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ABSTRACT The Legs Lake shear zone is a crustal-scale thrust fault system in the western Canadian Shield that
juxtaposes high-pressure (1.0+ GPa) granulite facies rocks against shallow crustal (< 0.5 GPa)
amphibolite facies rocks. Hangingwall decompression is characterized by breakdown of the peak
assemblage Grt + Sil + Kfs + Pl + Qtz into the assemblage Grt + Crd + Bt ± Sil + Pl + Qtz.
Similar felsic granulite occurs throughout the region, but retrograde cordierite is restricted to the
immediate hangingwall of the shear zone. Textural observations, petrological analysis using P–T/P–
MH2

O phase diagram sections, and in situ electron microprobe monazite geochronology suggest that
decompression from peak conditions of 1.1 GPa, c. 800 �C involved several distinct stages under first
dry and then hydrated conditions. Retrograde re-equilibration occurred at 0.5–0.4 GPa, 550–650 �C.
Morphology, X-ray maps, and microprobe dates indicate several distinct monazite generations.
Populations 1 and 2 are relatively high yttrium (Y) monazite that grew at 2.55–2.50 Ga and correspond
to an early granulite facies event. Population 3 represents episodic growth of low Y monazite between
2.50 and 2.15 Ga whose general significance is still unclear. Population 4 reflects low Y monazite growth
at 1.9 Ga, which corresponds to the youngest period of high-pressure metamorphism. Finally,
population 5 is restricted to the hydrous retrograded granulite and represents high Y monazite growth at
1.85 Ga that is linked directly to the synkinematic garnet-consuming hydration reaction (KFMASH):
Grt + Kfs + H2O ¼ Bt + Sil + Qtz. Two samples yield weighted mean microprobe dates for this
population of 1853 ± 15 and 1851 ± 9 Ma, respectively. Subsequent xenotime growth correlates with
the reaction: Grt + Sil + Qtz + H2O ¼ Crd. We suggest that the shear zone acted as a channel for
fluid produced by dehydration of metasediments in the underthrust domain.
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INTRODUCTION

Interactions between deformation, fluid flow and
metamorphism encompass a large variety of interde-
pendent processes. For example, rock deformation can
help overcome kinetic barriers to metamorphic reac-
tions (e.g. Vernon, 1976; Yund & Tullis, 1991) and
commonly results in enhanced permeability, which can
lead to channelization of fluid flow within regions of
heterogeneous strain (e.g. Etheridge et al., 1983; Sel-
verstone et al., 1991; Oliver, 1996). In turn, combined
deformation and fluid infiltration may profoundly
influence metamorphic assemblages, bulk geochemis-
try and mass transfer, all of which can influence how
subsequent deformation is accommodated. Metamor-
phic reactions induce changes in volume and rheolog-

ical properties and therefore affect the nature of active
deformation mechanisms (e.g. Etheridge et al., 1983;
Glazner & Bartley, 1991; Selverstone et al., 1991;
Guiraud et al., 2001; Barnes et al., 2004). Under-
standing these interactions is critical for models of the
behaviour, tectonic history and evolution of the con-
tinental crust.

Ductile shear zones can provide excellent oppor-
tunities to investigate the relationships between
deformation, fluid flow and metamorphic reactions.
Critical elements in these investigations involve deter-
mining the relative and absolute timing of fabric
development, metamorphic assemblages and reactions,
and changes in fluid abundance and composition.
While many studies have established indirect links
between fluid flow and active shear zones (e.g. by
correlating the dates of shearing with separately
determined ages of fluid-producing metamorphism or
fluid-related alteration, Barnes et al., 2004; Clark
et al., 2005), we establish a more direct link between
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these processes by dating synkinematic metamorphic
reactions that required and consumed infiltrated fluid.

While the potential for directly datingmetamorphism
and deformation processes with accessory phases such
as monazite and titanite has been recognized for some
time (e.g. Parrish, 1990; Gromet, 1991), more recent
studies have highlighted the potential complexity of
accessory phase growth histories. Recent studies have
correlated monazite growth with major prograde reac-
tions in pelitic (e.g. andalusite, garnet, staurolite and
sillimanite isograds; Pyle & Spear, 2003; Wing et al.
2003; Gibson et al., 2004; Kohn & Malloy, 2004) and
calc-alkaline igneous bulk compositions (e.g. Bingen &
van Breemen, 1998). Similarly, some retrograde silicate
reactions have also been shown to result in monazite
growth (Pyle & Spear, 2003; Goncalves et al., 2004;
Paquette et al., 2004; McFarlane et al., 2005; this
study). It is clear that multiple monazite growth epi-
sodes can occur during a single metamorphic cycle, and
thus it is critical to improve both our understanding of
links between major and accessory phase petrogenesis
and the ability to distinguish and date poly-episodic
geochronometers on the scale of individual grains.

Here, we focus on the retrograde evolution of high-
pressure (high-P), granulite facies gneiss in the hang-
ingwall of a major Proterozoic thrust-sense ductile
shear zone in the western Canadian Shield. The ret-
rograde metamorphic and hydration processes that
affected the initially anhydrous assemblage in felsic
granulite (Grt–Sil–Kfs–Pl–Qtz) are modelled via P–T
and P–MH2

O phase diagram sections (i.e. pseudosec-
tions). The microstructures of the reactant and product

phases are used to determine the relative timing of
specific reactions with respect to shear zone deforma-
tion and fluid infiltration. From textural setting, mor-
phology and composition, five monazite populations
are distinguished. The first four populations reflect the
earlier history of the region, prior to shear zone initi-
ation, whereas the fifth population of monazite, con-
sisting of < 15 lm wide rims, along with late apatite
and xenotime crystallization, are linked directly to
synkinematic retrograde hydration reactions involving
the breakdown of garnet. The monazite populations
are dated using electron microprobe (EMP) Th–U–Pb
geochronology, a technique having the advantages of
both in situ analytical capability and high spatial
resolution (Suzuki et al., 1991; Montel et al., 1996;
Williams & Jercinovic, 2002; Jercinovic & Williams,
2005; Pyle et al., 2005). The result is an improved
understanding of fluid infiltration and metamorphic
reactions during deformation as well as a better sense
of the relative timing of these processes with respect to
shear zone evolution. The study elucidates critical
stages in the exhumation of high-P rocks within the
hangingwall of the shear zone and also provides
important insight into the earlier polymetamorphic
history of those rocks.

GEOLOGICAL BACKGROUND

East Lake Athabasca region

The east Lake Athabasca region (Fig. 1) is a large
exposure (> 20 000 km2) of high-P granulite facies
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Fig. 1. (a) Simplified map of western Canadian Shield. Dark shaded area-east Lake Athabasca region; AB, Athabasca basin; STZ,
Snowbird tectonic zone; TMZ, Taltson magmatic zone; TH, Thelon orogen; THO, Trans-Hudson Orogen; TB, Thelon basin; WCP,
Western Churchill Province. (b) Geological map of the East Athabasca mylonite triangle and surrounding Rae and Hearne domains.
Note that most workers consider the East Athabasca mylonite triangle to be part of the Rae domain. The locations of three samples are
shown with stars. East Athabasca mylonite triangle geology after Hanmer (1997). (c) Key to major lithotectonic subdomains of the
East Athabasca mylonite triangle.
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rocks (e.g. Williams & Hanmer, 2005). The region’s
south-eastern boundary is the central segment of the
Snowbird tectonic zone, the c. 3000 km long, geo-
physically defined boundary between the Rae and
Hearne domains (Fig. 1a) (Hoffman, 1988). In this
region, the Snowbird tectonic zone corresponds to a
major structural and metamorphic discontinuity, the
Legs Lake shear zone, that juxtaposes high-P rocks
(> 1.0+ GPa) against supracrustal rocks of low- to
mid-pressure amphibolite facies (< 0.5 GPa) belong-
ing to the Hearne domain (Mahan et al., 2003; Mahan
& Williams, 2005).

In the east Lake Athabasca region, the Rae domain
consists of dominantly tonalitic gneiss, orthopyroxene-
bearing meta-granitoid, meta-gabbro and felsic gran-
ulite. The most extensively studied portion was called
the East Athabasca mylonite triangle by Hanmer et al.
(1994) and Hanmer (1997) and is divided into three
lithotectonic subdomains: southern, north-western and
Chipman (Fig. 1c). Protolith igneous ages range from
c. 3.0 to 2.6 Ga (Hanmer, 1997). More detailed
descriptions of the lithological distribution, high-grade
metamorphic characteristics and geochronology are
given in Snoeyenbos et al. (1995), Williams et al.
(1995, 2000), Hanmer (1997), Kopf (1999), Krikorian
(2002), Baldwin et al. (2003, 2004), Flowers et al. (in
press), and Williams & Hanmer (2005). Two periods of
high-P granulite facies tectonometamorphism are re-
corded. The first occurred in the late Archean between
c. 2.6 and 2.5 Ga (Hanmer, 1997; Williams et al., 2000;
Flowers, 2005). Archean rocks were subsequently
overprinted in the Early Proterozoic (Williams et al.,
1995, 2000; Kopf, 1999; Krikorian, 2002; Baldwin
et al., 2003, 2004; Flowers et al., in press). Locally, in
the southern subdomain, very high-P (> 1.5 GPa,
900 �C) assemblages in mafic granulite and eclogite
have been documented (Snoeyenbos et al., 1995;
Baldwin et al., 2003, 2004) with metamorphic zircon
precisely dated by thermal ionization mass spectrom-
etry (TIMS) at 1904 ±0.9 Ma and 1904 ±0.3 Ma,
respectively (Baldwin et al., 2003, 2004). The region
was subsequently affected by intense high-P meta-
morphism (c. 1.1–1.0 GPa, 750–850 �C) that is tem-
porally best constrained by a TIMS date of
1896 ± 0.3 Ma for metamorphic zircon in partially
melted mafic dykes (Flowers et al., in press). Final
regional exhumation must have occurred prior to
deposition of sediments in the overlying c. 1.7 Ga
Athabasca basin (Fig. 1a,b) (Rayner et al., 2003).

Legs Lake and Grease River shear zones

Two major post-1.9 Ga ductile shear zones signifi-
cantly influenced the present-day distribution of
high-P rocks in the east Lake Athabasca region
(Mahan et al., 2003; Mahan & Williams, 2005). First,
the Legs Lake shear zone marks the structural and
metamorphic boundary between the deep-crustal
(1.0+ GPa) Rae and the shallow-crustal (< 0.5 GPa)

Hearne domains. The structure is correlated with
along-strike faults that combine to make a c. 500 km
long contractional system (Mahan & Williams, 2005).
In the east Lake Athabasca region, the shear zone
consists of a 5–8 km wide northwest-dipping zone of
intense amphibolite facies deformation that records
east-vergent thrusting (Fig. 1b) (Mahan et al., 2003).
The magnitude of juxtaposition across the Legs Lake
shear zone (at least 20 vertical kilometres) suggests
regional-scale uplift of the high-P terrane and indicates
that the shear zone played a fundamental role in the
regional exhumation history. Prograde metamorphism
in the footwall (i.e. Hearne domain), which is charac-
terized by early passage through andalusite stability
and peaked at < 0.5 GPa and 600 �C, coincided with
shear zone deformation (Mahan et al., 2003). Monaz-
ite (EMP and TIMS) and zircon (TIMS) geochronol-
ogy from the shear zone, including data presented here,
suggest that deformation in the shear zone and pro-
grade metamorphism in the Hearne province occurred
during the interval of 1850–1800 Ma, coincident with
collisional events in the Trans-Hudson orogeny to the
south-east (Fig. 1a) (Mahan & Williams, 2005).

Second, the Grease River shear zone is a c. 400 km
long east–northeast trending, dextral strike–slip struc-
ture that extends from the south-west, where it is
concealed beneath the Athabasca basin, across the east
Lake Athabasca region and into the Hearne domain
(Slimmon, 1989; Card, 2001; Mahan & Williams,
2005). In the east Lake Athabasca region, the shear
zone is a several kilometre-wide zone of amphibolite to
greenschist facies and ductile-brittle tectonite (Fig. 1).
Strike–slip deformation within the Grease River shear
zone overprints and offsets the north-eastern extension
of the Legs Lake shear zone by c. 110 km (Mahan &
Williams, 2005). A preliminary 1788 +28/)15 Ma
crystallization age (zircon by TIMS) for a late-syn-
kinematic granite dyke (Hanmer, 1997) and c. 1.80 Ga
syn-kinematic EMP monazite dates (Williams & Jer-
cinovic, 2002) indicate a c. 1.80–1.79 Ga age for the
shear zone.

PETROGRAPHY, MICROSTRUCTURE AND
MINERAL COMPOSITIONS

Leucocratic garnetiferous felsic granulite occupies a
substantial portion of the east Lake Athabasca region.
Within the East Athabasca mylonite triangle (Fig. 1b),
the majority of this rock occurs in the north-western
and southern subdomains (Hanmer et al., 1994), but
numerous relatively narrow screens (metres to tens of
metres wide) of similar rock crop out within the
Chipman domain, west of and within the Legs Lake
shear zone (Fig. 1b).

The felsic granulite in the southern subdomain is
characterized by the mineral association Grt + tern-
ary fsp + Qtz + Ky + Rt (abbreviations after
Kretz, 1983 and Bucher & Frey, 2002) and has been
described in detail by Snoeyenbos et al. (1995) and
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Baldwin et al. (in press). This granulite differs from
that in the north-western and Chipman subdomains
mainly by the occurrence of kyanite and ternary feld-
spar, which is now exsolved to K-feldspar and plagi-
oclase (Snoeyenbos et al., 1995). The co-existence of
kyanite and temperatures of 1000 �C, calculated using
feldspar re-homogenization thermometry, led Snoe-
yenbos et al. (1995) to suggest that the southern sub-
domain reached > 1.5 GPa conditions. Although
Baldwin et al. (in press) suggest that kyanite and
ternary feldspar may have never been in equilibrium in
the felsic granulite, detailed studies of mafic lithologies
in the area (Baldwin et al., 2003, 2004) are consistent
with a generally higher pressure and temperature his-
tory for that subdomain v. the north-western and
Chipman subdomains. Because the tectonic signifi-
cance of apparent disparities in high-grade P–T history
between these subdomains is not yet well understood
and beyond the scope of this paper, and because only
the Chipman subdomain forms the immediate hang-
ingwall of the Legs Lake shear zone in this region,
further description/discussion of felsic granulite is
restricted to that in the Chipman subdomain unless
noted otherwise.

In the Chipman subdomain, the Chipman mafic
dyke swarm is interpreted to have intruded all other
major units (Hanmer, 1997). These dykes contain the

peak assemblage Grt–Cpx–Hbl–Pl–Qtz and were
metamorphosed under granulite facies conditions of
750–850 �C, 1.0–1.1 GPa (Williams et al., 1995). Dyke
emplacement and metamorphism is interpreted to have
occurred almost synchronously at 1896 Ma (Williams
et al., 1995; Flowers et al., in press). The host rock to
the dykes, including the felsic granulite, is inferred to
have experienced similar metamorphic conditions at
that time.
Samples of felsic granulite from three structural

settings in the Chipman subdomain were studied: (1)
an area preserved from the influence of the post-1.9 Ga
shear zones where the felsic gneiss displays little evi-
dence for retrograde metamorphism (anhydrous felsic
granulite 02M129E), (2) an area within the hanging-
wall of the Legs Lake shear zone where significant
evidence of hydration and retrograde metamorphism
occurs (hydrous retrograde felsic granulite S32D), and
(3) an area that first experienced Legs Lake deforma-
tion and was subsequently overprinted by the younger
Grease River shear zone (hydrous retrograde felsic
granulite 03M166B) (see sample locations in Fig. 1b).

Analytical methods

All major element analysis and X-ray mapping was
performed using a Cameca SX-50 electron microprobe

Table 1. Representative silicate compositions for felsic granulites.

Oxides

Anhydrous granulite Hydrous retrograded granulite

02M129E S32D 03M166B

Grt PI Kfs Grt Crd Bt

matrix

PI Grt Crd Bt

matrix

PI

Lower Ca Higher Ca Lower Ca Higher Ca Higher Ca Lower Ca Higher Ca Lower Ca

core rim core rim remnant interior remnant margin core rim

SiO2 40.32 40.25 63.40 65.42 37.52 48.88 35.47 60.75 59.73 36.62 36.60 48.37 34.47 61.80 63.29

TiO2 – – – – 0.00 0.00 1.29 – – – – – 3.67 – –

Al2O3 22.19 22.00 23.28 18.50 21.86 33.94 18.93 25.17 26.00 21.78 21.45 33.59 18.88 24.36 23.49

FeO 24.19 23.96 0.03 0.04 35.82 6.27 20.07 0.17 0.39 34.72 36.76 7.43 19.19 0.00 0.14

MgO 12.93 12.29 – – 3.95 9.76 13.03 – – 4.40 3.52 9.08 9.90 – –

MnO 0.26 0.32 – – 1.63 0.05 0.01 – – 1.02 1.19 0.04 0.06 – –

CaO 0.97 1.32 5.14 0.18 1.13 0.00 0.00 5.97 6.74 1.60 0.84 0.00 0.00 5.53 4.09

Na2O – – 8.78 1.37 – 0.17 0.21 8.83 8.10 – – 0.14 0.19 8.53 9.46

K2O – – 0.28 14.09 – 0.02 8.46 0.04 0.09 – – 0.01 9.10 0.05 0.06

Total 100.86 100.15 100.91 99.59 101.91 99.10 97.49 100.92 101.05 100.15 100.36 98.66 95.46 100.28 100.55

Oxygen 12 12 8 8 12 18 11 8 8 12 12 18 11 8 8

Si 3.01 3.03 2.78 3.01 2.96 4.95 2.63 2.68 2.64 2.93 2.95 4.95 2.62 2.73 2.79

Ti – – – – 0.00 0.00 0.07 – – – – – 0.21 – –

Al 1.95 1.95 1.21 1.00 2.03 4.05 1.66 1.31 1.36 2.06 2.04 4.05 1.69 1.27 1.22

Fe 1.51 1.51 0.00 0.00 2.36 0.53 1.25 0.01 0.01 2.32 2.48 0.64 1.22 0.00 0.01

Mg 1.44 1.38 – – 0.46 1.47 1.44 – – 0.53 0.42 1.38 1.12 – –

Mn 0.02 0.02 – – 0.11 0.01 0.00 – – 0.07 0.08 0.00 0.00 – –

Ca 0.08 0.11 0.24 0.01 0.10 0.00 0.00 0.28 0.32 0.14 0.07 0.00 0.00 0.26 0.19

Na – – 0.75 0.12 – 0.03 0.03 0.76 0.70 – – 0.03 0.03 0.73 0.81

K – – 0.02 0.83 – 0.00 0.80 0.00 0.01 – – 0.00 0.88 0.00 0.00

Mg# 0.49 0.48 – – 0.16 0.74 0.54 – – 0.18 0.15 0.69 0.48 – –

Alm 0.50 0.50 – – 0.78 – – – – 0.76 0.81 – – – –

Prp 0.47 0.46 – – 0.15 – – – – 0.17 0.14 – – – –

Sps 0.01 0.01 – – 0.04 – – – – 0.02 0.03 – – – –

Grs 0.025 0.035 – – 0.03 – – – – 0.05 0.02 – – – –

An – – 0.24 0.00 – – – 0.27 0.31 – – – – 0.26 0.19

Ab – – 0.74 0.13 – – – 0.73 0.68 – – – – 0.73 0.80

Kfs – – 0.02 0.87 – – – 0.00 0.01 – – – – 0.00 0.00

Mg# ¼ XMg/XFe + XMg. Analytical conditions: 15 kV,15 nA,20 s(peak), 10 s(background), focused beam. Common silicate standards were used.

196 K . H . MAHAN ET AL .

� 2006 Blackwell Publishing Ltd



at the University of Massachusetts-Amherst, USA.
Major element analytical conditions are given in
Table 1. X-ray maps of garnet were made using a
200 nA beam current, 45 ms count time, and 10–
15 lm step sizes. Concentrations of Y in garnet were
measured using a Cameca SX-100 microprobe with all
five spectrometers counting on Y La using PET and
LPET crystals, a 200 nA beam current, 500 s count
time, and Y-garnet (YAG) as a standard.

Anhydrous felsic granulite

The ubiquitous peak assemblage preserved in
the anhydrous felsic granulite in the Chipman
subdomain of the east Lake Athabasca region is
Grt + Sil + Kfs + Pl + Qtz with accessory rutile,
monazite, zircon and apatite. The gneissic fabric of
anhydrous granulite 02M129E (Fig. 2a) is character-
istic of that in the area where it was collected and
predates the post-1.9 Ga shear zones based on meta-
morphic grade and kinematic patterns. Pink to lilac
garnet typically comprises 20–30% of the rock volume
and occurs as relatively equant, subhedral to anhedral
porphyroblasts up to several centimetres in diameter
(Fig. 2a). Garnet is not significantly zoned in Mg, Fe
or Mn (XMg ¼ 0.47–0.48, XMn £ 0.01), but a small
marked increase in the grossular component is appar-
ent near garnet margins (XCa increases from c. 0.025 to
0.035) (Fig. 3). Silicate compositions are listed in
Table 1. In felsic granulite from the southern subdo-
main, a similar core to rim increase in grossular
(though larger in magnitude; XCa ¼ 0.06 to 0.15) was
noted by Snoeyenbos et al. (1995) and Baldwin et al.
(in press; see their fig. 5a). Garnet in this study also
displays a gradual decrease in Y content from cores
(range is 200–175 ppm based on multiple traverses) to
rims (60–20 ppm) (Fig. 3). Inclusions in garnet are
common and consist of abundant coarse anhedral
quartz with lesser amounts of prismatic sillimanite,
biotite, rutile, monazite and zircon. Ribbons of matrix
plagioclase (An24), K-feldspar, quartz and sillimanite
define a strong gneissic foliation (Fig. 2a). Biotite is
present as a minor retrograde phase in the matrix and
in fractures within garnet.

Hydrous retrograded felsic granulite

Hydrous retrograde felsic granulite from the immedi-
ate hangingwall of Legs Lake shear zone is represented
by samples S32D and 03M166B. Both samples
experienced significant deformation and retrogression
within the Legs Lake shear zone. Sample 03M166B
was subsequently overprinted by deformation in the
Grease River shear zone. Both samples are well foli-
ated with relicts of an anhydrous peak assemblage
Grt + Sil + Kfs + Pl + Qtz that has undergone
extensive fabric reworking and addition of retrograde
biotite and cordierite (Figs 2b,c & 4a,b). Elongate
monomineralic ribbons of plagioclase, quartz and

biotite define the matrix foliation and are interlayered
with finer-grained polymineralic lenses of the same
phases. Coarse, prismatic grains of porphyroclastic
sillimanite (up to several mm) occur locally within the
matrix (Fig. 2b). In S32D, garnet is interpreted to have
made up c. 30% of the rock by volume (see modes in
Table 2) from the trace of relict porphyroblasts (up to
15 mm in diameter). Garnet porphyroblasts are char-
acterized by pervasive, closely spaced and subparallel
fractures oriented at a high angle to the matrix foli-
ation (Fig. 2b,c). The fractures are filled with cordier-
ite, biotite and locally sillimanite (Fig. 2c). Note that
biotite is abundant in the matrix and wraps around
relict garnet porphyroblasts whereas cordierite is only
present as a replacement phase inside the porphyro-
blasts (Fig. 4b). Equant morphology of the garnet
porphyroblasts in S32D suggests that (1) the fractures
did not undergo significant dilation or translation, (2)
that retrograde phases replaced garnet instead of filling
open fractures, and (3) that significant deformation did
not continue after garnet replacement. Assuming no
change in volume, at least 60% of the original garnet
was consumed and replaced by the retrograde assem-
blage. Similar replacement textures, indicating exten-
sive biotite and cordierite growth after garnet, occur in
sample 03M166B. However, in contrast to relatively
equant garnet in S32D, Grt–Crd aggregates in
03M166B invariably occur as highly elongate clusters,
parallel to the reworked fabric, with aspect ratios up to
8:1 (Fig. 2d). These observations are consistent with
the interpretation that 03M166B was deformed in the
Grease River shear zone after initial retrograde garnet
replacement.

Garnet is not significantly zoned in major elements
on the scale of whole porphyroblasts. However, a
gradual core to rim decrease in Y (c. 270–200 ppm in
cores and 50–20 ppm in rims) is similar to that ob-
served in garnet from the anhydrous granulite
(Fig. 4b). Smaller individual garnet remnants, ranging
from c. 10 to 100 lm in diameter, are generally
homogeneous with the following compositions (S32D):
XMg ¼ 0.15, XMn ¼ 0.04 and XCa ¼ 0.03 (Table 1).
The largest observed garnet remnants (c. 150–500 lm)
occur in 03M166B and have a noticeable zoning pat-
tern from the interior to edge of individual remnants.
Higher Ca and Mg interiors (XCa ¼ 0.04–0.05, XMg ¼
0.16–0.17; in 03M166B) give way to a distinct but
gradual drop to XCa ¼ 0.02–0.03 that begins c. 50–
100 lm from the margins of each remnant (Fig. 4c,d).
Garnet remnants in both samples also commonly dis-
play a sharp decrease in Mg# (XMg/[XMg + XFe]) and
commonly an increase in Mn at the margins, which are
interpreted to reflect late Fe–Mg exchange between
garnet and other ferromagnesian phases and back-
diffusion of Mn during garnet resorption (e.g. Spear,
1993). The lower Ca in smaller remnants and at the
margins of larger remnants is interpreted to represent
re-equilibration of garnet during the main period of
retrograde metamorphism. If the rims represented
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Fig. 2. Photomicrographs. (a) Anhydrous felsic granulite from Cora Lake. S1 refers to the main penetrative deformation fabric in this
sample, which predates the Legs Lake shear zone and may itself be a composite fabric. (b) Relict garnet porphyroblast in retrograded
felsic granulite S32D. Main fabric is Legs Lake shear zone (S2). (c) Interior of relict garnet porphyroblast in sample S32D. Location
shown in (b). (d) Elongate relict garnet porphyroblast in sample 03M166B (margin is outlined). Main fabric (S3) is related to Grease
River shear zone.
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garnet growth, a sharp Ca contrast should have been
produced rather than the observed gradual change
(Fig. 4d). However, late Fe–Mg exchange between
garnet, biotite and cordierite is likely to have continued
during the cooling history. Therefore, temperatures
calculated from Grt–Bt and Grt–Crd equilibria are
considered minimum estimates for the temperature of
the main phase of retrograde metamorphism.

Matrix plagioclase is slightly zoned to higher Ca at
rims in S32D (core-An27, rims-An32) whereas the
opposite occurs in 03M166B (cores-An25, rims-An19).
Higher Ca in the rims is consistent with growth of new,
more anorthitic plagioclase during garnet breakdown.
We suggest that lower Ca rim plagioclase in 03M166B is
related to dynamic recrystallization during deformation
under lower grade metamorphic conditions. Cordierite
is not significantly zoned in either sample. The typical
Mg# of biotite in S32D and 03M166B is 0.53–0.54 and

0.47–0.48, respectively, but biotite near and among
garnet remnants commonly has slightly higher Mg#,
probably a reflection of late Fe–Mg exchange.

In summary, garnet in the retrograded felsic granu-
lite appears to have been homogeneous with respect to
major elements prior to retrogression. However, higher
Ca rims like those observed in the anhydrous felsic
granulite may have originally existed but were either
largely consumed or re-equilibrated during retrogres-
sion. The observed core to rim variation in Y content is
interpreted as Rayleigh fractionation type growth
zoning (e.g. Pyle & Spear, 1999; Otamendi et al., 2002),
and its preservation is likely because of the slow dif-
fusion rate of Y in garnet (e.g. Yang & Rivers, 2002).
During major retrogression, smaller garnet remnants
were completely re-equilibrated with respect to major
elements, including Ca, whereas the interiors of larger
remnants preserve Ca content similar to their earlier
high-grade(?) composition.

PETROLOGICAL ANALYSIS

Thermobarometry of retrograde conditions

Conventional thermobarometry was not applied to the
peak assemblage in the felsic granulite because garnet
is the only ferromagnesian phase and therefore no
reliable temperature constraint can be obtained. Ret-
rograde conditions were estimated from Bt–Crd–Pl–
Grt–Sil–Qtz equilibria. Calculations were performed
using both the TWQ 2.02b software of Berman (1991,
1992) and the Thermocalc 3.1.2 Ave-PT method of
Powell & Holland (1994) with the internally consistent
thermodynamic databases of Berman & Aranovich
(1996) and Holland & Powell (1998), respectively. For
sample S32D and using the compositions of typical
matrix biotite away from garnet, average cordierite
and plagioclase, and the interior of the largest garnet
remnants (which are < 100 lm) (Table 1), Thermo-
calc Ave-PT yields 521 ± 122 �C, 0.41 ± 0.14 GPa.
This is similar to TWQ estimate for this sample of
575 �C, 0.40–0.43 GPa reported by Mahan et al.
(2003). For sample 03M166B and using compositions
for matrix biotite away from garnet, average cordierite,
low Ca marginal plagioclase, and average �low Ca�
marginal garnet from a large remnant (c. 400 lm), we
calculate 545 ± 130 �C, 0.39 ± 0.14 GPa. As noted
in the previous section, these estimates are likely to be
minima for the true conditions of main phase retro-
grade equilibrium.

P–T projection

A P–T projection (i.e. petrogenetic grid) and phase
diagram sections (i.e. pseudosections) constructed in
the system Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–
H2O (NCKFMASH) were used. Projections and sec-
tions were constructed using the software PerpleX_04
(Connolly, 1990; Connolly & Petrini, 2002) and the
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Fig. 3. Ca Ka X-ray map of garnet in anhydrous felsic granulite
02M129E showing marked increase in Ca at garnet margin. Spot
locations and Y concentrations in ppm are shown.

Table 2. Modal and bulk compositions.

Phase

Mode

02M129E (anhydrous) S32D (hydrous retrograde)

Modal composition

Grt 28.8 9.0

Sil 4.4 1.0

Qtz 21.0 28.5

Pl 30.0 29.5

Crd 0.0 8.0

Bt 2.1 24.0

Kfs 13.7 0.0

Oxide

Wt %

02M129E (anhydrous) S32D (hydrous retrograde)

Bulk composition

FeO 9.4 10.1

MgO 5.1 4.5

CaO 1.7 1.9

Na2O 2.4 2.4

K2O 1.9 2.1

Al2O3 19.8 17.9

SiO2 59.6 61.1
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updated version of the internally consistent thermo-
dynamic database of Holland & Powell (1998). The
phases considered are Grt–Opx–Crd–Bt–Spl–Chl–St–
Ms–Kfs–And–Sil–Ky–Qtz–H2O. Solid solution mod-
els are given in Table 3.

Phase relations are introduced using a partial P–T
projection in the sub-system KFMASH (Fig. 5).
Relations associated with the [Opx, Ms, St, Chl]
invariant point, hereafter referred to as [Opx] for
clarity, and the univariant KFMASH reaction:
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Fig. 4. (a) Mg Ka X-ray map of full thin section from retrograded felsic granulite S32D. Horizontal field of view is 3.5 cm. Ligh-
ter colours correspond to higher concentrations of Mg (biotite is white; quartz and plagioclase are black). Yellow circles show the
distribution of monazite. Selected monazite grains from which data are reported are labelled. (b) Mg Ka X-ray map of S32D garnet
adjusted to show distribution of retrograde biotite (orange/yellow) v. cordierite (blue/purple). Note the restriction of cordierite to
the interior of garnet porphyroblasts. Minor chlorite (white) is interpreted as a recent retrograde phase that postdates the processes
discussed in this study. Spot locations and Y concentrations in ppm are shown. (c) Ca Ka X-ray map of relatively large (up to 500 lm)
�islands� of garnet in relict porphyroblast from retrograded granulite 03M166B. Note the relatively high Ca content in the interior
of larger garnet remnants and the dramatic decrease in Ca near all margins v. the relatively uniformly low Ca content in smaller islands
(e.g. upper right). Location of analytical traverse is shown by white circle. (d) Compositional profile of 100 lm traverse from interior
to edge of a garnet remnant in contact with biotite showing gradual decrease in XCa towards margin. Note also decrease in Mg
towards edges and small increase in XMn at edge.
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Btþ SilþQtz ¼ GrtþCrdþKfsþV ðOpx,SplÞ ð1Þ
are of particular interest. The KFASH sub-system
consists of four invariant points, defining the stable
end-member grid, and one unstable point:]Fs,Hc[. As
bulk XMg increases, the KFASH invariant points
become KFMASH pseudo-invariant points (definition
from Connolly, 1990), and their positions move along

the KFMASH univariant reactions (small grey arrows
in Fig. 5). The pseudo-invariant point [Opx,Spl]
becomes stable at points beyond the [Opx] invariant
point, which corresponds to bulk XMg of c. 0.027.
Therefore, for most natural systems including the felsic
granulites of this study (bulk XMg is 0.35–0.42 for our
samples), the topology of the pseudo-invariant point
[Opx,Spl] and its associated pseudo-univariant curves
can be used to place broad qualitative constraints on
the P–T path that corresponds to the breakdown of a
Grt–Sil–Kfs–Qtz peak assemblage into Grt–Bt–Sil–
Crd–Qtz. One possibility involves a sequence of
KFMASH divariant reactions such as:

GrtþKfsþ V ¼ Btþ SilþQtz ðOpx,Spl,CrdÞ ð2Þ
followed by the degenerate reaction

Grtþ SilþQtzþ V ¼ Crd ðOpx,Spl,Kfs,BtÞ ð3Þ
along a cooling and decompression path (Fig. 5).
Because the KFMASH univariant reaction (1) is stable
over a wide P–T range, the associated divariant reac-
tions (2) and (3) are potentially applicable over a very
large pressure range (up to 1.4 GPa).

Table 3. Solution models used for P–T projections and sections.

Solution model Endmembers

Bio(HP) ann, phl, east, sdph

Gt(HP) alm, py, gr

Opx(HP) en, fs, mgts, fets

Pheng(HP) pa, cel, fcel, mu

hCrd crd, fcrd, hcrd

Pl(h) an, abh

Sp(HP) sp, herc

St(HP) fst, mst

Chl(HP) daph, ames, afchl, clin

melt(HP) foL, faL, silL, anL, h2oL, enL, kspL, diL, abL

See PerpleX documentation (http://www.perplex.ethz.ch) for solution model references and

abbreviations used here.
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P–T phase diagram sections

A major assumption in the qualitative P–T path seg-
ment shown in Fig. 5 is that this evolution occurred
under persistent fluid-saturated conditions, which is
not possible given that the peak assemblage is anhy-
drous. Therefore, phase diagram sections, constructed
for specific bulk compositions were used, to quantita-
tively evaluate the dependence of mineral assemblage
on variations in pressure, temperature and quantity of
fluid (MH2O

).
The bulk compositions used to construct the sec-

tions were calculated via a combination of major
phase mode estimation from X-ray maps and digital
image analysis (Table 2) and the mineral composi-
tions (Table 1). The bulk compositions determined
for the anhydrous (02M129E) and hydrous retro-
grade (S32D) granulite samples are similar to one
another and are within the range of whole-rock
compositions determined by XRF for well-preserved
anhydrous felsic granulite in other parts of the east
Lake Athabasca region (Baldwin, 2003; Flowers,
2005). We do not consider bulk compositional effects
because of crystal fractionation during garnet
growth, which has been shown by many workers to
be significant for low to medium temperature
(c. < 700 �C peak T) metamorphic rocks (e.g. Evans,
2004), and assume that all garnet contributed to the
effective bulk composition.

Figure 6(a) shows a P–T pseudosection calculated
for the anhydrous felsic granulite 02M129E composi-
tion in the system NCKFMAS. The position of the
solidus shows that most of the phase diagram is stable
with respect to partial melting. One of the main fea-
tures in this diagram is the occurrence of a broad high
variance field (v ¼ 4) at high pressure (> 0.6 GPa)
and high temperature (c. > 600 �C), in which the
assemblage Grt–Pl–Kfs–Als–Qtz is stable. Because
garnet is the only ferromagnesian phase in this
assemblage, the predicted garnet composition is almost
constant (XMg ¼ 0.46–0.47) over the entire stability
field. This quadrivariant assemblage corresponds to
the peak assemblage observed in the felsic granulite of
this study and is consistent with independent P–T
determinations inferred from spatially associated
metamorphosed mafic dykes (see ellipse and caption in
Fig. 6a) (Williams et al., 1995). In this range of P–T
conditions, predicted compositions and modes of gar-
net and plagioclase from the pseudosection agree well
with the sample (Table 4). The anhydrous P–T section
predicts that decompression from peak conditions
(c. 1.1 GPa), whether near isothermal or with
decreasing temperature, has almost no effect on the
assemblage until 0.6 GPa at 700 �C where orthopy-
roxene would be produced.

To model the hydrous retrograde assemblage, a P–T
section was constructed using the S32D bulk compo-
sition and including 1.0 wt% H2O (Fig. 6b). This
water content was chosen to approach the H2O-

saturated conditions for the assemblage Bt–Crd–Pl–
Grt–Sil–Qtz at c. 0.5 GPa (see Discussion below).
The addition of water leads to a considerably more

complex P–T section (Fig. 6b). Some basic features are
overlaid on the diagram in Fig. 6(c) including mode ¼
0 boundaries for selected phases, the solidus, and the
H2O-saturated fields. In strict terms, the boundaries
between fields of different variance in these sections
mark the locus of points at which the mode of one
phase goes to zero. However, it is useful to correlate
these boundaries and adjacent fields with reactions that
may be more familiar in petrogenetic grids. For
example, the narrow trivariant field for Bt–Crd–Pl–
Grt–Sil–Qtz–H2O, associated with the first appearance
of Crd (�Crd-in� in Fig. 6c), is comparable with
the KFMASH (degenerate) divariant reaction (3). The
specified amount of H2O in the bulk composition
(1.0 wt%) is not sufficient to cause H2O-saturation
over the entire diagram. Only assemblages at
high temperature (> c. 640 �C) and high pressure
(c. > 0.6 GPa) or very low pressure are H2O-satur-
ated. The position of the H2O-saturation line is con-
trolled by the appearance of chlorite on the low
temperature side of the diagram, by reactions involving
production of cordierite at lower pressure, and by the
loss of biotite at very high temperature and very low
pressure. Consequently, the solidus itself is not satur-
ated in H2O for all pressures, resulting in an irregular
geometry, but which is consistent with the theoretical
analysis of Vielzeuf & Schmidt (2001) regarding phase
relationships during melting as a function of bulk H2O
content.
The hydrous retrograde assemblage Bt–Crd–Pl–

Grt–Sil–Qtz observed in sample S32D is predicted to
be in equilibrium in subsolidus conditions in a narrow
P–T field occurring between c. 0.6–0.4 GPa and 730–
570 �C (triangular field highlighted in Fig. 6c). These
conditions are consistent with the lack of evidence for
melting and are within the estimated error of P–T
conditions calculated from the retrograde phase
equilibria (Fig. 6c). Figure 6(d–e) shows selected
compositional and modal isopleths for garnet and
cordierite in the region of the retrograde assemblage
stability field, and predicted v. observed compositions
are listed in Table 4. The observations that the
predicted XMg in garnet is slightly higher than that
observed in this sample and that the calculated tem-
peratures (575–520 �C) overlap the predicted stability
field only at the low-T end support our suggestion that
the calculated temperatures are minima. Therefore, a
temperature of c. 650 �C is adopted, corresponding to
the centre of the retrograde assemblage stability field in
Fig. 6(b), for subsequent analysis.

P–MH2O phase diagram section

From thermobarometric data and observations dis-
cussed above, the retrograde evolution of the felsic
granulite is characterized by decompression from 1.1–
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1.0 to 0.5–0.4 GPa and cooling from c. 800 to 650 �C
under subsolidus conditions. The P–T sections pre-
sented in Fig. 6 represent essentially end-members with

respect to H2O content and do not provide an accurate
representation of the dependence of assemblages on
H2O content during the entire evolution. P–MH2O

and

Fig. 6. P–T pseudosections. Quartz and plagioclase are present in all fields. (a) Anhydrous NCKFMAS section for anhydrous felsic
granulite 02M129E composition. Water content ¼ 0.0 wt%. Heavy dashed line indicates dry solidus. Various light dashed lines are
compositional isopleths. Light solid lines are garnet modal isopleths (vol.%) – note that essentially all of the high P–T v ¼ 4 field
for the peak assemblage has garnet mode between 30 and 32.5 vol.%. The P–T ellipse (2-r), plotted at 1.07 ± 0.19 GPa, 773 ± 92 �C
(corr. ¼ 0.79), is the weighted mean of five Chipman mafic dykes (including those reported by Williams et al., 1995) individually
calculated using Thermocalc 3.1. Two dykes have assemblage Grt–Hbl–Pl–Qtz, three dykes have Grt–Cpx–Hbl–Pl–Qtz. All iron is
assumed to be ferrous. Williams et al. (1995) reported P–T estimates of c. 1.0 GPa, 750–850 �C for several dyke samples, but suggested
that peak temperatures probably reached at least 800 �C. A minimum of 800 �C is consistent with the peak sillimanite-bearing felsic
granulite assemblage shown here, noting that the dyke P–T ellipse overlaps the sillimanite field at the high-T edge. (b) NCKFMASH
section for hydrous retrograde felsic granulite S32D composition. Water content ¼ 1.0 wt%. Heavy lines mark fields specifically
mentioned in text. (c) Same section as in (b) highlighting the phase assemblage boundaries that correspond to staurolite-in, cordierite-
in and garnet-out. Calculated melt solidus is also shown. Ellipses are 2-r uncertainty for peak (same as in (a)) and retrograde P–T
conditions calculated with TWQ and Thermocalc 3.1 (TC31) software. (d) Compositional and modal (vol.%) isopleths for garnet in the
region around the retrograde assemblage stability field. (e) Cordierite compositional and modal isopleths.
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T–MH2O
diagrams offer the opportunity to model an

open system behaviour with respect to water under
subsolidus conditions (e.g. Guiraud et al., 2001). Fol-
lowing Guiraud et al. (2001), MH2O

is used to represent
water content in order to avoid confusion with the
commonly used variable XH2O

for fluid composition.
A P–MH2O

pseudosection calculated at 650 �C and
for the retrograde granulite S32D bulk composition is
presented in Fig. 7(a). All assemblages are subsolidus
at this temperature. In this diagram, decompression is
constrained to be isothermal, but cooling is considered
in the following discussion. The abscissa represents
normalized water content, where a value of zero cor-
responds to anhydrous conditions and 1.0 is equivalent
to 1.5 wt% H2O, a condition for which all assemblages
are H2O-saturated. The left side of the diagram shows
the stability field of the anhydrous assemblages
(MH2O

¼ 0). The H2O-saturation line, which delimits
the minimum water content to stabilize a free fluid
phase, and the value of MH2O

used to construct
Fig. 6(b) are shown as a thick black line and arrow on
the x-axis, respectively.

The evolution of the felsic granulite begins at point
A (c. 1.1–1.0 GPa, anhydrous) in Fig. 7(a) and ends at
point D (0.5–0.4 GPa, hydrated). Modal changes pre-
dicted along the P–MH2O

path at 650 �C are presented
in Fig. 7(b–c). Textural observations and independent
constraints on absolute timing (see below) suggest that
the P–T–MH2O

evolution can be divided into three
distinct stages. (1) An initial anhydrous decompression
stage occurred from 1.1–1.0 to 0.8–0.7 GPa (point B),
which could have been accompanied by cooling from
the peak metamorphic temperature. The subsolidus
character of the decompression textures precludes the
possibility that hydration initially occurred near peak
conditions. Any fluid influx involving H2O-saturation
above 0.7 GPa and c. 670 �C (minimum temperature
of the fluid-present solidus) would result in partial

melting, for which there is no evidence. Decompression
to c. 0.7 GPa is further substantiated by the occurrence
of sillimanite as the alumino-silicate phase that
accompanied biotite upon hydration. During this
stage, under near anhydrous conditions, the peak
assemblage essentially remains stable as demonstrated
in Fig. 6(a). Very limited garnet consumption along
this path (Fig. 7b) produces a small amount of retro-
grade plagioclase (Fig. 7c), which may account for
increased Ca content at the margins of matrix plagio-
clase in retrograde granulite S32D. If anhydrous
decompression proceeded much below 0.7 GPa, or-
thopyroxene would have been expected. No evidence
for orthopyroxene is observed. (2) A period of near
isobaric hydration at c. 0.7 GPa resulted first in biotite
growth at the expense of garnet and K-feldspar in the
quadrivariant (NCKFMASH) field for Bt–Pl–Grt–Sil–
Kfs–Qtz. This assemblage is similar to reaction (2) but
with the addition of plagioclase as a product (Fig. 7c).
If initial H2O-saturation was achieved above c.
0.7 GPa, then small amounts of staurolite would be
expected. No evidence for staurolite is observed. (3) At
this pressure (c. 0.7 GPa), cordierite is not produced
until near H2O-saturated conditions at point C. Con-
tinued decompression proceeded to 0.5–0.4 GPa under
near H2O-saturated conditions with more cordierite
production (point D) through reaction (3). A P–MH2O

section calculated at 600 �C results in orthopyroxene
and staurolite stability extending to higher pressures (c.
0.8 GPa for Opx) under dry and near H2O-saturated
conditions, respectively, but does not change signifi-
cantly in the regions of interest nor does it change the
interpreted evolution.
Stages 1–3 could have occurred continuously during

a single decompression event. However, new in situ
monazite geochronology presented below, along with
consideration of existing geological and geochrono-
logical constraints, suggest that decompression (exhu-

Table 4. Comparison of pseudosection predicted v. observed phase compositions.

Molar

proportions

Anhydrous felsic granulite Hydrous retrograde felsic granulite

P–T (H2O ¼ 0.0 wt%) at 1.07 GPa, 800 �C P–T (H2O ¼ 1.0 wt%) at 0.5 GPa, 650 �C

Garnet Plagioclase Garnet Plagioclase Biotite Cordierite

Predicted

Observed

(02M129E) rim Predicted

Observed

(02M129E) Predicted

Observed

(S32D) Predicted

Observed

(S32D) rim Predicted

Observed

(S32D) Predicted

Observed

(S32D)

Si 3.00 3.03 2.79 2.78 3.00 2.96 2.72 2.64 2.65 2.63 5.00 4.95

Al 2.00 1.95 1.20 1.21 2.00 2.03 1.28 1.36 1.70 1.66 4.00 4.05

Fe 1.47 1.51 0.00 0.00 2.29 2.36 0.00 0.01 1.15 1.25 0.58 0.53

Mg 1.42 1.38 0.00 0.00 0.60 0.46 – – 1.50 1.44 1.42 1.47

Ca 0.11 0.11 0.21 0.24 0.12 0.10 0.28 0.32 – – – –

Na – – 0.80 0.75 – – 0.72 0.70 – 0.03 – 0.03

K – – 0.00 0.02 – – 0.00 0.01 1.00 0.80 – –

Molar ratios

XMg 0.47 0.46 – – 0.20 0.16 – – 0.57 0.54 0.71 0.74

XCa(Gr) 0.037 0.037 – – 0.040 0.033 – – – – – –

XCa(An) – – 0.21 0.24 – – 0.28 0.31 – – – –

Mode 32 29 30 30 11 9 31 30 19 24 11 8

See caption to Fig. 6 for discussion of choice of temperature of 800 �C for anhydrous granulite.
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mation) and retrograde evolution of the felsic granulite
was discontinuous and occurred over a considerable
period of time.

MONAZITE GEOCHRONOLOGY

Monazite is abundant in both anhydrous and hydrous
retrograded felsic granulite and can be divided into at
least five distinct populations on the basis of compo-
sition, textural setting and age. In contrast, xenotime is
present only in the hydrous retrograded felsic granu-
lite. Data from the three samples described above are
presented. Monazite distribution and characteristics
are similar in all three samples, but particular attention
is paid to sample S32D, in which all five populations
were first identified.

Analytical methods and procedure

The methods used for evaluating and analysing mon-
azite follow those of Williams & Jercinovic (2002) and
Jercinovic & Williams (2005). All analyses were con-
ducted at the University of Massachusetts-Amherst
electron microprobe facility. X-ray maps and wave-
length-dispersive spectrometric analyses for major
elements in monazite were made using a Cameca SX-
50 microprobe. The occurrence, distribution and tex-
tural setting of monazite were first evaluated using full
thin section X-ray composition maps of Ce for iden-
tification of monazite and a reference major element
(Mg) to establish the overall texture (Fig. 4a). High-
resolution (beam scanning) X-ray maps of Y, Th, U
and Pb and/or Ca were generated for each grain.

Quantitative major element analyses were acquired
for representative compositional domains and used
both to further characterize textural or compositional
populations and for entry into the trace element ana-
lytical routine for calculation of mass absorption fac-
tors. Analytical conditions are given in Table 5.
Quantitative trace element analyses were performed
either with the 4-spectrometer Cameca SX-50 or with
the 5-spectrometer Cameca SX-100 Ultrachron, which
is specifically designed for maximum precision in trace
element analysis (the machine used is designated in
Table 5). Prior to trace element analysis, background
intensities for Y La, Th Ma, U Mb and Pb Ma (also K
Kb for SX-100 analyses – see below) were evaluated
for each compositional domain based on regression of
spectrometer step scans.

Corrections were made for Th Mf and Y Lc inter-
ferences on Pb Ma and for Th Mc interference on U
Mb. For SX-50 trace element data, interference cor-
rections were performed offline and post-ZAF correc-
tion using a correction factor applied to the element
concentrations (Pyle et al., 2002). For SX-100 data,
interference corrections were made prior to ZAF-cor-
rections via application of overlap intensities calibra-
ted from interference standards (e.g. Jercinovic &
Williams, 2005). In addition, monazite trace element

analysis within c. 15 lm of the edge of the grain may
induce fluorescence of K X-rays from adjacent
K-bearing phases (e.g. K-feldspar, biotite), and there-
fore may be affected by K Ka interference on U Mb
(Jercinovic & Williams, 2005). For this reason, in all
monazite domains where this effect was expected,
analysis of K Kb was performed with the SX-100 in
order to correct the K Ka–U Mb overlapping inter-
ference.
The method of calculating dates and errors follows

Williams et al. (2006). For each homogeneous com-
positional domain, at least three and typically 5–20
trace element analyses were obtained. Weighted mean
compositions of Th, U and Pb were calculated based
on the analytical uncertainties from counting statistics
for each analysis. A single date for that domain
was then calculated from the weighted mean compo-
sitions and the age equation of Montel et al. (1996).
The 2-r error reported here (Table 5), calculated
by propagating the analytical uncertainty on trace
element compositions through the age equation,
represents short-term analytical precision as noted by
Williams et al. (2006). Uncertainty associated with the
background regression may increase the total error by
50–100%. Data for multiple age domains are displayed
graphically in the form of normal distribution curves.
Weighted means of dates from multiple domains were
calculated using the Isoplot/Ex v. 3 program of Lud-
wig (2003) with 95% confidence errors. Data from one
of two consistency standards for each analytical ses-
sion (except 2002 data) are also reported in Table 5.
Wards Elk Mtn monazite [c. 1395 Ma by ID-TIMS
(J. Baldwin & S. Bowring, personal communication,
2005)] has a 3-month (15 sessions) average of
1390 ± 22 Ma (2 SD). Standard GSC 8153 [c. 500 Ma
by ID-TIMS and SHRIMP (W. Davis & N. Rayner,
personal communication, 2005)] has a 2.5-month (14
sessions) average of 498 ± 8 Ma (Williams et al.,
2006).

Occurrence, distribution and compositional zoning

Monazite grains range in size (mean diameter) from 15
to 200 lm, and occur in the matrix and within domains
of partially replaced garnet in the hydrated samples
(S32D and 03M166B) (Figs 4a & 9a). Monazite inclu-
sions in garnet are common in the anhydrous felsic
granulite (02M129E) where the porphyroblasts are still
intact, but are rarely preserved in the hydrous retrograde
felsic granulite. Zoning of monazite is commonly evi-
dent in all elemental X-ray maps. However, Y shows the
most consistent and distinctive zonation with con-
centration variation ofmore than an order ofmagnitude
(Fig. 8). Using core-rim geometric relationships and Y
concentration, five populations of monazite were dis-
tinguished. Individual grains display a variety of com-
binations of the populations, but the relative sequence of
interpreted growth is consistent. In the following sec-
tion, absolute values for Y concentrations quoted in the
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text and shown in Fig. 8 refer specifically to retrograde
granulite S32D.

Population 1 generally contains the highest Y con-
centrations (10 000–22 000 ppm, Table 5) and occurs
as distinct innermost cores (Fig. 10a,d,g,j) or as rare
whole grains. In the anhydrous granulite 02M129E,
population 1 monazite occurs primarily as inclusions
in garnet (Fig. 11e,f). Population 2 (4000–8000 ppm
Y) commonly occurs as a mantle domain surrounding

population 1 monazite (Fig. 10a,j,e). Populations 3
and 4 are restricted to and dispersed throughout the
matrix. They contain the lowest Y concentrations
(< 1000 and 1300–1400 ppm, respectively) and occur
either as mantles surrounding higher Y population 1 or
2 (Fig. 10a,d,g,j) or as the core domains in grains with
population 5 rims (Fig. 11a–c). One apparent excep-
tion is a small homogeneous low Y monazite grain that
occurs as a clean inclusion in garnet in the hydrous

Table 5. Trace element compositions and microprobe age data.

EMP Date analysed Grain Setting Domain

Trace element conc. (ppm)

N Date (Ma) 2r (Ma)Y 1r Th 1r Pb 1r U 1r

Anhydrous felsic granulite 02M129E (UTM N:6587259, UTM E:477047)

SX-50 16/05/2004 m9 ig pop 1 21 133 14 49 668 65 11 327 19 10 856 18 11 2558 13

SX-50 16/05/2004 m3 ig pop 1 16 522 12 40 963 44 11 131 17 12 471 17 13 2570 11

SX-50 16/05/2004 m7 m pop 2 2693 9 59 887 128 10 540 30 6973 26 4 2533 24

SX-50 16/05/2004 m8 m pop 3 394 4 3138 12 1159 10 1984 11 10 2262 50

SX-100 25/01/2005 m6 m pop 3 552 5 1039 7 745 5 1648 10 6 2160 43

SX-50 02/02/2003 m1 m pop 3 5492 7 13 551 24 3767 15 6077 17 8 2176 23

SX-100 25/1/2005 m6 m pop 4 615 4 3807 12 1010 4 2031 8 9 1909 24

Hydrous retrograded felsic granulite S32D (UTM N:6606210, UTM E:495256)

SX-50 30/5/2004 1-m8 m pop 1 13 263 15 31 370 76 6066 25 4851 24 4 2519 33

SX-50 03/11/2002 2-m2 m Pop 1 12 915 11 36 149 47 6992 18 5394 18 7 2553 22

SX-50 30/05/2004 2-m4 m pop 1 10 196 15 38 213 106 7614 32 6380 30 3 2521 32

SX-100 29/04/2005 2-m7 m pop 1 22 125 64 35 178 166 11 066 5 14 300 32 13 2524 14

SX-50 09/06/2002 1-ml m pop 2 3730 4 40 233 35 8631 14 8268 14 17 2491 12

SX-100 29/04/2005 2-m7 m pop 2 7433 25 41 394 212 9624 5 9556 24 11 2544 18

SX-50 30/05/2004 2-m1 m pop 2 5357 10 41 569 99 9225 30 9240 29 4 2486 24

SX-50 09/06/2002 1-m1 m pop 3 773 4 48 226 53 7925 17 5003 16 10 2462 16

SX-100 03/05/2005 1-m10 m pop 3 291 6 56 476 345 7671 6 1904 9 8 2529 31

SX-100 03/05/2005 1-m10b m pop 3 1159 11 44 707 386 7422 8 4449 20 4 2510 37

SX-100 05/05/2005 2-m3 m pop 3 666 7 27 895 171 4036 5 1747 10 8 2453 32

SX-50 30/05/2004 2-m5 m pop 3 368 7 54 690 113 7075 24 1600 20 5 2455 29

SX-100 29/04/2005 2-m7 m pop 3 232 6 98 603 591 12 222 7 908 5 8 2528 31

SX-100 01/05/2005 2-m14 m pop 3 429 6 53 118 135 7884 6 3228 11 9 2523 17

SX-50 30/05/2004 2-m5 m pop 3 622 6 22 564 48 3875 18 3461 19 6 2287 31

SX-100 30/05/2005 1-m8 m pop 4 1418 9 34 285 210 4254 5 3840 13 8 1884 22

SX-50 30/05/2004 1-m7 m pop 4 1283 4 30 097 36 4154 11 4420 12 16 1916 15

SX-100 03/05/2005 2-m3 m pop 5 8519 33 14 497 89 1484 4 713 8 8 1863 33

SX-100 29/04/2005 2-m7 m pop 5 9086 40 21 206 116 2053 5 777 10 6 1836 30

SX-100 03/05/2005 1-m8 m pop 5 8448 53 16 668 167 1712 7 910 13 3 1839 50

SX-100 03/05/2005 2-m14 m pop 5 9516 31 13 989 67 1751 4 880 7 11 1861 24

Hydrous retrograded felsic granulite 03M166B (UTM N:6623325, UTM E:506186)

SX-100 29/05/2005 m28 ig pop 0/1? 779 7 54 322 138 7745 6 2144 11 7 2593 19

SX-100 29/05/2005 m6 m pop 1 10 424 35 52 704 134 8024 6 3700 12 7 2510 19

SX-100 29/05/2005 m7 m pop 1 14 078 32 37 313 76 6296 5 4113 12 12 2482 15

SX-100 05/05/2005 m1 m pop 4 2307 9 24 843 46 2629 4 1241 9 9 1916 15

SX-50 16/05/2004 m17 m pop 4 1401 6 38 917 54 3835 15 1174 15 8 1903 23

SX-50 09/05/2004 m14 is pop 4 356 5 32 682 51 3342 15 1166 15 8 1937 27

SX-100 29/05/2005 m26 m pop 4 319 6 7526 22 844 4 554 10 7 1892 38

SX-100 05/05/2005 m1 m pop 5 14 129 23 28 981 36 2779 3 902 5 19 1851 10

SX-50 08/05/2004 m17 m pop 5 15 429 13 30 958 43 3144 13 1491 14 10 1855 23

SX-100 05/05/2005 m26 m pop 5 5836 24 6250 20 686 5 497 13 4 1827 53

Consistency standard Ward’s Elk Mtn – 3-month average of 1390 ± 22 Ma (2 SD) – dated at c. 1395 Ma by ID-TIMS

SX-50 08/05/2004 – – – 5108 13 123 612 274 8687 34 3465 31 3 1392 18

SX-50 09/05/2004 – – – 4912 11 122 615 217 8678 29 3478 26 4 1400 15

SX-50 16/05/2004 – – – 5242 10 126 638 231 8905 26 3374 24 5 1399 14

SX-50 30/05/2004 – – – 5106 10 122 345 242 8669 27 3424 24 5 1403 15

Consistency standard GSC 8153 – 2.5-month average of 498 ± 8 Ma (2 SD) – dated at c. 500 Ma by ID-TIMS

SX-100 25/01/2005 – – – 4217 8 65 610 219 1640 6 2528 10 5 494 7

SX-100 29/04/2005 – – – 4252 22 63 911 484 1591 5 2607 15 5 489 10

SX-100 01/05/2005 – – – 4278 16 64 172 157 1595 3 2591 9 10 489 4

SX-100 03/05/2005 – – – 4213 22 64 243 496 1620 5 2487 13 5 498 10

SX-100 05/05/2005 – – – 4310 17 64 220 155 1663 5 2514 16 5 511 6

SX-100 29/05/2005 – – – 4321 20 64 475 208 1625 5 2518 14 5 498 6

Analytical conditions: Major element analysis and trace element calibration (SX-50) )15 kV, 15 nA, 20 s peak, 10 s background, focused beam. Trace element calibration (SX-100) )15 kV,

20 nA, 20 s peak, 10 s background, focused beam. Trace element analysis (SX-50) )15 kV, 200 nA, 600 s peak. Trace element analysis (SX-100) )15 kV, 200 nA, 800 s each for Y, Th and Pb,

500 s for U, 300 for K. In Grain column, # preceding �m� corresponds to one of two thin sections from same billet. In �Setting� column, m ¼ matrix, ig ¼ inclusion in garnet, is ¼ inclusion

in sillimanite, Y La measured on TAP with SX-50 and on PET with SX-100. Th Ma measured on PET with SX-50 and on LPET with SX-100. Pb Ma measured on PET with SX-50, on two

spectrometers with VLPET (very large) on SX-100, and corrected for Y and Th interferences. U Mb measured on PET with SX-50 and on LPET with SX-100. Corrected for Th on SX-50 and

both Th and K interferences on SX-100. Age error does not include uncertainties on background regression which may increase total error by 50–100%.
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retrograde granulite 03M166B (c. 800 ppm Y; m28 in
Table 5). Population 5 occurs as discontinuous over-
growths that are present only in the retrograded
granulite (Figs 10a,d,g,j & 11a–c, and is spatially
associated with resorbed garnet porphyroblasts
(Fig. 10b,e,h,k). Population 5 overgrowths are better
developed near the outer margins of garnet porphy-
roblasts (Figs 9a & 11b,e,h,k) and they are commonly
in contact with biotite. This population has distin-
ctly higher Y concentrations (8000–10 000 ppm) than
adjacent domains (i.e. populations 3 or 4). These

observations suggest a genetic link between population
5 monazite and garnet-breakdown. In addition, small
(5–10 lm) apatite grains are closely associated with the
monazite overgrowths (Fig. 10a,d,g,j). Although we
cannot rule out the possibility that apatite formed first
and was then consumed during growth of population 5
monazite, coeval crystallization of both phases is sug-
gested based on the generally mutually exclusive
occurrence of apatite or monazite overgrowths in
contact with older monazite cores (i.e. clear over-
growths of either monazite or apatite on the other are
absent). Xenotime is present only in the retrograded
granulite and occurs as small grains (typically 5 lm or
less) only within the �interior� of relict garnet porphy-
roblasts where cordierite is the dominant replacement
phase (Fig. 9b,c).

Interpretation of textural relationships and zoning patterns

Recent studies have shown that the petrogenesis of
monazite and xenotime is strongly influenced by major
silicate net-transfer reactions involving garnet growth
or consumption (e.g. Pan, 1997; Bea & Montero, 1999;
Pyle & Spear, 1999, 2000, 2003; Foster et al., 2000,
2004; Spear & Pyle, 2002; Foster & Parrish, 2003;
Gibson et al., 2004; Kohn & Malloy, 2004; Berman
et al., 2005; McFarlane et al., 2005). This is because
garnet is commonly one of the only major silicate
phases that incorporate significant trace quantities of
Y and heavy rare earth elements (HREEs). Conse-
quently, reactions involving garnet can have a pro-
found influence on the Y and REE budgets in the rock
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and, in turn, can impart a major influence on the
petrogenesis of accessory phases that incorporate those
elements. In this study, using textural observations and
the distinct variations in Y concentrations in monazite,
we suggest some first-order interpretations that relate
monazite, xenotime and garnet growth and that can be
tested for consistency by directly dating the accessory
phases.

The presence as inclusions in garnet and the highest
Y content suggest that population 1 monazite grew
early in the metamorphic history, either prior to or
during garnet growth and before significant depletion
of the effective bulk Y budget. Some grains that are
included in garnet also display overgrowths of popu-
lation 2 monazite (Fig. 11e) suggesting that garnet
growth continued during this phase of monazite pro-
duction. However, the sharp compositional transition
between populations 1 and 2 monazite, and textures
consistent with a period of intermediate monazite re-
sorption (Figs 10a & 11e), may further suggest that
garnet growth was discontinuous. In contrast, mon-
azite from populations 3 and 4, which are generally
restricted to matrix settings and fractures within gar-
net, have the lowest Y concentrations suggesting that
they grew in the presence of modally abundant, but

relatively inert garnet. There is no evidence for the
presence of xenotime during the growth of monazite
populations 1–4.
The most compelling textural relationships are those

related to the high Y monazite overgrowths (popula-
tion 5), as well as spatially associated apatite and
xenotime. The pervasive development of these phases
in the vicinity of and inside the relict garnet porphy-
roblasts, and relatively high concentrations of Y and
HREEs in the monazite overgrowths, indicate that
accessory phase growth was related to garnet-break-
down. The P–MH2O

section suggests that garnet-
breakdown first involved biotite production through
reaction (2) followed by cordierite via reaction (3). The
predominant distribution of high-Y monazite (popu-
lation 5) in the biotite-rich margins of garnet and the
restriction of xenotime to the cordierite-rich interior of
garnet suggest a more direct link to the net-transfer
reactions (2) and (3), respectively.

Geochronology results

Results are listed in Table 5 and summarized in
Fig. 12. Seven domains from population 1 yield dates
between 2570 ± 11 and 2482 ± 15 Ma, including two
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Fig. 11. Monazite from hydrous retrograde felsic granulite 03M166B and anhydrous felsic granulite 02M129E. (a–c) Y La X-ray maps
of 03M166B m26, m17 and m1, respectively. (d) Ca X-ray map of 02M129E-m6. Inset is Y La X-ray map. (e) Y La X-ray map of
02M129E-m3 (inclusion in garnet). (f) BSE image of textural setting of 02M129E-m3.
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inclusions in garnet from 02M129E (Fig. 11f). Popu-
lation 2 dates are indistinguishable from population 1
and range between 2544 ± 18 and 2486 ± 24 Ma.
Population 3 domains yield a wide spectrum of dates
between 2529 ± 31 and 2160 ± 43 Ma. Populations 4
dates range from 1937 ± 27 to 1884 ± 22 Ma with a
weighted mean of four domains in sample 03M166B of
1915 ± 23 Ma (MSWD ¼ 1.7). Population 5 dates
range from 1863 ± 33 to 1827 ± 53 Ma with weigh-
ted mean dates from samples S32D and 03M166B of
1853 ± 15 Ma (n ¼ 4, MSWD ¼ 0.79) and 1851 ±
9 Ma (n ¼ 3, MSWD ¼ 0.47). Surprisingly, the
monazite grain with the oldest date of 2593 ± 19 Ma
is the single low Y inclusion in garnet from retrograde
granulite 03M166B.

These data indicate several monazite growth epi-
sodes reflecting a long (> 600 Myr) tectonometamor-
phic history for the region. The age of population 1–2,
which are the populations most closely associated with
garnet growth, corresponds to the first of two major
tectonometamorphic events that affected the high-P
region. Hanmer et al. (1994) and Hanmer (1997) pro-
posed high-P metamorphism in this area at c. 2.6 Ga
based on the protolith ages of meta-granitoids. Based
on more recent and higher resolution ID-TIMS data
from metamorphic zircon, early high-P metamorphism

is more tightly constrained to 2.55–2.52 Ga (Flowers,
2005; see also Baldwin et al., 2003, 2004). A 2.55–
2.50 Ga period of medium-P regional metamorphism
has also been recently recognized further north in the
Rae and Hearne domains (Berman et al., 2000, 2002;
Stern & Berman, 2000).

The c. 1.9 Ga monazite of population 4 correlates
with the second period of major high-P event(s) in the
region. These involved a second granulite facies over-
print in mafic granulite and partial melting of mafic
dykes at 1896 ± 0.3 Ma in the Chipman subdomain
(Flowers et al., in press) and also involved local very
high-P eclogite facies metamorphism in the southern
subdomain at 1904 ± 0.9 Ma (Baldwin et al., 2003,
2004).

The c. 1850 Ma age of high Y population 5 monazite
records the timing of major retrograde metamorphism
via reaction (2) and associated deformation in the Legs
Lake shear zone. Xenotime crystallization is inter-
preted to record a continuation of garnet-breakdown
via reaction (3). Some studies have suggested that the
upper thermal stability of xenotime commonly corre-
lates inversely with garnet growth and increasing
temperature through the range of 500–650 �C (Bea &
Montero, 1999; Pyle & Spear, 1999, 2003) whereas
other studies suggest that xenotime may be stable
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Fig. 12. Summary of EMP monazite geo-
chronology for three samples. Each normal
distribution curve represents the date and
error for an individual compositional
domain. The dashed rectangles shown for
populations 4 and 5 monazite bracket the
95% confidence intervals for the weighted
mean dates. ig ¼ inclusions in garnet.
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under granulite facies conditions (e.g. Möller et al.,
2003; McFarlane et al., 2005). Although factors other
than temperature were certainly involved, the presence
of xenotime in the granulite is clearly related to
retrograde metamorphism and may also reflect the
associated temperature decrease.

Exceptions that do not easily fit the above patterns
include the one low Y monazite inclusion in garnet
(03M166B-m28) whose date is older than any of the
high Y population 1 monazite and the widely varied
2.5–2.1 Ga dates of population 3. Although the low Y
content of 03M166B-m28 is similar to populations 3
and 4, the age of the grain precludes any relation to
those populations. If the grain represents an earlier
phase of growth prior to population 1 growth or if it is
simply an old outlier of population 1 (note Th content
is similar to population 1 – Table 5), then local dis-
equilibrium at a scale smaller than the thin section must
explain the dramatically different Y content. Similarly,
the significance of 2.5–2.1 Ga population 3 monazite is
uncertain. However, the homogeneous composition of
these domains and the high spatial resolution of the
electron beam make mixtures of older and younger
monazite unlikely. Therefore, although these grains are
similar in composition and in textural setting, they
clearly do not represent a single age population and
therefore cannot represent a singular geological event.
Baldwin et al. (in press) presented a similar range of
monazite dates (between 2.5 & 2.0 Ga) in an ID-TIMS
and EMP study of anhydrous felsic granulite in the
southern subdomain. They suggested an explanation
involving fluid-mediated dissolution and reprecipita-
tion. Although population 3 monazite dates do not
correspond to tectonometamorphic events that
are known to have significantly affected this region
locally, it is possible that monazite growth or
reprecipitation during this interval reflects minor deep-
crustal fluid flow or thermal perturbations related
to more distal events. For example, mafic dykes and
sill complexes intruded much of the western
Churchill province at c. 2.45 and 2.11 Ga (Heaman,
1994; Aspler & Chiarenzelli, 1998) and major tectono-
metamorphism has recently been recognized in much of
the western Rae domain at c. 2.35 Ga (e.g. Berman
et al., 2005). More detailed analyses are required
and are ongoing in order to better understand these
complexities.

DISCUSSION

Metamorphic evolution of felsic granulite and relationships
to monazite/xenotime growth

As suggested by Baldwin et al. (in press) for felsic
granulite in the southern subdomain, we interpret the
anhydrous assemblage (Grt + Sil + Kfs + Pl +
Qtz) in the felsic granulite in the Chipman subdomain
to have initially formed during late Archean (2.55–
2.50 Ga) granulite facies metamorphism (Fig. 13).

This is supported both by the textural setting of pop-
ulations 1 and 2 monazite (i.e. included in garnet) and
their high Y content, which suggests growth either
prior to or coeval with garnet. It is also noted that the
range of Y concentrations in monazite populations 1
and 2 paired with Y in garnet core and near rim,
respectively, yield monazite/garnet coefficients between
30 and 100, similar to the equilibrium distribution
coefficient of 46 determined by Hermann & Rubatto
(2003) for similar granulite facies rocks. Furthermore,
the low Y content in monazite from population 3
suggests that garnet was already present by the time
the oldest population 3 monazite grew at c. 2.5 Ga.
Metamorphic conditions for the 2.55 Ga event are not
well-constrained from the felsic granulite, but mafic
granulite from the Chipman subdomain that is inter-
preted to have formed at 2.55 Ga (Flowers, 2005) re-
cord conditions of 1.3 GPa, 850 �C (K. H. Mahan,
unpublished data). Similarly, low Y content in 1.9 Ga
monazite suggests that garnet was still stable during
the second granulite facies event. Although we suggest
that most garnet grew at c. 2.55 Ga, there remains the
possibility that the high-Ca margins of garnet grew at
1.9 Ga, a possibility also implied by the work of
Baldwin et al. (in press) for felsic granulite in the
southern subdomain. Preliminary observations from
other felsic granulite near this study in the Chipman
subdomain indicate that numerous low Y monazite
grains are included in high Ca marginal garnet. These
inclusions, which have not yet been dated, may cor-
relate with either population 3 or 4 of this study, and if
the latter, then it will require some 1.9 Ga growth of
garnet. More work is needed in order to understand
whether the increased Ca in garnet rims reflects chan-
ges in P–T conditions (perhaps decreased T or in-
creased P – see XCa (Grt) isopleths in Fig. 6a) or in
effective bulk composition.
Regardless of the timing of growth of the garnet

rims, the grossular content of marginal garnet is con-
sistent with predicted equilibrium (Fig. 6a) at the P–T
conditions constrained for 1.9 Ga metamorphism in
the Chipman subdomain (i.e. 1.0–1.1 GPa, c. 800 �C
from mafic dykes; Williams et al., 1995; Mahan &
Williams, 2005; Flowers et al., in press). Consequently,
we consider these conditions to correspond to the
starting point for the stage 1 anhydrous decompression
history of the hangingwall of the Legs Lake shear zone
(Figs 13 & 14). A period of relatively high-T decom-
pression to 0.8–0.7 GPa and 700–750 �C is also sug-
gested by retrograde assemblages in mafic lithologies
from the region. These include late Opx–Pl symplectite
from mafic granulite in the southern subdomain (Kopf,
1999) and late Hbl–Pl symplectite from mafic granulite
near the sample 02M129E locality (K. H. Mahan,
unpublished data). This stage of decompression is
interpreted to have occurred immediately following
1.9 Ga peak metamorphism because of the relatively
high temperature of equilibration at this intermediate
pressure.
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The beginning of stage 2 infiltration of hydrous fluid
at c. 0.8–0.7 GPa marked the onset of significant ret-
rograde metamorphism of the felsic granulite in the
Legs Lake shear zone. This hydration is manifested by
the initial breakdown of garnet and K-feldspar to
produce biotite via reaction (2). The observations that
(1) biotite is a primary foliation-defining matrix phase
and (2) the matrix fabric anastamoses around relict
garnet porphyroblasts indicate that reaction (2) pro-
gressed synkinematically with deformation in the shear
zone. Furthermore, it is suggested that the growth of
high Y monazite population 5 and locally apatite was
directly linked to this garnet-consuming reaction.
Therefore, the age of this monazite (1.85 Ga) provides
the best constraint on both deformation and the
earliest stage of hydration in the shear zone.

Textural observations (Figs 2b & 4a,b) and phase
diagram section analysis (Fig. 7a,c) indicate that sig-
nificant biotite was generated in the matrix before
cordierite production in the interior of fractured garnet
porphyroblasts. Cordierite growth via reaction (3) is
further correlated with the development of a dense
network of fractures in the garnet. Fracturing must

Fig. 14. Summary P–T path. Steady-state geotherms taken from
Chapman & Furlong (1992).

(a)

(b)

Fig. 13. (a) Summary model for evolution of felsic granulites in retrograde shear zones. (b) Illustration of corresponding monazite
and xenotime growth. The growth of population 4 is schematically illustrated with dashed line. Possible intermediate periods of
resorption are not shown. LLsz, Legs Lake shear zone; GRsz, Grease River shear zone.
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have occurred during the hydration process and may
reflect transient build up and release of fluid pressure in
the shear zone. Continued decompression under
hydrated conditions during stage 3 resulted in final re-
equilibration at 0.5–0.4 GPa.

Recent work has shown that monazite-forming
processes may involve not only reaction with other
accessory phases but also with major silicate phases.
Although production of population 5 monazite may
have involved some consumption of earlier monazite
and/or apatite, the strong textural and temporal cor-
relation with silicate reactions requires assessment of
the potential role of major phases. Monazite produc-
tion during the progress of reaction (2) requires that
rock-forming minerals other than garnet were the
source of light rare earth elements (LREEs). Potential
major silicate sources of phosphorous include garnet
and feldspar. The analysis of Kohn & Malloy (2004)
indicates that phosphorous is not likely to be a limiting
factor in whether major silicate reactions can produce
significant monazite. In this assemblage, feldspar ap-
pears to represent the only potentially significant major
silicate source of LREEs (potential range from tens to
hundreds of ppm according to Bea & Montero, 1999;
Kretz et al., 1999; Pyle & Spear, 1999; Kohn & Mal-
loy, 2004). Therefore, breakdown of K-feldspar and
syn-metamorphic dynamic recrystallization of matrix
plagioclase could have provided a source of LREEs via
a generalized reaction such as:

GrtþKfsþPl1þH2O¼BtþSilþPl2þMztþAp ð4Þ
Pyle & Spear (2003) invoked a similar reaction in

reverse to consume monazite during prograde meta-
morphism. Dissolution of earlier formed monazite
and/or apatite is also possible. If our suggestion that
feldspar was an important contributor of LREEs is
true, then it would follow that the inevitable exhaus-
tion of K-feldspar and cessation of matrix deformation
could have contributed to the transition to xenotime
growth, which is texturally linked to the product of
reaction 3 and does not require significant amounts of
LREEs. We suggest a generalized reaction for xeno-
time production in these rocks such as:

Grtþ SilþQtz�Mzt�ApþH2O ¼ CrdþXnt ð5Þ
Legs Lake shear zone-related penetrative deforma-

tion in the felsic granulite must have ended during
stage 3, as suggested by the relatively equant geometry
of the Grt–Crd–Pl–Bt–Sil composite porphyroblasts in
sample S32D. However, the composite porphyroblasts
are stretched and disaggregated parallel to the exten-
sion direction in hydrous retrograde granulite that was
subsequently overprinted by the younger Grease River
shear zone (03M166B) (Figs 2d & 13a). Thus, Grease
River shear zone deformation must have occurred after
1.85 Ga, which is consistent with previous geochron-
ological data indicating c. 1.80 Ga deformation in the
shear zone (Hanmer, 1997; Williams & Jercinovic,
2002).

Source of fluid influx in Legs Lake shear zone?

Major hydration and retrogression of the felsic gran-
ulite appears restricted to rocks within the Legs Lake
shear zone. If so, this requires that the Legs Lake shear
zone was a system open to channelized fluid influx and
thus, a related question concerns the source of the
externally derived fluid. Possible sources include water
released from crystallizing intrusions such as the 1.85–
1.80 Ga Hudsonian granite suite that was emplaced
over much of the western Churchill province (Peterson
et al., 2002) or devolatilization reactions in Hearne
domain metasedimentary rocks. We consider the first
possibility to be unlikely because no 1.85 Ga intrusions
have been recognized anywhere within the Legs Lake
shear zone (Mahan et al., 2003), although more distant
sources may also be possible. However, prograde
metamorphic reactions in Crd–Bt schist and amphib-
olite in the footwall Hearne domain are interpreted to
have occurred synkinematically with respect to the
Legs Lake shear zone (Mahan et al., 2003). Therefore,
devolatilizing reactions in the footwall are considered
the most likely source of fluid that infiltrated into the
hangingwall. This implies a general upward flow of
fluid from the underthrust Hearne domain. It may be
possible to test this hypothesis using oxygen isotopes if
it can be demonstrated that alternative fluid sources
should have isotopically distinct signatures that are
also distinct from the originally anhydrous granulite.

CONCLUSIONS

The Legs Lake shear zone is a major crustal-scale
feature that exerted structural control on hydrous fluid
infiltration into dry high-P felsic granulite in the east
Lake Athabasca region. The P–T–MH2O

retrograde
evolution of the granulite indicates that fluid influx
into the hangingwall commenced at 0.8–0.7 GPa after
an initial period of anhydrous decompression from
1.1 GPa. This marked the passage of deeper crust that
was undergoing decompression over shallower crust
that was being loaded. The shear zone acted as a mid-
crustal channel for fluid that may have been produced
by dehydration of metasediments in the underthrust
Hearne domain. Synkinematic retrograde reactions
initiated during the hydrated portion of the decom-
pression history and consumed a considerable volume
of garnet, which is recorded by distinctly high Y con-
tent in coeval monazite dated at 1853 ± 15 and
1851 ± 9 Ma in two respective samples. In contrast,
high-P felsic granulite further removed from the active
deformation zone preserves the peak assemblage and
did not develop new Y-rich monazite. As a conse-
quence, important details regarding the exhumation of
this region were apparently only recorded within high
strain zones that were active during the exhumation
process.
We recognize five texturally, compositionally and

temporally distinct populations of monazite in the
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felsic granulite that record a long (> 600 Myr) and
episodic tectonic history. Importantly, a major period
of uplift of the high-P rocks is represented only by the
fifth population, which also appears to be a relatively
minor volumetric component. This population is
restricted to rocks within the Legs Lake shear zone and
correlates with major retrograde silicate reactions.

This study demonstrates the utility and necessity of
integrating microstructural and petrological analysis
with careful evaluation of the textural, compositional
and age variation among monazite (and other acces-
sory phases) in polymetamorphic terranes. The in situ
nature and high spatial resolution of the micro-
probe were important because the fifth monazite
population occurs only as thin (< 15 lm) discon-
tinuous overgrowths. Similarly, the use of X-ray maps
was essential for revealing and interpreting complex
zoning patterns in individual grains. The results
constrain an important part of the evolution of the
Legs Lake shear zone and of the P–T–MH2O

–time–
deformation path and exhumation of high-P rocks
in the east Lake Athabasca region. The data also
provide important new insights into the relationships
among accessory phase petrogenesis and hydrous fluid
flow in ductile shear zones.
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