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ABSTRACT 

The Torngat Orogen (southeastern Churchill Province, Canada) is a 

transpressional Paleoproterozoic orogen resulting from the collision between the North 

Atlantic Craton and the Core Zone (an Archean micro-continent) during the larger-

scale Trans-Hudson Orogeny. The doubly-vergent Torngat Orogen is mainly exposed 

as granulite-facies metamorphic rocks and migmatites within a narrow (~150 km) belt. 

High-T metamorphic mineral assemblages (sillimanite stability field) are regionally 

overprinted by amphibolite-facies, high-strain, strike-slip shear zones. The 

development of granulite-facies metamorphic conditions, extensive anatexis, and 

intense shear deformation in such a narrow region is anomalous even for 

transpressional and hot orogens (such as Paleoproterozoic orogens during the 

“Archean-type” to “modern-type” tectonic transition). Recent field observations 

indicate that anatexis also occurred in the adjacent eastern Core Zone, thus shedding 

doubt on the true spatial extent of Torngat metamorphism and therefore on the 

dimensions and shape of the orogen. 

Here, thermobarometry, phase equilibria modeling, and geochronology were 

used to investigate the timing, extent, and significance of metamorphism in the 

western Torngat Orogen and eastern Core Zone. The results reveal that the Torngat 

Orogen is larger, older, and longer-lived than previously thought. Multi-equilibria 

thermobarometry and phase equilibria modeling highlight a continuous increase in 

metamorphic conditions from the Core Zone to the Torngat granulites with no 

evidence of a major metamorphic break. Close-to-peak metamorphic conditions, 

constrained from mafic samples, gradually increases from 8.7 kbars-814°C to 

10.8 kbars-914°C from west to east. Melt crystallization conditions, defined from 

metasedimentary rock samples, are estimated at 5.4 kbars-709°C to 8.1 kbars-823°C 

from west to east. Rocks from the Core Zone and Torngat Orogen appear to have 

followed hairpin P-T paths in the sillimanite stability field. 

Metamorphic zircon U-Pb ages, monazite U-Pb ages, and garnet Lu-Hf and 

Sm-Nd ages are consistent in both domains, confirming that the eastern Core Zone 

was significantly reworked during the Torngat Orogeny. Zircon and monazite ages 

suggest protracted metamorphic crystallization from c. 1885 to 1780 Ma. 
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Crystallization events at c. 1860-1840 Ma and c. 1820-1800 Ma are interpreted as 

indicators of transpressional deformation (limited to the Torngat granulitic domains) 

and melt crystallization that was contemporaneous over the study area, respectively. 

Lu-Hf garnet geochronology reveals that garnet growth had begun by 1955-1885 Ma, 

potentially making the orogen at least 15 Myr older than previously thought. P-T-t-D 

paths support a peak-to-retrograde evolution characterized by a medium dP/dT slope 

(geotherm-parallel) without isothermal decompression. After peak metamorphic 

conditions were reached by 1885-1840 Ma, both domains stayed at suprasolidus 

conditions until 1820-1800 Ma. 

In light of these results, we suggest that the Torngat Orogeny produced a large 

mid-pressure, high-temperature terrain with crustal-scale partial melting. The entire 

area represents a down-to-the-east mid-crustal section that was mainly exhumed 

through denudation. The long duration of mid-pressure and high-temperature 

metamorphism in this region may be explained by its position on the eastern flank of 

the Ungava indentor (oblique convergence) and by the high thermal state of the 

lithospheric mantle. The Torngat Orogen may be intermediate between ultra-hot 

orogens and hot orogens, where decoupling between the hot lithosphere and crust is 

responsible for large-scale penetrative deformation (vise model). 
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CHAPTER 1: INTRODUCTION 

Recent improvements in analytical methods and in thermodynamic data have 

opened new horizons for Lu-Hf garnet geochronology and monazite petrochronology 

(e.g., Blichert-Toft, 2001; Catlos et al., 2002; Gibson et al., 2004), thus enabling more 

precise reconstructions of metamorphic phase equilibria in natural systems (e.g., 

White et al., 2014). Integrating these methods enables tectonometamorphic studies to 

determine important metamorphic reactions and Pressure-Temperature-time-

Deformation (P-T-t-D) paths. In particular, for studies of Large Hot Orogens (LHOs) 

where high-grade peak metamorphic conditions often obliterate prograde 

microstructures and mineral zoning, Lu-Hf garnet geochronology is a valuable tool for 

understanding orogenic evolution because this method can better constrain the 

prograde metamorphic path, including peak metamorphic conditions, compared with 

other radioactive isotope systems such as Sm-Nd in garnets and U-Pb in zircons and 

monazites (e.g., Roberts & Finger, 1997; Smit et al., 2013). Therefore, orogenic 

processes in LHOs can now be inferred more accurately. 

The Paleoproterozoic Torngat Orogen (TO) in northeastern Canada 

(Southeastern Churchill Province; SECP) is an example of a high temperature orogen 

and part of the larger scale Trans-Hudson Orogen (THO). The metamorphic evolution 

of the TO was studied using regional thermobarometry, structural geology, and 

seismic surveys in the 1980s-1990s (summarized in Wardle & Hall, 2002, and Wardle 

et al., 2002). These methods highlighted that granulite-facies rocks are constrained to 

a 150 km wide belt, which was overprinted by amphibolite-facies transpressional 

deformation. However, the narrow width of the TO granulitic belt distinguishes it 
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from much wider granulitic belts of other Paleoproterozoic orogens worldwide (Zhao 

et al., 2002). The development of high-grade metamorphic conditions and extensive 

shear deformation in such a narrow region is not expected for LHOs where such 

granulite grade anatexis is common (e.g., Jamieson & Beaumont, 2013). An integrated 

tectonometamorphic study of the TO was undertaken for this project to determine the 

orogenic processes that enabled the development of high T conditions in such a 

narrow orogenic belt. 

Earlier tectonometamorphic studies in this region focused on the TO, and 

described it as a narrow, doubly-vergent, transpressional orogen that developed 

through the collision of two Archean blocks (the North Atlantic Craton and the Core 

Zone), resulting in a doubling of the crustal thickness (e.g., Van Kranendonk, 1996; 

Wardle et al., 2002). Recent mapping (Verpaelst et al., 2000; Simard et al., 2013; 

Lafrance et al., 2014, 2015) revealed that the granulite facies rocks of the TO are in 

sharp contact with migmatitic rocks of the Core Zone (CZ). It is not clear whether the 

CZ experienced partial melting during the Archean, as initially thought (Nunn et al., 

1990; Ryan, 1990; Wardle et al., 1990; Isnard et al., 1998), or if the metamorphic 

character of this Archean block was acquired during the Torngat Orogeny, thus 

making at least the eastern CZ a part of the TO. 

This thesis aims to: 1) define the thermal state (T) and variation in crustal 

levels (P) of exposed rocks across the traditionally defined contact between the CZ 

and TO; 2) temporally constrain the timing of metamorphism in the Torngat Orogen 

and eastern CZ; 3) define important metamorphic events in both areas; and 4) infer 

tectonic processes that dominated during the different metamorphic events. In order to 
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address these objectives, this study combines: 1) a regional petrographic and 

thermobarometry survey that traverses the CZ-TO contact; 2) geochronology of 

multiple metamorphic minerals, including Lu-Hf and Sm-Nd dating of garnets, and U-

Pb dating of zircons and monazites; and 3) phase equilibria modeling to produce P-T-

t-D paths for the different metamorphic domains. 

1.1. Thesis organisation 

This thesis is organized into four chapters. This first chapter introduced the 

thesis by presenting the research questions, objectives, and overall strategy. Chapter 

two reviews current knowledge of the TO and CZ in terms of petrographic 

characteristics, origins, ages, and metamorphic and geodynamic interpretations. The 

results and interpretations from this thesis are presented in chapter three in the format 

of a journal manuscript. U-Pb zircon and monazite geochronology was undertaken in 

collaboration with Don W. Davis (University of Toronto, Canada). Lu-Hf and Sm-Nd 

isotope analyses of garnets were acquired under the supervision of Jeffrey Vervoort 

and Diane Wilford (Washington State University, USA). Chapter four contains a 

summary and the conclusions of the thesis. Data and detailed analytical procedures for 

geochronology are available in the appendices. The reader may also refer to Charette 

& Guilmette (2014) for a full petrographic description and interpretation of more than 

100 samples collected from a transect across the TO and CZ contact, and from which 

20 samples were selected for this thesis. Mineral abbreviations used in this 

contribution come from Whitney & Evans (2010). 
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CHAPTER 2: GEOLOGICAL BACKGROUND 

2.1. Regional geology 

The SECP consists of an Archean-Paleoproterozoic CZ that is bordered by 

orogens on its eastern and western sides. The TO represents the eastern portion of the 

SECP and is located at the border between the provinces of Quebec and Labrador 

where it juxtaposes the CZ against the North Atlantic Craton (NAC; also known as the 

Nain Province in Labrador) (Fig. 2-1). To the west, the CZ is separated from the 

Superior Province by the New-Quebec Orogen (NQO). These two sutures are part of a 

wider orogenic system ─ the THO ─ that includes the Ungava Trough in northern 

Quebec, the Baffin and Soper River sutures on Baffin Island, and the Nagssugtoqidian 

suture in southern Greenland. These sutures are associated with the closure of the 

Manikewan Ocean (e.g., Corrigan et al., 2009; St-Onge et al., 2009). The northern 

extension of the TO is thought to be the Nagssugtoqidan Orogen, in southern 

Greenland, which juxtaposes a microcontinent, possibly associated with the Meta 

Incognita Microcontinent (Baffin Island), against the NAC (e.g., St-Onge et al., 2009; 

Wardle et al., 2002; Van Gool et al., 2002). Post-orogenic alkaline plutons (1481-

1410 Ma from U-Pb zircon geochronology; Hammouche et al., 2012) mask the 

southern extension of this orogen, which is truncated by the c. 1000 Ma Grenville 

Orogen. 

The TO exposes granulite-to-amphibolite facies, migmatitic, and highly-

strained rocks over more than 600 km along strike. This Paleoproterozoic assemblage 

has been subdivided into five principal domains that include (from east to west) the 

Foreland domain, Tasiuyak domain, Burwell domain, Lomier Complex, and Sukaliuk 
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Figure 2-1: Geological setting of the Southeastern Churchill Province 

This figure shows its tripartite structure (New-Quebec Orogen ‒ Core zone ‒ Torngat Orogen) and the 

main domains and shear zones. The inset map shows the position of this geological province (black 

square) in the Trans-Hudson Orogen (THO). The study area is delimited by a bold dashed line. 

Modified from Wardle et al. (2002) after the works of Lafrance et al. (2015). 

Complex. These domains are exposed as a doubly-vergent structure with a subvertical 

axial zone focused within Tasiuyak gneisses (Rivers et al., 1996; Van Kranendonk, 

1996; Wardle & Van Kranendonk, 1996). 

The Foreland domain represents reworked Nain gneisses that are overlain 

unconformably by subgreenschist to amphibolite facies metasedimentary rocks of the 

Ramah and Mugford groups (Wardle et al., 2002). These metasedimentary sequences 
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both record a change from clastic, shallow-water rocks to deeper-water turbidites.  The 

upper sequence of the Mugford Group differs in that it is dominated by 1.85 Ga 

continental tholeiites (Hamilton, 1994; Wardle et al., 2002). A north-south trending 

belt of granitoid plutons (1.76-1.74 Ga; Emslie et al., 1994) masks the contact between 

the shelf-to-deep marine metasedimentary rocks of the Ramah and Mugford groups 

and the Tasiuyak domain to the west. 

The Tasiuyak domain comprises aluminous quartzo-feldspathic gneisses 

predominantly derived from metamorphism and partial melting of sedimentary 

protoliths (as well as subordinate igneous protoliths). The aluminous to sub-aluminous 

composition of these straight-layered leucocratic gneisses is reflected by their 

mineralogy, which often includes garnet, sillimanite, biotite, and graphite (e.g., Van 

Kranendonk, 1996; Ermanovics & Van Kranendonk, 1998). Quartz-cordierite coronas 

surrounding garnet and cordierite pseudomorphs after sillimanite have been reported 

by Van Kranendonk (1996) and Ermanovics & Van Kranendonk (1998), suggesting 

that this domain recorded decompression during exhumation. These primarily 

metasedimentary gneisses were interpreted as a pelitic to semi-pelitic accretionary 

prism whose sediment source was likely exotic from the CZ and NAC based on the 

more juvenile Nd isotope compositions of Tasiuyak gneisses (-2.6 < ԐNd < -1.9 in 

general, but ԐNd values of -8.3 have been reported) compared with that of the two 

surrounding cratons (-11 < ԐNd < -3 and -31 < ԐNd < -8 for the CZ and NAC, 

respectively) (Campbell, 1997; Thériault & Ermanovics, 1997, and references therein; 

Scott, 1998; Wardle et al., 2002). Detrital zircon geochronology and crosscutting 

relationships indicate that the Tasiuyak accretionary prism was deposited after 
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1940±2 Ma (youngest U-Pb detrital zircon age) and before 1895 Ma (U-Pb zircon 

geochronology of crosscutting quartz diorite dyke; Scott, 1995b, 1998). Anatectic 

granites dated at 1857±1 Ma (U-Pb monazite geochronology; Bertrand et al., 1993) 

suggest that the metasedimentary prism experienced partial melting conditions soon 

after deposition. 

The central and eastern part of the Tasiuyak domain contains multiple 

plurimetric mylonite corridors that trend north-south and are associated with the 

Abloviak Shear Zone (ASZ) (Wardle et al., 2002). U-Pb zircon geochronology of 

dykes crosscutting regional gneissosity and syn-transpression intrusions indicates that 

sinistral strike-slip movement in the ASZ occurred at c. 1845-1825 Ma (Bertrand et 

al., 1993). To the north, the Tasiuyak gneisses and the ASZ abruptly bend westward 

due to the sinistral movement of the Komaktorvik Shear Zone (KSZ) (Van 

Kranendonk & Scott, 1992; Wardle et al., 1992). In this area, the Tasiuyak domain is 

intruded by the metaplutonic rocks of the Burwell Domain. 

The Burwell domain is dominated by metaplutonic rocks and occurs between 

the ASZ and KSZ in the northern part of the TO. These granodioritic to dioritic 

plutons intrude the margin of the NAC and the Tasiuyak gneisses, and are divided into 

an orthopyroxene-absent and an orthopyroxene-bearing suite. Apart from their 

mineralogy, neither the location nor the crystallization age differ between these suites. 

Both suites have a calc-alkaline affinity and are associated with arc magmatism that 

peaked at 1910±2 to 1885±2 Ma (Van Kranendonk et al., 1994; Scott, 1995a, 1995b, 

1998; Scott & Machado, 1995; Van Kranendonk & Wardle, 1996; Campbell, 1997). 
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Located west of the Tasiuyak domain and the ASZ, the Lomier Complex has a 

characteristic high aeromagnetic susceptibility produced by the magnetite-bearing 

felsic to mafic intrusive rocks forming this granulitic domain. The majority of these 

rocks are tonalitic and enderbitic in composition, and vary from homogeneous and 

weakly foliated metamorphic rocks to gneisses. Girard et al. (1990b) interpreted the 

gneisses as a reworked equivalent of the less foliated rocks. In high-strain corridors, a 

retrograde amphibolite facies mineral assemblage and pseudo-tachylites are observed. 

In sharp contact with these meta-igneous rocks are slivers of supracrustal rocks that 

were affected by partial melting and are concordant to the strong NNW-SSE regional 

tectonometamorphic foliation. The interpretation of this assemblage of meta-intrusive 

rocks and slivers of supracrustal rocks is still controversial. The Lomier Complex has 

been interpreted as an equivalent of the Tasiuyak gneisses, which are intruded by 

plutonic rocks inferred to have an arc origin (Ermanovics & Van Kranendonk, 1998; 

Wardle et al., 2002). U-Pb zircon geochronology from an enderbite within the Lomier 

Complex indicates a crystallization age of 1877±1 Ma (Bertrand et al., 1993). 

Significant differences between the metaplutonic rocks of the Lomier Complex and 

Tasiuyak domain suggest two distinct metaplutonic suites that intruded different host 

rocks (e.g., Van Kranendonk & Wardle, 1994; Wardle & Van Kranendonk, 1996; 

Thériault & Ermanovics, 1997; Ermanovics & Van Kranendonk, 1998). This 

interpretation is supported by: 1) higher silica and potassium contents, and more 

negative ԐNd values of the Lomier Complex metaplutonic rocks (granodiorites-

tonalites with ԐNd between -8.5 and -1.5) compared with the Tasiuyak orthogneisses 

(tonalites-diorites with ԐNd between -6.7 and +3.8) (Thériault & Ermanovics, 1997); 
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2) the overlap between the Nd isotope composition of the Lomier Complex 

metaplutonic rocks and the Archean CZ basement (-11 < ԐNd < -3; Thériault & 

Ermanovics, 1997, and references therein; Wardle et al., 2002) suggests that the latter 

is the protolith or a contaminant of the western Lomier metaplutonic suite; and 3) the 

similarity of Nd isotope composition of Lomier Complex metasedimentary rocks (i.e., 

-10.5 < ԐNd < -2.9; Thériault & Ermanovics, 1997) with the Archean CZ basement. 

The Sukaliuk Complex occurs west of the Lomier Complex and is a granulite-

facies domain characterized by kilometric alternations of enderbitic gneisses, garnet-

bearing mafic gneisses, and metasedimentary slivers. Recent regional mapping (e.g., 

Verpaelst et al., 2000; Lafrance et al., 2015) indicates that this domain contains a 

greater abundance of metamorphic supracrustal rocks compared with the Lomier 

Complex and is also dominanted by L/S tectonites. In addition, evidence of partial 

melting is observed in the sillimanite-bearing and orthopyroxene-bearing 

metasedimentary lenses. Leucosomes are present as melt pods, bands, or small masses 

in most cases. In the western part of the Lomier Complex near the contact with the 

CZ, leucosomes are abundant. In this area, garnet- and orthopyroxene-bearing 

stromatic metatexites and diatexites with flow structures are most common (e.g., 

Charette & Guilmette, 2014; Lafrance et al., 2015). The age and origin of this 

complex is still ambiguous (Wardle et al., 2002). 

West of the Blumath Deformation Corridor (BDC), the CZ outcrops as 

tonalitic to granitic gneisses overlain discordantly by lenses of metaigneous, 

metavolcanic, and metasedimentary rocks. The gneisses represent Archean basement 

that was variably affected by partial melting, and outcrops as straight gneisses to 
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stromatic metatexite and raft diatexite. The influence of partial melting is reflected by 

migration structures observed on outcrop, and more regionally, by the genetic link 

between the migmatitic gneisses and large felsic masses interpreted as evolved partial 

melting products (anatectic granite; Simard et al., 2013; Lafrance et al., 2014, 2015). 

Geochronological data suggest that these Archean gneisses (c. 3030 to 2600 Ma) were 

affected by Paleoproterozoic metamorphism, as reflected by c. 1850-1760 Ma ages 

from metamorphic zircon, monazite, amphibole, biotite, and titanite, and by the 

c. 1820-1805 Ma crystallization age of anatectic granites (e.g., Nunn et al., 1990; 

Ryan et al., 1991; Isnard et al., 1998; James & Dunning, 2000; Simard et al., 2013; 

Lafrance et al., 2014, 2015).  

Kilometric lenses of supracrustal rocks (now re-assigned to the Lake Harbour 

Group) in the CZ are dominated by metasedimentary rocks (i.e., quartzite to 

metapelite) that do not contain sillimanite or orthopyroxene and are variably 

migmatized (grading from net-structure metatexite to stromatic-structure metatexite). 

Where observed, the base of the Lake Harbour Group is marked by a discordant and 

sheared contact in marbles and calc-silicate rocks (Goulet & Ciesielski, 1990; 

Verpaelst et al., 2000). The Lake Harbour Group has been correlated to similar 

supracrustal rocks on Baffin Island where the depositional age has been constrained to 

younger than 1934±2 Ma (U-Pb detrital zircon geochronology; Scott & Gauthier, 

1996). 

The main Paleoproterozoic intrusion in the CZ is the De Pas Batholith, which 

crosscuts the region over more than 600 km along a NNW-SSE axis. This batholith 

consists of granitoids with granitic and charnockitic compositions. Based on its 
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geometry and geochemistry, this batholith was interpreted as crystallizing in a 

subduction-related arc that formed by c. 1840-1805 Ma (U-Pb zircon geochronology; 

Krogh, 1986; Dunphy & Skulski, 1996; James et al., 1996; Isnard et al., 1998; 

Martelain et al., 1998; James & Dunning, 2000). However, the ԐNd values of the De 

Pas Batholith are similar to the CZ orthogneisses, suggesting that this large batholith is 

a product of syn-collisional magmatism (Wardle et al., 1990). 

2.2. Tectonometamorphic evolution of the Torngat Orogen 

Previous geochronology and thermobarometry data suggest that three 

tectonometamorphic phases are associated with the collision between the CZ and NAC 

(Van Kranendonk, 1996; Mengel & Rivers, 1997; Ermanovics & Van Kranendonk, 

1998; Scott, 1998; Wardle et al., 2002). The first phase represents the culmination of 

the Torngat Orogeny, which may have occurred by c. 1870-1850 Ma (Bertrand et al., 

1993; Van Kranendonk, 1996; Ermanovics & Van Kranendonk, 1998; Wardle et al., 

2002). This phase was associated with development of the doubly-vergent structure 

and doubling of the crustal thickness, thus producing metamorphic conditions of 9.0-

11.5 kbars and 800-950°C (Mengel & Rivers, 1990, 1991, 1997; Rivers et al., 1996; 

Van Kranendonk, 1996; Ermanovics & Van Kranendonk, 1998). The oldest 

metamorphic ages (U-Pb) associated with the Torngat Orogeny were obtained from 

three monazite fractions from a Tasiuyak paragneiss, interpreted by Scott & Gauthier 

(1996) to have grown at 1870±3 Ma at high-grade conditions (possibly during local 

partial melting), and one zircon overgrowth from the Burwell domain dated at 

1871±3 Ma (Scott & Machado, 1995). These ages are 25 to 35 Myr younger than the 

crystallization of Burwell arc magmas (1910-1885 Ma; Van Kranendonk et al., 1994; 
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Scott, 1995a, 1995b, 1998; Scott & Machado, 1995; Van Kranendonk & Wardle, 

1996; Campbell, 1997), which represents a minimum age for the collision between the 

CZ and NAC. 

The second tectonometamorphic phase of the orogeny is associated with the 

development of regional N-S shear zones (such as the ASZ), folding of the gneissic 

foliation, and formation of sub-horizontal mineral lineations during the transpressional 

motion between the CZ and NAC (e.g., Goulet & Ciesielski, 1990; Van Kranendonk 

& Ermanovics, 1990; Ermanovics & Van Kranendonk, 1998). The timing of the 

second phase is constrained at c. 1845-1825 Ma based on syntectonic intrusions and 

cross-cutting relationships (U-Pb zircon and monazite geochronology; Bertrand et al., 

1993). Van Kranendonk (1996) suggested that this sinistral shearing ─ coeval with a 

gradual decrease of metamorphic P-T conditions to 5.0-7.3 kbars and 550-750°C 

(Mengel & Rivers, 1990, 1991; Van Kranendonk, 1996) ─ occurred in two pulses at 

the beginning and end of this phase. 

Exhumation and cooling of the orogen represents the third and final phase, 

which occurred between c. 1800 and 1740 Ma (U-Pb zircon and monazite 

geochronology; Bertrand et al., 1993; Scott, 1995a). East-vergent mylonites in the 

northern part of the TO (e.g., the Komaktorvik Shear Zone [KSZ]) and 

pseudotachylites in regional shear zones are interpreted to have developed during this 

period (Scott, 1995a, 1995b; Scott & Machado, 1995). Hbl-Pl-Qz and Opx-Pl 

symplectites after Grt-Cpx record decompression and cooling conditions of 

approximately 5.0 kbars and 600°C in the North River area (Van Kranendonk, 1996). 

Cooling ages of c. 1790 to 1730 Ma were obtained from Ar-Ar geochronology on 
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amphiboles and biotites as well as U-Pb geochronology on titanites (e.g., Mengel et 

al., 1991; Bertrand et al., 1993; Scott, 1995a, 1995b; Scott & Machado, 1995). 

2.3. Geodynamic evolution 

Geodynamic evolution of the SECP was addressed by Wardle & Van 

Kranendonk (1996), Scott (1998), and Wardle et al. (2002). The latest model proposed 

for this region is schematized in Fig. 2-2 after Wardle et al. (2002) and is summarized 

below. 

Before convergence started, the Superior Craton was separated from the NAC 

by the Manikewan Ocean. Between those two Archean cratons, a composite block ─ 

now referred as the CZ ─ may have formed by detachment of the Superior eastern 

margin (to the west) and an exotic terrane (to the east; stage A, Fig. 2-2). Detachment 

from the Superior Craton resulted from an intra-cratonic rift that produced a volcano-

sedimentary basin containing the protoliths of the rocks forming the NQO. Although 

the lithological resemblance of the western CZ and the Superior Province was 

highlighted by Simard et al. (2013), the origin of this block is still uncertain given the 

large amount of translation suggested by the transpression structures observed 

throughout the region. Previously interpreted as a southern extension of the Rae 

Craton (e.g., Hoffman, 1990), the eastern block forming the CZ is now thought to be 

associated with the Meta Incognita microcontinent (Baffin Island), as suggested by the 

continuity of aeromagnetic lineaments under Ungava Bay (e.g., Scott & St-Onge, 

1998; Bourlon et al., 2002; Wardle & Hall, 2002). The proposed boundary between 

these two blocks is either the Lac Tudor Shear Zone (LTSZ; James & Dunning, 2000) 

or the George River Shear Zone (GRSZ; Simard et al., 2013). The age of the 
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detachment from the Superior Craton is constrained at 2169±4 Ma (U-Pb zircon 

geochronology; Rohon et al., 1993) by the maximum age of the volcano-sedimentary 

belt. 

During the initial stage of closure of the Manikewan Ocean, the Tasiuyak 

sedimentary prism (an exotic block) was accreted to the western margin of the NAC 

and intruded by the Burwell magmatic arc (stage B, Fig. 2-2). Accretion is constrained 

by the intrusion of the Burwell arc magmas into the Tasiuyak Gneisses and the Nain 

Province gneisses at c. 1910 Ma. This c. 1910-1885 Ma calc-alkaline magmatism is 

interpreted as the product of east-dipping subduction beneath the NAC (Van 

Kranendonk et al., 1994; Scott, 1995b, 1998; Scott & Machado, 1995). 

It is not clear if the Lomier intrusions are also related to arc magmatism, or 

instead represent a western equivalent of the Tasiuyak Gneisses or a product of syn-

collisional magmatism. Although Wardle et al. (2002) did not address this problem in 

their geodynamic model, they highlighted the difficulties of a magmatic arc origin for 

these metaplutonic rocks. Arc magmatism in both the Burwell domain and Lomier 

Complex would require a complex subduction geometry because magmatism would 

have affected both the NAC + Tasiuyak accretionary prism and the eastern CZ margin 

from 1910 to 1877 Ma. Two dominant hypotheses are proposed to reconcile the 

magmatic arc hypothesis. First, a double subduction polarity or a flip of subduction 
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Figure 2-2: Geodynamic evolution of the Southeastern Churchill Province 

Figure modified from Wardle et al. (2002). Colored labels highlight gaps in our current understanding 

of the SECP evolution. ASZ = Abloviak Shear Zone; BDC = Blumath Deformation Corridor; 

FSZ = Falcoz Shear Zone; GRSZ = George River Shear Zone; PM? = possible partial melting event. 

polarity was evoked by Van Kranendonk & Wardle (1996) to account for the west-

vergent subduction that resulted in Burwell arc magmas intruding the North Atlantic 

Craton and Tasiuyak Gneiss (e.g., Scott, 1995b), and the east-vergent subduction that 
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produced the southern metaplutonic rocks intruding the CZ margin (e.g., Van 

Kranendonk & Ermanovics, 1990; Bertrand et al., 1993). These authors prefer the 

subduction-flip model because it is consistent with c. 1910 to 1885 Ma ages for the 

Burwell metaplutonic rocks, and the absence of magmatism along the CZ margin prior 

to 1880 Ma because of strike-slip motion during that time. In the second hypothesis, 

Thériault & Ermanovics (1997) suggest that northern and southern magmatism 

developed under a single tectonic regime, and that the eastern metaplutonic suite in the 

Tasiuyak domain may be associated with forearc magmatism. 

Ultimately, convergence between the CZ and NAC led to continental collision 

around 1870-1860 Ma. This event is thought to have produced the flower structure of 

the TO and resulted in a doubling of the crustal thickness, thus producing granulite-

faces peak metamorphic conditions (stage C, Fig. 2-2; Rivers et al., 1996). 

In the TO, high-grade conditions were sustained (or locally lowered to 

retrograde amphibolite facies) during the transpressional convergence from 1845 to 

1820 Ma, which caused the development of axial shear zones such as the ASZ (stage 

D, Fig. 2-2; Bertrand et al., 1993; Scott, 1998; Mengel & Rivers, 1997). The sinistral 

component of the convergence is interpreted to reflect northward motion of the NAC 

relative to the CZ in response to a change in the locus of subduction and the accretion 

of terranes on the southern margin of the NAC (e.g., Van Kranendonk et al., 1993; 

Van Kranendonk & Ermanovics, 1990). On the opposite side of the CZ, this time 

interval roughly corresponds to the emplacement of the De Pas Batholith (1840-

1805 Ma; Krogh, 1986; Dunphy & Skulski, 1996; James et al., 1996; Isnard et al., 

1998; Martelain et al., 1998; James & Dunning, 2000). Wardle et al. (2002) favored a 
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subduction-related origin for these granitic and charnockitic rocks associated with 

west-vergent subduction under the CZ. However, the similar Nd isotope compositions 

of the De Pas Batholith and CZ gneisses also permit a syn-collisional magmatic origin 

for the De Pas Batholith. 

The collision between the Superior Craton and CZ produced the NQO around 

1.82-1.77 Ga, and is coeval with exhumation and cooling of the Torngat Orogen (stage 

E, Fig. 2-2). The closure of the volcano-sedimentary basin that separated the CZ from 

the Superior Craton produced a duplex fold and thrust belt and greenschist-facies to 

amphibolite-facies metamorphic conditions. Amphibolite- to granulite-facies 

metamorphism may have affected the Rachel-Laporte domain, which is considered as 

an equivalent of either the NQO or the metasedimentary rocks on the western margin 

of the CZ (Wardle & Van Kranendonk, 1996). Ellis & Beaumont (1999) used 

numerical modeling and seismic surveys to suggest that stress from the New-Quebec 

Orogeny may have been propagated through the CZ to the TO if this craton was 

rheologically weak compared with the Superior Craton, as suggested by high 

temperature conditions (caused by reworking during the Torngat orogeny) and lack of 

lithospheric mantle (delamination) in the CZ. The reactivation of regional deformation 

corridors in the CZ at greenschist-facies conditions and the coeval exhumation of the 

TO during the New-Quebec Orogeny is consistent with this hypothesis. 

Since arc-related lithologies are restricted to the northern and central parts of 

the TO and NAC, some authors suggest that arc excision occurred late in the history of 

the orogeny (e.g., Scott, 1995b, 1998; Ellis & Beaumont, 1999; Wardle et al., 2002). 

Processes producing differential uplift ─ such as retroshearing that progressively 
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expelled a southern plug (Ellis & Beaumont, 1999), erosion (Scott, 1995b, 1998), and 

a greater convergence rate to the south (Wardle et al., 2002) ─ have been suggested to 

account for this lack of arc-related lithologies and the overall narrowing of the orogen 

its southern part. Alternatively, Wardle et al. (2002) suggested that a high-angle 

oblique convergence could have inhibited arc formation in the southern part of the 

orogen. 
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CHAPTER 3: LONG-LIVED ANATEXIS IN THE EXHUMED 

MIDDLE CRUST FROM THE TORNGAT OROGEN AND 

EASTERN CORE ZONE: CONSTRAINTS FROM 

GEOCHRONOLOGY, PETROCHRONOLOGY, AND PHASE 

EQUILIBRIA MODELING 

3.1. Introduction 

The Torngat Orogen (TO) is a deeply eroded, transpressional, hot, narrow, and 

doubly-vergent Paleoproterozoic orogenic belt in northeastern Canada (Wardle et al., 

2002, and references therein). It exposes deep orogenic granulitic crust as a narrow 

(roughly 150 km wide and 600 km long) mountain belt resulting from the collision 

between the Core Zone (CZ), an Archean microcontinent of uncertain origin, and the 

North Atlantic Craton (NAC). The narrow width of the TO granulitic belt 

distinguishes it from much wider granulitic belts of other Paleoproterozoic orogens 

worldwide (Zhao et al., 2002). The development of high-grade metamorphic 

conditions and extensive shear deformation in such a narrow region is not expected in 

Large Hot Orogens (LHOs) where such granulite grade anatexis is common (e.g., 

Jamieson & Beaumont, 2013). However, it has been suggested that Paleoproterozoic 

orogens might mark the transition from ultra-hot Archean accretionary orogens 

involving weak lithospheres and younger orogens involving stiff lithospheres 

(Chardon et al., 2009; Cagnard et al. 2011), introducing new types of orogens like the 

hot orogen and mixed-hot orogen, which might better represent the TO. In addition, 

transpressive orogens undergo much slower cooling, and therefore remain at a more 

uniform and elevated thermal state due to the absence of important tectonic 

exhumation processes (Thompson et al., 1997). Thus, both the transpressive nature 

(Van Kranendonk & Ermanovics, 1990; Wardle & Van Kranendonk, 1996) and the 
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Paleoproterozoic age of the TO might account for its limited width yet intensive high-

grade metamorphism.  

On the other hand, limited field observations at the TO-CZ boundary (e.g., 

Taylor, 1979; Girard, 1990b) have so far hindered efforts to reconstruct the tectonic 

and metamorphic history of the region. Recent field observations suggest that 

widespread anatexis occurred west of the Torngat granulites (Verpaelst et al., 2000; 

Simard et al., 2013; Lafrance et al., 2014, 2015). It is not clear whether the CZ 

experienced partial melting during the Archean, as initially thought (Nunn et al., 1990; 

Ryan, 1990; Wardle et al., 1990; Isnard et al., 1998), or if the metamorphic character 

of this Archean block was acquired during the Torngat Orogeny, thus making at least 

the eastern CZ a part of the TO. 

In this contribution, we present a regional thermobarometry survey across the 

TO-CZ boundary combined with phase equilibria modeling, U-Pb zircon and monazite 

geochronology, and Lu-Hf and Sm-Nd garnet petrochronology. The integration of a 

regional metamorphic survey with P-T-t-D paths provided a robust framework to 

investigate the extent and nature of Torngat metamorphism, and to infer geological 

processes in hot transpressional orogenic belts. In particular, the combination of 

garnet, zircon, and monazite petrochronology coupled with phase equilibria modeling 

provided constraints on the long duration of anatexis in the TO. Results also suggest 

that the CZ underwent significant Paleoproterozoic reworking, leaving no obvious 

reason to exclude it from the TO. Taken as a whole, the TO and CZ may illustrate the 

evolution from a mixed-hot (Chardon et al. 2009) to a hot (Ellis et al. 1998) 

transpressional orogen. 
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3.2. Geological background 

The TO forms the easternmost part of the Southeastern Churchill Province 

(SECP), which in turn is part of the larger scale Trans-Hudson Orogen (THO; Fig. 3-

1). The THO is exposed from the northwestern United States to Southern Greenland as 

a collage of Archean cratons and Paleoproterozoic supracrustal belts that underwent 

substantial high-temperature reworking at c. 1.92-1.80 Ga (e.g., St-Onge et al., 2006; 

Corrigan et al., 2009) during the formation of the Nuna Supercontinent (Zhao et al., 

2002; Evans & Mitchell, 2011). The SECP represents an eastern branch of the THO 

and consists of a 250-km-wide N-S trending Archean block, the CZ, bordered to the 

east and west by two Paleoproterozoic orogens, the TO and New Quebec Orogen 

(NQO), respectively, and to the south by the Mesoproterozoic Grenville orogen. 

Whereas the NQO is expressed as a fold-and-thrust belt with greenschist- to 

amphibolite-facies metamorphism, the TO is characterized by ductile deformation and 

granulite-facies metamorphism (Wardle et al., 2002, and references therein). The 

whole SECP is thought to result from a two-stage collision, first between the CZ and 

NAC, forming the TO around 1.87-1.82 Ga, and second between the Superior Craton 

and the amalgamated CZ/NAC, forming the NQO around 1.82-1.77 Ga (Wardle et al., 

2002).  

The TO outcrops as a doubly-vergent structure formed by variably migmatized 

and highly-strained rocks (Wardle et al., 2002). Mapping (e.g., Ermanovics & Van 

Kranendonk, 1998) and thermobarometry surveys (e.g., Mengel & Rivers, 1990; Van 

Kranendonk, 1996; Mengel & Rivers, 1997) indicate that mid-pressure granulite facies 

conditions were reached, as is expressed by widespread anatexis. Granulite facies 
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Figure 3-1: Geological setting of the Southeastern Churchill Province. 

This figure shows its tripartite structure (New-Quebec Orogen ‒ Core zone ‒ Torngat Orogen) and the 

main domains and shear zones. The inset map shows the position of this geological province (black 

square) in the Trans-Hudson Orogen (THO). The study area is delimited by a bold dashed line. 

Modified from Wardle et al. (2002) after the works of Lafrance et al. (2015). 

rocks at the core of this orogenic belt are affected by regional N-S shear zones that are 

exposed as granulite-facies and retrograde amphibolite- to greenschist-facies 

mylonites, such as in the Abloviak Shear Zone (ASZ). These shear zones record 

transpressional convergence between the CZ and Nain Craton (Goulet & Ciesielski, 

1990; Van Kranendonk & Ermanovics, 1990; Van Kranendonk & Scott, 1992; Van 

Kranendonk, 1996; Mengel & Rivers, 1997; Ermanovics & Van Kranendonk, 1998). 
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The fan-shaped TO can be subdivided into four principal domains: the eastern Torngat 

foreland, the central Tasiuyak Gneisses and Lomier Complex, and the western 

Sukaliuk Complex. In addition, the Burwell and Four-Peak domains are present in the 

northern part of the TO. 

The sub-vertical central axis of the orogen comprises partially melted pelitic to 

semi-pelitic paragneisses and quartzo-feldspathic gneisses (Tasiuyak Gneisses; 

Wardle, 1983), as well as metaplutonic rocks interpreted as the roots of a magmatic 

arc emplaced in the CZ margin by c. 1877 Ma (Lomier Complex; Bertrand et al., 

1993; Ermanovics & Van Kranendonk, 1998). Granulitic and highly-strained rocks of 

the axial zone contrast markedly with the sub-greenschist to amphibolite facies rocks 

of the Torngat foreland. The latter is interpreted as the passive margin sequence of the 

Nain Province (Wardle et al., 2002). On the western flank of the TO are granulitic 

orthogneisses and paragneisses of the Sukaliuk Complex, which are in sharp tectonic 

contact with amphibolite-facies orthogneisses and paragneisses of the CZ. The 

Burwell domain dominates the northern part of the TO and contains Opx-bearing and 

Opx-absent plutonic suites that were emplaced into the Nain Craton margin and the 

Tasiuyak Gneisses (Van Kranendonk et al., 1994; Scott, 1995a, 1995b, 1998; Scott & 

Machado, 1995; Van Kranendonk & Wardle, 1996; Campbell, 1997). 

Previous geochronology and thermobarometry studies suggest that the Torngat 

orogenic belt underwent three distinct tectonometamorphic phases (Van Kranendonk, 

1996; Mengel & Rivers, 1997; Ermanovics & Van Kranendonk, 1998; Scott, 1998; 

Wardle et al., 2002). Following Burwell arc magmatism between c. 1910 and 1885 Ma 

(U-Pb zircon and monazite geochronology; Scott, 1995a, 1995b, 1998; Scott & 
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Machado, 1995), continental collision between the CZ and Nain Craton occurred at 

c. 1870-1850 Ma (U-Pb zircon and monazite geochronology on granulites and syn-

collisional intrusions; Bertrand et al., 1993) and is associated with development of the 

doubly-vergent structure and peak metamorphic conditions of 9.0-11.5 kbars and 800-

950°C (Mengel & Rivers, 1990, 1991, 1997; Bertrand et al., 1993; Rivers et al., 1996; 

Van Kranendonk, 1996). Following crustal thickening, the second phase of collision 

occurred at c. 1845-1825 Ma (U-Pb dating of monazite and zircon from syntectonic 

intrusions; Bertrand et al., 1993) and was accompanied by transpressional deformation 

that produced regional N-S shear zones (such as the ASZ), folding of the gneissic 

foliation, and subhorizontal mineral lineations (e.g., Goulet & Ciesielski, 1990; Van 

Kranendonk & Ermanovics, 1990; Ermanovics & Van Kranendonk, 1998). This 

sinistral shearing was coeval with a gradual decrease of metamorphic P-T conditions 

to 5.0-7.3 kbars and 550-750°C (Mengel & Rivers, 1990, 1991; Van Kranendonk, 

1996), and occurred in two pulses at the beginning and end of the second collisional 

phase (Van Kranendonk, 1996). Final exhumation and cooling is constrained between 

c. 1800 and 1730 Ma (based on Ar-Ar amphibole and biotite geochronology, U-Pb 

titanite geochronology, and Sm-Nd garnet geochronology; Mengel et al., 1991; 

Bertrand et al., 1993; Scott, 1995a, 1995b; Scott & Machado, 1995), and may have 

produced east-vergent mylonites affecting the northern part of the TO (e.g., the 

Komaktorvik Shear Zone; Bertrand et al., 1993; Scott, 1995a). 

Compared with the high-grade sheared rocks of the TO, the Archean gneissic 

basement and overlying supracrustal rocks of the CZ are characterized by more 

pervasive but less intense deformation, and dominantly amphibolite-facies mineral 



34 

assemblages (Simard et al., 2013; Lafrance et al., 2014, 2015; Charette & Guilmette, 

2014). Widespread partial melting of this region is expressed in the field by 

leucosome-residuum segregation, flow structures, and felsic intrusions interpreted as 

evolved anatectic products (Simard et al., 2013; Lafrance et al., 2014, 2015; Charette 

& Guilmette, 2014). Syn-tectonic intrusions are present throughout the CZ, the largest 

being the De Pas Batholith that extends over more than 600 km in a NNW-SSE axis. 

Most rocks of the CZ are deformed by large kilometric NNW-SSE and NW-SE shear 

zones outcropping as greenschist to amphibolite facies mylonites, such as the George 

River Shear Zone (GRSZ). The final phase of deformation in these shear zones may be 

coeval with oblique convergence during the New Quebec Orogeny (e.g., James & 

Dunning, 2000; Wardle et al., 2002). Based on numerical modelling, Ellis and 

Beaumont (1999) suggested that if the CZ behaved in a weakened manner during the 

New Quebec Orogeny, then deformation may have been transferred pervasively 

throughout the CZ and thus reactivated structures within the TO. 

3.3.  Field observations 

The present study focuses on the western flank of the TO (Sukaliuk and 

Lomier complexes) and the eastern CZ, east of the GRSZ (Fig. 3-2). Before 1999, our 

knowledge of this remote part of the SECP was limited to a regional 1:1,000,000 map 

by Taylor (1979), a 1:50,000 map by Girard (1990b) in the Lomier Complex, and the 

coastal reconnaissance around Ungava Bay by Goulet and Ciesielski (1990). Recent 

mapping by the provincial geological survey highlighted the contrasting features of the 

hot, partially molten, and pervasively deformed CZ rocks and the granulitic, highly-
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strained rocks of the TO (e.g., Verpaelst et al., 2000; Simard et al., 2013; Lafrance et 

al., 2014, 2015). 

3.3.1.  Eastern Core Zone 

East of the GRSZ, the CZ consists of Archean gneissic basement overlain 

unconformably by supracrustal rocks and intruded by Paleoproterozoic plutons. The 

Archean (c. 3030-2600 Ma) tonalitic to granitic orthogneisses frequently have 

migmatitic structures. Simard et al. (2013) and Lafrance et al. (2014, 2015) described 

the variable degree of partial melting of the Archean basement based on the proportion 

of leucosomes (10% to > 50%) and outcrop-scale flow structures (net-structure to 

stromatic migmatites). The large influence of partial melting is also reflected by 

outcrop-scale melt migration structures, and more regionally, by the genetic link 

between the migmatitic gneisses and large felsic masses interpreted as evolved partial 

melting products (anatectic granite; Simard et al., 2013; Lafrance et al., 2014, 2015). 

Several c. 1850-1760 Ma ages from metamorphic zircons, monazites, amphiboles, 

biotites, and titanites from the gneisses, as well as crystallization ages of c. 1820-

1805 Ma for anatectic granites, indicate that Paleoproterozoic metamorphism affected 

the Archean gneisses (e.g., Nunn et al., 1990; Ryan et al., 1991; Isnard et al., 1998; 

James & Dunning, 2000; Simard et al., 2013; Lafrance et al., 2014, 2015). Migmatitic 

structures (stromatic to diatexite migmatites) are also commonly observed in the 

metasedimentary rocks assigned to the Lake Harbour Group. In the study area, 

Figure 3-2: Regional geology of the study area and sample location. 

To the west, the study area is limited by the George River Shear Zone. Light grey symbols are 

metasedimentary rock samples, dark grey symbols are intermediate and mafic samples, and red symbols 

are samples selected for geochronology. Grey hade background is magnetic susceptibility reflecting the 

regional structures. Simplified geological map after the works of Lafrance et al. (2015). 
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supracrustal sequences occur as kilometric slivers in the orthogneisses, and consist 

mostly of impure quartzite and pelitic to sub-pelitic metasedimentary rocks. 

Sillimanite is only locally observed and no Opx-bearing metasedimentary rocks are 

reported in the CZ (e.g., Verpaelst et al., 2000; Simard et al., 2013; Lafrance et al., 

2014, 2015). 

The principal rocks intruding the CZ gneissic basement in the study area are 

part of the De Pas Batholith. These rocks are interpreted as part of a subduction-

related or syn-collisional arc that formed by c. 1840-1805 Ma (U-Pb zircon 

geochronology), and which crosscuts the CZ over more than 600 km along a NNW-

SSE axis (Krogh, 1986; Dunphy & Skulski, 1996; James et al., 1996; Isnard et al., 

1998; James & Dunning, 2000). In addition, the Imaapik Complex, a circular 30-km 

wide Opx-bearing pluton, was emplaced by c. 1875-1851 Ma in the CZ gneisses (U-

Pb zircon geochronology; Lafrance et al., 2015). Both intrusions are syn- to post-

tectonic and were affected by the GRSZ, which had a dextral strike-slip kinematic 

motion (Girard, 1990a; Bardoux et al., 1998; Simard et al., 2013; Lafrance et al., 

2014, 2015). 

A gneissic fabric is developed in all pre-tectonic lithologies, and is frequently 

affected by partial melting, which produced irregular flow structures. The regional 

fabric tends to become parallel to the orogenic belt axis as it approaches the Blumath 

Deformation Corridor (BDC). This N-S corridor outcrops as shear zones with 

subhorizontal mineral lineations and sinistral kinematic indicators (Verpaelst et al., 

2000). In the study area, brittle faults parallel to the shear zones obliterate the ductile 

structures, and are associated with low-temperature alteration (e.g., hematitization, 
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epidotization, and chloritization; Lafrance et al., 2015). The BDC may represent the 

tectonic boundary between the amphibolite facies rocks of the CZ and the granulite 

facies rocks of the TO (Verpaelst et al., 2000; Charette & Guilmette, 2014). 

3.3.2. Western Torngat Orogen 

The western flank of the TO consists of orthopyroxene-bearing paragneisses 

and orthogneisses that are subdivided in two lithodemic domains: the Sukaliuk 

Complex and the Lomier Complex. In both domains, pervasive transpressive 

deformation is reflected by steep NNW-SSE to N-S tectonometamorphic foliation and 

subhorizontal mineral stretching lineations. This pervasive deformation completely 

obscures stratigraphic and intrusive relationships. Discrete high-strain zones are also 

present as kilometric mylonite corridors with amphibolite facies mineral assemblages. 

The Sukaliuk Complex is characterized by a tight, kilometric imbrication of 

felsic granulitic orthogneisses, paragneisses, and mafic gneisses parallel to the 

regional NNW-SSE trend of the orogen. Orthogneisses are dominantly felsic, but 

characteristically show a banded structure produced by decimetric dioritic layers and 

ribbons of coarse-grained leucocratic enderbites, which may represent evidence of 

partial melting (Lafrance et al., 2015). Paragneisses consistently show clear evidence 

of partial melting and include sillimanite or orthopyroxene in addition to garnet, 

biotite, feldspar, and quartz. In the western Sukaliuk Complex close to the BDC, the 

proportion of leucosomes in outcrop increases significantly, and stromatic metatexite 

to schlieric diatexite and Grt-bearing anatectic granites are frequently observed. These 

features contrast with the transposed centimetric-to-decimetric Grt- or Opx-bearing 

leucosome ribbons observed elsewhere in the Sukaliuk Complex. Mafic gneisses are 
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often subordinate to paragneisses, but also form large kilometric lenses. These 

lithologies sometimes include garnet and show evidence of partial melting in the form 

of in situ melt pods and felsic ribbons containing large euhedral orthopyroxene 

crystals. 

The Lomier Complex is distinguished from the Sukaliuk Complex by its 

dominance of magnetic metaplutonic rocks and gneisses, a limited abundance of 

supracrustal slivers, and strong sinistral deformation associated with the ASZ (Wardle 

et al., 2002). The metaplutonic character of the Lomier Complex is reflected by an 

abundance of foliated to gneissic enderbites and charnockites, as well as recrystallized 

and weakly foliated mafic rocks. Large kilometric deformation corridors completely 

obliterate the granulitic mineralogy of the country rocks, and are associated with 

amphibolite facies mineral assemblages. Although intrusive relationships are 

obscured, Girard (1990b) suggested that gneisses within the Lomier Complex may 

represent deformed equivalents of foliated metaplutonic rocks. Imbricated within the 

metaplutonic rocks are kilometric to pluri-kilometric supracrustal slivers that are 

predominantly comprised of aluminous metasedimentary rocks and metabasalts as 

well as subordinate iron formations, marbles, calc-silicates, quartzites, and quartzo-

feldspathic rocks (Girard, 1990b). The origin and crystallization age of this lithodemic 

domain is still controversial. Although Bertrand et al. (1993) obtained a U-Pb zircon 

crystallization age of 1877±1 Ma for an enderbite within the Lomier Complex, 

numerous dates between 1850 and 1820 Ma were also obtained (U-Pb zircon and 

monazite geochronology; Ermanovics & Van Kranendonk, 1998). Ermanovics & Van 
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Kranendonk (1998) suggested an arc origin for the Lomier Complex based on its calc-

alkaline affinity and negative ԐNd values. 

3.4. Sampling methodology 

3.4.1. Multi-technique approach to constrain P-T-t-D paths 

Undertaking tectonometamorphic studies in high-grade terrains requires extra 

considerations since initial assumptions for thermobarometry, phase equilibria 

modeling, and geochronology are unrealistic. To account for the effect of 

metamorphic processes on phase equilibrium and radioactive isotope systems, our 

approach for reconstructing the tectonometamorphic evolution of the TO and eastern 

CZ involves integration of thermobarometry on multiple protoliths with 

geochronology on different metamorphic minerals (garnets, zircons, and monazites) 

using multiple radioactive isotope systems (Lu-Hf, Sm-Nd, and U-Pb). 

In high-grade terrains, element diffusion is enhanced because of high 

temperature and the availability of melt as an intercrystalline transport medium, which 

promotes chemical reactions and the attainment of equilibrium at peak metamorphic 

conditions. However, melt crystallization during retrograde evolution can affect the 

equilibrium conditions preserved in anatectic rocks (e.g., White & Powell, 2002; 

Indares et al., 2008; Guilmette et al., 2011). Although prograde metamorphic 

microstructures may be preserved in residuum (isolated from melts; e.g., Kriegsman, 

2001), most melt-bearing rocks are re-equilibrated during melt crystallization (e.g., 

Brown, 2002). Also, as highlighted by Florence & Spear (1991), Spear (1991, 1992), 

and Spear & Florence (1992), intracrystalline diffusion as well as exchange and net 

transfer reactions during cooling may severely alter the growth zoning and 
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composition of minerals, which may cause thermobarometry to yield erroneous P-T 

estimates even when using minerals in textural equilibrium. 

In order to retrieve the largest spectrum of preserved metamorphic conditions, 

our sampling methodology focused on rocks with different solidus conditions, 

including metasedimentary rocks and intermediate to mafic gneisses. The higher 

vapor-free solidus conditions of mafic rocks results in lower melt production 

compared with metasedimentary rocks at equivalent metamorphic conditions. Hence, 

metamafic rocks will preferentially preserve near-peak metamorphic conditions, 

whereas metasedimentary rocks are more likely to preserve retrograde conditions in 

high-grade terrains (Fig. 3-3). 

The effect of high-grade metamorphic conditions on zircon and monazite 

behavior in anatectic rocks has been demonstrated by case studies and modelling (e.g., 

Roberts & Finger, 1997; Bea & Montero, 1999; Schaltegger et al., 1999; Williams, 

2001; Kelsey et al., 2008; Yakymchuk & Brown, 2014). As predicted by phase 

equilibria modeling, zircons and monazites in high-grade terrains rarely yield ages 

corresponding to prograde metamorphism. Whereas protolith zircons are more 

resistant and may be preserved during prograde evolution, forward modeling of melt-

bearing metasedimentary rocks predicts that, in most cases, monazites are more 

reactive and are preferentially dissolved prior to peak metamorphism. A small fraction 

of monazites may survive peak metamorphic conditions depending on the protolith 

composition, melt extraction processes, and P-T path (Kelsey et al., 2008; Yakymchuk 

& Brown, 2014). In many case studies (e.g., Roberts & Finger, 1997; Williams, 2001), 

zircon and monazite from anatectic rocks and granulites primarily record post-peak 
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metamorphic ages. Consistent with these observations, forward modeling predicts that 

new crystals will grow along the retrograde path, primarily when close to solidus 

conditions (Fig. 3-3). The proportion of inherited versus new metamorphic crystals 

depends in part on the REE concentration of the protolith and on melt extraction. 

To obtain good time constraints for the different metamorphic stages of the 

Torngat Orogeny, we used Lu-Hf and Sm-Nd garnet geochronology as well as U-Pb 

zircon and monazite geochronology on multiple rock types. The U-Pb zircon and 

monazite dates are more likely to reflect retrograde crystal growth in anatectic rocks.  

 

Figure 3-3: Schematic P-T path illustrating behavior of radioactive isotope systems in suprasolidus 

rocks at high-grade conditions. 

Effective closure temperature for Lu-Hf and Sm-Nd in garnet are from Smit et al. (2013) and for U-Pb 

in zircon and in monazite are from Lee et al. (1997) and Spear and Parrish (1996), respectively. Mineral 

stability fields are taken from Johnson et al. (2008) who modeled phase equilibria for metagreywacke. 

Crd (yellow) + Opx (bleu) stability field is in green. Crd (yellow) + Bt (red) stability field is in orange 

light orange. Crd (yellow) + Bt (red) + Grt (grey) stability field is in dark orange. 
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In contrast, the Lu-Hf system in garnet can preserve the time of prograde garnet 

growth because of a high effective closure temperature (minimum Tc ˃ 850°C for a 

slow cooling rate, i.e., 2-5°C/Ma; Smit et al., 2013). On the one hand, garnets grow in 

metasedimentary rocks during a large segment of the prograde evolution, and 

henceLu-Hf garnet dates should reflect prograde metamorphism. On the other hand, 

garnets crystallize in metamafic rocks during the high-P segment of the prograde 

metamorphic path, resulting in Lu-Hf garnet dates that are weighted toward the age of 

peak metamorphism. Because of its lower effective closure temperature (minimum 

Tc > 700°C for a slow cooling rate, i.e., 2-5°C/Ma; Smith et al., 2013), the Sm-Nd 

isotope system in garnets is expected to preserve cooling ages for upper amphibolite 

and granulite facies rocks, such as those preserved in the study area. 

3.4.2. Samples 

The lithologies sampled for this study are quartzo-feldspathic gneisses and 

intermediate to mafic meta-igneous rocks collected along a cross-section (> 100 km 

long) from the Lomier Complex (east) to the eastern CZ (west) (Fig. 3-2). Twenty 

samples were studied – 12 quartzo-feldspathic gneisses (CZ = 2, Sukaliuk 

Complex = 9, Lomier Complex = 1) and 8 intermediate and mafic rocks (Sukaliuk 

Complex = 5, Lomier Complex = 3). The two samples studied from the CZ were 

selected from petrographic analysis of 13 samples (see Charette & Guilmette, 2014). 

These selected samples had larger mineral assemblages and were homogeneous. No 

mafic samples were studied from the CZ because of their low abundance in the area 
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and because of their limited number of mineral phases (producing high degrees of 

freedom). 

The quartzo-feldspathic samples are interpreted as metasedimentary rocks 

because of their abundant Al-rich minerals (e.g., garnet and sillimanite), outcrop-scale 

compositional layering, and extensively developed migmatitic structures that range 

from stromatic metatexites to schlieric migmatites (e.g., Figs. 3-4a-b). These 

lithologies are exposed as layered gneisses, where banding is produced by alternating 

layers of leucosomes, mesosomes/residuum, and sometimes paleosomes. In some 

cases (e.g., sites 3008-A, 6150-A, 6084-A, 1098-A, and 6129-A), decimetric to metric 

layering is produced by a combination of differences in mineralogy, degree of partial 

melting, and rheological behavior, which suggests variations in protolith 

compositions. Only Lomier Complex sample 6210-A comes from a homogeneous 

outcrop where no clear evidence of partial melting was observed (Fig. 3-4f). Core 

Zone samples have no more than a few sillimanite crystals (<1%) and no 

orthopyroxene. By contrast, samples from the Lomier and Sukaliuk complexes 

generally include either sillimanite or orthopyroxene in addition to garnet and 

abundant biotite, feldspar, and quartz. 

The intermediate and mafic samples from the Sukaliuk and Lomier complexes 

exhibit contrasting characteristics. In the Sukaliuk Complex, the samples are from 

garnet-bearing straight gneisses that are intermediate to mafic in composition (Fig. 3-

4g). In the Lomier Complex, samples were collected from homogeneous, granoblastic, 

and garnet-free mafic rocks. In mafic lithologies, only limited evidence of partial 

melting was observed, such as centimetric melt pods with large orthopyroxene
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crystals (Fig. 3-4h), with the exception of sample 6117-A where large Opx-bearing 

and Grt-bearing leucosomes were observed on outcrop (Fig. 3-4g). 

3.5. Petrographic analysis and mineral chemistry 

3.5.1. Analytical methods 

For partially melted rocks, samples were collected from mesosomes that form 

homogeneous layers. At the hand-sample scale, homogeneity and absence of melt 

migration structures suggest a closed system (except for the vapor phase). Leucosomes 

were avoided because prograde and peak metamorphic microstructures and 

mineralogical assemblages are more likely to be preserved in mesosomes and 

residuums (e.g., Kriegsman, 2001; Brown, 2002; White & Powell, 2002). 

For each sample, polished thin sections were studied using an optical 

microscope and SEM imaging (Appendix 1; Fig. S1). Energy Dispersive X-ray 

Spectroscopy – Scanning Electron Microscopy – Mineral Liberation Analysis (EDS-

SEM-MLA) was conducted at the Memorial University of Newfoundland. 

Figure 3-4:  Representative structures of lithologies sampled for thermobarometry and geochronology. 

a)-b) partially molten metasedimentary rock (Grt+Bt+Pl+Kps+Qz+Ilm) influenced by melt segregation, 

melt migration, asymmetric folding and boudinage (Core Zone; panel a shows site where sample 3008-

A was obtained); c) Grt+Sil+Bt+Pl+Kps+Qz+Ilm metasedimentary rocks with straight layering 

produced by melt segregation (Grt-Opx-bearing leucosomes are shown in inset; Sukaliuk Complex; site 

where sample 1098-A was obtained); d)-e) Grt+Opx+Bt+Pl+Kfs+Qz+Ilm±Opx migmatized 

metasedimentary rocks with straight layering and stretched garnets (Sukaliuk Complex); f) homogenous 

metasedimentary rocks with abundant large poikilitic garnets (Lomier Complex; site where sample 

6210-A was obtained); g) Grt-Opx-Cpx-bearing mafic gneiss with Opx-bearing leucosomes (Sukaliuk 

Complex; site where sample 6117-A was obtained); h) granoblastic metagabbro with limited evidence 

for partial melting evidence (Opx-bearing melt pods). 
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Mineral chemistry was investigated through spot analyses of major and trace 

element contents of solid solution minerals as well as garnet compositional maps 

(presented in Appendix 2; Table S1 and Fig. S2, respectively). Analyses were 

conducted on a CAMECASX-100 five-spectrometer electron microprobe located at 

Université Laval. For spot analyses, analytical conditions were set to 15.0 kV and 

20.0 nA. Counts on the principal energy peak of each element were acquired during 15 

to 20 seconds of analysis and were preceded by measurement of background counts 

for half this time. Calibration standards were minerals (GEO standard block of P&H 

Developments), oxides (Smithsonian microbeam standards), and metals (mineral 

standard mount MINM25-53 of Astimex Scientific Limited; reference samples from 

Jarosewich et al., 1980). Data were reduced following procedures from Pouchou & 

Pichoir (1991; PAP model). All analyses with total major oxide contents below 98.5% 

and over 101.5% were rejected. Uncertainties on analyses are below 0.5 wt% (1σ). For 

Fe, Mn, Ca, and Mg garnet maps, analytical conditions were set to 15.0 kV and 

100.0 nA. The map resolution is typically 512 by 512 pixels and the elements of 

interest were analyzed at 20 ms per pixel. 

3.5.1. Results 

Throughout the study area, a common feature of both metasedimentary rocks 

and intermediate-mafic rocks is their general textural equilibrium. Typical outcrop-

scale structures and microstructures are presented in Figs. 3-4 and 3-5, respectively. 

Mineral chemistry diagrams and representative mineral analyses are presented in 

Fig. 3-6 and Table 3-1, respectively. Location of spot analyses and modal abundances 
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of minerals are reported with MLA imaging in Fig. S1 (Appendix 1). Mineral 

abbreviations used in this contribution come from Whitney and Evans (2010). 

3.5.1.1. Metasedimentary rock samples 

Metasedimentary rocks sampled from the Sukaliuk and Lomier complexes are 

composed of Grt-Bt-Pl-Kfs-Qz±Sil±Opx±Ilm±Rt, whereas those collected from the 

eastern CZ never include orthopyroxene, and sillimanite is only found as inclusions in 

garnets. In most cases, the samples have a gneissic structure produced by alternating 

ferromagnesian-rich layers (i.e., including garnet, sillimanite, orthopyroxene, and 

biotite) and quartzo-feldspathic layers (e.g., Figs. 3-4a-e). The partially melted 

character of metasedimentary rocks is reflected at the microscopic scale by the 

preservation of melt pseudomorphs trapped in garnet crystal lattices (Fig. 3-5a). 

In ferromagnesian layers, garnet typically has a modal abundance of 1-13% 

(locally reaching up to 27%, e.g., sample 6210-A). Garnet occurs as small (i.e., < 1-

2 mm) inclusion-free euhedral-to-subhedral porphyroblasts (type I; Fig. 3-5b), 

millimeter-scale (i.e., 5-15 mm) subhedral porphyroblasts with an internal foliation 

parallel or slightly oblique to the external foliation (type II; Fig. 3-5c), and large 

centimeter-scale (i.e., 1-4 cm) subhedral poikiloblasts (type III; Fig. 3-5d). 

Orthopyroxene (En 0.43-0.48, Fs 0.51-0.56, Wo 0.01) is sparsely present in three samples (1-

2%) as fractured and fragmented crystals in ferromagnesian-rich layers, and less 

frequently as euhedral crystals in leucosomes. In other samples, sillimanite (1-7%) is 

present in ferromagnesian layers as tabular crystals that are parallel to the 

subhorizontal mineral lineation. Biotite is present in all samples (6-16%) and usually
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Figure 3-5: Representative microstructures. 

a) melt pseudomorph trapped in garnet crystal lattice, picture from a Opx-bearing metasedimentary 

rock in the Sukaliuk Complex); b) euhedral type I garnet overprinting the external foliation, picture 

from a metasedimentary rock in the Core Zone; c) type II sigmoidal garnet crystal, picture from a 

metasedimentary rock in the Sukaliuk Complex; d) large Type III poikilitic garnet with quartz 

inclusions, picture from a migmatized metasedimentary rock in the Sukaliuk Complex; e) stretched type 

IV garnet crystal with an internal foliation parallel to the external foliation, picture from an intermediate 

gneiss in the Sukaliuk Complex; f) Intergrown Grt-Cpx producing the irregular crystal habits of type V 

garnets that mold the euhedral to subhedral pyroxene crystals, picture from a mafic gneiss in the 

Sukaliuk Complex. 
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has a tabular, euhedral to subhedral crystal habit, but sometimes has a skeletal 

microstructure, is kinked, or exhibits ductile deformation. Biotite crystals are oriented 

parallel to the regional tectonometamorphic foliation or to an oblique secondary 

foliation. In some samples, biotite crystals are not oriented in garnet pressure shadows 

(Fig. 3-5c). 

Type I garnets are primarily from the CZ and have well-developed crystal 

faces that overprint the tectonometamorphic foliation (Fig. 3-5b), suggesting a late- to 

post-kinematic origin. Type II garnets are exclusively present in Torngat samples east 

of the BDC, and are often flattened parallel to the foliation or form sigmoidal shapes 

and pressure shadows where biotite crystallized (Fig. 3-5c), suggesting an early to 

syn-kinematic origin. Type III poikilitic garnets are locally observed in samples east of 

the BDC (e.g., samples 6150-A and 6210-A), and have abundant quartz inclusions 

defining an internal foliation that is generally parallel to the external foliation (Fig. 3-

5d), suggesting a syn-kinematic origin. There is no correlation between garnet 

composition and morphology. Instead, garnet chemistry is largely homogeneous 

between cores and mantles, and chemical zoning is limited to the rims (Fig. 3-6). 

In samples containing Grt-Bt-Pl-Kfs-Qz±Ilm±Rt±Sil, garnets are almandine-

rich (Grs 0.00-0.05, Alm 0.53-0.79, Prp 0.15-0.42, Sps 0.01-0.04, Adr 0.00-0.07) with only a minor 

increase in XAlm and decrease in XPrp at the rim (i.e., < 5% variation; Fig. 3-6a). The 

proportion of spessartine and grossular end-members are homogeneous from core to 

rim (generally < 1% variation; Fig. 3-6a). Such flat patterns are characteristic of the 

obliteration of prograde zonation by intracrystalline diffusion at high temperature 
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(e.g., Caddick et al. ,2010). The Fe-Mg variations at the garnet rims suggest chemical 

exchange with the surrounding matrix during retrograde metamorphism (Spear, 1991; 

Kohn, 2014). This local interaction is even more important when biotite crystals are in 

contact with garnets, producing Mg-depleted garnet rims (Fig. 3-6a). 

By comparison, samples containing Grt-Opx-Bt-Pl-Kfs-Qz-Ilm include garnet 

that is more Ca-rich (i.e., Grs 0.03-0.14, Alm 0.65-0.73, Prp 0.12-0.23, Sps 0.02-0.05, Adr 0.00-0.04). 

These garnets show a characteristic increase of XGrs from 3.0-11.0% in the core to 8.0-

14.0% in the rim (i.e., 1.0-6.0% variation from core to rim; Fig. 3-6a), suggesting 

preservation of growth zoning. In general, Ca zoning is preferentially preserved 

because Ca diffusion is slow (Spear & Florence, 1992). However, in contrast to the 

bell-shaped Mn profiles typically produced during garnet growth (Hollister, 1966, 

1969), the flat spessartine profiles of these garnets indicate intracrystalline high-T 

homogenization. 

The Ti content and Fe/(Mg+Fe) ratio (Fe#) of biotites show two distinctive 

trends with respect to textural position (i.e., in the matrix or shielded as inclusions in 

garnets) and location in the study area. Biotite crystals in the matrix usually have a 

slightly higher Fe# and Ti content compared to biotite inclusions in garnets (Fig. 3-

6b). Because Ti substitution at the hydroxyl site of biotite is proportional to 

temperature when at or above amphibolite facies conditions (White et al., 2007), 

higher-grade conditions are inferred to be preserved in the garnet core mineralogy. 

Only biotite inclusions in Opx-bearing metasedimentary rocks and some Sil-bearing 

metasedimentary rock samples of the Sukaliuk Complex have lower or similar Ti 
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Table 3-1: Representative mineral chemistry. 

Analyses are classified by lithologies sampled from the different domains. Formula proportions of cations are based on: 6 oxygens for Opx; 8 oxygens for Pl, Kfs 

and Cpx; 22 oxygens for biotite; 23 oxygens for amphibole; and 24 oxygens for garnet. CZ = Core Zone; Suk = Sukaliuk Complex; Lom = Lomier Complex. 

C = Core; Grt-M = Garnet-Margin; Incl = Inclusion; M = Mantle; Mtx = Matrix; R = Rim. 
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Table 3-1 (continued) 
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contents compared with matrix crystals. In addition to these textural differences, a 

spatial increase in the Ti content of biotite is observed from west to east across the 

study area for both matrix and inclusion crystals. In addition, the Fe# of biotites from 

the Lomier Complex are significantly lower compared to those of the Sukaliuk 

Complex and the CZ (Fig. 3-6b). For example, in Grt-Bt-bearing metasedimentary 

rock samples, the Fe# of biotites increases from 0.16-0.28 to 0.28-0.43 to 0.43-0.54 in 

the Lomier Complex, Sukaliuk Complex, and CZ, respectively, which may reflect 

differences in metamorphic conditions and/or protolith compositions. 

When present, microlithons generally defined by the lepidoblastic biotite 

foliation consist of quartz and feldspar. Plagioclase and K-feldspar compositions are 

constant within each sample and are in general An0.27-0.43, Ab0.56-0.72 and Ab0.03-0.23, 

Or0.74-0.94, respectively (Table S1; Appendix 2). In these quartzo-feldspathic layers, 

deformation microstructures are well exposed and reveal distinctive deformation and 

metamorphic crystallization relationships for metasedimentary rocks east and west of 

the BDC. Samples from the Sukaliuk Complex and Lomier Complex are affected by a 

pronounced NNW-SSE tectonometamorphic foliation and show dynamic 

recrystallization microstructures that are expressed in the quartzo-feldspathic matrix as 

bulging, subgrain rotation (producing core-and-mantle microstructures), grain 

boundary migration, and deformed polycrystalline quartz ribbons (e.g., Fig. 5c). These 

microstructures affected the early-kinematic porphyroblasts (e.g., garnet and 

orthopyroxene), and therefore suggest that dynamic recrystallization occurred after 

growth of the peak metamorphic mineral assemblage. In contrast, CZ samples 

collected west of the BDC are characterized by a weakly developed, variably oriented 
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Figure 3-6: Mineral chemistry from microprobe and LA-ICP-MS analyses. 

a) representative garnet profiles. 6150-A Mg map and LA-ICP-MS garnet profile illustrate Mg-

depletion and Fe-enrichment at garnet rim when in contact with biotite. 6117-A Ca map and LA-ICP-

MS garnet profile illustrate the slight increase of Ca from core to rim, but the generally flat profiles of 

major elements in garnets; b) biotite composition. Arrows show the general trends observed in data. 

Trends in sample selected for advanced metamorphic study are identified by the sample number. 

c) clinopyroxene composition. Variations of mineral composition with P-T conditions are illustrated by 

schematic P-T graphs. Abbreviations: Mtx = matrix; Incl = inclusions. 
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tectonometamorphic foliation and have a weakly deformed quartzo-feldspathic matrix 

with dihedral angles in equilibrium (at ~ 120°) or local bulging at grain boundaries. 

Hence, the eastern CZ metamorphic mineralogy is late to post-kinematic. 

3.5.1.2. Intermediate and mafic rock samples 

The intermediate and mafic rocks have a different mineralogy in the Sukaliuk 

Complex versus the Lomier Complex. In the Sukaliuk Complex, these samples always 

contain garnet and orthopyroxene, and sometimes clinopyroxene, in addition to the 

assemblage Pl-Kfs-Ilm±Amp±Bt±Qz. Mafic rocks from the Lomier Complex do not 

include garnet and always contain both pyroxenes as well as Amp-Pl-Qz-Ilm±Bt. In 

contrast to the metasedimentary rocks, the intermediate and mafic rocks are 

characterized by a granoblastic microstructure and are only slightly affected by 

dynamic recrystallization. Microstructures related to high temperature deformation 

processes are limited to a very fine-grained fraction at grain boundaries (produced by 

bulging), and are most commonly observed in samples from the Sukaliuk Complex. 

In the Sukaliuk Complex, garnets have a modal abundance of 2-11% in 

intermediate and mafic rocks. In intermediate samples, garnets are spatially associated 

with pyroxene and are present as subhedral millimetric-to-centimetric porphyroblasts 

with polymineralic inclusions (type IV; Fig. 3-5e). These garnets are generally 

flattened parallel to the principal foliation and have multiple inclusions (dominantly 

quartz) oriented parallel to the external foliation (e.g., samples 2112-B and 6078-A), 

suggesting a syn-kinematic origin. In mafic samples, euhedral garnets with few 

inclusions are intergrown with clinopyroxene, forming centimetric polycrystalline 

aggregates (type V; Fig. 3-5f). 
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The chemistry of garnet porphyroblasts in intermediate and mafic rocks is 

similar for all samples, defining a single pattern in which XAlm and XGrs slightly 

increase by up to 6% from core to rim (i.e., cores: Grs 0.10-0.18, Alm 0.58-0.66, Prp 0.14-0.22, 

Sps 0.02-0.03, Adr 0.02-0.05; rims:  Grs 0.12-0.18, Alm 0.60-0.68, Prp 0.11-0.21, Sps 0.02-0.03, Adr 0.02-

0.07; Fig. 3-6a). As for Opx-bearing metasedimentary rocks, the increase of Ca content 

is inferred to be characteristic of growth zoning. However, flat profiles of XSps suggest 

that the growth zoning was partially obliterated by intracrystalline diffusion. There is 

no evidence for garnet resorption such as higher Mn contents at garnet rims (Kohn, 

2014). 

In both the Sukaliuk Complex and Lomier Complex, orthopyroxene and 

clinopyroxene are in textural equilibrium and generally have a euhedral crystal habit. 

In intermediate rocks from the Sukaliuk Complex, these crystals are flattened parallel 

to the principal foliation. Within each sample, the composition of orthopyroxene is 

homogeneous (En 0.41-0.53, Fs 0.46-0.58, Wo 0.01-0.04). However, orthopyroxene crystals 

from the Lomier Complex are more enstatite-rich (En 0.60-0.64, Fs 0.35-0.39, Wo 0.01-0.02), 

except for a metagabbro retrogressed to the amphibolite facies (En 0.48-0.49, Fs 0.50-0.51, 

Wo 0.01). Clinopyroxene from both domains have a Na composition that is proportional 

to the Al composition, which are used as proxies for the high-pressure jadeite 

component and the high-temperature Al-Al substitution (Tschermak’s component). 

Clinopyroxene from the Sukaliuk Complex have generally lower Na content (0.23-

0.42 wt%; En 0.31-0.37, Fs 0.17-0.31, Wo 0.36-0.48) compared with crystals from the Lomier 

Complex (0.34-0.82 wt%; En 0.34-0.42, Fs 0.13-0.20, Wo 0.40-0.48; Fig. 3-6c). 
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Amphiboles are classified as hornblende to potassian hornblende (Leake et al., 

2004) based on chemical formula calculations, assuming 23 oxygens. The amphiboles 

are in textural equilibrium with pyroxenes in metagabbros from the Lomier Complex, 

whereas they are present as hornblende-plagioclase symplectites that locally replace 

pyroxenes in mafic gneisses from the Sukaliuk Complex. 

In intermediate rocks and in mafic samples 6080-A and 6117-A, biotite occurs 

as subhedral intergranular crystals aligned in one or two orientations, whereas in other 

mafic samples, anhedral biotite crystals replace pyroxenes. Plagioclase and K-feldspar 

compositions of matrix crystals and inclusions in garnet are constant and 

indistinguishable (An0.34-0.49, Ab0.51-0.64, and Ab0.02-0.11, Or0.88-0.96, respectively). 

3.5.2. Microstructural interpretation 

Field observations and petrographic analysis corroborate the granulitic and 

highly-strained, ductiley-deformed character of the Torngat rocks east of the BDC. In 

samples from the eastern domains, stretched garnets, dynamic recrystallization 

microstructures, and subhorizontal mineral lineations comprising ductiley-deformed 

quartz ribbons and sillimanite crystals together characterize a region of ductile, highly-

strained deformation (Torngat mountains) that is most likely related to the 

transpression phase of the Torngat Orogeny. We suggest that in the Sukaliuk Complex 

and Lomier Complex, peak metamorphism predated or was early-kinematic compared 

with the principal transpressional deformation that overprints all prior structures. In 

contrast, peak metamorphism in the CZ was late-kinematic. 

Overall, the textural equilibrium and geochemistry of the studied samples 

suggest high temperature metamorphic conditions and slow cooling rates during the 
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Torngat Orogeny. Very few disequilibrium mineral assemblages and sluggish 

microstructures (e.g., local hornblende-plagioclase symplectites around pyroxenes) are 

observed, suggesting limited retrograde reactions. The generally flat major element 

profiles in garnets are consistent with efficient intracrystalline element diffusion at 

high temperature. In metasedimentary rocks, the limited chemical zonation in garnets 

and the textural equilibrium with matrix minerals is interpreted to reflect continuous 

re-equilibration of the suprasolidus mineral assemblage by a combination of high-

grade conditions and exsolution of H2O as a vapor phase during melt crystallization. 

Only the small Fe-Mg zoning at garnet margins may reflect local disequilibrium, 

which is interpreted as localized sub-solidus retrograde reactions with adjacent 

minerals. The only vestiges of prograde metamorphism in metasedimentary rock 

samples are melt pseudomorphs in garnet cores and garnet-quartz intergrowths, which 

both indicate that garnet cores are peritectic phases (see Waters, 2001, for further 

discussion). In Opx-bearing metasedimentary rocks and in intermediate and mafic 

gneisses, the flat Mn profiles also suggest important intracrystalline diffusion. 

However, prograde Ca zonation is partially preserved. This relic of prograde growth 

may have been preferentially preserved in these lithologies because of both smaller 

melt production (thus limiting element mobility) and the slower diffusion rate of Ca 

(Spear & Florence, 1992). 

In summary, evidence of partial melting was observed on outcrop and in thin 

section. Overall, chemical and textural homogeneity characterize the samples over the 

entire study area. Hence, we suggest that the Lomier Complex, the Sukaliuk Complex, 

and the CZ were all affected by high-grade metamorphic processes. The main 
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differences between these domains are the absence of orthopyroxene in the CZ 

samples, and the high-grade intracrystalline deformation and mineral lineations that 

overprint peak metamorphic mineral assemblages in the Sukaliuk and Lomier 

complexes. Therefore, the BDC could be regarded as an Opx isograd and the western 

limit of high-grade transpression deformation. However, no metamorphic 

geochronology data are available and an obvious break in peak metamorphic P-T 

conditions has not been recognized so far. Therefore, it remains uncertain whether or 

not the BDC represents the western limit of the TO. 

3.6. Geochronology 

3.6.1. Samples 

To constrain the timing of metamorphism associated with the Torngat 

Orogeny, 5 of the 20 studied samples were selected for U-Pb zircon and monazite 

geochronology and Lu-Hf and Sm-Nd garnet geochronology (Fig. 3-2). The samples 

include one metasedimentary rock from the eastern CZ, two metasedimentary rocks 

and one Grt-bearing mafic gneiss from the Sukaliuk Complex, and one 

metasedimentary rock from the Lomier Complex. 

3.6.1.1. Eastern Core Zone 

Sample 3008-A is a Grt-Bt-Pl-Kfs-Qz-Rt metasedimentary rock sampled from 

a pluri-kilometric lense of supracrustal rocks within the Lake Harbour Group. In 

outcrop, fine-grained homogeneous metasedimentary rocks alternate with decimeter-

thick bands of medium-grained quartzo-feldspathic rocks, interpreted as migrated melt 

(anatectic granite; Fig. 3-4a). Millimetric to centimetric ribbons of leucosome
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are also present within the metasedimentary rocks. The sample collected for 

geochronology is from a homogeneous metasedimentary layer where very few 

leucosomes were observed. In thin section, type I garnets are observed (i.e., 0.5-2 mm 

pinhead garnets with few or no inclusions; Fig. 3-5b). Subhedral to subrounded zircon 

crystals are in the matrix, and monazites often produce pleochroic halos in biotite. 

3.6.1.2. Sukaliuk Complex 

The two Sukaliuk metasedimentary rocks sampled for geochronology are part 

of metasedimentary sequences in which compositional variation is expressed by 

changes in mineral assemblages and the degree of partial melting. Located ~ 2 km east 

of the BDC, metasedimentary rock sample 6150-A is part of a kilometric band of 

migmatites and Grt-bearing anatectic granites. In outcrop, pluri-metric bands of 

diatexite with Grt-Bt-Sil schlierens, interpreted as residuum, alternate with layers of 

metasedimentary rocks with lower degrees of partial melting (i.e., metatexite). The 

metasedimentary rock sample chosen for U-Pb geochronology has the assemblage 

Grt-Sil-Bt-Pl-Kfs-Qz-Rt and includes 10-20% of leucosomes segregated in 

millimetric-to-centimetric ribbons. In thin section, garnets show intergrowth 

microstructures with quartz (type III garnet; 2-5 cm; Fig. 3-5d), which indicates 

inefficient diffusion of Si during crystallization of this peritectic phase, possibly 

related to melt extraction or segregation as suggested by Waters (2001). Zircon occurs 

primarily as free crystals in the matrix that are approximately 100 μm in diameter. 

Monazite is present as free, stubby, or sometimes elongated crystals (~100 μm) in the 

matrix, or as very small rounded crystals (<100 μm) shielded in garnet. 
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Metasedimentary rock sample 1098-A was collected farther southeast in a 

small kilometric supracrustal lense. These supracrustal rocks are characterized by 

alternating decimetric to metric layers of Sil-bearing migmatized metasedimentary 

rocks, Opx-bearing metasedimentary rocks, Grt-rich layers (up to 30% garnet), and 

Grt- or Opx-bearing quartzo-feldspathic bands interpreted as migrated leucosomes 

(Fig. 3-4b). The selected sample has a Grt-Sil-Bt-Pl-Kfs-Qz-Rt mineral assemblage 

and includes small leucosomes segregated in thin ribbons parallel to the 

tectonometamorphic foliation. In thin section, garnet crystals (type II) are flattened 

parallel to the planar fabric and prismatic sillimanite marks the stretching lineation. 

Few zircons are observed in thin section and are generally present in the matrix. 

Monazite is present in the matrix as free, large, and subrounded or stretched crystals 

(up to 300 μm), or less frequently as small subrounded inclusions (~ 100 μm) within 

garnets. 

Sample 6117-A is a Grt-Opx-Cpx-Bt-Pl-Kfs-Ilm mafic gneiss collected in a 

pluri-kilometric lenticular band comprising a sequence of meta-mafic gneisses and 

metasedimentary rocks within the regional enderbitic gneiss. In outcrop, the mafic 

gneiss sampled dominantly occurs as Grt-Opx-Cpx layers that alternate at a decimeter-

to-meter scale with Grt-rich layers and Grt-Opx-bearing leucosomes (Fig. 3-4g). In 

thin section, type IV garnets are observed (~ 0.5-1 cm; Fig. 3-5f). Zircon crystals are 

mostly present in the matrix and no monazite crystals were observed. 

3.6.1.3. Lomier Complex 

Metasedimentary rock sample 6210-A was collected from a hectometric lense 

of supracrustal rocks within the Lomier Complex enderbitic gneiss. This homogeneous 
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outcrop is characterized by abundant (20-30%) centimetric garnets (~ 1-4 cm; Fig. 3-

4f). Garnet-quartz intergrowth (type III garnets) is observed in thin section. In the 

quartzo-feldspathic matrix, small and subrounded zircon and monazite crystals 

(~100 μm) are present as free crystals or as inclusions in feldspars. Monazites are also 

observed as very small inclusions (50-100 μm) in garnets. 

3.6.2. U-Pb zircon geochronology 

3.6.2.1. Analytical method 

U-Pb isotope analyses were conducted by laser ablation inductively coupled 

plasma mass spectrometry (LA-ICP-MS) at the University of Toronto following 

standard procedures (e.g., Krogh, 1973; Corfu, 1988) that are summarized in 

Appendix 3. BSE and CL imaging of zircons are available in Fig. S3 (Appendix 4). 

Concordia diagrams and probability density histograms (Fig. 3-7) were 

calculated using Isoplot V. 4.15 (Ludwig, 2011). Error ellipses illustrated in Fig. 3-7 

and uncertainties in the text are reported at the 2σ level. Dates reported are based on 

207
Pb/

206
Pb ratios to minimize the effect of small amounts of recent Pb loss, which is 

inferred to be minimal based on the low discordance of U-Pb analyses for < 1.95 Ga 

zircons (96% of the 103 analyses are below or equal to ±5% discordance; 99% are 

below ±6% discordance). All analyses that were discordant by more than 6% were 

rejected. Because of their high U content, 11 zircons for sample 3008-A (CZ) were 

analysed by measuring 
235

U instead of 
238

U and have a large degree of discordance. 

Dates from Archean to early Paleoproterozoic fractured, subrounded zircon 

cores are reported but the main focus of this study is on homogeneous zircons and 
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zircon overgrowths that can date metamorphic event(s). These old zircons may have 

underwent multiple Pb loss events, particularly for zircon cores in sample 1098-A that 

are in most cases highly discordant. When a large number of subrounded zircon cores 

(> 1.95 Ga) were analysed from a sample (i.e., n > 25), detrital zircon populations 

were distinguished based on unmixing of multi-component data using Gaussian 

deconvolution. However, as studies suggest that more than 80-100 detrital zircon dates 

per sample are needed to be confident that major sedimentary source components have 

been detected (e.g., Morton et al., 1996; Whitehouse et al., 1997; Fernandez-Suãrez et 

al., 2000), sedimentary provenances were not identified. 

3.6.2.2. Results 

U-Pb isotope analyses, 
207

Pb
/235

U, 
206

Pb/
238

U and 
207

Pb/
206

Pb dates and degree 

of discordance are reported in Appendix 4 (Table S2). Concordia diagrams and 

probability density histograms are presented in Fig. 3-7. In all samples, analyses are 

scattered along or close to Wetherill’s concordia curve. 

In metasedimentary rock sample 3008-A from the CZ, zircons are either homogeneous 

stubby crystals with high U content, or prismatic to rounded crystals characterized by 

a core and overgrowth structure. Fractured and rounded cores have oscillatory or 

sector zoning, whereas overgrowths have a higher and uniform U content. Twenty-six 

analyses of homogeneous zircons and zircon overgrowths, with Th/U ratios typical of 

metamorphic zircons (in general < 0.1), yield dates between 1879 and 1825 Ma. These 

dates define a frequency maximum around c. 1854 Ma. Ten fractured cores and 

homogeneous U-rich crystals with higher Th/U ratios (generally ≥ 0.5) yield dates 

between 2597 and 2019 Ma. 
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Figure 3-7: U-Pb Concordia diagrams. 


