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INVESTIGATIONSOF THE OKLONATURAL

*

?i

FISSIONREACTOR: JULY 1975‘IHROUGHJUNE 1976

Cxmpiledby

K. E. Apt

ABSTRACT

Thisdocumentreportson activitiesof the Oklonatural
fissionreactorprogram. IhringFY 76, studieshavebeen directed
toward(1) furthercharacterizationof the reactor,including
operation,radionuclideproductionand dispersion,and ore para-
genesis,(2) theoreticalpredictionof the geochemicalbehaviorof
reactorproducts,(3) searchfor evidencefor othernaturalfission
reactors,and (4) supportiveanalyticalmeasurementsand procedures
development.Theseinvestigationsare conductedby personnelat the
Ins AlamosScientificLaboratory,the AlliedChemicalIdaho
NationalEngineerLaboratory,and the Departmentof Geologyof the
Universityof New Mexicoand are in conjunctionwith the ERDAprogram
for geologicisolationof nuclearfuelcyclewastes.

I. INTRODUCTION

The successfulisolationof reactorproductsfromthe biosphereis a neces-

saryadjunctto furtheradoptionof nuclearpowergeneration.Sincecertain

radioactivewasteprducts remainhazardousto someextentfor hundredsof

thousandsor evenmillionsof years,a very long-termperspectiveis necessary

for addressingwaste isolation.The conceptof radioactivewastecontainment

by geologicdisposalis one of the most attractiveoptionscurrentlybeing

consideredby officialand privateparties. To help evaluatethisoption,we

are fortunateto have availablefor studya uniquenaturalexperimentin geo-

logiccontainmentof reactorproductwastes,the naturalOklo fissionreactor.
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We knownow thatthe Okl.oreactorsystemsustainedcriticalityfor a

durationof perhaps0.6my. at a timeapproximately1.8 by. ago. An esti-

23~ underwentfission,about2 tonsofmated 6 tonsof 235U were derived

fromprecursor239Pu producedin the reactor. A smallpercentageof the total
fission(<10%)resultedfrom 239Pu thatfissionedbeforeit decayedand from

fast-neutroninducedfissionof 238U. [Seefor exampleIAEA (1975)or Cowan

(1976)for reviewson the Oklophenomenon.] Of the severaltonsof reactor

products“emplaced”at Oklo,the majorityhave remainedin situ. In general,

the highervalencestateelaents, e.g.,the actinidesand lanthanides,were

nearlyquantitativelyretained,whereaselementswith lesscomplexchemistries,

suchas Xe, I, Mo, Sr, Rb, etc.,were almostcompletelyremoved.

Amajor objectiveof the Okloprogramis to determinequantitativelythe

retention/migrationbehaviorof the reactorproductsin the regionsof forma-

tionand in the surroundingregionsof migration. Further,geochemicaland

geophysicalfactorsresponsiblefor the observedbehaviorare to be identified.
In orderto characterizethe behaviarof the reactorproducts,it is necessary

to lmow the operatingcharacteristicsof the Oklo system. Reactorand neutron-

icsmodelingstudiescan in principleelucidatenot only “sourceterms”for

reactorproductsbut importantphysicalconstraintsfor the periodof critical-

ity. Furthermore,ore paragenesisand metallogenesisstudiesare important

toolsby which the Okl.ogeochemical,environmentcan be determined.Mineralogy

and petrographyfurtherestablishtemperature,pressure,and solutionchemical

conditionswhich the Oklo reactorproductshave experienced.
The geochemicalbehaviorof many reactorproductsis not well known,par-

ticularlyfor non-idealconditionsroutinelyencounteredin real geological

settings. Hence,it is necessaryto developa theoreticalbasisfor under-

standingthe behaviorof fissionproductand actinideelements.Migration/
stabilizationobservationsfor Oklo can thenbe used to testpredictionsfor

the same system. In addition,it is expectedthatextrapolationof migration/

stabilizationmodelsto othergeologicsettingscan be made,therebyproviding

valuabledata in assessingpotentialdisposalsitesfor contemporarynuclear

wastes.

It is suspectedthat the Oklonaturalreactorsystemwas not uniquein the

earth’shistory. Consequently,searchfor othersuch naturaloccurrencesis

2



an importantcorollaryto thesestudies. If anotherfossilizedPrecambrian

reactoris discovered,it wouldprovideadditionalinvaluableinformationon

migration/stabilizationbehavioron yet anothergeologicenvironment.Pre-

dictedradionuclidebehaviorcouldthenbe calibratedwith a secondset of data.

Evidencefor a dispersedPrecambrianreactor(asopposedto a fossilizedsys-

tem as at Oklo)may be foundby characterizingworldwide variationson the

23i/238U isotopicratio. Subtleuraniumisotopicvariationsobservedto date

may indicatesome combinationof two factors: (1) an isotopicchromatographic

effectmay occurin the uraniumgeochemicalcycleof continuedreduction,

mobilization,and redistribution.Isotopiceffectson the reactionkinetics

of suchrepeated~cles couldgiverise to at leastlocalizeduraniumisotopic

anomalies; (2) the dispersionof a naturalfissionreactor(s)by geochemical

and geophysicalphenomenacouldalternaturalisotopicratioson a continental

scale. By investigatingthesetwo factors,a betterunderstandingof the

phenomenologyof Precambrianfissionreactorscouldbe attained,thusper-

mittinga probabilisticevaluationof the efficacyof naturaland artificial

geologicisolationof reactorwastes.

3



II. OKLO RFWIUR CHARACTERIZATION

A. ReactorNbdelCalculations

The data for Bi and Th on Oklo ore samples,plus Ru isotopicresultsfrom

INEL,and our previouslydeterminedNd isotopicratios,Nd/U,and U isotopics
238Uwere incorporatedintoa calculationwhichallowedfor self-shieldingof .

This calculationwas carriedout with crosssectionsfromreportBNL-325as one

14% (INEL)for a secondset,set and, alternatively,with am = 266 barnsfor

with 1.75by. as the zerotimeand 0.6 my. as the duration. As expected,

14~dwe founda discrepancyof approximatelywith the BNL valueof 325 b for

+20% for the N@ ratios,whilewe of eithera 266.barnvalueor a zerothe

of 2 by. producedcloseagreement.The resonancefluencewas basedon 146Nd/

145Nd,and 238Ufissionson a combinationof 150Nd/(14xd+ 144M) and

104Ru/(Iolllu+ 102Ru).
.

An overallgood fit to our data (exceptfor Nd/U)was

14% crosssection.obtainedwith either We also fittedthe samedata

reportedby Frejacqueset al. (1975)for nearbysamples; the Bi/UandTh/U fit

betterwith the BNL valueof 325 barns. The samplesconsideredcame from

Zone 2, Cut P?, and Core SC-36,on both sidesof a clay-filledjoint. Interest-
239ing resultsare that Pu fissioncontributed3-4%and 238Ufission3-5%,

capturein 238Uwas reducedby factorsof4-10 by the resonanceself-shielding

effect,and the Bi and the Bi and Th daughtersof 237Npand 236Uappearto have
been retainedin thisregion. Theseresults,plus a reviewof the GabonCon-

ference,were presentedat an ACS meetingin NewYork (Bryantet al., 1975).

B. ReactorZone 3 Analyses

Severalsampleswere obtainedfromcoringswhichwere believedto be on the

outeredgesof reactorZone3. The locationof Zone 3 is shownin Fig. 1 and

the locationsof the core samplesin Fig. 2,. Fivesampleswere analyzedfrom

core SC-55and one each fromSC-53,54, 56, and 57.

Weighedfractionsof the “as received”sampleswere leachedfor several

hoursin a mixtureof boilingquartz-distilled8MHCl and 1.5MHN03. After

leaching,the samplesolutionswere filteredintotaredquartzflasksand

weighed. Weighedaliquotswere removedand concentrationand isotopicmeasure-

mentsmade for U, Mo, Zr, Ru, Nd, and Sm.

1. U and fissiondensity. The measuredU concentration,235Uabundance,

and fissiondensityare givenin Table I. In most cases,it is apparentthat

the sampleswere froma relativelyuranium-richportionof Zone3, ratherthan

4
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Fig.1.
Aerialview of the reactorlocations
at Oklo. The bed containingthe uran-
ium dips steeplyto the east and north.
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Fig.2.
Diagramof reactorzone3 showing
locationsfor drillholes.

fromthe edgesas desired,indicatingthat the area of the ore zonewas not

well knownat the tim of sanpling. In general,the fissiondensityfor

Zone3 sampleswas approximately10 timeslessthanthatobservedin the center

of Zone 2 (Maecket al., 197s).

Some interestingobservationsare noted in the SC-55seriesof samples.

In particular,we note the decreasein 235Ucontentwith depthand the very high

fissiondensity(fissions/atom~)associatedwith the uranium-poor1864sam-

ple at the edge of the zone. A similarobservation(Maecket al., 1975)was

notedat the boundaryof the SC-36samplesfromZone 2. We observea

high fission-productNd contentrelativeto uranium. We believethis is the

result of some lossof U fromthe interfaceof the richore body and the sur-

roundingmaterial. Additionalstudiesat the edgesof the

requiredto more fullyestablishthe relativestabilityof

fissionproductsat Oklo.

reactorzonesare

the uraniumand the

5



TABLEI. URMIWfANDP2SSIWDATAN)ROKIL)SAME 2(3NE3

Sa@e Depth(m)

.SC-S3-1763

SC- S4-1876

SC-55-1844

SC-55-1852

SC-55-1856

SC-SS-1860

S(2-5S-1864

SC-56-1877

SC-57-2223

19.3

19.5

13.9

14.3

14.5

14.7

14.9

22.3

11.4

N+

36.42
5.98
27.48
49.27
21.96
12.63
3.03
47.91
31.96

~.23SU
Fissions/gOrOa

(X1019)

0.7215

0.7201

0.6918

0.6856

0.6842

0.6792

0.6747

0.6967

0.6988

00019

0.006

0.196

0.377

0.200

0.109

0.0s4
0.34s
0.136

hod en● 23% ~ fissionyieldof0.0169for 14%6.

TABM II. IWXNMIIMMTARROKW 2CNES SAMLES

Atcdg Ore Atari ktios

~

X-53-1763
SC-S4-1876
SC-SS-1844
SC-SS-1852
SC-SS-18S6
SC-S5-1860
SC-55-1864
SC-56-1877
SC-57-2223
------ -

FP Nat.—.

4.98S26 8.02E17
1.32E16 7.96E16
4.12E17 4.52E17
7.92E17 S.21E17
4.18E17 4.02E17
2.30E17 2.82E17
1.14E17 2.S7E17
7.17s27 2.51E17
3.3SE27 5.1OEI7
. . ..- ---

t Nat.

94
86
52
40
49
Ss
69
26
60

Mt&?l
1.336
0.986
0.962
0.967
0.981
0.987
1.037
0.964
0.973

UQ!?s
1.182

0.716

0.760

0.763
0.764
0.757
0.769
0.770
0.751

% thexnmlfissial 0.913 0.759

1s0
Xnmi3

0.0444
0.0450
0.0S6S
0.0567
0.0s74
0.0S62
0.056S
0.0S81
0.0509

0.0s66

Fissions
Atarik

0.0002
0.0004
0.0028
0.0030
0.0036
0.0034
0.0070
0.0026
0.0019
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2. Fissionproducts. The wasured atoms/gramofore for fissionproduct

and naturalNd are givenin Table II. Also givenare selectedisotopicratios

of the fissionproductcomponent.Althoughthe naturalNd componenthas been

subtractedfromthe data givenin Table II) correctionshavenot yet been

appliedfor the effectof neutroncaptureon the naturalNd whichwas present

at the time of criticality.Thisprobablyaccountsfor the variabilityof the

isotopicratiosshownin Table II, especiallyfor samplesSC-53-1763,SC-54-1876,

SC-55-1864,and SC-57-2223,all of whichhave a high naturalcomponent.

SpecificRu isotopicratiosfor Zone 3 samplesare givenin TableIII. The

measuredconcentrationsof fissionproductand naturalrutheniumare presented

for comparisonin TableIV. Of particularsimificance is the ratioof ‘9RU

(lOIRui %/u). The highvariabilityin thisvalue is believed

the selectivemigrationof 2.1x105yr ‘9Tc. SimilarTc movement

(Maecket al., 1975)in the samplesfromZone 2.

In some cases (e.g.,SC~56-1877)the (101+102)/104ratiois

to resultfrom

was observed

lowerthan

that for pure U thermalfission. This couldresultfrom 239Puthermalor

238Ufast fission. At thistime,however,we do not believethat sufficient

data and informationare availableto

in this areaare warranted.

TABLEIII.RUIHENILMISOTOPIC

sample &

SC-53-1763 0.5846

SC-54-1876 0.7015

SC-55-1844 0.704s

SC-55-1852 0.5668

SC-55-1856 0.6635

SC-S5-1860 0.6067

SC-55-1864 0.6694

SC-56-1877 0.5614

SC-57-2223 0.5320
---- ---- ---- ---

23%thennal F’Y 0.6630

-.

make this conclusion.Additionalstudies

RATIOSFOROKLOZONE3 SAMPLES

101

1.200

1.186

1.211

1.202

1.222

1.194

1.194

1.185

1.201

101+102
~

4.632

4.838

4.997

5.000

5.143

4.965

4.965

4.769

4.976

1.202 5.065
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TAELEIV.FISSIONPRODUmANDNA’IURAL~mANCE CO~TI@Js
0FSEVERALHJ3ENlS~YZE.DFIUNOKLOZONE3slOiPLES

Ml

Sample FP Nat.

SC-53-1763 <2% 1.09E18

SC-54-1876 NM NN

SC-55-1844 9.04E16 2.49E17

SC-55-1852 2.8SE17 4.16E17

SC-55-1856 1.24E17 1.61E17

SC-55-1860 7.75E16 1.olE17

SC-55-1864 1.91E16 2.88E16

SC-56-1877 1.78E17 5.09E17

SC-57-2223 1.12E17 9.63E16

Atoms/g Ore

Zr

FP Nat.— —

Nk?NM

M! Iw

S.69E16 2.91E18

7.88E17 8.Z4E18

N4 NM

<2% 4.34E18

<z% 5.52E18

3.61E17 4.15E18

<2% 7.13E18

Ru Sm

FP

1.54E16

7.96E15

4:13E17

6.30E17

2.63E17

1.69E17

6.96E16

5.89E17

3.16E17

Nat. FP

<5%

2. 50E15

7. 51.E16

1. 37E17

6.75E16

3.71.E16

2.111!16

1.25E17

6.S31316

%tmeasuredasof thisdate.

TABLE v. FISSIONPROJXJCI’STA81LI’A’FOROKU)2(2NE3 SAMPLES

Fissions/gOrexlO1g
I

A?P- -&J& -E_ A_ X_
SC-53-1763 0.0196 0.0092 f f g
SC-54-1876 0.0059 0.004s f f 0.0065
SC-55-1844 0,195 0,234 0.0369 0.0187g 0,203

SC-55-1852 0.375 0.386 0.116 0.322 0.370

SC-55-1856 0.198 0.153 0.0405 f 0.182
SC-55-1860 0.109 0.101 0.0316 f 0.100
SC-55-1864 0.0537 0.0402 0.0071 % 0.0s70
SC-56-1877 0.343 0.360 0.0727 0:118g 0.337
SC-57-2223 0.156 0.197 0.0455 g 0.176

%ased on 1481WandthennalFYof 0.0169(23%).

b8asedonsumof 101+102RuandtiermalFfof 0.0924(23%).

Nat.

1.141317

9.58E15

5.19E16

7.12E16

5.36E16

4.44E16

2,90E16

3.7H!16

6.48E16

FissionPrOductRatios

Ru/Nd

0.47

0,76

1,20

1.03

0.77

0.93

0.75

1.05

1.26

Mo/Nd

---

---

0.19

0.31

0.20

0.29

0.13

0.21

0.29

cBasedonsumof 95+97+98+100MandthennalFYof O.2451(235U).

‘Basedon sumof 90+91+92+94+96ZrandthennalFYof O.3047(235UI.

‘Basedon sumof 147,149,152,154,%andthennal FYof 0.03706-(23%).

‘Notmeasuredat thistime.

Zr/Nd

---
---

0.10
0.86
---

---

..-

0.34
-..

WM
---

1.10

1.04

0.99

0.92

0.92

1.06

0.98

1.13

.

*

‘Notreliablebecauseof poorFP analysisresultingfrommwssivenaturalbackgrmd.
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The measuredMo fissionproductand naturalcomponentsof the Zone 3

samplesare givenin TableIV. When comparedto the measuredquantityof Nd,

all samplesshowa deficiencyinMo (TableV). The factthat a similarMo

deficiencywas observed@Iaecket al., 1975)for the samplesfrom Zone2 in-

dicatesthatthe conditionsforMo migrationwere probablynot localized,and

thata similarenvironmentexistedfor the two reactorzoneseven thoughthe

flux levelsand fissiondensitiesfor the two reactorzoneswere quitediffer-

ent.

Becausethe fissiondensityin Zone3 was = 10 timeslessthan in Zone 2,

the abundanceof fissionproductZr was smallrelativeto the naturalcompon-

ent (TableIV).Thus,highlyreliableZ-rfissionproductdatawere difficult

to obtain. llvosamples(TableV) showeda Zr deficiencywith respectto Nd.

Partialmovementof Zr alsowas observedfor samplesfrom Zone 2.

c. Oklo Para~enesis

The-uraniumoresof theColoradoPlateau,which formedsome 115 to

140my. ago,havebeen comparedto the low grade (U308= 0.2%)ore in sand-

stone-richlayersat the OkloMine and elsewherein the 1 800my. old France-

villienSeriesin Gabon. Further,Weber (inIAEA,1975)has pointedout that

the uraniumdepositsof the OkloMine may have formednear the Eh(oxidation

potential.)-pHfencewhich separatesreducedand oxidizedsulfurspecies. Thus

at Oklo,most of the uraniumore is foundin the reducedsulfur-stablezone

wherepyrite (FeS2)occurs,but someuraniumis foundwhereprimaryhematite

(Fe203)plus (S042-) are stable. Similarly,the high-gradeore at Oklo,

while it occursas very rich (to75%U308 in places)uraninite(U02)in an

irregularlymixedshale-conglomeratesequenceinfilledintoa fracturezone

surroundedby the lowergradeore,probablyformedat Eh-pH,temperature,and

pressureconditionscloseto thosefor the low gradeore. If the data for the

ColoradoPlateauuraniumdepositsare comparedto both the low-gradeand high-

gradeore at Oklo,then the followinggeochemicalconditionsare implied:

Eh from -O.2to -0.4V, pHfrom6 to 8.5,T lessthan lOO°C,P less

than 300 bars. With respectto Oklo,low-Ehconditionsare necessaryto

accountfor the presenceof both organiccarbonand reducedsulfur;the pH

rangemust be above6 elsenativesulfurmightbe a stablephaseand none is

observed. BelowpH = 8.5 authigenicmagnetite(Fe304)shouldnot be present

and it isn’t. Low temperaturesare necessaryas evidencedby the preservation

9



of organiccarbon,

that illiteoccurs

due to lithostatic

foundin abundance

the retentionof radiogenic40Ar in illite,and the fact

as the low-temperature,low-pressureIMdpolytype. Pressure

loadmust alsohave been low else lM or 2M1 illitewouldbe

and this is not the case.
.

Althoughthe paragenesisof the Oklo ores is not well understoodat

present,it is importantthatthisbe rigorouslydeterminedas the retention

of fissiogenicelementscan onlybe discussedin quantitativeterms,oncemore

preciseEh, pH, T, and P estimatesare available.At presentone can state

thatduringthe reactorlifetime,and for some tensof millionsof yearsafter,

conditionswere reducingbut possiblycloseto the oxidized:reducedsulfur

Eh-pHboundary,and the pHwas about7 * 1 else carbonatemineralswouldhave

been removed(forlowerpH’s)or the assemblagemagnetite-pyritewouldhave

been noted (forpH above8.5). Further,if high T and P conditionsgreater

thanthosefor a burialof 3 t 1 km occurred,thenorganiccarbon,i.e.,fossil

algae,wouldprobablyhave been destroyedand lMd illitewouldhave been

transformedto lM or ml varieties Whichwould> in turn> YieldK-h ‘tes less

than 1.8 by. That Rb-Sr,K-Ar,and correctedU-Pb datesare all 1.8 by.

atteststo the post-formationalstabilityof the Oklo depositand the surround-

ing rocks.

Havingthus set limitson theseconditionsof formationand preservation

of the uraniumore and gangueminerals,one can then addressthe more important

problemof reactorproductretentionand migrationat Oklo.

D. Alkaliand AlkalineEarthElementBehavior

Althoughwork is underway to determineEh-pHdiagramsfor 235Ufissio-

genicelementsand for transuranicelements,only comnentson alkaliand

alkalineearthelements(andfor plutoniumlater)will be made here. Specifi-

cally,studiesof M, Sr, and Ba isotopicsystematichave been conducted,and

somecomnentsaboutCs retentivitycan be made as well. There is abuntit

evidence(IAEA1975)that alkaliand alkalineearthelementshavemigratedto

a largedegreefromhosturaninitegrains. However,amountsof fissiogenic

Rb, Sr, Ba, and,by inference,Cs are stillpresentin the rocksat Oklo al-

thoughmaskedby largequantitiesof the normalelements. This is importmt

becauseof the easewithwhich the alkaliand alkalineearthelementsmigrate

in nature. Thereare no stablesulfidesof Rb, Cs, Sr, or Ba in naturalen-

vironments.Hence,underreducingconditionsone wouldpredictmigrationof

10
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theseelements(emplacedbyfission)at the postulatedOklo Eh-pHconditions.

Underslightlyoxidizingconditions,i.e.,hematitefield,barite (BaS04)and

celestite(SrS04)mightbe stable. Further,as claymineralsare abundant

near or in the high-gradeore, then all of the aboveelementsmay be fixedto

somedegreein thesemineralsby surfaceadsorptionor by cationexchange.

It is knownthat the totalamountsof Rb, Sr, and Cs (butnot Ba) are less

thanthe amunts predictedbyfissionyieldcalculationsbasedon knowledgeof

totalU and percent235U remainingin uraninite-richsamples. In additionthe

fissiogenicRb, Sr, and Ba notedhas in partbeen fromreadilydissolved

fractionsand.notfromthe insolublemineralsleftafterleachingexperiments;

hence,migrationout of the ore g-rainshas occurred,but to what degreeis un-

certain. The migrationwas probablylocalized.

Bariumstudiesare of interestbecauseboth 135Baand 137Baare slightly

enriched,and both fomn from fissiogenic135Csand 137CS,respectively,with

very differenthalf-lives.Becausetheseenrichmentsare noted,it is safe

to assumethatsome fissiogenic138Baand 133CSare present;the former,

unfortunately,is predictedto be presentin amountsbelowthe limitsof

analyticaluncertainty,and the lattercannotbe resolvedfromnormal133CS

(theonly stableCs isotope). Work is presentlyunderway usingmilligram

amountsof very pure,hand-pickeduraninitefromwhichnanogramquantitiesof

Rb, Sr, and Ba canbe extractedand theirisotopiccompositionsdetermined.

Thiswill allowmore accuratedeterminationof the amountsof fissiogenicRb,

Sr, and Ba stilllockedwithinthe uraniniteas opposedto that

knownto be highlydilutedwith the normalelementcomponentof

Finally,attemptsat “dating”the Oklo ores by the Rb-Srmethod

successful;the observedscatterof isotoperatiodata suggests

which is

the gangue.

have been un-

thataddition

of normalRb and Sr occurredafter900 my. ago. (Thisage is the K-Ardate

of a doleritedikewhichcuts the Oklo deposit). Also, if K-Ar studyof

youngestgenerationkaoliniteis accurate,then the Rb-Srsystematicmay

havebeen disturbedin the last 10 my. or so.

The stabilityof fissiogenicBa (retainedas bariteand perhapsby clay

mineraladsorption)yieldsinformationon the behaviorof radium. If Ra had

escapedfrom the uraniumore, it wouldhave been evenmore effectively

scavengedand retainedeitherin sulfates(in,thehematitestableEh-pHrange)

or adsorbedpreferentiallyto Ba in the reducing(pyritestable)zone. While

11



of limitedapplicationto Oklo,Ra migrationwouldbe negligiblefromthis

overall,reducingshaleenvironment.Radiumbehavioris, of course,important

in radioactivedisposalsite selectionstudies.

E. PlutoniumRetention

Frejacqueset al. (1975)have demonstratedthe formationof 239PU,240PU

and 241Pu fromuraniumat Oklo. Plutonium-239decayled to formationof radio-

23~ which is relativelyeasy to documentin zonesof highesturanium

23% depletiondue to

genie

concentrationwhereone would logicallyexpectmost

fission. Most of the 239Pureturnedto 235U duringthe durationof the reac-

tionwhich is about0.6 my. MUCh smallerq~tities of 240Pu and 241Pu

producedin the reactorare alsobelievedto have remainedin place. Inherent

in theseobservationsis the stabilityof I% in the host uraniumore. In

nature,Pu(IV)and U(N) behavein almost identicalfashion. Theirionic

radiiare similar,and theirtetrahydroxidesare extremelyinsoluble.At high

temperaturesU02 and PU02 fo~ a nearlyidealsolidsolution,and similar

behaviorat low temperaturesis to be expected. Consequently,whenpu is

producedfromU by neutroncaptureunderreducingconditionssuch as are

probablefor Oklo,it is easilyincorporatedintothe uraninitestructure.

More importantly,under slightlymore oxidizingconditions(e.g.,in goingfrom

the py-rite-stableto the hematite-stableEh-pHrange)Puss PU02 or possibly

PU(OH)4is stillstablewhereasU(IV)may be oxidizedto U(VI)and removedas

solubleuranyldicarbonateion (uDC). Sincethe Oklo ores are carbonate-rich

(dolomite,magnesite,and sideriteare present),thenmigrationof U as UDC is

likely. Thismay accountfor the post-900my. migrationofU in the Oklopit

notedby Chauvet(1975),althoughthe U has probablybeen derivedoriginally

fromthe low-gradeore. For Pu, however,Pu-carbomtecomplexesdo not fall

in the Eh-pHstabilityrangefor water (at25°Cand 1 bar),and it is signifi-

cant thatwhereasthe UDC ion possessestwo bondedwatermolecules

(U02(C03)z.2H20)2-) the PuDC ion (Pu02(C03)~2-)doesnot, thus indicatingthe

latterto be stableonlyunderhigh P
C02 conditionsin water-deficientenviron-

ments. Thereis no reasonto suspectthat the P
C02

was extremelyhigh at

Oklo despitean abundanceof totaldissolvedC02 (nowpresentas carbomte

minerals),otherwisethe siderite(FeCOJ fieldwould totallyobliteratethe

pyritefield. Further,

PU02+, thisoccursonly

12
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about two-thirdsof the totaldissolvedPu is stillas PU4+. Hence,over the

rangeof Eh-pH,TandPconditionsat Oklo,Pu shouldhave remainedin place,and

it is noteworthythatthis is preciselywhat is observed. This fact is well

documentedas Pu retentionis calculatedto be approximately100%over a period

comparableto the durationof reactoroperation. It must,however,be em-

phasizedthat the Pu retentionat Oklo,probablydue to PU02 stability,cannot

be extrapolatedto surfaceconditionswherePu spillagehas occurredin
present-dayrepositoriesand wherePu as Pu-organiccomplexes,aqueousspecies

containingPu(V,VI), and Pu-sorptionon colloidalparticlesmst be considered.

Nevertheless,the point is made that in a potentialburialsite in shaleunder

reducingconditions,Pu shouldbe retainedeven if spillageshouldoccur.

13



III. (YI’HERNAm REACTORS

A. GeologicCriteria

The discoveryof the Oklonaturalreactorsystemhas promptedthe question:

was Oklounique? The singleoccurrenceof a naturalreactorin the earth’s

historyseemsunlikely. Geochemical.conditionsduringthe middle

Proterozoic,betweenabout1 and 2 billionsyears ago,were suchthat formation

of very richuraniumdepositswas favoredon a globalscale. Priorto this

period,the earth’satmospherewas chemicallyreducing,e.g.,surficialiron

tendedto the ferrousratherthan ferricoxidationstate. Duringthe Archean

Era and the lowerProterozoic,uraniumwas not chemicallyconcentrated.

Significanturaniumassemblagesdid occur,however,by placerprocesses,the

so-calledquartzpebbleconglomeratedetritalore formations.With the advent

of procaryoticlifeformsin the lowerProterozoic,significantoxygen

appearedin both the hydrosphereand the atmosphere.DuringthemiddleProter-

ozoic,the appearanceof eucaryotaacceleratedtiegeneralo~genation,eventually

causingoxidationof cratonicsedimentsand massifs. Duringthis transitioml

periodof the earth’schemistry,traceuranium,principallyas the tetravalent

U02 indetritaland crystallinerocks,was oxidizedto the hexavalentstateand

subsequentlyincorporatedintogeochemicallymobileuranylcomplexes. The

uraniumwas thenable to migrateand chemicallyconcentratein sedimentaryand

metasedtientaryterrains. Decayingproterozoawere commonlysyngeneticto

suchterrainsand createda chemicallyreducingenvironmentwhere the uranium

couldbe reducedto stableuraniniteor pitchblende.As part of the uranium

geochemicalcycleof repeatedconcentration,mobilization,and redeposition,

vein-typeuraniumdepositswere formedin permeableregionsof varioushost

formationssuchas brecciatedunconformitiesor faultzones;the important

criterionfor vein formationapparentlybeing the existenceof structural

trapsfor massiveemplacement.The Oklo reactorsoccurredin suchan argilla-

ceousseamof high-gradesecondarymineralizationwithinthe brecciatedprimary

ore of a stratiformhost rock.

The geochemicalconditionof prolongedand intenseweathering,whichwas in

part responsiblefor the Oklo ore formation,was generalduringthe middle

Proterozoicand has apparentlyonlybeen duplicatedone othertimeduringthe

earth’shistory,i.e.,duringthe Permianperiod. The formationof rare,

massiveuraniummineralization(ofthousandsof cubicmeterswith gradesof

14



tens-of-percentto nearly100%uraninite)is almostexclusivelylimited

to thistimewindowof the middleProterozoic.Indeed,recenturaniumexplora-

tionactivitiesare heavilyweightedin regionsof Proterozoicemplacanent.

Thus it seemslogicalthatOklowas not unique but perhapsone of several

suchoccurrences.This suppositionis circumstantiallysupportedbythe fact

that if onlyone naturalreactorexisted,then the probabilityof it beingdis-

coveredmust be vanishingly small. It shouldbe emphasized,however,thata

highprobabilityof several(orevenmany)naturalProterozoicreactorsdoes

not mean thatchancesare good for findinga secondOklo. Indeterminate

factorssuchas geochemicaland physicaldisseminationare importantconsidera-

tionsin assessingthe probabilityof otherreactors.
Evidencefor othernaturalreactorsmay be foundin undisturbedl?rotero-

zoicore deposits,as at Oklo,or in more recentlydepositedformationswhich
238U

23% relativeto .exhibitslightdepletionsin fissionable Initial

activitiesare directedtowardsurveyingrich Proterozoicdeposits. Theseold

depositsexistedat a timewhen the 235u/238U ratiowas high enoughto sustain

a chain-reactingcriticalmass underthe properconditionsof concentration,

thickness,and watermoderation.

In specifyingthe requirementsfor a naturalreactor,we have chosenthe

leastconstrainingconditions.We have assumed(1) thatnaturewouldhave

optimizedthewater/uraniumratio (wateris an essentialingredientin almost

any plausiblenaturalreactor)and (2) that the effectsof neutronpoisons

wouldhavebeen no greaterthan thoseobservedat Oklo. Thesecriteriawill

undoubtedlyincludesomedepositswhichneverbecamecriticalbut shouldmini-

mize the possibilityof missinga fossilreactor.

The criteriaare summarizedin Fig. 3 in termsof age of the depositand

the averageconcentrationin a “thick”seam. The solidlinedividesthe field

of averageuraniumconcentrationvs age intotwo regions. The pointson the

lineare the lowestcriticalconcentrationfor an “infinite?fsizedepositat

a particulartime in the past. The concentrationsare givenas of “no#’,i.e.,
238Ua correctionfor radioactivedecayof has been included.At any point

and area of depositwhich couldgo

The dashedcurverepresentsa more

theOlilogangueis assumedto be

abovethe linethereis a finitethickness

criticalunderthe appropriateconditions,

optimisticcase in which the ironfoundin

missing. For practicalpurposesany depositwhich lies abovethe dashedcurve

deservesanalysisif the seamthicknessapproachesa meter. A depositwhich

fallsabovethe solidline is aprtie candidatefor thicknessessubstantially
15



lessthana meter. The firtherabovethe linea depositfallsthe thjnnerit

can be, and the more poisonsit can have and stillhave sustaineda reaction.

The sensitivityto water is depictedin Fig.4 wherethe 235Uenrichment

requiredfor criticalityat constanttotaluraniumconcentrationis givenas a

functionof the hydrogen-to-uraniumratio. It is assumedthatthe hydrogenis

presentas waterand thatgangueneutronpoisonsare similarto thosefoundin

Oklo samples. Thus,for a large45% U308 assemblagewithaH/Uratio of

23Y for criticality.10 to 1, the uraniummust havebeen about1.8% This

percentenrichmentcorrespondsto a time 1.1 by. ago. If sucha formation

did go critical,the fissiogenicheatwoulddriveoff water (eitherby boiling

or thermalexpansion)thusreducingthe H@ ratioto the optimumof about

6 to 1 indicatedin Fig. 4. Drivingoff too much water,on the otherhand,

would tend to reducethe power leveltherebypermittingwater to circulateback

intothe system,againachievingthe optimumH/U ratio. (Thewaterof crystal-

lizationof the host rockdetemines the lowerlimitfor the H/U ratio.) The

power levelof the Oklo reactormay well have been dynamicallycontrolledby

thisprocess. But indeterminantchangesin ore concentration,configuration

and gangueconstraintsduringcriticalitywouldhaveproduceda more complicated

operation.

Some rough rules of thumb,derivedfromthe aboveconsiderations,are

listedbelow. The averageuraniumconcentrationshouldbe obtainedonly over

regionscontaining5% or more uranium. In general,samplesshouldcome from

the highestconcentrationregionsandbe identifiedbyage, seamthiclmess,

approximatesamplelocation,and immediatelyadjoiningmaterial. Normally,ten

gramsof ore samplewouldbe sufficientfor plannedanalyses.

POSSIBLENATURALREACN3RSITES

Age (my.) Requirements
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0-400 No interestas primaryreactorsites

400-800 Relativelypure uraniumoxide,massiveform
(0.5-1m on side)

800-1200 -0.2S-m-thickseam relativelypure oxide:-O.5 m thick
40% oxide (-1m thick if high iron)

1200-1600 1S-30%oxide,0.S mthick (-lm thick if high iron)

1600-2000 10% oxide,0.5 m thick (w1mthick if high iron)

2000-2400 S% oxide,>0.5m thick

2400 5% oxide,‘0.5 m thick. Althoughuranium>3000my.
old is not describedin the literature,we can specify,
at 4000my., a lower limitcriticalsize for a
relativelypure uraniumoxide sphereof-O.l m in radius.
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B. Field Investigations

Initialsearchactivitiesfor othernaturalreactorshavebeen devotedto

the Precambrianshieldsof northernCanadaand northernAustralia. The Canadian

Shieldhas been a regionof uraniumproductionfor over 30 years. More recent

explorationactivitiesconfirmits economicimportanceas a major sourceof

uranium. The richdepositsof interest(Beaverlodge,RabbitLake,CluffLake,

and Key Lake)are foundalongthe perimeterof the AthabascaSandstoneforma-

tionor in the Beaverlodgedistrict. Most of the ores in thisarea are

structurally-controlled,authigenicvein-typeuraninitedeposits,and the afore-

mentioneddepositsreportedlyhave lensesof massiveuraninite(e.g.,50% U308

or greater)with volumeslargerthana cubicmeter. The ores are generally

youngertbantheirhost formations,but datesof mineralemplacementare not

alwayswell known. The CluffLake ore body has been tentativelydatedat

1.1 by. which is similarto the 1.1 to 1.2 by. date givenfor RabbitLake.

The Key Lake depositis presumablyof similarage. Initialage ofmineraliza-

tion for the Beaverlodgedeposits,however,is givenas 178(Imy., comparable

to the mined-outPortRadiumdepositof the Canadian~ and to the Oklominer-

alization.

Formalcontactshave beenmade with appropriateofficialsfor obtaining

permissionfor eitherconductingfieldmeasurementsor collectingsamplesat

the Canadianore bodiesunderconsideration.The CanadianMinistryof Energy,

Mines and Resourceshas been apprisedof our program,and we are workingin

conjunctionwith peoplein the CanadianGeologicalSurvey,EnvironmentCanada,

the AtomicEnergyof CanadaLimited,and the SaskatchewanGeologicalSurvey.

Our fossilreactorsearchactivitiesare conductedbilaterallypursuantto

Canadianregulationsand interests.Approvalhas been obtainedfrom fourmajor

uraniumexplorationand developmentcompaniesoperatingin northernSaskatchew-

an: the FrenchbasedAmok Ltee.,who are developingthe CluffL&e ore deposit;

the GermanownedUranerzExplorationand MiningLtd.,developingKey Lake;

GulfMineralsCanadaLtd.,who operatethe RabbitLakemine;and the Crown

CorporationEldoradoNuclearLtd.of the Ace-Faymine and explorationactivi-

ties in the Beaverlodgedistrict.

l)uringlatesumnerof ’76,reconnaissancetripswere made to northern

Saskatchewanin orderto gain specificinformationon the ore formations,mine

models,sampleand core libraries,and logisticsof an actualfieldanalysis

mission. Iln-ingthe fall,it is anticipatedthata fieldexpeditioncanbe



coordinatedfor purposesof identifyingpossiblefossilreactors. Sampleswill

be analyzedfor 235u/238U isotopicanomalieswith the interrogativefission

detectionsystemdescribedelsewherein thisreport.

Recenturaniumdiscoveriesin the NorthernTerritoryof Australiaare

likelycandidatesfor fossilreactors. The ore depositsof the Precambrian

PineCreekgeosynclinenear Darwin(namelyNarbarlek,Jabiluka,Ranger,El

Sharanaand Koongarra)are importantnew economicdiscoveries.Uranium

mineralizationof the Pine Creekgeosynclineoccursin sedimentaryand
metasedimentaryterrainwhich

at Oklo. The age of the host

emplacementare not generally

Effortsto gain accessto the

has been comparedto the Francevillienformation

rock is about1.8 by. Althoughdatesof ore

known,they are thoughtto be middleProterozoic.

AustralianNT uraniumore bodiesfor investigative

purposesare in initialstates. Connnmicationswith the Departmentof Natural

Resources(Australian)and the AustralianAtomicEnergyCommissionhave been

established,and authorityfor fieldinvestigationshas been requestedfrom

PancontinentalMiningLtd.and PoseidonLtd. Duringlatesummer ’76,Dr.

G. A. cowanOf IASLmade the necessarypersonalcontactswith ~tralian

Governmentand miningofficialsand reconnoiteredthe uraniumore dePosits

of the NorthernTerritory. It is anticipatedthatfurthersamplingand analysis

missionswill occurin 1977.

OtherPrecambrianshielduraniumore formtions are,of course,important.

The largeCongoCraton,of whichthe Francevillienformationis a part,may

host evidencefor anotherfossilreactor. By analogy,the San Francisco

Cratonof easternBrazilis an importantpossibility.Indeed,at the time of

the Oklo criticality,the San Franciscoand CongoCratonswere unitedin what

was thencentralGondwanaland.It is reasonedthatthe Brazilianterrains

wouldhave experiencedgeochemicalconditionssimilarto thoseresponsiblefor

Oklo. Our investigationsdo not yet includetheselocations.

c. U Ore Survey

In orderto surveythe possibilityof the occurrenceof otherobvious

fossilreactorsin otherpartsof the world,33 ore samplesfromknownrich

uraniumdepositswere obtainedby LASL fromthe HarvardGeologyLibrary. The

predominantsourcesof thesesamles were Canada,Africa,and Australia. The

samplesanalyzed,the 235U/238Uisotopicratio,and the measuredU concen-

trationare givenin Table VI. Concurrentwith theseanalyses,11 naturalU
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TABLE VI. U ANALYSISOF SELECTEDRIGiORES

E!z!!I&

3.1 Pitchblend

3.2 U-ore

3.4 Pitchblend

3.5 Pitt.hblend

3.6 Uraninite

3.10 Pitt.hblend

3.14 Uraninite

3.1S Pitt.hblend

3.17 Pitchblend

3.18 Davidite

3.19 Pitchblend

3.20 Uraninite

3.24 Thucolite

3.25 Pitchblend

3.26 Uraninite

3.27 Uraninite

3.28 U-ore

3.30 Pitchblend

3.38 Uraninite

3.42 Uraninite

3.43 Uraninite

3.44 iiraninite

3.46 8ecquerelite

3.47 Uraninite

3.48 U-ore

3.49 Uraninite

3.52 Uraninite

3.55 Uraninite

3.S9 Pitchblend

3.61 Uraninite

3.62 Uraninite

3.63 U-ore

3.65 Uraninite

Location Wt.%u

No.Territory,Aust.

E.ldoradoMine,Canada

GreatBearLake,Canada

GreatBearLake,Canada

AthabaskaMines,Canada

MartinLake,Camda

(hinkolowbe,Congo

GreatBearLake,-da

Melaide River,Aust.

PortugeseE.Africa

Great8earIake,bnada

HardistyLake,Canada

BesnerMine,Ontario

Beaverlodge,Canada

Wilberforce,Canada

Wilberforce,Canada

NunnIake,Canada

Great8earLake,Canada

AlgomaDist.Canada

No.Territory,Aust.

PleddesNouts,Canada

Chinkolowbe,Congo

Katanga,Congo

RioGrandede Mrte, Brazil

So.Australia

Transvaal

So.Africa

Xhsolo,Katanga

Kasolo,Katanga

Wilberforce,Canada

Gordonia,SWAfrica

Great8earIake,Canada

l’heanoPt.Area,Canada

W8Sstandards(n=ll)

66.7

4s.1

12.9

39.3

39.8

32.6

74.5

22.0

0.1

7.4

20.8

30.2

1.4

29.1

34.6

56.2

46.8

28.5

36.3

70.7

16.6

70.3

37.8

60.2

2.2

38.7

4s.4

69.5

69.4

58.1

S8.7

46.7

55.8

z

a

at. % 23$J

0.7196
0.7173
0.7188
0.7191
0.7220
0.7196
0.7184
0.7202
0.7210
0.7221

0.7199
0.7209

0.7176
0.7218
0.7186
0.7086
0.7220
0.7181
0.7169
0.7184
0.7201
0.7166
0.7202
0.7173
0.7224
0.7192
0.7186
0.7192
0.7202
0.7155
0.7205
0.7205
0.7200
0.7192
0.0013

standardswere alsoprocessed. Whilethe magnitudeof the standarddeviation

for the 30 fieldsamplesexceededthat of the controlstandards(0.18%),no

valueexceededthe 3U limit. Althoughthe precisionof thesemeasurementsis

not sufficientto eliminatethe possibilitythatsome of thesesamplesrepre-

sentedotherfossilreactors,it is certainthatno obviousfossilfission

reactorsof the Oklo typewere represented.
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Unfortunatelythe lackof an observeddepleted235Usampledoesnot pre-

cludethe occurrenceof a naturalfissionreactorfor two reasons. First,it is

possiblethat the reactorcouldhave operatedin a near breedermode such that

the amountof 239Pu producedand decayingto 235
U is equalto the amountof

235Ufissioned
● Second,it is possiblethatwide dispersionof a fossil

reactorremainscouldbe maskedby the relativelylargeamount(l-3ppm) of

uraniumwhichoccursin nearlyall geologicspecimens.To minimizethe possi-

bilityof overlookingsuchcases,the measurementof selectedfissionproduct

elementswill be conducted;in particular,the isotopicmeasurementof Ru. This

elementis highlysuitedas a monitorfor fossilreactorremainsbecausethe

naturaloccurrenceof Ru in the earth’scrustis very small,beingapproximately

one part in 109. Thus,the isotopiccompositionof naturallyoccurringRu

couldbe significantlyalteredif contaminatedwith fissionproductRu whose

isotopiccompositionis significantlydifferentfrom thatof natural. A large

numberof the rich ore sampleslistedin TableVII will be analyzedfor Ru.

IV. ANALYTICALDEVELOPMENTS

A. Bi and Th Procedures

Bismuth-209,the end productfromdecayof 237~ and 241Pu,and thorium-23~

the long-liveddecayprcductof 236U,wereof particularinterestin the Oklo

mine becauseof the lighttheycouldshedon neutronicand migrationbehavior

of thatenvironment.A simplecleanupprocedurefor bismuthhas been developed

whicheffectivelyeliminatesany interferencein quantitativedetermination

with the atomicabsorptionspectrometer.The Bi is adsorbedon a shortanion

columnfroman HC1 solution,washedfirstwith concentratedHC1 and thenwith

dilutedHCl to removeFe, Pb, U. The Bi is elutedwith 1 F H2S04and is ready

for the spectrometer.

Thisprocedurewas appliedto Oklo samples1178,1182,1187,and 1421/5,

with the followingresults: 113ppm, 65 ppm, 121ppm, and 1.2ppmBi,

respectively.Theseresultsare in goodqualitativeagreementwith lesspre-

cise resultsobtainedfromarc-sparkmass spectrometricanalysisof Bi by the

subcontractedAccu-Labs,thus givingus confidencein both Bi and Th results

by them for twenty-twoOklo ore samples.

B. Ru Detenninations

The averagerutheniumcontent

low (=1ppb),but it is relatively

of the earth’scrustis thoughtto be very

abundantas a fissionproduct. Therefore
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it is a potentiallyvaluableindicatorfor fissionprocessesin nature. We

are developinga capabilityfor w analysesvia tracedmass spectrometry,

whichwill provideus with the amountof each isotopeof Ru presentin a

sample,at a levelof about10 ng of Ru. The two facetsof thisprocedure, 4
i.e.,prelimimry separationand purificationand the mass spectrometric

analysis,are discussedseparately. .

1. Chemicalseparation.The firstinvestigationswere concernedwith

dissolvingtechniqueson variousoreswithoutlosingany volatileruthenium

oxidein the process. It ws foundthat cone.HC1, cone.IN13,aqua regia

(4 to 1), or H2S04couldbe usedwith boilingfithoutlosingRu. ~ng ~3

volatilizesRu as does fumingHC104. It was also foundthat Ru as an anion

doesnot sorbon a cationcolumn (Dowex50 x 8, 100-200mesh) in very dilute

HC1 (.01M), whereasmost otherelementsare heldundertheseconditions.Ru

can alsobe convertedto a cationand as suchwill adsorbon a cationcolumn.

Washingwith diluteHC1 (0.5M) will not move the ruthenium~but it can be

quantitativelyrenmvedwith 4MHC1. The combinationof using Ru as an anion

and then as a cationconstitutesa very effectivedecontaminationprocedure

ustigonly cationcolumns. However,it has not yet been satisfactorilydemon-

stratedfor actualgeologicsamples,even thoughthe procedureworkedwell for

tracerand carrierRu.

So far,samplesof threeores (3.63,3.14,and 3.44)*havebeen prepared

formass spectrometrybut resultsare not yet available. Oklo sample404-4

(whichhas severalhundredppm Ru) was run severaltimes,and the procedure

was very satisfactoryfor isotopicanalysis. However,sampleswith low Ru

content(e.g.,0.1 ppm)may have interferencesfrom centaminantspecies.

Samples3.14,3.44,and 3.63did not have 106Ruadded,but stable96Ru instead,

so thatthe chemicalyieldwill be measuredby mass spectrometryratherthanby
96

radioactivetracer. The Ru-spikedsampleswere run throughtwo cationcol-

umnswithoutchangingthe M to a cationin orderto determineif this treat-

ment is goodenoughfor mass spectrometrypurposes.

An alternateRu chemicalseparationtechniqueis currentlybeingtested

at INEL. The techniqueinvolvesdistillationof Ru as the tetroxidefrom
*

*3.14 and 3.44 are pitchblendefrom
an alteredore fromEldorado,Great
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sulfuricacidusingsodiumbismuthateas the oxidant. Whenusingvery clean

glassware,5 ng or lessof RU can be distilled. Ore interferencein this

methodinvolvesthe presenceof largequantitiesof Pb whichprecipitateas

lead sulfatein the distillationflaskresultingin excessivebumping.

Improvementsin the designof the distillationflaskare being investigated.

A finalrutheniumseparationprocedurehas not yet been selectedpendingcom-

pletionof researchactivitiesat IASL and INEL.

2. Mass Spectrometry.Our objectivefor rutheniumanalysiswas to

developa procedurecapableof measuringthe isotopicratiosof ruthenium

isotopesrelativeto mass 99 with an accuracyof at least0.5%. The procedure

shouldpermitmeasurementof samplesas smallas 10 ng of Ru.

Two problemshad to be solvedbeforeprecisemeasurementswere possible.

The firstwas the presenceof high organicbackgroundfromthe prepared

samples. It was foundthatheatingto 250”Cfor 5 minutesin air duringsample

loadingwas sufficientto destroythe organics,providedno colloidalresinis

washedthroughon the chemicalseparation.The secondproblemwas causedby

highmolybdenumbackgroundsin the Re filaments.Acid leaching,high-tempera-

turebake-out,and the use of single-crystalzonerefinedrheniumall failedto

producethe desiredspectralpurity. In addition,Pt, W, Ta, Pt-W,and Ir

filamentswere tested. Only iridiumwas foundto be freeof molybdenumcon-

tamination.However,the iridiumwas foundto containnaturalrutheniumcon-

tamination.It was determinedthat five leachingswith hot fumingnitricacid

wouldeliminatethe surfacerutheniumcontamimtion. A ruthenium-freespectrum

can be maintainedup to temperaturesof 1850”C. At this temperatureruthenium

migratesto the surfacefromthe interior. We are presentlyattemptingto

locatea sourceof high-purityiridium. Oak RidgeNatioml Laboratoryhas

materialunderassaynow whichmay be completelyruthenium-freeand is avail-

ableto us if the assayconfims the absenceof ruthenium.

We havemeasuredone Oklo sample,No. 404,whichwas chemicallyseparated

by the LASLprocedureoutlinedabove. The measuredand theoreticallypre-

dietedvaluesare as

yieldscorrectedfor

been correctedfor a

for each fissiogenic

shownbelow. The predictedvaluesrepresentfission

neutronabsorptionaffects. The measuredvalueshave not

naturalisotopiccomponentwhich is knownto be under 1%

Ru isotope.
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Ruthenium Atom Percent Atom Percent
Isotope Theoretical Measured

99 34.0 32.2

100 .179 .119

101 28.3 28.5

102 24.2 25.5

104 11.7 12.5

Thesevaluessuggestthatsome filamentfractionationmay be occurring.

We have orderedpure ‘6Ruand 104Ru to prepareknownstandardmixturesfor

evaluatingabsolutemeasurements.

In collaborationwith the Rumass spectrometrystudiesbeingconductedat

LASL,Rumass spectranetricproceduresare beingdevelopedat INEL. To date,

severalisotopicmeasurementshave been obtainedfor Ru separatedfrom richU

ores. The observedisotopicratiosrepresentneithermtural w nor ~ from

23% The observedisotopiccompositionprobablythermal-neutronfissionof .
238Uresultsfromthe poorlycharacterizedspontaneousfissionof . Studiesare

continuingto obtainreliablespectrometricmeasurementsfrom 10-ngl?usamples;

a majorproblembeing interferenceby Mo whichmay resultfrom tie separation

procedureand/oramass spectrometerfilamentphenomenon.

c. Pd and Te Determinations

Becausethe isotopiccompositionof Pd producedby the thermalfissionof

235Uand 239Pu variessignificantlyfrom the fast fissionof 238U,the

measurementof the isotopiccompositionof Pd may providea means for the

differentiationof the sourcesof fission. To date,no mass spectrometric

measurementof fissionproductPd by thermalionizationmass spectrometryhas

been reported. Investigationsat INELhave shownthatng quantitiesof Pd can

be measuredly thermalionizationmass spectrometryusing the silicagel tech-

nique. This techniqueinvolvesdryinga slurryof silicagel on the filament

followedby the additionof the samplewhich is thendried. A drop ofphosphotic

acid is driedon the filamentwhich formsa glass-typematrixcontainingthe

sample.

At low levelsofPd (< 50 ng) interferingpeaksare observed. At this time

the sourceis unknown,and a systematicstudyof the silicagel,phosphoric

acid,and chemicalseparationprocedureas sourcesof contaminationis in

progress. The separationmethodbeing investigatedis solventextractionusing
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dimethylglyoximefollowedby an ion exchangecleanupstep.

Initialmeasurementwith 250ng of Pd on the filamentgave the isotopic

compositionshownbelow. Also givenare theChart of the Nuclidevalues.

PdMass Numbers

102 104 105 106 108 110—. ——
INELvalues 1.02 11.06 22.49 27.11 26.42 11.90

Chartvalues 1.0 11.0 22.2 27.3 26.7 11.8

Like Ru, Te is very rare in natureand may also serveas amonitor for

fossilfissionreactors. Usingthe silicagel technique< 50-ngquantitiesof

Te havebeenmeasuredusingthermalionizationmass spectrometry.Development

studiesrelativeto the chemical.separationtechniqueand the mass spectro-

metricmeasurementare in progressat INEL.

D. Nd CrossSections Significantparametersin the calcu-

lationof the neutronfluxand age of the Oklo Phenomenonare the value for the

143Ndand 145Nd thermaland resonancecapturecrosssections. At the Oklo

Conference,we reporteda 14yd thermalcrosssectionvaluewhichdiffered

significantly(Maeckjet al., 1975)fromothermeasurements.Becauseof the

importanceof thisvalue,it was suggestedthatadditioml measurementswere

justifiedto resolvethe discrepancy.Two techniquesformeasuringthe 143Nd

and 145Ndcrosssectionsexistat INEL. One involvesa reactivitymeasurement

usinga criticalassemblyand relativelylargeamounts(= 100mg) of pure

separateisotopes. Althoughthis is a sensitivetechnique,it is not without

problems. The majorproblemsare the H20 contentof the speciallyprepared

samplesand the stoichiometryof the targetmaterial. It was felt thatan ex-

tensiveeffortwouldbe requiredto obtainan acceptablevalueusingthis

technique.

It was concludedthat themore conventionaltechniqueof irradiating

separatedisotopesin a thermalreactor,both bare and Cd-covered,would

probablybe the best approach. To aid in thiswork,we will enlist the help

of the PhysicsBranchof

of 14~d and 145Ndusing

enrichedisotopescan be

ards.

INELfor

the mass

produced

the preparationof highlyenrichedsamples

separator.Microgramquantitiesof 99.99%

by this groupas can fluxmonitoringstand-
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E!. U Studies

Becauseof

interestin the

meetingheld in

the discoveryof the naturalreactorsat Oklowe have a strong

variabilityof uraniumisotopiccompositionin nature. At a
Los Alamos,September’75,it was agreedthatore samplesshould

be solicitedfrommembersof the geologicalconmnmityfor the purposesof

furtherstudyingthe variabilityof 23$J/238Uin natureand possiblyidentify-
ing anothernaturalreactorsite. We agreedto purify 5- to 10-gU samplesfor

precisiongas mass spectrometryat Oak Ridgeand to carryout our own, less

precise,surfaceionizationmeasurementson such samples. AnUmber of ore

sampleshave been receivedand our work with them is discussedbelow.

1. Precisionmass spectrometry.Developmenthas begunon a procedure

capableof measuringthe 35U to 23% ratioin naturaluraniumwith a precision

of 0.01to 0.02%,relative. To accomplishthisby thermalionizationmass

spectrometryrequires(1) improvementof the precisionof the measuringcir-

cuit and (2) eliminationof the errorcomponentdue to filamentfractiona-

tion.

The electronmultiplieron the Avco instrumentwas replacedwith a cubic

suppressionFaraday-cupcollectorto improvethe precisionof the measurement

circuit. This collectorprovidesa more reproduciblegeometryand better

suppressionof secondaryelectrons.A systemscalibrationwas run using

uraniumisotopicstandards. Over a rangeof 235/238rationsof 0.1 to 10 the

systemwas linearwith a 10 precisionof 0.105%relative. It is anticipated

that thisprecisioncan be improvedas filamentloadingtechniquesaremore

rigidlystandardized.

A majorportionof the remainingerrorcomponenthas been shownby

W. Shieldsand othersto be due to uncontrolledvariationof the filament

fractionation.To eliminatethis errorcomponentwe are preparingan internal
23~ad 236U0 Atnormalizationspikeconsistingof equalatomquantitiesof

the presentttiewe have analyzedthe 236Ustartingmaterial. It contains

0.15%235U whichwill have to be correctedout of the measuredratio. We are

23% fromOak Ridge.awaitingdeliveryof the high-purity When the spikehas

been receivedand evaluated,an equalatommixturewill be preparedfor

adiitionto each sample. A largequantityof NBS-9502has been dissolvedand

will be utilizedafterspikingto test the precisionof the normalized

measurement.A similarstudywill be conductedusingthe Teledyneinstrument

to determinethe limitsof the procedureon sub-microgramsamples.
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2. U ore samples. Duringthe lastyearwe have received104 ore samples,

17 of them fromOklo and the remaindereitheras possiblenaturalreactorsor

for investigationof smallvariationsin the worldwide235U/238Uratio.

Thesesampleswere loggedand the ganmaspecificactivitywas determinedfor

most of themas a meansof estimatingthe U content. Portionsof 61 of the

sampleswere ground;severalbatchesfor somewhereuse was high. Of the non-

Oklo ores,fivewere dissolvedand 30 were leachedfor totalU, 235U/238U,and

Ru analyses.

The firstpotentialnaturalreactorsamplereceivedwas fromCluffLake

(Saskatchewan,Canada),and portionsof it were sent to INELfor U, Ru, Zr,

and La analysesand to Accu-Labsfor elemental.analysesfromLi to U via

spark-sourcemass spectrometry.Severalaliquotsof this samplewere dis-
23~,238u“solved,and the totalU was determinedto be 26.5%with a normal

ratioas determinedby mass spectroscopy.Uraniumfroma largersamle of

thisore was sent to Oak Ridgefor gas mass-spectrometrydeterminationofthe

235U/2wUratio. The observedresultis 0.7109wt %, which is normal.

The remainderof the non-Oklosampleswhichhavebeen examinedwere almost

entirelyfrom thoseselectedfrom the HarvardMuseumcollection.The selection

includes35 possiblenaturalreactorsand 32 ores for 235U/238Uworldsurveys.

Many of theseoreshavebeen photographedand aliquoted,and severalhave been

reservedfor furtherstudy. Portionsof groundmaterialfrom 33 possible

nuclearreactorswere sentto INELfor U analysis;recentlylargerportionsof

12 of thesewere sent for RU analyses. Aliquotsof 16 of thesesame ores

were sent to Accu-Labsfor elementalanalysis,Li to U, and determimtionof

the 147Sm/14gSmand 151Eu/153Euisotopicratios. Theseratiosare sensitive

to the presenceof neutronsin thematerialbecauseof the largeneutron

capturecrosssectionsof 14gSmand 151EU. Data receivedfrombothAccu-Labs

and INELdo not appearto indicateanotherOklo amongtheseores.

Thirtyof the possiblenuclearreactororeshavebeen leachedby the pro-

ceduredescribedbelowand are beinganalyzedfor totalU and 235U/238U.To

date,17uraniumsampleshave been chemicallyseparatedand are awaitingmass-

specanalysis. Finaldatahave been obtainedfor one sample;a uraninitefrom

AlligatorGorgein Australiawas foundto have a normalU isotopicratio

(withinthe =0.5% accuracyof the system)and contain75% U. When all of the

reactorcandidateoreshave beenprocessed,work will continueon the world
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survey ores using the more accurate“doublespike”mass spectrometricU analy-

sis method.

Sincethe standarddissolvingprocedureused in thesestudiesis knownto

removeRu, which is importantin the searchfor naturalreactors,it was neces-

sary to developthe capabilityof dissolvingthe oreswith essentiallyquantita-

tiveyieldsfor Ru, U, etc. The procedurenow in use is basedon the INEL

methodof heatingwith a solutionwhich is 8M HC1 and 1.5MHN03. In most cases

any remainingresiduecan be brokendownby treatmentwith HP. A numberof

ftil residueshave been checkedfor U, and the maximumfoundso far is less

than 0.1%. The U contentof anumber of otherresiduesis beingmeasured.

Examinationof the behaviorof Ru in this leachmethodhas indicatedno measur-

ableRu loss.

Sincean elementwith such low naturalabundanceas Ru is of interestand

sinceelementsof possibleinterestcoverthe periodictable,it is desirable

to minimizecontamination duringgrindingof the ores, Possiblesourcesof

contaminationincludecontaminationfromthe grindingdeviceitself,cross-

contaminationfromsamplesgroundin the samedevice,and contaminationfrom

othercontainersand handlingdevices. The mullitemortarsand pestleswhich

were originallyused in thesestudiesare no longeravailable.Aluminais

not used becauseof high contaminationand becausethe rough,poroussurface

givescrosscontamination.Tungstencarbideis not used becauseof the Co

binderwhichmaybe a sourceof Ru. The bestmaterialsappearto be agateand

siliconcarbide(whichhas no binder),and both materialsare currentlyem-

ployed. The mortarsand pestlesare “drycleaned”beforeuse by firstgrinding

and discardinga smallportionof the materialof interest. Metalgrinding

materials,screens,and scrapersare not used in the grindingprocess.

3.
In-situ235U,238

Unw3surementsystem. In orderto facilitatethe

search for othernaturalreactorswe have begundevelopmentof a fieldinstru-

ment for measuringthe ratioof 235u/238u. It wouldbe most desirableto

measurethe ratioon raw ore coresor samples,and preliminarytrialsindicate

thismay be feasible. As a,backup,we are developinga procedureinvolving

chemicalpurificationof smallamunts of uraniumfollowedby y-rayspectrom-

etry.

It appearedthat the ratioof
238

u to 235
U in ri~ ores co~d be deter.

.

.

minedwith 10% accuracyby countingfissionfragmentsfromores exposedto a
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neutronsource. The measurementwould involvefirstexposingthe sampleto an

unmoderatedsourceof neutronsand then to the same sourcemoderatedby adding

waterto the systems.

An apparatuswas designedand builtwhichaccomplishesthismeasurement,

and a seriesof foilsof known235u/238U contentwas used for calibration.

The rangeof ratiosusedwas fromthe naturalabundanceof 138:1to a 23%

depletedratioof almost400:1. A straightline fit the data givinga lineof

calibrationY = -0.0113X + 7.86whereX is the 238U/235Uratio. A 10% measure-

ment appearsto be well withinthe capabilityof this instrument,certainlyfor

the samplesinvestigatedso far. A l-mg 252Cfsourceis beingpurchasedwhich

will give ten

statistically

this source.

The same

times the fission-fra~nt countratepresentlyavailable.A

accurate238u/235U ratiocan thenbe obtainedin 10 minuteswith

moderated/unmoderatedtechniquewas used for trialsof a detection

systembasedon countingdelayedneutronsfrom fission. The sensitivityof

thismethcxlwas not as goodas the fissioncountinginstrument.

A simpleuraniumseparation/purificationprocedurehas been developed

whichpermitsgravimetricdeterminationof totaluraniumand y-rayspectrometric

measurementof 235U. The procedureinvolvesuraniumpurificationwith an ion-

exchangecolumn,followedby precipitationof uraniumas the hydroxyquinoline,

weighing,and y-raycounting.Forsamplescontainingabout10 mg of U, 235u/238u

isotopicratiosof 2% precisioncan be determinedfor eightor more samples

a day. The simplenatureof the techniqueand the use of a singlechannel

NaI(Tl) spectrometerare thoughtto be compatiblewith a fieldoperation.

4.
226ti

equilibriumstudies. The degreeof disequilibriaof 226Rawith

its 230Th 23h and ‘38Uparentsin variousuraniumores is of intere~~oasa$

sourceof informationon the long-termmigrationratesof 226b and Th

relativeto U. It wouldbe expectedthatthe behaviorof 226Ra wouldbe some-

what similar to ‘OSr.

We have foundit

ray spectrometer,but

daughterof 226Raand

equilibrium.

feasibleto make suchmeasuremntswith a Ge(Li)g--

samplesmust be preconditionedto containthe
222h

then allowedto sitwhile the daughterchaingrowsinto

.

5. 239m e ~librim studies. In richuraniumores,the neutronsfrom

spontaneousfissionof 238Ucan (1) migratefromthe regionof interest,(2)
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be absorbedby accessoryelements,(3) induce235U

sorbedby 238U causingfissionor nmre likelyy-ray

fission,or (4) be ab-

emission. The latter

and eventuallyreaction, 239U-239 -238U(n,y),yieldsP-unstable , Np,

23gPu(t*2.44xlo4y). Giventimeperiodson the orderof >0.1my., 239PUwill
●

.
238come to somestateof atomicequilibriumwith U. The equilibriumratiowill .

dependon the geometryof the ore formationand its richnesswith respectto

otherneutronabsorbing/moderattigelements. In the limitof a largeore

body and a minimumof neutronabsorbingelements,the 23gPU/238Uatomratio

is approximately5x1O’12,whereasvaluesof 1 to 3f10-12wouldbe more typical

for actualdeposits.

Aportion of the CluffLake ore (11g) was analyzedfor 239Puas apre-

limimry measurementto examine the feasibilityof studyingdisequilibriumof

plutoniumin uraniumores. It was foundto have an atomicratioof about
~tio-13239W,238

U. Withoutknowingthe deposittsgeometryand accessoryele-

ments,it is impossibleto e~ract quantitativeinformationpertainingto the

relativestabilitiesof plutoniumvs uraniumin thissystem. It wouldappear,

however,that thereis lessPu in the ore thanwou.ldbeexpected. These

measurementsdemonstratethe feasibilityof Pu/U equilibriummeasurements,and

futureactivitieswill includethe correlationof predictedversusmeasured

Pu/Uratios for ore systemsof knowngeochemistry.~ this technique,demon-

stratednaturalexperimentsof plutoniumgeologicisolationwill be studied.

.

●
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APPENDIXA

OKLO PARAGENESIS

D. G. Brookins
Universityof New Mexico

I. LOW-GRADEORE FORMATION
Weber (1969)aid Weberet al. (1975)havepointd out the similarities

betweenthe uraniumdepositsof the Oklomine,Gabon,andthoseof the Colorado

Plateau,UnitedStates. Further,Weber (ibid.)has argued for formation of the

Oklo ores in a primary “roll-type” fashion (i.e.,analogousto Wyoming or Texas

deposits). Due to its extreme age of 1.8 billion years plus tectonic disturb-

ances (i.e.,tilting, folding, fracturing followed by localized uranium re-

distribution) it is impossible to speculate as to the geometry of the original

mineralization. Indeed the entire “Couche 1“ at Oklo appears to be mineralized

in a disseminated fashion as opposed to either roll or lensoid zones of miner-

alization noted in Wyoming and New Mexico, respectively. The picture is com-

plicated not onlyby the formation of the high-grade reactor ore at Oklo (which

is treated separately in this report) but also by uranium redistribution since

at least 900 my. ago (see Chauvet, 1975). As similar redistributionmay have

occurred prior to 900 my. ago, then possibly one is presently observing a

system mineralized some 1.8 by. ago which has been undergoing redistribution,

etc. since then. A further complication is that there is a paucity of data

concerning the distribution of the elements molybdenum, selenium, vanadium,

arsenic and their host phases at Oklo, while such information is more readily

available for the Colorado Plateau deposits. Data for these elements and

their host minerals are even mre valuable in discussing the Wyoming-type

deposits (see Cheney and Trammell, 1973] which can then in turn be extrap-

olated to somewhat older deposits in New Mexico (Brookins,1976a). Without

knowledge of the distribution of these minor phases, it is difficult to specu-

late on the Eh-pH conditions for formation of the deposits. However, the

presence of organic carbon (i.e.,fossilizedalgae), dolomite,and clay minerals

.

*

(especiallyillite and chlorite) makes some comparisons possible.
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Weber (1969)and Pfiffelman(1975)mentionvolcanicdetritusas a probable

sourceof uraniumfor the mineralizationat Oklo as opposedto derivationof the

uraniumfromweatheringof the g-raniticrocksborderingthe FrancevillienBasin.

Certainlyboth couldhave contributeduraniumto the system,but appreciable

uraniumcan be more readilyleachedfrom fine-grainedsilicicvolcanic

detritusthanfromgraniticdetritus. For example,in the GrantsMineralBelt

(ColoradoPlateau)Brookins(1976b)mentionssyngeneticRb-Srages on volcanic-

derivedmontmorilloni.tewhilegraniticgrainshave retainedtheir1.3 to

1.4 by. age of formation.The relevanceof thisto Okl.ois that it is probable

thatthe low-grademineralizationmay have occurredby a seriesof reactions

involvingmineralsderivedthroughthe abundantfossilalgae,and uranium

leachedfrom the volcanicsor theirderivatives(presumablyas uranyldicarbomte

ion (UK) sincethe presenceof dolomiteatteststo the high dissolvedC02 con-

tentof the mineralizingsolutions).Organicacidsaffectxmst rock-forming

silicatesbut are especiallyeffectivein causingreactionsinvolvingmont-

morillonitedestruction,lesseffectiveon detritalillite,and usuallycause,

ratherthanalter,chloriteto form. As anoverall lowEh is likely,then a

net reactionmay be written:

~ + Montmorillonite+ [(Al,Fe);(HA)] + ~-) (A-1)

urtiinite+ pyrite+ illite+ chlorite+ C + (H+).

Origind”humicacid (HA)linkedto Fe(II,III),Al(III),or othercationsin

authigenicmonbnorillonite,reactsin the presenceof (HS-),althoughin theory

no oxidantotherthanreducedC is necessary,resultingin the formationof the

assemblage:uraninite(+ coffinite)+ pyrite (plusothersulfides)+ illite

+ c~orite + C + ~+), The (H+)producedis effectivelybufferedby the

dolomitepresent. Further,sideriteformationmay scavengeFe(II)beforein-

corporation into pyrite.

Of special interest is that Weber

morillonite in their reports, yet this

produced by the weathering of volcanic

volcanic detritus + ‘%entonite” +

et al. (1975) do not mention mont-

mineral almost certainly must have been

detritus; the usual sequences:

montmorillonite + lMd illite (A-2)
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may well have occurred. Further,the dominanceof IJkiof the illitepolytypes

is strange. For the 1.3 to 0.8by. unmetamorphosedBelt Seriesin the

UnitedStatesthe sequence:

1.MI+IM+2M1 (A-3)

as a functionof burialis well documented(Maxwelland Hewer,1967). Possible

explanationsare: (1) The burialwas so slightthat,althoughmontmorillonite

was destroyed,IJklillitedid not undergotransformationto more orderedpoly-

types.This is consistentwith the K-Arwork of Bonhommeet al. (1975)who have

determinedessentiallyconcordantK-Ar and Rb-Srdateson the IMd illite.

(2) This age agreementnot only indicatesa very low temperature(<lSO”C)due

to burialbeneathabout2 to 4 km of sediments,but postmineralizingsolutions

must havehad minimaleffecton the rocksotherwisecationexchangein a car-

bonate-rich environment would certainly cause age

systematic (Kulp and Engels, 1963) if not on the

ceivable that l.hklillite was formed from volcanic

montmorillonite formation; the activity-activity,

perturbationsin the Rb-Sr

K-Ardates. (3) It is con-

detritusdirectlywithout

i.e. for log [@g2+)/(H+)2]vs

log [(K+)/(H+)],diagramsof Helgesonet al. (1969)indicatethatmontmorillonite

only appearsin appreciablequantitiesat 1 atm pressureat T=60”Cand higher

temperatures.(4) Further,the abundanceof organicacidsmay have promoted

chloriteformationdirectlyfrommontmorillonite,i.e.,the log [(K+)/(H+)]

valuesmay have fallenbelowthe illitestabilityfieldduringearlydiagenesis.

(5) Finally,montmorilloniteoriginallypresentmay have been alteredto Ml

illiteand both to chloritein the first100 my. yearsor so of the Oklo

deposit,so that littleif any evidencefor originalmontmorillonitenow

exists.

Althoughthe aboveargumentsposemore questionsthan answersthey suffice

to emphasizethe importanceof closerexaminationof the claymineralsplus

cogeneticmineralsin non-uraniferous,low-organiccarbonrocksof the

FrancevillienSeries. Further,kaoliniteformationin relativelyrecenttimes

may have destroyedall of the montmorilloniteleft,then illiteand some

chlorite. This speculationis applicableto the high-gradeore wherekaolinite

is nmre abundant(e.g.,lowerlog [(Mg2+)/(H+)2]and[(K+)/(H+)] ratiosdue to

lowerpH). Thishypothesiscan readilybe testedby examinationof rocksfrom

outsidethe mineralizedareasalthoughthishas not yet been done.
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II. SIGNIFICANCEOF CARBONATEMINEE

Carbomte minerals,especiallydolomite(CaMg(C03)2),are abundantin the

FrancevillienSeries(Weberet al., 1975). l)olomite,magnesite@g(x33),and

siderite(FeCO) havebeen reportedfrom the reactorzoneores and elsewhere
3

by Geffroyet al. (1975). The importanceof the carbonatemineralsis:

(1) A relativelyhigh amunt of dissolvedC02 is indicated. (2) Mg-rich

solutionsare indicated. (3) Relativelylow totaldissolvedsulfuris in-

dicated.

A. Dolomite. Berner(1971)has pointedout thatdolomiteis commonin

ancientsedimentaryrocksbut,with the exceptionof dolomitizationaccompany-

ing evaporiteformation,precipitationof dolomitefrommodernsea waterhas

not been demonstrated.

water is supersaturated

pointsout that for the

that

This is difficultto understandbecausenmdernsea

with respectto dolomite;Berner (1971),for example,

reaction:

+ Mg2+ + 2 C032- , (A-4)

the volubilityproductis 10-17while the ion activityproductfor modern--
sea water is 10-l~. Further, dolomite is more stable in sea water than

calcite (Berner, ibid.). For the Francevillien Series it is possible (if not

probable) that, due to a higher total dissolved amunt of C02 (in turn partly

controlled by lower o~gen in the atmosphere at 1.8 by. ago) that the degree of

supersaturationwas even greater such that dolomite precipitation was facili-

tated. This in turn implies a greater stability field for dolomite but not

necessarily a drastic shift in pH from the modem sea water value of 8.4.

Von der Borsch (1975) has further pointed out that dolomite stability is

greater under conditions of both higher Mg2+/Ca2+ ratios than that for modern

sea water and higher pH values.

B. Magnesite. Magnesite at Oklo, especially in the reactor zones, poses

some interesting constraints on mineral paragenesis at Oklo. First, the
2+

amount of Mg in solutions accompanying magnesite formation must be relatively

high so that a hypothetical reaction such as:

2+ 2+
Cawg(co$z+ w =2Mgco3+ca (A-5)
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will proceedto the right. For this reaction,AG~ = 3.2 kcal,whichis extremely

small;henceany accompanyingreaction(s)or otherfactorscouldeasilycause

this reactionto takeplacewith dolomiteformation.As Deer et al. (1962)

pointout,however,the presenceofmagnesitealoneis usuallysufficientto
2+

.
indicatea high anmuntof dissolved14g . Mg-chloriteis commonat Oklo and

thishas been used to inferalkalineconditionsfor suchMg-chloriteassoci- .

atedwith sedimentaryuraniumdeposits(Kendall,1971;Brookins,1976a).

Further,at pH = 10 magnesitewill dissolveto formbrucite(Mg(OH)2),although

the kineticsof thisreactionare not lmown. Bruciteis comnononly in meta-

morphicrocksas mostMg(OH)2-complexesin sedimentaryrocksoccurin clay

mineralssuch as montmorilloniteand mixed layerclayminerals(i.e.,illite-

montmorillonite,illite-chlorite,Chlorite-montmorillonite).A finalcomplexity

of the magnesiteat Oklo is that it has not been unequivocallydenmnstrated

thatmagnesiteis a primaryphase,i.e.,it may have formedfromdolomiteat

some latertime. Gefforyet’al. (1975)tier magnesiteformationat aboutthe

time of uranium mineralization, so even ifmagnesite formation is secondary it

must have formed close to 1.8 by. ago.

c. Siderite. Sideriteis relativelyrare in sedimentaryrocks,primarily

becausethe conditionsunderwhich it is stableare not oftenencounteredin

nature. A combinationof low Eh, low totaldissolvedS, andhighpH are favor-

ablefor sideriteformation(Garrelsand Christ,1965;Berner,1971). Berner

(ibid.) pointsout thatsideriteis not observedformingin modernsediments

as some so42-is alwayspresentwhich limitsthe amountof H2S or HS- and in-

directly controls the nature of iron bearing species, for example hematite or

goethite in the sulfate-stable field and pyrite or one or more of its

precursors in the reduced-sulfur stable field. Hence low total sulfur

(XS as H.#HS- -S2-) and high total dissolved C02 favor siderite formation.

The presence of both dolomite andmagnesite attests to the abundance of high

total dissolved C02, and the absence of native sulfur and many comon accessory

sulfides to low total dissolved sulfur. Further, Weber et al. (1975) suggest

that sonwhematitemaybe primarybut that,over all, conditionsfor the uran-

ium mineralizationat Oklowere in the reducedsulfurstabilityfield. Collec-
.

tivelythesefactorssuggestthatconditionswere favorablefor sideriteforma-

tion. Further,with referenceto Garrelsand Christ(1975;Fig. 7.21),sider-
.

ite is stableover the pH rangeof 6 to 10.8 for an activityof dissolved

ferrousironof 10-6.
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When waters are low in sulfate ion and contain organic matter, such as at

Oklo, then anaerobic decay processes result in low Eh and high total dissolved

C02 but low total dissolved reduced sulfur. Not all barium is present in

barite but appreciable quantities are present in other minerals, e.g., ad-

sorbed on clay minerals, etc. Siderite is a connnonmineral found associated

with coal beds or other accumulations of organic matter, and is thus to be

expected at Oklo.

Of further interest is that calcite is stable relative to siderite via

the reaction:

FeC03+Ca2+ = CaC03 + Fez+, (A-6)

forwhichK= 0.05accordingto Berner(1971). In sea water,iron is only 0.1

percentas abundantas Caz+,whereasfor sideriteto be stablethe concentration

of ironmust be some fivepercentgreaterthan that of calcite. In a situation

similarto that at Oklodolomiteapparentlyrenmvesmost Ca2+ hencethe

Fe2+/Ca2+ratiomust have been greatenoughfor sideriteto form.

In sumary, dolomite,magnesite,andsideriteare all observedat Oklo al-

thoughit is not clearif threephaseequilibriawere established.It is more

likelythatdolomite-magnesiteand dolomite-sideritepairsformedbut that

magnesitemay have been separatedfromsiderite. Regardless,it is noteworthy

thatthesethreecarbonatessuggestthe followingconstraintson Oklo ore forma-

tion: (1) HighpH. (2) Low2~. (3) Solutionsrelativelyrich in Mg2+ but
2+

impoverishedin Ca , i.e.,Ca preferentiallyincorporatedin dolomiteand

some in uraniniterelativeto calcite. (4) Low totalsulfurunderreducing

conditions. (5) Closeassociationof carbonateswith organiccarbonaceous

matterin the low-gradepart of Couche1 but not in the high-gradereactor

zoneore. (6) A Fe2+/Ca2+ratiofavorablefor sideriteformation.

Unfortunately,the data reportedin IAEA (1975)are insufficientto

properlyquantifythe genesisof the carbonatemineralsat Oklo,yet it is

probablethat the data gatheredsincethat symposiumwill allowthe exact

parageneticsequenceto be establishedin termsofpH,Eh, and othervariables.

III.TEMPERATLJREAND PRESSUREConstrains OF HIGH GRADEORE

Despite

reactorzone

considerableresearchconcerningthe genesisof both the Oklo

ore and the surroundinglow~rgradeore, thereexistmany uncer-
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taintiesconcerningthe probabletemperatureand pressureduringthe high-grade

ore formation. (Thereaderis referredto the numerousarticlesh the IAEA

Symposium204,“TheOklo Phenomenon”concerningmineralogy,chemistry,tec-

tonics,petrography,mineragraphy,etc.)

The simplisticmodelwherebyhigh-gradeore resultedfromdissolutionof

low-gradeore uraniumwhichwas thentransportedintoand depositedin con-

glomeratic-shaleinfillin fracturesof the mineralized“CoucheI’tappears

reasonable(seeChauvet,1975). The fracturesresultedfromtectonicevents

soonaftermineralizationof Couche1, which itselfwas mineralizedvery soon

aftersedimentationof the upperFrancevillien(FM) Series. Henceone can

justifiablyarguefor equalT and P conditionsformineralizationof Couche1

and the high-gradereactorzoneores. At leastit is probablysafe to state

thatthe high-gradeore formedin shaleforceddownwardintothe fracturesys-

tem from localsources. The drag foldsand otherstructuralevidenceconfirm

the down-fillingof the shale-conglomratemixtureintothe fracturezone,al-

thoughthe richuraniumoxideof this zonecommonlyexhibitstexturescharacter-

isticof depositionfrom solution.

It is firstnecessaryto make somebriefcomparisonsbetweenthe primary

mineralsin the low-gradeore in Couche1 and the high-gradeore as follows:

1.

2.

3.

4.

5.

6.

7.

8.

9.

Chlorite

Organic C

Quartz

Illite

Sulfides

Dolomite

Magnesite

Siderite

U minerals

Low-GradeOre

Abundant;apparentlyassociated

with organicmatter.

Abundant.

Abundant.

~d polytypeabundant.

Common.

Common.

Rare (?).

Abundanceuncertain.

Uraninitewith rare
coffinite;ore is low
gradeand dissemimted
in sandstonewith shale
partingsand galls.

High-GradeOre

Abundant;may have been

mxhanicallyre-worked.

Scarce.

Scarce (note:very abundantat
edgesand betweenreactor
zones.
2M1polytypeapparently

abundant.

Commn; somePbSwith total

Ph206-Pb.

Present,but not abundant.

Conunon.

Abundanceuncertain.

Uraninitewith rare coffinite;
ore is very high grade. No
definiterelationshipto shale
or sandstonenoted;absenceof
quartz;carbonnoted.

*

.

.

.
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It is easierperhapsto make some generalcommentsconcerningthe maximumtemp-

eraturefor the ore in Couche1 beforeaddressingthe problemof T and P con-

ditionsin the high-&ade ore. Breger(1974)has shownthatcoalifiedlogs

fromthe ColoradoPlateauyieldextractableorganiccarbonwhich is stableonly

to temperaturesin the 100 to 125°range. Rememberingthe ColoradoPlateauand

Oklo similaritiesand becauseof the more simplestructurefor the Oklo algal-

derivedmaterial,thisseemsto be a safeupperT limitbasedon organiccarbon

constraints.Furthermore,Hostetlerand Garrels(1962),citingthe work of

Rafals@ (1958),note thatUDC becomesunstableabove120”Cbut thatbetween

25° and 120”Cthe stabilityofUIX is such thatappreciableuraniumcanbe

transportedby thiscomplex. Certainlythe worksof Bullwinkel(1954)and

Schmidt-Collerus(1969)documnt the existenceand mobilityof uraniumas UIK

betweenpH conditionsof 6 to 10 (ThisrangeofpH is thoughtto be reasonable

basedon the parageneticconditionsfor co-existingaccessorymineralsin the

ColoradoPlateauores accordingto Brooki,ns,1976a;Lee, 1976). Hostetlerand

Garrels(1962),citingfieldevidence,arguefor an approximatecoverof two

kilometersover the sedimentaryrocksduringtheirmineralizationin the

ColoradoPlateau. Assuminga relativelyhigh geothermalgradientof 30°C/km,

thena reasonabletemperaturefor ore formationis approximately75”C. Addi-

tionally,Brookins(1976b)has arguedthat temperaturesfor claymineraland

organicacidreactionsin the AmbrosiaLakedistrictmust fallnear 60°Cas

montmorilloniteis present,i.e.,the montmorillonitefieldshrinksconsider-

ably at lowertemperaturesthusreducingthe chancesfor nxmtmorilloniteto
illiteand/orchloritetypesof reactions. Further,the agreementbetweenthe

K-Ar and Rb-Srdatesis indicativeof 10wT sincethe Oklomineralswere formed,

otherwisethe temperaturesensitiveK-Arvalueswouldbe greatlyaffectedby

T=150°C.

Thesevariouslinesof evidencesuggestthat for the Oklodepositthe

covermust have been relativelyshallowat the time of mineralizationof

Couche1; a depthirithe 2-to4-kmrangeseemsreasonable,withperhapsthe 2-km

rangebeingmore likelyas the geothermalgradientmay well have been closerto

20°C/km(a typicalPrecambrianvalueaway fromorogens)in the Francevillien

Basin.

Maurette(1976),has arguedfor burialof the Oklo depositto a depthof at

least5 km and a resultantte~eratureof near 375°Cbasedon fissiontrack

studiesin quartzfromthe reactorzonesand from the edgesof the zones.
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Assuminga high surfacevalueof 25°C,then the geothermalgradientwouldhave

to be 70°C/kmto attainthe 375°cvaluecited. This is unreasonablein view

of the abovecomments. For coveras shallowas 1 km the lithostaticpressure

wouldbe approximately300 atm and the hydrostaticpressureapproximately60 to

100 atm,hencea depthof 5 km and temperatureof 375°Cwouldput water above

its critical@nt. Manymineralswouldbe highlyreactiveat the critical

point (e.g.,sulfides,illite),yet thereis no evidencefor extremechemical

reactivityinvolvingwater as a criticalphase. Thus,the temperaturewas

probablybelowthe criticalpoint. Additionally,if the Oklo ganguewere held

at this temperaturewith water available(eitherfrompore fluidor fromhydrous

phases)thenprogrademetamorphismto at leastthe greenschistfacieswouldre-

Sult. As the chloriteobservedis of sedimentaryoriginand the otherminerals

presentnot representativeofmetamrphic sequences,thenMaurette’s(1976)

temperatureestimateappearsto be too high. Fissiontrackstudiesof quartz

and phyllosilicatesare very difficultto undertake;it wouldperhapsbe more

usefulto studyin detailthe fissiontracksin zirconsfromthe outerrims of

the reactorzones.

The problemof formationof low-gradeore at Oklo is addressedelsewhere

in thisreport. The comparisonbetweensandstonedepositsof the Colorado

Plateauand Oklo cannotbe ignored. The difficultyis in lackof important

data concerningminorelementsconcentratedin commonaccessorymineralsof

uraniumdepositssuch as molybdenite,seleniumspecies,pyrite-marcasite,

vanadium-speciesrelativeto the uraniumand carbondistribution.One can only

inferthatdepositionof uraniumoccurrednear the hematite-pyriteredox

interface(Weberet al., 1975),and it is fruitlessto speculateon roll

versustabulartypeof geometryfor the ore. However,assumingthereare many

similaritiesbetweenthe ColoradoPlateauand Oklo ores,thenboth the uranium

mineralizationand claymineralparagenesisbecomeimportantin termsof Eh-pH

diagrams. Figs.A-1 and A-2 (fromBrookins,1976)show stabilityfieldsforuran-

ium species(Fig.A-1) and aqueous”speciesplus carbon (Fig.A-2). For uranium

(VI)transportedas UDC, the uraninite(orcoffinite):UDCboundaryis very near

the hematite:pyriteboundary. If both boundariesshouldoverlapthen some

U(’VI)will be precipitatalas S(11)if (HS-)is oxidizedto eitherS(0) (i.e.,

in pyrite)or to S(W) (i.e.,as sulfateion as hematiteis formedfrom

pyrite]. To a largedegreethe sulfurredoxenergetic of the systemcontrol
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the uraniumprecipitation.For more dilutesolutions,however,or in case the

activityof dissolveduraniumis decreasedas a functionof ionicstrength,then

it is possibleto carryuraniumas UDC intothe sulfidestabilityfieldbefore

precipitationbegins. In thiscase oxidationofS(II) to S(0)or C(Oor IV)

will be energeticallysufficientto causeU(IV)precipitation.For S species,

oxidationof pyriteformationwill be the consequence;for C species,(HC03-)

will result. For the low gradeore,penecontemporaneousformationof uraninite

and pyrite,with associatedillite(and/orchlorite)formationfacilitatedby

organicacidreactions,is advocated.At the sametime,organiccarbonis

fixedin the zonesof activeattackon silicatesand in the areasof uranium

mineralization.TM.s is essentiallythe mdel advocatedby Brookins(1973;

1976a,b,Brookinsand Lee (1974)and Lee (1976)for the uraniumdepositsof the

GrantsMineralBelt and appearsreasonablefor the Oklo deposit.

IV. HIGH-GRADEORE FORMATION

Considernow the consequenceof fracturingCouche1 due to tiltingand

uplift. Slightlyo~genated watersaccompanythe infillingof shaleintothe

fracturezonesat Eh-pHconditionsnot onlybelowthe hematite:p~iteboundary

but possiblybelowthe C:(HC03-)lx)undary. As thesewatersare

froman alreadypyritiferousenvironmenttheymay not be sufficientlyoxidizing

to reachthe pyrite:hematiteboundarybut they can quiteeasilymove fromthe

organiccarbonfieldto higherEh conditionssuchthat (HC03-)ii formed” If

thisis the case thenuraniumis remobilized,most probablyas UK. As the

U(IV) is oxidizedto U(W) inUDC it is removedand C(0) is destroyed. With

continueddissolutionthe uraniumcontentof the aqueoussolutionis increased,

hencethe boundarybetweenuraninite:UWis also raised. Thereis no evidence

forveryhighpo2 conditionsfor subsequenturaniniteprecipitationwithinthe

hematitefield. Insteadit is likelythat the uraninite:UDCboundaryis

raisedto near the hematite:pyritebounda~ at whichpointUK is reducedas

uraniniteis formedbecausethe sulfide-sulfatereactionpredominates.In this

modelthe kineticsare unknownbut one can arguefor rapidprecipitation,

possiblyin void space,as the uranifieroussolutionsreachthe environmentof

precipitation.The quartzcontentwill be lowerin thesezonesbut its virtual

absenceis difficultto explainunlessurani”umprecipitationoccurredmuch

fasterthandetritalinfilling.Only fine grainedshaleconstituents(i.e.,

phyllosilicates)shouldbe transferredto the sitesof deposition,and indeed
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this is what is observed. Further,as the UDC for the richuraniniteaccre-
tionswas fomnedwhileC(0)was beingoxidizedthen it wouldbe unlikelyand

certainlyunnecessaryfor carbonto be presentsincethe precipitationoccurrs

well abovethe C:(HC03-)boundary. Again,absenceof carbonis comon.

Further,as the solutionsare movingto a K-favorableenvironment(relativeto

the host Couche1) a higherchlorite/illiteratiowouldbe expected,and the

illiteshouldbe more K-richrelativeto illitein the lowergradepartsof

Couche1. This,again,fits the observationsexceptthat the illitepresent

has been identifiedas the ZMl polytypeas opposedto the lMdpolytypein the

low-graderocks. This is not an easy situationto explainyet it is possible

that,facilitatedby the chemicalactivityof the solutions,the directional

pressurein the fracturesystemis sufficientto causethe lM to 2Mpolytype

transition.It is perhapsno accidentthat the phyllosilicatesare oriented

in the reactorzoneswhile this is not the case in the surroundingrocks.

Additiomlly,quartzis more brecciatedin the high gradezonesrelativeto the

more roundedquartzin Couche1. The presenceofmagnesiteindicatesrather

highpH conditions(certainlyabove7), and the presenceof pyrite (aswell as

othersulfides)indicatessulfide-fieldEh-pHconditions.Yet Weber et al.

(1975)pointout that someprimaryhematiteis presentso one can arguefor

Eh-pHconditionsnear the hematite:p~iteboundary. If quartzwere remnwl by

dissolutionthen the activityof dissolvedsilicawould increasesignificantly

and coffinitemightbe the preferredU(IV)phaseratherthanuraninite. As

this is not the case,thenthe indirectargumentcan be made thatquartzwas

rare to beginwith in the”highestgradeores. The incrementalfillingwas

apparentlydue to uraniniteprecipitation.The absenceof quartzand

subsequentabsenceof increasedactivityof dissolvedsilicaexplainsthe

absenceof quartzovergrowthson the brecciatedgrainsnear the reactorzones.

‘I’herate of nucleationofw~inite is uncertain,but theremust have

been sufficienturaniumin solutionto allowgrowthas spacewas made available.

l’heremayhavebeen low pressuredomainsalongsuch a fracturesystem,and per-

haps this accountsfor the rathersystematicoccurrenceof the six reactor

zonesnotedso far at Ok.lo.

An interestingconsequenceof thismodel is thatwaterpresentduringthe

ura.niniteformationneednot necessarilybe directlycorrelatedwith waterof

.

.

.

.
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crystallization.

tionindependent

TheH/Uratiomay havebeen controlledby

of the clayminerals. Anotherinteresting

the aqueoussolu-

aspectis thatdur-

ing the assumedoxidationof U(N) and C(0) afterinitiallow-grademineraliza-

tionin Couche1, the UDC-richsolutionshouldbe relativelyimpoverishedin

elementssuchas vanadium,seleniumand perhapsmolybdenum.Vanadiumwould

have been fixedin octahedralsitesof claymineralsand retainedin thesesites

as the ionicradiiof V(III,IV)and V(V) are all closeto 0.65A. Selenium

speciesshouldbe unaffectedby the oxidationof eitherU(IV)or C(0) as the

SeO:(HSe-)boundaryis significantlyhigherthan the C:(HC03-)boundary.

Finally,nnlybdenumspeciesmay or may not havebeen affectedly oxidation.

The MoS2:(HMo08-)or MoS2:(Mo0~z-)boundariesare closeto the C:(HC03-)

boundaryand someMo(IV)may well have been oxidizedin this fashion. However,

it is not necessaryforMo(VI)to be reducedto Mo(IV)in the high-gradeore

contemporaneouslywith uraninitesinceMo(VI)complexesare stableat the

Eh-pHconditionsaltxigthe py-rite:hematiteboundary. Thusmlybdenum may well

be concentratedelsewhere. InterestinglyenoughFrejacqueset al. (1975)and

Waltonand Cowan (1975)mentionmigrationof molybdenumat Oklo. If the Eh

conditionswere high enoughto preventMoS2 precipitationthen it is conceivable

thatMo producedby fissionwas removedas aMo(VI) complexfrom the reactor

zones. If this is the case thenreductionof Mo(VI)to Mo(IV)wouldoccurin

local“sulfidetraps”of lowerEh, higherpH. As thesetrapsmay be outside

of the reactorzonesthen it is not surprisingthat the fateof renmbilized

molybdenumis @mown at present.

The relativelyhigh abundancesof the rare earthelements(REE)and

bariumin the reactorzonescan be explainedby transportof the REE as connnon
2+

carbonate-complexedionsand bariumcarriedas Ba untileitheradsorbedon

claymineralsor locallyprecipitatedas barite.

The abundanceof a very younggenerationof kaolinitein the reactorore

makesit difficultto reconstructpre-kaolinitizationconditions.Slightly

more acidicconditionsare necessaryand, as the chlorite/illiteratiois al-

readyhigh,thenkaolinitefomation shouldgo hand-in-handwith destructionof

illite. Hencealkaliand alkalineearthelementswill be removedas kaolinite

forms.
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APPENDIXB

GEUC?D341STRYOF ALKALIAND ALKALINEEARTHS

D. G. Brookins

Universityof New Mexico

I. BIH.A.VIOROFBa, Sr,AND Ra

The thermochemicaldata for barium,strontium,and radiumare presentedin

TableB-1.Thereexistlargeuncertaintiesfor someof the databut, fortun-

ately,the chemistryof thesethreeelementsin the naturalenvironmentis

fairlysimple.

Bariumat the Oklo site is abundant;concentrationsin excessof 1000ppm

are connnonand valuesas high as 4000ppm havebeen reported. Brancheet al.

(1975)have summarizedmanychemicaldata for majorconstituentsand the reader

is referredto Waltonand Cowan (1975)for somedata on barium.

TABLEB-1.‘MIMXHM CALIL4TAFORSr,Ba,ANORa.

Species AG; *fo* Species At+ ~f.*

Bs2’
2!aso4

Sr2+

SrS04

5042-

~3

~s

=2

SrF2

F-

2+0

K+

- 134.00

- 32S.30

- 133.20

- 319.83

- 177.97

- 140.26

- 126.17

- 274.S0

- 277.20

- 66.64

- 56.69

- 67.70

1

1

1

1

1

1

1

2

2

1

1

1

Cs+
~43-

srm3
CS20
~o
ml

CSF

KF

2&2+

%S04

- 67.41 3

-244.00 1

- 278.36 1

- 275.45 1

- 65.6 3

- 76.2 4

- 89..5 3

- 84.9 3

- 119.5 4

- 127.4 4

- 134.5 4

- 326.0 4

%beferences

1. IInbieandWaldbam(1%8)
2. ~iCk5 and Block(1968)
3. Gsrrelsad Christ(1%5)
4. L@ner (1961)
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A. Chemistry. Barium,strontium,and radiumexhibitsimilarbehaviorin

low T and P aqueousenvironments.Theirionicradiiare similarand ~ey all

occurmost comonly as simple,non-complexeddivalentions in aqueoussolutions

in the pH range3 to 11. The divalentionsare the only speciesstableover the

entirerangeof Eh-pHencounteredin the naturalenvironment.

A compilationof the volubilityproductconstantsfor the sulfatesare as

follows:

species PKSO

SrS04 6.30

-4 9.50

Raso4 10.4

Thesedata showthatSrS04is the most solubleand RaS04lesssolubleby 104.

Bariumand radiumshowa very strongaffinityfor eachother,much more so than

strontiumwith eitherbarium$orradium. This is readilyex@ainedby the fact

that strontiumas Sr2+has a smallerionicradiusthan eitherBa2+ or Ra2+ and
2+

may be incorporatedintoa Ca site (especiallyif the coordinationnumberof

the site is 8 ratherthan 6). Consequently,Ba and Sr will most likelybe con-

centratedin differentphases. This is especiallytrue if both (C032-) and

(s042– ) are availablefor scavengingof Sr2+and Ba2+. For the hypothetical

reaction:

~4 + (W03- ) = MC03 + (S042–) + (H+),

the AG; = 13.6kcal for bariumspecies,butonly 7 kcal

Phaseequilibriastudiesshowextensivesolidsolution

rhombicCaC03but only limitedsolidsolutionbetweenBaC03and SrC03.

for strontium

betweenSrC03

(B-1)

species.

and ortho-

It is of furtherinterestthatthe ion imagerystudiesof Havetteet al.

(1975)show thatBaand Sr are indeedcomonly locatedindifferentsitesin

2+ by BaS04(themineral“radio-Oklo ores and gangue. The scavengingof Ra

barite”)is awell-knownphenomenon.

tion:

Baso4+ o.lRa2+ = (Ba,Ra)so4+

This is illustratedbythe stile reac-

0.1 Ba2+, (B-2)

for whichAG~= –0.15kcal and log K= + 0.11. For a systemwith pre-existing
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‘“4 ‘ Ra2+ removalby

ducedintosolutionat

As so42-concentration

removalof Ra2+ should

B. okl.oS~ les.

exchangeis near total. If both Ba2+ and Ra2+are jntro-

the same timethenRaS04will precipitatebeforeBaS04.
2+

will in all likelihoodbe greaterthanRa , thenthe

be nearly100%complete.

At Oklo thereis someuncertaintyconcerningwhetheror

not the primaryoreswere precipitatednear a sulfate:sulfideredoxinterface

(Weberet al., 1975). The presenceof pyriteand marcasite(bothFeS2)and

probableprimaryhematite(Fe203)suggestthat ore formationdid indeedoccur

near or at the sulfate:sulfideEh-pHfence. The greaterabundanceof pyrite

and othersulfidesand relativelysmallamountsof sulfate(sonwbariteis re-

portedbut bariunis foundin non-sulfatemineralsas well) suggestthat a

greaterproportionof uraniumprecipitationoccurredunderreducingconditions,

i.e., in the sulfidefield. However,due to its extremelyinsolublenatureany

bariteformednear the hematite:ppitefenceshouldsurviveevenwith a drop of

Eh intothe sulfidefield. kether or not appreciable(S042-) would exist

during,say,the lifetim of reactorzo~e6is quiteanotherstory. The data

for galenacontainingessentiallyonly Pb, and otherdata,suggestreactor

operatia undersulfide-stableconditionsin which case the activityof (S042-)

wouldbe extremelylow. Thus it is not surprisingthatbariumis noted in

claymineral-richpartsof the gangue (Weberet al., 1975). Sho@d Ra2+be re-

leasedfromuraninitefromOklo samplesit may well have (1)been scavengedby

smallamountsof barite,Eq.(B-2),(2)precipitatedas RaS04 (unlikely),Or (3)

been affixedby ion exchangein K+-sitesin illiticclayminerals. As (3)may

well accountfor the Ba presentat Oklo,the exchangeefficiency,which is pro-

portionalto ionicpotential(Z/r),wou.ldpredictthatRa
2+

wouldeffectively

be removedfrom solution. Of note is that w
2+

migrationis apparentlynot a

factorin the 238U-206Pb systematic even for disturbed(dueto the fission
2+

processes)samples. As the samplesbecomemore and more oxidized,any Ra

releasedwill be scavengedby sulfatesor by clayminerals.

II. LIMITSOF FISSIOGENICRbAND Sr

Hagemannet al. (1974)estimatethat lessthan ten percentof the Rb and/or

Sr studiedfromOklo reactorzonesamplesis fissiogenic;theirresultscannot,

unfortunately,be furtherrefined. Lancelotet al. (1975)reportdatawhich

indicatethe presenceof an unspecified,but easilyrecognized,

fissiogenicrubidium. Brookinset al. (1975)note the presence

quantityof

of fissiogenic
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Rb, Sr, Ba, and Cs (determinedby inferencefrom 135Baand 137Baexcessformed

by decayfrom135CSand 137Cs, respectively).Theirdata cannotbe used to

estimatethe amountof fissiogenicmaterialretainedrelativeto that originally

produced,becausethe totalUand 235U contentswere carriedout on separate

splitsof sampleswhichwerenot homogenizedpriorto splitting.

What canbe done,though,is to comnenton the percentageof fissiogenic

~ and Sr which is now presentin the totalamountof Rb and Sr for various

Oklo samples. For Rb and Sr this is estimatedby consideringthe hypothetical

fissionyieldsof 85Rb, 87Rb,and 88Sr fromthe followingdata (fromMeek and

Rider,1974)for an assumedfissionmix of 23% (93%),
238U (3%),and 239PLl(4%)

(seeFrejacqueset al., 1975).

Fissiogenic 235 238 239
Isotope UYield (%) UYield (%) PuYield (%) Mix (%)

85Rb 1.31 ‘ 1.06 0.56 1.27

87W 2.55 1.76 0.96 2.46

88Sr 3.62 2.06 1.37 3.48

Now for Rb, the measuredisotopic(85/87)ratiois 2.470,whichis closeto

valuesreportedby Lancelotet al., 1975,and by Brookinset al., 1975,for

someOklo samples. The normal (85/87)ratiois 2.593,and the fissiogenic

(85/87)ratiofromthe data tabulatedaboveis 0.516. Thus,the percentof

fissiogenicRb

85Rb
~=

m

presentin a samplecan be calculatedfromthe standardequation:

(0.7215N) + (0.340F) (B-3)
(0.2785N) + (0.660F) ‘

wherem designatesthe measuredratio (whichcan be determinedwith a precision

of ~ 0,5% (onesigma),0.721SN indicatesthe atomicfractionof 85~ in the

normalelement,0.2785N the atomicfractionof
87Rb in the normalelement,

0.340F the atomicfractionof
85
w of the fissiogenicelement,and 0.660F the

atomicfractionof
87Rb of the fissiogenicelemnt. Solvingfor F/Nyields:
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(0.7215)- (0.2785)(2.47) 0.0336
: = (0.660)(2.47)- (0.340) ‘m”

(B-4)

Hence 2.5%of the measuredRb was fissiogenic. ●

Withoutknowingthe originalamountof fissiogenicRb in the sample,it is

impossibleto saywhat percentageof totalfissiogenicRb the aboveratiorepre- .

sents. Fromthe work of Frejacqueset al., (1975)and Maecket al. (1975),the

amountof fissiogeniclb retainedis probablylessthan one percentfor some

samples. The significanceof the abovecalculationis thatmeasurablefissio-

genicRb is stillnoted. If one were to assumelossof fissiogenicRb by

volumediffusionor someothercontinuousprocessover 1.8 by. and additionof

significantamountsof normalllb,then it is unlikelythat any measurable

amountsof fissiogenicRb wouldbe detected.

For Sr the situationis simplerin that only
88Sr is affectedby fission.

The analogousequationfor Sr isotopesis basedon 86Sr/88Sr= 0.1194k 0.0010

(twosigma)for normalSr, and the relationof fissiogenic88Srto normalSr is

givenby:

86Sr = 0.0986N

38Sr m 0.8256N + F

The measuredratio (86Sr/88Sr)m

genieSr. Thisvalue,again,is

Sr in totalSr froma samplefor

‘(B-5).

is 0.1150,and this represents3.1%fissio-

only an indicationof the amountof fissiogenic

whichthe exactamountof initialfissiogenic

Sr is not unknown. The measurementatteststo the presenceof smallbut not

insignificantamountsof fissiogenicSr. The comnentsby Frejacqueset al.

(1975),Week et al. (1975),and Waltonand Cowan (1975)indicatethatnmst

fissiogenicSr has migrated,but this is with referenceto totalmeasuredSr

comparedto predictedfissionSr in the reactorzone. Nothingis said as to

whetherthe fissiogenicSr has been totallyremovedfromthe system,i.e.,from

entirereactorand barrenzones. Systematicmeasurementsof totalU, ‘Ssu,Rb, .

and Sr Qn reactorand peripheralzones=w?leswo~d providea betterunderstand-

ing of Rb and Sr migrationbehavior.
.

The fact thatany measurableamountof fissiogenicRb or Sr is present

suggeststhat for pureruraninitemineralseparates,therewill be a greater
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probabilityof findinghigherpercentagesof fissiogenicRb and Sr. This is

borneout by the fact thatthe two lowest86Sr/88Srratiosreportedby Brookins

et al. (1975)were fromthe purestmineralseparates.At presentthisproblem

is beingpursuedusingcarefullyhand-pickedmg quantitiesof uraninite-rich

samples(asopposedto one-gramsamplesin the originalstudy)fromwhich~g or

ng amountsof Rb and Sr (plusBa) will be extractedfor isotopicstudy. This

work is in progressand will be reportedat a laterdate.

III.NEUTRONABSORPTIONEFFECTSON Rb AND Sr

Lancelotet al. (1975)suggestthatneutronabsorptionby Rb would,for

200ppm Rb originallypresentin an Okloreactorzone,lowerthe 85/87ratioat

1.8b.y. ago to 2.539,assumingafluenceof6 x 1020n/cm2. Thisvalue is

loweredto 2.383if fissionplusneutronabsorptionare considered.Unfortun-

atelythe amountof totaluranium,the percentof
235U depletion,and other

importantparameterswere not givenby Lancelotet al., so it is diffictitto

reproducetheirfigures. However,a more completepicturecanbe obtainedby

consideringneutroncaptureeffectson both Rb and Sr. The thermalcapture

crosssectiunsfor Rb and Sr isotopes

givenbelow:

Isotope

85Rb

‘ 87W

84Sr

86Sr

87Sr

88Sr

(fromMughabghaband Garber,1973)are

‘(n$y)
(barns)

0.46

0.12

0.81

0.84

16.0

5.8 (rob)

If neutronabsorptionis importantin discussingvariationsin isotopicratios

for Rb and Sr, thenratiosinvolving
87Sr wouldbe the most pronounced.Iku5.ng

the reactor’slifetimeat 1.8 by. ago, the
87Sr/86Srratiofor an assumed

abundanceof 20 ppm Sr wouldbe well below0.710 (whichis a likelyvalue for

undisturbedFrancevillienrocks). Further,sinceBrookinset al. (1975)show

Sr contentsfor 2’P’Oklo samplesfrom9 to 30 ppm while the Rb contentvaries

from 30 to 90 ppm, then ratherdrastic
87
Sr/86Srvariationsrelativeto very
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slight85Rb/87Rbdepletionsshouldresult. As this is not the case,then

neutronabsorptiondoesnot appearto havebeen significantin causingdes-

tructionof eitherRb or Sr isotopes.

The relevanceof this is thatone can treatthe observed85/87ratiofor b

Rb and 86/88ratiofor Sr as beingdue to a simplemixtureof the normal

elementswith fissionproducedisotopesof 85Rb,87Rb,and 88Srfromthe
.

assumedmix of fissile235u (93%),238U (3%),and 239PU (4%). “

A sunmaryof Rb and Sr dataare givenbelow:

Sample 87Sr/86Sr Rb (ppm) Sr (PPm) 87Rb/86Sr Source

1186A 0.7337 63.0 31.1 5,86 Brookins(unpub.)

1186B 0.7251 32.7 30.9 3.07 Brookins(unpub.)

1404/2 0.7749 49.2 8.9 16.11 Brookins(unpub.)

1404/1 0.7496 91.4~ 11.2 23.72 Brookins(unpub.)

KN50 2 0.731 17 30 1.65 Lancelotet al.(1975)

KN50 322 0.730 10 43 0.67 Lancelotet al.(1975)

KN50 322b0.733 55 19 8.39 Lancelotet al.(1975)

The referenceisochronsfor the abovedata are shownin Fig.B-1; the apparent

agesare 275 and 120my. Collectivelythe data shownin Fig. B-1 arguefor

open-systemconditionsand especiallyfor dilutionof reactorzoneore with

much youngerRb and Sr, althoughit cannotbe statedwhetherthe Rb and Sr

were introducedepisodicallyor continuously.Further,the samplesused by

Brookins(unpublished)are certainlynot “wholerocks,”and thosestudiedby

Lancelotet al. (1975)probablydo not meet whole-rockcriteriaeither. Hence,

one cannotunravelthe data in termsof possiblepost-1.8by. metamorphic

events. From the data of Bonhommeand Weber (1975),however,it is unlikely

thatany severepost-1.8by. eventhas occurred,else the K-Ar agesreported

wouldbe severelyloweredand this is not the case.

IV. Cs ADSOR.PITONONCLAYMINERALS

Frejacqueset al. (1975)and Waltonand Cowan (1975)pointout that,
.

followingthe work of Hagemannet al. (1974),alkaliand alkalineearthele- .

mentshavemigratedat Oklo. Whilethispointseemswell documented,it is

importantto note thatBrookinset al. (1975)presentdatawhich indicatethat
135Cs,with a half-lifeof 2.3 millionyears,may havebeenpreservedfor

56



.

.

0.78

0.77

0.76

0.75

0.74

0.73

0.72

0.71

0.70

OKLO SAMPLES
/

Rb- Sr DATA REACTOR ZONES
SHOWING REFERENcE ISOCHRONS

/

A LANCELOT et al (1975)

o mool(ls(UNPU13.)

87R
1 * r

I
5

I I
10 Is 20 25

‘Fig.B-1.
Rubidiumand strontiumfor Olcloreactorore
sampleswith referenceisochrons.

roughlyten tiresthatdurationsuchthat the stable135Baformedwas retained.
‘l’’hereis a correlationbetweenincreasing 135Ba/137M and decre=~g 85~/87~

for foursampleswhichatteststo the retentionof fissiogenic
85 135CS,137CS,
Rb,and87Rbfor approximatelytwenty-fivemillionyears. Further,if barium

isotopeswere fixedat the Oklo sitethen smallanmuntsof 138Bamay be
assumedto have been retainedas well;unfortunatelythe largeamount of normal
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bariumwhichhas dilutedthe high-gradeore has so farpreventeddetectionof
138

Baf althoughwork is in progresson thismatter. Similarly,133Csf can also

be assumedto have remainedin placefor at leastas longas 135& and 137&.

Hencethe problemis not whetheror not cesiumhas migrated(theevidenceis

that it-has),but ratherhow much has migratedand how far.

Importantto thisproblemis the role of adsorptionof largealkalimetal

and to a lesserdegreedivalentalkalineearthcationson clayminerals. It is

well knownthat sampleswith low electronegativitiesand low ionicpotentials

(Z/r)tend to occuras the freeion and do not complexwith anions. A comnon

reactioninvolvingjust K+ and Cs+ is:

ClayMineral-Kftied+ (CS+)= ClayMineral-Csfixed+ (K+)9 (B-6)

forwhichthe A
% must be negativefrom laboratoryexperimentationand observa-

tionsin nature. LowestK/Csratiosare foundin near-deltaicenvironments

where thisreactionhas probablytakenplace. If one assumesthatthe AG~ for

the claymineralsin Eq.(B-6)are both equalthen the AG~ is controlledby the

AG~ of the K+ and Cs+ ions;thusAG~a –0.3 kcal and pK~ – 0.22. In principal,

the claymineralwill remve most Cs by ion exchangeand/oradsorption-siteex-

change.

An importantstudyby Kharakaand Berry (1973)indicatesthe following

comnentsto be made with regardto ion exchangeand relatedphenomena;all

basedon combinedlaboratoryexperimentand studyof naturalsamplesfromdiffer-

ent media:

(1) M+ ionsare retardedmore thanl?+ ionsin seepagethroughrelatively

impervious,clay-mineral-richsubstances.

(2) If one definesR = moleshyperfiltrate/moleseffluentin pure solution,

then for bentoniticclays,R > 5, and for shalesR > 2; thus indicatingthe

efficiencyof largecationremoval.

(3] Bentoniticclaysare effectivein removing(Cs+),which is effectively

fixedas (K+)is renmved.

(4] K-montmorilloniticclaysmay be betterthan otherclaysfor Cs removal.

Na-montmorilloniticclays,for example,may sufferstructuralcollapsedue to

the very largedifferencesin Cs+ and Na+ ionicradiirelativeto the lesser

differencein ionicradiibetweenCs+ and K+.
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(5) A “filtrationrate” (FR)is definedas: FR = (concentrationof

speciesin inputsolution)/(concentrationof speciesin effluentsolution)and,

in a plot of compactionpressurebetween4 and 10 psi,experimentalresults

showexcellentmembraneefficiencyfor removalof Cs and goodmembraneeffici-

ency for removalof Rb, K and Ba.

(6) Further,a mixtureof 10% illiteand 90%montmmrillonite-richshale

shouldretard(S042–) to a largeextent. d

Ba2+,

This is importantas + ions (e.g.,

Wz+) replacedby (Cs+)will thenbe more likelyto be renmvedas insol-

uble sulfatesas discussedearlier.

When cationexchangetakesplaceunderreducingconditions,such as at

Oklo,thenthe exchangereactionsare quitedifferentthan thosereportedby

Kharakaand Berry (1973). In additionto redox-influencedaspectsof the

reactions,shalesratherthanclaymineralconstituentsmay have to be con-

sidered(butsee comment(2)above). It is probablethatCs migrationat Oklo

was not appreciableuntilrelativelyrecenttimes,perhapsonly in the lastten

millionyearsor so. Assuminga volumediffusionmodelas opposedto an epi-

sodiclossmodel,which is justifiedbasedon the low T and P constraintsmen-

tionedelsewherein thisreport,cesiumshouldhave remainedlocallyfixednear

the originalsiteof formation.This~y be substantiatedby furtherwork

betweenthe reactorzonesand on the edgesof the zones;or evenpossiblynear

the 900-m.y.-olddoleritedikewhichhas actedas a barrierfor uraniummigra-

tion in “Couche1“ (Chauvet,1975). Evidencefor Cs fixationmay be foundfrom

ultra-lowK/Csratios (lessthan 10) coupledwith othersupportivealkaliand

alkalineearthstudies.

The gangueof the high-gradereactorore was hardlyexpectedto be effi-

cientin preservationof mobileelements,yet severalpercentof fissiogenic

Rb, Sr,andCs were retained. This impliesthat (1)a shalecouldbe a proper

storagesite for some radioactivewaste and (2]shalepartingsin saltdeposits

may be beneficialratherthandetrimentalfor storageof waste in saltdeposits.
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APPENDIXc

GEOCHEMISTRYOF PLUIUNIUM

D. G. Brookins

Universityof NewMekico

Waltonand Cowan (1975)and Frejacqueset al. (1975)have pointedout that

plutoniumhas largelyremati~ in situ for the Oklo reactorzoneores;the

latterinvestigatorsalsopointout that this is not only true for
239

Pu pro-

ducedfrom 23$Jbut for 241PUand 240Puas well. It was foundthat 23%, which

resultedin part frcin
239Pu decay,occurredin the samepositionsin the ore

as did 238U. A comparisonof uraniumand plutoniumsystematicwill be made

later;the primepurposehere is to ccmmenton the inanobilityof plutoniumat

Oklowith implicationsfor othersimilargeologicenvironments.

I. LOWTTFMPERATUREAND LOW-PRESSIJREAQUEWS ENVIRONMENT

It is convenientto discusslow temperatureand pressureenvironmentsin

termsof pH and Eh (theoxidationpotentialundernon-idealconditions)in the

presence,or possiblepresence,of water.

First,however,let us brieflysummarizethe assumptionsand necessary

equationsfor the Eh equation. As givenby Garrelsand Christ (1965]every

oxidation-reductioncan be written:

reducedstate= oxidizedstate+ ne– S

wheren = the numberof electrons(e-). The

is givenby:

corresponding

(c-1)

half cellpotential

(c-2) ‘

●

whereEh is the half-cellpotentialrelativeto the standardhydrogenelectrode

and EO is the standardhalf-cellpotential,i.e.,the voltageof the half-cell
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when the activitiesare unityfor all speciesenteringin the half-cellreactiom

In the aboveequation,R= gas constant(0.001987kcal/deg),T = temperate

(298.15”K), F = Faradayconstant(23.06kcal/volt-gram-equivalent).The free

energyof any reactioninvolvingoxidationor reductionis expressedby the

equation:

A% = nE°F,

and thusEO is relatedto the equilibriumconstantby:

EO = -~lnK,

For reactionsnot at standardstateconditions,we know that:

(c-3)

(c-4)

A%= A%+ RT1.nK, (c-5)

and similarlyfor the oxidationpotentialof a half cell reactionundernon-

standardstateconditions:

E=

whereE is

atmosphere

Eh=

As an

EO +-~lnK, (C-6)

writtenas Eh and referredto as the oxidationpotential. At one

pressureand 298.15Kwe thuswrite the equationfor Eh as:

EO + ~ logK. (C:7)

e-le of an Eh equationconsiderthe two hypotheticalreactions

givenbelow:

2NKI+H20 = h$03 + 2H+ + 2e- ,

#++2~0= M02+4H++2e-.

(C-8)

(c-9)
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The Eh equationfor Eq.(C-8)is:

Eh=EO+ 0.;59 ~ ~+)2,
(c-lo)

or

Eh=EO –0.059 pH, (C-11]

becausethe activitiesof solidspeciesand the electronare takenas unity.

For Eq.[C-9)we write:

Eh= (H+)4E“+-logfi *

and

Eh = EO + 0“059
--lOg* ‘0”0118pH’

and the EO termwillbe modifiedby

aqueousspeciesotherthan (H+)

AG~of the reactionis modified

The limi.ltsfor the aqueous

are

(C-12)

(C-13)

(.0s9)the= log —term. Thuswhen&

involvedthenthe # calculatedfromthe

accordingly.

environmentare set by the reaction:

2 H20 (liq.) = 2H2 (g)

which can rewritten in termsof the two half cell reactions:

2 ~0 (liq.) = 02 (g] + 4H+ 4e- ,

and

H2 (d = 2H++ 2e-,

(C-14)

(C-15)

(C-16)
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.

II

b

wherethe presenceof water is impliedfor Eq.(C-15)becauseof the presenceof

H+ion. The limitingboundariesfor the naturalaqueousenvironmentis thus

when PO = 1 atm and when PH = 1 atrnfor Eqs.(C-15)and(C-16),respectively.
2 2

Finally,beforeproceedingto aspectsof plutoniumchemistryin termsof

Eh and pH considerFigs.C-1and C-2 (fromGarrelsand Christ,1965). The formx

showsthe “normal”measuredrangeof Eh and pH in naturalwatersand the latter

is a convenientreferencefor an overallview of the aqueousenvironment.

II. GEUCHE311CALDATA FORS@lE PLUTONIUMSPECIESAND REACTIONS

My of the data for plutoniumspeciesand reactionsare summarizedby

Cleveland(1971),otherdata are fromLatimer(1961),and stillothershave

been calculated.As plutoniumchemistryhas been studiedmore extensivelyunder
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Fig.C-1.
Distributionof Eh-pHmeasurementsof natural
aqueousenvironments(fromGarrelsand Christ,1965).
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conditionsvery differentfroma low–temperatureand-pressurenaturalenviron-

ment,many uncertaintiesexistin the data. Thiswill be evidentwhen the

variousreactionsand the resultantEh-pHdiagramare discussed. The extremely

complexbehaviorof plutoniumunderhigh T and P conditionsin the presenceof

both strongelectrolytesand/ornon-electrolytes,oftenin water-deficient

systems,has allowedvariousinvestigators(sumarizedby Cleveland,ibid.)to

comnenton plutoniumsystematic in a rigorousfashion. By analysisof the

data,thosereactionsand datawhichare nmstprobablefor the naturalenviron-

ment can be tabulated. Considerthe followinghalf-cellreactions(allin

1 M HC1):

Valenceof

= EO Pu Product

PU3+ - PU4+ + 0.914 v Iv

~3+
- Puo;+ + 1.0238V VI

~4+_m+
+ 1.1895V v

~4+
- PU:2+2 + 1.054 v w

PU02+-PU022+ + 0.9122V VI

Someof the complexitiesfor the aboveset of data are immediatelyapparent.

For example,Pu(V) can existundercertainconditionsat EO valueslowerthan

thoseat which

lished,and an

3Pu(IV)+

Pu(IV) is stable. The disproportionationof PU4+ is well estab-

importantnet reaction(Cleveland,1971)is:

2H20= 2Pu(III)+ 4H+ + Pu(V). (C-17)

Pu(VI)is notedin some experiments,but Pu(IV)is apparentlyalwaysthe domin-

ant speciesbelowan oxidationpotentialof approximately0.9V, and its abun-

danceis enhancedas a functionof increasedradioactivity.This last fact is

importantwith referenceto Olclobecauseof the formtion of 239Pufrom 238U.

Thus a “firstapproximation”Eh-pHdiagramconsidersonly Pu(IV)as re-

ducedand Pu(VI)as oxidizedspecies. The relevantdata are:

●

●

.

a
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SP!@?s AGOf (kcal/m) References

PU02 -240.4 Cleveland(1971)

~(~) 4 -340 Latimer(1961)
~4+

– 118.3 Latimer(1961);also calctd.
2+

‘z -183.5 Iatimer(1961);also talc’d.

PU02(C03);- – 455.6 talc’d.(Brookins,unpub.)

Freeenergydata for non-Pubearingspeciesmay be obtainedfromRobieand

Waldbaum(1968). The reasonfor selectingthe five specieslistedaboveis pri-

marilyto constructan Eh-pHdiagramequivalentto that for the U-C-H-Osystem

(Fig.A-1).This appearsfeasiblefor the oxides,hydroxides,Pu(VI),and Pu(IV)

species;but Pu02(C03)~–is the only carbomte complexof Pu considered

similarto uraniumdicar-bonateor tricarbonatespeciessincethe basicPu-car-

bonatecomplexes(Pu02C030H)- md (Pu02C03(OH)z)2- are not stable~ the

Eh-pHstabilityfieldfor water.

The firsttwo Eh-independentreactionsto be consideredare:

P@z + 4H+ = PU4+ ~+ 2 0 ; Kso =10 –6.2
9 (C-18)

1

and

PU(OH)4
. ~4+ + 4(oH)- ; Kso = 10-52 .

2
(C-19)

For Eq. (C-18),if an activityof 10-8
4+

molal(m)is assumedfor PU thenpH is

determinedto be 0.45.
If the ~4+

activityis increasedthenthe pH dropsto

evenmore acidicconditions. l-l
For

7xlo-56

pH= 3.
. pH limit

_@u4+)=
●

relative

Eq. (C-19),thereis someuncertaintyfor Kso ; valuesfrom 10-” to
2

beinggivenby Cleveland(1971). For the former,POH = 11 ~d hence

Thus 3 maybe usedwith a reasonabledegreeof confidenceas an upper

for the possibledissolutionof Pu-oxideor Pu-hydroxidewith

10–8 . Fromthe data givenin the previoustable,PU02 is stable

to PU(OH)4;

~ (OH)4
+9.8

=Pu02+2H20; K3=10 ● (C-20)
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Fig. C-2.
Approximatepositionof somenaturalenvironmentsas
characterizedby Eh and pH (fromGarrelsand Christ,1965).

ThUSmy PU(W)4 whichmightform in naturewill age to PU02;thisbehavioris

exactlyanalogousto Fe(OH)3agingto Fe203.

The onlyotherEh-independentreactionto be consideredis:

\

Puo:+ + 2(co3)2– = Puo2(co3);- ; K4 = 10+14”9.
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*

From

with

the seconddissociationconstantforH2C03a pH valueof 5.8 is calculated

PU022+on the low pH side.

The onlypH-independentreactionis:

PU02= PuO~+ + 2e- ,

forwhichEO = 1.23Vbut with (Pu4+)= 10-8, Eh= 0.99.

For Eh-pHdependentequationswe consider:

PU4+
% 22+ ‘ 4H+ + 2e- $

+20=PU0

’02 + 2H2c03= ’02 ‘c03): + 4H+ + 2e– ~

PuOz + 2HCO~ = PU02(C03):- + 2H+ + 2e- .

(c-22)

(C-23)

(C-24)

(C-25)

For Eq.(C-23)Eh = 1.04 - 0.118pH, as the activitiesof the dissolvedplutonium

speciesare equal;for Eq.(C-24)the Eh = 1.60 - 0.l18pH, and for Eq.(C-25)we

calculatedEh = 1.22 - 0.059pH. For both Eqs.(C-24)and(C-25)the activityof

PU02(C03);- is assumedto be 10-8m and totaldissolvedC02 (asH2C03or HC03–,
–2mrespectively)as 10 . Varyingeitherassumedmolalitywill not changethe

slopebut will very slightlychangeitsposition. In actualitythe activityof

H2C03decreasesand the activityofHC03– increasesas the equilibriumpH of

6.4 betweenthe two is approached,but this is omittedfor the Eh-pHdiagram

(Fig.C-3).In any event,the curvatureis so slightthat its omissiondoesnot

seriouslyalterthe boundariesshownin Fig. C-3.

III.APPLICATIONOFTHE Eh-pHDIAGRAMSFOR Pu-C-O-HAND U-C-O-H-Si
SYSTEMSm OKLO

Fig.C.3showsthatPu02is stableover almostthe entirestabilityfieldof
4+

water;onlyunderextremeacid conditions,pHcl for Pu , or possiblyunder

extremelyoxidizingbasicconditions,for (puOz(C03)2- ) near the upper’stabil-

ity limitof water,are aqueousspeciesstable. It is noteworthythat there

existsno “PM” analogfor UDC (uranylbicarbonateion; (U02(C03)2(1-$o))2- ).

This is no doubtdue to the factthatPu02(C03)2- very nearlyfallsoutsidethe

stabilityfieldof waterand, in view of the uncertaintiesof the thermochem-

icaldata for thisspecies,thismay well be the case.
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Fig.c-3.
Eh-pHdiagramfor the Pu-C-H-Osystem
at standardtemperatureand pressure.
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ComparingFigs.A-l and C-3 one notesthatU (Iv)as eitherU020rUSi04may

oxidizeto U (VI)in (U02)2+,UDC, or ~C dependingon theEh-pHconditionsbut

thatPu in PU02will not. It is significantthatnot only 239Pubut 240Puand
241

Pu are consideredto have remainedwithinthe interiorsof Oklourananite

grains(Frejacqueset al..,1975)evenwhen someuraniumremobilizationoccurred.

This shouldbe the case as almostidealdiadochyexistsbetweenU02 and PU02

(Levinet al., 1969). orilybymechanicaldisintegrationand possiblecolloidal

transportcouldeven smallamountsof Pu be mobilized.

considermobilizationby organo-plutoniumcomplexes,as

contentof the Oklo reactorzonesis exceedinglysmall.

IV. APPLICATIONSOF PuEh-pH DIAGRAMTO(YI’HERSITES

Theseargumentsdo not

the organiccarbon

WhileFig.C-3.ccmvenientlyexplainsthe retentionof plutoniumatOklo it

shouldbe emphasizedthatthisdiagramis, in theory,applicableto any aqueous

systemprovidedthatthe abundanceof organiccarbonis low. In fact,the

diagrammay evenapplyfor organic-richaqueoussystemsbut this cannotbe

testedat presentdue to lackof data.

For possiblegeologicisolationsite selectionfor plutonium,it is clear

thatattentionshouldbe placedon rockwith low totalorganiccarbonand

which is buffered(byCaC03,for example)such thatpH is maintainedwithinthe

ratherbroadlimitsof 5 to 9. Thesecriteriashouldnot be difficultto

realize.Z ;
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