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AB3TR4CX

Precambrianuraniumoreshavebeensurveyedforevidenceofothernatu-
ralfissionreactors.The requirementsforformationofa naturalreactor
directinvestigationsto ur~ium depositswithlarge,mhigh-gradeore zones.
Massivezoneswithwlumes > 1 ms andconce~trations> 20%uraniumare like-
ly placesfora fossilreactorif theyare > 0.6b.a.old and if theycm-
tainedsufficientwaterbut lackedneutron-absorbingimpurities.While
uraniumdepositsof northernCanadaandnorthernAustraliahave received
mostattention,oresampleshavebeenobtainedfromthefollowingmrld-
widelocations:theShinkolobweandKatangaregionsof Zaire;Southwest
Africa;RioGrandedo Norte,Brazil;theJabiluka,Nabarlek,Koongarra,
Ranger,andEl Sharanaorebodiesof theNorthernTenitory,Australia;the
Beaverloclge,MauriceMy, Key Lake,CluffLake,and IkbbitLake orebodies
and theGreatBearLakeregion,Canada.Theore sampleswere testedfor
isotopicvariationsin uranium,neodymium,samarium,andxmtheniumwhich
wouldindicatenaturalfission.Isotopicanomalieswerenot detected. Crit-
icalitywas not achievedin thesedepositsbecausetheydid mt havesuffi-
cient13sU content(afunctionof ageand totaluraniumcontent)and/or
becausetheyhad significantimpuritiesand insufficientmoderation.A
uraniummillmonitoringtechniquehasbeenconsideredwherethe ‘~ellowcake”
outputfromappropriatemillswouldbe monitoredfor isotopicalterations
.mdicativeof theexhumationandprocessingof a naturalreactor.



INIWXXXION

In all likelihood,theOklonatural fissionreactorwas rmt a singular
ocamrencein theearth’shistory.The conditionsof the Precambrianearth
weresuchthattherewereprobablyotherreactorsof thistype. lhe caa-
binedprobabilitiesof a reactorforming,of itssurvivingfmxuPrecambrian
tinms,andof itsdiscoveryduringminingsuggestthatMO was oneof sev-
eralnaturalfissionreactors.If thisis so,we shouldbe able to find
evidenceforotheroccurrences.Subsequentstudyof other~tural fission
reactorswouldaddto ourknowledgeof thehistoryof theprwmkal.

axxito S* timelytopicsas thegeochemistryof ur~ ore depositsatifi”
thelong-termbehaviorof buriedreactorproducts.At (Mo, radioactive
productsWre remarkably*bile, but theirbehaviorin otherenvironments
couldti an importantconsiderateionin thegeologicdisposalof contemporary
nuclearwastes.

THEOCCURRENCEOF NATURALREACTORS

The geochemicalcircwnstanceswhichledto theformationof Oklowere
veryspecial;a uniquesequenceof eventsassembleda criticalmassof 2s~1---
thesinglenmstimportantingredientof naturalcriticali~. Whentheearth
formedm 4.5b.a.ago,2s‘Uconstitutedabout23%of terrestrialuranium.
Buttherewereno lmownmechanismsto assemblea criticalmass,eventhough
a relativelysmallmasswouldhavesufficed. Ore-formingprocesseswere
not likelyas thecore,mantle,andcrusthadnotdifferentiated.By the
endof theHedeanperiod3.4b.a. ago,uranium,beinglithophilic,had con-
centratedjn tiemantleandcrwt andprobablyoccurredas disseminated- ,
in crystallinerocks. Mring theArcheanperiod[about3.4 to 2.6b.a.ago),
procaryoticlifeFormsevolved;but therewereno significantannuntsof free
o~gen duringthistime,anduraniumremainedas theurmcidizedU02. Ura-
niumdidconcentratetowardtheendof thisperiod,howver, by meansof
gravitationalsortingof heavystreamsediments,whichinchled UOa. These
unoxidizedores (knownas paleoplaceror quartz-pebblecomgksnerateores)
rarelycontainedmorethana fewtenthspercentursniun,ad eventhoughthe
relative2$‘Ucontentwas about8%,therewas insufficenttotal2s‘Ucon-
centraticmforcriticality.

Then,duringtheImwerProterozoic(about2.6to 2.0 b.a. ago)important
changesoccurred.lhiswas a periodof intensemountainImildingand sub-
sequent.weathering.Also,photosyntheticblue-greenalgaeevolved,and
graduallytheearth’ssurfacewatersandatmosphere~ oxidizing.Around
2 b.a.ago,then,an extensivesurface“resenroir”of umxidized uraniun-
bearingsedimentsandorogeny-relatedexposuresworeattackedby oxygen,and
relativelylargequantitiesof com IeXd uranylionwerehydrochemicallyre-

ileased.Whanuranyl-bearinggroun watersachievedsufficientdepthor
intersectedzonesof highorganicconcentration,thechtical environment
becamereducing,anduraniumprecipitatedas uraninite,pitchblende,or cof-
finite.Wherethisprocessoccurredin

$
rousrockor cavities,large,mas-

siveveinsof uranim oftenresulted. is cavityfilling(or structural
control)seemsto be an importantcharacteristicof Proterozoic**rein-type”
deposits. SuchveindepositsarealmostexclusivelyMnited to theProtem-
ZOiC, and theyrepresentsaneof the~.ild’srichesturanim rescnres.The
relativ~2a5UContentduringtheProterozoicwentfrcmabout4 to 1$. This
is abouttheminimumconwntmtion requiredforanynaturalassemblageto
attaincriticality.Hence,natureseemsto havecooperatedin providinga
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mechanism
formation

formassiveuraniumaccumulationat a verycriticaltimeforthe
of naturalreactors.

The searchforotherfossilizednaturalreactorsis guidedby the@ysi@
requirements[1,2]forformationof a naturalcriticalassembly.The natu-
ralreactorrequirementof high2S5Ucontentrestrictsinve~tigationsto
uraniwndepositsthatareveryoldandveryrich. Neutronicargments re-
quirethatthereactorzonebe relativelylarge. Thus,any depositshaving
zonesof uraniwnmineralizationthatare (1)> 0.6b.a.old, (2)* 20%ura-
nium,and$ 1 ms in sizeareworthyof investigation,regardlessof the
presentday contentof neutron-absorbing“poisons”(suchas boronand t~ “
rareearths)or neutronmoderators(suchas carbonandwater).

SUKVEYOF PUL’ENTIALSITES

PrMerozoic,vein-typeuraniumdepositsare themost appropriatelocat-
ions to searchforothernaturalreactors.Thesedepositsare foundin
exposuresof Precambriancontinentalshields,whichcoverlargeareasof
centralandsouthernAfrica,northernCanada,easternSout.hAmerica,and
portionsof AustraliaandEurasia.Not surprisingly,most of the import~t
uraniumdepositsof thevmrldarein theseshieldareas,but this investi-
gationis concernedmainlywithnorthernCanadaandnorthernAustralia--the
twomostpromisinglocations.The extensiveexplorationandtiningactivi-
tiesin theseregionshaveprovidedan excellentopportunityto sear~hfor
possiblereactorzones.

In Canada,massivevein-typeuraniumdepositshavebeendiscovered_in
theNorthwestTerritoriesandnorthernSasl&che&. At the depletedEL- ‘ -
doradomineat PortRadium,NorthwestTerritories,mineralizeduraniwnore
veinshavebeendatedat~ 14SOm.a. [3]and1200-1400m.a. [4]. Majorrein-
eralsof theveins,whichaveragew 0.5m thickpincludequartz,dolomite,
hematite,mtive silver,andc.halcopyrite,withlesserammnts of pitch-
blende. However,massivespecimenswithy 40%uraniumhavebeen documented.

At theAce-Fay-Vernamine [5,6]in theBeaverlodgedistrict,Saskatche-
wan,epigeneticuranim occursas disseminatedor colloformpitchblendethat
fillsbrecciatedandhematizedfracturezones. Thesesubsidiaryzonesare
adjacentto themajorSt,Louisfaultin thehostmetamorphics.High-grde
mineralizedveinsup to m 1 m thickwithtensof :wrcenturaniunhavebeen
observed.initialepigeneticmineralizationoccurred[7]at about1780
t 15m.a. ago,but at leasttwomajorperiodsofpitchblendereworking[8]
(orperhapsleadloss [9]) havebeenproposed:1100ma. and 270ma. ago.

Likewiseat theRabbitLakeopen-pitmine,Saskatchewan,massiveand
colloformpitchblendeoccurin brecciatedregionsof metasedimentsasso-
ciatedwitha synciinalstructure.Primaryuraniumemplamnenttookplaa
about1100ma. ago [10]but subsequentperiodsof remobilizationare indi-
catedby youngeragesof sootypitchblende[11]. Large,rich lensesof
N 30%urani~ havebeenencounteredat theRabbitLakemine.

TheKeyLake,Mauricenay,andCluffLakeuraniumdepositsof the
Athabascanregion,Saskatchewan,arebeingdelineatedd assessed.For
Key Lake,fault-controlledu-aniummineralizationis foundat theunconfor-
mityof Proterozoicsedimentsandbasementgneisses[12]. The initial
mineralizationis thoughtto be MiddleProterozoic(%1 to 2 b.a. ago),and

.



large, high-grade regi- l=ve
izationis associatedwiththe
thesespeciesisnot.clear.

bem encountered.High-gradenickelmineral-
uraniaM,but theparageneticsequenceof

Descriptivegeologicalor mineralogicalinformationh+ not been re-

ported fortheMauriceBaydeposit.However,structurally-controlledveins
of high-gradeuraniummineralizationoccur,and theageof mineralization
LsprobablyMiddleProterozoicalso.

At theCluffLake‘W’ore body [10],smucturalcontrolcontributed@
thefozmationof a veryconcentratedoccurrenceof pitchblemle-uraninite.
Thecanplexuraniummineralizationis associatedwithgold,tellurium,
seleniua,cobalt,bismth$ lead,andnickel. The orebodyhas an average
gradeof severalpercenturanium,andveryhigh-gradezonesin excessof SO%
havebeenobserved.Initialmineralizationhasbeendatedat 1050ma. ago
[13]and 11S0ma. ago [14].

In theregiom of theAlligatorRiversandtheSouthAlligatorValley
of theAustralianNorthernTerritory,recentlydiscoveredProterozoicura-
niumdepositshavemineralogyandformationcontrolsremarkablysimilarto
thenorthermSaskatchewandeposits[15,16].At theAustralianNabarlekde-
posit,diamonddrillinghas intersectedveryrichzones,whichhavevertical
thicknessesup tow 1 m andconcentrationsto N 60%uranhn [17]. “Original”
depositionof uraniumhasbeendatedat 850-900ma. ago [17,18]and 710-81S
ma. ago [19]. Howeverat leastoneperiodof uraniumredistributionmay
haveoccurred:at 4S0-500ma. ago [18,19].

The Koongarradepositoccursin LowerProterdhicschistsabovea ~e- -
versefaultcontactwithMiddleProterozoicmetasediments[20]. Theuraniun
mineralizationhasbeendatedat 850ma. [21]and 870ma. old [16],ZMM3
richregionswithintheorebodyhavebeenobserved.Koongarrauraniumwas
probablyredistributedaround4S0-500ma. ago [18].

TheJabilukadepositis perhapsthe largesthigh-gradeuraniumaccum-
ulationeverdiscovered.Theuraniummineralization,whichhas beenreported
as 900ma. old [21],is thoughtto haveresultedfrcmhydrothermalremobili-
zationandconcentrationof pre-existinguranium.

8
Largemineralizationzones

With 50%uraniumhavebeenidentifiedin thisorebody.

At theRangerdeposit,vein-typepitchblendeis foundin fracturezmes
in a LowerProterozoicschist. Butunliketheotherore depositsin the
AlligatorRiversregion,thestructurally-controlleduraniuaveinsof Ranger
aregenerallylessthan1 cm thick[22]andreportedas being1600ma. old
[21]●

FortheseAustraliandeposits,infomnationon traceelementmineralizat-
ion is scarce. In general,however,uranium5.stheonlyeconomicmineral
species[23],but significantaccumulationsof goldwereobservedat Jabiluka
rm+l
:4LJ .

Accordingto one theoryof uraniumore genesis[21.24],the uraniwnof
theAlligstorRiversr(!gionis syngeneticwiththeLowe.*Proterozoicsedi-
ments;thisdepositionwouldhaveoccurredbefore1880ma. ago. Theura-
niumthenunderwentconcentrationat % 1700ma. (possiblyby mobilization
anddepositionof pre-existinguraniumaccumulations)and experiencedperiods

●

*



of leadlossat % 900ma. and~ 500ma. ago. Accmxlingly,the relatively
recentdatesgivenforw~i~ mineralizationat Nabarlek, Koongarra, ad
Jabilukamay not representtheageof thefirstmajorconc=t=tions of
uranim at thesedeposits.Theexistingstmcturally-controlled~8-

tionsmay havebeenderivedfromsimilar,parentaccwmlatims. or, alter-
natively,theexistingaccumulationsmay be nearlytwiceas”oldas their
*5ranium-leadagessuggest.In anyevent,thesedepositshave appropriate
agesforthisinvestigation.

oresamplesfromthepreviouslydescribedCanadianand Australiande-
posits,togetherwithsamplesobtainedfromtheFrondelmineralcollection’
of Harvard,wereanalyzedfor isotopicvariationsintxraniua,neodymhn,
samarium,andrutheniwn(someanalyseshavebeenpreviouslyreported[2S]).
The samplesfromtheCanadianandAustraliandepositswere collectedfxm
large,high-gradezonesin thedeposits,butdetaileddescriptionsof these
oreconfigurationsarenotpresentedforproprietaryreasom. Forthei?ar--
vardsamples,descriptionsof thespecificsamplelocationswere unavailable;
but thesamples,in general,werefrommassivehandspeckens.

If thesampleswerefromnaturalreactorzones,2s‘Uwuld exhibita
relativedepletion,1 whereasneodymmm, samarium,andrutheniumin the sam-
pleswouldhaverelativeincreasesin theirrespectivefission-productiso-
to es. SamplesfromNabarlek,Key Lake, and’%rice My Were screenedfor
~2sU/23aUvariationswitha fieldmeasurementsystemdescribedelsewhere

[26].

Resultsof the isotopicmeasurementsareshownj.nTableI. The 23*
concentrationsweremeasuredby thermionicmassspectrometry,witha r&ta- . .
tiveprecisionof about0.2%. Therelative235Ucontentfor theseores is
nomal to withintheprecisionof thetechnique.The l“aNd/142Nd ratio
couldindicatean incrementof fission-producd14SNdcomparedto themn-
fissionproduct142Nd. Thenormalizedvalues ivenin TableI suggestthat
therearesystematictendenciesin the E2143Nd/1Nd ratiofor differentore
bodies,but fissionproducedlq3Nd{lnexcessof N 1% of the mtural ‘+sNd)
is not indicated,The 1‘owl 49Smratiois alsoa sensitiveindicatorof
a naturalreactor,but an incrementin thisratiowouldresultfromthehigh
neutronfluenceassociatedwitha chainreaction.Themeasuredsamariun
ratioslikewisegiveno indicationof a naturalreactor.

Ruthenimis perhapsthemostsensitiveelementfordetectingnatural
fission.It has a verylownaturalabundanceof about1 rig/g,yet it has a
highfissionyield,in excessof 15%. Recentmeasurements[27]haveshown
thatforPrecambrianuraniumores,thecomponentof fission-productrutkn-
iunresultingfromneutron-induced235u fission ~b distinguishedf-
thecomponentresultingfrom230Uspontan-~ fissia. ~~i~ isot~
ratiosfor 26 Precambrianuranim specimenswerethusused to determineif
excessive23SUfissionhadoccurred[28]. The sampleswere frompossible
naturalreacccrsitesat ShinkolobweandKasolo,Zaire;Rio Gmnde do Norte,

lIntheory,naturalreactoruraniwncouldexhibita slightincrementin
235Uif theconversionfactorexceededunity. However,the physicalr~uire-
mentsforsucha ‘“breeder”reactorareverystringent,and they arenot like-
ly to havebeenmet comparedto therequirementsforan Oklo-typereactor.



TABLEI

ANALYSISOF SELECI’EDURANILMORES

IsotopicAnalysis

== u 235U
14~/14~~ lSOW149%bLocation [Wt%) (relWt%)

8.01

8.02

8.03

8.04

8.10

8.14

8.1S

9.0s

9.13

9.16

9.20

9.23

9.27

9.68

9.71

9.77

9.80

10.08

10.11

10.13

10.14

10.29

10.30

10.31

10.32

10.33

Jabiluka,Australia

Jabiluka,Australia

Jabiluka,Jbstralia

Jabiluka,Australia

Koongarra,Australia

Nabarlek,Australia

El Sherana,Australia

KeyLake,Canada

KeyLake,Canada

KeyLake,Canada

KeyLake,Canada

KeyLake,Canada

KeyLake,Canada

FayMine,Canada

FayMine,Canada

PortRadium,Canada

PortRadium,Canada

RabbitLake,Canada

RabbitLake,(kmada

RabbitLake,Canada

RabbitLake,Canada

RabbitLake,Canada

RabbitIx&e,@nada

I@bbithake,Canada

RabbitMe, Canada

CluffLake,Canada

63

56

57

59

29

12

41

7

57

53

19

32

14

27

57

0.711

0.710

0.711

0.710

0.710

0.712

0.711

0.713

0.711

o.71~.,

0.712

1.012

1.012
●

1.011

1.017

1.017

1.020

1.001

1.022

1.014

1.016

1.014

s.017

=,1.012

1.007

1.010

1.019

1.003 1.002

1.002 1.000

=.. .

1.004 1.000

1.003 1.000

1.003 1.000

1.005 1.001

1.006 0.999

1.003 1.001

1.013 1.001

“Theratio143 142Nd/ Nd measuredfora samplehasbeen
by theratiomeasuredforstandardmaterialfromthe
standards.

he ratio150sm/14gsmmeasuredfora samplehasbeen
by theratiomeasuredforstandardmaterialfromthe
Standards.

normalizedby dividing
NationalBureauof

normalizedby dividing
NationalBureauof



.

Brazil;Gordonia,SouthwestAfrica;TheanoPcint,Wilberforce,Rabbitw,
Key .hke, CluffLake,FayMine,andPortRadium,Canada;and Jabilukaand
Nabarlek,Australia.

For thesehi~h-gradesamples,theamountof rutheniumresultingfran
neutron-induced2 ‘U fissionwas lessthan75%of theruthetiumfran23*U
spontaneousfission.(Thetotalfission-productrutheniumrangedbl.4 ,
to 23 rig/g.)Precambrianuraniumoresareknownto haveamunts of 2SSU
fissionthatrangefrcmabout3 to 47%of the 238Uspontanet+fission.[29]; -
whereasat theOkloreactorzones theamountof 2s5Ufissionwasmany

43*Uspontaneousfissmn.ordersof magnitudegreaterthan Thus,the ore- -
samplesdo not representnaturalreactors.

Thereis a possibilitythatothernaturalfissionreactorsmayhave
beenredistrilmtedor dispersedby geochemicalor erosionalprocesses.If
thisis so,theremaybe evidenceforthemin subtle235Uisntopicdeple-
tionsin present-dayuraniumorebodies. Ore samplesfromvariouslocations
havebeentestedforslightvariationsin the 235u/23@u -MO Ushg precise
gas (uF~)massSpectrometry.Thesedataarepresentedin TableII. The
relativeprecisionof thistechniue is m 0.01%,whichis Icwerthanthe .
naturalvariabilityin the 235u/2~8uratio [s0]= The analyses presented
hereare an extensionof a previousstudy[30]thatidentifieda bimodal
distributionof 235Uconcentrationsin naturalores: magmaticandvein-type
oreshadvaluesaround0.7108relwt%,whereasthevaluesof sandstone-type
oresof theColoradoIUateauclusteredaround0.7106relwt%. Itwas S@C13-
latedthatthe lowered2SSUcontentin mlorado Plateauuraniumcouldhave
resuitedfromisotopicfractionationbroughtaboutby the repeated oxidatiori-
reduction..depositionalprocessof sandstone+typeores,or from 23‘U-depleted.
uraniumthathadbeengachemicallyredistributedfroma Precambriannatural
reactor.

Certainsamplesof TableII (3.13,3.44,8.04,10.14,and possibly9.16)
haveanomalouslyhigh235L!values,whichliewelloutsidethe acceptedrange
of 235Ucontent.Ihplicateanalysesof samples8.04,9.16,and 10.14were
conductedby thermionicmassspectromet~y,and theanomalousvalueswere wt
confirmed.It is believedthatthehighvaluesresultedfran somesystematic
measurementerroror sanplecontamination,andthesamplesare beiygre-
analyzed.

Thedataof TableII indiratethatthesesamplesare not fromnatural
reactors.However,if a naturalreactorhad existedand had beenredistri-
butedwithintheorebody,a subtle235Udepletionwouldresult. Thisgemr-
alizeddepletionwouldbe detectableonlyif theaverage235U depletion
(designatedas B, in %) in thereactorweresufficientlyhigh and if the
subsequentdilutionwerenot toogreat. The 3u detectionthresholdfor de-
tectinganomalouslylow 235Ucontentby gasmassspectrometryis about0.7100
relW-J%(nozmaluraniumhas about0.7108relwt% ~30]);so a redistributed
reactorsystemcouldpossiblybe detectedif theproductBf~ 0.1%,where f ~
is thefractionof uraniumin thedepositthatis fromthe reactorzone.
Thisqualitativelimitassumesthereactorsystemis homogeneouslyredistri-
butedwithinthedeposit. In reality,a reactorcouldhave experiencedpar-
tialredistributionor majormobilization

The lowestvalueof ‘I’ableII,0.7107
indistinguishablefromtheexpectedvalue

.
awayfromthedeposi~.

Y O.000?.relwt%, is virtually
ofw O.71O8* 0.0002relwt%.



TAME II

PRECISEURANIUM.’lNALYSISOF KNUJIWIIEORES

San& u 235U 235U

143cation (wt*) (relwt%)a (reIWt%)b

3.1 AlligatorGorge,Australia 66 0.7110

3.13 RioGrandedo Norte,Brazil 0.7139 .

3.42 ‘ S. AlligatorGorge,Australia 70 0.7110

3.61 Wilberforce,Canada 0.7108

3.14 Shinkolobwe,Zaire 74 0.7111“

3.44 Shinkolobwe,Zz&e 0.7134

3.46 Katanga,Zaire 0.7110

3.55 Kasolo,Zaire 69 0.7107

6.1 WeddingtonPit,Texas >().731c

8.01 Jabiluka,Australia 63 0.7112 0.71i

8.04 Jabiluka,Australia 0.7128 0.710

8.14 Nabarlek,Australia 59 0.7112 0.712

9.16 -@y Lake,Canada # = 0.7115 0.711-

10.14 “Wbbit Lake,Canada ii 0.7144 -0.711-

11.02 Witwatersand,SA c

12.01 ElliotLake,Canada 0.7110
-.

aGasmassspe&metric analysis,2uprecisionN0.0001 rel wt%.

bThermionicmassspectromtricanalysis,2uprecisionm 0.002relwt%.

cInsufficienturaniumin sampleforgasmassspectromtryanalysis.

,

...



Hence,if a naturalr a;or%hadbeenredistributedwithinthis deposit,we
%can concludethatBf - Forexample,a redistributedreactorsystem

witha 10%average23SUdepl.&ionmst havecomprisedlessthanN 0.1%of
the totaluraniumofthedeposit.DepositstypicallycOntainbetweenlO*
and 105tonsof uranium,and O.1% representsa relativelysmallnatural
reactorsystem.Thusuraniumgasmassspectrometrywouldappearto be
ef..ectivein detectinga redistributedreactor,but it wouldbe “
if therehadbeena lowfissiondensi~, a highconversionfact
235Uvia 2S9PU),or a majorlossof thereactoruranim.

MONI’IIXWIGOF URANILNlMILLS
.

Isotonicallyanalyzingrichore specimmsfromdrillcoresor fromex-
posuresinminesis an obviousway to searchforothernaturalreactors.
But suchspecimensrepresentonlya smll fractionof an ore body,and a
fossilizedreactorzonecouldeasilybe missedandsubsequentlyexhmed.
Whilethissamplingshouldbe continued,a moresystematicand thorough
searchcapabilitycouldbe obtainedby monitoringtheoutputof millsser-
vicinglikelyPrecambriandeposits.Sucha plan [31]has beenproposed
where‘~ellowcake”(U@6) samplesfromappropriatemillswouldbe rOUthely
mllectedandanalyzedfor subtledecreasesin the 23‘U/2S‘U ratio.

In thisplan,theeffectivenessof millmonitoringis determinedfor
situationswherereactoruraniumis introducedintothemill episodically
or continuously,andbothcentinuousand“grab”samplingof yellowcakeare
considered.‘Fheuraniummill is assumedto actas a largedilutionvessel
witha comparativelysmallthroughputof ur~ium ~i.e.,uraniumis refined
by contintibusratherthanbatchprocessing,-trodmillsgenerallycontai& “
severaldaysof uraniumoutputat anyone time). Thus,afterintroduction
of reactorore intothemill,theconcentrationof anomalousuraniumwill
decreaseapproximatelyexponentiallywithsomecharacteristic‘%half-time”--
the timerequiredfortheanomalyconcentrationto be reducedby one-half.
For a givenamountof refinedreactorore,thesensitivityfor detectionis
limitedby thesensitivityof theisotopicanalysis,theextentof 23SUde-
pletionin thereactorore,thefrequencyof grabor continuoussampling,
and thedilutionhalf-timeof themill.

Fora naturalreactorsystemthesizeof Oklo,manynumthswouldno
doubtbe required‘x processingof theaffectedore. Arich ore zonesxh
as thiswouldbe wliberatelymined,stockpiled,andblendedovera long
time(comparedto thetillhalf-time)in orderto keepthe averagegradeof

21nreality,a millhasmanystagesof dilution,but usuallyonlyOX* or
two locationscontainthemajorityof theuranium.Wheretherearesuccessive
dilutions,theanomalyconcentrationcanbe describedby rate equationsanal-
ogousto thoseforsuccessiveradioactivedecay. However,the assumptionof
a singledilutionstageis adequatebecauseityieldsa detectionlimitthat
is conservativefora grab-samplingscenario.Andwhencontinuoussampling
is employedor whenthereactorore is introducedcentinuouslyintothemill,
theassumptionof singleor successivedilutionhas littleeffecton the
detectionlimit.



tb8mill feed at an opthumtconcentration.l%us,reactorm wouldeventu-
allybe introducedintoh tillapproximatelycontinuously,lam theiso-
twpicancinalyin theP11OW* -d fluctuateconsiderably.NwerthAess,
w tmld expect that inithlly there would be erratic ‘@ilses$t of anmalous
ore being processed. IMection of these events mild be crucial to the early
detactimandpresmtion of a reactorsite. TO detectsiisgle episodesof
&xmalas ore ~t, dlls withshorthalf-timeswnald require comtim-
aus saspling,*le thosewdthlongerhalf-timescouldsafely use grab m-
plinguitbut sacrificingsensitivity.The samplefr~, while “Uq!4mant
to reactor ore detection,wouldprobablybe determinedby convenienceof
collectionandshipnantandby sampleanalysislimitations. .

Fornmt millmonitoringscenarios,the&t#tion of the firstaumunts
of processedreactororewmld requirethat

la
B >10 to 10fl(%)2,where

is theinitialpercentof tccalmilluranium t is fraa* reactor,A
B is againthepercent2SSUdepletionin thereactoruranim. Forreactor
orelikethatof Oklowith‘~30%depletion,an znmnt of reactoruraniun
be- m O.3%and3% of thetotalmilluraniwnwouldhme to be intro&ced
in orderto insureearlydetection;i.e.,betwea aboutten and a fewhun-
dredkilograms of reactoruraniwn,dependingon themill capacity.Once

. anana.lousorewasbeing~ontinuouslyprocessed,however,h requirementfor
detectionwouldbe BCss> 8 (%)2,whereCss is thesteady-statepercentof
totalmill-feeduraxum thatis frumthenaturalreactor. Wr reactorura-
niunwithm 30%depletionanda typicalmilloperation,only m 10 kg/dof
reactoruraniumwouldhaveto be processedto insuredetection. It is
apparentthatthefirstthroughputof reactororemaynot be easilydetected,
but as theanomalousuraniumconcentrationin themillincr-ses as a result
of continuousinput,theananalywouldalmostcertainlybe detectd. = -

DISCUSWXN

Thisinvestigationhas foundno evidenceforothernaturalfission
reactors● Perhapsthisis becausethesamplesanalyzedWre not framthe
rightlocatiansin theuraniwndeposits.Formostof the Precambrianvcin-
typedepositsstudied,therearemanypotentialreactorzones. ?he sanples,
however,representonlya fractioncf suchzones: q.~ythoseexposedduring
miningor intersectedW drilling.Thenegativefindingsdo not rulea2t
thepossibilitythatcriticalassanblageswillbe found(orhavebeenex-
hmed, forthatmatter)in thesedeposits.As additimalpotentialreactcr
zonesareencounteredat Precambriandeposits,samplesshmld be collected
andanalyzedforisotopicanomalies.

The datado indicate,though,thatthe specificzmes satqleswerenot
fossilizedreactors--atleastnotof thetypefoundat Oklo. It ispossible
thatsaneof the zonesmay haveexperiencedconsiderableneutronmultipli-
Catioil, but at leastforthosesamplesthatreceivedrutheniumor uramhm
gasmassspectrometricanalyses,thiswas not indicawd.

Naturalcriticalityappearsto havebeenpreventedin the ore zones
becausethe combinedcriteriaof 2s‘Ucontent,moderatorcontent,and low
neutronpoisoncontentwerenotmet. Inmostcases,the samplescamefran
regionswherethe sizerequiranentwas satisfied;drill-coresamples?for
example,oftencamefromhigh-gradezonesbetween~ 0.5- m 2 m tick.
Neutron~isons wereprobablya majordeterrentto criticalityforthe l@y
LakeandCluffLakedeposits,andtheymay haveprecludedc.iticalityat

.



otherlocationsas WC11.3 The 235Ucontentof theore zonesduringthe
Proterozoicwas apparentlyinsufficientto overcomethedeterrentsof excess
poisonsand insufficientmoderation,eventhoughthetotaluraniumconcen-
trationrangedfrom% 10 to ~ 60%. Manyof theCandum saaplesare fram
post-Athabascandepositsabout1100ma. old,and someof the Australian
samplesmay be of a comparableage. At thistime,the 23W”antent was 1.8
re~wtt--nearlytwiceas depletedas theu:~ium duringthe Okloevent.

For oldersaqles, e.g.,thosefromtheBeaverlodgeand Rangedeposits,
criticalitymay havebeenpresented,in part,becauseof the metallogenic
processinvolved.At Oklq,theuraniummineralizationaml nuclearreacti~,
wereinterrelated.tig-~ ~terial,whichhad accumulatedin tectonic
structuraltraps,provideda reducingzonewhereuraniuaprecipitated.The
hydrocarbons,believedto havebeenpresentat theoutsetof criticality,
providedadditionalneutronmoderationthatmay havebeeman essentialfac-
tor in initiatingthennclearreaction.Chcethereactor~grataaa
periodof “automet:wmnphismt’followedwherethehydroarbo
andthegangueandreactorzonesalteredto theirpresentstate. The hydro-
carbcnwwouldnot havebeenso cruciallaterin theperiodOF criticali~
sincetheneutronfluencereducedthe initialconcentrationof neutronpoi-
sons. Tbms,theenvironmentcreatedby theorganicmate-rialwas veryfzzvor-
ableto bothwanium mineralizationandnuclearcriticality.Metallogenic
processesoperatingat otherPrecambrian,vein-typeuraniundepositsmay
not hiwe had thisaddedbenefitof hydrocarbonmoderationto initiatea
chainreaction.
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here isnodata availableonamunts of neutronpoisansin these
samples,but it wouldbe difficultto establishwhethersuch impurities
werepresentin theProterozoicconfiguration.Elementalmyses of m
sampleswerethereforenot conducted.

.
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