




National Library m * I  of Canada 
Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

395 Wellington Street 395. rue Wdlingtm 
OMwaON K l A W  OaawaON K 1 A W  
Canada canada 

The author has granted a non- 
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distriite or seU 
copies of this thesis in microform, 
paper or electronic formats. 

L'auteur a accordé une licence non 
exclusive permettant à la 
Bibliothèque nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
la forme de rnicrofiche/fïim, de 
reproduction sur papier ou sur format 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du 
copyright in this thesis. Neither the droit d'auteur qui protège cette thèse. 
thesis nor substantial extracts fiom it Ni la thèse ni des extraits substantiels 
may be printed or otherwise de celle-ci ne doivent être i m p h é s  
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation. 



The Snow Lake Allochthon is a zone of tectonic interleaving of sedimentary rocks 

of the inverted Kisseynew marginal basin (Kisseynew Domain) with island arc and oceanic 

rocks in the southeastern part of the intemal Trans-Hudson Orogen in Manitoba, Canada. 

The allochthon formed, was deformed, and was metamorphosed up to high grade at low to 

medium pressure during the Hudsonian orogeny as a result of the collision of the Archean 

Rae-Hearne and Supenor matons - 1.841.77 Ga ago. A combined structural and 

metamorphic study in the centrai part of the ailochthon around Snow Lake has shown that 

four generations of fol& (FI-F,) formed in at least three distinct kinematic h e s  over a 

period of more than 30 m.y. Tight to transposed F,, structures with a southerly vergence are 

refolded by large open F, folds and, locally, by tight to open F, folds. The axes of the early 

F ,,? folds are parallel, or near-parallel, to the axes of late F, folds, owing to progressive 

reonentation of the F,, axes during southerly F,, tectonic transport, followed by F, refolding 

around the previous linear anisotropy. The research has revealed complex relationships 

between cleavage development, porphyroblast growth, and large-scale folding in the well- 

bedded Bumtwood group metaturbidites exposed in the staurolite zone. A domainal 

cleavage (S2J which is axial planar to F2 folds, is the only regiondly pervasive fabric, and 

it is locally 0 v e r p ~ t e d  by F, crenulations. It is demonstrated: (a) that cleavage in 

anisotropic pelitic rock develops when microfolding is possible and that initiation of the 

cleavage, which is pervasive on the scale of a fold, cornmonly predates folding, (b) how a 

new axial planar fabric can develop on one fold limb of a symmetrical fold and not on the 
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other, and (c) how two cleavages of different generations can be present in adjacent beds. 

The observeci porphyroblast-maûix relationships are used to show that rigid porphyroblasts 

that grew before or during folding and concurrent cleavage development, do generaiiy rotate 

with respect to the geographicd reference h e ,  even if the straining is non- 

coaxial-although it has been claimed otherwise. The allochthon is characteriseci by a 

"Bmvian" type metamorphic zonation with an increase in metamorphic grade towards the 

Kisseynew Domain h m  a chlorite zone to a migmatite zone at a consistent pressure of 4-6 

kbar. Pressure and temperature estimates calculateci on representative samples fkom a 

temperature window of 500-700°C (staurolite and si lhanite  zones) yield evidence for two 

successive thermal regirnes that vatied in tirne and intensity h m  south to north. F, was the 

major burial event, which may have been followed by thermal relaxation between F, and F1. 

In the staurolite zone and at lower grade, growth of the peak metamorphic mineral 

assembIage coincided with early F2 folding, and coolhg comrnenced by the tirne of F,. In 

the sillimanite zone, however, rnetamorphism was related to a themal event in the 

Kisseynew Domain. Here, peak conditions continued until &er F3 (a duration of more than 

10 rn-y.), on the basis of isograds/isotherms crosscutting large F, structures. It is suggested 

that low- to medium-pressure, hi&-temperature rnetamorphism in the Kisseynew Domain 

resulted h m  heat associated with - L .8 15 Ga peraluminous granitoids. A possible cause for 

the formation of granitic magma in the lower crust of the Kisseynew Domain was high basal 

heat-flow resulting fiom convective thinning of the mautle lithosphere during crusta1 

thic kenhg. 
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The beginning is the most important part of the work 
Plato, The Republic. Book II. 3778 

Chapter 1 

Introduction 

The mining town of Snow Lake (geographical coordinates: 54 O 53' N; 100 O 0 1 ' W) is 

located in northem Manitoba, 685 km north of Winnipeg, at the northern temination of 

Provincial Road #392, ktween Thompson, one of the world's large Ni producers 250 km to 

the northeast, and the city of Flin Flon 200 km to the West (Fig. 1.1). Since the discovery 

of gold in 19 14 (Stockwell, 1937), the area around Snow Lake has attracted the attention of 

geologists, prospectors and the mining industry. Staked in 1927, the Nor-Acme mine north 

of Snow Lake has been producing (with interruptions) gold or base metals since 1949. 

Following the early gold rush, major base metal deposits (Chisel, Ghost, Stall, 

Osbourne) were discovered by the Hudson Bay Mining and Smelting Co. Ltd in 1956. 

Further finds included Anderson in 1963, North Chisel in 1987, and Photo Lake in 1993. 

Today, the Snow Lake area hosts eleven operating and past operating Cu-rich, Zn-rich and 

Cu-Zn-Au volcanic-hosted massive sulphide (VHMS) deposits of the Noranda type (Morton 

and Franklin, 1987; Galley et al., 1993, Bailes and Galley, 1996). Exploration is continuing 

and looks very promising. 



Figure 1 . 1  Sirnplified tectonic map of the Trans-Hudson Orogen showing the locations of 
LITHO PROBE seismic lines (numbered) and the NATMAP S hield Margin Project area. 
AC, Amisk collage; FF, FLin Flon; GD, Glennie Domain; HLB, Hanson Lake Block; KD, 
Kisseynew Domain; LLD, Lynn Lake Dornain; LRD, La Ronge Dornain; RD, Rottmtone 
Domain; RLD, Rusty Lake Domain; SID, Southern Indian Domah; SL, Snow Lake; SLA, 
Snow Lake Allochthon; TB, Thompson Belt; Th, Thompson; WB, Wathaman batholith; 
WD, Wollaston Domain; W, Archean basement whdows; M.SZ, Needle Falls shear zone; 
S W, Sturgeon-Weir shear zone; TF, Tabbernor fault zone. 
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Mapping in the area was perforrned by Bruce (19 17), Alcock (1 920), Armstrong 

( 1 94 1 ), Harrison (1 949), Russell (1 957, Froese and Moore ( 1980) and Bailes and Galley 

( 1994). Most recently, this part of the intemal Traas-Hudson Orogen area has been one of 

the foci of the NATMAP Shield Margin Project ' and the LITHOPROBE' Tram-Hudson 

Orogen Transect, two collaborative and multidisciplinary efforts involving lithological and 

structural mapping, metamorphic petrology, geochronology, geochemistry and geophysics. 

Contributors are the Geological S w e y  of Canada, the Manitoba and Saskatchewan Energy 

and Mines depîrtments, and several Canadian and U.S. universities. 

OUTLINE, AND SCOPE OF THE THESIS 

This thesis is divided into three regional and two complementary thematic parts. in 

'The NATMAP (National Mapping) Shield Margin Project (199 1-1996) was a major 
oeoscience initiative, aimed at increasing knowledge of the early Paleoproterozoic F 1 in b 

Flon-Glennie Cornplex, the Snow Lake Allochthon, their sub-Paleozoic continuation, and the 
southem flank of the Kisseynew Domain. nie project area extends 270 km east-west and 150 
km north-south (Fig. 1.1 ). 

'LITHOPROBE (1 984-2003) is Canada's national, collaborative, multi-disciplinary earth 
science research project, established to develop a comprehensive understanding of the evolution 
of the North Amencan lithosphere. This is achieved by determining the present 3D-structure and 
the past geotectonic processes which have been active in forming that structure. LITHOPROBE'S 
principal scientific and operationai components are built around a series of ten transects or study 
areas. The LITHOPROBE Tram-Hudson Orogen transect (1 990- 1998) involved the acquisition 
of more than 1 100 km of vertical vibroseis seismic reflection data in 199 1 and 1994, and 750 km 
refraction lines in 1993 (Fig. 1.1). 
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the regional studies (Chapters 4 and 5) ,  the tectonometamorphic history of the Snow Lake 

Ailochthon is reconstnicted, and the findings are extrapolated to adjacent domains. in 

addition to the regional geoiogy, the gened validity of the relationships between, cleavage 

development, large-scaie folding and the growth sequence of porphyrobiasts as observed in 

the Burntwood group metaturbidites (the stratigraphie names of the units in the Snow Lake 

a r a  have never been f o d y  defineci so that the descriptor b b p u p "  is not capitalised in this 

thesis) is examined (Chapter 2). Based on this example and published work, a solution to the 

contentious question is presented, whether rigid porphyroblasts rotate or not with respect to 

geographical coordinates (Chapter 3). A synthesis is presented in Chapter 6. Chapters 2.4 

and 5, were published in, or have been submitted for publication to, international, refereed 

joumals. For that reason, some repetition has k e n  incorporated throughout the thesis. 

During this investigation, several governrnent reports and conference abstracts were 

published -us and Williams, 1993% b, c, 1994% b, c, 199% b; Kraus and Menard, 1995, 

1 996; Kraus et al., 1996). 

METHODS 

This study involved three summers of structural field mapping (scale 15000) 

between 1992 and 1994 covering over 1000 outcrops in an area of about 100 km2. The 

petrography, and structurai and metarnorphic textures of the exposed rocks were examined 

microscopicall y using 700-800 thin sections. Microprobe analyses were perfonned on 
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thirteen representative samples and the resul ts were used for calculating metamorp hic 

pressures and temperatures. Using the acquired data and the results of other published 

studies (geochronology, geochemistry, crustal heat flow studies, melting experiments etc.), 

an attempt was made to draw on many separate lines of evidence to synthesize a coherent 

tectonic interpretation. This interpretion is placed within the f'ramework of competing 

processes regarding low- to medium-pressure metamorphism during continent-continent 

collision (Chapter 4). 

Laurentia 'sfirst gigayear resembles a symphony in four movemenrs: 2.0-1 -8 Ga (allegro). 
1.8-1.6 Ga (andante), 1 . 6 1 . 3  Ga (adagio). and 1.3-1.0 Ga (allegro). 

P.F. Hoffman ( 1989a) 

GEOLOGICAL SETTING 

Lithotectonic elements of the Trans-Hudson Orogen 

The Tm-Hudson Orogen (Hofian,  198 1) is part of a network of Paleoproterozoic' 

belts in North America, Greenland, Scotland and Scandinavia, that represent former 

continental collision zones between Archean microcontinents, contributing to the assembling 

of the Laurenti*Baltica protocraton between 2.0 and 1.8 Ga (Fig. 1.2) (Gibb and Wallcott, 

197 1; Dewey and Burke, 1973; Gibb, 1975; Hofian,  1988, 1989b, 1990). 

Paleoproterozoic collisional orogens between seven former Archean microcontinents 

- -- 

32.5-1 .6 Ga (Cowie and Basset, 1989; Cowie et al., 1989) 



4 . 8  Ga Orogens 0 Archean Microcontinents 

Paleoproterozoic Orogens 

Figure 1.2 Simplied map of the Precambrian tectonic elements of Laurentia-Baltica (pre- 
Iapetus reconstruction). BL, Belcher Belt; CS, Cape Smith Belt; FR, Fox River Belt; SLB, 
Split Lake Block; CUL, Circwn-Ungava Line; TB, Thompson Belt; BW, Burwell Craton; 
KA, Karelian; KE, Ketilidian; NQ, New Quebec; SF, Svecofennian; TG, Tomgat. AAer 
H o f i a n  (1988). 
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(Superior, Wyoming, Slave, Nain, Heame, Rae and Burwell) have been recognised in North 

America (Hofian, 1988, 1 989b). These microcontinents may be the hgments of a Late 

Archean supercontinent (Aspler and Chiarenzelli, 1997, 1998; Heaman, 1997); however, 

only the Trans-Hudson Orogen, which welds the Wyoming and Hearne microcontinents to 

the larger Supetior microcontinent, preserves a significant volume of juvenile Proterozoic 

crust (Hoffman, 1989b). Today, the Trans-Hudson Orogen is -500 km wide, extends for 

some 5000 km from South Dakota through Hudson Bay to Greenland (Fig. 1.2) (Green et 

al., 1979, 1985; Hofnnan, 198 1, 1988, 1990; Sharpton et al., 1987; Klasner and King, 1990; 

Lewry and Collerson, 1990; Nelson et al., 1993), and has a possible continuation in the 

Belornorides of the Baltic Shield (cf. Gower, 1985; H o h a n ,  1988; Park, 199 1; Friend et 

al., 1997). The orogen is divided into the Manitoba-Saskatchewan and Dakota segments in 

the southwest, and the Hudson Bay and Ungava sepen ts  in the northeast (Hoffman, 1988, 

l989b). The exposed part of the Trans-Hudson Orogen (approximately north of the 55th 

paraliel) is M e r  subdivided into an extemal zone, which comprises the deformed eastem 

and northern margin of the Superior plate to the east (Thompson, Split Lake, Fox River, 

Belcher and Cape Smith belts), and the Wollaston and Seal River fold belts to the west, and 

an intemal zone (La Ronge, Lynn Lake, Rusty Lake, Glennie Lake, Hanson Lake, Flin Flon 

(Amisk collage), Rottenstone-South hdian and Kisseynew domains), which contains the 

accreted terranes between the Superior zone and the Wahaman batholith (Fig. 1.1 ) (Lewry, 

198 1 ; Lewq et al., 198 1, 1987, 1990; Stauffer, 1984; H o h a n ,  1988, l989b, 1990). A 

frequently used term "Reïndeer zone" refers to the intemal Tram-Hudson orogen plus the 

Watharnan batholith (Fig. 1.1) (Stauffer, 1984; Lewry and Collerson, 1990). The extemal 
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belts are interpreted as a major circum-Superior suture zone, characterised by distinct 

positive gravity anomalies (Gibb and Walcott, 197 1; Dewey and Burke, 1973; Gibb, 1975, 

1 983; Mukhopadhyay and Gibb, 198 1). 

Like other Paleoproterozoic collisional orogens resuiting fiom subduction of oceanic 

lithosphere, the Tram-Hudson Orogen is asymmetrical in terms of sedimentation, stnicture, 

metamorphisrn and magmatism (Hofian, 1988, 1989b). To the east, a sedimentary prism 

is thmst ont0 the Superior foreland, and to the north and west a continental magmatic arc 

(Watharnan batholith) formed during northwest-directed subduction toward the reactivated 

Ray-Heame hinterland (Fig. 1.1) (Hofian, 1988, 1989b; Bleeker, 1 WOa; Meyer et al., 

1992). 

External zone of the Trans-Hudson Orogen 

The extemai zone of the Trans-Hudson Orogen (Figs 1.1 and 1.2), which represents 

the tectonically modified remnants of a Paleoproterozoic continental Supenor margin that 

formed in response to the breakup of a late Archean supercontinent, shows >ZOO m-y. of 

convergent and divergent plate margin activity (Hofian, 1988, 1989b, 1990; Bleeker, 

1 99Oa; S t-Onge et al., 1992; St-Onge and Lucas, 1993; Aspler and Chiarenzelli, 1997, 1998; 

Heaman, 1997). Lithologies include continental rift to oceanic sequences, granitoid 

intrusions, and reworked Archean basement, but little juvenile magmatic additions 

(Hohan ,  1988, 1989b, 1990; Bleeker, 1990a; Bleeker et al., 1995). Al1 extemal belts show 

evidence of thrusting ont0 the Superior Plate during final collision (Hofmian, 1985, 1988, 
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1989b, 1990; Lucas, 1989, 1990; Bleeker, 1990a, b; Weber, 1990; St-Onge et al., 1992; St- 

Onge and Lucas, 1993). 

Manitoba-Saskatchewan segment: Thompson Belt. Split Lake Biock and Fox River Bell 

The northwest-trending Thompson Belt (or Thompson Nickel Belt; Fig. 1.2) is an 

early collision zone forrned due to north-south or northwest-southeast oblique convergence 

between the Superior plate and the interna1 Trans-Hudson Orogen (e.g. Baragar and Scoates, 

198 1 ; Lewry, 198 1 ; H o f i a n ,  1988, 1989b, 1990; Bleeker, 1 WOa, b). Gecphysical data 

reveal a southeasterly sub-Phanerozoic zxtension as far as south Dakota Pig .  1.2) (Green et 

al., 1979, 1985; Thomas et al., 1987; Klasner and King, 1990). To the northwest, the 

Thompson Belt is bounded by the Kisseynew Domain of the intemal Trans-Hudson Orogen 

along the Setting Lake fault zone (e.g. Bleeker, 1990b). To the southeast, the Hudsonian 

front, that is the boundary between unreworked Archean cmst (low- to medium-grade 

granite-greenstone tenanes and the high-grade Pikwitonei gneisses, respectively) and the 

Thompson Belt, is tentatively assumed to be defined by an abrupt trend change of 

aeromagnetic fabrics from boundary-parallel northeast-southwest to east-west (Komik and 

MacLaren, 1966; for discussion see Bleeker, 1990% fig.2). 

The Thompson Belt hosts variably reworked and retrogressed Archean basement 

gneisses that are overlain by a Paleoproterozoic rift sequence (Ospwagan group) along the 

western margin (e.g. Bleeker, 1 99Oa). The age of the Ospwagan group is poorly constrained 

between 2. I and 1.88 Ga (Brooks and Theyer, 198 1 ; cf. Ansdell and Bleeker, 1997). A 
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metadionte intrusion dated at 1836 +5/-3 Ga is the oldest calc-alkaline pluton in the 

Thompson Belt, and is similar in age to pst-accretion calc-alkaline magmatism in the 

adjacent Kisseynew Domain (Gordon, 1989; Gordon et al., 1990; Bleeker et al., 1995). 

Intrusion of the Motson dykes at - 1.88 Ga (Heaman et al., 1 9861, initially regarded as k i n g  

related to rifting dong the Superior margin (e.g. Green et al., 1985), clearly postdates early 

compressional deformation (Bkeker, 1990a, b; Hoffman, 1990). Rihg is more Likely 

correlatable with a - 2.1 Ga dyke swarm (Zhai and Halls, 1 994; Hearnan and Corkery, 1 996), 

and the 2025 +/- 25 Ma cernent in sediments of the Richmond Gulf group at the northem 

Hudson Bay coast (Chandler and Parrish, 1989). During F,/F, ductile deformation, 

retrogresseci basement and Proterozoic cover were thnist westerly ont0 the Superior foreland 

( H o h a n ,  1988, 1989b; Bleeker, 1990a, b; Lucas et al., 1996b). F3 upnght folding with 

associated mylonitisation and pegmatites at - 1.79 Ga marked the onset of west-vergent 

thrusting of the Superior plate margin over the intemal Trans-Hudson Orogen leading to 

rapid uplift of the Thompson Belt (Bleeker and Macek, 1996). 

The metamorphic history of the Thompson Belt is characterised by an inferred 

clockwise P-T-t loop (Bleeker, 1990% b). Peak metamorphic conditions up to upper 

medium grade outlasted F2. The peak metamorphism is bracketed by a post-F,, pre-F, 

granite at - 1.82 Ga, and the intrusion of - 1.79-1.77 Ga pegmatites coeval with F3 folding 

and retrograde metarnorphism (Machado et al., 1 987; Bleeker, 1 WOa, b). The metamorphic 

peak was thus broadly coeval in the Thompson Belt and in the intemal juvenile domains. 

The granitic magrnatism in the Thompson Belt was interpreted as resulting fiom thermal 

relaxation following crustal thickening (Bleeker, 1990a, b). 
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The east-trending Split Lake Block and Fox River Belt (Fig. 1.2) are northeasterly 

extensions of the Thompson Belt (Baragar and Scoates, 198 1 ; Scoates, 198 1 ; Hoffman, 1 988, 

l989b, 1990; Bleeker, 1990a; Weber, 1990). The Split Lake Block, like the Thompson Belt, 

comprises variably reworked basement gneisses intruded by Paleoproterozoic dyke swarms, 

but Iacks rift sediments (ibid.). The Fox River Belt, on the other han& comprises a north- 

dipping thnrst stack of very low-grade supracrustd rocks that are correlated with the 

Ospwagan group and related intrusive rocks @aragar and Scoates, 198 1 ; H o h a n ,  1988, 

1 989b, 1990; Bleeker, 1 990; Weber, 1990). The Fox River Belt is structurally sandwiched 

between medium-grade metatuhidites of the Kisseynew Domain and retrogressed medium- 

made to pristine high-grade Pikwitonei gneisses in the hanging wall and footwall, 
C 

respectively (Weber and Scoates, 1978; Weber, 1990). 

Hudson Bay segment: Belcher and Cape Smith belts 

The Belcher Belt in eastern Hudson Bay (Fig. 1.2) comprises a rift to tram-oceanic 

sequence including a rift-valley prism, post-rift shelf carbonates, plateau basalts, and 

foredeep deposits, al1 metamorphosed at very low grade (Ricketts and Donaldson, 198 1 ; 

Hohan,  1988,1989b). The sequence was juxtaposeci with medium-grade Archean gneisses 

of the Superior craton during east-directed thmsting. U-Pb ages for basalt flows in the rift- 

related rocks are between 1.96 and 1.8 1 Ga, and were interpreted as maximum ages for the 

sedirnentation (Todt et al., 1984). The east-west-trending Cape Smith Belt (Fig. 1 -2) at the 

northern tip of the Ungava peninsla is a klippe of an infolded south-vergent fold and thmst 
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belt (Hoffman, 1985,1988,IWO; Lucas, 1989, 1990; Lucas and St-Onge, 1992; St-Onge and 

Lucas, 1 993). The exposed volcanic and sedimentary rocks record the evolution of the ri fied 

northern margin of the Superior plate. Continental rift facies rocks yielded ages between 

- 204 and - 1 -92 Ga (Parrish, 1989; Machado et al., 1993). The -2.00 Ga Watts group is the 

only clearly identified ophiolite in the Trans-Hudson Orogen. As in the Thompson Belt, 

thrustine over the Superior foreland began prior to 1.87 Ga, and thermotectonism persisted 

until - 1.8 Ga (Parrish, 1989; Lucas and St-Onge, 1992; St-Onge et ai., 1992; St-Onge and 

Lucas, 1 99 1, 1 993). The peak of metamorphism up to kyanite grade has not been dated in 

the Cape Smith Belt; in the Archean hinterland it is dated at - 1.83-1.82 Ga ( P h s h ,  1989; 

St-Onge and Lucas, 199 1 ; cf. Scott and St-Onge, 1995; St-Onge and Lucas, 1995). 

interna/ zone of the Tram-Hudson Orogen 

The interna1 zone of the Trans-Hudson Orogen (Fig. 1.1) contains a collage of 

defomed and metamorphosed, juvenile 1.92-1 -84 Ga volcanic arc, oceanic and sedimentary 

rocks (e.g. Baldwin et al., 1987; Lewry, 198 1 ; Lewry et al., 198 1, 1987; van Schrnus et al., 

t 987; Watters and Pearce, 1987; Hofian,  1988, 1989b, 1990; Bickford et al., 1990; Gordon 

et al., 1990; Thom et al., 1990; Lucas et al., 1994, 1996a; Stem al., 1995% b). 

Wathaman batho lith and Rot~enstone-Southem Indian Dornain 

The Wathaman batholith (1.865-1.850 Ga; Fig. 1. l), located at the western and 
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northwestern margin of the Trans-Hudson Orogen, is a -900 km long and up to 100 km wide 

Andean type magmatic arc built at least in part on Archean cnist, against which the domains 

of the intemal Trans-Hudson Orogen were accreted (Lewry et al., 198 1 ; Fumerton et ai., 

1 984; Halden et al., 1990; Meyer et al., 1992). The arc is separated from the Archean 

Rae-Heame hinterland in the northwest by the steep northwesterly dipping Needle Falls 

shear zone (Tig. 1-1), which is interpreted as a late collisional structure (Sbuffer and Lewry, 

1 993 ; Lewry et al., 1994). The orogen-parallel-trending Rottenstone-Southem Indian 

Domain (Fig. 1.1) consists of migmatised supracrusta1 rocks and related intrusive suites (e.g. 

Lewry, 198 1; Lewry et al., 1987; van Schmus et al., 1987). To the southeast, the La Ronge 

Domain and the similar Lynn Lake and Rusty Lake domains (Fig. 1.1) represent stacks of 

northwest- to north-dipping tectonostratigraphic volcanic packages, most of which are bound 

by high sûain zones (Lewry et aL, 1990, 1994). The geochemical signatures of these rocks 

suggest formation in an island arc setting (Watters and Pearce, 1987; Syme, 1990). U-Pb 

zircon dating has established that the earliest island arc volcanisrn occurred at - 1.9 1 Ga in 

the L y m  Lake Domain, approximately coeval with the Amisk collage (Baldwin et al, 1987; 

Stem et al., 1995% b). 

Flin Flon-Glennie Complex 

The Flin Flon-Glennie Complex or Flin Flon Belt (Figs 1.1 and 1.3) is the middle 

element of a crustal-scale tectonic stack sandwiched between the Kissynew Domain and 

Archean rocks in the hmging wail and footwail, respectively (Lucas et ai., 1997). Three 



Figure 1.3 Geological map approximately coinciding with the NATMAP Field Margin 
Project area, compnsing the Hanson Lake Block (HLB), the Amisk collage (AC), the 
southern flank of the Kisseynew Domain (SFKD), part of  the central Kisseynew Domain 
O), and the Snow Lake Allochthon (within dashed border). PD, Pelican décollement zone. 
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major lithotectonic elements distinguished (fkom west to east) are the Glemie Domain, the 

Hanson Lake Block (including the Attitti Block), and the Amisk collage (previously referred 

to as "Flin Flon Domain"). They are separated by the steep Tabbernor fault and the 

Sturgeon-Weir shear zone, respxtively (Figs 1.1 and 1.3) (Lewry and Sibbald, 1977; Lewry, 

198 1 ; Stauffer, 1984; Ashton et ai., 1987; Lewry et ai., 1990; Elliott, 1995, 1 W6b; Syme et 

al., 1995; Lucas et al., 1996% 1997). Some workers include the Snow Lake Allochthon as 

the most easterly segment of the Flin Flon-Glennie Complex (e.g. Lucas et al., 1996a). 1, 

however, regard the Snow Lake Allochthon as its own lithotectonic domain for rasons given 

below. 

The Glennie Domain (F-ig. 1.1) hosts mainly volcanic and plutonic packages with 

minor supracrustal rocks in narrow arcuate belts, accreted to the La Ronge arc (Lewry, 

1 98 1 ). The adjacent Hanson Lake Block (Figs 1.1 and 1.3) comprises a refolded ductile 

nappe complex of mainly low- to medium-grade plutonic and juvenile volcanic rocks 

(Lewry, 198 1 ; Lewry et al., 1990). 

The well-understood Arnisk collage (Fig. 1.3) is a former intra-oceanic accretionary 

complex that was assembled prior to sedimentation in the Kisseynew marginal basin, and 

pnor to the terminal collision of the Wyoming-Hearne plate with the Superior plate 

(Hudsonian orogeny; see below) (Lucas et ai., 1996% 1997). It consists of an arnalgamation 

of distinct tectonostratigraphic assemblages (Arnisk collage), which is segmented by major 

shear zones with protracted, up to 100 m.y., histories (Ryan and WiIliams, 1995, 1996% in 

press; Stem et ai., 1995a, b; Lucas et al., 1996a). Four main assemblages have k e n  

distinguished (Syme, 1990; Syme and Bailes, 1993; Watters et al., 1994; Stem et ai., 1995% 
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b): (1) isotopically juvenile oceanic arc (1.90-1.88 Ga); (2) ocean floor (- 1.9 Ga); (3) 

oceanic plateadmean island (1.92-1.9 Ga); and (4) isotopicaily-evolved arc (1.92-1.9 Ga). 

Initial values (typically between +3.1 to +4.8) indicate derivation dominantly from 

depleted mantle sources (Stern et al*, 1995a). 

The tectonometarnorphic history of the Amisk collage can be divided into three 

stages: ( 1 ) convergent margin (oceanic) tectonism and magmatism ( 1.92- 1 -84 Ga); (2) 

consumption of oceanic basins and intracontinental defonnation assoçiated with the terminal 

stages of continental collision (1 3 4 - I  .80 Ga), and (3) post-collisional intracontinental 

deformation (- 1.8- 1.77 Ga) (Bickford et al., 1990; Gordon et a/. , 1990; Ashton et al., 1992; 

Ansdell and Norman, 1995; Fedorowich et al., 1995; David et al., 1996; Hajnal et al., 1 996; 

Lucas er al., 1996a; Ryan and WilIiams, in press). The first stage involved amalgarnation 

of the 1.92- 1.88 Ga assemblages dong thmsts and/or shear zones during 1 38- 1.87 intra- 

oceanic collision tectonism to form an accretionaxy complex (Amisk collage) (Lucas et al-, 

1996a; Ansdell and Ryan, 1997). Continental crust was produced by intrusion of felsic to 

mafic calc-alkaline plutons into the tectonostratigraphic assemblages (1.87- 1.84 Ga), and 

by deposition of sedimentary and volcanic rocks in successor arc basins (1.86-1.84 Ga) 

during ongoing intra-arc (shear zone) defonnation; some of these packages are dso preserved 

in younger basins (< 1.83 Ga) (Lucas et al., 1996a). Crustai growth and syntectonic upiifi 

established the Flin Flon microcontinent (1.85-1.84 Ga), which is similar to the Japan and 

Philippine microcontintents, and the former was subsequently dismembered during 

intracontinentai deformation (Bickford et al., 1 990; Lewry et al., 1990; Stem et al., 1995% 

b; Lucas et al., 1996a). The microcontinent is interpreted as having been juxtaposed with 
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structurally overlying metasediments of the Kisseynew Domain and underlying Archean 

basement during southwest-directeci thnisting related to the terminai collision of Archean 

microcontinents at - 1.84-1.8 1 G a  huing this period, the deformation in the Amisk collage 

continued to be accornrnodated dong steep shear zones (Bickford et al., 1990; Zwanzig, 

1990: Lucas et al., 1994, 1996a; Lewry et al., 1994; Norman et al., 1995; Ryan and 

Williams, in press). 

Basement rocks in the Ffin Flon-Glennie Complex 

Rare Archean basement gneisses constitute the deepest stnictural levels of the Flin 

Flon-Glennie Complex. They are interpreted as stnictural windows of the buried 

"Saskatchewan" craton (Lewry, 1981; Green et al., 1985; van Schmus et ai., 1987; 

Chiarenzelli and Lewry, 1988; Lewry et al., 1990, 1994; Lucas et al.. 1993, 1994, 1 W6a; 

Ansdell et al., 1995, in press; Chiarenzelli et al., 1996, 1998; Aspler and Chiarenzelli, 1997, 

1998; Ashton et al., in press). The Saskatchewan craton is interpreted to be regionally 

extensive beneath the domains of the interna1 Trans-Hudson Orogen, including the 

Kisseynew Domain, and appears to have a considerable lateral extent to the south, 

sandwiched between the sub-Paleozoic continuations of the Ronenstone Domain and the 

Amisk Collage. ïhe  craton may represent a fiagment of the Archean supercontinent that 

broke apart between - 2.1 and 1.9 Ga (Lewry, 198 1 ; Green et al., 1985; Lucas et al., 1993, 

1994; Lewry et ai., 1994; Ansdell et al. 1995; Chiarenzelli et a l ,  1996, 1998; Heaman, 

1997, Ashton et al., in press; Aspler and Chiarenzelli, 1998). 
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The most prominent of the Archean inliers, the Sahli charnockitic granite, occupies 

an anticlinal core (Pelican window) within a large dome and basin interference structure in 

the Hanson Lake Block (Fig. 1 -3) (Lewry, 198 1 ; van Schrnus et ai., 1987; Lewry et al-, 1990, 

1994; Ashton et al., in press). The Pelican window is rùnmed by a 3-7 km wide mylonite 

zone (Pelican décollement; Fig. 1.3), which is interpreted as the rwt zone related to the 

- 1.54-1 -8 1 Ga southwest-directed thrusting that ptedated and/or coincided with the peak of 

metamorphism in the intemal Trans-Hudson Orogen (Lewry et aL, 19%; Ashton et al., in 

press). Considering that Archean crust is generally cold and depleted in radioactive elements 

(Tamey, 1976, pers. comm. 1997), the proposed extent of undenhnist basement is in 

apparent contmst with the metamorphic history for the Kisseynew Domain delineated in this 

thesis (Chapter 4). This problem is discussed m e r  in the concluding chapter. 

Kisse-vn mu Dornain 

The Kisseynew Dornain (Fig. 1.1) constitutes a former marginal basin, which was 

inverted and metarnorphosed under high-grade conditions during continental convergence 

between 1.84 and 1.8 1 Ga (Bailes and McRitchie, 1978; Bailes, 1980b; Gordon, 1989; 

Gordon et al., 1990; Z w d g ,  1 990; Noman et al., 1995 ; Ansdell et al., 1 995; David et al., 

1996). The distribution of tectonostratigraphic packages in the Kisseynew Domain is 

symmetrical dong a north-south profile (Zwanzig, 1990). The tectonostratigraphic packages 

comprise: (1) - 1.861.84 Ga turbidites of the Burntwood group, now unifom 

garnet-cordierite and K-feldspar-sillimanite migmatitic paragneisses, which are exposed 
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throughout the centrai Kisseynew Domain. The Kisseynew Domain is thus the highest-grade 

metamorphie portion of the Trans-Hudson Orogen (lower granulite grade); the paragneisses 

are intmded by (2) a - 1.84-1.83 Ga calc-alkaline suite (tonalite and enderbites) and (3) 

- 1 -8 15 Ga perduminous granites, likely derived fkom partial melting at the base of the basin 

(Chapter 3); (4) at the southern, southeastern and northern margins of the Kisseynew 

Domain, fluvial-alluvial sedimentary rocks of the Missi group overlie Bunitwood goup and 

rocks of the adjacent previously deformed domains (Hanison, 195 1 ; Bailes, 198Oa, b, 1 985; 

Gordon, 1989; Gordon et al., 1990; Stauffer, 1990; Zwanzig, 1990; Machado and Zwanzig, 

1995; David et al., 1996). Initial E, values indicate that, in contrast to the juvenile volcanic 

domains, the Burntwood group and granitoids contain a minor Archean component (Chauve1 

et ai., 1987; Thom et al-, 1987). This is supported by U-Pb ages of detrital zircons fkom the 

Bumtwood and Missi groups, which cluster around 2.45-2.0 Ga and 1.9-1 -84 Ga (Ansdell, 

1993 ; Machado and Zwanzig, 1995; David et al., 1996; Machado et ni., 1996), suggesting 

distinct Archean and Proterozoic source rocks. 

The stnictural trend of the Kisseynew Domain is west-northwest, and thus at a high 

angle to the orogen-parallel trends of the juvenile volcanic to oceanic terranes (see Zwanzig, 

1990, fig. 14). These differences in stmcturd grain arise fiom the fact that the primary 

layering of the juvenile intra-oceanic domains had already been steepened during early 

deformation prior to basin sedimentation (see Lucas et al., 1996a; Ryan and Williams, 

1 996a). In contrast to metamorphism and tectonostratigraphy , the structure across the 

Kisseynew Domain is markedly asymmetrical; the Kisseynew gneisses were thmst in a 

southerly direction ont0 the Flin Flon-Glennie Cornplex, and were coevally overthrust by 
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the Lynn Lake Domain tiom the north at - 1.84-1 -8 1 Ga (Zwanzig, 1990; b u s  and 

Williams, 1994b; Nonnan et al., 1995; White et al., 1996). After a period of broadly 

east-west shortenhg at - 1.8 Ga, which produced northedy-trending upright open folds, 

renewed southerly transport resulted in local westerly trending late structures (Bailes, 1975; 

Zwanzig, 1990; David et al., 1996; Chapter 5). 

Snow Lake Allochthon 

The tenn Snow Lake Allochthon is introduced herein to delimit the zone of tectonic 

interleaving of the Bumtwood and Missi groups, the Snow Lake assemblage, and the ocean 

floor assemblages on northeast Reed Lake and east of Wekusko Lake (Fig. 1 -3) (Syme et al., 

1995). The Snow Lake Allochthon terminates against the Amisk collage to the West d o n g  

the Morton Lake fault zone (Fig. 1.3) (Stem et al., 1995% 1995b; Lucas et ai-, l996a). To 

the northwest of the Morton Lake fault zone, it continues as the southem flan. of the 

Kisseynew Domain in the stnichiral hanging wall of the Amisk collage, the Hanson Lake 

Block, and the Glennie Domain (Zwanzig, 1990; Ansdell and Norman, 1995; Norman et ai., 

1995; Machado et al., 1996). The southem flank of the Kisseynew Domain is a broad 

transitional zone of tectonic interleaving of rocks of the Kisseynew Domain and of the Flin 

Flon-Glennie Cornplex. 

The Snow Lake (arc) assemblage (Fig. 1.4) is similar to the arc assemblages of the 

Amisk collage, but the former displays more extensive hydrothermal alteration (Fig. 1.5) and 

a higher metamophic grade (Hanison, 1949; Menard and Gordon, 1995; Bailes and Galley, 
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Figure 1.4 Schematic geological cross section of the Snow Lake assemblage. From Bailes 
and Gailey ( 1996). 



Figure 1.5 Distribution of hydrothemally altered rocks in the Snow Lake assemblage. 
For explanation of abbreviations, see Figure 1.4. From Bailes and Galley ( 1  996). 
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1996). The most significant diEerences are that, compareci to the Amisk collage, the Snow 

Lake assemblage has lower initial E, values (-0.4 to + 3.1 ) (Stem et al., 1 995a) and inherited 

Archean zircons in rhyolite and synvolcanic intrusions (David et al., 1996). These data 

indicate contamination by Archean cnist, possibly related to sediment subduction and/or 

building of the Snow M e  arc on a rifted continental hgment (Stem et al-, 1995a; Chapter 

5) .  The Snow Lake assemblage was intnided by the pervasive 1.84-1 -83 Ga calc-aikaline 

suite (see above), but not affecteci by the 1.87-1.845 Ga successor arc plutonism that was 

widespread in the Amisk collage (Gordon et al, 1990; Stem et al., 199%; David et al., 1996; 

Lucas et al., 1996a). Until recently, the Burntwood group, Snow Lake arc assemblage and 

the assemblages constituting the Amisk collage were uniforrnly referred to as the "Amisk 

group" as defined by Bruce (1918); however, the results of new geochemical, 

g eochronological and structural work ci ted above require the present distinction (Lucas et 

al., 1996a, 1997). 

Bailes and Galley (1996) established a > 6 km thick stratipphic succession (Figs 

1.4 and 1 . 3 ,  which shows upward m a t u ~ g  (and thus a temporal evolution) from primitive 

arc to evolved arc lithologies, and is locally overlain by a thin sliver of ocean floor basalt. 

Arc volcanic rocks were mainly deposited subaqueousl y, but minor shallow marine to 

subaenal pyroclastic rocks are also present (Bailes and Galley, 1996). The bimodal, 

primitive arc sequences include Welch basalthasaitic andesite, rhyolite, and the synvolcanic 

- 1.9 Ga Sneath Lake tonalite. The > 3km thick Welch complex was interpreted as having 

fonned in a forearc setting (Stem et al., 1995a). Cu-nch VHMS deposits are contained in 

rhyolite, with the Sneath Lake tonalite as the drivïng heat source for the hydrothmal system 
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(Walford and Franklin, 1982). The bimodal, evolved arc sequence contains a series of matic 

flows (e.g. the Snell, Moore, Vent, and Threehouse flows), felsic flows (Powderhouse dacite, 

and the Chisel, Ghost, and Photo rhyoiites), and intrusions (- 1.9 Ga Richard Lake tonalite), 

which, in cornparison with the underlying primitive arc sequence, are thinner and Iateraily 

less continuous. As in the primitive arc, Zn-rich VHMS deposits are stratigraphicdly related 

to felsic flows, whereas Cu-Au-Zn-rich deposits are of uncertain affhity. 

in summary, the Snow Lake Allochthon is distinct from the Arnisk collage of the Flin 

Flon-Glennie Complex, so that 1 consider it as its own lithotectonic domain. In contrast to 

the neighbouring Amisk collage, the Snow Lake Allochthon has a structural grain and 

records a structural and magmatic history similar to that of the Kisseynew Domain and its 

southem flank, with no clearly identified pre-Missi (accretionary) structures in the volcanic 

assemblages. The arc assemblages of the Amisk collage and the Snow Lake Allochthon are 

of different origin. The allochthon contains large volumes of Kisseynew Domain rocks. 

Svntectonic igneous rocks in the Tram-Huckon Orogen 

Along the southern flank of the Kisseynew Domain, the Missi group contains early 

tectonic 1.84- 1 -83 Ga metagabbros and metatonalites (Ansdell and Norman, 1 995; Norman 

et al., 1995), that correlate well in age with enderbite and tonalite intrusions in the La Ronge, 

GIennie and central Kisseynew Domains (Bailes, 1985; Lewry et al., 1987; Gordon, 1989; 

Bickford et al., 1990; Gordon et al., 1990). The Missi group of the Snow Lake Allochthon 

east of Wekusko Lake (Fig. 1.3) contains a bimodal volcanic suite of broadly the same age 
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as the igneous rocks above (Ansdell et al., 1995, in press). Ansdell et al. (1995) related the 

East Wekusko volcanic suite to southward subduction of Kisseynew crust. Altematively, 

the magmas were derived directly fiom the made ,  and obtained theu geochemical 

signatures by assimilation. 

Manikewan ocean closure, the Hudsonian Orogeny, and post-Hudsonian events 

Paleomagnetic data suggest that Paleoproterozoic continental accretion tectonism 

involved the consumption of - 5000 km of ocean floor during the closure of the Manikewan 

ocean, which commenced at - 1.92 Ga, initiating active-margin arc magrnatism (Stauffer, 

1984; Baldwin et al., 1987; Symons et al., 1995, 1996; Stern et al., 1995% b; Lucas et al., 

1996a). At - 1.85 Ga, most of the shrinking Manikewan ocean was Iocated between the 

Watharnan batholith and the Rottenstone Domain, at tropical paleolatitudes comparable to 

present northern South Arnenca (Dunsmore and Symons, 1990; Symons, 199 1, 1994; 

Symons et al., 1995, 1996). The ocean closed by - 1 -84 Ga, coeval with cessation of arc 

magmatism and flysch sedimentation (Kisseynew basin), and the local development of a 

regolith and fluvial-alluvial fans on the Flin Flon-Glennie microcontinent (e.g. Holland et 

al., 1989; Gordon et al., 1990; Stauffer, 1990; Ansdell, 1 993; Ansdell et al., 1995; David et 

al., 1996; Lucas et al., 1996a). 

Stockwell (1961) suggested the tenn "Hudsonian orogeny" for the "last period of 
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folding, metamorphism, and intrusion" in the Churchill Province ', consaauied by 1.85 to 

1.55 Ga K/Ar ages from granitic or high-grade metamorphic rocks. in the presently used 

terminology, "Hudsonian orogeny" refers to the - 1.861.77 Ga iniracontinental, nappe- 

forming thermotectonism during terminal continent-continent collision (Machado et al., 

1987; Bickford et al., 1990; Bleeker, 1990% Gordon et al., 1990; Ansdell et al., 1995; 

Norman et al., 1 995; Lucas et al-, 1 W6a; Ryan and Williams, in press)- Afier - 1.8-1 -77 Ga, 

the bulk of deformation was accommodateci by oblique-slip movements dong steep, orogen- 

parallel faults (Lewry et al., 1990, 1994; Elliott, 1995, 1996a; Hajnal et al., 1996). 

Following the onset of uplift at - 1.79 Ga, homblende and biotite cooled through the closure 

temperature of the Ar-Ar and K-Ar system between - 1.77 and 1.70 Ga (closure temperature 

for hornblende: 450-525"C, biotite: 260-350°C; Spear, 1993), broadly coeval with the age 

of the brittle-ductile transition (Stockwell, 196 1 ; Gordon, 1989; Bickford et al., 1990; 

BIeeker, 1 WOa; Gordon et al., 1990; Hunt and Roddick, 1992, 1993; Fedorowich et al., 

1 995; Ryan and Williams, 1995; Marshall et al., 1997). M e r  a long phase of thennotectonic 

quiescence, the Trans-Hudson Orogen was afTected by the 1.265 Ga Mackenzie igneous 

event; LITHOPROBE lines 2b (Fig. 1.1) showed shallow reflectors fiom the northwestern 

hinterland to the Glennie Domain interpreted as horizontal mafic to ultramafic intrusions 

(Mandler and Clowes, 1997). This pst-Hudsonian event was attributed to either Middle 

Paleozoic compressional tectonics preceding the Grenville orogeny, or to moderate extension 

"Churchill Province (Stockwell, 1961) is an abandoned tenn for the tectonic hinterland, 
welded by Paleoproterozoic collision zones to the Archean Superior, Nain, Slave and Wyoming 
microcontinents. It is now subdivided into the Archean Rae, Hearne and Burwell micro- 
continents, and the intemal Trans-Hudson Orogen (Hofian,  1988, 1990). 
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(Mandler and Clowes, 1997). Post-Ordovician movements dong the Tabbernor fau1t and 

parallel stnictu.tes precluded tectonic activity in the cratonised Trans-Hudson Orogen (Figs 

1.1 and 1.3) (Elliott 1995, l996a). 

Structure 

Following early economic studies (e-g. Bruce, 19 17; Alcock, 1920; Stockwell, 1937), 

a first structural analysis of the Snow Lake area as part of an extensive regional mapping 

project was attempted by Harrison (1949) of the Geological Survey of Canada. Harrison 

distinguished "at least two periods of folding and faulting", and noted a northerly trend of 

folded structures with ncrtherly or southerly plunges (depending on location). He m e r  

recognised and named the large-scale fol& and shear zones (his terminology is used in this 

thesis); however, he did not establish their relative ages and overpnnting. In particular, 

Harrison discovered the faulted nature of the contacts between "staurolite schists" 

(Burntwood group) and the 'Amisk group volcanic rocks" (Snow Lake assemblage). Based 

on the orientations of "slickensides", he interpreted normal movements with downthrow to 

the northeast (contrary to the present interpretation; Chapter 5). In a subsequent study, 

Russell (1957) presented the three-dimensional geometry by means of numerous cross 

sections drawn dong lines of an arbitrary coordinate system. He did not add anything to the 
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fold generations established by Hamison (1949), but distinguished three major fault trends 

(northeast, west-northwest and north); be did not notice that the northeast and west-northwest 

trends were generated by open refolding of structures which predate aortherly trending 

structures (Chapter 5). Russell also found evidence of southward overthnisting. Moore and 

Froese (1 972), Bailes and McRitchie (1978), Froese and Moore (1 980) and Galley et al. 

( 1988) distinguished isoclinal foi& (F,) that are overprinted by large-scale open folds (FI). 

In addition, Froese and Moore (1 980) speculated about a third generation of structures 

producing a dome and basin interference pattern mapped in the gneiss dornes north of Snow 

Lake (Fig. 1.3). 

Metamorphism 

Froese and Gasparrini (1 975) established metamorphic zones sensu Barrow ( 19 12) 

separated by metamorphic reaction isograds as described by Carmichael(1970). Although 

based on mineral assemblages in the Burntwood group, the zona1 pattern was extrapolated 

through the Snow Lake assemblage and the Missi group. Froese and Gaspamni ( 1975) noted 

a northward increase of metamorphic grade from low grade at Wekusko Lake to high grade 

in the vicinity of the prominent gneiss domes (Fig. 1.3). Bailes (1975) recorded a 

metamorphic culmination resulting in migmatisation and granitoid formation in the southem 

central Kisseynew Domain around Wimapedi Lake (Fig. 1.3)' imrnediately north of Froese 

and Gasparrini's shidy area. A preliminary summary of the metamorphism of the Snow 

Lake area was given by Froese and Moore (1980). 
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In studies subsequent to Froese and Gasparrini (1975), the metamorphic zones were 

extrapolated westward to the File Lake area, eastward to the east of Wekusko Lake, and 

northward through the Kisseynew Domain and adjacent granite-greenstone domains; the 

large-scale distribution of metamorphic isograds yielded, analogous to the distribution of 

tectonostratigraphic packages, a bilaterally symmetricd pattem from north to south with the 

entire Kisseynew Domain forming the locus of a thennal anomaiy (Bailes and McRitchie, 

1978; Bailes, 1980% 1985; Gordon, 1981, 1989; Gordon and Gall, 1982; Perkins, 1991; 

Briggs and Foster, 1992; Gordon et al., 1993, 1994% b). 

With the genesis of VHMS deposits in mina recent work has focussed m a d y  on the 

metamorphism of fluid-altered arc volcanic rocks (Jackson, 1983; Trembath, 1986; Skirrow, 

1987; Bristol and Froese, 1989; Zaleski, 1989; Zaleski et al., 1991 ; Menard and Gordon, 

1995, 1997). Zaleski et al. (1 99 1) established that the metamorphic assemblages in the 

altered volcanic rocks around the Linda deposit west of Wekusko Lake (Fig. 1.3), which are 

now, afier alteration, of semi-pelitic composition, are not diagnostic of metamorphic grade. 

For example, they demonstrated that the assemblage kyanite + biotite + chlorite formed at 

a lower grade than in typical pelites as a result of reversed Fe-Mg partitioning between 

biotite and chlorite, and of elevated Zn and F contents in the system. Menard and Gordon 

( 1995) established that whole rock compositional alteration was not, as previously believed, 

exclusively synvolcanic (Waiford and Franklin, 1 %2), but also occunwl in response to fluid 

flow during syntectonic rnetamorphism. 

Prior to this investigation, temperature andlor pressure estimates were calculated by 

Bristol (1 974), Scott (1 976), Hutcheon (1 978, 1979), Aggarwal and Nesbitt (1 987), Bryndna 
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and Scott (1 987), and Zaleski et al. (1 99 1 ), using samples fiom the Snow Lake assemblage 

in the vicinity of the VHMS deposits (Linda deposit and Anderson/Stall mines, which are 

at a tectonostratigraphic level that corresponds to the staurolite zone of the Burntwood 

group). Sphalerite barometry yielded pressure estimates of 4-1 O kbar (Bristol, 1974; Scott, 

1976; Hutcheon, 1978; Bryndzia and Scott, 1987; Zaleski et al, 1991). 

Sulfide-oxide-silicate equilibria calculations (Hutcheon 1979) yielded temperatures of 

- 620 O and - 625 OC for the Anderson and Stall mines, respectively . Calculated temperatures 

for the Anderson mine area (Aggarwal and Nesbitt, 1987) ranged fkom 530 O C  to 680 OC at 

associated pressures of 5-6 kbar, using the gamet-biotite thermometer and silica equilibria, 

respectively. The relatively large scatter of P-T data and the notable difference from results 

in this investigation (Chapter 4) arise from both the inaccuracy of the sphalerite barorneter 

(Bristol, 1 974; Scott, 1 976; Hutcheon, 1 978; Bqmdzia and Scott, 1 98 7; Zaleski et al., 1 99 1 ), 

and from the use of gamets, which are compositionally outside the calibration range for 

thermometers based on Fe-Mg exchange (Aggarwal and Nesbitt, 1987). More conservative 

estirnates, based on mineral assemblages and reactions, suggest temperatures of 450-500 OC 

in the chlorite+biotite zone, and - 750-800 OC in the central Kisseynew Domain, at associated 

pressures of 3 .54  k5ar (Froese and Gasparrini, 1975; Bailes and McRitchie, 1978; Gordon, 

1989). The most accurate pressure and temperature estimates, and P-T paths calculated 

recently (Menard and Gordon, 1 995,1997; Kraus and Menard, 1 995) are discussed in detai 1 

in Chapter 4. 



You can pretend ro be serious: p u  can 't prerend to be witn. 
Sacha Guitry 

Chapter 2' 

Relatiomhips between foliation development, porphyroblast growth and l a r g d e  

folding in a metaturbidite suite, Snow Lake, Canada 

Abstract: Complex relatiomhips exist between cleavage development, metamorphism and 

large-scale folcüng in the well-bedded, polydeformed, staurolite-grade metaturbidites of the 

Bumtwood group, interna1 Paleoproterozoic Trans-Hudson Orogen at Snow Lake, Manitoba, 

Canada. It is demonstrated (a) that cleavage in anisotropic pelitic rock develops when 

microfolding is possible and, that cornmonly, initiation of a cleavage, which is pervasive on 

the scale of a fold, predates folding, (b) how a new axial planar fabnc can develop on one 

fold limb of a syrnmetrical fold and not on the other, and (c) how two cleavages of different 

generations can be present in adjacent beds. It is funher shown that porphyroblasts rotate 

with respect to geographical coordinates during folding. Finally, dissolution of cleavage 

septa is suggested here as an alternative mechanism for the generation of schistosity. The 

Burntwood group is exposed on the dismembered limb of a macroscopic, isoclinal F2 

'An earlier version of this chapter was published in the Journal of Structural Geology, 
volume 20, Kraus, J. and Williams, P.F. "Relationships between foliation development, 
porphyroblast growth and large-scde foldhg in a metaturbidite suite, Snow Lake, 
Canada", pages 61-76 (1998). Reproduction here is with kind permission from Elsevier 
Science Ltd., The Boulevard, Langford Lane, Kidlington 0x5 IGB, U.K. 
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structure and preserves a domaina1 cleavage (Sa, which locally grades into a schistosity. Sz 

developed from crenulation of a generally bedding-parailel S, cleavage that is axial planar 

to F, isoclinal folds forrned at 1.84 Ga. Porphyroblast growth coincided with crenulation 

of S ,  early during Fc f o l h g  at 1.82û-1.805 Ga Early stages of $ development are recorded 

by inclusion trails (SJ in the porphyroblasts. During F2 flexural-flow folding, variations in 

magnitude of bedding-paraliel shear in lithologies of different competency resulted in a 

s trong S2 refkaction and thus heterogeneous strains between beds. Independent of s hear 

magnitude and resulting S& angle, Si and & remained sub-orthogonal everywhere, and thus 

porphyroblasts and the enveloping S2 rotated by qua1 arnounts with respect to S,. As the 

different magnitudes of porphyroblast rotation in different beds could not be exactly 

balanced by the counteracting rotation of the fold limbs (same magnitude for al1 beds) during 

fold tightening, most porphyroblasts also rotated with respect to geographical coordinates. 

S 2  was crenulated prior to F, large-scale folding, where favourably oriented. F3 

crenuiations were tightened on the easrern F, limb and unfolded by sulistrai layer-parallel 

shear on the westem limb, where, respectively, F, and F3 layer-parallel shears were of 

opposite and the same sense. As a result, the initial developmental stages of an S, are 

developed only on the eastem F3 limb and there only in incompetent layers, whereas S, 

is preserved in the comptent layers. On the westem limb, S, is preserved and appears 

axial planar to the F, structure. The S2 domainal fabric was locally transformed into a 

schistosity by dissolution of the septa during widespread fluid activity, which endured until 

syn- or post-F,. 



Cleavage formation in strongly anisotropic micaceous pelitic rocks is regarded 

essentially as a crenulation process (e.g. Williams, 1972, 1977, 1979, 1990; Weber, 1976, 

198 1 ; Knipe and White, 1977). Microfolding of a sedimentary or tectonic foliation leads to 

a crenulation fabric. Crenulation is believed to initiate prior to or h g  the initial stages of 

large-scale folding. Thus, if the earlier fabnc was approximately bedding-parailel, the 

crenulations form with their axial planes at a high angle to bedding (e.g. Kienow, 1942; 

Williams, 1972, 1979; Knipe and White, 1977; Nickelsen, 1979; Weber, 198 1 ; Williams and 

SchoneveId, 198 1 ; Henderson et ai., 1986; Wright and Henderson, 1992). 

During cleavage development, one or more of three competing metamorphic 

processes are generally operative to varying degrees: (1) solution transfer, (2) 

recrystailisation, and (3) neocrystallisation (e.g. Rickard, 196 1 ; Williams, 1972, 1977, 1990; 

Marlow and Ethendge, 1977; Knipe, 198 1). As a result, the final fabric might be a domainal 

fabric, suc h as a di fferentiated crenulation cleavage, di fferentiated layering (e-g. Williams, 

1972, 1990), domainal slaty cleavage (e.g. Hoeppener, 1956; Hobbs et al., 1976, p. 222), or 

a penetrative fabnc, such as a penetrative slaty cleavage (e.g. Williams, 1972, 1977; Hobbs 

et al., 1976, p. 222), or a schistosity (e.g. Williams, 1977, 1985). Undifferentiated 

crenulation cleavages (not to be confùsed with crenulation that has not developed into a true 

cleavage) appear to be the exception. 

Cleavage-fomùng mechanisms and the relationship between fabnc development and 

folding are commonly studied in low-grade rocks, where the phyllosilicates do not 
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experience coarsening. Low-grade rocks, unfortunately, generally lack porphyroblasts, 

which are useful for establishing the relative timing of defomation and metamorphism. 

Particularly useful are synkinematic porphyroblasts, which preserve stages of fabt-ic 

development as inclusion trails (Si). The relationship between Si and the foliation extemal 

to the porphyroblast (Se) is in some cases ambiguous, especially where S @ S arg 

discontinuous. This relationship has therefore been the subject of extensive discussion (e-g. 

Zwart, 1960, 1962; Spry, 1969; Vernon, 1977, 1978, 1988, 1989; Bell, 1985; Williams, 

1985; Bell et al., 1986, 1992c; Passchier et al., 1992; Johnson and Vernon, 1995). Since the 

early 1980s, rnany of the microfabric studies in medium-grade pelitic rocks have focussed 

on porphyroblast-matrix relationships per se in order to correlate rnetamorphic events with 

stages of foliation formation, and the question of whether porphyroblasts rotate or not with 

respect to the enveloping fabric and/or geographical coordinates (e-g. Bell, 1985; Vernon, 

1988; Bell et al., 1 b, c; Passchier et al., 1992; Johnson and Vernon, 1995). In most 

of these studies the porphyroblast-çleavage relationships were not considered in the context 

of associated mesoscopic and macroscopic structures. However, such relationships are 

important tools for the delineation of the tectonometamorphic history of an area. Evaluating 

porphyroblast-matrix relationships around a fold can also help elhinate at least some Si/S, 

ambiguities, as demonstrateci by Williams (1985). 

In this chapter I establish complex relationships between the development and 

overprinting of the regionai Sz cleavage, porphyroblast growth and two phases of large-scale 

folding (Fz and F,) in a well-beddd metaturbidite sequence at Snow Lake, Canada. In order 

to extract the maximum information fiom the rock, the porphyroblast-matrix relationships 
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were studied across a portion of heterogeneously deformed layering, which shows strong 

cleavage refi-action. Selective overprinting of the cleavage, where favourably orienteci, by 

subsequent F, crenulation, is helpfùl in eliminating ambiguous porphyroblast-matrix 

relationships and gives evidence of cleavage initiation during layer-parallel shortening prior 

to. or in the early stages of, F, folding. It is fùrther shown how an axial planar cleavage may 

develop on one fold limb only and how different generations of cleavage rnay be present in 

adjacent beds. Moreover, it can be demonstrated that dissolution of SI  cleavage septa, 

defined by muscovite, during widespread fluid activity on the retrograde metamorphic path, 

is responsible for the local transition of a domaina1 cleavage into a schistosity. 

GEOLOGICAL SETTING 

The Snow Lake area is situated in a transitional zone in the Paleoproterozoic Trans- 

Hudson Orogen (Lewry and Stauffer, 1990) of Manitoba, Canada (Fig. 2. l), in which the 

Snow Lake assemblage and the Kisseynew Domain, a former marginal basin, were 

interleaved during the Hudsonian orogeny (Fig. 2.2) (Kraus and Williams, 1 994b; Connors, 

1996). This zone of interleaving is referred to as the Snow Lake Allochthon (Chapter 4). 

The Snow Lake assemblage cornprises rocks of island arc affinity that formed at - 1.9 Ga 

(Stem et al., 1995a; Lucas et. al, 1996a; David et al., 1996). The Kisseynew Domain 

consists of metamorphosed metaturbidites (Burntwood group), which are intercalated with 

their terrestrial facies correlative (Missi group) (Bailes, l98Ob; Stauffer, 1990; Zwanzig, 



Figure 2.2 Simplified geological map ofthe Threehouse synform at Snow Lake. 
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1990). U-Pb geochronology of detritat zircons has yielded a sedimentation age younger than 

- 1.859 Ga for the Burntwood group (David et aL, 1996) and - 1.845 Ga for the Missi group 

(Ansdeil, 1993). Southwest movernent of the Kisseynew sedimentary basin over the Snow 

Lake arc (e.g Kraus and Williams, 1994b; Connors, 1996) resulted in two generations of 

isoclinal folds, F, and F2, and related thnisting, which led to multiple repetition of the contact 

behveen the two domains (Kraus and Williams, 1994~; Connors, 1996). F, fol& are 

tmncated by 1.84-1 -83 Ga granitoid plutons (Kraus and Williams, 1995~; Cornors, 1996; 

David et al., 1996). 

Peak thermal conditions were reached at 1.820- 1 305 Ga (Gordon et al. 1 990; Parent 

et al,, 1995; David et al., 1996) coevai with F2 in the study area (Menard and Gordon, 1997; 

Chapter 4). Post 1.8 Ga sinistrai-oblique collision of the Superior Province with the Trans- 

Hudson Orogen dong the Thompson Nickel Belt (Hofnnan, 1988; Bleeker, 1990a) generated 

north-northeast trending open F, folds of the tectonostratigraphic sequence (Kraus and 

Williams, 1 994c). The large, symmetrical F, Threehouse synform largely controls the map- 

scale pattern in the Snow Lake area (Fig. 2.2). 

The rocks discussed here fonn a slice of Bumtwood group metaturbidites (previously 

referred to as File Lake Formation by Bailes, 1980b) that are exposed around the town of 

Snow Lake (Fig. 2.2). The northerly to easterly dipping slice (Fig. 2.3a) varies in thickness 

fiom several hundred metres to 4-5 kilometers. It is in structural contact above and below 

with rocks of the arc assemblage. The bounding faults are the Snow Lake fault below and 

the McLeod Road fault above (Fig. 2.2), which are of F, and F2 age, respectively (Kraus and 

Williams, 1994b; Cornors, 1996). Detailed structural mapping has revealed that the slice 
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is the dismembered lower limb of a macroscopic FI fold (McLeod Lake fold), which was 

tnincated dong a normal fault, the McLeod Road fault, in the tightening stages of FZ folding 

(Fig. 2.2; see also Fig. 2 . 6 ~ )  (Kraus and Williams, 1994b). The F2 structure overprints 

rnacroscopic F, folds and, together with the reverse faults, is openly refolded by the 

symmetrical F, Threehouse synfom (Fig. 2.2). in the core of the F, Threehouse synform at 

Snow Lake, al1 linear f e a m  are broadly coaxial, plunguig moderately to steeply to the 

northeast (Fig. 2.3) (Kraus and Williams, 1994~). On the eastem and western limbs, bedding 

dips moderately to steeply in northerly and easterly directions, respectively (Fig. 2.3). 

Metamorphism 

In the Snow Lake area, the metamorphic grade increases to the north, towards the 

upper tectonostratigraphic levels, fiom chlorite-grade at Wekusko Lake to partial meltuig at 

the southern margin of the Kisseynew Domain (Fig 2.1 and 2.2) (e.g. Froese and Gaspanini, 

1975: Bailes and McRitchie, 1 978; Menard and Gordon, 1997; Chapter 4). Around the F3 

Threehouse synform at Snow Lake, the turbidites are metarnorphosed at staurolite-grade, 

containing the assemblage staurolite + biotite + gamet + muscovite + plagioclase + graphite 

* chlorite, with minor ilmenite, rutile, pyrrhotite, tourmaline, magnetite, zircon and 

monazite. Chlorite is abundant only as inclusions in porphyroblasts and as a retrograde 

phase partially replacing biotite, and rims on gamet and staurolite. Temperatures of 

560-570 OC at an associated pressure of 4 4 . 5  kbar were calculated on representative samples 

(Chapter 4) using the following methods: the TWQ 1.02 program (Berman, 1991) with 



43 

thermodynamic data fiom Berman (1 988,l !BO), Fuhrxnan and Lindsley (1988), Berman and 

Koziol (1 99 l), McMullin et al. (199 l), and Mader et al. (1994); the gamet-biotite 

thennometer (Kieemann and Reinhardt, 1994); and the gamet-biotite-m~~~0vite-plagioc1ase 

barorneter (Hodges and Crowley, 1985; Powell and Holland, 1988; Hoisch, 1990). These 

results were interpreted as representing peak metamorphic conditions (Chapter 4). 

The Burntwood group metaturbidites 

The metaturbidite sequence is composed of greywacke beds, up to 1 rn thick, 

alternating with mudstones and siltstones. The greywacke beds have preserved grading and 

other primary features such as scours, rip-up clasts, calcareous concretions and rare flame 

structures. Locally, the Burntwood group appears as a pelitic schist up to several metres 

thick. The compositional change within graded greywacke beds is reflected in reversed 

grading (due to the coarser grain size of metamorphic minerais in the more pelitic parts). At 

the base of the beds, biotite (up to 2 mm) is the dominant porphyroblast phase. With 

increasing Al-content towards the top, euhedral to subhedral pinhead gamet (1-3 mm in 

diameter), and large staurolite (up to 14 cm long) become abundant. 



CLEAVAGE DESCRIPTION 

In the sequence, there is only one discrete cleavage, St, which appears as a small-cale 

differentiated layering (domainal cleavage) or a penetrative schistosity that is strongly 

rehcted  across lithological layering (Fig. 2.4a). In hand specimen, SI is defined by trails 

of dimensionail y and crystallographidy weii-aligneci, lensoid to anguiar biotite of variable 

aspect ratio (Fig. 2.4a). The biotite grains are locally enveloped by thin films of muscovite. 

Sz streamlines around gamet and staurolite. Locally, sraurolite is also aligned parallel to the 

cleavage, but it is commonly a magnitude larger than the cleavage domains. Many biotite 

and staurolite porphyroblasts are pulled apart and extended in S,, the stretching direction 

being at a hi& angle to the SdS2 intersection (Fig. 2.4a; see also Fig. 2.8a). There is no 

cleavage in mica-poor portions of the greywackes. In thin section (al1 thin sections 

descn'bed in rhis chapter are cutperpendicular to the SdS, intersection), S2 shows a variety 

of microstructures. The domainal character of the cleavage indicates its origin as a 

crenulation cleavage (Fig. 2.4) (cf. Williams, 1972, 1990). Gamet and biotite are confined 

to quartz-rich domains, which constitute the microlithons (Fig. 2.4; see also Fig. 2.7). An 

earlier fabric (S,) is preserved as Si in the porphyroblasts, the significance of which is 

discussed below. S2 is accentuated by a quartz shape fabric in the quartz-rich domains, 

where, in rare cases, the matrix quartz is not anneded. Thin muscovite films, which 

constitute the S2 septa, anastomose around the porphyroblasts (Fig. 2.4b-d). The basal 

planes of the muscovite grains are parallel to S, in botb the films and quartz-rich domains 

(Fig. 2.4b-ci). Locally, closely spaced porphyroblastic biotite fish are separated by thin 



Figure 2.4 (a}-(d) Bedding<leavage-porphyroblast relationships on the Threehouse 
synform east limb ( Fig. 2.2). (a) Refraction of domainal fabric (SJ across layer interface 
(S,). Upper bed: S2 and pressure-shadows of biotites (fine white strings) are refolded into 
Z-asymmecrical open F,crenulations. Lower bed: The high-angle S, is undeformed. 
Geometncal relationships are as in Fig. 2.6d. (b) - (ci) Photomicrographs of (a). S, is 
parallel to bases of photornicrographs. (b) Lower bed: Sz domainal schistosity at high angle 
to So. Biotite fish contain planar Si (=S,) of elongate quartz grains. Width is 1.7 mm. (c) 
Upper bed: The biotite blast overgrew S-asymmetricai F, crenulations of SI. Note the 
graphitic residue (double arrow) and the depleted muscovite films. Opaque phase is 
ilmenite. Width is 1.1 mm. (d) Upper bed, same thin section as (c): Varying degrees of 
ma* homogenisation. Graphite-enriched Sc septa are preserved local1 y. Quartz pressure- 
shadows of biotite are recrystallised. Width is 4.2 mm. (e) Relict S-asymmetrical F, 
crenulations, Threehouse synform West lim b. 
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anastomosing muscovite films and the overall cleavage morphology resembles that of a 

domainal schistosity ('Figs 2.4b and 2.5) (cf. Hobbs et al., 1976, p. 227). The films are 

commonly accentuated by graphite trails, which probably resulted fiom passive 

concentration by the dissolution of quartz fkom the developing septa (Fig. 2 . 4 ~  & d). At the 

scale of a t h .  section, these muscovite films are preserved in some domains of a rnicrobed, 

but they may have been dissoived to varying degrees in others so that the domainal character 

of the fabric locally gives way to a more hornogeneous distribution of aligned muscovite in 

the matrix (Fig. 2.4d). In domains strongly affected by muscovite dissolution, the overall 

appearance of the fabric approaches one of a penetrative schistosity (Fig. 2.5). Here, the 

former septa are Iocally tracked by trails of the l e s  soluble graphite. The removal of 

muscovite is discussed in more detail below. Toward the base of the pywacke beds, which 

were initially poor in muscovite, the rare muscovite is randomly oriented or Iess orderly 

crenulated. 

CLEAVAGE-FOLD RELATIONSHIPS 

Distribution and overprinting of cteavage in the Threehouse synform 

The deformation sequence in the study area was previously considered to comprise 

two phases of folding (Russell, 1957; Froese and Moore, 1980; Galley et al., 1988). A first 

generation of isoclinal folds (F,) was believed to have been refolded by the open Threehouse 



Figure 2.5 Photomicrograph of porphyroblast-manix relationships in hinge of minor F, fold 
on the Threehouse synform east limb. Refracted S, cuts the F, axial plane at intemediate to 
high angles. Straight Si (=S,) in gamet and biotite are suborthogonal to S2. Quartz as 
inclusions in gamet are elongate and smaller than in the mamx. Lefi-hand side of 
photomicrograph: S, is developed as a domainal cleavage. Right-hand side: S, septa are not 
preserved. Width is 4.2 mm. 
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synfom (FL; ibid.). The prominent regional S2 was considered to be axial planar to the 

Threehouse synform (ibid.). My detailed structural mapping showed that the regional S2 cuts 

mesoscopic and macroscopic F, folds, is axial planar to a second generation of macroscopic 

isoclinal folcis (Fr) (Kraus and Williams, 1994b), and is deformed by the F, Threehouse 

synfonn (Fig. 2.2). Mesoscopic F, fol& are very rare. Further evidence for this deformation 

sequence is given by the constant sinistral asymmetry of S2 and S, on the exposed limb of 

the F, McLeod Lake fold around the F, Threehouse synform (Note: ail asymmetries and 

shear senses given in this chapter refer to the F7 profile plane looking down the northeast 

plrrnging S A  intersection; the asymmetry is sinistmi. if the clockwise intersection angle 

benveen S, and S, is < 90 4- ir is dextral, w h  the dihedral angle is > 90 9 . 

On both F, limbs, S& dihedral angles vary significantly in adjacent beds fiom close 

to 90 O in competent greywackes to t O" in some incom~tent  mudstones. On the east limb, 

wherever S d S 2  angles are smail, Sz is refolded by Z-asymmetrical tight to open F, 

crenulations or, in rnicaceous portions, by kinks, whose wavelengths exceed the spacing of 

SS domains considerably (Fig. 2.4a; see also Fig. 2.8a). These crenulations, which do not 

constitute a mue cleavage, were not noted by previous writers. The axial surfaces of the 

crenulations are approximately axial planar to the Threehouse synfom, dip steeply east- 

southeast, and containing the F, fold axis. S7 is undeformed, where it is at a high angle to 

so- 

On the Threehouse west limb, SdS, dihedral angles are generally smaller than in 

comparable lithoiogies on the east limb. Here, S, is not overprinted except at three loçaiities, 

where tight to gentle, S-asymmetrical F3 crenulations are developed (Fig. 2.4e). 



Interpretation 

The reconstruction of the cleavage and folding history during Fz and Fj based on the 

geometrical relationships report& above is shown in Fig. 2.6. It is assumed that S, formed 

originally at a high angle to S, during F2 layer-parallel shortening (Fig. 2.6a). This 

assumption is discussed below. S2 refkwtion occu~~ed aue to differential sinistral layer- 

parallel shear on the exposed lower limb of the F, McLeod Lake fold during F, fold 

development (Fig. 2.6b). The mudstones and incompetent portions of the graded beds 

maximised FI layer-parailel shear or shear-induced vorticity (Lister and Williams, 1983); the 

competent portions maxirnised F2 spin (Lister and Williams, 1983). The large-scaie F2 fold 

was subsequently dismembered dong the McLeod Road fault (Fig. 2.6~). The constant 

sinistral SdSz asymmetry across the Threehouse synform indicates that the turbidite sIiver 

represents the southem limb of the easterly closing F, McLeod Lake fold (Fig. 2 . 6 ~ ) .  Dunng 

F, folding, layer-parallel shear was of opposite sense on the opposite limbs of the Threehouse 

synform (Fig. 2.6d). Continued sinistral layer-parallel shearing on the West limb resuIted in 

a further decrease in SdS2 dihedral angles. Here, SI appears to be axial planar to the 

Threehouse synform, because the exposed limb of the F, smcture has the same asymmetry 

as the western limb of the F, synform and thus the F2 asymmetry of S, and Sz is preserved. 

It is important to note that F2 and F, must be approximately coaxial or S, would not appear 

to be axial planar to F3. This coaxiality is indicated by the poles to S,, S, and the axial planes 

of F, crenulations plotting on approximately the same great circle (Fig. 2.3a-c). 

On the nireehouse synform east limb, the shear sense reversed fiom F,-related 



\ 
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Figure 2.6 Sequential development of folding and cleavage during F2 and F,. (a) S2 initiation 
during F, layer-parallei shortening and early buckling. (b) Subsequent S2 refkaction during 
fold amplification. (c) The F2 structure becomes dismembered by the McLeod Road fault. 
(d) The relict lower F2 limb is refolded by the F, Threehouse synfonn. During (d) the low- 
angle S, expenences differential overpnnting on both F, limbs. ISA = instantaneous 
stretching axes of the buk flow. 
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sinistral shear to F3-related dextrai shear following initial layer-paralle1 shortening (Fig. 

2.6d). SI  was in the shortening sector of the instantanmus F-lated shear strain and, where 

it was at a shallow angle to So, the finite sîrain was sufkient to result in well developed open 

to tight crenulations. As shearing continued the crenulations were constrained to become Z-  

asyrnmetrical. Where S, was at a high angle to So it started in the shortening field, but after 

accumulating oniy a small amount of shear strain it was rotaîed into the extensional sector. 

Any crenulation dweloped in response to the initial shortening would be unfolded. Thus the 

net effect is that where Sz was inclined to S, at an angle approaching 90" it was not folded 

by F, shear. 

Timing of crenulation initiation with respect to folding 

In the discussion above, it has been assumed that crenulations form early in the 

folding history, with axial planes at a high angle to the earlier fabric when this earlier fabric 

was parallel to or at a low angle to bedding (cf Kienow, 1942; Williams, 1972, 1979; Knipe 

and White, 1977; Nickelsen, 1979; Weber, 198 1; Henderson et al., 1986; Wright and 

Henderson, 1992). This assumption fits the expenments and models of fold development 

in multilayer systems (Ramberg, 1 963, 1964; Biot, 1964; see also Williams and Schoneveid, 

198 l), in which small-scale folds develop in fine layering prior to larger-scale buckling. It 

has been indirectly verified in the field with the help of strain markers such as sand 

volcanoes or organic borings parallel to the new cleavage (Nickelsen, 1979; Henderson et 

al., 1986; Wright and Henderson, 1992). 
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Further evidence for the initiation of cleavage early during foldhg is presented based 

on the local overprinting of a low-angle S2 by tight to gentle, S-asymmetrical F, crenulations 

on the western Threehouse synfoxm limb (Fig. 2.4e). During sinistral layer-parallel FI and 

Fj shearing, Si was always in the instantanmus extensional field (Fig. 2.6d), and thus no 

crenulations could develop in response to layer-parallel shear. However, as pointed out 

above, crenulations do occur locally on the western limb. 1 believe that this crenulation of 

low-angle S1 could only have resulted fiom F, layer-parallel shortening prior to major F, 

folding. During subsequent large-scale buckling, when layer-paraiIel shear becarne effective 

in the incompetent layers, F, crenuIatiom were tightened and forced to become asymrnetrical 

on the eastem limb, and crenulations on the western limb were mostly un folded (CE Williams 

and Schoneveld, 198 1, p. 329). The unfolded S2 continued rotation towards parallelism with 

lithological layering. 1 regard this timing of crenulation formation as generally applicable 

in anisotropic rocks with a penetrative cleavage on the scale of a macroscopic fold, including 

the initiation of SI  in the Snow Lake area. 

For the following detennination of the timing of metamorphism with respect to 

deformation, only saniples and locations trom the eastem Threehouse synfonn limb are 

considered, since this is the only place where F, and F, strains can be distinguished. 
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SEQUENCE OF PORPRYROBLAST GROWTH-EVIDENCE FROM 

INCLUSION TRAILS 

Ln the Burntwood group, the presence of Si in the porphyroblasts cnakes it possible 

to establish the sequence of porphyroblast growth and also to examine early increments of 

SI developrnent. Generally, there are two independent lines of evidence for the order of 

porphyroblast growth: (1)  variations in Si morphologies in different porphyroblast phases 

adjacent to each other, and (2) metamorphic textures, such as inclusions of one index mineral 

in another, dissolution of grain boundaries by metamorphic reactions, and pseudomorphic 

relationships. Based on metamorphic textures, the following reaction sequence for the 

Burntwood group at Snow Lake during heating was infemed (Froese and Gasparrini, 1975: 

Kraus and Menard, 1995): 

Ch1 + Bt + Pl + Gr = Grt + Ms + Fluid 

Chi+Ms+Grt=St+Bt+Qtz+Fluid  

Ch1 + Ms = St + Bt + Qtz + Fluid 

(mineral abbreviations after Kretz, 1983). This order of porphyroblast growth was tested on 

the Si geometries. Si is defined by graphite and/or defonned quartz and is generally sub- 

parallel in neighbouring porphyroblast phases (Figs 2 . 4 w  2.5 and 2.7b & c). Quartz 

inclusions have a shape fabric and are smaller than rnaîrix quartz (Fig. 2.7b). Locally, Si 

appears parallel to bedding; however, it is inclined at high angles to S, in the hinges of minor 



Figure 2.7 Bedding-cleavage-porphyroblast relationships on the Threehouse synfonn east 
limb. (a) Domainal fabric (S3 in gametiferous siltstone, only weakly affected by F, 
crenulation. @) Photomicrograph of (a). Gamet contains planar Si (=S,). S, septa are partly 
dissolved. Width is 1 cm. (c) Crystallographically aligned biotite grains f o m  a low-angle 
S, schistosity. Enveloping muscovite films are not preserved. S, is parallel to base of 
photomicrograph. Width is 1.7 mm. ï h e  context of a low SJS, dihedral angle and planar Si 
at a high angle to S, in (b) and (c) indicates rotation of S, and porphyroblasts with respect to 
S,. For fiirther explanation see text. 
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F, fol& (Fig. 2.5). Therefore, Si is a tectonic fabric (S,), which appears to have been axial 

planar to F, structures. Euhedral to subhedral gamet lacks graphite as inclusions and as 

concentrations around the rims suggesting that graphite was a reactant in reaction ( 1 ). In 

most gamets, the quartz-Si is planar (Figs 2.5 and 2.7b). The generally undeformed biotite 

gains contain a straight to smoothly curved Si mainly composed of graphite (Figs 2 . 4 ~  & d, 

2.5 and 2 . 7 ~ ) .  In the quartz-rich, comptent beds, where S, is sub-orthogonal to S,, biotite 

dimensions and wavelengths of included crenulations are generally larger than in 

incompetent beds (Fig. 2.4a). Idioblastic to strongly corroded staurolite varies fiom highly 

poikiloblastic to inclusion-fiee dependhg on the maaix it overgrew. Due to the large 

staurolite dimensions, Si, where present, describes several crenulations within each grain. 

The Si in staurolite is identical in wavelength and composition to the Si in the neighbouring 

biotite suggesting simultaneous growth of both phases by reactions (2) and (3). 

The different stages of F2 crenulation development recorded by Si in the different 

porphyroblast phases are in accord with the above inferred sequence of metarnorphic growth 

and imply that the porphyroblasts grew synkmematically. The constant cwatures of the 

included crenulations fiom core to rim further suggest that the porphyroblasts grew rapidly 

with respect to strain rates. The asymmetry of Si in some but not al1 porphyroblasts indicates 

that growth occurred when the crenulations in some incompetent beds were constrained to 

become asymmetrical. Such stages of the S2 development coincided with Fz bulk layer- 

parallel shortening preceding folding and/or during the earlier stages of large-scale fold 

amplification. 

Growth of the porphyroblasts during early FI can be confirmed by the timing of their 



Figure 2.8 Selective overprinting of F2 on the east limb of the Threehouse synform. (a) 
Lower bed: Staurolite aligned and pulled apart parallel to S2. Note the pressure shadows 
along S2 being refracted across the layer boundary. Middle bed: Z-asymmetrical F, 
crenulations deforming quartz pressure shadows of staurolite grains. Upper bed: Strongly 
poikiloblastic staurolite at base of greywacke bed. For M e r  explanation see text. (b) 
Photomicrograph of F, crenulation hinge fiom (a). High-angle SJS, relationships are 
preserved afier crenulation. S, septa are missing. Note the relict stylolitic residue tracking 
the former septa. Width is 4.2 mm. 
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overprinting with respect to folding, which gives an upper limit for porphyroblast growth. 

This is illustrated in Fig. 2.8a In the lower bed, quartz pressure-shadows of some staurolites 

which are located close to the layer boundary across which cleavage refiaction occurs, extend 

into the adjacent bed, continue tracking the low-angle S2, and are crenulated by F,. This 

deflection across lithological boundaries indicates that pressure shadow developed pnor to 

s i p i  ficant S, rehction and therefore early during Fz. 

INCLUSION TIUIL-CLEAVAGE RELATIONSEiIP!3-PORPHYROBLAST 

NON-ROTATION WITH RESPECT TO GEOGRAPEIICAL COORDINATES? 

Independent of S& dihedral angles, S2 and Si in gamet and biotite are discontinuous 

and at a high angle to each other everywhere in the Bumtwood group around Snow Lake 

(Figs 2.4b-d, 2.5 and 2.7b & c). This suggests that gamet and biotite porphyroblasts did not 

rotate, or rotated very little, with respect to Sz duing FI and F,. Such lack of relative rotation 

between porphyroblast and enveloping cleavage has been interpreted by some workers as 

indicative of porphyroblast non-rotation with respect to geographical coordinates (e-g. Bell, 

1985, 1986; Bell et al., 1992a, b, c). Nonetheless, in this case, most porphyroblasts rotated 

in space during folding, because (a) they rotated with respect to S, by the same amount as 

SI wherever cleavage refiaction occurred in response to F2 layer-parallel shear, and (b) S, 

itself rotated with respect to geographical coordinates. Thus, different amounts of S2 

refi-action in different layers resulted in variable Si orientations relative to S, across layering. 



Figure 2.9 Schematic summary of bedding-porphyroblast-cleavage relationships during F2 
fo lding. (a) Gamet and biotite porphyroblasts overgrew an S.-parallel S, during early F2 and 
thus contain straight to smoothly curved Si. (b) During fold amplification and S, refiaction, 
the porphyroblasts did not rotate with respect to S, in the incompetent beds (stippled). In the 
competent greywacke (white), S, and the porphyroblasts did not rotate with respect to S,. 
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On a small-scale, however, Si in neighbourhg porphyroblasts remained more or less parallel 

(Figs 2.5,2.7 and 2.9). It may be argued that the gamet and biotite overgrew Si_ after folding 

and therefore did not rotate *th respect to any rieference m e .  This possibility can be mled 

out, because the planar geometry of Si in many beds, which show small S& dihedral angles, 

indicates that locally no significant shortening of S, had occurred prior to porphyroblast 

aowth (Fig. 2.7b & c). Whether staurolite rotated relative to S, and Se cannot be determineci 
c. 

with certainty, as most of the specimens do not contain an Si. in places, where S, was 

subsequentl y crenulated by F,, Si remained sub-orthogonal to the enveloping SI-septa 

everywhere in the crenulations (Fig. 2.8b). Non-rotation of porphyroblasts with respect to 

their enveloping cleavage can therefore not be an argument for non-rotation with respect to 

geograp hical coordinates. 

VEIN-FOLD RELATIONSHIPS 

Quartz veins (sub-)paralle1 to S2 are ubiquitous throughout the layered sequence. 

They cut through staurolite porphyroblasts and are locally folded by F, crenulations. 

Depending on the S& angles and thus on lithology, these veins are stubby in the quartzose 

beds and are rather spindly and locally boudinaged in the mudstones (Fig. 2.10). In the light 

of the above observations, 1 attribute these v e k  to layer-parallel extension in the advanced 

stages of F2 folding (Fig. 2.10~). Layer-parallel extension was controlled by the S2 

anisotropy and thus was accommodated differently in different lithologies. Rigid competent 



Figure 2.10 Late-F2 quartz veins parallel to S2. (a) Spindly, boudinaged veins on the 
Threehouse synform west limb record continuai sinistrd F2 and F , layer-parallel shear. 
Anticlockwise rotation of veins is indicated by S-fol& in the competent calcsilicate layer at 
their base. Note stubby vein within the competent layer at the lefl hand side. (b) Stubby 
veins with S, tightened around them, Threehouse synform east Iimb. (c) Sketch showing 
vein deveiopment during F2 folding. 
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layers were simply tom apart along the high-angle SZ, whereas pelitic layers were extended 

by slip along S2 septa. The large thickness of the stubby veins is a consequence of the 

relatively low ductility of the comptent beds. 

DEVELOPMENT OF SCHISTOSITY FROM DIFFERENTIATED 

LAYERLNG-AN ALTERNATIVE MODEL 

As mentioued above, the S2 morphologies in the metaturbidites record gradations 

from differentiated layering to a coarse schistosity defined by aligned biotite. This aspect 

requires fwther discussion. Schistosity in metamorphosed micaceous pelitic rocks has been 

reported to develop in several ways. For example, a schistosity which is defined by coarse- 

grained micas is assumed to have developed during growtb of these minerals (Voll, 1960; 

Tobisch et ai., 1970; Dailmeyer et al., 1983). If the bulk of the mica growth predates the 

cleavage forrning event, as in the Burntwood group, other mechanisms must account for 

schis tosity formation. Mathematical theories of rigid body rotation of randoml y distributed 

single grains have been proposed by Jefferey (1922) and Mach (1932). However, their 

models cannot explain the locally domainal fabric. Alternatively, schistosity may grow h m  

a coarsening crenulation cleavage (e-g. Williams, 1977, 1985) or involve kinking of an 

earlier foliation (Williams, 1977; Williams et al., 1977; Williams and Compagnoni, 1983), 

but the continuous Si in biotite (see above) also rules out these possibilities (F-igs 2.4b-d and 

7c) .  
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Microfabrics, metamorphic textures, and metamorphic reactions suggest that the 

schistosity in the Burntwood group developed fiom the destmction of the domainal cleavage 

by preferential muscovite removal fiom cleavage septa. Loss of muscovite is indicated by 

the different preservation States of adjacent cleavage septa in the same microbed on the scale 

of a thin section. Locally, septa (adjacent to well-preserved septa) may have been 

completely destroyed so that porphyroblasts 'float' freely in a quartz matrix that shows no 

anisotropy (Fig. 2.5; see also Figs 2 . 7 ~  and 2.8b). in such domains now devoid of 

muscovite, the graphite-Si in biotite porphyroblasts is identical in shape and geometry to Si 

in biotite in adjacent domains where the septa are preserved (Fig. 2.5) suggesting that a 

layered anisotropy existed in both domains during porphyroblast growth. Here, the 

schistosity is defined by trains of well-aligned biotite, which are the loci of the former 

microlithons, in a coarsened quartz matrix (Figs 2.4% 2.5 and 2.7~) .  The local demise of the 

S2 septa indicates that schistosity developed after S2 differentiation and after growth of the 

prograde metamorphic assemblage. Muscovite dissolution endured until syn- or post-F, as 

recorded by skeletal F, crenulations, in which only the aligned biotite porphyroblasts are 

preserved (Fig. 2.8b). 1 believe that muscovite was dissolved by fluids and was flushed out 

of the system. During fluid infiltration, S2 septa possibly acted as channels of enhanced fluid 

flow in a way describeci by Williams (1990). Evidence of fluid activity is given by the 

deficiency of matrix muscovite in many sarnples and by the local comosion of biotite and 

staurolite rims in the absence of a higher grade aluminosilicate-forming reaction. Chlorite 

and muscovite participated in reactions (2) and (3) and muscovite must have been lefi over 

when the reactions stopped. The presence of these phyllosilicates prior to reactions (2) and 
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(3) is also indicated by their inclusion in porphyroblasts. Although Al, as contained in the 

muscovite, is considered to be relatively immobile (Carmichael, 1969), it is suggested that 

Al was flushed out of the system by high-pH a d o r  low-pH fluids (Kraus and Menard, 1995; 

see aiso Glen, 1979 and Mancktelow, 1994). This interpretation correlates with a widespread 

fluid activity in the adjacent Snow Lake assemblage during F2 and F, causing syntectonic 

alteration of volcanic-hosted massive sulphide deposits (Menard and Gordon, 1 995, 1 997). 

SYNTHESIS AND CONCLUSIONS 

in the Burntwood group metatuhidites at Snow Lake a single penetrative cleavage, 

S,, is ubiquitousty developed as a domainal fabric, which shows al1 gradations into a 

schistosity. ïhe  fabnc developed fiom crenulation of a bedding-parallel S,, which formed 

during F, isoclinal folding at 1.84 Ga. Such crenulaîions are included as Si in porphyroblasts 

of staurolite and biotite. These porphyroblasts grew between 1 -820 and 1.805 Ga, when F, 

crenulations were constrained in sorne incompetent layers to become asyinmetrical pnor to 

Fz fold tightening during a very small deformation increment. Associated peak conditions 

of metarnorphism were 56%570 OC and 4 4 . 5  kbar. Local transformation of the 

differentiated layering into a schistosity by muscovite dissolution endured until syn- or post- 

F, after 1.8 Ga. In incompetent beds, S, and porphyroblasts rotated with respect to S, during 

FI tightening on the presentiy exposed Iimb of the F2 McLeod Lake foId. However, they did 

not rotate relative to one another (in micro-beds on the =aie of a thin section) and remained 
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more or less stationary with respect to S, in competent beds. Layer-parallel extension during 

the later stages of Ft was accomrnodated by separation dong S @ the competent beds, 

resulting in quartz-vein formation. S2 and porphyroblast pressure-shadows, where 

favourably oriented, were crenulated prior to F3 large-scale foldïng. F, crenulations were 

accentuated by dextral layer-parallel shear on the eastem limb of the Threehouse synform 

and unfoldecl by continued sulistral layer-paralle1 shear on the western limb. As a result, the 

initiai developmental stages of an S, are presewd on the eastem F, limb only. On the other 

limb, Sz was largely unaltered, and after rotation associateci with F3 appears axial planar to 

the F, structure. 

This work supports the hypothesis that in areas of polydeforrned anisotropic 

rnicaceous pelitic rocks, cleavage may start to develop prior to folding. in generaî, domainal 

cleavage develops when microfolding is possible. Whether and when microfolding takes 

place during large-scale folding strongly depends on the orientation of the anisotropy to be 

crenulated with respect to layering. In special circumstances, a cleavage may deveiop Iate. 

For example, in a setting such as the West limb of the Threehouse synform, where a 

pervasive new cleavage does not form because of the orientation of the old cleavage, a local 

cleavage may form late during folding in the hinges of minor folds. The Threehouse 

synform example also shows that a domainal cleavage may develop locally, for example on 

one fold limb only, and there only in selected layers depending on the orientation of the 

previous fabric. As crenulation and differentiation involve the destruction of the previous 

fabric (e.g. Tobisch and Paterson, 1988; this study) the only foliations present in altemating 

lithologies may be of different generations. This has implications for other areas, for 
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example: the Slave Province, Canada, where, in the Yellowknife Supergroup metaturbidite 

sequence, two subsequent, morphologically similar fabrics alternate in adjacent beds, 

dispfaying a chevron pattern (Fyson, 1982, 1984; Henderson, 1997). This pattern possibly 

formed by the same mechanisms operating in the Threehouse synform area with the 

difference that, in the Yellowknife Supergroup, the later fabric experienced complete 

di fferentiation. 



I no naka no kawatu taikai wo shirazu 
(rhefiog in the well doesn 't h o w  the ocean). 

lapanese proverb 

Chapter 3 

Rotating porphyroblasts during folding: real or unreal? 

Abstract: It has been claimed that rigid porphyrobiasts that grow before or during folding 

and concurrent cleavage development do not rotate with respect to a geographical reference 

h e  (GRF), even if the straining is non-coaxial (Bell, 1985; Bell and Johnson, 1990). The 

explanation offered is based on strain partitioning. It is argued that the initial orientations 

of early fabrics included as intemal foliations (Si) in the porphyroblasts have been preserved 

after polyphase deformation, and even after successive orogenies. According to the strain 

partitioning rnodel, the porphyroblasts are fixeci in domains of coaxial straining 

(microlithons) and are isolateci from the non-coaxial straining associated with the enveloping 

septa (SA. This hypothesis, and its discussions both pro and contra, suffer fiom insuficient 

attention to reference fiames. 1 attempt to demonstrate: (a) the need for rigorous treatment 

of reference £i-ames in geologicai interpretations; (b) that grains in coaxial domains generaily 

rotate with respect to the GRF; and (c) that the non-rotation hypothesis is in conflict with 

heterogeneous deformation (cleavage rehction). Finally, 1 question the validity of the 

evidence in studies by Ramsay (1962) and Fyson (1980), cited in support of non-rotation 

with respect to the GRF during folding. In detail, 1 show that rotations with respect to 
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different reference -es are not kinematicaily equai, because any two reference fiames are 

mutually inconpent. Consequently, the strain partitioning model does not preclude 

porphyroblast rotation with respect to the GRF, unless S, is fixed with respect to the GRF 

throughout folding. The latter condition demands rare folding mec hanisms (slip fold model, 

or a special case of the flexural-flow fold model). Fyson (1980) reported orientations of Si 

that are constant, after folding, over a large ara; this scenario is a product of selective data 

acquisition. Ramsay's (1962) model requires a special folding mechanism, which does not 

appear to be generally applicable in natural rocks. In summaxy, my investigation shows that 

non-rotation of porphyroblasts with respect to a GRF during folding, while possible, is not 

universal. The development of microstnictures (e.g. curved Si) is only related to the local 

deformation path, the characterisation of which does not rely on the GRF. 



INTRODUCTION 

The analysis of textures in porphyroblasts has proven very useîùl in elucidating the 

tec tonometamorphic evolution of various areas, particularl y in rocks in which matrix fabrics 

have been transposeci into composite foliations during multiple deformation andior obscured 

by coarsening or dissolution. in such rocks, interna1 foliations (Si) in po~hyroblasts are 

commonly the only evidence of earlier fabrics. Sigrnoidal Si may provide information on 

certain developmental stages of an extemal fabric (SA, for example a crenulation cleavage, 

and variations of Si geometries in different porphyroblast phases may permit the correlation 

of the growth sequence of rnetamorphic assemblages with the corresponding increments of 

small-scale deformation (e.g. Zwart, 1960, 1962; Spry, 1969; Vernon, 1977, 1978; Bell and 

Rubenach, 1 983). Criteria for the inkrpretation of porphyroblast-matrix relationships have 

been established (e.g. Zwart, 1960, 1962; Spry, 1969; Vemon, 1977, I978). Arnbiguities, 

however, can remain inherent where Si and Se are discontinuous (e.g. Ferguson and Harte, 

1 975; Williams, 1985; Visser and Mancktelow, 1992; Johnson and Vemon, 1995; Bell et al., 

1997). 

Based on a graphical strain field diagram and a strain partitioning mode1 (Bell, 198 1, 

1 985, fig. 1, 1 986) (Fig. 3.1 ), it has been argued that porphyroblasts never rotate with respect 

to a geographical reference tiame (GRF) during non-coaxial heterogeneous ductile 

deformation (e.g. Bell, 1985, 1986; Steinhardt, 1989; Bell and Johnson, 1989, 1990, 1992; 

Johnson, 1990; Hayward, 1990, 1992; Bell et al., 1992~; Aerden, 1994, 1995; Bell and 

Forde, 1995). If this non-rotation hypothesis were correct, then oriented hand specimens 



Figure 3.1 The strain field diagram of Be11 (1 985,1986), redrawn fiom Johnson (1 990). 



72 

would be sufficient for deciphering the sequence of tectonometamorphic events ui a spatial 

context (Bell et al., 1995, 1997). Hence, complex Si would permit the reconstruction of the 

original orientation of fold axes, and even of orogenic events and plate movernents (Bell and 

Johnson, 1989; Hayward, 1990; Bell et al., 1995). 

In my opinion, there are major defects in the non-rotation hypothesis of Bell ( 1985, 

1986), which have not been conclusively refuted by previous writers, who argued in favour 

of porphyroblast rotation (with respect to the GRF) (Passchier et ai., 1992; Wallis, 1992; 

Lister, 1993; Uenderson, 1997). Therefore, in this papa [ ngorously investigate the roots 

of the problem inherent in the non-rotation hypothesis and adherent to the discussion of 

porphyroblast-matrix relationships in general; I discuss ambiguous data presentation and 

inconsistent use of reference M e s .  Although it fias long been known that rotation is 

relative and hence reference-he dependent, this axiom, as noted by Means (1994), is al1 

too ofien neglected. The fact that such oversight flaws structural interpretations and rnodels, 

rnakes the present discussion necessary- in detaii, 1 demonstrate both in theory and in a 

natural example that rotation of rigid objects with respect to the GRF during non-coaxial 

heterogeneous ductile deformation does exist and is independent of the strain partitionhg 

mode1 of Bell (1985, 1986). 1 also question the interpretations by others of the studies of 

Ramsay ( 1 962) and F yson ( 1 98O), which have been ci ted in support of general porphyrobiast 

non-rotation with respect to the GRF. 



STRUCTURAL SETTINGS CONSIDERED 

Generally, S& relationships are discussed for two dîfferent structural environrnents, 

shear zones and folds, in which the porphyroblasts grew either pre- or synkinernatically. In 

a shear zone, the c-planes, which are (sub-)paralle1 to the shear zone boundaries are referred 

to as Se, relative to which porphyroblasts rotate. In a fold environment, a domainal axial- 

plane foliation is commonly refetred to as Se (unless no axial-plane cleavage develops, in 

which case bedding or a bedding-parallel fabnc is taken as SJ. The amount of strain, and 

hence the magnitude of slip on Se and the resulting rotation with respect to Sc, are expected 

to be much larger in the shear zone than in a fold. Consequently, genuine spirdling of Si 

sensu Bailey ( 1 923), R o d e l d  (1 970) and Schoneveld (1 977, 1979) (Le. angles greater than 

90") occurs only in a shear zone. In a fol& smoothly cwved (sigmoidal) Si (i.e. angles 

smaller than 90 O )  in synkinematic porphyroblasts may constitute foxmer matrix crenulations 

and thus preserve increments of axial-plane cleavage (S,) development. In most reported 

shear zone cases, Si represents the same foliation as Se, but transposed, whereas in folds Si 

and S, represent two distinct generations of fabric (Se = axial-plane cleavage). Another 

marked difference is that, in so far as S, is fïxed in orientation with respect to the shear zone 

boundary, Se is also f d  with respect to the GRF during shear zone deformation, because, 

generally, a shear zone as a whole does not rotate with respect to the GRF. In contrast, on 

fold limbs the axial-plane cleavage is commonly rotated with respect to S, during fold 

amplification, so that the cleavage is refracted fiom layer to layer (e.g. Hobbs et al., 1976, 

p. 2 16; Williams, 1979; Henderson et al., 1986; Chapter 2). It is therefore necessary, when 
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discussing porphyroblast-matrix relationships, to distinguish between the environments a 

priori and the basis for the distinction must be given. in many published accounts this 

distinction is missing and consequentiy the reader cannot evaluate the interpretation (e.g. 

Vernon, 1989, fig. 1 ; Wallis, 1992, fig. la; Passchier and Trouw, 1996, fig. 7.32). 

In this chapter, 1 consider fol& with straight to sigrnoidai Si in porphyroblasts. The 

porphyroblasts grew early in the history of a folding event, whiie a domainal axiai-plane 

cleavage (SJ gradually developed, so that Si predated Se. These are the relationships found 

in most published examples discussing non-rotation of prphyroblasts with respect to the 

GRF (e.g. Fyson, 1975, 1980; Bell, 1985, 1986; Vernon 1988; Reinhardt and Rubenach, 

1989; Steinhardt, 1989; Johnson, 1990; Bell and Forde; 1995; Henderson, 1997). Further, 

in dl but one of my exampies, Si and S, have not rctated relative to each other (Fig. 3.2). 

This, however, is far fiom tnie in general (for a detailed discussion of the relative rotation 

of Si and Se, see Williams and Schoneveld, 1 98 1, and references therein). 

ROTATION AND REFERENCE FRAMES-GENERAL REMARKS 

Rotation is here taken to be a finite change of orientation fiom an earlier 

configuration in the context of an arbiûary, but specified, reference M e  (e.g. Sander, 1930; 

Hobbs et al., 1976, pp. 3 1-32; Passchier, 1987; Means, 1994; Passcnier and Trouw, 1996, 

p. 1 76). The choice of reference frames is subjective (Means, 1 994). Failure to specify a 

reference h e ,  and to refer to it consistently, has been recognised as a major problern in the 



Figure 3.2 Theoretical beddingsleavage-porphyroblast relationships during folding 
without relative rotation between Si and S,. Reference fkme is pimed to geographical 
coordinates O(, Y, Z). Fold shapes are schematic. (a) Porphyroblasts overgrow a bedding- 
paral le 1 fabnc (S.); an enveloping cleavage (Sb is initiated during the layer-parallel 
shortening that precedes folding. Three distinct furiher developments: @) Either, 
porphyroblasts rotate with respect to the GRF and with respect to S,. (c) Or porphyroblasts 
rotate with respect to the GRF, but remain fixed with respect to S,. (d) Or, porphyroblasts 
rotate with respect to S,, but not with respect to the GRF. 
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argument about porphyroblast rotation (Visser and Mancktelow, 1992; Wallis, 1992; 

Mancktelow and Visser, 1993; Lister, 1993; Means, 1994; Kraus and Williams, 1995b). 

Many w r i t a  do not speciQ a reference m e  and may imply rotation with respect to the 

G W ,  while others do not distïnguish between rotations occurring with respect to different 

reference ffames. 

In folding, rotation is commonly referred to one or more of five distinct reference 

frames. One of them (GRF) can be regarded for our purposes as fixed on earth. The other 

four reference fiames, attached to S,, Se, Si in neighbouring porphyroblasts, and to the 

directions of maximum and minimum stretching at any instant (instantaneous stretc hing 

axes), are local and may be non-frred (i.e. they may, over a time interval, have rotated) with 

respect to (a) each other, and (b) the GRF. 

A porphyroblast containing an Si may have rotated on a fold limb with respect to the 

enveloping axial-plane cleavage (S3 by RQS' (R denotes the magnitude of rotation; the 

subscript and superscript denote the reference frame and the rotating object, respectively). 

If S, has also rotated with respect to layering (S,), then the magnitude of rotation of Si with 

respect to S, is: 

= -hi= = &Si + Rço* (1) 

As the fold limb (S,) itself rotates with respect to the GRF, the rotation of Si with respect to 

the GRF can be written: 

&Wi = &" + &,-,% + (2) 

Equations (1) and (2) are valid for both rotation rates (angular velocitia) and fuiite rotations 

in three dimensions. If the sum of the relative rotations is zem, kmSi = O. Obviously, any 
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two reference fiames are mutual& incongruent so that the different relative rotations are not 

kinematically equivalent. Further, rotation is independent of scale as long as a reference 

frame is specified. 

AN EXAMPLE OF PORPHYROBLAST ROTATiON WTH RESPECT TO THE 

GRF- THE IMPLICATIONS OF CLEAVAGE REFRACTION 

Owing to the fact that rocks preserve finite strains, it is impossible to mambiguously 

reconstmct the orientations of prirnary layering and rigid porphyroblasts prior to a given 

folding event. ïhe  first folds (F,) constitute an exception, because they generally deform 

originally horizontal layers. 1 am, however, not aware of a reported case in which the fint 

folding affkcted rocks at medium-grade regiond metarnorphism that allowed porphyro blast 

growth. Although it may be impossible to reconstmct spatial strain and rotation paths, it cm 

sometimes be unambiguously shown that at least some porphyroblasts have rotated with 

respect to the GRF during a folding event subsequent to F,. Such a case is given when Si in 

neighbouring porphyroblasts were parallel prior to folding, and the porphyroblasts have 

rotated relative to each other during folding. On the other hand, parallelism of Si in adjacent 

porphyroblasts prior and after folding does not eliminate the possibility that these 

porphyroblasts have rotated with respect to the GRF. 

My example is fiom a well-bedded metarnorphosed greywacke-mudstone turbidite 

sequence in the interna1 Trans-Hudson Orogen at Snow Lake, Manitoba, Canada (for details, 
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see Chapter 2). Turbidites form a large refolded Fz fold lirnb and they contain an S, 

domainal cleavage that is strongly rehcteci in heterogeneously deformed beds. Gamet and 

bio tite occupy the microlithons and enclose straight to openly curved (sigrnoidal) Si (=S , ) 
that is, independent of Sd& dihedral angles, at a high angle to the enveloping S, septa (=Se). 

Hence, Si everywhere varies in orientation from layer to layer, but is consistent with the 

orientation in neighbouring grains (Fig. 3.3). The porphyroblasts overgrew a bedding- 

parallel S, before Sz existed and during the early stages the formation in the F, fold. SI was 

originally at a high angle to S, = Si (Fig. 3.2a). During folding, the bulk deformation was 

partitioned so that, depending on layer competency, S, rotated differentially with respect to 

S, between 0" and 80 O (Figs 3.2b & c and 3.3). Thus, at the thin-section scaie, neighbouring 

gamet and biotite grains in the sarne fine iayer did not rotate noticeably, either relative to one 

another or with respect to S,. Locally, where SZ was subsequently crenulated by F;, Si 

remained sub-orthogonal to the enveloping S, septa around the crenulations. As expected, 

most of these porphyroblasts have therefore rotated with respect to the GRF during F2 and 

F,. Nonetheless, the magnitude of rotation of the individuai porphyroblasts with respect to 

the GRF cannot be quantifie4 because the geographical orientation of bedding prior to F, 

folding cannot be reconstmcted. Hence, the GRF is of limited use for micro-scale kinematic 

analysis in folds, unless the porphyroblast did not rotate with respect to the GRF. 



Figure 3.3 Schematic bedding-porphyroblast-cleavage relationships during F, folding in 
metaturbidites at Snow Lake, Manitoba, Canada. Gamet and biotite porphyroblasts 
overgrew an S,,-parallel S, early and thus contain straight to smoothly sigrnoidal Si. Dunng 
fold amplification, the porphyroblasts retained their orientation relative to Se (= S-), but, 
depending on layer competency, rotated through different angles with respect to the GRF; in 
incompetent mudstone (stippled), the porphyroblasts have rotated with respect to Sa, but not 
in competent greywacke (white). Within an individual bed, at thin-section scale, Si in 
neighbounng porphyroblasts has similar orientations. 



TEFE NON-ROTATION EWPOTHESIS OF BELL 

Bell (1 985, 1986) and wme subsequent writers (e.g. Bell and Johnson, 1989, 1990; 

Johnson, 1990; Bell et al., 1992% b, c; Bell and Forde, 1995) have clairned that non- 

deforrnable, synkmematic porphyroblasts never rotate with respect to either the GRF or Se 

(enveloping cleavage septa) during bulk non-coaxial heterogeneous ductile deformation, 

associated with the development of a domahal cleavage (Fig. 3.2a & d). According to Bell 

(1985, fig. l), non-rotation of porphyroblasts with respect to cleavage septa arises from 

deformation partitioning; cleavage septa (SJ alone accommodate the non-coaxial part of 

deformation, whereas the microlithons are domains of coaxial deformation (Fig. 3.1) (see 

also Williams and Schoneveld, 198 1, p. 3 12). Non-rotation with respect to S, is indicated 

by the parallelism of the axial planes of cwved Si with S, and by the parallelism of Si in 

neighbouring porphyroblasts of the same phase (cf. Bell, 1985, fig. 3b). From this it has 

been concluded that porphyroblasts never rotate with respect to the GRF and they thus 

preserve orientations of earlier foliations (e-g. Bell, 1985, p. 1 15, 1986; Bell and Johnson, 

1989, 1990; Hayward, 1990; Bell et al., 1992a, b, c, 1995). This conclusion, however, is 

based on the assumption that the axial-plane cleavage (SJ does not rotate relative to the GRF 

during folding. Implicit in this conclusion is the assumption that fol& form according to the 

slip fold model (Schmidt, 1932; de Sitter, 1956, p. 168; Turner and Weiss, 1963, p. 480) 

(Fig. 3.4) or according to a special case of the flexural-flow fold model (Turner and Weiss, 

1963; Donath and Parker, 1964) (Fig. 3.5) that requires exact balancing of the relative 

rotations (RwSi = hSe = -hg) (Steinhardt, 1989, fig. IO; Johnson, 1990; Bell and Johnson, 



Figure 3.4 Shearing along an axial-plane cleavage as a hypothetical folding mechanism 
(slip fold model) that allows porphyroblasts not to rotate with respect to the GRF (S. = S, 
remains horizontal). Note that this model requires opposite shear sense along the smctly 
parallel Sc-planes on the two fold limbs. Schematic after Steinhardt ( 1989). 



Figure 3.5 Hypothetical exact balancing of bed rotation (witb respect to the GRF) and the 
relative rotation between porphyroblast and bedding in a flexural-flow fold. The 
porphyroblasts enclose a bedding-parallel fabric as Si. Modified fiorn Bell and Forde 
( 1995). 
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1992, fig. 13; Hayward, 1992, fig. 16; Bell and Forde, 1995, fig. 1). The slip fold model has 

been questioned on mechanical grounds (Hobbs et al., 1976, pp. 193- 195). However, even 

if the mode1 were applicable, the near-ubiquity of cleavage rehction, albeit small in some 

cases, indicates that slip folds are rare. The only reasonable way that 1 am aware of, for 

porphyroblasts not to rotate with respect to the GRF, is for rotation to occur in response to 

S,-parallel shear during folding. Such a situation is given where folding approximates the 

flexural-flow fold model and shear is homogeneously distributeci throughout the fold limb, 

 si = -RGWs0 (Williams and Schoneveld, 198 1 ; Johnson, 1 990), and therefore R .Zi = O 

(Fig. 3.5). This, however, is a special case incompatible with cleavage refiaction, which 

praves heterogeneity of any So-parallel shear. Thus, even if the Bell model were correct, 

porphyroblasts should still, in general, and in the Snow Lake example describeci here. rotate 

with respect to the GRF Pigs 3.3 and 3.6). 

To avoid this logical problem, proponents of non-rotation with respect to the GRF 

generally consider the porphyroblasts out of context. Commonly, their discussion 

concentrates upon a particular thin section or hand specimen, and only the relationship of the 

porphyroblast to the cleavage is taken into accoun?, not that of the cleavage to the fold, 

except perhaps by a statement or implication that the cleavage paralleis the fold's axial plane 

(e.g. Bell, 1985, 1986; Bell and Johnson, 1989, 1990, 1992; Johnson, 1990; Bell et al., 

1 b; Hayward, 1992; Aerden, 1995; Bell and Forde, 1 995). 

Two papers, one by Ramsay (1962) and one by Fyson (L980), are cornrnonly quoted 

as examples of porphyroblasts that have not rotated relative to the GRF. But, are these valid 

examples, and if so, are they only special cases? 



Figure 3.6 Strain field diagrams as in Be11 (1985,1986), but drawn for an asymmetrical fold 
with axial-plane cleavage, showing that ksi and K ~ ' '  are unrelated. Bedding (S, = Si) 
assumed to have been horizontal prior to folding. 
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FYSON'S INCLUSION TRALL FORM SURFACE L I N E S A N  ARGUMENT 

FOR PORPHYROBLAST NON-ROTATION WITH RESPECT TO THE GRF? 

Fyson (1980) described Si orientations in biotite in a greywacke-mudstone sequence 

tiom the Northwest Territones, Canada, and they appear to be consistent over large areas. 

At Clefi Lake, he connected Si between grains and plotted these as "form lines" on a map; 

these form lines trend apparently east-west, for some 20 km in a 5 km wide comdor, across 

the axial plane of a large-scale subvertical, symmetrical F, fold (Fig. 3.7). Cleavage 

morphologies and rehction patterns, dimensional and crystallographic preferred orientation 

of biotite parallel to the cleavage, sub-orthogonal SJS. relationships, and the relative timing 

between cleavage development and porphyroblast growth are identical to the relationships 

at Snow Lake. The biotite porphyroblasts overgrew a straight to slightly curved Sz dwing 

the early stages of an S, crenulation cleavage development and thus developed early during 

large-scale F, folding (cf. Hobbs et al., 1976; Williams, 1979; Chapter 2). At thin-section 

scale, Si is approximately parailel fiom one biotite to the next. Fyson (1980) concluded that 

the porphyroblasts did not rotate noticeably relative to one another and that Si records the 

fossil orientation of an Sz. 

Fyson's form lines of Si have been regarded as either an example of, or a general 

proof of, porphyroblast non-rotation with respect to the GRF (e-g. Jarnieson and Vemon, 

1987; Vemon, 1988, 1989; Reinhardt and Rubenach, 1989; Bell and Johnson, 1990; Gibson, 

1 992; Hayward, 1992; Phillips and Key, 1992; Williams, 1994; Bell and Forde, 1995; 

Stewart, 1997). 1, however, disagree with these interpretations for the following reasons: (1) 



- S2 INCLUSION TRAILS IN BT 

O----9 FORM LINE: TRAILS IN BT 

/ S3CLEAVAGE 

Figure 3.7 Form surface map, Clefi Lake area, Norihwest Temtones, Canada, illustrahng 
the relationships of the regional S: foliation, S, cleavage, and trend o f  Si in biotites. Note 
S/SC relationships. Shaded areas highlight zones of relatively high sample density, and 
boxes emphasise high angle SJS. relationships. Modified fiom Fyson (1 980). 
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Si in biotite is not always parallel across the fold at Cleft Lake, but locally varies in 

orientation by up to 90 O (Fig. 3.7) (see Passchier et al., 1992; Visser and Mancktelow, 1 992)' 

and (2) the shape of the form lines results fkom selective data. 

Visser and Mancktelow (1992) recognised a consistent pattern of Si across Fyson's 

Fj fold (cf. Fig. 3.8), which corresponds to the pattern in gamets across a minor fold at 

Lukmanier pas* Central Alps (Visser and Mancktelow, 1992, fig. 7). In bot.  cases. Si form 

lines are not straight but describe 'folds' which are more open than the related major fold. 

Visser and Mancktelow (1992) believed that these patterns arose fiom counteracting relative 

rotations. tt is apparent that the opening angle of a 'form line fold' systematically decreases 

with increasing Rwsi as a function of shear strain on the fold limbs and the forrn lines 

theoretically become straight, if the counteracting relative rotations balance (Fig. 3.8). 

Therefore, high layer-parallel shear strains (and subsequent fold flattening) may give rise to 

little porphyroblast net-rotation with respect to the GRF. 

Fyson's (1980) openly curved fom lines are not objective, because sampling was 

restricted to pelitic beds (Fyson, personal communication 1997), where, on the fold limbs, 

non-coaxial deformation, and therefore R,*, was maximised (cf. Figs 3.3 and 3.6). Fyson 

( 1 980), however, reported a strong cleavage refraction between greywacke and mudstone 

layers. Two situations are possible in the less strained competent layers. (1) Most likely, 

and in analogy to the incompetent beds, RkSi = O semu Bell, and thus &, Si * O (as in Fig. 

3.2b). Under these circumstances, the form lines would display more complex geomeûies 

(Fig. 3.8). (2) kWSi = 0, and hence, taking into account cleavage refraction, ksi + O. This 

second possibility could justiQ Fyson's form lines (if Rzi + Rsos = R,&O), II would, 



Figure 3.8 Two-layer mode1 demonstrating that the geometries of inclusion mi l  fiom lines 
(dashed) are a function of the layea' rheology. It is inferred that the porphyroblasts 
overgrew a bedding-parallel fabric prior to folding and no relative rotation of Si and S,  has 
occurred. On the fold iimbs the more competent beds (shaded) record lower non-coaxial 
strain and thus smaller magnitudes of porphyroblast rotation with respect to S, than the more 
competent beds (unshaded). Fom lines become straighter with decreasing rock 
competency. 
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however, invalidate Bell's strain partitionhg mode1 and hence the whole non-rotation 

argument. In order to obviate this problem and use Fyson's observations in support of their 

argument, Bell and Johnson ( 1990; fig. 1) incorrectly reproduced Fyson's fold as a slip fold 

with a cleavage tnily paraIlel to the axial plane (as in Fig. 3.4). 

Recently, Dr. W.K. Fyson has inforneci me (personal communication 1997) of a new 

interpretation of the Si fonn lines at Cleft Lake. Based on reconnaissance work (Fyson, 

1982; Fyson and Helmstaedt, 1988), he concludes that S, and the porphyroblasts postdate 

the Fj folding. Although such static overgrowth would explain biotite non-rotation with 

respect to the GRF, the recorded srnichual feanues such as cleavage rehction, rule out this 

proposed relative timing of folding and cleavage development (cf. Hobbs et al., 1976; 

Williams, 1979; Chapter 2) 

In summary, Fyson's (1980) form lines and interpretations are not vaiid evidence of 

porphyroblast non-rotation with respect to the GRF, either in his particular or in the general 

case. 

RAMSAY'S NON-ROTATED PORPHYROBLASTS WITH RESPECT TO THE 

GRF--A GENERALLY VALID MODEL? 

Ramsay (1962) has discussed synkinematic porphyroblasts that he believes have 

remained in their original orientation during the development of similar fol&. The folding 

mechanism was assumed to be uniform flattening. Si and S, are foliations of the sarne 
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generation that predaed the folding, and no new axial-plane cleavage developed during 

folding. Parallelism of straight Si in adjacent grains at the scale of a hand specirnen was 

interpreted as signi%ng rotation of Se with respect to Si, whereby the undeformable 

porphyroblasts merely changed position relative to each other during the folding (Fig. 3.9). 

This example can provide no argument for the general non-rotation of porphyroblasts 

with respect to a GRF duruig folding (and was never claimed to by Ramsay). It requires a 

special deformation mechanisrn in a sequence of materials that are mechanically 

homogeneous and isotropie and for them to remain so during deformation; therefore, S, has 

to be a purely passive marker. This is obviously not realistic as a general mechanism for 

folding although it may be appropnate in some rocks. 

CONCLUSIONS 

In geological interpretations, reference fiames must be treated rigorously: (1) 

Rotation is always relative to, and dependent on, reference M e s ;  thus, any statement that 

a porphyroblast has either 'rotated' or 'not' is pointless without specifying the reference 

fiame. (2) Any different reference fiames are mutually hcongnient, so that rotation (or not) 

with respect to one fiame does not imply rotation (or noue) with respect to another; hence, 

the proposa1 by Bell and coworkers is invalid: that porphyroblasts never rotate with respect 

to the geographical reference fiame during deformation and that Si can therefore be used for 

the spatial reconstruction of polyphase orogenic events. (3) Information fkom onented hand 



Figure 3.9 Rotation of a passive marker foliation with respect to geographically fixed 
porph yroblasts during uniform flattening. (a) Porphyroblasts have overgrown a full y 
developed fabric prior to folding (Si = SJ No new cleavage develops. (b) Deformation is 
coaxial throughout folding. Therefore, Se rather than the porphyroblasts rotates relative to 
the edges of the box. Redrawn from Ramsay (1  962). 
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specimens and thin section alone, without their stnicturai context. is insufficient for such a 

reconstruction. 

A study by Fyson (1980) was re-examine4 according to which Si appears to be 

approximately constant in orientation over a large area after folding, because rotation of the 

fold limbs with respect to the GRF was approximately equal and opposite to rotation of the 

porphyroblasts with respect to bedding (i.e. R&= eVi). Fyson's Si-fom Lines. however, 

are not representative of the whole sequence, because Si was only considered in incompetent 

rock units. 

Ramsay's ( 1 962) case of poprhyroblasts that have not rotated with respect to a GRF 

requires a special folding mechanisrn in isotropie materials, which is probably rare in nature. 

These studies do therefore not support generd non-rotation of porphyroblasts with respect 

to a GRF. 

Few workers were concerned with geographical coordinates as a reference frame 

before Bell wrote his p a p  in 1985 and 1986. This is important for the present discussion, 

because Bell and coworkers claim that original Si orientations are preserved throughout 

several orogenic events. Yet, rigid objects generally change their orientation with respect 

to the geographical reference h e  during deformation, but by amounts that in most cases 

cannot be determined. The development of microstnictures is only related to the local 

deformation path, the characterisation of which does not rely on the geographical reference 

M e .  
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Chapter 41 

A thermal gradient at constant pressure: implications for low- to medium-pressure 

metamorphism in a compressional tectonic setting, Snow Lake Aiiochthon and 

Kisseynew Domain, Trans-Tudson Orogen, Central Canada 

Abstract: The Kisseynew Domain, a major tectonostratigraphic domain in the intemal 

Trans-Hudson Orogen, Canada, originated as a sedimentary basin filled with the Bumtwood 

aoup  turbidites at 1.86-1.84 Ga. Rocks of the Kisseynew Domain were thrust 
C 

southwestward over, and structurally interleaved wi th, both the 1.9 Ga Snow Lake island arc 

assemblage and ocean floor assemblages during convergence of the Trans-Hudson Orogen 

and the Archean Superior craton at - 1.84-1.8 1 Ga. At Snow Lake, the zone of tectonic 

interleaving records polyphase deformation (F,-F,) and is characterised by a northerly 

increase in metamorphic peak temperatures at 4-6 kbar pressure. The centrai Kisseynew 

Domain was metarnorphosed at a unifonn high grade of 750 * 50°C and 5-6 kbar. Pressure 

'An earlier version of this chapter was published in the Canadian Mineralogist, volume 
35, Tectonometamorphic Studies in the Canadian Shield @art I), ed. R.G. Berman and 
R.M. Easton, Kraus, J. and Menard. T. "A thermal gradient at constant pressure: 
implications for low- to medium-pressure metamorphism in a compressional tectonic 
setting, Flin Flon and Kisseynew Domains, Tram-Hudson Orogen, Central Canada", pp. 
1 1  17-1 136 (1997). 
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and temperature calculations on thirteen representative samples fiom the Snow Lake area in 

a critical temperature window of SW700°C (staurolite and sillimanite zones) yield evidence 

for two successive thermal regimes that varied in t h e  and intensity fiorn south to north. FI 

( 1.842-1 335 Ga) was the major burial event, which may have been followed by thermal 

relaxation in a 15-35 m.y. time interval between FI and F2. Gamet commenced growing 

during early F, ( 1.82- 1.805 Ga) at -500°C and - 4 kbar throughout the study area During 

FZ. temperature and pressure in the staurolite zone increased by -50°C and 1- 1 -5 kbar to 

peak conditions. In the staurolite zone, cooling had comrnenced by the t h e  of F,, as 

indicated by chlorite-grade F, assemblages. in the sillimanite zone, however, metamorphism 

was related to a thenna1 event in the Kisseynew Domain. Here, peak conditions continued 

until after F, (duration of more than 10 m.y.), on the basis of isograds/isotherms crosscutting 

large F, structures. 1 suggest that low- to medium-pressure, high-temperature metamorphkm 

in the Kisseynew Domain resulted fkom heat advected by sheets of - 1.8 15 Ga perduminous 

granitoids. The solidi of the granitoids buffered the temperatures of metamorphism. A 

possible cause for the formation of granitic magma in the lower crust of the Kisseynew 

Domain was high basal heat-flow resulting from convective thiming of the lithosphere 

during crustal thickening. 



INTRODUCTION 

Low-pressure, hi&-temperature metamorphism is characteristic of extensional 

tectonic settings, such as the Pyrenean massifs in France (Zwart, 1962, 1967, 1969; 

Wickham and Oxburgh, 1985, 1987), but it also occurs in compressional regimes, for 

example in the Slave province, Canada (ïhompson, 1989), and in some Proterozoic d i e r s  

in Australia (e.g. Wyborn et al., 1988; Sandiford and Powell, 199 1 ; Reinhardt, 1992). High- 

temperature metamorphism in rniddle to upper crusta1 levels results fiom heat advection by 

intruding magmas (Wells, 1980; Lux et al., 1986; Warren and Ellis, 1986; Bohlen, 1987; 

Barton and Hanson, 1989; De Yoreo et al., 1989% b, 199 1 ; Harley, 1989; Loosveld, 1 989; 

Sandiford and Powell, 1991). The generation of magmas in the lower crust requires 

anomalously high basal heat-flow, which is comrnonly manifested in rift settings by 

condensed isograds caused by lithospheric thiming (McKenzie, 1 978; Thompson, 1 98 1 ). 

In compressional settings, anomalously high basal heat-flux can be produced by a variety of 

tectonic processes including crust-mantle delamination, convective removal of the 

lithospheric mantle mot, and simultaneous thickening of the crust and thinning of the 

lithosphere (Bird, 1979; Houseman et al., 198 1 ; Loosveld and Etheridge, 1990; Platt and 

England, 1993). 

The Paleoproterozoic Kisseynew Domain, a 300 x 150 km lithotectonic domain in 

the interior Trans-Hudson Orogen of Manitoba and Saskatchewan, Canada (Fig. 4.1)- was 

metamorphoseci at low- to medium-pressure, high-temperature conditions during 

compressional defomation (Gordon, 1989; Gordon et al., 1990,1993). Peak metamorphic 
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Figure 4.1 Lithotectonic domains of the Trans-Hudson Orogen, and location of the Snow 
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Jungle Lake; SFKD, southem flank of Kisseynew Domain. 
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grade was unifonnly high in the central Kisseynew Domain, but was much lower at the north 

and south flanks (Fig. 4.2) (Bailes and McRitchie, 1978; Froese and Moore, 1980; Gordon, 

1 989 and references therein; Perkins, 199 1 ; Briggs and Foster, 1992; Gordon et ai., 1993, 

1994% b). 

This study has concentrated on the southern boundaxy zone of the Kisseynew Domain 

(Fig- 4.1)- Detaiied stnicnual work is presentd in Chapters 2 and 5. Microsbucturai studies 

and geothermobaromeûy are used in this siudy to interpet the tectonometamorphic history 

of the area. A cornpanion study by Menard and Gordon (1997) presents detailed 

metamorphic P-T-t paths calculated fiom hydrothermally altered volcanic rocks of the S now 

Lake assemblage (see below). 

GEOLOGICAL SETTINC 

The Snow Lake area hosts three distinct tectonostratigraphic assemblages. The first 

comprises Fe-nch, Al-poor distal metaturbidites of the Bumtwood group, which were 

deposited on oceanic cmst in the marginal Kisseynew basin at 1.861.84 Ga, probably during 

rifting (Fig. 4.3) (Bailes, 1980b; Zwanzig, 1990; AnsdeIl and Norman, 1995; Machado and 

Zwanzig, 1995; David et al., 1996). The second is the correlative fluvial-deltaic Missi group 

(e.g. Stauffer, 1990; Ansdell, 1993; Ansdell and Norman, 1995; Ansdell et al., 1995). The 

third is the Snow Lake assemblage, comprising - 1.9 Ga island arc rocks and synvolcanic 

intrusions, which are coeval with the amalgamated island arc and oceanic assemblages of the 
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Amisk collage to the West, although the Snow Lake assemblage and the Amisk collage are 

chemically and sbucturally distinct (Stem et al., 1995a, b; Lucas et al., 1996a; David et al., 

1996; Ryan and Williams, 1996b). Sandstones of the Missi group may have unconfonnably 

overlain the Kisseynew basin margin. They now sit unconformably on the Snow Lake 

assemblage rocks east of Wekusko Lake (K.A. Connors and K.M. Ansdell., pers. comm., 

1996). The southem boundary zone of the Kisseynew Domain around Snow Lake 

constitutes a series of folded tectonic slices of sedimentary and volcanic rocks (Fig. 4.3). 1 

define this zone of tectonic interleaving, which also includes ocean floor assemblages at the 

northeast side of Reed Lake and east of Wekusko Lake (Fig. 4.3) (Syme et al., 1995), as the 

Snow Lake Ailochthon. The Snow Lake Ailochthon terminates to the West against the 

Amisk collage dong the Morton Lake fault (Fig. 4.3) (Stem et al., 1995a, b; Syme et a/. , 

1995; Lucas et al., 1996a). To the northwest of the Morton Lake fault, the continuation of 

the Snow Lake Allochthon comprises interleaved rocks of the Kisseynew Domain and the 

Amisk collage, and is called the south flank of the Kisseynew Domain (Zwanzig, 1990; 

Ansdell and Norman, 1995; Norman et al., 1995). The Arnisk collage and the Snow Lake 

Allochthon constitute the former central and eastem segments of the "Flin Flon Belt", 

respec tivel y. 

Tectonic interleaving, that occurred during two phases of folding (FI-F3, obscured 

the precise location of the southem boundaq of the Kisseynew Domain and structurally 

underlying assemblages (Chapter 2; Connors, 1996; David et al., 1996; E. Froese, pers. 

comm., 1996). Kisseynew sedùnentary rocks were transported generally to the southwest 

during north-south convergence of the forming Trans-Hudson Orogen and the Superior 



a Missi Volcanic Rocks Amisk COilage L I - -  -- Sil + Alm + Bt 

0 Bumtwood Suite a Granitoids - Faults 

Figure 4.3 Snow Lake-File Lake-Wekusko Lake map, including isograds of Froese and 
Gasparrini ( 1 979, Bailes and McRitchie (1978), Gordon (198 l), Gordon and Gall (1 982), 
and Zaleski and Gordon (1 990). HLGD, Herblet Lake gneiss dome; RLP, Reed Lake pluton; 
WZP, Wekusko Lake pluton. Geochronological data refer to the ages of  emplacement o f  
granitic rocks, as cited in text. 
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craton at 1.84- 1.8 1 Ga (Zwanzig, 1990; Zwanzig and Schledewitz, 1992; Norman et al., 

1 995; Ansdell et al., 1995; Lucas et a l ,  199621; David et al., 1996; Chapter 2). 

In the Snow Lake Ailochthon, F, produced transposed and dismembered isoclinal 

ductile folds at al1 scales (Fig. 4.3). Large-scale F, structures were truncated by late F, 

movements on the Snow Lake and Berry Creek faults. F, may have spanned a narrow time 

interval, which is bracketed by the ages of the youngest cietrital zircons fkorn Burntwood 

group samples (1 845 i 2 Ma and 1842 * 2 Ma; Machado and Zwanzig, 1995), and the age 

of the post-F, Wekusko Lake granite (184 L * 5 Ma, 1837 +8/-6 Ma, and 1834 +8/-6 Ma; 

Gordon et al., 1990; David et al., 1996) (Fig. 4.3). 

During F2 at 1.8Lû- 1.805 Ga (Gordon et al., 1990; Ansdell and Norman, 1995; Parent 

et al., 1 995; David et al., 1 996), the tectonostratigraphic sequence was folded into southwat- 

verging, tight to isoclinal curvilinear structures, such as the McLeod Lake fold (Fig. 4.4) with 

rnoderately to steeply dipping axial planes, producing a regionally pervasive axial plane S2 

fabnc (Chapter 2). F2 structures were dismembered by late Fz reverse faults, such as the 

McLeod Road and Birch Lake faults (Fig. 4.4), that had southwest-directed transport 

(C hapter 2). 

F, produced the large-scale, open, upright, north-northeast trending Threehouse 

synform (Fig. 4.4) (Chapter 2) during broadly east-west shortening at - 1.8 1 Ga (Ansdell 

and Norman, 1995; Connors, 1996). Folding was associated with sinistral oblique collision 

of the Trans-Hudson Orogen with the Superior province (Hoffman, 1988; Bleeker, 1990a 

Comors, 1 996; Chapter 2). 

East-west-trending F, cross fol& no& of Snow Lake overprint favourably orientecl, 



Figure 4.4 Simplified structura1 map of the Snow Lake area. 
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large-scale F, folds, yielding dome-and-basin to mushroom-shaped interference patterns (Fig. 

4.3). These domes are cored by synvolcanic intrusions, which are now orthogneisses (Bailes, 

1 975; Gordon et al., 1990; David et al., 1996). 1 interpret the F, folds to result h m  renewed 

north-south convergence. 

Metamorphic grade increases to the north, fiom sub-biotite grade at Wekusko Lake 

to lower granulite grade in the centrai Kisseynew Domain (Figs 4.2, 4.3 and 4.5). 

Metamorphic zones in the Snow Lake Ailochthon extend -70 km eastward from File Lake 

to east of Wekusko Lake (Figs 4.2 and 4.3) (Hamison, 1949; Froese and Gasparrini, 1975; 

Bailes McRitchie, 1978; Gordon, 198 1 ; Gordon and Gall, 1982; Bailes, 1985; Zaleski 

and Gordon, 1 990; Briggs and Foster, 1992). 

North of the study area, sillimanite-bearing migmatites in the vicinity of the Herblet 

Lake gneiss dome (Fig. 4.3) were prduced by partial melting (Bailes, 1975; Bailes and 

McRitchie, 1978). The entire central Kisseynew Domain, north of the Snow Lake gneiss 

domes, is characterised by the widespread occurrence of quartz + pIagioclase + biotite + 

gamet + cordierite + sillimanite + graphite assemblages, which suggest uniform peak 

conditions of metarnorphism at temperatures of 750 * 50°C and pressures < 5.5 * 1 kbar 

(Figs 4.2 and 4.3) (Bailes and McRitchie, 1978; Gordon, 1989; W.D. McRitchie, pers. 

comm., 1 996). Two suites of voluminous granitoids are present. An older calc-aikaline suite 

dated at 1.84-1.83 Ga (e.g. the Wekusko Lake pluton; Fig. 4.3), which also intnided the 

Amisk collage and the Snow Lake Allochthon, and a younger peraluminous suite, which is 

restricted to the central Kisseynew Domain (Gordon, 1989; Gordon et al., 1990). The 

younger suite occurs as sheets of granitoids, which have been interpreted as the products of 



Figure 4.5 P-T data [calculated with TWQ 1.02, except calculated with the database of 
Hoisch ( 1  990); see Table 4.51 and isograds of the Snow Lake area. For cornparison, P-T 
estimates calculated with conventional thennobarorneters are given in Table 4.5. 
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in sior anatexis during low- to medium-pressure, hi&-temperature metamorphism (Bailes, 

1975; Bailes and McRitchie, 1978; Gordon, 1989; Zwanzig, 1990; Gordon et ai., 1993). 

These grani toi& have yielded ages of 1 8 16 +23/- 12 and 1 8 14 + 1 7/- 1 1 Ma (Gordon, 1 989; 

Gordon et ai-, 1990), which are generally regarded as the age of the thermal peak of 

metamorphism in the Kisseynew Domain. 

Regional metamorphism began during F, and has been interpreted as having peaked 

during the early stages of F,, at 1.820-1 -805 Ga, along the southeni flank of the Kisseynew 

Domain (Zwanzig and Schledewitz, 1992; Ansdell and Norman, 1995; Norman et al., 1995; 

Parent et al., 1995; David et al., 1996). Similarly, in the Snow Lake AlIochthon, interpreted 

peak metarnorphic zircon ages range between 1807 * 7 Ma and 1803 * 2 Ma (David et al., 

1996). 

In a related study, the structure of the Snow Lake area was determined by detailed 

structural mapping (see Chapters 2 and 5). in the present study, approximately 200 thin 

sections of Bumtwood and Missi group rocks were examined petrographically in order to 

examine regional variations in metarnorphic grade. Specific targets were variations (1) 

across the Berry Creek and Snow Lake faults (Fig. 4.4), (2) across the tectonostratigraphic 

squence, and (3) along strike of the tectonostratigraphic sequence (between the Snow Lake 

and McLeod Road fault; Fig. 4.4). Metaturbidite samples fiom thirteen representative 
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locations (Fig. 4.5) were d y s e d  by electmn microprobe to determine mineral compositions 

for geothermobarometry (Tables 4.144). In a parallel study of the metamorphism of 

hydrothermally altered rocks of the Snow Lake assemblage, Menard and Gordon (1997) 

examined more than 200 additional samples from the Snow Lake area and 10 samples from 

the Kisseynew gneisses. 

Microprobe analysis 

The chernical analysis of selected samples was perfomed on the fully automated 

JEOL 733 Superprobe at the University of New Brunswick using an acceieration voltage of 

15 keV. The maximum counting times were 20 s with a beam current of 50 nA for gamet 

line traverses, and 40 s at 10 nA for phyllosilicates and plagioclase. SiIlimanite was assumed 

to have an ideai composition. Two detailed compositional profiles were acquired for zoned 

gamets (Fig. 4.6). Spacing of analyses in the traverses was reduced in steps 6om 25 p m  in 

the cores of grains to 2 pm at the rims. 

Temperatures and pressures (Fig. 4.5) were calculated with the TWQ 1 .O2 program 

using thermodynarnic data from Berman (1988, L991), and activity models for garnet 

(Berman, 1990; Berman and Koziol, 199 l), biotite (McMullin et al,, 199 1 ), amphibole 

(Mader et al., 1994), and plagioclase (Fuhrman and Lindsley, 1988). The results were 
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Figure 4.6 Compositional profiles across two grains of  gamet in metaturbidite of the 
Burntwood group. For sample locations, see Figure 4.5. 
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compared to temperatures and pressures obtained from conventional geothennobarometry 

(Table 4.5) using the following assemblages: gamet + biotite (Kieemann and Reinhardt. 

1994), gamet + biotite + plagioclase + quartz (Hoisch, 1990), and gamet + biotite + 

muscovite + plagioclase (Hodges and Crowley, L985; Powell and Holland, 1988; Hoisch, 

1990). For compositionally zoned gamets, minimum Fe/(Fe+Mg) values near the gamet 

rims were used to obtain maximum recoverable temperatUres, which likely are 

underestimates of the peak temperatures (Spear, 1 99 1 ). For homogenised gamets in high- 

grade rocks, peak conditions were estimated using core compositions. in al1 cases, 

compositions of matrix biotite near, but not in contact with the gamet (both separated by 

matrix quartz), were used for temperame calculations, together with the assumption of an 

infuiite reservoir of biotite. Only samples without retrograde chlorite were used in order to 

minimise the effect of retrograde net transfer reactions on the calculated P-T conditions 

(Spear, 199 1, 1993; Spear and Florence, 1992). The construction of metamorphic P-T-t 

paths from zoned gamets in the metapelites was found to be impossible in the samples 

studied owing to the lack of either compositionally zoned plagioclase or appropriate 

inclusions in gamet. 



VARIATIONS LN METAMORPHIC GRADE 

C hlorite and chloritetbiotite zones 

Burntwood group metaeidtes on the islands near the West side of Wekusko Lake 

(Figs 4.3 and 4.5) contain the assemblage chlorite biotite + quartz + plagioclase + graphite 

with minor muscovite, ilmenite, rutile, pyrrhotite, tourmaline, magnetite, zircon, and 

monazite. Chlorite (locally with some muscovite) defines an Sz slaty cleavage to a 

crenulation cleavage that crosscuts large (hmdreds-of-me-) F, folds. Locally, a bedding- 

parallel S, chlorite fabric is preserved. At higher grades, S2 wraps around biotite 

porphyroblasts. A distinct garnet+biotite zone is not developed (Froese and Gasparrini, 

1973, but gamet appears in and near calc-silicate pods close to the staurolite isograd. These 

grains of gamet have high Ca and Mn contents and grew at lower temperatures than in 

typical samples of the Burntwood group (cf. Spear, f 993). 

Staurolite+biotite zone 

Staurolite-grade metaturbidites occur between Wekusko Lake, Snow Lake, and 

Squall Lake (Figs 4.3 and 4.5); they contain the assemblage staurolite + biotite + gamet + 

muscovite + quartz + plagioclase + graphite * chlorite and accessories as above. Locally, 

retrograde chlonte partially replaces biotite and rims of gamet grains, and retrograde chlorite 

and muscovite replace the rims of staurolite grains. Although there is no marker fabric 



110 

associated with the retrograde chlorite, this replacement occurred most likely during F,, in 

agreement with chlorite aligned parallel to a local S, in hydrothermally altered rocks of the 

Snow Lake assemblage of comparable peak metamorphic grade (Menard and Gordon, 1997). 

The majority of the samples examined fiom any metamorphic zone, however, lack a 

pervasive retrograde overprint. Prograde muscovite grew during F,, defining a bedding- 

parailel S, that was subsequently crenulated and differentiated into an S2 domainal cleavage 

d u ~ g  F1 (Chapter 2; cf. Briggs and Foster, 1992; Connors, 1996). S2 anastomoses around 

porphyroblasts of gamet, biotite, and staurolite. Inclusion trails in porphyroblasts of garnet, 

staurolite, and biotite are straight or preserve open Fz crenulations of S, and thus document 

early increments of S2 development (Fig. 4.7). A detailed description of 

porphyroblasthnatrix relationships is given in Chapter 2. 

Almandine-rich gamet grains, 1-3 mm in diameter, are compositionally zoned (Fig. 

4.6) with Fe/(Fe+Mg), &,, and X,, decreasing from core to rim, and X .*d X ,, 
increasing, which may indicate growth during minor heating and Ioading (Spear et al., 199 1 ). 

Nevertheless, the magnitude of zoning in gamet is small (Fig. 4.6), indicating that the 

changes in temperature and pressure during growth were rninor. The nms of gamet grains 

dis play zoning patterns that suggest rninor modification by diffision during c m  ling (Fig . 

4.6). The lack of significant diffisional gamet homogenisation is in agreement with the 

modelling by Spear (1988), which predicts that gamets with a radius > 1 mm will not 

expenence significant modification of zoning at a thermal maximum of 585°C (following 

65 m.y. of heating). 

Porphyroblastic biotite laths up to 2 mm long are aligned with their (001) faces dong 



Figure 4.7 Orthogonal porphyroblast-matrix relatioaship between intemal S, foliation in 
gamet and external S, fiom the sillimanite zone. Similar relationships are evident in the 
staurdite zone (Kraus and Williams, 1998) and in the migmatite zone of the central 
Kisseynew Domain (Menard and Gordon, 1997), indicating that the begi~ing of gamet 
growth everywhere predated the development of S,, and thus F, folding (Kraus and 
Williams, 1998). Sample D23û-1-P 1. For sarnple location, see Figure 4.5. Width of field 
of view: 2.7 mm. 
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S2 (C hap t er 2). Biotite is compositionally homogeneous. Prograde chlori te is preserved on1 y 

as inclusions in porphyroblasts, suggesting that chlonte was consurneci during growth of the 

porp hyroblasts. Euhedral, poikilo blastic, texturail y zoned staurolite grains are up to 1 4 cm 

long and contain abundant inclusions of partially comded gamet, suggesting that gamet was 

consumed during the staurolite-fonning reaction. 

Grains of rnatrix plagioclase are g e n d y  small (2 0.25 mm), untwinned and 

virtually unzoned (< 2.5 mol % variation of Ca0 + NazO fkom core to nm). Compositions 

Vary from Anzo to An,, in typical BunitWood group rocks, and fkom & to Aq9 in rare calc- 

silicate pods and Iayers. Within an individual thin section, An contents of plagioclase rims 

v q  by only 0.4 to 2.1 mol% An. A second generation of aibite-hivinneci plagioclase occurs 

in F, pressure shadows of staurolite and biotite, and thus postdates growth of the peak 

metamorphic assemblage. 

Sillimanite+biotite and sillimanite+garnet+biotite zones 

At metamorphic grades higher than the sillimanite isograd north of Snow Lake (Figs 

4.3 and 4.9, metanubidites of the Burntwood group contain the assemblage biotite + gamet 

+ sillirnanite + quartz + plagioclase + graphite muscovite * staurolite and the accessories 

listed above. In rocks that record peak temperatures of approximately 600°C immediately 

south of Squall Lake (Fig. 4.3, smail volumes of fibrous sillimanite nucleated on 

plagioclase-plagioclase or plagioclase-quartz grain boundaries. Locaily, nodules of 

fibrolitic sillirnanite (Faserkiesel) replaceci biotite (cf. Vernon, 1987; Foster, 199 1). 
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Sillimanite fibres that replaced muscovite in the Sz septa were subsequently kinked by F, or 

F,, and display recovery features, such as rnigrated kink-band boundaries and rare growth 

of new grains parallel to the kink planes, as is common in micas (Etheridge and Hobbs, 1974; 

Williams et al., 1 977). In rocks, in which cdculated temperatures exceed 650°C, muscovite 

and staurolite are not observed in the matrix. Locally, staurolite relics and biotite are 

armoured by large twinned plagioclase grains, suggesting thaî the breakdown of staurolite 

may have involved the formation of plagioclase. Here, an early generation of garnet is 

texturally identical to the garnet in the staurolite zone (see above), but a second generation 

of garnet (up to 5 mm in diameter) is texturally zoned with inclusions of quartz, plagioclase, 

biotite and sillimanite in the core, and fibrolitic sillimanite close to the rim. Both garnet 

generations are compositionally homogeneous except for strongly retrogressed rims up to 

100 mm wide, which yielded calculated temperatures up to 180°C lower than the core. 

These higher grade rocks contain no staurolite and muscovite but rôther a second generation 

of prismatic sillimanite parailel to Sz. 

Spatial distribution of P-T 

Calculated temperatures and pressures are shown in Fig. 4.5 and Table 4.5. In the 

staurolite zone, between the Beny Creek and McLeod Road faults, recorded apparent peak 

conditions of metamorphism are constant at approximately 54û-570°C and 4 . 1 4 3  kbar, in 

agreement with 550°C and 5 kbar reporteci for altered rocks of the Snow Lake assemblage 

at the Linda and Photo Lake deposits (Fig. 4.5) (Zaleski et al., 1 99 1 ; Menard and Gordon, 



At the northwestem end of Wekusko Lake, Burntwood group rocks are exposed on 

both sides of the Berry Creek fault without an apparent discontinuity in metamorphic grade 

(Fig. 4.5). Calculateci temperatures and minera1 assemblages in rocks irnmediately east of 

the Berry Creek fauit indicate progressively lower grades towards the south (Fig. 4.5). There 

is aiso no detectable change in metamorphic grade across the Snow Lake fault, Taperanire 

increases to 600°C along strike of the tectonostratigraphic sequence, between Snow Lake and 

Squall Lake. Along the eastem shore of Squall Lake, temperatures increase to the north 

along strike up to > 670°C at the north end (Fig. 4.5). Thus, at Squall Lake the isotherms 

crosscut the F3 Threehouse synform, in agreement with the regional pattern of isograds (Figs 

4.3 and 4.5) (Froese and Gaspamni, 1975; Zaleski and Gordon, 1990). Further north, above 

the cordieri tetgarnet isograd, cordierit&-gamet+sillimanite assemblages suggest uni forrn 

ternperatures of 750 & 50°C throughout the centrai Kisseynew Domain (Bailes and 

McRitchie, 1978; Gordon, 1989). The lack of earlier kyanite and the presence of 

cordieritetgamet indicate that pressures never exceeded 6 kbar (Gordon, 1989; Spear and 

Cheney, 1989). 

As rnentioned above, the calculated ternperatures for compositionally zoned gamets 

may be slightly below the peak ternperatures. In the staurolite zone, for example, 

temperatures are constrained by the absence of siilimanite to have been less than 580-590°C 

(Spear and Cheney, 1989). Thus, the associated calculated pressures may aiso be 

emoneously low, because temperatures and pressures are positively correlated in the Snow 

Lake Allochthon, which experienced heating during loading (Menard and Gordon, 1997; this 
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study). On the other han4 pressures calculated for higher grade rocks that contain 

compositionally homogenised gamets (T > 650°C) may be slight overestimates, if the 

calculated temperatures are overestimated, because calculated pressures are temperature 

dependent (positive slopes of Y, lines). The calculated temperatures in such high-grade 

rocks depend on correction of the barometers for the non-ideality of (Mg, Fe)-~l"' mixing 

and (Mg, FebTi mking in biotite, which give temperatures up to 10°C lower than those 

obtained without correction (Spear, 1993). Taking these factors into account, it appears 

real is tic to assume that pressures associated wi th peak metamorphic temperatures were 

similar throughout the study area at 5-6 kbar, consistent with pressures determined for the 

central Kisseynew Domain (Bailes and McRitchie, 1978; Gordon, 1989). 

DISCUSSION 

Timing of peak metamorphism: evidence of diachronism 

Gamet commenceci growing in metaturbidite and al tered volcanic rocks evesfwhere 

in the study area pnor to F2 folding, as shown by identical porphyroblast/matrix relationships 

(Chapter 2; Menard and Gordon, 1997; this study). The inception of garnet growth was at 

- 500°C, determined from petrogenetic grids (e.g. Spear and Cheney, 1989) and fkom 

calculations of P-T-t paths (Menard and Gordon, 1997). Menard and Gordon ( 1 997) report 

increases in temperature and pressure during gamet growth in samples fiom the Photo Lake 
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deposit (quivalent to the staurolite zone in the metapelites; Fig. 4.5) of up to 50°C and 1-1.5 

kbar to peak conditions during the development of S2 (Fig. 4.8). Thus, taking into 

consideration that S2 predated or coincided with early stages of F folding in strongly 

anisotropic micaceous rocks (Chapter 2), peak conditions of metamorphism were reached 

in the staurolite zone early during FI. 

Metamorphkm duruig F, in the staurolite zone was a retrograde event at greenschist 

facies conditions. En contrast, metamorphism during F, in the sillirnanite zone and above 

was the peak metamorphic event, as s h o w  by isothems and isograds that crosscut large F, 

structures such as the Threehouse synfoxm and the File Lake antiforni 20 km to the West 

(Fig. 4.3) (Froese and Gasparrini, 1975; Bailes and McRitchie, 1978; Bailes, 1980a; this 

study). At File Lake, the staurolite isograd follows bedding in the Burntwood group 

metaturbidites around most of the F, File Lake antiform, whereas the sillimanite and partial 

melting isograds clearly crosscut the structure (Fig. 4.3) (Bailes and McRitchie, 1978: Bailes, 

1980a; see also Connors 1996). Thus, peak metamorphism was diachronous within the 

Snow Lake Allochthon. 

Possible mechanisms for low- to medium-pressure metamorphism 

Rocks above staurolite grade had a significantly higher thermal gradient (tighter 

spacing of isothems) during peak metamorphism than did rocks at lower metamorphic 

grades, indicating a thermal anomaly centred in the Kisseynew Domain (Gordon, 1989; 

Ansdell et al., 1995; Menard and Gordon, 1997). The themal anomaly started d e r  the 



Temperature (OC) 
Figure 4.8 Calculated P-T-t paths for the Snow Lake Allochthon and the Kisseynew 
Domain. Gamet commenced growing at 1 ; S, f o m d  at 2. For fùrther explanation, see text. 
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development of Sz, as demonstrated by syn-S lgarnets fkom Snow Lake and fiom the 

Kisseynew Domain, even though the Kisseynew samples subsequently reached much higher 

temperatures (Fig. 4.8) (Menard and Gordon, 1997). 

Several models have been proposed for the cause of the thermal anomaly in the 

Kisseynew Domain: (1) Radiogenic heat production in the c m t  was unlikely the sole cause, 

because it would have required a period of at least 60 m.y. to produce the observed hi@- 

temperature rnetamorphism (Gordon, 1989; Gordon et al., 1993). ( 2 )  Conductive response 

to a high basal heat-flow (England and Richardson, 1977; England and Thompson, 1984) 

could have resulted in the elevated local thermal gradients during metamorphism (Gordon. 

1989; Gordon et al., 1993; Ansdell and Norman, 1995). High basal heat-flow was related 

by Ansdell and Norman (1995) to the influx of asthenospheric material to the base of the 

continental lithosphere as a result of cmst-made delamination (Bird, 1979; Bird and 

Baumgardner, 198 1; Kay and Kay, 1993) or to convective removal of the root of the mantle 

lithosphere (Platt and England, 1993). (3) Heat advection by the 1.84-1 -83 Ga gtanitoids 

has been proposed as the cause (Gordon, 1989; Gordon et al,, 1993; Ansdell et al., 1995). 

However, rocks surrounding the 1.84-1.83 Ga Reed and Wekusko Lake plutons (Fig. 4.3) 

(Gordon et al., 1990; David et al., 1996; R.A. Stern pers. comm., 1996) are of low 

metamorphic grade (chlorite assemblages), suggesting that the calc-alkaline magmatism 

contributed little to the overall heat budget. Discussion of these altematives follows, starting 

with observable features in the - 1.8 15 Ga granitoids and migmatites of the central 

Kisseynew Domain. 



Third order mechanisms~unitoid emplacement vs in situ anutexri? 

The widespread migmatites and younger peraliiminous granitoids in the central 

Kisseynew Domain are generally considered to have been generated by in situ anatexis and 

thus as the product ratber than the (local) cause of tigh-temperature metamorphism at 

moderate pressures (Bailes, 1975; Bailes and McRitichie, 1978; Gordon, 1989; Zwanzig, 

1990; Gordon et al., 1990, 1993). In contrat, there is compelling evidence, which is 

presented below, that heat derived ûom the - 1.8 1 5 Ga granitoids caused local anatexis of 

the metasedimentq country rocks at the presently exposed crusta1 level. This disparity bas 

important implications for possible cmst-mantie interactions ( k t  order mechanism) that 

may have led to the production of granitic magmas a lower crustal levels (second order 

rnechanism). 

The origin of the younger peralurninous granites and the migmatitic paragneisses in 

the Kisseynew Domain can be constrained by the following lines of evidence: ( 1) 

Peraluminous granitic, granodioritic and minor trondhjemitic orthogneisses occupy 

approximately 40% of the area around Wimapedi Lake immediately north of the Snow Lake 

gneiss domes (Fig. 4.3) (Bailes, 1975), and up to 75% of the central Kisseynew Domain 

(Zwanzig, 1990). (2) The granitoids contain xenoblasts of gamet and cordierite, and locally 

biotite, and up to 15% xenoliths of fertile rocks of the B~nihivood group (Bailes, 1975; Bailes 

and McRitchie, 1978; Gordon, 1989; Zwanzig, 1990). (3) Most of the large granitoids 

constitute tabular bodies, which are concordant with bedding or are parallel to the axial 

planes of large folds, but also occur as dykes and stocks (Bailes, 1975; Gordon, 1989; 
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Zwanzig, 1990; W-D- McRitchie, pers. comm., 1996). (4) The contacts between the granitic 

rocks and the metasedimentary rocks range from sharp for the larger bodies, to diffuse for 

the smaller bodies (Bailes, 1975; Gordon, 1989; Zwanzig, 1990). (5) There are no large 

volumes of noritic restite located at the margins of larger bodies of gianitoids. Restite rich 

in ga.et+cordieritetbiotite only occurs as small-scale domains associated with ubiquitous 

small stringers of &tic material (AH. Bailes, pers. comm., 1996). (6) The Burnhuood 

group paragneisses are compositionally uniforrn in the Kisseynew Domain and muscovite 

was not present in the rocks prior to partial melting (Froese and Gasparrini, 1975; Bailes and 

Mcfitchie, 1978; Gordon, 1989; W.D. McRitchie, pers. comm., 1996; this study). (7) The 

peak temperatures recovered fkom the paragneisses are aiso uniform at 750 * 50°C at 

pressures of 6 kbar or less (Bailes and McRitchie, 1978; Gordon, 1989). 

These observations lead to the following implications: (1) The tabular geometries of 

the granitoids and their field relationships with the metasedimentaxy country rocks in the 

Kisseynew Domain imply magma emplacement dong zones of primary and structural 

anisotropy (cf. Collins and Sawyer, 1996). Paragneisses of relatively uniform composition 

in the entire Kisseynew Domain had unifonn solidus temperatures, which cannot account for 

selective in situ generation of stratifom sheets of granitoids with locaily sharp contacts to 

country rock and xenoliths. Local gradational contacts cm be explained by anatexis of 

country rocks, which were already relatively hot at the time of granitoid emplacement (see 

above), resulting from heat transferred fiom the graniioids. (2) If the peraluminous 

granitoids were generated by in situ anatexis and remaineci at the site of generation, there 

should be large volumes of restite associated with hem, which are not observed. Further, 
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magmas created by high melt fiactions (> 3û-40%) generally have low viscosities and are 

thus easily exûacted to form plutons at higtier crustal levels (Wickham, 1987, and references 

therein). Therefore, the voluminous granitoids exposed in the Kisseynew Domain were 

probably produced at lower stmctural levels. (3) The mineral assemblages in the granitoids, 

in particular the presence of cordierite and the lack of muscovite, implies H20-undematurated 

conditions during magma generation (Barbarin, 1996). Recent dehydration melting 

experiments of similar assemblages suggest that the production of large proportions of melt 

would require temperatures significantly greatw than 850°C at 3-1 5 kbar (Le Breton and 

Thompson, 1988; Vielzeuf and Holloway, 1988; Patino Douce and Johnston, 199 1 ; Gardien 

et al., 1995; Patiiio Douce and Beard, 1995). In cornparison, more hydrous assemblages 

started melting at -750°C, and melt fiactions increased fiom 28 to 60% between 825 and 

960°C at 10 kbar (Gardien et al., 1995). Thus, the metarnorphic temperatures in the 

Kisseynew Domain appear too low to account for high melt fiactions during "dry" in situ 

anatexis. 

The available data can be interpreted as suggesting that intniding granitic magmas 

of tabular geometry were the locai heat source for a regional-scale contact metarnorphism, 

similar to that in northern New England (Lux et al., 1986; De Yoreo et al., l989b). In 

contrast to conductive heating, heat advection by intrusions is rapid (e.g. Lux et al., 1986; 

Barton and Hanson, 1989) and thus commonly produces near-isobaric P-T paths, consistent 

with the observations of Gordon (1989) and Menard and Gordon (1997). The solidus 

temperatures of the large volumes of granitic magma in intrusive sheets may have buffered 

the peak temperatures of metarnorphism, resulting in partial melting of the paragneisses at 
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a uniform metamorphic grade, and in the formation of uniform mineral assemblages 

throughout the Kisseynew Domain (cf. Waters, 1986; De Yoreo et al., 1989b). 

Second order mecliianisms~*rnpIications for lower crustarl meïting 

The peraluminous composition of the -1 -8 15 Ga granitoids and the abundance of 

paragneiss xenoliths indicate that the granitoids may have been generated fiom rocks of the 

Bumtwood group. The site of magma generation was most likely the base of  the 

sedimentary pile, where temperatures exceeded the solidi of the sediments, but not of the 

mafic rocks of the underlying oceanic crut. One reason that advection of heat and thus high- 

temperature metamorphism was restticted to the Kisseynew Domain could be that 

metasediments did not occur at greater d q t h  in the adjacent Amisk collage and Lynn Lake 

Belt (Fig. 4.1). Consequently, -1.815 Ga grmitic suites are absent in these domains, 

suggesting that low to medium-grade metamorphism there was triggered mainly by 

conductive relaxation. 

Fîrst order mechanisms--possible crust-mantle interactions 

The question remains which tectonic process(es) generated a deep-seated heat source 

that caused melting of metasediments at the base of the Kisseynew Domain. Three possible 

first order mechanisms are simultaneous crustal thickening and thinning of the mantle 

lithosphere (Houseman et al., 198 1; Loosveld, 1989; Loosveld and Ethendge, 1 W O ) ,  
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delamination of the lithosphere (Bird, 1979; Bird and Baumgardner, 198 1; Kay and Kay, 

1993), and convective removal of the base of the thickened lithosphere (Platt and England, 

1993), al1 of which lead to asthenospheric mantle intrusion into, or accretion beneath, the 

cmst (Furlong and Fountain, 1986; Huppert and Sparks, 1988). Such ka t  addition can be 

suficient for dehydration melting of the lower crust to f o m  granitic magma (Huppert and 

Sparks, 1988; Atherton, 1993). Although the themal e f f ~  of the mechanisms are 

equivalent, their geological consequences ciiffer (Loosveld and Etheridge, 1 990; Platt and 

England, 1993). Delamination and removal of the rw t  of the lithospheric m a d e  are 

typically followed by a short period of extension and uplifi (e-g. Bird, 1979; Sacks and 

Secor, 1 990; Nelson, 1992; Kay and Kay, 1993; Platt and England, 1993). for which there 

is no structural or petrologicai evidence in the southem Trans-Hudson Orogen. Thickening 

of the cmst and thinnîng of the lihosphere, commencing during FI, thus appears to be the 

most plausible first order mechanism for low- to medium-pressure, high-temperature 

metamorphism in the Kisseynew Domain. 

Duration of the thermal anomaly 

In the Wimapedi Lake area of the Kisseynew Domain (Fig. 4-31, the -1.8 15 Ga 

granitoids have been deformeci by a minimum of two generations of fol& as inferred fiom 

Bailes (1975). The earliest fold generation affecting the intrusions constitute south verging, 

recumbent structures that rnost Iikely correlate with the F2 folds in the Snow Lake 

Allochthon and the south flank of the Kisseynew Domain at Jungle Lake and Cleunion Lake, 



124 

approximately 70 km and 90 ~III west-northwest and West of Snow Lake, respectively (Fig. 

4.1). Elsewhere in the central Kisseynew Domain, some bodies of gmnitic rocks appear as 

dyke complexes axial planar to south verging (FL) folds (Zwantig, 1990). In the high-grade 

rocks at Squall Lake and File Lake, however, metamorphic isograds crosscut north-nonheast 

trending, open F, fol& (Fig. 4.3). It thus appears that the granitic magmatism in the 

Kisseynew Domain outlasteci at least F,, and that temperaturPs in the Kisseynew Domain and 

the high-grade rocks of the Snow Lake Allochthon must have remained elevated until after 

F3- 

Wells (1980) calculated that a thermal anomaly produced by sill-like batholiths lasts 

as long as 10-20 Ma, if heat transfer is purely by conduction (although heat advection by 

late-stage fluids would accelerate the relaxation of isothems; Huppert and Sparks, 1988). 

In cornparison, monazite ages of -1 8 15 Ma for granitoids in the central Kisseynew Domain 

(which date the cooling through 725 * 25°C; Parrish, 1990) are 1806 * 2 Ma and 1804 * 2 

Ma (Gordon, 1989; Gordon et al., 1990). At Jungle Lake (Fig. 4. l), several phases of syn-F. 

diatexites and leucosomes, interpreted as having fomed near the peak of metamorphisrn, 

range from 18 12 I 4 Ma to 1789 * 2 Ma (Parent et al., 1995). Near Cleunion Lake (Fig. 

4.1 ), syn-F, gneissic veinlets were dated at 18 18 * 5 Ma, coeval with peak conditions of 

metamorphsim of greater than 580°C at - 5 kbar (Ansdell and Norman, 1995; Norman et ai., 

1 995). S yn-F,, near-peak metamorphic pegmatites yielded crystallisation ages from 1 80 1 

* 3 Ma to 1799 * 3 Ma (Norman and Williams, 1993; Ansdell and Norman, 1995). 

Westward migration of the F, defonnation, away fiom the Trans-Hudson-Superior suture 

zone, could explain why sillirnanite-grade conditions were associated with the local F2 in the 
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Jungle Lake and Cleunion Lake areas, and with the local F, in the Snow Lake-File Lake 

area, at the same tirne. 

Thus, the duration of high-temperature metamorphism in the Kisseynew Domain may 

be explained by emplacement of many sheet-like bodies in multiple stages. This scenario 

c m  also account for the extent of the thenna1 effects into the Snow Lake-File Lake area for 

more than 10 km south of the southernmost exposed granitoid (Lux et al., 1986; De Yoreo 

et ai., 1989a). Such magmatic pulses are compatible with the longevity of a thermal anomaly 

at the base of the crust caused by thickening of the crust and thinning of the mantle 

lithosphere owing to convection (Houseman et al., 198 1 ; Loosveld, 1989; Loosveld and 

E theridge, 1 990). In summary, al though the data do not date metamorphism directly, they 

are consistent with the persistence of near-peak conditions of metamorphsim for 10 m.y. in 

the Kisseynew Domain and the higher grade rocks of the Snow Lake Allochthon. 

SUMMARY AND CONCLUSIONS 

Structural mapping, rnicrosûuchiral studies, and geoihennobarometry on 

representative sarnples suggest that the Snow Lake Allochthon is characterised by 

syntectonic, diachronous, low- to medium-pressure metamorphism resulting tiom thermal 

relaxation after cmstal thickening and granitic plutonism in the adjacent Kisseynew Domain. 

F, likely was the major episode of burial, and was followed by thermal relaxation, because 

the peak metamorphic conditions in the staurolite zone were coeval with early F2 (Chapter 
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2). Burial during F, was probably rapid (1-5 Ma) as indicated by the youngest detrital 

zircons in the Burntwood group and ages of granitoids that crosscut F, structures (Gordon 

et al., 1990; Machado and Zwanzig, 1995; David et al., 1996). The ductile style of FI 

structures suggests cnistal thickening by thick, intemally defomed nappes (thick skimed 

tectonics). Metamorphic conditions increased within 1 5-3 5 m. y. fkom chiorite grade to 

staurolite grade, possibly isobarically. During Fz, temperature and pressure increased only 

slightly suggesting relatively minor crustal thickening after FI (Menard and Gordon, 1997). 

A thermal anomaly developed during or afler Fz which led to high-grade metamorphism in 

the northern part of the study area and the adjacent Kisseynew Domain. Peak conditions in 

the high-grade rocks prevailed for some 10 m.y. until after F,, whereas mineral assemblages 

in staurolite-grade rocks indicate cooling during F,. 



F m  things are harder to put up wirh thun a good example. 
Mark Twain 

Chapter 5' 

The structural development of the Snow Lake Allochthon and its role in the 

evolution of the southeastern Trans-Hudson Orogen in Manitoba, Central Canada 

Abstract: The Snow Lake Ailochthon is a zone of tectonic interleaving of sedimentary rocks 

of an inverted marginal basin (Kisseynew Domain) with island arc and oceanic rocks. It is 

located in the southeastern part of the exposed intemal zone of the Trans-Hudson Orogen in 

Manitoba, Canada, near the external zone (Thompson Belt), that constitutes the local 

boundary between the Tram-Hudson Orogen and the Archean Superior craton. The Snow 

Lake Allochthon formed, was deformed, and was metamorphosed up to high grade at low 

to medium pressure during the Hudsonian orogeny as a result of the collision o f  Archean 

cratons - 1.84- 1 -77 Ga ago. Four generations of folds (F ,-F4) that formed in at least three 

distinct kinematic frames over a period o f  more than 30 m.y. are described. Isoclinal to 

transposed F ,, structures with a southerly vergence are refolded by large open to tight F 

folds and, locally, by open to tight F, folds. The axes of the FI, fol& are parailel or near- 

parallel to the axes of F, folds, owing to progressive reorientation of the F,, axes during 

IA modified version of this chapter was accepted for publication by the Canadian Journal 
of Earth Sciences on 16 November 1998. 



128 

southerly tectonic transport, followed by F, refolding around the previous Iinear anisotropy. 

A tectonic mode1 is presented that reconciles the distinct tatonometamorphic developments 

in the Snow Lake Allochthon and the adjacent part of the Kisseynew Dornain on the one 

hand, and in the Thompson Belt on the other, during final collision of the Trans-Hudson 

Orogen with the Superior craton. 



INTRODUCTION 

The Trans-Hudson Orogen of North Amerizz constitutes one of the continental 

collision zones between Archean fragments, dong which the Laurentia-Baltica protocraton 

was assembled between 2.0 and 1.8 Ga (Fig. 5.1 ) (e.g. Lewry, 1 98 1 ; Green et al., 1 985; 

Hoffman, 1988, 1989a; Bickford et al., 1990; Ansdell et al., 1995). In contrast to most 

contemporaneous suture zones, the interna1 zone of the Tram-Hudson Orogen preserves large 

volumes of juvenile Paleoproterozoic cmst (Hoffhan, 1988; Stem et al., 199Sa, b). The 

external zone of the orogen contains the reworked margins of the bounding Rae-Hearne and 

Superior cratons including rifi facies rocks (Fig. 5.1) (Lewry, 198 1 ; Hoffinan, 1988; Bleeker, 

1990). The eastem termination of the Snow Lake Allochthon (see Chapter 4) is tocated less 

than 30 km West of the extemai zone of the orogen (Thompson Belt). It formed, was 

deformeci, and was metamorphosed up to high grade at low to medium pressure during the 

Hudsonian orogeny - 1.84-1.77 Ga ago (e.g. Froese and Gaspanini, 1975; Bailes and 

McRitchie, 1978; Chapter 4). The allochthon comprises a zone of tectonic interleaving of 

- 1.9 Ga island arc and oçeanic assemblages with 1.86-1 -84 Ga metasedimentary rocks of 

the Kisseynew Domain, a former marginal basin (e.g. Zwanzig, 1990; Stem et al., 1 995a: 

Bailes and Galley, 1996; Connors, 1996; David et al., 1996; Lucas et al., 1996a, 1997; 

Chapter 4). The Snow Lake Allochthon structurally overlies the 1.92-1.88 Ga Amisk 

collage of juvenile island arc and oceanic assemblages to the West, stntcturaily underlies 

migmatitic paragneisses and granitoids of the Kisseynew Domain to the north and east (Figs 

5.1 and 5.2), and continues as the Clearwater Domain southward underneath the Phanerozoic 
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Figure 5.1 Lithotectonic domains of the Tram-Hudson Orogen (see inset map) and 
location of the Saow Lake Allochthon (within dashed border). After Hoffman (1988). 
SFKD, southem flank of the Kisseynew Domain; CL, Cleunion Lake; KL, Kississhg 
Lake; SLFZ, Setting Lake fault zone; Th, Thompson; SFKD, southem flank of the 
Kisseyeynew Domain. Inset map: RH, Rae-Heame craton; S, Supenor craton; THO, 
Trans-Hudson Orogen. 
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Figure 5.2 Geological map of the Snow Lake-File Lake-Wekusko Lake area, including 
isograds discussed in Chapter 4. Geochronological data refer to age o f  emplacement of 
granitic plutons (f iom Gordon et al., 1990; Bailes et al., 199 1 ; David et al., 1996). Faults: 
BCSZ, Berry Creek shear mue; BLF, Birch Lake fault; BeLF, Beltz Lake fault; CBF, 
Crowduck Bay fault; LLF, Loonhead Lake fault; M F ,  Morton Lake fault; MRF, McLeod 
Road fault; MF, Roberts Lake fault; SLF, Snow Lake fault. Plutons (P), plutonic 
complexes (C), and gneiss domes (GD): B K ,  Batty Lake; B U ,  Bujarski Lake; HLGD, 
Herblet Lake; HLP, Ham Lake; N .  Nelson Bay; PLGD, Pulver Lake; MC, Rex Lake; 
RLI: Reed Lake; RILP, Richard Lake; SLP, Sneath Lake; TLP, Tramping Lake; WZP, 
Wekusko Lake. 
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cover (Stem et al., 199%; Cornors, 1996; Lucas et al., 1 996a; Leclair et al-, 1997; Chapter 

4). The inverted Kisseynew basin on the one hand and the Snow Lake Allochthon and the 

juvenile volcanic assemblages on the other are believed to constitute the middle and upper 

portions of a tectonic pile that overthrust Archean basement (Saskatchewan craton) (Bickford 

et al., 1990; AnsdeIl et al., 1995; Lucas et al., 1996a). This basement is now exposed as 

inliers in the Glennie Domain and in the Hanson Lake Block (Fig. 5.1 ) (e.g. Ashton et al., 

1996, in press; Lucas et al., 1996a; Chiarenzelli et al., 1998;). The Snow Lake Allochthon, 

according to the interpreted LITHOPROBE seismic lines 2 and 3, is not underlain by 

Archean crust (Lucas et al., 1993, 1 996b; White et al., 1994; Leclair et al., 1997). The 

relationships between the allochthon and its footwail assemblages, however, cannot be 

resolved fiom the seismic reflection data and are thus unknown (e-g. White et al., 1994, fig. 

3). In this Chapter, 1 discuss the tectonometamorphic evolution of the Snow Lake 

Allochthon in the context of the evolution of the southeasteni Trans-Hudson Orogen during 

final continent- continent collision. 

REGIONAL GEOLOGY 

Four tectonostratigraphic units are juxtaposed in the Snow Lake Allochthon: (1) 

Volcano-sedimentary rocks of the Snow Lake (arc) assemblage, (2) ocean flmr assemblages, 

and the younger metasedimentary rock of the (3) Burntwood and (4) Missi groups (Figs 5.2 

and 5.3). The Snow Lake assemblage comprises bimodal volcanic and associated 



Figure 5.3 Geological map of the Threehouse synform in the Snow Lake area. The letters 
A-F refer to structural domains. SL, town of Snow Lake. ABA, Anderson Bay anticline; 
ABSZ, Anderson Bay shear zone; BSZ, Bartlett shear zone. For abbreviations of the 
granitoid plutons see Fig. 5.2. Some of the structural data plotted outside the structural 
domains are taken fiom Harrison (1 949) and fiom Froese and Moore (1 980). 
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volcaniclastic rocks that host synvolcanic granitoids and gabbros (Figs 5.2 and 5.3) (Galley 

et ai., 1993; Stem et al., 1995a; Bailes and Galley, 1996; David et al., 1996). After 

metamorphism and polyphase deformation associateci with the Hudsonian orogeny, most of 

the granitoids appear as gneiss domes (Fig. 5.2) (Bailes, 1975). Galley et a(. , (1 993) and 

Bai les and Galley ( 1 996) established a >6 km thic k volcanistraîigraphic sequence, which 

shows upward maturing fiom primitive arc to evolved arc. This Sequence is locally overlain 

by thin ocean floor basalt. Thicker ocean floor packages are exposed at Reed Lake and east 

of Wekusko Lake (Fig. 5.2) (Bailes, 1985; Syme et al., 1995). Burntwood and Missi group 

rocks appear as folded slivers in the arc and ocean fioor rocks (Figs 5.2 and 5.3). The 

Bumtwood group comprises uniform, well-bedded greywacke turbidites that can be followed 

to the north and east, where they occupy the 300 by 150 km Kisseynew Domain (F-ig. 5.1 ). 

The contemporaneous Missi group contains non-marine, crossbedded, arkosic 

metasandstones and conglomerates, and forms a rim dong the boundary of the Kisseynew 

Domain (Figs 5.1 and 5.2). Missi-Burnhwod contacts are not exposed in the snidy area 

(Fig. 5.3). They are, however, most likely transitional (see Syme et al., 1995). Missi-arc 

assemblage contacts and Burntwood-arc assemblage contacts are, with minor exceptions, 

tectonic (Fig. 5.2). The tectonostratigraphic sequence is intruded by mafic sills and low 

angle dykes that contain an SI and hence predate FI compressional deformation. Voluminous 

calc-alkaline 1.84-1.83 Ga plutons tmcate F, structures (Figs 5.2, 5.3 and 5.4a) (Gordon 

et al., 1990; Bailes, 1 992; Cornors, 1996; David et al., 1996). Their intrusion ages thus give 

an upper age limit for FI. A suite of mafic to felsic volcanic rocks, which is of 

approximately the same age as the plutons, is exposed east of Wekusko Lake (Fig. 5.2) 



Fibwe 5.4 (a) F, fold crosscut by undeformed, local apophysis of the Wekusko Lake pluton, 
domain F. (b) and (c) F,-boudinage in Snow Lake assemblage, domain A. The boudin necks 
are filled with quartz and felspar. (b) Boudinaged pre-F, si11 exposed on horizontal surface. 
the boudin axis is steep. ( c )  Foliation boudinage exposed on steep surface. The boudin axis 
is shallow. See text for discussion. 
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(Gordon et al. , 1990; Ansdell, et aL , in press). One of the caic-alkaline plutons (Wekusko 

Lake pluton) is crosscut by wt-west-trendhg posttectonic mafic dykes (Bailes, 1992). 

Large volumes of late kinematic to postkinematic granitic pegmatite have intruded the 

highm-grade podom of the Snow Lake Allochthon, the Kisseynew Domain, and its southem 

flank (Bailes, 1975, 1985; ~ w a a n g  and Schledewitz, 1992; Kraus and Williams, 1994a; 

Norman et al., 1995; Connors, 1996). 

METAMORPEiIC ZONES 

Froese m d  Gasp&i (1975) divided the Snow Lake-File Lake area into 

rnetamorphic zones that are sep;uated by reaction isograds (Fig. 5.2). These zones were 

extrapolated east towards the Superior collision zone (Thompson Belt) (Fig. 5.5; see 

references in Chapter 4). Temperatures at the thermal Peak increase to the north in the Snow 

Lake- File Lake are* and to the north and east on the eastern side of Wekusko Lake, fiom 

c 40Q°C at Wekusko Lake to 750 50°C in the Kisseynew Domain (Fig. 5.5) (e.g. Bailes, 

1 985; Gordon, 1989; Briggs and Foster, 1992; Leclair et al., 1997; Marshall et al., 1997; 

Menard and Gordon, 1997; Chapter 4). Metamorphic isotherms and isograds are hence 

approxkately paralle1 to the SOOW Lake Allochthon~Kisse~ew Domain boundary (ibid.). 

The metamorphic field gradient (the P- T conditions dong the presently exposeci surface) is 

approxhately isobaric; press- associated with the thennal Peak of metamorphism are 4- 6 

kbar in the Snow Lake- File Lake area and < 4 kbar east of Wekusko Lake (ibid). 



Figure 5.5 Metamorphic isograds of the Snow Lake Allochthon (afier Gordon 1989). 
Mineral abbreviations afier Kretz (1983). WZ, Wekusko Lake. 



DEFORMATION EUSTORY 

Deformation in the study area (Fig. 5.3) resulted in four different generations of fol& 

(F,-F,) and associated fa* related to at least three distinct kinematic fiames. Associated 

rnetamorphism occurred in a single, regionally diachronous cycle (Table 5.1). Isoclinal F, 

and F, structures verge southerly and are refolded by north-northeast trending open Fj, fol& 

with steep axial planes (Fig. 5.3). Steep east-west-trending F, stnictures are locaiised in and 

around the Squall Lake and Herblet Lake gneiss domes north of Snow Lake Pig. 5.3). 

Primary layering dips, with exceptions, moderately to steeply northerly and easterly (Fig. 

5.3). In large parts of the central Kisseynew Domain and on its southem flank (Fig. 5. l) ,  

isoclinal F structures are also southerly verging, but theu axial planes are relatively shallow 

(Zwanzig, 1990; Zwanzig and Schledewitz, 1992; Norman et al., 1995). On the southern 

fiank of the Kisseynew Domain, F,, structures are steep only in the immediate vicinity of 

the more rigid Amisk collage footwall (ibid.). Compared with the Snow Lake Allochthon, 

structures in the Amisk collage are different in style, orientation, and age (Table 5.1 ) (e.g. 

Ansdell and Ryan, 1997; Ryan and Williams, in press). Deformation in the Amisk collage 

was m h l y  accommodated dong steeply dipping shear zones, many of which predate Missi 

and Burntwood sedimentation (ibid.). A structural correlation between the Amisk collage 

and the Snow Lake Allochthon was atternpted by Ryan and Williams (in press). lndividual 

generations of structures in the Amisk collage and on the southem flank of the Kisseynew 

Domain were assigned to discrete defotmation events based on the different kinematic 

-es in which these structures developed (Norman et ai., 1995; Ryan and Williams, in 
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press). Thus, structures, formed by a progressive strain in a constant kinematic h e ,  

belong to a single deformation event. It is, however, problematic to apply the deformation- 

event concept to the Snow Lake Allochthon (cf. Cornors, 1996), because there F, and F, 

stxuctures, although they may have formed in the same kinematic M e ,  are separated by 

1 5 - 3 5 Ma (David et al., 1996). Conversely, overlapping geochronological ages (within 

error; see below) indicate that F,, F,, and possibly F @ructures formed in successive, 

continuously changing kinematic fiames during a single orogenic cycle rather than in 

discrete episodes. These changes in kinematic frames are related to the h a 1  collision of the 

intemal Trans-Hudson Orogen with the Superior plate (see below). 1 therefore cautiously 

designate the structures to deformation events in Table 5.1, however, only for the purpose 

of correlation with adjacent areas. 

F,-F4 STRUCTURES AND METAMORPHIC FABRICS 

F1 

The Bumtwood group rocks contained an S,-parallel S, that was generally destroyed 

during the formation of an Sz (Chapter 2). Where locally present, S, is defined, depending 

on metamorphic grade, by chlorite or muscovite aligned parallel to bedding. S, is also 

preserved as straight to c w e d  inclusion trails in porphyroblasts of gamet, staurolite and 

biotite (see Chapters 2 and 4). An L, is only preserved in syn-F, bedding-parallel quariz 

veins; it is defmed by stretched quartz aggregates, which plunge approximately parallel to 
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minor fold axes. Three orders of F, folds appear in the Bumtwood group, with amplitudes 

of centimetres to metres, tens to hundreds of metres, and kilometres (Fig. 5.3). Small F, 

folds are rare. When several small F, fol& are exposed in one outcrop, they are variably 

flattened and have in cornmon that bedding is markedly thicker in the hinge than in the 

limbs. Many of the small FI folds were dismembered by shearing along their I h b s  ancilor 

axial planes so that a change in younging direction and, e~mmonly, a set of quartz veins 

tracking the shear planes, are the only evidence of folding. 2- and S-asymrneûical folds and, 

locally, doubly verging fold pairs (sensu Holdsworth and Roberts, 1984) occur on the same 

limb of larger F, sûuctures. Al1 larger folds were also dismembered and hence have not 

preserved their asyxnmetry. F , features were not identi fied in the strongl y recrystallised 

Missi group rocks. 

Ln hydrothennally dtered volcanic rocks that are now semi-pelitic chloritic schists, 

S, constitutes a fabnc parallel to prirnary iayering (where no S., is developed) and is defined 

by aligned chlonte. S, is also contained as straight inclusion trails in kyanite, staurolite, 

gamet, and biotite. These porphyroblasts are, however, not indicative of metarnorphic grade 

(Zaleski et al., 199 1). in unaltered volcanic rocks, an SI schistosity parallel to primary 

layering is defined by aligned amphibole in the mafk rocks and by aligned biotite ir! the 

felsic rocks. Minor and intermediate F, fol& are rare in the volcanic rocks and are developed 

mainl y along Iithological contacts. Younging criteria and consistently dextral SdSz and S, 1% 

as ymmetry (see below) suggest that the volcanistratigraphic sequence is possibl y repeated 

between the Snow Lake "fault" and the Berry Creek shear zone across a cmstai-scale F, 

antictinal structure, termeci the Anderson Bay anticline (Fig. 5.3) (Walford and Franklin, 
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1982). The sequence appears to be structurdly thinned on the lower limb of this structure 

near the Bemy Creek shear zone. In al1 rocks, the pre-F, mafic dykes/sills and the primary 

layering are boudinaged in two directions-parallel to and at a high angle to the the 

moderately to steeply northeasterly plunging lineation (see below)-yielding a chocolate- 

block pattern (Fig. S.4b&c). S, is deflected around the boudins. S , where present, 

overprints the boudins. 

F, shear zones 

The Berry Creek shear zone and the Snow Lake-Loonhead Lake (ductile) reverse 

"faul t", both of which juxtapose rnetasedimentary rocks and volcanic rocks (Figs 5.2,5.3 and 

5.6), were active during F,. Northeastrvards, dong the northwestem margin of Wekusko 

Lake (north of the Tramping Lake pluton; Fig. 5.3), the Berry Creek shear zone becorna part 

of an anastomosing system, which includes the poorly exposed Anderson Bay and Bartlett 

shear zones (Figs 5.3 and 5.6). F, movement dong the Beny Creek shear zone resulted in 

a less than 100 m wide zone of moderately to steeply northwesterly dipping felsic to mafk 

tectonites that contain northeasterly plunging stretched clasts (Fig. 5.7a) with aspect ratios 

of at least 25 : 1 1.5 : 1. Tiie approximate parallelism of stretched clasts and regional F, - F, 

fold axes suggests that F, transport dong the shear zone was toward the southwest, but only 

if the clasts were not significantly reoriated der F: . Bumtwood group rocks adjacent to the 

shear zone are relatively weakly strained and young away fiom it (Fig. 5.3). 

The Snow Lake fault constitutes the southern temination of the isoclindly folded 



Figure 5.6 Block diagram showing the "fault" and shear-zone surfaces of the Snow Lake 
area. 



/fA\ Pales to S, \21 

SO(SZ internons 
myionitic S, and stretched dasts 

Poles to mylonitic S, 

Figure 5.7 Equal-area projections (lower hernisphere, Schmidt net) of structural data for the 
Berry Creek shear zone (Fig. 5.3). (a) Northwesi Wekusko Lake segment. @) Tramping 
Lake pluton segment. 
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Burntwood group sliver at Snow Lake (Figs 5.2,5.3 and 5.6; see Chapter 2). It extends as 

the Loonhead Lake fault to the West through the File Lake a r a  where it appears to form the 

boundary between the Amisk collage and the southem flank of the Kisseynew Domain 

(Zw;uizig and Schledwitz, 1992; Connors, 1W6). The Snow Lake fault is cut off in the east 

by the younger McLeod Road (ductile reverse) 'Yauit". At Snow Lake, the Snow Lake fault 

is inferred fkom a local variation in stnkes of the rocks in the hanging wdl (Burntwood 

group) relative to the rocks in the adjacent footwall (arc and minor oçean floor rocks), and 

fkom abundant quartz-carbonate brecciation. Clasts in metabasalts of the Unmediate footwall 

show a high degree of stretching parailel to their northeasterly plunge. The Snow Lake fault 

is cross-cut by an undefonned, syn- to post-peak metamorphic pegmatite at the southem end 

of Squall Lake and by the - 1.830 Ga pst -F ,  Ham Lake pluton northeast of File Lake (Fig. 

5.2) (Connors, 1996; David et al., 1996). South of the town of Snow Lake (Fig. 5.3), the 

fault cuts off an FI syncline in the Burtnwood group at a low angle. The eariy fault 

movement is thus constrained to have occurred d e r  the initiation of FI folding. 

An S, crenulation cleavage or schistosity, which envelops porphyroblasts, is 

ubiquitous in the metasedimentary rocks and in the hydrothermally altered volcanic rocks 

(Figs 5 . 8 4 )  (Menard and Gordon, 1997; Chapters 2 and 4). Growth of the porphyroblasts 

in the Snow Lake Allochthon cornmenced, independent of final metamorphic grade, in the 

early stages of F, (ibid.). Depending on metamorphic grade, the S2 septa in the Burntwood 



Figure 5.8 (a) Z-asyrnmetrical F, fold with refracted axial-plane S in Burntwood group; 
domain E. Note the S2-parallei quartz veins that developed in response to S_ -paralle1 slip (see 
Kraus and Williams 1998). Pencil tip on the upper right for scale. (b) crenuiation lineation 
on S,  tightened around grains of staurolite; Bumtwood grwp in domain B. (c) S, overgrown 
by kyanite and folded by a 2-asymmetrical F2; hydrothemally-altered pillow basalt in 
domain A. An axial-plane S, is well developed. (d) Photomicrograph of basal sections of 
ferroan-pargasitic homblende porphyroblasts (determined with microprobe) aligned parallel 
to S2 in mafic volcanic rock, overprinting the FI Berry creek shear zone on northwestern 
Wekusko Lake. View is down the northeasterly plwige of the hornblende c-axes, which are 
parallel to the composite LI, (see Fig. 5.7a). The porphyroblast-matrix relationship suggests 
bat, in analogy to the Bwntwood turbidites at Snow Lake town, growth of these 
porphyroblasts, and thus the local thermal peak of metamorphism, coincided with the 
development of S, (see Chapter 2). Long edge of photornicrograph is 3.7 mm. (e) Gneissosity 
enveloping gamet in highly-metamorphosed felsic vo1can.k rock, domain D. (f) Sheath fold 
in Bumtwood group rocks in the McLeod Road fault zone; domain B. View is down the 
northeast-plunging stretching lineation. 
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aoup rocks are defined by muscovite a d o r  chlorite. Gamet and biotite grains occupy the 
C 

microli thons, and the biotites are crystallographically and dimensionally aiigned parallel to 

S,. Many biotite grains are pulled apart, the stretching directions king  parallel and at a hi& 

angle to the moderately to steeply northeasterly plunging foid axes and SdS, lineation. 

Locally, the porphyroblasts have pressure shadows parallel to S, at a hi@ angle to the 

northeasterly plunging F2 fold axes and S& intersection lineation; these pressure shadows 

developed early during F, folding (Chapter 2). Quartz veins that formed during the 

subsequent stages of F2 folding are ubiquitous (Fig. 5.8a). These veins, which are broadly 

parallel to S2, locally cut across peak metamorphic staurolite and are crenulated by F 

(Chapter 2). In Missi gmup rocks and weakly altered rhyolite, Sz is defined by 

dimensionaily onented biotite. In fluid-altered volcanic rocks at Anderson Lake (Fig. 5.3), 

S, is overgrown by kyanite and staurolite porphyroblasts, and both are folded into dm-scale 

asymmetkcal folds, which have an axial-plane dornainal SZ cleavage (Fig. 5.8~). S, is, in 

general, only developed in volcanic rocks that contain phyllosilicates, where the 

phyllosilicates defhe the S2 septa (Fig. 5.8d). in contrast, within the granitic gneiss domes 

and in the surrounding high-grade rocks, Sz constitutes a gneissosity that is p d l e l  to 

lithological contacts and that wraps around gamet grains (Fig. 5.8e). A composite L,, in al1 

volcanic rocks is defined by stretched quartz aggregates, elongate amygdales and clasts, rods, 

aligned grains of amphibole, kyanite, stamlite, and disk-shaped gamets (Fig. 5.8d). Where 

S2 is present, L,o is parallel to the SdSz intersection. Minor Fz fol& are generally rare and 

are flattened to a laser degree tbaa F, structures; such fol& are mainly 2-asymmetncal and 

have a well-developed axial-plane S, (Fig. 5.8a & c). Oae large F, structure, the cuMlinear 
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McLeod Lake fol4 has been identified (Fig. 5.3). It is cored by Missi sandstones that young 

towards the axial plane and appears to be laterally continuous fiom Snow Lake to File Lake 

(see Connors, 1996). The significance of this structure is discussed below. 

F2 shear zones 

The McLeod Road "fault" and the Birch Lake "fault" are major parallel structures 

with arcuate traces curved more than 180°, due to F, and F, refulding ( s e  below) (Figs 5.3 

and 5.6). Between Snow Lake and Squall Lake, the moderately northerly to easterly dipping 

McLeod Road fault cuts upsection across the axial plane of the McLeod Lake fold (Figs 5.3 

and 5.9). The McLeod Road fault hence postdates initial stages of F2 folding. Basalt in the 

immediate hanging wall is impregnated with synkinematic carbonate in zones 20 cm to 

several metres wide. The carbonate is strongly foIiated and contains transposed minor folds 

with axes parallel to the stretching lineation, plunging moderately to the northeast (Fig. 5.9). 

The shear zone fabric in the hanging wall anastomoses around porphymblasts and lenticular 

low-strain domains of dm-scale. In the footwall, high strain is concentrated in dm-wide 

zones containing northeasterly plunging sheath folds, up to 20 m beneath the contact (Fig. 

5.8 f). Fault-related fol& in the hanging wall and footwall overprint peak-rnetamorphic 

porphyroblasts. The direction of movement dong the McLeod Road fault is thus 

approximately southwesterly and this direction is roughly preseved afler polyphase 

deformation (see below) and is interpreted as king to the south-southwest. Evidence for 

the presewation of the transport direction is the approximate parallelism of the local, 



All linear features - 

Figure 5.9 Equal-area projections (lower hemisphere, Schmidt net) of  stmctural data for the 
McLeod Road fault zone in domain B (Fig. 5.3). 
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northeasterly plunging stretching lineation with the FI-F, linear features in the core of the 

Threehouse synf'orm at Snow Lake (Fig. 5.9). Thus, the local F, overpnnting is weak here 

(see below). 

The poorly defined Birch Lake fault defhes a >5 m wide zone of ductile deformation, 

exposed only in the core of the Tbreehouse synform. Here, the moderately northeast-dipping 

shear zone foliation contains an amphibole lineation, which plunges dom-dip. Volcanic 

rocks in the footwall dip generally more steeply (65-85") than rocks in the fault zone and 

in the hanging wall(40-65 O). The relatively shallow dips in the hanging wall extend across 

Herblet Lake (Fig. 5.3). The Birch Lake fault thus appears, like the McLeod Road fault, to 

dismember a large F, fold, but be folded by the Threehouse synform. Both faults are 

therefore interpreted as contemporaneous. 

The Snow Lake fault and the Berry Creek shear zone were reactivated during F,. The 

F2 manifestation of the Berry Creek shear zone tnuicates the 1837 +8/-6 Ma (David er al., 

1996), pst-F, Tramping Lake pluton (Figs 5.3 and 5 3 ) .  The transition fiom undeformed 

to a subvertical ultramylonitic foliation at the granite rnargin is oniy a few centimetres wide. 

The width of the F2 deformation zone is indeteminate owing to lack of outcrop. but is in 

excess of 30 cm. Ultramylonitic portions mainly comprise fine-grained, dynamically 

recrystallised quartz and feldspar. The quartz, however, is granoblastic due to later static 

recrystallisation. Shear bands indicate a souiberly transport. Subsidiary centimetre- to 

decimetre-wide steeply dipping ductile shears parallel to the main structure are developed 

within the othewise unfoliated pluton. Sericite-nch domains in the subvertical SI mylonitic 

foliation at the pluton margin are crenulated by F, and these contain a faint, steep 
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northeasterly plunging L, crenulation lineation (Fig. 5%). The latest movement dong the 

shear zone system is manifest by pseudotachylyte, which, in one location, cuts across the 

mylonitic fabric of the Anderson Bay shear zone (Fig. 5.3) and is deflected, indicating a 

sinistral component of movement. 

The northeastem segment of the Berry Creek shear zone (discussed above), on the 

0th han4 was not reactivated during F,. It is overprinted by the regional & that envelops 

peak metamorphic porphyroblasts containing S,, by the i+ crenulation lineation, by small Z- 

asymmetrical F2 folds, and by small syrnmetncal F, fol& (Figs 5.7a and 5.8d). L, plunges 

parallel to the clasts stretched during F, (Fig. 5.7a). Calculated P-T estimates of - 550 OC 

at 4.1 kbar on both sides of the structure dso  suggest no major pst-peak metamorphic offset 

(Chapter 4). The local F2 manifestation of the Berry Creek shear zone appears to run 

offshore in Wekusko Lake within the Bumtwood group metaturbidites, as indicated by linear 

geoelec trical anomalies (Hudson Bay Mining and Srnelting, unpublished data). The segment 

of the Bemy Creek shear zone exposed in the study area is, as a whole, opedy folded by Fj, 

causing its trace to be sinusoidai (Fig. 5.3). 

Evidence of Fz movement dong the Snow Lake fault is given by a reversal in SdS, 

asymmetry across the structure from sinisirai in the northem hanging wall (see Chapter 2) 

to dextral in the southem footwall. Younging is to the north on both sides of the structure. 

The dextral SdSz asymmetry and a correspondhg Z-asymmetry of minor F2 fol& remain 

constant across the inferred FI Anderson Bay anticline and in outcrops on Wekusko Lake. 

This implies that the Snow Lake fault dismembered a major F, fold. 



F, and F, 

F, produced polyharmonic folds at d l  scaies throughout the Snow Lake-Reed Lake 

areas. The Iargest structure appears to be the Reed Lake fold (Syme et al., 1999, which 

contains the File Lake antiforni and the Threehouse synfom (Figs 5.2 and 5.3). These large 

folds are symmetrical. The Threehouse synform encloses open F, foIds a few hundreds o f  

metres in s a l e  that are generally discontinuous dong their axial planes. Rare minor F, fol& 

are open to tight and overprint SI, trails of peak metamorphic porphyroblasts, and their F2 

pressure shadows (Fig. 5.IOa). Fj crenulations of S p e  developed locally around the 

Threehouse synform, where S2 is at low angles to bedduig. These crenulations deform S2- 

parallel quartz veins and pressure shadows on staurolite and biotite (see Chapter 2). 

Pervasive S, is only developed in low-grade rocks of the Burntwood group at Reed Lake 

(Syrne et al.. 1995). 

Approximately east- west-trending F, fol& o v e r p ~ t  F, structures, giving rise to 

dome and basin to mushroom interference structures (Figs 5.2 and 5.3). The variations in 

the geometry of the interference patterns arise fiom a regional variation in the orientations 

of primary layenng prior to F, folding. F, fol& occur only locally in approximately 

north- south-trending domains such as the West limb of the Threehouse synform. Here, no 

cleavage is associated with the F, structures, but Connors (1 996) report a local S, in F, fold 

hinges north of File Lake. In unfavourably oriented domains, for example on the eastem 

Threehouse limb, biotites in fluid-altered volcanic rocks, aligned with their (00 1 ) faces dong 

a north-northeasterly trending moderate to steep S,, are kinked. Similarly, conjugate kink 



Figure 5.10 Zoned calc-silicate boudin and crosscutting S,, both overprinted by F, fold; 
Bumwood Group in domain A. Note the opposite asymmetry of Sz and F, with respect to S,. 
Pencil in the lower left for scale. (b) F, kink band overprinting S,; Burntwood Group in 
domain E. 
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bands in north-northeasterly trending steep S2 occur on the islands of northwest Wekusko 

Lake Pig. 5.1 Ob). 

STRUCTURAL DOMAINS 

Six structural domains (A-F) are distinguished in the study area based on the 

orientation of FI-F, structural elements (Fig. 5.3). Domain A (Fig. 5.3) essentially coïncides 

with the staurolite + biotite zone. It is characterised by coaxial FI-F, structures and by 

coplanar FI and F2 stmctures (Fig. 5.1 1). FI-F, fold axes and ail other linear features plunge 

into the northeast quadrant. The poles to the moderately to steeply dipping S,, S2, and the 

axial planes of F3 crenulations plot on approximately the same great circle. This great-circle 

girdle dips to the south-southwest and is pexpendicular to the local axis of the F, Threehouse 

synform. Similar geometrical relationships apply to large portions of the Kisseynew 

Domain, where the great-circle girdles are slightly steeper (Bailes, 1975; Zwanzig, 1990). 

Domain B (Fig. 5.3) is transitional between A and C and contains the axial plane of the Fz 

McLeod Lake fold and the McLeod Road fault. Both structures are overprinted by F3 and 

F,. In domain B, al1 planar elements plot approximately on a great circle that dips to the 

southwest (Fig. 5.12), l e s  steeply than the girde in domain A, owing to local F, refolding 

of the axial plane of the F2 fold about a steep axis. The pole to this girdle is parallel to the 

local F2 and F, axes and coincides with the southwesterly transport direction dong the 

McLeod Road fault (see above; Fig. 5.9). Domain C (Fig. 5.3) contains a segment of the 



F, and F,axes Lineations 

Figure 5.1 1 (a) Equal-area projections (lower hemisphere, Schmidt net) of structural data 
for domain A (Fig. 5.3). 



Figure 5.12 Equal-area projections (lower hemisphere, Schmidt net) of structural data for 
domain B (Fig. 5.3). 



Figure 5.13 (a) Equal-area projections (lower hemisphere, Schmidt net) of stnictural data 
for domain C (Fig. 5.3). (b) Schematic unfolding of the McLeod Road fold. The local fold 
hinge segments for domains B and C (taken from Figs 12 and 13a) plot on a steep 
northeasterly-trending great circle that coincides with the axial plane of the McLeod Lake 
fold in domain C. Variation in plunge angles of the individual hinge segments reveals the 
curvilinear character of the structure. Unfolding procedure: The effects of F3 and F, are 
removed by rotating the axial plane of the McLeod Lake fold f int  18' anticlockwise around 
a steep F, axis into position F,' (in which the axial plane contains the F, Threehouse synforrn 
axis), and subsequently 90" anticlockwise around the F3 Threehouse synform axis into 
position F,". 
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McLeod Lake fold in Missi group metasandstones that young towards the axial plane (Fig. 

5.13). in the hinge a r a  dong the Missi-Burntwood boundary, poles to S, yield a 

moderately northeasterly plunging major F, axis (southern part of domain C in Fig. 5.13a). 

The fold hinge is approximately horizontal in the northem part of domain C (Fig. 5. I3a). 

Domain D (Fig. 5.3) hosts the Squall Lake gneiss dome, a culmination within an F,- F, dome 

and basin interfefence structure (Fig. 5.14). The gneissosity in granitic orthogneiss dips 

gently towards the margins of the dome. A shallow minera1 lineation appears to track a 

smoothly cwved north-northeast to south-southwest F, axis. Domain E (Fig. 5.3) defines a 

steep belt exposed on islands in northwestm Wekusko Lake (Fig. 5.15). The variations in 

S, trend result from large-scale open F3 refolding. Linear features are steeper than in 

domains A and B, but they also plunge into the northeast quadrant Domain F (Fig. 5.3) 

comprises steeply dipping Bunitwood group rocks around the Wekusko Lake pluton (Fig. 

5.16). The pluton oçcupies the core of a large northeast-closing F2 or F3 fold, which 

overprints a series of refolded F, folds. Minor northerly plunging F, fold axes are frequent 

in the southern part of domain F. 



Figure 5.14 Equal-area projections (lower hemisphere. Schmidt net) of structural data for 
domain D (Fig. 5.3). 



Figure 5.1 5 Equal-area projections (lower hemisphere, Schmidt net) of structural data for 
domain E (Fig. 5.3). 



Figure 5.16 Equal-area projections (lower hemisphere, Schmidt net) of structural data for 
domain F (Fig. 5.3). 



DISCUSSION OF DEFORMATION 

The McLeod Lake fold-a sbeath fold? 

Although the hinge of the F, McLeod Lake fold is d i smembd by the McLeod Road 

fault in parts of domain B and in domah A (Fig. 5-17), the hypotheticai local orientation of 

the major F, axis c m  be estimated by assuming parallelism of the hinge with the SdS2 

1 ineation. This information is important for the reconstniction of the McLeod Lake fold prior 

to overprinting. In its present refoided state, the McLeod Lake fold changes its character 

from a synform in domain C to an antiform in domains B and A (Fig. 5.3), the hinge being 

curved through -60 O.  In the northem part of domain C (Fig. 5.13a), the hinge is 

subhorizontai and becornes progressively steeper northeasterly plunging in the southern part 

(Fig. 5.1 3a) and through domains B and A (Figs 5.1 1 and 5.12). 

in an attempt to reconstmct the original geometry and attitude of the F, McLeod Lake 

fold, 1 restore its orientation prior to F, and F, refolding assuming an initial south to 

southwest vergence, as reported for F2 structures fiom the southem flank of the Kisseynew 

Domain (Fig. 5.1) (Zwanzig and Schledewitz, 1992; Norman et al., 1995; Zwanzig, in press). 

The unfolding procedure is describeci in Fig. 5.13b. AAer unfolding, the FI axial plane dips 

moderately to the north-northeast, and the local hinge segments plunge moderately West- 

northwest to steeply north-northeast (Fig. 5.13b). Simiiar orientations of F, axial planes and 

F2 fold axes in the Cleunion Lake-Kississing Lake area were interpreted as king evidence 

for a local southerly tectonic transport (Noman et al., 1995). Thus, if there is any validity 



------O-- 

---------- 
McLeod Road 

Figure 5.17 Schematic illustration of the sequence of the dismemberment of the regional- 
scale McLeod Road fold by the McLeod Road fault during F,. Subsequent refolding dunng 
F, (and F,) led to the rnap-scale pattern in domains B and C (Fig. 5.3). The shaded area refers 
to the Missi group. See text for discussion. 
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in this simple unfolding procedure, the McLeod Lake fold was a south to southwest-verging, 

synformal, curvilinear structure, and possibly a sheath fold. It is similar in geometq and 

attitude to the large F2 structures on the southern flank of the Kisseynew Domain (e.g. 

Zwanzig and Schledewitz, 1992; Zwanzig, in press). 

Paraiieüsm of linear features 

Except in domains C and D, the axes of the isoclinal F, and F, fol& are broadly 

parallel to the axes of the open F, fol& and their azimuth approximately coincides with the 

in ferred southerly tectonic transport. This fold-axis distribution is very similar in large 

portions of the Kisseynew Domain (Bailes, 1975; Zwanzig, I W O ) .  Coaxiaiity of earlier tight 

structures with Iater open structures has been reported fkom many orogenic belts (e-g. Knill 

and Knill, 1958; Bryant and Reed, 1969; Escher and Watterson, 1974; Skjernaa, 1980; 

Meneilly and Storey, 1986; Norman et al., 1995). In those cases, paridlelism of the early 

fold axes was attributed to progressive rotation of the fold hinges towards the direction of 

tectonic transport in a constant kinematic M e ,  associated with high shear strains (y > - 1 0) 

(ibid.). The occurrence of sheath fol& is regarded as evidence that this process has operated 

(Williams and Zwart, 1977). The lack of sheath folds, however, does not exclude this 

possibility (Williams and Compagnoni, 1983; Mawer and Williams, 199 1 ; Norman et al., 

1995). 1 believe that, in the sîudy area, the near-parallelism of the linear F,, features and 

also the chocolate-bloçk boudinage pattern (see above) were achieved by rotation in response 

to shearing. Boudins that fomed by stretching in a direction parallel to the lineation were 
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linear fea~ues and were, as sûainiag continued, rotateâ and M e r  boudinaged in the same 

way as the fold hinges. F3 sûaining, howwer, was too low to account for the rotation of the 

axes of the late open folds into pd le l i sm with the axes of the earlier isoclinal folds in a 

constant kinemaîk fiame, since there is generalIy a direct relationship between fold tightness 

and fold axis orientation (Mawer and Williams, 1991). Hence, the isoclinal F,, and the open 

F3 fol& must have developed in different kinematic frames. The contrasthg vergence and 

d e p s  of tightness of F,, and F, structures is good evidence that this was the case. There 

are three possible ways for the open F, fol& to have formed, and they al1 have in comrnon 

that the orientation of the F, axes was controlled by the linear anisotropy developed during 

the earlier folding (Cobbold and Watkinson, 198 1 ; Watkinson and Cobbold, 198 1): ( 1 ) The 

tectonostratigraphic packages were deformed merel y by approximatel y east-west shortening 

so that the deformation path was coaxial. (2) Flow conbued to be southerly directeci during 

F,, and a component of approximately east- West shortenhg was superimposed so fiat the 

non-coaxial deformation path becarne constrictional (cf. Meneilly and Storey, 1986). (3) The 

large F, folds simply resulted from draping of the foliation around the previous linear 

anisotropy and around the large plutons during southerly flow. The third scenario does not 

involve shortening perpendicular to the axial plane, but it requues that the F2 and F, folds 

fomed simultaneously. 1 eliminate possibility (3), however, based on the diEerent mineral 

assemblages and thus the different metamorphic grades assoçiated with F2 and F, (Menard 

and Gordon, 1997; see Chapter 4). Possibility (2) cannot be ruled out, but it is not likely, as 

there are no shear sense indicators for southerly flow and no L, stretching lineation parallel 

to the F, axes. Further, the tectonostratigraphic packages were already moderately to steeply 
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dipping pnor to F, (see below), and their attitude therefore inhibited large-scale tectonic 

transport. The low strains associateci with F, and the orthorhombic symmetxy of the large 

Fj folds suggest a bulk coaxial strain path, and thus mode1 (1) is most realistic. 

AGES OF DEFORMATION AND METAMORPHISM 

U-Pb geochronology of zircon, monazite, and titanite yielded ages of - 1.820- 1.805 

Ga, which are inferred to date the thermal peak of metamorphism in the southern Tram- 

Hudson Orogen, including the Thompson Belt (e.g. Gordon, 1989; Gordon et al., 1990; 

Machado et a/. , 1990; Ansdell and Norman, 1995, and references therein; Bleeker et al., 

1995; David et al., 1996, and references therein). A thermal anomaly, interpreted as the 

product of prolonged, extensive granitoid intrusion in the Kisseynew Domain was the source 

of high-grade metamorphism at moderate pressures in the Kisseynew Domain, its southern 

flank, and the northern and eastern portions of the Snow Lake Allochthon (Bailes, 1975, 

1985; Bailes and McRitchie, 1978; Gordon, 1989; Menard and Gordon, 1997; see Chapter 

4). The anomaly, which resulted in rapid, possibly isobaric heating fkom -550-600°C to 

-750- 800 O C ,  developed either late-F2 or post-F2, and outlasted F, (Menard and Gordon, 

1997; see Chapter 4). In contrast, rocks metamorphosed not higher than staurolite grade 

(Tm, s 580°C) in the area south of Snow Lake were not affected by the thermal anomaly; 

these rocks reached metamorphic peak conditions early during F2 and show evidence of 

cooling during F, (Menard and Gordon, 1997; see Chapters 2 and 4). Titanite in rhyolite 
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from Anderson Lake (Tm= -550°C at 5 kbar) yielded an age of 18 12 * 5 Ma, interpreted 

as dating the local syn-F2 peak of metarnorphism (Fig. 5.3) (Zaleski et al., 1 99 1 ; David et al., 

1996). Zircon overgrowths in sarnples fiom the Herblet Lake gneiss dome (T, = 

700-800°C at 5-6 kbar; Menard and Gordon, 1997) yielded interpreted syn-peak 

metamorphic ages of 1807 7 Ma, 1807 * 3 Ma, and 1803 + 2 Ma (David et al., 1996). By 

cornparison, monazite aga interpreted to date the cooling of -1 8 1 5 Ma Kisseynew Domain 

granitoids are 1 806 2 Ma and 1 804 * 2 Ma (Gordon, 1 989; Gordon et al., 1 990). Titanite 

,grains in gneisses h m  the southem flank of the Kisseynew Domain near Shemdon (Tm = 

660 OC at 5 kbar; Froese and Goetz, 198 1) yielded interpreted cool ing ages of 180812 Ma, 

1804*3 Ma and 1805*5 Ma (Fig. 5.1) (Ashton et al., 1992). In summary, the - 1.805 Ga 

ages date the onset of cooling in the hi@-grade rocks and thus give a minimum age for F,. 

Late kinematic to postkinematic pegmatites with interpreted crystallisation ages of 

- 1.805- 1.760 Ga are widespread in the high-grade rocks of the southem Tram-Hudson 

Orogen (e.g. Ashton et al., 1992; Hunt and Zwanzig, 1993; Ansdell and Norman, 1995; 

Parent et al., 1995; Chiarenzelli et al., 1998). Undated pegmatites north of File Lake were 

interpreted to be broadly coeval with F, (Cornors, 1996). The majority of the ages obtained 

for deformed pegmatites scatter around 1.800- 1.790 G a  Some of the older ages may reflect 

inheritance of near-peak metamorphic monazites (Parent et al., 1995). Although speculative, 

it is possible that F, followed F, within a few million years. 

Hornblende and biotite in Missi group rocks h m  near the eastern shore of Wekusko 

Lake (Fig. 5.2) yielded minimum cwling ages between 1764 * 1 1 Ma and 1747 * 1 1 Ma 

(Marshall et al., 1997), consistent with cooling ages in the Amisk collage (Hunt and 
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Roddick 1992, 1993; Fedorowich et al., 1995). It appears that initiai cooling during uplifi 

was slow, possibly owing to the intrusion of pegmatites and associated hot fluids. Cooling 

rates increased rapidly once this activity had ceased. 

STRUCTURAL FEATURES BETWEEN WEKL3SKO LAKE AND T E  SETTING 

LAKE FAULT ZONE 

In the Snow Lake Ailochthon east of Wekusko Lake (Fig. SS), isoclinal F, and FI 

structures verge northwesterly and are coplanar with tight to isoclinal F, structures (Connors 

et al., in press). The F, folds are generally tighter than the F, folds West of Wekusko Lake 

(Bailes, 1985; Connors et al., in press). Steep F, shear zones (e.g. Crowduck Bay "fault"; 

Connors et al., in press; Fig. 5-2), some of which may be re-activated F,, thnists, trend 

approximately parallel to the large F, -F, fold hinges and they also parallel the Setting Lake 

fault zone, which is the bowidary between the interna1 and the external Tram-Hudson 

Orogen (Fig. 5.1) (Bailes, 1985; Bleeker, 1990a, and references therein; Connors et al., in 

press). A moderately north-dippïng structure (Roberts Lake "fault"; Comors et al., in press; 

Fig. 5.2) was interpreted as a late, south-verging thrust (Connors et al., in press). In the part 

of the Kisseynew Domain that is sandwiched between the Snow Lake Allochthon and the 

Thompson Belt (Fig. 5.1) (hereafter referred to as bbsoutheastern Kisseynew Domain"), the 

axial planes of large, steep S-acymmetrical(? F,) folds are overtumed in the sarne way as the 

axial planes of F, folds within the Thompson belt, indîcating a component of sinistral shear 
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with respect to the boundary of the Thompson Belt (Bailes, 1985; Bleeker, 1990a). 

STRUCTURAL CORRELATION OF TEE SNOW LAKE ALLOCHTHON AND 

THE THOMPSON BELT 

The thermal peak of metamorphism in the Thompson BeIt of the extemai Trans- 

Hudson Orogen outlasted the local FI and was broadly coeval with the thermal peak of 

metamorphism in the interna1 zone of the orogen (Bleeker, 1 990a; Machado et al., 1 990; 

Bleeker and Macek, 1996). Two granites, believed to be associated with the thermal peak 

of metamorphism, were dated at 1822 * 3 Ma (zircon) and 1805 * 2 Ma (monazite), and a 

paleosorne fiom the Thompson open pit (Fig. 5.1) yielded 1809 *14 Ma (zircon) (Machado 

et ai., 1990; Bleeker et al., 1995). Fj fol& formeci at the inception of widespread pegmatite 

intrusion and associated retrogressive fluid activity spanning - 1.786- 1.765 Ga. The Setting 

Lake fault zone was active during approximately the same time interval (Lewry, 198 1 ; Green 

1 985; Bleeker, 1 WOa; Machado et al., 1990; Machado and David, 1992; Bleeker et al., 1995; 

Bleeker and Macek, 1996). It thus appears that the F, and F, stxuctures in the Snow Lake 

Allochthon were broadly coeval with the F2 and F, structures in the Thompson Belt. 
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AN EVOLUTIONARY MODEL FOR THE SOUTHEASTERN TRANS-HUDSON 

OROGEN 

The Snow Lake arc assemblage originated as an outboard accretionary complex 

during continental convergence (Stern et al., 199%; David et al., 1 996). Contamination with 

Archean crust suggests that the arc was built on continental cmt ( r i M  hgment or subsided 

margin of the Superior plate?) (Stern et al., 1995a). Altematively, the arc was built on 

oceanic crust, providing that magma generation involved melting of continental sediments 

on the subciucting slab. Burntwood group turbidites, derived Erom the eroding arc and from 

the Archean continental margins, were deposited at 1.86- 1.84 Ga on oceanic crust in the 

marginal Kisseynew basin (Ansdell et al., 1995; Machado and Zwanzig, 1 995; David et al., 

1996). Coevally, Missi group sediments were deposited in fluvial-alluvial fans at the basin 

margin and, locally, on the Amisk collage (Stauffer, 1990; Lucas et al., 1996a). The 

- 1.84- 177 Ga Hudsonian orogeny resulted from the final collision of the Amisk collage, 

Snow Lake Allochthon, and the Kisseynew basin with the Archean Saskatchewan and 

Superior cratons (Fig. 5.1 ) (e.g. Lewry, 198 1 ; Bickford et al., 1990; Bleeker, 1 WOa; Ansdell 

et al., 1995; Lucas et al., 1997). During the final closure of the "Manikewan" ocean (see 

Chapter l) ,  thick, internally deformed, ductile F, nappes derived fiom the collapsing 

Kisseynew basin formed a tapering thrust wedge. The sedimentary nappes were emplaced 

along shallow structures (Snow Lake fault, Berry Creek shear zone) ont0 and interleaved 

with arc and ocean floor rocks, causing 12- 15 km of crustal thickening (Fig. 5.18a) (see 

Chapter 4, and references therein). The nappe pile was intmded by calc-alkaline plutons 



Figure 5.18 Sequence of block diagrams that schematically depicts the tectonic 
development of the southeastem Trans-Hudson Orogen. See text for explanation. The long 
edges of blocks are approximately 100 km. SFKD = southem flank of the Kisseynew 
Domain. 
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f i e r  F, (Gordon et al., 1990; David et al., 1996). Both this intrusive activity and coeval arc 

volcanism have k e n  interpreted as relating to southward subduction of Kisseynew basin 

oceanic crust (Gordon et al., 1990; Ansdell and Cornors, 1995; Ansdell et al., 1995, in 

press). 

Crustal thickening by folding and overthnisting continueci during F, (Menard and 

Gordon, 1997; see Chapter 4). The general northeasterly plunge of F,,? linear features 

suggests southerly F,, tectonic transport (Fig. 5. Ha). 1 believe that F ,,structures in the 

dlochthon were initially recumbent and were steepened during F2 by a component of 

northeast-southwest shortening superirnposed on the southwesterly flow. Further steepening 

was achieved by later F3 refolding around the previous fold axes. The F shortening may 

have resulted fkom both the topographie relief of the footwaii assemblages (Cornors, 1996) 

and the inhibition of forward propagation on detachments. For example, the eastem 

termination of the rigid Amisk collage (fmtwall to the Morton Lake "fault" zone) may have 

acted as a steep oblique-lateral ramp (Figs 5.2 and 5.18a). Contemporaneous deformation 

in the Amisk collage, already characterised by steep anisotropy, was concentrated dong 

steep northerly trendkg shear zones (Ryan and Williams, in press). 

Following the development of the Snow Lake Allochthon during FI and Fz, the 

Supenor plate collided with and shallowly underthnist the interna1 Trans-Hudson Orogen, 

probably in a sinistral-oblique sense (Fig. 5.18b) (e.g. Lewry, 198 1; Greeri et al., 1985; 

Bleeker, 1990a). Durhg underthrusting, the allochthon and the southeastern Kisseynew 

Domain were folded by large amplitude, upright F, structures (Fig. 5.18b), which are 

symmetrical in the Snow Lake-File Lake area. Uplift of the Snow Lake Ailochthon may 
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have commenced at that tirne. FaMing of the steep F, axial planes from northeasterly 

trending at Snow Lake-File Lake to northwesterly trending on the southem flank of the 

Kisseynew Domain suggests that the F3 fol& fonned during broadly east-west shortening 

(cf. Connors, 1996; Zwanzig, in press). East of Wekusko Lake, F,, thnists were steepened 

and reactivated, and new stnictures formed (e.g. Crowduck Bay fault; Fig. 5.2). It is, 

however, uncertain whether the eastward increasing tightness of the large F3 folds was 

achieved by F, or F, strains, or by both. Contemporaneously, in the Thompson Belt, 

recumbent FI fol& developed within a nappe pile that translated passive margin sediments 

easterly ont0 the Superior plate (Bleeker, 1990a; Bleeker and Macek, 1996). 

After a possible vergence reversai and a short-lived period of westward overthnisting 

of the Superior plate ont0 the internai Tram-Hudson Orogen, the Thompson Belt, now k ing  

uplifted, was transformed into a zone of sinistral transpression during the Local F, (Fig. 

5. i 8c) (Green et al., 1985; Bleeker, 1990a; White and Lucas, 1994; White et al., 1994; 

Bleeker and Macek, 1996; Lucas et al., 1996b). Transpression caused steepening of the 

recumbent earlier structures and the development of west-vergent, near upright, high 

ampIitude, doubly plunging F, fol& in the Thompson Belt (Bleeker, 1990a; Bleeker and 

Macek, 1996). At the same tirne, F, folds developed in the Snow Lake Allochthon. The area 

between Wekusko Lake and the Setting Lake fault zone was likely affected by the 

transpressional deformation (Connors and Ansdell, 1994% b; Comors, 1996). Here, the 

steep F, stnictures were tightened, and M e r  disrnembered dong a series of reactivated 

shear zones (e.g. Crowduck Bay fault; Fig. 5.2); F, movement dong the northeasterly 

trending, steep structures was possibly sinistral strike slip or oblique slip (Comors et al., in 
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press). Coevally, favourably oriented packages were overthrust in a southerly direction 

dong shallowly northerly dipping structures (e-g. Roberts Lake faulc Fig. 5.2). In the Snow 

Lake- File Lake area, in contrast, the F,, kinematic frame was approximately restored during 

F,. There, only favourably oriented northerly trending domains in highly metamorphosed 

rocks north of Snow Lake were deformed by large F, folds. 'Ihese rocks were still relatively 

hot and thus more susceptible to saaining than the colder, more rigid rocks to the south. The 

temperature gradient between the hi&-grade and the low-grade rocks was maintained during 

this stage of cooling, possibly owing to syn-F, and younger pegmatites, and to associated 

retrogressive fluids that affected al1 hi&-grade domaîns of the southern Tram-Hudson 

Orogen (e-g. Bleeker, 1 S9Oa; Connors, 1996; Chiarenzelli et al., 1998). The generally steep 

attitude of the tectonostratigraphic packages inhibited M e r  southward-directed thmsting 

in the Snow Lake Allochthon. 



ifthe worfd should blow irseffup. the fast audible voice 
would be rhar of an expen saying it can 'r be done- 

Peter Ustinov 

Chapter 6 

Conclusions 

INTRODUCTION 

The Snow Lake Allochthon, a domain in the intemal part of the southeastem Trans- 

Hudson Orogen, was investigated in a combined structural and metamorphic study. The 

study has focussed on the delineation of the tectonometamorphic history of the allochthon. 

The findings were extrapolated to adjacent areas in order to improve the understanding of 

the larger scale tectonometamorphic developments and thus the role of the allochthon in the 

evolution of the orogen. Two complementary thematic studies focussed on 

porphyroblast-maûix relationships in the context of folding and the development of 

cleavage. In this Chapter, the conclusions of the various topics studied are sumrnarised, and, 

where appropriate, problems arking from these studies are discussed. 

STRUCTURE 

Two generations of structures were recognised in the study area by previous 

workers-tight to isoclinal F, fol& and open F2 fol& (Threehouse synform), the latter were 
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believed to be associated with an axial-plane cleavage, S2. This fabric is regionally pervasive 

and c m  be also found in the adjacent Amisk collage (S, of Ryan and Williams, in press). S1 

is thus a marker usable for the spatial correlation of the structural and metamorphic 

development in most of the NATMAP study area. Superficially, Sz appears to be axially 

planar to F, folds. It is shown, however, that: (1) S2 is axial planar to a second generation 

of tight to isoclinal fol& (e.g. the FZ McLeod Lake fold) that predate the Threehouse synfonn 

(F, in this thesis); (2) S2 has the wrong asymmetry on the eastem limb of the Threehouse 

synform to be genetically related to this structure; (3) S2 changes vergence on the east limb 

of the Threehouse synform across the Snow Lake fault; (4) S2 is crenulated by F, where 

favourably onented. A fourth generation of sûuctures (F,) is limited to favourably oriented 

domains that are located mainly north of the study area. 

These four generations of folds formed in at least three distinct kinematic W e s  over 

a minimum period of 30 m.y.. The axes of the FI, folds are padlel  or near-paralle1 to the 

axes of the open F, folds, owing to progressive reorientation of the F,,! axes dunng 

emplacement of thick, intemally deformed nappes, followed by F, refolding around the 

previous linear anisotropy. 

FI strains were generally very hi& as indicated by the tight cluster of fold axes (Figs 

5.1 1-5.19, the strain in clasts, and the transposition of F, folds. Evidence of these high 

strains on a grain scale has ken ,  however, obliterated by metamorphism and subsequent 

deformation. This hindered, in particular, the reconstruction of the early histories of the 

long-lived shear zones. F,, fol& and thnists were likely recumbent and horizontal and may 

have formed in a constant kinematic h e .  The large F2 McLeod Lake fold has a strongly 
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cuwed hinge, similar to the large F2 fol& on the southern flan. of the Kisseynew Domain 

(e-g. Shemdon stmcture of Zwanzig and Schledewitz, 1992). Relatively steep F; fol& 

developed in a different kinematic h e  that reflects the terminai collision of the Trans- 

Hudson Orogen with the Archean Superior plate. Coevally, the Paleoproterozoic continental 

margin sequence was thnist on top of the Superior plate. The thexmal peak of metamorphism 

in the high-grade portions of the Snow Lake Allochthon, in the adjacent part of the 

Kisseynew Domain, and in the Thompson Belt outlasteci the development of the F3 folds in 

the allochthon. F, foids in the Snow Lake Allochthon coincided with transpressional 

deformation in the Thompson Belt during incipient uplifi and cooling of the orogen. 

Cleavageporphyroblasts-large-scale folding relationships 

The development and overprinting of S2 during F, and F, was established in 

Bumtwood group rocks of the siaurolite zone. Several lines of evidence suggest that S2 

initiated as crenulâtions early during F2 folduig and coincided with the growth of the peak 

metamorphic minerai assemblage. initiation of cleavage appears to coincide generally with 

the early stages of folding in strongly anisotropic, micaceous, pelitic rocks. It is f i e r  

shown that development of new cleavage fkom crenulation of the previous generation of 

cleavage depends on the orientation of the older cleavage. If the older cleavage was rehcted, 

the new cleavage may thus not be pervasive, and two generations of cleavage may be present 

in adjacent beds (e.g. Henderson, 1997). It is interesting to note that the F, crenulations in 

the study area did not develop into a new cleavage, although fluids were abundant. In 
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contrast, the lower grade rocks at Reed Lake contain a welldeveloped S, (Syrne et al., 1995). 

In generai, the most spectacular differentiated cleavages occur in low-grade rocks (e-g. 

Williams, 1972; Weber, 1981). A discrete S, did not develop in the study area, because the 

intragranular sûain  in the micas and possibly also the buik s t r a i n  were low. A new domainal 

fabric that develops h m  an older domainai fabric is expecied to comprise generally wider 

spaced domains than the older fabric (e-g. Hoeppener, 1956; Williams, 1972), because the 

wavelength of the crenulations 1s controlled by the thickness of the microlithons of the old 

fabric and by the porphyroblasts sited in these microlithons. If the grain size of the mica 

grains that define the septa of the older fabric did not increase much by recrystallisation, as 

in this case, the grain-scale strains around any new crenulation are accommodated by a low 

degree of bending of each grain compared to the sharp kuikùig of the mica grains during the 

formation of the older, narrower spaced fabnc. The dislocation density and thus the stored 

sh-ain energy in any mica grain in an F, crenulation is therefore expected to be low, so that 

these grains were not susceptible to dissolution and neocrystallisation~rec~ystallisation, 

which are important processes in the formation of a differentiated fabric. 

Rotation of porphyroblasts with respect to the geographical reference Crame 

A solution to the contentious question, whether metarnorphic porphyroblasts rotate 

(or not) with respect to the geographicai reference fkme during folding, was presented. The 

cleavage-porphyroblastfold relationships of the Burntwood group rocks are useful for my 

argument in that, despite strong cleavage refraction, the inclusion traiis in biotite and gamet 
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porphyroblasts remained at a high angle to the enveloping S, throughout F2 and F, folding. 

Therefore, although these porphyroblast-matrix relationships are in agreement with the sîrain 

field d i a m  of Bell (which he regarded as evidence for general porphyroblast non-rotation 

with respect to the geographical reference fiame), the porphyroblasts have rotated relative 

to each other. Hence, some of the porphyroblasts, if not most, have rotated with respect to 

the geographical reference M e .  These relationships uncover a logical problem in the 

porphyroblast non-rotation discussion that arises fiom the inconsistent use of reference 

fiames; that is, the characterisation of the local deformation path does not rely on the 

geopphical reference h e .  

The study area had b e n  divided previously into Barrovian metamorphic zones 

distinguished by discontinuous metamorphic reactions that produce characteristic index 

rninerals such as staurolite and sillimanite (Froese and Gasparrini, 1975; Bailes and 

McRitchie, 1980; Froese and Moore, 1980). The reactions had been inferred for the pelitic 

rocks, and the reaction isograds were exnapolated through the arc rocks (ibid.). Such an 

extrapolation is, however, problematic, because the pelitic and the volcanic rocks have 

distinct chernical compositioas. Hence, the different rock types contain diRerent mineral 

assemblages, and they are therefore characteriseci by distinct metamorphic reactions. As a 

result, an isograd, which is based on the first appeatance of a cenain (index) minerai 
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produced by a certain metamorphic reaction, cannot be extrapolateci through rocks, in which 

this reaction did not occur. Furtber, an index mineral, such as gamet, commences growing 

at temperatures as low as 450°C in a rock that contains sufficient Ca and Mn (e.g. in a 

rhyolite) and ttierefore at a lower temperature compared to gamet in a pelite (e.g. Spear, 

1993). In other words, isograds based on the first occurrence of an index mineral do not 

coincide with the isotherms in an area that hosts a wide compositional variety of rock. 

Isograds are therefore of limited use for describing variations in metamorphic grade in such 

areas. 

Geothermobaromeûy , which, in pelitic rocks (e.g. Burntwood group), does not 

depend on compositional homogeneity, was employed to determine the spatial variation in 

pressure and temperature in the study area, to calculate metamorphic P-T-t paths, and to 

decipher the relative timing of deformation and metamorphism in the higher grade rocks, 

where the porphyroblast-matrix relationships are less clear than in the lower grade rocks. 

1 t is suggested that the Snow Lake Allochthon is characterised by a syntectonic, diachronous, 

low- to medium-pressure metamorphism resulting fiom thermal relaxation after crustal 

thickening and fiom granitic plutonism in the adjacent Kisseynew Domain. F, was likely 

associated with the major episode of burial, and was followed by thermal relaxation, because 

the peak metamorphic conditions in the staurolite zone were coeval with early F,. Burial 

during F, was probably rapid (1-5 Ma) as indicated by the youngest detrital zircons in the 

Burntwood group and ages of granitoids that crosscut F, structures (Gordon et al., 1990; 

Machado and Z w a ~ g ,  1995; David et al., 1996). The ductile style of F, structures suggests 

crustal thickening by development and stacking of thick, intemally defomed nappes (thick- 
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skinned tectonics). Metamorphic conditions increased within 15-35 m.y. f?om chlorite grade 

to stawolite grade, possibly isobarically. During F2, temperature and pressure inçreased ody 

slightly, suggesting relatively minor trustai thickening after F,. A thermal anomaly 

developed during or after F, which led to hi&-grade metamorphkm in the northem part of 

the study area and the adjacent Kisseynew Domain. High-temperature conditions in the 

high-grade rocks prevaiied for sme 10 m.y. until &er F,, whereas mineral assemblages in 

staurolite-grade rocks indicate cooling during F,. 

The high-grade rocks in the Snow Lake Allochthon and in the Kisseynew Domain 

share the characteristics of many low- to medium-pressure, high-temperature terrains that 

formed in response to anomalously high thermal gradients caused by the intrusion of 

magma rather than by increased heating as the result of increased burial: (1) They record 

approxirnately the same pressures as the adjacent medium-grade rocks; (2) peak conditions 

are near the sillimanite-kyanite transition within the sillimanite stab ility field; and (3) there 

are no extensional features during cooling (cf. Bohlen, 1987). The general lack of late 

extension in the Manitoba-Saskatchewan segment of the Trans-Hudson Orogen (Hajnal 

et al., 1996) suggests that erosion was the major exhumation mechanism (England and 

Thompson, 1984). 

The prograde parts of the P-T-t paths calculated for the high-grade portions of the 

Snow Lake Allochthon and for the Kisseynew Domain (Fig. 4.8) show characteristics of 

an anticlockwise bop (T, coincides with P,,,J typical for low- to medium-pressure 

terrains (e.g. Sandiford and Powell, 1991), in contrast to the classic clockwise loops of 

overthmt terrains, where P, is reached long before Tm, owing to thermal equilibration 
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by relaxation of isotherms after thnisting (e-g . England and Thompson, l984). Although 

mineral reaction textures, which are diagnostic of the retrograde history , in particular 

pressure-sensitive ones, are absent in the study area, the structural developments on the 

re trog rade path and thermal calculations for the Kisseynew Domain (Gordon, 1989) 

suggest that ctwiling was associated with at least some decompression. The total P-T-t 

paths therefore approach a clockwlse c w e  (Gordon, 1989; Chapter 4). In the hi&-grade- 

rocks, the P-T-t paths are a function of the timing and the duration of granitoid intrusion 

relative to deformation. 

Cooling of the southeastem Tram-Hudson Orogen was relatively slow (more than 

50 m.y.) and may have k e n ,  to some extent, slowed by pegrnatites and associated hot 

fluids . This late activity rnay reflect slow cooling of the underaccreted and/or intmded 

mantle-derived magmas, and it may have resulted fmm of the long-lived thermai effect of 

the crustal thickenulg/concomitant thinning of the mantle lithosphere. 

The metamorphic study also reveals a well-known, but fkquently overseen, problem 

inherent in geobarometry in general-the dependence of the calculated pressures on the 

calculated temperatures (both are positively correlated in the geobarometers). In high-grade 

rocks, where temperatures are commonly overestimated owing to the biotite mode1 useci, the 

caicuiated pressures are d so  overestimated. This may result in apparent variations of the 

calculated pressures in areas characterisecl by a steep temperature gradient dong the exposed 

surface. The solution to this problem would be a tmly temperature-independent barorneter 

(horizontal dope of the & line). 



Discussion-Archean basement underneath the Kisseynew Domain? 

Hi&-grade Archean basement gneisses appear as structural windows in the Hanson 

Lake Block and in the Glennie Domain, as mentioned in Chapter 1. These windows were 

interpreted as king culminations of the Saskatchewan craton, an Archean continental 

hgment which, according to interpreted LITHOPROBE seismic lines 3, 5,9, and 10 (see 

Fig. 1.1. for location), is believed to underlie much of the intemal Trans-Hudson Orogen, 

possibly including the Kisseynew Domain (e-g. Lewry et al., 1990, 1994; Lucas et al., 1993, 

1994; Ansdell et al., 1995; Chiarenzelli et al., 1998). The Amisk collage, the southern flank 

of the Kisseynew Domain in Manitoba, and the Snow Lake Allochthon, are interpreted not 

to be underlain by Archean crust according to the interpreted LITHOPROBE seismic lines 

2 ,3  and 7 (Lucas et al., 1993, 1994; White et al., 1994; Leclair et al., 1997). The basement 

is believed to have been overridden by the juvenile domains and by the Kisseynew Domain 

at 1.84-1 -8 1 Ga, pnor to (or, less likely coeval with) the thermal peak of metamorphism 

(e.g. BicHord et al., 1990; Lewry et al., 1990; Ansdell et al., 1995; Lucas et al., l996a). 

The new metamorphic data allow a statement conceming the possible presence of 

Archean basement undemeath the Kisseynew Domain in the absence of seismic reflection 

data. High-grade Archean gneisses are generally refractoxy and depleted in radioactive heat- 

producing elements (U, Th, K, and Rb) (Tarney, 1976; Tamey et al., 1982; Windley and 

Tarney, 1986; J. Tamey, pers. comm. 1997). Thus, Archean basement gneisses, if they were 

granulites, would likely not have contributed to the crustai heat budget; on the contrary, they 

may have darnpened metamorphism by acting as insulators, hence preventing the upward 
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conduction of heat generated at the base of the crust. Therefore, if basement underthrusting 

predated F,, it would be hard to explain, how the rocks of the Kisseynew Domain 

experienced a stage of medium-grade metamorphism by conductive relaxation prior to the 

high-grade metamorphism, and the 1 . 8 6 1  -83 Ga granitoid suite in the Kisseynew Domain 

would be expected to contain xenoliths of Archean rocks. But, even if the underthrusting 

coincided with F,, the uIsulaîïng effect of the Archean basement rocks may have prevented 

anatexis at the base of the sedimentary nappe pile overlying the Archean rocks in response 

to the proposed crust-mantle interactions as described in Chapter 4. Only if the Archean 

rocks had been wedged into the Kisseynew Domain rocks, could anatexis have occurred in 

sedimentary rocks undemeath the Archean slice. If this were the case, the - 1.8 15 Ga granite 

suite in the Kisseynew Domain, which is thought to be responsible for triggering the high- 

temperature metamorphism at the presently exposed crustal level, would be expected to 

contain xenoliths of Archean rocks. Xenoliths are abundant in both granitoid suites, but they 

are exclusively sedimentary. The extent of the buried Archean basement may therefore be 

limited to the GIennie Domain, the Hanson Lake Block, and the southeni flank of the 

Kisseynew Domain in Saskatchewan, with a possible continuation to the south. This 

hypothesis, however, needs fûrther testing using Nd isotopes. 
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APPENDIX A: Mineral compositions used for P-T calculations 



TABLE 4.1. GARNET COMPOSITIONS USED FOR P-T CALCULATIONS (WT %) 

Sample 432 425 
- P  - P l  

Total 101.73 101.18 
n.d. = not detected 

XXS 
-PI -B  

35.86 
0.09 
2 1 .O0 
2.76 
37.97 
0.2 1 
1.30 

99.19 

SL53 
- A-P 1 

38.79 
n.d. 

2 1.78 
4.40 

33.40 
0.62 
3.6 1 

102.60 



TABLE 4.2. BIOTITE COMPOSITIONS USED FOR P-T CALCULATIONS (WT %) 

Sample 432 425 420C 60-2 CKOR3 93-40 XX5 
- P  -PI - P3 - P l  -P2 -PI0  - P I - B  

Total 94.72 95.12 94.87 95.09 94.58 94.08 94.07 
n.d. = not detected 



TABLE 4.3. MUSCOVlTE COMPOSlTlONS USED FOR P - T  CALCULATIONS (WT %) 

Sample 420C 60- 2 CKOR3 93-40 XX5 SL53- A D58 
-P3 -Pl  -P2 -PI0 - P l - B  -A-PI -Pl  

Total 93.97 93.58 93.07 
n.d, = below detection limit 



TABLE 4.4. PLAGIOCLASE COMPOSITIONS USED FOR P-T CALCULATIONS (WT %) 

Sample 420C 60-2 CKOK3 93-40 XX5 SL53 D58 D l56  D238 D23R AN5 
- P3 -Pl  -P2 - P l 0  - P l - B  -A-PI -PI -PI -1-Pl  - 1  -1-2P 

Total 101.33 100.58 102.13 101.48 99.43 101.25 99.82 101.42 101.70 101.24 102.81 
n.d. = below detection limit 



APPENDIX B: Mineral assemblages and cdculated P-T estimates 



TABLE 4.5. MINERAL ASSEMBLAGES AND CALCULATED P-T ESTIMATES 

Sampk Assemblage TWQ P- 1-Mg 2-Fe 2-Mg 2-Fe 3 4 
432-PZ &t+Pl+Bt+Chl+Qt~ 
425-1 Orl+PI+Bt+Qlz 
420C-P3 Stffirl+PI+Bt+M~+Qlz 4.1-540 4.2 4.2 4.0 4.1 4.5 4.4 
60-2-Pl St+oit+Pl+Bt+M~+Q(z 4.1-550 4.1 4.1 4.1 4.2 4.6 4.5 
CKOR3-P2 St+Gfl+Pl+Bt+Ms+Qt~ 4.5-560 4.4 4.5 4.4 4.4 4.7 4.6 
9340-Pl0 Sil+St+Oi(+Pl+Bt+Ms+Qt 5 .6600  5.8 5.8 5.6 5.6 5.7 5.9 
XXSB-PI-BS~+O~+PI+B~+MS~Q~Z 4.3-570 4.7 4.7 4.5 4.6 4.8 4.6 
SL53-A-PI StiGttPl+Hbl+Bt+M~+Q 6.0600 6.1 6.1 6.1 6.1 4 4  4.9 
DS8-Pl St+Oi1+Pl+Bt+M~+Qlz 4.5-560 4.4 4.6 4.5 4.8 4.9 4.9 
D156-Pl St+Grt+PI+Bt+Ms+Qtz 5 .6605  4.8 4.6 5.0 4.6 5.4 4.7 
D238- 1 -Pl Grt+PI+Bt+Qtz 6.3t 6.4t 
D238-FK 1 Sil+ûrt+PI+Bt+Qtz 7.&740 7.5 7.1 
ANS-1 -2P Sil+St+Grt+Pl+Bt+Qtz 6.û-680 6.4 6.3 

K & R  TWQ 
540-550 540-550 
505-5 15 5 W 5  10 
545-555 
550-560 
555-565 
585-595 
565-575 
595405 
555-565 
590-600 
645-655 660470 
705-7 1 5 
655660 

M W :  ( M g )  Hoisch (1990), Mg end mcmbcr (Rl), (1-Fe) Fe end m a b a  (R.2); (2-Mg) Hoisch (1 %JO), Mg end manber (RS), 
(2-Fe) Fe end manber (R6); (3) Powell & HoIland (1 988); (4) Hodges & Cmwley (1 985); (K&R) K l e a i u ~  & Reinhardt (1 994); 
(TWQ) TWQ version 1 .O2 (&mm 1991). 

Notes: *P calculatcd at T h m  TWQ ** T calculated at 4 and 6 kbar at 670°C 




