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ABSTRACT 

Gagnon terrane in the Parautocbthonous Belt of the Grenville Province in 

soothwestem Labrador is a metamorphic foreland fold-and-thrust belt which carried 

Lower Proterozoic merasediments and their Archean crystalline basement in a 

north-northwest-directed thrust movement onto the Superior Pro'\;nce foreland. It is 

separated from the foreland in the northwest by the Grenville Front and overlain by the 

Parautochthonous Molson Lake ternme to the southeast. 

Metasediments in Gagnon ternme are part of the Knob Lake Group <-.nd were 

dt:pOsited in the Early Proterozoic on the passive continental margin of the Superior 

Craton. They fonn the southern extension of the Labrador Trough into the Grenville 

Province. The basement rocks are pn:dominantly granulite-facies gneisses. migmatites 

and amphibolites, which fonn part of the Ashuanipi Metamorphic Complex of the 

Superior Province. A system of linked extensional faults presumably existed in the 

basement at the time of sediment deposition as a result of crustal thiMing. 

Deformation and metamorphism in Gagnon terrane were a result of the thrust 

emplacement of Molson Lake terrane over Gagnon terrane along a major ductile shear 

zon~ during the Grenvillian orogeny. Molson Lake terrane formed a thrust wedge 

which tapered to the northwest and which progressively incorporated thrust sheets of 

the underlying metasediments of Gagnon terrane. The angle between the Superior 

continental margin and the front of the advancing Molson Lake terrane placed the belt 

in a transpreSSive setting, and resulted in an oblique orientation of the structures and the 

metamorphic zonation in the area, with respect to the trend of the belt in southwestern 

Labrador. 

Gagnon terrane in the map area consists of two thrust systems. a lower. 

basement~ominated system and an upper, metasedimcnt~minatrd system. Thrust 
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sheets in the lower system, are separated by steeply east·southeast-dipping, narrow. 

ductile s.iear zones, are several kilometc..'"'S thick and wealcly defonned internally. In 

contr.!St, the upper, thin·skinned thrust system consists of an imbricate stack of 

pervasively, ductilely deformed thrust sheets which vary in thickness from about 200 m 

in the northw~ to several kilometers in the southeast. Thrusting in Gagnon teirane 

was initiated in the upper thrust system and progressed in a regular sequence towards 

the foreland. Thrusting in the lower system occurred in a similar foreland-directed 

sequen~ but postdated the thrust activity in the upper system and caused 

out-of·sequence thrusting in the latter, where basement thrusts breached the 

metasecfiments. The thrusts in the bGsement formed by reactivation under oblique 

compression of the pre-exising extensional faults. 

A pervasive southeast-dipping simpl~shear foliation (S1) and 

south·southeast·plunging elongation lineation (LJ characterize the fabric in the upper 

thrust system and in the shear zor:es of the lower thrust system. The thrusts in both 

systems are formed by southeast-dipping dlh.""tile shear zones. D1 deformation occurred 

in the footwall of the thrust wedge and during accretion of the rocks into the wedge. 

During progressive thrusting, D1 structures inside the thrust wedge were folded into 

nonhwest·verging F2 folds and were affected by northwest--directed out-of-sequence 

thrusts. D2 structures reflect changes in the shape of the thrust wedge during the thrust 

movement. The southeastern part of the map area is dominated by late, kilometer-size 

F3 cross-folds that developed as a result of the oblique convergence of the belt. 

Although the geometry of the stacla:d thrust sheets resembles that of thrust belts at high 

crustal levels, all Grenvillian deformation was ductile, typical for rocks of mid-crustal 

levels. 

Grenvillian metamorphic grade of the rocks increases towards the structurally 

higher thrust sheets in the south~ and also along the strike of the belt towards the 

southwest. It ranges from su)).greenschist facies in the north, at the Grenville Front, to 

upper amphibolite facies (700°C and 11 kbar) in the south~ near Molson Lake 
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ternme. Thrusting in Gagnon ternme causeD a telescoping and inversion of the 

metamorphic gradien~ with discontinuities in the metamorphic field gradient across 

thrust fal:lts. P-T paths derived from zoned garnets in mdapelitcs have a •hairpin 

shape. and suggest rapid cooling and decompression of the rocks ar.er attainment of the 

·pea1c· metamorphic conditions. Incorporation of thrust sheets into the thrust wedge 

caused the switch from prograde to retrograde metamorphism and from predominantly 

mylonitic deformation (S1) 7 near the base of the thrust wedge. to folding and 

outooOf-scquence thrusting (DJ7 in the remainder of the thrust wedge. 

Mda.sedimentary thrust sheets were incorporated in the thrust wedge by 

unclerp!ating, rather than by aa:re:tion at the ~ after they were buried underneath 

Molson I..akc terrane down to a depth of about 30 Jan. Underplating as mode Qf 

accretion of material to the thrust wedge may be the mechanism that causes inversion of 

the metamorphic gtadient in this and other thrust belts. 
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CHAPTER! 

INTRODUCDON 

Regional mapping projects carried out in the Grenville Province in Labrador over 

the last 15 years by the Newfoundland Department of Mines and Energy. have 

generated important new ideas about the Grenvillian Orogeny in Labrador (summarized 

by Wardle et al., 1986; Rivers et al., 1989). The recognition of Archean and Early to 

Middle Proterozoic rocks in the Grenville Province, which form the continuation of the 

adjoining older structural provinces, and the discovery of the previously unknown 

Labradorian Orogeny (Thomas et al., 1985, 1986} have ted to a new tectonic 

subdivision of the Grenville Province in Labrador and eastern Quebec as shown in 

Figure 1.1 (Rivers and Nunn, 1985; Rivers and Chown, 1986). This division into first 

order parautochthonous and allochthonous belts (Chapter 2), each consisting of several 

second order lithotectonic terranes, was extended to cover the whole Grenville Province 

in eastern Canada (Rivers et al., 1989). 

Besides leading to a better definition of the Grenvillian lithotectonic framework, 

the recognition of these terranes and belts has also posed many questions. For instance: 

what are the relationships between the terranes, both before and after their assembly 

into the Grenville Province? What is their origin and age? How and when were they 

assembled? What deformation and metamorphic events have affected them? Detailed 

studies of the terranes and their boundaries are needed to address these problems and 

form a logical next step towards a better comprehension of the Proterozoic tectonic 

processes in the Grenville Orogen. 

This thesis is a detailed study of the tectono-metamorphic development of the 

external part of the Grenville Province in an area adjacent to the Grenville Front in 

southwestern Labrador, outlined in Figure 1.1. It addresses several of the questions 
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raised above as they apply to the study area. Also more general aspects of the 

metamorphic and structural development of metamorphic fold-and-thrust belts will be 

addressed. 

1.1 GRENVILLIAN TECTONICS 

3 

The Grenville Province has been recognized as a structural entity in the southeast 

of the Canadian Precambrian shield since the early twentieth century (Wilson, 1918, 

1925). It was originally distinguished in southern Quebec and Ontario by; 1) the 

transition from greenstOne belts in the neighboring Superior Province to 

quartzo-feldspathic gneisses in the Grenville Province; 2) the prevailing high grade of 

metamorphism; 3) the distinctive metasedimentary rocks of the former Grenville Series 

(now the Grenville Supergroup); and 4) its structural grain (Thomson, 1956: 

Wynne-Edwards, 1972). The G~ville Province is defined as that part of the Canadian 

Shield which was affected by the Gtatvillian orogeny about 1000 Ma ago (Stockwell, 

1961; Wynne-Edwards, 1972; Easton, 1986). It is pan of the Grenvillian orogenic 

belt, characterized by rocks yielding similar KJ Ar and Ar/ Ar ages, which stretches 

from Mexico and Texas in the southeast to the Sveco-Nmwegian orogen in southern 

Scandinavia (Gower, 1985). 

Until recently, there was little consensus on a tectonic model for the Grenville 

Province and the role of plate tectonic processes was equivocal. For many years the 

absence of a clear suture zone or the remains of ancient oceanic crust were cited as 

evidence for intracontinental tectonic processes (e.g. Wynne-Edwards, 1976; Baer, 

1981). However, the interpretation of Brown et al. (1975) that certain mafic and 

ultramafic rocks in the Central Metasedimentary Belt in Ontario represent remnants of 

oceanic crust (i.e. an ophiolite complex) was subsequently incorporated into a tectonic 

model featuring arc-continent and continent-continent collision within a conventional 

plate-tectonic framework (Wmdley, 1986). Presently most workers in the Grenville 

Province assume a continental collision model (Moore, 1986). Several sites for suture 

zones within the Gren'\oille Province have been suggested (lbomas and Tanner. 1975; 

W"mdley, 1981, 1986; Rondot, 1986), but it is possible that the actual locus of collision 
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is hidden in tlle present Appalachian orogen to the southeast (Dewey and Burke. 1973). 

The recent recognition of terranes separated by major ductile shear zones led to the 

conclusion that the Grenville orogeny is a compressional event characterized by 

reworking and imbricate stacking of blocks of older crust in northwest directed 

movement, which resulted in considerable crustal thickening and high grade 

metamorphism (Davidson, 1984. Moore, 1986, Rivers et al., 1989). 

1.2 TBRUSf TECfONICS 

The Grenville Front forms the northwestern limit of Grenvillian thrust activity. as 

has been recognized for several decades (Wynne-Edwards, 1972). However, details of 

the structural and metamorphic signature of the Grenville Front remain obscure for 

most of its length. Rivers (1983a) was the first to propose a foreland fold-and-thrust 

belt nature for the Grenville Front zone in western Labrador. This study was designed 

to follow up on this preliminary conclusion. Detailed mapping in an area west and 

north of Labrador City/Wabush in southwestern Labrador during this study has 

confirmed that the rocks in this part of the Grenville Province are the deeply exhumed 

remnants of a foreland fold-and-thrust belt (van Gool et al., 1987a, b; 1988a, b; 1989). 

This warrants an approach from a thrust tectonic perspective. 

Since the work of Dahlstrom (1969, 1970) and Boyer and Eliott ( 1982), there has 

been a surge of papers on all aspectS of fold-and-thrust belts that has significantly 

improved the understanding of the development of these structures, which form large 

parts of most orogenic belts. This has not only benefitted the academic world in its 

knowledge of geology, but has also served as a tool in prospecting for oil reserves and 

mineral deposits. 

Some of the papers on thrust tectonics were concerned with the general geometry, 

stacking order and kinematics of thrust belts (Elliott and Johnson, 1980; Boyer and 

Eliott, 1982; Butler, 19~; Mi~ 1986; de Paor, 1988). Other studies concentrated 

on the mechanics of thrust sheet movement (Eliott, 1976; Chapple, 1978; Davis et al., 

1983; Dahlen et al., 1984; Dahlen and Barr, 1989), deviations from the regular 

geometry (passive roof duplexes, Banks and Warburton, 1986; out-of-sequence thrusts, 



Morley, 1988; Lucas, 1989; surge zones, Coward, 1982) or thermal patterns within 

thrust belts (Oxburg and Turcotte, 1974; England and Richardson, 19n; England and 

Thompson, 1984; Shi and Wang, 1987; Karnbinos and Ketcham, 1988; Barr and 

Dahlen, 1989). 
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Thrust belt geometries have been described predominantly for thin-skinned thrust 

belts at low metamorphic grades in upper-crustal levels. Schmid and Haas (1989) 

argued that these geometries cannot be traced to deeper levels of the crust where higher 

pressures and temperatureS favor different defonnation mechanisms to determine the 

geometry of structures. In the study area in western Labrador, the thrust belt geometry 

has been described in roclcs which have been exhumed from mid-austallevo...ls and 

which have been deformed by ductile processes. These rocks represent a deeper level 

foreland fold-and-thrust belt than those genercilly preserved in Paleozoic and Mesozoic 

orogenic belts. Thus, the map area provides a valuable opportunity to study processes 

that take place at deeper levels of foreland fold-and-thrust belts. The fact that the 

stratigraphy of the area is well known (Rivers, 1980 e), although not of a layer-cake 

type, helps considerably in the reconstruction of the geometry of the belt. 

1.3 PURPOSE AND SCOPE OF THE THESIS 

In this thesis the results of a field, petrographic and mineral chemistry study on 

the structural and metamorphic development of part of the Grenvillian foreland 

fold-and-thrust belt in southwestern Labrador are described. A model is presented for 

the thermotectonic development of the belt in which the pressure and temperature 

distribution and evolution are addressed in relation to the kinematic development. The 

approach taken in the study is to relate all data to a thrust tectonic framework. This 

approach is well established for younger, high-crustal level fold-and-thrust belts, but 

has had only limited application to deep-level fold-and-thrust belts and has not 

previously been applied in the map area or anywhere along the Grenville Front. 

The significance of the presented model for .."te regional geology is discussed 

together with the implications for the relations with the surrounding terranes of the 

Grenville Province in labrador. Fmally conclusions are drawn for the structural and 
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metamorphic development of metamorphic thrust belts in generaL The results will be 

compared with other well known fold and thrust belts. both those developed at low and 

at high metamorphic grades. 

Topics that are addressed specifically include: 

- the geometry and kinematics of the thrust belt; 

- the stacking order of th€ thrust sheets and the timing of thrust movement; 

- the mode of accretion of material to the thrust wedge; 

- the involvement of basement rocks in the belt and basement - cover interaction: 

- the ductile nature of the thrusting; 

- the variations in structural style, in microstructures and deformation mechanisms 

through the map area; 

- the variation of metamorphic grace in the area; 

- the P-~ paths of the different thrust sheets; 

- the metamorphic development and causal and temporal relation with the thrusting 

event; 

- the inversion of the metamorphic field gradient. 

1 .. 4 ME1HODS OF RESEARCH 

Fieldwork was carried out in three consecutive summers, from 1986 to 1988 and 

was concentiated in the area west of Labrador City~ in the vicinity of the Grenville 

Front (Figures 1.1 and 1.2). Within the map area, several key areas west ofWabush 

Lake and Shabogamo Lake were mapped in detail on a 1:10~000 scale (see Chapter 5). 

These areas were selected on the basis of regional structural and metamorphic 

relationships, accessibility and abundance of exposure, in order to cover along and 

across strike geological variations within the belt. Results are presented in a 1:50,000 

scale map of the Bruce Lake area (Figure 2 in poclcct in the back of the thesis) and in 

figures in the text of Chapter S. For correlations between the key areas some 

reconnaissance traverses were done in the intervening areas. East and south of Wabush 
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Lake, mapping was mainly restricted to reconnaissance work and sampling for 

pettography and thermobarometry. In this part of the map. only the Flora I...ak.: shear 

zone to the east of Flora I..alce and an area around Moose Head Lake (Figure 1.2) "'-ere 

studied in more detail. The mapping was restricted to the rocks of Gagnon terrane and 

the boundary zone with the overlying Molson Lake terrane, both of which are defined 

in Chapter 2. The 1:100,000 scale map of the area (Figure lAin pocket) is a 

compilation of the small scale maps. reconnaissance mapping and the panly 

re-interpreted geological maps of Rivers (19~b,c; 1985~b,c). lnfonnation obtained 

from the detailed mapping in the better exposed areas was used to extrapolate structures 

into adjoining areas and for the re-interpretation of the pre-existing maps. Appendix A 

lists the sources from which the maps were compiled. 

Fieldwork was directed towards the mapping of the mesoscopic and macroscopic 

structural geometry of the different stratigraphic units, various structural elements and 

metamorphic mineral assemblages. A geometric n:construction of the belt, combined 

with data on the kinematics of the belt resulted in an interpretation of the stacking order 

and the movement pattern of the thrust sheets. 

Rock samples were collected for petrographical and petrological studies and 

geothermobarometry. Regional variations of metamorphic mineral assemblages, 

pressure and temperature data from geothermobarometry, P-T paths from zoned garnets 

and the timing of growth of porphyroblasts with respect to phases of deformation were 

analyzed in order to reconstruct the metamorphic development of the belt and the causal 

and temporal relation between movement of the thrust sheets and the metamorphism. 

1.5 GEOGRAPHICAL DESCRIPI'ION OF THE MAP AREA 

The area shown in the map of Figure 1.2 is situated in southwestern Labrador, 

around Wabush/Labrador City and the Iron Ore Company of Canada (I.O.C.C.) iron 

mine, just east of the Qu&cc border. The area is roughly bounded by the coordinates 

66°32'W, 67°23'W, S2°52'N and 53°28'N. Forests, lakes and peat bogs dominate the 

area, with a topog~aphic relief ranging from the level of Wabush Lake at 1750 feet to 

almost 3000 feet in the highest hills immediately west of Wabush Lake. The majority. 
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of the hills does not exceed 2500 feet and most of the area ranges in altitude between 

1800 and 2200 feet.. The areas underlain by metasediments of low metamorphic grade. 

closest to the Grenville Fron~ have particularly low relief. Only areas underlain by 

•pristi..~e· basement rocks (!.e. not reworked during the Grenvillian orogeny), by large 

gabbro bodies or by medium to high grade metasediments have higher elevations. The 

part of the map area that is best exposed and has easiest access is the area in which the · 

I.O.C.C. iron mine is located, roughly bounded by Labrador City in the south, Carol 

Lake in the west, the northern tip of Lorraine Lake in the north and Wabush Lake in 

the east (Fig. 1.2). This area was avoided in this study because it had been previously 

mapped in detail by company geologists in order to outline the extent of the iron ore 

reserves. This is not to say, however, that the findings of this study are in agreement 

with existing detailed maps for this area. 

With the exception of the road network in the vicinity of the two towns, in the 

mining areas and the Trans Labrador Highway, most of the area is accessible only by 

boat, float plane, helicopter or on foot. Most of the mapping was carried out from fly 

camps throughout the map area. Traverses in the eastern part of the map area were 

restricted to those pans that were easily ac:cessible from the Trans Labrador Highway 

(Figure 1.2) or by boat from Wabush La1cc and Flora Lake. 

Abundant lakes, wetlands, heavy forest cover, and glacial debris generally prevent 

good exposure of the rocks in the area. Only areas underlain by massive quartzites, 

iron formations, gabbros and the Ashuanipi Complex in the west are well exposed. 

The latest glaciation left obvious marks in the terrane in the form of boulders, eskers, 

drumlins, glacial tills and polished glacial pavements. 

Any mention in the thesis of •the map area • refers to the area delineated in Figure 

1.2 or in the 1:100,000 map in the pocket in the back of the thesis (Figure lA). This is 

the same area that appears in maps throughout the thesis. Wherever the map is used to 

show the distribution of metamorphic faci~ straligraphic variations, P-T data etc., the 

main features of the geology (the main thrust faults) are shown, generally without 

refcR:Dc:e to them in the legends of these maps. 
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1.6 ORGAA~TION OF THE THESIS 

The thesis is organized as follows. First the regional geological (Chapter 2) and 

stratigraphic (Chapter 3) frameworks are established, into which the study is placed. 

Next, in Chapter 4, the large-scale features of the map area and the thrust belt geometry 

are discussed. In the same chapter a subdivision of the area into separate thrust sheets 

is also presented. This is followed by a detailed description of the key areas and a 

structural synthesis in ChapterS. In Chapter 6 the microstructural variations 

throughout the area are described and the defonnation mechanisms and the timing of 

deformation and metamorphism are discussed. Chapter 7 presents the metamorphic 

features and a gcothe:rmobarometric study. A model for the thermal and structural 

evolution of the thrust belt is presented in a synthesis of the results of the study in 

Chapter 8. 

The appendices contain detailed descriptions, definitions, research methods .. 

chemical analyses, etc., on which the study is based, but which are not essential to the 

main body of the text. The sources for the compilation of the two fold-out maps are 

given in appendix A. Appendix B is a list of abbreviations used in the thesis. Each of 

the other appendices is specific to a certain chapter and is referred to at the appropriate 

location. 



CHAPIER2 

GRENVILLE GEOLOGY 

AND TECTONIC SETI'ING OF THE MAP AREA 

The Grenville Province represents the youngest Precambrian orogeny in the 

Canadian shield. It consists of a collage of terranes of pre-Grenvillian ages that have 

been assembled in the Grenvillian orogeny (Moore, 1986). Some of these terranes can 

be correlated to the foreland, others do not obviously have any known correlatives 

outside the Grenville Province. Stacking of the terranes occurred generally in a 

northwest-directed movement on major ductile shear zones (Davidson, 1984). The 

Grenville Front is the northwestern boundary of this tectonic activity. 

The map area in southwestern Labrador incorporates the Grenville Front and a 20 

to 30 km wide belt to the south, in which the deformation is related to the movement on 

the Grenville Front. In order to understand the tectonics in this pan of the Grenville 

Province an introduction to Grenvillian geology and a more regional overview of the 

geology of southwestern Labrador and the adjacent part of eastern Quebec is presented. 

2.1 THE GRENVILLE FRONT 

On a continental scale the Grenville Front is a rectilinear northeast trending 

structure, exposed for approximately 2000 Ian along strike (Figure 2.1), bounding 

rocks characterized by Grenvillian metamorphism, deformation and K-Ar isotopic ages 

to the southeast and truncating pre-Grenvillian structures of the older structural 

provinces to the northwest. Along most of its length it is the site of tectonic 

emplacement of the rocks of the Grenville orogen on their tectonic foreland 

(Wynne--Edwaros, 1972; Rivers et al •• 1989). Recent seismic data from central Ontario 

indicate that the Grenville Front in that area is a shallow-dipping planar feature that 

extends to the crust-mantle interface (Green et al., 1988). The Grenville Front is also 
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the northwestern limit of a wide zone of crustal thickening by stacking of imbricate 

thrust slices. This zone of northeast striking structures, bounded by the Grenville Front 

in the northwest was defined by Wynne-Edwards (1972) as the Grenville Front 

Tectonic zone. This definition, or the more informal term Grenville Front Zone, is still 

in use, but the classification of Wynne-Edwards (1972) is largely superseded by a new 

subdivision of the Grenville Province by Rivers et al. (1989), which is discussed in 

section 2.2. Many workers have shown that some lithologies can be traced from within 

the Grenville Province across the Grenville Front, which implies that the Front is not 

the site of an orogenic suture (Moore, 1986). 

General agreement exists that the Front is mainly characterized by northwest 

directed contractional faulting on southeast dipping thrust planes, although strike slip 

movement on the Grenville Front has also been recognized, as, for instance, in the 

Otish Mountains (Chown, 1979). Phenomena that are now generally associated with 

Grenville Front tectonics include imbricate staclcing of thrust sheets, mylonitization, 

development of L-S fabrics, relatively high pressure metamorphism and an increase of 

the metamorphic grade across the Front towards the southeast up to high amplu'bolite or 

granulite facies. There exists, however, also considerable variation in the tectonic style 

along the Grenville Front (Chown, 1979; Davidson, 1986; Owen et al., 1986; Indares 

and Martignole, 1989; Rivers, 1992). Part of this is due to the fact that different 

workers have empbasiud different aspects of the FronL The main variations axe in the 

wi~th of the zone affected by the thrust related deformation, steepness of the 

(telescoped) metamorphic gradient and the number of planes among which the 

displacement is distributed. In spite of the differences, all of these situations can fit in a 

foreland fold-and-thrust belt model. 

On a smaller scale .. determining the location and a definition for the Grenville 

Front is not suaightforward, as structural, metamorphic and chronological fronts may 

not coincide. Problems of this kind have been discussed by Gower et al. (1980) for the 

Grenville Front in eastern Labrador and by Davidson (1986) for the Killamey area in 

central Ontario. On the local scale in the map area, and for the purpose of this thesis, 
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the Grenville Front is defined as the sole thrust of the thrust system. In southwestern 

Labrador this is the western-most Grenvillian thrust recognized in surface exposure 

(Fig. lA and lB~ in pocket)~ which is not a major thrust. but a narrow shear zone with 

an offset in the order of hundreds of meters, developed at lower to middle greenschist 

facies in Archean basement rocks. Since there are no significant Grenvillian 

metamorphic effects outside the shear zone in the adjacent basement rocks. this 

definition based on structural characteristics is also the metamorphic front. Because the 

displacement on a thrust fault can diminish laterally and die out on a lateral tip line. the 

Grenville Front as defined here does not have to be one continuous feature and it can 

sidestep along strike. 

There is a possibility that a lower thrust exists, either in the sub-surface. forming 

a blind thrust front (Morley, 1986), or outcropping west of the surveyed area. Recent 

II13p)ing to the northwest of the study area (James and Stephenson. 1992; James, pcrs. 

comm. 1992) has indicated the possibility that a more westerly (i.e. lower) thrust exists 

in the Grenville Front zone in western Labrador. James and Stephenson (1992) 

interpreted a lineament with a magnetic signature similar to that of the Front defined 

here, as a Grenvillian ~ which would move the locus of the Grenville Front S to 

10 lan farther northwest. This information became available at a late stage during the 

final preparation of the thesis and has not been incorporated in the text or the maps. but 

it has no significant effect on the conclusions of the thesis. 

2.2 TECfONIC SUBDMSION OF THE GRENVILLE PROVINCE 

After an original subdivision of the province into lithotectonic segments by 

Wynne-Edwards (1972), Rivers et al. (1989) proposed a new subdivision of the 

Grenville Province into three first-order tectonic belts, parallel to the northeast trend of 

the orogen, separated by major shear zooes. They are the Parautochthonous Belt. the 

Allochthonous Polycyclic Belt and the Allochthonous Monocyclic Belt. Each of the 

belts is subdivided again into lithotectonic terranes (or nappes, James and Connelly, 

1992). The following section summarizes the subdivision of the Grenville Province 

into belts as proposed by Rivers et al. (1989). 
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Separated from the foreland by the Grenville Front is the Parautochthonous Belt 

(Fig.2.1). It is underlain by rocks that are the equivalents of those in the adjoining 

foreland. but have been affected by Grenvillian deformation and metamorphism. The 

original age of these roclcs ranges from Archean to Middle Proterozoic. Many gently 

southeast dipping shear zones are the result of northwest directed thrust movement, 

which emplaces rocks of the Parautochthonous Belt on the tectonic foreland and causes 

thickening of the CIUSL This is reflected in a negative gravity anomaly southeast of the 

Grenville Front, which is Irulst pronounced in labrador and Eastern Quebec 

(Wynne-Edwards, 1972; Thomas and Tanner, 1975; Rivers et al., 1989) and which is 

estimated to represent a present increased thickness of the crust in the order of 5 to 10 

kilometers (Wynne-Edwards, 1972). Medium to high metamorphic pressures are 

characteristic of the rocks in the Parautochthonous Belt and kyanite is the dominant 

alumino-silicate. The grade of metamorphism generally increases towards the 

south~ away from the Grenville Front. Since lithologies have been correlated across 

the Grenville Front, displacements of the rocks of the Parautochthonous Belt are 

interpreted to be minor in the order of tens of kilometers at mvst. 

The Allochthonous Polycyclic: Belt (Fig. 2.1), tectonically overlying the 

Parautochthonous Belt and separated from it by the Allochthon Boundary ~ is 

composed of several far travelled high grade terranes (Rivers et al., 1989). These 

terranes contain rocks of pre-Grenvillian age which genetdlly cannot be correlated to 

equivalent terranes in the foreland. Northwest directed transportation has been 

estimated to exceed 100 lan for some of these terranes. Where exposed, the Allochthon 

Boundary Thrust is characterized by sub-horizontal mylonites with generally southeast 

plunging extension lineations. Prior to the Grenvillian even~ the rocks in the 

Allochthonous Polycyclic Belt were affected by at least one orogenic cycle, although 

locally intrusive rocks occur that are younger than the latest pre.Grenvillian even~ and 

thus are monocyclic. During the Grenvillian orogeny, these pre-Grenvillian temnes 

were assembled into the Grenville Province. 
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The Allochthonous Monocyclic Beh comprises the Wakeham terrane in eastern 

Qu&ec and several terranes underlain by rocks of the Grenville Supergroup in Ontario 

and western Quebec (Fig. 2.1), previously named the Central Metasedimentary Belt. 

Rocks in both regions are of Middle Proterozoic age and show imprints of the 

Grenvillian orogeny only. The Monocyclic Belt Boundary Zone, which forms the 

contact with the underlying rocks of the Allochthonous Polycyclic Belt, is a tectonic 

feature and both contractional and extensional movement have been inferred. The 

amounts of displacement along the contacts are presently unconstrained. 

2.3 THE PARAUTOCB1'HONOUS BELT IN EASTERN QUEBEC AND 

WESTERN LABRADOR 

The Parautochthonous Belt, in which the map area is located, has been subdivided 

into several lithotectonic terranes (Figures 1.1 and 2.2), two of which occur in the map 

area. Gagnon terrane (Rivers et al., 1989) adjoins the Grenville Front and is mainly 

composed of Lower Proterozoic metasediments of the Knob Lake Group and their 

AR:hC21l crystalline basement. It forms the southern extension of the Labrador Trough 

into the Grenville Province. Both metasediments and basement rocks were intruded by 

Middle Proterozoic gabbros of the Shabogamo Intrusive Suite and tonalites whose age 

is not precisely established. 

The metamorphic grade in Gagnon terrane ranges from (sub-)greenschist facies at 

the Grenville Front in the north of the map area, to upper amphibolite facies near its 

boundary in the southeast of the map area (Rivers, 1983b). Gagnon terrane is cut by 

many closely spaced, southeast dipping thrusts which are a result of the telescoping of 

the belt during the Grenvillian orogeny and fonn a foreland fold-and-thrust belt (Rivers, 

1983a). Lack of significant defonnation and metamorphism in Knob Lake group 

sediments just north of the map area, nr""th of the Grenville Front and west of the front 

of the New Qu&ec orogen, and the post-Hudsonian age of the Shabogamo gabbros 

suggest that prior to the Grenville orogeny the rocks in the map area were undefonned 

(Rivers, 1983a). The front of the Hudsonian defonnation in the New Qu&ec orogen is 

interpreted to bend towards the east where approaching the Grenville Front and does 
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not intersect the rocks in the map area (Fig. 2.2). Therefore the rocks in the map area 

present a good opportunity to study the effects of Grenvillian deformation and 

metamorphism. 

The second terrane in the Parautochthonous Belt in southwestern Labrador is 

Molson Lake terrane, which was recently defined by Connelly et al. {1989a) and 

which structurally overlies Gagnon ternme. This dominantly igneous ternme forms the 

eastern pan of the Parautochthonous Belt (Fig. 2.2), separcued from Gagnon terrane by 

a commonly shallowly southeast-dipping ductile shear zone. The rocks in this terrane 

are granitoids dated at approximately 1635 Ma (U-Pb on zircon, Connelly et al., 

1989b) that are interpreted as the southwestern extension of the Trans Labrador 

Batholith of Labradorian age and are assumed to represent an arc above a subduction 

zone (Connelly, 1991; Fig. 1.1). These granitoids were intruded by Middle 

Proterozoic gabbros of the Shabogamo Intrusive Suite.. The rocks near the base of 

Molson Lake terrane were metamorphosed at high pressures and were emplaced on 

Gagnon terrane on a crustal-scale shear zone. Emplacement, deformation and 

metamorphism are of Grenvillian age (Connelly, 1991). 

Within the Parautochthonous Belt south of the map area, Gagnon terrane is 

bounded to the southwest by Timiskaming temme (Fig. 1.1), composed of Archean 

metasediments that were IeWOrked during the Grenvillian orogeny. The nature of the 

boundary is inte.tpreted to be a thrust (Rivers and Chown, 1986). The Churchill Falls 

terrane, composed of Labradorian age orthogneisses and polycyclic paragneisses, 

adjoins Gagnon terrane to the northeast (Fig. 1.1). The boundary between Gagnon and 

Churchill Falls terranes is not exposed. 

lbe parautochthonous terranes are bounded to the southeast by the allochthonous, 

polycyclic Lac Joseph ten:ane (Figures 1.1 and 2.2), composed mainly of upper 

amphibolite to granulite grade pmgneisses and gabbros of Labradorian age (Nunn et 

al, 1984, 1986; Rivers and Nunn, 1985; Connelly et al., 19893., b, 1991). The 

Grenvillian ;mprint on these rocks is minor and can only be demonstrated close to the 
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tectonic boundary with the underlying terranes (Connelly, 1991). Emplacement of the 

Lac Joseph terrane on the Parautochthonous Belt took place late duri.-tg the Grenvillian 

orogeny (Connelly and Nunn, 1988; Connelly, 1991). 

The rocks of the foreland form part of the Archean Superior Province to the west 

and the Labrador Trough of the New Quebec orogen to the north (Hoffman, 1989; 

Rivers et al., 1989). The former is a high grade gneiss terrane that acted as a cratonic 

basement upon which the sediments of the Labrador Trough, comprising a continental 

shelf and slope sedimentary sequence, was deposited. 

The metasediments in Gagnon terrane form pan of the Kaniapiskau Supergxoup, 

which constitutes the supracrustal fill of the Labrador Trough (Dimroth, Im; Wardle 

and Bailey, 1981). The platfonnal portion of these sediments, which comprises the 

sediments in Gagnon temane, is known as the Knob Lake Group. The Knob Lake 

Group sediments were deposited on the eastern margin of an Early Proterozoic 

continent, which is preserved in the Archean age rocks of the Superior Province 

(Wardle and Bailey, 1981; Rivers, 1983a). The Labrador Trough rocks in Gagnon 

terrane were not affected by the Hudsonian orogeny and the basin geometry was 

presumably preserved until the Grenvillian orogeny. However, the extent of the Knob 

Lake Group rocks to the east is obscured by the intrusion of the Labradorian age Trans 

Labrador Batholith and the emplacement of Lac Joseph and Molson Lake terranes. 

This presents us with an enigma concerning the eastern continuation of the rocks in the 

map area and the pre-Grenvillian relationship between the rocks in the two terranes of 

the Parautochthonous Belt. 

2.4 PREVIOUS WORK IN THE MAP AREA 

Klein (1966) summarized the history of geological exploration in southwestern 

Labrador and eastern Qu&ec, which started with the first reconnaissance surveys by 

Low (1895). Exploration activity in the area bas concentrated on the iron ore 

occurrences west of Wabush Lake and to the southwest of the map area. Extensive 

mapping and drilling programs were undenakm in the areas of high grade ore, the 

results of which were reported in internal mining and exploration company u~ports. 
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Knowles and Gastil (i9S9) and Gastil and Knowles (1960) published the first ~onal 

maps with a description of the stratigraphy and structure in the map area. A more 

deWled study of an area which encompassed the northern half of the area described in 

this thesis was published by Fahrig (1960, 1967) in a map on a 1 inch to 4 miles scale. 

A comprehensive evaluation of the tectonic and metamorphic development of the 

Grenville orogen in western Labrador was published by Rivers (19~ b), as pan of a 

mapping project of the Newfoundland Department of Mines and Energy (Rivers, 1978. 

1980d, e; Rivers and Massey, 1979). 'Ibis project resulted in a series of maps on 

1:50,000 and 1:100,000 scales (Rivers, 1980 a, band c, 1985 a, band c). Publications 

by Rivers and co-workers on the tectonic subdivision of the Grenville Province 

incorpcnate this work (Rivers and Chown, 1986; Rivers et al., 1989). 

Part of the early work for this thesis bas been published in G.S.C. Current 

Research volumes (van Gool et al., 1987a, 1988a) and in internal reports for the 

Geological Survey of Canada (van Gool et al., 1987b, 1988b, 1989). A detailed 

structural analysis of the Emma Lake area has been carried out as pan of a study for a 

B.Sc. honours thesis (Brown, 1988; Brown et al., 1991). Recent detailed studies ira 

adjacent areas have been undertaken by Brown (1990) in the northeastern part of 

Gagnon terrane north of Lac Joseph terrane, by Connelly (1991) in Molson Lake and 

Lac Joseph temmes east of the study area, by Indares (m press) south and southwest of 

the study area in Gagnon and Molson Lake terranes and by James and Stephenson 

(1992) in the Archean rocks of the Asbuanipi Metamorphic Complex in the Superior 

Province northwest of Sawbill Lake. 



CHAPTER3 

STRATIGRAPHY AND LITHOLOGY OF THE MAP AREA 

The map area is underlain by rocks of three distinct lithotectonic temnes: the 

Superior Province foreland, and the parautochthonous Gagnon and Molson Lake 

ternnes. 

Because rocks that originated from the Superior Province are incorporated into 

Gagnon terrane, locally preserved in their original state, the lithologies of these two 

temnes are discussed together under the heading of Gagnon terrane. Since rocks of 

Molson Lake terrane were excluded from the detailed study, they are not described in 

length. 

3.1 GAGNON TERRANE 

Gagnon terrane in southwestern Labrador is underlain by rocks of at least three 

different ages. Archean gneisses and granites of the Ashuanipi Metamorphic Complex 

form a crystalline basement which is unconformably overlain by metasediments of the 

Lower Proterozoic Knob Lake Group and both basement and cover rocks have been 

intruded by Middle Proterozoic gabbros of the Shabogamo Intrusive Suite. In the high 

grade pan of Gagnon terrane tonalites of probably Middle Proterozoic age occur. 

Appendix C is a table of detailed lithological descriptions of rock types of the 

Knob Lake Group and their Archean basement in the map area. A brief overview of 

the main characteristics of the stratigraphic units in Gagnon temne follows. 

3.1.1 LITHOLOGICAL DE'SCRlPilONS 

The crystalline basement on which the Knob Lake Group sediments were 

deposited consists of Archean mafic and q~feldspathic gneisses and migmatites. 

all with granulite facies mincralogics and 1are gianitoids which were virtually 

undeformed prior to the Grenvillian Orogeny. These rocks form part of the Ashuanipi 
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undefonned prior to the Grenvillian Orogeny. These rocks fonn pan of the Ashuanipi 

Metamorphic Complex in the Superior Province and have been affected by Kenoran 

metamorphism and deformation. They have yielded cooling ages of approximately 

2400 Ma (2~25 Ma, K/Ar on biotite, Fahrig, 1967; 2386 and 2371 ±25 Ma, Ar/Ar on 

biotite, Dallmeyer, 1982). The Ashuanipi Metamorphic Complex consists of a complex 

of probable supracr.JStallithologies that has been injected by orthopyroxene-bearing 

granitoid, resulting in the formation of migmatites. The majority of the basement rocks 

consists of two feldspar-biotite gneisses and migmatites ± opx. Mafic rocks contain 

cpx + opx + pia + gnt. These rocks have been affected by at least two phases of 

deformation. Post-kinematic granites are especially common in the southwestern pan 

of the map. Locally they were affected by pervasive brittle deformation. Within 

Gagnon terrane these rocks have been variably retrogreSSed and reworked by 

Grenvillian metamorphism and deformation. The different original lithologies of the 

Ashuanipi Metamorphic Complex have not been distinguished in the map. A more 

detailed discription of the rocks of the Ashuanipi Metamorphic Complex north and 

northwest of the map area is presented by James and Stephenson (1992). 

The rocks of the Knob Lake Group in Gagnon terrane fonn the soutllem 

extension of the Labrador Trough. The stratigraphy of the centtal and northern pans of 

the Labrador trough has been described in detail by Dimroth (1972) and Wardle and 

Bailey (1981). The stratigraphy of these miogeoclinal metasediments can be correlated 

across the Grenville Front without major changes (Rivers, 1980e, 1983a). The Lower 

Proterozoic Knob Lake Group fonns the lower part of the Kaniapiskau Supcigtoup, 

which is the complete continental margin sequence in the Labrador Trough {Dimroth, 

1972; Wardle and Bailey, 1981). The Knob Lake Group stratigraphy in the map area 

consists from bottom to top of the following formations. 

The Attikamagen Formation consists of quartzo-feldspathic gneisses, interleaved 

with garnet-biotite or aluminous schists and gneisses. Thin intercalations of dolomitic 

marble7 calc-silicate and me~avolc:anic amphibolites occur locally 7 which may be 

correlatives of the Denault and McKay River Formations respectively (see below). In 
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the map area the rocks of the Attikamagen Formation do not occur at low metamorphic 

grade, so their original sedimentary character is only known from occurrences in the 

New Quebec Orogen, where they are shales, siltstones and greywackes (Wardle and 

Bailey, 1981). In the northern and central parts of the Labrador Trough, this formation 

has been subdivided into a western sequence, which is interpreted to have been 

deposited at shallow to moderate depths on a platform, and an eastern sequence, 

deposited in a deep water turbiditic environment, interpreted as a continental slope 

facies. The same subdivision applies to the study area. With the observations of 

intercalations of rocks correlable with the younger Denault and McKay River 

formations in the eastern facies of the Attilcamagen, it is likely that deposition of rocks 

in the eastern facies continued after sedimentation of the western facies had ceased. 

In the study area the Denault Formation generally forms a p~ massive, 

coarse-aystallie dolomitic marble, which locally contains calc-silicates. It was a 

dolomitic shallow water deposit, which in areas of low metamorphic grade to the north 

of the study area contains remains of stromatolites (Wardle and Bailey, 1981; Brown, 

1991). It is interpreted to have formed a reef on the edge of the continental shelf and is 

now prcservcc\ in a narrow strip, approxima.t.:ly parallel to the strike of the belt. It 

separates platformal deposits to the west from deeper water sediments to the east. 

The WJ:Sbart Formation is a mature quartzite, representing a proximal (littoral) 

depositional environment. The majority of these rocks are pure, massive, 

coarse-grained, recrystallized quartzites. In the map area no sedimentary structures 

were preserved. The base of the formation is occupied by a thin pelitic unit, which 

occurs as a muscovite rich schist. The WJ.Sbart Formation may be a lateral, more 

proximal, equivalent of the Denault Formation (Gastil and Knowles, 1960). 

The Sokoman Formation is a banded iron formation containing a 

carbonate-quartzite member, a chert-oxide member and a carbonate-silicarc member. 

Its appeaance varies with its metamorptic grade. Whereas carbonates (predominantly 

Fe-rich) dominate tbe lowest and highest member at low metamorphic ~ silicates 

(Fe-ricb amphiboles and pyroxenes) are more abundant at higher grades. It is banded 



on scales varying from millimetres to metres. Sedimentary structures and features such 

as oolites and stromatolites, which are preserved locally in the central Labrador 

Trough, indicate that it is a shallow water deposit. Lateral facies changes are common 

in the Sokoman Formation. The oxide member is mined in the iron mines in the area. 

The McKay River Formation forms lenses (generally less than 20 m thick) of 

amphibolite that are interpreted to be derived from mafic volcaniclastic sediments. It 

occurs in the Attikamagen Formation in the southeast of the map area as layered 

sequences of amplul>olite which are rich in either garnet, sulphides or plagioclase, and 

in the western part of the map as thin, well layered intcrcalations of chlorite-actinolite 

schist in the Sokoman Fonnation and near the bottom of the Menihek Formation. In 

the map area it does not appear in the same stiatigraphic position that it occupies fanher 

to the northeast, where it is situated in between the Denault and the WIShart formations. 

The MeDihek Formation forms the top of the Knob Lake Group sequence in the 

map area. In the western part of the map area it is a homogeneous pelitic schist, rich in 

graphite and bioti~ with a dark-grey to black appearance. Primary bedding can 

seldom be recognized due to the lack of compositional variation. In most places rocks 

of the Menihek Fonnation lie directly on top of the Sokoman Formation without 

metatuffs of the McKay River Formation separating the two. The southeastern 

occurrences of the Menihek Formation are more rich in quartz and feldspar and 

generally contain garnet and kyani~ which makes these rocks quite similar in 

appearance to the Attikamagen Formation. 

The Knob I..ake Group sediments were deposited unconfonnably and with onlap 

on the Archean basement. In a few outcrops in the map area the original undisturbed 

contact between the basement and the overlying Sokoman Formation is preserved, but 

generally the basement-cover intclface is a site of strain localintion and the contact is 

sheared. Within the stratigraphic sequence, the Menihek Formation is deposited 

conformably on the Sokoman Formation, locally separated by greenschists of the 
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McKay River Fonnation. The nature of other contacts within the sequence is 

uncertain, but it is likely that there was tectonic activity during deposition of the older 

formations (Wardle and Bailey, 1981). 

Gabbros of the Middle Proterozoic Shabogamo Intrusive Suite with an intrusive 

age of 1375 ± 60 Ma (Rb-Sr and Sm-Nd, whole rock, Brooks et al., 1981) intruded 

both basement and sediments. They commonly consist of me&um to coarse-grained 

olhine gabbro but include minor norite and anorthosite (Gower et al., 1991). The 

gabbros form elongated bodies which are locally folded on a map scale and are 

intelpreted to be sills where they intruded the supracrustal rocks (Rivers, 1980d). 

Corona textures in rocks of the Shabogamo Intrusive Suite in Gagnon terrane have been 

described in detail by Rivers and Mengel (1988). The size and the number of the 

intrusive bodies increases towards the higher thrust sheets in the southeas4 suggesting 

that the locus of igneous activity lay in that direction. 

Foliated tonalite occurs in several places within the Attikamagen Formation. 

These rocks have a gneissic banding and a composition that are similar to the 

quartzo-feldspathic gneisses of the surrounding Attikamagen Formation, which makes 

them hard to distinguish from the country rocks. They consist mainly of antiperthltic 

plagioclase, quartz and biotite(± muscovite, ± clinozoisite). The intrusive bodies are 

generally small, the biggest of them, informally called the Michel Lake pluton, located 

on the peninsula between Wabush and Shabogamo lakes, south of Julienne Lake (Fig. 

1A, in pocket). A second body occurs near Fermont, just south of the map area. Both 

bodies have been affected by the ~'tle deformation events as the surrounding Early 

Proterozoic sediments. The age of the tonalites is bracketed between that of the Early 

Proterozoic Knob Lake Group, in which they intruded, and the age of Grenvillian 

deformation. A whole rock Rb/Sr radiometric age of 970 +SO Ma for the tonalite in 

the map area was interpreted to reflect the age of the metamorphic banding in the rock 

(Brooks et al., 1981). Foliated tonalite bodies other than the Michel Lake pluton were 

too small to be represented on the maps. 



3.1.2 SIMILARITIES IN APPEARANCE OF SOME STRATIGRAPHIC UNITS 

In the field it can be hard to distinguish between the three formations that can 

occur as quanzo-feldspathic rocks. Especially at elevated metamorphic grade and high 

strain, the reworked rocks of the Archean basement occur as quartzo-feldspathic schists 

or gneisses which are indistinguishable in the field from schists and gneisses of ihe 

Attilcamagen Formation or from the eastern quartzo-feldspathic facies of the Menihek 

Fonnation. This is specifically a problem in the Elmer Lake thrust sheet in the 

northern-central pan of the map (for thrust sheet locations see Chapter 4) and the 

gneissic rocks east ofWabush Lake. Also thin, porphyroclastic-mylonitic slices of 

basement rocks in the western, sediment-dominated part of map can easily be confused 

with deformed, clastic rocks. At low metamorphic grade in the western pan of the map 

area and very high strain, the basement rocks are transfurmed into phyllonites, which 

are very similar to graphite-poor phyllites of the Menihek Formation. Since the 

unconformable contact between Archean basement and sedimentary cover is often the 

locus of high strain, the basement has locally at the contact a phyllitic character, much 

like the phyllites and schists of the Menihek Formation. This has led early workers to 

place the Menihek Formation, at that time called Nault Formation (see Rivers, 1980e). 

at the bottom of the sedimentary sequence (e.g. Klein, 1966) instead of at the top. 

Another source of error is the similar appearance of rocks of the Attilcamagen and 

Menihek fonnations at amphibolite facies in the southeastern pan of the map area. 

Both can appear as q~feldspathic gneisses or pelitic schists, rich in micas, garnet 

and alumino-silicates. 

Only with careful observations of field relationships and petrographic study is it 

possible to distinguish between these different formations with similar appearances. 

The location of the rocks in a stratigraphic sequence helps in many cases to determine 

the protolilh, as in the identification of the Menihek Formation south of Wabush Lake 

on top of the Sokoman Fonnation (Figure lA, in pocket). Unfortunately the 

Attikamagen Formation, where present, directly overlies the basement, which makes it 

impossible to distinguish between the two on the basis of stratigraphic relations. In 
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many cases, especially in the Emer Lake thrust sheet and around Mont Bondurant. a 

gradual strain gradient from very low strain basement rocks, which were easily 

identified, into problematic gneisses and schists was used to help identify the basement 

rocks. Appendix C contains a list of criteria that were used to distinguish between the 

protoliths of rock types with similar appearances. Careful chemical analysis could 

possibly be used in the distinction of protoliths, but this was outside the scope of this 

study. 

As a result of careful re-examination of the schists and gneisses, the map in this 

thesis diverges consideraely from pre-existing maps with respect to the amount of 

basement rocks that occur within the Parautochthonous Belt. Most of the basement 

rocks in the Emer Lake thrust sheet and in the Mont Bondurant area, and to a minor 

extent in the adjoining thrust sheets, were previously interpreted as pan of the 

Attikamagen Fonnation in the maps of Rivers (1980 a. b, c, 1985 a. b, c). Also some 

of the occurrences of the Menihek Formation in the west of the map were re-interpreted 

as basement rocks. In the Attikamagen Formation east of Wabush Lake and in the 

south of the map area there may be occurrences of basement rocks which have not been 

identified as such. Occurrence of basement rocks in this part of the map area would 

require a re-interpretation of the location of the basal detachment in the area. 

3.2 MOLSON LAKE TERRANE 

Molson Lake Terrane has been recently defined (Connelly et al., 1989a) as a 

terrane within the Parautochthonous Belt of western Labrador, composed of intrusive 

rocks and structurally overlying Gagnon Terrane. Work by CoMelly (1991) and 

preliminary reconnaissance of the bo•mdaries of Molson Lake terrane by the author has 

resulted in the recognition of at least two lithological units. 

- Metagabbros of the Sbabogamo Intrusive Suite, which in Molson Lake terrane have 

distinctive coronitic textures (Rivers and Mengel, 1989). South of the map area 

eclogitic mineral assemblages have been reported (Indares, in prep.). The gabbros in 

Molson Lake terrane are the equivalents of those in Gagnon terrane, but are more 

abundant and form larger plutonic bodies. 



- Granitoids with a crystallization age of approximately 1635 Ma (U-Pb analysis on 

zircon, Connelly et al, 1989b) that have been interpreted as the southwestern 

extension of the Trans Labrador batholith (Connelly, 1991). Both equigranular pink 

granites and megacrystic grey granites were observed close to the western boundary. 

in different states of deformation, but generally horaogeneously foliated. 

3.3 RESTORATION OF THE SEDIMENTARY BASIN 

Sedimentation of the Knob Lake Group took place in a marine basin on a 

subsiding continental shelf, which deepened to the east onto the continental slope 

(Rivers, 1983a). It fonned the eastern margin of an Early Proterozoic continent, 

represented by the rocks of the Superior Province. W&""dle and Bailey (1981) presented 

a model for the sedimentary basin of the Kaniapiskau Supexgroup in the central and 

northern parts of the Labrador Trough. In their model the rocks were deposited on the 

western margin of a proto-oceanic rift system. Rivers (i983a) schematically 

reconstructed the sedimentary basin for the Knob Lake Group within the Gagnon 

tenane in southwestern Labrador. Below follows a revision of this model, 

encompassing the new data from the mapping project. 

3.3.1 VARIATIONS IN THE STRATIGRAPHIC SEQUENCE 

Tne distribution of the formations is shown in the 1:100,000 map (Figure lAin 

pocket) 3M in Figure 3.1. Schematic stratigraphic columns are drawn in Figure 3.1 for 

different parts of the area, showing variations in the stratigraphic seque.. ce and in 

thickness of the formations. Each column represents one thrust sheet or part of one and 

is named with an acronym, which is explained in the figure and referred to in the text. 

Names and locations of the thrust sheets are introduced in Chapter 4. 

Rapid 1atcral changes in thickness of the formations are common in the area. This 

is caused by both original lateral variations and tectonic changes in thickness. Original 

thicknesses of the formations are difficult to determine because of the highly deformed 

state of the rocks. The numbers used for the construction of figure 3.1 are 

approximations, esprcia11y where stratigraphic columns were drawn for areas that were 



Fig. 3.1 Simplified stratigraphic columns for parts of the map area, indicating the varia
tions in the stratigraphic sequence and thickness. Note that the vertical scales for the cover 
and basement are different, except for those areas where the thickness of the basement is 
only minor. Each column covers the rocks from either the floor thrust or the lcwest exposed 
unit to the highest exposed unit in the area. A-A • and s-e· indicate the locations of the 
sections in Figure 3.2. Columns that have their base not exactly in the area that they repre
sent have an asterisk marking the right location. BL = Bruce Lake thrust sheet (t.s.), CAL = 
Carol Lake t.s., CFL • central Aatrock Lake t .s., CL • Corinne Lake t.s., OL = Duley lake 
thrust sheet, EB = Elmer Bay area, EML = Emma Lake area, ELL = Elmer Lake area, GB = 
Goethite Bay area, JP = Julienne Peninsula, LOL = Lorraine Lake t.s., LV = Lac Virot area, 
MB ... Mont Bondurant area. MLT = Molson Lake terrane, MW = Mount Wright area, NFL 
• north Flatrock Lake t.s. OB • o·Brien Lake thrust sheet, RL • Reid Lake t .s •• SO = 
Sokoman Duplex, SFL = south Aati'Oek Lake t.s., SWL = Sawbill Lake area, WL = Wabush 
Lake t .s .• WV • Wide Valley area. LC = Labrador City, W = Wabush. 
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not mapped in detail. Funhermore, within small areas the thickness is locally not 

constant and an average was taken. These rapid changes imply the existence of a 

significant basement topography at the time of deposition, presumably caused by block 

faulting of the passive continental margin. Only in the Emma Lake area direct 

indications of the existence of Early Proterozoic extensional faults in the basement were 

found, but other structures in the western part of the area suggest that extensional faults 

may be quite common (Chapter 5). The assumption is made that the block faults join in 

a lower detachment and form a linked extensional fault system as is proposed for 

passive continental margins by Werr.icke (1981, 1985) and Lister et al. (1986). This 

proposed geometry of the continental margin in the map area is further discussed in 

Chapters S and 8. 

In the occurrences of sediments farthest to the northwest in the map area (Fig. 

3.1), the Sokoman Formation unconfurmably overlies the basement (SWL and BL), 

although locally the contact is of a tectonic nature as in the Corinne Lake area (CL). In 

these western thrust sheets, the lower carbonate iron-formation member is missing, as 

in all thrust sheets in the northern part of the map. Towards the east the lower 

cartxmate/silicate member appears near Carol Lalce (CAL) and occurs further only in 

the Lorraine Lake (LOL) and Duley Lake (DL) thrust sheets. The Sokoman Formation 

is thickest in the southern part of the map, in the I.O.C.C. mine area (Fig. 1.2). 

The WIShart Formation occurs farthest west in the Goethite Bay and Lonaine 

Lake thrust sheets (EB, GB, MB and LOL) west of Wabush Lake. Its thickness varies 

greatly within a small area, but also on a larger scale from north to south in the map 

area. The estimated thickness varies from approximately SO metres near Mont 

Bondurant, to up to 200 metres south of Lorraine I..ae. In the central part of the area 

the WlShart Formation directly overlies the basement (MB, GB and EB), as is the case 

in most of the western part of the Labrador Trough. In the southern part of the 

Lonaine Lake thrust sheet, however, the WlShart Formation overlies the Attikamagen 

Formation and the basement is not exposed. The actual thiclcness of the Arrilcamagen 

Formation here is unknown. 
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The Denault Formation appears as a relatively narrow strip of 2 to 3 lan wide. 

east and south of Wabush Lake. marking the eastern edge of the continenlal shelf (DL 

and JP). East of it we find a thick succession of metapelites and psammites of the 

eastern facies of the Attikamagen Fonnation {WL and DL). interpreted as turbiditic 

deposits on the continental slope. 

3.3.2 PALINSPASTIC RECONSTRUCTION OF THE BASIN 

From the data in Figure 3.1. combined with data fro:n Wardle and Bailey (1981) 

and the model for the continental margin of Rivers (1983a). a schematic reconstruction 

was made of the restored depositional basin, as is s.'town in two cross sections in Figure 

3.2. The relative original positions of parts of the basin have been preserved in the 

map pattern since no overstepping of thrust sheets took place within Gagnon terrane 

(see Chapter 5). The result of the restoration of the depositional basin in the Early 

Proterozoic is shown in two parallel cross sections through the central and the southern 

part of the map. This is a schematic restoration, which shows the spatial relationships 

between the formations, and does not involve balancing of cross sections. 

The sedimentary sequences restore to define a continental shelf with a shallow 

part in the northwest and a deeper part in the southeast, and the rocks cast of Wabush 

Lake representing the margin and slope deposits. The sediments were deposited with 

an oniap onto the basement and as a result the lower stratigraphic units appear furthest 

to the southeast. indicating that the depositionai basin became deeper towards the 

southeast. The sequence and thickness of the formations also changes laterally. as can 

be seen in a comparison of the two sections in Figure 3.2, suggesting the existence of a 

significant basement topography and non-unifonn subsidence at the time of deposition. 

A basement higr seems to have existed in the central-northern part of the map area in 

section A-A •, where most basement is exposed and where the stratigraphic units are 

thinnest. This part of the area presumably submerged fairly late. and slowly, in the 

depositional history. The sedimentary basin was considerably deeper and subsidence 

was interpreted to be faster in the southern part of the map, where the older units are 

exposed and where the stratigraphic sequence is significantly thicker. A considerable 
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Fig. 3.2 Simplified sections through the schematically restored sedimentary basin on the 
continental margin of the Superior Craton in the Early Proterozoic, showing the distribution 
of the formations of the Knob Lake Group. The sections are not balanced and are not accu
rately scaled. The locations of the sections are indicated in Figure 3.1. 



increase in the amount of exposed rocks of the Attilcamagen Formation southwest of the 

map area, suggests an increase of the original depth of the basin towards the south. 

Northeast of the basement high at Mont Bonduran4 north of section A-A', the deeper 

pan of the shelf widens again and contains thick deposits of the Sokoman Formation 

lithologies. 

The site of the Denault Formation marks a break in the stratigraphy, which 

supports the interpretation that these dolomitic marbles are an ancient reef at the edge 

of the continental shelf. East of the Denault Formation the basin deepened rapidly to 

form the continental slope which contains deposits several kilometers thick of the 

Atrikamagen Fonnation. 

The continental shelf and slope were underlain by basement rocks which were 

broken up in a system of block faults which presumably join at depth in a common 

shallow-dipping detachment. 

It should be noted that the total thickness of the sediments in the map area is 

ex:ttemely thin compared to other orogens and present continental margins. The rocks 

in the shallow northwestern part of the shelf comprise :to more than 200 m in total and 

are locally less than lOOm thick. The sequence on the deeper southeastern pan of the 

shelf is estimated between 500 and 800 m thick. 

The depositional basin may have opened to an oceanic basin to the southeast, but 

since there are no remains of such a basin exposed east of the Wabush Lake thrust 

sheet, such interpretalions are largely speculative in the context of this study. 



CHAPTER4 

THRUST BELT GEOMETRY OF GAGNON 1ERRANE 

IN THE LABRADOR CITY I WABUSH AREA 

Gagnon tenane in southwestern Labrador is a foreland fold-and-thrust belt in 

which rocks of the Grenvillian Parautocbthonous Belt are emplaced on the Superior 

Province foreland by nonhwest-directed thrusting. For an evaluation of the tectonic 

deve-lopment of the ~ knowledge of the geometry of the belt and an understanding of 

the dynamics of the thrust sheets are prerequisites. 

This chapter presents a general description of the main features of the Grenvillian 

fold-and-thrust belt in the map area. It includes discussions of the overall thrust belt 

geometry and its main metamorphic and structural features which form the framework 

to which the detailed descriptions in the following chapters can be related. After a 

detailed discussion of the variations in structmal style and metamorphic grnde in 

chapters 5. 6 and 7. a coherent model for the development of the belt is presented in 

Chapter 8. 

The description below and the subdivision into thrust sheets are based mainly on 

the 1:100,000 scale map and cross-sections (Fig. 1A and lB in pocket) and the tectonic 

map in Figure 4.1. Only a small portion of this map is based on fieldwork done in the 

course of this thesis. The remainder is taken from partially re-interpreted maps by 

Rivers (198Sa, b, c) and Fahrig (1967) (see Appendix A). Therefore, small parts of the 

map may not be completely consistent with the presented model. Small scale features 

:u-e left out of this map and are presented only in the more detailed maps in the text of 

Chapter 5 and in Figure 2 (m pocket). The cross sections in Figure 1B (m pocket) 

incorporate more derails and intclprdatic.ns than the 1:100,000 scale map in F"tgme lA. 

As a result. many of the structures shown in the cross-sections do not match similar 

features in the map. 
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lithotectonic domains I to V in Gagnon terrane are described in the text. LC = Labrador City, 
W = Wabush. 
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Most of the small scale and large scale structures are a direct result of the thrust 

movement. Rivers (1983a) recognized three generations of Grenville age structures? of 

which the first two were directly attributed to thrusting. The oldest Grenvillian 

structure that can be recognized in the area is a regionally developed, shallowly 

southeast-dipping foliation, which is axial planar to isoclinal, locally rootless F,· folds 

and which forms the mylonitic foliation in the shear zones. South to southeast-plunging 

mineral lineations indicate the orientation of maximum elongation in the S1 foliation 

plane and together with shear-sense aiteria indicate the northwest-directed movement. 

Northeast-trending folds which overprint this foliation were grouped together by Rivers 

(1983a) into a second generation of structures, F2, which are northwest-vergent and 

directly related to the same thrusting event. Although the same structures were 

recognized in this study, their subdivision and tectonic connotation is different from that 

of Rivers (1983a) as will be documented in the Chapter 5. The D1 and D2 structures 

dominate the map pancm in a zone up to 20 Jan wide southeast of the Grenville Front 

and control the NNE-trending structural grain of the belt. The youngest structures are 

kilometer-scale, ENE-vergcnt, south-southeast-plunging cross folds (FJ, which are 

restricted to the southeast comer of the map. These folds are dominant in Molson Lake 

terrane, in the footwall of the floor thrust of Molson Lake terrane and in the rocks of 

the Denault Formation. In the part of Gagnon terrane directly south to southeast of the 

map area they give the belt a northwest-trending structural grain. 

The thrust faults in the map area form a linked system which accommodates 

considerable crustal shortening. The most impor1ant chaiacteristics of the system are 

discussed below clJld the belt is compared with existing models for foreland 

fold-and-thrust belts. Rivers (1983a) was the first to recognize the importance of 

thrusting in the Grenville Province in southwestern Labrador and suggested that the 

area represents a foreland fold-and-thrust belt. In his model a northwest-vergent thrust 

stack developed in the early Proterozoic shelf sediments during D1, with a 

bedding-parallel sole thrust near the base of the sedimentary cover. Where the thrust 

front reached a buttress formed by basement rocks at the western end of the 
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sedimentary basin, thrust propagation was inhibited and the thrust stack started folding 

(D:J. During the last stage of development of the belt a small portion of the basement 

rocks was plucked off the buttress and incorporated ~"l the thrust stack. These 

generations of structures were interpreted to be formed during progressive stages of the 

development of the thrust belt. The Grenville Front was located at the main boundary 

between basement and cover rocks. Rivers (1983a) suggested a possib_le presence of 

more basement rocks in the belt than shown in his model. It has been found in this 

study that the role of the basement rocks is far more important than previously 

recognized and this thesis documents the major role of the basement rocks in the 

development of the belt. However, the actual extent of the basement rocks in the 

fold-and-thrust belt remains unresolved in this study and they could be more widespread 

than shown in the maps accompanying the thesis. As noted earlier, in many places 

penetrative reworking of the basement rocks has prevented their positive identification 

and discrimination from their metamorphosed sedimentary cover (Section 3.1.2). 

A second source for comparison of the fold-and-thrust belt in Gagnon terrane are 

the models that exist for the geometry of thrust belts and collisional orogens in general 

(e.g. Boyer and Elliott, 1982; Butler, 1982; Hatcher and Williams, 1986). The features 

of these models that are emphasized in this study are: 1) thrust sheets are generally 

stacked in a piggy back sequence; 2) the sole thrust of a thrust system follows a 

staircase trajectory of flats and ramps~ cutting up in the stratigraphy in the direction of 

movement. In systems containing both basement and cover rocks, the sole thrust cuts 

up from the basement into the sedimentary cover towards the foreland; 3) the average 

size of the thrust sheets increases towards the hinterland and crystalline thrust sheets are 

generally larger than non-crystalline sheets; 4) development of a forelanc! :hrust belt is 

commonly controlled by the emplacement of a dominan! thrust sh~ with dimensions 

an order of magnitude larger than the sheets in the underlying system. These features 

will be compared to those ol the fold-and-thrust belt in southwestern Labrador. 
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4.1 LITHOTECTONIC DOMAINS IN THE MAP AREA 

In the lithotectonic map in Figure 4.1 the rocks of Gagnon tenane are grouped 

into one of five lithotectonic domains which fonn zones parallel to the trend of the 

whole belt. The arrangement of the domains reflects the outline of the original 

sedimentary basin and the palinspastically restored positions of the sediments on the 

continental shelf and margin (Fig. 3.2). In Figure 4.1 the rocks of the Denault 

Formation are given a separate colour to emphasize their position at the margin of the 

continental shelf. sqmating platform and slope sediments (see Section 3.3.2). 

However, in the description below they are grouped together with the remainder of the 

stratigraphically higher shelf sediments. Each of the domains consists of a number of 

thrust sheets which can be set apart from the others on the basis of stratigxaphy? 

metamorphic grade and structural characteristics. From northwest to southeast these 

domains are: 

Domain I 

Thrust sheets adjacent to the Grenville Front consist predominantly of crystalline 

basement rocks that are not notably affected by Grenvillian deformation on 

outcrop scale, but are transected by several Grenvillian shear zones. Only in the 

northern end of this domain, in the Sawbill Lake thrust sheets, is a significant 

amount of cover rocks p~t. consisting of the Sokoman and Menihek 

formations. If the position of the Grenville Front is chosen 5 to 10 km further 

west. as proposed by James and Stephenson (1992), domain I will extend up to 

this new boundary. 

Domainn 

Southeast of domain I is a belt of thrust sheets containing predominantly 

metasedimentary rocks of the shallow part of the continental shelf, represented by 

the SokDman and Menihek formations. Of the SokDman Formation only the two 

upper (oxide and c:arbonate) members are pn:sent. Basement rocks in domain n 
are subordinate and appear as: i) thin, highly deformed slices near the floor of the 

thrust sheets; il) as less deformed bodies in the cores of fold nappes; or iii) as 



40 

large, virtually undefonned inliers. The thrust sheets in this domain can be 

extremely thin. They vary in thickness from about 100m to several hundreds of 

meters. 

Domainm 

Overlying the northern part of domain ll is a belt of rocks dominated by intensely 

defonned basement rocks. locally with small amounts of metasedimentary cover 

preserved. Rocks of the Sokoman and Menihek Formations in this domain are 

similar in appearance and thickness to those in domain II. A few kilometer·sized 

lenses of less defonned basement rocks are also present. 

Domain IV 

This domain, adjacent to Wabush and Shabogamo Lakes, is dominated by 

metasedimentary r:oclcs of the deeper pa..~ of the continental shelf and contains the 

complete stratigraphic sequence of the Knob Lake Group in the region. In the 

southc:m part of the domain the melaSediments are folded in kilometer·scale, 

north-northeast-trending F2 folds which are overturned to the northwest. In the 

centtal pan of domain IV around Mont Bondurant, and farther south, highly 

sheared basement rocks are present, similar to those in domain m. They are 

interpreted to represent an ancient basement high (see Section 3.3). At the eastern 

margin of domain IV a zone of rocks of the Denault Fonnation marks the edge of 

the Early Proterozoic continental shelf. 

Domain v 
The easternmost domain, east and south of Wabush Lake, is dominated by rocks 

of the Attilcamagen Formation, that were deposited on the continental slope. 

South of Wabusb Lake the domain also contains significant amounts of marble of 

the Denault Formation. The sequence of clastic metasediments is interprered to be 

up to several kilometers thick and is strongly folded in originally 

northwest-verging F2 folds which are overprinted by southeast-plunging F3 folds 

of kilometer-scale. No basement rocks have been positively identified in this 

domain, but they may nevertheless be present. 
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Lateral boundaries between the lithotectonic domains are not everywhere well 

defined. The Grenville Front separa:es the lithotectonic domains in Gagnon terrane 

from the Superior Province foreland to the northwest. To the southeast they are 

bounded by the overlying Molson Lake terrane, which is regarded as the dominant 

thrust sheet, in the sense of Boyer and Elliott (1982). In the southeastern part of the 

map ~ Molson Lake terrane overlies domain V, but further north it oversteps the 

thrust sheets of domain V and directly overlies rocks of domain IV. With the exception 

of domain I, the size of the thrust sheets increases slightly towards the interior of the 

orogen. The fact that basement rocks are most abundant in the structurally lowest 

sheets near the front of the belt and absent in the highest sheets does not confonn to 

existing models for thrust belt geometry. 

4.2 SUBDIVISION OF GAGNON TERRANE INTO THRUST SHEETS 

The northwestern part of Gagnon ~~:\e :.onsists of an imbricate stack of thrust 

sheets, bounded by thrusts that dip shall,. ~·ly to moderately to the southeast (Rivers, 

1983a; van Gool et al., 1987a. b, 19t·:.., b; Brown et al., 1991). ·_;.e highest, f\!nhest 

travelled thrust sheets are founci '~ tl southeast. The bounding thrusts occur as ductile 

shear zones, in which the shear strain lS concentrated. Subsidiary thrusts divide the 

thrust sheets into separate horses to form imbricate fans or duplexes. The horses, or 

thrust slices, between the thrusts all reveal a penetrative foliation and folds. The thrust 

sheets are outlined and named in Figure 4.2 and coded according to the grade of 

metamorphism. For some of the thrust sheets shown in the map, lack of outcrop or 

field observations resulted in ill-constrained boundaries. In many cases they are 

defined by abrupt changes in stratigraphy rather than by recognition of a major thrust 

fault in the field. Only in well-exposed pans of the area, which were mapped in detail, 

have thrust sheet boundaries been observed. In much of the remainder of the map the 

boundaries have been inferred. Differences in stratigraphy that were used for 

subdivision in thrust sheets are shown along two sections through the area in Ftgme 

4.3. 1be thrust sheets are described below from the lowest structural level in the 

northwest to the highest in the southeast. 
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Fig . 4 .2 Metamorphic zonation and subdivision of the map area into thrust sheets . Only 
the structures that form thrust sheet boundaries are indicated . BLSZ = Bruce Lake shear 
zone; JLFZ = Julienne Lake fault zone; SO = Sokoman Duplex; WV = Wide Valley triangle 
zone. TS = thrust sheet. 
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4.2.1 DOMAIN I 

The lowest thrust sheets are the northern and southern Sawbill Lake thrust 

sheets. They consist of a thin sequence of shallowly dipping cover rocks {Sckoman 

and Menihek formations) and are underlain by Archean basement rocks. from which 

the cover rocks are detached. 

The Bruce Lake, Lac Montenon and Reid Lake thrust sheets contain several 

kilometers of basement rocks and up to SO meters of cover rocks of the Sokoman 

Formation, which are detached from the basement. The rocks in the Reid Lake and 

Bruce Lake thrust sheets are cross-cut by several steeply southeast-dipping thrusts (dip 

angles between 40° and 60°). Away from these thrusts, the Archean basement rocks 

show vinually no traceS of Grenvillian deformation or metamorphism on outcrop scale. 

The Lost Lake thrust sheet is a thin, basement-dominated thrust sheet. which in 

its northeastern part is sandwiched between two sediment-dominated sheets. The 

southwestern part of the thrust sheet is not well-defined. 

4.2.2 DOMAIN n 
The Corinne Lake thnJ.st sheet contains rocks of the Sokoman and Menihek 

formations and two basement inliers. The basement-cover contact is a zone of localized 

high strain and forms a detachment, but displacement is estimated to be minor. Rocks 

in the Corinne Lake thrust sheet are folded, but no internal subsidiary thrusts were 

observed. A large window in the south of th'! thrust sheet exposes the underlying, 

almost pristine basement. 

In the Flatrock Lake thrust sheet meta5ediments of the Sokoman and Menihek 

formations are dominant, but thin sheets of intensely deformed basement rocks are 

incorporated into the thrust sheet. The floor thrust cuts up in the direction of 

movement from a shallow level in the basement to the base of the sedimentary cover, 

but does so non-systematically. Rocks of the sedimentary cover, together with their 

crystalline basement, are interleaved by thrusting and folding on the scale of tens to 

hundreds of meters. 



The Wide VaDey area. previously referred to as the Wide Valley thrust sheet (van 

Gool et aL, 1987b), fonns a triangle zone between southeast and locally 

northwest-dipping thrust faults. It is also dominated by rocks of the Sokoman and 

Menihek formations, which are overlain by thick sheets of basement rocks. The 

boundary of the triangle zone to the souihwest is not well defined. 

The southwestern pan of the 0 1Brien Lake thrust sheet contains predominantly 

reworked basement rocks. The remainder of the thrust sheet contains biotite schists, 

which probably represent imbricated rocks of the Menihek Formation, but could7 at 

least in pan. be phyllonitic basement mylonites. Rocks of the Sokoman Formation are 

subordinate. 

The Emma Lake thrust stac:k contains rocks of the basement as well as the 

Sokoman and Menihek formations, which are repeated in a stack of fold nappes, 

interpreted as a duplex by Brown et al. (1991). The floor thrust lies well in the 

basement (>200m) and basement rocks are intensely deformed7 together with the 

overlying sediments, by shearing and folding. The thrust stack is truncated in the 

nonheast by a high angle fault. 

The floor thrust of the Carol Lake thrust sheet in the southwest of the map cuts 

100 to 200 m into the basement, which is overlain by rocks of the Sokoman and 

Menihek formations. With the exception of one small area. basement rocks had not 

previously been recognized in the Carol Lake thrust sheet and it is likely that a 

considerable proportion of the rocks depicted as Menihek Formation in the map is 

actually reworked, phyllonitic basemenL Basement and cover rocks are interleaved on 

a fairly small scale by both thrusting and intense folding. 

The Sokoman duplex is a 150m thick sheet of rocks of the Sokoman Formation 

interleaved with thin slices of basement rocks, and possibly represents a part of the 

sediments detached from the underlying Elmer Lake thrust sheet (Section 4.2.3). The 

duplex consists of an imbricate stack of subsidiary thrusts which rejoin in the roof. It is 

the only thrust sheet in the map area which could be mapped as a true duplex. To tbe 

nonheast the duplex is cut off or ends in a lateral ramp. 



4.2.3 001\1AIN m 

The Elmer Lake thrust sheet overlies the F1atrock Lake thrust sheet and consists 

mainly of highly defonned basement rocks, containing several large (km-size) lenses of 

low stiain (i.e. with respect to the Grenvillian deformation) Archean basement. Only 

thin slices ( <50m) of cover roclcs appear in the thrust sheet. it appears that moSt of 

the sedimentary co;,-er has been tectonically removed from the thrust sheet. since the 

roof~ which is best cons_-ainecl at the foot of Mont Bondurant, is situated in 

basement rocks. 

In previous work the strongly defonned basement rocks in the Elmer Lake tnrust 

sheet wen: interpreted as metasediments of the Auilc:amagen Formation (Rivers, 1985b) 

or their equivalents (Fahrig, 1960. 1967). It is possi~le that pockets of 

quartzo-feldspathic basal conglomerate are present near ancient fault escarpments of 

block faults, which presumably existed in the area. However, these have not been 

identified as such and are assumed to be at most a minor compo.-:ent of the thrust sheet. 

Amphibolites are common in the Elmer Lake thrust sheet, most of which were 

originally mapped as metagabbros (Rivers, 198Sb). Some of the amphibolite bodies 

have been re-interpreted as an original mafic component of the basement complex. 

4.2.4 DOMAIN IV 

The Lorraine Lake thrust sheet, in which the I.O.C.C. iron mine is located, 

contains the greatest thickness of both the Sokoman and the Wishart formations 

(together over 400 m). Rocks of the ba...~t as well as all formations of the Knob 

Lake Group are exposed in the thrust sheet. A significant N-S lateral variation in 

stratigraphic and structural character i.~ displayed. The northern pan of the thrust 

sheet, pre-~icusly sepai3lCd from tht: southern pan as the Mont Bondurant thrust sheet 

(van Gool et al., 1987a), is dominated by strongly deformed basement with a small 

amount of quartzite of the Wishart Formation. 

The southern pan of the Lomine Lake thrust sheet is dominated by 

metasediments and basement rocks are not exposed. The exact position of the floor 

thrust with respect to tbe coocact betwc:cn basement and the Attikamagen Formation in 
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the southern part is unknown, but, on account of the lack of exposed basement rocks in 

this part of the thrust sh~ it is assumed that the floor thrust originated at the 

basement-cover contact. The position of the Lorraine Lake floor thrust in the southern 

part of the map is inferred from the abrupt trart~~n in stratigraphy and metamorphic 

gtade along a line east of Carol Lake, ~1-Jcillies along the extension of an observed 

thrust fault near Riviere aux Fraises (Fig. lA; see Chapter 5). South of Carol Lake the 

floor thrust cuts up to the level of the WIShart and Sokoman formations. The floor 

thrust of the Lorraine Lake thrust sheet is one of the most important in the area. 

Across the boundary between the Carol Lake and the Lorraine Lake thrust sheets, from 

east to ~ the lower part of the stratigraphy is lost: both Attikamagen and Wishan 

Formations and the oxide member of the Sokoman Fonnation do not appear west of the 

boundary. On the other hand, basement rocks appear in the Carol Lake t.lrrust sheet, 

which seem to be absent in the southern pan of the Lorraine Lake thrust sheet (Fig. 

4.3. section B-B'). 

The transition from the northern to the sou~'lem part of the thrust sheet is gradual 

and lies between the northern end of Lorraine Lake and d' Aigle ~y at the mouth of 

Riviere aux Fraises. In the ~tion zone the basement is overlain by a thin cover of 

rocks of the Attikamagen Fonnation, which are recognized by the appearance of 

kyanitc and staurolite in the schists and gneisses. Further north, the rocks of the 

Attikamagen Formation wedge out and rocks of the W'lshart Formation li~ directly on 

the basement. 

The floor thrust of the Lomine Lake thrust sheet cuts laterally, from south to 

north, from the cover into the basement. This is interpreted as an effect of original 

basement topography, rather than lateral ramping. Near Mont Bondurant in the north 

of the thrust sheet. the floor thrust cuts into a basement high, rather than riding over it, 

deforming the basement rocks while incorporating them into the thrust sheet. 

The structural style in the northern part of the Lorraine Lake thrust sheet is 

domiMlfd by shearing and thrusting. Folding becomes more important towards the 

south. From Loriaine Lake southwards, no thrusts were mapped by previous workers 



and large-scale folding is supposed to be the dominant style of deformation (Rivers. 

1980a. c. 1983a). It is possible. however. that the continuity of the stratigraphy. as 

presented in the map and cross section of figures lA and lB. has been disrupted by 

thrusting in this pan of the area. as was found to be the case in most of the areas 

surrounding the Lorraine Lake thrust sheet. 

East of Wabush Lake a band of rocks of the Denault Formation is overlain by 

quartzites of the Wishan Formation and carbonate and oxide members of the Sokoman 

Formation, the latter two exposed in a syncline in the 1 ulienne Peninsula. In the 

absence of exposure in critical areas. these metasediments east of Wabush Lake are 

interpreted as the eastern continuation of the Lorraine Lake thrust sheet. although they 

may form a separate structural unit. 

The Goethite Bay thrust sheet. which may be the northern extension of the 

Lorraine Lake thrust sh~ fonns an imbricate stac1c of thrust slices which are 

dominated by massive roclcs of the Sokoman and Wishan formations in the Goethite 

Bay area. Rocks of the Menihek Formation are only exposed in the northeastern part 

of the thrust sheet near Elmer Bay. Thin basement slices (up to SO m in thickness) are 

exposed at its western boundary, close to the floor thrust and on the northeastern shore 

of Julienne Lake. The original floor thrust is interpreted to lie at the base of the 

WlShan Formation and the basement slices were introduced afterwards by thrusting that 

originated at a lower level. A transition in the stratigtaphic sequence. similar to that 

between the Carol Lake and Lorraine Lake thrust sheets, is found at the floor thrust of 

the Goethite Bay thrust sheet (Fig. 3.2, compare columns GB and ELL, representing 

part of the Goethite Bay thrust sheet and the underlying Elmer Lake thrust sheet). 

4.2.5 DOMAIN V 

The Duley Lake tbnlst sheet south of Wabush Lake contains rocks that 

originated on the continental margin. It stretches beyond the map boundaries t:) the 

southwest for several tens of kilometers, where it is dominated by massive dolomitic 

marbles of the Denault Formation and gneisses of the Attibmagcn Formation. It is 

sepaiab:d from the Wabusb Lake thrust sbeet to the north and Molson Lake terrane to 
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the east by the Flora Lake fault zone, a steeply dipping strike-slip shear zone along 

. Flora Lalce. This thrust sheet may not be completely disconnected from the Lorraine 

Lake thrust sheet. The boundary zone consists of a kilometer-scale, overturned. 

northwest-vergent antiform of which the lower limb is partially thrust through (Fig. lB, 

in pocket). The Duley Lake thrust sheet is characterized by an interference panem of 

large-scale, northeast-trending folds (FJ and younger southeast-trending folds (FJ 
(Rivers, 1983a). 

The Wabush Lake thmst sheet is dominated by gneisses and migmatites of the 

Attikamagen Formation. Thin lenses of dolomitic marble and amphibolite also occur 

and the thrust sheet incorporates the Michel Lake pluton, as well as smaller orthogneiss 

occurrences, for example north of Moose Head Lake (not indicated in Figure lA). 

Basement rocks may be present in the thrust sheet, but are n~ recognized as such, 

because of the similarity of metasediments and deformed basement rocks at high 

metamorphic grade and high strain. 

No intcmal thrusts were recognized in this thrust sheet. Both F2 folds that were 

originally northwest-vergent and kilometer-scale northeast-vergent F3 folds dominate 

this area. The nature of the contact with the dolomitic marbles of the Denault 

Formation to the northwest is not clear due to lack of exposure. The regional southeast 

dip of the enveloping surface of the bedding in the area suggests that the rocks of the 

stratigraphically lower Attikamagen Formation to the southeast structurally overlie the 

marbles. The boundary is drawn as a single continuous but folded ~ but it may 

well be that locally the Attikamagen and Denault formations are tectonically 

interleaved. The Wabush Lake thrust sheet is overlain by rocks of Molson Lake 

terrane, from which it is separated by a wide ductile shear zone. The enveloping 

surface of this shear zone dips shallowly to the southeast, but is folded in a train of 

large-scale cuspate and lobate F3 cross-folds. 

4.2.6 LARGE SCALE FAULT ZONES 

The Grenville Front is defined as the lowest Grenvillian thrust fault that has been 

recognized.. West of Sawbill and Bruce lakes it has a dear topogiaphic expression as a 
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valley which can easily be traced on air photos and geomagnetic maps. It was mapped 

on the ground for approximately 20 km along strike southwest of Sawbill Lake. 

Funher southwest its trace is lost and the Front is tentatively coMccted with the thrust 

through Lac Montenon. Possibly the nonhem-most part of the thrust dies out 

southwestwards in a tip line and the Grenville Front sidesteps to a higher thrust. It is 

also posstble that a lower. unrecognized or not emergent thrust forms the true sole 

thrust of the system (cf. James and Stephenson, 1992; see Section 2.1). 

West of Bruce Lake an oblique-slip shear zone was mapped with an apparent 

extensional component of displacement. This steeply southeast-dipping Bruce Lake 

shear zone is 100 to 200 dl wide (Fig. 2, in pocket). It can be traced for over 20 Jan 

and is inferred to extend northwards for at least another 15 km. In the northeast it 

sepatates basement rocks to the west from metasediments to the east. In its southern 

extent, where the shear zone cuts into basement rocks, it is decorated with thin slices of 

rocks of the Sokoiru&n Fo~on. Fahrig (1960, 1967) mentioned a normal fault 

separating the metasediments from the Archean basement in the area south of Sawbill 

Lake, probably referring to this shear zone. T"11e nonnal faulting was interpreted as a 

post thrusting relaxation during the last stages of Grenvillian deformation (Fahrig, 

1967). In this study, the Bruce Lake shear zone is re-interpreted as an overturned 

backthrust (see Chapter 5). 

A zone extending from Julienne Lake towards the northwest, forms the 

termination of the Lorraine Lake, Wabush Lake and Goethite Bay thrust sheets as well 

as the northern limit of the rocks of the Denault and Attikamagen formations in the map 

area (Fig. 4.1). It also forms the site of the transition of the trend of the belt from 

035°in the south to 050° in the north of the map. This tectonic break is named the 

Julienne Lake fault zone. Its northwestern extension is formed by a wide shear zone 

(the Sickle Lake shear zone, see Chapter 5) that forms the southern boundary of the 

F1attock Lake thrust sheet. These two shear zones arc tentatively connected to form a 

continuous, steeply southwest.cfipping, oblique-slip fault zone with a right-lateral 

component of displacement, causing a clock-wise roration in plan view of the structures 
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in the southern end of the F1atroclc Lalce thrust sheet. However, no evidence of a 

continuous shear zone is found in the Elmer La1cc thrust sheet because of poor 

exposure. The fault may possibly be linked to a lateral ramp at a lower crustal level or 

a transfer fault in the basement. 

4.3 METAMORPHISM IN THE MAP AREA 

Gagnon terrane has a telescoped, inverted meramorphic gradient which is typical 

for thrust belts in general. The peak metamorphic conditions vary from lower 

greenschist facies in lithotectonic domain I in the nort&'lwest, to upper amphibolite facies 

in domain V in the southeast of Gagnon ~ with peak metamorphic temperatureS 

varying from approximately 350°C in the north of the map, to approximately 750°C in 

the southeast (Chapter 7). The presence of kyanite as the stable alumino-silicate in the 

metapelites indicates an intermediate metamorphic pressure series (Rivers, 1983b; 

Chapter 7) in the terminology of Miyashiro (!973). Grenvillian metamorphic grade in 

Molson Lake terrane is of upper amphibolite grade (Rivers, 1983b, Connelly, 1991), 

with local indications of high pressures (Indares, in prep.). 

Figure 4.2 shows the subdivision of the map area into metamorphic zones 

indicating the peak metamorphic grades for Gagnon terrane. The four zones are: 1) 

low grade zone (lower~ facies), covering the Sawbill ~ Bruce Lake, 

Corinne Lake, F1attock Lake, Wide Valley and Lac Montenon thrust sheets; 2) low to 

medium grade zone (upper~ facies): Read I..ake, Emma Lake, Lost Lake, 

o•Brien Lake, Carol Lake and Elmer Lake thrust sheets; 3) medium grade zone (lower 

amphibolite facies): Goethite Bay and Lorraine Lake thrust sheets; 4) medium to high 

grade zone (upper amphibolite facies): Wabusb Lake and Duley Lake thrust sheets. 

This metamorphic zonation does not coincide exactly with tht. division into 

lithotectonic domains. In the western part of Gagnon terrane it is obvious that the two 

are oblique with respect to each other (Fig. 4.2). In each of the lithob:dOnic domains 

the metamorphic grclde increases from northeast to southwest. Towards the southwest, 

rocks have been exhumed from increasingly deeper crustal levels and the present 

erosion level fonns an oblique cut through the fold-and-thrust belt. 



4.4 THREE-DIMENSIONAL GEOMETRY OF THE 

FOLD-A..~"D-THRUST BELT 

The lack of significant topographic relief in the map area prevents a nue 

three-dimensional reconstruction of the structures. The geometry of the belt at depth 

can ')nly be interpreted from data at the surface, in which the oblique erosional cut 

through the belt is helpful. The geometry described below is only one possible 

interpretation, which appears to be the most logical. but others cannot be excluded. 

5:! 

The general geometry of the belt in the third dimension is outlined in Figure 1 B 

(m pocket), which presents three cross sections on a 1:100,000 scale across the strike 

of the thrust belt. Many of the structures are represented schematically either because 

their true geometry is unknown, or because their size is too small to be presented on a 

true scale. The sections are not rigorously balanced, because of: 1) a lack of derailed 

information along the length of the sections; 2) changes in thickness of the sedimentary 

cover as a result of original basement topOgraphy and ductile deformation; 3) the 

oblique orientation of the sections with respc:c:t to the movement direction. They show 

that Gagnon tenane in southwestern Labrador consists of an upper system of 

thin-skinned sediment-dominated thrust sheets intersected and underlain by a stack of 

basement thrust sheets of several kilometers in thickness. Together they fonn thrust 

systemS on two different scales and levels. 

The upper, sediment-dominated system c:on:ists of lithotectonic domains n. IV 

and V and is intersected by the rcworla:d basement rocks of domain m. In contrast to 

existing m~els, this belt appears not to have a sole thrust that cuts progressivdy 

up--section in the direction of movement. A geometry that would be expected, 

3.\XOrding to the rule of an upward cutting sole thrust, would show from southeast to 

northwest a dcc:reasing amount of basement involved in the thrust belt. Instead the 

sediment dominated system has a maximum amount of basement incorporated in the 

center of the belt, in the Carol ~ .Elmer Lake and northern part of Lorraine Lake 

thrust sheets {Fig. lB, in pocket, and Fig. 4.3). 



The presence of the thin basement slices in the thrust sheets forms a mechanical 

problem. The detachment fault of the system must have cut at a shallow level in the 

basemen~ rather than follow the basement-cover interface, which fonns a level of 

mechanical discontinuity and of strain l<XA!lizarion and would be a favourable site for 

the basal detachment. This will be discussed further in Chapter 5. 
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The lower thrust system is developed in the basement and contains thrust sheets 

which are several kilometers thick. Thrusts cut up from this basement thrust belt into 

the overlying detached sediments, where they cause folding and out .of-sequence 

thrusting, most notably in domain ll (Fig. lB, sections I and m. The extent of the 

downward continuation of the sole thrust of this system into the subsurface towards the 

southeast is not known. Major extensional faulting would be needed during thrusting, 

to bring the lower detachment from the base of the metasediments in the east, to deep in 

the basement in the western part of the map. In order to avoid this extensional 

geometry, which would be mechanically unfavourable and for which there is no 

evidence, the lower thrust system is interpreted to extend from the west underneath the 

upper system to the east at progressively deeper crustal levels. The depth to the sole 

thrust is interpreted to be related to the spacing of the thrusts in the basement at the 

surface, which is generally in the order of 2 to S Jan and the depth to the sole thrust is 

expected to be of the same order of magnitude in most of the map area. The basement 

thrust system is not a leading imbricate fan (Boyer and Elliott, 1982) which would have 

the largest displacement on the most frontal thrust. The westernmost exposed thrust, 

the Grenville Fron~ is a narrow shear zone which does not display indications of a 

higher strain or larger displacements than other thrusts in domain I. The Grenville 

Front in the map area is thus not a crustal-scale thrust which reaches to the base of the 

crust. as is seen in the seismic section across the Grenville Front in Lake Huron and 

Georgian Bay (Green et al., 1988). However, it is interpreted to join other basement 

thrusts in a ddadunent horizon which reaches down into lower crustal levels. 
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The geometry of the Grenville Front thrust belt in southwestern Labrador is at 

first approximation not compatible with the thrust belt model presented by Boyer and 

Eliott (1982). in that its sole thrust does not appear to cut up from basement to cover in 

the direction of movement. Also the dual character of the lower and upper system is 

not ~lained by the Boyer and Elliott (1982) model. However. the development of the 

foreland fold~and~thrust belt in Gagnon terrane as a result of the emplacement of 

Molson Lake terrane as the dominant thrust sheet does fit this model. Assuming that 

the displacement on the floor thrust of Molson Lake terrane is larger than on any thrust 

in Gagnon terrane (see Chapters 5 and 8), the thrust belt forms a trailing imbricate 

stack (Boyer and Ellio~ 1982) 

The present description of the thrust belt also diverges from Rivers' ( 1983a) thrust 

belt model for the area. The main difference lies in the increased role of the basement 

rocks and the absence of a switch of deformation style from dominant thrusting early in 

the history of the belt to dominant folding later in the development (Rivers. 1983a). A 

basement buttress at the northwestern end of the belt as proposed by Rivers is not likely 

to be present there. Two other locations where basement buttresses of a smaller size 

are present, are the transition from the deeper part of the shelf to the shallower part of 

the shelf and the transition from the shelf to the continental slope. At these two 

locations major fault escarpments are expected, as depicted in Figure 3.2, which 

probably played a role in the folding of the rocks in the Lorraine Lake and Wabush 

Lake thrust sheets. In Chapter 8 a model will be presented that accommodates the 

deviations of the geometry of the belt as proposed here, from the existing models. FU'St 

the details of the geometry, structural relationships, kinematics, metamorphic 

development and other aspects of the belt are discussed in the ensuing chapters. 



CHAPTERS 

STRUCTIJRAL DEVELOPMENT OF THE FOLD-AND-THRUST BELT 

The structures on all scales in the map area are related to the northwest-directed 

thrust movement within the fold-and-thrust belt- The overall structural setting of the 

rocks in Gagnon terrane is comparable to that in the footwall of a dominant thrust 

sheet, similar to the model proposed by Boyer and Elliott (1982), but the structures 

diverge from this model in some important aspects, as discussed in Chapter 4. The 

main difference is the existence of an upper, sediment-dominated thrust system, in 

which the thrust sheets range from about 100m up to about 2 km in thickness, and a 

lower, basement-dominated thrust system in which the thrust sheets are all several 

kilometers thick. The emplacement of Molson Lake terrane, which formed the 

dominant thrust sheet (Boyer and Ellio~ 1982), presumably provided the load for the 

metamorphism and caused the defonnation of the rocks in the underlying Gagnon 

tertane (Connelly, 1991). Thrusts and folds have defonned t.lte rocks in the area and . 

structures of several phases of ductile deformation have been recognized. The 

subdivision of structures presented below diverges somewhat from that proposed by 

Rivers (1983a) for Gagnon temne and a stronger emphasis is placed on the setting of 

the structures in the thrust belt than on their relative timing. 

The first part of this chapter consists of a detailed description of structures in the 

map area. This is followed, in the second part of the chapter, by an evaluation of the 

observed geometries. The detailed structural analysis incorporates only the Grenvillian 

structures. The Archean structures in the basement gneisses and the Early Proterozoic 

extensional structures of the thinned continental margin are not discussed in detail. 

Plates in this and the following chapters are grouped together at the end of the chapter. 



5.1 DETAILED DESCRIPTIONS OF THE STRUCTIJRES IN GAGNON 

TERRANE 
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Several key areas, which are better exposed than most of the map area. were 

selected to cover different structural and metamorphic settings. These key areas. which 

are indicated in Figure 5.1, were mapped on a 1:10,000 scale, whereas the remainder 

of the mapping was done on a 1:20,000 scale (see Chapter 1 and Appendix A). 

Detailed maps are presented only for the Emma Lake and the South Flatrock l..ake areas 

and a separate map of the Bruce Lake area is included on a 1:50,000 scale (Fig. 2. in 

pocket), which covers several of the key areas. The locations of the detailed maps and 

of the Bruce Lake area are also shown in Fig. 5 .1. For the remainder of the key areas 

separate maps were not warranted since they do not reveal more in for r~""ation than the 

1:100,000 or 1:50,000 maps (Figures lA and 2 respectively). Cross sections are 

presented for all maps. As discussed in Chapter 4, the cross-sections in Figure l.B 

show more detail and interpretation than the map of the same scale. As a result thr:e is 

not a perfect match between the two figures. Variations in the original thicknesses of 

the formations and the ductile nature and the non-cylindricity of the structures 

prevented the balancing of the cross sections. Many of the sections were constructed 

perpendicular to the strike of the structures, which is at an angle to the movement 

direction. Three cross sections through the whole aiea (Figure 1 B, in pocket) 

schematically show the relationships between the different thrust sheets and the 

variations in large-scale structures, both observed and interpreted. 

Structuial orientation data are presented in Appendix D, plotted in lower 

hemisphere, equal area projection. The orientation data are generally compiled for 

fairly large areas, which incorporate many structures, varying from outcrop-scale to 

hundreds of meters in size. As a result the smaller structures are averaged out into 

rather nondescript and poorly defined clusters in the stereonet diagrams. A further 

subdivision of the data into smaller areas would reflect the smaller structures. A 

summary of the orientation data is presented in Section 5.2. Notations of orientations 

of planar and linear features used in the thesis are azimuth (dip-direction) I dip (e.g. 
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Fig. 5.1 Tectonic map of western Labrador indicating the key areas which were mapped 
in detail. Names of the major thrust sheets are also shown. The map includes the locations 
of figures 5.4 and 5.18, as well as the location for Figure 2 (in pocket). 
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148/78) and plunge-> azimuth (e.g. 34-> 145) respectively. Locations of all thrust 

sheets are shown in Figure 4.2, and the larger thrust sheets are also indicated in Figure 

5.1. Topographical localities mentioned in the text are indicated in Figure 1.2. 

5.1.1 NOMENCLATIJRE AND AGE RELATIONSHIPS OF THE STRUCTURE'S 

In the map area structures of several different generations were mapped, of which 

most are genetically closely related. Broadly the structures can be divided into two age 

groups: 1) those related to the northwest-directed thrusting; 2) those related to the 

southeast-plunging kilometer-scale cross-folds. Within the thrust-related structures, 

several generations of overprinting structures were observed, which could not be 

regionally correlated. The main problem in subdivision of structures in different 

deformation phases is th:lt the thrust belts are dynamic bodies which constantly change 

their shapes heterogeneously. Deformation is partitioned into those parts where 

movement is concentrated or where shape changes are taking place, e.g. as a result of 

movement of part of a belt over a ramp or locali'lfld sticking of the sole thrust, and 

thrusting, folding and faulting can take place contemporaneously in several parts of a 

belt, while other parts are passively transpOrted without being defonned. The classical 

numbering of generations of structures according to their relative age fails in such a 

case, because it either becomes highly complicated if it is to account for all the 

localited structures, or if groups of structures are related to processes in a thrust belt, 

as is done in this thesis, the relative time connotation of the numbering is lost. Cowan: 

and Potts (1985) and Holdsworth (1990) reported similar problems of conelating 

generations of structures in thrust belts. An example of the problems that can arise, is 

the situation where one generation of early structures ~ffccting the rocks in the upper, 

sediment-dominated thrust staCk in Gagnon terrane (D1 in a local numbering scheme). is 

followed by a thrust which cuts up from the basement (where it is a D1 structure) into 

the sediments (where it is a D2 structure). Such a situation is sketched in Fig. 5.2. 

This type of interference of structures of the lower and higher thrust systems is most 

common in lithotectonic domain n. 
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I {j Metasediment 

Basement 

Upper system thrust 

Lower system thrust 

Fig. 5.2 Schematic example of interference of structures from the upper and lower 
thrust systems. A thrust from the lower system breeches through its roof and causes out
of-sequence thrusting in the upper sediment-dominated thrust system, which already has a 
penetrative thrust-related fabric (SlU). The deformation related to this thrust that originated 
in the basement creates first generation structures in the basement (S 1L) and second genera
tion structures in the overlying metasediments (S2J. The subscripts U and L refer to struc
tures that originate in the upper and lower thrust system respectively. 
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The subdivision of struCtUreS used here is based on overprinting relationships on 

outcrop scale. which means that no regional c:orrelation can be made bet\\'een equally 

numbered generations of structures and that the time c:onnora.tion of the numbers is lost. 

On the other band, the common occurrenc:e of similar overprinting patterns throughout 

the belt suggests that all pans of the belt have gone through similar phases of 

development. Structures that are grouped together may therefore represent similar 

ptocesscs that took place in different pans of the belt at different times. 

The Grenvillian structures are subdivided into: 1) a regionally peneaative 

foliation S1; 2) structures related to the west~ thrusting which deform the S1 

foliation (DJ; 3) structutes related to the large-scale cross folding F 3• This is a 

subdivision which is most convenient for use in the field and is based on outcrop-scale 

overprinting relationships rather than on regional phases of deformation. The D~ 

structures in the wcstcm part of the area cannot ~ corrclaled regionally and they 

represent a wide variety of ages, types and orientations of structures which formed after 

the dcvdopmcnt of the S1 and during the northwest-direcb:d thrusting evcnL In 

lithotectonic domain V the structures are more regionally consistent and can be 

correlaled through the thrust sheets. The F3 cross-folds postdate all D2 structures and 

are related to a different stress field. They dominate the southeastern pan of the map. 

in lithotectonic domain V and Molson Lake terrane, and re-fold the structures in 

domain IV, but have no obvious effect on the lower domains. 

In addition to this subdivision, a separate subscript is used to distinguish between 

deformation related to either the upper or lower thrust system, in those cases where 

enough informalion is available to do so. For structures that originated in the lower 

level, basementedominatm thrust syster.J, the subscript ·L • is added to foliation or fold 

references (e.g. S1L, Fn). For those structun:s that originated in the upper level, 

sediment-dominated thrust system, the subscript ·u· is added (e.g. S10, Fm). 

Wherever no indications existed for linkage of structuics to the upper or lower level 
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system, the extra subscript was omitted. This distinction is mainly used in the detailed 

descriptions. In the maps and cross sections the distinction between lower and upper 

system structures v.-as made only in the labelling of the thrust faults. 

The majority of the shallow to moderately dipping shear zones in the area repeat 

pans of the stratigraphy. The near-down-dip elongation lineation, kinematic indicators 

suggesting northwest-directed movement of the hanging wall, combined with the 

contractional nature of the shear zones indicate that they are thrust faults. Both 

regular·sequence and out~f-sequence thrusts were recognized. 1be definition of these 

terms is based on local overprinting :ebtionsbips. A regular-sequence thrust cuts into 

the footwall of an older thrust. A thrust fault that is younger than a thrust in its 

footwall is defined as an out~f-scqucnce thrust, even if the thrust did originarc in a 

regular piggy back sequence. This situation can occur if a regular-sequence thrust 

breaches the roof thrust of a duplex and cuts into the banging wall. 

5.1.2 PR&GRENVIILIAN STRUCTURES 

Basement rocks \\'hich have not been affected by a penettative Grenvillian 

defonnation reveal part of a complex Archean tectonic history. In tm- high-grade 

gneisses and migmatites, as well as the amphibolites, ~ of at least two 

generations can be regionally recognized. The older is a penettative gneissosity~ 

forming a mm to dm-scale irregular banding. This gneissic layering is locally parallel 

to the axial plane of folds in xenoliths with an even older foliation (Plate 5.1). The 

gneissosity was folded in generally tight folds which lack an axial planar fabric. The 

fabrics are coarse and are compatible with the pre-Grenvillian granuli~facies 

metamorphism. Megacrystic granites of pre-Grenvillian age cross-cut these structures. 

They are affected by brittle deformation of which the age is unknown. 

Another set of pre-Grenvillian structures is poorly documented in the area or 

elsewhere. Tnese structures are the Early Proterozoic extensional faults which formed 

during the breakup of the Superior continent. Their geometry presumably controlled 

the architecture of the continental margin on which the Knob Lake Group sediments 

were deposited. They appear to exist in the Labrador Trough to the north (Dimroth, 



1978; Wardle and Bailey~ 1981). but have not been properly documented. In the map 

area they were ~ near Emma Lake. where they are growth faults. marked by 

significant differences in thickness of the Sokoman Formation on either side (sec 

section 5.1. 7). Rapid changes in stratigraphic thickness and other indirect indications 

of their existence throughout the map area suggest that such faults are common. 

All these structures are overprinted by deformation re1ar.cd to the Grmvillian 

orogeny. Any further mention in the text of deformation of the basement rocks. or lack 

thereof. refers to Grenvillian deformation. unless otherwise specified. 

5.1.3 THE GRENVILLE FRONT 

The most westerly observed shear zone in the map area is formed by a several 

hundred meters wide zone of heterogeneously strained rocks. This shear zone is named 

Grenville Front in this ~ but as noted. a lower Grenvillian thrust may exist 5 to 10 

km further west (James and Stephenson. 1992); see Section 2.1). The metamorphic 

grade at the Grenville Front changes from low greenschist facies in the north near 

Sawbill Lake to upper greenschist facies near Lac Vuot in the southwest of the map. 

At the lowest melamOrphic grades in the north of domain I, the basement rocks in the 

shear zones are almost cataclastic, but in most of the area they form protomylonites. 

mylonites and ultramylonites (m sequence of increasing strain, containing respectively 

10CJt to 50%, 50% to 9096 and 9096 to 100% mattix; Sibson. 1977). Generally, the 

strain increases towards the center of the shear zone. The highest·strain domains in the 

shear zones form an anastomosing pattern of generally discrete, mm to em wide 

strongly foliated zones. They wrap around commonly asymmetric lenses of low·strain 

rocks on the scale of mm to hundreds of meters. A few ultramylonitic zones of several 

meters wide were observed. Towards the shear zone boundaries the frequency of these 

discrete movement zones decreases. The foliation (S1J is formed by extremely 

tinewgrained aligned sheet silicates, predominantly chlorite and muscovite. Stretching 

lineations were observed in only a few locations. 
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The sense of movement on the Grenville Front is indicated by the asymmetrically 

anastomosing pattern of foliations and shear bands. often defining S and C planes 

(Berth~ et al., 1979), asymmetric tails or pressure shadows on feldspar porphyroclasts. 

asymmetric low-strain lenses or asymmetric folds in the shear zones. In combination 

with the south-southeast plunge of the Ls (Appendix D, Fig. D.IB. bottom) all 

kinematic indicators on outcrop-scale suggest oblique, north-northwest-directed 

thrusting. 

The southern part of the Grenville Front in the map area is developed at middle to 

upper gr=nschist facies and has a slightly different c:baracter. It is well exposed on the 

northwestern shore of Reid Lake and west of the northern tip of Lac Vtrot (Fig. 5.1; 

Fig. 1~ in pocket). At Reid Lake strongly sheared rocks of the basement and 

Sokoman Formation represent the southwestern extension of the Grenville Fror:t The 

higher mdamOrpbic grade is expressed in the fact that biotite is the dominant sheet 

silicate rather than chlorite (Chapter 7). The shear zone at Reid Lake is between 200 

and 500 meters wide and the rocks in it I3Dge from protomylonites to ultramylonites. 

In contrast to the northc:m part of the Grenville Fron~ deformation here is more 

homogeneous throughout the shear zone. Oriented micas, quartz n'bbons and pressure 

shadows around feldspar porphyrocJasts define the foliation. All rocks have L...S fabrics 

in which the lineation is defined by rodded quartz or aligned amphibole needles. s-c 
planes, shear bands and asymmetric low-strain lenses and pressure shadows indicate an 

oblique. sinistral-reverse sense of shear, a result of northwesterly directed displacement 

of the Reid Lake thrust sheet. A large body of high-strain rocks of the Sokoman 

Formation is incorporated in the shear zone. 

Structures in the Grenville Front shear zone have distinct orientations in the two 

areas. The strike of the Grenville Fron~ as measured in the map over a length of 

several kilometers, is 035° north of Bruce Lake, compared to 050° near Reid Lake. A 

similar difference in orientation is reflected in measurements of foliation planes in and 

near the shear zone that forms the Grenville Front. Foliation planes were plotted with 

separate symbols for foliations in high-strain and low-strain domains in and near the 



Front (Fig.5.3). High-strain foliations are predominantly penetrative C-planes in 

mylonites with significant grain size reduction. Low-strain foliations are predominantly 

S-planes that are formed by preferred orientations of micas and elongated quartz grains 

or small fractures in rocks that have not been affected by significant grain-size 

reduction. The numbers of measurements are low so the mean orientations of clusters 

of daEa points are approximate. Nevertheless. the patterns are believed to be 

significant, because they are similar to those in the adjacent areas (see Appendix D) 

Near Bruce Lake the foliation planes plot in two clusters which are scpara.ted by 

35 to 45° (Fig. 5.3a). Orientations of foliations in the high strain domains within the 

shear zone are different from those in both low strain lenses and outside the main part 

of the shear zone, where the rocks reveal lower strain levels. These two orientations 

(125/55 for the high strain foliations and 170165 for the low strain foliations) are 

similar to the orientations of two sets of S and C planes in the shear zone (Fig. S.3a). 

The strike of the Grenville Front between Bruce and Sawbilllakes coincides with the 

strike of the high-strain foliations in the shear zone. The mean orientation of the 

foliations in the high-strain domains (where Sand C-planes are virtually parallel) is 

assumed to Iq)resellt the bulk flow plane, parallel to the orientation of the Grenville 

Front shear zone on a large scale. 

Foliations measured in the shear zone near Reid Lake show a different distribution 

pattern (Fig. S.3b). They are concentrated in a single cluster with two sub-maxima. 

which show a weak separation of high-strain and low-strain foliations, in orientations 

similar to those near Bruce Lake, but closer together (separation 20 to 30°). The 

sub-maximum containing predominantly high-strain foliations is sub-parallel to the 

map-scale strike of the Grenville Front and is also interpreted to Iq)resertt the 

flow-plane and the orientation of the shear zone. The smaller angle between the two 

clusters may indicate a higher accumulated strain, which resulted in greater progressive 

rotation of the foliation planes towards the flow plane. The scatter of the foliation 

planes is thought to be caused by the anastomosing pattern of the foliation in the shear 

-· 
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Bruce Lake - Sawbill Lake Reid Lake 

• Foliation plane in low strain domain 

+ Foliation plane in high strain domain 

D S-plane in S-C mylonite 

x C-plane in S-C mylonite 

• Map scale strike of the Grenville Front 

Fig. 5.3 Orientations of poles to foliation planes from two parts of the Grenville Front, 
northwest of Bruce Lake to Sawhill Lake (A) and west of Reid Lake (8). The foliations are 
plotted separately as measured in high-strain and low-strain rocks. Definitions of high-strain 
and low-strain foliations are given in the text. S and C planes measured in one outcrop of an 
S-C mylonite are connected with lines. The great circles represent the approximate orienta
tions of the two (sub-) clusters. The strike of the high-strain foliation is virtually parallel to 
the Front in both places and is interpreted to represent the flow plane of non-coaxial shear. 
Plotted in lower hemisphere, equal area projection. See text for further discussion. 
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The orientations of S and C planes and high and low strain foliations in both plots 

in Figure 5.3 suggest an oblique reverse movement with a large component of 

strike-slip. The general south-southeast plunge of the extension lineations is in 

agreement with this conclusion. The difference in orientation of the structures in the 

two parts of the Grenville Front are due to either an hetet--ogeneity of the stress field. or 

to the tact that the orientations of the shear zones were determined by pre.existing 

sttu~ such as pre-Grenvillian extensional faults. which were originally 

non-parallel. The dip of the Grenville Fron~ as indicated by the foliation in the high 

strain domains, is modc:rately steep (50 to 55°), which is in accord with the oblique-slip 

nature of the shear zone. 

5.1.4 STRUCTURES IN THE LOWER THRUST SHEEtS, DOMAINS I. U, m 
AND IV 

The oldest Grenvillian structural element that can be n:cognized in the field is the 

sl schistosity, which is pervasive in the metasediments, but in the basement rocks in 

domain I is concentrated in shear zones. The S1 commonly has a mylonitic character 

and kinematic indicators combined with a stretching lineation <Ls), which is well 

developed in medium to high-strain rocks. suggest a component of simple shear. 

moving the upper block to the northwest. Both S and C planes were n:cognized. 

Specific:ally in the high strain zones the observed foliations are predominantly C-planes. 

Boudins in the iron formations, cxtlmle flattening of grains as well as shear band 

cleavage in the mica schists indicate a large component of extension during shear 

movement. The S1 foliation is sub-parallel to the bedding in the metasediments, both 

dipping shallowly to moderately to the southeast. In the majority of the locations where 

an angular relationship between the two could be determined. the foliation was steeper 

than the bedding, indicative of a nonhwestem vergence of the structures. The 

orientations of Ls lie in the southeast-dipping S1 plane with a strong maximum in the 

SSE.. The orientation ranges from down-dip in the S1 plane to oblique with a southerly 

pitch. F 1 folds have an axial planar foliation defined by S1 and are generally tight to 

~'clinal and asymmetric. F 1 folds axes are curvilinear and generally plunge SSE. In 



the thrust sheets of the upper level system the S1u foliation is pervasive. but the strain 

increases towards the shear zones which fonn the thrusts. In the lower level thrust 

system. the S1L foliation is concentrated in the shear zones and is not penetrative on 

outaop scale in ~ interior of the basement thrust sheets. 
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All strucrures defonning the S1 foliation are grouped together in D2• even though 

they represent a wide range of relative ages of fonnation. D2 structures are mainly 

folds, or fold nappes~ which also show a variation in fold-axis orientations. but the 

maximum orientations are commonly shallowly south- to southwest-plunging. These 

folds are asymmetric, nonhwest-vergent and the axial planes dip moderately to steeply 

to the southeast. In the thrust sheets of lithotectonic domain n the F2 folds are 

commonly related to fold nappes which appear on a scale ranging from centimeters to 

hundreds of meters. In the basement rocks of domain I F2 folds are found only in shear 

zones in the southern pan of the map area, in the Reid Lake and Lost Lake thrust 

sheets. 

All Grenvillian structures in the area are formed by ductile deformation, with only 

a few exceptions. 1be ductile nature of the deformation is discussed in more detail in 

Chapter 6. All kinematic indicators of both D1 and ~. in tbe upper and tbe lower 

thrust system indicate northwest-dirccu:d movement. The kinematic indicators are 

discussed in more detail in Chapter 6. 

5.1.5 BRUCE LAKE AREA 

Figure 2 (m pocket) shows the geology of the Bruce Lake area. Parts of the area 

were described previously by van Gool et al. (1987a and b, 1988a and b, 1989). It 

comprises parts of lithotectonic domains I, n. m and IV and covers the Bruce I..ake, 

Corinne l..akc, Flatrock Lake, Wide Valley, Elmer Lake, Goethite Bay thrust sheets 

and the nonhem pan of the Lorraine Lake thrust sheet. The structures in the different 

levels of thrust sheets are discussed in sequence, from the lowest in the west to the 

highest in the east. 
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5.1.5.1 Basement rocks 

Most of the basement rocks in domain I axe not affected by a penetrative 

Grenvillian deformation visible on outcrop-scale. except in the shear zones that cut 

them and in the cores of fold nappes. The basement rocks originally have an Archean 

coarse gneissic banding (Plate 5.1), which in most areas dips steeply either north or 

south and is folded over moderately east-southeast-plunging fold axes and subvertical 

east- to southeast-striking axial planes, which 2re also of Archean age (Appendix D. 

Fig. D.lB). In areas of penetrative Grenvillian overprint these orientations change. 

e.g. in the Emma Lake area (Appendix D, Fig. D.lB). 

The shear zones in domain I have identical characteristics to the shear zone that 

forms the Grenville Front and 1ilccwise show slight variations with increase in 

metamOipbiC grade from northeast to SOUthWest. OrientationS Of the S1L foliation planes 

are similar to those of the Grenville Front (cf. Fig. D.lB, bottom and Fig. 5.3) and 

show approximately the same concentrations of data in a steep low strain and a 

somewhat shallower high strain cluster as in the northern part of the Grenville Front. 

suggesting the same movement pattern. Elongation lineations axe more common and 

plunge south-southeast, slightly oblique in the high strain foliation plane (Fig. D. IB). 

Deformation of the basement rocks inside the thrust sheets in domain I is 

generally negligible on outaop scale. However, close inspection shows a poorly 

defined S1L fabric consisting of preferentially oriented microfractures. At higher 

metamorphic grades the fractures change to microshears, which axe coated with 

microscopic micas (sec Chapter 6). The density of the microshears .tlcreases with 

strain. East of Bruce Lake, the strain in the basement rocks is higher than in the 

remainder of Domain I. Minor shear zones are spaced at hundreds of meters and form 

a small imbricate thrust stack, whereas the rocks in between have a weak but pervasive 

S1L fabric. 

~-- ---
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5.1.5.2 Broce Lake sbear zooe 

A shear zone of several hundreds of meters width, consisting of protomylonites. 

mylonites and ultramylonites, runs along the west shore of Bruce Lake. The rocks in 

this shear zone have identical chaiacteristics to those in other shear zones elsewhere in 

the basement. The Bruce Lake shear zone forms a zone of well-foliated, high-Strain 

rocks and contains several low-strain lenses I2Ilging from tens of meters to hundreds of 

meters in size. Feldspar porphyroclasts are common in the shear zone and they are 

quite angular (Plate 5.2). Locally, near the Wide Valley~ quartz porphyroclasts 

are common. At two bends in the shear zone slices of moderately deformed rocks of 

the So leo man Formation occur at the southeastern boundary. The Bruce Lalce shear 

zone can be mapped for at least 20 km along ~ but is inferred to extend at least 15 

km further to the northeast (cf. James and Stephenson, 1992). S1L in the shear zone.. 

predominantly formed by C-planes, is steeply ESE-dipping to vertical with a stretching 

lineation which plunges steeply SSE (Fig. D.lC). S and C planes, shear bands and 

tailed porphyroclasts indicate an oblique dextral-nonnal sense of movemen~ suggesting 

that the shear zone has an extensional geometry in its present orientation. However, in 

section 5.3.2 it is argued that the Bruce Lalce shear zone is an overturned backthrust. 

5.1.5.3 Corinne Lake and Flatrock Lake tbnlst sheets 

Structures in the Corinne Lake and Flatrock La1ce areas are similar and are 

discussed together. The southern part of the Flatrock Lake thrust sheet is the best 

exposed part of the map area and many of the field examples of structures in the lowest 

thrust sheets are taken from there. The good exposure warranted making a separate 

detailed map and cross sections of the South F1atrock Lake area (Figures 5.4 and 5.5). 

Figure 2 (in pocket) covers the Corinne La1ce thrust sheet and the central part of the 

Flatrock Lake thrust sheet. 

These two lowest thrust sheets of domain n consist of rocks from the middle and 

upper (quartz-oxide and carbonate) members of the Sokoman Formation and graphitic 

schists of the Menihek Formation, as well as thin sheets of strongly deformed basement 

rocks in the F1atrock Lake thrust sheet and inliers of less deformed basement rocks in 
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GEOLOGICAL MAP OF THE SOUTH FLATROCK LAKE AREA 
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Fig. 5.4 Detailed map of the southern Flatrock lake area. Cross sections I, II and Ill are shown in Figure 5.5. 
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both thrust sheets. These roc1cs are deformed by imbricate ductile thrusts and folded in 

generally northwest-vergent folds. Thrusts are either shallowly ·southeast-dipping. 

related to the t.-pper thrust system, or s--.eeply southeast-dipping and related to the lower 

thrust system. The regionally penetrative S10 foliation is associated with the shear 

zones, but not restricted to them. Overall, the strain of the rocks increases from the 

Corinne Lake thrust sheet in the nonh towards the southern part of the Flatrock Lake 

thrust sheet. 

Small-scale structures 

The S1u in the Menihek Formation forms a schistosity of aligned micas and 

flattened quartz grains, locally resembling a slaty cleavage. Zones of high shear-strain 

are characterized by an anastomosing shear band cleavage. In the Sokoman Formation 

the character of the foliation varies with the rock type, but it is generally formed by 

flattened quartz or carbonate grains, aligned specular hematite or flattened concretions 

of siderite (commonly replaced by limonite), which are nearly spherical in rocks of 

very low strain and provide excellent strain indicators. With higher strain the foliation 

becomes more intense and finer spaced and especially quartz-rich rocks take on a platy 

fabric (Plate 5.3). In rocks with interlayered carbonate and quartz-rich bands, the 

carbonate layers are progressively boudinaged with increasing strain (Fig. 5.6, Plate 

5.4). Quartz or ankerite/dolomite usually fills the boudin necks. Locally the boudins 

are rotated, suggesting a component of simple shear during flattening (Fig. 5.7; 

Goldstein, 1988). In zones of very high strain, the boudins form isolated lenses of 

carbonate material surrounded by a platy, mylonitic matrix which can form kinematic 

indicators (Plate 5.3). Rocks in the thin basement slices are virtually all strongly 

deformed and show a range of strain intensities from protomylonitc to ultramylonite. 

The foliation is defined by fine-grained, aligned micas, quartz-ribbons, pressure 

shadows around porphyroclasts and by lenses of lower-strain material. S and C planes 

commonly form an anastomosing network. Feldspar and less commonly quartz form 

angular to rounded porphyroclasts. Phyllonites are formed in the highest-strain rocks 

and generally contain shear bands, which together with the phyllonitic foliation define 
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F.g. 5.6 Soudins and pinch and swell structures in the banded Sokoman Formation in the 
southern part of the Flatrock Lake thrust sheet The blaCk layers are carbonate lithologies (main!'/ 
siderite). the remainder of the rock iS thinly banded quartzite with thin carbonate seams. Boudin 
necks (in white) consist of dolomite and quartz. The diameter of the lens cap near the top of the 
outcrop is 5 em. Traced from a photograph. 

SE 

30an 1 7 
Fig. 5.7 Asynvnetric boudlns and folds In banded Sokoman Formation near the southern end of 
Flatrock Lake. The boudins consist of carbonate-rich material (mainly siderite). The boudln necks 
are filled with dolomite and the surrounding rock consists predominantly of quartzite Interbedded 
with thin carbonate layers. Asymmetry of the folds and boudlns Indicates northwest-directed 
movement Note the decrease of the number of layers from left to right between the main 
boudinaged carbonate layer and the shaded layer underneath. Indicating the presence of a 
footwaU ramp underneath the boudinaged layer. Traced from a photograph. 
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an anastomosing pattern (Plate 5.5). The basement rocks in these thin slices in 

lithotectonic Domain ll are more homogeneously deformed than in Domain I. where 

strain Iocaljntion is more common. The deformation of the rocks in the large 

basement inliers is more similar to that in Domain I. although they generally contain a 

weak foliation of oriented micas or micro shears. 

The intensity of the S1u foliation~ and thus the strain, increases towards the 

thrusts, which are formed by ductile shear zones. The subsidiary ductile thrusts. which 

repeat the stratigraphy within the lower thrust sheets are commonly up to several meters 

wide and have a well developed myloniti: fabric~ which. especially in the basement 

rocks, is characterized by reduced grain sizes. The displacement on these thrusts is in 

the order of tens to hundreds of meters. The thrust sheet boundaries are formed by 

high-strain, ductile shear zones which are tens of meters to more than 100 meters in 

width and which show multiple repetitions of thinned stratigraphy on the scale of 

meters to several tens of meters. The repetitions are not always systematic, suggesting 

that either out-of-sequence thrusting took place or that deformation was strongly 

heterogeneous. Asymmetric shapes of outcrop-scale low-strain lenses (Fig. 5.8). 

pressure shadows or tails around porphyroclasts, asymmetric boudins (Fig. 5. 7) and 

shear band cleavage (Plate 5.5) consistently indicate a northwest-directed, reverse sense 

of shear. Displacement on these thrusts, which fonn the sole thrusts of the thrust 

sheets, is estimated to be in the order of kilometers to tens of kilometers. 

Most rocks in the lower thrust sheets, except schists of the Menihek Formation, 

are L-S tectonites. A well developed minerdl- or stretching lineation (LJ, which is 

down-dip in the foliation plane, or slightly oblique with a southerly pitch, is common 

throughout the area, but is more pronounced in the higher-strain zones. The Ls is 

oriented quite consistently throughout the area and has a shallow south-southeasterly 

plunge. In the quartzites the lineation is defined by elongated or roddcd quartz grains 

(Plate 5.6). Alignment of amphiboles (grunerite or cwnmingtonite in the Sokoman 

Formation and actinolite in the basement rocks), elongated carbonate minerals or 

JRSSUte shadows around porphyroclasts form the Ls in most other rock types. At very 
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Fig. 5.8 LON strain lens of basement rock In mylonitic reworkec: basement in a ductille thrust In 
the Goethite Bay area. The s.'laded material consists of low..strain g~nitic basement The 
remainder is biotite schist Most of the low-strain lenses and porphyroclasts are asymnetric in 
shape and Indicate northWest-directed thrust movement Moth with wingspan of about 4 em, at 
bottom of outcrop for scale. Traced from a photograph. 
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Fig. 5.9 Sketch of outcrop containing two generations of reverse faults In rocks of the Sokoman 
Formation at the southern end of the Flatrock lake thrust sheet The older O.,u fault (at am:r.v) cuts 
at a smau angle through the bedding In a footwaU ramp at the right hand side of the outcrop, but Is 
parallel to lhe bedding In a flat on the left. The younger reverse fault Is steeper and Is associated 
with an F 2 fold. Traced from a photograph. 
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high shear-strains the lineations can become dominant and form L > S tectonites. 

Elongation lineations are not well developed in the schists of the Menihek Formation. 

presumably as a result of insufficient prismatic minerals. 

Small intra-formational D10 thrusts were observed in several outcropS and 

examples are shown in figures 5. 7 and 5.9. In the latter, a fault (at anow) cuts at a low 

angle through bedding in a footwall ramp and becomes parallel to bedding in both 

footwall and hanging wall in the flat at the left pan of the outcrop. Both the bedding 

and the thrust fault were folded by a younger D2 structure. These early reverse faults 

can only be recognized where they form ramps, or where they repeat the str4tigr-aphy. 

In the flats within the Sokotna&, Formation they cannot be recognized. Presumably such 

faults are abundant on a wide range of scales. They may be an important factor in the 

thickening of the formations and hamper estimation of original thicknesses. 

lbe S10 foliation planes are generally oriented sub-parallel to S0 (the sedimentary 

layering), and both dip shallowly to the south-southeast (Figures D.lD, D.lE and 

D.lF). F10 folds have an S1u axial planar cleavage and most are asymmetric, isoclinal, 

intrafolial folds (Fig. 5.10 and 5.11), which suggests that bedding planes have been 

transposed towards the S1u- F1u folds are not common. In the few outcrops where a 

distinct angle between S0 and S1u exists, S1u is the steeper of the two. F1u fold axes and 

S0-51u intersection lineations are curvilinear and have variable orientations which lie in 

a sballowly south-dipping plane, with a maximum in the south-southeast, close to that 

of the Ls (Figures D.lD, D.lE and D.lF). Sheath folds are common in high-strain 

zones (Fig. 5.12), where they are interpreted to have formed during progressive simple 

shear by re-orientation of passive F 1u fold axes, which were originally at a high angle 

to the direction of shear, towards the axis of elongation (Cobbold and Quinquis, 1980). 

The general northwest-vergence of F1u folds, as proposed by Rivers (1983a), is 

not in agreement with this orientation of the fold axes. The original vergence was lost 

by the reorientation of the fold axes, but in rock faces parallel to the elongation 

lineation, at small angles to the fold axes, northwest-vergent asymmetries are more 

common than south-vergent ones. 
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F.g. 5.10 F 1u -~ fold interference in roc:kS of the Menihek Formation at the no.-them end of 
Flatrock lake. The graphitic biotite sct"tist (daShed) haS a strong S,u schistosity which is axial 
planar to isoclinal F1U ~ with angular fold hinges. The enveloping surface of S, u in the sketch is 

about horizontal. Quartzrrfeldspathic la)'erS (in white) do not show a clear foliation. The contact 
between the two is assumed to represent bedding (Sc,). F2U folds. with axial planes dipping to the 
left. refold the F1u~ and the S1u schistosity. resulting in a compleX fold interference pattern. 
Traced from a photograph. 
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Fig. 5.11 liu-~ fold Interference in rocks of the Sokcman Formation In the Wide VaUey area. 
A quartz-rich layer In a well foliated quartz-carbonate matrix Is folded In lsocUnal F1u folds. The S1u 
schlstosfty forms the dominant foliation In the surrounding rocks and Is axial planar to the F1ufolds. 
'cbunger ~folds. with an axial plane that dips shallatvly to the left. caused a fold Interference 
pattern. In the botwm right-hand comer an ~ crenulation cleavage Is developed. Note that both 
generations of folds are northwest-vergenl 
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FIQ. 5.12 F1 sheath fold in the Sokoman Formation in the Sickle Lake shear zone. south of the 
Flatrock Lake thrust sheet The fold axis of thiS mid. like most other folds in the shear zc.ne. Is 
parallel to the stretching lineation. parallel to the direction of view. Note the F2 fold in the bottom 
right-hand comer of the outcrop. Traced from a photograph. 

SE 

-

------==-=--~===--..~ ~~-----2m 

Fig. 5.13 Field sketch of a fold nappe in ~nded rocks of the Sokoman Formation. southwest of 

Flatrock Lake. The sketch Is composed from several smaller outcrops. The reverse fault In the left 
part of the diagram changes Into an asymmetric fold toNards the rlghl Bolh a hanging wall 
anticline and a footwal syncline are developed. 
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A seccnd generation of structures is chaiacterizcd by asymmetric F :zu folds, which 

are predominantly northwest-vergent. They overprinted FlU folds and folded the slU 

foliation, as well as the ~u and Ls lineations (Fig. 5.10 and 5.11). The geometries of 

F 20 folds vary widely. but the majority of them are similar folds which lack an axial 

planar cleavage and have interlimb angles between 60° and 90° (Plates 5.4 and 5.7). 

Most of the F20 folds have shallowly plunging fold axes, axial planes dipping between 

30 and 60° and are commonly overturned. 'I ne Sw dip-directions are similar to the 

Stu• but they are 10 to 40° steeper. Locally in the Sokoman Formation, espec:ially in 

the Corinne Lalce thrust sheet, folds have axial planar foliations consisting of widely 

spaced parallel quartz veins7 indicating extension in the outer pan of the fold hinge. In 

zones of D20-strain in schists of :he Menihek Formation and in phyllonites in the 

basement or the Sokoman Formation7 Szu forms a aenulation cleavage which is axial 

planar to F20 folds (Fig. 5.10). At high D20-strain this crenulation cleavage bas become 

the dominant cleavage in the rocks and locally obliterated the Stu foliation, forming a 

transposed schistosity. In a few locations several generations ofF20 folds CJf similar 

style formed overprinting patternS. These multiple generations of F20 folds presumably 

developed during one progressive deformation event. Locally F20 folds formed hanging 

wall anticlines or footwall synclines and are obviously directly related to the thrusting. 

Figure 5.9 is a line drawing of an F20 fold which sheared through along the axial plane 

to form a small fold nappe. An older D10 thrust fault, indicated by the solid arrow, is 

affected by the F 2u folding. Similar fold nappes exist on the scale of tens of meters 

throughout the Flatrock Lake thrust sheet (e.g. section I in Fig. 5.5). 

Figure 5.13 is a sketch of such an F2 fold nappe on a larger-scale in the southern 

part of the Flattock Lake thrust sheet. A reverse fault with a hanging wall antiform and 

a footwall synfurm changes in the direction of movement into a ductile7 asymmetric, 

northwest-verging F2 fold. The fault changes from left to right from a brittle fracture to 

a zone of thin-platy or schistose rocks which increases in width from a centimeter to 

approximately ten centimeters and changes into a zone of intense crenulation with a 

well developed axial planar cleavage. Towards the northwest the high-strain zone dies 
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out in a widening zone of progressively less intense and more open folding. In the 

high-strain zone a new post-Stu foliation is formed. These fold nappes are either 

restricted to the sediments and form true 0 20 structures. or they form at the tips of 

thrusts t.ftat cut into the sediments from the lower thrust system and are D21. structures- . 

In only few cases was it was possible to establish this link to either the lower or the 

upper thrust system. 

The wide variety of styles and multiple generations of post-S1 folds suggests that 

they formed under varymg conditions during an extended period of thrusting. 

F20 fold axes are curvilinear and show a wide spread of orientations within a 

sballowly south dipping plane (Figures D.lD, D. IE and D.lF). In the lowest-strain 

rocks they generally plunge shallowly to the southwest. almost orthogonal to the 

north-northwest movement direction of the thrust belt. With increasing strain the fold 

axes progressively rotated towards orientations parallel to the elongation axis in the 

south-southeast. In the shear zones F20 folds locally form sheath folds. In the Corinne 

Lake thrust sheet, the S0 and Stu were folded over shallow, south-southeast-plunging 

Fr.7 and Fa fold axes, of which the latter are related to thrusting in the basement. 

Larp-scale stnactures 

In the Corinne Lake thrust sheet and the centtal-western part of the Flatroclc Lake 

thrust sheet the metasediments are detached from the underlying basement (Fig. S.S, 

section I; Fig. 5.14 section 1), as suggested by the high-strain zone at the contact 

between the two units. However, locally thin sheets of basement rocks are 

incorporaled into the Flatroclc Lake thrust sheet. This is most common towards the 

trailing edge, where the floor thrust lies within the basement. The basement-cover 

contacts in this part of the thrust sheet are nonetheless strained, presumably as a result 

of strain incompatibility, and small shear zones splay off the contact (Fig. S.S. section 

1). 

In the Corinne Lake area the metasediments are folded in a series of 

northwest-vergent folds on the scale of tens to hundreds of meters (Fig. 5.14, section I; 
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Map 2). There is no thrust repetition within the thrust s.'leet. The nonhwest boundary 

of the thrust sheet is formed by the Bruce Lake shear zone. along which the 

metasediments are folded in a synform to accommodate the movement on ~ shear 

zone. Two basement culminations, consisting of low-strain basement rocks, occur as 

windows in the area, the smaller, western one is the Corinne Lake culmination. the 

larger castem one is the Grace Lake culmination. The asymmetry of the small-scale 

F20 folds doeS not change across the basement culminations. but their axial planes do 

fold over the dome. It is inferred that the basement culminations were exhumed by 

thrust faulting in the lower thrust system after development of the Fw folds. A stack of 

steeply southeast~g, meter-seal~ brittle reverse faults, with em to dm-scale 

offsets, situated in the me:asediments near the western edge of the Corinne Lake 

culmination, is assumed to be related to this late thrust activity in the basement, but no 

major continuous thrust fault exists in the mela5ediments. The fold in the center of the 

thrust sheet is a true FlU structure, which caused the development of a second 

crenulal:ion cleavage in th'! schists of the Menihek formation. 

The Fla!rock Lake thrust sheet consists of a stack of thin thrust slices which repeat 

the stratigraphy (Fig. 5.5}. The thrusts themselves are folded. Thin sheets of basement 

rocks are interleaved with metasediments mainly in the southern part of Lie thrust sheet. 

but they appear near the leading edge in the north as well, e.g. at the southwestern end 

of the Grace Lake culmination, in the floor of the F1atrock Lake thrust sheet. Three 

kilometer-size culminations of low-strain basement rocks occur in an array near the 

eastern boundary of the thrust sheet. The southernmost of these was uplifted on a D1L 

thrust (Fig. 5.5, section m and a similar structural setting is assumed for the two 

others. The rocks of the F1atrock Lake thrust sheet are strongly folded and fold nappes 

are common and locally overturned (Fig. 5.5 and 5.13). A detailed map of~ south 

Flatrock Lake area (Fig. 5.4) shows the structures in the southern part of the thrust 

sheet. One large _"VCrtUmed basement-cored fold east of the southern end of F1atrock 

Lake forms a kilometer size fold nappe with an overturned limb and strongly 

curvilinear fold axis. This fold nappe is presumed to be continuous with the 
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basement-cored fold just west of the large basement inlier in the southeast. as is shown 

in section II in Figure 5.5. This section was constructed perpendicular to the 

movement direction, and the fold nose is intersected twice in the western part of the 

section. The southeastern pan of the thrust sheet is dominated by west-dipping 

structures related to backthrusts. All structures in the southern part of the thrust·sheet 

are rotated into an east-west orientation, presumably due to movement on the Sickle 

Lalcel Julienne Lake shear zone. Note that in spite of this rotation, the elongation 

lineations in the rotated pan of the thrust sheet are still consistent with those in the 

remainder of the ~ suggesting that the lineations were constantly regenerated during 

the development of the belt. 

An oval shaped exposure of basement rocks in the southwest of the F1atrock Lake 

thrust sheet (Fig. 5.4) forms the core of an eyelid-window (Boyer and Elliott, 1982). 

Several thrusts were folded over this core and joined in a roof thrust. This situation is 

seen in the map in the west side of the window and is sketched in cross section I in 

Figure 5.5. The Flatrock Lake thrust sheet is overlain by the Elmer Lake thrust sheet 

which is emplaced by an D1L thrust cutting up from the lower thrust system and 

forming an out-of-sequence thrust in the upper thrust system. This situation is shown in 

the southern parts of sections I and min Figure 5.5. In section ill a D1L thrust 

carrying basement rocks cross-cuts and folds an older DJU thrust which emplaced rocks 

of the Sokoman Formation on top of schists of the Menihek Formation. 

5.1.5.4 Sickle Lake shear ZODe 

The southern boundary of the F1atrock Lake area is partially formed by the Sickle 

Lalcc shear zone (Fig. 5.4). It is a several hundred meters wide strike-slip fault zone, 

consisting predominantly of mylonitic and ultramylonitic rocks. Although the protoliths 

of many of these mylonitic rocks cannot be clearly determined, the shear zone appears 

to be dominated by sheared basement rocks in the southeast and by roclcs of the 

Menihek Formation in the remainder of the zone. Low-strain lenses consist of all three 

rock types that are found in the surrounding areas (basement, Menihek and Sokoman 
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formations). Generally the rocks are very fine-grained and have an L>S fabric. 

Lower-strain rocks are intensely folded into isoclinal folds with fold axes at low angles 

to the Ls and sheath folds are common (Fig. 5.12). 

The shear zone is outlined by a string of lalces at the southwestern boundary of the 

Flatrock Lake thrust sheet. It is steeply dipping at the southeastern end in the map of 

Figure 5.4, but farther northwest the shear zone swings around to more northerly and 

northeasterly trends and shallows out to fonn the floor thrust of the basement sheet west 

of the southern part of Flatrock Lake. The Sickle Lake shear zone appears to affect the 

orientation of the floor thrust of the Elmer Lake thrust sheet and is inferred to postdate 

movement on this basement-rooted floor thrust. The structure is most likely a tear fault 

related to the lower level thrust system. It is tentatively linked with the Julienne Lake 

fault to the southeast (see Chapter 4). 

The great circle distribution of S1 planes in the stereoplot of Figure D .1 G 

(Appendix D) is mainly caused by folding on a small scale. The calculated fold axis, 

the orientations of the maximum concentration of F2 fold axes and the maximum of the 

Ls all have virtually the same SSE-plunging orientation, parallel to the regional 

orientation ofLs. The F2 fold axes, however, have a wide spread of orientations, 

predominantly in the southeastern quadrant, suggesting that folding occurred around 

fold axes that progressively rotated towards the axis of elongation of the strain 

ellipsoid. 

S.l.S.S Wide Valley area 

In the Wide Valley area in tht southwestern part of the map of Figure 2 (Fig. 

4.2), metasediments and basement rocks are cross-a~t by steep thrust faults of the lower 

thrust system. The rocks in the area fonn the southern extension of the Flatrock Lake 

thrust sheet, but are separated from it by the Sickle Lake shear zone and a tip of the 

Elmer Lake thrust sheet. The cross section in Figure 5.14 (section ni) shows that the 

area forms a triangle zone between northwest- and southeast..<fipping thrusts rather than 

a thrust sheet as previously proposed by van Gool et al. (1987b). The area is poorly 

exposed and the map and cross-section are based on a minimum of information. 
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Small-scale structures are similar to those in the high-strain zones of the Flatrock 

Lake thrust sheet. Two generations of post-SJU foldir.g are common in the banded iron 

fonnations. All rocks, with the exception of schists of the Menihek Fonnation, are 

strongly lineated. Foliations, axial planes, fold axes and stretching lineations are 

generally steep (Fig. D.lH), as a result of the thrusting in the basement. 

The northwestern boundary of the Wide Valley triangle zone is a steeply dipping 

~ which emplaced basement rocks against the metasediments in the area. 

Actual changes in dip direction from nonhwest to southeast along strike are found in 

the bounding shear zone in the west- This is probably a result of folding and 

overturning of the ductile backthrust during progressive simple shear of the belt. The 

sheets of basement rocks were emplaced on D1L thrusts which rooted in the basement, 

and formed out-of-sequence thrusts with respect to those in the metasediments. The 

axial planes of the F2 folds fan through the area (Fig. 5.14), which is a result of the late 

thrusting and back-thrusting of the basement. The southwestern extensions of the main 

basement thrusts are not known. The area is overlain to the east by a triangular area 

dominated by metasediments, from which it is separated by a N-W trending oblique 

thrust that runs towards Rivi~ aux Fraises in the southeast. 

5.1.5.6 Elmer Lake thnJ.st sheet 

The Elmer Lake thrust sheet stretches from north of Elmer Bay to Rivi= aux 

Fraises and consists predominantly of sheared basement rocks. Small pockets or lenses 

of folded metasediments are found locally, consisting predominantly of rocks of the 

Sokoman Formation. 

A progressive strain gradient was observed from kilometer-sized lenses of 

low-strain basement roclcs to protomylonitic and mylonitic quartzo-feldspathic rocks. 

On outcrop-scale the structures are quite similar to those in the thin basement slices 1..1 

the Flatrock Lake thrust sheet. The rocks have a penetrative monoclinic S1 fabric, 

implying a simple shear component of deformation, and contain small asymmetric 

lenses of low-strain rocks and well-rounded or eye-shaped porphyroclasts. The S1 

schistosity is defined by aligned biotite, muscovite and locally chlorite as well as quartz 
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ribbons and elongated feldspar porphyroclasts. The orientations of the st planes plotted 

in figures D. II and D.lJ (Appendix D) are predominantly south-dipping. but this is 

presumed to be an effect of the distribution of the sampling points. which are 

concentrated in areas where the foliation locally has a more southerly dip-azimuth. F 1 

folds were not observed in the basement rocks. Fz folds are asymmetric. 

nonhwest-vergent and lack an axial planar cleavage. ~ axial planes are steep. 

southeast-dipping and the folds are commonly overturned. Fold axes are curvilinear. 

but are not re-oriented completely towards the Ls· No sheath folds were observed. 

StructureS in the scarce metasediments are similar to those in the highest-strain zones of 

the Flattock l..ake thrust sheet. These rocks are generally intensely folded mylonites 

with curvilinear fold axes with a wide range of orientations (Fig. 5.15). 

The highest-strain rocks were observed near the floor thrust, near the boundaries 

with the undefonned basement inliers and around the gabbro bodies. Besides these. no 

internal shear zones were identified, but it is likely that they are present. The 

metasediments in the thrust sheet occur both in thrust slices and infolded pockets, but 

contacts which could be used to determine their structural position were rarely exposed. 

Gabbro bodies of the Shabogamo Intrusive Suite, which are quite common in the 

northern part of the thrust sheet, are strongly defonned at the boundaries, but the cores 

of the larger bodies appear to be undefonned. 

The age of the structures in the Elmer l..ake thrust sheet relative to the 

defonnation in the upper or lower thrust system is not clear. :i: floor thrust south of 

F1atrock Lake cuts up from the lower basement thrust system and fonns an 

out-of-sequence thrust with respect to thrust planes within the underlying metasediments 

of the Flatrock !...aU thrust sheet (Fig. 5.5). Other structures, specifically those in the 

sediments away from the floor ~ are most likely related to thrusting in the upper 

level thrust system. The floor thrust of the Elmer Lake thrust sheet is a D1L thrust 

cutting up from the lower system. A splay from this thrust cuts into the F1atrock Lake 
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' Fig. 5.15 Sketch of an F2 fold with a curvilinear fold axis at a high angle to the folded 
elongation lineation. Asymmetry of the fold is consistent with a northwest-directed thrust 
movement. The folded plane is the bedding, which is parallel to the S,u and the lineation in the 
planes is the elongation lineation L8 . The overall orientation of the fold axis is perpendicular to 
the Ls , but its orientation fluctuates over go·. Reconstructed from serial sections through a 
sample from an outcrop northeast of Elmer Lake. 
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Fig. 5.16 Shear bands in basement rocks in the shear zone of the floor thrust of the Lorraine 
Lake thrust sheet, 2 km east of Mont Bondurant. Note that the foliation in the blocks between the 
shear bands has undergone an antithetic rotation. Displacement on the shear band at the bottom 

left is about 20 em. The shaded layers in the bottom and the top of the outcrop, which are more 
quartz- and feldspar-rich than the surrounding schists, are possibly parts of the same layer, which 
would suggest much larger displacement on the shear band through the centre of the outcrop. 
The pen is about 15 em long. Traced from a photograph. 



thrust sheet and causes out-of-sequence thrusting there (Fig. 5.5. section ID). 

However. for most of the structures in the basement rocks it is not possible to 

determine the timing of deformation. 

S.l.S. 7 Goethite Bay area 
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The Goethite Bay area (Fig. 5.1) fonns the southwestern end of the Goethite Bay 

thrust sheet {Map 2, in pocket). The area is dominated by interleaved massive 

quartzites of the Wishart and Sokoman formations, the latter mainly Fe oxide-bearing. 

Lithological layering is generally absent in the Wishart Formation and occurs mainly on 

a meter-scale in the Sokoman Formation. Several thin slices of basement rocks are 

incorporated into the Goethite Bay thrust sheet (Fig. 5.14, section II). 

The dnminant structures on outcrop-scale are the SJU foliation a.'ld a 

well-developed elongation lineation. The foliation is mainly defined by stretched and 

flattened quartz grains, which are generally quite coarse (up to several mm long). In 

the mica-rich member of the Wishart Formation aligned muscovites form a schistosity. 

This S10 is draped around garnet porphyroblasts and postdates the peak of 

metamorphism. Small aligned kyanite crystals together with elongated quartz grains 

locally define a mineral lineation in these rocks. In the oxide- and silicate-bearing 

quartzites of the Sokoman Formation, specular hematite and grunerite are aligned along 

the foliation and lineation respectively. Folds are not commonly observed in the area. 

S0-S1 intersection lineations <Ltu> are at a very small angle to the Ls- The absence of 

abundant folds is an effect of the massive, homogeneous character of the rocks in the 

area. The basement rocks show a strong foliation consisting of a schistosity in rocks 

with abundant micas and a gneissic layering in the quartzo-feldspathic rocks, indicative 

of deformation at elevated metamorphic grades. Low-stmn lenses and porphyroclasts 

are less common than in the basement roclcs that were deformed at a lower 

metamorphic grade. 

Shear zones are not clearly recognizable in small-scale structu.-es in the quartzites. 

The grain-size of the rocks is slightly reduced near the thrust surfaces, but strain is 

either not clearly concentrated in the thrust zones, or post-kinematic ItayStallization 
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has obliterated the mylonitic structures and textures. In Chapter 6 it is demonstrated 

that poSt~kinematic recrystallization did indeed take place. Mylonitic textures were 

only observed in the reworked basement rocks near the floor thrust, especially in the 

higher of the two basement slices in the lateral ramp that forms the southwestern 

boundary of the thrust sheet. Homogeneous shearing, rather than folding, seems to 

have been the predominant deformation mechanism. Most of the thrust planes are 

defined by outcrop patterns where units are cut off. These patterns are not consistent 

with a single phase of thrusting. since not all thrusts emplace older rocks on to.f) of 

younger. The floor of the thrust sheet was formed originally by the basement-cover 

detachment, but later thrusting, originating in the lower system, introduced the two 

basement slices into the Goethite Bay thrust sheet. 

The stereo plots (Fig. D.lK, Appendix D) show the same orientation patterns as 

the surrounding areas with S0 and S10 dipping slightly shallower than elsewhere. 

Folding at the lateral ramp in the southwest caused the poles to the foliation planes to 

be distributed in a great circle. Ls and ~u are parallel and virtually down-dip in the 

S1u plane. FlU fold axes show a wide spread in a shallowly southeast-dipping plane. 

5.1.5.8 Mont Bondurant area 

The Mont Bondurant area (Fig. 5.1; Figure 2 in pocket) is underlain by two thrust 

sheets overlying the Emer Lake thrust sheet. The lower of the two is the Sokoman 

Duplex, the only thrust sheet that was actually mapped as a duplex, and the higher one 

is the northern extension of the Lorraine Lake thrust sheet (previously set apart as the 

Mont Bondurant thrust sheet, van Gool et al., 1987). This part of the map area is 

poorly exposed and many of the boundaries between rock types are infened, rather than 

observed. 

The Sokoman duplex consists of banded iron fonnations, both oxide and 

carbonate members, interleaved with slices of basement rocks, which are up to tens of 

meters wide. Ductile thrusts splay off the floor thrust and rejoin in the roof. 

Small-scale structures are similar to those in the Fiatrock Lake thrust sheet, with 

mylonitic struc~'IICS in the ductile thrusts. The S0 and the S1u are sub-parallel and few 
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isoclinal F1u folds were observed, with mainly southeast-plunging fold axes. Boudinage 

of the! carbonate layers is common in the layered carbonate-quartzite rock types. The 

rocks are strongly folded in northwest-verging, overturned Fru folds. which locally 

have a weak axial planar fabric, consisting of a fracture cleavage. Open 

southeast-plunging F3 folds also have affected the duplex and the overlying thrust sheet. 

This is reflected in the stereo plots in Figure D.lL in Appendix D. S1u foliations show 

a wide spread in orientations. The maximum in the southwestern orientations is caused 

mainly by the F3 folding and the ill-defined great circle distribution over a 

southwest-plunging axis is a result of the F:ru folding, illustrated by the maximum of F:!u 

fold axes in an equivalent orientation. The maximum concentrations of the F 1u fold 

axes and the Ls have similar orientations. 

The Lon-aine Lake thrust sheet in the Mont Bondurant area consists 

predominantly of basement roclcs. Near the floor thrust, just north of the top of the 

hill, a thin slice of rocks of the Sokoman Formation occurs, presumably sheared off the 

iron formation rocks in the footwall (footwall plucking; Platt and Legett, 1986). Ncar 

the shore of Wabush Lake, the presence of two bands of quartzites of the Wishart 

Fonnation suggests that the thrust sheet consists of a stack of thrust slices, similar to 

the other thrust sheets in the area. However, this could only be recognized where rocks 

other than those of the basement are involved. 

The basement rocks are penetratively sheared and a strong protomylonitic to 

mylonitic foliation is developed, similar to that in Plate 5.8. Porphyroclasts, as well as 

their pressure shadows, and lenses of lower-strain rocks are asymmetric. Together 

with shear bands (Fig. 5.16), and combined with the south-southeast-plunging Ls, these 

observations suggest north-northwest directed thrusting. The orientation of the Ls in 

both the Sokoman duplex and the Lortaine Lake thrust sheet is more southerly than in 

the lower thrust sheets and the Goethite Bay thrust sheet, suggesting a slightly different 

movement direction for these rocks (Appendix D, Figures D.lL and D.lM). The rocks 

in the thrust sheet are folded in a similar style to the underlying duplex. F 1 folds are 

not common and are generally isoclinal, with fold axes at a low angle to Ls· F 2 fold 
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axes have a range of orientations but are predominantly northwest-vergent. The rocks 

in the Mont Bondurant area are folded into a kilometer-size F3 synform which plunges 

to the southeast and has a fairly steep axial plane. Outcrop-scale F3 folds are rare and 

occur as very gentle. meter-scale folds. The floor ~ which is well exposed in the 

slopes east of Mont Bondurant, consists mainly of straight gneisses containing 

asymmetric low-strain lenses, asymmetric shear folds and shear bands (Fig. 5.16). 

The relative age of the structures in this part of the Lorraine Lake thrust sheet is 

not obvious. Noting the continuity of the structures with the sediment-dominated part 

of the thrust sheet in the south and the thin nature of the basement sheet, most of the 

deformation can presumably be related to the upper, sediment-dominated thrust system. 

5.1.6 RIVIERE A'UX FRAISES AREA 

A section across the strike of the thrust belt was mapped near Rivi~ aux Fraises. 

just north of the I.O.C.C. mine area, west of Wabush Lake (Fig. 5.17 and Figure lA). 

This area forms the transition between the thrust-dominated part of the belt to the north, 

and the fold-dominated area to the south. The section incorporates several thrust sheets 

and the structures show a wide variation on outcrop scale. The exposure in the area is 

poor and distances between outcrops are generally larger than the amplitude of the 

stratigraphic repetitions and the size of the structures, which inhibited construction of a 

detailed map. For this ~ only the large-scale structures can be indicated, based 

mainly on stratigraphic repetitions. Figure 5.17 is a cross section through the area 

which shows the stack of thrust sheets. 

The lowest unit in the Rivi= aux Fraises area is a thick package of rocks of the 

Menihek Formation, consisting mainly of fine-grained graphitic biotite schists, with 

some intercalations of phyllonitic basement rocks, which are too small to show in the 

section. This unit lies din:ctly on top of the virtually undeformed basement to the west 

and no rocks of the Sokoman Formation are exposed in between. The nature of this 

basement - Menihck contact is not well understood. It may be an effect of extensional 

faulting, or it may indicate that the Sokoman Formation was locally not deposited, eg. 
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on basement highs, and the Mcnihek Formation immediately overlies basement. To the 

south of the Riviere aux Fraises area the Sokoman Formation re-appears between the 

basement and the rocks of the Menihek: Fonnation. 

The fabric in the Menihek Fonnation is a schistosity defined by oriented micas 

and flattened quartz grains, locally resembling a slaty cleavage. Locally a shear band 

cleavage was ~ which probably represents a high-strain zone. 

Nonhwest-verging FlU folds occur locally and are commonly associated with an ~u 

crenulation cleavage. The high-strain zones, the presence of the thin basement slices 

and the FlU folds indicate that this unit was thickened significantly by folding and 

thrusting. 

Overlying the package of rocks of the Menihek Formation are two thrust slices 

which show, where exposed, a repetition of rocks of the basement and the Sokoman 

and Menihek formations on a scale of 10 to 20 meters. The rocks are reworked 

gneisses with a fine-spaced schistosity, fine-grained and well foliated banded oxide and 

carbonate iron formations and fine-gtained biotite schists for the three lithological units 

respectively. The structures on outcrop-scale are very similar to those in the Flatrock 

Lake and Emma Lake thrust sheets. A mylonitic chaiactcr is preserved in some 

outcrops. Rocks of the basement and Sokoman Formation are L-S tectonites and are 

folded in northwest-verging overturned FlU folds that have curvilinear fold axes at high 

angles to the Ls· One fold nappe in rocks of the Sokoman Formation (possibly a 

large-scale sheath fold) occurs at the floor of these thrust slices. Strain concentration in 

thrust faults is not obvious in the field, which may be an effect of the poor exposure. 

The next thrust slice in the cross-section of Figure 5.17, which is only exposed 

south of the river. contains basement and Sokoman Formation rocks, with minor 

gabbro. The structures are similar to those in the two thrust slices underneath, but 

appear to have formed at somewhat higher metamorphic grade. The foliation is 

shallowly dipping near the valley floor, but gets steeper uphill to the south, suggesting 

that the floor thrust is close to the level of the river. This thrust slice lacks the 

small-scale repetition of the stratigraphy of the lower sheets. 
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North of the river, the southern end of the basement-<lominated Emer Lake thrust 

sheet is bounded to the southwest by an oblique ramp. This boundary. delineated 

mainly from air photo interpretation, plunges beneath the units to the east and offsets 

the rocks in the overlying Sokoman duplex. 

The Sokoman duplex in the Riviee aux Fraises area contains considerably more 

basement rocks than further north. Poor exposure prevents reconstruction of the 

internal large-scale structures, but several horses containing basement and Sokoman 

Formation rocks are presumed to be present. 

The upper thrust sheet in the east, the Lorraine Lake thrust shee~ consists of well 

foliated biotite schists and gneisses which have been interpreted as reworked basement. 

because locally low-strain augen of basement rocks were recognized. Small-scale 

structures are similar to those in the Mont Bondurant area. Overturned and extremely 

thinned sequences of basemen~ Wishart and Sokoman Fonnation rocks at the floor 

Lhrust suggest that this part of the Lorraine I...ake thrust sheet forms a fold nappe with a 

thinned lower fold limb. Fold asymmetries in the basement rocks one kilometer 

southwest of the river indicate a southeast vergence in accordance with an overturned 

fold limb. The rocks here are strongly folded on outcrop-scale and at least two 

generations of folds overprint the S1 schistosity (Plate 5.8). The sequence of these 

lithologies is repeated, indicating that at least this lower fold limb is cross-cut by thrust 

faults. Since the thrust planes themselves are not exposed, it is not clear whether these 

faults are an effect of the thrust movement of the Lorraine Lake thrust sheet over the 

underlying Sokcman Formation, or whether they formed at a later stage of 

deformation, during thrusting in the footwall. 

The stereo plots of structural elements in the Rivi~ aux Fraises area in Figure 

D.lN (Appendix D) represent many small and large-scale structures in four different 

thrust sheets. Planar structures show a wide spread of orientations, but the overall 

pattern of southeast-dipping planes is still present. F10 fold axes and lineations arc 
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sub-horizontal southwest-nonheast trend and now lie in a shallow southeast-dipping 

plane. 

5.1.7 EMMA LAKE AREA 
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Figures 5.18 and 5.19 are a map and cross-sections of the Emma Lake area. This 

part of the thrust belt consists of an imbricate stack of basement cored fold nappes 

which repeat the local stratigraphy of basement, Solcoman and Menihek Formations 

several times. The thrust stack was described previously by van Gool et al. (1988a, b) 

and by Brown et al. (1991). The structures in the area have a nonheasterly plunge and 

from southwest to northeast progressively higher structural levels of the stack are 

exposed. This oblique plan view of the structures enables the construction of a 

down-plunge projection cross-section, but the non-cylindricity of the structures prevents 

the construction of one section for the whole area. Four separate cross-sections were 

constructed by down-plunge projection of small parts of the map. The projection 

planes are steeply dipping to the west perpendicular to the plunge of structures in the 

parts of the map they represent. Section min Figure 5.19 has been modified from the 

true projection to accommodate the strongly non-cylindrical basement dome in this part 

of the area. 

On outaop-scale the structures are similar to those in the Flatroclc La.ke area, but 

in the metasediments of the Emma Lake area a concentration of stiain in ductile thrusts 

is less obvious and basement rocks play a more important role. F 1u folds are tight to 

isoclinal and angular relationships between S0 and S1u are obvious in many places. The 

vergence and style of D1u structures changes across the hinges of the fold nappes. In 

the back limb F1u folds are west- to northwest-verging with moderate interlimb angles 

(up to about 60°) and varying orientations of the fold axes. In the overturned forelimbs 

most F1u folds are isoclinal, west-verging and fold axes plunge predominantly at low 

angles to the Ls- All F1u axes lie in a southeast-dipping plane, with fold axes in the 

highest strain rocks furthest TOtatcd towards the orientation of Ls- F20 folds are more 

open, generally asymmetric and northwest-verging; they are non-cylindrical and fold 
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axes are distributed in a southeast-dipping plane, with maxima in the nonheast and 

southwest (Fig. D.IO in Appendix D). The stereo plots show the southeastern dip of 

S0, SIU and S20 planes, with the increase of the dip angle from the oldest to the youngest 

structures. The Ls lies obliquely in the foliation plane, which may be a result of either 

the tilt of the area or an oblique convergence of the belt. Several late, nonh to 

northwest·trending, brittle faults of different scales cut the area. They are presumed to 

be steep, with sinistral to oblique displacement that commonly varies from several 

meters to tens of meters, relatively raising the western block. The most significant of 

these faults truncates the Emma Lake thrust stack to the east. 

Original basement-cover contacts are preserved locally, but in many places these 

contacts are strained, especially in the overturned limbs of the fold nappes. These 

contacts are interpreted as original unconformable contacts which were sheared as a 

result of strain incompatibility. Deformation in the basement rocks in the cores of the 

fold nappes is not everywhere obvious on outcro~scale, but significant deformation 

must have taken place to form the nappes. Only in the antiform in the nonhem comer 

of the Emma Lake map area the basement rocks are ;.,tensely folded. 

Two structures in the area are of special interest, as they show an inversion of the 

stress regime from extensional to compressional. The two fold nappes funhest to the 

northwest, one southwest of the lake, the other northeast of the lake, both formed 

against a basement buttress (Figure S.l9, sections I and Ill). In both structures the 

thickness of the Sokoman Formation changes drastically across a steep fault (faults G 

and M), from several hundreds of meters east to less than one hundred meters west of 

the fault. In the overturned limbs of the fold nappes, the rocks of the Sokoman 

Formation are intensely folded, whereas west of the faults rocks are significantly less 

deformed. Both faults G and M are interpreted as original growth faults, active during 

the deposition of the Sokoman Formation. During Grenvillian thrusting, the fault 

esc:aipments acted as buttresses against which the fold nappes formed, causing intense 

localized shortening east of them, whereas the roclcs on top of the escarpment were 

relatively protected. In the northeastern structure (fault M), the growth fault was 
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reactivated in a reverse movement. Reactivation of fault G is not obvious, but here two 

shoncut faults (Hayward and Graham, 1989; faults H and I) cut into the footwall. 

These are the only documented examples of Early Proterozoic extensional faulting in 

the -..·!'!'Jie map area, but the assumption is made that similar structures exist throughout 

i.hat part of the thrust belt in which basement is involved in the thrusting. 

Another feature that is well-documented in the Emma Lake area is 

out-of-sequence thrusting. In the cross-sections several thrusts emplace younger rocks 

on top of older, which is incompatible with the contractional nature of thrust faults, 

which emplace deeper level (older) rocks on top of higher level (younger) rocks. This 

is documented in faults D, E and J and several smaller thrusts in the map. This 

phenomenon can be explained by out-of-sequence thrusting in an established thrust 

~ where the stratigraphic sequence is disturbed. Most of the out-of-sequence 

thrusts are found in the southeastern pan of the map, where they l:".!t through the back 

limb of the upper fold nappe at a lower angle than the dip of the bedeling. For instance, 

fault J places schists of the Menihek Formation directly on top of basement rocks. This 

fault is expected to cut off the lower parts of several of the overlying thrust slices as is 

schematically drawn in cross section min Figure 5.19. These out-of-sequence thrusts 

do nut seem to be linked to defonnation in the lower thrust system and are interpreted 

to be a result of defonnation within the upper thrust system. This is in contrast with 

the out-of-sequence thrusts in the Flatrock Lake thrust sheet which are a result of 

regular sequence thrusting in the lower thrust system (section 5.1.5.3). 

The roof thrust of the system emplaced a massive basement shee4 the Lost Lake 

thrust sheet, on top of the Emma Lake thrust stack. The thickness of this thrust sheet 

suggests that its floor thrust may fonn part of the lower level thrust system and 

therefore could be an out-of-sequence thrust with respect to the thrusts in the underlying 

thrust stack. The small thrust stack in between the basement sheet and thrust A could 

equally have been emplaced later (Fig. 5.19, sections nand IV). 
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5.1.8 LAC VIROT AREA 

The Lac Virot area (Fig. 5.1 and Figure 1 A, in pocket) in lithotectonic domain I 

is characterized by kilometer-size basement sheets and thin outliers of metasediments of 

the Sokoman Formation more than 7 kilometers nonhwest of the main metasedimentary 

thrust sheets. The area covers parts of the Reid lake and Lost Lake thrust sheetS, which 

&-e dominated by basement rocks with the iron fonnation rocks forming thin, highly 

deformed slices along ductile thrusts in the basement. All structures in the Lac Virot 

area are assumed to be related to thrusting in the lower, basement-dominated thrust 

system. Only the quartz-rich part of the oxide member and the upper carbonate 

member of the Sokoman Formation are present. 

The majority of the basement rocks show minor Grenvillian deformation on 

outcrop-scale, consisting of a weak schistosity (S1J defined by isolated oriented micas. 

elongated or flattened quartz grains and cracked feldspars. In the shear zones, which 

form ductile thrusts, the basement rocks are strongly reworked to biotite schists which 

have a mylonitic fabric (S1J, which was partially obliterated by post-kinematic 

recrystallization. Type I S-c mylonites (Lister and Snoke, 1984) with predominantly 

quartz porphyroclasts were found locally in the shear zone furthest to the nonhwest (see 

Chapter 6). Most shear zones contain asymmetrically tailed feldspar and quartz 

porphyroclasts; they have a well-developed mineral lineation and multiple generations 

of approximately west-verging Fa folds. The metasediments, which occur only along 

the shear zones, have a strong L-S fabric and r.orthwest verging asymmetric F 2L folds 

of several generations and early F tL folds, which have fold axes at low angles to the 

stretching lineations, are common. 

The main shear zone in this area, north and west of Lac Virot, is a steeply 

southeast-dipping fault zone that splays off the Grenville Front at Reid Lalce. Another 

possible interpretation is that this fault zone is the lowest in :he basement thrust stack 

and fonns the Grenville Front. Kinematic indicators suggest that the movement 

direction of the banging wall is to the northwest. This makes the shear zone an 

oblique-.slip fault (reverse - sinistral), forming an oblique ramp. Towards the southwest 
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the orientation of the fault changes from a north-northeast strike to a northeast strike. 

and the displacement pattern becomes dominantly dip-slip reverse. Rocks of the 

Sokoman Fonnation at the junction of the Read Lake shear zone and the Lost Lake 

floor thrust, and in the slices of iron fonnation about one kilometer to the east, have a 

platy ~ric with a well-developed stretching lineation, defined by exnemely elongated 

quartz grains and oriented amphiboles. These rocks are intensely folded into highly 

non-cylindrical folds. F1L fold axes plunge steeply sub-parallel to the stretching 

lineation and sheath folds are common. The remainder of the thrusts in the Lac Vll'Ot 

area have a lower dip angle and their strike is approximately parallel with the 

orientation of the whole belt, but they are still steeper than most of the thrust faults in 

the thrust belt, which occur mainly in the metasediments. Orientation data (Fig. D.lP, 

Appendix D) show a wide spread of orientations of all structural elements, mainly 

because they represent both steeply and shallowly dipping shear zones. 

5.1.9 CAROL LAKE THRUST SHEET 

Only a small part of the Carol Lake thrust roeet (Fig. IA, in pocket), 

approximately between Emma Lake and Carol Lake, was mapped for this study and 

poor exposure prevented the construction of a detailed map. The rocks in the area form 

thin (<100m) slices of strongly sheared and metamorphosed basement, with a thin 

cover of the silicate member of the Sokoman Formation (between 30 and lOOm) and a 

larger thickness of schists of the Menihek Formation (>10m). The rocks in the thrust 

sheet are strongly foliated and the usual indicators of intensive, northwest-directed 

shearing during D10 were found. The rocks are all L-S tectonites with a well-developed 

stretching lineation. The thrust sheet consists of an imbricate stack of thrust slices 

which repeats the stratigraphy on the scale of 100 to 150 meters. Fw folding was 

regionally quite intensive and in the Menihek Formation an ~ crenulation cleavage is 

the dominant foliation. Nonhwest-verging Fw folds of a size range similar to the fold 

nappes in the Flatrock Lake area were observed, but no clear fault activity could be 

connected with them. It should be noted that as a result of the similarity in appearance 

between sheared basement rocks and the schists of the Menihek formation, some of the 
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rocks interpreted as Menihek schists could actually be part of the basement. In this pan 

of the map area the contact between highly sheared basement rocks within the upper 

sediment~ominated thrust system and the low-strain, basement~ominated system is 

preserved in a few places. 

In the stereo plots of Figure D.lP (Appendix D) all foliations were taken together. 

and they incorporate both S10 and ~u planes, on average dipping moderately to the 

south-southeast. Insufficient lineations and fold axis data were measured to form a 

pattern, but their orientations are similar to those in adjacent areas. 

5.1.10 LORRAINE LAKE THRUST SHEET 

This description only concerns the southwestern part of the thrust sheet. south of 

Rivi= aux Fraises (Fig. 5.1, Fig. lA). It is based on the re-interpretation of 

pre-existing maps (Rivers, 1985a, b and c), a study of field notes of Rivers 

(unpublished data) and two reconnaissance traverses in the central and northern pan of 

this part of the thrust sheet. The Lorraine Lake thrust sheet contains iron ore deposits 

which are presently mined by the Iron Ore Company of Canada. The area of the iron 

deposits has been intenSively drilled and excavated and the geometry of the structures is 

fairly well known, but has only been reported in confidential mine reports. The maps 

published by Rivers (1985a,b and c) are partially based on these confidential reports. 

The S1u foliation in this part of the map area is sub-parallel to the bedding. No 

F1u folds were observed but they may well be present. In an outcrop about one 

kilometer north of Lorraine Lake, reworked basement rocks have a monoclinic fabric, 

indicating a simple shear component in the deformation. Shear bands, asymmetric 

pressure shadows around porphyroclasts and rare s-c pla.P.es suggest northwest-directed 

shear. In the central part of the thrust sheet no indications of simple shear deformation 

were found. The foliation in the schists is defined by aligned micas and flattened quartz 

and feldspar grains. Rocks of high quartz-feldspar content have a gneissic character. 

In the iron formations, aligned specular hematite, amphiboles, micas and flattened 

quartz formed a fairly coarse schistosi~. In the massive quartzite member of the 

W'J.Shart Formation the coarse grain size ( > 1 em), the homogeneous composition and 
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the strong post-tectonic recrystallization resulted in a rock with no obvious foliation. 

With the exception of one locaUzed fault west of Lonaine Lake, no internal thrusts 

have been recorded in this part of the Lorraine Lake thrust sheet. It is not clear if other 

thrust faults are present, or whether they were not recognized due to strong 

recrystallization after deformation combined with poor exposure. 

The rocks in this area are folded in a series of F 2U folds on the scale of hundreds 

of meters to kilometers. These folds have a trend parallel to that of the strike of the 

thrust belt. The folds are overturned to the northwest and the fold axes are curvilinear, 

presumably as an effect of later (DJ folding over southeast-plunging fold axes (Rivers, 

1983a). In outcrops of the basement north of Lorraine Lake, a fold interference pattern 

of two generations of F2u folds was observed in the overturned limb of a large-scale F~u 

fold (Plate 5.8). The outcrop pattern in the map is complicated by the topographic 

relief, because the hills in this area are of a similar size to the amplitude of the folds. 

The large-scale F1 folds in this thrust sheet may form fold nappes, similar to those in 

lithotectonic domain n, but they have not been recognized as such. 

The orientation data in Figure D.lR show a moderate easterly dip for the 

maximum concenttations of S0 and S1 planes. Both the pole to the S1 n-girdle and the 

measured fo1d axes have a southerly plunge, at a small angle to the Ls· 

The absence of exposed basement rocks and the presence of rocks of the 

Attikamagen Formation in the southern part of the Lorraine Lake thrust sheet suggest 

that this part of the thrust sheet Iq)resents a basin. The northern part of the thrust sheet 

contains an original basement high, on which the rocks of the Wishart formation 

directly overlie the basement. 

5.1.11 STRUCTURES IN THE WGBEST THRUST SHEETS, DOMAIN V 

Structures in the Wabush Lake and the Duley Lake thrust sheets are more 

consistent than in the western part of the map area, presumably as a result of the more 

homogeneous lithology and the higher metamorphic grade. The three main generations 

of structures that can be recognized in the field can be correlated reasonably well 
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through this lithotectonic domain. These structures are best developed in the gneisses 

of the Attikamagen and Menihek formations and in the iron formations of the Sokoman 

Formation. The homogeneous marbles of the Denault Formation reveal on 

outcrop-scale a penetrative foliation formed by slightly flattened and elongated dolomite 

crystals, which is not easily recognizable. The structural descriptions below are for the 

gneisses of the Atrikamagen Formation, which form the major part of the upper 

lithotectonic domain, and which are the only rock type studied in detail. No basement 

rocks were positively identified in the highest lithotectonic domain of Gagnon terrane. 

It is assumed that all structures are related to deformation in the upper, 

sediment-dominated thrust system. 

5.1.11.1 Wabush Lake thrust sheet 

Rocks of the Attikamagen Formation dominate the Wabush Lake thrust sheet (Fig. 

5.1 and Fig. lA, in pocket). They form a several kilometers thick package and exhibit 

a more homogeneous deformation than in the lower thrust sheets which are strongly 

layered on outcrop-scale and on the scale of tens of meters in the different stratigraphic 

units. The small-scale structures in the Wabush L2ke thrust sheet are quite consistent 

in appearance. The oldest structure that can be rccognized in outcrop is the S1 

foliation, defined by a preferred orientation of flattened quartz and feldspar, micas and 

kyanitc. Muscovite bas overgrown the S1 in a random orientation. A gneissic banding 

or differentiated layering is common and consists of a repetition of quartz-feldspar-rich 

and mica-rich layers (Plate 5.9). Migmatitic layering occurs in rocks which have been 

partially melted. No indications of simple shear were found related to the S1• F 1 folds 

are uncommon and insufficient data are available for the determination of preferred 

orientations of F 1 fold axes or ~ intersection lineations. Stretching lineations have only 

been observed in the vicinity of the floor thrust of the overlying Molson Lake terrane. 

F2 folds in the Wabush Lake thrust sheet are commonly asymmetric open to tight 

folds with a similar fold geometry (Plate 5.9). In a few examples a weakly developed 

axial plane foliation is present in the fonn of isolated aligned biotite flakes. Most F1 

folds lack an axial planar fabric. The fold axes have a wide range of orientations due to 
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both their original curvilinear nature and the re-folding during later D;;. The~ axial 

planes dip moderately to steeply to the southeast in their original orientation, but they 

are folded in F3 folds. The F2 folds are approximately nonhwest-vergent. 

F 2 folds were recognized in outcrops throughout the thrust sheet and have been 

mapped out on a larger scale. Figure 5.20 is a sketch of a road section along the Trans 

Labrador Highway just north of Blueberry Hill, showing a large-scale F2 fold and FcFz 

overprinting, which are characteristic for the Wabush Lake thrust sheet. The syncline 

west of Moose Head I..ake (Figure lA), containing rocks of the Denault, Sokoman and 

Menihek: formations, is also an F 2 structure, and similar F 2 structures are present 

throughout the thrust sh~ but are not as clearly outlined by contrasting rock types. 

F3 folds are predominantly kilometer-scale, open folds with consistently oriented, 

moderately southeast-plunging fold axes. The short, steeply northeast-dipping limbs 

and longer, shallowly southwest-dipping limbs make them northeast-vergent. 

Outcrop-scale F3 folds are uncommon and no axial planar foliation is developed. 

In the map F3 structures are most obvious in the boundary between Molson Lake 

terrane and lithotectonic domain V and in the contact between the Attilcamagen and 

Denault formations. They are wcl! outlined by the latter contact just south of the map 

area (Rivers, 1985c). Near these boundaries these structures form a large-scale 

cuspa~lobate fold train. At the boundary between Gagnon and Molson Lake terranes 

the less competent gn~~ of the Attilcamagcn Formation occupy the cores of the tight, 

angular antifonns, w~.ereas the more competent granitoids of Molson Lake terrane 

occupy the open, well-rounded synfonns. The F3 folds determine the foliation patterns 

in the stereo plc:s in Figures D.lS, D.lT and D.lU in Appendix D. Foliations define 

great circles and F3 fold axes that plunge shallowly to the southeast. Overall, the F3 

fold axes plunge between 20° and 30° to 150-160°. The plots for the foliations have a 

maximum in a steeply northwest-dipping orientation. Fold axes (F1 and F2 combined) 

show a wide sp.':'Cad of orientations as a result of multiple fold overprinting :md possible 

reorientation by ~-
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Fig. 5.20 Sketch of a road section through gneisses of the Wabush Lake thrust sheet along the 
Trans Labrador Highway north of Blueberry HiD. The bedding is folded in isoclinal F1 bids with a 
penetrative s, axial planar deavage. ~ is folded in F2 folds which lack an axial plane fabric. ~ 
in the figure i:'ldicates the orientation of the axial plane. The main F2 fold is northwest vergent 
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The boundaries of the Wabush Lake thrust sheet are poorly exposed. The 

boundary with the Duley Lake thrust sheet is formed by the Flora Lake shear zone 

(section S .1.11.2). The boundary with the marbles of the Denault Fonnation to the 

northwest is interpreted to be a thrust fault, folded by F3• The enveloping surface of 

the S1 foliations in the marbles and in the gneisses of the Wabush Lake thrust sheet dip 

southeast and suggest that the marbles dip underneath the gneisses. However, the 

possibility exists that the enveloping surface of the bedding, which on a small-scale is 

transposed towards the S1, dips the opposite way, which would possibly make this 

boundary a nonnal sedimentary contact, similar to the interpreted contact between the 

Attikamagen and Denault Formations in the Duley Lake thrust sheet. 

The roof of the Wabush Lake thrust sheet is formed by a wide ductile shear zone 

which separates the thrust sheet from the overlying Molson Lake terrane. Bands of 

dolomitic marble of the Denault Formation have been mapped in many locations near 

the roof of the thrust sheet and are commonly overlain by pelitic schists, which are rich 

in garnet, kyanite and locally gyaphite, and which are interpreted as rocks of the 

Menihek Formation. The inferred layer of Menihek Formation may indicate that the 

roof thrust of the Wabush Lake trust sheet lies in the top of the stratigyaphic sequence 

in this part of Gagnon terrane, suggesting that the floor thrust of Molson Lake terrane 

moved over the metasediments on a flat and that the ramp on which it cut up through 

the sediments lies funher to the southeast. The shallow dips of the structures in this 

part of the area are also in accord with the interpretation of this pan of the Gagnon 

terrane roof as a flat. 

5.1.11.2 Flora Lake shear zone 

The Flora Lake shear zone, exposed on the eastern shore of Flora Lake (Fig. 5.1 

and Fig. lA, in pocket), is a kilometer wide zone of stxaight gneisses which are 

interpreted to represent a zone of very high ductile strain. Intense reaystamzation after 

and possibly during the movement in the shear zone bas obliterated virtually all 

indications of high strain or sense of displacement. The stxaight character of the 

gneisses, the virtual lack of folds which are abundantly present in the w~ .rocks, the 



109 

presence of extremely elongated lenses (several kilometers in length and less than 100 

meterS wide) of marble and amphibolite (presumed to represent recrystallized gabbros). 

together with the mixing of lithologies in the shear zone and the left-lateral offset of 

rocks of the Denault and Attilcamagen formations (Fig. lA) suggest high strain. In only 

one outcrop, two-thirds down Flora Lake from the trans-Labrador Highway. were 

kinematic indicators observed. In this outcrop asymmetric quartz ribbons in a 

deformed pegmatite confi..-med the left lateral offset of the zone. Mineral lineations are 

rare. The shear zone offsets both thrust sheet boundaries in Gagnon Terrane, and also 

the floor thrust of Molson Lake Terrane, into which it can be traced further south 

(Indares, pers. comm. 1991). 

The S1 foliation of the Wabush l..ake thrust sheet curves into the steep orientation 

of the shear zone in a sense that is consistent with the left lateral offset of the shear 

zone. This and the fact that the shear zone offsets the floor thrust of the Molson Lake 

terrane suggests that movement postdated the D1 in the Wabush Lake thrust sheet. 

Figure D .1 W shows the orientations of foliations and lineations in the shear zone. The 

main orientation of the foliation is parallel to the shear zone boundary, but the foliation 

planes fan through the shear zone and define a great circle distribution which has a pole 

in a similar southeast plunging orientation to the F3 fold axes from the Wabush Lake 

thrust sheet and Molson Lake terrane. Therefore this orientation pattern is interpreted 

to be a result of the F3 folding which mainly postdated the shearing. 

5.1.11.3 Duley Lake thmst sheet 

Work in the Duley Lake thrust sheet (Fig. 5.1 and Fig. lA, in pocket) was 

restricted to a reconnaissance traverse and a partial re-interpretation of the existing map 

patterns. The small-scale structures are similar to those in the Wabush Lalce thrust 

sheet. The outcrop pattern shows fold interference on kilometer-scale, which is more 

obvious in a map that extends further south (Rivers, 198Sc). The older of two fold sets 

(F1 or F,) forms a syncline that strikes north~ between Duley LaP. and Wabush 

Lake. Part of this structure is interpreted as a monocline above a hanging wall ramp in 

which the rocks of the Attilcamagen Formation are cut out of the Duley Lake thrust 
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sheet (Fig. lB. in pocket, cross-section lll). This structure is overprinted by 

south-plunging F3 folds which have axial planes perpendicular to those of the older 

folds. Near the contact between marbles of the Denault Formation and the gneisses of 

the Attikamagen Formation, the F3 folds have the same cuspate-lobate geometry as in 

the Wabush Lake thrust sh~ but here the marbles are the least competent and occupy 

the cores of angular synforms. These structures are more pronounced just south of the 

map area (Rivers, 1985c). 

The foliation planes are folded in a dome and basin type of structures by !he 

interference of the two fold generations, which is reflected in a fairly large spread of 

foliation orientations (Appendix D, Fig. D. IV) with a maximum of 132141. The data 

do not define a great circle distribution. 

The northwestern boundary of the Duley Lake thrust sheet is not well defined and 

the Lorraine Lake and Duley Lake thrust sheets may be semi-continuous, since the 

mismatch of the stratigraphy across the boundary just south of Wabush Lake appears to 

be minor. The thrust sheet is separated from Molson Lake terrane and the Wabush 

Lake thrust sheet by the steeply dipping kilometer-wide Flora Lake shear zone. The 

Duley Lake thrust sheet is the southwestern extension of the Wabush Lake thrust sheet. 

5.1.U THE FLOOR THRUST OF MOLSON LAKE TERRANE 

The boundary between Gagnon and Molson Lake terranes can be divided into 

parts that are steeply-dipping with a north-northwest strike, and those that are folded in 

F3 folds and have an enveloping surface that dips shallowly southeast. The folded and 

shallow-dipping parts are interpreted as the original floor thrust of Molson Lake 

terrane, which are offset by the steep, sinistral strike-slip shear zones, of which the 

Flora Lake shear zone is one. The strilce-slip zones c:re several times wider than the 

shallow shear zones (one kilometer versus hundreds of meters) and can be traced into 

Gagnon terrane. Presumably they also cut into Molson Lake terrane (lndares, in press, 

pers. comm. 1991). The shear zone at the boundary between the two terranes near 

Seahorse Lake may be interpreted as either a strike-slip zone or a part of the floor 
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thrust folded into a steep orientation. The width of the zone (slightly over a kilometer). 

as well its orientation and straight chatacter, which are all similar to the Flora Lake 

shear ~ne, suggest that these two shear zones are strike-slip zones of the same set. 

In the ductile shear zone that forms the floor thrust of Molson Lake terrane 

straight gneisses were formed in which evidence for shear~strain is scarce. In the shear 

zone north of Seahorse Lake (Fig. 2.1, Fig. lA) a strain gradient was observed from a 

low-strain lens into the high~stl-ain shear zone. Within a megacrystic granite. the rocks 

change over several meters from a slightly deformed granite to a gneiss in which the 

K-feldspar megacrysts are progressively sheared into long streaks (flaser) consisting of 

quartz and feldspar. This structure may, however, be related to the strike-slip shear 

zones. Foliation boudinage (Plate 5.10; Platt and Vissers, 1980) in gneisses of the 

shallow-dipping floor thrust, just south of Blueberry Hill, suggests significant extension 

in these rocks. The nature and orientation of the S1 foliation in the shear zone are 

identical to the Wabush Lake and Duley Lake thrust sheets and the emplacement of 

Molson Lake terrane is inferred to have been contemporaneous with and presumably 

the cause of the D 1 deformation in these two thrust sheets. 

Defonnation in Molson Lake terrane is expressed as a schistosity, which is 

defined by oriented biotite and flattened quartz. The fabric becomes more penettative 

towards the floor thrust, where it is mylonitic. The fabric in Molson Lake terrane is 

folded in kilometer-scale southeast-plunging cross-folds (Fig. D.lX) which correlate 

with the F 3 folds in Gagnon terrane. 

5.2 SUMMARY OF THE STRUCTURAL ORIENTATION DATA 

The plotted orientation data in Appendix D show certain patterns and trends that 

confirm observations made in outcrops and maps. Some of these trends are 

summarized in Figure 5.21. 

1) The overall ~uth-southeastem dip of the structures in the western part of the 

map area is obvious from the plots of the poles to planar elements. r.tgme S.21.A 

shows the maximum contour values of sl as great circles for most of the dala sets in 
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Fig. 5 .21 Summary of stereo plots, west of Wabush and Shabogamo Lakes. A) shows 
the orientations of the maximum orientations of the S, planes and elongation lineations (L5 ) 

for each of the areas in Figure 0.1 A in Appendix D, separated for the areas north and south 
of the Sickle Lake shear zone/Julienne Lake fault. 8) is an idealized example of the angular 
relationships between 5 0 , S, and 5 2 , suggesting a northwest vergence of both D, and 0 2 

structures. C) shows the orientations of F, (dark shaded area) and F2 (light shaded area) fold 
axes with respect to the elongation lineation (L5 , black dot) and the original orientation of 
most fold axes (FA, black square), which is at a high angle to the L5 • The bold arrow indi
cates the direction of re-orientation with increasing strain. 
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Appendix D. It also shows that in spite of a significant spread in orientations of the 

foliation planes, the elongation lineations are quite constant in orientation throughout 

the area. This suggests that movement was rather homogeneously towards the 

north-northwest in the whole belt, in spite of variation in the orientations of flow 

planes. 

2) In the southeastern part of the map, in lithotectonic domain V and Molson Lake 

terrane, the large-scale F3 foltiJng dominates both the map pattern and the distribution 

of data in the stereo plots. Poles to foliation planes have a great circle distribution 

which defines the large-scale F3 fold axis, which plunges approximately 30-> 155. 

This orientation does not coincide with any group of small-scale fold axes, as a result of 

the generally rare occurrence of small-scale F3 folds. 

3) In those areas where sufficient measurements of 50, 51 and 52 were recorded, 

the angular relationships between the planes reflect the northwestern vergence of both 

0 1 and 0 2 structures. The maximum orientations of 50 and S1 have approximately the 

same azimuth, S:z has generally a slightly more easterly dip. In most areas 51 is slightly 

steeper than 50 and S:z is significantly steeper than 51 (Fig. 5.2l.B). The angle between 

50 and 51 is gene::ally very small as a result of the transposition of the 50 towards the 51• 

4) The orientations of the fold axes with respect to the elongation lineations (Ls) 

are summarized in Figure 5.2l.C. The majority of all fold axes is distributed in a 

southeast-dipping plane. Most plots of F1 fold axes and intersection lineations have a 

maximum in a shallowly SSE-plunging orientation, close to that of L,. In plots of the 

F2 fold axes the maximum is not as well defined. The maximum contour level in most 

F 2 plots is considerably lower than in those for F 1• The orientations of the fold axes are 

strongly dependent on strain in the rocks. For example, in the Corinne LaL thrust 

sheet, where strain levels are low, fold axes have a wide distribution in a south-dipping 

plane, there is no strong alignment of F1 with Ls and the majority of the F2 axes lie in 

the southwestern quadrant, although the maximum F2 orientation plunges to the south 

(Fig. D.lD in Appendix D). In high-strain zones, e.g. the Sickle Lake shear zone (Fig. 

D.lG), both F1 and F2 are oriented at low angles to the Ls· 
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These observations of progressive re-alignment of fold axes with increasing strain 

are consistent with field observations of increasing non..cylindricity of folds with 

increasing strain and the presence of sheath folds in the shear zones. With increasing 

strain, fold axes rotated progressively away from their originally shallow southwest 

plunge at a high angle to the Ls towards the direction of elongation (Cobbold and 

Quinquis, 1980). 

5) The last i:nportant observation to be made from the orientation ~ is the 

oblique nature of the structures in the belt. In the Figure 5 .2l.A the trend of the belt 

and the foliations and lineations are plotted for partS of the area south and north of the 

Julienne Lake fault zone/Sickle Lake shear zone. The lineations indicate movement 

towards 340-350°, which is at a 45-55° angle to the trend of the belt in the south and at 

a 60-70° angle to the belt in the north. Furthermore, the strikes of the S 1 planes are 

oblique with respect to the belt and the Ls lies slightly obliquely in the sl planes. These 

orientations arc not likely to be a result of a regional tilting of the area, because 

lineations and foliations cannot be rotated back over one sub-horizontal axis to restore a 

possible original situation of Ls and sl perpendicular and parallel respective~y to the 

strike of t.lte fold-and-thrust belt. 

The orientations of the F2 and~ structures also attest to the oblique setting. F2 

fold axes are interpreted to be related to the NNW thrusting of the belt and are expected 

to be perpendicular to the Ls, with a WNW-ESE trend. However, the fold axes plunge 

shallowly between SW and SSE and only few F2 axes rotated from a NE plunge 

towards the Ls· This is in agreement with the orientation of the ~ being slightly 

oblique with respect to the sl, resulting in a shallow sw plunge at the intersection of 

the two planes. as shown in Figure S.2l.B. This suggests that the F2 fold system is 

oblique with respect to the direction of thrusting, but more orthogonal with respect to 

the belt. 

5.3 EVALUATION OF THE STRUCTURES 

In this second part of the chapter the relations and variations of the structures are 

discussed and a model for the structural development of the fold-and-thrust belt is 
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proposed. In this discussion the fold-and-thrust belt, fonned by both Gagnon and 

Molson Lake terranes~ is assumed to constitute a thrust wedge with some of the 

chaiacterist:ics that were presented by Chapple (1978) and Davis et al. (1983). Chapter 

8 includes a more deWled discussion of how the observed structures relate to this 

model and some justification for the use of this model is presented. First the most 

important points of the previous descriptions will be highlighted. 

5.3.1 VARIATIONS OF THE STRUCTURF.S THROUGH THE BELT 

1) Because of the lack of topographic relief the field data do not place constraints 

on the geometry of the tip lines of the thrusts. Almost all thrust stacks have been 

drawn as imbricate fans, Iather than duplexes (Boyer and Elliott, 1982), leaving the 

nature of the geometry of the thrust system unresolved. The Sokoman duplex at the 

foot of Mont Bondurant is the only thrust sheet that has been mapped as a duplex, 

because this hill provided enough relief for exposure of both floor and roof thrusts. 

Most of the structures in the map area are of a ductile nature, which implies that they 

were formed at many kilometers depth (see also Chapters 6 and 7). Since the thin 

sedimentary pile present in Gagnon terrane is insufficient to build up such an 

overburden, the terrane must have been deformed underneath an overriding thrust 

sheet, presumably Molson Lake terrane. Therefore the assumption is made that most of 

the thrust stacks described here form duplexes, of which the subsidiary thrusts rejoin 

the floor thrust t>f the overriding sheet This interpretation is used in the construction 

of the cross sections in Figure lB (m pocket). 

2) Most of the Grenvillian structures in the map area were formed by plastic 

deformation, with only a few exceptions. Thrusts occur generally as shear zones, most 

of the rocks have a fabric that is fonned by preferentially oriented metamorphic 

minerals and folds were formed by shear folding or flexural flow. The only observed 

brittle structures are minor extensional faults in the iron formations above the Corinne 

Lake culmination, and scarce strike-slip faults throughout the area with offsets on the 

scale of meters. Although all tbrust-Idated structures are ductile, thrusting itself causes 

discontinuity of strata, which by definition is a brittle phenomenon. Possibly the thrusts 
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originally formed as brittle faults, but most of the subsequent movement took place 

later by ductile shearing on the established zones of weakness, if such zones were 

present. No indications of such an early brittle strain history were found, but they may 

have been obliterated by later ductile deformation and recrystallization. 

3) The cumulative strain of the rocks increases from the lowest to the highest 

thrust sheets. Although local perturbations of the regional trend exist, e.g. in the 

thrusts themselves or around low-strain lenses, several indications suggest that the rocks 

in the highest thrust sheets have the highest strain. The strain gradient is best 

documented in the northern part of the area, especially in the rocks of the Sokoman 

Formation. In the northern Sawbill Lake thrust sheet, the bedding is shallowly dipping 

(±10°) and is deformed into broad gentle folds. The strain in these rocks is very low. 

Strain in the Corinne Lake thrust sheet is higher, the foliation is more penetrative and 

boudins are developed in the banded iron formations. The average aspect ratio of the 

strain ellipse in the X-Z plane in siderite concretions in the Sokoman Formation is 

about X:Z = 2:1. The strain in the Flattock Lake thrust sheet is considerably higher. 

Boudins are more elongated and further sepaiated and siderite concretions have been 

measured with aspect ratios up to X:Z = 7: 1. In the Sokoman Duplex and the base of 

the Goethite Bay thrust sheet streaks of siderite with aspect ratios in the order of 20: 1 

may represent elongated and rccrystallized siderite concretions. In the higher thrust 

sheets strong post-kinematic recrystallization prevents a good evaluation of the strain. 

Nonetheless, the penetrative schistosity and gncissosity and the elongate shape of 

low-strain lenses suggest that overall the rocks have a high strain. This strain gradient 

is confirmed by the increase of estimated displacement on the thrust faults, which 

ranges from tens up to hundreds of meters in the lowest thrust sheets, to kilometers in 

the higher thrust sheets. Results of quartz fabric analyses, described in Chapter 6, also 

support an increase in strain from the lowest to the highest thrust sheets. 

4) The increase of accumulated strain is interpreted to be an indication of a longer 

strain histcry for the highest thrust sheets. This interpretation is supported by 

observations which are described in more dctW in Chapter 6, which suggest the 
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existence of a pre-S 1 fabric in rocks of lithotectonic domain V, preserved in garnet 

porphyroblasts. The main D1 deformation in the Wabush Lake thrust sheet took place 

after the peak of metamorphism, while in the lower thrust sheets little 0 1 deformation 

took place after the peak of metamorphism (see Chapter 6). This may suggest that the 

deformation front swept through the area from southeast to nonhwest. Deformation 

started first in the highest thrust sheets and continued while the deformation 

incorporated progressively lower thrust sheets. This is in agreement with thrust belt 

models that predict that higher thrust sheets have travelled progressively larger 

distances (Boyer and Elliott, 1982). 

5) A trend of decreasing strain locali:ZAtion, from the lower to the higher thrust 

sheets, also exists in the fold-and-thrust belt. In the northern part of domain I the 

defonnation took place mainly by shearing on discrete movement planes, whereas the 

basement blocks have a low strain internally. In domain n vinually all rocks are highly 

strained, but there are strong strain gradients into the shear zones that form the thrust 

planes. Similar partitioning of the strain is not obvious in the remainder of the 

lithotectonic domains. Presumably most of the strain of thrust movement was 

accommodab:d in the thrust faults, but post-kinematic recrystallization erased most of 

the evidence of the higher strain in these zones. The thrusts in the higher thrust sheets 

are much more widely spaced than in domain II, where they locally occur within tens of 

meters of eac..'t other. 

This variation in strain partitioning through the belt is assumed to be caused 

mainly by the increasing metamorphic grade towards the southeast. Strain locaU~rion 

decreases with increasing ductility of the rocks. Also the increase of accumulated strain 

towards the southeast and the actual position in the thrust wedge will have an effect on 

the overall strain partitioning in the rocks, as is discussed later. 
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5.3.2 INFLUENCE OF EARLY PROTEROZOIC EXTENSIONAL FAULTS ON 

THE DEVELOPMENT OF THE THRUST BELT 

Normal faults, which were pan of the extensional fault system that presumably 

formed during the collapse of the continental margin on which sediments of the Knob 

Lake group were deposited during the Early Proterozoic (Chapter 3), caused rapid 

changes in stratigraphic thicknesses and had an important impact on the structural 

development. They acted as buttresses which prevented easy propagation of thrust 

faults. Figure 5.22 schematically shows two different modes of development of 

structures around these pre-Grenvillian extensional faults as inteipreted from 

geometries in the South Fiatrock Lake and Emma Lake areas (Fig. 5.5, section I; Fig. 

5.19, section I and m, faults G and M). The main difference between the two 

situations in Figure 5.22 is the level of the floor thrust, which in the south F1atrock 

Lake area (A) is located at or near the basement-cover contact and in the Emma lake 

area (B) at a shallow level in the basement. In the first case a stack of small fold 

nappes formed in front of the buttress and moved onto the basement ho~ whereas in 

the latter case a single, large, basement-cored nappe formed. In both areas footwall 

shortcut faults (Hayward and Graham, 1989) cut into the basement horst and 

incorporated it as a thin basement slice into the thrust stack. The extent of reactivation 

of the extensional fault in A is not known, because the fault is not exposed. In the 

Emma I.alce area the reactivation (inversion) was minor, in the order of tens of meters. 

The footwall shortcut faults may well have been an important mechanism of introducing 

thin slices of basement roc1cs throughout the map area. Gillcrist et al. (1987) proposed 

a similar mechanism for the introduction of thin basement slices into a thrust stack in 

the western Alps (c.f. Hatcher and Williams, 1986) 

A similar basement configuration, but on a larger scale, is interpreted to exist at 

the boundary between the Lorraine Lake and the Carol Lake thrust sheets. Across the 

boundary from east to west at least three hundred meters of the stratigraphic sequence 

are lost (see Figure 4.3). Two of the most likdy explanations for this dmnatic change 

in stratigraphy are: 
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Fig. 5.22 Schematic development of structures around Early Proterozoic growth faults in 
the South Flatrock Lake and Emma Lake areas. In the Flatrock Lake area (A) a stack of 
small fold nappes was formed in front of the buttress, after which a thin slice of basement 
rocks was incorporated into the thrust stack by a shortcut fault and subsequently intensely 
deformed. This structure is illustrated in Figure 5.5, section I. In the Emma Lake area (8) 
the floor thrust is located in the basement. Here a single, large, basement cored fold nappe 
was formed , with slight reactivation (inversion) of the extensional fault. Shortcut faults 
again cut off thin basement slices. This structure is shown in Figure 5.19, sections I and Ill. 
Note that in both A and B the top of the Menihek Formation is formed by an overlying thrust 
sheet, not by a free surface. The triangle indicates the position of the extensional fault, 
which is regarded as a point of no displacement in the footwall. 
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1) the transition of the stratigraphic sequence between the two thrust sheets was 

originally gradational, formed by an onlap of the sediments onto a shallow 

basement slope, as proposed by Rivers (1983a). Subsequent thrusting on the floor 

thrust of the Lorraine l...ake thrust sheet either placed this transitional area on top 

of the Carol Lake thrust sheet, from where it has been exhumed and eroded, or it 

was overthrusted by the Lorraine lake thrust sheet and is presently buried 

underneath it. This solution requires a displacement of many ldlometers on the 

Lorraine Lake floor thrust; 

2) the transition could have been loe2liu:d at a major step in the basement, formed 

by one or more extensional faults with a total throw of hundreds of meters. This 

explanation does not require major displacement, but a more complex 

configuration would arise at the boundary. 

A significant break in the metamorphic gradient across the Lorraine Lake floor thrust 

(see Chapter 7), supports the theory of major displacement. On the other hand, the 

existence of a major basement buttress at this location would be in accord with two 

observed phenomena in this part of the belt, which are similar to those sketched in 

Figure 5.22. Firstly, the series of large overturned F2 folds in the Lorraine Lake thrust 

sheet may have formed as a result of the obstruction of propagation of the detachment 

fault at such a basement buttress. Secondly, a step in the basement could explain the 

presence of basement rocks in the Carol Lake thrust sheet by footwall shortcut faulting, 

whereas they are presumed to be absent in the southern part of the Lorraine lake thrust 

sheet. Not enough information is available to rule out either possibility. 

The assumed presence of pre-Grenvillian extensional faults in the basement 

controlled the deformation in the western part of the thrust belt. In Section 5.1.3 it was 

suggested that the orientation of the Grenville Front was determined by pre-existing 

structures. The steep attitude of the basement thrusts and their oblique orientation with 

respect to the movement direction suggest that they could be inverted extensional faults. 

The results of a microstructural study of some of these faults axe in accord with that 
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assumption (see Chapter 6). The overall trend of the belt is interpreted to have been 

controlled by the orientation of the continental margin and the extensional fault system. 

rather than being perpendicular to the direction of thrusting. 

During the later stages of development of the thrust belt, when the detachment 

level stepped down from the upper to the lower thrust system, existing zones of 

·weakness, formed by the extensional fault system, were used for the thrust movement. 

rather than new faults being formed. The existing linked system of extensional faults 

was reactivated to accomplish crustal shortening. The oblique orientation of the 

existing faults with respect to the direction of thrusting facilitated their reactivation 

(Etheridge, 1986). In the case of orthogonal conv:rgence, the steep dip of the 

extensional faults would make reactivation as reverse faults mechanically unfavourable. 

Most of the shear zones in the basement dip steeply to the southeast, but northwest 

dipping shear zones were observed as well. In the Wide Valley area the shear zones 

show a variation along strike between steeply northwest-dipping and steeply 

southeast-dipping. In the latter orientation, they have a normal fault geometry. It is 

assumed that these shear zones formed by the reactivation of northwest-dipping 

extensional faults and formed back thrusts. They were re-oriented during a late stage 

of deformation in the thrust belt. Locally they were steepened, elsewhere they were 

overturned to give an apparent extensional geometry. The Bruce Lake shear zone is 

also interpreted to be an overturned backthrust, rather than being a true extensional 

structure. Along most of its length the Bruce Lake shear zone is steeply southeast 

dipping, but the dip angle varies and locally the zone dips steeply northwest. This 

suggests that the shear zone has been folded, and presumably it has been folded from a 

northwest-dipping orientation into its present orientation. Folding is interpreted to be a 

result of simple shear in the basement rocks. This interpretation is supported by the 

relatively strong deformation of the basement rocks east of Bruce Lake. This 

interpretation of the Bruce I...ake shear zone is shown in cross section I in FJ.gUre lB. 
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5.3.3 STRUCTIJRAL DEVELOPMENT OF THE FOLD-AND-THRUST BELT: 

DISCUSSION 

The Grenvillian foreland fold-and-thrust belt in western Labrador consists of two 

thrust systems on two different scales and levels and with different geometries. The 

relations between the two systems and the interpretation of the structures within them, 

with respect to the development of the thrus, belt as a whole, is the subject of this 

section. 

The upper and lowt;r thrust systems, or at least the exposed parts of them, are 

significantly distinct, as is documented in the first pan of this chapter and in Chapter 4. 

These dissimilarities are caused by differences in rock type, metamorphic grade, 

structural level, the presence of pre-existing faul:s in the basement rocks and possibly 

other, less obvious factors. In lithotectonic domain n, interference structures between 

the two systems indicate that the thrusting in the lower system postdated deformation in 

the upper system. This order of development is in accord with the regular sequence of 

thrusting in which thrusts in the footwall are younger than those in the hanging wall. It 

should be noted, however, that the in-sequence basement thrusts that breach the floor 

thrust of the upper system, cause out-of-sequence thrusting in the metasediments (cf. 

Fig. 5.2). 

The length of the time gap between thrusting in the upper and lower systems is 

uncertain. Axial planes of F2u folds change dip across a basement uplift in the Corinne 

Lalce thrust sheet {Fig. 5.14, section I), which indicates that the thrusting in the 

basement there postdated D2u· In the Goethite Bay thrust sheet the out-of-sequence 

thrusts introducing the basement rocks into the thrust sheet were not affected by as 

strong a recrystallization as the original D1u sole thrust, which means that metamorphic 

temperatures had declined by the time that thrusting in the basement took place and that 

a significant time gap exists between the two events. On the other hand, in Chapter 6 

will be shown that D1 deformation in the Emma Lake area ( = thrusting at the upper 

detaclunent level) did not significantly outlast the peak of metamorphism there, which is 

interpreted as a stepping down of the thrust activity to the lower system shortly after the 
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metamorphic peak in the upper system. The fact that movement directions in the two 

systems are identical (compare Appendix 0, Figure O.lB and Figure 5.2l.A) and that 

the metamorphic zoning in the west of the map area is virtually continuous from one 

system to the other, indicates that the two systems represent progressive stages of 

development of a single orogenic cycle. 

Throughout the upper, sediment-dominated thrust system at least two generations 

of structures have been observed, in most locations represented by S1 foliation and F:! 

folds. These two generations of structures do not represent two different deformation 

events on the scale of the thrust belt. They are interpreted to represent progressive 

phases of a continuous orogenic event for several reasons. i) Both 0 1 and 0 2 structures 

correspond to a north-northwest directed kinematic framework. Eongation lineations 

in rare ~ foliation planes have the same azimuth as those that are folded by F 2 folds. 

ii) A wide range of styles of F2 folds exists, with a wide range of orientations, which 

suggests that they were affected by a variety of strain paths, rather than all having been 

formed at one specific time during the development of the belt. iii) F 1 folds in low 

strain rocks in the Corinne Lake thrust sheet have similar geometries and orientations as 

F2 folds. 

The fact that 0 2 structures cannot be correlated through the area may indicate that 

they form locally to accommodate shape changes in parts of the thrust wedge as a result 

of movement over ramps, obstruction of propagation of thrusts, e.g. by ancient fault 

escarpments in the basement, or thrust activity at a lower level (cf. Coward and Potts, 

1985). This means that there is no time coMotation to the numbering of structures 

other than on a very local scale. F2 folds in one level of the thrust belt could have been 

forming at the same time as S1 was developing in a lower structural level closer to the 

front of the thrust wedge. Figure 5.2 shows that even on a local scale the timing of 

structures can get complicated where intelference between the upper and lower thrust 

belts occurs. 

--- . 
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Although structural styles vary through Gagnon terrane, in virtually every pan of 

the belt a similar structural relationship is found, consisting of the early development of 

a penetrative mylonitic foliation and thrusts, followed by folding, which is locally also 

related to (out-of-sequence) thrusting. This implies that every part of the belt went 

through a similar sequence of development. 0 1 and D2 structures represent sequential 

stages of a progressive strain path, common to most of the rocks in the belt. These two 

stages are: 1) deformation in the footwall of the overriding dominant thrust sheet and 

incorporation into the thrust wedge; and 2) deformation within the thrust wedge as a 

result of the movement of the wedge. Each stage is characterized by a particular stress 

regime and deformation style. 

Deformation in the sediments started in stage 1 by emplacement of the overriding 

dominant thrust sheet. This provided a load and a shear strain regime. The dominant 

thrust sheet originally consisted of Molson Lake terrane and progressively incorporated 

pans of the metasediments, and subsequently also basement rocks, of Gagnon terrane. 

Movement of the thrust wedge occurred predominantly by deformation of the 

metasediments, which acted as a major shear zone. During this first stage the 

sediments were buried, which induced the metamorphism, and the rocks were deformed 

by plastic non-coaxial shear strain, causing development of the mylonitic foliation and 

lineation. Since the sedimentary cover was quite thin, all of these rocks were affected 

by simple shear deformation. One by one, thrust sheets were accreted to the sole of the 

thrust wedge, each going through a similar development. This leads to the conclusion 

that the deformation front swept through the area from southeast to north~ and that 

the earliest structures in the upper thrust sheets are older than the earliest structures in 

the lower thrust sheet. 

Stage 2 started for each volume of rock after its incorporation in the thrust wedge. 

The transition between the two stages is assumed to have been gradual rather than 

abrupt, since the local stress regimes in footwall and banging wall in the vicinity of the 

sole thrust are not considered to have been significantly different in an overall plastic 

deformation environment. Only after a volume of rocks was removed from the high 
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shear strain regime near the basal thrust, either by movement on a subsidiary thrust 

onto a lower thrust slice and into a higher level of the thrust sheet, or by cutting down 

of the basal thrust, could the processes of stage two become dominant. Deformation in 

stage two was related to the deformation within the thrust wedge during its 

north-northwest directed movement, while the rocks were uplifted as a result of erosion 

at the top of the wedge. This deformation included simple shear of the wedge as a 

whole to enable movement up a sloping sole thrust (Chapple, 1978) and also localized 

strain to adjust the shape of the wedge to maintain its critical taper, due to changes in 

friction at the sole, movement over ramps, incorporation of new thrust sheets into the 

wedge at the toe or the sole and changes in erosion rates at the surface (Platt, 1986). 

Structures developed during this stage were mainly folds, out-of-sequence thrusts and 

fold nappes, while the rocks were still in a simple shear regime. 

Because the rocks continued to deform after they were incorporated in the thrust 

wedge~ the highest thrust sheets in the southeast, which wae the first to be accreted to 

the thrust wedge, have the longest strain histories, and the highest accumulated strains. 

This is in agreement with the observed strain gradient and deformation history in the 

map area. 

Figure S .23 is a schematic diagram of the structural development of Gagnon 

terrane as seen in cross sedion. In diagram A the continental margin is sketched, 

consisting of a shallow and a deeper part of the shelf and the continental slope~ with 

sediments overlying a block-faulted crystalline basement. The Grenvillian deformation 

in Gagnon terrane starts with the emplacement of Molson Lake terrane which formed 

the overriding dominant thrust sheet (or thrust wedge). For reasons explained in 

Chapter 8, Molson Lake terrane was ttansported quite far over the shelf before 

thrusting in the metasediments took place. Transportation of the tluust wedge is 

assumed to have taken place mainly by shearing in rocks of the Menihek Formation, 

which formed an easy glide horizon. Possibly a large part of the rocks of the Menihek 

Formation formed duplexes that were accreted to the toe of the overriding thrust sheet 

and transported out of the area. The underlying metasediments also deformed due to 
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Fig. 5 .23 Schematic summary of the structural development of Gagnon terrane in cross 
section. The vertical scale is substantially exaggerated. MLT = Molson Lake terrane. For 
explanation see text. 
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the load of the thrust wedge. In the next ~~ (B) the basal detachment has stepped 

down to the basement-<:Over contact and the upper. sediment--dominated thrust system 

developed. Thrust sheets were stacked in piggy back sequence, while incorporating 

thin slices of basement rocks by footwall shortcut faulting. In the last diagram (C), the 

basal detachment stepped down once more and the lower thrust system formed in the 

basemen~ reactivating pre-existing extensional faults. The lower detachment is 

possibly located at the extensional detachment horizon formed during Early Proterozoic 

rifting, which had an orientation that was favourable for reactivation as a thrust fault. 

This model for the development of the foreland fold-and-thrust belt has many 

similarities to models of foreland fold-and-thrust belts at high crustal levels. But the 

mid-crustal level metamorphic grade and the dual thrust systems of an upper 

thin-skinned belt and a lower basement dominated belt are assumed to be 

unchaiacterist:ic for foreland belts. These points and others are discussed in Chapter 8, 

where a model is proposed for the development of the Gagnon terrane in western 

Labrador that explains the interaction of the deformation and the thermal evolution of 

the belt. 
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Plate 5.2 

128 

Archean Basement. Gneissic banding in a rock of granodioritic composition, 
containing folded xenoliths with a two-pyroxene + feldspar composition. The 
banding in the gneiss is axial planar to folds in the xenoliths in the center of the 
photo. These two rock types form the predominant basement lithologies before 
Grenvillian deformation and metamorphism. 

Mylonite in the Bruce Lake shear zone. The photo is taken of a vertical wall 
looking northeast, just south of Bruce Lake. The porphyroclasts are feldspars 
or locally (above pencil tip) have a granitic composition. The sense of movement 
is dextral. 



Plate 5.3 

Plate 5.4 
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High-strain quartz-carbonate iron formation. A matrix of platy, predominantly 
quartz-rich rocks surrounds a carbonate lens, formed by an isolated and flattened 
boudin, and quartz veins, interpreted to be the original fill of the boudin neck. 
The asymmetric shape of the carbonate lens and the foliation wrapping around 
it indicates sinistral shear. Outcrop 4 km west of Lac Vi rot. 

F 2 fold in boudinaged banded carbonate-quartzite rocks of the Sokoman 
Formation, near the southern end of Flatrock Lake. The S1U foliation is parallel 
to the bedding and both are folded in a northwest-verging fold . Note that the 
boudin necks are rotated in opposite senses in the two limbs. 



Plate 5.5 

Plate 5.6 
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Anastomosing foliations in basement phyllonite. The fine-grained mylonitic 
foliation combined with shear bands define an anastomosing pattern, creating 
fish-shaped domains. The sense of shear is dextral. 

Stretching lineation in a quartzite of the Sokoman Formation near a thrust fault 
south of Flatrock Lake. The lineation is formed by rodded quartz. The photo 
was taken looking down on a foliation plane. 



Plate 5.7 

Plate 5.8 
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Strongly asymmetric F2 folds in banded and foliated carbonate-quartzite rocks 
of the Sokoman Formation, near the southern end of Flatrock Lake. The 
overturned limb of the fold on the left is partially sheared. The S lU foliation is 
parallel to the bedding. The folds are northwest-vergent. 

Fold interference pattern in mylonitic basement rocks. The mylonitic S, foliation 
is folded by two generations of F2 folds. The younger folds have an axial plane 
which dips shallowly to the right, the axial plane of the older, tight folds is itself 
folded. Outcrop 2 km NNE of Lorraine Lake. 
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Plate 5 .9 Asymmetric F2 fold in gneiss of the Attikamagen Formation on the Trans Labrador 
Highway north of Blueberry Hill. The fold is northwest-vergent. The banded 
gneiss with granitic (S.L.) leucosomes is characteristic of the rocks of the 
Attikamagen Formation in the Wabush Lake thrust sheet. 

Plate 5. 1 0 Foliation boudinage in gneisses in the shear zone between Molson Lake terrane 
and Gagnon terrane. The boudin necks are filled with pegmatitic 
quartzo-feldspathic veins. Outcrop 400m southwest of the top of Blueberry Hill. 



CHAPTER6 

MICROFABRICS 

In the previous chapter the geometry of the Grenville Front fold-and-thrust belt in 

western Labrador was described and one of the conclusions was that it comprises 

structures found in thrust belts at high crustal levels, but that the deformation was of a 

ductile nature, typical of mid-crustal levels. However. since modes of deformation are 

scale dependent (e.g. son:e ductile shear zones deform by brittle processes on a 

micro~oopic scale; Sibson, 1977; HadiMideh and Rutter, 1983), microstructural analysis 

is required for an assessment of the mechanisms that controlled the flow of the rocks in 

the map area. A combination of field and petrographic observations can provide more 

information than either one alone. This is specifically true for the evaluation of 

kinematic indicators and deformation-metamorphism relationships. Furthennore. some 

of the textural features described here are essential for the interpretati~n of the 

metamotphic data in Chapter 7. 

This chapter has a threefold purpose. In the first place, the ductile-plastic nature 

of the deformation is illustrated. Secondly, the non-coaxial nature of tht! deformation is 

demonstrated and the direction of flow is determined from kinematic indicators. 

Finally the variations in the temporal relationship between deformation and 

metamorphism are determined from microstructural relationships between metamorphic 

minerals and the deformed matrix. It should be stated that data and results presented in 

this chapter are based on a preliminary petrographic study and electron microscope 

imaging has not been utilized for an evaluation of microstructures and deformation 

mechanism~. Although on the basis of the data presented here some general 

conclusions can be drawn about the mechanical behaviour of the fold-and-thrust belt, a 

more detailed study is needed for the construction of a quantitative mechanical model 

for the structural development of the belt. 



134 

All microstructural descriptions and photomicrographs in this chapter are from 

thin sections cut parallel to the elongation lineation and perpendicular to the foliation 

plane. The grain sizes reported below for approximately equidimensional grains 

(quartz, feldspars, garnet) represent their diameters, and for elongated minerals (micas, 

kyanite) they are the si:.c.es of the longest axes. Wherever the term recrystallization is 

used without further specification, it indicates dynamic crystallization induced by strain, 

incorporating both recrysta11i«Jtion by progressive rotation of subgrains and grain 

boundary migration, neither of which involve effective transport of material (c.f. Urai 

et al., 1986). 

The photomicrographs that accompany this chapter (Plates 6.1 to 6.27) are 

presented in a sequence that shows the progressive development of the structures with 

increasing metamorphic grade for each of the rock types discussed in the chapter. Some 

plates contain features that are referred to in different sections. These plates are placed 

in a position where their main features form a logical sequence with respect to the 

following and previous plates. As a result the references to the plates in the text are not 

strictly sequential. Furthermore, some of the plates used in Chapter 7 are referred to in 

this chapter as well. All plates are at the end of the chapter. 

6.1 :MICROSTRUCTIJRAL VARIATIONS IN THE MAP AREA 

Ductile deformation is a process in which three mechanisms are active on the 

grain scale (White, 1976; Lister and Snoke, 1984; Urai et al., 1986): deformation by 

crystal plastic processes, recovery and dynamic recrystallization. These three processes 

compete for control of the rheological behaviour of the rocks and any of them is more 

or less effective, depending on the conditions at which the deformation takes place 

(tcmpexature, lithostatic pressure, deviatoric stress, finite strain, strain rate, P n..J and 

the material properties. Microstructures in the rocks can give reliable indications of 

what mechanisms bave been active during the deformation process and therefore give 

insight into the mechanical behaviour of the rocks (White, 1976). 
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During crystll plastic deformation grains develop undulose extinction. kink bands. 

deformation lamellae and tangles of dislocations which may lead to microfracturing. 

This is accomplished by the creation and movement of dislocations (line defects) within 

the crystal structure. Recovery is the process by which dislocations are removed from 

the grains or organized in low energy configurations such as subgrain walls. This 

process can be recognized by the formation of subgrains. tilt walls and twist walls 

across which minor ( < 10°) differences in lattice orientation exist within single grains. 

Polygonization is another p~uct of ret:OVery. It is the formation of a mosaic pattern 

inside a grain consisting of fairly large(> 100J.tm) polygonal areas with slight 

mismatches in lattice orientation ( < 3 °), generally bounded by kink bands and 

deformation lamellae, or with ill-defined boundaries (Marjoribanks, 1976). Dynamic 

recrystal1i«~tion occurs syn-tcctonically as an annealing process and is driven by 

intragranular lattice-defect energy, grain boundary energy and/or external 

load-supporting elastic strain energy (Urai et al., 1986). It can be accomplished by 

progressive rotation of subgrains to increase the lattice mismatch with adjoining 

subgrains, or by grain boundary migration, as a result of which strained grains arc 

replaced by strain-free grains. The former can be recognized where, within a single 

grain from core to rim, subgrains show an increasing deviation from the orientation of 

the host grain (core and mantle structure; White, 1976). The latter can be recognized 

in lobate or serrate grain boundaries, separating deformed from undeformed crystals. 

A multitude of publications exists which describe microstructures, textures and 

deformation mechanisms in rocks that are similar to the ones in the map area. For the 

terminology used here the reader is referred to Bell and Etheridge (1973), Hobbs et al. 

(1976), White (1976) and Bouchez (1977). 

Tbe variations of microfabrics in the map area have been studied in three different 

rock types: the quartz.o-feldspathic rocks of the Archean basement anci their reworked 

equivalents, metapelites of the Attikamagen, W'lSbart and Menihek formations, and 

quartzites of the W'lSbart and Sokoman formations. In each of these rock types the 

strain gradient and metamorphic gtadient through the area are well reflected in the 
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microfabric and together these rock types constitute the bulk of the thrust belt. The 

deformation in these rocks can be regarded as the controlling factor of the mechanical 

behaviour of the belt as a whole. 

For the description of the microstructures the subdivision of the area into four 

metamorphic zones, which was introduced in section 4.4, is used (Figure 4.2). the 

microfabrics are fairly consistent within each of these metamorphic zones and local 

variations are cansM mainly by finite strain heterogeneities. The microstructural 

variations through the metamorphic zones is presented for the three rock types 

separately. 

6.1.1 MICROFABRICS IN THE BASEMENT ROCKS 

For the reworked basement rocks used in the following descriptions, the 

undeformed host rock is in most cases a coarse-grained (several mm) granoblastic 

gneiss or migmatite consisting of Qtz + Kfs + PI + Bt ± Pyx (Plate 6.1). Quartz 

commonly has a xenoblastic crystal shape, filling the spaces between feldspar and 

pyroxene porphyroblasts. Locally the precursor of the reworked basement rocks is a 

megacrystic granite with minor biotite. 

The descriptions given here present microstructural variations which are similar to 

those of a single mylonitic shear zone in a gneissic rock deformed at amphibolite grade 

metamorphism presented by Bell and Etheridge (1973). Simpson (1985) studied 

microstructures in granites ranging from lower greenschist to amphibolite grade and 

found a similar range of microstructures. The strain level of the rocks described below 

ranges from virtually undefonned to ultramylonitic. The protomylonites, mylonites and 

ultramylonites appear in the thrusts within the basement, in the detachment zone 

between lower and upper thrust systems, in the thin sheets of basement rocks 

incorporated in the sediment-dominated thrust sheets, throughout the Elmer Lake thrust 

sheet and in the northern pan of the Corinne Lake thrust sheet. Because of the small 

grain-size and the high concentration of sheet silicates in the ultramylonites, they are 

referred to as pbyllonites. Plates 6.1 to 6.8 show the range of microstructures with 

increasing strain and the effects of increasing temperature are shown in Plates 6.9 and 
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6.10. The different mineral species behave differently under stress at identical 

conditions, e.g. brittle defonnation of feldspar versus ductile defonnation of quartz at 

low temperatures (Plate 6.3), and are described separately in each of the rock types. 

6.1.1.1 Basement rocks deformed at very low metamorphic grade 

Some of the shear zones in the basement rocks show microstructures which are 

typical of deformation at very low temperatures (sub-greenschist to low greenschist 

facies) or high strain rates. Some of these, e.g. in the south Flatrock Lake area, are 

related to late-metamorphic out-of-sequence thrusts, others are found in regular 

sequence thrusts, which also show higher temperature microstructures. The latter are 

assumed to be caused by late movements on pre-existing thrusts. 

In outcrop these rocks are fine-grained mylonites and ultra-mylonit~ with angular 

porphyroclasts (Plate 5.2). Quartz appears as long(> lcm) ribbons, with aspect ratios 

up to 30: 1, which wrap around undefonned or fractured feldspar porphyroclasts. Some 

quartz host grains developed into several ribbons with large lattice mismatches between 

ribbons (up to 90°), separated by kink boundaries ( < 2}1m wide) or narrow deformation 

bands ( < 10 J'm wide). Zo.~ of •cloudy quartz• are mostly parallel to the ribbons, 

but can appear in other orientations as well. They contain extremely small ( < 2J.Lm), 

ill-defined subgrai.'lS with irregular shapes and small mismatches in lattice orientation. 

The ribbons show undulose extinction, deformation lamellae, kink bands, and 

polygons. All these microstructures suggest that deformation occurred by crystal 

plastic strain with minor recovery. In samples where feldspars did not break down to 

sericite ox ;::c)i~te: ~ !OCks have less than 5% matrix, feldspars are intensely fractured 

(Plate 6.2) and most of th ~ ductile strain was partitioned into the quartz. In cases 

where replacement of feldspar did take place, the matrix is very fine-grained and 

consists mainly of quartz, chlorite, white mica and zoisite. Quartz grains in the matrix 

are also strongly elongated (aspect ratios up to 5:1) and show the same type of cloudy 

subgrain textures as the large n"bbons. Biotite is commonly strongly kinked and pulled 

apart, or at higher strains both mechanically and chemically broken down to long trails 

of chlorite. 
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6.1.1.2 Basement rocks in the low grade thrust she£1s 

Basement rocks in lithotectonic domain I that appear undeformed on outcrop scale 

generally show signs of low strain in thin section. The first signs of deformation are 

visible in quartz grains as undulose extinction, subgrains, deformation lamellae and 

kink bands at the grain boundaries and in deformation bands. With increasing strain 

the lattice mismatch of the subgrains increases, resulting ultimately in the formation of 

new grains, and the mantle of subgrains widens, consuming progressively more of the 

core of the host grain (Plate 6.3). The subgrains are approximately 201-'m in size. The 

quartz cores show polygonization, often with the long axes of the polygons parallel to 

the projection of the crystallographic C-axis (Plates 6.3 and 6.7). In many cases the 

mantles of subgrains or newly formed grains are sheared off the host grains an~ fonn 

quartz tails (Plate 6.5 and 6.7). Quartz porphyroclasts can only survive hiP_;. ~a-.. :., k 

orientations which are unfavourable for activation of the dislocation slip systems :~13I'd 

grains"). In the mylonites the crystallographic C-axes in most of the ettuidimr ional 

quartz porphyroclasts are orientated at 3~0 to the foliation plane (Pia~ .;_~ , at a low 

angle to either the X or Z axis of the instantaneous strain ellipsoid, which is assumed tv 

be at 45° to the flow plane. Grains with orientations that are favourable for activation 

of the slip systems deform to ribbon grains. The majority of the quartz porphyroclasts 

rccrystalli.ze to elongate aggregates of small (50-200J.tm) (sub-)grains, locally with 

remnants of the host grain in the core (core and mantle structure; plates 6.3 and 6.5, 

bottom). 

Feldspars deformed by both brittle and plastic processes (c.f. Hanmer, 1982; 

Simpson, 1985). At the lowest strain the large grains are cut by conjugate sets of 

fractures or shear bands, breaking the grains into lozenge shaped porphyroclasts (Plates 

6.2 and 6.3). Feldspar recrysta1lizcd along grain boundaries and deformation bands to 

quartz-white mica mixtures and dilating fractures were filled with quartz, white mica 

and calcite. The degree of sericitization of feldspars is approximately proportional to 

the strain in the rock and white mica and zoisite in the feldspars are commonly aligned 

with the foliation in the matrix. With increasing strain feldspars are progressively 
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broken down, segregation bands form (Hanmer, 1982), pans of porphyroclasts become 

further separated and pressure shadows start to form (Plate 6.5). Porphyroclasts are 

progressively rounded as a result of a combination of rotation and removal of asperities 

by strain induced chemical breakdown (Plate 6.6). In relatively incompetent 

(mica-rich) matrices or where grains do not rotate, feldspars can retain their original 

asymmetric lozenge shape (Plate 6.8). 

Biotite grains that are oriented with their (001) planes parallel with the shortest 

axis of the strain ellipsoid are pulled apart in a direction perpendicular to their cleavage 

planes (Plate 6.2, left side of photo, and Plate 6.4). The dilation sites are filled in with 

newly grown (green) biotite, quartz and rarely white mica. Biotites do not commonly 

form kinks, which is possibly a result of the network of rutile needles in the grains 

(Plate 6.4, see also Plate 7.1). At higher strains the biotites with (001) planes at low 

angles to the foliation are pulled apart as well, but they tend to separate parallel to the 

cleavage planes, forming mica fish and mica trails (Plate 6.7). 

The volume of matrix versus porphyroclasts increases with strain as a result of 

recrystallb;ttion of quartz and breakdown of felchpar to quartz-mica(± zoisite) 

aggregates or small ( < lCX>SLm) porphyroclasts and ~f pyroxenes to fine-grained 

actinolite and/or chlorite. At low strain the matrix originates as a thin network 

surrounding porphyroclasts or filling fractures and deformation bands (Plate 6.2). With 

increasing strain it forms a foliation anastomosing around the porphyroclasts and 

delineating Sand C planes (Plate 6.6; c.f. Berth~ et al., 1979). In the mylonites 

(matrix constitutes over 50% of tht:. rock) the matrix forms a fine-grain~, well foliated 

mass which wraps asymmetrically around the porphyroclasts. Preferentially oriented 

micas and elongated quartz grains (±zoisite, ±actinolite) define the foliation. Quartz 

in the matrix is deformed, which is suggested by undulose extinction, subgrains and 

seaated grain boundaries. Grain sizes are 20-50J'Dl for quartz and around 201'm for 

the micas. Shear bat;ds, which generally originate on porphyroclasts, are common in 
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the mylonites and ulttamylonites, and they locally form Type I S-C mylonites (Lister 

and Snoke, 1984). Rigid crystals such as epidote, apatite, tounnaline, actinolite are 

locally boudinaged and form trails of fragments. 

6.1.1.3 Basement rocks in the low to medium grade thrust sheets 

On mesoscopic scale the same Vch~on in strain from mesoscopically undeformed 

rocks to ultramylonites is observed. However, the variations in mic-ostructures are less 

distinct as a result of stronger syn- and post-kinematic recrystamzation. 

The most obvious difference betWeen these rocks and those in the lower grade 

thrust sheets is the increased grain size in the matrix. Quartz and micas are in the order 

of lOOJ.tm. The matrix is well-foliated, mainly as a result of the preferred orientation of 

the micas, whereas in high strain areas the quartz grains are elongated as well. The 

grain shapes and boundaries of the quartz in the matdx are more sharply defined than in 

the lower grade rocks, but grain boundaries are curved or serrated. The matrix quartz 

grains are internally kinked or show undulose extinction. In many samples a 

differentiation has taken place, separating mica-rich bands from quartz-rich bands (Plate 

6.8~. 

All porphyroclasts show signs of static and/or dynamic recrystallization. Quartz 

porphyroclasts are aggregates of new, strain-free grains (>200J.tm), commonly with 

one or several larger grains in the centre as relics of the host grain. Quartz grain 

boundaries tend to be lobate, suggesting rccrystallization by grain boun.dary migration. 

The aspect ratios of Lie aggregates increase with strain and individual new grains may 

have elongate grain shapes as well. 

Mica and zoisite inclusions in feldspar porphyroclasts are larger and less abundant 

than at lower grades, and tend to be oriented parallel to crystallographic orientations of 

the hosts, rather than parallel to the foliation in the matrix. New growth of feldspar 

occurs as inclusion-flee rims in pressure shadows and in originally dilaled brittle cracks 
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in the porphyroclasts. Feldspar recrystallizes along narrow defonnation bands within 

grains. Lobate grain boundaries, suggesting grain boundary migration between feldspar 

grains, and recrysramw1 trails were observed in a few samples. 

Biotite porphyroclasts are progressively stretched out with increasing strain and 

are completely recrystallized. In the least deformed samples the biotites form decussate 

aggregates of randomly oriented, completely recrystallized grains, replacing larger 

biotites or pyroxenes. In rocks with larger strains biotite forms mica-rich bands with 

individual grains oriented approximately parallel to the foliation. 

6.1.1.4 Basement rocks in the medium grade thrust sheets 

Strong post- or late-kinematic recrysramzation has erased much of the original 

microstructures and the rocks show generally equilibrium textures. The rocks are 

coarse-grained (average grain size > 500~Lm) schists and gneisses with preferentially 

oriented micas defining the foliation. In some samples thin layers of predominantly 

quartzitic, feldspathic or micaceous composition may represent completely 

n:aystall.ized and stretched out porphyroclasts (Plate 6.9). All phases have slightly 

curved or straight grcSin boundaries. In lower strain rocks feldspar porphyroclasts are 

still recognizable and locally the foliation wraps asymmetrically around them (Plate 

6.10). Recrystallized tails on K-feldspar porphyroclasts are common. Plagioclase 

porphyroclasts commonly have wide inclusion-free overgrowth rims in the pressure 

shadows (Plate 6.10). Pre-existing cracks in porphyroclasts are healed by 

recrystallization or new growth. Quartz porphyroclasts were not observed and are 

assumed to have completely .ceaystalHmi to aggregates of smaller grains. 

6.1.1.5 Quartz-porphyroclastic mylonites in reactivated normal faults 

Some of the relatively steep thrusts in the basement in the western part of the area 

(lithotectonic Domain 1), which are assumed to be reactivated extensional faults 

(Chapter 5), are formed by mylonites in which the porphyroclasts are predominantly 

quartz grains and the matrix is mica-rich (Plate 6.11). This phenomenon was observed 

specifically in the Grenville Front thrust north of Bruce Lake, in the back thrust west of 
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the Wide Valley triangle zone and a few other thrusts in Domain I. The host rocks in 

which these fault zones developed are similar to the basement rocks of all other shear 

zones. The fact that only quartz, ~nd locally biotite, survived the mylonitization is in 

contrast to the fact that in most other shear zones strain was accommodatetl mainly by 

plastic deformation of quartz and feldspar porphyroclasts survived longest (Plate 6.3). 

The reason for this phenomenon is assumed to be a weakening of the feldspars by 

hydrous alteration (c.f. Janecke and Evans, 1988). During pre-Grenvillian extensional 

faulting and subsequent sedimentation, the fault zones were presumably saturated with 

fluids, which later caused intense sericitization of the feldspars, but had no major 

weakening effect on the quartz grains. This is observed in the less deformed wall 

rocks, in which the feldspars are replaced to a large extent by a very fine-grained white 

mica and quartz aggyqare, preferentially along fractures and grain boundaries (Plate 

6.12). The large original quartz grains commonly have preserved their irreguiar 

xenoblastic grain shapes and are not strongly deformed. Most of the strain was 

partitioned into the fine-grained quartz-mica mixture. In virtually undefonned wall 

rocks near the shear zones, the feldspars are also replaced by sericite, suggesting that 

the sericitization of the feldspars happened statically before Grenvillian deformation and 

was not induced by the strain. When the extensional faults in the basement were 

reactivated durin~ the t)renvlliian thrust event, the tine-grained quartz-sericite-feldspar 

mixture forme(l a weak matrix which accommodated most of the strain and the 

competent quartz grains were less deformed. Together with the oblique orientation of 

:~ : ... faults with 1espect to the direction of thrusting (Chapter 5), the hydrous alteration 

enabled the reactivation of these pre-existing fault zones during compression, which 

was favoured over development of new low-angle reverse faults in undeformcd 

basement rocks. 

- .1.2 MICROFABRICS IN Tim QUAR1ZI'fiC ROCK TYPES 

Rocks of both the Sokoman and the W"lSbart formations contain virtually pure 

quartzites and provide the opportunity to study the microstructw:al behaviour of quartz 

in the map area. 
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The quartzites in the Solcoman Formation were derived from cherts (Wardle and 

Bailey, 1981). The purest quartzites are found in the oxide member of the formation. 

but in most of the samples small amounts of magnetite, hematite. carbonate. amphibole 

or mica are still present. R•dcs that contained up to 30% of other minerals were used 

for this study. Carbonate grains or layers were more competent than the quartz matrix. 

Single grains form porphyroclasts, locally with a or 6 shaped tails (Passchier and 

Simpson, 1986) and the foliation wrapping around them, and carbonate layers are 

commonly boudinaged on microscopic scale. Oxide grains are generally too small to 

analyze theit' rheological behaviour with respect to quartz. Micas are aligned in the 

foliation planes in the rocks. Because of the fine-grained nature of the precursor. no 

quartz porphyroclasts were formed and the rocks deformed homogeneously. 

The quartzites of the WlShan Formation were derived from generally pure 

ortho-<~uartzites (Wardle and Bailey, 1981). These rocks occur only in the amphibolite 

facies thrust sheets and their original sedimentary character has completely been erased. 

They are now predominantly well foliated, pure, coarse-grained quartzites, locally 

containing muscovite and, less frequently, garnet, staurolite or kyanite. 

Four examples of quartzites are shown in Plates 6.13 to 6.16 with increasing 

metamorphic grade. The majority of the studied quartzite samples consisted of Type II 

S-C mylonites (Lister and Snoke, 1984) with a mylonitic foliation plane defined by 

platy minerals or trails of fractured grains, which represents the flow plane (or C-pl:me) 

on the scale of observation. The S-planes are oblique to the flow plane and are defined 

by elongated quartz grains, preferred orientations of grain boundaries or alignment of 

grains with similar crystallographic orientation. The S-planes originated along r!te X-Y 

plane of the instantaneous strain ellipsoid, but rolated towards ~ fl~'!." Y:ane with 

progressive non-coaxial shear. Continuous recrystallization may reset the • strain 

clock• which resul:s in a cyclic creation, rotation and destruction of the S-planes, which 

therefore can show a range of angles with respect to the C-Plane between 0° and 45° 

(usually between 10° and 40°; Lister and Snoke, 1984). This type of structure. in 

which the angle between S and C planes is indepeudent of the finite strain, bas been 
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referred to as steady-state foliation (Means, 1981). Alignment of platy minerals with 

the flow plane suggests that the X-axis of the finite strain ellipsoid has rotated into an 

orientation virtually parallel to the flow plane. 

In the majority of the samples the flow plane is approximatcly parallel to the 

bedding on the scale of the thin section. Only in folds in which quartz is elongated 

along the axial plane, are bedding and mylonitic foliation obvicusly at an angle to each 

other. In few other samples a small angle ( < 10°) exists between the two. The 

mesoscopically visible S1 foliation plane corresponds in all cases to the C-plane in the 

thin section. 

In virtually all analyzed rocks the quartz displays a crystallographic preferred 

orientation, as determined in most thin sections by inserting the gypsum plate in the 

microscope. The interference colors of the quartz grains changed from dominantly blue 

to dominantly orange during rotation of the thin section. C-dXis fabrics were 

~tennined of foun.een samples from different parts of the area, and are discussed 

together in section 6.1.2.4. 

6.1.2..1 Quartzites iD the 1\lw p-ade tbnJst sheets 

In virtually all samples the quartz grains define both a crystallographic and grain 

shape fabric. The lowest strain rocks have a JXl~ygonal (foam) texture with slightly 

elongated gtains :tt some domains. The equilibrium grain size is ±5~100~tm. In rocks 

with higher strain the quartz grains become more elongated and they show undulose 

extinction, kink bands and small subgrains {10 to 20,.un). The quartz foliation {$-plane) 

is oblique to the flow plane {C-plane), the latter being defined by trails of magnetite or 

hematite, or locally grunerite or chlorite {Plate 6.13). With increasing strain the 

following changes are observed {Plate 6.14): the aspect ratio of the grains increases; the 

grain boundaries become serrated and less sharply defined; tbe long axes of the grains 

progressively rotate toWards the flow plane; tbe crystallographic C-axes progressively 

align (more homogeneous orange or blue colour with gypsum plate inserted). The 

angle between S and C-planes varies from 30° to 40° in the lowest strain rocks, to 
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between 10° and 20° in the rocks with the highest strain. In the most extreme cases in 

the ductile thrusts, the grains have aspect ratios of up to 1:20 and they consist of clouds 

of ill-defined subgrains with similar crystallographic orientations (Plate 6.14). 

6.1.2.2 Quartzites in the low to medium grade thrust sheets 

At higher temperatUreS of defonnation dynamic recrystallization is a more 

important mechanism. In most of the samples the grain boundaries are serrated or 

lobate, sugge.1ing grain boundary migration (Plate 6.15). Grain sizes range from 150 

to 400J.L111., which is a significant increase from the lower grade rocks and suggests grain 

growth. All rocks have a grain-shape and a crystallographic fabric, which varies from 

weak to moderately strong. Flow planes are indicated by grunerite needles, trails of 

magnetite or carbonate, or by trails of fine--grained quartz, commonly strongly 

elongated along the flow plane. The S-planes arc not well developed because of 

irregular grain shapes and larger variation in orientations of the long axes of the grains. 

No relation was found between the qualitatively estimated strain intensity and the angle 

~ the S and C-planes, which varied in most samples between 25° and 50°. 

Angles between S and C-planes larger than the theoretical maximum of 45° reflect an 

alignment of grain boundaries panlld to subgrain structures during recrystallization, 

rather than extension at a high angle to the flow plane (Lister and Snoke, 1984). 

Intra-aystalline deformation was restricted to undulose extinction and kink bands and 

few subgrains were observed. All these observations are consistent with significant 

dynamic recrystallization in a steady-state foliation. 

6.1.2.3 Quartzites iD the medium p-ade tbnS sheets 

The following microstructures were observed in both the quartzite member and 

the quartz-rich part of the pelitic member of the WIShart Formation and in the quartzitic 

oxide member of the Sokoman Formation in the Goethite Bay area and the soutbeastcm 

part of the Ri'VK:re aux Fraiscs area. Plate 6.16 is an example of a quartzite of the 

WJSbart FOI'ID3bon in the Goethite Bay area. 
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The grain size in these rocks is variable within samples and ranges from 200p.m to 

several mm, with the majority being between 0.5 and lmm. The S-C mylonite 

microstructures are not always readily recognizable. All studied samples have a strong 

crystallographic preferred orientation of the quartz grains. The shapes of most grains 

are exnemely irregular, especially the larger ones. The grain boundaries are formed by 

straight or slightly curved segments at angles to each other, which together define a 

strongly cwvilinear ttace. In many cases parts of the grain boundaries and small 

elongated grains are still aligned along the 5-plane at a 20-45 o angle to the flow plane. 

or parallel to it. In the .larger grains, larger angles between grain boundaries and 

C-pl~ have been observed (Plate 6.16). These observations suggest a partial static 

recrystallization after the fonnation of the S-C mylonite. Much of the original S-C 

fabric was presumably destroyed by exagge:ra!l:d grain growth of some of the grains at 

the cost of others, but some of the original grain boundaries were preserved (c. f. Lister 

and Sno~ 1984). The flow plane is in some cases indicated by recrystallized •fish• 

and trails of muscovite, carbonate or apatite. In other cases strings of fine-grained 

quartz, commonly decorated with small opaque particles, outline the flow plane. The 

large irregular grains tend to extend across the flow planes, suggesting that the growth 

occurred post-kinematically. 

A few of the quartzites occurring near the out-of-sequence thrusts in the area are 

s-c mylonites similar to the ones described in the previous section of the low- to 

medium-gtade thrust sheets. This indicates that no static recrystallization followed the 

out-of-sequence thrusting and that probably the thrust movement took place at lower 

temperatures than the regular 5equell('.e thrusting. 

6.1.2.4 Quartz C-axis fabrics 

Figure 6.1a shows six examples of C-axis fabrics from quartzites which were 

deformed at different metamorphic grades. All diagrams are plotted in the same 

orientation with respect to the microstructures and approximatr:ly with respect to 

geographic coordinates (looking NE). The trace of tbe foliation is horizontal and the 

extension lineation is borimotal E-W {Fig. 6.1b). The bulk flow plaDC, paraDd with 
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Fig. 6.1 Examples of quartz C-axis fabrics from S-C mylonites in quartzites of the map 
area. a) Typical crystallographic fabrics for different metamorphic zones. The definition of 
the fabric skeleton and the concentration in maxima increases with metamorphic grade. All 
fabrics have the same asymmetry with respect to the mylonitic foliation. The fabrics are 
plotted in lower hemisphere equal area projection. N = number of measurements. The data
points are contoured using a Gauss-like counting function. Contour levels are expressed as 
multiples of uniform distribution. b) shows the orientations of the different fabric elements in 
the plots. X, Y and Z are the principal axes of the finite strain ellipsoid, with the X-Y plane 
assumed parallel with the mylonitic foliation plane and the stretching lineation parallel with 
the X axis. The orientation of the plots with respect to the microstructures is schematically 
shown in c). 
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the shear zone boundaries, is indicated perpendicular to the main girdle, as suggested 

by T ;~ter and Williams (1979). W..any studies of quartz petrofabrics have shown that 

the interpretation of crystallographic preferred orientations is not simple and the 

patterns are not always consistent in predicting the direction of non-coaxial flow (Lister 

and Williams, 1979; Simpson and Schmid, 1983; Bouchez ct al., 1983). The diagrams 

have to be studied in relation to the microstructures. The quartzites from which these 

diagrams were taken are all Type n s-c mylonites, which in themselves provide 

reliable kinematic indicators (Lister and Snoke, 1984). 

The most obvious trends from the lowest to the highest thrust sheets are the better 

definition of the girdles, the change of crossed girdles to single girdles and the increase 

of maximum concentrations. All diagrams show the same asymmetry and have maxima 

on the same central girdle which is inclined with respect to the Y -Z pane of the finite 

strain ellipsoid (Fig. 6.lb). This configuration suggests northwest directed non-coaxial 

flow, which is consistent with the obscr-Jed microstructures of the s-c mylonites (Fig. 

6.1c). The crossed and single girdle patterns are indicative of near plane strain 

deformation (Law, 1990). The fabric diagrams from the low grade thrust sheets 

approach Type n crossed girdles (Lister and Williams, 1979) and have maxima at high 

angles to the foliation plane, which is consistent with slip on the basal plane (Lister, 

1981). In the low- to medium-grade thrust sheets the fabrics change to Type I aossed 

girdles (Lister and Williams, 1979), consisting of one dominant girdle and two less 

developed •legs•, which sometimes are absent, as in sample 87-285 (F"'lg. 6.1a). The 

maxima are oriented at small angles to the Y -axis of the finite strain ellipsoid, which is 

consistent with slip on the prism plane at higher temperatures (Lister, 1981; Law et al., 

1990). In the medium-grade thrust sheets dynamic recrystallization is an impor1ant 

mechanism in the development of the fabric. The axes define an incomplete single 

girdle with maxima at approximately 40° from the Y-axis. This is a pattern similar to 

that from a shear zone in a quartzite in the Torridon area in NW Scotland, which was 

interpreted to have deformed by glide on the rhomb <a> slip system (Law et al, 
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1990). The stronger development of one of the two maxima may be an effect of 

post-kinematic, static recrystallization (Hobbs et al., 1976, p.l3S). or of the existence 

of an older. pre-shearing crystallogtaphic fabric. 

The main observations to be made from F:gure 6.1 are that: 1) the rocks 

deformed by non-coaxial, northwest-directed flow; 2) towards the higher thrust sheets 

progressively higher tempexature slip systems and deformation mechanisms were 

active, resulting in different orientations of the maxima in the fabric diagtams; 3) 

increasingly higher strains are inferred to be responsible for the progressively better 

definition of the patterns and higher maximum concentrations towards the higher thrust 

sheets. Similar changes in slip systems with increasing temperature have been 

described by Lister (1981) and law et al. (1990). The increase of the finite strain from 

the lower to the higher thrust sheets is consistent the observed strain gradient on 

mesoscopic scale (Chapter 5). rn the map area it is not clear to what extent variations 

in factors other than tempexature and finite strain have played a role in the variation of 

observed crystallographic fabrics. 

6.1.3 MICROFABRICS IN THE METAPELITIC AND SEMI-PELITIC ROCKS 

The metapelitic rocks of the Attilcamagcn and Mcnihek formations differ from the 

remainder of the rock types in the primary abundance of phyllosillicat.es, which can 

define a primary fabric that forms a pervasive sub-horizontal anisotropy on a 

grain-scale before the start of the defonnation. Mylonites in the basement rocks 

commonly develop a foliation which is similar to that ·lf the metapelites, but this does 

not happen until a certain level of accumulated strain. In areas where true metapelites 

are absent, the mica-rich mylonitic basement rocks can be used to demonstrate 

microstructures of mica-rich rocks (e.g. in the Elmer I...akc thrust sheet). 

6.1.3.1 MetapeJites iD the low &rade thrust sheets 

At greenschist metamorphic grade these rocks are graphitic phyllites or schists, 

c:onlaining very fine-grained micas, gnpbite, quartz and minor K-feldspar and 

pJagioclac;e. The graphite is either evenly distnouted throughout the rock as fine dusty 
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particles or it is concentrated along cleavage planes in mica stacks and along shear 

bands. The roclcs have a lithological layering defined by different quartz/mica ratios. 

On average, quartz and feldspar grains are smaller than 50~m and micas are up to 

IOO~m long. The grain sizes decrease with progressive strain. Many of the samples 

contain structural elements of three generations: an early foliation, a shear band · 

cleavage and a younger crenulation cleavage, of which the first two are S1 structures 

and the crenulation cleavage is an s,. The early foliation consists of oriented micas 

(Plate 6.17) and is commonly parallel to bedding. In a few samples it forms an axial 

planar fabric of isoclinal folds. At low strains quartz shows an equilibrium texture with 

sharply defined, stiaight grain boundaries and has undulose extinction. Single grains 

are slightly elongated, commonly as a result of the definition of their boundaries by 

parallel micas. At higher strains the quartz grains are more elongated and show kink 

bands and subgrains. In the rocks with the highest strain quartz and feldspar generally 

form elongate lenses with micas wrapping a.oround in an anastomozing pattern, forming 

a micro-scale shear band cleavage (Plate 6.17). In these rocks, mica-rich bands in a 

quartz-rich matrix are locally boudinaged, fonn mica fish, or show pinch-and-swell 

structures. The necks of the mica fish are formed by microscopic shear zones. 

Mesoscopically visible shear bands in the metapelites occur only in high strain 

zones. These shear bands originate from the microscopic ones at the boudin necks. 

They consist of extremely fine-grained material ( < l,mt), of which only the aligned 

micas can be recognized. The early foliation curves into the shear bands and the two 

are assumed to be genetically related (c. f. Platt and VISSerS, 1980; Platt, 1984). 

F2 folding resulted in a crcnulation cleavage in the mica-rich bands (Plate 6.18). 

In folds with relatively large interlimb angles (up to 120°) the micas are kinked or bent. 

In tighter folds the kink band boundaries migrated or the micas recrystallized to form 

polygonal arcs, in which the individual micas outline an almost continuous range of 

orientations, forming a complete arc (Plate 6.18). Micas in the fold limbs aligned to 
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form a crenulation cleavage, or locally a differentiated layering, which became the 

dominant structure and in a few outcrops it is the only foliation that can be recognized 

on mesoscopic scale. 

6.1.3.2 Metapelites in the low to medium grade thrust sheets 

Recrystallization of quartz and mica was more intense in these rocks. The average 

grain size increases for quartz to 100-200JLm and for micas up to 400p.m. In layers or 

lenses where no grnphite is present, the average grain size is significantly larger 

(quartz: O.Smm, mica: lmm), suggesting that the graphite in the rocks inhibited grain 

growth by pinning of migrating grain boundaries (Urai et al., 1986). Quartz grains 

have an equilibrium teXture with minor kinking or undulose extinction. In high-strain 

rocks plagioclase has fine-grained subgrain textures (Plate 6.21). The S1 foliation 

consists of preferentially oriented micas. Lens-shaped mica-fish are absent and where 

mica layers terminate abruptly, the ends appear frayed instead of pinched off. This is a 

result of growth of some of the micas across the rim of the mica band after 

defonnation. Shear bands are only recognizable in thin section by the alignment of 

micas along them at a low angle to the foliation. 

Compared with the crcnulations in the lower grade thrust sheets, the polygonal 

arcs contain a smaller number of larger crystals that outline the fold hinge, which are 

not or only slightly bent and which have larger mismatches in orientations (Plate 6.19). 

Where a crenulation cleavage is fanned in relatively quartz-rich rocks, the fold hinges 

are represented by isolated cross-micas and the crenulations themselves are often not 

recognizable anymore. This commonly resulted in the formation of a differentiated 

layering. 

6.1.3.3 Metapelites m the m::dium poade thnlst sheets 

The only metapelites observed in this part of the area are from the lower pelitic 

member of the Wishart Formation. These rocks differ from the ones described above 

in their high quartz content Even in the layers with the highest content of mica, the 

quartz forms the load-bearing ftamework. These rocks deformed by homogeneous 



shear rather than by folding. The foliation is generally defined by isolated, aligned 

micas. Quartz grains in the pelitic layers have a fairly homogeneous size with an 

average of 300JLm. They have equilibrium grain shapes and boundaries and reveal 

virtually no internal deformation. 

6.1.3.4 Metapelites in the medium to high grade thrust sheets 
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At the highest metamorphic grades, the metapelites appear as schists and gneisses. 

Grain sizes are in the order of millimeters and some of the porphyroblasts are up to 

several centimeters in diameter. Preferentially oriented micas, kyani!e and locally 

elongated quartz and feldspar grains define a foliation (Plates 6.20, 6.25 and 6.26). In 

many cases the rocks have a gneissic or differentiated layering. Cross-micas commonly 

occur in the differentiated layering and in a few samples graphite flakes outline isoclinal 

folds with an axial plane parallel to the foliation. This suggests that the main foliation 

(S1) in the rocks is a second generation structure, possibly a recrystamzerl crenulation 

cleavage, and that a pre-existing foliation, which cannot be recognized mesoscopically, 

was completely transposed towards the sl. The boundaries between quartz grains tend 

to be straight, but quartz-plagioclase boundaries are strongly curved, suggesting 

migration of these boundaries. However, this is interpreted as a recrystallization driven 

by a metamorphic reaction rather than by defonnation. The foliation in the rock is 

draped around the porphyroblasts, locally in an asymmetric pattern. 

6.1.4 MICROSTRUC11JRES AND DEFORMATION MECHANISMS 

The microstructures described in the previous sections indicate that the rocks in 

the map area deformed predominantly by ductile--plastic processes. In the lowest grade 

thrust sheets the quartz grains generally formed the load-bearing framework, 

specifically in the quartz-rich rocks, and deformed by crystal plastic processes. 

Feldspars deformed by brittle processes at the lowest temperatures, but subgrain 

formation and recrystallization occum:d in the low to medium grade, and higher grade, 

feldspars into subgrains, the progressive rotation of subgrains in core-mantle structun:s 

and the presence of lobate grain boundaries indicate that m::overy and recrystallization 
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were dominant. Crystal plastic defonnation of feldspar took place as well as recovery 

and recrystallization and new crystallization in pressure shadows. 

The grain growth of different mineral species in the matrix could only take place 

if their constituent components could diffuse through the rock and concentrate in 

growing grains. It is therefore likely that diffusion also played an important role in the 

defonnation of the matrix (White, 1976). 

The variation in deformation mechanisms in the map area is a result of a variation 

in temperature, finite strain, strain rate, deviatoric stress, lithostatic pressure, fluid 

pressure and composition and material properties. The variations in finite strain 

(Chapter S) and the lithostatic pressure and temperature (Chapter 7) are fairly well 

established, but the remainder of the controlling factors are poorly constrained. The 

changes in microstructures seem to occur at the same places as the changes in 

metamorphic grade (floor thrusts of the Emer Lake, Goethite Bay and Corinne Lake 

thrust sheets). It seems likely that the metamorphic pressure and temperature were 

important factors in the regional variation of defonnation mechanisms. The other 

factors are expected to have caused changes on a smaller scale, for example, within 

thrust sheets or single shear zones. 

6.2 INDICATIONS FOR NON-COAXIAL FLOW 

The ductile nature of the deformation has been established in the previous 

sections, but no specific attention was paid to the type of flow. All naturally occurring 

defonnation falls between the end members of pure shear and simple shear and is 

heterogeneous on most scales (Ramsay and Huber, 1983; Platt and Behrmann, 1986; 

Law et al., 1986). Lister and W'ill.iams (1983) indicated that a more useful distinction 

is that between coaxial and non,~ flow, which refers to the strain path rather than 

to the finite state of strain. Any component of progressive simple shear will result in 

non-coaxial flow and the latter term covers the whole range of strain paths between 

progressive pure shear and progressive simple shear (not including the pure shear end 

member). 
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The microstructures described above contain many indications of a component of 

pure shear. A bedding parallel extension is indicated by the development of foliation 

parallel to bedding~ by alignment of micas, elongation of quartz grains, pressure 

shadows around porphyroclasts, pulled apan biotites, feldspar and other porphyroclasts 

and boudinage of mica a.'ld carbonate layers in a quartz-rich matrix. However, a strong 

component of non-coaxial flow in the deformation is suggested by the following 

kinematic indicators observed in the rocks of the map area (letters in square brackets 

refer to sketches of the structures in Figure 6.2): 

[a] asym."'letric pressure shadows and foliation wrapping asymmetrically around 

porphyroblasts (Simpson and Schmid, 1983; c.f. asymmetric matrix stream lines around 

type e porphyroclasts, Hooper and Hatcher, 1988); [b] crystallographic orientations of 

different types of quartz porphyroclasts ~uchez~ 19TI; Marjoribanks, 1978); [c and 

d] snowball garnets or othe rotated porphyzoh1::;ts (see next section, Rosenfeld, 1970); 

[e and f] a and oshaped recrystal1iud tails on porphyroclasts (Passchier and Simpson, 

1986); [g and h) synthetic and antithetic shear between fragments of fractured 

porphyroclasts (Simpson and Schmid, 1983); [i] asymmetric shape ofporphyroclasts; 

[j] mica-fish and trails and steps in the foliation trails on porphyroclasts (Lister and 

Snoke, 1984); [k] rotation of parts of pulled apart biotites; [1 and n] S-C mylonites 

(Berthe et al, 1979; Lister and Snoke, 1984); [m] asymmetric crystallographic fabrics 

of quartz (Lister and Williams, 1979; Bouchez et al, 1983); [o] shear bands (Platt and 

Vissers, 1980); [p] asymmetric shear folds. Microstructures in the S-C mylonites 

indicate that the flow plane was parallel to the bedding planes. The strong elongation 

parallel to bedding indicates that the finite strain ellipsoid and the bedding plane, which 

probably originated at an angle to each other, rotated towards each other with 

increasing strain. 

Several studies indicated that care must be taken with the interpretation of 

different kinematic indicators, which can show shear senses that are ~pposite to the 

actual orientation of the tlow (e.g. antithetic shear bands, Behrmann, 1987; quartz 

C-axis fabrics, Lister and Williams, 1979; Passchier, 1983; rotated tailed 
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Fig. 6.2 Schematic summary of kinematic indicators observed in thin sections of rocks 
from the map area. All indicate a sinistral, northwest-directed sense of shear. The bulk foli· 
ation plane is horizontal. a) asymmetric pressure shadow and foliation wrapping asymmetri
cally around porphyroclast; b) oblique orientation of the slip systems in globular quartz 
porphyroclast. The arrow indicates the projection of the C-axis. dashed lines are kink band 
boundaries: c) spiral inclusion trails in rotated garnet: d) rotated porphyroclast with straight 
S;: e) a tailed prorphyroclast; f) 6 tailed porphyroclast; g) synthetic slip between fragments of 
fractured porphyroclasts: h) antithetic slip between fragments of fractured porphyroclast 
(card deck model); i) asymmetric shape of porphyroclast; j) mica fish and trails; k} pulled 
apart biotite porphyroclast: I) Type II s-c mylonite; m) asymmetric Quartz C-axis fabric; n) 
Type I S-C mylonite: o) shear bands; p) asymmetric shear fold. The scale is variable, approx
imately between 0.5 and 5 mm. 
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porphyroclasts. Passchier and Simpson, 1986; Hanmer, 1990). It is therefore useful to 

collect data from as many sources as poss1ble to avoid misinterpretation. In the map 

area virtually all kinematic indicators consistently reflect northwest-directed movement. 

The few cases which are not consistent with this direction of flow can be explained as 

local heterogeneities in the flow pattern. 

With respect!" the flow pattern the map area can be subdivided in three pans: 1) 

The basement dominated thrust sheets of the lower thrust system (lithotectonic domain 

I); 2) the shelf sediment dominated thrust sheets, including the Elmer Lake thrust 

sheet. in the central pan of the map area (domains n to IV); 3) the Wabush Lake and 

Long Lake thrust sheets (domain V). 

1) In the lower tluust system the deformation is partitioned mainly into the shear 

zones, in which asymmetric tailed porphyroclasts, asymmetric pressure shadows, 

microshears in feldspars. crystillographic orientations in quartz porphyroclasts, s-c 
p1alk:s and shear bands indicale non-coaxial flow tcwards the northwest. The 

intervening basement rocks are only weakly deformed and no distinction could be made 

between coaxial and non-<:OaXial deiormation. 

2) In lithotectonic domains n, m and IV of the upper thrust system, non-coaxial 

flow was ddermined in vinually every sample and outcrop in which indicators for the 

type of flow were presen~ both in the thrusts relab:d to fold nappe formation or thrust 

sheet emplacement and in the less deformed rocks in between. The reworked basement 

rocks contained the same kinematic indicators as the 'Casement rock:; in the shear zones 

in lithotectonic domain I. S.C mylonites, asymmetric quartz C-axis fabrics and steps in 

the foliation planes were used in the quartzites. and shear bands, mica fish. asymmetric 

folds or aenulations and rotated garnets and kyanites indicated the type and direction of 

flow in the metapelitic rocks. 

3) In the eastern part of Gagnon terrane (lithotectonic domain V) very few 

indicators of non-coaxial flow were found. Only a few of the garnets in the area 

showed minor rotation (see next section) and in a minority of the samples the foliation 

curved asymmetrically around the porphyroblasts, stepping up in the assumed direction 
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of transport. The intense rcaystallization in these medium to high grade metunorphic 

rocks may have erased some of the information about the type of flow. but the scarcity 

of remaining indicators and the dominantly straight inclusion trails in the garnets 

suggests that the simple shear component of the def~on was minor. 

In summary, the area consists of a wide upper belt east and south of Wabush Lake 

in which 0 1 deformation is pervasive and appears dominantly coaxial with a minor 

non-coaxial component; a centtal sediment-dominated belt consisting of thin thrust 

sheets which show pervasive non~ deformation; and a lower belt in the basement 

rocks in which non-coaxial defonnation is partitioned into nan ow shear zones. 

This type of ~on partitioning, or vorticity gradient. is somewhat similar to 

that observed by Platt and Behrmann (1986) in a major shear zone in the Betic 

Cordillera and by Law et al. (1986) in the Moine thrust belt in the Nonhem Highlands 

of Scotland. Both studies found that in the vicinity of a shear zone the deformation bad 

a dominant non-coaxial component. but in the less deformed areas in between the shear 

zones, deformation bad a dominantly coaxial c:haracter. 

The difference in behaviour between the two sediment-dominated parts of the area 

can be aplained by the difference in thickness of the sedimentary sequence. During 

emplacement of Molson Lake terrane on the thick sequence of continental slope 

sediments of domain V, the shear deformation was presumably partitioned into the 

highest sediments, closest to the thrust plane, which evolved into the wide shear zone 

separating the two terranes. The deformation in the remainder of the underlying 

sediments was caused mainly by the tectonic loading and had only a minor non-coaxial 

component. When the thrust wedge was emplaced on the continental shelf, the 

incompetent rocks of the Menihek probably took up most of the strain (see C!saptcrs 5 

and 8), but the total thickness of the sedimentary cover was so small that 411 

metasediments were effectively in the vicinity of the shear zone and were all affected by 

both the load and the shear strain.. The complete cover sequence of the shelf rocks 

acted as a shear zone over which the overriding thrust wedge moved. 
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When the basement was involved in the thrusting at a later stage. the different 

rheology and the existence of weakened zones {the pre-existing extensional fault zones) 

caused the partitioning of the shear strain into narrow zones. The deformation in the 

intervening basement rocks was dominated by ~c loading and adjustment of the 

shape as a result of movement on the thrusts. 

6.3 RELATIONSHIPS BETWEEN PORPBYROBLASfS AND MATRIX 

FOUATION 

A microstructural study of the relationship between the development of foliations 

and the growth of metamorphic minerals is invaluable for the evaluation of the timing 

as well as the causal relationship between deformation and metamorphism. Zwart 

{1962) introduced the use of inclusion tiails in porphyroblasts in the inteipretation of 

tectonic d--velopments in orogens and this technique has been applied in many studies 

(e.g. Rosenfeld, 1970; Powell and McQueen, 1976; Jamieson and Vernon, 1987; 

R.einbardt and Rubenach, 1989). 

Garnet, kyanitc and staurolite porphyroblasts from mecapelites in the map area 

were studied for this purpose. These minerals are generally poikiloblastic, are rigid 

during deformation and tend to preserve the internal structure during retrograde 

metamorphism and thus they are good indicators of tbe strain path during growth. The 

angle between the inclusion trail (S~ and the foliation in the matrix (SJ, the curvature 

of Si, the transition of the foliation from porphyroblast to matrix (straight, curved or 

discontinuous) and the curvature (or lack of it) of S
0 

around the porphyroblast provide 

infonnation about the development of the foliation before, during or after the growth of 

the porphyroblast. The chemical zoning in garnets in the map area has been used to 

estimate P-T paths and the results suggest that the garnets grew during prograde 

metamorphism with increasing pressure and temperature (Chapter 7). After evaluating 

the geometrical relation between deformation and garnet :;v~ the timing of the 

deformation relative to the changes in P and T can be determined. 
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This study was carried out on thin sections which were preferentially cut 

perpendicular to the foliation and parallel to the stretching lineation where one existed. 

such that in case of rotation of porphyroblasts the rotation axis is perpendicular to the 

plane of the section. The foliation to which the miaostructures of the porphyroblasts 

are compared~ is the regional 51 foliation which developed during emplacement of the 

thrust sheets. The microstructures are descn"bcd separately for thrust sheets of different 

metamorphic grades. The relationships are sJcetcbed in Figure 6.3 and examples are 

shown in Plates 6.21 to 6.1:1, ordered from the lowest to the highest grade thrust 

sheets. 

6.3.1 LOW GRADE THRUST SBEElS 

The lack of poikiloblastic porphyroblasts in the lower greenschist facies thrust 

sheets prevents a precise analysis of the relationship ~tween deformation and 

metamorphism. The metamorphic minerals in this area. predominantly micas~ define 

the 51 foliation and the deformation and metamorphism were broadly synchronous (Fig. 

6.3a). During deformation the temperature was high enough to activate ductile 

deformation mechanisms and recrystaJlization of micas in F2 aenulations to polygonal 

ai'CSy even in the late stages of deformation (Fig. 6.3b). 

Microfabrics in out-of·sequence thrusts in the area include kinks in micas, 

fine.grained subgrains in quartz and other fe&~ typical of deformation at low 

me!amorphic grade (see section 6.1.1.1). This suggests that deformation in the 

out-of·sequence thrusts took place during letrograde metamorphism. 

6.3.2 LOW TO MEDIUM GRADE THRUST SHEETS 

The majority of the garnets in the Emma Lake and Carol Lake thrust sheets have 

curved or double spiral·shaped inclusion trails, indicating syn-kinematic garnet growth 

(i.e. snowball-garnets, Spry, 1969) in a non~ kinematic regime (Plates 6.21 and 

6.22). The cores of these garnets have overgrown a foliation, suggesting that garnet 

growth started after the onset of deformation and metamorphism was late-syntectonic 

{Fig. 6.3c and d). Sc curves slightly around these garnets, suggesting that flattening 
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took place during or after garnet growth. Si and Sc are connected through the rims of 

the garnets. but in the garnet shown in Plate 6.21 the foliation is strongly curved just 

outside the grain in the left lower comer. suggesting minor deformation after growth of 

the porphyroblast. This late deformation took place after the development of the 

regional sl foliation. In some of the shear zones continuity between si and sc was lost. 

flattening around the garnets was stronger and fractured garnets indicate strong 

deformation after garnet growth (Plate 6.23 and Fig. 6.3e). These shear zones were 

active after the peak of metamorphism (OJ. 

In several samples chlorite and muscovite overgrow the foliation randomly or in 

orientations preferentially peipendicular to the pre-existing micas {Fig. 6.3f). Trails of 

opaque dust parcillel to Sc continue straight through the superposed micas. This is 

evidence of a ~ retrograde and post·kinematic growth. 

6..3.3 MEDIUM GRADE THRUST SBE£I'S 

Observations are from the pelitic member in the W"lSbart Formation in the 

Goethite Bay and Rivi= aux Fraises areas. Kyanite and staurolite are generally 

oriented parallel with the foliation and have inclusion trails formed by coarse-grained 

quartz and opaque phases which in most cases are parallel with s. (Plate 6.24 and Fig. 

6.3g). Inclusions in garnets do not always form intcmal foliations (cf. Plate 6.24 with 

Plates 6.16 and 7.2). A few nearly cquidimensional kyanites with a curved s, were 

observed, indicating growth during rotation (late-synkinematic, Fig. 6.3h). At the 

margins of the grains s, is parallel with the overall orientation of the foliation, but the 

micas in the matrix in the pressure shadows next to the kyanite porphyroblasts are 

oriented at a high angle to the s,. Thus the s, in the rim is parallel with s., but 

discontinuous with the immediately adjacent micas. The foliation wraps asymmetrically 

around these grains. In all rocks where a mica foliation is present, this foliation wraps 

around the garnets, in some samples indicating considerable flattening after growth 

(Fig. 6.3i). Plate 6.16 shows a staurolite with a lozenge shape and asymmetric tails, 

which is interpreted to have been deformed during non-coaxial flow (cf. mica fuh and 

trails, Lister and Snoke, 1984; Fig. 6.3j). Rotation of garnets and kyanites also 
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indicates a shear component in the defonnation. These relationships indicate 

deformation before, during and after growth of the porphyroblasts. si and se are 

inferred to be the result of the same progressive non-coaxial defonnation which formed 

the sl foliation. 

In this pan of the area chloritoid locally replaced staurolite during retrograde 

metamorphism and grew post-kinematically in random orientations (Plate 7.3). 

Muscovite also shows microstructures related to post-kinematic, retrograde growth 

(Fig. 6.3k). 

6.3.4 MEDIUM TO IDGB GRADE THRUST SHEETS 

In this pan of the map area garnet and kyanite form large porphyroblasts which 

show consistent si - sc relationships. The garnets are zoned with respect to both 

inclusion patterns and chemical composition (sec section 7.2; F:.;. 6.31). The most 

common inclusion pattern shows a core with dusty inclusion trails. Towards the rim 

the inclusions progressively increase in size, probably as a result of the increase of 

metamorphic grade during growth. In this pan of the grains the trails are mainly 

formed by elongated quartz inclusions and in very few samples this part of the inclusion 

trail is slightly curved. The rims of the majority of the garnets are virtually free of 

inclusions. The asymmetry of the curved inclusion trails is consis: .'nt on the scale of a 

thin section and the angle of the curvature is always less than 90°. Bell (1985) 

suggested that this type of curved inclusion trails is not n~y indicative of 

syn-kinematic growth during non-coaxial flow. It can also originate from growth 

during the development of asymmetric crenulation cleavage which results in the rotation 

of the foliation plane with respect to static garnets. The consistency of the asymmetry 

is in agreement with both northwest-directed shear and dominantly northwest verging 

folds and the garnets could have grown under either circumstance. 

Sc wraps around tile larger garnet porphyroblasts (Fig. 6.3m). In many of the 

samples Si and s. a~e at high angles to each other and the two are not connected at the 

grain boundaries (Plate 6.25; Fig. 6.3m). Commonly the orientation of the s, is 

consistent within all the garnets in a thin section, which makes rotation of the garnets 
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unlikely. The deformation that caused the development of the regional S1 foliation 

occurred broadly after the growth of the garnets. The high angles between Si and Sc 

and the discontinuity of the foliations at the grain boundaries may suggest that they 

represent two separate generations of st:ructures, respectively older and younger than 

the garnet. This is in agreement with the observation that at 1c:ast locally the S1 

foliation in the matrix is a crenulation cleavage7 interpreted to be a second generation 

structure (section 6.1.3.4). The two foliations are referred to as S.1 and S1 respectively. 

Two different types of kyanite porphyroblasts were observed7 which are 

interpreted to represent two different stages of kyanite growth. The older kyanite 

porphyroblasts (Kyl) show si- sc relationships similar to the garnets. They are very 

coarse grained, often several em long, have subidioblastic aystal shapes, poikiloblastic 

textures and a coarse internal foliation. These kyanit.es are all aligned with the foliation 

plane. Although generally si is parallel with the long dimension of the crystU, and 

therefore parallel with Sc, in some grains Si and Sc are at high angles to each other and 

discontinuous (Plate 6.26, Fig. 6.3n). Like the garnets, these kyanites grew before the 

development of the regional sl. 
The second type ofkyanite porphyroblasts (Ky~ is not poildloblastic, is much 

smaller ( < 2 mm), idioblastic to subidioblastic, grows preferentially in the mica-rich 

layers and is statistically aligned with the foliation (Plate 7.4). Ky1 porphyroblasts 

grew later than Ky1 when the metamorphic grade was higher and the foliation was too 

coarse to be incorporated in the small porphyroblasts. They possibly grew as a ~t 

of the breakdown of staurolite, whereas the older kyanite formed earlier in the prograde 

metamorphic sequence (Chapter 7, section 7.1). One observation of a Ky1 

porphyroblast that was curved along with the foliation in between two garnets is an 

indication of deformation after growth (Fig. 6.3o). 

Two samples suggest that multiple deformation events occurred before garnet 

growth. In these samples garnet has overgrown kink bands in fine-gtaincd inclusion 

trails (Plate 6.27, Fig. 6.3p). Elongated opaque minerals, probably graphite, are 

aligned along the inclusion trails and suggest that these trails are structural features 



164 

rather than sedimentary, and represent a first defa.-mation event. The kinking of this 

foliation before garnet overgrowth would be a sec.md defonnation. It suggests a 

complicated deformation history before the attainment of moderate metamorphic grade. 

In many samples muscovite has overgrown the S1 foliation in random orientations. 

commonly replacing either biotite or kyanite (Fig. 6.3q). This indicates a late, post-D1 

growth of muscovite. 

6.4 DISCUSSION AND CONCLUSIONS 

The microstructures described in this chapter all indicate that the deformation in 

the map area occurred by predominantly crystal-plastic processes. In the lowest thrust 

sheets the feldspar crystals, as well as other rigid minerals like apatite and epidote, 

deformed by brittle fracturing. but the load bearing manix deformed in a ductile 

fashion. The area shows a variation of deformation mechanisms from the lowest thrust 

sheets to the highest. At the lowest metamorphic grades grain deformation processes 

dominatM, mainly by movement of dislocati~ resulting in formation of kinks, 

subgrair.s, deformation 1amdiac and quartz n"bbons.. Towards higher metamorphic 

grades res;overy processes and dynamic recrystallization became more important in the 

deformation of the rocks. These are mechanisms which are not cxpectl:d in high crustal 

level foreland fold--and-thrust belts and they are not likely to enhance the loca1inrion of 

strain in narrow zones to fonn thrusts. Strain loca1imon in these rocks was more 

likely a result of high strain rates, competence contrast between basement and cover 

rocks, and pre-existing zones of weakness, which are inferred to have played an 

important role in the deformation of the basement. 

Another important conclusion of the microstructural study is that the majority of 

the rocks deformed by non~ flow with a large component of simple shear. All 

kinematic indicators support the field observations that the thrusting was directed to the 

north-northwest. The component of simple shear in the flow decreased from the lowest 

thrust sheets to the highest. The movement of the overriding Molson Lake terrane was 

accollllllOdated by shearing of the metasC'tUments in Gagnon terrane, most of which is 

inferred to have been accommodated by the rocks in the immediate vicinity of the 
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thrust. which for most of the area axe the rocks of the Menihek Formation. The 

defonnation affect.ed the stratigraphically lower sedimentary units as welL Since from 

northwest to southeast the thickness of the sedimentary package increased. the shear 

strain was distributed over a wider zone, resulting in a progressively lower component 

of simple shear in the total strain. 

Figure 6.4 summarizes the conclusions that can be drawn from the study of the 

relations between porpbyroblasts and foliations. It shows the variations in timing 

between growth of metamorphic minerals and deformation through the area. Only the 

diagnostic mineia1s (micas, garnet, kyanite, staurolite and chloritoid) are used in the 

diagram. It is assumed that the end of the new growth of the metamorphic nlincorals 

approximately coincided with the temperature peak of metamorphism (which is proven 

for the garnets in Chapter 7) and that the porphyroblasts (with the exception of 

chloritoid) did not grow significantly during retrograde metamorphism, although 

recrystallization of micas was still possible after the P-T peak. 

In the low grade part of the area, the Wide Valley, Flatrock Lalce and Corinne 

Lake thrust sheets and the underlying basement, metamorphism and D1 deformation are 

assumed to be broadly synchronous. In the low to medium grade thrust sheets 

metamorphism was latc-synldnematic, with deformation (DJ continuing in some shear 

zones after the peak of metamorphism. Recrystallization of micas and quartz during 

retrograde metamorphism continued at least until the end of D1 deformation. The 

history of the medium grade part of the ~ is similar, with more intense 

post-metamorphic peak deformation. In the eastern, highest grade part of the area the 

large angle between the inclusion trails in the porphyroblasts and the S1 foliation in the 

matrix suggests that the two are the results of two different events, the first being a pre

to syn-metamorphic deformation event, the second a post-metamorphic event. There 

are no indications of a time lag between the two and the possibility exists that the two 

structural elements are part of the same Jn~ deformation event. 
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These observations show a trend in the variation in the timing of metamorphism 

and deformation. In all thrust sheets garnet growth started some time after the onset of 

deformation as indicated by the presence of internal fabrics in the garnet cores. The 

main variation through the area lies in the defonnation after the peak of metamorphism, 

w~ch is insignificant in the lowest thrust sheets but becomes more important towards 

the higher thrust sheets. All roclcs went through the same initial state of burial 

underneath an overriding thrust sheet which caused defonnation and metamorphism. 

The peak of metamorphism was reached when the thrust wedge stopped progressing 

with respect to the underlying sediments, i.e. when the sediments were incorporated 

into the thrust wedge. This means that the metamorphic peak in the upper thrust 

system moved towards the northwest in the metasediments with the thrust front. The 

deformation following the metamorphic peak took place in the thrust wedge itself 

during movement. The tectonic history of the highest thrust sheets after incorporation 

in the thrust wedge (and thus after peak metamorphism) is longer than in the lower 

thrust sheets. This is consistent with the fact that in a thrust wedge the rocks towards 

the trailing edge have the longest strain history, because they have accumulated a 

certain strain at the time that the lowest sheets are being incorporated in the wedge 

(Chapple, 1978; Platt, 1986). During progressive movement of the thrust wedge, the 

higher thrust sheets will keep defonning tmd accumulating strain under retrograde 

metamorphic conditions, while the lowest sheets are at the first stages of deformation 

and metamorphism. Each thrust sheet will go through the same process when 

overridden by and subsequently incorporated in the thrust wedge, but the earliest 

incorporated sheets will have a longer history and higher accumulated strain than those 

near the toe of the wedge. 

.. . . 



1.8 mm 

Plate 6.1 

1.9 mm 

Plate 6.2 

lUO 

Least deformed basement rock at low Grenvillian metamorphic grade. The rock 
has retained its pre-Grenvillian coarse grained texture consisting of Otz (white 
and light grey), Fsp (darker grey), Bt (brown) and fine-grained masses of Act 
(yellow/orange) replacing Cpx. (crossed nicols) 

Breakup of large feldspar grains (grey colors) into lozenge-shaped fragments, 
in the top of the photo along conjugate shear planes, which approximately align 
along Sand C-planes (dipping to the left and right resp.). Extensional fractures 
dominate the lower part of the photo. Along the shear planes Fsp recrystallized 
to Otz +Ms. Note the pulled apart biotite in the left. (crossed nicols) 



0.6 mm 

Plate 6.3 

150pm 

Plate 6.4 
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Contrast between brittle feldspar (top of photo) and plastic quartz (centre) in 
basement proto-mylonite. The quartz porphyroclast shows polygonization in the 
lower part of the grain and subgrains which are progressively rotated to form 
new grains along horizontal deformation bands in the top and along the grain 
boundaries. The feldspar fragments are pulled apart. (crossed nicols) 

Pulled apart Archean biotite in basement proto-mylonite. The original biotite 
(brown) contains a network of rutile needles aligned along the cleavage plane 
(cf. Plate 7 . 1 ) and streaks of sphene (fine-grained, dark bands). The dilation 
sites between the fragments of the "old" biotite are filled in with newly grown, 
greenish biotite and quartz. 



0.6 mm 

Plate 6.5 

0.6 mm 

Plate 6 .6 
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Basement protomylonite with angular and pulled apart fragments of feldspar 
and a rounded quartz porphyroclast in "hard" orientation (see text) with wide 
recrystallized tails (top left). The gap in the fractured feldspar (centre-right) is 
filled with quartz fibres. Note the elongated and partially recrystallized quartz 
grain (white) near the bottom of the photo. (crossed nicols) 

Basement protomylonite with feldspar porphyroclasts. The foliation 
anastomozes around the porphyroclasts. The porphyroclasts have been rounded 
slightly by chemical breakdown (strain induced) of asperities. The C-plane is 
horizontal, S-planes dip to the right, but are not well developed. (crossed nicols) 



0 .6mm 

Plate 6.7 

0.8mm 

Plate 6.8 
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Quartz porphyroclasts with recrystallized tails in a basement mylonite. The core 
of the central quartz grain is polygonized, with kink bands bounding the polygons 
parallel to the projection of the C-axis, dipping to the left. Note the mica fish 
formed by biotite (dark brown). (crossed nicols) 

Basement mylonite with mica-rich matrix. Asymmetric pressure shadows on 
the elongated porphyroclast in the top of the photo indicate a dextral sense of 
shear. Note the recrystallized margins around the small elongated quartz grain 
(clear grey) beneath. The blue and green bands consist of white mica and have 
thin biotite rims (brown). (crossed nicols) 



1.4 mm 

Plate 6.9 

0.6 mm 

Plate 6.10 
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Basement mylonite at amphibolite facies metamorphic grade with two trails of 
microcline, one above and one below the central biotite-rich band (brown colour). 
They represent completely recrystallized K-feldspar porphyroclasts, elongated 
parallel with the foliation, which is defined by biotite and muscovite. (crossed 
nicols) 

Two large plagioclase porphyroclasts in a basement mylonite recrystallized at 
amphibolite facies metamorphic grade. The foliation, which is horizontal in the 
thin section, wraps asymmetrically around the porphyroclasts, indicating dextral 
shear. (crossed nicols) 



0.6 mm 

Plate 6.11 

1.0 mm 

Plate 6.12 
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Quartz porphyroclasts in phyllonitic mylonite. The quartz grains were deformed 
but remained intact, without forming subgrains or recrystallizing. Most of the 
strain in the rock is accommodated by the fine-grained quartz-mica matrix. Note 
the shear bands which indicate a sinistral sense of shear. {crossed nicols) 

Deformation of strongly sericitized feldspars in basement rocks close to a 
reactivated normal fault. The deformation in the quartz {clear grey} is weak 
relative to the feldspars. Sericitization of feldspar is concentrated along cracks 
and old grain boundaries. Note the fine-grained subgrains at the quartz 
boundaries and the pulled apart biotite grains. {crossed nicols) 



150 pm 

Plate 6.13 

150 pm 

Plate 6.14 
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S-C mylonite in a quartzite of the Sokoman Formation in the Flatrock Lake thrust 
sheet. The C-plane is horizontal, outlined by iron oxides. The S-plane, defined 
by elongated quartz grains, dips to the left. The quartz grains are undulose, 
have polygons and few ill-defined subgrains. Dextral sense of shear. (crossed 
nicols) 

S-C mylonite in a quartzite of the Sokoman Formation in an out-of-sequence 
thrust at the roof of the Flatrock Lake thrust sheet. The old quartz grains are 
strongly elongated at low angles to the C-plane (horizontal). The grains contain 
many ill-defined subgrains which are also elongated but are oriented at higher 
angles to the C-plane. Sinistral sense of shear. (crossed nicols) 



0.6 mm 

Plate 6.15 

0.6 mm 

Plate 6.16 
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S-C mylonite in a quartzite of the Sokoman Formation in the Emma Lake thrust 
stack. The C-Piane is horizontal, the S-plane dips to the right at about 40° and 
is defined by irregularly shaped, elongated grains. The irregular grain boundaries 
indicate grain boundary migration. Sinistral sense of shear. (crossed nicols) 

S-C mylonite in coarse grained quartzite of the Wishart Formation. The C-plane 
is subhorizontal, defined by staurolite (yellow) and chlorite (greenish grey). The 
S-plane is dipping to the right at ± 50 °, vaguely defined by preferred grain 
boundary orientations. Note the asymmetric tails on the staurolite. Garnets 
contain fine-grained quartz inclusions. Sinistral sense of shear. (crossed nicols) 



150 pm 

Plate 6.17 

0.6 mm 

Plate 6.18 
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5 1 foliation in micaschist of the Menihek Formation in the south Flatrock Lake 
area. A foliation of fine-grained micas anastomoses around elongated grains of 
feldspar, deformed quartz and mica fish consisting of white mica. Note the 
fine-grained rims of biotite (green-brown) on the white mica grains (blue-green). 
Microscopic shear bands drape around porphyroclsts and mica-fish. (crossed 
nicols) 

Crenulation cleavage (52 ) in a graphitic schist of the Menihek Formation in the 
North Flatrock Lake area. The very fine-grained micas form polygonal arcs. Some 
of the micas are slightly curved. Graphite is black, white mica is blue/green, 
biotite is brown. (crossed nicols) 



150 pm 

Plate 6.19 

0.6 mm 

Plate 6.20 
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Polygonal arc (F2 ) in crenulated schist of the Menihek Formation near O'Brien 
Lake. Biotite is dark green/brown, white mica is all other bright colours. Compare 
this polygonal arc with the continuous arcs of the finer grained crenulations in 
Plate 6.18. The micas in this crenulation are straight and are at larger angles 
to each other than in the previous plate. (crossed nicols) 

Foliation in a high grade gneiss of the Attikamagen Formation near Moose Head 
Lake. The foliation (51 ) is determined by isolated biotite (dark green and 
red/brown) and muscovite (bright green/yellow and blue) crystals. The quartz 
and plagioclase grains are slightly elongated. (crossed nicols) 



1.5 mm 

Plate 6.21 

350 pm 

Plate 6.22 

178 

Rotated garnet in the Menihek Formation near Emma Lake. Sinistral rotation of 
90 °. Post-metamorphic deformation has bent the micas at the lower left margin 
of the grain. Note that the quartz grain size of the inclusions in most of the 
garnet is similar to that in the matrix. The extremely fine-grained material in the 
matrix (grey to white) is feldspar, containing subgrains. (crossed nicols) 

Rotated garnet in the Menihek Formation near Carol Lake. Sinistral rotation is 
approximately 520°. The internal foliation, indicated by a trail of dusty 
inclusions, continues without a break or change in orientation from the garnet 
into the matrix foliation (S,). 



1.1 mm 

Plate 6.23 

1.0 mm 

Plate 6.24 
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Fractured garnet in Menihek Formation near Rivi~re aux Fraises. A trail of angular 
garnet fragments extends to both left and right of the photomicrograph The S , 
foliation is outlined by biotite (greenish brown) and muscovite (red to pink). 
(crossed nicols) 

Staurolite (yellow) and garnet (black, skeletal, replaced by hematite) 
porphyroblasts in the Wishart Formation near Goethite Bay. Both minerals have 
overgrown a foliation and post-metamorphic sinistral shear has caused the 
external foliation (S,) to wrap asymmetrically around the central garnet and has 
rotated the garnet in the top left corner. Sinistral sense of shear. 



1.0 mm 

Plate 6.25 

1.8 mm 

Plate 6.26 
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Poikiloblastic garnet in a gneiss of the Attikamagen Formation, Moose Head 
Lake. Si (indicated by fine-grained quartz inclusions) and Se are perpendicular, 
vertical and horizontal respectively, and are discontinuous at the grain boundary. 
The garnet (in extinction) is partially resorbed. The thin section is too thick, 
resulting in yellow to red interference colours for quartz. (crossed nicols) 

Poikiloblastic kyanite (Ky1 , in extinction) in a gneiss of the Attikamagen 
Formation, Flora Lake. Si and s. are at a high angle (steeply dipping to the right 
and horizontal respectively) and not continuous, but the inclusion trails bend 
slightly towards s. at the edges of the grain. TheSe foliation ( = S, ) bends slightly 
around the kyanite. (crossed nicols) 



0.8mm 

Plate 6.27 
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Detail of garnet with kinked internal foliation. The garnet (cream colour) extends 
beyond the boundaries of the photomicrograph to a total size of several em. It 
has overgrown a kinked foliation, outlined by dusty inclusion trails and graphite 
flakes. Coarse quartz inclusions (white) cross-cut the foliation. 



CHAPTER7 

METAMORPIDC DEVELOPMENT OF THE THRUST BELT 

Recent developments in geothermobarometry (overviews by Essene, 1982. 1989} 

and numerical modelling of both the thermodynamics of chemical zoning in minerals 

(Spear and Selverstone, 1983; Spear et al., 1984) and of the thermal development of 

orogenic belts (Oxburgh and Turcotte, 1974; Barr and Dahlen, 1989) have dramatically 

improved the understanding of the metamorphic development of orogenic belts. A 

dynamic view of metamorphism, with variations in pressure and temperature viewed as 

a result of tectonic movement, replaced a view of early metamorphic workers of 

metamorphism as a static process occurring at some fixed depth in the crust. Present! y 

a principal aim of metamorphic studies is to reconstruct the variations in pressure and 

temperature (P-T paths) that affected small volumes of rock, rather than to estimate 

peak metamorphic pressures and temperatures across a metamorphic belt. The latter, 

referred to as metamorphic field gradient (Spear et al., 1984) or metamorphic geothenn 

(England and Richardson, 1977), reveals aspects of the spatial ·..ariation of the 

metamorphism, but does not give information about evolving metamorphic conditions 

that single rock volumes have experienced. 

-:=e P-T path of any rock is controlled by a combination of tectonic movements 

within the crust, which disturb the regional pattern of isobars and isothe.-ms, and heat 

flow, which will tend to restore a thermal equilibrium state. Numerical modelling of 

these processes has provided a better understanding of the relation between the tectonic 

and thermal evolution of orogenic belts (e.g. Oxburgh and Turcotte, 1974; England and 

Richardson, 19'n; England and Thompson, 1984; Davy and Gillet, 1986; Shi and 

Wang, 1987; Thompson and Ridley, 1987; Karabinos and Ketcham, 1988; Barr and 

Dahlen, 1989). These studies have provided a background for a meaningful 

interpretation of the P-T paths estimated from zoned minerals or mineral assemblages 
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and reactions, and many authors have shown that important deductions concerning 

orogenic processes can be made (e.g. Royden and Hodges, 1984; Rubie, 1984; Spear et 

al., 1984, 1990; St. Onge, 1987; Chamberlain and Karabinos, 1987; Anovitz and 

Essene, 1990). Thus an analysis of the metamorphic development of an area and its 

relation with the structural evolution is a prerequisite for a comprehensive regional 

tectonic study. 

In the last decade, the reconstruction of P-T paths has become more sophisticated 

with the widespread application of geothermobarometry (overviews by Essene, 1982, 

1989) and thermodynamic modelling of the growth of zoned minerals, especially 

garnets (Spear and Selverstone, 1983; Spear et al., 1984). Using these methods a more 

realistic, quantitative reconstruction can be made of the variations of pressure and 

temperature in time and space. 

The metamorphic development of the Grenvillian fold and thrust belt in western 

Labrador is closely linked to and caused by the imbricate stacking of thrust sheets. The 

purpose of this chapter is to document and inteipret the variations in thermal and baric 

evolution through the map area and link them to structural development of th~ belt. 

This will be achieved through a reconstruction of the metamorphic field gradient, P-T 

paths for different parts of the area and the relation between deformation and 

metamorphism. 

For the determination of the metamorphic field gradient the variations in mineral 

assemblages and the interpretation of mineral reactions were u..~ to provide qualitative 

information about the metamorphic history of the area. Variations in pressure and 

temperature in both space and time were determined quantitatively using 

geothermobarometry. In formation about parts of the P-T paths was obtained from 

chemical analyses of cores and rims of minerals, together with chemical profiles of 

zoned garnets. 

For a reconstruction of the temporal and causal relationships between 

metamorphism and deformation, the microstructural and microtextural relations 

described in Chapter 6 provide essential information. In this chapter the distribution of 



mineral assemblages and P-T paths through the area, specifically across thrust sheet 

boundaries, are used in the analysis of the thermotectonic development of the 

fold-and-thrust belt. 

In this chapter frequent reference is made to the peak of metamorphism. 

1~ 

Generally the shape of P-T loops in metamorphic belts are such that the maximum 

pressure and maximum temperature are reached at different times. In Section 7.3 it is 

shown that in the study area peak pressures and temperatures were attained 

simultaneously. As a result, reference to the •peak of metamorphism•. without 

specifying peak temperature or pressure~ is wammted. 

This chapter discusses only the Grenvillian metamorphism in Gagnon terrane. 

The pre-Grenvillian metamorphic development of the Archean basement and the 

metamorphism of Molson Lake terrane are beyond the scope of this thesis. 

7.1 MINERAL ASSEMBLAGES AND :METAMORPmC FIELD 

GRADIENT 

The increase in metamorphic grade in the map area towards the southeast was first 

reponed by Gastill and Knowles (1960) and Fahrig (1960~ 1967). The metamorphic 

zonation in the area, based on mineral assemblages in metapelitic and 

quartzo-feldspathic rocks~ was documented in detail by Rivers (1983b). The 

metamorphic zones and reaction isograds trend north-northeast and the increase in 

metamorphic grade is from lower greenschist facies in the northwest to upper 

amphibolite facies in the southeast (Fig. 7.1}. Since the work for this thesis did not 

encompass a detailed petrological study, it has not resulted in significant new 

contributions to the metamorphic zoning. This section contains a summary of Rivers' 

(1983b) work with only minor new additions. Rivers' (1983b) work dates from before 

the subdivision of the area into different terranes and thus had to be adapted to this new 

situation. Because of the denser sample coverage in a few parts of the area, 

adjustments could be made to some of the zone boundaries. 
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Fig. 7.1 Map of metamorphic zoning based on mineral assemblages in metapelitic and 
quartz~feldspathic rocks. Locations of diagnostic mineral assemblages are shown. Assem· 
blages with granitic veins are widespread east of the granitic veins isograd. and individual 
locations are not indicated on the map. The map includes new data as well as data from 
Rivers (1983b). 
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Rivers' (1983b) metamorphic zonation in the Gagilon terrane is based on mineral 

assemblages in the widespread metapelitic and quartzo-feldspathic rocks of the Early 

Proterozoic Attikamagen, Wishart and Menihek formations and of the reworked· pans 

of the Archean basement. In rocks of the basemen~ the Grenvillian metamorphism is a 

retrograde even~ whereas in the metasediments of the Knob Lake Group, which were 

not affected by metamorphism prior to the Grenvillian orogeny, the metamorphism is 

prograde. 

The Archean basement rocks were originally of granulite grade, as attested by the 

occurrence of assemblages containing two pyroxenes in mafic rock ty;>es. Only those 

partS of the basement which were affected by penetrative Grenvillian deformation are 

significantly retrogreSSed. Far into the Grenville Province, up to Mont Bondurant, 

lenses of basement rocks occur which are virtually undefonned on outcrop scale and 

have most of their original granulite facies mineral assemblages preserv~d. 

Metamorphic reworking varies with the strain in the rocks. At low metamorphic 

grades retrogression at the lowest strains is characterized by incipient sericitization of 

plagioclase and brecUcdown of pyroxenes to actinolite or chlorite. At highest strain 

levels and elevated metamorphic grades the rocks are completely recrystallized and are 

indistinguishable from the quartzo-feldspathic metasediments. Two important facts 

have to be kept in mind when studying these retrograde rocks: 1) only the 

recrystallized matrix is considered for the mineral assemblage indicating the Grenvillian 

metamorphic grade, and the relict (possibly unstable or metastable) porphyroclasts are 

disregarded; 2) the mineral assemblage is often only an indicator of the grade of 

metamorphism at the time of deformation, which was not nec:cssarily coeval with the 

peak of metamorphism. 

In the rocks of the Knob Lake Group the Grenvillian metamorphic event is 

prograde and the prograde mineral ~ons can be studied. For this purpose the 

pelitic and semi-pelitic rocks of the Attikamagen and Menihek formations and the 
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pelitic member at the base of the WIShart Formation are best suited because of their 

widespread occurrence throughout the area. Mineral reactions in the carbonate and 

silicate members of the Sokoman Formation could be used as metamorphic indicators as 

well, but most of these reactions are very much dependent on the mobility and the 

activities of ~0 and C~ and require knowledge of these parameters for a true 

evaluation of mewnorphic grade (Klein, 1966; Butler, 1969; Rice and Ferry, 1982). 

The rocks of the Denault Formation are found in a very small part of the map area and 

cover only a narrow range of metamorphic grades. In the Menihek Formation the high 

graphite content and the resulting low a H2o in the rocks probably enhanced dehydration 

reactions, shifting the stability fields of mineral assemblages and possibly resulting in 

buffering processes (Ohmoto and Kerri~ 19n; Rice and Ferry, 1982; Ferry and Burt, 

1982; Pattison, 1989). 

In gencal, mafic rock types are also suitable as indicators of metamorphic grade. 

In the map area the metavolcanic rocks of the McKay River Formation and those at the 

base of the Menihek Formation, the gabbros of the Shabogamo Intrusive suite and 

mafic rocks in the basement could be used. However, none of these rock types, with 

the exception of the gabbros, are sufficiently abundant for the construction of a regional 

metamorphic zoning pattern. The original compositional layering in some of the 

volcanic rocks makes them less suitable for comparative purposes. The gabbros of the 

Shabogamo Intrusive suite in Gagnon terrane have the disadvantage of having preserved 

their original pre-Grenvillian mineral assemblages (Rivers and Mengel, 1988), with the 

exception of zones of high strain at their margins. 

7.1.1.1 :Mineral a..«emh'lage zones in metapelitic aud quartzo..feldspathic rocks 

In the map area six metamorphic zones were recognized, each with its own 

diagnostic mineral assemblage (Rivers, 1983b}. With metamorphic grade increasing 

from lower greenschist to upper amphibolite facies these zones are: 

Zone 1 chlorite - muscovite 

Zone 2 biotite - muscovite 

Zone 3 garnet - biotite 
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Zone 4 staurolite - kyanite 

Zone 5 biotite - kyanite - garnet 

Zone 6 biotite - kyanite - garnet - granitic veins 

The areal distribution of the zones and the locations of samples with diagnostic 

mineial assemblages are shown in Figure 7 .1. The diagnostic assemblages for each 

zone and the reactions that separate the different zones are given in Table 7 .1. and in 

schematic A 'KF and AFM diagrams in Figure 7 .2. Besides the reactions shown in 

Table 7.1 many more continuous reactions are expected to have taken place. but only 

the reaction isograds that separate the mineral assemblage zones are reported here. The 

majority of the metapelitic and quanzo..feldspathic rocks east of the biotite isograd 

contain q~ plagioclase, bioti~ muscovi~ epidote and retrograde chlorite. with 

variable modal compositions (Appendix E). Graphite is common in rocks of the 

Menihek Formation. Sphene, pyri~ magnetite, apati~ rutile, zircon and carbonate 

appear as accessory minerals. At intermediate and high metamorphic grades garnet is 

common and in the metapelites staurolite and kyanite appear at few locations (Fig. 7.1). 

Appendix E gives all observed mineral assemblages for each of the zones. A detailed 

discussion of the assemblages and reactions was given by Rivers (1983b), of which the 

following is a summary with minor modifications. 

Zone 1 is defined by prograde mineral assemblages in the Menihek Formation 

north of Sawbill Lake in the northern pan of the map area and on ret:rogidde 

assemblages in the shear zones in the basement. It is characterized by co-existing Chi 

+ Ms ±Me (Ftg. 7.2a). Pyrophyllite has not been identified. In reworked basement 

rocks, pre-existing feldspar breaks down to form muscovite (phengite), zoisite and 

quartz. Pyroxenes and biotite are replaced by chlorite. 

Zone l, characterized by the occurrence of biotite, is strongly depleted in 

chlorite, suggesting that the rocks (especially the reworked basement rocks) are rich in 

potassium and [R2] (Table 7.1) was the main biotite forming reaction (Fig. 7.2a and b). 

Rocks of the Menihek Formation contain the sub-assemblage muscovite-biotite with 

chlorite. In plate 6.17 biotite forms fine-grained rims on coarser grained lenses of 
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Table 7.1 Diagnostic mineral assemblages, in metamorphic zones and model 

reactions that occur at zone boundaries (after Rivers. 1983b). 

Zone Mineral assemblages Reactions at zone boundaries 

1 Otz+Ms:+Chl 
Ott + Ms + Chi + Me 

(R1l Chi + Kfs + Otz • Bt + Phe + H:O 
(R21 Chi + Phe + Otz = Bt + Ms + H:O 

2 Otz+Bt+Kfs±Ms 
Otz+Cli+Bt±Ms 

not specified (see Section 7. 1 . 1 • 1 ) 

3 Ott + Chi + Bt + Grt ± Ms 
Otz + Bt + Grt ::: Kfs ± Ms 

[R3J Chi + Ms + Grt • St + Bt + Otz + H:O 
[R4) St + Otz = Gn + Ky + H:O 

4 Otz + St + Grt + Ky ± Ms 
Otz+St+Grt±Bt±Ms 

(R51 St + Ms + Ott = Grt + Bt + Ky + H20 

5 Otz + Ky + 8t ... Grt ± Ms 

[R61 8t + Ms + Kfs + Ab + Otz + H20 • UQ 

6 Otz + Ky + Bt + Grt + UQ ::t: Ms 

[R71 Bt + Ms + Ab + 0tz + H20 • Ky + UQ 
(R8l Bt + Ms + Ab + 0tz • Kfs + Ky + liQ 

1 The assemblages shown are those that separate them from the lower grade zones. Some 

also appear in higher grade zones. 

white mica, and are interpreted as late overgrowths. In reworked basement rocks, 

pre-Grenvillian TI-rich biotites show exsolution of rutile needles in sageniti.c 

intergrowths and sphene occurs along cracks and grain boundaries (Plate 7.1). Newly 

grown biotite, which is light green in color and lacks inclusions, gxew along the rims of 

the Archean biotite gains, which are reddish brown in color (Plates 7.1 and 6.4). 

Pyroxenes are replaced by actinolite, which locally also forms coronas around relics of 

orthopyroxeae. 

Wltbin zone 2 a possible jump in metamorphic grade exists across the thrust 
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between the F1atrock Lalce and Emer Lake thrust sheets. This jump is not indicated by 

a change in mineral assemblages, but by a marked increase in grain size and change in 

microstructures from footwall to hanging wall (Chapter 6). 

The western boundary of zone 2, the first occurrence of biotite stable with 

muscovite, lies approximately 5 1cm northwest of the boundary drawn by Rivers 

(I983b) and intersects the Grenville Front north of Bruce Lake (Fig. 7.1). 

Zone 3 is characterized by the presence of garnet in addition to the phases in zone 

2. The boundaries of this zone are poorly defined, which is partly the result of the bulk 

composition of the rocks in the zone and partly because of poor coverage in the field of 

the southwestern and northeastern pans of the zone. Most of the reworked basement 

rocks in the Elmer Lake thrust sheet and elsewhere are too rich in potassium to form 

garnet and contain the non-diagnostic assemblage Qtz + Bt + Kfs + Ms (Fig. 7 .2, 

Plates 6.5 and 6.6). The Lac Vuot area probably lies within the garnet isograd, but no 

garnet has been observed in the quartzo.feldspathic or semi-pelitic rocks in this area. 

Only rocks of the Attikamagen, \Vishart and Menihek formations and more Al-, Mg

and Fe-rich parts of the basement contain garnet-bearing assemblages. 

The •garnet-in• isograd cuts across several major thrusts sheets, but seems to be 

offset by the thrust faults. Several garnet producing reactions have been published (see 

e.g. Wmlder, 1979), all for different bulk rock and mineral compositions. The 

topology of Figure 7 .2b suggests that part of the garnet was formed by the reaction 

Fe-Cht + Qtz = Fe-Gnt + ~0. but this docs not account for the other components of 

the garnet, which were formed by other reactions. No single reaction can represent the 

garnet isograd in the map area (see Rivers, 1983b). 

Zone 4 is characterized by the appearance of staurolite + kyanite (Plate 7 .2) and 

is considered to mark the onset cf amphibolite-facies or medium-grade metamorphism 

(Winkler, 1979). The transition from zone 3 to zone 4 coincides with the floor thrusts 

of the Lonaine Lake and Goethite Bay thrust sheets (Fig. 7.1), suggesting a 

metamorphic jump across these thrusts. This explains why staurolite and kyanite seem 

to appear at the same isograd, even though they are interpreted to have formed by 
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different reactions, [R3] and [R4] respectively. Other reactions for the formation of 

kyanite and staurolite are possible (see e.g. Wmkler. 1979. Rivers. 1983b). but 

evidence for them was not found in this study. possibly because part of the 

metamorphic gradient was removed by the Lorraine Lake floor thrust. Possibly for the 

same reason there is no zone in wlt.ich primary chloritoid is stable. which elsewhere has 

commonly been reported as a precursor of staurolite in pelitic rocks. In the pelitic 

member of the WIShart Formation staurolite is locally replaced by chloritoid in a 

ICtrograde reaction (Plate 7.3). In these rocks staurolite is still present as inclusions in 

garnet or as metastable relics. 

In zone 4 the only occurrence of sillimanite in the area was found. It appears in 

both the Attilcamagen and Sokoman formations in the core of the anticline at the Ski 

Hill north of Labrador City (Fig. 1.2) at the eastern boundary of zone 4 (Fig. 7 .1). In 

the Attilcamagen Formation it overgrows all other minerals, including those that 

delineate the S1, and is locally associated with quartz veins. It is a retrograde 

replacement of lcyanite in the area and is not relevant for the construction of the 

metamorphic field gradient in the area, which concerns only peak metamorphic 

conditions. It suggests that locally the P-T conditions evolved from the kyanite to the 

sillimanite field in the retrograde part of the P-T path. 

In zone 5 the breakdown products of stauroli~ Grt + Bt + Ky, form the 

diagnostic assemblage (Fig. 7.2, Plate 7.4). Many samples from zone 5 contain two 

morphologically different species of kyanite, which are an early coarse-grained Ky 1 and 

a younger finer grained Ky2 (sec Chapter 6). Ky1 appears to be similar to the kyanite 

occurring in zone 4, which suggests thc.t Ky2, which only appears in zones. is formed 

by the staurolite breakdown reaction [R51. Two occurrences of rocks containing both 

reactants and products of this reaction are found near Labrador City (Fig. 7.1), the 

western one, at the Ski Hill, defining the location of the isograd. The staurolite in the 

sample from the southern end of Wabush I.ake is metastable. Lack of observations 

makes the zone m defined Rocks in many locations east and south of Wabusb Lake in 

zones S and 6 contain tbe staurolite breakdown assemblage. 
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The melt isograd defines the western bound2ry of zone 6. This zone is 

characterized by appearance of in situ granitic veins. The veins give the rocks a 

gneissic banding, parallel to the regional foliation (Plate 5.9). Melting is restricted to 

certain bulk rock compositions and occurs first in the quanzo-feldspathic rocks. in 

which reaction [R6] is responSible for the formation of granitic melt. At this elevated 

mewnorphic gi3de most of the pelitic rocks lack K·feldspar and many are devoid of 

plagioclase and/or muscovite and show no signs of partial melting. Reaction [R7] in 

Table 7.1 was proposed by Rivers (1983b) to be responsible for partial melting of 

K·feldspar free assemblag~ but the assemblage Bt + Ms + Ab + Qtz bas been 

recorded in samples from close to the boundary with Molson Lake terrane without signs 

of melt production. Low a H
2
o may locally have prevented this reaction taking place. 

The upper limit of the metamorphic grade in the upper thrust sheets is the vapour 

absent reaction [R8], since in zone 6 the assemblage Ms + Bt + Ab + Qtz is still 

stable and the assemblage Ky + Kfs has not been observed within Gagnon terrane. 

This indicates that either the temperature did not attain the level of the reaction curve or 

the reaction is not consistent with the compositions of the phases involved. 

Antiperthitic exsolution in plagioclase (Plate 7.5), indicative of the attainment of 

high temperatureS during metamorphism, occurs only in the Wabusb Lake thrust sheet 

and was not observed in the adjacent Duley Lake thrust sheet west of the Flora Lake 

shear zone. This may indicate that there was a slight difference in maximum 

temperature in the two thrust sheets, or that the present erosion surface cuts through a 

deeper level of the Wabusb Lake thrust sheet than through the Duley Lake thrust sheet. 

Alternatively, the contrast in exsolution patterns may have been caused by different 

cooling histories. 

East of Wabush Lake the melt isograd coincides with the Wabusb Lake floor 

thrust. Towards the southwest the location of the isograd is less well defined due to the 

lack of rocks with suitable mineral assemblages. The isograd seems to be offset by the 

Flora Lake fault zone, an observation which is in accordance with the shear zone being 

the western limit of antiperthitic plagioclase. 
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Chlorite occurs as a late retrograde phase in most zones. overgrowing or replacing 

pre-existing minerals. Breakdown of garn~ commonly to form biotite and plagioclase 

(Plate 7.6), and late growth of muscovite. locally replacing kyal'ite or biotite. are also 

retrogi3de features. Late muscovite and chlorite generally lack a preferred orientation 

and overgrow the S1 foliation. 

The metamotphic grade in Molson Lake terrane is higher than in Gagnon terrane. 

as indicated by preliminary geothermobarometty by the author and by data from 

Connelly (1991) and Indares (in p~). Recently eclogitic mineral assemb!age:; have 

been reported from Molson Lake terrane south of the map area (lndares. in prep). The 

metamorphism of Molson Lake terrane has been discussed in detail by Connelly ( 1991 ). 

7.1.1.2 Petrogeoetic grid for the pelitic and quartzo-feldspathic rocks 

The petrogenetic grid shown in Figure 7.3 is from Rivers (1983b). Two 

metamorphic field gradients are plotted, one from Rivers ( 1983b). based on 

metamotphic peak mineral ~blages only, and one from this study. incorporating 

information from both mineral assemblages and gcothermobarometry (section 7.3). 

The former is positioned 1 to 2 kbar lower than the gradient obtained in this study. but 

shows the same trend, except for the swing into the sillimanite stability field at the high 

temperature end. Rivers' (1983b) metamorphic field gradient was constructed before 

the subdivision of the area into the different tectonic terranes and the K feldspar-lcyanite 

and K feldspar-sillimanite assemblages were obtained from Lac Joseph terrane. These 

assemblages are now known to be of Labradorian rather than Grenvillian age 

(Connelly, 1991). The higher pressures for the metamorphic field gradient determined 

in the present study is not apparent from observed mineral assemblages, but is a result 

of the use of geothermobarometric estimates. 

The positions of the reaction curves are not firmly fixed in P-T space, but are 

dependent on the compositions of the participating phases and the activity of water. All 

curves are drawn assuming a H
2
o= 1. Lower water activities will move t~ 

dehydration reactioos to lower temperatures and the water coasuming melt reactions to 

higher tempczatures, sbiftiDg tbe invariant point of the sysrem of zneltmg reactions 
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along curve [R8]. Rivers (1983b) assumed a H:zo = 1 for zones 1 to 5, but the water 

activity may have dropped in zone 6 at the onset of melting by extraction of water from 

the rocks by the melt producing reaction. The activity of albite in plagioclase is also 

likely to be smaller than 1 (Section 7.3), which will also move the melting reactions to 

higher temperatUreS. Changes in Fe/Mg ratios in micas will shift the positions of 

curves involving these minerals. Although the absolute positions of the reaction curves 

may not be correct, their relative positions are and they reflect the sequence of isograds 

observed in the field. Initial observation suggests that the width of zones 2 and 3 in the 

P-T grid is too narrow compared to their width in the map relative to the other 

assemblage zones. This suggests that reaction curve [.."U) should be shifted to lower 

temperatures to widen the field of zones 2 and 3. 

7.1.2 METAMORPHISM OF THE IRON FORMATIONS AND MAFIC ROCK 

TYPES 

The increase in metamorphic grade is also reflected in the mineral assemblages in 

the iron formations and the mafic rock types, but the changes in mineral assemblages 

with metamorphic grade of these rocks have not been studied systematically for this 

thesis. No separate metamorphic zones have been outlined for the mafic rock types and 

iron fonnations, but the observed changes in assemblages agree with the metamorphic 

zones inferred from the assemblages in the metapelites. 

7.1.2.1 :M.ineral assemblages in the iron formations 

The metamorphism of banded iron fonnations has been the subject of many 

petrological and petrographical studies. Several of these were pe.rfonned on the rocks 

of the Sokoman Fonnation of the Labrador Trough, including the iron formations of 

southwestern Labrador and eastern Qu&ec: (Mueller, 1960; Chakraborti, 1966; Klein, 

1966, 1973, 1978; Butler, 1969; Dimroth and Chauvel, 1973). Mineral compositions 

and equilibria in the banded iron fonnatior,s of Wabush Lake and Mount Wright (just 

south of the map area) were described in great detail by Klein (1966) and Butler (1969). 

The main change with metamorphic grade is the transition of the carbonate rocks, 

which contain Fe--Mg-Ca carbonates and quartz, to silicate rocks as a result of 
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decarbonization reactions. The oxide members of the Sokoman Fonnation consist 

predominantly of quartz, hematite and magnetite and undergo no mineralogical change 

with metamorphic grade. Only the grain size increases towards the higher grade areas, 

hematite changes its crystal habit to specularite and the minor amounts of carbonates 

present in these rocks react to produce silicates (mainly grunerite). 

In the Flatrock Lake I Corinne Lake area (muscovite-biotite zone) the oxide 

member of the Sokoman Formation consists of quartz with either one or both Fe-oxides 

and negligible amounts of grunerite and/or carbonate. The carbonate member contains 

Sd + Ank + Fe-Dol + Qtz + Gru + Hem + Mag. Intermediate compositions 

between these two members are observed as well. In the garnet zone (zone 3) grunerite 

schists are common, consisting of Gru + Qtz + Sd + Mag ± Hem + Fe-Dol + Tr ± 
Bt + Str- ± Chi. 

In the staurolite-kyanitc zone (zone 4) a variety of silicate rocks occurs in the iron 

formations. They contain quartz, carbonates, Ca-Fe amphiboles, Ca-Fe pyroxenes, 

garnet (Aim), Fe-oxides and sporadically biotite and retrograde chlorite. The most 

common amphiboles are cummingtonite-grunerite and actinolite, with subordinate 

riebeclcite-tremolite and magnesioriebeclcite. Beside orthopyroxenes the following 

clinopyroxenes are found: diopside, aegirine-augite, rhodonite, ferrosilite (Klein, 

1966). In the study area pyroxenes become more abundant with increasing 

metamorphic grade to the southeast. 

Klein (1966, 1973, 1978) and Butler (1969) showed that the mineral assemblages 

depend not only on bulk rock composition and metamorphic grade, but also strongly on 

the mobility and partial pressures of H:zO and C02• For a complete list of observed 

mineral assemblages in the iron formations of the area and a discussion on mineral 

reactions and fluid compositions the reader is referred to the works of Klein (1966) and 

Butler (1969). 
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7.1.2.2 Mineral assemblages in the maf"ac rock types 

Mineral assemblages in these rock types have not previously been studied in 

detail, apart from the igneous assemblages and textures in the gabbros of the 

Shabogamo Intrusive suite (Rivers and Mengel, 1988). The data presented here result 

from a cursory petrographic study. A complete table of all observed metamorphic 

mineral assemblages in the mafic rock types in the map area is presented in Appendix 

E. 

At greenschist grade (zone 2) the mafic rocks contain the metamorphic mineral 

assemblage PI + Chi + Act + Zo + Dm +Qtz ± Bt + Kfs + Ap. Olivine, 

orthopyroxene and clinopyroxene are locally preserved as metastable relics and 

commonly show reaction rims. With increasing metamorphic grade the chlorite content 

decreases and that of biotite and actinolite increases. In the upper grecnschi~!lower 

amphibolite facies (eastern part of zone 2 and zone 3) the assemblages contain Pl + 

Hbl + Act + Bt + Grt + Ep + Zo + llm + Spn ± Qtz + Ap + Chi. In the highest 

grade amplu"bolites of the Wabush Lake thrust sheet (zone 6) Hbl + Bt + Grt + PI + 
Spn + nm + Ep + Cpx + Dol + Qtz ± Rt ± Ap commonly occur together. No 

direct comparison has been made between the metamorphic zonation in the metapelites 

and the changes in mineral assemblages in the mafic rock types, but the variations in 

mafic mineral assemblages are consistent with the reported metamorphic zonation. 

7.1.3 INTERPRETATION 

The Grenville Front fold-and-thrust belt in southwestern Labrador shows a 

telescoped Grenvillian metamorphic gradient with an increase in metamorphic grade 

from lower greenschist to upper amphibolite facies across a distance of 30 km. On the 

scale of the map the metamorphic gradient is inverted with the highest metamorphic 

gt2rles occurring in the structurally highest units. 

On a small scale an inverted metamorphic gradient exists across the floor thrust of 

the Lorraine and Goethite Bay thrust sheets, with a decrease in metamorphic grade 

from the banging wall to the footwall of the thrust fault. Furtherm~ a part of the 
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meta.Jr.orphic field gradient may have been omitted at this tl:rust boundary. The 

retrograde metamorphism in the hanging wall (chloritoid replacing staurolite) may be of 

a higher grade than the prograde metamorphism in the footwall (garnet grade). A 

similar situation may exist at the floor thrust of the Wabush Lake thrust sheet. Liverted 

metamorphic gradients, either on the scale of an orogen or on the scale of single thrust 

faults, are a common fearure of thrust belts (e.g. Rice, 1985; Jamieson, 1986; Boyle. 

1987; Crowley, 1988; Treloar et al., 1989). 

Besides an increase in metamorphic grade from the lowest to the highest thrust 

sheets, the metamorphic grade also increases slightly along the strike of the belt 

towards the southwest. This is indicated by the trend of the isograds in the western pan 

of the map, which are oriented at an angle to the trend of the belt and cut through 

several thrust sheets. This is a result of the oblique nature of the convergence of the 

terranes (Chapter 5) and is further discussed in Chapter 8. 

The metamorphic field gradient in the map area characterizes the thrust belt as a 

medium to high pressure facies metamorphic belt with increasing P and T towards the 

southeast. These conditions are typical for the Parautochthonous Belt in most of the 

Grenville Province (Wynne-Edwards, 1972; Rivers et al., 1989). Although very few 

detailed studies of mineral assemblages and thermobarometric studies have been 

performed in the Parautochthonous Belt (lndares and Martignole, 1989, 1990a; Indares, 

in press; Bethune and Davidson, 1988) which hampers a direct comparison, the results 

of this section are consistent with the overall relatively high-pressure character of the 

metamorphism in the Parautochthonous belt 

7 .l CHEMICAL ZONING IN GARNETS 

Chemical zoning in garnets and other minerals has been studied quantitatively 

since the introduction of the electron microprobe in the early 1960's (see review by 

Tracy, 1982). Zoning patterns reflect mineral reactions that took place during growth 

or later diffusion. Such patterns have been used qualitatively and quantitatively for the 

reconstruction of the metamorphic evolution of tectonic events. Lately the use of 

numerical computer models has become more common since the introduction of the 



Gibbs method for thermodynamical modelling of garnet zoning. which enabled the 

quantitative reconstruction of P-T paths (Spear and Selverstone. 1983: Spear et al.~ 

1984; Spear. 1989). Such quantitative P-T paths. in combination with numerical 

thermal models, have led to major improvements of the understanding of tectonic 

processes in orogenic belts. 
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Garnets are particularly useful for the purpose of reconstructing P-T paths 

because: 1) garnets are common in metamotphic rocks and occur in a large variety of 

rock types over a wide range of metamotphic conditions; 2) exchange reactions 

between garnets and other minerals are accurate indicators of metamotphic pressures 

and temperatures; 3) slow intracrystalline diffusion rates in garnet at low to medium 

temperatures enable the preservation of the chemical composition of the garnet over a 

IaDge of P-T conditions in both prograde and retrograde paths; 4) garnets are 

commonly poikiloblastic and can record development of the foliation in the matrix 

during growth, which creates the opportunity to relate the P-T path to the deformation 

history. 

The slow diffusion in garnet is an important factor, not only in the preservation of 

a chemical zoning pattern once it exists, but also in the actual creation of the zoning. 

Material in the interior of a garnet is excluded from the reacting chemical system and 

minerals in the matrix react with, or are in equilibrium with, the outer rim of the garnet 

only. Chemical zoning patterns in garnets can be attributed to either one of two 

processes (Tracy, 1982), 1) fractionation and/or reaction partitioning during prograde 

growth, producing growth zoning patterns, or 2) diffusional processes during 

retrograde metamorphism, which give diffusional or retrograde zoning patterns. 

Appendix F contains a detailed discussion of the different zoning patterns in garnets. 

A typical growth zoning pattern for garnets in metapelitcs, at metamorphic grades 

ranging from greenschist to lower amphibolite grade, shows for spessartine and 

grossular bell-shaped profiles (Fig. F.l.a, Appendix F). Pyrope and almandine 

concentrations, as well as the ratio Mg/{Mg + Fe), usually increase from the core 

towards the rim. Both spessartine and pyrope profiles commonly show reversal of the 



slopes near the rims, which is interpreted to be a retrograde (diffusion conttolled) 

effect. In composition maps of the garnet grains, the zoning patterns are gene«illy 

concentric. 
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In retrograde chemical profiles the trends for spessartine and pyrope are the 

reverse of those observed in lower gtade growth zoning patterns (Fig. F.l.b, Appendix 

F). Fe and Ca patterns are less straightforward and vary, mainly with bulk rock 

compositions and reactant phases present in the matrix (C:-·.vford, 19n; Woodsworth. 

1977). Zoning patterns in composition maps are concentric, but loca1iml patterns at 

the rim near contacts with Fe-Mg phases (mainly biotite) may occur in high grade 

rocks. 

The chemical profiles through garnets analyzed for this study are discussed in the 

ensuing section. The P-T paths determined from the garnet profiles are presented in 

Section 7 .3. 

7 .2.1 CHEMICAL PROFILES FOR GARNETS IN GAGNON TERRANE 

A total of 16 garnets was selected from several parts of the study area for detailed 

analysis of chemical zoning patterns. The sample locations were selected to cover most 

of the area where garnets occurred. In most of the samples garnet occurred as part of a 

thermobarometric mineral assemblage so that P-T paths could be determined. The 

results of the analyses are pn:sented in Appendix F (Figure F .2), together with a 

sample location map (Figure F .3), and they are summarized below. Analytical 

procedures and operating conditions of the electron microprobe are described in 

Appendix G. 

In the map area the compositional profiles of the garnets varied with metamorphic 

grade, similar to the variation described by Dempster (1985). Three different types of 

prograde zoning profiles were recognized, which show increasing effects of 

retrogression with higher metamorphic grade. In the part of the map area with the 

highest metamorphic grade several garnets revealed a diffusion zoning pattern. In the 



following section a description is given for each of the four profile types and an 

example of each type is shown in Figure 7.4. The general character of the profiles for 

each of the types is summarized in Figure 7.5. 

7 .2.1.1 Prograde zoned garnets without retrogression 

Samples 158-86 (Mont Bondurant area). 87-75 and 87-81 (O'Brien~ ar~a). 

Figures 7. 4a and 7.5a. All these garnets have a typical growth zoning profile with a 

bell-shaped curve for spessartinCy and 'V' shaped curves for almandine and pyrope. 

which in the case of the latter is hardly percepnole because of the vertical scale of the 

diagram. The variations in concentrations in sample 87-75 are minor, which may be an 

effect of a tangential cut through the grain. The garnets are unzoned with respect to 

grossular, with the exception of a sawtooth perturbation in the profile close to the rim. 

This sawtooth coincides with a break in the curves of almandine and spessanine 

indicating a change in conditions for growth, or the presence of inclusions just below or 

above the plane of the thin section. In sample 87-81 this break coincides with the 

transition from an inclusion-free core to a rim with fine-grained graphite inclusions 

which define an internal foliation parallel to, and continuous with, the external 

foliation. No significant retrograde effects are noted. Plots of the variation of Mg/(Fe 

+ Mg) through the garnets show that during growth this ratio increased, levelling off 

near the rim. 

7 .2.1.2 Prograde zoned garnets with minor retrop'ession 

Samples 87-283 and 88-32 (Carol Lake thrust wet).jigures 7.4b and 7.5b. The 

profiles for these two garnets are similar to the ones described above, with the 

exception of minor variations near the rims. Grossular shows a sharp increase close to 

the right hand rim in both profiles. A similar effect is noted for the other elements at 

about 1001' from the right hand rim, reversing the general increasing or decreasing 

trend. The Mgi(Mg +Fe) ratio is virtually unzoned with a slight decrease towards the 

rims in sample 87-283. Variations in the composition of sample 88-32 are minor. 

which is possibly a result of a tangential cut through the external part of the garnet. 



203 

87-81 87-283 
75 ~--------------------------~65 

r c r r c r 
70 6 0 

65 55 --~ 
~ 
C/) 
z 
Q ..,._ 

25 (..) 
<( 
a::: 
u.. 20 
w 

60 ~ 
C/) 

55 z 30 0 
~ 
~ 25 
a::: 
u.. 20 w 
,_J 

50 

,_J 

0 15 
~ 

0 
15 ~ 

10 10 

5 5 

0 0 
12.5 12.5 

10 Mg/(Fe+Mg) 10 

Mg/(Fe+Mg) 

7.5 ....__ __ ........ __________ ....._ __________ _____. 7 .5 L..-____ ..._ ____ ......_ _________ ........ __ ___. 

0 .0 0 .5 1.0 1.5 2 .0 2 .5 0 .0 0.2 0 .4 0 .6 0 .8 
mm mm 

Fig. 7.4 Four examples of chemical profiles through garnets from the map area and 
Photomicrographs of the analyzed garnets. Sample locations are shown in Fig. F.3 in Appendix F. 
The sizes of the garnets in the photomicrographs are shown in the profiles. r = rim, c = core. 

a) Growth zoning profile from the O'Brien Lake thrust sheet. b) Growth zoning profile from the 
Carol Lake thrust sheet. 
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7 .2.1.3 Prograde zoned garnets with retrograde rilm 

Samples 88-48 (Lo"aine Lake thrusr sheet), 88-55, 88-80, 88-85, 88-98, 88-123 

(all Wabush Lake duust sheer), Figures 7.4c and 7.5c. These samples have growth 

zoning profiles with in most cases a narrow retrograde rim. Spessartine displays 

bell-shaped profiles in all samples, although in some cases it is hardly perceptible. with 

commonly an upward curve near the rims. Grossular profiles can be divided into two 

sets. One set has virtually flat profiles with a sharp dro.P near the rims (88-55 and 

88-123), the other has bell-shaped profiles. The latter only occurs in assemblages that 

lack plagioclase or in which the anorthite component in plagioclase is very low. In 

these cases presumably the fractionation of calcium, rather than changing partitioning 

coefficients, controlled the shape of the curve. The pyrope profiles display V -shaped 

curves typical for growth zoning, with a downward trend close to the rim. Almandine 

profiles do not have a consistent trend, except for an increase near the rims in most of 

the samples. Mgi(Mg + Fe) ratios in all cases increase from core to rim with small 

retrograde decreases near the rim. 

The profiles of samples 88-80 and 88-98 have symmetry planes which lie off the 

center of the profiles, with part of the right hand side of the profiles being cut off. 

Both garnets are partially resorbed in a manner which corresponds to an off center 

location of the symmetry planes. The asymmetry of the profile of sample 88-55 may be 

caused either by the same resorption effect or by coalescence of several small nuclei. 

7 .2.1.4 Garnets with retrograde zollin& promes 

Samples 88-58 (Wabush Lake thrust sheet), 88-50, 88-86 and 88-87 (Duley Ltlke 

thrust wet), figures 7.4d and 7.5d. All these garnets are characterized by a lack of 

compositional zoning in the interiors, with exception of spessartine, which shows a 

slight decrease towards the rim. The lack of zoning is interpreted to be a result of 

homogeni2ation by int:racrystalline diffusion. Mn, which has the lowest diffusion 

coefficient (Tracy, 1982; Tucillo et al., 1990), preserved its original bell-shaped growth 

profile to some extent. The rims show effects of retrograde diffusion zoning. At the 

garnet rims the concentrations of Fe and Mn increase and Mg decreases. The Ca 
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profiles do not show a consistent trend in the samples, but decrease slightly near the 

rims in two of them. Pealcs in Mg and Fe in samples 88-86 and 88-87 seem to be 

related to inclusions in the garnet. The Mg/(Mg +Fe) ratio is constant in the interiors 

of all these garnets, with a decrease at the rims. The width of the retrograde rims 

varies between SO and 200 p.. The observed width is dependent on the angle at which 

the rim is cut. It must be noted that the lack of zoning in these garnets may be caused 

by a tangential section through the outer pan of the grain. This may apply specifically 

to the garnet of sample 88-58, which has a rather small diameter and is the only one 

from the Wabush I...ake thrust sheet. 

7 .2.1.5 Garnet with a compositiooal break 

Garnets from sample 87-120 from Rivi= crux Fraises show evidence of two 

phases of growth, separated by a phase of deformation. Profile 120(3) (Appendix F, 

Fig. F .3) shows a break in composition which coincides with a band of inclusions in the 

grain. At the break grossular decreases and pyrope increases, each by approximately 

one order of magnitude. This grain, as well as others in the section~ is strongly 

fractured and displays a new rim overgrown on the fractured grain. This feature is 

interpreted as a result of a Grenvillian overgrowth on a possibly pre-Grenvillian 

(Archean) core. 

7.:1..2 INTERPRETATION 

The chemical profile data, summarized in Figure 7.5 show that: 

- The garnets in the area grew under prograde metamorphic conditions as shown by the 

growth zoning profiles. In most of the area the growth zoning profiles in the garnets 

were preserved, indicating that the temperature for homogenization was not reached 

or was not passed for long enough to destroy the progtade zoning pattern; 

- Towards the area of higher peak metamorphic grades the rims of the garnets are 

progressively re-equih"brated by retrograde diffusion. With increase of the peak 

temperature the P-T loop became longer and there was more time available during 

cooling for retrograde diffusion to distort the original growth zoning pattern; 
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- The garnets in the Duley Lake thrust sheet were homogenized. implying that they 

reached tempcratures higher than approximately 650°C. The relict growth zoning 

profiles for spessartine in these garnets may indicate that the temperature was not far. 

or not long, above the threshold for homogenization and only the elements with 

higher diffusion rates (Fe and Mg) homogenized; 

- The absence of a major break in composition of the garnets, with the exception of 

sample 87-120, suggests that the garnets grew in a single prograde metamorphic 

event with minor re-equilibration of the garnet rims during the retrograde pan of the 

P-T path. 

7.3 GEOTBERMOBAROMETRY 

For a quantitative evaluation of the range of pressures and temperatures that 

affected the map area, some of the suitable mineral assemblages were chemically 

analyzed for geothermobarometry. This was done with two purposes: 1) to 

quantitatively record the variation of •pea1c• metamorphic pressures and temperatures 

through the area; 2) to establish parts of the P-T path recorded in the rocks during 

burial and exhumation, using both core-rim analyses and chemical profiles through 

garnets. 

Geothermobarometry is based on mineral equilibria which are either strongly 

pressure dependent (large ~ V) or temperature dependent (large ~H). Determination of 

pressures and tempcranm:s requires the calculation of the positions of equilibrium 

curves in a P-T grid from compositional and thermodynamic data of the participating 

phases. Simultaneous solution of a barometer-thermometer pair gives a P-T point for 

the equihoration of a certain assemblage, assuming that both the barometer and the 

thermometer closed at the same time. Many mineral equilibria have been calibrated for 

the pmpose of calculating metamorphic pressures and tcmpcranm:s (sec reviews by 

Essene, 1982, 1989; Newton 1983). 

A method for accurate reconstruction of variations in P-T conditions during 

mineral growth involves analyses of assemblages containing minerals with chemical 
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zoning. In this respect garnet is useful for the reasons that were mentioned in the 

previous section. The abundance of garnets in the metapelites of the map area makes 

them a useful object for study in this thesis. Two methods can be used to reconstruct 

evolving P-T conditions: 1) analyses of cores and rims of garnets; 2) compositional 

profiles through chemically zoned crystals. Pairs of core-rim analyses provide less 

compiete information in that they only provide two po!nts of aP-T path (aP-T vector, 

Mengd and Rivers, 1989) without indications of the P-T path in between, whereas a 

chemical profile provides virtually continuous information about the period of growth 

or retrograde diffusion of a grain, with which a more complete P-T path can be 

reconstructed. Spear and Selverstone (1983) and Spear et al. (1984) successfully 

applied the Gibbs method to chemically zoned garnets for the quantitative 

reconstruction of P-T paths. This method involves thermodynamic modelling of 

changes in composition during garnet growth with progression of P and T. 

7.3.1 THERMOMETERS AND BAROMETERS USED IN THIS STUDY 

In the map area the rocks best ~ted for thermobarometry are the metapelitic 

rocks of the Attikamagen and Menihek formations and locally the reworked and 

re-metamorphosed Archean basement rocks (see discussion in section 7.1). Several 

reasonably accurate thermometers and barometers have been calibrated for pelitic 

rocks, that can be used in the reworked basement rocks as well. The Attikamagen and 

Menihek formations are sufficiently widespread to permit an estimation ofP and T for 

a large part of the area. Gamet is a common mineral in these formations in which it 

co-exists with quartz plus one or more of the following: Bt, Ms, Pl and Ky (for full 

mineral assemblages see Appendix E). Because only equilibria that contain garnet were 

used, the part of the area northwest of the garnet-in isograd is not covered by 

geothermobarometry. 

The set of thermometers and barometers used in this study was mainly taken from 

the paper by Hodges and Crowley (1985), who empirically calibrated several mineral 

equilibria for the pelitic assemblage Grt+Bt+Ms+Pl+Als+Qtz from a large number 

of published pressure and temperature data of natmal assemblages. They used linear 
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regression to calibrate the thermodynamic equilibrium expression by comparison with 

the Grt-Bt thermometer of Ferry and Spear (1978, with corrections of Hodges and 

Spear, 1982) and the Grt-Als-Qtz-Pl barometer of Newton and Haselton (1981). This 

provides a set of thermobarometers which yield consistent results in different 

assemblages (all sub-sets of the one mentioned above) in different parts of the study 

area. Based on the initial results of this study, the decision was made to use the 

original Grt-Bt thermometer of Ferry and Spear (1978) rather than the calibration used 

by Hodges and Crowley (1985), which gave unrealistically high temperatures (see 

discussion in Section 7.3.5). The barometers that were used are Grt-Ms-Pl-Bt (Hodges 

and Crowley, 1985) and Grt-Ky-Qtz-PI (Hodges and Royden, 1984). 

7 .3.1.1 :Mineral equilibria of the thennometers and barometers 

Fe-Mg exchange between garnet and biotite is a widely used thermometer and a 

multitude of calibrations exists, both experimentally and empirically determined. Many 

of these are based on the experiments and calibrations of Ferry and Spear (1978), with 

adaptations for non-ideality of garnet solid solutions using different activity models, 

whereas others are based on separate experimental data (Hodges and Spear, 1982; 

Pigage and Greenwood, 1982; Perchuk and Lavrent'eva, 1983; Perchuk et al., 1985; 

Indares and Martignole, 1985a and b; Ganguly and Saxena, 1984; Hoinkcs, 1986). 

The thermometer is based on the exchange reaction: 

[R9] ALMANDINE + PHLOGOPITE = PYROPE + ANN1TE 

which requires garnet and biotite co-existing in equilibrium. This occurs quite 

commonly in the metapelitic and quartzo-feldspath.ic rocks of the study area. Appendix 

H gives details of the calibrations used in this study. 

For pressure estimates in pelitic rocks the reactions involving net transfer of Ca 

between p~1oclasc and garnet can be used. The Grt+Als+Qtz+Pl (GASP) and 

Grt-Ms-Pl-Bt (GMPB) barometers are most appropriate for the rocks in the map area 

and both were calibrated in the study by Hodges and Crowley (1985). For pelitic 

mineral assemblages that contain kyanite the equilibrium 
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[RIO] 3 ANORTHITE = GROSSULAR + 2 KY ANITE + QUARTZ 

was used for pressure estimates. It was originally proposed as a barometer by Ghent 

(1976), but the calibration used here was published by Hodges and Royden (1984). For 

assemblages which lack aluminum silicates the following equilibrium was used: 

[Rll] ALMA~"DINE + GROSSULAR +MUSCOVITE= 3 ANORTHITE+ 

ANNITE 

Barometer [.Rll] was originally calibrated by Ghent and Stout (1981). It is the one 

used for most samples in this study. Plate 7.6 shows an example of a garnet which was 

partially resorbed by this reaction. It shows a xenoblastic garnet within a cluster of 

biotite and plagioclase grains. Muscovite occurs only at the rim of this cluster. The 

foliation which folds around this cluster suggests that it outlines the original shape of 

the garnet before breakdown. 

A third geobarometer [R12] was used for a few samples which lacked plagioclase, 

but contained kyanitc, as well as biotite and muscovite: 

[Rl2] MUSCOVITE + ALMANDINE = ANNrrE + 2 KY ANITE + QUARTZ 

Hodges and Crowley (1985) and Essene (1989) argued that the uncertainties in the 

thermodynamic values for this equib'brium are too high to make it a reliable barometer. 

A short introduction to the thermodynamics of thermobarometty is presented in 

Appendix H, as well as the separate temperature and pressure expressions of the 

thermometers and barometers used in this study. 

Five assemblages were used for analysis7 all of which contain at least Grt + Bt + 

Qtz. 

- Qtz - Grt - Bt - Ky - PI ± Ms 

- Qtz - Grt - Bt - Ky ± Ms 

- Qtz-Grt-Bt-Pl±Ms 

Qtz - Grt - Bt ± Ms 

- Qtz-Grt-Bt-Ky-Sil-St 



7 .3.2 EQUILIBRIUM CONSIDERATIONS 

For results of geothermobarometry to have any geological significance. the 

minerals from which pressures and temperatureS were calculated must have been in 

equihorium. Careful petrography and mineral chemistry analyses are required for an 

evaluation of the state of equilibrium of a rock. Microtextures and overprinting 

relationships give indications about the equilibrium of mineral assemblages. For 

example, idioblastic crystal shapes and straight grain contacts (e.g. Plate 7.4) can be 

signs of equih'brium of ~g minerals. Mineral zoning, coronas and symplectites 

generally indicate disequilibrium on a certain scale, but some of the minerals involved 

in these textures can still be stable together. 

When studying equilibrium conditions in rocks we have to keep in mind that the 

samples are at a complete disequilibrium under the conditions at which we observe 

them (approximately 1 bar and 298°K). The observed mineral compositions represent 

the state of the rock frozen in at the time that diffusion rates slowed down to such an 

extent that they could not maintain effective chemical communication between reactive 

phases during decrease of P and T. In the case of net transfer reactions an equilibrium 

can also be frozen in when one of the reactants in the system is depleted or unavailable 

(low activity of ~0 generally prevents retrograde hydration reactions to occur). Such 

a situation is only preserved if the composition of the participating minerals are not 

changed by any other reaction. Another problem is that textural equilibrium may have 

been achieved without chemical equih'brium (Duebendorfer and Frost, 1988), if grain 

boundary migration ceased at a different temperature than the diffusion driven by 

exchange reactions. Lasaga (1983) discussed in detail the kinetics of exchange 

reactions and the influence of diffusion rates on thermobarometry, addressing some of 

the above mentioned problems (see also Tracy et al., 1976; T13llg and Lasaga, 1990). 

With all these considerations in mind, finding evidence for chemical equilibrium 

between groups of mineraJs would be a major study in itself. Most thcrmobarometrlc 

studies only superficially assess these problems and assumptions aJe made about the 

equilibrium state. For the purpose of this study minerals were interpreted to be in 
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equilibrium if, on the scale of a thin section, mutual grain contacts were sharp and 

straight, or for those cases where they were separated up to a few tens of microns. if 

the crystal shape was idioblastic or subidioblastic and the minerals were not separated 

by a reaction product. Minerals affected by low grade retrograde reactions (e.g. 

plagioclase replaced by sericite, biotite or garnet partially broken down to form 

chlorite) were not used for thermobarometry. If calculated pressures and temperatures 

were consistent and in accordance with the observed mineral assemblage the results 

were interpreted to be geologically significant. 

In the case of zoned minerals, as for example the garnets in this study, the 

interpretation of equih"brium is more complicated. As a result of the slow diffusion 

rates within garnets, the (unzoned) matrix minerals are in equih"brium with the garnet 

rims only and the garnet is internally in disequih"brium, resulting in zoning patterns as 

discussed in Appendix F. 

7.3.3 P-T PATHS FROM ZONED GARNETS 

Numerous studies have shown that p .. T paths can be reconstructed using chemical 

zoning profiles of metamorphi: minerals, most of which are based on zoning patterns in 

garnet (e.g. Tracy, 1982; Lasaga, 1983; Spear et al., 1984, 1990; Indares and 

Martignole, 198Sa, 1989, 1990a, b; St. Onge, 1987; Burton et al., 1989; Jiang and 

Lasaga, 1990). A requirement for the reconstruction of the prograde pan of the history 

is that the existing growth zoning pattern is preserved during the post-growth thermal 

evolution. For construction of the retrograde part of the history, ion exchange and 

diffusion at the garnet rim is required, such that the changing rim composition reflects 

the equilibrium at decreasing P and T. 

Preservation of growth zoning or core compositions of retrograde zoned garnets 

depends on many factors, including the peak metamorphic temperature, the size of the 

garnet, the difference in composition between core and rim, the post growth thermal 

history (time available for diffusion, uplift rate) and the strain path. Using a numerical 

model for binary (Mg-Fe) diffusion in garnets usaga (1983) and Tl3Ilg and Lasaga 

(1990) calculalcd that up to middle/upper amphibolite facies conditions(± 650°C} 



garnets of over 1 mm in diameter can preserve their growth zoning panem or core 

composition during retrograde metamorphism. In a similar study Muncill and 

Chamberlain (1988) estimated the influence of uplift rates on the rate of 

homogenization and found that differences are to be expected from garnets found in 

different Structuial settings (e.g. antiforms versus synfonns) as a result of differences in 

uplift rates and time available for diffusion/homogenization. Homogenization will 

affect the core and rim compositions firs4 which will result in an over-estimate of the 

core temperature and an under-estimate of the rim temperature in the case of a prograde 

zoned garnet (TWlg and Lasaga, 1990; Muncill and Chamberlain, 1988). 

7 .3.4 :ME1110DS USED FOR CALCULATION OF P-T VECTORS AND P-T 

PATHS 

From all samples from the map area containing at least the mineral pair Grt-Bt. 

microprobe analyses were taken from a garnet rim in stable equilibrium with biotite 

and, where availabl~ muscovite and plagioclase, providing at least a temperature 

estimate (Grt-Bt), and in most cases also a pressure estimate (Grt-Bt-Ms-Pl, 

Grt-Pl-Ky-Qtz or Grt-Bt-Ms-Ky), which can be combined to give aP-T point. 

Analyses of garnet cores were combined with matrix minerals or with compositions of 

micas and plagioclase in equilibrium with the garnet rim to obtain a P-T point for the 

garnet core. 

P-T paths for garnet growth and retrograde diffusion were constructed using the 

chemical profiles presented in Section 7.2 and Appendix F. Only ten of those garnets 

occum::d in an assemblage which was suitable for thermobarometry. For every 

analyzed point in a garnet a pressure and temperature was calculated, assuming 

equilibrium with rim biotite, muscovite and plagioclase, and using the intersection point 

of the barometer and the thermometer. P-T points obtained in this manner were 

connected to form a P-T path. This provides more continuous infonr.ation about the 

evolving P-T history during growth and retrogresSion of the garnet, rather than two end 

points of this path c:onnccu:d by a vector. 
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For calculations of P-T points from the interiors of the garnets two assumptions 

were made: 1) during the growth of a garnet its composition was controlled by the same 

set of reactions as those frozen in at the garnet rim; 2) a sufficiently large reservoir of 

Bt + Ms + Pl was present during garnet growth and re-equilibration, such that their 

compositions did not change significantly as a result of the reactions with the garnetS 

(Tracy et al.9 1976). Samples that were chosen for analysis, appeared to meet these 

requirements. With the exception of sample 87-120 (Appendix F), garnets in the 

analyzed samples do not have major jumps in their compositional profiles, suggesting 

that no change in the growth controlling reaction occurred. Justification for the second 

assumption lies in the observation that in all samples the matrix minerals used for 

thermobarometric calculations have high modal abundances relative to garnet. 

Analyses of biotites, muscovites and plagioclases in the matrix at distances of over a 

centimeter from the nearest garnet in the plane of the section, are not significantly 

different from the same minerals in contact with garnet, suggesting that at peak 

metamorphic temperatures garnets were in equilibrium with a large volume of rock and 

matrix compositions did not change significantly as a result of reaction with the garnets 

during retrograde metamorphism, when the garnets remained in equilibrium with a 

progressively smaller volume of the surrounding matrix. In six samples plagioclase 

was significantly zoned, with increasing anorthite content from core to rim. In these 

cases the garnet core was presumed to have been in equilibrium with the plagioclase 

core. 

The garnets analyzed for thermobarometry had a very low abundance of 

inclusions other than quartz, chlorite, ilmenite and graphite. This prevented the use of 

inclusions for the quantitative calculation of parts of the P-T path. Only a few of the 

garnets had inclusions ofBt, Ms or Pl (87-81, 87-117, 88-50, 88-85 and 88-87). P-T 

calculations using these inclusions were not significantly different from those calculated 

using matrix Bt, Ms and Pl. Calculated values diverged up to 30°C and 200 bar, 

suggesting that the assumptions made above are valid in a first approximation. As an 

example. the pressure calculated near the core of a garnet next to a plagioclase 
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inclusion in sample 88-87 (Grt 2) at 545°C was 6.8 kbar using the composition of the 

plagioclase inclusion, compared to 6.6 kbar using the composition of a matrix 

plagioclase near the rim of the garnet (GASP barometer). 

It must be kept in mind that, with the exception of the garnet rims. the P-T values 

obtained with this method are only estimates. Because of the many uncertainties and 

assumptions made for P-T calculations of the interiors of the garnets, the constructed 

P-T paths are assumed to be only semi-quantitative indicators of changes of P and T in 

time, anchored in P-T space by their end points. The trends of increasing or decreasing 

P and T, not their absolute magnitudes, are interpreted to be real and are used to draw 

conclusions about the thermotectonic development of the area. 

7.3.5 RESULTS OF THE GEOTHERMOBAROMETRY 

Chemical analyses used for the thermodynamic calculations are presented in 

Appendix I, together with a short descnption of the mineral chemistry. Figure F .3 

(Appendix F) is a sample location map of the samples used for mineral chemistry 

analyses. For the presentation of the gcothermobarometry results the map area was 

divided into three sub-areas, a northern ~'"), a western (W) and a central/eastern (CIE) 

sub-area, which is shown in figures 7.6 and F.3. Table 7.2 shows the results of the 

garnet core-rim analyses for each of the three areas. Within each sub-area the data are 

presented separately for each thrust sheet or tectonic unit. For those samples which 

lack a barometer assemblage a pressure was substituted for the calculation of the 

temperature. In most cases analyses of different garnet grains from a single sample 

resulted in overlapping P-T ranges. With a few exceptions, only the vector with the 

largest P-T range is reported in Table 7.2. 

Temperatures and pressures obtained from garnet rims are presented in a map in 

Figure 7.6. For those samples which yielded both a temperature and a pressure, aP-T 

vector is plotted in aP-T diagram in Figure 7.7 using a core and a rim P-T point. Ten 

of the samples for which a chemical profile of garnet is available (Section 7 .2) 
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Fig. 7.6 Metamorphic pressures and temperatures in the map area determined from gar-
net rims and matrix assemblages. Corresponding sample numbers are given in Fig. F.3 in 
Appendix F. Each box represents one sample, with the temperature in °C at the top and the 
pressure in kbar (if available) at the bottom. The upward and downward pointing arrows rep
resent prograde and retrograde core to rim P-T vectors respectively. Where no arrow is indi
cated, the difference between core and rim is negligible or not consistent within the sample . 
C / E = central /eastern sub-area, N = Northern sub-area, W = Western sub-area. 
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Table 7.2.a Geothermobarometric results from the northern and western 
sub-areas 
SAMPLE GRAIN p()MPS T,~ p T~ P-T ASSEM- LOCA-

(kbar) (0~) (~) (0 ) VECTOR BLAGE TION 
111 121 121 01 141 ~· 

NORTHERN SUB-AREA m 

142-86 GA3 r (6) 618 (6) 686 C<R GBMP MB 
GA3 c (6) 553 (6) 626 

158-86 GA2r 6.4 489 8 567 CSR GBMP M8 
GA2c 5.7 477 7.7 543 

87-117 GA2r 6.4 472 8.1 546 ? GBMPC RAF 
GA2c1 7.8 549 8.8 617 
GA2c2 4.8 411 6.1 472 

87-198A GA1r (6) 427 {6) 485 c ... R GBMP(C) GB 
GAl c (6) 415 (6) 475 

87-2558 GA2r (6) 694 (6) 700 C<R GBMToC G8 
GA2c (6) 638 (6) 648 

87-271 GA1r (6) 418 (6) 487 C>R GB(M)P GB 
GAle (6) 482 (6) 533 

WESTERN SUBAREA 

O'Brien lake area T'" • 445 :: 11 °C P'" • 5. 7 : 0.4k.bar1" 
87-51 GA2r 5.3 441 6.9 517 C<R GBMPC OB 

GA2c 4.2 406 5.8 480 
87-81 GA2r 6.5 467 8.2 545 C<R GBMP OB 

GA2i 5.9 455 7.6 530 
GA2c 4.9 425 6.3 494 

87-83 GA2r 5.9 435 7.5 506 C<R GBMP 08 
GA2c 5.7 433 7.3 503 

87-86 GA2r 5.5 442 7.1 512 C•R GBMP OB 
GA2c 5.1 433 6.5 499 
GA4r 5.5 441 6.9 506 C<R GBMP 
GA4c 3.8 392 5.0 448 

Emma Lake area T.,. = 454 :t:16°C"' 
87-65 GAl r (6) 458 (6) 536 c-R GBA EL 

GAl c (6) 466 (6) 548 
87-75 GA2r (6) 438 (6) 503 csR GMCtBl EL 

GA2c (6) 425 (6) 484 
87-93 GAl r (6) 450 (6) 507 C<R GBMP EL 

GA1 c (6) 365 (6) 415 
87-94 GAl rl (6) 486 (6) 539 C>R GBMP EL 

GA1 r3 (6) 443 (6) 496 
GA1 c (6) 505 (6) 563 

88-32 GAlr (6) 450 (6) 506 C$R GBM(PC) EL 
GAl c (6) 431 (6) 493 

Carol lake thrust sheet T.,. • 519 :t:51°0'• 

87-279 GA1r (6) 570 (6) 643 C<R GBMCPlC CAL 
GAl c (6) 517 (6) 604 gee 

87-283 GAlr 7.1 469 9.2 563 C<R GB(M)PC CAL 
GAle 6.5 450 8.6 543 



Tabla 7.2.b Gaotharmobaromatric results for central/eastern sub·araa 
SAMPLE GRAIN p~ T~ p ~ ptASP T~ p T ~ T(! ~b~~ T P·T ASS EM· LOCA· 

(k ar (0 ) (k~a7» ( 0~) (k ar) (0 ) (kttr'J (0 'E) (k~Tr\ (0 ) ro'EJ VECTOR BLAGE TION 
Ill 121 m 121 121 Ul Ul IJI 141 ... 

Lorraine Lake thrust sheet 
88·48 GA3r (8) 666 (8) 684 9.3 671 10.3 692 C<R GBMKSI SKI 

GA3c (8) 460 (8) 495 3.6 445 6.6 488 (Ct 
Duley Lake thrust sheet T,. a 695 :t 48°Ctel P,. a 7.7 :t 1.2kbar 

88·46A GA4 r 8.1 692 8.9 632 8.3 692 9.2 633 6.2 586 8.1 629 C~R GBMPK Wl 
GA4c 8.6 612 9.3 652 8.8 613 9.6 664 6.7 606 8.6 660 (Stt 

88·60 GA1r 6.8 563 7.4 697 6.7 663 7.4 696 6.7 669 7.3 696 C~R GBMPK WAB 
GA1 c 7.0 672 7.7 607 7.0 673 7.7 607 6.9 668 7.6 606 
GA2r 6.7 618 6.4 663 C>R GB(M)PK 
GA21 6.6 632 7.2 666 
GA2c 8.9 626 9.8 666 

88·628 OA2r 7.4 621 7.9 632 C<R GBMK WAB 
OA2c 3.3 644 4.8 681 

88·86 GA2 r 4.8 626 6.6 667 C<R GBM(P)K NFL 
OA21 6.9 692 7.8 640 
GA2c ·4.3 337 -1.6 406 

88·86 OA1r 9.0 669 9.6 689 9.0 660 9.6 689 C>R GBMPK SFL 
GA1c 10.0 736 10.8 763 10.2 736 10.8 764 

88·87 GA1r 9.0 646 9.7 676 9.2 646 9.9 678 6.9 636 8.3 671 csR GBMPK SFL 
GA1c 8.3 632 8.7 667 8.1 631 8.6 667 6.8 624 8.0 663 
GA2r 7.6 696 8.2 624 7.6 695 6.1 624 6.0 690 7.3 620 C<R GBMPK 
GA2c 6.6 637 7.1 666 6.7 644 7.1 666 4.1 628 6.4 669 



Table 7 .2.b (Continued) 
SAMPLE GRAIN &i:a1) c1t!t 

p T pt""' T~ ptASP T ~~-:~ T~ p~Aa~ T,E P·T ASSEM· LOCA· 
(k~1) (0'E) (k ar) (0 , (k ar) f0'Et (0 , (k ar (0 ) VECTOR BLAGE TION 

Ill m 121 m 121 121 121 IJI 141 I& I 

Wabush Lake thrust sheet P"' a 9.0 ± 1. 7kbar T"' = 624 :t 62 °C'" 

87·287 GA1r 10.0 666 11.8 749 C>R GBMPE JP 
B GAle 11.7 766 13.4 836 (C) 

B8·66 GA1r 8.7 609 10.0 673 C<R GBMPMc BH 
GAle 7.0 490 8.9 679 

88·67 GA1r (8) 694 (8) 780 C>R BPIGMC) BH 
GAle (8) 780 (8) 846 

88·68 GA1r (8) 634 (8) 652 C>R GBM BH 
GA1e (8) 661 (8) 679 

88·81 GAlr (8) 653 (8) 728 C>R GM(B)E BH 
GAle (8) 686 (8) 792 

88·72 GA1r (8) 620 (8) 744 C$R GBAP EFL 
GA1e (8) 595 (8) 716 

88·74A GA1r 7.1 601 7.4 618 6.9 600 7.2 617 4.6 691 6.3 610 C>R GBMPK NFL 
GA1e 9.6 659 9.9 679 9.5 669 9.9 680 6.8 644 6.7 666 

88·76A GA1r 11.8 674 14.6 799 C<R GBMP DOL 
GA1e 10.1 616 12.4 714 

88·80 GA2r 11 .0 650 12.1 702 10.8 668 12.3 706 9.1 642 11.6 699 C<R GBMPK BH 
GA2 c 9.8 693 11.0 646 10.8 601 10.6 649 6.2 679 8.7 636 

88·89 GA1r (8) 618 (6) 690 C>R GBP SFL 
GAle (8) 726 (8) 792 

88·90 GA2r (8) 687 (8) 629 C>R GBP(M) SFL 
GA2e (8) 689 (8) 728 

88·98 GA2r (8) 716 (8) 736 C<R GBM SL 
\1 GA2e (8) 666 (8) 697 

88·104 GA1r (8) 660 (8) 631 C>R GBPA SFL 
GA1e (8) 610 (8) 683 

88-122 GA1r 8.4 676 10.3 664 C<R GBMP MHL 
GA1c 6.1 466 8.0 663 
GA2r 6.4 604 7.9 674 C>R GBMP 
GA2·e 8.9 691 10.9 686 

88·123 GA1 r 8.7 679 10.6 667 C<R GBMP MHL 
GAle 6.6 467 8.7 662 

88·129 GA1r (8) 676 (8) 711 11 .1 689 12.8 730 C<R GBMPK MHL t ..J 
I .) 

GAle (8) 516 (8) 567 1.8 443 4.4 501 0 



Table 7.2 (continued) 

P GWB = pressure from gnt-mus-bio-pla barometer 
P GASP = pressure form gnt-kya-qt:z-pla barometer 
P MAIIIt = pressure from mus-gnt-bio-kya barometer 

all barometer calibrations from Hodges and Crowley (1985) 

TFs = temperature from gnt-bio thermometer, Ferry and Spear (1978) 
THe = temperature from gnt-bio thermometer, Hodges and Crowley (1985) 
1 GA# indicates a garnet in a thin section 

r = rim analysis, c = core anal•,·sis, i = inclusion in garnet 
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2 Pressures and temperatures were obtained by simultaneous solution of the 
GMPB barometer + FS thermometer (third and fourth column) a'"ld the GMPB 
barometer + HC thermometer (fifth and sixth column) respectively. Pressures 
and temperatures in b are calculated the same way using the GASP and MABK 
barometers. 
Pressures in brackets are assumed for temperature calculation in those 
samples for which no pressure could be determined. 

3 The P-T vector indicates whether P and T increase or decrease from core to 
rim: 
C = R no significant change 
C<R increase in P & T 
C < R small/insignificant increase in P & T 
C>R decrease in P & T 
C > R small/insignificant decrease in P & T 

4 A = amphibole, B = biotite, C = chlorite, cc = calcite, E = epidote, g = 
graphite, G = garnet, K = kyanite, M = muscovite, Me = microcline, P = 
plagioclase, Si = Sillimanit9, St = staurolite, To = tourmaline 
All assemblages include quartz. Minerals in brackets are not in equilibrium. 

5 abbreviations indicate approximate locations of sample outcrops as in the 
following list: 

BH = Blueberry Hill NFL = North end of Aora Lake 
CAL = Carol lake thrust sheet 08 = O'Brien Lake 
DOL = Dolomite quarry RAF = Riviere aux Fraises 
EFL = east of Aora Lake SFL = South end of Aora Lake 
EL = Emma Lake SKI = Ski hill, Labrador City 
GB = Goethite Bay area SL = Se!lhorse Lake 
JP = Julienne Peninsula WAB = Wabush town and surroundings 
MB = Mont Bondurant WL = islands in south end of Wabush 
MHL = Moose Head lake lake 
These locations arc indicated in Fig.l.l. 

6 P"" = Mean rim pressure using GMPB and GASP barometer 
T"" = Mean rim temperature using FS thermometer 
± one standard deviation 

7 no average P and T calculated for the northern sub-area, see text. 
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contained the right mineral assemblage for both thermometry and barometry. From 

these profiles a P-T path was determined using the method described in the previous 

section. The results are plotted in P-T diagrams in Figure 7.8. 

7 .3.5.1 Comparison of thermometers and barometers 
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For the western and northern sub-areas (Table 7.2.a) temperatures were estimated 

using the Grt-Bt thermometers from Ferry and Spear (1978) (TpJ and Hodges and 

Crowley (1985) {T Hd combined with pressure estimates from the Grt-Ms-Pl-Bt 

barometer from Hodges and Crowley (1985) (Pcn.ooJ. In some samples plagioclase was 

not present or was too sodic to be used for pressure calculation (plagioclase 

compositions of Xc. $ 0.2 result in over-estimation of the pressure, Hodges and 

Crowley, 1985). In these cases a pressure of 6 kbar \'ras used in the temperature 

calculation, which is approximately the average maximum pressure calculated for the 

Results from the central/eastern sub-area are shown in Table 7.2.b, separated for 

each thrust sb.CCL Since in this part of the map area the pelitic mineral assemblages in 

some outcrops include alumino-silicates, two additional barometers could be used: the 

Grt-Ky-Pl-Qtz barometer (POASP) and the Ms-Grt-Bt-Ky barometer (Pw.mc), both 

calibrated by Hodges and Crowley (1985). All barometers were again combined with 

both thermometers (T PS and THe> for comparison. In assemblages which Jacked a 

barometer a pressure of 8 kbar was substituted, which is approximately the average 

pressure for the area, calculated using garnet rim compositions. 

A comparison of the temperatures from the two thermometers shows that THe is 

systematically higher than TPS. The difference (~T =THe- TpJ ranges for individual 

samples from 6°C to 125°C. Calculated for the separate sub-areas the averageD.T is 

S7±22°C for the northern area, 69±12°C for the western area and S7±30°C for the 

central/eastern area. Besides the differences in temperature, the pressures calculated in 

simultaneous solution with T ac are 1 to 2 kbar higher than the ones calculated using 

T "' due to the positive slope of the barometer curves in P-T space. The slope of both 

barometers is in the order of 1 kbar/50°C. 
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Both temperatureS and pressures calculated using T HC are unrealistically high. For 

inst2nce~ in some samples from the Emma Lake/O'Brien Lake~ estimates ofTHC 

would imply metamorphic temperatures that are usually found in the amphibolite facies. 

which is inconsistent with the observed greenschist facies mineral assemblages. The 

same inconsistency ~~ P-T estimates using T w: and mineral assemblages were also 

found in the higher thrust sheets. For this reason O'.:dy the Ferry and Spear ( 1978) 

Grt-Bt thermometer was used for data presentation in figures 7.6 to 7.8 and their 

interpretation. 

Pressures calculated witt the GMPB and GASP barometers are nearly identical 

and the difference is in most samples less than 0.2 kbar. Many of the samples in the 

centralleastem area contain the Grt-Ms-Pl-Bt assemblage for which the GMPB 

barometer could be used and the GASP barometer was only required for sample 88-50, 

in which one of the garnets was not accompanied by stable muscovite. The low 

precision of the MABK barometer, as indicated by Hodges and Crowley (1985), is 

demonstrated in a comparison with the two other barometers. It considerably 

underestimates the pressure, in most cases up to 2 or 3 Iebar for rim pressures. Core 

pressures are even further removed from the values of the other two barometers, which 

results for sample 88-85 even in negative pressures (Table 7.2.b). In terms of the 

orientations of the P-T vectors, however, the results are consistent with the GMPB and 

GASP barometers, so it can be used for this purpose (Fig. 7. 7, sample 88-528; Fig. 

7.8, sample 88-48). 

For data presentation and interpretation the results from the GMPB barometer 

were used, combined with T FS• except for those samples in which this assemblage was 

not present. The accuracy assumed for P OMPB and P OASP is within 1 Iebar, for the 

thermometer within 50°C. Considering the accuracy of approximately 1 ~ of the 

mineral analyses (Appendix G), these error est.ima!es are reasonable, as was shown by 

Hodges and Crowley (1985). P-T vectors and paths plotted in figures 7.7 and 7.8 show 

that the differences in P and T between cores and rims often fall within the error bars. 

This does not mean that the vector is not significant. Tbe size of the error bars depends 
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to a large extent on the uncertainties in the thermodynamic data used for calibration of 

the thermometers and barometers. The error in the chemical analysis contributes only a 

small part of the error for the pressure and temperature calculations (McKenna and 

Hodges, 1988). Since the same calibration is used for both end points in the P-T 

vectors and the variations in chemical composition within single garnets are minor, 

their relative positions a.-e correct within the error of the microprobe analysis a."ld the 

errors in the assumptions mentioned in Section 7.3.4. Although the absolute positions 

of the vectors in P-T space can change up to the amount shown by the error bars, their 

end points will tend to change in the same manner, thus the orientation of the P-T 

vector will remain valid with respect to incre3Ses and decreases of P and T. 

The results from the northern area (Table 7 .2.a) are from widely separated sample 

locations (Fig. 7.6), covering sever.d thrust sheets. Calculation of an average P and T 

is not meaningful because it would combine information from different metamorphic 

and structural levels. 

The samples from around Mont Bondurant and Goethite Bay are from near the 

roof thrust of the Emer Lake thrust ....... ~ The Julienne Lake fault zone separates two 

areas of slightly different temperatures, with the one to the north showing the lower 

temperatures (with exception of sample 87-255, which seems to give an unrealistically 

high temperature). Sample 87-198 is located in a slice of basement rocks which moved 

from the footwall of the Goethite Bay floor thrust into the level of the overlying thrust 

sheet by out of sequence thrusting. This temperature represents the lower grade Elmer 

Lake thrust sheet rather than the overlying Goethite Bay thrust sh~ of which mineral 

assemblages indicate a significantly higher metamorphic grade (T>500°C). 

The P-T "-ector and P-T path from sample 158-86 (Fig. 7.7a and 7.8) shows 

growth of the garnet with increasing P and T, which is consistent with the growth 

zoning profile (Fig. F.2, Appendix F). Gamet 2 in sample ~-117 is a large aggregate 

of grains which are fragments of one larger disintegrated grain, some with new 

overgrowths. The core (cl) and rim of one fragment show a retiOgiade vector, but 
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analyses from the core (c2) of another fragment show a significantly lower P and T 

than the previous two (Table 7.2). This inconsistency could be an effect of a 

complicated history of different ages of gam~ for which Lite chemical profile from 

sample 87-120 (from a nearby outcrop) provides indications (Section 7.2.1.5). In 

general, the P-T paths for garnets from the nor.hem part of the ~rea are interpreted to 

be prograde (mcreasing P and T). with retrogression mainly in the high strain rocks. 

The average P and T calculated from garnet rim compositions from the western 

sub-area are (Table 7.2.a): for the Emma Lake and O'Brien Lake areas T = 450 

+ 14 °C, P = 5. 7 +0.4 kbar; for the two samples from the Carol Lake thrust sheet T = 

519 ±51 oc and only one pressure estimate of 7.1 Iebar. This is in good agreement 

with results from the Emma Lake area presented by Brown (1988; see also Brown et 

al., 1991). All samples suggest garnet growth under increasing P and T, with the 

exception of sample 87-94, which is a strongly poikiloblastic gnin which either may 

not have grown radially or has grown late in the evolution during the retrograde pan of 

the metamorphic event (cf. microstructure of similar garnet 88-93 in Plate 6.21). 

The P-T vectors and P-T paths for the western sub-area are plotted in figures 

7. 7 .a and 7.8 respectively. Figure 7. 7 .a shows that the P-T vectors consistently show a 

prograde P-T path for the area, with both P and T increasing, which is in agreement 

with the prograde zoning profiles in the garnets of the area (Fig. 7 .S.a, Section 7 .2.1). 

The P-T path derived from the garnet profile of sample 87-81 from the O'Brien Lake 

area (Fig. 7.8) is consistent with the P-T vectors. This observation combined with the 

lack of retrograde zoning in all but one of the garnets of the Emma Lake and O'Brien 

Lake areas suggests that the P-T conditions obtained from garnet rims represent a 

metamorphic peak. The data from the Carol Lake thrust sheet (Fig. 7.7.a and Fig. 7.8, 

sample 87-283) indicate a mainly prograde P-T path with slight retrograde diffusion at 

the garnet rim. The peak metamorphic grade is somewhat higher than in the 

structurally lower Emma Lake thrust stack, although the difference is not statistically 

significant because of tbe small number of da!a. 
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In Table 7.2.b the results from the central/eastern sub-axea have been subdivided 

for the three major thrust sheets: the Lorraine Lake, Duley Lake and Wabush Lake 

thrust sheets. For the Lorraine Lake thrust sheet only one data point is available 

(566°C). The average garnet rim temperature and pressure for the Duley Lake thrust 

sheet (samples from near Labrador city and Wabush) is 595 ±48°C and 7. 7 + 1.2 

Iebar, for the Wabush Lake thrust sheet: 624 ±52°C and 9.0 + 1.7 kbar. These results 

show a minor increase in pressure and temperature from west to east. Gamet rim 

pressures and temperatures plotted in a map (Fig. 7.6) do not show a consistent trend. 

P-T vectors have been plotted for the two thrust sheets in lithotectonic domain V 

in Figure 7.7.b and c. The vectors in these plots are not as consistent as in the lower 

grade western an:a. In the case of sample 88-122 two garnets in one thin section give 

two opposite vectors (F~g. 7.7.c). Two vectors for sample 88-87 (Fig. 7.7.b) cover 

two different partS of P-T space, but both show an increase in P and T. The P-T vector 

for sample 88-52B (Fig. 7. 7 .b) bas steeper slope than the remainder of the vectors, 

starting in the sillimanite field. However, no evidence for sillimanite growth has been 

found in the sample. The pressures for the sample were calculated using the MABK 

barometer and are probably too low, especially for the core, resulting in a vector that is 

too steep. The prograde orientation of the vector is still valid. 

In spite of inconsistency and opposite orientations of the P-T vectors in the area, 

they occupy a nanow zone in P-T space. The vectors from the Wabush Lake thrust 

sheet indicate slightly higher pressmes and define a zone that is slightly further 

removed from the kyanite-sillimanitc reaction boundary than the vectors from the Duley 

Lake thrust sheet. Assuming that opposite vectors represent prograde and retrogiade 

parts of a P-T path, the P-T loop for the metamorphic development must be very tight. 

The P-T paths plotted in F1gare 7.8 give a better impression of the P-T evolution 

of tbe rocks in the area. Of these P-T paths the one for sample 88-48 from the 

Lorraine Lake thrust sheet has been calculated using the MABK barometer and is too 

steep. All others have been calcnlatrd using the GMPB barometer and can be 
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subdivided in two groups, which (maybe coincidentally) represent the two thrust sheets 

in the southeast of the area: garnets with a rettogiade chemical profile in the Duley 

Lake thrust sheets (88-50, 88-86 and 88-87) and garnets with a growth zoning profile 

and retrograde rims in the Wabush Lake thrust sheet ~88-SS. 88-80 and 88-123). The 

first group has been homogenized at peak metamorphic conditions at around 10 to 11 

kbar and 700 to soooc with retrogreSSion of the garnet rims. Only sample 88-87 of the 

first group shows a partial prograde path, which may be related to biotite inclusions 

close to the analysis points in the center of the grain. The chemical profile (Appendix 

F ~ Fig. F .2) shows a constant (homogenized) composition for most of the interior of the 

garnet. The second group shows both the prograde and rettogiade parts of the P-T 

path, confirming the observation made from the P-T vectors that the P-T loop is, 

indeed, very tight. Unfortunately the retrograde pan of the path is not well 

constrained. The retrograde rims are between 50 and 200 microns wide and with the 

spacing of analysis points used in this study they are undersampled. The metamorphic 

peak recorded by this second group of garnets is approximately 10.5 to 12.5 kbar and 

650 to 750°C. 

Both the P-T vectors and the P-T paths show that the prograde and retrograde 

paths from the Wabush Lake thrust sheet lie at slightly higher pressures than the paths 

from the Duley Lake thrust sheet. This may be an indication of slightly different 

thermal and tectonic histories of the two thrust sheets. This confirms the interpretation 

of Chapters 4 and S that the Flora Lake shear mne, which separates the two thrust 

sheets, and which also separates Gagnon terrane from Molson Lake terrane in the 

southeastern part of the map, is a significant tectonic break. 

7.3.61NTERPRETATION AND DISCUSSION OF THE 

GEOTBERMOBAROMETRY RESULTS 

In the northern sub-area the density of sample points is too low and the variation 

in results too large for a detailed inte~pxetation of the :esults. In the Mont 

Bondurant-Goethite Bay area mineral assemblages from the Goethite Bay thrust sheet 

suggest that the peak metamcnpbic grade was well into the amphibolite facies after 
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which the rocks were affected by a retrogtade metamorphism, which is indicated by the 

replacement of staurolite by chloritoid. In the Elmer Lake thrust sheet results from 

thermometric analyses on rocks from the footwall of the Sokoman Duplex floor thrust 

indicate a peak temperature of approximately 500°C, which is the lower limit of the 

amphibolite facies. The estimated temperature for a garnet-biotite pair from the 

Sokoman Duplex is significantly higher (618°C), confirming the conclusion based on 

mineral assemblages that the thrust fault between Elmer Lake and Carol Lake thrust 

sheets in the footwall and Goethite Bay and Lorraine Lake thrust sheets in the hanging 

wall forms a significant metamorphic break (Section 7.1.3). 

In the western sub-area, the results for the Emma Lake/O'Brien Lake area 

consistently indicate growth of the garnets under increasing pressure and temperature 

conditions as summarized in Figure 7.9. The peak metamorphic conditions recorded by 

the garnet rims are approximately 6 kbar and 450°C. The P-T path is fairly steep, 

which is in agreement with the thermal model for thrust belts of Davy and Gillet 

(1986), which suggests a low geothermal gradient with relatively high pressures for a 

stack of thin thrust sheets. No information is available about the retrograde part of the 

P-T path. For the Carol Lake thrust sheet only a small number of data is available, but 

the tectonic and thermal development is interpreted to be similar to that of the Emma 

Lake thrust sheet, with only slightly higher metamorphic grade. 

The variation of the P-T vectors and the wide range of calculated rim 

temperatures in the central/eastern area may have several causes. In the first place the 

area from which these samples are takEn is quite large and incorporates a range of 

metamorphic conditions and structural settings. On the other band, apparently 

conflicting results from within a single thin section (e.g. sample 88-122) indicate that 

other factors play a role as well. The small scale, non-systematic variations are caused 

by the method of anal~ local disequilibrium, domainat equilibrium and diffusion 

processes, and do not reflect real differences in metamorphic history of the rocks. Both 

aspects are discussed below. 
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Fig. 7.9 Summary of P-T paths in different parts of the area. In the western sub-area, 
represented by the P-T path from the O'Brien Lake thrust sheet, only the prograde path is 
preserved. In the Wabush Lake thrust sheet in the central/eastern sub-area both the pro
grade and retrograde path are preserved. In the Duley Lake thrust sheet retrograde P-T paths 
and vectors are dominant. Reaction curves are from Rivers ( 1 983b). 
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7.3.6.1 Non.systematic variations in P-T determinations 

Non-systematic variations in estimated metamorphic conditions have been 

recorded in many geothermobaromettic studies. Hodges and Royden (1984) indicated 

that a suite of samples that was affected by the same conditions, showed a wide range 

of rim pressures and temperatures. This was interpreted as a result of equilibria frozen 

in at different times during retrogression, which together defined a retrograde P-T 

trajectory (cf. Tracy et al., 1976; Indares and Martignole, 1985a; Mengel and Rivers, 

1989). The effect of incomplete re-equihoration of a garnet rim with respect to matrix 

biotites was shown by Duebendorfer and Frost (1988) to be the cause of a wide range 

of temperatures calculated from one single garnet. Garnets in contact with biotite 

grains show local halos of chemical zoning around the biotite, in which areas diffusion 

continued longer and to lower temperatures than in other parts of the rim (Tracy et al, 

1976). This can also lead to differences in calculated rim temperatures from one 

sample. 

Another factor which has a significant effect on the observed zoning patterns a."ld 

the calculated P-T vectors is the location of the cut throui·;b the garnet (the •sphere 

effer..t•, Indares and Martignole, 198Sa). Figure 7.10.a s':tows bow P-T vectors 

obtained from a hypothetical garnet, which has a growt~ zoned core and a retrograde 

zoned rim defining a P· T loop, can have a range of orientations. A tangential cut 

through the garnet rim will reveal only the last part of the P-T loop and only a cut 

through the core will incorporate the whole P-T history of the garnet. The effect of 

resorption on the P-T path determined from a radial cut through a garnet is shown in 

Figure 7.10.b. The P-T paths derived from the different cuts do not contain the 

complete retrograde history. The figure also shows a compositional halo around a 

biotite in contact with the garnet, where retrogression continued longer than in the 

remainder of the garnet A cut through this halo will result in a P-T vector with an end 

point at lower P and T. If the two effects are combined, P-T vectors calculated from a 

garnet can link any two points on the P-T loop, resulting in a wide range of orientations 

ofP-T vectors (Fig. 7.10.c). Since the P-T path for the Wabush Lake thrust sheet 
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Fig. 7.10 Schematic illustration of the effect of the section plane and resorption on P-T 
vectors obtained from zoned garnets. Lines represent thin section cuts through a hypotheti
cal, originally circular garnet with growth zoning in the central part and retrograde zoning 
near the rim. Higher densities of dot patterns indicate higher metamorphic grades. Numbers 
are P-T points in the P-T diagrams which coincide with circles (spheres) in the garnet. 
Squares indicate analysis points in the garnet . P-T vectors are constructed from core and rim 
analyses. A) effect of different (tangential) se ..,tions. 8) effect of partial resorption on P-T 
vectors from different radial sections. C) combined effects of A and B. 
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forms a •hairpin• loop, cut and resorption effects in these garnets resulted in P-T 

vectors that a:e all virtually parallel, connecting two points on one line from lowest to 

highest P and T recorded by the garnets, but they can point either in a progyade or a 

retrograde orientation, depending on the locations of the cut and the profile through the 

garnet. 

It is expected that all these factors influenced the calculation of P-T vectors and 

rim P-T points in the centtalleastern area. Many of the analyzed garnets have 

subidioblastic crystal shapes as a result of partial resorption. In sample 88-98 (Fig. 

F.2, Appendix F) the asymmetry of the garnet chemical profile and the difference in 

composition of the opposite rims, a result of resorption, is obvious. Note also the 

difference in P-T points derived ftom two opposite rims in the P-T paths of samples 

88-55, 88-80 and 88-86 (Fig. 7.8). The opposite orientations of the P-T vectors 

derived from ~ :')It; ~8- t22 (Fig. 7. 7) are probably caused by a combination of a 

tangenti;il cut ant -:;;sorption. These closely spaced, parallel prograde and retrograde 

vectors in this · .nple suppon the conclusic. .. that the P-T loop was indeed very tight. 

7 .3.6.2 &. ~ .d variatioas in metamorphic grade 

In order to evaluate the regional variations in metamorphic development, these 

non-systematic variations in P-T estimates must be removed. A comparison of either 

peak metamorphic conditions or P-T paths in the area will give the most significant 

infonnation. In growth-zoned garnets the peak metamorphic conditions were recorded 

in the rims which, during retrograde metamorphism, were destroyed by intergranular 

diffusion at the rims or by homogenization of the garnets as a result of increased 

intragranular diffusion rates. For the reconstruction of the P-T loops that represent the 

different thrust sheets, the assumption was made that those P-T paths that show the 

largest variations have been least affected by diffusional effects and give the closest 

approximation to the real variations in pressure and temperature (Muncill and 

Chamberlain, 1988; TJang and I asaga~ 1990). The P-T paths estimated for different 
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parts of the area are shown in Figure 7.9. Figure 7.11 is a map of the variation of the 

peak metamorphic conditions through the southern part of the area. 

The P-T path for the Wabush Lake thrust sheet is best documented in samples 

88-55, 88-80 and 88-123 (Fig. 7.8), which show both prograde and retrograde paths. 

They indicate that close to the eastern boundary of Gagnon terrane the prograde pan of 

the P-T path shows a fairly steep increase in pressure and temperature up to a 

maximum of approximately 700 to 750°C and 11 to 12 kbar (Fig. 7 .9). The retrograde 

path closely follows the prograde path at slightly lower pressures. All P-T vectors 

from core-rim analyses outline parts of this loop and are consisten: with thes: 

conclusions. The estimated P-T loop is also in agreement with the occurrence of 

kyanite as the stable alumino-silicate in the eastern pan of the area. 

In the Flora Lake shear zon~, P-T vectors tend to be retrograde. High strain will 

tend to break down the larger garnet grains and some strain induced recrystallization 

may take place. The garnets in the shear zone are significantiy smaller than those in 

the remainder of the area and therefore will be homogenized more easily (Lasaga, 

1983). In the Flora Lake shear zone defonnation continued after the~ of 

metamorphism and may have enhanced retrograde r:act:ions at the garnet rims, thus 

promoting the retrograde diffusional z:>ning. 

In the Duley Lake thrust sheet retrograde P-T paths and vectors seem to be 

dominant, but prograde vectors also occur. The maximum P and T, which are 

recorded at the southern end of Flora Lake, are similar to those of the Wabush Lake 

thrust sheet, but at somewhat lower pressures: 700 to soooc and 10 to 11 kbar. 

Towards the northwest pressures and temperatures decrease somewhat (Fig. 7.11). 

Around Wabush and Labrador City the metamorphic peak is estimated at 600 to 650°C 

and 8 to 9 kbdr indicating a fairly steep metamorphic field gradient. 

Data from the Lorraine Lake thrust sheet farther west are from just one outcrop at 

the Ski Hill north of Labrador City, which indicates a peak temperature of slightly 

below 600°C. The pressure from this outcrop, 9.3 kbar, was estimated using PMABK 

and is assumed to be too high. The mineral assemblage in this outcrop contains lcyanite 
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Fig. 7.1 1 Estimated peak metamorphic pressures and temperatures, determined from 
thermobarometry on zoned garnets, in the southern part of the map area. The presented 
pressures and temperatures are conservative averages of the peak conditions shown in 
Fig. 8. 
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overgrown and replaced by sillimanite, indicating that the P-T path for the anticline in 

this part of the area must have reached into the sillimanite stability field as a result of 

rapid uplift with minor cooling. This is, however, the only recorded occurrence of 

sillimanite in the map area and the results for this one outcrop are not expected to be 

representative for the whole thrust sheet. 

The trend of decreasing peak metamorphic grade continues towards the northwest 

to the Emma Lake/O'Brien Lake area where the peak P-T estimates are 450°C and 6 

kbar. The prograde P-T path in this western part of the area is somewhat steeper than 

in the east. This may either indicate faster burial with less time for the isothenns to 

relax, or it may be an effect of the stacking of thin thrust sheets, which results in lower 

temperatures for a given amount of thickening than is the case for a smaller number of 

thicker thrust sheets representing the same increase in thickness (Davy and Gillet. 

1986). It should be noted that the difference in peak metamorphic grade between the 

Carol Lake thrust sheet and the Emma Lake thrust stack is larger, over a shorter 

distance, than the difference in the peak P and T between the Carol Lake and Lorraine 

Lake thrust sheets. This may suggest that the floor thrust of the Carol Lake thrust sheet 

forms a break in the metamorphic field gradient in the same manner as the floor thrust 

of the Lorraine Lake thrust sheet. 

7.4 DISCUSSION AND CONCLUSIONS 

Although all the data are consistent with the thermal history described above, 

there is an unresolved problem. Chemical profiles through garnets from the eastern 

part of the area show that some seem to have been homogenized, whereas others have 

preserved the growth zoning pattern to some extent. Most of the prograde-zoned 

garnets are found in the Wabush Lake thrust sheet and the majority of the garnets with 

retrograde zoning are from the Duley Lake thrust sheet, but both types of garnet appear 

in both thrust sheets, often in close proximity. 

Preservation of growth zoning profiles in garnets which have been heated up to 

approximately 750°C indicates that, in spite of the increased diffusion rates at these 

temperatun:s, the garnets have not had enough time to homogenize. This is likely a 
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result of fast cooling rates after the metamorphic peak, induced by rapid uplift and 

erosion. In con~ in some pans of the upper thrust sheets the rocks seem to have 

cooled more slowly and increased diffusion rates prevailed long enough to homogenize 

the garnets. 

Tectonic movements also have an influence on the cooling rates of the rocks, and 

therefore on the homogenization of the garnets. Rocks in hanging walls of thrusts or in 

cores of antiforms are uplifted faster than in footwalls of thrusts and in synforms and 

relaxation of the distorted isotherms in the former structures will result in increased 

cooling rates (Chamberlain and Karabinos, 1987; Muncill and Chamberlain, 1988). 

This phenomenon could have played a role in the faster cooling of the rocks in the 

Wabush Lake thrust sheet.. Geometric analysis of the thrust sheets in Chapter 5 

suggested that the displacement on the Wabush Lake floor thrust is significantly larger 

than on the Duley Lake floor thrust (see cross sections in Figure 1B, in pocket), which 

may have given the Wabush Lake thrust sheet an increased cooling rate in comparison 

to the Duley Lake thrust sheet. No other relationships between homogenization of 

garnets and structurdl setting have been observed. 

Another factor may also contribute to the variations in garnet zoning patterns on a 

small scale. The presence of small intrusive bodies, like those found north of Moose 

Head ~ could cause significant disturbances in the thermal pattern of the rocks. 

Unexposed plutons could have locally retarded the cooling in the rocks of both t.lu'ust 

sheets and in this way increased the homogenization effects locally. However, these 

plutons may not be of Grenvillian age and their role in the variations of the garnet 

profiles is unc:ertain. 

Possibly the absence of a prograde zoning pattern does not reflect homogenization 

of the garnets. The garnets that lack prograde zoning may have been cut through their 

ri~ incorporating only the xetrograde part of a complete zoning pattern (Fig. 7.10.a). 

However, the analyzed garnets were carefully selected to avoid this problem and it is 

not expected that many of the analyzed ~ show such dramatic cut effects. 

Another planq"ble explanation is rclalcd to the bulk composition of the rocks. Garnets 



that grew rapidly, late in the prograde path would not have a prograde zoning pattern. 

The fact that most of the garnets with retrograde P-T vectors are found in rocks 

containing kyanite (assemblage Qtz-Bt-Ms-Grt-Pl-Ky) may suggest taiat these garnets 

were produced by the staurolite-breakdown reaction 

St + Ms + Qtz = Grt + Bt + Ky + ~0 

which OCCUIS at tempercttures far above the first occurrence of garnet, close to the peak 

pressures and tempercttures. In this way, the early pfObC2de part of the P-T path may 

have been omitted in these garnets. The partial prograde paths in the cores of garnets 

88-86 and 88-87, which have an otherwise flat profile, favours this explanation. rather 

than an incomplete homogenization of the garnets. 

A comparison of the P-T data from geothennobarometry and the mineral 

assemblage zoning as presented in seaion 7.1 shows that the calculated r~~ and 

tempercttures diverge somewhat from those indicated in the petrogenetic~ (Fig. 7.3). 

but the two are not incompatible. Calculated pressure and temperature near the garnet 

isograd at O'Brien Lake are approximately 6 kbar and 450°C, which is only slightly 

above IC!dion curve [Rl] in the petrogenetic grid. In the field this isograd is remote 

from the Emma Lake area (Fig. 7.1). It seems li.kely that the estimated temperatures 

for [Rl] are too high. The calculated temperature in the Carol Lake thrust sheet seems 

slightly too high with respect to the staurolite-in isograd [R3]. The location of the 

staurolite brealcdo~-n reaction [RS] in the P-T grid fits well with the estimated 

temperature of 570°C at the Ski Hill. The tcmpercttures of the rocks near the melt 

lsograd are 600-650°C, whereas the P-T grid indicates that melti.'lg could take place at 

±580°C in a water saturaled system. The highest calculated temperatures, from near 

Molson Lake terrane, range up to 750°C, but melt reaction [R8] has not taken place in 

tllese rocks. The melt curves [R6], [R7] and [R8] should be moved up at least 50°C, if 

the tbennobaromeuy results are amect. This suggests that the a H2o in the fluid and the 

a Ab in plagioclase in the high grade metamorphic zones were significantly lower than 1. 



241 

The estimated peak metamorphic conditions in the eastern pan of the map area 

attest to a medium to high pressure metamorphic even~ which is best explained by a 

rapid loading of the crust- The metamorphic grades lie in between the classical 

Barrovian type facies series and the eclogite facies a>nditions. These conditions are 

rather uncomlT'n1ti in most orogens, but seem to be chaiacteristic of the Grenvillian 

Parautochthonous Belt (Wynne-Edwards, 1972; Indares and Martignole, 1985a, 1990a: 

Rivers et al., 1989). 

The metamorphic grade increases from the structurally lowest to the highest thrust 

sh~ resulting in a regionally inverted metamorphic gradien~ which is chaiacteristic 

for thrust belts. A jump in metamorphic grade is inferred across the floor thrusts of the 

Goethite Bay and Lorraine Lake thrust sheets, and possibly across some of the higher 

thrust faults as well. Inverted metamorphic gradients are generally explained by the 

emplacement of thrust sheets of a relatively high metamorphic grade on top of lower 

grade rocks (e.g. Jamiesca, 1986; Crowley, 1988; Karabinos and Ketcham, 1988; Rice 

et al., 1989; Chamberlain et al., 1989; Treloar et al., 1989). This is consistent with :he 

rule that ~&l'USt faults place rocks from a deeper level on top of rocks from a higher 

level. If thr.!Sting is of the same age as the metamorphism, this v:ould create an 

unstlble thermal situation which is not likely to be preserved (e.g. Crowley, 1988). In 

Chapter 8 the creation and preservation of invcrteci metamorphic gradients is discussed 

in detail. 

The ~in shape of the P-T path indicates that when the peak of metamorphism 

was reached, cooling and decompression followed immediately, without any time for 

thermal relaxation between the prograde and retrograde part of the paths. This suggests 

that at some time after a period of prograde metamorphism, the system switched rapidly 

to retrograde metamorphism. Prograde metunorphism at any location is inferred to 

ta.t:e place when the volume of rock in question is in the footwall of a moving thrust 

~ before its incorpcntion into tbe wedge. It achieves its maximum pressure and 

tempeiatUre as a result of tectonic burial UDdemeath the ovcrthrusting wedge. After 

incorporation into tbe advancing thrust wedge, tbe rock volume is progteSSively 



exhumed. Thus, the onset of thrust activity in the floor of the Wabush Lake and Duley 

Lake thrust sheets is interpreted to terminate progressive metamorphism and the thrust 

activity caused cooling and uplift of the rocks during retrograde metamorphism. 

Staclcing of thrust sheets caused thickening of the crust resulting in an increase in 

erosion above the locus of the thickening, indicated by the decompressive nature of the 

retrograde P-T paths. Numerical models of the thermal evolution of thrust belts have 

shown that increased cooling is expected in the hanging wall of major thrust faults 

(Davy and Gillet, 1986; Chamberlain and Karabinos, 1987; Shi and Wang, 1987; 

Kaiabinos and Ketcham, 1988). As mentioned above, the relaxation of distoned 

isotherms in the banging wall of a thrust fault will enhance cooling rates. Emplacement 

of the rocks of the Wabush l..ake thrust sheet on top of cooler metasediments in the 

lower thrust sheets possibly provided an extra cooling mechanism. The sediments in 

the footwall experienced prograde metamorphism as a result of the emplacement of 

warmer rocks on top. 

This geothermobarometry study has shown that the use of P-T vectors obtained 

from garnet core and rim analyses can lead to spurious results when used for growth 

zoned garnet with retrograde rims. For these garnets only chemical profiles should be 

used for the rcconstruction of the P-T path, which give a more complete history of 

variations of pressure and temperature during garnet growth and retrogression. Ideally 

a compositional map of the garnet should be used for the determination of the best 

profile line through the garnet (e.g. Duebendorfer and Frost, 1988; Tucillo et al .• 1990: 

Spear et al., 1990). Similarly, plotting of P-T conditions obtained from retrograde 

garnet rims and matrix minerals on a map (Fig. 7.6) does not give significant 

information. It will lead to the comparison of different points on the P-T paths for 

different parts of the area. On a map only the use of peak metamorphic conditions can 

be meaningful (Fig. 7.11). 

An interpretation of the P-T data obtained by thermobarometJy results in the 

foDowing picture for the metamorphic development of Gagnon terrane in southeastern 

Labrador. P-T pa!bs from zoned garnets in the c:cntralleastem part of the map area 
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indicate a fairly steep, •hairpin• P-T loop which has a peak at 700 to 750°C and 11 to 

12 kbar near the eastern boundary of Gagnon terrane. Peak metamorphic pressures and 

temperatures decrease rapidly westwards to the syncline at the southern end of Wabush 

Lake (600 to 650°C, 9 to 10 kbar). From there westwards, the peak pressures and 

temperatures drop more gradually to 450°C and 6 kbar at Emma Lake and O'Brien 

I...akc.. This variation of peak metamorphic pressu~es and temperatures indicates a 

telescoped and inverted metamorphic gradient through the thrust belL 
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Biotite from a basement rock east of Bruce Lake, probably of Archean age and 
originally rich in titanium. The brown core contains a sagenitic intergrowth of 
rutile needles and trails of sphene inclusions, and is overgrown by a rim of green 
Grenville-age biotite. The matrix consists of fine-grained chlorite, muscovite, 
quartz feldspar and epidote. (plane polarized light) 

Amphibolite grade mineral assemblage in metamorphic zone 4 consisting of 
garnet (large porphyroblast on the left with hematite staining), staurolite (yellow) 
and kyanite (colorless, high relief) in a coarse-grained quartz matrix. Sample of 
the pelitic member of the Wishart Formation in the Goethite Bay thrust sheet. 
(plane polarized light) 
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Retrograde growth of chloritoid (gray-blue and pale yellow-green twins), 
replacing staurolite (yellow), of which an unstable remnant is located in the 
lower right-hand corner. The garnet (large porphyroblast in the top) contains 
inclusions of staurolite outside the field of view. The matrix contains quartz and 
muscovite. Wishart Formation near Goethite Bay. (plane polarized light) 

Diagnostic mineral assemblage of metamorphic zone 5, garnet (black) + biotite 
(dark green to brown) + kyanite (pale yellow and white), in a matrix of 
predominantly muscovite + quartz. Sample from Wabush town in the Duley 
Lake thrust sheet. (crossed nicols} 
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Antiperthitic exsolution of microcline in a plagioclase grain. In a rock of the 
Attikamagen Formation in the Wabush Lake thrust sheet near the Michel Lake 
tonalite. The micas at the top and the bottom are muscovite. (crossed nicols) 

Partially resorbed garnet in a rock of the Attikamagen Formation in the Duley 
Lake thrust sheet at the southern end of Flora Lake. The area surrounding the 
garnet is depleted in muscovite, which is abundant in the remainder of the 
matrix, and enriched in biotite and plagioclase. This suggests that garnet was 
broken down by the reaction Gnt + Ms = PI + Bt. (crossed nicols) 



CBAPI'ER8 

TBERMOTECfONIC DEVELOPMENT 

OF THE FOLD-AND-THRUST BELT: 

DISCUSSION AND SYNTHESIS 

In this final chapter a model is presented for the development of the Grenvillian 

fold-and-thr.lSt belt in southwestern Labrador, which accommodates the structural as 

well as the metamorphic characteristics of the belt. The tectonic development is 

interpreted in the light of the bulldozer-wedge model for thrust belts and aspects of the 

mechanics of the development are discussed qualitatively. Subsequently the 

significance of the model is discussed with respect to thrust belt models in general. to 

the regional tectonics of western Labrador, to other pans of the Parautochthonous Belt 

in the Grenville Province and to other fold-and-thrust belts worldwide. 

8.1 MODEL FOR THE DEVELOPMENT OF THE BELT 

In the previous chapters many characteristics of the map area were presented and 

discussed. Here, these characteristics are placed in the context of the developing 

fold-and-thrust belt and their interaction is integrated in a tectonometamorphic model. 

Listed below are the main aspects of Gagnon terrane in the map area which must be 

incorporated in the model for the development of the belt 

- Gagnon terrane consists of an upper, sediment~ominared thrust system and a lower, 

bascment~ominated system; 

- all structures indicate that the rocks were affected by ductile deformation. Thrusts 

occur as ductile shear zones; 

- the rocks in the upper thrust system were affected by an early phase of predominantly 

simple shear during which a regionally penetrative S1u foliation developed. 

Kinematic indicatoi"Sy in combination with the elongation lineation, indicate 



north-northwest-directed thrust movement. In a subsequent progressive stage of 

development the foliation was folded in northwest-vergent F2u folds and 

north-northwest-directed out-of-sequence thrusts developed. Kilometer-scale 

south-southeast-plunging F3 cross-folds are dominant in the southeastern part of the 

map, where they overprint all other structures; 

-deformation in the lower, basement-dominated thrust system was predominantly 

Jocalized in narrow ductile shear zones. These shear zones are rather steep and 

indicate oblique, sinistral-reverse, north-northwest-directed movement on them. 

They are interpreted as reactivated extensional faults; 

- the overall strain increases towards the higher thrust sheets in the upper thrust system 

and is progressively less concentrared in shear zones. The simple shear component 

of the non-coaxial flow decreases towards the structurally highest thrust sheets; 

- foliations and elongation lineations in both systems are oblique with respect to each 

other and with respect to the trend of the belt; 

-Gagnon tenane exhibits a telescoped, inverted metamorphic gradient, with the highest 

pressures and temperatures in the highest thrust sheets, decreasing towards the 

structurally lower parts of the belt. The floor thrusts of the Lorraine lac and 

Goethite Bay thrust sheets, and probably also others, form a break in the 

metamorphic gradient; 

- the thrust sheets in lithotectonic domain V went through a hairpin-shaped P-T path. 

Cooling and decompression started immerliately following the metamorphic peale; 

- the peak metamorphic pressures in the eastern part of Gagnon terrane in the map area 

indicate an overburden of up to 30 Jan, which cannot realistically be constituted by 

the structural thickness of the stacked sedimentary thrust sheets; 

- the metamorphic gladient is oblique with respect to the trend of the fold-and-thrust 

belt. As a result the metamorphic grade increases from north to south within each of 

the litbotcctooic domains; 
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- microstructural relations between porphyroblasts and metamorphism indicate that in 

the highest thrust sheets in lithotectonic domain V the D1 defonnation postdated or 

outlasted the peak of metamorphism, whereas in domain n S1 developed 

syn-metamorphically. 0 2 and younger deformation occurred throughout the belt 

during retrograde metamorphism. 

Most of these observations and their significance have been discussed individually 

in the previous chapters. In this chapter these points are discussed in relation to each 

other and a model for the thermotectonic development of Gagnon terrane is presented, 

which incorporates all of these aspects. Figure 8.1 is a synopsis of the model, showing 

the large-scale features of the development of the belt in cross section, together with 

P-T paths and microstructures in two monitor points, which reflect data from the 

Wabush Lake thrust sheet and the Emma Lake thrust stack. It should be noted that the 

sections in the figure are not to scale. On a true scale the metasedimentary ~ in the 

belt form a layer of almost negligible thickness compared to the whole thrust wedge. 

lbe package of platformal sediments can virtually be regarded as a single datum plane. 

Below the main aspects of the different steps are summarized and in sections 8.2.2 to 

8.2.4 they are discussed in detail. 

Diagram A of Figure 8.1 is a sketch of the continental margin before onset of the 

Grenvillian orogeny. It shows the extended continental crust overlain by the shallow 

and deeper pans of the platform and the thicker sedimentary pile on the continental 

slope. In diagram B the overriding thrust wedge, consisting of Molson Lake temne, 

has moved on top of and over the sediments at the continental margin, causing an 

increase of the lithostatic pressure and the temperature (due to thermal relu.ation) in the 

underlying sediments. In the next step (C) the basal detachment has stepped down to 

the basement-cover contact and the thrust sheets in the southeast are incorporated in the 

thrust wedge. Thrust sheets move with the thrust wedge under decreasing pressure and 

tcmpe:ratme as a result of uplift and erosion. In diagram D the northwestern thrust 

sheets, comprising the shallow platform sediments, have also been incorporated in the 

thrust wedge. In the final diagram (E) the basal detachment has sttpped down and the 
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Fig. 8.1 Schematic summary of the thermotectonic development of the fold-and-thrust 
belt in southwestern Labrador. For two control points P-T paths and garnet microstructures 
are shown. Note that the pin line, which lies in undeformed basement rocks, is moved in 
figure E. The top of the overriding wedge is cut off in figures C to E. The diagram is approx
imately scaled, with exception of the thickness of the metasediments, which is three to four 
times exaggerated. A = andalusite, K = kyanite, S = sillimanite, ELTS = Emma Lake thrust 
stack, WL TS = Wabush Lake thrust sheet. 
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lower thrust system formed in the basement. The four steps between these five 

diagrams are discussed in detail below. The development as presented here hinges on 

the bulldozer wedge model, which is applicable to higa'l-level thrust belts and 

accretionary wedges that deform by brittle processes (Davis et al., 1983). In the 

following section the use of the bulldozer wedge model for the mid-crustal thrust belt in 

southwestern Labrador is justified. 

8.1.1 VALIDITY OF THE BUU.OOZER.-WEDGE MODEL FOR A PLASTIC 

BELT 

The imbricate thrust stack geometry of the fold-and-thrust belt in western 

Labrador suggests that the belt has at least some of the characteristics of a critical thrust 

wedge of upper crustal thrust belts (Chapple, 1978; Davis et al., 1983), but also 

exhibits signs of plastic behaviour of mid-crustal orogenic belts. Most mechanical 

models for fold-and-thrust belts, or accretionary wedges, apply to Coulomb-type 

materials, in which cohesive strength is equal to shear stress at the base, moving over a 

basal detachment by frictional sliding (Davis at al., 1983; Dahlen and Barr, 1989). 

These models, called critical-wedge or bulldozer-wedge models, regard a thrust belt as 

an orogenic wedge, tapered in the direction of movement and on the verge of coulomb 

failure. The critical taper of a stable, gliding wedge, is determined by the strength of 

the rocks and friction at the base. Interaction of several processes maintains this critical 

angle. Increased friction at the base, shortening of the wedge, or accretion of material 

at the sole by underplating will result in an increase of the taper and are counteracted 

by a decrease of the friction at the base, extensional deformation within the wedge or 

accretion at the toe of the wedge. Erosion at the surface will affect the taper as well 

(Koons, 1989; Beaumont et al., 1992). 

Strictly, these models cannot be applied to the mid-crustal level \hrust belt in 

wuthwestem Labrador, which defonned by crystal-plastic processes, as demonstrated 

in Chapter 6. However, Chapple (1978) and Platt (1986) presented models for plastic 

thrust wedges which have the same general characterlstics as described above. Chapple 

(1978) discussed a plastic thrust ~ moving over a weak layer at the base (e.g. 
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shale or salt) which fonns a ductile movement zone. The wedge is constantly yielding 

internally due to (sub-)horizontal compressive stress and internal deformation creates 

and maintains the surface slope that forms the critical taper. Because the whole wedge 

is continually deforming, the higher thrust sheets that are incorporated earlier have a 

higher accumulated strain than the lower thrust sheets that become pan of the wedge at 

a later stage. Platt (1986) argued that the general features of a plastically deforming 

orogenic wedge are similar to those of the bulldozer wedge used ior upper crustal thrust 

belts. Mylonitization and grain-size reduction at the base of a moving thrust wedge 

create the weak layer on which the thrust wedge moves by viscous flow (Platt. 1986). 

A detailed study of the mechanical behaviour of the thrust belt in southwestern 

Labrador is beyond the scope of this thesis. The thrust wedge model is used here in a 

qualitative sense. No attempt was made to quantify any of the factors that control the 

deformation in the belt. Many of the structural relationships in the map area agree with 

the general features of the bulldozer wedge model described above and following 

Chapple (1978) and Platt (1986) the model can be used to explain the tectonic 

development of Gagnon terrane. 

8.1.2 STEP ONE: EMPLACEMENT OF MOLSON LAKE TERRANE 

The early part of the tectonic development is dominated by the movement of 

Molson Lake terrane over the metasediments of the continental shelf and ma~in. 

During this stage of emplacement of the overriding thrust wedge the metamorphic grade 

of the rocks in Gagnon terrane increased. The sediments acted as a glide horizon for 

the movement of the thrust wedge and were deformed. 

The emplacement of an overriding thrust wedge is required because maximum 

metamorphic pressures in the map area indicate an overburden of approximately 30 Jan 

in the upper thrust sheets and 15 lcm around Emma Lake. These thicknesses could only 

have been reached by stacking of sediments within Gagnon terrane if the thin 

stratigraphic sequence was n:peated many tens of times. The actual structural thickness 

of the cover sequence is estimated tc be less than one kilometer for the thrust sheets in 

lithotectonic domains U to IV and in the order of S Jan for the highest thrust sheets. 



Therefore. an external load is n:quirt::-t. The decrease of the maximum metamorphic 

pressures from southeast to northwest suggests that the overriding thrust sheets formed 

a wedge tapering to the northwest. 

The thrust wedge is assumed to be formed by the Molson Lake terrane. The high 

strain rocks at the contact between the two terranes, which were deformed at high 

temperatures, and the continuity of the structures across the contact suggest that the 

overlying ternme was emplaced early during the tectonic history. The estimated peak 

metamorphic conditions of Molson Lake tenane (Connelly, 1991; Indares, in p· :!J>) 

indicate a total thickness in the order of 40 km, which is sufficient to form the required 

load on the rocks of Gagnon terrane. Connelly (1991) proposed that Molson Lake 

terrane was emplaced on the foreland, causing the creation of a fold-and-thrust belt in 

its footwall. 

The interpretation that the prograde metamorphism in Gagnon terrane was caused 

by the emplacement of Molson Lake terrane is in accord with the numerical models for 

the thermal development of the aust during thickening by the emplacement of a large 

thrust wedge (England and Thompson, 1984; Karabinos and Ketcham, 1988). The load 

of the overriding thrust sheet provided the pressure increase, while the increase in 

temperature was caused by the relaxation of isothenns, and poss10ly by the conduction 

of heat from the relatively hot overriding Molson Lake terrane. The rocks in Gagnon 

terrane experienced p~ metamorphism as long as they remained in the footwall of 

the advancing thrust wedge. 

In this first stage of development, the rocks of Gagnon terrane were underthrust 

beneath Molson Lake terrane down to about 30 km maximum. No direct evidence 

exists as to whether they moved down in the footwall of the overriding thrust sheet, or 

whether the rocks followed a downward-directed particle path inside the thrust wedge, 

as proposed by Dahlen and Barr (1989) for Coulomb-type (brittle) thrust wedges. In 

the first case the thrust sheets would have formed after the rocks were tectonically 

buried, with accretio:t into the thrust wedge taking place by underplating ( cf. Platt, 

1986). In the second case, the thrust sheets would have formed at high crustal levels by 



accretion at the toe and subsequently moved down within the thrust wedge. In Section 

8.1.2 it is argued that the first scero.A&"ic. is more lilccly and that the thrust sheets ~-ere 

incorpcrated at the base of the thrust wedg~ after emplacement of Molson Lake 

terrane. In this first stage of developmen~ the floor thrust of Molson lake terrane 

remained the main site of translation. H any rocks were accreted to the overriding 

thrust wedge during this phase, they were most lilccly accreted at the toe and 

subsequently transported out of the map area with the nonhwest moving thrust wedge. 

This large translation of the thrust wedge without incorporating parts of the 

underlying sediments can be explained by the presence of the rocks of the Menihek 

Formation at the top of the Knob Lake Group in the area (as exposed presently). These 

rocks formed mudstones and graphitic shales at the time of incipient emplacement of 

tbe overriding thrust sheet and are interpreted to have formed an easy glide horizon 

which accommodated most of the strain of the emplacement of Molson Lake terrane. 

Beanse of the low friction there was a tendency to extend the thrust wedge. which 

would ilave been accomplished by accretion of rocks of the Menihek Formation at the 

toe, but counteracted by accretion at the ~ which would have over-thickened the 

wedge. 

The load of Molson Lake terrane induced an increase of the lithostatic pressure in 

the underlying sediments. However, it is not clear to what extent the rocks were 

deformed at this stage. As ptoposed above, tile rocks of the Menihek Formation may 

have taken up most of the str:in of the movement of the thrust wedge .. but probably the 

rocks in the lower part of the st:rarigraphic sequence were deformed at \his time as well. 

In the field it is impossible to distinguish between structures related to this early period 

of underthrusting and those related to the later formation of the thrust sh~ts and their 

accretion to the thrust wedge. However, inclusion patterns in metamorphic 

porphyroblasts from all parts of !.'te map area show that a foliation developed during 

prograde metamorphism, i.e. during the underthrusting beneath Molson Lalce terrane. 

Presumably, all metasediments deformed originally fairly homogeneously by 

non-coaxial flow to accommodate the movement of the overriding thrust wedge (with a 



concentration of the strain in the Menihelc Formation) and developed a mylonitic 

foliation S1u• an elongation lineation Ls and F10 shear folds. During progressive 

deformation the strain concentrated in narrow zones? which fonned the Ssu ductile 

thrusts? the sedimentary thrust sheets were funned and the rocks were accreted to the 

thrust wedge? switching from footwall to banging wall. Probably the difference in 

strain between the hanging wall and the footwall of the sole of the thrust wedge was 

minimal in a ductile env&IOnment and development of the 510 foliation was continuous 

during 1mderthrusting and development of the thrust sheets. FJ.gW'C 8.2 is a schematic 

section through the tbrusl ~ including the footwall? and shows a zone of D1~ 

deformation covering pan of both the footwall and the hanging wall near the base of the 

thrust wedge. The dashed lines in both the section and the P-T diagram represent the 

particle path and its P-T path in this first phase of development of the thrust belt. 

8.1.3 SIEPS lWO AND THREE: FORMATION AND ACCRETION OF 1HE 

THRUST SHEETS 

In this second phase of the developmen~ separated in two steps in Figure 8.1 (C 

and D). the sediments are accreted to the thrust wedge by piggy-back stacking of thrust 

sheets? starting with the highest thrust sheets in the southeast in Figure 8.1. c. 
progressing towards the nonhwest in D. The sole of the thrust wedge stepped down 

from the top of the sediments to their~ the contact with the basement gneisses. 

During this pbasc the p:netrative S10 mylonitic foliation in the area continued to 

develop, as a continuous progression of the underthrusting stage, but the deformation 

was concentrated in the shear zones by strain locali:zation, especially in the lower grade 

parts of the belt. The main displac:ement on the D1u shear zones is interpreted to have 

taken place during this phase. Once a thrust sheet was incorporated in the wedge and 

the main thrust activity moved to a lower level, D2U deformation became dominant. 

The assumption is made that the creation and stacking of the thrust sheets marked 

the moment of accretion of the rocks to the thrust wedge? because at that time the sole 

of the thrust wedge, or the main site of translation, cut from a level above the 

sediments, down to the basement-cover contact. Sevezal features of the rocks indicate 
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Fig. 8.2 Schematic section through a moving thrust wedge showing a section of D1U 
strain near the base of the wedge and D 2 u in the remainder of the wedge. Note that D1U 
deformation takes place both in the footwall and the hanging wall, and that the zone of D1U 
strain widens towards the rear of the wedge as a result of decreasing strain localization. 
Assuming there is no downward directed particle path within the thrust wedge, the sole 
thrust approximately separates the rocks in prograde metamorphism in the footwall from 
those in retrograde metamorphism in the hanging wall. 
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that the 3CC&dio;; took place at depth at the base of the thrust wedg~ rather than at the 

toe. 

1) No penetrative early brittle stn.JCtUreS have been recorded in the rocks of Gagnon 

terrane which could be related to thrust stacking at upper crustal levels in the toe of the 

thrust wedge. Possibly such structures were originally present but were erased by 

penettative ductile overprinting. However, the thrusts in the belt fonn ductile shear 

zones, indicating that a significant part of the thrusting took place after the rocks were 

undcrthrusb:d to a level below the brittle-ductile transition. 

2) The breaks in the md311lorphic field gi2dient at the floor thrusts of the Lomine 

Lake and Goethite Bay thrust sheds, and probably also at other thrust sheet boundaries, 

indicate that the main movement on these thrusts took place at or after the peak of 

metamorphism, i.e. when the rocks had reached their deepest level, or later. Had the 

thrust sheets been stacked at higher crustal levels and subsequently transported to lower 

crustal levels, they would have an uninterrupted metamorphic gradient and the thrust 

sheets would not each have their own metamorphic and structural cbaractcristics. 

In accordance with the assumption that the time or thrust stacking coincided with 

accretion of a thrust sheet to the wedge, this means that the thrust sheets were accreted 

at the sole of ~e thrust wedge by underplating (Platt, 1986) after Molson Lake terrane 

was overthrusted. 

During the first phase of the development, the metasediments were affected by 

prograde metamorphism in the footwall of the thrust wedge, but once a thrust sheet was 

incorporated in the thrust wedge the metamorphic grade decreased. Accretion to the 

thrust wedge was the cause of, and approximately coincident with, the switch from 

prograde to rettogiadc metamorphism. Progression of the thrust wedge with respect to 

the recently accreted rocks stopped and uplift started as a result of erosion at the top of 

the thrust wedge, reducing the load. The thrust sheets in the wedge moved on top of 

cooler rocks in the iootwall, which would have contributed to the lowering of their 

temperature. Numerical thermal models for thrust belts show that a time lag, in the 

order of a million years, exists between the end of the movement of the thrust wedgt= 



and the actual start of the decrease of the temperature (e.g. Karabinos and Ketcham. 

1988). During this period the rocks experience predominantly ~mpression as a 

result of erosion. which has an instantaneous effect. The actual length of this time lag 

in the thrust sheets of the map area is not known. but the hairpin-shaped P-T path 

suggests that the period of predomirwn decompression was short and cooling started 

shortly after the pressure peak was reached. Figure 8.2 is a schematic section through 

the moving thrust wedge and a P-T path for a volume of rock that was underthrusted. 

incorpoiarcd in the thrust wedge and uplifted as part of the wedge. It shows that 

progiade processes take place in the footwall and retrograde processes in the hanging 

wall (c.f. Karabinos and J<etcbam, 1988). In Section 8.1.5.2 the mdamOrphic aspects 

of the underplating are considered in detaiL 

Figure 8.2 also illustrates that D1u deformation took place predominantly in the 

prograde part of the P-T path, whereas D2U occurred under retrograde conditions. The 

diagram shows an overlap of D1u and D2U, which exists for a thrust sheet as a whole. of 

which different parts can show different styles of deformation occurring 

simultaneously. The dotted lines in the section and the P-T diagram represent the 

particle path and the P-T path, respectively, of a volume of rock after incorporation 

into the thrust wedge. The figure assumes that there is no downward-directed particle 

path within the thrust wedge, bringing the thrust sheets down to a lower level after 

accretion. This is in accordance with the calculatecl particle paths in the theoretical 

thrust wedge model of Dahlen and Barr (1989) in situations where a significant part of 

the rocks are accreted by underplating. 

As long as a thrust sheet remained near the base of the thrust wedge, the finite 

D1u shear strain increased, but a transition to D2U oc:currcd when a thrust sheet was 

thrusted over a ramp and the sole thrust activity was transferred to a lower thrust in the 

footwalL However, Figure 8.2 shows that the width of the zone of DIU deformation 

increases towards the rear of the wedge, which is a result of the decrease of the strain 

locali:zation with increasing metamorphic grades. As a result, the roclcs in the Wabush 

Uake and Duley I..akc thrust sheets proceeded to deform homogeneously after they were 
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accreted. after the metamorphic peak, whereas in the rocks of the Emma Lake thrust 

stack prograde metamorphism and D1u deformation stopped virtually simultaneously. 

These differences in timing of D1u defonnation and metamorphism are shown in the 

microstructures for the two control points in Figure 8.1. 

The observation that the thrust sheets were stacked in piggy-back sequen~ means 

that while the highest thrust sheets were moving with the thrust wedge and in the 

retrograde part of the P-T path, the metasediments to the northwest were still part of 

the footwall. being underthrusted. and in the progtade pan of their P-T path. as is 

shown in monitor points 1 and 2 in diagram C. The metamorphic peak swept in time 

through the area from southeast to northwest. This is an important observation with 

respect to the inversion of metamorphic gradients, discussed in Section 8.1.5.2. Rice 

(1987) described a similar order of events in the Kalak Nappe Complex in the 

Norwegian caledonides, where rocks were progressively buried underneath a wedge 

moving towards the foreland, resulting in ~g P and T, until they were 

incorporated into the allochthon by thrust stacking, after which time the pressure. 

followed with some time lag by the temperature, decreased as a result of erosion. 

Similar results were reponed by Karabinos and Ketcham (1988) from numerical 

modelling of the thermal development of thrust belts. 

The stepping down of the basal detachment fro1u the sole of Molson I..ake terrane 

to the sole of the upper thrust system in Gagnon terrane, may have been related to 

incipient partial melting in the Wabush Lake thrust sheet, which is assumed to have 

been the first thrust sheet to be accreted to the thrust wedge. The melt that was 

produced presumably weakened the rocks to such an extent that shearing on a 

melt-lubricated shear zone in these rocks became mechanically more favourable that 

thrusting over the top of the sediments. Possloly the location of the Wab:JSh Lake floor 

thrust was close to the melt isograd (see Chapter 7). Hollister Ct.ald Crawford (1986) 

suggested that anatexis and melt production could be an important cause for weakening 

of rocks at deep crustal levels and that melt injection in shear zones could induce rapid 

thrusting and uplift. This may explain the rapid uplift of the rocks of the Wabush Lake 



and Duley Lake thrust sheets, which was suggested by the preservation of the prograde 

zoning in garnets in spite of estimated peak metamorphic temperatureS in the realm of 

garnet homogenization, and also agrees with rapid uplift rates for Molson Lake terrane 

calculated by Connelly (1991) from U-Pb an~ Ar-Ar geochronology data. 

Unfortunately, the floor thrusts of the two highest thrust sheets are not exposed and the 

theory cannot be checked in the field. 

Another possible factor in the switch of the main thrust activity from the top to the 

bottom of the sediments could be related to a change in friction at the base of the thrust 

wedge. Once the tip line of the sole thrust reached an area where the Menihek. 

Formation was not presen~ or where it was disturbed either by Early Proterozoic 

c:xtcnsional faults or defonnation in the New Quebec orogen, easy movement along the 

base would have been hampered. resulting in an increase of the taper by thickening of 

the thrust wedge. Thickening could have been accomplished by either internal 

shortening, or by accretion of material at the base. Possibly the presence of melt in the 

Wabush Lake thrust sheet made the latter option more favourable. 

8.1.4 STEP FOUR: DEVELOPMENT OF THE LOWER THRUST SYSTEM 

In Figure 8.l.E the sole thrust of the thrust wedge has stepped down a second 

time and the basement-dominated, lower thrust system has developed. The basement 

thrust stack is interpreted to have formed by the reactivation of a pre-existing 

extensional linked fault system. This lower thrust system is only observed in 

lithotectonic domains I and n, but in the model in Figure 8.1 and in the cross sections 

in Figure l.B (m pocket) it is interpreted to extend down underneath the structurally 

higher thrust sheets, as was suggested in Chapter 4. Since very little information is 

available on the structures in the basement southeast of lithotectonic domain m, the 

geometry of the southeastern extension of the basement thrust stack is not clear. The 

lower thrust system could either form a crustal scale duplex or imbricate fan, or 

progressively change at higher metamorphic grades in the southeast into a wide zone of 

more homogeneous deformation. 
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Structures in the basement rocks exposed in lithotectonic domain ill could be 

rciatcd to either the lower or the upper thrust system, and interpretations of these 

struc!Ur'eS may not apply to the lower thrust system. Thrusts that originated in the 

basement breached into the upper thrust system in lithotectonic domain n and caused 

out-of-sequence thrusting and folding. This geometry suggests that the thrusts did not 

rejoin in a roof thrust and formed an imbricate fan rather than a duplex (Boyer and 

Elli~ 1982). However, in the remainder of the map area breaching lower-system 

thrusts were not observed, with the exception of the Goethite Bay area (Fig. 5.14), and 

no interference of upper and lower system thrusts seems to have occurred, which could 

be an indication that a duplex geometry predominates. A similar crustal scale duplex 

was inferred by Butler and Coward (1984) underneath the Moine thrust belt in northern 

Scotland and was interpreted to accommodate significant crustal shortening at 

mid-ausaal levels. 

The thrust stack geometry of the lower thrust system, either duplex or imbricate 

fan, does not nea:ssarily continue unchanged underneath the higher thrust sheets where 

it is not exposed. Towards higher metammphic g«uics in the southeast, strain 

locali7Arion in ductile thrust zones was presumably less important and the rocks may 

have deformed by more homogeneous strain. This would be in agreement with 

observations of Schmid and Haas (1989), who described the progressive change of the 

Schlinig overthrust in the northeastern Italian Alps, which carried the crystalline, upper 

Austro-Alpine 6tztal nappe. This thrust changes from a single narrow shear zone at 

sub-greenschist facies, to a many kilometer-wide zone of more homogeneous strain, 

dominated by folding, at amphibolite facies. Deformation of basement rocks in the 

Elmer l.akc thrust sheet, which is at upper greenschist facies, was pervasively ductile 

and more homogeneous than in the lower thrust sheets at lower greenschist facies, but it 

is not certain whether this deformation was linked to the lower or upper thrust system. 

If the former was the case then this would suggest that the mode of deformation and 

possibly the thrust stack geometry of the lower system changed towaids the southeast. 

However, in the floor of the Goethite Bay thrust sheet intensely deformed basement 



slices were thrust into the upper system, suggesting that the thrust geometry does exist 

in this part of the map area. Probably the thrust geometry still prevails in the deeper 

part of the lower thrust system. but the thrust slices become progressively more 

internally deformed as a result of diminishing strain localization. similar to the trend 

observed in the upper thrust system. 

Several of the observations on the thrusts in the basement indicate that the lower 

thrust system could be formed by reactivation of a pre-existing extensional fault system. 

as proposed in Chapter 5. The geometry of a linked system of listric normal faults is 

actually quite similar to that of an imbricate stack of thrusts. The oblique convergence 

of the belt enabled the reactivation of the extensior.al faults as oblique-slip 

reverse-sini! · ral faults. In case of orthogonal convergence, the steep dip of the normal 

faults would have made them unfavourable for reactivation as reverse faults. New. low 

angle thrusts were also fonned, e.g. the floor thrust of the Emer Lake thrust sheet at 

the southern end of the Flattock lake thrust sheet (Fig. lB, in pocket). It is likely that 

the lower detachment of the thrust system traced the existing extensional detachment 

horizon, which presumably extends down to lower crustal levels as shown in models for 

extensional continental mazgins by Wernicke (1981) and Lister et al. (1986). 

Several factors could have caused the basal detachment to step down from the 

base of the metasediments to the detachment in the basement. 1) As proposed in step 

two (Section 8.1.3), an obstruction, e.g. formed by a fault escarpment, or a lateral 

change in rheology could have restrained the forward movement of the thrust wedge, 

requiring thickening of the wedge and inducing underplating of the basement rocks. 2) 

Towards the foreland the cover sequence is assumed to become progressively thinner. 

Near the tip of the thrust wedge this sequence could have been too thin to accommodate 

the crustal thickening required to preserve the equilibrium shape of the thrust wedge, 

which resulted in incorporation of the basement rocks at a deeper level. 3) Movement 

of the thickest pan of the thrust wedge over the ramp formed by the continental mazgin 

may have hampered propagation of the thrust wedge, which caused collapse of this 

ramp,. resulting in the development of the basement thrust stack ( cf. Jamieson and 
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Beaumont, 1988). 4) Stacking of cover rocks in thrust sheets in the upper thrust system 

stripped the cover from a large extent of basement rocks. This led to a large 

discrepancy between shortening in the cover and the basement. Possibly the lower 

thrust system formed to accommodate the shortening that was accomplished at higher 

crustal levels. 

It should be kept in mind that this last phase of development in the model does not 

have to be separated in time from the previous phases. Although in the lower thrust 

sheets thrusting in the basement postdated thrusting in the upper system, the lower 

system may have started to develop in the rear of the belt before the t.'u'usting near the 

front of the upper system ceased. 

8.1.5 IMPLICATIONS OF THE MODEL 

The way the development of the fold·and·thrust belt is presented in this thesis is 

an over-simplification. It is unlikely that at any one time just one thrust is active, but 

one trajectory is expected to accommodate most of the movement at any one time. 

Heterogeneities in lithology, e.g. formed by the gabbros, or strain heterogeneities likely 

disturbed the pattern that is presented here on a local scale. Furthermore, the processes 

described in separate stepS are assumed to evolve into each other rather than to be 

separate phases in time. Regarding the similarity between the model presented here and 

those presented by Rice (1987), based on field- and petrographic studies, and Karabinos 

and Ketcham (1988), based on numerical modeling, the interpretation of the 

development of Gagnon terrane seems valid. The main consequences of the model are 

discussed below. 

8.1.5.1 UnderplatiJI& versus accretion at the toe 

A moving thrust wedge is a dynamic body which constantly accumulates material 

by accretion and looses it by erosion. Accretion can take place either at the toe of the 

wedge (Davis, Suppe and Dahlen, 1983) or at the sole of the wedge by underplating 

(Platt, 1986). It was argued above that the rocks in Gagnon terrane were accreted by 

underplating. This explains best the ductile nature of the thrusts, the breaks in the 



metamorphic gradient and the distinct structural and metamorphic character of each of 

the thrust sheetS. If the thrust sheets were stacked before being buried underneath 

Molson Lake terrane, they would not display the telescoped and inverted metamorphic 

gradient. Burying the thrust sheetS underneath 30 km of rocks after having been 

stacked, would mean that they followed downward directed particle paths within the 

thrust wedge along its base (Dahlen and Barr, 1989), which could only be accomplished 

by major simple shear or out-of-sequence thrusting within the thrust wedge. 

In models for thrust belts and accretionary wedges in the upper crust. accretion of 

material takes place mainly at the toe of the thrust wedge. There :>uld be several 

reasons for the different mechanism of accretion in the thrust belt of Gagnon terrane. 

The presence of the low competency rocks of the Menihek Formation may have played 

an important role by providing an f!:3SY glide horizon which kept underlying rocks in the 

early pan of the development of the belt from being accreted. The underplating could 

also be a compensation for simultaneous accretion at the toe of the wedge or for high 

erosion rates at the top of the wedge. If the former is an important factor, underplating 

may be a common feature of deeper parts of thrust belts. Pmtt (1986) suggested that 

underplating provides a mechanism for rapid uplift of high-pressure roclcs before they 

can be overprinted by high temperature metamorphism. P-T paths from the Wabush 

Lake thrust sheet (Chapter 7) exhibit no significant heating after burial ceased. which is 

in accord with the interpretation of rapid uplift induced by underplating. As discussed 

below underplating also provides a mechanism for inversion of metamorphic gradients, 

which is common in metamorphic belts. 

8.1.5.2 Inversion of the metamorphic ll'&dient by underplatin& 

The map area exhibits a regionally inverted metamorphic gradient, which is 

characteristic for metamorphic fold-and-thrust belts (e.g. Rice et al., 1989). The 

metamorphic grade increases from the structurally lowest to the highest thrust sheets 

(Figure 4.2). A jump in metamorphic grade is inferred across the floor thrusts of the 

Goethite Bay and Lorraine Lake thrust sheets, and possibly across some of the other 

thrusts as well. Inverted metamorphic gradients are generally explained by the 
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emplacement of thrust sheets of a relatively high metamorphic grade en top of lower 

grade rocks (e.g. Johnson et al .• 1985; Jamieson, 1986; Crowley, 1988; Karabinos and 

Ketcham, 1988), or recumbent folding of isograds (e.g. Boyle, 1987). The former is 

consistent with the rule that thrust faults emplace rocks from a deeper level on top of 

rocks from a higher level. This appears to require that the thrusting takes place after 

the metamorphic event. In the following discussi•Jn it is argued that inversion of a 

metamorphic gradient and formation of discontinuities in the field gradient occur 

commonly in thrust belts during thrust stacking at the peak of metamorphism. 

Regional metamorphism, other than that caused by heat released from intrusive 

bodies. is generally a result of thickening of the c:ust, which causes disturbances in 

both isotherms and isobars, the movement of which will induce a change in the 

metamorphic grade in a rock. The isobars will adapt immediately to a changed load 

and always reflect the thickness of the overburden. Isotherms disturbed by structural 

movements are restored by transfer of heat, usually modelled as conductive transfer, 

which is a slower process and re-equilibration of isotherms lags behind that of isobars. 

A thrust cutting through an originally horizontal isotherm will distort the isotherm and 

can cause it to overturn if the rate of displacement is faster than re-equilibration of the 

isotherm by conduction (e.g. Shi and Wang, 1987). Most numerical models for the 

thermal evolution of thrust belts show that inversion of isotherms is a short-lived 

phenomenon, which is not easily preserved in an orogenic belt because it forms an 

unstable thermal configuration (Oxburgh and Turcotte, 1974; England and Thompson, 

1984; Crowley, 1988, Barr and Dahlen, 1989). Overturning of isotherms is often 

mentioned as the cause for inversion af the metamorphic gradient, but it is shown 

below that preservation of an inV"..rtcd metamorphic gradient does not require 

overturning of isotherms at any time. A qualitative model will be presented which is 

based on observations from the ::tap area and interpretation of the numerical model of 

Karabinos and Ketcham (1988). 



When discussing inversion of metamorphic gradients it is important to note that 

the gradient observed by a geologist in the field reflects the variation of the peak 

metamorphic conditions across an area (the metamorphic field gradient, Spear et al. 

1984), not a thermal and baric configuration that existed at one time and was frozen in. 

In Section 8.1.3 it was stressed that from southeast to northwest in the map area the 

rocks attained their peak metamorphic grade progressively later in the development of 

the thrust belt. Figure 8.3 shows how stacking of thrust sheets at the base of the thrust 
.. 

wedge at the time they reach their metamorphic peak, is likely to preserve an invened 

metamorphic gt-adient across the thrusts without inversion of isotherms at any point in 

time. In the figure a configuration of the isotherms is assumed, similar to that 

presented by Karabinos and Ketcham (1988) and comparable to certain configurations 

in thermal rnooels by Shi and Wang (1987) and Barr and Dahlen (1989). Distonion of 

the isotherms due to the thrust activity is continuously counteracted by thermal 

relaxation, which results in a stable configuration of the isotherms across the thrust 

surface during thrusting. The geometry of the isotherms is interpreted to be dependent 

on thrust velocity (strain rate), erosion rate, internal heat production and conduction, 

but is independent of the displacement on the thrust (finite strain). 

The isobars are parallel to the surface of the thrust wed6~. dipping shallowly to 

the left. They are omitted in the figure, but have the same trends of displacement 

through the rocks as the isotherms, directly reflecting the thickness of the overburden. 

Isotherms and isobars together define a pattern of isograds. From A to B in Figure 8.3 

the basal thrust cuts into the footwall, thus incorporating a new thrust sheet into the 

wedge. Diagram A shows the future position of the thrust. In diagram B the sole 

thrust of the wedge is on the verge of cutting down again to incorporate another thrust 
\ 

sheet. Subsequent stacking of thrust sheets in this fashion not only ~uses inverted 

metamorphic gradients and melamorpbic breaks at the thrusts, but also a regionally 

inverted gradient through the thrust stack. 



Fig. 8.3 Cartoon of the thermal development at the base of a thrust wedge during 
underplating, showing inversion of the metamorphic gradient. A and B show in cross sec
tion the configuration of isotherms (labelled 1 through 5. from coldest to hottest) near the 
floor thrust of the thrust wedge at two different times. before and after the incorporation of 
a thrust sheet. The location of the section is shown in Figure C. The hanging wall moves to 
the left. the footwall is stationary. The hanging wall cools and decompresses as a result of 
erosion and the isotherms sink with respect to the moving material points. In the footwall P 
and T increase as a result of the movement of the thrust wedge. placing a progressively 
thicker and warmer overburden on top, and the isotherms rise with respect to the material 
points. It is assumed that the isotherms retain a stable configuration. Isotherms 4 and 4· 
are emphasized and marked with arrows to highlight the displacement. 0 shows schematic 
P-T paths of four points near the base of the thrust wedge. which are marked in Figures A 
and B. The solid parts of the paths represent the step from stage A to stage B. The arrows 
with the short and long dashes indicate the P-T paths before stage A and after stage B 
respectively. A scale and actual temperatures are omitted to make the figure more generally 
applicable. 
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The footwall of the basal thrust experiences prograde metamorphism due to the 

movement of the thrust wedge, progressively increasing the thickness of the overburden 

and moving progressively wanner rocks on top. As a result, the isotherms in the 

footwall rise with respect to the material points. This is shown in Figure 8.3 B. where 

both the present and previous locations of the isotherms are shown. Since the 

metamorphic grade is rising, the rocks in the footwall will not record the old locations 

of the isograds (combined isotherms and isobars), except in certain situations in zoned 

garnets. The metamorphic grade in the hanging wall decreases as a result of unroofing 

of the wedge and emplacement of the wedge on progressively cooler rocks in the 

footwall, resulting in a configmation similar to that of a heat exchanger. The isotherms 

(and isobars) in the hanging wall fill with respect to the material points above the floor 

~ but they rise with respect to the stationary rocks in the footwall, to preserve 

their stable shape (Karabinosand Ketcham, 1988). The material points in the hanging 

wall move faster upwards than the isotherms. For a thrust sheet that is incorporated 

into the thrust wedge this means that it reaches its metamorphic peak at the moment that 

it is incorporated. With regard to the pressure, the switch from footwall to hanging 

wall is reflected instantaneously. Both Rice (1987) and Karabinos and Ketcham (1988) 

suggest there is a time lag before the temperature starts decreasing after incorporation 

of the thrust sheet, causing the P-T paths to form a loop, resulting in separate pressure 

and temperature peaks. The hairpin shaped P-T paths obtained from Gagnon terrane 

exhibit one common pressure and temperature~ suggesting that the time lag was 

very short. 

In contrast to the rocks in the footwall, the recently incorporated thrust sheet 

preserves the configuration of the isograds as its peak metamorphic conditions, because 

after accretion the pressure and temperature decrease. The rocks in the footwall will 

attain their metamorphic peak later, when they are subsequently incorporated into the 

thrust wedge. Consequently, the metamorphic field gradient observed in the rocks 

presently does not !epresent tbe thermal configuration at one point in time, but the peale 
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conditions of the thrust sheets as they were successively accreted to the evolving thrust 

wedge. The metamorphic peak swept through the thrust stack from the back to the 

front of the wedge in the same sequence as the thrust sheets were stacked. 

In Figure 8.3 a simplified P-T path, consisting of vectors, is shown for four 

material points (A to D) in the section. The solid arrows in the P· T paths represent the 

step from diag:ram A to B. In the development following the situation in diag:ram B, 

juxtaposed points have a common retrograde P-T path. Points A and Bare located in 

the footwall .and show prograde metamorphism, but in diag:ram B they are on the verge 

of becoming part of the hanging wall and have thus reached their metamorphic peak. 

Points C and D were incorporated in the thrust wedge in diag:ram A and their 

metamorphic P and T declined from there on. The points closest to the front of the 

wedge (A and C) have a slightly lower metamorphic peak than their counterparts 

further back (B and D). Of more importance is the significant difference in 

metamorphic peak between points in the hanging wall and the footwall. Although at no 

point in the development a discontinuity of the pressure or temperature gradient is 

inferred across the basal ~ the final metamorphic gradient recorded in t:'le rocks, 

as observed in the field, will show a break in peak metamorphic pressure anr 

temperature across the floor thrust of the thrust sheets. The metamorphic field gradient 

is inverted although at any time of the development both pressure and temperature 

increased downwards. 

As a consequence of the model presented, a point in the footwall near the basal 

thrust cannot attain as high maximum temperatureS and pressures as a point in the 

hanging wall immediately overlying it. The maximum metamorphic grade of the 

footwall is determined by the thickness of the hanging wall directly overhead at the time 

that thrust movement between the two stopped. As a result of erosion the thickness of a 

rock column in the banging wall decreased from the moment that it became part of the 

hanging wall. That constantly decreasing column of rock cannot cause as high a 

metamorphic gtadc in an adjacent point in the footwall as the maximum P and T 



271 

recorded at its ~ resulting in inversion of the metamorphic gradient. Within 

individual thrust sheets, the P and T increase do~wards. Inversion occurs only at the 

thrusts, in steps. 

Inversion of the metamorphic gradient and the break in ta~ gradient at a thrust are 

inherent to piggy-back sequence thrust stacking at the base of a thrust wedge. Only if 

boundary conditions of the model shown here are changed in such a way that the 

metamorphic gxade in the rocks increases significantly after being accreted to the 

hanging wall, will inversion not be recorded. This would happen if the rocks were 

buried deeper after accretion, in a dowcward-directed particle path within the th~t!t 

wedge (Barr and Dahlen, 1989). Since inversion of the metamorphic giGdient is a 

:zbenomenon recorded in many collisional orogenic belts the qualitative model presented 

here seems valid. 

Most numerical models have failed to explain inversion of the metamorphic 

gradient in this way. Oversimplifications in the assumptions of the boundary 

conditions, e.g. instantaneous thrust emplacement (England and Thompson, 1984; Davy 

and Gillet, 1986), lack of erosion during thrust emplacement (Shi and Wang, 1987), 

have prevented the occurrence of inversion in these models. Barr and Dahlen ( 1989) 

have shown that beneath the basal thrust of their model a temperature inversion occurs 

when shear heating is introduced in the model, but in no part of the overlying tl-.rust 

wedge is overturning of the metamorphic gtadient recorded in their model. The model 

presented by Karabinos and Ketcham (1988) docs account for the metamorphic 

inversion, but this aspect of their model was not discussed. 

8.1.5.3 Crustal thickening in the basement 

The Parautochthonous Belt in the eastern part of the Grenville Province is 

characterized by a negative gravity anomaly, which trends parallel to the Grenville 

Front (Wynne-Edwards, 1972: Rivers et al., 1989). This gravity low is a remnant of 

GimVillian crustal thickening. In Gagnon terrane of southwestern Labrador the 

stacJcing of Molson Lake temme on top of rocks of lithotectonic domain V can provide 

a few kilometers extra thickness of the crust. However, the gravity low i" more 
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widespread than the possible overlap of the two tenanes and occurs also farther west. 

Stacking of thrust sheets of the shelf sediments gives only an increase of thiclmess in 

the order of hundreds of meters. Stacking of basement thrust sheets in the lower thrust 

system is also not expected to result in a significant increase of crustal thiclmess. as can 

be seen in the cross sections in Figure 1B (m pocket). The interpretation that the 

basement thrust stack changes at depth into a zone of ductile deformation which 

accomplishes significant shortening, could explain the increase of crustal thickness. At 

depth, the basement system could look very much like the Parautochthon as it is 

exposed near Georgian Bay in cenaal Ontario, where the Grenville Front marks the 

northwestern boundary of a 15 to 30 km wide shear zone in medium to high grade 

metamorphic granitoids of the Parautochtbonous Belt, which are juxtaposed agains:. 

virtually pristine equivalent intrusive rocks (Davidson, 1986; see also Section 8.4). 

8.1.5.4 Calculations of emplacement and shortening 

In a simple line-balancing ex~ van Gool et al. (1987b) calculated for the 

central part of the map area in lithotectonic domains n, m and IV a shortening of 50 to 

66~. If these numbers are assumed for the whole belt, this would restore the width of 

the upper thrust system, which is presently about 20 km wide as exposed, to a width of 

about 40 to 60 lan. Similar simple calculations can be done using geobarometric data 

and an assumed shape of the thrust wedge. Since the thickness of the sediments is 

minimal compared to the size of the thrust wedge, locations in the sediments can be 

assumed to be at the bottom of the thrust wedge. The taper of the thrust wedge is talcen 

as 11 o, which is the maximum angle for critical thrust wedges at upper crustal levels 

(Woodward, 1987). Tapers for crystalline thrust sheets are assumed to be smaller 

(Hatcher and Hooper, 1992), thus the 11 o is an over estimation, which will give a 

minimtun for the actual displacements and shortening. The pressures used for the 

calculations are the peak pressure in the Wabush La.ke thrust sheet at Blueberry Hill of 

11 kbar and in the Rivi~ aux Fraises area of 6.4 kbar, which give crustal depths of 

about 30 and 17 km respectively, using an average density of the crust of 2. 7 glcm3• 

These two points (samples 88--80 and 87-120, see Figure F .3, Appendix F) were chosen 
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because they lie approximately along the line of displacement. Figure 8.4 

schematically shows the configuration used for the calculations. For the calculations 

the basal thrust is assumed to be horizontal and the taper is caused by surface 

topOgraphy. These simplifications introduce only a negligible error. 

A thrust wedge with a taper of 11 o that is 30 km thick above the eastern part of 

Gagnon ternme had a length of 154 lan between the control point in the Wabush Lake 

thrust sheet to its tip in the northwest. The actual displacement of the wedge over the 

rocks of the Gagnon terrane must have been larger than this number. since the root of 

the wedge lies funher to the southeast. The horizontal distance between a point buried 

·under 30 km and a point under 16 lcm is 67 km. This calculation assumes that the peak 

mewnorphic pressure was attained in both points at the same time. In previous 

sections it was shown that the peak of the metamorphism propagated from southeast to 

north~ which means that considerable shortening took place between the time that 

the two control points reached their respective metamorphic peaks. The 67 km is 

therefore a minimum and the real original distance between the two points is assumed 

to be significantly larger. The present horizontal distance between the two points is 

23 lcm, indicating a shonening of about 66%. 

This amount of shortening fits with estimates d•!rived from line balancing in the 

lower thrust sheets, but recalling that 67 km is only a minimum for the restored 

distance between the two points, the actual shortening for the higher lithotectonic 

domains may be significantly larger than in L'le lower domains. This is in accord with 

the strain increase towards the higher thrust sheets reported in Chapter 5 an.-i with the 

increase in strain towards the rear of a thrust wedge as suggested by Chapple ( 1978). 

8.2 THE TRANSPRESSIVE SETfiNG OF THE BELT 

The structural trend of the Grenville Front on the scale of the whole orogen is 

approximately ENE (065°, Fig. 1.1). This is at a high angle to the inferred direction 

of thrusting in many places in the orogen, which is fairly consistently towards the 

NNW (sevem refe:rcnces in Moore et al., 1986). In the map area the trend of the belt 

varies from NNE (035°) in the south to NE (050°) in the northern part of the map. 
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Fig. 8.4 Schematic diagram of the dominant overriding thrust wedge and the underlying 
sediments of the Gagnon terrane, showing the dimensions of the thrust wedge and the cal
culated original distance between points in the Wabush Lake thrust sheet at Blueberry Hill 
and in the Riviere aux Fraises area. The calculations are based on maximum estimated 
metamorphic pressures. For explanation see text. 
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Figure 1.1 shows that the map area is situated at the transition between a re--entrant to 

the northeast and a promontory to the southwest. This places the fold·and-thrust belt in 

a locally transpressional setting, with the movement direction oblique to the trend of the 

belt. This is reflected in the oblique nature of the structures as well as the metamorphic 

zonation in the belt. 

In Chapter 5 the oblique nature of the S1 foliation planes and the F~ folds with 

respect to the trend of the belt was discussed. The orientations of the elongation 

lineations at a relatively small angle to the trend of the belt reflect the oblique 

convergence of the orogenic front and the aaton. The orientation of the continental 

margin was mainly determined by the block fault system. forming a combination of 

extensional and transfer faults. The orientation of the block fault system is reflected in 

the thrust faults in the basement, which are intcrprctcd as reactivated extensional faults. 

The oblique collision of the belt is also reflected in several kilometer-scale 

strike-slip fault zones in the thrust wedge, of which the Flora Lake shear zone is an 

example. Several other fault zones of the same sinistral displacement and the same 

magnitude exist south of the map area (lndares, in press; pers. comm .• 1991) and the 

shear zone through Seahorse Lake, separating Molson Lake tertane from the Wabush 

Lake thrust sheet, is possibly another fault zone of this set. Figure 8.5 shows 

schematically how these faults accommodated the oblique convergence. The structural 

front of the thrust wedge approaching from the south-southeast is assumed to have been 

origiDally orthogonal with respect to the movement direction as shown in diagram A. 

When moving onto, and partially incorporating~ the continental margin, the 

western-most parts of the thrust wedge moved furthest up the continental slope and 

were left behind with respect to the remainder of the thrust belt (B and C). In diagram 

D the sole thrust of the system has stepped down into the basement and the 

north-northwest-directed thrust movement progresses by oblique-reverse reactivation of 

the extensional faults in the basement of the Superior c:ralOn. 
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Fig. 8.5 Schematic model for the transpressive setting and oblique convergence of Mol-
son Lake and Gagnon terranes and the Superior foreland. Figures A and 8 show the 
foreland-directed thrusting of the Molson Lake terrrane. Figures C and D represent the 
incorporation of the metasediments and the basement rocks, respectively, into the thrust 
wedge . The oblique convergence caused the formation of a set of strike-slip faults in B. 
The buildup of a topographic high in the southwest (C) resulted in gravitational spreading 
towards the northeast, causing F3 folding (0). Note that the structures are drawn at the 
present erosion level. The actual tip line of the Molson Lake terrane is expected to have 
been located tens of kilometers further NW at the end of the orogeny. 
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In the last two diagrams in Figure 8.5 the inferred origin of the F3 folds is also 

indicated (cf. Rivers. 1983a). In the southwest of the approaching thrust wedge. a 

topOgraphic high fonned as a result of: 1) this pan of the thrust wedge having moved 

funhest up the continental slope and consequently having the highest elevation: 2) 

thrust movement being impeded in this pan c~ the belt and shortening presumably being 

accommodated by internal thickening of the thrust wedge. The: presence of this high 

changed the topographic slope of the thrust wedge in the southwest of the diagram from 

its original nonh-northwest dip to an east-northeast dip. This slope is interp:eted to 

have caused a component of movement in this direction. probably by gravitational 

spreading {Ramberg, 1981) in an orientation at a high angle to the direction of 

movement of the thrust wedge. causing the F3 folding in the area to the east of the high. 

in the central pan ,r the diagram. which corresponds with the southeastern pan of the 

map area. 

Another effect of the ttanspressional setting of the belt is the oblique nature of the 

metamorphic zonation (Figure 4.2). Along the strike of the conti11ental margin. which 

presently also defines the strike of the thrust belt in the map ~ from northeast to 

southwest the thrust wedge had overridden the margin progressively longer distances. 

and as a result the thickness of the overburden increased in this direction. This effect 

was enhanced by the thickening of the wedge in the southwest as argued in the previous 

paragraph. As a result the peak metamorphic grade of the rocks not only increased 

from the lowest thrust sheets to the highest, but also along strike of the belt from 

north-northeast to south-southwest. Thus, the present erosional level of the belt 

provides an e&pparent oblique -:rosional cut through the belt. giving indirect information 

about the development of the belt in the third dimension. 

8.3 IMPUCATIONS FOR THE REGIONAL TECI'ONICS 

Gagnon terrane contains metasediments that were deposited on the eastern margin 

of the Superior aaron during the Early Proterozoic. The sediments were deposited in a 

rift-basin, but no evidence for a true oceanic basin has been found. Wardle and Bailey 

(1981) proposed that a proto-oceanic basin may have existed. The occurrence or rocks 

•• 
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of the Shabogamo Intrusive Suite, dated at 1429 Ma. (Brooks et al., 1981; Connelly et 

al., 1990) in both Gagnon and Molson Lake terranes, links these two terranes before 

the Grenvillian orogeny. Moreove!", rock types from both terranes can be traced into 

the foreland, which means that they did not constitute two separate continental plates at 

the onset of the Grenvillian orogeny. The Grenvillian orogeny caused the two austal 

blocks that were laterally juxtlpOSCd to be superimposed (Fig. 8.6). The nature of the 

tranSition between the two terranes before thrusting is unknown. Possibly the 

granitoids that dominate Molson Lake terrane intruded the continental margin sediments 

east of those that presently make up Gagnon terrane. 

The problem arises that Molson Lake terrane in its present fonn, does not fonn a 

crustal wedge up to 30 lan thick, required to cause the peak metamorphic pressures in 

the Wabush Lake thrust sheet. However, Connelly (1991) and Indares (in press) have 

shown that the peak metamorphic pressures in Molson I...ake temne range up to 12 and 

16lcbar (increasing towards the south) which indicates that during the Grenvillian 

orogeny Molson Lake tenane was at the bottom of a thrust stack up to about 45 km 

thick, which is sufficient to fonn a 30 lan thick thrust wedge above the eastern part of 

Gagnon temme. 

These observations make the Grenvillian orogeny in southwestern Labrador an 

event of superposition and telescoping of terranes, resulting in significant crustal 

shortening. Peak metamorphic pressures determined in this work and by Connelly 

(1991) and Indares (m prep), as well as the interpreted reactivation of the extensional 

fault system in the basement indicate that tectonic activity took place on a crustal scale. 

The actual driving force for the tectonic movements is still an enigma, to which this 

thesis can provide little input. A possible collision zone will have to be sought to the 

southeast of the Paiautocbtbonous temme. 

• 
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Fig. 8.6 Cartoon showing the relative positions of Gagnon and Molson Lake terranes 

279 

before (A) and after (8) the Grenvillian thrusting. The rocks of Gagnon terrane originated on 
the continental shelf and slope. The intrusive rocks in Molson Lake terrane are inferred to 
have intruded the eastern continuation of the slope sediments. 
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Fig. 8. 7 Sketch of a thrust belt which involves both basement and cover rocks, with 
different erosion levels for the different parts of the Grenville Front. 
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Rivers et al. (1989) defined the Parautochthonous Belt in the Grenville Province 

as a tectonic belt that truncates structures in the foreland at the Grenville Front, 

containing rock types that can be correlated across the Front. The rocks of the 

Parautochthonous Belt were emplaced onto the foreland by northwest directed thrust 

movement on the southeast-dipping Grenville Front, but the lithological continuity with 

the foreland precludes major thrust displacements. Strike slip movement on the 

Grenville Front has also been recognized, as e.g. in the Otish Mountains (Chown, 

1979). Stacking of thrust sheets, mylonitization, development of L-S tectonites and an 

increase of the metamorphic grade towards the southeast up to upper amphibolite 

facies, are phenomena that have been described for most pans of the Grenville Front 

and the adjacent Parautochthonous Belt. Apart from these general characteristics the 

structural and metamorphic style varies considerably along the trend of the orogen, as 

is revealed below in examples of the geology of the Parautochthonous Belt in several 

parts of the Grenville Pro\-ince. A thorough comparison of the tectonics of the 

Grenville Front and the Parautochthonous Belt in southwestern Labrador and the 

remainder of the Grenville Province is hampered somewhat by the fact that this is the 

first study of Grenville Front tectonics that comprehensively combines structural and 

metamorphic data in great detail and similar detailed information is not available from 

elsewhere in the Parautochthonous Belt. 

At the coast in eastern Labrador, the northern boundary zone of the Grenville 

Province is marked by two maj 'lr thrust fault zones, the Benedict fault and the Cut 

Throat Island fault, which accommodate most of the thrust displacement (Owen et al. 

1986). The Grenvillian metamorphic and structural imprint increase gradually from 

just north of the Grenville Front towards the south, but are telescoped by the two faults. 

The rocks in the Parautochthonous Belt in eastern Labrador are granulites of the 

Makkovik Province and intrusive rocks of the Trans Labrador Batholith. 
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The geometries of the structures described by Brown (1991) in the northeastern 

part of Gagnon ternme and by CaJon and Hibbs (1980) in central Labrador in rocks of 

the Seal Lake group are similar to those of the upper thrust system in southwestern 

Labrador, but no basement was involved in the deformation. Folding post-dated the 

thrusting and occurred on a large scale. In the northeastern pan of Gagnon ternme the 

Grenvillian thrust stacks and fold nappes overprint older Hudsonian structures in rocks 

of the Knob Lake Group and out~f-sequence thrusts play an important role in the thrust 

emplacement (Brown. 1991). 

In western Qu&ec. south of Val-d"Or, a wide zone with an inaeasing 

metamorphic grade towards the southeast is cut by a number of thrust faults, which 

form thrust slices that are many kilometers thick and which create an invened 

metamorphic gradient (lndares and Martignole, 1989). The thrusting in this area 

affected rocks of the Abitibi Greenstone Belt. 

In central Ontario near Killarney, the Grenville Front is characterized by a break 

in Grenvillian metamorphic grade from unmetamorpr.~sed forelal'd to upper 

amphibolite facies (Davidson, 1986). The Grenville Front is formtd by one major 

structural discontinuity, which in seismic sections can be traced into the lower crust 

(Green et al., 1988). Southeast of the discontinuity lies a 15 to 30 km wide zone of 

mylonitic roclcs, principally granitoids, at amphibolite facies (Davidson, 1986). 

None of these examples mentioned above shows the same configuration of a dual 

thrust system as seen in southwestern Labrador, which means that either this is a unique 

situation, or it is a result of the fact that in none of the examples the erosion level cuts 

through both cover and basement rocks. In spite of the variety of tectonic styles, all 

situations qualify as foreland thrust belts, but fall into one of two groups: 1) 

meta.5edimentary belts (Central and western Labrador and western Quebec) and 2) high 

grade gneissic and granitoid belts (eastern Labrador and central Ontario). The upper 

and lower system in southwestern Labrador fall into the first and second group 

respectively. Thrust belts of the first group exhibit thin-skinned thrust sheets with 

multiple stacking of thrust sheets or fold nappes, and a gradual transition in 
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metamorphic grade. Folding was an important style of deformation in the 

metasediments. In the second group crustal shortening was concentrated in few major 

shear zones with reverse displacement and significant breaks in the metamorphic grade. 

Obviously the rheology of the rocks played an important role on the geometry of the 

belt and the rock type and possibly pre-existing structures in the foreland determined 

the style of deformation during development of the belt. 

The main difference between the separate parts of the Grenville Front and the 

Parautochthonous Belt is interpreted to be the level of the erosional cut (see also Rivers, 

1992). The examples in group 1 comprise rocks exhumed from deep crustal. levels, 

Iq)resenting the parts of thrust belts in which aystalline basement rocks predominate. 

whereas the examples from group 2 involve cover rocks found in the higher levels of 

developing thrust belts. This is schematically shown in Figure 8. 7. In the map area in 

southwestern Labrador both levels are exposed. Of course~ other factors besides 

erosional level, e.g. lithology, stratigxaphy, strain rate and total displacemen~ 

determine the differences between the different parts of the Grenville Front. As is 

suggested in Figure 8. 7, the basement thrust system in the map area may represent a 

high level equivalent of the structures at both extremities of the Grenville Province as 

was suggested in Section 8.1.5.3. 

8.5 GAGNON TERRANE AS A CRYSTALLINE FORELAND 

FOLD-AND-THRUST BELT 

Gagnon terrane contains rocks that can be traced into the foreland across the 

Grenville Front. In this respect the term. foreland fold-and-thrust belt is applicable. In 

most other aspects the thrust system resembles crystalline belts in the interiors of other 

orogenies. The fold nappe geometry of some thrust sheets and the ductile nature of the 

deformation classifies the sheets as •type F• in the classification of Hatcher and Hooper 

(1992). In this aspect Gagnon terrane is quite unique as a foreland fold-and-thrust belt. 

The thrust stack and duplex geometry is on the one hand similar to that in foreland belts 

such as the Moine thrust belt (Elliott and Johnson, 1980) and the Helvetic nappes in the 

external pans of the Swiss Alps (Milnes and Pfiffner, 1980), but on the other hand, the 
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ductile nature of the defonnation and the high metamorphic grade are more similar to 

internal belts in orogens, e.g. the Moine nappe in Sutherland. northern Scotland (e.g. 

Barret al., 1986), the Caledonides in Scandinavia (e.g. Bunon et al •• 1989) or the 

Variscan nappes in southern Brittany, France (Vauchez et al .• 1987). 

SL Onge and Lucas (1990) descnl>ed thrusting in the Early Proterozoic Cape 

Smith belt in the northeastern Canadian Shield, which shows a similar situation of 

imbricate thrust stacks in rocks that deformed by ductile processes at greenschist to 

amphibolite facies. They suggested that the ductile deformation postdated early brittle 

fonnation of the thrusts. The thrusts formed zones of weakness along which the ductile 

shear zones developed during prograde metamorphism. No significant amount of 

basement rocks was involved in the thrusting. The Kaavi area in the Svccokarelides in 

eastern Finland (Park and Doody, 1990) is a deep level foreland thrust belt that has 

many similarities with Gagnon terrane. The belt has thrust geometries similar to high 
/ 

level thrust belts, With sediment~ominated duplexes underlain by larger scale basement 

duplexes, both formed at metamorphic grades up to high amphibolite facies. 

Post-thrusting folding on a large scale is more widespread in the Kaavi area. Park and 

Doody (1990) argued that thrusting OCCW'1'ed at peak metamorphic conditions by ductile 

shearing, but did not justify the brittle geometry of the ductile structures. 

l.ncaliU~tion of strain in narrow zones is less common in rocks that deform at 

medium to high metamorphic conditions, than in rocks at sub-metamorphic grades in 

higher levels of the crust. Several explanations could be given for the dual character of 

ductile rheology and brittle morphology of the thrust belt in southwestern Labrador, of 

which the most important are discussed here. The simplest explanation is that the 

duplex and thrust stack geometry is not restricted to deformation at high levels of the 

crust (Park and Doody, 1990; Hatcher and Hooper, 1992) and extremely thin shear 

zones (tectonic slides, Fleuty, 1964) constitute the actual discontinuities that form the 

thrust planes. The thrusts can form on mechanical discontinuities that cause strain 
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localiM~tion. for example a basement~ver contact or the brittle-ductile transition 

(Hatcher and Hooper. 1992) or on pre-existing zones of weakness (St. Onge and Lucas. 

1990). 

The basal detachment of the upper thrust system in Gagnon terrane lies at or close 

to the basement-cover contact. Str.ain incompan"bility between the crystalline basement 

rocks and the overlying metasediments loc;diud the strain on this surface. In the 

lowest thrust sheets subsidiary thrusts splay off the floor thrusts, whereas in the higher 

thrust sheets at amphibolite facies folding becomes the mechanism for shortening within 

the thrust sheets. The subsidiary thrusts in the northwestern part of the map area may 

have originated at an early stage of the development, when metamorphic grades were 

lower, but no signs of early brittle deformation were observed, as noted before. High 

strain rates, which were implied in Section 8.3, could have played a major role in the 

locali~tion of the strain in thrust planes and the formation of imbricate thrust stacks 

and duplexes. In the lower thrust system, the p~g extensional fault system 

provided a linked system of zones of weakness with a geometry that was similar to that 

of an imbricate thrust stack and during the late stages of the development of the thrust 

belt these faults were reactivated as ductile shear zones. 

8.6 SUGGESTIONS FOR FUTURE RESEARCH; TESTING OF THE 

MODEL 

This study presents a comprehensive model of the tectonic and metamorphic 

development of the thrust belt in southwestern Labrador. However, several questions 

remain unanswered, assumptions remain to be tested and details of the model are not 

addressed. This is partly due to the nature of the study, in which only parts of the area 

under discussion were mapped in detail, and partly due to lack of outcrop in some 

critical areas, especially the thrust sheet boundaries. Addressing any of the following 

items could refine the proposed model. 

The existence of an extensive pre-Grenvillian extensional fault syStem has not 

been proven. Two well-exposed extensional faults in the map area and many structures 



,...._ _________ ----· ... -- . ·- .. _ .... . - ... . . . .. 

:!85 

that can be interpreted to be related to pre-existing extenSional faults suggest the 

existence of such a fault system. Grenvillian overprinting of possible Early Proterozoic 

faults will hamper verification of the interpretation in the map area. However. towards 

the northwest of the Grenville Front these structures may be preserved without 

Grenvillian overprin~ as documented in one example in the notthem part of the 

Labrador Trough (Dimroth, 1978). 

The effects of tectonic events between the Early Proterozoic and the Grenvillian 

orogeny have not been addressed in this study. The Labradorian orogeny. which has 

been well documented in the overlying Molson Lake and Lac Joseph temnes, has not 

been reported from Gagnon terrane. In the western part of the map area no more than 

one phase of deformation is revealed in the rocks. Foliations overgrown by garnets in 

the Wabush l..ak.e thrust sheet indicate a deformation event before the Grenvillian 

metamorphic even~ which may be either pre- or early Grenvillian. Since this foliation 

is obliterated outside the garnets, it is impossible to determine its age. Likewise. no 

observations have been made of a middle Proterozoic tectonic event linked to the 

intrusion of the Shabogamo Gabbros. 

The geometry of the belt has only been observed in two dimensions. The 

continuation of structures in the subsurface can locally be reconstructed, but in the 

greater part of the map area it is interpreted. Modelling the structures using 

aeromagnetic or gravity data could provide additional information. Seismic data would 

be valuable in a reconstruction of the structures in the thrust belt in the subsurface. A 

proposed transsect through western Labrador and Eastern Quebec in the Lithoprobe 

program could provide exttemely important information about the geometry of the 

thrust belt in the third dimension. 

Besides geophysical research, other means could be used to test the validity of the 

proposed model. Numerical modelling of the thermal development of the thrust belt 

could indicate wether the determined P-T paths are consistent with the geometrical 

developmcnL A more detailed study of tbe variations of P-T paths through the belt 

would better constrain the metamorphic history, especially if attention were paid at 
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transitions across major shear zones. A detailed geochronological study could quantify 

the progression of metamorphism and uplift and would create a better link of the 

evolution of Gagnon ternme with that of the overlying ternmes as described by 

Connelly (1991). 

8.7 CONCLUSIONS 

Gagnon tenane in southwestern Labrador constitutes a Grenvillian·age, foreland 

fold-and-thrust belt which consists of two separate thrust systems. The upper system is 

an extremely thin stack of thrust sheets which acted as a large scale ductile shear zone 

on which the overriding Molson Lake ternme moved towards the north-northwest. The 

lower system consists of an imbricate stack of kilometer-sUe basement sheets, which is 

assumed to change downwards, underneath the upper system where it is not exposed. 

into a wide zone of plastically deformed rocks. 

All deformation and metamorphism in the Gagnon terrane in the map area was a 

result of the emplacement and northwest-directed thrust movement of a thrust wedge. 

consisting of Molson Lake terrane. A first phase of deformation (D1), the development 

of an L-S shear fabric, occurred in the footwall and near the base of the thrust wedge, 

mainly under prograde metamorphic conditions. Accretion of thrust sheets occurred at 

the peak of metamorphism. The deformation of the rocks after incorporation into the 

thrust wedge (D:z), predominantly folding and out-of-sequence thrusting, was a result of 

adjustments of the shape of the thrust wedge to maintain its critical taper and took place 

under retrograde metamorphic conditions. 

This study has shown that basement rocks in Gagnon terrane are much more 

widespread than n-alized by previous workers. These rocks and the pre-Grenvillian 

extensional fault system that cuts them were an important factor in the development oi 

the thrust belt and its final geometry. The discovecy that a many-kilometer wide belt of 

basement rocks west of the metasediments was part of the thrust belt resulted in a new 

location of the Grenville Front locally in the map area, about 5 to 8 kilometers west of 
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its previous location near the basement -<:aver boundary. Shortening of basement rocks 

underneath the exposed level of Gagnon terrane is presumed to have resulted in 

thickening of the crust. 

The location of the map 3.&-ea between a salient and a promontory resulted in a 

transpressive regime and structures as well as the metamorphic gradient are oblique 

with respect to the trend of the belt. It also resulted in the formation of large strike-slip 

shear zones and kilometer scale cross-folds. 

Detailed geotherrnobarometty applied to zoned porphyroblasts, combined with 

detailed microstructural analysis, can provide a powerful tool to reconstruct the 

thermotectonic development of orogenic belts. It was shown that in garnets that 

preserved both prograde and retrograde zoning, chemical profiles can be used to 

reconstruct P-T paths and that P-T vectors from core and rim analyses can give 

spurious results. Variations in the relations between defonnation and P-T paths through 

the m3p area were used to show that emplacement of Molson Lake terrane on top of 

Gagnon terrane caused prograde metamorphism in the latter and incorporation of thrust 

sheets in the thrust wedge initiated retrograde metamorphism. 

The importance of underplating as a mechanism of accretion of material to a 

thrust wedge was emphasized. The underplating is interpreted to counteract accretion 

of material at the toe of the thrust wedge and erosion at the top. Underplating is 

presumed to be a mechanism for the creation of an inverted metamorphic gradient in 

this and other metamorphic fold-and-thrust belts. 

This thesis has documented that geometries that were introduced for upper-austal 

level thrust belts are to a large extent also applicable to fold-and-thrust belts of 

mid-crustal levels which deform in a ductile fashion. The processes and geometries 

described here could be expected to be found in thrust belts of which the higher levels 

are exposed today, but which have a sole thrust that reaches mid-to-lower crustal levels. 

This bas major ramifications on the use of mechanical models for such thrust belts, 

since they should incorporate both brittle processes at the upper levels and ductile 

processes at tbe lower levels of the belt. 
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APPENDIX A 

~UR~FORCOMP.nATIONOF~ 

The map in Figure A. I shows the sources from which the maps in the thesis were 

compiled. Some well-exposed parts of the map area were completely re-mapped in 

detail (1: 10,000 scale), but these form only a minor part of the total map area. Other 

areas were re-interpreted, based on reconnaissance traverses, air photo interpretation, 

re-intelpretation of original data of Rivers (pers. comm. and outcrop data on 1:50,000 

scale maps, Rivers, 1980a,b and c) and extrapolation from adjoining areas which were 

mapped in detail. A few localities in the southeastern part of the map were visited for 

sample collection only (see Fig. F .3). 

In several partS of the map outside the areas mapped in detail, new thrust 

boundaries were drawn, based either on reconnaissance traverses or on re-interpretation 

of pre--existing maps. In most cases this involved the re-interpretation of geological 

contacts in maps by Rivers (198Sa, b and c) as thrust faults. This was done only if it 

was geometrically feasible and possible to do so with a high level of certainty. The 

trace of the Grenville Front was interpreted from air photos and backed up by 

reconnaissance in the field through helicopter traversing. The trace of the Bruce Lake 

shear zone north of Grace Lake was taken from Fahrig. The remainder of the 

information was taken from maps of Rivers (1985a, b and c). 
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Fig. A.1 Tectonic map of Gagnon terrane in southwestern Labrador showing the sources 
for the compilation of the map of Figure 1 A (in pocket). RAF = Rivi~re aux Fraises area. LC 
= Labrador City, W- Wabush. 



APPENDIXB 

ABBREVIATIONS 

The following are two lists of abbreviations used in the text. The first is a list 

of mineral names. The second list explains abbreviations used in thermodynamics in 

Cbapter7. 

:MINERAL NAMES 

Abbreviations for mineral names according to Kretz (1983). capitalizing the 

first character for mineral phases and using all lower case chaiacters for components. 

Abbreviations marked • are not from Kretz (1983) 

Ab albite Cpx Ca clinopyroxene 

Act actinolite Cum cummingtOnite 

Aim almandine Czo clinozoisite 

Aln allanite Di diopside 

Ais· aluminum silicate Dol dolomite 

(and9 ky or sil) Ep epidote 

Amp• ampluoole Fe-Dot· ferrodolomite 

An anorthite Gr graphite 

And andalusite Grs grossul,.rite 

Ank ankerite Grt garnet 

Ann annite Gru grunerite 

Ap apatite Gt goethite 

Bt biotite Hbl hornblende 

Cal calcite Hem hematite 

cet· ccladonite Hyp hypersthene 

Chl chlorite Dm ilmenite 

Od cbloritoid Kfs K-fel~ 



Ky kyanite Rdn 

Liq• granitic melt Rt 

Lm limonite Scp 

Mag magnetite Sd 
Me microcline Sil 
Mgs magnesite 

Spn 
Mrg margerite 

Sps 
Ms muscovite 

St 
Opx orthopyroxene 

Or orthoclase 
Stp 

Pg paragonite 
Tr 

Phe· phengite Tur 

Phi phlogopite v· 
Pl plagioclase Wo 

Prp pyrope Zm 

Qtz quartz Zo 

THERMODYNAMICS ABBREVIATIONS 

G = Gibbs energy 

H =enthalpy 

K = equih'brium constant 

P =pressure 

R = gas constant 

S =entropy 

T = temperature 

V =volume 

6 = change of a quantity (G, H, S or V) in a Ieadion 
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rhodonite 

rutile 

scapolite 

siderite 

sillimanite 

sphene 

spessartine 

staurolite 

stilpnomelane 

tremolite 

tourmaline 

~0 

wollastonite 

zircon 

zoisite 



APPENDIXC 

LITHOLOGICAL DESCRIPTION OF THE ROCKS OF THE KNOB 

LAKE GROUP 

The tables on the following pages contain a short description in point fonn of the 

most important lithological and mineralogical characteristics of the formations in the 

Lower Proterozoic Knob Lake Group and of the Archean basement in the map area. 

The descriptions are given for greenschist and amphibolite metamorphic grade 

separately. Not all formations are represented at both metamorphic grades. The 

descriptions in the paragraph below emphasize the differences between the lithilogical 

units which in the field can have similar appearances. 

DISTINCTIVE CHARACTER!SllCS OF SIMILAR ROCK TYPES 

As stated in Section 3 .1.2, rocks of the Archenan basement, the Attikamagen 

Formation and the Menihek Formation can have similar field appearances in certain 

states of strain and at certain metamorphic grades. Rocks in several parts of the area 

have been ~assigned to different stratigraphic units from pre-existing maps. The 

re-interpreteations were based on carefull examimtion in the field and on detailed 

petrographic studies. The following characteristics of the stratigraphic units were used 

as criteria. 

ArdJean basement 
- Stratigraphic position below the Sokoman Formation. 

- The presence of low strain lenses of granulite-grade rocks or granitoids in the 

reworla:d basement rocks. 

- Felsic and mafic rocks locally occur interlayered. 

- Exsolution of rutile needles in biotite (see Chapter 7). 

- Amphibole is more common in parts of the basement than in the Attikamagen and 

Menihek formations. 



- K-Feldspar and epidote are common in the basement rocks, especially at lower 

Grenvillian metamorphic grades. 

- Gamet is uncommon in basement rocks and alumino-silicates are absent. 

- Mica-rich rocks are uncommon and contain predominantly biotite. 

Attikamagrn Formation 
- Stratigxaphic position below the Sokoman and Denault formations. 

- Kyanite is locally present in the higher thrust sheets. 

- Pelitic schists contain both biotite and muscovite and commonly contain garnet. 

- K-feldspar and amphiboles do not commonly occur. 

- Graphite occurs locally. 

MenihrJr Formation 
- Stratigraphic position above the Sokoman and Denault formations. 

- Graphite is commonly present. 

- Sedimentary layering is preserved at low metamorphic grade. 

- Pelitic schists are common and contain both biotite and muscovite. 

- Kyanitc and garnet are common in rocks of appropriate metamorphic gi3de. 

- K-feldspar and amphiboles are uncommon. 
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Table C. 1 Stratigraphy and lithological characteristics of the Knob Lake Group 

rock type field appeerance 

Formation name greenschist facies amphibolite facies greenschist facies amphibolite facies 

MENIHEK FM Graphitic schist or pelitic schist or •fine grained, •madlum grained 
slate gneiss •dark grey to black, • gorphyroblastlc 

•homogeneous, minor • rown weathering colour 
com~osltlonal variations, •foliated 
loca ly lnterlayered with 
quartz·rlch layers 

•well foliated, commonly 
crenulated 

SOKOMAN FM banded carbonate - banded absent or thin In west of •fine to medium grained 
Upper member quartzite Iron slllcate·carbonate the area •por~hyroblastlc 

formations Iron formation •fine grained •dar red·brown or ochre to dirty white 
•red·brown, ochre, rarely colours 
white •tayered 

•banded with •foliated and llneated 
carbonate·rlch and 
quartz·rfch layers 

•aldorlte concretions 

Middle member banded cherty oxide quarultlc oxide Iron •ve~ fine to ffne·gralned •tine to medlum·grained 
Iron formation formation •dar bluish grey •dark bluish grey, with high quartz 

•thinly banded to massive contence light grey 
•banded to massive 

Lower member banded carbonate • banded silicate Iron •fine grained •medium to coarse grained 
silicate Iron formation •red brown or ocre •porfhyroblastlc 
formation •banded to massive •dar red brown to ochre 

•siderite concretions 

WISHART FM orthoquartzite •medium to coarse grained 
Upper member •white 

•massive 

Lower member pelitic schist •tlne·medium grained 
•brown·rod weathering colour 



Table C.1 continued 

rock type 

Formation name greenschist facies amphibolite facies greenschist facies 

MCKAY RIVER FM chloritlc schist amphibolite •f!ne·grained 
•IJght ore.,··oreen 
• well foliated, schistose 
•mm to em scale layering 

DENAULT FM dolomitic marble 

ATIIKAMAGEN biotite schist/gneiss 
FM western and or pelitic schist 
eastern facies 

field appearance 

amphibolite facies 

• medium to coarse grained 
• porphyroblastlc 
•dark green 
•foliated 
• compositional layering 

•medium to coarso·oralned 
•white, with a yellow weathering colour 
•massive 

•medium to coarse·oralnod 
• porfthyroblastlc 
•wh te, yellow or light brown 
•well foliated 
•gneissic or differentiated layering 
• abundant granitic veins 

~ -·-



Table C.2 Mineralogy and depositional environment of the formations 

Formation name mlnerelogy depositional environment/ 

greenschist grade amphibolite grade 11dlmentarv facies 

MENIHEK FM Otz + Ms + Bt + Chi + Otz + Bt + Ms :t PI :t deep marine platform sequence 
Gr :t Ab Grt :t Ky :t St 

SOKOMAN FM Otz + Dol + Sd :t Gru Otz + Dol + Sd + Gru platformal chemical sediment 
Upper member :1: Mag :1: Hem :t Mgs :t Grt :t Cpx :t Opx :1: 

± Rdn Chi :t Mag :t Hem 

Middle member Otz (chert) + Mag or Otz + Mag or Hem 
Hem (rarely Mag + Hem) 

Lower member Otz + Dol + Sd :1: Gru Otz + Dol + Sd + Gru 
:t Mag :1: Hem :t Mga :t Grt :t Cp)( :t Opx :t 
± Rdn Chi :t Mag :t Hem 

WISHART FM 
Upper member 

Otz littoral deposit 

Lower member Otz + Ms :t Grt :t Ky 
:t St 

MCKAY RIVER FM Otz + PI + Chi + Zo Hbl + Bt + PI + Grt :t metavolcanlcs/tuffs 
Otz :t Ep :t Chi 

DENAULT FM Dol :t Dl ± Tr ± Otz stromatolitic reef 

ATIIKAMAGEN Otz + Ms + Bt + Grt :t western facies: shallow platform 
FM PI :t Ky :t Sll :t St :t sequence and basal 
western and Chi conglomerate 
eastern facies eastern facies: turbiditic deposits 



APPENDIXD 

STRUCTURAL ORIENTATION DATA 

All structuial orientation data and a map showing the subdivision of the data sets 

are presented in Figure D .1. The data are plotted in lower hemisphere equal area nets 

and contoured using a computer program for manipulation of orientation ~ 

QUICKPLOT, by van Everdingen et al. (m press). Bedding and foliations are plotted 

as poles to planes. For the contouring, the program uses a Gauss-like counting curve 

which produces contour lines in multiples of uniform distribution (Robin and Jowett. 

1985). No distinction was made between structural elements related to the upper or the 

lower thrust system. The data are discussed in Chapter 5. 

The orientation data sets contain measurements from the field for the areas that 

were mapped in detail and data collected in the field combined with ~ta taken from the 

maps by Rivers (1980a,b,c) for the areas that were not sufficiently covered by field 

observations. The data sets that 2~ ~redominantly taken from the maps do not 

distinguish between different ages of folds and all fold axes are grouped together and 

presented as F2 folds. The dip angles of the orientation data in the published maps were 

originally rounded to multiples of 5 (Rivers, 1980a, b, c). For the contouring of these 

data a random number between -2 and + 2 was added to each of the dips or plunges, to 

avoid artificial maxima introduced by the rounding. Presumably, this does not 

significantly change the accuracy of the data set. A rounding of the directions of the 

dip or the plunge was not detected in the maps. 

Eigenvalues of the orientation data sets were calculated to fit great circles through 

planar data that represent at least a partial great circle distribution. Most of the data 

sets cover large areas and reflect distribution patterns caused by both small scale and 

large scale structures. The data sets of foliation measurements that are large enough 

will show point maxima for the dominant orientation, possibly defining partial great 

circles. Very small data sets generally lack well defined patterns. 



- - - - - - - - - - • boundary for orientation data set 

M 8 = Mont Bondurant area 

S D = Sokoman Duplex 

SLSZ = Sickle Lake shear zone 

l.C = Labrador City 

w =Wabush 
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Fig. 0.1 Map of distribution of datasets (A) and stereoplots for the different thrust 
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sheets in the map area (8 to X). All diagrams are plotted in lower hemisphere, equal area 
projection. Planar structures are plotted as poles to planes. N = number of data points, 
MAX gives the orientation of the highest concentration of data, Contour levels a.-e given as 
multiples of uniform distribution, best fit great circles and fold axes of planar data were 
calculated using eigenvectors. So is sedimentary bedding, generally me~ured only where it 
is not parallel to S1, S, is the oldest foliation in an outcrop, S2 is the axial plane to an F2 fold, 
F, is a fold axis of an F, fold or an 50·51 intersection lineation, F2 is the fold axis of a fold 
that affects the S,, Ls is a stretching or mineral lineation. 
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APPENDIXE 

OBSERVED :MINERAL ASSEMBLAGES 

The two tables in this appendix are lists of the mineral assemblages that were 

observed in samples from the map area. Table E.l gives the assemblages in the 

meta-pelitic and quartzo-feldspathic rock types for each of the metamorphic zones, 

together with the name of the fonnation in which it was observed. Table E.2 contains 

the observed mineral assemblages in the mafic rocks. 

::. 
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Table E.1 Mineral assemblages in the meta-pelitic and quartzo-feldspathic 
rock types1 

Forma- Ott PI Kfs Bt Ms Chi Ep Gr Ap Spn Others 
tion2 

Zone 1 

B X X X X X A Carb. Zrn. OpQ 

Zone 2 

B X X X X X X = = ::Act, ± Carb, :::A In 
B X X X X X R X = ±Carb, ±Zr 
B X X u X X X X = = :: Zr. =Act. = Carb 
B X X X X X X = ±Act, ±Ain 
B X X u X X A 
B X X X X X A Act, OpQ 
M X X X X X X = ±Carb, ±Act 
M X X X X X A Hem 
M X X X X X 

Forma- Otz PI Kfs Bt Ms Chi Grt Ep Gr Ap Spn Others 
tion2 

Zone3 

B X X X X X R X X ±Tur. :::Py, ::: Carb 
B X X X X X ±R X :t ± ± Carb. ± Aln. ::: Zm. 

±Mag 
B X X X X R R 
8 X X X X X 
B X X X X Zm 
8 X X X :t X X ± :tAct. :t lim 
8 X :t X X X ± :Tur 
B X X X X :t X :t :t :t: Carb. :t:Aln 
8 X X X X 
M X X X X ±R X :t :t: ± :Tur 
M X X X :t:R X 
M X X X X 
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Table E. 1 continued 

Forma· Otz PI Kfs 8t Ms Chi Grt St Ky Ep Ap Spn Others 
tion2 

Zone 4 

8 X X X X X = = ::Carb 
B X X X X R X Py 
8 X X X X X 
B X X X X = = X A ::Zr. ::Ain 
8 X X X ::R X A ::Py 
B X X X 
A X X X X X A Tur 
A X X X X A In 
w X X X X X 
w X X 
w X X R X u X Tur. Cld(R) 
w X X R X X Cld(R). Hem 
w X X X X Hem 
w X X X Tur 
w X X X X 
w X X X R X Cld(Rl. Hem 
w X X X X 

Forma- Otz pt Kfs Bt Ms Chi Grt Ky Ep Ap Spn Others 
tion2 

Zone 5 

A X X X X X X 
A X X X R X X ± :t ±Gra. ±Tur 
A X X X X X X A Rt 
A X X X R X X = St(U). Sil. Rt. Zm 
M X X X X X X A St(U). Rt. Gra 

Zone 6 

A X X X X X X A A 
A X X X X X X Gra. :t Rt. :t Tur 
A X X X R R X :t :tZm 
A X X X X R X X 
A X X X X ± :tCarb 
A X X X X A 
A X X X :t X ± ± ±Tur 
, A = accessory mineral. R = retrograde growth. U = unstable relic. X = major 

or minor component. ± = appears in some sam~l9s 

The zone numbers refer to the mineral assemblages zones in the meta-pelitic and 
quartzo-feldspathic rock types (section 7 .2) 

Abbreviations for mineral names as in appendix 1. Carb = unspecified carbonate. 
2 A = Attikamagen Formation, B = basement, M = Menihek Formation. W = 

Wishart Formation 
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Table E.2 Mineral assemblages in the mafic rock. types' 

Forma- Otz PI Bt Chi Grt Ep Act Hbl Spn lim Others 
tion2 

Zones 1 and 2 

B X X X X X A A 
B X X X X X X Kfs. Ap 
MC X X X X X X A X Ap 
MC X X X A A Zo. Carb 

zones 2 and 3 

B X X X X Zo 
B X X X X ::!: X :!: X Zo. :tArf. ::: Opx(U) 
B X X X X X X A 
B X X X X X X X A Zo 
B X X X X X X Cpx(U). Ap 
B X X X X X Carb 
G X X R X X X 
MC X X X X X X 

Zone4 

B X X X X X X A Carb 
B X X X X X 
B X X X Carb 

Zone 5 no observations 

Zone 6 

G X X X X X Cpx 
MC X X X X Scp 
MC X X X X :!: X X ± ±Rt. ±Ap 
MC X X Cpx 
MC X X X X X Carb 

1 A = accessory mineral. R = retrograde growth. U = unstable relic. X = major 
or minor component. ± = appears in some samples 

The zone numbers refer to the mineral assemblages zones as defined in the 
meta-pelitic and quartzo-feldspathic rock. types (section 7 .2) 

Abbreviations for mineral names as in appendix 1 • carb = unspecified carbonate. 
2 B = mafic basement rocks. G = reworked gabbro of the Shabogamo Intrusive 

Suite. 
MC = McKay River Formation (or mafic lenses in the Attikamagen Formation) 



APPENDIXF 

GARNET ZONING PROFn.ES 

This appendix presents chemical profiles through 16 garnets of the map area, 

together with a location map for the samples used for geothermobarometry. The 

presentation of the data is preceded by an introduction to zoning patterns in garnets. 

CHEMICAL ZONING PATI'ERNS IN GARNET 

Slow diffusion rates in garnet are the cause of both the creation of a chemical 

zoning pattern and its preservation. Material in the interior of a garnet is not pan of 

the chemical system in the matrix and minerals in the matrix react with, or are in 

equilibrium with, the outer rim of the garnet only. Chemical zoning patterns in garnets 

can be attributed to either one of two processes (Tracy, 1982), 1) fractionation and/or 

reaction partitioning during prograde growth, producing growth zoning patterns, or 2) 

diffusional precesses during retrograde metamorphism, which give diffusional or 

retrograde zoning patterns. 

GROWTH ZONING 

Two processes control the distribution of elements in a growing garnet. Bulk rock 

composition determines which process prevails. One of the processes is reaction 

partitioning (Trzcienski, 19'n; Loomis, 1986). With changing P and T, the 

partitioning of some elements between the garnet and minerals in the matrix changes, 

causing progressively decreasing or increasing concentrations of these elements in the 

garnet. If an abundant supply of Fe--Mg minerals (Bt, Chl, St) and Ca minerals (Pl, 

Ep, Amp) is available for garnet-forming reactions, zoning in the garnet will reflect 

changes of the partitioning coefficients with changing P-T conditions. 

In the second process, during growth of a garnet at greenschist to middle 

amphibolite facies the slow intracryStalline diffusion causes concentration of some of 

the elements in the garnet by fractionation, thereby effectively taking them out of the 

system. The matrix is progn:ssively depleted of these elements during growtll, which is 
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reflected in bell-shaped curves for the concentration profiles of these elements through 

the garnet (Hollister, 1966). This is especially obvious for Mn, derived mainly from 

chlorite, which is strongly partitioned into the garnet, but is not a major constituent of 

the matrix in pelitic rocks (Loomis, 1982, 1983; Loomis and Nimick, 1982; Tracy, 

1982). Elements which are abundant in the matrix, specifically Fe and Mg, will not be 

significantly depleted by this process and fractionation will have little ir~uence on the 

zoning patterns for these elements. Loomis (1982, 1983, 1986) and Loomis and 

Nimick (1982) numerically modelled garnet growth in a pelitic matrix and reproduced 

growth zoning profiles for Mn, Mg and Fe similar to those found in natural garnets. 

Figure F.l.A shows the shematic growth zoning patterns (from the litterature) for 

garnets from metapelites at metamorphic grades ranging from greenschist to lower 

amphibolite grade. Both spessartine and grossular show bell-shaped profiles, whereas 

pyrope and almandine concentrations, as well as the ratio Mgf(Mg +Fe), usually 

increase towards the rim. Both spessartine and pyrope profiles commonly show 

reversals of slope near the rims, which is interpreted to be a retrograde (diffusion 

controlled) effect. In a composition map of the garnet grains, the zoning patterns are 

concentric. 

DIFFUSION (RETROGRADE) ZONING 

At approximately 650°C diffusion rates within garnet increase significantly, to 

such an extent that homogenization of garnets can take place in a geologically 

reasonable time and existing zoning patterns are commonly destroyed (Woodsworth, 

1977; Tracy, 1982, Trzcienski, 1977; Lasaga, 1983; Dempster, 1985; Muncill and 

Chamberlain, 1988; TJ.ang and Lasaga, 1990). Zoning patterns of garnets affected by 

medium to high temperature metamorphism are restricted to the rims, with flat 

chemical profiles in the interiors of the grains (Fig. F .1. B). The zoning in the rims is 

caused by inter- and intracrystalline diffusion during the retrograde part of the 

metamorphic event or during a younger lower grade metamorphic event. Lasaga 

(1983) described the kinetics of these retrograde reactions and the effect of diffusion 

rates on the zoning pattern (see also Muncill and Chamberlain, 1988; T131lg and Lasaga, 

1990). Generally the trends for Mn and Mg an: the reverse of those observed in lower 

gi3de growth zoning patterns (Fig. F .l.b). Fe and Ca patterns are less straightforward 
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concentrations of the four components and the slopes of the curves depend on bulk rock 
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and vary, mainly with bulk rock compositions and reactant phases present in the matrix 

(Crawford, 1977; Woodsworth, 1977). Zoning patterns in composition maps are 

commonly concentric, but localized patterns at the rim near contacts with Fe-Mg phases 

(mainly biotite) may occur in high grade rocks. This is because in these sites the 

diffusion paths are shorter than for elements in minerals separated from the gam.et and 

diffusion can proceed to lower temperatures (Tracy et al., 1976; La.saga, 1983). 

Tucillo et al. (1990) showed that zoning patterns in compositional maps of garnets in 

high grade rocks are not necessarily concentric and do not have to coincide for different 

elements. Different diffusion rates may cause variations in homogenization between 

elements (see also Tracy, 1982). Specifically calcium has a lower diffusion rate and is 

slower to homogenize than the other elements in garnet (Tucillo et al .• 1990). 

CHEMICAL PROFILES OF GARNETS IN GAGNON TERRANE 

A total of 16 garnets was selected from several parts of the study area for detailed 

analysis of chemical zoning patterns. Each grain was analyzed in approximately 20 to 

30 spots along a profile from rim to core to rim, with the exception of the garnet of 

sample 87-75, which was only analyzed from core to rim. Analytical procedures are 

presented in Appendix G. For each sample the largest garnet in the thin section was 

selected, to minimize the cut effect that occurs when a grain is cut tangentially through 

the margin rather than radially through the core. A second selection criterion was the 

crystal shape. The most idioblastic grains in a section were preferred for analyses. in 

order to avoid loss of information by resorption of the ~ets (Duebendorfer and 

Frost, 1988). In some samples all garnets were strongly resorbed and idioblastic or 

even subidioblastic crystals could not be found. In these cases an effort was made to 

find a profile line through the garnet which would encompass both the original rim and 

the original core (with respect to the grain shape before resorption). Spacing of the 

analysis spots was dependent on the grain size and ranged from 40 to 170p., the 

majority being around 1001£. Grain sizes of the garnets analyzed for chemical profiles 

varied from approximately 1 mm to S.Smm. 

12 of the 16 profiles are shown in Figure F .2, the remainder are presented in the 

text of Section 7 .2. Figure F .3 is a location map of the samples for the garnet profiles 

and the samples for thcrmobarometry. 



Fig. F .2 Chemical profiles through garnets from the map area. The vertical scales are 
concentrations of components in mole fractions x 100, and the ratio Mgf(Fe + Mg) x 1 00. 
Note that the vertical scales for the Mg/(Fe + Mg) ratios vary. In the diagram for sample 
87-120 3, the vertical scale for grossular, pyrope and spessartine is different from that for 
almandine. Furthermore, the range of the scale for the almandine component is not 
constant. c = core, r = rim. Sample locations are indicated in Figure F.3. (continued on 
following pages) 
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Fig. F.3 Location map for samples used for thermobaromeuv. Sample numbers in boxes 
indicate that several samples were taken from one outcrop or several closely spaced 
outcropS. The figure also shows the subdivision of the map into three sub-areas as wen as 
the names of the thrust sheets mentioned in Section 7 .3. CJE • central/eastern area. N • 
northern area. W • western area. The characters (A to Dl after the sample numbers indicate 
mineral assemblages: 

A= Qtz+Grt+Bt+Ky+Pl±Ms 

B = Qtz+Grt+ Bt+ Ky±Ms 

C = Qtz+Grt+Bt+Pl±Ms 

D = Qtz+Grt+Bt±Ms 



APPENDIXG 

ELECTRON MICROPROBE ANALYTICAL PROCEDURES 

With the exception of garnet profiles for samples 88-50 and 88-87, all mineral 

chemistry analyses were performed on a JEOL 733 wavelength dispersive electron 

microprobe at Dalhousie University. Halifax, using UF. PET and TAP analysing 

crystals. Operating conditions were a 10 nA specimen current. 15 kV accelerating 

potential, beam width of lO~t and 40 ~nds counting time to a maximum of one 

standard deviation of the total counts for the standard. Data were computed using the 

Tracor Northern ZAF correction method. Synthetic and natural minerals of known 

composition were used as standards. Most of the core-rim analyses in garnet and the 

analyses of biotite, muscovite and piagioclase were taken as the av~~. of two to three 

separate analyses. In each thin section two or three garnet/matrix pairs Wt...--= cnalyscd. 

For garnet profiles, each point of the profile represents a single analysis. A calculauon 

of analytical errors for the microprobe at Dalhousie follows below. 

Gamet profiles 88-50 and 88-87 were obtained using a JEOL JXA-50A 

wavelength dispersive electron microprobe at Memorial University, with LiF. PET and 

RAP analysing crystals. The garnets were analysed using a 22 nA specimen current. 15 

kV actelerating potential, a beam width of 10~ot and 30 seconds counting time to a 

maximum t;,l60,COO counts. Data were corrected according to the Bence and Albee 

(1968) method. For these garnet profiles only Si, AI, Fe, Mn, Mg and Ca were 

analysed. 

ANALYTICAL STATISTICS 

During microprobe sessions the equipment was calibraled using minerals with 

known compositions. The analyses of these standards were used to estimale the 

precision and accuracy of the microprobe. Tables G.1 and G.2 show the results of 

approximately 30 analyses of a garnet (K GNT) and a Kaersutitic amphibole (KK). 

performed on the JEOL 733 at Dalhousie University. Most of the major constituent 
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elements have a standard deviation which is within 2% of the measured average. 

Repeattd analyses of each unknown would have improved the margin of error. The 

averages are well within one standard deviation of the actual composition, except for 

Fe, which for be--~ s:andards is 0.3 weight % oxide too low. The effect of this will 

cancel out in the Grt-Bt thermometer which depends on Fe-Mg ratios of the two 

minerals. 

Table G.1 Statistics of analyses of K GNT 

oxide average· standard actuat·· 
deviation composition 

Si02 41.46 0.34 41.45 
Ti02 0.44 0.03 0.51 
Al203 23.44 0.28 23.50 
Feo··· 10.42 0.20 10.74 
MnO 0.31 0.03 0.33 
MgO 18.54 0.41 18.51 
CaO 5.23 0.06 5.09 

based on 30 analyses 

Table G.2 Statistics of analyses of KK amphibole 

oxide average• standard actuar·· 
deviation composition 

Si02 40.31 0.40 40.37 
Ti02 4.73 0.08 4.72 
A1203 14.34 0.30 14.25 
FeO ... 10.57 0.28 10.91 
MgO 12.72 0.28 12.80 
cao 10.29 0.14 10.30 
Na20 2.58 0.15 2.60 
K20 2.04 0.06 2.04 

based on 35 analyses 
• oxide weight percentages 
•• Composition data from Dalhousie University, Department of 

Geology, Electron Microprobe sample collection. 
• •• All iron as Fe2• 



APPENDIXH 

THERMODYNAMICS AND CALIBRATIONS OF THE APPLIED 

TBERMOBAROMETERS 

Calculation of metamorphic pressures and temperatures from an assemblage of 

minerals in equilibrium is based on the positioning of a reaction curve in a petrogenetic 

grid, using thermodynamic and compositional data from the phases involved in the 

reaction. Thermometers are reactions involving the exchange of similar atoms (Mg and 

Fe in case of the Grt-Bt thermometer) between two or more sites in one or two 

minerals. Differences in volume between end-members of the geothermometer 

assemblages are minor, which makes them vinually independent of pressure (low~ V. 

steep slope in P-T space). The location of these reaction curves is mainly temperature 

dependent (high ~H). 

Geobarometer reactions arc net transfer reactions which arc p~ure sensitive 

because of the difference in volume (large~ V) between reactants and products in the 

reaction. They have a shallow slope in a P-T diagram. Wood and Fraser ( 1977) give a 

review of the basic thermodynamic principles of gcothennometry and gcobarometry 

(see also Essene, 1982, 1989). 

The equilibrium condition for solid-solid reactions can be written as: 

~Gr:c11 • ~G + RTlnK • ~H-TtlS• (P- 1 )6V • RTlnK • 0 

(at P and T of interest) 

where t::.G rx11 = change in free energy of the mldion, 6 G = free energy at standard 

state, t::.H =enthalpy, 6S =entropy and 6V =volume change of the reaction, R = 

gas constant, T = temperature in °K, P = pressure in bar and K = reacti"" constant. 

This is based on the assumption that 6 V is independent of P and T, and that 6 H and 

t::.S arc independent ofT. 



This equation can be rewritten for the calculation of equilibrium pressures or 

temperatures: 

-~H ... T ~S- RTlnK P• •1 
~v 

T __ - tl_H_-....::(~P_-_l...;;.)_~_V 

RlnK- D.S 
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(H 1) 

(H2) 

Solution of these equations requires that enthalpy, entropy and volume change of 

the reaction are known, as well as the concentrations or activities of the end-members 

in the solid solutions in case of ideal or non-ideal mixing models respectively. 

Calculation of the equilibrium ~t K from compositions and activities fixes the 

position of the reaction curve in P-T space. 

Tables H.1 and H.2 at the end of the appendix give the thermodynamic data used 

here. Expressions for calculating P and T are found by substitution of values found in 

Tables H.1 and H.2 into e.:J,uations (Hl) and (H2). 

A justification for the choice of thermometers and barometers is given in the main 

text of Chapter 7. A group of thermometers and barometers have been cahbrated by 

Hodges and Crowley (1985) based on a dataset of natural mineral assemblages for 

which the pressu1-es and temperatures were calculated using the Hodges and Spear 

(1984) Gn-Bt thermometer and the Hodges and Royden (1984) calibration of the 

Gn-Als-Pl-Qtz barometer. These barometers and thermometers together form a set 

which should give consistent results in different pelitic mineral assemblages. The 

activity models were used as provided by Hodges and Crowley (1985). Significant 

deviations from ideal behaviour in mixing of garnet end-members is assumed only for 

the pyrope-grossular binary. All Margules parameters, except W P'fJIP' are thus assumed 

to be zero, following Ganguly and Kennedy (1974). A detailed evaluation of the activity 

models is beyond the scope of this thesis. All expressions and thermodynamic data 

given in this appendix are in calories. 

·-· 
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GARNET - BI01TI'E GEOTBERMOMETER 

The garnet biotite thermometer is based on the reaction: 

Fe,AI:Si,O~: + KMg,AISi,010(0fih = Mg,AI:Si,O~: + KFe,AISi,010(0fih [R91 

almandine pblogopite pyrope annite 

which involves exchange of Mg and Fe between garnet and biotite. It has been 

calibiated empirically by Thompson (1976) and Goldman and Albee (1977) and 

experimentally by Ferry and Spear (1978) and Perchuk and Lavrant'eva (1983). Many 

oJler calibrations exist using different thermodynamic data sets or activity models (see 

reviews by Essene, 1982, 1989). The calibrations used in this thesis are by Ferry and 

Spear (1978), based on ideal mixing, and from Hodges and Spear (1982) (identical to 

the calibration used by Hodges and Crowley, 1985), which is based on the same 

calibration, but uses non-ideal mixing instead. Ferry and Spear (1978) noted that their 

calibration is suited only for garnets with compositions of 

(Ca+Mn)/(Ca+Mn+Fe+Mg) < 0.2 and forbiotites which fall within the 

compositional range of (AlVI+Ti)/(Alvt+Ti+Fe+Mg) < 0.15. Outside these 

compositional ranges the mixing in the solid solution diverges too much from ideal 

behaviour, which is why several other calibrations have been published to correct for 

this non-ideal mixing. The expressions for temperature calculations are: 

T• 2089+9.56P 
lnK+0.782 

(Ferry and Spear, 1978) 

2089+9.56P•l661XCJ,., 
T·----------~--~~~lnK + 0.782 + 0.7SSX Qn 

(Hodges and Spear, 1982) 

with 

K. (Mgl Fe)cn 
(Mg/Fe)llr 

(H3a) 

(H3b) 

:: 
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GEOBAROMETERS 

Three barometers for pelitic rocks were used in the study, each for slightly 

different mineral assemblages. The first two, Grt-Ky-Qtz-Pl (GASP) and Grt-M..s-Bt-Pl 

(GMBP), give results that are very compatible. The third barometer, Grt-Bt-Ms-Ky 

(MABS), for assemblages laclcing plagioclase, is less accurate and is mainly gi~ for 

comparison with the previous two. 

GARNET- ALUMINUM SILICATE- QUARTZ- PLAGIOCLASE 

The barometer which has been most widely used for metapelitic rocks is the 

GASP barometer, based on the net transfer reaction between gam~ plagioclase 

aluminum silicate and quartz: 

3Ca.Al:Si:01 = Ca,AI:Si,OQ + 2 Al:SiO, + SiO~ [RIO] 

anorthite grossular Al-silicate quartz 

which was first calibrated by Ghent (1976) with the assumption of ide!l mixing in 

garnet and plagioclase solid solutions. Subsequent workers refined cite calibration using 

mixing models for non-ideal solid solution of garnet and plagioclase (Ghent et al., 

1979; Newton and Haselton, 1981; Hodges and Royden, 1984; Koziol and Newton, 

1988; Powell and Holland, 1988). Since in the study area kyanite is the only stable 

alumino-silicate (with the exception of one sample which does not have the appropriate 

assemblage for application of this barometer), only the reaction involving kyanite will 

be considered here. The calibration used here is that of Hodges and Royden (1984), 

which is based on Newton and Haselton•s (1981) calibration with the grossular activity 

model from Hodges and Spear (1982). Activity expressions are given in Table H.2. 

The expression for pressure calculation is: 

p. -133S2+36.709T-RTlnK + l 
6V 

(kyanite as stable alumino-silicate) 

with 

(H4) 



The change in partial molar volume for the reaction is dependent on the garnet 

composition and has to be calculated separately for each pressure determination. 

Newton and Haselton (1981) gave the following expressions for calculation of the 

voh:me change: 

343 

6 V r.actaon = V grs + 2V Ky + V Qt=- 3V an:= 22.688 + 2X 44.09 + F grs- 320.37 

X prp • V gr;- prp + X alm • V grs-alm v (11'$ = __,;..~_,;;._;.....;.... ___ .....;;..._ __ 
X prp+ X alm 

V - •125.24+0.512(1-X ) 2 -0.418(1•(0.06 -X~,.)(l-X~,,)) 
grs prp grs 0.006889 

(
-(0.06- X 13,.1 )

2
) .exp 

0.013778 

V • 125.24 + 1.482( 1- X ) 2 - 0.48( 1 • ( 0 ·
086

- X orsH l -X"")) 
grs-altrl grs 0.004356 

Combination of the above equations results in a quite lengthy expression which is not 

shown here. 

PLAGIOCLASE- BIOTITE- GARNET- MUSCOVITE 

For mineral assemblages which lack alumino-silicates, Ghent and Stout ( 1981) 

calibrated a barometer based on the reaction (GMPB): 

Fe,AJ:Si,Oa: + Ca,AJ:Si,Oa: + KAI,Si,010(0lfh = 3~i:O, + KF~A1Si,010(0H): [Rll) 

almandine grossular muscovite anorthite annite 

and its Mg counterpart involving prp and phi instead of aim and ann. The barometer 

was originally based on an empirical calibration assuming ideal mixing (Ghent and 

Stout, 1981). Several new calibrations have been published based on larger data bases 

and different mixing models for garnet and plagioclase (Hodges and Crowley, 1985; 



Powell and Holland, 1988; Stowell, 1989; Hoisch, 1990). For this study the calibration 

of Hodges and Crowley (1985) was chosen. It was empirically calibrated based on 

pressures calculated with the GASP barometer. Compared to the Ghent and Stout 

(1981) calibration, the one used here underestimates Pat lower pressures (P < 7 kbar) 

and overestimates Pat higher pressures (P > 7 kbar). Activity models for garnet. 

plagioclase and muscovite are given in table H.2. The expression for pressure 

calculation is: 

-16722•38.956T-RTlnK l 
P= • 

1.802 
(HS) 

with 

3 a an .a a_ K·-----
aatm .ag,.s .ams 

Since the activity for muscovite in white mica is pressure dependent (Table H.2) a 

pressure term has to be extracted from the right hand side of the expression. As a result 

the final expression for P is quite lengthy and not shown here. 

MUSCOVITE- GARNET- BIOTITE- ALUMINUM Sn.ICATE 

In metapelitic mineral assemblages which lack plagioclase the MABK 

geobarometcr based on the reaction: 

KA1,Si,010(0H>: + Fe,Al:Si,012 = KFe,A!Si,010(0H): + 2AI:Si0, + SiC: [Rl2l 

muscovite aliiWidine annite kyanite quartZ 

can be used. For this reaction there is also another version which involves Mg instead 

of Fe. The large uncertainty in the thermodynamic data and the small D. V make it an 

unreliable barometer with a calculated error of up to 18 Iebar for certain compositions 

(Hodges and Crowley, 1985; Essene, 1989). Several calibrations of the MABK 

barometer are available (Spear and Selverstone, 1983; Robinson, 1983; Hodges and 

Crowley, 1985; Holdaway et al., 1988). The one used here is that of Hodges and 

Crowley (1985). 



with 

p = -641S+S.48T-RTlnK + l 
0.225 

K== 
aaiUl 

345 

(H6) 

Because of the pressure dependence of the activity of muscovite in white mica. the final 

expression for P is quite lengthy. 

Table H. 1 Thermodynamic data 

Reaction aH(Cal) AS (Cal/mol °K) 

R1 

R2• 

R3 

R4· 

··2454 4.662 

13352 36.709 

16722 38.955 

6415 5.480 

• with kyanite as alumino silicate 

•• dependent on garnet composition 

Data from Hodges and Crowley (1 985) 

A v (Callbar) 

0.057 

•• 

1.802 

0.225 

,. 
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Table H.2 Activity- composition relations 

{ (
(l.ST-3300).(Xprp·Xor=))}

3 

aatm"" X atm • exp RT 

{ ( 
(3300- l.ST) .(X~r:: +X atm .X or::+ X or:: .X :p::))} 3 

aP'P- Xprp'exp RT 

{ (
(3300- l.ST). CX!,P • X atm·X prp • X prp .X ::ps)) }

3 

a r~rs - X or• • ex p RT 

•(X X2 ) exp((XNa,,. •. X~, ..... ) 2
.(W ... +2XK .... c·X~1 .... (Wp9 -W,..))) 

a,.. "·"'". At ..... • RT 

aann- X!M 

x. 

= Fe/(Fe + Mg + Mn + Ca) in garnet 

= Mg/(Fe+Mg+Mn+Ca) in garnet 

= Ca/(Fe + Mg + Mn + Ca) in garnet 

= Mn/(Fe + Mg + Mn +Cal in garnet 

= Ca/(Ca + Na + K) in plagioclase 

= K/(Ca+Na+K) in muscovite 

= Na/(Ca+Na+K) in muscovite 

= AIVIJ(Fe + Mg + Mn + Ti + AIV') in muscovite 

= Fe/(Fe + Mg + Ti + AIV1) in biotite 

= Mg/(Fe + Mg + Ti + Alvt) in biotite 

= 2923.1 + 0. 1590P + 0. 1698T 

= 4650.1 T 0. 1 090P + 0.3954T 

R = 1.9871 cal/mole °K 

Tin °K 

Pin bar 

Data from Hodges and Crowley (1 985) 



APPENDIX I 

MICROPROBE ANALYSES AND MINERAL CHEMISTRY 

ELECTRON MICROPROBE ANALYSES 

Tables 1.1 to 1.4 contain the electron microprobe analyses that were used for 

geothermobarometry in Chapter 7. Sample locations are shown in Figure F .3. The 

analyses are grouped by mineral (Gam~ biotite, muscovite and plagioclase) and are 

numbered by year of collection (for 1986 the format is sample number- year, eg. 

142-86, for all others the year precedes the number, eg. 87-51 for sample 51 in 1987). 

The analyses are ordered firstly by years, then by sample number. The code used in 

the line labelled 'grain' gives the number of a garnet (abbreviated ga) in a thin 3ection 

containing several garnet grains, r = for garnet rim analysis or matrix mineral in 

contact with a garnet rim, c = garnet core analysis or matrix mineral that was used for 

the calculation of P or T in the garnet core, i = inclusion in garnet or garnet analysis 

near an inclusion, h = a garnet analysis halfway between core and rim. mat = a matrix 

mineral at a distance from all garnets in a section. All iron is given as Fel•. 



Table 1.1 Gamet analyses 

SAMPLE 
GRAIN 

142-86 142-86 158-86 158-86 87-51 87-51 87-65 87-65 87-75 87-75 87-81 87-81 
ga3 r1 ga3 c2 ga2 r1 ga2 c2 ga2 r1 ga2 c2 ga1 r1 ga1 c2 ga2 r1 ga2 c2 _ ga2 h3 . -=. ga2 r!_ 

Si02 
Tt02 
Al203 
Cr203 
FeO 
MnO 
MgO 
cao 
Na20 
K20 
TOTAL 

36.72 
0.04 

20.71 
0.00 

30.86 
3.14 
2.18 
6.28 
0.03 
0.00 

99.96 

Cations per 12 oxygen 

Sl 
Tl 
~ 
Cr 
Fe2+ 
Mn 
Mg 
ca 
Na 
K 
Total 

X arm 
Xpyr 
Xgro 

= 

Xspe 
Mgt(Mg+Fo) 

2.97 
0.00 
1.97 
0.00 
2.08 
0.21 
0.26 
0.54 
0.00 
0.00 
8.05 

67.13 
8.45 

17.50 
6.92 

0.112 

36.88 
0.06 

20.40 
0.00 

29.91 
3.97 
1.75 
6.91 
0.00 
0.00 

99.88 

2.98 
0.00 
1.95 
0.00 
2.02 
0.27 
0.21 
0.60 
0.00 
0.00 
8.04 

65.16 
6.79 

19.29 
6.76 

0.094 

36.90 
0.13 

20.69 
0,00 

27.05 
5.11 
2.31 
7.10 
0.00 
0.01 

99.29 

2.98 
0.01 
1.97 
0.00 
1.83 
0.35 
0.28 
0.61 
0.00 
0.00 
8.03 

59.53 
9.06 

20.02 
11.39 
0.132 

36.66 
0.11 

20.78 
0.00 

27.57 
6.01 
2.27 
5.91 
0.00 
0.00 

99.32 

2.97 
0.01 
1.99 
0.00 
1.87 
0.41 
0.27 
0.61 
0.00 
0.00 
8.03 

60.90 
8.93 

16.72 
13.44 
0.128 

36.61 
0.10 

21.00 
0.00 

26.89 
6.76 
1.66 
7.06 
0.04 
0.00 

100.12 

2.95 
0.01 
2.00 
0.00 
1.81 
0.46 
0.20 
0.61 
0.01 
0.00 
8.05 

68.79 
6.47 

19.78 
14.97 
0.099 

36.35 
0.09 

20.58 
0.00 

23.47 
10.60 

1.26 
7.08 
0.07 
0.00 

99.50 

2.96 
0.01 
1.98 
0.00 
1.60 
0.73 
0.16 
0.62 
0.01 
0.00 
8.05 

51.66 
4.93 

19.93 
23.6A 
0.087 

36.76 
0.09 

21.03 
0.00 

26.95 
5.74 
1.32 
7.64 
0.00 
0.00 

99.52 

2.97 
0.01 
2.00 
0.00 
1.82 
0.39 
0.16 
0.66 
0.00 
0.00 
8.02 

60.02 
5.24 

21.80 
12.95 
0.080 

37.13 
0.08 

20.60 
0.00 

27.48 
5.69 
1.39 
7.18 
0.00 
0.01 

99.76 

3.00 
0.00 
1.96 
0.00 
1.86 
0.40 
0.17 
0.62 
0.00 
0.00 
0.02 

60.90 
6.49 

20.39 
13.22 
0.083 

36.67 
0.07 

20.87 
0.00 

34.89 
1.22 
0.74 
6.48 
0.00 
0.05 

100.89 

2.06 
0.00 
1.99 
0.00 
?..36 
0.08 
0.09 
0.56 
0.00 
0.01 
6.05 

76.27 
2.88 

18.15 
2 .70 

0.036 

36.19 36.76 36.87 
0.10 0.07 0.07 

20.67 20.76 20.70 
0.00 0.00 0.06 

33.43 27.04 30.21 
2.70 5.53 2.70 
0.67 1.67 1.04 
5.00 6.82 6.83 
0.00 0.00 0.00 
0.01 0.00 0.00 

~.65 __ 9~!.~~L-~~.28 

2.96 
0.01 
1.99 
0.00 
2.29 
0.19 
0.08 
0.52 
0.00 
0.00 
8.04 

74.47 
2.66 

16.70 
6.09. 

0.034 

2.96 2.99 
0 .00 0.00 
1.98 1.98 
0.00 0.00 
1.09 2.05 
0.38 0.19 
0.20 0.22 
0.59 0.59 
0.00 0.00 
0.00 0.00 
0.03 __ O.Q~ 

61.65 
6.59 

19.35 
12.40 
0.097 

67.17 
7.29 

19.46 
6.08 

0.098 



Table 1.1 Gamet analyses (continued} 

SAMPLE 87-81 87-83 87-83 87-86 87-86 87-86 87-86 87-93 87-93 87-94 87-94 87-94 
GRAIN ga1 c2 ga2r1 ga2c2 ga2r1 ga2c2 ga4r1 ga4c2 ga1 r1 gat c4 gat r1 gat !3 ---11~1_~5 . 

SI02 36.89 36.66 36.65 36.98 37.00 36.44 36.90 36.45 36.19 36.67 36.94 36.37 
TI02 0.00 0.06 0.06 0.07 0.07 0.05 0.08 0,03 0.08 0.04 0.04 0.12 
Al203 20.45 20.76 20.70 20.99 20.94 20.74 20.70 20.48 20.74 20.03 20.05 20.08 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 26.38 29.33 28.82 28.79 27.97 29.50 24.76 33.31 29.16 35.03 34.66 33.44 
MnO 9.03 3.99 4.89 4.67 6.13 4.84 10.36 2.17 7.73 1.49 1.51 2.04 
MgO 1.36 1.77 1.73 1.85 1.74 1.86 1.30 1.19 0.70 1.05 1.00 0.95 
CaO 6.37 6.63 6.46 6.42 6.05 6.00 5.15 5.42 5.20 5.02 5.20 6.41 
NB20 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 

\, K20 0.00 0 .00 0.00 0.03 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 
TOTAL 99.48 99.21 99.31 99.80 99.90 99.46 99.26 99.06 99.?_9 _99.34 _100~L_!~_!.~! 

Cations per 12 oxygen 

Sl 3.00 2.98 2.98 2.98 2.98 2.96 3.00 2.99 2.96 3.01 2.99 2.96 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
N 1.96 1.99 1.98 1.99 1.99 1.99 1.99 1.98 2.00 1.94 1.99 2.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2+ 1.72 1.99 1.96 1.94 1.89 2.01 1.69 2.28 1.99 2.40 2.35 2.28 
Mn 0.62 0 .27 0.34 0.32 0.42 0.33 0.71 0.16 0.54 0.10 0.10 0.20 
Mg 0.16 0.21 0.21 0.22 0.21 0.23 0.16 0.15 0.09 0.13 0.12 0.12 
Ca 0.65 0.58 0.56 0.55 0.52 0.62 0.45 0.48 0.46 0.44 0.46 0.47 
Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 8.02 8.03 8.03 8.02 8.02 8.04 8.00 8.02 8.04 8.02 8~01 ·- _J~,03 

X aim 56.26 65.15 63.86 63.92 62.11 64.92 56.06 74.73 64.94 78.12 77.65 74.41 
Xpyr 6.37 7.01 6.83 7.32 6.89 7.37 6.24 4.76 2.78 4.17 3.99 3.77 
Xgro 18.09 18.87 18.34 18.26 17.21 16.92 14.94 15.58 14.84 14.34 14.93 15.42 
Xspe 20.Z1 8.98 10.97 10.50 13.79 10.79 23.76 4.93 17.44 3.37 3.43 6.40 
M9l(Mg+Fe) 0.087 0.097 0.097 0.103 0.100 0.102 0.086 0.060 0.041 0.051 0.049 0.048 

f.;J 

'--•CJ 



Table 1.1 Gamet anayses (continued) 

sAMPLE 87-117 87-117 87-117 87-120 87-120 87-196A 87-198A 87-255b 87-255b 00-271 00-271 07-279 
GRAIN ga2r1 g~c2 _g~c3 o~r1 _ g~c2_ .. _ o~t r1 · -; .: · o~J-~~..:-==-JJ~ ~L..:_'"'0~11., __ , ~~ 1~ OA14c oa1 r 1 

6102 36.35 37.26 36.82 30.33 36.49 36.63 30.60 36.73 36.01 39.37 38.34 37.34 
Tl02 0.03 0.02 0.03 0.05 0.03 0.20 0.10 0 .06 0.07 0 .03 0.04 0.07 
Af203 20.98 20.95 20.63 21.03 20.92 20.70 20.00 21.30 21.39 20.49 20.34 20.93 
Cr203 0.00 0.00 0.00 0.00 0.00 0.13 0.11 0.11 0.15 0.00 0.00 0.00 
FaO 33.22 33.85 34.60 35.15 38.67 32.32 31.88 36.66 37.15 20.13 34.14 28.33 
MnO 0.39 0.22 1.26 0.28 0.06 1.34 2.3.1 1.18 0.04 5.01 1.02 3.29 
MgO 1.41 1.85 1.16 1.73 2.34 1.96 1.84 2.03 3.00 0.08 1.55 2.40 
CaO 6.60 5.83 5.77 6.69 2.08 6.74 6.01 0.85 0.54 6.80 4.70 6.73 
Na20 0.00 0.00 0.00 0.00 0.00 0.09 0.14 0.09 0.07 0.05 0.05 0.00 
K20 0.01 0.00 0.00 0.02 0.01 0.00 0.00 0.00 0.00 0.01 0,00 0.01 
TOTAL 98.99 99.98 100.27 100.18 100.60 99.11 99.90 90.61 90.88 J00.8~ ____ !_~g_1 ____ ___ 9~~tQ . 

Cations per 12 oxygen 

Sl 2.96 3.00 2.98 2.94 2.00 2.98 2.95 2.98 2.97 3.12 3.08 3.01 
n 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 
N 2.02 1.99 1.97 2.01 2.00 1.98 1.99 2.04 2.04 1.91 1.92 1.00 
Cr 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 
Fe2+ 2.27 2.28 2.34 2.38 2.62 2.20 2.16 2.48 2.61 1.86 2.20 1.91 
Mn 0.03 0.01 0.09 0.02 0.00 0.09 0.16 0.08 0.04 0.34 0.07 0.22 
Mg O.'i1 0.22 0.14 0.21 0.28 0.24 0.22 0.32 0 .37 0.12 0.10 0.20 
Ca 0.58 0,60 0.60 0.49 0.18 0.60 0.62 0 .07 0.05 0.68 0.41 0 .68 
Na 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.00 
K 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0 .00 0.00 0.00 0.00 
Total 8.03 8.01 8.03 8.05 8.04 8.02 = 8.05 - ~,QP 8,00 7.03 7.00 0.00 

_,;_:~_·.:..::.....:::_·:.:..._-:.;:: .;; : -;- ;_;;.: ;:.~-;:.:..._~:..:....:__: 

XaJm 74.61 76.49 76.32 76.95 84.87 72.69 70.60 83.99 84.64 04.43 77.53 63.GO 
Xpyr 6.64 7.35 4.66 6.76 9.16 7.84 7.25 10.77 12.41 4.0(1 6.27 0.60 
Xgro 18.97 16.66 16.31 16.68 6.85 16.52 17.03 2.50 1.57 10.0~\ 13.05 10.35 
Xspe 0.89 0.60 2.81 0.62 0.13 3,05 6.22 2.75 1.48 11.62 2.35 7.40 
MQ/CMg+Fo) 0.070 0.089 0.056 0.081 0.097 0.098 0.003 0.114 0.128 0.058 0,075 0.131 

IJI 
v. 
0 

''· 



Table 1.1 Gamet an~ses (continued) 

sAMPLE 87-279 87-283 87-283 87-2876 87-287b 88-32 88-32 88-4sA 88-45A 88-40 08··40 88-50 
GRAIN ga1c2 gatr! _ga1c2 _ga1 r1 Dft1 c2 :. .. = ,9~tfiL-=-.::..g"J cfL_ . oM rL . 0~~£~--~--0~{l "-o;~R~~c'"2. Qll~ q_ 

SI02 37.10 36.98 36.90 37.93 37.79 36.58 36.76 37.10 37.08 37.84 36.70 36.72 
Ti02 0.11 0.07 0.18 0.06 0.04 0.05 0.09 0.10 0.09 0.10 0.17 0.00 
Al203 20.91 20.84 20.83 21.68 21.90 21.19 21.00 21 .60 21.39 21.86 21.40 21 .24 
Cr203 0.00 0.00 0.00 0.16 0.13 0.06 0.06 0.11 0.13 0.12 0.12 0.10 
FeO 26.47 26.27 26.11 27.72 27.68 32.68 32.69 31 .63 32.00 33.60 33.63 32.65 
MnO 6.68 4.34 6.09 0.98 0.91 2.16 2.63 0 .49 0.60 0.13 0.42 0.69 
MgO 1.82 1.79 1.60 4.20 6.03 1.68 1.66 4.61 4.82 6.69 3.83 4.49 
CaO 8.34 8.65 8.68 7.07 6.93 5.48 6.70 3.30 3.38 1.61 3.45 2.80 
Na20 0.00 0.00 0.00 0.07 0.00 0.05 0.03 0.12 0.16 0.10 0.10 0.09 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 
TOTAL 99.~ 98.94 99.45 99.77 100.31 99.83 100.61 98.96 99.70 100.95 99.80 98.86 

~--------·-··---- -· -- --- .. - - --- .. -..-- ' 

Cations per 12oxygen 

SJ 2.99 2.99 2.98 2.99 2.96 2.96 2.96 2.97 2.96 2.97 2.94 2.96 
T1 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0 .01 0.00 
AI 1.98 1.99 1.98 2.01 2.02 2.02 2.00 2.04 2.01 2.02 2.03 2.02 
Cr 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 
Fe2+ 1.71 1.78 1.69 1.83 1.81 2.21 2.20 2.12 2.14 2.20 2.26 2.20 
Mn 0.38 0.30 0.42 0.07 0.06 0.16 0.18 0.03 0.04 0.01 0.03 0.05 
Mg 0.22 0.22 0.19 0.49 0.69 0.20 0.19 0 .64 0.67 0.65 0.448 0.64 
Ca 0.72 0.76 0.76 0.60 0.68 0.48 0.49 0.28 0.29 0.14 0.30 0.24 
Na 0,00 0.00 0.00 0.01 0.00 0.01 0.00 0.02 0.02 0 .02 0.02 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 
Total 6.01 8.01 8.02 6.00 8.02 8.03 8.03 8.01 ~.04 8.pg_ - 8.04 8.03 

'.,L.--~~ 

XaJm 66.64 68.448 55.49 61.24 69.62 72.76 71 .95 71 .26 70.33 73.43 74.18 72.66 
Xpvr 7.20 7.10 6 .30 16.64 19.36 6.69 6.12 18.10 18.84 21.77 15.10 17.81 
Xgro 23.72 24.66 24.68 20.02 19.15 15.68 16.07 9.52 9.50 4.51 9.78 7.98 
Xspe 12.55 9.78 13.63 2.19 1.98 4.89 6.86 1.12 1.33 0.29 . 0.94 1.50 
MQI(MQ+Fe) 0.113 0.108 0.102 0.213 0.245 0.084 0.078 0.203 0.211 0.229 0.169 0.107 

f#l 
fJI 



Table 1.1 Gamet analyses (conlinued) 

sAMPLE 88-50 oo-52b 88-526 oo-55 88-55 
=G=~==N~====g~a~1=c=2==~g~~==r1==~g~~~==~c~==~g~a=1ru!~ga1c3 

8102 36.88 37.10 37.17 37.67 37.19 
Tl02 0.12 0.07 0.06 0.00 0.00 
AJ203 21.33 21.72 21.52 20.00 20.77 
Cr203 0.09 0.10 0.08 0.00 0.00 
FeO 32.38 35.45 34.68 30.67 28.84 
MnO 0.81 0.28 0.63 2.80 3.00 
MgO 4.67 4.66 3.72 2.84 1.80 
CaO 2.87 0.85 2.90 6.42 8.20 
Na20 0.10 0.04 0.08 0.00 0.00 
1<20 0.00 0.00 0.00 0.00 0,00 
TOTAL 99.16 100.17 100.64 100.26 99.80 

Cations per 12 oxygen 

81 
n 
AJ 
Cr 
Fe2+ 
Mn 
Mg 
Ca 
Na 
K 
Total 

X aim 
Xpyr 
Xgro 
Xspe 
Mo/(Mg+Fe) 

2.96 
0.01 
2.02 
0.01 
2.17 
0.06 
0.55 
0.26 
0.02 
0.00 
8.03 

71.92 
18.09 
8.17 
1.82 

0.201 

2.96 
0.00 
2.04 
0.01 
2.36 
0.02 
0.54 
0.07 
0.01 
0.00 
8.02 

78.87 
18.08 
2.42 
0.63 

0.186 

2.96 
0.00 
2.02 
0.01 
2.30 
0.04 
0.44 
0.26 
0.01 
0.00 
8.03 

76.06 
14.58 
8.17 
1.18 

0.161 

3.01 
0.00 
1.97 
0.00 
2.04 
0.19 
0.34 
0.46 
0.00 
0.00 
8.01 

67.32 
11.14 
15.29 
6.25 

0.142 

2.99 
0.00 
1.97 
0.00 
1.94 
0.20 
0.22 
0.71 
0.00 
0.00 
8.03 

63.26 
7.04 

23.04 
6.66 

0.100 

88-67 88-57 88-68 88-58 88-61 88-61 80-66 
gat rt - -11~t.9~-=-'-=~-U.!1-fL_, -_ D!!t£~ '"··-=--'l~J ~~ _. _p_!)1_ ~2 u~ r 1 

38.13 
0.09 

22.03 
0.18 

26.47 
0.70 
4.80 
7.99 
0.07 
0.00 

38.50 37.47 37.17 37.14 37.30 37.31 
0.08 0.07 0.11 0.04 0.05 0.12 

21.81 21.77 21 .42 21.32 21.33 20.42 
0:14 0.08 0.10 0.06 0.04 0.09 

26.63 36.20 35.69 32.20 31.32 24.05 
1.44 0.43 0.41 0.30 0.38 2.07 
5.80 3.83 4.32 4.49 4.97 2.18 
6.01 1.65 1.71 3.38 3.53 11.89 
0.08 0.05 0.05 0.00 0.00 0.09 
000 ~00 000 000 000 000 

100.47 _ _100.63 __ JQt!1!!._ __ 100.08 -----~~~~~ - --· · . ~~J)Q . -·-· 99.72 

2.97 
0.01 
2.02 
0.01 
1.72 
0.05 
0.66 
0.67 
0.01 
0.00 
8.0_1 --

57.58 
18.61 
22.27 
1.54 

0.244 

2.99 
0.00 
2.00 
0.01 
1.73 
0.09 
0.67 
0.60 
0.01 
0.00 
8.0_1 __ 

57.74 
22.41 
16.69 
3.16 

0.280 

2.96 
0.00 
2.03 
0.01 
2.39 
0.03 
0.45 
0.13 
0 .01 
0.00 
8.02 

79.65 
15.02 
4.37 
0.00 

0.159 

2.95 
0.01 
2.01 
0.01 
2.37 
0.03 
0.51 
0.16 
0.01 
0.00 
H:Q~ 

77.60 
16.74 
4.70 
0.90 

0.177 

2.98 2.00 2.98 
0.00 0.00 0.01 
2.02 2.01 1.92 
0.00 0.00 0.01 
2.16 2.09 1.67 
0.02 0.03 0.18 
0.54 0.69 0.26 
0.29 0.30 1.02 
0.00 0.00 0.01 
0.00 0.00 0.00 

.. .. D!Ol · -' -~""-Jh9.t .c .. ,.· !·~-

71.82 
17.85 
9.66 
0.60 

0.199 

69.47 
19.64 
10.03 
0.05 

0.220 

63.34 
0.31 

32.57 
6.70 

0.135 



Table 1.1 Gamot anayses (continued) 

sAMPLE 88-66 88-72 88-72 88-74A aa-74A 88-76A 88-76A 88-60 o8-8o 88-85 88-85 88-06 
GRAIN ga2c2 QC!1 c1 gat r2 ga1 r1 ga1 c2 o!.lr1 gtU c2 .Q~C2 ~~~@.'~ "··· 0~ f1 .. JJ.B?I2 Q~l _r 1 , 

8102 37.24 37.18 37.37 37.46 37.33 38.48 37.94 37.71 37.00 36.86 37.10 37.62 
Ti02 0.14 0.13 0.09 0 .03 0.03 0.04 0.01 0.11 0 .00 0.06 0.07 0.00 
Al203 20.42 20.57 20.95 21.71 21.61 21.70 21.77 2t.63 21.62 21 .20 21 .45 20.70 
Cr203 0.07 0.07 0.08 0.04 0.05 0.11 0.09 0 .07 0 .00 0.07 0.08 0.00 
FeO 24.85 26.01 26.02 32.76 32.26 24.86 27.31 26.06 26.21 33.20 31 .73 33.24 
MnO 3.02 2.78 2.30 2.09 1.90 0.79 1.02 4.08 2.44 0.44 0.65 0.66 
MgO 2.18 1.62 1.62 4.63 6.19 3.76 3.60 6,95 6.91 4.30 6.01 6.08 
CaO 11.62 12.22 12.32 1.40 1.67 11.27 8.69 4.66 4.38 3.26 3.07 2.43 
Na20 0.09 0.08 0.05 0.05 0.00 0.00 0.01 0.10 0.08 0.04 0.07 0 .00 
1<20 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0 .00 0.00 0 .00 0.00 
TOTAL 99.62 100.56 100.80 100.16 99.94 100.99 100.60 100.36 ~J!!._ 99:.41!. .. _ -~~--- -~=~g. 

Cations per 12 oxygen 

81 2.98 2.96 2.96 2.98 2.97 2.99 2.98 2.96 2.97 2.96 2.95 3 .00 
n 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0 .00 
~ 1.93 1.93 1.96 2.03 2.02 1.99 2.01 2.00 1.99 2.01 2.01 1.96 
Cr 0.00 0.00 0.01 0.00 0.00 0.01 0 .01 0.00 0.01 0.00 0 .01 0.00 
Fe2+ 1.66 1.73 1.72 2.18 2.16 1.61 1.79 1.71 1.71 2.23 2.11 2.22 
Mn 0.20 0.19 0.16 0.14 0.13 0.05 0.07 0 .27 0.16 0.03 0.04 0.04 
Mg 0.26 0 .18 0.19 0.65 0.62 0 .43 0.42 0 .69 0.81 0.51 0.59 0.60 
Ca 1.00 1.04 1.05 0.12 0.14 0.94 0.73 0.39 0.37 0.28 0.31 0.21 
Na 0.01 0.01 0.01 0 .01 0.00 0.00 0.00 0.02 0.01 0.01 0.01 0 .00 
K 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 0 .00 
Total 8.05 8.07 8.05 8.01 8.02 8.02 8.01 8.04 - . .. 8,03 .. :"' ~J)~·==-=:._{1_,04 - .;:-- !»:9~ 

XaJm 63.23 65.12 65.34 72.92 70.79 63.13 59.61 55.72 56.24 72.90 68.97 72.14 
Xpvr 8.32 6.74 6.14 18.37 20.29 14.29 13.98 22.67 26.42 16.85 19.41 10.65 
Xgro 31.89 33.18 33.67 3.99 4.69 30.87 24.26 12.77 12.04 9.18 10.21 6.76 
X ape 6.65 6.97 4.95 4.71 4.22 1.71 2.25 8.84 6.30 0 .98 1.42 1.45 
Mg«Mg+Fe) 0.135 0.094 0.100 0 .201 0.223 0.212 0.190 0.289 0 .320 0 .188 0.220 0.214 

'.;• 
' Jo 
' .;• 



Table 1.1 Gamet an~ses (conllnued) 

sXMPL£ 
GRAIN 

8102 
TI02 
Al203 
Cr203 
FeO 
MnO 
MgO 
CaO 
Na20 
1<20 
TOTAL 

88-86 
ga1 c2 

38.12 
0.00 

20.81 
0.00 

32.63 
0.49 
6.87 
2.30 
0.00 
0.00 

100.22 

Cations per 12 oxygen 

88-87 
ga2r4 

37.16 
0.05 

21.17 
0.11 

33.38 
1.00 
4.42 
2.29 
0.04 
0.00 

99.61 

88-87 
ga2c5 

36.67 
0.06 

20.85 
0.09 

34.05 
1.07 
3.81 
2.36 
0.06 
0.00 

99.03 

88-87 
aa1 r1 

37.32 
0.06 

21.01 
0.10 

33.10 
0.76 
4.82 
2.69 
0.05 
0.00 

99.79 

88-87 
Q!11C2 

37.19 
0.05 

21.30 
0.09 

33.30 
0.96 
4.70 
2.10 
0.05 
0.00 

99.72 

88-89 
g!!j r1 

37.65 
0.07 

21.65 
0.04 

27.07 
0.94 
6.86 
6.92 
0.03 
0.00 

100.13 

88-89 88-90 88-90 08-08 88-08 88-104 
ga1 c2 _____ ga2rt__ Qa2fg ... JJ~-~1~ __ _ , __ p_af! ~ . _ .. 9a1 r1 

38.04 37.66 37.66 36.85 36.76 38.00 
0.05 0.05 0.00 0.07 0.04 0.09 

22.26 21.78 22.04 21.16 21 .52 21.82 
0.00 0.06 0.08 0.04 0.10 0.03 

26.87 30.23 28.89 32.81 34.73 'Z1.97 
0.84 1.37 1.13 0.76 0.34 1.06 
7.28 5.64 7.05 3.85 4.69 6.18 
6.19 3.95 3.61 3.75 1.80 6.91 
0.03 0.06 0.05 0.04 0.00 0.04 
0.00 0.00 0.00 0.00 0.00 0.00 

100.63 100.70 100.61 99.33 99.98 101.17 ·------------------- - -·-- ·--- --··- -·-- ------- -· 

Sl 3.01 2.98 2.97 2.98 2.97 2.95 2.94 2.95 2.94 2.96 2.94 2.96 
Tl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
AJ 1.94 2.00 1.99 1.98 2.01 1.99 2.02 2.01 2.03 2.01 2.03 2.00 
cr o.oo 0.01 0.01 0.01 0.01 o.oo o.oo o.oo o.oo o.oo 0.01 o.oo 
Fe2+ 2.16 2.24 2.31 2.21 2.23 1.77 1.67 1.98 1.88 2.21 2.32 1.82 
Mn 0.03 0.07 0.01 0.05 0.06 0.06 0.05 0.09 0.07 0.05 0.02 0.07 
Mg 0.69 0.63 0.46 0.67 0.66 0.68 0.84 0.66 0.82 0.46 0.58 0.60 
Ca 0.19 0.20 0.20 0.22 0.18 0.68 0.51 0.33 0.30 0.32 0.15 0.68 
Na 0.00 0.01 0.01 0.01 0.01 o.oo 0.00 0.01 0.01 0.01 0.00 0.01 
K o.oo 0.00 0.00 0.00 o.oo o.oo o.oo o.oo o.oo o.oo 0.00 o.oo 
Total 8.02 8.02 8.03 8.03 8.02 8.05 8.05 8.04 8,05 8.03 8.04 8.04 
~==-=============~==================~'========'=====~=============.;-~:-..;=::=:-~...;_: .. ,, 
Xalm 
Xpyr 
Xgro 
!'spe 
MQI(Ma+Fe) 

70.12 
22.48 

6.33 
1.07 

0.24.1 

73.84 
17.42 
6.49 
2.24 

0.191 

76.76 
16.11 
6.73 
2.41 

0.166 

72.32 
18.77 
7.26 
1.66 

0.206 

73.45 
18.47 
6.93 
2.14 

0.201 

67.19 
22.06 
18.73 
2.01 

0.278 

64.32 
'Z1.24 
16.65 
1.79 

0,334 

64.69 
21.61 
10.83 
2.97 

0.260 

61.18 
26.60 
9.79 
2.42 

0.303 

72.62 
16.16 
10.62 
1.70 · 

0.173 

76.93 
18.27 
6.04 
0.75 

0.194 

59.35 
19.59 
18.79 
2.28 

0.248 



Table 1.1 Gamel anayses {continued) 

sAMPlE 88-104 88-112 88-112 88-113 88-113 88-119 88-122 88-122 88-122 88-122 88-123 88-123 
GRAJN gat c2 ___ga1 !1 ga1 c2 gat r6 . ga1 c8 ga3c2 _ ga1J1 Q{!!_C3 _g~1L .. _JJ~,~?. .. -_u~tr.1 - __ g_~1-~~-= 
8102 36.88 36.82 37.08 36.31 37.39 37.21 37.76 37.27 37.38 37.40 36.99 37.09 
Ti02 0.10 0.00 0.06 0.05 0.05 0.18 0.06 0 .26 0.06 0.10 0.08 0.11 
Al203 21.63 20.26 20.14 20.11 20.06 21.21 21 .60 21 .33 21.13 21.70 21.16 20.99 
Cr203 0.07 0.00 0.00 0.01 0.00 0.14 0.08 0.09 0.08 0.07 0.08 0.07 
FeO 26.37 28.60 28.67 28.16 28.24 28.62 29.62 28.94 29.73 28.62 20.12 20.26 
MnO 0.94 3.94 3.74 3.70 2.76 1.16 1.70 1.98 3.32 1.37 1.65 1.10 
MgO 6.66 1.21 1.26 1.26 1.44 1.93 2.68 1.77 2.23 2.76 2.80 1.97 
cao 6.88 8.70 8.94 9.37 9.49 9.66 7.77 7.97 6.16 8.16 7.71 8.70 
Na20 0.06 0.01 0.00 0.00 0.00 0.10 0.00 0 .05 0.02 0.01 0.08 0.04 
K20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TOTAL 98.61 99.54 99.79 98.97 99.42 100.17 101.06 99.65 100.10 !9Q.07 -- _ _ 99.66 --- -~~~ 

Cadons per 12 oxygen 

Sl 2.93 2.99 3.00 2.97 3.02 2.96 2.98 2.98 2.99 2.97 2.96 ?..98 
T1 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.00 ('.01 
~ 2.03 1.94 1.92 1.94 1.91 2.00 2.01 2.01 1.99 2.03 2.00 .. 99 
Cr 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.00 
Fe2+ 1.76 1.94 1.93 1.92 1.91 1.90 1.95 1.94 1.99 1.89 1.95 1 ... 
Mn 0.06 0.27 0.26 0.26 0.19 0.08 0.11 0.13 0.23 0.09 0.11 u.uf 
Mg 0.67 0.16 0.16 0.16 0.17 0.23 0.30 0.21 0.27 0.33 0.33 0.2-4 
Ca 0.59 0.76 o.n 0.82 0.82 0.82 0.66 0.68 0.63 0.69 0.66 0.75 
Na 0.01 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.00 0.00 0.01 0.01 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 8.05 8.04 8.04 6.06 8.02 8 .03 8.01 7.99 8.01 8.01 8.04 8.02 - · ---~~-;: • ..=-=.:..~=-=-:. ;..;.... -:;:..:.~.:.':. :.: 

Xalm 67.05 62.32 62.03 61.01 61.73 62.67 64.46 65.31 66.16 63.03 63.78 64.98 
Xpyr 21.82 4.70 4.88 4.86 6.61 7.66 10.04 7.12 8.84 10.83 10.93 7.80 
Xgro 19.07 24.29 24.87 26.01 26.68 27.19 21.74 23.04 17.63 23.0~ 21.63 24.75 
Xspe 2.06 8.70 8.22 8.12 6.09 2.68 3.76 4.63 7.46 3.07 3.66 2.47 
Ma/lMa+Fe! 0.277 0.070 0.073 0.074 0.083 0.108 0.135 0.098 0.118 0.147 0.146 0.107 

..... 
'J• 
'.J• 



Table 1.1 Gamet an~ses (continueD) 

sXMPlE 88-129A 88-129A 
GRAIN ga1 r2 qa1c3 

6102 38.71 37.80 
Ti02 0.04 0.14 
Al203 21.28 21.25 
Cr203 0.07 0.10 : I 

FeO 31.53 33.04 
MnO 0.44 1.00 
MgO 6.82 3.16 
CaO 3.11 4.92 
Na20 0.04 0.08 
K20 0.00 0.00 
TOTAL 101.04 101.48 

Cadons per 12 oxygen 

Sl 3.02 2.98 
Tl 0.00 0.01 
AI 1.96 1.98 
Cr 0.00 0.01 
Fe2+ 2.06 2.18 
Mn 0.03 0.07 . ' 
Mg 0.68 0.37 
Ca 0.26 0.42 
Na 0.01 0.01 
K 0.00 0.00 
Total 8.00 8.02 

Xalm 68.05 71.87 
XPVr 22.38 12.21 
Xgro 8.60 13.71 
Xspe 0.96 2.20 
Mgi(Mg+Fo) 0.248 0.145 ., 

l# 
VI 
0\ 



Tablel.2 Bkltlt" an~ses 

liAMPLE 142-86 168-86 87-51 87-85 87-75 87-81 87-83 87-88 87-86 87-93 07-04 07-04 
GRAIN ga3r1 ga2r1 ga2r1 ga1 rt ga2r1 ga2r1 ga2r1 ga2r1 ga4 r1 .. o~Ht . __ g~ J. rt _ .... 0~1.@ 

SI02 35.46 36.43 35.69 35.38 33.83 35.97 36.14 36.15 35.02 35.13 33.72 34.05 
TI02 1.64 2.00 1.28 1.57 0.81 1.62 1.41 1.76 1.80 0.12 0.66 0.67 
AJ203 16.41 18.10 16.00 16.74 17.92 17.67 17.60 17.34 17.42 18.03 17.45 17.80 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
FeO 23.23 17.88 19.02 22.16 27.45 19.78 19.30 10.60 18.93 23.03 26.55 25.66 
MnO 0.16 0.16 0.19 0.11 0.14 0.14 0.10 0.07 0.09 0.07 0.00 0.00 
MgO 8.36 11.73 10.74 9.35 6.45 10.32 11.08 10.87 11 .09 7.60 6.10 6.60 
CaO 0.01 0.03 0.04 0.05 0.12 0.00 0.00 0.02 0.04 0.02 0.14 0.14 
Na20 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 
K20 9.55 9.27 8.74 9.23 8.97 8.80 8.63 9.12 0.34 8.01 7.82 7.92 
TOTAL 94.82 95.67 93.70 94.67 94.69 94.20 04.22 03.83 94.63 ---~4.z.~ ____ Qg~L __ 93._12 

Catbns per 22 oxygens 

Sl 6.65 6.47 6.60 6.61 6.41 6.63 6.64 6.65 6.60 5.48 6.46 6.45 
n 0.19 0.23 0.16 0.18 0.10 0.19 0.16 0.20 0.21 0.01 0.00 0,08 
/ttJ 3.03 3.21 3.27 3.07 3.38 3.18 3.16 3.14 3.14 3.48 3.33 3.36 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2+ 3.04 2.25 2.45 2.89 3.67 2.64 2.48 2.38 2.42 3.12 3.69 3.43 
Mn 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 
Mg 1.95 2.63 2.47 2.17 1.30 2.36 2.53 2.49 2.63 1.77 1.49 1.62 
Ca 0.00 0.00 0.01 0.01 0.02 0.00 0.00 0.00 0.01 0.00 0.02 0.02 
Na 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K 1.91 1.78 1.72 1.83 1.83 1.73 1.69 1.79 1.02 1.77 1.02 1.62 
TOTAL 16.70 16.60 16.58 16.68 15.72 16.55 15.67 16.57 16!g4 __ _ __ H?,6ti _ __ J~!W . . . 1~,6Q. 

Al4 2.45 2.53 2.60 2.49 2.69 2.47 2.46 2.45 2.60 2.52 2.64 2.65 
NIJ 0.58 0.68 0.77 0.69 0.79 0.71 0.70 0.70 0 .64 0.96 0 .70 0.81 
Mgi(Mg+Fe) 0.39 0.64 0.50 0.43 0.26 0.48 0.50 0.61 0 .61 0.36 0.29 0.32 

·~· fJ , ,, 



Tablel.2 Biotite anattses (contlnuod) 

SAMPLE 07-117 07-120 87-198A 87-2656 87-271 07-279 87-283 07-2876 88-32 8S-45A 80-48 88-50 
GRAJN ga2r1 ga2r1 ga1 r1 ga2r1 ga1 r1 ga1 r1 ga1 r1 ga1 r1 ga1_r2 _ga4 rt_ __ _ g~J1 .. _ - .D~1 !l 
8102 34.61 35.43 36.05 35.68 35.73 37.38 36.33 36.11 36.19 36.82 37.19 37.43 
Ti02 0.13 1.12 1.76 1.28 0.64 1.63 1.71 1.72 1.45 1.62 0.95 1.72 
Al203 17.34 18.28 16.97 17.66 17.34 16.83 17.76 17.73 17.69 18.72 19.16 19.31 
Cr203 0.00 0.00 0.07 0.06 0.00 0.00 0.00 0.16 0.05 0.09 0.04 0.05 
FeO 24.14 22.88 18.62 22.65 22.76 21 .08 18.69 16.68 21.04 16.63 14.16 15.93 
MnO 0.04 0.00 0.12 0.08 0.13 0.10 0.08 0.05 0.08 0.00 0.00 0.00 
MgO 8.40 8.73 11.11 7.83 8.11 10.43 10.61 11.82 9.67 12.48 14.22 13.18 
CaO 0.30 0.02 0.02 0.03 0.00 0.16 0.03 0.06 0.02 0.01 0.00 0.00 
Na20 0.03 0.09 0.08 0.24 0.11 0.00 0.00 0.28 0.19 0.26 0.38 0.32 
K20 7.44 9.43 9.78 9.69 9.01 7.62 9.25 9.16 9.73 7.64 9.06 8.60 
TOTAL 92.42 95.98 94.68 94.90 93.72 95.02 94.34 93.78 96.01 93.17 95.13 96.44 

Cations per 22 oxygens 

81 6.62 6.45 6.63 6.64 6.61 6.67 6.65 6.61 6.62 6.65 5.60 6.48 
Tl 0.02 0.13 0.20 0.16 0.06 0.17 0.20 0.20 0.17 0.18 0.11 0.19 
~ 3.26 3.31 3.07 3.22 3.21 3.01 3.20 3.19 3.16 3.32 3.34 3.33 
Cr 0.00 0.00 0.01 0.01 0 .00 0.00 0.00 0.02 0.01 0.01 0.00 0.01 
Fe2+ 3.22 2.94 2.39 2.94 2.99 2.67 2.38 2.13 2.68 1.97 1.76 1.95 
Mn 0.01 0.00 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.00 0.00 
Mg 2.00 2.00 2.64 1.82 1.90 2.36 2.42 2.69 2.20 2.80 3.13 2.87 
Ca 0.05 0.00 0.00 0.01 0.00 0.02 0.00 0.01 0.00 0.00 0.00 0.00 
Na 0.01 0.03 0.02 0.07 0.03 0.00 0.00 0.08 0.06 0.08 0.10 0.09 
K 1.61 1.86 1.91 1.93 1.81 1.46 1.80 1.78 1.89 1.45 1.71 1.69 
TOTAL 16.69 16.71 16.70 16.69 16.64 16.38 16.66 16.62 16.70 16.36 J5.63 _16!60 

AJ4 2.48 2.65 2.47 2.46 2.39 2.33 2.45 2.49 2.48 2.45 2.60 2.62 
MJ 0.78 0.76 0.60 0.77 0.83 0.68 0.76 0.70 0.68 0.87 0.83 0.81 
Mp/(Mg+Fe) 0.38 0.40 0.62 0.38 0.39 0.47 0.60 0.56 0.65 0.69 0.64 0.60 

vJ 
VI 
00 



' .. 

Tablel.2 Bk>tite ana.,ses (continued) 

sAMPl£ 88-52b 88-55 88-67 88-58 88-61 88-66 88-72 88-72 88-74A 86-76A 88-80 88-85 
GRAIN ga2r1 ga1 r1 ga1 r1 ga1 r1 ga1 r1 ga2r1 ga1 c1 ga1 12 .ga1 r1 __ga1 r1 na2.r~t=~- D~rt r 

8102 35.79 36.65 36.92 35.06 36.21 35.21 35.10 35.09 36.31 36.66 37.08 37.29 
Ti02 2.52 0.06 1.61 2.23 1.73 3.96 3.69 3.47 1.83 2.29 1.13 1.50 
Al203 18.36 18.35 17.81 17.62 18.09 14.54 16.08 16.70 17.89 17.30 18.04 18.56 
Cr203 0.08 0.00 0.10 0.08 0.06 0.07 0.09 0.10 0.09 0.16 0.09 0.11 
FeO 17.31 19.78 16.09 19.41 18.75 21 .33 23.10 23.43 17.06 16.53 11 .88 14.90 
MoO 0.00 0.19 0.15 0.08 0.04 0.20 0.16 0.20 0.07 0.11 0.13 0.01 
MgO 11.42 9.87 12.63 10.22 10.40 9.01 7.49 7.64 13.03 11.67 15.43 12.80 
CaO 0.02 0.02 0.04 0.05 0.00 0.05 0.08 0.05 0.01 0.03 0.04 0.02 
Na20 0.38 0.00 0.22 0.18 0.17 0.09 0.17 0.16 0.38 0 .20 0.44 0.35 
K20 9.24 9.68 9.66 9.23 9.26 9.53 9.52 9.39 8.33 9.01 8.09 8.10 
TOTAL 95.12 94.60 94.93 94.17 94.72 93.99 95.39 95.11 04.09 93.85 95.06 03.66 --- --.. - - ---·--.. -
Catbns per 22 oxygens 

Sl 6.40 6.61 5.65 5.42 5.62 6.54 6.47 6.50 6.45 6.56 5.55 5.69 
n 0.29 0.01 0.17 0.26 0.20 0.47 0.43 0.41 0.21 0.26 0.12 0 .17 
~ 3.27 3.32 3.16 3.21 3 .25 2.70 2.94 2.90 3.17 3.10 3.26 3.28 
cr 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 
Fe2+ 2.19 2.54 2.02 2.51 2.39 2.81 3.01 3.07 2.14 2.10 1.45 1.87 
Mn 0.00 0.02 0.02 0.01 0.01 0.03 0.02 0.03 0.01 0.01 0.02 0.00 
Mg 2.57 2.26 2.81 2.35 2.36 2.11 1.74 1.76 2.92 2.65 3.36 2.86 
Ca 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.00 
Na 0.11 0.00 0.06 0.05 0.05 0.03 0.05 0.05 0.11 0.06 0.12 0.10 
K 1.78 1.90 1.83 1.82 1.80 1.91 1.69 1.68 1.60 1.75 1.68 1.65 
TOTAL 16.62 16.67 15.64 16.65 15.68 15.61 15.69 15.60 15.61 15.52 - 1~~59 -- _J~,~ 

Al4 2.60 2.39 2.45 2.58 2.48 2.46 2.53 2.50 2.55 2.44 2.45 2.41 
MJ 0.67 0.94 0.71 0.63 0.77 0.24 0.41 0.39 0.62 0.66 0.82 0.86 
MW(Mg+Fe) 0.64 0.47 0.58 0.48 0.60 0.43 0.37 0.36 0.58 0.56 0.70 0 .60 
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Tablel.2 Bk>tlta an~sas (continued) 

SAMPLE 88-85 88-86 88-87 88-87 88-87 88-89 88-90 88-98 88-104 88-122 OS-122 88-123 
GRAIN ga212 aa1 r1 ga2r4 ga1 r1 mat ga1 r1 ga2 r1 ga2r3 gat r1 ga1rt __ ga2_rt__ . -A~t!l 

8102 36.89 37.01 36.15 35.74 35.98 37.60 37.36 35.76 37.24 34.78 36.33 35.88 
TI02 1.44 1.77 2.31 2.43 2.45 1.42 1.02 1.41 1.46 1.34 1.79 2.06 
Al203 18.61 19.56 18.24 18.38 18.38 17.85 18.80 18.09 16.87 18.09 18.42 18.20 
Cr203 0.05 0.00 0.12 0.09 0.13 0.03 0.05 0.07 0.05 0.07 0.10 0.10 
FaO 15.46 16.38 16.10 16.14 16.01 13.73 13.91 19.19 13.43 20.38 10.98 18.60 
MnO 0.03 0.02 0.07 0.05 0.06 0.04 0.02 0.05 0.06 0.14 0.12 0.12 
MgO 13.33 11.80 11.74 11.60 11.35 16.44 14.75 10.62 16.31 10.48 10.36 10.48 
CaO 0.01 0.03 0.00 0.03 0.03 0.02 0.02 0.02 0.04 0.00 0.02 0.04 
Na20 0.20 0.28 0.32 0.28 0.30 0.30 0.15 0.25 0.40 0.17 0.18 0.22 
K20 8.28 8.73 8.74 9.02 8.76 9.11 8.80 8.37 8.74 8.74 9.53 9.51 
TOTAL 94.31 95.58 93.79 93.64 93.43 95.64 94.88 93.84 93.60 94.18 95.03 95.21 

Catbna per 22 oxygens 

Sf 5.61 5.48 5.48 5.44 5.48 5.63 6.62 6.49 6.69 5.38 6.48 6.45 
Tl 0.16 0.20 0.26 0.28 0.28 0.18 0.11 0.16 0.16 0.16 0.20 0.24 
AJ 3.28 3.42 3.26 3.30 3.30 3.09 3.27 3.28 2.98 3.30 3.28 3.26 
Cr 0.01 0.00 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.01 
Fa2+ 1.93 2.03 2.04 2.06 2.04 1.69 1.72 2.47 1.68 2.64 2.40 2.36 
Mn 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.02 0.02 0.02 
Mg 2.97 2.61 2.65 2.61 2.67 3.38 3.25 2.43 3.42 2.42 2.33 2.37 
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 
Na 0.06 0.08 0.09 0.08 0.09 0.09 0.04 0.07 0.12 0.05 0.05 0,06 
K 1.58 1.65 1.69 1.75 1.70 1.71 1.66 1.64 1.67 1.73 1.84 1.84 
TOTAL 15.60 15.47 15.51 15.64 16.48 15.66 16.58 16.56 _15.65 HP9 -_15~61 16.6~. 

AJ4 2.49 2.52 2.62 2.66 2.62 2.47 2.48 2.61 2.41 2.62 2.52 2.55 
AAJ 0.79 0.90 0.74 0.74 0.77 0.62 0.79 0.77 0.67 0.68 0.76 0.71 
Mg/(Mo+Fe) 0.61 0.56 0.57 0.66 0.66 0.67 0.65 0.50 0.67 0.46 0.49 0.50 

w 
g) 



Table 1.2 Bbtite ana~ses (continued) 

sAMPl£ 
GRAIN 

8102 
1102 
Al203 
Cr203 
FeO 
MnO 
MgO 
CaO 
Na20 
K20 
TOTAL 

68-129A 
ga1 r2 

36.51 
3.37 

18.69 
0.08 

14.20 
0.04 

11.74 
0 .00 
0.11 

10.21 
94.95 

Catbns per 22 oxygem 

Sl 5.45 
T1 0.38 
/IJ 3.29 
Cr 0.01 
Fe2+ 1.77 
Mn 0.01 
Mg 2.61 
Ca o.oo 
Na 0.03 
K 1.95 
TOTAL 15.51 

Al4 
.MJ 

M9f(Mg+Fe) 

2.55 
0.75 
0.60 

. I 
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Tablel.3 Muscovito ana¥ses 

sAMPLE 168-86 87-51 87-81 87-83 87-86 87-86 87- 117 87-283 87 287b 88-45A 88-50 88-52b 
f~N ga21r ga21r ga21r ga21r ga21r ga41r ga21r ga11r ga11r ga41r ga1 1r _ ga21r 

Si02 47.27 46.27 46.33 48.10 49.03 49.55 48.48 49.08 47.67 47.41 45.72 46.77 
Ti02 0.66 0.45 0 .36 0.29 0.45 0 .42 0.00 0.32 1.00 0.65 0.73 0.82 
Al203 34.65 35.84 35.82 35.20 34.11 34.10 34.86 34.10 30.01 35.51 35.59 34.59 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.13 0 .01 0.00 0.03 
FeO 2.00 1.90 2.04 2.21 1.57 1.71 2.03 1.76 2.85 0 .94 1.07 1.26 
MnO 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
MgO 1.72 1.44 1.20 1.33 1.33 1.32 1.05 1.34 1.92 0 .87 0.95 1.02 
CaO 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.02 o.oo 0.00 0.00 
Na20 0.43 0.43 0 .28 0.73 0.55 0.66 0.76 0.50 0.73 1.63 1.50 1.21 
1<20 9.03 7.57 7 .83 7.26 9.16 8 .98 9.49 9 .94 9.96 8.62 8.55 9.64 
TOTAL 95.76 93.91 93.86 95.12 96.21 96.76 96.68 97.05 94.30 95.64 94.11 95.34 

Catbns per 22 oxygen 

Sl 6.22 6.15 6.17 6.30 6.39 6.42 6.32 6.38 6.46 6.22 6.11 6 .20 
Tl 0.07 0.04 0.04 0.03 0.04 0 .04 0.00 0.03 0.10 0.06 0.07 0.08 
AJ 5.37 5.61 5.62 5.43 5.24 5.21 6.36 5.23 4.79 6.49 5.60 5.41 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 
Fe2+ 0.22 0.21 0.23 0.24 0 .17 0.19 0.22 0 .19 0.32 0.10 0.12 0 .14 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 
Mg 0.34 0.29 0.24 0.26 0.26 0.25 0.20 0.26 0.39 0.17 0.19 0 .20 
Ca 0.00 0.00 0.00 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0 .11 0.11 0.07 0.19 0 .14 0.17 0.19 0.13 0.19 0.41 0.39 0.31 
K 1.62 1.28 1.33 1.21 1.52 1.48 1.58 1.65 1.72 1.44 1.46 1.63 
Total 13.84 13.70 13.69 13.66 13.77 13.76 13.88 13.86 13.99 13.9Q 13.94 13.98 

AJ4 1.78 1.85 1.83 1.70 1.61 1.58 1.68 1.62 1.54 1.78 1.89 1.80 
N8 3.59 3.76 3.79 3.73 3 .64 3.63 3.68 3.61 3.25 3.71 3.71 3.61 
1</K+Na 0.93 0.92 0.95 0.87 0.92 0.90 0.89 0.93 0.90 0.78 0.79 0.04 
N~a+K 0.07 0.08 0.05 0.13 0 .08 0.10 0.11 0.07 0.10 0.22 0.21 0 .16 

~) 

0\ 

'"' 



---~-.....__,._ ... ___ ,_ ... _ ·· -- ... 

Tablel.3 Muscovite an~ses (continued) 

sAMPlE 88-65 88-74A 68-60 66-65 68-65 68-66 86-67 88-67 88-122 88-122 o6-12a ao-129A 
GRAIN ga11r ga11r ga22r ga21r ga221 ga11r ga24r ga11r ga11r ga21r gaUr _____ Qat?.r_ 

8102 60.46 46.65 46.31 47.65 47.10 46.96 46.64 46.74 45.97 47.44 46.61 48.80 
TI02 0.38 0.65 0.41 0.80 0.67 0.67 0.74 0.76 0.34 0.39 0.48 0 .06 
Al203 31.48 33.65 35.06 33.69 34.49 35.24 34.00 33.36 32.88 33.10 33.41 33.85 
Cr203 0.00 0.04 0.08 0.01 0.02 0.00 0.03 0.05 0.04 0.00 0.00 0.00 
FeO 2.57 2.56 1.79 1.16 1.13 1.25 1.20 1.41 1.95 2.04 1.83 1.61 
MnO 0.00 o.oo 0.00 0.00 0.00 0.00 0.00 O.o1 0.00 0.00 0.01 0.00 
MgO 1.70 0.97 0.78 1.21 1.00 1.11 1.03 1.31 1.30 1.38 1.29 1.66 
CaO 0.00 0.00 0.04 0.00 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 
Na20 0.16 1.69 2.06 1.42 1.69 0.94 1.16 0.97 0.48 0.51 0.64 0.25 
K20 10.49 6.65 8.02 6.70 8.46 9.24 9.21 9.59 10.34 10.33 10.39 10.72 
TOTAL 97.28 94.76 94.G3 94.66 94.67 95.42 93.91 94.25 93.31 95.19 94.66 06.85 

Catkxls per 22 oxygen 

Sl 6.58 0.24 6.17 6.32 6.25 6.20 6.25 0.27 6.27 6.33 6.26 6.38 
Tl 0.04 0.06 0.04 0.08 0.09 0.07 0.07 0.08 0.03 0.04 0.05 0.01 
1J 4.84 5.31 6.51 6.28 5.39 6.46 5.38 5.28 5.29 5.21 6.29 6.21 
Cr 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Fe2+ 0.28 0.29 0.20 0.13 0.13 0.14 0.13 0.16 0.22 0.23 0.21 0.17 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.33 0.19 0.15 . J.24 0.20 0.22 0.21 6 .26 0.26 0.27 0.26 0.32 
Ca 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Na 0.05 0.44 0.63 0.37 0.41 0.24 0.30 0.25 0.13 0.13 0.17 0.06 
K 1.74 1.46 1.36 1.47 1.43 1.56 1.68 1.64 1.80 1.76 1.78 1.79 
Total 13.86 14.00 13.98 13.88 13.69 13.90 13.92 13.95 14.01 13.97 14.02 13.94 

Al4 1.42 1.76 1.83 1.68 1.76 1.80 1.75 1.73 1.73 1.67 1.74 1.62 
~ 3.42 3.55 3.68 3.69 3.64 3.68 3.63 3.55 3.56 3.64 3.66 3.69 

J) 

KJK+Na 0.97 0.77 0.72 0.80 0.78 0.87 0.84 0.87 0.9~ 0.93 0.91 0.97 
N~a+K 0.03 0.23 0.28 0.20 0.22 0.13 0.16 0.13 0.07 0.07 0.09 0.03 

• I I;J 

( 0> 

•' I.#J 



Tablel.4 Plagioclase ana~ses 

sAMPLE 168-86 87-61 87-81 87-83 87-86 87-86 87-117 87-283 87-287b 00-45A 00-60 00-6~ 

GRAIN ga21r ga21r ga21r ga21r ga21r ga41r ga21r ga11r ga11r .na4J r . .D~1._1L -~JIH.tlL 

SI02 62.84 61.80 63.23 63.39 64.14 63.45 65.66 63.86 60.76 62.03 62.65 62.93 
TI02 0.00 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
AJ203 24.72 24.46 23.66 22.97 23.04 23.24 22.66 22.43 24.40 23.45 24.44 23.40 
Cr203 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00 
FeO 0.11 0.50 0.44 0.50 0.12 0.06 0.07 0.17 0.06 0.00 0.02 0.08 
MnO 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
MgO 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.02 o.oo 0.00 0.00 
CaO 6.24 5.00 4.64 4.09 4.45 4.66 3.88 4.36 6.36 4.88 6.64 5.15 
Na20 7.26 7.85 8.45 9.03 7.61 8.45 8.10 9.40 7.76 8.23 8.24 8.94 
1<20 0.05 0.10 0.10 0.08 0.09 0.07 0.07 0.03 0.03 0.00 0.00 0.18 
TOTAL 100.23 99.71 100.43 100.06 99.35 99.83 100.43 100.26 09.40 99.40 100.89 100.60 ------

Cations per 8 oxygen 

Sl 2.76 2.74 2.78 2.80 2.83 2.80 2.86 2.82 2.71 2.70 2.'/6 2.77 
Tl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 
~ 1.28 1.28 1.23 1.20 1.20 1.21 1.17 1.17 1.28 1.23 1.26 1.22 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2+ 0.00 0.02 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0,0(') 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 0.00 O.OC1 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.26 0.24 0.21 0.19 0.21 0.22 0.18 0.21 0.30 0.23 0.26 0.24 
Na 0.62 0.68 0.72 0.77 0.64 0.72 0.69 0.80 0.67 0.71 0.70 0.76 
K 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Total 4.91 4.96 4.97 4.99 4.89 4.96 4.91 6.00 4.08 .. 4A.)5 ··- .. 4.97 6!9.1 . 

r·~r ...- -- -· 

Xalb 0.71 0.74 o.n 0.60 0.75 0.77 0.79 0.79 0.69 0.75 0.73 0.75 
XM 0.28 0.26 0.23 0.20 0.25 0.23 0.21 0.20 0.31 0.25 0.27 0.24 
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Tablel.4 Plagioclase an~ses (continued) 

sAMPLE 88-74A 88-74A 88-76A 88-0IJ 88-86 88-87 88-87 88-122 88-122 88-12~ 
GRAIN ga11r ga11c ga11r -41a21r ga11r ga24r ga11r ga11r ga21! _m!!Jr. 

8102 64.80 65.87 62.36 63.24 64.69 62.92 63.36 61.67 61.32 61 .72 
TI02 0.04 0.00 0.00 0.04 0.00 0.01 0.01 0.00 0.00 0.00 
AJ203 21.83 21.44 23.86 22.68 22.74 22.51 22.22 23.94 24.42 23.77 
Cr203 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 o.oo 0.01 
FeO 0.12 0.12 0.03 0.25 0.03 0.15 0.08 0.09 0.24 0.11 
MnO 0.00 0.00 0.00 0.02 0.00 0.00 000 0.00 0.00 0.00 
MgO 0.01 0.01 o.oo 0.02 0.00 0.00 0.00 0.00 0.00 0.00 
CaO 3.02 2.45 5.18 4.11 4.10 4.10 3.75 5.67 6.74 6.40 
Na20 9.64 10.58 8.31 9.43 8.79 9.10 8.97 8.00 7.90 8.19 

. \ 1<20 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 
TOTAL 99.47 100.48 99.74 99.79 100.43 98.79 08.39 99.28 09.62 99.20 

Cations per 8 oxygen 

81 2.86 2.88 2.76 2.80 2.83 2.81 2.83 2.76 2.73 2.76 
n 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AJ 1.14 1.11 1.25 1.10 1.17 1.19 1.17 1.26 1.28 1.26 
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe2+ 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ca 0.14 0.11 0.25 0.20 0.19 0.20 0.18 0.27 0.27 0.26 
Na 0.83 0.90 0.71 0.81 0.75 0.79 0.78 0.69 0.68 0.71 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 4.98 5.01 4.97 5.01 4.95 4.99 4.97 4.07 4.07 4.98 --= -:==--m=z:r--~ 

X alb 0.85 0.89 0.74 0.81 0.79 0.80 0.81 0.72 71.4 0.73 
X an 0.15 0.11 0.26 0.19 0.20 0.20 0.10 0.20 20.0 0.27 
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366 

MINERAL CHEMISTRY 

The samples used for geothermobarometry have been subdivided into four 

different groups. Three groups represent the quanzo-feldspathic rocks in the three 

sub-areas defined in Chapter 7 (north, west and central/~ Fig. F.3 in Appendix F. 

or Fig. 7 .6), the fou...-th group contains the mafic rocks of the central/eastern sub-area 

(gamet-amphibolites of the McKay River Formation and mafic inclusions in the 

Attikamagen Formation). The northern and western sub-areas contain rocks of the 

upper greenschist to lower amphibolite facies. The rocks from the central/eastern 

sub-area (mcluding the mafic rocks in the founh group) are of the amphibolite facies. 

The minerals considered here are those analyzed for geothermobarometry: garnet. 

bioti~ muscovite and plagioclase. In figures 1.1 to 1.4 the compositions of these 

minerals have been plotted, representing all analyses perfonned for ta'te project, 

including those that were not used in the final database as presented in the first pan of 

this appendix. 

GARNET 

In Figure 1.1 compositions of garnets are shown in four diagrams, in which 

analyses from garnet cores and rims have been separated (m a and b). Garnets are 

plotted in terms of their end members, in both Ca-Mg-Fe and Mn-Mg-Fe triangular 

plots, in the left and right of the diagram respectively. All garnets are rich in 

almandine. The garnets in the low grade areas, near O'Brien Lake and the nonhero 

sub-area, as well as garnets from the mafic rocks are poor in Mg, the latter relatively 

rich in Ca. The low grade garnets have the highest Mn content, whereas those from the 

metapelites in the Wabush Lake thrust sheet have a very low Mn content. and are 

enriched in Mg. A comparison of core and rim analyses shows that there is a strong 

trend of Mn decrease from core to rim. In the Ca-Mg-Fe triangles no obvious trend is 

present. 

Of these garnets a majority falls outside the range of compositions used for 

calibration of the Ferry and Spear (1978) thermometer. XCa + XMn should be below 

0.2, but often exceeds this value, especially in the low grade areas because of the 

relatively high XMn. However, Hodges and Royden (1984) and Schreurs (1985) have 



~ a : 
! ; 

Fe aim 

\ Mg 
\ 

\ 

\ 
grs orsps 

367 

prp 

' GARNET CORES 
Mnl----~ j 

Fe 

0 Mafic rocks 

+ Central/eastern sub-area 
,;- Northern sub-area 

~ Western sub-area 

aim= almandine Fe3Al2Si3012 

grs = grossular Ca3AI2Si3012 
prp = pyrope Mg3AI2Si3012 

sps = spessartine Mn3AI2Si3012 

Fig. I. 1 Partial triangular diagrams of the compositions of the garnetS used for 
geothermobarometrv. separated for core and rim analyses. The data are annotated 
separately for the three sub areas defined in Appen<foc F. Figure F.3 and for gamets in mafic 
rocks. 
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Fig 1.2 Composition diagram of the biotites used for geomermobaromeuy. 
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1 = Northern sub-area Cld • Celadonite IK2CM92 Fe2)(Si8020)(0H)41 
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Phe = Phenglte {K2(MgAI3)(AISI7020)(0H)4] 

Fig. 1.3 Composition diagram of the white micas used for geothermobarometrY. The 
micas are plotted with respect to the occupation of the alkali 5ite in a) and with respect to 
the occupation of the tetrahedral and oct3hedral sites in b). The data are separated in the 
two figures for 1he three sub-areas. defined in Appendix F. Figure F.3. 
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Kfs = K-Feldspar KAISi308 

Ab = Albite NaAISi308 

An = Anorthite CaAI2Si208 

Fig. 1.4 Partial triangular diagrams of the composition of plagioclase used for 
geothermobarometry. The data are separated for the three sub-areas. defined in Appendi:ot F. 
Figure F.3. and for mafic reeks. 
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shown that rhe spessartine and grossular contents in garnet do not significantly influence 

rhe Fe-Mg exchange between garnet and biotite. TemperatureS calodatetf from garnets 

wirh XMn + XCa up to 0.44 used in this study fall within rhe range of those calculated 

from garnets with compositions within the range proposed by Ferry and Spear (1978). 

The upper limit of XMn = 0.25 in garnets, as proposed by Hodges and Crowley 

( 1985) for rheir calibration of the barometers used in this study, is not reached in any of 

the garnets. 

BIOTITE 

Biotite compositions have been plotted in Figure 1.2 showing the major 

compositional variations with respect to the four end members annite, phlogopite, 

siderophyllite and eastonite. The two axes of the diagram represent the substitutions in 

the octahedral sites of Mg = Fel• and the Tschermak substitution (Mg,Fe2•)sirv = 
AlvtAlrv. The distribution of compositions is in accordance with that described by 

Guidotti (1984) for different rock types. The main variation with respect to the 

Tschermak substitution lies between 0.2 < Alvt < 1.0. This substitution is weakest in 

the mafic rcclcs. The low grade metapelitcs contain biotitcs in which Mgi(Mg + Fe) 

ranges from 0.25 to 0.55, with biotitcs from the higher grade metapelitcs ranging from 

0.5 to 0. 7. Anorher important variation in biotite composition is the substitution of Ti 

in the octahedral sites. In most of the pelitic rocks the n in biotite falls within the 

range of0.15 to 0.30 Ti per 6 octahedral sites. In the mafic rocks Ti values are higher. 

ranging between 0.4 and 0.6. With respect to the Ferry and Spear (1978) Gnt-Bt 

thermometer. the restriction of (AlVI+Ti)/(Alvt+TI+Fe+Mg) < 0.15 is not met in a 

fairly large pcrtion of the biotitcs. Only biotitcs with compositions within or close to 

this range were used for thermometry. However, the biotitcs falling outside the 

proposed range yielded temperatures similar to those that did meet the requirements. 

This indicates that the Ferry and Spear (1978) thermometer can be extrapolated outside 

the range of compositions of biotite that was used for their experiments. All biotitcs 

from pelitic rocks fall well within the limits set by Hodges and Crowley (1985) for 

activity calculations of 20 mole ~ AlVI or S mole % Ti in the octahedral sites. 



WID'I'EMICA 

Figure 1.3 contains all white :nica analyses. Three diagrams are presented in 

figures a and b for data from the three sub-areas separately. No white mica analyses 

were performed for the mafic rocks. 

Figure L3.a shows the compositions in the NaAIOz - KA102 - CaA~O.a - Al::OJ -

Si~ - ~0 system. With respect to the three end members margarite. muscovite and 

paiagonite, all analyzed white micas have a composition close to the muscovite end 

member. None of the other end members was encountered in the study. The higher 

paragonite contctlt in the higher grade m:a (plot #3) is caused by the narrowing of the 

muscovite-p313gonite immiscibility gap at higher temperatures (Guidotti. 1984). 

Apart from the Ms-Pg binary, the Tschermak substitution {or celadonite 

substitution) in muscovi~ {Mg,Fel•)Si = AlVIAirv. must also be considered. 

However, because no distinction is made in the analyses between Fe2• and Fel•. the 

Fel+ = Alvt substitution cannot be separated from the Tschermak substitution. Figure 

I.3.b lumps ferric and ferrous iron together and therefore does not distinguish between 

the two substirutions. The data are plotted following the approach of Guidotti ( 1984) 

and show the celadonite component in muscovite. For all three areas the compositions 

of tbe white micas lie in between the muscovite and phengite field. fairly close to the 

ideal muscovite composition. 

PLAGIOCLASE 

Plagioclase analyses are presented in Figure 1.4. The majority of the plagioclase 

compositions lies in the range of AnlO to An30 (oligoclase). No pcristeritc gap has 

been recorded, a continuous range of compositions seems to exist, perhaps due to 

sub-mic:rosc:opic exsolution. The majority of the plagioc:lascs from the high grade 

central/eastern area has a somewhat higher XAn than those from the lower grade 

western and northern areas. PlagjoclU"S with XCa < 0.18 (approximately) used for 

barometric computations yielded unrealistically high pressures. Oa!a from these 

plagiociases were not used in the study. This means that the majority of the samples 

from the western area could not be used for barometry, in spite of the fact that they 

contained otherwise suitable assemblages. 
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GEOLOGICAL MAP 
OF THE BRUCE LAKE AREA 

IN GAGNON TERRANE, 
SOUTHWESTERN LABRADOR 

Mapping 
Memorial 

A.M. van Gool 
Newfoundlanl 

by Jeroen 
University of 

1992 

LEGEND 

MIDDLE PROTEROZOIC 
I.;~· I SH.\130CAMO INlRUSIVE SUITE Metagabbro at'ld omphibolite 

LOWER PROTEROZOIC (KNOB LAKE CROUP) 

0 MENIHEK FORMA110N ltlica-sc:hist or slate. commonly groDIJite-b«Jrlng 

D SOKOMAN FORMA TlON Silicattt. carbonate. or oKidfl bandtHJ Iron formation 

D WISHART FORMAllON M?fte. coarH-gralned crystalline quortzlte and minor 1'1 

ARCHEAN 
~ ASHUANIPI METAMORPHIC COMPLEX (a) Crxnt: grained. two-p)lf'f»tene ban~ 

migmatlte. locally finflt"-gralnfld amphibolite. lnttt~d«J by coane 
granite; (b) Locally inten$0/y f'flwori<fld In Gogttcn Tet't'OtJe 

SYMBOLS 

Bedding tmdlnfld. 'lerllcal. overlumed} 

S 1 foliation (inclined. verllcol) 

S 2 oxlol plane (inclined. vertical) 

Gn~e banding in the Ashuanlpl ltletamtxphit: Ccmplfnt 

F 7 fold axis cr intersection lineation 

Elongation lineation 

Antiform. s)lt'fotm. with dir«:tion of pf:.mgtt 

Owrlumed antiform. synform. .,;tit di'ectlon of plunge 

Gtlologicof ccntoct (defined. cnsumed) 

Thtt~st fault. r.Jpper sptttm or c;t't$pt1Cifled (defined. appTOxlmattt) 
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LEGEND 
MIDDLE PROTEROZOIC 

~ ~.-_: . j SHo\!30CAt.10 INiRUSI'VE SUITE Metagabbro and amphibolit• . 

LOWER PROTEROZOIC (KNOB LAKE CROUP) 

0 MENIHEK F'ORMA110N Mica-schist t:Jf' slat~ commonly grachit.-boarlng 

D SOKOMAN FORMA ilON Silicate. carbonate. or oxidft band«! lrott fomJtztlon 

D VASHART F'ORMAllON Mt/te. c0Qf"S1t-gra/nt!td C?$tcflir• quartz/tilt and minor metapellt• 

ARCHEAN 
~ ASHUANIPI METAMORPHIC COMPLEX (a) Cotne gt'Oint!td. two-p:,n»tene band«! gnel= or 

migmatlt._ IOt::Q/Jy finer-grrzlned amphibolit•. Intruded by coan.-grolnt!td 

grat'llt~: (b) Locdly inten$e/y Tflworiced In Gagnon Temme 

SYMBOLS 
B~dlng (~ndlned. vertlcol. oWirlumt!td) 

S 1 foliation (indined. Wlrllcal) 

S 2 axial plane (int::llnt!td. Wlrllcal) 

Gn~lsslc banding itt the Ashuanlpl ltletam«phit: CCmplftJt 

F 1 fold axis or intersection lineation 

F- fold axis 
" 

Elongation lineation 

Antiform. synform. with direction of pl:.m9ft 

Overlumed antiform. synform. with direction of plunge 

G«JJogicaf c:c;ntact (d•flned. assumed) 

Thrust f011Jt. r.1pper sptem or l:l'l~et::ifled (dt!tflned. appn~xlmat•) 
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MIDDLE: PROTEROZOIC 
0 SH.;BCGA\.K' ! ~~ i'Ri.>~:vt: S' .. J<~ •.Jercgc:J::rc C!"C c~p.'l~o:itf! 

LOWER PROTEROZOIC (KNOB LAKE GRCUP) 

I I t.tE!\:IHEK P="ORMA iiiJl" Mlcc-:;ct:I:sr or sic:e. co!Timonly ~cphito-bccring 
D SCKCM.:.:-.1 FCRI.~A ilCN SiTiccte. ccr:;cnctf!, ar cxi<Jt! :Jar.dt!d lrcf" fO'mation 

D ,.,,$)-!ART FORM.:. il::'N VA:i:tt, c.::Cr'$~gramt!d C'p:c'lire au~.:iet! arc mircr 

ARCHEAN 
~ ASHUANI?I METAMORPHIC COMPLEX (c) Co~ t;rciru:d. twc-pyrcxt:!f'Ztt bandc 

migma.tlre, /ocafly ~er-t;rah~ cmpni:Jolittt. mtr.Jdttd by co013 

t;rar.ite: (b) !.acclly intensely rewcri<ed irt Gagnon ierrar.c 

SYMBOLS 

\ \ \ B~di::;; (incfin~. Yerticcl. ow:rt.:.Jmcd) 

\ \ S 1 foliation (incfir:t:d. verliccl) 

\ S 2 axial plane (indinttd. vttrllcal) 

\ Gneissic banding in the Ashuanlpl Mtttamcrphic Ccmplex 

\ F 7 fold axi$ or inttJf"St!JCtion lineation 

~ F 2 fold axi$ 

\ £Jcngation lirtttation 

~ ~ Ar.ti~. synform. with dirttetion of pf:Jr.~ 

~ ~ Owtrtumed antiform. s;,nform. lflfith direction of plunge 

"'"-'-. Gttolcgicaf r:cntact (defined, assumed) 

""""" Thrust fault, upper system 01' un:;pttcified (dttflned, approximate) 

"""q_ 'ct. Thrust fault. loWtlf' S}'$tem (thflnttd. approximate) 

~ ~ ~ striJ<~:dip fault (definttd. 0$$./med) 

~ ~ Al)lonitlc foliation in the Ashuanlpl MetamQI'phic Complttx 
~ -....-
.,_ ~ Location of cross section (SH Fig. 5.14) 

0 5 km 

----·t-l .. i --· 
scale 1:50,000 

_'-' 

Figure 2 
For 'the location of the map see Agure 5. 
Source3: . 
Napping by the author end RM:rs (1 980a . 
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MIDDLE: PROTEROZOIC 
! _---_ 1 s;..;~scc;..~~c ! ~~7R~~: '-·t: S'...1t :"'E 

LOWER PROTEROZOIC (KNOS LAKE GRCUP) 

I I ME~I~EK F"JRM;. ii01" M,.cc-:.cf'll$~ or sic:c. c;o!'rimonly grc;:hito-t>ccrim; 

D SCKCM.:0.:-.1 FCRt.~A TlCN Sificct~. ccr::cncte. ar cxitt~ ~antt~ lror fO'Mation 

D .,.,,51-lART FORM;. TI::'N 't'.f:i~~. ccef'$~grcm«! cry.::c'tire Qucr.:it~ arc mircr rr.otapf!llittt 

ARCHEAN 
~ ASHUANI?I META.\10RPHIC CCMPl.EX (c) Coat'$e gramt:e. twc-pyrcxt!ntt bantt~ gneiss cr 

migmQ_t/ttt, locally finer-~i!te<J cmp'Ji!>olittt, intr.Jd«! by coarstt-grainttd 

~ar:ite; (b) Laccfly intensely r~wcrk«J in Gagnon ierrar.e 

SYMBOLS 

\ \ \ Beddifl;; (inclined, llef'ticcf, overt:Jmcd) 

\ \ S 1 foliation (indir:ed. verticcl) 

\ S 2 axial plane (indinttd. wrtlcal) 

\ Gnei$$/c banding in the Ashuanlpl Mtttcmcrphic Ccmplttx 

\, F 1 fold axis or int~ion lin~atlon 

\ F 2. fold axis 

\ Elongation lineation 

~ ~ Ar.t~. s:,rtform. with direction of pl:.mgtt 

~ ~ Overtumfld antiform, SYJiorm, ,;th drection of plunge 

' '-, '-... , Geolcgi'caf centact (defln«<, assum«<) 

"""" ""\ 'Thrust fault, uppttr system or un$pecified (dttfln«<, approximate) _ 

"""'q_ "'\ 'Thrust fault. lower system (dflflnttd. apprr»timattt) 

~"'"' ~ Striktt-!llip fault (defined. 0$$./m«<) 

"';:::::::_ -::::...___~ M)lonitlc foliation in thtt Ashuanlpl MetamOI'phic Ccmp/tt)( 
~~-
..,_ ~ Location of cross section (sett Fig. 5.74) 

0 5 km 

-----·t-1 .. ---· 
scale 1:50,000 

_..., 
For "the location of the map see Agure 5.1 
Source3: . 
Mapping by the author end Rivers (1980a _and b) Figure 2 






