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ABSTRACT

Hall Peninsula, on SE Baffin Island, Canada, exposes a lithologically diverse mid-crustal section of

the Paleoproterozoic Trans-Hudson Orogen, which features Paleoproterozoic supracrustal strata
overlying Archean crystalline basement. Recent mapping, combined with petrological studies and

U–Pb monazite dating, provides new insights into the tectonothermal history of the internal zone of

the orogen, as well as mid-crustal orogenic processes in general. Peak metamorphic grade is con-

strained to progressively increase westward from mid-amphibolite- to granulite-facies conditions

and three regional deformation events are recognized: east-directed thin-skinned crustal shortening

(D1); east-vergent, thick-skinned thrusting and folding (D2); late-orogenic, north–south-directed, thick-
skinned folding (D3). Equilibrium phase diagram modeling constrained by garnet compositional

transects in pelite indicates peak mid-amphibolite-facies conditions on the eastern peninsula of

�720–740�C and 6�25–7�25 kbar, followed by cooling and late muscovite growth. In accordance with

field evidence for extensive biotite dehydration melting, peak metamorphic conditions of granulite-

facies pelite on the western peninsula are estimated at �810–890�C and �6�1–7�35 kbar. In situ U–Pb

monazite geochronology (laser ablation inductively coupled plasma mass spectrometry) constrains

the timing of peak metamorphism and concurrent D1 deformation throughout the peninsula to be-
tween c. 1850 and 1825 Ma, coincident with the accretion of crustal blocks and arc terranes during

the amalgamation of the orogenic upper plate. A younger population of c. 1800 Ma monazite implies

fluid-assisted dissolution–reprecipitation of older monazite, possibly related to the terminal collision

of the amalgamated upper plate Churchill domain with the lower plate Superior craton. Combined

with published observations, the integrated geochronological and petrological data suggest that the

crustal section exposed on Hall Peninsula remained at elevated temperatures (>550�C) for �100 Myr
after the thermal peak. Despite significant crustal thickening and sustained high temperatures, which

are comparable with those of large, hot orogens, the crustal section records no evidence of mid-

crustal ductile (channel) flow or rapid exhumation during orogenic collapse.

Key words: Trans-Hudson Orogen; P–T–t evolution; equilibrium phase diagram; in situ monazite
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INTRODUCTION

The Trans-Hudson Orogen (THO) is a collisional belt

that extends along-strike for �3000 km from the west-

ern USA to Greenland and has a long-lived accretionary
and collisional history between c. 1920 and 1800 Ma

(Fig. 1; Hoffman, 1988; Lewry & Collerson, 1990).

Characterized by significant crustal thickening and high-

grade metamorphism, the THO conforms in many ways

to the definition of a large, hot orogen (Beaumont et al.,

2006). It has been likened to the Himalayan Orogen (St-

Onge et al., 2006), and is considered a prototype for
modern accretionary processes (Corrigan et al., 2009;

St-Onge et al., 2009). The tectonic history of the

Quebec–Baffin segment of the THO has been well docu-

mented by previous studies (e.g. Lucas, 1989; St-Onge

et al., 2007; Corrigan et al., 2009), but tectono-

metamorphic investigations of Hall Peninsula (Figs 1
and 2), SE Baffin Island, have been limited by the lack of

comprehensive field and geochronological studies. The

peninsula provides a well-exposed oblique section of

thrust-imbricated supracrustal cover sequences and

crystalline basement, and an opportunity to compare

mid-crustal tectono-metamorphic processes in the in-

ternal zone of the THO with those of similarly large and/
or hot orogens. In this contribution, we integrate the re-

sults of recent mapping, petrographic studies and min-

eral analyses, equilibrium phase diagram modeling and

in situ U–Pb monazite geochronology (laser ablation

inductively coupled plasma mass spectrometry; LA-ICP-

MS) to decipher the Paleoproterozoic tectono-
metamorphic history of the internal zone of the THO.

Our results indicate that this segment of the orogen

reached peak metamorphism at mid-amphibolite-

to granulite-facies conditions under moderate pres-

sures at c. 1850–1825 Ma, with concurrent east-vergent

crustal shortening. The data suggest a regional, late-

orogenic tectonothermal event at c. 1800 Ma, and
together with previous geochronology (Scott,

1999) imply elevated temperatures (>550�C) until c.

1730 Ma. The apparent absence of channel flow and

orogenic collapse suggests large-scale rheological or

tectonic differences between the THO and similar

large and/or hot orogens, which may have implica-
tions for understanding the development of these

processes.

TECTONIC SETTING

The THO separates the lower plate Superior craton

from an upper plate collage of Archean crustal blocks
(Churchill plate; Hoffman, 1988; Lewry & Collerson,

1990). The Churchill plate in the Quebec–Baffin segment

of the THO (Fig. 2) consists of the Rae craton and sev-

eral microcontinents that accreted to the Rae margin

between c. 1880 and 1840 Ma, prior to the collision of

the Churchill plate with the Superior craton at 1820–
1795 Ma (St-Onge et al., 2009). The Meta Incognita

microcontinent (MIM; Fig. 2), which includes much of

southern Baffin Island, accreted to the Rae margin be-

tween c. 1883 and 1865 Ma (St-Onge et al., 2006). The
orthogneissic basement of the MIM is overlain by the

Paleoproterozoic Lake Harbour Group, a clastic–

carbonate shelf succession, and both basement and

cover are intruded by c. 1865–1848 Ma monzogranite to

quartz-diorite plutons (Cumberland Batholith; Scott &

Wodicka, 1998; St-Onge et al., 2000, 2007; Corrigan

et al., 2009; Whalen et al., 2010). Different cratonic ori-
gins have been proposed for the basement of the MIM

and Hall Peninsula, including the Superior, Rae or North

Atlantic craton, the Aasiaat domain in West Greenland,

the Core Zone in northern Labrador or a separate cra-

tonic block (Jackson et al., 1990; Scott, 1999; St-Onge

et al., 2000, 2009). Several proposed suture zones,
when projected, appear to converge on Hall Peninsula,

including the east-striking Baffin Suture, the east-

striking Disko Bugt and Nagssugtoqidian sutures, and

the NW-striking Abloviak Shear Zone (Fig. 2; Corrigan

et al., 2009; St-Onge et al., 2009; and references

therein).
Granulite-facies metamorphism and fabric develop-

ment in the MIM at c. 1849–1835 Ma have been attrib-

uted to the accretion of the Narsajuaq terrane (Fig. 2) at

c. 1845 Ma and Cumberland Batholith magmatism at c.

1865–1848 Ma (St-Onge et al., 2007) or, in a different tec-

tonic model, to the subduction of the Archean crystal-

line Sugluk Block beneath the MIM along the Big Island
Suture (Fig. 2; Corrigan et al., 2009; Whalen et al., 2010).

Metamorphic monazite and zircon growth with no asso-

ciated fabric is also documented in the MIM at c. 1833–

1829 Ma (Scott & Gauthier, 1996; Wodicka & Scott,

1997; St-Onge et al., 2007).
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Fig. 1. Simplified tectonic map of North America showing the
extent of the Trans-Hudson Orogen, the Superior craton and
the Churchill domain, including the Hearne, Rae, Wyoming and
Slave cratons. Hall Peninsula on Baffin Island is indicated on
the Meta Incognita microcontinent (MIM), outlined in white.
Modified after Hoffman (1988) and St-Onge et al. (2007).
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GEOLOGY OF HALL PENINSULA BASED ON
MAPPING (2012–2013)

Lithotypes
Eastern Hall Peninsula is dominated by Archean tonalite

and monzogranite gneisses (Fig. 3; Blackadar, 1967;

From et al., 2014; Steenkamp & St-Onge, 2014) ranging

from c. 2920 to 2701 Ma in age (Scott, 1999; Rayner,
2014, 2015). The Archean orthogneisses are unconform-

ably or tectonically overlain or interleaved with supra-

crustal sequences of variable thicknesses (10 m to

10 km) (Machado et al., 2013; Steenkamp & St-Onge,

2014). The cover sequences comprise basal quartzite

overlain by interbedded pelite and psammite or inter-
layered semi-pelite, meta-calcsilicate, meta-ironstone

and amphibolite. The strata have an estimated max-

imum depositional age of c. 1960 Ma (Rayner, 2014,

2015). The western peninsula consists of

Paleoproterozoic strata and plutonic rocks, with no

exposed Archean basement (Fig. 3). The western strata

comprise psammite, semi-pelite and quartzite, with rare

marble horizons (Machado et al., 2013; Steenkamp &

St-Onge, 2014), and have maximum depositional ages

of c. 2100–1906 Ma (Rayner, 2014, 2015). The metasedi-
mentary rocks host leucogranite bodies up to �100 m

thick that contain enclaves of pelite, one of which crys-

tallized at 1867 6 8 Ma (U–Pb zircon; Rayner, 2014). The

western strata also host orthopyroxene-bearing intru-

sions, including monzogranite and granodiorite, with

lesser diorite and mafic tonalite (Steenkamp & St-Onge,

2014) that range in age from c. 1890 Ma to c. 1852 Ma
(Scott, 1999; Rayner, 2014, 2015).

Mineral assemblages and metamorphic map
Metamorphic mineral assemblages in pelite were uti-

lized to compile a new metamorphic map for Hall
Peninsula (Supplementary Data Electronic Appendix 1,

Fig. A1.1; supplementary data are available for down-

loading at http://www.oxfordjournals.org), combining

both field observations and petrography. The mineral

assemblages and map document three metamorphic

mineral zones that reflect a westward increase in peak

metamorphic grade from mid-amphibolite- to granulite-
facies. Representative field photographs are provided in

Supplementary Data Electronic Appendix 1 (Figs A2.1

and A2.2).

The eastern metamorphic zone is characterized by

the mid-amphibolite-facies assemblage biotiteþ
muscovite 6 garnet 6 sillimanite 6 K-feldspar 6 quartzo-
feldspathic lenses (Fig. 3). The metamorphic S1 foliation

is defined by aligned biotite, sillimanite, quartzofeld-

spathic lenses and, in some cases, muscovite.

Sillimanite occurs as fibrolite that is surrounded by

quartz 6 K-feldspar, forming a faserkiesel texture

(Supplementary Data Electronic Appendix 1, Fig. A2.

1a). Muscovite and biotite have similar grain sizes and
habits within S1. In some localities, muscovite also

forms larger grains that cross-cut the S1 foliation and is

interpreted as retrograde and post-D1. Discontinuous

lenses (�10 cm long) of quartzþplagioclase 6 K-feld-

spar forming< 15 vol. % are interpreted as crystallized

melt, following the criteria of Sawyer (1999). Melt and
sillimanite become progressively less abundant to-

wards the east and S1-aligned muscovite is more

common.

The central metamorphic zone is characterized by

the upper amphibolite-facies assemblage biotiteþ
garnetþ sillimaniteþK-feldsparþquartzofeldspathic

lenses and contains no muscovite (Fig. 3). Whereas
sillimanite usually forms fine-grained fibrolite (in faser-

kiesel clots), it is locally coarse-grained, and quartzo-

feldspathic lenses, interpreted as former melt, are more

voluminous (�10–20 vol. %) (Supplementary Data

Electronic Appendix 1, Fig. A2.1b and c).

The western metamorphic zone features granulite-
facies assemblages that include garnetþ sillimaniteþ
K-feldsparþquartzofeldspathic lenses 6 cordierite 6
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Fig. 2. Generalized geological map of the northeastern portion
of the Trans-Hudson Orogen, showing the main lithological
units, Archean cratons and crustal sutures proposed by previ-
ous studies. Modified after St-Onge et al. (2009).
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Fig. 3. (a) Generalized lithological map of Hall Peninsula (Fig. 2), modified after Machado et al. (2013) and Steenkamp & St-Onge
(2014). The map shows sample locations (circles) and the in situ U–Pb monazite ages (in Ma) determined in this study within black
boxes as dominant age populations and subordinate age populations in parentheses. The three metamorphic zones are outlined
(black dashed lines) and labelled with metamorphic grade and characteristic pelitic mineral assemblages. (b) Interpretive cross-sec-
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lithological and structural relationships. The supracrustal rocks, leucogranite intrusions and monzogranite plutons on the western
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orthopyroxene 6 biotite (Fig. 3). The S1 foliation is

defined by biotite and compositional banding compris-

ing garnet- and sillimanite-rich bands alternating with

quartzofeldspathic bands (Supplementary Data

Electronic Appendix 1, Fig. A2.1d–f). K-feldspar, silli-
manite and quartzofeldspathic lenses are ubiquitous,

and sillimanite is coarse grained. Biotite is scarce and,

where present, rims garnet porphyroblasts.

Quartzofeldspathic lenses, interpreted as former melt,

form �15 vol. %, and leucogranite dykes and sills are in-

terpreted as segregated melt (Dyck & St-Onge, 2014).

Leucogranite parallel to S1 contains garnet 6 bio-
tite 6 cordierite (Supplementary Data Electronic

Appendix 1, Fig. A2.1g and h), whereas rare leucogran-

ite dykes that cross-cut S1 contain muscovite–

sillimanite 6 garnet (Dyck & St-Onge, 2014). The

Paleoproterozoic monzogranite to tonalite intrusions on

west–central Hall Peninsula contain biotite–
orthopyroxene 6 magnetite 6 clinopyroxene 6 garnet.

Some intrusions contain euhedral orthopyroxene

phenocrysts and/or euhedral, twinned K-feldspar mega-

crysts that suggest an igneous origin. However, most of

the orthopyroxene is subhedral to anhedral and aligned

with the regional metamorphic foliation (S1), suggest-

ing that it is mostly metamorphic.

Structural geology
Three regional deformation events are recognized: thin-

skinned east-directed shortening (D1); thick-skinned

east-directed shortening (D2); thick-skinned north–south
shortening (D3) (Steenkamp & St-Onge, 2014). These

events are summarized in Table 1 and illustrated in

Figs 4–6; additional field photographs and stereonets

are provided in Supplementary Data Electronic

Appendix 1 (Figs A2.1, A2.2 and A3.1). The oldest re-

gional structural elements are east-vergent, isoclinal
folds (F1a) of bedding and a west-dipping metamorphic

foliation (S1a) that is axial planar to F1a (Fig. 4;

Supplementary Data Electronic Appendix 1, Figs A2.1,

A2.2 and A3.1). The S1a foliation is defined by peak min-

eral assemblages (Figs 5d–h, 6 and 7; Electronic

Appendix 1, Figs A2.1 and A2.2). A lineation (L1a) that is

parallel to F1a fold axes is defined by elongate mineral
growth, including sillimanite on western Hall Peninsula

and faserkiesel clots further east (Supplementary Data

Electronic Appendix 1, Figs A2.1a and A2.2b). Locally,

the D1a fabric has been refolded by east-vergent, iso-

clinal to open F1b folds with an axial planar S1b foliation

and an L1b mineral lineation parallel to F1b fold hinges

(Dyck & St-Onge, 2014). The D1b structures have the
same orientations as D1a structures, are defined by the

same minerals and are indistinguishable without clear

field evidence of two fold generations (F1a and F1b). As

such, S1a and S1b are treated as equivalent in this study,

and both are referred to as S1. The S1 foliation planes

can contain a lineation defined by elongate or stretched
minerals that plunges approximately down-dip

(Supplementary Data Electronic Appendix 1, Fig. A3.1),

which is interpreted as an L1 lineation that developed

during west-over-east shearing along F1 fold limbs.

East-directed, basement-involved shortening is evi-

denced by imbricate thrusts (T2) on northeastern Hall

Peninsula (Figs 3b and 4b), whereby panels of Archean
orthogneiss overlie Paleoproterozoic supracrustal rocks

(Steenkamp & St-Onge, 2014; Chadwick et al., 2015;

Rayner, 2015). Thick-skinned folds (F2) are associated

with T2 thrusts (Fig. 5a), and the west-over-east kine-

matics of T2 and F2 are shown by rotated porphyro-

blasts and east-vergent F2 folds in outcrop. Although 3D
exposures of T2 thrusts and F2 folds are limited to the

east coast, �10 km thick panels of Paleoproterozoic

supracrustal rocks structurally bounded by Archean

orthogneiss occur throughout the eastern peninsula

(Steenkamp & St-Onge, 2014).

A west-plunging lineation (L2) associated with T2

thrusts and F2 fold limbs is defined by stretched aggre-

gates of quartz and feldspar (Supplementary Data

Table 1: Summary of structural rock fabrics from metamorphic rocks on Hall Peninsula, Baffin Island*

Structural fabric Description Mean orientation†

D1: east–west shortening
F1a isoclinal folds AP: 159�/64�; FA: 19–335�

S1a metamorphic foliation axial planar to F1a 164�/63�

F1b isoclinal to open folds of S1a AP: 159�/64�; FA: 19–335�

S1b metamorphic foliation axial planar to F1b 164�/63�

L1a,b elongate metamorphic mineral growth parallel to F1a,b fold hinges, or approximately
down-dip

D2: east–west shortening
T2 thick-skinned reverse faults SSE-striking, NNE-dipping
L2 mineral stretching and elongate growth 30–265�

F2 thick-skinned folds, east-vergent AP: SSE-striking, NNE-dipping; FA: subhorizontal,
trending SSE or NNW

D3: north–south shortening
F3 thick-skinned folds; crenulations AP: 269�/51�; FA: 37–269�

S3 crenulation cleavage axial planar to F3 269�/51�

*Fabric orientations are plotted on stereonets in Electronic Appendix 1.
†Calculated using GEOrient v.9.4.4 (Holcombe, 2009). In plunge-trend notation for linear fabrics and in strike/dip (right-hand rule)
notation for planar fabrics; AP is axial plane and FA is fold axis.
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Electronic Appendix 1, Fig. A2.2c) (Steenkamp & St-

Onge, 2014). With the exception of mylonitization along

T2 thrust contacts (Electronic Appendix 1, Fig. A2.2d–f),

the S1 fabric is preserved and no S2 metamorphic foli-

ation has been recognized, even in F2 fold hinges. Given

the similarly east-vergent kinematics of D1 and D2, S2

fabric development cannot be entirely ruled out, but all

foliations defined by peak assemblages are designated

S1 in this study.

T2 thrusting contributed significantly to crustal

thickening and to the overall architecture of Hall

Peninsula (Fig. 3b). T2 thrusts juxtapose higher grade

rocks over lower grade rocks, resulting in an inverted

metamorphic zonation, suggesting that T2 thrusting

was post-thermal peak on the scale of single thrusts.

However, it is also likely that crustal thickening resulting

from T2 thrusting contributed to peak metamorphic con-

ditions in footwall rocks. This is supported by cross-
cutting leucogranite in the western granulite-facies

zone, as described by Dyck & St-Onge (2014).

Cordierite–garnet leucogranite that is interpreted to be

a product of biotite dehydration melting is aligned with

S1, whereas less common muscovite–sillimanite leu-

cogranite, inferred to be the retrograded product of

Fig. 4. Detailed geological maps of the sample locations in this study, as indicated in Fig. 3a: (a) F122B; (b) S89A [modified after
Chadwick et al. (2015)]; (c) F28A; (d) S145A.
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muscovite dehydration melting, cross-cuts S1 (Dyck &
St-Onge, 2014). Consequently, D2 is interpreted to be

broadly syn- to post-thermal peak.

D1 and D2 structures are locally folded by post-

thermal-peak thick-skinned folds (F3) up to several kilo-

metres wide with west-striking axial planes. S1 in pelite

is overprinted by centimetre- to decimetre-scale F3

crenulations and a west-striking crenulation cleavage

(S3; Fig. 5b; Supplementary Data Electronic Appendix 1,

Figs A2.2g, h and A3.1) (Skipton & St-Onge, 2014). The

geometry of F3 crenulations implies that D3 is associated

with south-vergent shortening. Rare leucosomes

(QzþPl) oriented parallel to S3 (Supplementary Data
Electronic Appendix 1, Fig. A2.2g) suggest that minor

melting occurred during D3 (Skipton & St-Onge, 2014).

Previous metamorphic geochronology
Previous geochronological studies on Hall Peninsula in-

dicate a protracted thermal history, although there is no

apparent relation between published U–Pb or Ar ages

and their respective location, structural setting or meta-
morphic grade. The geochronological data are

described in detail in Supplementary Data Electronic
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Fig. 5. (a) Photograph of the NE coast of Hall Peninsula, near the location of sample S89A, showing east-directed T2 thrusting of
Archean orthogneiss basement over Paleoproterozoic cover, and F2 folding of S1 fabric in cover and basement. AB, Archean base-
ment; Pa, Pp, Pcs, Paleoproterozoic amphibolite, pelite and meta-calc-silicate, respectively. (b) Interbedded pelite and psammite
near the location of sample F122B, showing S1 fabric folded by F3 crenulations, forming a NNE-dipping crenulation cleavage (S3).
(c–h) Photomicrographs of samples F122B and S89A from thin sections cut perpendicular to S1 and parallel to L1, unless otherwise
indicated; for micas, ‘(p)’ denotes prograde, syn-D1 growth whereas ‘(r)’ denotes retrograde, post-D1 growth. (c) Partially resorbed
garnet poikiloblast surrounded by biotite, muscovite and fibrolite. The fibrolite knot is oriented parallel to S1; however, fibrolite nee-
dles are locally at high angles to muscovite cleavage planes [F122B; plane-polarized light (PPL); section is axial planar to F3]. (d)
Band of coarse-grained plagioclase, quartz and rare K-feldspar, interpreted as crystallized melt. Muscovite with symplectic quartz
intergrowths in the melt phase may represent retrograde replacement of K-feldspar by muscovite and quartz [F122B; cross-polar-
ized light (XPL); section is axial planar to F3]. (e) Fibrolite bands in biotite, and overgrown by muscovite that is elongate parallel to
S1 but has cleavage planes oriented axial planar to F3, suggesting post-S1 replacement of a pre-existing mineral by muscovite
(F122B; PPL; section is axial planar to F3). (f) Coarse-grained muscovite overgrows an F3 crenulation, with muscovite cleavage
planes oriented axial planar to F3 (F122B; PPL; section is perpendicular to the F3 axial plane). (g) S1-aligned garnet poikiloblast sur-
rounded by biotite, plagioclase and quartz. A band of fine-grained muscovite occurs at the top of the photomicrograph, and quartz
contains sillimanite needles (S89A; PPL). (h) S1-aligned band of fine-grained muscovite with quartz. Sillimanite needles occur in
quartz and form an aggregate surrounded by a large muscovite crystal at high angle to S1 (S89A; XPL).
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Appendix 1. Zircon rims from the three metamorphic

zones described above give a range of U–Pb ages from

c. 1886 to 1759 Ma (Scott & Gauthier, 1996; Scott, 1999;
Rayner, 2014), and U–Pb monazite analyses (isotope di-

lution thermal ionization mass spectrometry) on four

samples from the upper amphibolite- and granulite-

facies zones yield ages of c. 1877–1856 Ma (Scott, 1999).

A garnet-bearing leucogranite that is interpreted as a

melt product of granulite-facies metamorphism crystal-

lized at 1867 6 8 Ma (U–Pb zircon; Rayner, 2014). Three
U–Pb titanite ages range from c. 1742 to 1730 Ma (Scott,

1999) in the mid-amphibolite-facies zone, and 40Ar–39Ar

ages of muscovite from the eastern peninsula range

from c. 1690 to 1657 Ma (Skipton et al., 2015).

Potassium–Ar ages for minerals from six samples dis-

tributed across the peninsula include c. 1700–1507 Ma
for biotite (Wanless et al., 1968), c. 1610 Ma for

muscovite (Lowdon, 1960) and c. 1670 Ma for horn-

blende (Wanless et al., 1979). The age of D1 deformation

is broadly constrained between c. 1873 Ma, the age of a
deformed monzogranite dyke, and c. 1830 Ma, the age

of an undeformed monzogranite that cross-cuts S1

(Rayner, 2014, 2015). Minimum ages for D2 and D3 have

not been determined, as no intrusion cross-cutting D2

or D3 structures has been identified.

SAMPLE DESCRIPTIONS AND PETROGRAPHY

The metamorphic history of the THO internal zone on

Hall Peninsula was investigated using mineral chemis-

try, equilibrium phase diagram modeling and in situ U–
Pb monazite geochronology for four metasedimentary

rocks (Table 2; Figs 3 and 4).
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Fig. 6. Photomicrographs of samples F28A and S145A from thin sections cut perpendicular to S1 and parallel to L1; for micas, ‘(p)’
denotes prograde, syn-D1 growth whereas ‘(r)’ denotes retrograde, post-D1 growth. (a) S1-aligned compositional banding defined
by garnet- and biotite-rich bands alternating with bands of coarse-grained quartz, plagioclase and K-feldspar, interpreted to be melt
(F28A; PPL). (b) Detail of area outlined in (a) (F28A; XPL). (c) Elongate garnet, sillimanite, cordierite, ilmenite and minor biotite ori-
ented parallel to S1. Coarse-grained quartz, plagioclase and K-feldspar are interpreted as former melt (S145A; PPL). (d) Detail of
area outlined in (c), showing a garnet rim containing fine-grained sillimanite needles. Embayments in the garnet rim (top right) sug-
gest replacement of garnet by cordierite (S145A; XPL). (e) Prismatic sillimanite aligned with S1, surrounded by cordierite, plagio-
clase and quartz (S145A; XPL).
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Sample F122B: biotite–muscovite–sillimanite–
garnet pelite
Sample F122B was collected from a sequence of pelite

and psammite that overlies Archean tonalitic gneiss in

the eastern mid-amphibolite-facies zone (Fig. 4a). S1 in

the metasedimentary sequence is folded by south-
vergent F3 crenulations (Fig. 5b). Sample F122B com-

prises biotite, muscovite, sillimanite (fibrolite), garnet

(Fig. 5c), plagioclase and quartz. S1 is defined by aligned

biotite, fibrolite, plagioclase and minor muscovite.

Plagioclase and quartz are concentrated in �1 cm thick

bands aligned parallel to S1 (Fig. 5d), which also contain
rare K-feldspar (<2% of sample). Biotite and muscovite

grains that define S1 are medium grained. However,

most (�85%) muscovite cross-cuts S1 and is coarse

grained (Fig. 5c–f), including muscovite crystals that en-

gulf fibrolite knots (Fig. 5c, e and f), as well as less com-

mon muscovite grains with symplectic quartz

intergrowths, located in plagioclase- and quartz-rich
bands (Fig. 5d). The post-S1 muscovite grains that engulf

fibrolite are often, but not always, oriented axial planar

to F3 crenulations (Fig. 5f). Garnet porphyroblasts (�2%)

are �2 mm wide and are wrapped by S1. Garnet cores

contain inclusions of plagioclase (albite) and biotite,
whereas garnet rims are inclusion free and their irregular

shape suggests partial resorption (Fig. 5c). Most biotite

grains are S1-aligned, although a later generation of bio-

tite crosscuts S1, including most grains that are adjacent

to resorbed garnet rims.

Leucosome bands of plagioclase–quartz 6 K-feldspar

that form �15% of sample F122B are interpreted as for-
mer melt, with sillimanite and K-feldspar being the peri-

tectic products of the vapour-absent muscovite

dehydration melting reaction (MsþPlþQz¼Silþ
Kfsþmelt; Gardien et al., 1995; Spear et al., 1999; White

et al., 2001). Because S1 is defined by fibrolite bands,

plagioclase and leucosome, as well as S1-aligned mus-
covite and biotite, S1 is inferred as syn-thermal peak.

Post-S1 biotite growth probably accompanied partial re-

sorption of garnet rims.

Phase

Deformation
Thermal peak D1 D **2

Retrograde syn-
to post-D **3

Prograde D *1

*in Grt inclusion trails in some samples
**dashed lines indicate suspected but unproven relationship

Interpretation Early D ; pre-
thermal peak

1

ENE-directed
shortening of basement
and cover; near-peak,

prograde
metamorphism and

thermal peak

ENE-directed folding and
thrusting of basement

and cover; syn- to post-
thermal peak

S-vergent folding of
basement and cover;

post-thermal peak

Mnz
Ttn

Bt
Ms

Kfs
Grt

Ilm
Crd
Melt

Qz
Pl

Sil

Fig. 7. Summary of mineral–fabric relationships on Hall Peninsula, Baffin Island.

Table 2: Summary of samples from Hall Peninsula, Baffin Island analyzed in this study

Sample UTM1 Rock type Peak metamorphic assemblage2 Peak metamorphic grade3 Structures4

Easting Northing

F122B 656326 7096385 pelite Bt Sil Qz Pl Grt Kfs Melt* MA D1, F2, F3

S89A 623387 7195722 pelite Qz Bt Pl Sil Grt Melt* MA D1, T2

F28A 649369 7011627 psammite Qz Pl Kfs Grt Sil Melt† UA D1, T2

S145A 591234 7127541 pelite Qz Grt Pl Crd Kfs Sil Ilm Melt† G D1

1NAD83 Zone 19 N (Canada).
2Minerals listed from most to least abundant; *contains retrograde (post-D1) Ms and minor S1-aligned Ms inferred as prograde;
†contains retrograde (post-D1) biotite and minor S1-aligned Bt inferred as prograde
3MA, mid-amphibolite; UA, upper amphibolite; G, granulite.
4Refer to Table 1, Fig. 4 and text for details.
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Muscovite aligned with S1 is interpreted as prograde

(e.g. Tyler & Ashworth, 1982). The more abundant mus-

covite grains that cross-cut S1 are interpreted as post-

D1 and post-thermal peak. Because this later muscovite

occurs as porphyroblasts that engulf fibrolite or as
grains with symplectic quartz intergrowths, it is inter-

preted to have formed through rehydration of K-feld-

spar following melt crystallization (e.g. Evans &

Guidotti, 1966; Ashworth, 1975; Palin et al., 2014). Thus,

despite petrographic evidence of muscovite dehydra-

tion melting, K-feldspar is rare whereas muscovite is

abundant. Because many post-D1 muscovite grains are
axial planar to F3 crenulations and some crosscut F3

crenulations, post-D1 muscovite probably grew as a

syn- to post-D3 phase.

Sample S89A: biotite–muscovite–sillimanite–
garnet pelite
Sample S89A, from the mid-amphibolite-facies zone,

was collected from an �500 m thick, NW-dipping supra-

crustal sequence that is structurally bounded by

Archean orthogneiss (Fig. 4b). The strata and their

underlying basement form one of several T2 thrust im-

bricates mapped on the northern margin of Ptarmigan

Fjord (Fig. 4b; Chadwick et al., 2015).
Sample S89A has a NW-dipping S1 that is defined by

bands of fine-grained muscovite 6 sillimanite alternat-

ing with bands of coarser grained biotite, muscovite,

quartz, plagioclase and garnet (Fig. 5g and h).

Muscovite grains in biotite-rich bands are S1 aligned

and medium grained, similar to biotite, and form �25%
of the muscovite in the sample. Within the bands of

fine-grained muscovite, many muscovite grains occur

at high angles to S1 (Fig. 5h). Sillimanite (�6%) is pre-

sent as fine needles in quartz and garnet and infre-

quently as fine-grained aggregates in muscovite bands

(Fig. 5h). Garnet (�2%) forms elongate, S1-aligned

grains up to 3 mm wide with randomly oriented inclu-
sions of quartz, biotite and sillimanite (Fig. 5g). Garnet

grains typically have irregularly shaped rims that are in

contact with biotite.

Coarse-grained sillimanite occurs locally in outcrop,

as well as in coarse-grained leucogranite dykes that are

suggestive of partial melting. The mineral assemblage
in sample S89A suggests that it experienced vapour-

absent muscovite dehydration melting. However, K-

feldspar is absent and only �5% leucosome occurs in

the hand sample. The absence of K-feldspar may be

due to the occurrence of large muscovite grains that are

not S1 aligned and surround sillimanite aggregates

(Fig. 5h), possibly representing the retrograde replace-
ment of K-feldspar (e.g. Evans & Guidotti, 1966;

Ashworth, 1975; Palin et al., 2014). S1-aligned bands of

muscovite 6 sillimanite (Fig. 5h) are interpreted as

retrograde pseudomorphs of sillimaniteþquartz 6 K-

feldspar (faserkiesel) that grew parallel to S1 during

muscovite breakdown at peak conditions. Minor S1-
aligned, medium-grained muscovite that occurs with

S1-aligned biotite may represent prograde muscovite

(e.g. Tyler & Ashworth, 1982). Irregularly shaped garnet

rims with adjacent biotite may represent partial resorp-

tion of garnet accompanied by late biotite growth

(Fig. 5g).

Sample F28A: garnet–sillimanite–K-feldspar
psammite
Sample F28A, from the central upper amphibolite-facies
zone, was collected from the margin of a 1 km thick,

west-dipping package of pelite and psammite that is

structurally bounded by tonalite orthogneiss basement;

this is �2 km east of the �25 km wide belt of

orthopyroxene-bearing granitoids on the central penin-

sula (Figs 3 and 4c). The supracrustal rocks are charac-
terized by a WSW-dipping S1 fabric and the western

contact with the orthogneiss basement is interpreted as

a T2 thrust.

Sample F28A comprises quartz, K-feldspar, plagio-

clase, garnet, biotite and sillimanite. The S1 foliation is

defined by compositional banding in which bands of

coarse-grained quartz (35%), plagioclase (30%) and
K-feldspar (35%) alternate with finer grained bands of

biotite, garnet and sillimanite (Fig. 6a and b;

Supplementary Data Electronic Appendix 1, Fig. A2.1b

and c). Biotite (�15%) and sillimanite are S1-aligned,

and garnet (�4%) forms anhedral, S1-aligned porphyro-

blasts up to 1�5 cm long, as well as a lesser population
of smaller, equant grains (Fig. 6a). Garnet contains S1-

aligned inclusion trails of biotite, plagioclase and

quartz.

Bands of coarse-grained quartz, plagioclase and K-

feldpsar are interpreted as crystallized melt. Based on

the presence of leucosome and sillimanite, the abun-

dance of K-feldspar and the absence of muscovite, the
sample probably reached temperatures upwards of

�650�C, allowing vapour-absent muscovite dehydration

melting and consumption of muscovite. With increased

temperatures to �750�C, biotite dehydration melting

may have occurred by the continuous reaction

BtþSilþPl¼GrtþKfsþSil (Spear & Parrish, 1996;
Spear et al., 1999). The textures imply that peak meta-

morphism and partial melting were accompanied by S1

development.

Sample S145A: garnet–sillimanite–cordierite–
K-feldspar pelite
Sample S145A, from the western granulite-facies zone

(Fig. 3), was collected from an �10 km thick sequence of

pelite, psammite and quartzite that contains �1 km thick

foliation-parallel intrusions of orthopyroxene tonalite
and clinopyroxene gabbro (Fig. 4d). The sequence is

folded by F1 and has a WSW-dipping, axial planar S1

fabric.

Sample S145A contains garnet, cordierite, silliman-

ite, quartz, K-feldpsar, plagioclase, ilmenite and minor

biotite (Fig. 6c–e). S1 is defined by compositional band-
ing, whereby garnet-, cordierite- and sillimanite-rich

bands alternate with bands (�10 vol. %) of coarse-
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grained K-feldspar (�35%), plagioclase (25%) and

quartz (40%) (Supplementary Data Electronic Appendix

1, Fig. A2.1e and f). S1 is also defined by aligned garnet,

sillimanite, ilmenite, cordierite, quartz, plagioclase and

K-feldspar. Garnet (�20% of the rock) forms 3–15 mm
wide porphyroblasts that are elongate parallel to S1

(Fig. 6c). Garnet contains inclusions of biotite and

plagioclase; fine sillimanite inclusions are concentrated

in the rims of large garnet crystals (Fig. 6d). Sillimanite

inclusions are locally oriented parallel to the garnet rim,

but are mostly aligned with the S1 foliation in the ma-

trix. Matrix sillimanite forms prismatic crystals defining
S1 (Fig. 6c). Cordierite generally occurs with garnet and

sillimanite, and locally appears to be embaying garnet

rims (Fig. 6d). Biotite (�5%) forms S1-aligned grains

that are concentrated in garnet- and sillimanite-rich

bands. A second biotite generation crosscuts S1 and

often occurs adjacent to garnet (Fig. 6c).
Bands of coarse-grained plagioclase, K-feldspar and

quartz are interpreted as former melt (e.g. Sawyer,

1999). The mineral assemblage and textures suggest

peak conditions at granulite-facies temperatures of at

least �825–850�C, allowing biotite dehydration melting

(BtþPlþQzþSil¼Grt/CrdþKfsþmelt; LeBreton &
Thompson, 1988; Gardien et al., 1995; Spear et al.,

1999). The peak mineral assemblage is interpreted as

sillimanite, garnet, cordierite, ilmenite, plagioclase, K-

feldspar, quartz and melt. Peak metamorphism was

probably accompanied by D1 (Fig. 7), and S1 probably

began to develop during garnet growth and sillimanite

nucleation before the thermal peak. Post-S1 biotite
grains embaying garnet rims (Fig. 6c) may reflect the re-

placement of garnet by biotite during cooling, poten-

tially via the reversal of the biotite dehydration melting

reaction. Cordierite located along embayments of gar-

net (Fig. 6d) may represent replacement of garnet by

cordierite during decompression (GrtþSilþQz¼Crd;
Bhattacharya, 1993).

MINERAL COMPOSITIONS (MAJOR ELEMENTS)

Analytical methods
Major element analyses were conducted on polished

thin sections of each sample using the JEOL JXA-8230

Superprobe at the University of Ottawa (Canada).

Analytical methods and a summary of matrix mineral

chemistry are given in Supplementary Data Electronic

Appendix 1. Representative mineral compositions are
given in Supplementary Data Electronic Appendix 2.

Garnet composition
Garnet compositional profiles are shown in Fig. 8; tran-

sect locations and compositional maps (Fe, Mg, Mn, Ca,

Y) are provided in Supplementary Data Electronic

Appendix 1 (Figs A7.1–4). In samples F122B and S89A,

garnet rims exhibit decreases in Fe and Mg and in-
creases in Mn and Fe/(FeþMg) ratios. Garnet in sample

S89A has a relatively homogeneous Ca content,

whereas the garnet core in sample F122B is enriched in

Ca relative to rims. In sample F28A, garnet exhibits rela-

tively homogeneous Fe and Mg contents, but there is a

slight overall increase in the Fe/(FeþMg) ratio towards

one garnet rim. The garnet core is slightly enriched in
Ca and the Mn content is fairly homogeneous, although

there is a small increase in Mn in the rims. In sample

S145A, garnet rims have higher Fe/(FeþMg) ratios than

the garnet cores, particularly where in contact with ma-

trix biotite. The Mn and Ca profiles are relatively flat but

show small variations, including slight Mn increases in

the rims and near biotite-filled fractures in the garnet
interior.

As discussed above, peak mineral assemblages and

textural evidence of dehydration melting suggest that

all samples reached temperatures upwards of �650�C.

Therefore, any prograde zoning recorded by Fe, Mg and

Mn in garnet was probably homogenized in all samples
by intra-crystalline volume diffusion, which is effective

in garnet at temperatures above �600�C (Woodsworth,

1977; Florence & Spear, 1991). This explains the fairly

flat Fe, Mg and Mn profiles in sample F28A and the Ca

and Mn profiles in sample S145A. In samples F122B,

S89A and F28A, the relatively flat Ca profiles across gar-
net imply some homogenization of Ca owing to intra-

crystalline diffusion above �600�C, although garnet

cores exhibit slight Ca enrichment compared with rims.

This may suggest that prograde, bell-shaped Ca profiles

(e.g. St-Onge, 1987; Spear et al., 1990; Florence &

Spear, 1993) were incompletely homogenized owing to

the slower diffusivity of Ca (Florence & Spear, 1991;
Chernoff & Carlson, 1997).

In all samples, increases in Fe/(FeþMg) toward gar-

net rims are attributed to a combination of retrograde

net-transfer reactions and retrograde Fe–Mg exchange

with adjacent matrix biotite (Kohn & Spear, 2000;

Spear, 2004). Strongly elevated Fe/(FeþMg) ratios in
garnet rims that are in contact with biotite suggest

retrograde Fe–Mg exchange between the two minerals,

which is also supported by increases in Mg in biotite to-

wards contacts with garnet (Spear, 2004), particularly in

samples F28A and S145A. However, Mn-enriched gar-

net rims and high Fe/(FeþMg) ratios in garnet rims that

are not in contact with biotite imply that Fe–Mg diffu-
sion with biotite was not the only cause of the high Fe/

(FeþMg) ratios (e.g. Spear, 2004). In samples F122B

and S89A, enrichment of Mn in garnet rims is inter-

preted as the result of retrograde garnet resorption,

possibly by the net-transfer reaction GrtþMs¼BtþPl,

and back-diffusion of Mn into the remaining garnet
(Kohn & Spear, 2000). Garnet resorption through retro-

grade net-transfer reactions is suggested by the non-

euhedral shape of the garnet porphyroblasts and ir-

regularly shaped rims (Fig. 5c and g). In samples F28A

and S145A, retrograde net-transfer reactions may have

occurred via the reversal of biotite dehydration melting

reactions during cooling (e.g. Spear, 2004). However,
Mn enrichment in garnet rims in samples F28A and

S145A is much less pronounced than in lower-grade
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samples, despite petrographic evidence of embayed

garnet boundaries suggesting retrograde resorption

(Fig. 6c and d; Supplementary Data Figs A7.3 and A7.4).
This may be attributed to the lower overall XSps in F28A

and S145A and, potentially, because water loss during

melting and melt extraction hindered retrograde net-

transfer reactions, resulting in lower volumes of re-

sorbed garnet and relatively minor back-diffusion of

Mn.
Prograde growth zoning patterns in garnet have

been effectively erased owing to compositional hom-

ogenization at peak conditions, followed by retrograde

Fe–Mg exchange with biotite and retrograde net-

transfer reactions. Following the approach of Weller

et al. (2013) for estimating the composition of homo-

genized garnet at the thermal peak in sillimanite-grade
pelites, the maximum value of pyrope is interpreted to

represent the closest approximation of the syn-D1 peak

garnet composition. This composition occurs in the in-

terior of each garnet (arrows in Fig. 8), inboard of rims

that are affected by retrograde Fe–Mg exchange or Mn

enrichment. However, homogenization of Ca was in-
complete in some samples and the degree of

homogenization of Fe, Mg and Mn is uncertain because

the ‘peak’ profiles have been modified during cooling. It

is also possible that the Mg content of garnet rims dur-
ing the thermal peak may have been higher than the

Mg content of the garnet interior after homogenization.

Furthermore, the maximum pyrope composition coin-

cides with slightly elevated XGrs cores in some samples,

which may record prograde metamorphism at higher

pressures than those of the thermal peak. Despite
uncertainties, the maximum pyrope composition is still

considered the best possible approximation of the

‘peak’ garnet composition.

PHASE DIAGRAM MODELING

Method
To constrain the stability fields of mineral assemblages

from the three metamorphic zones and document the

P–T evolution of different pelitic samples, equilibrium

phase diagrams were constructed for four samples

(F122B, S89A, F28A and S145A) using TheriakDomino
v.01.08.09 (De Capitani & Brown, 1987; De Capitani &

Petrakakis, 2010; http://titan.minpet.unibas.ch/minpet/
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Fig. 8. Compositional transects through garnet porphyroblasts from electron microprobe analyses. Analyses with maximum pyr-
ope values, which are used to estimate P–T conditions at the thermal peak on equilibrium phase diagram models (Figs 9–12),
are indicated with arrows. Alm¼almandine¼Fe2þ/(Fe2þþMgþCaþMn); Pyr¼pyrope¼Mg/(FeþþMgþCaþMn); Sps¼
spessartine¼Mn/(Fe2þþMgþCaþMn); Grs¼grossular¼Ca/(Fe2þþMgþCaþMn).
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theriak/theruser.html). Modeling was conducted in the

11-component system MnO–Na2O–CaO–K2O–FeO–

MgO–Al2O3–SiO2–H2O–TiO2–Fe2O3 (MnNCKFMASHTO)

using the internally consistent thermodynamic dataset

tc-db55 of Holland & Powell (1998; updated August,
2004). Whole-rock composition (Supplementary Data

Electronic Appendix 1, Table A8.1) was determined by

ICP-MS (Activation Laboratories Ltd., Canada). The

method used to construct the phase diagram models

is described in Supplementary Data Electronic

Appendix 1.

Garnet compositional isopleths of grossular and pyr-
ope were contoured on each phase diagram in an at-

tempt to track a portion of the P–T history as recorded

by the garnet end-member compositions. As discussed

above, diffusive homogenization of prograde growth

zoning at peak conditions, followed by retrograde reac-

tions (Fig. 8), precludes the use of core-to-rim garnet
compositions for interpreting the P–T conditions coinci-

dent with garnet growth. Instead, the composition with

the highest pyrope value is considered the best esti-

mate of the composition of syn-D1 garnet at the thermal

peak (arrows in Fig. 8; e.g. Weller et al., 2013). The gar-

net compositions used to estimate peak P–T are pre-
sented in Supplementary Data Electronic Appendix 2.

The thermal peak conditions are also constrained using

peak assemblages interpreted from petrography. The

vol. % values of solid phases at the estimated peak con-

ditions were calculated using Theriak and compared

with modal abundances estimated in thin section

(Supplementary Data Electronic Appendix 1, Table A10.
1). The Ti-in-biotite geothermometer (Henry et al., 2005)

is calibrated for graphitic, ilmenite- or rutile-bearing,

peraluminous pelites that equilibrated at c. 4–6 kbar,

and was applied to sample S145A as it is the only sam-

ple that meets the calibration criteria. The Ti-in-biotite

geothermometer was applied to five matrix biotite
grains, including some in contact with garnet.

For any P–T point on the model phase diagrams, the

1r uncertainty is suggested to be 6 0�5 kbar and 6 25�C

(Powell & Holland, 2008). These are minimum error esti-

mates, particularly given the uncertainty involved in

estimating the composition of garnet at the thermal

peak. Although the maximum pyrope compositions co-
incide with enriched XGrs cores that may reflect pro-

grade conditions, variations in XGrs from core to rim in

three samples (�0�005 cation mole fraction) are beyond

the resolution of phase diagram models and have negli-

gible effects on our P–T estimates. The more pro-

nounced grossular zoning in sample F122B only slightly
affects our estimated peak conditions (see below).

Phase diagram models
Sample F122B: mid-amphibolite-facies pelite
The composition of syn-D1 garnet at the thermal peak,

estimated at the highest pyrope value, corresponds to
intersecting grossular (0�05) and pyrope (0�14) isopleths

at �6�25 kbar and �740�C, constraining the thermal

peak above the onset of muscovite dehydration melting

(point P, Fig. 9). The modeled thermal peak plots in a

stability field defined by the peak assemblage inter-

preted from petrography (dark grey shaded field,

Fig. 9a). Additionally, petrographical evidence of
�15 vol. % leucosome containing PlþQz 6 Kfs, inter-

preted as former melt (Fig. 5d), substantiates the esti-

mated thermal peak above temperatures required to

initiate melting. Elevated grossular (�0�06) in garnet

cores suggests a clockwise, prograde path at higher

pressures (�7–8 kbar), although Ca in garnet may have

been modified during peak conditions. Lower grossular
in garnet rims (�0�04) implies lower pressures (�5�1
kbar) at the thermal peak, although within the same sta-

bility field. The abundance of post-D1 muscovite in sam-

ple F122B (Fig. 5c–f), along with the rarity of K-feldspar,

suggests subsequent cooling below the solidus and the

retrograde reversal of muscovite breakdown reactions.
Partially resorbed garnet rims and late adjacent biotite

growth (Fig. 5c) may also be consistent with a retro-

grade overprint. The vol. % of phases modeled using

Theriak (Supplementary Data Electronic Appendix 1,

Table A10.1) at the estimated peak conditions (740�C,

6�25 kbar) is in agreement with the vol. % estimated
from petrography when retrograde growth of musco-

vite at the expense of K-feldspar is accounted for.

Sample S89A: mid-amphibolite-facies pelite
The highest Mg garnet composition coincides with

grossular (0�04) and pyrope (0�14) isopleths at �7�25
kbar and 715�C (point P, Fig. 10). These P–T conditions

are within a narrow, K-feldspar-absent stability field

containing Grt–Ms–Bt–Sil–Qz–Liq, at sufficient tempera-

tures to allow K-feldspar-absent muscovite breakdown.

However, within 1r uncertainty (60�5 kbar and 25�C;

Powell & Holland, 2008), the modeled thermal peak

could be up to �740�C, hot enough to allow muscovite
dehydration melting and produce the peak assemblage

interpreted from petrography (grey shaded field,

Fig. 10a). Partial melting is substantiated by lenses of

coarse-grained leucogranite in outcrop, as well as

�5 vol. % leucosome in hand sample. Muscovite break-

down is also in accordance with the presence of silli-
manite inclusions in garnet and fine-grained sillimanite

aggregates, as well as coarse-grained sillimanite in out-

crop. In particular, textures suggest that post-D1 musco-

vite formed from rehydration of K-feldspar, a product of

muscovite dehydration melting. Subsequent cooling

across the solidus into a muscovite-bearing, sillimanite-

absent stability field is inferred from the replacement of
K-feldspar by late muscovite, as well as S1-parallel

bands of fine-grained muscovite that are interpreted to

represent retrograde pseudomorphs of faserkiesel

(fibroliteþQz 6 Kfs; Fig. 5g and h). Furthermore, the

vol. % values of phases (modeled in Theriak) at 715�C

and 7�25 kbar do not correspond to those of phases in
thin section; in particular, Theriak calculates <1 vol. %

sillimanite at these conditions. The modeled vol. %
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values of phases for temperatures of 730–740�C and

7�25 kbar include �11% sillimanite and align more
closely with modal abundances observed in thin section

when retrograde replacement of K-feldspar by musco-

vite is accounted for.

Sample F28A: upper-amphibolite-facies psammite
In the modeled phase diagram for sample F28A, the

grossular (0�034) and pyrope (0�30) contents of the peak

garnet composition correspond to conditions of �7�1
kbar and 810�C in a stability field containing Grt–Kfs–

Bt–Liq–Sil–Qz (point P in Supplementary Data Electronic

Appendix 1, Fig. A11.1). The modeled thermal peak is at

sufficiently high temperatures to allow muscovite dehy-

dration melting, as interpreted from petrography.

However, sample F28A contains approximately equal

amounts of K-feldspar and plagioclase. On the phase
diagram, the peak assemblage interpreted from petrog-

raphy (Grt–Pl–Kfs–Bt–Liq–Sil–Qz; grey shaded field in

Supplementary Data Electronic Appendix 1, Fig. A10.1)

has a higher P–T range (7–9 kbar and �810–850�C) than

the thermal peak estimated from the peak garnet com-

position. The discrepancy between the modeled ther-
mal peak and the observed peak assemblage may be

due to intra-grain diffusion in garnet. If the pyrope

content of garnet during the thermal peak was higher

than the estimated 0�30 (point P), the garnet compos-
ition may correspond to intersecting isopleths in the

modeled peak assemblage field. In addition, the dis-

crepancy may be attributed to the effect of melt loss on

the modeled bulk composition. If significant melt loss

occurred, a phase diagram constructed using the meas-

ured bulk-rock composition allows investigation of only

the post-melt-loss history (e.g. Indares et al., 2008;
Guilmette et al., 2011).

Considerations of melt loss
Melt loss is not considered to have significantly affected

the model phase diagrams for samples F122B and S89A

because of the lack of connected melt channel networks

and low leucosome volume (�5–10%) in outcrop, and

the presence of �5–15 vol. % leucosome in the analyzed
bulk-rock samples. Furthermore, the modeled phase

diagrams predict the observed peak assemblages and

vol. % of phases at reasonable P–T ranges that corres-

pond to peak garnet compositions.

Petrographic evidence suggests that muscovite in

sample F28A was consumed by vapour-absent musco-
vite dehydration melting, and that some biotite dehy-

dration melting may have occurred; however, the
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sample contains only �5–10 vol. % in situ leucosome.

It is likely that a portion of melt was extracted along

connected melt networks observed in outcrop

(Supplementary Data Electronic Appendix 1, Fig. A2.1b

and c). To explore the P–T history of sample F28A prior

to melt loss, 10 vol. % of melt was added to the meas-
ured bulk-rock composition, using the melt composition

calculated by White et al. (2001) that would be gener-

ated from an average pelite at 740�C. The melt-

integrated model is built on two major assumptions,

representing significant sources of uncertainty: (1) that

the melt generated in sample F28A had the same com-
position as the melt generated from the average pelite

of White et al. (2001) at 740�C; (2) that 10 vol. % melt

was subsequently lost. The 740�C estimate of melt pro-

duction was chosen because of petrographic evidence

of muscovite consumption during dehydration melting

above �650�C, as well as possible biotite dehydration

initiating at �750�C. The sample contains no orthopyr-
oxene or cordierite, suggesting that it did not cross bio-

tite dehydration reactions that occur at �825�C along a

typical orogenic medium P/T gradient. In addition, a vol-

ume of 10% melt was chosen because muscovite dehy-

dration melting typically produces up to �15 vol. % melt

(Pati~no-Douce & Johnston, 1991), and the sample con-
tains �5–10 vol. % in situ leucosome. The peak garnet

composition, estimated from the highest Mg value, was

plotted on the melt-integrated phase diagram with

garnet compositional isopleths in an attempt to infer

the peak P–T. This method assumes that melt loss

occurred after the compositional equilibration of garnet,

which is plausible as most melt loss typically occurs

during decompression after the thermal peak (e.g.

Brown, 1994, 2004).

Sample F28A with melt integration
The melt-integrated phase diagram model of sample

F28A more accurately reflects the observed mineral

phases, including both K-feldspar and plagioclase, but

has a large built-in degree of uncertainty owing to the
assumptions used in melt integration. The peak com-

position of garnet corresponds to intersecting isopleths

at �7�2 kbar and 810�C (point P, Fig. 11), in a Grt–Pl–

Kfs–Bt–Liq–Sil–Q stability field. The melt-integrated

phase diagram model predicts peak conditions suffi-

cient for vapour-absent muscovite dehydration melting,

consistent with petrographic observations of coarse-
grained leucosomes, abundant K-feldspar and silliman-

ite, and the absence of muscovite. The modeled thermal

peak conditions are also consistent with orthopyroxene-

and cordierite-absent biotite dehydration melting, a

continuous reaction that occurs above �750�C (Spear &

Parrish, 1996; Spear et al., 1999). At the estimated peak
conditions (point P), the vol. % values of phases mod-

eled by Theriak generally agree with the modal
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abundances observed in thin section, although Theriak

suggests less biotite at the thermal peak (6%) than that

actually observed (�15 vol. %). Some retrograde biotite

may have formed during melt crystallization. Given the

significant inherent assumptions with the melt-
integrated model (as discussed above), we consider

�7�2 kbar and 810�C (point P, Fig. 11) as a reasonable,

but semi-quantitative, thermal peak P–T estimate for

sample F28A.

Sample S145A: granulite-facies pelite
On the model phase diagram, the interpreted peak min-

eral assemblage for sample S145A (Grt–Crd–Kfs–Sil–Pl–

Qz–Ilm–Liq) spans �810–890�C and 6�1–7�35 kbar (dark

grey shaded field, Fig. 12a). The modeled peak P–T con-

ditions are consistent with field and petrographic evi-
dence of biotite dehydration melting at granulite-facies

conditions. However, the grossular and pyrope iso-

pleths do not intersect over the compositional range of

garnet (Fig. 12b), and the estimated ‘peak’ garnet com-

position (pyrope¼ 0�33; grossular¼ 0�03) cannot be

plotted. Because >40 vol. % melt can be generated after

biotite dehydration melting (Pati~no-Douce & Johnston,
1991), sample S145A probably underwent significant

melt loss. This is supported by the restitic nature of

S145A, which is dominated by garnet, cordierite and sil-

limanite, with only �10 vol. % in situ former melt in the

hand sample, whereas a stromatic, interconnected melt

network occurs in outcrop (Supplementary Data
Electronic Appendix 1, Fig. A2.1e and f). Melt integra-

tion modeling was not attempted given the large vol-

umes of melt that would need to be considered. The

phase diagram model for sample S145A is considered

to be non-quantitative, but it yields helpful information

about peak and post-peak metamorphism. The vol. %

abundances of phases modeled by Theriak over the P–T
range of �850–890�C and 7–7�35 kbar are close to those

of phases estimated in thin section when retrograde

biotite growth is accounted for.

Using the Ti-in-biotite geothermometer (Henry et al.,

2005), five matrix biotite grains yielded consistent tem-

perature estimates of 771–794�C, including biotite in
contact with garnet and grains surrounded by feldspar

and quartz. The average temperature of 782 6 12�C cor-

responds to fields where biotite is stable (e.g. light grey

shaded field, Fig. 12a), suggesting that sample S145A

underwent a reversal of biotite dehydration melting re-

actions during cooling. Cooling to a biotite-bearing sta-

bility field is supported by observations of �5% biotite
in thin section, often concentrated along embayed gar-

net rims (Fig. 6c), in addition to high Fe/(FeþMg) in gar-

net rims. The consumption of garnet rims by cordierite

(Fig. 6d) may have occurred during cooling, possibly by

the reaction GrtþKfsþ Liq¼CrdþBt (Spear et al.,

1999), or during decompression post-thermal peak, po-
tentially by the reaction GrtþSilþQz¼Crd

(Bhattacharya, 1993). Cooling and decompression are

illustrated by the possible retrograde P–T path depicted

in Fig. 12.

MONAZITE GEOCHRONOLOGY

Analytical methods
Monazite was dated in situ in four metasedimentary
rocks to resolve the timing of metamorphism and fabric

development. In each sample, 15–30 monazite grains

were dated using LA-ICP-MS at the University of New

Brunswick (Canada) following the analytical methods in

Supplementary Data Electronic Appendix 1. Monazite

grains were dated in several microstructural contexts,
including along grain boundaries as well as inclusions

in matrix minerals and in garnet, and monazite aligned

with S1. Grains of sufficient size were analyzed using 2–

4 analytical spots with a 10–13mm spot diameter to date

prospective age domains. The corresponding U–Pb

analytical data are provided in Supplementary Data
Electronic Appendix 3. For each sample, all analyses

were initially plotted on a concordia diagram using

Isoplot v4 (Ludwig, 2003) but no single age could be

resolved owing to the single spot age scatter. For each

sample, statistical evaluations of concordia diagrams

and weighted average plots of 206Pb/238U, 207Pb/235U

and 207Pb/206Pb ages were used to identify groups of
three or more analyses that cluster on concordia and

yield a statistically valid concordia age with a combined

MSWD (of concordance and X–Y equivalence) of less

than two. The concordia age is reported for each sam-

ple in this study, at 2r uncertainty, representing the

weighted mean age of n number of analyses on a con-
cordia diagram (Ludwig, 2003). Discordant monazite

analyses were not included in the analysis clusters that

were used to calculate ages. In samples F122B, S89A

and S145A, two or three monazite grains with multiple

age domains were selected for trace element mapping

using LA-ICP-MS (University of New Brunswick,

Canada). Analytical methods and compositional maps
are presented in Supplementary Data Electronic

Appendix 1 (Fig. A13.1–3).

In situ U–Pb geochronology results
Sample F122B: mid-amphibolite-facies pelite
In sample F122B, monazite typically forms subhedral,

40–100mm long grains that are concentrated in syn-S1

biotite. No monazite was found in garnet, plagioclase,

quartz or leucosomes. Twenty-one analyses of 15

monazite grains form a concordant cluster at

1831 6 5 Ma (MSWD¼ 0�72; Fig. 13a). Most monazite
grains are S1-aligned and five grains have multiple ana-

lyses that plot in the c. 1831 Ma age cluster, with no

other apparent age domains (Fig. 14a and b). The clus-

ter also includes an analysis from a grain that contains

several <10mm long aluminosilicate inclusions aligned

parallel to S1, as well as a grain that has two additional
discordant analyses at c. 1900 Ma. Some grains exhibit

patchy, irregular zoning in back-scattered electron
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(BSE) images, but there is no clear relationship between

dark- or light-BSE domains and age.

Sample S89A: mid-amphibolite-facies pelite
In sample S89A, monazite forms 20–50mm, subhedral,

subequant grains, and less commonly elongate, S1-

aligned grains up to 200mm long. Seventeen analyses

from 12 grains yield an age of 1808 6 4 Ma

(MSWD¼ 1�2; Fig. 13b), which includes analyses from
S1-aligned matrix monazite (Fig. 14c), as well as one

analysis from an inclusion in a garnet rim (Fig. 14d and

e). Some grains have multiple analyses that are all

included in the c. 1808 Ma cluster (or are younger and

discordant), with no other apparent age domains.

These comprise subequant grains in biotite or along

grain boundaries, as well as subhedral-to-anhedral,
elongate monazite grains that appear intergrown with

fine-grained muscovite that is interpreted as post-D1,

retrograde muscovite (Fig. 14f). Six analyses from six

grains form an additional concordant cluster at

1852 6 7 Ma (MSWD¼ 1�5), including analyses from

subequant monazite grains in the matrix, from monazite
aligned with S1 in biotite (Fig. 14c) and one analysis

from a monazite inclusion in a garnet rim (Fig. 14d and

e). Most analyses in the c. 1852 Ma cluster are from

grains with additional analyses that are included in the

c. 1808 Ma group (Fig. 14c–e) or are younger and dis-

cordant. Zoning in BSE is rare, but the older and

younger age domains generally correspond to grain in-
teriors and edges, respectively.

Sample F28A: upper-amphibolite-facies psammite
In sample F28A, monazite forms 20–60mm grains that

are mostly subhedral and equant, and are concentrated

in garnet- and biotite-rich bands. Monazite grains occur

in matrix biotite, quartz and feldspar, along grain boun-

daries and also define S1-aligned inclusion trails in gar-

net (Fig. 14g). Ten analyses from five grains form a
cluster on a concordia plot that yields an age of

1825 6 8 Ma (MSWD¼ 0�74; Fig. 13c); this includes two

analyses from an elongate monazite in an S1-parallel in-

clusion trail in garnet (Fig. 14g). Four additional c. 1880–

2000 Ma dates are from single analysis monazite grains

in the matrix and inclusion trails in garnet.

Sample S145A: granulite-facies pelite
Monazite in sample S145A forms 30–100 mm, subhedral,

equant grains. Thirty-five analyses from 22 grains yield
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an age of 1830 6 4 Ma (MSWD¼ 1�5; Fig. 13d), including

analyses from monazite in S1-parallel matrix minerals

(plagioclase, K-feldspar, cordierite, quartz; Fig. 14h).
Several c. 1830 Ma monazite grains occur in S1-aligned

inclusion trails in garnet, along with sillimanite and bio-

tite (Fig. 14i and j). A second concordant cluster is

formed by nine analyses from eight matrix monazite

grains at 1799 6 6 Ma (MSWD¼ 0�86). Several grains

have two or more analyses with different ages that typ-
ically correspond to grain interiors or edges and/or BSE

zoning. For example, eight grains have c. 1830 Ma cores

and are typified by dark BSE contrast, surrounded by c.

1799 Ma rims that are light in BSE (Fig. 14k). Three

grains contain domains of variable BSE shades that are

c. 1850 Ma or older, surrounded by c. 1830 Ma rims. In

other grains, multiple analyses all plot within the c.
1830 Ma age cluster, despite apparent zonation in BSE.

Monazite trace element mapping results
In granulite-facies sample S145A and mid-amphibolite-

facies sample S89A, c. 1800 Ma domains are depleted in

Y, Yb, Eu (6 Gd) relative to c. 1850–1830 Ma cores
(Supplementary Data Electronic Appendix 1, Figs A13.2

and A13.3). In mid-amphibolite-facies sample F122B, c.

1800 Ma monazite domains are generally Y- and Yb-

enriched relative to c. 1850–1830 Ma cores

(Supplementary Data Electronic Appendix 1, Fig. A13.
1). Compositional zoning patterns of monazite in each

sample range from concentric core-to-rim zonation to

complex, patchy patterns.

DISCUSSION

Interpretation of metamorphism and mineral
fabric relationships
The mineral fabric relationships, mineral compositions

and modeled P–T estimates strongly support the field-

based interpretation of a metamorphic field gradient

(Fig. 3) characterized by a westward increase in peak
metamorphic grade from mid-amphibolite facies

(�720–740�C) to granulite facies (�850–890�C) at me-

dium pressures (�6–7 kbar). Because D1 fabrics are

defined by peak metamorphic minerals and leuco-

somes are also parallel to S1 (Figs 5–7; Supplementary

Data Electronic Appendix 1, Figs A2.1 and A2.2), peak
metamorphism and partial melting are interpreted as

concurrent with D1 east-vergent crustal shortening.
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Post-D1 retrograde micas occur in each metamorphic

zone, including post-D1 biotite that occupies embay-

ments in garnet rims. Post-D1 muscovite in the eastern

mid-amphibolite-facies zone is considered to represent

the retrograde reversal of muscovite breakdown reac-
tions following cooling below the solidus after the

syn-D1 thermal peak. Because most post-D1 retrograde

muscovite grains in sample F122B are axial planar to

F3 crenulations, but some cross-cut F3 crenulations,

post-D1 retrograde muscovite growth probably contin-

ued as late as post-D3 (Fig. 7).

Although the pre- and post-thermal-peak P–T history
is not constrained quantitatively, grossular-rich garnet

cores and decompression textures in some samples

may be reflections of clockwise P–T paths. This might

suggest that Hall Peninsula followed an overall clock-

wise P–T evolution with peak metamorphism ranging

from mid-amphibolite to granulite facies, followed by
cooling and decompression (Fig. 15).

Interpretation of geochronology
Significant monazite growth can occur during amphibo-

lite- to granulite-facies metamorphism pre-thermal
peak, at thermal peak, during melt crystallization and

during retrograde garnet consumption (Pyle & Spear,

2003; Mahan et al., 2006; Spear & Pyle, 2010). Together,

the in situ U–Pb monazite and petrological data suggest

that the dominant c. 1831–1825 Ma monazite population

records the timing of regional amphibolite- to granulite-
facies metamorphism, concurrent with east-directed D1

shortening. This is conclusively demonstrated by the

abundance of S1-aligned c. 1831–1825 Ma monazite in

the matrices of all samples, as well as c. 1831–1825 Ma

monazite that occurs with prograde to peak mineral as-

semblages in S1-aligned inclusion trails in garnet

(Fig. 14). In each sample, analysis clusters that yield
ages of c. 1831–1825 Ma include analyses that are c.

1850–1840 Ma in age (Figs 13 and 14a–e, g–k). The sub-

ordinate population of c. 1852 Ma monazite in sample

S89A possibly records prograde to peak metamorphism

as it includes analyses from S1-aligned matrix grains

(Fig. 14c) and an inclusion in garnet (Fig. 14d and e).
Therefore, the data imply that regional high-grade

metamorphism and concomitant D1 deformation span

c. 1850 to 1825 Ma.

Petrographic relationships of c. 1800 Ma age do-

mains suggest that monazite formation at c. 1800 Ma

postdates peak metamorphism by at least 25 Myr.

Samples with c. 1800 Ma monazite also contain c.
1850–1825 Ma monazite, with the younger population

commonly forming domains adjacent to c. 1850–

1825 Ma domains (Fig. 14b–e and i–k), which are inter-

preted as coincident with thermal peak conditions.

The c. 1800 Ma monazite domains appear to postdate

garnet growth and D1 because they are mostly in the
matrix but do not clearly define a structural fabric.

Rare occurrences of c. 1800 Ma monazite included in

garnet are typically close to microfractures in garnet

rims (Fig. 14d).

Monazite trace element maps indicate that the Y, Yb

and Eu (6 Gd) compositions of c. 1800 Ma domains are

distinct from c. 1850–1825 Ma interiors. Evidence of gar-
net resorption in sample F122B supports garnet break-

down as a possible source for the Y-rich c. 1800 Ma

domains (e.g. Pyle & Spear, 1999; Foster et al., 2002),

but Y-depleted c. 1800 Ma domains in other samples

suggest that variable trace element compositions in c.

1800 Ma monazite resulted from a more complex pro-

cess. The petrological data indicate post-D1 retrograde
muscovite growth, retrograde reversal of biotite dehy-

dration reactions and Fe–Mg exchange between garnet

and biotite. Limited petrographic evidence (sample

S89A) suggests that post-thermal-peak monazite forma-

tion was coeval with retrograde muscovite growth (Fig.

14f). Because fluids are essential for retrograde mineral
growth (Vernon & Ransom, 1971), monazite may have

undergone fluid-assisted coupled dissolution–

reprecipitation (Seydoux-Guillaume et al., 2002; Harlov

& Hetherington, 2010; Williams et al., 2011). The com-

plex BSE zoning patterns exhibited by many monazite

grains with within-grain age variation (e.g. Fig. 14b, c, e,
j and k) are similar to those formed by fluid-assisted

dissolution–reprecipitation in natural and experimen-

tally altered monazite (Harlov & Hetherington, 2010;

Williams et al., 2011). The trace element maps of mona-

zite with c. 1800 Ma and older domains reveal concen-

tric core-to-rim compositional zoning in some grains

and patchy, irregular zoning in others, which may also
be consistent with coupled dissolution–reprecipitation.

Considering the catalyzing effect of strain on

dissolution–reprecipitation (Wawrzenitz et al., 2012),

monazite formation at c. 1800 Ma may have been trig-

gered by post-thermal-peak deformation.

Given the range of monazite ages identified in our
four samples, the monazite geochronology presented

here provides preliminary age constraints on the P–T–d

evolution, which would be improved by additional com-

prehensive in situ monazite analyses on regionally dis-

tributed samples. Nonetheless, when combined with

previously published geochronology, the data allow

preliminary interpretations of the regional tectonother-
mal history (see below).

Tectonic implications
Regional metamorphism and crustal shortening
(D1 and D2)
Based on the integrated petrological–geochronological

data presented above, the study area underwent east-

directed crustal shortening (D1) and regional meta-

morphism at c. 1850–1825 Ma (Fig. 15). The minimum

age of D1 is provided by the 1830 6 3 Ma age of a mon-

zogranite dike that cross-cuts S1 in metasedimentary
host rocks (Rayner, 2015). Thick-skinned, east-vergent

D2 thrusts and folds are interpreted as syn- to post-
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thermal peak, and are therefore estimated to have

occurred during or after c. 1850–1825 Ma.
High-grade metamorphism in the study area at c.

1850–1825 Ma is coeval with granulite-facies meta-

morphism and deformation on the southern MIM,

which has been attributed to the collision of the

Narsajuaq terrane and emplacement of the Cumberland

Batholith (St-Onge et al., 2007) or the impingement of
the Archean crystalline Sugluk Block beneath the MIM

(Corrigan et al., 2009; Whalen et al., 2010). These events

on the MIM are coeval with north–south accretion of the

composite Rae craton and Aasiaat domain with the

North Atlantic craton in West Greenland, and with the

collision of the North Atlantic craton with the MIM in
Labrador and Quebec (St-Onge et al., 2009, and refer-

ences therein). This strengthens the proposed correl-

ations between the eastern MIM and the Aasiaat

domain of West Greenland (e.g. St-Onge et al., 2009),

and with the Core Zone in north–central Labrador (e.g.

Corrigan et al., 2009; St-Onge et al., 2009).

Heat flow from concurrent orthopyroxene-bearing in-
trusions (Cumberland Batholith) may have contributed

to c. 1850–1825 Ma granulite-facies metamorphism in

the study area. However, elevated radioactive heat pro-

duction in thickened crust (e.g. England & Thompson,

1984; Jamieson et al., 1998; Brown, 2006; Clark et al.,

2011), or increased heat flow in a former back-arc basin
setting (e.g. Brown, 2006; Clark et al., 2011) may have

played significant roles. The Cumberland Batholith rep-

resents continental, Andean-type arc magmas that were

emplaced into the accreted MIM and Rae craton margin

(Hoffman, 1990; Thériault et al., 2001; St-Onge et al.,

2006, 2007), or were largely derived from post-accretion
lithospheric mantle delamination and melting of the sub-

ducted Sugluk Block from beneath the MIM (Whalen

et al., 2010). In either scenario, the study area on the east-

ern MIM would probably have been in a back-arc setting,

which is in accordance with the following: (1) attainment

of granulite-facies conditions; (2) derivation of mafic sills
in supracrustal sequences from partial melting of a

subduction-modified mantle (MacKay & Ansdell, 2014);

(3) NE-dipping teleseismic discontinuities in the upper

mantle beneath the southern MIM that may represent

the underthrust Narsajuaq arc and Sugluk Block (Snyder,

2010); (4) mantle xenoliths in kimberlite containing gar-

net with oceanic and continental sources, which imply
that subducted material extends northeastwards be-

neath the study area (Snyder, 2010). Peak metamorph-

ism and crustal shortening at c. 1850–1825 Ma could

plausibly reflect subduction (of Narsajuaq arc or Sugluk
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block?) beneath the MIM and the progressive closure of

a back-arc basin on Hall Peninsula. The eastward de-

crease in metamorphic grade may be attributed to a

greater inboard distance from the Andean-style margin,

resulting in lower heat flow as well as thinner, more dis-
tal supracrustal cover sequences and less crustal

thickening.

Late-orogenic activity
As discussed above, monazite formation at c. 1800 Ma

is probably the result of fluid-assisted dissolution–

reprecipitation that occurred at least 25 Myr after the

thermal peak, possibly activated by a late-orogenic de-

formation event. Significantly, regional monazite forma-

tion at c. 1800 Ma is coeval with the 1820–1795 Ma

docking of the Superior craton with the Churchill plate,
considered to represent the terminal collision of the

THO (St-Onge et al., 2007, 2009; Corrigan et al., 2009,

and references therein). This resulted in amphibolite-

facies metamorphism at c. 1820–1810 Ma and the devel-

opment of localized shear zones on the MIM (St-Onge

et al., 2007). Potentially, c. 1800 Ma monazite in the

study area may be related to the THO terminal collision;
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the lack of associated shear zones might be explained

by its greater northward distance from the Bergeron su-

ture (Fig. 2). Considering that the overall kinematics of

the THO terminal collision were north-to-south in the

Quebec–Baffin segment, it is possible that the
south-vergent, late-orogenic F3 folds developed during

the THO terminal collision.

Implications for tectonic processes in large, hot
orogens
The Hall Peninsula crustal section records c. 25 Myr of

crustal shortening and high-grade metamorphism;
U–Pb titanite ages (c. 1742–1730 Ma; Scott, 1999) sug-

gest that elevated temperatures (>550�C) persisted for

at least c. 95 Myr after the thermal peak. Maximum

pressures of �6�1–7�35 kbar estimated using phase dia-

gram models correspond to mid-crustal depths of �20–

25 km, based on an assumed crustal density of 2700 kg
m–3. Teleseismic profiles through southern Baffin Island

indicate a Moho depth of 35–46 km (Snyder, 2010).

Assuming that the area was underlain by the same

crustal material as it is now, the crust reached a max-

imum thickness of at least 55–71 km, similar to the esti-

mated maximum thicknesses in the Grenville (Mezger

et al., 1991) and Himalayan orogens (Tiwari et al., 2006).
Elevated temperatures over c. 100 Myr and crustal

thickening on Hall Peninsula are in accordance with the

THO as a large, hot, long-duration orogen (e.g.

Beaumont et al., 2006). However, the detailed tectono-

thermal evolution documented here highlights some

differences that set the THO apart from the Grenville

and Himalayan orogens, and from the similarly hot
Variscan orogen.

The Himalayan orogen exhibits subhorizontal ductile

flow of melt-weakened mid-crust in a channel between

a thrust-sense lower boundary and a normal-sense

upper boundary (e.g. Grujic et al., 2002; Beaumont

et al., 2006). Although evidence for similar mid-crustal
flow in the Grenville is equivocal, several hallmarks

have been recognized in the hinterland, including sub-

horizontal fabrics and possible shear zones bounding a

mid-crustal channel (Rivers, 2008, and references

therein). In the Variscan, subhorizontal fabrics and ther-

mal re-equilibration record the lateral flow of the mid-
to lower crust in response to the indentation of a contin-

ental block into the orogenic root (Schulmann et al.,

2008). In contrast to subhorizontal fabrics in the mid-

crust of comparable orogens, the regional metamorphic

foliation (S1) in the study area is moderately dipping.

Although we cannot rule out the possibility that S1 was

originally subhorizontal prior to D2, there is insufficient
evidence of lateral flow in a channel structure. There

are no known regional structures or bounding shear

zones that may indicate channel flow in the THO (St-

Onge et al., 2006), suggesting that the necessary rheo-

logical conditions were not met, including a laterally

continuous layer with sufficiently low viscosity
bounded by more rigid crust. This has previously been

attributed to the lower volume of pelitic lithologies in

the THO relative to other large, hot orogens (St-Onge

et al., 2006). In addition, the Cumberland Batholith and

coeval orthopyroxene-bearing intrusions in the study

area mostly pre-date the main phase of compression

between c. 1850 and 1825 Ma. Even if not fully crystal-
lized, the dominantly granitic intrusions may have con-

tributed to the rheological heterogeneity of the mid-

crust, impeding the development of a laterally continu-

ous, flowing layer.

Collapse in the Grenville orogen is manifested by

normal-sense shear zones extending >25 km into the
mid-crust (Mezger et al., 1991; Rivers, 2008), rapid ex-

humation and cooling (Cosca et al., 1992; Busch et al.,

1997; Schneider et al., 2013). Rivers (2008) suggested a

form of ductile flow beneath an orogenic plateau, fol-

lowed by collapse once compressive stresses ceased

and reworking of the former channel as a normal-sense

detachment system. In contrast, no normal-sense faults
are recognized in the eastern MIM. U–Pb titanite ages of

c. 1742–1730 Ma (Scott, 1999) may suggest that
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temperatures remained above �550�C (Cherniak, 1993;

Hawkins & Bowring, 1999) for �100 Myr after the ther-

mal peak. Muscovite 40Ar–39Ar ages of c. 1690–1657 Ma

may imply that the study area remained hotter than

�420–450�C (Harrison et al., 2009) for at least 140 Myr
post-thermal peak (Skipton et al., 2015). K–Ar ages of

muscovite (c. 1610 Ma; Lowdon, 1960), hornblende (c.

1670 Ma; Wanless et al., 1979) and biotite (c. 1700–

1507 Ma; Wanless et al., 1968), although variable, also

support prolonged high temperatures. Thorough inves-

tigation of the cooling history requires more compre-

hensive thermochronological data and thermal
modeling, but the available data suggest slow cooling.

Similarly slow cooling rates and the absence of exten-

sional tectonics are characteristic of the THO and par-

ticularly the Quebec–Baffin segment (Wanless, 1970;

Corrigan et al., 2009).

CONCLUSIONS

1. Field observations, petrography, mineral chemistry,

equilibrium phase diagram modeling and in situ U–

Pb monazite geochronology indicate that the domin-

ant regional deformation event in the internal zone
of the NE segment of the THO was east-directed

crustal shortening (D1) at c. 1850–1825 Ma, concur-

rent with the thermal peak of metamorphism, which

reached mid-amphibolite-facies conditions of �720–

740�C and �6�25–7�25 kbar in the east, and granulite-

facies conditions of �810–890�C and �6�10–7�35
kbar in the west.

2. Syn- to post-thermal-peak thick-skinned folds and

thrusts (D2) played an important role in crustal

thickening and the overall crustal architecture of the

eastern MIM by juxtaposing higher grade thrust

sheets eastwards over lower grade rocks.

3. Metamorphism and east-directed shortening (D1, D2)
from c. 1850 to 1825 Ma represent an accretionary or

collisional event in the upper Churchill plate collage

of the THO, and potentially Andean margin style

subduction of the Narsajuaq arc (or Sugluk block?)

beneath the MIM.

4. U–Pb monazite geochronology suggests that the
study area was regionally affected by a post-

thermal-peak tectonothermal episode at c. 1800 Ma.

Monazite formation was probably due to fluid-

assisted dissolution–reprecipitation and appears

concomitant with retrograde muscovite growth and

south-directed crustal shortening (D3).

5. The c. 1800 Ma event recorded on Hall Peninsula is
synchronous with the terminal collision of the THO

at c. 1820–1795 Ma, when the lower plate Superior

craton collided with the upper Churchill plate.

6. Significant crustal thickening and elevated tempera-

tures for c. 100 Myr on Hall Peninsula are consistent

with the THO being a large, hot, long-duration oro-
gen; however, mid-crustal ductile (channel) flow or

orogenic collapse features have not been identified.
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