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Abstract

The Southeastern Labrador region, Canada, preserves a complex geological history shaped
by multiple deformation and metamorphic events. This study investigates the structural
evolution, metamorphism, and deformation of the 1.3 Ga Fox Harbour Volcanic Belt
(FHVB), a bimodal volcano-sedimentary sequence of peralkaline rhyolites enriched in rare
earth elements (REE), mafic rocks, and sedimentary rocks deposited on 1.7-1.5 Ga
basement rocks in an extensional setting along the Laurentian margin. Hosted in a highly
strained amphibolite-facies corridor within the Lake Melville terrane (LMT), the FHVB
domain is bordered by the Long Harbour (LHsz) and Fox Harbour (FHsz) shear zones to
the south and north, respectively. Field observations, structural and petrographic analyses,
along with U-Pb petrochronology on zircon, monazite, and titanite, reveal a multi-stage
tectonic evolution. Deformation that accompanied the main phase of Grenvillian
metamorphism (D1; ~1.06-1.04 Ga) locally involved amphibolite-facies metamorphism
and anatexis, tight buckle folding, and tectonic burial of the LMT during Grenvillian
convergence. The Pinware and Mealy Mountains terranes remained structurally higher in
the tectonic pile and were shielded from significant metamorphism. Continued deformation
(D2; ~1.04-1.02 Ga) was characterized by cooling, folding, and localized strain during a
period of orogenic collapse, characterized by extensional adjustments of the orogenic crust.
Late-stage transpressive deformation (D3; ~1.0 Ga) involved greenschist-facies oblique-
slip and strike-slip shearing, overprinting earlier amphibolite-facies fabrics and facilitating
the FHVB exhumation. These findings refine the tectonometamorphic history of the FHVB,

providing new insights into the kinematic evolution of the Southeastern Grenville Province.
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Chapter 1 Thesis Introduction

1.1 Introduction

The Grenville Province in Labrador, Canada, preserves a complex geological record
of Paleoproterozoic to Mesoproterozoic orogenic phases punctuated by extensional periods
between approximately 1.8 and 0.9 Ga. These orogenic events are grouped into different
geological stages: pre-Labradorian (>1710 Ma), Labradorian (1710-1600 Ma), Pinwarian
(1520-1460 Ma) orogenesis, Elsonian magmatic event (1460-1230 Ma), Grenvillian
Orogeny (1090-985 Ma), and post-Grenvillian events [985-955 Ma] (Gower, 1996; Gower
and Krogh, 2002). These events are recorded in different terranes (Figure 1.1), which are
shear-bounded crustal blocks with unique timing and styles of crust formation,
deformation, and metamorphism (Scharer et al., 1986; Scharer and Gower, 1988; Gower et
al., 1991; Gower 1996, 2008b). The study area, between Port Hope Simpson and St. Lewis,
Labrador, lies within the Lake Melville terrane (LMT), an arcuate high-strain corridor over
300 km long and 20 km wide, separated from the Pinware terrane (PT) to the south by the
Long Harbour shear zone (LHsz). The 1.3 Ga Fox Harbour bimodal volcanic belt (FHVB),
located within this high-strain corridor, comprises strongly deformed and metamorphosed

peralkaline rhyolites that host Rare Earth Elements (REE) mineralization (Haley, 2014).

Previous studies have interpreted pervasive ductile deformation in the region, occurring at
amphibolite- (~500-700 °C at 3—12 kbars) to granulite-facies (>700 °C at 4—13 kbars)
around ~1.6 Ga (Gower, 1985; Hanmer and Scott, 1990; Scott et al., 1993; Gower, 2005),

while narrow belts of greenschist-facies (~300-500 °C at 2-8 kbars) mylonites formed at ~



1.0 Ga within the LMT (Hanmer and Scott, 1990; Scott et al., 1993). In the northern LMT,
Corrigan et al. (2000) reported pervasive Grenvillian-aged deformation and
metamorphism, and given the intense high-temperature deformation observed in the 1.3 Ga
FHVRB, it is reasonable to expect that similar Grenvillian overprinting also affected the
LMT in southeast Labrador. However, the kinematics, metamorphic conditions, and precise
ages of these deformational events in the area remain poorly characterized. Moreover, no
detailed studies at this project’s scale have focused on the deformational ages and structural
style of the host rocks in the FHVB and LMT (e.g., Scott et al., 1993). Mineralization in
the FHVB occurs in three distinct horizons, possibly representing either stratigraphic layers
(Miller, 2015) or a single structurally repeated sequence. However, current field

relationships and geochronology are insufficient to test these models.

This project builds upon prior geophysical data (Search Minerals, 2010) and existing
bedrock maps (Gower, 2005) as a basis for detailed field observation and sample collection
in the FHVB and its bounding structures. The aim is to combine age data with structural
data to discern deformation styles, kinematics, and the tectonic evolution of the FHVB.
Field analysis and oriented thin-section petrography provide information into rock
deformation kinematics and deformation temperatures via quartz microstructures (Trouw
and Passchier, 2009) and the metamorphic conditions in each tectonic domain.
Additionally, U-Pb zircon dating using Chemical-Abrasion Laser Ablation Inductively
Coupled Plasma Mass Spectrometry (CA-LA-ICPMS) was performed on augen-gneiss,
mafic and sedimentary rocks of the FHVB, as well as on orthogneiss and deformed dykes

within shear zones.
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Figure 1.1 Tectonic divisions of the Eastern Grenville Province (inset) according to Rivers et al., 1989,
showing the Parautochtonous and Allochtonous Belts and the Orogenic Lid. The main figure shows Eastern
Labrador with the different tectonic terranes (modified from Gower, 2008b). Areas of previous studies and
mapping projects in this region are shown and the study area of the present project is outlined.

Complementary in-situ U-Pb LA-ICPMS analysis of titanite and monazite will provide
additional constraints in protolith, metamorphic, and deformational ages. These data are

critical for understanding the nature of and structural modification of the REE deposits in



Southeast Labrador, as well as for testing existing models of Mesoproterozoic tectonics in

the region, such as the indentor tectonism model proposed by Gower et al. (2008a), which

outlines a transition from NW-verging thrusting in the Rigolet area (Corrigan et al., 2000)

to lateral-ramp tectonics along the southeast Labrador coast (Figure 1.1).

1.2 Geological Framework

The orogenic events in southeastern Labrador are grouped into distinct geological

stages (Gower, 1996, 2019; Gower and Krogh, 2002) that occurred at the southern margin

of Laurentia and are presented below:

Pre-Labradorian events (>1710 Ma): These include magmatic events
between 1810 and 1775 Ma (Gower et al., 2008b) and the emplacement of A-
type granitoid rocks between 1.75 and 1.71 Ga.

Labradorian Orogenesis (1710-1600 Ma): This stage involves the accretion
of an outboard, oceanward-subducting calc-alkaline pre-Labradorian arc, that
evolved into a collisional orogen with Laurentia (Gower 1996, 2019 and
references therein). Three different sequential magmatic events were classified
in this orogeny at 1677 Ma, 1671 Ma, and 1658-1649 (Gower, 1992). Late
Labradorian events (1625-1600 Ma) include the emplacement of minor granitic
intrusions and waning deformational activity, leading to the development of a
passive continental margin until 1520 Ma, potentially associated with the Plus

Value sequence inferred to have formed from rifting of pericratonic segments



iii)

at 1.50 Ga in central Grenville Province (Indares, 2020). However, no specific
sedimentological information from eastern Labrador is available for this stage
(Gower, 1996; Gower and Krogh, 2002; Gower, 2019).

Pinwarian Orogenesis (1520-1460 Ma): Characterized by widespread
voluminous granitic magmatism accompanied by metamorphism, between ca.
1.5—1.47 Ga (Gower and Tucker, 1994; Gower and Krogh, 2002 and references
therein), with minor intrusions emplaced at 1509 Ma (Scott et al., 1993) and
1474 Ma (Corrigan et al., 2000), reflecting a continental-margin arc developed
above a north-dipping subduction zone (Gower and Tucker, 1994; Gower 1996,
2019).

Elsonian event (1460-1230 Ma): Representing a stable but intermittently
extensional tectonic environment (Gower and Krogh, 2002; Gower, 2019), this
event includes the emplacement of mafic magmatism and the Anorthosite-
Mangerite-Charnockite-Granite (AMCG) Nain Plutonic Suite between 1460-
1290 Ma outside of the Grenville province(Gower 1996, 2019), and the 1.3 Ga
FHVB felsic volcanism alongside the 1296 Ma Upper North River granite and
the 1250 Ma mafic magmatism of the Mealy Dykes in southeast Labrador
(Haley, 2014; Miller, 2015; Gower, 1996; Gower and Krogh, 2002).
Grenvillian orogenesis (1090-985 Ma): Represents a continent-continent
collision between Amazonia and the southern margin of Laurentia (Tohver et
al., 2004) marked by the formation and collapse of a thick orogenic plateau
during the Ottawan phase (1090-1020 Ma), exposed in the hinterland (or

Allochthonous Belt) across the Grenville Province with local Rigolet-age



(1005-980 Ma) overprints (Rivers et al., 2012). The Ottawan phase comprises
an early interval (1085-1050 Ma) associated with tectonic burial and peak
metamorphism in the medium-pressure segment, followed by a period of
orogenic collapse (1050-1020 Ma), characterized by normal to transtensional
adjustments of the orogenic crust, suggesting active extension (Indares, 2024).
In the Parautochthonous Belt, northwest propagation of structures during the
Rigolet phase (1005-980 Ma) marks the advance of the orogen against the
Archean lithosphere of internal Laurentia (Hoffman, 1989). In southeast
Labrador, distinct thermal peaks at varying times define multiple
tectonothermal events (Gower and Krogh, 2002). Gower et al. (2008)
subdivided this orogenesis into early (1085-1040 Ma), mid- (1040—-1010 Ma),
and late (1010-985 Ma) Grenvillian phases, which vary along strike, rejecting
the terms "Ottawan" and "Rigolet" orogenies as they suggest the events in
eastern Grenville province occurred within a continuous tectonic process.

i) Post-tectonic Grenvillian magmatism (985-955 Ma): Comprising alkalic
mafic-anorthositic magmatism between 985 and 975 Ma, and granitic
magmatism between 975 and 955 Ma, these events mark the end of the
Grenvillian orogeny and are attributed to late stages of orogenic collapse (Rivers
et al. 2012) or related with late stages of opening of the Asgard sea (Strowbridge

etal., 2022).

Rivers et al. (1989) regionally divided the Grenville Province into the Parautochthonous

Belt at the northwest margin and a composite Allochthonous Belt to the southeast,



representing the orogenic hinterland. The Allochthonous Belt consists of shear-zone-
bounded crustal panels buried at different depths during the high-temperature Ottawan
(1090-1020 Ma) phase, while the Orogenic Lid largely escaped Ottawan metamorphism
and deformation at higher crustal levels (Rivers, 2012) (Inset. Figure 1.1). The
Parautochthonous Belt connects with the orogenic foreland and underwent lower-
temperature deformation and metamorphism during the late stages of the late Rigolet

(1005-980 Ma) phase (Rivers, 2009).

Expanding on the regional division by Rivers et al. (1989), the Grenville Province also
includes an Exterior Thrust Belt (Gower et al., 1991), which falls within the Allochthonous
Belt. This Exterior Thrust Belt encompasses terranes primarily influenced by the
Labradorian orogeny and includes high- to medium-grade metamorphic rocks, such as
pelitic gneiss and calc-alkaline plutonic rocks (Scharer et al., 1986; Scharer and Gower,
1988; Gower et al., 1991; Gower, 1996). Bounded by the Grenville Front, this thrust belt
marks the northern extent of significant Grenvillian and Labradorian deformation (Owen,
1988; Gower, 1996). In the study area, the thrust belt is divided into the Hawke River
terrane (HRT), Lake Melville terrane (LMT), and Mealy Mountains terrane (MMT)

(Gower, 1996; Rivers, 2009) (Figure 1.1).

Details of geological characteristics, bounding shear zones, basement rock types, plutonic
and metamorphic ages, and tectonic interpretations are elaborated below based on

relevance to the present study.



1.2.1 Lake Melville Terrane (LMT)

The LMT is a major crustal feature extending 300 km long and 60 km wide (Gower
and Owen, 1984), narrowing to the southeast into the highly deformed ~ 20 km wide zone
with intense northwest-trending dextral strike-slip deformation and younger sinistral
movement cutting the dextral mylonitic shears (Hanmer and Scott, 1990; Scott et al., 1993)
(Figure 1.2A). The LMT experienced Grenvillian tectonometamorphism (Gower, 2019)
and comprises two distinct structural regions (Figure 1.1): 1) The northern part, west of
Rigolet, features a stack of pervasive Labradorian northwest-verging thrust panels,
overprinted by high-grade Grenvillian metamorphism (Corrigan et al., 2000), and i1) the
southern part, from the southern Labrador coast to Rigolet, consists of northwest-trending
steep dextral strike-slip segments, interpreted to represent Labradorian (Scott et al., 1993)

or Grenvillian metamorphism (Gower et al., 1997a; Gower 2005, 2012, 2019).

The northern boundary of the LMT is defined in the north by the 1.05 Ga Rigolet thrust
zone (Corrigan et al., 2000; Gower, 2019) and to the southeast by the dextral strike-slip
Gilbert River fault (Gower et al., 1987). The southern boundary with the Mealy Mountains
terrane (MMT) is marked by the 1.01 Ga dextral strike-slip English River shear (Gower,
1985; Corrigan et al., 2000), while the southeast boundary with the Pinware Terrane (PT)

consists of reverse- and strike-slip shear zones (Figure 1.1).

Near St. Lewis, Labrador, interpretations of the LMT footprint vary; Scott et al. (1993)
propose that the Long Harbour shear zone (LHsz) separates the LMT from the Pinware
terrane (Figure 1.2B). Conversely, Gower (2019) suggests a 5 km wide sliver of MMT

(Orogenic Lid) is wedged between the LMT and the PT, formed by northeast-striking,



southeast-verging thrust/reverse, and strike-slip faults, marking the boundary between the

MMT and the PT (Figure 1.2C).
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Figure 1.2 A) Regional aeromagnetic anomalies in southeast Labrador and the Search Minerals TMI 2010:
A distinctive low magnetic anomaly in blue colour is identified within the high-strain corridor of the LMT,
contrasting with the more pronounced, massive, and higher magnetic anomalies observed in the adjacent
terranes. Yellow dots represent the outcrops stations visited in this work. B) Interpretation 1: southeast
extension of LMT bouded south by the LHsz according to Scott et al., 1993, black box showing the study area.
C) Interpretation 2: A thin sliver of MMT wedged between the LMT and PT (Gower, 2019). Map modified
from Gower 2019.



The LMT bedrock consists of mylonitic K-feldspar megacrystic granitoids and orthogneiss,
grading into migmatites with protolith ages of 1678 and 1677 Ma (Gower et al., 1992). In
the southern part of the LMT, Scott et al. (1993) identified minor Labradorian granitic
intrusions (1664-1644 Ma) that underwent amphibolite-facies deformation similar to their
host rocks. Additionally, Scott et al. (1993) reported a 1509 Ma Pinwarian granitic vein
near the LHsz and syntectonic granitic veins with a U-Pb zircon age of 1113 Ma and
monazite age of ~1078 Ma, attributed to tectonic-magmatic activity during Grenvillian

orogenesis.

In the northern part of the LMT, northeast-verging thrusting and granulite-facies
metamorphism occurred at the margin of the Rigolet thrust zone during late Labradorian
orogenesis (1619-1610 Ma), followed by high-grade deformation and uppermost-
amphibolite-facies metamorphism during Grenvillian tectonism (1050-1045 Ma). The
Rigolet thrust zone preserves Grenvillian reactivation in upper structural levels, while
Labradorian fabrics are preserved within lower crustal levels (Corrigan et al., 2000).
Pinwarian magmatism includes 1489 Ma to 1474 Ma intermediate to felsic intrusions and
gabbro emplacement at ca. 1472 Ma (Corrigan et al., 2000) and ca. 1426 Ma (Michael and
Shabogamo gabbro dyke swarms, Scharer et al., 1986). In the northern LMT, a 1038 Ma
metamorphic overprint in an undated amphibolite mafic dyke located in the Upper North
River (Scharer et al., 1986) aligns with zircon, monazite and titanite dates between 1040
and 1026 Ma (Scharer et al., 1986; Scharer and Gower, 1988). Additionally, a 1003 Ma

pegmatite (Gower, 1991) intrudes a migmatitic gneiss at the northeastern part of the
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boundary between the MMT and the LMT, representing the youngest reported Grenvillian

age in this terrane.

1.2.2 Mealy Mountains Terrane (MMT)

The MMT comprises a pre-Labradorian crust (Gower et al., 1995) with two main
rock groups: 1) 1646 Ma anorthositic and leucogabbroic rocks in the north, and 1ii)
sillimanite-bearing pelitic gneiss, felsic to mafic plutons, and orthogneiss in the southeast
side. Pinwarian plutonism is represented by the 1510-1470 Ma magmatism (Gower et al.,
1993; Wasteneys et al., 1997). The Mealy Mountain Intrusive Suite is intruded by the
northeast-striking Mealy dykes (olivine tholeiitic gabbros), with crystallization ages of
1380 Ma (Rb-Sr [whole-rock], Emslie et al., 1984) and 1245 Ma (*°Ar->’Ar [amphibole
and biotite], Reynolds, 1989). A granodiorite dyke (1047 Ma) intrudes sillimanite-bearing
metasedimentary gneiss at the LMT/MMT boundary (Wasteneys et al., 1997). The
youngest event is an undeformed granite emplaced at 962 + 3 Ma in the southeast part of

the MMT (Gower, 1996).

This terrane exhibits subtle Grenvillian metamorphism (1020-1000 Ma) evidenced in
localized deformation from thrusting (1010 Ma), sporadic Grenvillian magmatism, and
post-tectonic granitoid pluton emplacement (990-960 Ma) (Gower, 2019). According to
Rivers (2008), the MMT consists principally of Labradorian basement and belongs to the
Orogenic Lid (Inset Figure 1.1), lacking penetrative high-temperature Ottawan
metamorphism and deformation (1090-1020 Ma). In the study area, according to one model

(see Fig. 1.2C) the northeast flank of the MMT is faulted against the LMT by the FHsz
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(Gower, 1996) and in the southeast part by the LHsz which separates the MMT from the

PT (Figure 1.1).

1.2.3 Pinware Terrane (PT)

The northern boundary of this terrane is defined by the Long Harbour shear zone
(Gower, 1988). Supracrustal units include quartzites deposited around 1805 Ma and pelitic
schist-gneiss, reflecting a pre-Labradorian basin with recrystallized quartz-felspathic rocks
from 1650-1637 Ma, likely of felsic plutonic/volcanic origin (Tucker and Gower, 1994;
Wasteneys et al, 1997). Pinwarian magmatism is evidenced by foliated granitoid rocks
ranging approximately from 1500 to 1450 Ma (Tucker and Gower, 1994; Wasteneys et al.,
1997). High-grade Pinwarian metamorphism is recorded in a quartzite with a monazite U-
Pb age of 1500 Ma and a quartz-monzonite from migmatite with a zircon U-Pb age of 1450

Ma (Wasteneys et al., 1997).

The PT exhibits extensive Grenvillian pluton emplacement and high-grade pervasive
deformation and metamorphism around 1030-1015 Ma (Gower, 2019), along with post-
tectonic magmatism between 985-940 Ma (Gower et al., 1988; Gower and Krogh, 2002;
Rivers, 2009). Alkaline magmatism is represented by a strongly deformed syenite (991 Ma)
and mostly undeformed mafic dykes (985 Ma), highlighting the last significant deformation
between 991-985 Ma (Wasteneys et al., 1997). Granitoid plutonism from 974 to 956 Ma
marks post-Grenvillian magmatism in this terrane (Gower and Loveridge, 1987; Gower,

1991; Tucker and Gower, 1994).
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1.3 Local Geology

The study area in Southeast Labrador lies within the southeastern extension of either
the LMT or MMT, depending on the model (e.g., Gower 2005, 2019, cf. Hanmer and Scott,
1990; Scott et al.,1993). It is situated immediately north of the LHsz and south of the FHsz
(Figure 1.3). The 1.3 Ga FHVB, located between these shear zones, features highly
deformed amphibolite-facies peralkaline rhyolites and mafic schist hosting REE

mineralization (Haley, 2014).

The area includes a variety of medium-to-high-grade metamorphic rocks such as deformed
granitoids, volcano-sedimentary sequences, mafic gneiss, and later pegmatites (Haley,
2014; Miller, 2015). These units have undergone one or more deformational phases (Scott
et al.,1993) and are described by Gower et al. (1988b) as fine-grained, laminated mylonites
grading into lower strain rocks that include monzonite, K-feldspar megacrystic
granodiorite, granite, quartz diorite and amphibolite (Figure 1.3). The FHVB was
discovered during Search Minerals’ 2010 exploration season (Haley, 2014 and references
therein) and was therefore not included in the regional maps (Gower et al., 1987, 1988b,
2005). The Total Magnetic Intensity (TMI) map (1:100,000) from Search Minerals
highlights linear magnetic anomalies with a northwest trend, aligning with the FHVB

(Figure 2.1).

The peralkaline rhyolites of the FHVB are enriched in high field strength elements (HFSE)
and classified as pantellerites and comendites due to their high Fe and low Al content

(Haley, 2014). The FHVB rocks were deposited at 1.3 Ga in an environment interpreted as
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extensional and metamorphosed at ~1.05 Ga (Haley, 2014; Magyarosi and Rayner, 2023).
Three distinct REE-mineralized volcanic horizons within the Fox Harbour area with high
radiometric and magnetic anomalies are mapped from south to north (Haley, 2014): the
South Belt (100-250 m thick), the Magnetite (MT) Belt (20-150 m thick), and the Road
Belt (10-50 m thick) (Figure 1.3). Adjacent to these volcanic packages, mylonitic to
megacrystic granitic augen-gneiss with concordant amphibolite layers and metagabbroic
gneiss are interpreted as either stratigraphic layers that are conformable with the REE-
mineralized volcanic package or basement unconformably underlying the deformed
packages. The three volcanic belts, with similar textures and elemental signatures, are

interpreted to represent a bimodal volcanic sequence (Haley, 2014; Miller, 2015).
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Figure 1.3 Location study area, St. Lewis—Labrador. A) local geology and main structures (modified from Gower 2005) displaying the Fox Harbour Volcanic Belt mapped by
Search Minerals in 2010 (orange); the location of stations and samples collected for U-Pb geochronological analyses (zircon, titanite, and monazite) for this project are also
displayed. The Foxtrot and Deep Fox REE deposits were targeted for field analysis herein.
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The southern boundary structure of the FHVB, the LHsz, exhibits pervasive amphibolite-
facies ductile deformation along moderate to steeply northwest-plunging extension
lineations (40-65°), which suggests a dip-slip component with a north-side-up to the SE,
previously interpreted to have formed at 1.6 Ga (Gower, 1985; Hanmer and Scott, 1990;
Scott et al., 1993; Gower, 2005). Narrow belts of greenschist-facies mylonite zones,
measuring approximately 10 meters in width and extending up to several kilometers in
length within the LMT, formed around 1.0 Ga and display shallow (~10°) to moderate
southeast-plunging extension lineations (Hanmer and Scott, 1990; Scott et al., 1993).
Gower (2005) also documented horizontal-plunging lineations in the FHsz, ranging from

N-NE to NW.

1.4 Field Methodology and Interpretation

1.4.1 Sample and Data Acquisition

Fieldwork was conducted in August 2022 near St. Lewis, Labrador, over a two-
week period. The approach involved structural mapping and sample collection at strategic
locations using existing bedrock and geophysical maps. The objectives were to address the
following research questions: i) what is the age and structural style of high-temperature
ductile deformation and metamorphism related to the FHVB and surrounding rocks,
including the bounding shear zones? i1) what is the structural or stratigraphic relationship

between the three distinct mineralized horizons of the FHVB and their host rocks?
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Utilizing bedrock maps from Gower 1985; Hanmer and Scott, 1990; Scott et al., 1993 and
Gower 2005, along with updated Total Magnetic Intensity (TMI) data from Search
Minerals (2010), various tectonic domains and shear zone traces were identified, and
interpreted herein (Figure 2.1). This approach provided a basis for collecting structural and
geochronological information to address the unresolved scientific questions. The
integration of this information with newly acquired field data enabled a comprehensive

reinterpretation of these domains.

The newly interpreted domains underwent detailed field observations, with structural and
field relationships collected across a 50 x 10 km area covering the FHsz, the FHVB, and
the LHsz. Structural data was gathered using a Brunton compass and the FieldMoveClino
app on an iPhone 11, which allowed for efficient collection of planar and linear
measurements, enhancing the statistical validity of the collected data. Additionally, more
than 50 samples were collected and processed into thin sections for petrographic analysis
(including 20 oriented thin sections), and 14 samples were taken for U-Pb geochronological

studies (zircon, titanite, and monazite).
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Chapter 2 Field observations and petrography

2.1 Domain Classification

Based on previous studies (Gower, 1985; Hanmer and Scott, 1990; Scott et al.,
1993; Gower, 2005; Haley, 2014) and new geophysical data, the study area is divided into
three distinct main domains for further structural analysis: the Pinware domain, the FHVB
domain, and the Lake Melville domain. A first-order subdivision of domains is based on

their characteristic shear bounding structures and differing magnetic patterns (Figure 2.1).

Pinware domain: This is the southernmost domain considered herein and is part of the more
regional PT. In this domain, some of the intrusive bodies exhibit a relatively homogenous
high magnetic pattern, while in the northern part, the LHsz (previously mapped by Gower,
1985; Hanmer and Scott, 1990; and Scott et al., 1993) coincides with strike-parallel linear
magnetic patterns, delineating the northern boundary of the PT from the southeastern

extension of the LMT (Scott et al., 1993) or the MMT (Gower, 2005).

FHVB domain: This newly defined domain herein is regionally associated with either the
LMT or the MMT. It is situated north of the LHsz and displays NW-striking rock units and
parallel, elevated magnetic anomalies that highlight the three distinct REE-mineralized
horizons of the 1.3 Ga FHVB. In the southern part of the FHVB domain, strike-slip
structures (Scott et al., 1993; Gower, 2005) align with magnetic lineaments that are

spatially related to the LHsz. One of these lineaments parallels the main LHsz, and is well
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exposed along the shoreline of St. Lewis (Figure 2.1) and is herein called the St. Lewis

shear zone (SLsz).

Lake Melville domain: This domain encompasses the LMT, is north of the FHVB domain,
and displays broad NW-striking linear low-intensity magnetic anomalies, which suggest a
distinct geological environment to domains to the south. The southernmost low magnetic
pattern corresponds to the FHsz, previously mapped by Gower, 2005, which separates the
FHVB domain from the LMT. All these structures and domains are intersected and
displaced by late N-NE brittle faults, as evident in the offsets highlighted by the geophysical

data; these are beyond the scope of this thesis and not discussed in further detail.

2.2 The FHVB Domain

The FHVB domain exhibits W-NW trending linear high magnetic anomalies, with a
Km-scale plunging fold evident in magnetic patterns south of Port Hope Simpson (Figure
2.1A). The FHsz marks its northern boundary, and the LHsz marks the southern boundary.
Dominant rock types in the FHVB include Kfs-megacrystic, protomylonitic augen-gneiss
interlayered with three mylonitic, steeply dipping tabular REE-mineralized felsic volcanic
layers of the 1.3 Ga FHVB (Haley, 2014). Associated with the FHVB are undated
Hbl+Cpx+Bt schist with Grt-leucosomes (mineral abbreviations follow the notation by
Whitney and Evans, 2010), Grt-bearing leucodiorite, and meter-thick quartzite layers; all
of which are intruded by volumetrically minor granitic amazonite-bearing pegmatites that
may be ~1024 Ma (e.g., Kamo et al., 2011). Rare screens of metapelite also occur

throughout this domain.
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Figure 2.1 A) New interpretation of domains and traces of structures based on Total Magnetic Intensity Map

by Search Minerals. The domain boundary shear zones (LHsz, SLsz, and FHsz), the folded REE mineralized
FHVB, Lake Melville, and Pinware domains are displayed. Previous geochronological data locations are
shown as red stars (Haley, 2014). B) Simplified map of tectonic domains showing stereograms for each
domain: Fox Harbour shear zone (FHsz), St. Lewis shear zone (SLsz), Long Harbour shear zone (LHsz). The

orange dashed lines represent likely the folded FHVB interpreted by aeromagnetic signatures, which are
truncated by the SLsz and bounded by fault splays.
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All rock types within the FHVB domain exhibit a pervasive tectonic foliation (Si-ravs) with
a mean orientation 289/83 NE (n=43) (Figure 2.2A), defined by interlayering of units,
aligned Bt+Amp, stretched Qz+Fsp layers, and layer parallel leucosomes. Within the
FHVB, Grt-bearing leucosome in the Hbl+Cpx schist and leucodiorite layers are isoclinally
folded (Figure 2.2B) with axial surfaces parallel to the Si-ruvs foliation. This suggests that
the early leucosome-present fabric (Si-rnve) may represent the peak of metamorphism in
the FHVB domain, and a second axial planar fabric (S2-rnvs) formed after leucosome
crystallization, forming a parallel composite Si/2-ruvs foliation. Fold axes (F2-ruvs) within
the FHVB rocks plunge moderately eastward (50-108, n=52) while stretching lineations
(L2-ruvB), defined by elongated Qz+Fsp in the peralkaline rhyolites, define two maxima
towards the east and NW (51-294). Within some folded structures, a ~90° relationship of
La-ruvs and Fa-rnve within Si12-rrvs foliation is consistent with layer active buckle-folding
geometry (Figure 2.2A-B). However, many isoclinal folds exhibit narrowing limbs akin to
class 1C or class 2 folds, suggesting homogenous strain affected the earlier buckle folds.
The augen-gneiss exhibits a protomylonitic structure where shear plane folia (C plane) run
290/80 parallel to Si2-ruve, with 8- and o-type winged-porphyroclasts and S-C' folia
reflecting right-lateral, strike-slip shearing. It is not obvious from field relations if shearing

occurred distinctly after buckle-folding or also during active buckling. (Figure 2.2 C-D-E).

2.2.1 Sample Description and Petrography

Despite the FHVB being reported as a bimodal volcanic sequence (Haley, 2014), the ages
of the mafic and quartzite components associated with the felsic mineralized rocks are

unknown. Furthermore, the metapelite and augen gneiss also remain undated.

21



® Foliation poles (n=43)

\. Mean Foliation Plane (S1-rHve: 289/83)
A Stretching Lineation (L2-rHve: 57-098)
¢ Fold Axes (Fz-ruve: 50-108)

2
Kamb contours in
Standard Deviations

e S R a) o i = S s 111 &, 3
Figure 2.2 a stereographic plot of structures from the FHVB domain. B)
Highly deformed REE-mineralized rhyolite of the FHVB with F.rravs perpendicular to the Larnvs. C) S-C'
folia in felsic augen-gneiss (22NPM22) showing a dextral shear sense. D) J-type rotated porphyroclast of
teal feldspar (amazonite variety) showing dextral shear sense. E) Asymmetric Boudinage showing subtle
right-lateral sigmoids of granitic pegmatite interlayered with Hbl+Bt schist from the FHVB.
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To establish the minimum crystallization ages of the mafic schists and maximum
depositional age of the quartzite units, two samples of folded concordant leucodiorite layers
(22NPMO1 and 22NPM26) and a Grt-bearing leucosome sample (22NPM48A3) were
collected from Hbl+Cpx schists (22NPM48A2), along with one presumed quartzite layer
(22NPM21) adjacent to the schists (Figure 2.3 and Figure 2.4 A-E). Additionally, the
stratigraphic relationship between the FHVB and the augen-gneiss remains untested. To
investigate this, two augen-gneiss samples were collected from the northern (22NPMO03)
and southern (22NPM22) parts of the three mineralized horizons of the FHVB (Figure 1.3

and Figure 2.3).
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Figure 2.3 Detailed geological map of the Foxtrot area (modified from Haley, 2014) showing interlayered
augen-gneiss rocks (pink) within the three mineralized horizons of the FHVB (vellow). The map highlights
the interlayered relationship between dated rhyolites (Haley, 2014) and associated mafic and quartzite
layers. U-Pb zircon crystallization ages (black) and metamorphic ages (blue) from Haley (2014) are also
displayed.
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The Hbl-Cpx schist displays grey mesocratic to dark melanocratic centimeter-scale bands,
primarily composed of Cpx+PIl+Hbl+Ttni1 and Hbl+PIl+Bt+Ttni, respectively, representing
compositional or gneissic layering associated with Pl+Qz+Grt+Hbl+Cpx anatectic layers
(Si-ravB) with two generations of titanites. These leucosomes are parallel to Si-ruvs and
folded about Sx-ruvs fabric (Figure 2.4D). Furthermore, this Grt-bearing leucosome
(22NPM48A3) is discretely crosscut by non-penetrative late thin <mm sub-planar titanite
(Ttn2) seams, that overprint and run subparallel to Si2-ravs. These late Ttnz are assumed to
have formed post-leucosome crystallization and are tentatively attributed to Ss-ruvs (Figure

2.5D).

Distinct medium-grained metapelites, quartzites, and garnet-amphibolites are located in the
northern part of the FHVB domain, near the Fox Harbour shear zone (FHsz) boundary.
These rocks are presumably older and do not have clear contact relations with the FHVB
rocks (Figure 1.3 and Figure 2.1). Gower (2019) assumed this sequence as pre-Labradorian
supracrustal rocks, mapped along the LMT as fine- to medium-grained pelitic schist and
gneiss. A pelitic schist exhibits a high-temperature mineral assemblage of
Crn+Ms+Grt+Sil+Bt+Mnz (22EJT34, Figure 2.4F). To constrain the metamorphic age,
monazite dating was performed in this rock; however, the depositional age was not tested
herein and remains uncertain. Detailed sample descriptions and field relationships are as
follows:

2.2.1.1 Sample 22NPM22: Granitic augen-gneiss.

This highly deformed granitic augen-gneiss, collected from the southern part of the

FHVB (Figure 2.3), is primarily composed of Kfs+P1+Qz+Amp+Bt in which foliation (S1/-
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rHvB) is defined by aligned Amp+Bt crystals. This sample exhibits a right-lateral sense-of-
shear in plan view, evidenced by centimetric Kfs+Qz c-porphyroclasts, along with S-C
folia (Figure 2.2C). The presence of randomly oriented Chl+Ep replacing and surrounding
the Amp+Bt crystals (Figure 2.5A) suggests a distinct younger metamorphic assemblage
(Bt+Chl+Ep+Ser), indicative of greenschist facies conditions. This sample was collected
to establish the crystallization age (U-Pb zircon) of the basement rocks interlayered with
the mineralized 1.3 Ga FHVB.

2.2.1.2 Sample 22NPM03: Granodioritic gneiss.

This sample is collected from the northern part of the FHVB (Figure 2.3) and consists of
highly deformed orthogneiss with leucocratic layers that are aligned parallel to the S12-ravs
foliation. This grey-to-black mylonite displays a smoothly parallel gneissosity defined by
P1+Qz+Bt+Amp+Ttn. The rock is classified as a granodioritic gneiss (Figure 2.4A). The
tabular biotite (aligned and defining Sin-rnve) is overprinted by Chl+Ep in random
orientations, indicating Chl+Ep growth in a hydrated and low differential-stress

environment at Chl+Ep grade, indicating a greenschist-facies metamorphism.

Rounded Kfs porphyroclasts exhibit undulose extinction (Ue) and form smaller equant
grains of Kfs+Qz (~50 um) in winged mantles, with smooth grain boundaries and clear
triple point textures, preserving evidence for grain size reduction through dynamic
recrystallization processes such as Subgrain Rotation (SGR) and Grain Boundary
Migration (GBM) during Si12-ruve development. However, mantled regions also exhibit
Grain Boundary Area Reduction (GBAR) textures (Figure 2.5B), indicating static

recrystallization at elevated temperatures > 600 °C (Trouw and Passchier, 2009). This
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sample was collected to establish the crystallization age (U-Pb zircon) of the basement

rocks interlayered with the mineralized 1.3 Ga FHVB.

2.2.1.3 Sample 22NPMO01: Grt-bearing leucodiorite (Deep Fox).

This rock was collected in the northern segment of the FHVB domain (Figure 1.3
and Figure 2.1) from a highly deformed mafic orthogneiss adjacent to the FHVB rocks,
which could be a mafic age equivalent to the bimodal volcanic rocks. The sample represents
a folded leucocratic layer that comprises a centimetric gneissic banding (Figure 2.4B). The
rock is fine-grained (< 1 mm) and exhibits granular and mylonitic textures. It is composed
of Pl+Bt+Amp+Qz+Grt+Ttn and is classified as a Grt-bearing quartz diorite, which
displays an anastomosing smooth foliation (Si2-ruvs) characterized by aligned Bt+Amp

crystals, which are overprinted along with Grt by aligned Chl+Ep crystals.

Both P1+Qz o-porphyroclasts and elongated (5:1) Qz ribbons exhibit undulose extinction
and subgrain formation, preserving evidence for grain size reduction through dynamic
recrystallization such as GBM, which is overprinted by internal polygonal granoblastic
fabric indicative of static growth (~650 °C, Trouw and Passchier, 2009). This sample was
collected in the eastern FHVB to establish the minimum emplacement age (U-Pb zircon)
of the mafic gneiss and assess its possible age equivalence to the 1.3 Ga felsic members of

the FHVB.

2.2.1.4 Sample 22NPM26: Grt-bearing leucodiorite (Foxtrot)

This sample was collected from a highly deformed fine-grained intermediate layer

concordant with melanocratic Hbl-rich and mesocratic Cpx-rich bands in the FHVB mafic

26



schists (Figure 2.3). The sample exhibits a whitish-weathered surface and a grey colour on
a fresh surface (Figure 2.4C). The rock is composed mostly of Pl+Qz+Bt+Hbl+Grt+Ttn

and is classified as Grt-bearing leucodiorite.

This leucodiorite is oriented parallel to Si2-ruvs in the mafic schist, is tightly folded, and
exhibits a foliation defined by aligned Hbl+Bt. Randomly oriented Chl overgrows Hbl+Bt,
indicating a younger mineral assemblage grew in a low differential-stress regime. This
sample was collected to establish a minimum emplacement age (U-Pb zircon) of the mafic
schist in the central FHVB to assess possible age equivalence to the 1.3 Ga felsic members

of the FHVB.

2.2.1.5 Sample 22NPM48A2: Mafic schist — Mesocratic Cpx-rich band.

This sample represents the highly deformed, compositionally banded mafic schist.
Dark-green bands comprise Cpx+Hbl+Qz+PI+Ttn, while the grey felsic bands consist of
Qz+PI+Cpx+Ttn (Figure 2.3 and Figure 2.4 D). The alignment of Hbl+Bt+Ttn in this

sample is parallel to the compositional banding and defines the foliation Si2-ruvs.

Clinopyroxene exhibits a basal form with irregular margins and is not aligned, suggesting
it retains its primary igneous textures. By contrast, the Hbl+Bt+Ttn in the melanocratic
band are aligned and exhibit a tabular and wedge-shaped habit. The Hbl surrounds and
replaces some of the Cpx crystals, indicating it is likely a younger mineral associated with
retrograde metamorphic processes. Additionally, these Hbl-rich bands spatially envelop the
leucosome, a key texture suggesting the leucosomes are in-situ partial melts and the dark

layers are restite (Sawyer, 2008), indicating the Hbl-rich bands lost some amount of felsic
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material during Si-rnvs (Figure 2.5C). In-situ U-Pb titanite targets, observed as grains
aligned parallel to Si-rnvs within the three mineralogical bands (Cpx-rich, Hbl-rich, and
Qz-rich), were analyzed to determine the timing of metamorphism associated with the

restite formation.

22NPMO1 Y

“Grt-bearing leucodiorite,

Figure 2.4 Field photographs of samples from the FHVB domain units analyzed in this study. A
Granodioritic gneiss with some centimetric leucocratic layers parallel to the foliation (22NPM03); B) Folded
concordant layer of Grt-bearing leucodiorite in the Foxtrot area (22NPM01). C) Outcrop of the Hbl+Cpx
schist in the Foxtrot area with folded concordant layers of Grt-bearing leucodiorite (22NPM26) and
mesocratic Cpx-rich band. Inset figure D. D) Folded Grt-Amp+Cpx+Qz leucosome within the mafic schist
in the Foxtrot area, showing the location of the thin section 22NPM48A2 (Mesocratic band) and 22NPM48A43
(leucosome + Melanocratic band). E) Quartzite layer in the Foxtrot area. F) Outcrop of Crn+Sil schist
(22EJT34A), observe the white, beige centimetric Crn porphyroclasts, which are mostly replaced by Ms.
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2.2.1.6 Sample 22NPM48A3: Grt-Hbl-Cpx+PI1+Qz leucosome.

This thin section features part of an anatectic layer primarily composed of
Grt+Hbl+Cpx+PI+Ttn and a part of the restite with a mineral assemblage of
Hbl+PI+Bt+Ttn, with aligned Hbl+Ttn parallel to the Si2-ruvs foliation (Figure 2.4D).
Clinopyroxene in the anatectic layer is observed as inclusions within the garnet and is
replaced by hornblende (Figure 2.5D), suggesting that Grt+Hbl is consuming Cpx during
leucosome development. This leucosome contains zircon grains targeted for in-situ U-Pb

dating to obtain a crystallization age of the leucosome and peak metamorphism.

Titanite is aligned parallel to Si2-rrvs in the gneissic banding and the leucosome. However,
late seams of titanite (~100 um width) crosscut and intersect the garnets in the leucosome
and Hbl-rich band, running parallel to the foliation Si2-ruve but formed post-Sa-ruvs in
more localized, discrete bands (Ss-ruvs; Figure 2.5D). To understand the timing of
deformation in-situ titanite U-Pb and trace elements analyses were conducted in titanite
crystals aligned with Si2-ravB in the Amp-rich band (Ttn:1) and the late titanite seams Si-

ravB (Ttn2).

2.2.1.7 Sample 22NPM21: Quartzite.

This sample represents a presumed quartzite (Figure 2.4E) interlayered with the FHVB
and the mafic schist (Figure 2.3). The rock is composed of Qz+Pl+Ms+Bt and exhibits a
steep foliation parallel to Si2-ruvs defined by aligned muscovite and stretched quartz
crystals. The rock is fine-grained with quartz grains with straight-grain boundaries and
elongated (6:1) monocrystalline ribbons product of subgrain rotation and surrounded by

smaller (50 um) quartz bulges (BLG) (Figure 2.5E). However, these dynamic
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recrystallization microstructures are largely overprinted by later GBAR polygonal static
recrystallization textures, characteristic of medium-to-high-temperature mylonites forming
between 500 and 650° C (Trouw and Passchier, 2009). This sample was collected for

detrital zircon analysis to test for depositional age equivalence to the FHVB.

thure 2.54) Allgned Bt is replaced by Chl in the augen—gnelss and Ser replaces Pl mdlcatmg a retrograde
event. B) Medium-grade mylonitic augen-gneiss showing microcline porphyroclast mantled by 50 um size
recrystallized Kfs and some Qz overprinted by static recrystallization (GBAR). C) Cpx-rich mesocratic band
in mafic schist displaying subhedral unaligned clinopyroxene crystals, and Hbl-rich melanocratic band
exhibiting the aligned Hbl+Ttn Siz2.ruvs. D) Discrete veinlets of Ttn, cross-cutting the Grt+Cpx+Hbl+Pl
leucosome, indicating a deformational event post-leucosome folding. E) Quartzite showing elongated ribbons
with static recrystallization overprinting grain boundary migration, and bulging textures. F) Millimetre-sized
Crn crystal surrounded by randomly oriented Sil, which is overprinted by euhedral tabular Ms.
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2.2.1.8 Sample 22EJT34: Crn-Sil schist.

The sample collected from the northern boundary of the FHVB domain with the FHsz
(Figure 1.3 and Figure 2.1), shows no clear contact relationships with the FHVB or the
augen-gneiss. The rock exhibits brown to grey weathering colour, medium to coarse-grain
texture, and is composed of Crn+Ms+Bt+Grt+Sil+P1+Qz (Figure 2.4F). The rock displays
centimeter-sized Crn+Grt porphyroblasts with a light green hue, where randomly oriented
sillimanite partially replaces small, resorbed corundum cores, suggesting high-temperature
metamorphism consistent with the amphibolite-facies (sillimanite zone). The foliation (Si-
rHvB), defined by coarse-grained aligned biotite, wraps around the Crn-Sil porphyroblasts.
Additionally, muscovite replacing sillimanite indicates retrograde cooling and hydration
during the latest foliation development, possibly Szruvs (Figure 2.5F). The sample
22EJT34 was collected for U-Pb monazite to determine the timing of regional

metamorphism from a non-FHVB pelitic rock.

2.3 The Long Harbour shear zone (LHsz)

The LHsz is defined by a northwest-trending magnetic lineament at the northern
edge of the Pinware domain; the LHsz curves SW along strike to the west and spans over
50 km in the study area (Figure 2.1). With the aid of new magnetic maps (Search Minerals,
2010), the newly interpreted LHsz trace suggests a slight modification from previous
interpretations (Scott et al., 1993; Gower, 2005), which placed the LHsz 2-3 km northward
of the St. Lewis Inlet with an EW-strike (Figure 1.3). This shear zone was examined along
the Trans-Canada highway, near the St. Lewis Inlet, from Wood Island to Port Hope

Simpson (Figure 2.1).
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Relative to adjacent domains, the LHsz exhibits higher strain intensity, a consistent
foliation attitude, and a discrete linear magnetic signature, suggesting the LHsz foliation
likely represents a transposition foliation which may be younger than the FHVB domain,
where no earlier fabrics are visible. This presumed distinct age and fabric style in the LHsz
is referred to herein as St-Lusz. Moderate to steep stretching lineations (Lt-Lusz) are defined
by stretched Qz+Pl in the mylonitic orthogneiss, with a mean orientation of 49-309 (Figure
2.6A). Viewing the X-Z sense-of-shear plane, asymmetric Kfs o-porphyroclasts show

dextral shear or a north-side-up to the south (reverse) movement (Figure 2.6C).

The LHsz consists of interlayered medium to coarse-grained mafic and intermediate
mylonitic orthogneiss, characterized by gneissic banding with centimetric dark bands of
Amp+Bt and light bands of P1+Qz+Kfs. These bands define a consistent gneissic foliation
with a mean attitude of 281/68 (Figure 2.6A-B and Figure 2.7A). These orthogneisses
exhibit stretched Qz+P1 crystals with rounded and lobate margins, indicative of an igneous
protolith modified by deformation. The quartz grains exhibit undulose extinction and
irregular serrated boundaries (GBM), indicative of dynamic recrystallization processes,
overprinted by polygonal shapes indicating static recrystallization (GBAR) (Figure 2.7C).
Mica-rich orthogneiss varieties feature Amp+PIl+Qz+Bt+Ms+Chl, with Bt and Ms bands
crosscutting earlier weakly aligned amphibole fabrics (St-.LHsz). Amphibole-rich
orthogneiss shows Amp+Bt+Ttn defining the St.Lnsz foliation, which are replaced by
randomly Chl+Ep+Aln+Czo with sericitized plagioclase indicating greenschist-facies

conditions (Figure 2.7B).
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Figure 2.6 A) Stereoplot of the Long Harbour shear zone displaying the mean foliation plane St.rus: (281/68)
that encompasses moderate stretching lineations Ly (49-309); B) The granodioritic gneiss intruded by a
meter-wide undeformed felsic dyke; this dyke exhibits a grain size variation from coarse at the center to fine-
grained at the outer border; C) a 10 cm-wide quartz monzonitic aplitic dyke, which cuts the mylonite and
contains St.rus: parallel foliation. The inset represents the zoom-in of the outcrop, showing a north side up to
the south shear.

33



The St-Lus, foliation in the host rock is crosscut by syn-to-post deformational granitic dykes,
which range from fine to coarse-grained in texture (Figure 2.6C). Some 15-20 cm thick
oblique dykes exhibit similar fabric development as St-Lusz foliation and Lt-Lusz, suggesting
syn-deformational emplacement. Additionally, late undeformed, pink fine- to pegmatitic
felsic dykes cut through the main St2-Lus; foliation (Figure 2.6B). They are not internally

deformed, suggesting post-deformation emplacement.

2.3.1 Sample Description and Petrography

Three samples were collected to determine the crystallization age of the protolith and the
age of shearing within this structure. Sample 22NPM39B was collected from the
orthogneiss to determine the crystallization (U-Pb zircon) and deformational age (U-Pb
titanite) of the host rock; sample 22NPM39A was gathered from a syn-deformational dyke
to ascertain the syn-deformation age (U-Pb zircon). Finally, a sample (22NPM40) was
obtained from the post-deformational felsic dyke to establish the crystallization age and to

constrain a minimum age when deformation ceased within this shear zone (Figure 2.6B).
2.3.1.1 Sample 22NPM39B: Granodiorite gneiss

This sample is a medium to coarse-grained rock characterized by distinct
centimetric gneissic and mylonitic banding with granoblastic texture at the microscale. The
dark bands are composed of Amp+Bt+Pl with accessory minerals Aln+Ttn+Ap+Ep.
Subhedral amphibole crystals exhibit a prismatic habit in these dark bands, while euhedral
tabular Bt+Ttn aligns with the St.Lusz foliation. A second textural phase of randomly

oriented secondary minerals such as Aln+Chl+Ep+Ser replace and surround the borders of
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the aligned amphiboles and feldspar crystals of St.Lusz (Figure 2.6B and Figure 2.7B).
Zircon was dated in the granodiorite gneiss (22NPM39B) to obtain protolith ages, while
titanite was analyzed to attain syn-deformation ages for amphibolite to greenschist-facies
shearing.

2.3.1.2 Sample 22NPM39A: Syn-deformational quartz-monzonitic dyke.

The rock is fine-grained with a granular texture and is mostly composed of
Kfs+Pl+Qz+Bt+Ms. It is classified as a quartz monzonite with interlaminated euhedral-
aligned Bt+Ms tabular crystals, which define a foliation parallel to St.Lus.. Chl+Ep+Zo
crystals are observed surrounding and replacing the biotite, likely a product of hydration
reactions. Quartz grains exhibit undulous extinction and incipient GBM overprinted by
polygonal static recrystallization GBAR (Figure 2.7C), indicating deformation in this
quartz monzonitic dyke. Zircon was targeted in this dyke to obtain a crystallization age-
related to syn-deformational shearing.

2.3.1.3 Sample 22NPM40: Post-deformational monzogranitic dyke.

The sample represents a fine to medium-grained rock collected near the margin of
a 70 cm wide monzogranitic dyke (Figure 2.6B). The rock displays holocrystalline and
graphic textures with subhedral to euhedral interlocking Kfs+PIl+Qz+Bt+Ms and accessory
Ttn+Aln+Py+REE carbonates. Bt+Ms are partially replaced by Chl+Ep. Plagioclase
displays polysynthetic twinning and perthitic texture with myrmekitic intergrowth,
indicating slow cooling from high temperatures and subsequent exsolution of feldspar
phases (Winter, 2014). Equigranular quartz grains (~400 um) are anhedral with undulous

extinction and some fractures (Figure 2.7D). This sample was analyzed using U-Pb zircon
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dating to determine the crystallization age of the dyke and to constrain a minimum age of

cessation of deformation in the LHsz.

"f 3
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Syn deformatlonal dyke (22NPM39A) P ) :

Figure 2.7 A) Granodioritic gneiss (sample 22NPM39B), exhibiting the maf ic and felszc gneissic bands where
mafic bands are comprised of Amp+Bt+Ttn and the felsic bands by Pl(Ser)+Qz+Kfs. B) Titanite crystals are
at the edge of the amphibole and biotite, which is aligned with the Sr..us: foliation. C) Syn-deformational
quartz-monzogranitic dyke exhibiting Carlsbad twinning in feldspar (center of the image) and deformed Qz
crystals with Ue, and GBM overprinted by static recrystallization GBAR. D) Post-deformational felsic dyke,

consisting of fine-grained, equigranular quartz, feldspar (microcline twining Mc) exhibiting a holocrystalline
and perthitic texture with myrmekitic overgrowing.

2.4 The St. Lewis shear zone (SLsz)

This structure runs parallel to and is situated 2 km north of the LHsz, characterized
by linear magnetic patterns extending over 60 km along the strike. Towards the St. Lewis
coastline, the SLsz trace becomes more diffuse, displaying a broad low magnetic anomaly
south of the FHVB domain with some low linear magnetic anomalies that bifurcate in the

central part between the LHsz and the SLsz (Figure 2.1). The SLsz linear anomaly could
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indicate a splay or en-echelon parallel shear structure related to the LHsz, but the exact
relationship remains unclear. Gower (2005) mapped a portion of this structure as a strike-
slip splay of the LHsz, connecting with the LHsz southwest of St. Lewis (Figure 1.3).
However, new geophysical data reveal that the LHsz and SLsz are distinct linear magnetic
features separated by FHVB domain magnetic patterns, and this relationship continues

along strike within the study area (Figure 2.1).

The rocks outcropping along the St. Lewis coast consist of mylonitic to ultra-mylonitic
granodiorite intercalated with mafic schist dykes and pelitic rocks. This granodiorite serves
as the main host rock of the shear zone and exhibits a foliation defined by layers of Bt+Ms,
alongside millimetric Kfs+Qz porphyroclasts. These minerals define a localized mylonitic
foliation StsLsz with a mean attitude of 289/66. Moderate to steep Lrt-sLs: stretching
lineations (48-330) are defined by Qz+Fsp within the shear plane, plunging northwest, and

parallel to the measured fold axes (53-328) of the tight folds Fr-sis.. (Figure 2.8A-C).

Viewing the X-Z sense-of-shear plane perpendicular to the stretching lineation, some
sigmoids, and o-type porphyroblasts composed of Qz+Fsp+Ep display a top-to-the-
southeast reverse shear sense (Figure 2.8D). Additionally, the shear zone in the St. Lewis
shoreline exhibits centimeter-scale elongated and closed sheath folds when viewed down
the fold axis and stretching direction. This suggests high finite simple shear strain in a
northwest-plunging direction (Figure 2.8E). The top-to-the-southeast reverse-sense of
movement is supported by microstructures where S-C folia display a north-side-up

movement evident in some Qz+Ms schist and Amp+Bt schist (Figure 2.9E-F).
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Figure 2.8 A) Stereoplot of structures in the St. Lewis shear zone displaying the mean foliation plane Sr.sis:
(289/66) that encompasses steep stretching lineations Lr.sis: (48-330) parallel to the fold axes Fr.sis- (53-328).
B and C) Moderately to steeply plunging stretching lineations Lr.sis. defined by Qz+Fsp plunging NW
parallel to the ptygmatic and tight to closed fold axes F.sis.. D) o-type porphyroclast composed of feldspar
and plagioclase with epidote showing a right-lateral shear-sense. E) vertical centimetric elongated eye
structures in some granitic folded layers indicating a near vertical movement.

s i Ll

The Qz+Ms schist displays a continuous foliation (St-sLsz) with a lepidoblastic texture
defined by Ms and Qz microlithons in a spaced schistosity exhibiting incipient undulose
extinction and deformation lamellae overprinted by polygonal static recrystallization (500-
600°C) (Figure 2.9E). The Amp+Bt schist, on the other hand, features a fine-grained
nematoblastic texture with elongate and tabular Amp+Bt bands (cleavage domains)

separated by P1+Qz microlithons. These domains transition discretely, with banding
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averaging 100 um in width, and exhibit replacement by Chl+Ser+Ep, indicating potential
retrograde metamorphism or hydrothermal alteration overprinting earlier reverse-sense

fabrics St-sLsz (Figure 2.9F).

2.4.1 Sample Description and Petrography

Sample (22NPM11) was collected at the St. Lewis coastline to determine the crystallization

age of the mylonite protolith by U-Pb zircon and deformational age by U-Pb titanite.

2.4.1.1 Sample 22NPM11: Mylonitic granodiorite

This sample represents a mylonitic grey-to-black rock composed of
Pl+Qz+Kfs+Bt+Amp, exhibiting millimetric to centimetric Kfs porphyroclasts. The rock
exhibits a continuous foliation (St-sLsz) at the thin section scale with lepidoblastic texture
defined by subhedral-aligned Bt+Ttn, and by millimetric layers of PI+Qz crystals. Biotite
shares irregular grain boundaries and is overprinted and surrounded by un-aligned Chl+Ep,
while sericite replaces some Pl+Kfs (Figure 2.9A). Furthermore, titanite defines winged d-
porphyroclasts (0.2-0.5 pm size) in the St-sLsz foliation exhibiting a brown core and a lighter
rim (10-50 um size) with asymmetric Bt+Qz wings displaying a north side up to the

southeast movement (Figure 2.9A-B).

The quartz grains in this sample exhibit undulose extinction and dynamic recrystallization
microstructures, such as possible GBM, overprinted by static polygonal recrystallization
GBAR (Figure 2.9B) in elongated, tabular Qz ribbons with polygonal crystalloblastic fabric
(Figure 2.9C). Furthermore, Kfs porphyroclasts exhibit dynamic recrystallization and grain

size reduction in Qz+Kfs grains (~50 pm size) near the rims of the porphyroclasts (Figure
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2.9D), resulting from dynamic recrystallization that shows polygonal textures overprinted

(GBAR). These Qz+Fsp microstructures are typical of medium to high-temperature

mylonites (500-600 °C), as described by Trouw and Passchier (2009).

(074 ribbons=4

R T i 200 um
Figure 2.9 Petrographic and microstructural relations in the St. Lewis shear zone. A) Rotated o-
porphyroclasts of Ttn within the mylonitic granodiorite, showing a dextral sense movement. B) Quartz grains
with polygonal static recrystallization overprinted (GBAR), Ttn porphyroclast and Bt+Ep defining the
foliation Sr.sis.. C) Quartz ribbons with polygonal granoblastic texture, resulting from static grain growth
overprinting microstructures in medium to high-temperature mylonitic granodiorite. D) Fsp porphyroclast
showing undulose extinction and deformation lamella surrounded by aligned Ms+Bt+Qz. E and F) Qz+Ms
and Amp+Bt schists with S-C folia exhibiting a north-side-up to the southeast, reverse-sense movement.

The mylonite exhibits alteration minerals such as Ms+Chl+Ep+Ser overprinting but aligned
within the St.sLs; foliation. This indicates retrograde greenschists-facies conditions at lower

temperatures (~300-400 °C) within the same kinematic framework as St.sisz. This
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mylonitic granodiorite was collected to perform U-Pb zircon geochronology to obtain
crystallization ages of the protolith and in-situ U-Pb titanite dating to constrain the

amphibolite- to greenschist-facies deformation.

2.5 The Fox Harbour shear zone (FHsz)

The FHsz is the boundary structure between the FHVB domain and the LMT to the
north. It displays ~ 50 km wide NW-trending low magnetic anomaly from Port Hope
Simpson to St. Lewis. This feature aligns parallel to and is presumed to be linked with the
other NW-trending magnetic anomalies of the LMT (Figure 2.1). Rocks near the FHsz trace
along Highway 510 consist of gneissic diorite to gabbro, fine to medium-grained Bt schist,
granitic pegmatites, and remnants of amphibolitic mafic dykes, all with pervasive foliation
development and high finite strain. Given the intense strain and low magnetic signature,
the FHsz foliation likely represents a transposition foliation that may also be younger,
overprinting earlier structures of the FHVB domain and the LMT. However, the
relationship of the deformation history between the FHsz and the LHsz/SLsz remains

unclear.

The attitude of the mean mylonitic foliation plane (Strusz) depicted in the
stereographic projection is 285/71. The mylonitic rocks of the FHsz display distinct sub-
horizontal stretching lineations (Lt-rusz), oriented at 03-105 and 03-285 (Figure 2.10A-B),
where elongated and oriented amphibole defines the Lrt.rus: and locally forms L/S-
tectonites in the Amp-tonalites with elongation direction 10-102 (Figure 2.10C). In plan
view, the sense-of-shear plane (X-Z) shows a dextral shear from feldspathic sigmoids

within the granitic mylonitic rocks (Figure 2.10D). Additionally, local zones of high finite
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strain exhibit sheath folds when viewed parallel to the prominent, near-horizontal stretching
lineation Lr-rusz (Figure 2.10E). Deformed mafic dykes intrude the orthogneiss host rock,
including a Cpx+Amp+Grt dyke, which is crosscut by an aphanitic dyke containing

Amp+Bt+Ttn (Figure 2.1 and Figure 2.10B and F).

2.5.1 Sample Description and Petrography

In the FHsz, the granodioritic host rock displays an Srt.rus; foliation defined by
PI+Qz+Bt+Amp+Ttn (Figure 2.10E) and exhibiting compositional banding defined by
Amp+Bt and Qz+PI microlithons. Elongated quartz grains (3:1) in tabular ribbons display
a polygonal crystalloblastic texture with incipient bulging recrystallization along lobate
contacts, forming smaller grains (Figure 2.11A). Additionally, myrmekitic intergrowths of
quartz and feldspar are observed adjacent to some Kfs porphyroclasts (Figure 2.11B).
These textures are characteristic of medium to high-temperature mylonites, ranging from
500-600 °C. However, mineral overgrowths of Chl+Ser+Ep+Ttn are observed replacing
the aligned biotite and plagioclase (Figure 2.11C), indicating retrograde greenschist-facies

metamorphism.

Samples from two deformed mafic dykes transecting the dioritic orthogneiss were collected
to ascertain their crystallization or deformation ages (Figure 2.10F). Although zircon grains
were not recovered from the Grt-bearing dyke, they were successfully obtained from the

Amp+Bt+Ttn dyke. The detailed description of this sample (22NPM33) is as follows:
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Figure 2.10 A) Stereoplot of the Fox Harbour shear zone structures. B) Horizontal stretching lineation (L.
FHsz) in dyke plunging less than 10°. C) Elongated and oriented Amp defining (Lr.rus;) in L/S-tectonites
exhibited in Amp-tonalites. D) Feldspathic sigmoid in granitic mylonite showing a dextral shear sense in plan
view. E) Elongated sheath folds in some leucocratic folded layers that show a dextral shear sense in plan
view. F) Contact between Grt-bearing and aphanitic (Amp+Bt+Ttn) mafic dyke (sample 22NPM33).
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2.5.1.1 Sample 22NPM33: Mylonitic diorite dyke

The sample is a mafic dyke composed of Amp+Bt+Pl+Qz+Ttn, classified as a mylonitic
diorite. The foliation (St-rusz) is primarily defined by the alignment of Amp+Pl, with
aligned biotite partially contributing to the foliation as it replaces some amphibole crystals.
Additionally, this tabular biotite contains euhedral wedge-shaped titanite grains, suggesting
a co-genetic relationship due to their textural equilibrium (Figure 2.11D). Randomly
oriented retrograde minerals (Chl+Ep) are observed replacing the prismatic Bt, indicating
chlorite formation in a low-strain, hydrated environment. Zircon grains in this sample were

analyzed to constrain a crystallization age and maximum age of shearing.

, ‘ l -
Recrystalh ati

[(500um] o ;i ,
thure 2.11 Petrographic features of Fox Harbour shear zone rocks A) Quartz rlbbon wzth polygonal
granoblastic fabric overprinting earlier ameboid shaped crystal boundaries. Kfs porphyroclast surrounded
by grain size reduction of Kfs+Qz in granodioritic host rock. B) Myrmekitic texture adjacent to some
feldspathic porphyroclasts with undulose extinction (Ue) and subgrain formation (Sg). C) Bt+Chi+Ep+Ttn
aligned and defining the Srt.rus. foliation during greenschist-facies deformation in medium-temperature
mylonitic granodiorite. D) Biotite partly replacing aligned Amp crystals along their cleavages and edges.
Titanite is in textural equilibrium with Bt, and both define the foliation St.pus: in sample 22NPM33.
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Chapter 3 Analytical Results

3.1Methods and Preparation

3.1.1 U-Pb Zircon

Zircon U-Pb isotopic data were acquired from 12 strategically selected samples

(Table 3-1) in the FHVB domain and its shear zone boundaries, including the LHsz, SLsz,

and the FHsz. These samples were analyzed to determine protolith and metamorphic ages

and timing of deformation using the U-Pb Chemical Abrasion (CA) LA-ICP-MS method

for zircon.

ODM and UQAM Analyses:

Six samples were processed using Electric Pulse Disaggregation (EPD) at
Overburden Drilling Management (ODM) in Ottawa, ON. This method induces
extensional forces within the planes of weakness of the rock, disaggregating it in
water, thereby preparing mineral separates (such as zircon) while avoiding airborne
dust and contamination.

The processed samples (Table 3-1 and Table S1) underwent U-Pb geochronology
at the GEOTOP laboratory (UQAM) using a Nu Attom single-collector mass
spectrometer attached to a photon machine G2 193 nm excimer laser. The procedure
was adapted from Perrot et al. (2017), employing an output energy of 3.18 J/cm?, a
pulse rate of 6 Hz, and an ablation duration of 30 seconds in 25 um spots. Data
reduction and down-hole fractionation correction were performed using Iolite 4

software, with zircon 91500 (1062 + 0.8 Ma; Wiedenbeck et al., 1995) as the
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primary reference material and PleSovice zircon (337 + 0.4 Ma; Slama et al., 2008)
as the secondary reference for quality control and validation. The weighted mean

age obtained for PleSovice was 344 + 0.8 (20) Ma in a single analytical session.

MUN Analyses:

e Another four samples (Table 3-1 and Table S2) were processed at Memorial
University of Newfoundland (MUN) using conventional crushing with a steel jaw
crusher and disc mill, followed by sieving with a 400-um mesh, Wilfley water table
density sorting, magnetic separation (Frantz), and heavy liquid separation
(methylene iodide, d = 3.32 g/cm?).

e These samples underwent U-Pb zircon analyses at MUN's Core Research
Equipment and Instrument Training Network (CREAIT) laboratory using a
GEOLAS 193 nm excimer laser ablation system coupled to a Thermo Finningan
ELEMENT XR magnetic sector ICP-MS. Analyses utilized an output energy of 4
J/em?, with 200 pulses at a rate of 5 Hz, and an ablation time of 30 seconds in 30
pum spots. The primary standard used to calibrate U-Pb ages was zircon 91500 (1062
+ 0.8 Ma; Wiedenbeck et al., 1995), and the secondary zircon standard was 02123
(295 + 1 Ma; Ketchum et al., 2001) yielding 2°Pb/>**U ages of 303 + 2 Ma, 297 +
2 Ma and 294 + 2 Ma in three different sessions, with an average of 297 + 2 Ma.
These reference materials were measured every 13 unknown analyses. Data

reduction was performed in Igor-Pro Iolite using the VisualAge data reduction

scheme of Petrus and Kamber (2012).
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Chemical Abrasion (CA) and Imaging:

Zircon fractions from both processing methods underwent thermal annealing at
MUN in a muffle furnace at 1000 °C for 36 hours. Subsequently, they were etched in
concentrated HF acid within TEFLON pressure vessels at 200 °C for 5-6 hours to reduce
radiation damage areas. The zircon grains were mounted in 2.5 cm epoxy pucks (EpoThin
epoxy) and polished to expose grain interiors. Imaging was performed using a JEOL JSM
7100F Scanning Electron Microscope (SEM) at MUN, equipped with a Deben Centaurus
cathodoluminescent (CL) detector for panchromatic CL imaging, a Thermo energy
dispersive spectrometer (EDS) for elemental analysis, and backscatter electron (BSE)
imaging. The CL images obtained were used to characterize the morphology, textures, and
internal domains of the zircon grains (e.g., Pidgeon, 1992; Rubatto, 2000; Schaltegger &

Davies, 2017) followed by selection of typically 25 or 30 um spots for U-Pb analyses.

SEM-MLA Analysis and Quantitative Mineral Studies:

Quantitative mineral studies were conducted on two thin sections using an FEI
Quanta field emission gun 650 scanning electron microscope (SEM) equipped with Mineral
Liberation Analysis (MLA) software version 3.14 at MUN. These SEM-MLA maps were
performed to identify and locate zircon grains within the thin section to conduct in-situ U-
Pb geochronology further. MLA maps (false colour phase maps) were created using
GXMAP mode by acquiring energy-dispersive X-ray spectra in a grid every 10 pixels, with

a spectral dwell time of 12 ms, and comparing these against a list of mineral reference
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spectra. The MLA frames were 1.5 mm by 1.5 mm with a resolution of 500 pixels x 500

pixels. The ablation spot size in these zircon grains was 20 um.

Age Calculation and Data Interpretation:

Despite the chemical abrasion of zircon grains, discordant ages may arise due to
common Pb contamination or isotopic mixing between different age domains. As a result,
all the discordant data (> 5%) was excluded from the age estimates in this thesis. Different
approaches have been proposed for selecting the best age and cutoff point to switch between
the 2°Pb/2*8Pb and 2’Pb/?%Pb isotopic systems (e.g., Gehrels et al., 2008; Spencer et al.,
2016; Vermeesch, 2021). Generally, the 2°°Pb/>*U method is more precise for younger
samples, whereas the 2°’Pb/?*®Pb method is better suited for older samples. This thesis
calculated weighted average ages using the 2°°Pb/?*®Pb age for zircons younger than 1.2 Ga
and 27Pb/?*Pb for those older than 1.2 Ga, as Gehrels et al. (2008) suggested. Because
only concordant analyses are considered, the difference in the isotopic ratio used is not
significant. For the one detrital sample (quartzite 22NPM21), age maxima were determined
using radial plots (finite mixtures set to auto, Vermeesch, 2018), which calculates five age
maxima for the dataset. Maximum depositional ages (MDA) were calculated using two
methods: 1) the ‘maximum likelihood age’ (MLA) algorithm (Vermeesch, 2021), which is
the most statistically robust method, and 2) a weighted mean of the youngest grain cluster
of three or more analyses overlapping at 2¢ intervals (YG2o (3+), Dickinson and Gehrels,
2009), which is a commonly used method for determining robust maximum ages (e.g.,
Coutts et al., 2019). Isotopic ratio uncertainties are reported at the 2o level, and concordia

diagrams and weighted mean ages were plotted using IsoplotR (Vermeesch, 2018).
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3.1.2 U-Pb Monazite

Monazite is a common accessory REE phosphate mineral found across various
pressure and temperature settings in sedimentary, metamorphic, and igneous rocks.
Monazite is a radioactive mineral that hosts notable concentrations of Th and U (with
Th/U>1), forming the basis of its utility as a geochronometer (Engi, 2017). Monazite does
not favor the incorporation of Pb in its structure, making single monazite grains suitable
for in-situ U-Th/Pb dating (Richter et al., 2019). Also, monazite has the potential to
preserve chemical and geochronological information due to its slow diffusion of major and
trace components (Williams and Jercinovic, 2002), developing a range of complex textural
and compositional zoning as evidence of dissolution and recrystallization (Hetherington et

al., 2017).

A monazite U-Pb LA-ICPMS age was acquired from the Crn-Sil schist (22EJT34A).
Petrographic and Mineral Liberation analyses were performed to identify monazite grains
within this sample. The monazite separation and preparation were performed at MUN using
the same procedure described in the zircon methodology. Subsequently, three large hand-
picked monazite crystals were polished and mounted in a 2.5 cm epoxy puck. These crystals
were then analyzed on the JEOL JXA-8230 Supraprobe EPMA at MUN to acquire
qualitative X-ray elemental maps with a 200 msec dwell time, 15 kV accelerating voltage,
and a 250 nA beam current. The elements mapped were Th, Y, Pb, U, and Nd, with step
sizes between (0.6 um x 0.6 pm) to (1.3 pm x 1.3 pm) for total run times of 3.5 hours. The
maps were collected and edited using JEOL proprietary software. These analyses aimed to

identify compositionally distinct domains within the crystals, as variations in growth
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sectors or chemical zoning could indicate different REE absorption rates (Engi, 2017). This

process facilitated the selection of 25 pm ablation spots to target individual domains.

Monazite U-Pb geochronology was performed at the FILTER laboratory of the University
of British Columbia Okanagan (UBCO) using an Excimer 193 nm laser coupled to an
Agilent 8900 ICP-MS, collecting both trace element and U-Pb isotopic ratios from each
spot location within an individual grain. The raw data was initially reduced, and downhole
fractionation was corrected using lolite V4 software, using 44069 (424.9 £ 0.4 Ma;
Aleinikoff et al., 2006) as a primary reference material for calibration, and three secondary
reference materials: Stern (513 + 1.2 Ma; Goncalves et al., 2016) Steenkamp (1046 + 7.5
Ma; Knoper et al., 2000; Basson et al., 2016) and Trebilcock (272 + 4 Ma; Tomascak et al.,
1996) for quality control and validation purposes. During the analytical session, the
206pb/238Pb weighted mean age obtained for Stern was 508 + 2.5 Ma (26), for Steenkamp
1049 + 8 Ma (20), and for Trebilcock 274 + 1 Ma, which are respectively in good agreement
with their known age. In the case of trace elements, the reference material NIST610 was
used (Jochum et al., 2011), yielding uncertainties associated with measurements around

11% of known values.

3.1.3 U-Pb Titanite

Titanite is a common accessory mineral that can be utilized as a petrochronometer
for dating high-temperature tectonic processes, particularly in cases where zircon or
monazite fail to crystallize due to unsuitable temperatures, metamorphic conditions or the

chemical composition of the rock (Rubatto et al., 2001). This mineral incorporates trace

50



elements into its crystal structure, which can be linked to different P-T conditions and
metamorphic assemblages (Kohn, 2017; Olierook et al., 2019). Titanite could remain
unaffected by diffusion of Pb at temperatures as high as 750 °C (Spencer et al., 2013) and
can undergo crystal-plastic deformation (e.g., Gordon et al., 2021; Silerova et al., 2023)
and recrystallization via dissolution-reprecipitation at greenschist- to granulite-facies
conditions, resulting in the preservation of numerous generations of compositional zoning
and microstructures, providing rich record of superimposed metamorphism in complex
orogenic belts (Olierook et al., 2019; Scibiorski et al., 2019; Moser et al., 2022 and

references therein).

In-situ titanite U-Pb dates, trace elements, zoning, and microstructures were combined to
understand deformation and metamorphism from four samples collected from the FHVB
domain (2), LHsz (1), and SLsz (1). Titanite was identified after petrographic and Mineral
Liberation analysis conducted on four (4) distinct polished thin sections, revealing various

petrochronological relationships within the FHVB and its main shear zone boundaries.

Targeted titanite grains were imaged on the JEOL JSM 7100F Scanning Electron
Microscope (SEM) using high-contrast BSE imaging to identify any zoning within every
grain. These grains were also analyzed on an EPMA JEOL JXA-8230 superprobe with a
W filament and 5 WDS spectrometers at MUN to generate X-ray element maps of Al, Fe,
Zr, Ti, and Ce, with a 200 ms dwell time, 20 kV accelerating voltage, and a 200 nA beam
current (Moser et al., 2022), titanites were run for 3-4 hours for each map with step sizes
between (0.4 um x 0.4 um) and (1.4 um x 1.4 pm) to identify any compositional zoning.

The maps were collected and edited using JEOL proprietary software. Then, strategic
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ablation spots with a diameter of 30 pm were selected, considering the different elemental

domains.

In-situ titanite U-Pb and trace-element compositions were obtained at the CREAIT
laboratory of MUN using the GeoLas 193nm excimer laser ablation system coupled to a
Thermo Finningan ELEMENT XR magnetic sector-ICPMS. The analyses utilized an
output energy of 4 J/cm?, 200 pulses with a rate of 5 Hz, with an ablation analysis time of
40 seconds. Titanite standards used to calibrate U-Pb ages were Bear Lake (1039 + 23 Ma,
Fisher et al., 2020) as a primary reference material. In-house Bancroft - Ontario
(comparable to Ontario titanite, 1053 = 3 Ma, Sun et al., 2012; Spencer et al., 2013; Ma et
al., 2019) was used as a secondary external standard for quality control and yielded an age
of 1060 + 8 Ma. These reference materials were measured twice every 13 unknown

analyses, including the trace elements reference materials NIST610 and NIST612.

Trace elements geochemistry in titanite is particularly effective for differentiating whether
a grain is igneous, recrystallized, or metamorphic, using Th/U, Al/Fe, Th/Pb, Al/(Al+Fe),
REE patterns, and Eu anomalies (Kowallis et al., 1997; Aleinikoff et al., 2002; Olierook et
al., 2019; Scibiorski et al., 2019; Kirkland et al., 2020, Scibiorski and Cawood, 2022;
Sullivan et al., 2024). Trace elements (Al Si, Ti, V, Cr, Mn, Fe, Hf, Y, Zr, Nb, Ta, La, Lu)
and U-PDb isotopic data were collected during each spot analysis. To differentiate between
igneous, recrystallized, and metamorphic titanite, some indices such as Al/(Al+Fe), Th/U
and Th/Pb ratios, REE gradients, and Eu anomalies (Aleinikoff et al., 2002; Olierook et al.,

2019; Kirkland et al., 2020; Scibiorski and Cawood, 2022) were used for every sample.
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Titanite often contains significant amounts of common lead (Pbc Cherniak, 1993),
complicating measurements due to the mixture of radiogenic Pb and Pb.. Therefore,
correcting for Pbc is generally essential for obtaining meaningful U-Pb ages in titanite. The
most widely used method for this correction is the 2*’Pb-correction (Spencer et al., 2013;
Kirkland et al., 2016), which assumes that each measured data point lies on a mixing line
between radiogenic Pb and Pbc based on a known composition of common Pb derived on
a global lead evolution model (e.g., Stacey-Kramers, 1975) or from matrix minerals.
However, due to variable Pbc in samples herein, this thesis employs the method of free
regressing of the uncorrected U-Pb data on a Terra-Waserburg diagram, where the upper

intercept represents the Pbc composition, and the lower intercept represents an age.

3.2 U-Pb Geochronological Results

Interpretations related to magmatic crystallization, maximum depositional age
(MDA), deformation, and metamorphism are summarized in Table 3-1. Concordia and
weighted average plots in Figure 3.9 display the EPMA morphology, texture, and trace
element data for monazite from the corundum mica schist (22EJT34). Additionally,
petrochronological analyses of titanite are provided, including Mineral Liberation analyses,
EPMA imaging of selected titanite grains, and in-situ U-Pb and trace element data via LA-

ICPMS.
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3.2.1 The Fox Harbour Volcanic Belt domain

3.2.1.1 U-Pb Zircon

3.2.1.1.1 Sample 22NPM22: Granitic augen-gneiss.

Zircon crystals in this granitic augen-gneiss range from 30 to 300 um in length and
50 to 120 um width, exhibiting idiomorphic shapes. The morphologies vary from prismatic
(elongation ratio 2:1 to 5:1) to stubby sub-rounded crystals, which are colorless to light
pink. CL imaging revealed spaced oscillatory zoning (OZ) and patchy patterns (e.g., Figure
3.1A, spots #5, # 51, #57, #59), along with resorbed textures (#71) in the central parts of
the grains, mantled by a finer oscillatory texture (e.g., Figure 3.1A, #28, #52, #60) and
bright patchy zoning (#6) on the outer margins. Furthermore, thin (15 um wide) and bright
homogeneous rims surround these whole grains but were too small to analyze (e.g., near
spots #28, #52, and #60 in Figure 3.1A). Oscillatory and patchy patterns in the external
margins of the zircon commonly exhibited faded zoning (e.g., #52, #60) as well as well-
defined zoning (#28, #6). Bright-CL zones and rims exhibited homogeneous zones

truncating patchy/sector zoning to gradational boundaries within the zoned zircon.

Eighty-seven analyses were performed on 73 individual grains, targeting the
oscillatory/patchy zoning of the central and outer margins of the grains, with 61 out of 87
analyses being concordant. The concordant analyses yielded 2°’Pb/?°°Pb dates ranging from
1607 to 1452 Ma (Figure 3.1B), with Th/U ratios varying from 0.51 to 2.14, which are
typical of magmatic zircons (Corfu et al., 2003). The data spread along a linear concordant

array, suggesting Pb-loss, isotopic mixing, or protracted crystallization.
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A free regression (discordia model 1 of Vermeesch, 2018) yielded an upper intercept age
of 1516 £ 11 Ma and a lower intercept age of 875 £ 215 Ma (MSWD = 1.3; p(x?) = 0.05).
The lower intercept date points towards a Grenvillian age (~1.0 Ga), which is a known
metamorphic age in the study area. Due to the spread in data, the oldest concordant dates
likely reflect the crystallization age with minimal Pb-loss effects; therefore, 1.6 Ga is the

best estimate for the crystallization of this sample.

3.2.1.1.2 Sample 22NPMO03: Granodioritic Gneiss

The zircon crystals are brownish to uncolored and vary in size, ranging from 20 to
250 pm; their idiomorphic shapes range from prismatic subhedral with an elongation ratio
of 2:1 to 5:1 to stubby subrounded forms. These zircon crystals display broad oscillatory
and patchy zoning (e.g., Figure 3.1C, spots #13, #29, #31) in CL typical of magmatic
zircons. Additionally, a thinner bright rim (10 um) is observable in some grains (close to
spot #20, #31, #37). However, ablating this rim was not possible because of its size (Figure

3.10).

Thirty-nine analyses were performed on 34 grains, with nineteen analyses excluded due to
discordance and >5 % uncertainty values. The remaining 20 concordant analyses span
207pb/2%Pb dates between 1560 and 1468 Ma, exhibiting oscillatory and patchy zoning with
Th/U ratios varying from 0.35 to 1.11, typical of igneous zircons (Corfu et al., 2003). These
igneous zircon grains yielded a weighted mean 2*’Pb/*Pb age at 1516 + 12 Ma (MSWD
= 0.98), which is considered to represent the crystallization age of the granodiorite Figure

3.1D).
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Figure 3.1. Composite Wetherill plot of zircon geochronological data from the orthogneisses within the
FHVB domain. A-B) Sample 22NPM22 (Granitic augen-gneiss), C-D) Sample 22NPMO03 (Granodioritic
gneiss). A and C) Representative CL zircon images where the red dashed circles denote the ablation pits (30
um). B) U-Pb zircon data for sample 22NPM?22. Green ellipses represent analyses used in age calculation,
while white ellipses represent discordant and excluded data. D) U-Pb zircon data for sample 22NPM03
(white ellipses: discordant data and concordant data with high uncertainties). Green ellipses represent data
used for the weighted mean *°°Pb/*" Pb age calculation of 1516 Ma.

3.2.1.1.3 Sample 22NPM26: Grt-bearing leucodiorite

Zircon crystals exhibit subhedral to euhedral morphologies, ranging from dark

brown to colorless in stubby shapes, and elongated crystals (elongation ratio 3:1 to 5:1).
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The grain sizes vary from 25 to 200 pum. Under CL, the cores of the zircon grains display
distinctive patchy zoning and a bright, fine to broad oscillatory growing texture. By
contrast, the outer margins of the grains reveal a fine oscillatory texture. Additionally, a

rim is exhibited with a patchy zoning pattern (Figure 3.2A).

Forty-six analyses were conducted in 42 zircon grains, with 38 analyses yielding
concordant ages ranging from 1526 to 1111 Ma with Th/U ratios varying from 1.41 to 0.01.
Within this concordant dataset, eight spread out analyses do not display age clustering:
seven older analyses range from 1526 to 1371 Ma and represent the central part of grains
with patchy and oscillatory zoning displaying Th/U values from 1.18 to 0.46, interpreted
as inherited igneous zircons. One younger analysis (1111 Ma) corresponds to a rim with
bright, patchy homogeneous zoning and a low Th/U ratio (0.01), indicating possible

metamorphic overgrowth around 1.0 Ga.
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Table 3-1. Location and description of samples analyzed by U-Pb CA-LA-ICPMS and in-situ LA-ICPMS. Reference system UTM NADS3, 2IN

Coordinates
Domain  Sample Name . . Lithology Mineral Interpreted age Age® 2¢* MSWD n Type
Easting Northing
22NPM22! 580047 5805808 Granitic augen-gneiss Zircon Crystallization ~1.60 Ga - - 34/61 207pb/206pb Weighted Mean
22NPMO03! 582113 5806090 Granodioritic Gneiss Zircon Crystallization 1516 12 0.98 20(39) 207pb/20Pb Weighted Mean
22NPM26? 587965 5803661 Grt-bearing leucodiorite Zircon Crystallization 1324 8 1.7 30(46) 207pb/2%Ph Weighted Mean
22NPMO012 589925 5802970 Grt-bearing leucodiorite Zircon Crystallization ~1.30 Ga - - 30(55) 207Pb/2%Ph Weighted Mean
) Zircon Max. Dep. ~1.30 Ga - - 215(220) MLA - Concordant age
FHVB 22NPM21! 579895 5805949 Quartzite ) ) )
Zircon Metamorphism ~1.06 Ga - - 3(5) 206pb/238U Weighted Mean
22NPM48A2!(*) 587965 5803661 Mesocratic Cpx-rich band Titanite Metamorphism 1058 85 1.6 17(18) Discordia lower intercept
_Hbl- Zircon Metamorphism 1041 39 1.6 4(5 206pb/238U Weighted Mean
2ONPM48A3'(¥) 587965 5803661 Gri-HbI-Cpx+P1HQz o i ©) T e
Leucosome Titanite Deformation 987 74 2.5 23(28) Discordia lower intercept
22EJT343 558233 5813351 Crn-Sil schist Monazite Metamorphism 1044 5 0.69 9(11) 206pb/238U Weighted Mean
Zircon Crystallization 1696 13 1.8 5(20) 207pb/20Pb Weighted Mean
22NPM39B2 561907 5807834 Granodiorite Gneiss Zircon Metamorphism ~1.0 Ga - - - Weighted Mean 206/238 age
LH Titanite Metamorphism 996 17 5.2 14(17) Discordia lower intercept
sz .
22NPM39A2 561907 5807834 Syn-deformational quartz- Zircon Crystallization ~ ~1.0Ga - - - Discordia lower intercept
monzonitic dyke
22NPMA40? 561654 5807913 Post-deformational Zircon Crystallization 0.95 Ga - - - Discordia lower intercept
monzogranitic dyke
. o Zircon Crystallization 1700 2.7 2.3 132(133) Discordia upper intercept
SLsz 22NPM112 589926 5802969 Mylonitic granodiorite o ) . . .
Titanite Metamorphism ~1.0 Ga - - - Discordia upper intercept
FHsz 22NPM33! 554794 5810345 Mylonitic diorite dyke Zircon Crystallization 1079 9 1.6 26(47) 206ph/238U Weighted Mean

(*) Thin section in-situ U-Pb zircon analysis (20 um spot size), in-situ U-PDb titanite analysis (30 um spot size)
'Samples analyzed at CREAIT laboratory - Memorial University of Newfoundland

2Samples analyzed at GEOTOP laboratory - University of Quebec in Montreal

3Samples analyzed at FiILTER laboratory - University of British Columbia Okanagan

*Mean weighted values or Discordia age per sample in Ma unless stated.

PReported uncertainties are propagated at 2c level
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However, these eight analyses are not considered further for the crystallization age. The
remaining 30 concordant analyses show a strong age cluster around 1.32 Ga, representing
oscillatory zoned zircon with Th/U ratio ranging from 1.41 to 0.21 (typical of magmatic
zircons). This cluster yielded a weighted mean 2°’Pb/?*Pb age of 1324 + 8 Ma (MSWD =

1.7), interpreted as the crystallization age of the Grt-bearing leucodiorite (Figure 3.2A).
3.2.1.1.4 Sample 22NPMO01: Grt-bearing leucodiorite

The zircons in this sample vary in size from 25 to 150 um and exhibit stubby to
prismatic elongated shapes (length/width 5:1 and 3:1). Their colours range from clear to
dark brown. Under CL imaging, most grains display zonation sectors, convolute zoning in
the cores, and oscillatory texture in both the cores and outer margins of the whole grain
typical of igneous growth textures (e.g., Hoskin and Schaltegger, 2003). A bright patchy
homogeneous rim is also exhibited in some of the grains (e.g., #17 and #22, Figure 3.2B:
in the case of spot # 22, it overlaps an oscillatory and patchy domain, yielding a young age

of around 1.2 Ga, possibly a mixed age between 1.3 and 1.0 Ga.

A total of fifty-five analyses were performed in fifty-five grains, with twenty-one analyses
being excluded because of discordance. The remaining 35 concordant analyses span a broad
age spectrum from 1715 to 1007 Ma with Th/U ratios varying from 1.86 to 0.03, displaying

a dominant cluster from ca. 1.3 to 1.2 Ga (Figure 3.2B).

59



I5) 1227 t63 Ma 5, 1268417 Ma
| 67,48  1261+22Ma /&

1390 + 45 Ma 1392 +47 Ma
"4. 1336 + 63 Ma

1423 + 44 Ma .’39 |
100 um 1307+42 Ma 1254 + 90 Ma--'
o
g_FHVB 22NPM26 (Grt-leuco-diorite - Foxtrg_l o |FHVB - 22NPMO01 (Grt-leuco-diorite - DeepFox) >
n=30/46 g— n=30/55
1509’ 1600~

9l 1_500: ©
-o L N A
E " o _"
rel
o
<]
o~ ﬁa o

S N+

v Crystallization age
1200 Mean = 1324 + 8 Ma = ~13Ga
» MSWD = 1.7, p(X2) = 0.01 1000,
o 11%9/_. o
o K I T | — o T T T T T T
2.0 25 3.0 35 4.0 15 20 25 30 35 40 45
207py 235

Figure 3.2. CL images and composite plot of zircon U-Pb CA-LA-ICPMS geochronological data from the
folded Grt-bearing leucodiorite layers in the mafic rocks of the FHVB. Red dashed circles represent 25 um
ablation spots, while white ellipses on concordia plots represent excluded data. A) Sample (22NPM26) where
green ellipses define the crystallization age at 1324 £ 8 Ma. B) Sample (22NPMO01) where green ellipses
represent a concordant spread where older 1.3 Ga analyses are interpreted as the age of igneous
crystallization.

Among these 35 analyses, four analyses with cores show bright sector zoning and an
average Th/U of 0.83 yielded **Pb/?"’Pb ages varying from 1715 to 1478 Ma; these
analyses were excluded and interpreted as inherited grains since they are individual
sporadic dates older than the main cluster. Additionally, one significantly younger analysis,
yielding a date of 1007 Ma in a blurry core with convolute zoning and a Th/U ratio of 0.39,
was excluded (Figure 3.2B, grey ellipses). The remaining 30 analyses represent grains with
patchy zoning, oscillatory overgrowths, and convolute textures, forming a cluster around
1.3 Ga with an average Th/U ratio of 0.74 (characteristic of magmatic zircons). These 30

analyses spread between 1332 and 1195 Ma where the younger analyses are likely
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isotopically disturbed (mixing or Pb loss) while the older analyses approximate the

crystallization age of the sample ~ 1.3 Ga.

3.2.1.1.5 Sample 22NPM21: Quartzite

Zircon grains are euhedral to subhedral, varying from colourless to dark brown,
with stubby subrounded shapes and an aspect ratio of 3:1. Grain sizes vary from 50 to 250
um. Internal textures exhibit clear core-rim relationships including a bright to dark patchy
zoning and fine-to-broad oscillatory zoning patterns in rounded core domains. These are
surrounded by 15-50 um rims displaying bright, homogeneous patchy zoning and OZ. The

transition from cores to the rims is marked by a very dark CL zone (Figure 3.3, # 79-80).

A total of 295 analyses were conducted in 278 zircon grains, targeting both core and rim
domains. Of these, two hundred fifteen (n=215) analyses were concordant, with dates
ranging from 3511 to 1056 Ma. Within this age range, the youngest five analyses
correspond to 30-60 pm rims with bright homogenous patchy zoning, spanning dates from
1135 to 1056 Ma and a Th/U ratio < 0.1, characteristic of metamorphic zircon (Rubatto,
2017). This cluster of Grenvillian ages was removed from the detrital age calculation due
to its age, chemistry, and zonation, which likely represents in situ growth after deposition
(Figure 3.3). All interpreted in-situ rim analyses fall on a mixing line where the youngest

1.06 Ga analysis is likely closer to the age of the metamorphic rim growth.
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Figure 3.3. Composite plot displaying zircon U-Pb CA-LA-ICPMS geochronological data from quartzite
sample (22NPM?21) in the Foxtrot area. A) Detrital zircon crystals are plotted in grey ellipses, and the ~ 1.0
Ga metamorphic population is in purple ellipses. Zoom-in shows the difference in Th/U ratio between the
~1.0 Ga and the ~1.3 Ga zircon population. B) CL images show bright patchy zoned cores with younger
bright patchy rims. Red dashed circles represent 30-micron ablation spots.

The remaining concordant analyses (n=215) represent the detrital zircon grains and include
older patchy zoned cores (183) and fine to broad oscillatory zoned rims (32). The
207pb/2%Ph dates range from 3511 to 1245 Ma, with Th/U ratios ranging from 3.75 to 0.01.
Age maxima from detrital zircon in this sample occur at ~ 3469 Ma (prop 1.4 %), ~ 2713
Ma (prop 24%), ~ 1989 Ma (prop 23%), ~ 1795 Ma (prop 27%), and ~ 1418 Ma (prop
24%) (Vermeesch, 2018). MDA estimates for the 215 detrital zircon grains include a
weighted mean 2°7Pb/?Pb age of 1327 + 16 Ma (MSWD = 0.81, n = 24; YC20 (3+)) and
1302 + 23 Ma (MLA), which overlap within uncertainty. Thus, the maximum deposition

age for the sample is ~1.30 Ga.
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3.2.1.1.6 Sample 22NPM48A3: Grt-Hbl-Cpx+P1+Qz Leucosome

Zircon crystals herein have an average size of 50 um, an anhedral to subhedral
shape, and display a bright, homogeneous patchy texture in CL (Figure 3.5, white stars).
Some zircon grains occur as inclusions in the aligned-titanite grains that define the S3-ruvs
foliation. Others were observed as small, rounded grains adjacent to the

Amp+Cpx+Grt+Qz+Pl leucosome.
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Figure 3.4. In-situ zircon U-Pb LA-ICPMS geochronological data from leucosome sample (22NPM48A3).
A) BSE images exhibiting some of the zircon grains analyzed with a red circle representing the 20-um
ablation spot size performed. B) Concordia diagram showing an imprecise age cluster around 1.0 Ga
representing the leucosome crystallization age.

Eight analyses were performed (20 um spot ablation size) on eight zircon grains within the
leucosome (Figure 3.4A). Of these, three analyses were excluded due to discordance and
high uncertainties (including two concordant analyses); upon later inspection these spots
intersected minerals other than zircon, such as titanite or garnet. The remaining five
concordant analyses represent homogeneous patchy grains spanning 2°°Pb/?*3U dates from

1143 to 985 Ma. Four of these five grains exhibit a Th/U ratio lower than 0.1, while the
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fifth grain, associated with Cpx+Amp exhibits a Th/U ratio of 1.24 and yielded a date of
1143 Ma. The four concordant grains with a Th/U ratio below 0.1 yielded a 2*°Pb/***U
weighted mean age of 1041 + 39 Ma (MSWD = 1.6), interpreted as the crystallization age

of the leucosome Figure 3.4B).

3.2.1.2 U-Pb Titanite

3.2.1.2.1 Sample 22NPM48A3: Grt-bearing leucosome and melanocratic Amp-rich band

Most titanite grains in this thin section appear homogeneous in BSE or exhibit
irregular, patchy zoning with no clearly defined domains. However, qualitative EPMA X-
ray maps of Al and Fe (Figure 3.5A) reveal concentric growth zoning in all the analyzed
titanites, characterized by low-Al and low-Fe cores transitioning to high-Al and high-Fe

rims, defining compositional domains with sharp to gradational boundaries.

Twenty-eight U-Pb and trace element analyses were conducted in six titanite crystals
aligned with Si2-ruvB in the Amp-rich band (Ttn1) and the late titanite seams S3-ruvs (Ttn2).
Five out of twenty-eight analyses were excluded due to zircon/apatite inclusions (spots #3
and #17), indicated by elevated P (5900 ppm) and Zr (4770 ppm) content, or due to mineral
mixing during ablation with Hbl or Qz (spots #28 and 29). Therefore, the remaining 23
analyses were divided into two petrographic and morphological titanite populations, Ttn:
(n=10) and Ttn2 (n=13). Ttn1 crystals within the Amp-rich band range in size from 40 to
300 um in sphenoidal and irregular subrounded grains, some of which show fracturing

(e.g., Figure 3.5A, T1, TS5, and T13), while the Ttn> crystals within the cross-cutting seams
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are smaller (~ 40 um) and contain zircon and apatite inclusions (e.g., Figure 3.5B, T14,

T16, and T22).

A

LHVB 22NPM48A3 (Grt-bearing leucosome and melanocratlc Amp-rich band

mHbl mEGrt EECpx HEEPl Bt Qz Cb E3Ttn <X Zrn
Figure 3.5. A) EPMA X-ray elemental mapping in titanite grains displaying aluminum (Al) and iron (Fe)
zoning. Some titanite grains exhibit Fe and Al-rich mineral inclusions (red colour). Scale bars are
qualitatively relative to Al and Fe in the grains. Orange (Ttnl) and yellow (Ttn2) circles represent the 30-

um size spots ablation; white circles are the excluded analyses. B) SEM-MLA phase map of the thin section
showing the location of the titanite grains in yellow stars and zircon grains in white stars.
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Ttni within the Amp-rich band exhibit sector zoning in Al-Fe maps (Figure 3.5, T1, T5,
and T13). Their central portions have average U concentration of 27 ppm, Th/U ratios of
0.08, Th/Pb ratios of 0.04, and Al/Fe ratio of 3.37, with Al and Fe contents of 9533 ppm
and 2885 ppm, respectively. These values, along with an Al/Al+Fe ratio of 0.77, are
consistent with metamorphic titanites (e.g., Aleinikoff et al., 2002; Olierook et al., 2019).
The REE pattern shows a parabolic trend characterized by a steep positive LREE/MREE
slope ([La/Sm]n of 0.21), a positive Eu anomaly ([Eu/Eu*]n = 1.17), and a moderate to
negative HREE slope (Inset Figure 3.6), typical of metamorphic titanites (e.g., Olierook et
al., 2019; Scibiorski et al., 2019; Kirkland et al., 2020). Although the outer margins in T1
and T5 display higher Al (15622 ppm) and Fe (13255 ppm) concentrations than their central
parts, their REE parabolic patterns remain similar, including a positive Eu anomaly
([Ev/Eu*]n = 1.26). The positive Eu anomaly suggests Ttni growth at the expense of
reactants Pl or Cpx. This suggests a single titanite population (Ttni) with a metamorphic
signature that grew aligned parallel to Si2-rrvs and Ss-rave. This population yielded a free

regression age of 1050 = 203 Ma (MSWD = 0.89, p(x?) = 0.52; n=10, Figure 3.6).
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Figure 3.6. A) Sample 22NPM48A3 titanite plotted on a Tera-Wasserburg concordia plot colour-coded for
the petrographic group (Ttn;and Ttny). Inset shows the REE plot of similar patterns for the two petrographic
groups (vellow and orange).

The remaining thirteen analyses of Ttnz within the cross-cutting seams (T14, T16, and T22)
have a mean U content of 17 ppm, a Th/U ratio of 0.09, a Th/Pb of 0.06, and an Al/Fe ratio
of 3.90, with Al content of 14118 ppm and Fe content of 3819 ppm. The Al/Al+Fe ratio is
0.79, consistent with trace element characteristics of a metamorphic or recrystallized
titanite (Aleinikoff et al., 2002; Olierook et al., 2019). Additionally, although the REE
patterns display a steep positive slope in LREE/MREE ([La/Sm]n of 0.19), this pattern is

depleted compared to the LREE/MREE pattern in Ttni, which may reflect the
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compositional location of the two populations. A positive Eu anomaly with an average
[Eu/Eu*]n = 1.07 and a negative slope and depletion in HREE (Figure 3.6) is typical of
titanite growth at the expense of Pl and after available HREE were preferentially partitioned
into garnet (Olierook et al., 2019; Scibiorski., 2019; Kirkland et al., 2020). The Ttnz2, which
directly relate to S3-rrvs, yielded a free regression age of 993 + 79 Ma (MSWD = 3.4, p(x?)

<0.05, n=13, Figure 3.6).

Both Ttni and Ttnz are defined by their distinct mineralogical domains, but both follow
parallel the Sin-ruvs foliation and exhibit similar trace element and REE patterns and
overlapping dates and are likely coeval with the minor chemical differences being due to
local compositional domains. Therefore, all of the 23 analyses were combined into a free
regression that yielded a lower intercept age of 987 = 74 Ma (MSWD = 2.5, p(x?) < 0.05;
n=23), interpreted as the age of titanite growth after Pl related to S2-rHvB or a younger Ss-

FHVB.

3.2.1.2.2 Sample 22NPM48A2: Mesocratic Cpx-rich band

Titanite grains are aligned parallel to Si-ravs, range from 40 to 400 um, and exhibit
a subhedral to euhedral wedge to elongated rhomb shape. The titanites display homogeneity
and brightness in BSE images with limited evidence for zoning. However, the EPMA X-
ray mapping reveals sector and concentric zoning within the Al, Fe, and Ti maps. Titanites
were separated and analyzed into two petrographic domains: Ttni, represents titanites
located in the clinopyroxene-rich bands (T3, T4, and T20), which display concentric

zonation of low to high aluminum content; Ttn> exhibits sector zoning in the titanite grains
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within the Qz+Pl-rich bands (T11 and T14), (Figure 3.7A) these grains are fractured and

exhibit inclusions of clinopyroxene and zircon.
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Figure 3.7. A) EPMA phase mapping shows aluminum (Al) concentric zonation (T3, T4, and T20) and sector
zoning (T11 and T14) within Ttn grains. B) SEM-MLA phase map showing titanite grains analyzed in thin
section 22NPM48A42 (yellow stars).
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For this sample, eighteen spots were targeted in the five selected grains of the Cpx-rich and
the Qz+Pl-rich bands (Figure 3.7B). One analysis with high uncertainty (Figure 3.7A. spot
#15) was excluded after verification of contamination with Cpx and/or Qz. Titanite grains
(Ttn1) within the Cpx-rich band (T3, T4, and T20; n=9/17) show low-Al cores with U
concentrations of 2-7 ppm (average 4 ppm), a mean Th/U of 0.02, and an Al/Fe ratio of
3.91. These grains display a positive LREE/MREE slope ([La/Sm]~n = 0.05) and flat to
slightly negative HREE, indicative of metamorphic titanite (e.g., Aleinikoff et al., 2002;

Olierook et al., 2019). The Eu anomaly in these grains is weakly negative to non-existent.
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Figure 3.8. A) Mesocratic Cpx-rich band (22NPM48A2) from the Hbl-Cpx schist of the FHVB domain; Tera-
Wasserburg concordia plot colour-coded for LREE/HREE group. Inset: REE plot showing two chemical
groups (red and orange) of titanite in the sample and Th/Pb ratio displaying an increase of Th toward the
titanite located within the felsic bands, which display a negative Eu anomaly in the REE pattern. The grey
ellipse represents excluded data because of high uncertainty.
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In the Qz+Pl-rich band (T11 and T14; n=8/17), titanites (Ttn2) exhibit U levels of 26-51
ppm (average 37.77 ppm), a mean Th/U of 0.12, and an Al/Fe ratio of 5.13. These grains
show a positive LREE/MREE trend ([La/Sm]n = 0.095) but with a distinct negative Eu
anomaly ([Eu/Eu*]n = 0.487), likely due to growth during PI crystallization. These patterns
are characteristic of metamorphic titanites (Aleinikoff et al., 2002; Olierook et al., 2019;
and Kirkland et al., 2020) coeval with stable P1. However, all titanite grains (both Ttn: and
Ttn2) analyzed in this sample yielded a lower intercept date of 1058 + 85 Ma (MSWD =
1.6, p(x?) = 0.06) (Figure 3.8), interpreted as the age for the amphibolite-facies Si-rrvs, Pl

stable metamorphism in the mafic schist.

3.2.1.3 U-Pb Monazite

3.2.1.3.1 Sample 22EJT34A: Crn-Sil schist

The three monazite crystals are light brown to yellowish, with a subhedral,
subrounded stubby shape, ranging from 150 to 250 um in size. Compositional mapping
(Th) reveals sector chemical and oscillatory zoning throughout the grains (M1, M2, and
M3), with a rare resorption texture observed in the outer portion of grain M2 (Figure 3.9B).
Such chemical zoning could indicate multiple growth episodes or compositional changes
during metamorphism (Williams et al., 2007; Cherniak et al., 2008), while oscillatory
zoning in monazite can result from fluctuations during mineral growth under metamorphic

conditions (Engi, 2017).

Eleven analyses were carried out on the three grains, targeting the oscillatory zoning and

outer portions; two discordant analyses were excluded. The remaining nine (n=9/11)
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analyses yielded 2°°Pb/>*®U ages ranging from 1061 to 1034 Ma (Figure 3.9B). U content
varies from 3002 to 6479 ppm, with the Th/U ratio ranging between 3.48 to 7.55, while
trace elements exhibit a chondrite-normalized flat HREE pattern, likely attributed to Grt
breakdown that enables HREE incorporation in monazite (Pyle et al., 2001; Kohn et al.,
2004; Rubatto et al., 2006). The Eu anomaly reflects the Eu?* retention in plagioclase during
amphibolite-facies conditions (Bingen et al., 2001; Finger et al., 2009). These patterns are
typical of metamorphic monazite (Williams et al., 2007). All nine concordant analyses
yielded a 2*°Pb/***U weighted mean age of 1044 + 5.1 Ma (n=9, MSWD=0.68), which is

interpreted to represent growth during high-grade metamorphism in the FHVB domain.
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Figure 3.9. A) Wetherill concordia plot for monazite analyzed in the Crn-Sil schist (22EJT34), which defines
a conspicuous cluster around 1.04 Ga. Inset REE data exhibiting a typical metamorphic pattern. B) Thorium
maps displaying relative low (blue colour) and high (green colour) Th values, (red circles are ~25 um in
size). White ellipses are discordant and were removed from consideration.

72



3.2.2 The Long Harbour shear zone (LHsz)

3.2.2.1 U-Pb Zircon

3.2.2.1.1 Sample 22NPM39B: Granodiorite gneiss

Zircon crystals range in size from 25 to 800 um, occurring in colourless elongated
tabular to acicular forms (aspect ratios between 3:1 and 7:1) and dark brown subrounded
to subhedral crystals (3:1 and 2:1). Internal textures reveal clear core-rim relationships in
the grains. The cores display rounded and resorbed composite margins with fine to broad-
oscillatory texture (e.g., Figure 3.10A, #19, #30, #46) and patchy zoning (#61, #84, core
close to spot #81). The rims, by contrast, overgrow cores and have a finer oscillatory texture
(e.g., #18), as well as dark/bright patchy homogenous zoning, varying from 20 to 80 um

wide (e.g., #47, #60, #81, #85).

Eighty-four analyses were conducted on 71 zircon grains, targeting cores and rims. Of
these, 45 analyses were concordant and considered further. Twenty-five of these 45
analyses represent cores, two displaying patchy zoning and low Th/U ratios (< 0.01) at
1621 and 1278 Ma, respectively. The remaining 23 cores exhibit broad sector/oscillatory
zoning as well as homogeneous textures, with a concordant spread of 2*’Pb/*Pb dates
ranging from 1792 to 1601 Ma and Th/U ratios between 1.06 and 0.40. Due to older dates
and larger age spreading, the zircon cores are interpreted as inherited grains that

experienced variable Pb-loss or isotopic mixing in a later overprint.
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Figure 3.10. Zircon U-Pb data from granodioritic gneiss 22NPM39B in the LHsz. A) Cathodoluminescence
images of representative zircon grains displaying inherited cores, oscillatory overgrowths (rim;), and dark
patchy homogeneous Grenvillian (c.a. 1.0 Ga) rims (rim;). Red dashed circles show the site of the 25 um
ablation pits. B) Age versus Th/U showing the decrease in both age and Th/U ratio, which suggests the spread
in data reflects both igneous crystallization and a metamorphic overprint. C) Concordia plot showing the
inherited igneous cores (unfilled ellipses) with associated age spread. The oscillatory zoned rims (vimj,
purple ellipses) show a cluster around 1.7 Ga and two analyses at 1.5 Ga. Homogenous younger rim;zircon
(vellow ellipses) spread towards 1.0 Ga and have a metamorphic signature.
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Surrounding these core domains are oscillatory zoned rims (rim1) (Figure 3.10A, #18 and
#19), which display a conspicuous cluster around 1.7 Ga and spread to younger dates. The
cluster around 1.7 Ga is defined by six of eight rim analyses (rim1), with Th/U ratios ranging
from 0.453 to 1.236 with dates ranging from 1720 to 1671 Ma. A weighted mean
207pb/2%Ph age of 1696 £ 13 Ma (MSWD=1.5, p(x?) =0.2, Figure 3.10C) is interpreted as
the age of protolith crystallization due to tight age clustering and igneous elemental
signatures. The two younger rimi analyses cluster around 1.5 Ga, possibly resulting from

Pb-loss of the rimi population.

A younger grouping comprises 12 rims (rim2) with dates that decrease with decreasing
Th/U (Figure 3.10B) these rims display dark/bright patchy homogenous zoning with Th/U
ratios below 0.1, suggesting metamorphic recrystallization. These rims include dates
spanning from 1328 to 1018 Ma, showing a concordant array with a young cluster around
1.0 Ga. The spread in dates in this population may be the product of mixing with older
zones; thus, the crystallization age of these metamorphic rims is approximated at 1.0 Ga

(Figure 3.10C).

3.2.2.1.2 Sample 22NPM39A: Syn-deformational quartz-monzonitic dyke

Zircon crystals in this felsic dyke occur as light brown, subhedral crystals with
aspect ratios of 5:1 to 3:1. Additionally, dark brown subrounded to subhedral crystals (4:1
and 2:1) and some stubby colourless grains; the grains vary in size from 25 to 200 um. CL
images reveal a clear core-rim relationship: cores appear bright and dark, exhibiting sector

zoning (e.g., Figure 3.11B, #1, #11, #33), convolute texture (#4), and fine to broad
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oscillatory overgrowths (#18, #34). The 20 to 40 um wide rims display a patchy light-to-
dark appearance (#2, #46) with a fine to broad oscillatory pattern (close to spot #11 and
#44), while a resorption and rounding texture is visible at the boundary between the core

and rims (close to spot #4).

Forty-nine analyses were conducted on 45 individual zircon grains, targeting both the cores
and rims. Nineteen analyses were excluded due to discordance and high uncertainties,
leaving 30 concordant analyses with dates ranging from 1791 and 1034 Ma (Figure 3.11A).
Of these, 26 analyses correspond to cores with oscillatory zoning, bright/dark homogeneous
patchy patterns, and convolute textures of blurred primary zoning, which span in
207pp/2%Ph dates from 1738 to 1331 Ma, with Th/U ratios between 1.50 and 0.07,

suggesting an igneous origin based on their zonation and Th/U ratios.

The remaining four concordant analyses correspond to rims and fragments of whole grains
(4/29), with ages ranging from 1.7 to 1.0 Ga. Two of these rims display broad oscillatory
sector zoning, yielding dates of 1791 and 1316 Ma, with Th/U ratios of 0.54 and 0.56,
respectively. The remaining rim and fragment exhibit a dark, homogeneous patchy pattern,

with 207Pb/2%Pb dates of 1383 and 1034 Ma, respectively, and Th/U ratios below 0.1.

Overall, all these dates spanning from 1.7 to 1.0 Ga in the cores and rims are likely inherited
because they closely resemble the zircon ages, textures, and populations in the host rock
sample (22NPM39B), and no obvious igneous crystallization zircon population can be

inferred for these dykes. Thus, the crystallization age is constrained to around 1.0 Ga, in
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which 1.0 Ga rims could have grown around inherited cores during metamorphism before

or after dyke emplacement in the host rock.

3.2.2.1.3 Sample 22NPM40: Post-deformational monzogranitic dyke

Zircon crystals in this sample include thin, colourless to light brown acicular
crystals with aspect ratios from 5:1 to 7:1, measuring 10 to 25 um, as well as darker brown
subhedral crystals with stubbier aspect ratios (4:1 to 2:1), varying from 20 to 300 pm (Figure
3.11D). Only a few acicular zircons survived the chemical abrasion and polishing process,
making this population underrepresented. CL imaging reveals grains with clear core-rim
relations; some display bright homogenous patchy zoning (e.g., Figure 3.11D, #9, #15, and
#17) mantled by oscillatory zoning (e.g., #10). Other cores display sector zoning (#3)
surrounded by patchy rims averaging 30 um (#2). Most analyses correspond to zircon

fragments, likely representing distinct cores or rims.

Fourteen analyses were conducted on 12 fragments and/or grains, yielded dates from 1885
to 951 Ma and defining a broad array with no distinct age clusters (Figure 3.11C). Of the
seven concordant analyses, five correspond to cores with oscillatory and patchy zoning:
four oscillatory cores yielded dates between 1748 and 951 Ma with Th/U ratio varying from
0.65 to 1.49, typical of igneous zircons. The youngest date (951 Ma) was obtained from a
small acicular grain with the highest Th/U (1.48). The fifth core, with homogeneous patchy
zoning, yielded a date of 1001 Ma and a Th/U of 0.09. The remaining two concordant

analyses represent rims: one with oscillatory/patchy zoning and Th/U ratio of 0.70, with a
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date of 1633 Ma, and the other with dark, patchy zoning and a Th/U < 0.1, and a date of

1040 Ma.
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Figure 3.11. Composite plot of zircon U-Pb CA-LA-ICPMS geochronological data and zircon CL images
from the syn-deformational and post-deformational dykes in the LHsz. A) U-Pb zircon data for sample
22NPM394 plotted on a concordia diagram, showing a spread of inherited zircon grains that match host
rock zircon (sample 22NPM39B) dates. Discordant and high-uncertainty data are shown in white ellipses.
B) CL images showing the prismatic, stubby shapes along with oscillatory and patchy domains in inherited
zircon grains. The red dashed circles denote the ablation pits (25 um). C) U-Pb zircon data for sample
22NPM40 plotted on a concordia diagram, showing a large spread of dates likely inherited from the host
rock, with dyke emplacement ca. 0.95 Ga. D) CL images showing domains of inherited grains and needle
shapes with oscillatory domains in zircon. E) Age versus Th/U ratio of inherited grains from 22NPM40,
exhibiting the high Th/U ratio for the needle-shape zircon. F) Small, thin, needle-shaped zircon grains related
to the youngest igneous crystallization zircon population.
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The six oldest analyses roughly match the ages and population in the host granodiorite and
are considered inherited grains. These analyses reflect a decrease in age and Th/U
(indicated by the green arrow in Figure 3.11E). Only one needle-shaped grain exhibits a
Th/U ratio value of 1.49 (reflecting an igneous composition), and the youngest age of 951

Ma; therefore, an age around 0.95 Ga is interpreted as dyke’s emplacement age.

3.2.2.2 U-Pb Titanite

3.2.2.2.1 Sample 22NPM39B: Granodioritic gneiss.

Titanite grains range from 100 to 500 um and exhibit a subhedral wedge to
elongated rhomb shape. In BSE imaging and X-ray maps, Al, Fe, T1, and Ce show various
microstructures, such as sector zoning (e.g., Figure 3.12, T3, and T15), and complex lobate
domains that penetrate inward from the grain edges (T8 and T13). Cerium and Fe maps in
St.sLsz parallel grains (T3 and T8) have low-Ce central regions and high-Ce outer margins
(opposite pattern is observed in the Al and Ti maps) reflective of sector zoning (Figure

3.12, T15).

Seventeen spots targeted four grains along the Amp+Bt-rich and the Qz+PI-rich bands. The
central sector zoned domains from T3, T8, and T13 (light green circles in Figure 3.13)
exhibit U content ranging from 96 to 619 ppm (average 241 ppm), Th/U ratio of 0.01, and
a Th/Pb ratio of 0.04. The mean Al/Fe ratio is 2.13, with Al and Fe contents of 11428 ppm
and 5359 ppm, respectively, resulting in an Al/Al+Fe ratio of 0.68; the REE patterns display
a positive slope in LREE/MREE ([La/Sm]n=0.09) and a negative Eu anomaly ([Euw/Eu*|N

=0.61), followed by a positive HREE slope (light green REE patterns in Figure 3.13).
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Figure 3.12. Scan of the whole thin section in crossed polar (XPL) exhibiting the location of Ttn grains in
the Bt+Amp-rich bands parallel to ST-LHsz (sample 22NPM39B, yellow stars); BSE images and EPMA X-
ray elemental mapping of Ttn borders the photomicrograph. Scale bars are qualitatively relative to Al and
Ce in the grains, while green spots are 30 um diameter.

The arbitrarily shaped outer margins of T3 and T8 (dark green circles in Figure 3.13)
display higher Ce levels (861 ppm), a flatter to slightly negative slope in the HREE (dark
green REE pattern Figure 3.13) within a more enriched LREE-HREE pattern (total REE of
6694 ppm), significantly higher than the central parts (1900 ppm). The Eu anomaly could
be related to P1 growth and stability during metamorphism, while the concentration of the

LREEs in titanite correlates with stable minerals containing LREEs as trace elements
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(Scibiorski and Cawood, (2002), and references therein); in this sample, the alignment of
allanite parallel to Srt.Lns likely influenced the crystallization process since Aln
preferentially incorporates LREEs (Janots et al., 2008), leaving titanite with lower LREE.
This geochemical variability in the sector-zoned grains is consistent with metamorphic or
recrystallized titanite based on the geochemical discriminators used by Kowallis., et al.

(1997), Aleinikoff et al. (2002), Olierook et al. (2019), and Scibiorski and Cawood, (2022).
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Figure 3.13. Granodioritic gneiss (22NPM39B) from the LHsz, Tera-Wasserburg concordia plot colour-
coded for LREE/HREE group. Inset: REE plot showing the central parts and outer margins from the Ttn
analyzed (dark and light green). White ellipses represent the discordant analyses excluded.
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Even though all the titanites exhibit distinct geochemical zonation and trace element
composition, the two chemical groups (inset Figure 3.13) plotted together form a linear
trend in a Tera-Wasserburg diagram, with a lower intercept age of 1001 + 18 Ma (MSWD
= 15, p(x*) < 0.05), suggesting Grenvillian crystallization but with significant
overdispersion. After removing three older analyses, a regression line and a lower intercept
age yields 996 + 17 Ma (MSWD = 5.2, n=14/17). This age, around 1.0 Ga, is tentatively
interpreted as the age of the titanite growth related to St-Lusz during amphibolite to

greenschist-facies shearing.

3.2.3 The St. Lewis shear zone (SLsz)
3.2.3.1 U-Pb Zircon

3.2.3.1.1 Sample 22NPM11: Mylonitic granodiorite

The zircon crystals vary from light to dark brown to colourless and exhibit
subrounded, stubby to elongated crystals, with aspect ratios between 5:1 and 3:1. Their
sizes vary from 25 to 400 um. CL images reveal mostly a fine to broad sector/oscillatory
and patchy zoning in the central part and outer margins of the grains (Figure 3.14B), typical
of igneous growth. Some of these grains develop irregular bright domains that cut across
oscillatory-zoned domains (e.g., Figure 3.14B, #57, #183). Nonetheless, a thinner (< 10
pm), bright, patchy rim is exhibited at the border of some of the grains, but they were not
possible to ablate (e.g., Figure 3.14B, zircon grains exhibiting the spots # 10, # 63, and

#183).

82



™
g—\ SLsz- 22NPM11 (Granodioritic gneiss)] 1727 +35 Ma
o | n=132/133 (]o ;
o 4 Y
- NS
D o 183}
¥ o : j
NBS 1718 + 58 Ma 1707 + 35 Ma
80" O'— -
N D . -/t’ *J
N Y 7/
o . hm i ’
£ by & ,:_,ﬁ',
& oo Mean = 1700 + 2.7 Ma NERX N,
o e MSWD = 2.3, p(X2) < 0.0.5 ' 01 157"
e 1678 + 30 Ma
36 3.8 40 42 44 46 4.8 100 um

207Pb /235U
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ellipse was excluded from the age calculation. B) CL images of mostly oscillatory zoned zircon (red ellipse
is ~25um diametre).

A total of one hundred eighty-two (182) analyses were conducted in 154 grains, targeting
the central parts and outer margins of the grains. Forty-nine analyses were excluded from
age calculation due to discordance. The remaining 133 concordant analyses exhibit sector
and fine-to-broad oscillatory zoning, with dates clustering between 1756 and 1609 Ma
(Figure 3.14A) and Th/U ratios varying from 1.43 to 0.26. The youngest concordant date of
1604 Ma was excluded (Grey ellipse) due to lack of age clustering. The final set of 132
analyses yielded a weighted mean 2°’Pb/?%Pb age of 1700 £ 2.7 Ma (n=132, MSWD =2.3)
with an average Th/U ratio of 0.72, which is interpreted to represent the protolith

crystallization age of the granodiorite.
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3.2.3.2 U-Pb Titanite

3.2.3.2.1 Sample 22NPM11: Mylonitic granodiorite.

Titanite grains occur as large subhedral porphyroclasts aligned parallel with the St-
sLsz fabric (Figure 3.15B), ranging from 100 to 800 pm in size and form subrounded to
elongated rhombic shapes. Titanites display internal fluid-assisted dissolution-
reprecipitation textures (i.e., Moser et al., 2022) between brown cores and lighter rims. The
cores feature convex, lobate, and cuspate borders extending inward from the grain edges
(e.g., Figure 3.15A, T7, T14, and T26). BSE images and EPMA X-ray mapping of five
titanite grains (n=5) reveal sector zoning and dissolution-reprecipitation microstructures.
The cores exhibit sharp to transitional compositional domains, with elevated concentrations
of Ce, Fe, and Zr, which decrease toward the rims (T18 and T26), while Al-mapping shows

an inverse pattern, with low-Al cores transitioning to high-Al rims.

Forty-six U-Pb and trace elements analyses were conducted on the sector zones and
reprecipitated domains of the selected titanite grains across the thin section. The sector zone
domains (n=32/46) exhibit an average Ce concentration of 4875 ppm, with high LREE
displaying a flat to negative slope (mean [La/Sm]n of 1.61) and a negative Eu anomaly
([Euw/Eu*]N = 0.82). HREE concentrations exhibit a flat pattern, with a mean [Eu/Yb]n of
1.09 and a total REE average of 11996 ppm. U content of 701.4 ppm, and Th concentrations
of 305 ppm, yielding a Th/U ratio of 0.51, and a Th/Pb ratio of 1.80. The Al/Fe ratio is
1.15, with Al and Fe contents of 10910 ppm and 12385 ppm, respectively, resulting in an

Al/Al+Fe ratio of 0.47 and a Zr content of 693 ppm. All these trace element signatures are
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typical of igneous titanites (e.g., Aleinikoff et al., 2002; Olierook et al., 2019; Kirkland et

al., 2020).
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Cerium (Ce) zonation with growth zoning (T18 and T26) and dissolution-reprecipitation (T7, T14 and T26)
microstructures. BSE images show the mineralogical relationship of Ttn to Bt, Ap, and Zrn inclusions (T26).
B) Scan of the whole thin section in crossed polar (XPL) exhibiting location of the titanite grains analyzed in
the mylonitic granodiorite from the SLsz (Ttn = yellow stars).
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Regarding the outer reprecipitated domains (n=13/46), they exhibit a lower Ce
concentration (422.6 ppm) and LREE with a flat to positive slope ([La/Sm]n of 1.65). A
positive Eu anomaly ([Eu/Eu*n =2.2) and a positive MREE/HREE slope (dark blue circles
and REE pattern in inset Figure 3.16). The average total of REE is 1202 ppm, significantly
lower than the sector zone domains (11996 ppm). U content of 118 ppm, Th/U ratio of
0.156, lower Th/Pb ratio of 0.39, and the mean Al/Fe ratio is 1.74, with Al and Fe contents
of 15766 ppm and 9796 ppm, respectively, resulting in an AI/Al+Fe ratio of 0.63 and a
lower Zr content of 89 ppm. The positive Eu anomaly could be attributed to the breakdown
of P1 during titanite growth, while the transition from flat HREE to a positive slope suggests
that titanite rims grew in conjunction with another LREE-bearing phase like epidote or

apatite, which both are aligned and parallel to St-stsz.

The spread of U-Pb data (n=46) shows an array where most sector-zoned cores are
concordant, and spread in dates from c.a. 1.7 to 1.1 Ga, while the reprecipitated outer
margins exhibit a more discordant array (light and dark blue ellipses, Figure 3.16). One
anomalous rim analysis at ~ 3.8 Ga was excluded due to contamination with epidote (T26,
spot #9). The remaining 45 analyses form a triangular array, similar to that described by
Olierook et al. (2019), with a 2’Pb/?**Pb ordinate common-Pb intercept and two discordia
intercepts. Based on the textural and chemical grouping, previously described sector-zoned
cores with an igneous signature represent the first discordia intercept at ~ 1.7 Ga, consistent
with the protolith zircon age of 1700 + 2.7 Ma. This entire array is variably modified to
higher 2*3U/2%Pb ratios resulting in a mixing zone enveloped by the ~1.7 Ga and 1.1 Ga

arrays. This suggests that sector-zoned cores and outer margins of all the igneous ~1.7 Ga
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titanite grains have undergone isotopic resetting to a maximum age of 1.1 Ga or younger

(Figure 3.16).
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Figure 3.16. A) Sample 22NPM1 1A from the St. Lewis shear zone; Tera-Wasserburg concordia plot colour-
coded for LREE/HREE group. Inset: Titanite REE plot pattern showing the igneous cores (light blue) and
the reprecipitated rims (dark blue). Both populations are reset and display an array of crystallization around
1.7 Ga and younger Grenvillian recrystallization.
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3.2.4 The Fox Harbour shear zone (FHsz)

3.2.4.1 U-Pb Zircon

3.2.4.1.2 Sample 22NPM33: Mylonitic diorite dyke

The zircon crystals are light brown to colourless and show sub-rounded stubby and
elongated morphologies (aspect ratio 3:1) ranging in size from 40 to 200 um. CL images
reveal bright sector oscillatory zoning in the central parts of the grains transitioning to fine
oscillatory texture towards the outer margins, typical of decreasing Zr saturation during
igneous growth (e.g., Figure 3.17B, spot #17, #27). Moreover, dark sector/oscillatory
zoning is also exhibited with irregular growth-zoned domains in some cores or central parts
mantled by rims or outer margins displaying a light grey fine oscillatory zoning (e.g., spot
#9, #42, #43). However, a bright white-to-grey, homogeneous patchy rim of 10 to 15 pm

surrounds the oscillatory zoned grains (e.g., grains with spots #18 and #19).

Forty-seven analyses were carried out on 52 grains, targeting the central and outer margins
of the zircon grains. Twenty-one analyses were excluded due to discordance. The
remaining 26 analyses yielded 2°°Pb/?*8U dates ranging from 1127 to 1045 Ma (Figure
3.17A), exhibiting a bright fine-to-broad oscillatory sector zoning and a dark sector zoning
with Th/U ratios ranging from 1.76 to 0.10 (igneous zircons). Based on textures and Th/U
contents, these analyses represent a single population that yielded a weighted mean
206pb/238Ph date of 1079 = 9 Ma (MSWD = 1.6, p(x2) = 0.03, Figure 3.17). This date is

interpreted as the crystallization age of zircon and the emplacement of the mafic dyke.
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Chapter 4 Discussion and Interpretation

4.1.1 Basement Ages (1.7 - 1.5 Ga)

Zircon geochronology of the LHsz and SLsz host rocks (22NPM39B and
22NPM11) indicate these rocks were predominantly formed during early Labradorian
orogenesis at approximately 1.7 Ga (Figure 3.10 and Figure 3.14). This protolith age is
further corroborated by the U-Pb dating of titanite grains from mylonitic granodiorite in the
SLsz, which yielded a weighted mean crystallization age of ~ 1.7 Ga (Figure 3.16). These
titanites display sector zoning and trace element patterns characteristic of igneous growth
(e.g., Aleinikoff et al., 2002; Olierook et al., 2019; Kirkland et al., 2020) and currently
manifest as rotated porphyroclasts within the St-sLsz, indicating growth prior to pervasive
dynamic recrystallization. The protolith-aged titanite in the SLsz is enriched in LREE and
exhibits a negative Eu anomaly (Figure 3.16), reflecting titanite growth in conjunction with
stable plagioclase during the protolith crystallization. Furthermore, igneous titanite
typically forms late in the crystallization sequence, by which time LREESs are incorporated
into titanite after being concentrated in the residual melt (Kohn, 2017; Scibiorski and

Cawood, 2022).

Previously, the only reported early Labradorian basement rock in Eastern Grenville was a
1709 Ma granodiorite with anatectic melt pods at Cuff Island in the Groswater Bay terrane
(Scharer et al., 1986), approximately 75 km east of Rigolet and 230 km to the N-NW of St.
Lewis (Figure 1.1). However, the new zircon and titanite ages herein suggest early

Labradorian magmatic activity extended to the southeastern LMT/MMT, specifically up to

90



the northern PT boundary. Additionally, Labradorian ages within the LMT have been
previously reported in orthogneiss with protolith ages of 1678 and 1677 Ma (Gower et al.,
1992) and minor Labradorian granitic intrusions (1664-1644 Ma) that underwent

amphibolite-facies deformation similar to their host rocks (Scott et al., 1993).

In the FHVB domain, foliated to gneissic megacrystic/porphyritic granitic to granodioritic
augen-gneiss represents part of the basement to the FHVB. Protolith crystallization ages
from samples collected to the north and south of the three mineralized horizons are 1516 +
12 Ma (22NPMO03) and around 1.6 Ga (22NPM22), respectively (Figure 3.1and Figure 4.1).
Miller (2015) proposed that these gneissic rocks belong to the FHVB and called the entire
package the Fox Harbour domain. However, Gower (2019) argued that the FHVB rocks
intruded into an older gneissic basement based on the similarities of these gneissic rocks
with other gneisses in the MMT and LMT. The crystallization ages obtained in this work
(~1.6-1.5 Ga) further support the interpretation that the FHVB basement formed during late
Labradorian to Pinwarian magmatic events (Figure 4.2), consistent with protolith ages in

the broader LMT and MMT.

4.1.2 The Fox Harbour Volcanic Belt (~ 1.3 Ga)

The FHVB rocks exhibit pervasive mylonitization and metamorphism, obscuring
their original volcanic textures and complicating protolith identification. However, Haley
(2014) and Gower (2019) proposed a volcanic protolith based on the presence of mafic and
felsic units, quartzite, metasedimentary layers interpreted as volcaniclastic deposits, and

epidote pods in the mafic sequences, which may signify alteration pipes or pillow
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structures. Haley (2014) classified the felsic rocks as peralkaline rhyolites enriched in REE,
which crystallized ~ 1.3 Ga (Haley, 2014; Magyarosi and Rayner, 2023). However, the
crystallization and deposition ages of the associated mafic units and quartzite layers were

not constrained, leaving some ambiguity to the supracrustal nature of the package.
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represent igneous crystallization, and the blue text represents metamorphic ages.
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New ages presented herein from Grt-bearing leucodiorite layers that intrude these mafic
schists (22NPM26 and 22NPMO1) yielded minimum crystallization ages of 1324 + 8§ Ma
in the Foxtrot area and ~ 1.3 Ga in the Deep Fox area (Figure 3.2 and Figure 4.1). These
new minimum ages for mafic schists overlap with most of the previously reported felsic
ages including a CA-TIMS age of 1300 + 2.5 Ma in the southern zone, LA-ICP-MS ages

1346 + 51 Ma and 1250 + 20 Ma in the central and northern zone of the Foxtrot area (Haley
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2014), and 1314 + 12 Ma and 1269 + 10 Ma for rhyolites (Magyarosi and Rayner, 2023) ~
10 km farther east in the Deep Fox area. The approximately 50-million-year age difference
(from ~ 1.31 to 1.26 Ga), evidenced in the leucodiorites and the mineralized felsic FHVB
indicates more than one magmatic pulse in a long-lived and reactivated magmatic system
associated with REE-enriched magmas (Magyarosi and Rayner, 2023). Additionally, the
meter-thick quartzite layer (22NPM21) from the southern portion of the FHVB yielded a
maximum depositional age of approximately 1.3 Ga, further supporting a supracrustal

origin for the FHVB (Figure 3.3 and Figure 4.1).

Provenance analysis from the quartzite reveals a Laurentian margin signature, with
Archean (3.4 and 2.7 Ga), Paleoproterozoic (1.98 and 1.80 Ga), and Mesoproterozoic
populations at around 1.42 Ga. These ages are attributed to the basement terranes
throughout Labrador and Quebec (e.g., Gower et al., 1997; Gower, 2019). Such a wide
range of ages is also characteristic of extensional environments, where detritus is sourced

broadly from the surrounding region (e.g., Cawood et al., 2012).

The overlapping ages of quartzite deposition, leucodiorite emplacement, and rhyolite
deposition (Haley, 2014; Magyarosi and Rayner, 2023), along with their lithological,
textural, and geochemical similarities, suggest the FHVB represents a supracrustal bimodal
volcano-sedimentary sequence deposited around 1.3 Ga in an extensional environment
along the Laurentian margin atop the Labradorian-Pinwarian basement (Figure 3.3 and
Figure 4.3A). Regionally, the ~ 1.3 Ga activity is coeval with the 1296 Ma Upper North
River syenite (Brooks, 1984) in the LMT, while the younger deposition age (~ 1260 Ma)

overlaps with the 1250 Ma Mealy dykes (Emslie et al., 1984) in the MMT. Both events
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align with the anorogenic Elsonian tectonomagmatic episode and are potentially linked to
widespread extension and rifting along the Laurentian margin during this period (Gower

and Tucker, 1994; Gower, 2019).

4.1.3 Grenvillian Deformation and Metamorphism

4.1.3.1 Peak Metamorphism (D1) and early Deformation (D2)

In the FHVB domain, both the 1.6-1.5 Ga augen-gneiss and the 1.3 Ga FHVB
sequence exhibit pervasive mylonitization characterized by aligned Bt+Amp and stretched
Qz+Fsp layers. While the augen-gneiss lacks diagnostic mineral assemblages of high-
temperature metamorphism, the FHVB rocks reflect peak amphibolite-facies
metamorphism (Si-ruvB), evidenced by Grt-bearing leucosomes and Hbl+Bt after primary
Cpx within the mafic-schist (22NPM48A3). High-grade metamorphism is also recorded in
the Crn+Sil schist (22EJT34) at the boundary between the FHVB domain and the FHsz.
While the relationship between this schist and FHVB rocks remains uncertain, monazite
growth during retrograde metamorphism, potentially associated with anatectic
crystallization during post-peak cooling (e.g., Kohn, 2014), may provide insights into their

metamorphic history.

The leucosomes (22NPM48A3) crystallized at 1041 + 39 Ma, overlapping in age with the
metamorphic zircon population in the FHVB quartzite (22NPM21) ~ 1.06 Ga and the
monazite age from Crn+Sil schist (22EJT34) at 1044 + 5 Ma. In the mafic schist,
disseminated titanite, associated with Hbl+Bt and aligned with Si-ruvs in the mesocratic

band (22NPM48A2), exhibits metamorphic Al/Fe ratios and REE patterns (e.g., Aleinikoff
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et al., 2002; Olierook et al., 2019; Kirkland et al., 2020). The negative Eu anomaly suggests
plagioclase stability during peak metamorphism coinciding with the titanite crystallization
at 1058 + 85 Ma (Figure 3.8), which directly records the amphibolite-facies Si-ruvs fabric
formation in the mafic sequence. Together, these metamorphic ages define the early high-
temperature metamorphism and Si-ruvs (D1) around 1.06-1.04 Ga (Figure 4.2 and Table
4-1). These new zircon, titanite, and monazite ages overlap with previously reported U-Pb
zircon metamorphic ages of ~ 1.05 Ga in rhyolite of the FHVB (Haley, 2014). They also
overlap with metamorphic zircon ages of 1066 + 8 Ma (mineralized FHVB), 1038 + 29,
and 1031 + 15 Ma (rhyolite and leucogabbro, respectively), associated with the FHVB in

the Deep fox area (Magyarosi and Rayner, 2023).

The 1.06-1.04 Ga high-temperature metamorphism and deformation (D1) in the FHVB
domain evolved over time, which is reflected in tight-to-isoclinal folding of the anatectic
Grt-bearing leucosomes, with axial planar foliation S2-rnvs aligned parallel to Si-rnvs
forming a composite Si2-ravs fabric. This post-peak metamorphism (D2) is characterized
by a combination of shear folds, buckle-folding geometry, and some later homogenous pure
shear strain exhibited by thin and attenuated limbs characteristic of Class 1C folds (e.g.,

Fossen, 2017).

In the FHVB domain, this D2 event is likely coeval with observed right-lateral simple
shear, where Si2-ruvB fabric was formed at temperatures ~ 650 °C, based on the medium-
to high-grade mylonitic quartz textures. This is evident as well in deformed amazonite-
bearing pegmatites (Figure 2.2D), which are texturally similar to, and likely related to the

1024 Ma amazonite pegmatites (Kamo et al., 2011) on Battle Island, located approximately
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10 km southeast of the study area. This relationship suggests that pervasive ductile shear
during D2 persisted until at least 1.02 Ga. These structural and metamorphic features
indicate that the FHVB and its basement rocks were significantly influenced by
suprasolidus metamorphism (D1) ~1.06-1.04 and renewed subsolidus folding and

homogenous shear strain (D2) sometime between 1.04-1.02 Ga (Table 4-1).

4.1.3.2 Late Grenvillian Deformation (1.02 - 0.98 Ga)
4.1.3.2.1 Thrusting and Strain Localization (D3)

The ~ 1.7 Ga granodioritic host rocks in the LHsz and SLsz (22NPM39B and
22NPM11) exhibit distinct geophysical anomalies and transposition foliations (St-Lusz and
St-sLsz) characterized by gneissic banding with aligned amphibole and biotite. These rocks
are variably mylonitic and display medium-to-high grade (500-650 °C) quartz
microstructures (Figure 2.9C-D). Overprinting these earlier features are randomly oriented
and aligned retrograde metamorphic minerals such as Chl+Ep+Ttn+AIn+Czs and sericite
replacing PI+Kfs. These retrograde assemblages define (St-Lusz and St-sLsz) and reflect a
lower temperature strain evolution within a later greenschist-facies reverse oblique-slip

shear system.

The 1.7 Ga igneous titanites in St-sLsz are partially reset to a recrystallization event with a
maximum age of 1.1 Ga (Figure 3.16). Lobate outer margins of titanites, consistent with
interface-coupled dissolution—reprecipitation textures (e.g., Moser et al., 2022), display a
positive Eu anomaly and a lower LREE content (Figure 3.15 and Figure 3.16). These

features are attributed to plagioclase breakdown (from St-sLsz) and the formation of new
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minerals, such as Aln+Ep, alongside reprecipitated titanite margins, influencing LREE

sequestration during the St-sLs; formation.

The granodioritic host rock (22NPM39B) in the LHsz exhibits metamorphic zircon rims
with patchy texture and Th/U ratios < 0.1, yielding a spread of Grenvillian ages (~1.0 Ga;
Figure 3.10). The quartz-monzonitic syn-deformational dyke (22NPM39A) in the LHsz
exhibits a sharp intrusive contact with the mylonitic granodiorite and contains inherited
zircon grains with ages, textures, and populations similar to those inthe host rock
(33NPM39B). This relationship suggests the felsic dyke intruded before the 1.0 Ga
metamorphism, and the 1.0 Ga metamorphic zircon rims grew (on inherited grains) after
dyke emplacement. Titanites aligned with retrograde lower amphibolite to greenschist-
facies deformation St.Lusz yielded a U-Pb age around 1.0 Ga and display metamorphic trace
element signatures (Figure 3.13), including LREE depletion linked to Aln+Czs growth
parallel to St-Lusz and a negative Eu anomaly from Pl stability or formation consistent with

amphibolite-facies metamorphism.

The LHsz and SLsz are likely coeval shear structures, as evidenced by their parallel
orientation, geophysical signatures, spatial proximity, intense high-strain fabrics, similar
metamorphic grades, and kinematics (Figure 2.1, Figure 2.6, and Figure 2.8). Both shear
zones exhibit high-strain transposition fabrics (St.Lusz and St-sLsz) with moderate NW-
plunging transport directions and a reverse oblique shear sense (north-side-up to southeast)
at ~1.0 Ga, consistent with previous kinematic interpretations in the LHsz (Hanmer and
Scott, 1990; Gower, 2005). Previously, Hanmer & Scott (1990) classified the LHsz as a

high-grade mylonite, and Scott et al. (1993) reported a zircon U-Pb lower intercept age of
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1509 + 12 Ma for a syn-deformational aplitic vein in amphibolite-facies straight gneiss (red
star S401; Figure 2.1). This age, interpreted as the minimum deformation age along the
southern LMT margin, may instead reflect inherited zircon grains (and thus a maximum
age) based on the inheritance observed in samples herein of the felsic deformed and

undeformed dykes (22NPM39A and 22NPM40).

In the FHVB domain, titanite grains in the Hbl-Cpx schist (22NPM48A3) and the semi-
brittle titanite seams that crosscut the Grt-leucosome align with S3-ruvs formation. Titanites
in the Amp-rich bands and late seams exhibit sector zoning (Figure 3.5A) suggesting
changes in metamorphic conditions during crystallization at ~ 1.0 Ga due to temperature,
pressure, or geochemical variations (e.g., Frost et al., 2000; Kohn, 2017). These titanites
show parabolic REE patterns with positive Eu anomalies (Figure 3.6), reflecting Eu*?
incorporation from likely Ca-rich Pl and Cpx breakdown during amphibolite-facies

metamorphism and associated hydration reactions (e.g., Bucher and Grapes, 2011).

This later D3 Grenvillian deformation (~ 1.0 Ga), characterized by greenschist-facies
shearing in the LHsz and SLsz, overlaps with the transition from high-temperature
pervasive strain (D1/D2) to localized discrete shear (S3-ruvs) in the FHVB domain. This
suggests that post-peak metamorphic conditions and continuous deformation in D2 were
succeeded by strain localization (Ss-ruvs) in the FHVB domain and reverse oblique
shearing at the southern FHVB domain margin under amphibolite- to greenschist-facies
conditions. This later D3 event is therefore defined by continued exhumation and strain
localization in the FHVB domain overprinting the southeast-verging, thrust-sense

LHsz/SLsz system (Table 4-1).
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The Fox Harbour shear zone (D3)

In the FHsz, the fine-grained mylonitic diorite dyke (22NPM33) intrudes the host rock at
1079 =9 Ma (Figure 2.10 and Figure 3.17). This dyke emplacement age places a maximum
age on pervasive amphibolite- to greenschist-facies transposition foliation (St-rusz), which
is characterized by aligned Amp+Ttn and Pl that are partially replaced by weakly aligned
Bt+Chl+Ser (Figure 3.14). The FHsz horizontal stretching lineations (Lt-rusz), defined by
elongated Amp crystals that locally form L/S-tectonites, show high finite strain and dextral
shear sense in medium to high-temperature mylonites (quartz microstructures 500-600 °C),

which are obscured by late static recrystallization.

The distinct strike-slip kinematics in the FHsz could suggest that amphibolite-facies
shearing (St-rusz) occurred at a distinct time to the thrust-sense St.Lusz and St-Sisz.
Alternatively, all amphibolite to greenschist-facies transposition shear zones (St-LHsz/ST-SLsz
and St.rusz) may have operated synchronously with S3rnve in the FHVB in a broader
heterogeneous transpressive regime (D3) resulting from a combination of kinematically
distinct simple and pure shear components (e.g., Fossen, 2017). However, more precise

geochronological dating in the FHsz is required to confirm this speculation (Table 4-1).
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Grenvillian metamorphism and deformation

Peak Early Thrust/ng
Domain metamorphism deformation and fstra./n Post-D3
(D1) (D2) localization
(D3)
1.06-1.04 Ga 1.04-1.02Ga 1.0Ga 0.95 Ga
Diorite dyke Mylonitic
FHsz emplacement 1.07 Diorite (Ttn;
Ga 1.0 Ga) Sr-rs:
Quartzite (Zrn; 1.06
Ga) Si-rHvs
Mafic schist (Ttn; 1.5 . .
FHVB Ga) Svrve Coolingand | Mafic sehist
. . (Ttn; 1.0 Ga)
Domain Leucosome (Zrn; folding (S2rhve) S
1.04 Ga) Si-rHve STHve
Crn-Sil schist (Mnz;
1.04 Ga) Si-rHvs
Mylonitic
Granodiorite
SLsz (Ttn*; 1.0 Ga)
St-sLsz
G:laxr/llggil:)lrci:te Monzogranitic
LHsz (Ttn: 1.0 Ga) dyke (érn; 0.95
ST-LHsz a)

Table 4-1. Summary table of Grenvillian structural fabric ages within different domains related to regional

deformation episodes. Ttn*: 1.7 Ga Igneous titanite with Grenvillian resetting in the SLsz.

4.1.3.3 Post D3 (~ 0.95 Ga)

The cessation of deformation in the LHsz is indicated by the appearance of

undeformed tabular monzogranitic dykes (Figure 2.6B). This monzogranite (22NPM40)

exhibits inherited zircon grains that roughly match the ages and population in the host

granodiorite (22NPM39B). However, an acicular zircon population with high Th/U ratios
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are interpreted to be related to the crystallization age of the dyke, in which one single grain
yielded a date of 951 Ma. This age is coeval with numerous granitic intrusions in the PT,
which range in age from 966 to 956 Ma (Gower (2019), and references therein). These
intrusions form discrete, circular to elliptical bodies, ranging from 5 to 20 km in diameter
in plan view and are associated with prominent positive acromagnetic anomalies (Gower,

2019).

4.2 Regional interpretation and tectonic evolution

4.2.1 Grenvillian Tectonic Evolution of the FHVB

The Grenvillian orogenesis in the Eastern Grenville Province extends from 1090 to
985 Ma, followed by late- to post-orogenic activity until 950 Ma (Gower, 1996; Gower and
Krogh, 2002). This orogeny represents a compressional continental collision regime
between Amazonia and the southern margin of Laurentia (Tohver et al., 2004). In the
Eastern Grenville province, an indentor tectonism model proposed by Gower et al. (2008a)
describes a transition from frontal-thrusting to lateral-ramp tectonics around the indentor
corner (syntaxis) in the Rigolet area (Figure 1.1). This produced north-verging reverse-slip
shearing, driven by the thrusting of the LMT over pre-Grenvillian Laurentia along the
Rigolet shear zone (Corrigan et al., 2000). In the context of the indentor model, the
Grenville orogenesis is recorded earlier in the LMT (~ 1090 Ma) compared to other terranes
like the Pinware terrane (1030 to 985 Ma, Tucker and Gower, 1994) and the MMT, where
only subtle Grenvillian thrusting is recorded around 1010 Ma (Gower, 2019), thus
representing likely higher structural levels at ~1090 Ma. Evidence of this earliest

Grenvillian deformation includes significant tectonic activity in the LMT by 1.08 to 1.05
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Ga (Schirer and Gower, 1988; Scott et al., 1993; Corrigan et al., 2000), whereas in the
Rigolet area, NW-verging thrusting and folding at 1.08—1.05 Ga buried the LMT producing
high-grade amphibolite- to granulite-facies metamorphism (Corrigan et al., 2000). During
this northward-directed convergence, the MMT was likely thrust over the LMT, where the
hanging wall remained relatively undeformed. This relationship reflects a tectonic lid
scenario, where the MMT remained largely unaffected by metamorphism and deformation,
while the footwall (LMT) underwent significant burial, migmatization, and deformation
between 1.08 and 1.02 Ga recorded by several 1060-1040 Ma zircon and monazite ages in
the LMT (Scott et al., 1993; Wasteneys et al., 1997; Corrigan et al., 2000). This extended
period of metamorphism suggests that high-grade conditions in the northern LMT were
maintained throughout the entire period rather than indicating any progressive decline in
temperature. The end of this event is inferred between 1045 and 1020 Ma, based on the
closure temperature of titanites (Scharer et al., 1986) and orogenic collapse in the Grenville
hinterland farther southwest during the late Ottawan phase of the Grenville orogeny (1.09

to 1.02 Ga, Rivers, 2012).

Record of this early to peak-metamorphism (1.06-1.04 Ga) is evidenced in the FHVB
domain in high-grade amphibolite-facies metamorphism during D1 (Figure 4.2 and Figure
4.3B) and reflects the tectonic burial and peak metamorphism throughout the entirety of
the LMT (Scott et al., 1993; Wasteneys et al., 1997; Corrigan et al., 2000). Deformation
and (D2) was extended until ~ 1.02 Ga in the FHVB domain, coinciding with the inferred

cessation of deformation in the northern LMT around 1020 Ma (Scharer et al., 1986),
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associated with lower amphibolite to greenschist facies retrogression (Corrigan et al.,

2000).

By contrast, the PT and MMT (orogenic lid) lack evidence of significant Ottawan phase
metamorphism, likely because of their hanging wall position during convergence. The N-
verging thrusting observed in the Rigolet area (Corrigan et al., 2000) suggests possible
contemporaneous northward thrusting in the southeastern part of the LMT. North-verging
thrusting of the PT over the FHVB domain and LMT is not preserved in any structures but
is consistent with ages and metamorphism in the PT and FHVB domain. D1 events in the
FHVB domain could be due to the burial of the LMT while the PT/MMT resided in a
hanging wall position in the tectonic pile and largely was unaffected by Ottawan phase

deformation.

Regional correlation to FHVB D3

The collapse of the Ottawan phase was followed by the Rigolet phase (1005 to 980 Ma
Rivers et al., 2012), which marks the propagation of the orogen against the Archean
basement of Laurentia. Most of the strain that developed in the Rigolet shear zone segment
is inferred to be Labradorian in age, and only the upper structural levels were reworked
during the Grenvillian Orogeny, in which the southerly-dipping mylonitic foliations
become progressively overprinted by sub-vertical shear zones with sub-horizontal
lineations south of the Rigolet shear zone (Corrigan et al., 2000). In the northern LMT,
strain localization from lower-amphibolite to greenschist-facies transcurrent shearing

affected the southern part of the domain boundary (English River shear zone, Corrigan et

104



al., 2000). This 1015-1005 Ma dextral strike-slip shear is associated with a distinctive low

magnetic anomaly that extends towards the southeast Labrador coast.

D3 in the southern LMT represents a high-to-low-temperature evolution in which pervasive
deformation (D1/D2) transitioned to localized oblique and strike-slip shearing that aided
the cooling and exhumation of the FHVB domain around 1.0 Ga. This D3 event aligns with
the Ar-Ar and K-Ar ages of ~1000 Ma, known as the ‘Grenvillian thermal threshold’ by
Gower (2003), which coincides with the LMT, meaning that this terrane was tectonically
active from 1.08 Ga but had cooled below Bt and Hbl closure temperatures (~350 °C) by
1.0 Ga (Gower, 2003).

Additionally, this strain localization, marked by D3 retrograde greenschist-facies in the
south-directed LHsz/SLsz and the dextral strike-slip shearing FHsz, overlaps in time to the
Rigolet phase (1.02-0.98 Ga, Rivers, 2012) of the Grenville Orogeny. This youngest re-
partitioning of strain has been reported in thrusting and cooling events between 1010 and
990 Ma in the MMT, including a 1003 Ma titanite from Second Choice Lake pegmatite
(Gower et al., 1991) and a 990 Ma titanite from the Lower Brook leucosome (Philippe et
al., 1993). In the study area, this strain manifests as an overall transpressive regime
involving combinations of coaxial and non-coaxial deformation (e.g., Fossen, 2017) with
distinct kinematics. The south-directed thrusting and exhumation in the southern LMT
contrasts with strike-slip shear in the northern LMT during D3, highlighting the
heterogeneous nature of strain along this long-lived and complex margin (Figure 4.3C).

Previous models speculated that north-directed thrusting structures formed during the early
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Ottawan Phase and were then overprinted by sub-vertical structures likely attributed to the

late Ottawan extension (Rivers, 2008 and 2012).

Cessation of deformation is inferred during a post-Grenvillian magmatic event where felsic
intrusions (975-955 Ma) up to a few meters across and plutons several kilometers in
diameter in the PT (Gower, 2019) intrude all known Grenvillian fabrics and remain
undeformed. The 956 Ma post-deformational monzonitic dyke that crosscuts the
mylonitization in the LHsz; marks the cessation of the deformation in the study area (Figure
4.3D), likely associated with late stages of orogenic collapse (Rivers et al. 2012) or related

with late stages of opening of the Asgard sea (Strowbridge et al., 2022) around 0.95 Ga.

106



A 1350 -1290 Ma B D1 - D2 Northward Grenvillian vergence

1060 -1020 Ma High-grade amphibolite-facies deformation
Buckle folding, migmatization

<«—— Extensional environment ——> Ottawan Phase

FHVEB 1.6-1.5 Ga Crust

FHVB Mafic and
felsic magmatism

Sedimentation
and volcanism

C D3 Late greenschist-facies oblique and strike slip shears D D3
~1.0Ga

Rigolet Phase Exhumation FHVB
" N-side-up thrusting

nge *‘

Melville

\n{\J\ Transpression

Transpressive Regime

Figure 4.3 Schematic multi-stage evolution for the Eastern Grenville Province in southeast Labrador, from 1.3 Ga formation of the FHVB to the Grenville Orogeny. A) Formation
and deposition of the supracrustal bimodal packages of the FHVB atop the 1.7-1.5 Ga basement. B) Early to peak high-temperature Grenvillian deformation (D1-D2) between 1.06
and 1.02 Ga, with attendant buckle folding, shear folding, and north-directed thrusting. C) The evolution of shortening and the development of localized greenschist-facies oblique
slip and strike-slip structures that facilitated the southward exhumation of the FHVB. D) Schematic diagram showing the transpressional regime (e.g., Fossen, 2017) between the
oblique-slip and strike-slip structures with a probably north-south directed shortening. Vertical scale is exaggerated for clarity.
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Conclusion

This study refines the tectonic evolution of the 1.3 Ga FHVB, its basement rocks, and
associated shear boundary structures through detailed fieldwork, structural analysis, and U-
Pb petrochronology. U-Pb zircon ages confirm that the FHVB represents a bimodal
volcano-sedimentary sequence comprising REE-bearing peralkaline rhyolites, mafic, and
sedimentary rocks, all deposited ~1.3 Ga in an extensional setting along the Laurentian

margin atop dismembered Labradorian-Pinwarian (1.7-1.5 Ga) basement.

U-Pb petrochronological results from zircon, monazite, and titanite reveal pervasive
Grenvillian metamorphism and deformation that progressively affected the FHVB and its
basement rocks. High-grade amphibolite-facies peak metamorphism (D1, ~1.06-1.04 Ga),
is characterized by folding and migmatization during the tectonic burial and heating of the
Lake Melville Terrane, with the Pinware and Mealy Mountains Terranes likely in a hanging
wall position, remaining higher in the tectonic pile as they were thrust northward during
this D1 event. Post-peak metamorphism and subsequent deformation (D2, ~1.04-1.02 Ga)
involved buckle- and shear folding and localized dextral shearing during cooling, coeval
with the regional collapse of the Ottawan Orogeny. Further cooling and strain localization
developed sub-vertical strike-slip structures and south-vergent shear systems in a
transpressive regime, facilitating the amphibolite to greenschist-facies southward
exhumation of the FHVB during ~1.0 Ga D3 events that coincide with the Rigolet phase.
Deformation ceased during a post-Grenvillian magmatic event (975-955 Ma) characterized

by undeformed felsic intrusions in the PT and 956 Ma monzonitic dykes crosscutting
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Grenvillian fabrics. These features mark a renewed extensional period around 0.95 Ga,

representing the final stages of the tectonic evolution of the FHVB and surrounding regions.
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