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Abstract

This paper presents 40Ar/39Ar thermochronology on muscovite from three metapelite samples collected from eastern Hall

Peninsula, Baffin Island, in the Paleoproterozoic Trans-Hudson Orogen. Muscovite from each sample was analyzed for

mineral chemistry by electron microprobe. The highest-quality, unaltered and inclusion-free muscovite was selected from

each sample and dated by the 40Ar/39Ar step-heating laser (CO2) method. In addition, single spot analysis transects were per-

formed on large muscovite grains using an ultraviolet (UV) laser to investigate within-grain 40Ar/39Ar age variations. The

step-heating ages ranged from 1690 ±3 to 1657 ±3 Ma. For the three grains analyzed using the UV laser, spot ages range

from ca. 1661–1640 Ma, ca. 1675–1645 Ma and ca. 1680–1652 Ma, with ages that decrease by 20–30 m.y. from core to rim.

Available geochronology suggests that the age of peak metamorphism on Hall Peninsula is ca. 1850–1830 Ma, thus, the
40Ar/39Ar step-heating and UV laser data imply that eastern Hall Peninsula remained hotter than the nominal closure temper-

ature of radiogenic Ar in muscovite (~420–450°C) for at least 140 m.y. after peak conditions. Hall Peninsula appears to rep-

resent a section of orogenic middle crust with an overall slow cooling rate similar to other large, hot Paleoproterozoic

orogens.

Résumé

Le présent article fait état des résultats d’analyse thermochronologique 40Ar-39Ar sur la muscovite provenant de trois

échantillons de métapélite recueillis dans la partie est de la péninsule Hall, dans l’île de Baffin, une région sise au sein de

l’orogène trans-hudsonien d’âge paléoprotérozoïque. La chimie minérale de la muscovite provenant de chaque échantillon

a été établie au moyen d’analyses effectuées par microsonde électronique. On a tiré de chacun de ces échantillons de la mus-

covite de la plus haute qualité, non altérée et libre de toute inclusion en vue de la soumettre à la méthode de datation 40Ar-
39Ar (CO2) réalisée par réchauffement au laser de l’échantillon par étapes successives. En outre, de gros grains de muscovite

ont été soumis à des transects d’analyses sur grains uniques et une datation ponctuelle au moyen d’un laser ultraviolet (UV)

en vue d’étudier les variations intragranulaires au niveau des âges 40Ar-39Ar. Les âges obtenus au moyen de la technique de

réchauffement par étapes successives varient entre 1690 ± 3 et 1657 ±3 Ma. Dans le cas des trois grains analysés au moyen

d’un laser UV, les âges varient entre 1661–1640 Ma, 1675–1645 Ma et 1680–1652 Ma, ces âges accusant une diminution de

20 à 30 millions d’années du centre vers l’extérieur des grains. Les données géochronologiques disponibles semblent

indiquer que le métamorphisme a atteint son paroxysme il y a 1850–1830 Ma dans la péninsule Hall et, ainsi, les données

provenant de la technique 40Ar-39Ar de réchauffement par étapes successives et celles obtenues au moyen du laser UV por-

tent à croire que la température dans la partie est de la péninsule Hall a atteint un degré supérieur à la température nominale
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de fermeture propre à l’argon radiogénique de la muscovite (approximativement 420 à 450 °C) et s’est maintenue ainsi pen-

dant au moins 140 millions d’années suivant le pic du métamorphisme. La péninsule Hall semble faire partie d’une section

de croûte moyenne orogénique caractérisée par un taux de refroidissement lent, à l’instar d’autres zones orogéniques

chaudes de grande taille d’âge paléoprotérozoïque.

Introduction

Hall Peninsula represents a lithologically diverse section of

exhumed middle crust in the northeastern Paleoproterozoic

Trans-Hudson Orogen. Metamorphic mineral assemblages

indicate that Hall Peninsula experienced peak metamor-

phism at amphibolite- to granulite-facies conditions under

pressures of about 5–7 kbar. Existing geochronology sug-

gests that metamorphism began as early as 1886 Ma and

peaked at ca. 1850–1830 Ma, with minor subsequent zircon

and monazite growth at ca. 1780–1736 Ma and 1800–

1770 Ma, respectively (Scott, 1999; Skipton et al., 2013;

Rayner, 2014). Cooling ages (from the K-Ar method) have

been determined on six samples, including biotite (ca.

1700–1507 Ma; Wanless et al., 1968, 1974), muscovite (ca.

1610 Ma; Lowdon, 1960) and hornblende (ca. 1670 Ma;

Wanless et al., 1979). The cooling history is poorly under-

stood, however, due to the wide range of K-Ar ages and the

limited information provided by the K-Ar dating method

relative to 40Ar/39Ar methods (cf. McDougall and Harrison,

1999). This cooling history is important for understanding

the later stages of the Trans-Hudson orogeny and may shed

light on late- to post-orogenic processes experienced by the

middle crust in similar orogens.

In this study, muscovite from three metapelite rocks span-

ning an area of approximately 5000 km2 on eastern Hall

Peninsula (Figure 1) was selected for 40Ar/39Ar thermo-

chronological analysis using both step-heating and ultravi-

olet (UV) laser probe methods. Based on Ar diffusion ex-

periments, the nominal closure temperature of radiogenic

Ar in a muscovite grain with a 500 µm radius at 5 kbar

ranges from approximately 420 to 450°C for cooling rates

of 1–10°C/Ma (Harrison et al., 2009). Even at a much faster

cooling rate of 100°C/Ma, the closure temperature of Ar in

the same sized muscovite grain at 5 kbar is approximately

490°C (Harrison et al., 2009), still well below the peak

metamorphic temperature experienced on Hall Peninsula

during the Trans-Hudson orogeny. Therefore, 40Ar/39Ar

thermochronology on muscovite is an effective technique

to evaluate the cooling history of this section of the Trans-

Hudson Orogen during the later stages of orogenesis.

The step-heating technique is the conventional method for

measuring Ar isotopes in K-bearing minerals. It involves

incrementally heating a single muscovite grain and con-

ducting isotopic measurements on each progressive vol-

ume of gas released. From these data, the apparent 40Ar/
39Ar age of each heating step is calculated and plotted on an

age spectrum diagram. Several consecutive steps yielding

equivalent ages, within error, is referred to as the ‘plateau

age’ and is considered to represent the time the mineral

passed through its closure temperature. Conversely, an age

spectrum may yield no discernible age plateau, or the ages

of earlier and later steps may differ, requiring complex data

interpretation with higher uncertainty on the cooling age, or

even preventing an age from being calculated (cf. McDou-

gall and Harrison, 1999). The step-heating method progres-

sively releases Ar from the least to most retentive sites in a

grain, but the consequent gas release spectrum does not

yield spatially controlled age information. To determine

whether the Ar isotopic pattern in a grain is indicative of

temperature-controlled diffusion (i.e., younger apparent

ages near the rim due to the diffusion of daughter 40Ar out of

the grain) and to relate that diffusion profile to a cooling

rate, an 40Ar/39Ar laser spot age profile of the grain is re-

quired. For this reason, multiple spot analyses were con-

ducted on an additional muscovite grain from each sample

using the UV laser technique, permitting a thorough

investigation of the within-grain distribution of Ar and,

therefore, more confident interpretations of cooling histo-

ries.

Background geology

Hall Peninsula on southeastern Baffin Island, Nunavut, is

part of the Paleoproterozoic Trans-Hudson Orogen (Fig-

ure 1), an accretionary/collisional zone that separates the

lower-plate Superior craton from an upper-plate collage of

Archean crustal blocks (Churchill Plate; Hoffman, 1988;

Lewry and Collerson, 1990). The upper Churchill Plate

collage in the Quebec–Baffin segment of the Trans-Hudson

Orogen consists of the Rae craton and several microcon-

tinents that were accreted to the southeastern Rae margin

between ca. 1.88–1.84 Ga, prior to the terminal collision of

the Churchill Plate with the Superior craton at 1.82–

1.80 Ga (St-Onge et al., 2009). The Meta Incognita

microcontinent, which includes much of southern Baffin

Island, accreted to the southeastern Rae margin between ca.

1.883 and 1.865 Ga (St-Onge et al., 2006). The orthogneiss

basement of the Meta Incognita microcontinent is overlain

by a Paleoproterozoic clastic-carbonate-shelf succession

(Lake Harbour Group), and both the crystalline basement

and the Lake Harbour Group are intruded by ca. 1.865–

1.848 Ga monzogranite to quartz-diorite plutons (Cumber-

land Batholith; Scott and Wodicka, 1998; St-Onge et al.,

2000, 2007; Corrigan et al., 2009). The basement of the

Meta Incognita microcontinent has been correlated with ca.

3.02–2.78 Ga orthogneiss in the lower-plate Superior mar-
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Figure 1: Simplified geology of southern Hall Peninsula, Baffin Island, Nunavut (modified after Machado et al., 2013; Steenkamp
and St-Onge, 2014). Ages are from Scott (1999) and Rayner (2014). Locations are shown for the

40
Ar/

39
Ar thermochronology sam-

ples described in this article. Abbreviations: bt, biotite; cpx, clinopyroxene; grt, garnet; mag, magnetite; opx, orthopyroxene.



gin in Northern Quebec (St-Onge et al., 2000), although it

is uncertain whether the basement of the Meta Incognita

microcontinent shares cratonic affinity with the Superior or

Rae cratons, or whether it represents a separate cratonic

block (St-Onge et al., 2009).

Geology of Hall Peninsula

Preliminary studies document that Hall Peninsula consists

of ca. 1.89–1.85 Ga granitic plutons and ca. 1.93–1.89 Ga

metasedimentary rocks, while the eastern portion of the

peninsula comprises mostly Archean (ca. 2.92–2.80 Ga)

orthogneiss basement (Blackadar, 1967; Scott, 1996,

1999). The plutonic rocks and supracrustal cover se-

quences on Hall Peninsula have been correlated with the

Cumberland Batholith and Lake Harbour Group, respec-

tively, on the Meta Incognita microcontinent (e.g., Scott,

1999). Several possibilities have been proposed for the

cratonic origin of the Archean crystalline basement, includ-

ing the Superior craton, the North Atlantic craton of south-

ern Greenland, the Aasiaat domain in West Greenland, the

Core Zone in northern Labrador or a separate Archean crat-

onic block of unique origin.

Recent 1:100 000 scale bedrock mapping (Machado et al.,

2013; Steenkamp and St-Onge, 2014) and geochronology

(e.g., Rayner, 2014) have enabled a more detailed under-

standing of Hall Peninsula’s geological history. The west-

ern part of the peninsula comprises Paleoproterozoic

metasedimentary rocks that host extensive orthopyroxene-

bearing granitic intrusions (Figure 1). The supracrustal

rocks include biotite–garnet–melt±cordierite±orthopy-

roxene±sillimanite pelite and semipelite, biotite±garnet

psammite and minor biotite±garnet quartzite with localized

occurrences of diopside-humite-phlogopite marble. Detri-

tal zircon geochronology on quartzite indicates a maximum

depositional age of 1906 ±9 Ma (Rayner, 2014). The

supracrustal rocks have experienced granulite-facies meta-

morphism and muscovite and biotite dehydration melting

produced leucogranite dykes and sills containing gar-

net±biotite or muscovite–sillimanite±garnet (Dyck and St-

Onge, 2014). The crystallization age of one garnet-biotite

leucogranite was determined to be 1867 ±8 Ma (Rayner,

2014). Crystallization ages of the suite of orthopyroxene-

bearing granitic intrusions on western Hall Peninsula range

from 1892 ±7 (Rayner, 2014) to 1857 +5/–3 Ma (Scott,

1999). These intrusions overlap in age with orthopyroxene-

bearing granitoid plutons in both the Cumberland Batholith

(ca. 1865–1848 Ga) on southern Baffin Island and the

informally named Qikiqtarjuaq suite (ca. 1894–1889 Ga)

on Cumberland Peninsula (Rayner et al., 2012).

The eastern portion of the peninsula is dominated by an

Archean orthogneiss complex comprising mostly bio-

tite±hornblende±magnetite tonalite and monzogranite that

contain enclaves of diorite, amphibolite and pyroxenite

(From et al., 2014). Paleoproterozoic supracrustal rocks in

the eastern portion of Hall Peninsula form panels that are

10 m to 10 km thick and occur both structurally above and

below the Archean orthogneiss (Steenkamp and St-Onge,

2014). The cover sequences are separated from the base-

ment by sharp contacts that are parallel to the dominant re-

gional foliation. The metasedimentary rocks of eastern Hall

Peninsula include biotite–garnet±sillimanite±muscovite

pelite and semipelite, biotite psammite and minor occur-

rences of garnet-biotite quartzite, diopside-humite-

phlogopite marble and tremolite±tourmaline calcsilicate.

In contrast to the supracrustal rocks to the west, those of the

eastern assemblage almost always contain layers of amphi-

bolite±ironstone, and are locally dominated by mafic rocks.

Detrital zircon geochronology on psammite on eastern Hall

Peninsula indicates a maximum depositional age of

1959 ±12 Ma (Rayner, 2014).

Metamorphic mineral assemblages in the eastern pelitic

rocks indicate that peak metamorphic conditions reached

amphibolite-facies metamorphism in this area. The low

volumes of partial melt and widespread presence of musco-

vite suggest that the eastern portion of the peninsula under-

went low degrees of muscovite dehydration melting and re-

mained hydrous after the thermal peak (e.g., Dyck and St-

Onge, 2014; Skipton and St-Onge, 2014). Thus, muscovite

on eastern Hall Peninsula, including the muscovite dated in

this study, is generally interpreted to have grown after the

thermal peak but still at amphibolite-facies metamorphism.

This interpretation is supported by textural relationships

observed in thin section, such as intergrown muscovite and

sillimanite together with quartz and muscovite symplectite

textures, and muscovite grains that crosscut the dominant

foliation, which are discussed in more detail below.

In some areas on eastern Hall Peninsula, the contact be-

tween Paleoproterozoic cover units and the underlying

Archean basement is relatively undeformed and is locally

marked by quartzite beds, suggesting that the contact may

be depositional. Elsewhere, panels of supracrustal rocks

and basement orthogneiss are repeated by eastward-di-

rected, thick-skinned (D2) thrusts (Steenkamp and St-

Onge, 2014). Basement and supracrustal rocks are also de-

formed by outcrop-scale to map-scale, east-verging, thick-

skinned (D2) folds and south-verging, thick-skinned (D3)

crossfolds. Amphibolite- to granulite-facies metamor-

phism on Hall Peninsula is interpreted to have coincided

with eastward-vergent shortening (D1 + D2). A summary of

structural elements and associated deformation fabrics on

Hall Peninsula is provided in Steenkamp and St-Onge

(2014).

Recent U-Pb zircon analyses of high-U, low-U/Th zircon

rims are interpreted to bracket the timing of metamorphic

zircon growth on Hall Peninsula between ca. 1886 and

1828 Ma, with some evidence of a younger thermal event
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during ca. 1780–1736 Ma (Scott, 1999; Rayner, 2014). In

situ U-Pb monazite analyses indicate that major monazite

growth occurred during regional metamorphism on Hall

Peninsula during ca. 1850–1830 Ma, followed by subordi-

nate but regionally extensive monazite growth between ca.

1800 and 1770 Ma (Skipton et al., 2013). Although addi-

tional work is needed for a more detailed understanding of

the nature and timing of orogeny on Hall Peninsula, it is

clear that it was part of a large, hot orogen with a protracted

thermal history.

Sample descriptions

Biotite-muscovite-sillimanite-garnet pelite (sample
12MBC-F122B), central Hall Peninsula

Sample F122B was collected from a pelitic layer in a

Paleoproterozoic succession of dominantly pelite and

psammite that structurally overlies Archean tonalitic

orthogneiss west of Okalik Bay (Figures 1, 2a–c). A 10 m

thick quartzite bed occurs at the structural base of the

metasedimentary section, directly on basement ortho-

gneiss, and may represent a stratigraphic unconformity.

Two dominant Paleoproterozoic deformation events are

recognized in this area: east-directed shortening (D1),

which formed a west-dipping foliation, and younger south-

directed shortening (D3), which produced south-vergent

folds (Figure 2c; Skipton and St-Onge, 2014). Evidence of

east-verging, thick-skinned folding (D2) is suggested by

the overturned basement-cover contact (Skipton and St-

Onge, 2014). These deformation events were accompanied

by amphibolite-facies metamorphism.

Sample F122B contains biotite, muscovite, sillimanite (fib-

rolite), garnet, plagioclase, quartz, K-feldspar and tourma-

line. Plagioclase and quartz account for only approximately

15% of the sample and are concentrated in 1 mm to 1 cm

thick bands aligned parallel to foliation. Potassium feldspar

is rare (<5%) and occurs in the bands of plagioclase and

quartz. Garnet occurs as equant crystals up to 3 mm wide

(Figure 3a). Muscovite occurs in three textural settings.
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Figure 2: Field photographs of selected samples from the study area: a) partially melted layer of biotite-muscovite-sillimanite-garnet pelite
(sample F122B) interbedded with psammite; b) interbedded pelite and psammite from near the location of sample F122B; c) detail of pelite
from near sample F122B, showing S1 fabric (yellow dashed line) folded by F3 crenulations (green dashed line); d) a west-dipping, 3 m wide
panel of biotite–muscovite–sillimanite–K-feldspar pelite (sample S92C) in tonalite orthogneiss; hammer is 40 cm long.



Muscovite and biotite occur in approximately equal pro-

portions oriented parallel to D1/D2 foliation. These mica are

dominantly coarse-grained and euhedral, suggesting co-

eval growth during D1/D2 (Figure 3a, b). In addition, post-

D1/D2 muscovite overgrows syn-D1/D2 fibrolitic silli-

manite (Figure 3a, c) and is axial planar to south-verging

crenulations that formed during D3 (Figure 3c). Muscovite

also locally forms a symplectite texture with quartz.

Biotite–muscovite–garnet–sillimanite–K-feldspar
pelite (sample 12MBC-B075A), Beekman
Peninsula

Sample B075A is a pelitic rock that occurs in a south-dip-

ping panel of Paleoproterozoic metasedimentary rocks sur-

rounded by Archean tonalite orthogneiss on southeastern

Hall Peninsula (Beekman Peninsula; Figure 1). In contrast

to the west-dipping fabric that characterizes most of Hall

Peninsula, this package of metasedimentary rocks dips to

the south due to south-verging crossfolds that formed dur-

ing the youngest regional deformation event (D3). While

the basal contact with Archean basement orthogneiss might

represent a stratigraphic unconformity, basement rocks

were likely thrust eastward over the metasedimentary rocks

during D2, prior to folding during D3.

The major components of the pelite include biotite, quartz,

sillimanite (fibrolite), plagioclase, K-feldspar, muscovite,

garnet and tourmaline. Biotite defines a well-developed

schistosity (S1/S2). Muscovite is less abundant than biotite,

and generally occurs either parallel or subparallel to folia-

tion (Figure 4a, b). Muscovite is also common at the edges

of fibrolite+quartz aggregates, in which fibrolitic silliman-

ite forms elongate knots oriented parallel to foliation,

which are surrounded by quartz (Figure 4b). Muscovite is

sometimes found oriented at high angles to the foliation

(Figure 4c) suggesting postkinematic (post-D1/D2) growth.

Symplectic quartz intergrowths occur locally in both syn-

and postkinematic muscovite grains (Figure 4c).

Biotite–muscovite–sillimanite–K-feldspar pelite
(sample 12MBC-S092C), south-central Hall
Peninsula

This sample was collected from a 3 m by 10 m block of

pelite with tonalite orthogneiss occurring both structurally

above and below the block (Figure 2d). It is likely that

tonalite basement was thrust eastward over the pelite dur-

ing D2, similar to larger-scale thrust imbricates that occur

elsewhere in eastern Hall Peninsula.

The principal minerals in the metapelite are biotite, musco-

vite, K-feldspar, plagioclase, quartz and sillimanite. A

well-developed west-dipping gneissosity is defined by

0.5–2 mm thick bands of feldspar and quartz alternating

with bands of biotite–muscovite±sillimanite (Figure 5a).

Muscovite occurs as fine grains parallel or subparallel to

foliation, although larger grains occur around aggregates of

prismatic, foliation-parallel sillimanite crystals (Figure 5a–

c). While some muscovite grains contain sillimanite inclu-

sions or intergrowths of quartz or biotite, most are free of

inclusions.

22 Canada-Nunavut Geoscience Office

Figure 3: Photomicrographs of the sample F122B, with images in
plane-polarized light: a) garnet (grt) surrounded by biotite (bt) and
muscovite (ms), with sillimanite (sil; fibrolite) on muscovite cleav-
age planes; b) biotite, muscovite and plagioclase (pl) defining folia-
tion; c) fibrolite knot surrounded by muscovite.



Methods

Electron microprobe analyses

Major element analyses of muscovite were conducted on

polished thin sections of each sample using the JEOL JXA-

8230 electron microprobe at the University of Ottawa–

Canadian Museum of Nature MicroAnalysis Laboratory,

Ottawa, Ontario. The microprobe was operated at 20 kV

with a beam current of 20 nA and a 10 µm spot size. A total

counting time of 40 s was used for unknowns, including
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Figure 4: Photomicrographs of the sample B075A, with images in
plane-polarized light unless otherwise indicated: a) muscovite
(ms) and biotite (bt) defining foliation; b) fibrolite (sil) knot sur-
rounded by quartz (qz) and muscovite; c) muscovite with
symplectic quartz intergrowths crosscutting the main foliation
(crosspolarized light).

Figure 5: Photomicrographs of the sample S092C, with images in
plane-polarized light unless otherwise indicated: a) band of biotite
(bt) and muscovite (ms) between bands of feldspar and quartz
(melt); b) sillimanite surrounded by large muscovite grains that
crosscut the foliation; c) same image as in b) but in crosspolarized
light.



20 s on the peak and 10 s on either side of the peak. Acount-

ing time of 10 s was used on background peaks, plus 10 s on

each side of the peak, for a total counting time of 30 s. A

combination of natural and synthetic standards were used

for calibration and analyses were corrected using a ZAF

matrix correction routine. Chemical formulas were calcu-

lated on the basis of 11 oxygen atoms. Three individual mus-

covite grains were analyzed in samples B75A and F122B

and four grains were analyzed in sample S92C, with 1–10

microprobe analyses per grain. Grains were analyzed in a

range of textural settings to ensure representative musco-

vite compositions.

40
Ar/

39
Ar thermochronological analyses

Each sample was crushed using a ceramic mortar and pes-

tle. The crushed material was washed with water and ace-

tone and then sieved to isolate the 250–500 µm fraction.

The highest quality, most pristine grains were picked from

each sample, so that grain fragments and grains with inclu-

sions or signs of alteration were avoided. The grains were

packed into aluminum foil packets and arranged in 35 mm

long vertical tubes in an aluminum canister, and then irradi-

ated in the research nuclear reactor at McMaster University

in Hamilton, Ontario. The samples were irradiated for

320 h in position 8D in a medium total flux of approxi-

mately 1.3 × 1013 neutrons/cm2/s operating at a 3 MW

power level (cadmium shielded). Neutron flux was moni-

tored using the PP-20 hornblende monitor (Hb3gr equiva-

lent) with an apparent age of 1074 ±5 Ma (1σ; Jourdan et

al., 2006). At least four PP-20 monitors were interspersed

among the ten samples in each vertical tube of the irradia-

tion can. The 40Ar/39Ar thermochronological analyses were

conducted at the Noble Gas Laboratory at the Geological

Survey of Canada in Ottawa, Ontario.

Individual muscovite grains were loaded into a sample

holder and placed in a laser port under an ultrahigh vacuum.

For step-heating analysis, the grains were loaded into

1.5 mm diameter holes in a copper sample holder, which

was loaded into a CO2 laser source chamber. A Photon Ma-

chines, Inc. Fusions 10.6 55 W CO2 laser equipped with a

beam-homogenizing lens was used to heat each muscovite

grain for 30 s per step, and laser power was increased

incrementally for each subsequent step. For the three sam-

ples analyzed, the heating schedules comprised 16–25

steps, ranging from 0.1 to 7 W. For the UV laser technique,

each grain was loaded into a 5 mm diameter hole in an alu-

minum sample holder, which was then loaded into a UV la-

ser source chamber. A pulsed wavelength-quadrupled New

Wave Nd: YAG LUV266 (266 nm) UV laser was used to

conduct single spot fusions forming two to three rim-core-

rim transects on each grain, along with additional spots

where necessary to ensure full coverage of potential dis-

crete age domains. For each UV laser spot, the laser was

rastered over a 50 µm by 50 µm area at 85% laser power,

10 µm beam diameter, 10 µm raster spacing and 20 Hz repe-

tition rate, penetrating to an approximate vertical depth of

10 µm. Each rim-core-rim transect included between 10

and 20 raster spots. Flat grain surfaces were targeted to en-

sure good coupling between the laser and the muscovite

grain in order to avoid potential altered zones on uneven

surfaces and to consistently sample the same mica sheet

within a grain.

The gas released during each incremental heating step or

UV laser spot analysis was cleaned for 3–4 min using two

SAESTM NP-10 getters held at ~400°C, and a room temper-

ature getter containing HY-STOR® 201 calcium-nickel al-

loy pellets. The gas was then admitted to a Nu Instruments

Limited Noblesse magnetic sector multicollector noble gas

mass spectrometer. A Faraday cup was used to collect the
40Ar signal while three ion-counting multipliers simulta-

neously collected 39Ar, 37Ar and 36Ar using the MC-O

multicollection method described in Kellett and Joyce

(2014). Neutron flux gradients were evaluated by analyz-

ing the PP-20 hornblende flux monitors and calculating J-

factor values using linear interpolation between bracketing

standards. Background values were measured in blank runs

before and after each grain was analyzed and after every

four incremental heating steps or UV laser spots. Back-

ground values are presented in the 40Ar/36Ar step-heating

and UV laser data tables in Skipton et al. (2015)4, together

with the correction factors applied to account for reactor-

induced interference reactions. Atmospheric 40Ar/36Ar

measurements were conducted periodically during each

analysis session using aliquots of air transferred to the ex-

traction line. Using these air shot analyses, detector

intercalibration corrections relative to a reference detector

were applied to all sample gas analyses to correct for effi-

ciency differences between detectors as well as for mass

fractionation. Data collection, reduction, error propaga-

tion, age calculation and plotting were completed using the

Mass Spec software (v. 7.93; Deino, 2001). Thorough de-

scriptions of laboratory procedures, instrument specifica-

tions, data collection and correction factors are provided in

Kellett and Joyce (2014).

In the discussion of step-heating results, a ‘plateau’ is de-

fined as three or more consecutive heating steps yielding

the same apparent age (within 1σ) that, together, comprise

at least 30% of the total 39Ar released. The plateau ages

were calculated by weighting each included step by the in-

verse of the variance. Where no plateau was attained, the

term ‘pseudoplateau’ refers to the age of selected

nonconsecutive heating steps that yield the same apparent

age and comprise at least 30% of the total 39Ar released. In-
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tegrated ages were calculated by weighting all the individ-

ual steps by the fraction of 39Ar released. Ages presented

here are based on an assumed 40Ar/36Ar ratio of 298.56 for

atmospheric Ar (Lee et al., 2006) and were calculated using

the 40K decay constant 5.543 × 10-10 a-1 from Steiger and

Jäger (1977). All uncertainties on step-heating and UV la-

ser ages presented in the text and figures are reported at the

1σ level. The error on J-factor values is included in the cal-

culated ages (plateau, pseudoplateau and integrated) pre-

sented in the discussion of step-heating results to allow

comparison between samples that occupied different posi-

tions in the irradiation can. The J-factor errors are not incor-

porated into age uncertainties when comparing relative

ages of the individual heating increments plotted on the age

spectra in Figure 6 because intragrain analyses have identi-

cal J-factor values. Similarly, the error on J-factor values is

not included in the discussion of intragrain UV laser re-

sults.

Results

Muscovite composition

Electron microprobe data are presented in Skipton et al.

(2015). The composition of muscovite in all three samples

conforms to the chemical formula of muscovite

(K2Al4[Si6Al2O20](OH, F)4). Muscovite in sample F122B
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Figure 6: The
40

Ar/
39

Ar age and Ca/K spectra for muscovite step-heating analyses. Refer to Fig-
ure 1 for sample locations and Skipton et al. (2015) for data. Errors on individual heating steps
and on the calculated plateau (Tpl), pseudoplateau (Tps) and integrated (Tg) ages are quoted at

the 1σ level. The Tpl was calculated using steps F–K for sample B75A, and steps F–M for sam-
ple S92C. The Tps for sample F122B was calculated using step F from the first aliquot (gray)
and steps E and G from the second aliquot (black). Abbreviation: MSWD, mean square of
weighted deviates.



is slightly richer in Na and poorer in K than in the other two

samples. The composition of muscovite in each sample is

relatively homogeneous regardless of grain size or struc-

tural position, and there are no identifiable within-grain

compositional patterns.

40
Ar/

39
Ar step-heating results

The Ca/K and 40Ar/39Ar age spectra for step-heating analy-

ses are shown in Figure 6, and the full corresponding

dataset is provided in Skipton et al. (2015). The gas release

spectrum for sample B75A yields a plateau age of 1657

±3 Ma (mean square of weighted deviates, MSWD = 2.16;

55% of 39Ar released), which was calculated from the

midtemperature heating steps. Several low-volume gas re-

lease steps at the beginning and end of the heating schedule

yield ages that are older than the plateau age, between ca.

1700 and 1665 Ma. For sample S92C, a plateau age of 1665

±2 Ma (MSWD = 1.10; 47% of 39Ar released) was calcu-

lated from the early to middle stages of gas release. The last

nine gas-release steps yield older ages than the plateau age,

mostly between 1690 and 1670 Ma. For sample F122B,

most of the gas in the first aliquot was released in a single

heating step (step F on Figure 6) and a plateau age cannot be

calculated. After running a second aliquot of sample

F122B, a pseudoplateau age of 1690 ±3 Ma (MSWD =

0.43) was calculated using step F from the first aliquot, in

which the majority of 39Ar was released (77%), and steps E

and G from the second aliquot (41% of 39Ar released). In

both aliquots, low-volume gas releases at the start and end

of the heating schedule yielded older ages, up to 1710 Ma.

40
Ar/

39
Ar UV laser analyses

The UV spot analysis locations are shown on grain maps in

Figure 7, which are contoured by 40Ar/39Ar apparent age in

10 m.y. intervals. The data tables are presented in Skipton et

al. (2015). In all three samples, the UV laser spot analyses

show a decrease in 40Ar/39Ar age of 20–30 m.y. from core to

rim (Figure 7). Sample B75A exhibits a core-to-rim de-

crease in cooling age from 1661 ±3 to 1640 ±4 Ma. There

are, however, three young spot analyses in the grain interior

(1645 ±3 Ma, 1645 ±3 Ma and 1643 ±3 Ma). In sample

S92C, the ages of UV laser analyses decrease almost uni-

formly from 1675 ±3 Ma in the core to 1645 ±3 Ma in the

rim. In sample F122B, the UV laser ages range from 1680

±6 Ma near the grain interior to 1652 ±6 Ma at the grain

edge. While the cooling ages are generally younger toward

the grain edge, there is one anomalously young analysis in

the core, yielding an age of 1655 ±6 Ma.

Discussion

Relative timing and conditions of muscovite
growth

The metamorphic mineral assemblages in the three samples

indicate that peak metamorphism occurred under amphibo-

lite-facies conditions. Textural evidence implies that mus-

covite generally grew after the thermal peak, during the

early stages of the retrograde path, but intergrown musco-

vite and fibrolite as well as muscovite-quartz symplectite

suggest that growth still occurred under amphibolite-facies

conditions.

In sample B75A, the abundance of fibrolitic sillimanite and

K-feldspar and the scarcity of muscovite suggest that the

second sillimanite isograd reaction was crossed (musco-

vite + plagioclase + quartz = K-feldspar + sillimanite + wa-

ter). Thus, the muscovite in this sample is either the last re-

maining prograde muscovite, or represents minor retrograde

muscovite growth, or perhaps a combination of both pro-

cesses. The occurrence of symplectic quartz intergrowths

in several muscovite grains implies that at least some mus-

covite was produced from the retrograde reversal of the

second sillimanite isograd reaction (e.g., Peterman and

Grove, 2010). Late muscovite growth is also suggested by

the orientation of symplectic muscovite and quartz cross-

cutting (overprinting) the higher-grade foliation (Fig-

ure 4c).

Sample S92C appears to have reached temperatures well

above those required to cross the second sillimanite isograd

reaction. This sample contains distinct bands of K-feldspar,
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Figure 7: Each of the muscovite grains analyzed, contoured by
40

Ar/
39

Ar age as determined by UV laser spot analyses. Each con-
tour interval represents 10 m.y. and the oldest domains are shaded
dark grey, grading to lighter grey with younger ages. The 50 µm by
50 µm laser spot analyses are represented by square boxes, each
labelled with a letter that corresponds to an analysis step in the
data table (Skipton et al., 2015).



plagioclase and quartz that likely represent melt produced

during vapour-present muscovite dehydration melting

(muscovite + plagioclase + quartz + water = sillimanite +

melt) or, potentially, vapour-absent dehydration melting

(muscovite + plagioclase + quartz = K-feldspar + silliman-

ite + melt). While prograde muscovite cannot be defini-

tively ruled out, the abundance of K-feldspar and melt sug-

gests that most prograde muscovite would have been

consumed. Most muscovite in this sample probably formed

after the thermal peak, during the reversal of muscovite

breakdown reactions. This interpretation is supported by

the existence of large muscovite grains overgrowing

sillimanite (e.g., Peterman and Grove, 2010) and by numer-

ous muscovite grains that crosscut the dominant foliation

defined by biotite and gneissic banding (Figure 5).

In sample F122B, fibrolitic sillimanite probably grew when

temperatures exceeded the second sillimanite isograd reac-

tion and, potentially, muscovite dehydration-melting reac-

tions. Bands of coarse-grained plagioclase, quartz and mi-

nor K-feldspar may represent melt that was produced

during muscovite dehydration melting. Despite these reac-

tions, muscovite is abundant, coarse grained and mostly ap-

pears to be in textural equilibrium with the other minerals,

and K-feldspar is rare. This suggests that muscovite break-

down might have been minimal, or, potentially, that musco-

vite was produced on the retrograde path. Fibrolite is sur-

rounded by large muscovite grains, many of which are

nonparallel to the main foliation, and some muscovite

grains contain symplectic quartz intergrowths. Together,

these textures may represent the retrograde reversal of the

second sillimanite isograd reaction, whereby postkine-

matic muscovite overgrows fibrolitic sillimanite while

symplectic muscovite and quartz form at the expense of K-

feldspar (e.g., Peterman and Grove, 2010).

In all three samples, the mineral assemblages and textures

suggest that the latest period of muscovite growth or

recrystallization was relatively early on the retrograde path

(>500°C), following peak metamorphism at amphibolite-

facies grade. Muscovite forms part of a regional post-peak

amphibolite-facies assemblage that includes stable biotite,

sillimanite and, locally, garnet. Under such conditions of

muscovite growth (5 kbar and >500°C), it is unlikely that

muscovite would retain any pre-peak radiogenic Ar his-

tory; it can therefore yield the timing of cooling (Warren et

al., 2012). The possibility that some prograde muscovite

survived muscovite-breakdown reactions cannot be ruled

out; therefore, it is possible that such grains were analyzed

in this study. However, since mineral assemblages suggest

that regional metamorphic temperatures on eastern Hall

Peninsula surpassed 500°C and reached about 700°C, it is

unlikely that any prograde muscovite would have retained

pre-peak radiogenic Ar (e.g., Warren et al., 2012). There is

no evidence of lower-temperature retrograde minerals,

such as chlorite, in these rocks, nor are there apparent signs

of late hydrothermal activity such as veining or fluid alter-

ation; therefore, the 40Ar/39Ar cooling age of muscovite is

considered to record late-orogenic cooling from regional

amphibolite-facies metamorphism.

Interpretation of cooling history

The closure temperature for thermal diffusion of radiogenic

Ar in a muscovite grain with a 500 µm radius ranges from

approximately 420 to 450°C with cooling rates of 1–10°C/

Ma and a pressure of 5 kbar (Harrison et al., 2009). As dis-

cussed above, the muscovite in this study is inferred to have

grown at >500°C and approximately 5 kbar, with only a

slight decrease in pressure once temperatures cooled to

420–450°C. Cooling rates of 1–10°C/Ma are typical for

large, hot, Paleoproterozoic orogens such as the Trans-

Hudson Orogen (e.g., Dunlap, 2000). Thus, the 40Ar/39Ar

ages in this study are interpreted to represent regional cool-

ing of eastern Hall Peninsula below 450–420°C.

The 40Ar/39Ar step-heating data suggest that eastern Hall

Peninsula cooled through 420–450°C by 1690 ±3 Ma at the

earliest, and by 1657 ±3 Ma at the latest. The ca. 30 m.y.

spread in 40Ar/39Ar step-heating ages among the three sam-

ples suggests that cooling was not concurrent across east-

ern Hall Peninsula. As discussed above, the estimated age

of peak metamorphism on Hall Peninsula is ca. 1850 to

1830 Ma (Skipton et al., 2013); however, subsequent ther-

mal and/or fluid activity is evinced by a suite of younger U-

Pb ages, including ca. 1800–1770 Ma from monazite (Skip-

ton et al., 2013), ca. 1780–1736 Ma from zircon rims (Scott,

1999; Rayner, 2014), and ca. 1740 Ma from titanite (Scott,

1999). Together, the U-Pb data and the 40Ar/39Ar step-heat-

ing ages suggest that Hall Peninsula remained at tempera-

tures exceeding 420°C for at least 140 m.y. Considering

metamorphism on eastern Hall Peninsula peaked at approx-

imately 700°C, as suggested by mineral assemblages and

the presence of partial melts, post-peak cooling probably

occurred at a rate of 1–2°C/m.y. This cooling rate indicates

that Hall Peninsula forms part of a hot, slow-cooling

orogen, similar to several other Paleoproterozoic mountain

belts (e.g., Dunlap, 2000).

For each sample, the 40Ar/39Ar UV laser results are gener-

ally consistent with the ages calculated from step-heating

analyses. The plateau age of sample B75A (1657 ±3 Ma) is

approximately equivalent to the average of the UV laser

spot ages (ca. 1661–1640 Ma). The same is true of sample

S92C, although the step-heating age of sample F122B

(1690 ±3 Ma) is older than the oldest UV laser spot (ca.

1680 Ma).

Muscovite grains from all three samples exhibit 20–30 m.y.

decreases in 40Ar/39Ar age from core to rim, which are inter-

preted to represent similar Ar thermal diffusion profiles.

Young spot analyses in muscovite cores in samples B75A

and F122B probably reflect the presence of crystal defects
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that provided short diffusion pathways for Ar (e.g., Lee,

1995; Kramar et al., 2003). Possible cooling scenarios are

currently being explored using thermal modeling software,

such as slow cooling at a constant rate, or slow cooling fol-

lowed by a period of rapid cooling. The 20–30 m.y. de-

creases in core-to-rim age appear to represent Ar thermal

diffusion profiles that potentially required a faster cooling

rate than 1–2°C/Ma. Nonetheless, it can be deduced from

the ages of the muscovite cores that any possible periods of

faster cooling occurred after ca. 1680 Ma, and that a cool-

ing rate of approximately 1–2°C/Ma is appropriate for the

high-temperature (700–450°C) portion of the cooling

history.

Economic considerations

Diamond-bearing kimberlites are hosted by the Archean

basement orthogneiss on eastern Hall Peninsula, and are

currently the focus of exploration and development by

Peregrine Diamonds Ltd. Since the 40Ar/39Ar thermochro-

nology data presented here suggest that the middle crust on

Hall Peninsula cooled through about 420–450°C by ca.

1640 Ma, it is likely that thermotectonic activity ceased be-

fore kimberlite emplacement during the Late Jurassic to

Early Cretaceous. The Archean orthogneiss on eastern Hall

Peninsula probably formed part of a thick, stable craton that

was amenable to kimberlite intrusions. Ultramafic boudins

within the Archean orthogneiss and the inlying Paleopro-

terozoic supracrustal rocks have been recognized as

sources of carving stone (Steenkamp et al., 2014). The 40Ar/
39Ar cooling ages indicate that Hall Peninsula cooled

slowly after peak metamorphism and experienced sus-

tained high temperatures (>420°C) for at least 140 m.y. The

slow cooling through amphibolite-facies conditions might

have contributed to the recrystallization of ultramafic

protoliths, resulting in the development of strong, yet easily

carvable stone.

Conclusions

• The muscovite cooling ages from three samples on Hall

Peninsula of Baffin Island determined from 40Ar/39Ar

step-heating analyses are 1690 ±3 Ma (sample F122B),

1665 ±3 Ma (sample S92C) and 1657 ±3 Ma (sample

B75A).

• Ultraviolet laser spot analyses conducted on these same

samples exhibit a 20–30 m.y. decrease in 40Ar/39Ar cool-

ing ages from core to rim in all three samples. The UV

laser spot ages range from 1661 ±3 to 1640 ±4 Ma (sam-

ple B75A), from 1675 ±3 to 1645 ±3 Ma (sample B75A)

and from 1680 ±6 to 1652 ±6 Ma (sample F122B).

• Concomitant with available U-Pb data, the 40Ar/39Ar

ages suggest that Hall Peninsula remained at tempera-

tures above 420°C for at least 140 m.y., from ca.

1830 Ma or earlier, to ca. 1690 Ma, and locally as late as

ca. 1640 Ma. The data imply that this portion of the

Trans-Hudson Orogen cooled at a rate of about 1–2°C/

Ma following peak metamorphism, forming a hot, slow-

cooling terrane. The Ar diffusion profiles preserved in

muscovite indicate that faster cooling may have fol-

lowed as the Hall Peninsula middle crust cooled through

450–420°C.
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