeHHOTO CBHHIIA U3 ,,BHEIII-
Hero mcroyHuka. [IoMHMO 3TOTrO, pagMOTCHHBIN CBHHEI] MOKET OBITH IPHBHECCH MHHEPAIO00pa3yIOMNM
pacTBOPOM (Tak Ha3bIBaEMBbIH ,,00bIYHBIN CBUHEII ), @ TAKKE 00pa30BaThCs B OMANIE (X Situ 32 CUET pacaja ypaHa,
3aXBaYCHHOT0 ornasoM. FIMEHHO 3TOT MOCHETHUI TUII CBHHIIA MPECTABIAET HHTEPEC C TOYKU 3PEHUSI TEOXPO-
nonoruw. [Ipu ucnons3oBanun cuctem 20Pb—238U u 207Pb—2350 nis momydeHus KOPPEKTHBIX BO3PACTOB BECH
paIuoOreHHbIH CBUHEII, IIOCTYMUBIIUI B CHCTEMY H3BHE, TOJDKEH OBITh BBIUTCH J0 HaYalla pacyera BO3pacra.

B HacTosmeit craThe MPUBOIUTCS TEOPETUUCCKHUN aHAN3 MPUBEICHHON BBIIIE IETOYKU mporeccoB. s
TOrO YTOOBI MPUOTU3UTH TEOPETHICCKUE KOTHUCCTBEHHBIC OLICHKH K T€OJIOTHYECKON PEeaNbHOCTH, MBI UCIIOJb-
30BAJIM B pacyeTax reOXMMHUYECKHE TTapaMeTphl pUOIUTOBBIX Ty(oB ropel Ska (Heana, CIIIA) u snurenetude-
CKHX Omajia ¥ XalleJ0Ha, IPUCYTCTBYIOMINX B TUTO(H3aX M OTKPBITHIX TPEIIUHAX B ATHX Tydax. JlaHHbIE 1O
koHUeHTpasiM U B MOpojax B3ATHL U3 OT4YeTa [7]; MacC-CHEKTPOMETPUYECKUE OMPEACICHHS H30TOIMHBIX
otHomeHuid U u Pb B 6onee ueM 60 0Opa3iax MUHEpaIoB KpeMHE3eMa Oy OJIMKOBaHbI B padote [3]*.

MOJEJbHBIN CAYYAM 1. COEPHYECKAS ITOJIOCTD, 3AIIOJTHEHHASI HEITOJABWKHOM BOJION

IMoToKH M30TONOB B MOJOCTH. PacCMOTPUM ciydaid, KOTJa pa3indHbIe H30TOIbI, 00pa3yIoHecs B pe-
3yJIBTaTe pacliafa ypaHa, HaXOAAMIETOCs B TIOPOJIE, ITOCTYIIAIOT B 3aIIOJTHEHHYIO BOJIOH CEpPHUIECKYIO TIOIOCTh

* UpycneHHble JaHHBIC ObUTH JII00e3HO npenocTanieHsl HaMm JI. Heiimapkom B 2001 roxy, no omyOinukoBaHus cTaTh [3].
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paguycoM R. O603Ha4nUM IOTOK k-T0 H30TomA [, ero kodpdunuent nuddysun D) 1 HauaabHYI0 KOHIEHTPALIUIO
B Boze NV,(0). C yueToM 1IeN0YKH paT0aKTUBHOIO PACTIaza, JUIsl KOHIEHTPalui KOMIIOHEHTa [V MOKHO 3aITUCaTh:
dN,

o =D AN+ A Ve = Ry N (D

IJIe UHIEKC k + 1 0603HAYaET U30TOII, M3 KOTOPOTO 00pasyeTcs k-i WieH LENOYKH pacaia.
['paHUYHbBIE YCIOBHS
o=l @)
dr's~ "k
rae S — oM@k MOBEPXHOCTH MOJNOCTH. B JaHHOI 3amucy mOTOK [, 00beAMHAET pasiudHble (pU3HUCCKHe
MEXaHHU3MBI, TAKUE KaK ,,00bITHOE  XUMUYECKOE PACTBOPEHHE, YCKOPEHHOE BBIILETAYMBAHKE JOUYEPHHUX POTYK-
TOB pacraa 3a CYET MOBPEKIECHUS KPUCTALUIMYECKOM PEIIETKH aTOMaMK OT/IauM TPy oL-pacraje (00pazoBaHue
MHKPOKAHAJIOB), @ TAK)KE MPAMOI BBIOPOC TOUEPHHX SJIEMEHTOB B BOJY € TIOBEPXHOCTH MOPOIbI IIPH OL-PACTIAJIE.
HopmanusoBannbie nuddepenunaibupie ypapaenus s Rn. Ha npumepe nenouku pacnana 238U—
222Rn paccMOTPUM YpaBHEHHE, ONMCHIBAIOIIEE TE€HEPALMIO PAIOHa B IOPOJE BCIENACTBHME pPacmiana €ro po-
JIUTELCKUX DJIEMEHTOB. B reoMeTpru Iuiockas CTeHKa—BO/Ia W3MEHEHHME KOHIEHTpAIMK 222Rn TIpU yCIOBUM
paBHOBeCHs B eN0YKe pacriaaa 238U, MOXKHO 3amicarh Kak:
dZZZRn :D d2222Rn

7 Rn-rock g2 + Aggg - 28U = Ry, - °Ra, 3)

rae t — BpeMs, X — KoopauHara, Dy, — ko3¢ ¢unment nupdy3un pagoHa B mopone, A — KOHCTaHTa

— rock
pacnaza, 238U u 222Rn — KOHLEHTPALMU COOTBETCTBYIOIIMX U30TONOB. PaBHOBECHAs KOHIIEHTPALMS PaJoHa B

mopoae Ha 0OJIBIIIOM YAQJIE€HUH OT IMOJIOCTH (OO) OIIPEACTIACTCA KaK

22Rn(o0) = 12 B8 (a) )

222

Beenem HOBYIO ICPEMEHHYIO — HOPMAJIM30BaHHYIO KOHICHTPAIUIO paJoHa:

22Rp 2R xm

T 2Rnw) PPU(x) Mg ®)
[Tocne aToro ypaBHeHue (3) MOXKHO TIepenucaTh B BUJIE
dn
7 = Pro— rock dxz 1+ Aypp(1 = m). (6)

Pacnpenesienne pagoHa B moJocTH. PaccMoTprM KOHIIEHTpAIMK paIoHa B 3aITOJTHEHHOM BOJIOH cdepuue-
CKOM IMOJIOCTH, IPUHKAMAs BO BHUMAaHKE SYMAHAIMIO PaoHa 13 BMeIaoniell mopoasl u ero audysuio B BOJE,
3aMOJHAIONIEH T0I0CTh. [I0CKONBKY pajloH — ras3, Mbl CYUUTAEM, YTO OH HE aJcOPOUPYETCs HA CTEHKAX MOJIOCTH,
TOTrJa KaK €ro IOUYepHHUE MPOAYKTHI aJCOPOUPYIOTCS C KOAPPHUIIMEHTOM aKKOMOAIUH o, = 1.

Ypasuenue (1) MoxeT OBITh PEIICHO YHCICHHO:

0,5
238U Y '|
2Rp=—2% 28 exp || -B (R, 222) 222 x| (7
222 Rn
Kosdduiment B B 3ToM ypaBHEHHHU OIPEIENACTCA YUCICHHO M 3aBHCHUT TOJIBKO OT Pa3MepoB HOIoCTH (R;) u
BpeMeHU pacnaza 222Rn. [IpuruMas Bo BHUMaHKE pasnnaue Kodpduuuentos auddy3un pagoHa B TBEPIOM TeJE
(mopoze) ¥ B Boae€ (Dg,— ok B DRiy— water)» 00TIEE TIOJHOE PENIEHKE 7151 001aCTH BOIN3H CTEHKH IOJIOCTH MOKET

OBITH 3aIIMCAaHO KaK

238y A
2Ry = reck 7238, A, +4,), ®)
)\’222
rac
DRn — rock —I
DR.nf at J 0,5
water |’ )\’ ‘I
A,=|1- “exp || By(Ry, 222) | 5—— 2 x| mpu x<0 )
.5 L Rn — rockJ
|_ DRn — rock -|
I+ —|
I_DRn — water J
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