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ABSTRACT 

The peralkaline Flowers River Igneous Suite intrudes the southernmost region of the 

Mesoproterozoic Nain Plutonic Suite composite batholith in north-central Labrador. The 

Flowers River complex comprises a voluminous series of peralkaline granite ring 

intrusions and their coeval volcanic assemblage, the latter of which has been identified as 

a target for rare metal exploration. Peralkaline igneous complexes throughout Labrador 

show a ubiquitous spatial association with earlier anorthosite-mangerite-charnockite-

granite (AMCG)-affinity plutonism, suggesting the geodynamic conditions responsible 

for generating the latter may have systematically conditioned those sites to subsequently 

produce highly evolved, incompatible element-enriched magmas. Laser ablation 

inductively coupled plasma-mass spectrometry (LA ICP-MS) U-Pb zircon geochronology 

is used to define a high-resolution magmatic and hydrothermal timeline for the Flowers 

River complex and its host suites. The Flowers River Granite intruded the local Nain 

Plutonic Suite rocks after ca. 8 Myr of quiescence, though trace element compositions 

indicate these rocks share a common, incompatible element-enriched source. Protracted 

fractionation of the liquids derived from this source gave rise to two contrasting styles of 

magmatic-hydrothermal (Zr-Nb-Y-)REE mineralization, both hosted by the cogenetic 

volcanic rocks overlying the plutonic complex. 
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 Introduction 

The past five decades have seen steady growth in our understanding of the interplay of 

geological process that gave rise to Proterozoic magmatic provinces. The defining 

features of this period’s magmatic record are voluminous anorthosite-mangerite-

charnockite-granite (AMCG) associations, or “anorthosite massifs” that are preserved in 

many Proterozoic continental margin terranes (Ashwal, 1993; Ashwal and Bybee, 2017). 

Initially held to be hallmarks of classical “anorogenic” magmatism, a paradigm shift in 

the late 1990s envisioned emplacement during periods of post-orogenic collapse along a 

convergent margin (Emslie, 1978; McLelland, 1989; Corrigan and Hanmer, 1997). 

Subsequent studies recognized that not all AMCG suites can be reconciled with a 

convergent margin setting, and that these magmas were not necessarily the products of a 

singular tectonic regime (Myers et al., 2008; McLelland et al., 2010). Because this style 

of anorthositic plutonism is present for only about 2000 Myr within the rock record 

(between ca. 2500 to 500 Ma), the abrupt disappearance of AMCG suites has been 

thought to reflect a major threshold in the Earth’s evolution (Ashwal and Bybee, 2017). 

This has made them an attractive target of study for the purposes of understanding large-

scale secular changes that have occurred throughout the planet’s history. A unified 

understanding of AMCG petrogenesis remains elusive, however. While models for 

generating the anorthosite component of an AMCG suite are now generally agreed upon, 

there remains little consensus regarding the source of the variety of unusual granitoids 

that accompany the anorthositic lithologies (e.g. Emslie and Stirling, 1993; Emslie et al., 
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1994; Frost and Frost, 1997; Markl and Höhndorf, 2003; Frost and Frost, 2013; Ashwal 

and Bybee, 2017).  

 The Nain Plutonic Suite (NPS) of Labrador is one of the largest AMCG suite 

exposures in the world, and is also the most prominent example of an AMCG occurrence 

that cannot be directly linked to an episode of convergent tectonics. Intrusions of the 

Nain Plutonic Suite occupy two distinct age groupings: the older ca. 1463 – 1410 Ma 

“Interior Trend”, made up of primarily granitoid lithologies and emplaced in 

Paleoproterozoic Churchill Province crust to the west of the Torngat Orogen; and the 

younger ca. 1362 – 1290 Ma “Coastal Trend”, which occurs as a large composite 

batholith (referred to hereafter as the “Nain Batholith”) straddling the Torngat Orogen, 

and primarily intruding Archean crust of the Nain Province. Though both subdivisions 

broadly coincide with the timing of arc accretion events that occurred along the 

Laurentian margin to the south, the site of Nain Plutonic Suite magmatism was far 

removed from their effects. Consequently, researchers have suggested that magmatism 

arose instead as the product of back-arc extension (Rivers and Corrigan, 2000), far-field 

transpressional reactivation of regional crustal-scale structures (Myers et al., 2008), by 

propagation of a slab window (Gower and Krogh, 2002; McLelland et al., 2010), or in 

association with a mantle superswell underlying Laurentia (Hoffman, 1989). In any of 

these scenarios, except perhaps the latter, any spatial control on magmatism would be 

expected to have propagated from the locus of tectonic activity to the south. Despite this, 

the southernmost plutons of the Nain Batholith have not been the subject of considerable 

investigation, nor has the underlying driver of magmatism been conclusively identified.  
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The peralkaline Flowers River Igneous Suite (FRIS) is the youngest and 

southernmost intrusive phase within the boundaries of the Nain Batholith (Hill, 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 suites 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 adequately established. Proposed sources for peralkaline magmatism are 

among the most restricted for any igneous process. Though a departure cannot 

necessarily be precluded for the Flowers River suite, peralkaline rocks are generally 

accepted to be the products of low-degree partial melting or protracted fractionation of 

liquids derived from a metasomatized region of the mantle (e.g., Marks and Markl, 2017). 

Peralkaline rocks occur almost exclusively in extensional tectonic regimes, and many 

alkaline igneous provinces have proposed links to a mantle plume either as a primary 

driver of magmatism or as a source of metasomatic volatiles (Martin, 2006; Kogarko et 

al., 2010; Pirajno, 2015). This association is particularly understandable given the only 

modern instances of active alkalic magmatism are located along the East African Rift and 

are sustained by the African superswell or “superplume” (e.g. Nyblade and Robinson, 

1994; Doucouré and de Wit, 2003; Nyblade, 2011), paralleling the hypothesis of 

Hoffman (1989) mentioned above. However, Laurentia was in a state of protracted 

tectonic upheaval throughout much of the Proterozoic, and the plate tectonic models for 

Nain Plutonic Suite magmatism may prove equally as compelling if extended to the 

Flowers River suite. Accordingly, assessing the relationship between the two suites is 
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critical to understanding the overarching petrogenetic framework of the southern Nain 

Batholith. 

This thesis is the first synthesized study focusing on the Flowers River Igneous 

Suite in nearly thirty years. It builds upon prior work conducted by the Geological Survey 

of Newfoundland and Labrador, which included detailed regional mapping, 

geochronology, lithological descriptions, volcanostratigraphy, highlighting zones of 

economic potential, and assessing possible geodynamic models of emplacement (Hill, 

1982; Hill and Thomas, 1983; Hill, 1991; Miller, 1993, 1992, 1994). Another 

independent study presented Rb-Sr ages and isotopic data for a range of lithologies 

exposed at the northeastern limits of the Flowers River intrusive complex (Collerson, 

1982). Significant progress has been made in the interim with respect to both analytical 

instrumentation and scientific theory surrounding Proterozoic AMCG petrogenesis and 

magmatism. The thesis re-examines a number of observations made during these earlier 

investigations in 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 on the pronounced rare metal enrichment observed in the volcanic 

rocks as 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 geodynamic controls governing the assembly of the widespread 

Proterozoic AMCG association, and for understanding the factors contributing to the 

enrichment of rare metals in granitoids produced in a diverse range of tectonic settings.  

Chapter 2 uses whole-rock geochemistry and new U-Pb zircon geochronology to 

clarify the relative timing 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 collected in 

situ by laser ablation inductively coupled plasma mass spectrometry (LA ICP-MS) across 

multiple samples from each of the magmatic suites exposed within the study area and 

over a number of analytical sessions, showing the Flowers River Granite to be ~8 Ma 

younger than the part of the Nain Batholith that it intrudes. Geochronological and 

geochemical criteria also show three discrete periods of volcanic activity recorded within 

the Nuiklavik Volcanics, separated from one another by several million years. The 

earliest two of these events each coincide temporally with an age presented here for either 

the Nain Batholith granitoid lithologies or the Flowers River Granite, respectively. These 

findings identify a previously unrecognized complexity to the regional magmatic history, 

and call into question the mechanisms that could have fostered episodic magmatism there 

– a phenomenon observed to have uniquely affected this region of the Nain Batholith. 

This chapter uses geochemical evidence to argue for a genetic association 

between the charnockite series lithologies present in the study area and the Flowers River 

Granite. This conclusion carries major implications both for the debate surrounding the 

source of AMCG-affinity granitoid rocks, and tangentially for the range of conditions 

under which a transition to peralkaline compositions might be expected. Based on the 

proximity of the southern tip of the Nain Batholith to several major Paleoproterozoic 

tectonic boundaries, it is proposed that pre-enrichment of the lithospheric mantle 

underlying the crust now occupied by the Flowers River complex was integral to enacting 

this transition. Long-lived subduction-imposed mantle heterogeneities have previously 

been used to explain anomalous incompatible enrichment seen in tholeiites (Elliott et al., 

2006; Merle et al., 2014), ultrapotassic rocks (Cousens et al., 2011), and subalkaline 
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continental rift volcanism (Wang et al., 2019), but this has yet to be widely considered for 

peralkaline complexes.  

Much of the investigative interest surrounding the peralkaline igneous centres of 

Labrador originates in their potential as rare metal resources, particularly for the rare 

earth elements (REE) and Y. The most prominent and well-explored of these occurrences 

is the Strange Lake complex (NL and QC; Miller et al., 1997); however, as many as six 

other peralkaline complexes are present within Labrador, and at least four (including 

Strange Lake) are directly associated with the Nain Plutonic Suite (Kerr, 2011). 

Magmatic REE deposits are the primary source of these metals worldwide (Linnen et al., 

2014; Dostal, 2017), though the most frequently exploited examples are in various ways 

the product of carbonatitic magmatism (e.g. Mountain Pass, California; Bayan Obo, 

China). Silicate magmas often produce more modest REE concentrations than their 

carbonate counterparts, though the enrichment encountered in some of the silica-

undersaturated complexes of the Gardar Province in Greenland (e.g., Larsen and 

Sørenson, 1987; Bailey et al., 2001; Marks and Markl, 2015) may rival their carbonatite-

associated counterparts. 

Chapter 3 presents the first summary of the rare metal mineralogy present in the 

Flowers River Igneous Suite. This aspect of the occurrence eluded description in initial 

investigations, because of the fine grained and frequently intergrown nature of the 

relevant host minerals. The most widespread style of mineralization in the complex are 

sparse occurrences of fine-grained, secondary REE-fluorocarbonates and -phosphates, 

present at the grain scale throughout both the Flowers River Granite and Nuiklavik 

Volcanics. The proportionally lower abundances of REE and corresponding minerals in 
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the Flowers River magmas appears to be reflected by a less complex deuteric assemblage 

than has been identified in similar systems (e.g., Strange Lake; Vasyukova et al., 2016). 

A second style of mineralization is present within the Nuiklavik Volcanics, and is more 

economically viable than the first. Localized within a series of outcrops in the 

southeastern region of the caldera, the host rocks were noted to exhibit pronounced 

radiometric anomalies during initial reconnaissance (Miller, 1993). Samples from this 

area have concentrations of Zr in excess of 1 wt. %, as well as the highest levels of Nb 

and REE including Y (REY) encountered within the Flowers River complex. This 

mineralization is hosted by a morphologically unusual assemblage of very fine-grained 

zircon disseminated along ash-flow laminae and coarser accessory niobate minerals. This 

somewhat unique assemblage is found only within aphyric ash-flows and ignimbritic 

tuffs. The most concentrated of these disseminations were targeted to test the 

applicability of U-Pb geochronology and trace element characterization to minerals 

whose individual crystals were invariably smaller than any analytical spot size, and 

presumably metamict. Discussion of these results and their implications for the Flowers 

River suite forms the latter half of the chapter’s focus. 

1.1. Use of granitoid classification schemes 

Many of the rocks examined in this thesis are granitoid intrusive lithologies, which are 

widely classified using two systems (among others): the Shand (1927) scheme, based on 

relative proportions of molar whole-rock Al2O3, Na2O, K2O, and CaO; and the granitoid 

“alphabet soup”, where each letter (most frequently S, I, and A) represents a particular 

melt origin. The former divides granitoids into peraluminous (Al2O3 > Na2O + K2O + 
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CaO), metaluminous (Al2O3 < Na2O + K2O + CaO), and peralkaline (Al2O3 < Na2O + 

K2O) compositions. These differences in major element proportions align with distinct 

mineralogical changes in the parent rock. For example, in the case of a peralkaline 

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

differences arise because Na and K are present in excess of the Al required to crystallize 

feldspar. This is most commonly accommodated by crystallization of sodic amphiboles 

and/or pyroxenes in addition to alkali feldspar. If a magma is silica-undersaturated as 

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

to (or instead of) alkali feldspar (Sørensen, 1992; Marks and Markl, 2017). Peralkaline 

rocks may be further subdivided into miaskitic and agpaitic varieties, based on their 

predominant mineralogical repository for high field strength elements (HFSE; e.g., Zr, 

Nb, REE). This is typically zircon and/or titanite in miaskitic rocks, whereas agpaitic 

rocks crystallize a range of exotic minerals like eudialyte (Sørensen, 1997; Marks and 

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

correlate broadly with higher whole-rock (Na + K)/Al ratios (Marks and Markl, 2017). 

As a result, this ratio is also known as the “agpaitic index” (A.I.). 

 The “alphabet soup” classification scheme uses geochemical parameters 

established across many petrological datasets to define expected compositional ranges for 

granitoids of a shared petrogenetic origin. The S- and I-type designations were introduced 

by Chappell and White (1974), based on the inferred source of a granitoid magma: S-type 

from partial melts of sedimentary rocks, and I-type from previously-emplaced igneous 

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

incorporating a tectonic setting into the definition. The A-type classification would be 
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used somewhat interchangeably with the term “anorogenic”, largely due to the intrinsic 

relationship of A-type granitoids with continental rift zones. This classification scheme 

became widely adopted, but the A-type designation grew progressively more generalized 

as the wide compositional breadth of intraplate magmas was documented in greater 

detail. Because of this, the term “A-type” now encompasses a diverse assortment of 

granitoids whose petrogenetic origins may differ considerably (Eby, 1992; Bonin, 2007), 

leading some authors to advocate for alternative terminology (e.g., Frost and Frost, 

2011). 

 Nearly all of the rocks examined in this thesis are classical examples of 

metaluminous to peralkaline A-type granitoids belonging to either the AMCG or silicic 

peralkaline associations. Though they display the geochemical hallmarks of A-type 

magmas (elevated concentrations of incompatible elements like Zr, Nb, and REE, and 

low Ba, Sr, Sc, Cr, and Ni; Bonin, 2007), the petrogenetic problems investigated in this 

thesis are more adequately described in work which directly concerns AMCG or 

peralkaline granite petrogenesis, rather than the phenomenon of A-type magmatism as a 

whole. Accordingly, these more specific terms are favoured in the following chapters, 

except where use of the term “A-type” is necessary to draw parallels with pertinent 

previous work or petrogenetic classifications.  
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 Geochemistry and U-Pb geochronology of the Flowers River 

Igneous Suite: revising the magmatic architecture of the southern Nain 

Batholith 

2.1. Introduction 

The Flowers River Igneous Suite is one of several peralkaline plutonic complexes in 

Labrador known to be locally enriched in rare metals (REE, Y, Nb, Zr; Kerr, 2011). 

Alongside Labrador’s other peralkaline igneous centres, the Flowers River complex was 

emplaced in the Mesoproterozoic, roughly coincident with voluminous anorthosite-

mangerite-charnockite-granite (AMCG) magmatism that formed the eastern portion of 

the Nain Plutonic Suite (NPS). Though these peralkaline occurrences have been 

documented for several decades, little concerted effort has been made to ascertain their 

petrogenetic significance within the region’s extensive Proterozoic magmatic history. 

Late transitions to peralkaline magmatism are not a ubiquitous feature of AMCG 

terranes, but they are also not unique to Labrador; alkaline magmas represent the 

youngest phases in several localities described as “AMCG-like”, including the Pan-

African plutonic suites of Nigeria and Greenland’s Gardar Province (Magaji et al., 2011; 

Martin et al., 2012). The Flowers River Igneous Suite is a rare example where the 

relationships among both suites, including the volcanic carapace, are exposed in detail. 

There is little consensus on whether the Flowers River complex should be included 

within Nain Plutonic Suite, given the yet unsubstantiated genetic link between the two. 

Strange Lake, the most famous of Labrador’s peralkaline localities, has seen extensive 

study of the paragenesis of its rare metal mineralization (e.g., Salvi and Williams-Jones, 
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1996; Vasyukova and Williams-Jones, 2014; Siegel et al., 2018), but still lacks a 

definitive petrogenetic model, partially because it may post-date its host NPS pluton by 

as many as several hundred million years (Miller et al., 1997). The Flowers River suite, 

which was emplaced at most 20 Myr after its AMCG-affinity host rocks (Hill, 1991; 

Myers et al., 2008), can be implicated as part of the Nain Plutonic Suite’s evolution with 

greater certainty. High-resolution U-Pb zircon geochronology and whole-rock 

geochemistry for Flowers River rocks are reported here to improve our understanding of 

FRIS petrogenesis, as well as of this possible connection to regional AMCG-affinity 

magmatism. The similar age of many peralkaline complexes relative to nearby AMCG 

suites, both in Labrador and abroad, suggests at the very least that they are generated in 

relation to some late geodynamic condition present in these terranes, and may be able to 

resolve key questions concerning the triggers of Proterozoic anorthositic magmatism. 

2.2. Geological Setting 

The Flowers River Igneous Suite is situated at the southern edge of the Nain Plutonic 

Suite “Coastal Trend” intrusions, which comprise numerous plutons of AMCG affinity 

emplaced between 1363 – 1290 Ma (Figure 2.1; Myers et al., 2008). This composite 

batholith, hereafter referred to simply as the “Nain Batholith”, represents the younger of 

Labrador’s two AMCG-type intrusive suites collectively encompassed under the Nain 

Plutonic Suite designation. The emplacement of the Nain Batholith is believed to have 

been facilitated by the confluence of two regional-scale structures, the N-S trending 

Torngat Orogen and the E-W trending Gardar-Voisey’s Bay Fault Zone (Myers et al., 

2008; McLelland et al., 2010). The individual plutons that comprise the batholith were 
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emplaced sporadically and do not define a consistent spatio-temporal trend, but the three 

youngest intrusions within its boundaries (including the FRIS) are located at the Nain 

Batholith’s southernmost edge.  

The Flowers River Igneous Suite comprises the Flowers River peralkaline granite and 

the coeval Nuiklavik Volcanics (Figure 2.2). The Flowers River Granite forms a series of 

arcuate to linear intrusions concentrically surrounding the Nuiklavik caldera, which is 

itself located within the largest granite pluton at the southeastern limits of the intrusive 

complex (Hill, 1982). Medium-grained peralkaline granite is the primary constituent of 

the intrusions, with sparse porphyritic and pegmatitic expressions, and some marginal 

confinement fabrics (Hill, 1982, 1991). The Nuiklavik Volcanics show a great diversity 

in lithofacies including crystal-rich to aphyric ash flows, porphyries, and possible lavas 

and subvolcanic domes (Miller, 1992, 1993), though intense alteration and imperceptible 

flow fabrics in hand sample frequently complicate discrimination of individual facies. 

Many Nuiklavik rocks have been subjected to extreme Na depletion (Miller, 1994), and 

rarely preserve a primary mineralogy diagnostic of their inferred originally peralkaline 

compositions. However, they contain trace-element profiles consistent with having been 

derived from the Flowers River Granite, including elevated concentrations of Zr, Y, and 

REE (Miller, 1992).  

The AMCG-type 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 intrusions are present in approximately equal 

proportion relative to associated hypersolvus, augite- and fayalite-bearing granites and   
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Figure 2.1. Regional map of Labrador showing the Nain Plutonic Suite's Coastal and Interior Trend 

AMCG associations. Peralkaline igneous centres are marked in red. H = Harp Lake intrusion; HT = 

Hettasch intrusion; K = Kiglapait intrusion; MA = Makhavinekh pluton; MC = Michikamau intrusion; 

MS = Mistastin Batholith; N = Nain anorthosite; NI = Newark Island intrusion; NK = Napeu Kainiut 

quartz monzonite; NO = Notakwanon Batholith; TBP = Three Bays Pluton; U = Umiakovik Batholith. 

Modified from Emslie (1994) and Kerr (2011). Pluton abbreviations after Emslie (1994). 
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Figure 2.2. Geological map of the Three Bays Pluton and Flowers River Igneous Suite. Individual plutons 

are marked as named by Hill (1988). Modified after Hill (1981). 
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monzonites, which are interpreted to be expressions of charnockite series magmas 

emplaced at comparatively shallow depths (e.g., Frost and Frost, 2008b). 

The boundaries for each of the three anorthosite bodies are not concretely defined, 

with little reference made to the associated granitoids in defining the present naming 

scheme. The collective areal extent of the Sango Bay, Merrifield Bay and Flowers Bay 

plutons prior to intrusion of the Flowers River Granite would likely have been roughly 

equivalent to that of the Notakwanon Batholith to their northwest. Furthermore, for 

reasons that will be discussed below, the AMCG-type rocks in the vicinity of the Flowers 

River complex are of sufficient petrologic significance to merit a distinct place within the 

regional nomenclature. The name “Three Bays Pluton” (TBP) is proposed here as a 

unifying designation to more concisely refer to all three anorthosite bodies, as well as 

their associated AMCG-affinity granitoids.   

Neither the Three Bays Pluton nor the predominantly granitic Notakwanon Batholith 

have been the subject of direct geochronological study, but their timing of emplacement 

has been inferred to be similar to ages reported for the Nuiklavik Volcanics (Myers et al., 

2008).  The timing of Flowers River magmatism itself as recorded in the literature is 

ambiguous. Collerson (1982) first reported a Rb-Sr errorchron age of 1262 ± 7 Ma for 

peralkaline granites located near Flowers Bay, at the northwestern edge of the Flowers 

River complex. Later zircon U-Pb dating reported two ages, 1291 ± 2 and 1289 ± 1 Ma, 

for a Nuiklavik porphyry (Miller, 1994), while three zircon fractions yielded a TIMS age 

of 1271 ± 15 Ma for a Flowers River Granite (Hill, 1991). The imprecision of the latter 

age does not clearly establish the length of time separating the AMCG-affinity suites and 
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the Flowers River Granite, and has accordingly precluded interpretation of any possible 

petrogenetic relationship between them.  

Although the Flowers River Igneous Suite has not been affected by regional 

metamorphism or penetrative deformation, the margin of Labrador has been subjected to 

several extensional tectonic events following FRIS emplacement, culminating in the 

opening of the Labrador Sea in the Cretaceous. This has produced periodic, variably 

voluminous magmatic events along the present-day margins of Greenland and Labrador, 

including the tholeiitic Harp Dyke swarm (coeval with the larger Mackenzie and 

Fennoscandian dyke swarms) and intrusion of carbonatites and lamprophyres between ca. 

590 – 565 Ma (Cadman et al., 1993; Tappe et al., 2006). These are documented in the 

surrounding Archean gneisses (and the Harp Dykes in the Harp Lake complex to the 

southwest), but have not been observed directly intruding the Nain Batholith. 

2.3. Sampling and Analytical Methods 

Samples were obtained during combined helicopter-assisted reconnaissance and transect 

mapping for the Geological Survey of Canada Geomapping for Energy and Minerals 

(GEM-2) program. Transects targeted regions of greatest stratigraphic variability within 

the Nuiklavik caldera or zones with noted radiometric anomalies and mineralization 

occurrences (following the mapping of Miller, 1993). Samples of both Three Bays and 

Flowers River intrusive lithologies were obtained from near the outer ring segments or at 

the margins of the central Flowers River intrusion (Figure 2.2). Thirty-seven samples 

chosen for whole-rock geochemical analysis were sawn and cleaned to remove surface 

weathering. Geochemical analyses were provided by Activation Labs in Ancaster, 
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Ontario using lithium borate fusion inductively coupled plasma-optical emission 

spectrometry (ICP-OES) and mass spectrometry (ICP-MS) for major- and trace-element 

analyses, respectively. Fluorine and chlorine were analyzed for select samples using ion 

selective electrode (ISE) methodology for F and instrumental neutron activation analysis 

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

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

data obtained by the Newfoundland Department of Mines and Energy for the Nuiklavik 

Volcanics and Flowers River Granite (Miller and Kerr, 2007; McConnell, 2010).  

Conventional petrography was supported by backscatter electron imaging and energy-

dispersive spectroscopy (EDS) using a JEOL 6400 scanning electron microscope (SEM) 

at the University of New Brunswick’s Microscopy and Microanalytical Facilities.  

Laser ablation (LA-) ICP-MS was conducted at the University of New Brunswick 

using a Resonetics S-155-LR ArF Excimer laser system coupled with an Agilent 

Technologies 7700x quadrupole ICP-MS. Analysis of zircon was performed in-situ (e.g. 

McFarlane and Luo, 2012) with on-sample fluence of 3 J/cm2 and a repetition rate of 3 

Hz. Zircon specimens were ablated for 30 second intervals for the collection of U-Pb 

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

trace element data. Ablation crater diameter varied between 33 µm and 45 µm depending 

on the modal size of zircon grains. Trace element studies of zircon collected Ti, Hf, Y, 

and a reduced REE suite to estimate zircon REE profiles, while minimizing analytical 

sweep times. The primary zircon geochronological standard used was FC-1, with 

Plesovice and 91500 serving as secondary standards. Trace-element analyses utilized 

91500 as the primary standard, along with synthetic glass standards NIST-610 and NIST-
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612. Pre-analysis instrument tuning was performed using NIST-610. Standard U-Pb ages 

are reproducible within 1% of the material’s true age. Calculated relative standard 

deviation (RSD) values for the trace element analyses rarely exceed 20%, with the 

majority in the range of 10 - 15%, but results always overlap documented values within 

error.  

2.4. Lithological Descriptions and Geochemistry 

2.4.1. Three Bays Pluton 

The prevalence of Three Bays Pluton lithologies varies with proximity to the caldera. 

Augite- and fayalite-bearing granite and monzonite are the most abundant rock types in 

the vicinity of the Nuiklavik volcanic pile. Fayalite-bearing granite is a variant of the 

more typical orthopyroxene-bearing charnockite-series AMCG rocks (Le Maitre, 2005; 

Frost and Frost, 2008b). The assemblage augite + fayalite is stabilized relative to 

orthopyroxene at lower pressures by the reaction fayalite + quartz = orthopyroxene 

(Bohlen et al., 1980). The name “augite-fayalite granite” is favoured here to optimize 

clarity and because clinopyroxene is more abundant than fayalite in the TBP granitoid 

samples examined here. These rocks are assumed to hold the same petrogenetic 

significance to the TBP as charnockite series lithologies do in AMCG suites elsewhere. 

Augite-fayalite granite and monzonite were encountered primarily along the caldera 

margin, but highly altered examples are also exposed in windows along high-elevation 

ridges. Augite-fayalite granites weather to a dull orange-brown in outcrop, and easily 

disintegrate into loose K-feldspar crystals. Fresh surfaces have a paler, pink-orange hue. 

In thin section, the granites contain abundant pale green augite and mesoperthite, with 
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subordinate olivine undergoing incipient alteration to iddingsite and/or grunerite. Three 

Bays granites in the immediate vicinity of the caldera have deeper green, weakly to 

moderately pleochroic augite with greater aegirine component, and minor sodic-calcic 

amphibole. Monzonitic rocks are pale grey to white in outcrop, and weather to a dull 

white or buff colour. Monzonites show more finely-exsolved perthite than granites, have 

smaller, pale brown augite crystals, contain plagioclase, and have only fully-

pseudomorphed olivine. They show greater degrees of alteration, approaching contact 

metamorphic assemblages, with decussate pale green hornblende and biotite as the 

dominant ferromagnesian minerals. A greater variety of lithologies were encountered 

along the margins of the central Flowers River pluton, distal to the caldera. These include 

anorthosite, leucogabbro, granite, and a microperthite-bearing, Fe-, Ti-, and P-enriched 

rock resembling a ferromonzogabbro or a melanocratic “jotunite” (e.g., Duchesne and 

Wilmart, 1997; Vander Auwera et al., 1998).  

Geochemical data for Three Bays Pluton lithologies are presented in Table 2.1. Three 

Bays granitoids unambiguously plot as A2-type granites (Figure 2.3a, b) and show 

relatively homogenous REE and trace-element profiles (Figure 2.4). These have 

pronounced negative Eu anomalies, flat HREE trends, slight relative depletion in Sr, P, 

Ti, and Ba, and variable Nb-Ta troughs. These replicate the results of prior geochemistry 

for the Notakwanon Batholith (Emslie et al., 1994). Exceptions to this trend include the 

ferromonzogabbro, which retains a weaker negative Eu anomaly and Sr depletion, but 

shows slight enrichment in Ba and Ti with a pronounced enrichment in P; and the 

anorthositic rocks, which have positive (or lack) Eu anomalies, are Ba-enriched, and are 

depleted relative to the granitoid lithologies. 



 

26 

 

F
ig

u
re

 2
.3

. 
G

e
o

c
h

e
m

ic
a
l 

d
is

c
ri

m
in

a
ti

o
n

 p
lo

ts
 f

o
r 

T
h

re
e 

B
a

y
s 

P
lu

to
n

 g
r
a
n

it
o
id

s,
 t

h
e 

F
lo

w
er

s 
R

iv
er

 

G
r
a
n

it
e,

 a
n

d
 s

u
b

so
lv

u
s 

g
r
a

n
it

e
. 
(A

) 
Z

r 
v

s 
1

0
0

0
0

*
A

l/
G

a
 a

n
d

 (
B

) 
(K

2
O

+
N

a
2
O

)/
C

a
O

 v
s 

Z
r 

+
 C

e
 +

 Y
 

+
 N

b
 d

ia
g

r
a
m

s 
a

ft
er

 W
h

a
le

n
 e

t 
a
l.

 (
1

9
8
7

).
 A

ll
 s

a
m

p
le

s 
p

lo
t 

a
s 

A
-t

y
p

e 
e
x
c
e
p

t 
fo

r
 o

n
e
 s

a
m

p
le

 o
f 

su
b

so
lv

u
s 

g
r
a

n
it

e.
 (

C
) 

Y
 v

s 
N

b
 v

s 
3

*
G

a
 t

er
n

a
r
y
 p

lo
t 

a
ft

e
r 

E
b

y
 (

1
9

9
2

).
 M

o
st

 s
a
m

p
le

s 
p

lo
t 

in
 t

h
e 

A
2
 

fi
e
ld

, 
b

u
t 

th
e 

th
re

e 
p

o
r
p

h
y
r
it

ic
 p

er
a

lk
a
li

n
e
 g

r
a

n
it

e
 s

a
m

p
le

s 
h

a
v
e
 Y

/N
b

 <
 1

.2
 a

n
d

 a
cc

o
r
d

in
g
ly

 p
lo

t 
in

 

th
e
 A

1
 f

ie
ld

. 

  



 

27 

 

Figure 2.4. Chondrite-normalized REE (top) and Primitive Mantle-normalized trace element (bottom) diagrams 

for the various suites of rocks exposed in the vicinity of the Flowers River Igneous Suite. Compositional ranges 

are provided for highly represented suites. Normalization factors after Sun and McDonough (1989). 
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2.4.2. Flowers River Granite 

The Flowers River Granite shows relative textural and mineralogical homogeneity, most 

commonly expressed as fine- to medium-grained pink to pink-white granite. It occurs less 

frequently as small (< 1m) pegmatitic veins intruding Three Bays Pluton anorthosite, 

especially near contacts along the margins of the Flowers River plutons. Hill (1991) also 

reports confinement fabrics near roof and sidewall zones of the intrusions. Outcrops of 

fine-grained porphyritic granite are exposed at the southern caldera margin and in incised 

valleys within the caldera. Pronounced petrologic differences between granite within the 

caldera and nearer the limits of the central pluton are apparent in thin section. 

Ferromagnesian and accessory mineral phases found near pluton margins are more 

coarse-grained and less altered, with Fe-oxide minerals still present in considerable 

abundance (Figure 2.5a). By contrast, the granite exposed within the caldera has 

developed much finer, hydrothermally-altered interstitial ferromagnesian minerals and 

clusters of partially dissolved and/or recrystallized accessory phases (Figure 2.5b, c). The 

essential mineralogical constituents in all cases are perthitic alkali feldspar, quartz, sodic-

calcic amphibole, aegirine-augite, and zircon; primary aenigmatite is found only in 

extracaldera granites, and perthitic lamellae are more coarsely developed in these rocks. 

Ilmenite is the primary Fe-Ti oxide phase, sometimes co-occurring with magnetite, and is 

commonly observed reacting with rims of sodic-calcic amphibole to form aenigmatite. It 

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

arfvedsonite, aegirine-augite, and aenigmatite), rarely display a conclusively magmatic 

appearance. Sodic pyroxene in particular is commonly present solely as metasomatic 
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overgrowths on sodic-calcic amphiboles, though definitive magmatic specimens are 

present in some of the extracaldera granite samples.  

Equigranular Flowers River Granite samples plot in the A2 field of Eby (1992); 

however, the three porphyritic samples cross into the A1 field. All Flowers River 

peralkaline granites show geochemical profiles identical to the Three Bays granitoids 

(Figure 2.4; Table 2.2), but appear more strongly differentiated (Figure 2.5a). Their major 

element makeup includes slight elevations in FeOT, Na2O, K2O, and slightly greater 

depletion of CaO, MgO, and TiO2 compared to augite-fayalite granites. Trace element 

profiles are similarly comparable with both augite-fayalite granites and monzonites, with 

the Flowers River Granite showing even more pronounced depletions in Ba, Sr, and P, 

stronger negative Eu anomalies, and greater absolute enrichment in all incompatible 

elements. Fractionation following this trend is generally attributed to the “plagioclase 

effect”, associated with sustained crystallization of plagioclase typical of magmas derived 

from continental tholeiites. 

2.4.3. Nuiklavik Volcanics 

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

discussion of the caldera’s architecture is beyond the scope of this study; a more 

comprehensive assessment of structural and geochemical aspects of the volcanic 

succession can be found in Miller (1993) and White (1980). The intensity of alteration, 

limited vertical exposures, and massive nature of samples often prohibits identification, 

beyond speculation, of a particular volcanic mode of emplacement. However, many rocks 

encountered over the course of this study display discontinuous flow folia or relict 
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fiamme, supporting earlier suggestions that welded tuffs constitute a large proportion of 

the Nuiklavik Volcanics (Figure 2.5d; Kerr, 2011). Well-preserved devitrification 

textures like micropoikilitic quartz or spherulites suggest many specimens had an initially 

glassy groundmass. Lithophysae are also common in layered facies, commonly filled 

with a hydrothermal assemblage of quartz, Fe-Ti oxides, fluorite, and 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 of any unit encountered 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 and 

Nain suites. Incompatible element signatures in Nuiklavik rocks can show both more or 

less absolute enrichment compared to their intrusive counterparts. In particular, the 

degree of HREE enrichment varies widely, with (La/Lu)CN between 1.04 – 12.2. There is 

no similar compositional breadth in the depleted elements (e.g., Ba and Sr), and the Eu 

anomalies occupy a narrow range (Eu/Eu* = 0.10 – 0.19). A systematic correlation exists 

between greater absolute REE concentrations and higher modal abundances of fracture-

associated REE-bearing minerals and intensity of alteration within a sample, suggesting 

the enrichment is metasomatic. Disseminated submicroscopic zircon in samples showing 

the greatest HREE enrichment offers a likely mineralogical repository for these elements, 

and is further corroborated by elevated whole-rock Zr (7100 – >10000 ppm) in these 

samples. The samples bearing this secondary zircon have also had positive Ce anomalies 

and concave-up HREE trends imposed on their whole-rock REE profiles. 
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Three distinct alteration styles are observed within the caldera, and are defined by the 

dominant groundmass minerals. White mica is the most widely distributed style of 

alteration, and commonly encroaches on feldspar phenocrysts or replaces them entirely. 

A distinct, hematitic alteration imparts a red to dark brown colour on the groundmass and 

red disseminated hematite particles cloud feldspar phenocrysts in affected rocks (Figure 

2.4a). Notably, this is the only alteration style accompanied by graphic textured 

pyroclasts of possible juvenile or accidental origin. Finally, a chlorite-dominant alteration 

was found only in two samples in the southwestern extent of the caldera, but chloritic 

alteration frequently occurs with bastnäsite-(Ce) ((REE)CO3F) and monazite ((REE)PO4) 

in otherwise sericitized rocks. Alteration styles in very fine-grained, aphyric ash-flow are 

more difficult to assess, but EDS results indicate an assemblage comprising chlorite and 

quartz. 

Samples affected by the chlorite-dominant alteration seen in the southwest 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 Nb-Ta trough, and are enriched in Ba (Figure 3). They are also the only 

volcanic lithologies observed to contain plagioclase, which is present with K-feldspar in 

polycrystalline lapilli. Although accidental fragments of monzonite could serve to impart 

moderately elevated Sr and Ba relative to the wholesale depletion observed throughout 

the caldera, imparting Ba concentrations in excess of the monzonites themselves is less 

plausible. Furthermore, only one of the two samples contains plagioclase-bearing lithic 

fragments, despite sharing near-identical geochemical signatures. Accordingly, these 

characteristics are deemed primary geochemical features of the samples. 
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Figure 2.5. Photomicrographs and backscatter electron (BSE) images from Flowers River lithologies. 

(A) BSE image of the major phase relationships observed in the Flowers River Granite. Aenigmatite 

reaction coronae separate ilmenite from sodic-calcic amphibole. (B) XPL photomicrograph and (C) 

BSE image of a common ferromagnesian and accessory mineral “package” in finer grained, 

hydrothermally-altered Flowers River Granite.  Bastnäsite-(Ce) is pseudomorphing a REE-bearing 

Ca-Fe-Ti silicate, possibly chevkinite. (D) Photomosaic showing the textural features present in a 

typical Nuiklavik ignimbrite. PPL. (E) Hematized and flow-banded crystal-rich Nuiklavik tuff. PPL. 

Abbreviations: afs – alkali feldspar; am – amphibole; aeg – aegirine; aeg-aug – aegirine-augite; aen – 

aenigmatite; bst – bastnäsite-(Ce); chev – chevkinite-(Ce); chl – chlorite; ilm – ilmenite; mnz – 

monazite; qtz – quartz; zrn – zircon.    

 

 

 

  



 

33 

 

 

Table 2.1. Whole-rock major- and trace-element analyses for Three Bays Pluton lithologies.  

 
Three Bays Pluton 

 
Granite Monzonite Anorthosite and  

Ferrogabbro  

Subsolvus 
Granite 

Sample No. 
(wt.%) 

T0001 T0003 T0010 T0015 T0038 T0045 T0002 T0121 T0127 T0105 T0132 

SiO2 73.40 66.83 72.38 74.03 59.83 56.12 51.36 51.94 48.08 74.89 73.54 
Al2O3 11.59 13.69 11.99 11.14 14.43 14.45 21.01 21.60 12.74 13.59 12.38 

Fe2O3 (T) 3.89 7.05 3.75 4.28 8.50 10.91 6.62 6.19 17.63 1.28 2.85 
MnO 0.075 0.115 0.072 0.064 0.145 0.207 0.072 0.064 0.218 0.020 0.040 
MgO 0.09 0.17 0.12 0.12 1.65 1.74 0.83 1.39 3.44 0.29 0.40 
CaO 0.48 1.91 0.47 0.66 3.97 4.18 7.86 8.46 6.70 0.55 1.13 

Na2O 3.67 4.43 3.91 3.83 4.91 4.69 4.91 4.55 4.13 3.23 4.20 
K2O 4.75 4.79 4.87 4.78 3.62 3.77 1.44 1.43 2.34 5.94 4.03 
TiO2 0.362 0.636 0.355 0.420 1.405 1.652 1.524 1.322 3.380 0.126 0.361 
P2O5 0.04 0.10 0.03 0.05 0.65 0.73 0.40 0.55 2.03 0.04 0.07 
LOI 0.40 0.49 1.89 0.29 1.02 0.62 2.31 3.05 -0.28 0.60 0.38 

Total 98.76 100.2 99.83 99.68 100.1 99.06 98.34 100.6 100.4 100.6 99.39             

Zn (ppm) 100 150 110 130 140 370 60 50 160 < 30 80 
Ga 26 29 27 28 36 35 24 20 21 16 20 
Ge 1.7 1.7 1.5 1.5 1.9 2.3 1.2 1.0 1.8 0.9 1.2 
Rb 136 132 147 163 85 129 22 88 62 165 102 
Sr 25 99 29 26 130 144 421 462 203 188 414 
Y 79.8 70.3 89.7 63.8 83.4 252.0 21.2 27.1 69.1 5.6 36.3 

Zr 652 594 661 729 1129 1364 229 178 428 137 613 
Nb 38.2 35.9 34.1 36.9 46.2 139.0 8.4 10.0 30.6 1.9 22.8 
Ba 399 1257 449 258 440 568 779 590 1032 1105 3016 
Nb 38.2 35.9 34.1 36.9 46.2 139.0 8.4 10.0 30.6 1.9 22.8 
Sn 5 5 5 6 8 25 2 6 4 1 2 
La 186 101 208 133 294 406 33 32 80 74 142 
Ce 370 204 376 255 545 782 65.8 63.6 176 131 274 
Pr 36.5 23.1 39.1 26.7 55.3 81.8 7.3 7.5 21.4 13.3 27.2 

Nd 117 86 127 92 189 276 28 30 86 40 91 
Sm 18.5 15.8 19.6 15.0 26.4 44.0 5.41 5.47 16.4 4.93 12.1 
Eu 1.23 2.72 1.43 0.97 3.22 4.36 2.85 1.82 3.46 0.59 2.44 
Gd 13.8 13.7 15.3 11.9 18.4 36.7 4.65 5.00 14.9 2.53 8.51 
Tb 2.32 2.13 2.58 1.92 2.71 6.42 0.68 0.82 2.16 0.25 1.20 
Dy 14.4 12.9 15.4 11.5 15.6 41.5 3.99 4.65 12.7 1.15 6.87 
Ho 3.01 2.55 3.21 2.33 3.00 8.87 0.79 0.92 2.60 0.20 1.37 
Er 9.07 7.54 9.34 7.07 9.05 27.6 2.32 2.57 7.13 0.58 3.99 

Tm 1.39 1.11 1.43 1.08 1.38 4.26 0.31 0.36 1.00 0.08 0.59 
Yb 9.28 7.44 9.27 7.81 9.13 28.8 2.1 2.23 6.46 0.49 4.05 
Lu 1.41 1.15 1.42 1.23 1.55 4.32 0.34 0.34 1.01 0.08 0.64 
Hf 15.5 13.7 12.7 15.0 24.5 43.2 5.30 3.80 8.60 3.90 13.3 
Ta 2.50 2.28 2.46 2.79 2.87 9.15 0.55 0.59 1.88 0.16 1.29 
Pb 21 26 19 14 21 95 7 12 20 24 20 
Th 19.8 14.7 18.5 15.2 17.9 45.2 3.02 2.17 6.52 24.5 13.3 
U 1.67 2.11 1.50 2.44 2.38 4.57 0.50 0.37 1.18 1.28 0.88 

            
A.I.  0.96 0.91 0.98 1.03 0.83 0.82 0.46 0.42 0.73 0.86 0.91 

A/CNK 0.96 0.86 0.95 0.88 0.75 0.74 0.88 0.88 0.59 1.07 0.93 
Fe/(Fe+Mg) 0.975 0.974 0.965 0.969 0.821 0.848 0.876 0.798 0.820 0.797 0.864 

Th/U 11.9 6.97 12.3 6.23 7.52 9.89 6.04 5.86 5.53 19.1 15.1 
10000*Ga/Al 4.24 4.00 4.26 4.75 4.71 4.58 2.16 1.75 3.12 2.23 3.05 

Eu/Eu* 0.22 0.55 0.24 0.21 0.42 0.32 1.69 1.04 0.66 0.45 0.70 
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Flowers River Igneous Suite 

 

 

Peralkaline Granite 

 

Peralkaline Granite 

Sample No. 
(wt.%) 

 

T0004 T0008 T0016 T0029 T0030 T0126 T0136 

SiO2 70.94 70.81 75.21 73.03 74.07 72.04 74.80 
Al2O3 11.86 11.69 11.64 11.60 11.15 9.02 11.10 

Fe2O3 (T) 5.17 5.01 3.82 4.86 4.69 7.89 4.10 
MnO 0.069 0.056 0.053 0.076 0.088 0.102 0.043 
MgO 0.08 0.05 0.03 0.02 0.02 0.08 0.08 
CaO 0.67 0.40 0.14 0.28 0.20 0.85 0.49 

Na2O 4.38 4.51 3.90 4.66 4.05 3.43 3.78 
K2O 4.95 4.99 4.99 4.79 4.72 3.98 4.42 
TiO2 0.411 0.288 0.315 0.320 0.309 0.929 0.550 
P2O5 0.03 0.01 N.D.  N.D. 0.01 0.02 0.04 
LOI 0.21 0.52 0.67 0.48 0.59 -0.06 0.18 

Total 98.76 98.33 100.8 100.1 99.91 98.28 99.59 
 

       

Zn (ppm) 200 140 150 210 260 320 130 
Ga 37 37 45 47 45 34 31 
Ge 2.0 1.9 1.6 2.3 2.2 3.2 1.5 
Rb 205 262 207 242 228 254 150 
Sr 17 18 9 13 7 20 32 
Y 123 161 47 153 163 192 53 

Zr 1050 1370 671 1825 1855 3544 1210 
Nb 39.6 65.2 57.9 150 150 93.9 31.6 
Ba 147 71 44 65 50 86 201 
Nb 39.6 65.2 57.9 150 150 93.9 31.6 
Sn 10 18 9 19 19 13 5 
La 179 264 66.4 236 149 844 116 
Ce 363 508 151 546 310 1620 248 
Pr 41.2 52.4 16.1 51.1 31.9 155 25.5 

Nd 152 173 55.5 169 106 506 90.0 
Sm 27.7 28.6 11.1 31.7 20.1 66.6 14.9 
Eu 1.390 1.270 0.473 1.400 0.887 2.400 0.839 
Gd 23.7 23.7 8.71 25.4 17.9 44.7 11.7 
Tb 3.80 4.16 1.51 4.41 3.74 6.24 1.81 
Dy 22.3 25.8 9.18 27.4 27.5 35.4 10.3 
Ho 4.54 5.64 1.87 5.74 6.24 6.95 2.04 
Er 13.4 17.4 6.09 18.0 19.6 21.1 5.87 

Tm 1.92 2.75 0.99 2.81 3.04 3.11 0.88 
Yb 13.0 18.4 7.83 19.1 20.5 20.9 6.08 
Lu 2.00 2.88 1.40 3.07 3.20 3.40 0.99 
Hf 24.1 32.0 17.1 46.1 47.8 63.8 21.8 
Ta 3.65 6.48 4.15 8.45 8.99 6.38 1.77 
Pb 43 143 21 45 38 63 19 
Th 22.6 26.6 12.6 27.2 26.1 45.6 9.8 
U 3.66 4.58 1.71 5.25 4.50 5.68 1.18 

        
A.I.  1.06 1.10 1.02 1.11 1.06 1.10 0.99 

A/CNK 0.86 0.86 0.96 0.87 0.92 0.78 0.93 
Fe/(Fe+Mg) 0.983 0.989 0.991 0.995 0.995 0.989 0.979 

Th/U 6.17 5.81 7.37 5.18 5.80 8.03 8.31 
10000*Ga/Al 5.89 5.98 7.31 7.66 7.63 7.12 5.28 

Eu/Eu* 0.16 0.14 0.14 0.15 0.14 0.13 0.19 

Table 2.2. Whole-rock major- and trace-element analyses for the Flowers River peralkaline granite. 
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 Nuiklavik Volcanics – Aphyric Facies 

 
Sample No. 

(wt.%) 
T0022A T0022C T0025 T0042 T0116 T0117 T0119 

SiO2 74.87 73.97 75.91 75.78 80.07 71.67 68.53 
Al2O3 9.70 9.45 9.36 9.10 7.99 8.57 16.1 

Fe2O3 (T) 6.42 6.81 7.53 5.79 6.48 13.4 2.70 
MnO 0.055 0.081 0.096 0.043 0.059 0.114 0.063 
MgO 0.05 0.04 0.07 0.09 0.03 0.07 0.04 
CaO 0.31 0.16 0.12 0.19 0.04 0.05 0.07 

Na2O 2.80 3.66 0.08 0.32 0.11 0.07 0.19 
K2O 4.41 4.50 4.54 5.80 1.71 1.07 4.57 
TiO2 0.226 0.224 0.247 0.347 0.376 0.363 0.878 
P2O5 N.D. 0.02 0.01 0.02 0.05 0.03 0.07 
LOI 0.35 0.20 1.42 0.36 1.91 2.28 2.80 

Total 99.19 99.11 99.39 97.85 98.83 97.69 96.02         

Zn (ppm) 520 520 530 560 1300 550 360 
Ga 44 43 40 29 40 41 75 
Ge 2.2 3.6 1.3 1.2 1.7 1.6 1.7 
Rb 521 520 504 353 253 191 584 
Sr 12 13 11 34 8 7 15 
Y 480 465 505 433 973 889 1720 

Zr 4584 4558 4593 3778 8735 7147 > 10000 
Nb 270 260 221 131 549 412 975 
Ba 17 19 47 114 29 50 50 
Sn 48 52 51 26 114 102 205 
La 353 334 373 290 764 192 284 
Ce 770 729 808 629 1700 474 938 
Pr 85.1 80.9 90.9 71.8 181 51.8 73.7 

Nd 301 285 316 270 628 206 314 
Sm 66.0 64.0 71.3 56.8 137 74.2 123 
Eu 2.21 2.29 2.40 2.40 6.08 4.07 6.93 
Gd 64.1 64.3 68.2 56.1 130 87.5 157 
Tb 12.2 12.1 12.8 10.7 24.6 19.3 37.3 
Dy 79.1 78.1 85.9 71.2 162 140 269 
Ho 16.9 16.3 18.0 15.4 34.1 32.1 60.6 
Er 52.1 49.9 55.4 46.6 105 104 188 

Tm 7.84 7.59 8.43 7.03 15.9 16.0 29.6 
Yb 51.5 49.9 55.5 43.3 103 105 195 
Lu 7.72 7.44 7.89 6.47 15.1 15.4 28.3 
Hf 111 109 108 98.4 227 160 483 
Ta 21.4 20.6 20.6 11.0 43.8 36.9 76.3 
Pb 138 153 157 127 290 237 75 
Bi 0.4 0.4 0.3 0.2 0.4 0.2 0.2 
Th 91.4 86.8 95.7 78.0 208 178 372 
U 15.9 15.8 17.3 9.79 36.4 36.6 42.0 

        
A.I.  0.97 1.15 0.54 0.75 0.25 0.15 0.33 

A/CNK 0.98 0.85 1.78 1.27 3.80 6.28 2.99 
Fe/(Fe+Mg) 0.991 0.993 0.990 0.983 0.995 0.994 0.984 

Th/U 5.75 5.49 5.53 7.97 5.71 4.86 8.86 
10000*Ga/Al 8.57 8.60 8.08 6.02 9.46 9.04 8.80 

Table 2.3. Whole-rock major- and trace-element analyses for aphyric facies of the Nuiklavik Volcanics. 
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 Nuiklavik Volcanics – Porphyritic Facies 

 
Sample No. 

(wt.%) 
T0009A T0009B T0014 T0018 T0026A T0026B T0046 T0048 T0084 T0085 T0094 

SiO2 72.34 74.14 73.05 75.55 67.26 76.8 74.33 71.28 75.33 73.92 74.77 
Al2O3 11.30 11.35 9.59 10.50 22.01 14.00 11.53 12.65 10.86 12.89 10.69 

Fe2O3 (T) 6.33 6.20 9.43 5.68 1.04 2.65 4.84 7.48 3.93 3.59 4.98 
MnO 0.074 0.076 0.093 0.038 0.013 0.028 0.029 0.071 0.048 0.019 0.062 
MgO 0.22 0.15 0.09 0.05 0.04 0.03 0.05 0.10 0.04 0.03 0.06 
CaO 1.94 0.32 0.06 0.11 0.05 0.05 0.05 0.11 0.19 0.08 0.19 

Na2O 1.49 0.15 1.90 1.24 0.46 0.20 0.19 0.13 4.22 4.91 2.95 
K2O 4.39 4.66 4.50 5.44 5.62 3.54 5.56 3.77 4.44 3.87 4.55 
TiO2 0.616 0.612 0.338 0.380 0.601 0.385 0.333 0.407 0.182 0.295 0.291 
P2O5 0.13 0.10 N.D. 0.02 0.06 0.02 0.01 0.05 N.D. 0.03 N.D. 
LOI 0.96 1.23 0.88 0.86 3.15 2.29 1.49 2.32 0.32 0.40 1.15 

Total 99.78 99.00 99.95 99.86 100.3 99.98 98.43 98.37 99.56 100.0 99.7 
 

           

Zn (ppm) 130 120 100 300 30 80 60 120 540 70 170 
Ga 25 21 40 35 73 55 33 35 45 35 34 
Ge 1.1 0.8 2.2 1.8 1.1 1.3 1 1.2 2.6 1.7 2 
Rb 147 207 374 452 661 381 279 241 531 197 289 
Sr 173 54 11 14 20 9 15 10 10 11 11 
Y 66.4 61.5 372 274 196 482 115 126 339 129 133 

Zr 556 519 3958 2790 2209 5240 1022 1215 2034 1179 1687 
Nb 16.1 14.3 180 171 135 291 51.3 55.3 197 78.1 93.5 
Ba 2132 1920 35 43 130 49 142 54 12 88 52 
Sn 3 3 24 30 20 62 15 11 49 13 15 
La 96.8 93.1 316 268 297 265 176 255 141 126 183 
Ce 196 191 683 454 540 579 347 493 291 180 374 
Pr 22.5 21.7 75.6 59.8 65.6 65.2 37.3 51.7 33.2 30.5 40.1 

Nd 83.8 81.8 258 207 227 232 125 174 111 102 139 
Sm 15.3 15.3 51.4 40.2 39.3 56.1 21.2 28.6 27.5 20.0 26.0 
Eu 2.32 2.52 2.05 1.83 1.58 2.23 0.98 1.39 0.70 0.88 0.98 
Gd 13.2 12.7 48.5 37.8 31.8 56.6 17.7 23.0 28.6 18.4 22.1 
Tb 2.02 1.94 9.54 6.91 5.27 11.7 3.09 3.69 6.28 3.38 4.01 
Dy 11.9 11.5 63.2 44.6 33.7 77.4 20.0 21.6 45.7 21.3 25.5 
Ho 2.42 2.26 13.5 9.39 7.01 16.7 4.17 4.51 10.6 4.59 5.21 
Er 7.06 6.58 42.4 28.5 21.6 50.9 12.7 13.7 35.0 13.5 16.1 

Tm 1.01 0.95 6.37 4.21 3.09 7.73 1.98 2.05 5.82 2.06 2.62 
Yb 6.41 6.16 41.2 27.3 21.0 50.4 12.9 13.4 39.0 13.9 18.1 
Lu 1.00 0.96 6.40 4.28 3.25 7.55 1.97 2.16 5.72 2.11 2.82 
Hf 14.2 13.7 85.2 68.0 51.9 125 24.3 26.7 59.6 28.2 39.7 
Ta 1.15 1.13 14.0 12.5 7.27 19.7 4.35 4.52 20.4 6.04 7.27 
Pb 36 37 70 69 84 116 47 23 112 38 24 
Bi 0.2 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 < 0.1 < 0.1 
Th 13.8 12.8 66.7 54.8 35.5 86.7 22.6 23.4 60.4 24.0 36 
U 1.73 1.85 9.89 7.95 6.03 16.7 3.40 4.22 12.0 2.3 3.64 

            
A.I.  0.64 0.47 0.83 0.76 0.31 0.30 0.55 0.34 1.08 0.95 0.91 

A/CNK 1.05 1.93 1.18 1.29 3.18 3.29 1.80 2.81 0.90 1.04 1.06 
Fe/(Fe+Mg) 0.962 0.973 0.989 0.990 0.959 0.987 0.989 0.985 0.989 0.991 0.987 

Th/U 7.98 6.92 6.74 6.89 5.89 5.19 6.65 5.55 5.03 10.43 9.89 
10000*Ga/Al 4.18 3.45 7.88 6.23 6.27 7.42 5.41 5.23 7.83 5.13 6.01 

Table 2.4. Whole-rock major- and trace-element analyses for porphyritic facies of the Nuiklavik Volcanics. 
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2.4.4. Subsolvus granite 

Two outcrops of subsolvus granite were encountered while mapping. They are 

petrologically distinct and have metaluminous to weakly peraluminous chemistry 

(A/CNK = 0.93 – 1.07; Table 2.1). Their trace element profiles are entirely distinct 

among the other intrusive samples collected, and are relatively depleted in incompatibles 

and undepleted in Sr and Ba. Gneissic xenoliths up to 0.5 m in diameter were visible in 

outcrop, and microxenolith domains of biotite + quartz ± titanite are observable in thin 

section. These domains have reacted with the host rock to produce rims of green augite. 

 2.5. U-Pb Geochronology 

Zircon from 17 samples were analyzed in situ using SEM backscatter-electron (SEM-

BSE) images to guide spot placement and avoid mixed-domain analyses. Zircon U-Pb 

age results are summarized in Table 2.5. Data were pruned by progressive exclusion 

based on discordance estimates for each data point, with cut-offs at 1%, 2%, 3%, and 5% 

for both normally and reversely discordant data. This subset of the data was subsequently 

screened for outliers using the 206Pb/238U age of individual analyses. Both a weighted 

mean 206Pb/238U age and concordant age were determined for all discordance intervals, 

where possible.  The discordance limit used for a given sample age is reported alongside 

the data in Table 2.5, along with the number of analyses (n) and number of unique zircon 

grains (nz) used in the age calculation.  
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2.5.1. Three Bays Pluton 

Zircon in Three Bays Pluton granitoid samples are <1mm in diameter and form stubby 

prismatic to blocky crystals (Figure 2.6a). Backscatter images reveal a weak magmatic 

zonation, absent of features indicative of subsequent alteration or recrystallization.  

Ages obtained for Three Bays Pluton lithologies agree well with the ca. 1290 Ma 

emplacement age originally proposed by Miller et al. (1997) for the Notakwanon 

Batholith. A single-sample age of 1289 ± 2 Ma for an augite-fayalite granite provides the 

most precise age obtained for this group (sample CXAT0015; Figure 2.7). A small 

number of ca. 1330 Ma zircon ages are present among the < 3% discordant 206Pb/238U age 

populations, interpreted to represent inheritance from older pulses of magmatism; a 

comparable upper intercept age of 1300 ± 14 Ma is obtained for the ferromonzogabbro. 

2.5.2. Flowers River Granite 

Zircon in Flowers River Granite shows considerable morphological diversity. Near the 

margins of the intrusions are pristine euhedral zircon 1 – 3 mm in diameter (Figure 2.6b) 

and locally comprising up to 2.5% of the modal mineralogy, larger and more abundant on 

average than zircon in the Three Bays Pluton lithologies. These have a stubby prismatic 

habit and preserve well-defined, concentric magmatic zonation. The 206Pb/238U ages for 

these grains are broadly uniform around ca. 1281 Ma, but a sparse population of ca. 1330 

Ma zircon analyses are also present. The most precise single-sample concordant ages 

obtained are 1282 ± 3 Ma and 1279 ± 3 Ma (Figure 2.7).  

Zircon morphologies toward the centre of the intrusion underlying the caldera reflect 

greater post-crystallization disturbance. A prevalent feature of this zircon is its amoeboid 
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geometry (Figure 2.6c), which is observed truncating or overgrowing an original 

magmatic zonation in backscatter images. Interspersed among these are small, fractured, 

euhedral rhomb- and block-shaped zircons, whose internal structures are convolute and 

patchy. In most cases, zircon in these samples shows a pronounced common Pb 

contamination, which is addressed using a 204Pb-based correction. Much of the 204Pb-

corrected 206Pb/238U age distribution within this population overlaps with the ca. 1281 Ma 

date obtained from the less-disturbed samples. A diffuse assortment of younger ages is 

also present within the data, spanning 540 to 1220 Ma, interpreted to reflect either ancient 

Pb loss or an analysis of two discrete age domains. 

2.5.3. Nuiklavik Volcanics 

Zircon phenocrysts are abundant in most crystal-rich ash facies within the caldera, but are 

mostly absent from aphyric ash-flows and ignimbrites. Internal structure is rarely evident 

in backscatter images, and where present appears as faint oscillatory zonation. Crystal 

size and morphology once again ranges from prismatic to blocky (Figure 2.6d), as is the 

case for intrusive lithologies, but subhedral crystal fragments thereof are also prevalent.  

Age data for Nuiklavik volcanic rocks define three distinct groups (Figure 2.8): 

The oldest yields a concordant age of 1290 ± 5 Ma; the intermediate population a 

concordant age of 1282 ± 4 Ma; and the youngest a concordant age of 1271 ± 6 Ma. 

Though the older two populations overlap within error, the sample sets merit further 

distinction on petrologic and geochemical grounds (discussed further in Section 2.6.2).  
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Table 2.5. Summary of U-Pb zircon ages for rocks in the Flowers River area.  

Sample Lithology Conc. Age  
[Inh] (Ma) 

MSWD 
[Inh] 

Type n nz Weighted 
Mean 206Pb/238U 

Age (Ma) 

MSWD Discordance 
Cutoff 

 
TBP 

         

T0001 Aug-fay granite 1293 ± 3 2.2 Conc. 15 5 1291 ± 6 1.8 1% 

T0015 Aug-fay granite 1289 ± 2 1.9 Conc. 30 6 1290 ± 2 0.69 1% 

T0043 Aug-fay granite 1289 ± 4 1.6 Conc. 10 6 1291 ± 5 0.63 2% 

T0045 Aug-fay monzonite 1292 ± 4 1.7 Conc. 13 5 1290 ± 5 0.95 3% 

T0127 Ferromonzogabbro 1300 ± 14 1.19 Upper Int. 8 4 1299 ± 9 3.5 - 

T0132 Subsolvus granite 1294 ± 7 
[2557 ± 23] 

0.83 
[0.38] 

Conc. 9 
[5] 

6 
[5] 

1291± 8 
 [2553 ± 48] 

1.02 
[3.2] 

1% 

 
FRG 

         

T0004 Peralkaline granite 1281 ± 6 0.37 Conc. 10 4 1283 ± 9 5.2 2% 

T0008 Peralkaline granite 1280 ± 4 0.7 Conc. 8 8 1275 ± 11 8.4 1% 

T0030 Peralkaline granite 1281 ± 5 0.82 Conc. 11 9 1281 ± 8 1.9 3% 

T0124 Hornblende granite 1281 ± 5 2.9 Conc. 13 3 1279 ± 5 0.49 1% 

T0126 Peralkaline granite 1282 ± 3 2.9 Conc. 28 17 1280 ± 4 1.4 1% 

T0136 Peralkaline granite 1279 ± 3 1.7 Conc. 15 9 1278 ± 5 1.7 2% 

 
NV 

         

T0009A Lithic tuff 1293 ± 12 0.64 Conc. 6 6 1288 ± 5* 0.78* 3% 

T0009B Lithic tuff 1290 ± 5 2.2 Conc. 9 9 1288 ± 5* 0.78* 1% 

T0021 Crystal tuff 1276 ± 6 0.74 Conc. 10 6 1276 ± 6 1.18 2% 

T0026-1 Qtz-phyric tuff 1271 ± 3 0.74 Conc. 20 14 1271 ± 4 1.6 1% 

T0049 Crystal tuff 1271 ± 6 1.8 Conc. 12 5 1269 ± 7 1.03 1% 

T0085 Alk. fsp-phyric tuff 1281 ± 7 0.85 Conc. 13 8 1278 ± 8 0.33 3% 

T0091 Alk. fsp-phyric tuff 1282 ± 4 1 Conc. 8 7 1281 ± 5 0.7 1% 

T0101 Qtz-phyric tuff 1275 ± 8 2.2 Conc. 8 4 1272 ± 9 0.52 1% 

 

 

 

 

 

 

 

 

 

 

  

Conc: Concordant Age; Upper Int: Upper Intercept Age. 
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Figure 2.6. Contrast-enhanced SEM-BSE images of zircon specimens in the Flowers River area. (A) Zircon from a 

Three Bays augite-fayalite granite (CXAT0001) showing relatively homogeneous internal structure. (B) Euhedral 

zircons from an equigranular Flowers River Granite (Sample CXAT0126) with prominent oscillatory zonation. (C) 

Zircon from a porphyritic Flowers River Granite (Sample CXAT0030) with irregular amoeboid geometry. Relict, 

concentric internal structures are weakly preserved in some parts of the crystals and may indicate partial 

dissolution of a primary zircon crystal. These may alternately be pseudomorphs of an earlier (possibly Zr-bearing) 

phase. (D) Zircon from a Nuiklavik porphyry (CXAT0046) showing concentric magmatic zonation. Abbreviations: 

bst – bastnäsite-(Ce), mnz – monazite-(Ce). Inclusions in (A) and (B) are of apatite or alkali feldspar. 
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2.5.4. Subsolvus granite 

Two concordant zircon ages are obtained from a sample of subsolvus granite (Sample 

CXAT0132), and weakly discordant analyses from the older population define a 

Discordia line between them (Figure 2.9). The older concordant age is 2557 ± 23 Ma, 

whereas the younger is 1293 ± 8 Ma. 

 2.6. Discussion 

2.6.1. Age of the Flowers River suite 

The bulk of the Flowers River Granite records an emplacement age of ca. 1281 Ma. This 

result is within error of the original 1271 ± 15 Ma zircon age presented by Hill (1991). 

Similarly, Collerson (1982) reported a comparatively young Rb-Sr age of 1262 ± 7 Ma 

for peralkaline granites to the northeast of the study area; however, the 87Rb decay 

constant has since been revised. When adjusted for the new 87Rb decay constant of 

1.3972 ± 0.0045 * 10-11 a-1 (Villa et al., 2015), the data yield an age of 1281 ± 3 Ma 

(MSWD = 1.2), which is in good accord with the U-Pb ages reported here for the Flowers 

River Granite. Alternatively, when adjusted for the decay constant of 1.408 * 10-11 a-1 

(Gargi, 2019), the data provide an age of 1271 ± 3 Ma (MSWD = 1.2), which overlaps 

with the U-Pb ages obtained for a subset of the Nuiklavik Volcanics. No peralkaline 

granite samples analyzed in this study provided an age in this range, and on this basis the 

result using the decay constant of Villa et al. (2015) is favoured. Nevertheless, the 

existence of a peralkalic intrusive phase coeval with the youngest volcanic lithologies 

cannot be ruled out (see Section 2.6.3.), therefore either of these ages may be accurate. In 

any case, the agreement reaffirms that the (87Sr/86Sr)i values obtained from these data are 
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likely reliable estimates of the whole-rock isotopic signature of the Flowers River 

Granite. Model I Rb-Sr calculations performed in IsoPlot 3.75 (Ludwig, 2003) provide a 

(87Sr/86Sr)i of 0.70808 ± 0.00015, compared with an original value of 0.7080 ± 0.0018 

(Collerson, 1982).  

The Three Bays granitoids provide an age of ca. 1290 Ma, coincident with the 

previously inferred age for the Notakwanon Batholith. Assuming the two are roughly 

coeval, the prior interpretation of the Notakwanon Batholith (and by extension, the Three 

Bays Pluton) as the youngest “typical” AMCG-affinity intrusion in the Nain Plutonic 

Suite (Myers et al., 2008) appears to have been correct, and this style of magmatism can 

be concluded to have ceased regionally following the emplacement of these two 

intrusions. It should be noted that this age for the Notakwanon Batholith is inferred from 

its proximity to the Flowers River Igneous Suite, and direct geochronological study is 

needed to clarify its temporal relationship with the Three Bays Pluton. This is of 

particular interest given that they are the only two AMCG-affinity intrusions within the 

Nain Batholith whose granitoid lithologies are dominated by the lower-pressure augite + 

fayalite assemblage. 

A gap of several million years separates the Flowers River Granite from the older 

AMCG rocks it intrudes. While not unusual in a broader regional context – Myers et al. 

(2008) propose five episodes of growth within the Nain Batholith – the abrupt shift to 

peralkalinity following this particular gap warrants additional scrutiny. Potential tectonic 

implications of this shift are explored in Section 2.6.4.  
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Figure 2.8. Concordant U-Pb zircon ages for old (A), 

intermediate (B), and young (C) sample populations 

identified within the Nuiklavik Volcanics. 
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Figure 2.9. Concordia plot showing U-Pb zircon ages for two concordant populations in 

sample T0132, a subsolvus granite from the Three Bays Pluton. The superimposed 

Discordia line intersects both Concordant ages and is defined by weakly discordant 

analyses within the older population. 
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2.6.2. Affinity of the subsolvus granite 

The subsolvus granite displays a sufficiently distinct geochemical signature to distinguish 

it from the other granitoid lithologies of the region. The younger concordant age obtained 

for the sample lies outside of error of the Flowers River suite. Though the age lacks 

sufficient precision to discount an origin unique from any of the suites discussed at length 

here, it most likely coincides with the emplacement of the Three Bays Pluton.  Despite 

this, the rocks differ substantially both petrologically and geochemically from both Three 

Bays granites and monzonites. Combined with the prevalence of xenoliths in outcrop and 

their metaluminous to weakly peraluminous geochemistry, they likely represent the 

products of crustal anatexis in response to the local thermal anomaly imposed by lower 

crustal ponding of the mantle-derived magma parental to the remainder of the Three Bays 

Pluton suite. Assuming they are equivalent units, the high (87Sr/86Sr)i reported for 

subsolvus granites in Collerson (1982) would support this conclusion, though these data 

have a high degree of scatter. The relatively enriched trace-element composition of 

sample CXAT0132 (Figure 2.3) may further suggest that mixing occurred between these 

anatectic liquids and some proportion of coeval mantle- or lower crustal-affinity melts. 

 The inherited age present in these rocks indicates that the crust underlying the 

Three Bays and Flowers River suites is Neoarchean in age. This suggests that these 

magmas were emplaced in a region of the Archean crust that was involved in the ca. 2500 

Ma reworking of the Hopedale-Saglek suture (e.g., Wasteneys et al., 1996). The extent to 

which this additional zone of structural weakness may have contributed to facilitating 

magmatic ascent may yield greater insight into how the magmas were able to reach such 

shallow depths, and merits further investigation. 
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2.6.3. Revised Nuiklavik Caldera architecture 

The Nuiklavik Volcanics have been treated by previous authors as a single coherent 

volcanic assemblage, co-magmatic with the Flowers River magmas (Hill, 1982; Miller, 

1993). Geochronological and geochemical data presented here instead support episodic 

growth linked to at least two distinct magmatic sources. The lowermost unit of the 

caldera is the most easily discriminable given that members of this unit are the only 

Nuiklavik rocks observed to contain plagioclase (albeit in apparent lithic fragments). 

They are not as severely depleted in Ba and Sr, are less enriched in incompatible 

elements overall, and 10000*Ga/Al < 5, distinguishing them from other Nuiklavik rocks. 

Geochronology places them as the oldest volcanic episode at 1290 ± 5 Ma, coincident 

with emplacement of the Three Bays Pluton. Paired with their similar trace element 

geochemistry, magmas associated with the Three Bays Pluton are the likely source for 

this phase of volcanism. The original ages of 1291 ± 2 and 1289 ± 1 Ma reported for the 

Nuiklavik Volcanics were likely also measured from this unit. Lithogeochemical analyses 

of samples from Miller and Kerr (2007) with Ba concentrations greater than 500 ppm 

were collected overwhelmingly from the western edge of the caldera, consistent with the 

sampling location for this study. Accordingly, the mapping distribution of these Ba-rich 

samples is interpreted to represent exposures of this subunit (Phase I). The Phase I 

volcanic rocks bear geochemical similarities to both the mangerite-charnockite series 

rocks, as well as to the subsolvus granite. It is not immediately apparent which of these 

magmas was parental to this episode of volcanism, or alternatively whether both may 

have been involved in some capacity. 
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 The U-Pb data may support a second stratigraphic subdivision. Two crystal-rich 

volcanic samples provide ages of 1281 ± 7 Ma and 1282 ± 4 Ma, which are in good 

agreement with crystallization ages determined for the Flowers River Granite (Phase II). 

Hematitic alteration (Figure 2.5a) is characteristic of these samples, and they are the only 

volcanic lithofacies with phenocrysts that display local granophyric texture. The third and 

final group (Phase III) yield concordant ages at 1271 ± 6 Ma and 1271 ± 3 Ma. These 

ages do not coincide with that of any intrusive phase encountered in the study area, but 

overlap with the emplacement age of the Harp Dykes, which intrude peripherally around 

the Three Bays Pluton and Flowers River Igneous Suite (Cadman et al., 1993). Phase III 

sample geochemistry is indistinguishable from Phase II volcanism, implying a possible 

relation to the Flowers River suite. It is possible that they represent a re-melted precursor 

lithology to the Flowers River Granite produced by heat fluxed from Harp Dyke 

emplacement, or that some volume of Flowers River magma remained at depth for an 

extended period. Given the Flowers River Igneous Suite’s inferred shallow depth of 

emplacement (Hill, 1991), the former scenario appears more plausible. The justification 

informing this conclusion is expanded upon further in Section 2.6.4. In either case, the 

geochemical similarities between the second and third phases of volcanism suggest any 

intrusive equivalent to the Phase III volcanic rocks may replicate features of the Flowers 

River Granite.  

 A revised caldera map (Figure 2.10) reflecting the new three-phase interpretation 

has been constructed by combining the detailed volcanostratigraphic mapping of Miller 

(1993) with firsthand field observations, U-Pb data, and georeferenced geochemical data 

from Miller and Kerr (2007). This version of the map is informed primarily by new U-Pb 
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Figure 2.10. Lithologic and volcanostratigraphic map of the Nuiklavik caldera showing estimated 

preservation extents for each phase of volcanism. All mapped contacts between separate 

volcanostratigraphic units are inferred using georeferenced geochemical data, with contacts inferred 

using topography. Modified from Miller (1993). 

geochronology and, as such, is not fully compatible with the Miller (1993) interpretation. 

However, given the anatectic origin proposed here for the Phase III volcanic rocks, it is 

not unlikely that similar lihtofacies successions would arise from both events, and that 

these would not be differentiable from a purely volcanological standpoint. Accordingly, it 

is suggested that the two interpretations be used in concert for future investigations. 
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2.6.4. Petrogenetic implications 

Silicic peralkaline magmatism has traditionally been attributed to extensive fractionation 

and crustal contamination of a mildly alkaline (“transitional”) basaltic melt derived from 

a metasomatized region of the mantle (e.g., Larsen and Sørensen, 1987; Kramm and 

Kogarko, 1994; Markl et al., 2010). These magmas may attain metaluminous, trachytic 

compositions before ultimately transitioning to peralkaline ones (Romano et al., 2018; 

Chen et al., 2019). By contrast, most Proterozoic AMCG magmas have been shown to 

feasibly derive from high-pressure fractionation of a tholeiitic, rather than transitional or 

alkalic, basaltic liquid (Frost and Frost, 2013). Crustal alternatives for generating 

peralkaline melts have not received much support, but crustal models for AMCG 

granitoid genesis are equally as prominent as their mantle-centric counterparts (e.g., 

Emslie et al., 1994; McLelland et al., 2010; Ashwal and Bybee, 2017). Accordingly, 

clarifying the source of the Three Bays granitoids is critical to assessing whether a 

genetic relationship with the Flowers River Granite is tenable. 

 Factors which limit potential sources for the AMCG-type rocks considered here 

are their low fO2 and high Fe/(Fe+Mg) values, which are feasible only by direct 

fractionation of a tholeiitic melt or delayed partial melting of a differentiate thereof which 

has crystallized at depth (Frost and Frost, 1997). Creaser et al. (1991) showed that, given 

a source of tonalitic to granodioritic composition (with further stipulation by Frost and 

Frost (1997) that it must be ilmenite-bearing), the anhydrous, low-fO2 and high-Fe 

compositions can be reproduced through crustal anatexis. Gneiss of tonalitic to 

granodioritic composition is notoriously abundant in Archean terranes, and it is not 

unreasonable to think rocks of this composition could be voluminously represented in the 
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underlying Hopedale Block. On these grounds, a crustal origin for the Three Bays 

granitoids cannot be fully discounted; however, the narrow fO2 requirements, coupled 

with field documentation of associated weakly alkalic, necessarily mantle-derived 

ferrogabbros (Hill, 1988; see also sample CXAT0127 in Table 1) make it the less 

compelling option. The case for a crustal origin is weakened further if the subsolvus 

granite is in fact representative of a contemporaneously-generated crustal melt, given its 

clear petrologic and geochemical distinction from the other Three Bays Pluton 

lithologies. 

 The trace element makeup of the Flowers River rocks relative to the Three Bays 

granitoids mimics the enrichment trends observed to accompany progressively younger 

plutonism throughout the Nain Batholith. This includes progressive exaggeration of their 

negative Eu anomalies, Fe/(Fe+Mg) approaching unity, progressive depletion of Ba, Ti, 

Sr and P, and enrichment in REE and Nb (Emslie and Stirling, 1993). This trend is 

evident even between the least- and most-evolved Three Bays augite-fayalite granite 

samples, and accordingly a similar genetic link between the Three Bays granitoids and 

Flowers River Granite is hard to dispute. The type A1-A2 discrimination criteria defined 

by Eby (1992) further support a potentially similar genesis for the Three Bays granitoids 

and all but three samples of the Flowers River peralkaline granite (Figure 2.3b), though 

they cannot differentiate between a mantle or crustal source. The three Flowers River 

Granite samples that plot as type A2 (i.e., have Y/Nb < 1.2) are all porphyritic and occupy 

a high structural level in the central Flowers River pluton. While a distinct origin is 

possible, textural and mineralogical evidence suggest these rocks are more likely 

substantially undercooled variants of the equigranular peralkaline granites that 
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subsequently experienced extensive subsolidus alteration, and these are unlikely to 

represent a liquid composition. The comparatively low Y/Nb ratio of these rocks may be 

an artifact of zircon fractionation (Eby, 1992) or a result of preferential mobilization of Y 

by deuteric fluids. In the latter case, however, mobilization of Y and Nb in altered 

specimens appears to be broadly correlated. Nevertheless, the Flowers River Granite 

appears to have been derived from a similar source to the Three Bays Pluton granitoids. 

Accepting this relationship raises further questions: first, how the system ultimately 

acquired a peralkaline composition; and second, how can the ~8 Ma period of magmatic 

quiescence separating the two suites be accommodated by a cogenetic model? 

 The first question can be resolved simply if a transitional or alkali basaltic magma 

is assumed to be parental to the Three Bays suite as well as the Flowers River Granite. As 

noted above, this is supported by the presence of compositionally appropriate 

ferrogabbroic rocks. It is also easily rationalized within the regional geodynamic context 

of the time, given the lithosphere intruded by the Nain Batholith was directly affected by 

the Torngat Orogeny (1920 – 1800 Ma), and the consequent terrane suture is speculated 

to have facilitated ascent of the magmas (Myers et al., 2008). However, the southernmost 

extents of this affected region would have been subjected thereafter to the Labradorian 

Orogeny (1710 – 1600 Ma; Gower et al., 1997), and may have similarly experienced 

peripheral effects of the nearby Makkovikian(-Ketilidian) (1900 – 1780 Ma; Gandhi et 

al., 1969) and more distal Pinwarian (1530 – 1450 Ma; Rivers and Corrigan, 2000) events 

(Figure 2.11). Differential enrichment of the lithospheric mantle subjacent to the southern 

portion of the Nain Plutonic Suite that overlies the intersection of these subduction 

corridors may explain the comparatively enriched compositions observed in the 
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Notakwanon Batholith and Three Bays Pluton relative to more northerly Nain Batholith 

intrusions. A total alkalis vs silica plot of whole-rock geochemical data available for the 

Nain Batholith appears to show progressively more alkalic major-element compositions 

from the northern regions of the batholith southward through the Notakwanon Batholith 

and Three Bays Pluton (Figure 2.12). An enriched region of the lithospheric mantle or the 

basaltic liquid that might theoretically derive from it would also more easily facilitate an 

eventual transition to peralkalinity. Moreno et al. (2016) considered similar origins for 

peralkaline granites in Egypt, citing possible slab-derived carbonatitic metasomatism of 

the lithospheric mantle (e.g., Poli, 2015; Chen et al., 2018) during the Pan-African 

Orogeny. This same rationale may be similarly applicable to the Gardar Province, which 

lies between two Paleoproterozoic orogens in Greenland’s Ketilidian and 

Nagssugtoqidian belts (van Gool et al., 2002); however, magmatism in the Gardar 

Province experienced flare-ups over a longer period (1350 – 1140 Ma) and spans a much 

greater range of compositions than has been observed in any one instance of peralkaline 

magmatism in Labrador (Upton et al., 2003). 

 It is unlikely that a single magmatic reservoir could reside in the lower crust for 

~8 Ma with no intervening material preserved at current exposure levels. The assembly of 

the Nain Batholith was characterized by episodic plutonism whose trigger remains 

unknown, separated by sporadic periods of quiescence (Myers et al., 2008). Following 

the emplacement of the Three Bays Pluton in one such episode (Figure 2.13a), it is 

conceivable that the Flowers River magmas were generated in a similar way thereafter 

(Figure 2.13b). However, there is no evidence at present to suggest that any of the 

anorthositic rocks in the vicinity were coeval with the Flowers River Granite. The 
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association between anorthositic plutons and their co-occurring granitoids, observed 

throughout the Nain Batholith, is critical to any model invoking anorthosite-granitoid 

cogeneticism. Such models require that the depleted trace-element signatures of the 

granitoids (particularly Ba, Sr, and Eu) arise by consequence of the early fractionation of 

plagioclase that ultimately forms the anorthosites. The prevalence of augite and fayalite 

over orthopyroxene in the Three Bays and Notakwanon granitoids, the porphyritic 

textures observed in the roof zone of the Flowers River Granite, and the direct 

juxtaposition with the supracrustal Nuiklavik carapace all suggest that the intrusions in 

the study area represent magmas emplaced at shallower depths than those found in 

northern parts of the Nain Batholith. Accordingly, anorthositic rocks coeval with the 

Flowers River suite may simply not be exposed at surface, as has been inferred for the 

Gardar Province (Upton et al., 2003). Another possibility is that this theoretical 

anorthosite is already exposed, but has gone unrecognized because it lacks textural or 

petrologic features that distinguish it from the preceding generation of anorthosite. A 

comprehensive, pluton-scale geochronological study targeting the anorthosite and using a 

high sampling resolution could feasibly discern between the two cryptic age groups, if 

present. 

 Alternatively, if the Flowers River Igneous Suite was emplaced in the waning 

phases of the thermal event that had driven magmatism within the Nain Batholith to that 

point, it is possible that the volume of basaltic melt produced at this time was insufficient 

to produce significant volumes of anorthosite. In this scenario, the Flowers River Granite 

may have instead arisen by anatexis of ferrodiorite or monzonite at lower- to mid-crustal 

depths (Figure 2.13c). Similar anatectic models have been previously implicated in the 
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generation of AMCG-affinity granitoids from recently-emplaced tholeiitic material in the 

lower crust (Frost and Frost, 1997); this could logically be extended to a transitional or 

alkalic lower crustal reservoir, which may have ultimately differentiated toward a 

peralkalic composition. A similar episode of anatexis is required to have driven Phase III 

volcanism, for which there is no evidence of a coeval intrusive phase. This episode of 

volcanism occurred following a second period of quiescence and coincided with 

substantial and well-documented tholeiitic, rather than transitional, basaltic magmatism 

(Cadman et al., 1994). This model requires an exotic source of volatiles for the Flowers 

River event, as the volatiles entrained during initial ponding in the lower crust would 

have been retained during differentiation of the Three Bays granitoids. An influx of 

mantle-sourced volatiles would simultaneously serve to trigger anatexis and prolong 

fractionation of the Flowers River magmas. In contrast to the previous scenario, here the 

thermal anomaly underlying the previous ~80 Myr of Nain magmatism provides only the 

heat (and possibly volatiles) required to initiate fusion in the lower crust. In either of the 

models put forward here, crustal assimilation during plagioclase accumulation and/or 

during ascent could account for the elevated (87Sr/86Sr)i reported by Collerson (1982).  

Proposals for the driving force behind Nain plutonism include back-arc rifting 

(Rivers and Corrigan, 2000), a mantle superswell underlying Laurentia (Hoffman, 1989; 

Hill, 1991), or migration of a subducted spreading centre (Gower and Krogh, 2002; 

McLelland et al., 2010). The latter functions well for the older plutons in the Churchill 

Province that young northward (Gower and Krogh, 2002), but no similar spatial age trend 

has been observed in the Nain Batholith. The juxtaposition of supracrustal rocks with 

mid-crustal AMCG rocks suggests that magmatism in the Flowers River area coincided 
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with a persistent interval of permanent regional uplift (Hill, 1991); on this basis, Hill 

favoured the superswell model, though he argued for a quartzofeldspathic source in the 

lower crust. The intense geodynamic activity surrounding Laurentia in the Proterozoic is 

most frequently cited as the likely cause of repeated, discrete magmatic episodes, as 

evidenced by the rapid transition to ostensibly rift-related tholeiitic magmatism that fed 

the Harp Dykes (Cadman et al., 1994; Bartels et al., 2015). Rivers and Corrigan (2000) 

and Hynes and Rivers (2010) both advocate for a long-lived, Andean-type margin at 

Laurentia’s southern edge, active throughout much of the Proterozoic. Short-wavelength 

pauses or polarity reversals in this distal subduction zone, and the reciprocal cessation of 

back-arc spreading, could feasibly produce the disparate age distribution and intermittent 

activity characteristic of this period of predominantly AMCG-affinity plutonism in 

Labrador. Timely, though perhaps unrelated, subsequent input of tholeiitic melt from the 

asthenosphere may have had a compensatory effect on the subsidence expected to follow 

the uplift associated with large-scale magmatic input and crystallization, yielding 

apparently “permanent” regional uplift.  
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Figure 2.11. (next page) Map detailing the major lithotectonic elements present in Labrador and eastern 

Québec. The site of Flowers River magmatism is close to three major lithotectonic boundaries: the Torngat 

Orogen (ca. 1920-1800 Ma; Myers et al., 2008), the Makkovikian(-Ketilidian) arc accretion event (ca. 1850-

1720 Ma; Gandhi et al., 1969), and the Grenville Front (ca. 1080-980 Ma; Rivers and Corrigan, 2000). The 

Grenville Front represents reworked allochthonous or parautochthonous material of the Labradorian 

Orogeny (ca. 1700-1600 Ma; Gower and Krogh, 2002), and arc granitoids of the Pinware Terrane (ca. 1513-

1472 Ma; Rivers and Corrigan, 2000) are located south of the Grenville Front. The Torngat Orogen was a 

doubly-vergent, east-west transpressional event, while the Makkovikian, Labradorian and Pinwarian events 

involved either primarily north-vergent or doubly-vergent north-south subduction or arc accretion events. 

Though these events are at variable distances from the southern Nain Batholith, they are of suitable 

orientation and magnitude to have enriched the lithosphere prior to melt extraction at ca. 1364 Ma. The 

localization of much of the nearby Paleoproterozoic to earliest Mesoproterozoic tectonic activity toward the 

south may have exposed the southernmost portions of the lithosphere to a greater degree of enrichment, 

ultimately producing the highly enriched magmas that gave rise to the Three Bays Pluton and Flowers River 

suites.     
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Figure 2.13. (next page) Simplified schematic for the evolution of the Flowers River area. (A) Anorthosite and 

mangerite-charnockite series rocks are derived from a transitional to alkalic basaltic liquid ponded in the lower 

crust. Heat associated with the intrusions simultaneously produces crustal partial melts. The Phase I Nuiklavik 

Volcanics are emplaced, deriving from one of the two melt sources, or from mixing between them. (B) One of two 

possible origins for the Flowers River Igneous Suite. A second pulse of anorthositic diapirism occurs, while the 

granitoid rocks generated in this instance achieve silicic peralkaline compositions via fractionation and crustal 

assimilation. The eruptible fraction of these magmas (the Phase II volcanics) induces caldera collapse in the 

overlying volcanic centre. (C) Alternative model where mantle-sourced volatiles induce partial melting of the 

crystallized ferrogabbroic residue in the lower crust. As in (B), eruption of the Phase II volcanics induces caldera 

collapse. (D) Craton-scale tholeiitic magmatism produces the Harp Dyke swarm, the peripheral thermal effects of 

which induce a second partial melting event and emplacement of the Phase III volcanics. A second caldera 

collapse event is possible. (E) Erosion creates the modern exposures of the complex. The erosion resistance of the 

silicic volcanic pile acts as a "cap" for the underlying granite pluton, resulting in the caldera's high modern 

topographic relief. 

Figure 2.12. Total alkalis vs. silica plot for the Nain Batholith. The Flowers River Granite (FRG) and Three 

Bays Pluton (TBP) granitoids span a moderately alkalic silica-saturated to -oversaturated trend from 

monzogabbro to granite. Whole-rock analyses of other Nain Batholith intrusions (Umiakovik Batholith and 

Makhavinekh Pluton; see Figure 2.1) from Emslie and Stirling (1993) have lower total alkali contents and may 

define a trend along the upper boundary from gabbro to granite, though a paucity of data from intermediate 

compositions leaves this to inference. The Notakwanon Batholith plots just above the more northerly Nain 

Batholith intrusions, though one intermediate sample shows moderate enrichment in alkalis. Diagram after 

Middlemost (1994). 
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2.7. Summary 

The Flowers River Igneous Suite was emplaced at ca. 1281 Ma, intruding ca. 1290 Ma 

AMCG-affinity plutons near Sango Bay. These two magmatic suites represent the 

youngest episodes of plutonism associated with the assembly of the Nain Batholith. Both 

of these events were accompanied by a period of coeval volcanism, and a third volcanic 

event at ca. 1270 Ma, possibly triggered by the incursion of the coeval Harp Dyke swarm 

(Cadman et al., 1994). 

The Flowers River Igneous Suite is the product of protracted differentiation of a 

material of transitional to alkali basaltic composition, derived from a region of the 

lithospheric mantle that had been enriched by numerous successive interactions with 

slab-derived volatiles. This liquid initially gave rise to moderately enriched, 

metaluminous mangerite-charnockite series rocks of the Three Bays Pluton, but this 

system ultimately transitioned to peralkalic compositions (e.g. Romano et al., 2018; Chen 

et al., 2019). The fertility imparted by this localized metasomatism in the lithospheric 

mantle may have played a significant role in permitting a second episode of melting that 

facilitated this transition. This phenomenon was restricted to the southern limits of the 

Nain Batholith, because it had encountered a comparatively higher volume of slab 

“traffic”, creating a persistent region of enrichment in the subcontinental lithospheric 

mantle (e.g., Moreno et al., 2016). The precise trigger for the second phase of melting is 

uncertain, but may be attributable to: 

1) A final discrete pulse of magmatism originating in a similar fashion to the Nain 

Batholith’s other constituent plutons, but from a lower initial partial melt fraction; 

or 
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2) Partial melting of a source in the lower crust, cogenetic with earlier Three Bays 

plutonism, in response to the waning stages of a thermal anomaly that had been 

responsible for sustaining magmatism to that point, with a likely contribution 

from mantle-fluxed volatiles.  

A later instance of the second scenario is necessarily responsible for the third phase of 

volcanism, whose geochemistry is nearly identical to the second phase, but coincides 

temporally with emplacement of the Harp Dykes. The combination of sustained uplift 

over this interval, the resistivity to erosion of the highly silicic volcanics, and caldera 

collapse during one or more of the volcanic episodes, has led to the current field 

expression of the Nuiklavik Volcanics as a region of high topographic relief situated 

directly atop its parental intrusive complexes. 

The discrimination criteria of Eby (1992) classify the Three Bays granitoids and the 

bulk of the Flowers River Granite as type A2 (arc- and/or crustally-derived granitoids or 

similar), which is in part consistent with the lithospheric mantle enrichment model 

outlined above. Porphyritic Flowers River peralkaline granites have properties more in 

line with type A1 granitoids (ocean island basalt-like), and accordingly some contribution 

from an enriched sublithospheric mantle source cannot be ruled out; however, these 

signatures may result from fluid-controlled fractionation of the Y/Nb pair. It is 

alternatively plausible that crustal contamination artificially elevated the Y/Nb ratios of 

these rocks. Expanding the range of available isotopic data for the complex would 

ameliorate this interpretation.  
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These conclusions indirectly propose that the peralkaline magmas emplaced 

throughout Labrador were not unified in their genesis by a singular event, but rather may 

have been generated as a consequence of more local factors. The regional significance of 

this should be assessed on an individual basis and may not be universally applicable. 

Strange Lake, for instance, may have been emplaced several hundred Myr after any 

documented prior magmatic event (Miller et al., 1997), and thus is likely incompatible 

with this model. A greater body of work is needed to fully contextualize the interrelation 

between Labrador’s alkaline magmatic suites and their connection to the region’s broader 

Proterozoic magmatic history.  
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 Distribution and Paragenesis of Magmatic-Hydrothermal 

Zr-Nb-Y-REE Mineralization in the Flowers River Igneous Suite 

3.1. Introduction 

Economic occurrences of high field-strength elements (HFSE; e.g., Zr, Y, Nb, Ta), 

including the rare earth elements (REE), occur most frequently in association with the 

highly evolved products of initially alkali-enriched magmas (Marks and Markl, 2017; 

Vasyukova and Williams-Jones, 2020). Examples may range from silica-oversaturated 

peralkaline granites, to silica-undersaturated, feldspathoid-bearing syenites, to even more 

unique non-silicate magma compositions like carbonatites (Pollard, 1995; Linnen et al., 

2014; Dostal, 2017). The broadly incompatible behavior of the elements in question 

facilitates their progressive concentration with greater degrees of fractionation, and in its 

most extreme form may yield scenarios where the minerals hosting these elements 

constitute a high modal percentage of the host rock. Intrusion-related rare metal deposits 

are increasingly prominent targets for metallogenic study, as demand for the mineral 

commodities they host is rapidly outgrowing the world’s capacity to produce them 

(Simandl, 2014). In light of this surge of interest, a number of localities with the potential 

to develop into such resources have been the subjects of renewed interest, but only the 

most immediately promising have seen direct syntheses on their ore mineralogy and 

paragenesis. In Labrador alone, seven igneous bodies are identified as promising targets 

for rare metal exploration (Kerr, 2011); of these, only Strange Lake has seen extensive 

metallogenic study and planned industrial development (e.g., Siegel and Williams-Jones, 

2013; Vasyukova and Williams-Jones, 2014; Siegel et al., 2018). Other mineralized 
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localities of note include the Misery Lake ferrosyenite (Petrella et al., 2014), the Red 

Wine and Arc Lake metaigneous suites (Smith, 1969), and the Fox Harbour volcanics 

(Miller, 2015).  

The Flowers River Igneous Suite is one such rare metal-enriched occurrence in 

Labrador. Following the discovery of peralkaline granite at the southern tip of the Nain 

Batholith, it saw concerted study for nearly a decade (Collerson, 1982; Hill, 1982; Hill 

and Thomas, 1983; Hill, 1991) alongside its coeval volcanic pile, the Nuiklavik 

Volcanics (Miller, 1992, 1993, 1994; Miller and Abdel-Rahman, 1992). It was 

determined from these investigations that the complex’s economic potential lie primarily 

in the volcanic rocks, where radiometric anomalies and extreme concentrations of Zr, Nb, 

Y, and REE occur locally within the caldera. The two decades that followed saw only 

whole-rock geochemical reports on reconnaissance samples (Miller and Kerr, 2007; 

McConnell, 2010), though the complex’s potential continues to be acknowledged (Kerr, 

2011; Miller, 2015; Siegel et al., 2017). 

 The petrology, physical volcanology, geochronology, and geodynamic framework 

of the Flowers River Granite and Nuiklavik Volcanics have all been explored in various 

detail. Despite this, the fine-grained nature and commonly intergrown morphology of the 

rare metal mineralization makes it challenging to study. Nonetheless, a combination of 

electron microprobe analysis (EMPA), SEM-EDS, and LA ICP-MS have been used to 

study the mineralogical character of two distinct paragenetic associations within the 

Nuiklavik Volcanics. The first comprises sparse quantities of rare earth fluorocarbonates 

and phosphates, associated with mobilization of F, Fe, and Zn and Pb. The second is 

composed of extremely fine-grained, highly-uraniferous zircon concentrated along flow 
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folia in aphyric Nuiklavik tuffs, at concentrations in excess of 1 wt.%. This latter style of 

mineralization is the more promising of the two as an exploitable resource. Accordingly, 

defining its relationship to the more pervasive paragenetic style is critical to 

understanding its origin, as well as to establishing the size and geometry of the 

mineralized body and its potential as a target for further exploration.  

3.2. Geological setting 

The Flowers River Igneous Suite is located within the Mesoproterozoic composite 

Nain Batholith, a frequently cited type example of the Proterozoic anorthosite-mangerite-

charnockite-granite (AMCG) association. These magmas were emplaced in large 

volumes along continental margins in the Proterozoic, and examples are found 

throughout much of the Grenville Province, the Laramie Mountains of Wyoming, and in 

Scandinavia (Ashwal, 1993; Ashwal and Bybee, 2017). In Labrador, these associations 

can be divided into two distinct age groups. Older, isolated intrusions in the 

Paleoproterozoic Churchill Province were emplaced between 1530 – 1450 Ma, and are 

dominated by granitoids of mangeritic, charnockitic or rapakivi granite affinity. The Nain 

Batholith is the younger generation of Labrador’s AMCG magmatism, emplaced between 

1363 - 1290 Ma (Myers et al., 2008). It is made up of several overlapping plutons, each 

containing variable proportions of anorthositic and granitoid lithologies (Emslie, 1978). 

The Voisey’s Bay Ni-Cu magmatic sulphide deposit is hosted in a gabbroic to troctolitic 

intrusion at the eastern edge of the Nain Batholith. Magmatic base-metal deposits like 

Voisey’s Bay represent the most common deposit type associated with these magmatic 

suites (Begg et al., 2010; Naldrett, 2010). 
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The Flowers River Igneous Suite is the only peralkaline association known to be 

hosted within the Nain Batholith. The Flowers River magmas intrude a southeasterly 

extension of the Notakwanon Batholith, composed of the Sango Bay, Flowers Bay and 

Merrifield Bay anorthosite plutons (Hill, 1988). Together, the Flowers River, 

Notakwanon and associated suites constitute the youngest magmatic phases of the Nain 

Batholith, emplaced at c. 1281 Ma and c. 1290 Ma respectively (Chapter 2). However, 

peralkaline intrusions are found as late phases within several of Labrador’s older AMCG-

affinity intrusions in the Churchill Province (Kerr, 2011). The Strange Lake intrusion, 

host to the most widely renowned rare metal occurrence in Labrador and Québec, is 

located 150 km to the west of the Flowers River complex and was emplaced at 1240 ± 2 

Ma, shortly after the Flowers River Igneous Suite (Miller et al., 1997).  

The Flowers River suite is geologically unique among the peralkaline complexes 

hosted in the pre-Grenvillian terranes of Labrador for having a preserved coeval volcanic 

pile, the Nuiklavik Volcanics (Figure 3.1). The volcanic rocks are the primary host to all 

presently known economically viable mineralization within the Flowers River complex, 

distinguishing it further from other rare metal occurrences in the region. It is unknown 

whether all of Labrador’s peralkaline igneous centres are differentially preserved 

erosional remnants of once-extensive volcano-plutonic complexes, or if coincident 

volcanism was a phenomenon unique to the Flowers River complex. 
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Figure 3.1. Geologic map of the Nuiklavik Caldera with zones of high potential for economic value marked. (A) 

Elevated region hosted in Phase III volcanics. Rocks along the base of this exposure display moderate radiometric 

anomalies and exhibit sparse occurrences of dense bastnäsite-(Ce) mineralization. (B) Moderately elevated region 

of the volcanostratigraphy occupied primarily by aphyric Phase II facies. Rocks in this area intermittently exhibit 

extreme radiometric anomalies and have high modal abundances of foliation-parallel disseminated zircon and 

elevated Zr, Nb, Y and REE contents. Modified after Miller (1993) and Hill (1982).   
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3.3. Other REE and HFSE occurrences in Labrador 

Detailed descriptions of the ore mineralogy hosting elevated REE, Nb, Y, and Zr 

concentrations have been assembled for the Strange Lake (Vasyukova and Williams-

Jones, 2014; Siegel et al., 2018), Misery Lake (Petrella et al., 2014), and Fox Harbour 

(Haley, 2014) occurrences. Additionally, eudialyte has been identified as a prevalent 

HFSE host mineral in the Red Wine intrusive suite (Smith, 1969). Finally, melt and fluid 

inclusion studies at Strange Lake have provided insight into the processes governing the 

concomitant magmatic and hydrothermal controls on metallogeny and resultant host 

mineralogy, both specific to the Strange Lake occurrence and abroad (Vasyukova and 

Williams-Jones, 2014; Vasyukova et al., 2016). These will be briefly summarized.  

Based on the definitions given in Section 1.1, only the Red Wine intrusive suite meets 

the mineralogical criteria to be classified as agpaitic complex among those mentioned. In 

contrast, Strange Lake, Misery Lake, Fox Harbour, and the Flowers River Igneous Suite 

itself, all have miaskitic primary mineral assemblages, though some complex primary and 

secondary zirconosilicate phases have been identified at these locations (e.g., Siegel et 

al., 2018).  

Zircon constitutes the dominant HFSE-bearing phase at the Misery Lake and Fox 

Harbour localities. Accessory REE and HFSE phases include fergusonite-(Y) (YNbO4) at 

both localities, whereas the Misery Lake assemblage also reports fluorapatite, pyrochlore 

((Na,Ca)2Nb2O6(OH,F)), columbite ((Mg,Mn,Fe)(Nb,Ta)2O6), and rare earth 

fluorocarbonates (Petrella et al., 2014). By contrast, Strange Lake has a highly complex 

paragenetic assemblage involving late magmatic replacement of magmatic zircon and 

gittinsite (CaZrSi2O7) by alkali zirconosilicates including dalyite (K2ZrSi6O15), elpidite 
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(Na2ZrSi6O15 · 3H2O), and vlasovite (Na2ZrSi4O11), as well as crystallization of REE-

fluorocarbonates and pyrochlore-group minerals (Siegel et al., 2018). Melt inclusions 

indicate that this may be attributed to the separation of, and subsequent commingling 

between, immiscible fluoride and silicate melt phases respectively enriched in REE and 

HFSE (Vasyukova and Williams-Jones, 2014). Furthermore, the alteration of magmatic 

arfvedsonite by progressively evolving deuteric fluids exerted a significant, time-

integrated control on the mobilization among the different groups of REE (Vasyukova 

and Williams-Jones, 2018). This influence of deuteric-hydrothermal fluids on the post-

magmatic mineralogy of both the ore and host rocks is increasingly being recognized 

worldwide (e.g., Estrade et al., 2014; Yang et al., 2014). Wider documentation of the 

parageneses of these mineral systems may provide a valuable reference base of 

occurrences and how closely a given locality adheres to established deposit models. 

3.4. Analytical methods 

Identification of mineral phases that could not be feasibly determined using conventional 

petrography was accomplished using energy-dispersive spectroscopy (EDS) with a JEOL 

6400 scanning electron microscope (SEM) at the University of New Brunswick 

Microscopy and Microanalysis Facility. Backscatter electron (BSE) imaging of relevant 

phases and their associations was performed in tandem. 

Trace element characterization by EMPA was performed using the University of New 

Brunswick Microscopy and Microanalysis Facility JEOL 733 Microprobe to determine 

the quantitative composition of fine-grained zircon in the volcanic rocks. Reference 
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values for Zr content were obtained for use in the data reduction scheme following laser 

ablation analyses (McFarlane and Luo, 2012; see below). 

3.4.1. LA-ICP-MS 

Laser ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) analyses 

were performed using a Resonetics S-155-LR ArF Excimer laser system with an Agilent 

Technologies 7700x quadrupole ICP-MS operated by the University of New Brunswick 

Department of Earth Sciences. Trace element and combined geochronology-trace element 

analyses on zircon were performed using a repetition rate of 3 Hz and an on-sample 

fluence of 3 J/cm with crater sizes between 33 µm and 45 µm. Repetition rate was 

increased to 3.5 Hz for submicroscopic disseminated zircon. Ablations were conducted 

on a 30 second duration but were extended to 60 seconds for simultaneous collection of 

U-Pb and trace element data. Synthetic glass standards NIST-610 and NIST-612 were 

used alongside the zircon compositional standard 91500 (Wiedenbeck et al., 2004) to 

appraise the validity of trace elemental results. A Zr concentration of 43.14 elemental 

wt.% was assumed for internally-standardized data reduction in all cases except for 

“disseminated” zircon analyzed in the volcanic rocks (see below or Section 3.5). 

Elements analyzed include Hf, Ti, Y, U, Th, Pb, and a reduced REE suite; for 

submicroscopic disseminated zircon, a full REE suite was collected, Ti not analyzed due 

to common intergrowth with Fe-Ti oxides, and Fe was analyzed to estimate the 

proportion of adjacent chlorite and oxides ablated in a given analysis.  

Acquisition of U-Pb data from disseminated zircon was performed in separate runs 

from trace element analyses using the same run parameters described above, with crater 
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size reduced to 17 µm to accommodate the small width of the dissemination bands. 

Zircon standards FC-1 and Plesovice were used here in addition to NIST-610. Data 

reduction was performed using Iolite v. 3.4, and graphical representations generated 

using IsoPlot 3.75 (Ludwig, 2003). Ablation intervals of 30 seconds were used in all 

cases for collection of both geochronologic and trace element data for the fine-grained 

zircon. Trace-element analyses of crystalline zircon were obtained in tandem with 

geochronologic analyses reported in Chapter 2. These were collected over 60 second 

ablation intervals, with the same run parameters as described above. 

3.5. Rare metal mineralization in the Flowers River Igneous Suite 

Rare metal mineralization is found across both intrusive and extrusive lithologies within 

the Flowers River Igneous Suite, but the associated mineralogy differs considerably 

between the two. As mentioned briefly in Section 3.3, the Flowers River Granite has a 

miaskitic primary mineralogy, in line with its weakly peralkaline composition (A.I. = 

0.99 – 1.11; Table 2.1). Consequently, zircon is the only major HFSE-bearing phase 

present in the peralkaline granite. An indeterminate Ca-, Fe-, and Ti-bearing REE mineral 

belonging to either the chevkinite or rinkite groups (Table 3.1) appears to have acted as 

the primary magmatic repository of REE in the peralkaline granite, but is now present 

only sparsely and in various stages of replacement by bastnäsite-(Ce), parisite-(Ce), or 

synchysite-(Ce), with bastnäsite-(Ce) now representing the most widely distributed REE-

bearing phase. These phases are found in association with aegirine, arfvedsonitic 

amphibole oikocrysts, and aenigmatite, often enclosed within these minerals or grown 



 

81 

 

* Documented in only one occurrence 

within fractures exploiting the boundary between the ferromagnesian minerals and alkali 

feldspar. A summary of rare metal-bearing mineral phases is presented in Table 3.1. 

 

 

 

Table 3.1. Rare-metal bearing minerals found in the Flowers River Granite (FRG) and Nuiklavik 

Volcanics (NV). Species identified as “possible” are identified to match the elemental compositions 

and their proportions as reported by EDS, but variation across specimens, alteration, zonation, and 

lack of optical clarity impede identification beyond doubt. 

 

 

  

 
Mineral 

  

 
Formula 

Host 
Lithology 

 
Confirmed 

  

 
Bastnäsite-(Ce) 

 
(REE)CO3F 

 
FRG    

Fluocerite-(Ce)*  (REE)F3 FRG    

Monazite-(Ce) (REE)PO4  FRG and NV    

Parisite-(Ce) Ca(REE)2(CO3)3F2 FRG    

Synchysite-(Ce) 
 

Terskite* 

Ca(REE)(CO3)2F 
 

Na4ZrSi6O16 · 2H2O 

FRG  
 

FRG    

Xenotime-(Y)* YPO4 FRG    

Zircon ZrSiO4 FRG and NV 

 
Possible 

  

 
Chevkinite-(Ce) 

 
(REE,Ca,Th)4(Fe,Mg)(Fe,Ti)2(Ti,Fe)2(Si2O7)2O8 

 
FRG    

Euxenite-(Y) 
 

Mosandrite-(Ce) 

(Y,Ca,REE,Th,U)(Nb,Ta,Ti)2O6 
 

(Ca3,REE)[(H2O)2Ca0.5☐0.5]Ti(Si2O7)2(OH)2 · 
2H2O 

FRG and NV 
 

FRG  

Rinkite-(Ce) (Ca3,REE)Na(Na,Ca)Ti(Si2O7)2(O,F)F2 FRG 
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One highly enriched sample of peralkaline granite obtained from the outer edge of the 

central pluton preserves large, prismatic specimens of a REE-bearing silicate phase 

(Figure 3.2a). The mineral appears as fine-grained, patchy green-yellow to red-brown 

masses under the polarizing microscope, but preserves a distinct zonation in backscatter 

images with well-defined geometric fragments, likely indicative of single- or multi-stage 

hydrothermal alteration. It is uncertain whether this mineral is truly representative of the 

granite’s primary mineralogical repository of REE, given its evident hydrothermal 

zonation and the mineral’s contrasting crystalline prismatic morphology and fine-grained 

optical character. The sample in which it occurs lacks the secondary REE-

fluorocarbonate minerals prevalent elsewhere in the Flowers River Granite, and 

accordingly the mineral observed here may alternatively represent an intermediate 

paragenetic stage that preceded the ultimate replacement by fluorocarbonates elsewhere.  

 Isolated occurrences of fluocerite-(Ce), xenotime-(Y), and the sodium zirconosilicate 

mineral terskite (Figure 3.2b) were also encountered in the peralkaline granite. In the 

latter case, terskite was observed filling void space between alkali feldspar phenocrysts, 

and was undergoing decomposition to form lamellar zircon and quartz. Similar clusters of 

fine, subhedral zircon intergrown with quartz occur ubiquitously in samples of the 

Flowers River Granite showing the greatest extents of subsolidus alteration. Hydrous 

alkali (or alkali earth) zirconosilicates like terskite are prevalent as secondary phases in 

the paragenetic assemblages at Strange Lake (Siegel and Williams-Jones, 2013).  

The Nuiklavik Volcanics display an internal structural control comparable to that of 

the peralkaline granite, where µm-scale fractures are commonly filled by fine-grained 

bastnäsite-(Ce) and monazite-(Ce). The densest concentrations of these minerals were 
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crystallized in lithophysae found within aphyric flow-banded lithofacies (Figure 3.2c), or 

otherwise associated with alkali feldspar phenocrysts that have been altered to an 

assemblage of muscovite, chlorite, and other Fe-rich clay minerals. In samples with 

perthite phenocrysts, the albitic lamellae have frequently been totally replaced, whereas 

their K-feldspar counterparts often display only weak alteration. Across both intrusive 

and volcanic lithologies, the REE-fluorocarbonates and monazite commonly occur in 

association with quartz, ilmenite (or titanomagnetite), and fluorite. In the volcanic rocks, 

this assemblage is frequently accompanied by sphalerite and galena. In some instances, 

particularly where mineralization occurs in the Phase III volcanics, concentrated 

bastnäsite-(Ce) occurs with only chlorite as an accompanying phase (Figure 3.2d). 

A distinct style of mineralization occurs exclusively within flow banded, aphyric to 

interstratified sparse and moderately quartz-phyric volcaniclastic lithofacies located in 

the south-central region of the caldera (Figure 3.3a, b). Textural indicators suggest these 

rocks comprise both fine-grained ash-flow facies and fully devitrified ignimbrites, the 

latter containing brown-stained microcrystalline quartz. Pronounced radiometric 

anomalies in excess of 1 mSv/h can locally be measured from outcrops bearing this 

mineralization, a phenomenon which was recognized early in regional reconnaissance 

mapping. The source of this radiation is extremely fine-grained zircon, disseminated in  

< 5 µm wide bands lining flow folia and intergrown with chlorite and/or quartz. 

Fergusonite-(Y) and a Ti-rich pyrochlore group mineral are other notable phases in sparse 

accompaniment to the zircon. A textural variation of this style of mineralization occurs in 

one massive tuffaceous sample, which has intergrowths of chlorite and abundant fine-

grained, but distinctly crystalline zircon (Figure 3.3c); however, these crystals   
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Figure 3.2. SEM-BSE images showing typical REY mineralization within Flowers River rocks. (A) Large 

prismatic specimen of a REE-bearing Ca-Ti-Fe silicate (possibly a chevkinite-group mineral) in Sample 

CXAT0136. Complex zonation of probable hydrothermal origin may have produced a patchwork of several 

compositionally similar minerals.  (B) A Na-zirconosilicate mineral terskite occupying interstitial void space 

between alkali feldspar phenocrysts in a Flowers River Granite (Sample CXAT0029). Terskite is decomposing to 

produce symplectitic intergrowths of zircon and quartz. (C) Typical hydrothermal mineral assemblage 

precipitated within primary void space in a Nuiklavik ash-flow tuff (Sample CXAT0022A). Masses of euhedral 

Fe-Ti oxides intergrown with quartz lie adjacent to coarse fluorite containing inclusions of bastnasite-(Ce).  (D) 

Dense clusters of bastnasite-(Ce) localized within a mm-scale zone of chloritization, and likely associated with the 

fracture seen cutting across the top of the image (Sample CXAT0026A). Abbreviations: aeg-aug: aegirine-augite; 

aen: aenigmatite; afs: alkali feldspar; am: amphibole; bst: bastnäsite-(Ce); chev: chevkinite-(Ce); chl: chlorite; fl: 

fluorite; ilm: ilmenite; mt: magnetite; mnz: monazite-(Ce); qtz: quartz; ters: terskite; zrn: zircon. 
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Figure 3.3. SEM backscatter images of volcanic-hosted zircon mineralization. (A) Dense, flow-parallel bands of 

fine-grained, partially amorphous (gel-) zircon (Sample CXAT0117). Intergrowths of quartz and chlorite are relict 

vitric pyroclasts or fiamme in an altered ignimbrite. (B) Zircon of a similar morphology to that in (A) but in a 

flow-foliated ash groundmass (Sample CXAT0119). Toward the top of the image, a sharp coarsening in modal 

grain size is accompanied by the disappearance of mineralization. (C) Unfoliated volcanic specimen with similar 

modal abundance of zircon, but with a morphology consisting of dense clusters of sub- to euhedral crystals hosted 

entirely within chlorite (Sample CXAT0116). (D) A microfracture filled with bastnasite-(Ce) cutting across the 

same sample imaged in (B). Sub-microscopic flecks of zircon are visible in the surrounding groundmass (Sample 

CXAT0119). Abbreviations: bst: bastnäsite-(Ce); chl: chlorite; py: pyrite; qtz: quartz; zrn: zircon. 
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lacked sufficient volume for analysis by laser ablation, and are discussed only implicitly 

hereafter. Whole-rock geochemistry for these samples shows pronounced enrichment in 

Zr, Y, Nb, Ta, U, Th, and REE, particularly HREE ((LaN/Yb)CN = 0.99 – 1.24). 

Additionally, the most strongly mineralized examples have whole-rock Ce anomalies; the 

high modal abundances of zircon are likely controlling both this and the observed HREE 

enrichment. The geochemistry of these samples is otherwise largely in line with that of 

the Flowers River Granite and other Nuiklavik Volcanics, and fractures running oblique 

to the flow fabric may contain the more widespread fluorocarbonate mineralization 

(Figure 3.3d). 

3.6. U-Pb geochronology 

The disseminated zircon bands were targeted for U-Pb geochronology with the intent of 

establishing the timing of this mineralization relative to crystallization ages obtained for 

the complex (Chapter 2). Data were collected across two sessions to ensure 

reproducibility. Due to the fine-grained nature of this zircon and the narrow width of the 

bands in which it occurs, certain assumptions were employed in interpreting the U-Pb 

data from these specimens. The first assumption is that all measured U was sourced from 

zircon. This is easily accepted given that the only minerals observed in direct contact 

with the disseminated zircon bands were quartz or chlorite, which incorporate negligible 

U into their mineral structures. The second assumption is that the zircon and chlorite 

grew simultaneously, and thus, preserve identical common-Pb 207Pb/206Pb signatures. 

This is considered likely given that, even if the chlorite had formed originally from an 

earlier fluid phase, any subsequent hydrothermal influence would have re-equilibrated the 
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common Pb composition of the chlorite with that of the fluid, and accordingly the zircon 

(Geisler et al., 2007; Kusiak et al., 2009). The consequences of this assumption being 

incorrect depend on the inferred 207Pb/206Pb composition of the common Pb, and 

indirectly the timing and source, of the fluid responsible for chlorite growth. If the 

chlorite records a higher 207Pb/206Pb than that of the zircon, as would be expected if it 

formed at a time prior to the zircon, then the measured values would produce an 

erroneously young 204Pb-corrected age. Conversely, if the chlorite were formed at some 

point after zircon crystallization, the resultant age would be erroneously old. 

Nevertheless, assuming ages bracketed by oldest possible formation at c. 1300 Ma and a 

lower bound at present day, variations due to mixing of 207Pb/206Pb compositions would 

occur in the second decimal place (Stacey and Kramers, 1975), and thus would not be 

expected to significantly affect the calculated age. 

The majority of 204Pb-corrected analyses define a cluster centered on ca. 500 Ma, 

with subordinate clusters at ca. 800 Ma and 1100 Ma (Figure 4a). Two sets of 

overlapping concordant analyses from each of the younger two clusters yield concordant 

ages of 775 ± 11 Ma and 579 ± 5 Ma, respectively (Figure 4b). A considerable number of 

points extends downward along Concordia from the set used to calculate the younger 

concordant age. These data are interpreted to represent an episode of Pb-loss post-dating 

the event recorded in the ages obtained above. The upper terminus of this “trail” at ca. 

579 Ma is assumed here to represent the least-affected material belonging to this cluster 

of data (See Section 3.8.2 for further discussion).  

 

 



 

88 

 

Figure 3.4. (A) Gel-zircon 204Pb-corrected U-Pb analyses aggregated from two mineralized 

samples. (B) Close-up of the two Concordant sets of analyses from (A) with their 

corresponding calculated ages. 
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3.7. Zircon trace element geochemistry 

Trace element compositions of crystalline igneous zircon were analyzed for select 

samples of all lithologies within the study area, targeting REE profiles as well as the Y, 

Zr/Hf, and Th/U values (Table 3.2). The Ti content of zircon was used to monitor for 

inclusions of Fe-Ti oxides, which are abundant in hydrothermally altered zircon within 

the complex.  

 No systematic host lithology-dependent variations are found within crystalline zircon 

Th/U ratios, which typically range between 0.8 – 1.4, whereas all hydrothermally-

disturbed zircon returns elevated Th/U values typically between 4 and 6. By contrast, 

Zr/Hf ratios vary by host suite, with averages for Three Bays granitoid zircon between 50 

and 60, and Flowers River Granite zircon between 70 and 76. Whole-rock Zr/Hf values 

are moderately lower in the Three Bays granitoids and vary from moderately to 

significantly lower in the Flowers River Granite. In the case of the Flowers River Granite, 

Zr/Hf ranges from 38.8 – 55.5, and lower Zr/Hf broadly correlates with the extent of 

alteration imposed on the rock (defined by the prevalence of subsolidus reactions, degree 

of alteration of major constituent minerals like feldspar, and dissolution/precipitation 

textures in accessory minerals). 

Zircon from samples of Phase I and Phase II volcanics returned Zr/Hf ratios of 35-53 

and 59-75, respectively, broadly in line with their interpreted source equivalents (Section 

2.6.3). This is in contrast with the whole-rock Zr/Hf ratios of the volcanics, which show 

little variation with respect to suite designation and generally occupy ratios of about 40 – 

45 (Tables 2.1 and 2.2). Evolution trends within the Flowers River Granite appear to have 
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produced gradually lower whole-rock Zr/Hf ratios with progressively shallowing 

emplacement depth; no such trend is evident in the zircon mineral chemistry. 

As with the geochronological data, trace element data collected from the disseminated 

zircon were contaminated by ablation of intergrown chlorite and/or quartz. Little 

systematic study has been conducted on the trace element geochemistry of chlorite; 

however, chlorite is not known to incorporate REE or HFSE in any significant 

abundance. Direct inflation of measurements for these trace elements by intergrown 

chlorite is thus assumed to be negligible. The approach of Danyushevsky et al. (2019) 

was used to compensate for the resultant dilution of the signal fraction contributed by 

ablated zircon (Figure 3.5) and is explained briefly here. Measured trace element 

concentrations were plotted against Zr, and a linear regression was then applied to these 

data points for each element measured. The intersection point of these lines with the 

“true” Zr content of the disseminated zircon, estimated using EMPA (Table 3.3), was 

taken to signify the corresponding concentration of the specified element in zircon. This 

approach yields a single value for each set of individual measurements for a given 

element, approximating the element’s average concentration in the disseminated zircon 

throughout the sample (Table 3.4). The r2 value of the correlation simultaneously 

provides an internal validation of assuming a homogeneous zircon composition. These 

can then be contrasted against trace element compositions obtained from igneous zircon. 

An estimate value of 35 wt.% fits with the EMPA measurements and best reproduces the 

raw-data Zr/Hf ratios (which should remain unaffected by contamination during 

ablation). 
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Given the elevated U content of the host rocks and small cross-sectional areas of 

individual zircon grains, partial metamictization of the target material is likely 

(McFarlane, 2014). This was confirmed by low totals reported for Zr and Si measured 

with EMPA, typical of a hydrous, partially amorphous form of zircon known as “gel-

zircon” (Vlasov, 1966). The estimate of 35 wt.% Zr compares favourably with those 

reported for gel-zircon in Australia’s “Niobium Tuff” (Ramsden et al., 1993; see Section 

3.8.3). A plot of U concentration vs. Zr/Hf ratio for all zircon trace element analyses 

highlights a clear divide among the data. High-U zircon (greater than ~1000 ppm) 

generally displays lower Zr/Hf ratios and elevated concentrations of all other trace 

elements analyzed (Figure 3.6; Table 3.2). This trend is replicated by the gel-zircon 

element regression estimates. 
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 Table 3.2. Trace element analyses of zircon from rocks in the Flowers River area. 

   

 Flowers River Granite 
 

 Nuiklavik Volcanics 

  
T0030  

(n = 27, 10) 

 
T0126 

(n = 46) 

 
T0136 

(n = 33) 

 
T0009A 
(n = 30) 

 
T0085 

(n = 23) 

Element  
(ppm) 

Zr/Hf  
< 50 

Zr/Hf  
> 50 

    

Si 166374 156250 142224 142352 156370 152596 

Ti 776.3 84.6 7.0 11.0 26.3 133.6 

Y 13986 7205 2037 1254 809 1914 

Nd 755.9 209.8 16.1 6.2 7.5 109.0 

Sm 397.7 188.5 11.5 7.0 5.5 30.2 

Eu 23.4 20.7 1.1 0.6 0.4 1.4 

Gd 862.5 379.6 56.9 32.6 22.8 74.8 

Tb 242.9 105.2 18.8 10.7 6.9 21.7 

Ho 487.8 287.0 76.3 44.7 28.1 71.6 

Tm 226.0 197.7 56.6 35.0 23.1 52.9 

Lu 184.7 225.9 78.6 52.7 37.5 77.0 

Hf 9986 6296 5686 6175 8840 6394 
204Pb 99.5 109.5 0.4 3.1 2.7 23.1 
206Pb 571.9 304.6 100.5 53.6 29.7 96.3 

Th 1426.1 1794.3 111.8 52.4 41.8 100.6 

U 670.8 489.5 115.6 58.1 33.0 88.1 

       

Th/U 1.2 1.3 0.9 0.9 1.3 1.1 

Zr/Hf 43.4 70.3 76.1 70.2 49.0 67.7 

Zr/Hf Range 37.8 - 76.9 63.0 - 80.8 62.8 - 80.6 35.2 - 52.6 59.5 - 74.8 
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Table 3.3. Electron microprobe analyses, in oxide weight percent, of disseminated gel-zircon. 

  

Three Bays granitoids 

  
T0001 
(n = 5) 

 
T0015 

(n = 24, 21) 

 
T0043 

(n = 20) 

 
T0045 

(n = 18) 

 
T0132 

(n = 23) 

Element  
(ppm) 

 Zr/Hf  
< 50 

Zr/Hf  
> 50 

   

Si 150654 175613 153985 145355 149282 152861 

Ti 55.7 57.8 8.40 13.7 47.2 15.7 

Y 688 26537 2190 2427 3780 1462 

Nd 21.2 722 27.5 9.70 34.8 10.2 

Sm 6.20 202 14.3 11.4 34.9 8.80 

Eu 0.4 19 1.2 2.2 2.0 1.1 

Gd 19.9 501 54.8 57.2 129 39.1 

Tb 6.10 185 18.9 19.8 37.5 12.6 

Ho 24.6 792 77.3 86.4 137 52.3 

Tm 20.4 578 57.7 63.3 113 40.6 

Lu 33.9 504.8 76.7 71.4 189 60.6 

Hf 7355 11852 7222 6468 7497 8974 
204Pb 1.1 38 5.0 13 3.2 2.3 
206Pb 32.1 2884 114 342 185 193 

Th 31.0 13152 211.2 347.8 320.3 116.7 

U 36.6 3900.8 134.0 350.6 202.8 134.5 

       

Th/U 0.8 3.1 1.4 0.9 1.7 0.9 

Zr/Hf 58.8 36.9 60.2 67.7 58.9 48.6 

Zr/Hf Range 52.4 - 60.9 30.2 - 69.2 56.0  - 81.5 40.6 - 76.5 39.9 - 61.3 

Table 3.2 cont. 

Element 
(wt. %) 

1 2 3 4 5 

SiO2 29.9 30.6 30.3 31.8 31.8 

FeO 2.5 2.6 2.6 3.9 1.6 

ZrO2 47.2 46.7 44.4 43.3 42.6 

HfO2 1.05 1.05 1.05 0.95 1.09 

Total 80.73 81.01 78.45 79.9 77.09 
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Figure 3.5. Graphical demonstration of the linear regression method described by Danyushevsky et al. (2019) for analyses 

of fine-grained minerals. Multiple measurements for elements of interest are plotted against an index element, in this case 

Zr. Since variable proportions of the target mineral are ablated in each analysis, a direct correlation should exist between 

the index element and corresponding trace element assuming the intergrown material contributes negligible quantites of 

the element of interest. A linear regression through a set of analyses for each element provides a single-value estimate for 

that element where it intersects with the “true” value of the index element. In the graph above, a value of 35 wt.% (350000 

ppm) Zr (47.3 wt.%/473000 ppm ZrO2) is used, based on electron microprobe data. 
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Table 3.4. Trace element estimates calculated by linear regression of spot analyses assuming a uniform 

Zr content of 35 wt.% (350000 ppm) in gel-zircon. The r2 value provides an estimate of the degree to 

which the element concentration is related to the proportion of zircon ablated in a given analysis. See 

text or Figure 3.5 for details. 

 

  

 T0117  
(n = 13) 

T0119 
(n = 6) 

Element 
 

Concentration 
(ppm) 

2s r2 Concentration 
(ppm)  

2s r2 

 

Zr 

 

350000* 

 

- 

 

1.0 

 

350000* 

 

- 

 

1.0 
Si 312423 89033 0.043 253123 52793 0.117 
P 2677 1144 0.448 1635 188 0.850 

La 376 82 0.813 773 318 0.334 
Ce 2403 248 0.959 5775 941 0.799 
Pr 261 50 0.863 449 56 0.876 

Nd 1616 377 0.817 2768 192 0.959 
Sm 1238 253 0.864 1874 31 0.998 
Eu 95 14 0.927 112 2 1.000 
Gd 2334 373 0.915 2942 20 1.000 
Tb 620 91 0.929 713 15 0.996 
Dy 5249 670 0.944 5399 79 0.998 
Ho 1360 126 0.970 1197 18 0.998 
Er 4485 273 0.987 3593 70 0.997 

Tm 736 42 0.988 549 8 0.998 
Yb 5179 219 0.993 3705 37 0.999 
Lu 733 29 0.994 506 5 0.999 
Y 38059 2798 0.981 31347 141 1.000 

Hf 8467 221 0.997 8752 95 0.999 
Th 8413 599 0.982 7796 136 0.998 
U 1692 231 0.932 625 9 0.998 
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Figure 3.6. Plot of U vs Zr/Hf ratio for individual LA-ICP-MS spot analyses of zircon from various lithologies 

in the Flowers River area. Higher absolute U and lower Zr/Hf are present universally in hydrothermalized 

zircon specimens. Gel-zircon trace element concentration estimates, calculated by linear regression, are 

plotted for each sample as red circles. 
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3.8. Discussion 

3.8.1. Nature of the mineralizing fluid 

The major role that halogens (most importantly F and Cl) play as ligands in a wide range 

of magmatic-hydrothermal systems has been repeatedly emphasized by researchers. 

These halogen ligands exert pronounced controls on the solubility of elements including 

Na, Fe, Zn, Pb, Sn, and W for Cl, and K, REE, and HFSE for F (Dolejš and Zajacz, 

2018). In extreme cases, extensively fractionated magmas may achieve F contents 

sufficient to exsolve a separate fluoride melt, which has been shown to be an important 

ore-forming process in some strongly alkaline magmatic systems, like those that produce 

carbonatites (e.g. Oldoinyo Lengai, Potter et al., 2017; Lugiin Gol, Kynicky et al., 2019). 

Recent study of melt inclusions at Strange Lake suggests that this may occur even in 

more moderately alkaline magmas (Vasyukova and Williams-Jones, 2014). Magmatic-

hydrothermal regimes are thought to have developed some time after the immiscible 

fluoride melt was present at Strange Lake and ultimately define the deposit’s present 

mineralogy (Vasyukova and Williams-Jones, 2018). Though the Flowers River suite is 

petrologically very similar to the Strange Lake complex, no evidence has been found to 

support immiscible separation of a fluoride melt occurred during its evolution. Discussion 

hereafter accordingly assumes the bulk of the alteration was enacted instead by aqueous-

carbonic magmatic-hydrothermal fluids alone. In absence of direct fluid or melt inclusion 

data from the Flowers River complex, the assertions made below concerning the 

evolution of these fluids are necessarily qualitative, and are based primarily on 

petrographic phase relations. 
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The most prominent subsolidus reaction observed at both localities is the conversion 

of primary sodic amphibole to aegirine, forming rims around larger amphibole oikocrysts 

or replacing smaller crystals entirely. This conversion signifies a shift towards more 

oxidizing conditions (Vasyukova and Williams-Jones, 2018). Beyond this particularly 

conspicuous change, the progression of parameters defined by Vasyukova and Williams-

Jones (2018) is broadly compatible with conditions that may be inferred from the Flowers 

River suite’s secondary mineral assemblages, with some notable exceptions. They report 

progressive oxidation of an initially reduced hydrothermal fluid via cooling, followed by 

buffering of fluid ƒO2 by the replacement of arfvedsonite by aegirine (Vasyukova et al., 

2016). This reaction ceased once the fluid was sufficiently depleted of Na, fluid ƒO2 was 

once more allowed to rise and carbon speciated predominantly as CO2. This conversion 

further depleted the fluid phase in Na, indicated by the co-occurrence of nahcolite, albite, 

and microcline in associated fluid inclusions (Vasyukova et al., 2016). A marked 

decrease in pH followed this sustained carbonation of the fluid, which alongside the 

depletion of its Na content, consequently caused the fluid to react readily with sodic 

minerals. The initial reduced state of the fluid and the subsequent sequence of chemical 

changes is largely a consequence of closed-system crystallization of arfvedsonite, and 

accordingly this mineral is considered to have played a critical role in the paragenesis of 

the Strange Lake deposit (Vasyukova and Williams-Jones, 2020).  

A major difference in the case of the Flowers River suite is its concurrent volcanism, 

and thus the necessary conclusion that the Flowers River magmas did not evolve as a 

closed system. Without this constraint, arfvedsonite crystallization would exert a less 

effective internal control on the redox state of the magma, a property of oversaturated 
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peralkaline complexes similarly predicted by Markl et al. (2010). Given the 

predominance of fluorocarbonate minerals as a secondary REE-hosting phase, and their 

frequent co-occurrence or intergrowth with ilmenite and fluorite, the first fluid exsolved 

was likely within one to two log units of the FMQ buffer, and was enriched in CO2 as 

well as F. Carbon speciation as CO2 would be predicted in the absence of the arfvedsonite 

redox control, and dissolved F is necessary to induce mobility of the HFSE (including the 

REE, Zr and Ti; e.g. Agangi et al., 2010; Dolejš and Zajacz, 2018; Migdisov et al., 2020). 

A further potential modifier to the behaviour described at Strange Lake is moderate 

occupancy of Ca (< 0.8 apfu) in the X-site of amphibole and aegirine-augite (Collerson, 

1982). This may have affected the proportion of ferric to ferrous iron required to 

crystallize amphibole and dampened the oxygen fugacity forcing effect proposed by 

Vasyukova and Williams-Jones (2020), causing the system to diverge from the fluid 

evolution path described at Strange Lake (Strong and Taylor, 1984). 

Another product of the hydrothermal regimes in the Flowers River suite is a near-total 

loss of Na in many of the Nuiklavik Volcanics (Miller, 1994). The magnitude of this 

depletion varies, but whole-rock Na2O is commonly less than 0.2 wt.% and rarely 

exceeds 2 wt.%. Post-emplacement Na depletion is commonly reported in silicic 

peralkaline volcanics (e.g., Noble, 1965; White et al., 2003; Ren et al., 2006), but rarely 

to the extent seen in the Nuiklavik Volcanics. The accompanying alteration of 

groundmass and feldspar phenocrysts to masses of Fe-rich clays suggests a major 

interchange between Na and Fe, two elements for which Cl is a major ligand. It can thus 

be assumed that Cl was an important constituent of the fluid at some point in the system’s 

evolution. Much of the initial Na incorporated into the fluid phase may be represented by 
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anhedral albite precipitated along the interstices of K-feldspar crystals within the Flowers 

River Granite. The newly Na-depleted fluid continued its ascent through the volcanic 

pile, scavenging Na in exchange for Fe before its ultimate degassing. It is unclear 

whether this process alone could be responsible for the severe Na depletion in the 

Nuiklavik Volcanics. This inferred period of Na-depletion draws a parallel with the low-

salinity phase described at Strange Lake. It is not unreasonable to assume that Na-

corrosive hydrothermal systems may be a characteristic development among silicic 

peralkaline complexes, and partially responsible for the relatively modest depletion in 

their associated volcanic complexes. Accordingly, the comparatively large depletion of 

Na from the Nuiklavik Volcanics was likely not the product of deuteric alteration alone. 

It is also unclear whether the inferences made above are representative of a single 

continually evolving fluid phase or two discrete fluids. Close spatial association of the F-, 

Ti-, and REE-rich phase assemblage with sphalerite and galena, whose metal cations are 

typically transported as complexes of Cl, may argue in favor of an evolutionary 

continuum or even a single fluid. However, the sparse distribution of secondary mineral 

assemblages in the Flowers River Granite, and the generally pervasive nature of the Fe-

metasomatism in the volcanics, means that any assertion based on petrographic evidence 

alone is equivocal.  

3.8.2. Origin of the stratabound HFSE mineralization 

Ignimbritic and ash-flow tuffs toward the southeast of the caldera host the most 

economically viable form of mineralization in the Flowers River Igneous Suite. The 

morphology of mineralization in these rocks is wholly distinct from the more pervasive 
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style of mineralization, which is developed primarily within primary void spaces like 

lithophysae, or in secondary fractures that are oblique to any flow foliation present. By 

contrast, the bands of disseminated gel-zircon run parallel to the volcanic fabric. Sparse, 

fine-grained Y- and Nb-bearing minerals are also found exclusively in rocks bearing gel-

zircon mineralization. Fluorocarbonate mineralization remains present in these samples, 

infilling fractures that form high angles with the gel-zircon bands. Fractures hosting 

bastnäsite-(Ce) cross-cut sections of gel-zircon mineralization in places, but the 

meandering, diffuse nature of the gel-zircon obfuscates any conclusive age-relation 

inferences that might be drawn. As such, it is not immediately obvious whether the gel-

zircon mineralization is necessarily synvolcanic in nature or an entirely separate 

occurrence. On purely physical grounds, it is difficult to envision a means by which 

strata-parallel bands of zircon could have developed in such a localized fashion without 

an associated structural element (i.e. fractures, veins). A similar style of mineralization in 

the Brockman Volcanics was argued to be synvolcanic in nature on similar grounds, with 

the added support of isotopic data (Ramsden et al., 1993; Section 3.8.3). However, the 

evidence collected does not inherently support an incontrovertibly synvolcanic 

emplacement, and possible alternative models will be discussed briefly here. 

There are obvious differences in the trace element compositions of crystalline zircon 

and reworked or hydrothermal zircon in all of the lithologies considered (Figure 3.4; 

Table 3.2). The former has moderate U and Th, Th/U values generally between 0.7 and 

1.4, steep HREE-enrichment, and Zr/Hf values which vary broadly in accordance with 

their parental suite, typical of magmatic zircon. Secondary zircon, by contrast, has 

elevated U (> 1000 ppm) and Th (> 4000 ppm), Th/U greater than 2, flat overall REE 
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profiles (Figure 3.7), and Zr/Hf typically lower than 45. Gel-zircon shares these 

properties, with each sample notably returning distinct but internally uniform Th/U ratios 

of 3.8 – 5.5 (Sample CXAT0117) and 11.5 – 12.6 (Sample CXAT0119). There is no 

obvious lithological or mineralogical explanation for this difference, and they may 

presumably reflect localized compositional differences in either the erupted fraction or 

the mineralizing fluid. Flat REE profiles are a common diagnostic feature of 

hydrothermal zircon, and in the specimens examined here they universally coincide with 

elevated values U and Th. Combined with its amoeboid to disseminated morphology and 

the complex zonation seen in larger specimens, this zircon can be concluded to have 

precipitated directly from, or have been extensively reworked by, a hydrothermal fluid 

containing high concentrations of dissolved U, Th, Zr, Hf, and other HFSE (Yang et al., 

2014).  

The observed correlation of whole-rock Zr/Hf with the extent of subsolidus alteration 

in the Flowers River Granite cannot be explained solely by a higher prevalence of 

hydrothermal zircon in altered samples. All zircon analyzed in samples CXAT0126 and 

CXAT0136 are of magmatic origin and have higher Zr/Hf than whole-rock (70-76 vs. 

55.5), and the average of Zr/Hf of hydrothermal zircon in CXAT0030 is also higher than 

that of the whole-rock (43.4 vs. 38.8). The most straightforward explanation is that a 

mineral in these rocks other than zircon fractionated Hf from Zr during crystallization, 

and this mineral is thereafter being preferentially dissolved relative to zircon to impart an 

intermediate Zr/Hf ratio onto the fluid. Linnen and Keppler (2002) demonstrate that 

amphibole and clinopyroxene can fractionate Hf from Zr in peralkaline melts, though 

they conclude that this should have minimal effect on whole-rock Zr/Hf. A combination 
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of mineral-driven fractionation and preferential dissolution of that mineral could produce 

the observed mineral-whole rock Zr/Hf relationship, but this would require either that Hf 

be retained preferentially by the fluid, or that a complementary rock exist that has been 

depleted in Hf and developed high whole-rock Zr/Hf approaching that of its zircon. 

Neither of these scenarios can be substantiated presently.  

U-Pb analyses of the gel-zircon display an expectedly high degree of scatter, and 

attributing a precise age to the mineralization is accordingly dubious. Nevertheless, the 

age returned appears reasonably accurate given its reproducibility across samples and 

analytical sessions. The youngest cluster records an age that post-dates the established 

timing of magmatism by nearly 800 Myr, and it can accordingly be inferred to hold some 

geologic significance. If the gel-zircon analyses that plot at ca. 1100-1300 Ma and the 

physical implausibility of acquiring its morphology post-deposition are indeed taken to 

signify a synvolcanic origin, then the younger ages represent a pronounced episode of Pb-

loss at ca. 580 Ma. A comparable lower-intercept age of 442 ± 31 Ma can be obtained 

from a set of discordant analyses defined by hydrothermally disturbed zircon in a Three 

Bays Pluton granite (Figure 3.8). As discussed briefly above, there is evidence within the 

gel-zircon data to suggest the rocks experienced a second, more recent episode of Pb-

loss, and this may have similarly affected the lower-intercept age. Nevertheless, the 

scatter in the gel-zircon data warrants considering a range of possible timings for the 

initial Pb loss.  

Assuming a timing between 600 – 400 Ma, there are only two known coincident 

regional tectonothermal events recorded in the region. The first is the emplacement of 

alkaline intrusives along the present-day Labrador margin during incipient rifting of the 
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North Atlantic Craton between 590 – 565 Ma (Tappe et al., 2006). Carbonatites and 

lamproites emplaced during this event can be found spanning the length of the modern 

coasts of Labrador and Greenland, though they have not been observed intruding the 

Nain Plutonic Suite despite being exposed to the north and south of its coastal plutons. 

Ascent of these magmas may have been stymied directly by the Nain Batholith, while 

still sustaining hydrothermal system in the overlying magmatic suites. It is alternatively 

possible that renewed hydrothermal activity was triggered in response to far-field forces 

associated with the Caledonian Orogeny. Temporally appropriate loci of these forces 

include the East Greenland and Taconic orogens, the latter of which may have initiated as 

early as 495 Ma (Leslie et al., 2008; van Staal et al., 2007); though the capacity for early-

stage convergence to both initiate and independently sustain a distal hydrothermal system 

may be suspect. It therefore appears more tenable that the observed Pb-loss is related in 

some capacity to the Neoproterozoic rifting event. The involvement of fluids directly 

generated by alkaline magmatism should not be assumed, however, as the resetting of the 

U-Pb system shows no accompanying fenitization or remobilization of the HFSE 

(Andersen, 1986; Bühn and Rankin, 1999). The older concordant age at ca. 775 Ma may 

represent an earlier, previously undocumented phase of rifting, which is known to have 

recurred throughout the Phanerozoic (Larsen and Rex, 1992; Romer et al., 1995); it is 

more likely however, in the absence of compounding evidence to the contrary, that this 

age is an artifact of partial resetting and possesses no geologic significance. 
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Figure 3.7. Chondrite-normalized REE profiles of zircon from lithologies in the study area. A reduced REE suite 

was analyzed for crystalline zircon to optimize analytical sweep times (see Section 3.4.1). Crystalline zircon from 

both the Three Bays and Flowers River suites shows homologous HREE-enriched profiles ((Lu/Nd)CN = 30.1 – 

196.4). Gel-zircon and ostensibly crystalline zircon with Zr/Hf values below 50 display overall flatter REE profiles 

((Lu/Nd)CN = 3.4 – 57.8) as well as greater overall enrichment. Normalizing values from Sun and McDonough 

(1989).  
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Figure 3.8. Zircon U-Pb Concordia diagram for Three Bays Pluton augite-fayalite granite sample CXAT0015. The 

lower intercept age of the Discordia line suggests a Phanerozoic Pb-loss event may have affected all of the lithologies 

in the Flowers River area to varying degrees. 
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3.8.3. Comparison with the Halls Creek Group “Niobium Tuff” 

Similarities between the gel-zircon mineralization found in the Nuiklavik Volcanics and 

that of the “Niobium Tuff” of Brockman, Western Australia have been alluded to in 

preceding discussion. Both occurrences are hosted in volcaniclastic rocks, feature 

extreme concentrations of Zr, Nb, Y, U, Th, and REE hosted primarily by gel-zircon and 

Y-niobate minerals, and are constrained to particular strata within their respective 

volcanic successions (Ramsden et al., 1993; Taylor et al., 1995b). A synvolcanic origin 

for the Niobium Tuff’s mineralization is supported by Nd isotopic signatures shared by 

both the mineralized and unmineralized tuffs of the complex. It has been suggested that 

trapping of a F-rich, co-erupted fluid within rapidly depositing volcaniclastic material 

could feasibly generate the isotopically equilibrated HFSE mineralization while 

explaining its restriction to a single stratigraphic horizon. The scarcity of this style of 

volcanogenic mineralization beyond these two occurrences implies they are likely to 

share a common means of genesis. The proposed mechanism for generating the Niobium 

Tuff is broadly compatible with observations in the Nuiklavik occurrence, but further 

work is needed to confirm this. 

There are several key differences between the Nuiklavik gel-zircon horizon and the 

Niobium Tuff. Among the most notable is that the Brockman Volcanics are 

metaluminous trachytes to trachydacites, and do not appear to be spatially associated with 

any peralkaline rocks (Taylor et al., 1995b). The Niobium Tuff is the lowermost eruptive 

unit of the Brockman Volcanics, which are themselves the basal layer belonging to the 

Olympio Formation of the Paleoproterozoic Halls Creek Group volcano-sedimentary 

sequence (Taylor et al., 1995a). The entirety of the Halls Creek Group has experienced 



 

108 

 

low-grade metamorphism and moderate deformation. Outcrop-scale textural criteria 

indicate a subaqueous eruptive environment, and the Brockman Volcanics are considered 

to have been generated in an extensional setting slightly predating the onset of a 

compressional regime. By contrast, topographic inferences suggest the Nuiklavik gel-

zircon horizon occupies an intermediate to upper position within the Phase II 

stratigraphy. The Nuiklavik Volcanics are accepted to have been emplaced subaerially, 

are unmetamorphosed and undeformed, and their emplacement did not precede any 

known compressive regime. In this sense, the volcanological aspects of the Nuiklavik 

Volcanics much more closely resemble those of a typical intraplate volcanoplutonic 

setting, which Taylor et al. (1995a) notes does not align well with the Brockman 

Volcanics. Based on the numerous discrepancies, it appears that the shared style of 

mineralization most likely arose by consequence of some unusual magmatic-

hydrothermal process, the onset of which was independent of factors like melt 

composition or emplacement setting.  

3.8.4. Approximate resource estimate 

The most pronounced expression of the gel-zircon mineralization was encountered in an 

area approximately 500 m x 300 m in size. Vertical exposures of mineralized outcrops 

locally reach 3 m, but are generally less than 2 m. Assuming an average grade of 0.7 

wt.% Zr (Table 2.3), a typical rhyolitic rock density of 2.5 kg/m3 and an average 

thickness of 1.5 m for the mineralized horizon, an approximate potential Zr resource 

estimate of 4 T can be calculated. Similar estimates are obtained for total rare-earth 

oxides (including Y) whose concentrations in these rocks range between 0.5 – 1.1 wt.%, 
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comparable to figures for Strange Lake’s Main Zone mineralization (Kerr, 2013). The 

unknown extension of the horizon to the subsurface could yield higher estimates. 

Additionally, the upper limits of detection for the data presented in Chapter 2 

underestimate the Zr grade in Sample CXAT0119. The whole-rock Zr/Hf value for this 

sample, which is half that of similar samples, suggests that Zr may locally exceed 2 wt.%. 

If similar grades prove to be more widely distributed, this would result in a further 

upward revision in resource estimates. 

3.9. Summary 

The Flowers River Igneous Suite contains two distinct styles of rare-metal mineralization. 

The most widely distributed of these strongly resembles the mineralization reported from 

other oversaturated peralkaline complexes in both ore mineralogy and associated host 

rock alteration (e.g. Estrade et al., 2014; Vasyukova and Williams-Jones, 2014; Yang et 

al., 2014). From comparisons with studies conducted on the fluid regimes at Strange Lake 

(Siegel et al., 2018; Vasyukova and Williams-Jones, 2018,) it can be inferred that the 

fluid responsible probably evolved from the Flowers River magmas. This fluid regime 

maintained fO2 close to FMQ, and was initially enriched in CO2 and F, producing the 

fluorocarbonate-dominated hydrothermal assemblage observed in both intrusive and 

volcanic Flowers River lithologies. The overwhelming predominance of this mineralogy 

may reflect a relatively straightforward evolution of fluid compositions, buffered by 

open-system behaviour and modestly peralkaline magma compositions. This fluid was 

also either initially enriched in or evolved toward enrichment in Cl, and as a result 

preferentially incorporated Na, Fe, and base metals (Dolejš and Zajacz, 2018). The fluid 
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rapidly depleted its Na content, and the bulk of its interaction with the Nuiklavik 

Volcanics involved scavenging of Na in exchange for Fe.  

A second style of mineralization is localized exclusively within a southeasterly region 

of the Nuiklavik caldera and bears similarities to the “Niobium Tuff” occurrence in the 

Brockman Volcanics (Ramsden et al., 1993). The rocks there contain as much as 2 wt.% 

Zr, manifested in concentrated disseminations of a hydrous mineraloid form of zircon 

known as “gel-zircon” occurring as foliation-parallel bands in tuffaceous rocks. 

Accompanying enrichments of Nb, Y, and REE are hosted by sparse fine-grained niobate 

minerals. Coincident occurrences of both mineralization styles do not support a shared 

origin, and its morphology suggests that the gel-zircon mineralization may have been 

generated by an unknown synvolcanic process that concentrated HFSE within a particular 

eruptive package. The resultant volcanic rocks, constrained entirely within a ~2 km2 zone 

toward the southeast of the caldera, represent the highest-grade and likely most 

economically viable form of Zr and HREE mineralization within the Flowers River 

Igneous Suite. The true feasibility of this zone as a tentative orebody will require 

subsurface exploration to properly define.  

Gel-zircon U-Pb ages suggest the system may have been impacted by a subsequent 

hydrothermal regime as recently as recently as ca. 575 Ma. This timing roughly aligns 

with an episode of alkalic magmatism that emplaced sparse carbonatites and lamproites 

along the coast of Labrador and Greenland (Larsen and Rex, 1992; Tappe et al., 2006). 

The extent to which these magmas were directly involved in driving the hydrothermal 

system is unclear. The apparent absence of these lithologies and any corresponding 

fenitization in the study area (e.g. Kresten and Morogan, 1986) suggests minimal 



 

111 

 

involvement. If the two events are connected, however, it would imply that the effects of 

even relatively low-volume magmatic events may be recorded in seemingly 

uncompromised country rocks.    

Trace element geochemistry reliably differentiates pristine igneous zircon from 

hydrothermal or otherwise disturbed zircon. Igneous zircon show pronounced HREE 

enrichment while hydrothermal zircon have overall flatter REE profiles. These 

observations are broadly in accord with previous investigations (e.g. Yang et al., 2014). 

Hydrothermal zircon in the Flowers River area can further be distinguished by its lower 

Zr/Hf and higher overall enrichment in REY, Nb, U, and Th. To what extent this 

enrichment may be due to submicroscopic inclusions of other minerals, including those 

that form solid solutions with zircon (e.g. thorite, coffinite; Förster, 2005) is uncertain. 
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 Conclusions 

4.1. Regional tectonothermal implications 

This research clarifies the temporal relationships among the Flowers River Igneous Suite, 

Nuiklavik Volcanics and the AMCG-affinity magmatic suites that host them. The age 

obtained here is in good agreement with both the previous U-Pb age (Hill, 1991) as well 

as the Rb-Sr age when adjusted for decay constant revisions (Collerson, 1982). The 

emplacement timing has been narrowed to a window of several Myr. The magmatic 

context of the area surrounding the Flowers River Igneous Suite had shifted considerably 

within 10 Myr of its emplacement to one of rift-related basaltic magmatism (Cadman et 

al., 1993). A comprehensive geodynamic model for the Flowers River Igneous Suite 

would inevitably need to draw from the more extensively studied Nain Plutonic Suite or 

Harp Dyke events in the region, and the emplacement of the Flowers River Igneous Suite 

similarly cannot be discounted. The geochronological data provided here will help to 

better focus the progressive development of a tectonothermal framework for the region. 

The AMCG rocks that host the Flowers River Igneous Suite, collectively denoted 

the Three Bays Pluton in this thesis, have received little attention from regional-scale 

syntheses that consider the Nain Plutonic Suite in the broader context of AMCG 

plutonism worldwide (e.g. Emslie and Stirling, 1993). The U-Pb geochronology 

presented in Chapter 2 frames these rocks as the youngest of the AMCG-affinity 

intrusions currently dated within the Nain Batholith (Myers et al., 2008) and 

simultaneously identifies a subset of the Nuiklavik Volcanics that are themselves coeval 

and likely cogenetic with these magmas. This is the only area within the Nain Batholith 
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known to have experienced a recurrence in magmatic activity, with the recurrent 

volcanism further suggesting that these events shared a focal point. By contrast, each of 

the four plutons which constitute the Nain Plutonic Suite’s Interior Trend (Figure 2.1) are 

host to at least one younger peralkaline intrusion (Brummer and Mann, 1961; Miller et 

al., 1997; Kerr, 2011; Kerr and Hamilton, 2014; Petrella et al., 2014), though they are all  

considerably smaller than the Flowers River Igneous Suite. The relationship between 

these older AMCG plutons and those that constitute the Nain Batholith remains poorly 

understood. Concurrent investigation of the peralkaline intrusions alongside their host 

plutons are a worthwhile endeavor toward understanding the similarities and differences 

between these peralkaline occurrences, regardless of whether they are ultimately 

determined to be cogenetic with their host plutons. Two other studies have thus far made 

such a determination: Petrella et al. (2014) concluded that the Misery Lake ferrosyenite 

was a differentiate of the Mistastin Batholith granitoids, whereas Kerr (2014) indicates 

that the Napeu Kainiut quartz monzonite was at most a source of contamination within 

the Strange Lake Intrusion.  

These contrasting interpretations highlight the possibility that, rather than defining 

a series of interrelated peralkaline occurrences, the set of conditions that fostered AMCG-

affinity plutonism may have simply been similarly well-suited to the subsequent 

generation of peralkaline magmas. In the case of the Flowers River Igneous Suite, the 

transition to peralkaline magmatism is proposed to have arisen simply by consequence of 

an incident of massif anorthosite production being superimposed on an enriched region of 

the lithosphere. The currently accepted model for Proterozoic anorthosite genesis, 

independent of any petrological stipulations concerning subordinate coeval lithologies, 
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requires only that a basaltic melt pond in the lower crust while assimilation of sialic crust 

promotes the formation of flotation cumulates of plagioclase (Ashwal, 1993; Ashwal and 

Bybee, 2017). In theory, this provides a versatile framework that a number of geological 

processes could feasibly interact with and modify, exemplified in some respects by the 

variety of plausible models proposed for the non-adherent Nain Plutonic Suite (Hoffman, 

1989; Rivers and Corrigan, 2000; Gower and Krogh, 2002; McLelland, 2010). In 

practice, nearly all AMCG suites are variably metamorphosed and deformed (Duchesne, 

1984), and evidence for such diversity is either difficult to find, not preserved, or does not 

exist. It is equally valid to question whether so many of Labrador’s AMCG plutons can 

reasonably have become spatially associated with a peralkaline complex independently, 

when this relationship is by no means ubiquitous elsewhere. Answers to these problems 

are likely to be obtained only after concerted study of multiple peralkaline occurrences in 

Labrador, and this pursuit stands to significantly deepen our understanding of both 

AMCG and silicic peralkaline petrogenesis. 

Studies concerning the Nain Plutonic Suite have rarely intersected with those 

investigating the region’s later Neoproterozoic and Phanerozoic rifting events. At present 

there remains no field evidence to suggest that the magmatic products of these episodes 

were able to ascend through the crustal regions occupied by the Nain Plutonic Suite, and 

known exposures of this material are limited to the surrounding Archean terranes on 

either side of the Labrador Sea (e.g. Larsen and Rex, 1992; Tappe et al., 2006). Similarly, 

any cryptic evidence of such interactions may be too sparse to reliably appear within the 

data, or may have otherwise gone unrecognized as geologically meaningful. There is now 

compelling evidence in the geochronologic data to suggest that Labrador’s 
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Mesoproterozoic igneous provinces did not remain undisturbed in the time since their 

emplacement. The magnitude and scale of this influence, as well as its ultimate source, 

remains equivocal. Nevertheless, it is now important to bear in mind that potential effects 

of this event may be recorded throughout the coastal Nain Batholith, particularly as large-

scale geochronological endeavors with high sampling resolutions are becoming a 

commonplace means of refining regional tectonothermal histories.  

4.2. Recommended future work 

Whereas a relatively thorough body of geochronologic data is the foundation of this 

thesis, additional geochronology targeting the Flowers Bay, Sango Bay and Merrifield 

Bay anorthosite plutons could serve to better clarify the local magmatic architecture. 

Zircon, or alternately baddeleyite or titanite, U-Pb dating of a large sampling of 

anorthositic lithologies in the Flowers River area would provide straightforward 

constraints on whether the Flowers River magmatic episode was accompanied by a flare-

up of anorthosite diapirism. The implications with regards to the Flowers River Granite 

emplacement model for the are discussed at some length in Section 2.6.4. In brief, 

identification of a coeval body of anorthosite would suggest that the Flowers River 

Granite represents a direct but compositionally atypical analogue to charnockite-series 

rocks in more typical AMCG settings. If such a relationship exists, the Flowers River 

suite would become a high priority target for studying the controls on granitoid genesis in 

AMCG suites and the dynamics governing their wide compositional breadth. 

 Isotope systematics, particularly Nd, Sr, and less frequently Pb, are a prominent 

component of any discussion concerning AMCG petrogenesis. Although radiogenic Nd 
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and Sr signatures for AMCG lithologies commonly return intermediate values indicative 

of intermingling between depleted mantle and crustal sources, these data are widely 

available for AMCG complexes both worldwide and within the Nain Plutonic Suite itself 

(e.g. Emslie et al., 1994; Markl and Höhndorf, 2003; Shumlyanskyy et al., 2006). At 

present, only whole-rock Rb-Sr data are available for the Flowers River and Three Bays 

granites (Collerson, 1982). Supplemental Sm-Nd isotopic data obtained from REE-

fluorocarbonates and/or monazite (in Flowers River Granite) or apatite (in Three Bays 

granitoids), would aid to better contextualize the whole-rock Rb-Sr isotope systematics. 

The Pb-Pb system is potentially among the most informative approach with regards to 

constraining the source of mantle-derived magmas (e.g. Andersen et al., 1994), and 

combined with the other isotopic systems, may provide good constraints on the source of 

the Three Bays granitoids and Flowers River Granite. Zircon Lu-Hf systematics could 

provide a point of reference for a mineral that is common among both suites; however, 

the Lu-Hf system has not yet seen widespread application in studies of AMCG complex 

petrogenesis, and would thus suffer from having fewer direct comparisons. Additionally, 

significant overlap between whole-rock Nd values for the Niobium Tuff and the 

unmineralized Brockman Volcanics offered support to a synvolcanic interpretation of the 

mineralization (Taylor et al., 1995b). A synvolcanic origin for the gel-zircon 

mineralization in the Nuiklavik Volcanics could feasibly be substantiated by this same 

approach, and could be particularly robust if performed at the mineral scale on the 

niobate minerals in these rocks. 

 An intensive study of the fluid regimes and resultant paragenetic consequences in 

the Flowers River Granite and Nuiklavik Volcanics, following the example of that 
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performed for Strange Lake over the past decade (e.g. Siegel and Williams-Jones, 2013; 

Vasyukova and Williams-Jones, 2014, 2018; Siegel et al., 2018), would unquestionably 

be of value. Chapter 3 provided a qualitative comparison of subsolidus mineral reactions 

evident in the Flowers River Granite. Expansion of this to include fluid and melt 

inclusion analyses, O isotope systematics, and comprehensive mineral chemistry would 

provide invaluable insight into the factors governing formation of complex paragenetic 

assemblages, like at Strange Lake, relative to the comparatively simple assemblage in the 

Flowers River Granite. 

 Finally, the revised volcanic architecture presented in Figure 2.10 would benefit 

greatly from a renewed, focused mapping campaign. Integrating the newly defined 

subdivisions of the volcanic assemblage with the detailed, outcrop- and finer-scale 

lithofacies reconstructions of Miller (1993) can yield better estimates of the eruptive 

volume of each volcanic phase and, accordingly, potentially provide insight into the scale 

of their corresponding magmatic systems.  

 The above recommendations are logical extensions toward establishing a robust 

dataset from throughout the coastal Nain Batholith. More aggregate pluton-scale data and 

syntheses will lead to more unique time-resolved data points representing different stages 

spanning the evolution of an AMCG system. Ultimately, the scale of the “anorthosite 

problem” will inevitably require a thorough appraisal of a significant body of 

independently synthesized data to address it further; the parallel consideration of 

associated peralkaline complexes in Labrador will only compound this challenge. This 

thesis contributes a broad overview of two such plutons within the Nain Batholith to this 

undertaking. As the youngest constituent intrusions, the Three Bays Pluton and Flowers 
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River Igneous Suite will doubtlessly be of particular importance in the overall picture, 

recording insights into the latest stages of Labrador’s long-lived Mesoproterozoic 

magmatism. This thesis will hopefully serve as a piece of the larger foundation that 

eventually resolves the many mysteries still surrounding Proterozoic AMCG terranes.  
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Appendix A – Modal mineralogy and descriptions of thin sections 

Group Ia: Three Bays Pluton augite-fayalite granite (fayalite charnockite) 

Samples: CXAT0001, CXAT0003, CXAT0010, CXAT0015, CXAT0043 

35 – 45% Alkali feldspar – mesoperthitic, eu- to subhedral 

15 – 20% Quartz  

15 – 20% Clinopyroxene 

5 – 10% Olivine – fayalitic, undergoing replacement by iddingsite to variable degrees 

Tr. – 10% Amphibole 

2.5 – 5% Ilmenite 

2.5 – 5% Aenigmatite1 

2.5 – 5% Zircon 

Tr. Apatite, Fluorite, Grunerite 

Summary: Augite- and fayalite-bearing, AMCG-affinity granite (or charnockite sensu 

lato). Comprises the majority of the granitoid lithologies exposed in the vicinity of the 

central Flowers River Granite pluton. Samples proximal to the margins of the Nuiklavik 

caldera show evidence of hydrothermal alteration, with coronae of grunerite surrounding 

fayalite and greater aegirine component in clinopyroxene.  

1Aenigmatite occurs both in thin bands along prismatic amphibole cleavage planes and as 

large crystals. The origins in the latter case are unclear, and whole-rock agpaitic indices 

in the sample it occurs in is less than 1.  
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Group Ib: Three Bays Pluton augite-fayalite monzonite (fayalite mangerite) 

Samples: CXAT0038, CXAT0045 

40 – 45% Plagioclase 

25% Amphibole 

7.5 – 10% Alkali feldspar – optically continuous rims on plagioclase and individual, 

cryptoperthitic crystals 

7.5 – 10% Iddingsite – after olivine 

5% Apatite – elongate, euhedral 

5% Augite 

Tr. – 2.5% Zircon 

Tr. – 2.5% Allanite-(Ce) 

Tr. Grunerite, calcite, biotite, quartz 

Summary: Augite- and fayalite-bearing, AMCG-affinity monzonite (mangerite sensu 

lato). These are less abundant and more strongly altered than Three Bays granites near 

the Nuiklavik Caldera. Fayalite is pseudomorphed completely by iddingsite and 

grunerite, while intergrown amphibole and feldspar define a decussate texture. 
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Group Ic: Anorthosite and leucogabbro 

Samples: CXAT0002, CXAT0005, CXAT0121, CXAT0125 

55 – 90% Plagioclase 

5 – 10% Ilmenite 

5 – 10% Augite 

0 – 15% Amphibole 

0 – 5% Biotite 

0 – 5% Apatite 

Tr. – 5% Epidote 

Tr. Prehnite, calcite, zircon, titanite, chlorite, alkali feldspar 

Summary: Gabbroic rocks bearing high modal proportions of plagioclase. Plagioclase 

crystals are up to several cm in length and accessory minerals are subordinate or rare. 

Many specimens appear to have experienced low-grade contact metamorphism at or 

below epidote hornfels facies conditions. 
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Group Id: Ferromonzogabbro 

Samples: CXAT0127 

20% Alkali feldspar – microperthitic  

20% Augite – local pigeonite exsolution lamellae 

15% Biotite 

15% Plagioclase 

10% Ilmenite 

7.5% Olivine 

7.5% Apatite 

5% Orthopyroxene 

Tr. Zircon 

Summary: Highly ferromagnesian, alkali-enriched variation on typical Fe-Ti-P-enriched 

AMCG suite rocks including ferrodiorites and jotunites. Textural criteria suggest the rock 

has preserved many of its primary magmatic textures and remained largely unaffected by 

secondary alteration. 
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Group Ie: Subsolvus granite 

Samples: CXAT0103, CXAT0105, CXAT0132 

35 – 40% Alkali feldspar – may be cryptoperthitic or subsolvus 

25 – 30% Quartz 

10 – 15% Plagioclase 

5 – 15% Biotite – occurs abundantly in xenolithic “pods” with rims of aegirine-augite  

5 – 10% Chlorite  

0 – 5% Clinopyroxene 

Tr. Zircon, apatite, muscovite, calcite, titanite 

Summary: Subsolvus, aluminous two-feldspar granite displaying largely less alkaline 

character than any other intrusive lithology encountered in the study area. Xenolithic 

“pods” comprising masses of intergrown biotite, quartz and titanite appear to represent 

gneissic material entrained by the magma. These have been overgrown by green 

clinopyroxene, likely aegirine-augite. 
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Group IIa: Equigranular Flowers River peralkaline granite 

Samples: CXAT0004, CXAT0008, CXAT0126, CXAT0136 

40 – 45% Alkali feldspar – meso- to microperthitic crystals 

20 – 30% Quartz 

10 – 15% Aegirine(-augite) 

5 – 10% Amphibole 

2.5 – 5% Zircon 

Tr. – 10% Aenigmatite 

Tr. Ilmenite, biotite, astrophyllite, fluorite, bastnäsite-(Ce), monazite-(Ce), magnetite 

Summary: Typical peralkaline granite. Accessory phases concentrate within and along 

the margins of mafic minerals. Aenigmatite is present both as primary magmatic crystals 

and as a product of a reaction between amphibole and ilmenite, the latter of which is 

found only as relict cores at various points through the progression of this reaction. 
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Group IIb: Porphyritic Flowers River peralkaline granite 

Samples: CXAT0016, CXAT0029, CXAT0030 

40 – 45% Alkali feldspar – microperthitic phenocrysts 

25 – 35% Quartz 

10 – 15% Amphibole 

5% Aegirine(-augite) 

2.5% Zircon 

2.5% Albite – subrounded inclusions in alkali feldspar distinct from exsolution lamellae, 

subordinate fracture fill 

Tr. Ilmenite, biotite, astrophyllite, bastnäsite-(Ce), monazite-(Ce), aenigmatite 

Summary: Alkali feldspar-phyric lithofacies of the Flowers River peralkaline granite. 

Aenigmatite is not as prevalent in these rocks but astrophyllite appears more frequently, 

typically in radial growths along fractures. Unusual oikocrystic textures typify the alkali 

feldspar phenocrysts, with many monomineralic inclusions in greatest abundance at the 

core of grains. Energy-dispersive spectroscopy reveals these chadacrysts to be near-

endmember albite.  
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Group IIc: Hornblende granite 

Samples: CXAT0124 

50% Alkali feldspar - mesoperthitic 

25% Quartz 

20% Amphibole 

5% Zircon 

Summary: Single occurrence found intruding a contact metamorphosed gabbroic 

lithology. Alkali amphibole and pyroxene are entirely absent, despite the sample’s U-Pb 

age supporting an origin coeval with the Flowers River Granite. This conclusion is 

further supported by the unusual abundance of zircon. 
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Group IIIa: Lithic tuffs – Nuiklavik Volcanics, Phase I 

Samples: CXAT0009A, CXAT0009B 

40% Quartz – dominant groundmass mineral 

30% Chlorite – occurs as crystalline sheet clusters and fine-grained groundmass mineral, 

latter morphology occurs in a rhythmic concentric pattern (possibly an alteration texture 

after spherulites) 

25% Plagioclase – primary constituent of lithic clasts, polycrystalline sub-/formerly 

euhedral clusters sometimes mantled in alkali feldspar 

5% Alkali feldspar – minor constituent of lithic clasts; sometimes mantles lithic clasts, 

may also be present in groundmass 

Tr. Zircon 

Summary: Volcanic lithofacies defined by massive texture, chloritic alteration in the 

groundmass, and polycrystalline accidental or epiclastic fragments of plagioclase and 

alkali feldspar.  
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Group IIIb: Hematized crystal-rich tuffs – Nuikavik Volcanics, Phase II 

Samples: CXAT0014, CXAT0018, CXAT0085, CXAT0091, CXAT0092, CXAT0094 

35 – 50% Groundmass – submicroscopic intergrowths of earthy red hematite and quartz 

30 – 40% Alkali feldspar – sparsely cryptoperthitic, some display granophyric texture 

15 – 20% Quartz – euhedral with hexagonal cross-sections, also present in granophyric 

clasts 

Tr. – 5% Magnetite 

0 – Tr. Zircon 

Summary: Crystal-rich volcanic lithofacies with a groundmass dominated by fine-

grained, earthy hematite. Phenocrysts are dominantly euhedral quartz and alkali feldspar 

with some granophyre-textured clasts. Feldspar crystals are clouded with earthy red-

brown hematite. Samples typically preserve well-defined ash-flow fabrics. 
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Group IIIc: Sericitized crystal-rich tuffs – Nuiklavik Volcanics, Phase II & III 

Samples: CXAT0021, CXAT0026-1, CXAT0026-2, CXAT0049, CXAT0051, 

CXAT0099, CXAT0101 

55 – 70% Groundmass – dominantly micaceous with variable proportions of quartz and 

chlorite 

10 – 25% Quartz 

10 – 20% Pseudomorphed feldspar phenocrysts 

Summary: Volcanic lithofacies with moderate to pale grey groundmass composed 

primarily of muscovite + quartz and subordinate chlorite. Alkali feldspar phenocrysts are 

partially to fully pseudomorphed by a combination of muscovite, chlorite, and Fe-rich 

clays (likely corrensite, berthierine, etc.). Primary flow fabrics may be weakly preserved, 

but are commonly fully overprinted by alteration.  
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Group IIId: Unmineralized and weakly mineralized aphyric ash-flows and 

ignimbrites – Nuiklavik Volcanics, Phase III 

Samples: CXAT0022A, CXAT0022B, CXAT0023, CXAT0025, CXAT0027, 

CXAT0028 

60% Quartz 

30% Chlorite – may include intergrown Fe-clay minerals 

10% Amphibole – acicular, typically forms intergrown mosaics 

Tr. Alkali feldspar, sphalerite, galena, fluorite, bastnäsite-(Ce), monazite-(Ce), magnetite, 

ilmenite, biotite 

Summary: Welded, flow-foliated ash-flows and ignimbritic tuffs dominated by sub-

microscopic quartz. Fiamme have been altered to an assortment of chlorite and Fe-rich 

clay minerals. Spherulites are common, and may comprise up to 60% of the groundmass. 

Infrequent lithophysae are ubiquitously filled with quartz, fluorite, and accessory 

sulphides and REE-bearing minerals. 
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Group IIIe: Mineralized ash-flows and ignimbrites – Nuiklavik Volcanics, Phase II 

Samples: CXAT0116, CXAT0117, CXAT0119, CXAT0120 

80 – 95% Quartz 

Tr. – 20% Chlorite 

2% Zircon – Partially amorphous “gel-zircon” 

0% – Tr. Pyrite 

Tr. Mosandrite-(Ce) (?), euxenite-(Y) (?), bastnäsite-(Ce) 

Summary: Classification spans several differentiable lithofacies, including foliated 

(ignimbrites, ash-flows) and non-foliated (massive ash-fall or possible 

“hydrothermalites”) varieties. In all cases, quartz is the predominant groundmass mineral 

and may either be intergrown with chlorite, or occupy largely distinct domains. In flow-

foliated facies zircon is largely controlled by the flow fabric and not associated with a 

particular mineral; in the massive sample examined (CXAT0116), it occurred exclusively 

intergrown with chloritic domains. Other incompatible-enriched mineral phases are 

sparsely distributed. 

Sample CXAT0119 has interstratified layers of crystal-rich and crystal-poor, flow-

foliated lithotypes. In this sample, the gel-zircon is concentrated in the crystal-poor 

domain, but near the contact with the crystal-rich domain. 
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Appendix B – Samples and Sampling Coordinates 

Sample  Latitude  Longitude  

 

Parent Suite  Lithology  

18CXAT0001 55.96096 -61.04226 Three Bays Pluton, granitoid Augite-fayalite granite 

18CXAT0002 55.90535 -61.28395 Three Bays Pluton, anorthosite Leucogabbro 

18CXAT0003 55.92303 -61.46941 Three Bays Pluton, granitoid Augite-fayalite granite 

18CXAT0004 55.86245 -61.50035 Flowers River Igneous Suite Peralkaline granite 

18CXAT0005 55.74775 -60.86306 Three Bays Pluton, anorthosite Anorthosite 

18CXAT0008 55.62645 -61.14062 Flowers River Igneous Suite Peralkaline granite 

18CXAT0009A 55.56136 -61.14557 Nuiklavik Volcanics, Phase I Lithic tuff 

18CXAT0009B 55.56136 -61.14557 Nuiklavik Volcanics, Phase I Quartz-phyric tuff 

18CXAT0010 55.49126 -61.17789 Three Bays Pluton, granitoid Augite-fayalite granite 

18CXAT0012 55.54255 -61.04532 Three Bays Pluton, granitoid Augite-fayalite granite 

18CXAT0013 55.54046 -61.04908 Nuiklavik Volcanics, unassigned Crystal-rich tuff 

18CXAT0014 55.53879 -61.05174 Nuiklavik Volcanics, unassigned Crystal-rich tuff 

18CXAT0015 55.53771 -61.04949 Three Bays Pluton, granitoid Augite-fayalite granite 

18CXAT0016 55.53617 -61.05111 Flowers River Igneous Suite Peralkaline granite 

18CXAT0017 55.53957 -61.05995 Flowers River Igneous Suite Peralkaline granite 

18CXAT0018 55.54356 -61.06829 Nuiklavik Volcanics, Phase II Crystal tuff 

18CXAT0019 55.54394 -61.06975 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0021 55.54084 -61.10048 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0022A 55.61784 -61.18389 Nuiklavik Volcanics, unassigned Ash flow 

18CXAT0022B 55.61784 -61.18389 Nuiklavik Volcanics, unassigned Ash flow 

18CXAT0022C 55.61784 -61.18389 Nuiklavik Volcanics, unassigned Ash flow 

18CXAT0023 55.61751 -61.18332 Nuiklavik Volcanics, unassigned Ignimbritic tuff 

18CXAT0025 55.61803 -61.18587 Nuiklavik Volcanics, unassigned Ignimbritic tuff 

18CXAT0026 55.61823 -61.18634 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0027 55.61795 -61.18636 Nuiklavik Volcanics, unassigned Ignimbritic tuff 

18CXAT0028 55.61813 -61.18445 Nuiklavik Volcanics, unassigned Ignimbritic tuff 

18CXAT0029 55.61417 -61.19137 Flowers River Igneous Suite Peralkaline granite 

18CXAT0030 55.61464 -61.1926 Flowers River Igneous Suite Peralkaline granite 

18CXAT0031 55.61488 -61.19415 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0032 55.6152 -61.19597 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0033 55.61521 -61.19646 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0036 55.61573 -61.1972 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0038 55.61641 -61.20064 Three Bays Pluton, granitoid Augite-fayalite monzonite 

18CXAT0040 55.6163 -61.20175 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0041 55.61633 -61.20212 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0042 55.61643 -61.20268 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0043 55.61658 -61.20298 Three Bays Pluton, granitoid Augite-fayalite granite 

18CXAT0045 55.61867 -61.20499 Three Bays Pluton, granitoid Augite-fayalite monzonite 



 

145 

 

18CXAT0046 55.61953 -61.20396 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0049 55.62051 -61.20459 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0050 55.62164 -61.20582 Nuiklavik Volcanics, Phase III Volcanic breccia 

18CXAT0051 55.62182 -61.20578 Nuiklavik Volcanics, Phase III Crystal tuff 

18CXAT0084 55.59086 -61.09225 Nuiklavik Volcanics, unassigned Riebeckite rhyolite 

18CXAT0085 55.59015 -61.08813 Nuiklavik Volcanics, Phase II Crystal tuff 

18CXAT0091 55.59276 -61.07772 Nuiklavik Volcanics, Phase II Crystal tuff 

18CXAT0092 55.59226 -61.07565 Nuiklavik Volcanics, Phase II Crystal tuff 

18CXAT0094 55.58853 -61.06924 Nuiklavik Volcanics, Phase II Crystal tuff 

18CXAT0099 55.58398 -61.04822 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0100 55.58396 -61.04822 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0101 55.58427 -61.04328 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0102 55.58471 -61.02961 Unassigned Hydrothermalite 

18CXAT0103 55.59139 -61.02006 Three Bays Pluton, granitoid Subsolvus granite 

18CXAT0104 55.59126 -61.01946 Three Bays Pluton, granitoid Subsolvus granite 

18CXAT0105 55.59041 -61.01953 Three Bays Pluton, granitoid Subsolvus granite 

18CXAT0106 55.56938 -61.07692 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0107 55.56924 -61.07902 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0108 55.56704 -61.08479 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0109 55.56606 -61.07571 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0110 55.56503 -61.07397 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0111 55.56439 -61.0813 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0112 55.56236 -61.08311 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0113 55.55902 -61.0823 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0114 55.55803 -61.07765 Nuiklavik Volcanics, unassigned Crystal tuff 

18CXAT0115 55.55631 -61.08308 Nuiklavik Volcanics, unassigned Ash flow 

18CXAT0116 55.55448 -61.08197 Nuiklavik Volcanics, unassigned Ash flow 

18CXAT0117 55.55418 -61.08182 Nuiklavik Volcanics, unassigned Ash flow 

18CXAT0118 55.55297 -61.07918 Nuiklavik Volcanics, unassigned Ash flow 

18CXAT0119 55.55062 -61.0784 Nuiklavik Volcanics, unassigned Ash flow 

18CXAT0120 55.54898 -61.08228 Nuiklavik Volcanics, unassigned Ash flow 

18CXAT0121 55.54142 -61.41639 Three Bays Pluton, anorthosite Leucogabbro 

18CXAT0122 55.54141 -61.41481 Three Bays Pluton, anorthosite Leucogabbro 

18CXAT0123 55.54299 -61.41196 Three Bays Pluton, anorthosite Leucogabbro 

18CXAT0124 55.54307 -61.392 Three Bays Pluton, anorthosite Leucogabbro 

18CXAT0125 55.54312 -61.39178 Three Bays Pluton, anorthosite Anorthosite 

18CXAT0126 55.54336 -61.39089 Flowers River Igneous Suite Peralkaline granite 

18CXAT0127 55.54346 -61.39033 Three Bays Pluton, ferrodiorite Ferromonzogabbro 

18CXAT0128 55.5438 -61.38946 Three Bays Pluton, anorthosite Anorthosite 

18CXAT0129 55.54461 -61.38945 Three Bays Pluton, anorthosite Anorthosite 

18CXAT0131 55.54749 -61.39051 Three Bays Pluton, anorthosite Anorthosite 

18CXAT0132 55.54452 -61.38816 Three Bays Pluton, granitoid Subsolvus granite 
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18CXAT0136 55.53773 -61.37714 Flowers River Igneous Suite Peralkaline granite 

18CXAT0137 55.53888 -61.37555 Three Bays Pluton, anorthosite Anorthosite 
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