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ABSTRACT

Escapeof theproductsfromtheOklo~eactorproceeds,first,by escape
fromtheuraninite(UO,)grainsand, second,by transportoutof thegangue.
Escapefromthegrainby fissionrecoilaccountsforpromptdepositionin
thegimgue of 5-10%of theproducts.Escapeby volumed]ffusionis very
slow. Therateof lossby diffusionwashighest.duringtheoperatingperiod
of thereactorandmay havebeenof thecrderof 10-6fraction/aforthe
mostvolatileelements.The leastvolatileelementshavebeenretainedin
thegrains.Theirdiffusionratesarelessthan5 x 10-lO/a.

If similarlossratescanbe achievedin syntheticur,aninite(orthori-
anite],theoverallrateof transportof mostreactorproductswouldbe suf-
ficientlylimitedby diffusionto insurethatessentiallyallof theradio-
activespecieswoulddecayin situ. Theprincipalgcochcmicalrequirements
fora suitablesto~agcsitearethosethatinsurethesurvivalof theUO~
matrix,particularlythatthepl[and Eh arc similarto thevaluesat Oklo.
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Previouswork [1,2,3]
transportof Okloproducts

hasdemonstratedwidevariationsin theratesof
outof thereactorzones. Quantitativeor semi-

quantitativeesti~tesof theseratescanbe madeforthoseelenntswhich
wre retainedin significantamountsbut theestimatesbecomequalitative
fortheverymobileelements,Ch a relativescalethe losses.lrelowestin
a groupof elementsincludingZr,Nb,~, Pd,Ag, Te,therareearths,Bi,
Th,U, andPu,andarehighin a groupincludingSr,Mo, Ba,Kr,Xe,Rb, and
Cs. Retentioncfthevariousreactorproductsvariedfroma 90%downto
~ 0.01$.

Inorderto evaluatethepossibleapplicationof studiesconcerningthe
relativemobilityof Okloproductsto currentand long-rangeplanningfor
themanagementof reactmwastes,we beginwithan examinationof theproc-
esseswhichgovernedtheescapeof reactorproductsfromtheuraninitegrains
inwhichtheywereformedintotheimmediatelysurroundinggangue,We then
examinetheirtransportfromthegangueto regionsoutsidethereactorzones.

ESCAPEFRCMIJRANINITEGRAINS

a) %cape by Recoil

‘l%erecoilrange,R, of fissionproductsin mg/cm2of UO,canbe ex-
pressedas R= 16.40.0.0825Mwhere M is themassof thefissionfragment
[4]. If thedensityof thegrainis 10 andtheg-rainradiusis 50 m [5],
thelossby recoilof mass90 fragmentsis 15%~ld of mass137fragmentsis
7.6%, In thehighestgradeoreat Okloat leastone-thirdof the fragments
terminatedin othergrains.Thusthe lossof fissionproductsto thegangue
by promptrecoilis of t}leorderof 10%fortheliRhtmassesand 5% forthe
heavymasses.

b) Escapeby Dissolutionand

Informationpresentedat this
Okloreactorzones[61leadsus to

Recrystallizationof Grains

meetingon uraniumsolubilitiesin the
concludethatindividualuraninitegrains

preservedtheircharacteristic‘ssU-depletedisotopicratiosto distan~esof
theorderof 1 ~ or lessfromtheed e of thegrain. Fromthecorrespond-
encebetweenuraniumconcentration,f2 ‘Depletion,and fissionproductcon- .
centrationsinmanyregionsof thereactor,it is alsoevidentthatthe
initialuraniumabundancesandgeometryof thereactorhave,in general,
beenwell-preserved,

We interprettheseobservationsto meanthata largepartof theore
bodyhasretaineditsinitialstructureandthatthegrainshavenot been
alteredby dissolutionandrecrystallization.Consequently,exceptforthe
fissionrecoilfraction,releaseof fissionproductsmusthavebeencontrol-
ledby theratesof diffusionfromtheuraninitegrainsforeachof the
productelementsratherthanby dissol~tionor recrystallizationof the
grains.Thecompositional,stabilityof theuraninitecontrastswiththe
surrounding,clayganguewhichappearsto haveber completelyalteredsince
the

we

nuclearchainreaction.

c) Escapeby Diffusion

Uraninitegrainscrystallizein the fluoritestructure,The crystals
verystableandresistmetamictizationevenat veryhighradiation
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levels, Bovko[7]foundonlya broadeningof diffractionpeakmaximaat
exposuresof U& up to 3.4x 10~6fissions/cm3,Thebroadeningwas due pr-in-
cipallyto latticestrain.Thus,forexample,Wait [8]found$hc lattice
expansionof singlecrystalU& saturatedat a valueof 0.004 A at.1.9x 10~6
fissions/cm3exposureandthenundergoesno furtherchangeat SC timesthis

Theeffectdisappearedcompletelyon annealingat 200°C. At very
~~hs&~&ures, of theorderof 1021fissions/cm3,structuralchangesand
apparentonsetof vitrificationoccurs. The fissiondensityatOklowas of
theorderof 1020fission/cm3,

Measurementsof therateof diffusionof fissionproductsin hightem-
peraturereactorfuelelementsindicatethattheprocessishighlycomplex
andisprobablydominatedby thevaporpressuresof theelementsat temper-
aturesof theorderof 2000°C.Butat the lowtemperaturesandmoderate
burnupsin theOkloreactor,volumediffusionprobablyprevailed.Ratesof
migrationby volumediffusionin thestablefluoritelatticevarygreatly
witht,leelementinvolvedbut are,in general,veryslow. On thebasisof
ionicsizeonly,elementswhichdo not fitthelatticeverywell,including
Nb,Mo,Tc,Ru,Rh,Ag, In,Sn,Sb,Te,Ba, andPb,shouldmigrateoutof
theuraninitein geologicaltimes. Elementswhichfitpoorlyintothe
lattice,suchas Kr,Xe,Rb,andCs, shoulddiffusemuchmorerapidly.
Elementswhichapproximatelymatchthelatticesizeandmaybe significantly
retainedare Zr,Pd,andSr. Elementswithionicradiimostcompatiblewith
thelatticesizeincludetherareearths,theactinides(in+3 and +4 states),
Bi,andthedivalentcationsof Ca andCd.

som ionprobeobservationsof thedistributionof elementsbetween
uraniniteandtheimiiicdiatelysurroundinggangueexistforSi,K, Ca,Ti, Fe,
Sr,Zr,Ru,Pd,Ce,Nd,Pb,and‘1’h13]. in therichirradiatedore the
uraninitegrainscontainessentiallyallof theCa,rareearths,Pd, Pb,and
Th. Sr andRu are in thegangue, 2r is disseminatedbetweenuraniniteand
clay.

Thedegreeof retentionisnot knownforallof thereactorproduct
elements.However,basedon theexistingmeasurements,we haveusedan
approximatesolutionfordiffusionto estimatevaluesor limitson D/azfor
thediffusionof severalof theproductelementsfromtheuraninitegr~.ilso -
The approximationusedis:

Cf -(m2D/a2)t
q’=

whereCi is the initialconcentration,Cf the finalconcentration,anda is
thegrainradiu.

Amongtheelementswhichappearto havebeenretainedquantitativelyill
theuraninitearePd,thelighterrareearths,and~, We alsoincludePU,
Am, and(M in thisgroupbecausetheyformsolidsolutionsin theuraninite,
fittheioniclattice,andshouldbehavelikeTh, D/a2for J,cseelements
is S S x 10-12/a.Forthisgroupof elementsdiffusionfromurminite is so
slowthatit is clearthattheirlossesfromthereactorzonel[ereentirely
controlledby thediffl~sionrateandnotby theirsubseq~xmtgeochemical
behavior.Thisobservationis importantbccauscitmeansthatthetransport
rateof suchclcmcntsisdeterminedby the initialmatrix, Thenecessary
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&wnical conditionsareonlythosewhichtisurethe
●

Otherelementswhichannearto havebeenretained

survi~alof theuranin-

near~vauantitativelv
in theore includeNb, 2r,“~,Ag, andTe, Becausetheydo no~ fitthe “
crystallinelatticewellandareobsened,in somecases,to havediffused
outof theuraninite,it canbe assumedthattheyundewentsecondarypre-
cipitationto a highlyinsolublemineralfcnnafterdiffusionandwere
retainedin thegangue.We assme thatvaluesof D/a2forsuchelementscan
be as highas 1 x 10-]O/aleadingto lossesof theordercf 90%framthe
uraniniteintothegangue,

TheextenttowhichSr andBawere retainedin thereactorappearsto
varywithintherange0.1%-10%.Mowas retainedto theextentof% 10%.
‘Ihecorres~ondingvaluesof D/a2in uraninitefallin therange1-3.5x
10-lO/a.

Elementswhichhavebeenpoorlyretainedin thereactor,from1% down
to 0.01%,includeKrlRb,andXe. The groupmay alsoincludeCs,Cd,and 1.
TheestimateforD/a forlossesz 99% is ~ 2.3x 10-1‘/a. An upperlimit
on D/a2forretentionc. 0.01%of a reactorproductis 5 x 10-lo/a,For
reasonsdiscussedbelow,majorlossesof themorevolatilefissionprcducts
couldhaveoccurredduringa hightemperature(%400”c)operatingperiodof
thereactorsndthesubsequentdiffusionratesat lowertemperaturesmay
havebeenlower.

The isotoe ‘OSrhw a 29 a half-life.
t

Maeck[9]comparedthe isotopic
abundanceof 9 Zr to otherfissionproductZr isotopesandconcludedthat
N 5$of mass 90 mayhavebeenlost,presumablydue to thehighergeochemical
rmbili.yof 90Srbeforeit decayedto ‘“’iandthen9nZr. However,~hi~ loss,
if it is real,couldbe due to therecoilof mass90 fragmentsintothe
ganguefollowedbytheirtransportoutof thereactorin timescomparableto
the ‘OSrhalf-life,Diffusionof ‘“Srfromuraninitegrainsin timescom-
parableto 29 awas probablymuchtoo lowto be measurable.

Deficitsof ‘gRuof 20-30%havebeenreportedin somesampleswithin
thereactorzones[9,10],Thereis alsoan excessof 9gRUin someperiph-
eralsanples[11]. Theseeffectsare attributedto thediffusionand sub-
sequentremovalfromthegangueof ‘9Tcin timescomparableto itshalf-life “
(2.13x 10Sa). Avalue of D/a2of% 10-7/aforTc wouldaccountforthe
highestobservedlosses.Thisvalueis considerablyhigherthananyof the
previouslycalculatednumbersbut cannotbe compareddirectlywiththem.
The ‘9Tccouldonlyhavediffusedduringtheoperatingperiodof thereactor
whenthete eraturemay havebeenof theorderof 400”c[12], If the25°c

Tvalueof D/a forTc is assumedto be 2 x 10-10,theactivationenergyfor
diffusionhetween25°Cand 400°Cwouldhavetobe 6 kilocalories/moleto
accountforthevalue10-7at thehighertemperature.‘l’hislowenergyof
activationis characteristicof thediffusionprocessat temperaturesbelow
theso-calledTaman temperature,i,e., thepointat whichit is assumed
thattemperature-causeddefectsin thecrystalbecomegreaterthanthepopu-
lationof initialdefects. Itwouldbe usefulto checktheseassumptionsby
irradiatingsomeof theOklooreanclmeasuringtheTc diffusionrateas a
functionof temperature.Itmaybe possibleto usc the 9gRudeficitto
estimatereactortemperatures.

Leadappearstobe a relativelynnbileelenmt, Approximately75%of
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thelead,madechieflyby alphadecayof 2SBU hasdiffusedoutof uraninite.
Afractionof thisamount,% 10%,l~asbeenrc{ainedas galena(PbSjin the
gangue.

Theproblem
geochronological

of leaddiffusionfrommineralshasbeenconsideredin Pb-U
applications.Usingthenotationof Tilton[13]we maywrite

;6; ~~eAt-n2m2Dt/a2-1)
“~ *

n=l n2(At-n2n2D/a’)

where~ is theaverageconcentrationof leadin a sphericalgrain,N is the
presentconcentrationof uranium,A is theuraniumdecayconstant,anda is
theeffectivegrainradius. Solutionsforthisequationhavebeentabulated
by Nicolaysen[14]forvariow valuesof Aa2/D. We haveusedtheequation
to estimatea valueof D/a2forPb in Oklo,if the lossis due to continuous
diffusionfromsphericalmains, of 3.Sx 10-~l/a,Thisrateis character-
isticof lowergradeportionsof theOklodepositas wellas theveryrich
reactorzones.

Discordancyin theagesof a numberof naturalmineralsappearsto be
dueto thediffusionof tento fiftypercentof theradiogeniclead. The
correspondingdiffusionrateis somewhatlowerthanat Oklo. Forexample,

20Epb/zsaUagessomediscrepanciesin FinnishandU.S.zirconswhichgive
of ~ 1800ma. in contrastwith 207Pb/206Pbagesof% 2600rn.a.[14]canbe
explalnedby assumingcontinuousdiffusionof leadwitha ratecorrespond-
ingto a valueof D/a2of N 10-ll/a.

ESCAPEW.cfif‘iliEREKNR ZONE

Brookinsdiscussesthegeochemicalstabilityandrelativemobilityof
a numberof fissionproductsaftertheyhavewhollyor largelydiffusedout
of theuraninitegrains[15]. As mentionedearlierin thispaper,on the
basisof ionicsizetheelementswhichdiffusedoutof theuraniniteinclude
Kr,Xe,Rb,Cs,Nb,Mo,Tc, Ru,Rh,Ag, In,Sb,Te, Ba, andPb. Someof
theseelementsthenformedinsolublecompounds.Accordingto Broo!;ins,
elementswhichinightformstablesulfidesin thegangueincludeMo,Tc, Ru,
Ag. Cd, In,Sb,andI%. Elementswhichmighthavebeenretainedas oxides “
includeNb,Tc,Ru, In,andSn. Zr ISmoststableas thesilicatebutmight
havebeen:etainedas an ox?.d.e.Rh andTe wouldprobablybe retainedas the
metal.

QuantitativedataforZr,Nb, andRu indicatethattheywerewholly
retained.A smallfractionof 99Tc and a nmjor fractionof theMo andPb
werelost. QualitativedataindicatethatCd may havebeenlost. Rh,Ag,
andTe weresignificantlyretained.On thewhole,theseobservationssuggest
thattheeleventswhichwereleastmobileafterleavingtheumniniteformed
insolubleoxides,silicates,or metals. Theelwmmts whichprecipitatedas
sulfideswererelativelymoremobile.

he to thefactthatlargequantitiesof leadwereformedfromthe
decayof uranium,moredetailedestimatesof leadtransportratescanbe
madeforOklo. Theorecontainsmacroscopiccrystalsof galcnaformedfrom
almostpureradiogcniclead. Basedon thedatapresentedby Branche[16],
only5% of the leadwhichdiffusedfromtheI:raninitehasbeenretainedas
galenaalthoughpyritessulfurispresent(N1% pyritesS by weight). If
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4 ““ w assmnethatan approximateequilibriumhasbeenapproachedbetweenthe

amountof leadwhichleavestheuraninit~andtheamountwhichleavesthe
reactorzone,we canestimatetherotefortransportoutof thereactorzone
fromtheequation:

b(in U) ’diffusion= ‘l?b(ingangue)’transporto.t’

Theratioof leadin theuranini~eto leadin thegangueis N 10. Basedon
thePrWiOUS t2Stilnate Of D/a*fOrlead,we tdte~diffmion ~ual tO 3.5X

10-lO/ao Therefore,Atransportout
is N 3.5 x 10-gjit,

Althoughironpyritespresentin theOkloganguearepreswnablyconsid-
erablylessmbile thang~.lens,basedcm observationsof therelativemobil-
ityof these.wlfidesin etherPrecambriandeposits,the ironshowsno evi-
denceof exposureto neutronsandappearsto havebeenlargelyreplacedwhich
tendsto supportthesuggestionthatthe imolublesulfidesin theOkloore
havebeenmobilized.

(INCLUSIONSANDRIWARKSABOUI’APPLICATIONSTO REACIIIRWASTENWGEMENT

TheOklodatademonstratethat,in general,theuraninitegrainswere
remarkablystable.Thisconclusionis basednot onlyon theabsenceof
replacementeffectson theuraniumisotopicratiosat theedgesof uraninite
grainsbutalsoon theagreementbetweenuraniumconcentrations,isotopic
depletions,andretainedrareearthconcentrations.Indeed,smalluranium
andfissionproductmigrationeffectsareobserved,particularat the
bordersof reactorzones,whichgiveriseto dispersion“haloes.”But if
uranium10ssrateshaiiaveragedmoretlmi10-lO/aeverthercactcn-s,mxh
largeranomaliesshouldhaveoccurred.Simiiarlossratelimitsshould
applyto Pu,Am, andCmwhich formsolidsolutionsin theuraninitelattice
andwhichshoulddiffuseoutof the latticeat evenslowerratesthanthe
limiton thedissolutionrateof theura.ninite.

Reactorproductswhichdiffusedoutof theuraninitematrixandsubse-
quentlyformedinsolubleoxides,silicates,or metalswerelargelyretained
in thereactorzones. Severalelem.mtswhichweremorestableas insoluble
sulfideswereonlypartiallyretained.Theremainingelementswerelargely -
lostin theformof solubleionsor complexes.

Theoveralllossratesestimatedhereareprobablyneverappreciably
higherthan10-‘/aforthemostvolatileelementsduringtheoperatingperiod
of thereactor.If a highlystablematrixsuchas syntheticuraninitewere
used fortkie storageof reactorwastesin appropriategeologicalandgeo-
chemicalenvironmentsand if thestoragetemperaturecouldbe heldbelow
400”C,thehighestlossratesfromthe-matrixto the immediatelysurrounding
environmentshouldremainlessthan10 ‘/a. The leastvolatiledemerits,
suchas Fu,shouldbe releasedat ~atesconsiderablylessthan10-lO/a.The
releasedradioactiveelementswouldbe fu~c?lerretainedandreducedbefore
enteringthebiosphereby additionalinteractionswiththesurrounding
Aim.

Thispictureis clearlyoversimplifyied. It containsseveralassumptions,
‘IMmst importantassumptionsare 1) thatsyntheticuraninitewillbehave
likethenaturalOklouraniumndneral;2) thattheearlyintenseradiation
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ninite; 3) thattemperaturesof thestoredmaterialwillnot riseto values
so highthattheyleadto a differentpatternthanat Oklo;and 4) thatthe
geochcmicalconditionswhichwereresponsibleforthestabilityof theOklo
uraninitec-anbe sufficientlyspecified,satisfactorilyreproduced,and
assumedto persistfora longperiod. A detaileddiscussionof eachof these
problemsfallsoutsidetheplannedscopeof thispaper. However,we believe
thattheseUncertaintieswillprobablybe favorablyresolvedand thatsyn-
theticuraninite(orsynthet~cthorianite)willeventuallyproveusefulfor
thelong-termstorageof reactorProductsin geologicalsites.
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