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Characterization, classification, and mechanisms for mineralization of critical

metal-bearing occurrences in southwestern Meguma Terrane, Canadian Appalachians

by Naomi Welt

Abstract

Multiple polymetallic veintype occurrences with suspected but unconfirmed genetic relationship
and polymetallic critical metatbearing assemblagexccur in the Meguma Terrane metasedimens
southwestern Nova Scotid multi-analytical approach integrating rétsufrom detailed petrography,
scanning electron microscopy (SEM3e-Os geochronologyof arsenopyrite U-Pb geochronologyof
apatite Al-in-chlorite thermometry via electron probe mi@walyzer (EPMA)in-situ secondary ion mass
spectrometry (SIMS) o$ulfur isotopes irsulfides, and fluid inclusion systematibhasallowed for the
characterization and interpretation of mineralizatiomhat Lansdowne (SPb-Zn-Co-Ag) and Cape St.
Ma r y(8b€Pb-As-Co-Ni-Bi-Au-REE) occurrences and comparisons with the Nictaux FalBam
occurrence (CiNi-As-Bi-Au). Theseresultssuggest a complex multagemineralizinghistory for both
occurrenceslue toreactivation of Neoacadian structur€sitical metal mineralization of the Lansdowne
occurrence representsnawly classifiedoccurrencdype in Nova Scotia related to extensional tectonics
from the breakup of Pangea in the L-@t@assic.
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Chapter 1: Introduction

1.1 Structure of thesis

This thesidgs afithesis by manuscript acandiss of five chapterstwo of which are stand alone
manuscripts aimed to be submittedpeerreviewed scientific journalsChapter 1 outlines the thesis
provides backgroundn previous work and motivations for the projegtd introduces the objectives of the

thesis.

Chapter 2 presentssults ofpetrographic observationgeochronology, nieral chemistryandfluid
inclusion systematicsf the critical metal bearingolymetallicvein-type Lansdowne occurrencwith the
aim of interpreting paragenesis, timing for mineiatzstagesfluid and sulfur sources, and mechanisms
for mineralizatian. Chapter 4s for submission téheJournal of Economic Geologlyconducteditld work,
petrography data collection(including using electron probe micranalyzer and scanning electron
microscope)data compilation and interpretatigmpduction oftables/figures, calculation @fiid inclusion
isochoresand writing of the manuscrigtluid inclusion analysesf mineralized samples from Lansdowne
(including samplepetrography, Raman spectra analysegrothermometry experiments, and decrepitate
mound analysésvere conducted by honours student Joshua Jaclkodert Creaser collect&b-Os data
for geochronological interpretatioMostafa Fayek and Ryan Sharpe collectediin Sisotope data by
seondary ion mass spectrometry (SIMB) co-authors provided edits and commented on interpretations

of data and the written manuscript.

Chapter 3 covers the mineralogiyd mineral chemistry of thiéa p e S t accukacesyaddgheir

geologic contextin order to determine processes for mineralization of important critical métapter 3

=1}

is for submissiontdt he Soci ety of speCcant i gDeusdlbpment gnyndneral
resources research in the northern Appalacbhiansu n d eguidelibeh & the Journal of Atlantic
Geasciencel conducted field work, sample collection, petrograptigta collection by scanning electron

microscopedata interpretation, production of tables and figuaesl writing of the manuscript. Mostafa
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Fayek and Ryan Sharpe collectedsitu Sisotope data of sulfides by SIM&o-authors provided

commentgor the manuscript.

Chapter 4 introduces new data for the Nictaux Falls Dam occurrence, and compares tbhe genet
relationship between the Lansddanccurreitasp@apiernbs. Ma r
summarizes thedy conclusions from each chapter and provides sugge$tiofuture workto continue

investigating these unique critical metal sourceddna Scotia.

1.2 Previous work

This project came about from the discovery of multiple polymetdliieRb-As-Zn-Co-Ni-Bi-Ag-
Au-REE) quartz+ carbonaterein hosted occurrencestime soutlwestern Meguma Terrane of Nova Scotia
by GeorgeO6 Rei | | y, ththgNSBOMNRo(§ovas ScotiaMdepartment of Natural Resources, now
Nova Scotia Department of Natural Resources and Renewablhg) 1980s and 1990s O6 RI®951 | v (
describes a possible genetic relationship between these occurrences as thepisba@gial
characteristicsrad aspatial relabnshipto the metasedimentary and metavolcanic rockb®Rockville
Notch Group(White Rock, Kentville, and New Canaan Formatiomg)ich only outcrops in a few regions
in the northwestern Meguma Terrane west of 8muth Mountain BatholitlfFigure 1-1). All of these
occurrences are alselated spatially tonafic intrusions/sillsThese occurrences include the Nictaux Falls
Dam occurrenceNFDO; Co-Ni-As-Bi-Au), the Lansdowne Prospedtr (Lansdowne occurrenc&b-Pb-
Zn-Ag-Au), and theCa p e St occuMemcey (B3Bb-Ni-Co-Ag-Au; Figure 1-1). O6 Rei I Iy (199
suggests that these occucees have charact er reslteincesnt r,edh@hprames ct esnot
primarily defined bytheir metallogeny{Ni-Co-As-Bi-Ag; Kissin, 1992)as the models for #ir formation
are largely debate(Kissin, 1992; Market al., 2016; Burisch et al., 2017; Burke, 2018ye-element
deposits are often spatially associated with mafic intrusive bodies ardisaibutedworldwide (see

summary inKissin, 1992) They have historically been an important source of Co, Ni, anchiAdithe

13



discovery of this deposit type in Nova Scotia would be an important addition to the mineral resource profile

of the province.

The Nictaux Falls Dam occurrence (BI®) was considered to share the most similarities with five
element style deposits, considering mineralogy and host fo€k$® Re i | .IMgNeil (2029 ihdjcates
that mineralizatiorat the NFDOcould be avariantof five-element vein mineralization in Nova Scotia
however several critical defining characteristics of figiement deposits are missing at the NFDO such as
a lack of native Ag or Bi, diand tri arsenide complexes, changes in metal zonation, differences in
paragenesis, and lack of skeletal or dendetxtures Since fiveelement deposits form at generally shallow
paleadepths (<1.5 kmiiarkl et al., 20.6), Kennedy (2019) suggethat the NFDOmnay beanexpression
of a five-elementoccurrence typet much higherdeptts of emplacementd 1 11 km), based on fluid

inclusion systematics.

AlthoughtheCa p e St and Mrmrsdowre sccurrences were thauaghe related to the NFDO,
the metal assemblagkassted irthese occurrences do not possess sufficient oviertepssify them afve-
element deposit$ hypothesize thahiy are likely an example of a different polymetallic vein deplygié

or may represent as yet unclassified expressionsinfhostedcritical metal mineralization.
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Prospect

¢
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Figure 1-1 - Map by O'Reilly (1995) outlining locations and nledassemblagesf the Nictaux Falls Dam
occurrence, Lansdowne Prospect, armpeCSt Mary's occurrencefter their initial discoveryMeguma
Groupis now calledVieguma Supergroupvhichincludes theHalifax and Goldenville GroupsYhe White

Rock, Kentville, and New Canaan Formations form the Rockville Notch G@rthis map, Triassic rocks

represent the Fundy Group.

1.3 Objectivesof thesis

+ + + o+ + + +
+ + o+ + + o+

+ + + + + + +
+ + o+ + + +

+ + o+ + +os

+ + + o+ +
WHITE ROCK, KENTVILLE AND o

MEGUMA GROUP //) N it FORMATIER b o] TRIASSIC

The primary objectives of this thesis aredscribe the mineralogy, textures, paragenesiseral

chemistry, andbulk rock chemistry of the Lansdowne a@d p e

appliedto determine paragenesis and timing of critical metal mineralizatidpotentialsources of fluids,

metals,andsulfur. The broader glctive is toclassify these occurrences within the framework of existing

St occulvkagesf lesresultsare

deposits in the Meguma Terrane and at a global scale by finding proxies for mineralization in other deposits

worldwide This projectwill also compare theombinel results from the ansdownean@a pe St .

occurrences witlpreviously collected and new results from the NFD@\aluatea genetic relationship
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between the three study areas and identify vectors for continued exploration of critical metal mineralization

in Nova Scotia
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Chapter 2: Late-Triassic hydrothermal polymetallic Sb-Pb-As-Zn veins, Meguma Terrane,

Canadian Appalachian Orogen; a new critical metal deposit type in Nova Scotia
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Abstract

The Lansdowne occurrence is a poorly understood andHKitten polymetallic As-Sb-Zn-Pb-Fe-
Cu-Co-Au-Ag) veinhosted occurrence southwestern Nova Scotia, selected to further understand critical
metal endowment of the Meguma Terrane, the farthest outboard terrane of the Canadian Appalachians.
Detailed petrography along with &s geochronology of arsenopyrite identified two distimetiods of
mineralization: i) an early stage (~365 Ma) of massive arsenopyrite mineralization associated with the
Devonian Neoacadian orogen and assembly of Pangea, and ii) a late stage (~214 Ma) of critical metal
sulfide mineralization (e.g., sphaleritgyrrhotite, arsenopyrite, chalcopyrite, jamesonite, boulangerite,
galena, pyrite) associated with Latdgassic rifting during the opening of the Bay of Fundy and Atlantic
Ocean. Assays of samples hosting critical metals indicatent.®0 As, ~2wt.% Sb, ~2 wt.% Zn, ~0.6
wt.% Pb. Results from Ain-chlorite thermometry indicate formation of-Ee-Cu minerals of the late stage
at ~360°C. Quartz and carbonate hosted fluid inclusions indicate mingling of a variably high salinity brine
(NaClquv = ~61 27 wt.%) and methane for SBb mineralizing fluid, with temperature and pressure
constraints from fluid inclusion isochores indieédw temperaturow pressureonditions at ~168C and
~15 bar. Sulfur isotopes indicate that thevbnian stage of arsenopyrite mineralizatioly = ~15.8 )

was partially dissolved under oxidized conditions and provided sulfur to form the late stage diftfgles (
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= ~24.@& ). Comparison of whole rock geochemistry between altered and least altereachedtltered

mafic sills (434 6.3 Ma from UPb in apatite geochronology), metamudstone of the Bear River Formation
(Ordovician)], indicate that critical metals (Zn, Pb, Co, Cu, and Fe) were likely leached from country rock.
The critical mineral stagef the Lansdowne occurrence is the first polymetallic \tgpe deposit in Nova
Scotia whose formation is linked to the Ldtgassic rifting from the breakup of Pangea, anthibits

overlapping characteristics wigpithermalSb-Au polymetallic deposits of the European Variscan .Belt

2.1 Introduction

AiCr i tical met al s 0 ( earedigh, prioBty for mDergl exploration ¢UE © theire t ¢ . )
demand and role in the trsition to greener infrastructu@®atural Resources Canada, 202B) the
Meguma Terrane of southwestern Nova Scotia, the farthest outboard terrane of the Canadian Appalachians,
multiple polymetallic vein occurrences endowed intShu, as well as sigjficant amounts of As, Co, Ni,
Pb, Zn, Cu. Ag, and REE exist hosted in Meguma Terrane metasedimelitani@eralization in the
Meguma Terrane |is not unusual ; however, so calle
throughout the eastern Megumarbme and are an important mineral resource for Nova Scotia, rarely form
with other sulfides, especially those of complex metal endow(Samgster and Smith, 200Although
generally unrecognized in Nova Scotia, polymetallicAsbdeposits are widespreagobally [e.g., the
Cerro de Pasco deposit, P€Rottier et al., 2016)the Lagiong SiAu deposit in Tibe{Cao et al., 2019)
and theAllchar depositin MacedoniaP a | i n k a g], amdtincluadé abundaBt Gepdsids in the European
Variscan Belt (e.gMunoz et al., 1992; Marignac and Cuney, 1999; Wagner and Cook, 2000; Seifert and
Sandmann, 2006; Pochon et al., 2016; Krolop et al., 2048)scan SkAu deposits are related to late
Variscan extensiohéectonic processesd form in shallow epithermal conditions (see summavyagner
and Cook, 2000)Polymetallic SkPAu mineralization in Nova Scati has yet to be recognized as a

mineralizationtype.
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For this study, a muHlanalytical approach has been applied to characterize the Lansdowne occurrence;
a polymetallicvein occurrence from the Digby area of southwestern Nova Seloith hosts abundant Sb,
Pb, As and Zn andhinor Cq Ag, and Au(Figure 2-1A). Mineralized quartrarbonate veins are hosted in
mafic sills of unknown age that intrude Ordovician metasedimentary roths Bialifax group. These sills
are proximal to the Devonian Ellison Lake Pluton of the South Mountain Batholith, and south of the Triassic
sedimentary and volcanic rocks of the Fundy rift bastigure 2-B). Proposed mechanisms for
mi neralization by O6Reilly (1978, 1995) include &
intrusives as a possible source of heat and/or a conduitif@ralizing fluids. No previous detailed study
has been conducted to understand the processes which formed these mineralized veins and to determine if
tectonic activity in the region may have triggered mineralization. The Lansdowne occurrence, along with
mi neralizati on aAs-ColNaAg&Au-B-REEMa theysdushwestSamd the Nictaux Falls
prospect (AsCo-Ni-Au) to the northeastFgure 2-A), represent critical metaich polymetallic
mineralization in southwestern Nova Scotia and support further exploration for this mineralization style in
this region. This study is the first to characterize the Lansdowne occurrence in an attempt te thealuat

economic potential of these deposits.

This paper presents the results of i) petrography and mineral chemistryRli)déochronology of
apatite in mafic rocks and Ras geochronology of arsenopyrite, iii)-&-chlorite thermometry, iv) fluid
incluson analyses, including: petrography, mid®kaman spectroscopy, microthermometry, and
decrepitated mound analyses, v) sulfur isotope analyses of sulfides, and vi) whole rock geochemistry of the
host rocks of the Lansdowne occurrence. These results aretadaterpret i) field relationships,
mineralization styles, and occurrence characteristics such as mineralogy, mineral paragenesis and ore
distribution, ii) timing and regional context of mineralization, iii) conditions of formation (including
pressure,é@mperature, and fluid chemistry), iv) possible fluid and metal sources, v) classification of this

occurrence at a global scale (i.e., Variscan epitherm@llsiMeguma Au, or other), and)wexploration
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criteria for similar deposits in Nova Scotia. Thigdt is the first to examine this occurrence and its place

in the mineral resource economy and geological history of Nova Scotia.
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2.2 Background
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Figure 2-1 - A) Simplified geological map of the Meguma Terrane, with a box outlining the location of the
Lansdowne study area, shown B). Modified from White and Barr (2012)B) Local geology of the
Lansdowne area. Inset map shows location and details of sampled drill core. Inset and regponal m

modified fromMaclsaac et al. (20)7The locations of mafic sills are from \thand Barr (2004).
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2.2.1 Geology of the Meguma Terrane

The Meguma and Avalon terranes of mainland Nova Scotia accreted during the latter stages of the
assembly of the mi€aleozoic Appalachian orogen, when the pa&leatinents Laurentia (modern North
America)and Gondwana (modern Africa and South America) collided to form the supercontinent Pangea
(Figure 2-A). The Appalachian orogen extends for more than 3000 km along the eastern margin of North
America and is considered contemporaneous with the Caledonide and Variscan orogens of western Europe
(Murphy and Keppie, 2005; Martinez Catalan et al., 20B€pr to the final assembly of Pangea, closure
of the Rheicand lapetus Oceans resulted in i) the collision of Avalon into eastern Laurentia, followed by
i) the collision of the Meguma Terrane onto the Avalon Terrane during thearate Devonian Acadian
Orogeny,(Williams et al., 1999; Murphy and Keppie, 2005; Shellnutt et al., 20198 Meguma and
Avalon terranes are separated by the-a@st traxding CobequidChedabucto fault zon€&igure 2-A), the
suture zone where the Meguma Terrane was dextrally accreted against the Avalon(Wemalny et al.,
2011)which swings into a southeasterly dipping normal fault in the Bay of F{Kejypie and Dallmeyer,

1987; Wade et al., 1996)

The Lansdowne occurrence is hosted in the metasedimentary rocks of the Megargroup along
the northwestern margin of the Meguma Terrdfiguyre 2-A). Metasedimentary rocks of the Meguma
Supergroup compose the majority of Meguma Terrane basement rocks and were deposited in a major rift
setting along the Gondwanan mar{hite, 2010) The Meguma Supergroup consists of thick (up to 11
km; White and Barr, 2010sequences of interbedded metaturbiditexd metasandstones locally
interlayered with metasiltstones and black slate of the Cambrian Goldenville Group, and the overlying
metasiltstone and metamudstone units of the late Cambrian to middle Ordovician Halifaxxeside
and Hill, 1988; White, 2010; White and Barr, 2D1Phe Silurian Rockville Notch Group unconformably
overlies the Meguma Supergroup rocks and consists of slate and quartzite, deposited in a shallow
continental shelf setting, along with contemporaneous bimodal metarhyolite and mei@ghgaltand

Barr, 2017) The Rockville Notch Group has limited surface extent in the Meguma Terrane, occurring only
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in the northwest where it is intruded by early Cambrian to earlyfiaa mafic sill{Figure 2-1; White et
al., 2003; White and Barr, 2004These mafic sills formed coevally with deposition of the Meguma
Supergroup and the basal unit of the Rockville Notch Group (White Rock Formé@tiote and Barr,

2004)

The early to middle Devonian Neoacadian Orogeny (ca3835Ma;Benn et al., 1999; White and
Barr, 2012)deformed and variably metamorphosed the Meguma Supergroup, Rockville Notch Group, and
matfic sills to sulgreenschist to amphibolite facies. Deformation of the Meguma Supergroup and Rockville
Notch Group sedimentgsulted in NESW to NS trending folds with axial planar cleavag@#orne and
Culshaw, 2001)As a resulbf Acadian deformation, the Meguma Supergroup is ecasdy the NWSE
striking Chebogue Point Shear Zone (CPSZ), which is interpreted to strike the length of the Meguma
Terrane, but is crosscut by the South Mountain bathdfidiu¢e 2-A; White and Barr, 2012)The South
Mountain batblith and related granitoids were emplaéedhe Meguma Terrane ati610 km depth
(Campbell and Raeside, 1999)ring the waning stages of the Neoacadian orogeny, between 380 and 370
Ma (Keppie et al., 1993; Kontak and Reynolds, 1994; Reynolds et al.,.Zl0@4yranitoid rocks crosscut
Neoacadian deformation and faultiiglorne and Culshaw, 20Q1Yhe emplacementfdhese rocks
occurred over a period of less than 10(@ann et al., 1999; Reynolds et @&004)and is contemporaneous
with widespread lode and disseminated Au mineralization in Goldenville Group metaseditoetdk et
al., 1990a; Kontak et al., 1990g}lasts of Meguma rocks in the Devonian Horton Group, basal unit of the
Maritimes Basin, suggestpa uplift after the emplacement of the South Mountain bath(iilrphy and

Keppie, 2005)

The sedimentary rocks of Maritimes Basin exposed in central Nova S€igiieig 2-A) are part of
a complex package of marine and subaesgalimentary rocks up to 12 km thick, which were deposited
during the final stages of assembly of the supercontinent Pangea over a period of about 120 million years
(Gibling et al., 2019)The basin was deposited between the landmasses m@hitiauand Gondwana at an

equatorial latitude(Gibling et al., 2019) The Maritimes Basin comprises evaporitic, carbonate, and

23



siliciclastic rocks, deposited in both marine and fluoustrine environmentéThomas Martel and
Gibling, 1996; Keppie, 2000Jn Nova Scotia, the basal units of the Maritimes Basin include the fluvial
lacustrine silciclastic sedimentary rocks of the Horton Group and evaporitic and shallow marine
sedimentary rocks of the Windsor Groypee summary in Keppie, 2000The Horton Group
unconformably overlies Megum&upergroup metasedimen{§homas Martel and Gibling, 1996)
Maritimes Basin rocks are associated with M\V@pdsits, such as the Gays River carbchatsed lead

zinc deposit in Nova Scot{@kande and Zentilli, 1984)The CPSZ and other similar shear zones along the
southwestern Meguma Terrane are suggested to have beetiveded by basirtectonics during the

CarboniferougCulshaw and Reynolds, 1997; Culshaw and Dickson, 2015; Waldron et al., 2015)

By the early Mesozoic, the compressional forces from the closing of the lapetus and Rheic oceans
were replacedby extensional forces that resulted in the breakup of Pangea and the opening of the Atlantic
Ocean. These extensional forces caused the opening of the Fundy Rift Basin and a number of other generally
northeast trending rift basins along the coast of gaster North
America(Kontak, 2008) The Fundy Rift Basin is the largest of this series of failed rift basins, forming the
Bay of Fundy between Nova Scotia and New Brunswick, where the Cob@hjaddbucto fault zone strikes
southeast as a normal falfigure 2-A). Four formations comprise the Middle Jurassic to Lower Triassic
Fundy Group in andraund the Annapolis Valley of Nova Scotia: The Wolfville Formation, the Blomidon
Formation, the North Mountain Basalt (2821 Ma; Hodych and Dunning, 1992and the Scots Bay
Formation (Wade et al., 1996; Kontak, 2001Yhe sedimentary sequences of the Fundy Group
unconformably overlie the Maritimes Basindathe Meguma Terrane, and represent the initial phase of
continental rift sedimentation, subsequent deep lacustrine strata frenft sgdimentation, and minor

terrestrial faciegWade et al., 1996)
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2.2.2 Lansdowne

The Lansdowne study area is located in Digby County, southwestern Nova Scotia. The local
geology at thd.ansdowne property consists of laminated metamudstone of the Bear River Formation
(Halifax Group) and multiple unnamed carbonate and chlorite altered mafic sills, proximal to the Ellison
Lake Pluton, a small granitic intrusion of the South Mountain bakth@tigure 2-B). The orientation and
abundance of altered mafic sills at the Lansdowne property suggest they are part of a series of mafic sills
which ae syndepositional to the Meguma Supergroup and Rockville Notch Group sediments, as

established by White and Barr (2003, 2004).

Exploration projects conducted by junior exploration companies in the 1950s and the Nova Scotia
government geological survegtablished the Lansdowne occurrence as a potential prospect for antimony,
lead, zinc, arsenic, cobalt,and gbldC o n we s t Expl or at i olm19921a%mal diaménd Rei | |
drill program conducted by the Nova Scotia government intersected multiple-galgite veins hosting
sulfide and sifiosalt mineralizatiof O6 Re i | .Dnfl holed LARI2-2 and LAN924 (Figure 2-B inset)
intersected small cracale, highly altered mineralized zones within intervals of altered mafic sill, containing
guartzcalcite veins hosting considerable jamesonite,ra@grite, sphalerite and pyrrhotite. Assays of
mineralized samples from drill core indicated elevated Rbl@wt.%), Sb (1i 4 wt.%), Zn (17 2 wt.%),

Co (up to 640 ppm), and Au (up to 821 pabp Re i | I.yittle stib8e@ent work occurred at the
Lansdowne prospect until 2016, when a magnetometer survey was carried out. This work established the
presence of two large northwestnding structural features of which one is thought to crosscut the
occurrencdMaclsaac et al., 2017These structural features offset the magnetic anomalies produced by

mafic sills in the regiofMaclsaac et al., 2017)
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2.3 Methodology

2.3.1 Fieldwork andpetrography

Representative mineralized veins of the Lansdowne occurrenckeaaerd samples of the Bear River
Formation, altered mafic sills, and quacarbonate veins, were collected from available drill core from
Nova Scotia government archives at the Stellarton core library. Thin section petrography allowed for
characterizatiomf primary and secondary mineralogy and textures, identification of mineral paragenesis,
and selection of targets for mieamalytical work. Samples were examined with a TESCAN MIRA 3 LMU
Variable Pressure Schottky LEO1450VP field emission scanning @tenticroscope (SEM) at Saint
Maryds University, Halifax, Nova Scotia, equipped
semtiquantitative compositional analysis and mineral identification, ii) {sacitered electron (BSE)
detector for textral imaging, and iii) cold cathodoluminescence (CL) camera to discriminate zoning and

dissolution fractures in quartz and carbonate.

2.3.2 Geochronology

Uranium and lead concentrations in apatite were measured from two samples of altered mafic sills
(LAN4-3 ard LAN4-2) from Lansdowne for YPb dating by laser ablation inductively coupled plasma mass
spectrometry (LACP-MS) at the University of New Brunswickoés
mapped in thin sections usimgicro-X-ray fluorescenceXRF). Analyses were performed on a 193 nm
excimer laser attached to an Agilent 7700x single quaeMiSPfollowing the method of McGregor et al.
(2018). Every 15 analyses of unknowns were bracketed by analyses of a primary external standard
(Madagascar apadit Thomson et al., 2012NIST610 glass standard, and a secondary external standard
(Phalaborwa apatitdyicGregor et al., 2018) Each patite grain was analyzed once with a4b beam.
Ratios of*8U/2Pb and®Pb*Pb (N 20G) wer e pl otWassdrhurgdiageamsth or e d ,
determine intercept ages using the online program IsofitéRneesch, 2018 he Phalaborwa standard
gave a lower intercept age of 20685 Ma (n = 10; MSWD = 1.6). This age is within range of the

Phalaborwa apatite age determined by kder et al. (2018; 2048 + 16 Ma), as well asieroprobe
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ages of zircon (2050 + 13 Ma) and baddeleyite (2060 = 2 Ma) from the same area and confirm the accuracy

of measurements obtained for unknowns of this study.

Two rock samples were submitted foe-Rs isotopic analysis and age datitmgtially, these separates
were tested for Re content by isotope diluéminegative thermal ionization mass spectromeXji1S)
methods to verify existing Re abundance results, with two samples (32l 7157) yielding ppb level
Re abundances suitable for -Re dating. Sample LAN2 is a representative sample of massive
arsenopyrite hosted in calcite and quartz. Sample 715fk@@sentative sample of euhedral arsenopyrite
and jamesonite hosted in quartz.

A full Re-Os analysis of each sample was undertaken using a small amount of sample, to establish the
nature of the Os present, and determine which spike is best suitedf@agaple. Aliquots of each mineral
separate are weighed and transferring to a tialed, borosilicate glass Carius tube, with a conventional
mixed!®Re +1%0s spike such that the amount of comrf8@s and radiogeni¢®’Os can be determined.
Spikeds ampl es are dissolved at 220 eC for 48 hour s,
Os and Re using procedurdsscribed byshirey and Walker (1995Lohen and Waters (199@ndBirck
et al. (1997)as described in detail yorelli et al. (2005andHnatyshin et al. (2020These trial analyses
showed that sample 7157 contained > 99.9% radiodg&@s, and < 0.1% common Os. As such; &
ages are best determined using a mixed deDblspike containingf*Re +180s +1%0s, which allows for
accurate mass bias corrections for Os that is pueelypgenict®’Os (described iMarkey et al., 2007)
Sample LAN23 contained > 1% common Os and was analyzed with the conventional‘fiked 1°®0Os
spike.Mass spectrometry details are presentedibgityshin et al. (2020)otal procedural blanks were
measured to be less than 1 picogram Re and 0.2 picogram Os (< 0.01 pidé@am3he decay constant
used for®’Re is that oBmoliar et al. (1996) f o =!Lai, a \&lGedmbich is crossalibrated to the U
Pb system %% and?*U) to better than ~ + 0.3% (Selby et al., 2007). The Reference Material 8599

Henderson molybdenii®larkey et al., 2007 routinely analyzed, and during the past 6 years returned an
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average R®s date of 27.78 = 0.07 Ma (n = 32), indistinguishable from the reference age value of 27.66 +

0.1 Ma(Wise and Watters, 2011)

2.3.3 Chloritethermometry

Major and minor elements of chlorite, in mineralized and unmineralized weers, collected to
identify the chlorite mineral species and calculate temperatures of formation by electron probe
microanalyzer (EPMA)Chlorite is a common mineral indicative of l@emperature hydrothermal or
metamorphic environments. The wide range ampositions and the nestoichiometric behaviour of
chlorite enables this mineral to be an effective geothermoifuetéaritat et al., 1993)sing a empirical
calibration of tetrahedral (Al) aluminium in the crystal structure of chlorite, the temperature at which the
chlorite crystallized can be determingtk Caritat et al., 1993Many geothermometers for chlorite exist
applicable to certaiconditions of chlorite formation, such asaorite which forms with dow (< 0.6)
Fe/(Fe+ Mg) ratio (Jowett, 1991)or when chlorite forms in AsaturatedenvironmentgKranidiotis and
MacLean, 1987)For this projectthe empirical equatiodeveloped byathelineau (1988yvhichrelatesT
(°C) and AlY compositionis used to calculatidetemperature ofhlorite formatiorsincethe value ofAl'Y
in chlorite appears to be independent of rock litholaggt can beapplied as a general thermometer in

diagenetic, hydrothermal, and metamorphic settings

T=-61.92 + 321.98 (AY)

Analyses wergerformed with a JEOL JXA8230:WDS EPMA at the University of Toronto using
carboncoated polished thin sections. Measurements were taken with a 10 um beam, beam current of 10
nA, and accelerating voltage of 15 kV. The major oxides measured, along withrebpective
guantification reference material in brackets include, $eBlorite fromSmith, 1969) TiO, (TiO2), Al,Os
(chlorite from Smith, 1969, Cr.Os (Cr.0s), NiO (pentlandite), FeO (hematite), MnO (bustamite), MgO

(chlorite fromSmith, 1969) CaO (bustamite), N® (albite glass), KO (sanidine glass), and SrO (SrEjO

28



as well as anions (MgF,) and Cl (tugtupite). Th&k U ener gy | ine was used for

except for Sr (LUO).

2.3.4  Fluid inclusion analysis

Fluid inclusions in quartz and carbonate were characterized from two mineralized samples at
Lansdowne. Fluid inclusion sates were prepared as doubly polished @&thick sections. Petrography
was conducted with an optical microscope to identify fluid inclusion assemblages (FIA) and describe other
fluid inclusion characteristics, such as phase types and ratios, as wédliagmimary and/or secondary
trails). Laser Raman Microscopy (LRM) was used to determine the vapor phase composition of the
inclusions and quantify their molar ratios where more than a single vapour phase was analyzed. Analyses
used a JobiYvon HoribaLabRam HR confocal Raman microscope with an 800 mm spectrograph at Saint
Mar yds University, Karrl et alw(R018) Spectnaeweren edllelsteddusing fan
accumulation of three, 45 s acquisitions with a laser spot sizé pfwat80 mV laser output at aperture

(2mV at 100x objective) and a 600 grooves/mm grati(gpectral resolution of approximately24cnt?).

Chips containing target FIA from fluid inclusion sections were separated for fluid inclusion
microthermometry experiments. Analyses were performed using a Linkham FTIR600 -fiesgiigg
stage mountedoma Ol ympus BX51 microscope at Saint Maryébs
pure HO (melting at ®C and homogenization at critical point of 374C) and pure C&(melting at-56.6
°C) were used as standards for calibration of the instrumento®epbility of standards indicated
uncertainties ranging from 2 to 3C near the extremes of the working conditiori®( and 560C) and
+ 0.1°C near OC. Freezing experiments were performed prior to heating experiments to minimize the risk
of decrepitdon. Salinity of the inclusions was calculated from final ice melting temperaturege;(Tm
Bodnar 1993) Homogaization temperatures (Th) were determined from heating of inclusions until all
phases homogenized. Isochores of agueous dominated inclusions were determined from homogenization

temperatures and salinity using the SoWat software padkagesnerand Heinrich, 2007)Isochores of
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vapour dominated inclusions were calculated using the BULK and ISOC fluid inclusion software packages

(Bakker, 2003)

To producadecrepitate mounds, mineralized samples containing arsenopyrite and jamesonite (7157)
and sphalerite, pyrrhotite, boulangerite, and galena (L-2N#ere first cleaned with methanol to reduce
contamination. The samples were then placed in the Linkham BUIR&atingcooling stage and heated
to 500 °C at a rate of 40 °C/min to decrepitate the inclusions and produce salt mounds on the sample surface.
After decrepitation, the chips were mounted on a glass slide using carbon tape and then carbon coated. The
sal mounds were imaged and compositional analyses were collected using the SEM. The EDS was set to a
beam voltage of 20 kV in raster mode, and & 4bunt time was allowed for each analysis. The Si and O

values were removed from the collected data as qoantamination.

2.3.5 Sulfurisotopes

Sulfur isotope data were obtained for pyrite, pyrrhotite, arsenopyrite, and chalcopyrite at the
Manitoba Isotope Research Facility (MIRF), using a CAMECA 7f secondary ion mass spectrometry
(SIMS) instrument, following the methods MiicDivitt et al. (2021) Pyrite, pyrrhotite, and chalcopyrite
reference material frol@rowe and Vaughan (1996nhd arsenopyrite reference material from Hastie et al.
(In review) were used. Spot to spot reproducibility of the reference matarialive d : O:12ad f or a
postor e stage pyr2daneglates® az@ fpori apy and O0.4a for py
Anal yses wer e conduc taaleratedatiO.0ekV. I theam Wwas tocused tb a ~-AS
Um spot size using a 7Q0n aperture in the primary column. A sample accelerating voltag=0kV was
used with the secondary column set to ace@ft kV, the resulting 300 V offset was used to suppress
isobaric interferences. The entrance slit was set to 225 pm with a rsabsng power of 350 to obtain
flat-topped peaks. lons were detected using an electron multiplier, with one second of coutfngnoh
five seconds of'S per cycle, a single analysis consisted of 50 cycles. Data are represented in units of per
mi | r(ed)ati ve to Vienna Canyon Diablo troi)fort e (VCI

all analyses.
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2.3.6  Wholerock geochemistry

Whole rock geochemical data were collected from representative most and least altered host rock (Bear
River Formation andlieered mafic sills), as well as sulfide mineralization. Samples were sent to Actlabs
Ancaster, Ontario, Canada, for preparation and analysis. All samples were crushed to a nominal 2 mm and
mechanically split to obtain a representative sample and pulveazZEib um. To obtain major oxides of
unmineralized samples, crushed samples were prepped using lithium borate fusion, and were analyzed with
X-ray fluorescence. For minor and trace elements, unmineralized crushed samples were subject to closed
vessel multacid microwave digestion and measured with-M®. For mineralized samples, minor and
trace elements were measured using peroxide total fusion for total metal recovery. Analyses were conducted
using ICRMS and ICPOES. The concentrations of Au and Ag waiso measured in mineralized samples

via Au cyanide extraction and IG@RS for Ag.

Geochemical data were used to quantitatively determine the mass balance of metals from hydrothermal
alteration in mafic sills and metasediments. Mass balances were @lcuting the method @resens
(1967) as modifiel by Grant (1986)Immobile elements aluminum and titanium (Z)i@ere used to define
an isocon line, by comparing the mass of the original samples against the mass of the altered samples
(M°M?). Elerrents that plot above the reference isocon were enriched during alteration, whereas elements

that plot below were depleté@rant, 1986)

2.4 Results

2.4.1 Field observations and petrography

The Bear River Formation laminated metamudstone couotiy consists of alternating mm to cm
wide laminations composed of very figeained quartzand muscoviteich layers. Dark green carbonate
altered mafic sills, ranging in width from2cm up to 10 m, crosscut the metamudstone and display chilled
margirs (Figure 2-2A, C). These sills consist of primary plagioclase, augite, hornblende, and apatite, with
abundant secondary chlorite, ilmenite, and minor pyrite and calcite. Some sills are pervasivelpwltered
calcite, destroying primary igneous textures. Abundant quartz + calcite vel@scfh wide) crosscut the
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metamudstone and the altered mafic sills. Some of these veins, observed only in the altered mafic sills,

contain sulfide mineralization with caleiand overprint quartF{gure 2-2A, C).

e

~ mafic sill . Wi,

Apy-1

' spFa Boul/Jm!
mafIC sill 1cm

Figure 2-2 - Mineralized hand samples from LansdowAg.Massive arsenopyrite (ApY) with calcite
(Cal) crosscutting an altered mafic sill, adjacent to a barren quartz (QtzBydinhedral arsenopyrite
(Apy-2) and interstitial jamesonite (Jm) crosscutting qu&jzQuartzcalcite veins crosscutting a mafic

sill. Mineralized veins host massive pyrrhotite (Po), sphalerite (Sp), and boulangerite (Boul)/jamesonite.
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Figure 2-31 Photomicrographs and BSE images of mineralized veins at LansdajvRbBotomicrograph

(RL): first-generatdn arsenopyrite (Apit) hosted in a calcite (Cal) veiB) Photomicrograph (RL); earlier
pyrrhotite (Po) is replaced by later sphalerite (Sp), which exhibits chalcopyrite (Cpy) disease texture.
Pyrrhotite and chalcopyrite islands are arranged along goaindaries and within grains of sphalerite by
internal structures. Pyrrhotite and sphalerite are replaced and crosscut by later jamesor@e B$h).
image; subhedral arsenopyrite (AByis replaced by jamesonite in a quartz (Qtz) vein. Boulangeritd)(Bou
forms small veinlets cutting only across the arsenopyrite and occasionally along arsenopyrite grain
boundaries in with jamesonit®) BSE image; arsenopyrite (Af) and acicular interstitial jamesonite
hosted in quartz. Galena reaction rim formed betw&te euhedral pyrite (Py) and jamesonkg.
Photomicrograph (RL); sphalerite with pyrrhotite islands crosscut by later boulangerite, with galena (Gn)
exsolution, and euhedral pyrite. Euhedral pyrite often contains inclusions of sphal€rite.
Photomicography (RL); pyrrhotite replaced by jamesonite showing cusp carrie texture. Jamesonite
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