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1. Introduction

Overthe last30 years,unconformity-typeuranium
depositshavebeeninvestigatedextensively.Many of
thesedepositshavecommoncharacteristics,suchas:
I) theirpreferentiallocationat theunconformities
betweensiliciclastic sedimentsandolderbasement
gneisses;2) their primaryageofformation(Le. 1700to
1300Ma); 3) their spatialassociationwith graphitic
pelitic gneisses;4) their associationwith variably
reactivatedshear/faultzones;5) their overallhigh-
gradeore of up to 15.9percentU; 6) their primaryand
secondarymineralogy;7) their extensiveclay
alterationandhydrothermalbleaching;8) their
multiple uranium remobilizationagesrangingfrom
1300Ma to Recent;and9) their precipitationfrom
warm(1500 to 250°C)salinebrineslinked to basin
diagenesisandfluid mixing.

Many theorieshavebeenproposedto explainthe
formationof unconformity-hosteduranium
mineralization.Thosein theearly 1970sadvocated
paleoweatheringor erosionalorigins for the
mineralization.From 1978onwards,mostresearchers
haveadvocateda variantof the diagenetic-
hydrothermalmodelproposedby HoeveandSibbald
(1978).This modelrequiresthemixing of highly saline
basinalfluids with variably reducedbasementfluids at
temperaturesnear200°C.Since1984,modificationsof
the diagenetic-hydrothermalmodelshowthattransport
andprecipitationof uraniumis coupledto basin
paleohydrology,large-scalereactivatedbasement
structures,fluid flow, andphysiochemicaltraps(Hoeve
andQUirt, ] 984, 1987;Wilson andKyser, 1987;
KotzerandKyser, 1991, 1992,1995;FayekandKyser,
1997;Quirt, 1997).Many constraintsto the model
remainunsolved,however,including: establishingthe
initial emplacementageoftheuranium,the source(s)
of uranium,the source(s)of the associatedmetals(e.g.
Ni, Co, Cu, Pb,Zn, andAu), andthe compositionof
the fluids transportingandprecipitatingthe uranium.

Anotherunresolvedquestionis the role of graphiteand
carbonaceousmatterin the formation of an
unconformity-typeuraniumdeposit.Hoeveand
Sibbald(1978)suggestedthat the destructionof
graphiteandthe formationof hydrocarbonssuchas

bitumenbuttonsandmethanewasthemain reducing
mechanism.More recentwork, on the basisof isotopic
constraints(Kyseret al., 1989)andgeochemical
modelling(Kominou andSverjensky,1996),suggested
thatgraphiteis not a necessaryingredientin the
genesisof unconformity-typedeposits.However,all of
the larger,high-gradedepositsin the AthabascaBasin
(e.g.Key Lake,CigarLake, andMcArthur River (P2
andP2 North), Figure 1) arespatiallyassociatedwith
graphiticconductorsandcontaincarbonaceousmatter,
suchashydrocarbonbuttons.

The purposeof this paperis to documentthe
occurrence,petrography,chemistry,age,andformation
ofuranium-bearingcarbonaceousmatterfrom the
McArthur River unconformity-typeuraniumdeposit.
An additionalobjectiveis to presentthe fluid-
geochemical-uraniumremobilizationhistory recorded
in the carbonaceousmatter.

2. Local Geology
The McArthur River uraniumdeposit(P2 and P2
North) is situatedin thesoutheasternpartof the
AthabascaBasin(Figure I), approximately70 km
northeastof the Key Lake mine and95 km southwest
of themined-outRabbitLake uraniumdeposit.The
Archean/Paleoproterozoicbasementcomprises
supracrustalandgranitoidrocksof thewestern
WollastonDomainnearthe boundarywith the
Mudjatik Domain.

Recently,thegeologyandlithogeochemistryof the
deposithasbeendocumentedby McGill et al. (1993)
andMcGill (1996).A southeast-dippingreversefault
with a vertical displacementof ca. 80 m is the main
structuralcontrolofthedeposit(Figure2). The
footwall basementrocksarecomposedof psammitic
gneisses,psammopeliticgneisses,andmeta-quartzites,
whereasthe hanging-wallbasementrocksare
composedmainly of shearedgraphiticpelitic gneisses,
andgraphite-richcataclasitesandbreccias.Within
adjacentrocksof the overlyingAthabascaGroup,
broadzonesof fracturingandbrecciationare
developed.Most of the uraniummineralizationis
locatedat depthsof 500 to 570m adjacentto the thrust
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3. MegascopicDescription
of CarbonaceousMatter

Thestudiedcarbonaceousmatter
comesfrom the 8240crosscutat
the 530m level belowsurface.It
is found within the tectonic
mobile zoneof the overthrust
basementhangingwall at
McArthur River. The
carbonaceousmatteris black,
dull, anduranium-bearingwith a
characteristichydrocarbonsmell.
Thevolumeof carbonaceous
matterhasnot beenascertainedas
drilling hasconcentratedon
delineatingthe extentof uranium
mineralization.

4. Petrographyof
CarbonaceousMatter

The accumulationsof
carbonaceousmatterarespherical
to bulbousin shapeandvary
from 5 mm to 3 em in size.
Examinationby scanning
electronmicroscopyrevealed
mostaccumulationsarea series
of coalescedsmallernodule-like
massesthat are in the orderof
500 J..lm in size(Figure3). In
contrast,at leastone
accumulationis not composedof
coalescednodules,but instead
comprisesa singlenodule,which
is zonedinto a seriesof
progressivelyyoungershells,
(which alternatebetweenbeing
uranium-richanduranium-poor).

Similar to Phanerozoicbitumen
nodules,the carbonaceousmatter
at McArthur River is commonly
segregatedinto inclusion-poor

andinclusion-richdomains.

The inclusionswithin a singleaccumulation,and in
manyexampleswithin a singledomain,of
carbonaceousmatterarenot homogeneousin size.
They vary from 1 to ｾＵＰ J..lm in diameter.andconsistof
a variety of mineralsincluding both uramu;n-fr:eand.
uranium-bearingvarieties.ThesearedescnbedIn detail
within subsequentsectionsof this paper.

Threeseparatestylesof inclusion-poordomainsｾ ｡ ｮ be
recognized:(1) thosewithin the smallernodule-hke
masses;(2) thosesurroundingthe individual ｾ ｯ ､ ｵ ｬ ･
masses;and(3) thosethatoccurascross-cut1;mg
veinlets,which generallyareabout50 11m WIde, and
haverazorsharpmargins(Figure4). The first typeof
domain is attributedto a later influx of hydrocarbon-
type materialalongcrackswithin the older

Figure 1 - Location olthe main uranium deposits in ｴｾ･ Athabasca Basin. VRSZ,
Virgin River Shear Zone; WL, Wollaston Lake. LocatIOns 12and 13 are the McArthur
River tleposit.

fault contactbetweenAthabascaGroupandbasement
rocks(McGill et al., 1993;McGill, 1996).A second
podof mineralization,known asthe 'pelite
mineralization' hasbeendiscoveredrecentlyalonga
deeperpartof the fault structure,within pelitic gneisses
thrustovermeta-quartzites.

The McArthur River uraniumdeposithas
characteristicsdifferent from otherdepositsin the
basin.First, is the nearabsenceof a hydrothermalclay
alterationhalo, which is typical in mostotherdeposits
(Marlatt et al., 1992).Secondly,unlike manyofthe
othermajordeposits,thereis no significantNi-Co
mineralizationassociatedwith the uranium(Marlatt et
aI., 1992).Thirdly, the depositis situatedat depthsof
500to 700 m, which is the deepestdepositfound so far
in the easternAthabascaregion (McGill et aI., 1993).
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In places,usuallynearthe
margin,thecarbonaceous matter
exhibitsa 'flow-like pattern',
with the carbonaceousmatter
engulfingroundedquartzgrains.
The latterare interpretedto
representremnantsof the host
rock. Theseflow-like patternsare
interpretedto haveformed prior
to polymerization,while the
carbonaceousmatterwaseitherin
a liquid or in a semi-gelatinous
state.

within Phanerozoicthoriferous
bitumennodules(Monson, 1993;
VealeandParnell, 1996).These
cracksrepresentshrinkagecracks,
which aretheresultofthe
contractionof the hydrocarbon
from a liquid throughgel-like
substancesto solid bitumen
(RasmussenandGlover, 1990).
Somecracksarefilled by pyrite
andkaolinite,whereasothersare
openandunfilled. The formation
of cracksor wideningofpre-
existingonesduringpolishing
cannotbeprecluded.Thosethat
are infilled, however,cannotbe
explainedaspolishingartifacts,
thereforeareconsideredprimary
in origin.
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Theserelationshipssuggestthere
wereat leasttwo, or possibly
three,separatehydrocarbon
migrationevents,aswell asa
numberof uraniumprecipitation/
remobilizationevents.This
providesthe first indicationof the
deposit'scomplexfluid-
geochemicalhistory.

Figure 2 - Detailed cross-section o/the McArthur River uranium deposit along line
78+50N (modified/rom Marlatt et al., 1992).

5. Uranium-freeInclusion
Mineralogy

polymerizedcarbonaceousmatter.Thesecondis also
attributedto a later influx of hydrocarbon-typematerial
aroundeachnoduleinto the void createdby the
contractionof thecarbonaceousmatterafter initial
swelling. Thesetwo domainsmayrepresenteitherthe
lastvestigeof materialfrom the first migratoryevent
or asecond,unrelatedevent.This is in contrastto the
third domain,which is envisaged,on the basisofthe
sharp/distinctmarginsandits linearplan,to bedueto a
laterdistinctveiningevent.

Many of the nodulesarecrosscutby largecracksor
fissures.Thesearecomparableto the cracksobserved

Thecarbonaceousmatterfrom
McArthur River containsa varietyof non-radiogenic
inclusions,includingquartz,titaniumdioxide,galena,
pyrite, clay minerals,andgold.

a) Quartz

Quartztypically occursaslessthan 10 J!m-sized
irregularly-shapedinclusions,which are located
preferentiallyeither in the centeror nearthe edgeof
thenodule.The quartzinclusionsin the centerof the
nodulerarelycontainuranium-bearingmicro-
inclusions.
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Figure 3 - Secondary electron micrograph ofcoalesced
nodule-like masses ofcarbonaceous matter.

Figure -I - Back-scattered electron micrograph showing the
segregation ofnodule-like masses into three distinct
inclusion-free domains: (1) intra-nodule domain; (2)
domain surrounding the nodule; and (3) cross-cutting
veinlet domain.

The inclusionsat the edgeof the noduleare interpreted
to representthe vestigesof the siliciclastichostrocks.
Theorigin of quartzinclusionsin the centreof the
grainsis moreproblematic.At leastsome,thosethat
containuraniferousmicro-inclusions,areprobably
authigenicin origin. Theseinterpretationsfor the
quartzinclusionsareconsistentwith observationsof
McGill et al. (1993)who notedtheoccurrenceof both
euhedralquartzgrains(authigenic)andfragmentsof
angularsandstone(detrital)within theuranium
mineralization.

b) Titanium Dioxide

Titanium dioxide inclusionsaregenerallylessthan
25 Ilm in sizeandtendto occurwithin the coreof the
carbonaceousaccumulations.Sometitaniumdioxide
inclusionscontaina micro-inclusionassemblageof
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uraninite,uraniumtitanite andgalena(Figure5). In
addition,they arepartially rimmedby pyrite.

Two theoriesconcerningtheorigin ofthetitanium
dioxide inclusionsareconsidered:(I) theyrepresent
the vestigesof metasedimentarytitanium dioxide
grains;and(2) theyrepresentsmallauthigenictitanium
dioxidegrains,which areeithertheresultof a distinct
diageneticevent,or theselectivedissolutionand
reprecipitationof anantecedentminerale.g. ilmenite.

A metasedimentary originfor the titanium dioxide
inclusionsis precludedby thepresenceof uranium-
bearingmicro-inclusionswithin the grains.
Consequently,anauthigenicorigin is favored.

If the individual titanium dioxidegrainsweretheresult
of adistinct diageneticevent,then theywould be
expectedto be distributedthroughoutthe
accumulations,ratherthan localizedwithin specific
domains,which is the caseat McArthur River.

Their locationwithin thenoduleandspatial
relationshipto eachothersuggeststheyrepresentthe
remnantsof the selectivedissolutionand
reprecipitationof a precursorFe-Ti mineral,whose
constituentelementswereonly mobileovera small
area,hencewereonly locally reprecipitated.Pyrite
rims aroundtitaniumdioxidegrainshelpselucidatethe
remobilizedsiteof the iron. By comparison,Hoeveand
Quirt (1984)describedetrital Fe-Ti from theManitou
Falls Fonnation(MFa+b), in otherpartsof thebasin,
which havebeenalteredin a similar way.

c) Galena

Galenaoccursaseither: (1) distinct individual micro-
inclusionswithin thechlorite corepresentin some
carbonaceousaccumulations;(2) micro-inclusions
within titanium dioxide inclusions;(3) euhedralcubic

Figure J - Back-scattered electron micrograph oftitanium
dioxide grains (Ti) containing uranium-bearing inclusions
(U), partially surrounded by pyrite (Py) within the chlorite
core ofa carbonaceous accumulation.
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grainswithin the carbonaceousmatter;and(4)
irregulargrainsin associationwith the pyrite lattices.
Basedon morphology,the galenais interpretedto be
authigenicin origin, the resultof the remobilizationof
radiogenicPb from parageneticallyearlieruranium-
bearingminerals,possiblyprimaryuraninite.

d) Pyrite

Pyrite, themostcommon radioelement-freeinclusion
in the carbonaceousmatter,occursin a variety of
morphologies:(1) aseuhedralcubicor octahedral
inclusions(5 to 10 Jim in size)(Figure6); (2) as lattice-
like trelliseswhich mayreachup to Imm in sizeand
are intergrownwith galena;(3) as irregularly-shaped
grainsthatareinterstitial to the carbonaceousmatter;
(4) ascross-cuttinglaths in clay minerals;(5) asrims
aroundtitaniumdioxidegrains(Figure5); (6) asan
accumulationthatactsasa cementfor quartzgrains;
and(7) as lath-like grainsintergrownwith
radioelement-bearinginclusions.

e) Clay Minerals

Two different typesof clay mineralsarepresentin the
carbonaceousmatter.The first, kaolinite, usuallyforms
veinlets that infill manyof the shrinkagecracks.This
suggeststhat theyarenot inclusionssensu stricto, but a
post-bitumenphenomena.The second,chlorite,occurs
within thecentralcoreof someaccumulations,in
associationwith quartz,pyrite, titanium dioxide,
galena,anduraninite.This chlorite is interpretedto
haveformed early in the parageneticsequence.
Similarly, McGill et ai. (1993) identified chlorite in the
coreof botryoidaluraniniteat McArthur River.

t) Apatite

Apatitecrystalsarerare inclusionsin the carbonaceous
matter. Wherepresent,they occurassmall (10 to
20 j..lm), euhedral,elongate,hexagonalcrystals,or as
elongate,tabularcrystals(Figure6). Thesecrystalsare
normallyassociatedwith octahedralpyrite. Basedon
their euhedralmorphologyandoccurrence,the apatite
inclusionsareinterpretedto beauthigenicin origin.
This is the first recordedoccurrenceof authigenic
apatitewithin theMcArthur River deposit.

g) Gold

]n onesample,threesmall (2 to 311m)grainsof gold
wereobserved.Thegrains werefound closeto pyrite
in chlorite inclusionsin the coreof a carbonaceous
accumulation.Basedon its relationshipwith thepyrite,
the gold is interpretedto be earlyauthigenicin origin.
Althoughrare,this occurrenceof gold within the
bitumenis not unique.PreviouslyMcGill et af. (1993)
describedgold grainsin chlorite in a singlepolished
thin sectionfrom McArthur River.

h) Absenceof Ni-Co Sulpharsenides

Unlike the carbonaceousmatterof the Key Lakeand
Cluff Lake deposits(HoeveandQuirt, 1984),no Ni-Co
sulpharsenidemineralizationis presentwithin the

l!4

carbonaceousmatterfrom McArthur River. McGill et
ai. (1993)andMarlatt et ai. (1992)suggestedthatsuch
elementsdo not occurin sufficientquantitiesto allow
for the formationof morethantraceamountsof these
mineralsin the P2 North deposit.

6. Uranium-bearingInclusions

a) InclusionVarieties

Euhedra]Inclusions

Euhedralcubic uranium-bearinginclusionsof 30 to
50 11m width arecommonlyobservedwithin the
carbonaceousmatter(Figure7). The marginsof the
grainsaretypically corrodedandscalloped.Internal

Figure 6 - Back-scattered electron micrograph of
octahedral pyrite (Py) and apatite (Ap), associated with
quartz (Q) and phyllosilicates (P), within carbonaceous
matter (eM).

Figure 7 - Back-scMtered electron micrograph ofa
shattered cubic uranium-rich inclusion (U), surrounded by
a star-burst inclusion pattern (SB) within carbonaceous
matter (eM).
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crackingof manycrystalsis evident,with the cracks
filled by carbonaceousmatter.Somegrainsare
complctelyshattered.

Fine-grainedInclusions

Fine-graineduranium-bearinginclusionsform micron-
sizedspecks(Figure8), which, wherepresent,tendto
occurin greatabundance,suchthatwhenviewed in the
scanningelectronmicroscopeat low magnification
(x 65), they createa dust-likeappearance.Thesegrains
areneitherspatiallyrelatedto any largergrain, nor are
thereany ghost-grainsvisible. Theseinclusionsare
similar in appearanceto the micron-sizedarrayof
inclusionsthat arepresentin bothuraniferousand
thoriferousbitumennodulesfrom the Phanerozoic
(Vealeand Parnell, 1996;McCreadyandParnell,
1998).

Two scenariosareplausiblefor the formation ofthese
inclusions:(1) digestion/extremefracturingof a former
largereuhedralgrain;and(2) precipitationfrom an
urano-organiccomplex.A digestiveorigin is rejected
on the basisof both theregularity in sizeof the
inclusionsandthe lack of aghost-grain.A precipitative
origin hasbeensuggestedby a numberofworkers(e.g.
Rouzaudet af., 1981;Parnell,1988;Eakin andGize,
1992)as the formationalmechanismfor uraniferous
hydrocarbonsassociatedwith a varietyof deposits.
Rouzaudet af. (1981)haveshownthat it is possiblefor
uraninitecrystalsto precipitateout ofurano-organic
compoundswith increasingtime andtemperature.
Parncll(1988)contendsthat the annulararrayof
uraninitecrystalsseenin hydrocarbonsis more
consistentwith an exsolutionprocessthanoneof
replacementof a largergrain. Eakin andGize (1992)
suggesta two phasemechanism:(1) a pre-
concentrationstageinvolving the formationof urano-
organiccomplexes;and(2) a concentrationphase
involving thereductionof mobileU6

+ to immobileU4+.

This reductionis thoughtto be the resultof the

Figure 8 - Back-scattered electron micrograph ofa close-up
view offine-grained uranium-rich inclusions, creating a
dusty appearance.
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presenceof sulphidespecies,which areabundantin
systemsstUdied,actingasreductants(Eakin andGize,
1992).At McArthur River, eitheran earlierphaseof
pyrite or bitumencouldhaveactedasthe reductant.

I rregularInclusions

This term is employedasa 'catch-all'groupingfor all
the inclusionsthatareneithereuhedralor fine-grained.
Theseexhibit a variety of shapes,rangingfrom
elongaterectangularinclusionsto irregularchunky
inclusions.Many of thesegrainsexhibit exterior
surfacecorrosion,to form whatVeale(1997)terms
'karsticweathering'.The 'karsticweathering'of these
exteriorareasis thoughtto provideat leastsomeof the
uraniumthat is incorporatedinto theproposedurano-
organiccomplexes.

b) Textures

Relict Colloforrn Textures

Somenodulesconsistof concentricallyarranged
layers,that aretypically -0.5 to 1.0 mm thick. Three
main typesof bandingaredistinguished:(1) fine-
grainedbands,(2) coarse-grainedbands,and(3)
radially-patternedbands.More thanonesetof bands
maybe presentin thesamearea.The interstice
betweeneachgroupof bandsis filled by pyrite. This
featureis interpretedto bea relict colloform or
botryoidaltexture,which is still preserveddespitethe
introductionof hydrocarbon/bitumen.Theoccurrence
of morethanonesetof layerssuggeststhat several
nucleationsitesarepresentin the samearea.This relict
structureis interpretedto be comparable,in
parageneticterms,to the early colloform
uraninite/pitchblendedescribedby McGill et af.
(1993).

BlasenblendeTextures

Some,or partsof some,bitumennodulesconsistof a
seriesof circular to lobate-shapeduraniferousblobsor
pods.The podsrangein size,reachinga maximumof
-200 J.!m in diameter.The individual podsaretypically
sphericalin outline,althoughtherearemanydeviations
from this shape.Thesepodsare interpretedasthe
remainsof small botryoidaluraninites,alsoreferredto
as 'blasenblendes'.Fracturingof the podswas
probablycausedby the migration,polymerization,and
subsequentswelling of carbonaceousmatterin internal
cracks.

Volcano-likeStructure

[n onenodule,inclusionsarearrangedin a radial strip-
like configurationaboutwhat appearsto be acentral
'vent'. Eachstrip rangesfrom 50 flm to morethan
200 ｾ ｬ ｭ long and 10 to 30 flm wide; manyof the
individual stripshavecoalescedto form largerstrips.
Theseuranium-bearinginclusionsare intergrownwith
pyrite. This style of inclusionassemblageis termeda
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phase.This alterationis dueto the introductionof Ca-
REE-P-bearingfluid(s) andthe removalof uranium
andpossiblyleadfrom the system.The highly inverse
relationship(r valueof -0.94) betweenVOz+PbOand
CaO+LREEzOJ+PzOs+SiOzis interpretedto bea good
indicationof theprocessinvolved(Figure9); the
differencebetween-0.94andan ideal valueof -1.00 is
dueto thepresenceof HzO andminor quantitiesof
otherelements(e.g.Alp! andFeO).The V-O-Pb-
bearingphaseis interpretedasprimary uraninite.The
V-Ca-REE-P-O-bearingphaseis interpretedasa
secondaryuranylphosphatemineral.This mineral
groupconstitutes,by far, the mostdiversegroupof
uranylminerals,with over45 speciesdescribed(along
with the structurallyrelateduranylarsenates,the total
approaches80) (Dahlkamp,1993).Theuranyl
phosphatesare interpretedasan autunite-likemineral.
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Figure 9 - Bivariate plot ofU01+PbO versus
SiO]+Cao+Pps+REEPJ for inclusions within
carbonaceous matter.

'volcano-likestructure',dueto its resemblanceto an
aerialphotographof an activevolcano,with the
'centralvent' beingfilled by carbonaceousmatter.

Star-burstPattern

Many inclusionsaresurroundedby a seriesof micron-
scalespecksthatarearrangedin a 'star-burstpattern'
(Figure7), thatextendsup to 30 llm awayfrom the
coreinclusion.This featureis not restrictedto any
particularvarietyof inclusion.

Basedon the chemistryof the inclusionsandtheir
associations,it is proposedthatthe inclusionsrepresent
a progressivechemicalalterationfrom aV-O-Pb-
bearingphaseto a V-Pb-REE-Ca-P-Si-O-bearing

Table 1 - Representative electron-microprobe analysis (wt %) ofuranium-bearing inclusions in carbonaceous matterfrom
McArthur River. H]O is assumed to account for most ofthe balance; ND, not detected.

7. Geochemistry

The inclusionsarecomposedof varying amountsof V,
Pb,Ca, Si, Fe, P, and REEs.Representativeanalysesof
the minerals are displayed in Table I. The tenn
LREEPJ representsthe total of ｌ ｾ ｏ ｊ Ｇ CezOJ, YPJ,
andNdzOJ. Correlationof the variousoxideshighlights
someinterestingchemicalassociations:(I) VOzclearly
shows a highly inverse relationship with PzOs (r=
-0.88),LREEPJ(-0.85)andCaO(-0.81); and(2) PzOs
clearly shows a highly positive relationship to
LREEzOJ(+0.83)andCaO(+0.67).

8. Discussion
Basedon theeuhedralmorphologyof manyinclusions,
andthepresenceof bothcollofonnandblasenblende
textures,the initial uraniummineralizationis
undoubtedlyauthigenicin origin. Theoccurrenceof
the fine-grainedinclusions,thestar-burstpattern,and
karsticweatheringtexturesare interpretedto have
fonnedfrom thedissolutionandremobilizationof
uranium.

Analysis6:
autunite-like

Analysis4: rim arounda
Analysis2: Analysis3: autunite-likerim Analysis5: primary coreof

irregular inclusion euhedralcubic arounda primary irregular uraninite(very
Analysis1: (immature inclusions coreofuraninite inclusion mature

euhedralcubic alterationstage) (intermediate (maturealteration (intermediate alterationstage)
inclusion includes0.64% alterationstage) stage)includes alterationstage) includes1.32%
(immature AI,O" and3.07% includes0.78% 0.49% Alp, and includes0.71% SO,and 1.23%

alterationstage) FeO Ti02 1.34%Ti02 SO, FeO
Sia, 3.65 2.70 0.80 ND 098 NO

P20S NO 1.87 7.58 22.8 8.75 42.69
CaO 3.31 3.26 2.84 6.93 3.80 10.37

Ce20, NO NO 1.52 6.59 0.90 6.34
La2O, 0.54 NO ND 1.17 0.90 1.02

NdPJ NO 0.63 2.19 7.12 1.82 10.11

VPJ 1.53 0.67 2.03 4.05 NO 6.81
Th02 NO ND NO ND ND ND
U02 81.23 79.35 69.76 24.12 78.17 11.59
PbO 4.9 2.71 3.68 0.36 1.13 0.00
Total 95.14 94.90 9U8 74.97 97.16 91.48
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Oneproblemwith understandingthe alterationprocess
is the REE content,asautunitedoesnot generally
containREEs(Robertset al., 1987).Hencethe useof
the term autunite-like.

Basedon the varietyof inclusionchemistries,alteration
of primaryuraninitewasirregular. In someinstances,
alterationis apparentaseithera subtledifferencein
brightnessandcontrastwithin onegrain,or asa
distinct rim of autunitesurroundingacoreof uraninite.
Thesevarietiesareinterpretedto representexamplesof
immatureandmaturestagesof alteration,respectively.
In the majority of cases,however,thealterationis
cryptic in nature,only distinguishableby meansof
electronmicroprobeanalysis.

The autunite-likealterationof uraninitein
carbonaceousmatterat McArthur River is uniqueon a
mineo,basin-,andglobal-scale.The alterationof
uraninite,notwithin carbonaceousmatter,to various
secondaryuraniumminerals, includingautunite,
however,hasbeendescribedby variousworkers(e.g.
Wronkiewiczet aI., 1992;Finch andEwing, 1992;
FayekandKyser, 1997).

Oneproblemwith the proposedalterationprocessis
themobility of REEs.Someworkers(e.g.Fleet, 1984;
Howard, 1985)reportthatREEsareessentially
immobile duringdiagenesisandmetamorphism.
However,theobservationsmadein this studyand
thosemadeby otherworkers(e.g.Rasmussenand
Glover, 1994;Morton andHurst 1995;Lev et aI.,
1998)suggestthat REEsaremobile duringdiagenesis
andmetamorphism.

Thereis little evidenceasto thesourceof the REEs.
The dominantcontrolson theremobilizationand
redistributionofREEs,however,arerelatedto
mineralogicalchangesin monaziteandrhabdophane,
crandallite-groupminerals,xenotimeandchurchite,
apatite,anduraninite(McCready,1999;McCreadyet
aI., 1999).Suchprecursormineralsarepresentwithin
leucogranitesandpegmatitesin thebasement
(Annesley andMadore,1999;Annesleyet al., 1999).
This suggeststhat the REEsarepossiblyextra-basinal
in origin (i.e. basement-derived).

Concerningthe transportof REEsduringdiagenesisor
metamorphism;trivalent REEandY exhibit strong,
predominantlyelectrostaticcomplexingwith 'hard'
ligandssuchasfluoride, sulphate,phosphate,
carbonate,andhydroxide.Complexationwith chloride
andnitrate is moderatelyweak,andwith ammoniaand
bisulphideis extremelyweak(Wood, 1990).Basedon
thermodynamicdata,whereLn signifies: the REE;
sulphatecomplexesLnSO/ andLn(S04)2'; the fluoride
complexesLnFJo, LnF2+, andLnF2+; the nitratecomplex
LnNO/+; the chloridecomplexLnCP+; thecarbonate
complexesLnCO/, Ln(C03)i' andLnHCO/+; andthe
phosphatecomplexLnH2P04 \ haveall been
demonstratedto exist(Wood, 1990).The REE
complexingligand is dependenton pH: thesimple ion
andsulphatecomplexesdominateat acidic pH; and
carbonatecomplexesarepredominantat near-neutral
conditionsto basicpH (Wood, 1990).
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Phosphateligandsattain importancewherethe
concentrationof phosphorusis somewhatanomalous
comparedto Wood's(1990)modelgroundwater
(LP04

2
• = 10.6). Thepossibilityof a phosphateligand is

enhancedthroughthenatureof mineralogical
transformations;most, if not all, of the importantREE-
bearingmineralscontainsignificantamountsof
phosphorus,thusany mineralogicalbreakdownwould
releaseanomalousamountsof dissolvedphosphateinto
thesystem.This suggeststhatphosphateis likely to
havebeenthe dominantcomplexingagentin the case
of the McArthur Riverdeposit,with thephosphate
ligand beingincorporatedinto the autunite-likemineral
asphosphorus.

Therelativetiming of the P-Ca-REEalterationmustbe
prior to or coevalwith the introductionof hydrocarbon.
The latestdatefor thealterationeventis immediately
prior to thepolymerizationof thebitumen.If the
alterationeventwaspost-hydrocarbonpolymerization
in age,thebitumenwould haveshieldedtheuraninite
from laterchemicalalteration.This wasthe casein the
Witwatersrand,wherethe uraniniteinclusionswithin
the carbonwerenot subjectedto thebranneritization
alterationevent,which occurredafter the introduction
of the carbon.

9. ChemicalAge Dating

Aggregatechemicalagedatingfor a numberof
inclusions,calculatedby themethodof Bowles(1990),
aresummarizedin Figure 10. The calculationsyielded
ages,rangingfrom 80 to 1997Ma, with a meanof
435 Ma. This ageis markedlyyoungerthanthe
availableprimary isotopicagesfor McArthur River of
1521 and 1348Ma (CamecoCorporation,1990,
internalrep.), 1514Ma (CummingandKrstic, 1992),
and 1444Ma (KotzerandKyser, 1992).All the
chemicalages,exceptseven,areyoungerthanthe
primary isotopicages,thussuggestingthatthedates
may be too erroneousfor use.However,in additionto
the primary ages,a numberof secondaryageshave
beendefined,the main two ofwhich are512±26 Ma
and210±6 Ma (CummingandKrstic, 1992).

Thespreadof the datasuggeststhatseveralsub-
groups,someof which aremoreevidentthanothers,
canbe identified: (I) 50 to 349Ma, averageof
189Ma; (2) 350to 700 Ma, averageof488 Ma; (3)
750 to 1200Ma, averageof988Ma; (4) 1450to
1500 Ma,averageof 1471 Ma; and(5) greaterthan
1600 Ma.

Comparisonof the chemicalagedateswith the
availableisotopicdatessuggeststhat the two averages
of 189 and488 Ma, correspondto the 210 and512 Ma
eventsrespectively.This suggeststhatchemicalagesof
the inclusionswithin carbonaceousmatterrecordthe
ageof the secondarymineralization/alteration,rather
thanthe primary ageof mineralization.The application
of chemicalagedatingto the depositfurther atteststo
its complexfluid-geochemical-uraniumremobilization
history.
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Figure 10- Frequency histogram ofchemical ages calculatedfrom electron microprobe analyses
of ｵ ｲ ｡ ｮ ｩ ｵ ｾ ｲ ｩ ｣ ｨ inclusions.
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Theages,bothchemicalandisotopic,for the McArthur
Riverdepositarenot uniqueto theAthabascaBasin.
Many of theeventscorrespondto recognizedeventsin
manyotherdeposits,compatiblewith theresultsof
FayekandKyser (1997).

10. Conclusions

Thecarbonaceousmatteraccumulationsat McArthur
River recorda previouslyundocumentedpartof a
complexfluid-geochemical-uraniumremobilization
history.Thepetrographyof theaccumulationssuggests
thattherehasbeenat leasttwo separatehydrocarbon
migrationevents.Thenon-uranium-bearinginclusions
indicatethemobility of severalelements(e.g.Fe,Pb,
Ti, P, Ca)prior to the formationof the accumulations.
Someuranium-bearinginclusionsdisplaytextures
indicativeof anearlyauthigenic(sensu lato) origin;
othersdisplaytexturesthat indicateyoungeruranium
remobilizationevents.Thegeochemistryof the
inclusionsindicatesthat theprimaryuraninitehasbeen
alteredby P-Ca-REE-bearingfluid(s) to uranyl
phosphates,prior to theaccretionof the carbonaceous
matter.Chemicalagedatingof the inclusionsyields the
datesof theyoungeralterationJremobilizationevents
ratherthantheprimarymineralizationevents.

This work suggeststhatadditionalstudiesof
carbonaceousmattermayyield informationon the
genesisof otheruraniumdepositswithin theAthabasca
Basin,which is not recordedelsewherein the rock
history.

Fleet,AJ. (1984):Aqueousandsedimentary
geochemistryof the rareearthelements;Rare
EarthElementGeochemistry,Developmentsin
GeochemistrySeries2, Elsevier,New York, p343-
373.
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