
Abstract The Legs Lake shear zone marks the

southeastern boundary of an extensive region

(>20,000 km2) of high-pressure (0.8–1.5+ GPa) granu-

lite-facies rocks in the western Churchill Province,

Canada. The shear zone is one of the largest exhu-

mation-related structures in the Canadian Shield and

coincides with the central segment of the ~2,800 km

long Snowbird tectonic zone. The movement history of

this shear zone is critical for the development of

models for the exhumation history of the high-pressure

region. We used electron microprobe U–Th–Pb dating

of monazite with supplemental ID-TIMS U–Pb geo-

chronology to place constraints on the timing of shear

zone activity. Combining these and other data, we

suggest that regional exhumation occurred during at

least three distinct phases over an ~150 million year

period. The first phase involved high temperature

decompression from ~1.0 to 0.8–0.7 GPa shortly

following 1.9 Ga peak metamorphism, possibly under

an extensional regime. The second phase involved rock

uplift and decompression of the hanging wall to

0.5–0.4 GPa during east-vergent thrusting across the

Legs Lake shear zone at ca. 1.85 Ga. This phase was

likely driven by early collision-related convergence in

the Trans-Hudson orogen. The final phase of regional

exhumation, involving the removal of 15–20 km of

overburden from both footwall and hanging wall, likely

occurred after ~1.78 Ga and may have been related to

regional extensional faulting.

Introduction

Exposures of lower continental crust provide rare

opportunities to directly investigate a part of Earth

that is generally inaccessible except by geophysical

methods or sparse remote sampling by xenoliths. A

critical aspect of the characterization of such terranes is

to understand the mechanisms and rates by which they

are exhumed (Fountain and Salisbury 1981; Handy

1990; Percival et al. 1992). The exhumation history is

particularly important for understanding the tectonic

setting of exposed deep crustal terranes, for evaluating

the degree to which they preserve a record that is

indicative of lower crustal processes in general, and for

understanding the nature of the crust that is currently

present beneath these terranes. As is commonly the
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case in polyphase metamorphic terranes in general,

distinguishing between earlier events related to initial

burial and/or residence in the lower crust and those

associated with exhumation can be challenging and

commonly requires complimentary geochronological

techniques with careful textural and spatial control

(e.g., Vance et al. 2003).

A major component of the exhumation history of

deep crustal terranes is commonly recorded in

bounding fault zones (e.g., Fountain and Salisbury

1981; Handy 1990). Some well-known examples in-

clude the Ivanhoe fault bounding the Kapuskasing

uplift in the central Canadian Shield (e.g., Percival and

West 1994), the Pogallo shear zone and Insubric Line

in the Ivrea Zone (e.g., Handy and Zingg 1991), the

Grenville Front tectonic zone (e.g., Green et al. 1988),

the Red Bank thrust zone bounding the Arunta block

in central Australia (Teyssier 1985; Biermeier et al.

2003), and shear zones bounding the granulite terrane

in Fiordland, New Zealand (e.g., Klepeis et al. 1999).

Characterizing these structures, and in particular

determining the absolute timing of their development,

is critical for understanding their role in the exhuma-

tion history as well as for the development of exhu-

mation models in general.

An extensive region (>20,000 km2) of high-pressure

(P) (0.8–1.5+ GPa) granulite- and locally eclogite-

facies rock is exposed north and east of Lake Ath-

abasca in the central part of the western Churchill

Province (Fig. 1) (Williams and Hanmer 2005; Mahan

and Williams 2005) of the Canadian Shield. The most

extensively studied portion of this region is the East

Athabasca mylonite triangle (Hanmer 1994, 1997;

Hanmer et al. 1994; Fig. 2), and several of its most

distinctive components include a major deep-crustal

mafic dike swarm (Williams et al. 1995; Flowers et al.

2006a), one of the oldest (~1.9 Ga) known eclogite

occurrences (Snoeyenbos et al. 1995; Baldwin et al.

2004), and a 2.6 Ga regional charnockite batholith in

transition to Grt-granulite (Williams et al. 2000)

(mineral abbreviations after Kretz 1983). High-P

granulite-facies metamorphic events are recorded over

much of the region at both 2.6–2.5 and 1.9 Ga with an

inferred intervening period of relatively quiescent deep

crustal residence (Williams and Hanmer 2005; Flowers

2005). The region is potentially one of the best expo-

sures on Earth for the study of deep continental crustal

processes, and understanding its exhumation is crucial.

The southeastern boundary of the high-P terrane

coincides with the Snowbird tectonic zone (Goodacre

et al. 1987; Hoffman 1988; Hanmer 1997) and is

specifically defined by the Legs Lake shear zone. This

km-scale, east vergent, thrust-sense shear zone marks a

~20 vertical km juxtaposition in the east Lake

Athabasca area, and has been kinematically and tem-

porally linked to similar along-strike structures giving a

combined length of at least 500 km (Fig. 1b) (Mahan

et al. 2003; Mahan and Williams 2005). High-P

(1.0+ GPa) granulite-facies metamorphism is recorded

in the hanging wall, whereas pressures recorded in the

Hearne footwall reached a maximum of 0.5 GPa

(Mahan et al. 2003).

Recent U/Pb ID-TIMS data demonstrate that the

youngest high-P metamorphic event in the east Lake

Athabasca area occurred at ca. 1.9 Ga (Baldwin et al.

2003, 2004; Flowers et al. 2006a), providing a

Fig. 1 a Western Canadian
Shield. Box shows location of
(a). AB Athabasca basin, AL
Angikuni Lake, Kx
Kramanituar complex, STZ
Snowbird tectonic zone,
Shear zones: LLsz Legs Lake,
GRsz Grease River, GSLsz
Great Slave Lake, CBsz
Cable Bay, NFsz Needles
Falls, Tsz Terrell, VRsz
Virgin River. Rectangle shows
location inset b and of Fig. 2.
b Inset shows distribution of
and relationship between
major shear zones of central
Snowbird tectonic zone after
Mahan and Williams (2005)

224 Contrib Mineral Petrol (2006) 152:223–242

123



maximum age for regional exhumation of the terrane.

Exhumation was complete by 1.7 Ga, the approximate

age of the overlying, undeformed and unmetamor-

phosed Athabasca basin (Cumming et al. 1987; Rayner

et al. 2003). Within these broad limits, two endmember

exhumation scenarios can be considered. Regional

uplift of the terrane may have been associated with ca.

1.9 Ga deep crustal tectonometamorphic events or

alternatively, exhumation may have been related to ca.

1.85–1.80 Ga collisional events recorded in the Trans-

Hudson orogen to the southeast. These two models

imply exhumation as either (1) an isostatic response to

deep-crustal underplating and heating and/or crustal

thickening recorded by high-P metamorphism or, (2) a

response to far-field convergence and crustal shorten-

ing at a distinctly later time.

Monazite is a particularly valuable geochronometer

for dating metamorphic and deformation events in

complex terranes because of its propensity for growth

during metamorphism (e.g., Parrish 1990; Spear and

Pyle 2002), slow rates of Pb diffusion (e.g., Crowley

and Ghent 1999; Cherniak et al. 2004), and tendency to

incorporate very little common Pb (e.g., Parrish 1990).

In addition, recent studies have begun to significantly

improve our ability to link monazite to metamorphic

processes (e.g., Pan 1997; Pyle and Spear 1999; Spear

and Pyle 2002; Wing et al. 2003; Foster et al. 2004;

Kohn and Malloy 2004; Mahan et al. 2006). In this

study, we employ electron microprobe monazite dating

and supplement these data with additional targeted

ID-TIMS analyses from monazite and zircon to con-

strain the timing of Legs Lake shear zone deformation.

The former technique has the advantages of in situ

analysis and high spatial resolution (micron-scale)

(e.g., Montel et al. 1996; Williams et al. 1999; Williams

and Jercinovic 2002) and the latter provides high pre-

cision and the ability to assess accuracy through mul-

tiple independent U–Pb isotope chronometers. This

combination of tools, particularly when further com-

bined with detailed X-ray compositional mapping,

provides optimal potential for directly constraining the

age of deformation and metamorphic events and thus

significantly improving construction of P–T–t–D his-

tories.

We conclude that regional exhumation of high-P

rocks in the east Lake Athabasca area was a multi-

phase process that likely involved both endmembers

considered above. We suggest that major movement in

the Legs Lake shear zone, and a major component of

regional exhumation of the high-P hanging wall to the

middle-crust, were coincident with ca. 1,850 Ma early

collision-related events in the Trans-Hudson orogeny.

Geologic setting

More than a decade of structural, metamorphic, and

geochronological studies in the east Athabasca region,

Fig. 2 a Geologic map of the East Athabasca mylonite triangle
and surrounding Rae and Hearne domains. Subdomain bound-
aries within Rae domain are also shown. East Athabasca triangle
geology after Hanmer (1994). References for P–T data:
MAW-unp = Mahan, Ashton and Williams, unpublished;
M-unp = Mahan, unpublished; W-unp = Williams, unpublished,

S95 = Snoeyenbos et al. 1995; W95, W00 = Williams et al. 1995,
2000; K99 = Kopf 1999; K02 = Krikorian 2002; B03, 04 = Bald-
win et al. 2003, 2004; M03 = Mahan et al. 2003; MW05 = Mahan
and Williams 2005; WH05 = Williams and Hanmer 2005. b Key
to lithotectonic subdomains of the East Athababasca mylonite
triangle
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the majority of which have been focused within the

East Athabasca mylonite triangle (Figs. 2, 3), have

documented two high-P (~1.0+ GPa) granulite-facies

deformation and metamorphic events, one at ca. 2.6–

2.5 Ga and one at ca. 1.9 Ga (Hanmer et al. 1994,

1995a, b; Snoeyenbos et al. 1995; Williams et al. 1995,

2000; Kopf 1999; Krikorian 2002; Baldwin et al. 2003,

2004, 2006; Flowers 2005; Flowers et al. 2006a;

Williams and Hanmer 2005; Mahan et al. 2006). The

degree to which these events are recorded in a partic-

ular rock or region varies among the different litho-

tectonic subdomains (Fig. 2b). In the northwestern

subdomain, the late Archean event(s) are recorded by

ca. 2.6 Ga charnockitic granitoids that display a well-

defined transition to Grt-granulite that is interpreted to

have developed shortly after crystallization (Williams

et al. 2000). In the southern subdomain, Baldwin et al.

(2003, 2004, 2006) reported 2.62–2.52 Ga monazite and

zircon growth in felsic and mafic granulites. In addi-

tion, volumetrically minor lenses of high-P felsic and

mafic granulite in the Chipman subdomain also

preserve a distinct record of late Archean and ca.

1.9 Ga events (Flowers 2005; Mahan et al. 2006).

Baldwin et al. (2003, 2004) interpreted metamorphic

zircon growth at 1,904 ± 0.3 Ma in mafic granulite and

eclogite assemblages to record very high pressure, high

temperature (1.5+ GPa, 900–1,000�C) metamorphism

of southern subdomain rocks. Partial decompression

and re-equilibration of these rocks to ca. 1.0 GPa

apparently coincided with more widespread 1,900–

1,890 Ma tectonometamorphism recorded throughout

the East Athabasca region. This latter phase of meta-

morphism and deformation appears best recorded in

the Chipman subdomain where Grt ± Cpx + Hbl +

Pl + Qtz Chipman mafic dikes record partial melting at

1.1–1.0 GPa, 800�C (Williams et al. 1995) and are

interpreted to have been emplaced, metamorphosed

and melted at 1896.7 ± 0.8 Ma (Flowers et al. 2006a).

Late symplectite Grt ± Opx ± Hbl + Pl + Qtz

assemblages recording conditions of 0.8–0.7 GPa,

~700�C, from studies in the southern (Kopf 1999) and

Chipman subdomains (K.H. Mahan, unpublished

data), suggest that a period of relatively rapid decom-

pression from regional peak pressures accompanied

the 1,896 Ma event. Evidence for both periods of high-

grade tectonometamorphism have also been docu-

mented in other parts of the interior of the western

Churchill Province (Stern and Berman 2000; Berman

et al. 2002; Sanborn-Barrie et al. 2001).

The Legs Lake shear zone is a 5–8 km wide zone of

northeast striking and northwest-dipping mylonite,

traced along the southeastern margin of the East

Athabasca triangle (Fig. 2; Mahan et al. 2001, 2003). A

northward continuation of the shear zone is exposed

along the eastern margin of the Selwyn lozenge to the

north (Fig. 1b) and is offset dextrally from its southern

counterpart across the younger Grease River shear

zone (Mahan and Williams 2005). The likely correla-

tion of these two shear zone segments with the Virgin

River shear zone, south of the 1.7 Ga Athabasca basin

(Fig. 1), gives a combined length on the order of

500 km and represents one of the largest fault zones in

the Canadian Shield. The Legs Lake shear zone re-

cords oblique dextral reverse movement that accom-

modated east-vergent relative uplift (and exhumation)

of high-P rocks in its hanging wall. The shear zone

marks an abrupt juxtaposition of over 20 vertical km

with low-pressure rocks in the Hearne domain to the

east. Grt ± Crd ± Sil + Bt + Pl + Qtz metamorphic

assemblages within and east of the shear zone record

synkinematic prograde metamorphism (Fig. 4) and

post-kinematic peak conditions of ~0.5 GPa and 600�C

(Mahan et al. 2003). An upper bound on the age of

deformation in the Legs Lake shear zone is inferred

from 1.9 Ga high-P metamorphism in the hanging wall

and shear zone-related deformation of 1.9 Ga Chip-

man mafic dikes.

Electron microprobe monazite geochronology

Analytical methods

The methods used for evaluating the textural setting of

monazite follow those of Williams and Jercinovic

(2002). All X-ray maps and wavelength-dispersive

spectrometric analyses were done at the University of

Massachusetts-Amherst using a Cameca SX-50 elec-

tron microprobe. The distribution of monazite was

evaluated using thin section X-ray composition images

of Ce (for identification of monazite) and a reference

major element such as Mg (for overall texture of the

thin section). High resolution composition (beam
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Fig. 3 Schematic NW–SE cross-section across East Athabasca
mylonite triangle illustrating shear zones that form major domain
and subdomain boundaries. Location shown in Fig. 2

226 Contrib Mineral Petrol (2006) 152:223–242

123



scanning) maps of Y, Th, U, and Pb and/or Ca were

generated for all monazite grains in textural settings of

interest.

Analytical conditions for major and trace element

calibrations and for major element analyses were

15 kV accelerating voltage, 15 nA current, focused

beam, and 20 s peak count time (10 s background

count time). Procedures for trace element analysis,

including determination of background intensities via

regression of high-resolution spectrometer scans, fol-

lowed Jercinovic and Williams (2005), and the ap-

proach and data presentation follow Williams et al.

(2006). Spot analyses were carried out at 15 kV

accelerating voltage, 200 nA beam current, and 600 s

count time (900 s count times were used for domains

with < 1.0 wt% Th). For each homogeneous composi-

tional domain, between 4 and 20 point analyses were

obtained. Weighted mean compositions of Th, U, and

Pb were then calculated based on the analytical un-

certainties from counting statistics for each analysis

(Table 1). A single date for that domain was then

calculated from the weighted mean compositions and

the age equation of Montel et al. (1996). Dates quoted

in the text and in Table 1 are reported with a 2r error,

calculated by propagating the analytical uncertainty on

trace element compositions and an uncertainty com-

ponent associated with the background regression

through the age equation (Williams et al. 2006).

Microprobe dates for multiple domains are displayed

graphically in the form of normal distribution curves.

Weighted mean dates and 95% confidence errors for

groups of 3 or more monazite domains within a sample,

when interpreted to represent a single population,

were calculated with the Isoplot/Ex v. 3 program of

Ludwig (2003).

Analytical results

Deformed granite dikes

Muscovite leucogranite dikes (dm- to m-scale in width)

occur extensively within the shear zone in a region east

of Bompas Lake (Fig. 2) where they intrude metase-

dimentary rocks of the Hearne domain. These dikes

are penetratively mylonitized and/or exhibit boudinage

parallel to the shear fabric (Fig. 5a) and their crystal-

lization age provides a maximum age for their defor-

mation.

Monazite from sample 02M66G is not abundant in

thin section, but several large (100–500 lm) grains

were isolated using conventional mineral separation

techniques. Five grains were mounted in epoxy and

analyzed by EMP. X-ray maps of four of the grains

display large compositionally homogeneous regions

with rare mildly contrasting and straight compositional

domain boundaries that are interpreted to represent

sector zoning in igneous monazite. These grains also

display small (10–30 lm wide) discontinuous rim do-

mains (Fig. 6a, b) characterized by distinctly lower U

concentration (Fig. 7a) ( < 0.5 wt% vs. >1.0 wt% in

cores). The cores of these four grains yield microprobe

dates between 2,490± 20 and 2,504±16 Ma (Fig. 6c).

Rim domains yield ca. 1.9 Ga dates that are best rep-

resented by recrystallized domains in the fifth grain

(below). Trace element data are presented in Table 1

and major element analyses of monazite are provided

as electronic supplementary material (eTable 1).

The fifth grain (m1) displays a similar compositional

variation but with considerably more complex internal

zoning that suggests extensive dissolution and repre-

cipitation (Fig. 6d). The original high U domains,
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Fig. 4 Sketches from thin sections illustrating the relationships
between porphyroblast growth and fabric development in
Hearne domain (Mahan et al. 2003). Si = inclusion trail fabric.
S1H = early matrix fabric in Hearne domain. SSZ = Legs Lake
shear zone fabric. Andalusite porphyroblasts generally preserve
straight inclusion trail patterns, interpreted as an earlier fabric
(Si), but a slight curvature of Si toward the matrix fabric occurs
within some porphyroblast rims (a) indicating synkinematic
growth with respect to DSZ. Replacement of andalusite by
prismatic and fibrous sillimanite, the latter of which is grown
parallel to SSZ, is also interpreted as synkinematic. b Cordierite
occurs as both intact porphyroblasts, with curving inclusion trail
patterns (c), as well as SSZ-parallel elongate polycrystalline
aggregates that are interpreted to have recrystallized during DSZ

in higher strain parts of the shear zone. Garnet occurs as similar,
inclusion trail-bearing, synkinematic porphyroblasts (d, e) and as
late- to post-kinematic porphyroblasts that lack inclusion trails
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Table 1 Monazite trace element compositions and electron microprobe dates

Gra Setb Domc Concentration (ppm)d n Date 2r

Y 1r Th 1r Pbe 1r Uf 1r

02M66G (UTM_N: 6611794, UTM_E: 504873)
m1 mo core 22,339 24 33,145 34 17,681 31 12,646 19 20 2,554 12
m2 mo core 21,894 25 36,370 37 12,897 18 18,091 32 19 2,504 10
m3 mo core 18,778 28 31,110 40 9,967 20 13,232 36 13 2,504 16
m4 mo core 20,137 36 34,003 54 9,955 26 12,643 45 8 2,490 20
m5 mo core 20,105 29 35,709 46 10,555 21 13,478 37 12 2,491 16

Population 2-recrystallized
m1 mo re-xtl 17,127 18 37,417 31 4,655 11 4,190 22 28 1,889 14

01M127B (UTM_N: 6586933, UTM_E: 501034)
m1 m wh 12,400 25 70,552 60 8,377 14 8,510 25 20 1,775 10
tm1 mo wh 9,822 24 64,173 77 6,883 20 5,543 38 11 1,758 18
tm2 mo core 10,970 24 72,264 85 7,871 21 6,598 39 11 1,760 16
tm2 mo rim 6,825 36 24,477 61 3,280 28 3,992 58 4 1,804 50
tm3 mo wh 11,307 37 69,063 121 7,975 31 7,709 57 5 1,767 24

01M171D (UTM_N: 6586196, UTM_E: 502456)
Population 1
1-m3 m core 10,746 33 14,498 41 2,133 22 2,605 48 5 1,898 64
1-m7 m core 9,619 50 19,577 56 2,827 27 3,214 59 3 1,921 62
2-m6 m, ib wh 10,611 25 20,082 33 2,771 15 2,988 32 11 1,908 36
2-m11 m core 11,869 38 12,760 42 1,820 24 2,075 54 4 1,909 84
2-m16 m core 12,048 38 19,282 47 2,590 23 2,827 48 5 1,872 54

Population 2a
1-m2 m wh 10,995 25 24,731 42 3,361 17 3,897 37 8 1,848 32
1-m3 m rim 13,680 30 26,509 48 3,662 21 4,432 42 7 1,837 34
1-m7 m rim 14,616 43 27,819 57 4,210 23 5,695 48 5 1,853 32
1-m8 m wh 11,346 29 26,167 50 3,502 20 3,977 42 6 1,844 36
1-m9 m wh 13,328 31 26,741 51 3,845 20 4,903 43 6 1,844 32
2-m7 m, ip wh 14,470 39 29,634 61 4,008 25 4,476 50 5 1,865 38
2-m11 m rim 10,854 24 24,624 38 2,964 16 2,661 34 10 1,849 34
2-m13 m, ip wh 14,797 24 27,617 36 3,989 15 5,279 31 13 1,824 22
2-m15 m wh 12,864 38 24,845 55 3,505 24 4,364 49 5 1,841 40
2-m17 m core 16,164 33 21,054 39 2,795 18 3,165 39 8 1,837 40
2-m20 m, ig wh 12,008 38 25,603 56 3,540 24 4,042 48 5 1,873 42

Population 2b
1-m1 m wh 13,421 25 26,033 40 3,578 17 4,566 35 10 1,800 28
1-m4 m wh 13,471 31 28,982 54 3,920 21 4,965 43 6 1,789 30
2-m3 m wh 13,676 38 24,896 55 3,408 24 4,444 49 5 1,782 40
2-m16 m rim 11,748 25 24,892 38 3,145 17 3,454 35 10 1,802 32
2-m17 m rim 14,900 40 27,919 59 3,799 24 4,826 50 5 1,794 36

01M151 (UTM_N: 6585101, UTM_E: 500317)
Population 2
m4 m, ic, q, c wh 11,483 27 33,158 54 4,639 19 5,724 40 7 1,834 26
m6 m, ic, q wh 10,134 30 32,392 64 3,790 24 3,513 48 5 1,798 36
m8 m wh 11,257 35 33,470 72 4,574 25 5,516 53 4 1,826 34
m9 m wh 10,726 30 29,845 59 3,861 23 4,339 47 5 1,813 36
m13 m, ic, b wh 10,871 13 22,895 41 3,261 20 4,493 23 4 1,781 35

02M194B (UTM_N: 6584847, UTM_E: 491625)
Population 1a
m2 m, ig wh 7,386 33 39,621 78 7,681 31 3,366 52 4 2,967 48
m5 m, ig wh 7,261 25 23,416 44 5,568 21 3,629 39 7 2,975 42

Population 1b
m1 m core 5,673 36 35,833 90 6,751 34 3,129 59 3 2,880 56
m7 m core 5,926 10 29,275 52 6,446 29 4,136 52 4 2,885 48
m7 m mtl 4,843 25 27,333 52 5,514 23 3,300 42 6 2,809 44

Population 2
m9 m, ig, q wh 4,408 28 27,039 56 5,023 24 3,588 46 5 2,556 46
m6 m core 2,568 22 31,776 50 5,494 20 3,410 36 8 2,549 34

Population 3
m3 m wh 10,566 26 9,359 28 1,847 17 2,975 38 7 1,936 58
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5–50 lm wide zones similar to cores of the other four

grains, form a variably interconnected network sur-

rounded by regions of lower U ( < 0.5 wt%). An ‘‘age’’

map for this grain, generated by calculating dates for

each pixel in high-resolution calibrated X-ray maps

(Goncalves et al. 2005), shows dramatic variation in

age that correlates well with U concentration (Fig. 6e).

Interestingly, abundant apatite inclusions are restricted

to the recrystallized portions of the monazite, sug-

gesting that apatite growth may have been coeval with

monazite recrystallization, similar to monazite-apatite

reactions studied by Harlov et al. (2002) and Harlov

and Förster (2003). The high U domains of m1 yield a

date of 2,554 ± 12 Ma. A weighted mean date for the

first four grains is 2,500 ± 7 Ma (MSWD = 1.05) and

for all five high U domains is 2,514 ± 34 Ma

(MSWD = 16). There are no significant compositional

or textural variations to suggest that the high U do-

mains are not part of one igneous population and

therefore, we consider the latter date as the best esti-

mate of the crystallization age for this rock. The low U

recrystallized domains in m1 yield a significantly

younger date of 1,889 ± 14 Ma.

Undeformed Grt-Ms-granite dikes

A distinct suite of post-kinematic, pink, Grt-Ms granite

and pegmatite dikes occurs within the eastern margin

of the Legs Lake shear zone as well as over an exten-

sive region, outside of the shear zone, near the western

end of Charlebois Lake (Fig. 2). In the shear zone, the

dikes clearly cut the mylonitic fabric and these rela-

tionships can be observed in several locations (Fig. 5b,

c). Therefore, the crystallization age of these dikes

provides a lower constraint on the timing of shear zone

deformation. Sample 01M127B is from a thin dike that

cross-cuts mylonitic fabric near the eastern margin of

the shear zone.

A single grain in a thin section of sample 01M127B

and three grains (100–200 lm) from conventional

separates were analyzed and contain 6.0–7.0 wt% Th.

The monazite grains display either no compositional

zonation, mild sector zoning with straight boundaries,

or euhedral concentric zoning (Fig. 8a, b). The rela-

tively simple zoning pattern and the undeformed nat-

ure of the sample suggest an igneous origin for the

monazite. Three whole grains and the core of a fourth

concentrically zoned grain yield dates between

1,758 ± 18 and 1,775 ± 10 Ma, whereas the rim of the

fourth grain yielded 1,804 ± 50. A weighted mean of all

five domains is 1,769 ± 12 Ma (MSWD = 1.5) or, if the

outlying rim is excluded, 1,768 ± 14 (MSWD = 1.4)

(Fig. 8c).

Metamorphic monazite from metasediments

in the Hearne domain

Metasedimentary rocks occur interlayered with

granodioritic gneiss and are commonly associated with

layered felsic to mafic metavolcanic rocks on the

southeastern side of the shear zone (Mahan et al.

2003). The most common lithology is Bt-schist with

variable amounts of garnet, cordierite, andalusite, and

sillimanite. Microstructural observations indicate that

early andalusite, garnet, cordierite, and sillimanite

growth occurred syn-kinematically during shear zone

fabric development (Fig. 4) with continued post-kine-

matic growth of garnet and cordierite (Mahan et al.

2003).

Two samples of Bt-schist were chosen for composi-

tional mapping and monazite dating, but the majority

of data reported is from sample 01M171D. In both

Table 1 continued

Gra Setb Domc Concentration (ppm)d n Date 2r

Y 1r Th 1r Pbe 1r Uf 1r

m11 m wh 9,941 28 4,358 26 1,418 18 3,023 41 6 1,945 76
m7 m rim 4,168 27 28,641 59 3,136 22 1,735 45 5 1,918 46

Population 4
m4 m wh 11,326 26 51,497 72 4,948 19 2,145 37 8 1,795 24

atm# Analyzed in tube mount, m analyzed in thin section [# preceding ‘‘m’’ corresponds to one of two sections from same billet]
bm Matrix, ig inclusion in garnet (ic, cordierite; ib, biotite; ip, plagioclase), mo mounted separate, c visible fractures in adjacent host, q
in contact with qtz inclusion, g interior of grt, not true inclusion, b in contact with bt inclusion
cWh Whole grain, Mtl mantle
dElement lines (and crystals) used were YLa(TAP), ThMa (PET), UMb (PET), PbMa (PET)
eMeasured on PbMa and corrected for Y and Th interferences
fMeasured on UMb and corrected for Th interferences. The data were screened to avoid potential marginal K interference from
adjacent phases (Jercinovic and Williams 2005)
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samples, two dominant textural and compositional

populations of monazite are apparent. Monazite do-

mains of population 1 have relatively low Th and U

( < 2.0 wt% Th and < 0.3 wt% U, Fig. 7b) and occur

most commonly as distinct cores surrounded by rims of

population 2 (Fig. 9a). Population 2 has a 10–60 lm

grain size range and contains 2.5–5.0 wt% Th and 0.3–

0.5 wt% U. Monazite of population 2 most commonly

occurs in the schistose matrix and some grains are

elongate and aligned in the matrix fabric (Fig. 9a).

However, some population 2 grains occur as inclusions

within plagioclase, cordierite, or garnet but all inclu-

sions except the one occurrence in garnet are either in

contact with obvious fractures or are in contact with

other included phases (e.g., multi-phase inclusions).

a

b

c

S
2

S2

02M66G
Ms-granite

Grt-Ms-granite

Grt-Ms-granite

Bt-schist

Felsic
meta-
volcanic

Mafic
metavolcanic
(Grt-Hbl-Bt
amphibolite)

(01M127B)

S2
Bt-schist

Fig. 5 a Outcrop photo of foliated boudins of Ms leucogranite
hosted by Bt-schist in the Legs Lake shear zone east of Bompas
Lake. Sample 02M66G was collected from the larger boudin left
of the hammer (30 cm long). b Outcrop photo of post-kinematic
Grt-Ms pegmatite dike that cross-cuts shear zone fabric near
Balliet Lake. Sample 01M127B was collected here. The ~3 cm
wide dike is oriented nearly parallel to the outcrop face and
nearly perpendicular to the shear zone fabric (NE to right). Note
that the thin ‘‘concordant’’ felsic metavolcanic layer visible in
lower left of photo (arrow) is NOT a dike. c Outcrop photo of
post-kinematic Grt-Ms pegmatite dike that cross-cuts shear zone
fabric east of Bompas Lake. The outcrop face is oriented 030/
51E and the shear zone fabric is oriented 208/50W
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Monazite from population 1 yields dates between

1,872 ± 54 and 1,921 ± 62 Ma in sample 01M171D

(Fig. 9) with a weighted mean 1,902 ± 23 Ma

(MSWD = 0.44, n = 5). Monazite of population 2

yields dates between 1,782 ± 40 and 1,873 ± 42 Ma.

Compositional maps show that one matrix grain from

sample 01M171D (Fig. 9b) has distinct core and rim

domains, both of which are compositionally similar to

population 2 but that yield 1,837 ± 40 and

1,794 ± 36 Ma dates, respectively. Although the dates

overlap within error, their relative difference and the

sharp compositional boundary between the domains

suggest that population 2 may represent more than one

distinct period of monazite growth. A summary of all

monazite data is presented in Fig. 10.

Metamorphic monazite from the East Athabasca

mylonite triangle-hanging wall

Mahan et al. (2006) reported EMP monazite data from

felsic granulites (peak assemblage Grt-Kfs-Sil-Pl-Qtz)

in the Chipman subdomain. Two of these samples are

retrograded hydrous granulites (Grt-Crd-Bt-Sil-Pl-

Qtz) from the immediate hanging wall of the Legs

Lake shear zone (samples S32D and 03M166B)

(Fig. 2). The retrograde assemblage is interpreted to

have developed during shear zone deformation from

the breakdown of earlier high-P garnet (Mahan et al.

2003). Mahan et al. (2006) recognized five texturally

and compositionally distinct populations of monazite

(Fig. 11a) that yielded progressively younger EMP

dates ranging from 2.55 to 1.85 Ga (Fig. 10). The fifth

and most distinct population occurs as high Y over-

growths that are linked to the synkinematic retrograde

hydration reaction Grt + Kfs + H2O = Bt + Sil + Qtz.

This population yielded a weighted mean date of

1,853 ± 15 Ma (n = 4) in S32D and 1,851 ± 9 Ma

(n = 3) in 03M166B (Mahan et al. 2006).

In this study, sample 02M194B was collected from a

screen of Grt-Bt-Ms-schist hosted by the ca. 3.0 Ga

Chipman tonalite (Hanmer 1997) and surrounded by

Grt-Cpx-bearing Chipman mafic dikes near the wes-

tern margin of the Legs Lake shear zone (Fig. 2).

Garnet porphyroblasts are interpreted to have grown

during high-grade metamorphism but are extensively

resorbed. Retrograde biotite and muscovite define a

well-developed retrograde fabric indicating reverse

shear sense (Fig. 11b) consistent with kinematics ob-

served throughout the Legs Lake shear zone (Mahan

et al 2003). Several populations of monazite were dis-

tinguished based on textural setting and composition

that yield a range of correlative microprobe dates.

Most grains are not significantly zoned, contain 2.0–

5.0 wt% Th, and occur both as inclusions in garnet and

in the matrix. In addition, several matrix grains have

distinctly low Th concentrations ( < 1.0 wt%, Fig. 7d).

The oldest dates are from monazite grains that are

included in garnet (2,975 ± 42 and 2,967 ± 48 Ma).

The youngest date from an inclusion in garnet is

2,556 ± 46 Ma and, along with a similar date from a

matrix grain, is interpreted to place an upper limit on

garnet growth. The low Th matrix grains and the rim of

an older grain yielded indistinguishable dates between

1,918 ± 46 and 1,945 ± 76 Ma (weighted mean

S32D

Low Y (pop. 3 & 4)

HighY cores (pop. 1&2) 

High Y rims (pop. 5) 

c

10.00

1.00

0.10

0.01
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Low U-recrystallized

High U-igneous cores 02M66G
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Low Th population 1

High Th population 2 b
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Low Th matrix

2.96 Ga incl. in garnet

2.55 Ga incl. in garnet

d

La Y Ca Si Th U Ce Pr Nd Sm Gd DyLa Y
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Fig. 7 Major and trace
element concentration log10

plots normalized to the
composition of an in-house
standard, Ward’s Elk Mtn
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1,929 ± 32 Ma; MSWD = 0.23). The matrix grain with

the highest Th content in the sample (~5.0 wt% Th)

yielded a date of 1,795 ± 24 Ma.

U–Pb ID-TIMS analysis

Analytical methods

Standard crushing and mineral separation techniques

produced zircon crystals, which were then air-abraded

with pyrite after the method of Krogh (1982), and

rinsed and cleaned in an ultrasonic bath of 3M HNO3.

Zircon and monazite fractions were washed and

cleaned again in 3M HNO3 (zircon) or high-purity

water (monazite) in savillex beakers, rinsed in distilled

acetone and high-purity water, and loaded into Teflon

FEP microcapsules. Fractions were spiked with a

mixed 205Pb–233U–235U tracer, dissolved in 29 M HF at

220�C for 48–96 h (zircon) or in 12 M HCl at 180�C for

48 h (monazite), followed by conversion to 6 M HCl at

180�C for 12–24 h. Pb and U were chemically sepa-

rated using anion exchange chemistry, loaded on single

Re filaments with a dilute silica gel –0.1 M H3PO4

emitter solution, and run on the Massachusetts Insti-

tute of Technology VG Sector 54 mass spectrometer.

Pb isotopic ratios were measured either by peak-

jumping into the axial counting Daly detector, or

dynamically with Faraday cups and the Daly detector.

U was run as an oxide in static mode. U–Pb data and

details regarding isotopic ratio corrections are

provided in Table 2. Decay constant uncertainties and

U–Pb tracer calibration uncertainties are systematic

errors not included in the cited dates.

Analytical results

Deformed granite dikes

A sample of an approximately 1 m wide aplite dike

(01M144) was collected near the southeastern arm of

Legs Lake where it intrudes a K-feldspar-rich megac-

rystic Hbl-Bt granite phase of the Stevenson granite

(Hanmer 1994, 1997). The aplite is penetratively my-

lonitized and its crystallization age provides an upper

constraint on the age of that deformation as well as a

minimum crystallization age for this phase of the

Stevenson granite. Six cloudy, ovate, single zircon

grains (100 lm long) were analyzed and range from 0.4
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tm1 and tm2 (y-axis is relative probability). 207Pb/206Pb dates
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to 3.5% normally discordant (Fig. 12a). The two most

discordant fractions are excluded from the regression

due to the possibility of low temperature Pb loss effects

in these high U radiation damaged zircon grains. A

York regression through the four most concordant

fractions yields an upper intercept of 2616.4 ± 3.6 Ma

(MSWD = 0.63), which is interpreted as the crystalli-

zation age for this rock.

Two monazite grains from sample 02M66G, with

homogenous cores and compositionally distinct rims

(m3 and m4) that were previously imaged and analyzed

by EMP, were subsequently analyzed by ID-TIMS

(Fig. 12b). These grains were extracted from the grain

mount, broken into fragments, and lightly air abraded

to remove rims prior to TIMS analysis. The 207Pb/206Pb

dates for m3 and m4 are 2530.7 ± 0.7 and 2524.6 ±

0.7 Ma, respectively. Zircon in sample 02M66G

typically consists of clear to cloudy, euhedral prisms

100–300 lm long with aspect ratios from 3:1 to 5:1.

Four of the clearest and most euhedral grains

were analyzed and range from 0.7 to 2.7% normally

discordant (Fig. 12b). The three least concordant

fractions do not lie on a common discordia line sug-

gesting either inheritance of zircon of different ages,

Pb-loss with a degree of inheritance, or possibly mul-

tiple Pb-loss events. The most concordant fraction (z2)

has a 207Pb/206Pb date of 2530.0 ± 0.7 Ma, consistent

with the monazite data. The two monazite analyses and

most concordant zircon date suggest a ca. 2,530 Ma

crystallization age.

Undeformed Grt-Ms-granite dikes

Four clear, yellow, subhedral to euhedral monazite

grains from sample 01M127B, from within the shear

zone, were analyzed. Of these, two grains were previ-

ously mounted, imaged, and analyzed by EMP (tm1

and tm2). Two concordant and two slightly negatively

discordant analyses yielded 207Pb/206Pb dates ranging

from 1766.2 to 1769.8 Ma. The four analyses yielded a

weighted mean of 207Pb/206Pb dates of 1767.6 ± 2.4 Ma

(MSWD = 6.6), with exclusion of one analysis (tm1b)
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yielding a weighted mean 207Pb/206Pb date of

1767.0 ± 1.6 Ma (MSWD = 2.3).

Metasediments from the Hearne domain

Analysis of the same monazite grains from sample

01M171D by both EMP and ID-TIMS was not done

because of difficulties in handling small grain sizes

(30–50 lm mean diameter polished to half size). Five

single-grain fractions of monazite from the separate

were analyzed by ID-TIMS (Fig. 12d) and are slightly

discordant with 207Pb/206Pb dates that range from 1,788

to 1,821 Ma. The significance of the spread in dates is

discussed in the next section.

Discussion

Comparison of methods and summary of monazite

analytical results

Igneous monazite from deformed and undeformed

granite dikes

Microprobe dates from monazite in the deformed

muscovite granite dike (02M66G) range from 2,490 to

2,554 Ma, with a poorly fit weighted mean of

2,514 ± 34 Ma, and thus are in general agreement with

the ca. 2,530 Ma crystallization age suggested from

monazite and zircon TIMS data. Two grains with EMP

dates of 2,504 ± 16 Ma (m3) and 2,490 ± 20 Ma (m4),

were also analyzed directly by ID-TIMS and yielded
207Pb/206Pb dates of 2530.8 ± 0.7 and 2524.7 ± 0.7 Ma,

respectively (Fig. 6c). The grain-to-grain comparison is

in broad agreement although not strictly within their

stated error estimates. Differences among the EMP

dates and between the EMP and TIMS dates for

individual grains are attributed to additional sources of

uncertainty in the EMP dates that may contribute to

short term systematic error such as calibration and

conductive coating thickness or to an underestimate of

the background regression uncertainty (Williams et al.

2006).

Microprobe dates from tm1 and tm2 core and rim,

from sample 01M127B, are 1,758 ± 18, 1,760 ± 16, and

1,804 ± 50 Ma, respectively (bulk date for tm2 is

1,764 ± 16 Ma). These EMP data agree well with the

ID-TIMS 207Pb/206Pb dates for these grains (tm1b–

1769.8 ± 1.5 Ma, tm2–1767.6 ± 1.0 Ma) (Fig. 8c). The

weighted mean EMP date from all five domains is

1,769 ± 12 Ma compared to the ID-TIMS weighted

mean 207Pb/206Pb date of 1767.6 ± 2.4 Ma.

Metamorphic monazite from metasediments

in the Hearne domain

Monazite of population 1 in the Bt-schist in the eastern

part of the Legs Lake shear zone (01M171D) yielded a

weighted mean date of 1,902 ± 23 Ma that may rep-

resent an upper-crustal (Hearne domain) expression of

tectonometamorphic events that are better docu-

mented in the high-P rocks of the hanging wall. At

least one phase of deformation and fabric development

that pre-dates the Legs Lake shear zone is preserved in

Hearne domain rocks in the region (Mahan et al. 2003)

and this deformation may correlate with the early

monazite population as well. One future test of this will

be to evaluate the extent of 1.9 Ga monazite in the

Hearne domain ‘‘outside’’ of the shear zone where

earlier fabrics are better preserved. Berman et al.

(2002) also reported a SHRIMP U–Pb date of

1,930 ± 50 Ma for metamorphic monazite in the

northwestern Hearne subdomain near Angikuni Lake

(Fig. 1a) but relationships between that area and this

study area remain to be determined.

Monazite of population 2 is the most dominant and

yielded microprobe dates between 1,782 ± 40 and

1,873 ± 42 Ma. At least one grain displays a distinct

core and rim, both considered population 2, with EMP

dates of 1,837 ± 40 and 1,794 ± 36 Ma (2-m17,

Fig. 9b), respectively, and indicates that episodic

growth is a likely contributor to the spread in both the

EMP and TIMS dates from population 2. Episodic

growth is further supported by a pronounced bimo-

dality of EMP dates from all 16 analyzed domains

within population 2; peaks occur at ~1,848 Ma and

Y Lα

10 µm

Pop 5
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(n=11)
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Fig. 11 a Y La X-ray map of S32D 2-m14 showing four of the
five populations distinguished by Mahan et al. (2006). The
populations consist of high Y innermost cores (populations 1
and 2), distinctly lower Y domains [populations 3 and 4 (only 3
shown here)], and distinct high Y overgrowths (population 5)
that are spatially restricted to the biotite-rich margins of
resorbed garnet. Image and dates after Mahan et al. (2006).
b Photomicrograph of sample 02M194B with record of retro-
grade S-C-C’ mylonitic fabric indicative of reverse sense
displacement in Legs Lake shear zone
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~1,797 Ma in a cumulative probability diagram

(Fig. 13). Using this distribution and a gap in the dates

between 1,803 and 1,824 Ma to divide the data into two

subsets, the weighted mean of 11 older domains is

1,843 ± 10 Ma (MSWD = 0.72) and of the remaining

five younger domains is 1,795 ± 14 Ma (MSWD = 0.22).

Five monazite grains from the Bt-schist have near

concordant ID-TIMS 207Pb/206Pb dates ranging from

1,788 to 1,821 Ma, which are encompassed by the range

of EMP dates from population 2. A concordant to near

concordant spread in isotopic dates over ten’s of mil-

lions of years is a relatively common characteristic for

metamorphic monazite (e.g., Hawkins and Bowring

1997, 1999; Harrison et al. 2002; Gibson et al. 2004).

Possible explanations for this behavior include physical

mixtures of monazite of different but relatively closely

spaced ages (i.e., inheritance; Parrish 1990; Gibson

et al. 2004), protracted growth during metamorphism

or hydrothermal fluid flow (Hawkins and Bowring

1997, 1999; Harlov and Förster 2003), and high tem-

perature Pb loss (Parrish 1990). The latter seems most

unlikely given recent studies suggesting that the clo-

sure temperature for Pb in monazite by volume diffu-

sion approaches 900–1,000�C (e.g., Crowley and Ghent

1999; Cherniak et al. 2004). Given the evidence from

X-ray maps and EMP dates for population 2 consisting

of multiple growth episodes between ~1,850 and

1,790 Ma and the lack of evidence for monazite

younger than ~1,790 Ma, we suggest that physical

mixing of monazite with a similar multiple growth

history is the most significant contributor to the spread

in the TIMS dates from 01M171D. However, it is noted

that a simple mixing line between ~1,850 and

~1,790 Ma would lie slightly left of some analyses.

Therefore small amounts of inheritance from older

monazite (although population 1 is not clearly repre-

sented in the data), effects from inaccuracies in the U

decay constants (Mattinson 1994; Schoene et al. 2006),

or Pb loss via unknown mechanisms other than volume

diffusion may not be ruled out.

In summary, we consider the two datasets to agree

quite well and the results from each approach lend

useful insight into the interpretation of the other.

TIMS analysis provides the time-tested reliability for

dating zircon and monazite with high precision that is

needed for determining the crystallization ages of the

important rock units in the shear zone as well as for

cross-checking the EMP results. X-ray mapping,

‘‘age’’-mapping, and microprobe trace element analysis

of monazite all help to reveal grain-scale complexities

(e.g., recrystallized zones), distinct textural/composi-

tional populations that can be linked to specific meta-

morphic and/or deformation processes (e.g., high Y

monazite overgrowths in retrograde felsic granulites),

and multiple monazite age populations that might

otherwise make a conventional isotopic dataset diffi-

cult to uniquely interpret.

Metamorphic monazite from the East Athabasca

mylonite triangle-hanging wall

The monazite dataset from the sample of retrogressed

felsic granulite (02M194B) has some clear distinctions

from, as well as similarities to, the datasets from the

felsic granulites of Mahan et al. (2006) and Baldwin

et al. (2006). Prior to this study, the oldest monazite

recognized in the East Athabasca region was ca. 2.6–

2.5 Ga. Middle Archean monazite (ca. 2.96 Ga) from

this sample clearly indicates a distinctly different and

older protolith than other monazite-bearing granulites

in the region and may reflect an early phase of regional

metamorphism or perhaps more local effects associ-

ated with late-stage emplacement of the host tonalite

complex. Crocker et al. (1993) also interpreted U–Pb,

Sm–Nd, and Rb–Sr data to reflect a ca. 2.9 Ga meta-

morphic event in middle Archean gneisses from the

Rae domain south of the Athabasca basin. The two

major episodes of high-P granulite-facies metamor-

phism, at 2.55 and 1.9 Ga, are represented by monazite

age groups in this sample as well as in the three

Chipman subdomain felsic granulites from Mahan

et al. (2006). In all samples, the late Archean monazite

grains are the youngest inclusions in garnet, which is

consistent with the interpretation that the garnet-

bearing metamorphic assemblage initially developed

during late Archean metamorphism (Baldwin et al.

2006; Mahan et al. 2006). Thus, monazite was an

effective recorder of events over a long (>1,000 million

year) and complex history of tectonometamorphism in

the high-P terrane. However, only post-1.9 Ga mona-

zite populations, which appear to be relatively minor

by volume and to have only developed in certain rock

types, are related to the regional exhumation history.

For example, despite the extensive synkinematic ret-

rogression and garnet resorption, sample 02M194B

does not contain the well-developed high Y over-

growths recognized in the other two retrograded felsic

granulites (S32D and 03M166B), presumably reflecting

differences in the bulk phosphorus and/or LREE

budgets and different major silicate retrograde reac-

tions. Where present, post-1.9 Ga monazite appears to

have only developed in distinct shear zones (e.g., Legs

Lake shear zone) where concentrated fluid flow and

extensive retrograde metamorphic reactions provided

the conditions and facilitated the production of chem-

ical constituents necessary for new monazite growth
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(Mahan et al. 2006). In contrast, the rocks further re-

moved from zones of active deformation during

exhumation preserve their peak assemblages and did

not develop post-1.9 Ga monazite.

Timing of Legs Lake shear zone movement

and metamorphism in the Hearne domain

General constraints

Several lines of evidence provide general constraints

for the timing of deformation in the Legs Lake shear

zone to between 1.9 and 1.79 Ga. Although we report

new crystallizations ages of 2614.5 ± 2.5 Ma and

ca. 2,530 Ma for deformed intrusions within the shear

zone, the 1896.7 ± 0.8 Ma age for high pressure partial

melting and inferred emplacement of Chipman mafic

dikes (Flowers et al. 2006a), which were subsequently

deformed at amphibolite-facies in the shear zone,

provides a Proterozoic upper bound. A lower bound is

provided by our new crystallization age of

1767.6 ± 2.4 Ma for an undeformed Grt-Ms-granite

dike that cross-cuts the shear zone fabric. In addition,

the northern end of the Legs Lake shear zone, where it

bounds the East Athabasca mylonite triangle, is offset

dextrally by 110 km to the northeast across the Grease

River shear zone (Mahan and Williams 2005). A

ca. 1,800 Ma age of this younger structure is suggested

by a preliminary zircon date of 1,788+28/–15 Ma that

was reported by Hanmer (1997) from a syn-kinematic

granitic dike and by preliminary 1,810–1,800 Ma syn-

kinematic monazite dated by electron microprobe

(Williams and Jercinovic 2002).

Metamorphic monazite growth

With respect to the Legs Lake shear zone, micro-

structural observations indicate synkinematic prograde

metamorphism in metapelites from the Hearne domain

footwall whereas peak metamorphism of those rocks

was reached late to post-kinematically (Mahan et al.

2003). The dominant population (#2) of monazite in

these rocks involves two main periods of monazite

growth, an earlier one approximated at 1,843 ± 10 Ma

and a younger one at 1,795 ± 14 Ma. The older period

is indistinguishable from 1,853 ± 15 Ma monazite from

the hanging wall of the shear zone, which Mahan et al.

(2006) linked to synkinematic retrograde reactions in

felsic granulites. Similarly, we interpret the older per-

iod of monazite growth in the Hearne domain rocks to

correspond to shear zone deformation and early

prograde metamorphism in the footwall. The youn-

ger monazite growth may correspond to peak

metamorphism in the footwall or may be related to a

renewed period of heating and/or fluid circulation

associated with regional Hudsonian magmatism (Pet-

erson et al. 2002). We suggest the former, which is

supported by recognition of monazite growth and peak

metamorphism at ca. 1,810 Ma in other localities be-

neath and south of the Athabasca basin in the western

Hearne domain (Orrell et al. 1999; Anneseley et al.

2005).

Implications for regional exhumation

of deep-crustal rocks in the East Lake

Athabasca region

It is important to distinguish between relatively early

periods of local or differential exhumation of individ-

ual domains and subdomains and what may represent

‘‘regional’’ exhumation of the high-P terrane as a

whole. Several studies suggest that much of the East

Athabasca region first experienced high-P (~1.0+ GPa)

metamorphic conditions at ca. 2.6–2.5 Ga (e.g., Han-

mer 1997; Flowers 2005; Williams and Hanmer 2005),

but the spatial extent of this early high-P event is not

yet known. For example, although relatively little work

has been done, there appears to be no evidence for late

Archean high-P metamorphism in much of the adja-

cent Rae domain, west of the Grease River shear zone.

However, abundant evidence points to high-P granu-

lite conditions in those rocks at 1.9 Ga. Thus, both

differential loading and exhumation of specific do-

mains and/or subdomains during the 600 million year

interval of 2.5–1.9 Ga is possible. Some evidence for

differential exhumation within the East Athabasca

mylonite triangle is provided by Baldwin et al. (2003,

2004), who suggested that rocks in the southern sub-

domain were decompressed from >1.5 to 1.0 GPa be-

tween 1,904 and 1,895 Ma. However, by ca. 1.9 Ga, the

entire region, consisting of an area >20,000 km2, was

apparently resident in the deep crust at relatively uni-

form pressures of 0.9–1.1 GPa. Subsequent ‘‘regional’’

exhumation of this area occurred over the next

~150 million years during several distinct episodes (see

also Flowers et al. 2006b).

Regional exhumation: phase 1

Petrologic observations from several localities within

the East Athabasca region (Neil Bay, Kopf 1999;

southern subdomain, Kopf 1999; Wholdaia Lake,

Krikorian 2002; Chipman subdomain—K.H. Mahan,

unpublished data) indicate a decompression phase

shortly following peak metamorphism. Late textures

and retrograde assemblages in mafic granulites record
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localized re-equilibrated conditions of 0.8–0.7 GPa and

700–750�C suggesting that a phase of relatively high

temperature decompression immediately followed

1.9 Ga metamorphism. This is also consistent with an

early stage of anhydrous decompression interpreted

from petrologic modeling of retrograde felsic granu-

lites from the Legs Lake shear zone hanging wall

(Mahan et al. 2006). Further north in the western

Churchill Province, Sanborn-Barrie et al. (2001) sug-

gested rapid ~1.9 Ga decompression of the high-P

Kramanituar complex (Fig. 1) via buoyancy-driven

extensional unroofing and a similar mechanism may

have been involved here, as suggested by Flowers et al.

(2006a) who inferred an extensional regime during

emplacement and metamorphism of the Chipman

mafic dike complex.

Regional exhumation: phase 2

The second phase of regional exhumation occurred

approximately 40–50 million year after 1.9 Ga ther-

motectonic events in the East Athabasca region, which

may imply a period of (isobaric?) cooling towards a

steady-state geotherm during that interval (Fig. 14).

Based on data from this study, we suggest that renewed

rock uplift involved ca. 1,850 Ma east-vergent thrusting

of the high-P terrane across the Legs Lake shear zone.

Rocks in the immediate hanging wall of the shear

zone record retrograde conditions of 0.4–0.5 GPa and

~550–600�C (Mahan et al. 2003, 2006). Hearne rocks

in the footwall record a syn-kinematic prograde

metamorphic path from andalusite stability

( < 0.4 GPa) to peak conditions of 0.5 GPa (maximum)

and ~600�C (Fig. 14; Mahan et al. 2003). Thus,

assuming hanging wall rocks were at 0.8 GPa and

footwall rocks were at 0.3 GPa prior to shear

zone initiation, subsequent thrusting accommodated

~15–20 km (equivalent to 0.5 GPa) of uplift of the

hanging wall relative to the downgoing Hearne

domain. Synchronous decompression and re-equili-

bration of rocks in the hanging wall at shallower levels

implies that denudation processes such as erosion and/

or extensional faulting operated at higher structural

levels during the thrusting process (e.g., Jamieson and

Beaumont 1989). This re-equilibration further implies

another period of near isobaric cooling (Fig. 14) at

middle crustal levels prior to the third and final phase

of exhumation.

Contractional deformation in the Legs Lake shear

zone at ca. 1,850 Ma coincides with and was probably

driven by early convergence across the Trans-Hudson

orogen to the southeast (Fig. 1). A major continental

magmatic arc developed at the southeastern margin

of the Hearne domain between 1,865–1,850 Ma

(Wathaman–Chipewyan batholith; Bickford et al.

1990; Meyer et al. 1992; Corrigan et al. 2005). North-

west-directed accretion of one or more island arc terr-

anes began at ca. 1,850. Terminal continent–continent

collision of the Superior and Hearne cratons had begun

by ca. 1,835 (Bickford et al. 1990; Orrell et al. 1999;

Corrigan et al. 2005) and produced significant crustal

shortening and associated peak and post-collisional
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metamorphism in the Hearne domain (e.g., Lewry and

Sibbald 1980; Lewry and Collerson 1990; Bickford

et al. 1994; Orrell et al. 1999; Ross et al. 2000; Aspler

et al. 2002; Annesley et al. 2005).

Regional exhumation: phase 3

The third phase of exhumation involved the removal of

15–20 km of overburden from both hanging wall and

footwall and most likely, over a much larger region.

Exhumation could have occurred primarily by erosion,

but a greenschist-facies ductile to brittle extensional

reactivation of part of the Legs Lake shear zone along

the NW-dipping Black Lake fault zone suggests a

component of tectonic denudation as well (Mahan

et al. 2003). This is consistent with other workers’

suggestions that extensional faulting helped accom-

modate regional exhumation of the southern Hearne

domain (e.g., Orrell et al. 1999; Annesley et al. 2005).

The age of the Black Lake fault zone is constrained to

between the end of deformation in the Legs Lake shear

zone and initiation of deposition in the ca. 1.7 Ga

Athabasca basin. However, the faulting also involved a

sinistral strike-slip component and thus may correlate

with ca. 1,775–1,760 Ma sinistral faults that developed

in the basement beneath the eastern Athabasca basin

(Annesley et al. 2005).

Poly-phase exhumation of large deep crustal terranes

Recognition of the poly-phase nature of the

exhumation process in the East Lake Athabasca area,

involving at least three distinct phases over a

~150 million year period, is particularly important for

the development and evaluation of evolutionary mod-

els for this region. This is similar to other studies that

have concluded that the exposure of deep continental

crustal terranes commonly involves more than one

distinct period of exhumation. For example, the

deepest levels of the Kapuskasing zone record evi-

dence for at least two phases of exhumation prior to ca.

1,900–1,850 Ma thrust-related uplift across the Ivanhoe

Lake fault (Percival and West 1994), the structure with

which exhumation of this well-known region is most

commonly associated. Similarly, multi-phase exhuma-

tion of deep crustal granulite terranes is suggested for

the Ivrea Zone in the Italian Alps (e.g., Handy and

Zingg 1991), western Fiordland, New Zealand (e.g.,

Klepeis et al. 1999; cf. Flowers et al. 2005), and the

Arunta block bounded by the Red Bank thrust in

central Australia (e.g., Biermeier et al. 2003). The Legs

Lake shear zone, as well as its along strike equivalents,

appears to be a higher-grade analogy to other major
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bounding thrust faults, such as the Red Bank and I-

vanhoe thrust zones whose movement occurred at a

distinctly younger time than that of peak granulite-fa-

cies events in their hanging walls.

Conclusions

1. The combination of in situ analytical techniques,

such as EMP monazite dating, with high-precision

ID-TIMS analysis, provides an exceptional geo-

chronological approach to the study of complex

polymetamorphic and multiply deformed terrains.

In addition, X-ray compositional maps of full thin

sections and individual grains, ‘‘age’’ maps, and

trace element compositions provide essential

information for linking monazite to metamorphic

and deformation processes and for interpretations

of complex geochronological datasets.

2. An undeformed granite dike in the Legs Lake

shear zone yields a crystallization age and mini-

mum timing constraint on deformation of

1767.6 ± 2.4 Ma. The youngest deformed rock in

the shear zone that has been directly dated yields a

ca. 2,530 Ma crystallization age, but the previously

reported 1896.7 ± 0.8 Ma age of high-P metamor-

phism in the hanging wall represents a tighter

maximum age constraint on deformation. Several

monazite age groups are apparent from hanging

wall and footwall samples and range from >2,900

to ca. 1,800 Ma. We interpret 1,843 ± 10 Ma

monazite to coincide with the timing of shear zone

deformation and early prograde metamorphism in

the footwall, which correlates well with previously

reported 1,853 ± 15 Ma monazite growth associ-

ated with major retrograde metamorphism and

shear zone deformation in the hanging wall.

3. The exhumation history of rocks in the East

Athabasca region prior to 1.9 Ga was not spatially

uniform and may have involved several pulses of

differential exhumation of individual blocks. The

nature and tectonic significance of these events is

still not clear, but available data suggest that a

region comprising an area of at least 20,000 km2

was resident at 0.9–1.1 GPa by 1.9 Ga. Subsequent

exhumation of the region occurred during at least

three phases over the next 150–200 million years.

The first phase was characterized by relatively

high-temperature decompression during or imme-

diately following 1.9 Ga tectonometamorphism.

We interpret the second phase of regional exhu-

mation to have involved east-vergent thrusting in

the Legs Lake shear zone at ca. 1,850 Ma, which

may have been driven by convergence across the

Trans-Hudson orogen. The final phase of exhu-

mation after ~1.78 Ga likely involved extensional

faulting and was complete by ca. 1.70 Ga deposi-

tion of the overlying Athabasca basin.
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