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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 periodôs magmatic record are voluminous anorthosite-mangerite-

charnockite-granite (AMCG) associations, or ñanorthosite massifsò that are preserved in 

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

Initially held to be hallmarks of classical ñanorogenicò 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 Earthôs 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 planetôs 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 ï 1410 Ma 

ñInterior Trendò, 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 ï 1290 Ma ñCoastal Trendò, which occurs as a large composite 

batholith (referred to hereafter as the ñNain Batholithò) 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 ñsuperplumeò (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 

ï 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 



 

6 

 

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 chapterôs 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 

ñalphabet soupò, 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 ñagpaitic indexò (A.I.). 

 The ñalphabet soupò 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 f inal 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 ñanorogenicò, 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 ñA-typeò 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 ñA-typeò 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 Labradorôs 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 regionôs 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 ñAMCG-likeò, including the Pan-

African plutonic suites of Nigeria and Greenlandôs 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 Labradorôs 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 Suiteôs 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 ñCoastal Trendò intrusions, which comprise numerous plutons of AMCG affinity 

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

batholith, hereafter referred to simply as the ñNain Batholithò, represents the younger of 

Labradorôs 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-Voiseyôs 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 

Batholithôs 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 (Mill er, 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 (Mille r, 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 ñThree Bays Plutonò (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 ï 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 Brunswickôs 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 materialôs 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 ñaugite-fayalite graniteò 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 ñjotuniteò (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. 
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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 ñplagioclase 

effectò, 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 calderaôs 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 ï 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 ï 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 ï >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 ñpackageò 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 ign imbrite. PPL. (E) Hematized and flow-banded crystal-rich Nuiklavik tuff. PPL. 

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

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

monazite; qtz ï quartz; zrn ï zircon.    

 

 

 

  


































































































































































































































