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Abstract

\

The 334 Pod of U-Ni mineralisation is a ovlindro-spherical body located  below
unconformity -associated uranium ore in the 11A Zone at Dawn  Takc, northem
Saskatchewan. The 334  Pod occurs mainly n chleniused  quartzo feldspathin

metasediments located beneath graphitic metapelites. An assemblage of
{£

U-Ni-Co-Fe-Pb-Zn-Cu-V-Mn-Au-Ag-Bi-Te-Sb-As-S was observed in the 334 Pod.

* .
Three stages of mineralisation have been observed. The [irst stage coincides with

diabase dyke activity at 1350 Ma and is characterised by arscmides, sulpharsemdes and

14
pitchblende. The second stage is associated with a second pulse of diabase dyke aciivin

at 1100-1000 Ma and is characlcr-iscd by pitchblende  and  sufphides. ihe  thind
mincralisation slaéc (< 350 Ma) 15 associated withv poslv(“arbonil‘cmux uphift and s
characterised by pitchblende with high silica contents. Gangue nuncrals are allite-chownn
(ﬁfsl and second stages), hematite (sccond slagg and calcite  (third stage). oo
varigties of pitchblende we;e observed.

Chemical ages of pitchblende mincralisation are 1339 Ma (pitchblende 1), 1149

Ma (piichblende 1I) and 27-271 Ma (pitchblende 111).
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1. HISTORY OF EXPLORATION AND PREVIOUS WORK

A. General

Development of  unconformity-associated uranium deposits at Key l.ake, Cluff
l.ake and Rabbit Lake “in northern Saskalchewan has, in part, cnabled Canada to
rZ‘ccmly become the world's major producer of uranium (Fig. 1). Production at Key
I ake. the world's largest uranium-producing. mine, presently accounts for 12 per cent
of the freec world's uranium. The Cigar Lake deposit. discovered in 1981, is claimed to
be the largest high-grade uranium deposit ever discovered, and to have the potential to
exceed the production of Key lLake. It is therefore not surprising that a large volume
of literature has accumulated on deposits of this type. (which also occur in the Pine
Creek Geosyncline, Northern Territory, Australia). since the discovery of Rabbit Lake
B)‘ Gulf Mincralé in October, 1968,

Geological mapping in the Athabasca Basin arca was first carried out in 1892

’

by 1.B. ‘Tyrcll, who charted the route from Lake Athabasca to’ Prince Albert via
.Wollaston lake and the Foster iakes (Tvrell and Dowling. 1896). Tvrell reported
cxtensive areas of granites and gneiss overlain by sandstones, which he classified as the
Athabasca Formation. Tyrelfand Dowling (1896) observed sandstone outcrops 6n islands
in Lake Athabasca and along the north and south shores of the lake. More detailed
studies of the north .shore were performed by Camsell (1915) and Alcock (1915,
1917), and of fhe south shore by Alcock (1916, 1920, 1936). Tyrell made the first
mention of mineralisation in the area whe;l he reported on '1he presence of lron
Formation at Fish Hook Bay on lake Athabasca (Tyfell and Dowling, 1896).

Pitchblende was initially discoveréd in two small ‘veins near Fish Hook Ba); in
July 1935, during a search for base- and ‘precious-metals (Alcock, 1936). In 1944, the
military significance of uranium led to a re-evaluation of all areas in Canada where

uranium minerals had been previously reported (Beck, 1977). Exploration of the north

£
shore of Lake Athabasca in the Beaverlodge area resulted in the discoveries of the



Figure 1. Schematic geological map of northern Saskatchewan (modificd from [gwn

and Sibbald. 1979; Hoeve and Qurt, - 1987) showing major crustal subdivisions 'Qnd

locations of uranium deposits. ‘

(1) Kev Lake; (2) Cluff Lake; (3) Rabbit Lake; (4) Collins Bay; (5) Dawn lLakéw.
(6) Midwest Lake; (7) Cigar l.akec; (8) West Bear, (9) FEagle Point; (10) McClean

Lake: (11) Nicholson; (12) Raven and Horseshoe; (13) Fond-du-lac. (i4) Maunce

Bay: (15) Johnson Island; (16) Stewart lIsland \
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Ace-Fay-Verna (1946) and Gunnar (1952) dcposits, as well as many smaller ones.
Exploration oriented towards vein-deposits of the Beaverlodge-type. then spreade rapidly
to other parts of northern Saskatchewan in_lhc 1950's. Although scveral pitchblende
deposits were found at various localities, all. except for the small Nisto deposit at
Black, lLake were considered to be cither too small or too low grade for protitable
exploration (Beck, 1977). |

k.ior many .ycars the Athabasca Basin was ignored as an arca for cxplotation,
for only one .uraniumgcurrcncc had been reported (Kermeen, 1955) and exploration
was discouraged by thick fluvio-glacial overburden (Lang, 1952: Beck. 1977). In 1905, \
geologists from the French Atomic Energy Commission (CEA)  began working n
northern Saskatchewan 1o evaluate the possibility of initiating a uranium exploration
program (Tona et al., 1985). Systematic cxploramm of the Basin b¢gan with aitboine
radiometric surveys over the Fond du lac arca in 1966 and over the Cagsaeil
Structure and the Cree lake area in 1967 (Tona er al.. 1985). During this time modcls
of sandstone-type mineralisation (Finch, 1967) and of the supergenc concept (Morcau
et al., 1966) became exploration guidelincs.

The first discovery in thelAlhabasca Basin, after only five months of
+ exploration, was that of the Rabbit l.ake deposit in Oclobqr‘ 1968, by Gulf Mincrals
L.id. working around the eastern edge of the Basin. In 1969, Arpok l.id.. opcrating for
the CEA-Amok-Pechiney syndicate, discovered the Cluff "D" orebody at Cluff Lake in
the Carswell Structure (Tona e al., 1985). An intensive exploralion programme
subsequently resulted in the discoveries of the following orebodics at Cluff Lak‘c: "N
(;1970), "Claude” (I972), "OP" (1973) and "Dominique-Peter” (1974). The presence of

mineralised boulders in glacial sediments played a sigrificant rolc in these discoveries

(Saracoglu et al., 1983).
The discovery of the Rabbit Lake deposit in 1968 caused a staking rush which

resulted in hundr®ds of exploration permits blanketing the Athabasca Basin and the

Wollaston domain. Apart from the discoveries by Gulf Minerals .Lid. of "Raven”



(1972) and "Horseshoc™ (1974), which occur wholly within rocks' of the Wollaston
“domain not possessing a sandstonc cover, nolhing‘ of importance was apparently found
in the castern part of the Athabasca Basin and most of the .ground was .droppcd
(Beck, 1977). In 1974, uranium was discovered in mcla-a;,koses of the Wollaston
Domain ol Duddridge lake, 'resulting in a numbcer of exploration projects. in the
Wollaston domain  {(Beck, 1977; Haughlpn, 1977). The discovery of uranium-nickel
mincmlij\cd boulders in glacial ovcrbrlvlrd,_cn al Zimmer lLake led to the discovery of tht
Key LAkc deposits (Watkinson er al., 1975; Saracoglu ef al., 1983). The discovery of
the Gacertner (1975) and Deilmann (1976) orce bodies at Key lake by Uranerz-Inexco
Oil-'SMDC led to a period of selective staking, as it was then realized that the Rabbit
l.ake. Cluff Lake and Key lake deposits wepe actually related t@ the unconformity be-
tween the clastic sediments of the Athabasca Basin and ;he mectamorphosed basement
rocks (Beck, 1977). It was realized also that the Key lake deposits were underlain by
graphitic metapelites of the crystalline basement (Sibbald, 1983).

As the Collins Bay A Zone, discovered in 1976 by Gulf Minerals lLtd..-
occupicd . a similar  geological position 1o thé Key Lake deposits, graphitic basement
rocks, rtecognizable as electromagnetic conductors, were identified as a possible factor
controlling uranium r;lineraliz.alion‘ (Sibbald, 1983). Application of this exploration
c()nc‘cpl or, as it became subs\equemly known, the 'Key lLake model' resulted in the
identification of the Collins Bay A Zone as a significant deppsit and the discoveries of
the Sfollins Bay B Zone (1971), Midw;sl Lake (1978), Dawn l.ake (1978, 1980),
McClean Lake (1979, 1980). Eagle Point (1980), Cigar Lz}ke (1981) and‘JEB (1982)

deposits.

B. Dawn Lake Property
The Dawn Lake unconformity-associated uranium deposits comprising four
mineralised zones (11, 11A, 11B and 14 Zones) are 20 km northwest of the Rabbit

Lake. 9 km northeast of the Midwest Lake, and 8.5 km northwest of the McClean
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l.ake deposits. The 14 Zone is about 2 km northeast of Dawn Lake. Dawn lake can

be reached by float-equipped aircraft from Wollaston Lake village. S0 km 1o the dast,

and from la Ronge, 352 km to the south. Air flights (No-rumair) from Saskatoon to
- : {

Wollaston lake village are scheduled twice a week. A winter road gonncc‘i; the Dawn

l.ake property to the all-weather gravel L.a Ronge-Rabbit lake Saskatchewan Hiphwin

102-105.

Y

-~

The: majority partner in  the ownership of the Dawi Lake property s the

Saskatchewan Mining Development Corporation (50.75%) which is also the present ficld

N
N

operator.

The Keefe Lake»ch}iay Lake joint-venture, covering 1hc.pr0jcg(s of  Dawn
l.ake, McArthur River and Waterbury lake., was formed in 1976 to cover the permits
acquired by Dr. H.B. Lyall for Kelvin bnergy (Fouques er &l 1986). Asamera Inc | a
Calgary-based” oil and gas firm became the operator of the joint-venture while e
Saskatchewan Mining Development Corporation (SMDC) acquired 50 per cent interesy
in the project by virtue of the Saskalchcwan provincial government’'s Crown bquily
Participation Program (Fouques er al., 1980). In 1979 the Keefe Lake-Henday lake
joint-venture was divided into three rones, with Asamera ln: remaining as operator of
the Dawn 1.ake project (Plate 1).

Exploration began with an airborne rédiomclric and magnetic survey and a
seismic: survey (Tremblay, 1982). In 1977, geochemical samplfng of lake-, bog- and
_stream-sediments, in addition to prospecting and surficial geology studies. were followed
by airborne electromagmetic and magnetic surveys. Selected anomalous arcas were tested

.
by ground electromagnetic surveys (Tura)m EM) in 1978 (Clarke and Fogwill, 1981,
1985).

The "11" and "14" Zones were discovércd at Dawn Lake in 1978 by holes

testing Turam conductors (Clarke and- Fogwill, 1981, 1985). f)rilling along the

geophysical extension of the "11" Zone resulted in the discoveries of the "11A" and

"11B" Zones in 1979 and 1980 (Clarke and Fogwill, 1981, 1985). A location map of



Plate 1. Asamera's DAWN Lake camp, June 1982




the Dawn lake uranium deposits is given in Fig. 2.

C. Previous Work

The only d%scriplive papers published to date on the geology of the Dawn
Lake deposits arc by Clarke and Fogwill (1981, 1985 1986}, and by Harper (1982).
However, the data in all of these papers are virtually identical. The first paper by
Clarke and Fogwill (1981) titled 'Geology. of the Asamera Dawn lake Uranium
Deposits, Athabasca Basin, Northern Saskatchewan' was published in the CIM Geology
'.Division Uranium Field Excursion Guide Book. Its more detailed companion paper titled
'Geology of the Dawn lake uranium deposits, northern Saskatchewan' in CIM Speod
Volume 32 (Géology of Uranium Deposits : Proceedings of the CIM-SEG Uranium
Symposium, September 1981, Saskatoon; T.1.I. Sibbald and W. Petruk, cds.) was not
published until 1985. This latter paper was republished without changes in 1986 in (1M
Special Volume 33 (Uranium Deposits of Canada; F.1.. Fvans, cd.).“ In addition a

precis o}\ the work of Clarke and Fogwill was done by Harper (1982). Groundwatcer

geochemical data from Dawn lake were presented by Cramer (1986). &

D). Historical Background and Aims of Thesis

On May 18, 1982 a research proposal consisting of three rescarch topics:

(i) mincralogy of metalliferous intersections at Dawn Lake;
(ii) petrographic and geochemical studies of wall rocks; and

+ (iii) geochronology of the ores in wall rocks

was submitted by Dr. R.D. Morton and E.C.R. Persaud to Asamecra Inc., Saskatoon.
Asamera's Teply to the proposagﬁas favourable and their order of priority for the
three research topics was as listed above (letter of May 27, 1982). Asamera suggested

that the research .topics be divided among at least two graduate students.
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Figure 2. Location map of the Dawn Lake uranium deposits
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According to Asamera, “Tomc 1. Mineralogy of the Metalliferous Intersections”
was most necessaty (o their understanding of the deposits and their processabihty - It
was proposed 1o perform a thorough mineralogical study of  metallifcrous mtersections
encountered  during driling. However, in carly lune 1987 Asamera doiided on a speafn
study of the 334 Pod basement mmeralization which was discovered i 1981 (Plae )
Core collection from Asamera’s racks at Dawn [ake ogourred o June 1982 Howaover,
in late 1982, Asamcta Inc. resigned as operator ot the Da¥n Lake propeiny and
SMDC assumed the role of operator before funding arrangements could be finalized.
Funding for this project came in the form of an NSERC grant 1o Dr. R.D. Morton
in lalc 1984 The majority of the rescarch work in this thesis took place berecn
November 1984 and September 1987, .

This thesis is primanly itended as a stady of  the 33 Pod urantm kel
mincralization occurring in - metamorphosed  basement  rocks of the Aphcehian Wolliston
Group within the 11A Zone, Dawn lake. northern Saskatchewan. A study  of
chemical ages of different gencrauons  of  pitchblende mineralization was  also carned

- «> -

out
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II. REGIONAL GEOLOGY

Al 'h Ingroduction

The following detailed  review  of  previous  publications  pertaimmg o the
lithostructural character of the Dawn lake arca and its environs s presented  herem
with the objective of examining the  possible  1olgs  of  the Athabasca (;l(\}l}‘ ot
basement suites i the genesis of uraniferous hydrothermal fluids during either teponaed
metamorphism or thermal events associated with the intrusion of an ubiquitous diibase

suite.

B. General Geology

The ecarly Proterozoic  (Aphetian)  Manikewan  mobile  belt of - the Churdctll
tectonic province occupies over 600000 km® of the northern parts of the provinces of
Saskatchewan and Manitoba and cxtends into the Northwest  Territories (S}atx(‘!‘<‘x,
1984). It forms part of the larger Trans- Hudson orogenic belt that extends for over
5000 km through Greenland, the Canadian Churchill Province and lh.c north-central
United States (Green er al., 1985). |

Where the belt is exposed it is bounded to the north and northwest by the
Archean Churchill (Western) craton, and to the SOll‘l‘[’l\ and southwest by the Archcan
Superior craton. Where “the belt is buried under Phanc\rbloic sediments, 1t is bounded 10
the southwest by the Archcan Wyoming craton and to the cast by the Supenior craton
(Green e al., 1985). In the exposed belt the general structural grain trends NNE n
the southwest, curving to trend E-W in the northeast.

The Manikewan mobile belt has been divided into three tectonic zones and cach
zone has blen subdivided into a number of lithotectonic belts or domains (units)
which have been - studied cxtensively in recent times (Sibbald et al., 1977. McRitchic,
1977, Lewry and Sibbald, 1977, 1980; Bailes and McRitchie, 1978; lLewry et al., 1978,

1981, 1985; Weber and Scoates, 1978; Peredery, 1979; Bailes, 1980; Ray and Wanless,

12 iw
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1980; lewry, 1981, Baragar and Scoates. 1981: Stauffer, 1984; Fumecrton et al., 1984,
Drury, 1985; Green er al.. 1985; -Hegner and Hulbert., 1987: Chauvel er al., 1987, Van
Schmus ' ef al.. 1987). The Manikewan mobile belt includes the margins of the Superior
craton  (Churchill-Superior Boundary Zone) and the Churchill craton (Cree l.ake zone)
which have been remobilised by the Hudsonian orogeny, as well as the intervening
Reindeer  Lake Zone {(a region of disparate terranes, mainly Proterozoic in “age)
(Stauffer, 1984): The Cree lake Zone includes the Virgin River, Mudjatik, Wollaston,
Scal River and Ncjanilini domains. The  Reindeer lake Zone contains the vestiges of
two volcanic islqnd arcs (the la Ronge-Lynn lake belt and the Flin Flon Snow lake
belt), a massivé batholithic complex (the Rottenstone-Chipewyan domain) and the
remains . of  tyo ocean-type basins (the Remdeer-South Indian lakes belt and the
Kissevnew belt) . Within the largely Proterozoic terrane exist three regions of unknown
origin (the Peter Lake complex, the Glennie lLake domain and the Fanson Lake block)
that possess anomalous ages, lithological, structural and/or metamorphic relationships
with adjacent domains (lewry. 1981 Lewry er al.. 1981, 1985; Stauffer, 1984).

Eacept for the youngest intrusive rtocks =2nu the relatively undeformed and
unmetamorphosed  Fox (Rivcr belt of the Chun_.‘ull-Superior Boundary Zone, all rock
units within the belt are characterised by intense polyphase deformation and regional
mctamorphism varying from lower greenschist to‘hornbi\ende granulite facies (Lewry
and Sibbald. 1977, 1980; Bailes and McRitchie, 197¢; Fraser er al., 1978, Lewry et al.,
1981: Stauffer. 1984). In contrast, rocks away from the margin of, and towards the
interior of, the Churchill (Western) craton underwent variable but relatively weak
thermotectonic  overprinting during the Hudsonian orogeny (Lewry ef al., 1978). The
Superior craton, where exposed, »ﬁf{ largely unaffccled by Proterozoic events except
along its northwestern margin (the Churchill-Superior Boundary Zone) (Weber and

Scoates, 1978; Baragar and Scoates, 1981; Green el al., 1985).
s

The middle Proterozoic (Helikian) Athabasca Grdup, comprised mainly of
N

fluvial sandstones, overlies the central-northwestern part of the exposed Manikewan
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mobile belt and part of the Churchill craton (Amer lake Zone) (Fig. DIt is a
remnant of a formerly extensive clastic sheet and was possibly derived mainly from the’
eroding Manikewan mobile  belt 1o “the southcast  (Ramackers 'and Dunn, 1977,
Ramackers, 1981).

The structural evolution of the Manikewan mobile belt has been ascnibed to the
Hudsonian orogeny, a sequence of cvents that occurred over a period of 80 Ma by
ning at about 1910 Ma (Van Schmus er al. 1987). There are now sufficient rehable
geochronologic data to place reasonable limits on the timing of the main tedtonic
events. Comprehensive summaries of these data are given in Green ef al. (1985) and
Van Schmus er al. (1987). Models of Proterozoic plate tectonics involving the opening
and closing of ocecan basins have been advanced recently for the cvolution of the
Manikewan mobile belt (lewry, 1981; Stauffer er al.. 1984; Green et al.. 1985). The
are based upon the recognition of lithotectonic belts or domains and structural featuies
that are equivalent to the main components of a Wilson Cvyvele of present day plate

teclonics.
™~
C. Cree l.ake Zone -

C.1 General

The Cree lake zone is a mobile sector within the Manikewan mobile h;h
(Stauffer, 1984). It forms the southwestern margin of the Churchill (Western) craton
and was affected by the Hudsonian orogeny. In northern Saskatchewan, it is subdivided
into lhg Wollaslbn, Mudj;nil‘( and Virgin River domains (Lewry and Sibbald, 1977;
Lewry et ;l.. 1978) (Fig. 1). There {s some geological cvidence for including the Peter
Lake complex as part of the Cree IXKC zone (Lewry el al., 1981). The Needle Falls
and Parker Lake shear zones partially define its castern boundary, whilst its western

boundary is defined in part by the Virgin River shear zone and the Black Lake fault

zone.
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.2 Geology

The Cree lake zone displays a broad bilateral symmetry in metamorphic and
structural styles. Its constituent domains( exhibit metamorphic continuity and appear (o
have no major structural or li(hollogic discontinuitics (l.ewry and Sibbald, 1977, 1980;
Lewry et al.. 1978). The zone contains highly deformed, complexly folded, and
metamorphosed  Aphebian  sedimentary and  volcanic rocks lying on remobilised Archean
granitoid rocks (lLewry er al.. 1978; lLewry and Sibﬁald, 1980). Although most. of the
granitoids appcar 1o be remobilised Archean basement, some appear 1O have originated
by n-situ migmatisation and anatexis of the overlving Aphebian supracrustals (Lewry
and Sibbald. 1977. 1980: Lewry e af.. 1978). Discrete allochthonous Hudsonian plutons
arc generally lacking in the Cree lLake zone (lLewry ef al., 1978; lewry and Sibbald,
198()).>
L\ in the Virgin River and Wollaston domains, supracrustal rocks occur in narrow,
lincar, generally- continuous zones. Narrow, non-linear, “disconlinuous zones of
supracrustals  characterise  the Mudjatik domain. In the Virgin River and Mudjaiik
domains, there is a grecater proportion of granilwéid rocks 1o supracrustals, whereas in
the Wollaston domain, granitoids and supracrustals occur in roughly equal proportions

(lewry and Sibbald, 1977, 1980).

C.3 Lithology 2

Ncar its southeastern boundary in the eastern Wollaston domain, early Aphebian
supracrustals, consisting of immature, coarse clastic rocks intercalated with mafic
volcanic rocks have been imgrpreted as continental rift (aulacogen fill) deposits (Lewry
and Sibbald, 1980). These were probably deposited in the early stages of the opening
of the Manikewan Sea in early Aphebian time (Stauffer, 1984). Later Aphebian
supracrustals, which lie unconformably upon the aulacogen deposits and unconformably

upon Archean basement over the rest of the Cree Lake zone, probably represent

4 N
continental shelf -miogeoclinal deposits (Lewry and Sibbald, 1980). These supracrustals

A

| | / ,
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are dominantly semipelitic gncisses in the Virgin River domain, higher grade psammitic
to pelitic gneisses and mafic granulites in the Mudquik domain and quartzites, pelinge
gneisses (which are corﬁmonly graphitic). psammitic gncisses and calc-silicates o the
Wollaston domain (l.ewry and Sibbald, 1977. 1980). ’

(‘rrani-loid gneisses  occur  throughout  the Cree  Lake  zone and arc  locally
charnockitic in the Mudjatik domain (Lgwry and Sibbald, 1977, 1980; lewry e ol
1978). Reconstituted, supracrustals arc locally preserved in /oncs of agmatitic, schhiei
and nebulitic migmatites (lewry and Sibbald, 1980). In ihe Wollaston doman,
granitoids within the supracrustals may have resulted from anatexis of the supracrustals
(Lewry. 1977; lLewry and Sibbald, 198()); Conversely, rocks of granitic composition and

granite pegmatoids within the basement and  supracrustals  may represent  anatectic

fractions released during the development of mantled gneiss domes in the Wollaston -

domain (l.ewry and Sibbald, 1980). '
(.4 Structure

Three deformational ’c)venls are ecvident in the Virgin  River and Mudjatk
domains and two in the Wollaston domain (l.ewry and Sibbald, 1980). The first cvent
involving vertical and lateral flow with the development of rccumbénl migmatite lobes
is common t0 all domains; granitic gneiss domes being developed in the Wollaston
domain. The second event, involving coeval crossfolding, is not secen in the Wollaston

.
domain. It was either not developed or was oblitcrated by the latest tectonic event. The

third event, involving compressional tectonics, resulted in the refolding of the migmatite

lobes and crossfolds and the flatiening of granitic gneiss domes, lecaving a domc and

basin interference pattern. Quicrop patterns that result from this polyphase folding arc

linear in the Virgin River and Wollaston domains and vary from irregular to arcualc
* “

to concentric in the Mudjatik domain (Lewry and Sibbald, 1977, 1980).
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(.S Mctamorphism
The core of the Cree lake zone, comprising all of the Mudjatik domain and
much of the Virgin River and Wollaston domains, is characlcrised by low to medium
pressure, upper amphibolite-granulite facies assemblages (Lewry and Sibbald, 1977, 1980;
~lewry et al., W78). While there is a gradual decrease in metamorphic grade outwards
acrpss the core from its centre, there is rapid convergence of more steeply dipping
isograd surfaces and a transition to lower grade zones of ‘1hc low to medium pressure,
middle to lowcr‘ amphibolite facies adjacent to the margins, which are, ‘in part, major\
shear zones with a long history of repeated movement (Lewry and Sibbald, 1977, 1980;
lewry er al., 1978). These phenor-ncna within the Cree l.ake zone are thought to be
indicative of a thermal domc Slrad(;ling its core (I,cwry: and Sibbald, 1980).
It has been suggested that only one broad, thermal peak or platcau of extended
duration, agcompanicd or punctuated by deformational epis’odcs, was achieved; and that

the carly, imposed metamorphic conditions persisted beyond the close of the last sig-

nificant deformational cpisode {(lewry et al., 1978; Lewry.and Sibbald, 1980) .
). Wollaston Domain

D.1 General \

The Wollaston domain is a subdivision of the Cree Lake zone (Lewry and
Sibbald., 1977) (kig. l)f. It is bounded on the west by the Mudjatik domain and to
the cast by the Needle Falls shear zone. It is essentially cgincident with the Wollaston
l.ake belt (Money, 1968; Money er al., 1970).

>

D.2 Geology
The Wollaston domain is a NE-SW trending, linear belt of supracrustals and e
granitoid rocks intermixed in approximately equal proportions (Lewry and Sibbald,

N

1977). The supracrustals form narrow, generally continuous zones between granitoid



domes.

The Wollaston Group supracrustals  (Ray, 1977) cahibit a  consistent
stratigraphy, although  spatially” restricted®  continental rift-type  (aulacogeme  7)
assemblages are present  at the base of the succession (Lewry and Sibbald.,  1980;
Sibbald, 1983). The continental rift-type assemblages occur locally in the castern part
of thc Wollaston domain (ec.g. Compulsion River belt) and consist of immature. hiyhly
feldspathic, mcta-arkoses;  polymiclic co}nglomcralcs and intercalated  mahc  to
intermediate volcanics (lewry and Sibbald, 1980). Throughout most of the doun,
however, the granitoid basement is directly overlain by a dominantly meta-pelitic unit
which is graphitic, although a few metres of basal quartzite or meta-arkose can locally
intervene between the basement and the graphitic meta-pelites (Gilboy, 1975; Ras.
1977; Potter, 1977; lLewry, 1977). -

Ovcrlying the lower meta-pelitic unit 18 a  succession of  calcarcous  and
non-calcareous meta-arkoses, interlayered with subordinate Galc-silicatc bearing rocks and
minor pelitic-semipelitic metasediments. This middle mcta-arkosic unit is ovcrlain‘ by an
upper mixed melasedimentary unit characterised . by associated thick quartzites  and
amphibolites (Sibbaid, 1977). It is composed of‘ a well-laycred, basal, mecta-arkose -
ca:lc-silicale rock —— carbonate sequence which is overlain by quartzites, amphibolites,
sillimanite meta-arkoses, pelitic gneisses and calcarcous meta-arkosic 1o semipclitic
metasediments. This upper mixed metasedimentary unit, the uppermost supracrustal sc-
quence vet discovered in the Wollaston domain, corrclates broadly with the Hidden Bay
assemblage (Wallis, 1971).

Gr‘anitoids within the ‘Wollaston domain mostly represent remobilised Archean
basement, which occurs as foliated, generally homogenous granite-granodiorite bodies
present within the corgs of periclinal inlicrs (Lewry and Sibbald, 1980; Sibbald, 19%3).

The Johnson River granite, a domed basement inlier, has been datcd by the "U-Pb

zircon method at 2494438 Ma (Ray and Wanless, 1980).
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Younger, weakly-foliated to unfoliated granitoids and granite pegmatites within
the basement and supracrustals were probably generated as anatectic fractions released
duning formation of granitoid domes. Unfoliated eranitoids in the supracrustals could
also have been gencrated by in-situ angtexis of the supracrustals themselves (lLewry,
1977: lewry and Sibbald, 1980:. Sibbald. 1983).

Syn-te@tonic to post-tectonic Hudsonian intrusives in the arca consist of
weakly foliated 1o unfoliated. concordant and discordant, microgranitc o granite
pegmatite sheets, lenses and pods in most supracrustal rocks; weakly-foliated, slightly
porphyritic, biotite adamellite formfng subconcor;jam shects and irregular bodies a few
tens of metres thick in the vicinfty (')f Rabbit lake; and rare, unfoliated, discordant,
biotite lamprophyre dykes a few metrés wide. one occurring south of First Link lLake
and two north of Raven lake (lewry and Sibbald, 1980; Sibbald, 1983). A Rb-Sr
isochron from the Middle lake ‘granitc_ a younger intrusive granite, yields an age of

1765 + 30 Ma corresponding to metamorphic sctting after the main Hudsonian event

(Bell and Macdonald, 1982).

.3 Structure
Two main deformational events have been recognised in the Wollaston domain
{Wallis, 1971; Ray, 1977, 1980; Sibbald, 1977, 1979; Lewry, 1977; lewry er al., 1981;

Gilboy, 1982), namely:

¢i) An older cvent causing a penetrative foliation parallel to the “bascment -cover
contact, and thus in general to compositional layering, was developed Qin the
bascment and overlying supracrustals during an earlier event. Coeval crossfold;ng 1s
generally not observed. ) ' -

(11) A later deformaliye event in “whicr} the early foliation was refolded Ey tight,
upright-to-steeply inclined, doubly-plunging, minor and major folds with NE

trending axial surfaces.
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These folds give the domain its lincar character (lewry and Sibbald, 1980; Sibbald.
1983). Granitoid domes occupy major, doubly-plunging, antiformal cores. One or more
later scts of folds of minor importance have also been recognised (Wallis, 19717 Scott
1973; Sibbaid, 1977).

In the northeastern part of the Wo)}(.slon domain, a prominent sct of nottherly

trending faults marking the northerly extension of the Tabbernor fault system crosscats

the domain (Sibbald, 1983).

1).4 Metamorphism

lLLow- to medium-pressure upper amphibolitc to granslite facies asscniblages
characterize most of the Wollaston domain (Lewry et al.. 1978). A rapid decrcase m‘
metamorphic grade to middle to lower amphibolite facies occurs ‘in most arcas adjacent
to the Needle Falls shear zone, with the disappearance of hypersthene, sillimanitc and
cordierite, and the appearancc of prograde muscovite, staurolite and andalusite in
metapelitic rocks. In some areas, higher-grade assemblages occur adjacent to the Needic
Falls shéér tone (Lewry ef al., 1978). In the Wollaston domain, metamorphic mincral
growth occurred during the first and after the sccond deformation cvents. Retrograde
. metamorphism accompanied the later fold movements (Lewry et al., 198).

-

. by

E. Mudjatik Domain

N
1

‘E.1 General
The Mudjat{ domain is a subdivision of the Cree lLake zone (lewry and
Sibbald,” 1977) (Fig: 1). It is bounded to the west by the Virgin River domain and to

the east by the Wollaston domain.
< .
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N
k.2 Geology

The Mudjatik domain consists mainly of granitoid gneisses. Supracrustal rocks
arc arranged in thin, discontinuous zones with non-linear outcrop patierns ranging' from
arcuate (o closed loop (lewry and Sibbald. 1977, 1980; Lewry et al., 1978; Sibbald,
1983). ’

Granitoid gneisses within the Mudjatik domain for the m(;sl part are interpreted
4~ remobilised Archean basement. A Rb-Sr isochron of 2613193 Ma has becn obtained
from granitoid gneisses flanking the Midwest deposit (o the west {(Worden ef al.,
1985) . Some granitoid gneisses were apparcntly derived from migmalisation and anatexis
of the supracrustals, relicts of which are locally preserved in zones of égmali(ic,
o hlicric and nebulitic migmatites (Lewry and Sibbald, 1980, Sibbald, 1983).

Granitoid gneisses form a complexly mixed group of rocks of broadly granitic
composition, i.e., quartz (10 - 40 per cent), plagioclase and/or K -feldspar, and one or
more of the following mafic constituents: biotite, hornblende, hypegsthene, garnet,
cordicritc and iron oxides (lewry and Sibbald, 1977).

Texturally, the granitoid gnecisses are of variable character ranging from
homogenous or massive (o inhomogenous or iayered. All intermediates between these
two cnd members apparently exist and admixture appears to occur on all scales (lewry

.

and Sibbéld, 1977, 1980; Sibi)ald‘, 1983). Layering is dependent upon biotite content and
lcu'cosomal segregation. Massive varicties apparently have invaded and replaced layered
varicties during remobilisation.

Along the flank of the eastern margin of the Athabasca Basin, in the vicinity
of Collins Bay, exposed granitoid gneisses of the Mudjatik domain are commonly pink
to grev. medium-grained and contaig quartz (10-40 per cent), plagioclase, K-feldspar
and biotite (0-10 per cent) (Sibbald, 1983). Along the flank of the northeastern .
margin of the Athabasca 'Lake and in the vicinity of Hatchet Lake, exposed rocks of

the Mudjatik domain consist chiefly of granitoid gneisses with several elongate, narrow

belts of pelitic to semipelitic metasedimentary gneiss (Ray, 1978). The granitoid gneisses



are well-layered quartzo-feldspathic migmatitic gneisses containing  thin  layers  of
amphibolite and biotite schist; pink, massive (o well-foliated granitic rtocks  with
amphibolite xenoliths formed when ll.he original laycring was destroyed by increasing
remobilisation; and massive o well foliated, medium- to coarse-grained, dark,
hyperslhenc'beérixlg charnockitic granitoids- (Ray, 1978; Sibbald, 1983).

Supracrustal rocks of the Mudjatik domain are considered to be Aphebian i
age Aand cquivalcmllo lhe’ Aphebian Wollaston Group of the Wollaston domain (1 cwry
and Sibbald, 1980). They include pelitic to psammitic gneisses, mafic granulites
(axﬁphibolitcs, pyriboli* and. pyriclasites) and subordinate quartzites, calc-silicate rocks,
marbles, ultramafic rocks and oxide-silicate-sulphide facies banded iron formation in
the region southwest of the Cree Basin (Ramaekers, 1981), a sub-basin of the
Athabasca Basin; and pelitic 1o semipelitic  gncisses, cale-silicate  rocks, marbles,
amphibolites and quartzites in the arca to the northeast of the Cree basin (L.ewry and
Sibbald, 1980: Sibbald, 1983),

o
E.3 Structure

Three major deformational cvents arc recognised in  the Mudjatik  domain
(Lewry and Sibbald, 1977, 1980; \Sibbald, 1983). The [firsy ecvent gave risc to a
flat-lying, penetrative foliation and coeval isoclinal folding, on both a minor and
major scale, and was responsible for migmatite nappe formation and the occurrence of
supracrustal zones at different structural levels within the granitoid gncisses. The second
and third major events produced suborthogonally oriented, upright fold scts on WNW
and NE axial surfaces, respectively, deforming the early foliation into a domc and
basin interference paitem. In somc areas, a fourth generation of minor folds with
gently dipping axial surfaces is developed: spofadically:

‘gwo generations of faults are recognised (Sibbald, 1983). An earlier set of
thrust faults are on average NE-trending. Later reactivation of these faults resulted in

them cutting the Athabasca Group (Clarke and Fogwill,” 1981, 1985). A later_ sct of

A
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faults with left lateral-strike shp forms part of the north trending Tabbernor fault sys-

rem

} .4 Mctamorphism

Mctamorphic  mineral  assemblages  of  the  Mudjatk domain dicate low- 10
medim - pressure upper amphibohite to granalite facies coaditions (lLewry and Sibbald,
1977 1980; Lewny e al. 1978) Granntoid  gneisses  are locally charnockitic  and
hvpersthene  is common  in mafic granubtes  (Lewry and Sibbald, 1977, Ray. 1978;
(nlboyv, 1978). Pchitig zmd- semipelitic metasediments commonly contain  cordicerite  and
aucessory hereynite, .and generally  have  undergone  advanced lﬁigmansatmn (Gilboy,
198 2)

High grade metamorphism  appears 1o have accompanied  the  three major

.

Jetormational cvents and retrograde cffects are generally only locally or weakly devel-

oped (1 ewry and Sibbald, 1977, 1980; Lewry er al.. 1978).

. The Wollaston-Mudjatik Junction

Rocks of the Wollaston and Mudjatik dom;m'm are cxposed in arcasl northeast,
cast and southwest of the Cree sub-basin of the Athabasca basin. in these areas, the
junction bclwecnN the domains is fairly well defined (lewry and Sibbal‘g‘ 1977, 1980;
Ray. 1978; Sibbald, 1983). Where these domains are overlain byﬁgfl{]‘aﬁasca Group
scdxmcms: their junction is not well defined (Clarke and Fogwill, 1981; Sibbald. 1983).

The Wollaston and Mudjatik domains are distinguished mainly on the basis of
their lithostructural characteristics and contrasting structural styles. Additional criteria
are differences in character of the granitoid rocks and the supr.acrustals (Ray, 1978;
‘f,cm\ and Sibbald, 1980).

Lewry and Sibbald (1980) proposed a generalised thermoteclomc model for the
C\'oiulion of the Cree Lake zone. If this model is valid, then the junction separates a

region of migmatite nappe lobes (Mudjatik) from one characteri!d by mantled gneiss
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doming (Wollaston). The junction  will be marked v oo discordance along which
allochthonous Mudjatik  domain elements are brought mto contact with autochthonous
o

ciements of -the Wollaston domain,

Clarke  and  togwill  (1981). however, have  proposed  the  ovstence b

Mudjatik - Wollaston  transiion  zone - the  region west ol Wollaston - Fake  tioe
transition  zonc  would  be  located  between  the Hatwchet  1ake Waterbuiy - taae
lincament  to the west and the Colliny Bay Lampm  Lake junction to the et

(Clarke and Fogwill, 1981; Sibbald, 1983). Scveral major utanium deposits (Cigar Take,

Midwest Take, Dawn lake. McClean Lake, JEB) would be located above and withm

this transition zone.

;. Athabasca Group
A

The Athabasca Group rtocks today occupy an clliptical basin measuring over >
km cast to west and over 200 km north to south n nurlr%crn Saskatchewan  and
Alberta. The Athabasca fiasin has been subdivided, on the basis of scismic studies. mio
threc NEF-trending sub-basins:  the Jackfish, Muror and Cree Basins (Hobson and
MacAulay. 1969, Ramackers, 1981)  The existence  of these  sub basins has been
confirmed by stratigraphic analysis (Ramackeis, 1979, 1980, 19%81). These  sub-basins
coalesced at an early stage when they were infirled by sediments of the Middle
Prolérozoic (Helikian) Athabasca Grouap. a muolasse weuge shed l;bm the croding
Manikewan mobile belt (Ramaekers, 1981V, Chemical and petrographic studies i addi
tion to stratigraphic and sedimentologic analysis suggeslt that (e scdiments ol the
Athabasca Group were immature at the time of deposition anu are first-cycle deposits
derived from a quartz-rich metamorphic source (Ramackers. 1981).

The Paleohelikian Athabasca Group consists of unmetamorphosed, quartz-rich
clastics and dolomites, and has been intruded by diabase dykes (Ramackers, 1981). h

comprises ‘the Manitou Falls, Fair Point, Lazenby, Wolverine Point, .ocker  lake,

Otherside, Tuma Lake, Douglas and Carswell Formations (Rarhackcrs, 1981) (Fig. 3).
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Ramackers (1980, 1981) characterised the bulk of the Athabasca Group as nearshore
marinc, commonly with a tdal fluence. largely  on  the  basis of  hummocky
cross-bedding and herringbone cross-hcddiﬁg; the Manitou Ftalls Formation is the sole
exception, where low  paleocurrent variance at the outcrop level and abundant
intraclasts in somc horizons are taken to indicate interbedded fluvial units. In the e
Basin. all formations above the lowest member of  the Wolverine  Pomnt Formaron
(Wolverine Point A) which occurs in the western part of this sub-basin, have boen
croded (Ramackers, 1981).

In the ecasiern part of the Cree Basin, the Manttou Falls members B, C and D
form an ecastward-thickening wedge of fluviatilc sandstones and conglomerates  that
comprise the regressive phase of the Athabasca Group (Ramackers, 1981, 1983) (b
3). The Manitou Falls B, the lowermost member of this  sequence, consists ol
eastward-coarsening interbedded sandstones and clast-supported conglomerates which
attain a thickness of up to 300 metres (Ramackers, 1981). Ramackers (1983) showed
this member to have the highest mcan permeability compared to other sandstone mem
bers and formations. The rocks of this unit arc interpreted as conglomeratic braded
stream deposits (Ramackers. 1981, 1983). Palacocurrent directions dpﬁnc a number of
radiating alluvial fans. These fans or bajadas can be divided into two major regional
sedimentary tongues or deposystems, one derived from the northeast (Moosonces), the
other (Ahenakew) from the castern side of the basin (Ramackers, 1977, 1981, 1983).

In the Dawn lake area. the sandstones and conglomcrates of the Athabasca
Group have been assigned to the B mémber of the Manitou Falls Formation
(Ramaekers, 1981). Drill core data allow lhcse rocks to be divided into three units,
namely: (1) an upper unit of medium- to coarse-grained sandstone, 30 to 70 metres
in thickness: {2) a middle unit of polymictic conglomerate. 5-10 metres thick; apd (3)
a lower unit of medium-, to coarse-grained sandstone and discontinuous basal
conglomerate, about 30 metres in thickness. The basal conglomerate occupies depressions

in the pre-Athabasca Group topography. Palaeocurrent vectors show that these
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«diments were derived from the south-cast, and generalised flowlines cross the strike
of the underlying bascment at a high angle (Ramackers, 1981. 1983) (Fig. 4). From
palacocurrent  data  and  sedimentological analyses it has been suggested that the
conglomerates of the Wollaston Lake area represent the northern scctor of a large

alluvial fan (Ramackers, 1981, 1983).

I1. Diabase Dykes In The Athabasca Basin
I'he Athabasca Group has been intruded by an cxtensive series ol diabase dykes

which have penetrated highest into the sediments of the Mirror Basin ; (Ramackers,

'
v

19%1). Dyke outcrops arc uncommon. Diabase dykes are reflected as prominent linear
magoetic  anomalies  (Ramackers  and  Haruing, 1979, Hoeve er al., 1980). They
rcoccupted  Hudsonian N-S  faults and formed or occupied extensive northwesterly
fracturec zones or faults (Ramackers and Hartling, 1979). The dykes generally  dip
steeply NE or SW but some individual bodies displaying a great variation in strike and
dip may be sill-like structures (Ramackérs and Hartling, 1979). They arc gencrally
columnar, jointed and range from a few to a hundred metres in width.

The dykes arc composed mainly of labradorite, augite and magnetite with minor
olivine, orthoclase, quartz, biotite, hornblende and chlorite (Ramaekers and Hartling,
1979). Some dykes intersected by drillholes are scrpentinised. They show evidence of
rapid cooling and of baking of the adjacent sandstone. Pitchblende mineralisation occurs
in some dyke rtocks, along fractures and is accompanied by chloritic  host-10ck
alteration. Thermally altered sandstone near the dykes may also be mineralised (Hosve
et al., 1980).

Age limits for dyke emplacement suggested by K-Ar methods are 777125 Ma
(Armstrong and Ramaekers, 1984) and’ 1230 Ma (Burwash et al., 1962). Rb-Sr dates ,
however suggest a narrower interval with ages ranging from 1080100 Ma (Ray, 1980)
and 1100£100 Ma (Armstrong and Ramaekers, 1984) to 1310170 Ma (Armstrong and

Ramaekers, 1983).
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1. The Age Of The Athabasca Group

The age of the AlﬁabaSCa Group is a subject of continuing controversy
(Ramackers, 1981; Cumming er al., 1987). A minimum age of 1513124 Ma (Rb-Sr:
whole rock) for the onset of sedimentation in the Athabasca Basin was obtaimed on
the tuffaccous -unit of jhe Wolverine Point B member (Bell and Blenkinsop, 1980;
Ramackers, 1980, 1981). Bray et al. (1987) rcported ages of 1484155 M,a (K-Ar: illite)
and 145914 Ma (Ar-Ar: illite) for the underlying Manitou Falls Formation near the
McClean lLake uranium deposit.

Cumming er al. (1987), howevcr. obtained two distinct U-Pb ages in the range
1650-1700 Ma for authigenic fluorapatite from the Wolverine Point B member, and
govazite [SrAl,(PO,)(OH).] from the underlying Fair Point Formation. The Wolverine
Point Formation, the carlier of the two marine intercalations in the Athabasca Group,
is located approiimalcly 1000m above the basin floor (Ramackers, 1981; Wilson, 1985).
Thus it would appear that by 1650 Ma, approximately 1000m of sediments were al-
ready laid down in the Athabasca Basin.

Hoffman (1984, 1987a. 1987b) argued that major cratonisation or North
Amecrica and northern Europe occurred between 1950-1800 Ma ago. with the assembly
of scveral Archean cratonic elements and intertening 1900-1850 Ma old convergent plate
margin asscmblages into a major carly Proterozoic continental craton.

Van Schmus er al. (1987) have presented geochronological evidence (U-Pb:
szircon) to show that the main period of magmatism associated with the Reindeer Lakg

.
Zone of Ihe Trans-Hudson Orogeny spanned a relatively short interval (1910-'1830 Ma).
Formation of marginal volcanic arcs was well advanced by 1880-1870 Ma ago and was
followed by major plutonism and accretion of the Reindeer- Lake Zohe complex to the
reworked continental margin (Cree Lake Zone) by about.1860-1850 Ma ago. By 1830
Ma, major thermotectonism had waned or ceased. Sm-Nd geochronological studies

yieldled similar ages for Hudsonian volcanism and plutonism (Chauvel et al., 1987

Hegner and Hulbert, 1987). A high-grade metamorphic, mineral-forming event occurred



0

at about 1775 Ma (Van Schmus er al., 1987); this age is identical to that obtained for
first generation pitchblendes of Beaverlodge-type mineralization (1780 Ma:  Kocppel,
1968). Most Rb-Sr whole rock ages (1700-1750 Ma) reported from the Reindeer 1ake
Zone arc distinctly younger than the U-Pb zircon ages and may represent rescliing
during a later period of tectonic activity, or isotopic closure with decrease m
temperature subsequent to the metamorphic cvent at 1775 Ma (Van Schmus o0 of
(1987).

Ramaekers (1981) suggested that thp Martin lake Basin as  well as the
sub-basins within the Athabasca Basin were formed as a scries of pull-apart structures
related 10 transcurrent faulting. Ramackers (1981) has also suggested that the sediments
of the Athabasca Group. like those of the Martin Formation, were immature at the
time of deposition and were first-cycle  deposits  derived from a quartz nch
metamorphic  source. If that was the case. then Athabasca Group and Mart
Formation sediments represent molasse wedges shed off the Trans-Hudson Orogen
(Ramaekers, 1981). If the Wolverine Point Formation volcanics were related 1o
Hudsonian volcanism, then it would appear that the initial phase of Athabasca Group
sedimentation would l;ave to be bracketed by the end of Reindeer lake Zonc
volcanism at 1875 Ma (Van Schmus er al., 1987), and the phosphatc ccmentation age
of 1700 Ma (Cumming er al., 1987).

The idea that Athabasca Basin sedimentation commenced before 1700 Ma s
supported by geochronological data from the possible cocval Martin For'malion and the
Thelon Formation. The Martin Formation has been dated at 17301100 Ma by a
combination of K-Ar ages (Fraser et al., 1970) and palacomagaetic data (kEvans and
Bingham, 1973). Three distinct similar U-Pb ages (172016 Ma, 1685 +4 Ma, and
1647 Ma were obtained for authige.nic phosphates.(fluorapalile and goyarzite) [rom the
Thelon Formation (G. Cumming, pe&{s. comm.). Authigeni¢ phosphate cementation in
the Thelon Formation at 172016 Ma followed Pitz Formation volcanism at abgut 1760

Ma (Rb-Sr: whole rock; G. Cumniing, pers. comm.). Considering that the age of the
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Pitz  Formation volcanics Jesembles the  younger Rb-Sk ages (1700-1750 Ma) of
Reindeer Take Zone magmatic cvents, an older age for the Pitz Formation volcanics

would not be unreasonable.

J. Uranium Mincralisation In The Cree Lake Zone

Uranium deposits in the Cree lLake Zone are termed "unconformity -associated
deposits”. Morton (1977) has argued that the term is scmantically unfortunate as it
places too much emphasis upon the tole of the sub-Athabasca (Group unconformity
alonc in the genesis of 1?1956_ deposits. Major deposits in this sector are the Cigar
1 ake. Collins Bay,‘ Dawn l.ake, Lagle Poim_“{orscshoe_ JEB. Key lake, McClean
l ake. Midwest lake, Raven and West Bear deposits (Figs. 1. 2). MinOr occurrences
arc at Close lake, Natona \Bay and Sand l.ake.

Uranium mineralisalion can occur in the unmetamorphosed Athabasca Group
sediments above and at the unconformity. in regolith at and below Iﬁc ‘unconformity
and in altered, metamorphosed basement rocks of the Wollaston Group below the
regolith. The deposits may be associated with or be without significant graphite.
Graphite  associated with a deposit is capable of producing a clear EM response
(.Saracoglu et al.. 1983). Deposits associated with significant graphite are Cigar l,ake,‘
Collins Bay, I)aWn lLake, Eagle Point, JEB, Key lLake, McClean lake, Midwest Lake
«and West Bear. The Rabbit lLake, Raven and Horseshoe deposits are not associated
-wilh significant graph'ile. In these cases graphite may have been destroyed duting
mincralisation (Fogwill, 1985).

In basement suites of the Wollaston domain and the transitional
Mudjatik - Wollaston junction, stratabound uranium mineralisation occurs in graphitic
metapelites, calc-silicates and in pegmatoids. Ores occur in a lower meta-pelitic unit
(Collins Bay, Eagle Point, McClean Lake, Key Lake, Midwest Lake), a  middle

meta-arkosic unit (Rabbit Léxke, JEB, Raven, Horseshoe) and in an upper mixed
N .

- metasedimentary unit (Dawn Lake). At Rabbit Lake, Eagle Point and Dawn Lake (11B
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Zone), Raven and Horseshoe, the ore lies entirely in basement rocks. The bulk of the
mineralisation at Key lake and Dawn lakc is hosted by basement rocke (Dahlkamp,
1978: Clarke and tbogwill, 1985). The Collins Bay A 2()110 15 hosted cnurehy by
regolith, above which most of the Athabasca Group has been removed (Heine. 1981)

The deposits in direct contact with the Sub-Athabasca Group unconformmiy are
Cigar Lake, Collins Bay (B Zonc). Dawn lake (11 and 11A Zones). JEB, Kev ke,
McClean 1ake. Midwest lake and West Bear. At Cigar Lake, Dawn lake (11 Zone),
JEB. McClean lake, Midwest l.ake and West Bear, the bulk of the ore reserves isn
direct contact with the unconformity. Most of the ore at Collins Bay (B zonc) hes
within Athabasca Group sediments just above the unconformity (Heine. 1981).

Rarely does mineralisation occur in Athabasca Group sediments high above the

QA

unconformity (c.g.. Dawn lake 14 Zonc: Clarke and Fbogwill, 1981, 1985:  Chigai

l.ake-perched mincralization: Fouques er al., 1986). ' ‘



~,

II. LOCAL GECTIT@% OF DAWN LAKE
>

A. Regional Setting of the Dawn Lake Deposits

Geophysical and drill data have been used to interpret the bascment geology of
the Dawn Lake deposits, which occur below 100 metres of Athabasca Group clastic
sediments, and glacial “overburden (Clarke and Fogwill, 1981, 1985) (Fig. 5). A regional
magnetic survey of the NEA/IAEA study arca (Kornik, 1980) places the Dawn Lake
deposits in a br\o‘ad arca of low magnetics far ffom any higher magnetic basement
‘domes’,  which  probably are Archean magncti&-boaring gneisses  of gfanilic origin
(Clarke and Fogwill, 1981, 1985). The Dawn Lake deposits are apparently higher in
the Aphebian stratigraphy than the Midwest Lake, McClean l.ake and Collins an
deposits which lic close to the edges of the Archean gneissic domes. -

McNutt  (1980) _ recognized three slratigrabhic sequéhccs within the Wollasloﬁ
Group in lhlsé .Ttt}ifoygh variations in magnet®- character and the relative abundance
of EM cor?éiucytofs’."vThesc. in ascending order are a lower metapelitic sequence, a
middle or intermediatc meta-arkosic sequence and an upper mixed metasedimentary se-
quence, all(deposilcd above the more{ magnetic Archean granitoid gneisses. The Dawn

l.ake deposits occur in the upper mixed metasedimentary sequence (Clarke and Fogwill,

1981, 1985) (Fig. 5).

B. Lithologies

At Dawn lLake, approximately iOO metres of Helikian (Middle Proterozoic).
Athabasca Group sandstones and conglomerates overlie Aphebian (Lower Proterozoic),
Wollaston Group calcareous, pelitic and vpsammitic metasediments cut by anatectic
pcgmaloid§ (Clarke and Fogw‘ill, 1985). In the 1lA Zone, above the 334 Pod, 86
meties of Athabasca Group _rocks (unmetamorphgsed sandstones and conglomerates)
overlie Aphebian sediments and pegmatoid rocks. The local metamorphié suitez contains

the following rock units (Fig. ‘6):’:’

L 4
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(i) graphite-cordicrite-biotite-feldspar gneiss (metapelite)
(11) graphitic quartz-chlorite-feldspar gneiss (metasiltstone?)

(iii) anatectic pegmatoids.

Below the Athabasca Group-Wollaston Group unconformity, a palaco-weathering
profile or 'regolith’ has developed on the Wollaston Group mectamorphic rocks. A list
of minerals observed during the examination of thin sections from DDH 334 s piven

in Table 1.

(i) The graphite-cordierite-biotite-feldspar gneiss (metapelite)

The  graphite-cordierite-biotite-feldspar  gneiss  hosts  little  of  the
uranium-nicke! mineralization in 334 Pod. This rock type is dark grey in hand
specimen, fine- to medium-grained and well-foliated. The major minerals in  this
unit are quartz (25-30%), feldspar (30-40%). biotite (15-20%), cordierite’ (5-10%)
and graphite (5-10%). This rock type is termed metapelite by Clarke and Fogwill
(1985). It cosresponds to the McClean 4l.ake metasemipelite of Macdonald (1980,
1985).

Quartz in this rock type has two modes of occurrence. The first consists of
small rounded to sub-rounded grains less than 0.5\ mm, poikilitically enclosed in
cordierite ‘and plagioclase and later quartz. Quartz inclusions are also ‘observed in

. tourmaline (var. dravite). The second and major occurrence of quartz is present as
polycrystaltine aggreéales of strained, interlocking, anhedral crystals cxhibiting
und}xlose extinction.

Plagioclase is rarely fresh and is almost always saussuritized. Even in the
_samples from the deepest part of drilll holes, plagioclasc is almost totally .
destroyed. ‘Plagioclase normally exhibits a poikiloblastic texture, enclosing quartz
grains and flakes of biotite and graphite. -
| Biotite occurs ‘as strongly pleochroic gfains  (light-brown to dark

reddish-brown), po%sessing a preferred orientation parallel to the compositional
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Table 1: Non-metalliferous minerals observed in thin  sections from DDH 334,

Depth(m) Qu Plg Kfs Crd B Chl Iml Epd  H o Pin Grp Car

1) 106.3 X X A

J) 107 4 A X

%) 1157 X a a X X X

4) 119.0 A a a A X X

S) 120.2 X a a X X X

0) 125.1 A a a X X A

7) 126.5 be a a a A A by x

¥) 130.3 x a a A X X X

) 1322 X 4 a a A A X X X

10) 134 6 x a a X : X X

BB 141.0 X ’ ’ X X A
1) 142 .5 \ ? ! A X X X
13) 154.3 b a ! X X X X
14) 163.2 X a ! A X x

15) 165.0 X a ! A X X

16) 171.0 A a ! X X X

7) 181.0 . A a X X X X Y

1%) 188.0 X a a - X

19) 190 .2 X 7 X by ? ? X A
20) 195.0 A 7 X X " " A A
1) 195.5 X 7 a X ! - " A X
22) 195 .8 X ? X X ’ \ ) Y X
23) 199 0 X 7 b X ? ’ \ X
24) 204 8 X x X X x A x
25) 209.5 X X X X X X
206) 212.5 X X X A A
27) 213.6 X X X - X - X
28) 217.0 X X X 27 - X ? X
29) 222.0 X X X X ’ X X A X

Qu7: quartz; Plg: plagioclase; Kfs: K-feldspar; Crd: cordicrnite; Btt: biotite;
Chl: chlorite; Tml: tourmaline; Epd: epidote; Ill: illite; Pin: pinite,

Grp: graphite; Car: carbonate; x: present; a: altered; ?: uncertain .
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lavering of the rock. Biotite s porkilitically enclosed by cordierite and plagioclase,
and appears 1o be mtimately  assoctated  with graphite. Pleochrow haloes in bonde
were not observed.

Graphite occurs as clengated flakes of up to 1 mm m dength that e
oriented parallel 1o the folation. Graphite s pothilitically enclosed by cordierie aond
plagroclase and appears to be mumately assoaated with biotite,

Accessory  minerals o this tock  vpe are rutile, magnetile, apabie and
tourmaline  (var. dravite). Two vaticties of tourmabine (dravite) are obscived  he
first 1s an carhier porphyvroblastic bronse coloured, anhedral (o subhedral dmvn(*
with occasional  quartz inclusions,  whilst the sccond is charactenised by radating
acicular aggregates of  white tourmaline. Radiating acrcular aggregates ol tounmaline
develop  under non stress condiiions, g ~pu\l tectontcaliy m o regionath
metamorphosed rocks (Spry, 1909}

The graphitic quartz-chlorite-feldspar gneiss (metasiltstone”)

The graphitic quarts chlorite feldspar  gneiss umt hosts the bulk of the
uranium-nickel  mineralization  in the 334 Pod. It also  hosts  chalcopynite
mincralization 50 metres  below  the 334 Pod. This tock is typically  fine- 1o
medium -grained.  banded and  well-foliated. It 18 composed mainly ol  quarts
(20-30%). feldspars  (microcline, ‘plagioclasc: 30-40%) and chlorite  (15-20%).
Graphite occurs in amounts of up to 10% modal. but generally ‘is less than %
modal . Tourmaline (var. dravite) usually occurs in amounts of 1 2% modal. bul
locally may be the predominant muneral phasc in vemlets. Accessory minNals are
rutile, anala;sc, apatitc and epidote (var. pistacile). ,

Quartz occurs as polycrystalline aggregates of stramned, intcriocking, anhcdral
crystals exhibiting undulose exvinction. Plagioclase is gencrally totally saussuritised.
Microcline is less altered than plagioclase and exhibits simple twihning. Chlorite

varies from pale-green to colourless varieties. Graphite occufs as fclongated flakes

parallel to the foliation. Tourmaline occurs in two forms: (a) as large, anhedral to
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/
wubhedral, bronze coloured dravite grains either in veinlets or scattered randomly .
and (b) as small radial, acicular aggregates of  white dravite. The  white dravite
appears 1o have occurred later than the bronze dravite.

In the vicinity of mincralization, the feldspars and  graphite are totally
destroved leaving an assemblage of  quartz-chlorite-ithite. Hematite am< calcite were
added later during different phases of mineralization. N

(i) The anatectic pegmatods

Two ‘l)'p(‘s of anatecue pegmatoids of  Hudsontan ag® have been recognized
in dnll core. The first are thin, scgregation pegmatoids, usually a few centimetres
thick. occurring i metapelitic rocks (Clarke and Fogwill, 1985). The sccond variety
which  may be ntrusive is  generally several metres  thick,  massive  and
coanse grained (Mg, 6). This  sccond  vanety  hosts  some  of the uranium
mincialization. Both pegmatoid types «haractenstcally exhibit relatively conformable
contacts with the enclosing metasedimentary rocks and have essentially the same
composition  (Clarke and  Fogwill, 1985). They arc composed of [fcldspars
(plagioclase. K -feldspar). quartz and tourmaline (vars. schorl and dravite). The
black, tourmaline (schorl) grains are up to 4 ¢m in length, occurring commonly in
quartz-rich areas and sometimes containing inclusions of quartz.

in the regolith, the pegmatoid retained their original textures. although
guart; was the only remaining primary mineral.

The tourmaline-bearing pegmatoid rocks were believed o havccoriginalcd by
anateais of boron-rich host sediments, characteristic of evaporite-bearing sequences

i

(Harper, 1982).

C. Regolith (Palaeo-weathering profile)
Macdonald (1980, 1985) argued that chemical weathering of the Aphebian and

Archean crystalline basement in a warm, moist climate produced a regionally-developed

weathering profile similar to#® present day lateritic profiles. Macdonald (1980) presented
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data to show:

(i) the formation of a bleached rone m the uppermost part of the profile duc (o
alteration  from  reducing  diagenctic  solutions  operating” at the  Athabasaa
Group- Wollaston -Group unconformity;

(i1) recrystallisation of illite from all zones in the profile, ¢

(iii) transformation of Mg-smectite in the green zone o Mg-dwctahedral chlonite: o

(iv) the possible transformation of gocthite in the red rsone to hematite.

The regolith  above the 334 Pod  has developed  principally  on the
graphite -cordicrite -biotite-feldspar — gneiss  lithology  (termed  metapelite by Clarke and
Fogwill, 1985) and is aboul 20 metres thick. It comprises an upper blcached sopt a
red (hemiatitic) sone. a transitional 1ed-green sone and a basal green (chlontic)y cone
that grades into ‘fresh’ metapelite. This regolithic colour zonation 1s characteristic of
regolithic  alteration of  metlasemipelitic tocks in the  absence  of  superimposcd
mineralization effects in the McClean lake arca (Macdonald, 1980) (Fig. 7).

In the blcached rone, all the primary mincrals except quart/ have been replaced
mainly by kaolinite and illite (scricite). In the red zonce. kaolinite is absent, biotite 1s
completely replaced by illite (sericite) and hcmalilc;A illite is much greater than chiorite,
and quartz is the only surviving primary mincral. In the red/green transitional zonc,
chlorite increases at the expense of illitc\(scricilc)_ biotite  cxhibits  pale-green
pleochroism; minor graphite is prc;em_ andf rutilc, magnctite, pyrite, marcasite and
radial, white tourmaline are accessory minerals. The green zone s composed primarily
of chlorite and illite (sericite), possesses biotite exhibiting palc-green 1o pale-brown
pleochroism; has minor graphite and accessory magnetite and rutile,

In the regolith, hematite is the principal, non-radioactive oxide, rutile occurnng

in minor amounts and magnetite in trace amounts. Pyrite is the principal sulphide,

occurring in trace amounts as does marcasite.
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Meta-Semipelite Depth
Cumulative % (feet)
100

Mineralogical Abbreviations

Q - quartz
K - kaolinite
- tlite .
Ch - chlorite )
H - hematite *
Gr -graphite
Bb -brown biotite
Bg -green biotite
M - micro\g:line
An, - plagioclase
C - cordierite 80
Rock ques and Alterations _ \\-\‘
Athabasca Group UL
fresh meta-semipelite
— ] bleached zone [
%) hematite (red) zone 4
[DI]I]I] green zone 1207
FrSp

Figure 7. Mineralogical and colour zonation in the palaeco-weathering (regolith) profile
of meta-semipelite from the McClean Lake area (modified after Macdonald, 1980,

198)
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Accompanying the altcration of feldspars, cordicrite and biotite to clays and
chlorite, is a flattening of the dip of the foliaton from fresh basement rocks (75 80)
to 0-10° at the unconformity. Flat shearing was observed at and necar the base o the
regolith indicating relative  movement between  the  Athabasca Group and  the mwore

competent Wollaston Group basement rocks (Clarke and Fogwill, 1985).

D. Athabasca. Group

in the vicinity of the 334 Pod. the Athabasca Group rocks consist of mediuim
to coarsc-grained, cream to purple, cross-bedded sandstone a\nd pebbly sandstone. A S
to 30 m grey conglomeratic horizon occur.s‘ about 40 m  above the  Athabasca
Group- Wollaston Group unmnt"g)rmily and provides an cveellent marker tor determimnmy

fault movements.
E. Structure

E.1 General

The Wollaston Group basement suite was folded during the Hudsonian OToRenNY
and underwent upper .amphibolite facies regional metamorphism (lLcwry and Sibbald,
1977, 1980; lLewry el‘/\/\ al., 1978). The major fold-axes trend NL-SW, with later
cross-folds trending ENE-WSW (Lewry et al., 1978; Lewry and Sibbald, 1980) .

In the Dawn lLakc arca a major fault direction NE-SW parallcled the s\lr/ilﬂ‘ of
the basement stratigraphy (Clarke and Fogwill, 1985). Olhc‘r fault dircclfbns arc
ENE-WSW (often with thrust components), N-S (rclated to the Tabbernor fault sys-
tem) and NW-SE (associated with diabase dykes’) (McNutt, 1982; Clarke and‘}-‘ogwill,
1985). All these faults cut the cover of the Athabasca Group rocks. It is belicved that
the NE-SW and ENE-WSW trending faults re'presem reactivated pre-Athabasca Group
faults, whilst those trending NS and NW-SE postdate the Athabasca Group cover

(McNutt, 1982; Clarke and Fogwill, 1985).
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Fault 7ones appeared to contain deeper clay alteration, and the majority of the
basement mineralization in the 11A and 11B Zones was associated with such alteration

sones of greater thickness than normal regolithic alteration (Clarke and Fogwill, 1985).

I..2 Structure-11A Zone

In the ,IJA Zon . the bascment metamorphic rocks strike N40° and dip steeply
northwest. This observation was based on clectromagnetic and magnetic surveys, and on
drillhole data (Clarke- and togwill, 1985). Compositional layering and the major
folfation direction were cssentialiv paraliel in these rocks (Clarke and Fogpill, 1985). In
thin sccliops of basement rocks occurring below the 334 i"od minecralization, (wo
foliation directions weic observed to occur at approximately 25° to each other. One di-
rection appeared to be the regional Wollaston domain trend of N45°E and the sccond
was interpreted  to be “at N70°E (a trend observed in the Wollaston and Mudjatik
domains).

Drillhole data along the '11° graphitic condl;clor indicated the presence of (i) a
major fault zonc with limited displacement trending at N40°E and dipping steeply to
the west  (i.e., parallel to compositicnal layering and foliation) and (ii) minor
cross-faults trending at N70°E (Clarke and Fogwill, 1985) (Fig. 8). The 334 Pod of
uranium-nickel mineralization occurs at the intersection of the majg)r fault zone
trending N4O°E and a minor cross-fauit trending N70°E (Fig. 8). Faults shown on Fig.

6 were based on brecciation and shearing observed in drillholes ahd projected along

sones of decper clay alteration extending downwards into the basement.
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IV. MINERALOGY OF THE 334 POD
SV‘;
A. Introduction

As outlined to date, the 334 Pod is a cylindro-spherical body with significant
uranium-nickel mineralization (Fig. 9). Vertical zonation of mineralization within the
pod has been observed with a pitchblende - arsenide - sulpharsenide assemblage prevailing
in the upper part of the pod, whilst a pitchblende-sulphide asserWlage dominates in
the lower part of the pod.

Virtually all of the mineralized drill hole intersections of the 334 Pod occur
below  altered to ‘fresh’ graphitic metapelitic rocks (Fig. 6). However, only a small
portion is hosted by the graphitic metapelites (Fig. 6). The bulk of the mineralization
is hosted by the graphitic quartz-chlorite-feldspdr gneiss. In and around the 334 Pod,
the host rocks are intensely chloritised. and exhibit a dark-green colouration. Some
mincralization occurs in anatectic pegmatoid rocks. Hematite alteration occurs in the
lower part of the pod. Calcite was observed immediately above the uppermost arca of
mincralization, and also in the lower part of the pod cutting carlier chlorite and
hematite alteration.

B. I\';incralogy of 334 Pod - General

A summary of metalliferous and gangue mincralsioccurring in the 334 Pod is
givcn‘in Table 2. Metalliferous minerals identified include pitchblende (3 varieties),
arscnides (rammelsbérgilc, safflorite and nickeline), sulpharsenides (gersdorffite-several
varictics; cobaltite), sulphides (galena, sphalerite, chalcopyrite, pyrite, bravoite, violarite,
millerite and an unidentified Cu-S mineral), bismuth tellurides and native gold. Gangue
minerals mclude chlorite, illite, hematite and calc;le.

The upper part of the 334 Pod is characterised by the
pitchblende-arsenide-sulpharsenide assemblage and chlorite-illite gangue. The lower part
of the pod is characterised by a pitchblende-sulphide assemblage and a gangue

1
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A. Plan of the 11A Zone, Dawn Lake, Saskatchewan
B. Generalized longitudinal section through the 11A Zone, Dawn Lake, Saskatchewan.
-(Modified from Clarke and Fogwill, 1985, 1986)
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assemblage of chlorite-illite-hematite-calcite.

Pitchblende is the most abundant mineral in the 334 Pod. The most abundant
non-uraniferous minerals are gersdorffite and nickeline. Amongst the opaquc minerals,
bismuthian  gersdorffitc and  violarite  have not  been reported from  other
unconformity -associated  uranium  deposits  within the Athabasca Basin. In 'fact,

brismuthian gersdorffite had not been identified previously.

(. Mineralogy of the 334 Pod - Methods

Bclwvyc‘n March 1985 and September 1987, the clectron microprobe facilities of
the Department of Geology, University of Alberta were used to perform quantitative
and qualirlalivc analyses on ore and gangue minerals from the 334 Pod basement
mincralization.

Quantitative analysis of ore minerals involved:

(i) the accumulation of wavelenglh-dispersive and energy-dispersive data, and
(1) the treatment’ of these data using the FORTRAN IV computer program EDATA2
(Smith er ai., 1981) to gencratc chemical compositions and atomic ratios of

metalliferous minerals (Appendix 3).

Mectalliferous minerals characterised .. quantitatively  included pitchblchde (3
varictics), arsenides (rammelsbergite, nickeline), sulpharsenides (gersdorffite- several
varictics; cobaltite) and sulphides (galena, chalcopyrite, bravoite, violarite and millerite).

”
Gangue minerals were only studied qualitatively. '

Qualitative analyses of metalliferous minerals were performed primarily to verify
sonal sequences previously observed during routine microscopic investigation. Qualitative
analyses were. also carried out to invcstigalye reflectance variations "observed during
NISOMI investigations of ore minerals. Qualitative analysesi of metalliferous minerals

involved the acquiring of (a) secondary electron, and (2) back-scattered electron

images.
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The NISOMI-84 (Nottingham Integrated  System for  Opaque Mineral
Identification) computer-controlled automaléd reflectance -measuring  system  provided
reflectance and colour data for ore minerals (Appendix 4). The use of this systemn was
very imponam‘in characterising the different pitchblende generations.

Prior to use of the aforementioned methods, howcver, was the employment of
_routine microscopic methods involving polished thin scctions and polished moua. Al
polished thin sections and polished mounts used were made by Mr. Peter Black v the

Dept. of Geology, Univ. of Alberta.

D. Oxides
The main oxides observed in the 334 Pod are pitchblende and hematite.

Accessory rutile has also been observed. Three types of pitchblende are present:

1. pitchblende 1 (an early, lustrous variety displaying colloform, botryoidal aud
reniform habits);

2. pitchblende II (an intermediate, slightly less reflective varety displaying colloform,
botryoidal, ringlike and cuhedral habits).

3. pitchblende 1II (a late, dull, amorphous varicly r1cplacing rims and inhabiting

shrinkage cracks of earlier pitchblendes).’

D.1 Pitchblende

Uranium oxides at Dawn lLake are termed pitchblendes and not differenuated
into uraninites and pitchblendes, because X-ray crystallographic studies were not carriced
out. | 2

Uraninite is isostructural with fluorite, CaF,, and consists of uranium in &-lold
cubic coordination (Frondel, 1958; ~Smiih, 1984). Oxidation of UQO, occurs by an
oxygen interstitial mechanism and thus the formula for uraninite should be UO2 +x
(Gronvold, 1955). The cell size varies linearly with composition, with a,(A) = 5.470 -

0.1080X, where X is the deviation from stoichiometry of .the oxygen (Smith, 1984).

N~
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[he bmtmg value for X oas 025 (Smith. 1984). Above the  composition UOZ.)S' the
cubie structure  vields o 17 telated tetragonal  Torm (Willis. 1978). Table 3 gives the
wome tadin of dons o K-told coordimation that can substitute for U* and U in the
aranmite and pitchblende structures {Henderson, J982).

Pitchblende is the major oade muneral present in the 334 Pod. Megascopically
IUomay vary from massive 10 porous. The most porous ore occurs mainly in the lower
Smoof the 334 Pod. although porou ore does occur o places higher up cutting the
massive arsenide -sulpharsenide ore.

Thid tvpes of pitchblendes have been identfied on the basis of their textures,

teitecnivity, cBpmical composition, and paragenetic position. These tyvpes arc:

(1 pilchhlcmf(‘ 1 (first gencration pitchblende) ‘
{(n) pitchbiende 11 d generation prichblendce)
(i) pitchblende 11 1d gencration pitchblende)

"}’ubhshcd analyser of thorium-free pitchblendes from other
unconformity -deposits within - the Athabasca  Basin Cree lake Zonc arca are available
onlyv for the Rabbit lake (Rimsaite. 1977) and Midwest lLake (Wray er al, 1985)
deposits. Rabbit Lake pitchblendes were shown 1o contain minor amounts of calcium,
iron. titanium. silicon and aluminium. Midwest lLake pitchblendes were shown to con-
tamm minor amounts of calcium, titanum, vanadium, manganese, iron, nickel, arsenic,
oheon and aluminium .The Midwest lake pitchblendes were examined using the

clection microprobe facilities at the Dept. of Geology of the Univ. of Alberta by Dr.

D G W. Smith and S. launspach, and reported in Wray er al. (1985).

1».2 Pitchblende 1

Pitchblende 1 occurs as dark, lustrous, botryoidal, colloform, reniform and

k5

radial bodics (Plates 3-12). Reflectivity and colour data for pitchblende 1 samples are

presented in Table 4 and Figure 10. Clemical composition data for 12 pitchblende I

4

samples are presented in Table 5.
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Table 3 lonic radii of selected jony in 8-foll co-ordination’

e Pbt Ca” U /nt ber bet Mn* T

1.00 (.94 112 0 X6 0.90 09l 0.7 096

Data are unavailable for nickel and vanadium m 8 fold co ordinauon
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Figure 10. Reflectivity and colour data for first and second gencration pitchblendes
from the 334 Pod, 11A Zone, Dawn lake, Saskatchewan
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Pitchblende 1 possesses the highest reflectivity of - all the pitchblende types and
contains variable bul minor amounts ol calcium, titanium evanadium, mangancsc, iron#

michel and 72ing.

H.3 Pitchblende 11
Pitchblende 11 occurs as lighter coloured, colloform |, botryoidal, radial. ring-like
and cuhedral bodies. that are less lustrous than pitchblende | (Plates 6. 7). Reflectivity
and olour data for pitchblende 1l sampies are presented in Table 4 and Figure 10.
Chemnical compositions of 18 pilchblcndc\ 11 samples are presented in Table 6.
Pitchblende 11 chemical compositﬂnm are similar to those of  pitchblende I, the
major differences being the lower lead and higher calcium  contents in pischblende I

samples (Tabtes 6. 8).

.4 Pitchblende HI

Pitchblende 1 occurs as dark, gencrally amorphous, rim coalin;s on, and
<himkage crack/fracture fillings in paragenctically carlier pitchblendes (1 and 11) (i’lales
7 12) Chemical compositions of 13 pitchblende Il samples are presented. in Table 7.

Pitchblende Il samples generally contain much less lead than pitchble.ndcs I and
Il (Table 8). Pitchblende III also contains more€ vanadium and .less iron and nickel
than pitchblendes 1 and 11 (Table 8).

Two distinct types of pilchl_ﬂcnde [I1 have been distinguished chemically %(Table
7. 8). Pitchblende l!l‘ replacing pitchblende 1 (Analyses 1-6, Table 7) contains less

calcium and silicon, but on the average more lead than pitchblende III replacing

pitchblende 11 (analyses 7-13, Table 7). ~ @

D.S Pitchblende-Discussion .. 1
In the 334 Pod. pitchblende I (U/Pb: 4.34-5.09) contained less calcium than

paragenetically later than pifchblende 11 (U/Pby 5.12-7.58). This pattern is repeated at



Plate 3. Assemblage: nickclhc-gersdorf’ﬁle'pilchblcndc I-gersdorflite -galena.
Secondary electron image

The following features are shown on this plate: -

(i) nickeline (N) is replaced by gersdorffite (G) along rims and fractures

(1) gersdorffite-altered ims of nickeline are coated by colloform pitchblende 1 (P1)

(i) syneresits cracks in pitchblende 1 are filled by a later gencration of gersdortfite
which also formed an outer cogting on pitchblende 1

(1v)some cavities in nickeline are filled with galeha (g)

(v) corroded quartz grains (Q) arc enclosed in the phyllosilicate matrix

Plate 4. Assemblage: gersdorffite-pitchblende I-gersdorffite -bismuthian gersdorffite
Back scattered electron image
The following features are shown on this plate:

4 (1) brecciated gersdor(f(ite (G) grains are enclosed by botryoidal pitchblende I (P1)
(!!.) b;ecciated pitchblende 1 (to the right) has been healed by later gersdorffite fillings
(iii) bismuthian gersdorffite (bg) inclusions are present in gersdorffite

4 -



Plate 5. This reflected light image shows gersdorffite (G) filling some syneresis cracks
in massive pitchblende 1 (P1).
Reflected hght: 100X

Plate 6. Assemblage: gersdorffite-pitchblende Il-pitchblende Il -galena
The following features are shown on this plate:

(i) gersdorffite (G) is coated by pitchblende 1I (P2) A
(ii) pitchblende II is altered to pitchblende Il (P3) alang rims of fractures
(iii) ubiquitous very fine-grained galena (g) is associated with pitchblende III.

Reflected light: 100X
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Plate 7. Assemblage: pitchblende 1-gersdorffite- pitchblende 111 -galena
Back scattered electron image
The following features are shown on this plate:

(1) radial pitchblende I (Pl) is replaced by pifchblende 1 (P3)
(ii) radial pitchblende 1 is coated by gersdorlfite (G) ’

(i1i) gersdorffite rims are replaced by pitchblende 111 and galena (g)
(iv) fractures in gersdorffite are replaced by pitchblende 111

S

Plate 8. Assemblage: pitchblende I-gersdorffite-bismuthian gersdorffite
-gersdorffite-pitchblende 111
Back scattered electron image

*$ The following features are shown on this plate:

gersdorffite (bg) bands
(ii) some syneresis cracks and fractures in pitchblende 1 are invaded by ge sdorffile)
(iii) pitchblende I is‘}tered to pitchblende III (P3) along rims, fractures and syneresis

A(i) radial pitchblende 1 (Pl) is coated by gersdorffite (G) comaix{g bismuthian

cracks .
(iv) gersdorffite is coafed by pitchblende III | \
(v) bismuthian gersdorffite is selectively replaced by pitchblende III ‘

\
i

Y
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Plate 9. Assemblage: rammeisbergite-pitchblende 1-gersdorffite
The following features are shown on this plate:

(i) rammelsbergite(R) exhibits a skeletal replacement texture in gersdorffite (G)
(ii) gersdorffite has fglled fractures and cracks in pitchblende 1 (P1)

\

Reflected light: 100X

Plate 10. Assemblage: rammelsbergite-nickeline-pitchblende 1 -gersdorffite
The following features are lshown on this plate:

(i) gersdorffite has replaced rammelsbergite (R) and nickeline (N)
(ii) pitchblende 1 (P1) appears to be enclosed by gersdorffite (G)

Reflected light: 100X



63

.o




Plate 11. Assemblage: rammelsbergite-gessdorffite-pitchblende 1 -gersdorffite
The following features arg shown on this plate:

(i) rammelsbergite (R) 4s replaced by gersdorffite (G)

(ii) the phyllosilicate matrix has been partially replaced by a mesh-like network of
gersdorffite strands

(iii) gersdorffite is replaced by colloform pitchblende I (P1)

(iv) some syneresis cracks in pitchblende 1 are partially filled by later gersdorffites

Reflected light: 100X

. 4\ /X
Plate 12. Brecciated golloform (botryoidal) pil@hb]ehde 1 (Pl) partially healed by ¢«

gersdorffite (G) N
Reflected light: 100X %‘

'EE:.i!
B



635




bt

Table S : Chemical compositions of first generation  pitchblendes  (pitchblende 1) from
Saskatchewan.

No.

SAMPL}

U (wi %)
ITh (wt.%)
Pb (WL.5%)
Zn (wt %)
Ni¥(wi %)
Fe (wi.%)
Mn (wt. %)

V o (wt.%)
It (wt %)
Ca. (wt.%)

O, (wt %)
O, (wi.%)
PbQ (Wl.‘yo)
Zn0 (wi.%)
N1O (Wl_(/rn)
J."e() (w1.%)
MnQ (wi.%)
V,0, (wit.%)
TiO, (wt.%)
Ca0 (w1.%)

Toual

Li/Pb-

L1/Ca

Chemical
Age (Ma)

the 334 Pod,

334
142 4

6427
ND
15 79,

0.49

038
0.35
0 ,‘1(\

0.4

ND

8773

4.39
58.70

1400

11A Zone,

134
142 4

64 87
NI
14 .70
(.44
() 44
0.43
014
010
ND
| 4y

4.75
46 .89

1307

Dawn lLake,

RN
1432

087
ND)
15.58
(.41
027
0.26
ND
0%
007

J6 4R

438
50.94

1402

11
143 2

70 24
NI
13.79
063
0.3
(.34
015
028
0.07
11K

306 9N

79 (9
ND
14 %5
07K
(). 3%
(.44
®19
0.50
012
1.65

9% .60

509
59.53

1230

334-
145 3

O8 70
ND
15 82
049
0.41
0.26
0.07
0.07
N[
1.09

%0 94

434
63.03

1413

T8 S
N1
1616
(165
0 60
047
014
ND
ND
1 61

9% 14

Gl

1341
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lable S (Contd.): Chemical compositions of first generation pitchblendes (pitchblende
1) from the 334 Pod, 1A Zone, Dawn Lake, Saskatchewan.

No 7 8 9 10 11 12

SAMPI b 134 134 334 334- 334 334-
1453 145 3 145 3 145 3 146 .4 146 .4
U (wi %) 69 27 70 .06 6943 6957 68 43 67.57
I (wi%) ND ND ND ND NI ND
P (wt %) 14 .65 14 68 14.53 13.93 1582 15.24
I (wi %) 050 044 0.7 0.68 0 85 0.68
N1 (wt. %) 0.69 (.46 (.54 0.62 0.36 0.24
be (wi%) 0.32 0.33 0.3%" 0.41 0.44 0.41
Mn (wt %) 017 0.1% 0.20 ~ 0.4 0.22 0.13
Vo(wi%) ND 0.07 0.14 011 0.0% 0.19
1t (wt.%) ND ND ND ND ND ND
Ca (Wi %) 114 110 1.29 1.30 112 1.50
Fotal 674 §7 1 872 8076 £7.32 85.96
4
UO, (wil %) 78 58 79 47 78.77 78 .92 77.63 76.65
ThO, (wi %) ND ND ND ND ND ND
PHO (wi.%) 15.78 15 82 15.65 15.00 17.04 16.42
/ng) (wi.%) 0.62 0.55 0.88 0.84 1.06 0.85
10 (wi%) 0 88 0.59 0.69 0.78 0.46 0.31
beOQ (wi%) 0.41 0.43 0.49 0.52 0.56 0.53
MnO (wi.%) 0.22 0.23 0.26 0.18 0.29 0.17
V,0. (wi.%) ND 0,13 0.26 0.20 0.15 0.34
Mo, (wi.%) ND ND ND ND ND ND
CaO (Wi.%) 1.60 1.54 1.80 1.82 1.56 2.10
Total 9%.09 - 98 .76 98.80 9% .26 98.75 & 97.37
N \ .
U/Pb 473 4.77 4.78 4.99 4.33 4.43
U/Ca 60.76 63.70 53.82 53.52 61.10 45.05
Chgmical

Age (Ma) 1313 1302 1301 . 1282 1417 1388 -
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Table 6 : Chemical compositions of second generation pitchblendes (pitchblende 1)
from the 334 Pod., 11A Zone, Dawn lLake, Saskatchewan.

No. 1 2 3 4 B

SAMPL Y 334- 13- 134 134 334 .

144 0 144 0 140 4 146 .4 1404 i

U (wt.%) 68 .86 69 .50 69 40 69 69 09 .68 FAR
Th (wt.%) ND ND ND ND ND NP
Pb (Wt %) 13.11 12.40 12 87 12 .80 12.43 Y
Zn (wt.%) 0.37 0.37 (.54 (.68 0.84 (ol
CNi (wl.%) 0.43 0.3% 0.20 032 0.21 0
be (wl.%) (.49 0.35 0.42 (.50 042 ' 06
Mn (wl.%) 0.14 016 0.19 017 0.16 00
vV (wl.%) 0.09 0.06 011 016 0.15 0
i (wi.%) ND ND ND | ND ND ND
Ca (wl.%) 1.56 13 173 ) 1.70 1 .46 >0l
Total 85 .05 84 41 85 46 88 02 8535 &4 20

i
<

U0, (wi. %) 7812 78 ¥4 78 73 79 06 79 05 8081
ThO, (wi.%) ND ND NI ND ND ND
PbO (wt.%) 14.13 13.36 1387 13.79 13.39 10.0%
ZnO (Wt %) 0.46 0.46 0.67 (.85 1 .04 076
NiO (wt.%) 0.55 0 48 (.25 0.40 0.27 0.3
FeO (wt.%) 0.62 0.45 0.54 0.64 0.54 0.79
MnO (wt.%) 0.19 0.21 0.24 L0.22 020 - 0.26
V,0, (Wt.%) 0.16 0.10 0.20 0.28 027 0on
TiQ, (wi.%) ND ND ND ND ND ND
CaO (wt.%) 2.18 2.00 2.43 . 238 2.04 2 %5
Total 96.41 9600 96.93 97.62 90.79 95 %

U/Pb 5.25 5.60 5.39 5.44 5.61 i

U/Ca 44.14 48.60 40.12 40.99 47.73 34 >

Chemical . .

"Age (Ma) 1198 1131 1170 1160 1131 86

\
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[able 6 (Contd.): Chemical compositions of second generation pitchblendes {pitchblende
11) from the 334 Pod, 11A Zone, Dawn l.ake, Saskatchewan.

No 7 8 9 10 11 12
SAMPLL 3134 134 334 334 334 334
147.0 147 .0 149.0 149.0 149.0 149.0
L (wt%) 08.55 69 87 69.05 69.55 69.49 70.05
Ih (wt.%) ND ND ND ND ND ND
Pbh (wi.%) 13.23 12.61 13.49 13.29 12.94 12.92
/n (wi.%) 0.51 (.36 0.67 0.67 0.82 0.7
Ni (wt. %)} 0.42 0.28 0.39 0.41 0.52 0.51
Cbe (wt%) 0.51 0.40 0.50 0.4] 0.57 0.57
Mn (wt. %) 0.09 0.09 0.19 0.18 (.29 0.29
V (wi.%) 0.16 0.08 0.08 0.15 0.19 0.16
I (wt.%) ND ND ND ND NI ND
Ca (wt.%) 1.33 1.33 1.38 1.36 1.41 1.35
Total * 84 .80 85.02 85.75 ¥6.02 86.23 86.62
VO, (wit %) 77.76 79.26 78.34 ™ 7%.89 78.83 79.47
ThO, (wt.%) ND ND ND ND ND ND
PHO (wt1.%) 14.25 13.59 14.53 14.31 13.94 13.92
0 (wt.%) 0.63 044 0.83 0.84 1.02 0.96
NiO (wi.%) - 0.53 0.36 0.50 0.53 067 0.65
FeO (wi%) 0.66 0.52 0.64 0.53 0.73 0.73
MnO (wi.%) 0.12 0.12 0.25 G 23 0.38 0.37
V,0, (wi.%) 0.29 0.15 0.14 0.27 0.34 0.29
TiOQ, (wi.%) ND ND ND ND ND ND
€0 (Wi %) 1.86 1.86 193 1.90 1.98 1.89
Total 96.10 96.30 97.16 9750 - 9789 - 98.28
U/Pb 5.18 5354 512 - 523 537 & 542
U/Ca . S1.54 52.53 50.04 51.14 4928 5189

. Chemical '
Age (Ma) 1212 1143 1225 1202 1175 1165
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Table 6 (Contd.): Chemical compositions of second generation pitchblendes  (pitchblende
11) from (hcA 334 Pod, 11A Zone, Dawn Lake, Saskatchewan.

No 13 14 19 16 . 17 .
SAMPL Lt 334- 334- 334 334 334. Vi
149 .0 150.5 1505 152 % 152 8 I8
____________________________________ 7 22O
U (wt.%) 70.08 69.53 70.44 08 87 70.01 o
th (W1.%) ND ND ND ND NI NI
Pb (wt.%) 11.4] 13.30 11.58 12.99 12.46 R
Zn (wt.%) 0.77 0.55 0.75 0.65 0.47 0~
Ni (wt.%) 0.57 0.43 0.39 0.29 0.18 0
Fe (wi.%) 0.66 0.40 0 .53 0.34 0.37 SRS
Mn (wt.%) 0.45 0.08 0.20 0.20 ~— ND 0
VvV (wt.%) 0.20 0.14 (.19 0.10 ND NI
Ii (wt.%) 0.06 ND ND . ND ND 0o
Ca (Wl.%) 1.50 1.43 1.70 1.64 1.35 ] 6S
____________________ R " | .
Total 85.70 85 .86 85.78 8408 84 .84 84 13
. p .
. -
U0, (wi.%) 7950 78°88 79.91 78.13 7942 . 1911
ThO, (wi.%) ND ND ND ND ND ND
PO (wi.%) 12.29 14.33 1247 13.56 13.42 12.16
Zn0 (wi.%) 0.96 0.69 0.93 0.81 0.58 0.64
NiQ (wt.%) 0.73 0.55 0.50 - 0.30 0.23 0.27
FeO (wt.%) 0.84 0.52 0.68 . 0.44 0.47 0.65
MnO (wt.%) 0.58 0.11 - 0.2 -~ 0.26 . ND 0.13
V,0, (wi1.%) N 0.35 0.25 0.34 0.19 ND ND
Ti0, (wt.%) 0.10 ND ND ND ND 0.18 -
Ca0 (wt.%) 2.09 S2.00 2.3% 2.29 1.8¢ 2.30
Total 97 74 97 33 97.47 96.04 96.00 95.45
- \ ® ‘
@U/Pb 6.14 5:23 6.08 5.47 5.62 .
U/Ca 46.72 48 .62 4] .44 41.99 51.86
Y
Chemical 4

Age (Ma) 1042 1203 1051 1156 1128




[able 7 : Chemical compositions of. third® generation -pitchblendes (pitchblende I1I)
from the 334 Pod. 11A Zone, Dawn Lake, Saskatchewan.

No ] 2 3 4 S 6
SAMPLF 334- 334- ! 334- 334- 334- 334-
142 .4 “142.4 146 4 146 4 146.4 146.4
U (wi%) - 7298 72 .49 67.00 6% .69 6%.55 72.04
Th (wi.%) ND ND ND ND ND ND
Ph (wi.%) 1.95 1.70 7.24 < 2.4 1.76 1.15
In (wi.%) 0.49 0.32 0.26 r 0.69 0.62 0.58
Ni (wt.%) 0.27 0.31 0.30 0.21° 0.20 0.36
Fe (wi.%) 2] 0.29 0.16 0.22 0.12 0.16
Mn (wt.%) 0.46 0.50 ND ND ND 0.11
V(Wi %) 0.38 0.41 0.44 0.52 0.58 0.53
T (Wi %) ND- ND ND 1.31 1.38 ND
Ca (wl.%) 1.7 2.03 1.39 0.97 1.00 220
Sto(wt%) | 1.88 1.90 1.32 2.01 1.9% 1.37
Total 80.33 79.95 78.11 76.76 76.19 78.50
U0, (wi.%) 8279 82.24 76.01 7791 77.77 81.72
ThO, (wi.%) ND ND ND ND | ND ND
PbO (wt.%) 2.10 1.83 7.80 230 1.90 1.24
Zn0 (wi.%) 0.60 0.40 0.32 0.86 0.78 0.72
NiO (w1.%) 0.34 0.39 0.38 0.26 £ 0.25 0.46
FeO (wi.%) 0.27 0.38 0.21 0.29 0.16 0.21
MnO (wt.%) 0.60 0.64 ND ND ND 0.14
V.0, W.%) 0.68 072 - 0.78 0.93 1.03 0.95
TiO, {wl %) ND ND ND . 2.18 2.30 ND
Ca0 (wt.%) 2.39 2.84 1.95 1.35 1.40 3.08
Si0, (wi.%) 4.02 4.06 2.83 430 3.23 2.94
Total . 93.79 93.50 90.28 90.38 89.82 91.46
U/Pb . 3742 . 42.64 9.25 32.10 38.95 62.64
U/Ca 42.68 35.71 48.20 70.81 68.55 32.74
s U/SE 38.82 38.15 « 50.76 34.17 34.62 52.58
Chemical

Age (Ma) . 187 165 n1 . 218 180 © 113
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Table 7 (Contd.): Chemical compositions of third gencration pitchblendes (pitchbiende

111} from the 334 Pod,

No. 7
SAMPILE 334-

152.8 ¢
U (wt.%) 66.88
I'h (wt.%) ND
Pb (wt.%) 2.61
Zn (wt.%) 0.44
Ni (wt.%) 0.11
Fe (wt.%) 0.07
Mn (wt.%) 0.19
VvV (wt.%) 0.32
I (wt.%) 0.14
Ca (W1.%) 4 .06
Si (wi.%) 3.30
Total 78.12
U0, (wt.%) 75.87
ThO, (wt.%) ND
PO (w1 %) 2.81
ZnO (wt.%) 0.54
NiO (wt.%) 0.14
FeO (wt.%) 0.10
MnO (wt.%) 0.24
V,0: (wt.%) 0.57
TiO, (wt.%) 0.28
CaO (wt.%) 5.67
Si0, (wt.%) 7.06
Total 93.23
. U/Pb 25.62
U/Ca 16.47

U/Si 20.27

Ghemical

- Age (Ma) 271

11A Zone,

8 9 10
334 334 334-
152 .8 152.8 152 %
65.16 03.88 09.08
ND NI ND
0.55 0.47 0.39
0.36 0.27 0.50
0.14 0.12 0.28
ND 0.16 0.30
0.25 0.23 0.66
0.48 0.54 0.54
0.17 ND ND
4.30 4.17 4.29
4.10 4.82 2.43
75.51 74.66 78.53
73.91 72.47 78.30
ND ND ND
0.59 0.51 0.42
0.45 0.34 .62
0.18 0.15 0.36
ND 0.21 0.47
0.32 030 , 085
0.85 0.96 0.97
0.28 ND ND
6.01 >.83 6.00
8.77 10.32 5.19
91.36 91.09 93.24
118.5 135.9 77.1
15.15 15.32 16.10
15.89°  13.25° 2843
60 52 40

Dawn Lake,

Saskatchewan.
11 12
334 3134-
157 8 154.0
63 88 69.5?
ND ND
0.24 0.85
0.30 0.49
0.15 0.12
0.08% €0.20
0.24 0.14
.52 .33
0.07 ND
3.90 4.01
4.26 T 328
73.64 78.94
72.47 78.87
ND ND
0.206 0.91
037 0.6

0.20 0.1
0.11 0.26
0.31 0.18
0.92 0.59
0.12 ND
5.45 5.61
911 7.01
89.32 94.20
2606.2 \1,79
16.38 17.34
15.00 21.20
27 87

8105
ND
.94
0.31
0.15
0.34
0.33
0.47
0.10
5.8
4 K7

94 2,

"2l
17.22
3 34

80



Table 8: Summary of chemical data for pitchblendes I, II and HI from the 334

Hwt. %)
Pb(wt. %)
Zn{wt. %)
Ni(wt %)
Fe(wt %)
Mn(wt. %)
V(wt. %)
li(wt.%)
Ca(wt. %)
Si{wt.%)

LJ/Pb
U/Ca
U/Si

Pod, 11A Zone,

4.34- 5.09
45.05-63.70

Dawn lLake,

Saskatchewan.

73

68.55-70.99
9.36-13.49
0.36- 0.84
0.20- 0.57
0.34- 0.66
0.00- 0.45
0.00- 0.20
0.00- 0.11
1.33- 2.04
-- ND --

512 758
34.80-22.53

67.00-72.98
1.15- 2.14
0.32- 0.69
0.20- 0.36
0.16- 0.29
0.00- 0.50
0.38- 0.58
0.00- 1.38
0.97- 2.20
1‘3?~ 2.01

9.25-62.64
32.74-70 .81
34.17-52.58

25.62-2
15.15-
13.25-



Midwest lake where carly colloform pitchblende  (U/Pb: S.1) contained less  calcium
than presumably later radial pitchblende (pitchblende 117) (U/Pb: §.7) (Wray er ol
1985).

Unlike  the ecarly and intermediate  pitchblendes  at Midwest  Lake,  cath
(pitchblende 1) and intermediate (pitchblende 11) 334 Pod pitchblendes were virtu,
free of silica and titania. This jnay be caplained hy_ the Midwesy Lake pitchblos
being at the unconformity while the 334 Pod pitchblendes  are in the  bascin
Unconformity mineralization is associated with the dissolution of quartz and the
struction of resistate mincrals at the basc of the Athabasca (‘;r()up (Hoeve and Qi
1987).

Thirﬂ_gcneralib’n pitchblendes — (pitchblende 1) the 334 Pod - genei v
possessed U/Pb weight ratios of ‘lcss than 10, and contain higher calcium, silicog and
vanadium concentrations than pitchblendes of carlicr generations. This pattern was e
pcated at  Midwest lake¢ where later  pitchblendes  (U/Pb>10)  possessed  higher
concenlra(?ons of talcium, silicon and vanadium than carlier pitchblendes.

Pitctiblende 111 in the 334 Pod always possessed a silica compo.ncnl indicating
cither that it was: partially converted to coffinite or that it was intimately mixed wrth
domaiI;s of coffinite. Pure coffinite was not obscrved, although some pitchblende il
analyses indicated a high coffinite component (Table 7).

A -pattejn noticed was that the oxidc stotal decrecased from pitchblende 1 to
pitchblende 111 (Tables S. 6. 7. 8). Thls may be duc to (1) deviation from *
stoichiometric UQO, (i.e., Uozﬂ instcad of UQ,): (2) hydration of pitchblendes; an:

(3) porosily of. pilchblendc‘: 111 (-coffinite?) phases.

4 ) - -
. i .
E. Arsenides .

- Arsenide minerals recognized in the 334 Pod are rammelsbergite, saffloritc® and

nickeline. Rammelsbergite appearc to be the oldest metalliferous mincral deposited in the

334 Pod. Deposition of rammelsbergite is [ollowed by that of nickeline. Whereas

. ) . .
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rammelsbergite i a minor mineral in the 334 Pod. nickeline is second only in

abundance to gersdorffite. amongst the non-uraniferous metalliferous uanerals.

F..1 Rammelshergite [NiAs,]

Rammelsbergite appears 1o be the earliest metalliferous mineral phase in the 334
Pod at.Dawn lake. It occurs as small, anhedral inclusions in nickeline and gersdorffite.
Replacement  textures  of  rammelsbergite by nickeline  and gersdorffite  indicate  that
rammelsbergite  grains were  much larger than at  present. Rammelsbergite has been
observed over a 6.3m depth interval in the upper part of the pod.

Flectron microprobe analyses were obtained for ramylclsbergiles (a) enclosed by
nickeline (analyses 3. 6. 7, 9 and 10; Table 9) and (b) enclosed by gersdorffite
(analyses 2. 4. 5 and §; Table 9). Rammclshcrgil;s enclosed by gersdorffites exhibit

>
highet iron and sulphur concentrations than those enclosed by nickeline. Metal to

non-metal ratios vary between 1.02:1.98 and 1.00:2.00, indi&ning almost perfect
stoichiometry. lron, occurs in amounts of up 10 0.09 wt.%; cobalt, up to 0.29 wt.%;

5 .
and sulphur, up to 058 wi.%. Antimony was observed in one sample.

Yund (1962) suggesied that the maximum sulphur content ® of natural .

rammelsbergites  was  approximately 1, wt.%. It is evident -that the 334 Pod

rammclsbergites have ot exceeded this limit. ’ \ )
Rammelsbergite has also been recognized in the Key lLake (Dahlkamp, 1978,
von Pechmann, 1985), McClcan.Lake (Wallis er al., 1983, 1985, 19865, Midwest Lake
(Wray ‘et al.¥ 1985), Collins Bay A (Ruzicka, 1986) and Cigar l:ake (Fouques' er al.,
1986;: Ruzicka and LeCk'lemi-nam, 1987) deﬁosils. It has not been observc;d_’ in the

’ e
Carswell Structure deposits of the Amer Lake Zone (Ruhlrzxann, 1985).

”

k.2 Safflorite [CoAs,] -

Safflorite was observed to occur as small anhedral grains in the massive
L) . :

arsenide -sulpharsenide ore. Safflorite along with rammelsoergite b?obébiy were the oldest

9
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_Table 9: Chemical composition (in. wt.% and atomic compositions of rammelsbergites

kY from the 334 Pod, 11 A Zone, Dawn lLake, Saskatchewan.
l.ocation ke Co Ni As Sh S tolal
(D) - 28.15 71.85 R [T
(2') 334-144 0 0.09 0.22 28.00 71.49 ND 0.21 100,01
(3 334-144 .0 ND 0.12 28.19 71.68 ND 0.01 100 6o
(4) 334-144.1 0.08 0.22 28 .48 70.76 0.17 0.45 100,16
(5) 334-1453 0.09 0.10 28.25 70.97 ND 0.58 99 99
- (6) 334-1453 ND 0.11 28.16 70.96 ND 0.10 - 99 13
‘ (7) 334-1453 ND 0.29 . 27.98 71.66 ND - 0.07 100.00
: (8) -334-145 4 0.06 0.19 28.13 \ 70.92 ND 0.11 S99 4]
' (9) . 33\4-145.4 ND 0.13 28.25 70.80 ND 0.12 C99 30
(10) « 334-1454 ND 0.27 27.97 70.90 ND 0.13 99 27
(11). Midwest ND ND 27.60 72.00 ND ND 99 60
. L o
Atomic composition on the basis of Fe+Co+Ni+As+5b+S = 3.0
(1) 1.00 2.00
(2)  334-1440  0.00 0.01 0.99 1.99 0.0
(3) 334-1440 ----  0.00 1.00 2.00. ~ - 0.00
(4). 334-1441 0.00 0.01 1.00 1.95 0.00 0.03
(5) 334-145.3 _ 0.00 0.00 1.00 . 196 0.04
(6)  334-1453  ---- 0.00 101 b 198 S 001
o (7))  334-1453  ---- 0.01 0.99 2.00° 0.00
fo(g) 3341454 000 0.0 1.00 1.98 0.01
-(9) 334-1454 0.00 1.01 1.98 - 0.01
(10)  334-1454  ---3 0.01 1.00 1.98 0.0
(11)  Midwest  ---- o= 0.99 2.01 -
L.
1: rammelsbergite (ideal composition) . )l
2 — 10: rammelsbergites, 11A “Zone, Dawn kake, Saskatchewan (this study)
t 11 ram'melsbergitc.‘ Midwest Lake, Sasfatchewan (Wray ct al., 1985)
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orc minerals in the 334 Pod. It frequcnlly possessed a spongy appearance and was re-
placed by nickeline, cobaltite and g--sdorffite (Plate 13).
Safflorite has also been observed at the ncarby McClean l.ake (Wallis et al.,

1983, 1985, 1986) and Midwest Lake (Wray ct al,, 1985) deposits.

I..3 Nickeline [NiAs]

Amongst the non-uraniferous metallic minerals. nickeline is second only to
gcr.sdorﬂ'ilﬁ in abundance. Nickeline occurs as  replacements of rammelsbergites, as
massive. anhedral grains, with or without, ea.rli.er rammelsbergite inclusions, and as
small, anhcdral inclusion\ in later gcrsdérffile._Nickcline ') observed to be replaced by
gcrsdorﬂ‘i(c and pyrite. Pitchblende [ is observed as crad@and fracture fillings in
nickeline. Galena also occurs as cavity fillings in™ nickeline .

: )
. .
Flectron microprobe analyses were done (a) in core regions and ¢b) near

boundaries with gersdorffite. Operating condili(;né, st;iygards, counting times and datd
collection methods uskd were the same as for r'ammel,sbergite&

lron was found to 40ccur in amounts of up to 0.10 wt.%; cobalt, up 1o 0.20
Q\L%; antimony, up to 0.12 wt.%; and sulphur, up 1(; 0.32 wt.%. Metal to non-metal
ratios cxhibitcd a limited range from 0.99 to 1.01 indicating that the 334 Pod
nickelines possess nearly perfect stoichiometric compositfons (Table lO).

Nickelines . with sulphur concentrations above 006 wt.% occurred generally next
to gersdorffites. Core regions generally contained less than 0.06 wt.% sulphur. Nickelines

with higher cobalt concentrations (>0.05 wt.%) appeared to occur in the upper part
of the 334 Pbd.‘

In .the Athabasca Basin, nickeline has been obsérved at the Rabbit Lake
(Rimsaite, 1977) .\ Key Lake (Da?;ikamp, 1978: von Pechmann, 1985), McClean Lake
(Wallis er_al., 1983, 1985, 1986). Mi@e’(%a’y el al, 1985). West Bedr
‘ (Ruzicka, 1986), Collins Bay A and B (Ruzicka,r 1986) and Cigar Lake (Fouques et

al.e 1986) deposits; and at the Zimmer Lake (Watkinson et al., 1975) and Natona Bay



Plate 13. Assemblage: safflorite-rammelsbergite-nickeline -gersdor{fite -cobaltite

‘

13a. Back scattered electron i'm(

(i) Early safflorite (s) and rammelsbergitc (1) #re repldted by nickeline (n)
(i1) Safflorite. rammelsbergite, and nickeline - are replaced ~ by cobaltite  (¢)
gersdorffite (g) o

and

.

»y






13 .S X ray
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‘13c. As X -ray

- Plate 14. Assemblage: cobaltite-bismuthian gersdorffite-cobaltite-gersdorffite
Back scattered electron image ’

(i) Cobaltite (C) cores are coated by bismuthian gersdorffi® (bg) which, in turn, is

coated by later cobaltite
(ii) Late gersdorffite (G) forms an outer rim on the earlier cobaltite-bismuthian

- gersdorffite-cobaltite -
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Table 10: Chemical compositions (in wt.%) and atomic compositions of nickelines
from the 334 Pod. 1}A Zone, Dawn Lake, Saskatchewan

__________________________________ AN S

I.ocation Fe Co Ni As Sb S Total
___________ R
(1) 4393 56.07 100.00
(7) 3341440 ND 020 4343 s6.11 ND 0.09 99.83
(3)  334-1454  ND 012 4300  56.31 ND 0:04 99.4%
(4)  334-1454 . ND 010  43.03 5587 ND 0.04 99.04
(5)  334-145.4  ND 009  43.55  56.01 ND 0.04 99.68
(6)  334-1440  0.06 008 - 4353 56.23 0.10 0.0 100.01
(7)  334-1454 ND 008 4330 56.17 ND 0.03 99.58
(8)  334-145.4 ND 005  43.58  56.01 ND 003 *  99.67
(9) 334-148.6 ND 0.04 44 .13 55.60 ND 0.07 99 84
(10)  334-148.6  0.08 0.04 4435 5576 ND 0.21 100.44
(11)  334-148.6 ND 003 4429 555 0.06 0.01 99.98
(1) 334-148.6 ND 003 4409 555 ND 0.04- 99.66 -
(13)  334-148.6  0.06 002~ 4422 5580  GQ6 0.32 ° 100.48
(14)  334-148.6  0.10 0.02 4413 55.66 ND 0.24 100.15
(15)  334-148.6  0.03 002 4437 5559  ND 0.10 100.11
(16)  334-148.6  0.09 002  44.28 5551 0.11 0.08 100.09
(17)  334-148.6 0.0% 002 4406  55.66 ND 0.07 99.91
(18)  334-148.6  0.06 002 4384 5575 ND 0.11 99.78
(19)  334-148.6 0.03 002 4412 5548  0.10 001  99.36
(20)  334-1486 ND 001 4435  55.88 ND 0.07 100.32
(21)  334-148.6 ND 0.01 4130 55.67 ND ¢ 0.02 100.00
(22)  334-148.6 ND 0.01 4407 5571 ND 0.06 99 85
(23)  334-148.6 ND 0.0l 4421 5545 0.2 0.01 99 .80
(24)  334-148.6 ND 0.01 4427  55.48 ND 0.01 99.77
(25) 334-148.6 ND ND 43.99  55.58 ND ND ¥ 9957
(26) 334-148.6 ND ND 4402 5548  0.10 0.01 99.76
(27)  334-1440 0.08 ND'  44Q4 5572 ND 0.07 100.01

%
[
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Table 10 (Cbntd.): Chemical compositions (in wt.%) and atomic compositions of
« pickelines from the 334 Pod, 1A Zone, Dawn lake. SaskatChewan.

Atomic composition on the basis of Fe4+Co+Ni+Av3Sh+S = 10
(1) 1.00 1.00
(2)  334-1440 ---- 0.01 0.99 1 00 0.00
(3)  334-1454 ---- 0.00 0.99 1.01 0.00
(4)  334-1454 - 0.00 0.99 1.01 000 «
(5) 334-1454 -~ 0.00 1.00 - 1.00 0 .00
(6)  334-1440 0.00 0.00 (.99 1.01 0 .00 0 00
(7)  334-1454 - 0.00 099 - 1.00 0.00
(8) 334-1454  ---- 0.00 1.00 100 L 0 00
(9)  334-1486  ---- 0.00 1.00 0.99 0.00
(10)  334-148.0 0.00 1.00 0.99 - 001
(1Y) 334-148.6 000 0.00 1.0 0.99 0.00 0.00
(12)  334-148.6 0.00 1.01 0.99 0.00
(13)  334-148.6 ooo 0.00 1.00 099 * Do 0.01
(14) - 334-148.6  0.00 0.00 1.00 0.99 0.01
(15) 334-148.6  0.00 0.00 1.01 0.99 . o0
(16)  334-148.6  0.00 0.00 101 099 0.00 0.00
(17)  334-148.6 0.00 0.00 100 099 0.00 0.00
(18)  334-148.6  0.00 0.00 oo 1.00 ND 0.00
(19) 334-1486 000 - 0.00 1.01 (.99 0.00 (100
(20)  334-1486  ---- 0.00 1.01 0.99 0.00
(21)  334-148.6  ---- 0.00 101 - (.99 0.00
(22)  334-148.6  ---- 0.00 1.00 0.99 s 0.00
(23)  334-1486  ---- 0.00 1.01 0.99 0.00 0.00
(24)  334-148.6 ND 0.00 1.01 0.99 BN 0.00
(25) 334-1486 - ---- 1.01 099 - ----
(26)  334-1486  ---- 1.01 0.99 0.00 0.00
(27)  334-1440 0.00 1.01 0.99 0.00
(1) nickeline ({ideal composition)

(2) — (11): nickelines (this study)
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(Kusicka and TeCheminant. 1986) occurrences. In - the Carswell Structure deposits in the

N

Amcr lake Zone, nekeline has been obscerved as  an aceessory mineral (Ruhlmann,
12

1985)

fid

b . Sulpharsenides

Sulpharsenide nnnerals identified in the 334 Pod at Dawn l.ake are gersdorffite

|
0y

;md; cobaltite. Gersdotffite is the most abundant non-uraniferous mineral in the 334
Pol Tis abundance is slightly greater than that of nickeline. GersdorfTite occurs in four
vanicties  (a) normal,  (b) cobal(ian,_ (¢) arsenian and (d) bismulvhian Cobaltian
vorsdorffite occurs locally but is rare. One grain of arsenian gersdorffite was obscrvcd.l

€

Riemnthian gersdorffite has not been previously described in the mincralogical literature.

1.1 Gersdorffite [NiAsS] *
(krsdqrffite is the most abundant nickel mineral in the 334 Pod at Dawn

I ake.
-
N

It occurs as rimy and replacements of rammelsbergite and nickeline, as dendrites
coated by pitchblende 1, as later coatings on and shrinkage crack fillings in pitchblende

N\
1 as cuhedral graiys grading into massive interlockin anhedra and as coats on
g g g g ‘

cohaltite. Fuhedral grains and massive interlocking anhedra may or may nol contain
bismuthian gersdorffite bands. Gersdorffite s rteplaced by millerite, bravoite and pyrite
(Plates 15-18). Replacement occurs from the core outwéards towards the rim. This
leviute can be easily misinterpreted as gersdorffite réplacing millerite, bravoite and
pyritc. Al Key Lake, bravoite inclusions in gersdorffite were used to support the
argument that deposition of bravoite preéeded that of gersdorffite (von Pechmann,
1985). However, .the bravoite ir}clusion textures in gersdorffite at Key Lake closely
resemble those at Dawn Laké and probabiy represent later replacements of gersdorffite.

Violarit,e', probably, also is a replacement of gersdorffite. Arsenian and bismuthian

gersdorff ite are treated separately.



Plate 15. Zoned gersdoiffite () with cores showing different stages of corrosion
Back scattered electron image

‘3

=T L)

2 Y

Plate 16."Cersdorfﬁle (C) core partially replaced by pyrite (PY)
Back scattered electron image
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Plate 17. Gersdorffite (G) exhibiting zonal and core replacement by pyrite (PY)
Back scattered clcctror\‘image

-

~

3

Plate 18. Gersdorffite (G) exhibiting core replacement by pyrite (PY) and bravoite
(BR) .
Back scattered electron image
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In the Cree Lake Zonc, gersdorffites  have been ?vbscrvc‘d at the Key Llake
(Dahlkamp. 1978; von Pechmann, ~1985), McClearet.ake (Wallis er al., 1983, 1985,
1986). Midwest l.ake (Wray er al.. 1985), Collins Bay B (Ruzicka, 1986) and Cigar
l.ake (Foqucs et al.. 1986: Ruzicka and LeCheminant, 1987) dcposils_\s well as at
the Zimmer lake (Watkinson e al.. 1975) and Na;ona Bay (Ruzicka and
l.eCheminant, 1986) ()CClxrances. Gersdorffite /has been’ observed as an acgessory mineral
in the Carswell Structure unconformity-associated uranium deposits of the Amer lake
Zone (Ruhlmann, 1985).
¥.2 Gersdorffite (nornllal variet.

Normal gersdorffite is@scm in the upper 7m of the 334 Pod at Dawn lakce
(Table 2). It occurs before “and after the dcposil&ﬁn of pitchblende [I. Gersdorflite
OCCUITINg bcfére the deposition of pitchblende 1 consists of (a) carly (inclusions, crack
fillings) and (b)' late (massive) rcp]acemer;ls of nickeline and rammeclsbergite, and (¢)
dendrites. Massive interlocking gersdorffite anhedra coat pitchblende 1. These massive

v
rsdorffite anhedra grade into subhedral to cuhedral grains. Later subhedral te cuhedral

1}
grains may or may nol contain bismuthian gersdorffite bands. Grains conlainirig‘
bismuthian gersdorffite bands are considered to have formed later than grains not
containing bismuthian gersdorf{Tite. .
In order to characterise the various normal gersdorffites, clectron microprc_;bc

analyses have been done on:

(A) Gersdorffite preceding pitchblende 1

(i) early replacements of nickeline (334-145.4)

(ii) late replacements of nickeline (334-145.4)
(B) Gersdorffite s.ucceeding pitchblende 1

(i) massive anhedra coating pitchblende 1 (334-143.8)

(i) euhedral grains not coﬁtaininé bismuthién’ gersdorffite (334-143.2)

»

n
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| v

(i) cuhedsdl grans contaming bismuthian gensdorftite (334 143 )

(n ) enhedral grains contamng bismuthian persdorffite (334 147.0)

Method

Operating condinons were an - acceletating voltage of 1SKV and a probmg cur-
tent of 3 3nA Counting times were 2406 for both standards and samples. The Tollowing
ciandards were used arsenopyiite (S.Fe AS) L pure cobalt (C0), paratammelsbergite (Ni)

and pure anrtimony  (Sh) - Wavelength - dispersive (S.Fe.Co As) and cnergy  dispersive

- -

('\u.éb) data ‘wcx‘c collected \nnullgmwu'\l\' and reduction of these data wis Krried out
uaing the computer program FDATAY (Smuth er al., 1981)» The detection hmits for the
a.\pcr.nlmg condiions used were deternmned 1o be 001 wi % for S.be o and As, and
00 wt % tor Nvoand Sbh
Resulis
(A Getsdorftfite precedmg prichblende |

In polished mount 33 145 4 gersdorffite was observed to be replacing nickcl:llc
Aong  cracks. A l;a*cr‘ MOTe  Massive gersdorffite  continued o replace nickeline.
Puchblende 1 was observed 1o occur in cracks cutung the later gersdortfite. Fiectron
microprobe analyses of the carlyv and later replacements are given in Table 11. The
carlv - gersdorffites  possessed  AsIS  ratios of 102-1.04 (Fig. 1l) and high nicke}
concentralions. An exception was noted in one area “where cobaltian  gersdorffite was
present. .

-The later gcrsdorf‘ﬁlcs\ possessed lower As S ratios (0.9%8-1.00) (Fig. 11). lower

mokel contents and higher cobalt contents than the carlier gersdorffites.
+

(B) GersdorfTite preceding pitchblende |
(1) Masswc’anhcdra coaling pnchblcnge 1
A massive anhcdral grain coating pitchblende 1 was chosepn at random

for electron microprobe analyses from a mass of interlocking gersdorffite

aﬁhedra not containing bismuthian gersdorffite (polished mount 334-143.8).
. i

. < \
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Fable 11: Chemical compositions (in wt. %) and atomic compositions of gersdorffites
(334-145.4) paragenctically carlier than pitchblende 1 from the 334 Pod, 11A loncg,

S

{(n

(M
(¥
(4)
()
(6)
(7

(N
(2)
(3
(4)
(5)
(06)

(7)

3:

7.

/ ocation
134-145 4
134-145 4
3134-145 4
3134-145 4
334 145 4
334-145 4
334145 4

be

0.02
0.05
0.01
0.16
0.09
0.0?
oo

Dawn

Co
078
109
0.34
9.60
327
102

Y7

S

Lake . Saskatchewan.

Ni

4 0
4 40
RN
24 5%
2.0
2.9
1304

Atomic composition on the basis of

334-145 4
34-145 4

gersdorf fites  (early)

0.00
0.00
0.00
0.01
4.00
0.00

0.00

0.9%

0 9%
1 .01
0.70
0.91
093
0 93

cobaltian gersdorffite (early)

gersdorffites (late)

As

RINRT
458 78
45 .49
46.04
45 59
44 .64
44 K81

Fe+Co+ Ni+As+Sh+ S

1.01
101
1.0]
1.03
1.00
0.99
099

Sb

NA
NA
NA
NA
NA
NA
NA

S

19 07
1874

1877

18 99
19 47
1930
19 37

= 3.0

(099
0 9%
0.97
0 .99
1.00
1.00
1.0l

’ 5
fotal

100 (9
100 Oh
100 29
99
100 67
100 01
100 0}
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Analyses of core regions (rone 1) _\;icldcd AsS ratios of 094 096 (Fig. 12),
whilst analvses of outer gegions (zone ) vielded  As'S ratios of D.98-1.00
(Fig. 12). Nickel increased slightly . whilst cobalt mayv have decreased shghthy
towards the outer regions (Table 12).

(11) Fuhedral grains not containing bismuthian gersdortfite (334 143.2)

An cuhedral grain without bismuthian gersdorfhite hands  from polishad
mount 334-143.2 was cyamined. Paragenctically, this gram occurted before the
deposition of bismuthian gersdorffite, and after the deposinon of ¥pichblende 1
Zone 1 is the core region, sones 2 and 3 are ntermediate arcas, and sone 4
is the nim arca. Anaiyscs of gersdorffites  As:S rtatios  were 102 for sone 1
105 106 for sone 2. 108 for sone 3, and L.11 for sone 4 (Table 13) ithus,
it is evident that the As:S ratio (Fig. 13) ancreases progressively from o
regions o nm o arcas. As the ASSS  1allo Inereases, th{(‘ 15 a corresponding
decrcase in nickel content. Cobalt  concentrations \';ny» crratically  whilst iron
mnccx;lralions are gencrally low.

(1) Fuhedral grains containing bismuthian gersdorffite (334 l4,l_2)c

A subhedral or semi-cuhedral grain of gersdorlTite contatning bismuthian
gersdorffite bands was sclected at random from a group of such grains which
were isolated from each other in the phyllosilicate matrix. Paragcnicmally, these
grains probably are representative of the Avcry late  stages  of  gersdorfhite
deposition. Zone 1 represents normal gersdorffite in the cord region, sone 2
represents normal gersdorffite between zonc 1 and the bismuthian  gersdorffite
zone (zone 3), while 20ne 4 rcpresents normal gersdorffite in the nm region
outside of zone 3. As:S ratios were 1.01-1.02 for }onc 1. 1.02-1.03 Tor sone
2. and 1.13-1.15 for zone 4 (Table 14; Fig. 14). Zone 3 bismuthian
gersdorffites from this grain  were  not analyzed. However, bismuthian
gersdorffites generally possess As+Bi:S ratios similar to those for zone 4

r

gersdorffites (Appendix 1). Nickel concentrations .incrcascd from 2one 1 o 7one
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Lable 12: Chemical compositions (in wt.%) and atomic compositions of gersdorffites
(334-143.8) paragenetically later than pitchblende 1 from the 334 Pod, 11A Zone,
Dawn Lake, Saskatchewan_

L.ocation I-e Co N1 As Sb S Total
(1) 334-143 8 ND 1.17 34 .04 43 .55 NA 19.74 98.50
() 334-143 8 ND 1.66 33.99 43.70 N A~ 19.58 98.93
(%) 334-143 8 ND 1.23 3399 4420 NA -~ 1953 98 .95
(4) 334-1438  0.06 (.92 34.34 44 99 NA 19.61 99 .92
() 334-143 8 ND 1.33 34.12 45.13 NA 19 .48 100.06
Atomic composition on the basis of Fe+Co+ Ni+As+Sb+S = 3.0
(1) 334-1438 - -- (.03 0.97 0.97 1.03
(2) 334-1438 - --- 0.05 0.96 0.97 - 1.02
(3) 3341438 - 0.03 0.97 0.98 - 1.02
(4) 334-1438  0.00 0.03 0.97 0.99 S 1.01
(S) 334-1438 - -- 0.04 (.96 1.00 -ee s 1.00
] 3: rone 1

4 S: rone 2
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Figure 12. As:S ratios of gersdorffites (334-143.8) paragenetically later than pitchblende

I
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Lable 13: Chemical compositions (in wt.%) and atomic compositions of gersdorffites
(334-143.2; paragenetically later than pitchblénde I but not associated with bismuthian
gersdorffite) from the 334 Pod, 11A Zonc, Dawn Lake, Saskatchewan.

l.ocation Fe Co Ni As Sb S Total
(1) 334-143.2 0.02 1.08 32.69 45 .49 0.41 18.97 98.65
(N 334-1432  0.04 0.78 33.14 47.16 0.42 19.18 100.72
() 334-143.2 0.02 0.98 32.70 46 .68 0.37 19.03 99 .77
(4) 3134-143.2 003 0.78 33.01 47.00 0.40 19.10 100.61
(5) 334-143.2 0.02 0.98 32.48 47.30 0.40 18.84 100.02
(6) 334-143.2  0.05 1.60 31.74 47.92 0.46 18.89 100.66
(7 334-143.2 0.05 1.04 31.86 48 .04 0.43 18.60 100.02
(%) 334-143.2 0.02 0.97 31.89 48 28 0.40 18.44 100.00
Atomic composition on the basis of Fe+Co+Ni+As+Sh+S = 3.0

() 334-143.2  0.00 0.03 0.94 1.02 0.01 1.00
(2) 334-143.2  0.00 0.02 0.93 1.04 0.01 0.99
(3) " 334-1432  0.00 0.03 0.93 1.04 0.01 0.99
(4) 334-143.2  0.00 0.02 0.93 1.0 0.01 0.99
(S)  334-143.2  0.00 0.03 0.92 1.06 0.01 0.98 -
(6) 334-143.2  0.00 0.05 0.90 1.06 . 0.01 0.9%
(7) 334-143.2  0.00 0.03 0.91 1.08 0.01 0.97
(%) 334-143.2 0.00 0.03 0.91 1.08 0.01 097

1: zone 1

2 - 4: zone 2

S — 6: zone 3

7 — &: zone 4
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Figure 13. As:S ratios of gersdorffites (334-143.2) paragenetically later than pitchblende

1
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ZONE 1

ZONE 2

ZONE 3

ZONE 4

(but hot associated with bismuthian gersdorffite)



I'able 14: Chemical compositions (in wt.%) and atomic compositions of gersdorffites
(334-143.2: paragenetically later than pitchblende 1 and associated with bismuthian
gersdorffite) from the 334 Pod, 11A Zone, Dawn Lake Saskatchewan.

I.ocation Fe Co Ni As Sb ~S Total
(1) 334-1432  0.21 3.75 29.75 46.10 0.45 19.34 99.60
(M 334-1432  0.09 429 30.23 45.33 0.33 19.25 99.52
(1) 334-1432 0.1l 2.81 32.03 45.42 0.30 18.95 99 62
(4) 334-1432 0.09 2.95 32.03 46.13 0.32 19.06 100.57
\5{/ 334-143.2  0.11 1.8 3171 47.56 0.29 17.71 99.23
(6 334-143.2 0.1 1.95 31.24 47.35 0.31 17.77 98.71
(7) 334-1432 0.10 2.18 31.45 48 .07 0.32 17.89 100.01
(8) 334-143.2 010 2.20 31.37 46.91 0.25 17.77 98.60
(9) 334-143.2  0.10 2.31 31.06 47.53 0.31 17.78 99.09

Atomic composition on the basis of Fe+Co+Ni+As+5b+S = 3.0
(N 334-143.2  0.00 0.11 0.85 1.03 9.00 1.01
) 334-143.2  _.0.00 0.12 0.86 1.01 0.00 1.00
(%) 334-143.2 0.00 0.08 0.92 1.01 0.00 0.99
(4) 334-143.2 0.00 0.08 0.91 1.02 0.00 0.99
(5) 334-143.2  0.00 0.05 0.92 1.08 0.00 0.94
(6) 334-143.2  0.00 0.06 0.91 1.08 » 0.00 0.95
(1) 334-1432 .00 0.06 0.91 1.08 0.00 0.94
(8) 334-143.2 0.00 0.06 0.91 1.07 0.00 0.95
(99 334-1432  0.00 0.07 0.90 1.08 0.00 0.94

1 —— 2: zone 1
3 4: zone 2
S — 9: zone 4
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Zone Zone Zone Zone

Figure 14. As:S ratios of gersdo;ffites (334-143.2) paragenetically later than pitchblende
] -~

(and associated with bismuthian gersdorffite)
/
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2, whilst in sones 2 and 4 they were cssentially the same. Cobalt decreased
from zone 1 to zone 2: zonc 4 concentrations were lower than those of 7one
2 Similar iron concentrations were observed in zonmes 1, 2 and 4.

(iv) Fuhedral grains containing bismuthiap gc-rsdq;'fl‘ilc {334-147.0)

A subhedral grain of gersdorffite  containing bismuthian gersdorffite
bands was chosen ai random from scveral similar grains from polished mount
334-147.0. Paragenetically, this grain  was formed after the deposi:ioh of -
pitchblende I, and before the deposition of pitchblende 1I. The analysis of this
grain was done in order to provide a comparison with results obtained for a
s'imilar grain from higher up in the orc sone (see (iii) immediately ab()vc).ﬂ
The difference between this grain and the grai;{ from polished mount 334-143.2
was that this grain contained two  distinct generations  of  bismuthian
gersdorfTite.

The ronal sequence from core/ (zone 1) 10 rim (zonc 7) was as fol-
lows:

Zone 1 : normal gersdorffite
Zone 2 : normal gersdorffite
Zone 3 : bismuthian gersdorffite
Zone 4 : normal gersdorffite
Zone S : bismuthian gersdorffite
Zone 6 : normal gersdorffite
Zone 7 : normal gersdorifite

Zone 2 and zone 6 are boundary zoncs.

Zone 1 gersdorffites wcreb characterised by Ni:(Ni+Co+Fe) atomic
ratio of 0.98, cobalt concentrations between 0.53 Sn’d 0.61 wt.%, low iron
co'ncemraiions (0.02-0.04 wt.%), and As:S atomic ratios of 0.99 and 1.01
(Table 15; Fig. 15). Zone 2 gersdorffites  were characterised by

Ni:(Ni+Co+Fe) atomic ratios of 0.95-0.96, As:S-atomic ratios of 1.04-1.06



Table 15: Chemical compositions (in wt.%) and atomic compositions of gersdorffites
(334-147.0: paragenetically later than pitchblende 1 and associated with bismuthian

gersdorffite) from the 334 Pod, 11A Zone, Dawn . Lake, Saskatchewan.
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Figure 15. As:S ratios of gersdorffites (334-147.0) paragenetically later than pitchbiende

1

(and associated with bismuthian gersdorffite)



and cxhibited approximately three-fold increases in the concentrations of cobalt
and iron relative to zonme 1 gersdorffites. Zone 4 gersdorffites possessed the
hi'{zhcsl cobalt concentration (2.79 wx.%) and the lowest Nit{Ni+Co+ Fe)
atomic ratio (0.92) observed amongst Ilhc five normal gersdorffite zones. lhe
As:S atomic ratio (1.05) was similar to that for zone 2 gersdorfflites. The
Ni:(Ni+Co+ Fe) alomic‘rau'o (0.98) and As:S atomic aatio (1.01) of zone o
gersdorffites were similar to those of zone 1 gersdorffites. Relative 1o zone 4
gersdorffites, zone 6 gersdorffites exhibited lower cobélt but  similar  on
concentrations. Zone 7 gersdorffites were characterised by Ni:(Ni+ Co t be)
atomic  ratios of 093-0.99 and As:S atomic ratios of 0.94-0.98. Zonc 7
gersdorffites possessed the highest iron (0.27-0.97 wt.%) and lowest coball

e (0.13-0.26 wt %) concentrations of the five normal gersdorffite zones.

Conclusions
Gersdorffite precipitation occurred in lwo stages, i.c., (a) before the deposition

of pitchblende I and (b) after the deposition of pitchblende I.
~

(a) Gersdorffite preceding the deposition of pitchblende 1
Early gersdorffite replacing nickeline, in general, had higher As:S ratios
(1.02-1.04), higher'mckel and lower cobalt concentrations than later gcrsdorfﬁjlc
(As:S=0.98-1.00).
. (b) Gersdorffite succeeding pitchblende 1
- Nucleation of gersdorffite appears 1o occur at As:S ratios of aboul
0.94-0.96. Growth of gersdorffite in the carly stages appcars 0 be characterised by
increasing As:S ratios of up to 1.11.In areas of bismuthian gersdorffite deposition,
high As:S ratios appear to be common. Support - for this) comes from high

(As+Bi):S ratios in bismuthia@sdorffite regions (Appendix 1). Late gersdorffites
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cvhibit decreasing As'S ratios (094 098) which are almost identical to those of

the cathest gersdorffites succeeding piichblende 1

b 3 Arsenian Gersdorffite
One small, anhedral grain of arseman gersdorffite occurning in the phvllosiheate
mattin was adentificd 1n the pohshed mount 334 1432 However, it was not identified
dunnyp  toulinge MICTOSCopic nvestigalions, but  during qualitative  energy  dispersive
b of gersdorffite grams s dimensions were abo;n 40 gm oa 30 gmoand its edges
b
showed signs of corroston.
len points on the surface of the gramn were chosen at random for clectron
mictoprobe analvsis. Operating conditions, counuing times. standards and data collection
techniques were theé same as for normal gersdorfhites.
Murop;t)bc analyvses indicated  that a  core  region ol higher  As:S  ratios
(V4% 300) was present. and that As:S ratos gradually decreased  towards  the nm
Tarcas (2.83-2.85) (Table 16).
P he average composition ol the core retgion (anaiyses 1-4: ®able 16) was

Yoo

The average composition of the intcrmediate region (analysis 5-8; Table 16) was:

(Nt be C

1or Feoor CO00) (A

154 0900 044

(Niy g1 Feo o1 €09 000 (Asy 51 P00 S0.47)

The average composition of the outer (rim) region (analysis 9-10; Table 16) was:

(N1 F C

Loo Feoor €00 A%y 47 S8 00 50.57#’
Yund (1962) stated that arsenic and sulphur agsubstitute for cach other in

the gcrs:;dorfﬁle structure  between  compositional limits ofp NiAslTISO_23 to

NlAs'j?Sl.z} Antimony can substitute for both sulphur and arsenic {Yund, 1962).
The compositions obtained for this arsenian gersdorffite were iound to lie

within the compositional limits given by Yund (1962). lron and cobalt concentrations

were essentially the same throughout the grain, whilst antimofry concentrations varied

erratically. N
\



Table 16: Chemical compositions (in wt.%) and atomic compositions of arsenian
gersdorffite from the 334 Pod, 1A Zone, Dawn  Lake, Saskatchewan,

I ocation |8 Co Ni AS Sh S ool

() : - 3540 45 20 19 40 1o 0

(2 3341432 006 0 .09 )99 61 7S 021 7. 100 o]

(1 334-1432 0.3? 008 .36 60 01 ND 7.20 99NN

(4) 334-1432 027 0.10 31.21 61.59 010 7 46 100 3

(5) 3341432 020 0.09 3172 60.SST 014 740 100 1o

(0) 1341432 (.28 0.11 315K 61 .03 0.0y 789 10O 96

(7) 334-1432 027 009 3104 o053 012 7 95 1Ow 0o

(%) 3341432 0.1 012 3124 89 37 0.07 7 8% 4N 9N

(9) 3341432 0.4l 0.10 RIS 5977 .08 800 aGng

(10)  334-1432 002 0.11 143 5967 0.14 8 K®Y 100

(1) 334-1432 0.27 0.09 .72 59 6K 011 Y 00 100 N
Atomic composition on the basis of Fe+Co+ Ni+Av4+Sh+S = 30

(1 S R 1.00 1.00 , 1.00

(2) 334-143.2 0.01 0.00 1.00 155 0.00 (0 43

(3) 334-143.2 001 0.00 1.02 1.54 - 0.43

(4) 334-1432  0.0] 0.00 1.01 1.54 0.00 0.44

() 334-143.2 0.01 0.00 1.0 1 .53 0.00 (.44

(6) 334-1432 (.01 0.00 1 01 1 82 0.00 0 406

(7) 334-1432 (.01 (.00 1.00 1.8 000 0.47

(%) 334-1432 001 000 7 1.0l 151 0.00 ™ 047

(9) 334-143.2 (.01 0.00 1.01 1.51 0.00 0.47

(10) 334-1432 0.01 0.00 0.99 ] 48 (.00 0.52?

(1) 334-1432 0.01 0.00 1.00 1.47 0.00 0.52

1 gersdorffite (ideal composition)

2 11: arsenian gersdorfiites  (this study)
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Arsenian  gersdorffite has not been described from any other Athabasca  Basin
punconf ormity -associated  uranm deposit. However, 1t has been recognised in ores from
Cobalt, Ontario (Petruk er al, 1971) and the Camsell River sector. Great Bear 1.ake,
N W I (Changkakoti, 1985, Changkakoti and Morton, 1986).

The arsenian gersdor{tite pr6bably formed during changes in the AsOS ratio of
the ote fluid. Its paragenctic position 1s uncertain, but it probably formed during the
michehine gersdorflite  transition. If this is so, then this arsenian gersdorffite probably

represents lho\{arllcs( generation of gersdorffite 1n the 33 Pod.

I 4 Bismuthian Gersdorffite

v
Ishis mincral which _hitherto has not been described i the gculo'Rical literature
L]
v the subject of a paper by the author accepted for publication in Neues Jahrbuch

fur Mincralogic Monatshefte. A pre print of this paper 1s given in Appendix I.

.5 Cobaltite [CoAsS]

, Cobaluite has a stoichiometric  composition  of  CoAsS. Significant  amounts of
mickel and iron may proay for cobalt, and sulphur and arsenic may sulstitute for cach
other  (Bayliss,  1969: Rosner 1970;  Petruk  er al., 1971: Misra and Fleet. 1975,
Chanigkakoti and Morton, 1986). /

Two generations of cobaltite have been observed in the 334 Pod at Dawn Lake.
The first occurs as small. anhedral bodies rcplacing safflorite. and appears 10 be
associated with gersdorffite replacing rammelsbergite and nickeline (Plate 13).

In the sccond instance cpbaﬁilc occurs generally as zoned, idiomorphic. crystals
st in a clay-chlorite matrix. Individual grains range from 5 to 20 um (Plate 14)
across. Sections across grains exhibit regular and irregular, pentagonal and hexagonal
ou:lines. These crystals probably belong to the isometric diploidal or pyritohedral class.

The zonation (paragenetic) sequence from core 1o rim: is:  nickelian

cobaltite(core) —— bismuthian gersdorffite —— nickelian cobaltite (rim) —— gangue
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nickelian cobaltite (outer rong) - garigue - gersdorftite gangue.

I'he concentrations of cobalt and nickel i nickehian  cobaltites  respectively
increased and decreased from carly 1o late phases, whilst that of iron remained essen
tally constant (Table 17). there appeared to be a munor substitution  of  sulphur tor

S \ . .
arsenic in the carly and intermediate phases.
Cobaltite has also been observed at the McClean lake (Wallis of al . 1

1985, 1986) and Cigar lake (Fouques ct al.. 198¢. Bruncton, 1986) .

G . Sulphides

Sulphide mincrals in the 334 Pod at Dawn lake are common bu' ol
abundant. The sulphide munhals so far identified 1n the 334 Pod arce pyrite, bravorte,
violarite, millerite. chalcopyifite. sphalcrite, galena and a copper sulphide which may be
blaubleibender  covellite. Galena is  the most  abundant of  these  accessory sulphide
mincrals, While these minerals are not of  cconomic significance, they are all ol
mineralogical  interest, and  several  of  them  (bravoite,  violarite,  millente and

blaubleibender covellite (7)) mayv be of genetic significance.

G .1 Marcasite [FeS,]

Marcasite has been observed in unmincralised regolith above the 334 Pod. The
pre-ore and ore-stage FcS. 1s pyrite, whilsl;‘\rcgolilhic FeS, is pyrite and marcasiic.
Marcasite occurs as small, twinned, anhcdralmgrams in the phyllosilicate matrix. The
traces of the twin composition plancs of these érains are straight. ‘

In addition to Dawn Lake, marcasite has becen obscrved at the Cigar [ake
(Ruzicka and lLeCheminant, 1987) and Eagle Point deposits (}’{uncka and l.eCheminant,
1987). Ruzicka and Le?heminanl (1987) reporlcd that marcasitc is associated with
uram’um mineralisation both at Cigar Lake and Eagle Point.

Marcasite, whilst not of economic significance at Dawn lake, is of

mineralogical and genetic significance (Murowchick and Barnes, 1980). According to



Iable 17: Chemical compositions (in wt.%) and atomic compositions of nickelian
cobaltites from the 334 Pod,

1)
'3
1)
4)
S)
6)
7)
8)
D)

11A Zone,

110

1.35
1.36
1.30
ND
1.04
ND
2.00

Co Ni
35.50 -
18.29 15.15
19.06 14.58
19.73 1432
21.20 12.42
19.61 12.17
18.20 16.50
18.00 14.00
16.50 14.20

100.00
99.07
99.61

100.53
99.54
99.53
99.20

101.50
99.70

cobaltite
nickelian
nickchian
nickelian
nickclian
nickelian
nickelian
nickclian
nickclian

0.04
0.04
0.04
0.03

0.06

1.00 -

0.52 0.43
0.54 0.41
0.55 0.40
0.6l 0.36
0.58 0.36
0.53 0.4%8
0.52 0.41
0.48 .41

(idchl composition)

cobaltite
cobaltite
cobaltite

cobaltite,
cobaltite,
cobaltite,
cobaltite,
cobaltite,

(core) (this study)
(rim) (this study)

Dawn Lake, Saskatchewan.

As Sb S
452 19.30
44 20 0.42 19.66
44 .72 0.54 19.35
45.21 0.45 19.52
46.84 1.25 17.83
50.51 0.40 15.80
47.00 ND 17.50
52.00 ND 15.50
4% .30 ND 17.50
Fe4+Co+Ni+As+Sh+S = 3.0
1.00 1.00
0.9% 0.01 1.02
0.99 0.01 1.01
1.00 0.01 1.00
1.06 0.02 0.95
1.17 0.01 0.85
1.07 0.93
1.18 0.83
1.09 0.92

(outer zone) (this study)
Great Bear lLake, N.W.T. (Changkakoti and Morton, 1986)
Great Bear lLake, N.W.T. (Changkakoti and Morton, 1986)
Cobalt, Ontario (Petruk et al., 1971) :
Cobalt., Ontario (Petruk et al.. 1971)

Cobalt, Ontario (Misra and Fleet, 1975)
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Murowchick and Barnes (1986) the preservation of marcasite on a  multimillion-year

scale indicates that post-depositional temperatures did not exceed about 160°C.

.2 Pyrite [FeS,]

Pyrite was obscrved in unmineralized regolith above the 334 Pod. within the 33
Pod (Table 1). and in quartz veins in the graphitic guartz-chlorite-feldspar  gneiss
below the 334 Pod. Within the 334 Pod. pyrte occurs as core relacements ol
gersdorffite, as small anhedral grains in  the  phyllosilicate matrixn, 1n anhedial,
combosilc grains (pyritc-galena, pyrite-sphalerite) in the phvllosilicate matrix, as cavity
fillings in pitchblende 11, and as cores o later galena and an unidentified Cu S
mineral in both the phyllosilicate matrix and later calcite vewns. Inone instance,
pyrite core was obscrved to be separated from a bravoir horseshoe -like body by @
thin. intermediate zone of phyllosilicate material.

Pyrite has been observed in the Rabbit l.ake (Rimsaite, 1977)., Key I.ullc
(Dahlkamp. 1978; Voultsidis er al., 1982: von Pechmann, 1985), McClean lLake (Wallis
et al.. 1983, 1985, 1986), Midwest lLake (Wray er al., 1985), Collins Bay B (Ruzcka,
1986). West Bear (Ruzicka, 1986) and Cigar lakce (Fouques et  al. 19%6; Bruncton,
1986) deposits as well as at the Zimmer Lake (Watkinson e al.. 1975) and Natona
Bay (Ruzicka and lLeCheminant, 1986) occurrences.

Pyrilé was also observed in the Carswell Structure deposits of the Amer Lake

Zone (Ruhlmann, 1985).

G.3 Bravoite [(Fe,Ni)S,]

The cubic disulphide secries pyrite (FeS,) — catuerite (CoS,) — vaesite (Ni$;)
exhibits sblid-solulions between all three end-members (Vaughan, 1969; Vaughan and
Craig, 1985). Vaughan (1969)'definéd an endmember of this cubic disulphide series as

having one of either Fe, Co or Ni comprising a minimum of 80% of all cations,

. . . . .
leaving all other intermediate compositions as bravoites.
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Bravoite was observed 1o occur intermittently throughout the
arsenide-sulpharsenide  zonc  (Table 18). It occurs as very small, unzoncd, anhedral
gmins_in the phyllosilicate matrix, as cavity fillirgs in nickeline and as replacements of
gersdorffite  (Plate 1¥). In ,poli‘shcd sections it can be confused with violarite. Electron
microprobe  analyses  of  three  grains of  bravoilc near‘ the base of the
ar.scnidcwulpﬁarscnidc sone indicated Fe ranging from 19.27 to 19.95 wt.%, Ni ranging
between 26,11 and 27.11 wt%. and S ranging from 52.36 to 53.16 wt.% (Table 18).
These analyses also‘indicalcd substitutions of small amounts of cobalt (0.51-0.74 wi. %)
for iron and nickel. and antimony (0.22 to 0.35 wl.%) for sulphur. The average

chemical composition of these bravoites is given by:

+

(Fegy 43400 01N 557652 015%0.00)

- All three bravoites plot within the compositional ficld of natural bravoites
reported by Vaughan and Craig (1985).

Most natural bravoites occur as zoned crystals (Short and Shannon, 1930;
Springcr et al., 19645 Ramdohr, 1980) in which nickel and cobalt show sympathetic
relationships, both antipathetic to iron (Vaughan, 1969). However, those of the 334
Pod at Dawn lake are not zoned. Simiklar unzoned bravoites were observed at the
Kogngarra uncbnformity-associaled uranium  deposit, Norl}xern Territory, Australia
(Snclling. 1980). In the Athabasca Basin, bravoitles have also been observed at the
Zimmer lake occurrence (Watkinson et al., 1975), and the Key Lake (Dahlkamp.
197%; von Pechmann, 1§85; de Carle, 1986), McClean Lake (Wlﬂis et al., 1983, 1985,
1986), Cigar lake (Fouques er al., 1986) and Eagle Point deposits (Ruzicka and

l.cCheminant, 1987).

G.4 Violarite [FeNi,S.] w

Violarite is a member of the thiospinel .or sulphospinel minerals group, MS,
where M maybe Fe, Co, Ni, Cu, Cr, In and po;sibly Pt (Vaughan and _Craig, 1985).
Previous .astudies have shown that thiospinel series carrollite (CuCo,S,) — linnaeite

) {

e
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Table 18: Chemical composition’s (in wt.%) and atomic compositions of sulphides from
the 334 Pod,

O OC LI N

7:

v

11:

Fe Co
NA NA
29.18  0.49
0.22 ND
0.17 ND
0.07 ND
ND ND
0.03 0.18
14.16  7.28
19.45 0.74
19.27  0.53
19.95  0.51
0.95 0.02
0.00
0.00
0.00 -
0.00
0.77 0.36
0.42 0.02
0.43 0.01
0.43 0.01
. galena
chalcopyrite
millerite
violarite
bravoite

0.55

64.01
64.10
64.17
64.35
64.04
36.07
27.11
26.81
26.11

11A Zone,

0.97

0.00

0.02

Dawn lLake,

Saskatchewan.
Bi Pb
1.4% 84.07
NA NA,
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
NA NA

0.0?

13.46
3571
35.76
35.72
35.76
3565

©35.76

41 94
52.36
53.16
$3.16

Yolal

99 V9
100 00
‘)Q_‘)‘)
99 4
100 00
TL00
10 01
100 00
100 01
99 99
100.00
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(Co.S,) - - polydymite (Ni,S,) - - ereigite (Fe.S.) is characterised by extensive solid
solution (Vaughan er al., ’1971; Vaughan and Craig, 1978; Craig e al.., 1979a, 1979b;
Vaughan and Craig. 1985). Vaughan and Craig (1985) suggested that all iron-nickel
thiospinels (Ni, Fe) S, with .or without other minor cations should be termed violarites,
cxeept for the cndi members, polydymite (Ni\S,) and greigite (Fe,S,).

Violarite was observed to occur intermittently over a 6.8m depth interval in the
133 Pod (Table 2). 1t occurs as very small, anhcdrgl grains in the phyllosilicate matrix
(Platc 19). In polished sections it can be casily misidentified as unzoned bravoite. An
clectron  microprobe analysis of one grain ol violarite yiclded the fellowing chemical

composition (Table 18):

(ke 77C0g 36Ni| 57053 9gA% 02!

which may be rewritien as:

(Feg 77C0g 23) (Niy €0, 130685 gyAS) o)

This cobaltian violarite falls within the composition field of natural violarites,
which is plotied in terms of rcla_li\;c amounts of the Ni,S, — FeS, — CosS,
endmembers since minor cobalt is frequently present in violarilcs'(Vaughan and Craig,
1985).

The pregence of violarite in other unconformity-associated uranium deposits in
th‘ “ Athabasca Basin has not peen reported. This is probably due to the

misidentification of violarite as bravoite.

(.5 Millerite [NiS],

Millerite, the low-tempcralur\e nickel monosulphide polymorph is generally pure
but may contain only small amounts of iron and cobalt in solid solution (Vaughan
and Craig, 1985).

Millerite was observed to occur over a 0.lm depth interval in the 334 Pod,

near the base of the arsenide—sulpharéenide assemblage (Table 2). It occurs as needles

or laths grown on gersdorffite grains, and as cores replaced and coated by gersdorffite



Plate 19. Remobilised nigkel: violarite grains (V) in the phyllosilicate matrix
Secondary electron image - -

SN

—

Plate 20. Remobilised nickel: gersdorffite (G) cores feplaced by millerite (M)
Backscattered electron image
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(Plates 20, 21, 22).

Electron microprobe analyses indicated that small amounts of iron and cobalt
have substituted for nickel (Table 18). The maximum contents of iron and cobalt
detected were 0.22 wi% and 0.18 wt.%, respectively. The average chemical composition
of millerite from the 334 Pod is given by:

(Nig 9970 00°00.00'2.01

Millerite has also been rcpo{tcd from the Zimmer lake occurrence (Watkimson
et al., 1975), and _lhc &(gy Lake (Dahlkamp, 197%. von Pechmann, 1985), Midwest
lake (Wray et al., 1985) and Collins Bay B deposits  (Ruzicka, 1986). However,
microprobe analyses of millerite have  been published only  from Zimmer 1ake

(Watkinson et al.. 1975).

(.6 Chalcopyrite [CuleS,]

Chalcopyrite was observed 1o occur throughout the 334 Pod (Table 2). Within
the arsenide-sulpharsenide zone, chalcopynite oceurs as (i) anhedral cxsolution blebs in
sphalerite, (i1) rims on gcrsdor”nc and (iii) disseminated anhedral  grains in the
phyllosilicate  matrix. (,omposuc grains  of  chalcopyrile-galena- sphalcmc and
chalcopyrite-sphalerite set in the ph)’llosilica}c gangue were also observed in this zonc.
Below the' - arsenide-sulpharsenide zone. chalcopyrite occurs as  small disseminated
anhedral grains in carbonate ganguc. Chalcopyrite was yfscrvcd to coat and replace
spha]erlle in the carbonate gangue. Throughout the 334 Pod, cha]cop\me was observed
o °be replaced by a blue-green unidentified copper sulphide mmcral' v:/hxgh may be
.blaubleibender covellite.

Electron microprobe analyses of one chalcopyrite grain, from the upper » -
the arsenide-sulpharsenide zone, indicated that minor amoutts of nickel und cobalt
proxied for co’pper and iron. A minor'amoum of arsenic was found to sub- unt'c for

sulphur (Fable 18).



Plate 21. Remobilised nickel: millerite (M) tree-like body coating gersdorff.ile (G)
associated with bismuthian gersdorffite (hg)
Backscattered electron image )

N : .

Plate 22. Remobilised nickel: millerite (M) laths
Backscattered electron image
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In additon to Dawn ake, chalcopynite has been recognised  as an aceessorny
mnneral at the Rabbit Pake (Rimsatte, 1977), Kev o Lake (Dahlkamp, 1978; von
Pechmann. 1985). McClean Lake  (Walhs et al. 1983, 1985, 1986), Cigar lake
(Fouques er gl 1986), Collins Bav B (Ruswka and I eCheminant. 1987) and Fagle
Pomt deposits (Ruszicka and 1 cCheminant, 1987) and the Zimmer «Lake (Watkinson et
al 1975%) and Natona Bay ocourrences (Rusicka and  LeCheminant, 1986) n the
castern Cree Lake Zone It has also been observed as an accesson mincral in the

Catswell Structure unconformity assoctated  uranium  deposits of - the  Amcr Jake Zone

(Ruhlmann, 1988).

(.7 Sphalerite [ZnS]

Sphalerite  occurs mtermitienthy  throughout the 3334 Pod (lable 2) 1t was
Uh\'\‘l(k‘d m vemnlets  cross-cutung  gersdortfite, as replacements  of gersdorf fite,  as
fivcontinuous nims on gersdorffie, and in small, gl)hcdml‘ composite grains sct in the
phylosiheate matrin. Thase grains may  consist of cocusting sphalerite-galena  pairs or
cocnshing sphalerite - galena-chalcopynite  toiplets. In catbonate ganguc  below  the
(‘H\\‘m«k"\ulpharscnidc sonc.  sphalerite occurs  as  overgrowths  on pyritc  cores, as
mteryrowths  with pyrite. as intergrowths  with chalcopyrite. as cores (o ‘chakopyrite
overgrowths, and as a constituent of small, anhedral composite sphalerite-galena and
sphalenite-galena-chalcopyrite grains.

Sphalerite has also been reported from the Key lLake (I)al}maéﬁ]\ 1978: von
Pechmann.. 1985). McClean lake (Wallis er al., 1983, 1985, 198()3, M;Lciwes( I ake
(Wray er al., 1985) and Cigar lake deposits (Fouques er al., 1986), and the Zimmer
lake (Watkinson er al.. 1975) and Natona Bay ogeurrences (Ruzicka and l.eCheminant,
1981) in the eastern Crec lake Zone. Sphalerite has not been reported from the

%ISWCH Structure depgsits in the Amer Lake Zone (Ruhlmann, 1985).

&
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G .8 Galena [PbS]

Galena is the most abundant sulphide muneral tound e the 334 Pod. Ubiquitous
idiomorphic  galena  grans  are  assocated  with soon - lead depleted pritehiblende
(pilg‘hhlcml(f 1) which rims and/ot invades piehblende 1T oand  pitchblende 1 Galena
also occurs in cavity  filhings in - mckehne and  gersdorfhite, as .\l\x\(m.\ of mdnadual
grains  sct i the  phyllosilicate matrix, as replacemient coats of nims o on pyiie el
chalcopyrite, as cores o pyTie and  chalcopyrite replacement overgrowths, as cuhediad
grains In calcite gangue; and as a constituent of small, anhedtal galena sphalente and
galena sphalenite-chalcopyrite composite graims.

An clectron miucroprobe  analysis o(. an llel\n()Iphl& gram dicated  that nonor
bisimuth and antimony provied for lead, while minor arsciuc substituted  for sulphw

Galena s present an all unconfornuty assoctated uranim deposits

G.9 Copper Sulphide

‘A blue copper sulphide mineral was observed mamiy in the pitchblende 1 7one
(lable 2) It coals am’i replaces  chalcopynite;  replaces the  corearca ol some
chalcopyrite  grains; occurs “as individual roscties in calcite gangue, forms coatings on
pyrite and galena in calcite  gangue: and. is coated by pyrite and galena. Tt was
observed mainly as a replacement of chalcopyrite which was associated  with calate
ganguc. These obscrvations suggest that it is of supergene origin.

In reflected light it appears to be blue in colour, whilst under crossed-nicols 1t
exhibits marked anisotropy. the colours ranging from orange to copper brown. Its
optical propetties suggest that it may be blaubleibender covellite.

However, electron microprobe analvses of  this mincral  were incondusive.
Microprobe analyses consistently gave low totals (55-89 wt.%) suggesting that this
mineral was very porous. EDA spectra indicated thal manganesc and iron werc present
in minor concentrations. This was supported by microprobe analyses. The chemical

composition of this copper sulphide could not be determined due tp the poor results
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amd because  the atomic proportions of  Cu:S  varned considerably, between 1.20:1.00
~
(blaubleibender covellite) and 1.77:1.00 (anilite-digentie).

Copper sulphide minerals have been identificd at several unconformity associated
deposits within the castern Cree Lake Zonce. Covellite *was observed at the Rabbit Lake
(Rimsaite. 1977). Key Lake (Voultsidis er al, 1982: von Pechmann, 1985), Cigar lLake
(Fouques er al., 1986) and Fagle Pomnt deposits (Ruzicka and le Cheminant. 1987). At
Ny Lake. covellite occurs both in candstone -hosted  and  basement-hosted ore (von
Pechmann. 1986) . Blaubleibender  covellite  occurs in the basement -hosted ore at Key
Lake  (Voultsidis  er al 1982; von  Pechmann, 1986). At Key lake, covellite and
blsublabender covellite were assumed 1o have been dernived from chalcopyrite, although
hete was no direct evidence (von  Pechmann, 1986). Digenite was wdentified at Cigar
[ake (iouques er af . 1986) and Fagle Point (Ruzicka and e Cheminant, 1987).

Chalcocite oceurs at the Rabbit Lake (Rimsate, 1977), Cigar [.ake (Fouques et al.,

19%6) and the Raven and Horseshoe deposits (Ruvicka, 1986).

\

.
Ruhlmann (1985) reported that supergene oxidation  processcs produced a

weondary  digenite-covellite-chalcocite  assemblage from precussor chalcopyrite at  the

Numae occurrence in the Carswell Structure of the Amer l.ake Zonc.

H. Tellurides

Bismuth telluride mincrals were observed in  polished mounts 334-1432 and
334-150 5. Bismuth telluride in polished mount 334-143.2 was enclosed by pitchblende 1.
Bismuth telluride in polishcd' mount 334-150.5 was associated with native gold and en-
closed by pitchblende 11 (Plate 23).

Telluride minerals have been observed in the Carswell Structure deposits of the

Amer lake Zane (Ruhlmann. 1985).



ate 3. Gold and associated bismuth telluride enclosed by pitchblende 11

23a. Back scautered electron image

23b Au X-ray
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23¢. Bi X-ray

23d. Ag X-ray






23e. Te X-ray






1. Gold

Native gold was obscrved to be associated with a bismuth telluride mineral en-
closed in pitchblende 1 in polished mount 334-150.5 (Plate 2}). -

‘Wavelength - dispersive  analysis viclded the following data: gold (8678 wt %)
and silver (12.25 wt.%). The atomic proportions of gold and silver were 1*59 and 01
respectively. The atomic ratio of gold 1o silver. was approximately 4 to 1.

Gold has been reported from only once other unconformity associated uranim
deposit in the Athabasca Basin-Cree lake Zone arca. ic.. Colliny Bay (Ruzicka, 19K0)
Gold has been observed in the Carswell Structure deposits of  the Amer Lake Zone
(Ruhlmann, 1985). .

A

J. Gangue mincrals

J.1 General
Gangue minerals observed in the 334 Pod were chlorite, illite, hematite and
calcite. Alteration was studied qualitatively by routine microscopic investigations of  thin-

and/polishcd thin-sections as well as by clectron microprobe cnergy dispersive analysis.

J.2 1llite-chlorite alteration '

In the 334 Pod at Dawn lake. illite-chloritc altcraton is common and s
associated wit.h the early arsenide-su'oharseniac assemblage preceding  pitchblende 1. and
the later sulpharsenide-sulphide asscmblage preceding  pitchblende 11

lllite is a broad term used to describc a mixture of illite and kaolinite (Wallis
et al.. 1986). Chlorite alteration consists of Fe-chlorite and Mg-chlorite, the latter
being commonly misidentified as illite, because of its pale colour (Wallis et al., 19865.

Fe-chlorite is the most important constituent of the illite-chlorite assemblage because of

its ability to reduce the hexavalent uranium jon.



J.3 Hematite ganguc

In the 334 Pod. hematite occurs in association with pitchblende 1. It s
(haracterised by a vivid brick-red colour and replaces chlorite in  the phyllosilicate
matrix. It 1s cut and rcplaccd' by later sulphide-bearing carbonate veins.

A comprchensive account of the cvolutionary sequence of hematite and illite in
the W()Il;xslorl:Mc(T]cax1 lake arca was given by Wallis er al. (1986). At least scven

gencrations of hematite and five generations of illite were recognized.

’
J

In the 334 P()dv at Dawn lake only onc generation of hematite was observed 1o
occur although there were two main  periods of pitchblende generation. At McClean
bake. as at Dawn Lake, this hematitic alteration was vivid red-brown in colour.

In unconformity -associated  deposits  where Vdclailcd paragenclic  scquences  are
described, c.g., McClean lLake (Wallis er al.. 1953_ 1985, 1986), Midwcsl‘l,ake (Wray
et al. 1985) and Cigar lake (Fouques et al.. 1986; Rurzicka and 1.eChcminant, .L987)’,

v
hematite  is  always  associated  with pilchblcnde_khA An association of pitchﬁ]cnde
l—hcmali& has nol been described in cither of these deposits. In the 334 Pod. the
pllch/blcndc l»hcnlalile‘a,ssocialion has not been observed.

/

J.4 (farbona.tc éangﬂc

Calcite veins were observed immediately above the uppermost part of the 334
Pod mineralization and also in the lower 5 metres of the 334 Pod (Table 2). Calcite
appcared to be associated with pitchblende 1II, galena and an unidentified Cu-S
minecral. Calcite veins appear lo cnclose earlier formed sulphide minerals (pyrite,
chalcopyrite, sphalerite and galena).

K. Paragenesis
)
Pitchblendes were examined by routine microscopic methods by NISOMI-8E4‘ (for
reflectance and colour data) and by electron microprobe (chemical compositiox; and

atomic ratio data). Threé types of pitchblendes were identified (I, II and HI).



Pifchblcndc 1 was associated with gersdorffite precipitating before and after it
Gersdorffite occurring before pitchblende 1 was associated with cobaltite. and replaced
nickeline, saffloritc and rammelsbergite. Nickeline was observed to replace safflorite and
rammelsbergite whilst safflorite and rammelsbergite appeared 10 coexnist. Ganguc minerals
during this period were g"hlori(c and illitc. Thus the paragenctic sequence up to the
deposition. of pitchblende 1 was interpreted to be:

safflorite. rammelsbergite > nickeline > cobaltite, gensdorffite > pitchblende 1.

Gersdorffite occurring after pitchblende 1 was associated wil.h cobaltite  and
bismuthian gersdorfTite. Gersdorffite was replaced by millerite, violarite, bravoite and
pyrite. Gangue minerals duting this period again appeared to be chlorite and illite. 'I"his
period of mincralisa’lion was followed by the preapitation of pitchblende 11 (which
may have been remobilised pitchblende 1) along with gold and bismuth tclurides.
Hc\malilic alteration accompaaicd pitchblende 11 The next period of mincralisations saw

t
the formation of pyrite, chalcopyrite, galena and sphalerite,  which  were  probably
accompanied by chloritisation.

The next phase of mineralisation involved pitchblende  1IF (with a  vanable
coffinite component) formation which was accompanicd by calcite. Galena appeared 1o
accompany piichblende IIl»calcilvc. Alteration of chalcopyrite 1o .a Cu-S mincral (or
minerals) ‘appcarcd to occur during the pitchblende [II-calcite phase.

This paragenetic sequence is consisient with the alternation of pulses of
reducing and oxidizing fluids. The mineralisation sequence can be cnvisagéd as occurring
in" three stages (Fig. 16):

Stage 1: reducing (arsenides-sulpharscnides) —— eoxidizing  (pitchblende 1) - —
"reducing (sulpharsenides)
Stage 1I: reducing (sulphides) —— oxidizing (pitchblende 1I-hematitc) —— reducing

(sulphides)

Stage III: oxidizing (pitchblende IlI-coffinite)
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Stage 1 mineralisation representing the bulk ol the nuneralisation ol the 334
Pod cofrcsponds to an average chemical age of 1339 Ma. Stage Il mincralisation
cor?é;ponds to an average chemical age of 1149 Ma. Swage 111 mincralisation
corresponds  to chemical ages ranging from 27 to 271 Ma. Chemical ages of first,
second and third generations are dealt with in the I‘ollowing.chaplcr {Chapter V).

Stage 1 mineralisation of the 334 Pod corresponds to [first stage mineralisation
(U-Ni-Co-As-StBi; 1280-1350 Ma) obscrved in other unconformity -associated deposits
in the Athabasca Basin-Cree lake Zonc area (c.g.. Kecy lake, McClean lake, Midwest
Lal‘c, Cigar lLake and Collins Bay B).

Stage 11 mineralisation of the 334 Pod is similar to sccond stage mincralisation
(U-Pb-Zn-Cu-Fe-S; 900-1100 Ma) obscrved in other unconformity -associated  deposits
in the Athabasca Basin-Cree lLake Zonc arca (c.g.. Key lLake, McClean lake, Midwest
[.ake, Cigar Lake and Collins Bay B).

Stage Il mineralisation of the 334 Pod resembles the third stage mineralisation
(U—Pb»Si;A 0-350 Ma) observed in other unconformity-associated dcposits in the
Athabasca Basin-Cree lake Zone area (c.g.. Key lLake, McClean lake, Midwest 1ake,
Cigar Lake and Collins Bay B).:

A comparison of the .rio -uraniferous mineralisation of the Dawn lLake 334 Pod
with those of the McClean La e, Midwest Lake, Cigar Lake, Key l.ake and Collins

Bay B deposits is given in Table 19.
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V. CHEMICATL AGES

A. lntroduction

In the past. conventional U Pb o datmg ol uramiuites and pichblendes trom
unconformity associated uranium  deposits 1 the Athabasca Bawin has sutfered because
of nsufficient o1 inadequate  charactensation  of - the uraniferous  phases cuannned
Because of this, muning of different gencrations ol uranmites, prtchblendes, mll/nnlcx
and other uraniferous phases may have occurred resaliing m a multiphaty of ages fo
mincralization and remobilisation (Cumumng and Rimsaite, 1979)

Adcquate charactenizaton of uraninites, pitchblendes and  colfites ot ditdcrent
gencrations  can be achieved by the  determination of theu  chenieal  composttions
(Baadsgaard  et. al,  1984) and their chemical  ages  (Camceron Schimann, 1978
Ruhlmann. 1985; Pagel and Ruhlmann, 198%). bFrxammation ol the hinear chemical age
formul‘_ﬁ of Cameron Schimann (1978). however. found it to be madequate for ages
greater than about 300 Ma [t was necessary therefore, to develop a new method  or
methods of determining the chemical ages of pitchblendes and uranimites. The develop
ment of these new methods became part of this thesis rescarch {Appendin )

The methods of determunation of chemical ages of  thorium free uranmmites o1
pitchblendes,” which are characteristic of unconformity-associated uranium depostts, 1 a
opic of a paper to be submitied to the Canadian Journal of Earth Sciences (Appendix
). These methods involve the solving of quadratic, cubic and guariic cquations in t,
where ( represents the chemical age of mincralizaton. The major assumptions are (1)
that all lead in the uraninites or pitchblendes is of radiogenic origin and (2) that the
uraninites or pitchblendes have been closed systems since deposition.

The chemical age data for pitchblendes from the 334 Pod. 11A Zonc, Dawn

[
Lake were obtained using these methods.

-
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B. Chemical Apges - Pitchblende 1

First gencration pitchblendes (pitchblende 1) are charactensed by dark. lllsll’(Tls,

f

gollotorm, botrvordal, renmiform and radial apgregates. Their oceurrence mo the 334 Pod
18 isted i Table 2

) Uramum and lead concentrations (in wt %) of 12 pitchblende 1 samples from
pohished mounts 334 1424, 334-143.2. 334-1453 and 334 146.4 were obtained following
clectron nucroprobe wavelength dispersive analysis (Table 5).

Quadratic, cubic and quartic chemical ages of  pitchblende 1 samples are given
im lable 200 Also given m Table 20 s the corresponding  lincar chemical age for cach
sample as determined by the equation of Cameron-Schimann (1978).

» ~

lincar ages range from 1399 1o 1048 Ma. quadratic ages from 1250 to 1448
Ma. cubic ages from 123 o 1423 Ma and quartic ages from {1230 1o 1417 Ma.
Faaminatton  of the age sequence  of o any  given pitchblende  sample  shows rapid

convergence loward the quartic age. A pentic solution probably will reduce the quartic

age by less than about 2 Ma at 1417 Ma.

(. Chemical ages - pitchbiende 11

&
Second  generation  pitchblendes (pitchblende I1) from the 334 Pod are lighter
coloured than pitchblende 1 and possess colloform, radial, ring-like and cuhedral habits.

Uranium and lcad concentrations (in wt.%) of 18 pitchbiende 11 samples from

pohished mounts 334-144.0. 334-146.4, 334-147.0. 334-149.0. 334-150.S and 324-152.8

s

arc given in Table 6. .

Quadratic, cubic and quartic ages of pitchblende 1I samples determined during
this su:d_v are given in Table 21.-The corresponding linear chemical age ‘for each
sample determined using the formula of Cameron-Schimann (19.78) is also given in
Table 21.

.

Linear ages range from 940 to 1392 Ma, quadratic ages range from 868 to

1245 Ma. cubic ages from 862 to 1226 Ma and quartic ages from 861 to 1225 Ma.
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D). Chemical ages - pitchblende 1H

Third gencration  pitchblendes  (pitchblende 1) arc  characterised by dark,
amorphous aggregates replacing  pitchblende and pitchblende 11 along rims, shrinkage
cracks and fracturces. Pitchblende samples always possess a siliga component and are
alwayvs associated with cuhedral (radiogenic?)  galena crvstals. Their occurrence in the
334 Pod is listed in Table 2.

Uranium and lead conccmrali(;ns (in wt.%) of 6 pitchblende I samples replac
ing pitchblende 1 and 7 pitchblende 11 samples replacing  pitchblende 11 are given in
Table 7. Pitchblende 11 phases with higher coffinite components tend to  replace
pitchblende 11, whilst pitchblende 111 phases with lower coffinite components tend 1o
replace pitchblende 1.

(a) pitchblende 111 replacing pitchblende |
Quadralipc_ cubic and quartic chemical ages of these pitchblende 1 samples
are given in Table 22. Corresponding lincar chemical agcs-l'or the samples
calculated using the cquation of Cameron-Schimann (1978) arc also given in Table
22.
Lincar ages range from 114 to 770 Ma, quadratic ages range from 113 1o
721 Ma. whilst both, cubic and quartic ages range from 113 to 717 Ma. Of the 6
samples studied, one has the anomalous quartic age of 717 Ma, while the rest
range from 113 to "218 Ma. The oldest sample probably reflects a mixture of
pitchblende I and pitchblende III.
(b) Pitchblende 11l replacing pitchblende 1l L/f
Quadratic, cubic and quartic chemical ages of 7 pitchblende IH samples re-
#~placing pitchblende 1l are given in Table 22. Corresponding lincar ages for the
samples as determined by the equation of Cameron-Schimann arc also given in
Table 22.

Linear chemical ages range from 87 to 278 Ma, whilst quadratic, cubic and

quartic ages all range from 86 to 271 Ma.
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k. Discussion

The mean quartic age of the pitchblende T samples s 1319, Ma. This age s
similar to ages obtained for [first generation pitchblendes ‘from  the  Midwest  Lake
(1326417 Ma: Baadsgaard ct al.. 1984: 1331 t§ Ma: Worden ¢t al., 1985), Cligar
Lake (13001” Ma: Ruzicka and 1.cCheminant, 1986). Key lake (1350t4 Ma: Trocki
el al.. 1984: 1250134 Ma: Hohndorl et al. 1985). Rabbit lake (1281111 Ma:
Cumming and Rimsaite, <1979) and Collins  Bay (1281 + 80 Ma: brver and Tavlor,
1984) deposits.

The mecan quartic age of 1339 Ma is similar also to ages obtained for potassi
alteration (illite, scricite) associated  with First-stage -mineralization at  the ncarby
Midwest lake (1337+11 Ma: Worden ct. al. 198S) and McClean take (1321144 Ma,
1319+3 Ma: Bray et. al.. 1987) dcposits.

The mecan duartic age of pitchblende 11 samples is 1133 Ma. Il the sample with
the age of 861 Ma is excluded. the mcan guartic age of the remaining 17 samples
rises 1o 1149 Ma. Either of these ages is similar to ages oblained for sccond  generation
pitchblendes from the Midwest Fake (1110428 Ma: Baadsgaard “et. al., 1984; 1094+ 27
Ma: \r“v’ordcn et. al.. 1985) and Rabbit lake (1094 £ 10 Ma: Cumming and Rimsaite.
1979) deposits. The mean quartic age of 1133 Ma (or 1149 Ma) is similar to the
U-Pb age of about 1100 Ma oblair;cd for second gencration pitchblendes from Dawn
Lake (G.Cumming, pers. comm.).

The mean quartic ageof pitchblende Il <amples from Dawn lakc s similar
also lO- the K-Ar age of 1084+27 Ma obtained from the ncarby Midwest lake dyke
(Worden et. al., 1985).

The vast majority of the pitchblende HI samples have quartic chemical agv
rangin: from 27 to 271 Ma. Pitchblende IlI replacing pitchblende 1 possesscs .a highcr’
mean quartic age (175 Ma; analysis 3, Table 22 excluded) than that of pitchblende 1l
replacing pitchblende II (89 Ma). Pitchblende Il associated with pitchblende II always

4
appears to be associated with more radiogenic (?) galena than pitchblende Il



associated with pitchblende 1.

Late remobilisation of carlier pitchblendes appears to have commenced during
the Carboniferous and appears o have continued into the (‘rc\accot‘s as reflected by
third generation  pitchblende/coffinite  ages from the Midwest Lake (120-300 Ma:
Baadsgaard ct. al.. 1984; 334116 Ma: wo¥den ct. al.. 1985), Key lake (30016 Ma:
Trocki ct. al.. 1984: 286112 Ma: Hohndorl ct. al._.l985), Rabbit lake (194132 Ma:
Cumming and Rimsaite, 1979) and Collins Bay (334+40.2 Ma: Fryer and Taylor, 1984)
deposits. The  pitchblende 1T ages from Dawn lake appear (o belong to the
post-Carboniferous  period  of remobilisation. Remobilisation appears to be related 1o
uplift during this period (Hoeve and Quirt, 1987). -

A summary of the ages mentioned in the discussion and the mcthods by which
they were determined s listed in Table 23. A histogram of chemical ages of first,
second and third generation pitchblendes from the 334 Pod is given in Fig. 17.

-
I. Conclusion

In the 334 Pod at Dawn lake, the formation of first generation pitchblendes
occurred at approximately 1339. Ma. second generation pitchblendes at 1149 Ma aqd
third generation pilqchblcndes between 27 and 271 Ma. The close correspondence of
chemical ages for first, sccond and third generation pitchblendes from the 334 Pod to

¢

the conventional U-Pb ages obtained for equivalent pitchblendes from other
unconformity -associated uranium deposits within the Athabasca Basin (Cree lake Zone)
suggests that the chemical age dating methods can be used to provide a good

~

approximation of the ages of mineralization.

It is suggested that prior to the conv.emional U-Pb dating’ of thorium-free
pitchblendes, complete characterisation of thesee pitchblendes be done by the gathering
of chemical composition and reflectivity data and the calculation of chemical agesl.
Chemical composition-reflectivity -chemical  age characterisation - of  thorium-free

pitchblendes should provide a powerful discriminatory tool for identifying different

2 4
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Figure 17. Histogram of chemical ages of first, second and third generation

pitchblendes from the 334 Pod, 11A Zone



generations 0l thOTIUM-ITeC PICODICNIALS  LHAL AlldY  ULLUL 1 LG Saie uejrosu.
Conventional U-Pb geochronological dating of the 334 Pod pitchblendes  has

been proposed as.a topic for future rescarch.



A. Introduction
In addition to uranium, a broad suitc of elements including Ni, Co. Fe, Cu,
Pb. 7Zn. Mo, V. Mn, Ag. Au. Pt Group clements, Bii Te, Se. Sb, As and S are
present in unconformity -associated uranium deposits (Hoeve er al., 11980). Minecralogical
studies of the 334. Pod at Dawn lake indicate the presence of Ni, Co, Fe, Cu, Pb,
~
Zn. V. Mn, Ag. Au, Bi, Te, Sb. As and S in addition (o uranium.
(‘4mlinuing controversy ensues  amongst  geologists  who have studied the
Unconformity - Associated uranium deposits of the Athabasca Basin concerning:
(1) ¢ source of the clements; and

(ii) the mechanism (or mechanisms) by which they were mobilised.

Proponents of the diagenctic-hydrothermal hypothesis argued for a per descensum origin
of these deposits and were (and still are) of the opinion that the uranium and other
clements were originally present in  the clastic sediments of the Athabasca Group
(Hocve and Sibbald, 1978; Hoeve et al., 1980; Hoeve and Quirt, 1984, 1987).
Alicrnatively, proponents of the per descensum supcrgenc hypothesis have
proposed that chemical weathering priof to the deposition of the Athabasca Group
concentrated the ore-related elements just below the. unconformity (Barbier, 1974; °
Knipping, 1974; Langford, 1974, 197%; Robensonkanér pattanzi, 1974; Dahlkamp and
Tan. 1977: Dahlkamp, 1978; Voultsidis er al.. 1982). However, the per descensum

supergene origin for these deposits has rapidly lost favour because of:

(i) fluid inclusion studies of gangue minerals associated with uranium mineralisation
which have indicated mineralisation temperatures approaching 200°C (Pagel et al.,
1980; Lawler and Crawford, 1982);

(i) regolithic studies which indicated that no large scale depletions or engichments of

trace elements (Ni, V, Cu, Zn, Ag, Pb) associated with uranium mineralisation

.
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(iii) geochemical studies of fresh and altered metasediments away from mincralisation at
Key lLake which indicated on the average no deplction of uranium or nickel

(Voultsidis er al., 1982).

Morton (1977) argued for a per ascensum origin whereby  the uranium aml

I
other ore-forming clements were remobilised at depth by ascending hydrothermal fluids
responding to diabase dyke acuvity. Deposition  occurred  below,  at or abovc the
unconformity depending upon where the necessary  physico-chemical conditions  for
deposition were encountered. The per ascensum hydrothcrmal  (hypogene) origin - has
been proposed for mineralisation at Key lake al(hou’éh the source of the ore was not
identified ¥Kirchner er al., 1980; von Pechmann, 1985).

Strnad  (1981) has proposed a metamorphogenic origin for the Key  Lake

mineralisation whereby the ore formed by lateral secreton.
B. Source of Ore-Related Elements

B.1 General

The source of the ore-related elements presenl in unconformity-associated ore
deposits has been the subject of much controversy.

Proposed sources arc (1) the Athabasca Group clastic sediments, (2) the
metamorphic and crystalline basement and  (3) Hudsonian-related  syngenctic  and
synmetamorphic protores.

Resolution of this problem may come about by the usc of Sm-Nd isotopic
studies of the uranium mihcralisalion and the proposed ‘sources. To date few Sm-Nd
studies -have been done (Fryer and Taylor, 1984; Maas et al., 1986).

High initial '**Nd/!**Nd values have been obsel}fed in uranium mineralisation
from the Collins Bay deposit, Saskatchewan (Fryer and Taylor, 1984) and from

unconformity -associated ores of the Alligator River\bka.uiu\mzield, Northern Territory,
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Australia (Maas er al.. 1986).

Frver and Tavlor (1984) concluded  that much higher inital "*'Nd/™*Nd ratios
should  be evpected Ihaln_‘_lvh_mc observed (050988 (0 S1384)  because  the  common
nramum bearing minerals contain clevated abundances of  Sm (c.g. 700-1650 ppm 1in
pitchblendes) . Maas e al. (1986) found that the initial "*'Nd/**Nd ratios of urantum
mincralisation were consistently  higher than those of their host and country rocks and
on the basis of this observation  concluded  that wholesale lcaching of Archean and
most Proterozoic rocks  could  be excluded  as a s major mechanism for  providing

=N
hvdrothermal (luids with rare carth clements (REF) and uranium. Maas ef al. (1986)

-

Qaimed that the data are more consistent with denivation of ore-REE from sources

having relafNvely  pomitive N/ *Nd ininal ratios and  suggested  that REL and
uranium mayv have pccn derived from older uranium mineralisation.

¢ However,  the  observation by bryver  and Tavlor  (1984) of lower imual
VONGZ NG ratios an umniur~ncmhsalmn may suggest that ascending hydrothermal

olutigns  probably  sampled  both  svngencuic/  synmetamor hic¢ rotores  and  country
1 ) )

TOChS

.

In the past syngenctic and synmelamorphic  protores have been neglected as a
source of uranium whilst the Athabasca Group (<I1-1.5 ppm U: Hoeve ‘21 al.. 1980
Wakis er al.. 1985, 1986, von Pcchmann, 1985) and the Aphebian metasediments (4
ppm U: Ramackers and Dunn, 1977: von Pechmann, 1985) have been favoured

SOUTICCS.

B.2 The source uof metals: Hudsonian-related syngeneticband‘ synmclamorph‘rc i)rotores

In this section the possibility that syngenetic and synmetamorphic protores were
a source of metals for unconformity-associalcd mineralisation and 334 Pod-type
mineralisation is discussed.

Hoeve er al. (1980) argued that unconformity-associated miygalisation, which
.gcncrally is spatially related to the A.thab:;sca Group-Wollaston Group unconformity

- -
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and s gencrally assocated wath graphine metasediments ol the  Aphebian basement,
seems 1o have been controlled by the presence of  the unconformmty - tather than by
factors  1elated oto Aphebian  sedimentation ot Hudsonan  structural - and metamorphic
cevolution, because no Such nuncralisatien has been encounteted outside the Athabasca
Basin ’

However, to demy any  relatonship of - Aphebun sedinentation and - Hudsonman
sructural  and  metamorphic  evolution  to the genesis of - the uncontorminy assodiated
deposits because of  their non existence outsude the Athabasca Basin should  cause any
reasonable geologist to ponder on the reason or reasons tor thar non eavstence outside
the Athabasca Basin. A reason that comes to mind mmmediately v that temoval ol the
protective Athabasca Group COVCI would result m destruction ol the
unconformity associated deposit. In fact part of the Ky Fahe deposit was destroved by

. . LA f
glacial activity. It was estmated that the Rabbit take deposit Tormed under at least 3
km of Athabasca Group sediments The Rabbit lLake dcho.\n when  discovered, however,
was devoid of Athabasca Group cover. Thus beiween 1300 Ma and the presen). at
least 3 km of sediment cover was removed from above an arca that as now at the
cdge of the Athabasca Basin. How much farther did the Athabasca Group oxtend” How
many .unconformity -associated deposits have been destroyed” h

Can syngenetic and synmetamorphic  deposits  have pr(;\ldcd a source for the
uranium found in the vounger, high-grade. unconformity-associated deposits at the base
of the Athabasca Group and in basement pods such ab the 334 Pod at Dawn lake?

Several publications described the OCCUTICTICE of Hudsoman-related

svngenctic/synmetamorphic uraniferous  mineralisation in the Wollaston domain and in

the eastern part of the adjacent Mudjatik domain. These ocourrences are at:

(1) Blackstone lLake (Sibbald et al., 1977)
(2) Burbidge Lake (Sibbald et al., 1977)
(3) Cup Lake (Sibbald et al., 1977)

(4)" Duddridge Lake (Bretzlaff, 1976; Coombe, 1978)



(S) Yurchison [ake (Ray, l?jh‘l))
(6) Needle Take (von Pechmann el al.. 1984); and

(7) Karpmhka 1 ake (Wilhams Jones and Sawiuk, 1985).

On  the basis of their dominant host rock they have bccx-l distinguished  as
athoste (Duddridge  Take, Karpinka  lake), (élk*silimlc (Burbidge lake, Cup Lake,
Needle  Take.  Yurchison Lake) and  pelite-pegmatoid (Blackstone  lakc)  types of
deposits (Sibbald er al., 1977: Tewny and Sibbald, 1979 Hocve er al.. 1980).

I'he  Duddiidge  Lake and  Karpinka Lake deposits  are  suggested  to o be
metamorphosed  sandstone type deposits The  Duddridge  lake mincralisation is
charactensed by an assemblage of U N1 Co-As Sc-Pb-Ag-Au-Mo-V whilst the Karpinka
I ake mnncralisation has the simpler assemblage of U Ti-be and may have been detrital

v U Mo, and are interpreted as

m orngin. Cale-silicate typesare characterised
Aphebian syngenctic sedimentary concentrations T ‘iystallised and remobilised during the
Trans Hudson Orogeny (Hoeve er al.. 1980).

The pelite pegmatoid type of mincraiisation is characterised by U-Mo-Pb-Cu-Zn
and the host rocks are interpreted 1o be Aphebian black  shales that underwent anatexis
during the Hudsonian orogeny (Hoeve er al.. 1980) Uranium may have scgregated with
the pegmatord material during  high-grade metamorphism and anatexis (Hoeve er al.,
1980) .

Uraniferous mineralisation ‘1‘r0m onhv two of these locations (Needle I ake (and
Karpinka lakc) have been dated by the U-Pb method. Uraninite from Needle i,akc
was dated at 180318 Ma (von Pechmann er af., 1984). Karpinka l,ak.c mineralisation
(uraninite,  braunerite) was dated at lBQOi? Ma (analyst: H. 'Baadsgaard;
Williams-Jones and Sawiuk, 1985).

Of these occurrences, the Karpinka Lake prosp?cl has been the most extensively
studied (Williams-Jones and Sawiuk, 1985). It is a stratabound uranium ‘deposit hosted
by Aphebian metasediments located just to the south of the Key Lake

unconformity-associated uranium deposits (Fig. 1). Williams-Jones and Sawiuk (1985)



151

suggested  that  the  demonstrable (‘\l;lk‘ﬂt(‘ of Aphebian stratabound  minctalisation and
the observation that unconformity-associated deposits are \‘onlmllu‘l_db\‘ faults paralicl o
the Aphcbian  gneissosity  (as at Dawn Lake) lent _support (o previous suggestions
(Morton and Beck. 1978)  that the  basement 51xppl|§‘ﬂ\lllc uranm (and  other metals

N

presumably) for the vounger unconformity-associated  deposits.
. Origin of Fluids

(.1 Fluid Inclusion Studies

-Spooncr  (1981)  claimed  that the ();lglx\ of  unconforniy assoctated fanm
deposits in the  Athabasca Basin "has  been  considerably  datified by flad inclusion
rescarch”. This statemenl was based on studies by Pagel (1975). Pagel and Jaffresu
(1977) and Pagel et al. (1979, 1980). However, Pagel et al (1979) stated  that
“unfortunately, at present, no fluid inclusions have been found in gangue mincrals
...... contemporancous with pitchblende”. Pagel et al (19%1) conducted  TMud inclusion
studies of euhedral quanz. dolomite, calcite, a pale green finc-grained chlonte after
fcldspar and a coarser-grained pale chlorite from the Rabbit Iake minc. According to
Pagel et al. (1980) the positions of these mincrals in Jhe paragenctic scquence (Hocve
and Sibbald, 1978) was uncertain. The eoncerns expressed by Pagel and co-workers
regarding the interpretation of their fluid inclusion data show Spooner’s dlaim to be
unrcasonable and misleading. '

Lawler and Crawford (1982) investigated fluid inclusions 1 quartz-beanng

samples from the nearby Migdyest lake deposit. Lawler and Crawford (19%2) concluded

that:

(1) the dominant fluid in the alteration envelope around the orcbody was low density
COy;
(2) an oxidising saline aqueous fluid was preseAl within the ore zone, both above and

below the unconformity as .indicated by the occurrence of aqueous inclusions with
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hematite and halite daughter crystals;

(3) separate CO, and low salinity aqueous inclusions co-cxisted along healed _fractures
suggesting that the fluids were immiscible at the time of trapping: ho )gggi\SﬂliOn
temperatures of these coenisting inclusions suggested trapping conditions of 8()0-1\000
bars and 2001 25°C;

(4) clusions in non-graphitic and  graphitic  gnesses outside  the sone of intense

alteration contained CH, and CO,-CH, fluids; and

(S) agueous fluids enriched in CaCl, occurred in somce samples.

[ awler and Crawford (19827 suggested that (a) uranium ore deposition  was

associated  with  conditions which favoured an oxidising CO,-tich fluid and (b) that

major ore depositon may have resulted  because of unmixing of 0O, and aqucous

-

brines. In the Midwest 1ake “arca, assuming an average lithostatic .prcssurc gradient of
about 260 bars km ', 3 to 4 knt of Athabasca Group sediments probably existed above
the unconformity at the time of mincralisation.

Although fluid inclusion data arc not available from Dawd Lake gangue
minerals. the Midwest Lake data probably arc good approximations of conditions
duning mincralisation at Dawn l.ake.

Chemical analyses and microthermometric  observatons of fluid inclusions in
quart; and dolomite from the Rabbit lLake deposit have shown that lheée.ﬂuids were
Na-Ca-Cl solutions with salinities about 30 wt.% NaCl equivalent (Pagel and Jaffrezic,
1977, Pagel ¢ al., 1979. 1980). Pagel and Jaffrezic (1977) showed that lghe Cl/Br
v;cighl ratio ~of these brines werc very constant al a value of 55, a val‘ue much l_ower
than seawater (=300) and different from meteoric waters having dissolved halite
(m1000). Low CI/Br weight ratios cam be explained by (a) halite precipitation from
the brine (Braitsch, 1971) or (b) release of Br by organic matter during its evolution
(Wickman and Khattab, 1972). Pagel and Jaffrezic (1977) thhs concluded that these

low CI/Br brines originated either in a marine evaporitic environment or by thermal

degradation of marine organic matter, or both. ' )
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It is possible. thus, that these fluids could have acquired these chemical charac-
teristics by reacting with Aphebian mcta-cvaporites and mecta-pelites and with  Archeaw
granitic rocks of the basement. If this was the case then the mineralising fluids may

have had a basecment ongin.

(.2 Groundwater Geochemistry

Cramer (1986) provided chemical composition data for grounuwalcrs in contact
with mincralisation at Dawn lake (labie 24).

The unreactivity of the host rocks and the contained mincralisation ol the
Dawn lake deposits towards the present day groundwaters  (Cramer, 19806) is clearly

shown by: . .

(1) near ncutral pH values;

(2) low Eh values;

(3) low Cl. SO, . HCO, and CO/ concentratiions;

(4) low concentrations of major cations Ca?, Mg', Naw and K°; and

(5) generally low “concentrations of U, Ni, Co, V. Pb in gy‘u&dwalcrs near the orce

70NCS .

Frape and Fritz (1982) in a study of groundwater samples from a varicty of
locations in the crystalline rocks of the Canadian shicld. found that their compositions
changed with depth. Waters that occurred above approximately 0650 metres were fresh
or brackish, with total dissolved solids (TDS) less than 10000 mg <€°'. Hcl()w‘/ 650
metres very s‘aline waters, or brines occurred within major fauits and shcar zones.

Frape e al. (1984) in a subsequent study classificd Canadian Shicld groundwatcrs as:

(i) fresh (TDS < 10° mg ¢}; depth < 200 m; T < 10°C; pH: 6-7.5);
(ii) brackish (TDS: 10°-10* mg £, depth: 200-600 m; T: 8-13°C; pH: 6.3-7.0);_
(iii) saline (TDS: 10*-10° mg «£*'; depth: 600-1400 m; T: 13-23¢C; pH: 6.0-8.2); and

q -
(iv) brines (TDS > 10° mg £'; depth > 1200 m; T > 18°C; pH: 5.0-7.0):



Table 24: Average chemical composition of groundwaters in contact with mincralisation
at Dawn Lake, Saskatchewan (calculated from the data of Cramer, 1986)

~ up £ mg £’
Na ° 3320 3.320
K 1474 1.474
Ca 369 0.369
Mg 221 0.221 .
Fe 1226 1.226 ’
Ni < 50 < 0.050
As 415 0.415
Pb 64 0.064
Co < 100 0.100
\Y < 10 0.010
U 3 0.003
I : 128 0.128
1 876 0.876
P < 250 < 0.250

- NO, < 100 < 0.100

SO.» 2444 2.444
HCO, 29200 29.200
Co < 2000 < 2.000
DS 39250 39.250 )
pH 6.9
T(C)
depth (m) < 200



The chemistry  of  fresh  and bf:icki.ﬂh groundwaters  is domnated by
Na-Ca-HCO, whilst that of saline groundwaters and brines s dommated cither by
Ca-Na-Cl (mafic basement) or Na-Ca-Cl (granitic bascment) (brape et afl., 1984).

According to the classification of brape e al. (1984). the  present dav
groundwalers in contact with Dawn lLake mincralisation arc fresh.

The unreactivity of the host rocks and/or their impermeabibity to groundwatet
in the vicinity of the Dawn lLake deposits. is probably o contnibuting factor 1o the

|
continued existence of such large-tonnage, high-grade. reduced ore dlose Yo the surface.

(.3 Origin of fluids —— speculation

This scenario probably existed also during the peniod of tectonic guteseence be
tween about 1000 Ma and 350 Ma. Since much unroofing of the Athabasca Group
rocks has probably taken place since 350 Ma, decp reducing flunds were probably in
contact with mineralisation during the 1000-350 Ma period. Prior 1o the inital stage of
mineralisation, decp [;ducing fluids may also have been present in the Dawn  Lake
arca. If Athabasca Basin sedimentation was well advanced by 1700 Ma then ~deep.
probably hot, reduced fluids may have been present  in the h.ighlyfaullcd,
metamorphosed basement rocks. Some of these faults may have cxtended down into the
remobilised (domed) Archean crystalline (granitic) basement. These fluids would likely
have been in contact with syngenetic and synmetamorphic prolorc; in  addition to the
country rocks, and would have had at icast 350 Ma to cvolve into  concentrated
uranium-poor, but metal-rich brines.

Diabase dyke activity at about 1350-1250 Ma would have flushed these reduced
metal-bearing fluids upwards. The rising thermal front may have also flushed reduced
gaseous species (e.g. CH., H.S) upw;rds.

Convective activity would have followed the initial upward pulsc thus drawiﬁg
reduced Athabasca Group formation waters down into the basement. As convective

activity continued, oxidised Athabasca Group surficial waters would have gained access

)



1o the basement. These oxidised fluids would have been responsible for uranium and

' g . . " .
rare carth clement mobilisation. As diabase dvke activity waned and ceased, reduced

fluids would have replaced oxidised ones.

This scquence of events would have been repeated  with  the second  pulse of
diabase dyke activity at 1100-1000 Ma.

Uplift and unroofing of the Athabasca (}r()u;y/rc;cks would have allowed

orxidised . carbonate-bearing, surficial fluids 10 gamn access 10 the bascment.

D. Release of Uranivnr

Posey-Dowty et al. (1987) studicd the dissolution rate of  uraninite c(r)'blals /and
of uranium roll-front ore samples in bicarbonate solutions at 25°C, pH of 7.0 to 8.2,
and variable oxygen pressure.

Posey-Dowty er al. (1987) concluded that:

(i) clay and other foreign materials appeared to have no major inhibitory effect on
the dissolution kinctics of uraninite in bicarbonate solutions;

(i) the single most important factor in uranium ore dissolution was the partal

pressure of oxygen: .

¢ (iii)dry hexavalent uranium  oxides leached almost instantaneously from ore in
bicarbynale solutions; |

(iv) bicarbonate concentration affected the total solubility of uranium oxides bul not
the dissolution rate; |

(v) the rate law for dissotution of uraninite in highly undersaturated 1o saturated
solutions was given by:

duya = AV (pg)'? LU - UV

where

surface area

>
I

V = volume of solvent



O, = partial pressure of oxvgen
UQ = saturation concentration of U(\L) in solution,

[U] — molal concentration of U(VI) 1 solution.
k. Transportation and deposition of uranium

F.1 Transportation of uranium

The calcium contents of pitchblendes (1. 11 and 1) from the 334 Pod strongly
suggest that the uran,i.um present in the 334 Pod was transported as wanyl carbonate
complexes, c.g. UO,CO,, UO,(CO,)," and UO(CO)" .

Mcl.cnnan aw '{aylnr (1980) cexamined  the relationship between gare carth
clements (REE) and uranium 1nincrali>ali8n in the Cahill Formation of the Pine Creek
Geosyncline, Northern Territory, Augtralia demonstrating a - strong correlation between
the heavy REE and U during transpori and ore deposition stages in a low temperature
hydrothermal system.

Fryer and Taylor (19%4) observed the same relationship between the REE and
U\ in pitchblendes from the Collins Bay unconformity -associated  uranium  deposit,

. /
Saskatchewan.

The strong depletion of the {ight REL in these ores indicated that uranium and

! \
the REE were transported in a hydsothermal fluid as soluble carbonate complexes
(Mclennan and» Taylor, 1980; Fryer and TaWor. 1984).
Preliminary results of a study of RHE associated with uranjum mincralisation

from the 11B Zone at Dawn Lake yield ¢imilar 1.REE-depleted and HRH‘L-C?\r;chcd

patterns, with greatest enrichment in the Tb-Dy region (Pcrsm*d et al., 1985, 1986y

E.2 Deposition of uranium \

Several mechanisms for the deposition of uranium are discussed in this seation.

i

These are (1) reduction, (2) adsorption-reduction, (3) hoiling and/\1



{4) clectro-precipitation.

F.2.1 Reduction

Oxidised uranium species are gencerally soluble and therefore mobile, whereas
reduced  uranium  species  are insoluble and  gencerally immobile uniess cxtremely
acidic conditions prevail  (Langmuir, 1978)  Thus, the traditional gcncvlic model
cxplaining uranium deposition  requires  that the ore-forming solution encounters a
reducing environment at the point of deposition.

Reduction of soluble hexavalent uranium  species could have been carried
out by reduced carbon (graphite, organic matter) and sulphur (sulphides) species
as well as by ferrous iron in silicates, sulphides or oxides. Mcthane and hydrogen
sulphide could have been produced by the reaction of upward-moving, metal-poor
(carly) and later metal-rich reduced fluids (flushed from deep reservoirs by diabase
dyke activity) with syngenetic and synmetamorphic graphite and sulphides of the
metamorphosed Aphebian basement. Trapping of these reduced species by aquicludes
or aquilards at the unconformity or in the basement, would have been followed by
uranium deposition  when upward-moving, uranium-bearing oxidised fluids (that
followed the reducing metal-rich fluids) came into contact with the reduced
species. .
However the concept of direct reduction of hexavalent uranium species as
the only chemical control on orc deposilion is inadequate to explain uraniferous
mincralisation in the 334 Pod. The compositions of 334 Pod pitchblendes, obtained
by electron microprobe WDA-EDA techniques, indicated ~that they were unlikely to
be pure UO, but rather contain variable amounts of UQ,. Pitchblende II appears
to be more oxidised than pitchblende I. This appare;n deviation from the pure UQO,
composition indicated that variations in both pH‘ and redox conditions were
involved -in their formation.

If uranium was transported as carbonate and hydroxyl complexes then some

of fhe ways by which deposition of UQ, could have taken place are:



(i) 2U00,CO,* + 2H,0 --> 200, + 2H,CO, + O,

(i) 2U00,(CO.)/’ N2H,0 4+ 4H —> U0 -+ O, 4 4}'12(‘(;9\

(iii) 2U0,(CO,),* + 2H,0 + 8H — > 200, t+ O, —+=bH0—
.

(iv) 2U0,(OH),* —> 2U0, + 2H,0 + O,

1:.2.2 Adsorption-Reduction

Adsorption is,aQo a very cfficient process of concentrating uranium. on to
finely divided specics characterised by their large surlace arcas, (Muto et al., 1905;
Giblin, 1980: Binns et al., 1980: Giblin et al, 1‘)81)\

Muto et al. (1965) speculated that discrete uraniferous  phases  developed
from uranium initially adsorbed on substratcs, such as clays or hydrous iron  (111)
oxides. in response 1o changes 10 the chemistry  of  the  sytems. Formation  of
discrclé uranium minerals would have left the substrates free to adsorb. further
uranium (Vl? jons. Thus, over a period of tme, accumulations of uranium far 1n
excess of what could be accomodated as adsorbed species would have developed in
intimate association with adsorbate minerals.

Binns e al. (1980) described a  chlorite-scptechlorite-quarts (CSQ)
intergrowth at the Jabiluka unconformity-associated uranium deposit, Australia, in
which uranium levels of up to 1270 ppm (Gulson and Mizon, 1980) were
observed. Binns et al. (1980) suggested that discrete concentrations of uramniite
formed by cxs’élulion from uraniferous CSQ \aﬁcr the formation of CSQ. but pro-
vided fio evidence )lo show whether uranium was adsorbed on 1o, or was ~prcscm
as a discrete U-rich ph}ase in CSQ.

Giblin (1980) showed that the distribution coefficient (Kd) of uranium bc-
tween a simulated groundwater (containing AIOO ug U 1) and kaolinite, mcasurced
over the pH range 3.5 1o 10 at 25°C, was found to reach a maximum of 35000
at pH 6.5. Giblin (1980) also carried out uranium addition in 10 sequential
adsorption-reduction cycles until uranium levels of up to 1000 ppm were observed

in kaolinite. At this”stage the apparent distribution ebefficient had risen to 85000,



)

more than double that achicved when uranium was adsorbed from 100 wg U 1 !

solutions without the intermediate  reduction  steps. Kaolinite, mineralogically the
most simple of the clay mincrals, is the clay mineral haying the smaliest surface
arca and thus the lcast cffective adsorption properties of all the phyliosilicates
(Grim, 1968). Because kaolinite was used, the positive results  for uranium
adsorption on to it can be extrapolated to other more adsorptive phyllosilicates.

Ubiquitous clay mincrals and chlorite are present in the vicinity of 334 Pod
mincralisation. It is Wq)here that pre-mineralisation phyllosilicates played a
substantial role in uranium mincralisation of the 334 Pod.

Giblin (1980) proposed a mechanism that has been lcsled> experimentally in

S

part, to cxplain the development of uraniferous clays and chlorites. This mechanism

, N

involves adsorption of soluble oxidised U(VI) cations by negatively charged
phylosiltcate  particles followed by reduction of uranium, while attached 1o

phyllosilicate mincral surfaces, ‘10 reduced uranium oxides which are held to or

released from the negative phyllosilicate mineral surface on thc basis of their
surface charge. The surface charge on uranium oxide particles is determined by the
oxide uranium-oxygen stoichiometry which is a function of the pH-Eh conditions
prevailing in the system at the time of their formation.

The adsorption-reduction mechanism of Giblin (1980) can be used to €x-
plain the accumulation of large amounts of reduced uranium 6xides if after their
formation. scparation of these discrete uranium phases from the phyllosilicate
mineral surfaces occurred. Separation frees the phyllosilicate mineral surfaces for
further adsorption of mobile uranium species. Non-separation excludes the
phyllosilicates from further adsorption of mobile uranium.

Separation or non-separation of an uranium oxide phase is dependent upon
the surface charge acquired by that phase upon formation (Giblin, 1980). The
surface charge on uranium oxide particles is pH dependent; it is negative if greater

than the pH at the point of zero surface charge (PZSC) and positive if lower.



The pH at PZSC is deMned as the pH at which surface charge reversal occurs.

Thus if reduction occurs at a pH greater than the PZSC of an umn;um
oxide phase then the negatively charged phyllosilicate surface repels the uranium
oxide, reversing the adsorption but with the difference that the uranium is now a
solid species with the capacity for incorporation into cryvstalline aggrl‘gu(cs (Giblin,
1980). In lh.c':U:O range from 1:2 to 1.2.8, the pH of the PZSC varies from 6
to 3 respectively at 25°C (Parks, 1965).

Unfortunately. the boundaries for pH-Eh stability ficlds for uranium species
in general are unl\nown for the temperature range 100-200°C because of the lack
of lhcrmodynamic/ da}a. Attempts have been made to construct  stability ficld
diagrams for uranium species at  high  temperatures by using cxtrapolated
thermodynamic data datermined  at 25°C (Lemire and  Premaine, 1980, Romberger,
1984). However, it was decided not 1o usc these data in this thesis because ol"v the
high degree of uncertainty regarding the stability I'iclg% boundarics of the uranium

species.

E.2.3 Boiling

Loss of CO,, due 1o boiling, ig"a possibic mechanism for UQ, deposition
(Poly?er al., 1974). Fluid inclusion sl‘L\x.dics of ganguc mincrals from the Rabbit
lLake (Pagel and Jaffrezic, 1977; Page. et al., 19%0) and Midwest Lake ,(I,aw]cr
and Crawford, 1982) deposi’ls, however, show no cvidence for boiling. If ¥ km of
Athabasca GToup‘ clastic sediments at\id a clay blanket wMCscm above the

upward-moving uranium-bearing oxidised fluids, boiling (or scparation of the

gaseous and/l\i;quid phases) probably would % have occurred.

E.24 Elégro-precipilation
An electrochem”l’c"al‘ process has been proposcd as a possible mechanism for

uranium deposition (Robertson et al., 1978; Tilsley, 1980). N



3

162

’ *
lons and charged compleaes i natutal and artifictal solutions respond 1o
apphed dectneal potential gradients by mngrating al agrate which s a function of
the voliaye gradient and a constant chatacterishic of  the 1on o1 complen (Tilsley,

1980) \ ¢

:

Self potentials are developed m the carth when volumes of diffenng Fhoare

connected electnally . Volage difterences across the anis of a4 conductive budy” such

as i massive sulphide (o1 arsemde) body o1 a graphite schist (or gneiss) are fre

quently m o the order of 500 10 700 mV and in some cases are inoexeess of 1000

mV (kelly, 1957, Chisholm, 1957). Near the avis of a conductuve structure, voltage

gradients o 50 l(‘l()() mV of more per metre are possible (Tilsley, 1980).

Uranium  in solution  as a  postively  charged  complex (c.p.. o, or
4 -

UIO,(OH)Y ) would tend to migtate towards 1he low Fh-surface of the conductor.

Precipiation ol U0, would ocgur it the uppcr stability Fh hmit of  the solid
phase s crossed bye the  mugrating  complex® If - during migration  towards  the
Jonducror, the mmpg; moves into a cheneal (‘n\’ir%mm(‘m witl® an Fh less than
the upper stability It of  the sold phase, prccip_nanon of the solid phase will
OCCur,

Uranium 1 sduton as @ negatively charged complex (c.g. UQO,(CO), or
LO(CO DY would tehd 1o migrale away from the low kh surface of the

conductor If during migration awayv from the conductor.~a chemical environment
. .

-
N

with an Fh less than the upper stability limit of a sohd uranium oxide phase 1s

- encountered, precipitation of the sohid phase will octur.

)
1 Since the ur'an_,ium present in the 334 Pod was most probably transported as

ncutral and ncgative uranyl carborate complexes, elevtro-precipitation of uranium
was -probably  insignificant  as a uranium  deposition mechanism, for 334

mineralisation.
Howéver repulsion of negativgfly charged uranyl carbqnate comp}exes by the

*

graphitic
- .

e

conductor above the. 334 Pod ‘probably caused them to miprate into areas

- ’ v’
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where  chemical reduction and  adsorpuon reduction wramum - deposttion mechanisms
operated. @

Ote constithents such as As and S which arte transported as .nm.m_\ also
would not collect at the negative clecttode of  the clectochemaal el (e _. the

graphitic conductor)

I, lransportation of drsenic
Arsenic probably was transported as thioatsemde compleves (AN, . HANST,

100 250°C; pH 4 60 log S 1 %) and as arsemous acd (HLASOM) at hapher

[y

lemperatures (\?()()"(‘)~()1>}1 (>s) and owwgen fugavities (Hemnch and - Fadimgton,

1980) '

\

F.1 Deposition of arsemides and sulpharsenides

Possible diarsemide producing reactions are:

\
A}

(1) Ni7° 4+ 2AsS, 4+ 4H0 > NiAs, + 4H.S 3+ 20

() Nitt 4 2AsS, ¢ 2HLO + Me > NiAs ¢ dHS v 0,

AN

SOI2NET 4 AHASS, ¢ 6HO b o de o> ONiAs 4 BHS e 30,
(V) 2N 4+ 4HASS, + 2HO + de = > 2NiAs, ¢ 8HS ¢ O,
(v) 2Ni" + 4HAsO, + 4e > 2NIAs, o+ 2HO ﬂg;

Possible monoarsenide producing reacttons are:

‘ ¢
(i) Nit* + AsS, + 2H.O + ¢ --> NiAv + 2HS + O,
(ii) 2Ni** + 2AsS, 4 2H,O + 6¢c ——> INiIAs + 4HS ¢+ O,
(i) 4Ni** + 4HAsS, + 6H,0 + 8 —--> 4NiAs + ¥H,S + 30,
(iv)4Ni* + 4HAsS, + 2H,0 + & ——> 4NiAs + 8HS + O,
(v) ANi** + 4HASO, + 8¢ ——> 4NiAs + 2H,0 + 50,

Possible sulpharsenide producing reactions are:
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(1) 2NV QASS, 8 2HLO e e > )Nl/\.\S/v JHS 1 O,
() 4Ny JASS, o 2HLO 1 Be > 4N1/\.\‘.\/ t 4HS v O,
() AN MIHASS, v HLO e Se > ANIASS o+ 4SO,
(v) NI b HASS, + 3¢ > NiIAsSS + HS
(v) 4Ni™ 1 dHASO, ¢ dHS e > 4NIASS ¢+ 6H, 0 + 20,
Ihe vist majonn of these diarsenide . monodrsenide | and

sulphatsemde producng  reactions require clections in order to move (o the right. A
magor clectron producing reacton (ot half cell) 1 geological environments 18

bet > ke o+

In the Dawn lake atca as well as o other unconformity associated deposits, this
reaction ts represented by the chlonte-hematite r(im_

\

Arsenide and sulpharsenide  depostion in the ‘334 Pod at Dawn lake probably

involved the chlonte/hematite redox reaction. However, arsenides and sulpharsenides  in

the 33 Pod at Dawn lake are not obscrved to be associated with hematite. There are

two possible reasens to account for this:

(1) hematte has been destroyed by later reducing solutions; or
(1) the chlorite/hematite redon in the rtegolith provided the clectrons which were then
) transinttted  through the graphitic conductor below to the site of reaction below the

conductor.

In 334 Pod mincralisation, diarsenides  were observed 1o be  replaced by
monoarsenides and sulpharsenides whilst monoarsenides were replaced by sulpharsenides.

Possible diars;nide-monoarscnide replacement reactrons arc:

N
(i) NiAs, + 2H,;S + ¢ —> NiAs + AsS, + 2H,
(i) Niks, + 2HS ——> NiAs + AsS, + H, + e

(iii) 2NiAs, + 4H,S ——> 2NiAs + 2HAsS, + H, + de-
(iv) 2NiAs, + 4HS ——> 2NiAs + 2HAsS, + H, + 4

(v) 4NiAs, + 6H,0 + 30, —> 4NiAs + 4H,AsO,
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Possible diarsenide sulpharsenide replacement reactions are:

(i) NiAs, + IH)S + ¢ S > NIASS + AsS, v 3H,

(i) 2NiAs, + OHS - > INIASS 4 JASS, v 3HL v e

(i) 2NiAs, + 6H S > 2NiAsSS + 2HASS, + SH,

(iv) 2NiAs; + 6HS - > 2NIASS + 2HANS, + JH, o+ o

(v) 2NiAs, + 2HS 30, - > 2NIASS + JHASOC + L
(vi)2NiAs, + 2HS + 30, > INIASS + YHASOL v Jc

Possible monoarsenide -sulpharsenide replacement reactions are: C
(1) NiAs + H,S - --> NiAsS + H,

(i) 2NiAs 4+ 2HS > INIASS v HL o e

G . Depositional model
Data from the 334 Pod al Dawn lLake suggests a polygencuc history The fol

lowing seqyenee of events is cnvisioned: >

(1) Svngenctic concentration 71900 Ma
Aphebian  Wollaston  Group  sediments  were deposited i a mrogeochnal
environment. Uranium and other metallic ions were  preferentially concentrated in
black shales. These black shales were the precursors of the graphinc metapehites.
(2) Diagenetic enrichment 7-1900 Ma : ‘
Dewatering of  the sedimentary pile as a result  of  progresive compaction
and lithification caused redistribution and further concentration of uranium n.
pelitic horizons.
’.(3) Traﬁs-Hudson Oregen 1900-1800 Ma

v

Thermal doming of the Archean granitic basement resulted in  the

¢ .
mobilisation and expulsion of uranium and thorium along with H.,0, CO,, F. Cl
and other volatiles during partial melting. The passage of these fluids through

' adjacent pelites would augment, remobilise and further concentrate the uranium.



(4)
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At Dawn lake. anatectic pegmatoids are ubiquitous and appear to have
formed by in suu melting of meta sedimentary rocks. Uranium and thorium would
have been further concentrated in pcgmaloid’scgrcgali()ﬁs.

I'he metamorphic, minceral-forming event at about 1800 Ma remobilised the
uranium into the metasediments.

Pre-Athabasca Group Peneplanation and Wcathering 1800-1700 Ma

lsostalic reactivation of faults maintaincd them as principal  passages for
migrating solutions. Some metal redistribution and concentration may have occurred
during retrograde mclx;morphism,

Athabasca Group scdimentation 1700-1350 Ma ) R

‘ This was a period  of  relative  tectonic  quiescence. Diagenesis  of  the
Athabasca Group may have resulted in limited remobilisation of metals. Metal-tich
reduced brines evolved in the faulted basement rocks during this period.
H_\dm.lhcrmal mincralisation/diabase dyke activity 1350 Ma

Flushing of deep reduced fluids by diabase dvke activity resulted in
deposition of arsenides and sulpharsenides of the 334‘P0d. Reduced f{luids gave way
o oxidised fluids which precipitated pitchblonde 1. lLate reduced fluids precipitated

sulpharsenides. The majority of 334 Pod mineralisation was deposited during this

stage.

(7*Hydrolhcrmal mincraliation/diabase dyke activity 1100 Ma

(8)

Flushing of deep reduced fluids by diabase dyke activity resulted in
remobilisation of carlier deposited arsenides and sulpharfenides. Oxidised fluids
remobilised pitchblende I, precipitating pitchbicnde 1I. Late reduced fluids deposited
tracé to minor amounts of base metal sulphidés. )
Uplift and unroofing of Athabasca Group rocks- 350-0 Ma

Oxi'dised, carbonate-bearing, surficial fluids gained access to the 334 Pod

mineralisation, remobilising earlier pitchblendes (I and II) to form pitchblende III -

(coffinite). These fluids also caused supergene alteration of chalcopyrite, the

[
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relcased sulphur reacting with radiogenic lead to form galena.
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A. Abstract

Bismuthian yeisdorffite, with an ideal composit.ion of Ni(ASO.99Bi0.10)S' occurs
in the 1A Zonc of the Dawn Lake uranium-nickel deposit of northern Saskatchewan,
Canada. Electron microprobe analyses of gersdorffites are presented, together with
observations on' colour, vspeclral-rcﬂcctance. and hardness. Previous studies of the U-Ni
deposits  of the unconformity-associated type may have overlooked the presence of
bismuthian gersdorffite, duc to the fact lhal/{‘( is indistinguishable during routine
reflected -light m'icroscopy. This paper cmphasiz%é‘lhe value of automated, quantitative

‘ -
spectral-reflectance data acquisition in the study of such minerals. <

Keywords Minc’alog_\', Uranium Deposit, Gersdorffite, Saskatchewan

B. lutroduction

A number of unconformity-associated uraniferous deposits of polymetallic char-

acter  are distributed  within  the eastern Cree l.ake Zone of the Manikewan

-~

-

(Trans-Hu%sor;ian) mobile belt of northern Saskatchewan, Canada (Fig. Al-1).
During a detailed investigation of the Dawn I.a;ke deposit, gersdorffite with anA
unusual composition of Ni(AéOSOBiO.lO)S , was observéd (as grain cores or as
oscillatory growth-zones) within nickeliferous sub-zones, associated with uranium
mincralization from the 334 Pod of the 11A Zone. Such bismuthian gersdorffitéé have
hitherto not been recorded and thus it is ou; intent to augment the existing data on
this sulpharsenide mineral and to point outl that it might easily have been overlooked
jn other studies. . ' .- i
Unfo;iunateiy, the extremely small grain- and zone-sizes of the bismuthian
‘ gersdorffites did not permit the acquisition pf X-ray diffraction data. Thus optical and
. chemiﬁl data alone are presented herein, together with an hypothesis on the genesis of

-

J .
this unusual (?) bismuthian sulpharsenide.

. N
. °
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z 185

(. Geological Setting

The Dawn lLake unconformity-associated deposits are situated within ghe Middle
Proterozoic  Athabasca ,Basin, some 340 kilometres north of lLa Ronge, Saskatchewan.
The deposits lic to the cast, northeast, northwest and southwest, respectively, of the
"Midwest Lake, Cigar Lake, McClean lake and JEB deposits; éee Figure Al-1.

Four zones of uraniferous mineralization, “(namely, the 14, 11, 11A and 11B
zones), have been discovered on lhc l)awn l.ake property (Clarke and }ogwﬂl 1985).
" Uranium mincra}izalion in the 14 Zone is restricted to Helikian Athabasca Group
sediments, whiisl the 11 Zone ‘occ‘urs r'nainly at the Athabasca Group/Bascménl
(Wollaslon Group) unconform'ily. The 11A Zone is also found at the unconformity
planc and in‘pods within basement mctasediments of the Wollaston Group, whilst the
11B Zonc occur*hlircly within bascment metascdiments. Sulpharsenide mineralization
associaled with the uranium mincralization in the 334 Pod, which occurs in the
hasement suite of the ilA Zone, is the topic of discussion for this paper.

h]
D. Host l,itho]og_ies .

Al Dawn lake, approximately 100 metres of Helikian (Middle Proterozoic),
Athabasca Group sandslones and quar'lz.-pcbble conglomerates ovcrlie Aphebian (LE)w\er
‘ Protcrozonc) Wollaston Group calcareous, pelitic and psammmc metasediments, cut by
anatectic pegmatoids (C]arke and Fogwill, 1985). Bclow the AtM3basca Group- Wollaslon
Group unconformity, . a ﬁa]co weathering p;\h(i]e or regolith has developed on the
Wollaston Group metamorphic sune Thlsa rego\lh consists of fine-grained assemblages
of quartz, clays, chlorite and hematite (Macdonald, 1985). Replacwe silica is locally
present. .

In the 11A Zone, the local metamorphic suite conatins the following rock units
(Fig. Al-2): -

(i) graphitic quartz-chlorite-feldspar gneiss (metasiltstone?)

e
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(i) graphite-cordicrite-biotite-feldspar gneiss (métapeli[e)
(iii) anatectic- pegmatoids. S ¢
: . ;
® ’ . g
E. The graphitic quartz-chlorite-feldspar gneiss (mctasiltstope?) -

-

The graphitic quartz-chlorite-feldspar gneiss unit hosts the bulk of the granium-
and nickel-mineralization in the 334 Pod. It also hosts chalcop%e mineraliiation, 50

metres below the 334 Pod. This rock is typically fine- to médium-grained, banded” ahd

well-foliated. It is° composed mainly of guartz, deldspars «(microcline, plagioclase). and
. o~

, chlorite. Graphite occurs in amounts of up (0 10% modal. Accessory minerals are

2

‘tourmaline (vars.. dravite and schorly, epidote. (var. pistacite), anatase and rutile.“In

*

. the vicifiity of uranium-nickel, mineralization, all- the 'feldspafs have® been.,_sericitized.
: N i e -
Deeper in the section, K-feldspar is partially altered, whilst plagioclase is almost totally -

destroyed. In mineralized areas graphite is totally destroyed and carbonate veins are

o

*

-cQqmmon, . ) ) . i

g

F. The graphite-cordierite-biotite-feldspar gneiss (metapelite)
* The graphite -cordiéritesbiotite-feldspar gneiss hosts little of the uranium-nickel

.- ; . .
mineralization. This rock-type is dark-grey in hand specimen, fine- to medium-grained -

and well-foliated. The major minerals ih this metapelitic unit are auartz (25-30%),
feldspar (30-40%), biotite (15-20%), coydie;itc (5’-10%)“ ar;d graphiie .(5-10%.). Acct;Ssory
minerals are tburmgline (var. dra.vite) and rutile, ’ —

The regoiith has developéd princibally on th}s ‘basement lithology: In tt;e
regolith, all primary minerals bexcepl quartz have been destroyed, whilst p);riie and
marcasi;c have been formed. Immediately below the regolii\h‘ and abc;\/e the
uranium-n'ickel mineralization, this metapelitic unit lis intensely aitered. Plagioclase is
totally sericitized, the cordieriie is highly ﬁfnitiiea‘ and the biotite “chloritized. Deeper in
the section, away from mineralization, plagioclase .is highly‘ serviciti‘zcd. the cordierite .

partially pinitized- and the V:biotitc, relatively fresh. . §

v
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G. The anatectic-pegmatoids‘ . ' .

Two types of anatectic pegmatoids of ﬁudsonian ag\havc'bc'cn.) recognized in
drill core. The first are thin, segrega&ionk pegmatoids, usually a fcw.ccmimctrcs' thick,
occurrmg in meyapehllc :)cks (Clarke and Fogwill, 1985). The second L'varicty\_ which
mq “be intrusive, lS generallyral metres thick and is'coarscr~graine;1 (Fig. Al-2).
This second variety hosts some of the uraniun; mineralization. B@lh pcgmaloid types
characleristicaliy:__e_xhibig re]a}ively conformable  contacts vwil.h -the, enclosing
metasedimenlary rocké and have essemiallyl the same composition. They are composcd

"of feldspars (plagioclas‘e, K -feldspar), quartz and tourmaline (var. schorl). In the

regolith, the pegmatoid rocks retain their original textures, although quartz is the only

remaining primary mineral. (

H. Structure
The ‘Wollaston Group basement suite was folded during the HudsoMan orogeny
and underwent upper amlphribolile facies regional metamorphism (ch;ry.and Sibbalg,
‘1977, 1980; Lewry et al.,ll9782,. The major fold axcs trend NE-SW, wilh later
cross-folds trending ENE-WSW (Léwry et al., 1978; Lcwry and Sibbald, 1980).
In. the Dawn L;ke area a Major fault direction NE-SW parallels the strike of \
the balvsement stratigraphy (bClarke and Fog;viil. 1985). Other fault dircctions are
ENE-WSW (often ':With thrust ‘components), N-S (fclated to the Tabbernor fault sys:
tem) and NW-SE (associated with diabase dykes), (McNQit,' 1982;. Clarke and ngwi.ll,
1985). All these fz;ults cut the cover of Atliabasca Group rocks. It is bcliévcd that the
NE- S‘nd ENE-WSW trendmg faults reactivated pre-Athabasca Group faults, whltst
‘Athose ‘ﬂrendmg N-S and NW-SE post- date the ‘Athabasca Group cover (McNutt, 1982;
Clarke and Fogwill, 1983).
g\ the 11A Zone the basement metamorphic’ rocks strike N40°E and dip sleeply

northwest Composmonal layering and foliation - are essenually parallel in these rocks

(Clarke apd Fogwill, 1985). The 334 Pod of U-Ni mineralization occurs at the
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mntersection of a major fault trendimg NAO°F and a mimor cross-fault trending N70°F

1. Mineralization

The 33 Pod of ‘ur;muun nickel  nuncialization  occurs  principally  within
cericitized  or illitized  quiartz-chlorite-feldspar rocks, below  the  base of  the regolith.
Mincralization appears in part o be fault-controlled (Fig. Al-2).

Arvenides  (rammelsbergite,  safflonte” and  nickeline  along  with sulphar’s\f'gidcs
(gersdorffite,  cobaltite) appear to constitute the carliest  phases ol the pémgcncsis.
Pitchblende I and  later  sulpharsenides  (gersdorffite,  cobaltite and  bismuthian
gersdorffite) completed Stage I mineralisation.

Pitchblende 1T and  munor  sulphides  (millerite,  pyrite.  bravoite,  violarite,
chalcopyviite, galena and sphalerite) comprise a second paragenetic stage. A [inal phasc
consisted ot_pn(hhlcndc 11, galena and an unidentified copper sulphide mincrai. In ad-
diton a Bi-Te mineral is intergrown with pitchblende 1. whilst gold with traces of

. .
oilver and a Bi Te phase are present in pitchblende 11 Hlite-chlorite  alteration

accompanied Stage 1 and Stage 11 mincralisation. Hematite accompanied Stage I whilst

calcite was cocval with Stage H1 of the paragenesis.

J. Chemical Analytical Methods
Samples were analysed utiMzing an ARL -SFMQ clectron microprobe, equipped

with an Ortec cnergy dispersive spectrometer. Operating conditions were an accelerating
“voltage of 15 kv and a probing current of 3.3 nA. Counung times were 240 s for
both standards and samples. .

© Qualitative encrgy dispersive scans were used to cxamine areas of nterest
located by petrographic studies and to pinpoint areas for analyses. Analyses were then
performed by wavelength dispersive techniques.

Bismuthian gersdorffite samples were analyZed fo» S, Fe, Co, Ni, As, Sb, Pb
- 5

and Bi. Gersdorffite samples were analyzed for S, Fe, Co, Ni, As, Sb and Bi. The
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analytical X-ray hines used were Ka (S, Fe, Co. Ni), la (As, Sb) and Ma (Pb. Bi)
The following standards  were used: arscnnpymc (S, beo AN pure mbi“ (Co),
pararammelsbergite (Ni), pure antimony (Sb), galena (Pb) and pure bismuth yii).
Reduction  of  wavclength-dispersion  data was  carricd  out usIng the FDATA?
computer  program  (Smith et al.. 1981). The detection linits for the  operating
conditions used were determined o be 001 wi % for S, beo Coooav and Ph ) 02

wt. % ftor Ni and Sb; and 005 wt % for Bi

K. Bismuthian Gersdorffite

Gersderflite has the stoichiometric composition of N1ASS . Signifweant amounts of
cobalt and iron mav substitute for mckel, and sulphur and arsenic may be mutually
diadochic (Yund, IQE?; Klemm, 1965, Rosner, 1970; Petrukh et al 0 1971 Paar and
Chen. 1979 Bavliss, 19823 Changkakoti and  Morton,  1986)  Mimor amounts  of
antimony mav also substitute for arsenic (Yund, 1962; Paar and Chen, 1979; Bavliss,
1982, Changkakoti and Moron, 1980). The presence of 51511111lh tn the gcr;dorﬂnc
structure, however, has hitherto not been reported. (icm_&orf‘l‘ilc from the 334 Pod at
iDawn lake (Il1A  Zone) occurs as  massive  aggregates, as  fillings  within
shrinkage -cracks cutting pitchblendes, as subhedral or brccci:lcd grains and as discrete,
idiomorphic crystals. Growth zones of Bi-rich gersdorffite were accidentally  discovered
'during routine clectron microprobe investigation of gersdorffites which appeared l()‘ be
totally homogenous when viewed under a reflected - light microiscopc_ using both normal
and Nomarsky Phase Interference Contrast techniques. The zonal Bénds. ranging from
less than 1 to 10 mm in. thickness, wcre.rcvcalcd by marked conirast in images ob-
tained during back-scattered electron (BSE) data acquisition (Fig. Al-3). This contrast
is a function of the difference in the average atomic number (Z) between bismuthian
gersdorffite (Z=233-36) and the necighbouring normal gersdorffite (Z=28-29). An

individual growth zone was, in some cases, seen to be actually comprised of several

bands of bismuthian gersdorffite. Bismuthian gersdorffite was seen to be selectively
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replaced by pitchblende 1T (Fig. Al-4a).

The commonly observed generalized Ionalional/sequencc from core outwards
was: gersdorffite (core) - bismuthian gcrsddrfﬁlc - gersdorffite (rim) - gangue
gersdorffite (outer zone) - gangue (fig. Al-3). The chemical zonation of the first three
phases of this scqucnctl is given in outer-zone gersdorffites contained no detectable

”
bismuth {(Table Al-1).

In a rare occurrence, the observed zonational sequence from core oulw-;;a\was:
nickchan cobaltite (core) - bismuthian gersdorffite - nickelian cobaltite (Yim) - gangue
nickelian cobaltite (outer zone) - ganguc - gersdorffite - gangue; see Fig. Al-4c.

Bismuth concentrations in the bismuthian gersdorffites range from 8.75 wi.% to
1453 wt.% (Table Al-1). A plot of the atomic percentages of (Sb+Bi) versus (S+ As)
sluggcsls an inverse relationship between these element sums (Fig. Al-5). Sulphur 'and
arsenic arce increasingly proxied by anlimohy and bismuth, the latter being by far ll;e
major diadochic pariner in this substitution. For bismuthian gersdoorffites, with bismuth
concentrations ranging from 8.75 wit% to 12.02 wit.%, cobalt cobalt concentrations
varied from 0.79 to 1.26 wt.%,. nickel from 30.31 to 30.90 wt.%, arsenic from 39.17
to 41.05 wit.% and sulphur from 15.17 to 16.60 wt.%. Minor amounts of lcad up to a
ma.\imum- of 0.39 wt.% were obsefved. Qualitative scans of bismuth-rich bands, using
an cnergy dispersive system, indicated regions of higher cobalt concentration. Analysis
of onc of these regions revealed the highest cobalt (3.38 wt.%), bismuth (14.53 wt.%)
and sulphur (17.69 wt.%) concentrations observed to date. This sample also possessed
the lowest arsenic concentration (27.23 wt.%).
The average structural formula for the bismuthian gersdorffites ‘with bismuth
concentrations between 8.75 and 12.02 wt.% was found to be:
Bi S

(Fe Co

0.01° ©0.03° Nig.96) A%.99 Blo.o9 So.92
The structural formula for bismuthian gersdorffite with a bismuth content of 14.53

wt.% was:
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Table Al-l: Chemical composition of bismuthian gersdorffites (in wt %) from the 1A
Zone, Dawn Lake.

ke Co Ni As Sb Bi Pb S Toal
35.40  45.20 1940 ° 100.00
1) 0.17 0.97 30.97 41.05 0.18 §.75 0.01 16 .41 98 .51
2 012 090 309 408 032 €2 007 1660 9903
3) 0.24 1.11 30.55 40 46 0.48 9.7 0.39 16.18 9 19
4) 0.24 0.79 30.31  40.34 0.20 11.39 ND 15.17 98 44~
) 0.14 0.95 30.90~  39.17 0.34 11.75 0.20 16.21 99.66
6) 0.17 1.26 30.40  40.76 0.29 12.02 0.34 15.92 101.19
7) 0.18 3.38 27.23  36.49 0.48+« M4.53 ND 17.69 99 98
Atomic composition on the basis of Fe+Co+Ni+As+Shb+Bi+Ph+S = 3.0
................................... LR e e T
1.00 1.00 1.00
D) 0.01 0.03 096 - 0.99 0.00 08 0.00 0.93
2) - 0.00 0.03 0.96 0.99 0.00 0.08 0.00 0.94
J) 0.01 0.03 0.95 0.99 0.01 0.09 0.00 0.92
4) 0.01 0.02 0.97 1.01 0.00 0.10 ND 0.89
) 0.00 0.03 0.97 0.96 0.01 010 7 0.00 0.93
6) 0.01 0.04 0.94 0.99 0.00 0.10 0.00 0.91
7) 0.01 0.10 0.85 0.89 0.01 0.13 ND 1.01



Figure Al-4(a). Backscattered electron image showing bismuthian gersdorfﬁ[e (code: bg;
grey) selectively replaced by pitchblende 111 (code: p3; grey);“pl is pitchblende I,
Dawn lake. ‘

Figure Al-4(b). Backscattered electron image of euhedral growth bands of bismuthian
gersdorffite (code: byg: white) in normal gersdorffite (code: g} grey), Dawn Lake. '

r

<

{ —

Figure Al-4(c). Backscattered electron image showing relatio}lships between nickelian
cobaltite (code: «¢; grey). bismuthian gersdorffite  (code: bg; white) and normal
gersdorffite (code: g: white), Dawn Lake. ’
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(Sb + Bi) wt.%

54 - 55 56 57 58

(As + S) wt.%

Figure AI-5. Plot of atomic percentages of (Sb + Bi) versus (§ + As) in bismuthian
gersdorffites from Dawn Lake.
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The ideal structural formula of bismuthian gcrsdorfﬁle thus appears 1o be:

(As

Ni(Asy 9o Bij 10)S-

L. The colour, reflectance and hardness of Bi-gersdorffites

During the c}()urée of this study it was verified that bismuthian gersdor(Tites
were indistinguishable from normal {non-bismuthian) gersdorffites when cxamined under
the reflected-light microscope. The use of Nomarsky Phase Interference Contrast tech-
niques was also ineffective, thus inferring that there is littlec or no difference in the
polishing hardness of the two varietics. One would thus anlicip;;lc that bismuth.ian

gersdorffites  would ha?e a normal range of VHN of 782 (o 8§35 (data of

100g
IMA/COM, 1977). As part of our routine identification/verification procedure in  the

laboratory, we employed a counter-controlled, automated microphotometric device 10 cx-
amine the various types Of gersdorffitc in the Dawn Lake suite. During this phasc of

the work, we discovered that bismuthian gersdorffites exhibit distinct spectral reflectance

¢

in the visible-light range.

Our system, a NISOMI-model 84T device (similar to that ‘dcstribcd by Atkin

M

and Harvey, 1982) iS composed of a quartz-halogen light source and a scrvo-driven,

M Model 1V 064K

RAM microcomputer with a WILSCANTM interference. Reflectance data for 16

~
ORIELTM grating-monocm%tor, controlled by a RADIO SHACKT

wavelengths at 20 nm,intervais between 400 and 700 nm are gathered and chromaticity '
coordinates (x and y), together with lurr;inar}cc (Y), are calculated in accordance .with
the system of the Commission Internationale d'Eclairage (CIE), as described by Atkin
ana Harvey (1979). The NISOMI-84 system also ccomputes values for the dominani
wavelength (dl), lﬁe saturation purity (Pe%) and the lumiﬁance (Y).These latter three
“data sets enable proper quamificat{c;n of ' the colour of a given mineral phase.

Table AI-2 presents the colour data for some gersdorffites from the Dawn

Lake deposit. The standard utilized during data acquisition was a Carl Zeiss SiC crystal
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whosé reflectances are also prcsénlcd in Table" Al-2. Owing 1o the inability of the op-
crators to distinguish bismuthian gersdojffite domains from bismuth-poor domains
under the microscope, we located them by using BSE imagery and performed measure-
ments on sectofs wil.h analyzed high-bismuth contents. We were unable to confine out

data collection cxactly to bismuthian gersdorffite, due to their small areas. However,

the data of column 1 in Table Al-2 do refer to domains with a prepgnderance of

bismuthian gersdorffite in  the measured field. In the case of non-bismuthian

gersdotffites, we were able to select larger domains of pure gersdorffite for optical

analyscs. A e 5

The data of Table Al-2 clearly illustrate that the substitution of Bi in the
gersdorffite lattice induces colour changes, which are at maxima in the red and blue
‘cnds of the visible spectrum. Thus the human eye. which is relatively ineffective as a
detector in these ‘end rahges, will- not detect this effect. From our data we can also
conclude that the subsli.lulion of Bi in gersdorffite has:

(i) hude effect upon reflectance of light in” the mid-range of the visible spectrum

(540-560 nm). ’

(i1) maximum e¢ffects upon reflectance ai the blue (470 nm) and red (650 nm) ends

of the visible spectrum.

(iit) the effect of changing the colour of gersdorffite from a monotone grey (with no”

«

dominant primary colour and a low saturation purity) to a mineral with an orange

tint and a much higher saturation purity.

©

The spectral reflectance curves of Fig. Al-6 are provided to illustrate the
aforesaid effects and to provide comparative data for future investigators.. In the
diagram the spectral reflectance curve for our  bismuthian gersdorffites must be
qualified by th realization that they, represent mildly-mixed data. Thus one can
anticipate that-the true reflectance curve for bismuth-rich gersdorffite, at the maximum

substitutional level, would have limits defined by: .
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Figure AI-6. Spectral reflectance curves of dominantly bismuthian gersdorffite domains
and anhedral normal gersdorffite from Dawn Lake. . .
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R < 43.6% and R

> 48.0%.

air @ 470 nm air @ 650 nm

M. Conclusions

Gersdorffite, “a  commonplace component  of lhc arsenide  suites  of
unconformiiy—associaled. \uranium-nickel deposits  has been shown to cxhibit a wider
degreobof compositional variation than hithcrlo observed. Suc‘ major compositional
variants of these minerals vould often pass undetected in  casual  petrographic
investigations employing the reflected-light microscope. They would normally only -be
found accidentally when the electron microprobe is uscd as a qualitative pclrographic-
tool in its energy-dispersive mode, or when analysis of bencficiation fractions reveal
anomalous element concentrations. Routine spectral-acflectance data acquisition, during
petrographic investigation of ores, is clearly a less-costly mcthod of augmenting visual
observations. The use of computer-controiled, automated reflcctance-measuring systcms:
such as NISOMI-84TM, clearly facilitates the - procedures and is thus strongly -
advocated.

Bismuthian gersdorffite appears to have the ideal formula Ni (@6_90 Biotlo)S.
DcParlures from this formula are due to substitution of arsenic for sulphur, lcad for
bismuth, antimony for arsenic, and iron and cobalt for nickel. The mineral association
and ore textures suggest fhat bismuthian gersdorffite at Dawn Lake waé deposited by a
series of bismuth-enriched hydrothermal fluid pulses over a short period of time,

during a phase of activity which otherwisc saw the deposition of gersdorffitc and

cobaltite. . L
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A. Introduction (

The ages of uranium- and/or thorium-bearing minerals are usually determined
via conventional U.-Th»Pb isotope analyses. However, with the common use of the
clectron microprobe in routine mincratogical studies of rocks and ore-deposits today,
the rescarcher often has at hand analytical data on major element concentrations which
can, by simple computation, provide valuable first order informau’on\ on the
approximatc ages of uraniferous phases, i.e.. by the calculation of the so-called
"chemical ages'. Such initial estimates of the agbs‘yf phases can bec a useful addendum
to the mincralogical data and can assist in the cost-efficient establishment of the
framework of a paragenctic fra;ncwork of events. A number of publications in recent
years have discussed chemical ages calculated for Canadian uraniferous deposits
{Cameron-Schimann, 1978; Pagel and Ruhlmann, 1985: Parslow er al., 1985; Ruhlmann,
1985).

Chcmical apparent age determinations require computation of the atomic
concentrations of U, Th and Pb in their minerals. The accuracy of the chemical-age
method s dcpcpdcm upoi the- following assumptions: (i) all the Pb in the mineral is
of r.:‘dmgcnic origin and (ii) the isotope/chemical system has rema%ncd closed since the
farmation of the mineral.

Chemical ages of thorian uraninites have.previou‘sly been published from Baie
.lohan' Beetz, Quebec and from Charlebois Lake, Saskatchewan by Cameron-Schimann,
(1978). Thorian uraninites and other uranium- and/or thorium-bearing minerals in
anatectites from the ‘Cree Lake Zone of Saskatchewan were c;hemically dated by
Parslow et al.. (1985). Chemical ages have also been determined forzessemially
thorium-free uraninites from Duddridge lake, Saskatchewan (Cameron-Schimann, 1978)
and from deposits within the Carswell Structure, Saskatchewan (Pagel .and’ Ruhlmann,
1985; Ruhlmann, 1985). The chemical ages of these latter thorium-free uraninites from

Duddridge Lake and the deposits within the Carswell Structure were.‘computed by the

aforesaid author on the basis of the followiﬂg\formula derived by Cameron-Schimann
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(1978): .
t(years) = (Pb x 10'°)/1.612U
The Cameron-Schimann formula was based upon the power scries cxpansion of

At . . - s . .
e  with truncaticn after the first two terms. To facilitatec more precise computations

by plture rescarchers, in this paper we provide revised formulac for the calculation of
mical ages from the analytical data of thorium-free uraninites. This new degree ol
ptecision is attained via the truncation of CN after: (i) threc terms (i) four terms,
and (iii) five terms. The truncation of the bowcr series  capansion of (‘M alter three,
four and five terms yields quadratic, cubic and quartic cquations rcspcclivcly_‘in terms
of t. To facilitate morc( rapid manual computations, highly-simplificd forms of the
gencral solutions to the quadratic and cubic cq‘lgalions are given. Computer programs
are also appended herein to solve the quadratic, cuvbic and quartic cquations, using the

second-order Newton method of iterafion for the processing of large quantitics of

data.

B. The Calculation of Apparent Ages of Uranium minerals from chemical analyses

The apparent 'chemical age’ of a thorium-bearing uraniferous mincral can be

computed if one assumes that:

(i) all the Pb is radiogenic, and

(ii) the system has remained isotopically closed since the mineral crystallived.

Then, the time elapsed since closure took place can be derived by solving the

equation:

Pb = »U(eM1)

3 UEMh1) + ThEMN) S (1)
For thorium-free uraniferous minerals equation (1) becomes:
Pb = 3UREMEL) 4 5 UEMED) oo (2)

4
where:
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i is the isotopic content of *U at present = 0.9927U (Steiger and

Jager, 1977)

U s the isotopic content of U at present ‘= 0.0072U (Steiger and

Jager, 1977)

A, is the decay constant for U = 1.55125 x 10 *° (Steiger and Jager,

1977)

A, is the decay constant for U = 9.8485 x 10 ' (Steiger and Jager,

{
1977)

) 7 .
The following alternatives for solution of the apparent age equation have been
“considered and employed in the recalculation of the apparent chemical ages of the

uranifcrous deposits from Saskatchewan contained in this paper:

(i) The Quadratic solution

. . A L
The power secries expansion of e U truncated after three terms is given by:

M ] b A+ OO e 3)

At

Replacing the € and e)‘SI terms in cquation (2) by equation (3) yields:

Pb = 0.9927U[At + (A1) /2] + <0.0072U[At + (M1)7/2] ......... (4)

Substituting values *for A, and A, and rearranging then yields the quadratic

~

equation in t:
0 = (1.5435U)t* + (1.6108U)t - Pb T ITTTRITEPTEPIIIIIIPE (s)

The general solution for t is given by (ignoring the negative root):

t(years) = [-0.5218 + (0.2722 + 0.6478(Pb/UN Y2 1 x 100 ... (6)

(ii) The Cubic Eﬁuation

. . A L
The power series expansion of e ' truncated after four terms is given by:

eM 2 1 b A A (ADV2 A A v (7

At At

Replacing the e and ‘the e terms in equatibn (2) by equatien (7)
yields;
Pb = 0.9927U[At + (MD)Y2 + (M)¥6] + 0.0072U[At + (Ast)/2
¢

TR WYL IR e 8)
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Substituting values for A, and A, in the above cquation and Ttearranging
yields the cubic equation:

0 = (1.763811)(16 O+ (1.5436U) (10 )¢+ (1.6108UH) (10 ™)t - PH

Dividing throughout by the coefficient of ' yields:

0 = € + (08752)(10°9)* + (0.9131)(10™ ) - (0.5670)(10™)(Pb/L1)

(10)
~A
Equation (10) is now of the form:
0 = x> + Bx? + cx + d P PP (1)
where: . |
b = (0.8752)(10'°)
¢ = (0.9131)(10%)
d = -(0.5670)(10°°)(Pb/U)
The real solution to equation (1‘1) 1S given by: !
X = N2 0 MY (08) g (12)
where:
N o= (a72) + R (13)
M = <(0/2) - RV (14)
R = (p¥727) + (Q/8) o (15)
p =c¢ - (b¥Y3) U (16)
qg =d - (bc/3) + (2b"/27) .............. e {17) .

Substituting values for b, ¢ and d in equations (16) and (17) and resulting
values of p and q into equation -(15), allows calculation o.f N(13) and M(14).
The simplified solution is \given by: \
t(years) = [[[0.2835(Pb/U) + 0.1084] + ([0.0106 + [0.2835(Pb/U) +
0.1084] YA + [02835(Pb/U) + 0.1084) - ([0.0106 + [0.2835(Pb/U) +
0.1084) PYH3 . (;.2917] X 10U oot (18)

[4
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(iii) The Quartic Equation
. . A . . .
The power serics cxpansion of ¢ t truncated after five terms is given by:

Moz 1w AU+ (A2 + (A)Y6 + (AOY24 (19)

Replacing the ;:)"l and the 6:7\’I terms in equation (2) by (19) yields: /
Pb = 0.9927U[MU + (AN1)F/2 + (NP6 + (N1)/24] + 0.0072U[AL
+ (A2 + (A6 4+ (X0)24) L P (20)
» Substituting values for A, and A, in the above equation and Trearranging
yields the quartic equation:
0 = (3.0618U)(10 *)t* + (1.7638U)(10*°)t* + (1.5436U)(10 **)t* +
(1.6108U)(10 ")t - Pb ... OO O (21)
Dividing throughout by the cocfficient of * yields: |
0 = t* + (0.5761)(10*)" + (0.5041)(10*)* + (0.5261)(10°n
(0.3260) (10N (PB/UY Lo (22)
Equation (22) is now of the form:
0 = X' 4 bx' 4+ X’ 4+ dX 4 € o (23)
where:

b = (0.5761)(10')

\
(0.5041)(10%)

\
e
i

a.
i

(0.5261)(10°%)

e
1l

-(0.326(>/)(10‘°)(Pb/U)
C. Computing Method

When it is necessary to determine very accurately the value of the root of an
cquation, the second order Newton method has the advantage of converging rapidly to
a solution, and an extremely close approximation of the value of the root may be ob-
tained with a minimum of calculations. The theory behind .the above method can be
found in most textbooks dealing with appli&;,d numerical methods for digital

computation. -
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N

The l:‘ORTRAN_:’IV complllc; programs appended herein solve the normalised
forms of the quadratic, cubic (egn. 10) and quartic (éqn. 22) ecquations in L)Th(‘
method of solution involves increasing lhc_ value of t in small incrcmcms(/(r(?rﬁ“/un
initial value of t = 10* Ma, until the fuf*cti(m becomes  positive. The signj change of
the function indicates that an appsoximate valut) of the root has._been obtained. The
second order Newton method is then applied to ;)bizain a morfe accurate approaimation.
D. Users-Guide to the Programs

The user's guide is designed to help the user feel comfortable in using the
\

program. The 3 programs for calculating the solutions 1o the gquadratic, cubic
quartic solutions are all independent of one another. The procedure for using @
programs is the same. ) N

In the first line of the data file, the user is required to give a value of 1, 3

, or 3 depending on the kind of data at hand:
1 - Data in the form of PbO and UQO, (in wt.%)
2 - Data in the form of Pb and U (in wt.%)
3 - Data in the form of Pb>and U (;uomic proportian)
From the second line of the data file on, the user should put m the value of Pb (or
PbO) followed by the value of U (or UO,), the 2 values being separated by a blank.
The user can put in as many of these data sets (one sct per line) as desired. This
\dala file can then be used when running the program.

The output consists of the values (converted to atomic broﬁorlions. if initial

data is in wt.%, else .the original input data if Pb and U are given in atomic

proportions) of Pb and U followed by the Chemical Age (T) in Ma.
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PROGRAR SECNEW
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SECOND ORDER NEWTON METHOD FOR THE SOLUTION Of

THL QUADRATIC fQUATION !

INTEGER TYPE
DOUBLE PRECISION DELTAT, EPS, T, TP1, FT, FDFT, SDFT
OOUBLE PRECISION At, Bt1, Ct, PB, U, T2COEF, TCOEF, D

DOUBLE PRECISION DATAPB, DATAU, PBU

A

MR Kk A R K K K K K K K K K ok R K K ok A K K K Rk kK Kk ok ok A ok Xk ok K R o kK Rk K K ok kK K

DESCRIPTION OF VARIABLES

DATAPB - INPUT VARIABLE CAN BE OF 3 KINDS
- PbO (wt.%)
- Pb, (wt.¥%)
- Pb (atomic)
DATAU - INPUT VARIABLE CAN BE OF 3 KINDS
- U0 (wt.%)
- U (wt.%) ~
- U (atomic)
TYPE - INPUT VARIABLE CAN TAKE ON 3 VALUES
- 1 (DATA IS PBO AND UO {(in wt.¥%)
- 2 (DATA 1S PB AND U (in wt. %)
- 3 (DATA IS PB AND U (in atomic)
PB - OQUTPUT VARIABLE (ATOMIC)
U - OUTPUT VARIABLE (ATOMIC)
T - ROOT OF THE EQUATION (i.e., CHEMICAL AGE (in Ma))

2

WRITE (6,11) 'PB', ‘U, 'Age (Ma)’

READ (5,*) TYPE

IF

READ (5,*, END = 200) DATAfB, DATAU
(TYPE .EQ. 1) THEN

**********************'******************************

PB = 1.DO*DATAPB/270.0278
U = 1.D0=DATAU/223.1994
ELSE - - '

IF (TYPE .EQ. 2) THEN
PB = 1.DO+DATAPB/207.2
.U = 1.DO0*DATAU/238.029

ELSE
IF (TYPE .EQ. 3) THEN

; PB = DATAPB

3 U = DATAU

ELSE WRITE *, ' INCORRECT TYPE -

ao GO TO 200 L
ENDIF

ENDIF

1,

2 or 3
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ENDTE
PBU = PB/U

" Compute coefficient of 142 term

B1 = [(9927D-4+(155125D-5+1.E-10)**2.D0) +
+ (72D-4*(98485D-4+1.€-10)*+2.D0))/2.D0

Compute coefficiert of T term

C1 = 9927D-4%(155125D-5+1.€E-10) +
+ 72D-4%(98485D-4+1.E-10)
TCOEF = C1/B1

Compute constant term
D = 1.D0/B1*PBU

Iterate with an increment value of 10**6, since

all the chemical age solutions will be in Ma

The tolerance is taken to be = 1

The initial iterations are performed until

(a) the function f(T) becomes positive, implying¥that
an approximate root has been found, or

(b) the function f(T) becomes zero, implying that an
exact root has been found -

PRI TN

.« DELTAT = 1.E+06/

EPS = 1.D0
T = 0.00

T = T + DELTAT S

FT = T+T + TCOEF*T - D .

. IF (FT).5,8,6

"f(T) is now positive, so we proceed with the
second-order Newton method:

Computerthe first and second derivatives of f(T), and
calculate the value of a new, more accurate root. The
jteration ends when the difference between two .
successively computed roots < 1. At this stage

a very accurate solution to the equation has been found

FDFT = 2.DO*T + TCOEF
SDFT = 2.DO
TPt = T - ((FT) / (FDFT - ((SDFT=FT)/(2.DO*FDFT))))

FT = TP1*TP1 + TCOEF*TP1 - D
IF (ABS(TP1-T) - EPS) 8,8,7
T = TP1

GO 70 6
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* Output the PB and U values fatomic), and the chemical
* age (in Mal) which is the solution to the equation
.
8 WRITE (6,12) PB, U, 7/1.D6
GO TO 100

200 CONTINUE
11 FORMAT (//4X, A, 2{
12 FORMAT (/3X, 2(F5.2
STOP
END

5X,A))
, 5X), F6.1)
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PROGRAR SECHT W
- SECOND ORDER NEWTGN_KE 10D, [ O5 THh SOLUTTON OF
' THE CUBIC EQUATION
INTEGER TYPE
DOUBLE PRECISION DELTAT, EPS, 7, TP1, FT, FDFT, SDFT
DOUBLE PRECISION A1, B1, C1, PB. U, T2COEF, TCOEF, D
DOUBLE PRECISION DATAPB, DATAU. PBU
************************************A*****’t**********
* DESCRIPTION OF VARIMMLES
* DATAPB - INPUT VARIABLE CAN BE OF 3 KINDS
* Q - Pb0O (wt.%)
* - Pb (wt.¥%) .
* - Pb (atomic)
* DATAU" - INPUT VARIABLE CAN BE OF 3 KINDS
* - U0 (wt.%)
* - U (wt.%)
* - 0 (atomic)
* TYPE - INPGK VARIABLE CAN TAKE ON 3 VALUES
* - 1 (DATA IS PBO AND UO (in wt.%)
* - 2 (DATA IS PB AND U (in wt.%)
* - 3 (DATA D; PB AND U (in atomic)
* .
*  PB - OUTPUT VARIABLE (ATOMIC)
*x »
* U - OUTPUT VARIABLE (ATOMIC) -
*x
* T " ROOT OF THE EQUATION (i.e., CHEMICAL AGE (in Ma))
N X
**********3&******************************************
*
WRITE (6,11) ‘PB’, ‘U', ‘Age (Ma)’
READ (5,#*) TYPE :
*
100 READ (5,*, END=200) DATAPB, DATAU
IF (TYPE .EQ. 1) THEN -
PB = 1.D0*DATAPB/270.0278
1.D0*DATAU/223.1994
ELSE
IF. (TYPE .EQ. 2) THEN
 PB = 1.DO*DATAPB/207.2
U = 1.D0=DATAU/238.029
ELSE
IF (TYPE .EQ. 3) THEN
PB = DATAPB ) ,
U = DATAU ‘ ~
ELSE
WRITE =, ' INCORRECT TYPE - 1, 2 OR 3
.GO TO 200 : ' -

ENDIF
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Compnte coct b rent Of el torm

A LERarTD G RS 0ND He b 10 e Do)
720 Qe (adnnh A b 10«3 D0V /6 Do

Compute coefficivent of T++2 term

til COURDTD 4« 01551050 S0t 10)%+2 DO
' (720 A« (ORA850- A4« 1t 10)+«2 DO))/2 DO
FOCOEE = B/ AT

Compute cocfficient "of T term

CTo= Ga270- 4+ (1551250 5+ 1. £-10) +
4 72D-4»(AQRABSD -4+ 1 £-10)
TCOEF = C1/A1

Compute constant term
Co= 1.DOSAT+PBU

[terate with an increment value of  10+4+6. since

all the chemical age solutions will be in Ma

The tolerance is taken to be = |

The initial iterations are performed until

(a! the function f(T) becomes positive, implying that
an approximate root has been found; or

(b) the function f(T) becomes zero, implying that an
exact root has been found

DELTAT = 1.E+06

EPS = 1.D0 @

T = 0.00 *° AN
. {

T = T .+ DELTAT
FT = T+T+T + T2COEF=T*T + TCOEF*T - D
IF (FT) 5,8,

f{T) is now positive, so we proceed with the
second-order Newton method

Compute the first and second derivatives of f(T), and
calculate the value of a new, more accurate root: The
iteration ends when the difference between two
su@eessively computed roots < 1. At this stage

a very accurate solution to the equation has been found

FOFT = 3.D0*T+T + 2 .DO*T2COEF*T + TCOEF

SDFT = 6.D0*T + 2.DO*T2COEF

TP1 = T - ((FT) / (FDFT - ((SDFT=FT)/(2.00«F%ET))))
FT = TP1=TP1*TP1 + T2COEF*TP1+TP1 + TCOEFxTP1 - D



SR

—~

200
1
P

218

LE(ABS ey o R S S
(T WA
GOTO 6 ‘

Output the PB and U values (atomic) . and the chemical
age Cin Ma) which 1o the colution to the cquat ton

WRITE (6,12) pB,ULT/1. 0t

GO 10100

CONTINUE

FORMAT (/ /74X A, 5K, A, 55X, A)
FORMAT(/3X,F5.2 5K F5.0 5X 6. 1)
STOP )

END
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: LU ORDER o oo
* PHE QUARTTC T uuai 100

£ TYPt

. PRECISION OELTAT, tpPy, 1, TP BT, FDET, SDET
£ PRECISION A1, B1, Ci, PB. U, T2C08F Tcotr, o
£ PRECISION DATAPB, DATAU, pPBU -

* DESCRIPTION OF VARIABLES

* DATAPB - INPUT VARIABLE CAN Bt OF 3 KINDS

* - PbO (wt . ¥

» Pb (wt . %)

» Pb (atomic)

* DATAU - INPUT VARIABLE CAN BE OF 3 KINDS Pl

» - U0 (wt . %)

* - U (wt. %)

* U (atomic)

* TYPE - INPUT VARIABLE CAN TAKE ON 3 VALUES

» - 1 (DATA IS PBO AND UO (in wt. %)

* - 2 (DATA IS PB AND U (in wt. %)

* - 3 (DATA IS PB AND U (in atomic)

‘ .

* PB - OUTPUT VARIABLE (ATOMIC)

*

U - OUTPUT VARIABLE (ATOMIC)

. )
« 7 - ROOT OF THE EQUATION (i.e., CHEMICAL AGE (in Ma))
* )
‘****"*‘**********************~******************##**
*

WRITE (6.11) *PB', ‘U’ , "Age (Ma)’
* -
READ (5,x) Typg !
100 READ (5,=, END=200) DATAPB, DATAU
IF (TYPE .EQ. 1) THEN
PB = 1.DO*DATAPB/270.0278
U = 1.D0%DATAU/223.1994

ELSE
Y IF (TYPE .EQ. 2) THEN
PB = 1.D0*DATAPB/20" .2
U = 1.00+DATAU/238.029
ELSE b
IF (TYPE .EQ. 3) THEN
PB = DATAPB
U = DATAU
ELSE ‘ -
WRITE =, ' INCORRECT TYPF - 1, 2 QR 3
GO TO 200

ENDIF
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Compute coefficient of T+¢34 term
Ad = ((99270- 4« (155125D-5*1 - 10} +=4 .00} +
+ (720-4+(98485D 4+ 1. E-10)++4.00))/24.00

Compute coefficient of T++3 term

Al = £(89270-4%(155125D-5+1.E-10)++3.00}) +
+ (72D-4+(88B485D-4+1.£-101++3.D0))/6.0D0
T3COEF = A1/A4

Compute coefficient of T+*2 term

B1 = ((9927D-4+(1551250-5+1.E-10)++2.00) +
+ (72D-4+(38485D-4»1.E - 101#+2.00))/2.00
T2COEF = B1/A4

Compute coefficient of T term

C1 = 9927D-4%(1551250-5+1 .E-10) +
N 70D-4% (984850 -4=1.E-10)
TCOEF = C1/AA

Compute constant term
D = 1.D0/A4+PBU

Iterate with an increment value of 10*x6, since

all the chemical age solutions will be in Ma

The tolerance is taken to be = 1

The initial iterations are performed until

(a) the function f(T) becomes positive, implying that
an approximate root has been found; or

(b) the function f(T) becomes zero, implying that an
exact root has been found

DELTAT = 1.E£+06
EPS = 1.D0O
T = 0.D0

T = T + DELTAT
FT = T#TxT#T + T3COEF*T«T*T + T2COEF*T*T + TCOEF*T - D
IF (FT) 5,8,6 -

f{T) is now positive, sb we proceed with the
second-order Newton method

Compute the first and second derivatives of f(T), and
calculate the value of a new, more accurate root. The
iteration ends when the difference between two :
successively computed roots < 1. At this stage

a very accurate solution to Ehe equation has been found
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A. Electron microprobe methods

‘Samplcs were analysed utilising an ARL-SEMQ electron microprobe, equipped
with an ORTEC EEDSI energy dispersive spectromecter. The microprobe possesses four
wavclermgth dispersive (crystal) spectrometers. ,

Qualitative encrgy dispersive scans were used to examine areas of interest
located by routine petrographic studies and to pinpoint areas for analyses.

Quantitative analyses were performed either by pure WDA, by a combination
of WDA and EDA, or by EDA alone. Bismuthian gersdorffites, some gersdorffites,
galecna and gold were analysed by WDA alone. All other minerals were analysed by a
combination of WDA and EDA (rammelsbergites, nickelines, gersdorffites, cobaltites,
millcrites, bravoites, violarite and chalcopyrite). For samples analysed by a combination
‘ of WDA and EDA (except chalcopyrite), S, Fe, Co and As werc analysed by WDA,
whilst Ni and Sb were analysed by EDA. For chalcopyrite, S, Co and As were
analysed by WRA whilst Fe, Ni and Cu were analysed by ED’A.

Working standards used were arsenopyrite (S, Fe, As), pararammelsbergite (Ni),
pure cobalt metal (Co), pure antimony metal (Sb), galena (Pb), pure bismuth metal
(Bi), uranium silicide (U), thorianite (Th), gold (Au), and silver (Ag). Default
standards were used for chalcopyrite (Cu) and pitchblendes (Ca, Ti, V, Mn, Fe, Ni,
Zn, Si).

Operating conditions fof quantitative analyses were an accelerdting voltage of 15
kV and a probing current of 3.3 nA. Counting times were 240 s for both standards
and samples. A point beam was shifted once every 24" s on both standards and
samples. For qualitative analyses, higher v‘oliages were generally used during secondary
or back-scattered electron imagery.

Reduction of wavelength-dispersive and energy-dispersive data ve;ere “performed
»by the FORTRAN computer program EDATA2 (Smith et al., 1981). For wavelength

dispersive analpgis the detection limits for the operating conditions used were deter-

mined to be 0.01 wt.% for S, Fe, Co, As, Pb and Au; 0.02 wt.% for Ni and Sb,

»
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and 0.05 wt.% for Ag and Bi. The detection limits for all clements analysed by energy
dispersive techniques were not determined, but were taken to be 0.05 wi% in

accordance with Smith er al. (1981).
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A. NISOMI

A computer-controlled, automated microphotometric deyvice was used in conjunc-
tion with standard microscopic methods to cxamine ore minerals from the 334 Pod,
11A Zone, Dawn l.ake, Saskatchcwan.

The system, a NlSOMl—moécl 84 device (similar to ghal described by Atkin and

Harvey. 1982) is composed of a quartz-halogen light source and a scrvo-driven,
ORIEL grating monochfomalor, controlled by a RADIO SHACK Model IV 64 K RAM
microcomputer with a WILSCAN interface.
. Reflectance data for 16 wavelengths at 20 nm intervals between 400 and 700
nm a?e gathered and chromaticity coordinates (x and y). together w-ilh luminancc\(\’),
are calculated in accordance with the system of the Commission lnlcrnalionalci
d'Eclairage (CIE), as described by Atkin and Harvey (1979). The NlSOMI-‘M system
also computes values for the dominant wavelength (dA), the sal.uralion purilty (Pc%)
and the fuminance (Y). These latter threc data sets enable proper quantification of the
colour of a given mineral phase.

The standard utilised during data acquisition was a Carl  Zciss  SIiC

(#47281-080).
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Cob o b el G DC T30y 2. D0 12000
[ Cfri) /7 (roet (CSDET#ET)/(2.D0*FDFT) ) )
FT o= IP1+TP1#TP1«TP 1 + T3COLE*TPI»TP1*T1P1 + T2COLF#TP1*TP !

+ + TCOEF=TP1 - D
If (ABS(TP1-T) - ‘EPS) 8,8,7

T = TP1
GO T0 b6

Output the PB and U values (atomic), and the chemical
age (in Ma) which is the solution to the equation

WRITE (6,12) PB, U, T/1.D6
GO 10 100

CONTINUE

FORMAT(//4X ,A,5X,A,5X,A)

FORMAT(/3Xx, F5.2, 5X, F5.2, 5X, F6.1)
STOP

END



