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ABSTRACT

The peralkaline Flowers River Igneous Suite intrudes the southernegastof the
Mesoproterozoi®Nain Plutonic Suite conposte batholih in northrcentral Labrador. The
Flowers River complex comprisesyaluminousseries o peralkaline graniteimg
intrusionsandtheir coeval volcanic assemblagbge latter ofwhich ha beenidentified as
atargetfor rare metaéxploration Peralkalinagneouscomplexeghroughout Labrador
show a ubiquitouspatial associain with earlier anorthositemangeritecharnockite
granite AMCG)-affinity plutonism, suggesting thgeodynamic conditions responsible
for generatinghe latte may have systematicalgonditioned those sites smbsequently
producehighly evolved, incompatiblelementerriched magmasLaser atation
inductively coupled plasmimass spectromet.A ICP-MS) U-Pbzircongeochronology
is usedo define a higkresolution magmatic and hydrothermal timeline for EHewers
River complexand its host suiteheFlowers River Granitentruded the localNain
Plutonic Suite rocks after caMyr of quiescence, though trace element compositions
indicate these rocks share@mmon, incompatiblelementenriched sourcelrotracted
fractionation of the liquidslerived from this sourcgave rise to twa@ontrasing styles of
magmatiehydrothermal Zr-Nb-Y -)REE mineralization bothhostedby the cogenetic

volcanicrocksoverlying the plutonic complex.
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Chapter 1: Introduction

The past five decades have seen steady growth innol@rstanding ahe interplay of
geologicalprocesghatgave rise to Proterozoic magmatic provinces. The defining
features of this periodbs magangetit¢e c record
charnockitegr ani t e ( AMCG) associiaftsioo ntstsevien ira rfiea nporre
many Proterozoic continental margin terra(&shwal, 1993; Ashwal and Bybee, 2017)

Il nitially held to be hal |l marakaadignfshitih assi c a
the late 1990s envision@mnplacement duringeriods of posbrogenic cdapse along a

convergent margiEmslie, 1978; McLelland, 1989; Corrigan and Hanmer, 1997)

Subseqgant studiegecognizé that not all AMCGsuitescan be reconciled with a

convergent margin setting, and thia$e magmas were not necessarily the prodéiets o

singular tectonic regimgMyers et al., 2008; McLelland et al., 2018ecause this style

of anorthositic plutonism is present for only abod®@Myr within the rock record

(between ca. 2500 to 500 M#he abrupt disappearance of AMCG suites has been
thought to reflect a maj @shwal and Bybee, @01d i n t h
This has made them an attractive target of study for the purposes of understanding large

scale secular changesthathave c ur r ed t hr ou g h oAuunified he pl anet
understanding of AMCG petrogenesisnainselusive,however While models for

generating the anorthositemponenbf an AMCG suite are now generally agreed upon,

there remains little consensus regardimg source of the variety of unusual granisoid

thataccompany the anorthositic lithologies (&gaslie and Stirling, 1993; Emslie et al.,



1994; Frost and Frost, 1997; Markl and Hohndorf, 2003; Frost and Frost, 2013; Ashwal
and Bybee, 2017)
The Nain Rutonic Suite(NPS)of Labrador is one of thaitgest AMCG suite
exposures in the world, and is also the most prominent example of an AMCG occurrence
that cannot be directlynked toan episode of convergent tectonics. Intrusions of the
Nain Plutonic Su# occupy two distinct age groupings: the olcder1463 1410 Ma
Al nterior Trendo, made up of primarily gra
Paleoproterozoic Churchill Province crust to the west of the Torngat Orogen; and the
youngerca. 1361 2 90 CMa sfi al Trendo, whicth occurs a
batholith (referred to hereafter as the AN
andprimarily intruding Archean crust of the Nain Province. Though both subdivisions
broadly coincide witlthe timingof arc accretion events that occurred alorg th
Laurentian margin to the south, thige ofNain Plutonic Suitenagmatisnwasfar
removed from their effects. Consequenthsearcherhave suggested that magmatism
arose instead as the product of baokextensionRivers and Corrigan, 200C0far-field
transpressional reactivation of regional crustadle structure@Vyers et al., 2008)oy
propagation of a slab windof@Gower and Krogh, 2002; McLelland et al., 201@)in
association with a mantle superdl underlying Laurentia (Hoffman, 1989n any of
these senariosexceptperhapghe latter any spatial controbn magmatismwvould be
expectedo havepropagated fronthe locus of tectonic activity to the south. Despite this,
the southernmogtiutonsof the Nain Batholith have not been the subgdatonsiderable

investigationnor haghe underlyingdriver of magmatisnibeen conclusively identified



The peralkaline Flowers River Igneous SYERIS)is the youngest and
southernmost intrusivehase within the boundaries of the Nain Bathq(kiil, 1991;
Myers et al., 2008)It marks a significant departure both petrologically and
geochemically from the other granitic phases within the complex, and is further unique
among regional intrusive set for its preserved coeval volcanic assemblage, the
Nuiklavik Volcanics(Miller, 1993). Whether the Flowers River rocks bear a genetic
affiliation with the AMCG rocks they intrude, or are an entirely independent occurrence,
has not yet been adequatelyabdished Proposed sources for peralkaline magmatisn ar
among the most restraxdfor any igneouprocessThough a departureannot
necessarily be precluded for the Flowers River spi#ealkaline rocks are generally
accepted to be the productdmiv-degree partiamelting or protracted fractionation of
liquids derived from a metasomatized region of the méatie Marks and Markl, 2017)
Peralkaline rocksccuralmost exclusivelyn extensional tectonic regimes, and many
alkaline igneous provinces V@proposedinksto a mantle plumeither as a primary
driver of magmatism or as a source of metasomatic voléiagin, 2006;Kogarko et
al., 2010;Pirajno, 2015)This association is particularly understandable given the only
modern instances of aeé alkalic magmatism are located along the East AfiRiflnand
aresustained by the African superswell 0
1994; Doucouré and de Wit, 2003; Nyblade, 20payallding the hypothesisof
Hoffman (189) mentioned abovddowever, Laurentia was in a state of protracted
tedonic upheaval throughout much of the Proterozaigithe platetectonic models for
Nain Plutonic Suitenagmatismmay prove equallascompellingif extended to the
Flowers River suiteAccordingly,assessingherelationship between thevo suitesis

3
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critical to understandinghe overarchingpetrogenetic framework of the southern Nain
Batholith.

This thesis is the first synthesized study focusing on the Flowers River Igneous
Suite in nedy thirty years. It builds upon prior work conducted by the Geokldtairvey
of Newfoundland and Labrador, which included detailed regional mapping,
geochronology, lithological descriptions, volcanostratigraphy, highlighting zones of
economic potential,ral assessing possible geodynamic models of emplacéHi#nt
1982;Hill and Thomas, 1983; Hill, 1991; Miller, 1993, 1992, 19%hother
independent study presented-Bbages and isotopic data for a range of lithologies
exposed at the northeastern limofghe Flowers River intrusive complé&ollerson,
1982) Significant progress has been madéha interimwith respect to both analytical
instrumentation and scientific theory surrounding Proterozoic AN¥eBogenesis and
magmatism. The thesis-examires a number afbservationsnade duringhese earlier
investigationsn an effort to reposition those findings within a modern context. It further
aims to address any open questions surrounding the Flowers River rocks, including
mineralogical controls orhé pronounced rare metal enrichment observed in the volcanic
rocks @& well as their previously documented depletion of Na. The data presented here
highlight the Flowers River Igneous Suite as a presently untapped resource for
understanding the geodynamintrols governing the assembly of the widespread
Proterozoic AMCG asociation, and for understanding the factors continigub the
enrichment of rare metals in granitoids produced in a diverse range of tectonic settings.

Chapter 2 uses wholeck geochmistry and new tPb zircon geochronology to
clarify the relative tinmng of each magmatic event in the study area, utilizing these to
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reassess a magma genesis model for the Flowers River complex. Data were ¢ollected
situ by laser ablation inductivelgouwled plasma mass spectrometiyA( ICP-MS) across
multiple samples t'm each of the magmatic suites exposed within the studyacea
overa number of analytical sessions, sihayithe Flowers River Granitéo be~8 Ma
younger than thpart of theNain Batholith that it intrudes. Geochronological and
geochemical criteria absshow three discrete periods of volcanic activity recowdiéuin

the Nuiklavik Volcanics, separated from one another by several million years. The
earliest two ofltese events each coincide temporally with anprgsented herer either

the NainBathoith granitoid lithologies or th&lowers River Graniterespectively. These
findingsidentify a previously unrecognized complexity to the regional magmatic history,
and callinto question the mechanisms that could have fosepedbdicmagmatism there

T aphenomenon observed to havaquelyaffected this region of the Nain Batholith.

This chapter usegeochemical evidence to argue for a genetic association
between tk charnockite series lithologies present in the study area ahtbthiers River
Granite This conclusioncarries major implications both for the debate surrounding the
source of AMCGaffinity granitoid rocks, and tangentially for the range of conditions
under which a transition to peralkaline compositions might be expddased on the
proximity of the southern tip of the Nain Batholith to several major Paleoproterozoic
tectonic boundarieg, is proposed thatre-enrichment of the lithospheric mantle
underlying the crust now occupied by the Flowers River complex was integral to enacting
thistransition.Long-lived subductioAimposedmantle heterogeneities have previously
been used to explain anomalous incompatible enrichegamin tholeiites(Elliott et al.,
2006; Merle et al., 2014dltrapotassic rocks (Cousens et al., 20ahyl subalkatie

5



continental riftvolcanism (Wang et al., 2019ut this has yet tbewidely consideedfor
peralkaline compleas

Much of the investigative interest surrounding the peralkaline igneous centres of
Labrador originates in their potential i@se metal@sources, particularfpr the rare
earth elements (REENd Y. The most prominent and weatkploredof these occurrense
is the Strange Lake compl@dL and QC; Milleret al.,1997) however, as many as Six
other peralkaline complexes are present withabriador, and at least four (including
Strange Lake) are directly associated with the Nain Plutonic @{ete, 2011)
Magmatic REE deposits are the primary source of these metals worlduviden et al.,
2014; Dostal, 2017hough the most frequently @wited examples ar@ variousways
the producbof carbonatitic magmem (e.g. Mountain Pass, California; Bayan Obo,
China). Silicate magmas often produce more modest REE concentrations than their
carbonate counterparts, though the enrichment encoumtesedche of the silica
undersaturated complexesthe Gardar Province in Greenlafedg, Larsen and
Sgrenson, 198Bailey et al., 2001; Marks and Markl, 201%)y rival their carbonatite
associated counterparts

Chapter 3 presents the first summaryha tare metal mineralogy present in the
Flowers River Igneous Suite. This aspect of the occurrence eluded descrifnitialin
investigationsbecause of the fingrained and frequently intergrown nature of the
relevant host minerals. The most widesprsigte of mineralization in the complex are
sparse occurrences of fhgeained, secondary REfIorocarbonates anghhogphates,
present at the grain scale throughout botH-bevers River Granitand Nuiklavik
Volcanics. The proportionally lower abundasad REE and corresponding minerals in

6



the Flowers River magmas appears to be reflected by a less complex deuteritagEsem
than has been identified in similar systems (&gange LakeVasyukova et al., 20}6
A second style of mineralization is pess within the Nuiklavik Volcanics, and is more
economically viable than the first. Localized within a series of ousciothe
southeastern region of the caldera,tbstrocks were notetb exhibit pronounced
radiometric anomalieduring initial reconaissancéMiller, 1993) Samples from this
areahaveconcentrations of Zr in excess of 1 wt. %, as well as the highesdslof Nb
andREEincludingY (REY) encountered within the Flowers Rivesmplex This
mineralization is hosted by a morphologicallyusual assemblage of very figeained
zircon disseminated along abw laminaeandcoarseraccessory niobate mineralhis
somewhat uniquassemblages foundonly within aphyric astilows and igninfritic
tuffs. The most concentrated of these dissetiina were targeted to test the
applicability of UPb geochronology and trace element characterization to minerals
whose individuatrystalswere invariably smaller than anpalytical spot size, and
presumably metamict. Discussion of these results andithglications for the Flowers

Ri ver suite forms the | atter hal f of t he

1.1.Use of granitoid classification schemes

Many of the rocks examined in this thesis are granitoid intrusive digines,which are
widely classified using two systenfamong others)the Shand (1927) scheme, based on
relative proportions of molar wheleck Al.0s, N&O, K20, and CaQand thegranitoid
Aal phab ehere sachdatgdmost frequenths, I, and A represents a particular

meltorigin. The former dividegranitoids into peraluminous (&Dz> N&O + K20 +



Ca0), metaluminous (ADs< NaO + K>O + CaO), and peralkaline (&)z; < N&O +

K20) compositions. These differences in major element proportions align with distinct

mineralogical changes in the parent rdé&r example, in the case of a peralkaline

granitoid (like the granites of the Flowers River Igneous Suite), the mineralogical

differencesrise becausbla and K are present in excess of the Al required to crystallize

feldspar. Thisgs most commonly accomodated by crystallization of sodic amphilxle

and/orpyroxensin addition to alkali feldspar. If a magma is silieadersaturateds

well as peralkaline, the excess alkalis may be accommodated in feldspathoids in addition

to (or instead of) alkali feldsp (Sgrensen, 1992; Marks and Markl, 2QF@ralkaline

rocks may be further subdivided into miaskitic and agpaitic varjdtgesedon their

predominant mineralogical repository for high field strength elements (HE§EZr,

Nb, REB. This istypically zirconand/or titanite in miaskitic rocksvhereasagpaitic

rocks crystallize a range of exotic minerals like eudial@@rénsen1997;Marks and

Markl, 2017).Development of an agpaitic rather than miaskitic mineralogy appears to

correlate broadly wittnigher wholerock (Na + K)/Al ratios (Marks and Markl, 2017).

As a result, this ratio is also known as
Thefi a | p h a baoassificatmmusghemeases geochemical parameters

establishedcross manyetrological datasets define expecteccompositional rangefer

granitoidsof ashared petrogenetic origimhe S and ype designations weistroduced

by Chappell and White (1974)ased on thaferredsource ofagranitoidmagma Stype

from partial melts osedimentaryocks andl-type from previoushemplaced igneous

material A final addition the A-type of Loiselle and Wones (1979) diffed slightly by

incorporatinga tectonic settingnto the definition The Atype classification would be

8



used somewhat interchangeablytwit t h e t e r m lafgelydoertodttge entnirisic 0 ,
relationship of Atype granitoids with continental rift zoné&his classification scheme
became widely adopted, but thetype designatiogrewprogressively more generalized
as the wide compositionbteadth of intraplatenagmasvasdocumentedn greater
detalBecause of tthype o trhew teivease gspbatmentofs a
granitoids whose petrogenetic origins may differ considergty, 1992;Bonin, 2007)
leading some authors to advieéor alternative terminology (e.grrost and Frost,

2011)

Nearly allof the rocks examined in this thesis am@ssical examples of
metaluminous to peralkaline-#ype granitoid$elonging to either the AMCG or silicic
peralkaline associationshoughtheydisplaythe geochemical hallmarks of#pe
magmagelevated concentrations imcompatible elements like Zr, Nend REEand
low Ba, Sr, Sc, Grand Ni; Bonin, 2007), the petrogenetic problemastigated in this
thesisare more dequatelydescribe in work whichdirectly concera AMCG or
peralkaline granite petrogenegiather than the phenomenon otype magmatism as a
whole.Accordingly, these more specific terms are favoured in the following chapters,
exceptwheresie of t H# ¢ pse@cessaryd dkaw parallels witlpertinent

previous work opetrogenetic clssifications
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Chapter 2: Geochemistry and UPb geochronology of the Flowers River
Igneous Suite: revising the magmatic architecture of the southern Nain

Batholith

2.1. Introduction

The Flowers River Igneous Suitease of several peralkaline plutonic complexes in
Labrador known tdoe locally enrichedh rare metal¢REE, Y,Nb, Zr; Kerr, 2011)
AlongsideL a b r aatherpegakkaline gneous centres, the Flowers River complex was
emplaced in the Mesoproterozpioughly coincident withvoluminous anorthosite
mangeritecharnockitegranite (AMCG)magmatisnthat formedhe easterrportion of
theNain Plutonic Suit¢NPS) Though thesperalkalineoccurrences have been
documented for several decades, little concertedtdfés been made &scertairtheir
petrayeneticsignificancewi t hi n t éxensiveergtaroaaic dnagmatic histary
Latetransitions to peralkaline magmatisrenot aubiquitousfeature of AMCG
terranesputthey are also natnique to Labrador; alitine magmasepresenthe
youngest phasan severalocalitiesdescribed a8 A M CGIGi kirelodjngthe Pan
Africanplt oni ¢ sui tes of Niger i a(MagajictalGe0dkE nl and ¢
Martin et al., 2012)The Flowers River Igneous Suite isaae examplevherethe
relationshig among both suites, including the volcanic carapaeeexposeh detail.

There & little consensus on whethibe Flowers River compleshould be included
within Nain Plutonic Suitegiventhe yet usubstantiatederetic link between thewo.
Strangelake t he most famous of Lbabseendxensive per al

study ofthe paragenesis @k rare metal mineralizatioge.g, Salvi and WilliamsJones,
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1996; Vasyukova and Williaradones, 2014; Siegel et al., 2018t still lacks a

definitive petrogenetic modgpartially because it mgyostdate its hosNPSpluton by

as manyasseveral hundred million yea(Miller et al., 1997) The Flowers Riversuite
which wasemplacedat most20 Myr afterits AMCG-affinity host rockgHill, 1991;

Myers et al, 2008) can bemplicatedas part otheNain PlutonicSued s e v withut i on
greater certaintyHigh-resolution UPb zircon geochronology and wheteck
geochemistry for Flowers River rocksereported here to improve our understanding of
FRIS petrogenesjsas well asf this possible connection to regional ANBzaffinity
magmatismThesimilar ageof manyperalkalinecomplexegelative tonearbyAMCG
suites bothin Labradorand abroagsuggestst the very leaghat theyaregenerated in
relation tosomelate geodynamic conditigoresenin these terranes, amaay beableto

resohe keyquestionconcerning theriggers of Proterozoicanorthositic magmatism

2.2. Geological Setting

The Flowers River Igneous Suite is situated at the southern edge of the Nain Plutonic
Suite ACoastal Tr e nidetumenous plutes od AVKCG affmityi ¢ h  c o
emplaced between 13631290 Ma (Figure 2.1; Myers et al., 2008). Tbisnposite
batholith hereafter referred to simply as the
Labr ador 0 stype wtusivA Mi&calttively encompassed under the Nain
Plutonic Suite designation. The emplacement of the Nain Batholith is believed to have
been facilitated by the confluence of two regiesedle structures, the-8l trending
Torngat Orogen and the\® trending GardaWoisey 6 s Bay Mgausletal.,Zon e

2008; McLelland et al., 2010)The individual plutonshatcomprise the batholittvere
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emplaced sporadically and do not define a consistent deatiporal trend, but the three
youngest intrusionwithin its boundaries (icluding the FRISare located ahe Nain
Batholithds southernmost edge.

The Flowers River Igneous Suite comprises the Flowers River peralkaline granite and
the coeval Nuiklavik Volcanics (Figure 2.2). TRlwers River Granitéorms a series of
arcuate @ linear intrusions concentricglsurrounding the Nuiklavik caldera, which is
itself located within the largest granite pluton at the southeastern limits of the intrusive
complex(Hill, 1982). Mediumgrained peralkaline granite is themary constituenof
the intrusions, with sparse gdyritic and pegmatitiexpressionsand some marginal
confinement fabricgHill, 1982, 1991) The Nuiklavik Volcanics show a great diversity
in lithofacies including crystalich to aphyric ash flows, porphyries, and plolsslavas
and subvolcanic doméMiller, 1992, 1993)though intense alteration and imperceptible
flow fabricsin hand sampl&equently complicate discrimination of individual facies.
Many Nuiklavik rocks have been subjecteceidremeNa depletionMill er, 1994) and
rarely preserve primarymineralogy diagnostic of their inferred originally peralkaline
compositions. However, they contain traement profiles consistent with having been
derived from thd-lowers River Granite@ncludingelevatedconcetrations of Zr, Y, and
REE (Miller, 1992)

The AMCGtype rocks that host the Flowers River suite are composed of three
anorthosite plutons, previously named by Hill (1988): the Sango Bay Pluton, Merrifield
Bay Pluton and Flowers Bay Pluton. These intauss are present in approximatelgual

proportionrelative toassociated hypersolvus, augigad fayalitebearing granites and
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monzoniteswhich are interpreted to be exps#ons of charnockite series magmas
emplaced at comparatively shalla@pths(e.g., Frost and Frost, 2008b)

The boundaries for each of the three anorthosite bodieaio®ncretely defined,
with little referencemadeto the @sociatedyranitoids in defiing the present naming
scheme. The collective areattentof the Sago Bay, Merrifield Bay and Flowers Bay
plutons prior to intrusion of thElowers River Granitevould likely have been roughly
equivalent to that of the Notakwanon Batholith to their megst. Furthermore, for
reasons that will be discussed below, the ABA@pe rocks in the vicinity of the Flowers
River complex are of sufficient petrologic significance to merit a distinct place within the
regional nomencl atur e.o T(hTeB M)a mes fplrha peces eBda yr
unifying designation to more conciselfer to all three anorthosite bodies, as well as
thar associatedAMCG-affinity granitoids.

Neither the Three Bays Pluton nor giredominantly granitic Notakwanon Batholith
havebeen the subject of direct geochronological studythmit timing of empacement
has been inferretb be similar tcages reported for théNuiklavik Volcanics(Myers et al.,
2008) The timing of Flowers River magmatisteelf as recorded in the literatiis
ambiguousCollerson(1982 first reported a RiSr errorchron age df262+ 7 Ma for
peralkaline granites located near Flowers Bay, at the northwestern edge of the Flowers
River complex. Later zircon {Pb dating reported two ages, 1202 and1289+ 1 Ma,
for a Nuiklavik porphyry(Miller, 1994), while three zircon fractions yielded a TIMS age
of 1271+ 15 Ma for aFlowers River Granit€Hill, 1991). The imprecision of the latter

age does natlearly establish the length of time separating the AM&EI@ity suitesand
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theFlowers River Graniteand has accordinglyrecludednterpretation of any possible
petrogenetic relationship between them.

Although the Flowers River Igneous Suite hashesn affected by regional
metamorphism openetrativedeformation, the mgin of Labrador has been subjected to
several extensional tectonic evefaowing FRISemplacement, culminating in the
opening of the Labrador Seathe Cretaceous. This has produpedodic, variably
voluminousmagmaticeventsalong the presertay magins of Greenland and Labragdor
including the tholeiitic Harp Dyke swarm (coeval with the larger Mackenzie and
Fennoscandian dyke swarms) and igsiba of carbonatites and lamprophyres between ca.
59071 565 Ma(Cadman et al., 1993; Tappe et al., 2006Ese arelocumentedn the
surrounding Archean gneisses (and the Harp Dykes in the Harp Lake complex to the

southwest), but have not beebnservedlirectly intrudng the Nain Batholith.

2.3. Sampling and Analytical Methods

Samples were obtained during comda helicopteassisted reconnaissance and transect
mapping for theGeological Survey of Canadaeomapping for Energy and Minerals
(GEM-2) program.Transects targeted regions of greatest stratigraphic variability within
the Nuiklavik caldera ozoneswith notedradiometricanomalies and mineralization
occurrences (following the mapping Miller, 1993). Samples of both Three Bays and
Flowers River imtusive lithologies were obtained from near the outer ring segments or at
the margins of the central FlowdRsver intrusion (Figure 2.2). Thirtgeven samples

chosen for whol@ock geochemical analysis were sawn and cleaned to remove surface

weathering. Gechemical analyses were provided by Activation Labs in Ancaster,
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Ontario using lithium borate fusion induatly coupledolasmaoptical emission

spectrometry (ICFOES) andmass spectrometry (IGMS) for major and traceslement

analyses, respectivelifluorine and chlorine weranalyzed for select samples using ion

selective electrode (ISE)ethodology for Fandinstrumental neutron activation analysis

(INAA) for CI. Full details of the procedures used can be found on the Activation Labs

website (https://wwy.actlabs.com). Primary geochemical data were supplemented with

data obtained by the Newfoundland Departneémilines and Energy for the Nuiklavik

Volcanics and-lowers River Granit@Miller and Kerr, 2007; McConnell, 2010)
Conventional petrography waspported by backscatter electron imaging endrgy

dispersive spectroscopy (EDS) using a JEOL 6400 scaetentyon microscope (SEM)

at the University of New Brunswickods Micro
Laser ablation (LA ICP-MS was conductedt the University of New Brunswick

using aResonetics 955LR ArF Excimer laser system coupled with anilagt

Technologies 7700x quadrupole KB#S. Analysis of zircon was performeatsitu (e.g.

McFarlane and Luc2012)with on-sample fluence of 3 J/énand a repetition rate of 3

Hz. Zircon specimens were ablated for 30 second intervals for the collectibRlof

data, and for 60 second intervals for simultaneous collection of geochronological and

trace element da. Ablation crater diameter varied between 33 um and 45 pum depending

on the modal size of zircon grains. Trace element studies of zircon collectdf] Y,

and a reduceBEE suite to estimate zircon REE profijeghile minimizing analytical

sweep timesThe primary zircon geochronological standard usedi”a$, with

Plesovice and 91500 serving as secondary standards-élemgent analyses utilide

91500 as the primary standard, along with synthetic glass standard6N0Shd NIST
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612.Preanalysis mstrument tuning wagerformed usingNIST-610. Standard Pb ages

are reproducible within 1% of the materi al
deviation (RSD) values for the trace element analyses rarely exceed 20%, with the

majority in the range af0- 15%, but results always overlap documented values within

error.

2 4. Lithological Descriptions and Geochemistry

24.1. Three Bays Pluton

Theprevalenceof Three Bays Pluton lithologies variegth proximity to the caldera.
Augite- and fayalitebearing granite and monzonite are the most abundant rock types in
the vicinity of the Nuiklavik volcanic pild-ayalitebearing granite is a variant ofeth
more typical orthopyroxenrkeearing charnockitseries AMCG rocks (Le Maitr&005;
Frost and Frost, 2008 The assemblage augite + fayalite is stabilized relative to
orthopyroxene at lower pressures by the reaction fayalite + quartz = orthopyroxene
(Bohlen et al., 1980)Thenamefi a u g iatyea | i t e gr ani toptimizei s f avou
clarity and because clinopyroxeisemore abundant thaayalitein the TBP granitoid
samplas examined hereThese rockare assumetb hold the samepetrogenetic
significarceto the TBP ascharnockite series lithologiek in AMCG suites elsewhere
Augite-fayalite granite and monzoniteere encounteregrimarily along the caldera
margin but highlyalteredexamplesare also exposed in windows along hajavation
ridges. Augte-fayalite granites weather to a dull oradgewnin outcrop, and easily
disintegrate into loose{eldspar crystals. Fresh surfaces have a paler;qriakge hue.
In thin section, the granitemntainabundant pale green augite and mesoperthite, with
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subordinate olivine undergoing incipient alterationddingsite and/or grunerite. Three
Bays granites in the immediate vicinity of the caldemaedeeper green, weaktg
moderatelypleochroic augitevith greater aegirine component, and minor sadiicic
amphibole. Monzonitic rocks are pale grey to wimteutcrop, and weather to a dull
white or buff colourMonzonitesshowmore finelyexsolved perthitéhan granites, have
smaller pale browraugite crystalszontainplagioclase, and have only fully
psaidomorphed olivine. They show greater degrees afaib®, approachingontact
metamorphic assemblages, with decussate pale green hornblende and biotite as the
dominantferromagnesiaminerals. A greater variety of lithologies were encountered
along themargins of the central Flowers River pluton, disteiite caldera. These include
anorthosite, leucogabbro, granite, and a micropestiateing, Fe Ti-, and Renriched
rock resembling a ferr omonz@gBubheshemandr a
Wilmart, 1997; Vander Auwera et al., 1998)

Geochemical data farhree Bays Pluton lithologiese presented in Tabkl. Three
Bays granitoids unambiguously plot as#pe granites (Figure 2.3a, b) astdow
relatively homogenous REE and traalement pofiles (Figure2.4). Thesehave
pronounced egative Eu anomalies, flat HREE trendkghtrelative depletion in Sr, P,

Ti, and Ba, and variable Nba troughs. These replicate the results of prior geochemistry
for the Notakwanon BatholittEmslie et al., 294) Exceptions to this trenohcludethe
ferromonzogabbro, which retains a weaker negative Eu anomaly and Sr deplétion
shows slight enrichment in Ba and Ti with a pronounced enrichmentindthe
anorthositic rocks, which have positif@ lack Eu anomaliesare Baenrichedand are
deplded relative to the granitoid lithologies.
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for the various suites of rocks exposed in the vicinity of the Flowers River Igneous i Compositional ranges
are provided for highly represented suites. Normalization factors after Suand McDonough (1989).
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24.2. Flowers River Granite

TheFlowers Rive Graniteshows relativeéextural and mineralogical homogéetye most
commonly expressed as fii® mediumgrained pink to pinkwhite granite. It occurkess
frequentlyas small (< 1m) pegmatitic veins intruding Three Balgonanorthosite,
especially near contacédong themargins of the Flowers River plutortgil (1991) also
reports confinemerfabricsnear r@f and sidewall zones of the intrusions. Outcrops of
fine-grained porphyritic granite are exposed at the southerereatdargin and in incised
valleys within the caldera. Pronounced petrologic differences between granite within the
caldera and nearer thmits of the central pluton are apparent in thin section.
Ferromagnesiaand accessomnineralphases found near pout margins are more
coarsegrained andess alteregwith Feoxide minerals still present in considerable
abundance (FigureZa). By contast, the granite exposed within the caldera has
developed much finehydrothermallyaltered interstitiaferromagnesn minerals and
clusters ofpartially dissolved and/or recrystallizadcessory phases (Figurél2.c). The
essential mineralogical cditsients in all cases are perthitic alkali feldspar, quartz, sodic
calcic amphibole, aegiriraugite and zircon; prirary aenigmatite is found only in
extracaldera granites, and perthitic lamellae are more coarsely developed in these rocks.
llImenite is theprimary FeTi oxide phase, sometimes-oocurring with magnetite, and is
commonly observed reacting with rims of sodalcic amphibole to form aenigmatite. It

is notable that diagnostic alkali minerals, following Maitre et al(2005)(i.e.,

arfvedsortie, aegirineaugite, and aenigmatite), raralisplaya conclusively magmatic

appearance. Sodic pyroxene in particisazommonly present solely as metasomatic
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overgrowths on sodicalcic amphiboles, though definitive magmatic specimens are
present in som of the extracaldera granite samples.

EquigranulaFlowers RiverGranite sampleplot in the A field of Eby (1992);
however, the three porphyritic samples cross into thigefd. All Flowers River
peralkaline graniteshowgeochemical profiles identitto the Three Bays granitoids
(Figure 24; Table2.2), but appear more strongly differentiai@&iigure 25a). Their major
element makeup includes slight elevations in &0, K>O, and slightly greater
depletion of CaO, MgQCand TiQ compared to augitiayalite granites. Trace element
profiles are similarly compable with both augitdayalite granites and monzonites, with
the Flowers River Granitghowing even more pronounced depletions in Ba, Sr, and P,
stronger negative Eu anomaljeand greater abisibe enrichment in all incompatible

el ement s. Fractionation following this

t

r

e

effecto, associated with sustained crystal

from continental thieiites.

2.4.3. Nuklavik Volcanics

A wide variety of lithofacies have been reported in the Nuiklavik caldera. A full

di scussion of the calderads architecture

comprehensive assessment of structural and geocheaspests of the vodmic
succession can be foundMiller (1993 andWhite (1980) The intensity of alteration,
limited verticalexposurs, and massive nature of samples often prohibits identification,
beyond speculation, of a particular volcanic modengplacement. Howevemany rocks

encountered over the course of this study display discontinuous flow folia or relict
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flamme, supportin@arliersuggestions that welded tuffenstitute a large proportiaof

the Nuiklavik VolcanicgFigure 25d; Kerr, 2011) Well-preservedievitrification

textures likemicropoikilitic quartz or spherulitesuggest many specimens hadimitially
glassy groundmassithophysae are also common in layered facies, commonly filled
with a hydrothermal assemblage of quartzTkFexides, fluorite, ad sphalerite.
Phenocryst assemblages are ubiquitously comprised of quartz and Carlsbad twinned,
microperthitic to unexsolved alkali feldspar.

The Nuiklavik rocks show by far the widest variability in the extent and style of
alteration ofany unit encounted in the study area, and accordingly in their geochemistry
(Figure 2.3. This manifests primarily in their magnitude of enrichment or depletion, as
their trace element profiles generally do not deviate from those of the Flowers River an
Nain suites. Incmpatible element signatures in Nuiklavik rocks sAnwboth more or
lessabsolute enrichmemomparedo their intrusive counterparts. In particular, the
degree of HREE enrichment varies widely, witla/Lu)cy between 1.04 12.2. There is
no similar compositional breadth in the depleted elements (e.g., Ba andri#gtthe Eu
anomalies occupy lmarrowrange (Eu/Eu* = 0.10 0.19) A systematic correlation exists
between greater absolute REE concentrations ighéihmodal abundances of fracture
associatedREE-bearing mineraland intensity of alteratiowithin a samplesuggesting
the enrichment is metasomatizisseminategubmicroscopiaircon in samples showing
the greatest HREE enrichment offers a likely engdogical repository for these elements,
andis further corroborated by elevated whotek Zr (71007 >10000 ppm)jn these
samples. The samples bearing this secondary zircon have also had positive Ce anomalies
and concavelp HREE trends imposed on theihole-rock REE profiles.

30



Three distinct altet#on styles are observed within the caldera, and are defined by the
dominant groundmass minesalWhite mica is the most widely distributed style of
alteration, and commonly encroaches on feldspar phenocrysts or replaces them entirely.
A distinct, hematitt alteration imparts a red to dark brown colour ongiteeindmassnd
red disseminated hematperticles cloud feldspar phenocrysts in affected rocks (Figure
2.43). Notably, this is the only alteration style accompanied by graphic textured
pyroclasts of pssible juvenile or accidental origin. Finally, a chledi@minant alteration
was found only ifwo samples in the southwestern extent of the caldera, but chloritic
alteration frequently occurs with bastnégite) ((REE)CGF) and monazite ((REE)RD
in otherwise sericitized rocks. Alteration styles in very fgrained, aphyric asfiow are
more dfficult to assess, but EDS results indicate an assemblage comprising chlorite and
quartz.

Samples affected by the chlorideminant alteration seen in the souéist of the
caldera diverge from the geochemical trends common among the other volcanic
lithologies. These samples are less strongly depleted in Sr and P than other volcanics,
show a marked Nfia trough, and are enriched in Ba (Figure 3). They are alsaintiie
volcanic lithologies observed to contain plagioclase, which is present wildgpar in
polycrystalline lapilli. Although accidental fragments of monzonite could serve to impart
moderately elevated Sr and Ba relative to the wholesale depletiawvedhsieroughout
the caldera, imparting Ba concentrations in excess of the monzonites therssklses
plausible. Furthermore, only one of the two samples contains plagiidasag lithic
fragments, despite sharing nédentical geochemical signaturésccordingly, these
characteristics are deemed primary geochemical features of the samples.
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Figure 2.5. Photomicrographs and backscatter electrofBSE) images from Flowers Riwer lithologies.
(A) BSE image of the major phase relationships observed in the Flowers River Granite. Aenigmatit
reaction coronae separate ilmenite from sodicalcic amphibole. (B) XPL photomicrograph and (C)
BSE image of a commotfierromagnesian andaccesor y mi ner al figranedk a g e 0
hydrothermally -altered Flowers River Granite. Bastnasite(Ce) is pseudomorphing a REEbearing
Ca-Fe-Ti silicate, possibly chevkinite. (D) Photomosaic showing the textural features presentan
typical Nuiklavik ign imbrite. PPL. (E) Hematized and flowbanded crystatrich Nuiklavik tuff. PPL.
Abbreviations: afsi alkali feldspar; am i amphibole; aegi aegirine; aegaugi aegirine-augite; aeni
aenigmatite; bsti bastnasite(Ce); chevi chevkinite-(Ce); chli chlorite; ilm T ilmenite; mnz i
monazite; qtzi quartz; zrn i zircon.
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