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and rates of metamorphism for metapelites of the Snowcap assemblage, Yukon-Tanana terrane, Yukon;
Geological Survey of Canada, Current Research 2017-2, 21 p. https://doi.org/10.4095/304229

Abstract: Amphibolite-facies Snowcap assemblage rocks in the Stewart River area (west-central Yukon)
preserve significant information on the tectonometamorphic history of the Yukon-Tanana terrane. Garnet-
bearing metapelites were analyzed to obtain detailed metamorphic pressure-temperature-time (P-T-t)
information through the integration of whole-rock geochemistry, electron-microprobe analysis, X-ray
micro—computed tomography, phase equilibria, and garnet-crystallization modelling. The bulk chemistry
of the Snowcap assemblage rocks indicates that their protoliths are shale and wacke that were deposited
in a passive-margin setting. Textural observations indicate at least three episodes of deformation, form-
ing an early schistosity (S,, ) overprinted by a crenulation cleavage (S,, ) defined by quartz and ilmenite
inclusions in garnet, and a dominant transposition foliation (S,,) mainly recorded by micaceous layers.
Compositional zoning of garnet with respect to its Fe, Mg, Mn, Ca, and Y contents indicates chemical
disequilibrium across the garnet volume and between garnet and the rock matrix. The zoning is interpreted
to result from chemical fractionation associated with garnet growth and relatively slow intracrystalline
diffusion. Calculations on a key sample indicate garnet started to crystallize at approximately 510°C and
3.75 kbar and finished growing at about 670°C and 6.8 kbar. These conditions correspond to the peak
P-T conditions experienced by the rock. The chemical composition of the garnet core indicates signifi-
cant modification of the initial garnet chemistry by intracrystalline diffusion at temperatures of 600°C or
higher for at least 20 Ma. There are no current age constraints on the samples analyzed, but previous
studies indicate Permian and Jurassic diachronic and/or episodic regional metamorphism.

Résumé : Les roches de I’assemblage de Snowcap du faciés des amphibolites, dans la région de la
riviere Stewart (centre-ouest du Yukon), préservent de I’information importante sur I’histoire tectono-
métamorphique du terrane de Yukon-Tanana. Nous avons analysé des métapélites a grenat pour obtenir
des renseignements détaillés sur la pression, la température et la durée du métamorphisme, en intégrant
la géochimie sur roche totale, 1’analyse par microsonde électronique, la microtomographie a rayons
X assistée par ordinateur, I’équilibre des phases et la modélisation de la cristallisation des grenats. La
composition chimique des roches de 1’assemblage de Snowcap indique que leurs protolites étaient des
shales et des wackes déposés sur une marge passive. Nos observations texturales indiquent qu’il y a eu
au moins trois €pisodes de déformation, formant d’abord une schistosité (S,, ,) qui a €té€ surimprimée
par un clivage de crénulation (S, ) défini par des inclusions de quartz et d’ilménite dans les grenats,
puis par une foliation de transposition dominante (S,,) principalement définie par des couches micacées.
La zonation des grenats quant a leur teneur en Fe, Mg, Mn, Ca et Y indique un déséquilibre chimique a
I’intérieur de chaque cristal, ainsi qu’entre les grenats et la matrice rocheuse. Selon notre interprétation,
cette zonation résulte du fractionnement chimique associé a la croissance des grenats et a une diffu-
sion intracristalline relativement lente. Nos calculs sur un échantillon clé indiquent que la cristallisation
des grenats a commencé a environ 510 °C et 3,75 kbar et s’est terminée a environ 670 °C et 6,8 kbar.
Ces conditions correspondent aux conditions maximales de pression et de température subies par la
roche. La composition chimique du cceur de ce grenat indique une modification importante de la com-
position initiale des grenats par diffusion intracristalline a des températures d’au moins 600 °C, pendant
20 millions d’années ou plus. Il n’y a pas de parametres contraignant I’age des échantillons analysés, mais
des études antérieures ont indiqué un métamorphisme régional diachronique et/ou épisodique au Permien
et au Jurassique.
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INTRODUCTION

The detailed study of metamorphic garnet crystallization
and its effect on the thermodynamically effective bulk-rock
composition is essential for the high-precision determination
of the associated pressure-temperature-time (P-T-t) path.
Cations of Fe, Mg, Ca, and Mn have significantly lower dif-
fusion rates in garnet relative to other major metamorphic
minerals (Chakraborty and Ganguly, 1992), resulting in
chemical zoning in garnet and reflecting changes in the phys-
icochemical environment during its growth (Carlson, 2006).
Growth of garnet requires nutrients from the bulk-rock com-
position, and diffusion across individual garnet grains is too
slow to establish chemical equilibrium with the rock matrix.
Therefore, garnet growth causes incremental changes in the
effective bulk-rock chemistry, resulting in fractional crystal-
lization of garnet. The proportion of garnet end-members that
crystallize at any incremental growth stage is pressure- and
temperature- dependent, and reflects the effective bulk-rock
composition that is available at the time. Generally, Fe and
Mg contents of garnet in metapelites increase with increas-
ing temperature during growth and are relatively weakly
pressure-dependent (Ferry and Spear, 1978; Spear et al.,
1991). The Ca content of garnet is more pressure-sensitive
than that of the other major cations and generally increases
with increasing pressure (e.g. Ghent 1975). Manganese
commonly decreases from core to rim, since it is a minor
chemical component in metapelitic rocks that is preferen-
tially consumed by garnet and rapidly depleted in the bulk
rock as garnet grows (Spear et al., 1991). Chemical diffusion
in garnet can have an important effect on the zoning of these
cations depending on temperature, time, and garnet crystal
size. Diffusion in garnet becomes effective at T>585-600°C
(Caddick et al., 2010; Florence and Spear, 1991) for times of
5 Ma or longer, and has a more significant influence on Mn
and Fe compared to its other major cations.

In this study, we reconstruct the metamorphic P-T-t
path associated with garnet crystallization in metapelitic
rocks of the Snowcap assemblage of the Yukon-Tanana ter-
rane exposed in the Stewart River area (Fig. 1). This area
has previously been a focus of regional geological mapping
and regional metamorphic studies (Gordey and Ryan, 2005;
Berman et al., 2007; Staples et al., 2014; 2016). Herein,
we present new petrographic and geochemical data on the
Yukon-Tanana terrane garnet-mica schists and utilize their
mineral assemblages, bulk-rock and garnet chemical com-
positions, and rock textures to infer the conditions of their
metamorphism. Garnet-crystallization simulations account-
ing for garnet fractionation and intracrystalline diffusion
are used to constrain the P-T-t path. We demonstrate that
the consideration of garnet fractionation during metamor-
phism results in significantly different and better constrained
P-T-t—path estimates compared to the commonly used
phase-equilibrium approach, where the thermodynamically
effective chemical composition of the rock is assumed to be
fixed during metamorphism.

REGIONAL GEOLOGY

The northern Cordilleran orogen formed by succes-
sive accretion of allochthonous terranes to the western
Laurentian margin, thought to have started in the Late
Permian (Beranek and Mortensen, 2011) and continued
throughout the Mesozoic (Monger and Price, 2002; Nelson
et al., 2013; Staples et al., 2016). Collectively referred to
as the peri-Laurentian terranes, these terranes include intra-
oceanic arcs (Quesnel and Stikine terranes), arcs built on
continental fragments (Yukon-Tanana terrane), and remnants
of an ocean basin (Slide Mountain terrane) that separated
arc terranes from the Laurentian margin. Orogenic events
associated with intra-oceanic deformation and accretion
of terranes generated widespread amphibolite-facies meta-
morphism throughout the Yukon-Tanana terrane and the
Laurentian margin at different times (Berman et al., 2007).
Quantitative studies of the regional metamorphism have
been conducted at both local and broadly regional scales
(Dusel-Bacon et al., 1995; Berman et al., 2007; Staples et al.,
2013, 2014; Clark et al., 2016), but are too sparse to provide
a coherent regional framework. These studies do however
indicate that amphibolite-facies metamorphism was episodic
and/or diachronic, with documented events occurring in the
Permo-Triassic, Early Jurassic, Middle to Late Jurassic, and
Early to mid-Cretaceous (Staples et al., 2016).

Deposition of sediments on the western Laurentian
margin began during the Neoproterozoic rifting of Rodinia
(Dickinson, 2004; Nelson et al., 2013) and continued into
the Late Devonian. These sediments became the basement
to the Paleozoic arcs of the Yukon-Tanana terrane (Nelson
et al., 2013 and references therein). In most models, the
Yukon-Tanana terrane is considered to have separated from
the Laurentian margin by back-arc rifting of a Devono-
Mississippian arc and the development of the Slide Mountain
ocean basin, and experienced several phases of arc magma-
tism and tectonism prior to its re-accretion to the Laurentian
margin in the Late Permian to Early Triassic (Beranek
etal.,2010) or Jurassic (e.g. Berman et al., 2007). Subsequent
to this, the Yukon-Tanana terrane became the basement to
Mesozoic magmatism, which resulted in emplacement of
rare Triassic and voluminous Jurassic to Cretaceous plutons
(Woodsworth et al., 1991; Logan and Mihalynuk, 2014).

Yukon-Tanana terrane

The Yukon-Tanana terrane is a composite terrane that
went through several phases of deformation and medium- to
high-grade metamorphism (Berman et al., 2007; Staples et
al., 2016). It consists of four regional tectonostratigraphic
assemblages (Fig. 1): a basal siliciclastic assemblage of
continental-margin affinity (Snowcap assemblage), over-
lain by three unconformity-bounded, mid- to late-Paleozoic
volcano-sedimentary successions of continental-arc and
back-arc affinities (Finlayson, Klinkit, and Klondike assem-
blages) (Piercey et al., 2006). The Snowcap assemblage
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Figure 1. Regional field-area map in the Stewart River area. The locations of sample collection and tra-
verses done during the 2015 field season are shown. Figure modified from Yukon Geological Survey, 2016,

Yukon Digital Bedrock Geology (sourced from Gordey and Ryan, 2005; Ryan et al.,

2014). Terrane map

modified from Colpron and Nelson (2011).

constitutes the oldest unit of the Yukon-Tanana terrane and is
characterized by pre-Late Devonian metasedimentary rocks
and amphibolite (Piercey and Colpron, 2009). It is overlain
by the Carboniferous Finlayson, Lower Permian Klinkit, and
Permian Klondike assemblage volcanic rocks and intruded
by the Early Mississippian Simpson Range and the Middle
Permian Sulphur Creek suite. In west-central Yukon, units
of the Yukon-Tanana terrane are intruded by the widespread
early Jurassic Minto and Long Lake plutonic suites and the

mid-Cretaceous Whitehorse plutonic suite (dominated by
the Dawson Range phase) (Joyce et al., 2015; Berman et al.,
2007; Colpron and Ryan, 2009; Ryan et al., 2014).

In the Stewart River area, the Yukon-Tanana terrane
was subjected to three major episodes of metamorphism
(Berman et al., 2007; Staples et al., 2014). The first, low-
pressure metamorphic episode is indicated by growth of
metamorphic sphene at 365-350 Ma (Berman et al., 2007).
This episode may represent contact metamorphism associ-
ated with the emplacement of the Mississippian Simpson
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Range suite plutons and/or a cryptic episode of regional
deformation (Berman et al., 2007). A second, medium-
pressure metamorphic event occurred between 260 and
240 Ma, reaching peak metamorphic conditions of 9 kbar
and 600°C. The cause of this metamorphism is contentious.
Berman et al. (2007) interpreted this metamorphic episode
to be related to intra-arc thickening of the Yukon-Tanana
terrane during the closure of the Slide Mountain Ocean,
and not to a collision with North America, based on the
lack of any known deformation or metamorphism in North
American rocks. Beranek and Mortensen (2011) interpreted
the same episode to be associated with the terminal closure of
the Slide Mountain basin and collision of the Yukon-Tanana
terrane with the North American margin, based on the
presence of Permian detritus in the Triassic sedimentary
assemblage overlap on the North American margin that were
most likely derived from the Yukon-Tanana terrane. In con-
trast, Canil et al. (2003) and Johnston et al. (2007) identified an
exhumed peridotite massif within the Yukon-Tanana terrane,
indicating a major Middle Permian extensional episode.

The third metamorphic event in the Yukon-Tanana ter-
rane occurred during the Jurassic, between 195 and 187 Ma,
reaching peak P-T conditions of about 7.8 kbar and 595°C
(Berman et al., 2007; Staples et al., 2014). Significant
crustal reworking in the Late Jurassic and Cretaceous cul-
minated in the exhumation of deep metamorphic rocks in
mid-Cretaceous core complexes (Staples et al., 2013, 2016).
These core complexes expose rocks of the parautochthonous
Laurentia, similar in age and composition to the siliciclas-
tic foundation of the Yukon-Tanana terrane, but lacking
the Mississippian to Permian history of that terrane. The
extent of the various phases of metamorphism is generally
poorly constrained regionally, as only a few modern meta-
morphic and geochronological studies have been conducted
on relatively rare high-variance metamorphic assemblages
(Berman et al., 2007; Staples et al., 2013; Clark et al., 2016).
These studies assumed bulk-rock equilibrium and did not
utilize garnet-crystallization modelling. Additionally, there
are few locations with rocks of appropriate bulk chemical
composition and mineral content required to best constrain
the metamorphic conditions experienced. Rocks best
suited for high-precision metamorphic P-T-t path identi-
fication include metapelites ranging from greenschist to
upper-amphibolite facies.

Snowcap assemblage

The Snowcap assemblage comprises mostly pre-late
Devonian deformed and metamorphosed siliciclastic rocks,
including quartzite, micaceous quartzite, psammitic schist,
carbonaceous schist, marble, calc-silicate rocks, amphibo-
lite, and garnet amphibolite (Colpron and Ryan, 2009;
Piercey and Colpron, 2009; Ryan et al., 2014). These rocks
commonly preserve evidence of polyphase deformation and
metamorphism, including syn- and post-tectonic mineral
growth (Berman et al. 2007; Piercey and Colpron, 2009).

Metapelitic and metapsammitic rocks are commonly
interlayered with quartzite and are intruded by felsic dykes
and sills. These include the Mississippian Simpson Range
suite, the Permian Sulphur Creek suite, and the Jurassic
Minto and Long Lakes suites. The main schistosity in the
metapelitic rocks is generally shallowly dipping with vari-
able strike orientations. Snowcap assemblage metapelitic
rocks with good index minerals such as garnet, kyanite, and
staurolite are not widespread in the Stewart River area, and
therefore outcrops known to contain garnet from previous
work (Gordey et al., 2006) were targeted. For the purpose of
this study, newly collected and archived (Gordey and Ryan,
2005) metapelitic to metapsammitic garnet-bearing samples
of the Snowcap assemblage were selected (Fig. 1, Table 1).
All samples were subjected to whole-rock chemical analy-
sis. Samples O0RAY098A, O0RAY231A, 15RAYJR237B,
and 15RAYJR246A were used as representative samples for
sample description and thermodynamic phase-equilibrium
modelling. Samples 15RAYJR232A and 15RAYJR244A
were used for textural analyses. Sample 15RAYJR246A
was used for X-ray micro—computed tomography,
electron-microprobeanalysis,and garnet-crystallization mod-
elling, as its mineralogy and whole-rock chemistry are most
representative of all samples.

METHODS

X-ray fluorescence (XRF) and inductively
coupled plasma optical-emission
spectrometry (ICP-OES)

For each sample under investigation, an average volume
of about 200 cm?® of material was sent for lithogeochemical
analysis at Activation Laboratories (Ancaster, Ontario). The
analytical results are given in Table 2. Samples were pul-
verized using an agate mill. Major-element concentrations
were determined using X-ray fluorescence (XRF) analysis.
Loss on ignition was measured prior to fusion by heating
the samples at 1000°C for 2 hours. About 0.75 g of the
remaining homogenized sample was fused with 9.75 g of
lithium metaborate and lithium tetraborate in Pt crucibles,
and then poured into Pt moulds. Lithium bromide was used
as a releasing agent. The major-element concentrations were
then measured using a Panalytical Axios Advanced wave-
length-dispersive XRF instrument. The detection limit was
approximately 0.01 weight % for most elements, using the
method of Norrish and Hutton (1969).

Trace concentrations of Zr were measured using induc-
tively coupled plasma optical-emission spectrometry
(ICP-OES). Samples were mixed with lithium metaborate
and lithium tetraborate, melted in an induction furnace and
allowed to cool, then mixed with 5% nitric acid until com-
pletely dissolved. Some trace elements and oxides were
then measured using a Varian Vista 735 ICP instrument.
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Table 1. Sample locations (NAD83).

Sample ID Latitude |Longitude| SampleID | Latitude | Longitude
00GGA218A 63.126 | -139.318 [ 15RAYJR231A| 63.432 -140.332
00RAY098A 63.025 | -139.229 |15RAYJR232A | 63.429 -140.333
00RAY129A 63.022 | -139.054 15RAYJR232A | 63.429 -140.333
00RAY166A 62.988 | -139.223 15RAYJR233A | 63.423 -140.328
00RAY226B 63.760 | -138.514 15RAYJR235A | 63.406 -140.325
00RAY231A 62.920 | -139.140 15RAYJR236B| 63.398 -140.296
02RAY080A 63.413 | -140.325 15RAYJR237B| 63.408 -140.278
02RAYG039C 63.328 | -140.133 [ 15RAYJR239A | 63.278 -139.712
02RAYG141A 63.361 -140.057 |15RAYJR240A | 63.269 -139.704
02RAYG158A 63.412 | -140.024 15RAYJR241A| 63.253 -139.696
03GGA451A 63.585 | -139.029 |15RAYJR242A | 63.161 -139.369
03GGARO040A 63.461 -138.875 |15RAYJR242B| 63.161 -139.369
10RAYJRO49A | 62.646 | -137.922 15RAYJR243A| 63.186 -139.384
11RAYAZ421 62.694 | -137.890 15RAYJR244A | 63.330 -140.163
11RAYJRO70A | 62.991 -138.414 |15RAYJR245A | 63.329 -140.154
11RAYTDO56A | 62.873 | -139.042 15RAYJR246A | 63.327 -140.133
11RAYTKO008 62.805 | -139.362 15RAYJR248A | 63.325 -140.121
15RAYJR230A | 63.438 | -140.334 15RAYJR249A | 63.316 -140.108

The detection limit was 0.01 weight % for most oxides,
0.001 weight % for MnO and TiO,, and 1 to 5 ppm for trace
elements.

X-ray micro - computed tomography
(XR-uCT)

A 27 cm® block of sample 15RAYJR246A was scanned
using a SkyScan 1173 instrument at Carleton University
(Ottawa, Ontario) with a 130 kV and 61 pA X-ray source
and a brass filter in order to obtain its garnet crystal-size dis-
tribution. The block was scanned for 180° using 0.3° step
sizes. The largest garnet crystal was identified and processed
to obtain a cross-section through its geometric core. The
section was used to analyze the compositional zoning of
garnet. Comparison of the section with the XR-uCT data set
indicates a maximum deviation from the geometric core of
garnet of about 30 pm.

Electron-microprobe analysis

An electron-microprobe transect was analyzed across the
centre of the largest garnet crystal in sample 15SRAYJR246A
using a Cameca Camebax MBX electron probe micro ana-
lyzer at Carleton University. Analyses were done using
an accelerating potential of 20 kV and a beam current of
20.7 nA. Peak counting times were either 62 500 counts or
30 seconds. The Cameca PAP matrix-correction software

was used to convert counts into weight per cent. Eighty-
seven analyses were done for the transect, resulting in a
spacing of approximately 35 pm.

Thermodynamic phase equilibria and
garnet-crystallization modelling

Pressure-temperature phase-equilibrium diagrams were
constructed using the DOMINO software (de Capitani
and Petrakakis, 2010). The bulk-rock chemistry of sam-
ples OORAY231A, OORAY098A, 15RAYJR237B, and
I5SRAYJR246A (Table 2) was used to determine the sta-
ble mineral assemblages and garnet compositions across
projected P-T fields within the MnO-Na,O-CaO-K,O-
FeO-MgO-AlLO,-Si0,-H,0-TiO, model system. The Fe,O,
species was not included in the system due to the absence
of magnetite, and of ferric iron in ilmenite and garnet. The
thermodynamic database of Holland and Powell (1998) was
used for the modelling. For details about the activity models
used in our calculations, the reader is referred to Gaidies et
al. (2015). A metamorphic P-T-t path was calculated based
on garnet-crystallization modelling using the THERIA_G
software (Gaidies et al., 2008) and the same thermodynamic
data set used for the phase-equilibrium modelling. The P-T-t
path was compared to the phase-equilibrium diagram of
the fractionated chemistry of the rock, which was extracted
from the THERIA_G model results. The kinetic data
set of Chakraborty and Ganguly (1992) was used for
intracrystalline-diffusion simulations.
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Table 2. Whole-rock chemistry of all samples. For the *Protolith’ column, if (100 TiO,/Zr)>0.4, the protolith is a pelite, and if (100 TiO,/Zr)<0.4, the protolith is a
psammite (Psam) (Garcia et al., 1991). Pale grey rows indicate samples which were used for phase-equilibrium modelling. The darker grey row corresponds
to the sample that was used for garnet-crystallization modelling.

100
Ni0O | SiO, | ALO, | Fe,O, | MnO | MgO | CaO | Na,0 | K,0 | TiO, | P,O. | Cr,0, | LOI | Total Zr | TiO,/Zr | Protolith
(weight %) (ppm)

Analysis XRF | XRF | XRF XRF | XRF | XRF | XRF | XRF | XRF | XRF | XRF | XRF | XRF | XRF ICP - -

Detection limit 0.003 | 0.01]| 0.01 0.01 | 0.001 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01 0.01 0.01 2 - -

00GGA218A 0.006 | 66.58| 13.19 5.87 |0.087 | 2.96 | 3.22 | 1.02 | 2.74 | 0.69 | 0.11 0.01 | 446  101.00 | 264 0.26 Psam
O00RAY098A 0.015 | 56.04 20.12 7.73 10.044 | 326 122 0.76 5.74 0.64 | 0.12 0.03  3.87 99.59 | 135 0.47 Pelite
00RAY129A 0.006 | 74.69| 11.98 4.04 |0.062| 0.88 | 2.27 | 1.83 | 2.13| 0.23 | 0.03 | <0.01 | 1.50 | 99.67 | 150 0.15 Psam
O00RAY166A 0.004 | 64.20| 17.09 558 |0.084 | 1.68 | 2.24 | 198 | 3.70 | 0.71 | 0.11 0.01 | 2.01 | 99.41 | 290 0.24 Psam
00RAY231A 0.015 | 61.87 | 17.04 8.31 1 0.344  2.84 0.81 0.96 4.39 0.94 0.07 0.01 248 100.10 | 174 0.54 Pelite
02RAY080A 0.007 | 65.19| 16.40 | 6.36 | 0.049 | 1.91 1043 | 0.52 | 3.43 | 0.85 | 0.16 | 0.02 | 3.56 | 98.92 | 235 0.36 Psam
02RAYG039C 0.005 | 68.89| 15.06 | 6.40 | 0.120| 1.68 | 0.55 | 0.56 | 3.47 | 0.72 | 0.10 | 0.01 | 223 | 99.80 | 148 0.49 Pelite
02RAYG141A 0.004 | 57.09| 22.63 | 7.04 | 0.080| 1.80 1 0.33 | 0.63 | 531|093 | 0.16 | 0.02  3.58 | 99.63 | 215 0.43 Pelite
03GGA451A 0.004 | 64.46| 14.06 8.29 |0.255| 1.98 | 0.77 | 0.59 | 4.14 | 0.80 | 0.21 0.01 /322 98.83 | 157 0.51 Pelite

03GGARO040A 0.010 | 60.19| 19.58 7.52 | 0.195| 2,51 | 0.51 | 0.90 | 5.33 | 0.88 | 0.08 0.02 | 2.57 | 100.30 | 224 0.39 Psam
10RAYJR049A 0.009 | 58.93| 18.09 9.31 |0.102 | 2.84 | 1.29 | 1.33 | 3.70 | 1.22 | 0.11 0.01 | 262 | 99.60 | 251 0.49 Pelite
11RAYAZ421 0.004 | 56.26 | 20.52 | 10.03 | 0.101 | 2.51 | 0.87 | 1.16 | 3.95 | 1.47 | 0.09 0.01 | 3.22 | 100.20 | 359 0.41 Pelite
11RAYTDO056A 0.003 | 57.67 | 19.81 9.88 | 0.118 | 3.10 | 0.88 | 1.09 | 3.10 | 1.41 | 0.09 0.01 | 3.34 | 100.50 | 235 0.60 Pelite
11RAYTKO008 0.003 | 73.21| 13.44 4.97 [0.098 | 1.39 | 0.47 | 0.47 | 3.44 | 0.66 | 0.09 0.01 | 2.01 | 100.30 | 307 0.21 Psam
15RAYJR230A | <0.003 | 66.21 | 16.90 5.33 | 0.018 | 1.52 | 0.26 | 0.53 | 4.01 | 0.83 | 0.13 0.01 | 299 | 9876 | 272 0.31 Psam
15RAYJR231A 0.006 | 56.86 21.14 8.71 | 0.071 | 2.33 | 0.72 | 0.49 | 526 | 0.95 | 0.16 0.01 | 3.46 | 100.20 | 202 0.47 Pelite
15RAYJR232A 0.008 | 63.36| 17.70 7.78 | 0.062 | 2.04 | 0.70 | 0.71 | 4.44 | 0.86 | 0.07 0.01 | 2.35 | 100.10 | 158 0.54 Pelite
15RAYJR232A | <0.003 | 65.48 15.23 7.62 [ 0.094 | 167 |2.78 | 2.08 | 252 | 0.70 | 0.25 | <0.01 | 1.38 | 99.81 161 0.43 Pelite
15RAYJR233A 0.005 | 65.77 | 15.89 6.32 | 0.296 | 2.43 | 0.50 | 1.01 | 424 | 0.65 | 0.12 0.01 | 2.27 | 99.53 | 154 0.42 Pelite
15RAYJR235A 0.007 | 64.17 | 18.41 6.73 | 0.037 | 2.00 | 0.34 | 0.49 | 4.60 | 0.80 | 0.09 0.01 | 3.08 | 100.80 | 152 0.53 Pelite
15RAYJR236B 0.017 | 68.19| 13.79 5.91 | 0.060 | 3.63 |1.19 | 0.85 | 2.76 | 0.57 | 0.26 0.03 | 2.21 99.48 | 156 0.37 Psam
15RAYJR236B 0.016 | 74.78| 11.84 4.82 | 0.062 | 1.65|0.81 | 0.30 | 2.74 | 0.64 | 0.08 0.03 | 1.90 | 99.68 | 118 0.54 Pelite
15RAYJR237B 0.014 | 69.90 | 14.28 5.81 0.036 1.89 0.47 044 | 3.02 0.78 0.14 0.03 | 2.71 99.53 | 236 0.33 Psam
15RAYJR239A 0.009 | 56.52 | 22.61 8.74 | 0.206 | 2.35 | 0.11 | 0.68 | 5.12 | 0.90 | 0.06 0.02 | 3.48 | 100.80 | 157 0.57 Pelite
15RAYJR240A 0.022 | 70.20| 12.74 5.08 | 0.014 | 247 | 222 | 0.94 | 2,52 | 0.62 | 0.12 0.04 | 286 | 99.87 | 125 0.50 Pelite
15RAYJR241A 0.023 | 54.82| 19.18 9.91 {0332 345 [ 1.32 | 142 | 564 | 1.39 | 0.26 0.03 | 2.04 | 99.85 | 259 0.54 Pelite
15RAYJR242A 0.012 | 53.82| 20.12 | 10.38 | 0.281 | 2.52 | 0.34 | 0.51 | 6.69 | 1.09 | 0.06 0.02 | 2.81 98.69 | 199 0.55 Pelite
15RAYJR242B 0.010 | 71.42| 12.59 6.38 | 0.148 | 1.58 | 0.83 | 1.22 | 3.80 | 0.65 | 0.05 0.01 | 1.26 | 99.97 | 105 0.62 Pelite
15RAYJR243A 0.003 | 71.07 | 13.59 6.59 | 0.102 | 1.69 | 0.19 | 0.32 | 3.93 | 0.74 | 0.05 0.01 | 1.73 | 100.00 | 344 0.22 Psam
15RAYJR244A 0.011 | 68.72| 15.01 6.15 | 0.090 | 1.97 | 0.94 | 0.48 | 3.79 | 0.67 | 0.08 0.02 | 2.22 | 100.20 | 248 0.27 Psam
15RAYJR244A 0.007 | 63.94| 18.63 6.35 | 0.070 | 1.74 | 0.77 | 0.48 | 5.22 | 0.71 | 0.14 0.02 | 2.57 | 100.70 97 0.73 Pelite
15RAYJR245A 0.026 | 62.45| 17.17 7.87 | 0.189 | 2.62 | 0.98 | 0.75 | 451 | 0.90 | 0.09 0.04 | 217 | 99.79 | 170 0.53 Pelite
15RAYJR246A 0.007 54.72 21.70 9.19 0.100 243 1.08 0.65 5.67 0.89 0.14 0.01 322 99.83 116 0.77 Pelite
15RAYJR248A 0.010 | 62.42| 17.29 7.56 | 0.074 | 2.26 | 1.29  0.85 | 4.81 | 0.72 | 0.12 0.02 | 214 | 99.58 | 130 0.55 Pelite
15RAYJR249A 0.010 | 73.28 | 14.06 3.97 | 0.051| 1.37 | 0.72 | 1.00 | 3.87 | 0.58 | 0.08 0.01 | 1.93 | 101.00 | 297 0.20 Psam

A
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RESULTS

Sample description

Most schist samples contain the assemblage garnet+white
mica+quartz+biotitexilmenitetplagioclase (Fig. 2). Sample
OORAY(098A additionally contains several apatite porphy-
roblasts. Sample 15RAYJR237B contains both prograde
and retrograde chlorite, which are differentiated by their tex-
ture relative to the rock foliation and by their composition.
Biotite is pseudomorphed by retrograde chlorite. Sample
15RAYJR246A contains rutile crystals that have ilmenite
rims. Garnet in all samples forms anhedral to subhedral
porphyroblasts between 0.1 and 8 mm in diameter that are
wrapped by the mica foliation in the matrix. Inclusions in
garnet consist mostly of ilmenite, quartz, and apatite. Scarce
zircon, allanite, and monazite inclusions up to 5 um in size
are present. Inclusion-trail patterns and abundances vary
by locality. Samples collected in the northwestern section
of the field area (samples 15RAYJR232A, 15SRAYJR237B,
15RAYJR244A, and 15RAYJR246A) contain garnet por-
phyroblasts with abundant quartz inclusions, which can
form complex inclusion trails (Fig. 2c, d, e, f). Garnet por-
phyroblasts in samples collected in the eastern section of
the field area (samples 0ORAY098A and OORAY231A) are
scarce in quartz inclusions but contain randomly oriented
ilmenite inclusions (Fig. 2a, b). Garnet crystals in sample
OORAY231A preserve core and rim phases that are clearly
separated by a textural boundary (Fig. 2b). Chlorite occurs
in these samples as a retrograde mineral and is commonly
observed as rims on garnet, or replacing biotite. Quartz has
a modal abundance of 20 to 50%, depending on the sample.

Samples 15SRAYJR232A and 15SRAYJR244A display up
to three generations of structures. The main foliation (S,,)
consists of a mica schistosity observed in all samples. This
foliation wraps around garnet porphyroblasts. Quartz and
ilmenite inclusion trails are observed within the porphyrob-
lasts (Fig. 2) and exhibit a complex pre-S,, structural history,
consisting of a previous foliation (S, ) and crenulation
cleavage (S,, ). Both S, and S are oriented in a consis-
tent direction across all garnet grains (Fig. 3), indicating that
garnet was not rotating during its crystal growth. Garnet is
syn- to post-tectonic with respect to S, . The formation of
S,, started near the end of garnet growth and is captured by
inclusions subparallel to S, in the outer rim of a few garnet
crystals (e.g. Figure 2e). Only samples from the western sec-
tion of the field area appear to contain S, and only a few
samples within this area contain S .

M-2?

Bulk-rock chemistry

The TiO, and Zr contents (Table 2) as well as log (Fe,O,/
K,O) over log (SiO,/AlO,) values indicate shale and wacke
protoliths (Fig. 4). The TiO,/Zr ratio discriminates between
protoliths of pelitic versus psammitic composition (Garcia et
al., 1991), with approximately 70% of the samples being of

pelitic origin and the remainder being of psammitic origin.
According to the Herron (1988) classification of sediments,
the samples have shale to wacke protoliths (Fig. 4). Using
the classification of Roser and Korsch (1986), the K,O/
Na,O over SiO, ratio suggests a passive-margin depositional
environment (Fig. 5). The K,O/AlLQ, ratio ranges between
0.19 and 0.33, indicating that the samples reflect clay-rich
rather than feldspathic protoliths (Cox et al., 1995). Samples
plot on a trend with constant FeO and MgO ratios, but with
varying Al,O, — 3K, O contents (Fig. 6). The samples plot
closer to the FeO apex of the AFM projection relative to the
average metapelite of Symmes and Ferry (1991), but plot in
a similar compositional space as the Snowcap assemblage
metapelite and metapsammite samples analyzed by Piercey
and Colpron (2009).

X-ray micro - computed tomography
(XR-uCT)

Garnet crystal sizes in sample 15RAYJR246A have a
normal, unimodal distribution (Fig. 7). A total of 482 garnet
crystals were identified in a volume of 27 cm?, or approxi-
mately 18.7 garnet crystals per cm®. The majority of crystals
range between 0.9 and 2 mm in diameter, with the largest
crystal having a diameter of 3 mm. The larger crystals are
the least abundant.

Garnet compositional zoning

The largest garnet crystal in sample 15RAYJR246A is
compositionally zoned from core to rim (Fig. 8, 9; Table 3).
Zoning is symmetrical, with the core of the garnet crystal
starting at 1.5 mm from the edge of the rim on each side.
The mole fraction of iron (X, = Fe/(Fe + Mg + Ca + Mn))
increases from 0.59 at the core to 0.72 near the rim; it does
not change significantly for the outermost 0.4 mm of garnet
near the rim. The mole fraction of Mg (X, ) increases from
0.035 at the core to 0.07 at a distance of O 2 mm from the
rim, and sharply increases to 0.13 toward the rim. The mole
fraction of Ca (X_) increases slightly for the first 0.8 mm
away from the core, from 0.21 to 0.24, and then decreases
sharply toward the rim to 0.15. The mole fraction of Mn
(X,,,) decreases continuously from core to rim, from 0.16
to 0.01.

Metamorphic phase equilibria

Phase-equilibrium diagrams calculated for sam-
ples OORAY(098A, OORAY231A, 15RAYJR237B, and
15SRAYJR246A on the basis of their bulk chemistry (Table 2)
areshowninFigure 10. The P-T fields of garnet-bearing assem-
blages (light grey in Fig. 10) differ, reflecting differences in
bulk chemistry between the samples. The diagrams clearly
demonstrate the effect of bulk MnO content on the stability
of garnet-bearing assemblages. Higher MnO concentration
favours crystallization of garnet at significantly lower P-T
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Figure 2. Microphotographs (plane-polarized light) illustrating the mineral assemblages and microstructures of
representative samples. Figures 2e and 2f show garnet crystals containing inclusion trails with possible relict crenu-
lation cleavage. Wmca = white mica. Other mineral abbreviations from Siivola and Schmid (2007).
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Figure 3. Sketches of microstructures across the thin sections for samples a) 15RAYJR232A and
b) 15RAYJR244A.
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Figure 4. Sedimentary protoliths of samples (modified from Herron, 1988). The distinc-
tion between metapelite and metapsammite comes from the 100 TiO,/Zr ratio (Table 2;
Garcia et al., 1991).
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Figure 5. Depositional settings of protoliths (modified from Roser and Korsch, 1986).
PM = passive margin; ACM = active continental margin; ARC = oceanic island arc. Average
pelite composition according to Symmes and Ferry (1991).
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Figure 6. AFM projection from muscovite, quartz, and H,O (from Thompson, 1957) of bulk-rock
chemistry of all the samples collected. Total iron is assumed to be FeO. The average metapelite
composition is that of Symmes and Ferry (1991).
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Figure 7. Garnet crystal-size distribution in sample 15RAYJR246A.

Current Research 2017-2 11 Y.E. Morneau et al.



0.50 0.80
X_ o
0.45 E;S)CCQQ) 6@@%( 0.70
Q
0.40 - quco @
6§QQDO C%SDCCCOQ?DO 10.60
0.35 -
@)
< 00 0.50
"o~ YU
< g 0 10 <
20 (.25 - o X [ 0.40 ©
X 2 ’ﬁ, o0 e >
- \ R @ .\'
T ™ ) .' ..
ol SN 0.20 1 ’ oy © Qo
° o o |02
0.15 nggfg)o G:QSDCQQ% '.
o OO X, '.‘T 0.20
] o QEQ) @
0.10 \XMQ ° > ® . o
0.05 1 o ® o _o Q)Q) [ 010
' TR0 o eys an® o
N 0@@(@0%:@:@@
—0 . 0.00

BE S Rt
0.00

0 0.5 1

1.5

2 25 3

Diameter (mm)

Figure 8. Compositional profile across the geometric centre of the largest garnet crystal identified in sample

15RAYJR246A.

conditions, as can be seen in the stability field of the
garnet-bearing assemblages in sample 0ORAY231A, which
is significantly larger due to a higher bulk MnO concen-
tration (0.28 weight % MnO) relative to other samples
(0.10 weight % MnO). Regardless of the different topolo-
gies illustrated in the diagrams, the mineral assemblages
observed in each of the samples (dark grey fields in Fig. 10)
are predicted to be stable at similar conditions, above 550°C
and between 6 and 8 kbar. The absence of partial melting
sets an upper limit of approximately 700°C for the peak tem-
perature. Garnet isopleths for sample 15SRAYJR246A are
calculated in Figure 11. With temperature increases, pyrope
and almandine contents increase and grossular content
decreases. The spessartine content is higher near the garnet-
in line, and decreases further away, following an inverse
pattern to the volume per cent. The end-member concentra-
tions measured for the core of the largest garnet crystal are
shown as red lines and intersect within a precise location
close to the garnet-in line.

Metamorphic P-T-t path of garnet
crystallization

According to forward modelling of garnet growth
and the distribution of garnet isopleths (Fig. 11), garnet
growth is inferred to have started at conditions of approx-
imately 510°C and 3.75 kbar and finished at peak P-T
conditions of approximately 6.8 kbar and 667°C for sam-
ple 15RAYJR246A (Fig. 12; Table 4). Garnet grew over a
duration of 27 Ma. The exact heating rate experienced by
the sample cannot be determined, but the intracrystalline-
diffusion simulations conducted in our study suggest that the
rock was subjected to temperatures above 600°C for more
than 20 Ma. Figure 13 represents a modelled garnet com-
positional zoning that fits the observed zoning best for the
P-T path suggested in Figure 12, considering different heat-
ing scenarios. The model represented by the red line reflects
a heating rate of 20°C/Ma until the sample reached 600°C,
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200 um 200 um

Figure 9. Electron-microprobe transect across the centre of the largest garnet crystal in sample
15RAYJR246A. Inclusions observed include quartz, ilmenite, rutile, apatite, zircon, and allanite.
Mineral abbreviations from Siivola and Schmid (2007).
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Table 3. Garnet core and rim composition, in weight per cent, of the
largest garnet crystal in sample 15RAYJR246A, measured through
electron-microprobe analysis.

| sio, |cao| v,0, | Feo | aL0, | Tio,|Mno| Mgo | Total
Garet - core | 37.16 7.20 0.38 | 26.58| 20.94 0.09 7.04| 0.89 | 10026
Garet-rim | 37.29 4.81 0.01 32.66 20.94 0.04 068 342  99.83
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Figure 10. Phase-equilibrium diagrams for samples 00RAY098A, 00RAY231A, 15RAYJR237B, and 15RAYJR246A.
The light grey fields represent the predicted P-T conditions of garnet-bearing assemblages, and the dark grey fields
reflect the P-T conditions of the assemblages observed in the rocks. Quartz and H,O are in excess. Wmca = white
mica. Other mineral abbreviations from Siivola and Schmid (2007).

Current Research 2017-2 14 Y.E. Morneau et al.



Pyrope

Almandine

Grossular

Spessartine

&
4 o %
- %
%
8000 —§

1
o4 &
&

0~26\\—/

=
= - D
(93] Y
m 1 YA
= 6000 §/F
() S /9
P
5 4
] -
%]
o .
S
O 4000
2000 T I T I T T I T I T
Volume % of garnet Isopleth intersection
10000 ) | ) | L | \ | L
77—
- 10— Sps L
J . v Alm Gr: R
¢ Prp
8000 P e Sw 4 |
9 S S v
J . 3 L
- s/ | -
] 1/_ i B
6000 — e)/__ |
] AT i
4 3 L L
4000 /-— =
2000 T T T T T T T T T T
350 450 550 650 350 450 550 650
Temperature (°C)
Figure 11. Isopleth diagrams and volume per cent distributions for garnet in sample
15RAYJR246A. Red lines correspond to the chemistry of the core of the largest garnet crystal.
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Figure 12. Phase-equilibrium diagram of sample 15RAYJR246A after garnet crystalliza-
tion finished, with suggested P-T path of garnet growth. Wmca = white mica. Other mineral

abbreviations from Siivola and Schmid (2007).

followed by a heating rate of 0.85°C/Ma from 650°C to
667°C, keeping the sample at temperatures between 650 and
667°C for 20 Ma (Table 4). The model also predicts the sta-
ble mineral assemblage along the path as garnet grows, and
only detects a change in the assemblage near the end of the
garnet growth, where chlorite leaves the stable assemblage.
Figure 12 displays the phase-equilibrium assemblage dia-
gram for the fractionated chemistry of the rock after garnet
crystallization. The mineral-assemblage fields differ from
the nonfractionated chemistry (Fig. 10), including the garnet
field, which moved to significantly higher P-T conditions.

DISCUSSION

Conditions and timing of garnet
crystallization

Compositional zoning is commonly observed in meta-
morphic garnet and can be used to reconstruct P-T-t history
(Carlson, 2006; Gaidies et al., 2015; Staples et al., 2014).
The largest garnet crystal is assumed to be the first garnet
to have started to crystallize; therefore we suggest that its
core chemistry best represents the metamorphic conditions
present at the transition from a non-garnet-bearing to a
garnet-bearing mineral assemblage. With the use of XR-uCT,
the central cross-section of the largest garnet crystal can
be analyzed, increasing the precision and accuracy of the
estimated conditions during the initial growth of garnet.
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Table 4. Points along the P-T path and associated
heating rates, determined from garnet-crystallization
modelling for sample 15RAYJR246A.

Temperature | Pressure Heating/cooling
(°C) (bar) Time (Ma) rate (°C/Ma)
507 3750 0 20
518 4200 0.55 20
533 4900 1.3 20
550 5400 2.15 20
580 5700 3.65 20
650 6700 7.15 20
667 6800 27.15 0.85
530 3500 28.52 100
0.500 L ! l 1 | 1 1 L 1 | 1 1 1 1 | 1
' 100°C/Ma Fsp llm Grt Wmca Bt Qtz H,0 +Chl-|Chl
- B 50°C/Ma T
2
20°CMa 3 ® |-0.700
0.400— S
10°C/Ma &
| Ll5°C/Ma 0
0.300_)0 —0.600
8
x B X
- m
><§ ’
& 0.200 —0.500
0.100— —0.400
Xing
0.000 I —0.300
0.00 0.50 1.00 1.50
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Figure 13. Observed compositional zoning of the largest garnet in sample 15RAYJR246A (sym-
bols) and its predicted garnet chemistry for different heating rates (lines) along the P-T path
given in Figure 12. The red lines correspond to the path with the best-fitting heating rate (Table 4).
Wmca = white mica. Other mineral abbreviations from Siivola and Schmid (2007).
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Presence of zoning in the garnet profiles (Fig. 8) indicates
that the system is not under complete chemical equilibrium.
Thus bulk-rock—composition equilibrium modelling may
not produce accurate estimates of the P-T path. The garnet-
crystallization modelling performed in this study considers
continuous fractionation of elements into garnet and provides
better-constrained P-T path information. Phase-equilibrium
modelling using the whole-rock chemistry yields a large field
of possible peak conditions ranging over 150°C and 4.5 kbar
for sample 15RAYJR246A. Garnet-crystallization model-
ling is significantly more accurate and indicates specific
peak conditions of 6.8 kbar and between 667 and 680°C.
Further increases in peak metamorphic conditions would
yield a larger garnet crystal size than what is observed, with
a different garnet-rim composition. Peak temperature can be
increased up to 680°C as long as the P-T path remains out
of the garnet-bearing stability field. Further increases would
result in partial melting, which is not observed in the sample.
Increases in peak temperature would increase the diffusion
rate, reducing the time required for the sample components
to diffuse to the observed levels.

Sample 15RAYJR246A was selected for garnet-
crystallization modelling because it is representative of the
mineral assemblages and bulk-rock compositions of the
samples in this study and it contains garnet crystals with
comparatively little evidence of resorption. Different heat-
ing rates result in slight variations in the garnet composition.
The slower the heating rate, the more time there is for dif-
fusion to occur within garnet. Because Mn and Fe diffuse
at a faster rate than Mg and Ca (Chakraborty and Ganguly,
1992), they may be better suited to estimate the amount
of diffusion that occurred. Intracrystalline diffusion at a
heating rate of 5°C/Ma is not significant enough to match
the Mn and Fe contents observed at the core of the garnet.
Therefore, a more complex scenario is proposed to increase
the influence of diffusion on garnet chemistry, with an initial
heating rate of 20°C/Ma, taking 7 Ma to reach conditions
of 650°C and 6.7 kbar, followed by a heating rate of
0.85°C/Ma for 20 Ma until peak conditions of 667°C
and 6.8 kbar (Table 4). Cooling is modelled to have been
exceedingly fast, with a rate of 100°C/Ma. The best-fit
model estimates garnet crystallization over 27 Ma. In our
simulations, garnet initially grew together with plagioclase,
ilmenite, chlorite, white mica, biotite, and quartz. Textural
evidence suggests that low-grade rutile was present at low P-T
conditions as the main Ti-bearing phase, rather than the pre-
dicted sphene in Figure 10. Ilmenite started replacing rutile
prior to garnet growth. At a later stage, chlorite left the stable
assemblage and was partially consumed by garnet. The con-
tinuous chlorite-out reaction initially favoured the transfer of
Fe from chlorite to garnet, causing chlorite to become richer
in Mg as it was consumed (Inui and Toriumi, 2004). This
caused the zoned garnet to experience a steep increase of
X, at the start of the reaction, followed by a shallower slope
of its compositional gradient toward the end of the reaction.
According to Inui and Toriumi (2004), the opposite trend is
expected for Xy, The shallow slope of X and sharp increase

in X, observed at a distance of 1.45 to 1.6 mm from the
centre of the modelled garnet profile (Fig. 13) result from the
chlorite-out reaction. Similar trends are observed in garnet
at a distance of 1.3 to 1.45 mm from the core. This offset of
0.15 mm suggests that the chlorite-out reaction is projected
to occur at higher temperatures in the model than what is
observed.

Fractionation of elements into garnet during its growth
must be considered, as it influences the chemistry of the
rocks, which affects the stable mineral-assemblage field.
Figure 12 shows the stable mineral assemblages at the end
of garnet growth over a range of P-T conditions. Comparison
to the stable mineral assemblage without fractionation of
garnet (Fig. 10) indicates significant differences, including
the noticeable reduction in size of the garnet-stable field and
elimination of the staurolite-stable field. These differences
highlight the problem of using conventional, nonfraction-
ated phase equilibrium for P-T-t path construction. For
example, constructing a P-T-t path that avoids the staurolite
field observed in Figure 10 is not necessary, as fractionation
of garnet causes a change to a bulk composition that will
not crystallize staurolite (Fig. 12). The projected path can
therefore cross the staurolite field in Figure 10 without crys-
tallizing staurolite. This results in a different path than what
would be obtained if fractionation of garnet chemistry were
not considered.

In the absence of metamorphic age constraints, it is
difficult to relate the estimated P-T-t path to previous geo-
chronological work. The peak P-T conditions obtained
suggest that the sample could have been subjected to either
the Permo-Triassic or the Jurassic metamorphic events
described by Berman et al. (2007). The pressure estimate
is lower than both previously calculated peak pressures, of
9 kbar during the Permo-Triassic and 7.8 kbar during the
Jurassic (Berman et al., 2007). Although this pressure differ-
ence could be easily accommodated by the distance between
samples (>50 km), important variations are also likely, based
on the incorporation of garnet zonation and fractionation
into P-T modelling. The first metamorphic episode during
the Carboniferous could also have impacted these samples,
but it would have been overprinted by higher metamorphic
conditions.

CONCLUSIONS

The research herein suggests that rocks from the Snowcap
assemblage in the Stewart River area have been exposed to
at least three deformation events and regional amphibolite-
grade metamorphism. The metamorphic episode is syn- to
post-tectonic relative to S, . The third deformation episode
started at the end of garnet growth. Textural evidence suggests
a second metamorphic episode further southeast. Garnet-
crystallization simulations conducted in this study indicate a
metamorphic P-T-t path with peak conditions of 6.8 kbar and
670°C, and a variable heating rate of 20°C/Ma up to 650°C
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and 0.85°C/Ma up to 670°C. The observed peak conditions
are approximately 1 kbar lower and 75°C higher than the
early Jurassic metamorphic peak conditions estimated by
Berman et al. (2007), and approximately 2 kbar lower and
70°C higher than the Permian metamorphic peak conditions
estimated in the same study. The late Jurassic peak pressure
conditions of approximately 7.5 kbar obtained by Staples et
al. (2014) in the Yukon-Tanana terrane in the Finlayson Lake
district are similar to those obtained in this study, whereas
their peak temperature conditions of approximately 600°C
are significantly lower. The modelling results presented in
this study are therefore similar to conditions previously cal-
culated for the Jurassic event, with the difference in peak
pressure being within error of the thermodynamic database,
but with peak temperature being significantly higher than
previously obtained. The results herein account for garnet
compositional zoning, intracrystalline diffusion, and chemi-
cal fractionation associated with garnet growth, which are
highly sensitive to metamorphic P-T-t changes. Hence, they
provide additional and possibly more constrained P-T-t
path estimates compared to those obtained in earlier stud-
ies, which did not consider intracrystalline diffusion or were
based on metamorphic phase equilibria between garnet and
the rock matrix.
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