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Chemical characterization and timing of uranium occurrences in the Nonacho Basin,
Northwest Territor ies Canada

By Kerstin Landry

Abstract

Theintracratonid?aleoproterozoiblonachdaBasin, deposited on the western margin of the
Rae craton, Northwest TerritorigSanadacontains numerous histonicanium polymetallic and
critical metal(Cu, Pb, Zn, NiAu, Th, Pt, Ta and Srgccurrences near its unconformable contact
with crystallinebasement rockg he integration ofmultiple bulk and microanalytical techniques
including petrography,scanning electron microscopy (SEMjlectron probemicroanalyzer
(EPMA), U-Pb in uraninite geochronology using secondary ion mass spectrometry (SIMS), in
addition to ReOs in molybdenite and AAr in biotite geochronology, and inductively coupled
mass spectrometry (ICGMS) and optical emission spectroscopy (IOES) has dlowed for
characterization of uranium occurrenceshin the Nonacho BasirDeveloping constraints on
timing, and chemical characterizatiaf two styles of uranium mineralizatioprimary detrital
uraninite (Hope occurrence) and a hydrothermal, remodilmeture ofuranophanguraninite
(Maclnnis Lake study area)dsin understanding the metallogenic evolution of the Nonacho Basin

and the western Rae craton.
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Chapter 1: Introduction
1.0. Structure of Thesis

This is a manuscripbased thesis and therefore, there aepetitions throughout the
dissertation, mainly in the Abstracts, Introduction, Methods, and Conclusions sections of the
chaptersand thesis. This thesis is comprised@ir chapters: an introductiofChapter 1) two

manuscripthapter§Chapters 2 and), and a conclusio(Chapter 4)

The student is the primary author of Chapteraxstandalone manuscriptprepared for
submission to Precambrian Reseaf@t-authors ar&rin Adlakha, Jacob Hanley, Hendrik Falck,
Mostafa Fayek, and Ryan Sharpéhe studet was the main contributor in data acquisition,
backgroundresearchanalyzing resultswriting the chapter, formulating figures and tables
Chapter 2, we determined that the Hope occurrence hosts the oldest detrital uraninite recorded in

the Rae crato.

The student is also the primary author of Chapterstandalonemanuscripprepared for
submission to Ore Geology Reviewso-authorsare Erin AdlakhaAndree RoyGarand, Anna
Terekhova,Jacob Hanley, Hendrik FalchkndEdith Martel. The student waise main contributor
in data acquisition, background research, and analyzing resttisag the chapter, formulating
figures and tablesn is chapter, we determined that the uranium occurrences in the Macinnis Lake
area, although previously extensivaldyospected, host secondary hydrothermal uraninite and

uranophan@and show similarities with hematiggoup I0CG deposits
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1.1Objective of Thesis

The Nonacho Basin is located in an underexplored and understudied area of the western
Canadian Shield that liesithin the highly uraniferous Rae craton. The uranium occurrences
throughout the Nonacho Basin are widespread and, altitbeghave undergone exploration for

over 70 years, the chemical, geochronological, and genetic constraints are poorly understood.

The primary objectives of this thesis are to describe the mineralogy, paragenesis, mineral
chemistry and timing of uranium mineralization from two areas of the Nonacho Basin: the Hope
occurrence (Chapter 2) and the MacInnis Lakelsagin (Chapter 3). Thtudy combines a suite
of analytical techniques, including petrography, SEMIS and electron microprobe analyses,
whole-rock geochemistry, SIMS4Pb geochronology, and R&s and laser AAr geochronology
in order to classify the style and mode of uraniuotuorences and further understand the

metallogenic evolution of the Rae craton.
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1.2List of Abbreviations

Table 1: List of acronyms and abbreviations used throughout this thesis

Abbreviation Meaning

BSE Badkscatter electron

EDS Electrondispersive spectroscopy

EPMA Electron probe microanalyzer

Ga Billion years

HREE Heavy rare earth elements (Eu, Gd, Tb, |
Ho, Er, Tm, Yb, Lu)

LREE Light rare earth elements (La, Ce, Pr, |
Pm, Sm)

Ma Million years

MIAC Metasomatic iron and ledli calcic

MSWD Mean squared weighted deviation

ppm Parts per million

TTZ Thelon tectonic zone

T™MZ Taltson magmatic zone

SIMS Secondary ion mass spectrometry

STZ Snowbird tectonic zone

WDS Wavelengthdispersive spectroscopy

wt.% Weight percentage

Ab Albite

Bt Biotite

Bn Bornite

Cal Calcite

Chl Chlorite

Ccp Chalcopyrite

Gn Galena

Hem Hematite

Im [Imenite

Mag Magnetite

Qz Quartz

Rt Rutile

Ser Sericite

Thr Thorite

Ttn Titanite

Uph Uranophane

urn Uraninite

Mol Molybdenite

13



Chapter 2: The oldest recorded uranium mineralization in the Rae craton: evidence from
mineralogy, uranium trace-element chemistry and UPb systematics of the Hope occurrence,
Nonacho Basin, Northwest Territories

Kerstin Landr§*, Erin Adlakhd&, Jacob Hanléy Hendrik Falck, Edith Martef, Mostaf Fayek,
Ryan Sharpe

Depart ment of Geol og 923 Rdie 5tn Halifad,aNowa Scotia, BRH3C2r si t vy,
bDepartment of Industry, Tourism and Investment, Government of the Northwest Territories, 3182e6Qe,
Yellowknife, Northwest Territories, X1A 2L9

‘Northwest Territories Geological Survey, 46B52 Avenue, Yellowknife, Northwest Territories, X1A 1K3
dDepartmentof Geological Sciences, University of Manitoba, 240 Wallace Bldg., 125 Dysart Rchip®gn
Manitoba, R3T 2N2

Keywords:
Nonacho Basin
Rae craton
Paleoproterozoic
Uranium

*Corresponding author
E-mail addressKerstin.Landry@smu.ca

Abstract

Petrography, mineral chemistry, and geochronotifdize Hope uranium occurrence in the
Nonacho Basin, Northwest Territories, Canada, reveal the oldest known uraninite in the Rae craton
and record subsequent alteration and isotopic reséingagmatic and hydrothermal activity in
the area. Mineralizatio occurs in a sheared and hydrothermally altered gbatite-albite-
breccia. Coarsgrained £500mm), Th- and REErich uraninite is of magmatic origin and occurs
as overgrowths on, and as intergrowths with, cegraged metamict zircon, with primary
uraninite UPb ages between ~2780 to 2790 Ma. The uraninite is highly fractured with elevated
concentrations of remobilized LREE, Ca and Pb along grain boundaries and fractures. The
uraninite is in textural disequilibrium with later hydrotherrabidite andquartz, where Keldspar
and galenaich reaction rims surround uraninite. Geochronological data on uraninite reveal three

isotopic resetting and alteration events: i) 2614 + 11 Ma corresponding to the emplacement of the
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Snow Island Suite, (ii2531 + 17Ma corresponding to widespread magmatism throughout the
western Raeand local granites at Hopand (iii) 1778 = 14 Ma recording alteration by
hydrothermal fluidswhich also produced molybdenite (1794 + 28 Ma: @s) and chloritized
earlier biotite (1834t 1.17 Ma; ArAr). This late hydrothermal event is coincident with sinistral
strike slip movement of the adjacent King Shear Zone and the extensional collapse of the Trans

Hudson Orogeny proposed for the western Rae at that time.

2.1. Introduction

The Ra craton hosts a variety of uranium occurrences and deposi{Egese 2-1), with
thebestknownunconformitytype uranium deposits in the < 1.7 Ga Athabasca Rasfferson et
al. 2007, Alexandre et al. 2042012, Adlakha et al. 201, Johnstone et al. 2020, Hillacre et al.
2021) and the Thelon Basiflefferson 2013, Sharpe et al. 2015, Shabaga et al. 2017, 2021,
Tschirhart et al. 2017)gs well as the Beaverlodge uranium district, where six stages of uranium
mineralization are associated with midtage deformation events from 21291.62 Ga(Dieng et
al. 2013, 2015)The faultbound, 1.931.83 Ga Nonacho Basin is ldgsownfor uranium deposits
than the Athabasca and Thelon, but also overlies the western Rae craton and hosts over 60 uranium,
and crtical metal polymetallic (Cu, Pb, Zn, Ni, Au, Th, Pt, Ta and Sn) occurrertgsré 2-2;
Gandhi and Prasl 1980, Maurice 1984, Gatzweilerral. 1987, Jefferson et al. 200NORMIN
2019) Characterizing the geochemistry and geochronology of uranium mineralization in the
Nonacho Basin wilprovidefurther insight into the uranium evolutiahthe Rae craton during its

amalgamation.

In this paper, UPb dating of uraninite by secondary ion mass spectrometry (SIMS),
uraninite mineral chemistry by electron microprobe analyzer (EPMA), along with petrographic

analysis are used to constrain thgiorand timing of uraninite mineralization at the Hope uranium
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occurrence of the Nonacho BasiBeochronological data on uraninite and accessory biotite and
molybdenite reveal several stages of isotopic resetting and alteration by later fluids, coincident
with a suite of magmatic and hydrothermal activity in the Rae craton. These data provide evidence

for early uranium enrichment and a lelinged system of uranium recycling within the Rae craton

2.2. Geological Setting
2.2.1.Regional Geology

The Hope manium occurrence isostedn the Archean basement rodkslowtheNonacho
Basin, located in thRae cratomf the western Churchill Provinc€he western Churchill Province
is separated into two Megdeoarchean cratons; the Rae and the Hg#&igere 2-1). To the east,
the Rae is separated from the Hearne byltBeGaSnowbird Tectonic Zone (STZigure 2-1;
Berman et al. 2007)To the west, the 2.0 to 1.9 Ga Taltson and Thelon suture zones border the
Rae, separating it from the Slave craton, recording the amalgamation of the Slavevithetioa

Buffalo Head Terranandthe RagHoffman1988;Berman et al2018)

The Rae crators a large (> 1000 km) structural block tieansists of Archean tonalitic to
granitic orthogneissefPehrsson et al. 2013b, Berman et al. 20I3)e orthogneisses have
undergonecomplex and variabl structural and metamorphic reworking during several stages of
tectonemetamorphism. These events include: the 2808 MacQuoid orogenyBerman 2010
Pehrsson et al. 2013along its southeastern margin and the Chesterfield BEigki(e 2-1); 2.5
2.3 Ga Arrowsmith orogengBerman et al. 2005, 2010, Hartlaub et al. 20®7¢ 2.01.91 Ga
Taltson and Thelon orogeni@doffman 1988) and the faiffield effects of the 1.9.8 Ga Trans
Hudson orogenyHoffman 1988, Ashton et al. 200Bghrsson et al. 2013ayhich completely
reworked the interior of the Rae crat@ehsson et al. 2013@nd is defined by 1.8 Ga tecteno
metamorphic overprints that extend 1800 km across the Canadian @ugidan et al. 2009)
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Dubwant D

C) Phanerozoic cover

C) 1.92-1.82 Ga sedimentary rocks

. 2.33-1.91 Ga sedimentary rocks

. 1.75-1.60 Ga intracratonic basins
O 1.84-1.74 Ga sedimentary rocks

C) 2.45-1.82 Ga successions

. 1.9-1.8 Ga orogens

O Archean basement gneiss

O Uranium occurrences and deposits

Figure 2-1: Generalized regional map showing the location of the Nonacho Basin relative to major
lithotectonic domains and uranium occurrences and deposits throughout the Rae craton.
Abbreviations: BFBathurst Fault; BLBaker Lake; CBChesterfield Block; DLDubwant Lake;
GSLSZ Great Slave Lake Shear Zone; SBhowbird Tectonic Zone; QMB; Queen Maud block.
Canadian Provinces and Territories: -ABberta; MB- Manitoba; NF Northwest Territories;

NU- Nunavut; SK Saskatchewan. Dashed lines miandjor structures and faults. Figure modified
after Ashton et al., (2013) amkil et al. (2021)

2.2.2.Local Geology

The Nonacho Basin is a Paleoproterozoic northeast striking siliciclastic basin that lies
southeast of Great Sla Lake Figure 2-2). The Archean basement rocks consist of variably
metamorphosed gneisses amenitoids, which are overlain by the 1.983 Ga Nonacho Group
sediments(Aspler, 1985 Aspler and Donaldson 1985 variety of uranium and base metal
occurrences have been noted in both the basemerst anckthe overlying sedimentary sequence

(NORMIN 2019 Figure 2-2).
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The Hope occurrence, located in the northwestern margin of the Nonacho Bgaie (
2-2), is hosted irbasemenbiotite-paragneiss units, adjacent to the King Shear Zone, a 1.78 Ga
north-northeast trending sinistral strifslip shear zoné¢Canamet el.2021) In 1971, the Hope
occurrencewas the subject aiin exploration program and radiometric survey by Nidsle
Canada Ltd. They describe basement rocks as light to dark grey, thinly bedded gneissic sandstone
trending 06285, composed of quartz, feldspar and biotite, but silicified and feldspatlpedt
al. 1971) Gneisses are intruded by a pink to reddtisbwn, mediumto coarsegrained, biotite
rich granite. Radiometric surveying outlined a number of anomalies hosted in gneissose sandstone
(Doi et al.1971) Theauthos identified two styles of mineralization: 1) uraninite iragzbiotite
schist, interbedded with gneissose sandstone; and, 2) uranothorite in brecciatedi)lgqddealt

and shear zones, cresstting the gneissose sandstone.
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Figure 2-2: Geological sketch of the Nonacho Basin shrapihe location of uranium and base
metal occurrences modified afigspler 1985, NORMIN 2019, lelpi et al. 2021)
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2.3. Methods
2.3.1. RoclCollection andMineral Identification
The Hope uranium occurrence was examined during a field visit in August 2019, where
host rocks, structures, alteration and mineralization were docum&epresentative samples
host lithology, uranium mineralization (detected by high rachiwity) and associated alteration

were collected.

Six polished thin sections wepeeparedt Precision Petrographiaad characterized using
a petrographic microscope inoth transmitted andeflected light. Petrographic analyses were
complimented witha TESCAN MIRA 3 LMU Variable Pressure Schottky Field Emission
scanning electron microscope (SEM) at Saint N
and alteration of uraninite, associated sulphides and alteration minerals. The system is equipped
with an electron dispersive-day (EDS) Oxford INCA 80mrhsilicon draft detector capable of
guantitative analysis and a backscatter electron (BSE) detector for imaging. Meassingarent
conducted at a working distance of ~17 mm, wi't

of 20 kV. Raw data (counts and keV) were reduced using the INCA software package.

2.3.2. Electron Probe Microanalyzer

Targeted uraninite grains in psiied thin sections were cut into chips with a dremel tool
and mounted intd-inch diameter epoxy pucks before analysis withEEOL JXA8230 BWVDS
(wavelength dispersive spectrometer) electron probeayXmicroanalyzer (EPMA) at the
University of Toronto. The composition ofuraninite was determinedusing 100 EPMA
measurements frortwo uraninitebearing samples 2 and H14) and nine analyses from a
thorite-sericite breccia (sample-6B) were analyzed with an accelerating voltage of 15 kV, a beam
currentof30nAandal m f ocused beam. C aaysfdr sachoelementiware a c t e
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quantified by comparison with analyseskabwn standardand energy lines: apatiteKR), barite
(BaK ) CePQ (CelLU), Cr-augite (AK UCa&K UMgK USKK (I DyPQy (DyLU), ErPQy (ErLU),
EuPQ (EuLU), galena (PBIU SK |, GdPQ (GdLU), hematite (Fi& ) HoPQ (HoLU), LaPQ
(LaLU), LuPQ: (LuLU), NdPQ (NdLU), PrPQ (Pr_U), sanidine (K (), SnPQ (SmLU), TbPQ
(TbLU), ThSiQ: (ThMU), TiO2 (TiKUD, TmPQ (TmLU), tugtupite (CK §J UO, (UMU), YPQ:

(YLU), YbPQ: (YbLU andZrSiOs (ZrLU)

2.3.4. WholeRock Geochemistry

Five uraninitemineralized samples were selected for wholek geochemistry. Sample
preparation and analysis were performed at Activation Laboratories Inc. in Ancastero.Onta
Major elements were analyzed usinga§ fluorescence (XRF) on borate metafusion glass pellets.
Trace elements were analyzed using Inductively Coupled Plasma Mass Spectromes]ICP
and Inductively Coupled Plasma Optical Emission Spectrometry@QES8) on samplesrepared

using a closed vessel mu#cid digestion.

2.3.5. Geochronology
In-situ Secondarylon MassSpectrometry (SIMS)

Secondary lon Mass Spectrometry was completed using the CAMECA 7f ion microprobe
at the Manitoba Research Facilityniversity of Manitoba to measure U and Pb isotope ratios of
79 points in the most homogeneous areas of 9 uraninite gramssamples HL2 and H14.
Targets from polished thin sections were cut into chips from thin sections using a dremel tool,
mounted imo 1-inch diameter epoxy pucks, which were cleaned with ethanol and polished using
1-mm diamond cleaning compound. Once cleaning was complete, pucks were apatielrwith

a thin layer of gold to produce a conductive surface for the SIMS analyzer.
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Measurements were conducted using a 10nA primary ion beam, @icCelerated at 12.5
kV with a focused spot size of 2530 nm. The sample accelerating voltage was +7.95 kV, with
the electrostatic analyzer in the secondary column at +8.00 kV. The entraneetasids were
narrowed to obtain mass resolving power of 1300. lorg%b, 2°PL, 207Ph', 2°%PL", 2°U* and
238y* were detected using an ETP 133H electron multiplier with ascéamting system for an
overall deadtime of 25% typical analysis last ~8 minutes, comprising 30 cycles of analysis.
Spotto-spot reproducibility on the uraninite reference material is 2.2% and 2.13Rt?>%U
and?”PbF®U, respectively. Methods outlined 8harpe and FaygR016)were used to determine

2s andsx.

Ar/Ar of Biotite

40Ar/3%Ar analytical workon biotitewas performed at the University of Manitobsing a
multi-collectorThermo Fisher Scientific ARGUSVI mass spectrometer, linked to a stainless steel
Thermo Fisher Scientd extraction/purification linePhobn Machines (55 W) Fusions 10.6 €0
laserand Photon Maching#\nalyte Excite)193 nmlaser.Argon isotopes were measured using:
OAr(H1;1x10%°q resPAs@¥n¥x103q resPaslorxnig®qg resiAstor) ,
(L2; 1x 103 q r es i s*ro(conpact distrete dynod€DD]). The sensitivityfor argon
measurements is ~6X310'" moles/fA as determined from measured aliquots eh FEanyon

Saniding(Dazé et al. 2003, Kuiper et al. 2008)

Re/Os ofMolybdenite
A rock sample containing visible molybdenite mineralization was teetine Crustal Re
Os Geochronology Laboratory at the University of Alberta where molybdenite was separated by

metalfree crushing and sieving followed by magnetic and gravity concentration methods,
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described in detail b$elby and Creas¢2004) The'®’Re and®’Os concentrations in molybdenite

were determined by isotope dilution mass spectrometry using used a ThermoScientific Triton mass
spectrometeby Faraday collector with a CarHiigbe, solvent extraction, anion chromatography

and negative thermal ionization mass spectrometry techniques. For this work, a mixed double spike
containing known amounts of isotopically enrichéeRe, 1°0s, and*®0s analysis was used
(Markey et al., 2007). Total procedural blanks for Re and Os are less than < 3 picograms and 1
picograms, respectively, which are insignificant in comparison to the Re and Os concentrations in

molybdenite.

24. Results
24.1. PetrographyndParagenesis
BasementGneisses and@ranitoids

Least altered basement gneisses aregm@ed, light grey and thinly banded, trend north
northeast and are steeply dipping, at 065H@Ure 2-3a). At the Hope ocurrence, the gneiss is
pervasively silicified, and locally contain decimes®ale massive quartz veins following
gneissosity Eigure 2-3b). The gneiss is also feldspathized, where felsic layers are altered to K
feldspar and quartZ={gure 2-3c) and crossut by locally radioactive pegmatitic quafeddspar
+ magnetite veingFigure 2-3d, € and granitoidgFigure 2-3f, g) of unknown origin. Feldspar

predominantly occurs along vein margins within pegmagkeagure 2-3d, €
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Figure 2-3: Basement gneisses and granitoids at theeHtmgurrence. (a)iBtite (Bt) paragneiss
of the Hopeoccurrence(b) biotite paragneiss with decimeseale zone of silicification following
gneissosity(c) feldspathized gneiss with-t€ldspar (Kfs) and quartz (Qz) replacing leucosomes;
(d) Coarsgyrained to pegmatitic quartz and-fidldspar veins crossutting gneissosity; (e)
pegmatitic quartz and-#eldspar vein with massive magnetite (Mag); (f) coaysened granitoid
with local yellow uraniurshydroxide staining (kktaining).
Uraninite MineralizedGneiss

The paragenetic sequence for the uranimieeralized breccia of the Hope occurrence is
outlined inFigure 2-4. The host biotiteparagneiss has undergone variable deformation forming
sheared breccia that Idgahost uraninite mineralization and yellow uranidmpdroxide staining
(Figure 2-5a, b). The brecciaconsists omilled albitized (Alysog) feldsparclasts Figure 2-5c¢),
containing fisland® of fresholigoclase (Abzss). Albitized oligoclase exhibita pitted texture
which isinfilled by sericite(Figure 2-5d, €. Massive to foliated biotite anddd quartz which

hasundergone gratboundary migration recrystallizatipaurround albitized clasts arorm the

breccia matrix Figure 2-5d, e, 1.
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Uraninite occurs irthe biotite-rich matrix as subhedral, highly fractured grains fr200
to 500mm in size Figure 2-5g, h) spatially associated and/or intergrown with 50 to h@®
metamict and zoned euhedral zircon graiRgy@re 2-5g, h). Semiquantitative SEMEDS
analy®s indicate appreciable levels of Ca32wt.%) and Al (0.81.5 wt.%) within relatively
darker zones (in BSEnages) of zirconKigure 2-5i). Uraninite displays reaction rims consisting
of K-feldspar, calcite and gEnawherein contact with quartz§igure 2-5h). Titanite with ilmenite
coresand coars@rained mtybdenite (up to 2 mm)laths occur alondpiotite cleavage planes

where biotite is locally chloritized={gure 2-5q, j).

Highly silicified zones are crosaut by sericitestockwork, which contain minor blebs of
apatite, spatially associated with anhedral thorite and p{fitgure 2-6a-c). Veinlets of k
feldspar and acicular chlorite cresst quartz and sericite stockwo(kigure 2-6d). Highly
fractured, but euhedral pyrite is disseminated throughout quartz and thinnfw)1leinlets of

pyrite cros-cut all earlier mineral phaséBigure 2-6a-d).
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Mineral Time

Quartz EEEEESSS—— . - ..

Oligoclase
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Chlorite
Molybdenite
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Figure 2-4: Mineral paragenesis of uraniniteineralized deformation zone$op) and the
silicified sericitepyrite-thorite stockwork (bttom). The timing of the bottom paragenetic
sequence relative to uraninite mineralization is unknown. Tighwof lines indicatetherelative
abundancedashed lines represent uncertainty in the paragenetic sequence.
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Figure 2-5. Host rocks and uraninite mineralization the Hope occurrence: (a) uraninite
mineralized biotite (Bt) and quartz (Qz) rich deformation zone hosting milled albite (Ab) clasts;
(b) yellow uraniumhydroxide staining in quartdch zones with milled albé; (c) breccia sample
H-14 displaying milled albite clasts within quartz and biotite rich matrix; (d) photomicrograph in
plain polarized light (PPL) of a milled albitized clast with islands of fresh oligoclase (Olg) in
biotite and quartz; (e) crogmlarized light (XPL) image of (d), showing flood quartz textures and
sericite (Ser) infilling pitted albite; (f) breccia samplel® with milled albite and minor

27

































































































































































































































































































































































































































































































































